HANDBOOK OF
DIFFERENTIAL
EQUATIONS

Evolutionary Equations

VOLUME 4

Edited by

C.M. Dafermos
M. Pokorny




HANDBOOK
OF DIFFERENTIAL EQUATIONS

EVOLUTIONARY EQUATIONS
Volume IV

Edited by

C.M. DAFERMOS

Division of Applied Mathematics
Brown University
Providence, USA

MILAN POKORNY

Mathematical Institute
Charles University
Prague, Czech Republic

Amsterdam « Boston * Heidelberg * London * New York * Oxford
Paris « San Diego * San Francisco * Singapore ¢ Sydney * Tokyo ;ﬁ

.3 . =

ELSEVIER



North-Holland is an imprint of Elsevier
Radarweg 29, PO Box 211, 1000 AE Amsterdam, The Netherlands
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK

First edition 2008
Copyright © 2008 Elsevier B.V. All rights reserved

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any
means electronic, mechanical, photocopying, recording or otherwise without the prior written permission of the
publisher

Permissions may be sought directly from Elsevier’s Science & Technology Rights Department in Oxford, UK:
phone (+44) (0) 1865 843830; fax (+44) (0) 1865 853333; email: permissions @elsevier.com. Alternatively you
can submit your request online by visiting the Elsevier web site at http:/elsevier.com/locate/permissions, and
selecting Obtaining permission to use Elsevier material

Notice

No responsibility is assumed by the publisher for any injury and/or damage to persons or property as a matter
of products liability, negligence or otherwise, or from any use or operation of any methods, products, instruc-
tions or ideas contained in the material herein. Because of rapid advances in the medical sciences, in particular,
independent verification of diagnoses and drug dosages should be made

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN-13:  978-0-44-4530349

For information on all North-Holland publications
visit our website at books.elsevier.com

Printed and bound in Hungary
080910 10987654321

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER  BOOKAID  Sapre Foundation




Preface

The present, fourth volume in the series Evolutionary Equations of the Handbook of Differ-
ential Equations develops further the program initiated in the past three volumes, namely
to provide a panorama of this amazingly rich field, whose roots and fruits are related to the
physical world while its flowers belong to the world of mathematics. With an eye towards
retaining the proper balance between basic theory and its applications, we are including
here review articles by leading experts on the following topics.

Chapter 1, by D. Chae, deals with equations related to the Euler equations for incom-
pressible fluids, and examines the development of singularities in finite time.

The recent development in the mathematical theory of the compressible Navier—Stokes
equations is addressed in Chapter 2 by E. Feireisl.

In Chapter 3, A. Miranville and S. Zelik discuss the large time behavior of solutions of
dissipative partial differential equations, in bounded or unbounded domains, and establish,
in particular, the existence of global and exponential attractors.

The aim of Chapter 4, by A. Novick-Cohen, is to present recent results in the theory of
the Cahn—Hilliard equation as well as related problems.

The problem of existence, regularity and stability of solutions to systems of evolutionary
equations governing the flow of viscoelastic fluids is the focus of Chapter 5, by M. Renardy.

The following Chapter 6, by L. Simon, is devoted to the application of the theory of
monotone operators to parabolic and functional-parabolic equations or systems thereof.

In Chapter 7, by A. Vasseur, the recent results in hydrodynamic limits, especially those
corresponding to hyperbolic scaling, are addressed.

Chapter 8, by A. Visintin, gives a detailed introduction into the modeling of phenomena
which can be described by the Stefan-type problems together with analysis of their weak
formulation.

Finally, A. Wazwaz’s Chapter 9 deals with the Korteweg—deVries equation and some of
its modifications and describes various methods for constructing solutions.

We are indebted to the authors, for their valuable contributions, to the referees, for their
helpful comments, and to the editors and staff of Elsevier, for their assistance.

Constantine Dafermos
Milan Pokorny
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CHAPTER 1

Incompressible Euler Equations: The Blow-up
Problem and Related Results

Dongho Chae”

Department of Mathematics, Sungkyunkwan University, Suwon 440-746, Korea
E-mail: chae @ skku.edu
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D. Chae

Abstract

The question of spontaneous apparition of singularity in the 3D incompressible Euler equa-
tions is one of the most important and challenging open problems in mathematical fluid me-
chanics. In this survey article we review some of recent approaches to the problem. We first
review Kato’s classical local well-posedness result in the Sobolev space and derive the cel-
ebrated Beale—Kato—Majda criterion for finite time blow-up. Then, we discuss recent refine-
ments of the criterion as well as geometric type of theorems on the sufficiency condition for
the regularity of solutions. After that we review results excluding some of the scenarios lead-
ing to finite time singularities. We also survey studies of various simplified model problems.
A dichotomy type of result between the finite time blow-up and the global in time regular
dynamics is presented, and a spectral dynamics approach to study local in time behaviors of
the enstrophy is also reviewed. Finally, progresses on the problem of optimal regularity for
solutions to have conserved quantities are presented.
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1. Introduction

The motion of homogeneous incompressible ideal fluid in a domain £2 C R” is described
by the following system of the Euler equations.
av
— 4+ @W-VYv=-=Vp, (x,1) € 2 x (0, 00),
divv =0, (x,t)€ 2 x (0,00),
v(x,0) =vo(x), x €52,

where v = (vl, V2. ., o), v = vj(x, 1), j =1,2,...,n, is the velocity of the fluid
flows, p = p(x, t) is the scalar pressure, and vo(x) is a given initial velocity field satisfying
divyg = 0. Here we use the standard notion of vector calculus, denoting

n

ap 9 9 . vk
Vp:(—p @p p), (v-V)v/=ka— divv = L
k=1

dv/
ax1’ dxy” T xy, axy’

The first equation of (E) follows from the balance of momentum for each portion of fluid,
while the second equation can be derived from the conservation of mass of fluid during
its motion, combined with the homogeneity(constant density) assumption on the fluid. The
system (E) is first derived by L. Euler in 1755 [77]. Unless otherwise stated, we are con-
cerned on the Cauchy problem of the system (E) on 2 = R”, but many of the results
presented here are obviously valid also for 2 = R"/Z" (periodic domain), and even for
the bounded domain with the smooth boundary with the boundary condition v - v = 0,
where v is the outward unit normal vector. We also suppose n = 2 or 3 throughout this
paper. In this article our aim to survey recent results on the mathematical aspects the 3D
Euler equations closely related to the problem of spontaneous apparition of singularity
starting from a classical solutions having finite energy. If we add the dissipation term

UWAY = 1 Z;': | 22712), where > 0 is the viscosity coefficient, to the right-hand side of the
J

first equation of (E), then we have the Navier—Stokes equations, the regularity/singularity
question of which is one of the seven millennium problems in mathematics. In this article
we do not treat the Navier—Stokes equations. For details of mathematical studies on the
Navier—Stokes equations see e.g. [144,57,112,84,107,117,109]. We also omit other impor-
tant topics such as existence and uniqueness questions of the weak solutions of the 2D Euler
equations, and the related vortex patch problems, vortex sheet problems, and so on. These
are well treated in the other papers and monographs [117,37,45,112,133,135,153,154,148,
139] and the references therein. For the survey related the stability question please see for
example [79] and references therein. For the results on the regularity of the Euler equa-
tions with uniformly rotating external force we refer [2], while for the numerical studies
on the blow-up problem of the Euler equations there are many articles including [101,102,
94,7,80,11,89-91,127]. For various mathematical and physical aspects of the Euler equa-
tions there are many excellent books, review articles including [1,8,45,47,49,52,79,81,82,
86,115,117,118,29,152]. Obviously, the references are not complete mainly due to author’s
ignorance.



4 D. Chae
1.1. Basic properties

In the study of the Euler equations the notion of vorticity, @ = curl v, plays important
roles. We can reformulate the Euler system in terms of the vorticity fields only as follows.
We first consider the 3D case. Let us first rewrite the first equation of (E) as

ov

1
— - lv=—-V —v?). 1.1
a7 v x curl v <p+2|v|) (1.1)

Then, taking curl of (1.1), and using elementary vector identities, we obtain the following
vorticity formulation:

w

E—i—(v-V)w:w-Vv, (1.2)
divv =0, curl v = w, (1.3)
w(x,0) = wy(x). (1.4)

The linear elliptic system (1.3) for v can be solved explicitly in terms of w, assuming w
decays sufficiently fast near spatial infinity, to provides us with the Biot—Savart law,

v(x t)_L/ (x —y) xw(y, 1)
' - 47T R3 |x_y|3

Substituting this v into (1.2), we obtain an integro-differential system for w. The term in
the right-hand side of (1.2) is called the vortex stretching term, and is regarded as the
main source of difficulties in the mathematical theory of the 3D Euler equations. Let us
introduce the deformation matrix S(x, ) = (§;; (x, t))i j=1 defined as the symmetric part
of the velocity gradient matrix,

S — 1 81).,' + 311,'
EACETE VA
From the Biot—Savart law in (1.5) we can explicitly compute

[ Xo(x+y,))Qy+y®(yXwlx+y,1))]
& B @

dy. (1.5)

3
Sx,t) = gp.v.

(1.6)
(see e.g. [117] for the details on the computation). The kernel in the convolution integral
of (1.6) defines a singular integral operator of the Calderon—Zygmund type (see e.g. [137,
138] for more details). Since the vortex stretching term can be written as (v - V)v = Sw,
we see that the singular integral operator and related harmonic analysis results could have

important roles to study the Euler equations.
9v? ov!

In the two-dimensional case we take the vorticity as the scalar, v = T i and the
evolution equation of w becomes
w
ot
where the velocity is represented in terms of the vorticity by the 2D Biot—Savart law,
1 — Sy —
vy = o= [ ERERN TN gy, (18)

27 Jre lx =yl
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Observe that there is no vortex stretching term in (1.7), which makes the proof of global
regularity in 2D Euler equations easily accessible. In many studies of the Euler equations
it is convenient to introduce the notion of ‘particle trajectory mapping’, X (-, t) defined by

0X(a,t)

T:v(X(a,t),t), X(a,0)=a, acf2. (1.9)
The mapping X (-, ¢) transforms from the location of the initial fluid particle to the location
at time ¢, and the parameter a is called the Lagrangian particle marker. If we denote the
Jacobian of the transformation, det(V,X (a, t)) = J(a,t), then we can show easily (see
e.g. [117] for the proof) that

oJ
— = (divv)J,
5 (divv)

which implies that the velocity field v satisfies the incompressibility, div v = 0 if and only
if the mapping X (-, ) is volume preserving. At this moment we note that, although the
Euler equations are originally derived by applying the physical principles of mass conser-
vation and the momentum balance, we could also derive them by applying the least action
principle to the action defined by

15
T(A) = 1/7 X (x,1)
2 nJe ot

Here, X (-,t):§2 — 2 C R" is a parameterized family of volume preserving diffeomor-
phism. This variational approach to the Euler equations implies that we can view solutions
of the Euler equations as a geodesic curve in the L?(§2) metric on the infinite dimensional
manifold of volume preserving diffeomorphisms (see e.g. [1,8,75] and references therein
for more details on the geometric approaches to the Euler equations).

The 3D Euler equations have many conserved quantities. We list some important ones
below.

(i) Energy,

2
dx dz.

1 2
E(t) = —f loGx, )] dx.
2 )
(i) Helicity,
H(t):f vix, 1) - w(x,t)dx.
Q

(>iii) Circulation,

FC([)Z f v'dl,

C(t)

where C(t) = {X (a, t) | a € C} is a curve moving along with the fluid.
(iv) Impulse,

1
I(t):—/xxa)dx.
2Ja
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(v) Moment of Impulse,
1
M(t):—/ X X (x X w)dx.
3 /o

The proof of conservations of the above quantities for the classical solutions can be done
without difficulty using elementary vector calculus (for details see e.g. [117,118]). The
helicity, in particular, represents the degree of knotedness of the vortex lines in the fluid,
where the vortex lines are the integral curves of the vorticity fields. In [1] there are detailed
discussions on this aspects and other topological implications of the helicity conservation.
For the 2D Euler equations there is no analogue of helicity, while the circulation conserva-
tion is replaced by the vorticity flux integral,

/ w(x,t)dx,
D(1)

where D(t) = {X(a,t) | a € D C £2} is a planar region moving along the fluid in £2. The
impulse and the moment of impulse integrals in the 2E Euler equations are replace by

1 1
—/ (x2, —x1)wdx and — —/ |x|2a)dx respectively.
2 /e 3/

In the 2D Euler equations we have extra conserved quantities; namely for any continuous
function f the integral

f f(a)(x, t)) dx
2

is conserved. There are also many known explicit solutions to the Euler equations, for
which we just refer [108,117]. In the remained part of this subsection we introduce some
notations to be used later for 3D Euler equations. Given velocity v(x, t), and pressure
p(x,t), we set the 3 x 3 matrices,

dv; Vit Vi Vi = Vi 8%p
o iyjy— = 5 > ij— = 5 > ] — ] I
0x; 2 2 0x;0x

Vij =

with i, j =1, 2, 3. We have the decomposition V = (V;;) = S + A, where the symmetric
part § = (S;;) represents the deformation tensor of the fluid introduced above, while the
antisymmetric part A = (A;;) is related to the vorticity w by the formula,

3 3
1
Aij =3 D ek, wi= Y eijrAji, (1.10)
k=1 J.k=1
where ¢&;ji is the skewsymmetric tensor with the normalization €123 = 1. Note that

P = (P;j) is the Hessian of the pressure. We also frequently use the notation for the
vorticity direction field,

w(x,t)
lw(x, )|’
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defined whenever w (x, t) # 0. Computing partial derivatives d/dx of the first equation of
(E), we obtain the matrix equation

bv v2_p D 8+( V) (1.11)
—=-V"=-P, —=—+4+@w-V)u .
Dt Dt at

Taking symmetric part of this, we obtain
DS
—— =-52—-A%-p,
Dt

from which, using the formula (1.10), we have

DS;
” = Zslksk, |a)| 8ij — wiwj) — Pij, (1.12)

where §;; = 1ifi = j,and §;; = 0if i # j. The antisymmetric part of (1.11), on the other
hand, is

DA

— =—SA— AS,

Dt

which, using the formula (1.10) again, we obtain easily
Dw
Dt
which is the vorticity evolution equation (1.2). Taking dot product (1.13) with », we im-
mediately have

=Sw, (1.13)

— = u|w|, (114)
where we set
3
D EE DS DE (1) ifelx, 1) #0,

ij=1
0 ifw(x,t)=0.

a(x,t) =

1.2. Preliminaries

Here we introduce some notations and function spaces to be used in the later sections.
Given p € [1, oo], the Lebesgue space L” (R"), p € [1, oo], is the Banach space defined
by the norm

(Rn|f(x)|pdx>p, pell o),

p = oo.

I fllr =

xeR"
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For j =1,..., n the Riesz transform R; of f is given by
rsh xj -
R;i(f)x) = p~v-f LT f(y)dy
T[% R® |x )’|”+1

whenever the right-hand side makes sense. The Hardy space H!(R") ¢ L'(R") is defined
by

n
feM (R") ifandonlyif | fllyn = Iflp+ Y IR flp < oo
j=I
The space BMO(R") denotes the space of functions of bounded mean oscillations, defined
by

f € BMO(R") ifand only if

/|f foldx < oo,

I fllBmMO := su
oo Vol(Q)

where fo = m f 0 f dx. For more details on the Hardy space and BMO we refer
[137,138]. Let us set the multi-index o = (a1, o2, ..., 0,) € (Zy U {0})" with |a| =
a1 + oy 4+ --- +a,. Then, D% := D‘l)”Dg2 .. DY where D;=9/0xj,j=1,2,...,n
Givenk € Z and p € [1, co) the Sobolev space, WP (R™) is the Banach space of functions
consisting of functions f € L”(R") such that

I fllwep = </R’1|Daf(x)|pdx>p < 00,

where the derivatives are in the sense of distributions. For p = oo we replace the L? (R")
norm by the L°°(R") norm. In particular, we denote H™(R") = W™-2(R"). In order
to handle the functions having fractional derivatives of order s € R, we use the Bessel
potential space L;(R") defined by the Banach spaces norm,

1f e o= (= D2 F],,,

where (1 — A2 f = F7U(1 + |€]2)/2F(f)(€)]. Here F(-) and F~!(-) denoting the
Fourier transform and its inverse, defined by

~ 1 .
_ _ —ix-§
FO© =& = 55 fR e fdx,

and

o 1 .
FHN® =f0 = 55 /R eEfE) dg,

whenever the integrals make sense. Next we introduce the Besov spaces. We follow [145]
(see also [141,109,45,130]). Let & be the Schwartz class of rapidly decreasing functions.
We consider ¢ € & satisfying Suppp C {&€ € R" | % < €] € 2}, and @(§) > 0 if
% < |&] < 2. Setting ¢; = @27/ &) (In other words, pi(x) = 2/7p(27x).), we can adjust
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the normalization constant in front of ¢ so that
Y ¢iE) =1 VEeR"\{0}
JEZ
Lets € R, p,q € [0, oo]. Given f € &', we denote A f = ¢; % f. Then the homoge-

neous Besov seminorm || f|| 5; is defined by
P.q

1
(Z 2745 | ; f||‘£p)q if g €[1,00),
1/ lgy, =1 I

sup(2*llg; * fliLr) if ¢ = oo.

JEZ
For (s, p, q) € [0, 00) x [1, oo] x [1, oo] the homogeneous Besov space B;’q is a quasi-
normed space with the quasi-norm given by || - || B, For s > 0 we define the inhomoge-
neous Besov space norm ||f||3;_q of f € & as ||f||3;yq =\fller + ”f”Bf,,,' Similarly,

for (s, p, q) € [0, 00) x [1,00) x [1, 0], the homogeneous Triebel-Lizorkin seminorm
Il fllzs is defined by
p.q

(sz%,, x f<->|")q

‘ if g e[l,00),
Iy, = i< v

Hsup(2/S|<pj * f(-)|)H if g = oo.

je Lr

The homogeneous Triebel-Lizorkin space F ».g 18 @ quasi-normed space with the quasi-
norm given by || - || s . Fors > 0, (p, g) € [1, 00) x [1, o) we define the inhomogeneous
P

Triebel-Lizorkin space norm by

I lEs, = WF e + 1l -

p-q
The inhomogeneous Triebel-Lizorkin space is a Banach space equipped with the norm,
-l F3,- We observe that B[S,’ p(R”) =F [S, p(R"). The Triebel-Lizorkin space is a general-
ization of many classical function spaces. Indeed, the followings are well established (see
e.g. [145])

Fpo(R") = Fp,(R") = LP(R") (1 < p < 00),
F),(R") =H'(R") and FJ,,=BMO(R"),
Py H(RY) = L5 (R).
We also note sequence of continuous embeddings for the spaces close to L (R") [145,95].
BT (RY) > BY, | (R") & L¥(R") — BMO(R") — B%, (R").  (L15)

Given0 < s < 1,1 < p < 00,1 < g < o0, we introduce another function spaces ]:',S,’q
defined by the seminorm,
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H(/ 1f () — fx —y)ld dy)%
n |y|n+xq

LP(R", dx)
L ifl<p<oo1<g<oo,
Ifllg =
If(x) — f(x =)
ess sup .
lyI>0 Iyl LP(R", dx)
if 1 < p<oo,g=o00.

On the other hand, the space B;’ q is defined by the seminorm,

Y= Fe—WIe,  \i

If1 R
By, = D= f(— ,
s sup MO FC=Dlr
[y|>0 [yl*

Observe that, in particular, J:'go’oo = Bgo oo = C?, which is the usual Holder seminormed
space for s € R Z. We also note that if ¢ = oo, B;y = N ¢, which is the Nikolskii space.
The inhomogeneous version of those spaces, 7, , and B;,’ o are defined by their norms,

1A llry, = W llr + 1 gy s I g =1 lee + 1 F g -

respectively. We note that for0 < s < 1,2 < p < 00, g = 2, ]-" s 2= = L?(R"), introduced
above (see [137, p. 163]). If mm{p g <5< ILLn<p<oo andn < g < 00, then .7-”,
coincides with the Triebel-Lizorkin space F [S, q (R™) defined above (see [145, p. 101]). On
the other hand, for wider range of parameters, 0 <s < 1,0 < p < 00,0 < g < o0, B;’q
coincides with the Besov space B;,, q (R™) defined above.

2. Local well-posedness and blow-up criteria
2.1. Kato’s local existence and the BKM criterion

We review briefly the key elements in the classical local existence proof of solutions in
the Sobolev space H" (R"), m > n/2 + 1, essentially obtained by Kato in [97] (see also
[117]). After that we derive the celebrated Beale, Kato and Majda’s criterion on finite time
blow-up of the local solution in H" (R"), m > n/2 + 1 in [4]. Taking derivatives D* on
the first equation of (E) and then taking L? inner product it with D%v, and summing over
the multi-indices o with |a| < m, we obtain

gVl == 2 (DY@ Vv — (v V)D“v, D)
o <m
- > (W-V)Dv, D*v),, — Y (D*V p, D),
loe|<m la|<m

=14+10+1.
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Integrating by part, we obtain

1l = Z (D*p, D* divv),, = 0.

|| <m
Integrating by part again, and using the fact divv = 0, we have
1 1
II = -3 Z /R"(U . V)|D°’U|2dx =5 Z A;{n diVUID“U|2dx =0.
loe] <m la|<m
We now use the so-called commutator type of estimate [104],
> D%(fg) — £D%|| 2 < CUIV il liglpmt + 1 f I 182).

| <m
and obtain

1< ) [D*@w-VIv— (- V)D] pallvllam < ClIVllze|[vllFm-

lal<m

Summarizing the above estimates, 7, 11, III, we have

d 2 2
g 10l < ClIVVIL= vl gm- 2.1)

Further estimate, using the Sobolev inequality, ||Vv| >~ < Clv||gnm form > n/2 4+ 1,
gives

d 2 3
allvllym < Clvllgm.

Thanks to Gronwall’s lemma we have the local in time uniform estimate

llvoll gm

V)| gn € — - < 2|lvollam (2.2)
[l 1 = Ctllvoll
for all + € [0, T], where T = m Using this estimate we can also deduce the
estimate
sup =7 < C(llvoll ) (2.3)
o<r<T Il 9 || gm—1

directly from (E). The estimates (2.2) and (2.3) are the two key a priori estimates for the
construction of the local solutions. For actual elaboration of the proof we approximate
the Euler system by mollification, Galerkin projection, or iteration of successive linear
systems, and construct a sequence of smooth approximate solutions to (E), say {v (-, #) }xeN
corresponding to the initial data {vo x}xen respectively with vy — vo in H™(R"). The
estimates for the approximate solution sequence provides us with the uniform estimates
of {vg} in L*°([0, T]; H™(R™)) N Lip([0, T]; H™1(R™)). Then, applying the standard
Aubin—Nitche compactness lemma, we can pass to the limit k — oo in the equations
for the approximate solutions, and can show that the limit v = v is a solution of the
(E) in L®([0, T]); H™(R™). By further argument we can actually show that the limit v
belongs to C([0, T]; H™(R"™)) N AC([O, T; H™L(R")), where AC([0, T]; X) denotes
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the space of X valued absolutely continuous functions on [0, 7']. The general scheme of
such existence proof is standard, and is described in detail in [114] in the general type of
hyperbolic conservation laws. The approximation of the Euler system by mollification was
done for the construction of local solution of the Euler (and the Navier—Stokes) system
in [117].

Regarding the question of finite time blow-up of the local classical solution in H™ (R"),
m > n/2 + 1, constructed above, the celebrated Beale-Kato—Majda theorem (called the
BKM criterion) states that

T
lim sup ||v(2)| ;s = oo if and only if / lo)|| x ds = 0. (2.4)
t /T, 0

*

We outline the proof of this theorem below (for more details see [4,117]). We first recall
the Beale—Kato—Majda’s version of the logarithmic Sobolev inequality,

IVvlizee < Cllwllze(1 +log(1 + [[vllgm)) + Cllwll 2 (2.5)

form > n/2+1. Now suppose fOT* lw ()| dt := M (T,) < oco. Taking L? inner product
the first equation of (E) with w, then after integration by part we obtain

mnwuiz = (- Vv, 0), < lol= Vol 2ol 2 = [ollzxlol?,.
where we used the identity || Vv||;2 = |lw||;2. Applying the Gronwall lemma, we obtain

T
||w(r>!|Lz<||wo||Lzexp( /O Hw(s)HLwds)=||wo||Lzexp[M<T*)] (2.6)

for all t € [0, T,]. Substituting (2.6) into (2.5), and combining this with (2.1), we have

d
d—tllvllfqm < C[1+ @l +log(1+ [vllgm) JIlvl Fm ]-

Applying the Gronwall lemma we deduce

T
lo@ |y < llvoll e exp[Cl exp<C2 /O lo@]| dr)] Q.7

for all ¢+ € [0, T,] and for some constants C; and C, depending on M (7). The inequal-
ity (2.7) provides the with the necessity part of (2.4). The sufficiency part is an easy con-
sequence of the Sobolev inequality,

Ty
/ Jo®) ], ds <o sup [Vo@|n <CTa sup [0
0 0<1< T 0<r < T
for m > n/2 4+ 1. There are many other results of local well-posedness in various func-
tion spaces (see [14,15,17,20,44,45,96,98,99,111,142,143,147,148,153]). For the local ex-
istence proved in terms of a geometric formulation see [75]. For the BKM criterion for so-
Iutions in the Holder space see [3]. Immediately after the BKM result appeared, Ponce de-
rive similar criterion in terms of the deformation tensor [128]. Recently, Constantin proved
local well-posedness and a blow-up criterion in terms of the active vector formulation [51].
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2.2. Refinements of the BKM criterion

The first refinement of the BKM criterion was done by Kozono and Taniuchi in [105],
where they proved

THEOREM 2.1. Let s > n/p + 1. A solution v of the Euler equations belonging to
C ([0, T,); WSP(R™) N CL([0, Ty); WE=2P(R™)) blows up at Ty in WP (R"), namely

T
lim sup |[v(t)]| .., =00 ifand only if / lwllgmo = 00.
t /Ty 0
The proof is based on the following version of the logarithmic Sobolev inequality for
feWsPR",s >n/p,1 < p < oo,

I fllzee < C(l + ||f||BMo(l +log™ ”f”w.x,p))

(see [105] for details of the proof). We recall now the embedding relations (1.15). Further
refinement of the above theorem is the following (see [14,20]).

THEOREM 2.2.
(i) (super-critical case) Let s > n/p + 1, p € (1,00),q € [1, oo]. Then, the local in
time solution v € C([0, Ty); B;,q(R")) blows up at Ty in B;’q(R"), namely

T
lim sup |v(t)]| 5, =00 ifandonly if / lo@] g0 dt =ooc.
1/ Te P4 0 e

(ii) (critical case) Let p € (1, 00). Then, the local in time solution v € C([0, T);
BZ{II’+1(RH)) blows up at Ty in B;{{’+1(Rn), namely

T
lim sup ||v(t)| gh/p+l = 00 if and only if / ||a)(t)||Bo dt = o0.
t /Ty p.1 0 00,1

The proof of (i) is based on the following version of the logarithmic Sobolev inequality
for f € B;’q(R”) withs > n/p with p € (1, 00), g € [1, o0].

£l < COL+ 1Nz, (logt 11 fllmy, +1))-

In [106] Kozono, Ogawa and Taniuchi obtained similar results to (i) above independently.

In all of the above criteria, including the BKM theorem, we need to control all of the
three components of the vorticity vector to obtain regularity. The following theorem proved
in [22] states that actually we only need to control two components of the vorticity in the
slightly stronger norm than the L°° norm (recall again the embedding (1.15)).

THEOREM 2.3. Let m > 5/2. Suppose v € C([0, T,); Hm(R3)) is the local classical
solution of (E) for some Ti > 0, corresponding to the initial data vo € H™(R?), and
w = curlv is its vorticity. We decompose w = @ + w3es, where & = w'e; + w?ey, and
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{e1, e2, e3} is the canonical basis 0fR3. Then,

T
lim sup ||v(t) ||H,,, =00 ifandonly if / ||c~u(t) ||§-30 dr = oo.
t /T 0 00,1

Note that @& could be the projected component of w onto any plane in R3. For the solution
v = (vl, v2, 0) of the Euler equations on the x; — x; plane, the vorticity is w = a)3e3 with
w3 = Oy, v — Bval, and @ = 0. Hence, as a trivial application of the above theorem we
reproduce the well-known global in time regularity for the 2D Euler equations.

Next we present recent results on the blow up criterion in terms of Hessian of the pres-
sure. As in the introduction we use P = (P;;), S = (S;;) and & to denote the Hessian of the
pressure, the deformation tensor and the vorticity direction field respectively, introduced in
Section 1. We also introduce the notations

S§
|S§ ]
The following is proved in [30].
THEOREM 2.4. If the solution v(x, t) of the 3D Euler system with vy € H™(R3), m > %,

blows up at Ty, namely lim sup; ~r, lv(@)||gm = oo, then necessarily,

T« T
/ exp(/ ||,u(s)H f00 ds) drt = o0.
0 0

Similar criterion in terms of the Hessian of pressure, but with different detailed geomet-
ric configuration from the above theorem is obtained by Gibbon, Holm, Kerr and Roulstone
in [87]. Below we denote &, = & x P§.

THEOREM 2.5. Letm > 3 and T? = R3 /73 be a periodic box. Then, there exists a global
solution of the Euler equations v € C ([0, o0); H™(T?)) N C'([0, c0); H™~1(T?)) if

T
f0||§,,(t)||mdt<oo, Vi e (0,T)

excepting the case where & becomes collinear with the eigenvalues of P at T .

Next, we consider the axisymmetric solution of the Euler equations, which means ve-
locity field v(r, x3, t), solving the Euler equations, and having the representation

u(r, x3,1) = V' (r, x3, 1)e, + 00 (1, x3, D)eq + v (1, x3, 13

in the cylindrical coordinate system, where

er:(x—l,x—z,o)’ €y = (_x_27x—170>’ 632(0507 1)7 r=\/'x%+x§.
ror ror

In this case also the question of finite time blow-up of solution is wide open (see e.g. [89,
90,11] for studies in such case). The vorticity w = curl v is computed as

w=0uw"e + ey +aves,
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where
1
o = —8x3v9, o’ = Ay V" — v, w = —ar(rve).
r
We denote
~ __.r 3 ~ 3
V="ve +ve3, w=w e + wes.

Hence, ® = &+ &g, where @y = w’ey. The Euler equations for the axisymmetric solution

are

av” ~ ap
+ @ -V =——,
or TV or
9v? v v?
e 5.V = ,
” + (- Vv .
av3 3 ap
—+ @ - Vv = ——,
T oxs
divo =0,
v(r, x3,0) = vo(r, x3),

where V = erB% + 833%. In the axisymmetric Euler equations the vorticity formulation

becomes

ow” o~ o~
t+(v-V)=a)r(a)~V)vr,

dew? N -
a—a;+(f)-V)=a)3(cZ)-V)v3,

e (7)o ()

divi=0, curld=a’.

In the case of axisymmetry we only need to control just one component of vorticity (the
angular component) to get the regularity of solution. The following theorem is proved

in [40].

THEOREM 2.6. Letv € C([0, Ty); H™(R?)), m > 5/2, be the local classical axisymmet-
ric solution of (E), corresponding to an axisymmetric initial data vy € H™ (R3). Then, the
solution blows up in H™ (R?) at T, if and only if for all (y, p) € (0, 1) x [1, co] we have

T
d
| llno]
T, t
[ o] [ Mool (4108 (lon o) o) ],)

+ |wa(s) log™ 7|} ds:| dr = oc. (2.8)
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We observe that although we need to control only wy to get the regularity, the its norm,
which is in C?, is higher than the L> norm used in the BKM criterion. If we use the
‘critical’ Besov space Bgo’l (R3) we can derive slightly sharper criterion than Theorem 2.6
as follows (see [22] for the proof).

THEOREM 2.7. Letv € C([0, T); H™(R3)) be the local classical axisymmetric solution
of (B), corresponding to an axisymmetric initial data vo € H™ (R3). Then,

T
lim sup ||v(t) ||H,,1 =00 ifand only if / ||&39 () || p0 dt =oo. (2.9)
t /T 0 00,1

We observe that contrary to (2.8) we do not need to control the high regularity norm, the
CY norm of vorticity in (2.9). We can also have the regularity of the axisymmetric Euler
equation by controlling only one component of the velocity, the swirl velocity v¥ as in the
follows proved in [38].

THEOREM 2.8. Letv € C([0, Ty); H™(R3)), m > 5/2, be the local classical axisymmet-

ric solution of (E), corresponding to an axisymmetric initial data vo € H™ (R3). Then, the
solution blows up in H™ (R?) at T, if and only if

Lo o v’ 1 3v?
VoL + | — — dt = oo.
0 Br L

r 0x3
2.3. Constantin—Fefferman—Majda’s and other related results

L’)O

In order to study the regularity problem of the 3D Navier—Stokes equations Constantin and
Fefferman investigated the geometric structure of the integral kernel in the vortex stretch-
ing term more carefully, and discovered the phenomena of ‘depletion effect’ hidden in the
integration ([55], see also [48] for detailed exposition related to this fact). Later similar
geometric structure of the vortex stretching term was studied extensively also in the blow-
up problem of the 3D Euler equations by Constantin, Fefferman and Majda [56]. Here we
first present their results in detail, and results in [25], where the BKM criterion and the
Constantin—Fefferman—Majda’s criterion are interpolated in some sense. Besides those re-
sults presented in this subsection we also mention that there are other interesting geometric
approaches to the Euler equations such as the quaternion formulation by Gibbon and his
collaborators [83,85-87]. We begin with a definition in [56]. Given a set W € R3 and
r > 0 we use the notation B, (W) = {y € B, (x); x € W}.

DEFINITION 2.1. A set Wy C R? is called smoothly directed if there exists p > 0 and
r, 0 < r < p/2 such that the following three conditions are satisfied.
(i) Forevery a € Wi = {qg € Wy; |wo(g)| # 0}, and all r € [0, T), the vorticity
direction field £(-, ¢) has a Lipschitz extension (denoted by the same letter) to the
Euclidean ball of radius 4p centered at X (a, t) and

t
M = lim su VEC, D oo dr < oo.
t%TaeV%/O ” s )”L (Bap(X(a,1)))
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(i) The inequality
sup |a)(x,t)| <m sup |a)(x,t)|
B3 (Wr) B (W)
holds for all ¢+ € [0, T) with m > 0 constant.
(iii) The inequality
sup |v(x, t)| <U
Byp (Wr)

holds for all ¢ € [0, T).

The assumption (i) means that the direction of vorticity is well behaved in a neighbor-
hood of a bunch of trajectories. The assumption (ii) states that this neighborhood is large
enough to capture the local intensification of w. Under these assumptions the following
theorem is proved in [56].

THEOREM 2.9. Assume Wy is smoothly directed. Then there exists T > 0 and I" such that

sup |a)(x,t)| < I sup |w(x,to)|
B (W) By(Wyy)

holds forany 0 < t9 < T and 0 <t —ty < T.

They also introduced the notion of regularly directed set, closely related to the geometric
structure of the kernel defining vortex stretching term.

DEFINITION 2.2. We sat that a set W) is regularly directed if there exists p > 0 such that
T

sup / Kp(X(a, t)) dr < o0,

awg J0
where

. dy
Ky(x) = |D(3, &(x + ), £@)||o(x + )| =5
lyl<p ]

and

D(3,&(x +y),£() = (§ - §(x)) Det(3, £(x + ), §(x)).

Under the above assumption on the regularly directed sets the following is proved also
in [56].

THEOREM 2.10. Assume Wy is regularly directed. Then there exists a constant I' such
that

sup |@(X(a,1),1)| < I sup |wo(a)|

aeWy aeWy

holds for all t € [0, T].
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The original studies by Constantin and Fefferman in [55] about the Navier—Stokes equa-
tions, which motivated the above theorems, are concerned mainly about the regularity of
solutions in terms of the vorticity direction fields &. We recall, on the other hand, that the
BKM type of criterion controls the magnitude of vorticity to obtain regularity. Incorpo-
ration of both the direction and the magnitude of vorticity to obtain regularity for the 3D
Navier—Stokes equations was first initiated by Beirdo da Veiga and Berselli in [6], and de-
veloped further by Beirfo da Veiga in [5], and finally refined in an ‘optimal’ form in [35]
(see also [39] for a localized version). We now present the Euler equation version of the
result in [35].

Below we use the notion of particle trajectory X (a, t), which is defined by the classical
solution v(x, t) of (E). Let us denote

20 = {x e R? | wp(x) # 0}, 2, = X(20,1).

We note that the direction field of the vorticity, £(x, t) = w(x, t)/|w(x, t)], is well-defined
ifx € £, forvy € C! (R3) with £29 # (. The following is the main theorem proved in [25].

THEOREM 2.11. Let v(x,t) be the local classical solution to (E) with initial data vo €
H™(R*, m > 5/2,and w(x,t) = curlv(x, t). We assume 29 # . Then, the solution can
be continued up to T + § as the classical solution, namely v(t) € C([0, T + 8]; H™(R3))
for some § > 0, if there exists p, p', q,q’, s, r1, r2, r3 satisfying the following conditions,

1 1 1 1

—+—==1, -+ ==1, (2.10)
p p q q
and
1 p sq’ 1 / sq’
—4+—(1—-——=+—{1-p'|1-—= =1 (2.11)
71 1) 3 r3 3
with
3
0<s <1, 1<—/<p<oo, 1< g < o0, (2.12)
sq
and

!/
rle[l’oo]’ r2€|:P/<1_%>,OO:|,
rs [l—p’(l—%),oo] (2.13)

such that for direction field &(x, t), and the magnitude of vorticity |w(x, t)| the followings
hold

T
/0 (HO) ”;go,q@) dr < oo, (2.14)

and

T T
f0||w(t)||22pq,(9[)dt+/() lo®]}y g, dt < oo (2.15)
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In order to get insight implied by the above theorem let us consider the special case of
p = 00, g = 1. In this case the conditions (2.14)—(2.15) are satisfied if

E(x,1) € L"(0, T; C*(R?)), (2.16)

w(x,1) € L(0,T; L™ (RY)) N L™ (0, T; L®(R?)), 2.17)
with

1 1 s s

Z+E(1_§>+E:1' (2.18)

Let us formally pass s — 01in (2.16) and (2.18), and choose r; = oo and r, = r3 = 1, then
we find that the conditions (2.16)—(2.17) reduce to the BKM condition, since the condition
E(x,1) € L®(0, T; CO(R3)) = L*®((0, T) x R3) is obviously satisfied due to the fact that
lE(x, )] = 1.

The other case of interest is ¢’ = 3 /s, where (2.14)—(2.15) are satisfied if

EC,t) e L"(0,T; F* 5 (RY),  |w(x, 0| e L™(0, T; LY*(R?)). (2.19)
003>y

with 1/r; + 1/r; = 1. The condition (2.19) shows explicitly the mutual compensation
between the regularity of the direction field and the integrability of the vorticity magnitude
in order to control regularity/singularity of solutions of the Euler equations.

Next we review the result of non-blow-up conditions due to Deng, Hou and Yu [71,72].
We consider a time ¢ and a vortex line segment L, such that the maximum of vorticity over
the whole domain is comparable to the maximum of vorticity on over L,, namely

§2(t) := sup |a)(x, t)| ~ max|a)(x, t)|.
xeR3 Y€L;

We denote L(¢) := arc length of L;; £, n and « are the unit tangential and the unit normal
vectors to L; and the curvature of L, respectively. We also use the notations,

Ue (1) = max |- &), 1) — (- &)y, 1),

Un(t) := maLx|(v m)(x, 1),

’

M) = maLx|(V-§)(x,t)
K@) = maLXK(x, 1).

We denote by X (A, s, t) the image by the trajectory map at time ¢ > s of fluid particles at
A at time s. Then, the following is proved in [72].

THEOREM 2.12. Assume that there is a family of vortex line segment L, and Ty € [0, T™*),
such that X (L, t1,12) 2 Ly, for all Ty < t1 < tp < T*. Also assume that $2(t) is
monotonically increasing and maxyey, |w(x,t)| = co$2(t) for some co when t is suffi-
ciently close to T*. Furthermore, we assume there are constants Cy, Cy, ¢y such that

1. [UE@)+ U, ()K@)L(@t)] < Cy(T* — =4 for some constant A € (0, 1),

2. M(1)L(2), K(1)L(2) < Co,
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3. L(t) > cp (T* — t)Bfor some constant B € (0, 1).
Then there will be no blow-up in the 3D incompressible Euler flow up to time T*, as long
as B <1—A.

In the endpoint case of B = 1 — A they deduced the following theorem [71].

THEOREM 2.13. Under the same assumption as in Theorem 2.10, there will be no blow-
up in the Euler system up to time T* in the case B = 1 — A, as long as the following
condition is satisfied:

RK <y (R0 - A4/ - A)*4),

where R = eCO/co, K := Cyco/(cL(1 — A)), and y1(m) denotes the smallest positive y
such thatm = y/(1 4+ y)>=4.

We refer [71,72] for discussions on the various connections of Theorems 2.10 and 2.11
with numerical computations.

3. Blow-up scenarios
3.1. Vortex tube collapse

We recall that a vortex line is an integral curve of the vorticity, and a vortex tube is a
tubular neighborhood in R3 foliated by vortex lines. Numerical simulations (see e.g. [46])
show that vortex tubes grow and thinner (stretching), and folds before singularity happens.
We review here the result by Cérdoba and Fefferman [66] excluding a type of vortex tube
collapse.

Let Q =1, x I x Iz C R3 be a closed rectangular box, and let 7 > 0 be given.
A regular tube is a relatively open set £2; C Q parameterized by time ¢ € [0, T'), having
the form £2, = {(x1,x2, x3) € Q: 6(x1,x2,x3,1) < 0} with & € C'(Q x [0, T)), and
satisfying the following properties:

|Vx1,x29| 7é 0 for (-xls X2, X3, t) € Q X [O’ T)v e(xlv X2, X3, t) = 0’
£2(x3) 1= {(xl,xz) el x I: (x1,x3,x3) € .Q,} is non-empty,
forall x3 € I3,t € [0, T);

closure(.Qt (X3)) C interior(/; x Ip)
forall x3 € I3,t € [0, T).
Letu(x,t) = (ui(x, 1), us(x, 1), us(x, 1)) be a C! velocity field defined on Q x [0, T').
We say that the regular tube £2; moves with the velocity field u, if we have

0
(5 +u- VX)O =0 whenever (x,t) € Q x[0,T), 6(x,t) =0.
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By the Helmholtz theorem we know that a vortex tube arising from a 3D Euler solu-
tion moves with the fluid velocity. The following theorem proved by Cérdoba and Fef-
ferman [66] says for the 3D Euler equations that a vortex tube cannot reach zero thickness
in finite time, unless it bends and twists so violently that no part of it forms a regular tube.

THEOREM 3.1. Let 2, C Q(t € [0, T)) be a regular tube that moves with cl, divergence
free velocity field u(x, t).

T
If/ sup |u(x, )| df < oo, then lim inf Vol(£2;) > 0.
0 xeQ t—>T_

3.2. Squirt singularity

The theorem of excluding the regular vortex tube collapse was generalized by Cérdoba,
Fefferman and de la Lave [70], which we review here. We first recall their definition of
squirt singularities. Let £2 C R” be an open set. We denote X;(a) = X (a, t), which is a
particle trajectory generated by a C! vector field u : 2 x [0, T) — R” such that div u = 0.
We also set X; s(a) as the position at time ¢ of the trajectory which at time t = s is a. We
have obvious relations,

X(a) = Xt,O(a)a Xt,s = X; o0 Xs_la Xt,x o Xs,xl = Xt,s| .
For § C £2, we denote by
XES={xeR|x=X/a).aeS X;a)eR,0<s <t}

In other words, X 5(,258 is the evolution of the set S, starting at time a, after we eliminate
the trajectories which step out of §2 at some time. By the incompressibility condition on
u, we have that Vol(X, ;S) is independent of ¢, and the function 7 > Vol(X, ;S) is non-
increasing.

DEFINITION 3.1. Let £2_, £2, be open and bounded sets. 2_ C 2. Therefore,
dist(.Q,, R" — SZ+) =>r > 0.

We say that u experiences a squirt singularity in £2_, at time 7 > 0, when for every
0 <s < T,wecan find a set S C §£24 such that

(1) Ss N £2_ has positive measure, 0 < s < T,

(ii) lim,—7 Vol(X'S,) = 0.

The physical intuition behind the above definition is that there is a region of positive
volume so that all the fluid occupying it gets ejected from a slightly bigger region in finite
time. Besides the vortex tube collapse singularity introduced in the previous subsection the
potato chip singularity and the saddle collapse singularity, which will be defined below,
are also special examples of the squirt singularity, connected with real fluid mechanics
phenomena.
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DEFINITION 3.2 (potato chip singularity). We say that u experiences a potato chip singu-
larity when we can find continuous functions

fe:R71x[0,T) > R
such that
f+(-x19 AR ] xnfl, t) 2 f*(xlv e 7xn717 t)’
t€[0,T1,x1,...,Xn—1 € Bay (ITx"),
f+(-x19 AR ] xnfl, O) 2 ff(XI, AR ,xnfl, 0)’ xlv e 9xn71 € Br(nxo)’
thTl [fr&i oo Xnmt ) = (X1, oo Xy, )] =0
VX1,...,Xn—1 € Bzr(nxo)
and such that the surfaces
Zig={xn=fex, .. xm, 0} C 2
are transformed into each other by the flow
X(Xt0,1) D X1,

In the above [T is projection on the first » — 1 coordinates.

Previously to [70] potato chip singularities were considered in the 2D and 3D flows
by Cérdoba and Fefferman [69,67] respectively in the name of ‘sharp front’. In particular
the exclusion of sharp front in the 2D quasi-geostrophic equation is proved in [69]. The
following notion of saddle collapse singularity is relevant only for 2D flows.

DEFINITION 3.3 (saddle collapse singularity). We consider foliation of a neighborhood of
the origin (with coordinates x1, x) whose leaves are given by equations of the form

p = (MB®) +y2) - (n18() + y2) = const

and (y1, y2) = F;(x1, x2), where 8,8:[0, T) — R™ are C! foliations, F is a C2 function
of x, ¢, for a fixed ¢, and F; is an orientation preserving diffeomorphism. We say that the
foliation experiences a saddle collapse when

lim inf B(r) + 8(t) = 0.
t—>T

If the leaves of the foliation are transported by a vector field u, we say that the vector field
u experiences a saddle collapse.

The exclusion of saddle point singularity in the 2D quasi-geostrophic equation (see Sec-
tion 4.3 below) was proved by Coérdoba in [65]. The following ‘unified’ theorem is proved
in [70].
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THEOREM 3.2. If u has a squirt singularity at T, then fST sup, |u(x,t)|dt = oo for all
s € (0, T). Moreover, if u has a potato chip singularity, then

T
/ sup|17u(x,t)|dt:oo.
s X

3.3. Self-similar blow-up

In this subsection we review the scenario of self-similar singularity studied in [32] (see
also [50] for a related study). We first observe that the Euler system (E) has scaling property
that if (v, p) is a solution of the system (E), then for any A > 0 and « € R the functions

VM (x, 1) = A%v(hx, A9, pH(x, 1) = A p(x, A% ) (3.1)

are also solutions of (E) with the initial data vé *(x) = A%vo(Ax). In view of the scaling
properties in (3.1), the self-similar blowing up solution v(x, t) of (E), if it exists, should be
of the form,

1 X
v(x,t) = — v( 1 > (3.2)
(Ty =) (T, — p)a+

for @ # —1 and ¢ sufficiently close to 7. If we assume that initial vorticity wp has compact
support, then the non-existence of self-similar blow-up of the form given by (3.2) is rather
immediate from the well-known formula, w (X (a, t),t) = V,X(a, t)wy(a). We want to
generalize this to a non-trivial case. Substituting (3.2) into (E), we find that V should be a
solution of the system

o+1 o+1

divV =0
for some scalar function P, which could be regarded as the Euler version of the Leray
equations introduced in [110]. The question of existence of non-trivial solution to (SE)
is equivalent to the that of existence of non-trivial self-similar finite time blowing up so-
lution to the Euler system of the form (3.2). Similar question for the 3D Navier—Stokes
equations was raised by Leray in [110], and answered negatively by Necas, Ruzicka and
Sverak [122], the result of which was refined later by Tsai in [146] (see also [119] for a
generalization). Combining the energy conservation with a simple scaling argument, the
author of this article showed that if there exists a non-trivial self-similar finite time blow-
ing up solution, then its helicity should be zero [18]. Mainly due to lack of the Laplacian
term in the right-hand side of the first equations of (SE), we cannot expect the maximum
principle, which was crucial in the works in [122] and [146] for the 3D Navier—Stokes
equations. Using a completely different argument from those previous ones, in [32] it is
proved that there cannot be self-similar blowing up solution to (E) of the form (3.2), if
the vorticity decays sufficiently fast near infinity. Given a smooth velocity field v(x, 7), the
particle trajectory mapping a +— X (a, t). The inverse A(x,t) := X~ '(x, 1) is called the
back to label map, which satisfies A(X (a, 1), t) = a, and X (A(x, 1), t) = x. The existence

1
(SE) { - V+ (x-V)V+(V-V)V =-VP,
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of the back-to-label map A(:, t) for our smooth velocity v(x, t) for t € (0, T), is guaran-
teed if we assume a uniform decay of v(x, ¢) near infinity, independent of the decay rate
(see [51]). The following is proved in [32].

THEOREM 3.3. There exists no finite time blowing up self-similar solution v(x, t) to the
3D Euler equations of the form (3.2) fort € (0, T,) with o« # —1, if v and V satisfy the
following conditions:
(i) Forallt € (0, T,) the particle trajectory mapping X (-, t) generated by the classical
solution v € C([0, T,); CL(R3: R3)) is a C! diffeomorphism from R3 onto itself.
(i1) The vorticity satisfies 2 = curl V. # 0, and there exists p; > 0 such that 2 €
LPR3) forall p € (0, py).

We note that the condition (ii) is satisfied, for example, if £2 € LlloC (R?) and there exist
constants R, K and ¢}, &2 > 0 such that |22(x)| < Ke *1"I? for |x| > R, then we have

2 e LP(R3; R?) for all p € (0, 1). Indeed, for all p € (0, 1), we have

/\Q(x)V’dx:/ |Q(x)}”dx+/ |2(x)|” dx
R3 [x|<R [x|>R

p
< |BR|1_p</ if?(x)|dx> +Kp/ e P dy < oo,
[x|<R R3

where | Bg| is the volume of the ball Bg of radius R.

In the zero vorticity case 2 = 0, from div V = 0 and curl V = 0, we have V = Vh,
where /(x) is a harmonic function in R3. Hence, we have an easy example of self-similar
blow-up,

1 X
v(x,t) = LVh( - )
(T — )&t (T — 1)t

in R3, which is also the case for the 3D Navier—Stokes with @ = 1. We do not consider this
case in the theorem.
The above theorem is actually a corollary of the following more general theorem.

THEOREM 3.4. Let v € C([0, T); CY(R3: R%)) be a classical solution to the 3D Euler
equations generating the particle trajectory mapping X (-, t) which is a C' diffeomorphism
from R3 onto itself for all t € (0, T). Suppose we have representation of the vorticity of the
solution, by

w(x, 1) =¥ NO2(S(M)x) Vi el0,T) (33)

where W (-) € C([0, T); (0, 00)), ®(-) € C([0, T); R3*3) with det(® (1)) # 0 on [0, T);
Q2 = curl V for some V, and there exists p1 > 0 such that |$2| belongs to L? (R3) for all
p € (0, p1). Then, necessarily either det(® (1)) = det(®(0)) on [0, T), or 2 = 0.

For the detailed proof of Theorems 3.3 and 3.4 we refer [32].
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3.4. Asymptotically self-similar blow-up

In this subsection we consider the possibility of more refined scenario of self-similar sin-
gularity than in the previous subsection, called the asymptotically self-similar singularity.
This means that the local in time smooth solution evolves into a self-similar profile as the
possible singularity time is approached. The similar notion was considered previously by
Giga and Kohn in their study of semilinear heat equation [88]. Their sense of convergence
of solution to the self-similar profile is the pointwise sense with a time difference weight
to make it scaling invariant, and cannot apply directly to the case of Euler system. It is
found in [33] that if we make the sense of convergence strong enough, then we can apply
the notion of asymptotically self-similar singularity to the Euler and the Navier—Stokes
equations. The following theorem is proved in [33].

THEOREM 3.5. Letv € C([0, T); B;{f“ (R3)) be a classical solution to the 3D Euler
equations. Suppose there exist p; > 0,a > —1,V € CHR?) with limg_, oo SUP|y|=R |V (x)]
= 0 such that 2 = curl Ve L1(R3) for all ¢ € (0, py), and the following convergence
holds true:

lim (T — 1) |[v(-, 1) — . V( S ) =0,
17T (T —n)aT (T —pyaet /it
and
1 - .
sup (T —t)|w(-,t) — Q( ; ) < Q.
1€(0,T) T—t (T —nyar /1B,

Then, 2 = 0, and v(x, t) can be extended to a solution of the 3D Euler system in [0, T +
§] x R3, and belongs to C([0, T + 61; BZ{{’H (R3))for some & > 0.

We note that the above theorem still does not exclude the possibility that the sense of vor-
ticity convergence to the asymptotically self-similar singularity is weaker than L* sense.
Namely, a self-similar vorticity profile could be approached from a local classical solution
in the pointwise sense in space, or in the L (R?) sense for some p with 1 < p < oo.
In [33] we also proved non-existence of asymptotically self-similar solution to the 3D
Navier—Stokes equations with appropriate change of functional setting (see also [93] for
related results).

The proof of the above theorem follows without difficulty from the following blow-up
rate estimate [33], which is interesting in itself.

THEOREM 3.6. Let p € [1, 00) and v € C([0, T); Bf/ PTH(R3)) be a classical solution to

the 3D Euler equations. There exists an absolute constant nn > 0 such that if
inf (T —t Bl 4 <, 3.4
it (T = 0o g <n (34)

then v(x,t) can be extended to a solution of the 3D Euler system in [0, T + §] x R3, and

belongs to C([0, T + §]; B;{{’+1(R3))for some § > 0.
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We note that the proof of the local existence for vy € B;/ Pl (R3) is done in [14,20]
(see also [147]). The above theorem implies that if 7, is the first time of singularity, then
we have the lower estimate of the blow-up rate,

o] B2 Vi € [0, Ty) (3.5)

T, —

for an absolute constant C. The estimate (3.5) was actually derived previously by a different
argument in [18]. We observe that (3.5) is consistent with both of the BKM criterion [4]
and the Kerr’s numerical calculation in [101] respectively.

The above continuation principle for a local solutions in B3/ Pt (IR3) has obvious appli-
cations to the solutions belonging to more conventional functlon spaces, due to the embed-
dings,

Hm(R3) s Cl,y(R3) ;/f?+l(R3)
form > 5/2 and y = m —5/2. For example the local solution v € C([0, T'); H™ (R?)) can
be continued to be v € C([0, T + 8]; H™(R?)) for some 8, if (5.4) is satisfied. Regarding
other implication of the above theorem on the self-similar blowing up solution to the 3D
Euler equations, we have the following corollary (see [33] for the proof).

COROLLARY 3.1. Letv € C([0, T,); Bg/erl (R?)) be a classical solution to the 3D Euler

equations. There exists 1 > 0 such that lf we have representation for the velocity by (3.2),
and 2 = curl V satisfies || $2 || B, < then 2 = 0, and v(x, t) can be extended to a solu-

tion of the 3D Euler system in [0, T +8] x R3, and belongs to C([0, T, +8]; B 3/P+1 (R3))
for some § > 0.

4. Model problems

Since the blow-up problem of the 3D Euler equations looks beyond the capability of cur-
rent analysis, people proposed simplified model equations to get insight on the original
problem. In this section we review some of them. Besides those results presented in the
following subsections there are also studies on the other model problems. In [73] Dinaburg,
Posvyanskii and Sinai analyzed a quasi-linear approximation of the infinite system of ODE
arising when we write the Euler equation in a Fourier mode. Friedlander and Pavlovic¢ [80]
considered a vector model, and Katz and Pavlovi¢ [100] studied dyadic model, both of
which are resulted from the representation of the Euler equations in the wave number
space. Okamoto and Ohkitani proposed model equations in [126], and a ‘dual’ system to
the Euler equations was considered in [21].

4.1. Distortions of the Euler equations

Taking trace of the matrix equation (1.11) for V, we obtain Ap = —tr V2, and hence the
Hessian of the pressure is given by

Pij=—8;0;(A) ' V? = —R;R; tr V2,
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where R; denotes the Riesz transform (see Section 1). Hence we can rewrite the Euler
equations as

DV

o = —V2—R[rV?], R[]=(RiR;[]). 4.1)
In [47] Constantin studied a distorted version of the above system,

where the convection term of the original Euler equations is deleted, and showed that a so-
lution indeed blows up in finite time. Note that the incompressibility condition, tr V = 0, is
respected in the system (4.2). Thus we find that the convection term should have significant
role in the study of the blow-up problem of the original Euler equations.
On the other hand, in [113] Liu and Tadmor studied another distorted version of (4.1),

called the restricted Euler equations,

DV 5 1 2

o=Vt (trv2)I. (4.3)
We observe that in (4.3) the convection term is kept, but the non-local operator R; R (-)
is changed into a local one —1/n4;;, where the numerical factor —1/n is to keep the in-
compressibility condition. Analyzing the dynamics of eigenvalues of the matrix V, they
showed that the system (4.3) actually blows up in finite time [113].

4.2. The Constantin—Lax—Majda equation

In 1985 Constantin, Lax and Majda constructed a one-dimensional model of the vortic-
ity formulation of the 3D Euler equations, which preserves the feature of non-locality in
vortex stretching term. Remarkably enough this model equation has an explicit solution
for general initial data [58]. In this subsection we briefly review their result. We first ob-
serve from Section 1 that vorticity formulation of the Euler equations is % = Sw, where
S = P(w) defines a singular integral operator of the Calderon—Zygmund type on w. Let us
replace w(x,t) = 6(x,1), % = %, P() = H(-), where 0(x, t) is a scalar function on
R x R4, and H (-) is the Hilbert transform defined by

ALY dy.
RX—)Y
Then we obtain, the following 1D scalar equation from the 3D Euler equation,

1
Hf(x) = —pv

30
(CLM):  — =0 Ho.

This model preserve the feature of non-locality of the Euler system (E), in contrast to
the more traditional one-dimensional model, the inviscid Burgers equation. We recall the
identities for the Hilbert transform:

H(Hf) =—, H(fHg+gHf) = (Hf)(Hg) — f&, (4.4)
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which imply H(OHO) = %[(H 6)2 — #2]. Applying H on both sides of the first equation
of (CLM), and using the formula (4.4), we obtain

1
(CLM)*: (HO); + E((He)2 —(0)%) =0.
We introduce the complex valued function,
Z(x,t) = HO(x,1) +10(x, 1).

Then, (CLM) and (CLM)* are the imaginary and the real parts of the complex Riccati
equation,

1,
z:(x, 1) = EZ (x,1).

The explicit solution to the complex equation is
20
72(x,t) = ———.
1 — 3tz0(x)
Taking the imaginary part, we obtain

46p(x)
(2 — tHO(x))? + 1263 (x)

The finite time blow-up occurs if and only if

0(x,1) =

Z = {x | 60(x) = 0 and Hp(x) > 0} # 2.

In [134] Schochet find that even if we add viscosity term to (CLM) there is a finite time
blow-up. See also [131,132] for the studies of other variations of (CLM).

4.3. The 2D quasi-geostrophic equation and its 1D model

The 2D quasi-geostrophic equation (QG) models the dynamics of the mixture of cold and
hot air and the fronts between them.
O+ (u-V)o =0,
1
QG Jv=-Vi(-A)z0,
0(x,0) = Op(x),

where V+ = (—02, d1). Here, 6(x, r) represents the temperature of the air at (x,?) €
R? x R,. Besides its direct physical significance (QG) has another important feature that
it has very similar structure to the 3D Euler equations. Indeed, taking V' to (QG), we
obtain

3
(5 +v- v)vie = (V0 - V),

where

V45o(y,t
v(x, 1) =/ ﬁdy.
Rz |x =yl
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This is exactly the vorticity formulation of 3D Euler equation if we identify

V4o = o.

After first observation and pioneering analysis of these feature by Constantin, Majda and
Tabak [59] there have been so many research papers devoted to the study of this equation
(also the equation with the viscosity term, —(—A)*6, a > 0, added) [48,53,60,61,65,64,
62,68-70,63,149-151,16,25,26,42,124,73,103,10]. We briefly review some of them here
concentrating on the inviscid equation (QG).

The local existence can be proved easily by standard method. The BKM type of blow-up
criterion proved by Constantin, Majda and Tabak in [59] is

T
lim sup |6(1)|,, = oo if and only if / [VE0(s)| wds =00.  (45)
t /Ty 0

This criterion has been refined, using the Triebel-Lizorkin spaces [16]. The question of
finite time singularity/global regularity is still open. Similarly to the Euler equations case
we also have the following geometric type of condition for the regularity. We define the
direction field £ = V16/|V+0| whenever |V160(x, 1)| # 0.

DEFINITION 4.1. We say that a set £2g is smoothly directed if there exists p > 0 such that

T
sup/ |v(X(q,t),t)’2dt<oo,
quO 0

T
2
qseuggfo Ve, t)”LOO(B,,(X(qJ))) dr < oo,

where B, (X) is the ball of radius p centered at X and

25 ={q € Q0

Véo(q)| # 0}.

We denote D7 (£29) = {(x,1) | x € X(§2p,1),0 < t < T}. Then, the following theorem
is proved [59].

THEOREM 4.1. Assume that §2 is smoothly directed. Then

sup |V9(x, t)| < 00,
(x,H)eDT(£20)

and no singularity occurs in O (820).

Next we present an ‘interpolated’ result between the criterion (4.5) and Theorem 4.1,
obtained in [25]. Let us denote bellow,

Do = {x e R* | |[V'(x)| #0}, Dy = X (Do, ).

The following theorem [25] could be also considered as the (QG) version of Theorem 2.9.



30 D. Chae

THEOREM 4.2. Let 0(x, t) be the local classical solution to (QG) with initial data 6y €
H™(R?), m > 3/2, for which Dy # . Let £(x,t) = V+0(x,1)/|V+0(x,1)| be the
direction field defined for x € D;. Then, the solution can be continued up to T < 00
as the classical solution, namely 6(t) € C([0,T]; H™ (Rz)), if there exist parameters
p.P.q.q s, ri,r, r3 satisfying the following conditions,

1 1 1 1
—b—=1, —+—=1 (4.6)
P p q q
and
1 p AW /
SR T G I ] L ) | g @7
r r 2 r3 2
with
2
O0<s<l1l, 1<—<p<oo, 1<Kg<oo (4.8)
sq
and

rell,oo], e [p’(l - %),oo}, ry € [1 —p’<1 - %),oo} (4.9)

such that the followings hold:

T
/0 lEONE, i, dt < o0, (4.10)
and
Mol r Tl r3
fo v 9(t)||qu,(D[)dt+/0 VRO p, dt < oo 4.11)

In order to compare this theorem with the Constantin—-Majda—Tabak criterion (4.5), let
us consider the case of p = 00, ¢ = 1. In this case the conditions (4.10)—(4.11) are satisfied
if

E(x,1) € L"(0, T; C*(R?)), (4.12)
|V4E0(x, )| € L2(0, T; L™ (R?)) N L™ (0, T; L®(R?)). (4.13)

1+11 ) +s_1
r r 2 2r3_

If we formally passing s — 0, and choosing | = 00,7, = r3 = 1, we find that the
conditions (4.12)—(4.13) are satisfied if the Constantin—-Majda—Tabak condition in (4.5)
holds, since the condition

with

E(x,1) € L0, T; CO(R?)) = L™((0, T) x R?)
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is automatically satisfied. The other is the case ¢’ = 2/s, where (4.10)—(4.11) are satisfied
if

Ex,n e L0, T; 7, (RY)), |[Vie&,n|eL?(0,T; Li(RY)) (4.14)

with 1/r1 + 1/r2 = 1, which shows mutual compensation of the regularity of the direc-
tion field £(x, ) and the integrability of the magnitude of gradient |V16(x, )| to obtain
smoothness of 6 (x, t).

There had been a conjectured scenario of singularity in (QG) in the form of hyperbolic
saddle collapse of level curves of 6(x, t) (see Definition 3.3). This was excluded by Cor-
doba in 1998 ([65], see also Section 3.2 of this article). Another scenario of singularity,
the sharp front singularity, which is a two-dimensional version of potato chip singularity
(see Definition 3.2 with n = 2) was excluded by Cérdoba and Fefferman in [69] under the
assumption of suitable velocity control (see Section 3.2).

We can also consider the possibility of self-similar singularity for (QG). We first note
that (QG) has the scaling property that if 6 is a solution of the system, then for any A > 0
and o € R the functions

0*%(x, 1) = A%0(Ax, A1) (4.15)

are also solutions of (QG) with the initial data 9& ¥ (x) = A*0y(rx). Hence, the self-similar
blowing up solution should be of the form,

0(x,1) = L o( al ]) (4.16)
(T — D)@ \(T, — )@

for ¢ sufficiently close T, and o # —1. The following theorem is proved in [32].

THEOREM 4.3. Let v generates a particle trajectory, which is a C' diffeomorphism from
R? onto itself for all t € (0, T). There exists no non-trivial solution 6 to the system (QG)
of the form (4.16), if there exists p1, p» € (0,00], p1 < pa, such that @ € LP'(R*) N
LP2(R?).

We note that the integrability condition on the self-similar representation function ® in
the above theorem is ‘milder’ than the case of the exclusion of self-similar Euler equations
in Theorem 3.3, in the sense that the decay condition is of @ (not V@) near infinity is
weaker than that of 2 = curl V.

In the remained part of this subsection we discuss a 1D model of the 2D quasi-
geostrophic equation studied in [36] (see [121] for related results). The construction of
the one-dimensional model can be done similarly to the Constantin—-Lax—Majda equation
introduced in Section 4.2. We first note that

v=—R0 = (—R»0, R10),

where R, j = 1, 2, is the two-dimensional Riesz transform (see Section 1). We can rewrite
the dynamical equation of (QG) as

6, + div[(R16)0] = 0,
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since div(R160) = 0. To construct the one-dimensional model we replace:
R*()= H(),  div() = d

to obtain
6, + (H(©)8) =0.

Defining the complex valued function z(x, t) = H6(x,t) +10(x, t), and following Cons-
tantin—-Lax—Majda [58], we find that our equation is the imaginary part of

7t + 220 =0,

which is complex Burgers’ equation. The characteristics method does not work here. Even
in that case we can show that the finite time blow-up occurs for the generic initial data as
follows.

THEOREM 4.4. Given a periodic non-constant initial data 6y € CY([—n, 7)) such that
ffﬂ 0o (x) dx = 0, there is no C'([—m, ] x [0, 00)) periodic solution to the model equa-
tion.

For the proof we refer [36]. Here we give a brief outline of the construction of an explicit
blowing up solution. We begin with the complex Burgers equation:

Zr +22x = 0, z=u+if
with u(x, r) = HO(x, t). Expanding it to real and imaginary parts, we obtain the system:

u; +uu, — 06, =0,
0; + ub; + 0u, = 0.

In order to perform the hodograph transform we consider x (u, 0) and ¢ (u, ) We have,
uy = Jty, Oy = —Jty,
ur = —Jxg, 0y = Jxy,

where J = (x,t9 — xot,) L. By direct substitution we obtain,

—x¢ + utyg +6t, =0,
Xy —uty, +60tyg =0

as far as J~! = 0. This system can be written more compactly in the form:

—(x —tu)g + (16)u =0,
(x —tu)y + (10)g = 0,

which leads to the following Cauchy—Riemann system,

& =19, &0 = —1u,
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where we set n(u, 0) := x(u,0) —t(u, O)u, E(u, 0) :=t(u, 0)0. Hence, f(z) = &(u,0)+
in(u, 6) with z = u + 10 is an analytic function. Choosing f(z) = log z, we find,

%
t0 = log v u? + 62, X — tu = arctan —, 4.17)
u

which corresponds to the initial data, z(x, 0) = cos x + isinx. The relation (4.17) defines
implicitly the real and imaginary parts (u(x, t), 6(x, t)) of the solution. Removing 6 from
the system, we obtain

tutan(x — tu) = log “

9

cos(x — tu)

which defines u (x, ¢) implicitly. By elementary computations we find both u, and 6, blow

upats = el

4.4. The 2D Boussinesq system and Moffatt’s problem

The 2D Boussinesq system for the incompressible fluid flows in R? is

0
a_?_'_(vv)v = —Vp+UAv+9€2,
00
Bk m + (v- V)0 =k A6,
divv =0,

v(x, 0) = vo(x), 0(x,0) = bp(x),

where v = (vy, v2), v; = vj(x,1),j = 1,2, (x,1) € R? x (0, 00), is the velocity vector
field, p = p(x, ) is the scalar pressure, 6(x, t) is the scalar temperature, v > O is the
viscosity, and « > 0 is the thermal diffusivity, and e; = (0, 1). The Boussinesq system has
important roles in the atmospheric sciences (see e.g. [116]). The global in time regularity
of (B)y, withv > 0 and « > 0 is well-known (see e.g. [13]). On the other hand, the
regularity/singularity questions of the fully inviscid case of (B)g,o is an outstanding open
problem in the mathematical fluid mechanics. It is well-known that inviscid 2D Boussinesq
system has exactly same structure to the axisymmetric 3D Euler system off the axis of
symmetry (see e.g. [115] for this observation). This is why the inviscid 2D Boussinesq
system can be considered as a model equation of the 3D Euler system. The problem of
the finite time blow-up for the fully inviscid Boussinesq system is an outstanding open
problem. The BKM type of blow-up criterion, however, can be obtained without difficulty
(see [38,41,43,74,140] for various forms of blow-up criteria for the Boussinesq system).
We first consider the partially viscous cases, i.e. either the zero diffusivity case, k = 0
and v > 0, or the zero viscosity case, k > 0 and v = 0. Even the regularity problem
for partial viscosity cases has been open recently. Actually, in an article appeared in 2001,
M.K. Moffatt raised a question of finite time singularity in the case x = 0,v > 0 and
its possible development in the limit k — 0 as one of the 21th century problems(see the
Problem no. 3 in [120]). For this problem Cérdoba, Fefferman and de la Llave [70] proved
that special type of singularities, called ‘squirt singularities’, is absent. In [27] the author
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considered the both of two partial viscosity cases, and prove the global in time regularity
for both of the cases. Furthermore it is proved that as diffusivity (viscosity) goes to zero the
solutions of (B), , converge strongly to those of zero diffusivity (viscosity) equations [27].
In particular the Problem no. 3 in [120] is solved. More precise statements of these results
are stated in Theorems 4.5 and 4.6 below.

THEOREM 4.5. Let v > 0 be fixed, and divvy = 0. Let m > 2 be an integer, and
(vo, 6o) € H™(R?). Then, there exists unique solution (v, 0) with 6 € C ([0, o0o); H™ (R?))
and v € C([0, 00); H™(R?)) N L%(0, T; H™(R?)) of the system (B),,9. Moreover, for
each s < m, the solutions (v, 0) of (B), , converge to the corresponding solutions of (B)y.0
in C([0, T); H*(R?)) as k — 0.

We note that Hou and Li also obtained the existence part of the above theorem indepen-
dently in [92]. The following theorem is concerned with zero viscosity problem with fixed
positive diffusivity.

THEOREM 4.6. Let k > 0 be fixed, and divvg = 0. Let m > 2 be an integer. Let m > 2
be an integer, and (vy, 69) € H™(R?). Then, there exists unique solutions (v, 0) with
v € C([0,00); H"(R?)) and 6 € C([0, o0); H™(R?)) N L*(0, T; H™(R?)) of the
system (B)o . Moreover, for each s < m, the solutions (v, 0) of (B),  converge to the
corresponding solutions of (B)o . in C([0, T1; H® (R%)) asv — 0.

The proof of the above two theorems in [27] crucially uses the Brezis—Wainger inequal-
ity in [9,76]. Below we consider the fully inviscid Boussinesq system, and show that there
is no self-similar singularities under milder decay condition near infinity than the case of
the 3D Euler system. The inviscid Boussinesq system (B) = (B)o ¢ has scaling property
that if (v, 6, p) is a solution of the system (B), then for any A > 0 and @ € R the functions

VM (x, 1) = A% (hx, 20T ), 0™ (x, 1) = A2 1o (ax, 241, (4.18)

PR, 1) = 22 p(ax, A7) (4.19)
are also solutions of (B) with the initial data

vy %) = A (x), 6% () = A2 Mg (x).

In view of the scaling properties in (4.18), the self-similar blowing-up solution (v(x, ),
6(x, t)) of (B) should of the form,

vix,t) =

§ V( il 1), (4.20)
(T = )& (T, — )&+t

X
® , 4.21
(T — 1) +! <(T* - ;)aL) @20

where @« # —1. We have the following non-existence result of such type of solution
(see [32]).

O(x,t) =
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THEOREM 4.7. Let v generates a particle trajectory, which is a C' diffeomorphism from
R? onto itself for all t € (0, Ty). There exists no non-trivial solution (v, 0) of the sys-
tem (B) of the form (4.20)—(4.21), if there exists p1, p» € (0,00], p1 < p2, such that
O e LM (R N LP2(R?), and V € H™(R?), m > 2.

Recalling the fact that the system (B) has the similar form as the axisymmetric 3D Euler
system, we can also deduce the non-existence of self-similar blowing up solution to the
axisymmetric 3D Euler equations of the form (3.2), if @ = rV? satisfies the condition of

Theorem 4.7, and curl V = 2 € H™ (R3), m > 5/2, where r = ,/xlz + x22, and V? is the

angular component of V. Note that in this case we do not need to assume strong decay of
§2 as in Theorem 3.3. See [32] for more details.

4.5. Deformations of the Euler equations

Let us consider the following system considered in [34].

ou
Fri - Vyu=-=Vg+1+e)|Vu@)|, wu,
P
®D Y divu—o,
u(x,0) = up(x),
where u = (uy,...,uy), u; = uj(x,t), j = 1,...,n, is the unknown vector field

q = q(x,t) is the scalar, and u is the given initial vector field satisfying divuy = O.
The constant ¢ > 0 is fixed. Below denote curlu = w for ‘vorticity’ associated the ‘ve-
locity’ u. We first note that the system of (Py) has the similar non-local structure to the
Euler system (E), which is implicit in the pressure term combined with the divergence free
condition. Moreover it has the same scaling properties as the original Euler system in (E).
Namely, if u(x, t), g(x, t) is a pair of solutions to (P;) with initial data u((x), then for any
aelR

ut(x, 1) = A“u(kx, A“+lt), q)‘(x, 1) = kzaq()\x, A“+lt)

is also a pair of solutions to (P;) with initial data ué(x) = A%up(x). As will be seen
below, we can have the local well-posedness in the Sobolev space, H™ (R"), m > n/2+ 2,
as well as the BKM type of blow-up criterion for (Py), similarly to the Euler system (E).
Furthermore, we can prove actual finite time blow-up for smooth initial data if wg # 0. This
is rather surprising in the viewpoint that people working on the Euler system often have
speculation that the divergence free condition might have the role of ‘desingularization’,
and might make the singularity disappear. Obviously this is not the case for the system (Py).
Furthermore, there is a canonical functional relation between the solution of (P;) and that
of the Euler system (E); hence the word ‘deformation’. Using this relation we can translate
the blow-up condition of the Euler system in terms of the solution of (Py). The precise
contents of the above results on (P;) are stated in the following theorem.

THEOREM 4.8. Given ug € H™(R") with divuyg = 0, where m > % + 2, the following
statements hold true for (Py).
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(1) There exists a local in time unique solution u(t) € C([0,T] : H"(R")) with T =

T (luoll gm).
(i1) The solution u(x, t) blows-up at t = t,, namely

Ly
lim sup |u(t)|| yn = 00 if and only if f @], o df = o0,
t—t, 0

where w = curl u. Moreover, if the solution u(x, t) blows up at t,, then necessarily,

Ty T
/ exp[(z +e) f V)|, ds} dr = 00
0 0

forn = 3, while

1y T
/ exp|:(1 + s)/ [Vu(s)| dsi| dr = 0
0 0

forn =2.
(iii) If lwolloe # O, then there exists time t, < 1/(ellwgllL) such that solution u(x, t)
of (P1) actually blows up at t,.. Moreover, at such t, we have

te T
/ exp|:(1 + 8)/ [Vuis)| ds:| dr = .
0 0

(iv) The functional relation between the solution u(x, t) of (P1) and the solution v(x, t)
of the Euler system (E) is given by
u(x, 1) =¢' Ov(x, 1)),

where

t T
o) = )»/ eXp[(l + s)/ |Vus)| ds] dr.
0 0

(The relation between the two initial datum is ug(x) = Avg(x).)
(v) The solution v(x, t) of the Euler system (E) blows up at T, < oo if and only if for
ty = @ N (T}) < 1/(g||lwoll L) both of the followings hold true

Iy T
/ exp[(1+s)f V)|, ds} dr < o0,
0 0

te T
/ exp|:(2 +¢) f [Vu(s)| ds:| dr = oo.
0 0

For the proof we refer [34]. In the above theorem the result (ii) combined with (v) shows
indirectly that there is no finite time blow-up in 2D Euler equations, consistent with the
well-known result. Following the argument on p. 542 of [18], the following fact can be
verified without difficulty:

We set

and

t
a(t) = eXp(fo (1+&)|Vu@s)| ds>. (4.22)
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Then, the solution (u, g¢) of (P;) is given by

ulx,t) =a®)U(x,t), qx,t) =a()P(x,1),

where (U, P) is a solution of the following system,

W L at)U - VU = —VP,

ot
(ak) divU =0,

U(x,0) = Up(x).

The system (aE) was studied in [18], when a(¢) is a prescribed function of ¢, in which
case the proof of local existence of (aE) in [18] is exactly same as the case of (E). In the
current case, however, we need an extra proof of local existence, as is done in the next
section, since the function a(¢) defined by (4.22) depends on the solution u(x, t) itself. As
an application of Theorem 4.8 we can prove the following lower estimate of the possible
blow-up time (see [34] for the detailed proof).

THEOREM 4.9. Let p € (1, 00) be fixed. Let v(t) be the local classical solution of the 3D
Euler equations with initial data vo € H™(R3), m > 7/2. If T, is the first blow-up time,
then

1

Th—t > —————
Collo @l g3r
p,

, Vre(0, Ty (4.23)

where Cy is the absolute constant in (Q2).

In [18] the following form of lower estimate for the blow-up rate is derived.

1
2 N
Collo )10

(4.24)

T

where Cj is another absolute constant (see also the remarks after Theorem 3.6). Although
there is (continuous) embedding relation, B;/ f (R — Bgo’l(ﬂ@) for p € [1, o0] (see
Section 1), it is difficult to compare the two estimates (4.23) and (4.24) and decide which
one is sharper, since the precise evaluation of the optimal constants Co, Cy in those in-
equalities could be very difficult problem.

Next, given ¢ > 0, we consider the following problem.
ou
a + W -V)u=-Vg—(1+ 8)||Vu(t) ||Loou,
divu =0,
u(x,0) = up(x).

(P2)

Although the system of (P>) has also the same non-local structure and the scaling properties
as the Euler system and (P1), we have the result of the global regularity stated in the
following theorem (see [34] for the proof).
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THEOREM 4.10. Given ug € H™(R") with divug = 0, where m > % + 2, then the
solution u(x, t) of (Py) belongs to C([0, co): H™(R")). Moreover, we have the following
decay estimate for the vorticity,

llwo | .o

||w(t)||Loo < m Vvt € [0, 00).

We also note that solution of the system (P) has also similar functional relation with
that of the Euler system as given in (iv) of Theorem 4.8.
Next, given ¢ > 0, we consider the following perturbed systems of (E).

a_u — 14¢
o7 + - -Viu=—-Vqgxe|Vul;xu,

divu =0,
u(x,0) = ug(x).

(B)L

If we set ¢ = 0 in the above, then the system (E)Q_L becomes (E). For ¢ > 0 we have
finite time blow-up for the system (E)® with certain initial data, while we have the global
regularity for (E)® with all solenoidal initial data in H"(R3), m > 5/2. More precisely
we have the following theorem (see [31] for the proof).

THEOREM 4.11.
(i) Given & > 0, suppose up = ug € H™(R3) with divug = 0 satisfies |wollz> >
(2/8)1/8, then there exists Ty such that the solution u(x,t) to (E)j blows up at Ty,
namely

li | pm = 00.
lmtS/uI;*Hu( )N w

(ii) Given ¢ > 0 and uy € H™(R?) with divug = 0, there exists unique global in
time classical solution u(t) € C([0, 00); H™(R3)) to (E).. Moreover, we have the
global in time vorticity estimate for the solution of (E)% ,

1
1\
||60(l)||Loo<max{||w0||L°°,<g> } Vi > 0.

The following theorem relates the finite time blow-up/global regularity of the Euler sys-
tem with those of the system (E)%..

THEOREM 4.12. Given ¢ > 0, let u%. denote the solutions of (E)%. respectively with the
same initial data uy € H™ (R3), m > 5/2. We define

t T
©L(t, up) == / exp[:l:e/ HVui(s) H IL—;S dsi| dr.
0 0

(1) If € (00, ug) = o0, then the solution of the Euler system with initial data u is
regular globally in time.
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(ii) Let ty be the first blow-up time for a solution u®_ of (E)%. with initial data uo such
that

1
’ @5 ()|, 00 dt =00, where 0’ = curlu?_.
A + D + +

If ¢ (4, ug) < 00, then the solution of the Euler system blows up at the finite time
T = §0i(t*7 up)-

We refer [31] for the proof of the above theorem.

5. Dichotomy: singularity or global regular dynamics?

In this section we review results in [28]. Below S, P and &(x, ) are the deformation ten-
sor, the Hessian of the pressure and the vorticity direction field, associated with the flow,
v, respectively as introduced in Section 1. Let {(Ag, 17")}2=1 be the eigenvalue and the
normalized eigenvectors of S. We set L = (A1, A2, A3), and

1
3 2
m=<Xﬁa, pr=n"-Pn* fork=1,2,3.
k=1

We also denote
n(x,0) = n6(x),  M(x,0) =g o(x), Alx,0) =2o(x),
Pi(x,0) = pro(x)
for the quantities at t = 0. Let w(x, ) # 0. At such point (x, #) we define the scalar fields
oa=5§- 5§, p=E§&-P§.
At the points where w(x, ) = 0 we define a(x,?) = p(x,7) = 0. We denote op(x) =
a(x, 0), po(x) = p(x, 0). Below we denote f(X(a,1),1) = %{(X(a, t), t) for simplicity.
Now, suppose that there is no blow-up of the solution on [0, 7], and the inequality
a(X(a, 1), 1)|(X (@, 0, 1)| > e|o(X (@, 0), 1)’ (5.1)

persists on [0, T,]. We will see that this leads to a contradiction. Combining (5.1)
with (1.14), we have

ol > elwl.
Hence, by Gronwall’s lemma, we obtain

lwo(a)l
(@001 > @
which implies that
lim sup |a)(X(a, 1), t)| = 0.
t /T,

Thus we are lead to the following lemma.
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LEMMA 5.1. Suppose ag(a) > 0, and there exists ¢ > 0 such that

ao(@)|wo(@)| = e|wo@)]*. (5.2)
Let us set
1
T, = 0@ (5.3)

Then, either the vorticity blows up no later than Ty, or there exists t € (0, Ty) such that

a(X(a, 1), 1)|o(X (@, 0),1)| < e|o(X (@, 0),1)|’. (5.4)
From this lemma we can derive the following:

THEOREM 5.1 (vortex dynamics). Let vg € H™(£2), m > 5/2, be given. We define

a(X(a,t),1)

P D) = X @ 0, 0]

and

Zi(1) ={a e | a(X(a,1),1) >0}

associated with the classical solution v(x, t). Suppose a € X1(0) and wo(a) # 0. Then
one of the following holds true.
(i) (finite time singularity) The solution of the Euler equations blows-up in finite time
along the trajectory {X (a, t)}.
(ii) (regular dynamics) On of the following holds true:
(a) (finite time extinction of o) There exists t; € (0, 00) such that a(X (a, t1),t1) =

0.

(b) (long time behavior of @) There exists an infinite sequence {t;}5° | with t; <
fh < -+ < tj < tjy1 — ooas j — 00 such that forall j = 1,2,...
we have ®1(a,0) > Pi(a,t1) > --- > Di(a,tj) > Pi(a,tjr1) > 0 and

Di(a,t) = di(a,tj) > 0forallt €0,1;].

As an illustration of proofs for Theorems 5.2 and 5.3 below, we give outline of the proof
of the above theorem. Let us first observe that the formula

)

t
|a)(X(a, 1), t)| = exp|:/ (x(X(a, s), s) ds] |a)o(a)
0

which is obtained from (1.14) immediately shows that w(X (a, t),t) # 0 if and only if
wo(a) # 0 for the particle trajectory {X (a, t)} of the classical solution v(x, ) of the Euler
equations. Choosing ¢ = «ap(a)/|wg(a)| in Lemma 5.1, we see that either the vorticity
blows up no later than T, = 1/ag(a), or there exists #; € (0, T,) such that
Di(a. 1) = a(X(a, 1), 1) - al@) _ ®1(a.0).
lo(X(a, t1), 1) |wola)l
Under the hypothesis that (i) and (ii)-(a) do not hold true, we may assume a € X(¢1)
and repeat the above argument to find , > f; such that @(a, ) < P1(a, t1), and also
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a € X(ty). Iterating the argument, we find a monotone increasing sequence {¢ j}‘]?i | such
that @1(a, t;) > Pi(a,tj41) forall j =1,2,3,.... In particular we can choose each t;
so that @1(a,t) > Pi(a,tj) forallt € (tj_1,1;]. If t; — too < 00 as j — oo, then we
can proceed further to have #, > to, such that @1(a, t,) > P1(a, t,). Hence, we may set
tso = 00, which finishes the proof.

The above argument can be extended to prove the following theorems.

THEOREM 5.2 (dynamics of a). Let vo € H™($2), m > 5/2, be given. In case
a(X(a,t),t) # 0 we define

_ ExSEPX(@. 0. 1) — p(X(a.0).1)

®s(a,t) a2(X(a,t), 1) ’

and

Sfoy={ae|a(X@,1),t)>0 (X (@ 1),1) > 1},
S0 ={aea(X(@1),1) <0, ®(X(a,1),1) <1},

associated with v(x, t). Suppose a € 22+ (0) U X57(0). Then one of the following holds
true.
(1) (finite time singularity) The solution of the Euler equations blows-up in finite time
along the trajectory {X (a, t)}.
(ii) (regular dynamics) One of the following holds true:
(a) (finite time extinction of ) There exists t; € (0, 00) such that a(X (a, t1), t1) =
0.
(b) (long time behaviors of @;) Either there exists Ty € (0,00) such that
®y(a, T1) = 1, or there exists an infinite sequence {tj}c?oz1 withty <t < ---
<tj <tjy1 —> 00as j — 0o such that one of the followings hold:
(b.1) Inthecasea € 2;'(0),f0rallj =1,2,... wehave ®(a,0) > ®Py(a, t;)
> > Do(a, tj) > Pa(a, tjy1) > 1and Pr(a,t) > Pa(a, tj) > 1 for
all't € [0, 1;].
(b.2) Inthecasea € X, (0),forall j = 1,2, ... wehave @3(a, 0) < @2(a, t1)
<. < Poa,tj) < Pa(a, tjr1) < land Pr(a,t) < Po(a,tj) < 1 for
all't € [0, t;].

THEOREM 5.3 (spectral dynamics). Let vo € H™(§2), m > 5/2, be given. In case
AX(a,t),t) # 0 we define

a2 + S x 0P h — prai(X (a, 1), 1)
AM(X(a, 1), )] ’

D3(a,t) =
and

231 ={a e Q| rX(a,1),1)#0, ®3(X(a,1),1) > 0}

associated with v(x, t). Suppose a € X3(0). Then one of the following holds true:
(i) (finite time singularity) The solution of the Euler equations blows-up in finite time
along the trajectory {X (a, t)}.
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(i1) (regular dynamics) One of the followings hold true:
(a) (finite time extinction of A) There exists t; € (0, 00) such that M(X (a, t1), t1) =
0.
(b) (long time behavior of @3) Either there exists Ty € (0,00) such that

@D3(a, T1) = 0, or there exists an infinite sequence {tj}o.i1 witht) <th < ---
< tj < tjg1 — oo as j — 00 such that for all j = 1,2,... we
have @3(a,0) > P3(a,t1) > -+ > P3(a,t;) > P3(a,tjy1) > 0 and

D3(a,t) = P3(a, tj) > 0forallt €[0,1;].

For the details of the proof of Theorems 5.2 and 5.3 we refer [28].
Here we present a refinement of Theorem 2.1 of [30], which is proved in [28].

THEOREM 5.4. Let vo € H™(82), m > 5/2, be given. For such vy let us define a set
Y C 2 by

Y ={aefRaga) > 0,wp(a) #0,3e € (0, 1) such that

po(a) + 2a5(a) — [&0 x Sool*(a) < (1 — &)’ (a)}.
Let us set
1

T, = Pt (5.5)

Then, either the solution blows up no later than Ty, or there exists t € (0, T,) such that

p(X(a,1),t) +2a*(X(a, 1), 1) — |& x SEP*(X(a,1),1)
> (1—e)*e?(X(a,1),1). (5.6)

We note that if we ignore the term £y x SOSO|2(a), then we have the condition,

po(a) + ad(a) < (—2¢ + &?)ad(a) <0,

since ¢ € (0,1). Thus ¥ C S, where S is the set defined in Theorem 2.1 of [30]. One
can verify without difficulty that ¥ = ¢ for the 2D Euler flows. Regarding the question
if X' # ¢ or not for 3D Euler flows, we have the following proposition (see [30] for more
details).

PROPOSITION 5.1. Let us consider the system the domain §2 = [0, 271> with the periodic
boundary condition. In §2 we consider the Taylor—Green vortex flow defined by
u(xy, x2, x3) = (sinxjy cos x3 COS x3, — COS x| Sin xp cos x3, 0). 6.7

Then, the set

7 7
So = (0,1,_”>,<0,_ﬂ,z>
4’ 4 4’4

is included in X of Theorem 4.4. Moreover, for x € Sy we have the explicit values of o
and p,

( _ ! (x) = !
oex)—E, ,ox)——E.
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We recall that the Taylor—Green vortex has been the first candidate proposed for a finite
time singularity for the 3D Euler equations, and there have been many numerical calcula-
tions of solution of (E) with the initial data given by it (see e.g. [7]).

6. Spectral dynamics approach

Spectral dynamics approach in the fluid mechanics was initiated by Liu and Tadmor [113].
They analyzed the restricted Euler system (4.3) in terms of (pointwise) dynamics of the
eigenvalues of the velocity gradient matrix V. More specifically, multiplying left and right
eigenvectors of V to (4.3), they derived

Di.; y 1K, .
Y :-A,]—l_Z];)\’ J=1,2,...,n,

where A;, j = 1,2, ..., n, are eigenvalues V, which are not necessarily real values. In this
model system they proved finite time blow-up for suitable initial data. In this section we
review the results in [23], where the full Euler system is concerned. Moreover, the we are
working on the dynamics of eigenvalues of the deformation tensor S (hence real valued),
not the velocity gradient matrix. We note that there were also application of the spectral
dynamics of the deformation tensor in the study of regularity problem of the Navier—Stokes
equations by Neustupa and Penel [123]. In this section for simplicity we consider the 3D
Euler system (E) in the periodic domain, £2 = T3 (= R3/Z%). Below we denote A1, A2, A3
for the eigenvalues of the deformation tensor S = (S;;) for the velocity fields of the 3D
Euler system. We will first establish the following formula,

4 (x%+x§+x§)dx=—4/

AA2d3 dx, 6.1
a S TS123 (6.1)

which has important implications (Theorems 6.1-6.3 below). Indeed, using (1.12), we can
compute

1d DS;;j
- SijSijdx = S," dx
2dt Jp3 T3 Dt
1
= _/11‘3 SikSkjSij dx — Z/;ﬁ w;Sjjw;jdx
1
+—/ |w|2Siidx+/ ngSijdx
4 J1s T3

1d
= —/ SikSkjSijdx — —— [ || dx,
T3 8dr Jr3

where we used the summation convention for the repeated indices, and used the L2-version
of the vorticity equation,
1d

33 ) |w|ZM=A3wisijwjm 6.2)
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which is immediate from (1.13). We note

/ |a)|2dx:/ |Vv|2dx:f ijjdxzf (Sij + Aij)(Sij + Aij) dx
T g T I

1
=/ S,‘jS,‘jdX-i-/ A,-jA,-jdx=/ S,-jS,-jdx+—/ Ia)lzdx.
T3 3 3 2 T3

1
SijSijdx = - Zdx.
/Rn ke Z/qrslwl '

Substituting this into (6.2), we obtain that

d 4
a/p S,'jS,'j dx = —5[]1‘3 S,'kSkjSl'j dx,

which, in terms of the spectrum of S, can be written as

Hence,

dt

We observe from the divergence free condition, 0 = divv = Tr S = A1 + A2 + A3,

d 4
_A3(A%+A§+A§)dx=_§/T3()\§+A§+A§)dx. (6.3)

0= (h1 + A2 +23)°
=234+ 23 + 13 + 30200 + 23) + 32301 4 A3) + 323(h1 + A2) + 621 hok3
=23+ 23 + 243 = 3(A] + A3 + A3) + 6Arhans.

Hence, )\? + )\g + )\g = 3A1A2A3. Substituting this into (6.3), we completes the proof
of (6.1).

Using the formula (6.1), we can first prove the following new a priori estimate for the
L? norm of vorticity for the 3D incompressible Euler equations (see [23] for the proof).
We denote

H” = {v e [H"(T*)]’|dive = 0}.

THEOREM 6.1. Let v(t) € C([0, T); H), m > 5/2 be the local classical solution of the
3D Euler equations with initial data vo € H} with wy # 0. Let A1(x,1) = d(x,t) >
A3(x,t) are the eigenvalues of the deformation tensor S;j(v) = %(g—if + 37”}1)- We de-
note ){(x, 1) = max{Az(x, 1), 0}, and A, (x,t) = min{Az(x, 1), 0}. Then, the following
estimates hold.

el
exp|:/ (— inf 23 (x,1) — sup |5 (x, t)!) dt]
0 2 xeT? xeT3

t ! 1
_ o0l gexp[/ <Sup A — & inf |A2_(x,t)|) dt}
llaoll 2 0 \rers 2 xeT?

forallt € (0, T).
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The above estimate says, for example, that if we have the following compatibility con-
ditions,

sup A3 (x, 1) = inf [A; (x, )| = g(2)
xeT3 xes2

for some time interval [0, 7], then

t
lo®] 2 50(exp[c/0 g(s)dsD vt € [0, T]

for some constant C. On the other hand, we note the following connection of the above
result to the previous one. From the equation
D|w| w-Sw
—— = oo, Ol(X,l‘)=—2
Dt o]

we immediately have

t
o], < Honllzexo [ sup ate, ) a5)

0 xeT3

t
< llwoll g2 CXP(/ sup Aj(x, S)df>,
0 xeT3
where we used the fact A3 < o < Aq, the well-known estimate for the Rayleigh quotient.
We note that ){ (x, 1) > 0 implies we have stretching of infinitesimal fluid volume in two
directions and compression in the other one direction (planar stretching) at (x, t), while
|45 (x, )] > 0 implies stretching in one direction and compressions in two directions
(linear stretching). The above estimate says that the dominance competition between planar
stretching and linear stretching is an important mechanism controlling the growth/decay in
time of the L? norm of vorticity.

In order to state our next theorem we introduce some definitions. Given a differentiable
vector field f = (f1, f2, f3) on T3, we denote by the scalar field A;(f),i = 1, 2, 3, the
eigenvalues of the deformation tensor associated with f. Below we always assume the
ordering, A1 (f) = A2(f) = A3(f). We also fix m > 5/2 below. We recall that if f € H,
then A1 (f) + A2(f) + A3(f) = 0, which is another representation of div f = 0.

Let us begin with introduction of admissible classes A4 defined by

Ap={rem(rd) | inf da(f)0) > o},
and
Ao ={r ey (T) | sup 22(H)(x) <0},

xeT3

Physically A consists of solenoidal vector fields with planar stretching everywhere, while
A_ consists of everywhere linear stretching vector fields. Although they do not represent
real physical flows, they might be useful in the study of searching initial data leading
to finite time singularity for the 3D Euler equations. Given vgp € H, let T, (vp) be the
maximal time of unique existence of solution in H? for the system (E). Let S, : H) — H



46 D. Chae

be the solution operator, mapping from initial data to the solution v(¢). Given f € A4, we
define the first zero touching time of 1 (f) as

T(f) = inf{r € (0, T (v0)) | 3x € T such that 12(S, f)(x) < 0}.
Similarly for f € A_, we define
T(f) = inf{t € (0, T (vo)) | 3x € T such that 12(S, f)(x) > 0}.

The following theorem is actually an immediate corollary of Theorem 6.1, combined with
the above definition of A4 and T (f). We just observe that for vg € Ay (resp. A_) we
have 4, =0, ){ = Ay (resp. ){ =0,A, =2z)on 2 x (0, T (vp)).

THEOREM 6.2. Let vg € Ay be given. We set L1(x,t) > Ax(x,t) = A3(x,t) as the
eigenvalues of the deformation tensor associated with v(x,t) = (S;vg)(x) defined t €
(0, T (vg)). Then, for all t € (0, T (vy)) we have the following estimates:

(1) Ifvyg € Ay, then

1 [! t
exp —/ inf |A2(x,s)| ds ) < M
2 0 xeT3

llewoll 2

t
< exp(/ sup |A2(x, s)| ds).
0 xeT3

(i) Ifvo € A_, then

t
exp(—f sup|)»2(x,s)|ds) < M

0 xeT3 lwoll 2

1 t
<exp(—= [ inf|Aa(x,s)|ds ).
2 0 xeT3

(See [23] for the proof.) If we have the compatibility conditions,

inf [A2(x, )| = sup [Aa(x, )| > g(t) Vi € (0, T (vo)),
xeT3

xeT3

which is the case for sufficiently small box T3, then we have

'

loilz: o [[ewas) itwea
o '

llwollz2 exp(—/ g(s)ds) ifvg € A
0

for t € (0, T (vg)). In particular, if we could find vy € A4 such that

1
inf [A2(x,1)| 2 o( )
xeT3 ty — 1

for time interval near t,, then such data would lead to singularity at z,.
As another application of the formula (6.1) we have some decay in time estimates for
some ratio of eigenvalues (see [23] for the proof).
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THEOREM 6.3. Let vy € A+ be given, and we set L1(x,t) = Ap(x,t) = Az(x,t) as in
Theorem 3.1. We define
[A2(x, 1)]

e =0 Ywne T x (0, T (vo)),

where we set

_ MG, ifv e Ay,
Mo, 1) = { () ifvo € A

Then, there exists a constant C = C(vg) such that

C
inf g(x,s) < — Vte (0, T(vy)).
(x,9)eT3 % (0,1) (x. ) Jt ( ( 0))

Regarding the problem of searching finite time blowing up solution, the proof of the
above theorem suggests the following:

Given § > 0, let us suppose we could find vg € A4 such that for the associated solution
v(x, t) = (S;vp)(x) the estimate

. 1
inf 8()C,S) Zo(m), (64)

(x,8)€T3x(0,1)

holds true, for sufficiently large time ¢. Then such vy will lead to the finite time singularity.
In order to check the behavior (6.4) for a given solution we need a sharper and/or localized
version of Eq. (6.1) for the dynamics of eigenvalues of the deformation tensor.

7. Conservation laws for singular solutions

For the smooth solutions of the Euler equations there are many conserved quantities as de-
scribed in Section 1 of this article. One of the most important conserved quantities is the to-
tal kinetic energy. For non-smooth (weak) solutions it is not at all obvious that we still have
energy conservation. Thus, there comes very interesting question of how much smoothness
we need to assume for the solution to have energy conservation property. Regarding this
question L. Onsager conjectured that a Holder continuous weak solution with the Holder
exponent 1/3 preserve the energy, and this is sharp [125]. Considering Kolmogorov’s scal-
ing argument on the energy correlation in the homogeneous turbulence the exponent 1/3
is natural. A sufficiency part of this conjecture is proved in a positive direction by an inge-
nious argument due to Constantin—E-Titi [54] (see also [78]), using a special Besov type
of space norm, BS with s > 1/3 (more precisely, the Nikolskii space norm) for the ve-
locity. See also [12] for related results in the magnetohydrodynamics. Remarkably enough
Shnirelman [136] later constructed an example of weak solution of 3D Euler equations,
which does not preserve energy. The problem of finding optimal regularity condition for a
weak solution to have conservation property can also be considered for the helicity. Since
the helicity is closely related to the topological invariants, e.g. the knottedness of vortex
tubes, the non-conservation of helicity is directly related to the spontaneous apparition of
singularity from local smooth solutions, which is the main theme of this article. In [19] the
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author of this article obtained a sufficient regularity condition for the helicity conservation,
using the function space BSQ oS> 1/3, for the vorticity. These results on the energy and

the helicity are recently reﬁned in [24], using the Triebel-Lizorkin type of spaces, F* g’
and the Besov spaces B . (see Section 1 for the definitions) with similar values for s, p,
but allowing full range of values for ¢ € [1, oo].

By a weak solution of (E) in R" x (0, T) with initial data vyp we mean a vector field

v e C(0,T); L% (R")) satisfying the integral identity:

loc

—// vix, 1y 22ED dxdt—f vo(x) - ¢ (x, 0) dx
0 n Jat R

T
—// v(x,t) @ v(x,t): Vo(x,t)dxdr
0 n

T
—/f dive (x, t)p(x,t)dx dr =0, (7.1)
O n
T
/ / v(x,t) - Vy(x,t)dxdr =0 (7.2)
0 n
for every vector test function ¢ = (¢1, ..., P,) € Cgo (R™ x [0, T)), and for every scalar

test function ¢ € CSO (R" x [0, T')). Here we used the notation (¢ ® v);; = u;v;, and
At B =37 AijBi for n x n matrices A and B. In the case when we discuss the
helicity conservation of the weak solution we impose further regularity for the vorticity,

w(,t) € L% (R?) for almost every t € [Q, T] in order to define the helicity for such weak
solution. Hereafter, we use the notation X ;’ q (resp. X .q) to represent F, . (resp. ;’ g or

B, , (resp. B;, ¢)- The following is proved in [24].

THEOREM 7.1. Lets > 1/3 and q € [2, 00] be given. Suppose v is a weak solution of the
n-dimensional Euler equations with v € C([0, T]; L*>(R")) N L3(0, T; X;q (R™)). Then,
the energy is preserved in time, namely

/R v, n)|* dx = /R |vo ()| dx (7.3)
forallt € [0, 7).

When we restrict ¢ = oo, the above theorem reduce to the one in [54]. On the other
hand, the results for Triebel-Lizorkin type of space are completely new.

THEOREM 7.2. Lets > 1/3,q € [2,00], and r1 € [2,00],r2 € [1, 00] be given, sat-
isfying 2/r1 + 1/r2 = 1. Suppose v is a weak solution of the 3D Euler equations with
v e C([0, T]; LAR3*) N L (0, T; XS (R3)) and w € L0, T; XS (R3)) where the

curl operation is in the sense of dlstrlbutlon Then, the helicity is preserved in time, namely

/ v(x,t) -w(x,t)dx = / vo(x) - wo(x) dx (7.4)
R3 R3

forallt € [0,T).
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Similarly to the case of Theorem 7.1, when we restrict ¢ = 0o, the above theorem reduce
to the one in [19]. The results for the case of the Triebel-Lizorkin type of space, however,
is new in [24].

As an application of the above theorem we have the following estimate from below of
the vorticity by a constant depending on the initial data for the weak solutions of the 3D
Euler equations. We estimate the helicity,

/R3 v, 1)o@, ) de < o 0|, ||a)(-,t)||L%
<C|voe.n] loc.n] 3 <cloc.nl;,

where we used the Sobolev inequality and the Calderon—Zygmund inequality. Combining
this estimate with (7.4), we obtain the following:

COROLLARY 7.1. Suppose v is a weak solution of the 3D Euler equations satisfying the
conditions of Theorem 7.2. Then, we have the following estimate:

loC. 0|5 > CHo, Vi el0.7)
where Hy = fR3 vo(x) - wo(x) dx is the initial helicity, and C is an absolute constant.

Next we are concerned on the L?-norm conservation for the weak solutions of (QG).
Let p € [2, 00). By a weak solution of (QG) in D x (0, T') with initial data vy we mean a

scalar field 8 € C([0, T); LP(R®) N L = (R2)) satisfying the integral identity:

T
—// 6’(%,1)[2 +v- V}b(x,t)dxdt —/ Oo(x)p(x,0)dx =0, (7.5)
0 JR2 ot R2

v(x, 1) = —Vl/ 0.0 4 (7.6)
R2 |x — |

for every test function ¢ € CgO(R2 x [0, T)), where V1 in (7.6) is in the sense of distri-
bution. We note that contrary to the case of 3D Euler equations there is a global existence
result for the weak solutions of (QG) for p = 2 due to Resnick [129]. The following is
proved in [24].

THEOREM 7.3. Lets > 1/3, p € [2,00), q € [1,00], and r; € [p,o0],rn € [1, 0]
be given, satisfying p/r1 + 1/ro = 1. Suppose 6 is a weak solution of (QG) with 6 €

C([0, T]: LP(R2) N L7 (R2)) N L™ (0, T: X;H’q(Rz)) andv € L"(0, T; X;Jrlyq(w)).
Then, the LP norm of 6(-, t) is preserved, namely
le®],, = 6ol (1.7)

forallt € [0, T].
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1. Balance laws

Continuum mechanics describes a fluid in terms of observable and measurable macro-
scopic quantities: the density, the velocity, the absolute temperature, etc. The basic physical
principles are expressed through balance laws that can be written in a general form:

%) n
/ r(ty, )dx — / r(ty, ) dx +f / F(t,.) -ndo, dr = / / s(t,-)dxdr,
B B t1 JOB t1JB

(1.1)
where the symbol r denotes the volumic density, F is the flux, and s stands for the produc-
tion rate of an observable quantity. Here, the time ¢ € [0, T) C R and the spatial position
x € £, where 2 C R3 is the physical domain occupied by the fluid, play a role of in-
dependent reference variables, while B is an arbitrary subset of £2. The reference system
attached to the physical space corresponds to the Eulerian description of motion.

It is easy to check that (1.1) gives rise to

or +divy,F=s in(0,T) x £2 (1.2)

as soon as all quantities are continuously differentiable. However, the hypothesis of
smoothness of the state variables is questionable, in particular in the case of the fluid den-
sity and other extensive quantities. Thus we should always keep in mind, that the “correct”
formulation of a balance law is represented by the integral identity (1.1) rather than the
partial differential equation (1.2).

On the other hand, given a vector field [r, F] satisfying (1.2), we can define its normal
trace on a space—time cylinder [#1, #2] X B by means of the classical Gauss—Green theorem
as

t,
fr(fz, -)(p(tz,x)dx—/ r(tl,-)go(tl,x)dx+/2/ @(t, x)F(t, x) - ndoy dr
B B t JOB

t
=/7 s(t, x)p(t, x)dx dt
t1 /B

4]
—/ /[r(t,x)atgo(t,x)—i-F(t,x)-Vx(p(t,x)] dx dr (1.3)
t1JB

to be satisfied for all test functions ¢ € cl(0,T) x ).
Motivated by the previous discussion, we introduce a weak formulation of the balance
law (1.1) as a family of integral identities

T
/ / (rorp +F - Vyep)dxdr = (s, ¢), (1.4)
0JR

for any ¢ € C!([0, T) x £2), where the production rate s can be a measure distributed on
the set (0, T) x £2.

In accordance with formula (1.5), the measure s can capture the boundary behavior of
the normal trace of the vector [r, F] on the space—time cylinder [0, T) x 2, in particular,
we recover the initial distribution ro = r (0, -), together with the boundary flux F, = F - n
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taking

T
(s, @) =—/ ro@ (0, ~)dX—// Fppdo, dr + (g, ¢), (1.5)
2 0 Jos2

where g is a (bounded) Radon measure on (0, 7) x 2.
Thus relations (1.4), (1.5) can be formally interpreted as a partial differential equation

dr+div,F=g in(0,T) x £, (1.6)

supplemented with the initial condition

r(0, ) =ro, (1.7)

and the boundary condition
F-n|yo = Fp. (1.8)

Although the classical formulation (1.6)—(1.8) is widely used in the literature, the weak
formulation expressed through (1.4), (1.5) seems to reflect better our understanding of
macroscopic variables in continuum fluid mechanics as integral means rather than quan-
tities that are well defined at each particular point of the underlying physical space. For
further aspects of the weak formulation of conservation laws, the reader may consult the
monograph by Dafermos [33], or a recent study by Chen and Torres [27].

2. Formulation of basic physical principles

Following the approach discussed in the previous section, we adopt the “weak” interpre-
tation of the basic physical principles expressed through families of integral identities al-
though they will be written in the classical way as a system of partial differential equations.
Otherwise, the material presented below is classical and may be found in all standard texts
devoted to continuum fluid mechanics: Batchelor [9], Chorin and Marsden [28], Gallavotti
[61], Lamb [84], Lighthill [86], Truesdell [121,120,123], Truesdell and Rajagopal [122],
among others.

2.1. Conservation of mass
The total mass m p of the fluid contained in a set B C §2 at an instant ¢ is given as

mp =/ o(t, ) dx,
B

where o stands for the density. Accordingly, the physical principle of mass conservation
can be expressed in terms of the integral identity

;0 + divy(ou) =0, 2.1
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where u denotes the velocity of the fluid. Equation (2.1) is supplemented with the initial
condition

0(0, -) = 0o, (2.2)
and the boundary conditions
ou-nlye =0. (2.3)

As already pointed out, relations (2.1)—(2.3) are to be understood in the weak sense speci-
fied in (1.4)—(1.5).

2.2. Balance of momentum

Following the same line of arguments as in the preceding sections we can write the balance
of momentum in the form

0 (ou) + div, (ou @ u) = div, T — of, 2.4)

where T denotes the Cauchy stress tensor, and f is a given external force. In addition, the
fluids are characterized by Stokes’ relation

T=S-pl, (2.5)

where S denotes the viscous stress tensor, and p is a scalar function termed pressure.
The initial distribution of momentum is given through

(ow)(0, -) = (owo. (2.6)

A proper choice of the boundary conditions for the fluid velocity offers more possibil-
ities. Taking (2.3) for granted, we can assume that u satisfies the complete slip boundary
condition

(Sn) x n|go =0 2.7
or, alternatively, the no-slip boundary condition
ll|3_Q =0. (2~8)

Note that both (2.7) and (2.8) are conservative in the sense that the kinetic energy flux
vanishes on the boundary of £2.
Similarly to (1.4), (1.5), the weak formulation of (2.4)—(2.6) reads

T
//(Qu-aﬂp—l—gu@u:Vx<p+pdivx(p)dxdt
0JR
T
_ / / (S: Ve — of -¢)dx — / (Qup - (0. -) dx 2.9)
0JR 2

for any ¢ € Cé([O, T) x £2; R3) satisfying

@ -nlge =0.
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If the no-slip boundary conditions (2.8) are imposed, we have to require, in addition, that

vlae =0.

In contrast with the weak formulation of conservation laws introduced in the previous
section, the satisfaction of the “vectorial” boundary conditions (2.3), (2.8) must be incor-
porated both in the choice of the functional space for u and the space of test functions.
Furthermore, the no-slip boundary condition requires the existence of a trace of u on 952.

2.3. First law of thermodynamics, total energy balance

Formally, we can take the scalar product of (2.4) with u in order to deduce the kinetic
energy balance

1 1
3,(§Q|u|2> - divx<<EQ|u|2 + p)u) — divy (Su)
=-S:V,u+ pdivyu+ of - u. (2.10)

The first law of thermodynamics asserts that the energy of the fluid is a conserved quan-
tity provided f = 0 and there is no energy flux through the boundary. Accordingly, intro-
ducing the specific internal energy e we get the energy balance equation in the form

1 1
3 <§Q|u|2 + Qe) + divy ((59|u|2 +e+ p>u> + divy q — divy (Su)
= of - u, (2.11)

where the symbol q denotes the internal energy flux. If the system is energetically isolated,
in particular if the boundary conditions (2.3), (2.7), or, alternatively (2.8), are supplemented
with

q-nse =0, 2.12)
Eq. (2.11) integrated over £2 gives rise to the total energy balance

— —olu|” 4+ e )dx = of - udx. (2.13)

dr Jo\2 Q

2.4. Second law of thermodynamics, entropy

Subtracting (2.10) from (2.11) we obtain
0;(0e) + divy(geu) + div, q =S : Vyu — pdivy u, (2.14)

which is an equation governing the time evolution of the internal energy.
In the absence of any dissipative mechanism in the system, meaning whenq =0, S = 0,
Eq. (2.14) takes the form

d;(oe) + divy (oeu) + pdivyu =0. (2.15)
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The basic idea leading to the concept of entropy asserts that (2.15) can be written as a
conservation law for a new state variable s termed entropy:

0 (0s) + divy (osu) = 0. (2.16)

Now, assume that both e and s depend on ¢ and another internal variable ¢+ called ab-
solute temperature. Consequently, by help of (2.1), Eq. (2.15) can be written as

whence, necessarily,

1
H(o,9)Ds = De + pD(—),
Q

where the factor H can be adjusted by a suitable choice of the temperature scale. Adopting
the standard relation ¢ &~ de/ds we arrive at Gibbs’ equation

1
U Ds(o, %) = De(o, 9) + p(o, 19)D<5>. 2.17)

Accordingly, the internal energy balance (2.14) divided on ¥ gives rise to the entropy
balance equation

0 (0s) + divy (osu) + divy (%) =o, (2.18)

with the entropy production rate

1 q- V9
=—(S:Vyu-— . 2.19
o K ( xu 9 > ( )
In addition, the second law of thermodynamics asserts that
S:Vyu>0, —q-V,0 >0 (2.20)

for any admissible fluid motion.

Note that equations (2.11), (2.14), and (2.18) are equivalent, meaning they provide the
same information on the state of the system, as long as all state variables are sufficiently
smooth. However, the situation may be rather different in the framework of the weak solu-
tions considered in this paper.

2.5. Kinetic energy dissipation

As already pointed out above, the two terms appearing in the entropy production rate intro-
duced in (2.19) are responsible for the irreversible transfer of the mechanical energy into
heat. Accordingly, both (2.4) and (2.18) may be considered as “parabolic”, while (2.1) rep-
resents a hyperbolic equation. We assume the simplest possible form of S, q, namely that
these quantities are linear functions of the velocity gradient and the temperature gradient,
respectively. It can be shown (see e.g. Chorin and Marsden [28]) that the only form of S
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conformable with the principle of material frame indifference reads
2
S = M(qu + V,u' — 3 div, u]I) + ndivy, ul, (2.21)

while
q=—«V,0, (2.22)

where the transport coefficients p, 1, and « are non-negative scalar functions of ¥ and g,
as the case may be. Relation (2.22) is usually called Fourier’s law.
2.6. Navier—Stokes—Fourier system

The mathematical theory to be developed in this study is based on the Navier—Stokes—
Fourier system of equations

0r0 + divy (ou) =0, (2.23)
d;(ou) 4 divy (ou ® u) + V, p = divy S + of, (2.24)
9 (0s) + divy (osu) + div, <g) =0, (2.25)
d 1 2

— —olul“+ e )dx = [ of udx, (2.26)
dr Jo\2 Q

supplemented with the boundary conditions

u-n=On) xn|go =0, or ulyp =0, 2.27)
q-njye =0, (2.28)
where the thermodynamics functions p, e, and s are interrelated through Gibbs’ equation
1
¥ Ds = De + pD(—), (2.29)
0
S and q obey
l 2 . .
S=ulViu+ Vyiu' — 3 divy ull | + ndivy ull, (2.30)
q=—«kVy0, (2.31)

and the entropy production rate is a non-negative measure on the set [0, T'] x £ satisfying

q- V0
3 .

2.32
5 (2.32)

The inequality sign in (2.32) certainly deserves some comment. To begin with, it is
well-known that solutions of the inviscid (Euler) system may produce entropy although,
formally, the dissipative terms S, ¢ are not present in the equations. On the other hand,
even if the dissipation effect due to viscosity and heat conductivity is taken into account,

1
a}—(S:qu—
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it is not known, at least in the framework of the weak solutions, that the kinetic energy
balance is given by (2.10). Thus, in general, we are not able to exclude a hypothetical
possibility of the production of entropy, which is not captured by the quantity on the right-
hand side of (2.19), the latter being absolutely continuous with respect to the standard
Lebesgue measure. Indeed this very interesting scenario has been studied by Duchon and
Robert [40], Eyink [46], among others. Related results concerning the validity of the kinetic
energy balance have been obtained by Nagasawa [101]. On the point of conclusion, let
us remark that (2.23)—(2.32) imply (2.19) as soon as all quantities are smooth enough
(see [50]).

2.7. Bibliographical comments

Since the truly pioneering work of Leray [85], extended in an essential way by Ladyzhen-
skaya [82], Temam [118], Caffarelli et al. [25], Antontsev et al. [5], P.-L. Lions [88,89],
among many others, the theory of weak solutions based on the function spaces of Sobolev
type has become an important part of modern mathematical physics. In particular, the the-
ory of compressible fluid flow for general (large) data is more likely to rely on the concept
of “genuinely weak” solutions incorporating various types of discontinuities and other ir-
regular phenomena that are expected to come into play (see, for instance, Desjardins [36],
Hoff [66,68], Hoff and Serre [69], Vaigant [124], among others). Pursuing further this di-
rection some authors developed the theory of measure valued solutions in order to deal
with rapid oscillations that solutions may develop in a finite time (see DiPerna [38], Malek
et al. [93]).

The weak formulation of the full Navier—Stokes—Fourier system was introduced in [50],
following the previous studies [42,49]. The idea of replacing the entropy equation by en-
tropy inequality + total energy balance is reminiscent of the concept of weak solution with
“defect measure” employed, for instance, by Alexandre and Villani [3] in the context of
the Boltzmann equation.

An alternative way to avoid the mathematical difficulties inherent to the theory of New-
tonian fluids consists in introducing more complex constitutive equations relating the vis-
cous stress and the heat flux to the affinities V,u, V, 9. Thus, for example, the mathemat-
ical theory of viscous multipolar fluids, based on the general ideas of Green and Rivlin
[62], was developed by Necas and Silhavy [102] in order to provide a general framework
for studying viscous, compressible fluids and to present a suitable alternative to the bound-
ary layer theory (see Bellout et al. [15]). The reader may consult the review paper by Mélek
and Rajagopal [94] for other constitutive theories as well as a comprehensive list of relevant
literature.

3. Constitutive theory
In order to develop a rigorous mathematical theory of the Navier—Stokes—Fourier system

introduced in Section 2.6, the material properties of the fluid in question must be specified.
To this end, we discuss briefly the constitutive theory based on the principles of statistical
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mechanics applicable to gases. Note that for liguids, the constitutive theory is mostly based
on heuristic and phenomenological arguments that lead in some cases to rather different
constitutive equations, in particular for the pressure and the transport coefficients. The
basic reference material for this part are the monographs by Becker [12], Bridgman [22],
Chapman and Cowling [26], Eliezer et al. [44], Gallavotti [60], Miiller and Ruggeri [99],
among others.

3.1. Equation of state

The thermal equation of state is a relation determining the pressure p in terms of the state
variables o, ¥. The caloric equation of state relates the specific internal energy e to the
pressure p.

The simplest example of a caloric equation of state is that of a monoatomic gas, where
the molecular pressure pyy is interrelated to the internal energy ey, as

2
pm(e. ) = zeem(e ¥) (3.1

(see Eliezer et al. [44]). As puy, ey have to comply with Gibbs’ equation (2.29), the only
admissible form of pjs reads
0 P(Z) 0

_ 95/2 — —

We recover the perfect gas law provided P(Z)/Z = const.
It is easy to check that the corresponding entropy sy, satisfies

swlo ) = S(ﬁ), (33)
where
) 33P(2) - P(2)Z
§'(2)=-3 — : (3.4)

Note that s is uniquely determined by (3.4) up to an additive constant. The specific shape of
the entropy function with regards to the so-called third law of thermodynamics is discussed
by Belgiorno [13,14].

3.2. Thermodynamics stability

The hypothesis of thermodynamics stability asserts that
e the compressibility g—z is strictly positive,

e the specific heat at constant volume g—g is strictly positive.
Consequently, in the case of a general monoatomic gas discussed above, we deduce from
(3.1), (3.2) that

P'(Z) > 0,
Spizy_p! (3.5)
3P(Z) ZP @z _
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for all Z > 0. It can be shown that the hypothesis of thermodynamics stability implies
linear stability of any static state of the system (see Bechtel et al. [11]).
Now, as a direct consequence of (3.5), we get
P(2)
75/3
whence we may denote
. P
po = Jim i

The value of po, characterizes the properties of the gas in the degenerate regime where
Z > 1. Most of gases in the degenerate regime behave like a Fermi gas for which

Z— is decreasing function in Z;

(3.6)

Poo >0 3.7

(see Ruggeri and Trovato [112]). This follows from the fact that a gas under these circum-
stances is a mixture of monoatomic gases among which one component is formed by free
electrons behaving as a Fermi gas (see Battaner [10], Eliezer et al. [44]). From the math-
ematical viewpoint, property (3.7) is crucial providing relatively strong a priori estimates
on the density.

3.3. Transport coefficients

The transport coefficients u, 1, and « appearing in Newton’s and Fourier’s law (2.21)
and (2.22), respectively, are scalar functions of the absolute temperature ¥ and the density
o as the case may be. Here, we assume that the dependence on g is negligible, which seems
to be the case at least for gases under normal conditions (see Becker [12]).

Accordingly, we suppose that © = w(9), n = n(¥), and k = « () are continuously
differentiable functions of ¢ satisfying, in accordance with the second law of thermody-
namics,

w@) >po>0 7@ =0, k@) >ko>0 foralld > 0. (3.8)

As a matter of fact, the existence theory discussed below requires certain coercivity prop-
erties of i and «, in particular,

w(@) - oo, k(@) —> oo fory — oo.

Note that for monoatomic gases u(¥) ~ %, while n = 0. The interesting fact that
the viscosity of a gas is independent of the density is called Maxwell’s paradox (see
Becker [12]).

3.4. Effect of thermal radiation

We report briefly on the effect of thermal radiation on the fluid motion, where a purely
phenomenological, or macroscopic, description is adopted, the radiation being treated as a
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continuous field, and both the wave (classical) and photonic (quantum) aspects are taken
into account.

In the quantum picture, the total pressure p in the fluid is augmented, due to the presence
of the photon gas, by a radiation component pg related to the absolute temperature ¢
through the Stefan—Boltzmann law:

PR = %z?4, with a constant a > 0. 3.9

Furthermore, in accordance with Gibbs’ relation (2.29), the specific internal energy e of
the fluid must by supplemented with a term

1
er =er(0, V) = gz?“, equivalently, pr = ggeR, (3.10)
Q
while the related specific entropy reads
4a 3
sg =sg(0, %) = —— 3.1
3o

Similarly, the heat conductivity of the fluid is enhanced by a radiation component
qr = —KR193sz9, with a constant kg > 0. (3.12)

It seems worth-noting that certain models take into account also a radiative component of
the viscosity although its impact on the motion becomes relevant only under extreme tem-
perature regimes occurring, for instance, in the interiors of big stars (see Oxenius [107]).
At the level of mathematical analysis, the presence of the radiation component in the
state equation gives rise to a compactification effect on the temperature field. The fact
that the radiation entropy is an infensive quantity prevents the fast time oscillations of the
temperature regardless the hypothetical appearance of vacuum zones (see [41,42]).

3.5. Real gas state equation

Summing up the results discussed in Sections 3.1, 3.4, the state equation of a real gas takes
the form

p(. %) = pulo, ) + pr(®). (3.13)
In particular, for a (mixture of) monoatomic gas(es), we have
_ 45/2 o a .4
po, ) =1 P<—193/2> + 319 , (3.14)
and, similarly,
3 932 0 94
=S 0 4aq 93 3.16
s(o, ) = 52 +??, (3.16)

where the functions P, S were introduced in Section 3.1.
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3.6. Bibliographical comments

It should be noted that the coupling of radiation effects with fluid dynamics is a complex
physical problem, where the complete system of equations should include a new balance
law for the intensity of radiation (see e.g. Buet and Després [24], Mihalas [97]), and, strictly
speaking, the classical formulation of the equations of motion should be replaced by a
relativistic one as the zero mass particles (photons) are involved.

However, there are simplified models based on asymptotic analysis and certain physical
hypotheses (specifically, the matter together with the radiation are in local thermodynami-
cal equilibrium), which give rise to the same system of field equations (2.23)—(2.26), where
the constitutive equations for the pressure and the heat conductivity coefficient ¥ contain
the extra “radiative” terms depending on the temperature discussed in Section 3.4 (see Ox-
enius [107]). As a matter of fact, these models were introduced in astrophysics in order
to study the dynamics of radiative stars (see [41,42]). More material on this issue can be
found in the monographs by Battaner [10] and Bose [17].

4. A priori estimates

A priori estimates represent a corner stone of any mathematical theory related to a non-
linear problem. These are bounds imposed in a natural way on the solutions by the fact
that they satisfy a system of differential equations endowed with a family of data (initial,
boundary, driving forces, among others). The modern theory of non-linear partial differen-
tial equations is based on the abstract function spaces notably the Sobolev spaces, that have
been identified by means of a priori bounds associated to certain classes of model equa-
tions. A priori estimates are of purely formal character, being derived under the hypothesis
that the solution in question is smooth. However, as we shall see below, all a priori bounds
that can be derived for the Navier—Stokes—Fourier system actually hold even within the
much larger class of the weak solutions discussed in Section 1. This is mainly because all
nowadays available a priori bounds arise as a direct consequence of the energy conserva-
tion or the entropy balance already included in the weak formulation of the problem. In
this section, we review a complete list of known a priori estimates that can be deduced
for the Navier—Stokes—Fourier system. The proofs of several estimates are mostly sketched
whereas a more detailed analysis may be found in [50].

4.1. Total mass conservation

The total mass conservation follows as a direct consequence of (2.23). Indeed it is easy to
see that

/ o(t,)dx = / 0(0,)dx foranyt € [0, T]. 4.1)
2 2
Since p is a non-negative quantity, we deduce that

ess sup HQ(t)HL](_Q) < c(data). 4.2)
te(0,T)
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Such a bound is of particular interest on unbounded domains, where it provides a valuable
piece of information concerning the asymptotic behavior of o for |x| — oo.

4.2. Energy estimates

The energy estimates follow directly from the total energy balance (2.26). Indeed we can
use a Gronwall type argument in order to see that the total energy of the fluid remains
bounded in terms of the initial data on any compact time interval [0, 7] as soon as

ess sup \f(t, x)| <ec. 4.3)
(t.x)€(0.T)x 2
Thus we infer that
1
ess sup / (—Q|u|2 + oe(o, ﬂ))(t) dx < ¢(T, data). (4.4)
1e0.7) J2 \2

Hypothesis (4.3) can be relaxed to boundedness of the driving force in a certain Lebesgue
norm. On the other hand, the bound (4.3) is satisfactory in most applications.
Under the hypotheses of Section 3.5, we can deduce from (4.4) that

ess sup [l/oull;2.r3 <c, 4.5)
te(0,7T)

and, on condition that py, > 0 in (3.6),
ess sup ||Q(t) ||L5/3(9) <ec. 4.6)
1€(0,T)

Finally, taking the radiation effects into account (see Section 3.5), we obtain
ess sup |U(t) <ec. @.7
o (9] 1)

The energy estimates provide a priori bounds uniform in time. They are “conservative”
in nature and as such completely reversible in time. In particular, the bounds imposed on
the initial data are preserved by the flow, there is no smoothing effect.

4.3. A priori estimates based on the energy dissipation
Integrating the entropy balance (2.25) we obtain

/Qs(g, #)(1) dx + o [[0, r]xS_Z]:f os(0,9)(0)dx fora.a.t € [0, T].
2 2

(4.8)

Similarly to the preceding considerations, we assume that we can control the right-hand

side of (4.8) in terms of the initial data. On the other hand, if £2 is a bounded domain, it
can be shown that

ess sup / os(o, ¥)(t) dx < c(data) (4.9)
1e(0,T) J 2

in terms of the energy estimates established above.
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Consequently, the entropy production represented by the measure o must be bounded,
in particular,

T T 2
1 VD
—S:Vyudx + k(%) 5 dx < c(data). (4.10)
0Je ¥ 0Je %

Since our basic hypothesis requires the transport coefficients © and k to be bounded
below away from zero, we immediately deduce that

T
/ / |V 10g(ﬁ)|2dxdt < c(data), 4.11)
0J
together with
f / PG w4 Viu — 2 div, ul| dxdr < c. (4.12)
0 2 19 3

If, in addition, the heat conductivity coefficient « satisfies certain coercivity properties
as, for instance, (3.12), we get

T
// |V, 2 dx dt < c(data). (4.13)
0J

The estimates on the velocity gradient are more delicate. The easy way, of course, is to
assume that

p(@) ~ 9 ford > 1.

Under these circumstances, a generalized version of Korn’s inequality can be used in order
to deduce from (4.5), (4.12) that

T
// [V u)? dx df < c(data). (4.14)
0JR2

Unfortunately, in accordance with the physical background, a realistic behavior of w is
rather

w1+ V) < n®) < B +V9), (4.15)
yielding only
Tro1 L2 2
—|V Viu— —div,ull| dxdr <c.
/0/:2 \/5 Yyu+V,.u 3 1V, W X c

Thus the resulting estimate must be “interpolated” with (4.7), (4.13), in order to obtain

< c(data), 4.16)

2
Viu+ Viu — = divy ul
3 120,319 (2; R3*3))

where, in general, g < 2.
The concrete value of the Lebesgue exponent g in (4.16) depends on u, specifically, it
can be shown that

4.17)
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as soon as

w(1+0%) < p@) <p(l+9%) forald > 0. (4.18)
It turns out that the critical value of « equals 2/5, more precisely,

2
§<a<1, 4.19)

for which (4.16), (4.17), together with (4.5), (4.6), and the standard Sobolev embedding
relations, guarantee that

ou ® uis bounded in L”((0, T) x £2; R3X3) for a certain p > 1

in terms of the data (see [50] for details).

Unlike their counterparts derived in Section 4.2, the estimates based on dissipation are
“irreversible” in time, yielding higher regularity of solutions than that assumed for the ini-
tial data. This regularizing effect is instantaneous, meaning available at any positive time
but not uniform in time. These estimates are absolutely necessary in order to develop the
existence theory as they prevent fast oscillations of u and ¥ with respect to the spatial vari-
able. On the other hand, the technical condition (4.19) was needed in order to eliminate
possible concentrations in the convective term. The presence of oscillations and concen-
trations in the families of solutions to non-linear problems represents one of the principal
difficulties to be handled by the mathematical theory (cf. Evans [45]).

4.4. Renormalized equation of continuity and refined density estimates

A priori estimates related to a non-linear problem should be at least so strong that all quan-
tities may be equi-integrable, meaning the set of solutions is pre-compact in the Lebesgue
space L! endowed with the weak topology. The estimates obtained in the previous part
were based on boundedness of the total energy of the system, in particular, they are not
strong enough in order to guarantee equi-integrability of this quantity, and a similar diffi-
culty occurs for the pressure. In this section, we derive refined density and pressure esti-
mates “computing” directly the pressure term in (2.9).

We start with a renormalized formulation of the equation of continuity (2.1) introduced
by DiPerna and P.-L. Lions [39]. Formally, multiplying (2.1) on »’(¢), where b is an arbi-
trary function, we obtain

a;b(p) + divy (b(g)u) + (b’(g)g — b(g)) div,u=0 (4.20)

to be satisfied in (0, T') x §2. Equation (4.20) is equivalent to (2.1) as soon as all quantities
in question are smooth. At the level of the weak solutions introduced in Section 1, however,
Eq. (4.20) represents an extra piece of information that must be incorporated in the concept
of the weak solutions. Note that a slightly more convenient formulation of (4.20) reads

3 (0B(0)) + divy(0B(o)u) + b(o) divy u = 0 4.21)
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to be satisfies in the sense specified in Section 1 for any b, B such that
o0 @ b(Z)
b e C[0,00) NL>¥(0,00), b(0)=0, Bo)= —dz. (4.22)
1z

In the following, we always tacitly suppose that the continuity equation is satisfied also in
the sense of renormalized solutions.

In order to deduce more precise pressure and density estimates, we first assume that u
satisfies the complete slip boundary condition (2.3), (2.7). In particular, the quantity

1
o(t,x) = YOV AR [b(Q) - [ bl dX], v €DO,T),
1821 Jo

where A;l denotes the inverse of the standard Laplacean endowed with the homogeneous
Neumann boundary condition, can be taken as an admissible test function in (2.9). Notably
the pressure term can be expressed in the form

T 1 T
/f Yp(o, M)b(e) dx — — (tﬁ/ b(Q)dX)<f plo, ﬁ)dx)dt
0Je [£2] Jo 7} Q

T
=f/ Ips:vxval—vl[b(g)—L b(Q)dx] dx dt
0Je 12| Jo

T
—f/ wf-va;Vl[b(g)—i b(g)dx:| dx dt
0Je 2] Jo

r 1
—// ¢Qu®u:vvaA;,1[b(g)—— b(Q)dx:| dx dt
0Jg 12| Jo

T
+ / f You- Vi Ay divy (b(o)u) dxdt
0J

T

—// a,wgu.va,—v‘[b(g)—i b(Q)dx:|dxdt
0Je 12| Jo

T

+/0/Q‘/lel-VxA;,l[(b(g)—b’(g)g)divxu

— f (b(Q) — b/(Q)Q) div, udx] dx dr. 4.23)
Q

At this stage, it is a bit tedious but entirely routine matter to combine the uniform esti-
mates obtained in Sections 4.2, 4.3 with the standard elliptic estimates for Ay, in order to
deduce that all integrals on the right-hand side of (4.23) are already bounded in terms of
the data as soon as

b(o) ~ of,  with 8 > 0 small enough

(see [50,55] for details). Consequently, we conclude that

T
f f p(o, o dxdr < c(data). (4.24)
0J
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Thus we get, by virtue of (3.6), (4.7), (4.13) that

T
/ / pm (o, 91 dxdr < c(data) (4.25)
0JR

for a certain ¢ > 1, and the same estimate can be shown for the internal energy den-
sity pepr(0, ¥). Note that similar bounds on the radiation components follow from esti-
mates (4.7), (4.13).

The situation becomes more delicate when u satisfies the no-slip boundary condi-
tion (2.8). In this case, the operator V. A~! must be replaced by a generalized inverse
div;1 satisfying the homogeneous Dirichlet boundary condition. More specifically, we can
replace V, A~! by B, where the operator 3 enjoys the following properties:

e Bis a bounded operator from L?(§2) to W7 (£2; R?) forany 1 < p < oo, where L?

is the subspace of L?(§2) of functions of zero mean,

divy Blv] =v, Blvllsge =0 foranyv € LP(£2),

e if, in addition, v = div, h, where h - n|3; = 0, we have

| Bldiv, hl|| Loy <P DIhlLggps) forany 1 <g < oo.

An example of operator B was constructed by Bogovskii [16], a detailed analysis of its
basic properties may be found in Galdi [59], or Novotny and StraSkraba [105].

The pressure estimates derived in this part have “dispersive” character. They do not
improve smoothness but assert better integrability of the density in the space—time cylinder.

4.5. A priori estimates, summary

In the preceding part we have derived practically all known a priori estimates available for
the Navier—Stokes—Fourier system. These bounds are strong enough in order to guarantee
weak compactness of all quantities in the Lebesgue space L! except for the entropy pro-
duction rate o, which is known to be bounded only as a non-negative measure on the set
[0, T] x 2.

The spatial gradients V,u and V.9 are bounded in some Lebesgue norm, in particular,
u and ¢ do not exhibit uncontrollable spatial oscillations. On the other hand, there is no
such a bound available for the density o.

The time derivatives of the state variables are bounded only in a very weak sense, in
particular, there is no control on the time oscillations of the extensive quantities on the
“vacuum’” region where o = 0.

There is an interesting feature of the weak formulation of the Navier—Stokes—Fourier
system used in the present study, namely, all a priori estimates are real estimates imposed
by the data on any weak solution of the problem. This fact plays a crucial role in the
asymptotic analysis discussed in Sections 6, 7 below.
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4.6. Bibliographical comments

The fundamental importance of a priori estimates in the theory of non-linear partial differ-
ential equations was recognized in the classical monographs by Friedman [58], Ladyzhen-
skaya et al. [83], or J.-L. Lions [87], among many others. The reader should keep in mind
that all a priori estimates discussed in the present study are related to the large data solu-
tions without any restriction on the length of the existence interval.

The energy and entropy estimates based on the mechanical energy dissipation are
straightforward. The renormalized solutions were introduced by DiPerna and Lions [39]
in order to identify a physically relevant class of uniqueness for general transport equa-
tions. Their pioneering result have been generalized recently by Ambrosio et al. [4].

A local version of the pressure estimates was used by P.-L. Lions [89] in the context of
the isentropic Navier—Stokes system. Their extension up to the boundary of the physical
domain was obtained in [55] (see also P.-L. Lions [90]).

Quite recently, a new entropy-like identity conditioned by a very particular form of the
viscosity coefficients depending on the density o was discovered by Bresch and Desjardins
[18,19], Bresch et al. [20] (see also Mellet and Vasseur [96]). This identity gives rise to
very strong a priori estimates of V,p in a certain Lebesgue space on condition that the
viscosity coefficients u = (o), n = n(p) are interrelated in a specific way.

5. Weak sequential stability

The problem of weak sequential stability represents a central issue of the analysis of any
non-linear problem. Having established all a priori bounds available we consider a fam-
ily {on, u,, 15‘,,};'10:1 of solutions of the full Navier—Stokes—Fourier system (2.23)—(2.32)
assuming, in accordance with (4.5)—(4.7) and (4.16), that

on — 0 weakly-(*) in LOO(O, T; L5/3(.Q)), (5.1)
9y — 0 weakly-(x) in L®(0, T; L*(£2))
and weakly in L2(O, T; Wl’z(.Q; ]R3)), (5.2)
and
u, —> u weakly in LZ(O, T: wha (.Q; R3)), (5.3)

withg =8/(5 —),2/5 <a < 1.

Our goal in this section is to show that the limit quantity {p, u, 9} represents another
weak solution of the same problem. In particular, we must be able to perform the limit in
all non-linear constitutive relations involving both g, and ¥,, which amounts to proving
strong (pointwise) convergence of {0,},2 |, {#,},2 . Let us point out that the velocity
fields w,, do not, or at least are not known to converge almost everywhere in the cylinder
(0, T) x £2 but only on the set where the limit density o is strictly positive. The hypothetical
existence of the vacuum zones, that means, zones where g vanishes, seems to be one of the
major stumbling blocks of the present theory.
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5.1. Preliminaries, Div—Curl lemma, and related results

Div—Curl lemma developed in the framework of the theory of compensated compactness
became one of the most efficient tools of the modern theory of partial differential equations
(see Murat [100], Tartar [117], Yi [126]).

LEMMA 5.1 (DIV-CURL lemma). Let {U,}>° |, {V,};2 | be two sequences of vector fields
such that

U, > U weakly in LP(RN; RN),
V, — V weakly in L1 (RN, ]RN),

where
1
1< p,q < oo, —+—-—=-<1.
p

Assume, in addition, that
{div, U}, is precompact in W~ (RV),
and
{curl V,,}02,  is precompact in wls (RN; RNXN)

foracertains > 1.
Then

U, -V, > U-V weaklyin L"(R").

In order to realize the strength of this result, let us point out that any sequence of (weak)
solutions of a conservation law

orry +divy F,, = 5
can be written in the form
DIVt,x [rn, Ful = sy

in a 4-dimensional space—time cylinder (0, T') x £2. Note that the argument of Lemma 5.1
can be easily localized.
On the other hand, consider a family of functions {V,,}7° ; such that
IVeVallLa0,7:14(2:r3)) < ¢ foracertaing > 1,
in particular,

|CURL, «[H(V,).0,0,0]|,, (0.T)x 2 R4 <€

forany H € WH°(R).
Thus a direct application of DIV-CURL lemma implies

rnH(V,) - rH(V) weakly in Lr((O, T) x .Q) forany H € WI’OO(R) 5.4)
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as soon as

rpn—>r, F,—F weaklyin Lr((O, T) x .Q) for a certainr > 1,
H(Vy,) — H(V) weakly-(x) in L*((0, T) x £2),

and
{sn}oo, is bounded in M([O, T x S_Z)
Note that (5.4), being a kind of “biting limit” (see Brooks and Chacon [23]), yields
rVy — rV  weakly in L' ((0, T) x £2) (5.5)

as soon as both {r,}>°, and {V,}7°, are equi-integrable (weakly precompact) in

L'((0, T) x £2). Here V denotes the corresponding weak limit of {V,,}77 ;.
In such a way, we can easily identify the weak limit of all convective terms in (2.23)—
(2.26). Accordingly, letting n — oo we obtain

0r0 + divy(ou) =0, (5.6)
3 (ow) + divx (ou ® u) + Vy p(o, ¥) = divy S+ of, (5.7)
0y (QS(Q, 19)) + divy (Qs(g, zﬁ‘)u) + divy (g) =0, (5.8)
— —olu|” + ge(p, V) | dx = of - udx, 5.9
dr Jo\2 Q

supplemented with the boundary conditions

u-n=(n) xnjgo =0, or ulye =0, (5.10)

(%) ‘nlso =0, (5.11)

We have used the standard notation, where bar denotes a weak L!-limit of a composed
function.
Similarly, we deduce from (4.20)

0y (QB(Q)) + div, (QB(Q)u) + b(o) divy u = 0. (5.12)

Here, we should note that the same results could be obtained by means of a “more
classical” tool, namely the Lions—Aubin lemma (see Lions [87]). However, the arguments
via DIV-CURL lemma seem more straightforward and apply also to the case when the
production term is represented by a measure.

5.2. Strong convergence of the temperature

Our goal is to show that the sequence {1},}72

of (4.7), (4.13),

| converges a.a. in (0, T) x £2. By virtue

U, > ¥ weakly in LZ(O, T; WI’Z(Q)),
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therefore we have to exclude possible time oscillations. At this stage, the presence of the
radiation component of the entropy plays a crucial role.

Let us start with a preliminary result that can be considered as a fundamental theorem
of the theory of Young measures (see Ball [7], Pedregal [108]).

THEOREM 5.1. Let {U,}7° | be an equi-integrable (weakly precompact) sequence of func-
tions in L'(Q; RM), 0 c RV,
Then {Un}:;o | Possesses a subsequence (not relabeled) such that there exists a parame-

trized family of probability measures {vy}yeo on RM enjoying the following property:

FC, U =(vy, F(y,") foraa.ye 0,
whenever F = F(y, U) is a Caratheodory function on Q x RM and

F(-,U,) — F(-,U) weaklyin L'(Q).

In accordance with the hypothesis of thermodynamics stability, the entropy is a strictly
increasing function of ¥, more specifically,

T 4Cl T
//(gns@n,ﬁn)—gns@n,ﬂ))wn—ﬁ)dxdr>—// 19 — 91 dx dr.
0Jo 3 JoJe

(5.13)

Here again, we have taken advantage of the radiation component osg. Consequently, it is
enough to observe that the left-hand side of (5.13) tends to zero.
To this end, we first repeat the arguments of Section 5.1 in order to show that

os(o, 9V = os(p, V)0. (5.14)

On the other hand, by the same token, we can use the renormalized equation (4.21) to
deduce that

b(o)h(¥) = ITQ)/’Z () for all bounded continuous functions b, h.

Such a relation can be expressed in terms of the Young measures as
ye” =v2 @), foraa (t,x) € (0,T) x 2, (5.15)

where v@?) 12 and v” denote the Young measure associated to {(o,, Ul s lontos
and {19, };2 |, respectively.
Thus, as a direct consequence of Theorem 5.1, we get

ons(on, 1)(O, — ) - 0 weakly in Ll((O, T) x .{2)
which, together with (5.14) yields the desired conclusion. We infer that
9, — 0 in L*((0,T) x £2). (5.16)

Without the radiation component of s, we would only get pointwise convergence of the
temperature on the set where the limit density o is strictly positive. This is the main reason
why the effect of radiation is taken into account in the present theory.
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5.3. Strong convergence of the density

The pointwise convergence of the densities, necessary in order to pass to the limit in the
non-linear constitutive relations, represents one of the most delicate tasks of the theory.
The main idea is to use the renormalized form of the equation of continuity in order to
describe the time evolution of oscillations.

To begin with, let us introduce the cut-off functions

Tk(z)=kT<§), 220, k> 1, 5.17)

where T € C®°[0, 00) satisfies

z for0 <z <1,
T(z) = { concave forl <z <3,
2 for z > 3.

By virtue of (5.12), we have
3 (oLi(0)) + divy(oLi(0)u) + Ti(o) div, u =0, (5.18)

eT
Li(o) = / k(zz) dz.
oz

The next natural step is to write the renormalized equation for the limit o, u, namely

3 (oLi(0)) + divy(oLi(@)u) + Ti(o) divy u = 0. (5.19)

However, at this stage, it is not obvious that (5.19) holds. It is worth noting that the regu-
larizing technique introduced by DiPerna and P.-L. Lions [39] does not apply here because
of the low degree of integrability of o (and also u). Consequently, in order to proceed, we
evoke the method developed in [47] introducing the oscillations defect measure associated

to the sequence {0,},° | as

where

ose,lon — 01(Q) = sup(lim sup fQ |Ti(0n) — Ti(0)|" dx dr>. (5.20)

k;] n—00

We report the following result (see [53,50]):

PROPOSITION 5.1. Let Q C (0, T) x §2 be a domain. Suppose that

On — 0 weaklyin L'(0),
u, > u  weakly in L’(Q; ]R3),
Viu, — Viu  weakly in L' (Q; R3X3), r>1,

and

1 1
oscylon — 01(Q) < oo for a certain p such that — + — < 1.
p r

Let, in addition, {0,, 0, }°2 | satisfy the renormalized equation (4.21) in D'(Q).
Then g, u satisfy (4.21) in D'(Q).
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In view of Proposition 5.1, we have to find a suitable oscillations defect measure in order
to justify (5.19). To this end, we make use of the quantity termed effective viscous flux.
Take

9, x) =YgV A [1Ti(0)], ¥ € DO, T), ¢ € D(R)

as a test function in the momentum balance (2.9). The symbol A~1 denotes the inverse
of the Laplace operator defined on the whole space R by means of convolution with the
Poisson kernel. After a bit lengthy but entirely straightforward manipulation, we obtain

T
/0 /;2 1/f¢(P(Qn, ﬁn)Tk(Qn) - Sn : R[IQTk(Qn)]) dx dt

T
= /0 L ¢¢(Qnun . R[lQTk(Qn)un] - (inln [ un) : R[IQTk(Qn)]) dx dr

6
+ ZI/»”’ (5.21)
j=1
where
T
Iin = _/ / Voonuy - VxAil[l.Q(Tk(Qn) - Tk/(Qn)Qn) divy un)] dxdr,
0Je
t
L, = —f / Yoonf - VXA_I[l_QTk(Qn)] dx dr,
0 Je
T
[3,)1 = _/ / Yp(on, On) Vi - VXA71 [19Tk(Qn)] dxdr,
0Je
T
Iy, = /O/QI//SH : Vi ® Vi AT 1o Ti(on) ] dxdt,
T
Is, = —/O /Q Y (Onttn ® ) : Vo ® Ve A~ [0 Tion)] dxdr,
and

Ié,n

T
_// aﬂﬂ‘ﬁ@nun'VxA_l[l_QTk(Qn)]dth.
0JR

The symbol R = R; ; denotes a pseudodifferential operator of zero order R;; =
Oy, A1 Oy j» O, in terms of the Fourier symbol

Rijlvl = F L, ﬁ;—fjfﬁg[vl],

where F denotes the standard Fourier transform.
Similarly, using

o(t,x) =¥y (O$ )V A [1Ti(@)]. ¥ € DO, T), ¢ € D(£2),



Mathematical methods in the theory of viscous fluids 81

as a test function in the weak formulation of the limit equation (5.7) we obtain
T
fo / Vo (plo. M) Tk(@) —S : R[12Ti(o) ]) dxdr
2

T
:/0/Qlﬁ¢(0u-7€[lszmu]—(Qu®u):R[1QTkTQ)])dth

6
Y (522)
=1
where
T
I = _/() f:z Yoou - VXA_I[I.Q(T]((Q") - Tk/(é?n)Qn)diVx “")] dxdr,
t
12=_/ / Yoot - VA [10T(0) | dxdr,
0 Je
T -
T
Iy = [ / ¥S: Vi ® Vi A 10T (o) | dxdt,
0Je
T
Is = —/ f You®u) : Vip ® VXA_I[lﬂTk(Q)]dthv
0Je
and

T
0J

Now, we claim that all quantities on the right-hand side of (5.21) tend to their counter-
parts in (5.22), in particular,

T
lim /0 /ﬂ U (p(ns D) Te(@n) — Sn - R[1eTe(on)]) dxdr

n—oo
T
= /0 /Q vé(plo. MTk(e) —S: R[1eTi(o) ]) dxdr. (5.23)
The easy part of the proof of (5.23) is to observe that, by virtue of the regularizing effect
of the operator VXA_I, Iin — Ijasn — ooforany j = 1,...,6 (see [50,53] for
details).

In order to handle the remaining term, we report the following result that can be viewed
as a direct consequence of DIV-CURL lemma.

LEMMA 5.2. Let

U, —> U weakly in L”(R3; ]R3),
V. — V  weakly in LY (R3; ]R3),
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U, R[V,]1—V, -R[U,] > U-R[V] -V -R[U] weaklyin L" (R3).

In order to see the conclusion of Lemma 5.2, it is enough to rewrite
Un : R[Vn] - Vn . R[Un] = (Un - R[Un]) : R[Vn] - (Vn - R[Vn]) 'R[Un]a
and to apply Lemma 5.1 as

div, (U, — R[U,]) = div(V, — R[V,]) =0,
curl R[U,] = curl R[V,] = 0.

Since

T
/O/QIM(Qnun-R[lssz(Qn)un]—(Qnun®un):R[lnTk(Qn)])dxdt

T
= [) ,/R‘ Yy, - (R[¢QnUn]19Tk(Qn) - R[]QTk(Qn)](anlln) dx dr,
we deduce, by means of Lemma 5.2, that

(R[¢Qnun]1.QTk(Qn) - R[IQTk(Qn)]¢Qnun)
— (RlpoulloT(@) — R[1Tk(0) |pou) in L*(0, T; W14 (R* RY)),
u, — u weakly in LZ(O, T: wh (R3; R3)),

for certain conjugate exponents ¢, ¢’ provided u,, was extended as a function belonging to
wha(R3; R3) outside £2. Accordingly, relation (5.23) follows.
At this stage, the crucial observation is that relation (5.23), rewritten in the form

n—oo

T
lim /0 L 1#(¢P(Qn, V) Tk (0n) — Tk(0n)R [nSn]) dx dt

T
= /0 /Q ¥ (opo, NTi(0) — Te(@R : [4S]) dxdr (5.24)

gives rise to

n—o0

T 4
lim /(; /;2 1/’¢<P(Qn’ V) Ti(on) — Tk(Qn)(gﬂ(ﬁn) + n(ﬂn)) divy un) dx dz

T A |
-/ qu(p(e, 5 o) - Tk(Q)(gu(ﬂ) n nw)> divy u) dx .
(5.25)
where the quantity p — ((4/3) + 1) div, u is usually termed the effective viscous flux.
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Note that quantities appearing (5.24) and (5.25) differ by a commutator of R with the
operator of multiplication on a scalar function p. Consequently, in order to see how (5.24)
yields (5.25), we need the following result that may be viewed as a particular application
of the general theory developed by Coifman and Meyer [30] (see Coifman et al. [29,49]).

LEMMA 5.3. Let u € WH2(R3) be a scalar function and V € L" N L'(R3; R3) a vector
field, r > 6/5.
Then

|| (Vx A71 lex)[MV] - /./L(Vx A71 lex)[V] || W(u,p(R3)
< cllllwrz@y VI AL w3 r3)

foracertainw > 0, p > 1.

Since

Ti(0on) = Tk(0) in Cweak([O, T]; Lq(Q)) forany 1 < g < oo,

Lemma 5.1, together with (5.24), imply (5.25).
On the other hand, relation (5.25) yields immediately

- 4 -
pum o, )T (o) — (gu(l‘/‘) + n(ﬂ)> Ti(0) divy u

R .
= pm(o, )Tk (o) — (g,u(l?) + n(ﬁ))Tk(Q) divy u. (5.26)
Now, it can be shown that

pm (0. NTx(@) — pu(o. V) Tx(0) = coscgszlon — 01((0, T) x £2);  (5.27)

whence, after a certain manipulation (see [50]), we deduce that

oscplon — Q]((O, T) x .Q) < oo foracertain p > (5.28)

34a’
Indeed the pressure pj; can be written in the form py = pmon(0, ¥) + Peonv(0), Where

5/3

Pmon 18 non-decreasing in o, while pcony(0) is a convex function peony ~ 0°/°. Moreover,

it can be checked by direct inspection that

T
- 8/3
0°BTi(0) — 0> Ti(o) = ,,linéo/o /9|Tk(9") — Ti(@) [ dxar

(for details see [50]).
By virtue of (4.16), (4.17), and Proposition 5.1, the limit functions o, u satisfy equa-
tion (5.19), and, consequently,

d -
O fg (0log(o) — @log(e)) dx + /9 (Tx (o) divy u — Ty (o) divy u) dx

= Tr (o) divy u — Ty (o) divy, u) dx.
2
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Letting k — oo we conclude that

/Q(Q log(0) — olog(0))(r) dx < /Q(Q log(o) — 0log(0))(0) dx, (5.29)
in other words

on— 0 aaon(0,7T)x £

as soon as we choose the initial distribution of the densities precompact in L' (£2).

5.4. Existence theory

The a priori estimates derived in Section 4, together with the stability property established
in Section 5, form a suitable platform for the existence theory based on the concept of the
weak solutions in the sense specified in Section 1. We report the following result.

THEOREM 5.2. Let 2 C R3 be a domain of class C*T. Suppose the viscous stress is
given by Newton’s rheological law (2.21), while the heat flux satisfies Fourier’s law (2.22),
where the transport coefficients © = (%), n = n(¥), k = k(¥) are continuously differ-
entiable functions of the absolute temperature ¥ such that

W] <o, p(l+0%) < p@®) < @l +9), (5.30)

0 < n@®) < a(l+v%), (5.31)
foracertain2/5 <a < 1,

k(1+9°) <k@®) <r(1+707) (5.32)

forall & > 0. Let the pressure be given through formula

o a
plo.¥) = ﬁS/zP(W) + 5194, a>0, (5.33)

where the function P € C10, 00) satisfies (3.5), (3.6), and e, s are given by (3.15), (3.16).
Finally, assume the initial data take the form

Q(Oa ) = 00, (Qu)(ov ) = ©Qouo, and

os(o, #)(0, ) = gos(eo, Vo), (5.34)
where
0 <o <o) <@, wuel*(2;R),
0<¥ <Vk) <P foraa xec. (5.35)

Then problem (2.23)—(2.32), supplemented with the initial conditions (5.34), admits a
weak solution on the set (0, T) x 2 forany T > 0.
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Since for any weak solution we have t +— o(¢, ), t — (ou)(t, -) weakly continuous
in L', the initial conditions for ¢ and pu make sense. On the other hand, it can be shown
that

o0s(0, 9)(t, -) = 00500, %) weakly in L'(£2)

as soon as U9 € WH°(2).

In the remaining part of this study, we take advantage of the existence theory in order
to discuss two fundamental issues concerning the global in time solutions: the behavior of
solutions for large times, and the problems involving singular limits.

5.5. Bibliographical comments

The problem of existence of solutions to various systems studied in the framework of the
mathematical fluid dynamics has a long history and very active present. To begin with, a
complete list of relevant results lies definitely beyond the scope of the present study. Here,
we focus only on the problems related to viscous fluid flows with large data defined on an
arbitrary time interval — global-in-time solutions.

After the seminal work of Leray [85], Hopf [73] established the existence of global in
time weak solutions of the incompressible Navier—Stokes system on a bounded domain
in R3. Later on, Ladyzhenskya [80,81] showed uniqueness and regularity of the weak so-
lutions in the two-dimensional case.

Another significant step in the theory is achieved by the proof of global existence for
the barotropic compressible fluid flow by P.-L. Lions [89]. An extension of this result to
the case of more realistic values of the adiabatic coefficient has been obtained in [47,53].
In this context, it is worth-noting that Vaigant and Kazhikhov [125] succeeded in showing
global existence of regular solutions in the barotropic case in the two-dimensional physical
space under rather artificial conditions imposed on the bulk viscosity coefficient depending
on the density.

The crucial quantity of the existence theory for compressible fluids is the effective vis-
cous flux introduced in Section 5.3. Although the central role of this quantity has been
already recognized by Hoff [65] and Serre [116], the real breakthrough was accomplished
by P.-L. Lions [89], who first observed the “weak continuity” property stated in (5.25).
This result was later generalized to the case of variable viscosity coefficients in [49].

The existence theory for the full Navier—Stokes—Fourier system, based on the entropy
inequality and the total energy balance equation, was developed in [50]. Recently, Bresch
and Desjardins [19] proposed an alternative approach based on strong a priori estimates of
the density gradient under the main hypothesis that the shear and bulk viscosity coefficient
are explicit functions of the density interrelated in a very specific way. Results for the
system subjected by certain symmetry condition were obtained by Jiang and Zhang [75].

Quite recently, a new approach to the existence problem was proposed by Hoff [72],
based on the concept of irregular but still unique solutions emanating from small initial
data.

The corresponding stationary problem has been studied by many authors, the most re-
cent results can be found in Frehse et al. [57], Mucha and Pokorny [98], or Plotnikov and
Sokolowski [109].
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In order to conclude, let us point out that almost all the above-mentioned results concern
the large data — large time problems in the natural 3-dimensional physical space. On the
other hand, the theory is much more complete in the one-dimensional geometry (see the
monograph Antontsev et al. [5], Hoff [64,66], Jiang [74], Serre [115], Zlotnik [130], among
many others), while the 2-D case differs from the 3-D case only by technical details.

6. Long-time behavior

The theory and applications of infinite dimensional dynamical systems have attracted the
attention of scientists for a long time. The long-time behavior as well as other dynami-
cal issues arise in many equations modeling phenomena that change in time. A typical
example is provided by the Navier—Stokes—Fourier system governing the motion of a gen-
eral viscous, compressible and heat conducting fluid introduced in Section 2.6. Because of
the nonlinearities occurring in these equations, the long-term dynamics has always been
expected to be quite complicated and possibly intimately related to the phenomena of tur-
bulence. Most of the recent results is related to reduced system: either the isentropic or
isothermal models or, even more restrictedly, the incompressible Navier—Stokes equations.
The common feature of these systems is that the mechanical energy is converted into heat
while the effect of the resulting temperature changes on the dynamics is completely ne-
glected. Such an assumption may be quite satisfactory on medium time scales but it is
definitely not suitable for describing the long-time behavior, in particular, for energeti-
cally isolated systems. The main objective of this section is to examine the full system
of equations taking into account the second law of thermodynamics and, in particular, the
entropy production corresponding to the irreversible transfer of the mechanical energy into
heat. Our results may be thought of, in a certain sense, as a mathematical verification of
the celebrated minimum entropy production principle (see Onsager [106], Rajagopal and
Srinivasa [111]).

Given a bounded driving force f = f(, x), the main issue to be discussed below is the
long time behavior of solutions to the complete Navier—Stokes—Fourier system. The central
idea is based on the fact that in entropy producing processes like those we have to deal with,
the long time dynamics is surprisingly simple: either the system is truly conservative, that
means, f(f, x) & V, F(x), and then all solutions tend to a unique equilibrium (static) state,
or all mechanical energy is converted (dissipated) into heat, and, accordingly, the total
energy becomes infinite:

E(t) = / <%Q|u|2 + oe(o, z?)) dx - 00 ast — oo. (6.1)
Q

As a matter of fact, some simplified models provide a more complicated picture. Con-
sider, for instance, an isentropic flow governed by the Navier—Stokes system:
9r0 + divy (ou) =0,
9;(ou) + divy (ou ® u) + aV, ¥ = div, S + of, (6.2)
ulye =0.
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In this model, the entropy production is rather artificially set to be zero therefore the
“reversible” part of the internal energy is not converted into heat, which, strangely enough,
leads to a more complicated dynamics in the long run. It can be shown that all (weak)
solutions of system (6.2) enter, after a certain time depending on the size of the initial data,
a bounded absorbing set provided y > 5/3, and f is a bounded measurable function of
x and ¢ (see [55]). Moreover, all trajectories are asymptotically compact with respect to a
natural “energy” norm, and the system admits a global attractor (see [48]). If, in addition,
the function f is time-periodic, there exists a time periodic solution (see [51]).

An interesting situation occurs when we take f(¢, x) = V, F(x). In this case, it is known
that

ou(t) > 0 in Ll(.Q; R3),

o(t) — {static states) = {0 | aVyo! = 0,V,F} in LV(.Q)} ast — 00

provided y > 3/2. If, in addition, the level sets {x € 2 | F(x) > k} are connected for
any k € R, then o(#) — o5 ast — oo for a suitable static solution o, (see [54]). To the
best of our knowledge, the problem of convergence to a single equilibrium remains open
for a general potential F. This problem is closely related to inevitable occurrence of the
vacuum zones in the static density distribution if the total mass of the fluid is sufficiently
small. Such a problem, although very interesting mathematically, seems to be of purely
theoretical character as in practical situations the isentropic, meaning constant entropy
process, is definitely not a good approximation as far as the long-time behavior of the
underlying physical system is concerned.

Pursuing further the path of simplification, one can consider the incompressible Navier—
Stokes system

div, u =0,
du+divia®u)+ Vyp = pAu+f, (6.3)
ulye =0.

Here, of course, the case f = V, F is not very interesting since f can be “absorbed” by the
pressure, and u — 0 in L?(£2; R?) for t — o0o. On the other hand, for a general f, the
dynamics can be quite complex and still not well-understood.

6.1. Stationary driving force

Let us examine the complete Navier—Stokes—Fourier system introduced in Section 2.6
driven by a time-independent force f = f(x). In addition, in many physically realistic
cases, we have f = V,F for a Lipschitz potential F. Accordingly, it is easy to deduce
from (2.23), (2.26) that the system admits a Lyapunov function, specifically,
d 1 2
— —olul* 4+ ge(p, ¥) — oF |(t)dx = 0. (6.4)
dr Jol[2
Moreover, it follows from (2.25) that the total entropy production is finite,

a[[O, 00) X §] < 00, (6.5)
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and

/ os(o,M)()dx /' Soo ast — oo. (6.6)
2
Consequently, it is easy to deduce from (6.5) that

ou(t) - 0 ast — oo,

while

(0. 9)(1) = {(0s. 95) | 05 = 05(x), ¥ = const > 0, p(gs,95) = 0sVaF}.

In other words, the w-limit set of each trajectory {g, ou, ¥};>¢ is formed by static states
— solutions of the system with zero velocity. In order to determine the limit state, we use
the three Lyapunov functionals: (i) the total mass

/ Os dx:/ o(t,-)dx forallt > 0;
Q Q

(ii) the energy

, 1
/ (0se(os. U5) — s F) dx = lim / [—Qlul2 +0e(o0, V) — .QF} (1) dx;
o =0 [o 2

and (iii) the entropy

/‘QSS(QS’ ) dx = limfgs(g, 1)) dx.
o 1> o

It turns out that these three quantities fully determine the limit state oy, 9.

Iff £ V, F, the total energy of the system is no longer a conserved quantity. The contin-
uous supply of the mechanical energy provided by f is converted into heat by the dissipative
effects of viscosity and heat conductivity of the fluid. The resulting “degenerate” internal
energy tends to infinity, more precisely,

—00

. 1 )
lim E(g|u| + ge(o, ¥)) (1) dx = oo.
Q
The previous considerations can be summarized in the following assertion (see [56]):

THEOREM 6.1. Under the hypotheses of Theorem 5.2, assume that the driving force

f = f(x) is a bounded measurable function independent of the time t.
Then either £ #+ V. F, and

1
/ §(Q|U|Z+Q€(Q, $))(t)dx > o0 ast — oo,
2

orf = V, F, and there exist a positive bounded function os and positive constant U5 such
that

ou(t) » 0 inL'(2;RY),
o(t) — o5 inLY(£2),
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and

/QS(Q»ﬁ)(f)dX—)/ 05505, Uy) dx
2 2

ast — 0Q.

6.2. Time-dependent driving force

The general case when f = f(z, x) can be handled by means of the following result
(see [56])).

THEOREM 6.2. Under the hypotheses of Theorem 5.2, assume that the driving force £
belongs to L™ (0, co; L®(£2; R?)).
Then either

1
/;2 E(Q|u|2 + ge(0. ) (1) dx — 00 ast — oo,

or

1
ess sup / —(Q|u|2 + oe(o, 19))(t) dx = Eoo < 0.
re0,7) )2 2
Furthermore, in the latter case, any sequence of times t,, — 00 contains a subsequence
such that

f, — Vi F weakly-(x) in L*°(0, T; LOO(.Q; R3))
forany T > 0, where we have set

f)’l(tv-x) = f(t + Tn,x),

and where F = F(x), F € W\%(Q). The potential F may be different for different
choices of T, — 0.

As a direct consequence of the previous theorem we obtain, in contrast with the isen-
tropic model, that the complete Navier—Stokes—Fourier system under the conservative
boundary conditions does not admit time-periodic solutions for time periodic driving forces
unless the latter is a gradient of a time independent potential F'.

6.3. Bibliographical comments

There is a vast literature concerning the long-time behavior of solutions to the incompress-
ible Navier—Stokes system. A good reference material are the monographs by Babin and
Vishik [6], Constantin et al. [31,32], Ladyzhenskaya [82], or Temam [119,118], among
others. The most recent results are available in the survey of Bardos and Nicolaenko [8].

On the other hand, the results on the long-time behavior for compressible and/or heat
conductive fluids emanating form large data are in relatively short supply. Rigorous results
in the 1-D case were obtained by Hoff and Ziane [70,71], the 3-D case was studied by
Novotny and Straskraba [104,103].
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7. Singular limits

Many recent papers and research monographs explain the role of scaling arguments in
the rigorous analysis of complex models arising in mathematical fluid dynamics. Such a
procedure leads often to simplified systems of equations that capture the essential piece
of information on a concrete fluid flow suppressing irrelevant phenomena. These systems
typically arise because of a singularity in the governing equations related to the flow regime
in question. This approach has become of particular relevance in meteorology, where the
huge scale differences in atmospheric flows give rise to a large variety of qualitatively
different models (see the survey papers by Klein et al. [79], Klein [77], or the lecture notes
of Majda [92]).

Many interesting applications of fluid dynamics involve the asymptotic behavior of so-
lutions as certain parameters vanish or become infinite. As a model case, consider the full
Navier—Stokes—Fourier system introduced in Section 2.6:

0:0 + divy (ou) =0, (7.1)
9 (ou) + div, (ou @ u) + M%ﬂv"p =div, S+ #QVXF, (7.2)
0t (0s) + divy (osu) + divy <g> =0, (7.3)
d Ma? 5 Ma?

m Q(Tmul + oe — ﬁ@F) dx =0, (7.4)

supplemented with the complete slip boundary conditions
u-n=(Sn) x njzgp =0, (7.5)
and the no-flux boundary conditions

q-njze =0, (7.6)

where the thermodynamics functions p, e, and s are interrelated through Gibbs’ equation

¥ Ds = De + pD(é), 7.7
S and q obey

S = ,u(qu + V,u — % div, u]I) + ndivy ull, (7.8)

q=—«kV,7, (7.9)
and the entropy production rate is a non-negative measure on the set [0, T'] x £ satisfying

a>$<Ma2S:vxu—q':"ﬁ>. (7.10)

The dimensionless parameters Ma and Fr are called the Mach number and the Froude
number, respectively. Our aim is to examine the singular limit

Ma=c¢, Fr=4¢& ¢&—0. (7.11)
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The low Mach number flows play a dominant role in many important areas of fluid me-
chanics including incompressible viscous non-steady aerodynamics, non-linear acoustics,
and non-adiabatic atmospheric flows. When Ma approaches zero, the pressure becomes al-
most constant, while the speed of sound tends to infinity. Accordingly, the fluid flow in this
asymptotic regime becomes incompressible (isochoric). If simultaneously the Froude num-
ber is small, a formal asymptotic expansion produces a very useful model — the Oberbeck—
Boussinesq approximation (see Rajagopal et al. [110], Zeytounian [128]) :

div, U =0, (7.12)
0(3:U 4 divy (U x U)) + VT = div, (u(®) (ViU + ViU)) + rV, F,  (7.13)
0cp(@,9)(3,0 + divy (OU)) — divy(GU) — divy (k (D) V) = 0, (7.14)
r+0a(0,9)0 =0, (7.15)

where o and ¥ represent constant reference values of the density and the temperature,
respectively, and

G = oVa(p, V)F, (7.16)

de(o, V) ¥ dp(o, ¥)
b 19 e — b 19 _77

cple. ) ag T )Q 50
19,p

a(e. ) = ———(0. V). (7.17)
edp

System (7.12)—(7.15) is supplemented with the boundary conditions
U-n=Xnxn|gp =0, whereE:VxU—i—Vch, (7.18)
V,® -n|yo =0. (7.19)

The remaining part of this chapter is devoted to a sketch of a rigorous justification of
the limit passage from (7.1)—(7.10) to (7.12)—(7.19). The basic reference material to be
consulted for all details is [52].

7.1. Uniform estimates

Let us start with a simple heuristic argument. In order to recover the limit system, we need
uniform bounds independent of ¢ that are at least as strong as the standard energy estimates
available for the incompressible Navier—Stokes system. In particular, the velocity gradients
must be uniformly square integrable. Such estimates are typically provided by (7.10) as
soon as we can show that the entropy production rate is of order 2. In particular, we get

Vo =~ ¢,
meaning the temperature perturbations of order € must be bounded, specifically,

9 =0
&

~ 1 for a certain 9. (7.20)
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Let {0¢, ug, ¥¢}e~0 be a family of weak solutions to the Navier—Stokes—Fourier sys-
tem (7.1)—(7.10) defined on a fixed time interval (0, T'). To begin with, it is easy to see that
the total mass of the fluid is a conserved quantity, specifically,

d
— t,-)dx =0.
dr QQS( ) dx

Accordingly, we suppose

f (0e(t,) —0)dx =0 forallt € [0, T, (7.21)
2

where ¢ > 0 is a constant independent of ¢.
In order to obtain more estimates, we introduce an auxiliary function

Hj (0, 9) = ge(o, ¥) — Jos (0, V), (7.22)

which is reminiscent of the Helmholtz free energy.
As a direct consequence of the hypothesis of thermodynamics stability discussed in
Section 3.2, the function Hj enjoys two remarkable properties of coercivity:

e o Hj(o, ) is a strictly convex function on [0, c0), (7.23)

e ¥ — Hj3(p, V) admits a strong, non-degenerate local minimum at ¢ = ¢.

(7.24)

Now the total energy balance (7.4), together with the entropy production equation (7.3),
give rise to the total dissipation balance

1 R _dHz@.») o
/.(2(2Q8|u8| + 2 I:Hl? (0¢, Ue) 789 (0e —0) — Hz (0, ﬁ)i|
1 0 —
- _QsF) (1) dx + 0 [[0, 7] x 2]
& &

1 1 dH5(0, D) _ -
= /Q<598|u8|2 - 8_2|:H19(Qs» V) — I’T(QS —0) - H;(@, 17)]

- 295F> (0) dx (7.25)

for a.a. T € [0, T], where we have used (7.21).
The quantity on the right-hand side of (7.25) can be controlled in terms of the initial
data. In particular, taking

Q&‘(Ov ) - é
&

90, ) — ¥
&

) ||u8||L2(Q;R3) <c (7.26)

L°°(9)’ Le(£2)

we easily observe that the right-hand side of (7.25) remains bounded uniformly for ¢ — O.

In order to facilitate future considerations, we introduce the “essential” and “residual”
sets

Mess = {(0,0) € R? | /2 < 0 <20, D)2 <V <20},
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Mres = [07 00)2 \ MGSSa

together with the associated “essential” and “residual” parts of a measurable quantity /,:

hs = [ha]ess + [hs]res»
[fgless = hs1{(t,x)|[gg(t,x),ﬂg(t,x)]EMess}’
[Alres = he Li(r.x) (00 (t.x). 96 (1. 2)]€Mires)} -

In view of the coercivity properties established in (7.23), (7.24), it is not difficult to show
that

dH5 (0, 9) ) L
[Hﬂ(eg, Pe) — %—Qms —0) — H;(@. ﬂ)}
- c(lo—02l*+19 —9) if[o, ] € Mess. 727
" | c(oete, ) + Dols(0. 9)]) ifl0, 0] € Myes.
In addition
inf  H3(p, ) > inf H5(0,9) >0 7.28
[0,9]1€ Mes ﬂ(Q ) [0,9]€d Mg ﬂ(g ) ( )
(see [52)).

Accordingly, as a direct consequence of the total dissipation balance (7.25), we obtain
the following uniform estimates

= ]
ess sup < c, ess sup < c,
1€[0,T] € ess I L2(£2) 1e[0,T1] € ess Il L2(£2)
(7.29)
ess sup [1y/@s el 2 me) < c. (730)
1€(0,T)
€ss sup ” [Qé‘e(Q€5 Ve) + 1§Q€|S(Q€7 298)”1.‘3S ”Ll(Q) <, (7.31)
1€(0,T)
and
ess sup |{x € 2| [0s(t, %), 9s(t, )] € Mies}| < e%c. (1.32)
te(0,T)
Moreover,
||U€||M+([0,T]x§) < 826‘1 (7.33)
in particular, by virtue of (7.10),
Ve — O log(8¢) — log(¥
H v, i , V}(M <ec, (7.34)
€ L2((0,T)x £2:R3) € L2((0,T)x £2:R3)

and, by means of the standard Korn inequality,

||qu5||L2((01T)X_Q;R3x3) < C. (735)
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The uniform estimates obtained above are sufficient in order to pass to a limit in the

family {o¢, ug, ¥¢}s~0, in particular, we obtain

0: — 0
&

B — 0
&

and

— oM weakly-(x) € L*®(0, T; L1(R2)),

— 0 weakly in L*(0, T; W'2(£2)),

osu; — oU weakly-(x) in LOO(()’ T, Lz(.Q; RS)),

u, — U weakly in LZ(O, T; Wl’z(.Q; R3)).

(7.36)

(7.37)

(7.38)
(7.39)

The value of the Lebesgue exponent ¢ in (7.36) is determined by the coercivity prop-
erties of the function Hj established in (7.23). In particular, if the constant p, in (3.6) is

strictly positive, we have g = 5/3.

7.2. Asymptotic limit

With the uniform estimates established in the preceding part, it is a routine matter to iden-
tify the limit system of equations satisfied by the quantities o1, U, 91, with the only
problematic issue represented by the convective term in the momentum equation (7.2).

Note that

Vi p(0e, ¥e) = Vx(p(Q& ve) — p(o, 15))7

O — 0
&

1 !
~0:ViF = V.F + 2V, F,

therefore

v, (P(Qs» l‘l‘a)g— p@.v) éF)

p©@. %o —0 p@ 30—V
%Vx< p@. 9o~  p@.9) V% =V _

00 e o
while, in accordance with (7.36), (7.37),

(819(9, D) 0 — 0 N p@, )P =9 @F)

do € a9 &

. (wgm L @) @F).

ao v

Fixing F so that [, F dx = 0 we conclude that

ap(o. O ap(o. v
p(o )Q(l)‘l- p(0, V)

9 —6F =0,
do 90

éF) — 0,

(7.40)

(7.41)
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which yields a desired relation between 0! and (1 facilitating the limit process in the
entropy equation (7.3). Indeed setting @ = () we recover (7.14), (7.15) performing the
asymptotic limit ¢ — 0 in (7.3) (see [52]).

Thus the major unsolved problem is to identify the asymptotic limit of the convective
term o u; ® U, in (7.2). To this end, let us introduce the Helmholtz decomposition

v = H[v] + H[v], (7.42)
where

H'[v]=V,¥, AW =div,v in$2,

V¥ -njye =0, /Q ¥ dx = 0. (7.43)

Applying H to (7.2), meaning taking H[¢] as a test function in the weak formulation,
we deduce that

t— f 0sU, - Wdx is a precompact family in C[0, T']
2

for any fixed w € D(£2; R?), div, w =0

as both singular terms in (7.2) vanish. Such a piece of information, in combination
with (7.36), (7.39), is sufficient in order to conclude that

H[u,] — H[U] =U inL*((0, T) x £2; R?). (7.44)

Consequently, in order to identify the asymptotic limit of (7.2), we have to handle the
term HL [ocu:] ® H-1[u,]. More specifically, it is enough to show that

T
/ / H'[o.u.] @ H'[u,] : Vg dxdt — 0 (7.45)
0JR

for any ¢ € CH(0,T) x 2;R3), ¢ -nlye =0, div, ¢ = 0. It is important to note that we
need (7.45) only for solenoidal test functions ¢. As a matter of fact, strong convergence
of the gradient components H[u,] is not expected. As we shall see below, the quantity
div, HJ'[qus] ® H[u,] can be written as a sum of a vanishing part and a gradient which
is sufficient for (7.45) to hold.

7.3. Acoustic equation

In order to describe the possible time oscillations of the gradient part of the velocity, we
use the acoustic equation:

gd;re 4+ div, Ve = ediv, h! + o, (7.46)
ed Ve + wVyre = e(div, H2 + h?), (7.47)
where we have set

1 -0 D) — 3, %)  _
r€=;<wQ£8Q+AQ8S(QS 5)8 C:5(0 )—QF>, V. = 0.u,,
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199 p(2. )| A dop@?)
220952, M)’ 00952, D)

Equations (7.46), (7.47) can be deduced directly from (7.1)—(7.3). Moreover, it can be
shown, by means of the uniform estimates (7.29)—(7.35), that

w=3,p@,0) +

3
hg ||L1((0,T)><.Q;R3) Sc

”h; ||L1((0,T)><.Q;R3)’ | Hg ||L1((0,T)><.(2;]R3X3)’
uniformly for ¢ — O.

As already pointed out, in order to show (7.45), we have to observe that
div, (HL[Qeug] QHt [ug]) & Vi xe + “small terms”. (7.48)

We give a formal argument assuming all quantities are sufficiently smooth. However, this
formal argument can be used in the rigorous proof as the problem can be reduced to a finite
number of modes in the spectral decomposition associated to the wave operator in (7.46),
(7.47) (see [52)).

To begin with, we write

H'[0:u.] ® H'[u.] ~ —H'[0.u.] ® H [0, u,],

Q| =

where, in accordance with (7.43),
H'[gou] = V¥,  A¥, = divi[ocu,].
Consequently,
divy (H [osu,] ® H' [ocu,])
= div,(V, ¥, ® V,¥,) = %vxwxwgﬁ + AV, W, (7.49)

where, by means of the acoustic system (7.46), (7.47),
1 2 . 1 O¢
AV .V, W, = a)Eeré3 +¢||divy h, — - VW, — 0:(re VW)

+H* (div, HZ + hg)}. (7.50)

Relations (7.49), (7.49) give rise, at least formally, to (7.48).

7.4. Bibliographical comments

The approach pursued in this section leans on the concept of weak solutions to the com-
plete Navier—Stokes—Fourier system developed in [50]. Similarly to the results by Bresch
et al. [21], Desjardins et al. [37], Lions and Masmoudi [91] (for more references see the
survey paper by Masmoudi [95]) devoted to the barotropic Navier—Stokes system, our the-
ory is based on the uniform bounds available in the framework of weak solutions defined
on an arbitrarily large time interval (0, T).
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Note that there is an alternative approach proposed in the pioneering paper by Klainer-
man and Majda [76] (see also Ebin [43]) followed by Danchin [34,35], Hoff [67], Scho-
chet [114,113], among others, which is based on uniform estimates in Sobolev spaces of
higher order confined to a possibly very short existence time interval (0, 7'). The most rele-
vant results for the complete Navier—Stokes—Fourier system in this direction were obtained
quite recently by Alazard [1,2].

Formal results oriented towards applications and numerical analysis can be found in
Klein et al. [79], and Klein [78]. A nice survey and many open problems are provided by
the monographs of Majda [92], Zeytounian [129,127].

Another application of the singular limit approach was given by Hagstrom and
Lorentz [63], where they show global-in-time existence for the Navier—Stokes system pro-
vided the Mach number is low and the solutions are close to a regular solution of the
incompressible system.
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1. Introduction

The study of the asymptotic behavior of dynamical systems arising from mechanics and
physics is a capital issue, as it is essential, for practical applications, to be able to under-
stand, and even predict, the long time behavior of the solutions of such systems.

A dynamical system is a (deterministic) system which evolves with respect to the time.
Such a time evolution can be continuous or discrete (i.e., one only measures the state of
the system at given times, e.g., every hour or every day). We will essentially consider
continuous dynamical systems in this survey.

In many situations, the evolution of the system can be described by a system of ordinary
differential equations (ODEs) of the form

Y =f,y), y=0i.....yN), (1.1)

together with the initial condition
y(@) =y, TeR (1.2)

Assuming that the above Cauchy problem is well-posed, we can define a family of solving
operators U (¢, t),t > 7, T € R, acting on some subset @ of RN (called the phase space),
1.e.,

Ult,1):® —> &,
ye B> y(1),

where y(t) is the solution of (1.1)—(1.2) at time ¢. It is easy to see that this family of
operators satisfies

U(t,t)=1d, U@t,s)oU(s,7)=U(t, 1), t=2s=>71, 1€R,

where Id denotes the identity operator. We say that this family of operators forms a process.
When the function f does not depend explicitly on the time (in that case, we say that the
system is autonomous), we can write

Ult,t) =8t — 1),
where the family of operators S(t), r > 0, satisfies
SO0)=1Id, S{t)oSE)=St+s), t,s=0.

We say that this family of solving operators S(7), ¢t > 0, which maps the initial datum at
t = 0 onto the solution at time ¢, forms a semigroup. Furthermore, we say that the pair
(S(t), @) (or (U(t, t), D) for a nonautonomous system) is the dynamical system associ-
ated with our problem.

The qualitative study of such finite dimensional dynamical systems goes back to the
pioneering works of Poincaré on the N-body problem in the beginning of the 20th century
(see, e.g., [25]; see also [64] and the references therein for the study of discrete dynamical
systems in finite dimensions). In particular, it was discovered, at the very beginning of
the theory, that even relatively simple systems of ODEs can generate very complicated
(chaotic) behaviors. Furthermore, these systems are extremely sensitive to perturbations,
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in the sense that trajectories with close, but different, initial data may diverge exponentially.
As a consequence, in spite of the deterministic nature of the system, its temporal evolution
is unpredictable on time scales larger than some critical value which depends on the error
of approximation and on the rate of divergence of close trajectories, and can show typical
stochastic behaviors.

Such behaviors have first been observed and established for the pendulum equation per-
turbed by time periodic external forces, namely,

y'(1) + sin(y(1)) (1 + € sin(wt)) = 0,

€, w > 0. Another, important, example is the Lorenz system, obtained by truncation of
the Navier—Stokes equations (more precisely, one considers here a three-mode Galerkin
approximation (one in velocity and two in temperature) of the Boussinesq equations),

X' =0y —x),
Y =—xy+rx—y,
7 =xy — bz,

where the positive constants o, r, and b correspond to the Prandtl number, the Rayleigh
number, and the aspect ratio, respectively; in the original work of Lorenz (see [146]), these
numbers take the values 10, 28, and %, respectively. This system gives an approximate de-
scription of a two-dimensional layer of fluid heated from below: the warmer fluid formed at
the bottom tends to rise, creating convection currents, which is similar to what is observed
in the atmosphere. For a sufficiently intense heating, the time evolution has a sensitive de-
pendence on the initial conditions, thus representing a very irregular (chaotic) convection.
This fact was used by Lorenz to justify the so-called “butterfly effect”, a metaphor for the
imprecision of weather forecast. Other well-known relatively simple systems which exhibit
chaotic behaviors are the Minea system [170] and the Rossler system [202].

Very often, the trajectories of such chaotic systems are localized, up to some transient
process, in some subset of the phase space having a very complicated geometric structure,
e.g., locally homeomorphic to the Cartesian product of R” and some Cantor set, which
thus accumulates the nontrivial dynamics of the system, the so-called strange attractor
(see, e.g., [27]). One noteworthy feature of a strange attractor is its dimension. First, in
order for the sensitivity to initial conditions to be possible on the strange attractor, this
dimension has to be strictly greater than 2, so that the dimension of the phase space has
to be greater than 3; let us assume, for simplicity, that this dimension is equal to 3, as in
the Lorenz system. Then the volume of the strange attractor must be equal to 0; indeed,
in systems having a strange attractor, one observes a contraction of volumes in the phase
space. Thus, the dimension of a strange attractor is noninteger, strictly between 2 and 3,
and we need to use other dimensions than the Euclidean dimension to measure it. Several
dimensions, which are not equivalent and yield different values of the dimension in con-
crete applications, can be used (roughly speaking, some notions of dimensions are related
to the connectedness of the sets that one measures, others are related to the way that these
sets are embedded into the ambient space, for instance). We will mainly consider in this
article the box-counting (or entropy) dimension (see below; see also [84]), which we will
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call the fractal dimension. Other possible notions of dimensions are the Hausdorff dimen-
sion or the Lyapunov dimension (see [84]). Thus, the main features of a strange attractor
are

e the trajectories (at least those starting from a neighborhood) are attracted to it;

e close, but different, trajectories may diverge;

e it has a noninteger (fractal) dimension (for instance, for the Lorenz system, numer-
ical investigations show that this dimension is close to, but greater than, 2, namely,
2.05. .., which means that there is a “strong” contraction of volumes).

Now, for a distributed system whose initial state is described by functions depending on
the spatial variable, the time evolution is usually governed by a system of partial differential
equations (PDEs). In that case, the phase space @ is (a subset of) an infinite dimensional
function space; typically, ® = L%(£2) or L®(§2), where £2 is some domain of RV. We
will thus speak of infinite dimensional dynamical systems.

A first, important, difference, when compared with ODEzs, is that the analytical structure
of a PDE is much more complicated. In particular, we do not have a unique solvability re-
sult in general, or such a result can be very difficult to obtain. We can, for instance, mention
the three-dimensional Navier—Stokes equations, for which a proper global well-posedness
result is not known yet (see, e.g., [218]). Nevertheless, the global existence and unique-
ness of solutions has been proven for a large class of PDEs arising from mechanics and
physics, and it is therefore natural to investigate whether the features mentioned above for
dynamical systems generated by systems of ODEs, and, in particular, the strange attractor,
generalize to systems of PDEs.

Such behaviors can be observed in a large class of PDEs which exhibit some energy
dissipation and are called dissipative PDEs. Roughly speaking, the highly complicated
behaviors observed in such systems usually arise from the interaction of the following
mechanisms:

e energy dissipation in the higher part of the Fourier spectrum;

e external energy income in its lower part (in order to have nontrivial dynamics, the

system has to also account for the energy income);

e cnergy flux from the lower to the higher Fourier modes, due to the nonlinear terms of
the equations.

As already mentioned, this class of PDEs contains a large number of equations from me-
chanics and physics; we can mention for instance reaction—diffusion equations, the incom-
pressible Navier—Stokes equations, pattern formation equations (e.g., the Cahn—Hilliard
equation in materials science and the Kuramoto—Sivashinsky equation in combustion), and
damped wave equations.

It is worth emphasizing once more that the phase space is an infinite dimensional func-
tion space. However, experiments showed that, as in the case of finite dimensional dy-
namical systems, the trajectories are localized, up to some transient process, in a “thin”
invariant subset of the phase space having a very complicated geometric structure, which
thus accumulates all the essential dynamics of the system.

From a mathematical point of view, this led to the notion of a global attractor (see [22,
49,51,119,136,137,197,211], and [217]; see also [15] and [195] for some historical com-
ments). Assuming that the problem is well-posed and that the system is autonomous (i.e.,
that the time does not appear explicitly in the equations), we have, as in the finite dimen-
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sional case, the semigroup S(¢), t > 0, acting on the phase space @, which maps the initial
condition onto the solution at time 7. Then we say that A C @ is the global attractor for
S() if
(1) itis compactin @;
(i) itis invariant, i.e., S(t)A = A, Vt > 0;
(iii) YB C @ bounded,

t_l)lToo dist(S(1)B, A) =0,

where dist denotes the Hausdorff semi-distance between sets (we assume that @ is
a metric space with distance d) defined by

dist(A, B) := sup inf d(a, b).
acA beB
This is equivalent to the following: VB C & bounded, Ve > 0, 3ry = #9(B, €) such that
t > ty implies S(t) B C U, where U, is the e-neighborhood of A.

We note that it follows from (ii) and (iii) that the global attractor, if it exists, is unique.
Furthermore, it follows from (i) that it is essentially thinner than the initial phase space @;
indeed, in infinite dimensions, a compact set cannot contain a ball and is nowhere dense. It
is also not difficult to prove that the global attractor is the smallest (for the inclusion) closed
set enjoying the attraction property (iii); it thus appears as a suitable object in view of the
study of the long time behavior of the system. It is also the maximal bounded invariant
set. We finally note that A attracts all the trajectories (uniformly with respect to bounded
sets of initial data), and not just those starting from a neighborhood. The global attractor
is sometimes called the maximal or the universal attractor (which is reasonable in view of
the above considerations), although these denominations are less used nowadays.

It has also been early conjectured that the invariant attracting sets mentioned above,
and, in particular, the global attractor, should be, in a proper sense, finite dimensional
and that the dynamics, restricted to these sets, should be effectively described by a finite
number of parameters. The notions of dimensions mentioned above, and, in particular, the
fractal dimension, should again be appropriate to measure the dimension of these sets. So,
when this conjecture is true, the effective dynamics, restricted to the global attractor, is
finite dimensional, even though the initial phase space is infinite dimensional. This also
suggests that such systems cannot produce any new dynamics which are not observed in
finite dimensions, the infinite dimensionality only bringing (possibly essential) technical
difficulties.

Starting from the pioneering works of Ladyzhenskaya (see, e.g., [135,136], and the ref-
erences therein), this finite dimensional reduction, based on the global attractor, has been
given solid mathematical grounds in the past decades for dissipative systems in bounded
domains. In particular, the existence of the finite dimensional global attractor has been
proven for many classes of dissipative PDEs, including the examples mentioned above.
We refer the reader to [22,49,119,136,137,197,211], and [217] for extensive reviews on
this subject.

Now, the global attractor may present several defaults. Indeed, it may attract the trajecto-
ries at a slow rate. Furthermore, in general, it is very difficult, if not impossible, to express
the convergence rate in terms of the physical parameters of the problem. This can be seen
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on the following real Ginzburg—Landau equation in one space dimension:

du —vd2u+ud —u=0, xel0,1], v>0,
u@O,t) =u(l,t) =—-1, =0,

see Remark 2.25. A second drawback, which can also be seen as a consequence of the first
one, is that the global attractor may be sensitive to perturbations; a given system is only
an approximation of reality and it is thus essential that the objects that we study are robust
under small perturbations. Actually, in general, the global attractor is upper semicontinuous
with respect to perturbations, i.e.,

dist(A¢, Ag) > 0 ase — 0T,

where Ay is the global attractor associated with the nonperturbed system and .4, that as-
sociated with the perturbed one, € > 0 being the perturbation parameter. Very roughly
speaking, this property means that the global attractor cannot explode under small pertur-
bations. Now, the lower semicontinuity, i.e.,

dist(Ag, Ac) > 0 ase — 0T,

which, roughly speaking, means that the global attractor cannot implode also, is much
more difficult to prove (see, e.g., [195]). Furthermore, this property may not hold. This can
already be seen in finite dimensions by considering the following ODE (see [195]):

X =(1-x?)(1-2%), rel-L1]

Then, when & = 0, A, = [0, 1], whereas A; = {1} for A < 0 and A, = [—+/2, 1]
for A > 0. Thus, there is a bifurcation phenomenon at A = 0 and the global attractor is
not lower semicontinuous at A = 0. It thus follows that the global attractor may change
drastically under small perturbations. Furthermore, in many situations, the global attractor
may not be observable in experiments or in numerical simulations. This can be due to
the fact that it has a very complicated geometric structure, but not necessarily. Indeed,
we can again consider the above Ginzburg—Landau equation. Then, due to the boundary
conditions, A = {—1}. Now, this problem possesses many metastable “almost stationary”
equilibria which live up to a time 7, ~ e Thus, for v small, one will not see the global
attractor in numerical simulations. Finally, in some situations, the global attractor may fail
to capture important transient behaviors. This can be observed, e.g., on some models of
one-dimensional Burgers equations with a weak dissipation term (see [28]). In that case,
the global attractor is trivial, it is reduced to one exponentially attracting point, but the
system presents very rich and important transient behaviors which resemble some modified
version of the Kolmogorov law. We can also mention models of pattern formation equations
in chemotaxis for which one observes important transient behaviors, i.e., patterns, which
are not contained in the global attractor (see [215]).

It is thus also important to construct and study larger objects which contain the global
attractor, are more robust under perturbations, attract the trajectories at a fast (typically,
exponential) rate, and are still finite dimensional. Two such objects have been proposed,
namely, an inertial manifold (see [95]) and an exponential attractor (see [65]). We will
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discuss these objects in more details in the next sections, with an emphasis on exponential
attractors (which are as general as global attractors).

An interesting question is whether one has a similar reduction principle for nonau-
tonomous dissipative PDEs (in bounded domains). A first difference, compared with au-
tonomous systems, is that both the initial and final times play an important role; assuming
that the problem is well-posed, it defines a process U(¢, ), t > 7, T € R, which maps
the initial condition at time 7 onto the solution at time . For such systems, the notion of a
global attractor is no longer adequate (in particular, we will not be able to construct proper
time independent invariant sets), and one needs to consider other notions of attractors.

A first approach, initiated by Haraux (see [121]) and further studied and developed by
Chepyzhov and Vishik (see, e.g., [45] and [49]), is based on the notion of a uniform at-
tractor. Actually, in order to construct the uniform attractor, one considers, together with
the initial equations, a whole family of equations. Then one proves the existence of the
global attractor for a proper semigroup on an extended phase space, and, finally, projecting
this global attractor onto the first component, one obtains the uniform attractor. The ma-
jor drawback of this approach is that the extended dynamical system is essentially more
complicated than the initial one, which leads, for general (translation compact, see Sec-
tion 3; see also [45] and [49]) time dependences, to an artificial infinite dimensionality of
the uniform attractor. This can already be seen on the following simple linear equation:

u — Axu =h(t), ulpe =0,

in a bounded smooth domain £2, whose dynamics is simple, namely, one has one exponen-
tially attracting trajectory. However, for more or less general external forces /, the associ-
ated uniform attractor has infinite dimension and infinite topological entropy (see [49]).

Nevertheless, for periodic and quasiperiodic time dependences, one has in general finite
dimensional uniform attractors (i.e., if the same is true for the global attractor of the corre-
sponding autonomous system). Furthermore, one can derive sharp upper and lower bounds
on the dimension of the uniform attractor, so that this approach is appropriate and relevant
in those cases.

A second approach, which resembles the so-called kernel sections proposed by Chep-
yzhov and Vishik (see [44] and [49]), but was studied and developed independently, is
based on the notion of a pullback attractor (see, e.g., [62,129], and [207]). In that case, one
has a time dependent attractor {A(f), ¢t € R}, contrary to the uniform attractor which is
time independent. More precisely, a family {A(¢), ¢+ € R} is a pullback attractor for the
process U (¢, T) if

(i) the set A(¢) is compact in @, Vt € R;
(ii) itis invariant, i.e., U(¢, 1) A(t) = A@),Vt > 1,7 € R;
(iii) it satisfies the following pullback attraction property:

VB C @ bounded, Vs € R,  lim dist(U(t, 1 —s)B, A(t)) = 0.
s— 400

One can prove that, in general, A(f) has finite dimension, Vt € R, see, e.g., [38]
and [139]. Now, the attraction property essentially means that, at time ¢, the attractor A(¢)
attracts the bounded sets of initial data coming from the past (i.e., from —oo). However,
in (iii), the rate of attraction is not uniform in #, so that the forward convergence does not
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hold in general (see nevertheless [35,40], and [138] for cases where the forward conver-
gence can be proven). We can illustrate this on the following nonautonomous ODE:

y = ft,y),

where f(t,y) := —yift <0, (=142t)y —ty*ift € [0,1],and y — y?if t > 1. Then
one has the existence of a pullback attractor {A(¢), ¢ € R}, namely, A(¢z) = {0}, V¢ € R.
However, fort > 1, every trajectory, different from {0}, starting from a small neighborhood
of 0, will leave this neighborhood, never to enter it again. This clearly contradicts our
intuitive understanding of attractors.

So, these two theories of attractors for nonautonomous systems do not yield an entirely
satisfactory finite dimensional reduction principle, contrary to the autonomous case, since
we have either an artificial infinite dimensionality or no forward attraction in general. We
will see below that the construction of exponential attractors allows to overcome the main
drawback of pullback attractors, namely, the problem of the forward attraction, as proven
in [73]; indeed, one has an exponential uniform control on the rate of attraction. This yields
a satisfactory reduction principle for nonautonomous dynamical systems associated with
dissipative PDEs in bounded domains.

Now, while the theory of attractors for dissipative dynamical systems in bounded do-
mains is rather well understood, the situation is different for systems in unbounded domains
and such a theory has only recently been addressed (and is still progressing), starting from
the pioneering works of Abergel [1] and Babin and Vishik [21]. The main difficulty in this
theory is the fact that, in contrast to the case of bounded domains discussed above, the dy-
namics generated by dissipative PDEs in unbounded domains is (as a rule) purely infinite
dimensional and does not possess any finite dimensional reduction principle. Furthermore,
the additional spatial “unbounded” directions lead to the so-called spatial chaos and the in-
teractions between spatial and temporal chaotic modes generate a space—time chaos which
also has no analogue in finite dimensions.

As a consequence, most of the ideas and methods of the classical (finite dimensional)
theory of dynamical systems do not work here (as such systems have infinite Lyapunov
dimension, infinite topological entropy, .. .). Thus, we are faced with dynamical phenom-
ena with new levels of complexity which do not have analogues in the finite dimensional
theory and we need to develop a new theory in order to describe such phenomena in an
accurate way.

It is also interesting to note that, in the case of bounded domains, the dimension of the
global attractor grows at least linearly with respect to the volume of the spatial domain
and, thus, for sufficiently large domains, the reduced dynamical system may be too large
for reasonable investigations. Furthermore, as shown in [16], the spatial complexity of the
system (e.g., the number of topologically different equilibria) grows exponentially with
respect to the volume of the spatial domain. Therefore, even in the case of relatively small
dimensions, the reduced system can be out of reach of reasonable investigations, due to its
extremely complicated structure. As a consequence, it seems more natural, at least from a
physical point of view, to replace large bounded domains by their limit unbounded ones
(e.g., the whole space or cylindrical domains), which, of course, requires a systematic study
of dissipative dynamical systems associated with PDEs in unbounded domains.

We will discuss such (for most of them new) developments in Section 5 of this survey.
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In a last section, we will briefly discuss extensions of the theory of attractors to ill-
posed problems, with an emphasis on the so-called trajectory attractor, see, e.g., [46,47,49],
and [210]. Indeed, for many interesting problems, including the three-dimensional Navier—
Stokes equations, various types of damped hyperbolic equations (e.g., damped wave equa-
tions with supercritical nonlinearities), ..., the well-posedness of the solution operator
S(¢) has not been proven yet or/and the proper choice of the phase space is not known.
Furthermore, e.g., for dissipative systems with non-Lipschitz nonlinearities or for systems
arising from the dynamical approach of elliptic boundary value problems in unbounded
domains, nonuniqueness results and the ill-posedness of the associated solution operator
are known.

2. The global attractor
2.1. Main definitions

Let E be a Banach space with norm || - || g (actually, in most results, £ can more generally
be a complete metric space; furthermore, in some cases, e.g., for the so-called trajectory
attractors, see Section 6 (see also Theorem 2.20), even metric spaces may be inadequate).
We consider a semigroup S(¢), ¢t > 0, acting on E, i.e., we assume that the phase space @
is the whole space E (it is not difficult to adapt the definitions when @ is a subset of E),

S(t):E— E, Vt>0, @2.1)
5(0) = 1d, (22
S(t+5) = S(t) o S(s), Vi, s >0, 2.3)

where Id denotes the identity operator. We will also need some continuity property on S(z),
and we assume from now on that

S(¢) is continuous from E into itself, V¢ > 0. 2.4)

REMARK 2.1.
(a) It was recently proven in [186] that condition (2.4) can be relaxed and that one can
prove the existence of global attractors under the following, much weaker, condition:

if xg > x and S(t)xy — y, theny = S(#)x. 2.5)

A semigroup satisfying (2.5) is called a closed semigroup (see also [244] for an-
other type of condition, contained in (2.5)). Condition (2.5) is also important for
concrete applications; indeed, there are situations in which x; — x only implies
that S(f)xy — S(#)x for the weak topology (this is the case, e.g., for the damped
wave equation with a nonlinear damping, see [186]). However, in contrast to the
usual continuous case, the global attractor may not be connected (see the next sub-
section) for closed semigroups (even if the initial absorbing set is connected) and
some additional assumptions are necessary to guarantee this property.
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(b) In general, the operators S(¢), t > 0, are not one-to-one (this property is equivalent
to the backward uniqueness property, see, e.g., [217]). When S(¢), t > 0, is one-to-
one, we can define its inverse, which we denote by S(—¢). It is then easy to see that
the family S(¢), t € R, enjoys properties (2.1)—(2.3), and we say that it forms a group
acting on E. One new feature of the infinite dimensional theory, compared with the
finite dimensional one, is that, in general, as already mentioned, the operators S(¢),
t < 0, are not defined everywhere.

DEFINITION 2.2. A set X C E is invariant for S(z) if
SHX =X, Vt=0.

IfS#X C X,Vt > 0, we say that X is positively invariant and, if X C S()X, Vr > 0,
we say that X is negatively invariant.

A first, simple, example of invariant sets is given by fixed points (also called stationary
trajectories or solutions) or by sets of fixed points (a € E is a fixed point if S(#)a = a,
Vvt > 0). A second example is given by complete trajectories or by sets of complete tra-
jectories. Let ug belong to E. Then the forward, or positive, trajectory starting at ug is the
set

{S(t)uo, t> 0}.

A backward, or negative, trajectory ending at u, if it exists, is a set of points of the form
Ju®). u@)eSn""up. vi =0
t<0

(we can note that a negative trajectory, if it exists, is not necessarily unique). Finally, a com-
plete trajectory through uy, if it exists, is the union of the positive and a negative trajecto-
ries. It is not difficult to show that the positive trajectory is positively invariant, a negative
trajectory is negatively invariant, and a complete trajectory is invariant.

Another, more complicated, example of invariant sets is given by w-limit sets; these sets
are also essential in view of the construction of global attractors.

DEFINITION 2.3. Let ug belong to E. The w-limit set of ug is the set

(o) = () | S@uo,

s=>0t>s
where the closure is taken in E. Similarly, for B C E, the w-limit set of B is the set

o(B) = Js®B.

s=20t>s

We have the following important characterization of w-limit sets: x € w(B) if and only
if there exist sequences {xi, k € N} and {#;, k € N}, with x; € B,Vk € N, and f;y — +o00
as k — 400, such that S(f)xx — x as k - +o0.
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REMARK 2.4. Similarly, we define the «-limit set of B, if it exists, by

a(B) := ﬂ U S(—1)~'B.

s<0t<s

We then have the

PROPOSITION 2.5. We assume that B C E, B # (), and that there exists ty > 0 such that
Uz;zos (t) B is relatively compact in E. Then w(B) is nonempty, compact, and invariant.

We are now ready to formulate some mathematical concepts of dissipativity. To this end,
we need to recall the notions of absorbing and attracting sets for the semigroup S(z).

DEFINITION 2.6.
(i) A bounded set By C E is a bounded absorbing set for S(¢) if, VB C E bounded,
1o = to(B) such that r > to implies S(#) B C By.
(i) A set K C E is attracting if, VB C E bounded,

Jim dist(S(1)B, K) = 0,

where dist (or distg if it is necessary to precise the topology) is the Hausdorff semi-
distance between sets in E, defined by

dist(A, B) := sup binzfa lla — b|lE

acAbE
(note that dist(A, B) = 0 only implies A C B).

The existence of an absorbing set is often used as a mathematical definition of a dissipa-
tive system. Following this tradition, we give the following definition.

DEFINITION 2.7. The semigroup S(¢) is dissipative in E if it possesses a bounded absorb-
ingset B C E.

In applications, this property is usually verified by proving a so-called dissipative esti-
mate of the form

|S@uo| z < Q(lluolle)e™" + Cx, =0, (2.6)

where the monotonic function Q and the positive constants & and C, are independent of
ug € E.

REMARK 2.8. A different notion of an absorbing set is considered in [119]: the semigroup
S(t) is called point dissipative if there exists a bounded set By C E such that, Vug € E,
Aty = to(up) such that t > tg implies S(t)ug € By.
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We however have to note that the above mathematical definition of dissipativity is not
sufficient to capture the typical physical properties of dissipative systems (see the intro-
duction). Indeed, let us consider the semigroup generated by the following equation in an
infinite dimensional Hilbert space E:

V) =y (1= [y0]3), y© =y €E.
Then this semigroup obviously satisfies a dissipative estimate as above and is dissipative
according to the above mathematical definition. However, we do not have here an energy
dissipation in the higher Fourier modes (in fact, the energy increases or decreases simul-
taneously in all modes depending on whether or not ||y(¢)||g = 1). Thus, it is difficult to
consider this semigroup as a dissipative system from a physical point of view.

In order to avoid such a situation, some kind of asymptotic compactness of the semigroup
(e.g., the existence of a compact absorbing/attracting set; this naturally gives a decay in the
higher part of the Fourier spectrum) should be postulated. This asymptotic compactness
can naturally be expressed in terms of the so-called Kuratowski measure of noncompact-
ness.

DEFINITION 2.9. Let B be a bounded subset of E. The Kuratowski measure of noncom-
pactness of B is the quantity

k(B) := inf{d, B has a finite covering with balls of E

with diameter less than d}.

The Kuratowski measure of noncompactness enjoys the following properties (see [119]):
k(B) = 0 if and only if B is relatively compact in E;

e k(B) =«(B);

e B C B, implies «(B1) < k(B2);

e «(B1 + By) < k(By) +«(B2).

DEFINITION 2.10. We say that the semigroup S(¢) is asymptotically compact if, for every
bounded set B C E, the Kuratowski measure of noncompactness of the image S(¢) B tends
to zero as t — 400,

lim «(S(1)B) =0, VB boundedinE.
—+o0

We are now ready to define the main object of this survey, namely, a global attractor.

DEFINITION 2.11. A set A C E is a global attractor of the semigroup S(¢) on E if the
following properties are satisfied:
(i) itis a compact subset of E;
(ii) it is invariant, S(1)A = A, Vt > 0;
(iii) itis an attracting set for S(z) on E.

It follows from this definition that the dissipativity and asymptotic compactness of the
associated semigroup are necessary for the existence of a global attractor. As we will see
below, these conditions are also sufficient.
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As already mentioned in the introduction, the global attractor, if it exists, is unique.
Furthermore, it is the smallest closed set which attracts the bounded subsets of E and the
maximal bounded invariant set. We also note that it attracts the trajectories starting from
the whole phase space (uniformly with respect to bounded sets of initial data), and not just
those starting from a neighborhood.

We now formulate a simple, but very useful, result on the structure of the global attractor.
To do so, we first give the following definition.

DEFINITION 2.12. The kernel (in the terminology of Chepyzhov and Vishik) X C
L>®(R, E) of the semigroup S(¢) is the set of all bounded complete trajectories of the
semigroup S(¢), i.e., the functions u : R — E such that

SMu(s) =ut+s) and |u(s)||, < Cy < +oo, VseR, reRy.

Then we have the following result, which follows from the invariance of A, see,
e.g., [22].

THEOREM 2.13. The global attractor A (if it exists) is generated by the set K of all
bounded complete trajectories of S(t),

A=K(©0) = {u(0), u ek} 2.7

In other words, uy € A if and only if there exists a bounded complete trajectory u such
that u(0) = ug. Furthermore, A = K(s), for every s € R.

REMARK 2.14. Together with the concept of a global attractor given above, the so-called
local attractors are widely used in the theory of dynamical systems. Such an attractor only
attracts the images of all bounded subsets of some neighborhood U (A C U). The largest
neighborhood which satisfies this property is then called the basin of attraction of the
attractor A. Another weaker concept of an attractor can be obtained by relaxing the attrac-
tion property. To be more precise, instead of requiring that all trajectories starting from a
bounded subset of the phase space have a uniform rate of attraction to the attractor (see
Definition 2.6), one may allow every trajectory to have its own (nonuniform) rate of at-
traction. This leads to the so-called pointwise attractor which has been used, e.g., in the
original works of Ladyzhenskaya, see [137] and the references therein.

In some situations, e.g., for equations in unbounded domains, the attraction holds in
a weaker topology, defined by some topological space E1, E C Ej. To describe such a
situation, Babin and Vishik proposed the terminology (E, E)-attractor, see [22]. Roughly
speaking, an (E, Ej)-attractor attracts the bounded subsets of E in the topology of the
space Ej (thus, the space E is used here only to determine the class of bounded sets). In
particular, if E| corresponds to E endowed with the weak topology, then one speaks of
weak attractors. Furthermore, it is sometimes more convenient (especially, in the theory
of the so-called trajectory attractors, see Section 6 below) to use more general classes of
“bounded” sets which are not generated by any Banach space E and can be fixed almost
arbitrarily. The only property of “bounded” sets which seems to be important for the theory
of attractors is the following one.
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DEFINITION 2.15. A class B of subsets of E is called a class of “bounded” sets if
B € Band B; C B imply B; € B. (2.8)

Then, naturally, a set B € B is an absorbing set for the semigroup S(¢) if it absorbs the
images of all “bounded” sets (i.e., all sets belonging to B), see [207].

2.2. Existence of the global attractor

As mentioned in the previous subsection, w-limit sets play an important role in the con-
struction of global attractors. Indeed, one has the following result, based on Proposition 2.5
(see, e.g., [22] and [217]).

THEOREM 2.16. We assume that the semigroup S(t) is continuous and has a compact
absorbing set By. Then it possesses the global attractor A such that A = w(By). Further-
more, A is connected.

We note that, owing to Proposition 2.5, one only needs to prove the attraction property
to have the existence of the global attractor; this property follows from the fact that By is an
absorbing set. In concrete situations, the above result will apply to (most) parabolic systems
in bounded domains, since one has some compact regularizing effect in finite time. For
damped hyperbolic equations and for parabolic equations in unbounded domains, we need
a more general result, since such a regularizing effect is not available. However, noting
that one has, in some sense, some compact regularizing effect at infinity, the following
existence result, due to Babin and Vishik (see, e.g., [22]), can be used in most situations.

THEOREM 2.17. We assume that the semigroup S(t) is continuous and possesses a com-
pact attracting set. Then it possesses the connected global attractor A. Furthermore, if K
is a compact attracting set, then A = w(K).

REMARK 2.18. In order to prove that the attractor .4 is connected, one only needs the
existence of a connected bounded absorbing set. Since the balls in a Banach space are
always connected, this property holds automatically if the phase space E is the whole
Banach space. In a more general setting, i.e., when E is a metric, or even a topological,
space, this assumption should be added in order to ensure the connectedness.

We give another attractor’s existence result which exploits the Kuratowski measure of
noncompactness (see [119]). Although it is formally equivalent to Theorem 2.17, in prac-
tice, it can be used in a more general setting, namely, when the existence of a compact
attracting set is difficult to verify directly (however, the existence of such a set a posteriori
follows from that of the global attractor), see, e.g., [185] and [198].

THEOREM 2.19. We assume that the semigroup S(t) is continuous, dissipative (i.e., it
possesses a bounded absorbing set By), and asymptotically compact (in the sense of Defi-
nition 2.10). Then it possesses the connected global attractor A such that A = w(By).
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We now discuss a general strategy to verify the conditions of the above attractor’s exis-
tence theorems in applications.

The existence of a compact absorbing set (for Theorem 2.16) is typical of parabolic
problems in bounded domains for which the semigroup S(¢) usually consists of compact
operators for # > 0. In that case, one usually has a smoothing property of the form

SOz, <t7PQ(lluolle), € (0,11,

where Ej is some stronger space (i.e., it is compactly embedded into E) and where the
monotonic function Q and the positive constant 8 are independent of u, see [22,119,
217], and the references therein. Then, together with the dissipative estimate (2.6), this
smoothing property guarantees that a ball in E; with a sufficiently large radius R is a
compact absorbing set for S(¢). According to Theorem 2.16, this yields the existence of
the global attractor A C E and its boundedness in Ej.

However, for more general classes of dissipative systems (e.g., damped hyperbolic equa-
tions), the smoothing property in finite time does not hold and should be replaced by an
asymptotically smoothing property,

St)=81t)+ S(), Si):E—E, i=1,2, 2.9)

where the operators S»>(¢) are compact for every fixed ¢ > 0 (i.e., S2(¢) B is precompact in
E for every bounded subset B of E and every ¢t > 0) and the operators S;(¢) tend to zero
ast — 400,

lim |Si(H)B|, =0, forevery B C E bounded,
t—+00

where || B||g := sup,cp lIxllg, B C E (we emphasize here that only the maps S(¢) should
be continuous in £, and no additional continuity assumption on S; (¢) and S» (¢) is required).

It is not difficult to see that decomposition (2.9) is formally equivalent to the asymp-
totic compactness (in the sense of the Kuratowski measure of noncompactness, see Defi-
nition 2.10) and, consequently, together with the dissipative estimate (2.6), this gives the
existence of the global attractor, due to Theorem 2.19 (when the space E is a uniformly
convex Banach space, this decomposition can be artificially reduced to that of continuous
operators S1(¢) and S>(¢), see [114] and [217]).

Very often, in applications, S>(#) maps E into some stronger space E;| (which is com-
pactly embedded into E). If, in addition, the operators S>(¢) are uniformly bounded in E;
ast — 400,

sup || Sz(t)B”E] < 400, forevery B C E bounded, (2.10)
teRy
decomposition (2.9), together with the dissipative estimate (2.6), guarantee that a ball in
E; with a sufficiently large radius is a compact attracting set for S(¢) and one can apply
Theorem 2.17 to prove the existence of the global attractor A and to verify, in addition,
that A is bounded in E;. This is the usual way to verify the further regularity of global
attractors, see [22] and [217] for details.
However, it is sometimes very difficult, if not impossible, to verify the additional bound-
edness (2.10) and the operators S>(¢) may a priori grow as t — 00, see, e.g., [54]. In that
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case, decomposition (2.9) is not strong enough to construct a compact attracting set (at least
in a direct way) and Theorem 2.17 is not applicable. Nevertheless, as already mentioned,
the boundedness property (2.10) is not necessary to verify the asymptotic compactness and
Theorem 2.19 gives the existence of the global attractor ,A. The main drawback of this
scheme is that we now only have the compactness of A in E and cannot conclude that
A belongs to a more regular space Ej. So, Theorem 2.19 cannot be used to prove further
regularity results on the attractors.

We also recall another equivalent definition of asymptotic compactness, namely, in the
terminology of Ladyzhenskaya (see, e.g., [137]), S(¢) is asymptotically compact if

for every {xx, k € N} bounded and {#;, k € N} such that t; — 400,
{S(tk)xk, k € N} is relatively compact in E. (2.11)

Ball proposed in [24] a general method in order to verify (2.11), based on energy func-
tionals. Roughly speaking, this method is based on the simple observation that a weakly
convergent sequence in a Hilbert (and, more generally, a reflexive Banach) space converges
strongly if the corresponding sequence of norms converges to the norm of the limit func-
tion. Then, in order to verify (2.11), one first extracts a weakly convergent subsequence
from {S(#x)x} by using the dissipativity and the fact that bounded subsets are precompact
in the weak topology and then verifies the convergence of the norms by passing to the limit
in the associated energy equality.

This method was applied with success to many equations, both in bounded and
unbounded domains, see [24,34,63,110,113-115,125,126,148,180-182,198,199,217,226—
228], and [229].

To conclude, we give a result related to global attractors for abstract classes of “boun-
ded” sets (see [207]) which generalizes the concept of (E, E)-attractors (in the terminol-
ogy of Babin and Vishik) and is very useful, e.g., in the theory of attractors in unbounded
domains, for ill-posed dissipative systems, and for attractors in weak topologies.

THEOREM 2.20. Let E be a topological space and S(t) be a semigroup acting on E.
Assume also that a class of “bounded” subsets B of E satisfying (2.8) is given. Let finally
S(t) possess a “bounded”, compact (in E), and metrizable absorbing set By € B and be
continuous on By, for every fixedt > 0. Then there exists a compact and “bounded” global
attractor A C By which is generated by all “bounded” complete trajectories of S(t) in E.

REMARK 2.21. We refer the reader to [119,135,150,186], and [244] for other existence
results for the global attractor.

2.3. Attractors for semigroups having a global Lyapunov function

DEFINITION 2.22. Let X be a subset of E and L : X — R be a continuous function. The
function L is a global Lyapunov function for S(#) on X if
(1) Yup € X, the function r — L(S(¢)ug) is decreasing (i.e., L is decreasing along the
trajectories);
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(i1) if L(S(#*)ug) = L(ug) for some ¢ > 0, then ug is a fixed point of S(¢) (i.e., L is
strictly decreasing along the trajectories which are not reduced to fixed points).

Let V be the set of all fixed points of S(z),
N:={z€E, S(hz=z vt >0}

Let z € N. The unstable set M""(z) of z is the set of all points u € E such that S(¢)u is
defined for all #+ < 0 and lim;_, _ o, S(¢#)u = z. Similarly, the stable set M?*(z) of z is the
set of all points # € E such that lim;_, {5 S(¢#)u = z. More generally, let X be an invariant
subset of E. Then the unstable set of X is the (possibly empty) set

MM (X) = {u* € E, u, belongs to a complete trajectory u(z), t € R,
and lim_dist(u(t), X) = o}.
t——00

Similarly, the stable set of X is the (possibly empty) set

M3(X) = {u* € E, u, belongs to a complete trajectory u(t), t € R,

and lim_dist(u(n), X) =0},

REMARK 2.23. We assume that S(¢) possesses the global attractor .4. We can note that
N C A. Furthermore, it is not difficult to show that M"(z) C A, Vz € N; we also

note that M""(z) and M?3(z) are invariant by S(z). Finally, if X is an invariant set, then
MU(X) C A, and M (A) = A.

We have the following result on the structure of the global attractor for a semigroup
having a global Lyapunov function.

THEOREM 2.24. We assume that the semigroup S(t) possesses a continuous global Lya-
punov function. Then

A= M"WN).
If, furthermore, N is finite, N' = {z1, ..., zm}, and t — S(t)x is continuous,Vx € E, then
m
A= JM" @)

i=1

and every trajectory u(t), t € R, lying on A satisfies

lim u(t) =z, lim wu(t) =2z, z #zj, zi,2j €N.

REMARK 2.25. We further assume that S(¢) is differentiable in E (to be more precise,
S(t) € C'*9(E,E), § > 0), Vt € Ry. A fixed point z is hyperbolic if the spectrum of
S’(t)z does not intersect the unit circle, ¢ > 0. In that case, the unstable set of z, M""(z),
is a k-dimensional submanifold of E, where k is the stability index of z (see [22] for
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more details). Therefore, if N is finite and all the fixed points are hyperbolic, the global
attractor A of a semigroup having a continuous global Lyapunov function is a finite union
of smooth finite dimensional submanifolds of the phase space. Such global attractors are
called regular attractors by Babin and Vishik (see, e.g., [22]). They also possess several
additional “good” properties and, to the best of our knowledge, it is the only general class
of attractors for which a more or less complete description of their structure is available. In
particular, regular attractors are automatically exponential, i.e., for every bounded subset
B C E, the following estimate holds:

dist(S(1)B, A) < Q(IIBllg)e™", >0, (2.12)

where the positive constant o and the monotonic function Q are independent of B. Further-
more, regular attractors are preserved under general sufficiently regular perturbations (the
perturbed system may not have a Lyapunov function and may even be nonautonomous,
see [22,77,111,225], and the references therein). Finally, for one-dimensional scalar par-
abolic equations, it is even possible to find explicitly the so-called permutation matrix of
the attractor (which shows whether or not two equilibria are connected by a heteroclinic
trajectory) and, on some occasions, to describe the topological structure of the attractor
in terms of the physical parameters of the problem, see [31,91], and [92] for details. We
however note that, although the finiteness of the set of fixed points and the hyperbolicity
of these fixed points are, in some proper sense, generic properties, see [22], they are very
difficult, if not impossible, to prove for concrete examples and given values of the physical
parameters of the problem, except for scalar parabolic equations in one space dimension.
Furthermore, even if the regularity of the attractor can be proven, one usually cannot com-
pute explicitly the constant « and the function Q in the exponential attraction property
(2.12) and these quantities can be extremely bad. Indeed, in the example

8m—v8§u+u3—u=0, xe€[0,1], v>0,
u@O,)=u(l,t)=-1, >0,

mentioned in the introduction, the global attractor A = {—1} is obviously regular and one
can take ¢ = 2 in formula (2.12) (this is determined by the hyperbolicity constant of the
equilibrium ug = 1). However, the function Q satisfies
o) = 2 1/2, r = 0.

Thus, even for a reasonably small v, one will never “see” this regular attractor in numerical
simulations. This phenomenon is related to the existence of metastable almost-equilibria
with an extremely large lifetime in the phase space of this equation (it is also worth men-
tioning that they are situated far from the global attractor and have “nothing in common”
with the properties of the global attractor). As we will see in the next section, this confus-
ing drawback can be overcome by using the general concept of an exponential attractor, for
which the constant « and the function Q can reasonably be found in terms of the physical
parameters of the problem.

We conclude this subsection by the following result on the existence of the global attrac-
tor for a semigroup having a global Lyapunov function (see [59]; see also [119] and [135])
which can be useful in applications (see, e.g., [59] and [174]).
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THEOREM 2.26. We make the following assumptions:
(1) t — S(t)x is continuous,Vx € E,
(ii) S(z) possesses a continuous global Lyapunov function L such that L(x) — +oo if
and only if || x|| g — +00;
(iii) the set of fixed points of S(t), N, is bounded in E;
@iv) S() is asymptotically compact,i.e.,NB C E bounded,

tiigrnoo K(S(t)B) =0,

where K is the Kuratowski measure of noncompactness.
Then S(t) possesses the connected global attractor A such that A = M"™(N).

REMARK 2.27. Theorem 2.26 can be useful, e.g., when the dissipative estimate (2.6)
and the existence of a bounded absorbing set can be difficult to establish (see, e.g., [59]
and [174]), although the existence of the global attractor implies the existence of a bounded
absorbing set (it suffices to take any e-neighborhood of the global attractor). Thus, the dis-
sipativity can be obtained in an implicit way by using the Lyapunov function and the fact
that the set of equilibria is bounded. Roughly speaking, the dissipativity is related to the
fact that every trajectory converges to the set of equilibria (due to the Lyapunov function
and the asymptotic compactness) and, since the set of equilibria is bounded, the energy of
a “large” solution must decay (due to property (ii) of a Lyapunov function).

2.4. Dimension of the global attractor

As mentioned in the introduction, we will essentially consider the fractal (or box-counting)
dimension here.

DEFINITION 2.28. Let X C E be a (relatively) compact set. For ¢ > 0, let N.(X) be
the minimal number of balls of radius € which are necessary to cover X. Then the fractal
dimension of X is the quantity

log, Ne (X In N (X
dimp X = lim sup 222 Ve (X) (: lim sup “;”)
e—0t logz (1/e) PN In(1/€)

(note that dimr X € [0, +-oc]). Furthermore, the quantity H.(X) := log, N¢(X) is called
the Kolmogorov e-entropy of X.

2.13)

The fractal dimension satisfies the following properties (see [84]):
e dimp (X x Xp) < dimpX + dimp Xo;
e if f:X| — X5 is Lipschitz, then dimr X < dimp X1;
e if X is a smooth m-dimensional manifold, then dimg X = m.
It is important to note that, for sets which are not manifolds, the fractal dimension can be
noninteger; for instance, if X is the ternary Cantor set in R, then
2

. In
dimp X =— <1
In3
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(see [84]). Furthermore, it follows from the definition that, if the minimal number of balls
of radius € which are necessary to cover X satisfies

1 d
Ne(X) < C(_) s
€

where ¢ and d are independent of €, then
dimp X <d.

A strong interest, for considering the fractal dimension over other dimensions, is given
by the (modified) Holder-Mafié theorem (see [65,94], and [122]). We start with the follow-
ing definition.

DEFINITION 2.29. (See [123].) A Borel subset X of a Banach space E is prevalent if there
exists a compactly supported probability measure p such that u(X +x) = 1, Vx € E.
A non-Borel set which contains a prevalent set is also prevalent.

REMARK 2.30. Prevalence extends the notion of “Lebesgue almost every” from Euclid-
ean spaces to infinite dimensional spaces (see [123] for a discussion on this subject).

THEOREM 2.31 (Modified Holder—Maiié theorem, [122]). Let X C E be compact and
such that dimp X = d and N > 2d be an integer. Then almost every (in the sense of
prevalence) bounded linear projector P : E — RN is one-to-one on X and has a Hélder
continuous inverse.

It follows from Theorem 2.31 that, if the global attractor has finite fractal dimension,
then, fixing a projector P satisfying the assumptions of the theorem, the reduced dynamical
system (S(@®), A), where §(7) := P o S(t) o P~ and A := P(A), is a finite dimensional
dynamical system (i.e., in R") which is Holder continuous with respect to the initial data.
This result, and the fractal dimension, thus play an important role in the finite dimensional
reduction theory of infinite dimensional dynamical systems.

REMARK 2.32. The Hausdorff dimension (see [84]) is also frequently used to measure the
dimension of the global attractor (see, e.g., [22,49], and [217]). However, Theorem 2.31
does not hold for the Hausdorff dimension.

The next result (see [234]; see also [136]) gives a general method to prove the finite
fractal dimensionality of a compact set.

THEOREM 2.33. Let X be a compact subset of E. We assume that there exist a Banach
space E1 such that E| is compactly embedded into E and a mapping L : X — X such that
L(X)= X and

ILx1 — Lxz2llg, < cllxr —x2llg,  Vxi, x2 € X. (2.14)
Then the fractal dimension of X is finite and satisfies

dimp X < M1 (Bg, (0, D),
4c
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where c is the constant in (2.14) and Bg, (0, 1) is the unit ball in E (note that it is relatively
compact in E).

In applications to parabolic systems in bounded domains, one usually proves that, for
instance, (2.14) is satisfied for L = S(1). Then, owing to the invariance property, one
deduces from Theorem 2.33 that the global attractor has finite fractal dimension. We will
come back to the “smoothing” property (2.14), and its generalizations (in particular, to
damped hyperbolic systems), in the next section when discussing the construction of ex-
ponential attractors.

It is essential, in view of the finite dimensional reduction principle given by Theo-
rem 2.31, to find sharp estimates on the dimension of the global attractor in terms of the
physical parameters of the problem. In general, the best upper bounds are obtained by the
so-called volume contraction method, which is based on the study of the evolution of in-
finitesimal k-dimensional volumes in the neighborhood of the attractor (see [22,49,197],
and [217]); see however [67] for a sharp upper bound based on (2.14). One then proves
that, if the dynamical system contracts the k-dimensional volumes, then the fractal di-
mension of A is less than k. This method requires some differentiability property of the
semigroup S().

DEFINITION 2.34. Amap L: X — X, X C E, is uniformly quasidifferentiable on X if,
for every x € X, there exists a linear operator L’(x) (called quasidifferential) such that

|LGe+v) = Lx) = L')v|| ;= o(llvllE)
holds uniformly with respecttox € X,ve X, x +v € E.

We now assume that E is a Hilbert space. We have the following result (see [41]; see
also [22,49], and [217]).

THEOREM 2.35. We assume that X is an invariant subset of E and that S(t) is uniformly
quasidifferentiable on X, with x — S8’ (t)x continuous, ¥t > 0, and that, for some t, > 0,

@q(X) = sup wg(S'(t)x) < 1,
xeX

where, for a bounded linear operator L : E — E,
Vol (L(B
wa(L) = sup oly(L(Bg))
B, Vola(Ba)
Vol; being the d-dimensional volume and the supremum being taken over all d-

dimensional ellipsoids. Then

dimp X < d.

We can note that, when E is a Hilbert space, then, if E; is a vector subspace of E of
dimension d, a bounded linear operator L maps a d-dimensional ellipsoid B; C E,; onto
the d-dimensional ellipsoid L(By) C L(E4). Furthermore, Vol,(By) is well-defined. The
quantity wg (L) measures the changes of d-dimensional volumes under the action of L.
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REMARK 2.36. Another powerful and useful method to prove the finite dimensionality of
the global attractor is based on the so-called /-trajectories: one needs minimal regularity
on the solutions in order to apply this method, see [32,53,54,152-154,173,190], and [192].
In particular, this method allows to prove the finite dimensionality of the global attractor
associated with generalized Navier—Stokes equations (see [134]) for which the smoothing
property (2.14) and the quasidifferentiability are not known (see [152,153], and [154]); the
quasidifferentiability was however recently proven in [124] for some of these models in
two space dimensions.

It is also essential to derive lower bounds on the dimension of the global attractor and
to compare them with the known upper bounds. The derivation of lower bounds is based
on the following observation: the global attractor always contains the unstable sets of equi-
libria. Thus, the stability index of a properly constructed (hyperbolic) equilibrium yields
a lower bound on the dimension of the global attractor (see [22] for more details; see
also [144,145,171,179], and [217] for examples).

2.5. Robustness of the global attractor

Very often, one needs to consider regular or singular perturbations of the system under
study; indeed, as mentioned in the introduction, a given system is only an approximation
of reality. A natural question is how these perturbations will affect the asymptotic behavior
of the system. One natural idea is to “compare” the global attractors of the perturbed and
nonperturbed systems; such results were first established in [118] for systems having a
global Lyapunov function and then in [20] for general systems.

We thus consider a family of semigroups {S,(¢), A € I}, I C R interval (more generally,
I can be some topological space), acting on E such that S (¢) possesses the global attractor
A, Vrel.

DEFINITION 2.37.
(i) The attractors A, are upper semicontinuous at g € [ if

lim)\ dist(A,, .,4)\0) =0.
0

rel—

(ii) The attractors A, are lower semicontinuous at Ag € I if

lim diSt(A)»O, A) =0.
rel—Xig

(iii) The attractors A, are continuous at Ag € [ if they are both upper and lower semi-
continuous at Aq.

In general, global attractors are upper semicontinuous, i.e., we can prove the upper semi-
continuity property under natural, and relatively easy to check in applications, conditions.
We have, for instance, the following results (see [119]).

THEOREM 2.38. Let Ay belong to 1. We assume that there exist § > 0, tg > 0, and a
compact subset K of E such that
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() Ureo—s.n0+8)n1 Ar C K
(ii) for every sequences {\y, k € N} and {xy, k € N}, Ay € I, xi € A,,, such that
A — Ag and x; — xg as k — +00, then

S (t0)xx — Sy (t0)xo  as k — +o0.

Then the attractors A, are upper semicontinuous at .

THEOREM 2.39. Let Ay belong to 1. We make the following assumptions:
(1) there exist § > 0, tg > 0, and a bounded subset By of E such that

U A, C By;

re(ro—48,r0+8)NI

(i1) Ve > 0,Vt > ty, there exists 0 = 0(e, t),0 < 0 < 6§, such that
HSA(t)x;L — S (D)), HE <e Vxyed, Vie(h—0,2+0)NI.

Then the attractors A, are upper semicontinuous at .

Thus, roughly speaking, if the perturbation S; (¢) is continuous with respect to A and the
associated absorbing sets are uniformly bounded, the attractors .4, are upper semicontinu-
ous.

We also mention a simple theorem which follows in a straightforward way from the
definition of upper semicontinuity and which, however, is especially useful for singular
perturbations and, as a rule, gives the “simplest” way to establish the upper semicontinuity
of attractors (see [22]).

THEOREM 2.40. Let the attractors A;, possess the following property: for every sequences
{Ak, k € N} and {xx, k € N}, Ap € I, xx € Ay, such that Ay — Ao € I, there exists
a subsequence xi, which converges to some xo € Aj,,. Then the attractors A, are upper
semicontinuous at Ag.

In applications, the assumption of Theorem 2.40 is verified based on the fact that the
global attractor is generated by bounded complete trajectories (see Theorem 2.13). Thus,
there only remains to extract, from a sequence of complete trajectories uj, € Ky, , a sub-
sequence converging to some complete trajectory u,, € K, of the limit system. The
advantage of this approach is that the semigroups S; (¢) (which, for singular perturbations,
may have bad properties such as boundary layers, lack of regularity in finite time, . ..) are
not involved in the process and the result can be obtained by directly passing to the limit
in the associated equations for u, , see [22] for details.

REMARK 2.41. Although everything seems satisfactory as far as the upper semicontinuity
of global attractors is concerned, the situation changes drastically if one is interested in
estimating the distance between the perturbed and nonperturbed attractors in terms of the
physical parameters of the problem. Indeed, this distance is naturally related to the rate
of attraction to the limit attractor and, as already mentioned, this rate of attraction is, in
general, impossible to find in terms of the physical parameters of the problem.
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Now, the lower semicontinuity property is much more difficult to prove; actually, as
mentioned in the introduction, it may even not hold. We need, in order to prove this
property, much more restrictive assumptions. For instance, we have the following result
(see [22]).

THEOREM 2.42. Let Ay € 1, the attractors A)_be uniformly bounded in E, i.e., A, C By
for every A € 1, for some bounded subset By of E, and the following uniform (with respect
to \) attraction property hold:

dist(S,(1)Bo, Ax) < B(1), 1 =19, A€ (2.15)

where B: R4 — R is some monotonic function which tends to zero ast — +00. Assume
also that S, is continuous at Ag in the following sense: for every T € R,

sup sup || Sx(1)x — Spy (x|, = 0 asi — k. (2.16)
t€[0,T] xeBy

Then the attractors A, are lower semicontinuous at L.

REMARK 2.43. Under some natural additional assumptions, condition (2.15) of a uniform
rate of attraction is necessary and sufficient to have the lower semicontinuity. However,
it is completely unclear how to verify such a condition in applications (to the best of our
knowledge, no general method to prove this uniform rate of attraction has been developed).
An exception is again the case where the limit attractor .4;, possesses a global Lyapunov
function and is regular, see Remark 2.25. Indeed, as already mentioned, regular attrac-
tors attract bounded subsets exponentially, see (2.12), and persist under sufficiently regular
perturbations. Furthermore, the rate of attraction to the perturbed regular attractor A re-
mains exponential and uniform with respect to A, for A close to Ag, i.e., (2.15) holds with
B(t) := Ce ™, o > 0. This, in turn, gives the upper and lower semicontinuity, together
with the estimate

distsym (A, Azy) < ClA — ol”, (2.17)
where distsym denotes the symmetric Hausdorff distance between sets defined by
distyym(A, B) := max(dist(A, B), dist(B, A))

and for some positive constants C and 0 < y < 1, see, e.g., [22] for details. In some
cases, it is also possible to prove that the dynamical system considered is Morse—Smale,
which means that the dynamics, restricted to the regular attractor, is also preserved, up to
homeomorphisms, under perturbations (see [31,119], and [195] for more details). Finally,
for some one-dimensional scalar parabolic equations, the uniform rate of attraction is pos-
sible to establish even when the equilibria are nonhyperbolic (due to relatively simple and
completely understood structures of degenerate equilibria, see [133]). However, as men-
tioned in Remark 2.25, even though regular attractors are, in some proper sense, generic,
it is in general very difficult, if not impossible, to prove that the global attractor is regular
for given values of the physical parameters of the problem. Furthermore, even when the
regularity can be proven, it is also impossible, in general, to obtain explicit estimates on
the rate of exponential attraction. So, the constants C and y in (2.17) are also implicit.
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REMARK 2.44. We refer the reader to [120] for different approaches for the comparison
of attractors under perturbations.

REMARK 2.45. It follows from the above considerations that the existing perturbation the-
ory of global attractors has a purely qualitative nature and no quantitative result (e.g., ex-
plicit estimates in terms of the physical parameters of the problem) is available in general.
As we will see in the next section, this drawback can be overcome by using the so-called
exponential attractors for which the analogues of estimates (2.12) and (2.17) hold with-
out any assumption on the hyperbolicity of the equilibria and the existence of a Lyapunov
function and all the constants can be computed explicitly.

3. Exponential attractors
3.1. Inertial manifolds

We established in Subsection 2.4 a finite dimensional reduction principle for infinite di-
mensional dynamical systems based on the finite fractal dimensionality of the global at-
tractor, via the Holder—Maii€ theorem. However, even though it is very important, this finite
dimensional reduction principle has essential drawbacks. Indeed, the reduced dynamical
system (S(z), A) given by the Holder—Maiié theorem is only Holder continuous and can-
not thus be realized in a satisfactory way as a dynamical system generated by a system of
ODEs, i.e., a system of ODEs which is well-posed. Furthermore, reasonable conditions on
the global attractor which would guarantee that the Mafé projectors are Lipschitz are not
known. A second drawback is that the complicated geometric structure of the attractors
A and A make the use of this finite dimensional reduction principle in computations haz-
ardous: essentially, one only has a heuristic estimate on the number of unknowns which
are necessary to capture all the dynamical effects in approximations.

It thus appears reasonable to embed the global attractor into a proper smooth finite di-
mensional manifold. The dynamics, reduced to this manifold, would then be realized as
a (at least Lipschitz) system of ODEs which could be used in numerical simulations and
would be a good approximation of the dynamics of the original system. This led Foias,
Sell, and Temam to propose the notion of an inertial manifold in [95].

DEFINITION 3.1. A Lipschitz finite dimensional manifold M C E is an inertial manifold
for the semigroup S(t) if

() it is positively invariant, i.e., S(#)M C M, VYt > 0;

(i1) it satisfies the following asymptotic completeness property:

Yug € E, Jvg € M such that
[S@uo — Styvo|| p < Q(lluolle)e™", >0, (3.1
where the positive constant o and the monotonic function Q are independent of uy.
It follows from this definition that an inertial manifold, if it exists, contains the global

attractor and attracts the trajectories exponentially fast (and uniformly with respect to
bounded sets of initial data).
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Furthermore, the existence of such a set would confirm, in a perfect way, the heuristic
conjecture on a finite dimensional reduction principle of infinite dimensional dissipative
dynamical systems. Indeed, the dynamics, restricted to an inertial manifold, can be de-
scribed by a system of ODEs which is Lipschitz continuous (and thus well-posed), called
the inertial form of the system. Furthermore, the asymptotic completeness property gives,
in a particularly strong form, the equivalence of the initial dynamical system (S(¢), E) with
its inertial form (S(z), M).

REMARK 3.2. In turbulence, i.e., for the incompressible Navier—Stokes equations, the ex-
istence of an inertial manifold would also yield an exact interaction law between the small
and the large structures of the flow (see, e.g., [93]).

Several methods have been proposed to construct inertial manifolds (by the Lyapunov—
Perron method, by constructing converging sequences of approximate inertial manifolds,
by the so-called graph-transform method, . . .); we refer the interested reader to [58,95,197,
211,217], and the references therein for more details.

However, all the known constructions of inertial manifolds make use of a restrictive
condition, namely, the so-called spectral gap condition (see [95]), which requires arbitrar-
ily large gaps in the spectrum of the linearization of the initial system (see [95] for more
details). In general, this property can only be verified in one space dimension. Nevertheless,
the existence of inertial manifolds has been proven for a large number of equations, essen-
tially in one and two space dimensions; we refer the reader to [58,95,197,211,217], and the
numerous references therein. However, the existence of an inertial manifold is still an open
problem for several physically important equations, such as the two-dimensional incom-
pressible Navier—Stokes equations. Furthermore, nonexistence results have been proven
for damped Sine—Gordon equations by Mora and Sola-Morales [183].

REMARK 3.3. Notions of approximate inertial manifolds have been proposed when the
existence of an (exact) inertial manifold is not known and, in particular, for the incom-
pressible Navier—Stokes equations. We refer the reader to, e.g., [95,96,99], and [217] for
more details.

3.2. Construction of exponential attractors

It follows from the previous subsection that it is not always possible to embed the global
attractor into a proper smooth finite dimensional manifold. Nevertheless, and also in view
of the possible defaults of the global attractor as discussed in the introduction, it can be use-
ful to construct larger (not necessarily smooth) sets which contain the global attractor, are
still finite dimensional, and attract the trajectories exponentially fast. This led Eden, Foias,
Nicolaenko, and Temam to propose the notion of an exponential attractor (also sometimes
called an inertial set) in [65].

DEFINITION 3.4. A compact set M C E is an exponential attractor for S(¢) if
(i) it has finite fractal dimension, dimp M < 4o00;
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(i) it is positively invariant, S(r)M C M, Vt > 0;
(iii) it attracts exponentially the bounded subsets of E in the following sense:

VB C E bounded, dist(S(t)B, M) < Q(IIBllg)e™, >0,

where the positive constant & and the monotonic function Q are independent of B.

It follows from this definition that an exponential attractor, if it exists, contains the global
attractor (actually, the existence of an exponential attractor M yields the existence of the
global attractor A C M, since it is a compact attracting set, see Theorem 2.17; note that
S(¢) is still assumed to satisfy the continuity assumption (2.4)).

Thus, an exponential attractor is still finite dimensional, like the global attractor (and
one still has the finite dimensional reduction principle given by the Holder—-Mafié theo-
rem); actually, proving the existence of an exponential attractor is also one way of proving
that the global attractor has finite fractal dimension. Compared with an inertial manifold,
an exponential attractor is not smooth in general, but one still has a uniform exponential
control on the rate of attraction of the trajectories.

Now, the main drawback of exponential attractors is that the relaxation to positive invari-
ance makes these objects nonunique; actually, once we have the existence of an exponen-
tial attractor, we have the existence of a whole family of exponential attractors (see [65]).
Therefore, the question of the best choice of an exponential attractor, if this makes sense,
is a crucial one. One possibility, to overcome this drawback, is to find a “simple” algorithm
which maps a semigroup S(7) onto an exponential attractor M (S); by simple, we have in
particular in mind the numerical realization of such an algorithm.

The first construction of exponential attractors, due to Eden, Foias, Nicolaenko, and
Temam [65], was not constructible; indeed, Zorn’s lemma had to be used in order to con-
struct exponential attractors. This construction consists in a way in constructing a “fractal
expansion” of the global attractor .A. Very roughly speaking, one considers an iterative
process in which one adds, at each step, a “cloud” of points around the global attractor.
The difficulty is that, at each step, one needs to control the dimension of this new cloud
of points around the global attractor, and also ensure that the new set remains positively
invariant, without increasing its dimension. The key idea which allows to control the num-
ber of points added at each step is the so-called squeezing property which says, roughly
speaking, that either the higher modes are dominated by the lower ones or that the flow
is contracted exponentially: a mapping S: X — X, where X is a compact subset of a
Hilbert space E, enjoys the squeezing property on X if, for some § € (0, 41_1)’ there exists
an orthogonal projector P = P(§) with finite rank such that, for every u, v € X, either

|1 = P)(Su — Sv)||; < | P(Su—Sv),
or
ISu — Svlle < 8llu — vl

We can note that this property makes an essential use of orthogonal projectors with finite
rank, so that the corresponding construction is valid in Hilbert spaces only.

The construction of [65] essentially applies to semigroups which possess a compact ab-
sorbing set (although a construction valid for damped wave equations is also given in [65]).
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It was then improved by Babin and Nicolaenko (in the sense that one could also consider
semigroups which possess a compact attracting set) in [18] (see also [66]). We have, based
on the construction of [18], the following result (see [80,81], and [172]).

THEOREM 3.5. Let E and E1 be two Hilbert spaces such that Ey is compactly embedded
into E and S(t): X — X be a semigroup acting on a closed subset X of E. We assume
that

(i) there exist orthogonal projectors Py : E — E, k € N, with finite rank such that

[ = POy <c@®ylEe, VyeEr ck)— 0ask — 400;
(i) Vxi,x € X, VvVt > 0,

|S@x1 = S@)x2] 5, < hOIx1 = x2l g,

where the function h is continuous,
(iii) (¢t,x) +— S(t)x is Lipschitzon [0, T] x B,VT > 0,VB C X bounded.
Then S(t) possesses an exponential attractor M on X (i.e., M satisfies all the assertions
of Definition 3.4 with E replaced by X).

REMARK 3.6.
(a) Actually, (i) follows from the compact embedding E1 C E. Furthermore, it follows
from (i) and (ii) that the squeezing property is satisfied for some #, > 0.
(b) Condition (ii) can be replaced by the more general condition

Vxi,x € X, YVt 20, S@)x; — S(t)x2 = S1(1, x1, x2) + S2(¢, x1, x2),

where

[S1(2, x1. x2) || < d®llx1 — x2ll

d continuous, t > 0, d(t) —> 0ast — 400,

and

HSz(l,xl,xz)HEl < h()|lx1 — x2llg, ¢ > 0, h continuous.

This more general condition allows to construct exponential attractors for damped
hyperbolic equations (see [82] and [98]).

(c) One essential difficulty, when constructing exponential attractors for damped hyper-
bolic equations, is to prove that the exponential attractors attract the bounded subsets
of the whole phase space, and not those starting from a subspace of the phase space
only (typically, consisting of more regular functions), see [65]. This difficulty was
overcome in [83] by proving the following transitivity property of the exponential
attraction: let (E, d) be a metric space and S(#) be a semigroup acting on E such
that

d(S()x1, S(t)x2) < cre®d(x1,x2), >0, x;,x2 € E,
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for some positive constants ¢; and «;. We further assume that there exist three sub-
sets My, M5, and M3 of E such that

dist(S(t)My, M) < c2e™®, 120, ap >0,
and

diSt(S(t)Mz, M3) <cze™™® >0, az > 0.
Then

diSt(S(t)M], M3) Scqe™™ 120,

where ¢4 := c1c2 + ¢3 and a4 1= a3/ (] + a2 + @3).

We note that condition (ii) in Theorem 3.5 resembles the smoothing property (2.14);
actually, in order to prove Theorem 3.5, one only needs to prove that S(z,) satisfies (2.14)
for a proper f.. Now, this smoothing property is sufficient in order to construct exponen-
tial attractors and one does not need the squeezing property (and, thus, one does not need
orthogonal projectors with finite rank); therefore, exponential attractors can also be con-
structed in Banach spaces.

Let thus E and E; be two Banach spaces such that E; is compactly embedded into £
and let X be a bounded subset of E. Let finally S: X — X be a (nonlinear) mapping. We
then consider the discrete dynamical system (or semigroup) generated by S, i.e., we set

S0):=1d, S(n):=So---08 (ntimes), neN.

It is easy to see that this family of operators satisfies (2.2)—(2.3), but for ¢, s € N. Then we
say that M C X is an exponential attractor for this discrete semigroup on X if
(i) itis compact in E and has finite fractal dimension;
(i) it is positively invariant, i.e., SM C M;
(iii) dist(S(n)X, M) < ce ™", n € N, where ¢ and @ > 0 only depend on X.
We then have the

THEOREM 3.7. (See [68].) We assume that the mapping S enjoys the smoothing property
214)on X, i.e.,

[Sx1 — Sx2llg, < cllxt —x2llg, VX1, x2 € E.
Then the discrete dynamical system generated by the iterations of S possesses an exponen-

tial attractor M C X.

Let us now consider a continuous semigroup S(#) acting on X, i.e.,
S@H):X—X, t>=0.

In order to construct an exponential attractor for S(¢) on X, we usually proceed as follows.
We assume that S(#,) satisfies the smoothing property (2.14) for some ¢, > 0. We then
have, owing to Theorem 3.7, an exponential attractor M, for the discrete dynamical system



Attractors for dissipative PDEs 133

generated by the mapping S, := S(#,) and we set

M= ] soM..

1€[0,1,]

Finally, if (¢, x) = S(#)x is Lipschitz (or even Holder) on [0, #,] x X, we can prove that
M is an exponential attractor for S(#) on X (see [65]).

REMARK 3.8.

(a)

(b)

(©)
(d)

(e

In applications to PDEs, it is in general not restrictive at all to consider a bounded
invariant subset X C E instead of the whole space E. Indeed, X usually is a posi-
tively invariant bounded absorbing set; we note that, if By is a bounded absorbing set
for S(¢), then B := Ut%) S(t) By, where 1y is such that ¢ > 1y implies S(¢)By C By
and the closure is taken in E, is a positively invariant bounded absorbing set. There-
fore, the exponential attractors still attract all the bounded subsets of E.

For applications to damped hyperbolic equations, we will need a weaker form of a
smoothing property, and, more precisely, some asymptotically smoothing property
(see Remark 3.6(b)). More precisely, the existence of an exponential attractor still
holds if (2.14) is replaced by one of the following weaker conditions (see [68]):

S=58+S, where
1S2x1 — S2x2llg, < cllxt —x2llg,  Vxi,x2 € X, (3.2)

or
Sx1 — Sxa = Si1(x1, x2) + S2(x1, x2),  Vxi,x2 € X, where
[S10e1 x| < @l = x2llp, @ < %
|S20x1, x2) ||, < cllxr = %2l 3.3)

If E| and E; are Hilbert spaces, then we can prove that, if o < %, (3.2) and (3.3)
imply the squeezing property (see [67]; see also Remark 3.6(a)).

Based on the above results, one has been able to prove the existence of exponential
attractors in many situations, see [6,7,60,61,68,70,71,74,85,100-103,105-109,116,
117,157,175-177,184], and [216]. Actually, exponential attractors are as general as
global attractors: to the best of our knowledge, exponential attractors exist indeed
for all equations of mathematical physics for which we can prove the existence of
the finite dimensional global attractor.

Another construction of exponential attractors in Banach spaces was proposed by
Le Dung and Nicolaenko in [140]. This construction consists in adapting the orig-
inal construction of [65] to a Banach setting. We can note that it is based on con-
ditions which are contained in (and are more restrictive than) those given above.
Furthermore, it is worth noting that the construction given in [68] is very simple, in
particular, when compared to those of [65] and [140].
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(f) The method of /-trajectories is also very efficient to construct exponential attractors.
In particular, this method allows to prove the smoothing property in a simple way.
Furthermore, as already mentioned, it requires minimal regularity on the solutions.
We refer the reader to [32,78,153,173,178,191,192,203], and [206] for more details;
a necessary and sufficient condition on the existence of an exponential attractor is
also given in [191].

3.3. Robust families of exponential attractors

As already mentioned in the introduction and Subsection 2.5, global attractors can be sen-
sitive to perturbations; more precisely, the lower semicontinuity property may not hold.
Furthermore, even though this property is, in some proper sense, generic (see, e.g., [195]),
it is in general very difficult, if not impossible, to prove it for given values of the physi-
cal parameters in applications. Similarly, regular attractors (see Remark 2.25) are robust
(see [22]), and, in particular, lower semicontinuous, but, again, it is in general very diffi-
cult, if not impossible, to prove the existence of such sets for given values of the physical
parameters.

It is also worth noting that inertial manifolds are robust under perturbations; indeed,
they are hyperbolic manifolds, see [200]. However, as mentioned in Subsection 3.1, the
existence of such sets is not known for several important equations and may even not hold.

Now, since exponential attractors attract exponentially fast the trajectories, with a uni-
form control on the rate of attraction, it is reasonable to expect that these sets are robust
under perturbations and that one should be able to construct robust families of exponential
attractors, of course, up to the “best choice”, since they are not unique.

It is possible, based on the initial construction of [65], to construct families of expo-
nential attractors which are upper and lower semicontinuous (see, e.g., [65,82], and [98]).
However, this continuity only holds up to some time shift, i.e., one has a result of the form

lim_lim sup|dist(Se (1)) M., M) + dist(So (1) Mo, Mc)]| = 0,
e~>0% 15400
where (S¢ (1), M) and (Sop(), My) are the perturbed and nonperturbed dynamical sys-
tems, respectively, € > 0 being the perturbation parameter. Consequently, we essentially
have, as far as the lower semicontinuity is concerned,

lim dist(Ag, M¢) =0,
e—0F

where Ay is the global attractor associated with the nonperturbed system, which is not
satisfactory.
This result was improved in [70] (see also [74]) and one has the

THEOREM 3.9. (See [70].) Let E and E| be two Banach spaces such that E\ is com-
pactly embedded into E and let X be a bounded subset of E. We assume that the family of
operators S¢ : X — X, € € [0, €], €0 > 0, satisfies the following assumptions:
(1) (Uniform, with respect to €, smoothing property) Ve € [0, €o], Vx1, x3 € X,
|Sex1 — Sexallg, < crllxi —x2ll g,

where c1 is independent of €.
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(i) (The trajectories of the perturbed system approach those of the nonperturbed one,
uniformly with respect to €, as € tends to 0) Ve € [0, €o], Vi € N, Vx € X,

|| Séx — S(i)x ”E < cée,

where ¢, is independent of € and, for a mapping L, L' := L o --- o L (i times).
Then, ¥Ye € [0, €ql, the discrete dynamical system generated by the iterations of Se¢ pos-
sesses an exponential attractor M on X such that
1. the fractal dimension of M. is bounded, uniformly with respect to €,

dimp M, < c3,

where c3 is independent of €;
2. Mg attracts X, uniformly with respect to €,

dist(SéX, Me) <cpe S ¢5>0,i €N,

where c4 and c5 are independent of €;
3. the family {M, € € [0, €gl} is continuous at 0,

distgym (Me, Mo) < coe,

where cq and ¢7 € (0, 1) are independent of € and distsym denotes the symmetric
Hausdorff distance between sets defined by

distgym(A, B) := max(dist(A, B), dist(B, A)).

REMARK 3.10.

(a) The constants ¢;, i = 3, ..., 7, can be computed explicitly in terms of the physical
parameters of the problem in concrete situations. It is worth noting that this is not the
case in general for the constants cg and c7 in the estimate of the symmetric distance
when such a result can be proven for global attractors, e.g., for regular attractors.

(b) In[70], in order to construct this family of exponential attractors, one first constructs
My and one then constructs M., € > 0, based on M. Therefore, M, depends
on S, but also on Sy, and the continuity only holds at e = 0.

(c) We also mention [7] for robustness results with respect to numerical approximations.

In applications to PDEs, Theorem 3.9 applies to parabolic systems (in bounded do-
mains). In order to construct a robust family of exponential attractors M. for the continu-
ous semigroups S¢(?), € € [0, €o], associated with such systems, we usually first prove the
existence of a uniform (with respect to €) bounded absorbing set, i.e., a bounded subset By
of E, independent of €, such that, VB C E bounded, 37y independent of € such that

t > Ty implies Se (1) B C By, Ve € [0, €o].

We then consider the discrete mappings SGT .= S5.(Tp), Ve € [0, o] (possibly for a larger,
but still independent of €, Tp). We thus have SZ %:By — By, Ye € [0, €], and we then
prove that the SGT 9 € € [0, €], satisfy the assumptions of Theorem 3.9, which yields the
existence of a robust family of discrete exponential attractors MGTO, € € [0, €]. Finally, we
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set

Me:= ] ScoymD.
1€[0,Tp]

Then, if (¢, x) — Se(t)x is Lipschitz, or even Holder, on [0, Ty] x By, the exponential
attractors M, € € [O €ol, satisfy

o dimp M, < Cl’ e €0,¢l;

e VB C E bounded,

dist(Se(1)B, M) < che™, 120, € € [0, €], ¢ > 0;

o distoym(Me, Mo) < c4e5, € € [0, €], 5 € (0, 1);
where the constants C;’ i =1,...,5, are independent of € and can be computed explicitly
in terms of the physical parameters of the problem.

For damped hyperbolic equations, we should replace (2.14) by some asymptotically
smoothing property (see Remark 3.8(b)). More generally, we have, for singularly perturbed
problems, the following result, proven in [83] (see also [104] for a reformulation of this
result).

THEOREM 3.11. We consider two families of Banach spaces E(¢) and E1(¢€), € € [0, €]
(which are embedded into a larger topological space V), such that, Ve € [0, €g], E1(€)
is compactly embedded into E(€). We further assume that these compact embeddings are
uniform with respect to € in the sense that

Hs(BEg, (0, 1), E(e)) < c1(8), V8 >0,

where Hs (-, E(€)) denotes the Kolmogorov 8-entropy in the topology of E(€) and cy is
a monotonic function which is independent of €. We then consider a family of closed sets
Bc C E(¢), with By bounded in E(0), and a family of maps S¢ : Be — Be, € € [0, €],
such that

(i) Ye € [0, €9], By C E(€) and

Ibollgey < c2llbollgq) + c3€. Vbo € Bo,

where ¢y and c3 are independent of €;
(i) Ve € [0, €0l, Se = Ce + K¢, where Ce and K. map Be into E(€) and, Vb!, bg € B,

[Cebe = Cebe] o) <
|Cebl — Keb?

C4Hb1

< c¢5 ||b

bg”E(e)’

”E (e) bz “E(e)’

where ¢4 < % and cs are independent of €;
(iii) there exist nonlinear “projectors” Il¢ : B — By, € € [0, €o], such that I1. B, =
By and

|Sebe — S Mebe cocke, € €0, el

lpo <

where c¢ and c7 are independent of €.
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Then there exists a family of exponential attractors M¢ C Be for the dynamical systems
generated by the maps S, € € [0, €0, such that
1. dimp M, < cg, € € [0, €];
2. distg(e)(SKBe, Me) < coe™10% € € [0, €0], k € N, c19 > 0;
3. distgym(Me, Mo) < c11€2, € € [0, €0l, c12 € (0, 1); where the constants c;,
i =8,...,12, are independent of € and can be computed explicitly.

REMARK 3.12.
(a) In order to construct a robust family of exponential attractors for continuous semi-
groups Se¢(¢), € € [0, €], we essentially proceed as indicated above (see, e.g., [83]).
(b) Condition (ii) in Theorem 3.11 can be replaced by the more general condition

b1 — S.b2 = Ce(BL.b2) + K (b1, 12)
where
1

HCE(bEl,bf) ”E(e) < C4||bé - bg”E(e)’ =35

[Ke (e 22) | £, ey

Ve € [0, €ol, Vb!, b2 € B..

(c) We refer the reader to [60,61,70,74,83,101-105,108,109,116,117,175,176], and [177]
for applications of Theorems 3.9 and 3.11 (or generalizations).

(d) As in [70], the exponential attractors M., € > 0, constructed in [83] depend both
on S¢ and Sp. These constructions were improved in [73], where the following re-
sult was proven (we will come back to this construction, and its generalizations, in
the next section when discussing nonautonomous systems). Let £ and E; be two
Banach spaces such that E; is compactly embedded into E. We then consider a
mapping S which satisfies the following conditions:

e it maps the §-neighborhood (for the topology of E) Os(B) of a bounded subset
B of E into B, for a proper constant § > 0;
e Vx1,x3 € Os(B), one has the smoothing property (2.14),

S ¢ ”b; — b2 ||E(e)’

1Sx1 = Sx2llg, < Kllx1 —x2ll -
Then the discrete dynamical system generated by the iterations of S possesses an exponen-
tial attractor M(S) C B such that
e itis compactin E; and
dimp M(S) < c1;

o distg, (SKB, M(S)) < c2e ™k ke N, c3 > 0;
e the map S — M(S) is Holder continuous in the following sense: Vi, S satisfying
the above conditions (for the same constants § and K),

distsym, £, (M(S1), M(S82)) < callS1 — S2[,  ¢5 >0,
where

S ;= sup [Shlg,.
heOs(B)
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Furthermore, all the constants ¢;,i = 1, ..., 5, only depend on B, E, E1, §, and K (in par-
ticular, they are independent of the concrete choice of §) and can be computed explicitly.
We thus now have a mapping S — M (S) and, owing to the Holder continuity of this map-
ping, we can now construct robust families of exponential attractors which are continuous
at every point, and not just at € = 0 as in the previous constructions.

4. Nonautonomous systems

We now consider a system of the form

ou

- =F@u), uli==u;, tEeR,

ot
in a Banach space E, i.e., we now assume that the time appears explicitly in the equations
(e.g., in the forcing terms). Assuming that the problem is well-posed, we have the process

U(t,7),t > 7,7 € R, acting on E,

U, 7):E — E,
us — u(t),

which maps the initial datum at time t onto the solution at time ¢.

For such a system, both the initial and final times are important, i.e., the trajectories are
no longer (positively) invariant by time translations. Thus, the notion of a global attractor
is no longer adequate and has to be adapted.

4.1. Uniform attractors

We consider in this subsection an approach initiated by Haraux [121] and further developed
by Chepyzhov and Vishik [45] and [49].
We rewrite the equations in the form

ou

ot

where o((¢) consists of all the time dependent terms of the equations and is called the
symbol of the system. For instance, if F (¢, u) = ﬁ(u) + f(¢), then op(t) := f(¥).

The idea in the approach described here is to actually consider, together with (4.1),

a whole family of equations. To do so, we assume that o belongs to some complete metric

space © (e.g., ® = Cp(R, M), where M is a complete metric space and C, denotes the

bounded continuous functions). We then consider the translations group T'(h), h € R,
defined by

T(hf(s):=f(s+h), s hekR,

and we assume that 7(h)® C © and T (k) is continuous on ®, Vi € R. We finally define
the hull of og as the set

= U()(t)(u)v (41)

H(oo) := {T (h)oo, h € R},
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where the closure is taken in . We say that H(op) is the symbol space and, for simplicity,
we denote it as X' (see also Remark 4.1 below). It is not difficult to see that X' is invariant
by the translations group, i.e.,

T(h)Y =%, VheR. 4.2)

REMARK 4.1. More generally, we can take any subset of ® which is invariant by the
translations group as symbol space X'; we will however restrict ourselves to the above
symbol space in this subsection.

Now, together with Eq. (4.1), we consider the whole family of equations
ou
ot

Assuming that (4.3) is well-posed, Vo € X', we have the family of processes {U, (t, 7),

t>t, 1eR, 0 € X}actingon E.

=), oeX. (4.3)

DEFINITION 4.2. A set Ay C E is a uniform (with respect to o) attractor for the family
of processes {U, (¢, 7),t > 17, T € R, 0 € X}if

(1) itis compactin E;

(i) it attracts the bounded subsets of E, uniformly with respect to o, i.e.,

VB C E bounded,  lim sup dist(Us (1, 7)B, Ax) = 0;
t—+

Xoexy

(iii) it is minimal among the closed sets which enjoy the attraction property (ii).

REMARK 4.3. In general, the uniform attractor is not invariant (we say that X C E is
invariant if U, (r, 7)X = X,V > 7,7 € R, Yo € X)) and, in some sense, the invariance is
replaced by the minimality property (iii); in particular, it follows from (ii) and (iii) that the
uniform attractor, if it exists, is unique.

We then have the following result which is the analogue of Theorem 2.17, see [45]
and [49].

THEOREM 4.4. We assume that the family of processes {Uy (¢, 1), t 21, T € R, 0 € X}
possesses a compact uniformly (with respect to o) attracting set, i.e., a compact subset K
of E such that

VB C E bounded,  lim sup dist(Uy (7, 7)B, K) = 0.

[—>+00 ;3

Then it possesses the uniform attractor Ay.

REMARK 4.5.
(a) It is easy to extend the other notions and definitions given for semigroups, e.g.,
bounded absorbing sets, to families of processes (see [45] and [49]).
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(b) Theorem 4.4 does not require any continuity assumption on the processes, contrary
to Theorem 2.17. This is due to the fact that the invariance property is replaced by
the minimality property.

In applications, we need further assumptions on the symbol space in order to prove the
existence of the uniform attractor, and we assume from now on that the initial symbol oy
is translation compact, i.e., that X is compact in ® (see however [147,149], and [151]
in which the translation compactness is relaxed; more precisely, one considers classes of
time dependences which are translation bounded (i.e., X is bounded), but not translation
compact).

A first example of translation compact symbols is given by quasiperiodic symbols. More
precisely, og is quasiperiodic (with values in a metric space M) if it can be written in the
form

oo(s) = p(as), a=(ar,...,0), keN,

where ¢ is 2m-periodic in each argument and «f, ..., ax are rationally independent (for
k = 1, the symbol is periodic). We further assume that ¢ € C(']I‘k , M), where T is the k-di-
mensional torus. Then the hull of o in C,(R, M) coincides with {¢(as + w), w € TF}.
Actually, in that case, we take the torus T as symbol space; we can note that the mapping
o — ¢(as+w) is continuous, but not necessarily one-to-one. Furthermore, the translations
group T'(h), h € R, acts on T* by the relation

T(hw=h(,...,1)+o (mod TF), we T hekR.

Other examples of translation compact symbols are given by almost periodic (in Bochner—
Amerio sense) symbols in Cp (R, M) (see [45] and [49] for more details and other examples
of translation compact symbols).

One interesting feature of nonautonomous systems with translation compact symbols is
that we can reduce the construction of the uniform attractor to that of the global attractor
for a semigroup acting on a proper extended phase space; this also yields further properties
on the uniform attractor.

Noting that, owing to the well-posedness,

Uriyoe(t, 1) =Us(t+h,t+h), Vt>1,T1€eR, VYoekX Vhek,
it is not difficult to show that the family of operators
St):Ex X — Ex X,

t > 0, forms a semigroup on E x X.
We further assume that, Vi > 7,7 € R,

(u,0) — Uy (t, T)u is continuous from E x X into E

(we say that the family of processes {U,(t,7), t > 7, T € R, 0 € X}is (E x X, E)-
continuous). Then the semigroup S(¢) satisfies the continuity property (2.4) on E x X.
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We can now use the results of Subsection 2.2 to construct the global attractor A for S(¢)
on the extended phase space E x X. In particular, if the family of processes {U, (, T),
t 21, T €R, 0 € X} possesses a compact uniformly attracting set, then S(¢) possesses
a compact attracting set (note that X is compact) and we have the following result.

THEOREM 4.6. We assume that the family of processes {Uy (¢, 1), t 21, T € R, 0 € X}
is (E x X)-continuous and possesses a compact uniformly attracting set. Then the semi-
group S(t) defined in (4.4) possesses the connected global attractor A. Furthermore, if I
(resp., I1) denotes the projector onto E (resp., X)), then

As =1T1HA
is the uniform attractor for the family of processes {Ux(t,7), t 2 7, T €R, 0 € X'} and
ImA=2%.

REMARK 4.7. It follows from Theorem 4.6 that, under the assumptions of this theorem,
the uniform attractor Ay is connected.

We say that u(s), s € R, is a complete trajectory for the process U (¢, 7),t > 7,7 € R,
acting on E if
U, Du(t) =ut), Vi>rt, 7€R

(as in Subsection 2.1, we can also define the forward and backward trajectories) and we
define the kernel of this process as the set

K= [u :R — E, u is a complete trajectory of the process U (¢, 7),
sup”u(t)”E < —i—oo}.
teR
We then have the

THEOREM 4.8. Under the assumptions of Theorem 4.6, the global attractor A associated
with the semigroup S(t) defined by (4.4) satisfies

A= [ K5 0) x {0},
oeX
where Ky is the kernel of the process U, (t, T). Furthermore, the uniform attractor Ay, =

I, A satisfies
As = Ko (0).

oeX

REMARK 4.9.
(a) It follows from the invariance of A that

Ax = U Ko(s), VselR.

oceX
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(b) It follows from the above results that, under the assumptions of Theorem 4.6, the
process U, (¢, T) possesses at least one bounded complete trajectory, Vo € X.

REMARK 4.10. It is also possible to construct, for the initial process Uy, (¢, T), the uni-
form, now with respect to T € R, attractor. We refer the reader to [49] for more details and
conditions which ensure that this attractor coincides with A .

An important issue is whether the uniform attractor Az has finite (fractal) dimension.
A natural way to prove such a result would be to prove that the global attractor A for the
semigroup S(¢) defined by (4.4) has finite (fractal) dimension. Then, since the projector Iy
is Lipschitz, we would infer that A 5, has also finite dimension. Unfortunately, as mentioned
in the introduction, the dynamics of S(¢) is much more complicated than that of the initial
system in general and A has infinite dimension in general; we also saw that the uniform
attractor can already be infinite dimensional for simple linear equations.

Thus, in general, the uniform attractor does not yield a finite dimensional reduction
principle. Essentially, we are only able to prove the finite dimensionality of the uniform
attractor for quasiperiodic processes (see [49]; see however [212] for a finite dimensional
result for asymptotically periodic processes).

REMARK 4.11. A direct way to study the dimension of Ay consists in computing its
Kolmogorov e-entropy (see Definition 2.28; see also [49] for details). In particular, if the
Kolmogorov e-entropy of Ay satisfies

1
He(Ax) < dlog, cTe
where ¢ and d are independent of €, then

dimp Ay <d.

The use of the Kolmogorov entropy allows in particular to obtain sharp bounds on the
dimension of Ay for quasiperiodic processes, see [49].

4.2. Pullback attractors

We saw in the previous subsection that the uniform attractor does not yield a satisfactory
finite dimensional reduction principle in general, i.e., for a general translation compact
symbol. Furthermore, even though the time appears explicitly in the equations, the uniform
attractor is time independent.

In this subsection, we introduce a second notion of a nonautonomous attractor, now time
dependent.

We consider a process U (t, 1), ¢t > 7, T € R, acting on a Banach space E,

Ult,t):E—>E, t>r1, 1€eR,
and we assume that

U(t,7t)iscontinuouson £, Vi>1, T €R.
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DEFINITION 4.12. A family {A(¢), ¢t € R} is a pullback attractor for the process U (¢, 7)
if

(1) A(z) is compact in E, Vt € R;

(ii) it is invariant in the following sense:

Ui, 1)A(t) = A@r), Yr>r1, VTt €R;
(iii) it satisfies the following attraction property, called pullback attraction:

VB C E bounded, Vt € R,
lim dist(U(r,1 —s)B, A(t)) = 0. 4.5)
s—400

REMARK 4.13. The pullback attraction (4.5) essentially means that, at time ¢, the set A(¢)
attracts the bounded sets of initial data coming from —oo.

REMARK 4.14.
(a) We can note that Definition 4.12 is too general to have the uniqueness of a pull-
back attractor, if it exists. Indeed, let us consider the following simple dissipative
autonomous ODE:

y+y=0.
Then it possesses the global attractor A = {0}. However, any trajectory y(¢t) =
Ce ', t € R, generates a pullback attractor (e.g., A(r) = {0, Ce™"}, t € R)! Thus,
the uniqueness of a pullback attractor fails and additional conditions must be added

in order to restore such a property (see [36] and [40]). For instance, the uniqueness
holds if one has some “backward boundedness”, e.g.,

swp JAC = )e (= sup sup l¥lg) <Ci 1R (46)

seER seRy xe A(t—s)

(b) If the system is autonomous and we further assume that (4.6) holds, then we recover
the global attractor. Indeed, in that case, we can write U (¢, 7) = S(t —1), where S(¢)
is a semigroup, and we have, in the pullback attraction property, U (¢, t —s) = S(s).

REMARK 4.15. The above definition of a pullback attractor resembles that of the so-called
kernel sections introduced by Chepyzhov and Vishik, see [44,45], and [49]. Actually, in
order to prove that these two objects are equivalent, i.e.,

AW = K@) == {u@), ue K}, 1€R, 4.7

where K is the kernel (i.e., the set of all bounded complete trajectories of the associated
process), we need to make further assumptions. In particular, this equivalence holds if one
has the backward boundedness (4.6), together with some forward dissipativity (e.g., the
existence of a (forward) bounded uniformly absorbing set for the process). Furthermore,
as proven, e.g., in [45] (see also [49]), the kernel sections (i.e., the pullback attractor here)
have finite fractal dimension in E,

dimg A(t) < +00, t€R,
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under assumptions which are very close to those given in Subsection 2.4 for autonomous
systems, see [44,45], and [49] for more details. However, pullback attractors have been
introduced and further studied independently; it is also worth noting that they have been
extended to cocycles in the context of random dynamical systems as well, see, e.g., [62].

DEFINITION 4.16. The family {K (¢), ¢t € R} is pullback attracting for the process U (¢, T)
if, Vt € R, VB C E bounded,

lim dist(U(s,t —s)B, K(1)) = 0.

§—>—+00

The following result is the analogue of Theorem 2.17 for pullback attractors (see,
e.g., [35]).

THEOREM 4.17. We assume that the process U (t, 1) possesses a compact pullback at-
tracting family {K (t), t € R} (i.e., K(t) is compact, ¥Vt € R). Then it possesses a pull-
back attractor {A(t), t € R}. Furthermore, if the compact pullback attracting family
{K (1), t € R} satisfies (4.6), then a pullback attractor {A(t) C K(t), t € R} also satis-
fies (4.6) and is unique (in this class).

REMARK 4.18.
(a) Asin the case of semigroups, one usually proves the existence of a compact pullback
attracting family {K (¢), ¢ € R} by introducing a proper decomposition U (¢, t) =
Ui(t, t) + Us(t, 7), see [35].
(b) Actually, all notions, definitions, and properties introduced for global attractors have
a “pullback counterpart”, see, e.g., [39,214], and [230]. For instance, the pullback
version of Theorem 2.19 is given in [214] (see also [39]).

An interesting feature of pullback attractors is that, in general, A(¢) has finite fractal
dimension, V¢ € R (see, e.g., [38] and [139]; see also Remark 4.15), so that the finite
dimensional reduction principle given by the Holder—Mafié theorem holds. Unfortunately,
as mentioned in the introduction, the forward convergence, i.e.,

lim dist(U(r,7)B, A(t)) =0, VB C E bounded, VT € R,
t—>400

does not hold in general, due to the fact that the pullback attraction property (4.5) is not
uniform with respect to t € R (see however [35] and [40] for examples for which the
forward attraction holds); we also gave an example of an equation for which the pullback
attractor satisfying (4.6) (we recall that we have the uniqueness in this class) does not
reflect the asymptotic behavior of the solutions of the system. Thus, again, this notion
of a nonautonomous attractor does not yield a satisfactory finite dimensional reduction
principle in general.

REMARK 4.19. Nonautonomous inertial manifolds (also called integral manifolds) were
studied, e.g., in [42] (see also [12,130,131], and [162]). In that case, under natural assump-
tions, the forward exponential convergence, and even the asymptotic completeness (i.e., a
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property similar to (3.1)) hold. However, we also have here the drawbacks mentioned in
Subsection 3.1 and, in particular, very restrictive spectral gap conditions are necessary to
prove the existence of such objects. We also mention that, when the process U (¢, 7) is, in
some proper sense, close to an autonomous semigroup S(¢) which possesses a global Lya-
punov function and has a regular attractor, the associated pullback attractor A(z), t € R, is
also regular (i.e., it is a finite union of finite dimensional submanifolds of E, of course, now
depending on ) and uniformly (forward and pullback) exponentially attracting, see [42,43,
77,111], and [225] for details.

4.3. Finite dimensional reduction of nonautonomous systems

We saw in the two previous subsections that neither the uniform attractor nor a pullback
attractor yield a satisfactory finite dimensional reduction principle in general. We noted
however that the problem of the forward attraction for pullback attractors is due to the fact
that the pullback attraction (4.5) may not be uniform with respect to ¢. Therefore, if we are
able to construct (possibly) larger sets for which the pullback attraction is uniform with
respect to ¢, then we will also obtain the forward attraction: the concept of an exponential
attractor appears as a natural one to reach this goal and it is thus important to extend it to
processes.
We first consider a discrete process U (I, m),l,m € Z,] > m, acting on E, i.e.,

Ud,ly=1d, VleZ,
U(l,m)oUm,n)=Ul,n), ViZ>Zm=>=n,Il,mnel.
We set U(n) := U + 1,n), n € Z. It is then easy to see that the process U (I, m) is
uniquely determined by the family {{/(/), [ € Z}; indeed,
Un+kn=Un+k—1)oUUn+k—2)o---0lUU(n), neZ, keN.

We have the following result, which extends to (discrete) processes that given in Re-
mark 3.12(d).

THEOREM 4.20. (See [73].) We consider a second Banach space E1 such that E1 is com-
pactly embedded into E and a bounded subset B of E|. We make the following assump-
tions:
(1) VI € Z, U(l) maps the 5-neighborhood (for the topology of E1) Os(B) of B onto
B, where § is independent of 1;
(ii) VI € Z,U() satisfies the smoothing property (2.14) on Os(B),

|Uxi —UDx| g, < Kllxy —x2llp, Va1, x2 € O5(B),

where K is independent of |, x1, and x;.
Then the discrete process U (I, m) possesses a nonautonomous exponential attractor

{My@®), neZ}

such that
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. Vn € Z, My(n) C B and is compact in Eq;
2. Vn € Z, My (n) has finite fractal dimension (in the topology of E1),

dimp My (n) < ci,

where ¢ is independent of n;

. it is positively invariant in the following sense:

Ul,myMym) c My(), I>m,l,meZ;

. it satisfies the following exponential attraction property:

distg, (U +m, DB, Myl +m)) < ™", 1€Z meN, (48)

where c¢> and c3 are independent of | and m;

. the map U — {My(n), n € Z} is uniformly Holder continuous in the following

sense: for every processes Uy (I, m) and Uy (I, m) such that U; (1), i = 1, 2, satisfy
(i) and (ii), VI € Z (for the same constants § and K), there holds
diStsym,E1 (MUl 0, MUZ (l))

<es  sup eS| Uy (m) — Uh(m)|| ), 4.9)
me(—o00,)NZ

where c4, c5s > 0, and cg > 0 are independent of 1, Uy, and U, and

ISII:=sup [Shllg,.
heOs(B)

Furthermore, all the constants only depend on B, E, E1, §, and K and can be computed
explicitly in terms of the physical parameters of the problem.

REMARK 4.21.
(a) It follows from (4.8) that the pullback attraction holds, but one now has the forward

attraction (and, even better, one has a uniform forward attraction). Since, VI € Z,
My (1) has finite fractal dimension, this shows that the asymptotic behavior of (dis-
crete) nonautonomous systems is also, in some proper sense, finite dimensional in
general, as in the case of autonomous systems.

(b) It also follows from (4.9) that the influence of the past decays exponentially, in

agreement with our physical intuition.

(c) We can also construct the exponential attractor {My(n), n € Z} such that the

following cocycle identity holds:

Myl +m)y=Mr, o), [,meZ,
where T, U(l,m) . =U(l+k,m+k),k,l,meZ,1>m.

(d) IfUl) = S,Vl € Z, i.e., if the system is autonomous, we recover the exponential

attractor constructed in Remark 3.12(d).

(e) If the dependence of U/ (/) on [ is periodic or quasiperiodic, then the same holds for

the dependence of My (I) on .
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REMARK 4.22. As mentioned several times, the smoothing property (2.14) is typical of
parabolic systems and, e.g., for damped hyperbolic systems, it has to be generalized. In
particular, if the second assumption of Theorem 4.20 is replaced by the following: VI € Z,
Vx1,x2 € Os(B), B being a proper closed subset of E{,

| D)1 —U(Z)JQHEI < (A =9llxr —x2llg; + Kllxi — x2ll £,

where ¢ € (0,1) and K are independent of I, x1, and x;, then, assuming that B can
be covered by a finite number of balls of radius é (in the topology of E;) with centers
belonging to B, Theorem 4.20 also holds. We can obtain a similar result under the fol-
lowing more general (asymptotically) smoothing property: VI € Z, Vxi,x2 € Os(B),
UDx1 —U)xr = v1 + vo, where

lville < (I —€)llx1 — x2llE,
<

lvallg, < Kllx1 — x2ll g,

where € € (0, 1) and K are independent of /, x1, and x,. Howeyver, in that case, all proper-
ties are obtained for the topology of E instead of that of E, see [73] for more details.

The next step is to extend such constructions to continuous processes U (t, 1), t > T,
T eR

For instance, for a parabolic system in a bounded domain, we usually proceed as follows.
We first consider a uniform (with respect to T € R) bounded absorbing set B in E; (i.e.,
VBy C E| bounded, 3ry = f9(Bp) such that t > o implies U(t + 7, 7)By C B, VT € R).
We further assume that the map U(T + 7, 1) satisfies the assumptions of Theorem 4.20,
V1 € R, for B as above and for some T > 0, § > 0, and K which are independent of t
(typically, in applications, we can take § = 1). Then, for every T € R, we consider the
discrete process

U'd,m) =UGx+IT,t+mT), I,meZ,l>m.

Thus, owing to Theorem 4.20, we can construct, for every t € R, a discrete exponential
attractor {My (I, t), I € Z} which satisfies all the assertions of this theorem. In addition,
it satisfies the following properties:

My, 1) = My,IT +1), [€Z, T €R;
Mrul,t) =My, t+s), l€Z, s, T €R,
where T,U (¢, 7) :=U(t +s,T+5),t > 1,5, T € R. We finally set

Myy= |J Ut =T —5)My©.t =T —5), teR.
s€[0,7T]
Then, assuming that L: (¢, T, x) +— U(t, t)x is Lipschitz with respect to the x-variable
and satisfies proper Holder type properties with respect to ¢ and 7, typically,

||U(r—|—s+t, )x —U(r +t,r)x||E < c|s|1/2,
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where c is independentof t > 0,7 € R, s > 0, and x € B, and
/
UG+t +s.t+s)x—U@+7,0)x| <ce’ls]”,

T
t>T, s e 0,§,y>0,

where c is independent of ¢, 7, s, and x € B (see [73] for more details), we can prove the

following result.

THEOREM 4.23. (See [73].) The family {My (t), t € R} is a nonautonomous exponential
attractor for the process U (t, T) in E1 which satisfies the following properties:
1. Vt € R, My (¢) is compact in E| and has finite fractal dimension,

dimpMy () < C/l, vVt e R,
where ¢! is independent of t;
2. it is positively invariant,

Ut, o )My(r) c My(@®), t=21, teR;

3. it satisfies the following exponential attraction property:

distg, (U(t +1,7)B, Myt + r)) < c’ze_cét, teR, t >0,

where ¢}, and ¢ > 0 are independent of t and t and where B is the bounded
absorbing set introduced above;

4. it satisfies the following Holder continuity property: for every processes Ui (t, T)
and Uy(t, ) such that U;(t + T,t), i = 1,2, satisfy the assumptions of Theo-
rem 4.20 (for the constants § and K introduced above), ¥t € R, then

diStsym,E1 (MUl (), MUZ (t))

< suple™ S |UL (1,1 — ) — Uttt — )|},

s=>0
where ¢}, c5 > 0, and c; > 0 are independent of t € R.

Furthermore, all the constants can be computed explicitly.

REMARK 4.24.
(a) We can give a more precise Holder continuity result in concrete applications,
see [73].
(b) We also have the following Holder continuity with respect to the time:

distoym, £, (Mu(t +5), My(0) < cls|s, 1R, s >0,

where ¢/ and cg > 0 are independent of 7 and s.
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REMARK 4.25.

(a) We again have properties which are similar to those listed in Remark 4.21. In par-
ticular, we have the (uniform) forward attraction and, since M (¢) has finite fractal
dimension, V¢ € R, we obtain a satisfactory finite dimensional reduction principle
for nonautonomous systems in bounded domains.

(b) Such exponential attractors were constructed for nonautonomous reaction—diffusion
equations (in bounded domains) in [73]. However, this construction has a univer-
sal nature and should be applicable to most equations (in bounded domains) for
which the finite dimensionality of pullback attractors can be proven (e.g., the two-
dimensional incompressible Navier—Stokes equations, the Cahn—Hilliard equation,
damped hyperbolic equations, . . .).

REMARK 4.26. It follows from the Holder continuity that we can construct robust families
of nonautonomous exponential attractors which are continuous at every point, as in the
autonomous case.

5. Dissipative PDEs in unbounded domains

As mentioned in the introduction, the study of the dynamics of dissipative systems in large
and unbounded domains necessitates to develop new ideas and methods, when compared
with the above sections, devoted to systems in bounded domains. Indeed, we are faced here
with new phenomena which do not have analogues in the finite dimensional theory.

Our aim in this section is to give a short survey of the recent progress in this direction, in-
cluding the so-called entropy theory, the description of the space—time chaos via Bernoulli
schemes with an infinite number of symbols and its relations with the Kotelnikov formula,
the Sinai—-Bunimovich space—time chaos for continuous media, . . ..

We start by introducing and discussing the appropriate class of weighted and uniformly
local Sobolev spaces, which is one of the main technical tools in the theory.

5.1. Weighted and uniformly local phase spaces: basic dissipative estimates

We first note that, in contrast to the case of bounded domains, many physically relevant and
interesting solutions of PDEs in unbounded domains (such as spatially periodic patterns,
traveling waves, wave trains, spiral waves, . . .) are not spatially localized and, thus, usually
have infinite energy. Therefore, the typical, for bounded domains, choice of the phase space
as @ = L?(£2) or W\ (§2) does not seem to be reasonable here. On the other hand, all the
above mentioned structures are bounded as |x| — 400 and, therefore, belong to the phase
space @ = L°°(£2). However, the analytical properties of PDEs in L°-spaces are very
bad (there is no maximal regularity, no analytic semigroups, .. .), so that this choice of a
phase space only works for relatively simple equations (for which the maximum principle
holds).

Instead, it was suggested in [1,21], and [165], to use weighted and so-called uniformly
local Sobolev spaces which, on the one hand, contain all the sufficiently regular spatially
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bounded solutions and, on the other hand, enjoy regularity, embedding, and interpolation
properties which are very similar to those of usual Sobolev spaces in bounded domains.

In order to introduce these spaces, we first need to define the appropriate class of admis-
sible weight functions (see [75] and [237] for details).

DEFINITION 5.1. Let u > O be arbitrary. A function ¢ : R" — R is a weight function
with an exponential growth p if there holds

P(x +y) < Cpe'g(x),  ¢(x) >0, (5.1)
for every x, y € R".

The most important examples of such weight functions are the following ones:

bexy(x) ;= e 0l g e R, xo € R, (5.2)

or their smooth analogues,
Geng(x) = e eV IHR—0P o e R xp e R™ (5.3)

Obviously, these weight functions are weight functions with an exponential growth |¢| and
the constant Cy is independent of x¢. Another important class of weight functions consists
of the so-called polynomial weights,

Oy (@) = (1+1x —xo?) V%, NeR, xoeR", (5.4)

which are also sometimes useful. Obviously, these weight functions have an exponential
growth p, for every u > 0.
We are now ready to introduce the proper classes of Sobolev spaces.

DEFINITION 5.2. Let £2 be a sufficiently regular unbounded domain, ¢ be a weight func-
tion with an exponential growth, and 1 < p < 4o0. Then the associated weighted spaces
Lg (£2) and weighted uniformly local spaces L[’; 5(£2) are defined by the following norms:

laell? :=/ ¢ (0)|u(x)|” dx,
2

4
lullp, = sup {$o)llullLocensy) ) (5.5)

XQE.Q
where B)ff) denotes the R-ball in the space R” centered at xg. For simplicity, we will write
LII; (£2) instead of Lg 1(£2) and we naturally define the Sobolev spaces Wé)‘p (£2) (resp.,

Wé‘g([))) as the spaces of distributions whose derivatives up to the order / belong to
Lg(sz) (resp., L,';,qb(sz)).

We note that L>®(£2) C Li(.Q) and, consequently, all the dissipative structures men-
tioned above indeed belong to the uniformly local phase space @ := Lz(.Q). Furthermore,
we also have the embedding L*°(£2) C Lé(.Q) if the weight function ¢ is integrable (i.e.,

¢ € L'(£2)). The important relations between weighted and uniformly local spaces are
collected in the following proposition (see [237]).
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PROPOSITION 5.3. Let §2 be a sufficiently regular unbounded domain and let ¢ be a
weight function with an exponential growth €. Then, for every u > &, the following norms
are equivalent:

||u||1,j£ ’”/.Q¢p(xo)/;267”|x7x°‘|u(x)}dedx0,

||u|I’L’£¢ ~ sup {¢”(xo)/Qe‘”‘x‘)'\u(xﬂpdx}, (5.6)

x0€s2

with constants which depend on &, |, and Cy, but are independent of the concrete form

of ¢.

REMARK 5.4. Relations (5.6) allow to reduce the calculation and estimation of any
weighted norm (for a weight function with an exponential growth) to those of the spe-
cial exponential weight functions ¢, ,(x). In particular, relations of this type allow to
reduce most results concerning embeddings and interpolation estimates for the weighted
and uniformly local spaces, together with the associated regularity results for linear ellip-
tic and parabolic operators, to the corresponding ones for the weight functions ¢ y,(x)
or @¢ x,(x) (and, thanks to the natural change of function it = ug_; y,, to the classical
spaces without weight). Furthermore, all the constants in such estimates only depend on
the weight exponent and Cy (and on some regularity constants of the boundary) and are
independent of the concrete choice of ¢ and the shape of §2, see [75,165,237,242], and
the references therein. This also explains why the linear theory of PDEs in uniformly local
spaces is very similar to that in the unweighted spaces.

We are now ready to return to the main issues of this subsection, namely, the definition of
the proper phase spaces @ for dissipative PDEs in unbounded domains and the derivation
of the basic dissipative estimate

IS@uol, < Q(luolle)e™ +C, upe®, 120, a>0. (5.7)

A “general” answer to these questions can be formulated as follows:
(1) use the uniformly local Sobolev spaces Wé’p(Q) or LZ(.Q) as phase spaces, e.g., in
a Hilbert setting, i.e., p = 2;
(2) use the so-called weighted energy estimates and weighted regularity theory to obtain
a dissipative estimate in the spaces qu;si . (£2);
(3) pass from the weighted to the uniformly local spaces by using the second estimate
of (5.6) with ¢ = 1.

This machinery has been successfully applied to many physically relevant PDEs in un-
bounded domains, including various types of reaction—diffusion equations (see [9,75,76,
165], and [237]), damped wave equations (see [87] and [235]), elliptic equations in un-
bounded domains (see [166] and [224]), and even the Navier—Stokes equations in a strip
(see [242]).

For the reader’s convenience, we illustrate below such a scheme on the relatively simple
example of a reaction—diffusion system in £2 = R3 (see [237] for more details):

oru =alyu—iu— f(u)+g, ul;= = up. (5.8)
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Here, u = (ul, R uk) is an unknown vector-valued function, a is a constant diffusion
matrix satisfying the standard assumption a 4+ a* > 0, A > 0 is a fixed constant, g corre-
sponds to the external forces and belongs to Li(R3)k ,and f is a given nonlinear interaction
function satisfying the following standard dissipativity assumptions:

1. f € C'(RK, RF);

2. f(u) -u>—C;

3. f'(w) > —K;

4| f@| <1+ [ulP);

u € R¥, C, K > 0, where u.v denotes the usual inner product in R and p > 0 is arbitrary.

(5.9)

THEOREM 5.5. Let the above assumptions hold. Then, for every ug € @), = Li(R3)k,

problem (5.8) possesses a unique solution u(t) € @y, and the following dissipative estimate
holds:

w2 < Clluollze™ +C(1+ligll ). ¢ >0, (5.10)

where the positive constants « and C are independent of u.
PROOF. We only give a formal derivation of the dissipative and uniqueness estimates. The
remaining details can be found in [237]. We multiply Eq. (5.8) by u¢?, where ¢(x) =

e, xo(X) 1= e~¢ =%l for a sufficiently small ¢ which will be fixed below, and integrate
with respect to x € R". Then we have

1/20, ||u(t) ||i; + (aVxu(@), Vi[¢*u()]) + k||“(f)||i;

= —(f(u®) - u@®), $*) + (*u(®). g) (5.11)

(here and below, (-,-) denotes the scalar products in L2(R?), L2(R*X, and L%(R3)%).
According to the dissipativity assumption (5.9)(2), we see that

—(¢% f) -u) <Cll7, =Ce™ (5.12)
and, thus, the nonlinear term can be controlled. Furthermore, thanks to the obvious inequal-
ity

|Vie o (X)]| < Cogpe, vy (x), (5.13)

together with the positivity of a, we conclude that, if ¢ > 0 is small enough, the following
estimate holds:

(aVeu, Vi[¢u]) + Auuni; > 2a(||vxu||§3) + ||u||§;) — Ce(lul, |Vyulg?)
> a(nvxunié + ”””ii)’ (5.14)

for some positive constant o which is independent of xp. Inserting these estimates
into (5.11), we deduce that

w72 + 20w |12 < €1+ lelz;)
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and the Gronwall inequality gives

|u(D)|3- +/T+l||u(t)||212 di
L¢£,x0 T W¢é.x0

< C|lu(0) ||i; e+ C(i+1gly; ). (5.15)
£,X() £,X()
It is crucial here that the constants C and « in this inequality are independent of xg. There-
fore, taking the supremum over xo € R3 and using the second relation of (5.6) with
¢ = 1, we deduce the required dissipative estimate (5.10) in the uniformly local phase
space @, = L%(R3)k.
We now verify the uniqueness. Let u(¢) and u»(¢) be two solutions of (5.8) and set
v(t) == u1(t) — u(¢). Then this function solves the linear equation

1
v =alAyv—Av—I1{)v, ) := [ f/(sul(t) + 1 - s)ug(t)) ds. (5.16)
0

We note that, due to the third (quasimonotonicity) assumption of (5.9), we have /() > —K.
Multiplying now equation (5.16) by v¢>82’x0, using the last inequality, and arguing exactly
as in the derivation of the dissipative estimate, we obtain

@ |5 <cek o]z (5.17)
Pe.x() ¢e.x0

for some positive constant C which is independent of x(. This estimate gives the unique-
ness and finishes the proof of the theorem. (I

REMARK 5.6. We see that the growth restriction (5.9)(4) has not been used in the proof
of uniqueness and of the derivation of the dissipative estimate. However, this assumption
is necessary in order to show that the associated solution satisfies Eq. (5.8) in the sense of
distributions. Furthermore, as shown in [237], f(u(¢)) and A, u(¢) belong to Li(R3)k , for
every t > 0, so that the equation can be understood as an equality in Li(RS)k .

REMARK 5.7. Estimates (5.15) and (5.17) show that the reaction—diffusion problem (5.8)
is well-defined not only in the uniformly local phase space @, = Li(ﬂ@)k, but also in
the larger phase space @, := Lg_m‘ (R*)¥, provided that ¢ > 0 is small enough. Roughly
speaking, this space contains not only all functions which are bounded as |x| — o0,
but also functions which grow at most like e?/*! at infinity. Thus, the alternative choice of
the weighted phase space @, (or the choice of weighted spaces with polynomial weights
as in the first articles on this subject, see [21]) is also possible here, see also [18,75],
and [227]. However, such a choice has essential drawbacks related to the addition of the
above spatially unbounded solutions. Indeed, on the one hand, all the dissipative structures
mentioned above are bounded as |x| — —+o00, so that the class of bounded (uniformly
local) solutions seems physically natural and sufficient. On the other hand, the analytical
properties of the equations in spaces of spatially unbounded functions are essentially more
complicated (in particular, even in the case that we consider, there is no differentiability
with respect to the initial data in @;). Furthermore, even the uniqueness in such classes
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is strongly related to the restrictive quasimonotonicity assumption (5.9)(3) and can be vi-
olated if it is not satisfied, see [75]. Thus, the choice of the uniformly local phase spaces
seems more general and preferable.

REMARK 5.8. We note that, in contrast to bounded domains, the space C°°(£2) is not
dense in the uniformly local space Li (£2). As a consequence, even the linear equation (5.8)
with f = g = 0 does not generate an analytic semigroup in Li(R3)k and, in particular,
the solution u(#) is not continuous at t+ = 0 for generic ug (i.e., u ¢ C([0, T, Ll% (R3)Ky).
However,

u e (10, 71, L3 (R?)),

for every ¢ € L'(R?), see, e.g., [236]. This inconvenience can be overcome by introducing
a more restrictive uniformly local space L%(.Q) as follows:

=5 .

Ly(2) = [C*(ED)] 2 o),
where [-]y denotes the closure in the space V. Roughly speaking, u € I:i(.Q) means the
boundedness of the L%—norm, plus some kind of “translation compactness”. Indeed, as
proven in [236], at least for £2 = R", the space ii(Q) coincides with the space of the so-
called translation compact functions introduced by Chepyzhov and Vishik for the theory of

nonautonomous attractors, see [49]. We recall that the function u € Li(R") is translation
compact if its hull,

Hu) := [Tsu, s € ]R”] Tsu(x) :=u(x +s), s,xe€R",

2
Lloc

is compact in the local space L120C (R™). Under such a more restrictive choice of the phase

space, the analytic semigroups theory works and the continuity of u(¢) also holds, see [9]
and the references therein. We note however that, although it is crucial for the general ana-
Iytic semigroups approach, the above density problem does not seem to be essential for the
weighted energy methods considered here, since every u € L%(.Q) can obviously be ap-
proximated by smooth functions in the local topology of LIZOC(.Q), and this is enough in or-
der to establish the existence of a solution, see, e.g., [75] and [237]. Furthermore, verifying
the artificial translation compactness requirement is an extremely difficult (unsolvable?)
problem for more complicated equations (such as the two-dimensional and, especially, the
three-dimensional Navier—Stokes equations in cylindrical domains, see [242] and [243]).
Thus, we will no longer consider the space Li((z) in this survey.

5.2. Attractors and locally compact attractors

We now consider the theory of attractors in the uniformly local phase spaces. The first
essential difference here is that, contrary to bounded domains, the embedding

W, 2(2) € L3($2) (5.18)



Attractors for dissipative PDEs 155

is not compact. Thus, the usual smoothing (or asymptotically smoothing) properties are
not sufficient to establish the existence of a compact attractor in the uniformly local phase
spaces. As a consequence, the global attractor only exists in some exceptional cases (which
will be considered in the next subsection) in the initial phase space and, in order to construct
a general theory, the compactness assumption must be weakened. In particular, as shown
in [237], already for the simple real Ginzburg—Landau equation in R,

o = 8314 +u— u3,
the associated set of equilibria is not compact in le)(R). Thus, this equation cannot have a
compact global attractor in the phase space Li(R).

This difficulty is overcome by a systematic use of the local topology of leoc(.Q) and
the related locally compact global attractors. To be more precise, the set A is the locally
compact global attractor for the semigroup S(¢) acting on the uniformly local phase space
By = W, (2) if:

(i) itis bounded in @} and compact in the local topology of @y := Wll(;f (S_Z);
(ii) itis invariant, S(1)A = A, Vt > 0;

(iii) it attracts the bounded subsets of the phase space @ in the local topology of @..
This means that, for every bounded subset B of @, and every bounded subdomain §2;
of §2,

t—lgToo diStwl,p(Ql)(S(t)Bl.Q1 s A'-Ql) = 0’

where 1|, denotes the restriction of the function u (defined in £2) to the subdomain £2;.

REMARK 5.9. It is not difficult to see that the attractor defined above is a (@p, @joc)-
attractor in the terminology of Babin and Vishik, and, consequently, its existence can be
verified, e.g., by using the general attractor’s existence Theorem 2.20. However, in con-
trast to the case of usual global attractors, the compactness assumption on the absorb-
ing/attracting sets should now be verified in the local topology of @, only. Since the
embedding

WP (@) € Wil (2)

loc

is compact for ¢ > 0, verifying such a compactness assumption can be reduced (exactly
as in the case of bounded domains) to the derivation of an appropriate smoothing property
for the equations under study.

For the reader’s convenience, we illustrate the above theory on the reaction—diffusion
system (5.8) (see [68,75,76,161], and [165] for more general classes of reaction—diffusion
equations, [52,87], and [235] for damped wave equations, and [242] and [243] for the
Navier—Stokes equations in unbounded domains).

THEOREM 5.10. Let the assumptions of Theorem 5.5 hold. Then the semigroup S(t)

possesses the locally compact global attractor A in the uniformly local phase space
@), = LI(R3)X.
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SKETCH OF THE PROOF. According to the abstract attractor’s existence theorem men-
tioned above, we need to verify that the semigroup S(¢) is continuous in the local topology

of Do = leoc (]R3)k on every bounded subset of @; and that there exists a compact (in

the topology of @) absorbing set (for bounded subsets of @p,).

The continuity follows in a standard way from estimate (5.17). Thus, we only need to
construct a compact absorbing set.

As usual, the basic dissipative estimate (5.10) guarantees that the ball of radius R, Bg :=
{u, ||u||L§ < R}, in the phase space @}, is an absorbing set if R is large enough. However,

this ball is obviously not compact in @j,.. For this reason, we construct a new absorbing
set in the following standard way:

B:=[S(1)Bk],, -

Since the embedding Wbl’z(R3)k C Py 1S compact, it is sufficient, in order to prove
that the set B3 is compact in @ (and, thus, finish the proof of the theorem), to prove a
smoothing property on the solutions of problem (5.8) of the following form:

||u(1)||$v;z < C(1+ [u©) ||i§ + “g”ii)’ (5.19)

where the constant C is independent of u.
In order to prove (5.19), we multiply Eq. (5.8) by the following expression:

3
rZ Ay, (#285,u(n)) =: t.Tyu(r), (5.20)

i=1
where ¢ (x) = ¢g 1 (x) = e ¢"—%l and ¢ > 0 is small enough. Then, integrating with
respect to x, we have

1
zat(t”qu(t)”ii) + e || Veu(t) ||ig> + t(adu(t), Tyu(n))

= Hqu(t)Hii — (¢ f' (u(®)) Veu(t), Vou®)) + 1 (g, Tpu()). (5.21)
Using now the positivity of a and estimate (5.13), we note that
(aAyu, Tyu) > (anu, ¢2Axu) - C8(¢2|Axu|, |qu|)
> | Asullg; = Ce|[ Vil (5.22)
for some positive constant . Using this estimate, together with the quasimonotonicity
assumption f'(«) > —K, we deduce from (5.21) that

(1 V) 72) + 2t [ Vw73 + 1] Asuo)] 5
< Ca+ (gl + [Veu®|72)-

Integrating this estimate with respect to ¢t € [0, 1] and using (5.15) to estimate the time
integral of V,u, we find

||u(1)||€V‘£;.2XO <c(1+ ||g||i;w0 + [u(0) ”ié&m)’ (5.23)
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where the constant C is independent of xq. Taking the supremum over xo € R? in both
sides of this inequality and using (5.6), we obtain the required smoothing property (5.19),
which finishes the proof of Theorem 5.10. t

REMARK 5.11. The trick consisting in multiplying equation (5.8) by the expression
Tpu (suggested in [237]) allows to estimate the nonlinear term f(u) in an optimal way
by only using the quasimonotonicity assumption (exactly as in bounded domains). In
contrast to this, the straightforward multiplication of the equation by ¢2A,u (as per-
formed in [18] and [21]) gives, when integrating by parts in the nonlinear term, the ad-
ditional “bad” term (V2 f(u)”, Veu) and the extremely restrictive growth assumption
p < 14+ min{4/n,2/(n —2)} in (5.9)(4) is necessary in order to handle it. Thus, in three
space dimensions, this yields that p < 7/3, and even cubic nonlinearities cannot be treated.
The above mentioned simple trick allows to avoid to impose a growth restriction to prove
the existence of attractors.

5.3. The finite dimensional case

Before discussing the general infinite dimensional case in the next sections, we consider
some rather exceptional cases in which the global attractor remains finite dimensional.
As we will see below, in such cases, in spite of the fact that the underlying domain is
unbounded, the attractor is localized (up to exponentially decaying terms) in some bounded
domain (due to some special structural assumptions on the nonlinearity and the external
forces). Thus, the corresponding theory is very similar to that in bounded domains and
seems to be well-understood now (see [1,18,21,68,71,75,90,160,235], and the references
therein).

As above, we consider, for simplicity, the reaction—diffusion system (5.8), although the
approach described below has a general nature, see, e.g., [235] for nonlinear damped wave
equations, [88] for degenerate parabolic equations, and [10] for the Navier—Stokes equa-
tions.

The most commonly used structural assumption on the nonlinearity f (suggested
in [21]) is the following one:

f@)-u>0, VueR (5.24)

(compare with (5.9)(2)). In addition, some decay assumptions on the external forces g as
|x] — o0 are necessary. In order to formulate them, we need to introduce some more
specific classes of uniformly local spaces.

DEFINITION 5.12. Let §£2 be a sufficiently smooth unbounded domain. The space
W}l,’p (£2) consists of all functions u € Wé’p (£2) which satisfy

li =0. 5.25
\xolgr-li-oo ”u”Wl’p(‘QmBXlo) ( )

Roughly speaking, the space Wé’p (£2) consists of all functions u € Wllj’[7 (£2) which decay
as |x| = +oo0. In particular, obviously, WhP(2) C W,ﬁ’p(.Q).
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Finally, following [68], we impose a decay assumption on the external forces g of the
form

g e L2(RY). (5.26)

The following simple lemma (see [71]) is a key technical tool in the theory.
LEMMA 5.13. Let g € IL%(.Q)]‘ and set

Ry(x0) = llgll?,

e,x)
for some positive €. Then

lim Ry (xp) = 0. (5.27)

|xg|— 400

Returning to the reaction—diffusion system (5.8) and to the weighted dissipative esti-
mate (5.15), we see that, owing to the structural assumption (5.24) (instead of f(u) - u >
—C), the constant 1 disappears in the right-hand side of (5.15) and we have an homoge-
neous estimate,

2 2 - 2
”u(t)HLz(B] )k g CIHM(I)HLZ < CZe o« ”u(O)HLZ +C2”g”i2 ) (528)
X0 ¢e.x0 Pe.x be.xq
where the positive constants C, and « are independent of xo and u. In particular, the first
term in the right-hand side vanishes on the attractor and we have
2

”u”LZ(BxIO)k < CZRg(-x())s Vu € A (529)
Thus, owing to Lemma 5.13, A C Li(]l@)k and, besides, (5.29) gives a uniform “tail es-
timate” as [x| — -—+oo with respect to all functions on the attractor. This tail estimate,
together with the embedding A C Wb1 ’2(R3)k which follows from the smoothing property
(5.19), guarantee the compactness of the (locally compact) attractor .4 on the initial topol-
ogy of the phase space as well. Finally, a slightly more accurate analysis of estimate (5.28)
allows to check the asymptotic compactness of the associated semigroup S(¢) in @p. Thus,
we have the following result (see [68] and [71] for a detailed proof).

THEOREM 5.14. Let the assumptions of Theorem 5.5 hold and let, in addition, the struc-
tural assumptions (5.24) and (5.26) be satisfied. Then the semigroup S(t) associated with
the reaction—diffusion system (5.8) possesses the compact global attractor A on the initial
uniformly local phase space ®@p, (exactly as in bounded domains).

Furthermore, exactly as in bounded domains, we have the finite dimensionality of the
above global attractor in the phase space.

THEOREM 5.15. Let the assumptions of the previous theorem hold. Then the global at-
tractor A has finite fractal dimension. Furthermore, the associated semigroup possesses a
finite dimensional exponential attractor M in the phase space ®p.
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The proof of this theorem is also based on the uniform tail estimate (5.29) and can be
found in [68] and [71].

REMARK 5.16. In the original article [21], the uniform tail estimate on the global attractor
was proven in an alternative and more complicated way. To be more precise, the equations
were considered in the phase space @y := Lé(.Q)k, with growing weight functions of the

form ¢ (x) := (1 + |x|®)N, N > 0 (thus, @, consists of functions which decay sufficiently
fast at infinity). Then the compactness of the global attractor in @ was deduced by proving
the embedding

AcC L@ nw, 22k,

for some o > 1. This however requires the artificial restriction g € L2(£2)* and some
additional assumptions on f. In particular, the Hilbert case ¢ = 1 was not covered by this
approach. This drawback was overcome in [227], in which a more accurate method to es-
timate the tails in the Hilbert case @ = L?(£2)¥ was suggested and the compactness of the
attractor for ¢ = 1 was proven. An alternative very simple and effective way to handle the
Hilbert case ¢ = 1 is based on the so-called energy method, see [24,198], and [217]. This
approach is based on the elementary fact that a weakly convergent sequence in a Hilbert
(reflexive) space converges strongly if the associated sequence of norms converges to the
norm of the limit function. The convergence of the norms is then verified by passing to the
limit in the energy equality. Thus, the asymptotic compactness of the semigroup can be
verified without requiring to work on weighted spaces. This approach is especially helpful
for complicated equations (such as the Navier—Stokes equations) for which estimates in
weighted spaces are rather difficult to obtain, see [217]. A drawback of this approach is
that it does not give any qualitative nor quantitative information on the spatial structure of
the global attractor, which are available when using weighted spaces, and only works in
the Hilbert case. However, it is worth noting that, as usual, the global attractor (if it ex-
ists) is independent of the choice of the admissible phase space, see [75], so that all cases
mentioned above are actually contained in the general Theorems 5.14 and 5.15.

REMARK 5.17. We finally mention that the constant A in (5.8) can be replaced by
x-dependent functions A(x) which are not necessarily positive everywhere, see [9]
and [160]; actually, it is sufficient to require that

@V, Viv) + (v, v) = hollvlZn, Yo e WH(RY), 20 > 0.

Indeed, all the estimates given above can be obtained by repeating word by word the corre-
sponding proofs. Another slight generalization consists in considering functions f which
depend on x and requiring that, instead of (5.24),

fx,u) - u>—-Ckx), x¢€ R3, ue Rk,
where C belongs to L llj(R3).
We now formulate, following essentially [235] (see also [71]), some natural generaliza-

tions of the structural assumption (5.24) and discuss the spatial asymptotics of the global
attractor.
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ASSUMPTION A. Let the nonlinearity f and the external forces g € Li(R3 ) be such that
there exists a solution Zy(x) of the associated elliptic equilibrium problem

ahAZo—WZo— f(Zo)+2=0, xeR\BE, Zo e WX (R\BE),
(5.30)
outside a large ball B§ of R? which satisfies the following property:

[f(v+ Zo(x)) = f(Zox))]- v =0, veRt xeR\BL. (5.31)

The following generalization of Theorem 5.14 gives the spatial asymptotics of the global
attractor up to exponentially small terms.

THEOREM 5.18. Let the assumptions of Theorem 5.5 hold and let Assumption A be sat-
isfied. Then the associated semigroup S(t) possesses the global attractor A in the phase
space @, which satisfies the following estimate:

luo = Zoll 2gy e < Ce™M0L x> R+ 1, up € A, (5.32)

where the positive constants C and a are independent of ug € A and xy.

SKETCH OF THE PROOF. Let Zo(x), Zo € Wf’z(]l@)k, be some extension of Zy(x) inside
the ball Bée. Then this function satisfies

alZo—rZo — f(Zo) + g = &, (5.33)
where g € Li(R3)k and supp g C B(f.
We now set v(t) := u(t) — Zo. Then this function solves

v =aAv—rv—[fv+ Zo) — f(Zo)] +&. (5.34)

We recall that, owing to Assumption A, [ f(v + Zo) — f(Zo)] -v >0, forx ¢ Bée. Using
the quasimonotonicity assumption f’(v) > —K to estimate this term inside the ball Bf,
we infer

[f(v() + Zo(x)) — f(Zo(x))] - v(x)
> —K o)) xz(x)
> —K(ju®|” +|Zo@)|)xr(x), xR, (5.35)

where x g (x) is the characteristic function of the ball Bée.

Multiplying now equation (5.34) by qbszy x U(?) and arguing exactly as in the derivation
of (5.15) and (5.28), we conclude that
< C(luxxlly;

2 7 2
Ivl12, + 1 Zoxr 12,
e, €, X

‘0

+ ||ng||§2£ ). (5.36)

.X’O XO .’CO
where the constant C is independent of xg and v € A — Zp. Multiplying this inequality by

the weight function

¢ (xg) := inf e¥lo=3l,
zeBf
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with ¢ < & (which, obviously, is a weight function with an exponential growth «), taking
the supremum over xo € R3, and using the second equivalence in (5.6), we finally find

||v||§%¢ < C(luxrlz, + 1 Zoxrly, +1217,) < Cr, (5.37)

where we have implicitly used the fact that the Li—norm of the attractor is bounded. There
remains to note that (5.37) is equivalent to (5.32) to finish the proof of Theorem 5.18. [

REMARK 5.19. If, in addition, the attractor A is bounded in C, (R3)k by some constant L,
it is, obviously, sufficient to verify estimate (5.31) from Assumption A only for |v| < 2L.
We also note that Theorem 5.18 shows, in particular, that the spatial asymptotics (5.32)
holds with Z replaced by any true equilibrium of the problem.

We conclude the section by giving two examples to illustrate the above theorem.

EXAMPLE 5.20. Let the assumptions of Theorem 5.14 hold. We claim that Assumption A
is automatically satisfied here and, therefore, the global attractor A possesses the spatial
asymptotics (5.32). Indeed, as proven in [237], A is globally bounded in sz ’Z(RS)". This
fact, together with a proper interpolation inequality and the tail estimate (5.29), yield

1/4
lulleqpy e < C[Re(x0)] " (5.38)

Therefore, the global attractor also belongs to Cp(R*)¥ and is bounded in this space. In
particular, any equilibrium zo(x) of this problem satisfies lim|y|— o0 20(x) = 0. Thus, in
order to verify Assumption A, with Zy = zo, it is sufficient to check that there exists ¢ > 0
such that

[fw+2) = f@] v=—2/2]% (5.39)

for every v, z € R, Jv| < 2L (L is the C-diameter of the attractor) and |z| < . Indeed,
Assumption A then holds with f replaced by f(u) + A/2u, for a sufficiently large R =
R(¢). In order to verify inequality (5.39), we consider two cases, namely, |v| < § and
|v| > &, where § > 0 is a sufficiently small number to be fixed. In the first case, both v and
z are small, so that inequality (5.39) follows from the continuity of f’ and the fact that,
owing to assumption (5.24), f(0) = 0 and f'(0) > 0. We now consider the second case
(6 > 0 has been fixed at this stage). It is sufficient, in view of inequality (5.24) and the
assumption |v| > §, to find ¢ > 0 such that

f+2) -2+ f(2)-v<A8/2,

for every |z|] < € and |v| < 2L. Since f(0) = 0, the existence of such an ¢ = ¢(8, L)
is straightforward, see [235] for more details. Thus, Assumption A is verified and Theo-
rem 5.18 (together with the sz 2_bound on the attractor) now gives

lu(x) —z0(x)| < Ce™M Vue A, x eR. (5.40)
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REMARK 5.21. In particular, we see that, although the rate of convergence to zero of
the external forces g determines that of any function belonging to the global attractor, the
“thickness” of the attractor decays exponentially, no matter how slow this rate is. Thus, the
attractor is, in fact, concentrated (up to exponentially small terms) in a bounded domain.
This property clarifies the nature of the finite dimensionality of the attractor in that case.
Furthermore, to the best of our knowledge, such an exponential localization holds for all
examples for which the finite dimensionality is known.

EXAMPLE 5.22. We consider the real Ginzburg-Landau equation in R>,
du=Au—+u—u +g. (5.41)

We claim that Assumption A is satisfied if g € Li(]l@) and

2
liminf g(x) > ——. 5.42
‘x|_>+oog( ) W (5.42)

Indeed, an elementary analysis shows that

[fo+2)—f@] v=0, YoeR, f@):=u’—u,

if and only if |z| > % On the other hand, assumption (5.42) guarantees that the function

Wo(x) = % + ¢ is a subsolution of (5.41) if ¢ is small enough and |x| is large enough.

Therefore, bi/ the comparison principle, there exists a solution Z of the equilibrium equa-
tion (5.30) outside a large ball which satisfies Zg(x) > % + & and Assumption A is
verified. Thus, we see that, under assumption (5.42), the global attractor is spatially local-
ized (in the sense of estimate (5.40)) and, for this reason, it is compact in Li(R3 ) and finite
dimensional. As already mentioned in the previous section, when g = 0, the associated
global attractor is not compact in Li(]l@) (and is infinite dimensional).

5.4. The infinite dimensional case: entropy estimates

Starting from this section, we consider the general case in which the dimension of the
global attractor is infinite. Indeed, the simplest way to understand why this dimension
must be infinite in general is to consider the real one-dimensional Ginzburg—Landau equa-
tion (5.41) with zero external forces; we also consider the space periodic solutions with
period 2L. Then the associated dynamical system acting on the space Lger([—L, L])of 2L-
periodic functions is dissipative and possesses the (finite dimensional) global attractor Ay .
Furthermore, we see that, by computing the dimension of the unstable set at u = 0,

2L
dimp A7 > dim M"(0) > —.
T

On the other hand, since the phase space Lf)er([—L, L)) is contained in the phase space
Dy = Li(]R), we also have the embedding

Ap C A,
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where A is the (locally compact) global attractor of the equation in the whole space. Thus,
since the dimension of Ay grows as L — 400, the dimension of .4 cannot be finite.

This simple example shows that, in contrast to bounded domains, we cannot now ex-
pect any finite dimensional reduction in general and the dynamics reduced to the global
attractor remains infinite dimensional. However, it is intuitively clear that the attractor A
is essentially “thinner” than the initial phase space and, in some proper sense, the reduced
dynamics can be described by less degrees of freedom here as well. Now, in order to make
this observation rigorous, we need to be able to compare the “thickness” of infinite dimen-
sional sets.

One possible approach to this problem (which is widespread in the approximation the-
ory, see, e.g., [219]) consists in using the Kolmogorov e-entropy, see Definition 2.28. In-
deed, owing to the Hausdorff criterium, the entropy H. (X, M) is finite for every ¢ > 0 and
every compact subset X of the metric space M. Then, according to formula (2.13), the set
X is finite dimensional if and only if

1
He(X, M) < dlog, — 4+ C,
€

for some constants C and d which are independent of & — 0T. So, under this approach,
the infinite dimensionality of X just means that the quantity H.(X) has another, more
complicated, asymptotics as ¢ — 0T, which is to be found or estimated.

To the best of our knowledge, the idea of using the Kolmogorov e-entropy in the theory
of attractors was suggested by Chepyzhov and Vishik in [221] in order to study the infinite
dimensional uniform attractors of nonautonomous dynamical systems in bounded domains.
However, such an approach appears as especially adapted to the study of equations in
unbounded domains and, starting from [56] and [233], the ¢-entropy has become one of
the most powerful technical tools in view of the study of the locally compact attractors in
large and unbounded domains.

We start our considerations by giving several examples of asymptotics of the e-entropy
for some typical infinite dimensional function spaces.

EXAMPLE 5.23. Let £2 be a regular bounded domain, M := wi-p (£2), and X be the
unit ball of the space Wh:P2(£2), with

1 I 1 1)

pr n p2 n
Then it is well-known that X is (pre)compact in M, so that H.(X, M) is well-defined and

satisfies
1 n/(la—=1) 1 n/(l—=1)

where the constants C; and C; are independent of ¢, see, e.g., [219].

Thus, the typical asymptotics of the entropy of Sobolev spaces embeddings are polyno-
mial with respect to e ~!. The next example shows the typical behavior of the entropy for
classes of analytic functions embeddings.
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EXAMPLE 5.24. Let K be the set of all analytic functions f in a ball Bg of radius R in C"*
such that || fll¢(z) < 1and let M be the space C(BR®), where BR® := {z = (z1,...,z,) €
C", Imz; =0,i=1,....,n, |z] <1}. Thus, K consists of all functions of C(BR¢) which
can be holomorphically extended to the ball Br and for which the C-norm of this extension
is less than one. Then

1 n+1 n+1
Cq <log2 E) <HAK, M) < Cy (log2 ) , (5.44)
see [132].

In particular, the above asymptotics show, in a mathematically rigorous way, that the
set of real analytic functions is indeed essentially smaller than that of functions with finite
smoothness CX.

We now recall that, here, the global attractor is not compact, but only locally compact,
in the phase space. In order to compare such types of sets, we need to introduce, follow-
ing [132], the so-called entropy per unit volume or mean g-entropy.

DEFINITION 5.25. Let K be a locally compact set in some uniformly local space @, :=
Wé'p (R™). Then, for every hypercube [—R, R]", the entropy H. (K |[—r,g") of the restric-
tion of K to this hypercube is well-defined. By definition, the mean e-entropy of K is the
following (finite or infinite) quantity:

HE(K @p) = lim sup

_R.R]")- 5.45
m Sup o Ry He(K|[—R,R1") (5.45)

As we will see below, the next example is crucial for the theory of attractors in un-
bounded domains.

EXAMPLE 5.26. Let B, (R"), 0 € Ry, be the subspace of L>(R") consisting of all
functions u whose Fourier transform # has a compact support,

suppit C B := {&£ e R", ||| < o).

It is well known that the space B, (R") consists of entire functions (i.e., functions which
are analytic on the whole space R") with an exponential growth. Furthermore, if B(o) is
the unit ball in this space (endowed with the usual L°°-metric), then

1
C log2 - < He(B(0)) < C2log, - (5.46)

where C1 and C, depend on o, but are independent of ¢, see [132]. Moreover, we have,
concerning the entropy of the restrictions B(c)|[—g, g},

1\" 1
Ci1R" log2 Hg(B(o)“ R, R]n) < Cz(R + log, E) log, 2 (5.47)

where C1 and C2 are independent of ¢ and R. We can note that these estimates are sharp
for R > 10g2 = and for R ~ 10g2 but, for R K 10g2 the lower bound is far from
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being optimal and can be corrected as follows:

logy(1/¢)  \"™!
(log, log, 1/¢)" ’
where Cg depends on R, but is independent of €. The proof of estimates (5.47) and (5.48)
can be found in [236].

He (B(@)|—r.ry) = CR( (5.48)

Finally, we also mention the analogue of Example 5.23 for the uniformly local case.

EXAMPLE 5.27. Let the exponents /; and p;, i = 1, 2, be the same as in Example 5.23.
Let also K be the unit ball in the space Wliz’pz (R") and set M := Wli"p‘ (R™). Then

1\ "/ =) _ 1\ /=)
Ci (—) SH(K, M) < Cz(—) ; (5.49)
€ e

where the constants C| and C are independent of €. Actually, these estimates immediately
follow from (5.43).

We are now ready to formulate the universal entropy estimates for the uniformly local
attractors of dissipative systems in unbounded domains which, as we will see below, are
natural generalizations of the fractal dimension estimates to systems in unbounded do-
mains. These estimates have the following form:

R+Llog, 1/‘9)1

1
He(Alongs . P5(82 0 BE)) < Cvol(22 N By, og -, (5.50)

where vol(-) denotes the usual Lebesgue measure in R” and the constants C and L are
independent of R, xo, and €. Thus, (5.50) gives upper bounds on the entropy of the restric-
tions of the attractor A to all bounded subdomains £2 N Bﬁ) which depend on the three
parameters R, xp, and ¢.

The above formula has a general nature, independent of the concrete class of dissipative
systems considered, and has been verified for various classes of reaction—diffusion systems
(see [76,233,236], and [237]), for damped wave equations (see [235]), and even for elliptic
boundary value problems in unbounded domains (see [166]). Indeed, roughly speaking, it is
sufficient, in order to prove such estimates, to verify a weighted analogue of the “parabolic”
smoothing property (2.14),

ISMur = SMua |12 < Lllug —wuzll,2 . wuiuz € A, (5.51)
Puxg Fuxg
for some fixed u and every xg in §2 (or its “hyperbolic” analogues (3.2) and (3.3)), see [235]
and [236]. Thus, these entropy estimates are also based on rather simple and general
(weighted) energy estimates and do not use any specific property of the dissipative sys-
tem under study. This somehow clarifies the nature of their universality. We also mention
that the upper entropy estimates are sharp with respect to the three parameters R, xg, and R
(appropriate examples of lower bounds will be given in the next subsections).
In order to further clarify these universal entropy estimates, we conclude this subsection
by considering the most interesting particular cases and by comparing them with the typical
asymptotics given above.
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EXAMPLE 5.28. Let £2 be a bounded domain. Then vol(£2 N B ) = vol(£2) if R is large
enough. Therefore, (5.50) gives

1
He(A) < Cvol(£2) log2 -

Thus, in the case of bounded domams, the entropy formula allows to recover the stan-
dard result on the finite dimensionality of the global attractor and reflects in a correct way
the typical dependence of the dimension on the size of the domain (dimg A ~ vol(£2),
see [22]). However, even in that case, the entropy estimate gives some additional infor-
mation which may be important, especially for large bounded domains, namely, it allows
to estimate the entropy of the restrictions A|g 1 and, thus, to study the “thickness” of the

attractor with respect to the position inside the domain.

EXAMPLE 5.29. We now assume that 2 = R”. Then vol(£2 N B y) = cR" and (5.50)
reads

1\" 1
HS(A|BR)\ (R+L10g2 ) logzg. (5.52)

We see that this estimate coincides with the upper bound (5.47) for the space B, (R") of
entire functions and, in particular, dividing (5.52) by R" and passing to the limit R — 400,
we also obtain the analogue of (5.46),

He(A) < C10g2 ! (5.53)

(for the one-dimensional real Ginzburg-Landau and damped wave equations, this estimate
was obtained independently in [55] and [57]). Thus, we see that the “thickness” of the
attractor A is of the order of that of the class B, (R") of entire functions and is essen-
tially less than that of the class of finite smoothness, see Examples 5.23 and 5.27 (and,
in particular, it is essentially less than the thickness of any absorbing set). However, even
when all the terms in the equations are entire, the attractor is usually not entire (the sim-
plest example is the real Ginzburg—Landau equation) and only the analyticity in a strip
Ry = i[—pu, u]" x R" takes place. The mean entropy for such classes of functions has
an asymptotics of the form (log, %)1‘”’ , for some p > 0, and is worse than (5.53). There-
fore, even in the real analytic case, the nature of the universal entropy estimates cannot be
explained by regularity arguments and reflects the dynamical reduction of the number of
degrees of freedom by the dissipative dynamics. Furthermore, we emphasize here that the
analyticity is not necessary for the validity of the entropy estimates. In particular, these es-
timates hold for the reaction—diffusion system (5.8) under the assumptions of Theorem 5.5,
see [237]. In that case, the regularity of f and g only yields that A C sz ’2((2)", so that
the best entropy estimates which can be extracted from this regularity is polynomial with
respect to e~ (¢73/2 to be more precise).

REMARK 5.30. Estimates (5.50) can be rewritten in the more compact equivalent form

1 n+1
Hg (A, @e—\x—xm) § C<10g2 g) . (554)
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i.e., the entropy of the attractor can be equivalently computed in weighted phase spaces
with the exponential weight functions e~ ~*0!_In particular, in the spatially homogeneous
case, the sole space @.-x| with xo = 0 is sufficient. Indeed, using the simple “summation”
properties of the Kolmogorov entropy, one can easily show that (5.54) implies (5.50). Ac-
tually, estimate (5.50) has first been obtained precisely in this form, see [233]. However,
we prefer to use the more complicated formulation (5.50) in order to avoid artificial weight
functions in the formulation and to prevent from the confusing feeling that log, terms in
the entropy estimates are related to the artificial choice of exponential weight functions and
are, thus, also artificial.

5.5. Infinite dimensional exponential attractors

In this subsection, we discuss the theory of exponential attractors for systems in un-
bounded domains, following essentially [72]. Since even the global attractor (which is al-
ways contained in an exponential attractor) is now infinite dimensional, one cannot expect
an exponential attractor to be finite dimensional. Thus, this assumption must be relaxed in
Definition 3.4. On the other hand, this assumption cannot be simply omitted, since, other-
wise, any compact absorbing set would be an exponential attractor, which does not make
sense. In any case, one wants to make an exponential attractor as small as possible (i.e., to
add a “minimal number” of new artificial points to the global attractor) and, therefore, it is
natural to use the Kolmogorov entropy to control its “thickness”; in particular, it is natural
to look for an exponential attractor which satisfies the universal entropy estimates (5.50)
known for global attractors (an analogous idea was also used in [69] for infinite dimen-
sional exponential attractors for nonautonomous problems in bounded domains).

Another difference, when compared with bounded domains, is the fact that the locally
compact global attractor only attracts the bounded sets in the local topology (counterex-
amples for the attraction in the uniform topology of the initial phase space can be easily
constructed, see [236]). Thus, one would expect the same type of attraction for exponential
attractors as well. However, as shown in [72], this drawback of the theory of global attrac-
tors can be overcome by constructing proper exponential attractors and one can obtain the
(exponential) attraction in the topology of the initial phase space.

Thus, based on the above considerations, the following modifications of the concept of
an exponential attractor are natural.

DEFINITION 5.31. Let S(¢) be a dissipative semigroup in the uniformly local Sobolev
space @ = Wll)’p (£2), for a regular unbounded domain £2. A set M is an (infinite di-
mensional) exponential attractor for the semigroup S(¢) if the following conditions are
satisfied:
(i) it is bounded in @}, and compact in Pjoc;
(ii) it is positively invariant, S(t)M C M, > 0;
(iii) it attracts exponentially the bounded subsets of @, in the uniform topology of @y,
i.e., there exist a monotonic function Q and a positive constant « such that, for
every bounded subset B C &, the following estimate:

diste, (S(1)B, M) < O(lIBlle,)e ™ (5.55)
holds, for every ¢ > 0;
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(iv) it satisfies the universal entropy estimates (5.50), for some positive constants C and
L which are independent of R, x, and ¢.

The following theorem, proven in [72], gives the existence of such an object for the
reaction—diffusion system (5.8).

THEOREM 5.32. Let the assumptions of Theorem 5.5 be satisfied. Then the associated
semigroup S(t) possesses an infinite dimensional exponential attractor M in the phase
space ®p = Li(ﬂ@)k in the sense of the above definition.

This result is, to the best of our knowledge, the only one on the existence of infinite di-
mensional exponential attractors in unbounded domains. However, its construction mainly
exploits the smoothing estimate (5.51) on the difference of two solutions, but does not in-
volve the specific properties of the reaction—diffusion system (5.8). Thus, we expect that
the existence of such an exponential attractor is a general fact which can be established
for all dissipative systems in unbounded domains for which the validity of the universal
entropy estimates is satisfied (for the global attractor).

We conclude this subsection by considering the problem of the approximation of equa-
tions in an unbounded domain by appropriate equations in large bounded domains. It is
well-known that the global attractor is not robust with respect to this singular limit and
can change drastically. To illustrate this, we consider the one-dimensional real Ginzburg—
Landau equation with a transport term,

du=0%u— Loyu+u—u’, L>2, (5.56)

and approximate it by analogous equations in the bounded domains §2p := [—R, R], end-
owed with Dirichlet boundary conditions. Then, as shown in [72], the global attractor Ag
for the approximate problem is trivial for every (finite) R, Ag = {0}. However, the limit
attractor for R = +o0 is completely nontrivial and has infinite dimension and infinite
topological entropy. Thus, this approximation problem seems to be very difficult as far as
global attractors are concerned and, probably, cannot be solved in a reasonable way.

In contrast to this, as the following theorem (proven in [72]) shows, this approximation
problem has a natural and adequate solution in terms of exponential attractors.

THEOREM 5.33. Let the reaction—diffusion system (5.8) in the unbounded domain
R = R3 satisfy the assumptions of Theorem 5.5 and let So(t) be the associated dissi-
pative semigroup acting on @, = L%(R3)k . We also consider the same problem in the
large, but bounded, ball 2 = B(f in R? with Dirichlet boundary conditions and we let
Sg(t) be the dissipative semigroup associated with this problem on ®p(R) = L%(B(f )k,
Then there exists a family of closed bounded sets Mg, R € [Ro, +00], of @»(R) such
that, for every finite R, My is an exponential attractor for Sg(t) in the usual sense and,
for R = 400, the corresponding set is an infinite dimensional exponential attractor for
Soo(t). Furthermore, the following additional properties are satisfied:
(1) the sets Mg are uniformly (with respect to R) bounded in ®;,(R);
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(2) there exist a positive constant o and a monotonic function Q such that, for every R
and every bounded subset B of @, (R),

diStq>h(R)(SR(f)B, MR) < Q(HB”Q)b(R))e_w

(uniform exponential attraction);
(3) uniform entropy estimates:

1
Hs(MR|QRﬂB;0) <C VO](QR N B;:_L]ng l/e) log, e

where the constants C and L are independent of R, r < R, xq, and ¢,
(4) the attractors Mg tend to M in the following sense:

distsym, &, () (MR, , Moolg,) < CeV ), (5.57)

where the positive constants C and y are independent of R and r < R.

In particular, estimate (5.57) shows that, if we want to approximate the attractor M
with an accuracy ¢ inside the ball £2,, it is sufficient to construct the usual finite dimen-
sional exponential attractor Mg for the reaction—diffusion problem in a ball of radius
R(e) =r + Llog, % We also note that one cannot expect that M g approximates My in
the whole ball §2g, since the additional boundary conditions on d§2g for the approximate
problems should be satisfied. Nevertheless, estimate (5.57) also shows that the influence of
the boundary and the boundary conditions decays exponentially with respect to the distance
to the boundary (in agreement with our physical intuition).

5.6. Complexity of space—time dynamics: entropy theory

In the previous subsections, we gave sharp upper bounds on the Kolmogorov e-entropy
which characterize the “size” or “thickness” of the attractors. Starting from this subsection,
we describe some general dynamical properties of a dissipative system in a large or an
unbounded domain, restricted to its global attractor.

As already mentioned, contrary to bounded domains, the reduced dynamics now remains
infinite dimensional and dynamical effects of essentially new higher levels of complexity
(which are not observable in the classical finite dimensional theory of dynamical systems)
may appear. In particular, the Lyapunov and topological entropy dimensions for such dy-
namics are usually infinite, see [239]. For this reason, most ideas and methods from the
classical theory fail (at least in a straightforward way) to describe these new types of dy-
namics. Thus, a new theory, which is only developing now, is required.

Another essential difference from the classical theory is the fact that, in addition to
complicated temporal dynamics, the solutions may have very irregular (chaotic) spatial
structures, i.e., the so-called spatial chaos may appear. Furthermore, as a result of the
chaotic temporal evolution of spatially chaotic structures, the so-called space—time chaos
may appear.

The most studied case is that of spatial chaos which is already observable on the set of
temporal equilibria of the dynamical system. Indeed, the equilibria satisfy some elliptic
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equation of the form

alAxu — f(u)+g=0, (5.58)

so that the number of independent variables is reduced by one, which is an essential sim-
plification. So, in the particular case of one space variable, (5.58) becomes an ODE and
the (spatially) chaotic behaviors of its solutions can be successfully studied by classical
theories (homoclinic bifurcation analysis, variational methods for constructing complex
solutions, ..., see [4,127,187], and the references therein). Furthermore, many interesting
multi-dimensional problems in cylindrical domains can be reduced to this one-dimensional
one by using the so-called spatial center manifold reduction, see [3,30,128,163,164], and
the references therein. Also, direct generalizations of the techniques from ODEs to multi-
dimensional elliptic PDEs of the form (5.58) (e.g., the shadowing lemma, variational meth-
ods, .. .) are available, see, e.g., [8] and [194]. We finally mention a rather simple and very
effective method to construct spatially chaotic patterns which are, in addition, stable with
respect to the time developed in [2,13,14], and [16]. This method is based on the study of
homotopy properties of the level sets of the nonlinear term f and related energy function-
als and is somehow close to the variational methods, see the recent survey [15] for more
details.

We however note that all the above mentioned methods give examples of spatial chaotic
behaviors with finite topological entropy (usually related to the Bernoulli scheme M :=
{0, }Z or M, := {0, 1}¥" in the multi-dimensional case), which is typical of ODEs, but
does not capture the “whole” complexity of the spatial dynamics, since its topological en-
tropy is usually infinite, see [55,166,237], and [239]. In order to overcome this problem, an
alternative method, related to the so-called infinite dimensional essentially unstable mani-
folds and the Kotelnikov formula, which gives a description of the spatial chaos in terms of
the Bernoulli scheme M, := [0, 1]Z" with a continuous number of symbols and an infinite
topological entropy, has been suggested in [237]. This method will be discussed in more
details in the next subsection.

Now, the case of full space-time dynamics is essentially less understood. However, even
here, some reasonable progress related to the so-called Sinai-Bunimovich space—time for
continuous media has recently been obtained. This topic will be discussed in a subsequent
subsection.

In the remaining of this subsection, we discuss (following essentially [239] and [241])
topological and smooth invariants for the space-time dynamics which are strongly based
on the universal entropy estimates on the global attractor and give useful “upper bounds” on
the possible complexity of the dynamics. For simplicity, we restrict ourselves to 2 = R”
and to spatially homogeneous dissipative systems (i.e., the coefficients and external forces
do not depend explicitly on x; this constitutes a natural analogue of “autonomous” sys-
tems for space—time dynamics). In that case, the attractor A possesses a very important
additional structure, namely, the group {7},, h € R"} of spatial shifts acts on it,

ThWA=A, heR", Tuk):=ulx+h), hxeR". (5.59)

Thus, in addition to the temporal evolution semigroup S(¢), we also have the action of the
spatial shifts group 7}, on the attractor which, obviously, commutes with S(7). As a result,
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the extended (n + 1)-parametric spatio-temporal semigroup S(¢, /),

St, A=A, S, h):=8t)oT,, t=0, heR", (5.60)

acts on the attractor.

Following [237] and [239], we will treat this multi-parametric semigroup as a dynami-
cal system with multi-dimensional “time” (¢, h) € Ry x R", which describes the space—
time behavior of the dissipative system under study, and we will describe the space—time
chaos by finding appropriate dynamical invariants of this action. In particular, under this
approach, the spatial x and temporal ¢ directions are treated in a unified way. Some justi-
fications for such a unification will be given at the end of the next subsection when giving
examples for which these directions are indeed equivalent (in spite of the fact that they
seem essentially different from an intuitive point of view).

In order to introduce these invariants, we need to make some reasonable assumptions on
the attractor A, namely,

(i) it is locally compact on some uniformly local Sobolev phase space @, = @;(R")
which is embedded into L*°(R");

(ii) the dissipative system is spatially homogeneous, i.e., the extended semigroup (5.60)

acts on the attractor;

(iii) the universal entropy estimates (5.52) hold;

(iv) the evolution semigroup S(t) is Lipschitz continuous in a weighted space

D.—x (R") on the attractor,

[S@uo = S|, < CeMlluo —uillo,_,.
up,u; € A, t >0, (5.61)

for some fixed ¢ > 0 and positive constants C and L which are independent of ¢,
ug, and uj.
We note that the assumption @, C L% (IR") is not essential and was introduced in [239]
just to avoid additional technicalities.
The first, and most natural, dynamical invariant of the action of (5.60) is its topological
entropy, see [127] for details.

DEFINITION 5.34. We endow the attractor .4 with the topology of Lo"m (R™) and define,
for every R € R, an equivalent metric dg on A by

dr(uo,ur) == sup  ||S@t, hyuo — S, hui|,;~ .
(t,h)eR-[0,1]n+! el
up, Uy € L —|x| (Rn). (5.62)

Since A is bounded in @, and compact in @y, it is compact in LOOM(R”) (thanks to
the embedding @, C L°°(R")) and, therefore, it is also compact in the metric of dg and
the Kolmogorov e-entropy H, (A, dg) is well-defined. Then the topological entropy of the
action of S(¢, ) on A is the following quantity:

hiop(S(t, h), A) := lim lim SUp oot =i He (A dR). (5.63)

e—>0" R 400
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REMARK 5.35. Although this definition depends on the specific metric, it is well known
(see, e.g., [127]) that the topological entropy only depends on the fopology and is inde-
pendent of the choice of the equivalent metric on 4. Furthermore, it is also not difficult
to show that the space L°°(R") in the definition of dg can be replaced by @.-x(R"),
see [239]. However, we define dg by special exponentially weighted metrics keeping in
mind other invariants which will depend on this choice.

We now recall that the topological entropy for one-parametric evolution semigroups
S(t) is usually finite in the classical theory of dynamical systems. The following theorem,
proven in [239], can be considered as a generalization of this principle to spatially extended
systems.

THEOREM 5.36. Let the attractor A satisfy the above conditions. Then the topological
entropy of the action of the extended space—time semigroup S(t, h) is finite,

hiop(S(1, ), A) < +00.

Furthermore, it coincides with the so-called topological entropy per unit volume (intro-
duced by Collet and Eckmann, see [55] and [57]) and can be computed by the following
simplified formula:

htOp(S(tv h)’ A)
= lim H (K, L®(R"*))

e—0t

= lim lim LHS(IC|R_[O,”"H,L°°(R.[0,1]”“)), (5.64)

e—0+ R—>+o0 R 1
where K C L®(R, @) C L®(R"1) is the set of all bounded trajectories of the dissipa-
tive system (the so-called kernel in the terminology of Chepyzhov and Vishik, see [49]) and
H (KC) denotes its mean e-entropy, see Definition 5.25.

REMARK 5.37. It can also be shown that any sufficiently regular bounded subdomain
V C R" can be chosen as a “window” instead of [0, 1]’”rl in (5.64), namely,

He (K, L®(R™) = He(Klr.v, L°(R - V)).

R—+o00 VOI(R - V)

We now note that the complexity of the dynamical behaviors of the extended sys-
tem (5.60) may essentially differ in different directions. In particular, for the so-called ex-
tended gradient systems, see [97,213,238], and [239], the space—time topological entropy
hiop(S(t, h), A) vanishes, due to the simpler temporal dynamics induced by the gradient
structure, which however does not reduce the complexity of the spatial dynamics. In order
to capture these directional dynamical effects, it seems natural to consider the k-parametric
subsemigroups SY% (¢, 1) of the extended space—time dynamical system S(z, i) generated
by the restrictions of the argument (¢, #) to k-dimensional linear subspaces of the space—
time R t1,

SY(t, h) == {S(t, h), (t,h) € Vk, t >0, h e R"}, (5.65)
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and to study their invariants with respect to the linear space Vj and its dimension k. For
instance, the choice V; = R, gives the purely temporal dynamics, SV (r, h) = S(¢), the
choice V,, = R gives the spatial dynamics and spatial chaos, SYu(t, h) = Ty, and the
intermediate choices of planes Vj describe the interactions between the temporal and the
spatial chaotic modes, e.g., the complexity of profiles of traveling waves.

In particular, it seems natural to study the topological entropies htop(SVk (t,h), A) of
the action of these semigroups on the attractor (i.e., the directional topological entropies
introduced by Milnor for cellular automata, see [169]). Now, in contrast to the cellular
automata, these entropies are typically infinite for dissipative dynamics if k < n + 1. In
order to overcome this difficulty, it was suggested in [239] to modify the definition of
the topological entropy by taking into account the typical rate of divergence of the mean
entropy as ¢ — 0%,

DEFINITION 5.38. Let Vj be a k-dimensional plane in R”*! and let [0, 1]’{,k be its unit
hypercube generated by some orthonormal basis in Vi. Analogously to (5.62), for every
R > 0, we introduce a new metric dl‘;k by

difwo.un) == sup St hyuo — St i |
(t,h)eR-[o,l]ka el
uo,ur € LZy (R"). (5.66)

Then a modified topological entropy fztop(SVk) of the action of the directional dynamical
system Sk (¢, h) on the attractor is given by the following quantity:

k—n—1
~ 1
hiop (SVk (t, h), A) := lim sup (10g2 E) lim sup ﬁHe (A, dz‘e/k)’ (5.67)

e—07F R—+00

see [239] for details.

We see that the above definition differs from the classical one by the presence of a nor-
malizing factor (log, 1/ £)¥="=1 which guarantees that this quantity is finite. In particular,
if the modified entropy is strictly positive (examples of such cases will be given in the next
subsection), then the corresponding classical topological entropy must be infinite.

The next theorem from [239] establishes the finiteness of these modified quantities and
gives some of their basic relations.

THEOREM 5.39. Let the assumptions of Theorem 5.36 hold. Then, for every k and every
k-dimensional plane Vi, the associated modified entropy hiop (S"%) is finite,

hiop(SY (1, h), A) < +o0.
Furthermore, if Vi, C Vi,, then
hop(Se2 (1, 1), A) < LM hop (ST (1, ), A), (5.68)

where L is some constant which is independent of k; and Vi, i =1, 2.
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REMARK 5.40. Inequalities (5.68) can be considered as a natural generalization of the
classical inequality relating the fractal dimension to the topological entropy to the spa-
tially extended case. Indeed, in the case of an ODE (without spatial directions), we have
n = 0 and, as it can easily be shown, fzmp (SVO) coincides with the fractal dimension of A,

fzmp(SVI) gives the classical topological entropy, and (5.68) reads

hiop(S(1), A) < Ldimp A,

which coincides with a classical inequality, see [127]. Roughly speaking, the invariant
hiop (SY) has the structure of a topological entropy in the directions of Vi and of a (gener-
alized) fractal dimension in the orthogonal directions, see [239] and [241] for details.

REMARK 5.41. Inequalities (5.68) are particularly useful to verify whether or not some
modified directional entropy is strictly positive. In particular, the positivity of the full
space-time entropy hp(S(t, k), A) (which, e.g., corresponds to the presence of the so-
called Sinai—-Bunimovich space—time chaos in the system, see the next subsections) implies
that all the above modified entropies are strictly positive. On the contrary, if

1 —n—1
lim <log2 g) He(A, LZ,(R")) =0,

e—07t

then all the above modified entropies automatically vanish.

REMARK 5.42. Analogues of the simplified formulas (5.64) to compute the directional
entropies are also deduced in [239]. In particular, for the spatial dynamics V, = R}, we
have a particularly simple formula,

. - _ NN

hsp(A) := hiop(Th, A) = lim sup(10g2 ;) He(A). (5.69)
e—>071

Thus, contrary to the usual Kolmogorov ¢-entropy which measures the “thickness” of a set

(of the attractor here), the mean e-entropy is more related to the complexity of its spatial

structure.

REMARK 5.43. To conclude this subsection, it is worth noting that, in contrast to the full
space—time topological entropy, the directional entropies introduced above are not fopolog-
ical invariants, but only Lipschitz continuous invariants (like the fractal dimension), due to
the presence of the term log, % in the definition. Furthermore, it is possible to show that
there is no topological invariant which is typically finite and strictly positive when k < n.
When k = n (e.g., for spatial dynamics and spatial chaos), such an invariant exists, namely,
the so-called mean topological dimension introduced in [142] (for the Bernoulli scheme
with a continuous number of symbols) which can be obtained as in Definition 5.38, but by
taking the additional infimum with respect to all metrics which induce the local topology
on A, see [239] for details.
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5.7. Lower bounds on the entropy, the Kotelnikov formula, and spatial chaos

In this subsection, we discuss, following essentially [237] and [239], the derivation of
lower bounds on the Kolmogorov e-entropy and related lower bounds on the complexity
of the dynamics. We start by recalling that, in bounded domains, one usually estimates
the dimension of the global attractor from below by finding a proper equilibrium with a
large instability index and by constructing the associated unstable set. Since an unstable
set always belongs to the global attractor, the instability index of this equilibrium then gives
a lower bound on its dimension, see [22,217], and the references therein.

Thus, it seems natural to try to extend this theory to unbounded domains and to obtain
lower bounds on the e-entropy from the existence of large (infinite dimensional) unsta-
ble sets for appropriate equilibria. However, the main difficulty here is that, contrary to
bounded domains, the spectrum of an equilibrium usually consists of continuous curves
(or continuous sets) and does not have reasonable spectral gaps in order to use the usual
theory of unstable manifolds. As a consequence, the unstable set of an equilibrium is usu-
ally not a manifold and a straightforward extension fails.

This obstacle can be overcome by using (following [75,237], and [239]) the so-called
essentially unstable manifolds which consist of the initial data of the solutions which tend
to an equilibrium as r — —oo with a sufficiently fast exponential rate. As the following
theorem (proven in [239]) shows, no spectral gap condition is required for the existence of
such manifolds.

THEOREM 5.44. Let X be a Banach space and let S: X — X be a nonlinear map satis-

Jying
Su) = Sou+ K@), K eC™H*(X,X), K(@©0)=K'0) =0, (5.70)

for some 0 < a < 1 and some linear operator Sy € L(X, X). Let then the linearization Sy
of the operator S at zero be exponentially unstable, i.e.,

r(So) := sup|o (So, X)| > 1,

where o (L, V) denotes the spectrum of the operator L in the space V. We finally assume
that there exists a closed invariant subspace X 1 of So such that

info (Solx,, X1)| > 60 > 1, 65+ > r(So). (5.71)
Then there exists a ball B :== Bx_ (0, p) and a cle map V : B — X such that
[VGer) = x4 |y < Cllxglly™™, x4 € B,

Furthermore, for every ug € V(B), there exists a backward trajectory {u(n)},cz_ such
that

u(n+1) =S(u®), u@© =up, |u@m)|,<COH;, neZ_,

and, consequently, V(B) is an essentially unstable manifold of the equilibrium u = 0 of
the map S.
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We see that, in contrast to the usual theory of unstable manifolds, see, e.g., [22], neither
the finite dimensionality of X} nor any spectral gap assumption (and nor even the existence
of a complement to X in X) are required.

We illustrate the application of this theorem to dissipative dynamical systems on the
simple example of the real Ginzburg-Landau equation in R”,

u=Awu+u—u, (5.72)

and we consider the equilibrium # = 0. In that case, the first variation equation reads

0rv = A v+ v. (5.73)

Let S(¢) and Sy(¢) be the solution operators associated with equations (5.72) and (5.73)
in X := L% (R"), respectively. Then condition (5.70) is obviously satisfied for § = S(1),
So = So(1), and @ = 1. In order to find the space X, it is sufficient to write the Fourier
transform of Sp,

Souo(€) = e EM (&),

This shows that r(Sp) = e and that the unstable part of the spectrum is related to the
functions B (R"), the support of the Fourier transform of which belongs to the unit ball,
see Example 5.26. Furthermore, condition (5.71) is satisfied if we take X := B, (R"),

witho < L

Thus, thanks to Theorem 5.44 and to the fact that an unstable manifold always belongs
to the global attractor, we have verified that the attractor .4 contains a smooth image of a
ball B of the space B, (R") (of entire functions with an exponential growth). Combining
this embedding with the lower bounds on the e-entropy of the spaces B, (R") collected in
Example 5.26, we obtain the following result.

THEOREM 5.45. The Kolmogorov e-entropy of the global attractor A of the real
Ginzburg—Landau equation has lower bounds which are analogous to estimates (5.47)
and (5.48) and, consequently, the universal entropy estimates (5.52) are sharp.

Of course, the approach based on infinite dimensional essentially unstable manifolds
described above is not related to any specific property of the Ginzburg—Landau equation,
but has a universal nature. Actually, only the existence of at least one spatially homo-
geneous exponentially unstable equilibrium is necessary to apply this method (and, as a
consequence, to obtain sharp lower bounds on the entropy), see [75,76,237], and [239] for
applications of this method to various types of reaction—diffusion systems and [235] for
damped hyperbolic equations.

As a next step, we mention that the embedding V: 5(c) — A of the unit ball B(c) =
Bg, (0, 1) in the space of entire functions into the attractor .4 gives much more than just
estimates on the g-entropy. Indeed, since the dissipative system and the equilibrium are
spatially homogeneous, the unstable manifold map V commutes with the spatial shifts 7,

T,oV=VoT, heR"
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and, consequently, we have obtained a smooth embedding of the spatial dynamics on the
space B, (R") of entire functions into that on the attractor A,

V:(B(0), Th) = (A, Th), (5.74)

see [237] for details. Thus, the shifts dynamics on the unit ball B(c) gives a universal
model for the spatial dynamics on the attractor.

In order to clarify the complexity of this model dynamics, we need to introduce a special
type of Bernoulli shift dynamics.

DEFINITION 5.46. Let M, := [0, 11" be endowed with the Tikhonov topology. We re-
call that M, consists of all functions v:Z" — [0, 1] and the Tikhonov topology can be
generated by the following metric:

lvi — vallg == sup {¢p(m)|vi(m) — va(m)|}, vi,v2 € M, (5.75)

mez"
where ¢ is an arbitrary weight function such that lim;,|— 400 #(m) = 0. We define the
action of the group Z" on M, in the following standard way:

Tivim) :=v(l+m), veM,, [,melZ",

and interpret the group (M, 7;) as a multi-dimensional Bernoulli scheme with a contin-
uum of symbols w € [0, 1].

Our approach to the study of the dynamics generated by the shifts group (5(o), Tj)
is based on the following elementary observation: according to the classical Kotelnikov
formula (see [29] and [132]), every function w € B, (R) N L%(R) can be uniquely recover-
ed from its values on the lattice pZ, p = g,
+00

wE = w(pl)w (5.76)

= —ml

(see also the Whittaker—Shennon—Kotelnikov formula, e.g., in [29], which allows to re-
cover an arbitrary function w € B, (R") from its values on a lattice). Given an arbitrary se-
quence v = {v}jez € 12, formula (5.76) allows to construct a function w € B, (R)NL2(R)
such that w(p!) = vy, for every | € Z. Furthermore, the spatial shifts 7,; w of this function
obviously correspond to the shifts Z;v of the sequence v. This leads to a description of the
spatial dynamics on B, (R) N LZ(R) in terms of the Bernoulli scheme introduced above
(with the additional restriction v € 1%). The extension of representation (5.76) in the spirit
of the Whittaker—Shennon—Kotelnikov formula leads to the following result, see [239].

LEMMA 5.47. For every o > 0, there exist p = p(o) and a map
U:M, — B(o) suchthat T, ocU=Uo7T, [ €Z". (5.77)
Furthermore, for every polynomial weight 6 = 0y , (see (5.4) with N > 0), there holds
Cr v = valle < U@ = U@ o0 < Cillvr = vallo,

where C1 depends on N, but is independent of v; € M, i =1, 2.
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Combining this lemma with (5.74), we obtain the following result, see [237] for details.

THEOREM 5.48. Let A be the global attractor of the real Ginzburg—Landau equa-
tion (5.72). Then there exist a positive constant p and a map

U:M, > A suchthat UoT=Tyold, |7 (5.78)

Furthermore, U is continuous in the local topology (and even Lipschitz continuous in ap-
propriate weighted spaces).

Thus, we see that the Bernoulli scheme (M],,, 7;) can be considered as a universal model
for the spatial dynamics on the attractor .A. Indeed, on the one hand, this model has infinite
topological entropy and strictly positive modified entropy /g, (M, 7)) (see (5.69)),

1 = hyp(My, 7)) = p"hsp(UM,), Th) < hgp(A, Tp) < +o00, (5.79)

and, therefore, this gives an example of spatial dynamics of “maximal” complexity (in the
sense of the entropy theory). On the other hand, (5.78) holds under very weak assumptions
on the dissipative system under study (namely, the existence of at least one spatially homo-
geneous exponentially unstable equilibrium, see [237] and [239]) and thus has a universal
nature.

To conclude this section, we briefly discuss the possibility of extending such a complex-
ity description from the spatial dynamics V,, = R/ to the dynamics of SVu(t, h), where
V,, contains the temporal direction, e.g., V, = span{e;, ey,, ..., ey, }. As above, we restrict
ourselves to the real Ginzburg—Landau equation, but now with a transport term along the
X1-axis,

du = Ayu — Ldgu+u —u’, (5.80)

although the result also holds for the general reaction—diffusion system (5.8) under the
assumptions of Theorem 5.5, plus the spatial homogeneity and the exponential instability
of the zero equilibrium, see [241].

The main idea here is to “change” the temporal ¢ and spatial x; directions by considering
X1 as anew “time” and ¢ as one of the “spatial” variables. Then, describing the spatial chaos
in this new dissipative system by the scheme introduced above, we would automatically
obtain the description of the n-directional space—time chaos in the plane V;,. In order to
realize this strategy, we consider equation (5.80) in the half-space x; > 0, endow it with
the following unusual “initial” condition:

BtuzAxu—L8X|u+u—u3, teR, (x2,...,x) eR"™L x>0
uly—o = u’ € W, := L*(R"),

and treat it as an ‘“evolutionary” equation with respect to the time variable x; and the
spatial variables ¢, x, ..., x,. Clearly, this problem is ill-posed if L = 0 (as well as for
small L). However, as proven in [239] and [241], it indeed generates a well-posed and
smooth dissipative system in ¥}, if L is large enough (L > 2 for the real Ginzburg—Landau
equation). Furthermore, the zero equilibrium remains exponentially unstable for this new
system, so that the theory of essentially unstable manifolds is applicable and gives the
following result, see [239].

'(5.81)
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THEOREM 5.49. Let A be the global attractor of the real Ginzburg—Landau equa-
tion (5.80) with a sufficiently large transport term (L > 2). Then there exist a positive
constant o and a map W : B(o) — A, which is continuous in the local topology, such that

St)oW=Wo Tte”, Thexi oW=Wo Thexl-’
i=2,....n, heR, >0, (5.82)
where Tyzv(x) := v(x + he),h € R, x € R".

A combination of this result and Lemma 5.47 gives the desired embedding of the
Bernoulli scheme (M, 7;) into the n-directional space—time dynamics of SV (¢, k). In
particular, this embedding shows that the modified topological entropy of this dynamics is
strictly positive,

hiop(SY (£, 1), A) > 0,

and, owing to inequalities (5.68), the modified entropy of the temporal evolution group
S() (Vi = Ry) is also strictly positive,

hiop(S(1), A) > 0.

We also recall that the modified entropy for S(¢) differs from the classical topological
entropy by the presence of a factor (log, %)_" in the definition and, consequently, its posi-
tivity implies that the classical topological entropy is infinite,

hiop(S(1), A) = 400. (5.83)

To the best of our knowledge, this is the first example of a reasonable dissipative system
with an infinite topological entropy.

REMARK 5.50. To conclude, we note that, although the above method gives an adequate
description of the n-directional complexity and the n-directional space—time chaos for an
arbitrary plane V,, under weak assumptions on the system, it does not give reasonable in-
formation on the full (n + 1)-directional space—time complexity, since one direction should
be interpreted as the time and we should have exponential divergence in this direction. Fur-
thermore, the (n 4+ 1)-dimensional Bernoulli scheme M| cannot be embedded into the
global attractor, since its space—time entropy hp(S(t, 1), A) is finite, see Theorem 5.36.

5.8. Sinai—Bunimovich space—time chaos in PDEs

In this concluding subsection, we discuss very recent results concerning the full (n + 1)-
directional space—time chaos and, in particular, we give examples of dissipative systems in
unbounded domains with a strictly positive space—time topological entropy,

hiop(S(t, h), A) > 0, (5.84)

which shows that space—time dynamics with a maximum level of complexity (from the
point of view of the entropy theory) can indeed appear in dissipative systems generated by
PDEs.
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We first recall that, in spite of a huge amount of numerical and experimental data on
various types of space—time irregular and turbulent behaviors in various physical systems,
see, e.g., [112,155,156,193], and the references therein, there are very few rigorous math-
ematical results on this topic and mathematically relevant models which describe such
phenomena.

The simplest and most natural known model which exhibits such phenomena is the so-
called Sinai—-Bunimovich space—time chaos which was initially defined and found for dis-
crete lattice dynamics, see [5,33,188], and [189]. We also recall that this model consists of
a Z"-grid of temporally chaotic oscillators coupled by a weak interaction. Then, if a single
chaotic oscillator of this grid is described by the Bernoulli scheme M! := {0, 1}Z (now
with only two symbols @ € {0, 1}, in contrast to the previous subsection!), the uncoupled
system naturally has an infinite dimensional hyperbolic set which is homeomorphic to the
multi-dimensional Bernoulli scheme M"t! := {0, I}ZnJrl = (MNHZ" The temporal evo-
lution operator is then conjugated to the shift in M”*! along the first coordinate vector and
the other n coordinate shifts are associated with the spatial shifts on the grid. Finally, owing
to the stability of hyperbolic sets, the above structure survives under a sufficiently small
coupling. Thus, according to this model, the space—time chaos can naturally be described
in terms of the multi-dimensional Bernoulli scheme M1,

It is worth noting that, although this model is clearly not relevant to describe the space—
time chaos in the so-called fully developed turbulence (since it does not reproduce the
typical properties, such as energy cascades and the Kolmogorov laws, which are believed
to be crucial for the understanding of this phenomenon), it can be useful and relevant to
describe weak space—time chaos and weak turbulence (close to the threshold), where the
generation and long-time survival of such global spatial patterns are still possible. Fur-
thermore, to the best of our knowledge, it is the only mathematically rigorous model which
gives positive space—time topological entropy and an associated space—time dynamics with
maximal complexity.

Thus, the possibility of having hp(S(z, h)) positive is clear for space-discrete lattice
dissipative systems. However, verifying the existence of such space-time dynamics in
continuous media described by PDEs is an extremely complicated problem. Furthermore,
even the existence of a single PDE which possesses such an infinite dimensional Bernoulli
scheme has been a long-standing open problem.

The first examples of reaction—diffusion systems in R"” with Sinai-Bunimovich space—
time chaos were recently constructed in [167]. We describe below this construction in more
details.

We consider the following special space—time periodic reaction—diffusion equation:

ou=yAyu— fo.(t,x,u) inR", y >0, (5.85)
where the nonlinearity f; has the following structure: there exists a smooth bounded do-
main £2¢p € (0, 1)" such that, for every x € [0, 1]", there holds

Filtxou) = {f(t, u) forx € £, (5.86)

Au for x € [0, 11"\ 20,

where f (¢, u) is a given function (which is assumed to be 1-periodic with respect to ¢) and
A > 1 is a large parameter. Then we extend (5.86) by space-periodicity from [0, 1]" to
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the whole space R". Thus, we have a periodic grid of “islands” £2; := [ + §29,[ € Z",
on which the nonlinearity f; coincides with f (¢, #) and can generate nontrivial dynamics.
These islands are separated from each other by the “ocean” £2_ := R"\({_;cz» §21), where
we have the strong absorption provided by the nonlinearity f) (¢, x, u) = Au.

It is intuitively clear that, for a sufficiently large absorption coefficient A, the solutions of
Eq. (5.85) should be small in the absorption domain §2_ and, consequently, the interactions
between the islands are also expected to be small, and the dynamics inside the islands are
“almost-independent”. Thus, if the reaction—diffusion system in £2o,

dv=yAxv— f(z,v) in S, v=0 onds, (5.87)

which describes the limit dynamics inside one “island” as A = +o00, possesses a hyperbolic
set Iy, then, according to the structural stability principle, the whole system (5.85) should
have a hyperbolic set which is homeomorphic to (Ih)%" if the absorption parameter A is
large enough. Furthermore, if, in addition, the initial hyperbolic set I is homeomorphic
to the Bernoulli scheme {0, 1}%, then (5.85) contains an (n 4+ 1)-dimensional Bernoulli
scheme {0, I}ZV’Jrl ~ ({0, %)% ina complete analogy with the Sinai-Bunimovich lattice
model.

These intuitive arguments were rigorously justified in [167], where the following result
was obtained.

THEOREM 5.51. Let the limit equation (5.87) possess a hyperbolic set which is home-
omorphic to the usual Bernoulli scheme M' = {0, 1} and let some natural assump-
tions on f be satisfied. Then there exists Ay = ho(f, M) such that, for every » > X,
problem (5.85) possesses an infinite dimensional hyperbolic set which is homeomorphic
to M1 = {0, I}Z"H. Furthermore, the action of the space—time dynamics on this set
(restricted to (t, h) € Z"*V) is conjugated to the Bernoulli shift on M"+1.

Since the existence of a hyperbolic set which is homeomorphic to M! for the reaction—
diffusion system (5.87) in a bounded domain is well-known (the existence of a single
transversal homoclinic trajectory is sufficient in order to have such a result, see [127];
see also [167] for an explicit construction), the above theorem indeed provides examples
for Sinai—-Bunimovich space-time chaos in reaction—diffusion systems and, in particular,
examples of reaction—diffusion systems with a strictly positive space—time topological
entropy. Furthermore, owing to the stability of hyperbolic sets, the space discontinuous
nonlinearity f, can then be replaced by close C°° ones and, finally, by embedding the
space—time periodic system that we obtain into a larger autonomous one (one creates the
space—time periodic modes by using the additional equations), examples of space—time
autonomous reaction—diffusion systems of the form (5.8) were also constructed in [167].

REMARK 5.52. We note that the spatial grid Z" (which is crucial for the Sinai—
Bunimovich model) is directly modulated by the special spatial structure of the nonlin-
earity f) in the continuous model (5.85) (see (5.86)) and, therefore, the above approach
does not allow to find such phenomena in many physically relevant equations for which the
structure of the nonlinearity is a priori given (such as the Navier—Stokes equations, the real
and complex Ginzburg—Landau equations, ...). In order to overcome this drawback, an
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alternative, potentially more promising, approach was suggested in [168], where the spa-
tial grid is obtained by using the so-called spatially-localized solutions (pulses, standing
solitons, . ..) initially situated in the nodes of the grid. Then, due to the “tail”-interaction
between solitons, a weak temporal dynamics appears and this dynamics allows a center
manifold reduction to a lattice system of ODEs (roughly speaking, this system describes
the temporal evolution of the soliton centers, see [79,168], and [204] for details). Finding
then the Sinai-Bunimovich space—time chaos in these reduced lattice equations, one can
lift it to the initial PDE. The advantage of this method is that the spatial grid is now modu-
lated in an implicit way by the positions of localized solutions in space and the center man-
ifold reduction, and the underlying dissipative system may be autonomous and spatially
homogeneous. In particular, this approach was realized in [168] for the one-dimensional
space—time periodically perturbed Swift—-Hohenberg equation,

dpu + (2 + 1)°u + B2u + u® + ki = h(1, x), (5.88)

for values of B and « for which the existence of a spatially localized soliton is known.
To be more precise, for these values of B and «, the existence of a hyperbolic set M?
for (5.88) is proven for special (rather artificial) space—time periodic external forces 4 with
arbitrary small amplitudes. The presence of these external forces are unavoidable for the
Swift-Hohenberg model, since it belongs to the class of the so-called extended gradient
systems and, when & = 0, its space—time topological entropy vanishes, see [239], and
the Sinai-Bunimovich space-time chaos is then impossible. Finally, we also mention a
very recent result [220] in which the above method allowed to prove the existence of a
Sinai—-Bunimovich space—time chaos for the one-dimensional complex Ginzburg—Landau
equation,

du=(1+iB)d%u + yu — sulul® +e,

where B € R, y,8 € C, and ¢ is an arbitrary small real parameter. Contrary to the above
examples, this equation is already space—time homogeneous and does not contain any arti-
ficial nonlinearity or external forces. This confirms that the Sinai—-Bunimovich space—time
chaos may appear in natural PDEs arising from mathematical physics.

6. Ill-posed dissipative systems and trajectory attractors

In this concluding subsection, we briefly discuss possible extensions of the theory of at-
tractors to ill-posed problems. Indeed, in all the above results, we required the solution
operator

S() :uo — ulr) 6.1)

to be well-defined and continuous (in a proper phase space). However, as mentioned in the
introduction, in several cases, such a result is not known or does not hold.

There exist two approaches to handle dissipative systems without uniqueness.

The first one allows the solution operator (6.1) to be multi-valued (set-valued) and then
extends the theory of attractors to semigroups of multi-valued maps. Actually, all the results
on the existence of the global attractor given in Subsection 2.2 have their natural analogues
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in the multi-valued setting, see [11,19,23,24,50,158,159,201,208,209], and the references
therein; see also [37,141], and [231] for nonautonomous systems.

An alternative, more geometric, approach consists in changing the phase space of the
problem and in passing to the so-called trajectory phase space and the associated trajectory
dynamical system, which is single-valued, and, thus, the usual theory of attractors can be
applied, see [46-49,89,210,211,222,223,232], and the references therein. We illustrate this
approach on the simple example of an ODE in £ = R", see [49] for details,

w4 fu) =0, u(0)=ug, (6.2)

for some, at least, continuous nonlinearity f. We also assume that the system is dissipative,
so that it is globally solvable for every ug € E and the following estimate holds:

Ju]; < Q(lu] e +Cr. 1 >0, 63)

for some positive constants « and Cr and monotonic function Q and for every solution u
of (6.2). This holds, e.g., if f satisfies a dissipativity assumption of the form

f@)-u>—C+Blu? uek C,B8>0.
Let us assume for a while that f is Lipschitz continuous. Then we have the uniqueness of
solutions and, for every two solutions u1(¢) and u>(t), the following estimate holds:
|ur(®) —u2®] , < CeX"|ur(0) —u20)|| ;. ¢ >0, (6.4)

where the constants C and K depend on ||u; (0)||g,i =1, 2.

In this classical case, the dissipative estimate (6.3) guarantees the existence of a compact
absorbing set for the semigroup S(¢) associated with problem (6.2) via (6.1) (we recall that
dim E < +o00). Thus, this semigroup possesses the global attractor Ay on E which has
the usual structure,

Agi = Kli=o. (6.5)
where £ C Cp(R, E) is the kernel (i.e., the set of all bounded complete trajectories of
problem (6.2), see Subsection 2.1).

We now define a trajectory phase space for problem (6.2) as follows:
Ky = {u € Co(Ry, E), u(t) = S(tuo, uo € E, 1 > 0}. (6.6)

In other words, Ky consists of all positive trajectories of (6.2) starting from all points
ug € E. Then, owing to the uniqueness, K is isomorphic to E by the solution operator
Sug = u(-) = S()uo,

S E — & :=Cp(Ry, E), S(E) = Ky,

S'u=u@), uwuekKy, S 'Ky=E. 6.7)

Furthermore, as it is not difficult to see, the semigroup S(¢) is conjugated to the time
translations on Ky under this isomorphism,

Tt:Ktr_>Ktr’ Tt=SOS(t)OS_1,
Tiu(s) :==u(t+s), t=>0,selR. (6.8)
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We call the shifts semigroup {7;, ¢ > 0} acting on the trajectory phase space the trajectory
dynamical system associated with problem (6.2).

We now fix a class of bounded sets and a topology on Kj; via this isomorphism. Indeed,
obviously, the set B C E is bounded if and only if S(B) is bounded in @, (see the dissi-
pative estimate (6.3)) and S is an homeomorphism if we endow the phase space Ky with
the topology of @joc := Cioc (R, E) (due to the Lipschitz continuity (6.4)).

Thus, owing to the homeomorphism S, the existence of the global attractor Ag for
the semigroup S(¢) on E is equivalent to that of the (@p, Pjoc)-global attractor Ay of
the trajectory dynamical system (7;, Ky) (we recall that a (@, @joc)-attractor attracts the
bounded subsets of @ in the topology of @i, see [22]). We refer the attractor Ay as the
trajectory attractor associated with problem (6.2). As usual, this trajectory attractor is also
generated by the set K of all bounded complete trajectories of the problem,

Ay = ’C|t20’ Agl = Atr|t20~ (6.9)

A key observation here is that, although crucial for the usual global attractor Ag, the
uniqueness and continuity (6.4) are not necessary for the existence of the global attractor
Ay for the trajectory dynamical system (73, Ky) and can be relaxed. Indeed, the phase
space K is well-defined and the shifts semigroup 7; acts continuously on it, no matter
whether or not the uniqueness holds (only the dissipative estimate (6.3) is necessary to en-
sure that K C @p; of course, we also need the continuity of f to ensure that the solutions
exist and K, is not empty). Furthermore, the dissipative estimate (6.3) also guarantees that
the set

By = {u € Ky, |ullo, < R}

is a @p-absorbing set for T;. Finally, this absorbing set is compact in the @jo.-topology
(since E 1is finite dimensional and we have a uniform control on the norm of du/dr for
every u € By from Eq. (6.2)). Thus, the existence of the trajectory attractor Ay is verified
when f is only continuous and we have the following theorem.

THEOREM 6.1. Let the nonlinearity f in (6.2) be continuous and let the dissipative es-
timate (6.3) be satisfied for all solutions. Then the trajectory dynamical system (T;, K)
possesses the (Dp, Pioc)-global attractor Ay (which is the trajectory attractor associated
with problem (6.2)) which is generated by all bounded complete trajectories of the system,

A = Kli>o. (6.10)

It is also worth noting that, projecting this trajectory attractor Ay, we obtain the global
attractor A;_v for the multi-valued semigroup S(¢) associated with problem (6.2) in a
standard way,

see [49] for details.
Thus, we see that, although the trajectory approach usually essentially gives the same
object as the multi-valued semigroup (see (6.11)), it allows, on the one hand, to avoid the
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use of “unfriendly” multi-valued maps and, on the other hand, to study the long time be-
havior for ill-posed problems by using the classical theory of attractors for single-valued
semigroups. We also note that the trick consisting in passing from the usual to the tra-
jectory dynamical system may be useful even when the uniqueness holds. In particular,
the aforementioned /-trajectories method for estimating the dimension of global attractors
and constructing exponential attractors is essentially based on this trick, see [153] and the
references therein. Furthermore, this trick was also used in [167] to prove the persistence
of hyperbolic trajectories when the perturbation is not small in the initial phase space, but
only in some averaged time-integral norms.

However, it is worth mentioning that the above trajectory approach has not been applied
to artificial problems like (6.2) (for which the nonuniqueness appears due to the lack of
regularity on f), but to extremely complicated equations such as the three-dimensional
Navier—Stokes equations and even to equations in compressible fluid mechanics for which
only minimal information on the associated weak solutions is available. This leads to sev-
eral unusual “common” delicate points in the theory which we would like to outline before
passing to more relevant examples.

REMARK 6.2. (a) Very often, the dissipative estimate (6.3) can be verified not for every
solution belonging to some function space, but only for some special weak solutions (e.g.,
obtained by Galerkin approximations, as for the three-dimensional Navier—Stokes equa-
tions). So, one should somehow exclude the “pathological”, possibly non-dissipative, tra-
jectories from the trajectory phase space K. By doing this, one should, however, take a
special care to preserve the action of the shifts semigroup on K. In particular, the di-
rect way which consists in incorporating the dissipative estimate into the phase space Ky,
i.e., in defining Ky as the set of all trajectories satisfying a dissipative estimate of the
form (6.3), may fail for this very reason. Indeed, typically, for ill-posed problems, we can
construct a solution which satisfies the energy inequality between t = O and any ¢t = T
(which gives the dissipative estimate), but not between t = t andt = T fort > 0
(see the example of a damped wave equation below). So, in that case, we cannot verify
a dissipative estimate of the form (6.3) starting from ¢+ = t and, for this reason, we lose
the invariance 7; Ky C Ky which is crucial in the theory! This problem can be over-
come (following [47]) by using, instead of (6.3), a weaker dissipativity assumption of the
form

Ju)|; < Cue™ +Cr or |Tulle, < Cue™ +Cr. 120, (6.12)

where the positive constants & and C are the same as in (6.3), except that C,, is now some
constant depending on u (without specifying any relation with #(0)). Such dissipative in-
equalities are, obviously, invariant with respect to time shifts and the action of 7; on K is
recovered.

(b) In order to prove the existence of the global attractor, one usually uses a compact
absorbing/attracting set By C K. The semi-compactness is usually not a problem, since
the weak and weak-* topologies are used, and immediately follows from energy estimates.
The fact that the limit points of By solve the equations is also not an essential problem,
since, with a proper choice of the topology of @y, it can usually be done as in the proof
of existence of a weak solution (which should be done before proving the existence of
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attractors!). However, since K does not contain all the solutions of the problem, these
limit points may not belong to Ky and the existence of a compact absorbing set may be
lost in such a procedure. For instance, without a special care, the limits of solutions which
are all obtained by Galerkin approximations may not satisfy this property. Analogously,
concerning the dissipative inequalities (6.12), if one defines an absorbing set in the natural
way, namely, By = {u € Ky, |ullg, < R}, then it may very well be not closed, since an
estimate of the form (6.12) may be lost under the limit procedure. Thus, the closure of the
absorbing/attracting set indeed requires an additional attention. These considerations show
that the use of the space @;, to define the class of bounded sets is not sufficient and more
general abstract definitions of “bounded” sets should be used instead, see Definition 2.15.
In particular, for dissipative inequalities of the form (6.12), it is sufficient to define the
class of bounded sets in the following natural way:

B C Ky is “bounded” if and only if C,, < Cp < 400, u € B. (6.13)

In other words, B is “bounded” if there exists a uniform constant Cp such that (6.12) holds
with C, replaced by Cp, for every u € B. Then the existence of a “bounded” absorb-
ing set is an immediate consequence of (6.12) and such estimates are preserved under the
limit procedure, see [49] for details. This problem, when K only consists of solutions
obtained by some (e.g., Galerkin) approximation scheme can also be solved in a similar
way, see [240] and the examples below.

EXAMPLE 6.3. Here, we briefly consider the application of the trajectory approach to the
three-dimensional Navier—Stokes equations in a bounded domain 2 (see [47,49], and [211]
for more detailed expositions),

oru + (u, vV =vA,u—Vyp+g, v>0,
{tu (u, Vy)u xu xPp T8 (6.14)

divu =0, ulpe =0, ul;=0 = uo.

Let, as usual, H and H; be the closures of the smooth divergent free vector fields in £2
which vanish on the boundary in the metrics of L?(£2)3 and W12(2)3, respectively. Then,
as is well-known (see, e.g., [49,143], and [217]), for every ug € H, the Navier—Stokes
problem possesses at least one global weak energy solution

u e dy:=L°Ry, H)NLI(Ry, Hy)

which satisfies, in addition, an energy inequality in the following differential form:

1d 2 2
57 O+ Ve[ < @ on (6.15)

To be more precise, this inequality should be understood in the sense of distributions, i.e.,

1 +o00 2 , +0o0 2
—5/0 y\u(t)\\H-¢(t)dt+v/() [Veu@) |- ¢ @) dr

+00
< fo $(1) - (g, u(n)) dt (6.16)
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holds for every ¢ € C3°(R4) such that ¢(t) > 0. In particular, this energy inequality
implies that, for almost every 7, T € Ry, t > 7, the following dissipative estimate holds:

t
ol o [ e v e
T

< Ju@ |56 + Cligl,, 6.17)

for some positive constants C and o which only depend on v and £2. Since the existence
or the nonexistence of other weak solutions u € @, (which do not satisfy the energy in-
equality and, thus, are nondissipative) is not known yet, it is natural to define the trajectory
phase space K as the set of all weak solutions satisfying this energy inequality,

Ky = {u € @y, u solves (6.14) and satisfies (6.15)}. (6.18)

Indeed, since the energy inequality is shift-invariant, the phase space K, thus defined is
also invariant with respect to the shifts semigroup Ty, T; : Ky — Ky, and, therefore, the
trajectory dynamical system (73, Ki) is well-defined. Furthermore, the dissipative esti-
mate (6.17) implies that

I1Tull, < Clulicm, me ™ +Clgli., >0, (6.19)

for every u € Ky and for positive constants C and « which are independent of u and ¢.
Therefore, the R-ball in @;, intersected with Ky,

Bg :={u € Ky, |ulla, < R},

is a @p-absorbing set for the trajectory semigroup 7; on Ky if R is large enough. Thus,
there only remains to fix the topology of @j,c on K, in such a way that this ball is compact.
To be more precise, we set

Proc = Ligs" (R, H) N L Ry, Hy),

loc

where w and w* denote the weak and weak-* topologies, respectively. We recall that a
sequence u, converges to u in the space @i, if and only if, for every T > 0, the sequence
unl[o,7] converges to uljo,7] weakly in Lz([O, T], Hy) and weakly-* in L*°([0, T], H),
see [49] for details. Then every bounded subset of @, is precompact and metrizable in @jq,
see, e.g., [205], and we only need to verify that B is closed in K in the @joc-topology. As
already mentioned in Remark 6.2, this can be done as in the justification of the passage to
the limit N — 400 in Galerkin approximations for weak energy solutions u, see [49] for
details. Thus, the assumptions of the (@;, @joc)-attractor’s existence theorem (see Theo-
rem 2.20 and [22]) are verified and, consequently, the trajectory dynamical system (73, Ky)
possesses the global attractor .4 which attracts the bounded subsets of @}, in the topology
of @joc. As usual, the trajectory attractor Ay, is generated by all bounded complete solutions
of the Navier—Stokes system (of course, satisfying the energy inequality) via (6.10) and its
restriction at t = 0 gives the global attractor of the associated semigroup of multi-valued
maps (i.e., (6.11) holds), see [47] and [49] for details. To conclude with the Navier—Stokes
equations, we mention that, although the above trajectory attractor attracts the bounded
subsets of @, in the weak topology of @), only, this weak convergence implies the strong
convergence in slightly larger spaces (due to compactness arguments). In particular, for
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every bounded subset B C Ky, every T € R4, and every § > 0, we have
t_l)i_rpoo diStC([o,T],H73)0L2([0,T],H1_5)(TtB|[O,Th -Atr|[0,T]) =0, (6.20)

where H; is a scale of Hilbert spaces associated with the Stokes operator in §2, see [49]. We
also recall that, although nothing is known, in general, concerning the additional regularity
and/or the structure of the attractor Ay of the three-dimensional Navier—Stokes problem,
there are several special cases for which such results can be proven. In particular, for thin
domains 2 = [—h, h] x §2¢9, where §2¢ is a bounded two-dimensional domain and £ is
a small parameter (depending on v), endowed with Dirichlet boundary conditions on 92
and Neumann boundary conditions on {—#, h} x £2, the smoothness Ay C Cp(R4, Hy),
which is enough for the uniqueness on the attractor, follows from [196]. Another nontrivial
example is a three-dimensional Navier—Stokes system with an additional rotation term,

ou+ (u,Viou+w xu=vAu—Vyp+g

in the domain 2 = [0, T1] x [0, T>] x [0, T3] with periodic boundary conditions. As proven
n [17], if w is large enough and the periods 7;, i = 1, 2, 3, satisfy some nonresonance
conditions, the attractor Ay is also smooth and the uniqueness holds on the attractor.

EXAMPLE 6.4. As a next example, we consider “the second” (after the three-dimensional
Navier—Stokes equations) classical ill-posed problem, namely, a damped wave equation
with a supercritical nonlinearity,

e07u + you — Ayu+ f(u) =g,

6.21
ulpge =0, uli=o =uo, duli=o = uy, 2D

in a bounded smooth domain £2 of R3. Here, ¢ and y are positive parameters, g € Lz(.Q)
corresponds to given external forces and the nonlinearity f € C*(R) is assumed to satisfy
the following dissipative and growth assumptions:

L flw=-C+CiuP™", 2. |f/w] <C(1+ulP~?), (6.22)

C,Ci > 0,u e R, p > 0.Itis well-known, see, e.g., [22], that, in the subcritical p < 3 and
critical p = 3 cases, problem (6.21) is well-posed in the energy phase space WOI’Z(Q) X
L2(S2) and possesses the global attractor A, see also [119,136,217], and the references
therein. In contrast to this, in the supercritical case p > 3, the well-posedness of (6.21) in
a proper phase space is still an open problem (the limit exponent p = 3 can be shifted till
p =5 when 2 = R3, see [86], but, to the best of our knowledge, this result is not known
for bounded domains). On the other hand, it is well-known (see, e.g., [49] and [143]) that,
for every (u, u6) e E:= Wé’z([)) N (LPHHR2) x L2(£2)), equation (6.21) possesses at
least one global weak energy solution

€ @y = LRy, Wy (2) N LPHI(2)) x WO (Ry, L2(2))
which satisfies the dissipative estimate

(@, du®)] ; < Q|| (0, du®)| z)e™ + Q(llgl2). >0, (6.23)
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where the positive constant & and monotonic function Q are independent of u#. As shown
in [47] and [49], this is sufficient to verify the existence of the trajectory attractor. How-
ever, we are now exactly in the situation mentioned in Remark 6.2. Indeed, in contrast to
the three-dimensional Navier—Stokes equations, here, the dissipativity estimate cannot be
formulated as a differential inequality similar to (6.15) and the dissipative estimate (6.23)
is the best known one. As already mentioned, this estimate is not shift-invariant and, there-
fore, cannot be directly used to define the space K. (this is related to the fact that, when
constructing the solution u(#), e.g., by Galerkin approximations, we can easily guarantee
that u,, (0) converges strongly to u(0) in E, but, for u, (r) with > 0, we only have a weak
convergence, which does not yield the convergence of the norms and, consequently, r = 0
cannot be replaced by r = t in (6.23)). Thus, following the general scheme described in
Remark 6.2, we consider a dissipative estimate in a weaker, but shift-invariant form,

ITulle, < Cue™ 4 Cs,  Cu = O(ligllz2), @ >0, 120, (6.24)

where C,, is a constant which depends on u, and define the trajectory phase space K. by
using this dissipative estimate,

Ky = {u € @y, u solves (6.21) and satisfies (6.24)}.

Thus, the trajectory dynamical system (73, Ky) is well-defined. Furthermore, following
the general scheme, we also define a class of “bounded” sets via (6.13). Then the existence
of a “bounded” absorbing set, e.g., of the form B := {u € Ky, C, < 1}, immediately
follows from the dissipative estimate (6.24) and the definition of “bounded” sets. So, there
only remains to fix a topology on K in such a way that the absorbing set B is compact.
This can be done by using the local weak-* topology on @, exactly as in the case of the
three-dimensional Navier—Stokes equations, namely,

Broc = L (R, Wy 2(2) N LN (2)) x LY (R4, L2(2)). (6.25)

loc loc

Then B is precompact and metrizable in @y, since it is bounded in @, see [205], and the
fact that it is closed in K can be verified in a standard way, see [47] and [49] for details.
Thus, the assumptions of the attractor’s existence theorem (see Theorem 2.20) are verified
and the semigroup (7, K) possesses the global attractor Ay (i.e., the trajectory attractor)
which attracts the “bounded” (in the sense of (6.13)) subsets of Ky, in the topology of @j.
Again, the trajectory attractor Ay is generated by all bounded complete solutions (satis-
fying |lu|l¢, < Cy) via (6.10) and its restriction at ¢+ = 0 gives the global attractor of the
associated semigroup of multi-valued maps constructed in [19] (i.e., (6.11) holds), see [47]
and [49] for details.

EXAMPLE 6.5. In this example, we consider, following [240], an alternative way to con-
struct a trajectory attractor for the damped wave equation (6.21) which a priori contains a
“smaller number” of possible pathological solutions and, as a consequence, some reason-
able results concerning its structure are available. To this end, we first recall a construction
of Galerkin approximations for (6.21). Let {ek},;":“lJ be an orthonormal basis in L2(£2) (say,
generated by the eigenvectors of the Laplacian with Dirichlet boundary conditions) and de-
note by Py the orthoprojector onto the first N vectors of this basis. Then the N-th Galerkin
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approximation for (6.21) reads

€d’uy +yduy — Avuy + Py f(uy) = Pyg, uy € PyL*(2). (6.26)

Actually, the weak energy solutions mentioned in the previous example are usually con-
structed by solving the Galerkin ODEs (6.26) and by then passing to the limit N — +o00
in a proper sense, namely,

u:=®Poc— lim uy, (6.27)
k—+o00
where the space @ is the same as in the previous example, see (6.25). The main idea
is now to restrict ourselves to the solutions which can be obtained via (6.27) only and to
define the trajectory phase space K as follows:

Ky == {u € @3, u solves (6.21) and is obtained via (6.27)}. (6.28)

The main problem here is that the weak limit of solutions which can all be obtained by
the above Galerkin approximations may a priori not satisfy this property, so that the usual
bounded subsets of @, may not be closed in K. In order to overcome this difficulty and
to define the proper class of “bounded” sets, we need to introduce the following functional
on Ky:

M(u) = inf[}{iﬂg{f” (1N, (0), dun (0))] 5o u = Proc — Jim } (6.29)

where the infimum is taken over all sequences uy, of Galerkin solutions which converge
weakly to a given solution #. We now define the class of M-bounded sets of K, as the sets
on which the functional M is uniformly bounded. Then, as shown in [240], the trajectory
dynamical system (73, Ky) possesses an M-bounded absorbing set and the weak limit of a
sequence u,, belonging to any M-bounded set belongs to Ky (i.e., it can be obtained by the
above Galerkin approximations). Thus, according to the abstract attractor’s existence the-
orem, the trajectory dynamical system (73, K) possesses the global attractor .Agal which
attracts all M-bounded sets in the topology of @jo. It is worth noting once more that, in
contrast to the trajectory attractor Ay constructed above, this new attractor Ag"“l C Ay
possesses several good properties which are not available for Ay and, in particular,

(1) it is connected in @, (since the simplest M-bounded sets Bg := {u € Ky,
M(u) < R} are connected; this follows from the fact that they can be approxi-
mated, in @j,¢, by analogous sets for the Galerkin approximations which are clearly
connected);

(2) every complete trajectory belonging to this attractor tends in a proper sense to the
set of equilibria as time goes to plus or minus infinity;

(3) every complete trajectory u(t) on Agal is smooth for sufficiently small ¢, i.e., there
exists T = T,, such that u(r) € W>2(£2) c C(£2) for t < Ty, and every solution is
unique (in the above class) as long as it is smooth. So, the only way for a singular
solution to appear on the attractor Agal is by a blow up of a strong solution, see [240]
for details;

(4) as proven in [240], the whole attractor Atcr'al is smooth if the coefficient ¢ > 0 is
small enough, A% ¢ C, (R, W22(£2)).

tr
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A drawback of such a construction is that Agal depends on the concrete approximation

scheme (e.g., different Galerkin bases may lead to different attractors). However, the attrac-
tor Ay constructed in the previous example also depends a priori on the artificial constant
C, in the dissipative estimate (6.24).

REMARK 6.6. To conclude, we note that the above trajectory approach has been success-
fully applied not only to ill-posed evolutionary problems, but also to elliptic boundary
value problems in unbounded domains (for which the nonuniqueness does not appear as
a consequence of poorly understood analytical properties of the equations under study,
but is related to the classical ill-posedness of the Cauchy problem for elliptic equations),
see [166,222], and [223] for trajectory attractors for elliptic problems in cylindrical do-
mains and [26] and [232] for more general classes of unbounded domains. Finally, we also
note that most of the results considered in this subsection can naturally be extended to
nonautonomous ill-posed problems as well, see [49] for details.
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1. Introduction

The present chapter is devoted to the Cahn—Hilliard equation [16,15]:

uy =V -M@V[fu) —e*Au], (x,1) €2 xR, (1)
n-Vu=n-MwV[fu)—eAu] =0, (x,1)€d2xR*, )
u(x,0) =ug(x), xe8. 3)

Here 0 < €2 « 1 is a “coefficient of gradient energy”, M = M (u) is a “mobility” coeffi-
cient,and f = f(u) is a “homogeneous free energy”. The equation was initially developed
to describe phase separation is a two component system, with u = u(x, t) representing the
concentration of one of the two components. Typically, the domain §2 is assumed to be a
bounded domain with a “sufficiently smooth” boundary, 92, with » in (2) representing the
unit exterior normal to 952. It is reasonable to consider evolution for times ¢+ > 0, or on
some finite time interval, 0 <t < T < o0.

Concentration should be understood as referring either to volume fraction or to mass
fraction, depending on the physical system under investigation. By volume fraction we
mean the volume fraction per unit volume of say component “A”, in a system containing
two components which we shall denote by “A” and “B”. The meaning of mass fraction
is analogous. Thus the Cahn-Hilliard equation constitutes a continuous, as opposed to a
discrete or lattice description, of the material undergoing phase separation. Such a descrip-
tion is appropriate under many but not all circumstances. Note that the definition of u(x, )
implies that u(x, ¢) should satisfy 0 < u(x, t) < 1. Moreover, if u(x, t), the concentration
of component A, is known, then the concentration of the second component is given by
1 —u and is hence also known; thus the evolution of the composition of the two component
system is being predicted by a single scalar Cahn—Hilliard equation.

In the context of the Cahn—Hilliard equation, the two components could refer, for ex-
ample, to a system with two metallic components, or two polymer components, or say,
two glassy components. Frequently in materials science literature, concentration is given
in terms of mole fraction or equivalently number fraction, rather than in terms of volume
fraction or mass fraction. A mole refers to 6.02252 x 10>* molecules (Avogadro’s number
of molecules), and the mole fraction of component A refers to the number of A molecules
per mole of the two component system, locally evaluated. Mole fraction of number frac-
tion are equivalent to volume fraction if the molar volume (the volume occupied by one
mole) is independent of composition, which is rarely strictly correct [15]. For example, in
a two component polymer systems when many of the polymers are long, the configuration
of the polymers, i.e. whether they are “stretched out” or “rolled up”, typically depends on
composition, which in turn influences the molar volume. Notice also that often temperature
does not appear explicitly in the Cahn—Hilliard equation, since the model is based on the
assumption that the temperature is constant; such an assumption requires careful tempera-
ture control and is also rarely strictly fulfilled in reality. The model also assumes isotropy
of the system, which can also only be approximately correct for metallic systems [5,77,
87], for which the equations were designed, which have an inherent crystalline structure
unless they are in a liquid phase. Nevertheless, the Cahn—Hilliard equation has been seen to
contain many of the dominant paradigms for phase separation dynamics, and as such, has
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played, and continues to play, an important role in understanding the evolution of phase
separation.

Why does the Cahn—Hilliard equation appear in so many different contexts, and what be-
havior is predicted by the Cahn—Hilliard equation which is common to all these systems?
Off-hand, what is being modeled with the Cahn—Hilliard equation is phase separation, in
other words, the segregation of the system into spatial domains predominated by one of
the components, in the presence of a mass constraint, and what one wishes to accomplish
here is to model the dynamics in a sufficiently accurate fashion so that many of the various
features of the resultant pattern formation evolution that one sees in nature during phase
separation can be explained and predicted. In materials science this pattern formation is
referred to as the microstructure of the material, and the microstructure is highly influen-
tial in determining many of the properties of the material, such as strength, hardness, and
conductivity. The Cahn-Hilliard model is rather broad ranged in its evolutionary scope; it
can serve as a good model for many systems during early times, it can give a reasonable
qualitative description for these systems during intermediary times, and it can serve as a
good model for even more systems at late times. Often, the late time evolution is so slow
that the pattern formation or microstructure becomes effectively frozen into the system
over time scales of interest, and hence it is the long time behavior of the system which is
seen in practice.

The Cahn—Hilliard equation also appears in modeling many other phenomena. These
include the evolution of two components of intergalactic material [80], the dynamics of
two populations [19], the biomathematical modeling of a bacterial film [46], and certain
thin film problems [69,79]. We apologies to the reader that most of the details pertaining to
the modeling of these phenomena are outside the scope of the present survey. Nevertheless,
we invite the interested reader to have a look at the forthcoming book by the author of
this survey, entitled From Backwards Diffusion to Surface Diffusion: the Cahn—Hilliard
Equation [65], where these and other details will be treated in greater depth.

We hope that this survey will clarify for the reader the notions of backwards diffusion
and surface diffusion and their connection with the Cahn—Hilliard equation, and will con-
vey something of the nature of the physical phenomena which accompany phase separation
and how the Cahn—Hilliard equation manages to capture these features.

2. Backwards diffusion and regularization

Let us consider a simple variant of the Cahn—Hilliard equation in which f () = —u + u>
and M (u) = My, where My > Ois constant. Lett € (0,7),0 < T < oo,and 2 = (0, L).
In most applications, §2 € R” with n = 2 or n = 3 is most physically relevant. However,
let us focus temporarily on the n = 1 case for simplicity. Thus,

U = M()[—u +ud — ezuxx]xx, (x,t) € 27,
uy = Mo[—u + ul — Ezuxx]x =0, (x,1) €27, 4)
u(x,0) = up(x), x e,
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where 27 = (0, T) x §2 and 027 = {0, L} x (0, T). Note that u(x, t) = u constitutes
a steady state of (4), where u is an arbitrary constant; however if u(x, f) is to represent
concentration, clearly one must assume that 0 < u < 1.

Let us now suppose that ug(x) = u+1ig(x), where i1g(x) represents a small perturbation
from spatial uniformity. Setting u(x, r) = u + u(x, t), (4) yields that

ity = Mo[—it + [ + i]® — ity (x.1) € 2r,
iy = Mo[—it + [ + i — €%l | =0, (x,1) €082r, (5)
u(x,0) =uop(x) :==uo(x) —u, x € S2.

Assuming (5) to be well-posed and i (x, ¢) to be small, we neglect terms which are nonlin-
ear in u(x, t) and obtain to leading order the linearized problem

ity = Mo[—(1 = 3i?)it — %], (x,1) € 2r,
iiy = Mo[—(1 — 3i?)it — €%iiy ], =0, (x,1) € 3827, (©6)
u(x,0) = ug(x), x € £2.

We recall that we have assumed earlier that 0 < €? <« 1. Suppose that we optimistically
neglect terms in the system (6) which contain a factor of €2. This yields

ii; = —Mo(1 — 3i?)iix, (x,1) € 2r,
iy = —Mo(1 = 3i®)iiy =0, (x,1) € 3827, (7)
i(x,0) =ip(x), xefn.

If we stop and consider for a moment (7), we can see that for 3i> — 1 > 0, it is equivalent
to the classical diffusion equation with Neumann boundary conditions

iy = Dilyy, (x,1) € 2r,
iy =0, (x,t) € 9827, ®)
iw(x,0) =up(x), x €82,
whose solutions decay to % fOL fig(x)dx. For 3u%> — 1 > 0, it is equivalent to
Uy = —Diiyy, (x,1) € 27,
iy =0, (x,1) € 0827, ©)]
u(x,0) =up(x), xe€s2.
Now (9) is precisely the backwards diffusion equation, which can be obtained from the
classical diffusion equation by redefining time ¢+ — — so that time will “run backwards.”

The problem (9) is notoriously ill-posed as can be verified by noting that for ity € L*(£2),
it possesses the formal separation of variables solution

Ay & 22,
fi(x,t) = -+ ZlAne 2 ' cos(nmx/L), (10)
n=
where the coefficients A;, i = 0, 1,2, ..., correspond to the Fourier coefficients of the

initial conditions,

u(x,0) =uglx) = % + ZA,, cos(nmx/L). (11

n=1
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Its amplitude grows without bound

2 A(% e ) 2)127r2t
i (x, t)”LZIO,L] =5 T ZAne L 12)
n=1
even for initial data based on a single mode, itg(x) = Ay cos(kmx /L),

2.2
2k7rt

i Cx, ’)”izlo,u = Afe 22

13)

This clearly makes little physical sense in terms of a model for phase separation, although
in other contexts, such as image processing [17], it has been successfully implemented. In
particular, we see that the solution, u(x, t) = u + u(x, t) does not remain bounded within
the interval [0, 1] over time.

Thus both problems, (8) and (9), make little physical sense as models for phase separa-
tion. Hence, the higher order terms proportional to €2 are truly necessary in the physical
model, and cannot be made light of easily. Seemingly this would provide a compelling rea-
son to include such regularizing terms, but in fact regularizing terms were already added
much before the dynamics for phase separation came under consideration, when equilib-
rium considerations lead to the search for a free energy with “phase separated” steady states
possessing certain regularity and uniqueness properties. This reflects the independent sci-
entific contribution of Gibbs (1893) [35] and van der Waals (1973) [81].

The reader should have no difficulty in ascertaining that (6), where the regularizing terms
have been included, can be formulated as a well-posed problem, and it is fairly straightfor-
ward to verify that (5) and (4) can be carefully formulated as well-posed problems as well.
However, before discussing existence, uniqueness, and well-posedness, we first briefly con-
sider what are the physical phenomena one should like to model with the Cahn—Hilliard
equation, and which are the most important variants of the Cahn—Hilliard equation which
one should like to consider.

3. The Cahn-Hilliard equation and phase separation

We now outline what are the physical features and phenomena which one should like to
be described by the Cahn—Hilliard equation. The process of phase separation in two com-
ponent systems is accompanied by pattern formation and evolution. A typical scenario we
should like to model is that of quick quenching. Let £2 C R3 initially contain two compo-
nents which are roughly uniformly distributed, so that u(x,0) ~ ug(x) = u. We should
suppose that u € [0, 1]if u(x, t) is to represent concentration. If there is no flux of material
into or out of §2, then the total amount of each component should be conserved,

1
ﬁ'/gu(x,t)dx=ﬁ, 0<tr<T. (14)

Let the initial temperature be given by &g, and let the temperature of the system be now
rapidly lowered (quick quenched) to some new temperature, @1 < ©y. In two component
metallic alloy systems, the average thermal conductivity is high, and the temperature of the
system will equilibrate rapidly to the new temperature. With this in mind, the assumption
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0
T(a" 8o) stable
i
---------- binodal curve
______ spinodal curve
..... --z>-metastable
0 U 1

Fig. 1. A typical phase diagram. Here (i, ©) lies above the binodal curve in the stable region, (i, ®@1) lies in
the “metastable region” which lies between the spinodal curve and the binodal curve, and (i, ®;) lies below the
spinodal curve.

is made that the temperature equilibrates immediately to lower temperature, ®1. The equi-
libration process can be modeled by coupling the Cahn—Hilliard equation with an energy
balance equation. This augmented system is known as a conserved phase field model [12].

The dynamics which appears in the system §2 in the wake of quick quenching can be
roughly explained with the help of phase diagrams as developed by Gibbs [35] within the
framework of classical thermodynamics. In the present context, this implies that whether or
not phase separation is predicted, as well as the nature of the phase separation which can be
expected, are determined by the location of (i, ®p) and (u#, @) within the phase diagram.
While phase diagrams of varying levels of complexity can occur, a simplest nontrivial level
of phase diagram which can describe phase separation is portrayed in Figure 1.

In the phase diagram, there are two curves which should be noted. One is an upper curve,
known as the binodal or the coexistence curve, and other is a lower curve, known as the
spinodal. The two curves intersect at point, (écrit, Ocrit), known as the critical point. If both
(i, ®p) and (u, @1) lie above the binodal, no phase separation is expected to occur and the
system is expected to persist in its initially uniform state, u(x, t) = u. Hence the region
above the binodal is known as the stable or one-phase region. For phase separation to
occur, the initial state (#, ®p) should lie above both the binodal and spinodal, and the final
state (u, ®1) should lie somewhere below the binodal, either above or below the spinodal.

If (i, ©1) lies below the spinodal curve and u # iy, then phase separation is predicted
to onset via spinodal decomposition. During the onset of spinodal decomposition, the sys-
tem is distinguished by a certain “fogginess” reflecting the simultaneous growth of pertur-
bations with many different wavelengths. Spinodal decomposition is fairly well described
by the Cahn—Hilliard equation. If (i, ®1) lies below the binodal but above the spinodal,
phase separation can be expected to occur by nucleation and growth. During this process,



208 A. Novick-Cohen

phase separation occurs via the appearance or nucleation of localized perturbations in the
uniform state # which persist and grow if they are sufficiently large. Though we mention
the nucleation and growth process, it is not well modeled by the Cahn—Hilliard equation,
and alternative approaches have been developed for purpose such as the Lifshitz—Slyozov
theory of Oswald ripening [49] and its extensions [42,4].

We caution the reader that if (iz, ®g) or (u, ®1) are too close to (icrit, Ocrit), then the
above descriptions are inappropriate, since critical phenomena [23], such as critical slow-
ing down, will accompany the phase separation. Such effects are characteristic of second
order phase transitions, as opposed to our earlier description, which was appropriate for
first order phase transitions. Arguably @; should be taken not too far from ®, other-
wise inertial and higher order effects may become important; these effects would render
the Cahn-Hilliard model inaccurate, and make it difficult to control the phase separation
process and the resultant microstructure. What distinguishes a first order phase transition
from a second or higher order phase transition is the degree of continuity or regularity of
the system as the system crosses from the stable regime above the binodal into the unstable
regime which lies below it, see e.g. [50].

Whether phase separation occurs via spinodal decomposition or via nucleation and
growth, eventually the system saturates into well-defined spatial domains in which one
of the two components dominates, so that u &~ u4 or by u & up, where u4 and up denote
the binodal or limiting miscibility gap concentrations when & = ©;. See Figure 1. The
average size of these spatial domains increases over time, as larger domains grow at the
expense of smaller domains. This process is called coarsening, and the dynamics of the
system may now be characterized by the motion of the boundaries or interfaces between
these various domains. Because of mass balance, (14), the relative volume or area of the
domains where u ~ u4 and u & up remains unchanged, but the overall amount of “do-
main interface” decreases as some limiting configuration is seemingly approached. While
nucleation and growth is somewhat of a weak spot for the Cahn—Hilliard theory, the Cahn—
Hilliard equation can give some reasonable description of the coarsening process, even if
the initial stages of the phase separations were dominated by nucleation and growth.

Let us now consider two important cases of the Cahn—Hilliard equation formulation
given in (1)—(3), to which we shall refer to later repeatedly.

4. Two prototype formulations

Perhaps the easiest formulation to consider is that given in (4) which was discussed in
Section 2. We shall refer to this case as the constant mobility-quartic polynomial case, or
more briefly, the constant mobility Cahn—Hilliard equation, and it is summarized below.
4.1. The constant mobility — quartic polynomial case

Let

M(u) = My > 0, where My is aconstant,and f(u) = —u + u. (15)
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It follows from (15) that

1
fa) =F @), F) = Z(u2 —1)% (16)

Within this framework, the Cahn—-Hilliard equation is given by
{u, = MoA(—u + u® — €2Au), (x,1) € 2 % (0,T),
n-Vu=n-VAu =0, (x,1) €082 x (0, T),

in conjunction with appropriate initial conditions. The value of My may be set to unity by
rescaling time, but we maintain M in the formulation since it is frequently maintained in
the literature, [62]. Note that (17) is invariant under the transformation u — —u, because u
in (17) represents the difference between the two concentrations, u = ug —up = 2us — 1.
Thus, in terms of the physical interpretation, u(x, ¢) should assume values in the interval
[—1,1].

The analysis and treatment of this case is relatively easy since (17) constitutes a fourth
order semilinear parabolic equation, whose treatment is similar to that of second semilinear
parabolic equations such as the reaction diffusion equation,

up = €2 Au— f ), (18)

which arises in a wide variety of applications, from populations genetics to tiger spots,
[56,57]. Nevertheless, one of the mainstays in the treatment of second order equations, the
maximum principle, does not carry over easily into the fourth order setting [53]. An exis-
tence theory can be given, for example, in terms of Galerkin approximations [78] which
can also be used to construct finite element approximations that can be implemented nu-
merically. From numerical calculations and analytical consideration, it can be seen that
for a sensible choice of initial conditions, (17) gives a reasonable description of spinodal
decomposition and of coarsening.

An unfortunate feature of the constant mobility Cahn—Hilliard variant (17) is that its
solutions need not remain bounded between —1 and 1, even if the initial data lies in this in-
terval. This drawback can be avoided by employing a formulation, written in terms of one
of the concentrations, in which the mobility is taken to degenerate when u = O and u = 1,
and the free energy is taken to be well behaved, as was demonstrated in one space dimen-
sion by Jingxue [44]. Such a formulation does not occur so naturally in the context of phase
separation, but is does occur naturally in other contexts, such as in structure formation in
biofilms [46]. In the context of phase separation, it is natural in including a degenerate
mobility to also include logarithmic terms in the free energy. This seemingly less natural
formulation is in fact well-based in terms of the physics; the logarithmic terms reflect
entropy contributions and the vanishing of the mobilities reflects jump probability consid-
erations [72]. We shall refer to this formulation as the degenerate mobility-logarithmic free
energy case, or for short, the degenerate Cahn—Hilliard equation, and it is explained below.

A7)

4.2. The degenerate mobility — logarithmic free energy case

Here we assume that

M@u)=u(l —u) and fu)=F(u), (19)
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where
F(u)=%{ulnu—l—(l—u)ln(l—u)}—l—om(l—u), (20)

with @ > 0, « > 0. In (20), ® denotes temperature, or more accurately a scaled tempera-
ture. The resultant Cahn—Hilliard formulation is now:

®
ut=V-M(u)V{Eln|:1u i|+a(1—2u)—62Au}, (x,t) € 27,
—u

n-Vu=20, (x,t) € 0827,

n~M(u){ Vu—ZaVu—GZVAu} =0, (x,1) € 3827,
(21
where 27 = §2 x (0,T) and 027 = 982 x (0, T), and the equation and boundary
conditions are to be solved in conjunction with appropriate initial data, ug(x). Since u(x, t)
represents here the concentration of one of the two components, uo(x) and u(x, t) should
satisfy 0 < ug(x), u(x,t) < 1.
Formally, referring to (19), (21) can be written more simply as

_9
2u(l — u)

o 2
u,:EAu—V-M(u)V{Zom+E Au}, (x,1) € 27,
n-Vu=n-Mu)VAu =0, (x,t) € 082T.

Note though that (22) is in fact only meaningful for u € [0, 1], and M (1) has only been
defined on that interval.

The mobility in (19) is referred to as a degenerate mobility, since it is not strictly pos-
itive. A concentration dependent mobility was already considered by Cahn in 1961 [15],
and a degenerate mobility similar to (19) appeared in the work by Hillert in 1956 [40,39] on
a one-dimensional discretely defined precursor of the Cahn—Hilliard equation. The use of
logarithmic terms in the free energy, which arises naturally due to thermodynamic entropy
consideration, also appeared in the papers [40,39] as well as in the 1958 paper of Cahn
and Hilliard [16]. See also the discussions in [26,41]. The problem formulated in (21) con-
stitutes a degenerate fourth order semilinear parabolic problem. Galerkin approximations
can be used to prove existence and to construct finite element schemes by first regularizing
the free energy. The payoff for working with the more complicated formulation is that it
yields more physical results; namely, for (21) and for 2 C R", n € N, if ug € [0, 1], then
u(x,t) € [0, 1] for t > 0. Details follow in the next section.

However, early on the degenerate and concentration dependent mobilities were replaced
by constant mobilities and logarithmic terms in the free energy were expanded into polyno-
mials, to simplify the analysis and to enable some qualitative understanding of the equation.
In fact, very early analyzes were totally linear. Surprisingly this was not such a bad path
to take since the dominant unstable modes are typically sustained longer that a straight
forward linear analysis would suggest, see Section 6. It seems that nonlinear effects were
first included by de Fontaine in 1967 [22], who did so in the context of early numerical
studies of the Cahn—Hilliard equation.

For detailed derivations of both variants, see [65,66,34]. Physically speaking, it is more
natural to first justify the degenerate Cahn—Hilliard equation with logarithmic free energy

(22)
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terms and then to obtain the constant mobility Cahn—Hilliard equation with a polynomial
free energy by making suitable approximations.

5. Existence, uniqueness, and regularity

For the constant mobility Cahn—Hilliard equation with a polynomial free energy, a proof
of existence and uniqueness was given in 1986 by Elliott and Songmu [27], which also
contains a finite element Galerkin approximation scheme. To be more precise, setting

Hi(2)={ve H*2)|n-Vv=0o0nde},

where n denotes the unit exterior normal to 982, and 27 = 2 x (0, T), it follows from
[27] that

THEOREM 5.1. If 2 is a bounded domain in R", n < 2, with a smooth boundary, then
for any initial data ug € H% (82) and T > 0, there exists a unique global solution in
H*!(2r).

The proof relies on Picard iteration and on a priori estimates obtained by multiply-
ing (17) by u, f (u)—e>Au, and A%u. By taking more regular initial data, classical solutions
may also be obtained. Of some physical interest is the estimate obtained by multiplying
(17) by f(u) — €2 Au, namely

F(1) — F(0) = —/ |V{f @) —eAu})’ dxdr, (23)
2r
where
2
f(t):/ {F(u)+6—|Vu|2}dx. (24)
o 2

The quantity f(u) — €2 Au is frequently identified as the chemical potential, u = w(x, f).
Of interest also is the estimate obtained by multiplying (17) by ¢ = 1, namely

/u(x,t)dx:/ uo(x)dx, (25)
Q Q

which can be understood as a statement of conservation of mass or conservation of the
mean.
From (23), (25), it also follows that

Ft) — F(0) = / (f) = €Au,ui) i o) 1112y U

7

= —lwlF20 7. 11129 (26)

and hence the Cahn-Hilliard equation is frequently referred to as H~! gradient flow.

In [58] (see [78] for an extended explanation), using essentially the same estimates and
a Galerkin approximation based on the eigenfunctions of A, where .4 is the Laplacian with
Neumann boundary conditions, it is proven that
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THEOREM 5.2. For ug(x) € L*(2), 2 C R", n < 3, there exists a unique solution,
u(x, t), to the constant mobility Cahn—Hilliard equation, and u(x, t) satisfies

ueC([0,T]; L2(2)) N L*(0, T; H'($2)) N L*(0, T; L*(2)), VT >0,
(27)
and F(t) decays along orbits. If, moreover, ug(x) € Hl% (£2), then

u e C([0, TT; HE(2)) N L*(0, T; D(A?)), VT > 0. (28)

To get (27), (17) needs only to be tested by u. The result (28) follows by testing (17)
by A%u. Uniqueness may be demonstrated by testing with the inverse of A, suitably de-
fined, acting on the difference of two solutions, see the discussion in [11].

Proofs of similar existence results for (17) can also be given within the framework of the
theory of semilinear operators [61]. More specifically, taking L?(£2) to be the underlying
space, and defining the A; = €A with domain D(A;), the operator .4; can be shown to
be a sectorial operator and existence may be proved by using a variation of constant formu-
lation and results of Henry [38] and Miklav¢i¢ [54]. Within the framework of dynamical
systems [61,78], it is easy to prove using (23) that

THEOREM 5.3. Ast — 00, u(x, t) converges to its w-limit cycle which is compact, con-
nected, and invariant. If the steady states are isolated, then solutions converge to a steady
state.

In a sense, Theorem 5.3 has served as the starting point for many rich studies with re-
gard to the identification of steady states [63,64,36,28,82—86], the existence and properties
of attractors [58,59], the behavior of solutions in the neighborhood of attractors [3], the
stability of steady states [61], and the list given here is admittedly very far from being
complete.

As to existence theories for the degenerate Cahn—Hilliard equation, apparently the first
result in this direction was given in 1992 by Jingxue [44]. The existence theory given there
is for £2 = [0, 1], and it is for the Cahn—Hilliard equation with a degenerate mobility but
with a nonsingular free energy.

THEOREM 5.4. Let M(s) be a Holder continuous function and f'(s) be a continuous
function,

M@O)=M(1) =0, M(s) >0 fors e (0,1).
Let ug € Hg (I), 0 < uog(x) < 1. Then problem (1)-(3) has a generalized solution u

satisfying 0 < u(t, x) < 1.

Here u € C*(£27), a € (0, 1) is said to be a generalized solution if
(1) D3u e L? (G,) and Jo, Mu)(D?u)* < oo, where

loc

Gu={(x,1) € 2r | M(u(x,1)) > 0}.
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(2) u e L™, T; H'(0, 1)), Du is locally Hélder continuous in G, and Du|rng, =0
holds in the classical sense, where I' = {{(0, 7), (1,1)} | € [0, T']}.
(3) For any ¢ € C'(£27), the following integral equality holds:

1 1
—/ u(x,T)qb(x,T)dx—i—/ uo(x)¢(x,0)dx+/ ugp;
0 0 7

+ f M(u)(e*D*u — Df (u)) D¢ = 0.

The definition of generalized solution given here and the method of proof are in the spirit
of the analysis by Bernis and Friedman [9] of the thin film equation.

For the degenerate Cahn-Hilliard equation with logarithmic free energy, one has the
following results due primarily to Elliott and Garcke [24,47,65],

THEOREM 5.5. Let 2 C R", n € N, where 92 € CV'! or 2 is convex. Suppose that
uo € H'(2) and 0 < ug < 1. Then there exists a pair of functions (u, J) such that

(@) ueL*(0,T; HX(2))NL>(0, T; H'(2)) nC([0, T1; L*(£2)),
) u, € L*0,T; (H'(2))),
() u©)=upandVu-n=00n0382 x (0, T), (29)
d O0<u<laeinf2r =2 x(0,T),
() JelL*(2r,R")
which satisfies u; = —V - J in L*>(0, T; (H'(£2))'), i.e.,

T
/(; ({(f), ut(t)>Hl’(H1)/ == /S;T J- V;

forallz € L*(0,T; H (£2)) and
J=-MwV - (—*Au+ f(u))

in the following weak sense:
/ Jon=-— / [ AuV - (M) + (Mf") @) Vi - 1]
2r Qr

foralln e L>(0, T; H'(£2,R")) N L®(27, R™) which fulfill n -n =0 0on 382 x (0, T).
(f) Moreover, letting F (t) be as defined in (24), then for a.e. t| < t, t1, > € [0, T],

1) 1 5
f<t2)_f(t1)>_/t./;zW|J| dx.

The proof here is based on existence results for a regularized equation, where the mo-
bility is given by M, (u) and the free energy is given by f(«), and implementation of an
additional estimate obtained by testing the equation with ®@.’(u), where &.”(u) = M%,
which yields an entropy like estimate [9], which enables the bounds O < u(x,#) < 1to be
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demonstrated. We note that the “entropy” @, such that @ (u) = %, had been employed
earlier in the Cahn—Hilliard context in stability studies [60]. For a discussion of uniqueness
and numerical schemes, see [8].

6. Linear stability and spinodal decomposition
In Section 2, linear stability of the spatially uniform state u(x, t) = i was considered in one

spatial dimension for the constant mobility Cahn—Hilliard equation. Setting 2 = [0, L]
and u(x, t) = u + u(x, t), the following linear stability problem was obtained

iy = Mo[—(1 —3i?)it — €%ty ], (x,1) € 2,
iy = Mo[—(1 = 3i?)it — €%iix, ], =0, (x,1) €382, (30)
u(x,0) =up(x), X € 8.

It was shown in Section 2 that when € is set to zero and the regularizing terms are dropped
from the analysis, then (30) is equivalent to the backwards diffusion equation for it*> < 1/3,
and it is equivalent to the (forward) diffusion equation for ii> > 1/3. We have already seen
that when the regularizing terms in € are included, then (17) is well-posed, so no problems
with ill-posedness are expected here.

It is easy to verify that in the multi-dimensional case, linearization of the constant mo-
bility Cahn—Hilliard equation about the spatially homogeneous steady state, u(x, t) = u,
yields the linear stability problem,

i, = Mo((1 — 3a®)Aii — eA%ii), (x,1) € 2,
n-Viu=n-VAu =0, (x,t) € 0827, 3D
uo(x, 0) = up(x), x €.

If we wish, we may proceed as in the analysis in [58,78,24] and construct a solution of (31)
based on the eigenfunctions of A, the Laplacian with Neumann boundary conditions. This
yields

_ A00)

o
+ Y Ar(0)e” My (x),
k=1

u(x, 1)

where A, and @y, are the eigenvalues and the eigenfunctions of A, A (0) are the coefficients
in the eigenfunction expansion for u¢(x), and

o () = ((1 = 3d%) — €2re) A (32)

One question of physical interest is number of unstable (or “growing”) modes, in other
words, the number of k € Z* such that o (A;) > 0. Another question of physical interest is
the identification of the dominant (or “fastest growing””) mode, in other words, identifying
Ak such that o (Ay) is maximal.

In one dimension with 2 = [0, L], Asx = (kx/L)? and (32) yields the “dispersion
relation”

_ K21 €*k*n?
U(k)ZZU()\k)Zﬁ 27 12 | (33)
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for k € Z*. Examining & (k) it is easily seen that & (k) vanishes at k; = 0 and ky =
L/(2em), it is positive for k € (k1, k2), it has a unique critical point (a maximum) at
ks = L/(2v/2 er), and it is negative elsewhere. Even if k3 ¢ Z1, the mode k3 is known
as the fastest growing mode. From (33), it follows that

L1 —3u? -
— | lul<

# growing modes = |: e

e (34)

0, otherwise,

where [s] refers to the integer value of s. From (34), it follows that as L increases or as €
decreases, the number of growing modes increases. Note that if L is sufficiently small or
€ is sufficiently large, then there are no growing modes at all. Thus the parameter range
for linear instability depends on L and €, as well as on u. While € reflects a material
property of the system, L, which reflects the size of the system, can be varied with relative
ease. Since in most systems, the size of the system is very large relative to the size of the
(micro-)structures under consideration, the limit of the parameter range of instability as
€/L — 0 is of physical relevance. And in this limit, the parameter range for instability is
given by

-1 1
7 Su < el (35
The limiting compositions lim¢/; o U+ = :t% are known as the spinodal compositions.

What does this have to do with the way the terminology spinodal was used in Section 3?
We note first that the one dimensional analysis may be readily generalized to higher dimen-
sions by recalling that also in higher dimensions one has that A; ~ k2. Moreover, the analy-
sis may also be readily generalized to treat the degenerate Cahn—Hilliard equation, (21), if
u is taken to lie strictly in the interval (0, 1) and perturbations are taken sufficiently small.
(For the special cases, u = 0 or 1, there are no perturbations which conserve the original
mass constraint, and it make some physical sense to impose such a constraint.) For (21),
the spinodal compositions can be easily verified to depend also on temperature, and hence
the parameter range for linear stability can be prescribed in terms of (u, @), as was done
in Section 3.

As time goes on, the importance of the nonlinear terms becomes more and more pro-
nounced. It is the nonlinear effects which keep the amplitude of the solution from becoming
unbounded and which cause the system to saturate near the binodal values, u4 and u g. Af-
ter the initial stages of saturation, certain regions, in which u#4 or up dominate, grow at
the expense of other regions and coarsening begins. As the nonlinear effects set in, the
differences between the two Cahn—Hilliard variants become more pronounced, as we shall
see shortly. One would expect, however, that the patterning in the phase separation would
be dominated by the fastest growing mode over a period of time roughly proportional
to the inverse of the growth rate of the fastest growing mode. Actually, often it remains
dominant over a considerably longer time interval. This rather surprising result has been
demonstrated for the constant mobility Cahn—Hilliard equation, see [75,51,52].
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7. Comparison with experiment

What can be said with regard to is experimental verification of the Cahn—Hilliard theory?
While qualitative comparison between numerical calculation and experimental data has
been known for years to be reasonable [15,43], more quantitative indicators are clearly
desirable. At the onset on spinodal decomposition, linear theory predicts a dominant grow-
ing mode (see Section 6), and as the system evolves into phase separated domains which
coarsen, the dominant length scale in the system gets larger. Two approaches have been
developed to quantitatively compare the evolution of length scales.
One approach is based on the structure function
Sk, 1) = [{u — i} k, 0],

where u = u(t) := ﬁ f o u(x,t)dx, and “™ denotes the Fourier transform. If the length
scale characterizing the patterns of the phase separation are much smaller than the length
scales of £2, edge effects should become negligible. In this case if 2 C R?, then

2
Sk, 1) ~ F/ fGEOFG e FEVdrdy| ,  Vk e R?, (36)
T R2xR2

where f(s,t) = u(s,t) — u(t). Structure function analysis can be implemented from the
earliest stages of phase separation and throughout the coarsening regime. Various conjec-
tures and predictions have been made with regard to possible self-similar behavior and
scaling laws for growth of the characteristic length, based in part on analysis of the evolu-
tion of the structure factor, see e.g. [30]. Although there has been no rigorously verification
of these prediction, some rigorous upper bounds on coarsening rates can be given [47,67].

Another approach which has been developed more recently is computational evaluation
of Betti numbers to study the topological changes occurring during phase separation [32].
Betti numbers, By, k = 0, 1, ..., are topological invariants which reflect the topological
properties of the structure [45]. The first Betti number, Sy counts of the number of con-
nected components, and the second Betti number, B counts of the number of loops (in
two dimensions) or the number of tunnels (in three dimensions). Reasonable qualitative
agreement between theory and experiment [43] has been reported.

8. Long time behavior and limiting motions

It is constructive to be able to describe coarsening, and to obtain an accurate description
of the motion of the interfaces. It turns out that to leading order, the Mullins—Sekerka
problem and motion by surface diffusion give such a description. They both constitute
free boundary problems where in the present context, the free boundaries refer to the inter-
faces between the phases. The constant mobility and the degenerate mobility Cahn—Hilliard
equations differ in their behavior during coarsening stages. More specifically, the behavior
of the constant mobility Cahn—-Hilliard equation during coarsening can be described by
the Mullins—Sekerka problem, and the behavior for the degenerate mobility Cahn—Hilliard
equation is approximated by surface diffusion if ® = O(e'/?). It is of interest to note
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that the Mullins—Sekerka problem and motion by surface diffusion appeared in various
other problems, especially in materials science [55,6], long before their connection with
the Cahn—Hilliard equation became known.

How does one pass from the Cahn—Hilliard equation which describes the evolution of
the concentration at all points in the system, to a description of the evolution which focuses
on the motion of the interfaces? One such approach is to derive limiting motions by uti-
lizing certain formal asymptotic expansions. Such an approach was developed to describe
limiting motions for the Allen—Cahn equation [74] and for the phase field equations [13],
and could be generalized to the Cahn—Hilliard context by Pego [71] for the case of constant
mobility and by Cahn, Elliott and Novick-Cohen [14] in the case of degenerate mobility.
As to the justification of the formal asymptotic analysis, under appropriate assumptions
the passage from the Cahn—Hilliard equation to the Mullins—Sekerka problem can be made
rigorous [1,2,18]. The passage from the degenerate Cahn—Hilliard equation to motion by
surface diffusion has yet to be rigorously justified, however numerical computations indi-
cate that the limiting motion has been correctly identified [8].

Since during coarsening the system has already saturated into domains dominated by
one of the two binodal concentrations, we can envision the domain §2 during coarsening as
being partitioned by N interfaces, I;,i = 1,..., N, and the description of the evolution
of the system can be given in terms of these N partitions.

8.1. The Mullins—Sekerka problem

In the Mullins—Sekerka problem [55], the following laws govern the evolution of the inter-
faces fort € (0,7),0 < T < oo. See Figure 2. Away from the interfaces

Ap=0, xe\rI, (37)
and along the interfaces

V=—[n-Vult, xer, (38)
and

W= —K. (39)
Along 0£2, the boundary of 2,

n-vu=0, xel Nais2, (40)
and

' 192, xel Nas2. (41)

In (37)-(39), © = wu(x,t) denotes the chemical potential which in the context of the
formulation of the Cahn—Hilliard equation can be identified as = f (1) —e>Au. Note that
here, in the limiting problem, the concentration u = u(x, t) no longer appears explicitly,
but only via the chemical potential, w. In (38), V = V(x, r) denotes the normal velocity at
the point x € I, and n = n(x, t) denotes an unit exterior normal to one of the components
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Fig. 2. Limiting motion as t — oo for Case I: the Mullins—Sekerka problem.

I'; which comprises I". The orientations can be chosen arbitrarily for the parameterizations
of the curves I3,i =1, ..., N. The normal velocity V' can be defined by V =n - V where
V= V(x t) is the ve10(:1ty of the interface at x € I". See e.g. Gurtin [37] for background.
One should note that I is time dependent in this formulation. In (38), [n - Vult denotes

the jump in the normal derivative of u across the interface at x € I". In (39), k denotes the
mean curvature. For curves in the plane,

K= —,
R

where R is the signed radius of the inscribed circle which is tangent to I" at x € I", and the
sign of the radius is taken here to be positive if the inscribed circle lies on the “exterior” or
“left” side of the curve whose orientation has been fixed. In R3,

1 l+l
Kk=—-—+—),
2\ R Ry

where R, R; are the principle radii of curvature. See Gurtin [37] or Finn [29].
Clearly the Mullins—Sekerka problem is a nonlocal problem in that the motion of the
interfaces cannot be ascertained without taking into account what is happening within the
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domains bounded by the interfaces. For existence results for the Mullins—Sekerka problem,
and a discussion of some of its qualitative properties, see for example, [2,18].

8.2. Surface diffusion

For the degenerate Cahn—Hilliard equation, if the scaled temperature @ is sufficiently small
and if logarithmic terms are included in the free energy, then the long time coarsening
behavior can be formally shown to be governed by surface diffusion. By this we mean that
the evolution of the interfaces I' = I'1 U I5 U - - - U I'y is given by

2
Vz—RAsK, xel, (42)
n-Vyk =0, xel Nas2, 43)
[ L2, i=1,...,N, xe 'NJLK. (44)

The boundary condition (43) is an analogue of the no-flux boundary condition, and the
boundary condition (44) is a geometric analogue of the Neumann boundary condition.

In (42)—(44), V, k and I" have the same connotation as in our earlier discussion of the
Mullins—Sekerka problem, and A denotes the surface Laplacian or Laplace—Beltrami op-
erator, see [31]. Here the motion is geometric in that the motion of the interfaces is deter-
mined by the local geometry of the interfaces themselves. A formal asymptotic derivation
of (42)—(44) is given in [14]. The system (42)—(44) can also be shown to describe the long
time coarsening behavior for the deep quench limit [68].

To gain some intuition into the predicted motion, note that in the plane (see Figure 3)
the system (42)—(44) can be written as

72
V = —EK”, xel, )
ks =0, xel' Nas2,
I; 1 082, i=1,...,N, xeI'Nas2.
Here s is an arc-length parameterization of the components; i.e., along 7,7 € {1, ..., N},

14
$(p) = f Ji2 4 52dr,
Po

where {(x(7), y(7)) | po < T < p}is an arbitrary parameterization of I; and pg refers to
an arbitrary point on I;. For (45), local existence can be demonstrated for smooth initial
data, and perturbation of circles can be shown to evolve towards circles while preserving
area [25].

9. Upper bounds for coarsening

In this section we present some rigorous results on upper bounds for coarsening. The first
results given in this direction are by Kohn and Otto [47] in the context of the Cahn—Hilliard
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Fig. 3. Limiting motion as t — oo for Case II: motion by surface diffusion.

equation. Their results are for (a) the Cahn—Hilliard equation with constant mobility, (17),
and for (b) the degenerate Cahn—Hilliard equation, (21), where the mobility is taken as (19)
and the temperature, ©, is set to zero. The ® = 0 limit problem described in (b) in fact
constitutes a free boundary obstacle problem [10], though solutions for it may be obtained
via limits of solutions of (21) with ® > 0, for which the existence and regularity results of
Section 5 apply. For simplicity, in [47] periodic boundary conditions are assumed and the
mean mass, u, is taken to be equal to 1 /2. They demonstrate upper bounds for the dominant
length scale during coarsening, of the form o< 7!/3 for (a), and of the form o 774 for (b).
Stated more precisely, they proved that there exist constants C, such that if L3+ (0) >
1> E(0)and T > L3t%(0), where E denotes a scaled free energy and L is a (W100y*
norm of u, then

T
i/ E@rL—(l—0)r dt > CaT—r/(3+a)
T Jo '
for all r, 6 such that

061, r<3+a, Or>14a, ((1-0)r <2,
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where « = 0 for (a) and ¢ = 1 for (b). Their analysis is based on three lemmas which
should hold at long times when the system has sufficiently coarsened. The first of these
lemmas gives a bound of the form 1 < d E L where d is an O(1) constant, the second lemma
gives a differential inequality involving E, L, and their time derivatives, and the third
lemma uses the results of the first two lemmas to obtain upper bounds. Similar analyses
have appeared more recently in various related settings [48,21,70].

While the predictions of Kohn and Otto are quite elegant, various deviations from the
results in [47] have been seen [33,76,7], in particular strong mean mass dependence and
slower than predicted rates. Moreover, the validity of their results requires that sufficiently
large systems must be considered at sufficiently large times, which hinders ready numer-
ical verification. As a partial remedy, the results of Kohn and Otto have been general-
ized in [67], and upper bounds for coarsening have now been given for all temperatures
O € (0, Oit), where Oi; denotes the “critical temperature”, and for arbitrary mean
masses, u € (ua,up), where us and up denote the binodal concentrations. In [67], the
domain 2 ¢ RY, N = 1,2, 3, is taken to be bounded and convex, and the analysis ap-
plies either to the Neumann and no flux boundary conditions given in (22) or to periodic
boundary conditions. Moreover, the upper bounds for the length scale are valid for all
times ¢ > 0, even before coarsening has truly commenced. By giving the upper bounds in
terms of explicit temperature and mean mass dependent coefficients, it becomes clear that
transitional and cross-over behavior may be occur, as has been reported in [33,73]. The
remainder of this section is devoted to explaining some of the assumptions, analysis, and
results of [47,67] in greater depth.

The starting point for the analysis in both [47,67] is the following scaled variant of the
degenerate Cahn—Hilliard equation,

0 1
u; =V- (1 — uz)V[zln[l +ui| —u— Aui|, (x,t) € 27,
—u
nVLt:O, , 1+ (-x,t)eaQTv (46)
u
n-(1—u?)V|=In —u—Au|=0, (x,1)€dRr,
2 1—u
u(x,O):uo(x), X EQ,
which may be obtained by writing (21) in terms of the variables
W =221, x'=(?/e)x, ' =(a*My/*)t, 6=0O/a, 47)

then dropping the primes. In the context of (46), &6 = 1 corresponds to the critical tem-
perature. By setting @ = 1 — 8, x’ = (8/2)1/2,t' = (82/4)t, and u’ = (38)~"/%u in (46),
and letting § — 0 and dropping the primes, the constant mobility Cahn—Hilliard equation,
(17), with My = 1 is obtained. For this reason, case (a) treated in [47] is referred to there
as the “shallow quench” limit. Letting & — 0 in (46), case (b), which is referred to in [47]
as the “deep quench” limit, is obtained.

Why consider E —A (t)Ll_}‘ (1), 0 < A < 1, as a reasonable measure for the dominant
length scale in the system? Since the mean mass, & = Wl‘ f oulx,t) dx, is time invariant

for (46), it is convenient to define a first length scale, L(z) as

L) = supL/ u(x,tr)&(x)dx,
eeca 12| Jo
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where
A= {g e whe ‘ / &dx =0and sup |VE| = 1}.
2 2

A second length scale, E -1 (t), can be defined based on the free energy, F(¢), which was
introduced in (24). In terms of the rescalings (47), we obtain that

1 1 aw >
E(t) = —F(t) = —/ {|W|2 + [—} } dx, (48)
182 22| Jo ou )i

where

ow 5 1/2

e [(1 —u ) +9{(1 +u)In(1 +u)+ (1 —u)In(l — u)} +e(0)] . (49
In (49), e(0) is determined by requiring that % = 0 at u = uy, where u4 denote here the
two unique minima of %—‘;V, such that uy = —u_ > 0. A straightforward calculation yields
that

-1
2uy S T
0 = = , 50
In(1 + ux) — In(1 — ux) [kz(:)zkﬂui >0)

and hence, in particular, u+ = uy(6), as one would expect. That E _1(t) acts as a length
scale measuring the amount of perimeter during coarsening can be seen by noting that (48)
implies that

1
@/;2|VW(M)|dx. G

During the later stages of coarsening when the system is approximately partitioned into
regions in which ¥ = u4 and in which u = u_, the inequality in (51) can be expected to
be closely approximated by equality. The expression on the right-hand side of (51) scales
as length™! and gives, for such partitioned systems, a measure of the amount of interfacial
surface area per unit volume times the “surface energy”, 0 = W(u4) — W(u_). Note that
for well partitioned systems, (u4 — u_)|lu ||;V11.oo gives a rough lower bound on interfacial

E(@) >

widths, hence |£2|(uy —u_) " |ul| wh.eo gives an upper bound on the amount of interfacial
area within the volume |£2, and therefore, in some sense, L () and E~!(¢) are measuring
similar quantities. If L(r) and E~! both act as reasonable measures of “length” during
coarsening, clearly E A (), 0 < A < 1 also constitutes a reasonable measure.

In treating temperatures 6 € [0, 1] and mean masses u_ < u < u.y, the following
technical results are useful:

CLAIMO.1. Let0 <0 < l,u_ < u < uy,and let u(x, t) denote a solution to (46). Then

’

oW
E(u) > wO)|u? - ul

where

L[, 2 [In(—us) +In(l +us)
_[_ +Z{1n(1—ui)—1n(1+ui)H’
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and

1
ﬁ/ (u} —u?)dx <2(E +61n2].
2
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The following lemmas [67], which make use of the estimates in Claim 9.1, are extensions

and generalization Lemmas 1, 2, and 3 from [47].

LEMMA 9.1. Let0 <60 < landu_ < u < uy. Then

SE(1) 31082

1/2
W3 — %) < [32L(z)(u+[w(0)11/2 + T )} + F(E;0), 0<t, (52)

where
1/2
F(E;0) = mln{ [m] ,2[6In2 + E]}.

LEMMA 9.2. Let0 <0 < landu_ <u < uy. Then
IL? < —(1—u})E - F(E;0)E, 0<t,
where F (E; 0) is as defined in (53).
LEMMA 9.3. Suppose that
ILI> < —AE*E, 0<t<T,

and

O0<a<l, 0<p<l, r<3+4+a, oer>14a, (- <2.

If, in addition to (55), (56),
LE>B, 0<t<T,

then

T
il:/ ErgoLf(lftp)r dr + L(O)(3+a)r:| > ﬁler/(fH»a)
T|Jo ’
where v = V1 (A, B, «a, 1, ).
If, in addition to (55), (56),
E>C, 0<tr<T,
then
1 T
_[/ E?rp~U=or qp 4 L(0)2—(1—<ﬂ)ri| > ﬂzT_““P)’/z,
TLJo

where ¥, = %2 (A, C, a, r, ).

(33)

(54)

(55)

(56)

(57)

(58)

(59)

(60)
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REMARK 9.1. The inequalities in (56) imply that ﬁ > 3 4 «, hence the upper bound
predicted by (60) is slower than in (58).

We shall now see how Lemmas 9.1, 9.2, and 9.3 imply upper bounds for coarsening. Let
us first consider the expression for F(E; 6). If 0 < 6 < 1 and E is sufficiently small, then
F(E;0) = [2E/¥(0)]"/2. If the term 3;?5?' in (52), which represents boundary effects,
is sufficiently small, Lemma 9.1 can be used to imply either a bound of the form (57)
or a bound of the form (59). In particular, if E is sufficiently small, then a bound of the
form (57) is implied. It now follows from Lemma 9.2, depending on the relative size of the
terms (1 — ui) and [2E/l1/(9)]1/2, that Lemma 9.3 holds with either ¢ = O or o = 1/2.
In particular, if E is sufficiently small, then Lemma 9.3 holds with « = 0. This yields the
shallow quench result of [47].

Suppose that & = 0. If E is sufficiently small, then F(E;0) = 2E. Again, Lemma 9.1
can be seen to imply either a bound of the form (57) or a bound of the form (59), with a
bound of the form (57) being implied if E is sufficiently small. When 6 = 0, then referring
to (50), u+ = 1. Hence if F(E; 0) = 2E, Lemma 9.2 implies that (55) holds with @ = 1.
This yields the deep quench result of [47].

More generally, Lemmas 9.1 and 9.2 can be used to demonstrate that if &4 € (u_, uy)
and & € [0, 1), then for any ¢+ > 0, there exists times 0 < 77 < T, such that for all
t € (T, Tp), (55) holds for some @ € {0, %, 1} and either (57) or (59) holds. Noting the
autonomy of the differential inequality, (55), it is possible to conclude

THEOREM 9.1. Let u(x,t) be a solution to (46) in the sense of Theorem 5.5 such that
u_ < u <uyand0 < 6 < 1, then at any given time t > 0, if boundary effects are
negligible then upper bounds of the form

t
1 [/ Er(pL—(l—(p)r dt + L(Tl)(3+af)—}’ 2 ﬁl(t _ Tl)—r/(3+(1)
t—T; T ’

1
t—1T

may be prescribed, for appropriate values of the parameters.

or

t
/ E?"L~U=0r qr + L(Tz)z_(l_w] > (1t — Tp)~U=9r/2,
b3

The boundary terms, which are neglected in Theorem 9.1, may be incorporated by suit-
ably redefining E. Over time, E decreases, and the relative size of the terms on the right-
hand side of (52), (54) changes in accordance also with the size of # and 6. In this manner,
a variety of time depend predictions for upper bounds on coarsening follow from Theo-
rem 9.1, with transitions which may clearly depend on both # and 6, [67,76,33]. A com-
plete discussion of these results is quite involved [67], and a complete understanding of
the actual coarsening rates requires refinement of the bounds [20] and considerable further
work.

A CLOSING REMARK. Roughly fifty years have passed since the Cahn—Hilliard equation
was proposed as a model for phase separation [16,15]. While many aspects of its dynamics
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have been studied, many aspects remain to be analyzed. The author of this chapter apolo-
gies that the list of references which follow cannot claim to be complete. Clearly it is a
tribute to the robustness of the equation, that the details that have been forthcoming from
the analysis all seem to contribute to the overall picture and not to lead to the dismissal of
the model. The Cahn—Hilliard equation continues to be proposed as a relevant model in a
variety of new contexts, and it continues to be generalized in a variety of new directions,
[62,65].

Illustrations: Courtesy of Niv Aharonov.
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1. The equations describing viscoelastic flows

In Section 9 of Book II of his Principia, Newton [123] states the hypothesis that “The resis-
tance arising from the want of lubricity in the parts of a fluid is, other things being equal,
proportional to the velocity with which the parts of the fluid are separated from one an-
other.” He then proceeds to apply this hypothesis to analyze the velocity field surrounding
a cylinder in uniform rotation. The generalization of Newton’s hypothesis to more gen-
eral flows had to await the work of Navier [122] and Stokes [203], who formulated the
equations that now bear their name.

The motion of an incompressible continuous medium is described by the equation of
momentum balance,

p(%-l—(vV)v) =divT — Vp, 1)

the incompressibility condition,
divv =0, (2)

and a constitutive law. Here p is the density, v is the velocity, p is the pressure, and T is the
“extra” stress (extra meaning in addition to the pressure). The constitutive law describes
how this extra stress is related to the motion of the fluid. Newton’s hypothesis, as general-
ized by Navier and Stokes, states that this extra stress is proportional to the symmetric part
of the velocity gradient,

T =n(Vv+ (V7). 3)

The proportionality constant 7 is called the viscosity.

The stress postulated by Newton’s law is basically a friction force. The hypothesis is ade-
quate for many fluids, such as water, air, gasoline, liquid metals etc. Other liquids, however,
have a microstructure, which can be altered by a flow, and the stresses in such fluids de-
pend on this flow-microstructure interaction. Examples include polymers, liquid crystals,
suspensions, and foams. The first statement on a connection between microstructure and
rheological properties appears to be due to Lucretius [109]:

“We see how quickly through a colander

The wines will flow; how, on the other hand,

The sluggish olive-oil delays: no doubt,

Because ’tis wrought of elements more large,

Or else more crook’d and intertangled. Thus

It comes that the primordials cannot be

So suddenly sundered one from other, and seep,

One through each several hole of anything.”

The first generalization of the Newtonian fluid that comes to mind is to replace the linear
dependence on the velocity gradient by a nonlinear one. Such models, known as the gener-
alized Newtonian fluid, are useful and have inspired a substantial mathematical literature.
They cannot, however, account for the physics of the fluid-microstructure interaction just
alluded to.
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This article will focus on the analysis of models which were developed primarily for
polymeric liquids. The basic physics governing the flow of such liquids is quite simple to
describe. In their rest state, the long chain molecules of the polymers assume a randomly
coiled shape. The drag exerted in a flow can stretch them out. Since a stretched molecule
is a state of lower entropy than a coiled molecule, this increases the free energy, leading to
a restoring force, which produces an elastic stress.

Putting this insight into mathematical equations is far from easy. It is clear that the defor-
mation of molecules in response to a flow is not instantaneous, and therefore the stress will
depend not only on the instantaneous velocity gradient, but on the history of the motion.
Attempts to formulate specific models have been of two kinds: “Phenomenological” mod-
els postulate a relationship chosen of a certain form and then attempt to fit such a relation
to available data. “Molecular” models attempt to capture essential aspects of the physics
governing the interaction between molecular structure and flow in a simplified system that
might be viewed as a “caricature” of the real polymer molecules.

1.1. General considerations

In general, the motion of a fluid is described in terms of the relative deformation gradient.
If y(x, ¢, s) is the position at time s of the fluid particle which occupies position x at time 7,
we define the relative deformation gradient F(X, 7, 5) by

dyi (X, 1, 5)
3Xj '

Fij(x,t,5) = “
In a viscoelastic fluid, the stress tensor depends on the history of this relative deformation
gradient:

®)

One general restriction on the form of this dependence is the principle of frame indiffer-
ence [130,208], which expresses the condition that stresses result only from deformations
and are not affected by merely rotating the medium. The result of this principle is that T
depends only on the combination

T, 1) = F(F(x,1,5))

t
s=—00"

Cx.1,5) =F (x, 1, 5)F(x, 1, 5), ©)
known as the relative Cauchy strain, and that this functional is isotropic:

T(x. 1) = G(Cx,1,5)),___.. (7)
and

G(QCx,1.9Q")!___ =Q[d(Cx.t,5);___]Q" (®)

for every orthogonal matrix Q. With the notable exception of the Newtonian fluid, the
principle of material frame indifference specifically precludes linear constitutive relations.

It is not possible to formulate useful models without some a priori assumption about the
nature of the functional dependence on the history. At the “phenomenological” level, three
approaches have been used:
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(1) Taylor expansion around s = .

(2) A history dependence resulting from solving a differential system.

(3) A history dependence expressed by integrals.

Taylor expansion around s = ¢ leads to the Rivlin—Ericksen fluids [195]. Such models do
not lead to mathematical equations with desirable well-posedness and stability properties
[16] and should be used only within the context of perturbation expansions. Differential
and integral models will be discussed below.

1.2. Differential models

Differential models attempt to formulate a system of differential equations for the stress.
In general, the form of a differential model is

oT
M + v-V)T =G(Vv, T), 9

or, more generally, we may allow several parts of the stress, each governed by an equation
of this form,

oT;
ot

+ (v -VT; =G;(T, T, ..., Ty, Vv). (10)

Differential constitutive theories are nonlinear generalizations of Maxwell’s theory of
linear viscoelasticity [119]. It is possible to classify the possibilities allowed by material
frame indifference if, for instance, G is required to be quadratic [131], and, not surprisingly,
many popular constitutive models are of such a form. As pointed out by Oldroyd [130],
there are two natural candidates for a frame indifferent version of Maxwell’s theory, the
upper convected Maxwell model,

aT ’ .
5 T IT = (WIT =TV +iT = (Vv + (v, (11)

and the lower convected Maxwell model,

aT r -
aJr(v.V)TJr(vV) T+ T(Vv) + AT = u(Vv+ (VW)'). (12)

(When using the gradient of a vector in matrix products, we follow the convention that
the first index refers to the vector component and the second index to the direction of
differentiation.) The experimental facts on polymeric liquids as well as molecular theories
(see below) heavily favor the upper convected model. A number of popular models modify
the upper convected Maxwell model by adding additional quadratic terms to the equation,
for instance, the Giesekus model [52],

e kTE =, (13)
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the Phan-Thien-Tanner (PTT) model [134],

oo+ kTrT) =-- -, (14)
and the Johnson—Segalman model [84],

g %[T(Vv+ V) + (Vv + (V) ) T] = -, (15)

where, in each instance, the dots indicate the terms already there in the upper convected
Maxwell model. For any of these models, an additional Newtonian term may be added
to the stress. The upper convected Maxwell model, modified by addition of a Newtonian
viscous contribution, is known in the literature as the Oldroyd B model.

1.3. Integral models
Boltzmann’s theory of linear viscoelasticity [6] postulates a relationship of the form
T(x, 1) = n(Vvx, 1) + (Vvx, 1))
o
T / Gt —5)(Vv(x, s) + (Vv(x,5))") ds. (16)
0
Here the function G is usually assumed to be positive, monotone decreasing and convex,
in fact, all molecular models lead to completely monotone functions as long as molecular
inertia is neglected.
It is natural to attempt a nonlinear frame-invariant generalization. One such model is the
K-BKZ model introduced by Kaye [89] and Bernstein, Kearsley and Zapas [4]. With
L =uCl(x,1t,s), L =trCx,1,s), (17)

this model can be put in the form

T(x, t):/l W, Iyt =5) (C'(x,1,5) — 1)

PN alq
AWy, I, t —
- W(C(x, t,5) — 1) ds. (18)
2

The model has a formal analogy with elasticity, if we replace the equilibrium position of
a particle in an elastic body by the position y(x, ¢, s) of a particle at a prior time. It con-
tains the arbitrary assumption that, although the dependence for fixed s is nonlinear, the
contributions from different times s superpose in an additive fashion. This assumption,
of course, serves only to restrict the possibilities to a manageable class and has no com-
pelling physical basis. Refinements of the model which relax this assumption have been
considered.
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1.4. Molecular models

The essential feature of polymeric liquids is the presence of long chain molecules. In mod-
eling efforts, such chain molecules are represented by chains of beads and rods or beads
and springs, which move under the influence of the forces in the springs, forces exerted
by the surrounding fluid, and stochastic forces. The trickier part of the modeling, however,
is how to represent the environment with which a polymer molecule interacts. There are
three basic approaches:

(1) Dilute solution theories visualize the polymer molecule as surrounded by a New-
tonian fluid (the “solvent”), and the interaction is by hydrodynamic drag forces de-
pending on the difference between the velocity of a “bead” in a polymer molecule
and the surrounding liquid.

(2) Network theories are motivated by theories of rubber elasticity. In rubber elasticity,
a segment of a polymer molecule is thought of as being constrained at certain “end
points,” while being able to move in between. Thus molecules are linked together in
a network. In a liquid, such networks are temporary, and hypotheses are needed to
describe the formation and decay of network junctions and how they move with the
fluid.

(3) Reptation theories visualize the molecule as slithering inside a tube formed by the
other polymer molecules.

I refer to [206] for an account of the history of molecular modeling efforts and references

to the original literature.

Only in the simplest cases and under additional ad hoc “approximations” do molecular
models lead to constitutive models of differential or integral type as discussed above. We
shall discuss this in the case of dilute solution theories, which are the conceptually sim-
plest type of model and the one most amenable to “rigorous” development. The following
description is somewhat sketchy, for a more detailed discussion see e.g. Volume 2 of [5].

In the simplest case, the polymer molecule is thought of as a “dumbbell” consisting of
two beads connected by a spring. The spring connecting the beads exerts a spring force
F(R). On each of the beads, we have a balance between this spring force, a friction force
exerted by the surrounding fluid, modeled as a Stokes drag, and a stochastic force due to
Brownian motion.

The result of this balance is an equation of the form

R:VV~R—§F(R)+§S (19)

for the vector R connecting the beads. Hence F(R) is the spring force, S is a stochastic
term, and ¢ is a constant related to the friction coefficient of the beads.

Under reasonable assumptions on the stochastic forces, the methods of stochastic dif-
ferential equations can be used to convert the stochastic differential equation (19) to a
Fokker—Planck equation. We assume hat each macroscopic volume element in space con-
tains a large number of polymer molecules and that the distribution of their connector
vectors R can be described by a probability density ¥ (R, x, 7). For each x and ¢, the total
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probability is equal to 1:

/Mw(R, x,1)dR = 1. (20)

If the stochastic forces on each bead are described by a Wiener process, and their magnitude
is proportional to kT, then the Fokker—Planck equation is

v 2kT , 2
o + (V- Vo) = TARV/ + d1vR[—VV(X, 1) Ry + EF(R)W}- 21

Here AR and divg indicate differential operators with respect to the variable R.
The contribution to the stress tensor resulting from the tension in the springs is given by

T,(x, 1) = n/3 RF(R)V (R, x, 1) dR. (22)
R

The product RF which appears here is the dyadic product, and n is the number density of
polymer molecules. The total stress in the polymer solution is then modeled as the sum of
this “polymer contribution” and a viscous “solvent stress.”

The Fokker—Planck equation is actually a PDE involving an additional variable R which
needs to be solved in order to determine the constitutive behavior. Thus, in a three-
dimensional time-dependent flow, we have a total of seven independent variables, one for
time, three for x and another three for R. If one tries to go from dumbbells to more “re-
alistic” chains, the computational effort quickly becomes impractical. Only if the spring
force is linear it is possible to derive a closed set of differential equation for the quadratic
moments

C= / RRy (R, x, 7) dR. (23)
R3

The tensor C is called the configuration tensor. The resulting constitutive model is the upper
convected Maxwell model. For nonlinear dumbbells, this is not possible unless we cheat. In
a nonlinear dumbbell, the spring force is given by y (|R|?)R, where y is the spring constant.
If we replace the spring constant of the actual spring by the spring constant of an average
spring, i.e. we change y (|R|?) by y (tr C), then it is again possible to derive a closed system
for the tensor C which does not require the solution of the Fokker—Planck equation. This is
referred to as the Peterlin “approximation,” but it is not an approximation in any rigorous
asymptotic sense. Rather, it is an attempt to obtain a more tractable problem which retains
the qualitative physics of the original problem. In this sense, most “molecular” models in
use by rheologists are perhaps more aptly described as “molecularly inspired.”

Comparisons between Peterlin and “real” dumbbells have recently been an active topic
of numerical simulation. Usually, such simulations are based not on the Fokker—Planck
equation, but on the original stochastic differential equation.
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2. Existence results for initial value problems
2.1. Local existence

Viscoelastic materials are intermediate between the viscous and elastic case, and it is nat-
ural to approach existence by viewing them as perturbations of either case. We shall illus-
trate this in the example of one dimensional shear flow of a K-BKZ fluid. The equation of
motion is of the form

oo
Pt = Nitxxr + / a(t —s,ux(t) — uy(s)) ds. (24)
0

Here u represents the displacement, and 7 is a possible Newtonian contribution to the
viscosity. If n is positive, it is natural to construct solutions via the iteration

o0
PM?IH = nuﬁ;l +/(; a(t — s, ul (1) — uﬁ(s))x ds. (25)

If, on the other hand, 7 is zero and a is smooth, solutions can be constructed using the
iteration

o0
put! = / a(r —s, w1 (1) — u;’(s))x ds. (26)
0

In the first case, each step of the iteration simply involves solving the heat equation; in
the second case, a nonlinear wave equation needs to be solved at each step of the iterative
process. Existence is based on proving that the mapping defined by the iteration (with the
imposition of suitable initial and boundary conditions) is a contraction in an appropriately
chosen function space. We note that the case of creeping flow is also important, since
inertia is often negligible in viscoelastic flows. In that case, (26) simplifies to

/oo a(t — s, ut (1) — ul(s)) ds =0, 27)
0

i.e. the problem to be solved at each step of the iteration is elliptic.

There is no essential difference between viscoelastic fluids and solids when it comes to
local existence results, and many results in the literature are stated for viscoelastic solids.
For earlier reviews of the literature, I refer, for instance, to [147,152]. Creeping flow prob-
lems seem to have been the first to be solved, see e.g. [1] for an early reference. Early
existence results for “parabolic” models of viscoelasticity appear, for instance in [73,143].
One-dimensional hyperbolic problems are discussed in [21,22,74,77,111]. In the three-
dimensional case, the incompressibility constraint complicates matters. Even the elastic
case was tackled only in the mid 1980s [32,81]. Kim [90] seems to have been the first to
prove a three-dimensional existence result for a viscoelastic fluid, the techniques can be
extended to general K-BKZ fluids [147]. A different approach for integral models can be
found in [144]. Existence of solutions for differential models is proved in [155].

An interesting possibility arises when n = 0, but the kernel a in (24) has a singularity
as s — t. Such models are not perturbations of the hyperbolic case as models with smooth
kernels, and an iteration along the lines of (26) would not work. An existence theory for
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models with singular kernels was developed in [79,80,148]. Regularity of solutions is inter-
esting for such models, because the linear problem is known to have smoothing properties
[142,78]. I refer to [26,27,39,60,61,136] for research on this issue.

The first existence result for molecular dumbbell models was established in [158]. For
more recent additional work on this subject, see [2,87,88,104,215].

2.2. Stability of the rest state

The first rigorous proof for the linear stability of the rest state of viscoelastic fluids is due
to Slemrod [199,200]. Since viscoelastic fluids are dissipative, we expect that solutions
with small initial data will exist globally and decay to the rest state at a rate determined
by the linearized problem. For parabolic equations, such a result can be established in a
fashion which treats the nonlinearities as a perturbation to the linearization; for equations of
hyperbolic type the situation is more delicate. Nishida [124] and Matsumura [117] were the
first to establish global existence and asymptotic decay for quasilinear hyperbolic equations
with damping under the hypothesis of small initial data.

Since then, an extensive literature has developed on using the energy method to prove
analogous results for systems with viscoelastic damping. Much of it focuses on viscoelas-
tic solids. There is a difference to the case of fluids, since in a fluid only velocities, but not
displacements, can be expected to go to zero. The first global existence result for viscoelas-
tic fluids is due to Kim [90], he considers a special case of the K-BKZ fluid, his results are
extended to more general K-BKZ fluids in [147]. While Kim’s result is for a fluid filling
all of space, the result in [147] is for periodic boundary conditions. Brandon and Hrusa [8]
consider one-dimensional shearing motions and specifically address the issues associated
with the spatially unbounded case, which is more difficult since decay is not exponential.

Results on asymptotic decay for differential models of viscoelastic flow were pioneered
by Guillopé and Saut [63,64]. For subsequent extensions and refinements, see e.g. [11,70,
100,105,121]. A result on asymptotic decay for molecular dumbbell models was recently
obtained in [87].

2.3. Global existence

For the Navier—Stokes equations, it is well known that a global smooth solution for the
Dirichlet initial-boundary value problem exists in two space dimensions. In three dimen-
sions, global existence, but not uniqueness, of a weak solution is known (see for in-
stance [207]). Whether a global smooth solution exists in three dimensions is one of the
Millenium Problems of the Clay Mathematics Institute.

For viscoelastic fluids, our knowledge is much more fragmentary. Global existence of
smooth solutions is known for some shear flow problems. All these results have in common
that the constitutive model has a Newtonian part and a shear thinning viscoelastic part.
For the Newtonian case, the problem is simply the heat equation, and the essence of the
argument is that the viscoelastic terms can be kept under control. Results along those lines
were established by Engler [37] for shear flows of certain K-BKZ fluids, by Guillopé and
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Saut [63] for the Johnson—Segalman model, and by Renardy [191] for a class of differential
models.

Lions and Masmoudi [106] prove the global existence of weak solutions for the coro-
tational Oldroyd model. The estimates rely crucially on the corotational structure and the
result is unlikely to carry over to more general models. In [2] global existence is proved
for a regularized system of equations for dumbbell models. A number of papers exploit
the regularizing effect of singular kernels to obtain global weak solutions of various model
equations arising from viscoelasticity [3,38,60,61,108]. These results are not immediately
applicable to multidimensional incompressible fluids.

Nonlinear hyperbolic systems in one dimension do not allow global smooth solutions
and generally form shocks in finite time (see the next section below). It is of interest to show
existence of weak solutions beyond that point. Few results along these lines are known
which allow for the dissipative terms associated with viscoelasticity, and they are limited
to rather special models, see [13,127].

3. Development of singularities
3.1. Hyperbolic shocks

The explicit solution of scalar hyperbolic conservation laws in terms of characteristics
shows that, in general, characteristics will intersect in finite time, precluding the global
existence of smooth solutions to initial value problems. For pairs of conservation laws,
Lax [99] gave a proof of development of singularities in finite time. The proof is based on
analyzing the evolution of Riemann invariants.

The first indication of what might happen if hyperbolic equations are augmented by
viscoelastic damping is in the work of Coleman, Gurtin and Herrera [17,18] on accelera-
tion waves propagating into a medium at rest. For concreteness, consider one-dimensional
motions of a viscoelastic medium described by an integral model of the form

'
u,,(x,t):/ m(t—s)h(ux(x,t),ux(x,s))xds. (28)

—0o0

We assume that # = 0 ahead of a wave front x > ¢t and that there is a jump in the second
derivatives of u across this front. The analysis of [17,18] shows that the wave speed is
given by

o0
¢ =h,1 (0, 0)/ m(s)ds, 29
0
and that the amplitude A of the jump satisfies the equation
A =aA? - BA, (30)

where

l o0
a=—==h,11(0, 0)/ m(s)ds,
26‘2 0
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1
B= _2_c2h’2 (0, 0)m(0). (31)

Here the notation #,; indicates the derivative of & with respect to the ith argument. If & # 0,
then solutions to (30) will become infinite in finite time if the initial value of A has the same
sign as « and is sufficiently large. On the other hand, if the initial value of A has absolute
value less than |8/«/, then A will tend to zero regardless of sign. Thus acceleration waves
of sufficiently large amplitude will evolve into a stronger singularity. The analysis also
makes suggestions for singular kernels. If m has a strong enough singularity that it fails
to be integrable, then the wave speed is infinite. On the other hand, if m is integrable,
but m(0) = oo, then waves propagate with finite speed, but the amplitude goes to zero
instantly.

The first result on development of singularities from smooth data in a model of one-
dimensional viscoelasticity is due to Slemrod [201]. Subsequently, a number of results
along these lines appeared in [59,72,112,139]. A fairly general approach was given by No-
hel and Renardy [126] for differential models and by Dafermos [20] for integral models.
The idea of the proof is an extension of Lax’s argument. With viscoelastic damping, there
are no Riemann invariants, but there are “approximate” Riemann invariants, and develop-
ment of singularities can be established by mimicking the Lax proof and controlling the
error terms.

Nothing is known on a rigorous basis on what happens beyond the development of sin-
gularities. As reviewed in the previous section, results on existence of weak solutions are
very limited and even these results do not elucidate the structure of singularities beyond
their formation. It is of course to be expected that singularities take the form of shock fronts
with discontinuities in u, and u,, and numerical evidence supports this [116,198].

The case of “weakly” singular kernels were m is integrable, but m(0) is infinite raises
intriguing questions. As pointed out above, acceleration waves are not possible in this case.
On the other hand, traveling wave solutions with discontinuities in first derivatives of u are
possible [58,147]. It is not known whether such discontinuities can evolve from initially
smooth data.

3.2. Breakup of liquid jets

The problem of global existence for the Navier—Stokes equations is open only in the case of
flows bounded by walls. In free surface flows global existence does not hold. One example
of development of a singularity in finite time is the breakup of liquid jets into droplets.
This is a flow which involves strong elongation and is profoundly affected by the presence
of polymers which have a strong resistance to elongation.

Linear stability of an inviscid cylindrical jet was first studied by Rayleigh [140,141],
and the extension of the results to the viscous case was completed by Chandrasekhar [10].
While experiments on jets of viscoelastic fluids show a strong stabilizing effect of vis-
coelasticity [53,54], linear stability analysis actually shows a destabilizing effect [53,94,
120]. This observation led to the conclusion that the stabilizing effect of polymers arises
in the later stages of deformation where the high elongational resistance of the polymer
becomes important [40,53]. Numerical simulations confirm this [7,41].
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Formal asymptotic solutions for the approach to breakup in Newtonian jets were found
in the mid-1990s by Papageorgiou [132] for the case of Stokes flow and by Eggers [33-35]
(see also [9]) for the case with inertia. Underlying these solutions is a slender body ap-
proximation which assumes that axial velocity and stresses are approximately constant in
the cross-section of the jet, and a similarity ansatz. The inertialess and inertial solution are
profoundly different, while the case without inertia leads to a solution that is symmetric
about the pinch point, the inertial solution is highly asymmetric.

The breakup of jets is most easily analyzed in a Lagrangian formulation. In this formu-
lation, we consider the deformation of the jet from a reference configuration, in which the
jet has a uniform thickness §. Let X be the position of a fluid particle in this reference
configuration and let x(X, 7) be the actual position of a fluid particle in space. The stretch
is defined by s = dx/dX. In the slender body approximation, the evolution of the jet is
governed by the equations (see e.g. [187])

Sy =uy,

0 (Tyx — T, o
=——+—). 32
pilt ax( s +5¢§) 32)

Here u is the axial velocity, Ty, and 7}, are the axial and radial components of stress, p is
the density and o is the coefficient of surface tension. In the Newtonian case, the stresses
are given by Ty, = 2ns;/s, T, = —ns;/s. In the case without inertia, this leads to the
equation

3ns; = A(1)s® — %s3/2, (33)

where A(f) is an unknown integration constant representing the force in the jet. Equa-
tion (33) would not be difficult to analyze if A(t) were given, but A(¢) must be determined
as part of the solution. For the similarity solutions below, we should require that # does not
blow up outside the self-similar region; integration of the first equation of (32) then yields
the condition

/ 51 (X. 1) dX = 0, (34)

With the breakup time fixed at + = 0 and the pinchoff point at X = 0, self-similar
solutions for breakup are of the form

X, 1) = (=)~ ( X ) (X, 1) = (—)f—o! <i> 35)
=T e = N\ Eor )

Similarity solutions have been found for Stokes flow as well as the case with inertia. In the
Newtonian case, we have o« = 2, while 8 = 5/2 in the inertial case, and 8 ~ 2.17487 is
the solution of a transcendental equation in the Stokes case. Numerical evidence supports
the belief that generic initial data will evolve towards self-similar breakup, but no proof for
this exists at this point (see [178,190] for partial results).

Viscoelastic fluids have a strong resistance to elongational flow, which makes them resist
breakup. Indeed, in [166], a global existence result for (32) without inertia is shown if
the constitutive model is the Oldroyd B fluid. At very high elongation rates, however,
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the elongational viscosity of polymers decreases again, and many models reflect such a
decrease. In contrast to the Oldroyd B fluid, these models allow for self-similar breakup in
a similar fashion to the Newtonian case. In the inertialess case, this has been analyzed for
a number of viscoelastic models, for specifics, I refer to the review article [187] and the
original papers [47,179-181]. Two qualitative features arise in viscoelastic fluids which are
new compared to the Newtonian case:

(1) Some models allow for a breakup mechanism driven by elastic forces in which sur-
face tension is not involved. Basically, this requires a model which is sufficiently
elongation thinning at large deformations. Elastic forces are then sufficient to pull
the fluid out of the neck without a need for surface tension. This was first observed
in the numerical simulations of Hassager and Kolte [71] and then confirmed by
analysis for a number of models [47,180,181].

(2) While a Newtonian jet pinches at a point in space, some models of viscoelastic flow
predict breakup over a finite length (i.e. at the moment of breakup the fragments
are already a finite distance apart). This occurs if « = § in the similarity solutions
discussed above. See [179-181] for details.

Viscoelastic jets with the inclusion of inertia are less well studied. Some results for the
Giesekus model appear in [182]. The behavior is quite similar to the Newtonian case. On
the other hand, the behavior of power law fluids [28,29,186] can be quite different from
the Newtonian situation.

4. Steady flows
4.1. Existence theory

The first result on existence of steady flows of viscoelastic fluids is due to Renardy [145],
who considered multimode Maxwell models. For the upper convected Maxwell fluid, we
have the momentum equation

p(v-V)v=divT — Vp +f, (36)
the incompressibility constraint, and the constitutive law,

v VT = (VVT — T(VV)! + AT = nr (Vv + (V7). (37)
Here f is a given body force assumed sufficiently small, and we consider flows in a bounded
domain with homogeneous Dirichlet boundary conditions for the velocity. By taking the
divergence of the constitutive law and inserting the result in the momentum equation, we
obtain the equation

T:0%v+ NAAV — p(v-V)(v-V)v— Vg

=—(Vv+ (VW) Vp — p(VV)(v - V)V + Ap(V - V)V
—(v-Vf - M+ (VWf. (38)

Here g stands for the combination (v - V) p + Ap. For slow flows, equation (38) is a per-
turbation of the Stokes equation, and an existence result for steady flows was obtained
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by an iteration which alternates between solving (38) and integrating the constitutive law
along streamlines. The reformulation involving equation (38) was later used in numerical
simulations [15], where the equation was named the explicitly elliptic momentum equa-
tion (EEME). The result in [145] is for fluids with differential constitutive models. An
adaptation of the method for integral models was given in [149].

Guillopé and Saut [65] assume that the constitutive law is a small perturbation of the
Newtonian fluid. By doing so, they are able to prove existence of steady flows which are
not necessarily perturbations of the rest state, but perturbations of a given Newtonian flow.
They need to assume that the Newtonian flow is stable.

A number of papers have extended the method of [145] to consider flows in unbounded
domains, such as exterior flows, see e.g. [129,128,135]. The method has also been extended
to compressible flows [118,205,66-68].

For the Navier—Stokes equations, a continuation argument based on degree theory and
a priori estimates can be used to show existence of steady flows even for large data (see
e.g. Chapter II of [207]). For viscoelastic flows, no sufficiently good a priori estimates are
known to prove such a result. A regularized problem which allows a global existence proof
for steady flows is considered in [36].

4.2. Inflow boundaries

Many problems considered in the applications of fluid dynamics have inflow and outflow
boundaries. For instance, in modeling a manufacturing process, it is usually necessary to
focus on a specific part, where the fluid enters and leaves from and to other parts of the
process. Boundary conditions imposed at such boundaries are a mathematical artifact, since
in reality there is no boundary. For the Navier—Stokes equations, from a mathematical point
of view, it makes little difference whether homogeneous or inhomogeneous conditions are
imposed on the velocity. Viscoelastic fluids, however, have stresses which depend on the
deformation history experienced before the fluid entered the flow domain. It is therefore not
sufficient to prescribe velocities at inflow boundaries. Naturally, it is necessary to restrict
the type of constitutive model to formulate meaningful boundary value problems here, and
the work in the literature so far has focused on differential models of Maxwell or Jeffreys
type.

To show the nature of the problem, we focus on the simplest case. We consider the
linearization of a Maxwell model at uniform flow. The flow domain is the strip 0 < x < 1
in the plane, with periodic boundary conditions in the y-direction. The unperturbed flow
has uniform velocity U > 0 in the x-direction and zero stresses. The linearized equations
are the momentum equation

ol
UL — divT — Vp, (39)
ox
incompressibility,

divv =0, (40)
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and the constitutive law
oT T
Ua— + AT = nA(Vv+(VV) ) 41
X

We can derive an “EEME equation” by applying the operator U d/dx + A to the momen-
tum equation and using the constitutive law. This yields the equation

YA AN (42)
9x2 dx
where
ap
qg=U=L+p. 43)
0x

If pU? < nA, then (42), together with the incompressibility condition, is of elliptic type
and allows for a unique (up to a constant in ¢) solution for v and ¢ if Dirichlet conditions
for the velocity (subject to balance of total flux) are imposed. Once we know v and g, we
can determine T and p from (41) and (43). To do so, we need data for T and p on the
inflow boundary x = 0.

This, however, overlooks the fact that (42) is in fact not equivalent to the original mo-
mentum equation. Since we applied the operator Ud/dx + A to the momentum equation
in order to get (42), we need to impose the original momentum equation at the inflow
boundary to get back. Thus, at x = 0, we require that

0Ty, 0T dp du

_ —= X = )pU—,

ax + ay ax P ax

0T, 0T dp v

Rl EI e Y iy 44
ax + ay ay P ax @4

We can use (41) and (43) to eliminate the x-derivatives on the left hand side of these
equations:

1 ou 0T12 ou
—\ 2= —q—ATn+rp |+ —=pU_—

U dx dy ox’

1 9w ATy dp v

(L) )+ 2P T 45
U(ﬁ <8y+8x) 12>+ oy pU S (45)

On the inflow boundary x = 0, these two equations give dp/dy+AT12/U and 0T 2/0y+
Ap/U in terms of the other variables. We can thus find 77> and p on the inflow boundary
by solving these two ODEs, and only data for 771 and 72, need to be prescribed.

If nonlinear terms are included in the equations, solutions can be constructed by an it-
eration which alternates between solving the EEME equation, the ODEs on the inflow
boundary as discussed above, and the constitutive law [150]. In three dimensions, the pre-
scription of inflow boundary conditions is less straightforward. Basically, four conditions
are needed in addition to velocities, but it is not possible to identify four components of the
stress tensor. In [150], this is dealt with by expanding T on the inflow boundary in a Fourier
series and choosing different components to be prescribed, depending on the Fourier com-
ponent. Alternatively, certain combinations of derivatives of T can be prescribed on the
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inflow boundary [154]. For Jeffreys type models, which include a Newtonian viscous term
in addition to a Maxwell stress, the situation is more straightforward; a well-posed prob-
lem results if velocities are prescribed on both boundaries, and viscoelastic stresses are
prescribed on the inflow boundary, no conditions restricting these stresses arise [151]. Of
course, even in the Newtonian case, boundary conditions on inflow boundaries need not be
Dirichlet conditions; for viscoelastic fluids, problems combining traction boundary condi-
tions with stress conditions on the inflow boundary are discussed in [153,167]. For Jeffreys
fluids, an appropriate choice of boundary conditions is the prescription of traction and all
components of viscoelastic stress. The same is true for Maxwell models in the case of
two space dimensions [167]. Inflow boundaries may join walls at corners, as for instance
in a Poiseuille flow. An existence result addressing the behavior at such corners is shown
in [159].

If pU% > ni in (42), the equation is no longer elliptic. This change of type is re-
flected in the need for prescribing one more inflow boundary condition and one less out-
flow boundary condition. Well-posedness of such problems is addressed in [157]. In the
two-dimensional case for a Maxwell fluid, for instance, a possible set of boundary condi-
tions is the prescription of the stream function on both boundaries, and vorticity, its normal
derivative, and the diagonal components of the stress tensor at the inflow boundary.

Little is known about time dependent flows with inflow boundaries. An existence result
appears in [170], but it is limited to the upper convected Maxwell model and a choice of
inflow boundary conditions specifically “concocted” to make the estimates work.

4.3. The high Weissenberg number limit

Newtonian flows at high Reynolds number become extremely complex. If we simply set
the viscosity to zero, we obtain the Euler equations. However, solving the Euler equations
does not actually tell us what happens at high Reynolds number for a number of reasons:

(1) The Euler equations allow for a high degree of nonuniqueness. For instance, every

parallel velocity field in a pipe is a solution of the Euler equations. So this tells us
nothing about the flow rate we should expect at a high Reynolds number.

(2) Solutions of the Euler equations cannot satisfy all the boundary conditions. This

leads to boundary layers near walls.

(3) Instabilities play an important role, and the dynamics becomes very complex.

In viscoelastic flows, the Weissenberg or Deborah number is a dimensionless measure
of the importance of elasticity. If the Weissenberg number is high, similar issues to those
listed above arise. There is actually a connection between high Weissenberg number flows
and the Euler equations, which was pointed out in [171] for the upper convected Maxwell
model, but is actually more general. Recall that the source of elasticity in polymeric fluids
is the stretching of polymer molecules by the flow. At high Weissenberg number, we can
expect these stretched molecules to align in whatever direction the flow stretches them in,
leading to a predominant component of the stress which is one-dimensional. Let us write
this component in the form

T = yuu’, (46)
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where u is a vector, and y is a scalar. For given T of this form, we can always choose y
and u in such a way that

div(yu) = 0. 47
If we now assume creeping flow and insert (46) into the equation of motion, we find
divT —Vp=yu-V)u—Vp=0. (48)

Equations (47) and (48) are the compressible Euler equations. There are some crucial dif-
ferences to compressible Newtonian flow, however. First of all, u is not the velocity and y
is not the density, although p is the pressure. Second, the sign of the pressure term is differ-
ent, reflecting the fact that elastic stresses in polymers are tensile while Reynolds stresses
are compressive. Finally, there is no equation of state linking p to y.

We note that so far we have neither invoked a specific constitutive law nor even men-
tioned the velocity of the fluid. All we have used is that the stress is one-dimensional. For
the upper convected Maxwell model, in the high Weissenberg number limit, we have the
following approximation to the constitutive equation:

v-VT — (VT -T(Vv)" =0. (49)

It is shown in [171] that, in a two-dimensional flow, there are the following relationships
between v and u and y introduced above:

v-Vy =0, v X (yu) = Kes. (50)

Here e3 is the out-of-plane unit vector and K is an arbitrary constant. The condition that v
be divergence-free leads to the “equation of state”

divu = ¢(y). (51)

In this equation, ¢ is not a specific function, but an arbitrary function. In particular, ¢ can
be zero, and y can be constant; in this case we recover the incompressible Euler equations.

4.4. Stress boundary layers

In this subsection, we are concerned not with the impact of viscoelasticity on high
Reynolds number boundary layers, but with a completely different type of boundary layer
that is of purely elastic origin. Sharp stress gradients near walls or separating streamlines
are ubiquitous in numerical simulations of flows at moderately high Weissenberg num-
bers. Unlike traditional boundary layers, these boundary layers have nothing to do with
satisfying additional boundary conditions.

The classical “toy problem” for a boundary layer is an equation like

eu' (x) +ux) = f(x), u(0) =0, (52)

where € is a small parameter. If we just set ¢ = 0, we get u(x) = f(x), but unless
f(0) happens to be zero, this does not satisfy #(0) = 0. Near x = 0, we need to modify
the solution. In fact, near x = 0, we can set y = x/e, v(y) = u(ey), and we get the
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approximation

V() + o) = f(0), (53)

with the solution v(y) = f(0)(1 — exp(—y)). The two approximations “match” in the
sense that

lim f(O)(l — eXp(—y)) = lim f(x). 54
y—>o0 x—0
In contrast, let us consider the problem
u
Wﬁ;+u=fuy) (55)

for y > 0, where, for the sake of concreteness, we assume f(x, y) is 2rw-periodic in x. We
assume that W is large. Note that no boundary condition is involved. If we formally set W
to infinity, we find the solution

1 27
u(x, y) = Z/o Fx. y)dx. (56)

However, setting W to infinity becomes an invalid approximation if y is small of order
1/W.If we set y = z/ W, we obtain the approximation

za—u—i-u:f(x,O). 7N
0x

Again, the two approximations match; the limit of the inner solution for z — oo equals the
limit of the outer solution for y — 0.

An analogous type of boundary layer arises in viscoelastic flows near a wall. Basically,
viscoelastic fluids have memory, and high Weissenberg number means long range mem-
ory. Near the wall, however, fluid particles move very slowly, and at the wall itself, the
stresses are determined purely by the local velocity gradient. As an example, we consider
two-dimensional flow of the upper convected Maxwell fluid in the half-plane y > 0. The
governing equations in the case of creeping flow are, in dimensionless form,

VAT BYAT u u ou
Wl E % 2%y =22,

_u ox +v 3y Py T dy 12}4— 11 Y
W- LYAD) o BYAD) BuT av Tl 4T ou n ov

w1z 0tz e 9% 2, 2

| Tox ay oy 2 ax M TR T ay T ey

[ 0T 0Ty ov dv av
w 402 2 2% 41y =22

_u ox dy ax 2 dy 22i| 2 dy
ou n v 0
ax  dy

a2 3 9?
—(T11 — Txp) + T 0. 58
88(11 22) (82 32)12 (58)

At the wall, y = 0, where the velocities are zero, we find that

2
ou ou

T =0, T, = —, Ty =2w|—]. (59)
dy dy
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Let us assume that the wall shear rate du/dy is of order 1, and that variations in x occur
over a length scale of order 1. Then 771 is of order W, while T is of order 1. To balance
92T /0xdy with 92712 / 8y2, we should scale y with a factor 1/W. A fully consistent
scaling for the boundary layer is obtained if we set

y=2/W, u=ix,2)/W, v=ilx,z)/W?
Tiy = WTi(x,2), Tia=Tix,2), Tn="Tokxz2)/W. (60)

Retaining only the leading order terms in W, we obtain the following set of equations (the
tildes have been suppressed)

3T11 3T11 ou ou
u—+v———-2—7T1 _28_T12 +T11 =0,

0x 0z 0x
3T12 LYAD auT 3UT YT ou
V—/— — — - — 5
“Tox TV T BT nTizTy
0T 0T v v v
L Ly 2T —2—Tn + Ty =2—,
u o +v Py ax 12 92 2+ 12 Py
0 d
u
0x 0z
2T 3T
=0. 61
dxdz 972 S

These boundary layer equations for the upper convected Maxwell fluid were first derived
in [172]. They can be put into a simpler form by transforming the stresses to a basis aligned
with the velocity field and making the streamfunction an independent variable in place
of z [172]. For other models, different scalings apply, due to different behavior of the
stresses at the wall. For instance, for the Giesekus model the boundary layer thickness is
of order W~1/2, while for the PTT model it is of order W~1/3 [69]. In [172] similarity
solutions of the boundary layer equations are discussed. These similarity solutions play
a role in the reentrant corner singularity, which we shall discuss in the next subsection.
In [176], an existence result is proved for solutions of the boundary layer equations which
match a given periodic shear rate in the outer flow, provided that this given shear rate is
sufficiently close to a constant.

Singular features in the high Weissenberg number limit also appear along streamlines
coming off a wall, e.g. the wake of an obstacle or the lid in a driven cavity. The structure of
such layers remains to be understood. At this point, analysis has been limited to the simpler
problem of stress integration in a given velocity field. See [174,212] for high Weissenberg
number flow past a cylinder and [184] for flow in a driven cavity.

4.5. The reentrant corner singularity
The flow through a sudden contraction is one of the most studied problems in viscoelastic

fluid mechanics, experimentally as well as numerically. From a mathematical point of view,
one of the major interests in this problem is the presence of corners.
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The regularity of steady flow solutions is restricted if the boundary of the flow domain
is not smooth. For Newtonian fluids, the behavior near corners is dominated by Stokes
flow, i.e. by a linear elliptic equation. Dean and Montagnon [23] were the first to obtain
formal approximations for two-dimensional Stokes flow near a corner using separation of
variables in polar coordinates for the biharmonic equation. Kondratiev [93] developed a
rigorous theory of existence and regularity for solutions of the Navier—Stokes equations
in domains with corners; see also the monograph of Grisvard [62] for an overview of this
subject.

For a corner between two walls, the velocity gradient at the corner is zero if the angle is
less than 180 degrees, while it is infinite if the angle is greater. For viscoelastic flows, this
makes a profound difference. Formally, any fluid can be approximated by the Newtonian
fluid in the limit of zero velocity gradient. We can therefore expect the behavior near a
convex corner to be dominated by Stokes flow even in non-Newtonian fluids and hope to
analyze the corner behavior as a perturbation. A rigorous existence result along such lines
is obtained for instance in [48]. On the other hand, if the corner is concave, the velocity
gradient and stress are expected to be infinite, and the corner behavior is governed by the
high Weissenberg number asymptotics, i.e. it is intrinsically nonlinear and dependent on
the constitutive law.

The problem of integrating stresses in a fixed velocity field (assumed Newtonian) is
studied in [163,173,49]. The full problem is very difficult even for formal asymptotics. At
the formal level, a solution has been obtained for the upper convected Maxwell model.
This solution is constructed by matched asymptotics; in the core region away from walls
a potential solution of the Euler equations (see the previous section) applies, while near
the walls the leading asymptotics is given by a similarity solution of the boundary layer
equations.

We shall focus our discussion on the case of a 270 degree corner which is relevant for
the contraction flow, but similar arguments apply for any angle. Potential flow in a 270
degree corner is given by the stream function

v =23 sin<?>, (62)
where r and 6 are the usual polar coordinates. In potential flow of a UCM fluid at high
Weissenberg number, we must have the same streamlines, so the actual streamfunction ¥
is a function of ¥: ¥ = f (). For the corner asymptotics, only the behavior of f as
¥ — 0 is relevant. By matching the order of magnitude of stresses in the potential flow
with viscometric stresses which must apply near the wall, it can be determined (see [76])
that

F@) ~ g3, (63)

Moreover, the potential flow solution loses its validity if 6 is of order r!/3.

The boundary layer equations for the UCM fluid have similarity solutions which satisfy
a system of nonlinear ODEs with the independent variable & = r—1/30. To complete the
asymptotic solution, such a solution must be found which matches to the potential flow
solution as & — oo. This can be done only numerically. For the upstream boundary, solu-
tions were constructed by Renardy [168], and the more difficult downstream problem was
recently solved by Rallison and Hinch [138].
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The corner asymptotics of the Oldroyd B fluid is identical to that of the UCM fluid. If
the Newtonian term is made to dominate over the viscoelastic term, however, the region
where viscoelastic stresses dominate shrinks, and a transition to Stokes flow occurs a short
distance from the corner. This limit is investigated in [45].

In the solution discussed above, it is assumed that there is an upstream boundary with
flow towards the corner. Some experiments and numerical results show a lip vortex, which
makes the flow along both walls away from the corner. A recent paper by Evans [46] aims
to explain such flows in terms of a hypothesized double layer structure [44], but the results
are not conclusive at this point.

Numerical simulations encounter significant difficulties near reentrant corners. A down-
stream instability in the integration along streamlines, pointed out in [165] is likely to be a
significant contributor to such difficulties.

5. Instabilities and change of type
5.1. Flow instabilities

The numerous instabilities which occur in Newtonian flows have always been a topic of
much interest for mathematicians and have inspired a great body of work in dynamical
systems, asymptotics and other field of mathematics. I refer to [31] for an overview of
Newtonian flow instabilities. Viscoelastic effects can significantly alter the characteristics
of these instabilities or lead to entirely new instabilities. Over the last thirty years, a signif-
icant literature has studied instabilities in viscoelastic flows, using analysis, numerics and
experiments. The following discussion will limit itself to highlighting a few points, and I
shall not attempt a more thorough review. The review articles of Larson [96] and Shaqfeh
[197] are an excellent starting point for further reading.

(1) Parallel shear flows: In the 1970s it was widely believed that flow instabilities in par-
allel shear flow might explain extrudate instabilities in polymer processing known
as melt fracture (we shall discuss melt fracture in the next subsection). A num-
ber of claims of instability emerged, based on faulty approximations or spurious
numerics. As numerical capabilities became more developed, it became clear that,
although viscoelastic effects lower the threshold for the Newtonian instability in
plane Poiseuille flow, the search for purely elastic instabilities turned out negative,
at least for the upper convected Maxwell and Oldroyd B models [146,204]. On the
other hand, Wilson and Rallison [213] have found a flow instability in the Poiseuille
flow of a strongly shear thinning White—Metzner fluid. Instabilities associated with
non-monotone constitutive laws will be discussed in the next subsection.

(2) Shear flows with curved streamlines: The viscoelastic Taylor problem has been stud-
ied extensively. Purely elastic instabilities without inertia were first discovered by
Larson, Shagfeh and Muller [97]. Analogous instabilities occur in other shear flows
with curved streamlines, such as Dean flow, flow between rotating discs, cone and
plate flow and more complex flows such as the driven cavity problem.

(3) The Bénard problem: Since the Bénard instability is an instability of the rest state,
the onset for viscoelastic fluids is identical to that for Newtonian fluids if it is through
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a zero eigenvalue. However, for sufficiently elastic fluids, an oscillatory onset is
possible [57,211].

(4) Interfacial instabilities: In parallel shear flow of two layers, the shear stress is contin-
uous at the interface, but first and second normal stresses can have jump discontinu-
ities. These discontinuities can drive instabilities and lead to interfacial waves. The
first studies demonstrating such instabilities are due to Renardy [193] and Chen [12].

(5) Elongational flows: The effect of viscoelasticity on elongational flow instabilities,
such as draw resonance in fiber spinning, has been found to be stabilizing. The effect
of elasticity on jet breakup has already been discussed in an earlier section.

From the point of view of rigorous mathematical analysis, flow instabilities raise a num-
ber of questions, which are well understood in Newtonian flows, but largely open in the
viscoelastic case.

(1) Is linear stability actually determined by the spectrum as is commonly assumed?

(2) How can we characterize continuous parts of the spectrum?

(3) Does linear stability imply nonlinear stability for small perturbations?

(4) Is there a center manifold reduction which gives a rigorous underpinning to the study
of bifurcation?

The abstract techniques used to resolve these issues in the Newtonian case do not work
for non-Newtonian flows or, more generally, for problems involving nonlinear hyperbolic
PDE:s; in particular, results which allow the determination of linear stability from the lo-
cation of spectra do not apply to hyperbolic PDEs, see [164] for a counterexample. On the
other hand, linear stability can be inferred if a resolvent estimate is known in addition to
the location of the spectrum [51,75,137,82]. Rigorous stability results in viscoelastic flows
are at this point rather fragmentary.

The first rigorous linear stability proof is for creeping plane Couette flow of the upper
convected Maxwell fluid [160]. It is based on solution of the linearized equations in closed
form, building on earlier work of Gorodtsov and Leonov [55], who solved the eigenvalue
problem in closed form. Other positive results concern parallel shear flows of fluids of Jef-
freys type [162,164], i.e. fluids with differential constitutive laws that include a Newtonian
contribution. The technique in these papers exploits the separation of variables which is
possible in parallel flow, which allows the reduction of the problem to ordinary differen-
tial equations. For the latter, it is then possible to relate resolvent bounds to the location
of spectra by using a reduction to finite dimensions which exploits the correspondence
between solutions and initial data.

Guillope and Saut [64,65] consider viscoelastic flows which are a perturbation of New-
tonian flows and prove that they inherit the Newtonian stability characteristics. Renardy
[169] allows somewhat larger perturbations. The result of [169] does not guarantee that the
viscoelastic flow inherits stability from the Newtonian case, but it does guarantee resolvent
estimates for large imaginary part which allow the determination of stability from spectra.
The results of these papers also include a nonlinear stability result for small disturbances.

In [183], the theory of evolution semigroups [14] is applied to show that creeping flow of
an upper convected Maxwell fluid has spectrally determined linear stability. Unfortunately,
the proof exploits a cancellation which occurs only for this specific constitutive law.

Some results characterizing the spectra for flows of the upper convected Maxwell and
Oldroyd B fluids were obtained in [55,214,175].
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The only rigorous result on bifurcations in viscoelastic flows that I am aware of is [161],
where a version of the center manifold theorem is proved that is applicable to the viscoelas-
tic Bénard problem.

5.2. Constitutive instabilities

Many popular models of viscoelastic flows, for instance, the Giesekus, Johnson—Segalman
and Doi—Edwards models, allow for a nonmonotone dependence of shear stress on shear
rate in steady shear flow. If this occurs, the flow is unstable in the range where shear stress
decreases with shear rate and the flow domain separates into regions of increasing shear
rate, separated by a jump in shear rate. In contrast to the analogous situation in elasticity
or generalized Newtonian fluids, the instability need not be associated with ill-posedness
of the equations, see e.g. the analysis of the Johnson—Segalman model in [85].

Consider, for instance, a plane Poiseuille flow of the Johnson—-Segalman model. The
flow domain is [—L, L], and we assume that the shear stress is given by a Newtonian part
nuy and a polymeric contribution 7. If f is the pressure gradient, we have, in creeping
flow,

T+ U = —fx. (64)
Moreover, the constitutive law of the Johnson—Segalman fluid, with
o T
(7 2). o

leads to

o — (1 +a)tvy + Ao =0,

1+a l—a
T’_[ 2 VT
i+ (1 —a)tvy, + Ay =0. (66)

U+M:|vx+)rr=0,

In a steady flow, this leads to
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i.e. the total shear stress is
AUy 68)
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This is a nonmonotone function of vy if —1 <a < 1 and n < u/(8A).
The system (66) can be reduced to a system of two equations by introducing the combi-
nation

_1+a l1—a

z
2 VT

o. (69)
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In a Poiseuille flow, we can also eliminate v, from (64):

—fx—1
;. .
For any fixed x, we can then analyze the dynamics of (66) using phase plane methods.

The stability of solutions with discontinuous shear rates and the dynamics of stresses
when this situation occurs has been analyzed in a number of papers in the literature, see
for instance [43,92,91,113-115,125]. Both the Johnson—Segalman model and the Giesekus
model, which leads to a rather analogous situation, have been studied.

While the shear stress is continuous across a discontinuity in shear rate, the normal
stresses are usually not continuous. This can lead to an instability of the interface driven
by a normal stress jump, just like the instability at the interface between two different
fluids [194].

Much of the work on constitutive instabilities was originally driven by an attempt to
understand the phenomenon of melt fracture. Melt fracture is an instability which occurs
when certain polymer melts are extruded at sufficient high flow rates. Associated phe-
nomena include a sudden increase in flow rate (“spurt”), and surface distortions on the
extrudate, which can take the form of small scale irregularities (“sharkskin”), a periodic
oscillation between sharkskin and smooth regions, or a gross snakelike distortion (“gross
melt fracture”). I refer to the review article of Denn [25] for a more detailed description
of melt fracture and attempts to explain it. The idea of explaining it by constitutive insta-
bilities is that the spurt occurs when the wall shear stress reaches the relative maximum
on the shear stress vs. shear rate curve and that a Hopf bifurcation leading to periodic
dynamics can explain the stick-slip oscillations. Such a Hopf bifurcation has been found
[115] when the flow rate rather than the pressure gradient is held fixed. The explanation
of melt fracture by constitutive instabilities is at this point a minority view among rhe-
ologists, primarily due to the lack of more direct evidence for constitutive instabilities in
polymer melts. On the other hand, constitutive instabilities associated with nonmonotone
shear stress appear to occur in wormlike micelles [202]. Wormlike micelles are surfactant
solutions in which surfactant particles align to form larger structures, which in many ways
influence the rheology in the same way as chain molecules in a polymer.

An alternative explanation that has been offered for the spurt phenomenon is slip at the
wall. If the slip velocity is a nonmonotone function of the wall shear stress, slip will also
result in instability [133] and there is a possibility of stick-slip oscillations. A more subtle
instability mechanism arises if a memory dependence is assumed, i.e. the slip velocity
depends not just on the current wall shear stress, but on the history of wall shear stress, see
[156,56].

Ux

(70)

5.3. Characteristics and change of type

The equations governing a Maxwell-like viscoelastic fluid form a first order quasilinear
system. The analysis of characteristics yields necessary conditions for well-posedness in
the usual fashion. A change of type in the time dependent equations can lead to Hadamard
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instability, while a change of type in the steady flow equations leads to the possibility of
shock fronts.

The first papers analyzing such issues in viscoelastic flows are due to Rutkevich [196]
and Ultman and Denn [209]. In the mid-1980s, more comprehensive studies appeared, see
Joseph, Renardy and Saut [85], Luskin [110] and Hulsen [83]. Further work on character-
istics and change of type can be found in the monograph of Joseph [86] and, for instance,
in [19,50,95].

We shall give a brief discussion of characteristics for the Johnson—-Segalman model,
along the lines of [85].

The equations are

av .
,o(— + (v-V)v) =divT — Vp,

ot
divv =0,
T 1
P (v-V)T — %(VVT +T(vv)’)
1 —
+ = (TVY + (V) T) + AT = (Vv + (W), (1)

This is a quasilinear system of 10 equations (six in 2-D flows), which we can put in the
form

Ao(@)q; + A1(g)qy + A2(q)qy + Az(q)q; = F(q). (72)

To investigate characteristic surfaces (see e.g. [185] for the basic definitions), we need to
consider the equation

3
det (on +> 51A1> =0. (73)

=1

This equation can be shown to reduce to the following:

1 1—
|s|2ﬁ4<pﬂ2—|s|2<u+ LT "m))

2 2
5 5 14+a 1—a
X\ B — &7\ n+ 5 Toa — 5 Az ) ) =0. (74)
Here,
B = o+ vi& +v28 + v3&3, Toa =n-Tn, (75)

where n is a unit vector in the direction of (1, &2, £&3). Moreover, with P denoting the
orthogonal projection along n, A1 and A, are the eigenvalues of PTP. In two dimensions,
we get 82 instead of B4, and there is only one of the last two factors.
The following consequences can be deduced:
(1) Well-posedness: If w as determined by (74) is not real, localized short wave distur-
bances can be expected to grow in a catastrophic manner, and ill-posedness of the
initial value problem occurs. It turns out that solutions of (74) with w not real exist
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if one of the terms

14+a l—a
m+ ) Toa — ) A; (76)
is negative. This is the case for an appropriate choice of & if
l1—a 1+a
TAmax - TAmin > M, (77)

where Apmax and Apin are the largest and smallest eigenvalues of T. Eigenvalues of
T are greater than —p/a if a is positive, and less than —p/a if a is negative. Hence
no ill-posedness occurs if a = £1.

(2) Change of type in steady flow: This occurs if the fluid speed exceeds the speed of
propagation of shear waves. For T = 0, the condition becomes

plv* > . (78)

For nonzero T, wave speeds become stress-dependent and anisotropic. This change
of type is analogous to transonic flow in gas dynamics. The phenomenon of de-
layed die swell, in particular, can be explained as analogous to a gas dynamic shock.
Joseph [86] was the first to advance the hypothesis of such a connection, which is
further established by the numerical simulations of Delvaux and Crochet [24] and
the analysis of Entov [42].

(3) Boundary conditions: For subcritical flows (i.e. the speed of the fluid is less than
the wave speed), we need four conditions at an inflow boundary, in addition to the
usual Newtonian boundary conditions. If the flow becomes supercritical, we have to
drop a velocity boundary condition at the outflow boundary, and we need an extra
condition at the inflow boundary. See the discussion of inflow boundary conditions
in the section on steady flows.

6. Controllability of viscoelastic flows

Controllability is the possibility of steering a system from a given initial state to a desired
final state using a control input from a given class. In the context of continuum mechanics,
the control is usually a body force given in a part of the spatial domain or a boundary con-
dition. Questions of controllability have been widely studied in elasticity and Newtonian
fluid mechanics, but viscoelastic flows raise new issues.

A number of papers on controllability of linear viscoelastic media [98,101-103,107]
extend results from the elastic case to viscoelastic media. In those works, the variables
which are controlled are the displacement and velocity. This, however, is in a sense not the
right problem. Unlike the elastic case, displacement and velocity do not constitute a “state”
which determines the further evolution of the system. For a fluid with a differential consti-
tutive law of Maxwell type, for instance, a state of the system appropriately is determined
by velocity and stresses. The question whether stresses, in addition to velocities, can be
controlled turns out to be far from straightforward.
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Doubova et al. [30] pose this question, unfortunately the controllability results they claim
are not true as stated. For a linear Maxwell fluid, the stress obeys the equation

T, + AT = n(Vv + (VV)7). (79)

It is obvious from this equation that the stress is the symmetric part of a gradient of a
divergence-free vector if this is initially the case. It is therefore not possible to steer to a
state of stress not satisfying this constraint, whatever we may do with a body force in the
equation of motion or with boundary conditions. It is likely that the results of [30] hold if
stresses are restricted accordingly (the paper is a brief announcement and no full version
seems to have appeared). This raises an interesting question of what happens in nonlinear
situation where symmetric parts of gradients are no longer an invariant subspaces for the
evolution of stresses.

A few recent articles by Renardy [188,189,192] investigate parallel shear flows of vis-
coelastic fluids. For a linear Maxwell model, the governing equations are

PV = Ty, T+ AT = puy + f, (80)

where v is the velocity, T the shear stress, and f is a given body force. For simplicity, we
consider homogeneous Dirichlet boundary conditions: v(0, ) = v(L,t) = 0. For given
initial conditions for v and t, we want to pick the control f on (a,b) C (0, L) in such
a way that v and 7 assume given values at a final time ¢+ = T. Equations (80) can be
reformulated as a lower order perturbation of the wave equation. Existing results in the
literature [210] then guarantee exact controllability under the usual assumption that T is
large enough for waves to propagate back and forth across the uncontrolled region. In
[188], multimode Maxwell models with several relaxation times are also considered. In
this case, unless (a, b) = (0, L), only approximate controllability holds.

For linear viscoelastic shear flow, there is only one nonzero component of stress, the
shear stress. In the nonlinear case, there are first and second normal stresses. Thus the linear
problem makes no suggestion on whether we can control the normal stresses. In [189],
homogeneous shear flows are considered, with the shear rate in the role of the control.
For the upper convected Maxwell model, the second normal stress difference is identically
zero, and for the remaining two stress components the set of states reachable from a given
initial condition is described by an inequality. Similar results are derived for a number of
other constitutive models. In [192], the control of spatially inhomogeneous shear flows is
analyzed. It is shown that the inequality between shear and normal stress derived in [189]
ensures reachability of a final state only if a body force is allowed on the entire interval
(0, L). If (a, b) is a proper subset of (0, L), additional restrictions of a nonlocal nature
apply.

These fragmentary results show that the question of controllability of nonlinear vis-
coelastic flows is far from straightforward. In general, the characterization of final states
which can be reached from a given initial state is likely to be quite difficult.

7. Concluding remarks

Like all articles of its kind, this article reflects the interests and activities of its author.
In selecting topics, a number of choices were made. First of all, I have focused on equa-
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tions arising from the modeling of viscoelastic polymeric liquids. This means that a siz-
able mathematical literature on other kinds of non-Newtonian fluids, e.g. generalized New-
tonian fluids, micropolar fluids and liquid crystals has been ignored. On the mathematical
side, I have focused on topics generally of interest to analysts working in partial differential
equations, such as questions of existence, stability, and development of singularities. I have
not attempted to review the extensive literature on a number of other aspects of viscoelastic
flow, for instance numerical simulation.

While the analysis of viscoelastic flows has made major progress over the past thirty
years, the article also points to a number of major open questions in the field, which have
so far yielded only fragmentary results and which pose interesting challenges for the future.
Among those, I mention in particular the following:

(1) Questions of global existence (or possibly the lack of it) for large data, both for

initial value problems and steady flows.

(2) A rigorous proof for the asymptotics of jet breakup.

(3) The understanding of flows in the high Weissenberg number limit.

(4) The rigorous analysis of stability and bifurcation.

(5) The characterization of final states (in terms of stress as well as motion) to which a

flow can be controlled.

A more comprehensive discussion of many of the topics touched upon in this article can
be found in the author’s monograph [177].
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1. Introduction

The aim of this chapter is to formulate main notions and results in the theory of monotone
type operators and apply them to (possibly nonlinear) parabolic differential equations and
parabolic functional differential equations.

It is well known the importance of linear and nonlinear parabolic partial differential
equations in physical, chemical, biological etc. applications (e.g. in the classical models
of heat conduction, diffusion). The classical results on linear and quasilinear second order
parabolic equations can be found in the monographs [24,35,40] and also in books [6,50,
52,72].

Partial functional differential equations arise in biology, chemistry, physics, climatology
(see, e.g., [4,5,11,16,18-20,30,31,42,54,74] and its references). The systematic study of
such equations from the dynamical systems and semigroups point of view began in the 70s.
Several results in this direction can be found in monographs [50,72,74]. This approach
is mostly based on arguments used in the theory of ordinary differential equations and
functional differential equations (see [2,3,21,27-29,48,49]).

In classical work [41] of J.L.. Lions one can find the fundamental results on monotone
type operators and their applications to nonlinear partial differential equations. Fur-
ther important monographs are written by E. Zeidler [75] and H. Gajewski, K. Groger,
K. Zacharias [26], S. Fucik, A. Kufner in [25]. A good summary of further results on
monotone type operators, based on degree theory (see, e.g., [17]) and its applications to
nonlinear evolution equations is in the works [7] and [47] of V. Mustonen and J. Berkovits.
By using the theory of monotone type operators one obtains directly global existence of
solutions, also for higher order nonlinear parabolic equations, satisfying certain conditions
which are more restrictive (in some sense) than in the case of the previous approach.

It turned out that one can apply the theory of monotone type operators (e.g. pseudo-
monotone operators) to nonlinear parabolic functional differential equations and systems to
get existence, uniqueness theorems on weak solutions and results on qualitative properties
of solutions, including “non-uniformly parabolic” equations.

The above mentioned works [26,41,75] contain also applications of monotone type oper-
ators to nonlinear elliptic equations. In works [23,36-39,45,46,73] one can find extensions
of the applications to strongly nonlinear elliptic equations and boundary value problems on
unbounded domains. Further, it was possible to apply the theory to functional elliptic equa-
tions and elliptic variational inequalities with usual and “non-local” boundary conditions
(see, e.g. [55-57,71)).

Now we give the structure of this chapter. In Section 2 the abstract Cauchy problem is
considered for first order evolution equations in a finite interval. These general results will
be applied in Sections 3—7. In Section 3 the main results on existence, uniqueness and con-
tinuous dependence of the weak solutions of higher order nonlinear parabolic differential
equations are shown. In Section 4 higher order nonlinear functional parabolic equations
are considered, where only the lower order terms contain functional dependence. In Sec-
tion 5 second order nonlinear parabolic functional differential equations are studied, where
also the main part contains functional dependence. Section 6 is devoted to existence and
qualitative properties of solutions of parabolic functional differential equations in (0, 00).
Finally, in Section 7 we study further applications of monotone type operators, e.g. to sys-
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tems of functional parabolic equations. In Sections 3—7 several examples are given for the
“general” results.

2. Abstract Cauchy problem for first order evolution equations

Here we summarize the main definitions and theorems on first order (possibly nonlinear)
evolution equations, based on the theory of monotone type operators. The detailed exposi-
tion of the results and proofs see, e.g., in the monographs [25,26,41,75] and in the works
[7.47].

2.1. Basic definitions

DEFINITION 2.1. Let V be a Banach space, 0 < T < oo, 1 < p < oo. Denote by
LP(0, T; V) the set of measurable functions f: (0, T) — V such that || f ||[; is integrable
and define the norm by

T
LANT 072wy = /0 | £y dr.

L?(0, T; V) is a Banach space over R and C, respectively (identifying functions that are
equal almost everywhere on (0, T')). If V is separable then L7 (0, T'; V) is separable, too.
If V is uniformly convex and 1 < p < oo then L?(0, T; V) is uniformly convex.

Denoting by V* the dual space of V and by (-,-) the dualities in spaces V*, V, we have
forall f € L?(0,T;V),g € L9(0,T; V*)withl < p < o0, 1/p + 1/q = 1 the Holder

inequality
T lgr pT 1/p
<[ [ lewt.a] 7| [Ciropga)

Further, for 1 < p < oo the dual space of L”(0, T'; V) is isomorphic and isometric with
L9(0, T; V*). Thus we may identify the dual space of L”(0, T; V) with LY(0, T; V*).
Consequently, if V is reflexive then L? (0, T'; V) is reflexive for 1 < p < oo.

T
/O (g0, f())dt

DEFINITION 2.2. Let V be a real separable and reflexive Banach space and H a real
separable Hilbert space with the scalar product (-,-) such that the embedding V C H is
continuous and V is dense in H. Then the formula

(0,u) = (v,u), ueV,veH

defines a linear continuous functional v over V and it generates a bijection between H and
a subset of V*, i.e. we may write

VCHCV*

which will be called an evolution triple.
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A typical example for an evolution triple is the following. Let £2 C R” be a bounded
domain, m a nonnegative integer and 1 < p < oo. Denote by W7 (£2) the Sobolev space
of (real valued) measurable functions u : £2 — R with the norm

1/p
llllwm.r(s2) =|: Z /Q|D°‘u|pdx:|

| <m

where D% = D‘f' --Dy", D j = 9/9x;. (The detailed investigation of Sobolev spaces see,
e.g.,in [1].) Let V be a closed linear subspace of WP (£2) with2 < p < oo, m > 1 and
H = Lz(.Q). Then V C H C V* is an evolution triple.

Now we define generalized derivatives of functions u € L?(0, T'; V).

DEFINITION 2.3. Let V C H C V* be an evolution triple, u € L? (0, T'; V). If there exits
w € L9(0, T; V*) such that

T T
/ @' (Ou(r)dr = —/ e(Hw(t)dt
0 0

for all ¢ € C3°(0, T') (i.e. for all infinitely times differentiable functions on (0, T) with
compact support) then w is called generalized derivative of u.

In the above equality u(#) € V is considered as an element of V*. In this case we shall
write shortly u” € L9(0, T; V*); the generalized derivative is unique.

THEOREM 2.1. Let V. .C H C V* be an evolution triple, 1 < p < oo, 1/p+1/qg =1,
0<T < o0.Then

W,0,T;V,H)={ueLPO,T;V): ' € L0, T; V*)}
with the norm

/
lull = llullLro,1;vy + el Lao, ;v

is a Banach space. W; (0, T; V, H) is continuously embedded into C ([0, T]; H) (the space
of continuous functions v : [0, T] — H with the supremum norm) in the following sense:
tou € W; (0, T; V, H) there is a uniquely defined u € C([0, T]; H) such that u(t) = u(t)
fora.e. t € [0, T). Further, the following integration by parts formula holds for arbitrary
u,v e W;(O, T;V,H) functionsand 0 < s <t < T:

t
(u(®), v(@®)) — (uls), v(s)) = f [('(x), v(D)) + (V' (1), u(r))] dr. (2.1

(In the last formula u(t), u(s) mean the values of the above # € C([0, T]; H) in t, s,
respectively.) In the case v = u we obtain from (2.1)

t
Ju) [}, = lus) =2 [ . uco)er

forany u € W;(O, T;V,H).
In [41] it is proved



272 L. Simon

THEOREM 2.2. Let V C H C V* be an evolution triple and V| a Banach space such that
V C Vi C V* where the embedding V| C V* is continuous and the embedding V C V| is
compact.

Then (with 1 < p < 00) the embedding W,l O, T;V,H)C LP(0,T; Vy) is compact.

Now we can formulate the “abstract” Cauchy problem. Let V. C H C V* be an evo-
lution triple, 1 < p < oo, 1/p+1/qg = 1,0 < T < ooand A:LP(0,T;V) —
L9(0, T; V*) a given (nonlinear) operator; ug € H, f € L9(0, T; V*). We want to find
ue W; (0, T; V, H) satisfying

W+ Aw) = f,  u0) = uo. 2.2)

By Theorem 2.1 the initial condition #(0) = ug makes sense. Sometimes problem (2.2)
is considered in the case when the domain of the operator A is not the whole space
LP0,T; V).

2.2. Evolution equations with monotone operators

We shall formulate existence and uniqueness theorems on problem (2.2). Let X be a Ba-
nach space, X* its dual space and denote by [-,-] the dualities in X*, X.

DEFINITION 2.4. Operator A : X — X™* is called monotone if

[A(xl) — A(x2), x1 —xz] >0 forall x;,xp € X.

A is called bounded if it maps bounded sets of X into bounded sets of X*.
A is called hemicontinuous if for arbitrary fixed u, v, w € X the function

A= [A(w + 2v), w], A eR,

is continuous.
Finally, A is called demicontinuous if it is continuous with respect to the strong topology
in X and the weak topology in X*.

DEFINITION 2.5. Operator A: X — X* is called pseudomonotone if

(un) > u weaklyin X and limsup[A(up), uy —u] <0 (2.3)
n—o0
imply
lim [A(up), un —u] =0 and (A(u,)) — A(u) weakly in X*. 2.4)
n—o0

Operator A: X — X* is called of class (S) if (2.3) implies

(up) — u strongly in X.
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It is not difficult to show (see, e.g., [41,75]) that if A:X — X* is monotone,
bounded and hemicontinuous then it is pseudomonotone. Further, if A is bounded and
pseudomonotone then it is demicontinuous. Finally, if A is demicontinuous and of class
(S4) then it is pseudomonotone.

DEFINITION 2.6. Operator A: X — X* is called coercive if

[A(x), x]

Ixli—oo x|l

THEOREM 2.3. Let V. C H C V* be~an evolution triple, 1 < p < 00,0 < T < o0.
Assume that for all fixed t € [0,T], A(t):V — V* is monotone, hemicontinuous and
bounded in the sense

JAO@) |, < crlloly™ + ki) (2.5)
1%

fgr all v € V,t € [0, T] with suitable constant c| and function k; € L9(0, T). Further,
A(t) is coercive in the sense: there are constant c3 > 0, ko € L' (0, T) such that

(AN ), v) = aallvllf, = ka(0) (2.6)
forallv e V,t € [0, T]. Finally, for arbitrary u, v € V, the function

t— (A(t)(u), v), t € [0, T is measurable.
Then for arbitrary f € L1(0, T; V*) and ug € H there exists a unique solution of problem

(2.2) with the operator A defined by [A(u)](t) = [A (O (u()).

PROOF. According to [75] the proof is based on Galerkin’s approximation. Since V is sep-
arable, there exists a countable set of linearly independent elements wy, ..., wg, ... such
that their finite linear combinations are dense in V. We shall find the m-th approximation
of a solution u in the form

m
U (1) = Zakm(t)wk with some ag, € W9(0, T)
k=1

such that for a.e. ¢t € [0, T]
(i 0. ) + {ADO[um O], wj) = (£0), ),
Um(0) = upmo € span(wi, ..., wy), j=1,...,m 2.7

where (u,,0) — ug in H. (2.7) is a system of ordinary differential equations for a,:

>, O (wi, w)) + <A<r)[2akm<r)wk}, w,~> = (f®), w;),

k=1 k=1
am© =ajo. j=1,....m (2.8)

which can be transformed to explicit form since det(wg, w;) # 0.
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By the last assumption of Theorem 2.3

aj(t,z2) =a;j(t,21,...,2m) = <A(l)|:szwk:|, wj>

k=1

is measurable in ¢ (with fixed z) and continuous in z = (zy, ..., Z,), because
A:LP0,T;V)— L0, T; V™

is monotone, hemicontinuous, bounded by the assumptions of the theorem, thus it is
pseudomonotone and so it is demicontinuous. From (2.5) follows that |a; (¢, z)| locally
can be estimated by an integrable M (¢). Consequently, by theorem of Carathéodory, there
exists a solution of (2.8) in a neighbourhood of 0. The coercivity condition (2.6) implies
that the solution u,, can be extended to the whole [0, T].

Further, by using the notations X = L?(0, T; V), X* = L41(0, T; V*), we obtain that

lumllx. sup |um@)],. m=1,2,..., arebounded, (2.9)
t€l0,1]

hence || A(uy,)| x+ is bounded, too. Since X, X* and H are reflexive, there exists a subse-
quence of (u,,), again denoted by (u,,), such that

(um) — u weakly in X, (A(um)) = w  weakly in X*,
(um(T)) — z weaklyin H. (2.10)

By using (2.10) and the relation (u,,(0)) — ug in H, one can derive from (2.7), as
in [75]

W eWNO.T V. H), u'+w=f u0=0 uT)=z, @2.11)
lim sup[[ A (), tm — u] < 0. 2.12)
m—0o0

Since A is pseudomonotone, (2.10), (2.12) imply w = A(u) which means that u is a solu-
tion of (2.2). O

Uniqueness of the solution follows from monotone property of A: X — X*.

REMARK 2.1. According to the above proof, a subsequence of the Galerkin solutions (u,)
converges weakly to a solution u of (2.2). Since u is unique, the total sequence (u,,) is also
weakly converging to u. By Theorem 2.2, (u,,) converges to « in the norm of L? (0, T'; V1)
if V is compactly embedded in V| and V; is continuously impeded in V*. Further, one can
show (see, e.g. [75]) that (u,,,) — u in the norm of C ([0, T']; H), too.

If the operator A : X — X™* is of class (S4), then

(up) — u  strongly in X since

(um) —> u weaklyin X and limsup[A(upm), um —u] <O0.

m— 00
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REMARK 2.2. Assume that the conditions of Theorem 2.3 are satisfied such that A(t) is
uniformly monotone in the sense

([AD]@D) = [AD] W) = cllvi =y, vi,veV (2.13)
with some constant ¢ > 0, for all ¢ € [0, T']. Then the solution of (2.2) continuously de-
pends on f and ug: if u; is a solution of (2.2) with f = f;, ugp = ug; (j = 1, 2) then for
allt € [0, T]

2
|ur @) — w20 |3y + cllur = w2ll}p 0.7y,
<ENfi = Pollaqo.rive + 10 — w0l (2.14)

with some constant c.

One gets inequality (2.14) by Young’s inequality, applying (2.2) to u; — u».

2.3. Evolution equations with pseudomonotone operators

When proving existence of solutions of (2.2), we used that A is pseudomonotone, and
not directly monotonicity of A. However, in applications to evolution equations, we can
generally prove pseudomonotonicity of A : LP(0,T;V) — L4(0,T; V*) only if A is
monotone. In order to get existence for more general operators A, it is convenient to intro-
duce a generalization of pseudomonotone operators.

DEFINITION 2.7. Denote by L the operator defined by

D(L)={ue€ W},(O, T;V,H): u(0) =0}, Lu=u'.

Then L is a closed linear densely defined monotone map from D(L) C X to X*. Further,
L is maximal monotone, which means that its graph is not a proper subset of any monotone
setin X x X*.

DEFINITION 2.8. Let X be a reflexive Banach space and M a linear densely defined
maximal monotone map from D(M) C X to X*. A bounded, demicontinuous operator
A:X — X*is called pseudomonotone with respect to D (M) if for any sequence (u,) in
D(M) with

(un) > u weaklyin X, (Mu,) - Mu weakly in X* and
lim sup[A(u,,), Uy — u] <0,

m—00

we have

lim [A(up), un —u] =0 and (A(u,)) — A(u) weakly in X*.

n—oo

By using degree theory (see, e.g. [17]), in [7] it was proved
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THEOREM 2.4. Let X be a reflexive and uniformly convex Banach space. Assume that M
is a closed linear densely defined maximal monotone map from D(M) C X to X* and
A: X — X*is bounded, demicontinuous, pseudomonotone with respect to D(M) and it is
coercive.

Then for arbitrary f € X* there exists u € D(M) such that

Mu + A(u) = f. (2.15)
We shall apply the following particular case of Theorem 2.4

THEOREM 2.5. Let V be a reflexive, separable and uniformly convex Banach space, 1 <
p <00,V CH C V*an evolution triple, X = LP(0, T; V). Assume that A: X — X* is
bounded, demicontinuous, pseudomonotone with respect to D(L), given in Definition 2.7
and it is coercive in the sense

JoTA@1(@), u(o)) de
llullLr o, v)
as |lullLr,1; vy — 0. 2.16)

— 400 uniformlyint € [0, T]

Finally, assume that A: LP(0,T; V) — L1(0, T; V*) is of Volterra type: the restriction
of A(u) to [0, t] depends only on the restriction of u to [0, t] for allu € L?(0,T;V),
te€[0,T].

Then for arbitrary f € X* there exists u € D(L) such that

Lu+ A(u) = f, e
welP©O,T;V), u' eLi(0,T;V*),
W'(t) + [AW]@) = f(1) foraete©0,T) and u(0)=0. (2.17)

Theorem 2.5 can be proved also by Galerkin’s method, similarly to the proof of Theo-
rem 2.3. In the last case one obtains (instead of (2.8)) the problem

3 (0 (wi w)) + <[A<Zakm(r>wk>}<r>, w,,~> = (f (D). wj),
k=1

k=1
ajm@© =0, j=1,....m (2.18)

which is a system of functional differential equations for ay,, ..., amm with the above
homogeneous initial condition. By using the assumptions of Theorem 2.5, one can show
that Carathéodory conditions for the system of functional differential equations are fulfilled
and therefore (see [27]) there exist local solutions for all m.

By (2.16) the solutions can be extended to [0, 7] and (2.9) holds. Further, one shows in
the same way that (2.10)—(2.12) are valid. Finally, it is not difficult to derive from

(1 (0 wj) + ([AGm) | @0), wj) = (@), wy),
un(0)=0, j=1,....m
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that (u),) is bounded in L4(0, T; V*). Thus there exists a subsequence of (u,,) (again
denoted by (u,,)) for which

um € D(L), (Luy) — Lu weakly in X* = L1(0, T; V*).
Since A is pseudomonotone with respect to D(L), we obtain w = A(u) and so u is a

solution of (2.17).

REMARK 2.3. If operator A: L?(0,T; V) — L9(0, T; V*) is monotone then solution of
(2.17) is unique (as in the case of Theorem 2.3).
Assume that A is strictly monotone in the sense:

t t
[ el - [aw)@)dr > ¢ [ @ —u]; ¢ 2.19)

for all + with some constant ¢ > 0. Then the solution of (2.17) depends continuously
on f € LZ(QT) and ug € H:if u; is a solution of (2.17) with f = f; € LQ(QT),
uo=ug; € H(j=1,2)thenforallz € [0, T]
2
lur @) = w2 |3y + cllur = wall3a g 7.,
<lfi = lgag oy + luto — uxll (2.20)

with some constant ¢.
(See Remark 2.2.)

REMARK 2.4. Uniqueness and continuous dependence of the solution of (2.17) can be
obtained also in the following way. Let &1(t) = exp(—dt)u(t) be a new unknown function
with some constant d > 0. Problem (2.17) is equivalent with

i (1) + exp(—dr)[A(exp(dt)ir) |(1) + di(t) = exp(—d1) f (1),
i(0)=0. 2.21)
If for some d > 0 operator B, defined by

[B@@)](t) = exp(—dt)[ A(exp(dt)it)](t) + di(t) (2.22)

is monotone then the solution of (2.17) is unique.
If the operator B defined by (2.22) is strictly monotone in the sense (2.19) then one
obtains an analogous inequality to (2.20).

REMARK 2.5. According to the sketched proof of Theorem 2.5, a solution to (2.17) can
be obtained as weak limitin L?(0, T; V') of a subsequence of (u,,) of Galerkin’s solutions.
If the solution is unique (see Remark 2.4), then the total sequence (u,,) converges weakly
in L?(0, T; V) and (by Theorem 2.2) strongly in L?(0, T'; V1) to the solution u.

We shall use Theorem 2.5 to prove existence of weak solutions of nonlinear par-
abolic differential equations and functional parabolic equations. In the last case operator
A:LP(0,T;V)— L9(0, T; V*) is such that [A(u)](¢) depends not only on u(z).
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Clearly, Theorem 2.3 follows from Theorem 2.5 in the case ug = 0, because the
assumptions of Theorem 2.3 imply that A: LP(0,T;V) — L9(0,T; V*), defined by
[A(w)](t) = A(u (1)), is bounded, hemicontinuous, monotone, thus pseudomonotone and
it is coercive.

REMARK 2.6. Problem
w4+ Aw) = f, u(0) = ug withsomeug eV

has also a solution with the same assumptions on A, because this problem is equivalent to
the problem for 1 = u — ug

i+ A + uo) = f, u(0)=0
and B(i1) = A(u + ug) satisfies the assumptions of Theorems 2.4, 2.5, respectively.
REMARK 2.7. Leta < T be a fixed positive number and B : [0, T] x LP(—a,0; V) —

L9(0, T; V*) a given (nonlinear) operator. Consider the following problem on functional
differential equations: to find v € L?(—a, T; V) such that v € LY(—a, T; V*),

V') 4+ [B(t,v)]() = f(t) foraa.t €0, T]
andv(t) = ¥ (1), te€[—a,0] (2.23)

where f € L9(0,T; V*) and ¥ € LP(—a,0; V) are given functions with the property
Y’ € LY(—a,0; V*) and v, is defined by

w(t)=v(t+1), T€[—al]
Problem (2.23) can be reduced to a problem of type (2.17) as follows.
Assume that we have a function vg € L?(—a, T; V) such that v(’) € LY(—a,T; V*) and

the restriction of vg to [—a, 0] is ¥ (vg is an extension of ¥). Then v is a solution of (2.23)
if and only if the restriction of v — v to [0, T'] is a solution of

u'(t) + [A(u)](t) = f(t)+ vé(t) forae.t € [0, T], u(0)=0 (2.24)
withu € LP(0,T; V), u’ € L1(0, T; V*), where operator A is defined by

[AW)]@) = [B(t. (Nu +vo);)](1), t€][0,T],
[Nul(t) = u(r) fort €0, T], [Nul(zt) =0 fort € [—a,0). (2.25)

3. Second order and higher order nonlinear parabolic differential equations

In this section we shall apply results of Section 2 to initial-boundary value problems of
certain nonlinear parabolic partial differential equations and prove existence (in some cases
uniqueness and continuous dependence) of weak solutions of these problems in a finite
time interval [0, T'].
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3.1. Definition of the weak solution

In order to define weak solutions, at first for simplicity consider the following initial-
boundary value problem:

Diu — ZDj[fj(t,x,u, Du)] + fot,x,u,Du) =g

j=1

inQr =(0,T) x £2, (3.D
u=0 on[0,T]x ds2, (3.2)
u,x) =up(x), xe€ 2. (3.3)

where £2 C R” is a bounded domain with “sufficiently smooth” boundary, D = (Dy, ...,
Dy), Dj = 0/0x. Assume thatu € CI’Z(QT) is a (classical) solution of (3.1) where fj is
continuous and for j =1, ..., n f; is continuously differentiable (except of the variable ¢)
in Q7. C12(Q7) denotes the set of functions which are once continuously differentiable
with respect to t and twice continuously differentiable with respect to x in Q7. Multiplying
(3.1) by a test function v € C(l)(.Q) (i.e. with a continuously differentiable function with
compact support), we obtain by Gauss theorem

n
/(Dtu)vdx+g /fj(t,x,u,Du)Djvdx—i—/ fo(t, x,u, Du)vdx
2 . 22 2

j=l1

= /;2 gudx. (3.4)

Clearly, a function u € C12(Qr) satisfies (3.1) if and only if (3.4) holds forall v € C(l) (£2).
Assume that functions f; satisfy the growth condition for all (z,x) € QO7, § € R,
EeR"

| fi(t, x, 80, 8)] < c1(1l”" + 161771 + ki1, x) (3.5)

with some constants p > 1, ¢; > 0 and a function k1 € L9(Q7) (where ¢ is defined
byl/p+1/g =1).LetV = Wé’p(.Q), i.e the closure of C}(£2) in W!P(£2). Then by
Holder’s inequality, for each ¢ € [0, T'] the formula

([A(l)]u(r),v): Z/ fj(t,x,u,Du)Djvdx—i—/ fo(t, x,u, Du)vdx,
oile Q

uellO,T;V), veV (3.6)

defines a linear continuous functional [A(7)]u(z) on V, i.e. A(z) maps V into V* and the
operator A defined by

[Aw)] @) = [AD]u@), te€[0,T] (3.7)



280 L. Simon

maps L?(0, T; V) into L4(0, T; V*). (For a function u € LP(0, T; Wol’p(.Q)) we denote
also by u the function (¢, x) — [u(¢)](x).) Further, formula

T T
[G, v]:/ <G(t),v(t))dt:f/ gvdxdr, velLPO,T;V) (3.8)
0 0J82

defines a linear continuous functional G on L?(0, T; V) if g € L1(Q7).
Thus we may write equalities (3.3), (3.4) in the form

Diu+ A) =G, u(0) = ug (3.9

where
GeLi0,T; V"), A:LP0,T;V)— L10, T; V"),

consequently, D;u € L9(0,T; V*). As before, in Eq. (3.9) we identify u(z, -) with u(z)
and D;u with u’.

DEFINITION 3.1. Let £2 C R” be a bounded domain, V = Wé’p(.Q), p > 2 and define
operator A: LP(0,T; V) — L1(0,T; V*) by (3.6), (3.7), G € L1(0, T; V*) by (3.8) and
let H = L%(£2). A function u € L?(0,T; V), satisfying D;u = u’ € L9(0, T; V*) and
Eq. (3.9), is called a weak solution of (3.1)—(3.3).

Since V = Wé’p(.Q) and H = L%(2) define an evolution triple V. C H C V*,
ueLPO,T;V), Dju=u' e L90,T; V*) imply u € C([0, T]; L*>(£2)) by Theorem 2.1
and so the initial condition #(0) = up makes sense. Clearly, a sufficient smooth function
u € LP(0, T; V) satisfies the problem (3.1)—(3.3) if and only if it satisfies (3.9).

Similarly, in the case V = W17 (§2) (with sufficiently smooth 3£2) a sufficiently smooth
functionu € L?(0, T; V) satisfies (3.9) if and only if it is a classical solution of (3.1), (3.3)
and the (Neumann) boundary condition

n

ij(t,x, u, Duyv; =0 on [0, T) x 882 (3.10)
j=1
where v = (vy, ..., v,) denotes the outer normal unit vector on 9§2. Therefore, we define

the weak solution of (3.1), (3.3), (3.10) as follows.

DEFINITION 3.2. Let £2 C R” be a bounded domain, V = WI’P(.Q), p > 2 and define
operator A: LP(0,T; V) — L1(0,T; V*) by (3.6), (3.7), G € L1(0, T; V*) by (3.8) and
let H = L?(£2). A function u € LP(0, T; V), satisfying D;u = u’ € L4(0, T; V*) and
equation (3.9), is called a weak solution of (3.1), (3.3), (3.10).

Weak solutions of initial-boundary value problems with nonhomogeneous Dirichlet
boundary conditions can be defined in the following way.

DEFINITION 3.3. Let u* € W'7(Qr) be a given function, V. = W, ”(2). If ii €
W; (0, T; V, H) satisfies (similarly to (3.9))

Dyii + Al + u*) = G — Da*,  ii(0) = ug — u*(0)
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(where A is defined by (3.6), (3.7) for v € WhP(£2)) then u = @i + u* is called a weak
solution of (3.1), (3.3) and the boundary condition

ulr, = u*ry (3.11)

where u* |, is the trace of u* € WbLrP(Qr)on I'r = [0, T] x 952.

The definition of the trace see, e.g., in [1]. Now we define the weak solution of (3.1),
(3.3) with nonhomogeneous Neumann boundary condition.

DEFINITION 3.4. Weak solution of (3.1), (3.3) and

n
> fitt.x u, Duyv; = h(t,x,u) onIy (3.12)
j=1

is a function u € Wll7 (0, T; V, H) with V. = WP () if u satisfies

D;u+ A(u) + B(u) = G, u(0) = uop
where A is defined by (3.6), (3.7) and B is defined by

[Bu),v] = —/

0

T
|:/ h(l‘, X, u(l‘)|3g)v(l‘)|3_q d0i| dr.
I'r

Here h: Qr x R — R is a Carathéodory function, satisfying
[h(t, x,50)] < c1lgol ™! + ki (2, ),

ki € LY(I'7), u(t)|ys denotes the trace of u(r) € Wh?(£2) on 352.
By Gauss theorem, a sufficiently smooth u € L?(0, T; V) is a weak solution of (3.1),
(3.3), (3.12) iff it is a classical solution.

3.2. Application of monotone operators

Now we shall apply the results in Section 2 to higher order parabolic differential equations.
Let 2 C R” be a bounded domain, m > 1 an integer, p > 2 and V be a closed linear
subspace of W™P(2), H = L*(£2).

In order to define operator A(r), introduce the following notation. Let M and N be the
number of multiindices B and y satisfying | 8| < m, |y| < m — 1, respectively. The vectors
£ € RM will also be written in the form & = (1, ¢) where n € R consists of coordinates
g, for which |y| < m — 1 and ¢ € RM~N consists of coordinates &z with |8| = m.

Assume that

(A1) The functions f,: Q7 x RM — R satisfy the Carathéodory conditions, i.e. they

are measurable in (¢, x) for each fixed £ € R and continuous in & for a.e. fixed

(t,x) € Or.
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(A2) There exist constant ¢; > 0 and k1 € L9(Q7) such that

| fult,x, )| < cllel”™ + kit x) (] <m)
forae. (r,x) € Qr,allé e RM.
(A3) 2 jcmlfalt, x, &) = fult, x, €9)](E — §3) > Oforae. (1,x) € Or, all §, 6 €
RM

(A4) There exist constant ¢y > 0, kr € L! (Q7) such that

D fult.x. E)ew > calE1P — ka(t. x)

| <m

fora.e. (t,x) € O, each& e RM.

THEOREM 3.1. Assume (A1)—(A4). Then operator A(t), defined by

([An]a@).0)= Y | fatt.x.ii.....DPa,..)D*Ddx, (3.13)

| <m

where |B] < m, u,v € V, satisﬁes~ the conditions of Theorem 2.3. Consequently, the
operator A, defined by [A(u)](t) = [A(2)](u(?)), i.e.

T

[Aw),v] = fo ([ADO](u®), v(®))dt
= / fa(t,x,u,...,Dfu,...)vadxdt,
jal<m * 9T
u,v e LP(0,T; V) (3.14)

maps LP(0,T;V) into L1(0,T; V*), it is bounded, demicontinuous, monotone (thus
pseudomonotone) and coercive. Therefore, for arbitrary f € L1(0,T; V*) and uy € H
problem (2.2) (with operator (3.14)) has a unique solution.

Itis easy to see that by (A1), (Az), Holder’s inequality and Lebesgue’s dominated conver-
gence theorem A : LP(0, T; V) — L49(0, T; V*) is bounded and demicontinuous. Clearly,
(A3) implies that A is monotone and (A4) implies that A is coercive.

A simple sufficient condition for (A3) is (see [22]):

THEOREM 3.2. Assume that the functions fy are continuously differentiable with respect
to & and the matrix

(5)
&6 / Jal,181<m

is positive semidefinite for a.e. (t, x) € Qr, all & € RM. Then (A3) holds.
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This theorem follows from the formula

D [falt, x, &) = fult,x, £9)]E — &)

| <m

1 9 S
= > [ > %(r,x,swr(s —£9)(& —s,;m}(sa —£p). (3.15)
0 o< 058

loe| <m

Clearly, the following assumption implies that operator A(r) (given by (3.13)) is uniformly
monotone in the sense (2.13):
(A Y laicmlfult,x.8) — falt. x, €9 — £2) = cl& — £*17 with some constant
c>0,forae. (tr,x) € Qr,all§,&* e RM,
By using (3.15), in [22] it is shown that a sufficient condition for (Ag) is

dfy - _
> %(t,x,s)yayﬁ & Y &l vl (3.16)
jal.1BI<m P

with some constant ¢ > 0, for all £,y € RM. Therefore, if (A1), (A2), (A’3), (Ay) (or
instead of (A’3), (3.16)) hold then by Remark 2.2 the unique solution of problem (2.2)
continuously depends on f and ug in the sense of (2.14). If (Ay), (A2), (A4) and (instead
of (A%))

| <m

3 [faltx.8) = fult.x.69](E — &) = cléo — &

| <m

(3.17)

hold with some constant ¢ > 0 then the solution of problem (2.2) continuously depends on
f and ug in the sense (2.20).
A simple example satisfying (A1), (A2), (3.16), (A4) is in the case m = 1 (considered in
the first part of this section)
[ &) =&161P20 j=1n, folt,x,§) = knln|P~? (3.18)

where £ = (,¢),n =& € R, ¢ = (§1,...,&,) € R", k is a positive constant and instead
of multiindices « satisfying |«| < 1, we use indices j = 1, ..., n. In this case the original
differential operator (corresponding to A) is

n
—Apu + kululP~ = — Z D;[(Dju)| grad u|P~] + kulu|P~2. (3.19)
j=1
(Operator A, is called p-Laplacian.)
A simple case when assumptions (A1)—(A4) are fulfilled:

fut, %, &) = ag(t, x) fu (Ea) + ba(t, X) (3.20)
where a,, is measurable satisfying

0<C3<a0((t7-x)<c47 bOIELq(QT)
with constants c3, ¢4; f, are monotone nondecreasing functions satisfying

csléal? 7 < | fuEal < coléal?™, &y eR

with positive constants cs, cg. ((A4) can be shown by Young’s inequality.)
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REMARK 3.1. According to Definitions 3.1, 3.2, a solution of problem (2.2) with the
operator (3.14) is a weak solution of (3.1)~(3.3) inthe case m = 1, V = Wol’p(Q) and it
is a weak solution of (3.1), (3.3), (3.10) in the case m = 1, V. = WP (2).

Similarly, for m > 1, a solution of (2.2) with operator (3.14), V = W;""(£2) and V =
W™ P(£2) is considered as a weak solution of a classical initial-boundary value problem
for the equation

D+ Y (DD folt.x u, ... Dbu, . )] =f
lor|<m
(where |B| < m) with homogeneous Dirichlet and Neumann boundary condition, respec-

tively.

REMARK 3.2. Instead of (A4) assume
(A} D jajcm fa(t, x,E)6q = 2|¢|1P—ka(t, x) withaconstantc; > Oand k2 € LY(Q7).

Since in W(')n’p(.Q) (with bounded £2 C R") the norm

lal = [ > [ |D“ﬁ|ﬂ]1/p

loe|=m
is equivalent with the original norm
» 1/p
lall = [ > [ } ,
lal<m ¥ 2
we obtain that in the case V = W(')" P (£2) the assertions of Theorem 3.1 hold if we assume

(AD~(A3), (A)).

Thus we obtain e.g. existence of a weak solution of the problem for equation
Dtu — Apu = f

with homogeneous Dirichlet boundary condition.

3.3. Application of pseudomonotone operators

Now we formulate a theorem which is an application of Theorem 2.5. Instead of (Aj3)
assume
(AD) D iammlfat,x,1,8) — folt,x,n,¢)]E — &) > 0 forae. (r,x) € QOr, all
neRN and ¢, ¢* e RYNif ¢ £ ¢*.

THEOREM 3.3. Let V. C W™P(82) a closed linear subspace and assume (A1), (Az),
(A’3/), (Ay4). Then operator A: LP(0,T; V) — L9(0, T; V*), defined by (3.14) is bounded,
demicontinuous, pseudomonotone with respect to D(L) and it is coercive (in the sense
(2.16)). Consequently, for arbitrary f € L1(0, T; V*) there exists a solution u € D(L) of
(2.17). Finally, operator A is of class (S4).
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By (A1), (Ay), Holder’s inequality and Vitali’s theorem we obtain that A is bounded and
demicontinuous, further, by (A4) A is coercive. In [44] it is proved that (by (A1), (Az),
(Ag’ )) A is pseudomonotone with respect to D(L). (One can prove this fact also similarly
to the elliptic case, considered in [12].) In [47] is proved: (A1), (A2), (A’S/ ), (A4) imply that
A is of class (S4).

REMARK 3.3. Inthe case V = W;""(2) (A)), (A2), (A}), (A}) imply the existence of a
solution to (2.17) because according to Remark 3.2 A is coercive in this case.

REMARK 3.4. According to Remark 2.1, a subsequence of the Galerkin solutions con-
verges strongly (not only weakly) in L”(0, T'; V) and in C([0, T, L2(£2)) to solution u.
If the solution is unique, the total sequence is converging to u strongly in L? (0, T'; V) and
in C([0, T1, L*(£2)). By Remark 2.4, the solution is unique if

37 [faltx.8) = fult.x. 69 — &) = —c(60 - &)’ (3.21)

loe| <m

for some (sufficiently large) constant ¢ > 0. (By &g is denoted the coordinate of &, be-
longing to the multiindex (0, ..., 0).) Further, it is not difficult to show that the solution
continuously depends on f € L%(Q7), ug € L*(£2) in the sense (2.20).

REMARK 3.5. In Theorems 3.1, 3.3 it was assumed that £2 C R” is bounded and p > 2.
If £2 is unbounded or 1 < p < 2 then generally we do not have the continuous embedding
W™ P (§2) C L?(£2). In this case we obtain existence of solutions to problems (2.2), (2.17),
respectively, if instead of X = LP(0, T; V), X* = L9(0, T; V*) we consider

X =LP0,T;V)NL*(Qr), andthus X*=L9(0,T;V*)+ L*(O7).
(See [41,43,44,75].)
Due to Theorem 3.3, we obtain the existence of solutions to (2.17) with operator (3.14)
without monotonicity assumption on lower order terms f, (|| < m — 1) and without
monotonicity assumption on f, with respect to n if || = m. However, for all «, f (¢, x, &)

are assumed to satisfy (p — 1)-th power growth condition in &.
For m = 1, we obtain existence of weak solutions to equations e.g. of the following

type:
Diu — Apu + fo(t,x,u, Du) = f
where fy satisfies the Carathéodory condition and
| folt, 2. )] < e1ls1”™ 4+ ki (e, %)
with some constant ¢; > 0, ky € L4(Q7),
fot, x,n, ) = caln|? — ka(t, x) (3.22)

with some constant ¢; > 0, kp € LI(QT). IfvV = Wé’p(.Q) then by Remark 3.3 instead
of (3.22) it is sufficient to assume e.g. the sign condition

Sot, x,n,¢8)n > 0.
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3.4. Strongly nonlinear equations

In [10,13] F.E. Browder and H. Brezis considered “strongly nonlinear” parabolic equations
containing a term g(¢, x, u) which could be quickly increasing in u. By using main ideas
of these works, one can prove the following more general result on “strongly nonlinear”
parabolic equations (see [58,59]).
Assume that
(S1) For |a| < m—1 functions go : Q7 x RY — R satisfy the Carathéodory conditions.
(S2) go(t, x,n)é& > Oforae. (t,x) € Qr,alln € RV, & e R, further, there exists a
continuous nondecreasing function ¢ : R — R with ¥ (0) = 0 and a constant c3
such that

|g0(t, x. M| < [W(&0)| < c3[|got. x. )| + [nlP~" +1].
(go and & denote gq, &, respectively, for |¢| =0, p > 2.)
(S3) 18a(t, x, MI? < k3(0)8o(t, x, m)&o for

1<|al<m—1, ae.(t,x)€ Qr, alln e RY
where k3 is a continuous function satisfying limso k3 =0, 1/p +1/g = 1.
THEOREM 3.4. Let V. = W;""(R2) (with bounded 2 C R"), assume (A1), (A2), (A}),

(Ay4) and (S1)—(S3). Then for each f € L9(0,T; V*), ug € V N L®(82) there exists
ueLPO,T; V)NC(O, T, L(2)) such that

go(t,x,..., DYu, ..)andugo(t, x, ..., Dlu,..)e Ll(QT) (|y| <m— 1),
gu(t,x,..., Dlu,..) € L9Qr) for1<lal<m—1 (ly|<m=1),
u is a distribution solution in Qr of the equation

D+ Y (=D™DE[fult.x..... DEu, .. )]

la|<m

+ Y DD [ga(tx, ..., DYu, )] =f (Bl <m, |yl <m—1)

la|<m—1

and u(0) = uy.
Further, u satisfies the following system of energy inequalities: for each t € [0, T] and
foreachv € LP(0,T; V)N C'([0, T, L>(2)) with v(0) = ug and v € L*®(Q7) we have

i 1 0
/0 (D (@), u@) — v(®))dt + 3 |u@ —v® |20

+ Z/ falt,x, ..., DBu, .. )(D%u — D%v) dr dx
Q7

| <m

+ > /ga(t,x,...,DIu,...)(Dgu—D;‘v)dtdx

i
=/0 (@), u@) —v(@®))dr. (3.23)
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If go = ¥, go = 0 for |a| = 1 and (the monotonicity condition) (A3) is satisfied then the
solution of (3.23) is unique.

The proof of Theorem 3.4 is based on truncation of the functions g, to obtain bounded
functions g(])‘[, a compact embedding theorem (see [13]) and also on an approximation the-
orem formulated in [10] and [13]. The proof of the last theorem combines the techniques
of Hedberg’s approximation theorem in Sobolev spaces with convolutions in time.

REMARK 3.6. According to assumptions (S1)—(S3) of Theorem 3.4, g, may be “quickly
increasing” in u.

4. Parabolic functional differential equations containing functional dependence in
lower order terms

In this section we shall apply Theorem 2.5 to get existence of weak solutions (in a finite in-
terval [0, T']) of initial-boundary value problems for functional parabolic equations which
are perturbations of parabolic partial differential equations (with 2m order elliptic part) by
lower order functional terms. Such equations arise e.g. in models considered in [11,18,19,
30,31,51,54,74].

4.1. Existence theorems

We shall consider equations of the form

Du+ Y (=DDE[fult.x,.... Dlu, .. )]

la|<m

+ Y DDI[Hyw]=f inQr=(0,T)x 4.1)

ol <m—1
where || < m, 2 C R" is a bounded domain (with sufficiently smooth boundary) and,
denoting by V a closed linear subspace of the Sobolev space WP (£2) (im > 1, p > 2,

I/p+1/g=1),
Hy:LP0,T;V)— L1(Q7)

is a bounded (possibly nonlinear) operator. We shall consider weak solutions of the above
equations with some (possibly nonlinear) boundary conditions on I'7 = [0, T'] x 92 which
may contain functional dependence.
Assume that
(As) Hy:LP(0,T;V) — Li1(Q7), G4:LP(0,T; V) — L9(Ir) are bounded (pos-
sibly nonlinear) operators of Volterra type which are demicontinuous from
LP(0, T; W™=, (£2)) to L4(Q7) and L?(I'7), respectively, for some § > 0,
8 <1 —1/p. Further,

1He 17000,y + 1Ga@Taer,) 0

. (4.2)
lull o0 Nl }p 0,779
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Then we may define operator By : L”(0,T; V) — L9(0,T; V*) by

[Biw),v] = ) H, () D%v dr dx
or

laf<m—1

+ > /Ga(u)ngdrdax, u,ve LP0,T; V). (43)

el <m—1 717

(In the last formula we consider the trace of DS v(t, -) on 952.)

THEOREM 4.1. Assume (A1), (Ap), (Ag’), (A4), (As) and consider the operator A = A
defined by (3.14). Then (A1 + B1): LP(0,T; V) — L41(0, T; V*) is bounded, demicon-
tinuous, pseudomonotone with respect to D(L), it is coercive and of Volterra type. Conse-
quently, for any f € L1(0, T; V*) there exists u € D(L) satisfying

Diu+ (A + Bi)(u) = f, u(0) =0. (4.4)

Now we sketch the proof of Theorem 4.1 which can be found in [60]. By Theorem 3.3,
A:LP(,T;V)— L9(0, T; V*) is bounded, demicontinuous, pseudomonotone with re-
spect to D(L) and it is coercive. By (As) and Holder’s inequality By :LP(0,T;V) —
L9(0, T; V*) is bounded and demicontinuous.

Further, assuming

(uj) - u weaklyin L”(0,T;V), (Luj)— Lu weaklyin L9(0,T; V™)
and  limsup[(A1 + B) (), uj —u] <0, (4.5)

Jj—>00
by Theorem 2.2 (on compact embedding) there is a subsequence of (u;) (again denoted
by (u)) for which

(uj) — win LP(0, T; W"™5P(22)) (4.6)

where 6 > 0 is chosen according to (As) (§ < 1 — 1/p). Since the trace operator
Wn=5.r(2) — W 1P(3£2) is continuous (because § + 1/p < 1, see [1]),

lim [Bi(uj),uj —u] =0 and (B(u;)) —> Bi(u)
J—>00
weakly in LY (0, T; V*) 4.7
by (As). Consequently, (4.5) yields

limsup[A;(u;), uj —u] <O0. (4.8)

j—o00
Since A is pseudomonotone with respect to D (L), we obtain from (4.5), (4.8)

lim [Aj(uj),uj —u] =0, (A1(uj)) = Ay(u) weaklyin L0, T; V")
J—>00

thus by (4.7) A 4+ B; is pseudomonotone with respect to D(L).
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Finally, (A4), (As) imply
[A1(u) + B1(w), u] S cllul” =<5 [Bi(w), u]

=

ful ful ful
B BVAY C*
> ||u||1’—1[c _B@lnery )} ~ %, e
ful? ful
4.9)

if lu]] — oo because
||BI(M)||Lq(0’T;V*) _ |:||Bl(u)”q:|l/q o
flaef| P~ ull?

(4.9) means that A1 + B is coercive. Clearly, A| + Bj is of Volterra type.

REMARK 4.1. In the case V = W(;"’p(.Q), Gy = 0 (for all ), the solution of (4.4) is
called a weak solution of (4.1) with 0 initial and Dirichlet boundary condition. In the case
m =1,V = WhP(£2) the solution of (4.4) can be considered as a weak solution of (4.1)
with 0 initial condition and the following Neumann boundary condition of functional type
(see Definition 3.4):

> falt.x,u, Du)vg = —Go(u) on I'r.

loe|=1

REMARK 4.2. Assume that functions f, satisfy (Az) or (3.21), G, = 0 for all « and
H, are extended to L>(Q7) such that they satisfy the Lipschitz condition with some con-
stant c3

|lexp(—dT)[ Hy (exp(dt)ur)] — exp(—dt)[ Ho (exp(dT)uz)] “LZ(QZ)
< c3llug — ’42||L2(Q,) (4.10)
for all uy,up € LP(0,T;V),t € [0,T] and d > 0. Then, choosing sufficiently large

positive number d, we obtain uniqueness of the solution # and continuous dependence of
u on f, ug in the sense (2.20).

REMARK 4.3. If the conditions of Remark 4.2 hold, m = 1, f(¢, x, &) is linear in &
with sufficiently smooth coefficients (depending on (z, x)), then, by using results on in-
terior regularity of solutions of linear parabolic partial differential equations (see, e.g.,
[40] Theorem 6.6), we obtain for the solution u of (4.4) that D;ju, D;u € leoc(QT) if
f € L (Q7).

In a similar way, combining Remark 4.2 with regularity results on solutions of qua-
silinear parabolic differential equations, it is possible to obtain results on smoothness of
solutions to functional parabolic problems.

4.2. Examples

Now we formulate several examples for H,, G, satisfying (As).
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EXAMPLE 4.1. Let G, = O for all « and
t
[Ha(u)](t,x)z/ ho(t, T, x,...,DYu(r,x),...)dr, (t,x) € Qr or
0

t
[Ha(u)](t,x)zf [/ ho(t,T,x,y, ..., DYu(z, y),...)dr:| dy,
2LlJo
(t,x) € Or
where |y| < m — 1, functions A, satisfy the Carathéodory conditions and
o (2, T, x, )| < e3(Inl) P~ + ka2, x),
ot 7, x, y. M| < ca(Inl)InP~" + ks (2, x), (4.11)

respectively, with a continuous function c¢3, limeo ¢3 = 0, k3 € L1(Q7).

First we show the first part of (As). By (4.11) and Holder’s inequality
Hy:LP(0,T; V) — L1(Qr)

is bounded. If (#;) — u in the norm of L?(0, T; wm=Lr(82)) then D}C/uj(t,x) —
DYu(t, x) forae. (z,x) € QOr, for a subsequence (|y| < m — 1). By (4.11) the sequences
of functions

T ha(t, T, X, .., D;/u(r,x), .. )
(r,y) — ha(t, T,x,y,...,Du(t,y),.. .),
are equiintegrable, thus Vitali’s theorem implies that
(Ha(uj)) — Hy,(u) ae.in Qr.
Similarly, by (4.11) functions |Hy (1 ;) — Hy(u)|? are equiintegrable in Q7, thus
(Ho(uj)) = Ho(u) in LI(Q7)

for a subsequence. It is easy to show that the statement holds for the total sequence, too.
(Assuming the converse, one gets a contradiction.)

Now we show (4.2) in the case G, = 0. By (4.11) for arbitrary ¢ > 0 number a > 0 can
be chosen such that

|ha(t, T, x,m)|" < const(e?|n|? + |ks3(r, x)|?) if [n] > a.

Consequently,

/ |ha(t, T, Xy onn, D}C/u(r,x), .. )|q dr dx
Or

Jo
,
0r\07

< const8q||u||ip(0’T;V) + c(e)

ho(t. T, x, ..., DYu(z, x), ...)|qdrdx

ho(t, T, x, ..., Dlu(r,x),...)|" dr dx
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where

4 ={(.x)e Qr: |(.... Dlu(zr,x),...)| < a}
which implies (4.2) (with G, = 0) because

/ |Ho u)|? dx dt
or

T
< const/ |:/ |ha(t, T, x, ..., Dlu(r, x),...)|" dr dx] dr.
0 or

Similarly can be considered the other form of H (u).

If assumptions of Remark 4.2 hold such that m = 1 and h, = ho satisfies global
Lipschitz condition in 7 then (4.10) is valid and we have uniqueness and continuous de-
pendence of the solution.

REMARK. By a simple modification of (4.4) and this example we obtain a problem of type
(2.23). Define operator

B:[0,T] x LP(—a,0; V) — L1(0, T; V")
of Remark 2.7 by

([B(z, w)]®), v) = Z / fa(t,x, .., DEw(0, %), ...)D*v(x) dx
2

la|<m

0
+ Z /SZ[/_aha(t,s,x,...,D}C/w(s,x),...):|dsD"‘v(x)dx,

loe| <m—1

t€[0,T], weLP(—a,0;V), veV.

Then according to (2.25) foru = w — vg
([A@)]@), v) = ([B(t, (Nu + vo);)] (1), v)
= Z / fa(t, Xyt Dfu(t, x) + vao(t, x), .. .)Do‘v(x) dx
2

loe| <m

t
+ Z /{2[/0 ho(t, T, x, ..., DYu(z, x)

la|<m—1

+ DY v(z, x), .. ):| dt D%v(x) dx

0
+ > /Q[/t_aha(t,r,x,...,Dzw(r,x),...)]er“v(x)dx,

laf<m—1

fort < a, for t > a instead of the last term we have 0. By Remark 2.7 problem (2.23)
is equivalent to (2.24) which (in this case) is such a problem which was considered in
Theorem 4.1 and in Example 4.1.
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EXAMPLE 4.2. One proves similarly that the following operators H, satisfy (As) (with
Gy =0):

[Ho)](t, x) = ho(t.x, ..., Fy(D{u),...), (t,x)€ Or, lal.lyl<m—1

where F, : LP(Qr) — LP(Q7) are linear continuous operators of Volterra type, functions
h,, satisfy the Carathéodory conditions and (similarly to (4.11))

a2, 2, m)| < cs(Inl) Il " + ks (@, x) (4.12)

with a continuous function c¢3, limee ¢3 = 0, k3 € LY(Q7).
The operators F,, may have e.g. one of the forms

t
[F,, (v)](t, x) = /0 gy (t, T, x)v(z, x)dr,

t
[F, )]t x) = fo fg gy (1. 7. £, 2)u(r. &) dr d&
(gy may be e.g. L™ functions),

[F, )], x) = v(x, (0, ¥, ()

where 0 < x, (1) <1, x;/ (t) > 0; the functions ¥, 12 — Q2 are C! diffeomorphisms.

From Example 4.2 one gets a problem of type (2.23) similarly to Example 4.1.
Analogous examples are for G, satisfying (As):

EXAMPLE 4.3.

t
[Ga(u)](t,x)zf ho(t. T, x, ..., D{u(t, Yae(x),...)dr, (t,x)€ I,
0

t
[Ga()](t, x) = / [/0 ho(t, T, x,y, ..., DYu(r, s (). ...) dr] doy,
082
(t,x)elr
where DY u(z, -)|30 denotes the trace of DY u(t, -) on 352 (]y| < m — 1) and functions A
satisfy conditions which are analogous to (4.11), (4.12).

EXAMPLE 4.4.
[Ga)](t,x) = he(t.x, ..., Fy(DYulr;), . ..),
(t,x)elr, la|,lyl<m-—1
where F, : LP(I'T) — LP(I'r) are linear continuous operators of Volterra type, functions

h satisfy Carathéodory conditions and analogous conditions to (4.12).

Similar examples for F, see in Example 4.2. One can prove that Examples 4.3, 4.4
satisfy (As) as it was shown for Example 4.1.
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4.3. Strongly nonlinear equations

Now we formulate an existence result on strongly nonlinear parabolic functional differ-
ential equations which is a generalization of Theorem 3.4 on strongly nonlinear parabolic
differential equations. We assume that functions g, : Q7 x RN — R satisfy assumptions
(S1)—(S3), further, assume

(Sq) hé, hé :(0,T) x Or x RN — R satisfy the Carathéodory conditions for |or| <

m—1,
hy =hl + hZ.
(S5) The following estimates hold for a.e. (¢, 7, x) and all n € RY (ja| < m — 1):

|ht, T, x, m| < es(Inl)InlP~" + ks (2, x),
g (¢ 7. x. )| < co(180])g0(T. x. MEo
where cs, cg are continuous functions, limy, ¢s = 0, limy cg = 0, ks € L1(Q7).

(The second estimation is analogous to (S3).)

THEOREM 4.2. Let V = WS"’P(.Q) with a bounded domain 2 € R". Assume (A1), (Ap),
(Ag), (A4), (S1)—(S5). (I.e. we assume conditions of Theorem 3.4 and (S4), (Ss).)
Then for each f € L1(0,T; V*), ug € V N L%°(82) there exists u € LP(0,T; V)N
C([0, T, L%(2)) such that
go(t X, u, Dyu, .. .), ugo(t, X, Uy..., D}C/u, .. ) S LI(QT)
(vl <m— 1)
ga(t X, U, ...)eLq(QT)
(|y| ) orl <|a| <m-—1,

t
(:,x).—>/ R (t, T, x,u(zr,x), ..., DYu(r,x),...)dr € LY(Qr)
0

(lyl<m—1),

u is a distribution solution in Qt of

D+ Y (=DYD[fult.x,.... DPu,..)]

le|<m

+ Y (=)D [gy(t.x,.... D¥u,..)]
la|<m—1

+ Z (— 1)'“‘1)“/[ ot T, x, .., DYu(z,x),...)]dr = f
| <m—1

and u(0) = 0.
Further, u satisfies the following system of energy inequalities: for each t € [0, T] and

ve LP0,T; V)NCY([0, T1, L*(£2))  with v(0) = ug and v € L*(Qr)
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we have
d 1, . .
/0 (Dyv(0), u(t) — v())dt + 3 Ju® — v(t)||iz(m

+ ) /Q fult,x, ..., DPu, .. )(D% — D%v)dr dx

la|<m

+ > /ga(t,x,...,D)’fu,...)(D;‘u—Dg‘v)dtdx
i

|| <m—1

t
+ Z /[/ ha(t,r,x,...,DZM,...)dr](Dgu—ng)dtdx
H 0

la|<m—1

t
0

= f (f @), u) —v())dt.
The proof of Theorem 4.2 can be found in [58,59].

REMARK 4.4. According to assumptions of Theorem 4.2, g, and hg may be “quickly
increasing” in u.

5. Parabolic equations containing functional dependence in the main part

In this section we shall consider second order quasilinear parabolic functional differential
equations where also the main part of the equation contains functional dependence on the
unknown function. In [14,15] M. Chipot, L. Molinet and B. Lovat considered equation

Diu — Z D; [aij (l(u(t, ~)))Dju] ~|—ao(l(u(t, ~)))u =f in Rt x 2 (5.1)

i,j=1

where £2 C R” is a bounded domain with sufficiently smooth boundary,

> aij(©)&E; = Mg forallg eR", ¢ €R (5.2)
i,j=1

with some constant A > 0,

l(u(t, ~)) = /;Zg(x)u(t,x) dx

with a given g € L?(£2). The existence and asymptotic properties (as t — oo) of solutions
to initial-boundary value problems for (5.1) were proved. Equation (5.1) was motivated by
the diffusion process (for heat or population) where the diffusion coefficient depends on a
nonlocal quantity.
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5.1. Existence theorems

By using the theory of monotone type operators, now we shall consider for simplicity sec-
ond order quasilinear parabolic functional differential equations which are generalizations
of (5.1). (It would be possible to consider higher order parabolic equations, too, by using
analogous argument.) We shall apply the results of Section 2 to equations of the form

D;u — Z D; [a,- (t, x,u(t,x), Du(t, x); u)]

i=1
+a0(t,x,u(t,x),Du(t,x);u) =f (5.3)

where the functions
ai: Or x RV LP(O, T; V) > R

with a closed linear subspace V of W'7(£2), 2 < p < oo, satisfy conditions which are
generalizations of assumptions (A1), (A), (A’3’ ), (A4) such that it will be possible to apply
Theorem 2.5 and (also modifying the proof of Theorem 2.5) to obtain existence results
for (5.3).
On functions a; assume, by using the notation X = X7 = LP(0,T; V)
(B) The functions ¢; : Or x R""! x X - R satisfy the Carathéodory conditions
for arbitrary fixed u € X and they have the Volterra property: a; (¢, x, o, {; u)

depends only on the restriction of u to [0,7] ( =0, 1, ..., n).
(B,) There exist bounded (nonlinear) operators g;: X — RT and k;: X — L9(Qr)
such that

lai (¢, x, 2o, £ w)| < g1@)[120l?~" + 12177 + [k )] (2, x),
i=0,1,...,n
for a.e. (t,x) € Qr, each (o, ¢) € R" ' and u € X.

B3) Yoiylai(t,x, Lo, ¢y u) —ai(t, x, Lo, $* w))(& — &) > 0if ¢ # ¢*.
(B4) There exist bounded operators g5 : X — R, k»: X — L'(Q7) such that

Zai(l,x, %0, & w)gi = [g2)][1¢0l” +1617] = [ka)]@, %) (5:4)

i=0
fora.e. (t,x) € Qr,all ({y, ) € R""!, u € X and
. 21 k@)
lim [gz(u)nuu’; h_ ﬂ] = +00. (5.5)
lluef|— 00 lluell x
(Bs) There exists § > 0 such that if (ux) — u weakly in X = L?(0, T; V), strongly in
LP(0, T; W=%-P(§2)) thenfori =0,1,...,n

a;i(t, x, up(t, x), Dug(t, x); ug) — a; (1, x, ug (t, x), Dug(t, x); u) — 0

in L1(Q7).
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DEFINITION 5.1. Define operator A: X — X* by

[A(u),v]:/ [Zai(t,x,u(t,x),Du(t,x);u)Div
or

i=1

+ ao(t, x,u(t,x), Du(t, x); u)v:| dr dx,

u,ve X =LP0,T;V).

THEOREM 5.1. Assume (B1)-(Bs). Then A:X — X* is bounded, demicontinuous,
pseudomonotone with respect to D(L), coercive and of Volterra type. Consequently, by
Theorem 2.5 for any f € X* there exists a solution u € D(L) of

Diu+A(w) = f, u(0)=0. (5.6)

PROOF. Boundedness of A follows from (B), (B2) and by (B;) A is of Volterra type.
Further, if u(x) — u strongly in X then

a;i(t, x, ug, Dug; ug) — a;i(t, x, u, Du; u)
= [ai(t, x, uk, Dug; ux) — a; (t, x, ux, Dug; u)]
+ [ai (¢, x, ug, Dug; u) — a; (t, x, u, Du; u)]
where the first term in the right hand side tends to 0 in L9(Q7) by (Bs) and (for a sub-
sequence) the second term also tends to 0 in L9(Q7) by Vitali’s theorem and (By), (B).
Thus A: X — X* is continuous (and so it is demicontinuous). Clearly, (B4) implies that A
is coercive.

Finally, we show that A is pseudomonotone with respect to D(L). For a fixed i1 € X
define operator A; by

[Aau),v] = /

n
|:Z a; (t, x,u(t, x), Du(t, x); ﬁ)Div
Oor

i=1

+ ao(t, x,u(t, x), Du(t, x); ﬁ)v:| dr dx,

where u, v € X. Then (B1)—(B4) and Theorem 3.3 imply that A,; is pseudomonotone with
respect to D(L).
Assume that
ur € D(L), (ug) > u weaklyin X,
(up) — u' weaklyin X* and limsup[A(up), ux — u] <O0. (5.7

k— o0

Then by Theorem 2.2
(ug) — u strongly in L”(O, T; WI_S’”(Q)) (5.8)
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for a subsequence (again denoted by (uy)). (5.7), (5.8) and (Bs) imply

Jim [AGue) = Au(ui), ue —u] =0, (5.9)
hence
lim sup[ Ay (ug), ug — u] < 0. (5.10)
k— 00

Since A, is pseudomonotone with respect to D (L) we obtain from (5.9), (5.10)

klim [A(up), ux —u] =0 and (A(ug)) — A(u) weakly in X*
—00

because (Au(uk) — A(ug)) — 01in X* by (5.7), (5.8) and (Bs). So we have shown that A
is pseudomonotone with respect to D(L).

Now instead of (B4) we assume

(B;{) There exist bounded operators

g:X — C([0,T1), ka:X — L'(Qr)
such that [g(u)](t) > O fort € [0, T] and for all u € X

D ait, x, 0. ;)i = [g2) ][ I50” + 1217] = [ka ()] (2, x)

i=0
(5.11)
fora.e. (t,x) € Qr,all (¢, ¢) € R"+! and with some positive constants,
0<o*<p-—1, 0<o<p—o*
[g2(u)](t) = const ||M|I§,"* if lullx, =2 1, (5.12)
|2 1,y < comstliul, if fullx, > 1, (5.13)
foranyu € X7 = LP(0,T;V),t €[0,T].
Then from Theorem 5.1 directly follows (]

THEOREM 5.2. Assume (B1)—(B3), (B))), (Bs). Then for arbitrary f € X* there exists a
solution u € D(L) of (5.6).

REMARK 5.1. According to (5.12), we have an existence theorem on (5.6) if the equation
is not uniformly parabolic in the sense, analogous to the condition (5.2) in the linear case.
(See Example 5.1.)

5.2. Examples

EXAMPLE 5.1. Let a; have the form

ai(t,x, 0, ¢ u) = [Byw)](t, x)e} (¢, x, 20, ©) + [ B2) | (¢, x)ef (2, x, 20 ©),

i=1,...,n,
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ao(t, x, S0, & u) = [Bi(w)](t, ) (¢, x, Lo, ) + [Ba@)](t, x)ad (¢, x, o, ©)

where ozf. satisfy the Carathéodory conditions (i =0, 1,...,n,/ =1, 2),

o} (1. x. 0. O < a1 (1P + 117 + ki), i=0.1,....n

with some constant ¢, k; € L9(£2),

n

> o x50, 0) — o} (tx, 20, £ — ¢ > 0 i L # ¢

i=1
n
>l tx 00,08 = eal%ol? + 1£17) = ka(x)
i=0
with some constant ¢, > 0, k» € L' (£2) (thus o] satisfy (A1), (A2), (A), (A4)),
o (2, x, 20,0 <er(1%l” +161°), 0<p, c*+p<p—1,i=0,1,....n,

n

> et x. 0. 8) — af(t. x, 0. ¢9)] (@ — ) = 0,

i=1
D it x, 80, )¢ = 0.
i=1

Further,

By :LP(0,T; W'™P(2)) — L®(Qr),

By:LP(0,T; W'™2P(2)) — LP/P=1=P(Qp),

B3:LP(0,T; Wlf&p(_g)) — LW/ (= =1=p) (0
are bounded and continuous (possibly nonlinear) operators of Volterra type satisfying the
conditions

[Bi1@)](t, x) > constlullx”" i Jullx, > 1

with some positive constant and with0 < o < p —o*

p—o*
[Bz(u)]([v )C) > Oa \/Q |B3(M)‘ p=l=o*=p g const ”u”ip(oyT;Wl—S.p(Q))'
T

By using Young’s and Holder’s inequalities, one can show that assumptions of Theo-

rem 5.2 are fulfilled.

Operators By, By, B3, satisfying the above conditions, may have e.g. the forms
[Biw)]t, x) = bi([Hw]¢t, x)),  [B2w)],x) = b2([Gw)](t, x)),
[B3w)] (1, x) = b3([Gow)](z, x)) (5.14)

where functions b; (j = 1, 2, 3) are continuous and satisfy (with some positive constants)

const

b1(0) 2 ———,
10> 100
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0 < by(0) < const |9|P~17, |b3(8)| < const|9|P~1=*"
withp < p<p—1,0"+p < p* < p — 1. Further,

H:LP(0,T; W'™r(2)) - C(0r),

G.Go:LP(0,T; W'™>P(2)) — LP(Qr)

are linear continuous operators of Volterra type.
The operator H may have e.g. one of the forms

[Hw], x) = / d(t, x, T, )u(r, &) dr d€ where d is continuous in (¢, x),

O

sup / ld(t, x,7,&)|" dr d& < oo,
(t,x)eQ1 Y Or

[H(u)](t, x) = / d(t,x,t,&)u(r,§)drdog  where d is continuous in (¢, x),

o

sup |d(t, X, T, é)!q dr dog < oo,
(t,x)eQr JIr

I; =(0,1) x 082, assuming § < 1 — 1/p.

The operators G, Go may have also the above forms with the following modified condi-

tions:
r/q
f[/ \d(t,x,t,é)]thdé} dr dx < oo,
OorLJOr

r/q
f |: |d(t,x, T, §)|th dogi| drdx < oo, assumingd <1—1/p,
orLJIr

respectively, or they may have one of the forms

t
/ d(t, x, t)u(t, x) dr, / d(t, x,&u(t, &) dE
0 2

T T r/q
/ sup [/ }d(t,x, r)‘q dr} dr < o0,
0 xe2LJo

rlq
/ sup U |d(t,x,s)|qd§] dx < oo,
2 ref0,T1LI 2

respectively.
The operators B,, B3, satisfying the above conditions, may have also the forms in the
point (z, x)

where

t
/h([,r,x,u(r,x))dt or h(t,x,u()((t),x))
0
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where
|h(t, 7, x,0)| < const|9[P~' =7, |h(t, x,0)| < const [P~

w1thp<p0 p—1forByando*+p < po < p—1for B3,0 < x(t) <t, x € C,
x' > 0and h > 0 for B,.

5.3. Non-uniformly parabolic equations

Now we formulate an existence theorem when the condition of uniform parabolicity is not
satisfied also for “small” u. Instead of (B ) assume
(B”) The inequality (5.11) is satisfied such that (instead of (5.12), (5.13)) we have with
some positive constants, for all # € [0, T']
[g2)](1) = const[[ull ri(g,) if lullLrig,y <1,
[220)](0) > constllull 5o, if lullLr, > 1,
lk2G) | L1, < comstllullzrcg,y if llullzr(o,y < 1,
||kz(u)||L.(Q) < constl|ull7p g, if lullLrioy > 1.
where 1 < p; < p,0<o* < p—1,0< 0 < p— o Further,
ai(t,x,%,¢;u)=0 fort e[0,]ifu(r) =0fort € [0,1]
i=0,1,...,n).

THEOREM 5.3. Assume (B1)-(B3), (B}), (Bs). Then for any f € L1 (Q7) (where 1/p1 +
1/q1 = 1) there exists a solution of (5.6).

The proof is a modification of the proof of Theorem 2.5 (based on Galerkin’s method).
Assumption (B)}) does not imply the coerciveness of A (given in 2.16), but it is not difficult
to show that by (B” ) the sequence of Galerkin’s approximations is bounded in L? (0, T'; V).
The detailed proof can be found in [69].

EXAMPLE 5.2. Let a; have the form as in Example 5.1 and

[Bia0)](t, x) = by ([Hw)](t, x))
where the function b; satisfies

const

b1(8) = const|0| if 0] <1, b1(0)>W

if10] > 1, bi(0)=0

with some positive constants, 0 < o* < p — 1 and

l/p
[H<u>]<t,x>=[f d(r,x,r,s>|“<r,s)|”‘drds} L l<m<n
O
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d(t, x, 7, &) is between two positive constants. Further,

By(u) =0, [B3w)](t,x) = b3([Gow)](t, x)), [b3(6)] < const |97~ =*"

where 0* 4+ p < p* < p—1, Gy : LP(Qr) — LP(Qr) is a bounded linear operator of
Volterra type,

—1=p*
(p—ohH-L"P .
p—l—o*—p

Then assumptions of Theorem 5.3 hold.

5.4. Modified conditions on nonlocal terms

Now we formulate a modification of assumption (Bs) which makes possible to investigate
equations considered in Example 5.1 where the operator H in B; may have more general
form. At the same time, instead of (B4) we have to assume a stronger condition:
(B} Yi—oai(t,x,%0,0)¢ = callgol?+1¢1P1—[k2(w)](z, x) with some constant ¢ > 0
for a.e. (1, x) € Qr, all (¢p,¢) € R uw e LP(0, T; V) where

k2 ()l 1
im Lien _
=0 Jull}

and k; is continuous as a map from L (0, T; W'=%2(2)) to L'(Q7).

Instead of (Bs) assume

(BY) If (ux) — u weakly in X = L”(0, T; V), strongly in LP(0, T; W!=%P(£2)) and
(Cok) — Co, (¢k) — ¢ thenforace. (r,x) € Qr,i =0,1,...,n

a;(t, x, Lok, Sks ug) — a;(t, x, 8o, ¢;u) ask — oo.

THEOREM 5.4. Assume (B1)—~(B3), (B}), (BS). Then operator A: X — X* (given in Def-
inition 5.1) is bounded, demicontinuous, pseudomonotone with respect to D(L), it is coer-
cive and of Volterra type. Consequently, for any f € X* there exists a solution u € D(L)

of (5.6).

The proof of this theorem is based on arguments in the proof of existence theorem on
nonlinear elliptic equations in [12] (the detailed proof see in [34]).

EXAMPLE 5.3. Itis not difficult to show that assumptions of Theorem 5.4 are fulfilled for
the equation, considered in Example 5.1 with operators B}, defined in (5.14) if

3 <bi(0) <cs 0<ba(O) <osl0P' P, |b3(O)| < esl0)P "

with some positive constants ¢3 - ¢5, p < p* < p— 1, p < p < p — 1. Now operator H
may be more general, it may have the same forms as operator G and G in Example 5.1.
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6. Parabolic functional differential equations in (0, 0o)

In this section we shall study solutions of parabolic differential equations and functional
parabolic equations in (0, co). It will be proved a general existence theorem and certain
qualitative properties of the solutions in (0, co). The general results will be applied to
problems considered in Sections 4 and 5.

6.1. Existence of solutions in (0, 00)

First we formulate some basic definitions.
DEFINITION 6.1. Let V be a Banach space, | < p < oo. The set Lf;c(O, 00; V) consists
of all functions f : (0, c0) — V for which the restriction f |, 1) of f to (0, T') belongs to
LP(0, T; V) for each finite T > 0.

Further, by using the notations Qs = (0,00) x 2, [ = (0,00) x £2, denote by
L?OC(QOO) and Lfoc(l"oo) the set of functions f: Qs — R and g:I'xc — R, respectively,
for which f|o, € L1(Q7), glr, € LY(I'r) for arbitrary finite 7 > 0.

DEFINITION 6.2. Let A: Ll[:)c(O, oo, V) — LfOC(O, 00; V*) be of Volterra type, i.e. for
eachu € Lf;c(O, oo; V), t > 0, [A(u)](r) depends only on u|[p ;]. Then the “restriction of
A to [0, T]”, denoted by A7, is the operator Ay : LP(0,T; V) — L9(0, T; V*), defined

by
A7(u) = A(ur), u € LP(0,T; V) where
ur()=u(t) forte[0,T] and ur(t)=0 fort>T.

THEOREM 6.1. Let V be a reflexive, separable and uniformly convex Banach space, 1 <
p <ooandV C H C V*anevolution triple (H is a Hilbert space), A : LIIZ)C(O, oo; V) —
L?OC (0, 00; V*) an operator of Volterra type such that for each finite T > 0, the restriction
of Ato[0,T),Ar:LP(0,T; V) — L9(0, T; V*) satisfies the assumptions of Theorem 2.5,
i.e. it is bounded, demicontinuous, pseudomonotone with respect to D(L) and it is coercive
in the sense (2.16).

Then for arbitrary f € LI (0, 00; V*) there exists u € LY (0, 00; V) such that u’ €

loc loc
L{ (0, 00; V*) and

W)+ [AW](1) = () forae.t e (0,00,  u(©0)=0. 6.1)

By using Theorem 2.5, one can prove Theorem 6.1 as follows. Let (7}) be an increas-
ing sequence of positive numbers with lim(7;) = +o0. Due to Theorem 2.5 there exist
functions u; € L?(0, T}; V) such that u’/ € L1(0, T;; V*) and

() + [Ar;u)]@0) = f(t) forae.t €[0,T)], uj(0) =0.
Volterra property implies that u = u j|[o, ;] satisfies

W'(t) + [Ar, )] (1) = f(t) forae.t € [0, Tx]
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if Ty < T;. Coercivity of A7 implies that for all fixed finite T > 0 (and sufficiently large j),
ulo,7] is bounded in L7 (0, T'; V). The boundedness of Ar implies that Az (ulj0,7]) is
bounded in LY(0, T'; V*).

Therefore, by a “diagonal process”, one can select a subsequence of (u ;) (again denoted
by (u;)) such that for each fixed T, (u;|0,7;1) is weakly converging in L” (0, Ty; V) and
(u/ lf0,7,1) is weakly converging in L9(0, Ty; V*) as j — oo. Thus we obtain a function

ueL? (0,00; V)suchthatu’ € LY (0, 0o; V*), u(0) = 0, further,

loc loc
(ujlio,7,) — uljo,r;; weakly in L7 (0, Ty; V) and

(”/j|[O,Tk]) — u'ljo,7,; weakly in LP(0, Ty; V*) as j — oo.

Since
;) + [An,up]t) = f(t) forae.te[0,Til,  u;(0) =0,
fOTk([ATk(uj)](z), wj(t) — u(t))dt

= [Ar ) uj —u],

= [fouj —uly, — [u}, uj —uly,

=[fou; —uly, — %”Mj(Tk) —u(TY |3 + T uj — uly,
hence

limsup[A7, (uj), uj — u]T <0
j—o0 k
which implies (6.1) for ¢ € [0, Ti].
Combining Theorem 6.1 with previous existence theorems in [0, 7], one obtains exis-
tence theorems in [0, 00). E.g., from Theorem 4.1 one gets

THEOREM 6.2. Assume that for functions fy: Qoo X RM — R assumptions (A1), (Az),
(Ag ), (Ay) are satisfied for any finite T and the restrictions (Hy)1, (Go)T Of operators of
Volterra type

H, Lloc(o’ oo, V) — 10C(Qoo) Gy loc(o oo, V) — L]OC(FOO)

to [0, T satisfy (As) for anyﬁnite T > 0.
Thenfor arbitrary f € LIOC(O 00; V*) there exists u € L
(0, 00; V*) and (6.1) holds.

1OC(O, 00; V) such that u’ €

loc

Similarly, from Theorem 5.2 one obtains

THEOREM 6.3. Assume that the restrictions to
Or x RV LP(0,T; V) ofai: Qoo x R'T x L (0,00, V) > R

(0, 00; V*)

loc

satisfy (B1)-(B3), (B ), (Bs) for anyﬁmte T > 0. Then for arbitrary f € Ll
there exists u € LY (0, 00; V) such that u’ € LY

loc

(0, 00; V*) and (6.1) holds.

loc loc
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REMARK 6.1. Combining the arguments in the proof of Theorems 4.2 and 6.1, one can
formulate and prove existence theorems on strongly nonlinear equations (considered in
Theorem 4.2) in (0, 00) (see also [66]).

6.2. Boundedness of solutions

Now we formulate a theorem on the boundedness of ||u(?)| g, t € (0, co) for the solutions
of (6.1).

THEOREM 6.4. Assume that the assumptions of Theorem 6.1 are fulfilled and for arbitrary
ve L (0,00; V) withv' € LY (0, 00; V*) the inequality

loc
([AW]@®), v®))
> ol - o sup [l +o0 sup o] +1] (62)

loc

holds where c1, ¢y > 0 are constants, 0 < p; < p, ¢ > 0 is a function with the property
limso ¢ = 0. Further, || f (¢)||y* is bounded for t € (0, 00).

Then for a solution u of (6.1) (with arbitrary initial condition) ||u|l g is bounded for
t € (0, 00) and

T
f Ju |} dt <e3s(Ta =T, 0<Ti<Ts (6.3)
T
with some constant c3 not depending on Ty, T».

THE MAIN STEPS OF THE PROOF. By using the notation y(¢) = ||u(t)||%1 we obtain from
(6.1), (6.2) the inequality for a.e. t € (0, co) (with some positive constants c1, ¢3)

1
YO+ alu®y < [yl + caf sup 32+ supy?’? 1],

vt [0.1]

hence by Young’s inequality (with some positive constants c3, c4)

—y 'O +esum]y < ca FO[. + Cz[sup PPt gt sup Pl 4 1] 64

Since the embedding V C H is continuous and || f(¢)|| v~ is bounded, we find the inequality

() +c¢ [y(t)]p/ < cs[sup yPU2 4 o(t) sup yP/? + 1] (6.5)
[0,7]
with some positive constants c*, cs.
Assuming that y(¢) is not bounded, for any M > 0 there are ty > 0 and #; € [0, f9] such
that

M+12y(t)=supy>M.
[0,70]
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Since y is continuous, there is a § > 0 such that

y@)>M ift; —6 <t <.

Hence by (6.5)

y(t1) — y(t1 — 8) + c*sMP/?
1

< cs[(M+1)”1/2+(M+1)”/2/ (p(t)dt+1]
n

-5
which is impossible for all M > 0 because y(t;) —y(t; —§) > 0, p1 < p and limy, ¢ = 0.
Finally, from (6.4) and boundedness of y(¢) we obtain (6.3). O

Theorem 6.4 directly implies

THEOREM 6.5. Assume that conditions of Theorem 6.2 are fulfilled such that for arbitrary
velLl (0,00, V)withv' € LI (0, 00; V*) the inequality

loc loc

/|Ha(v)|‘1dx+/ |Go()|? doy
2 982
P p
<o Li‘[lo‘,’t] V@32, + 00 sup [0, + 1] (6.6)

holds for all t € (0, co) with constants c; > 0,0 < p1 < p and a function ¢ > 0 with the
property lims, ¢ = 0. Further, || f(¢)||v~ is bounded for t € (0, 00).

Then for a solution u of (6.1) (with arbitrary initial condition) ||\u|l g is bounded for
t € (0, 00) and (6.3) holds.

Similarly to the proof of Theorem 6.4 one can prove (see [69])

THEOREM 6.6. Assume that assumptions of Theorem 6.3 are satisfied such that for all

Ve LiC(O, oo; V)Y withv' € LfOC(O, 00; V*) the inequalities

[20)])0) > const] sup [o(0)] g, +1], 6.7)
7€[0,7]

/ [k2()](z, x) dx
2
< const[rzl[lor’)t]||v(t)”iz(m + () Tzl[lo?t]”v(r)”zz_gz) + 1] (6.8)

hold with some positive constants, ) < c* < p—1,1 <o < p—0*, limg ¢ = 0 and
| £ () |lv+ is bounded for t € (0, o).

Then for a solution u of (6.1) (with arbitrary initial condition) ||\u|| g is bounded for
t € (0, 00) and (6.3) holds.
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6.3. Attractivity
Now we formulate conditions which imply that lim,_, , ||u(¢)||g = O.

THEOREM 6.7. Assume that the conditions of Theorem 6.1 are satisfied such that for all

v e L (0,00; V) withv' € L (0, 00; V*) we have

([A®] 0, v0) = e o) |5 - w(r)[[s(;lp]||v(t>||£, +1] (6.9)
N

with a constant ¢; > 0, lims, ¢ = 0 and lim; . || f(¢)|lyx = 0.
Then for a solution u of (6.1) (with arbitrary initial condition)

lim )], =0.

One can derive this theorem from Theorem 6.4 as follows. Since y(t) = ||u(t)||%{ is
bounded, we obtain similarly to (6.5) inequality
N 2
YO+ o] <y (6.10)

where limy, ¥ = 0, ¢* is a positive constant. Assuming that y(#) does not converge to 0 as
t — 00, it is not difficult to get a contradiction.
Now we formulate two corollaries (particular cases) of Theorem 6.7 (see [60,62,69]).

THEOREM 6.8. Assume that the conditions of Theorem 6.2 are satisfied such that (for the
function in (A4))

lim ky(t,x)dx =0
Q

—>00

and for all v € LY (0, 00; V) withv' € L (0, co; V*)

loc loc
/ | Hy(v)]? dx +/ [Gaw)|" dox < 9)] sup o]}, +1]
Q 12 7€[0,1]

where limgo ¢ = 0 and lim;_, || f(£) ||+ = 0.
Then for a solution of equation (6.1)

tifgoU“(f) I 122 = 0

THEOREM 6.9. Assume that the conditions of Theorem 6.6 are fulfilled such that for all
velLl (0,00, V)withv' € LI (0, 00; V*)

loc loc
/ [kz(v)](t,x)dx < (p(;)[ sup HU(I)HZ,J* L 1]
« t€[0,7]

where 0 < o* < p — 1, limgo ¢ = 0 and lim;_, , || £ (¢)||y+ = O.
Then for a solution of (6.1)

IEIEO””(I) I 2@ =0
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6.4. Stabilization of solutions
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In a similar way, one gets a result on the stabilization of the solution to (6.1) as t — o0.

THEOREM 6.10. Assume that the conditions of Theorem 6.1 are satisfied. Further, there

exist operators

Aso:V = V* and B:L?

loc

0,00; V) x V. — L% (0, 00; V*)

loc

such that for all u € LP (0,00; V),veV,t e (0,o00)

loc

([Aw]@) = [B, v)](@), u@t) — v) > c|u@) — v},

with some constant ¢ > 0 and

Jim [[B, 0)](1) = Acc(v) ]

pe = 0.

Further, assume that there is foo € V* such that
lim || £ () = fool
11— 00

and u, € 'V satisfies

Aco(too) = foo-

Then for a solution u of (6.1) (with arbitrary initial condition)

yr =0

) ) T+a »
Jim u(®) = use | ,; =0, Thﬁm@/ﬁﬂ lu®) —uco |}, dr =0
for arbitrary fixed a > 0.

PROOF. From (6.1), (6.14) one obtains

() = too) s u(t) — uos) + ([AW)](1) = Acc(tos), u(t) — tox)
= {f(1) = foo, u(®) — uco).
By (6.11) and Young’s inequality for arbitrary ¢ > 0
([A@)](1) = Aco(uoo), u(t) — uso)
= ([Aw)] (@) — [Bu, u0o) | (1), u(t) — teo)
+ ([ B, uso) | (1) — Aco(too), ult) — o)

p
> cllu) e[ = =) — o]

[B(u, Moo)](t) - Aoo(uoo)’

1 q
- 3

and

eb 1
(f () = foor u®) — uco)| < ;Hu(r) — oy + qgnf(r) — fool

6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

q
7. (6.18)
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Choosing sufficiently small ¢ > 0, one obtains from (6.16)—(6.18) (similarly to (6.10),
(6.4), (6.5)) for y(1) = [lu(t) — uool%
~ « 2
YO +Eut) —uso|l, <w@, YO+ 0] <y (6.19)
where ¢* > 0, ¢ > 0 and by (6.12), (6.13) limy, ¥ = 0 which imply (6.15). O

Now we show how Theorem 6.10 can be applied to the problems considered in Sec-
tions 4, 5 and (in that cases) why exists a (unique) solution of (6.14).

THEOREM 6.11. Assume that conditions of Theorem 6.2 and (A/3) (the condition
of uniform monotonicity) are satisfied such that for all u € Lf;c(O, o0; V) with u' €
L (0, 00; V*)

gﬂgou [Ho )] (1) “Lq(_(z) =0, ,linolo” [Ga)](®) Le2) = O (6.20)
further, for a.e. x € 2,all & € RM
lim fo(t,x, §) = Jal(x,8). (6.21)

Then defining Ao by

(Aso(v), w) = Z/f;O(x,v,...,Dﬂv,...)D“wdx, v,weV, (622
2

| <m

for arbitrary fs € V* there exists a solution us of (6.14) and (6.15) holds.

In this case conditions of Theorem 6.10 are satisfied with A(u) = Ai(u) + B1(u),
B(u,v) = Bi(u) + A1(v) where Ay, By are defined by (3.14) and (4.3), respectively.
Because, (A’3) implies (6.11) and (6.20), (6.21), (A>) imply (6.12). Further, by (A1), (A2),
(Ag), (Ag) and (6.21) A : V — V*is bounded, demicontinuous, monotone and coercive,
thus there is a solution u, € V of (6.14). (See, e.g., [41,75].)

THEOREM 6.12. Assume that the conditions of Theorem 6.3 are fulfilled such that in (B;)
we have operators

g1:Lf (0,00, V) > Ry, ki: Ll (0,00; V) — LI(£2);

P
loc

and for arbitrary u € Ly, (0, 00; V) with bounded |u|| ;2 (o), for every o, ¢ and a.e. x

lim a; (¢, x, {0, ¢ u) = aj,00(x,80,¢), i=0,1,...,n,
— o0

exist and is finite; a; ~ satisfy the Carathéodory conditions. Further, let foo € V* be such
that

e =0.

Jim [ £() = fol
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Finally, for every fixedu € LY (0, c0; V)

loc

n

Z[ai(t,x, COa Ca M) —Cli(t,.x, é‘(‘;v é‘*’ u)](;l - {i*)

i=0
> c[(Go = ¢0)” + ¢ = ¢*I1P] = [ks )], x)

with some constant ¢ > 0,

lim / [k3)](z, x)dx =0 zf/ |u(z, x)|* dx is bounded.
=00 o Q

Then there exists a unique oo € V satisfying Aco(Uoo) = foo Where A1V — V* is
defined by

AOO ) = i,00\X, ,D Di d
(Asc(w), v) l;/ﬂa (x, w(x), Dw(x)) D;v dx

—+—/ ao,oo(x, w(x), Dw(x))v dx, w,velV.
2
Further, for the solution of (6.1) we have (6.15).

(The detailed proof see in [67].)

REMARK 6.2. It is not difficult to formulate conditions for the examples considered in
Sections 4 and 5 when the theorems of this section can be applied. (See [60,62,66,67,69].

REMARK 6.3. One can formulate and prove analogous theorems on the boundedness of
the solutions and on lim;— oo [|lu||;2(;) = O for the solutions of strongly nonlinear equa-
tions (considered in Theorem 4.2), see Remark 6.1, [62,66]. In this case one applies the
system of energy equalities (in Theorem 4.2) to v = 0 to get differential inequalities for
y() = |lu ||iz(9) which are analogous to (6.5), (6.10), respectively.

Now we show another type of stabilization result on certain equations of particular type.
Here we formulate it for Example 4.2. More general example see in [61].

THEOREM 6.13. Let the functions f; be defined by

fi(t,x,20,8) = fi(x, 0, 8) =a; )¢ lg1P72, j=1,....n,
folt, x, 0, &) = folx, €0, &) = ao(x)&olol” ™ + g(x, Zo)

where the measurable functions aj satisfy 0 < c¢o < a;j(x) < c(’) with some constants cg, c(’)
and g is a Carathéodory function satisfying

’g(x, {0)| < ctleol + k1(x)  with a constant c1 and k; € L1($2).

Assume that h is a Carathéodory function satisfying

|h(t,x,0)| < xO[16] + k2 ()]
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with some functions x € L2(0, 00), ky € LZ(.Q) and

Fy: Ljp (Qoo) = Lio.(Qc0)
is a linear operator of Volterra type such that for any u € L{;C(Qoo)
/ |F0(u)|2(t,x)dx < ¢y sup / u(r,x)zdx
2 t€(0,7] J £2

with some constant c;. Finally,

feL®(0,00,L*(2)),  Dif €L} (0, 00; L*(£2)),

00 1/2
/ U |D,f(t,x)|2dx] dr < oo.
0 2

Then for a weak solution u € Lf;c (0, oo; V) (with a closed linear subspace V ole'f’(.Q))

of the initial-boundary value problem for

Diu — Z Dj[fj(t, X, u, Du)] + fo(t,x,u, Du) + g(x, u)
j=1

+ h(t,x, [Fo(u)](t,x)) =f, (t,x)€ 0, u) =ug (6.23)
(defined by (6.1)) we have

Dju € L*(0,00; L*(22)) and u € L®(0, 00; V). (6.24)

THE MAIN STEPS OF THE PROOF. Define the functional @ : V C L2(2) — R by

n
& (w) = f [Zaj(x)u)jww +ao(x)|w|p:| dx, weV.
el i
Then @ is a convex nonnegative lower semicontinuous functional (see, e.g., [9,18]) and let
0@ be the subdifferential of @. One can show that the weak solution of the problem for
(6.23) is the (unique) strong solution of u(0) = uo,

?TL; +@Pu() 3 b(1) = f — g(x,u) — h(r, x, Fow)) € L*(0, T; LA(2))
for any finite T'; for a.e. ¢

du |? d du

| o RO = (v, am)m)

(see [9]). Integrating the last equality over (o, T), by the assumptions of the theorem we
find

T
o

%/ [/ | Dsu? dx:| dr + @ (u(r)) — @ (u(0)) < const.
Q

Since @ > 0, we obtain (6.24). (The detailed proof see in [61].) O
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Consider a sequence (#;) — oo and define functions Uy by
Ur(s,x) =u(ty +s,x), se€(—a,b), x €2

with some fixeda > 0,b > 0.

REMARK 6.4. By Theorem 6.5 (Uy) is a bounded sequence in L?(—a, b; V) and in
L®°(—a, b; L2(£2)) for a weak solution u of (6.23).

Define the w limit set associated to u by
() = {us € V: A(tx) — oo such that u(ty, ) — us in L?(2)}.

By using arguments of [18], one can prove (see [61])

THEOREM 6.14. Let the assumptions of Theorem 6.13 be satisfied. On operator Fy as-
sume that there exists a finite p > 0 such that [ Fo(u)](¢, x) depends only on the restriction
ofuto(t — p,t) X 82 for arbitrary t. Further, there exists foo € L2(2) such that

) T+1
lim. /T O =t gy @ =0

Then for any weak solution of the problem for (6.23), w(u) # @. If uso € w(u) then there
is a sequence (ty) — +00 such that

Ui = uoo in LP((—l, 1) x .Q) and weakly in LP(—1, 1; V).
Further, u~ is a solution of the stationary problem

n

§ / fj('X:?uOOaDuOO)Djwd'x_'_f fo(-x7u00’DuOO)wd'x:<fOOaw)v
; 2 2

j=1

we V.

7. Further applications

In this section we shall consider applications of Section 2 to systems of parabolic differen-
tial equations and functional parabolic equations, further, equations with contact conditions
(transmission problems).

7.1. Systems of parabolic equations and functional parabolic equations

It is not difficult to extend the results of Sections 3—6 to systems of parabolic differential
equations and functional parabolic equations. Set V = V| x --- x V, where V] is a closed
linear subspace of WP (£2). E.g. instead of (A}), (Az), (A’3/), (A4) we assume
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(A]) The functions

fogl):QT x RM" 5 R
are measurable in (¢, x) € Q7 and continuous in £ = (&1, ..., &) € RM",
A5 £ x. &) < 6P + kit x) where & = D, ... £0), Ja| < m, | =
1,...,r, ki € Lq(QT).
AL Yot Yl fa? @ n® gD @ e @y — gD g gD ),
ENE — &0 > 0if ¢ £ 6, €0 = 0. D). 0 = @D, ...t D))
(A Yot Y ajamlfd (0. x, & > e2l€? —ka(r, x) with k» € L'(Qr) and ¢ > 0.
Then we may define the operator A by

r

[A@).v]=>" > Ot x. ... DVt x), ... DEuD . x), )

=1 |a|<m
X D)‘fv(l)(t,x)dtdx,
w=u®, .. u)eLro,1;v), v=("...,v")eLlOT;V).

(7.1)
Further, define

D(L)={ueLPO,T;V): u' €LI0,T;V*), u(0) =0}.

So we obtain the following extension of Theorem 3.3 to systems.

THEOREM 7.1. Assume (A7)—(A}). Then the operator A: L?(0,T; V) — L4(0,T; V*)
is bounded, demicontinuous, pseudomonotone with respect to D(L) and coercive. Conse-
quently, for arbitrary f € L9(0,T; V*) there exists a solution u = (u(l), R u(’)) €
D(L) of the system

[Du®]@) + [AuP)]@) = D), te©T),
uP©y=0, 1=1,...,r

This theorem can be proved by using arguments of [12] by EE. Browder, similarly to
the case of a single parabolic equation.
Similarly, one gets the following extension of Theorem 4.1 on parabolic functional dif-
ferential equations to systems. Assume
(AL) HY:LP(0,T; V) — L9(Q7), GY :LP(0,T; V) — L4(Qr) I =1,...,r) are
bounded (possibly nonlinear) operators of Volterra type which are demicontinuous
from LP(0, T; (W"=%P(£2))") to LY(Qr) and L9(I’p), respectively, for some
0 < § < 1 —1/p and have the property

I 1
IHE @14 g + 168 @I,y

7 0, I=1,...,r
”“”LP(O,T;V)

im
lul|—o0
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Then we may define operator By : LP(0,T; V) — L1(0,T; V*) by

[Bi(u), v Z Z HP (w)D%v® dr dx

I=1 Ja|<m—1" 2T

,
+y > GOw)yp*v® drdoy, u,veLP©,T;V).
I=1 ja|<m—1°1T (7.2)
THEOREM 7.2. Assume (A')—(A5) and consider A = Ay defined by (7.1). Then (A +
B1):LP0,T;V) — L49(0,T; V*) is bounded, demicontinuous, pseudomonotone with
respect to D(L), it is coercive and of Volterra type. Thus for any f € L1(0, T; V*) there
exists a solutionu = (u®V, ..., u") e D(L) of

Diu + (A1 + By)(u) = f, u(0) =0. (7.3)

REMARK 7.1. Similarly to the case of a single equation, assume

i DL x gD ED) = 10 x 80, g (Y - &)

=1 |a|<m

—c Z 5(1) (l)

for (sufficiently large) constant ¢ > 0, G((,,l ) = 0 for all o, ] and HOEZ) satisfy the Lipschitz
condition

||exp(—dt)[HO(/)(exp(dru)) — Hél)(exp(dru*))]”LZ(Q ) S < czllu —u*| (L2

with some constant ¢3 > 0, not depending on u, u*, d > 0. Then (7.3) may have at most
one solution. (See Remark 4.2.)

REMARK 7.2. One can apply “abstract” Theorems 6.1, 6.4, 6.7, 6.10 to systems consid-
ered in Theorem 7.2 and obtain results on systems which are analogous to Theorems 6.2,
6.5, 6.8, 6.11, respectively.

7.2. Contact problems

Now we formulate problems for nonlinear functional parabolic equations with “nonlocal”
contact conditions (see [64,65]). Let 2 C R” be a bounded domain having the uniform C!
regularity property (see [1]) which is divided into two subdomains £21, £2> by means of a
smooth surface S which has no intersection point with 9£2; the boundary of £2; is S and
the boundary of £2, is § U 952 (such that £2; and £2; have the C regularity property). We
shall consider equations for u) = u|Q17 ,1=1,2

n
Du® — Z D; [fj(l)(t, x,u®, Du(l))] + fo(l)(t, x,u®, Du®)
j=1
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+HO@Y u®) = fO 1,0 e 0 =0.T)x 2, 1=12, (74
with (for simplicity) homogeneous initial and boundary conditions

u0,x) =0, x € £2U 82, (7.5)
u® =0 only =[0,T]x a8 (7.6)

where H® : Lp(QIT) X L”(QZT) — Lq(QlT) are bounded (possibly nonlinear) operators,
p = 2. On the common part S7 = [0, T] x § of boundaries of QlT and Q2T we shall
formulate nonlocal “transmission conditions”. Similar problems were considered by W.
Jager and N. Kutev in [32] for quasilinear elliptic equations with nonlinear contact condi-
tion of “Dirichlet type”, in [33] similar problems were considered for parabolic equations
(by using the theory of monotone type operators). Such problems are motivated e.g. by
reaction—diffusion phenomena in porous medium.

First we consider problem (7.4)—(7.6) with the following (possibly nonlinear) contact
condition:

n
> e D = 6O u®) 1=1.2 (7.7)
j=1
where v/ = (vi, e, vf,) are the normal unit vectors on S (v! = —v2), GO L?P0,T;V)—

L4(St) are bounded (possibly nonlinear) operators, V = V; x V, where V| = WP (£2)),
Va={w e WhP(22): wlag = 0}.

Assume that functions f j(l) satisfy conditions (A1), (Az), (Ag ), (Ag) (for m = 1), then
we may define operators

A= (AD AP)LPO,T; V) — LI(O0, T; V*),
AV LPO, T; Vi) — L1O, T; V), 1=1,2
(according to (3.14) or (7.1)) by

(OYRONEN0)
[AD @), v ]

n
= /1 |:ij(l)(t,x, I/l(l), Du(l))Djv(l) + fo(l)(t’xv I/l(l), Dl/t(l))v(l)j| d dx.
rkij=t (7.8)
Further, assume

(A9 HD:LP(QL)xLP(Q%) — L9(Q}) are bounded (possibly nonlinear) and demi-
continuous operators of Volterra type (p = 2); GD:LP,T; V) — Li(Sr) are
bounded (nonlinear) operators of Volterra type which are demicontinuous from
LP0, T; W'=0P(2)) x WI=5P(£2,)) into L4(Q%) and L9(St), respectively

with some positive § < 1 — 1/p;

IHO T, o, +1GP @,

!
lim L0y —0. [=1.02.

P
Jul—~o0 1?0 75,

(Consequently, (AY) is satisfied.)
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Then we may define operators B = (B, B®), BO.LrP©,T;V)— L0, T; V") by
[Bw), v] = [BD @), vD] + [BP (), v?],

[BO ), vP] = / HOwywOdrdx — | 6P @) dr doy,
0% Sr
u= @ u? e LPO,T;V), WD, 0@y e LP,T; V).

Theorem 7.2 implies

THEOREM 7.3. Assume that functions fj(l) satisfy (A1), (A2), (Ag’), (Ag) (form = 1) and
operators HV | GO satisfy (AS). Then operator (A + B): LP(0,T; V) — L0, T; V*)
is bounded, demicontinuous, pseudomonotone with respect to D(L), it is coercive and of
Volterra type. Consequently, for any f = (f1, f®) e L1(0, T; V*) there exists u =
@, u®) e LP(0, T; V) such that Du® e L4(0, T; V"),

Du® + AV + BO@®, u@y = O, wD)y=0, 1=1,2. (719
Similarly to Definition 3.4, a solution of (7.9) is called a weak solution of problem (7.4)—

(7.7), because a “sufficiently smooth” function u satisfies (7.4)—(7.7) iff it is a solution
of (7.9).

REMARK 7.3. Similarly to Remark 7.1, assume that

n

YA @x ) = £ x 9] E - &) > —co— DL 1=1,2

Jj=0

with some constant ¢ > 0,
2
Z/ [6Dw) — GPW]@® —vP)dtdoy >0, u,velLP©O,T;V),
N
=1 T

and forallu,v € LP(0,T; V)

lexp(=dt)[H (exp(dt)u) — H® (exp(d7)v)] |20, < €3l = vllz2cop

with some constant c3, not depending on u, v and the number d > 0. Then (7.9) may have
at most one solution.

REMARK 7.4. Applying “abstract” Theorems 6.1, 6.4, 6.7, 6.10, we obtain results on
solutions of (7.9) which are analogous to Theorems 6.2, 6.5, 6.8, 6.11, respectively (see
Remark 7.2).

EXAMPLE 7.1. The assumptions of Theorem 7.3 are fulfilled on H" if
[HP ], x)
=y (z, 2 u® (@), x), / d' (u® (%), ) dy), (t,x) € QF

$2
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where [ = 1ifl =2andi = 2ifl = 1; ;y € C', x{ > 0,0 < x(t) < t,d" are L®
functions; y/ are Carathéodory functions satisfying

[y (t,x,61,6)] < (01,0107 + K (x) (7.10)

with continuous functions ¢/, limao =0, k’1 e L1(82)).
Operators H® may have also the form

[HO )], x)

t ~ A~
= / yl(r, 7, x, u®(z, x), / d' (yu(z, y)dy) dr, (1,x) € Q4
0 2

[ = 1,2 where ! satisfy analogous condition to (7.10).
Operators G satisfy the assumptions of Theorem 7.3 if they have one of the forms

[GP )], x)
:g1<t,x,/u(l)()((t),y) doy,/u(z)(x(t),y) day), (t,x) e St,
s s

[GP )], x) =g (t. x, uV (x(0), x), u® (x (), x)), (t,x) € Sp, I =1,2

where functions g satisfy analogous conditions to (7.10)
The conditions of Remark 7.3 are satisfied for HO, GO if yl(t, x, 01, 62) satisfy global
Lipschitz condition in (61, 62),

[GPw)] ¢, x) =g (t, x.uV t, %), u® (1, x))
and the monotonicity condition

2
Y gt x. 01, 02) — gt x. 67, 0] — 07) >0
=1

holds.

Now we formulate (instead of (7.7)) another contact condition on S7 for the solutions
of (7.4)~(7.6). Let ¢ : [0, T] — [0, T] be a C! function satisfying

¥ >0, 0<v@) <t, (0 =0.

Further, let Lg: L”(S) — L?(S) be a linear and continuous operator. One of the contact
boundary conditions on S7 is given by the equality on the traces

ul(t, s = Ls(u® (. ) |s) forae.re[0,T], (7.11)
where function uf/,l) is defined by

ul(r.x) =uV(Y(0).x), Te[0.T], x €.
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EXAMPLE 7.2. One may consider e.g. the following linear and continuous operators Lg:

[Lsw®)]@x) = fsa(x, Dw?()do,, x€S
where a is a given L® function or
[Ls@®)](x) = a@w®(p(x)), xeS$
where a € L™, ¢ : § — § is a sufficiently smooth bijection.
Denote by Vj the following closed linear subspace of V:

Vo={@®, w?) ev: wP|s=Lsw?g)]}.

So the contact boundary condition (7.11) means that
(ufy . u®) € LP. T; Vo).

Further, (u", u®) is a (classical) solution of (7.4)~(7.6) iff ii = iV, i®) = })’, u®)
satisfies (by using the transformation t = (7))

e ZD (7P @ x.a®, Da™)] + 73" (. x.a®, Da®)

+H<’><u<’>, i) = fO(r,x), (r,x) €0, T)x 2, 1=1,2, (7.12)
00,x) =0, xe 21U, (7.13)
u=0 onlry (7.14)

where
flax 0=y W@ w), 2= i=01..n
[I:I(l)(ﬁ(l), ﬁ(2))](f’ x) = w/(f)[H(l)(u(l), u(z))](lff(‘f), x)’ H® = H(Z)
O =v'@OfPY@,x), f@=r.

Define operator A = (AP, A®) : LP(0, T; Vo) — L9(0, T; Vi) by (7.8) such that func-
tions fj(l) are substituted by f;l) and define operator B = (BW, B(z)) :LP(0,T; Vo) —
L9(0, T; Vy) by

[BO (i), 5] = /, AD@e" drdx, =@, a®) e LP0, T; V),
Q7

7 =@, 5?) e L0, T; Vp).
It is not difficult to show that if f;”, H® satisfy (A1), (A2), (A}), (As) and (AS) then
f] ¢ ) AO satisfy the same conditions, thus by Theorem 7.3 operator

(A+B) = (AD + BV A@ 4 B@): LP(0, T; Vo) — L1(0, T; V)
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is bounded, demicontinuous, pseudomonotone with respect to D(L), coercive and it is of
Volterra type. Consequently, for arbitrary f € L9(0, T'; V) there exists i € LP(0, T; Vp)
such that Dy € L9(0, T; V),

(D, vO1+ [AQ @D, v0] + [BO @D, i@y, v®] = [7©, 501, (7.15)
forl =1,2,all o = @D, 5@) e LP(0, T; Vo),
a0y =0 1=1,2. (7.16)

According to the above argument, if u = M, u@) satisfies (7.4)~(7.6), (7.11) then i =
@', u®) € LP(0, T; Vo) and (7.15) holds for all # € LP(0, T; Wy'" (£21) x Wy (£2)).
By using Gauss theorem, one obtains that for a “sufficiently smooth” function & (7.15)
holds for all v € LP(0, T; Vp) iff u satisfies (7.4)—(7.6), (7.11) and the following contact
(orthogonality) condition:

n

Z[/S FP @ x a®, Di®)v;i? do

j=1-75

_/ fj(l)(r,x,ﬁ(l),Dﬁ(l))vjf)(l)rda]=0 (7.17)
St

for each (f)(l), 5(2)) € Vo. (v = (vq, ..., vy) denotes the normal unit vector on S7.) There-
fore, it is natural

DEFINITION 7.1. If &i = ("‘50])’ u®y e LP(0,T; Vy) is a solution of (7.15) (for each
v € LP(0,T; Vp)) then u is called a weak solution of the contact problem (7.4)—(7.6),
(7.11), (7.17).

Due to the above argument, Theorem 7.3 implies

THEOREM 7.4. Assume that f} satisfy (A1), (Az), (A%), (Ag) (for m = 1) and HD
satisfy (AS). Then for arbitrary f € L9(0, T; V*) there exists a weak solution of (7.4)—
(7.6), (7.11), (7.17).

REMARK 7.5. According to Remark 7.3 one can formulate conditions which imply the
uniqueness of the weak solution.

At the end we mention several other applications of monotone type operators to nonlin-
ear (functional) evolution equations.

By using arguments of the work [53] by J. Rauch, one can handle functional parabolic
equations with discontinuous dependence on the unknown function (see [68]). Further,
modifying the arguments of the limit process in Galerkin’s approximation, it is possible to
prove some results on approximation of the solution by solutions of perturbed problems
(e.g. instead of unbounded domain 2 considering problems in “large” bounded domains.
(See, e.g., [63].)
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Finally, in applications arise problems for systems, consisting of a parabolic equation
and another type of equations, e.g. of a one variable functional differential equation and
(possibly) an elliptic partial differential equation (see [16,42]). Such problems are consid-
ered (by means of monotone type operators) in [8,70].
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Abstract

Hydrodynamic limits study the relation between the fluid and kinetic descriptions of a trans-
port phenomenon. In different area of physics and engineering, kinetic models have been
developed and studied to shed some light on phenomenon far from thermodynamical equi-
librium. Those models are far more accurate. However, they are still numerically too much
costly, and the fluid descriptions cannot be completely avoided. It is then crucial to describe
precisely the relation between these two kind of models, especially close to discontinuities,
where the difference between the models are expected to be the deepest.

We present in this chapter a general theory of hydrodynamic limits based on the so-called
relative entropy method. We give general conditions ensuring that a given conservation law
(or balance law) can be obtained as hydrodynamic limit from a given kinetic equation. Several
examples in gas dynamics are provided.

Relative entropy methods are known to provide asymptotic limits until the first time of
appearance of singularities. We give first hints how to apply it beyond certain kind of singu-
larities.

Keywords: Hydrodynamic limit, asymptotic limit, fluid equation, conservation law, balance
law, dissipative solution, relative entropy, isentropic gas dynamic, isotherm gas dynamic, ki-
netic equation, nonlinear Fokker—Planck equation



Recent results on hydrodynamic limits 325

1. Introduction

Hydrodynamic limits are the study of the links between fluid description of a transport
phenomenon, like Euler equation, and its kinetic description, like Boltzmann equation.
Different kinetic models have been introduced to describe motion of rarefied gases, far
from thermodynamical equilibrium. The study of such models goes back to the work of
Maxwell and Boltzmann. Since then, models have been specially designed for plasmas
[64], quantum gases [72], dispersed particles [48,94] with application in nuclear physics,
micro-electronic, medical science, chemical engineering.

Those models are very accurate. Compared to the fluid model, they involved a new
variable, most of the time a velocity variable (or in some cases, energy variable), which
increases a lot the complexity of the numerical tests. Today, they are still too much costly
in computation time, and fluid description cannot be avoided. It is then very important to
quantify the relation between the two descriptions, especially near singularities where the
difference is expected to be the widest.

The relations between the fluid-dynamic description and the kinetic picture can be in-
vestigated from various points of view. A possible strategy is to study dissipative waves in
the time-asymptotic sense (for the Boltzmann equation, see for instance [44] and [70]).

Another one is to study the so called small Knudsen number limit of the kinetic equation.
This corresponds to enhance the kinetic collision operator, responsible for the trend to the
thermodynamical equilibrium, at a factor 1/¢.

Traditionally, we distinguish two kind of such limits (see [50]). One, called the diffu-
sive scaling, considers a time scaling of the same order than the scaling of the collision
operator. This is still a long time asymptotic, but with a strong collision operator. This
kind of asymptotic leads to parabolic equations (see for instance [58,57,59,10,9,80]). The
hydrodynamic limit of the Boltzmann equation in this regime leads to the incompressible
Navier—Stokes equations. The complete, rigorous, global in time derivation of this limit
has been performed in a series of stunning works [55,83,73,82,66], following the program
initiated by Bardos, Golse and Levermore [7,8].

The second kind, called sometimes hyperbolic scaling, is the one studied in this chapter.
It leads to conservation laws (or balance laws if source terms are in play). In the context
of Boltzmann equation, it leads to the compressible temperature dependent Euler equa-
tions. Convergence on small time, depending on the regularity of the initial data, have been
obtained by Caflisch [34]. Results after discontinuities are far more difficult. In the scalar
case, and for the one-dimensional isentropic gas dynamics, general results in the large have
been obtained thanks to the large family of entropies [68,67,13]. For Boltzmann equation in
the one-dimensional case, stunning results have been recently obtained on situation involv-
ing shocks, following the fine study of micro-macro decomposition of Boltzmann equation
by Tai-Ping Liu and Shih-Hsien Yu [69], see [70,63,96]. In the multi-dimensional setting,
general global in time results are, at this time, completely out of reach since the existence of
the limit problem is not even known. However, the hydrodynamic limits to special discon-
tinuous solutions of the limit conservation law (or balance law) is already very interesting
since it sheds some light on the intimate consistence between the kinetic and the related
fluid model.
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This chapter is dedicated to recent results obtained in the multi-dimensional case. It is
based on the so-called relative entropy method. This method has been first used in the con-
text of asymptotic limits by Horng-Tzer Yau [95]. It is based on the weak/strong uniqueness
result on conservation laws with strictly convex entropy. This result can be find in [42]. It
combines ideas of DiPerna [45] and Dafermos [41]. This method has been widely used to
obtained asymptotic limits to different conservation laws (see for instance [27,30,29,81]).
In the context of Hydrodynamic limit to hyperbolic conservation laws, it has been used in
[15,56] and [75]. For incompressible limits from Boltzmann equation, it has been used in
[24,51], and [66]. A elegant connection between relative entropy and relaxation has been
established by Tzavaras [89]. If we consider a regular initial value for the limit equation,
the method gives the convergence up to the first time of appearance of discontinuities. On
a special one dimensional problem, the method was already used after shocks by Chen and
Frid [40]. We present in this article some particular examples where the method provides
convergence beyond discontinuities. For this matter, very weak notion of global in time
solutions, the dissipative solutions, are considered. This notion is a direct extension of the
dissipative solution introduced by Lions in [65] for incompressible Euler equations. This
gives a framework where hydrodynamic limits can be performed for large time. However,
the result is meaningful, only if we can have some uniqueness result on the dissipative
solutions, to ensure that we get the expected solution at the limit. This can be performed
on some special examples. In particular, we consider the convergence to an axisymmet-
ric solution involving vacuum at the origin. The strength of the method is that there is no
need of compactness tool. It requires only some abstract structure on the models, and some
compatibility conditions between the kinetic and the fluid descriptions. The scope of appli-
cation of the method will depend a lot on the validity of the dissipative solutions. It can be
expected that those kind of solutions are meaningful only for some kind of discontinuities.

2. Fluid equations, relative entropy, and dissipative solutions

The modeling of the motion of a fluid involved conservation laws (or balance laws if ex-
ternal forces are in play). Generally, the state of the fluid, at any time ¢ > 0 and any space
position x € £2, can be described by a finite number of conserved quantities: U (¢, x). This
can be, for instance, the density, the momentum (product of the density by the velocity) and
possibly the energy. To avoid boundary problem, we consider only £2 = R or 2 = TV.
To fix the notation, let us denote )V C R”, convex open set, the interior of the domain of
values of the conserved quantities.

2.1. Conservation laws and balance laws

The evolution in time of the conserved quantities is described by a system of equations of
the form:

0 U +dive A(U) = Q(U, x), ey
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where r € R, x € 2, A:V — R¥P and Q:V x 2 — RP. Note that this system of
equations is completely characterized by the matrix valued flux function A and the vector
valued source term function Q. When Q = 0 we say that (1) is a conservation law. In the
general case, we talk of balance law. For a general presentation of conservation laws and
balance laws, we refer to the books of Dafermos [42], Serre [85], and Bressan [31] for the
theory of solutions with small bounded variations (see also [71]).

REMARK. In fluid dynamics, most of the time the flux function is continuously defined
only on the open set V, but the solutions can reach some values on the boundary of V. For a
model like the isentropic gas dynamics system, involving as conserved quantity the density
p and the momentum pu, we would have: V = (0, co) x R". But the solutions can reach
the vacuum (p, P) = (0, 0). Unfortunately, the flux of momentum, (1/0)(P ® P)+ Iy p?,
where I is the N x N identity matrix, is not continuous at (0, 0). The problem will be
dealt later using the notion of entropy.

2.2. Convex entropy

A function :V — R of class C%(V) is called an entropy of system (1) if there exists
a vector valued function G:V — RN, G = (Gy,..., Gy), satisfying for every j =
L,...,p,k=1,....,n,and W € V:

P
9;Gr(W) =Zai77(W)3jAki(W)~ 2
i=1

The concept is important due to the following easy result.

LEMMA 1. Consider U € WH([0, T) x §2) with values in V, solution to (1). Then U
verifies also the entropy equality

dn(U) +divy GU) =n'(U) - Q(U, x). 3)

PROOF. Taking the dot product of (1) with '(U) we find:

P
D @) Ui + ) 9in(U)3j Ak (V)3 Uj = n'(U) - Q(U).
i=1 i,j.k

Using (2), this gives:
> anU)d,U; + Y 0;Gr(U)dg Uj = n'(U) - Q(U).
i J

The chain rule formula gives the desired result. ]

Even if we consider a regular initial value U 0 ¢ wloo(£2) with values in V, there exists
a maximal time T > 0, which could be finite (see Sideris [86] for the Euler system), such
that there exists a unique solution U € WL2([0, T) x £2) with values in V to (1). We will
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consider only system for which the total entropy [ (U (z, x)) dx is uniformly bounded in
time. At the blow-up time 7', we can have a blow-up of the Lipschitz norm (appearance
of shocks), and we can also have the values of U reaching some points of the boundary
of V (typically, appearance of vacuum). Thanks to the conservation of total entropy, the
meaningful such values W which can be reached are such that they are limits of sequence
Uy € V with lim sup n(Uy) < oo.

Hence, to study global problem in time, we introduce:

U= {W € RP\3(Wiew € W', lim Wy = W, limsupy(Wy) < oo}, (4)
— 00

k— 00

The set U is the natural set of values of solution of (1) with finite entropy 7.
We then extend the values of the entropy 1 onto I{ in the following way:

n(W) = liminf n(W), W el. o)
VoW—->W

An entropy 7 is called a convex entropy if for any W € V, the matrix (3;9;n(W));; is
nonnegative. We have the following result:

LEMMA 2. Let 1 be a convex entropy, then U is a convex subset of RP and n is a convex
function on U, that is:

n(sWi+ (1 —s)Wa) < sp(Wp) + (1 — )n(Wa),
for every Wi, Wr € U, and every 0 < s < 1.
PROOF. Consider Wi, W, € U. Then there exists Wy i, Wa x € V converging respectively
to Wi, Wy with limsup n(Wj k) < oo and limsup n(Ws ) < oo. Since V is convex, for

every 0 <s < 1, sWy g + (1 —s)Wa € V converges to sWy + (1 — s) Wa. The function
1 is convex on V), so we get:

lim sup n(sWLk +1- S)Wz,k)
< slimsup n(Wy x) + (1 — ) limsup n(Wa ) < oo.

Hence sW; 4 (1 — s)W> € U and U is convex. Now, for any sequences Wi x, W x valued
in V converging respectively to Wi, Wy, from the convexity of n in V and the definition of
the extension of n on I/, we have:

n(sWi + (1 — s)W2) < liminfn(sWyx + (1 — 5)Wa)
< liminf(sn(WLk) + (- s)r;(Wz,k)).

For every ¢ > 0, considering sequences such that:

lim n(Wix) < n(Wy) +e,

k— 00

lim n(Wax) < n(W2) + ¢,

k— 00
we get

n(sWi+ (1 = )W2) <sn(Wh) + (1 = )n(Wa) +¢.
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Passing in the limit ¢ — O gives the desired result. ]

We say that 1 is a strictly convex entropy if it is a convex entropy and it verifies that for
any bounded subset D of V), there exists a constant Cy > 0 such that

Vzn(W) > Coly forany W € D,
where Iy is the N x N identity matrix.
REMARK 1. Most of the physically relevant systems carry a strictly convex entropy. This

condition is known also to ensure the hyperbolicity of the system, which is necessary to
get the stability of linear waves (see [85]).

REMARK 2. However, in most of the cases involved in compressible mechanics, the en-
tropy functional is not continuously defined in the whole set /. Indeed a degeneracy occurs
at vanishing density p = 0. This motivates to define the entropy only on the interior of /.
This is why we first define n on V and then extend it on /.

2.3. Relative entropy

Consider a function Z € C!(V) with values in R?, where ¢ is a positive integer. We intro-
duce a so-called relative quantity associated to Z, Z(.|.) : V x V — R? defined by

ZUIV)=ZWU) - Z(V)=Z'(V)- (U = V). (6)
For example, the relative flux is defined, for ¢ = np, by

AUIV) = A(U) = A(V) = A (V) - (U = V), (N
and the relative entropy, for ¢ = 1, by

nUIV) =nU) =n(V)=n'(V)-(U-V), U, VeV ®)

The relative entropy (8) is extended to I/ x V using (5). If 5 is strictly convex we have the
following result.

LEMMA 3. Let n be a strictly convex entropy, then the relative entropy n(-|-) is nonnegative
onU xV and, for (U, V) elU xV,nU|V) =0ifandonly ifU = V.

PROOF. Since n € C2(V), for U, V € V we have:

1,1
n(U|V):// n'(V+st(U=V)): [(U-V)® U —V)]tdsdr,
0J0

which gives the result in this case.

Considernow U e Y/ \ Vand V € V. Letusdenote r = |U — V|. Take 0 < § < r/2
such that B(V, 28) C V. Since 7 is strictly convex, n” (W) > C Iy on the ball B(V, §). For
every € we consider Uy € B(U, r/2) converging to U such that lim n(Uy) < n(U) +¢. For
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every k, and for 1/2 <t < l and s < §/(2r) we have V + st (U — V) € B(V, §), since

3r 3
st|Up — V| < st— < =6.
2 4
So
n"(V +st(Ue = V) : [(U = V) ® (U — V)] = Cr?/4.
Hence:
WelV) > Cré
n(Yk P 16 .

Passing to the limit gives

V) > Cré
7 “ 16 ¢

Passing to the limit in ¢ — 0 gives that n(U|V) > 0. O

REMARK. The relative entropy associated to a strictly convex entropy can be then used to
measure the gap between two states U and V, whenever U lies in if and V in V.

2.4. Admissible balance laws

We restrict our study to system whose nonlinearity are completely controlled by a relative
entropy. Especially, it will be shown that regular solutions, and some special class of dis-
continuous solutions, of an admissible conservation law (or balance law) on V are stable
in the class of dissipative solutions, without additional bound requirement. The notion of
admissible balance laws was introduced by Berthelin and Vasseur in [15].

We say that the system (1) is an admissible balance law on V if it has a strictly convex
entropy n on V such that for any U, V € V:

AU IV)| < Cn(U V), )
and

QW WUIV) +n"(V)[QW) — Q)] — V)| < Cn(U|V), (10)
and if forany i = 1, ..., p, there exists an increasing nonnegative function @; € CO(R+)
such that

@.

fiminf 2 — oo,

y=oo |yl

@;(IW;]) < [W|+n(W), forevery W € V. (11)

We will show later that the systems of isentropic gas dynamics, isothermal gas dynamics,
the shallow water system with barometry, and a bi-fluid model are admissible conservation
laws or balance laws on the natural space of conserved quantities.

We say that the system (1) is locally admissible on V, if it has a strictly convex entropy
n on V such that for any i = 1,..., p, there exists an increasing nonnegative function
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®; € CORT) verifying (11), and such that for every bounded subset D C V), there exists
C (D) such that forevery V € D, U € V:

|AUIV)| < CDUIV), 12)

and
QW) WUIV) +n"(MH[QW) — QW) ](U — V)| < C(DnUIV). (13)

REMARK. Note that, at least when U and V are small, n(U|V') has a quadratic form. This
justifies the form of (10) and (13).

2.5. Weak entropy solutions

Solutions to balance laws can exhibit some discontinuities in finite time. Therefore, when
considering global solutions in time, it is necessary to consider a weaker notion of solution.
A natural notion in the context of conservation laws and balance laws is the so-called Weak
entropy solution.

Consider a balance law (1) bearing a strictly convex entropy. We say that U is a weak
entropy solution of (1) with initial value U if for every test function V e C°([0, 00) x £2)
with values in RY, ¢ € C([0, 0o) x £2) with values in R, we have:

/V(O,x)-UO(x)dx+foof U(t,x) -3 Vdxds
2 0 2
+/°°/' AWU)(t,x) : VV dxdt +/°°/' QWU)(t,x)-Vdxdt =0,
0 2 0 2
f $(0. (U (x) dx + / f n(U)(E, )9 dx di
2 0 2

+/OO/ G(U)(t,x)-V¢dxdt+/oo/ n'(U) - QU)¢dxdr > 0.
0 J 0 J

Hence, a weak entropy solution verifies (1) in the sense of distribution and the following
inequality, also in the sense of distribution:

I (U) +dive GWU) < n'(U) - Q(U, x). (14)

Lemma 1 ensures that Lipschitz solutions to (1) verify (14) with equality. However this is
not anymore the case when solutions develop singularities. Moreover those solutions are
not unique if only (1) is considered. In one dimension (N = 1), solutions of (1) (14) are
unique, provided that the initial value is small in BV (see [31,71]). However, no result of
this kind is known in the multi-dimensional case. Up to now, weak entropy solutions are
not known to exist for N > 2.
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2.6. Dissipative solutions

Dissipative solutions are a very weak class of solutions. They are not even known to be
solution in the sense of distribution. This notion of solution has been first introduced for
incompressible Euler equations by Lions [65]. Its justification is that it verifies the so-
called strong/weak principle, that is, if there exists a classical solution, then it is the unique
possible dissipative solution. Portilheiro introduced in [79] a related notion of dissipative
solution for scalar conservation laws, reminiscent to the perturbed test function method
developed by Evans in [46] for viscosity solutions. Portilheiro showed that his notion of
dissipative solution is equivalent with the classical notion of entropy solution. Note, how-
ever, that our notion of dissipative solution is weaker than the one of Portilheiro. It would
be of great interest to know if its result can be extended to this weaker class.

First we define the dissipative test functions which will be used to “test” the dissipative
solution. We call dissipative test functions, any V € W ([0, T]1x 2)NL>(0, T; L' (2))
with values in ) and satisfying

X(V) =wa(V)Vi[n' (V)] € L([0, T] x £2)
where W4 (V) = Liy cy|sup(v, [0 (V)]:AU|V)|U ) <0} »
|[EOV)||n"(V)| € L*([0, T] x £2),
where E(V) = 8,V +divy A(V) — Q(V),
V©,)=Ve L), n(v% e L'(9), (V% e L®(2). (15)

REMARK. If 2 = TV, then the two first requirements in (15) are consequences of V €
w0, T] x TV). Indeed, [0, T] x TV is compact, so V ([0, T x ™) e Vis compact.
Butn € C2(V) so there exists C such that [E(V)| + |0;;n(V)| < Cron[0,T] x TV,

Consider an initial value U° € L! (£2) with values in ¢/ and with finite entropy n(U O) €
L'(£2). We call dissipative solution of (1) on [0, T], with initial value U 0, any function
U e L>®(0, T; L'(£2)) with values in U verifying n(U) € L>(0, T; L'(£2)), such that
for any dissipative test function V e W12°([0, T] x £2) verifying (15)

t
/ n(UIV)(t, x)dx < (/ n(U0|V0)dx) exp(/ av(r)dr)
2 2 0

t t
+/ exp(/ Uv(s)ds>/ n"(V): (E(V)® (V —U))dxdr, (16)
0 T 2
for all ¢ € [0, T], where:

ov(s) = Cv (1 + [ XV | fo(a))-

If (1) is admissible on V, Cy = C, the constant defined in (9) and (10). If (1) is locally
admissible on V and 2 = TV, Cy = C(Dy) with Dy = V ([0, T] x TV), where C(D) is
defined by (12) and (13).

We say that U is a dissipative solution of (1) on [0, T) if it is a dissipative solution on
[0, T] for every T <T.
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2.6.1. A structure lemma To clarify the link between classical solution and dissipative
solution, we first present the following lemma, first due to Dafermos [41] and DiPerna [45]:

LEMMA 4. For the entropy n € C*(V) verifying (2) on V, and for any
V,U e Wh([0, T] x £2)

with values in V), we have

anUIV) = [9mU) + divy GU) — 7' U) Q)]
—n"(V) - [V +divy A(V) — Q(W)] - (U = V)
—n'(V)- [B,U +divy A(U) — Q(U)]
—div, [GUIV)] +7'(V) - div, [AU V)]
+0(V) -7 UIV) +[QW) — 0] - (n'(U) = 7' (V).
REMARK. Notice that if V and U are regular solutions to (1), the 3 first lines vanish.
The fourth line has a divergence form, hence its integral is vanishing. Finally the two last

terms are quadratic with respect to U — V (at least when |U — V| < R) as 7 is. Hence,

from this proposition, we can expect to have a good structure to use Gronwall lemma on
S nUIV)dx.

REMARK. This lemma is true for any Lipschitz functions U and V. The equality depends
only on the structure of system (1) endowed with a strictly convex entropy (2).

PROOF. From the definition of relative quantity (6), we have

ImU|V) = 8mU) = (V) —a[n'(V)]- (U =V)—n'(V)-0:(U - V)
= [0m(U) + divy GWU) — n'(U) Q)]
— [3m(V) +divy G(V) = ' (V)Q(V)]
—n"(V) - [V +divy A(V) — Q(W)] - (U = V)
—n' (V) [8,U + divy AU) — Q(U)]

+7' (V) - [8;V +divy A(V) — Q(V)] + Ri + Rz, (17)
where
Ri=n'(U)- QW) —n'(V)-Q(V)=7n"(V)- Q(V)- (U =V)
—7'(V)- QW) +n'(V)- Q(V)
=0(V)n'WUIV)+[n'(V) =0 ()] - [Q(V) — Q)] (18)
and

Ry = divi [G(V) = GU)] +71"(V) - divy A(V) - (U = V)
+ 7' (V) - dive[AU) — A(V)].
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The existence of the associated entropy flux G gives the relation (see (2)).

G (W) =Y (W) d; Agj(W), Vk.i, VW € V.
J
A derivation of this relation with respect to W; gives

D 0n(W); Ay (W) = 0 Gr(W) = Y 9;n(W)dir Ay (W).
J J
We use this relation with W = V and get

0 (V) - divy A(V) - (U = V)
= > am(V)g [Ay (V)W = V)
=Y an(V)3i Axj (V) Vi(Ur — Vi)
= Z 0i1G(V)oy, ViU — V) — Z 3in(V)0i1Agj (V) 0y, Vi (Up — V),
now
—0;n (V)1 Axj (V) Vi(Ur — Vi)
= 9 (V)[ =0y [0 Ay (V)] (U = V)]
= 0;n(V)[—0x [0 Ak; (VU — V)] + 91 Akj (V) (U — V)],
therefore, we obtain
Ry =divi[G(V) = GWU)] + Y 0 Gr(V)dy, Vi(U; — V)
+ Y 0in(V)[ =0y [0 Ak (VIUr = V)] + 01 Agj (V) (U — V)]
+7'(V) - divi[A(U) — A(V)]
=div,[G(V) = GW)] + > 8 [ G (V)W) = V)
= 9V [0 Ak (VYU — V)]
+ Y 90V Ak (V) (U — Vi)
+ Y9V [Ak (U) — Agi(V)].
We can rewrite (2) in the following way

D 9n(V)d A (V) = 9iGr(V).
J
Thus we find

Ry =divi[G(V) = GW)] + Yy [0 G (V)(U; — Vi)]
+ Y 9m(V)dg [Ay (UIV)]
= —div, GWU|V) + (V) - divy A(U|V). (19)
Equation (17) with (18) and (19) gives the desired relation. O



Recent results on hydrodynamic limits 335

REMARK. We notice that in particular, the term R; of the proof satisfies

/dex=f > 0n(V)dy [Ak(U|V)] dx
2 2 ik
= —/ D 05 [8n(V)] Ak (U|V) dx.
2 ik

2.6.2. Weak/strong principle We consider a system (1) which is either admissible on V,
or locally admissible on V with 2 = TV. The following result is due to Dafermos [41]
and DiPerna [45].

PROPOSITION 1 (Weak/strong principle). Let T > 0, and U € w0, T] x 2) N
L0, T: L'(£2)) satisfy (15) for every T < T with values in' V and be solution to (1). If
(1) is admissible on V then U is the unique dissipative solution on [0, T) of (1) with initial
value U°. If (1) is locally admissible onV and 2 = TN then the result is still true.

PROOF. Let us begin with the uniqueness result. Consider U a dissipative solution. The
function U is a dissipative test function verifying U (0, -) = U Oand E(U) = 0. Hence we
get for every r > 0:

/ n(U|U)(t, x)dx < 0.
2

Thanks to Lemma 3, n(U |U) > 0, so r;(l7 |U) = 0 almost everywhere. Hence, thanks to
Lemma 3, U = U almost everywhere.

We show now that U is a dissipative solution. Consider a test function V € wkoo([0, T
x §2) with values in V and verifying (15). We use Lemma 4 with V and U. Since U is a
strong solution of (1), the third line vanishes. But thanks to Lemma 1, U verifies also
the entropy equality (3), hence the first line vanishes too. Integrating in x, the fourth line
vanishes, and integrating by part the fifth line gives:

if n(U|V)dx = —f n"(V)-[8,V +dive A(V) = Q(V)] - (U = V) dx
dr Jo 2
—/ D 0 [8n(V)] Ak (U|V) dx
2 ik

+/Q[Q(V)-n’(U|V)+[Q(U)— o]

x (') —n'(v))] dx.
If (1) is admissible on V, we get:

d
a/Qn(UIV)dx <c(l+ ||X(V)||Lm(9))[(2n(U|V)dx

—/ n"'(V)- [0,V +divy A(V) — Q(V)] - (U — V) dx.
2
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Gronwall’s lemma gives the desired result. We consider now the case where (1) is locally
admissible on V and £2 = TV. We have V € W1°([0, T] x TV) with values in V open.
The function V is continuous, [0, 7] x TV is compact so V ([0, T'] x TV) c Vis compact.
So the result holds with

Cy = C(V([0, T] x TV)),
where C (D) is defined in (12) and (13). O

2.6.3. Stability Another feature of the dissipative solution is that they are stable on strong
perturbation on the initial value. This is part of the strength of the concept, since it makes
easier to construct such solution. We still assume that (1) is (at least) locally admissible
on V.

PROPOSITION 2 (Stability). Let Uy be a sequence of dissipative solutions to (1) on
[0, T), with T < oo, with values in U, such that Uy and n(Uy) are uniformly bounded
in L0, T: L1(£2)) for every T < T, and such that Ui(0, -) and n(U(0, -)) converge
strongly to U® and n(U°) in L' (82). Then, up to a subsequence, Uy converges weakly in
Lf;c((), T; Llloc(.Q)) to a dissipative solution to (1) with initial value Uo,for 1 <p<oo.

If @i(y) = |V for y > 0, then the component U, converges weakly to U; in
Lf;C(O, T;L9(2))for1 < p<oocandl < q < y;.

PROOF. Consider an increasing sequence T, <T,T, — T.The functions U; and n(Ux)
are uniformly bounded in L°°(0, Tn: L1(£2)), so, since (1) is (at least) locally admissible
onV, ®; (U; ) is uniformly bounded in L>°(0, T, LY (2)). By a diagonal extraction, up to
a subsequence, U; x converges weakly to a limit U; in L (0, Th: Llloc(.Q)) forl < p < oo,
for any n > 1. If U; is uniformly bounded in L*°(0, Th: Lg’(.Q)), then, up to a subse-
quence, U; x converges weakly in sz)C(O, T;L9(2)) for] < p <oocand 1< q <.
Passing to the limit, this gives that for any test function V. € W1 ([0, T] x £) with val-
ues in V (and decreasing fast enough for large |x| if 2 = R"), and verifying (15), we have

foranyr < T:

t
lim / n(Uk|V)(t, x) dx < <[ n(U0|V0)dx> exp(/ av(r)dr>
k—oo Jo Q 0

t t
— / exp([ oy (s) ds) f n"(V): (E(V)® (V —U))dxdr.
0 T
Since, thanks to Lemma 3, 1(|-) is convex with respect to the first variable on U/, we get:
[ nwvie < im [ awivieonar.
I?) k—o0 J o
This gives the desired result for those test function V. Notice that we can then relax the

condition of fast decrease in |x|, in the case of 2 = RY on the test function V. Hence U
is a dissipative solution on [0, T'). O
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2.6.4. Approximated solutions Dissipative solution is a useful concept for asymptotic
limits. We give here a general framework. We fix T < co. Consider a sequence of functions
Us, Ag, Q¢, Mg, Ge, and R, in L1(0, T; L' (£2)) for any T < T such that A(Uy), Q(U,),
0 (Uy) - Q(Uy) arein L' (0, T; L' (£2)) for T < T and:

U + diVx A = Q87 (20)
atns + divy G¢ < R, 21
U0, =U2,  1:0,-) =1, (22)

in the sense of distribution. We assume in addition that for every ¢, x, €:

ne(t, x) = n(Ue(t, x)). (23)

Then we have the following result:

PROPOSITION 3. For every g, every T < T, and every dissipative test function
Ve wh®([0,T1 x 2) N L>®(0, T; L' (£2))

verifying (15), we have for everyt < T:

fg{(ns —n(Ue)) () + n(Ug|V)(1)} dx
t
< (]/ {n(U£|VO)+ng—n(U§)}dx> exp(/ ov(t)dt)
2 0

t t
+/ exp(/ av(S)dS>/[n”(V) H(E(WV)® (V= Up)) + Re] drdr,
0 T
where

Re = [Re — 1/ (Ue) Q)] + V) (V)[A(Ue) = Ac] + 0" (V)[ Qe — Q(Up)].

Hence, if the quantities

AUg) — A, QUe) — Qe, Re —1'(Us) Q(Up), (24)

converges to 0 weakly in L'((0,T) x £2), for every T <T, UB converges strongly to
U in LY(£2), and both n(USO) and 7’/2 converge strongly to n(U®) in LY(£2), then up to a

subsequence, U, converges weakly in L{;C (LI]OC) for1 < p < 00, to a dissipative solution

U of (1) on [0, T) with initial value U°. If ®;(y) > |y|"i for y > 0, then the component
U, ;i converges weakly to U; in L? (0, T; L1(§2)) for1 < p<ooandl < q < vy,.

loc

PROOF. By density, Lemma 4 is still valid for V' a dissipative test function and U = U,
such that U, n(Uy), A(Ug), Q(Uy), and ' (U,) - Q(U,) are in LY([0,T] x £2). It gives:
at{ns —nUe) + 77(U£|V)} = diVx(G(Ue) - Ge) - (n/(Us) - QU;) — Re)
—1"(V): [E(V) ® (U, — V)]
+1'(V)[divy (As — AUe)) — (Qe — Q(Us))]
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— divy (G(Ue|V)) + Z 3jn(V)dy [Axj (UeI V)]
jk
+OV) -1 WUe|V) + [QWUe) = Q)] - [0 (Ue) = 0" (V)]
Integrating with respect to x, we find:
d
ar Jo!

+ /Q[Ra — 7' (Ue) Q(Up) ] dx + /g n'(V): [E(V)® (V — Ug)] dx

e — n(Us) + n(UeIV)} dx < (1+ HX(V)”LOO(Q))CV/QU(UslV)dx

+ /Q Ver (V) : [A(Us) — As]dx + /ﬂ (V[0 — QU] dx.

Integrating in time gives the desired result. (]

REMARK. Indeed, it is enough to have the quantities (24) which converge to 0 in the sense
of distribution. Then we can pass to the limit for regular test function V € D([0, T'] x £2).
Then, by density, we check that the inequality of dissipative solution holds, indeed, for any
dissipative test functions.

2.7. Examples of admissible balance laws

We give some examples of admissible systems for which the previous study is valid. We
will also show why the system of full Euler system of heat conducting flow is not included.
Those two first results can be found in [15]. The bi-fluid model was studied by Mellet and
Vasseur in [75] with viscosity and boundary conditions.

2.7.1. Isentropic gas dynamics The multidimensional system of isentropic gas dynamics
reads:

dp+divy(ou) =0, teRt, x eRY, 25)
3 (pu) +divy(pu @ u+ Ip?) = pF, teRt, x eRV.
forl <y < %, and a given extern force field F. The associated entropy is
u2
n(pe, pu) =r5 + h(p), (26)

where h(p) = ﬁp”.
The conservative variables are U = (p, pu) = (p, P) and the set V = (0, 00) x RV.
The entropy written in the conservative variables is:
|PI?

n(p, P) = o, + h(p).
)

This entropy is regular in V and strictly convex. Indeed,
|PI*/p* +h"(p) —PT/p)

n"(p, P) = ! (
’ o —P/p Iy
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where P is the transpose of the vector P and [ is the N x N identity matrix. The eigen-
value 1 has multiplicity (n — 1). The sum of the two other eigenvalues is given from the
trace S = |P|?/p? 4+ 1 + h”(p) and the product is the determinant Pr = h”(p), which are
nonnegative since / is convex. The smallest A of those two eigenvalues is such that:

5 Pr
A=—+2A1"2>2—>C>0,
S S

for (p, P) € (o, B) Xx B(O,R),0 <a < B <00, R > 0.
Following (4), we find that:

U=vu(,o0).
The relative entropy is
o
NUIU) = Zlu = u* 2+ h(plp™).
The relative flux of the system is
AUIU*) = (0, pu — u*) @ (u — u™) + h(plp*)I).
We clearly have the existence of a constant C such that
|AUIU"| < CnUIU"), 27
for every U, U* € V. For the system (25), the source terms reads
Q(p, P,x) = (0, pF (x)).
This gives

QWU N (UIU™) = —* —u)(p* — p)F,

and

[QW) = oWUH](n' (W) = n'(U")) = " —u)(p* = p)F,
and finally

QUMY UIU" +[QW) — eWUH](n'(U) —n'(U") =0. (28)
Moreover, since y > 1:

Y
L <. P,
y —1

|P|2 y/(y+1D
LREEARES (pV)l/W*“(—p <n(p. P).

This, together with (27) and (28), ensures that (25) is admissible in V = (0, o0) x RV with
yir=yandy; =2y/(y + 1) for2 <i < N.
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2.7.2. Isothermal gas dynamic The multidimensional system of isothermal gas dynamics
in TV reads:

3 p+dive(ou) =0, teRT, xeTV, (29
8 (pu) +divy (pu @ u+ Ip) = pF, teR*T, x eTVN,
A nonnegative associated entropy is
u? 1
n(p,pu)=p7 +plnp+;- (30)

The conservative variables are U = (p, pu) = (p, P) and the set V = (0, co) x RV, The
entropy written in the conservative variables is:

|P|?

1
n(p,P)=——+php+-.
2p e

This entropy is regular in V and strictly convex. The proof is the same than for the isen-
tropic case since h(p) = pIn p + 1/e is convex. Following (4), we find that:

UuU=yvu(,o0).
The relative entropy is
NUIU*) = Zlu—u* + pInGo/p%) = (0 = p°).
The relative flux of the system is
AUIU™) = (0, p(u = u™) ® (u —u™) + (pIn(p/p") = (p — p)1).
We clearly have the existence of a constant C such that
|A(UIU")| < CnU|U™), (€29)
for every U, U* € V. For the system (29), the source term is dealt in the same way:

QUM (UIUM +[QW) — 2WUH](n'(U) —n'(UM) =0. (32)

In the isotherm case, (11) is also verified:

[oIn(p)], < n(p, P),

|PI/In(|P| +1) < C(|(p, P)| +n(p, P)).

For the last inequality we have to separate the cases | P| > p? and | P| < p?. In the second
case, it is smaller than

|P| |PI?

—/Py/2(In(p + 1)) < —— + pIn(1 + p).

Nk ( )<,
In the first case, n(p, P) > p3/2 and we can use the proof for the isentropic system
with y = 3. This, with estimates (31) and (32) ensures that (29) is admissible in V =
(0, 00) x RV,
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REMARK. We study this system in TV to deal with the non integrability of the entropy
in RV, This problem can be address in RY considering the entropy

> |P?

lx[“0+plnp + ——.
2p

But this is not strictly speaking included in the previous theory since the entropy depends
also on x. We have chosen to restrict the theory to entropy depending only on U for the
sake of clarity.

2.7.3. A bi-fluid model We consider the following system of hydrodynamic equations in
the torus x € TV:

n +dive(nu) =0, t>0,xeTV,

9p +divy(pu) =0, t>0,xeTV, (33)

¥ ((p+mu) +dive((o +mu®u) + Vi(n+p?) =0, t>0,xeTV.
This kind of multi-fluid system is widely used in the modeling of particle/fluid interaction.

The conservative variables are U = (n, p, P) = (n, p, (p + n)u). The set ¥V = (0, 00) X
(0, 00) x RY . The following function is a nonnegative entropy for this system

Lt2
nn,p, P) =@+ ,0)7 +

1 1
pY +nlogn + —
1 e

P2
= +
2m+p) vy -1

with entropy flux function

1
p? +nlogn + —,
e

G(U) = PP
T n4p|2m+p) Yy -1

From definition (4), we have

oY +n+n10gni|.

U = ([0, 00) x (0, 00) U (0, 00) x [0, 00)) x RN U (0,0, 0).

We can show, as for the isentropic and isotherm cases, that 1 is strictly convex. A simple
computation shows that the relative entropy associated with (33) is
lu — u*|?

nU|U*) = (n+ p) 7

1 * *
+ - [P1(p1P7) + p2(nin®)
with
pi(plp™) = p” — p*" —yp*" " (p — p*).
pa(n|n®) =nlogn —n*logn™ — (logn™ + 1)(n — n™)

=nlogi*+(n*—n).
n

(Note that the p;(-|-) are the relative quantities associated to pi(p) = p¥ and py(n) =
nlogn.) The system (33) can be written in the form (1), with U = (n, p, P) (we recall that
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P =+ p)u)and

nP, nP, nP;
pPrL pP, pP3

AWU) = n Cni Ci2 Ci3 |,
TP Cy Cn Cx
C31 Cx (33

where
Cij=PFPPi+(n+ o+ P)ij.

LEMMA 5. Assume 1 < y < 2, then the system (33) is locally admissible in V = (0, 00) x
(0, 00) x RN with:

[nlnn]+ g 77(”’ P, P)’
py/(y - 1) < 77(”, P, P)v

|Ply/In(1+1P) < C(n(n, p, P) +|(n, p, P)]).

PRrROOF. First we can show, following the proofs for the isentropic gas and isotherm gases:
nln(n +1) <2nn, p, P) +nln2,
p¥ < n(n, p, P),
|Ply/In(1+|P]) < C(n(n, p, P) + |(n, p, P)|).
Let D be a compact set of V. For any such compact set, there exists 0 < A < A verifying
for any (n*, p*, P*) € D
r<n®+p" <A
We want to show that there exists C(A~!, A) such that
|A(UIU")| < CnUIU*)
forany U = (n, p, (n + p)u), U* = (n*, p*, (n* + p*)u™*) satisfying
A< pt 40" <A
First, we check that the relative flux is given by

(@ —a*)(p +n)(u; —uj)
AUIUY) = (B =B (p+n)u; —u;)
(o +n) i —ui)(wuj —uy) + pi(plp*)dij
withw = 72, o = A, B = ;2 and p* =
entropy satisfies

* .
n*l—)i-—p*’ and we recall that the relative

lu —u*?
2

1
nUIU™) = (n+ p) o= [ P1(01P") + pa(nln®),
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with
-1 Y y=2
Piplp™) = p" = p" =y o o — ") = ZE (0 — ),

11
pa(nin®) = nlogn — n*logn* — (logn* + )(n — n*) = = —(n — n*)?

286
for some & between p and p* and &, between n and n*.
The relative flux A(U|U*) involves the following terms:
(@ =)o +m@i —ud)], (B =B +m)w —u)) (34)
and
(p+n)(ui —ui)(uj—u?), p1(plp™) (35)

and it is readily seen that the last two terms (35) are bounded above by 2n(U|U*). More-
over, the terms in (34) are equal since @ + 8 = 1, «* + 8* = 1. We note that
2
(@ — ™) (p+n)(u; — u})| < (@ — ™) (p +n)+ (o +n)| (i —u))|,
where the second term is bounded above by 2n(U|U*). So we are left with the task of
showing that the quantity

I=(a—a*)*n+p)

is bounded above by n(U|U™).

To that purpose, we need to distinguish the case where n 4 p is larger than A and the case
where n + p is smaller than A. In each case, we will use one of the following expression
for o — a™:

« P —n")+n(p* - p)

a—oF = (36)
(n+ p)(n* + p*)

or
oot — p*(n—n*)+n*(p*—p). 37)
(n+ p)(n* + p*)

e When n + p < A, using the fact that p < A and p* < A, we get §; < A. Since
y —2 < 0 we deduce

pi(plp®) = C(A)(p — p*)%.
Similarly, using the fact that n < A and n* < A, we have & < A which yields

p2(nn®) = C(A)(n — n*)>.

Finally, using (36) together with the fact thatn/(n 4+ p) < 1l and p/(n + p) < 1, we
get

2
In —n*| lo* — pl )

1<
(”+")((n*+p*> (w + %)

A
< (0 =n")? + (0" = p)?)
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and therefore

1 < CA, WD[pi1(plp*) + p2(nin®)].
e Whenn + p > A, we first note that using (37) and the fact that n*/(n* + p*) < 1,
we have
* %2 _a¥\2 o2
1<(|,0 pl+In n|)<(n n)+(P ,0).
(n+p) n+p n+p

In order to control the first term, we again distinguish two situations:
— Whenn > A, then n* < n, and so & < n. Therefore

(n —n*)?

1
pr(nn®) > —(n —n*)? >
n n+p

— Whenn < A, then 1/& > 1/ max(n, n*) > 1/A, and since ("p_fz)z < %(n—n*)z,
we get

* 12 (n_n*)Z
p2(n|n”) > C(A)(n —n")” > C(AH)A——,
p+n

where we used the fact thatn + p > A.
In either case, we have

(n —n*)?

< C(A)pa(nfn™).
n—+p

Finally, we proceed similarly to show that the term % is controlled by p1(p|p™):
— When p > A, then & < p and so Ely_z > p¥"2 > C(A)/p (using the fact that

y > 1). Since

(0 =p? _ (p=p"?
n + IO X IO )
we deduce
(p* — p)?

)
< CE/ " (p* — p)* < pi(plp®).
n—+p

— When p < A, then Ely_z > (max(n, n*))Y "2 > A2, and since

(o — p*)?

1 *\2
<_ f—
e A(p p)

(we recall that we still have n + p > A), we get
(0 — p*)?
pr(nn®) > C(A)(p — p*)? > C(A)L—LL.
p+n

The proof of Lemma 5 is now complete. (]
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2.7.4. A counterexample: The Euler system with temperature We show that the Euler
system with temperature is not admissible on V = (0, c0) x RY x (0, 0o). The full gas
dynamics of Euler with temperature reads

dp+dive(pu) =0, teR" xeRY,

3 (pu) +divy(pu @ u + IypT) =0, teR', x eRV,

2 2
N N +2
0y ,0ﬂ + —pT | +div, puﬂ+ ;pTu =0, teR', xeRV.
2 2 2 2
The conservative variables are
ul> N
U= (p, P, E)= pspU P + EpT

and the flux is

u> N+2
AWU) = pu,pu®u+pTIN,,ouT+T,oTu .

The entropy is
P N
Uy=pln| ———— | — =
n) pn<(2nT)N/2> 7P

and the associated flux is G(U) = n(U)u. The expression of the flux A in conservative
variables is

1 2E 1, N+2P 1P,
AU)=|P,—-PQ P+ —In — —|P| Iy, —FE — ——|P|7).
o N Np N p N p?
Then we get
Lo
dpAp(U) = —u @ u+ - lul’ly,
2ui
0p, (Ap)jk(U) = Sijjup + Sjpuj — 5jk77
dpAp(U) = 2,
EAP =y
N—-2 u? N+2
ul> N+2 2
aP,-(AE)j(U)=8ij(T+—2 T)— it
N +2
opAp(U) = ,
eAgU) N Y
and the relative flux is
A,(UIU") =0, (38)

1
ApUIU) = plu =) @ (u —u™) = - plu —u* Iy, (39)
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1 N+2
Ap(UU*) = 5p(|u|2 — u*?) - u*) + 5P =T =T
1
— ﬁpu*m —u*% (40)

We compute now the relative entropy. Since linear part in a function disappears in any
relative quantity, we have to compute the flux of

i(U) A N om(2E L
= — np——phnl{ ——-———1),
] 5 Jpine = Sein{ -

which satisfies

0 i) =1 4mnpt Y Npp W L ]
= n _ = — _— = —, = ——,
o1 Y B 3 T PN T ET T
and thus we get
nU|U™) =h(,0|,0*)+ h(T IT) u—u*?, 41)

2T
where h(x) = xInx.

We see that (9) or (10) are not verified in this case because of the cubic power in velocity
in Ag(U|U*) since such a term do not appear in n(U|U™).

2.8. Examples of uniqueness results for dissipative solutions

The notion of dissipative solutions is very efficient to show asymptotic limits. However, the
limit makes sense only if this notion is relevant. Global weak entropy solutions for general
multi-dimensional conservation laws is not known. The validity of this notion can be tested
only on meaningful examples where reasonable solutions are known to exist. This can be
done through uniqueness result for this kind of solutions.

The weak/strong principle gives the first of this kind of uniqueness result. We consider
now two other particular examples of uniqueness results for solutions of isentropic or
isotherm gas dynamics, involving singularities.

We denote h(p) = p? /(y — 1) for the isentropic gas and i (p) = p In p for the isotherm
gas. We recall that for those systems

n'(U) = (—[ul* + 1 (p). u).

2.8.1. Rarefaction waves In this subsection, we consider a one-dimensional problem,
2=Ror2=T.

PROPOSITION 4 Fix 1 <y < oo. Consider an initial value U° = (p°, p%u®) € L1 (£2)N
Lo°(2) with p° > C > 0, piecewise smooth with a finite number of discontinuities, each
of them corresponding to rarefaction waves. Then there exists T > 0, and U* € C°(0, T;
LY(@2)nWh((e, T) x 2), for every 0 < € < T, such that U* is a weak entropy solution
of (25) with N = 1. In addition U* is the only dissipative solution on [0, T).
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In this case the singularities exist only at # = 0.

PROOF. We have
Vo (U") : AUIU*) = dxu*(plu — u** + h(plp®)).
For ¢ > 0, in every rarefaction area, we have

axu*(t7 x) 2 Oa

and so X (U*(z, x)) = 0, since & is convex and so h(p|p*) > 0. Hence oy+ depends only
on the smooth part of the initial datum, lies in L*°([0, T']).

For every ¢ > 0, V.(t,x) = U*(e 4+ t, x) is a dissipative test function, so, from the
weak/strong principle, it is the only dissipative solution to (25) on [0, T — &) with initial
value U* (e, -). This function converges in L'(£2) to U*, so from the stability property of
dissipative solutions, U* is a dissipative solution on [0, T').

Consider an other dissipative solution U. Since V, is a dissipative test function with
E(V,) =0,wehavefort < T:

1 1
/0 nUIVe)(t, x) dx < (/0 n(U°@)|U* (e, x)) dx) exp(T lou+llL=0.1))-

Passing to the limit ¢ — 0 and using the fact that U* € L>®((0,T) x £2) N C°(0, T;
L1(£2)), we find that for every t > 0:

1
/ nUIU*)(t, x)dx < 0.
0
Lemma 3 ensures that U = U*. 0

2.8.2. Axisymmetric solution with vacuum at the origin Let ¢ € C'(0, 00), be such that
Y(r) = 0forr > 1/3 and ¥ (y) < y everywhere. We consider the following steady

isentropic solution Vy, = (o, u)(r =, /xl2 + x22, 0, x3) in T? of the system (25):

1 [T y2 1/(y=1)
p(r)=<)/_/ id (y)dy> , O0<r<1/3, x3€T,
14 0 y

u=1yreg®), 0<r<1/3,0<0 <2 x3€T,

where
- . 1 - . 1
eg(0) = (—sinf, cosf) = —(—x3, x1), er(0) = (cosb,sinf) = —(x1, x3).
r r

We complete (p,u) in T3 such that the density p is continuous and constant outside
B(0, 1/3) and u = 0 outside B(1, 1/2). We have

div, (pu) = @ div(—x2, x1) + V('O(r)) -reg =0,
r r
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2
pu-Vyu = —,01//(:) € (9)

__vh

() ~1)e 0)
= —8,(p")é(0) = —Vp.

Hence, Vy, is solution to the isentropic system. In the neighborhood of r = 0, we have
pr) = Cyrz/ r=D_Hence, there is vacuum at » = 0, and p is not Lipschitz continuous at
this point for y > 3. We have the following uniqueness result.

PROPOSITION 5. The axisymmetric flow Vy is the unique dissipative solution with same
initial value.

PROOF. In this context, the singularity comes from the vacuum. the family of solutions V;
defined by

s

_ T2 1/(y=1
Ue(r, 0) = Y (1E©),  pelr) = <8+ VV 1/ 1/1y(y) dy)
0

are dissipative test functions. Note that

v,

Vite = ¥/ (r)eér ® g — €p ® ér.

So | VeugllLoe < 14 ||¢'|| Lo is uniformly bounded. Hence u, is uniformly Lipschitz but
not for sure C'. From the stability of dissipative solutions, Vy is a dissipative solution.
Consider now an other dissipative solution U with same initial value. Since Vn'(V,) =
Viueps, and (25) is admissible on V, we get fort < T

/1r3 nUVe)(t, x) dx < (/T3 1(Vy (0| Ve (1)) dx) exp(CT (1 + 1Yl ))-

Passing to the limit gives that n(U|Vy ) = 0 almost everywhere and so U = Vy;, thanks to
Lemma 3. t

3. Kinetic equations

We introduce a new variable v € RY called velocity variable, and we call kinetic function
any nonnegative function f : RT x 2 x RV — R.In a physical setting, like the nonlinear
Fokker—Planck equation (see Section 3.1), f (¢, x, v) represents the microscopic density of
particles at time ¢, with velocity in the cube centered at v with radius dv, and position in
the cube centered in x with radius dx. Most of the kinetic equations can be written in the
following form.

Wf+v Vef +Fx)-Vof = Q(f, ),
£, = f° (42)
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where F € C®°(£2) is a given function, and Q@ : R x RY — R is a nonlinear operator called
collision term. In the Fokker—Planck case, this collision operator models the collision of
the particles on an inert gas (Brownian motion), see [94] or [35]. The typical assumption
to derive kinetic models, is to neglect the size of the particle, which leads to an operator on
f in v only. We assume the existence of a : RY — R” such that for every f € R

/1‘{1" a()Q(f, v)dv =0. (43)

The quantity U (¢, x) = fRN a(v) f(t, x,v)dv are then called conserved quantities, or
macroscopic quantities. This are derived from microscopic quantities conserved during
the collisions in play. In the non-linear Fokker—Planck equation, they are the mass and the
momentum. We assume also the existence of kinetic entropy functional H ( f, v) and a non-
negative dissipation of entropy functional D(f) > 0, such that H is convex in f and such
that for every nonnegative function f € CSO(RN )

[, G v =-pis) <o (44)
rY df

Historically, the concept of entropy has been developed together with the kinetic equations,
by the founders Boltzmann, and Maxwell. For a good review on kinetic equation, especially
Boltzamnn equation, we refer to [38] (see also [39]). See also [72] for an introduction of
models coming from the micro-electronics.

We introduce now some technical assumptions ensuring a good enough control (at least
for this theory), of global in time solutions of those kinetic equations. We say that (42)
is admissible if there exists constants &, C > 0 such that for every nonnegative function
feCPM®N), f>0

OH
M;{Nﬂa(vﬂ + la() @ v| + |H(f, v)| + |[divy a)]) f + ‘E(f, v)| dv

< c/ (af + H(f,v))dv. (45)
RN

We say that (42) is admissible up to a constant if there exists constants o, C > 0 such that
for every nonnegative function f € C° (RN ), f >0,

(|la)| + |H(f )| + |a@) @ v| + |Vea®)]) f + E(f, v)| dv
RN v

gc(/ (af+H(f,v))dv+l). (46)
RN

In this case we restrict ourselves to the case 2 = TV .
For Egs. (42) which are either admissible or admissible up to a constant, we call entropy
solutions on (0, 00) x £2 x RV with initial value f* € L'(22 x RY), 0 >0, H(f% v) €
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L'(£2 x RY), any function f € L® (0, co; L'(£2 x RN)) such that (42) is verified in the

loc
sense of distribution and the following inequality is also verified in the sense of distribution

i// H(f,v)dvdxg—/ D(f)dx—i—// F-ﬁ(f,v)dvdx,
dt JoJry Q JRN av

// H(f(0,x,v),v)dv dx:// H(f x,v),v)dvdr. 47)
2JRN 2JRN

We introduce three different examples of such kinetic equations.

REMARK. We call admissible kinetic equations, the kinetic equations verifying (45), by
analogy with admissible conservation laws verifying (9) and (10). But we should keep in
mind that in (9) the relative entropy is involved when in (45), only the entropy is involved.

3.1. Nonlinear Fokker—Planck equation

We consider a gas subject to Brownian motion and an external force F € C*°(T"). The
microscopic density functional is then solution to the following Fokker—Planck equation,
see [35]

8 f +v-Vaf +F-Vyf +divy((u—v)f — Vo f) =0,
t>0,x€']I‘N,veRN, 48)

where u is the mean velocity of the gas defined for 7, x such that [ f(z, x, v)dv > 0 by

u(t,x)f f(t,x,v)dv:/ vf(t, x,v)dv.
RN RN

This models has been studied by several authors, even considering coupling with Poisson
equation and boundary conditions [36,21,19]. We have a(v) = (1, v) which means that
the conserved quantities are the macroscopic density p = | f dv and the macroscopic
momentum pu = [ vf dv. The kinetic entropy functional is given by

H(f.v) = (g + 1n(f)>f-
Note that H is not nonnegative. We have the following result.
LEMMA 6. We denote
Q(f, v) =div, <(v —u)f + Vuf>~
Then for every function f € C° (RN), f >0, (43), (44) and (46) are fulfilled, with:

_ 2
D(f)=f [(v—u)f + Vyfl do
RN f

Hence (48) is admissible up to a constant.

WV

0.
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PROOF. Estimate (43) is fulfilled thanks to the divergence form of Q and the definition
of u. A simple calculation gives

/ Cl—H( )Q(f,v)d —/ <ﬁ+1+1 )d' (V—w)f+Vyf)d
Y f,v f,v)dv = L\ 2 nf)divy((v —u)f v f)dv

== [ V(@ =+ V) o

- / 0 —wf+VofP
= — v,
RN f

where we have used the fact that
/ u-((v—u)f—i—va)dv:O.
RN

This gives (44) with the desired form on D. To verify (46), it is enough to control f 1+
|v|2 + |In f]) f dv. The difficulty comes from the fact that H is not nonnegative. This can
be solved in a very classical way. The result follows the fact that there exists C > 0 such
that

v|?

f|1nf|du</ <l+—>fdv+C. (49)
<1 RN 8

Indeed this implies that:

3/fdu+/H(f,v)dv=/<3+g>fdu+/flnfdv

2
=/<3+%)fdv+/f|lnf|dv—2 fl1n f|dv

r<1
|v]? 1
2/dev+/fdv—2C+§/f|1nf|dv.
So
/(|1nf|+1+|v|2)fdv<4<3/fdv+/f1(f,v)dv>+8c,

which leads to (46). To show (49), we write:

f|1nf|dv</

eI/ F <1

fllnfldv+/ flln f|dv

r<1 f<elvP/8-1

g[ (1+|v|2/8)fdv+f (|v|2/8+l)e_|“|2/8_ldv
RN RN

<C +/ (1+ [v|*/8) f dv.
RN
In the second line we have used that f|1n f| is decreasing for f < 1/e. (I

We have now the following result of global existence in time of solution of (48).
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THEOREM 1. Let f0 € LY (TN x RY) be a nonnegative initial value with finite entropy:

// H(f° v)dvdx < oo.
TNJRN

Then there exists an entropy solution f € L%’C (0, 0o; LY(TN x RM)) 1o (48).
The proof of this result can be found in [36]. It makes use of the so-called averaging
lemmas giving some compactness on moments of f in v. See [1,53,52,78].

3.2. Kinetic formulation of balance laws

In this section, we introduce a nice kinetic theory which is not associated to a micro-
scopic physical phenomena. The theory of kinetic formulation of conservation laws and
balance laws has been introduced, mainly, for numerical purposes. Kaniel, in his pio-
neering work [62], introduced a nonphysical kinetic model to model the isentropic gas
dynamic. The key idea was to develop equations involving local equilibrium function
(or “Maxwellian functions”) which are compactly supported in v (compared to the usual
Gaussian for the Boltzmann equation). Brenier [25], and independently Giga and Myakawa
[49], developed the numerical “transport-collapse” method to compute scalar conservation
laws, based on this principle. (See also Brenier [26], for applications on systems.) This the-
ory was later extensively developed, both for theoretical purpose (see Lions Perthame and
Tadmor [68,67] but also [28,12,14,43,91,92]), and to construct efficient numerical schemes
[24,23]. Note that the aim is not to compute the kinetic equation itself which is far more
costly to compute, but rather, to take advantage of the kinetic structure to design effective
macroscopic numerical schemes. The method has been extended also for balance laws in-
volving extern sources [20,77,5,4,33,32]. In this context, the hydrodynamic limit is linked
to the study of the validation of the numerical scheme. The study of the behavior near sin-
gularities can describe the consistence of those schemes in singular situations. For a review
on the kinetic theory of conservation laws, see Perthame [76].

In the following we present a model for the multi-variable isentropic balance laws which
can be found in Bouchut [22]. For y > 1 we consider the following BGK kinetic equa-
tion associated to the system of balance laws of the isentropic gas dynamic (25) with the
same y.

Of+v-Vaf+F&x)-Vof =Mf — [, (50)

where the unknown is f = f(¢t,x,v) € Rwitht € R, x,v € RY. The force term
F : RV — RV is given. The equilibrium function Mf is defined in the following way

Mf(t, x,v) :M(p(t,x),pu(t,x),v), D
with

p(t,X)Z/ f(t, x,v)dv,
RN

,ou(t,x):/ vf(t, x,v)dv,
RN
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where the Maxwellian M : R? x RN — R is given by

N +2
M(p, pu,v) =1, _yng, fory= N (52)
2y -1 2 a“n”
M(p, pu,v) =c| ——p" " — v —u| else. (53)
y—1 +

The constants are given by

Cn Zn/|Sn|7
2
d=——— —n,
y —1
2y \7OY Ty - 1)
CcC = _— _— .
y—1 aN2T(d/2+1)

We set a(v) = (1, v). We have the following result (see Perthame [76]).

LEMMA 7. The kinetic entropy is the following:

2
N+2
H(f,v>=%f, forV=T+,
|U|2 1 f1+2/d
H(f,v)=— —— = else.
(fiv) 2f+2c2/d1+2/d else

Then for every function f € C>° @RN), f > 0, we have

/ H(M(U,v),v)dvé/ H(f,v)dv. (&)
RN RN
Moreover, (43), (44), and (45) are fulfilled, with:
D)= [ HOIFIf0) 4 HOfv) = HOMf v dv >0,
R
where H(Mf| f, v) is the relative entropy with v fixed, namely
d

H
(fsv)Mf = f).

H(Mf|f,v)=H(Mf,v)—H(f,v)— 8f

Hence (50) is admissible.

PROOF. Let us denote

U=(p,;0u)=/ a(v) f dv.
RN

Estimate (43) is fulfilled by construction of M f since:

/ a(vyMU,v)dv =U.
RN
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To get (44) it is enough to check that, from the definition of relative quantity:

%(Mf—f)Z—(H(Mflf, v) + H(f) — HM[)).

Since H is convex with respect to the variable f, H(Mf|f, v) > 0. Estimate (54) can be
found in [76].
The estimate (45) is clearly fulfilled since all the term can be controlled by:

/RN[(1 + ) f + H(f, v)]dv,

which is smaller than

/ f+2H(f, v)dv. O
RN

We have now the following result of global existence in time of solution of (50) which
can be found in [22].

THEOREM 2. Let f € L'(2 x RN) be a nonnegative initial value with finite entropy:
/ H(f° v)dvdx < oo.
TNJRN

Then there exists an entropy solution f € Lf(fc (0, oo; Ll(Q X RN)) to (50).

3.3. Coupled system of Navier-Stokes Fokker—Planck equations

We consider the following system of equations in £2 = TV:

W f+v-Vef +divy((u—v)f —V,f) =0, (55)
0o + divy (ou) =0, (56)
0 (pu) + divy (pu @ u) + Vyp?¥ —vAu = (J — nu), (57)

wheren = [ f(x,v,)dvand J = [vf(x,v,1)dv.

This system of equations models the evolution of dispersed particles in a compressible
fluid. This kind of system arises in a lot of industrial applications. One example is the analy-
sis of sedimentation phenomenon, with applications in medicine, chemical engineering or
waste water treatment (see [11,48,84,88]). Such systems are also used in the modeling
of aerosols and sprays with applications, for instance, in the study of Diesel engines (see
Williams [94,93]).

At the microscopic scale, the cloud of particles is described by its distribution function
f(x,v, 1), solution to a Vlasov—Fokker—Planck equation. The fluid, on the other hand, is
modeled by macroscopic quantities, namely its density p(x, ) > 0 and its velocity field
u(x,t) € RN. We assume that the fluid is compressible and isentropic, so that (p, u) solves
the compressible Euler or Navier—Stokes system of equations. The fluid-particles interac-
tions are modeled by a friction (or drag) force exerted by the fluid onto the particles. This
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force is assumed to be proportional to the relative velocity of the fluid and the particles:

F; = (u(x, 1) — v).

The right hand-side in the Euler equation takes into account the action of the cloud of
particles on the fluid:

Fr= —/Fdfdv = /(v —u(x,t))f(x, v, t)dv.
For the sake of simplicity, we assume that the pressure term is given by

p=pr",
though more general pressure terms could be taken into consideration.

This particular Vlasov—Navier—Stokes system of equations is used, for instance, in the
modeling of reaction flows of sprays (see Williams [94,93]) and is at the basis of the code
KIVA-II of the Los Alamos National Laboratory (see O’Rourke et al. [2] and Amsden [3]).
We refer to the nice paper of Carrillo and Goudon [37] for a discussion on various modeling
issues and stability properties of this system of equations. Mathematical studies on related
model can be found in [60,61,16].

Although this system is not exactly of the form (42), the study of its hydrodynamic limit
is very similar. For this reason we introduce it here.

We have the following global existence result which can be found in Mellet and Vasseur
[74] in a more general setting dealing with boundary conditions. See also [36].

THEOREM 3. Let fy(x,v) = 0, po(x) = 0 and uo(x) be integrable and such that:

vl POl P
/TN</RN<T+1f>fd+ : +y_l>dx<oo.

Assume moreover that fo € L (TN x RN) and that

v>0 and y >3/2.

Then, there exists a weak solution (f, p, u) of (55)—(57) defined globally in time. Moreover,
this solution satisfies the usual entropy inequality:

t t
/ H(f(t),p(t),u(t))dx+ff D(f, u)dxds+v// |Vu|? dx ds
TN 0JTN 0JTN
< / H(for po. o) dx, (58)
']TN

where:

2 2 1 1
H(f,p,w:/ [uerlef]varpqu Ry
RN 2 )/—1 e

D(f,u)=f =) f - Vof = dv.
RN f
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4. Hydrodynamic limits

Kinetic theory provides a more refined models, valid even when thermodynamical local
equilibrium is not fulfilled. However, it is more complicated and far more costly to compute
than the related macroscopic model. We investigate in this section the link between those
two kinds of models.

4.1. Compatibility conditions

We consider a kinetic equation (42) with a convex entropy H. We say that this kinetic
equation is consistent with the balance law (1) if there exists a constant Cy > 0 such that
forany f € C°@RN), f >0

n(U) = inf(H(f)‘ /RN a) fdv = U), (59)
with

H(f) = /RN H(f @), v)dv + Co, (60)
and there exists a constant C such that for any f € CX®RN), f >0

AU) — /N v®a)fdv| < C(VHVD + D), 61)
R

o) — /N(F(x) -Vy)a) f dv| < C(VHVD + D), (62)
R

<C(WHND+D), (63

/ oH
H(U)'Q(U)—/ (F-Vv)|:—(f,v):|fdv
RN af

where

U =/ a() f(v)dv. (64)
RN

This is a consistency property. It shows that, when the dissipation of kinetic entropy D
is small, then the macroscopic flux quantities [ v ® a(v) f dv correspond to the fluid flux
function taken at the conservative quantities A(U). The condition (59) is a consistency
property between the kinetic entropy functional and the fluid entropy functional. It requires
that any kinetic functional f with conserved quantities a given U, [ a(v) f dv = U, has an
macroscopic entropy bigger than the entropy functional given at this U.

4.2. Scaling

We consider Eq. (42) at a scale where the collision operator Q is predominant. For this
matter, we introduce a parameter ¢ > 0 and the related family of equation:

Q(fé‘a U)
e )

Ofetv-Vife+F -Vyfe= (65)
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f:(0,x,0) = £2(x, v). (66)

PROPOSITION 6. We consider a kinetic equation (42). We assume that it is either admissi-
ble, or admissible up to a constant with 2 = TN . Let f, € L (0, 00; L'(£2)) be a family
of entropy solution to the rescaled equation (65), (66) with fgo > 0 such that [ fso dvdx
and ff H(fgo, v) dv dx are uniformly bounded. Then, for every T > 0, there exists Ct > 0

such that for every ¢ > 0

sup // (f5+|H(f5,v)|)dvdx§CT, (67)
0<t<T J2JRN

T
// D(f,)dxdt < Cre. (68)
0J

PROOF. Using (46) and (47) we find

i/-/ (H(fg,v)—kafs)dvdx—}—/D(fg) dx
dr QJRN

&

< C([(Z/I:&N(H(fg,v)+af8)dvdx+1).

If (42) is admissible, this is verified even without the term +1. If it is admissible up to a
constant, this is still true with £2 = TV. Using Gronwall’s argument gives that for every
0<t T

Ct

//(H(fe,v)+oefg)dvdx < (// (H(feoyv)+af£)dvdx>eC’+%
2JrY
< Cr.
Then
0

/l/ wg[// (H(fs,v)+afg)dvdx]
0/ 3 o Jry t
t
+C/// (H(fe,v) +af;)dvdxds + Ct < Cr.
0JQ2JRN

Finally, from (46), we have

/ |H(f,v)\dvdx<c<//(H(f8,v)+af8)dvdx+1)<CT. 0

4.3. Asymptotic limit

We show in this section, how the previous formalism can be used to obtain asymptotic
limits. The following theorem is mainly due to Berthelin and al [15].

THEOREM 4. Let (42) be a kinetic equation, either admissible or admissible up to a con-
stant, with convex kinetic entropy H, and consistent with a (at least) locally admissible
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balance law (1) on V. If either (42) is only admissible only up to a constant, or (1) is only
locally admissible on V), then we consider only the case 2 = TN . We consider a family of
entropy solutions f; to the rescaled kinetic equations (65). We set

US(I»X)Z/ a(v) fe(t, x, v) dv,
RN
and assume that for every t, x

Ug(t,x) elU.

We assume in addition the convergence of initial data, that is there exists U € L'(£2)
such that

1
vo ) o, (69)

J.

when ¢ tends to 0. Then, there exists U, dissipative solution to (1) on (0, 00) x §2 with initial
value U° such that, up to a subsequence, U, converges weakly to U in LIIZ)C (0, o0; Llloc(.Q))

forany 1 < p < oo. If @;(y) = y"i, then the U, ; converges weakly to U; in sz)C(O, 00;
L9(82)) for 1 < p < ocoand 1 < g < y;. In particular, we have the following special
cases.

e [If U is a dissipative test function on [0, T), and there exists Co > O such that

f n(U£|U°)dx+/ V H(f2,v)dv—n(U0)|dx < Cov/e,  (71)
2 QIJRN

then, for every t < T, there exists a constant C; such that

and

/ H(f2,v)dv —nU%]|dx — 0, (70)
RN

/ n(Us|U)(s, x)dx < Cia/e forany s € [0, t]. (72)
RN

Moreover, the whole family Uy converges strongly to U in C°(0, T’; Llloc),for T <T.
If ®i(y) = |y|¥i for y > 0, then the component U, ; converges strongly to U; in
CO0,T; LL (2) for1<p<oo,1<q<yiandT <T.

o IfUY is a initial value verifying the hypothesis of Proposition 4 (discontinuities lead-
ing to rarefaction waves) then the whole family U, converges to U* on (0, T).

PROOF OF THEOREM 4. Thanks to Proposition 6 and (59), n(U,) is uniformly bounded in
L*®0, T, L! (82)) for every T > 0. Since (1) is admissible on V, (11) implies that, up to a
subsequence, U, converges weakly to a U in Lf;c(Llloc), where n(U) + |U] is in Lﬁf’C(Ll).
Multiplying the kinetic equation by a(v) and integrating with respect to v, we find that U,

is solution to (20) with

A, :/ v X a(v) fe dv,
RN
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0 = f (F - Vya(v) fe dv.
RN

Multiplying the kinetic equation by %( fe, v) and integrating with respect to v, we find
that U, verifies (21) with

Ne =/ H(fe, v)dv,
RN

G€=/ VH(fe, v) dv,
RN

oH
R = /RN(F - vv)[ﬁm, v)}fg dv,

Estimate (23) follows (59). Proposition 6 gives that

T
//ngxdt<CT£
0Je

converges to 0. Since (42) is consistent with (1), we have

T
//Rgdxdt
0JR2
T T T
<c( [ s //Dsdm//mdm)
0J82 0J82 0J82

< Cyv/e.

Hence, Proposition 3 gives the result.
If U is an dissipative test function on [0, T'), using Proposition 3 with V = U, we have,
thanks to (61), (62):

/(ns_n(Us))(t)dx+/ n(Ue|U)(1) dx
2 2
t
< CoﬁeXp(/ ou(r)dr>
0
t t
—i—C/ exp(/ aU(s)ds){\/’Hs VDe + D, } dx dt
0 T

< Cry/e.

Hence, 1(U;|U) converges to 0 in Cc%0,T; L'(2)), for T < T. Thanks to (11), U, con-
verges strongly to U in C°(0, T'; Llloc(.Q)). By uniqueness of the limit, the whole family is
converging.

If U° verifies the hypothesis of Proposition 4, then the uniqueness result of this propo-
sition gives the result. (]
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4.4. Hydrodynamic limit from Fokker—Planck equation to isothermal system of gas

In this section, we study the convergence from the rescaled Fokker—Planck kinetic equation
to the isothermal system (29). We study the equation for x € £2 = TV. The result can be
found in [15]. The rescaled kinetic equation reads

divy (e — ) fo — Vo fe)

Ohfetv-Vife+F -Vyfe+ e =0,

xeTV veRV,
fe0,x,0) = f2(x,v), xeTV veRV, (73)
where u, is defined for 7, x such that [ f,(z, x, v) dv > 0 by

ue(t,x)/ fg(t,x,v)dvzf vfe(t, x, v)dv.
RN RN

We have the following results.

THEOREM 5. Let F be in C*(TN) N L®(TN). Let f, be a family of entropy solutions
to (73). We set

U&‘(tv-x):/ (17v)f8([7-x’v)dv=(p£7 IOSMS)'
RN

We assume the convergence of initial data, that is

( [ (rtourt ms) dv) D (00, 0, 0% 2 + o0 n(o°/ 2 1)),

when ¢ tends to 0. Then, there exists (p, u), dissipative solution on (0, 00) x £2 to (29)
with initial value (p°, p°u®) such that p, converges weakly to p in L{Z)C (0, o0; LllOC (TNY)
forany 1 < p < o0 and pgu, converges weakly to pu in Ll[:)C(O, o0; LIIOC(TN)) for any
1 < p < oo. In particular, we have the following special cases.
o Ifthere is T > 0 such that U = (p, pu) € W-2([0, T] x TN) N L>®, T; L"),
with p > 0and u € W-%°([0, T] x TVN), for every T < T, then the whole family
(pe, psits) converges strongly in C°(0, T'; LIIOC(TN)) to (p, pu) forevery T < T.
e If U is a discontinuous initial value verifying the hypothesis of Proposition 4 (rar-
efaction wave), or Vy, defined in Section 2.8.2, then the whole sequence U, converges
toU*on[0,T).

The only technical point in the rest of the proof, is to show that (48) is consistent with
(29). We can then use Theorem 4 since (48) and (29) are admissible. We have a(v) = (1, v)
and

Q(f,v) = divy((v —u) f + Vi f), (o, pu) = /RN a(v) f dv.

The functional n(U) = plu|*/2 + h(p) + 1/eis a strictly convex entropy, since it is the
sum of the strictly convex entropy (30) and a linear function of U. Estimate (59) is verified
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since

— P v-ul/2
n(w_/H;NH((zn)N/ze ,v>dv</H;NH(f,v)dv.
The estimates (62) and (63) are straightforward since

2
v
BfH(f,v)z%—i-l—i—lnf.

Indeed
/N OrH(f,V)F(x) -V, fdv=—puF(x)
R

=—1'(p, pu)Q(p, pu).

To show (61), we have to estimate

AU) —/ v®a()fdv
RN

In this case, it is quite easy. The first component is zero. The second one is

E, = v®@ufdv
N

9

,ou®u+,ol—/
R

which can be rewritten as

E2:/ v [ —v)f =V, f]dv|,
RN
since

fv@vadvz—/ f dv.

RN RN
Thus we get

’AZ(U) - / vV ®az(v) fdv
RN

1/2 _ 2 1/2
RN RN f

which concludes the proof.

4.5. Hydrodynamic limits to isentropic gas dynamics

As a consequence of the Theorem 4, we show the asymptotic limit of the rescaled BGK
models to the system of isentropic gas dynamics. The results presented here are due to
Berthelin and al [15]. The rescaled kinetic equation from (50) for 1 <y < N/(N +2) is

M —
O fedv -Vife+ F(x)-Vyfe = % t>0, xeRY veR",

fo0,,)=f0 xeRM veRV. (74)
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THEOREM 6. Let F be in C2(RN) N L®RN). Let f, be a family of entropy solutions
to (74). We set

UE(tvx)Z/ (l’v)fé;“(tv-xav)dv:(p‘?’pé‘ué‘)'
RN

We assume the convergence of initial data, that is

(fRN (/v HED) dv) FLED (00, 00, 0 + 2 f(y - ).

when ¢ tends to 0. Then, there exists (p, u), dissipative solution on (0, 00) xRN to (25) with
initial value (p°, p°u®) such that ps converges weakly to p in LIOC (0, o0; Lloc (RM)) for any
1< p<ooandl < q < y,and psu. converges weakly to pu in LlOC(O o0; 10C(]RN))
for anyl < p < o0 and 1 < g <2y/(y + 1). In particular we have the special following
cases:

o [fthereis T > 0 such that U = (p, pu) € Wloo([O Tl x RNy N L>®©, T; LY,
with p > 0and u € WH([0, T] x RN), for every T < T, then the whole family
pe converges strongly in C°(0, T 1OC(RN)) to p for every 1 < p < y and the
whole family p.u, converges strongly to pu in C°(0, T; LI _(RN)) for every 1 < q <
2y/(y + DandT < T.

e If UV is a discontinuous initial value verifying the hypothesis of Proposition 4 (rar-
efaction wave), or the steady state Vy, defined in Section 2.8.2, then the whole se-
quence U, converges to U* on [0, T).

loc

The only difficulty to apply Theorem 4 is to show that (50) is consistent with (25),
namely:

PROPOSITION 7. For every nonnegative f € CZ° (RN we have

/ (v®aw))(f — Mf)dv| < CWHVD + D). (75)
RN
In particular (50) is consistent to (25).

We postpone the proof of this proposition to prove Theorem 6.

PROOF OF THEOREM 6. The system (25) is admissible on V = (0, 00) x RN, U/ = VU
(0, 0). Thanks to Lemma 7, (50) is admissible. Thanks to Proposition 7, (50) is consistent
with (25). Hence, Theorem 6 is a direct consequence of Theorem 4, since

D,(y) =y, Dpu(y) =y,

Indeed

2y

loul 71 < (V) (P lul)’.
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Let us first show that (75) implies that (50) is consistent with (25). Estimate (59) comes
from (54). Since

A(U):/ v®a()Mf dv,
RN

and

o) = fRN(F(x) -Vy)a()Mf dv,
it gives

A(U)—/ v®a()fdv =‘/ v@a)(Mf — f) dv|, (76)

RN RN

oW, x) — /RN (F(x) - Vy)a() fdv| = ‘/}RN F(x)Vya()(f — Mf)dv|, (77)

and
/ oH

U(U)Q(U)—/F(x)‘vu[ﬁ(f, v)]fdv 0.

‘We have

L twasos = mprav =iy [ (= mprao=o

thus (62) and (63) are satisfied. Finally (75) and (76) give (61). It remains to show (75).
We will consider only the simpler case y = (N +2)/N. For the full range we refer to [15].

Case y = (N +2)/N. We have
D(f) = / IP(f — Mf) dv.
RN
But we need to control

’

/ v ®a@)(Mf — f)dv
RN

which is more delicate. We set a;(v) = 1 and a2 (v) = v such that a = (aj, az). Similarly,
we define A1 (U) = pu and Ar(U) = pu @ u + Ip?. Since

AWU) = / v®a()Mf dv,
RN

the first component of | IRN v®a()(Mf — f)dv] is still zero here. Now we have

‘AZ(U) —/ v®uvfdv
RN

_ ‘/RN(v—u)@@(v—u)(Mf—f)dv

<[ v — ulPIMf — f]dv.
]RN
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The first equality uses

fa(v)[Mf — fldv =0. (78)

Thus to control the second component, we want to show that

/'w—uﬁMf—ﬂm
RN

can be controlled (at least for bounded entropy) by the dissipation of entropy

/ WP — M) do.
RN

For y = (N + 2)/N, Proposition 7 is then a consequence of the following result.

PROPOSITION 8. For every f € L'(RN) verifying 0 < f < 1, and every u € RN we
denote

p=/ F(v)dv,
RN

F =/ v —ul?| f(0) = M(p, u, v)| dv,
RN

D=/ [I*(f(v) — M(p, u, v)) dv.
RN

Then there exists a constant Cy such that, for every f € L'(RN) verifying 0 < f < 1,
F < Cy(eNtYC2N /D + D)
< CNn(WHAD + D).

To prove this result, we first introduce some notations and prove preliminary results.
Notice that, thanks to (78),

D= / v —ul*(f(v) — M(p, u, v))dv.
RN

Then changing v by v+u if necessary, we see that we can restrict ourself to the case u = 0.
We first reduce the problem to a one dimensional problem. We introduce the following
quantities:

_ 1
Fory = —— / (o) do,
ISn| Jsy

_ 1
ISn|

Since the integral of f is equal to the integral of M (p, 0, -), we have

f Ty dr = / T ar ()

0 0

M) /S M(p,0,r0)do =Lyn oy py ().
N
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We denote r; = (ch)%, we have
©© - —
F = |SN|/ PN FGy = M(r)| dr
0
r _ 0 _
= |SN|(f PN —f(r))dr+/ rN+1f(r)dr),
0 r
~ ) B 1
D=isul [ i) - H)
0

= |SN|(— [rl rN+1(1 — f(r)) dr + /oo rN+1f(r)dr).
0

r
We define in addition
ry _ 00 _
M:/ rN_l(l—f(r))dr=/ N E(r) dr,
0 r

the last equality comes from (79) and M) = 1{<ry(r). We have to do a different treat-
ment for values close to rq and far from this value. For this purpose we consider r, > rq a
new number which will be fixed later on. Then we denote

rn _
M =/ PN dr,

1

M, = /Oo rNUE(r) dr.

2

We have M = M| + M>. Then we define 0 < ro < r; (in a unique way when r is chosen)
in the following way

M, = /” N1 = fr)dr

0
Then, from the definition to M and since M is the sum of M| and M;, we have

My = /m PN = fr)dr
0

In the same way we define Fi, F>, D1, D; in the following way
rn _ _
F = / N F(ry = M(r)| dr
ro

:/rl rN+1(1—f(r))dr+/r2rN+1f(r)dr,
ro

r

Fy = /OrorN'H|f(r) — A_/I(r)|dr+/ PN Fr) = M(r)| dr

r

= [T feyars [T e

0 rn

D= /rz rNYF () — M(@r)) dr
ro
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= _/” rNH(1 —f(r))errfr2 rNHUE(r) dr,
o

L1

Dy = /Om N Fr) — M@r)) dr + foo PN FGr) — M(@r)) dr

2
:—/rorNH(l—f(r))dr—i—/oorNHf(r)dr.
0 r

Notice that Fy, F, M1, M, are nonnegative (as integrals of nonnegative functions) and
verify

M = M| + M,
F=F+F,
D = D + D;.

We can show, in addition, that D1 and D, are nonnegative too.

LEMMA 8. We have

Dy =0, Dy > 0.

PROOF. We show the result for D (the proof is similar for D). We have

/ Ny dr = f RN F) dr > i,

r r

frl rN+1f(r) dr = /rl rz(rN_lf_(r)) dr < r12M1.
ro F

0
Since D; is the difference of those two terms we find that D is nonnegative. U

We first consider the values far from r;.

LEMMA 9. We can dominate F> by Dy in the following way:

2 2

ry +r

1 2
F2§D2<2 2).

;=N

PROOF. We have

o0
/ rN'Hf(r) dr > r22M2

2
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Hence we have
7. o _
D, > (—22 - 1) / PN = F(r) dr.
0
But F; can be expressed in the following way
ro _
Fr=D>+ 2/ N1 = f(r) dr.
0

Those two expressions lead to

2 2

ry +r

F2<D2(12 22> O
V2—I"1

We consider now the values close to r;.

LEMMA 10. There exists a > 0 and a constant Cy depending only on N such that if
|ry — r1| < ary then

F1 < Cya2pN-2/2N /D).

PROOF. We split the proof in several parts.
(i) Minimization of the entropy dissipation. We define o and 8 such that

B r
M1=/ rN_ldr=/ rNlar,
r o

From the definition of M1, notice that 8 < rp. In the same way we have o > ro. We want
to show that

B r
D 2/ rNHdr—/ PN gy,
r o

First we calculate

9] _ B
/ rN'Hf(r)dr—/ PN g
r T

p
:/ rz[erl(f(r)—l)]der/
r

B
r B
=/ rz[rN_lf(r)] dr —/ rz[rN_ (1 —f(r))] dr
B r

ry B
>ﬂ2|:.//3 rN_lf(r)dr—/ rN_l(l—f(r))dr:|

> BA(My — My) =0.

rz[erlf(r)] dr
1

In the same way we calculate

/IrNH(f(r)—l)dr—i-/]rN“dr
ro

o
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= /a N (fr) = 1) dr +fr1 rNHF(r) dr
ro

o

az[farN_l(f(r) — 1)dr+/rl rN_lf_(r)dr]

0

WV

= 0.

Summing those two last inequalities gives the desired result.
(ii) Taylor expansion of the critical entropy dissipation. We call critical entropy dissipa-
tion the function defined by

) B r
D‘:(/ rNHdr—/ rNHdr),
r o

where « and 8 are defined in (i). Then we have

N N
anzﬂ A

anzer—aN,

(n+2)D¢ = N2 —2pN T2 4 N2

D¢ _a+/3—2r1+n+1 B—r 2+ o —r 2
rf““z_ r 2 r r
_ 3 _ 3
o((55) +(457))
ry ry
M B-n  n—1(B—r)\ B—r\’
N~ = + +0
r r 2 r r
=r1—a_n—l(rl—a>2+o(r1—a)3’
r 2 r r
O:ﬂ o r1+n [(,6 rl) +(r1 a>i|
r 2 r ri
_ 3 _ 3
o (55) ()
ry ry
Finally we obtain
D¢ B—r 2 r—ao 2 B —ri 3 rn—a 3
_ — (0]
't [( r >+ r " r T
M \> -\’ r—a\’
=2(5) +o((557) + ()
r r r

therefore

Now

hence
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Hence, there exists n > 0 and § > 0 such that

1)
c 2
D > _N72M1
1

whenever

r —uo

B—r
<n
r ry

(iii) Final estimation. From the definition of «, there exists a > 0 such that |(r; — ) /r1| <
n whenever |(8 — r1)/r1| < a. Remember that r» < 8. Hence if |rp — 1| < arp then

B—n

r—ao

<,

r
and

<r 25«/—r(N+2)/2
< CN az /Dy pN+2/@N).

The first inequality uses the definition to Fi, the second one uses the result of (ii), and the
third one uses the definition to r; and the result of (i). O

F

Now we are able to prove the estimate of Proposition 8.

PROOF OF PROPOSITION 8. We fix a and r; verifying the properties of Lemma 10. Thanks
to Lemmas 9 and 10 we have:

1+a
F<F+F< Dz( - )+c p NN /D,

< C}V(D—i—p(N”)/zN\/B). O

4.6. Hydrodynamic limits of the Fokker—Planck Navier—Stokes system

We consider the case x € TV. We denote

(n,o (n+,0)u) (p+ )i+ P +nlnL+1
n(n, p, v e

Note that it is an entropy of the system (33).

THEOREM 7. Let (fao, pg, ug) be a family of initial value such that fgo >0, ,00 > 0and
there exists (nY, ,00, n® + po)uo) such that

LI(TV) LI(TV) LY(TV)
/N fedv — n?, pg — ,00, N vfe dv + pgug — "+ ,oo)uo,
R R
with

1 N
H( 0 u®) "5 (. 00, (1 + %)),
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when ¢ — 0. We consider entropy solutions f. to the rescaled Fokker—Planck Navier—
Stokes systems:
divy((ue —v) fe — Vo fe)

O fe+v-Vife+ B =0,

0r e + divy (peue) =0,
rCpette) vy (pette ® ue) + Vopl — ve g = 211,
(fes Pes perte) (t = 0) = (£, pg, plug),
where ng = [ fe(x,v,t)dv and J, = [vfe(x, v, t) dv. Assume moreover that
O<ve<e and y € (1,2).

Then, up to a subsequence, the family U, = (ng, pe, psue + Jo) converges weakly in

LP(0, T: LIIOC(TN)),for every T <ocoand1 < p < o9, to a dissipative solution U =

(n, p, (n+p)u) of the bi-fluid system (33) on [0, 00), with initial value U° = (n°, p°, (n°+
p0u®). In particular, we have the following special situation.
e If U is a dissipative test function on [0, T'), and there exists Co > 0 such that

[ et [ s o o) - n()] ax < cove,
then, for every t < T, there exists a constant C; such that
/ n(U:|U)(s, x)dx < Cia/e foranys € [0, t]. (80)
RN

Moreover, the whole family U, converges strongly to U in C°(0, T; L ).

loc
e If U is a discontinuous initial value as in Proposition 4 (rarefaction waves) then the

whole sequence converges to U* on (0, T).
This result can be found in [75] where viscosity is taken into account. See also [37].

PROOF. We first prove a consistency result of the asymptotic system with the kinetic
model. Integrating the kinetic equation of the rescaled problem with respect to v, we find

ong +divy Jo = 0.
Moreover, multiplying the same equation by v and integrating with respect to v, we get
8t/vf8dv = —divX/v(X)vfgdv + éf(ug —v) fedv
and thus
0 (Je + pette) + divx(/RN v ® vfe dv + pette @ty — v Ve + pz1N> 0.
We can rewrite this system in the form

0;U; +divy A, =0,
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where
A = (Jsa Pelle, /;RN V@ Ufe dv + pelte ® ug — Ve Vylte + ;OZ:IN>-
We can then use Proposition 3. We need to control

/ (e —v) fedv
RN

by the dissipation.
1 — We have

‘/(”8 —v) fedv

, VeV,

, ’/N(ue®ug—v®v+1)fsdv
R

= ‘/(”s —v)fe = Vyfedv

12 ,1 12
< (/fedv> (/‘(us —v)fe _vvfs’ ﬁdv)
dxds < C //t D(f:)ds < Ca/e.

0

/(u8®u8—v®v+IN)fsdv

and therefore

fotfg‘/wg—v)fgdv

2 — Next, we write

:/[ug®(ug—U)+(Ms_v)®U+IN]fedv
= | ue/fe ® [(e — )V F, = 2Vi/F,] +ute ® 2/ F,Vo/ f, dv
+ f[(us — OV e =2V ] ® v/ + 2/ f Vo fo ® v+ Iy frdv
= [ ue/fe ® [ — IV F, = 2Vo/f.] +ue ® Vy fo dv
+ /[(ua OV e =2V ] ® v/ f + Vo fe @ v+ Iy fodv
= [ ue/fo ® [ — )V F, —2Vui/f,] dv
+ /[(us — Ve =2V ] ® vy, dv

and so

dx ds

t
// /(ue®ue_U®U+IN)fst
0J 2
t 1/2 t
< (/f /(|u5|2+|v|2)f£dvdxds> [ D(f.)ds.
0J 82 0
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It only remains to see that the term f (|u5|2 + |v|2) fedv is bounded uniformly by
H(fe, pe, peute). Using the entropy inequality, we already know that the quantity
[ 1v]? fe dv dx is bounded, so it is enough to check that [ (u; — v)?f. dvdx is bounded.
To that purpose, we write

/ (e — ) fo dvdy = / / (e — 0/ e[ — IV F, — 2V T | dvdx

+/ (e —v)Vy fedvdx

1/2
< (/(ug—v)zfgdvdx> D(fg)—l—/fgdvdx,

which gives

t t '
/f(us—v)zfgdvdxdsg//D(fg)dxds+2//f8dvdxds.
0 0 0

and yields the result. We can then apply Proposition 3. O

5. Conclusion and open problems

In this chapter, a general theory on hydrodynamic limit has been presented. It showed
how some rather general conditions on the structure of the kinetic, and fluid models and
compatibility requirements between the two descriptions, can ensure the validity of the
hydrodynamic limit. However, it ends, leaving a lot of unsolved problems.

e The case of the hydrodynamic limit of the Boltzmann equation is not treated by this

method. The first difficulty is that the limit conservation law, the temperature depen-
dent Euler system, is not admissible on the whole set of values (p,u,T) € V =
(0, 00) x RN x (0, 00) (see Section 2.7.4). Therefore, the method would require some
a priori bounds on the solutions of the rescaled kinetic equations. It would be inter-
esting, however, to see in which extent a refined study of the Boltzmann equation, as
in [69], is unavoidable.

The method relies heavily on the validity of the dissipative solutions. It is then neces-
sary to derive uniqueness results for this kind of solutions, at least on special meaning-
ful singular ones. It is not obvious at all if this can be done for any type of singularities.
Shocks seems to be at odd with the theory. Even negative results would be interesting
to show the limit of the method.

Boundary conditions involving boundary layers are known to produce a great richness
of phenomena (see Sone [87], and also [6,54,90]). This has been completely avoided
here.

In different areas of physics and engineering, kinetic models which do not conserve
energy are used. Those models do not have classical nontrivial thermodynamical equi-
librium. However, recent results show some rich behavior in large time asymptotic
(see [18,17,47]). The derivation of associated fluid models is a great challenge.
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Abstract

The classical Stefan model is a free boundary problem that represents thermal processes in
phase transitions just by accounting for heat-diffusion and exchange of latent heat. The weak
and the classical formulations of the basic Stefan system, in one and in several dimensions of
space, are here reviewed. The basic model is then improved by accounting for surface tension,
for nonequilibrium, and dealing with phase transitions in binary composites, where both heat
and mass diffuse. The existence of a weak solution is proved for the initial- and boundary-value
problem associated to the basic Stefan model, and also for a problem with phase relaxation
and nonlinear heat-diffusion. Some basic analytical notions are also briefly illustrated: convex
calculus, maximal monotonicity, accretiveness, and others.
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0. Introduction

1l n’y a pas des problémes résolus, il n’y a que des problémes plus ou moins résolus.
(There are no solved problems, there are just problems that are more or less solved.)
Henri Poincaré

The model of solid-liquid transitions that Josef Stefan formulated in 1889 provides a
good example for this aphorism of Poincaré. Existence of a solution for that problem was
proved by Lev Rubinstein in 1947. Tenths of thousands of papers and a number of meetings
have then been devoted to this model and its extensions, and research on this topic is still
in full development.!

The present work has a twofold purpose: to introduce the basic Stefan problem and some
more refined models of (first-order) phase transitions, and also to illustrate some methods
for the analysis of associated nonlinear initial- and boundary-value problems. These two
aspects might hardly be separated, for the interplay between modelling and analysis is the
blood and life of research on Stefan-type problems.

Phase transitions occur in many relevant processes in physics, natural sciences, and en-
gineering: almost every industrial product involves solidification at some stage. Examples
include metal casting, steel annealing, crystal growth, thermal welding, freezing of soil,
freezing and melting of the earth surface water, food conservation, and others. All of these
processes are characterized by two basic phenomena: heat-diffusion and exchange of la-
tent heat of phase transition. A model accounts for this basic behaviour in terms of partial
differential equations (shortly, PDEs): this is known as the Stefan problem, and was exten-
sively studied in the last half century.

Because of the size of the existing literature, it has been mandatory to operate a dras-
tic selection: important topics like numerical approximation, solid—solid phase transitions,
shape-memory alloys, and others will be omitted. Here we shall confine throughout to mod-
elling and analysis of solid-liquid transitions.? It is natural to recognize this phenomenon
as an example of free boundary problem (shortly, FBP), for the evolution of the domains
occupied by the phases is not known a priori. This is also labelled as a moving boundary
problem, for the interface between the two phases evolves in time. Many mathematicians
addressed the Stefan problem from this point of view, especially for univariate systems and
in the framework of classical function spaces (i.e., C k.

Phase transitions may also be regarded from a different perspective. Heat diffusion and
exchange of latent heat may also be formulated in weak form, since they are accounted
for by the energy balance equation, provided that this is meant in the sense of distribu-
tions. This leads to the formulation of an initial- and boundary-value problem in a fixed
space—time domain for a nonlinear parabolic equation. This nonlinearity is expressed via a
maximal monotone graph, and the problem may thus be reduced to a variational inequality.
The natural framework is here provided by the Sobolev spaces.

! This provides evidence of the richness of Stefan-type problems and of the phenomena they represent, and also
confirms the fertility of the academic mind in finding new results to offer to the attention of the community.

2 Inrecent years the term phase transition has come in use among applied analysts with reference to stationary
two-phase systems, too. Here we remain with the more traditional use: for us phase transitions are transitions,
namely processes.
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The two approaches above are known as the classical and the weak formulation of the
Stefan problem. However, rather than being two formulations of the same problem, these
represent two alternative models of phase transitions, that turn out to be equivalent only
in special cases. The classical model is a genuine FBP, for it is based on the assumption
that the phases are separated by an (unknown) smooth interface that also evolves smoothly;
this approach allows for the onset of metastable states at the interior of the phases. On the
other hand the weak formulation makes no direct reference to any phase interface: this may
or may not exist, anyway it does not explicitly occur in the statement of the model. Solid
and liquid phases may actually be separated by a set having nonempty interior, a so-called
mushy region, that represents a fine-length-scale mixture of the two phases. In this respect
the weak formulation is more general than the classical one, but it excludes metastable
states. These issues are illustrated in Section 1.

The Stefan model is simple to be stated, combines analytical and geometrical aspects,
has a suggestive physical substrate, is relevant for a number of applications, and is the
prototype of a large class of evolutive FBPs. However it provides an oversimplified picture
of (first-order) phase transitions, and is far from accounting for the richness of the physics
of this large class of phenomena. In Section 2 we then improve the basic Stefan model
by accounting for surface tension and for nonequilibrium at the phase interface. We also
consider composite materials, in which the heat equation must be coupled with the equation
of mass-diffusion, and the transition temperature depends on the chemical composition.
Dealing with coupled diffusion, it seems especially convenient to use an approach based
on the entropy balance and on the second principle of thermodynamics. This leads to the
formulation of an initial- and boundary-value problem for a parabolic system of equations
with two nonlinearities.

In Section 3 we then deal with some methods for the analysis of the weak formulation
of the basic Stefan problem in several space dimensions. Several analytical procedures
may be applied for that purpose: L”-techniques, transformation by either space- or time-
integration, and semigroup methods provide well-posedness and regularity properties in
the framework of Sobolev spaces.

In Section 4 we study a multi-nonlinear extension of the Stefan problem, that accounts
for nonlinear heat conduction and phase relaxation. We provide the weak formulation of
an initial- and boundary-value problem in the framework of Sobolev spaces, and prove
existence of a solution in any time interval, via a procedure that rests upon the notion of
saddle point.

Convex calculus is often applied in the analysis of FBPs. In Section 5 we review basic
results of that theory, and also illustrate some other analytical tools that are used in this
work: maximal monotonicity, accretiveness, De Giorgi’s notion of I'-convergence, and so
on. We conclude with a bibliographical note and with a collection of few hundred refer-
ences on Stefan-type problems — just a small sample from an overwhelming literature. An
effort has been done to quote some references also for the most investigated issues, where
making a wise selection is hardly possible.

This paper is just meant as an introduction to Stefan-type models of phase transitions.
Sections 3 and 4 are devoted to the analysis of nonlinear PDEs, and may be read inde-
pendently of Sections 1 and 2 that deal with modelling — however the reader should be
aware that divorcing analysis from modelling somehow spoils this theory. In the spirit of
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this Handbook, it seemed appropriate to devote special attention to the analysis of the weak
formulation of the basic Stefan problem. For the benefit of the less experienced reader, we
provide detailed arguments in Sections 3 and 4, devote some room to illustrate the basic
analytical tools in Section 5, and also quote a number of fundamental monographs. A some-
how didactical attitude has been maintained throughout, although this author cannot forget
the Italian saying “chi sa fa, chi non sa insegna”.>

A part of this paper is based on Chapters II, IV, V of this author’s monograph [453],
the reader is referred to for a more detailed account. On the other hand, the analysis of

Section 4 provides new results.

1. The Stefan model

This first part is mainly devoted to the construction of two alternative formulations of the
basic Stefan model of phase transitions, and to illustrate some related problems.* First
we introduce the main physical assumptions and the weak formulation in several space
dimensions, and then state the associated classical formulation. We illustrate how these
models are based on partially different physical hypotheses, and compare some of their
properties. In this part we deal with a homogeneous material, neglect surface tension, and
assume either local stability or local metastability; these restrictions will be dropped in
Section 2.

We shall also outline a vector extension of the Stefan model that accounts for processes
in ferromagnetic materials having negligible hysteresis, the quasi-steady Stefan problem,
the Hele-Shaw model, and the hyperbolic Stefan problem. Finally, a brief historical note
updates Section IV.9 of Visintin [453].

1.1. Weak formulation

We shall always deal with solid-liquid (and liquid—solid) phase transitions, although our
developments also apply to other first-order phase transitions. Here we shall represent
phase transitions in an especially simplified way, focusing upon the thermal aspects, that
is, heat-diffusion and exchange of latent heat. We shall neglect stress and deformation in
the solid, convection in the liquid, change of density.’

We shall assume that the process occurs at constant volume, although in experiments
usually it is the pressure that is maintained constant. Our developments however take over
to systems that are maintained at constant pressure, at the only expense of some minor
changes in the terminology: for instance, the term internal energy should then be replaced
by enthalpy.®

3 “Who knows, makes. Who does not know, he teaches.”

4 Throughout this work, we shall just refer to first-order phase transitions. These exhibit a latent heat of phase
transition, at variance with second-order phase transitions.

5 These simplifications might hardly be assumed in the case of vapour—liquid systems. This is the main reason
for our preference for solid-liquid systems.

6 See e.g. the discussion of Section 7 of Penrose and Fife [373].
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DEFINITION. Let us denote by £2 a bounded domain of the Euclidean space R, which is
occupied by a homogeneous material capable of attaining two phases, liquid and solid. Let
us fix a constant 7 > 0, set Q := £2 x ]0, T'[, and use the following notation:

u: density of internal energy — namely, internal energy per unit volume,

0: relative temperature — namely, difference between the actual absolute (Kelvin) tem-
perature T and the value tg at which a planar solid-liquid interface is at thermodynamic
equilibrium,

x (€ [—1, 1]): rescaled liquid fraction: x = —1 in the solid, x = 1 in the liquid (the
actual liquid fraction is %(X + 1)),

q: heat flux per unit surface,

k(0, x): thermal conductivity — a positive-definite 3 x 3-tensor,

f: intensity of a space-distributed heat source (or sink) — namely, heat either produced
or absorbed per unit volume.

One may assume that at a mesoscopic length-scale (namely, an intermediate scale be-
tween that of macroscopic observations and that of molecular phenomena) just liquid and
solid phases may be present, that is, x = =1 at each point. At the macroscopic length-
scale however a so-called mushy region (or mushy zone), namely a fine solid—liquid mix-
ture, may appear. This is characterized by —1 < x < 1, which corresponds to a liquid
concentration 0 < (x +1)/2 < 1.

The energy balance. Let us assume that the density of internal energy u is a known func-
tion of the state variables 6 and yx:

u=1a(0,x) in0. (1.1.1)

This functional dependence is characteristic of the specific material. Under the above phys-
ical restrictions, the global energy balance reads

ol - . .

3—': YV-G=f inD(Q) (V- :=div). (1.1.2)
This equation may just be expected to hold in the sense of distributions, for in general
u and g will be discontinuous at phase interfaces, as we shall see ahead. We couple this

balance with the Fourier conduction law

g=—k@®,x)-Vo inQ, (1.1.3)

the thermal conductivity k being a prescribed positive-definite tensor function. We thus get
the global heat equation

2—? — V- [k, x)-Vo]=f inD'(Q). (1.1.4)

A phase-temperature relation is then needed to close the system, besides of course ap-
propriate boundary- and initial-conditions.
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u 4 /

Fig. 1. Constitutive relation between the density of internal energy, u, and the temperature, 6.

The temperature-phase rule. Although Eq. (1.1.2) describes processes that are outside
(and possibly far from) equilibrium, here we assume local thermodynamic equilibrium. By
this we mean that in a neighbourhood of each point the system is governed by the same
constitutive relations as at equilibrium.

This hypothesis excludes the occurrence of undercooled and superheated states, that we
shall illustrate ahead. This thus yields the following temperature-phase rule:

>0 inQy, 0 <0 in Q> (1.1.5)

where by Q1 and Q> we denote the subsets of Q that correspond to the liquid and solid
phases, respectively. Defining the multi-valued sign function,

sign(§) :={—1} if& <O,

sign(0) :=[—1, 1], sign(§) :={1} if& >0, (1.1.6)
the conditions (1.1.5) also read
x € sign(@) in Q. (1.1.7)

By eliminating x from (1.1.1) and (1.1.7), for the density of internal energy and the tem-
perature we get a relation of the form

uea® inQ, (1.1.8)

where o : R — 2R is a multi-valued maximal monotone function (cf. Section 5.5); see
Figure 1.7

Notice that under the hypothesis of local thermodynamic equilibrium k(6, x) - V6 is
independent of x; indeed k is determined by x where 6 # 0, and VO = 0 in the interior of
the set where 6 = 0. Setting k(6) := k(0, «(0)), we may then write § = —k(#) - V6 in Q.

The system (1.1.5), (1.1.8) must be coupled with an initial condition for # and with
boundary conditions either for 6 or for the normal component of the heat flux. This consti-
tutes the weak formulation of the two-phase Stefan problem in several space dimensions.

7 By 24 we denote the power set of any set A.
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(Traditionally, one speaks of a two-phase problem, for the temperature evolution is un-
known in both phases.)

Let us denote by v the outward-oriented unit normal vector on the boundary I" of £2.
For instance, one may choose a partition {I'p, Iy} of I" and assume that

0=0p onXp:=TIpx]0,TI, (1.1.9)

Y

k©)- 5 =h onZy:=TIyx10.T[, (1.1.10)
V

for a prescribed boundary temperature 6 and a prescribed incoming heat flux 4. We may
now formulate a problem in the framework of Sobolev spaces.

PROBLEM 1.1.1 (Weak formulation of the multi-dimensional two-phase Stefan problem).
Find @ € L2(0, T; H'(£2)) and u € L*(Q) such that (1.1.8), (1.1.9) are fulfilled and

/[Q[(”O_”)g—j-i-(/;(@%V@)-Vv}dxdt://gfvdxdt+//2 hvdSdr

Vv e H'(Q), v=0o0n (2 x {T}) U Zp. (1.1.11)

Here by dS we denote the bidimensional Hausdorff measure. Note that by integrating
(1.1.11) by parts in space and time we retrieve (1.1.4), (1.1.10) and an initial condition
for u. This problem will be studied in Section 3.

1.2. Classical formulation

The classical formulation of the Stefan problem is based on two main hypotheses, which
are at variance with those that underlie the weak formulation:

(i) no mushy region is either initially present or is formed during the process,

(i1) the liquid and solid phases are separated by a regular surface that also evolves reg-

ularly.

On the other hand here the condition of local thermodynamic equilibrium is restricted
to the phase interface. Consistently with the hypotheses (i), we assume that all the solid
(either initially present or formed during the process) is in the crystalline state, so that it is
free of latent heat; this is at variance with the behaviour of amorphous solids like glasses
and polymers, see Section 2.2. Let us label quantities relative to the liquid and solid phases
by 1 and 2, respectively, assume that the constitutive function # is differentiable, and use
the following further notation:

Q;: open subset of Q corresponding to the ith phase, fori = 1, 2,

S := Q1 N dQ»: (possibly disconnected) manifold of R* representing the space—time
points at solid-liquid interfaces,

S := 5N (2 x {t}): configuration of the solid-liquid interface at the instant ¢ € [0, T],

Cy := 01/90 (cf. (1.1.1)): heat capacity (at constant volume) per unit volume — namely,
heat needed to increase the temperature of a unit volume by one degree; this equals the
product between the mass density and the specific heat,

L := 03i1/dx: density of latent heat of phase transition — namely, heat needed to melt a
unit volume of solid.
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We thus get

ou a0 L@, x)0
Ty 0+

/
” 05, BT, in D' (Q). (1.2.1)
(Note that x /2 has a unit jump across the interface.) This relation is set in the sense of
distributions, for the phase function x is discontinuous across phase interfaces. In each
phase the energy balance reads du /9t = —V - ¢ + f. Denoting the heat capacity and the
thermal conductivity in the phase i by Cy;(0) and k; (6), we then retrieve the heat equation
in each phase:

CVi(Q)% — V. [ki@®)VO]=f inQ;(i=102). (1.2.2)

The Stefan condition. Let us assume that S is sufficiently regular and that the temperature
6 is continuous across the solid-liquid interface S. At any instant # let us denote by 71 € R?
a unit vector field normal to S; oriented from the liquid to the solid, by g; the heat flux
per unit surface that is either contributed or absorbed by the ith phase through S,.® For
instance, let us assume that in a small time interval d¢ an element d.S of the phase interface
advances with normal velocity v - 7 through the solid phase. Excluding any tangential
contribution along the interface, the net heat flux absorbed by dS in d¢ then equals dQ =
(g1 - — g2 - 1) dS. The melting process transforms this heat into an amount of latent heat
that is proportional to the volume spanned by dS in d¢. Thus

Gl =G -R=L®O)7F -7 onS. (1.2.3)

This equality also holds in case of freezing; in that case both members are negative, and
represent the heat released at the solid-liquid interface. In either case, by the Fourier law,
(1.2.3) yields the Stefan condition
91 96y .

k1(0) - — — ka(6) - =—-L@®)w-n onS, (1.2.4)
where we denote by 06; /on the normal derivative of 6 on S relative to the ith phase. If
g € C'(Q)issuchthatS = {(x,1) € Q: g(x,1) = 0}and Vg # 0 then Vg-v+0g/dt =0
and 71|Vg| = Vg on S (possibly after inverting the sign of g). The condition (1.2.4) is then
equivalent to

[k1(0) - VO — ky(0) - V&2] - Vg = L(e)g—f onS. (1.2.5)

Metastability. In the framework of the classical formulation of the Stefan problem, we
allow for the occurrence of metastable states at the interior of the phases, namely,

undercooling (also called supercooling), i.e., & < 0 in the liquid, and

superheating, i.e., 0 > 0 in the solid.

Nevertheless we assume local thermodynamic equilibrium at the phase interface. For a
homogeneous material, neglecting surface tension effects this corresponds to

6=0 onS. (1.2.6)

8 The moving interface is not a material surface, and only the normal component of its velocity has a physical
meaning.
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In the Stefan condition (1.2.4) we may then replace L(6) by L(0) and k; () by k;(0)
i=1,2).

The evolution of the solid-liquid interface is unknown. In principle, this lack of in-
formation is compensated by setting rwo quantitative conditions at the free boundary S,
namely, (1.2.4) and (1.2.6). Appropriate conditions on the initial value of 6 and on the ini-
tial phase configuration must also be provided, as well as boundary conditions like (1.1.9)
and (1.1.10). As an example we consider the following model problem, under natural reg-
ularity assumptions on the data f, 6y, 6p, h.

PROBLEM 1.2.1 (Classical formulation of the multi-dimensional two-phase Stefan prob-
lem). Find 6 € C°(Q) and a partition {Q1, 02, S} of Q such that:
(i) Q1 and Q» are open sets;
(i) S = 9Q1 N dQ; is a regular 3-dimensional manifold, and &; := S N (2 x {t}) is
a regular surface, for any ¢ € 10, T'[;

(iii) 060/0¢, 829/8xi ox; (fori, j € {1, 2, 3}) exist and are continuous in Q1 and in Q»;

(iv) the normal derivative 00; /dn exists on the respective sides of S;

V) SN2 x {0} is prescribed, and

36 . .
Cvi®) 5 =V [ki(©) VO] = f inQ; (i=12), (1.2.7)
36 6 ..
ki -2~k Z2 =157 onS, (1.2.8)
on on
=0 onS; (1.2.9)
30
6 =6p onXp, k(@)-a— =h on Xy, (1.2.10)
v
=6 inQ2 x {0} (1.2.11)

(Here and elsewhere, S and S; might be disconnected.) If the temperature vanishes iden-
tically in one of the phases, one often speaks of a one-phase Stefan problem.’ Besides
phase transitions, this problem may represent a number of physical phenomena.'? If the
source term f vanishes identically, the occurrence of undercooled and superheated states
may be excluded by assuming natural sign conditions on the initial and boundary data,
because of the maximum and minimum principles.

The one-dimensional Stefan problem. Next we deal with a univariate system, e.g. an in-
finite slab, that we represent by a finite interval £2 = ]a, b[. We assume that a < s9 < b,
and that for instance the interval Ja, s°[ (Js°, b1, resp.) represents the solid (liquid, resp.)
phase at r = 0. If we exclude the formation of new phases, the solid-liquid interface S
then coincides with the graph of a function s : [0, T] — [a, b] such that s(0) = s0. Let us

9 This traditional terminology is slightly misleading, for there are two-phases, although the temperature is
unknown just in one of them.
10 For instance, dissolution of a bubble gas in liquid, see e.g. Friedman [229, part IIT]; diffusion with chemical
reaction, see e.g. Boley [70]; Darcy’s filtration through porous media, see e.g. Bear [52,53]; swelling of polymers,
see e.g. Astarita and Sarti [32]. These and other examples are illustrated in the rich account of Primicerio [378].
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Fig. 2. Evolution of the free boundary in a one-dimensional Stefan problem.

assume that

CvieC'R), keC'R), Cyviki>0 (i=12),
feC’Q), 64,0,€C([0,T]), 6,<0, 6 >0, (1.2.12)
0" e C%(la,b]), 6° <0 inla,s°, 6°>0 in]s% B[

The previous equations coupled with natural initial and boundary conditions yield the

following problem; cf. Figure 2.

PROBLEM 1.2.2 (Classical formulation of the one-dimensional two-phase Stefan prob-
lem). Finds € C°([0, T]) N C'(]0, T[) and 6 € C°(Q) such that, setting

01 :={(x,1) e Q: x>sm} 0r:={(x,1) € Q: x <sO},

30/0t, 3%0/3x> € CO%Q;) (i = 1,2), the limits [k;(0)36/dx](s(t) £ 0, 1) exist for any
t €10, T[, and

CV,»(Q)% - i(ki(e)%) =f inQ;(i=12), (1.2.13)
dt 0x 0x
(lq (6)%>(s(t) +0,1) — (kz(e)%)(s(t) —0,1) = —L(G)d—s(t)
0x 0x dt
forO <t <T, (1.2.14)
0(s(t),1) =0 for0<r<T, (1.2.15)
O(a,t) =0,(t), O(b,1)=0,(1) forO<t<T, (1.2.16)
s(0) =5 6(x,0=6%) fora <x <b. (1.2.17)

1.3. Comparison between the weak and the classical formulation

Despite of the terminology, in general the classical and the weak formulations of the Stefan
problem (CSP and WSP, resp.) are not different formulations of the same physical model,
and rest upon different physical assumptions.

An ideal experiment. The next example looks especially enlightening of the difference
between the CSP and the WSP. Let a solid system be initially at a uniform temperature,
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6(-,0) = #° < 0, and be exposed to a constant and uniform heat source of intensity
f = 1, e.g. by infrared radiation. If the system is thermally insulated, according to the
WSP the temperature remains uniform in £2, and the energy balance (1.1.4) is reduced to
the ordinary differential equation du/d¢ = 1, namely,
Cy(0, )—+@d—x_l in [0, T]. (1.3.1)
2 dt
Initially the temperature thus increases linearly. As 6 vanishes it stops, melting starts with-
out superheating, and y increases linearly in time from —1 to 1, uniformly throughout £2.
For a time-interval the temperature remains null, and the whole body consists of a mush
with increasing liquid content. As y reaches the value 1, this mush has completed the lig-
uid transformation, and the temperature increases again. Thus, according to the WSP, no
phase interface is formed, and phase transition occurs throughout by the transformation
process “solid — mush — liquid.”

The CSP provides a completely different picture: no front of phase transition is formed,
and 6 just grows linearly in time, so that the solid is indefinitely superheated. Physically
this is obviously unrealistic; it would be more reasonable to expect that a liquid phase is nu-
cleated as a certain threshold is attained. But this behaviour is not accounted for by the CSP.

Equivalence between the CSP and the WSP.  Let us now exclude the occurrence of mushy
regions and of metastable states, and assume that the solid—liquid interface is regular and
evolves regularly, so that both the weak and the classical formulation apply. The next state-
ment bridges the two models.

PROPOSITION 1.3.1. Let the pair (6, S) fulfill the regularity conditions of Problem 1.2.1,
and let x fulfill (1.1.7). The system (1.2.2), (1.2.4) is then equivalent to the distributional
equation

L(0) dx

Cy (0, )— + — V- [k®, x)-VO]=f inD(Q). (1.3.2)

PROOF. Let us denote by v := (v, 1;) € R* the unit vector field normal to S, oriented
towards Q1, say. As the vector (Vg, dg/dt) is parallel to v, the Stefan condition (1.2.5)
also reads

[k1(0) - VO — k2(0) - VO] -V = L(O)v, on S. (1.3.3)
Denoting the duality pairing between D' (Q) and D(Q) by {-,-), a simple calculation yields
L@®)d
<cv(9 x)— Ta_): ~v. [k(e,x)-ve],cp>
a L6
// {cv(e x) —x—%+[k(€ x)-Vo]- Vgo}dxdt

= //Q\S{CV(G,X)5 — V- [k®, x) - V@]}godxdt

+ /S{L(e)v, — Dy - [k1(0) - VO — k2 (0) - VO ]} dS Vo € D(Q).
(1.3.4)
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Table 1
Comparison between the classical and the weak formulations of the basic Stefan model, i.e., Problems 1.1.1
and 1.2.1

Classical formulation (CSP) Weak formulation (WSP)
Energy balance heat equation in Q1, Q> energy balance in D' (Q)
Stefan condition on &
Unknowns 0,S 0, x
Local equilibrium condition f=0onS X € sign(f) a.e.in Q
Phase characterization global, via S local, via sign(6)
Mushy regions excluded allowed
Metastable states allowed excluded
Analytical features free boundary problem degenerate PDE
Function spaces classical C k-spaces Sobolev spaces
Well-posedness for £2 C R for any time for any time
Well-posedness for £2 C R3 just for small time for any time

The selection of the sign of the latter integral depends on the orientation of V.
The system (1.2.2), (1.2.4) is thus equivalent to (1.3.2). (Loosely speaking, in the latter
equation the Dirac-type masses of the second and third addendum cancel each other.) [

Comparison of analytical properties. The CSP consists of nondegenerate equations set
in unknown domains, hence it is a genuine free boundary problem. On the other hand in
the WSP the domain is fixed but the equation is degenerate.

The one-dimensional CSP is well posed in any time interval, under natural assump-
tions.!! On the other hand in several space dimensions in general the CSP has a solution
only in a small time interval. It is true that under suitable quantitative restrictions on the
data a solution exists in any time interval, and may also be very regular.!> But if one ex-
cludes special configurations, in general the classical solution may fail after some time,
even if the heat source term f vanishes identically. Actually, discontinuities may occur in
the temperature evolution as the topological properties of the phase interface change: e.g.,
a connected component may split into two components, or conversely the latter may merge
into a single one. On the other hand under simple hypotheses the WSP is well posed in
any time interval in any number of space dimensions, see Section 3.1, and may also be
solved numerically by means of standard techniques. These differences are summarized in
Table 1.

1.4. A Stefan-type problem arising in ferromagnetism

Phase transitions occur in many physical phenomena. Here we outline a macroscopic

model of ferromagnetism without hysteresis that is reminiscent of the Stefan model, al-

though in this case the unknown field is a vector and the equations have a different struc-
13

ture.

11 gee e.g. Meirmanov [331].

12 See e.g. Borodin [73], Priiss, Saal and Simonett [380]. Compare also with Friedman and Kinderlehrer [236],
Nochetto [358].

13" Problems of this sort were studied e. ¢. by Bossavit [75-78], Bossavit and Damlamian [79], Visintin [448,449].
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Let the domain 2 be occupied by a ferromagnetic material, denote the magnetic field
by H, the magnetization by M, and the magnetic induction by B; in Gauss units, B =
H + 47 M. Let us also denote the electric field by E, the electric displacement by D, the
electric current density by J , the electric charge density by g, and the speed of light in
vacuum by c.

Dealing with electromagnetic processes, in general it is not natural to formulate a
boundary-value problem in a Euclidean domain. In fact the exterior evolution may af-
fect the interior process, and it is not easy to account for this interaction at a distance by
prescribing appropriate boundary conditions. For this reason we rather set the Maxwell
equations in the whole space R3, and assume different constitutive relations inside and
outside 2. The Ampere-Maxwell, Faraday and Gauss laws respectively read

>

- - 9D

cV><H=4nJ+W in 0w :=R> x 10, T, (1.4.1)
- 3B .

cVXE= Ty in Qg (VX := curl), (1.4.2)

V.-B=0, V-D=41p in Ow. (14.3)

These equations must be coupled with appropriate constitutive relations, with initial COIldl-
tions for D and B, and with suitable restrictions on the behaviour of H and E at infinity.'*

We assume that the magnetic material is surrounded by air, and that J equals a prescribed
time-dependent field, Jext, outside £2; this might be due for instance to an electrlc current
circulating in an exterior conductor. We extend this field by setting Jext := 0in £2. We
also assume that a prescribed electromotive force E app» that may be due e.g. to an electric
generator, is applied to the system. Denoting by o the electric conductivity, the Ohm law
then reads

J =0 (E + Eapp) + Jext in Qoo (1.4.4)

We assume that ¢ = 0 outside £2, and that the field E does not vary too rapidly in £2.1
On the other hand in metals the conductivity o is very large. In Eq. (1.4.1) in £2 the Ohmic
current J thus dominates the displacement current d D/d¢, which may then be neglected;
this is named the eddy-current approximation. As

D=¢E inQ, (1.4.5)
with a constant electric permittivity €, (1.4.1) then yields
¢V x H =470 (E + Eqpp) in Q,
- , IE
cV x H=4nJex[+€¥ m QOO\Q (146)
By (1.4.2) we may eliminate the field E, and thus get

14 In the functional formulation, the behaviour at 1nﬁn1ty is implicit in the Sobolev spaces.
15 Thisisana priori assumption on the unknown field E, and should be verified a posteriori.



Introduction to Stefan-type problems 393
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damM

H

Fig. 3. Constitutive relation between the moduli of the colinear vectors H and B, for an (isotropic) ferromagnetic
material with negligible hysteresis.

B - >
47105 +?V xV x H=4mrcoV x Eyp in Q,

25

688—2 + AV XV x H=47cV x Joy  in Ouo \ Q. (1.4.7)
However, as we said, we shall not formulate the problem separately inside and outside the
domain £2. Although ferromagnetic materials exhibit hysteresis, soft iron with high field-
saturation and other metals are characterized by so narrow a hysteresis loop, that in first
approximation this may be replaced by a maximal monotone graph; see Secttion 5.5. Let
us then prescribe the following constitutive relation:

BeH+4nMB(H) (= F(H)) inQ, B=H inQx\0, (148

where M is a positive constant and ,é is the subdifferential of the modulus function:

7 R

R — if5#£0,

B@) = {Ivl} 7 Vi € R®; (1.4.9)
[5eR: 1<} ifs=0,

cf. Figure 3 (see Section 5.2). In this case, the unmagnetized and magnetically saturated
phases are respectively characterized by B = 0 and |B| > 4m M. In general, the occur-
rence of a mixed phase characterized by 0 < |B | < 47 M in a subdomain of £2 (a sort of
magnetic mushy region) is not a priori excluded.

More generally, we may assume that F : R> — 2R’ is a (possibly multi-valued) maxi-
mal monotone mapping.

The system (1.4.2)—(1.4.6), (1.4.8), (1.4.9) is a vector parabolic—hyperbolic problem.
More precisely, it is quasilinear parabolic in Q and semilinear hyperbolic in Q \ Q. The
former setting may be compared with Problem 1.1.1, namely the weak formulation of the
Stefan problem: the vector fields H, M, and B play similar roles to those of the scalar
variables 6, x and u, respectively.
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If the system has planar symmetry, that is, if all variables only depend on two space
coordinates (x, y, say), and if the fields H and B are parallel to the orthogonal z-axis,
then they may be represented by their z-components, H and B. In this case in the second-
order equation (1.4.7) the operator V x V x equals —A (here the bidimensional Laplace
operator), and Egs. (1.4.7) are thus reduced to

B 2 .
47105 —c¢*"AH =g in Q,

3
€3¢ 2AH =g in Qs \ O, (1.4.10)

for prescribed scalar fields g1 and g;.

A vector free boundary problem. If Fis multi-valued, then formally the system (1.4.2)—
(1.4.6), (1.4.8), (1.4.9) is the weak formulation of a free boundary problem. In general it
is not obvious a priori that the magnetically saturated and unsaturated phases are separated
by an interface, even under regularity hypotheses. However under appropriate restrictions
(e.g., planar symmetry) we are reduced to a scalar problem, for which conditions are known
that guarantee the existence of an interface. The next statement concerning the free bound-
ary conditions may be compared with Proposition 1.3.1.

PROPOSITION 1.4.1 (Discontinuity conditions). Let us assume that:
(1) S C Q is a smooth 3-dimensional manifold, and S; := SN (£2 x {t}) is a (possibly
disconnected) smooth surface, for anyt €10, T[;

Gi) B, H, 8B/8t VXVXHEL Lo\ 83

(iii) the traces of B and V x H exist on both sides of S.
Foranyt € [0, T] let us denote by v € R3 a unit vector field normal to S;, by v := v -V the
(normal) speed of S;, and by [-] the difference between the traces on the two sides of S;.
Let us also assume that:

(iv) D x [H] =0 a.e. on 8.1

Then Eq. (1.4.7)1 in the sense of distributions is equivalent to the same equation point-
wise in Q \ S, coupled with the Rankine—Hugoniot-type condition

4mov[B] = *V x [V x H] a.e.onS. (1.4.11)
This statement may be checked via a similar argument to that of Proposition 1.3.1, that

we omit. Moreover, the Gauss law V - B = 0 and the identity V - (V x H) = 0 in the sense
of distributions entail that

v-[B] =0, B-[VxH]=0 ac.onS. (1.4.12)

1.5. Other Stefan-type problems

The quasi-steady Stefan problem and the Hele—Shaw problem. If either the heat capacity
Cy is very small or the temperature evolves very slowly, then one may replace the heat

16 By the Ampere law (1.4.1), this assumption is equivalent to the absence of surface currents.
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equation (1.1.4) by the quasi-stationary equation

=V [k, x)-VO]=f inQ;i(i=12). (1.5.1)
The energy balance (1.1.4) is then reduced to

L@®)d

_(2 )8—); —V-[k®.x) Vo] =f inD'(Q), 1.52)

in place of (1.1.4). Of course as an initial condition here one must just specify x (-, 0). This
also applies to material diffusion in heterogeneous systems, for the time-scale of mass-
diffusion is rather small (much smaller than that of heat-diffusion); see Section 2.3.

This setting is also known as the Hele—Shaw problem, since in the two-dimensional case
it represents the evolution of a Hele—Shaw cell. This consists of two slightly separated
parallel plates partially filled with a viscous fluid. If some fluid is injected into the cell with
a syringe the fluid expands, and the evolution of the pressure p may be represented by

X _v.[k Vpl=f nD
5 ~ V- [kp.0 Vel = inD(Q), (153)
X € sign(p) a.e.in Q,

with £ > 0.7 This model may also represent the industrial process of electrochemical
machining, by which a metal body is either machined or formed by using it as an anode in
an electrolytic cell.!® A rather different setting is obtained if the fluid is extracted from the
Hele—Shaw cell. In this case f < 0 and p < 0, and the condition (1.5.3), must be replaced
by

X € sign(—p) a.e.in Q. (1.5.4)

This problem is known as the inverse Hele—Shaw problem, since it is equivalent to a back-
ward Hele—Shaw problem, and is ill-posed.'?

The hyperbolic Stefan problem. 1t is well known that the heat equation represents in-
stantaneous propagation of heat, at variance with one of the main issues of the Einstein
theory of relativity. As most of applications of the Stefan problem do not involve relativis-
tic velocities, this shortcoming has no practical relevance. Anyway this drawback may be
eliminated by replacing the Fourier conduction law (1.1.3) by a suitable relaxation dynam-
ics. Here we illustrate four alternatives, and refer to Joseph and Preziosi [281,282] for a
detailed review of conduction laws and associated heat waves (in the linear setting). For the
sake of simplicity, throughout this discussion we shall assume that & is a positive constant
scalar.?’

17 See e.g. Ambrose [21], Antontsev, Meirmanov and Yurinsky [27], DiBenedetto and Friedman [176], Elliott
and Janovsky [192], Escher and Simonett [195,196], Lacey et al. [303], Howison [277], Kim [288,289], Richard-
son [386,387], Saffman and Taylor [416].

18 See e.g. Alexiades and Cannon [7], Elliott [189], McGeough [325], McGeough and Rasmussen [326].

19 See e.g. DiBenedetto and Friedman [176], Nie and Tian [351].

20 Here the relevant assumption is the independence of yx, for that on 6 may be treated via the Kirchhoff trans-
Sformation (3.1.15).
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(1) In alternative to (1.1.3), after [120] one may use the Cattaneo law
dq

2

at

where t is a relaxation constant. The parabolic system (1.1.4), (1.1.8) is accordingly re-
placed by the quasilinear hyperbolic system

+G=-kV6 inQ, (1.5.5)

%u  du KAD — af in D'
tog g _r5+f in D'(Q), (1.5.6)
ucal) in Q,

still with o a maximal monotone function R — 2R. The analysis of this problem is rather
challenging. However, usually t is so small that for most applications the Fourier approxi-
mation is acceptable.’!

(i1) One may also insert a further relaxation term into the Cattaneo law (1.5.5):

g - ave |
r5+q = —kVO—le in Q. (1.5.7)
By coupling this equation with the energy balance law (1.1.2), we get a third-order differ-
ential equation:
2
t%—kz—?—kAG—kl%AQ:r%%-f in Q, (1.5.8)

that must then be coupled with the inclusion (1.1.8). Here one may prove well-posedness
of a weak formulation for an associated boundary- and initial-value problem.

(iii) After Gurtin and Pipkin [261] one may also consider a dynamics with memory:

+00
g(x,t) = —/ h(s)VO(x,t —s)ds for(x,1) € Q, (1.5.9)
0

for a prescribed positive-definite, decreasing and integrable kernel 4 (s). This equation is
more general than the Cattaneo law, that is retrieved for h(s) = (k/t)exp{—s/7}. The
analysis of the integro-differential problem that is obtained by coupling the energy balance
law (1.1.2) with the inclusion (1.1.8) and with (1.5.9) exhibits difficulties comparable to
those of the quasilinear hyperbolic system (1.5.6).

(iv) On the other hand, if after Coleman and Gurtin [131] one also allows for the occur-
rence of a Dirac mass § in the kernel &, by assuming

. k ki k\ [T
Gx, 1) = ——2V0(x, 1) + (—; - —) / e™/TVO(x, 1 —s)ds
T T ) Jy

for (x,1) € Q (1.5.10)

one then retrieves the (more feasible) third-order equation (1.5.7).

21 See e.g. Colli and Recupero [141]. The physical aspects of hyperbolic and parabolic models are discussed e.g.
in Herrera and Pavén [265]. Incidentally notice that, although the occurrence of a relaxation term like tdgq/d¢
might be expected to have effects just on a (short) transient, in [265, p. 122] it is maintained that “transient
phenomena may affect the way in which the system leaves the equilibrium, thereby affecting the future of the
system even for time scales much larger than the relaxation time.”
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Initial- and boundary-value problems for the above equations were analysed in several
works.??

We represented phase transitions in an extremely simplified way, neglecting physically
relevant aspects like stress and deformation in the solid, convection in the liquid, change
of density, microforces, and so on.23 In Section 2 we shall address several other extensions
of the Stefan model.

1.6. Historical note

In 1831 Lamé and Clapeyron [306] formulated what seems to be the first model of phase
transition.>* However the basic mathematical model of this phenomenon is traditionally
named after the Austrian physicist Josef Stefan, who in 1889 studied the melting of the
polar ices, dealing with several aspects of the one- and two-phase problem in a single
dimension of space, see [430].

The first result of existence of a solution (for a large class of data) is be due to L. Ru-
binstein, who formulated the one-dimensional two-phase Stefan problem in 1947 in terms
of a system of integral equations, and proved existence and uniqueness of a solution in a
small time interval [406—408]. Further integral formulations of the one-dimensional Stefan
problem were then studied.?

Several techniques were used to prove well-posedness, results of approximation, regu-
larity, asymptotic behaviour, and other properties.’® Many physically motivated general-
izations were also investigated, and a fairly satisfactory understanding of a large class of
single-dimensional problems was thus achieved.

The early research on the Stefan problem concentrated on the classical formulation of
the univariate model. The introduction of weak formulations for nonlinear partial differ-
ential equations in the 1950s provided the key tool for the extension of the Stefan prob-
lem to the multi-dimensional setting in the early 1960s. The first results in this direction
were achieved by Kamenomostskaya [283] and Oleinik [364].27 Although these pioneering
works were followed by an extensive research, for some time this new trend was somehow
controversial, since for some researchers just the classical formulation was the genuine
mathematical model of phase transitions. This also prompted the study of the regularity of
the weak solution.

22 See e.g. Aizicovici and Barbu [5], Barbu [48], Colli and Grasselli [134—137], Friedman [235], Showalter and
Walkington [422].

23 The convection in phase transitions was studied e.g. in Cannon and DiBenedetto [113], Cannon, DiBenedetto
and Knightly [114,115], Casella [118], DiBenedetto and Friedman [177], DiBenedetto and O’Leary [178], Hoff-
mann and Starovoitov [273], Rodrigues [398], Rodrigues and Urbano [399,400], Wang [462], Xu and Shillor
[473]. Thermodynamic theories of phase transitions in presence of microforces were developed e.g. in Bonetti
and Frémond [72], Frémond [224], Fried and Gurtin [226-228], Gurtin [256].

24 The process of technical solidification is older. The first cast objects (in copper) date back to more than 6000
years ago. . ..

25 See Evans [199], Sestini [420], Friedman [229], Kolodner [295], Jiang [280], and others.

26 See e.g. Cannon and Hill [116], Friedman [230, Chapter 8] and [231-233], Fasano and Primicerio [210,211],
Fasano, Primicerio and Kamin [215], Rubinstein, Fasano and Primicerio [411], Schaeffer [418], and others.

27 See also LadyZenskaja, Solonnikov and Ural’ceva [305, Section V.9].
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Results on the regularity of the solid—liquid interface for the multi-dimensional one-
phase Stefan model were obtained by reformulating the problem as a variational inequal-
ity by means of a variable transformation due to Baiocchi [44,45], Duvaut [184], and
Frémond [223].28 Under appropriate restrictions Friedman and Kinderlehrer [236], Caf-
farelli [96,97], Kinderlehrer and Nirenberg [290,291] proved that the weak solution is also
classical. Continuity of the temperature was showed by Caffarelli and Friedman [99] for the
multi-dimensional one-phase problem. An analogous result was obtained by DiBenedetto
[174,175], Ziemer [477], and Caffarelli and L.C. Evans [98] for the two-phase problem.
In [323] Matano proved that any weak solution of a one-phase Stefan problem in an exte-
rior region eventually becomes a classical solution after a finite time, and that the shape of
the free boundary approaches that of a growing sphere as t — +o0.

In 1979 Meirmanov [327,328] proved the existence of the classical solution of the multi-
dimensional two-phase Stefan problem in a small time interval; see also [329,331]. An
analogous result was also shown by Hanzawa [263] for the one-phase problem by means
of the Nash-Moser regularity theory.?

Mushy regions were first investigated for the one-dimensional Stefan problem by
Atthey [38] (who introduced that denomination), Lacey and Tayler [304], Fasano and
Primicerio [214], Meirmanov [329,330], Primicerio [379], and others. After the introduc-
tion of weak solutions, these regions were also studied in several space dimensions by
Andreucci [23], Bertsch, De Mottoni and Peletier [62], Bertsch and Klaver [63], Gotz
and Zaltzman [247,248], Lacey and Herraiz [301,302], Rogers and Berger [403] (see also
Berger, Brezis and Rogers [60]), and in several other papers. See also the survey [205] of
Fasano.*

Free boundary problems. We already pointed out that the Stefan problems is a free
boundary problem (FBP). Many other FBPs were formulated and studied in the last
decades. Examples also include more general models of phase transitions, see Section 2.
Free boundaries also occur as fronts between saturated and unsaturated regions in filtra-
tion through porous media, between plastic and elastic phases in continuous mechanics,
between conducting and superconducting phases in electromagnetism, just to mention few
cases. Relevant examples also come from reaction—diffusion, fluid dynamics, biomathe-
matics, and so on.

Since the early years, the research on Stefan-type problems stimulated and was par-
alleled by that on other FBPs. Several of these problems are of industrial interest, and
offer opportunities of collaboration among mathematicians, physicists, engineers, material

28 This transformation is illustrated in Section 3.3.

29 The existence of regular viscosity solutions was proved by Athanasopoulos, Caffarelli and Salsa, see [33—
36,100]. Regularity results were also obtained by DiBenedetto and Vespri [180], Koch [294], Borodin [73],
Bizhanova [64], Bizhanova and Rodrigues [65], Bizhanova and Solonnikov [66], Priiss, Saal and Simonett [380],
and others.

30 The development of the mathematical analysis of phase transitions would hardly have been conceivable with-
out the achievements of mathematical-physicists and applied scientists. We just select a small sample from a
huge literature: Cahn [106—108], Cahn and Hilliard [109], Collins and Levine [146], Frémond [224], Fried and
Gurtin [226-228], Gurtin [250-258], Gurtin and Soner [262], Hilliard [268], Langer [308,309], Mullins and Sek-
erka [346,347], Penrose and Fife [373,374], Romano [404], Wang et al. [461].
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scientists, biologists, and other researchers. A large community of mathematicians, engi-
neers and applicative scientists spread over the world has been formulating and studying
those problems for many years, and have regularly been meeting in major conferences.
The proceedings of those conferences provide a comprehensive picture of the development
of research on FBPs in the last decades; see the item (V) of the Bibliographical Note in
Section 6.

2. More general models of phase transitions

As we saw, the classical and the weak formulations of the Stefan problem are both based on
a number of simplifying assumptions. Even under favourable circumstances, these models
should then be regarded just as first approximations of melting and freezing processes, both
from the qualitative and quantitative viewpoint. Nevertheless the Stefan model is the basis
for the construction of more refined models of phase transitions, since heat-diffusion and
exchange of latent heat underlie any (first-order) phase transition.

In this second part we illustrate some physically justified extensions of the Stefan model.
We amend the basic Stefan problem by inserting the Gibbs—Thomson law, and derive the
latter by defining a suitable free energy functional. We then replace the equilibrium con-
ditions (1.1.7) and (1.2.6) (for the weak and classica formulations of the Stefan model,
respectively) by a kinetic law, that accounts for decay towards local equilibrium.

Next we concentrate our attention upon phase transitions in binary alloys. First, we out-
line a model that is often used in engineering, that essentially consists in coupling heat
and mass-diffusion, and point out some physical and mathematical drawbacks. We then
introduce an alternative and more satisfactory model, in which the constitutive laws are
formulated consistently with the second principle, along the lines of the theory of nonequi-
librium thermodynamics.

Finally, we outline the phase-field model and the Cahn—Hilliard equation for phase sep-
aration, and relate models set at different length-scales by means of De Giorgi’s notion of
I'-limit (cf. Section 5.8).

2.1. The Gibbs—Thomson law

Undercooling and superheating. So far we dealt with phase transitions in pure materials,
assuming local thermodynamic equilibrium at the solid-liquid interface, and neglecting
surface tension effects. If these restrictions are dropped, then the interface (relative) tem-
perature, 8, need not vanish. In the framework of the classical formulation, the interface
condition (1.2.6) is actually replaced by a more general law of the form

0 = Ot + One. + eimp. onS. 2.1.1)

The first term on the right accounts for surface tension, and is proportional to the mean
curvature of the solid-liquid interface. The second contribution is related to deviations
from local thermodynamic equilibrium, and depends on the rate of phase transition. The
third one accounts for the presence of secondary components (so-called impurities). The
two latter corrections are especially relevant for applications to metallurgy and to other
engineering processes.
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By the continuity of the temperature at the solid—liquid interface, Eq. (2.1.1) entails the
onset of undercooling and/or superheating in the interior of the phases, so that here the
temperature-phase rule (1.1.5) necessarily fails. Next we shall examine the above three
terms separately.

The Gibbs—Thomson law. First we deal with the term 0 . Let us assume that at any in-
stant ¢ the solid—liquid interface S; is a surface of class C2, denote by « its mean curvature
(assumed positive for a convex solid phase). The interface condition (1.2.6) may then be
replaced by the Gibbs—Thomson law

20 TE
L

The quantities 7z and L were already introduced in Section 1.1. ¢ is known as the co-
efficient of surface tension (or capillarity), and is equal to the surface density of the free
energy at the solid-liquid interface, see Section 2.5. For the sake of simplicity, we shall
assume that L and o are constant.

For water at atmospheric pressure at about 0°C, 20t /L is of the order of 107> cm,
so that the deviation from the null temperature is significant just for mesoscopic curva-
ture radii. The effects of the Gibbs—Thomson law are nevertheless perceivable also at the
macroscopic length-scale, for it accounts for the undercooling prior to solid nucleation.?!

0 =— Kk onS. (2.1.2)

Contact angle condition. The curvature condition (2.1.2) may be represented by a
second-order elliptic equation for the (local) parametric formulation of the solid—liquid
interface S. For any + € ]0, T[ it is natural to associate to this equation a condi-
tion at the line of contact between S; and the boundary I” of the domain £2. For any
(x,1) € Sn (I' x 10, T[), let us denote by w(x, t) the angle formed by the normal to S,
oriented towards the liquid phase £21(¢), and the outward normal to £2 at x. We thus pre-
scribe the contact angle condition

cosw=22"L onSn (I x 10, TI), (2.1.3)
o

where o7, and oy (here also assumed to be constant) are equal to the surface density of free
energy at a surface separating the liquid and solid phases, resp., from an external material.
Of course (2.1.3) makes sense only if

los —oLl < o. (2.1.4)

We may now formulate the Stefan—Gibbs—Thomson Problem, or (Stefan Problem with
Surface Tension) just by replacing (1.2.9) by (2.1.2) and (2.1.3) in the formulation of Prob-
lem 1.2.1.32

In general this problem cannot have a solution for large time, for discontinuities may
occur at the solid—liquid interface, just as for the classical formulation of the basic Stefan

31 For some materials this may even be of the order of hundreds of degrees. See e.g. the monographs quoted in
the item (VI) of the Bibliographical Note in Section 6.

32 If the heat capacity Cy = du /00 vanishes in both phases, then this is often referred to as the Mullins—Sekerka
problem. This especially applies to material diffusion in heterogeneous systems.



Introduction to Stefan-type problems 401

problem. However several properties are known to hold for small-time evolution,>* and for

the weak solution for any time.?* An anisotropic variant representing crystal growth was
also studied.®

Free energy. Let us define the perimeter functional P as in (5.7.2). In the framework of
a mesoscopic model, the (Helmholtz) free energy of a solid-liquid system may be repre-
sented as follows, but for an additive contribution that depends on the temperature field:3°

oL — 0§ L
(IP()()+—/ yoxdF——/ 0 x dx
@ — 2 Jr 2tg Jo
0.000 =1 vy e Dom(P),
+o00  Vx € L'(£2) \ Dom(P).

(2.1.5)

By Proposition 5.7.1, whenever the inequality (2.1.4) is satisfied,” Py is lower semicon-
tinuous and has at least one absolute minimizer. Moreover, whenever 6 € L?(£2) for some
p > 3, by Theorem 5.7.2 any relative minimizer of @y , fulfills the Gibbs—Thomson law
(2.1.2) and the contact angle condition (2.1.3).

Limitas 0 — 0. On the macroscopic length-scale o = 0. It is easily seen that,aso — 0
(whence o5 — o, — 0 by (2.1.4)), the functional &g , I"-converges in the sense of De
Giorgi (cf. Section 5.8) to

L
- Oxdx if < lae.in £2,
®o(x) =1 2tz /9 X ] (2.1.6)
+00 otherwise.

This functional is convex and lower semicontinuous in L!(§2), and its minimization is
clearly equivalent to the temperature-phase rule (1.1.5). In Section 2.5 we shall further
discuss the form of the free energy functional at different length-scales.

Surface tension plays an important role in several phase transition phenomena. For in-
stance it accounts for phase nucleation, see e.g.3® Capillarity effects are also relevant for
crystal growth.>®

33 See e.g. Chen, Hong and Yi [127], Chen and Reitich [128], Escher, Priiss and Simonett [198], Mucha [342,
343], Radkevitch [382,383].

34 See e.g. Garcke and Sturzenhecker [238], Luckhaus, [313], Luckhaus and Sturzenhecker [316], Roger [401,
402], Savaré [417].

35 See e.g. Amar and Pomeau [22], Giga and Rybka [243], Gurtin and Matias [259], Herring [266], Rybka [413—
415].

36 1t would be more precise, but rather cumbersome, to denote this functional by @¢ ¢ 5; —o- By 79 we denote
the (continuous) trace operator BV(£2) — L! ().

37 Incidentally note that the condition (2.1.4) does not hold for all materials; for instance, for gold in contact
with its vapour it fails. This means that solid and vapour should always be separated by a monoatomic liquid
layer; see Chalmers [124, p. 85]. In this case (2.1.3) is meaningless, and actually Sn (' x10,TD = 4.

38 See e.g. Visintin [451-454,456].

3 See e.g. Almgren, Taylor and Wang [15], Almgren and Wang [16], Cahn and Taylor [110,439], Crank and
Ockendon [150], Eck, Knabner and Korotov [187], Gurtin and Matias [259], Giga and Rybka [243], Ishii and
Soner [279], Rybka [413-415], Taylor [438].
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Fig. 4. Kinetic undercooling and superheating in part (a). Phase relaxation in part (b).

2.2. Kinetic undercooling and phase relaxation

In this section we represent the decay of a liquid—solid system towards local equilibrium
via two basic modes of evolution: a kinetic law at the solid-liquid interface, and so-called
phase relaxation. These modes are respectively associated with the classical and weak for-
mulations of the basic Stefan problem, cf. Sections 1.1 and 1.2. We also reformulate this
process from the point of view of nonequilibrium thermodynamics, in which the local for-
mulation of the second principle plays a central role.

First mode: Directional solidification (or Columnar Growth or Kinetic Undercooling).
A close inspection of the process of solidification shows that this is driven by undercool-
ing; see e.g. the monographs quoted in the item (VI) of the Bibliographical Note in Sec-
tion 6. We shall assume that melting is also driven by superheating, consistently with the
symmetry of the representation of these phenomena that characterizes the Stefan model.*

In the framework of the classical formulation in a univariate system, we may replace the
equilibrium condition 8(s(¢), t) = 0, cf. (1.2.6), by the kinetic law

d
d—j(t) +y(0(st),1)) =0, (2.2.1)

for a kinetic function y that depends on the material; cf. Figure 4(a). By replacing (1.2.9)
with (2.2.1) in Problem 1.1.2, one gets the one-dimensional two-phase Stefan problem with
kinetic law.

In the metallurgical literature, this mode of solidification is named directional solidifica-
tion, and the corresponding undercooling is often referred to as kinetic undercooling; see
e.g. Visintin [446].

40 1n general solidification is more relevant and exhibits a richer phenomenology than melting, as it is confirmed
by the wealthy of morphologies that appear for instance in crystal growth. This asymmetry between solidification
(or rather crystallization) and melting stems from the process of nucleation and growth: building the crystal
structure is harder than destroying it.
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For many materials y : R — R may be assumed to be continuous and strictly increasing,
with y (0) = 0. In several cases one may also deal with the corresponding linearized law

ds
E(t) + cO (s(t), t) =0, (2.2.2)

where ¢ is a positive constant. However we shall see that this does not apply to all sub-
stances.

Second mode: Equiaxed solidification (or phase relaxation). Dealing with the weak
formulation of the Stefan problem, next we replace the condition of local equilibrium
“x €sign(@) in Q.7 cf. (1.1.7), by a nonequilibrium law. As this inclusion also reads
sign_1 (x) > 6 in Q, it is natural to consider the relaxation law

a%—): +sign"'(x) 26 inQ, 223
or equivalently,
“lsxsl in Q.
(“Z_)z( N 9>(X —v) <0 Yve[-11], inQ, (2.24)

for some relaxation coefficient a; cf. Figure 4(b). For materials that are characterized by

an increasing kinetic function y, we may replace the right-hand side of (2.2.3) by ¥ (9). In

the metallurgical literature this mode of phase transition is referred to as equiaxed solidifi-
4l

cation.

Comparison of the two modes. The laws (2.2.1) and (2.2.3) describe different evolution
modes, although both represent relaxation towards local equilibrium. Equation (2.2.1) ac-
counts for motion of the interface separating two pure phases, without formation of any
mushy region. On the other hand, the second mode represents phase transition by formation
of a mushy region, and (2.2.3) describes the evolution of the liquid concentration in that
zone. From an analytical viewpoint, these two modes are naturally associated with the clas-
sical and weak formulations of the Stefan problem, respectively. The extension of the first
mode to several space dimensions actually requires a revision of the mathematical model.

Directional and equiaxed growth are the basic modes of solidification, and may also
combine to form a hybrid mode. For instance, in casting metal an equiaxed zone is at first
formed in contact with the wall of the mould, and gives soon raise to a columnar region
that advances towards the interior. Solid nucleation also occurs in the bulk, and an equiaxed
solid phase grows in the remainder of the liquid. Eventually the two solid phases impinge
on, and occupy the whole volume; see Figure 5. These physical aspects are illustrated e.g.
in Flemings [222, Chapter 5], Kurz and Fisher [299, Section 1.1.2].

Glass formation. As we anticipated, for some materials the kinetic function is not
monotone. For steel, polymers, and materials capable of forming a glass, the viscosity

41 See e.g. the monographs quoted in the item (VI) of the Bibliographical Note in Section 6.
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Fig. 5. Part (a) illustrates how columnar and equiaxed solidification may interact in a univariate system. Part (b)
represents the grain structure of a crystal that grew from an undercooled liquid in a vessel: the solid columns
advanced from the border, and impinged on the equiaxed grains which formed in the bulk.
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Fig. 6. Kinetic function for an amorphous material, e.g. a polymer.

increases so much with the undercooling, that the mobility of particles in their migration
to reach the crystal sites is strongly impaired.

Although a glass apparently behaves like a solid, it has the fine-scale structure of a
highly-viscous undercooled liquid, and indeed retains a large part of the latent heat of
phase transition. Its crystal structure is largely uncomplete, and the material is accordingly
said to be amorphous. For these materials the kinetic function has the qualitative behaviour
of Figure 6. A glass is formed by quenching (i.e., very rapidly cooling) the liquid material
to a temperature below 6. The glass will eventually crystallize, but this may easily need
geological time-scales.*> A similar process occurs in the austenite-pearlite transformation
in eutectoid carbon steel.*>

The entropy balance. We shall represent the density of internal energy, u, as a convex and
lower semicontinuous function of the density of entropy, s, and of the phase function, .

42 Phase transitions in polymers and related industrial processes were studied e.g. by Andreucci et al. [24],
Astarita and Sarti [32], Fasano [207], Fasano and Mancini [208], Fasano, Meyer and Primicerio [209].

43 See e.g. Agarwal and Brimacombe [4], Cahn [106], Hawboldt, Chau and Brimacombe [264], Scheil [419]
for an outline of the phenomenon, and Brokate and Sprekels [91, Chapter 8], Homberg [275], Verdi and Vis-
intin [444], Visintin [450] for its mathematical analysis.
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Thus u = i(s, x), i.e. more explicitly**

u(x, 1) =i(s(x, 1), x(x,1) for (x,1) € Q.
By the very definition of the absolute (Kelvin) temperature, 7, the function # is differen-
tiable w.r.t. s and
d

= au(s,x) (=: £(5. X))
S

As T > 0, the entropy may equivalently be represented as a concave function of u and ,
that is, s = §(u, x). Because of the constraint —1 < x < 1, the functions z# and § cannot be
differentiable at x = 1. We shall accordingly use the notion of (partial) subdifferential,
see Section 5.2. The differential notation is however too convenient for being dropped
without a second thought, especially considering that & and § may be differentiable where
—1 < x < 1; we shall actually assume them to be so. We shall thus write differential
formulas only for the restriction to these values of x. For instance, we define the potential
A by setting

1 A
du =tds+Ady, ds=—du——dxy where—1<yx < 1. 2.2.5)
T T

More precisely, distinguishing between the potential A and its functional representations
A1(s, x) and A2 (u, x), and denoting the partial subdifferential w.r.t. x by 9,, we have®®

> i ) A
S (s, x) € (s, ), _ha ) 0,5, x) for—1<yx<1. (226
T
The energy balance (1.1.2) and (2.2.5) yield the entropy balance equation
s 10u Ady g . _1 xdxy f
22 _Z-2__yv.1 v 2L
ot T ot T ot T+q T ‘L’8t+‘L'
- v.i+r+L mo. (2.2.7)
T
where we set
fs = z: entropy flux (per unit surface), (2.2.8)
T
- 1 Xoy . .
Ti=q-V——— W: entropy production rate (per unit volume). (2.2.9)
T T
Thus
— - . 0y - 1
m:=J-G, whereJ :=(q,— ), G:=(V—-,— ). (2.2.10)
ot T T

The quantity f/t is the rate of entropy production per unit volume, due to an external
source or sink of heat. By the local formulation of the second principle of thermodynam-
ics 40

44 By this “hat notation” we shall distiguish between the physical field, u = u(x, ), and the function that
represents how it depends on other variables, u = i(s, x).

45 Here the symbol of inclusion is needed, for the subdifferential may be multivalued, see Section 5.2.
46 See e.g. the monographs quoted in the item (VII) of the Bibliographical Note in Section 6.
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mw >0, = =0 atlocal equilibrium
(Clausius—Duhem inequality). (2.2.11)

Because of the arbitrariness of G , assuming a linear dependence between Jand G, by this
inequality we infer*’ the following linearized conduction and phase relaxation laws:

- 1 . - K
q=K-V—, thatis, ¢q= - Vr, (2.2.12)
T T
O _ % hati N o3 (2.2.13)
a—-+— =——, atis, a— S: 2.
ot T ar X

here the tensor K and the scalar a are positive-definite functions of the state variables.
These two equations may respectively be compared with the Fourier law (1.1.3) and with
the phase relaxation dynamics (2.2.3). Thus

>0, 7=0 & Vr=0, A=0. (2.2.14)

Linearization. The occurrence of the term 1/t in the above formulas raises the need of
granting that ¢ > 0. This has been a source of technical difficulties in the analysis, that
were overcome only at the expense of a certain effort.*® That achievement is valuable in
itself, and a result which allows for extreme temperatures is clearly of interest. However,
one might wonder whether in practice the risk of getting t close to zero is physically sig-
nificant, and if so whether it is legitimate to extrapolate our models to those temperatures.
Actually, constitutive relations typically just have a limited range of validity. This leads us
to introduce a simplified model, that we shall study in Section 4.
Let us first define the function®

¢ :=u—rtgs, thatis, ¢ =@, x) :=u— 15U, X), (2.2.15)
and notice that by (2.2.5)
a5 0 05
do =du — L du — 152 dy = ~ du — tp—dy. (2.2.16)
T ax T ax
Thus 9¢/dx = —tgds/dx for —1 < x < 1, and more generally in terms of partial

subdifferentials 3, ¢ = —tgd,§ for —1 < x < 1.
The energy balance (1.1.2) and the entropy balance (2.2.7) yield the balance of the func-
tion ¢:

dp  u ds Vit i+ Vc} E g
—_— = — — T — = — . T = — T — —
ar ot Far q EV T TS
9. 6
= —-V. —q | —TtET —+ —f, (2217)
T T

47 In Section 2.4 we shall illustrate this derivation in a more general framework.

8 See Sprekels and Zheng [429], Zheng [476].

49 This potential is named available free energy and tends to a minimum as equilibrium is approached in a
source-free isolated system, cf. (2.2.17) below; see Miiller and Weiss [345, Chapter 7]. In [255,257] Gurtin
referred to it as a Gibbs function; actually, this function was first introduced by Gibbs dealing with uniform fields.
It may also be noticed that relaxation towards thermal equilibrium is much faster than other relaxation processes,
so that the difference between ¢ and ¥ is not quantitatively relevant.
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with 7 defined as in (2.2.9):

(2.2.18)

Next we linearize the system (2.2.17) and (2.2.18) w.r.t. 8. For any function o, let us set
o(p) = o(p) whenever o (p)/p — Oas p — 0. As

0 0 (0)
_=_+0 I K
T TE TE

9 Ve Ve 6\"> Vo 9 9
Vo=t—=—(1+—) =—[1-2—+0o[—]]|.
T T TE TE TE TE TE

0 0 9%
dp = [— + o(—)] du — rEa—s dy, (2.2.19)
X

we get

TE TE

=l e i e [ o)
— ==V y|—+o|l—)lgt—tET+|—+0| — |} | ], (2.2.20)
ot TE TE TE TE

_ Vo 0 0 0 % b
TEw = —q - —[1 —2— +o<—)] — A|:1 - — +o<—>i|—x. (2.2.21)
TE TE TE TE TE ot

Notice that in these formulas the terms in square brackets are all positive.
Neglecting infinitesima, we thus get

(% as
dp = — du — tp—dy, (2.2.22)
TE ax
o 6 . 0
Y =_V.|—q|—tgn +—, (2.2.23)
ot TE TE
_ Vo % 6 \o
e 2 (1a) a1 )2 .
TE TE Tg ) Ot

2.3. Phase transitions in heterogeneous systems

In this section we extend the Stefan model to phase transitions in mixtures of two mate-
rials. The diffusion of heat is here coupled with that of the constituents, so that we have
a system of equations instead of a single parabolic equation. In this case the interface is
characterized by a discontinuity not only of the heat flux, but also of the mass flux and
of the composition of the mixture. We shall first introduce a classical formulation, and
then derive a weak one.”® Some physical and mathematical drawbacks will also arise, and

50 This procedure is opposite to that we followed in Sections 1.1 and 1.2, that however might be applied here,
too.
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these will induce us to reformulate this phenomenon by a different model in the next sec-
tion.

Mass diffusion. We confine ourselves to a composite of two constituents. We might also
deal with a larger number of species, but even in this simple setting we shall encounter
some difficulties in the analysis. More precisely, we shall deal with a binary alloy, that is,
a homogeneous mixture of two substances, that are soluble in each other in all proportions
in each phase, outside a critical range of temperatures. Here homogeneity means that the
constituents are intermixed on the atomic length-scale to form a single phase, either solid
or liquid. We shall regard one of the two components as the solute, for instance that with
the lower solid-liquid equilibrium temperature, and the other one as the solvent. We shall
also use the following notation:

c concentration of the solute (per unit volume),

Jje: flux of the solute (per unit surface),

D1 (D, resp.): mass diffusivity of the solute in the liquid (in the solid, resp.).

Although the coefficient D, is much smaller than Dy, it need not vanish.3!

In a simplified formulation, we assume that the specific heat and the heat conductivity
may depend on the temperature and on the phase, but not on the (solute) concentration. We
also assume that the mass diffusivity may depend on the concentration and on the phase,
but not on the temperature. Thus

Cyi =Cvyi0), ki=ki@), D; = Dij(c) fori=1,2. (2.3.1)

If the two constituents have different temperatures of phase transition, then that of the
mixture depends on the concentration. The latent heat is then a prescribed function of the
temperature: L = L(6).

As for pure substances, the heat equation is here fulfilled in the interior of each phase

a0 . .
cVi(e)a — V- [ki®)-V8]=f inQ;((i=12), (2.3.2)
and is complemented by the Stefan condition at the solid-liquid interface S:
a6 a6 o
ki(0) - == —ka(0) - == = —L(0)B-7i onS. (2.3.3)
on on

The principle of mass conservation, dc/dt + V - ]7(. = 0, and the Fick law, ]_; =
—D;(c)Vc, yield the equation of mass-diffusion in each phase:
ac . .
i V. [D,-(c)Vc] =0 inQ; (i =12). (2.3.4)
Let us introduce some further notation:
Jei: mass flux (per unit surface) across S contributed by the phase i,

¢;: limit of ¢ on S from the phase i,
51 Moreover the liquid diffusivity D is much smaller than the heat conductivity & in either phase. One might also
assume that D; = Dy = 0, as in the Mullins—Sekerka problem, where however the capillarity is also accounted
for.
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Fig. 7. The graph of 1 and n; (respectively named liquidus and solidus) represent states of stable thermodynamic
equilibrium at the solid-liquid interface for a noneutectic composite. The states outside the lens-shaped region
(and with 0 < ¢ < 1) are also stable, whereas those inside are either metastable or unstable.

v: (normal) velocity of S;,
7 € R3: unit vector field normal to S; oriented from the liquid to the solid.
By mass conservation we have

G =g -A=(ca—c)i-# onS. (2.3.5)

The Fick law then yields another discontinuity condition:

d ad o A
DI — Dy = (¢cy—c))B-7 onS. (2.3.6)
on on

The reader will notice the analogy between the balance laws (2.3.2) and (2.3.4) in the
interior of the phases, and the difference between the discontinuity conditions (2.3.3) and
(2.3.6) at the solid-liquid interface: the field c is discontinuous across S, at variance with 6.
Actually, the concentration, ¢, should be compared with the density of internal energy, u,
rather than with the temperature, 6. Ahead we shall introduce a further field, w, that is
continuous at the solid—liquid interface, and plays an analogous role to that of 6.

Phase separation. At the solid-liquid interface, the temperature and the concentration
fulfill an equilibrium relation of the form

6 =ni(c1) = m(c2) onS, (2.3.7)

where 1 and 7 are known functions. Their graphs are traditionally named liquidus and
solidus, for obvious reasons. For a noneutectic composite,>> we may also assume that

ni € C'([0,11), 7/ <0G =1,2), n >ninl0,I1[,
nmO0) =m0 =0,  n(1)=n(l) (=:6) <0 (see Figure 7).

At local thermodynamic equilibrium, the temperature-phase rule (1.1.5) is here replaced
by a temperature-concentration-phase rule:

0 =m(c) inQy, 0 < n2(c) in Qs. (2.3.9)

52 A composite is named a eutectic if n1(¢) = n(c) for some eutectic concentration ¢ € 10, 1.

(2.3.8)
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The states where n2(c) < 6 < ni1(c) are in either metastable or unstable thermodynamic
equilibrium. Whenever the variables are forced to attain those intermediate values, e.g. by
rapid cooling of a liquid system, one or more nuclei of the secondary phase are formed,
and grow until the two phases have attained the respective concentrations of equilibrium:
¢ =1n; ](9) (i = 1, 2). Under isothermal conditions, this process of phase separation
(also known as spinodal decomposition) is represented by the Cahn—Hilliard equation,
that we briefly illustrate in Section 2.5.

Next we introduce a classical formulation, that extends that of the basic Stefan model,
cf. Problem 1.2.1.

PROBLEM 2.3.1 (Classical formulation of the multi-dimensional problem of phase transi-
tion in binary alloys). Find 6, ¢: Q — R and a partition {Q1, Q2, S} of Q such that:
(i) Q1 and Q3 are open sets;
(i) S C Q is aregular 3-dimensional manifold, and S; := S N (2 x {¢}) is a regular
surface, for any ¢ € 10, T'[;
(>iii) @, ¢, 96/9t, dc/at, 829/8xi8xj, 82c/8x,~8xj (for i, j € {l1,2,3}) exist and are
continuous in Q1 and in Q»;
(iv) the normal derivatives d6; /dn and dc;/dn exist on the respective sides of S;
(v) Egs. (2.3.2)-(2.3.4), (2.3.6), (2.3.7) are fulfilled;
(vi) 6 and c attain prescribed values on §£2 x {0} and on I'p x 10, T'[;
(vii) the normal derivatives 96/dv and dc/dv attain prescribed values on Iy x ]0, T'[;
(viii) SN (2 x {0}) is also prescribed.

Here the occurrence of metastable states is not excluded, just as for Problem 1.2.1.

A transformation of variable. In view of deriving a weak formulation of Problem 2.3.1,
let us introduce the new variable’>

w:=1;() (€[6,0]) inQ; (i =1,2), (2.3.10)
so that by (2.3.7) and (2.3.9)

w 1is continuous across S, w=6 onS, (2.3.11)

0 >w inQy, 0 <w in Q. (2.3.12)

Setting ¢; := 771._1 fori = 1, 2, we have

c=¢(w), Ve=¢wVw inQ; (i =1,2). (2.3.13)
Let us also set

Dj(w) := —D; (Giw)E (w) (>0) Ywe [0,0]1 (i =1,2), (2.3.14)
so that the Fick law also reads

joi=—D;i(c)Ve = Di(w)Vw in Q; (i = 1,2). (2.3.15)

53 In Section 2.4 we shall see that Vuw is proportional to —V u, where by . we denote the relative chemical
potential, namely the difference between the chemical potentials of the two components.
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Constitutive relation between the variables 6 and w at the solid-liquid interface. As 0 < ¢ < 1, only

Fig. 8.
0 < w < 0 is physically meaningful. The liquid phase is characterized by w < 6, the solid phase by w > 6.

Defining the phase function x as above (i.e., x = 1 in the liquid, x = —1 in the solid),
the phase rule (1.1.7) is here replaced by

x € sign(@ —w) in Q@ (cf. Figure 8). (2.3.16)

Let us now set
1+ x 1—x
Cy(, x):= Cv1(9)T + Cvz(é’)T,
14+ x 1—x
k@, x) = kl(e)T +k2(9)T,
(2.3.17)
~ ~ 1+ ~ 1-
Bw. 1) = Diw)—% + Daw)—~.
Y0, w, x) € R x[0,0] x [—1, 1].

By Proposition 1.3.1, the heat equations (2.3.2) and the Stefan condition (2.3.3) may be
expressed in weak form by the single equation

Cy (0, )—+@2—’;—v [k, x)- VO] =0 inD'(Q). (2.3.18)

That argument yields the analogous statement for mass-diffusion.

PROPOSITION 2.3.1. Let the pair (u, S) fulfill the regularity conditions of Problem 2.3.1,

define w as in (2.3.10), and set x := —1in Q2, x := 1 in Q1. The system (2.3.4), (2.3.6)
is then equivalent to

ac ~ oy

E#—V-[D(w,x)Vw] =0 inD(Q). (2.3.19)

Notice that by (2.3.13)

1+ 1— .
c=amr31+am%3l in Q. (2.3.20)

Thus c is a decreasing function of w, and Eq. (2.3.19) is forward parabolic.
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Table 2
Comparison between heat and mass-diffusion in binary alloys. By [v;] := v; — vp we denote the jump of a
quantity v across the solid-liquid interface S

Heat diffusion Mass diffusion
continuous variable temperature 0 new variable w
discontinuous variable internal energy u solute concentration ¢

a0 a
equation in each phase CVi((’)g -V. [ki (G)VG] =f a—j -V [Di (c)Vc] =0
R . a0; N ac; N
jump condition across S ki (6)3— =—L@®)v-n D; (c)a— =(cp—cpv-n
n n
. . , ou ac ~

equation in D’(Q) N — V- [k@, x)VO] = f m + V- [Dw, x)Vw] =0

Equations (2.3.16), (2.3.18), (2.3.19) and (2.3.20) for the unknown functions 6, ¢, w, x,
coupled with appropriate initial and boundary conditions, constitute the weak formulation
of the problem of phase transition in binary alloys. We derived these equations from the
classical formulation; alternatively one might also derive them directly from the laws of
heat and mass conservation set in the whole space—time domain Q.

Linearized constitutive laws. If the solute concentration c is small (as it often occurs in
practice), it is possible to linearize the functions 7 and n,, that is, to replace (2.3.7) by

1
6 =n/(0)c; = ——¢; onS(i=12), (2.321)

rj

with 0 < rp < rp; cf. Figure 9. By setting

1
W= ——c (<0) inQ; (i=12), (2.3.22)
ri
from (2.3.20) we thus get
1 1
c:—mwig——mw—il in 0. (2.3.23)

Although the linearization only applies for small values of ¢, here the range of ¢ is assumed
to be the whole R™, which corresponds to w < 0.

A nonparabolic system of equations. The model above has extensively been used by ma-
terial scientists and engineers, and their numerical approximation provided quantitatively
acceptable results.>* However, as far as this author knows, even existence of a weak solu-
tion is not known for this problem in the multi-variate setting, in spite of the simplifications
that are inherent in this model. Actually Problem 2.3.1 does not seem prone to analysis.
The equations of heat and mass-diffusion (2.3.18) and (2.3.19) are separately parabolic;

54 See e.g. the monographs quoted in the item (VI) of the Bibliographical Note in Section 6. This model was
also investigated by mathematicians, see e.g. Alexiades and Cannon [7], Alexiades and Solomon [8], Alexiades,
Solomon and Wilson [9,425,464,465], Bermudez and Saguez [61], Crowley [151], Crowley and Ockendon [152],
Fix [219], Ockendon and Tayler [363], Tayler [437].
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0

Fig. 9. Linearized liquidus and solidus curves.

however, coupled with (2.3.16), as a system they miss this property, for the multi-valued
mapping

2 o, (9) . <u> _ ( Cy (0. )0 + L(®) sign(® — w) )(2.3.24)

w c o (w) l+signz(9—w) + Cz(w) l—signz((?—w)

fails to be monotone. This is easily checked, as this property fails for the discontinuous
part of that mapping:

R - R <9> > ( 1 L(6)sign(® —w) ) . (2.3.25)

w 2[81(w) — &2 (w)]sign(@ — w)
This analytical issue has a physical counterpart: the model of this section does not account
for cross effects between heat and mass-diffusion: a temperature gradient induces a mass
flux (Soret effect), and in turn a gradient of chemical potential causes a heat flux (Dufour
effect).> Although in several cases the omitted terms do not seem to be quantitatively very
significant, their absence impairs the analytical structure of the problem. Another physical
drawback of this model was pointed out in Alexiades and Cannon [7], Alexiades, Wilson
and Solomon [9].

These physical and mathematical drawbacks are overcome by the theory of nonequilib-
rium thermodynamics, that we illustrate in the next section. There the constitutive relations
are dictated by the second principle, rather than being just extrapolated from the uncoupled
heat and mass-diffusion, as above.

2.4. Approach via nonequilibrium thermodynamics

The physical and mathematical drawbacks that emerged in the last section induce us to
represent phase transitions in binary alloys via an alternative and more successful approach,
that also applies to more general heterogeneous systems. This is based on the following
main elements:
(i) the first principle of thermodynamics and the principle of mass conservation (i.e.,
two balance laws),

5 See e.g. the monographs quoted in the item (VII) of the Bibliographical Note in Section 6.
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(i1) a constitutive relation for the entropy density (namely, the Gibbs formula),

(iii) three further constitutive relations, the so-called phenomenological laws, that are
consistent with a local formulation of the second principle of thermodynamics, and
include a dynamics of phase-relaxation.

The first two issues lead to the formulation of a doubly-nonlinear second-order system
of PDEs. The third requirement accounts for dissipation, which in analytical terms corre-
sponds to the forward parabolicity of the problem. This approach is based on the theory of
nonequilibrium thermodynamics.>®

Although one might deal with any number of constituents and also allow for chemical
reactions, see e.g. Luckhaus and Visintin [317], in this simplified presentation we still
confine ourselves to a nonreacting (noneutectic) binary system. As we did in Section 2.2,
but at variance with the model of Section 2.3 and with previous works, here we also account
for phase nonequilibrium by including the phase function among the state variables.

Balance laws and Gibbs formula. In view of extending the derivation of the entropy
balance of Section 2.2 to binary alloys, let us define some further notation:

w: difference between the chemical potential of the two constituents,

fu: flux of energy (per unit surface), due to flux of heat and mass,

h: intensity of a prescribed energy source or sink, due to injection or extraction either of
heat or mass.

In the absence of chemical reactions, the principles of energy and mass conservation
yield

ou e .

PPl —V.j,+h inQ, (2.4.1)
dc ird .

- = —V.j. inQ. (24.2)

We shall assume that the internal energy is a prescribed convex function of the en-
tropy density, s, of the solute concentration, ¢, and of the phase function, x; that is,
u = u(s, ¢, x). The specific form of the function i obviously depends on the constituents.

Consistently with the discussion of Section 2.2, because of the constraints 0 < ¢ < 1
and —1 < x < 1, we may assume i to be differentiable for (c, x) € 10, 1[ x ]—1, 1[, but
not on the boundary of this set. Let us extent & with value +oo for (¢, x) ¢ 10, 1[ x]—1, 1[.
We may thus assume this function to be differentiable for (c, ) in this open rectangle, but
not on its boundary. We must then deal with the partial subdifferentials d.i, 9, (see Sec-
tion 5.2), which coincide with the respective derivatives only in ]0, 1[ x]—1, 1[. Reminding
the definition of the absolute temperature, T = 9d,ii(s, ¢, x), for any selection

W € dcil(s, ¢, x), A€ dyi(s,c, x), (24.3)
we thus have

u=1iu(s,c,x),
du = tds 4+ pndc+rdyx Vs, c, x) € Doma)P. (2.4.4)
56 See e.g. the monographs quoted in the item (VII) of the Bibliographical Note in Section 6. The mathematical

aspects of this formulation were studied e.g. in Alexiades, Wilson and Solomon [9], Donnelly [182], Luck-
haus [314], Luckhaus and Visintin [317].
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As dsu(s, c, x) = t > 0, this constitutive relation may also be written in the equivalent
form s = §(u, ¢, x). Moreover (2.4.4) is equivalent to the Gibbs-type formula
s =5(u,c,x),

1 A
ds = —du — Bde = Zdy Y, e x) € Dom$)P, (2.4.5)
T T T

and more generally

1 . n . A A
— €085, c,x), —— €0:8,c,x), ——€0ysu,c,x)
T T T
Y(u, c, x) € Doms. (2.4.6)

Consistently with a basic postulate of nonequilibrium thermodynamics, we assume that
(2.4.4) and (2.4.5) also apply to systems that are not too far from equilibrium. Actually,
the limits of validity of the whole theory strongly depend on those of the Gibbs formula
(2.4.5).

Entropy balance. Letus multiply (2.4.1) by 1/7 and (2.4.2) by —u/7. By (2.4.6) we thus
get the entropy balance equation

as 10u wdc Ady

8t tot tTaot ot

- h op_ - AdY)
===V ju+-+=V-jo——-—
T T ot
R - 2.4.7)
jw — Wje = 1 A0 h
— _V Ju M]L+M'V__JL Vﬁ___X n
T T T 0t T
=—V~iq+n+; in Q,
where we set
}; = M: entropy flux (per unit surface), (2.4.8)
T
- > oM AdX
=i .V= — 2 _ A
& " T Je T T 0t
(2.4.9)

entropy production rate (per unit volume).

The quantity &/ is the rate at which entropy is either provided to the system or extracted
from it by an external source or sink of heat. Note that j, = ¢ + ., where ¢ is the heat
flux; (2.4.8) and (2.4.9) then also read

1
T T

According to the local formulation of the second principle of thermodynamics, the en-
tropy production rate is pointwise nonnegative, and vanishes only at equilibrium. This is
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tantamount to the Clausius—Duhem inequality:

m >0 for any process, and
7 =0 onlyif Vr:Vu:(_j and 9Jyx/dt =0. 24.11)

Moreover, 1 = 0 (m > 0, resp.) corresponds to a reversible (irreversible, resp.) process.
We must then formulate constitutive laws consistent with (2.4.11).

Phenomenological laws.  Let us introduce some further definitions:

J = (Ju, je, 0x/0t): generalized fluxes,

7= (1/7, —u/t, —X/7) (€ Dom(s*)): dual state variables, z' := (1/7, —u/7),

G :=V(/t),=V(u/t), —1/T): generalizedforces.57

Along the lines of nonequilibrium thermodynamics, we assume that the generalized
fluxes are functions of the dual state variables and of the generalized forces, via consti-
tutive relations called phenomenological laws,

J=F@ G) V¥zeDom(s*)(C Rt xR?), ¥G € (R*)” xR, (2.4.12)

that must be consistent with the second principle, cf. (2.4.11). The mapping F must thus
be positive-definite w.r.t. G. Close to thermodynamic equilibrium, namely, for small gen-
eralized forces, one may also assume that this dependence is linear. As the first two com-
ponents of J and G are vectors and the third one is a scalar, the above linearized relations
uncouple, because of the Curie principle: “generalized forces cannot have more elements
of symmetry than the generalized fluxes that they produce.”® Thus

Ju vi
(]. > =L(z) - ( VT,L) (= L) - V), (2.4.13)
c —VI
ax A . ax A
a@) - =——. thatis, a(x)_ €d,3. (2.4.14)

(In (2.4.13) the dot denotes the rows by columns product of a tensor of (R3)2x2 by a vector
of (R%)2) Consistently with (2.4.11), for any z the tensor £(z) is assumed to be positive-
definite, and a(z) > 0. A fundamental result of nonequilibrium thermodynamics due to
Onsager states that the tensor £(z) is symmetric:

L= (‘C“ 5‘2) . L12(2) = £21(2) (¢ R?) ¥z € Dom(s™). (2.4.15)
Lo1 L

The phenomenological laws (2.4.13) and (2.4.14) may then be represented in gradient
form, for a suitable potential @:

- - - 2

J =Vd(z,G) Vz e Dom(s*), VG € (R3) X R, (2.4.16)
where by V@ we denote the gradient w.r.t. the second argument, G.
57 Notice that —A /T occurs as a dual state variable and also as a generalized force. See Section 5.2 for the

definition of the conjugate concave function s*.
58 See e.g. the monographs quoted in the item (VII) of the Bibliographical Note in Section 6.
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In conclusion, we have represented processes in two-phase composites by the quasi-
linear parabolic system (2.4.1), (2.4.2), (2.4.6), (2.4.13), (2.4.14). This system is doubly
nonlinear, and the techniques of Alt and Luckhaus [17], DiBenedetto and Showalter [179],
and others may be used.

A transformation of the state variables. The vector of state variables z := (1/7, —u/7,
—X/t) may equivalently be replaced by z := (1/t,u, —1/7); let us also set 7 =
(1/7, w). As the corresponding transformation Vz' — VZ' is linear and j, = ¢ + [ je,
by a simple calculation the linearized phenomenological laws (2.4.13) may equivalently be

reformulated in terms of these new variables:
1

(g)—M(Z)-< Ve ) (= M@) - V) (2.4.17)
}C iy, : . 4.
(The latter equality represents the definition of the tensor ﬂ.) Like £, the tensor M is
also positive-definite for any z. By the symmetry of L it is easily checked that M is also
symmetric, at variance with M. These conclusions may also be attained by applying the
above argument based on the second principle to (2.4.10), instead of (2.4.9).

If the tensor M (Z) is diagonal and depends continuously on its arguments, then by the
developments of the final part of Section 2.2 we retrieve Fourier- and Fick-type laws:

T

N 1 1 5 6 6
qg=M1QV-= ——2M11ZV9[1 —-2— +0(—>],
' Tk TE 23 (2.4.18)

o=~ M3V = —iMzz@w[l 4y 0(&)],
T TE TE TE
with M| and M, positive scalars (more generally, positive-definite 3 x 3-tensors). On
the other hand, a nondiagonal tensor M would also account for the Soret and Dufour cross
effects. N
As My and D;(w) (cf. (2.3.14)) are both positive, by comparing (2.3.15) with (2.4.18)
we see that Vw is proportional to —V u.

REMARKS. (i) It is possible to define a function analogous to (2.2.15), with the further
dependence on c:

¢ :=u—r1tgs, thatis, ¢ =0¢W,c, x) :=u—1Esu,c, x). (2.4.19)

Along the lines of (2.2.15)—(2.2.21), one may reformulate the entropy balance in terms of
@, 0, u and A, and then linearize the state variables 1 /7, —A /7, and —u /7 in a neighbour-
hood of T = 1.

(i) An approach based on nonequilibrium thermodynamics may also be applied to other
coupled phenomena with phase transition, e.g. thermal and electromagnetic processes in a
ferromagnetic body (with negligible hysteresis), see Visintin [449].

2.5. Diffuse-interface models and length-scales

In this section we introduce the Landau—Ginzburg representation of the free energy of
a two-phase system, the associated Cahn—Hilliard and Allen—Cahn dynamics, and the
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Penrose-Fife and phase-field models. As these models are set at a finer length-scale than
the (macroscopic) scale that we considered in Section 1, we relate these free energy func-
tionals and that of Section 2.1 by means of De Giorgi’s notion of I'-limit.>

Double wells. Along the lines of the Landau—Ginzburg theory of phase transitions, see
e.g. Landau and Lifshitz [307], here we fix two positive parameters b and &, and represent
the free energy of a solid—liquid system by a functional of the form

1 2 L
Fy.e(x) ::/ <8b|vx|2 +-(1-x%)" - —ex) dx Vx e H'(£2), 2.5.1)
o & 2tg

plus a constant that may depend on the temperature field. By the direct method of the
calculus of variations,60 for any ¢ > 0 this functional has an absolute minimizer.

The terms eb|V x|? and the double well potential (1 — x2)?/e compete for the mini-
mization of Fp (). As the second term is minimized by xy = =+1, a temperature having
nonuniform sign may induce sharp variations of x between —1 to 1; but high gradients of
x are penalized by the first term. Compromising between these two exhigences, for small
& any relative minimizer of Fy () attains values that are close to £1 in the whole £2, but
for thin transition layers. The actual physical value of the coefficients b, ¢ is so small that
the layer thickness is typically of the order of nanometers.

The functional (2.5.1) is Fréchet differentiable, and its functional derivative reads

DFy.(x) = —2ebAy + gx(x -1) - . Vx € H (). (2.5.2)

Because of the nonconvexity, a stationary point of Fyp . may either be an absolute mini-
mizer, or a relative minimizer (namely, the absolute minimizer of the restriction of Fy . to
some neighbourhood of that point), or a saddle point, or even a relative maximizer. These
points may respectively be interpreted as states of stable, metastable, and (for the two latter
cases) unstable equilibrium.!

Two relaxation dynamics. The phase function x may be regarded as an order parameter;
the same applies to the solute concentration in alloys, the magnetization in ferromagnetics,
the polarization in ferroelectrics, and so on. One may distinguish between phenomena in
which for an isolated system the integral of the order parameter is conserved, and those
in which it is not. Phase separation in alloys belongs to the first class, phase transition in
solid-liquid systems to the second one.

Conserved-integral dynamics. Along the lines of Hohenberg and Halperin [274], in the
first case one typically represents processes by a relaxation dynamics of the form

dx

as- =V {K-V[DFs:()]} =0  inQ; (2.5.3)

5 Seee. g. the monographs quoted in the item (XIV) of the Bibliographical Note in Section 6.

60 Seee. g. Braides and Defranceschi [82], Buttazzo, Giaquinta and Hildebrandt [94], Carbone and De Arcangelis
[117], Dacorogna [154], Dal Maso [155]), Evans and Gariepy [201], Giusti [245].

61 The notion of metastability is (implicitly) referred to a time-scale. A (nonabsolute) relative minimizer will
appear as stable at a sufficiently fine time-scale, and as unstable at a sufficiently long time-scale. Steel, polymers
and glasses are examples of these stable-looking relative minimizers, up to geological time-scales.
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here a is a positive relaxation coefficient, and K is a positive-definite tensor that may de-
pend on the state variables. For instance let us consider a binary alloy and denote by c the
concentration of one component; in this case L = 0. By coupling Eq. (2.5.3) with the ho-
mogeneous boundary condition {K - V[D Fy . (c)]} - v = 0, one then sees that f o Clx,t)dx
is constant in time. After Cahn [107,108], Cahn and Hilliard [109], for isothermal processes
one thus gets the Cahn—Hilliard equation of phase separation:

a%+v.{K.v[—zsbAchgc(cz—l)]} =X inQ, (2.5.4)
where X is the (unknown) Lagrange multiplier associated to the constraint on the integral
of x. The phenomenon of phase separation and the analytical properties of the Cahn—
Hilliard equation were studied in a large literature.>

Nonconserved-integral dynamics. On the other hand for solid-liquid systems the typ-
ical dynamics of the phase function x (and more generally that of nonconserved order
parameters) reads

dx
oL
ot

For Fy ¢(x) as in (2.5.1), this yields the Allen—Cahn (or Landau—Ginzburg) equation, see
Allen and Cahn [13]:

+ DFys(x) =0 inQ. (2.5.5)

ax 4 5 Lo .
— —2ebA - —1)=— . 2.5.6
av- =2 x+8x(x ) 2en in Q (2.5.6)

The Penrose—Fife and phase-field models. So far we dealt with the representation of the
free energy functional and with its dynamics. For nonisothermal processes equation (2.5.6)
must be coupled with the energy balance. As we saw, the theory of nonequilibrium ther-
modynamics leads one to formulate the Fourier law as the proportionality between the heat
flux and —V(1/71), cf. (2.2.12). An approach of this sort was proposed by Penrose and Fife
in [373,374], and then studied in many works.%3

By linearizing 1/t in a neighbourhood of 1/t we have V(1/7) ~ —ve/zﬁ., and the
Fourier law is reduced to the form (1.1.3). By coupling this law with the energy balance
(1.1.2) and with the free energy dynamics (2.5.6), one obtains the so-called phase-field
model, which was first proposed by Fix [219-221] and Collins and Levine [146], and was
then extensively studied by Caginalp and others.%*

62 See e.g. Alikakos, Bates and Chen [10], Bates and Fife [50,51], Blowey and Elliott [69], Caginalp [104],
Chen [126], Chen, Hong and Yi [127], Elliott [190], Elliott and Garke [191], Elliott and Zheng [194], Escher and
Simonett [197], Kessler et al. [287], Novick-Cohen and Segel [361], Pego [372], Rappaz and Scheid [385]. See
also Alt and Pawlow [18-20], Fabrizio, Giorgi and Morro [204], for the extension to nonisothermal processes.
63 See e.g. Bonetti et al. [71], Chen and Fife [125], Colli and Laurencot [139], Colli and Plotnikov [140], Colli
and Sprekels [142,143], Fife [217], Hilliard [268], Kenmochi and Kubo [286], Miranville, Yin and Showal-
ter [333], Sprekels and Zheng [429], Wang et al. [461], Zheng [476].

64 See e.g. Aizicovici and Barbu [5], Caginalp [101-104], Caginalp and Xie [105], Colli, Gilardi and Gras-
selli [132], Colli et al. [133], Fried and Gurtin [226-228], Miranville, Yin and Showalter [333], Krej¢i, Rocca and
Sprekels [297], Novick-Cohen [359,360], Plotnikov and Starovoitov [375].
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A limit procedure. As we already pointed out, the parameter ¢ defines a nanoscopic
length-scale. It is then of interest to study the limit of the free energy Fp . as € vanishes, in
order to retrieve a model at a larger length-scale. The notion of I"-/imit in the sense of De
Giorgi, see Section 5.8, is especially appropriate to represent the asymptotic behaviour of
the absolute minimizers of Fy ., see Proposition 5.8.2.65

PROPOSITION 2.5.1 (I"-limit)?®. Let & € L'(2) and o = 4/b/3. As € — 0, the family
of functionals {Fy ¢} I"-converges to ®g o in LY(2) (here with o1, = o3), cf. (2.1.5).

This result directly follows from Theorem 5.8.4. By Corollary 5.8.3 the latter statement
entails that, if u, is an absolute minimizer of the functional Fy . for any &, then there exists
astate u € L'(£2) such that, as ¢ vanishes along a suitable sequence (not relabelled),

u, — u in L'(), Fyo(ug) = Pgo(u) =inf Py . (2.5.7)

Macroscopic-mesoscopic, and microscopic length-scales. We represented the free energy
of solid—liquid systems at three length-scales, see Table 3:
(i) Atthe macroscopic scale the functional @y is convex, cf. (2.1.6), and processes may
be described by the weak formulation of the Stefan problem, i.e., Problem 1.1.1.
At this length-scale a mushy region may appear, corresponding to the condition
x| < 1 a.e.. The solid-liquid interface may accordingly be either sharp or dif-
fuse.

(i1) At the mesoscopic scale 0 < 1 the functional @y , is nonconvex, cf. (2.1.5),
and evolution may be represented by the Stefan—Gibbs—Thomson problem. Here
|x| = 1 a.e., and thus one distinguishes solid from liquid parts, also in the mushy
region. In other terms, what at the macroscopic scale appears as a mushy region is
here resolved in its liquid and solid constituents.

(iii) At the microscopic scale ¢ < o the functional Fy . is also nonconvex, cf. (2.5.1),
and evolution may be described by the phase-field model. Here x varies smoothly:
the interface is represented by a nanoscopic transition layer, and may thus be re-
garded as diffuse. In this case | x| < 1 a.e., but intermediate values of y represent
a transition layer rather than a mushy region.

For instance, length-scales of the order of the millimeter, of the micrometer and of the
nanometer may loosely be labelled as macroscopic, mesoscopic and microscopic, respec-
tively. The process of zooming out from the microscopic to the mesoscopic scale is here
represented by the I'-limit as ¢ — 0. On the other hand the I"-limit as  — 0 accounts
for the passage from the mesoscopic to the macroscopic scale.

For evolution problems the asymptotic analysis is more delicate. A large literature was
devoted to the models of Cahn—Hilliard, Allen—Cahn, Mullins—Sekerka, Stefan—Gibbs—
Thomson, in particular to establish asymptotic relations among them.%’

65 The analysis of the limit behaviour of the relative minimizers would also be of interest, but needs a different
approach; see e.g. Dal Maso and Modica [156,157].

66 See Luckhaus and Modica [315], Modica [335,336] for related results.

67 See e.g. Alikakos, Bates and Chen [10], Alikakos, Bates, Chen and Fusco [11], Alikakos, Fusco and Kar-
ali [12], Caginalp [103,104], Escher and Simonett [197], Evans, Soner and Souganidis [202], Garroni and
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Table 3
Comparison among some properties of the solid-liquid interface at different length-scales

Macroscopic scale Mesoscopic scale Microscopic scale
Stefan model Stefan—Gibbs—Thomson model Phase-field model
Sharp/diffuse interface Sharp interface Diffuse interface
Convex free energy Nonconvex free energy Nonconvex free energy
xI<1 IxI=1 IxI<1

No Vy in free energy o [oIVxl ebe|Vx|2dx

x € L®°(2) Xx € L®(2) NBV(R) x € L) NHY(2)

Discussion. The Landau—Ginzburg potential Fy . may look rather appealing to the math-
ematical analyst: its principal part is quadratic in the derivatives, the nonconvexity is con-
fined to the null-order term and is smooth. This functional is Frechét differentiable, and
the differential part of the derivative is linear, so that the Euler equation is semilinear. The
Cahn-Hilliard and Allen—Cahn relaxation dynamics are easily formulated, and are also
semilinear. What better?

On the other hand, its I"-limit as ¢ — 0, namely the functional @y ,, cf. (2.1.5), misses
all these nice features. Its principal part is nonquadratic (even worse: it has critical growth
of degree 1), and is not integrable: it is just a Borel measure. Here the nonconvexity is
highly nonsmooth: it is the characteristic constraint, namely | x| = 1. The functional ®g
is nondifferentiable, and the associated dynamics is also nontrivial: it consists of the mean
curvature flow with forcing term.%® What worse?

All elements seem to indicate that Fp . should be preferred to @y . In favour of the
latter there are however two features: @y () is more appropriate for mesoscopic models,
and it may be discretized by means of a coarser mesh, for it is set at a larger length-scale
than Fp, 8.69

3. Analysis of the weak formulation of the Stefan model

In Section 1.1 we represented the weak formulation of the basic Stefan model as an initial-
and boundary-value problem for the quasilinear parabolic system

u € ad),
(;_1: _v. [k(@) ' V@] y in Q, 3.0.1)

Niethammer [239], Luckhaus and Sturzenhecker [316], Krej¢i, Rocca and Sprekels [297] Miranville, Yin
and Showalter [333], Niethammer [352,353], Plotnikov and Starovoitov [375], Roger [402], Soner [427,428],
Stoth [432], and the detailed review of Soner [426].

68 See e.g. the monographs Almgren and Wang [16], Buttazzo and Visintin [95], Damlamian, Spruck and Vis-
intin [163], Evans and Spruck [203], Giga [242] and references therein.

% One might also question the use of a continuous model at a microscopic (actually, nanoscopic) length-scale: is
it really justified to apply differential calculus at a scale at which the discrete structure of matter starts becoming
perceivable?
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for a multi-valued maximal monotone function ¢, cf. Problem 1.1.1. In this part we il-
lustrate a number of classical methods that may be used for the analysis of this problem.
Specifically, we deal with:
(i) approximation by implicit time-discretization (Section 3.1),
(i1) a priori estimates in Lz—spaces (Section 3.1),
(iii) passage to the limit via compactness, monotonicity and lower semicontinuity tech-
niques (Section 3.1),
(iv) a contraction procedure in L(£2) (Section 3.2),
(v) apriori estimates in L°°(§2) (Section 3.2),
(vi) a priori estimates in L7(£2) (Section 3.2),
(vii) a variable transformation via time-integration (Section 3.3),
(viii) a variable transformation via inversion of the elliptic operator (Section 3.3),
(ix) nonlinear semigroups of contractions in H ~1(£2) and in L'(£2) (Section 3.4).70

3.1. L2-techniques

In this section we prove the existence of a solution of the weak formulation of the basic
Stefan problem in any prescribed time interval, show its structural stability, and derive
some regularity results. This gives us the opportunity to illustrate some basic techniques
for the analysis of quasilinear parabolic equations in Sobolev spaces.”!

As above we shall assume that §2 is a bounded domain of R3 of Lipschitz class, denote
its boundary by I', fix any 7 > 0, and set Q := 2 x 10, T'[, ¥ := I" x ]0, T'[. We also fix
a subset I'p of I of positive bidimensional Hausdorff measure, and set I'y := " \ I'p,

Vi={ve H'(£2): yov =0on I'p}.

where yg denotes the trace operator.”* This is a Hilbert space equipped with the customary
H'-norm, which by the Friedrichs-Poincaré inequality is equivalent to

12
lolly == (/ |Vv|2dx) .
2

We shall identify the space L?(£2) with its dual L2(£2)". As V is a dense subspace of
L%(£2), the dual space L%(£2)’ may in turn be identified with a subspace of V’. This yields
the Hilbert triplet

V C LZ(.Q) = L2(.Q)/ C V', with dense and compact injections. (3.1.2)

We shall denote by (-,-) the duality pairing between V' and V, and define the linear, con-
tinuous and coercive operator

AV >V, (Au,v)::/Vu~Vvdx Yu,vev,
Q

70 This part rests upon the classical theory of linear and nonlinear PDEs, see e.g. the monographs quoted in the
items (X)—(XII) of the Bibliographical Note in Section 6.

71 See e.g. the monographs quoted in the item (XIII) of the Bibliographical Note in Section 6, Alt and Luck-
haus [17], Brezis [83], Damlamian [158], Damlamian and Kenmochi [161], and many others.

72 See e.g. Lions and Magenes [312].
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whence Au = —Au in D'(§2). We also assume that”3
¢:R—> ﬁ(::RU{+oo})
is lower semicontinuous and convex, and ¢ # 400, (3.1.3)

denote its convex conjugate function by ¢*, and notice that d¢* = (3¢)~!, cf. (5.2.11).
Finally, we fix any

u® e L*(92), feL*0,T; V), (3.1.4)
and introduce our weak formulation.
PROBLEM 3.1.1. Findu € L%(Q) and 6 € L%(0, T; V) such that

u@ —v) > (p(@) @) Vv e Dom(p), a.e.in Q, (3.1.5)

f/[u —u—+V9 Vvi|dxdt / (f,v)dt

5 (3.1.6)
Vv e L*(0,T; V)N H' (0, T; L? (£2)), v(-.T)=0.

Interpretation. By Proposition 5.2.5 the variational inequality (3.1.5) is tantamount to the
inclusion

uedp@) ae.inQ. (3.1.7)
The variational equation (3.1.6) yields

ou . , .

m + A8 =f inV ae. in]0, T, (3.1.8)

whence du/dt = f — A0 € L*>(0,T;V’). Thusu € H'(0, T; V'), and by integrating
(3.1.6) by parts in time we get

uli—o = u® in V' (in the sense of the traces of H'(0, T; V')). (3.1.9)
In turn (3.1.8) and (3.1.9) yield (3.1.6). In view of interpreting Eq. (3.1.8), let us now take

g€ L*(Q), helL*(I'nx]10,TI), (3.1.10)
and define f € L%(0, T; V') by setting

(f(t), v) = / g(x,Hv(x)dx + / h(x, t)yov(x)do
Q I'n
YveV, foraa.t €10, T|. (3.1.11)

In this case Eq. (3.1.8) then yields the differential equation

ou . ,
rrie A8 =g inD(Q), (3.1.12)

73 This function ¢ should not be confused with that of Section 2.2.
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whence A0 = du/dt — g € H~'(0, T; L?(£2)). Denoting by 3/dv the external normal
derivative, the trace 30 /9v is then an element of H~'(0, T; Hol({ 2(I'y)").7* By partial inte-
gration of (3.1.6) we then retrieve the Neumann condition

20
o, =h mH(0.T: Hy)*(Iy)). (3.1.13)

Moreover the definition of V obviously yields the Dirichlet condition
0 =0 onlIp x]0,TI. (3.1.14)

In conclusion, if f is as in (3.1.10) and (3.1.11), then (3.1.6) is a weak formulation of the
system (3.1.12)—(3.1.14).

REMARK. Let k be a continuous, bounded and positive function R — R. If we replace
AB by V - [k(0)VO] in Eq. (3.1.12), then by the Kirchhoff transformation

0
IC:V—>V:9+—>§::/ k(€) dg (3.1.15)
0

we get V-[k(0) VO] = Af. As K is invertible, the inclusion (3.1.7) may then be replaced by

u € dp(! (6)) a.e.in Q, which is also of the formu € 8(,5(5), for a lower semicontinuous
and convex function ¢ : R — R. A formulation like Problem 3.1.1 for the unknown pair
(u, 6) is thus retrieved in this case, too.

THEOREM 3.1.1 (Existence). Assume that the hypotheses (3.1.3) and (3.1.4) are satisfied.
If
3L, M > 0: V(£, 1) € graph(@p),  |E] < LIn| + M, (3.1.16)
¢*(u’) e L' (92), (3.1.17)

then Problem 3.1.1 has a solution such that u € L®(0, T; L%(£2)).

PROOF. (i) Approximation. We shall prove existence of a solution by means of a classic
procedure: time-discretization, derivation of a priori estimates, and passage to the limit.”
We fix any m € N, set

(3.1.18)

n 1 nk . /
[ = — f(r)ydt inV', forn=1,...,m,
(n—Dk

and approximate our problem by the following implicit time-discretization scheme.

74 By H(;({ 2 (I'y) we denote the Hilbert space of the restrictions to I'y of the functions of H!/2(I"), that vanish
ae.in '\ I'y, HY2(I) being the space of the traces of the functions of HY(£2). See e.g. Lions and Magenes
[312, vol. I] and other monographs on Sobolev spaces, that are quoted in the item (XII) of the Bibliographical
Note in Section 6.

75 See e.g. the discussion in the introduction of Lions [311].
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PROBLEM 3.1.1,,. Find u}, € LZ(SZ) and 9}, € V forn = 1,...,m, such that for
n=1,...,m
u — unfl
%—FA@Z =fr inV/, (3.1.19)
uh, € 0p(0)) ae.in 2. (3.1.20)
In view of solving this problem step by step, let us fix any n € {1, ..., m}, assume that

u”m’l IS Lz(.Q) is known, and define the lower semicontinuous, convex, coercive functional
k
Jn(v) = /;Z[gp(v) + §|Vv|2 — u',;flv] dx — k( o v) Yv e V.

By the direct method of the calculus of variations, this functional has a minimizer 6, € V.
Hence 0 € 3J72(6) in V', whence by Theorem 5.2.3

0edp(Opn) +kAOL —ul ™' —kfr inV/, Yne{l,...,m). (3.1.21)

m
This inclusion is equivalent to the system (3.1.19) and (3.1.20).
(ii) A priori estimates. First notice that by (3.1.20) and (5.2.11),forn =1, ..., m

o) € (8(,0)71(14") = 890*(u’,;,) a.e.in 2,

m

whence

on (ult, —u ") = @ (ul) — *(ul")  ae.in 2. (3.1.22)

m m

Let us now multiply (3.1.19) by k6)} and sumforn =1, ..., ¢,forany £ € {1, ..., m}. By
(3.1.22) this yields

/Q[<P*(ufn) —<P*(M0)]dX+ani;/Q|V9n"1’2dx

, , " (3.1.23)
< k2||f£| vlomly < UFll2orsvy (kZ]H@Z ||2V) :
By (3.1.16) it is ena_sy to check that -
o () = i(" — M)> Vn € Rsuch that || > M. (3.1.24)
The inequality (3.1.23) then yields
o i e KD < € 6.125

n=1
(By Cq, Ca, ... we shall denote several constants that are independent of m.)
For any family {v}} },=o0,...» of functions £2 — R, let us now set

m

vy, 1= piecewise linear time-interpolate of v,?l, ..., Uy, ae.in £2,

I, 1) =Vl ae.in2,Vr € |(n— Dh,nh[, forn=1,...,m.  (3.1.26)
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Defining u,,, iy, O, fm in this way, the system (3.1.19), (3.1.20) and the estimates (3.1.25)
also read

oy,

T + Al = f inV', ae.in]0, T, (3.1.27)
im € 09(O,) ae.in Q, (3.1.28)
lm |l oo 0.7:22¢2))» 10mll 220,77y < Ca- (3.1.29)

Hence Ab,, is uniformly bounded in L%0,T: V"), and by comparing the terms of (3.1.27)
we get

lumll gico. vy < C3. (3.1.30)

(iii) Limit procedure. By the uniform estimates (3.1.29) and (3.1.30), there exist 6, u
such that, possibly taking m — oo along a subsequence (not relabelled),

6y — 6 weakly in L0, T; V), (3.1.31)
um — u  weakly starin L(0, T; L*(2)) N H'(0, T; V). (3.1.32)

By passing to the limit in (3.1.27) we then get (3.1.8). In view of proving (3.1.5), first notice
that by the compactness of the injection V C L?(£2) and by Sobolev-space interpolation’®

L®(0,T; L*(2)) N H' (0, T; V') € C°([0, TT; V')
with compact injection, (3.1.33)

so that by (3.1.32)

um — u  strongly in C°([0, T1; V). (3.1.34)

Hence ||i;;, — up ||y’ — 0 uniformly in ]O, T[, and we get

// Uy Oy dx dt
0
T - -
=/ (ﬁm—um,em)dt—i—// Uy dx dt — // u6 dx dr. (3.1.35)
0 0 0

By (3.1.20), (3.1.31), (3.1.32), (3.1.35), applying Corollary 5.5.5 we then get (3.1.5).
Finally, by (3.1.34) the initial condition for u (cf. (3.1.18)) is preserved in the limit. [

REMARK. By the self-adjointness of the operator —A, existence of a solution might also
be proved without exploiting the compactness of the injection V C L?(£2), by a procedure
that is only based on the convexity and lower semicontinuity of the function ¢.”’

76 See e.g. Lions and Magenes [312].
77 See e.g. Visintin [453, Section I1.3].
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Next we show that our problem is structurally stable.

THEOREM 3.1.2 (Weakly-continuous dependence on the data). Let us assume that {¢,},
{fn}, {ug} are sequences that fulfill the assumptions of Theorem 3.1.1, with L and M
independent of n in (3.1.16). Let us also assume that the sequence {¢;; (“2)} is bounded in
L'(£2), and that

on — @ uniformly in R, (3.1.36)
fu— f weaklyin L*(0,T; V'), (3.1.37)
ug —u weakly in LZ(Q). (3.1.38)

For any n, let (u,,0,) be a solution of the corresponding Problem 3.1.1,.”% Then there
exist 0 and u such that, as n — oo along a suitable sequence (not relabelled),

un — u  weakly star in L°(0, T; L*(£2)) N H' (0, T; V'), (3.1.39)
0, — 6 weakly in L*(0, T; V). (3.1.40)

This entails that (u, 0) is a solution of Problem 3.1.1.

We shall see that the solution of Problem 3.1.1 is unique, so that it is not necessary to
extract any subsequence in (3.1.39) and (3.1.40).

OUTLINE OF THE PROOF.”® By multiplying Eq. (3.1.8),, by 6, and then using the proce-
dure of the proof of Theorem 3.1.1, one may easily derive uniform estimates like (3.1.29)
and (3.1.30). One can then pass to the limit as above as n — oo along a subsequence,
and show that (u, 0) is the solution of Problem 3.1.1 by mimicking the argument of Theo-
rem 3.1.1. (]

Regularity.  Several regularity properties may be proved for the solution of Problem 3.1.1,
by deriving further a priori estimates on the approximate solution. Next we just illustrate
three examples, all based on the symmetry of the elliptic operator (i.e., A).

PROPOSITION 3.1.3 (First regularity result). If the assumptions of Theorem 3.1.2 are
satisfied and

3 > 0: V(&. n) € graph(dg) (i = 1,2),
1 — £ —m) = cE — &), (3.1.41)
then Problem 3.1.1 has a solution such that

0 e H(0,T; L*(2)) Vr <31 (3.1.42)

78 By this we denote the problem that is obtained from Problem 3.1.1 by replacing the functions u, 9, ... by
Un,On, . ... We shall use this sort of notation several repeatedly.
79 See Visintin [453, Section 11.3] for details.



428 A. Visintin

OUTLINE OF THE PROOF.® The first part of the proof of Theorem 3.1.1 yields (3.1.29) and
(3.1.30). In view of deriving a further uniform estimate, let us first fix any 2 € 10, T[ and
define the shift operator (t;v)(t) := v(¢ + h) for any ¢ € R and any function v: R — R.
Let us then set 6,,(-, t) := 6,,(-,0) for any ¢+ < 0, multiply the approximate equation
(3.1.27) by 6,, — T—10,,, and then integrate with respect to ¢. This procedure provides a
uniform estimate for 6,, in H” (0, T; L(£2)). O

PROPOSITION 3.1.4 (Second regularity result). If the assumptions of Theorem 3.1.2 and
(3.1.41) are satisfied and moreover®!

0" :=3p*(u) e Vv, (3.1.43)
feLl* Q)+ Wwho,T: V), (3.1.44)

then Problem 3.1.1 has a solution such that

uel™(0,T; L*(2)), 0eH'(0,T;L*(2))NL®0,T; V). (3.145)
OUTLINE OF THE PROOF.?? By (3.1.41) we have

[ = en - av s e [ -y e
2 2

forn=1,...,¢. (3.1.46)

Multiplying (3.1.19) by 6" —0,,"1_1 and summing forn =1, ..., ¢, forany £ € {1, ..., m},
one then gets uniform estimates on u,, and 6,, that yield (3.1.45) in the limit. O

PROPOSITION 3.1.5 (Third regularity result). If (3.1.3), (3.1.16), (3.1.41) are satisfied and

9
F=fith NiRero, ievorv, (3.1.47)
then Problem 3.1.1 has a solution such that
90
“ﬁﬁ e L*(Q), V16 € L0, T; V). (3.1.48)

Hence 6 € H! 6, T, Lz(.Q)) N L@, T; V) for any § > 0, without any hypothesis for
the initial datum u°.

OUTLINE OF THE PROOF.® The further regularity (3.1.48) stems from an estimation pro-
cedure that follows the lines of the argument that we used above to derive (3.1.25); the
main difference is that here one multiplies (3.1.19) by nk (6, —6~1), instead of 6/, —9 1.

80 See Visintin [453, Section 11.2] for details.
81 Notice that (3.1.41) entails that the mapping d¢™* is single-valued.
82 See Visintin [453, Section I1.2] for details.
83 See Visintin [453, Section 11.2] for details.
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Notice that
Vi

_ Lk 2 kA 2
> A6y nk (o —op7")) = 7/Q|ve,§§y dx—§§)/9|ve,;| dx,

n=1

and the latter sum is uniformly estimated because of (3.1.25). One thus gets a uniform
estimate for 6, that corresponds to (3.1.48). U

By a judicious choice of the test function, one may also prove results of local regularity
in space and time, see e.g. Visintin [453, Section I1.4].

3.2. L'- and L®-techniques

In this section we prove the well-posedness of Problem 3.1.1 by using an L'-contraction
technique.3* We then show the essential boundedness of the solution via cut-off and ap-
proximation procedures.

An L'-result. Next we prove that the solution of Problem 3.1.1 depends monotonically
and Lipschitz-continuously on the data in the L'-metric. This technique is at the basis of
the semigroup approach that we shall illustrate in Section 3.4.

THEOREM 3.2.1 (Monotone and L'-Lipschitz-continuous dependence on the data). As-
sume that the assumptions of Theorem 3.1.1 are satisfied. Fori =1, 2, let

ud e L2(2), fi e LX0,T; V"), fi— frelLY(0Q), (3.2.1)

and (u;, 0;) be a solution of the corresponding Problem 3.1.1. Setting u = u; — ua,
il = ”(1) — ug, f = f1 — f2, we then have®?

/ at(x,t)dx
2

t
</(fto)+(x)dx+/ dt/ fr(x,v)dx foraa.t €10, T[, (3.2.2)
2 0 2

/ |ii(x, )] dx
2

t
g/ yzzo(x)\der/ dr/ |f(x,)|dx foraa.t €10, TI. (3.2.3)
2 0 2

PROOF. (i) At first we assume that

d¢ is Lipschitz-continuous and fulfills (3.1.41);
(3.2.4)

u® and f; fulfill (3.1.43) and (3.1.44), fori = 1,2;

84 See also e.g. Bénilan [54], Damlamian [158,160].
85 By &1 we denote the positive part of any real number &.
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afterwards we shall drop these restrictions. By Proposition 3.1.4 then 6;,u; € H l(0, T;
L?(£2)) fori = 1, 2. Let us also define the Heaviside graph H and its Yosida regularized
function Hy, := A~'[I — (I +AH)~'] (by I we denote the identity operator) for any A > 0:

{0} if n <0, 0 ifn <0,
H(n) :={100,1] ifn=0, Hy(m):=={An ifO<n<A, (3.25)
{1} if n > 0, 1 ifn > A

Let us thep write (3.1.8) fori = 1, 2, take the difference between these equations, multiply
it by H, (9), and integrate it in §2. As

/Vé-VHA(é)dx:/ H](@)|V)?dx >0 ae.in]0, T],
2 2

we get
/ —HA(Q) dx < /9 fH,(0)dx < /9 ftdx ae.in]0, T[. (3.2.6)
Let us then pass to the limit as A — 0. Note that
Hy(0) — ¢ = {O wheree: <0, a.e.in Q,
1 where6 >0

so that Y € H () ae. in Q. Moreover H(#) = H (i) ae. in Q, for by the auxiliary
assumption (3.2.4) d¢ and (8(,0)_l are both monotone and single-valued. Hence ¢ € H (i)
a.e.in Q. By the Lebesgue dominated—convergence theorem, we thus get

d 9 9ii i
Sl it = | Zatdx :/ M dx / % im H, (6) dx
dr Jo o ot o Ot o 0t A—0
i i
=1im | ZH,@)dx < / Ftdx ae.in]o, TL. (3.2.7)
r—0Jo Ot 9]

This yields (3.2.2) by time integration.

(i1) Let us now drop the auxiliary hypothesis (3.2.4), and approximate ¢, u?, fi =
1,2) by means of sequences {¢,}, {u?n}, { fin} that fulfill (3.2.4) for any n. For any n
the inequality (3.2.2) thus holds for the difference of the corresponding solutions, ii,,. By
Theorem 3.1.2,

iin — i weakly in L>(2), Vr € [0, T,
whence, by the convexity of the positive-part mapping,

llmmf/ @) (x, ) dx > / at(x,t)dx Vte[0,T]. (3.2.8)
Q

By writing (3.2.2) for u,, and then passing to the inferior limit as n — oo, we then get
(3.2.2) for u. The inequality (3.2.3) is finally obtained by exchanging u; and u» in (3.2.2),
and then adding the two inequalities. ]

COROLLARY 3.2.2. Under the assumptions of Theorem 3.1.1, the solution of Prob-
lem 3.1.1 is unique and depends monotonically and Lipschitz-continuously on the data
0

u’ and f.
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The technique of Theorem 3.2.1 also allows one to derive some results of time regularity,
that here we omit.3

L®>-results. L°°-estimates may be derived in two ways, multiplying the equation either
by a cut-off of the solution, or by a power of the solution and then letting the exponent
diverge. The second procedure also provides L9-estimates for any fixed ¢ > 2, but, at
variance with the first one, it does not need the uniqueness of the solution.

PROPOSITION 3.2.3 (Maximum and minimum principles). Assume that (3.1.3), (3.1.4),
(3.1.16) and (3.1.17) hold. If

IM > 0,30° € L'(2): 6° € 3™ (u°),
0<M ©°>—-M, resp) ae.in 2, (3.2.9)
£ <0 (f>=0,resp.) inthe sense of D'(Q), (3.2.10)

then the solution of Problem 3.1.1 is such that

O<M O0=—M,resp.) ae.inQ. (3.2.11)

PRrROOF. By Theorem 3.1.1 and Corollary 3.2.2, Problem 3.1.1 has one and only one so-
lution. Let us assume that 0° < M, f < 0. For any measurable selection b of d¢*
(= (B(p)’l), let us also set

D (v) = /v[b(g) — M]"dg (=0) Vv e Dom(3g*);
0

notice that this integral is independent of the selection. Let us then multiply (3.1.8) by (6 —
M (e L2(0, T; V)), and integrate in time. Note that (3.2.9) and (3.2.10), respectively,
yield

®u’) =0 aein2, (f,O@-MT)dr <0 ae.in]0,TI.

Moreover by Proposition 5.2.7

L1 du o+ _E/
/Q(D(u)der 0, T7), <8t,(9 M) >_dt Q@(u)dx.

We thus get

T
/CD(u(x,T))dx—i—/ dt/ V(6 — M)*|*dx <0,
2 0 2

whence V(@ — M)™ =0a.e.in Q. As € V this yields (§ — M)™ = 0 a.e. in Q, namely
0< M.

The case of 0° > —M and f > 0 may be dealt with similarly, using — (¥ — M)~ in place
of (6 — M)™. O

86 See e.g. Visintin [453, Section I1.3].
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PROPOSITION 3.2.4 (L9-estimate). Assume that (3.1.3) and (3.1.16) are fulfilled, and that
for some q > 2

u® e L1(2), feLi(Q)NL*0,T; V. (3.2.12)
Then the solution of Problem 3.1.1 is such that u € L*°(0, T; LY(82)), and

JuC. 0] Loy < [1+ (@£ zac0) " + 6] ooy ] exp(tl Flloco)
vVt €10, T]. (3.2.13)

PROOF. By Theorem 3.1.1 and Corollary 3.2.2, Problem 3.1.1 has one and only one solu-
tion. Let us at first assume that d¢ is Lipschitz-continuous; afterwards we shall drop this
auxiliary hypothesis. Let us also fix any M > 0, and set

ag(v) = |v|"_2v, Bu () = min{max{v, —Mj}, M} Vv € R,
Ygm =g o By odp inR, uy = Bu(u) ae.in Q.

Hence o, (up) = y4m(9) by (3.1.7). Note that the function y, s is Lipschitz-continuous
and nondecreasing. Let us multiply Eq. (3.1.8) by oy (usr) = yym (0) (€ L%(0,T;V))and
integrate in time. Note that (A0, y,x(0)) = f_Q VO - Vy,m(0)dx = 0. By the Schwarz—
Holder inequality we then get

/ﬂ(|uM(x, t)|q — ’uo(x)|q)dx

B " ou d
_q/‘0<5,aq(uM)> T

—1
< q ”f”Lq(QX]O,ID ” |uM|q ||Lq/(q—])(9><]0’t[)

t (g—1)/q
- q||f||m<Q></0 dr/9|uM(x, ) dx)

t
<q||f||Lq(Q)/0 dr/Q(1+|uM(x,z)\q)dx vt €10, T]. (3.2.14)

The Gronwall Lemma 3.2.5 yields

/Q|uM<x,z)|qu < <q||f||m<g>+fg|u°(x>|qu> exp(qtll fllLao))-

for any ¢ € ]0, T']. By passing to the limit as M — 400 and then taking the gth root of
both members, we finally get (3.2.13).

If 0¢ is not Lipschitz-continuous, one can approximate it via Yosida approximation and
then apply Theorem 3.1.2. U

LEMMA 3.2.5 (Gronwall).87 Let g,a,b:[0, T[ — R be continuous functions, with a
nondecreasing and b > 0. If
t

g(z)ga(r)+/ b(t)g(r)dr Vit e[0,TI, (3.2.15)
0

87 Seee. g. Walter [460, Section I.1].
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then

t

g(z)ga(t)exp<f b(r)dr) Vi € [0, T1. (3.2.16)
0

COROLLARY 3.2.6. Assume that (3.1.3) and (3.1.16) are fulfilled, and that

u’ € L®(92), feL®QOnN L0, T; V). (3.2.17)
Then the solution of Problem 3.1.1 is such that u € L*°(Q).

PROOF. It suffices to apply Proposition 3.2.4 for any ¢ > 2, and then to pass to the limit
as ¢ — +ooin (3.2.13). O

3.3. Two integral transformations

In this section we discuss two natural transformations of Problem 3.1.1. By integrating
Eq. (3.1.8) in time, we eliminate the time derivative that acts on u. Because of (3.1.7),
Problem 3.1.1 may then be formulated as a variational inequality. A similar conclusion
may be attained by applying the operator A~! to (3.1.8). Actually, as it is the case for
several parabolic problems, these two transformations are essentially equivalent, and yield
analogous regularity properties. The theory of variational inequalities has extensively been
applied to PDEs.%8

Time-integral transformation. The transformation that here we illustrate was indepen-
dently introduced by Duvaut [184,185] and Frémond [223]. This technique was inspired
by an integral transformation, that Baiocchi introduced for a free boundary problem aris-
ing in porous medium filtration, see Baiocchi [44], and Baiocchi and Capelo [45]. Let us
set

t t
(-, 1) = / 0(,t)dr, F(t):= f f(oydr+u® vrelo, 1], (3.3.1)
0 0
and note that, by integrating (3.1.8) in time and coupling it with (3.1.7), we get
0z R
1% Y +Az> F inV', Vtel0,T] (3.3.2)

By definition of subdifferential, cf. (5.2.5), this inclusion is equivalent to the following
variational inequality:

0z 0z
<AZ—F, ar —v>+/g|}p<5> —(p(v)j|dx <0

YveV,ae in]0, T[. (3.3.3)

88 See e.g. the monographs quoted in the item (XI) of the Bibliographical Note in Section 6.
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Notice that, as z(-,0) = O a.e. in £2,

] 0z
/(;<AZ—F,§>C1I
1 -0 ToF By By 5
:—/ |Vz(-,1)| dx+/<—,z>dt—(F(t),z(-,t)) vi €10, T].
2Jo o \ ot

Although in terms of the new variable z the regularity that is prescribed for u in
Problem 3.1.1 corresponds to z € H 1(0, T; V), here we reformulate the variational
inequality (3.3.3) under weaker regularity requirements for z. Let us first assume that
feL*0,T; V') and u® € V’, so that

Fewhho,1;Vv). (3.3.4)

PROBLEM 3.3.1. Findz € L®(0, T; V) N H' (0, T; L?(£2)) such that
1 2 TaF 3 3
— [ |Vz(. D dx + | (=, z)dt = (F(@),z(-. 1))
2 Jo o \ 0t

r f
+/ dt/ |:(p<%> — (p(v):| dx < / (Az — F,v)dr (3.3.5)
0 2 ot 0

Yv eV, fora.a.f €10, T,
z(-,0) =0 a.e.in £2. (3.3.6)

THEOREM 3.3.1 (Existence and uniqueness). If (3.1.3), (3.1.4), (3.1.16), (3.1.17) are sat-
isfied and

3L, M > 0: ¥(&, ) € graph(do), n| < LIE| + M, (3.3.7)
then Problem 3.3.1 has one and only one solution.

OUTLINE OF THE PROOFE.® Let us set ), := 0 a.e. in 2, F? := F(nk) in V' for any
nefl,...,m},and

R _ n—1 1
Jy () ::/ [kw(%) + §|Vv|2i| dx — <F,Z, v) YveVv.
2

These functionals are convex, lower semicontinuous and coercive, and may thus be mini-
mized recursively. Each of them has a (unique) minimum point zJ;,, which thus solves the
implicit time-discretization scheme:

- Zn—l
8<p(%> +AZl 5 FF inV/, forn=1,...,m. (3.3.8)
Let us define the time-interpolate functions z, as in (3.1.26). Multiplying (3.3.8)

by 2, — zj}[l, one may easily derive a uniform estimate for z,, in L°*°(0,7T; V) N

89 See Visintin [453, Section IL5].



Introduction to Stefan-type problems 435
H'(0, T; L?(£2)). Therefore there exists z such that, possibly extracting a subsequence,

Zm — z  weakly starin L0, T; V) N H'(0, T; L*(£2)).

By passing to the limit in the approximate variational inequality, by lower semicontinuity
one then obtains (3.3.5). The proof of uniqueness is straightforward. U

Inversion of the Laplace operator. In view of introducing our second integral transfor-
mation, let us first revisit the functional setting of Problem 3.1.1. We shall use the inverse
operator A™': V/ — V. For instance, if g € L>(£2), h € L>(I'y) and

(f,v) =/ g(x)v(x)dx +/ h(x)ypv(x)do Yv eV,
Q

I'y
then
-1 . ou
u=A""f & wueV, —Au=gae.ins2, ™ =hae.on 'y, (3.3.9)
v

for in this case the normal trace du/dv is an element of L*(T'y).
By applying the operator A~! to (3.1.8), we have

\du
ot
By coupling this equation with (3.1.7) we then get the inclusion

A" —460=A"'f=F iV, ae.in0, T[. (3.3.10)

_18_14
Jt

which is equivalent to the following variational inequality:

A +0¢p*(u)> F inV, ae.in]0, T, (3.3.11)

ot
Vv € L2(R2), ae.in 0, T|. (3.3.12)

<A‘a—“ — F,u— v>+/9[<p*(u) —¢"(1]dx <0

Assuming (3.1.4), namely
ul eV, FeL*0,T;V), (3.3.13)
we can now introduce a further weak formulation of our problem.
PROBLEM 3.3.2. Findu € L2(Q) N H'(0, T; V') such that (3.3.12) is satisfied, and

uli—o = u® in V' (in the sense of the traces of H'(0, T; V')). (3.3.14)

THEOREM 3.3.2 (Existence and uniqueness). If (3.1.3), (3.1.4), (3.1.16), (3.1.17) and
(3.3.13) are satisfied, then Problem 3.3.1 has one and only one solution.
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OUTLINE OF THE PROOF. % One may approximate the inclusion (3.3.11) via implicit
time-discretization, and then derive a priori estimates by multiplying the approximate
equation by the approximate solution uJ,. This yields a uniform estimate for the linear
interpolate function u,, in L>(Q) N H'(0, T; V’). Hence a suitable subsequence of {u,,}
weakly converges in this space. By passing to the limit in the approximate variational in-
equality, Eq. (3.3.12) follows by lower semicontinuity. The proof of uniqueness is straight-
forward. O

3.4. Semigroup techniques

In this section we apply to Problem 3.1.1 methods of the theory of nonlinear semigroups
of contractions in Hilbert and Banach spaces, cf. Section 5.6. We shall see that in this
framework the spaces H~'(£2) and L'(£2) play special roles.’! In the first case we shall
retrieve the method of inversion of the Laplace operator that we just illustrated, whereas in
the second one we shall exploit the L!-contraction procedure of Theorem 3.2.1.

Change of pivot space. Here we continue our discussion on the inversion of the opera-
tor A, under the assumption that I'p has positive (N — 1)-dimensional Hausdorff measure.
Let us first notice that the bilinear forms

(u,v)y := / Vu-Vvdx Vu,veV, 34.1
Q
w, vy = (A""u, A7), = (A7 u,v) Vu,veV’ (3.4.2)
are scalar products in the Hilbert spaces V and V', respectively, and that
(Au,v)y := (u,v) = / uvdx VYueV, Yve Lz(.Q). (34.3)
2

Let us now denote the space V’ by H, in order to avoid any possible confusion with the
dual spaces that we are going to introduce, and define the Riesz operator

R:H—->H, (Ru,v)=u,v)y VYu,veH.

As L%(£2) C 'H with continuous and dense injection, we can identify 7’ with a subspace
of L?(£2)'. This yields

RL*(2) Cc RH="H c L*(£2)’ with dense and compact injections.

The space H is thus identified with R ~! (), and accordingly plays the role of pivot space.
This approach is at variance from the more usual procedure of identifying L?(§2) with its
dual, cf. (3.1.2). Henceforth we shall omit to display the operator R.

90 See Visintin [453, Section IL5].

91 See e.g. Bénilan [55], Bénilan and Crandall [57], Bénilan, Crandall and Pazy [58], Bénilan, Crandall and
Sacks [59], Berger, Brezis, and Rogers [60], Brezis [83,84], Brezis and Pazy [88], Crandall and Pierre [148],
Magenes, Verdi and Visintin [321], Rogers and Berger [403].
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By (3.4.3), in the space H the variational equation (3.1.8) also reads

(a—”,v) +/ Gvdx = (f, )3 Vv eH, (3.4.4)
ot H I?)

which is equivalent to (3.3.10). In this way we have thus retrieved Problem 3.3.2.
This technique was studied by Lions [311, Section 2.3].

L?-semigroups. Whenever the mapping d¢* is nonlinear, the operator u +— —Ad¢* ()
is nonmonotone in L%(£2). Next we shall see that, if properly defined, this operator is
maximal and cyclically monotone in H, in the sense of Section 5.5. Let us first assume that

Ie,M>0:YveR, ¢* ) <cv?+M, (3.4.5)

so that ¢*(v) € L'(£2) for any v € L?(£2). One may see that this condition is equivalent
to (3.3.7). Let us then define the (possibly multivalued) operator

) 72 H .
{ Ay : Dom(Ap) := L*(£2) C H — 2" : (3.4.6)

u > Adp*(u) ;= {AG: 0eV,0e€dp*(u)ae. in Q}

Note that, for any u € L?(£2) and any 0 € V,0 € d¢*(u) a.e. in £2 if and only if

(Ab,u —v)y = / O(u —v)dx > / ™ (u) dx —/ ¢*(v)dx Vv e L*(2).
2 2 2
By this variational inequality A, coincides with the subdifferential of the proper, convex,
and lower semicontinuous functional

*(v)dx ifv e L3(£2),
H—R:v—~ /_Q(p(v)x nY (42)

(3.4.7)
+00 ifveH\LXR2).

By Theorem 5.5.3, the operator A, is then maximal and cyclically monotone. One may
then apply the classical theory of semigroups of nonlinear contractions in Hilbert spaces,
see Section 5.6, to the equation

5
a—’: + Aw) = f inH, ae.in]0, TI. (3.4.8)

In this way one retrieves Theorem 3.3.2 and several other results. In fact this semigroup
approach is essentially equivalent to the inversion of the Laplace operator.

L'-semigroups. The L'-contraction technique that we used in the proof of Theorem 3.2.1
suggests investigating the accretiveness of the multi-valued operator u +— —Ad@™(u) in
L'(£2), in the framework of the theory of nonlinear semigroups of contractions in Banach
spaces. We still assume (3.3.7), but there we also require that I'p = I", namely that the
homogeneous Dirichlet condition is fulfilled on the whole boundary.”> We then define the

92 More general boundary conditions are considered e.g. in Bénilan [55], Magenes, Verdi and Visintin [321].
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operator
Ap:Dom(Ay) C LY(2) — LY (R) :u — —Adp*(u) :=
{—A0 € L1(2): 0 € L'(2), w0 =0o0nT, 0 € d¢p*(u) ae.in 2}. (349
For any
u’ e LY(2), feL0), (3.4.10)

we now reformulate the weak Stefan problem as follows.

PROBLEM 3.4.1. Find a continuous vector-valued function u : [0, T] — Ll(.Q), that is
absolutely continuous in ]0, 7'[ and such that

ou
at
u(-,0)=u" ae.in £2. (3.4.12)

+ A1) > f inL'(R), ae.in]0, T[, (3.4.11)

In general this problem has no solution. Actually, the occurrence of phase interfaces is
not consistent with the condition u(-, 1) € Dom(A1), for AG = Ad¢*(u) is a nonintegrable
Borel measure whenever the Stefan condition (1.2.4) is fulfilled. We shall then investigate
a weaker notion of solution.

LEMMA 3.4.1.93 Assume that « is a maximal monotone mapping R — 2R such that
@(0)20.Let pe[l,+oolandset p' = p/(p—1)ifp#1,p =+oc0if p=1.1f
uelP(2), AuelLP(2), yu=0 aeonl,
he Lp/(.Q), hea) aeinS2, (3.4.13)
then — [ hAudx > 0.

THEOREM 3.4.2. Assume that (3.1.3), (3.1.16) and (3.3.7) hold, and that I'p = I". The
operator Ay is then T- and m-accretive in Ll(.Q), that is,

Yu; € Dom(Ay), V—Ab; € Ai(u;) (i =1,2), VA > 0,
|1 —u) ™| 1 gy < w1 —uz — 2801 - 92>]+||L1<9), (3.4.14)
VA>0,Vfe Ll(.Q), Ju € Dom(A1): u+AA1(w) > fae in$2. (3.4.15)

PROOF. (i) In view of proving (3.4.14), let us first fix any u; € Dom(A), and select any
—A6f; € Ai(u;) fori = 1, 2. Let us then set

1 if eith 0 0 ,
if either u1(x) > up(x) or 61(x) > 6>(x) foraa x € Q.

hx) := {

0 otherwise

93 See Brezis and Strauss [89, p. 566], where this result is stated in more general form, for a class of unbounded
m-accretive operators in L1(£2) that fulfill a maximum principle.
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Note that / is measurable and, defining the Heaviside graph H asin (3.2.5),h € H(u1—u»)
N H(6) — 6) a.e. in 2. Lemma 3.4.1 then yields — fQ hA(0; — 6)dx > 0. Hence

/ [u1 —uz — 1A — 62)] " dx > / [u1 — uz — XA — 02)]h dx
2 2

2/(“1 —uz)hdx=/(ul —up) " dx,
2 Q

that is (3.4.14). As an analogous statement is fulfilled with the negative part in place of the
positive part, we get

Vu; € Dom(Ay), Y—A8; € A1(ui) (i = 1,2), YA > 0,
lur = wall 1) < ur = ua + AAG —62)] 1 g (3.4.16)

namely, A1 is accretive in LY(9).
(i1) Next we prove (3.4.15). Let us first assume that f € L?(£2). The functional

~ A
J:V—)R:vr—)/ <<p(v)+§|vv|2_fv)dx
2

is convex, lower semicontinuous, and coercive; hence it has a minimum point 6 € V. Thus
0J(0) > 0in V’, that is,

u:=f+rA0 € 3¢p®) inV’;

hence u € L2(2), by (3.1.16). For any f € L2%(£2) thus there exists a pair (0,u) € V x
L?(£2) such that A6 € L?(£2) and

0 cdp*(u), u—AAO=f ae.in. (3.4.17)

Let us now consider any f € L!(£2) and any sequence {f,} in L*(£2) that converges
to f strongly in LY(£2). For any n let (6, u,) solve (3.4.17),. By the accretiveness of
A1, {uy,)} is a Cauchy sequence in L'(£2); hence it converges to some u strongly in this
space. By comparing the terms of (3.4.17),,, we see that the sequence {A6,} is then uni-
formly bounded in L!(£2). Possibly extracting a subsequence, 6, then converges to some
6 strongly in L' (£2). Therefore, possibly extracting further subsequences, 6, and u,, con-
verge a.e. in §2. By passing to the limitin (3.4.17), a.e. in £2, we then infer (3.4.17) for the
pair (0, u). [l

Theorems 3.4.2 and 5.6.1 yield the next statement.

THEOREM 3.4.3. Assume that (3.1.3), (3.1.16) and (3.3.7) are satisfied and that I'p = T
For any u® € L' () and any f € L'(Q), Problem 3.4.1 then has one and only one mild
solution (in the sense of Section 5.6).

This solution depends Lipschitz-continuously and monotonically on the data.

REMARKS. (i) If f € BV(0, T; L'(£2)) and u® € Dom(A}), then u:[0,T] — L'(£2)
is Lipschitz-continuous. However, consistently with our previous remark, # need not be
a strong solution, for the space L'(£2) does not fulfill the Radon—Nikodym property, cf.
Section 5.6.
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(i1) So far we studied quasilinear parabolic P.D.E.s containing a single nonlinear term.
One may also deal with doubly nonlinear equations, namely equations that contain two
nonlinear functions, for instance of the form

%a(u) ~V.-%(Vu)> f inQ, (3.4.18)
a<2—';) —~V.-7(Vu)> f inQ, (3.4.19)

with & and y given (possibly multi-valued) maximal monotone mappings. In general these
two equations are not mutually equivalent. For instance an equation of the form (3.4.18) is
met in nonequilibrium thermodynamics: the Gibbs relation and the phenomenological laws
provide the two nonlinearities, see the system (2.4.1), (2.4.2), (2.4.6), (2.4.13), (2.4.14).
Equations of the form (3.4.19) arise in a number of diffusion problems, with « equal to the
subdifferential of a so-called dissipation potential, see e.g. Germain [241].

4. Phase relaxation with nonlinear heat diffusion

In this part we deal with an initial- and boundary-value problem for a quasilinear (actually,
multi-nonlinear) parabolic P.D.E., that represents phase transition coupled with nonlinear
heat-diffusion and with phase relaxation;** cf. Section 2.2. We provide the weak formu-
lation of an initial- and boundary-value problem in the framework of Sobolev spaces, and
prove existence of a solution in any prescribed time interval.

This part includes some elements of novelty. A rather general constitutive relation is
assumed between internal energy, temperature, and phase; this also allows for (possibly
nonlinear) dependence of the heat capacity on the phase. Existence of an approximate
solution is here proved via a saddle point formulation. Compactness by strict convexity
(cf. Section 5.4) is applied in the limit procedure, besides more standard techniques of
compactness, convexity and lower semicontinuity. This approach might also be extended
to coupled heat- and mass-diffusion, as well as to other models.?’

4.1. Weak formulation

In this section we formulate our problem in the framework of Sobolev spaces.
Let the sets £2, I", Q, the space V, the operator A, and the duality pairing (-,-) be defined
as in Section 3.1. Let us assume that the following functions are also given:

¢:R* >R (:= R U {+00}) proper, convex and lower semicontinuous,
Dom(p) =R x [—1, 1], “4.1.1)

94 This mode of phase transition was studied in many works, see e.g. Bénilan, Blanchard and Ghidouche [56],
Blanchard, Damlamian and Ghidouche [67], Blanchard and Ghidouche [68], Frémond and Visintin [225], Vis-
intin [446,447] and [453, Chapter V].

95 See Visintin [459]. This part rests upon the classical theory of linear and nonlinear PDEs, see e.g. the mono-
graphs quoted in the items (XI), (XII), (XIII) of the Bibliographical Note in Section 6.
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@ :R x R> > R such that
@ (-, ) is continuous V& € R°, (4.12)
@ (0, -) is convex and lower semicontinuous VO € R.

We shall deal with the system

O,r) € d0p(u, x), (4.1.3)
g €—0d(0,V0), (4.1.4)
ou R

—+V.g=g, 415
ot tV-a=gs ( )
8X+ 0 (4.1.6)
a— +r =90, .
ot

in Q, coupled with initial conditions for # and yx, and with boundary conditions for u
and g. Here a is a positive constant. By d,@ we denote the partial subdifferential of @
w.r.t. the second argument, here V&; see Section 5.2. The inclusion (4.1.3) accounts for a
dependence of the heat capacity on the phase.’® In the next section we shall see that the
system (4.1.3)—(4.1.6) is consistent with the second principle of thermodynamics, provided
that the function ¢ represents the function of (2.2.15), cf. (2.2.20) and (2.2.21).97
Let us assume that
u®, x* e L*(2), (u° x°) € Dom(dp) ae.in 2, 4.1.7)
feL?0,T; V), (4.1.8)

and introduce our weak formulation.

PROBLEM 4.1.1. Find u, 6, x, r, g such that

u,r € L*(Q), x e H'(0,T; L*(£2)),

0 eL?>0,T;V), §eL*Q)?, (4.1.9)
(u, x) € Dom(¢) and V(u, x) € Dom(gp),
Ow—u)+r(x —x) = e, x)—e@, x) ae.inQ, (4.1.10)
G-E—V0) >d0B,V0) —d0O,&) VEeL(R)%, ae.in 0, (4.1.11)

T

// |:(u0—u)a—v—c_j-Vv:|dxdt=/ (f,v)dt

0 ot 0

Vue H'(0, T; L*(£2)) N L*(0, T; V), v(-, T) = 0, (4.1.12)
aaa—): 4+r=0 ae.inQ, (4.1.13)
x(,0)=x° ae.inQ. (4.1.14)

96 In Section 1 we had no difficulty in dealing with this dependence under the hypothesis of local equilibrium,
for in that case the phase is determined by the temperature. On the other hand, if that hypothesis is dropped, the
analysis is less obvious.

97 This constant factor is here included in @, in order to simplify the lay-out of formulas. This rescaling is
immaterial for the present analysis.
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If f is defined as in (3.1.11), this problem is the weak formulation of an initial- and
boundary-value problem for the system (4.1.3)—(4.1.6). The system (4.1.13) and (4.1.14)
is trivially integrated: x (-, ¢t) = XO — alfot r(-,7)dr a.e.in Q.

REMARK. Setting

U=@x), V=@0,r), yV,VV)=(®0,V0),r), F=(f0)
AG1z22) = (=V-Z1.22) V(G1.22) € R? xR, (4.1.15)

the system (4.1.3)—(4.1.6) reads as a doubly nonlinear system:

oU
Vedpll), Wey(V,VV), E—FAW:F' (4.1.16)

Because of the multiple nonlinearity of this problem, here the results of Section 3 are
not directly applicable. Nevertheless those techniques are at the basis of the theorem of
existence, that we prove in the next section.?8

4.2. Existence of a weak solution

In view of stating our existence result, let us first define the partial conjugate ¥ : R x
[—1, 1] - R (:= RU {+00}) of the function ¢ w.r.t. u, cf. (5.2.3):

Yo, x) = sug[ue — o, x)] YO,x) eRx[-1,1]. 4.2.1)

ue

By Theorem 5.3.3,

¥ (-, x) is convex and lower semicontinuous Vx € [—1, 1],

¥ (6, -) is concave and upper semicontinuous V6 € R. 4.2.2)

THEOREM 4.2.1 (Existence). Assume that (4.1.7)—(4.1.8) are satisfied, and that

the function r may be represented in the form

VO, r) =v1(0) +v200,r) VO, x) € Rx[-1,1],

where 1 is strictly convex and everywhere finite, 4.2.3)

Y2 (-, x) is convex and lower semicontinuous Vy € [—1, 1],

Y2 (6, -) is concave and upper semicontinuous Y6 € R,

day, ap > 0: V(u, x) € Dom(p), ¢, x) = al|u|2 —az, 4.24)

Jas,...,a6 > 0: V(0,€) e R x R,

a3l&* —ay < 0. 5) < asl | + a.

da; > 0: VO e R, @(0,0) < ay. (4.2.6)
Then Problem 4.1.1 has a solution such that u € L*(0, T; L%>(2)).

98 Boundary- and initial-value problems for doubly-nonlinear PDEs were studied in many works; see e.g. Alt
and Luckhaus [17], Colli and Visintin [145], DiBenedetto and Showalter [179], Damlamian, Kenmochi and
Sato [162], Visintin [453, Chapter III], and references therein.

4.2.5)
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The reader will notice that in (4.2.3) the function v is independent of y, so that strict
convexity is only assumed for the dependence of v; on 6. We do not assume ¥ to be
strictly concave w.r.t. the phase variable yx, for this would exclude the occurrence of a
sharp interface between the phases. See the remarks after the proof of this theorem.

PROOF. We proceed via approximation by time-discretization, derivation of a priori esti-
mates, and passage to the limit, as we did for Theorem 3.1.1.
(i) Approximation. Let us fix any m € N, set

T
k= o ul i=ul, x0 =40 ae ing,
1 nk
fn :=—/ f(mdr inV/, forn=1,...,m, 4.2.7)
k Jo—1k

fix any 00 € L?(£2), and introduce the following approximate problem.”

PROBLEM 4.1.1,,. Find ull,, 0%, x, rl, g forn =1, ..., m such that
W' xkrh e LA(2), M eV, G elLl*(R2)°, (4.2.8)
(Op.ri) € 0¢(up. xpn) ae.in £2, (4.2.9)
gn e —he (087", voL) ae.in 2, (4.2.10)
u — un—l
A(%v—qg.vU>dx=(f;;,v) Yvev, (4.2.11)
n _ ,n—l1
a% Fr1 =0 ae.in£2. (4.2.12)

Let us define the double subdifferential 51#(9, Xx) = (0¥ (0, x), 3y (—¥) (0, x)) as in
(5.3.17). By Theorem 5.3.3, the inclusion (4.2.9) is equivalent to the system

sy € 000 (63 13,

(um’ rm) € al/f(em’ Xm)’ LE., {rgl c 8)( (_w)(g;}l’ X;’;)

a.e.in £2. (4.2.13)
We shall prove the existence of a solution of Problem 4.1.1,, recursively. Let us fix any
n € {l,...,m}, assume that ufn’l, 0,;’1’1, erff] are known, define the closed and convex

set X :=V x L°°(£2;[1, 1]) and set

In @, x) = /Q[w(e, x) — %xz — w0 +ax T x k(07 ve)] dx
—k{fn.6) V6.x) € X. (4.2.14)
Notice that
mary to select a value for 60, because this function occurs in (4.2.10) for n = 1. Nevertheless this

function is not prescribed among the data, and it turns out that it is immaterial which value is selected, for the
function 6 need not have a trace for t = 0.
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V> R:0 J0, x)

. S (4.2.15)

is convex and lower semicontinuous, ¥x € L*(£2;[1, 1]),

L®(82;[1,1]) = R x = J (0, x)

is concave and upper semicontinuous, V6 € V; (4.2.16)
moreover by (4.2.5) the functional J), is coercive w.r.t. 6, that is,

Jn(0, x) > 400 as ||0]ly — +oo, Vx € (£2;[—1,1]). (4.2.17)

(The coerciveness of J: w.r.t. x makes no sense, for this variable is confined to the interval
[—1, 1].) By Theorem 5.3.2, the functional J;; has then a saddle point in X, namely

3(6),, x;n) € X such that

IO, x) < In(0, xp) VO, x) € X. (4.2.18)
Hence 3J (0, x) 3 (0, 0), that is

d (68, xr) >0 inV/, (4.2.19)

A (=Im) (6. xn) 20 ae.in . (4.2.20)

For a suitable selection of the fields

Uy, € 391//(9m, Xm) I € dx (_1//)(0:,1,, X:yll), c?,’ﬁ, € —32@(9;:’_1, V@Z),
a. e in £2, the inclusions (4.2.19) and (4.2.20) yield (4.2.11) and (4.2.12). The functions
O, xk, rlt, g thus solve Problem 4.1.1,,.

m >Ym>
(i1) A priori estimates. In view of deriving the balance of the function ¢, let us first notice

that by (4.2.9)

4
Z n 1 Qn +(Xm _Xll:l l)rm]
n=1
4

> o xm) = e(up " xm )] 42.21)

n=1
= (g X)) — (u®, x°) ae.in Q.

Moreover, by the inclusion (4.2.10) and by the hypotheses (4.2.5), (4.2.6),
—g" -V > o611, ver) — o (67,0

V0, > 0(05 ¥4 - 0(05.0) o)

> a3|V9,',’1| — a4 —a7 ae.in $2,Vn.

Let us now take v = k6, in (4.2.11), multiply (4.2.12) by x;» — x;~ 1 and sum these
formulas forn =1,..., ¢, forany € € {1, ..., m}. By (4.2.21) we get

/ﬂ[w(ufn,x,ﬁ) o(u’, x° dx—kZ/ V6! dx

2

nl
Xm Xm

Z fren), (4.2.23)
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and then by (4.2.22)

/Q[w(ufn,xm) o(u’, x° dx+a3kZ/|V9”| dx

_ ,n—1
At _ <(a4+a7)£k|9|+k2”frzuv/”'9:1HV'
n=1 (4.2.24)
By (4.2.4) we then get
2
max ([ ey kZH@" 15 <Cy. (4.2.25)
n=1 LZ(Q)

(By Cy, C», ... we shall denote constants 1ndependent of m.) Using the notation (3.1.26)
and setting t;v(¢) = v(t — k) for any function v of time, next we write the system (4.2.9)—
(4.2.12) and the estimates (4.2.25) in terms of the time-interpolate functions:

(éle m) € 00(Um, Xm) ae.in Q, (4.2.26)
Gy € 0D (14O, VO,) ae.in O, (4.2.27)
0 _
% YV-G, = fu iV, (4.2.28)
9
% YFn=0 aeinQ, (4.2.29)
”um“LO"(O,T;LZ(_Q))’ ||9_m||L2(o,T;V), ||Xm||H1(0,T;L2(Q)) < Ca. (4.2.30)

By (4.2.27) and by the second inequality of (4.2.5), we then have
1G 11200y < C3, whence |V - G,ll 20,727y < Ca. (4.2.31)
By comparing the terms of the approximate equation (4.2.28), we thus get

||um||H1(O’T;V/) < CS (4232)

(iii) Limit procedure. By the above uniform estimates, there exist u, 8, x, r, g such that,

possibly taking m — oo along a subsequence,'?
um — u  weakly starin L(0, T; L*(£2)) N H'(0, T; V'), (4.2.33)
Xm — x  weakly starin L*(Q) N H'(0, T; L*(£2)), (4.2.34)
O, O — 6 weakly in L0, T; V), (4.2.35)
Fms Fm — r weakly in L2(Q), (4.2.36)
Gm, G, — G weakly in L2(Q)>. (4.2.37)

100 Dealing with spaces of (vector-valued) time-dependent functions, the weak (star) convergence of the linear
interpolates is equivalent to that of the piecewise-constant interpolates, and the two limits coincide, provided that
no time differentiability is involved. The convergences (4.2.33) and (4.2.34) thus entail i,, — u weakly star in
L0, T; L%(2)) and % — x weakly star in L°(Q).
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Possibly taking m — oo along a further subsequence, we may also assume that
xm(G, T) — x(-,T) weakly starin L°°(£2). (4.2.38)

By passing to the limit in (4.2.28) and (4.2.29) we then get (4.1.12) and (4.1.13). Because
of (4.2.34) the initial condition of yx is preserved in the limit. We are thus just left with the
proof of (4.1.10) and (4.1.11), that we shall perform in the next steps.

(iv) Proof of (4.1.10). By (3.1.33), the convergence (4.2.33) yields

um — u  strongly in C°([0, TT; V). (4.2.39)
AS iy — uy — 0in L2(0, T; V), by (4.2.35) we then get

// U, Oy, dx dt
0

_m
T —_ —_

=/ V/(L?m—um,é’m)vdt—i-// umemdxdt%// ubdxdr.  (4.2.40)
0 0 0

Moreover by (4.1.13), (4.2.29) and (4.2.38)

m— 00 m—00

9
limsup// fm)'(mdxdt:—aliminf/ O & dx dt
0 0 Jat

m—0Q

<=5 [xee.DP = [xP)as
2

Bl
:—a/ —Xxdxdtz// rx dx dr.
o 3 0

Note that the inclusion (4.2.9) also reads
[ 1uin =0+ i = 0]t > [ [t ) o 0]
0] o

Y(ii, ¥) € L>(Q) such that (it, ¥) € Dom(gp), a.e.in Q. (4.2.42)

2 (4.2.41)

By (4.2.40) and (4.2.41), passing to the limit in the latter inequality (more precisely, the
superior limit in the left side and the inferior limit in the right side), we get

//Q[G(u —u)+r(x — )”()] dxdr > //Q[w(u, x) — o, )Z)] dx dr

o PRI ) (4.2.43)
VY(u, x) € L“(Q)": (u, x) € Dom(p), a.e.in Q,
and this is tantamount to (4.1 ._1 0).
(v) Strong convergence of 9,,. We claim that
6, — 6 strongly in L' (Q). (4.2.44)

First note that, by Rockafellar’s Theorem 5.2.3,

3o (V1 + ¥21(0, X) = 991 (0) + 20, X)-
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The analogous property for 0, is trivial, as ¥ is independent of x. Regarding 1 (0) as
a function of (6, x) that is independent of x, and defining d as in (5.3.17), we thus have
oY1 4+ ¥r2) = 9y + 9vY2. The hypothesis (4.2.3) and the inclusion (4.2.9) then yield

(iim: ) € 991 On) + 02O, Xm) ace.in Q,Vm;
thus there exist i1, U2, € L2(Q) such that

(I'_tms fm) = (ﬁlm» O) + (’/_‘2ms fm)s
(@t1m, 0) € 3Y1 (), a.e.in Q, Vm. (4.2.45)
(#t2m, Fm) € 0Y2Oms Xom)

By Theorem 5.3.4 the operators 31 and 3y are maximal monotone. We can thus apply
E’roposition 5.5.4, or rather the Remark (i) that follows that statement, taking (i;, 0), (6, x),
dv; in place of u;, u*, B;, respectively (for i = 1, 2). We thus infer that

(u1,0) € dy1(9), namely u; € dy(() ae.in Q. (4.2.46)

Let us also recall (4.2.33) and (4.2.35). By the strict convexity of v (cf. (4.2.3)), by
(4.2.40) and by Proposition 5.4.3, the claim (4.2.44) then follows.
(vi) An auxiliary inequality. We claim that

t _ ~ '
limsup—/ dT/C}m'Vemdx<—/ dr/c?-V@dx
m— 00 0 2 0 2

vt €10, T]. 4.2.47)

In view of proving this inequality, notice that (4.2.23) also reads

! = -
f [‘p(umv Xm) (5 1) — 90(1407 XO)] dx — / dl'/ Zim - V0, dx
2 0 2

t
—i—a/dt/
0 2

Moreover by (4.1.10) and by Proposition 5.2.7

"1 ou ! ax
/o<£’9>dr+f0 dT/_Q e = /Q[sow,x)(-,r) —o(®, x°)] dx

forae.r €10, TY. (4.2.49)

) t (4.2.48)

9 o

% dx</<fm,9m>dr forae. € 10, T[.
0

Note that Eq. (4.1.5) holds in L?(0,T; V'), cf. (4.1.12). Let us next multiply (4.1.5)
by 6, multiply (4.1.13) by %8 x/0t, sum these formulas, and integrate in time. By (4.2.49)
this yields

t
/[<p(u,x)(~,t)—<p(u°, xo)]dx—/ dr/ G- Vo dx
? o Je (4.2.50)
t aX 2 t
—l—a/ dl’/ — dx=/ (f,0)dr forae.t €1]0,TJ.
0 ol ot 0
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Notice that, by the lower semicontinuity of the convex integral functionals,

t 2
liminf</ gp(um,xm)(~,t)dx—|—a/ dr/ dx)

t 9 2
>/¢(u,x)(-,t)dx+a/ dr/ X dx vt €10, T].
17, 0 @l o1

The formulas (4.2.48), (4.2.50), (4;2.51) yield (4.2.47).
(vii) Proof of (4.1.11). For any & € L?(£2)3,

0 Xm
at

(4.2.51)

// G € — Vo) dxdt > // [® (%O, VOn) — P (tiOm, §)] dx dr.
© 0 (4.2.52)

Moreover, by (4.1.2), (4.2.44) and by the lower semicontinuity of the integral functional
associated to @ (6, ),

liminf// <p(rkém,vém)dxdt>// @6, VO)dx dt, (4.2.53)
// @(zkém,é)dxdteff @ (0, £)dx dr. (4.2.54)
0 0

By (4.2.47), (4.2.53) and (4.2.54), by passing to the superior limit in the left side and to the
inferior limit in the right side of (4.2.52), we then get

// G-(E—Vo)drxdr > // [®6, V6) — @6, )] dx dr (4.2.55)
0 0
forany & € L2(£2)3, that is (4.1.11). O

Modelling remarks. (i) In Problem 4.1.1 we formulated the constitutive law (4.1.3) in
terms of the convex potential ¢. This relation is equivalent to

u €y, x), r € 0y (=)0, x). (4.2.56)

Next we show that for the two-phase system it is equivalent to construct the functions ¥
and ¢. Let us assume that the constitutive relation between u and 6 is known in each phase;
that is,

u € dys(0) in the solid, u € 0Y¢(0) in the liquid, 4.2.57)
for given convex functions ¥¢ and ¥,. This suggests to set ¥ (8, —1) := ¥ (0), ¥ (0, 1) :=
Ye(0), and to extend (0, x) by linear interpolation:

1—x 14+
v, x) = Iﬁs(Q)T + I/Ie(H)T vV, x) e Rx[-1,1]. (4.2.58)

This function is not globally convex w.r.t. the pair (6, x); actually, it is convex in 6 and
linear (hence concave) in x. By Theorem 5.3.3, a convex function ¢ (u, y) is then retrieved
by partially conjugating ¥ (6, x) w.r.t. 6, and in turn v is the partial conjugate of ¢ w.r.t. u:
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@(u, x) = sup[ud — ¥ (6, x)] VY, x) e Rx[-1,1],
R

Vo, x) = sug[u@ — @@, x)] V@O,x) e Rx[-1,1]. (4.2.59)

This is equivalent to the dual interpolation procedure. Setting ¢ := ¥ and ¢, := ¥/,
the prescribed relations (4.2.57) indeed also read

0 € dpg(u) in the solid, 6 € 0pe(1) in the liquid. (4.2.60)
By interpolation a nonconvex function ¢ is obtained:

- 1—x 14

ou, x) = ¢s(u) >t @e(u) > Y(u, x) € Rx[-1,1]. (4.2.61)

(i1) The equality (4.2.50) accounts for the balance of the function ¢ (here rescaled by
the factor tg), cf. (2.2.15) and (2.2.17). The first term is the total variation of f_Q o dx
in the time interval [0, £k]. The opposite of the second and the third terms represent the
(nonnegative) amount of ¢ that is dissipated in that time interval. The second member is
the contribution of the heat source (or sink) f. The function ¢ is the potential of (2.2.15)
rescaled by the constant factor tg, and this balance accounts for the consistency of this
model with the second principle of thermodynamics, as we saw in Section 2.2.

(iii) If the function v were strictly convex w.r.t. x, then ¥, (6, x) would depend on x
continuously for 0 < x < 1 for any 6. This would exclude the occurrence of sharp inter-
faces between the phases, so that Problem 4.1.1 would represent heat-diffusion with phase
transition smoothed out in a temperature interval.!! In this case the above argument might
also be simplified, for Corollary 5.4.2 would also entail the strong convergence of x,, in
L'(Q), without the need of the hypothesis (4.2.3).

One might prove several further results for Problem 4.1.1. For instance, the solution
depends weakly-continuously on the data in the sense of Theorem 3.1.2. In presence of a
composite material, one might also homogenize this problem along the lines of [458].102
On the other hand the uniqueness of the solution does not seem obvious, because of the
multiple nonlinearity of the problem. However, if (4.1.14) is reduced to the linear Fourier
law § = —k - V0, after time integration the uniqueness may be proved along the lines of
Section 3.3.

5. Convexity and other analytical tools

The analysis of Stefan-type problems requires several tools of linear and nonlinear func-
tional analysis. In this appendix we briefly review basic notions of convex analysis, max-
imal monotone and accretive operators, nonlinear semigroups of contractions in Banach
spaces, I'-convergence, and others. We review some definitions, and state few results that
are referred to in the remainder of this survey. We just display some of the most simple
proofs. For an appropriate treatment we refer to the literature that is quoted in the respec-
tive sections.

101 Thjs is physically acceptable for several materials, e.g. of organic origin.
102 The homogenization of phase transitions was also studied e.g. by Ansini, Braides and Chiado Piat [26],
Bossavit and Damlamian [79], Damlamian [159], Rodrigues [393], Visintin [458].
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5.1. Convex and lower semicontinuous functions

In this and in the next two sections we outline some notions and properties of convex
analysis.!03

We assume throughout that B is a real Banach space equipped with the norm | - ||.!% By
means of the pairing (-,-), we put B in duality with its dual space B*, by equipping these
spaces respectively with the weak and the weak star topology. In this way B will play the
role of the dual of B*, even if B is not reflexive. For any function F : B — R := RU{+4o00}
let us set

Dom(F) := {v € B: F(v) < +oco}: (effective) domain of F, (5.1.1)
epi(F) = {(v, a)e BxR: F(v) < a}: epigraph of F. (5.1.2)
Let us also define the indicator function of any set K C B:

~ 0 ifvek,
Ig:B—-> R:v— ) (5.1.3)
+oo ifv ¢ K.
This definition allows one to reformulate constrained minimization problems as uncon-
strained ones, for

u=infx F <& u=infg(F + Ig). 5.1.4)
Any set K C B is said to be convex if either it is empty or

A+ —-—AvmeK Vv,vmeKk, Vaelo,1l. (5.1.5)

A function F : B — R is said to be convex if

F(Avy 4+ (1 = M)v2) < AF () + (1 — V) F(v2)
5.1.6
Yvi, vy € B, YA €10, 1], ( )
with obvious conventions for the arithmetical operations in R. If the inequality (5.1.6) is
strict for any v; # vy, the function F is said to be strictly convex. The function F is said to
be lower semicontinuous if the set {v € B: F(v) < a} is closed for any a € R. F is said
to be proper if it is not identically equal to +o0.

PROPOSITION 5.1.1. ~
(1) A function F : B — R is convex (lower semicontinuous, resp.) if and only if epi(F)
is convex (closed, resp.).
(ii) A set K C B is convex (closed, resp.) if and only if Ik is convex (lower semicontin-
uous, resp.).
103 geee. g. the monographs quoted in the item (VIII) of the Bibliographical Note in Section 6.
104 This theory might also be developed in the more general framework of topological vector spaces, see e.g.
Ekeland and Temam [188], Moreau [339]. One may also deal with complex spaces, just replacing the duality
pairing by its real part.
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PROPOSITION 5.1.2.
(1) If {F; : B — R}jey is a family of convex (lower semicontinuous, resp.) functions,
then their upper hull F : v + sup;.; F;(v) is convex (lower semicontinuous, resp.).
(i) If {Ki}ieq is a family of convex (closed, resp.) subsets of B, then their intersection
ﬂiel K is convex (closed, resp.).

Let us denote by I"(B) the class of functions F: B — R that are the upper hull of
a family of continuous and affine functions B — R. This consists of the class I'H(B)
of proper, convex, lower semicontinuous functions, and of the function identically equal
to +o00.

By part (ii) of Proposition 5.1.2, for any set K C B the intersection of the convex
and closed subsets of B that contain K is convex and closed; this is named the closed
convex hull of K, and is denoted by co(K). Similarly, let us consider any function
F:B — ]—o00,400] that has a convex lower bound. By part (i) of Proposition 5.1.2,
the upper hull of all affine lower bounds of F' is convex and lower semicontinuous; this is
the largest lower bound of F in I"(B), and is named the I"-regularized function of F. Its
epigraph coincides with the closed convex hull of the epigraph of F.

5.2. Legendre—Fenchel transformation and subdifferential

Let F: B — Rbea proper function. The function

F*:B* — R:u* > sup{(u*,u) — F(u)) (5.2.1)

ueB

is called the (convex) conjugate function of F. If F* is proper, its conjugate function

F*:B — Riuw sup {{(u*,u) — F*u")) (5.2.2)
u*eB*
is called the biconjugate function of F. (Notice that we defined F** on B rather than
the bidual space B**.) If the function F depends on two (or more) variables, one may
also introduce the partial conjugate function w.r.t. any of these variables. For instance, if
F:B? — R, then its partial conjugate w.r.t. the first variable reads

G:B* x B — R:(u*, w) > sup{(u*, u) — F(u, w)}. (5.2.3)

ueB

THEOREM 5.2.1. For any proper function F : B — R such that F* is also proper,

F*eI'(B*; F* <F;
(5.2.4)
F*=F <& Fel(B); (F""=F*
Moreover, F** coincides with the I -regularized function of F (Fenchel-Moreau theorem).

The conjugacy transformation F +— F* is a bijection between I'y(B) and I'y(B*).

We define the subdifferential 9 F : Dom(F) C B — 28" (the power set) of any proper
function F : B — R as follows:
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(u,F(u))

d 61:*(11*))

Fig. 10. The drawn subtangent straight-line is characterized by the equation z = (u™*, v — u) + F (1), or equiva-
lently z = (u*, v) — F*(u™), for any u™ € dF (u).
dF (u) == {u* € B*: (u*,u—v) > F(u) — F(v), Yv € B}
Vu € Dom(F), (5.2.5)
cf. Figure 10. Dually, we define 3 F* : Dom(F*) C B* — 258:
OF*(u*) = {u € B: (u,u* —v*) > F*(u*) — F*(v*), Yv* ¢ B*}
Vu* € Dom(F*). (5.2.6)

Note that d F' (1) = @ is not excluded, so that one may also take the subdifferential of an
either nonconvex or nonlower-semicontinuous function at any point of its domain. We also
set

3F(u) =9 Yue B\Dom(F), dF*w*):=@ Vu*e B*\Dom(F*).

If the function F' depends on two or more variables, one may also introduce the partial
subdifferential w.r.t. one of its arguments, extending the notion of partial derivative. For
instance, if F : B2 — R, then the partial subdifferential 9, F (u, w) is defined as in (5.2.5),
by freezing the dependence on the argument w.

PROPOSITION 5.2.2. Let F: B — R. Then for any u € B and any u* € B*:

F(u) + F*u*) > *, u), (5.2.7)
u*e€dFu) & Fu+F'Ww*) = u* u), (5.2.8)
u* € dFu) = ucdF*u"), (5.2.9)
[Fu) = F*™u), u e 0F* )] = u*€dF), (5.2.10)
Felp(B) = 9F*=(@OF) . (5.2.11)

(5.2.7) follows from the definition of F*. By taking the supremum over all test functions
vin (5.2.5), we get F(u) + F*(u*) < (u*, u) whenever u* € 0F (u); (5.2.7) then entails
the equality. The opposite implication directly follows from the definition of F*. (5.2.8) is
thus established. The statements (5.2.9)—(5.2.11) are easily proved by means of (5.2.8).
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THEOREM 5.2.3 (Rockafellar). Let Fy, F»: B — R. Then

0F (u) +0F2(u) C 0(F1 + F2)(u) VYu € Dom(Fi) N Dom(F?). (5.2.12)

The opposite inclusion holds whenever F1 and F, are both convex and lower semicon-
tinuous, and either Fy or F> is continuous at some point ug € Dom(F7) N Dom(F>).

PROPOSITION 5.2.4. Let F: B — R be convex and proper. Then F is locally Lipschitz-
continuous at the interior of Dom(F), and there 9 F # .

EXAMPLE. Let B be a real Hilbert space, denote it by H, and identify it with its dual
space, so that the duality pairing coincides with the scalar product: (u, v) = (u, v) for any
u,v € H. Letalsol < p < +ooandsetp’ =p/(p—1)ifp>1,p =occif p=1.Let
us consider the functional F),(u) = ||u||”/p forany u € H.If p > 1, then

5 N 1 /
OF,(u) = lull”"“u Yu € H, Fiv) = —llvlI”  YveH. (5.2.13)
p

On the other hand for p = 1,

0F 1) = {llul ~'u} Yue H\{0},  3F(0)={ve H: o] <1},

Ff(v) =0 if|u| <1, F{'(v) = +00 otherwise. (5.2.14)
In particular, if H = R then 9 F coincides with the multi-valued sign function:

sign(u) := {—1} ifu <0, sign(0) :=[—1, 1],

sign(u) := {1} ifu > 0. (5.2.15)
Here (5.2.7) and (5.2.8) read

1 p A o

—llull” + =" = (u, v),

p p

| | Yu,v € H. (5.2.16)
v=lul’u & —[ull” + = v|I” = (u, v)
p p

(For H = R, the former inequality is the classical Young inequality.) A similar example
applies if B is a Banach space, but this requires the introduction of the notion of duality

mapping.

PROPOSITION 5.2.5. For any proper, convex, lower semicontinuous function F : B — R,
any u € B and any u* € B*, the following statements are mutually equivalent:

u* € dF (u), (5.2.17)
u€dIF*(u"), (5.2.18)
u € Dom(F), W*,u—v)>F@u)— F{w) VYveBRB, (5.2.19)
u* € Dom(F*), (u,u* —v*) > F*w*) — F*(v*) Vv* € B*, (5.2.20)
(u,u™y = F(u) + F*(u*), (5.2.21)

u, u*y = Fu) + F*u®). (5.2.22)
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The equivalence between (5.2.17) and (5.2.18) follows from (5.2.10). The inclusions
(5.2.17) and (5.2.18) are respectively equivalent to the variational inequalities (5.2.19)
and (5.2.20), by the definitions of dF and dF*. The inequality (5.2.21) is equivalent
to (5.2.19) by the definition of F*. Finally, (5.2.21) is equivalent to (5.2.22) because of
5.2.7).

The next statement is just a particular case of the latter proposition.

COROLLARY 5.2.6. For any (nonempty) closed convex set K C B, any u € B and any
u* € B*, the following statements are mutually equivalent:

u* € dlg (u), (5.2.23)
u e 8]1*((14*), (5.2.24)
uek, W u—v)>0 VYvek, (5.2.25)
(,u* — v*) > L") — [5") Vo* € BY, (5.2.26)
uek, (uuy>=Igu"), (5.2.27)
uekK, (uu*)=Igwu"). (5.2.28)

The next statement is often applied.

PROPOSITION 5.2.7. Let B* be a Banach space, F : B — R be convex and lower semi-
continuous, and p € [1, +ool. If

ueWhrP©,T;B), welLl,T;B"), (5.2.29)

wedF(u) ae in]0,T[, (5.2.30)
then

Fu) e Wb 0, 1), %F(u) = <w, i—b:> a.e.in10, T (5.2.31)

5.3. Saddle points

Let U, V be nonempty subsets of two real topological vector spaces X, X2 (resp.), and
L:U x V — R. (We assume that this function is finite in order to simplify the presenta-
tion.) Note that

inf L(u, ) < sup L(@,v) V(@ 0) €U x V. (5.3.1)
ue

veV

A point (u, v) € U x V is called a saddle point of L whenever the opposite inequality is
fulfilled, or equivalently

Lw,v) < Lu,v) Yu,v)yeUxYV. (5.3.2)
This is also equivalent to the so-called min-max equality:

min sup L(u, v) = max inf L(u, v). (5.3.3)
uel ey veV uel
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In view of the next two statements, we shall say that a function f: X — R is quasi-
convex if for any a € R the sublevel set {v € X: f(v) < a} is convex, and that it is quasi-
concave if — f is quasi-convex. Obviously, any convex (concave, resp.) function is quasi-
convex (quasi-concave, resp.), but the converse may fail: for instance, any nondecreasing
real function is quasi-convex.

The next statement is often used in the study of saddle points.

THEOREM 5.3.1 (Fan inequality). Let K be a compact convex subset of a real topological
vector space X, and ¢ : K*> — R be such that

©(-, y) is lower semicontinuous Vy € K, (5.3.4)

o(x, -) is quasi-concave Vx € K. (5.3.5)
Then

min sup ¢(x, y) < sup ¢(y, y). (5.3.6)

xek yeg yeK

THEOREM 5.3.2 (Existence of a saddle point — Von Neumann — Sion). Let U and V be
nonempty compact convex subsets of two real topological vector spaces X1 and X3 (resp.),
and L :U x V — R be such that

L(-, v) is quasi-convex and lower semicontinuous Vv € V,

L(u, -) is quasi-concave and upper semicontinuous Yu € U. (5.3.7)

Then L has a saddle point, and more precisely

minmax L (¢, v) = maxmin L(u, v). (5.3.8)
uel veV veV uelU

We just show that, under the strengthened hypotheses that L(-, v) is convex and L (u, -)
is concave, this statement follows from Theorem 5.3.1. Let us first set

w((ﬂ, v), (u, v)) =L@, v) — L(u,v) Y@,v),u,v)e K:=U x YV,
and notice that the hypotheses of Fan’s theorem are fulfilled. There exists then (i, v) € K

such that

o((@,v), (u,v)) = min_ sup (@@, D), (u,v))
(@, 9)eK (u,v)eK

< sup g((u,v), (u,v)) = 0.
(u,v)eK

(5.3.9)

Thus (i, v) fulfills (5.3.3), namely it is a saddle point of L. Actually, by the compactness
of U and V, in this case the min-max equality has the more precise form (5.3.8).

The function L may be allowed to attain the values oo, but then some care must be
paid in defining lower and upper semicontinuity.!%

105 See e.g. Rockafellar [388], [389, Section 33].
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THEOREM 5.3.3. Let By, By be two real Banach spaces, F € I'h(B1 X B), and L be the
partial conjugate of F w.r.t. u:

L™, w) = sup {(u*, u) — F(u, w)} V(u*, w) € Bf x Bs. (5.3.10)
UEB]
Then: (1)
L(-, w) is convex and lower semicontinuous Yw € B>, (5.3.11)
L(u*,-) is concave Yu™ € B}. (5.3.12)

(In general L(u*, -) need not be upper semicontinuous.)
(ii) Moreover, let B be reflexive, and F be coercive with respect to u locally uniformly
with respect to w, in the sense that

Y bounded S C By, YM > 0,
{ue Bi: Flu,w) < M, Yw € S} is bounded. (5.3.13)
Then L(u*, -) is upper semicontinuous for any u™ € Bf.
(iii) Under the above hypotheses, for any (u, w) € By x By and any (u*, w*) € B} x B},
{u* € 0, F(u, w), - {u € 0+ L(u™, w),
w* € 0y F(u, w) w* € 0y (—L)(u*, w).
(iv) Conversely, if L : Bf x By — R fulfills (5.3.11) and (5.3.12), then the mapping

(5.3.14)

G(u,w) := sup {(u*, u) — L(u*, w)} Y(u,w) € By x B (5.3.15)

u*eBf

is convex and lower semicontinuous. Moreover, if L fulfills (5.3.10) then F = G.

PARTIAL PROOF. (i) The statement (5.3.11) directly follows from part (i) of Proposi-
tion 5.1.2.

In view of proving (5.3.12), let us fix any u* € B, any v/, u” € By, any w’, w” € By
and any A € ]0, 1[. By the convexity of F' we have

L(u*, 2w+ (1 =)
(u*, au' + (1 — K)u”) - F(ku’ + A =2u" 2w+ (1 - )L)w”)

>
> )L((u*, u')y — F, w’)) +(1 - A)((u*, W'y —Fu', v’ )

By taking the supremum with respect to u’ and u”, we then get
L(w* 2w + (1 —0w”) = ALw*, w') + (1 = M) Lw*, w").

The property (5.3.12) has thus been proved.

(i1) Let us fix any sequence {w,} in B, that weakly converges to some w € By;
{wy} is necessarily bounded. If M := limsup,_, ., L(u*, w,) = —oo then trivially
L(*,w) > M. If instead M > —oo then there exists a sequence {u,} in B; such that
for n large enough

w*, uy) — F(uy, wy) = LW, w,)+1/n VYneN if M < +oo,
we un) o Wl (5.3.16)
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(W uy) — Fluy,w,) >n VneN if M = +co.

By (5.3.13) the sequence {u,} is confined to a bounded subset of the reflexive space Bj.
Hence there exists # € Bj such that, as n diverges along a further subsequence (not rela-
belled), u,, — u weakly in B;. Passing to the limit in (5.3.16) on this subsequence, by the
lower semicontinuity of ' we then get

(u*, u) — F(u, w) > limsup((u*, un> — F(up, wn)) > M.

n—oo

Thus L(u*, w) > M.

(iii) For the proof of (5.3.14) see e.g. Barbu and Precupanu [49, p. 135], Rockafellar
[388], [389, p. 395].

(iv) The convexity and lower semicontinuity of G follow from Proposition 5.1.2.
As G(-,w) is the biconjugate function of (-, w), by Theorem 5.2.1 we conclude that
F=0G. O

For any function L : U x V — R, let us define the double subdifferential
IL:U x V — 287 x 282 (u, v) > (8, L(u, v), 3,[~L(u, v)]). (5.3.17)

This definition is especially convenient if L is convex-concave, cf. (5.3.18) below.
Incidentally, note that any (u, v) is a saddle point of L if and only if (0, 0) € 0L (u, v).

THEOREM 5.3.4.19 Let U and V be nonempty, closed, convex subsets of two real Banach
spaces By and Bj (respect.), with at least one of them reflexive. Let L:U x V — R be
such that

L(-, v) is convex and lower semicontinuous Vv € V,

L(u, -) is concave and upper semicontinuous Vu € U. (5.3.18)

The operator dL is then maximal monotone. '’

5.4. Compactness by strict convexity

Let K be a closed subset of RY. A point & € K is said extremal for K if

E=0M+0-0NE"cK, £ cK, 0<r<l = Et=¢&=¢".
(5.4.1)

Let £2 be a domain of RY. A multi-valued mapping K : 2 — 2R" i said to be measurable
if there exists a sequence of measurable single-valued functions {k,, : 2 — R} such that
Umen km (x) is dense in K (x) fora.a. x € £2.108

106 See e.g. Barbu and Precupanu [49, p. 137], Rockafellar [388], [389, p. 396], [390].
107 See Section 5.6 for the definition of the latter notion.
108 gee e.g. Castaing and Valadier [119, Section II1.2], Ioffe and Tihomirov [278, Section 8.1].
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THEOREM 5.4.1 1%, K :02 — 2R pe measurable, and K (x) be closed and convex for
aa.x € 2.1If

v, —> v weakly in Ll(.Q)M, 5.4.2)

v(x) € K(x) foraa.x €S2, Vn, 5.4.3)

v(x) is an extremal point of K (x) for a.a. x € 2, 54.4)
then

v, = v strongly in Ll(.Q)M. (5.4.5)

By and large, the rational behind this result is that if a sequence of function converges
weakly in L'(£2)M without oscillating around the limit value, then it also converges
strongly. For instance, this applies to any L!-weakly vanishing sequence of nonnegative
scalar functions. (On the other hand, it fails in L?-spaces with p > 1.)

COROLLARY 5.4.2. Ifp: RM 5 Ris strictly convex, lower semicontinuous, and

un — u  weakly in L' ()M, (5.4.6)
/ @up) dx — / @) dx (< +00), (5.4.7)
2 2
then
u, — u stronglyin Ll(.Q)M, 5.4.8)
oy,) — o) strongly in L](SZ). 5.4.9)

OUTLINE OF THE PROOF. By (5.4.7) and by the convexity of ¢, it is not difficult to
see that ¢(u,) — ¢(u) weakly in L(£2). Note that (u, @(u)) is an extremal point of
K := epi(p) C RM*! ae. in £2. It then suffices to apply Theorem 5.4.1 taking v, =
(Un, @@n)). 0

PROPOSITION 5.4.3. In Corollary 5.4.2 the assumption (5.4.7) holds whenever

Wy 1= 0@(uy) —> w = dp(u) weaklyin L](SZ)M, (5.4.10)

/un~wndx—>/ u-wdx. 5411
2 2

(0@ is single-valued, because of the hypothesis of strict convexity.)

PROOF. The Fenchel property yields

/ (p(un)dx+/ (p*(wn)dx Z/ Uy - wy dx,
2 2 2

/(p(u)dx+/ w*(w)dX=/u~wdx.
Q Q Q

109 See Visintin [445], [453, Section X.1].

(5.4.12)
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By the lower semicontinuity of these integral functionals and by (5.4.11), we then infer
(5.4.7) (and [, 9*(wy,) dx — [, ¢*(w) dx). O

Dually, if the conjugate function ¢™* is strictly convex, then (5.4.6), (5.4.10) and (5.4.11)
entail the strong L'-convergence of the sequence {w),}.

5.5. Maximal monotone operators

In this section we briefly illustrate the notion of maximal monotone operator in a real
Banach space B.'!?
* . . . .
An operator A: B — 28" is said monotone if, setting graph(A) = {(u,u*): u* €
A(u)},

w*—v*u—v) =20 V(u,u"), (v,v") € graph(A). (5.5.1)

This operator is said maximal monotone if it is monotone and its graph is not properly
included in that of any other monotone operator B — 28" It is said cyclically monotone if

vm e N (m > 2), Y{(u;, u:-‘)}l.zl’_._!m C graph(A),

m

D (uf ui—ui1) 20 (setting ug = up). (5.5.2)

i=1
(For m = 2 the inequality (5.5.1) is obviously retrieved.) By the Hausdorff maximal chain
theorem (a consequence of the Zorn lemma), it is easy to see that any monotone operator
A: B — 25" can be extended to a maximal monotone operator. The inverse of a monotone
operator is defined as the operator that has the inverse graph: u € A~!(u*) if and only
if u* € A(u). If A is maximal monotone, then the inverse operator A~! is also maximal
monotone.

THEOREM 5.5.1. Let B be reflexive and A: B — 28" be maximal monotone. If

{w, v)

vl
then for any f € B* there exists u € B such that A(u) > f.

— 400 asw € A(v), ||v|| = oo, (5.5.3)

The latter theorem extends the next result to Banach spaces.

THEOREM 5.5.2 (Minty and Browder). Let H be a real Hilbert space. A monotone oper-
ator A: H — 28 is maximal monotone if and only if the mapping A + A1 is surjective for
some (equivalently, for any) A > 0.

THEOREM 5.5.3 (Rockafellar). For any F € Iy(B) the operator 0F is maximal
monotone.

An operator A: B — 28" is maximal monotone and cyclically monotone if and only if
A = OF for some proper lower semicontinuous convex function F : B — R.

10 gee e.g. the monographs quoted in the item (IX) of the Bibliographical Note in Section 6.
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PROPOSITION 5.5.4. Let aj,0p: B — 28" pe two maximal monotone operators, {uy,},

{uzn} be two sequences in B, and {u;} be a sequence in B*. If

u, € ar(ur,) Naz(u2,) Vn €N,
Uin —> u;j weaklyin B, fori =1, 2,
ur — u*  weakly star in B*,

liminf(uy, w1 + uze) < (W™, uy + u2),
n—oo

then u* € ay(uy) N oo (ul).

PROOF. By (5.5.4),

*

(uy — vl uin —vi) =20 V(v;, v) € graph(e;), fori =1, 2;

by adding these two inequalities we get
(o win +ua) — Y (W, vi) + (0 uin — vi)) > 0.
i=1,2
By passing to the inferior limit as n — oo, the hypotheses (5.5.5)-(5.5.7) yield
(e +ug) — Y (i) + (F up —vi)) > 0.
i=1,2

By selecting either v; = u or vy = uy, we then obtain
" —vf,u; —vi) >0 V(v;,v]) € graph(e;), fori = 1,2,

namely u™ € ay(u1) Nz (u).

REMARKS.

(5.5.4)
(5.5.5)
(5.5.6)
(5.5.7)

(1) The latter statement also admits a dual formulation. In fact, denoting by §; the in-
verse of the operator «; (i = 1, 2), the hypothesis (5.5.4) and the thesis respectively

also read

uip € Bi(uy), us € Po(uy) Vn €N,
ur € fr(”), uz € fo(u™).

(5.5.8)
(5.5.9)

(i1) Although we stated Proposition 5.5.4 for two operators, the further extension to an
either finite or even countable family of maximal monotone operators is straightfor-
ward. On the other hand for oy = «p we get the next statement, that is often applied

in the analysis of nonlinear problems.

COROLLARY 5.5.5. Leta: B — 25" be a maximal monotone operator and {(un, u)} be

a sequence in B x B*. If

u, € a(u,) VneN,

u, —> u weaklyin B,

(5.5.10)
(5.5.11)
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ur — u*  weakly star in B*, (5.5.12)

liminf(uy, u,) < (W*, u), (5.5.13)
n—0o0

then u* € a(u).

5.6. M-accretive operators and semigroups

In this section we illustrate nonlinear semigroups of contractions in Banach spaces.!!!

After dealing with (multi-valued) operators B — B*, next we consider a different notion
of monotonicity for operators that map B to itself. Of course this distinction makes sense
only if B is not a Hilbert space. An operator A : B — 25 is said accretive if

Vu; € Dom(A), Yv; € Aw;) (i =1,2), VA > 0,
luy —uzll < JJur —ua + A(v1 —v2)|. (5.6.1)

A is said m-accretive if it is accretive and I + A A is surjective for some A > 0 (equivalently,
for any A > 0). By the Minty and Browder Theorem 5.5.2, an operator that acts on a Hilbert
space is m-accretive if and only if it is maximal monotone.

Cauchy problem. LetA: B — 28, T >0, f € L'(0, T; B), u® € Dom(A) (the strong
closure of the domain of A), and consider the equation
du
dr
A function u : ]0, T[ — B is called a strong solution of this equation if
(1) u is absolutely continuous on any interval [a, b] C ]0, T'[, and strongly differen-
tiable a.e. in ]0, T,
(i) u € Dom(A) a.e.in |0, T[, and
(iii) Eq. (5.6.2) is fulfilled a.e. in 0O, T'[.
On the other hand, u :]0, T[ — B is called a mild solution of (5.6.2) if there exists a
sequence {(u,, f,)} such that u, is a strong solution of the same equation with f;, in place
of f for any n, and

+A@w)> f inl0, T[. (5.6.2)

u, — u in B, locally uniformly in ]0, T'[,
fu— f strongly in L'(0, T: B). (5.6.3)

These notions are easily extended to the Cauchy and periodic problems associated with
(5.6.2):

du .

- - +A@w) > f in]0, TJ, (5.6.4)
u(0) = u®,
du .

- o +Aw)> f in]0, T[, (5.6.5)

u(0) =u(T).
Here u is also assumed to be continuous at ¢t = 0 for (CP), at r = 0, T for (PP).

1 gee e.g. see e.g. the monographs quoted in the item (X) of the Bibliographical Note in Section 6.
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THEOREM 5.6.1. Let B be a Banach space and A : B — 28 be an m-accretive operator.
Then:
Q) If f € L'(0, T; B) and u® € Dom(A), then the Cauchy problem (CP) has a mild
solution.
G) If fi € Ll(O, T; B), u? € Dom(A), and u; is a corresponding mild solution of
(CP) fori =1, 2, then

lur @) = u20)
t
< Juf = ul) +/0 | £1(s) — fa(s)| ds  Vr e [0, T1. (5.6.6)

(The mild solution is thus unique.)

(iii) If the mild solution of (CP) is absolutely continuous on any interval [a, b] C 10, T[
and is strongly differentiable a.e. in 10, T[, then it is a strong solution.

@iv) If f:10, T[ — B has bounded variation and u® € Dom(A), then the mild solution
of (CP) is Lipschitz-continuous in [0, T].

(v) If the operator A — al is accretive for some constant a > 0, then the periodic
problem (PP) has one and only one mild solution.

A Banach space B is said to have the Radon—Nikodym property if any Lipschitz-
continuous mapping [0, I] — B is strongly differentiable a.e. in ]0, T[. This holds if
either B is reflexive or it is separable and has a pre-dual. For instance, this applies to all re-
flexive Banach spaces and to 2L, but neither to L1 (§2) nor to L (£2).112 By parts (iii) and
(iv) of Theorem 5.6.1, the mild solution of the Cauchy problem (CP) is a strong solution
whenever B has the Radon—Nikodym property, f 110, T[ — B has bounded variation and
u® € Dom(A).

Let us now assume that f = 0. For any u° € Dom(A) let u be the mild solution of
(CP), and set SOu® := u(@®) for any ¢ > 0. The mapping ¢ + S(¢) is then a continuous
semigroup of contractions, for it is a continuous semigroup and

IS@ud = s@ud| < |uf —ud| Ve >0,vul,u) € Dom(A). (5.6.7)

For any Lipschitz-continuous operator F : B — B, the above results are easily extended
to the operator A := A + F. In this case, denoting by w the Lipschitz constant of F,
t +— S(¢) is a continuous semigroup of w-contractions, for (5.6.7) is replaced by

IS@ul — s@ul| < e”||ul —ul]| Vi >0, Vul,ud € Dom(4).  (5.6.8)

T-accretiveness. A Banach space B is called a Banach lattice if it is an ordered set
such that any finite nonempty subset admits infimum and supremum, and, setting |u| :=
sup{u, —u} and u < v if u = inf{u, v}, it satisfies the following conditions, for any
u,v,w € B:
() ifu <vthenu +w < v+ w,
(i) ifu <vand @ > 0, then cu < av,
(iii) ifu < vthen —v < —u,

12 See, e.g., Bénilan [54], Diestel and Uhl [181, Chapter III], Kufner, John and Fucik [298, Section 2.22.5].
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(iv) if Ju] < |v] then [Jull < |lv]|.
For any u € B, let us set
ut :=sup{u,0} and u~ := sup{—u,0}.
An operator A : B — 25 is then said to be T-accretive if
Yu; € Dom(A),Vv; € A(u;) (i =1,2), VA > 0,
|y — w2yt | < |[[u1 — uz + 2wy — )] (5.6.9)
Any T-accretive operator in B is also accretive whenever

I < oFl, eI <7l = Jull < vl Yu,v e B. (5.6.10)

THEOREM 5.6.2. If B is a Banach lattice and A is m- and T-accretive, then the mild
solution of the Cauchy problem (CP) depends monotonically on the data. That is, if u; is
the mild solution corresponding to u?, fi (i =1,2)and “(1) < ug, f1 < fo, thenuy < us.

5.7. Perimeter and curvature

In this section we state a result about sets of finite perimeter in the sense of Caccioppoli.'!3

For any measurable function v: £2 — R, let us first define the total variation functional
/ V| = sup{/ vV i e CH)N, 17 < 1in :z} (5.7.1)
2 Q

The domain of this operator in L' (£2) is thus the space BV(£2). Let us also set

P() =

1
E/Q [Vu| (£ +00) if|v] =1ae. in £2, (5.7.2)

+00 otherwise.

If v € Dom(P) then P(v) is the perimeter in §2 in the sense of Caccioppoli of the set
Q1 = {x € 2: v(x) = 1}. Whenever 27 is of Lipschitz class, this perimeter coincides
with the bidimensional Hausdorff measure of 2.

Let us now fix any g € L! (£2), any constants @ > 0 and b, and set

a |Vu| + b/ yov do —i—/ gvdx Vv € Dom(P),

D(v) := /.Q r Q (5.7.3)
+00 vv e L'(£2) \ Dom(P).

This operator is well-defined, for the trace operator yp maps BV(£2) to Ll(F ) (and is

continuous).

PROPOSITION 5.7.1.11% Under the above assumptions, the functional ® is lower semicon-
tinuous with respect to the strong topology of L' (§2) if and only if |b| < a. In that case ®
has an (in general nonunique) absolute minimizer.

113 See e.g. the monographs quoted in the item (XV) of the Bibliographical Note in Section 6.
114 gee e.g. Massari and Pepe [322].
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The existence of a minimizer of @ then follows by the direct method of the calculus of
variations.'

THEOREM 5.7.2 (Gibbs—Thomson law and contact angle condition). Let |b| < a, g €
WP (2) with p > 3, u € L'(£2) and

D -
Jiminf 2 — 20 >0 asv— uinLN(R). (5.7.4)
lv — '4||Ll(g)
Then:
(i) The boundary S in 2 of the set 27 = {x € £2: u(x) = 1} is a surface of class
CcL—N)/2p

(ii) Denoting by n the unit normal vector to the surface S oriented towards QV, k =
%VS i1 € LP(S).M1% Moreover, equipping S with the two-dimensional Hausdorff
measure and denoting by yy the trace operator wlr(2) - wi-1/r.res),

K =Yg a.e.onsS. (5.7.5)

(i) If I is of class C', then, denoting by w the angle between it and the outward normal
vector to I, and equipping S N I" with the one-dimensional Hausdorff measure,

cosw=>b/a aeonSNI. (5.7.6)

Part (i) follows from a classic result of Almgren [14]. Parts (ii) and (iii) may be proved
by representing S locally in Cartesian form, and then letting the first variation of @ vanish
for any local Cartesian perturbation of the interface.'!’

5.8. I'-convergence

In this section we state De Giorgi’s notion of I"-convergence, and some basic results of
this theory.!'8

Let (X, d) be a metric space, f, (n € N) and f be functions X — R U {fo0}. If for
someu € X

(1) for any sequence {u,} in X,

if u, — u then liminf f, (u,) > f(u), (5.8.1)
n—oQ
(ii) there exists a sequence {u,} in X such that
u, — u and limsup f,(u,) < f(u), (5.8.2)
n— oo

115 gee e.g. Braides and Defranceschi [82], Buttazzo, Giaquinta and Hildebrandt [94], Carbone and De Arcan-
gelis [117], Dacorogna [154], Dal Maso [155], Evans and Gariepy [201], Giusti [245].

116 is the tangential divergence of 71/2 over S, in the sense of H -1, say. Thus k equals the mean curvature
of S.

17 See e.g. Visintin [453, Section VI.4].

18 gee e.g. the pioneering papers De Giorgi [168], De Giorgi and Franzoni [169], and the monographs quoted
in the item (XIV) of the Bibliographical Note in Section 6.
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then we say that f;, I"-converges to f (in (X, d)) at u, and write f,(u) £> f(u). If this

. r
occurs for any u € X, then we say that f,, I"-converges to f, and write f, — f. The
function f is then lower semicontinuous.

PROPOSITION 5.8.1 (Compactness). Let (X, d) be a separable metric space'® and { f,,}
be a sequence of functions X — R. A subsequence of {fn} then I'-converges to some
function f: X — R.

PROPOSITION 5.8.2 (Minimization). Let (X, d) be a metric space, and { f,} is a sequence
of functions X — R such that f,, I'-converges to f. If a sequence {u,} C X andu € X
are such that

1
fo(uy) <inf f,, + —  Vn, U, >u inX, (5.8.3)
n

then f,(u,) — f(u) and f(u) = inf f. (Thus inf f, — inf f.)

PrOOF. By (5.8.1), f(u) < liminf,_, » f,(u,). Moreover, for any v € X, there exists a
sequence {v,} C X such that v, — vin X and f,,(v,) = f(v). As by (5.8.3), fu(u,) <
fn) + % for any n, we get

f) < liminf f,(u,) < lim f,(v,) = f(v) Vv eX.
n— oo n—oQ
Thus f(u) = inf f.If {i1,,} is the sequence prescribed by (5.8.2), then

f () = limsup f,(i1,) > limsup(inf f,) > (by (5.8.3)) limsup f,, (u,).

n—oo n—o0 n—oo

Thus f;,(u,) — f(u). [l

The two latter propositions entail the next statement, that shows that the notion I"-
convergence is especially appropriate for the study of the limit behaviour of minimization
problems.

COROLLARY 5.8.3. Let (X, d) be a separable metric space, { fn} be a sequence of func-
tions X — R, and {u,} be a compact sequence of X such that f,(u,) = inf f,, for any n.
Then there exist f and u such that, as n — 00 along a suitable sequence (not relabelled),

S f un—su inX,  folun) — f(u) =inf f. (5.8.4)

The next statement has been applied to several models of multi-phase systems. It may be
noticed that in this case the intersection between the domain of the sequence of functionals,
H'(£22) N L*(R2), and that of the I"-limit, {v € BV(£2): |v| = I a.e. in £2}, is reduced to
the two constant functions v = +1.

119 1e,a space equipped with a countable basis of open sets, in the topology induced by the metric.
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THEOREM 5.8.4.'20 Ler 2 be a Lipschitz domain of RN, and for any v € L' (2) set (cf.
(5.7.1))

(i) e miennison
2

fa(v) == (5.8.5)
+00 otherwise,
4 . .

Fv) = 5/.Q|Vv| iflvl]=1a.e.in$2, (5.8.6)
+00 otherwise.

The sequence f, then I'-converges to f in L' (£2). (Note that f = %P, cf. (5.7.2).)

Half of this proof is not difficult, and allows us to justify the occurrence of the constant
4/3 in (5.8.6). Setting a(y) := 2y3>/3 — 2y for any y € R, by the obvious inequality
b* + ¢* > 2bc, for any sequence {u,} in H'(£2) we have

1 2
fn(un)=/ (—|Vun|2+n(uﬁ—1) )dx
o\n
>2/ |wn||u5—1|dx=/ |Va(u,)| dx.
2 2

Notice also that, if u,, — u in Ll(.Q) and liminf,  f; (un) < 400, then |u| = 1 ae.
in £2. Hence

liminf f, (u,) > [9|Va(u)| if [u| = 1ae.in 2,
n— o0

+00 otherwise.

Moreover, as |a(£1)| = 4/3,

/|Va(u)|=|a(il)y/ |w|=f/ |[Vu| if lu| = 1a.e.in £2.
I7) 17 3Ja

We thus checked (5.8.1). The construction of a recovery sequence fulfilling (5.8.2) is
less obvious and is here omitted.
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1. Historical background

In 1844 the Scottish John Scott Russell was the first to observe the solitary waves. Russell
was watching a boat being drawn along the Edinburgh—Glasgow canal by a pair of horses
[4,15,70]. He observed that when the boat stopped suddenly, the bow wave continued for-
ward along the canal without any change of its form or speed. Russell observed a large
protrusion of water slowly traveling on the Edinburgh—Glasgow canal without change in
shape for eight miles an hour, but he lost it after two miles. He called the bulge of water,
that he observed, a “great wave of translation” [4]. The wave was traveling along the chan-
nel of water for a long period of time while still retaining its original identity. This single
humped wave of bulge of water is now called solitary waves or solitons [1,3,2,5]. Russell
was convinced that his discovery is of great significance, but unfortunately was ignored for
many years. The solitons — localized, highly stable waves that retain its identity (shape and
speed), upon interaction — was discovered experimentally by Russell [15,30]. The remark-
able discovery motivated Russell to conduct physical laboratory experiments to emphasize
his observance and to study these solitary waves. He empirically derived the relation

2 =gh+a), (1

that determines the speed ¢ of the solitary wave, where a is the maximum amplitude above
the water surface, & is the finite depth and g is the acceleration of gravity. The solitary
waves are therefore called gravity waves.

In 1895, Diederik Johannes Korteweg (1848—1941) together with his Ph.D student, Gus-
tav de Vries (1866—1934) derived analytically a nonlinear partial differential equation, well
known now as the KdV equation [34]. The KdV equation is used to model the disturbance
of the surface of shallow water in the presence of solitary waves. The KdV equation is a
generic model for the study of weakly nonlinear long waves, incorporating leading order
nonlinearity and dispersion [47]. Also, it describes surface waves of long wavelength and
small amplitude on shallow water [78,48,49,80]. The KdV equation in its simplest form is
given by

Uy +auuy + uyyy = 0. 2)

This equation incorporates two competing effects: nonlinearity represented by uu,, and
linear dispersion represented by u,,,. Nonlinearity tends to localize the wave while dis-
persion spreads it out [11,12]. The balance between these two weak nonlinearity and dis-
persion explains the formulation of solitons that consist of single humped waves. The equi-
librium between these two effects is stable [32-39,41,40,42].

In 1965, Norman J. Zabusky (1929-) and Martin D. Kruskal (1925-2006) investigated
numerically the nonlinear interaction of a large solitary-wave overtaking a smaller one, and
the recurrence of initial states [79]. They discovered that solitary waves undergo nonlinear
interaction following the KdV equation. Further, the waves emerge from this interaction
retaining its original shape and amplitude, and therefore conserved energy and mass. The
only effect of the interaction was a phase shift. The remarkable discovery, that solitary
waves retain their identities and that their character resembles particle like behavior, moti-
vated Zabusky and Kruskal [79] to call these solitary waves solitons. Zabusky and Kruskal
[79] marked the birth of soliton, a name intended to signify particle like quantities [64,65,
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62,63]. The interaction of two solitons emphasized the reality of the preservation of shapes
and speeds and of the steady pulse like character of solitons [70], therefore the collision of
KdV solitons is considered elastic.

A soliton can be defined as a solution of a nonlinear partial differential equation that
exhibits the following properties [64,65,62,63,66—77]:

(i) the solution should demonstrate a wave of permanent form;

(ii) the solution is localized, which means that the solution either decays exponentially
to zero such as the solitons provided by the KdV equation, or converges to a con-
stant at infinity such as the solitons given by the Sine—Gordon equation;

(iii) the soliton interacts with other solitons preserving its character.

There are many types of traveling waves that are of particular interest in solitary wave
theory. Three of these types are: the solitary waves, which are localized traveling waves,
asymptotically zero at large distances [6-8,10,9], the periodic solutions, and the kink waves
which rise or descend from one asymptotic state to another [50-55]. Another type is the
peakons that are peaked solitary wave solutions [8,59]. In this case, the traveling wave so-
lutions are smooth except for a peak at a corner of its crest. Peakons are the points at which
spatial derivative changes sign [61,78] so that peakons have a finite jump in first derivative
of the solution u(x, t). Cuspons are other forms of solitons where solution exhibits cusps
at their crests [59-61]. Unlike peakons where the derivatives at the peak differ only by a
sign, the derivatives at the jump of a cuspon diverges. It is important to note that the soliton
solution u(x, t), along with its derivatives, tends to zero as |x| — oo.

In 1993, Rosenau and Hyman [56] discovered a new class of solitons that are termed
compactons, which are solitons with compact spatial support such that each compacton
is a soliton confined to a finite core. Compactons are defined by solitary waves with the
remarkable soliton property that after colliding with other compactons, they reemerge with
the same coherent shape [56]. These particle like waves exhibit elastic collision that are
similar to the soliton interaction associated with completely integrable PDEs supporting
an infinite number of conservation laws. It was found that a compacton is a solitary wave
with a compact support where the nonlinear dispersion confines it to a finite core, therefore
the exponential wings vanish.

The genuinely nonlinear dispersive K (n, n) equations, a family of nonlinear KdV like
equations is of the form

ur+ay + W)y =0, a>0,n>1, 3)

which supports compact solitary traveling structures for a > 0. The existence and stability
of the compact entities was examined by many authors such as in [42,54-56,68-77].
The definitions given so far for compactons are [70]:
(i) compactons are solitons with finite wavelength;
(ii) compactons are solitary waves with compact support;
(iii)) compactons are solitons free of exponential tails;
(iv) compactons are solitons characterized by the absence of infinite wings;
(v) compactons are robust soliton-like solutions.
Two important features of compactons structures are observed, namely:
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(1) unlike the standard KdV soliton where u(§) — 0 as & — oo, the compacton is
characterized by the absence of the exponential tails or wings, where u (&) does not
tend to 0 as § — oo;
(ii) unlike the standard KdV soliton where width narrows as the amplitude increases,
the width of the compacton is independent of the amplitude.
It is important to note that Eq. (3) with +a is called the focusing branch of the K (n, n)
equations. The equation

u —a@W, + Wy =0, a>0,n>1, 4)

is called the defocussing branch of the K (n, n) equations. The studies in [54-56,71-76]
and many of the references therein revealed that Eq. (4) supports solutions with solitary
patterns having cusps or infinite slopes. Further, it was shown that while compactons are
the essence of the focusing branch (+4a), spikes, peaks and cusps are the hallmark of the
defocussing branch (—a). This in turn means that the focusing branch (3) and the defo-
cussing branch (4) represent two different models, each leading to a different physical
structure. The remarkable discovery of compactons has led to an intense study over the last
few years. The study of compactons may give insight into many scientific processes [42]
such as the super deformed nuclei, preformation of cluster in hydrodynamic models, the
fission of liquid drops and inertial fusion. The stability analysis has shown that compacton
solutions are stable, where the stability condition is satisfied for arbitrary values of the non-
linearity parameter. The stability of the compactons solutions was investigated by means
of both linear stability and by Lyapunov stability criteria. Moreover, the compactons are
nonanalytic solutions whereas classical solitons are analytic solutions. The points of non-
analyticity at the edge of the compacton correspond to points of genuine nonlinearity of the
differential equation [56]. Compactons such as drops do not possess infinite wings, hence
they interact among themselves only across short distances. Solitons and compactons with
and without exponential wings respectively, are termed by using the suffix-on to indicate
that it has the property of a particle, such as phonon, and photon [64,65,62,63,66].

Solitons play a prevalent role in propagation of light in fibers. optical switching in
slab waveguides, surface waves in nonlinear dielectrics, optical bistability, and propaga-
tion through excitable media. A great deal of research work has been invested in recent
years for the study of the soliton concept. Various methods, analytic and numerical, were
applied to study several evolution equations. The inverse scattering method, tanh method,
Darboux transformation, Jacobi elliptic functions method, sine-cosine method, Backlund
transformation techniques, and the F-expansion methods are among the methods used. Hi-
rota [24-29] constructed the N-soliton solutions of the evolution equation by reducing it to
the bilinear form. The bilinear formalism established by Hirota [24-29] was a very help-
ful tool in the study of the nonlinear equations and it was the most suitable for computer
algebra. The Hirota bilinear formalism was extensively used in the literature such as in
[17,19,18,20-23,31-33,80] and the references therein.

1.1. Preliminary profile solution

The KdV equation
U+ 6uny + ey =0, (5)
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has a large variety of solutions. The solutions propagate at speed ¢ while retaining its
identity. We usually introduce the new variable § = x — ct, so that

u(x, 1) = u(f). (6)

The soliton solution is spatially localized solution, hence u’, u”, u’”’

E=x—ct.
Using (6) into (5) gives

— Qas & — +oo,

—cu' +6uu’ +u" =0. (7
Integrating (7) gives
—cu+3ut+u" =0, (8)

where constant of integration is taken to be zero. Multiplying (8) by 2/’ and integrating
the resulting equation we find

(L/)2 = cu’® = 2u3, ©))
or equivalently
du

Using a change of variable

= d&. (10)

¢ 2
U=z sech”(ué), (11)

that will give the soliton solution

u(x. 1) = % sech? %(x —en). (12)

It is obvious that u(x, ¢) in (12), along with its derivatives, tends to zero as § — oo. We
can also show that

u(x, 1) = —%cschz(g(x —ct)), (13)

is also a solution for the KdV equation.
It is also interesting to solve this equation by using Bicklund transformation, where we
introduce a function v such that # = v,. This will convert the KdV equation to

Uyr + 60 Uxyx + Vypxx =0, (14)
where by integrating with respect to x we obtain
v +3(v)” + verr = 0. (15)

The last equation is called the potential KdV equation; by using the wave variable & =
Xx — ct, we can easily obtain the solutions

v= «/Etanh(%z(x — ct)),
v = \/Ecoth(g(x - ct)). (16)
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Recall that u = v,., hence we obtain

_ e (Y
u(x,t) = 2s.ech ( 5 (x ct)),
u(x,t) = —%csch2<§(x—ct)>. (17)

2. The family of the KdV equations

The KdV equations appear in three or more order forms. In what follows, we present a
brief summary of these forms. The complete analysis of each form will be addressed in the
forthcoming sections.

2.1. Third-order KdV equations

The family of third order Korteweg—de Vries is of the form

U+ Py +uyey =0, (18)

where u(x, t) is a function of space x and time variable ¢. Constants can be used as coef-
ficients of P(u)u, and u,yy, but these constants can be usually scaled out. The nonlinear
term P (u) appears in the following forms

P(u) = au”, (19)
Ux,
au™ — bu*".

(i) For P(u) = +6u we obtain the standard KdV equation
Uy £ 6uny + ey =0, (20)

where the factor £6 is appropriate for complete integrability. This means that the KdV
equation has N-soliton solutions as will be discussed later.

(i) For P(u) = 6u?, Eq. (18) is called the modified KdV (mKdV) equation and given
by

ut+6u2ux+uxxx =0. 201

The mKdV equation is completely integrable and has infinitely many conserved quantities.
This equation appears in electric circuits and multi-component plasmas. The modified KdV
equation gives algebraic solitons solutions in the form of a rational function [58]. Stability
and instability conditions of algebraic solitons have been investigated thoroughly in [1,3,
2,4.5].

(iii) For P (1) = au”, Eq. (18) is called the generalized KdV (gKdV) equation [13] and
given by

u+auuy +uye =0, n>=3. (22)
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(iv) For P(u) = uy, Eq. (18) is called the potential KdV equation given by

ur + (uy)? +uzy = 0. (23)

It is to be noted that this equation can be obtained from the standard KdV equation by
setting u = v, and integrating the resulting equation with respect to x.

(v) For P(u) = au” — bu®" we obtain a generalized KdV equation with two power
nonlinearities of the form

U =+ (Cll/in — bu2n)ux + Uxxx = 0. (24)

This last equation describes the propagation of nonlinear long acoustic-type waves [78].
The function f/, where f = (#u”+1 — ﬁuzn“) is regarded as a nonlinear correction
to the limiting long-wave phase speed c. If the amplitude is not supposed to be small,
Eq. (24) serves as an approximate model for the description of weak dispersive effects on
the propagation of nonlinear waves along a characteristic direction. It is to be noted that for
n = 1, Eq. (24) is the well-known Gardner equation [16] that is also called the combined
KdV-mKdV equation.

Attention has been focused on equations like (24) in [78] and the references therein due
to its appearance in many branches of physics. The main focus of these works was the
solitary wave solutions, collapsing solitons, algebraic solitons, and solitary wave instabil-
ity. Algebraic solitons decay to zero at infinity or approach nonzero boundary values at an
algebraic rate [33].

2.2. Fifth-order KdV equations

The most well-known fifth-order KdV equations appear in the form

Uy + oty + By, + yuuz, + usy =0, (25)

where «, 8, and y are arbitrary nonzero and real parameters, and u = u(x, t) is a suffi-
ciently smooth function. Because the parameters «, 8, and y are arbitrary and take different
values, this will drastically change the characteristics of the fKdV equation (25). Lots of
forms of the fKdV equation can be constructed by changing the real values of the para-
meters. This equation includes, for specific values of «, 8, and y, the Lax equation [36],
Kaup—Kupershmidt (KP) equation [32,35], Sawada—Kotera (SK) equation [57], and Ito
equation [31] that will be discussed later.

2.3. Higher-order KdV equation

Higher-order KdV equations of the seventh-order and ninth-order are of the form
Ur + Ouuy + uzy — usy +aug, = 0. (26)
and

up + 6uny + uzx — usy + augx + Puogy =0, 27
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respectively. Model equation (26) was examined in [14,43,53] for discussing the structural
stability of the KdV solitons under a singular perturbation. The seventh-order and the ninth-
order equations have infinitely many conservation laws, most of them are polynomials that
depend on u and its derivatives.

2.4. The K (n, n) equation

It is interesting to note that a KdV-like equation was introduced by Rosenau et al. [56] and
given by

ur+ a(un)x + b(un)xxx =0, (28)

where the balance between the nonlinear convection term (¢#"), and the genuinely dis-
persion term (u")y, gives rise to the so-called compacton, solitary wave with compact
support and without tails or wings. Eq. (28) was thoroughly investigated in [42,54-56,
66-77] and some of the references therein.

3. The methods

As stated before, several methods were implemented in the literature to handle nonlinear
evolution equations. For single soliton solutions, several methods, such as the tanh method
[44—46], the tanh-coth method [66,67], the sine-cosine method [70], the pseudo spectral
method [44], the inverse scattering method [1], Hirota’s bilinear method, the truncated
Painlevé expansion, and others are used. The tanh—coth method and the sine—cosine method
have been applied for a wide variety of nonlinear problems and will be used in this work.
However, the Hirota bilinear formalism [24—-29] and a simplified version of this method
[19,18] will be used to address the concept of multiple soliton solutions. The main features
of the tanh—coth method, sine—cosine method and the Hirota formalism will be presented.

3.1. The tanh—coth method

A wave variable £ = x — ct converts a PDE

P(u’utsu)h Uxx, Mxxx,-n):Ov (29)
to an ODE
O, u',u”,u”,..)=0. (30)

Eq. (30) is then integrated as long as all terms contain derivatives where integration con-
stants are considered zeros.

The standard tanh method is developed by Malfliet [44] where the tanh is used as a new
variable, since all derivatives of a tanh are represented by a tanh itself. Introducing a new
independent variable

Y =tanh(ug), & =x—ct, 31
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leads to the change of derivatives:

d o 4
& _ 2 2 d 2 2)2 &
d* — 9,3 2 2 d 3 22 & 3 23 &
@_m (1-Y*)(3Y —1)d—Y—6u Y(1-Y%) 2 TH (1-7%) L
d* _ 4 2 2 d 4 N2 o d?
= —8utY(1-Y%)(3y —2)@+4u (1-Y*)"(9y —2)m
ity -y ey
2utyY(1-Y?) a3 TH (1-Y%) s (32)
The tanh—coth method [66,67] admits the use of the finite expansion
M M
u(pg) = S(¥) =y a¥* +> byt (33)
k=0 k=1

where M is a positive integer, in most cases, that will be determined. For noninteger M, a
transformation formula is used to overcome this difficulty. Expansion (33) reduces to the
standard tanh method [44—46] for by = 0, 1 < k < M. Substituting (33) into the reduced
ODE results in an algebraic equation in powers of Y.

To determine the parameter M, we usually balance the linear terms of highest order in the
resulting equation with the highest order nonlinear terms. We then collect all coefficients
of powers of Y in the resulting equation where these coefficients have to vanish. This will
give a system of algebraic equations involving the parameters ai, by, i, and c. Having
determined these parameters we obtain an analytic solution u#(x, ¢) in a closed form.

3.2. The sine—cosine method

Proceeding as in the tanh—coth method, Eq. (30) is integrated as long as all terms con-
tain derivatives where integration constants are considered zeros. The sine—cosine method
admits the use of the solutions in the forms

u(x,t) = AcosP(ué),  |8] < —. (34)
2p
and
u(x, 1) = asinf (ue),  [E] < =, (35)
nw

where A, u, and B are parameters that will be determined, i and ¢ are the wave number
and the wave speed respectively. Equations (34) and (35) give

W")" = —n* 12" cos" (u&) + np A" B(np — 1) cos™ 2 (ug), (36)
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and

") = —n? 1 ?B" sin (ug) + npP A" B(np — 1) sin? 2 (uk). (37)

Substituting (36) or (37) into (30) gives a trigonometric equation of cos® (u&) or sin® ()
terms. The parameters are then determined by first balancing the exponents of each pair
of cosine or sine to determine R. We next collect all coefficients of the same power in
cosk(u&) or sin¥ (n&), where these coefficients have to vanish. This gives a system of
algebraic equations among the unknowns $, A and u that will be determined. The solutions
proposed in (34) and (35) follow immediately.

The algorithms described above certainly work well for a large class of very interesting
nonlinear equations. The main advantage of the tanh—coth method and the sine—cosine
method, presented above, is that the great capability of reducing the size of computational
work compared to existing techniques such as the pseudo spectral method, the inverse
scattering method, Hirota’s bilinear method, and the truncated Painlevé expansion.

3.3. Hirota’s bilinear method

A well-known third method, namely, the Hirota [24-29] bilinear form, will be employed
to handle specific integrable KdV forms. The method is widely used especially to handle
the multi-solitons solutions of many evolution equations. Hirota introduced the bilinear
differential operators

D"D%(a-b) = (i — i>m<i — i)na()c, Db ) | xmx’ 1=t (38)
at ot ax  ox’ '
In what follows, we express some of the bilinear differentials operators:
Dy(a-b) =ab — aby,
D2(a - b) = ayb — 2a,b, + aby,,
D,D;(a-b) = Dy(a;b — ab;) = ayb — a;by — axb, + ab,,,
D, D;(a - a) =2(aay; — axay),
Di(a - b) = ascb — 4as by + 6arboe — 4achs, + abs,,

D"(a-a) =0, forn isodd. (39)
The solution of the canonical KdV equation
u; + 6uuy + uyyyx =0, (40)
can be expressed by
82
u(x, 1) = 2——log f, (41)
ax

where f(x, t) is given by the perturbation expansion

fa) =1+ € fulx.0), 42)

n=1
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where € is a formal expansion parameter. For the one-soliton solution we set

f, ) =1+¢€f1, 43)
and for the two-soliton solution we set

f.)=1+efi +eXf, (44)
and so on. The functions fi, f2, f3, ... can be determined by using the Hirota bilinear

formalism or by direct substitution of (42) into the appropriate equation as will be seen
later. In [19,18], a simplified form of the Hirota’s bilinear formalism was introduced to
minimize the cumbersome work of Hirota’s method. The simplified approach in [19,18]
will be examined in a forthcoming section.

It is important to note that other methods will be used as well. Each method will be
presented properly at specific sections. Before we begin our discussion, it is normal to give
a brief idea about conservation laws of the KdV equation.

4. Conservation laws

An equation of the form

or X
o T ax
where T and X are the density and the flux respectively and neither one involves derivatives
with respect to 7, is called a conservation law [1,3,2,13]. This means that 7 and X may

0, (45)

depend on x, t, u, uy, ... but not u,. Considering the canonical form of this equation by
u; — Ouny + uyyx = 0. (46)
This equation is in conservation form [13] where
T =u, X = uy, — 3u’. (47)
This in turn gives the first conservation law
oo
/ u dx = constant. 48)
—0o0

Multiplying (46) by u yields

a0 (1 ad 1
5(5142) + a(uuxx - E(ux)z - 21/!3) =0, (49)

that gives the second law of conservation laws

o
/ u? dx = constant. (50)

—00

Multiplying (46) by 3u? gives
3u2(ut — 6utty + uyyy) = 0. o



The Korteweg—de Vries equation 497

Multiplying the partial derivative of (46) with respect to x by u, gives

Ux (uxt - 6(ux)2 — 6uuyy + uxxxx) =0. (52)

Adding the last two quantities yields

(Lo
8:(” 2(ux)>

d 9 1
+ — __'44 + 3u2uxx - 6”(”)()2 + Uxlxxx — _(uxx)2 =0. (53)
ax \ 2 2
This gives the third conservation law of the KdV equation
(3 1 2
u’ — = (uy)” ) dx = constant. 54)
0 2

However, it was revealed in [1,3,2,12,13,24-28] that there is an infinite set of conservation
laws for the KdV equation.

The existence of conservation laws has been considered as an indication of the integra-
bility of the KdV. There is an infinite set of independent conservation laws for the KdV
equation. The first five conservation laws of this set are

o0
/ u dx = constant,
—00

o0
/ u?dx = constant,

—0o0

> 3 1 2
u” — —(uy)“ ) dx = constant,
o0 2

oo
/ (5144 + 10u(uy)* + (u“)z) dx = constant,
o
/ (216”4 105u? (ux)* + 21u(uxx)* + (xxx)*) dx = constant, (55)
—00

where each conservation law includes a higher power of u than the preceding law.

5. The KdV equation

As stated before this equation is given by

U +auy + tyyy = 0. (56)

Substituting the wave variable £ = x — ct, c¢ is the wave speed, into (56) and integrating
one we obtain

—cu + %uz +u” =0. (57)
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5.1. Using the tanh—coth method

Notice that the parameter M is defined in (33) and (32). This means that the highest power
of u?is 2M, and for u” is M + 2 obtained by using (33) and (32) respectively. Balancing
the nonlinear term u? with the highest order derivative u” gives

2M =M +2, (58)
that gives

M =2. (59
The tanh—coth method allows us to use the substitution

u(x, 1) =SY)=ag+a1¥Y +aY>+b Y + by 2. (60)

Substituting (60) into (57), collecting the coefficients of each power of Yi0 <i <8,
setting each coefficient to zero, and solving the resulting system of algebraic equations we
obtain the following sets of solutions

(i) First set

3 3 1
ao=—c, ar=ay=b1 =0, b2=——c, pw==zve, ¢>0.
a a 2
(61)
(i) Second set
3 1
a0=—£, ay =a; =b; =0, b2:_C5 m=5v—c, ¢<0.
a a 2
(62)
(ii1) Third set
3 3 1
ao=—c, ay =by =by =0, az=——c, w=ve, ¢>0.
a a 2
(63)
(iv) Fourth set
3 1
ao=—£, ay =by =by =0, a2=_cs p=5v—c, c¢<0.
a a 2
(64)

In view of these results, we obtain the following soliton solutions

3
ui(x,t) = 2 sechz[g(x — ct)i|, c>0,
a

uz(x,t)=—2<l —3tanh2[*/2_—c(x—ct)D, ¢ <0. (65)

In addition, the traveling wave solutions

3
uz(x,t) = X cschz[g(x — ct):|, c>0,
a

M(x,t)=—2<1—3coth2[*/2__c(x—ct)D, ¢ <0, (66)
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Fig. 1. Graph of a soliton that has an infinite support.
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follow immediately. Figure 1 shows a graph of a one-soliton solution characterized by

infinite wings or infinite tails. This shows that u — 0 as § — £o00,& = x — ct.

It is obvious that the physical structures of the obtained solutions in (65) depend mainly
on the sign of the wave speed ¢, we therefore obtain the following plane periodic solutions:

V=c

3¢ 5
us(x,t) = —csc x—ct)|, ¢<O,
a

ug(x,t) = —2(1 + SCOtzl:g(x — ct)i|>, c>0,

3
up(x,t) = > secz[
a

ug(x,t) = —2(1 + 3tan2[§(x — ct):|>, c > 0.

_c(x —ct)i|, c <0,

5.2. Using the sine—cosine method
Substituting (34) into (57) yields
— cacos? (ué) + %Az cos?? (&),

— P B% cosP (ug) + apB(B — 1) cosP 2 (ug) = 0.

Equation (68) is satisfied only if the following system of algebraic equations holds

,3_17&0,
2=p-2,

(67)

(68)
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Wi = —ch,
32 = —chB(B — . (69)

which leads to

ﬁ:_zt
1
n = EV—C,

_3c

A (70)

a

The results in (70) can be easily obtained if we also use the sine method (35). Moreover,
the last results give the solutions uj(x, t), u3(x, t), u7(x, t) and ug(x, t) that are obtained
before. It is interesting to point out that the sine—cosine method does not always provide
the same solutions as those given by the tanh—coth method.

5.3. Multiple-soliton solutions of the KdV equation

In this section, we will examine multiple-solitons solutions of the standard KdV equation

U + 6uuy + uyxx = 0. 71

As stated before, Hirota [24-29] introduced a method to determine exact solutions of non-
linear PDEs. A necessary condition for the direct method to be applicable is that the PDE
can be brought into a bilinear form [19,18]. Hirota proposed a bilinear form where it was
shown that soliton solutions are just polynomials of exponentials as will be seen later.
Finding bilinear forms for nonlinear PDEs, if they exist at all, is highly nontrivial [19,18].
Considering u(x, t) = 2(In(f))xx, the bilinear form for the KdV equation is

B(f, f)= (D} +D:D))f - f=0.

Hereman et al. [19,18] introduced a simplified version of Hirota method, where exact soli-
tons can be obtained by solving a perturbation scheme using a symbolic manipulation
package, and without any need to use bilinear forms. In what follows, we summarize the
main steps of the simplified version of Hirota’s method.

The simplified version of Hirota method introduces the change of dependent variable

3%1In f(x, 1) _ [ - (fo)?

u(x, 1) = 2——" 72 (72)
to carry out (71) into a quadratic equation
[f(for + fad)] = [fefi + 4 e foe =315 = 0. (73)

Equation (73) can be decomposed into linear operator L and nonlinear operator N defined
by
9? o
= — 4+ —,
oxdt  ox*

N(f. /) = —faft = 4fx f3x + 3 fox fox- (74)
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We next assume that f(x, ) has a perturbation expansion of the form

f)y =1+ € fulx.0), (75)

n=1
where € is a nonsmall formal expansion parameter. Following Hirota’s method and the
simplified version introduced in [19,18], we substitute (75) into (74) and equate to zero the
powers of €:

0E%: B1-1)=0,

O("): B(-fi+ fi-1)=0,

O@€®: B(-frt+fi-fi+fo-1)=0,

O€): B(-fs+fi-fotfr fi+fi- D=0,
Oh: BU-fut+ fi-fs+fo-fotfi-fitfa-1)=0,

O(e"): B(Z fi- fn—j) =0,
j=0

where the bilinear form B is defined above. It is to be noted that the previous scheme is the
same for every bilinear operator B. This in turn means

O(h: Lfi=o0, (76)

O@):  Lfy=—=N(fi, i), (77)

O(’): Lfs=—fiLfr— N(fi. f2) — N(fo. fi), (78)
O(e*): Lfa= — fiLfs— foLfr— fsLfi — N(f1. f3)

= N(f2, f2) = N(f2, 1), (79)

(80)

n—1

O(€"):  Lfy ==Y [filfa1+N(fj fi-)] =0.
j=1
The N-soliton solution is obtained from

N
fr=" exp®), (81)
i=1
where
0; = kix — ¢;t, (82)

where k; and ¢; are arbitrary constants, k; is called the wave number. Substituting (81) into
(76) gives the dispersion relation

ci=kj, (83)
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and in view of this result we obtain
0; =kix — k?l. (84)
This means that

fi =exp@n) = exp(ki (x — ki1), (85)
obtained by using N = 1 in (81).
Consequently, for the one-soliton solution, we set
f=1+exp®) =1+exp(ki(x — ki1)), (86)

where we set € = 1. Recall that u(x, t) = 2(In f),x, therefore the one soliton solution is
therefore

2k? exp(ki (x — k31))

X, 1) = , 87
u(x. 1) (1 + exp(ki (x — k31))2 (87)
or equivalently
k? k
u(x, t) = 71 sech2[71(x - k%t)j|. (88)

Setting k; = +/c in (88) gives the one-soliton solution obtained above in (65) by using the
tanh—coth and the sine—cosine methods. Another soliton solution is obtained in (65).
To determine the two-soliton solution, we first set N = 2 in (81) to get

J1 =exp(01) +exp(62). (89)

To determine f>, we substitute (81) into (77) to evaluate the right-hand side and equate
it with the left-hand side to obtain

L= D ajexpti+0)). (90)
1<i<j<N
where the phase factor a;; is given by
(ki —kj)*
aij = ————F 75>
(ki +kj)
and 0; and 6; are given above in (82). For the two-soliton solution we use 1 <i < j < 2,
and therefore we obtain

oD

S =1+exp(d1) + exp(62) + a2 exp(6) + 62), (92)
where the phase factor ay» is given by
(k1 — ka)?
= — 93
27 ki + k)2 ©)

This in turn gives

—k} @, K=k gk
— 1 4 el 4 ghate—kdn o KU KD )x— +idr 94
/ (k1 + k2)? oY
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Fig. 2. A two-soliton solution graph.
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To determine the two-soliton solution explicitly, we use (72) for the function f in (94).

Similarly, we can determine f3. Proceeding as before, we therefore set
Ji(x, 1) = exp(61) + exp(62) + exp(63),
fa(x, 1) = arp exp(01 + 02) + axz exp(02 + 02) + a13 exp(01 + 03),

and accordingly we have

f(x,t) =14 exp(b1) + exp(62) + exp(63)
+anexp(th + 62) + a2z exp(62 + 63) + a3 exp(61 + 63)
+ f3(x,1).
Figure 2 shows a two-soliton solution.
Substituting (96) into (78) and proceeding as before we find
f3 = b1z exp(01 + 62 + 63),
where
(ki — k2)* (k1 — k3)* (k2 — k3)?
(k1 + k)2 (k1 + k3)? (ka + k3)?”

b123 = appaizax; =

and 61, 6 and 63 are given above in (82). For the three-soliton solution we use 1 <

Jj < 3, we therefore obtain

f =1+exp®;) + exp(62) + exp(83) + aip exp(0; + 62)
+ a3 exp(01 + 63) + az3 exp(92 + 03) + b1z exp(61 + 62 + 63),

(95)

(96)

7)

(98)

I <

99)
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where
b= ki~ kj)*
v (k; -i-kj)z’

This in turn gives

1<i<j<3, bis=ananaxs. (100)

f=1+ IOk 4 ka(x—k30) | oks(x—k3)

(ki — k2)? etk th)x—(ki+iDr | (ki — k3)* olki+k3)x— (kg +k)t
(k1 + k2)? (ki + k3)?
(ky — k3)? okoHks)x— (k3 +kt
(k2 + k3)?
(ki — k2)* (k1 — k3)*(ka — k3)* etk v+ +RD
(ki + k2)? (k1 + k3)? (k2 + k3)?

To determine the three-solitons solution explicitly, we use (72) for the function f in (101).

Similarly, we can determine f4. Substituting (81) into (80) and proceeding as before we
get

(101)

fa = c123aexp(01 + 02 + 03 + 64), (102)

where

C1234 = A12413A144230240434,
(ki — ko) (k1 — ka)? (ki — ka)?(ka — k3)*(ky — ka)? (k3 — kg)?

= , (103
(ki + k2)? (k1 + k3)2 (k1 + ka)? (ko + k3)? (ko + ka)? (k3 + ka)? (109)
and 6;, 1 < i < 4, are given above in (82).
For the four-soliton solution we use 1 < i < j < 4 to obtain
f =1+exp(6) + exp(62) + exp(03) + exp(4)
+ a2 exp(01 + 02) + a3 exp(61 + 63) + a1 exp(61 + 64)
+ ax3 exp(6z + 03) + azq exp(B2 + 64) + azq exp(63 + 0s)
~+ b1z exp(0) + 62 + 63) + b1zaexp(61 + 03 + 04)
+ b124 exp(01 + 02 + 04) + baz4 exp(02 + 603 + 64)
+ c1234 exp(01 + 02 + 03 + O4). (104)
Figure 3 shows a three soliton solution.
It is important to note that
ki — k)2
aijz%, 1<i<j<4,
(ki +kj)
(105)

b123 = appaizaxs, biz4 = ajzaisazs, bixa = apaisang,
b4 = a3a4a34,  C1234 = A12013014023024434.

Figure 4 shows two-soliton and three-soliton solutions.
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Fig. 3. A three-soliton solution graph.

Fig. 4. Graphs of two-soliton (left) and three-soliton (right) solutions.

This in turn gives

f=1+ KGRI 4 ka(e—h30) | oka(x—k3D) | oka(x—kF0)

3,13 3,43
+ apebithr =i+ | g otk r—( +)r

3 3 3 3
+ apgebitkr—(i+ | o oGtk r—(k3 +)r
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(ka+hka)x—(3+hk)1 (ka+ka)x—(k3+k3)t

+ anrse + aszqe
+ b1 etk ko ks )x— (ki +A3+kr 4 b134e(k1+k3+k4)x7(kf+k§+ki)t

+ bme(kl+k2+k4)x—(kf+k§+k3)z + bme(kz+k3+k4)x—(k§+k§+k3)t

(13213013013
+ c1ogekrthethstka)x— kit +hs+kr (106)

To determine the four-solitons solution explicitly, we use (72) for the function f in (106).
In summary, the multi-soliton solutions of the KdV equation can be formally constructed
as:
(i) one-soliton solution:

f=1+ eel,
(i1) two-soliton solution:

f=1+ e e 4 appeh T2,
(iii) three-soliton solution:

f=1+ e+ e e 4 ape ™ 4 a3 4 apze”

+ apparzaget T,

and so on.
Three facts can be confirmed here:

(i) the first is that soliton solutions are just polynomials of exponentials as emphasized
by Hirota [24-29],

(ii) the three-soliton solution and the higher level soliton solution as well, do not con-
tain any new free parameters other than a;; derived for the two-soliton solution,
and

(iii) every solitonic equation that has generic N = 3 soliton solutions, then it has also
soliton solutions for any N > 4 [20-23].

To work with explicit solutions, we set k; = i for example to obtain the following
functions

f=14e"",

f=1+e 42074 ¢ ée3("_3’),

f =1+ ex—t + 62(X_4t) +e3(x—9l) + 563(x—3t) + 164(,\7—71) + ieS(x—W)

1 25
1 6(x—6
+ e,
900
f =1 + exft + e2()(74[) + e3(x79l) + e4(x716l) + ée?)(xfﬁ‘)
1, 9 2 1
(x—=Tt) S5(x—131) S5(x—1Tt) 6(x—12¢)
—c —¢C —¢C —C
*3 *s * s *g
1, 1 1
1 ogay U oea—en , 1 ax-73n
*19¢ * 150° t55°
9 e(8x—92t) + 1 e9(x—11t) 1 e]O(x—lOt) (107)

4900 11025 1102500 ’
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Fig. 5. One-soliton, two-soliton, three-soliton, and four-soliton solutions. Notice that u is plotted against x for
fixed t.

for the one, two, three, and four-soliton solutions respectively. The corresponding solitons
solutions can be easily obtained by inserting f(x, #) from (107) into

u(x, ) =2(In(f)) .. (108)

to obtain the related soliton solutions. Figure 5 shows graphs of one, two, three and four
soliton for fixed ¢.

6. The modified KdV equation

It is interesting to point out that for the canonical modified KdV (mKdV) equation

U — 6uty 4 tyyx =0, (109)
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the conservation laws are given by u, uz, ut + (u x)z. Recall that a conservation law is the
relation

oT 0X

AR
where 7 and X are the density and flux respectively. This in turn gives the first three
conservation laws:

O’

T\ =u, Xl=2M3+uxx;

1 3 1
T, = Euz, X, = §u4 + Uty — Eui,
T_l4_12 Xa =y 3 _322_l 12
3—414 4ux, 3=U + U Uyy u-uy 2uxuxm—l— Uyy-

The mKdV equation is used to describe nonlinear wave propagation in systems with
polarity symmetry. This equation is used in electrodynamics, wave propagation in size
quantized films, and in elastic media. The mKdV equation is integrable and can be solved
by the inverse scattering method [13].

As stated before this equation is given by

u; + auzux + uyxy = 0. (110)

Substituting the wave variable £ = x — ¢t into (110) and integrating once we obtain

—cu+§u3+u”=0. (111)

6.1. Using the tanh—coth method

Balancing the nonlinear term 1> with the highest order derivative u” gives

3IM =M +2, (112)
that gives

M=1. (113)
The tanh—coth method allows us to use the substitution

u(x,t) = S(Y)=ap+ar¥ + b1y (114)

Substituting (114) into (111), collecting the coefficients of each power of Y i0<i<e6,
setting each coefficient to zero, and solving the resulting system of algebraic equations we
obtain the following sets of solutions

(1) First set
3¢ c
ag=a =0, bj=,— M=/——, c<O. (115)
a 2
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(i) Second set

/3 /
a=b; =0, a = ;c’ M = —%, c<0. (116)

(iii) Third set

1 [3c 1 c
a0:0, alzblzi ;, MZE —5, c <0. (117)

(iv) Fourth set

1 3c 1
:07 :—b = —— —_, M:— 3 0 118
ag a 1 V2 2\/5 c > (118)

This in turn gives the following soliton and kink solutions
6¢
ui(x, 1) =,/ —sech[c(x —ct)], ¢>0, a>0,
a

3 _ _
ur(x,t) = ,/—Ctanh —%(x —ct)|, ¢<0,a<0, (119)
a

respectively, and the following traveling wave solutions

3 _ _
u3(x,t)=,/—ccoth —%(x—ct) , ¢<0,a<0,
a - -

6
ug(x, 1) =,/ > sec[v—c(x —ct)], ¢<0, a<0,
a

u5(x,t)=2,/—;—ccsch[«/z(x—ct)], c>0a<0. (120)
a

6.2. Using the sine—cosine method
Substituting (34) into (111) yields

— chcosP (ug) + %)\3 cos*? (uk)

— M B2 cosP (ug) + A B (B — 1) cos” 2 (ug) = 0, (121)
Equation (121) is satisfied only if the following system of algebraic equations holds:

B—1#0,

3B=p-2,

1B = —ch,

%f = —cauPB(B — 1), (122)
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which leads to

B=—1,
n=+/—c,
6¢
A= —. (123)
a

The results in (123) can be easily obtained if we also use the sine method (35). This in turn
gives the periodic solutions for ¢ < 0,a < 0:

u(x,t) = \/6—7560[«/—_(:()( — ct)], c<0,a<0,
a

6
ux, 1) =,/ > cse[v/—c(x —et)], ¢ <0, a<0. (124)
a
However, for ¢ > 0, a > 0, we obtain the soliton solution
6¢
u(x, 1) =,/ — sech[/c(x — cr)]. (125)
a

6.3. Multiple-solitons of the mKdV equation

In this section, we will examine multiple-solitons solutions of the modified KAV (mKdV)
equation

Up — 66Uy + tyyy = 0. (126)

In this section, the simplified version of Hirota method, that was introduced by Hereman
et al. [19,18], where exact solitons can be obtained by solving a perturbation scheme us-
ing a symbolic manipulation package and without any need to use bilinear forms will be
used. Our approach will combine the simplified version in [19,18] and the method used
introduced by in [20-23]. Hietarinta [20-23] first introduced the function

fx, 1)

gtx,0)’
The bilinear form for the mKdV equation is

(Di+D})f-g=0. DS f+g-8=0.
The solution of the mKdV equation is assumed to be of the form

ur. 1) = dlog F(x,1) _ gfx = fgx‘ (128)

0x gf
We next assume that f(x, ¢) and g(x, t) have perturbation expansions of the form

F(x, 1) = g(x,1) £0. (127)

=14 € fulx, ),

n=1

glr, ) =1+ efga(x, 1), (129)

n=1
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where € and €; are nonsmall formal expansion parameters. Following [19,18,20-23], we

define the N-soliton solution

N
fr = eexp®),
i=1

N
gr=) erexp(6),
i=1

where

0; = kix — cit,

where k; and ¢; are arbitrary constants, k; is called the wave number.

(130)

(131)

To obtain the one-soliton solution, we set N = 1 into (130), and by using (129) we find

fO, ) =1+€fi(x, 1),
g(xs t) =1 +61g1(-x7 t)7
and hence

ur 1) = dlog F(x,1) —ﬂlo 1+¢€fi
O dx T dx l4+eg1)

This is a solution of (126) if
€] = —€.
Moreover, this shows that the dispersion relation is
Ccj = ki3’
and in view of this result we obtain
_ 3
0; =kix — ki t.

The obtained results give a new definition to (129) to be of the form

fa D=+ € fulx,0),

n=1
o0
glr, ) =14 ) (=1)"e"g,(x, 1),
n=1
and as a result we obtain
fi = exp(@r) = exp(ki(x — ki1)),
g1 = —exp(6)) = —exp(ki (x — ki1)).
Consequently, we find
P L+ fi _ 1+explh(x —k%t)).
1+g1 1 —explki(x —k}t))

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)
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This in turn gives the one-soliton solution

_ 2ky exp(ki(x — kin))

ulx,t) = . 140
=12 exp(ki (x — kj1)) (140
To determine the two-soliton solution, we first set N = 2 in (130) to get
Jf1 = exp(61) + exp(6a),
g1 = —exp(61) — exp(62). (141)
To determine f>, we set
L= D ajexpti+0)).
1<i<j<N
g2= Y bijexp6i +0)) (142)
1<i<j<N
This in turn gives
f=14exp(6h) + exp(62) + azexp(¥ + 62),
g =1—exp(6h) — exp(62) + bia exp(6 + 62). (143)

Substituting (143) into the mKdV equation, we find that (143) is a solution if 1> and b,
and therefore a;; and b;;, are equal and given by

(ki — kj)?

= ) 144
(ki +kj)*’ (149

aij = bij

where 6; and 6; are given above in (82). For the two-soliton solution weuse 1 <i < j <2
to get

2
f=1+ k=KD | cka(x—k31) (ki — k2) ki) x—(kj +k)t
(k1 + ka)? ’

2
| — FG=kiD) _ hae—k3n) 4 (k1 — k2) ki) x—(kj +k)t (145)
(k1 + k2)? '

To determine the two-solitons solution explicitly, we use

g:

u(x,t)

2 -1
_ 9 log| 11 4 ekt=kin) | ghaGe—k30) 4 (k1 — k) ki) x—(ki +k3)t
ax \ ¢ (k1 + k2)?

2 —1
o {1 _ =k _ ok (ki — k2) e(k1+kz)x—(kf+k§>t} >
(ki + k2)?

(146)
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For the three-soliton solution, we follow the discussion presented before. To determine f3
we set

fi(x, 1) =exp(0)) + exp(62) + exp(63),

fa(x, 1) = arpexp(¥1 + 62) + axz exp(62 + 63) + ai3 exp(61 + 63),

g1(x, 1) = —exp(61) — exp(62) — exp(63),

82(x, 1) = arpexp(61 + 62) + axz exp(62 + 63) + ai3 exp(6r + 63), (147)

and accordingly we have

f(x,t) =14 exp(b1) + exp(62) + exp(83)
+ aizexp(61 + 62) + axz exp(2 + 63) + a3 exp(1 + 63)
+ f3(x, 1),
g(x,1) =1 —exp(61) — exp(62) — exp(63)
+ aipexp(61 + 62) + a3z exp(62 + 63) + a3 exp() + 63)
+ g3(x, 1). (148)

Substituting (148) into (126) and proceeding as before we find

f3 = bz exp(01 + 62 + 63),

83 = —bizexp(01 + 02 + 63) (149)
where

(k1 — k)% (ky — k3)? (ko — k3)?
(k1 + k)% (k1 + k3)2(ka + k3)?’

and 61, 6, and 03 are given before. For the three-soliton solution we use 1 <i < j < 3,
we therefore obtain

(150)

b123 = apaizazs =

f =14 exp(61) + exp(62) + exp(63)
+ aipexp(61 + 62) + a3 exp(6) + 63) + a3 exp(62 + 63)
+ bizexp(01 + 02 + 63),

g =1—exp(6h) — exp(62) — exp(63)
+ app exp(8) + 62) + a3 exp(61 + 03) + azz exp(62 + 63)

— bz exp(01 + 62 + 63), (151)
where
iy = (k1 — k2)? aps = (k1 — k3)? s = (ko — k3)?
(ki + k)%’ (k1 + k3)?’ T (k4 k3)?

bi23 = appaizazs. (152)
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This in turn gives
fe, ) =1+ K a—kin) 4 ohae—k30) | k3 (x—k30)
2 2
K1 = k2)” yope—d+ide . KL= K ke +4
(k1 + k2)? (k1 + k3)?

(k2 = k3)? Gty hym i3 4k
(k2 + k3)?

2 2 2
(ki — k)" (k1 — k3)"(ka = K3)" (ke kyks e — (k3 +3 +4D)e
(k1 + k)2 (k1 + k3)? (ka + k3)? ’
k1a—kin) _ oka(x—k31) _ ok3(x—k30)

gx,0)=1-
Me(k1+k2)xf(k?+k%)l + MC&IJFIQ)Xi(k%Jrk;)t
t + )2 k1 + ks)?
Me(k2+k3)xf(k§+k§)l
(ky + k3)

(ki — k2)* (ki — k3)* (k2 — k3)2e(k1+k2+k3)x—(kf+k§+k§)r
(ki + k2)* (k1 + k3)%(ka + k3)? '

The three-soliton solution is therefore given by

9 Fx,10)
uen = £<ln<g<x,r>))’ (9

where f(x,t) and g(x, t) are given in (153).
Similarly, we can determine f4. Substituting (130) into (126) and proceeding as before
we get

(153)

fa = g4 = cro3aexp(01 + 602 + 03 + 04), (155)

where

C1234 = A12013014023024034,
_ (k1 — k)2 (k1 — k3)? (k1 — ka)? (ko — k3)* (ko — ka)? (k3 — ka)?
(ki + k2)2 (k1 + k3)2 (k1 + ka)? (ko + k3)% (ko + ka)? (k3 + ka)?’

and 6;, 1 < i < 4 are given above in (131).
For the four-soliton solution we use 1 < i < j < 4, we therefore obtain

(156)

S (x,1) =1+ exp(61) + exp(62) + exp(03) + exp(64)
+ ajp exp(01 + 62) + apz exp(01 + 63) + aja exp(61 + 64)
+ axz exp(6a + 03) + aza exp(6z + 04) + aza exp(63 + O04)
+ b123 exp(01 + 02 + 63) + b1z exp(0) + 03 + 64)
+ bi24exp(01 + 02 + 04) + D234 exp(62 + 603 + 64)
+ cro3a exp(01 + 62 + 63 + 64),
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g(x,1) =1 —exp(f1) — exp(62) — exp(63) — exp(6a)
+apexp(@1 + 02) + aiz exp(6) + 63) + a14 exp(6y + 64)
+ ax3 exp(02 + 03) + aza exp(02 + 04) + aza exp(63 + 04)
— biazexp(61 + 02 + 03) — bizaexp(6r + 63 + 64)
— b4 exp(0) + 02 + 64) — bazaexp(6z + 63 + 64)

+ c1234€xp(01 + 02 + 03 + 04), (157)
where
)= (k1 — k2)? aps = (k1 — k3)? s = (k1 — ka)?
(k1 + k2)?’ (ky + k3)?’ (ki +kg)?’
_ (ky—k3)? (k= ka)? (k3 — ka)?

ayy=—"+, ay=-———, a3 =———,
BT otk P Ttk T U+ k)2

b1z = anpaizazs, bi3s = ajzaisazs,
bi24 = anpaisans, b3y = azzazsazs,

C1234 = @12013014023024434. (158)

This in turn gives

fen =1+ k1 (e—kir) + k2 (x—k31) + oka(x—k31) + eka(e—k3)

(ki +k2)x—(k} +k3)t (ki +hk3)x— (k3 +kD)t

+ aize + ajze

(k1+ka)x—(k3+k3)t (ka+k3)x—(k3+k3)t

+ aiqe + axze

(ka+ha)x—(k3+i3)t (k3+ka)x—(k3+i3)t

+ azqe + azse
+ b123e(k1+k2+k3)x7(k?+k%+k§)t + b134e(k1+k3+k4)x7(k13+k§+ki)t

+ b124e(k1+k2+k4)x7(k?+k3+k2)t + b234e(k2+k3+k4)x7(k§+k§+ki)t

30723023443
+ C1234e(k1+k2+k3+k4)x—(k1+k2+k3+k4)l" (159)

g, =1— ki (—kin) _ Jkox—k3t) _ ok3(r=h30) _ Gka(x—kj)

+alze(k1+k2)x—(kf+k§)z

+al3e(k1+k3)x—(k§+k§)z

(ki +ka)x— (k3 +k3)t (kay+h3)x—(k3+k3)t

+ ajse + axze

(ka+ha)x—(k3+k3)t (k3+hka)x—(k3+i3)t

+ azse
(ko) x— (k43 +k3)t

+ ange

(k3 +kg)x =k HAG ke

— bioze — bi34e

(ki oy x— (k43 k)t (ka3 +kg)x — (k3 +i3 +kt

— bige — byze

3 3 3 3
+ eqppgetbithatskax (G 3kt

To determine the four-soliton solution explicitly, we use (128) for the functions f and g in
(159).
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If we set k; = i for example, we obtain the following functions

f — 1 + exft’
f =14 exft + eZ(x74t) + 563@731)’
Fo et i | Beon éew—m) n %em—m
1 1
= A5(x=T1) _ = L6(x—61) 160
+ 53¢ + 900° , (160)
Fol et g 2 | 39 | 160 | 563():—3:) n 364():—7:)
9 se—13 . 1 se—1 L e—120 . 1 70e—130
+ 256 + 256 + 9e + 49e
' 1 9
1 oee—en | 1 ax-m0 (8x—921)
*500° *225¢ * 2900°
69(){—111) + l elO(x—lOt) (161)
11025 1102500 ’
and
g= 1— ex—t’
g 1 —ext _ 2t 4 163(%3:)’
g= 1— ex—t _ e2(x—4t) _ e3(,\7—91)
1, 1 1 1
Dagoan , Lag—my U ose—n b sx—en
tge tgc t25¢ *500° ’
g = 1 — ¥ — 2=t _ 3G90 _ Ax—16n) ées(x—y) n 164()(—7:)
9 se—13 . L se—1 L e—120 . 1 0e—130)
+ —e¢ + —e + —e + —e¢
25 25 9 49
_ b seen _ L - _ 9 o
900 225 4900
1
“TiosS et (162

for the one, two, three, and four-soliton solutions respectively. The corresponding solitons
solutions can be easily obtained by inserting f(x, #) and g(x, ¢) into

_ A ([ fGn)
u(x,t) = ™ <1n<g(x,t)))’ (163)

to obtain the related solitons solutions.
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7. The potential KdV equation

In this section we study the potential KdV equation

Us +au§ +u3, =0, (164)
that can be converted to the ODE

—cu' +a@)? +u" =0, (165)

by using the wave variable £ = x — ct. The potential KdV equation will be handled by the
tanh—coth method and other hyperbolic functions methods.

7.1. Using the tanh—coth method

Balancing the nonlinear term (x)*> with the highest order derivative u”” gives
M+1)2=M+3, (166)
that gives
M=1,-2 (167)

Case (i): We first consider the case where M = 1. The tanh—coth method allows us to
use the substitution

u(x,t) =SY)=ap+a1¥Y +b Y L. (168)

Substituting (168) into (165), proceeding as before and solving the resulting system of
algebraic equations we obtain the following sets of solutions
(i) First set

3
ap = R, R isan arbitrary constant, a; = i,
a
169
N (169)
b] = O, M = 7, c> 0.

(i1) Second set

ap = R, Risanarbitrary constant, a; =0, b= 3a£’

m=" >0 (170)
(ii1) Third set

ap = R, R isan arbitrary constant, a; = 32—\22,

b1 = 3\/2, M= ﬁ ¢ > 0. 171)

2a
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This in turn gives the following kink solution for ¢ > 0
3
ui(x,t) =R+ £ tanh[%(x — ct):|,

a

and the traveling wave solution

ur(x,t) = R+ %ﬁ coth[%(x — ct)].

(172)

(173)

However, the third set gives u> (x, ) upon using hyperbolic identities. Moreover, for ¢ < 0,

the obtained solutions are complex.

Case (ii): We next consider the case where M = —2. The tanh—coth method allows us

to use the substitution

u(x, 1) = S(Y)=1/(ao +a1¥ + a¥* +biY~' + by 2.

(174)

Substituting (174) into (165), proceeding as before we found that a, = b> = 0. Therefore

we substitute

u(x, 1) =S¥) =1/(ap +ar¥ +b1y™'),

into (165) to obtain the following sets of solutions
(i) First set

ag=b; =0, alzi, M:ﬁ, c> 0.
3./c 2
(i) Second set
ag=a; =0, blzL, M:ﬁ, c>0
3¢ 2

(iii) Third set

a; = R, R isan arbitrary constant,

3¢cR?2 —aR
ag = | YT 3“ Ve o, Mz—f,
C

(iv) Fourth set

by = R, R is an arbitrary constant,

3¢R2 —aR
o= |XRE—aRVe Ve
3¢ 2

(v) Fifth set

(175)

(176)

(177)

(178)

(179)

(180)
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(vi) Sixth set

a; = by = R, R isan arbitrary constant,

\/126‘R2 —2aR./c Je
ap = | Ve oy

= . 181
e 1 c>0 (181)

This in turn gives the following solutions for ¢ > 0

uz(x,t) = %ﬁ tanh[%(x — ct)],

ug(x,t) = %ﬁ coth[%(x — ct)],

2 _
us(x, 1) = 1/(4% + Rtanh[%(x - ct)D,

2 _
ug(x, 1) = 1/( w + Rcoth[%(x - ct)]). (182)

The solutions u3 and uy4 are the same as 1 and up when we set R = 0. However, the last
two sets give ua(x, t) and ue(x, t) respectively. Moreover, for ¢ < 0, the obtained solutions
are complex.

7.2. Other methods

Two ansatze, namely, the tanh—sech, and the coth—csch ansatze will be used to handle
nonlinear equations in general, and the potential KdV equation in particular.

The tanh—sech ansatz The tanh—sech ansatz is of the form

u(x,t) =R+ L tanh[u(x - ct)] + M sech[,u(x — ct)], (183)

where R, L, M, and u are parameters that will be determined by direct substitution.
The coth—csch ansatz The coth—csch ansatz is of the form

u(x,t) =R+ L coth[u(x — ct)] + Mcsch[u(x — ct)], (184)

where R, L, M, and u are parameters that will be determined by direct substitution.
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7.3. Using the tanh—sech ansatz

Substituting the tanh—sech ansatz (183) into (165), and proceeding as before we obtain two
sets of parameters given by

R = any arbitrary constant,

L= e
a
M =0,
n=+e, (185)

and

R = any arbitrary constant,

L= 3ﬁ c >0,
M_1K i2=—1,
M=«/E, (186)

where ¢ > 0.
The result in (185) gives the tanh solutions obtained above. The result (186) gives the
complex solution

ulx,t) =R+ Zﬁtanh[ﬁ(x —c)] + i%ﬁsech[ﬁ(x —cn)], (187)

However, for ¢ < 0, we obtain the solution

ulx,t) =R — j—l\/—_ctan[\/—_c(x —ct)] - gﬁsec[ﬁ(x —cn)].  (188)

7.4. Using the coth—csch ansatz
Substituting the coth—csch ansatz (184) into (165), we obtain two sets of parameters given
by

R = any arbitrary constant,

3«/_

L
a

M =0,

= e, (189)

and

R = any arbitrary constant,

L=3—ﬁ, c >0,
a
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M =

Q| W

Ve,
n= e, (190)

where ¢ > 0.
The result in (189) gives the coth solution obtained above. The result (190) gives the
kink solution

u(x,t) =R+ 37*/5 coth[Vc(x —et)] + 37*/5 esch[ve(x — cn)]. (191)

However, for ¢ < 0, we obtain the periodic solutions

3\2_—6 cot[\/—_c(x - ct)] + 3¢

a

u(x,t) =R+

cse[v/—c(x —en)].  (192)

7.5. Multiple-solitons of the potential KdV equation

In this section, we will examine multiple-soliton solutions of the potential KdV equation

ur + 3(“)()2 +Uyxx =0. (193)

We closely follow our approach presented before. We therefore introduce the change of
dependent variable

dln f(x, 1) _ fx

u(x, 1) = ZT 2?, (194)
to carry out (193) into
o = Jefi +3(fx0)® = 4 e fi + frver = 0. (195)
Eq. (195) can be decomposed into linear operator L and nonlinear operator N defined by
32 d
= oxar | oxt
N(fo ) == faft +3fcfx = 4 fxxx fi- (196)
We next assume that f (x, ¢) has a perturbation expansion of the form
o
fOn =1+ € fulx.n), (197)
n=1

where € is a nonsmall formal expansion parameter.
The N-soliton solution is obtained from

N
fi=) exp(t), (198)
i=1

where

0; = kix — c;t, (199)
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where k; and ¢; are arbitrary constants. Substituting (198) into (193) gives the dispersion
relation

ci =k}, (200)
and in view of this result we obtain

0 = kix — kt. (201)
This means that

fi = exp(@1) = exp(ki (x — k71), (202)

obtained by using N = 1 in (198).
Consequently, for the one-soliton solution, we set

f=1+exp@) =1+ exp(ki(x — k1), (203)
where we set € = 1. The one soliton solution is therefore

2ky exp(ki (x — k3t))

u(x,t) = , 204
(r.1) 1+ exp(ki (x — k3t) (204)
obtained upon using (194).
To determine the two-soliton solution, we first set N = 2 in (198) to get
J1 =exp(61) + exp(62). (205)
To determine f>, we proceed as before to obtain
H= Z ajjexp(6; +90;), (206)
1<i<j<N
where
(ki — kj)?
i = , 207
Y (ki +k j)z ( )

and 0; and 6; are given above in (82). For the two-soliton solution we use 1 <i < j < 2,
and therefore we obtain

f =1+exp(6h) + exp(62) + a2 exp(61 + 62), (208)
where
(k1 — k»)?
ap = ——=. 209
12 T k) (209)
This in turn gives
2 2 (k1 — k)? TS
f =1 + ek](x klt) + ekz(x kzt) + (kl +k2)ze(k1+k2)x (k1+k2)l“ (210)

To determine the two-soliton solutions explicitly, we use (194) for the function f in (210).
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Similarly, we can determine f3. Proceeding as before, we therefore set
Sf1(x, 1) = exp(81) + exp(62) + exp(63),
f2(x, 1) = aipexp(d + 62) + axz exp(0> + 62) + a3 exp(91 + 63), (211)

and accordingly we have

fx, 1) =1+ expB)) + exp(62) + exp(63)
+ a2 exp(01 + 602) + azz exp(02 + 63) + a3 exp(6q + 03)
+ f3(x,1). (212)

Substituting (212) into (193) and proceeding as before we find

f3 = b1z exp(01 + 62 + 63), (213)
where
(k1 — k)2 (k1 — k3)? (ko — k3)?
(k1 + k2)2 (k1 + k3)% (ko + k3)?~

and 601, 6> and 63 are given above in (199). For the three-soliton solution we use 1 < i <
J < 3, we therefore obtain

b123 = appaizax; = (214)

f=1+exp(81) + exp(62) + exp(63)
+ a2 exp(01 + 02) + a3 exp(91 + 03) + az3 exp(6z + 03)
+ b1z exp(61 + 62 + 63). (215)

To determine the three-solitons solution explicitly, we use (194) for the function f in (215).
For the four-solitons solution, we proceed as before, hence we skip details.

8. The generalized KdV equation
The generalized KdV (gKdV) equation [13] is given by

ur +auuy + tyye =0, (216)

that can be converted to the ODE

a

—cu + w4y =0, (217)

n+1

upon using the wave variable £ = x — ¢t and integrating once. The gKdV equation is not
integrable, therefore N-soliton solutions do not exist.
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8.1. Using the tanh—coth method

Balancing the nonlinear term »*! with the highest order derivative u” gives

2
M=2Z (218)
n

To obtain closed form solutions, M should be an integer. To achieve this goal we use the
transformation

u(x, ) = v/ (x, ). (219)
The transformation (219) carries Eq. (217) into the ODE

—en*(n 4+ D2 +an*v® +n(n+ Hov” + (1 — n®)(V)* = 0. (220)

Balancing vv” with v3 gives M = 2. Based on this, the tanh—coth method admits the use
of the substitution

ux,t) =SY)=ag+a1¥Y +aY*+b Y + by 2. (221)

Substituting (221) into (217), collecting the coefficients of each power of Yi0<i<12,
setting each coefficient to zero, and solving the resulting system of algebraic equations we
obtain a; = b1 = 0 and the following sets of solutions for ¢ > 0

(i) First set

_cn+Dn+2) _c(n+1)(n+2)

= =0, b=
2a @ 2 2a
M = %JE. (222)
(i1) Second set
cn+1)(n+2) cn+1)(n+2)
aO = —7 2 = 07 a2 = _—7
2a 2a
M= %JE. (223)
(iii) Third set
cn+1(n+2) cn+1D)(n+2)
ag=—""—""—7—7— @=b=——7-——,
4a 8a
M= %ﬁ. (224)

In view of these results, and noting that u(x, 1) = vl/ "(x,t), we obtain the following
soliton solution

1/n
wi(x, 1) = {W sechz[%ﬁ(x - ct)]} , (225)
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Table 1
Solutions u(x, t) of the generalized KdV equation forn > 1, ¢ > 0

n ap n Solution u(x, t)

1 % %\/Z up(x,t) = {Z—Cﬂechz[ ﬁ(x—ct)]}l/l
uz(x,t):{ = cschz[ f(x—ct)]}l/l

2 % Je up(x,t) = {%C ﬂechz[f(x ct)]}l/2
uy(x, 1) = {—60—‘ cschz[ﬁ(x - ct)]}l/2

3 1706 %ﬁ ul(x,t):{la—c sechz[%\/E(x—ct)]}l/3
up(x, 1) = {— IOC cschz[z\/_(x—ct)]}l/3

4 15c NG uy(x, 1) = {lgﬁ sech2[2y/c(x — en]}'/*
uy(x, 1) = {13¢ csch?[2/e(x — en]}*

and the solutions

1/n
ur(x,t) = {—W cschz[g\/z(x — ct):|} ,

1/n
uz(x,t) = {F(Z — tanhzl:%\/z(x — ct)] — cothzl:g\/z(x — ct):|>} ,

(226)
where
cn+1Dn+2)

= ——. 227
» (227)

As stated before, the sign of the wave speed c plays an important role on the physical
structures of the obtained solutions. This means that for ¢ < 0, we obtain the following
plane periodic solutions

1/n
us(x,t) = W secz[%\/—_c(x — ct):“ ,

1/n
us(x,t) = Wcsez[g\/—_c(x—ct)“ ,

1/n
ug(x,t) = F(Z + tanz[%«/—_c(x — ct)i| + cotz[%\/—_c(x — ct)])} .
(228)

In Table 1, we list a variety of solutions of the generalized KdV equation for n > 1,
c>0.
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8.2. Using the sine—cosine method

Substituting the cosine assumption (34) into (217) yields

—chcosP (ug) + %A"H cos™ DB (LE)

n
— 1’ B? cos” (ug) + A B(B — 1) cos” 2 (ug) =0, (229)
Equation (229) is satisfied only if the following system of algebraic equations holds:
/3 -1 ?é 07
m+Dp=p8-2,
W p*h = —ch,
a
)\‘I‘H—l Y 2 —1 , 230
P w BB —1 (230)
which leads to
2
p=-1,
n
n
w= 5«/—0, c <0,
1 2 1/n
A= (M) ) (231)
2a

The last results in (231) gives the soliton solutions u1 (x, ¢) and the traveling wave solutions
obtained above by using the tanh—coth method. However, using the sine—cosine method
does not require the use of a transformation formula as is the case of the tanh method when
M is not an integer.

9. The Gardner equation

The Gardner equation, or the combined KdV-mKdV equation, reads

u; + 2auu, — 3bu2ux +uxx =0, a,b>0, (232)

where u(x, t) is the amplitude of the relevant wave mode. The KdV equation was comple-
mented with a higher-order cubic nonlinear term of the form u?u, to obtain the Gardner
equation (232). Equation (232) is completely integrable, like the KdV equation, by the in-
verse scattering method. It was found, as we will discuss later, that soliton solutions exist
only for b > 0. Gardner equation is widely used in various branches of physics, such as
plasma physics, fluid physics, quantum field theory. The Gardner equation has been widely
used to model nonlinear phenomena in plasma and solid state physics and in quantum field
theory.

It was found that the tanh—coth method gives the same results as the tanh method. Ac-
cordingly, we will apply the tanh method for simplicity reasons.
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9.1. Using the tanh method

The Gardner equation (232) can be converted to the ODE
—cu +au® —bud +u" =0, (233)

by using the wave variable £ = x — ct, integrating the ODE and setting the constant of
integration to zero.
Balancing u> with u” gives

M=1. (234)
The tanh method allows us to use the finite expansion
ux,t) =SY)=agp+aY. (235)

Substituting (235) into (233), collecting the coefficients of each power of Y, and using any
symbolic computation program such as Mathematica we obtain

_a
a0 = 37
a
a; =+—,
3b
_a
n= Welk
2a°
= —. 236
T (236)
This in turn gives the kink solution
a a 24>
1) = —|1L£tanh| ——=x — —1¢ , 237
e 3b< . <3¢2b(x 9b ))) @
and the traveling wave solution
1) = — (1 + coth( —2 22, (238)
ulx,t) = — coth| ——=x — — .
3b 3/2b 9b

The last results emphasize the fact that Gardner equation has real solutions only for » > 0.
However, for b < 0, the complex solutions

a . a 2a?
u(x,t):%<1iltan<3@<x—gt>>>, (239)

a . a 2a?
M(X,[):§<l:|:lc()t<3\/?2b(x—%t>>>, (240)

follow immediately.
It was found in [68] that other hyperbolic functions methods can handle Gardner equa-
tion to give more traveling wave solutions. In what follows we examine these schemes.
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9.2. A cosh ansatz

We first assume that
o
1 4+ Acosh(u(x —ct))’

where o, A and p are parameters that will be determined. Substituting (241) into (232), and
collecting the coefficients of like hyperbolic functions, we find

u(x,t) =

(241)

—c4aa —ba® —22%u% =0,
—2ch +aar — Au® =0,

—eA?+2%ur=0. (242)
Solving this system gives
3c
a=—,
a
~/4a? — 18b
A= :I:¥, 24% > 9bc,
2a
n=/, (243)

where c is left as a free parameter, ¢ > 0.
Substituting (243) into (241) gives the soliton solution

6c

u(x,t) = . (244)
2a £ +/4a? — 18bc cosh[/c(x — ct)]
9.3. A sinh ansatz
We next use the sinh ansatz
w(x, 1) = £ (245)

1 4+ Asinh(u(x — c1))’

where o, A and p are parameters that will be determined. Substituting (245) into (232), and
collecting the coefficients of like sinh functions, we find

—C~|—aa—b(x2+2k2,u2=0,
—20A+aak—ku2=0,

—eA?+2%ur=0. (246)
Solving this system gives
3c
a=—,
a
+/18bc — 4a?
A= :I:#, 9bc > 2a2,
2a
n=+e, (247)

where c is left as a free parameter, ¢ > 0.
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Substituting (247) into (245) yields
6¢

u(x,t) = . (248)
(2a 4 +/18bc — 4a? sinh[\/c(x — ct)])
9.4. A sech ansatz
‘We now use the ansatz
h —ct
w(r. £) = sech(u(x — ct)) (249)

1 4+ Asech(u(x —ct))’
where A and p are parameters that will be determined. Substituting (249) into (232), and
proceeding as before we find

o 3bE V9B 1 T6a?

4a
jE\/ —9b + 3902 + 16a2
= :
6
—3b + /957 + 16a2
c= = . (250)

Substituting (250) into (249) gives the soliton solution

V—9b £ 3902 + 1642 —3b + /9b? + 1642
u(x,t) = |sech| & 6 X — B t

3b + /962 + 1642 V—9b + 34962 + 1642
x |1+ 1 sech| + 6
a

—3b + v9b2 + 1642 \\ 1™
x | x— t . (251)
12
9.5. A csch ansatz
In a manner parallel to the previous discussion we use the csch ansatz
h —ct
ur, 1) = — Sl — ) (252)

1 4+ desch(u(x —ct))’
where A and p are parameters that will be determined. Substituting (252) into (232), and
proceeding as before we find

| 3b— VO~ 16a?
- 4a ’

Vb + 34952 — 1642
n= :
6
3b + /952 — 1642
Cc = .
12

(253)
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Substituting (253) into (252) yields

[ (\/9b+3«/9b2— 16a2< 3b + v9b? — 1642 ))}
u(x,t) = | csch X — t

6 12
|: 3b — V9b? — 1642
x |14+
4a
Vb + 30T — 16a2 . 3b+ /92 — 16a2 \1
x csch (x — 1) .
6 12
(254)
9.6. A csch—coth ansatz
‘We now introduce the ansatz
u(x, 1) = a + esch(u(x — ct)) + neoth(u(x — cr)), (2553)

where «, A, n and u are parameters that will be determined. Substituting (255) into (232),
collecting the coefficients of the resulting hyperbolic functions and equating it to zero we
find

a
o=—,

3b
R V3(a? —3bc)’

3b

_ [2(a% = 3bc)
=T (256)

It is clear that real solutions exist only if a®> > 3bc.
Substituting (256) into (255) yields the solutions

V32 = 3bc) < 2(a? — 3bc) )
Vo T eseh( ) T (x — et)

ulx,t) = —

3b 3b 3b
N V3(a? — 3bc) " 2(a? — Sbc)( 9 257)
3 co T x —ct) ).

9.7. A sech—tanh ansatz

We close our analysis by applying the ansatz

ulx,t) =a+ X sech(,u(x — ct)) + 7 tanh(u(x — ct)), (258)
where «, A, n and p are parameters that will be determined. Substituting (258) into (232),
and proceeding as before we find
a
3b°
V3(3bc — a?)

3b '

A=
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V3(a? — 3bc)

3b ’

262 = 3be) 59)
"= 3

Substituting (259) into (258) yields the solutions

/ — a2 2 _
u(x,t) = ;—b + W sech( w& — ct))

260
3b 3b (260)

2 2 _
n v 3(a? — 3bc) tanh( 2(a? — 3bc) o — ct)).

It is worth noting that for the constraint a> > 3bc, the last solution is an imaginary solution
given by

u(x,t):i—i—l

2 _ 2 _
v/3(a? —3bc) sech( 2(a? — 3bc) G — ct))

3b 3b 3b
3(a? —3b 2(a? —3b
—i—@tanh( %(x_ct)) i2=—1. (261)

10. Generalized KdV equation with two power nonlinearities

This section is concerned with the generalized KdV equation with two power nonlinearities
of the form

up + (au” — bu”™uy + tyex = 0. (262)

This equation describes the propagation of nonlinear long acoustic-type waves [77]. The
function f’, where f = (n“?u"‘|r1 — znbﬁum”l) is regarded as a nonlinear correction
to the limiting long-wave phase speed c. If the amplitude is not supposed to be small,
Eq. (262) serves as an approximate model for the description of weak dispersive effects
on the propagation of nonlinear waves along a characteristic direction [78]. It is to be
noted that for n = 1, Eq. (262) is the well-known Gardner equation that is also called the

combined KdV-mKdV equation.

10.1. Using the tanh method

We first apply the tanh method presented above on the generalized KdV equation with
power-like nonlinearity

ur + (@u" — buP)uy + ttyey =0, (263)
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that can be converted to the ODE
b

n+1 2n+1 "
— - =0, 264
cu+n+1u 2n+1u +u (264)
upon using the wave variable & = x — ¢t and integrating once. Balancing 1*"*! with u” in
(264) we find
M+2=_2n+ 1M, (265)
so that
1
M= —. (266)
n

To get analytic closed solution, M should be an integer, therefore we set the transformation
u=v/" (267)
Using (267) into (264) we find
—en*(2n + D(n+ l)v2 + an2(2n + Do —bn*(n 4+ Hv*
+nQ2n+ D@+ D" + (1 —n®)2n+ DH()> = 0. (268)
Balancing vv” with v* gives M = 1. The tanh method presents the finite expansion
v(é) =ao+arY. (269)

Substituting (269) into (268), collecting the coefficients of Y, and solving the resulting
system we find the following set of solutions

aln+1)

a0 = - A0

2b(n + 2)
al2n+1)
a) = T 7=
2b(n +2)

_ 4 an 2n +1 270)
= 2m+2)\ b+ 1)’

In view of this we obtain the kink solutions

vy (x t)—w<litanh|: an 2nt1
B T b+ 2) 2 +2)\ b(n+ 1)

2
> <x _ M;)}) (271)
b(n+ 1)(n +2)2

and the traveling wave solution

_a@n+ 1) an__ | 2n+1
0= (1 + C"th[z(n n 2)%

2
» <x _ M;)}) (272)
b(n+ )(n +2)>2
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and by using (267) we obtain the kinks solutions for the generalized KdV equation (263)

by
wn = 14CPED (] " 2n+1
YT 1 200 1 2) 2 +2)\ b(n+ 1)

2 1/n
« (x _ MQ])} , (273)
b(n+ D(n+2)°

and the traveling wave solution

o = 14D (L om| " 2n 1
S EYYC )\ 20+2)\ b(n+1)

2 1/n
2 1
« [ x — _a@n+l) ¢ ) (274)
b(n + 1)(n +2)2
It is interesting to point out that for n = 1, the functions u(x, t) and u>(x, ) are the

solutions for the Gardner or the so called KdV-mKdV equation.

10.2. Using the sine—cosine method

Substituting the cosine assumption or the sine assumption as presented before, the method
works only if @ = 0 or b = 0. In either case, Eq. (263) will be reduced to the generalized
KdV equation that was investigated in the previous section.

10.3. Other hyperbolic functions methods

It was found in [77] that other hyperbolic functions method can handle Eq. (263) effectively
where solitons solutions can be obtained. To achieve this goal, we assume that

a 1/n
M(.X,[): <W> , SZX—Ct, (275)

where o, A and p are parameters that will be determined, and f (&) takes anyone of the
hyperbolic functions.

Using cosh ansatz  We first start our analysis by setting f (&) = cosh(ué), hence we set

o 1/n
u(x,t): (m) s $=X—Ct. (276)
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Substituting (276) into (264), collecting the coefficients of like powers of the hyperbolic
functions and equating it to zero we obtain

a=@n+2)n+ 1)2,

uw=nc,c>0,

3452481 +4 b
PP PO e e sk U SV 277)
2n +1 a?

In view of (277), we obtain the solitons solutions

uz(x, ) ( e Ukl v c>0
3 = s .
a+ a\/l n3+52nn2:.18n+4 % be COSh( \/E(X _ Cl)) (278)
However, for ¢ < 0, we obtain the solutions
ug(x,t) < e U v c<0
4 El = El .
3—&—5712+8n+4 be — _
a=+ a\/l ST Xz cos(n/—c(x — ct)) (279)
Using sinh ansatz  We next use f(ué€) = sinh(ué), hence we set
o 1/n
H)=—""—— , =x —ct. 280
u(x, 1) <1+A51nh(ué)> §=x—c (280)

Substituting (280) into (264), collecting the coefficients of like powers of the hyperbolic
functions and equating it to zero we obtain

a=m+mm+ng

w=nc,c>0,

A:i\/n3+5n2+8n+4 bc

2n+1 xa b (281)
In view of (281), we obtain the solutions

2 1 1/n

us(x,t)=< — (n+2)( + De ) 082

0 & a TS B Sinh(n /€ (x — c1)
However, for ¢ < 0, we find the solutions

2 1 U/n

u6(x,t)=< (n+ 20+ De > , ¢<DO.

3 2
a % a1 — PP Gin /¢ (x — e1) (283)
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Using tanh and coth ansatze We next use f(u§) = tanh(ué) or f(u§) = coth(ué),
hence we set

1/n
o
D =l— , =x —ct. 284

u(x, 1) <1+Atanh(/u§)> §=x—c (284)
It was found that the tanh ansatz and the coth ansatz work only for n = 1 where Eq. (262)
will be reduced to the well-known combined KdV-mKdV equation. Substituting (284) into
(264), collecting the coefficients of like powers of the hyperbolic functions and equating it
to zero we obtain

6bc — a*
0= —,
ab
1 2_4p
w=- u, a2>4bc,
2 2b
V3(@? —4b
j= £ Y3 40 (285)
a

In view of (285), we obtain the solutions

6bc — a? 1/n
ur(r, 1) = ( : ) S 2se)
ab £ b\/3(a® — 4bc) tanh(§,/ 52 (x — ct))
In a like manner, we can determine other traveling wave solutions in the form
6bc — a Hn
ug(x, 1) =< c—d ) . (287)
ab = b\/3(a? — 4bc) coth(,/ LT (x — c1))

However, for a2 < 4bc, we obtain the solutions that blow up at its domain of validity

6be — a? o
uy(x, 1) = ( - 2 ) , (288)
ab £ b\/3(4bc — a?) tan($,/ 25 (x — c1))
6bc — a? 1/n
up(x, 1) = ( - ) . (289)
ab % by/3(4bc — a?) cot(3\/ 5% (x — b))
Using sech and csch ansatze  'We next consider
f(pn§) =sech(ué) or f(ué§) = csch(u§),
hence we set
a 1/n
D =— , =x —ct. 290
u(x, 1) <1+Asech(u§)) §=x-c (290)

The sech and the csch ansatze work only for n = 1 where Eq. (56) is the well-known
combined KdV-mKdV equation. Substituting (290) into (264), collecting the coefficients
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of like powers of the hyperbolic functions and equating it to zero we obtain
5a% + /a2 (25a% — 96bc)
o= ,
8ab
\/ 2b(5a% — 16bc + /a2(25a2 — 96bc))
B 8b ’
\/2(612 — 6bc)(y/a?(25a% — 96bc) — 24bc + Ta?)
A== .
2(a? — 6bc)

In view of (291), we obtain the solitons solutions

(5a% + a2(254% - 96bc))/(8ab)>1/ n

1 £ Asech(u(x — ct))

On the other hand, using the csch instead of the sech, and proceeding as before we obtain

(5a% + /a2(2542 — 96bc))/(8ab)>1/"

1 £ Acsch(u(x — ct))
where A and u are defined above in (291).

I

(291)

ur(x, 1) = ( (292)

up(x,t) = < (293)

11. Fifth-order KdV equation

The fifth-order KdV equation appears in many forms. In this section we will study a class
of fifth-order KdV equation (fKdV) of the form [19,18,31,32,34-36,57]

ur+ auzux + Buylyy + yuusy +usy =0, (294)

where «, 8, and y are arbitrary nonzero and real parameters, and u = u(x,?) is a
sufficiently-often differentiable function. The tanh—coth method will be used to study this
equation in a manner parallel to the preceding discussions. The multiple-soliton solutions
will be investigated as well by using the sense of Hirota’s bilinear formalism. The fKdV
equation (294) describes motions of long waves in shallow water under gravity and in a
one-dimensional nonlinear lattice, and has wide applications in quantum mechanics and
nonlinear optics. It is well known that wave phenomena of plasma media and fluid dynam-
ics are modeled by kink shaped tanh solution or by bell shaped sech solutions.

The parameters «, B8, and y are arbitrary that will drastically change the characteris-
tics of the fKdV equation (294). Many forms of the fKdV equation can be constructed
by changing these parameters. However, four well known forms of the fKdV that are of
particular interest in the literature. These forms are:

(i) The Lax equation [36] is given by

ur + 30u%uy + 20uxityy + 10uusy + use = 0, (295)
and characterized by
3
B =2y, a=—y’ (296)

10
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(i) The Sawada—Kotera (SK) [57] equations is given by

ur + 5uuy + Suxtiyy + Suuzy + sy =0 (297)
and characterized by
15

B=v, o= gy . (298)
(iii) The Kaup—Kupershmidt (KK) [32,35] equation
ur + 200Uy + 25uxttye + 10uuze + usy =0 (299)
is characterized by
p= gy, o= éyz. (300)
(iv) The Ito equation [31]
Uy + 2uPuy + Oty + 3uuzy + usy =0, 301)
is characterized by
B=2y, a= gyz. (302)

It was found that the Lax, SK and KK equations belong to the completely integrable hier-
archy of higher-order KdV equations. These three equations have infinite sets of conserva-
tion laws [19,18]. However, the Ito equation is not completely integrable but has a limited
number of special conservation laws.

11.1. Using the tanh—coth method

We begin our analysis by rewriting (294) as

o B—vy
e+ 3 )+ y )+ = (@0)?), +use =0, (303)
that can be converted to the ODE
—cu+ %‘mﬁ +ypdud + ﬂ%,ﬁ(u/f S = o, (304)

upon using the wave variable £ = pux — ct and integrating once. Balancing the terms 1@
with «> in (264) we find

M+4=3M, (305)
so that M = 2. Using the tanh—coth method presented above we set
uE)=ao+a¥ +a¥?>+b Y '+ by 2 (306)

Substituting (306) into (304), collecting the coefficients of Y, and solving the resulting
system we find the following four sets of solutions [75]
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(1) The first set of parameters is given by

2
ap = —§a2, ai=b; =b, =0,
_ _% 3 5
c= 3,3,u ay —24u°,
6p>(60u> 2
__ oni(60u +faz+ yaz)_ (307)
az
(2) The second set of parameters is given by
. 601>
ay=A, Aisaconstant, a;=b1=br=0, ap=— ,
B+vy
o _ By B +y)%a5 — 80y > (B + y)ao +80p* 26 + 17y)]
108 +v) ’
o= y(B+y) ’ (308)
10
(3) The third set of parameters is given by
2
a():—gaz, al Zbl 20, bzzaz,
c= —?/3#‘612 —384u7,
6u>(60u> 2
__ 6n7(60u +faz+ va) (300)
a3
(4) The fourth set of parameters is given by
60>
apy=A, Aisaconstant, a;=b1 =0, a=— e
B+vy
602
2= - s
B+vy
o _ MLy (B +y)?ag — 80y (B + y)ao + 3201* 8 — 7y)]
10(8 +v) ’
y(B+v)
=—. 310
o 0 (310)

11.2. The first criterion

The first and the third sets of parameters are expressed in terms of ¢ and a. It is normal to
examine the result obtained for o from these sets where we find

612 (6042 2
o= OH(60u +2(ﬂ+ y)az)’ 311
a,




The Korteweg—de Vries equation 539
that gives

aa3 + 6% (B + 2y)az + 360u* = 0. (312)

This quadratic equation has real solutions only if

(61%(B +2))” > 1440a*, (313)

that gives the first criterion, that we are seeking, given by

2
@< (B+2y) .
40

The criterion (314) enables us to use several real values for «, even for fixed values of
the parameters 8 and y. In what follows we will derive solitons solutions for all forms of
fifth-order KdV that were presented above.

It is important to point out that the solitons solutions obtained by using the first two sets
of parameters are examined and reported in [75]. It is normal here to examine the new
solitons solutions that will be derived from the third set given in (309).

(314)

11.3. Using the first criterion

The Lax equation Lax [36] considered the case where 8 = 20 and y = 10. Using
criterion (314) then @ < 40. Consequently, Lax considered ¢ = 30 that meets the first
criterion. We first determine ap by using (311). Substituting these parameters in the third
set (309) gives

ay = by = —2u%, —6u%,

a; =b; =0,
4
ap = §u2,4uz,
IRECIP
c= 3 w,896u°. (315)

This in turn gives the solutions

4 128
ui(x,t) = g,uz — 2,LL2 tanh? <;Lx - TMSI)

128
— 212 coth? <y,x — T“5t>’ (316)

ur(x, 1) = 4p® — 6p” tanh? (ux — 896°1) — 6% coth? (ux — 8961.°1), (317)

where p is a nonzero real parameter.
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The Sawada—Kotera (SK) equation Sawada and Kotera [57] investigated the fKdV equa-
tion for B = 5 and y = 5, hence given by

ur + 5uluy + Suxityy + Suuzy + usy = 0, (318)

so that @ = 5 that justifies the first criterion (314).
Following the previous section, we first determine a; by using (311). Substituting these
values for «, § and y in the third set (309) we find

ay = by = —6u*, — 1242,

a) = b1 = 0,
ao = 4p*, 81,
c=—641>,2561°. (319)

This in turn gives the two solutions
4,2 2 2 5 2 2 5
uy(x,t) = 4pu” — 6u” tanh”(ux + 641°t) — 6 coth”(ux + 64u°1), (320)
and

ur(x, 1) = 8u? — 12% tanh?(ux — 25614°1)
— 121 coth? (ux — 256°1), (321)

where ( is a nonzero real free parameter.

The Kaup—Kupershmidt (KK) equation Kaup and Kupershmidt [32,35] studied the case
where 8 = 25 and y = 10 that justifies criterion (314). The KK equation is given by

ur + 200 uy + 25u ity + 10uusy + usy = 0. (322)

Proceeding as before we find

3
a) =by = —Eﬂz, —1242,

ar=b; =0,
ao = 1%, 8u°,
c=16p>,2816.°. (323)

This in turn gives the solutions

3 3
ui(x, 1) = p? — 5“2 tanh®(ux — 16°1) — 5“2 coth?(ux — 16p°1),  (324)

ur(x, 1) = 8u? — 12p% tanh?(ux — 2816,°1)
— 12u% coth? (ux — 28161°1). (325)
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The Ito equation Ito [31] used B = 6 and y = 3. Using the criteria set in (314) then
a < 3.6. Consequently, @ = 2 was used in the Ito equation given by

u; + 2u2ux + Ouyuyy + 3uuzy + usy = 0. (326)

Substituting these parameters in the first set we find

ay = by = —6u%, =302,

ay=b1 =0,
ag = 4%, 2012,
c=0,1536.°. (327)

This in turn gives the solutions

ui(x, 1) = 20p% — 30u2 tanh? (ux — 1536°1)
— 30 coth? (ux — 15361°1), (328)
and the solutions
ur(x) = 4p® — 6p” tanh? (ux) — 6u” coth? (ux). (329)
Notice that the second set of solutions is independent of time ¢. Unlike the other forms of
the fKdV equations where we obtained two pairs of distinct traveling wave solutions, the
Ito equation gave two solutions where the second solution does not depend on time .

11.4. The second criterion

In (310), we derived the following set

B 6012 b — 6012
Bty T Bty
o Py B +7)’a5 — 80y 2 (B + y)ao + 320188 — 7y)]
108 +y)

apy=A, Aisaconstant, a;=b1 =0, a=

bl

y(B+y)
o= ———
10

as a fourth set of values for the parameters ag, ai, a2, b1, bz, ¢ and «. It is obvious from this
set that, unlike the first set where we have an infinite values for « defined by an inequality,
instead we have a unique value for « for fixed values of 8 and y as shown above. This
fixed value for « is only justified for Lax and SK equations. A modification for values of «
should be set for KK and Ito equations to obtain solutions for variants of these equations.
It is obvious that only one soliton solution will be obtained for Lax and the SK equations.

(330)
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11.5. Using the second criterion

The Lax equation Lax [36] considered the case where 8 = 20 and y = 10. Using (330)

we find
ap = ap, ao is an arbitrary constant,
ar=b; =0,
ay = by = —2u?,
¢ =2 (48u* — 40apu® + 1543),
where u is left as a free parameter. This in turn gives the solution
u(x,t) = ap — 2 tanh? (ux — 2/L(48/L4 — 40agp® + lSa%)t)
— 2/¢2 Cothz(ux — 2,u(48u4 — 40a0,u2 + 15a§)t).

Selecting ag = > we obtain the solutions

u(x, ) = p? — 2’ tanh® (ux — 461.°1) — 2% coth? (ux — 46.°1).

The SK equation Substituting 8 = 5 and y = 5 in the set (330) we find
ap = ap, ao is an arbitrary constant,
ay = by = —61°,
ar=b; =0,
c= ,u(16u4 — 40aou® + 5a(2)).
This in turn gives the solution
u(x, 1) = ag — 6% tanh® (ux — pu(16p* — 40aou? + 5a3)t)
— 6u2 cothz(y,x — u(16u4 — 40ao,u,2 + Sa(z))t).

Selecting ag = > gives the solution

u(x, t) = p? — 6p2 tanh® (ux + 190°1) — 6 coth? (ux + 191°1).

11.6. Multiple-solitons of the fifth-order KdV equation

(331)

(332)

(333)

(334)

(335)

(336)

In this section, we will examine multiple-solitons solution of the fifth-order KdV equation.
As stated before, Hirota [24-29] proposed a bilinear form where it was shown that soliton

solutions are just polynomials of exponentials.

Hereman et al. [18] introduced a simplified version of Hirota method, where exact soli-
tons can be obtained by solving a perturbation scheme using a symbolic manipulation
package, and without any need to use bilinear forms. In what follows, we summarize the
main steps of the simplified version of Hirota’s method. To achieve our goal, we follow the

approach used in [18].
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We first substitute

PInfe,0) _ o fha = (f)?

9x2 fz ’
into (294), where the auxiliary function f = 1 4 exp(f),0 = kx — wt, and solving the
equation we get

u(x,t) =R (337)

i +yB

o= ———,
10
= 60 (338)
y+8
The Lax equation For Lax equation, R = 2, therefor we use the transformation
921 ,t —(fo)?

NI ) LY () DA U ) 339

9x2 f2
that will carry out the Lax equation (295) into a cubic equation in f given by
P2 fxt + fox) = f(fxfo +6fx fsx = 5 fax fax)
+ 10(f2 fax — 21 fox fox + f3) = O, (340)

that can be decomposed into linear operator and two nonlinear operators.
Proceeding as before, we assume that f(x, #) has a perturbation expansion of the form

o
fen) =14 € fulx.0), (341)
n=1
where € is a nonsmall formal expansion parameter. Following the simplified version of
Hirota’s method [18], we substitute (341) into (340) and equate to zero the powers of €.
The N-soliton solution is obtained from

N N
fi=) exp®i) =Y explhix — c;t), (342)
i=1 i=1
where
0; = kix — cit, (343)

where k; and ¢; are arbitrary constants. Substituting (342) into (340), and equate the coef-
ficients of €! to zero, we obtain the dispersion relation

¢ =k, (344)
and in view of this result we obtain

0 = kix — k1. (345)
This means that

fi = exp(81) = exp(ki (x — k{)), (346)
obtained by using N = 1 in (342).
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Consequently, for the one-soliton solution, we set

f=1+exp®) =1+ exp(ki (x —kit)), (347)
where we set € = 1. The one soliton solution is therefore

2k? exp(ki (x — kj1))

u(x,t) = , (348)
(1 + exp(ki (x — k{1)))?
or equivalently
k2 k
ux,t) = 71 sechzl:?l(x - kfz)]. (349)
To determine the two-soliton solution, we first set N = 2 in (342) to get
J1 = exp(61) + exp(62). (350)
To determine f>, we set
h= > ajexpt+0)). (351)
1<i<j<N
and therefore we substitute
f=1+exp(61) + exp(62) + az exp(¥y + 62), (352)
into (340) and proceed as before to obtain the phase factor aj by
(k1 — ka)?
== 353
27+ k) 33
and hence
%:M, 1<i<j<N. (354)
(ki +k;j)?
This in turn gives
2
Fe1 etk | ge—idn - KL =KD" oo+ (355)

(k1 + k2)?

To determine the two-soliton solutions explicitly, we use (339) for the function f in (355).
Similarly, we can determine f3. Proceeding as before, we therefore set

fi(x, 1) = exp(6)) + exp(62) + exp(63),
Jf2(x, 1) = aipexp(01 + 62) + a3 exp(02 + 62) + a13 exp(61 + 63), (356)
and accordingly we have
f(x, 1) =1+ exp®1) + exp(62) + exp(63)
+ app exp(6y + 62) + a3 exp(6z + 03) + a3 exp(6; + 63)
+ f3(x, 1). (357)
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Substituting (357) into (340) and proceeding as before we find

f3 = b1z exp(6) + 62 + 63), (358)
where
(k1 — k)% (k1 — k3)? (ko — k3)?
(ki + k2)2 (k1 + k3)2(ky + k3)?’

and 601, 6> and 63 are given above in (345). For the three-soliton solution we use 1 < i <
J < 3, we therefore obtain

(359)

b123 = appaizaz; =

f=1+exp(81) + exp(62) + exp(63)
+ apexp(01 + 62) + a3 exp(91 + 03) + az3 exp(6s + 03)

+ b1z exp(01 + 02 + 03), (360)
where
4y = (ki — k2)? s = (ki — k3)*
ki +k0? BT k)
(ky — k3)?
a3 = ———, b3 = ajpaizass. 361
%= ot k) 123 = A12013a23 (361)

This in turn gives
f=1+ k=K | kae—k5n) | oks(x—k3)

2 2
(k1 — k2) ekiHk)x— (k5 +k3)1 + (k1 — k3) ek1+k3)x—(k] +k3)1
(k1 + k2)? (k1 + k3)?

2
(k2 — k3) e(k2+k3)x—(k§+k§)z
(ka + k3)?
2 2 2
(k1 — ko)~ (k1 — k3)~(ky — k3) e kithatks)x—(-Hk kD
(k1 + k)2 (k1 + k3)? (k2 + k3)?
To determine the three-solitons solution explicitly, we use (339) for the function f in (362).
The higher level soliton solution can be obtained in a parallel manner. This indeed requires
a tedious work.
As stated before, the Lax equation is characterized by
3 2

:2, = —
B =2y *=157

where y is any arbitrary constant, then the transformation (339) can be generalized to

(362)

(363)

20
w=—(n(/0x.0)),, (364)

that works for every y.
We again summarize the three facts presented before:
(i) the first is that soliton solutions are just polynomials of exponentials as emphasized
by Hirota [24-29], and
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(i1) the three-soliton solution and the higher level soliton solution as well, do not con-
tain any new free parameters other than a;; derived for the two-soliton solution.

(iii) every solitonic equation that has generic N = 3 soliton solutions, then it has also
soliton solutions for any N > 4 [20-23].

The Sawada—Kotera equation For the SK equation, R = 6, therefor the transformation

3%1In f(x, 1) _ ¢ f T - (fo)?

u(x,t) =6 922 7 (365)
that will carry out the SK equation (297) into a quadratic equation in f given by
f(fa+ for) + (A5 far fax — 105, = 6 fc fsx = fuf1) =0, (366)

that can be decomposed into linear operator and a nonlinear operator.
Following the discussions introduced before, we assume that f(x, 7) has a perturbation
expansion of the form

O =14 € fulx,0). (367)

n=1

Substituting (367) into (366) and equate to zero [18] the powers of €.
The N-soliton solution is obtained from

N N
fi=) exp®i) =Y explhix — ct), (368)
i=1 i=1
where
0; = kix —c;t. (369)

Substituting (368) into (366) and equate the coefficients of €! to zero, we obtain the dis-
persion relation

ci =k, (370)
and in view of this result we obtain

0 = kix —k>t. (371)
This means that

fi = exp(@) = exp(ki(x — kit)), (372)
obtained by using N = 1 in (368).

Consequently, for the one-soliton solution, we set

f=1+exp@) =1+ exp(ki(x — k1)), (373)
where we set € = 1. The one soliton solution is therefore
6k? exp(ki (x — k}1))

D = et (= E)R

(374)
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or equivalently
3 ki
u(x, 1) = ~ki sech?| = (x —kjr) |.
2 2
To determine the two-soliton solution, we first set N = 2 in (368) to get

f1 = exp(61) + exp(62).
To determine f>, we set
= Z ajjexp(6; +0;),
1<i<j<N
and therefore we substitute
S =1+exp(0) + exp(62) + arzexp(6; + 02),
into (366) and proceed as before to obtain the phase factor aj; by
(ki — k)2 (k§ — kiky + k3)
2= )
(k1 + k2)2 (k3 + kiko + &3)

and hence
i = k)P — kikj kD)
ajj = 22 N
(ki +kj)> (ki + kikj + k7)

This in turn gives

N
=

<i<j

f=1+ k=KD | ka(x—k30)

21,2 2
(k] - kZ) (kl - k1k2 + k2)e(k1+k2)X—(kf+k§)l_
(k1 + k)2 (k3 + kiko + k3)

547

(375)

(376)

(377)

(378)

(379)

(380)

(381)

To determine the two-solitons solution explicitly, we use (365) for the function f in (381).

Similarly, we can determine f3. Proceeding as before, we therefore set

fi1(x, 1) = exp(0) + exp(62) + exp(3),

fa(x, 1) = a2 exp(01 + 602) + az3 exp(02 + 62) + ar3 exp(6 + 03),

and accordingly we have

fx, 1) =14 exp(6r) + exp(62) + exp(63)

+ a2 exp(01 + 602) + azz exp(02 + 63) + a3 exp( + 03)

+ f3(x, ).
Substituting (383) into (366) and proceeding as before we find

f3 = b1z exp(0) + 62 + 63),

where

b123 = apaizass.

(382)

(383)

(384)

(385)
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For the three-soliton solution we use 1 < i < j < 3, we proceed as before to get
f=1+ f1a—kiD) 4 ka(x—k30) | oks(x—kjr)
+ appetatk)x =+ L etk =G+ | ) o lkatka)x—(3+k3)r
+ b123e(k1+k2+k3)x—(kf+k§+k§)t (386)
where a;; and byp3 are defined above in (380) and (385) respectively. To determine the
J
three-solitons solution explicitly, we use (366) for the function f in (386). The higher level

soliton solution can be obtained in a parallel manner.
As stated before, the Sawada—Kotera equation is characterized by

1,
B=y, o= g)/ , (387)

where y is any arbitrary constant, then the transformation (365) can be generalized to

30
w= 7(1n(f(x, D)), (388)

that works for every y.

The Kaup—Kupershmidt equation For the KK equation we only summarize the work in
[19,18], where the transformation

3 821nf(x,t) _ gffZ)c - (fx)2

) = — 389
u(x, 1) 5 512 5 7 (389)
is used.
The dispersion relation is given by

0; = kix —k>t. (390)

For the one-soliton solution the following function
1

f = 1+exp1) + ¢ exp(26), (391)

so that the one soliton solution is
24k 12eKI(—1kI*+)) (16 1 4okl (—kI*+x) (2kI(—tkI*+x))
w(x, 1) = ¢ (lo+ 4% e ) (392
(16 + 16e(k1(—tk1 +x)) _|_e(2k1(—tkl +x)))2
For the two-soliton solution it was found that
1 1
f =1+exp(81) + exp(62) + 6 exp(2601) + T exp(262)
+ appexp(0) + 62) + bio[exp(201 + 62) + exp(6) + 262)]
+ bt exp(20; + 262), (393)
where
2k% — k2k2 + 2k5
ap 1172 2 (394)

© 2(ky + k)2 (K + kiky +k3)
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and

G k2 = kika +13) (395)
16(k1 + ka)2 (K} + kika + K3)
It is obvious that the two soliton solution u(x, ¢) can be obtained by substituting (393) into
(389). For the higher level solitons solution, it becomes more complicated and readers are
advised to read [18].
It is well known that the Kaup—Kupershmidt equation is characterized by

5 1

B=3y. a= gyz, (396)

where y is any arbitrary constant, then the transformation (389) can be generalized to

15
u= 7(1n( fEn)),.. (397)

that works for every y.

12. Seventh-order KdV equation

The seventh-order KdV equation (sKdV) [14,43,53]

Uy + 6uuy + uzy — usy + aug, =0, (398)

where « is a nonzero constant, and u = u(x, t) is a sufficiently often differentiable func-
tion. The sech method used in [14,43] will be used to study this equation. The sKdV equa-
tion (398) has been introduced by Pomeau et al. [53], and then investigated by [13,43],
for discussing the structural stability of the KdV equation under singular perturbation. The
sKdV equation possesses the dispersion term u3, and two higher order dispersion terms,
namely, us, and u7,. Moreover, Eq. (398) has three polynomial type conserved quantities
given by:

o0
I =/ u dx,
—00

o0
I, = / u? dx,
—00

Y B G S DU S T S 2
13—/ < u +2(ux) 2(uxx) +2a(u3x) >d-x (399

12.1. The sech method

We begin our analysis by rewriting (398) as

—cu+3u? +u”" —u™ 4 au =0, (400)
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by using the wave variable & = u(x — ct) and integrating once. Balancing the terms ")
with «? in (400) we find

M+6=2M, (401)
so that M = 6. Following [14,43], we assume that the solution is of the form
u(€) = ap + ay sech®(ué). (402)

Substituting (402) into (400), collecting the coefficients of sech’, and solving the resulting
system we find the following two sets of solutions
(1) The first set of parameters is given by

86625 180000
ap=0, a = , 0=,
591361 591361
5 769
= L a= (403)
"=/ 2500
(2) The second set of parameters is given by
60000 86625 180000
0= 5913610 YT 5013610 C T 591361°
5 769
(404)

= , o= .
/1538 2500
This in turn gives the traveling solitary wave solutions

- 86625 o S 180000 “05)
up(x,t) = ———— sec X — ,
! 591361 J1538 591361

and
60000 86625 5 180000
1) = — h® —t) ). 406
61 = =556 ¥ 591361 °°° <«/_1538 (x * So1361 )) (406)
In addition, we obtain the following traveling wave solutions
86625 5 180000
1) =— h® —~ ), 407
U300 = ~351367 °5° (./—1538 (x 591361 )) “07)
and
1) 60000 86625 csch® 5 n 180000t (408)
ug(x,t) = — — X+ — .
4 591361 591361 A/ 1538 591361

It is interesting to point out that these traveling solitary wave solutions exist only if the
signs of the coefficients of the are opposite. Moreover, the solutions exist only for fixed
value of « given before in (403).

However, if the coefficients of the terms u3, and us, have identical positive signs, we
obtain periodic solutions that include sec®(ué). In this case, we assume that the solution is
of the form

u(€) = ap + aj sec®(ug). (409)

Substituting (409) into (400), collecting the coefficients of sec/, and solving the resulting
system we find the following two sets of solutions
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(1) The first set of parameters is given by

0 86625 180000
apg =V, ap = — ) Cc=— s
0 '~ 7501361 591361
5 769
= , 0= —. (410)
SRV 2500
(2) The second set of parameters is given by
60000 86625 180000
ag = , ay = — y C= >
591361 591361 591361
5 769 @1
n= . A=
+/1538 2500
This in turn gives the solutions
. 1) 86625 6 5 n 180000 @12)
us(x,t) = — sec X ,
: 591361 1533 591361
) 86625 esc n 180000 @13)
ue(x,t) = — X
6 591361 Jisas T 591361
60000 86625 5 180000
u(x,t) = - t)), (414)
591361 591361 V1538 591361
and
60000 86625 e 5 180000
ug(x, 1) = — t)). (415)
591361 591361 V1538 591361
13. Ninth-order KdV equation
The ninth-order KdV equation (nKdV)
Uy + 6uuy + usy — usy +auzy + Bugy =0, 416)

where o and § are arbitrary nonzero constants, and u is a sufficiently often differentiable
function. The sech method will be used again to study this equation. The nKdV equation
possesses the dispersion term u3, and three higher order dispersion terms, namely, us,,
u7, and uo, and possesses polynomial type conserved quantities.

13.1. The sech method

We begin our analysis by rewriting (416) as
—cu + 3u2 + ' — u(iv) —}-au(Vi) +’3u(viii) =0, (417)

by using the wave variable & = 1 (x — ct) and integrating once. Balancing the terms Vi)
with u2 in (417) we find

M+8=2M, (418)
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so that M = 8. Following our discussion above, we assume that the solution is of the form

u(€) = ap + aj sech®(ué). (419)

Substituting (419) into (417) and proceeding as before we find the following two sets of
solutions
(1) The first set of parameters is given by

3816888075 249120900
ap=0, al=—F—e—, ¢=-—r—0,
22609585952 706549561
1 [5649 212648 11304792976
IJ,:— —, o= —, ﬂ:—i (420)
4V 26581 506527 180266374449
(2) The second set of parameters is given by
83040300 3816888075 249120900
ang = ————"— ag = ———— C= ——
0= T706549561° ' T 22609585952 706549561
1 [5649 212648 11304792976
B= e, a= e = @21)
4V 26581 506527 180266374449
This in turn gives the traveling solitary wave solutions
3816888075 1 [5649 249120900
=_— " gech®| - — 422
Uit = 2600585952 °°° <4V 26581<x 706549561t>>’ (“422)
3816888075 (1 [5649 249120900
ur(x,t) = ———————csch®( = x— t)], (423)
22609585952 4V 26581 706549561
. 83040300
u = - —
3t 706549561
3816888075 1 [5649 249120900
" gech®(- 424
22609585952 * <4V 26581<x'+'706549561t)>’ (424)
and
83040300
ug(x, 1) = —oc—————
706549561

n 3816888075 csch® (1 [ 5649 (x n 249120900t)> 425)
22609585952 4V 26581 706549561 '
The obtained traveling solitary wave solutions exist only if the signs of the coefficients of
the terms u3, and us, are opposite. Moreover, the solutions exist only for specific values
of o and B obtained above in (420).
However, if the coefficients of the terms u3, and us, have identical positive signs we

obtain periodic solutions that include sec? (ué). To achieve our goal, we assume that the
solution is of the form

u(€) = ap + aj sec® (ug). (426)

Substituting (426) into (417) and proceeding as before we find the following two sets of
solutions
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(1) The first set of parameters is given by

3816888075 249120900
a=0, ag=——— c=

22609585952° 706549561°
1 [5649 212648 . 11304792976
H=4V26581° % 7 5065277 © T 180266374449
(2) The second set of parameters is given by

83040300 3816888075 249120900
= — ag=-— . C= ——— .
706549561 ! 22609585952 706549561

1 /5649 212648 8 11304792976
= — —, o= ——, - T .
H=13 26581 506527 180266374449
This in turn gives the solutions
3816888075 gf 1 | 5649 249120900
us(x,t) = ——————————sec’ | — x+ t)),
22609585952 4V 26581 706549561

3816888075 gf 1 [ 5649 ( 249120900
ue(x,t) = ———  csc®| - x+ t)],
22609585952 4V 26581 706549561

ao

(.1 — 33040300
1 D = 206549561
3816888075 5 (1 [5649 249120900
_ 3816888075 1 . ,
22609585952 4V 26581 706549561
and
83040300
ug(x, 1) = o
706549561

3816888075 gf1 [ 5649 249120900t
— ————  csc | — X — .
22609585952 4V 26581 706549561

14. The coupled KdV or the Hirota—Satsuma equations

553

(427)

(428)

(429)

(430)

(431)

(432)

Hirota and Satsuma [29] proposed a coupled KdV equation which describes interactions
of two long waves with different dispersion relations. The Hirota—Satsuma equations are

1
u; = Eu”x + 3uu, — 6vvy,

VU = —Ugxx — 3UVy.

(433)

If v = 0, Eq. (433) reduces to the KdV equation. In this section we will use the tanh—coth
method and the simplified version of the Hirota bilinear formalism to handle the Hirota—
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Satsuma system. The following three conserved densities

I =u,
L =u*— 202,
3 1
Iz = 3 <M3 — E(Mx)z) - 3(1“)2 - (Ux)z)v (434)

were confirmed.

14.1. Using the tanh—coth method
Using the wave variable £ = x — ct, system (433) is converted to

1 3
—cu — Eu” — Euz +3v2 =0,
—cv' +v" +3u =0. (435)

Balancing the nonlinear term u> with the highest order derivative u” in the first equation
of the couple gives

2M =M +2, (436)
that gives
M =2. (437)

Substituting for # from the first equation into the second equation, and balancing the non-

linear term v?v’ with the highest order derivative v in the second equation of the couple
gives

My +3=2M;+ M; + 1, (438)
that gives

M =1. (439)

The tanh—coth method allows us to use the substitution

ulx,t) = S) =a0+a1Y2+a2Y_2,
v(x, 1) = S1(Y) = by +b1Y +boY !, (440)

where we found that u(x, ) does not include ¥ or ¥ ! terms. Substituting (440) into (435),
collecting the coefficients of each power of Yi,0<i <8, setting each coefficient to zero,
and solving the resulting system of algebraic equations we obtain the following sets of
solutions
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(i) First set

2

ap = g + §k2, a) = —2k2, a, =0,
1
bp=0, by =-—c, by=0,
V2
w=>x, (441)
where
2+ /10

5= @+ V10 (442)

2

(i1) Second set

2

apg = % + gkz, ar =0, a= —2k2,
1
bop=0, b1 =0, by=——c,
V2
Ww=A, (443)
(iii) Third set
c 1, 1, 2
:———)\,’ :——)\,’ :—)\,’
ap 3 3 aq 5 an
1 1
bp=0, by=——c, by=——c,
'Toa T o

H=A. (444)

In view of these results we obtain the following sets of solutions

2
ui(x,t) = % + 5)»2 — 227 tanh2[k(x — ct)],

v (x, 1) = %zctanh[,\(x —en). (445)
1y (x. 1) = % + %Az — 232 coth?[A(x — en)],
v(x, 1) = %c coth[A(x — ct)] (446)
and
us(e.r) = =
T3

1 1 1 1
- g)»z - E (tanhz[zk(x - Ct)] + cothzl:z)»(x — ct)j|>,
A

v3(x,t) = —c<coth|:% (x — ct)] + coth[%k(x — ct):|>. 447)
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14.2. Multiple-soliton solutions of the Hirota—Satsuma system

In this section, we will examine multiple-soliton solutions of the Hirota—Satsuma system

1
U; = Euxxx + 3uu, — 6vvy,

Vp = —Uypyx — 3UVy. (448)
Hirota [29] introduced the dependent variable transformation

0Infx, 1) _, fhox = (£)?

u(x,t) =2 912 7
8
1) ==, 449
v(x,t) 7 (449)

that will convert (448) into the bilinear forms
1 3 2
D)C Dt—EDX ff=—3g,

(D, +D})f-g=0. (450)

We next assume that f(x, ¢) and g(x, ¢) have the perturbation expansions

O =14 € fulx,0),

n=0
o0
glx, 1) =Y o"gulx, 1), (451)
n=0

where € and o are nonsmall formal expansion parameter. Following Hirota’s method and
the simplified version in [18] we first set

N
fix, 1) =) exp(26)),

i=1
N
gi(x, 1) =Y exp(6)), (452)
i=1
where
0; = kix — c;t, (453)

where k; and ¢; are arbitrary constants. Substituting (452) into (448) gives the dispersion
relation

ci =k, (454)
and in view of this result we obtain

0 = kix — k1. (455)
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This means that

fi(x, 1) = exp(261) = exp(2k; (x — kit)),

g1(x, 1) = exp(6)) = exp(ky(x — klzt)),
1
= —4 ,
8k

o=1 (456)
obtained by using N = 1 in (452). In what follows we list the solutions obtained by
Hirota [29], and more details can be found there. For the one-soliton solution, it was found
that

1
=14 — exp(26y),
g = exp(61). (457)
The one soliton solution is therefore

w(x, 1) = 2(In f)x, v(x, 1) = g/f. (458)

For the two-soliton solution it was found that

Folq ey Lo

8k} 8k5
+ 2 R Rl MRS
22 LS 4,4 1© ’
(k1 + ko) (k7 + k3) 64k\k; (ki + k2)
1 (ky — kp0? 1 (k; — kp0?
_ .0 6 20146, 01426,
e ey — - = — = 459
& 8k‘1‘ (ky + k»)? 8k§ (ky + k2)? (459)

The two-soliton solution is obtained by substituting (459) into (458).
It is interesting to point out that Hirota and Satsuma [29] derived the one and two-soliton
solutions only and used this to suggest the existence of the N-soliton solutions.

14.3. Multiple-soliton solutions by another method

However, Tam et al. [60] applied a slightly different approach and derived entirely new
one, two and three-soliton solutions to the Hirota—Satsuma system.
In [60] the dependent variable transformation

_ E)zlnf(x,t)_ ffo_(fx)2
u(x,t) =2 o002 =2 7 ,

v(x, 1) = (460)

g
7
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was applied to convert (448) into the bilinear forms

D, (Dt —~ %Dﬁ)f - f=-3g*+Cf?,
(D, +D})f-g=0, (461)

where C in an integration constant. For C = 0 we obtain the bilinear forms (450). In [60],
C = 3 was used to convert the last bilinear form to

Dy (Df — %D)?)f f=3(2-¢%),

(Di+D3)f-g =0. (462)

It was obtained after some tests and guesses that for the one-soliton solution

1
f=1+exp@) + o (4 + k) exp(26)),

1 4 1 4
g=1+ 5(2 + kl) exp(01) + 5(4 + kl) exp(201). (463)

This result is distinct from that obtained in [29] given in (457). Consequently, the one
soliton solution is therefore
u(x,t) =2(n f)rx, v(x, 1) =g/f. (464)
For the two-soliton solution it was found that, after correcting some of the coefficients
in [60]
f =14exp(0)) +exp(02) + A1 exp(267) + Az exp(262) + Az exp(6; + 62)
+ Agexp(201 + 62) + Asexp(61 + 202) + Asg exp(2(91 + 92)),

1 1
g=1+ 5(2 + ki) exp(61) + 5(2 + k3) exp(62) + By exp(26) + B; exp(26»)
+ B3 exp(01 + 02) + B4exp(261 + 62) + Bsexp(6; + 265)

+ Bg exp(Z(Gl + 62)), (465)

where
1 )
A= §(4+k,‘-‘), i=1,2,
20kt +k3) + kiks
3= s
2(ky + k)2 (k3 + k3)

1 (k1 — kp)? )
Ajpz=—(@A+k)—1—22 j=1.2,
=) e
(k1 — kp)*
Ag = A1A)——,
0T AR e T k)

1 ,
B, = §(4+kl‘.‘), i=1,2,
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B = k3 +Kk3) — k{K3 + 2k} + &)
) 2(ky + k2)2 (k3 + k3)

1 1 (k1 — kp)?
By=-(24Kk3) x — (4 + k) ——==,
4 2( + 2) X 32( + 1)(](1 +k2)2
1 1 (ki — ko)?
Bs=-(24+k}) x —(4+ k) ——,
s= ) A R) g T
Be = Asg. (466)

The two-soliton solution is obtained by substituting (465) into (464). The explicit three-
soliton solution can be found in [60]. Because the three-soliton solutions were obtained,
this clearly indicates that the N-soliton solutions, N > 3 exist for the coupled KdV equa-
tions.

15. Compactons and the K (n, n) equation

It is well-known that the nonlinear term uu, in the standard KdV equation

Uy +outty + tyyyx =0, (467)

causes the steepening of wave form. At the same time, the dispersion effect term u,, in
Eq. (467) makes the wave form spread [64,65,62,63]. Due to the balance between the weak
nonlinearity and dispersion, solitons exist. Soliton has been defined by Wadati [62,63] and
others as a nonlinear wave that has the following properties:
(1) A localized wave propagates without change of its properties (shape, velocity, etc.),
(2) Localized waves are stable against mutual collisions and retain their identities. This
means that the nonlinear KdV equation (467) with linear dispersion admits solitary
waves that are infinite in extent or localized waves with exponential tails. For the
Sine—Gordon equation, the kink solution converges to a constant at infinity.
However, the convection term in the genuinely nonlinear dispersive K (n, n) equation

ur+aw")y + U =0, n>1, (468)

is nonlinear. Moreover, the dispersion effect term (u")y,, in this equation is genuinely
nonlinear. It is formally derived by Rosenau and Hyman [56] that the delicate interaction
between nonlinear convection with genuine nonlinear dispersion generates solitary waves
with exact compact support that are called compactons. The pioneering study conducted by
Rosenau and Hyman [56] revealed that Eq. (468) generates compactly supported solutions
with nonsmooth fronts. In fact compactons are solitons with finite wavelength, waves with
a compact support or solitons free of exponential wings. Unlike soliton that narrows as the
amplitude increases, the compacton’s width is independent of the amplitude. Compactons
such as drops do not possess infinite wings, hence they interact among themselves only
across short distances. In modern physics, a suffix-on is used to indicate the particle prop-
erty [62], for example phonon, photon, and soliton. For this reason, the solitary wave with
compact support is called compacton to indicate that it has the property of a particle.
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Fig. 6. Graph of a compacton: soliton confined to a finite core free of exponential wings.

The idea of compact localized solutions of nonlinear dispersion has gained a consider-
able amount of interest. Significant studies have been developed in [56,66—77], and many
of the references therein to confirm that purely nonlinear dispersion can cause a deep qual-
itative change in the genuinely nonlinear phenomenon. It was derived that the compactons
are nonanalytic [56] solutions, whereas classical solitons are analytic solutions. The points
of nonanalyticity at the edge of the compacton correspond to points of genuine nonlinearity
for the differential equation and introduce singularities in the associated dynamical system
for the traveling waves.

The K (n, n) equation (468) cannot be derived from a first order Lagrangian except for
n = 1, and it does not possess the usual conservation laws of energy that KdV equa-
tion (467) possessed. The stability analysis has shown that compacton solutions are stable,
where the stability condition is satisfied for arbitrary values of the nonlinearity parameter.
The stability of the compactons solutions was investigated by means of both linear stability
and by Lyapunov stability criteria as well. Compactons were proved to collide elastically
and vanish outside a finite core region. Two important features of compactons structures
are observed:

(1) The compacton is a soliton characterized by the absence of exponential wings,

(2) The width of the compacton is independent of the amplitude.

The compacton concept has been studied by many analytical and numerical methods.
There are many algorithms such as the pseudo spectral method, the tri-Hamiltonian opera-
tors, the finite difference method, and many others. Figure 6 shows a graph of a compacton.

It was shown in [33] that in a continuous system, compact breathers are exact cosine
solutions with strict bounded support. However, in lattices, the core region of the com-
pact breathers can be described by a cosine shape while the tail region decays according
to the super exponential law e =@ P where a and b are constants that depend on the
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Fig. 7. The compacton graph (left) and the soliton graph without and with infinite wings respectively.

model Hamiltonian. A certain degree of harmonicity in the substrate potential is required
to stabilize the breather compacton solution.

The compactons discovery motivated a considerable work to make compactons be prac-
tically realized in scientific applications, such as the super deformed nuclei, preformation
of cluster in hydrodynamic models, the fission of liquid drops (nuclear physics), inertial
fusion and others.

Moreover, recall that solitary wave solutions may be expressed in terms of sech”, or
arctan(e®*~¢"). However, the compactons solutions may be expressed in terms of trigono-
metric functions raised to an exponent. The cusps or infinite slopes solutions of the defo-
cussing branches, where a < 0, are expressed in terms of hyperbolic functions raised to an
exponent. Figure 7 shows a compacton (left) and a soliton (right).

The pseudo spectral method and the tri-Hamiltonian operators, among other methods,
were used to handle the K (n, n) equation. However, in this section we will use the tanh—
coth method to handle the K (n, n) equation.

15.1. The K (n, n) equation

The K (n, n) equation
Uy +awy + UWyexr =0, n>1, (469)

has been introduced by Rosenau and Hyman in [56]. To determine the traveling-type wave
solution u(x, t) of Eq. (469) we use the wave variable £ = (x — ct), and integrate the
resulting ODE to transform (469) into an ODE

—cu+au" + W) =0, (470)
or equivalently

—cu+au" +nu"""W +n(n—Du"2w)* =0. (471)
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Balancing the terms "~ 'u” and u gives
m—1DM+4+M-2=M, 472)
so that
2
M=— . (473)
n—1

To obtain a closed form analytic solution, the parameter M should be an integer. To achieve
this goal we use a transformation formula

u(x, 1) = v V0D 1), (474)
This formula carries (471) into

—cin— D> +am — D> —bn(n — D" +bn2n — H()* =0.  (475)
Balancing the terms v® and vv” we find

3M =M+ M +2, (476)

that gives M = 2. The tanh—coth method allows us to use the substitution

by
ﬁ.
Substituting (477) into (475), collecting the coefficients of each power of Y, and solving

the resulting system of algebraic equations we obtain the following three sets:
(i) The first set

b
v, 1) = S(Y) =ap+ar1¥ +arY* + 71 + 477)

1 1
ao:a(nf—i—)’ ay=b; =by =0, azz_m,
2cn 2cn
—1
n=""J=a, (478)
2n
and
(i) The second set
1 1
ao:w’ ay=b; =a =0, b2=_m,
2cn 2cn
—1
w="""/"a (479)
2n

Noting that u = v~ /=D we first obtain the solitary patterns solutions

2 -1 1/(n=1)
up(x,t) = {—ﬁ sinh2|:n7«/ —a(x — ct)i“ , (480)
Jn—1 1/(n—1)
uy(x,t) = {mcosh [7\/—51 (x —ct)“ , (481)

fora < 0, where &€ = x — ct.
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Fig. 8. The upper graph is a soliton with infinite support, and the lower graph is a compacton confined to a finite
core free of exponential tails.

However, for a > 0 we obtain the compactons solutions

usCr. 1) = {{aéffn s[5 /a(x — enl} /0D, g < 2, )
0 otherwise,
and
ualx, 1) = {{afn‘fn cos2[5: L a(x — en V0D, gl < £ )
0 otherwise.

The last results are in consistent with the results that other researchers obtained by using
different approaches. Figure 8 shows a graph of a soliton (upper) and a compacton (lower).

15.2. Variant of the K (n, n) equation

A variant of the K (n, n) equation of the form

ur +a@"h, + [u(u")xx]x =0, a>0,n2>1, (484)

was investigated by Rosenau [54,55]. This model emerges in nonlinear lattices and was
used to describe the dispersion of dilute suspensions for n = 1. Equation (484) was con-
sidered as a variant of the KdV equation or of the K(n,n) equation.

To determine the traveling-type wave solution u(x, t) of Eq. (484) we use the wave
variable £ = (x — ct), and integrate the resulting ODE to transform (484) into an ODE

—cu+au T +u@"’ =0, (485)
or equivalently

—cu+au" + " +n(n — Du" "' W)? = 0. (486)
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n

Balancing the terms u"u” and u gives

nM+M+2=M, (487)
so that
2
M=—-. (488)
n

To obtain a closed form analytic solution, the parameter M should be an integer. To achieve
this goal we use a transformation formula

uC, ) =v V", 1). (489)
This formula carries (486) into
—cvd +av? — v +2(0)? =0. (490)

Balancing the terms v® and vv” we find

SM=M+M+2, (491)
that gives M = 2. The tanh—coth method allows us to use the substitution
b b
v(x, 1) = S(Y) =ao+a1Y+a2Y2+71+Y—22. (492)

Substituting (492) into (490), collecting the coefficients of each power of Y, and solving
the resulting system of algebraic equations we obtain the following three sets:
(i) The first set

a a A/ —a

= —, :b :b :0, = -, = s 493
a =, a=b=bh az o M 5 (493)
and
(i1) The second set
a a J—a
=—, =bj=a=0, by=——, = . 494
a = a=b=a 2 o M 5 (494)
Noting that u = v~!/", we first obtain the solitary patterns solutions
2 1/n
(e, 1) = {—C sinhZ[ﬁ(x - Ct)i| } , (495)
a 2
2 1/n
s (x, 1) = —{—c coshz[ﬁ(x - ct)]} , (496)
a 2
fora < 0, where &€ = x — ct.
For a > 0, the following compactons solutions
2¢ Gin2[4 (x — 1/ — z
wery = | s — ey —er < X “97)
0 otherwise,
W) = { (2 cos? (% (x — e/, |y —ct| < £, (498)
0 otherwise.
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16. Compacton-like solutions

In this section we develop compacton-like solutions for the modified KdV equation
U + auluy + ey =0, (499)

where a > 0 is a constant. We first set the compacton-like solutions of Eq. (499) in the
form

cosZk(x — 4k31)

ux,t)y=M , (500)
¢ 1 — Zcos2k(x — 4k21)
or in the form
2 2
k(x — 4k%t
ur, 1) = NS kG ) (501)

1 — Zsin’k(x — 4k%1)

where M and N are constants. Substituting (500) and (501) into (499) and solving straight-
forwardly for M and N we obtain

4k |2
M=N=—,/—. (502)
3Va

Substituting (502) into (500) and (501) gives the following set of compacton-like solutions

4k /2 cos?k(x—4k>t) A2 < X

u(x,t) = 3\/:1—%c052k(x—4k2t)’ | = 4D S 52 (503)
0 otherwise,

and
ak 2 sink(e—dk2n AR < T

w(e,t) = | 3V a T Tantkeoazn: | TADIS T (504)

0 otherwise.

References

[1] M.J. Ablowitz, P.A. Clarkson, Solitons, Nonlinear Evolution equations and Inverse Scattering, Cambridge
University Press, Cambridge, 1991.

[2] M.J. Ablowitz, B.M. Herbst, C. Schober, On the numerical solution of the sinh-Gordon equation, J. Comput.
Phys. 126 (1996) 299-314.

[3] M.J. Ablowitz, H. Segur, Solitons and the Inverse Scattering Transform, SIAM, Philadelphia, 1981.

[4] J.E. Allen, The early history of solitons (solitary waves), Phys. Scripta 57 (1993) 436-441.

[5] L.L. Bagolubasky, Some examples of inelastic soliton interaction, Comput. Phys. Commun. 13 (2) (1977)
149-155.

[6] D. Baldwin, U. Goktas, W. Hereman, L. Hong, R.S. Martino, J.C. Miller, Symbolic computation of exact
solutions in hyperbolic and elliptic functions for nonlinear PDEs, J. Symbolic Comput. 37 (2004) 669-705.

[7] T.B. Benjamin, The stability of solitary waves, Proc. Roy. Soc. Ser. A 328 (1972) 153-183.

[8] J. Boussinesq, Theorie des ondes et des remous qui se propagent le long d Run canal rectangulaire horizon-
tal, en communiquant au liquide continu dans ce canal des vitesses sensiblement pareilles de la surface au
fond, J. Math. Pures Appl. 17 (1872) 55-108.

[9] R. Camassa, Characteristics and the initial value problem of a completely integrable shallow water equation,
Discrete Contin. Dynam. System Ser. B 3 (1) (2003) 115-139.



566 A.-M. Wazwaz

[10] R. Camassa, D. Holm, An integrable shallow water equation with peaked solitons, Phys. Rev. Lett 71 (11)
(1993) 1661-1664.

[11] P.A. Clarkson, R.J. LeVaque, R. Saxton, Solitary wave interactions in elastic rods, Stud. Appl. Math. 75 (1)
(1986) 95-122.

[12] T. Dauxois, M. Peyrard, Physics of Solitons, Cambridge University Press, Cambridge, 2006.

[13] P.G. Drazin, R.S. Johnson, Solitons: An Introduction, Cambridge University Press, Cambridge, 1996.

[14] B.R. Dufty, E.J. Parkes, Travelling solitary wave solutions to a seventh-order generalized KdV equation,
Phys. Lett. A 214 (1996) 271-272.

[15] A.T. Filippov, The Versatile Soliton, Birkhduser, Boston, 2000.

[16] Z. Fu, S. Liu, Sh. Liu, New kinds of solutions to Gardner equation, Chaos, Solitons and Fractals 20 (2004)
301-309.

[17] U. Goktas, W. Hereman, Symbolic computation of conserved densities for systems of nonlinear evolution
equations, J. Symbolic Comput. 24 (1997) 591-621.

[18] W. Hereman, A. Nuseir, Symbolic methods to construct exact solutions of nonlinear partial differential
equations, Math. Comput. Simulation 43 (1997) 13-27.

[19] W. Hereman, W. Zhaung, Symbolic software for soliton theory, Acta Appl. Math., Phys. Lett. A 76 (1980)
361-378.

[20] J. Hietarinta, A search for bilinear equations passing Hirota’s three-soliton condition. I. KdV-type bilinear
equations, J. Math. Phys. 28 (8) (1987) 1732-1742.

[21] J. Hietarinta, A search for bilinear equations passing Hirota’s three-soliton condition. II. mKdV-type bilinear
equations, J. Math. Phys. 28 (9) (1987) 2094-2101.

[22] J. Hietarinta, A search for bilinear equations passing Hirota’s three-soliton condition. IlI. Sine—-Gordon-type
bilinear equations, J. Math. Phys. 28 (11) (1987) 2586-2592.

[23] J. Hietarinta, Introduction to the bilinear method, in: Y. Kosman-Schwarzbach, B. Grammaticos, K.M.
Tamizhmani (Eds.), Integrability of Nonlinear Systems, in: Lecture Notes in Physics, vol. 638, Springer,
Berlin, 2004, pp. 95-105.

[24] R. Hirota, The Direct Method in Soliton Theory, Cambridge University Press, Cambridge, 2004.

[25] R. Hirota, Exact solutions of the Korteweg—de Vries equation for multiple collisions of solitons, Phys. Rev.
Lett. 27 (18) (1971) 1192-1194.

[26] R. Hirota, Exact solutions of the modified Korteweg—de Vries equation for multiple collisions of solitons,
J. Phys. Soc. Japan 33 (5) (1972) 1456-1458.

[27] R. Hirota, Exact solutions of the Sine—Gordon equation for multiple collisions of solitons, J. Phys. Soc.
Japan 33 (5) (1972) 1459-1463.

[28] R. Hirota, Exact N-soliton solutions of a nonlinear wave equation, J. Math. Phys. 14 (7) (1973) 805-809.

[29] R. Hirota, Soliton solutions of a coupled Korteweg—de Vries equation, Phys. Lett. A 85 (8/9) (1981) 407-408.

[30] E. Infeld, G. Rowlands, Nonlinear Waves, Solitons and Chaos, Cambridge University Press, Cambridge,
England, 2000.

[31] M. Ito, An extension of nonlinear evolution equations of the KdV (mKdV) type to higher orders, J. Phys. Soc.
Japan 49 (1980) 771-778.

[32] D. Kaup, A higher-order water wave equation and the method for solving it, Prog. Theor. Phys. 54 (1975)
396-408.

[33] Y.S. Kivshar, D.E. Pelinovsky, Self-focusing and transverse instabilities of solitary waves, Phys. Rep. 331
(2000) 117-195.

[34] D.J. Korteweg, G. de Vries, On the change of form of long waves advancing in a rectangular canal and on
a new type of long stationary waves, Philosophical Magazine 5th Series 36 (1895) 422-443.

[35] B.A. Kupershmidt, A super KdV equation: An integrable system, Phys. Lett. 102 (1984) A, 213-215.

[36] P.D. Lax, Integrals of nonlinear equations of evolution and solitary waves, Comm. Pure Appl. Math. 62
(1968) 467-490.

[37] P.D. Lax, Periodic solutions of the KdV equation, Comm. Pure Appl. Math. 28 (1975) 144-188.

[38] B. Li, Y. Chen, H. Zhang, Exact travelling wave solutions for a generalized Zakharov—Kuznetsov equation,
Appl. Math. Comput. 146 (2003) 653-666.

[39]1 Y. Liu, Existence and blow up of solutions of a nonlinear Pochhammer—Chree equation, Indiana Univ.
Math. J. 45 (3) (1996) 797-816.

[40] Z. Liu, T. Qian, Peakons of the Camassa—Holm equation, Appl. Math. Modelling 26 (2002) 473-480.



The Korteweg—de Vries equation 567

[41] Z.Liu, R. Wang, Z. Jing, Peaked wave solutions of Camassa—Holm equation, Chaos, Solitons and Fractals 19
(2004) 77-92.

[42] A. Ludu, J.P. Draayer, Nonlinear modes of liquid drops as solitary waves, Phys. Rev. Lett. 80 (1998) 2125-
2128.

[43] W.-X. Ma, Travelling wave solutions to a seventh order generalized KdV equation, Phys. Lett. A 180 (1993)
221-224.

[44] W. Malfliet, Solitary wave solutions of nonlinear wave equations, Am. J. Phys. 60 (7) (1992) 650-654.

[45] W. Malfliet, W. Hereman, The tanh method: 1. Exact solutions of nonlinear evolution and wave equations,
Phys. Scripta 54 (1996) 563-568.

[46] W. Malfliet, W. Hereman, The tanh method: II. Perturbation technique for conservative systems, Phys.
Scripta 54 (1996) 569-575.

[47] T.R. Marchant, N.F. Smyth, Soliton interaction for the extended Korteweg—de Vries equation, IMA J. Appl.
Math. 56 (1996) 157-176.

[48] S. Monro, E.J. Parkes, The derivation of a modified Zakharov—Kuznetsov equation and the stability of its
solutions, J. Plasma Phys. 62 (3) (1999) 305-317.

[49] S. Monro, E.J. Parkes, Stability of solitary-wave solutions to a modified Zakharov—Kuznetsov equation,
J. Plasma Phys. 64 (3) (2000) 411-426.

[50] A.C. Newell, Solitons in Mathematics and Physics, SIAM, Philadelphia, 1985.

[51] A. Parker, On exact solutions of the regularized long wave equation: a direct approach to partially integrable
equations, J. Math. Phys. 36 (7) (1995) 3498-3505.

[52] D. Pelinovsky, R. Grimshaw, An asymptotic approach to solitary wave instability and critical collapse in
long-wave KdV-type evolutions equations, Physica D 98 (1996) 139-155.

[53] Y. Pomeau, A. Ramani, B. Grammaticos, Structural stability of the Korteweg—de Vries solitons under a
singular perturbation, Physica D 31 (1) (1988) 127-134.

[54] P. Rosenau, Nonlinear dispersion and compact structures, Phys. Rev. Lett. 73 (13) (1994) 1737-1741.

[55] P. Rosenau, Compact and noncompact dispersive structures, Phys. Lett. A 275 (3) (2000) 193-203.

[56] P. Rosenau, J.M. Hyman, Compactons: Solitons with finite wavelengths, Phys. Rev. Lett. 70 (5) (1993) 564—
567.

[57] K. Sawada, T. Kotera, A method for finding N -soliton solutions for the KdV equation and KdV-like equation,
Prog. Theor. Phys. 51 (1974) 1355-1367.

[58] H. Schamel, A modified Korteweg—de Vries equation for ion acoustic waves due to resonant electrons,
J. Plasma Phys. 9 (3) (1973) 377-387.

[59] A. Scott, Nonlinear Science, second edition, Oxford University Press, New York, 2003.

[60] H.W. Tam, W.X. Ma, X.B. Hu, D.L. Wang, The Hirota—Satsuma coupled KdV equation and a coupled Ito
system revisited, J. Phys. Soc. Japan 69 (1) (2000) 45-52.

[61] L. Tian, X. Song, New peaked solitary wave solutions of the generalized Camassa—Holm equation, Chaos,
Solitons and Fractals 19 (2004) 621-637.

[62] M. Wadati, The modified Korteweg—de Vries equation, J. Phys. Soc. Japan 34 (1973) 1289-1296.

[63] M. Wadati, The exact solution of the modified Korteweg—de Vries equation, J. Phys. Soc. Japan 32 (1972)
1681-1687.

[64] M. Wadati, K. Sawada, New representation of the soliton solution for the Korteweg—de Vries equation,
J. Phys. Soc. Japan 48 (1) (1980) 312-318.

[65] M. Wadati, K. Sawada, Application of the trace method to the modified Korteweg—de Vries equation, J. Phys.
Soc. Japan 48 (1) (1980) 319-326.

[66] A.M. Wazwaz, The extended tanh method for new solitons solutions for many forms of the fifth-order KdV
equations, Appl. Math. Comput. 184 (2) (2007) 1002-1014.

[67] A.M. Wazwaz, The tanh—coth method for solitons and kink solutions for nonlinear parabolic equations,
Appl. Math. Comput. 188 (2) (2007) 1467-1475.

[68] A.M. Wazwaz, New solitons and kink solutions for the Gardner equation, Commun. Nonlin. Science Numer.
Simul. 12 (8) (2007) 1395-1404.

[69] A.M. Wazwaz, Solitary wave solutions for modified forms of Degasperis—Procesi and Camassa—Holm equa-
tions, Phys. Lett. A 352 (6) (2006) 500-504.

[70] A.M. Wazwaz, Partial Differential Equations: Methods and Applications, Balkema Publishers, The Nether-
lands, 2002.



568 A.-M. Wazwaz

[71] A.M. Wazwaz, New solitary-wave special solutions with compact support for the nonlinear dispersive
K (m, n) equations, Chaos, Solitons and Fractals 13 (2) (2002) 321-330.

[72] A.M. Wazwaz, Exact specific solutions with solitary patterns for the nonlinear dispersive K (m, n) equa-
tions, Chaos, Solitons and Fractals 13 (1) (2001) 161-170.

[73]1 AM. Wazwaz, General compactons solutions for the focusing branch of the nonlinear dispersive K (n, n)
equations in higher dimensional spaces, Appl. Math. Comput. 133 (2/3) (2002) 213-227.

[74] AM. Wazwaz, General solutions with solitary patterns for the defocusing branch of the nonlinear dispersive
K (n, n) equations in higher dimensional spaces, Appl. Math. Comput. 133 (2/3) (2002) 229-244.

[75] A.M. Wazwaz, Abundant solitons solutions for several forms of the fifth-order KdV equation by using the
tanh method, Appl. Math. Comput. 182 (1) (2006) 283-300.

[76] AM. Wazwaz, Compactons in a class of nonlinear dispersive equations, Math. Comput. Modelling 37 (3/4)
(2003) 333-341.

[77] A.M. Wazwaz, Kinks and solitons solutions for the generalized KdV equation with two power nonlinearities,
Appl. Math. Comput. 183 (2) (2006) 1181-1189.

[78] G.B. Whitham, Linear and Nonlinear Waves, Wiley-Interscience, New York, NY, 1999.

[79] N.J. Zabusky, M.D. Kruskal, Interaction of solitons in a collisionless plasma and the recurrence of initial
states, Phys. Rev. Lett. 15 (1965) 240-243.

[80] V.E.Zakharov, L.P. Faddeev, The Korteweg—de Vries equation: a completely integrable Hamiltonian system,
Funct. Anal. Appl. 5 (1971) 280-287.



Author Index

Roman numbers refer to pages on which the author (or his/her work) is mentioned. Italic numbers
refer to reference pages. Numbers between brackets are the reference numbers. No distinction is

made between the first author and co-author(s).

Abergel, F. 111, 149, 157, 191 [1]

Abeyaratne, R. 467, 468 [1]

Ablowitz, M.J. 487,491, 493, 496, 497, 565 [1],
565 [2]; 565 [3]

Abraham, EF. 467, 468 [2]

Adams, R.A. 271, 281, 288, 313, 319 [1]; 468,
468 [3]

Afendikov, A. 170, 191 [3]; 191 [4]

Afraimovich, V. 170, 180, 191 [2]; 191 [5]

Agarwal, PK. 404, 468 [4]

Agoshkov, V.I. 352,373 [1]

Aida, M. 133,135, 191 [6]; 191 [7]

Aizicovici, S. 397, 419, 469 [5]

Alazard, T. 97, 97 [1]; 97 [2]

Albrecht, J. 467, 469 [6]

Alexandre, R. 65, 97 [3]

Alexiades, V. 395, 412-414, 467, 469 [7];
469 [8]; 469 [9]; 482 [425]; 484 [464];

484 [465]

Alikakos, N.D. 208, 212, 217, 219, 225 [1];
225 [2]; 225 [3]; 225 [4]; 419, 420, 469 [10];
469 [11]; 469 [12]

Allen, J.E. 487,491, 565 [4]

Allen, S.M. 203, 225 [5]; 419, 469 [13]

Almgren, F. 401, 421, 464, 468, 469 [14];
469 [15]; 469 [16]

Alt, HW. 417,419, 422, 442, 469 [17];

469 [18]; 469 [19]; 469 [20]

Amann, H. 269, 319 [2]; 319 [3]

Amar, B. 401, 469 [22]

Amar, J. 216, 226 [30]

Ambrose, D. 395, 469 [21]

Ambrosio, L. 75, 97 [4]

Amsden, A.A. 355, 373 [2]; 373 [3]

Andreucci, D. 398, 404, 467, 469 [23]; 469 [24];
469 [25]

Angenent, S. 170, 791 [8]

Ansini, N. 449, 469 [26]

Antontsev, S.N. 65, 86, 97 [5]; 395, 467,
469 [27]; 469 [28]; 469 [29]
Arcoya, D. 269, 319 [4]
Argoul, P. 467, 469 [30]
Armstrong, R.C. 235,243, 257 [5]; 258 [15]
Arnold, V.I.  3,5,6,50([1]
Arpaci, V.A. 251, 264 [211]
Arrieta, J. 151, 154, 159, 191 [9]
Ashby, M.K. 217, 225 [6]
Astarita, G. 388, 404, 468, 469 [31]; 470 [32]
Athanasopoulos, I. 398, 467, 470 [33]; 470 [34];
470 [35]; 470 [36]; 470 [37]
Atthey, D.R. 398, 470 [38]
Attouch, H. 468, 470 [39]; 470 [40]
Aubin, J.-P. 468, 470 [41]; 470 [42]
Audusse, E. 352, 373 [4]; 373 [5]
Avdonin, N.A. 467, 470 [43]

Babin, A.V. 3,50 [2]; 89, 97 [6]; 107, 108, 111,
116-118, 120, 121, 123-127, 131, 134, 144,
149, 153, 157, 159, 166, 170, 175, 176, 183,
184, 187-189, 191 [2]; 191 [10]; 191 [11];
191 [12]; 191 [13]; 191 [14]; 191 [15];

191 [16]; 192 [17]; 192 [18]; 192 [19];
192 [20]; 192 [21]; 192 [22]

Babuska, I. 237, 257 [1]

Badii, M. 269, 319 [5]

Bagolubasky, LL. 487,491, 565 [5]

Bahouri, H. 12, 50 [3]

Baiocchi, C. 398, 433, 467, 468, 470 [44],
470 [45]

Baldwin, D. 488, 565 [6]

Ball, JM. 78,97 [7]; 119, 159, 183, 192 [23],
192 [24]

Ball, R.C. 253,259 [43]

Banas, L. 221, 225[7]

Bankoff, S.G. 204, 227 [69]



570 Author Index

Barbu, V. 269, 319 [6]; 397, 419, 457, 468,
469 [5]; 470 [46]; 470 [47]; 470 [48]; 470 [49]

Bardos, C. 89, 97 [8]; 325, 372, 373 [6]; 373 [7];
373 8]

Barrett, JW. 214,217, 225 [8]; 238, 239, 257 [2]

Barrow-Green, J. 105, 192 [25]

Basaran, O.A. 242, 258 [29]

Batchelor, G.K. 60, 97 [9]

Bates, PW. 212,217, 219, 225 [1]; 225 [2];
2251[3]; 419, 420, 469 [10]; 469 [11]; 470 [50];
470 [51]

Battaner, A. 67, 69, 97 [10]

Beale, J.T. 10, 12, 26, 50 [4]

Bear,J. 388, 470 [52]; 470 [53]

Bec,J. 3,52[82]

Bechtel, S.E. 67,97 [11]

Becker, E. 66, 67, 97 [12]

Beirdo da Veiga, H. 18, 50 [5]; 50 [6]

Belgiorno, F. 66, 97 [13]; 97 [14]

Bellout, H. 65, 97 [15]; 239, 257 [3]

Ben Abdallah, N. 325, 373 [9]; 373 [10]

Bénilan, Ph. 429, 436, 437, 440, 462, 468,

470 [54]; 470 [55]; 470 [56]; 470 [57];
470 [58]; 470 [59]

Benjamin, T.B. 488, 565 [7]

Berestycki, H. 191, 192 [26]

Bergé, P. 106, 192 [27]

Berger, A.E. 398, 436, 470 [60]; 482 [403]

Beris, AN. 250, 264 [204]

Berkovits, J. 269, 270, 275, 319 [7]

Bermudez, A. 412,470 [61]

Bernis, F. 213, 225 [9]

Bernstein, B. 234, 257 [4]

Berres, S. 354,373 [11]

Berselli, L.C. 18, 50 [6]

Berthelin, F. 325, 326, 330, 338, 352, 357, 360,
361, 363, 373 [12]; 373 [13]; 373 [14]; 373 [15]

Berthonnaud, P. 355, 373 [16]

Bertozzi, A. 3-6, 10, 12, 54 [117]

Bertsch, M. 398, 471 [62]; 471 [63]

Besenyei, A. 319, 319 [8]

Bird, R.B. 235,257 [5]

Biryuk, A. 109, 192 [28]

Bizhanova, G.I. 398, 471 [64]; 471 [65];

471 [66]

Blanchard, D. 440, 470 [56]; 471 [67]; 471 [68]

Bloom, F. 65, 97 [15]

Blowey, J.E. 214,217, 220, 225 [8]; 225 [10];
419, 471 [69]

Boas, R. 177, 192 [29]

Bobylev, A.V. 372,373 [17]; 373 [18]

Boggs, PT. 467, 484 [466]

Bogovskii, M.E. 74, 97 [16]

Boley, B.A. 388, 471 [70]

Boltzmann, L. 234, 257 [6]

Bonetti, E. 397,419, 471 [71]; 471 [72]

Bonilla, L.L. 350, 373 [19]

Borodin, M.A. 391, 398, 471 [73]

Borwein, JM. 468, 471 [74]

Bose, TR. 69, 97 [17]

Bossavit, A. 391, 449, 467, 471 [75]; 471 [76];
471 [77]; 471 [78]; 471 [79]; 471 [80]

Botchorishvili, R. 352, 373 [20]

Botta, N. 90, 97, 100 [79]

Bouchut, F. 325, 326, 350, 352, 354, 373 [12];
373 [13]; 373 [14]; 373 [21]; 373 [22];

374 [23]; 374 [24]

Bousfield, D.W. 240, 257 [7]

Boussinesq, J. 488, 565 [8]

Brachet, M.E. 3, 43, 50 [7]

Braides, A. 418, 449, 464, 468, 469 [26];
471 [81]; 471 [82]

Brandon, D. 238, 257 [8]

Braun, RJ. 398, 419, 484 [461]

Brebbia, C.A. 467, 484 [470]; 484 [471];
484 [472]

Brenier, Y. 3,5, 50 [8]; 326, 352, 374 [25];
374 [26]; 374 [27]; 374 [28]; 374 [29]; 374 [30]

Brenner, M.P. 241, 257 [9]

Bresch, D. 75, 85, 96, 97 [18]; 97 [19]; 97 [20];
97 [21]

Bressan, A. 327, 331, 374 [31]

Brevdo, L. 170, 192 [30]

Brézis, H. 34, 50 [9]; 286, 287, 310, 319 [9];
319 [10]; 398, 422, 436, 438, 468, 470 [60];
471 [83]; 471 [84]; 471 [85]; 471 [86];

471 [87]; 471 [88]; 471 [89]

Brice, J.C. 467,471 [90]

Bridgeman, PW. 66, 98 [22]

Brimacombe, J.K. 404, 468 [4]; 477 [264]

Bristeau, M.-O. 352, 373 [4]; 373 [5]; 374 [32];
374 [33]

Brochet, D. 212,225 [11]

Brokate, M. 269, 287, 319 [11]; 404, 467,
471 [91]

Brooks, J.K. 77, 98 [23]

Browder, FE. 285-287, 301, 312, 319 [10];
319 [12]; 319 [13]; 468, 472 [92]

Brown, R.A. 243, 258 [15]; 467, 472 [93]

Brunovsky, P. 121, 127, 192 [31]

Buet, C. 69, 98 [24]

Bulicek, M. 125, 134, 192 [32]

Bunimovich, L.A. 111, 170, 180, 191 [16];
192 [33]

Biirger, R. 354,373 [11]

Butler, T.D. 355, 373 [3]

Buttazzo, G. 418, 421, 464, 468, 470 [40];
472 [94]; 472 [95]



Author Index 571

Cabral, M. 119, 192 [34]

Caffarelli, L.A. 29, 50 [10]; 65, 98 [25]; 398,
467, 470 [33]; 470 [34]; 470 [35]; 470 [36];
472 [96]; 472 [97]; 472 [98]; 472 [99];

472 [100]

Caflisch, R.E. 3, 14,47, 50 [11]; 50 [12]; 325,
349, 350, 372, 373 [6]; 374 [34]; 374 [35]

Caginalp, G. 207,217, 225 [12]; 225 [13]; 419,
420, 472 [101]; 472 [102]; 472 [103];

472 [104]; 472 [105]

Cahn, J.W. 203,210, 216, 217, 219, 224,

225 [14]; 225 [15]; 225 [16]; 228 [77]; 398,
401, 404, 419, 469 [13]; 472 [106]; 472 [107];
472 [108]; 472 [109]; 472 [110]; 483 [439]

Callen, H.B. 468,472 [111]

Camassa, R. 488, 565 [9]; 566 [10]

Cannon, J.R. 33,50 [13]; 395, 397, 412, 413,
467,469 [7]; 472 [112]; 472 [113]; 472 [114];
472 [115]; 472 [116]

Cao, D. 144, 199 [214]

Capelo, A. 398, 433, 467, 468, 470 [45]

Caraballo, T. 110, 111, 143, 144, 183, 192 [35];
192 [36]; 192 [37]; 192 [38]; 192 [39]

Carasso, A.S. 206, 226 [17]

Carbone, L. 418, 464, 468, 472 [117]

Carrillo, J.LA. 350, 352, 355, 370, 373 [19];
374 [36]; 374 [37]

Casella, E. 397,472 [118]

Castaing, C. 457,468,472 [119]

Cates, M.E. 253, 264 [202]

Cattaneo, C. 396, 472 [120]

Cercignani, C. 349, 374 [38]; 374 [39]

Cerezo, A. 216, 226 [43]

Chacon, R.V. 77, 98 [23]

Chadam, JM. 467,472 [121]; 472 [122];

472 [123]

Chae, D. 3, 12-16, 18, 23-26, 29, 31-39, 4244,

46-49, 50 [14]; 50 [15]; 50 [16]; 50 [17];
50 [18]; 50 [19]; 50 [20]; 50 [21]; 50 [22];
50 [23]; 50 [24]; 50 [25]; 50 [26]; 51 [27];
511281, 51[291; 51 [30]; 51 [31]; 51 [32];
51[33]; 51[34]; 51 [35]; 51 [36]; 51 [37];
51[38]; 51[39];51[40]; 51 [41]; 51 [42];
51[43]

Chalmers, B. 401, 467, 473 [124]

Chandrasekhar, S. 240, 257 [10]

Chapman, S. 66, 98 [26]

Chau, B. 404, 477 [264]

Cheban, D. 111, 143, 144, 192 [40]

Chemin, J.Y. 3,8, 12, 51 [44]; 51 [45]; 238,
257 [11]

Chen, C.-K. 419, 473 [125]

Chen, G.-Q. 60, 98 [27]; 326, 374 [40]

Chen, G.Q. 239,257 [13]

Chen, K. 251,257 [12]

Chen, X. 217,219,225 [1]; 225 [2]; 226 [18];
401, 419, 420, 469 [10]; 469 [11]; 473 [126];
473 [127]; 473 [128]

Chen, Y. 487, 566 [38]

Chepyzhov, V.V. 107, 108, 110, 112, 123, 124,
138-140, 142-145, 154, 163, 172, 183-189,
191, 192 [41]; 192 [42]; 192 [43]; 192 [44];
192 [45]; 193 [46]; 193 [47]; 193 [48];

193 [49]; 199 [221]

Cheskidov, A. 183, 193 [50]

Chiado Piat, V. 449, 469 [26]

Chicone, C. 251, 258 [14]

Chipot, M. 294, 319 [14]; 319 [15]; 467,
473 [129]

Cholewa, J.W. 107, 151, 154, 155, 159, 191 [9];
193 [51]; 193 [52]

Chorin, A.J. 20, 51 [46]; 60, 63, 98 [28]

Chow, S.N. 170, 191 [2]

Christian, JW. 467, 473 [130]

Chueshov, I. 118, 125, 193 [53]; 193 [54]

Cinca, S. 269, 319, 319 [16]

Clapeyron, B.P. 397, 479 [306]

Clarkson, PA. 487,491, 493, 496, 497, 565 [11;
566 [11]

Coates, PJ. 243,258 [15]

Cohen, D. 204, 226 [19]

Coifman, R. 83, 98 [29]; 98 [30]

Coleman, B.D. 233, 239, 258 [16]; 258 [17];
258 [18]; 396, 473 [131]

Collatz, L. 467, 469 [6]

Collet, P. 163, 166, 170, 172, 193 [55]; 193 [56];
193 [57]

Colli, P. 396, 397, 419, 442, 467, 471 [71];
473 [132]; 473 [133]; 473 [134]; 473 [135];
473 [136]; 473 [137]; 473 [138]; 473 [139];
473 [140]; 473 [141]; 473 [142]; 473 [143];
473 [144]; 473 [145]

Collins, J.B. 398, 419, 473 [146]

Colombini, F. 468, 473 [147]

Constantin, P. 3, 12, 16-18, 23, 24, 27, 29, 32,
47,48, 51 [47]; 51 [48]; 51 [49]; 51 [50];
51[511; 51 [52]; 51 [53]; 51 [54]; 51 [55];
52 [56]; 52 [57]; 52 [58]; 52 [59]; 52 [60];
52 [61]; 89, 98 [31]; 98 [32]; 129, 193 [58]

Conti, M. 121, 122, 133, 137, 193 [59];
193 [60]; 193 [61]

Conti, S. 224, 226 [20]

Cook, L.P. 254,258 [19]

Cérdoba, A. 29, 31, 32, 51 [36]; 52 [62]; 52 [63]

Cérdoba, D. 20-22, 29, 31-33, 51 [36]; 51 [53];
52 [62]; 52 [63]; 52 [64]; 52 [65]; 52 [66];

52 [67]; 52 [68]; 52 [69]; 52 [70]



572

Coriell, S.R. 398, 419, 484 [461]

Corrias, L. 352, 374 [28]

Cowling, T.G. 66, 98 [26]

Crandall, M.G. 436, 468, 470 [57]; 470 [58];
470 [59]; 473 [148]

Crank, J. 401, 467, 473 [149]; 473 [150]

Crauel, H. 110, 144, 193 [62]

Crippa, G. 352, 374 [23]

Crochet, M.J. 255, 258 [24]

Crowley, A.B. 412,473 [151]; 474 [152]

Cryer, C.W. 467,474 [153]

Curtiss, C.F. 235,257 [5]

Da Prato, G. 468, 474 [165]

Dacorogna, B. 418, 464, 474 [154]

Dafermos, C.M. 60, 98 [33]; 237, 239, 240,
257 [13]; 258 [20]; 258 [21]; 258 [22]; 326,
327,333, 335, 374 [41]; 374 [42]

Dai, S.B. 221, 226 [21]

Dai, Z. 119, 193 [63]

Dal Maso, G. 418, 420, 464, 468, 474 [155];
474 [156]; 474 [157]

Damlamian, A. 391, 421, 422, 429, 440, 442,
449, 467, 471 [67]; 471 [19]; 471 [80];
474 [158]; 474 [159]; 474 [160]; 474 [161];
474 [162]; 474 [163]

Danchin, R. 97, 98 [34]; 98 [35]

Danilyuk, L.I. 467, 474 [164]

Datzeff, A. 467,474 [166]

Dautray, R. 468, 474 [167]

Dauxois, T. 487,497, 566 [12]

Davis, S.H. 204, 227 [69]; 467, 472 [93]

De Arcangelis, R. 418, 464, 468, 472 [117]

de Fontaine, D. 210, 226 [22]

De Giorgi, E. 464, 468, 473 [147]; 474 [168];
474 [169]

De Groot, S.R. 468, 474 [170]; 474 [171]

de la Llave, R. 21, 22, 29, 33, 52 [70]

De Lellis, C. 352, 374 [43]

De Mottoni, P. 398, 471 [62]

de Thelin, . 269, 319 [20]

de Vries, G. 487, 536, 566 [34]

Dean, W.R. 249, 258 [23]

Defranceschi, A. 418, 464, 468, 471 [82]

Degond, P. 325, 373 [9]; 373 [10]

Dehman, B. 12, 50 [3]

Deimling, K. 269, 275, 319 [17]

Delvaux, V. 255, 258 [24]

Deng,J. 19,20, 52 [71]; 52 [72]

Denn, M.M. 253,254, 258 [25]; 264 [209]

Desch, W. 238, 258 [26]; 258 [27]

Desjardins, B. 65, 75, 85, 96, 97 [18]; 97 [19];
97 [20]; 97 [21]; 98 [36]; 98 [37]

Author Index

Després, B. 69, 98 [24]

Desvillettes, L. 325, 374 [44]

Devaney, R.L. 105, 193 [64]

Diaz, J.I. 269,287,310, 311, 319 [4]; 319 [5];
319 [18]; 319 [19]; 319 [20]; 467, 469 [28];
474 [172]; 474 [173]

DiBenedetto, E. 33, 50 [13]; 395, 397, 398, 417,
442,472 [113]; 472 [114]; 472 [115];

474 [174]; 474 [175]; 474 [176]; 474 [177];
474 [178); 474 [179]; 474 [180]

Diekmann, O. 269, 319 [21]

Diestel, J. 462, 474 [181]

Dinaburg, EI. 26, 29, 52 [73]

DiPerna, R.J. 65,72,75,79, 98 [38]; 98 [39];
326, 333, 335, 374 [45]

Dlotko, T. 107, 151, 154, 155, 159, 191 [9];
193 [51]; 193 [52]

Dockery, J. 204, 209, 226 [46]

Domb, C. 208, 226 [23]

Donnelly, J.D.P. 414, 474 [182]

Doremus, RH. 467,475 [183]

Doshi, P. 242, 258 [28]; 258 [29]

Doubova, A. 256, 258 [30]

Draayer, J.P. 487-489, 493, 567 [42]

Drazin, PG. 250, 258 [31]; 491, 496, 497, 508,
523, 549, 566 [13]

Dreyer, W. 419,471 [71]

Duan,J. 144, 199 [214]

Dubinskiy, Yu.A. 282,283, 319 [22]

Dubovskii, P. 3, 51 [37]

Duchon, J. 65, 98 [40]

Ducomet, B. 65, 68, 69, 98 [41]; 98 [42]

Duffin, R.J. 233, 258 [16]

Duffy, B.R. 493, 549, 550, 566 [14]

Dung, Le 133, 796 [140]

Dupont, T.F. 241, 258 [35]

Duvaut, G. 398, 433, 467, 468, 475 [184];
475 [185]; 475 [186]

E, W. 33,47,48, 51 [54]; 52 [74]

Ebin, D.G. 5, 12, 52 [75]; 97, 98 [43]; 237,
258 [32]

Eck, C. 401, 475 [187]

Eckmann, J.-P. 163, 166, 170, 172, 180,
193 [55]; 193 [56]; 193 [57]; 195 [112]

Eden, A. 109, 123, 129-131, 133, 134, 193 [65]

Edmunds, D.E. 269, 319 [23]

Efendiev, M. 111,121, 124, 131-135, 137, 145,
147-151, 153-155, 157-159, 165, 167, 168,
175, 176, 191, 191 [6]; 192 [26]; 193 [66];
193 [67]; 193 [68]; 193 [69]; 193 [70]; 193 [71];
194 [72]; 194 [73]; 194 [74]; 194 [75];
194 [76]; 194 [77]; 194 [78]; 199 [216]

Eggers, J. 241, 258 [33]; 258 [34]; 258 [35]



Author Index 573

Ei, S.-I. 182, 194 [79]

Ekeland, I. 450, 468, 470 [42]; 475 [188]

El-Kareh, A. 243, 258 [36]

Eliezer, S. 66, 67, 98 [44]

Eller, M. 125, 193 [53]

Elliott, CM. 210, 211, 213, 214, 216, 217, 219,
220, 225 [10]; 225 [14]; 226 [24]; 226 [25];
226 [26]; 226 [27]; 226 [43]; 395, 419, 467,
471 [69]; 475 [189]; 475 [190]; 475 [191];
475 [192]; 475 [193]; 475 [194]

Engler, H. 34, 52 [76]; 238, 239, 258 [37];
258 [38]; 258 [39]

Entov, VM. 240, 255, 258 [40]; 258 [41];
259 [42]

Ericksen, J.L. 233, 264 [195]

Escher,J. 395,401, 419, 420, 475 [195];
475 [196]; 475 [197]; 475 [198]

Espaiiol, P. 253, 259 [43]

Euler, L. 3,52 [77]

Evans, G.W. 397,475 [199]

Evans, J.D. 250, 259 [44]; 259 [45]; 259 [46]

Evans, L.C. 72,98 [45]; 332, 374 [46]; 398, 418,
420, 421, 464, 468, 472 [98]; 475 [200];
475 [201]; 475 [202]; 475 [203]

Eyink, G.L. 47, 52 [78]; 65, 98 [46]

Ezersky, A.B. 180, 198 [193]

Fabrie, P. 131, 134, 136, 137, 194 [80]; 194 [81];
194 [82]; 194 [83]

Fabrizio, M. 419, 475 [204]

Faddeev, L.P. 487, 489, 568 [80]

Falconer, K. 106, 107, 122, 123, 194 [84]

Fasano, A. 397, 398, 404, 467, 469 [24];

475 [205]; 475 [206]; 475 [207]; 475 [208];
475 [209]; 475 [210]; 476 [211]; 476 [212];
476 [213]; 476 [214]; 476 [215]; 482 [411]

Favini, A. 133, 194 [85]

Federer, H. 468, 476 [216]

Fefferman, C. 16-18, 20-22, 29, 31, 33, 51 [55];
52 [56]; 52 [66]; 52 [67]; 52 [68]; 52 [69];

52 [70]

Feireisl, E. 65, 68, 69, 72, 73,75, 79, 81, 83, 85,
87-89, 91, 93, 95, 96, 98 [41]; 98 [42]; 98 [47];
98 [48]; 98 [49]; 98 [50]; 99 [51]; 99 [52];

99 [53]; 99 [54]; 99 [55]; 99 [56]; 151, 155,
157, 183, 188, 194 [86]; 194 [87]; 194 [88];
194 [89]; 194 [90]

Fernandez, B. 180, 191 [5]

Fernandez-Cara, E. 256, 258 [30]

Fiedler, B. 121, 127, 192 [31]; 194 [91]; 194 [92]
Fife, PC. 212,217,225 [13]; 226 [28]; 383, 398,
419, 470 [501; 470 [51]; 473 [125]; 476 [217];

481 [373]; 481 [374]

Figueiredo, LN. 467, 476 [218]

Filippov, A.T. 487, 566 [15]

Finn, R. 218, 226 [29]

Fisher, D.J. 403, 467, 478 [299]

Fix, G. 412,419, 476 [219]; 476 [220];
476 [221]

Flandoli, F. 110, 144, 193 [62]

Flemings, M.C. 403, 467, 476 [222]

Foias, C. 3,52 [57]; 89, 98 [31]; 98 [32]; 109,
123, 128-131, 133, 134, 183, 193 [50];
193 [58]; 193 [65]; 194 [93]; 194 [94];
194 [95]; 194 [96]

Fontelos, M.A. 29, 31, 32, 51 [36]; 52 [63]; 242,
249, 259 [47]; 259 [48]; 259 [49]

Forest, M.G. 67, 97 [11]; 254, 259 [50]

Franzoni, T. 464, 474 [169]

Fratzl, P. 216, 226 [30]

Frehse, J. 85, 99 [57]

Frémond, M. 397, 398, 433, 440, 467, 468,
469 [30]; 471 [72]; 471 [80]; 476 [223];
476 [224]; 476 [225]

Frid, H. 326, 374 [40]

Fried, E. 397, 398, 419, 476 [226]; 476 [227];
476 [228]

Friedlander, S. 3, 26, 52 [79]; 52 [80]

Friedman, A. 75, 99 [58]; 213, 225 [9]; 249,
259 [48]; 259 [49]; 269, 319 [24]; 388, 391,
395, 397, 398, 467, 468, 472 [99]; 474 [176];
474 [177]; 476 [229]; 476 [230]; 476 [231];
476 [232]; 476 [233]; 476 [234]; 476 [235];
476 [236]; 476 [237]

Frisch, U. 3,43, 50[7]; 52 [81]; 52 [82]

Fu,Z. 492, 566 [16]

Fucik, S. 269,270, 319 [25]; 462, 468, 478 [298]

Fusco, G. 208, 212, 225 [3]; 225 [4]; 420,
469 [11]; 469 [12]

Gajewski, H. 269, 270, 319 [26]; 468, 476 [240]

Galanti, B. 16, 52 [83]

Galdi, G.P. 3,53 [84]; 74, 99 [59]

Gallavotti, G. 60, 66, 99 [60]; 99 [61]

Gallay, Th. 172, 194 [97]

Gallot, S. 219, 226 [31]

Galusinski, C. 131, 134, 136, 137, 194 [80];
194 [81]; 194 [82]; 194 [83]; 195 [98]

Galvin, K.P. 354, 376 [88]

Gamba, LM. 372,373 [17]; 373 [18]; 374 [47]

Gameiro, M. 216, 226 [32]

Garcia-Archilla, B. 129, 195 [99]

Garcke, H. 210, 213, 214, 217, 219, 221, 224,
225 [8]; 226 [24]; 226 [25]; 226 [26]; 226 [33];
401, 476 [238]

Gariepy, R.F. 418, 464, 468, 475 [201]

Garke, H. 419,475 [191]



574 Author Index

Garroni, A. 421,476 [239]

Gatti, S. 133, 136, 137, 195 [100]; 195 [101];
195 [102]; 195 [103]; 195 [104]; 195 [105];
195 [106]; 195 [107]; 195 [108]; 195 [109]

Gearhart, L. 251, 259 [51]

Gérard-Varet, D. 75, 97 [20]

Germain, P. 440, 476 [241]

Ghatak, A. 66, 67, 98 [44]

Ghidaglia, J.-M. 119, 195 [110]

Ghidouche, H. 440, 470 [56]; 471 [67]; 471 [68]

Giacomin, G. 210, 226 [34]

Giaquinta, M. 418, 464, 472 [94]

Gibbon, J.D. 3, 14, 16, 52 [83]; 53 [85]; 53 [86];
53 [87]

Gibbs, J.W. 206, 207, 226 [35]

Gidaspow, D. 325, 354, 374 [48]

Giesekus, H. 233, 259 [52]

Giga, Y. 25, 53 [88]; 352, 375 [49]; 401, 421,
476 [242]; 477 [243]

Gigli, N. 75,97 [4]

Gilardi, G. 419,471 [71]; 473 [132]; 473 [133]

Giorgi, C. 133, 195[100]; 419, 475 [204]

Giusti, E. 418, 464, 468, 477 [244]; 477 [245]

Glansdorff, P. 468, 477 [246]

Goj, S.  85,99[57]

Goktas, U. 488, 489, 565 [6]; 566 [17]

Goldin, M. 240, 259 [53]

Golovin, A. 221, 227 [73]

Golse, F. 325, 326, 352, 372, 373 [7); 373 [8];
374 [241; 375 [50]; 375 [511; 375 [52];

375 [53]; 375 [54]; 375 [55]

Gonzalez-Burgos, M. 256, 258 [30]

Gordon, M. 240, 259 [54]

Goren, G. 180, 7195 [112]

Goritsky, A.Yu. 121, 144, 145, 192 [42];

192 [43]; 195 [111]

Gorodtsov, V.A. 251, 259 [55]

Gotz, 1.G. 398, 477 [247]; 477 [248]

Goubet, O. 118, 119, 195 [113]; 195 [114];
195 [115]

Goudon, Th. 325, 326, 355, 370, 374 [37];
375 [56]; 375 [57]; 375 [58]

Graham, J.H. 255, 261 [107]

Graham, M.D. 253, 259 [56]

Grammaticos, B. 488, 493, 549, 567 [53]

Grasselli, M. 133, 136, 137, 195 [101];

195 [102]; 195 [103]; 195 [104]; 195 [105];
195 [106]; 195 [107]; 195 [108]; 195 [116];
195 [117]; 397, 419, 473 [132]; 473 [133];
473 [134]; 473 [135]; 473 [136]; 473 [137]

Grauer, R. 3, 14, 53 [89]; 53 [90]

Green, A.E. 65, 99 [62]

Green III, T. 251, 259 [57]

Greenberg, J.M. 240, 259 [58]

Greene, JM. 3,53 [91]

Grenier, E. 96, 97 [21]; 98 [37]

Grimmer, R. 238, 258 [26]; 258 [27]

Grimshaw, R. 488, 567 [52]

Grinfeld, M. 212, 226 [36]

Gripenberg, G.  238-240, 259 [59]; 259 [60];
259 [61]

Grisvard, P. 249, 259 [62]

Groger, K. 269, 270, 319 [26]; 468, 476 [240]

Guillopé, C. 238, 239, 243, 251, 259 [63];
259 [64]; 259 [65]; 259 [66]; 259 [67]; 259 [68]

Guo, B.L. 119, 193 [63]

Guo, Y. 325, 375[59]

Gupta, S.C. 467,477 [249]

Gurtin, MLE. 218, 226 [37]; 239, 258 [17];
258 [18]; 396-398, 401, 406, 419, 467,
473 [131]; 476 [226]; 476 [227]; 476 [228];
477 [250]; 477 [251]; 477 [252]; 477 [253];
477 [254]; 477 [255]; 477 [256]; 477 [2571;
477 [258]; 477 [259]; 477 [260]; 477 [261];
477 [262]

Hagen, T. 248, 259 [69]

Hagstrom, T. 97, 99 [63]

Hakim, A. 238,243, 259 [68]; 259 [70]
Hale, J.K. 107,108, 114, 115, 117-119, 121,
125, 127, 128, 188, 195 [118]; 195 [119];
195 [120]; 269, 276, 319 [27]; 320 [28];

320 [29]

Halperin, B.I. 418, 478 [274]

Hamdache, K. 355, 375 [60]

Hanzawa, E. 398, 477 [263]

Haraux, A. 110, 138, 195 [121]

Hassager, O. 235, 242, 257 [5]; 260 [71]

Hasselblatt, B. 170-172, 174, 181, 196 [127]

Hattori, H. 240, 260 [72]

Hawboldt, E.B. 404, 477 [264]

Heard, M.L. 237, 260 [73]; 260 [74]

Henry, D. 212, 226 [38]

Herbst, BM. 487,491, 496, 497, 565 [2]

Herbst, I. 251, 260 [75]

Hereman, W. 488, 489, 493, 494, 496, 500, 501,
510, 511, 536, 537, 542, 543, 546, 548, 549,
556, 565 [6]; 566 [17]; 566 [18]; 566 [19];
567 [45]; 567 [46]

Heritage, M. 16, 52 [83]

Hernandez, J. 269, 287, 310, 311, 319 [18]

Herraiz, L.A. 398, 478 [301]; 478 [302]

Herrera, LR. 239, 258 [17]

Herrera, L. 396, 477 [265]

Herrero, H. 355, 375 [61]

Herrero, M.A. 467, 469 [25]; 474 [173]

Herring, C. 401, 477 [266]



Hetherington, M.G. 216, 226 [43]

Hetzer, G. 269, 287, 319 [19]

Hietarinta, J. 489, 506, 510, 511, 546, 566 [20];
566 [21]; 566 [22]; 566 [23]

Hildebrandt, S. 418, 464, 472 [94]

Hilhorst, D. 212,225 [11]

Hill, C.D. 397,472 [116]

Hill, JM. 467,477 [267]

Hillert, M. 210, 226 [39]; 226 [40]

Hilliard, J.E. 203, 210, 224, 225 [16]; 226 [41];
398, 419, 472 [109]; 477 [268]

Hinch, EJ. 249, 260 [76]; 262 [138]

Hiriart-Urruty, J.-B. 468, 477 [269]; 477 [270]

Hirota, R. 489, 493, 495, 497, 500, 506, 542,
545, 553, 556-558, 566 [24]; 566 [25];

566 [26]; 566 [27]; 566 [28]; 566 [29]
Hlavacek, I. 237, 257 [1]; 467, 468, 480 [350]
Hodgkins, W.R. 467, 480 [362]

Hoff, D. 65, 85, 86, 89, 97, 99 [64]; 99 [65];
99 [66]; 99 [67]; 99 [68]; 99 [69]; 99 [70];
99 [71]; 99 [72]

Hoffmann, K.-H. 397, 467, 469 [6]; 469 [29];
477 [2711; 477 [272]; 478 [273]

Hoffmann, L. 90, 97, 100 [79]

Hohenberg, P.C. 418, 478 [274]

Holm, D.D. 14, 16, 53 [87]; 488, 566 [10]

Holmes, P. 170, 197 [164]

Homberg, D. 404, 478 [275]

Hong,J. 401,419,473 [127]

Hong, L. 488, 565 [6]

Honig, A. 208, 226 [42]

Hopf, E. 85,99 [73]

Hora, H. 66, 67, 98 [44]

Hormander, L. 468, 478 [276]

Hornung, U. 269, 287, 320 [30]; 320 [31]

Hou, T.Y. 3,19, 20, 25, 34, 52 [71]; 52 [72];
53 [92]; 53 [93]; 53 [94]

Howison, S.D. 395, 478 [277]; 478 [303]

Hrusa, W.J. 237, 238, 240, 257 [8]; 260 [77];
260 [78]; 260 [79]; 260 [80]; 260 [81];

262 [147]; 269, 287, 320 [54]

Hu, X.B. 488, 557-559, 567 [60]

Huang, E. 251, 260 [82]

Hulin, D. 219, 226 [31]

Hulsen, M.A. 254, 260 [83]

Hunt, B.R. 123, 195 [122]; 195 [123]

Hyde, J.M. 216, 226 [43]

Hyman, J.M. 206, 226 [17]; 488, 489, 493,
559-561, 567 [56]

Ierley, G.R. 253, 260 [92]
Illner, R. 349, 374 [39]
Ilyin, A.A. 124, 192 [41]

Author Index 575

Imanivilov, O.Yu. 16, 33, 57 [38]

Infeld, E. 487, 566 [30]

Toffe, A.D. 457,468, 478 [278]

Ishii, K. 401, 478 [279]

Ito, M. 489, 492, 536, 537, 541, 566 [31]

Jabin, P.-E. 326, 375 [56]

Jager, W. 269, 287, 300, 301, 305, 306, 309, 314,
320 [30]; 320 [31]; 320 [32]; 320 [33];
320 [34]; 321 [69]

Janovsky, V. 395, 475 [192]

Jawerth, B. 9, 53 [95]

Jiang, L.S. 397, 478 [280]

Jiang, S. 85, 86, 99 [74]; 99 [75]

Jing, Z. 487, 567 [41]

Jingxue, Y. 209, 212, 226 [44]

John, O. 462,468, 478 [298]

Johnson, M.W. 234, 260 [84]

Johnson, R.S. 491, 496, 497, 508, 523, 549,
566 [13]

Joseph, D.D. 252,254, 255, 260 [85]; 260 [86];
395, 478 [281]; 478 [282]

Jourdain, B. 238, 260 [87]; 260 [88]

Kaczynski, T. 216, 226 [45]

Kaloshin, V.Y. 123, 195 [122]

Kamenomostskaya, S. 397, 478 [283]

Kamin, S. 397, 476 [215]

Kang, K. 18, 57 [39]

Kaniel, Sh. 352, 375 [62]

Kaplicky, P. 125, 195 [124]

Karachalios, N.I. 119, 796 [125]; 196 [126]

Karali, G. 420, 469 [12]

Karlsen, K.H. 354, 373 [11]

Kassner, K. 467, 478 [284]

Kato, T. 10, 12, 26, 50 [4]; 53 [96]; 53 [97];
53 [98]; 53 [99]

Katok, A. 170-172, 174, 181, 196 [127]

Katz, N. 26, 53 [100]

Kaup, D. 487, 489, 492, 536, 537, 540, 566 [32]

Kaye, A. 234, 260 [89]

Kazhikhov, A.V. 65, 85, 86, 97 [5]; 101 [125]

Kearsley, E.A. 234, 257 [4]

Keller, J.B. 217,227 [74]

Kenmochi, N. 419, 422, 442, 467, 473 [138];
474 [161]; 474 [162]; 478 [285]; 478 [286]

Kerr, RM. 3, 14, 16, 26, 53 [87]; 53 [101];
53 [102]

Kessler, D. 419, 478 [287]

Khesin, B.A. 3,5, 6,50 [1]

Khludnev, AM. 467, 469 [29]

Kielhofer, H. 212, 226 [28]

Kim, I.C. 395, 478 [288]; 478 [289]

Kim, J.U. 237, 238, 260 [90]



576 Author Index

Kim, N. 15,517 [40]

Kim, S.-K. 33,51 [41]

Kinderlehrer, D. 391, 398, 467, 468, 476 [236];
478 [290]; 478 [291]; 478 [292]

Kirchgéssner, K. 170, 192 [30]; 196 [128]

Kiselev, A. 29, 53 [103]

Kivshar, Y.S. 487, 489, 492, 560, 566 [33]

Klainerman, S. 11, 53 [104]; 97, 99 [76]

Klapper, I. 47, 50 [12]; 204, 209, 226 [46]

Klaver, M.H.A. 398, 471 [63]

Klein, R. 90, 97, 99 [77]; 99 [78]; 100 [79]

Kloeden, P. 110, 111, 143, 144, 192 [35];
192 [40]; 196 [129]

Kloeden, PE. 183, 7196 [141]

Kluge, R. 468, 478 [293]

Knabner, P. 401, 475 [187]

Knightly, G.H. 397,472 [114]; 472 [115]

Knobloch, E. 204, 228 [79]

Knowles, J K. 467, 468 [1]

Koch, H. 398, 478 [294]

Kohn, R.V. 25, 53 [88]; 65, 98 [25]; 213, 216,
219-221, 223, 224, 227 [47]; 227 [48]

Koksch, N. 144, 196 [130]; 196 [131]

Kolkka, RW. 253, 260 [91]; 260 [92]

Kolmogorov, A.N. 164, 177, 196 [132]

Kolodner, I.I. 397, 478 [295]

Kolte, M.I. 242, 260 [71]

Kondepudi, D. 468, 478 [296]

Kondratiev, V.A. 249, 260 [93]

Korotov, S. 401, 475 [187]

Korteweg, D.J. 487, 536, 566 [34]

Kostin, LN. 127, 196 [133]

Kotera, T. 492, 536, 537, 540, 567 [57]

Kozono, H. 13, 53 [105]; 53 [106]

Krejéi, P. 419,421, 478 [297]

Kroesser, RW. 240, 260 [94]

Kruskal, M.D. 487, 568 [79]

Kubo, M. 419, 478 [286]

Kufner, A. 269, 270, 319 [25]; 462, 468,
478 [298]

Kupershmidt, B.A. 487, 492, 536, 537, 540,
566 [35]

Kurz, W. 403, 467, 478 [299]

Kusraev, A.G. 468, 478 [300]

Kutateladze, S.S. 468, 478 [300]

Kutev, N. 314, 320 [32]

Kwon, Y. 254, 260 [95]

Lacey, A.A. 395, 398, 478 [301]; 478 [302];
478 [303]; 478 [304]

Ladyzhenskaya, O.A. 3, 53 [107]; 65, 75, 85, 89,
100 [80]; 100 [81]; 100 [82]; 100 [83]; 107,
108, 116, 119, 121, 123, 125, 188, 196 [134];

196 [135]; 196 [136]; 196 [137]; 269, 320 [35];
397, 468, 479 [305]

Lafontaine, J. 219, 226 [31]

Lamb, H. 6, 53 [108]; 60, 100 [84]

Lamé, G. 397, 479 [306]

Landau, L. 418, 479 [307]

Landes, R. 269, 320 [36]; 320 [37]; 320 [38];
320 [39]

Langa, J.LA. 110, 111, 143, 144, 183, 192 [36];
192 [37]; 192 [38]; 196 [138]; 196 [139]

Lange, H. 119, 199 [228]

Langer, J.S. 398, 479 [308]; 479 [309]

Larson, R.G. 250, 260 [96]; 260 [97]

Lasiecka, I. 118, 125, 193 [53]; 193 [54]; 255,
260 [98]

Latushkin, Y. 251, 258 [14]

Laurengot, Ph. 157, 194 [90]; 419, 473 [139]

Lavenda, BH. 468,479 [310]

Lax, P.D. 27,32, 52 [58]; 239, 261 [99]; 487,
492, 536, 539, 542, 566 [36]; 566 [37]

Le Bris, C. 238, 260 [88]

Leal, L.G. 243,258 [36]

Leblond, J. 467, 481 [369]

Lebowitz, J.L. 210, 216, 226 [30]; 226 [34]

Lee,J. 18,29, 51 [39]; 51 [42]

Lee, M.-Y. 325, 375 [63]

Lei, Z. 238,261 [100]

Lelievre, T. 238, 260 [88]

Lemarechal, C. 468, 477 [269]; 477 [270]

Lemarié-Rieusset, PG. 3, 8, 53 [109]

Leonov, A.I. 251, 254, 259 [55]; 260 [95]

Leray, J. 23,53 [110]; 65, 85, 100 [85]

Leugering, G. 255, 261 [101]; 261 [102];
261 [103]

LeVaque, R.J. 487, 566 [11]

Levermore, C.D. 325, 326, 373 [7]; 373 [8];
375 [50]; 375 [51]

Levine, H. 398, 419, 473 [146]

Lewis, A.S. 468, 471 [74]

Li, B. 487, 566 [38]

Li,C. 34,53[92]

Li,D.S. 183, 196 [141]

Li,R. 3,25,53[93]; 53 [94]

Li, T. 238,261 [104]

Lichtenstein, L. 12, 53 [111]

Liebermann, G.M. 269, 289, 320 [40]

Lifschitz, EM. 208, 227 [49]; 325, 375 [64];
418, 479 [307]

Lighthill, J. 60, 100 [86]

Lin, C.-K. 96, 97 [21]

Lin, EH. 238,261 [105]

Lifidn, A. 467,474 [173]

Lindenstrauss, E. 174, 196 [142]

Lions, J.-L. 75,77, 100 [87]; 186, 188, 196 [143]



Author Index 577

Lions, J.L. 269-271, 273, 285, 308, 320 [41];
422, 424, 426, 437, 467, 468, 474 [167];
475 [186]; 479 [311]; 479 [312]

Lions, P-L. 65,72,75,79, 85, 96, 98 [37];
98 [39]; 100 [88]; 100 [89]; 100 [90]; 100 [91];
325, 326, 332, 352, 375 [52]; 375 [65];
375 [66]; 375 [67]; 375 [68]

Lions, PL. 3,53 [112]; 83, 98 [29]; 239,
261 [106]

Lister, JR. 241, 257 [9]

Liu, C. 238,261 [105]

Liu, H. 27,43,53[113]

Liu, S. 492, 566 [16]

Liu, Sh. 492, 566 [16]

Liu, T.-P. 325, 372, 375 [63]; 375 [69]; 375 [70]

Liu, TP. 327,331, 375[71]

Liu, V.X. 125, 196 [144]; 196 [145]

Liu, W.J. 255,261 [107]

Liu, Y. 487, 566 [39]

Liu, Z. 487, 566 [40]; 567 [41]

Logan, J.D. 269, 319, 320 [42]

Londen, S.0. 239, 261 [108]

Lorenz, EN. 106, 196 [146]

Lorenz, J. 97, 99 [63]

Lorenzi, A. 133, 194 [85]

Losh, D. 242,263 [182]

Lovat, B. 294,319 [14]

Lu, K. 119, 196 [148]

Lu, S. 140, 196 [147]; 196 [149]

Luckhaus, S. 401, 414,417, 420-422, 442,
469 [17]; 479 [313]; 479 [314]; 479 [315];
479 [316]; 479 [317]

Lucquin-Desreux, B. 355, 375 [61]

Ludu, A. 487-489, 493, 567 [42]

Lukaszewicz, G. 144, 192 [39]

Lunel, SSM.V. 269, 319 [21]; 320 [29]

Luskin, M. 254, 261 [110]

Ma, Q. 119, 196 [150]

Ma, S. 140, 196 [151]

Ma, S.-K. 208, 227 [50]

Ma, W.-X. 493, 549, 550, 567 [43]

Ma, W.X. 488, 557-559, 567 [60]

MacCamy, R.C. 237,261 [111]

Magenes, E. 422,424, 426, 436, 437, 467, 468,
479 [3121; 479 [318]; 479 [319]; 479 [320];
479 [321]

Mahalov, A. 3, 50[2]; 188, 192 [17]

Mahler, G. 285, 320 [43]

Maier-Paape, S. 212, 215, 226 [28]; 227 [51];
227 [52]

Majda, A. 3-6, 10-12, 16, 17, 26, 27, 29, 32, 33,
50 [4]; 52 [56]; 52 [58]; 52 [59]; 53 [104];

54 [114]; 54 [115]; 54 [116]; 54 [117]; 90, 97,
99 [76]; 100 [92]

Makrakis, G. 467,470 [37]

Mailek, J. 65, 100 [93]; 100 [94]; 125, 134, 185,
192 [32]; 196 [152]; 196 [153]; 196 [154]

Malek-Madani, R. 240, 261 [112]

Malfliet, W. 493, 494, 567 [44]; 567 [45];

567 [46]

Malkus, D.S. 253, 261 [113]; 261 [114];
261 [115]

Mancini, A. 404, 475 [208]

Manley, O. 129, 194 [93]

Manneville, P. 180, 197 [155]; 197 [156]

Marchant, T.R. 487, 567 [47]

Marchioro, C. 3,6, 54 [118]

Markowich, P.A. 240, 261 [116]; 325, 349,
373 [91; 375 [72]

Marsden, J.E. 5, 12, 52 [75]; 60, 63, 98 [28]

Martino, R.S. 488, 565 [6]

Martuzans, B. 467, 482 [412]

Masmoudi, N. 96, 98 [37]; 100 [91]; 100 [95];
238,239, 257 [11]; 261 [106]; 325, 326,

375 [66]; 376 [73]

Massari, U. 463, 479 [322]

Matano, H. 398, 479 [323]

Matias, J. 401, 477 [259]

Matsumoto, T. 3, 52 [82]

Matsumura, A. 238, 261 [117]

Matsuura, K. 133, 197 [157]

Matu§i-Nedasovd, S. 87, 99 [51]; 243, 261 [118]

Mauser, N. 326, 374 [29]

Maxwell, J.C. 233, 261 [119]

Mazur, P. 468, 474 [171]

Maz’ya, V. 209, 227 [53]; 468, 479 [324]

McFadden, G. 467, 477 [260]

McFadden, G.B. 203, 228 [87]; 398, 419,

484 [461]

McGeough, J.A. 395, 479 [325]; 479 [326]

McLeish, T.C.B. 253, 264 [202]

Meijer, PH.E. 467, 481 [369]

Meirmanov, AM. 391, 395, 398, 467, 469 [27];
479 [327]; 479 [328]; 479 [329]; 479 [330];
479 [331]

Meiron, D. 3,43, 50 [7]

Meister, A. 90, 97, 100 [79]

Melikulov, A.C. 467, 481 [384]

Mellet, A. 75, 100 [96]; 325, 326, 338, 355, 370,
373 [10]; 375 [57]; 376 [74]; 376 [75]

Melnik, V.S. 183, 192 [37]; 197 [158]; 197 [159]

Merino, S. 157, 159, 197 [160]

Meyer, G.H. 404, 475 [209]

Meyer, Y. 83, 98[29]; 98 [30]

Michaille, G. 468, 470 [40]

Middleman, S. 240, 260 [94]; 261 [120]



578 Author Index

Mielke, A. 144, 149, 151, 155, 165, 170,
180-182, 185, 191, 191 [3]; 191 [4]; 197 [161];
197 [162]; 197 [163]; 197 [164]; 197 [165];
197 [166]; 197 [167]; 197 [168]

Mihalas, B. 69, 100 [97]

Mikeli¢, A. 269, 287, 320 [31]

Miklavéic, M. 212, 227 [54]

Miller, J.C. 488, 565 [6]

Miller, J.R. 23,54 [119]

Miller, M.K. 216, 226 [43]

Milnor, J. 173, 197 [169]

Minea, Gh. 106, 197 [170]

Miranville, A. 111, 121, 122, 124, 125, 131-137,
145, 147-149, 155, 157-159, 167, 168,

193 [66]; 193 [67]; 193 [68]; 193 [69];

193 [70]; 193 [71]; 194 [72]; 194 [73];

194 [82]; 194 [83]; 195 [101]; 195 [102];
195 [103]; 195 [104]; 195 [105]; 195 [109];
195 [116]; 197 [171]; 197 [172]; 197 [173];
197 [174]; 197 [175]; 197 [176]; 197 [177];
197 [178]; 197 [179]; 467, 479 [332]

Mischaikow, K. 216, 226 [32]; 226 [45]

Miyadera, I. 468, 479 [334]

Miyakawa, T. 352, 375 [49]

Mizel, V.J. 233,258 [16]

Mneimné, A. 243, 259 [66]

Modica, L. 420, 466, 474 [156]; 474 [157];
479 [315]; 480 [335]; 480 [336]; 480 [337]

Moffatt, H.K. 33, 34, 54 [120]

Moise, I. 118, 119, 195 [114]; 197 [180];
198 [181]; 198 [182]

Molinet, L. 238, 261 [121]; 294, 319 [15]

Monakhov, V.N. 65, 86, 97 [5]; 467, 480 [338]

Monro, S. 487, 567 [48]; 567 [49]

Montagnon, PE. 249, 258 [23]

Mora, X. 129, 198 [183]

Moreau, J.J. 450, 468, 480 [339]

Morf, R. 3,43, 50 [7]

Morgan, F. 468, 480 [340]

Morlet, A. 31, 54 [121]

Morosanu, G. 468, 480 [341]

Morro, A. 419, 475 [204]

Mortola, S. 466, 480 [337]

Mrozek, M. 216, 226 [45]

Mucha, P.B. 85, 100 [98]; 401, 480 [342];
480 [343]

Miiller, I. 66, 100 [99]; 406, 468, 480 [344];
480 [345]

Muller, S.J. 250, 260 [97]

Mullins, W.W. 217, 227 [55]; 398, 480 [346];
480 [347]

Munz, C.D. 90,97, 100 [79]

Murat, E. 76, 100 [100]

Murray, B.T. 398, 419, 484 [461]

Murray, J.D. 209, 227 [56]; 227 [57]

Murray, J.M. 204, 226 [19]

Mustonen, V. 269, 270, 275, 285, 319 [7];
320 [38]; 320 [39]; 320 [44]; 320 [45];
320 [46]; 320 [47]

Myshkis, A.D. 269, 320 [48]; 320 [49]

Nagasawa, T. 65, 100 [101]

Nagel, R. 269, 320 [50]

Nam, H.-S. 33, 51 [41]; 51 [43]

Naumann, J. 467, 468, 480 [348]

Navier, C.L.M.H. 231, 261 [122]

Nazarov, F. 29, 53 [103]

Necas, J. 23, 54 [122]; 65, 97 [15]; 100 [93];
100 [102]; 125, 196 [152]; 239, 257 [3]; 467,
468, 480 [349]; 480 [350]

Neittanmiki, P. 467, 480 [354]

Nepomnyashchy, A. 221, 227 [73]

Neustupa, J. 43, 54 [123]

Newell, A.C. 488, 567 [50]

Newton, I. 231, 261 [123]

Nguyen, Q.S. 467, 469 [30]

Nickel, B. 3,43, 50[7]

Nicolaenko, B. 3, 50 [2]; 89, 97 [8]; 98 [32];
109, 123, 129-131, 133, 134, 153, 157, 188,
192 [17]; 192 [18]; 193 [58]; 193 [65];

196 [1401; 211, 212, 214, 227 [58]; 227 [59];
372,373 (6]

Nie, Q. 395, 480 [351]

Niethammer, B. 208, 221, 224, 226 [20];

226 [33]; 226 [42]; 421, 476 [239]; 480 [352];
480 [353]

Niezgodka, M. 467, 480 [355]; 480 [356];
480 [357]

Nirenberg, L. 65, 98 [25]; 398, 478 [290];
478 [291]

Nishida, T. 238, 261 [124]

Nochetto, R.H. 391, 480 [358]

Noelle, S. 352, 376 [92]

Nogi, T. 467, 484 [474]

Nohel, J.A.  237-240, 253, 258 [21]; 258 [22];
261 [112]; 261 [113]; 261 [114]; 261 [115];
261 [125]; 261 [126]; 262 [127]; 262 [147];
269, 287, 320 [54]

Noll, W. 232, 264 [208]

Novick-Cohen, A. 204, 209, 210, 212-214, 216,
217,219, 221, 223-225, 225 [7]; 225 [11];
225 [147; 226 [36]; 227 [60]; 227 [61];

227 [62]; 227 [63]; 227 [64]; 227 [65];
227 [66]; 227 [67]; 419, 480 [359]; 480 [360];
480 [361]

Novotny, A. 74,79, 81, 85, 89, 91, 93, 95, 96,
99 [52]; 99 [53]; 100 [103]; 100 [104];

100 [105]; 243, 262 [128]; 262 [129]



Author Index 579

Niirnberg, R. 221, 225 [7]

Nuseir, A. 489, 493, 496, 500, 501, 510, 511,
536, 537, 542, 543, 546, 548, 549, 556, 566 [18]

Nuvo, J. 129, 195 [99]

Ockendon, J.R. 395,401, 412, 467, 473 [150];
474 [152]; 475 [193]; 478 [303]; 480 [362];
480 [363]

Ogawa, T. 13, 53 [106]

Ohkitani, K. 26, 29, 54 [124]; 54 [126]

Okamoto, H. 26, 54 [126]

Oldroyd, J.G. 232,233, 262 [130]; 262 [131]

O’Leary, M. 23, 54 [119]; 397, 474 [178]

Oleinik, O.A. 397, 467, 480 [364]; 480 [365]

Oliva, S.M. 287, 320 [51]

Olson, E. 123, 194 [94]

Onsager, L. 47, 54 [125]; 86, 100 [106]

Oono, Y. 219, 227 [68]

Oron, A. 204, 227 [69]

O’Rourke, P.J. 355, 373 [3]

Orszag, S.  3,43,50[7]

Otto, F. 208, 213, 216, 219-221, 223, 224,
226 [20]; 226 [42]; 227 [47]; 227 [70]; 352,
374 [43]

Oxenius, J. 68, 69, 100 [107]

Palffy-Muhoray, P. 221, 224, 228 [76]
Pamplin, R. 467, 481 [366]
Panagiotopoulos, PD. 468, 481 [367]; 481 [368]
Panferov, V.A. 372, 373 [18]; 374 [47]
Papageorgiou, D.T. 241, 262 [132]
Papanicolaou, G. 349, 350, 374 [35]

Papon, P. 467, 481 [369]

Parker, A. 488, 567 [51]

Parkes, E.J. 487, 493, 549, 550, 566 [14];
567 [48]; 567 [49]

Pascali, D. 468, 481 [370]

Pata, V. 112,117,119, 121, 122, 133, 136, 137,
193 [59]; 193 [60]; 193 [61]; 195 [100];
195 [101]; 195 [102]; 195 [103]; 195 [104];
195 [105]; 195 [106]; 195 [107]; 195 [108];
195 [116]; 195 [117]; 197 [174]; 198 [184];
198 [185]; 198 [186]

Pavel, N.-H. 468, 481 [371]

Pavlovi¢, N. 3,26

Pavlovic, N. 26

Pavlovié, N. 52 [80]

Pavlovic, N. 53 [100]

Pavén, D. 396, 477 [265]

Pawlow, I. 419, 467, 469 [18]; 469 [19];
469 [20]; 480 [356]

Pazy, A. 269, 320 [52]; 436, 468, 470 [58];
471 [88]

Pearson, J.R.A. 253, 262 [133]

Pedregal, P. 78, 100 [108]

Pego, R.L. 217,221, 226 [21]; 227 [71]; 253,
261 [125]; 419, 481 [372]

Peletier, L.A. 170, 198 [187]; 212, 227 [63];
227 [64]; 398, 471 [62]

Pelinovsky, D.E.  487-489, 492, 560, 566 [33];
567 [52]

Pelz, R.B. 3,53 [91]; 54 [127]

Penel, P. 43, 54[123]

Penrose, O. 216, 226 [30]; 383, 398, 419,

481 [373]; 481 [374]

Pepe, L. 463, 479 [322]

Perthame, B. 325, 352-355, 373 [20]; 374 [32];
374 [33]; 375 [52]; 375 [53]; 375 [61];

375 [67]; 375 [68]; 376 [76]; 376 [77]; 376 [78]
Pesin, Ya.B. 180, 798 [188]; 7198 [189]
Petersen, M.R. 269, 319, 320 [42]

Petrie, C.J.S. 253, 262 [133]

Petzeltova, H. 73, 75,79, 81, 85, 87-89, 99 [51];
99 [53]; 99 [54]; 99 [55]; 99 [56]

Peyrard, M. 487, 497, 566 [12]

Phan-Thien, N. 234, 262 [134]

Philibert, J. 209, 227 [72]

Piccinini, L.C. 468, 473 [147]

Pierre, M. 436, 473 [148]

Pileckas, K. 243, 262 [135]

Pipkin, A.C. 396, 477 [261]

Pitajewski, L.P. 325, 375 [64]

Plohr, B.J. 253,261 [113]; 261 [114]; 261 [115]

Plotnikov, P.I. 85, 101 [109]; 419, 421,

473 [140]; 481 [375]

Podolny, A. 221, 227 [73]

Pokorny, M. 85, 100 [98]; 243, 262 [128]

Pomeau, Y. 106, 192 [27]; 401, 469 [22]; 488,
493, 549, 567 [53]

Ponce, G. 12, 53 [98]; 53 [99]; 54 [128]

Portilheiro, M. 325, 332, 376 [79]; 376 [80]

Posvyanskii, V.S. 26, 29, 52 [73]

Poupaud, F. 325, 372, 373 [10]; 375 [54];

375 [58]

Prazdk, D. 125, 134, 185, 192 [32]; 195 [124];
196 [153]; 196 [154]; 198 [190]; 198 [191];
198 [192]

Precupanu, T. 457, 468, 470 [49]

Preziosi, L. 395, 478 [281]; 478 [282]

Prigogine, I. 468, 477 [246]; 478 [296];

481 [376]

Primicerio, M. 388, 397, 398, 404, 467,

469 [24]; 475 [209]; 475 [210]; 476 [211];

476 [212]; 476 [213]; 476 [214]; 476 [215];

480 [365]; 481 [377]; 481 [378]; 481 [379];

482 [411]



580

Procaccia, I. 180, 195 [112]

PriiB3, J. 238, 251, 262 [136]; 262 [137]; 391,
398, 401, 475 [198]; 481 [380]

Puel, M. 326, 374 [29]; 376 [81]

Pukhnachev, V.V. 467, 481 [381]

Pulvirenti, M. 3, 6, 54 [118]; 326, 349, 352,
374 [241; 374 [39]

Puri, S. 219, 227 [68]

Qian, T. 487, 566 [40]

Rabinovich, M.I. 180, 7198 [193]

Rabinowitz, PH. 170, 198 [194]

Radkevich, E.V. 467, 480 [365]; 481 [384]

Radkevitch, E. 401, 481 [382]; 481 [383]

Rajagopal, K.R. 60, 65, 86, 91, 100 [94];
101 [110]; 101 [111]; 101 [122]

Rallison, J.M. 249, 250, 262 [138]; 265 [213]

Ramani, A. 488, 493, 549, 567 [53]

Rammaha, M.A. 240, 262 [139]

Rappaz, J. 419, 481 [385]

Rasmussen, H. 395, 467, 472 [121]; 472 [122];
472 [123]; 479 [326]

Rauch, J. 318, 320 [53]

Raugel, G. 107, 109, 127, 128, 134, 188,
195 [1207; 198 [195]; 198 [196]

Rayleigh, L. 240, 262 [140]; 262 [141]

Real,J. 111, 144, 192 [35]; 192 [39]

Recupero, V. 396, 473 [141]

Reid, RW. 250, 258 [31]

Reitich, F. 401, 473 [128]

Renardy, M. 237-246, 248-254, 256, 257,
259 [69]; 260 [71]; 260 [78]; 260 [79];
260 [80]; 260 [81]; 260 [85]; 261 [116];
261 [126]; 262 [142]; 262 [143]; 262 [144];
262 [145]; 262 [146]; 262 [147]; 262 [148];
262 [149]; 262 [150]; 262 [151]; 262 [152];
262 [153]; 262 [154]; 262 [155]; 263 [156];
263 [157]; 263 [158]; 263 [159]; 263 [160];
263 [161]; 263 [162]; 263 [163]; 263 [164];
263 [165]; 263 [166]; 263 [167]; 263 [168];
263 [169]; 263 [170]; 263 [171]; 263 [172];
263 [173]; 263 [174]; 263 [175]; 263 [176];
263 [177]; 263 [178]; 263 [179]; 263 [180];
263 [181]; 263 [182]; 263 [183]; 264 [184];
264 [185]; 264 [186]; 264 [187]; 264 [188];
264 [189]; 264 [190]; 264 [191]; 264 [192];
264 [212]; 265 [214]; 269, 287, 320 [54]

Renardy, Y. 242,250, 251, 253, 262 [146];
264 [186]; 264 [193]; 264 [194]; 265 [214]

Resnick, S. 49, 54 [129]

Ricci, R, 404, 469 [24]

Richardson, S. 395, 481 [386]; 481 [387]

Author Index

Ringhofer, C.A. 325, 349, 375 [72]

Rivlin, R.S. 65, 99 [62]; 233, 264 [195]

Robert, R. 65, 98 [40]

Robinson, J.C. 107,108, 111, 124, 129,

196 [138]; 198 [197]

Rocca, E. 419, 421, 478 [297]

Rocha, C. 121, 194 [91]; 194 [92]

Rockafellar, R.T. 455, 457, 468, 481 [388];
481 [389]; 481 [390]; 481 [391]; 481 [392]

Rodrigues, J.E. 397, 398, 449, 467, 468,
470 [37]; 471 [65]; 476 [218]; 481 [393];
481 [394]; 481 [395]; 481 [396]; 481 [397];
482 [398]; 482 [399]; 482 [400]

Rodriguez-Bernal, A. 151, 154, 159, 191 [9]

Roger, M. 401, 421, 482 [401]; 482 [402]

Rogers, J.W. 398, 436, 470 [60]; 482 [403]

Rogers, R.C. 239,254, 262 [127]; 264 [185]

Rokyta, M. 65, 100 [93]

Roller, S. 90, 97, 100 [79]

Romano, A. 398, 467, 482 [404]

Rooney, FJ. 67,97 [11]

Rosa,R. 117,119, 134, 159, 192 [34];

195 [115]; 197 [180]; 198 [181]; 198 [182];
198 [198]; 198 [199]; 198 [200]

Rosenau, P. 488, 489, 493, 559-561, 563,
567 [54]; 567 [55]; 567 [56]

Rossi, R. 183, 198 [201]

Rossler, O. 106, 198 [202]

Rossmann, J. 209, 227 [53]

RoubiCek, T. 468, 482 [405]

Rougirel, A. 134, 198 [203]

Roulstone, I. 14, 16, 53 [87]

Rowlands, G. 487, 566 [30]

Rubinstein, B. 221, 227 [73]

Rubinstein, J. 217, 227 [74]

Rubinstein, L. 397, 467, 482 [406]; 482 [407];
482 [408]; 482 [409]; 482 [410]; 482 [411];
482 [412]

Ruggeri, T. 66, 67, 100 [99]; 101 [112]

Rump, T. 221, 227 [70]

Rumpf, M. 221, 224, 226 [33]

Runst, T. 8, 54 [130]

Rutkevich, LM. 254, 264 [196]

Ruzicka, M. 23, 54 [122]; 65, 91, 100 [93];
101 [110]

Rybka, P. 401, 477 [243]; 482 [413]; 482 [414];
482 [415]

Saal,J. 391, 398, 481 [380]

Sacks, P. 436, 470 [59]

Saffman, P.G. 395, 482 [416]

Saguez, C. 412,470 [61]

Saint-Raymond, L. 325, 326, 375 [51]; 375 [55];
376 [73]; 376 [81]; 376 [82]; 376 [83]



Author Index

Sakajo, T. 28, 54 [131]; 54 [132]
Salsa, S. 398, 467, 470 [33]; 470 [34]; 470 [35];

470 [36]; 472 [100]

Sander, E. 215, 228 [75]

Sanderson, J.G. 206, 226 [17]
Sandstede, B. 182, 198 [204]

Santos, L. 467,476 [218]

Sarler, B. 467, 484 [472]

Sarti, G.C. 388, 404, 470 [32]

Sartory, W.K. 354, 376 [84]

Sato, N. 442,474 [162]

Sauer, T. 123, 195 [123]

Saut, J.C. 238,239, 243, 251, 252, 254,

259 [63]; 259 [64]; 259 [65]; 260 [85]
Savaré, G. 75, 97 [4]; 401, 482 [417]
Sawada, K. 487-489, 492, 536, 537, 540, 559,

567 [57]; 567 [64]; 567 [65]

Saxton, R. 487,566 [11]

Saxton, R.A. 237, 258 [32]

Sburlan, S. 468, 481 [370]

Schaefer, H. 187, 189, 198 [205]

Schaeffer, D. 397, 482 [418]

Schamel, H. 491, 567 [58]

Scheffer, V. 3, 54 [133]

Scheid, J.F. 419, 478 [287]; 481 [385]

Scheil, E. 404, 482 [419]

Scheurer, B. 211, 212, 214, 227 [58]; 227 [59]

Schimperna, G. 134, 198 [206]; 419, 471 [71];
473 [133]; 478 [287]

Schleiniger, G. 254, 258 [19]

Schmalfuss, B. 110, 111, 117, 119, 143, 144,

192 [40]; 196 [139]; 198 [207]

Schmeiser, C. 325, 349, 373 [9]; 375 [72]

Schneider, G. 149, 151, 155, 197 [165]

Schneider, T. 90, 97, 100 [79]

Schober, C. 487, 491, 496, 497, 565 [2]

Schochet, S. 28, 54 [134]; 97, 101 [113];
101 [114]

Schonbek, M. 23, 54 [119]

Schulze, B.-W. 183, 191, 199 [222]

Schwab, C. 238,239, 257 [2]

Scott, A. 488, 567 [59]

Segalman, D. 234, 260 [84]

Segatti, A. 134, 183, 198 [201]; 198 [206];

199 [208]; 199 [209]

Segel, L.A. 210, 227 [66]; 419, 480 [361]
Segur, H. 487, 491, 496, 497, 565 [3]
Sekerka, R.F. 217, 227 [55]; 398, 419,

480 [346]; 480 [347]; 484 [461]

Sell, G.R.  107-109, 112, 128, 129, 183, 186,

188, 194 [95]; 198 [196]; 199 [210]; 199 [211]
Semmes, S. 83, 98 [29]

Sentis, R. 352, 375 [52]; 375 [53]

581

Sequeira, A. 243,261 [118]; 262 [129];
262 [135]

Serre, D. 65, 85, 86, 99 [69]; 101 [115];
101 [116]; 327, 329, 376 [85]

Sestini, G. 397, 482 [420]

Shaqgfeh, E.S.G. 250, 260 [97]; 264 [197]

Shillor, M. 397, 484 [473]

Shinnar, R. 240, 259 [54]

Shishkov, A. 216, 221, 223, 224, 227 [67]

Shmarev, S. 467, 469 [28]

Shnirelman, A. 3, 47, 54 [135]; 54 [136]

Shores, T.S. 269, 319, 320 [42]

Showalter, R.E. 397,417,442, 468, 474 [179];
482 [421]; 482 [422]

Shrinivasa, A.R. 91, 101 [110]

Shu, C.W. 33, 52 [74]; 240, 264 [198]

Shuhong, F. 142, 199 [212]

Sickel, W. 8, 54 [130]

Sideris, T.C. 3, 14, 53 [89]; 53 [90]; 327,
376 [86]

Siegmund, S. 144, 196 [130]; 196 [131]

Silhavy, M. 65, 100 [102]

Simader, C.G. 269, 320 [45]

Simeoni, C. 352, 376 [77]

Simon, L. 269, 286, 288, 294, 300, 301,

304-306, 309-311, 313, 314, 318, 319,
320 [33]; 320 [34]; 320 [55]; 321 [56];
321 [57]; 321 [58]; 321 [59]; 321 [60];
321 [61]; 321 [62]; 321 [63]; 321 [64];
321 [65]; 321 [66]; 321 [67]; 321 [68];
321 [69]; 321 [70]; 468, 482 [423]

Simondon, F. 157, 194 [90]

Simonett, G. 391, 395, 398, 401, 419, 420,
475 [195]; 475 [196]; 475 [197]; 475 [198];
481 [380]

Sinai, Ya.G. 26, 29, 52 [73]; 180, 192 [33];
198 [188]; 198 [189]

Skripov, V.P. 467, 482 [424]

Skubachevskii, A.L. 269, 321 [71]

Slemrod, M. 238, 240, 264 [199]; 264 [200];
264 [201]

Slepcev, D. 221, 227 [70]

SlijepCevié, S. 172, 194 [97]; 199 [213]

Slyozov, V.V. 208, 227 [49]

Smith, G.D.W. 216, 226 [43]

Smyth, N.E. 487, 567 [47]

Sokolowski, J. 85, 101 [109]

Sola-Morales, J. 129, 198 [183]

Soler, J. 350, 373 [19]

Solomon, A.D. 412-414, 467, 469 [8]; 469 [9];
482 [425]; 484 [464]; 484 [465]; 484 [466];
484 [467]

Solonnikov, V.A. 75, 100 [83]; 269, 320 [35];
397, 398, 468, 471 [66]; 479 [305]



582 Author Index

Sonar, T. 90, 97, 100 [79]

Sone, Y. 372,376 [87]

Soner, HM. 398, 401, 420, 421, 475 [202];
477 [262]; 478 [279]; 482 [426]; 483 [427];
483 [428]

Song, X. 488, 567 [61]

Souganidis, PE. 352, 376 [78]; 420, 475 [202]

Spannenberg, A. 354, 376 [88]

Spenley, N.A. 253, 264 [202]

Sprekels, J. 269, 287, 319 [11]; 404, 406, 419,
421,467,471 [71]; 471 [91]; 473 [138];
473 [142]; 473 [143]; 477 [271]; 477 [272];
478 [297]; 483 [429]

Spruck, J. 421, 467, 474 [163]; 475 [203];
476 [237]

Squassina, M. 133, 137, 193 [60]; 193 [61];
195 [108]; 198 [184]

Srinivasa, A.R. 86, 101 [111]

Stampacchia, G. 467, 468, 478 [292]

Starovoitov, V.N. 397, 419, 421, 478 [273];
481 [375]

Stavrakakis, N.M. 119, 196 [125]

Steele, G. 47, 50 [12]

Stefan, J. 397, 483 [430]

Stefanelli, U. 183, 198 [201]; 419, 478 [287]

Stein, EM. 4,8, 10, 54 [137]; 54 [138]

Steinbach, J. 467, 483 [431]

Steinhauer, M. 85, 99 [57]

Sternberg, P. 217, 227 [74]

Stokes, G.G. 231, 264 [203]

Stone, H.A. 241, 257 [9]

Stoth, B. 421, 483 [432]

Straskraba, I. 74, 87, 89, 99 [51]; 100 [103];
100 [1047; 100 [105]

Strauss, W.A. 438, 471 [89]

Strzelecki, P. 467, 480 [357]

Sturzenhecker, T. 401, 421, 476 [238]; 479 [316]

Suarez, A. 111, 196 [138]

Siili, E. 238, 239, 257 [2]

Sullivan, T. 221, 224, 228 [76]

Sun, C. 144, 199 [214]

Sun, C.-Y. 112, 119, 200 [244]

Sureshkumar, R. 250, 264 [204]

Sverak, V. 23, 54 [122]

Tabak, E. 29, 52 [59]

Tadmor, E. 3, 27,43, 53 [113]; 54 [139]; 325,
352,375 [67]; 375 [68]

Takei, Y. 109, 133, 199 [215]; 199 [216]

Talhouk, R. 238, 243, 259 [66]; 259 [67];
259 [68]; 261 [121]; 264 [205]

Tam, HW. 488, 557-559, 567 [60]

Taniuchi, T. 13, 53 [106]

Taniuchi, Y. 13, 33, 53 [105]; 54 [140]

Tanner, R.I. 234, 235, 262 [134]; 264 [206]

Tartar, L. 76, 101 [117]; 468, 483 [433]

Tarzia, D.A. 467, 483 [434]; 483 [435];
483 [436]

Tayler, A.B. 398,412, 478 [304]; 480 [363];
483 [437]

Taylor, G.I. 395, 482 [416]

Taylor, J.LE. 203, 228 [77]; 401, 469 [15];
472 [110]; 483 [438]; 483 [439]

Taylor, M.E. 8, 54 [141]

Tello, L. 269,287,310, 311, 319 [4]; 319 [18]

Temam, R. 3, 12, 55 [142]; 55 [143]; 55 [144];
65, 89, 98 [31]; 98 [32]; 101 [118]; 101 [119];
107-109, 113, 117-119, 123-125, 128-131,
133, 134, 159, 175, 186, 188, 192 [34];
193 [58]; 193 [65]; 194 [93]; 194 [95];
194 [96]; 198 [200]; 199 [217]; 199 [218]; 209,
211,212,214, 227 [58]; 227 [59]; 228 [78];
238, 243, 264 [207]; 450, 468, 475 [188]

Tesei, A. 269, 319 [5]

Thiele, U. 204, 228 [79]

Tian, ER. 395, 480 [351]

Tian, L. 488, 567 [61]

Tikhomirov, VM. 164, 177, 196 [132]; 457, 468,
478 [278]

Titi, E.S. 47,48, 51 [54]; 129, 195 [99]

Titus Lucretius Carus, 231, 267 [109]

Torres, M. 60, 98 [27]

Tory, EM. 354,373 [11]

Touré, H. 157, 194 [90]

Tremaine, S. 204, 228 [80]

Trent, J.S. 467, 484 [467]

Triebel, H. 8-10, 55 [145]; 163, 199 [219]

Trovato, M. 67, 101 [112]

Troy, W. 170, 198 [187]

Truesdell, C.A. 60, 101 [120]; 101 [121];
101 [122]; 232, 264 [208]

Truesdell, L. 60, 101 [123]

Tsai, T.-P. 23, 55 [146]

Tsujikawa, T. 109, 133, 199 [215]; 199 [216]

Turaev, D. 182, 199 [220]

Turnbull, D. 467, 483 [441]

Tzavaras, A.E. 239, 253, 261 [125]; 262 [127];
325, 326, 376 [80]; 376 [89]

Ubbelohde, A.R. 467, 483 [442]

UhlJr., J.J. 462,474 [181]

Ukai, S. 372, 376 [90]

Ultman, J.S. 254, 264 [209]

Ural’tseva, N.N. 75, 100 [83]; 269, 320 [35];
397, 468, 479 [305]

Urbano, M.G. 397, 482 [399]; 482 [400]



Vaigant, V.A. 65, 85, 101 [124]; 101 [125]

Vainberg, M.M. 468, 483 [443]

Valadier, M. 457, 468, 472 [119]

Valero, J. 110, 144, 183, 192 [37]; 192 [38];
197 [159]

van der Waals, J.D. 206, 228 [81]

van Gils, S.A. 269, 319 [21]

van Tiel, J. 468, 483 [440]

Vancostenoble, J. 256, 264 [210]

Vasseur, A. 29, 50 [10]; 75, 100 [96]; 326, 330,
338, 352, 355, 357, 360, 361, 363, 370,
373 [15]; 373 [20]; 375 [56]; 376 [74];
376 [75]; 376 [91]

Viézquez, J.L. 467,474 [173]

Veldzquez, J.J. 467, 469 [25]

Verdi, C. 404, 436, 437, 467, 473 [144];
479 [321]; 483 [444]

Vespri, V. 398, 474 [180]

Vest, CM. 251, 264 [211]

Vidal, C. 106, 192 [27]

Videman, J.H. 243, 261 [118]; 262 [129];
262 [135]

Villani, C. 65, 97 [3]; 325, 372, 374 [44],
374 [47]

Vishik, M. 3, 12, 26, 55 [147]; 55 [148]

Vishik, M.I. 89, 97 [6]; 107, 108, 110-112,
116-118, 120, 121, 123-127, 134, 138-140,
142-145, 149, 151, 153, 154, 157, 159, 163,
166, 172, 175, 176, 183189, 191, 192 [19];
192 [20]; 192 [21]; 192 [22]; 192 [43];
192 [44]; 192 [45]; 193 [46]; 193 [47];
193 [48]; 193 [49]; 195 [111]; 199 [221];
199 [222]; 199 [223]; 199 [224]; 199 [225]

Visintin, A. 383, 391, 401, 402, 404, 414, 417,
421, 426-429, 431, 434, 436, 437, 440, 442,
449, 458, 464, 466, 467, 472 [95]; 473 [144],
473 [145]; 474 [163]; 476 [225]; 479 [317];
479 [321]; 483 [444]; 483 [445]; 483 [446];
483 [447]; 483 [448]; 483 [449]; 483 [450];
483 [451]; 483 [452]; 483 [453]; 483 [454];
483 [455]; 483 [456]; 483 [457]; 484 [458];
484 [459]

Volberg, A. 29, 53 [103]

Vrabie, LI. 269, 321 [72]

Wadati, M. 487-489, 559, 567 [62]; 567 [63];
567 [64]; 567 [65]

Wainger, S. 34, 50 [9]

Walkington, N.J. 397, 482 [422]

Walter, W. 432, 484 [460]

Walters, K. 235, 264 [206]

Walther, H.-O. 269, 319 [21]

Wang, B. 119, 153, 159, 196 [148]; 199 [226];
199 [227]; 199 [228]

Author Index

583

Wang, D.L. 488, 557-559, 567 [60]

Wang, L. 401, 421, 469 [15]; 469 [16]

Wang, Q. 254, 259 [50]

Wang, R. 487, 567 [41]

Wang, S. 119, 196 [150]

Wang, S.-L. 398, 419, 484 [461]

Wang, X. 119, 198 [181]; 198 [182]; 199 [229]

Wang, X.F. 397, 484 [462]

Wang, Y. 144, 183, 199 [230]; 199 [231]

Wanner, T. 212, 215, 216, 226 [28]; 226 [32];
227 [511; 227 [52]; 228 [75]

Wapperom, P. 248, 264 [212]

Wazwaz, AM. 487489, 493, 494, 527, 531,
533, 537, 539, 560, 567 [66]; 567 [67];
567 [68]; 567 [69]; 567 [70]; 568 [71];
568 [72]; 568 [73]; 568 [74]; 568 [75];
568 [76]; 568 [77]

Webb, JR.L. 269, 319 [23]; 321 [73]

Wei, J. 212, 228 [82]; 228 [83]; 228 [84];
228 [85]; 228 [86]

Weibel-Mihalas, B. 69, 100 [97]

Weidman, P.D. 180, 198 [193]

Weikard, U. 221,224, 226 [33]

Weinacht, R.J. 254, 258 [19]

Weiss, B. 174, 196 [142]

Weiss, W. 406, 468, 480 [345]

Westdickenberg, M. 352, 374 [43]; 376 [92]

Wets, RJ.-B. 468, 481 [392]

Wheeler, A.A. 203, 228 [87]; 398, 419,
484 [461]

Whitham, G.B. 487, 488, 492, 531, 568 [78]

Willem, M. 468, 484 [463]

Williams, FEA. 325, 349, 354, 355, 376 [93];
376 [94]

Wilmott, P. 395, 478 [303]

Wilson, D.G. 412-414, 467, 469 [9]; 482 [425];
484 [464]; 484 [465]; 484 [466]; 484 [467]

Wilson, H.J. 250, 251, 265 [213]; 265 [214]

Winter, M. 212, 228 [82]; 228 [83]; 228 [84];
228 [85]; 228 [86]

Witt, I. 183, 191, 199 [222]

Wolff, M. 187, 189, 198 [205]

Woodruff, D.P. 467, 484 [468]

Woods, L.C. 468, 484 [469]

Wrobel, L.C. 467, 484 [470]; 484 [471];
484 [472]

Wu, H. 140, 196 [149]

Wu, J. 29, 571 [53]; 52 [60]; 52 [61]; 55 [149];
55 [150]; 55 [151]; 269, 287, 321 [74]

Xie, W. 419, 472 [105]
Xu, X. 397,484 [473]



584 Author Index

Yagi, A. 109, 133-135, 137, 191 [6]; 191 [7];
194 [74]; 194 [85]; 199 [215]; 199 [216]

Yamada, M. 29, 54 [124]

Yamaguchi, M. 467, 484 [474]

Yan, X. 221,227 [48]

Yang, M.-H. 112, 119, 200 [244]

Yang, T. 327,331, 372,375 [71]; 376 [90]

Yarin, A.L. 240, 258 [41]

Yau, H.-T. 326, 376 [95]

Yerushalmi, J. 240, 259 [54]

Yi,F. 401,419, 473 [127]

Yi, Z. 76,101 [126]

Yong, W.-A. 326, 374 [30]

Yorke, J.A. 123, 195 [123]

You, Y. 107,108, 129, 183, 186, 199 [211]

Yu, Sh.-H. 325, 372, 375 [63]; 375 [69];
375 [70]; 376 [90]; 376 [96]

Yu, X. 3,19,20,52[71]; 52 [72]; 55 [152]

Yuan, X.E. 253, 259 [43]

Yudovich, V.I. 3, 12, 55 [153]; 55 [154]

Yurinsky, V.V. 395, 469 [27]

Zabusky, N.J. 487, 568 [79]
Zacharias, K. 269, 270, 319 [26]; 468, 476 [240]
Zakharov, V.E. 487, 489, 568 [80]
Zaks, M. 221,227 [73]
Zaltzman, B.B. 398, 477 [247]; 477 [248]
Zang, P. 238,261 [105]
Zapas, L.J. 234,257 [4]
Zeidler, E. 269, 270, 273, 274, 285, 308,
321 [75]; 468, 484 [475]

Zelik, S.V. 111,112,117, 119, 121, 123,

131-137, 145, 147-155, 157-159, 161, 163,
165-178, 180-183, 185, 186, 189-191,
192 [26]; 193 [68]; 193 [69]; 193 [70];
193 [711; 194 [72]; 194 [73]; 194 [75];
194 [76]; 194 [77]; 194 [78]; 194 [83];
195 [116]; 197 [166]; 197 [167]; 197 [168];
197 [175]; 197 [176]; 197 [177]; 197 [178];
198 [185]; 198 [186]; 199 [220]; 199 [222];
199 [223]; 199 [224]; 199 [225]; 199 [232];
199 [233]; 199 [234]; 199 [235]; 200 [236];
200 [237]; 200 [238]; 200 [239]; 200 [240];
200 [241]; 200 [242]; 200 [243]
Zeng, Y. 240, 264 [198]
Zeytounian, R.Kh. 91,97, 101 [127]; 101 [128];
101 [129]
Zhang, H. 238, 261 [104]; 265 [215]; 487,
5606 [38]
Zhang, P. 85, 99 [75]
Zhang, PW. 238, 261 [104]; 265 [215]
Zhaung, W. 489, 493, 496, 500, 501, 510, 511,
536, 537, 548, 566 [19]
Zheng, S. 211, 226 [27]; 406, 419, 475 [194];
483 [429]; 484 [476]
Zhong, C.-K. 112, 119, 140, 144, 196 [149];
196 [150]; 196 [151]; 199 [230]; 200 [244]
Zhou, S. 144, 183, 199 [230]; 199 [231]
Zhou, Y. 238, 261 [100]
Ziane, M. 89, 99 [70]; 99 [71]; 125, 197 [179]
Ziemer, W.P. 398, 468, 484 [477]; 484 [478]
Zlotnik, A.A. 86, 101 [130]
Zographopoulos, N.B. 119, 196 [126]



Subject Index

1D model of 2D quasi-geostrophic equation 31
2D quasi-geostrophic equation 22, 28

A
o-limitset 114, 117
a priori estimate 69, 72, 74, 75, 84, 211, 243,
422,424, 425, 427, 436, 444

absolute temperature 59, 63, 68, 405, 414
abstract Cauchy problem 270
accretive operator 439, 461
acoustic equation 95
acoustic wave 531
active vector formulation 12
admissible class 45
Allen—Cahn equation 217,417, 419, 420
amorphous material 404
Ampere-Maxwell law 392
ansatz 519

cosh 528,533

coth 535

coth—-csch 519, 520

csch 529, 535

csch—coth 530

sech 529, 535

sech—tanh 530

sinh 528,534

tanh 535

tanh-sech 519, 520
asymptotic compactness 115, 118, 119
asymptotically compact trajectories 87
asymptotically self-similar singularity 25
asymptotically smoothing property 118, 147
attracting set 114, 115, 117, 118
attractivity 306
attractor 210
Aubin—Nitche compactness lemma 11
axisymmetric Euler equations 14, 15, 33
axisymmetric solution 347

B

back-to-level map 23

Bicklund transformation 489, 490
backwards diffusion equation 205
bacterial film 204

585

balance
law 59, 327, 330, 352, 358
of momentum 61, 231
basin of attraction 116
Bénard instability 250
Bernoulli scheme 170, 177, 179-181
Besov space 8, 48
critical 16
homogeneous 9
inhomogeneous 9
Bessel potential space 8
Betti numbers 216
bi-fluid model 341, 370
biconjugate function 451
bifurcation 251-253, 257
bilinear form 500, 501, 510, 556
binary alloy 408, 410
binodal curve 207
Biot-Savart law 4
biting limit 77
BKM criterion 12, 19, 26
blow-up criteria 10
blow-up scenarios 20
BMO space 8
boundary layer
bounded
absorbing set 87, 114, 147, 148
complete trajectories 116
operator 272,273,275, 276, 278, 282, 284,
287,288, 296, 301, 302, 312-315, 318
boundedness of solution 304, 305, 309
Boussinesq system 33
Brezis—Wainger inequality 34
Brownian motion 350

245, 246, 248, 249

C

Cahn-Hilliard equation
417, 419, 420

Calderon—Zygmund inequality 49

caloric equation of state 66

Carathéodory conditions 276, 281, 286, 292,
293,295, 308

Cattaneo law 396

Cauchy problem 461

149, 203-225, 399, 410,



586 Subject Index

Cauchy stress tensor 61
Cauchy—-Riemann system 32
change of type 245, 253-255
characteristics 239, 253, 254
chemical potential 410, 414
circulation 5
classical formulation 60, 383, 386, 388, 389,
399, 400, 402, 407, 410
classical solution 211, 333
Clausius—Duhem inequality 406, 416
closed semigroup 112
coarsening 208, 215, 219, 221, 222, 224
coefficient of gradient energy 203
coercive operator 273, 276, 278, 282, 284, 285,
288,296, 301, 302, 308, 312, 313, 315, 318,
422,425, 434, 439, 444
coexistence curve 207
collision operator 349
columnar growth 402
commutator 11, 83
compact
absorbing set 118, 130, 183, 185
operator 118
uniformly attracting set 139
compactness 422
by strict convexity 457
compacton 488, 489, 493, 559-561, 563, 564
compacton-like solution 565
compensated compactness 76
complex Burgers equation 32
complex Ginzburg-Landau equation 181, 182
compressible Euler equations 246, 345, 354
compressible Navier-Stokes equations 86, 354
concentration 72, 203
conjugate function 451
conservation
law 326, 327, 352, 496, 497, 508, 537, 560
of entropy 328
of mass 211
conserved phase filed 207
conserved-integral dynamics 418
consistency 356
Constantin—-Lax—Majda equation 27
constitutive theory 65
contact angle 400, 401
contact condition 313, 314, 316, 317
continuum mechanics 59
controllability 255, 256
convex entropy  328-331, 356, 360
Coutte flow 251
critical entropy dissipation 368
critical point 207
crystal growth 401
Curie principle 416

cuspon 488
cyclically monotone operator 437, 459

D
damped
hyperbolic equation 131, 133, 136, 147, 149
Sine—Gordon equations 129
wave equation 155, 157, 165, 166, 188, 189
deep quench limit 219
defocusing branch 489
deformation matrix 4
deformation tensor 14, 43, 44, 47
degenerate
Cahn-Hilliard equation 209, 212, 217, 220
mobility 210
parabolic equation 157
demicontinuous operator 272-276, 282, 284,
285, 287, 288, 296, 301, 302, 308, 312-315,
318
density 59, 60, 231
desingularization 35
dichotomy 39
differential model 233, 235, 237-240, 243, 251,
255
diffused interface 417
direct method of the calculus of variations 464
directional solidification 402
Dirichlet boundary conditions 284, 289
discrete exponential attractor 147
dispersion relation 501, 511, 522, 543, 556
dissipation potential 440
dissipative
estimate 114, 152, 153, 183-185, 187, 189
semigroup 114
solution 332, 333, 335-338, 346-348, 358,
360, 362, 370
distortions of Euler equations 26
Div—Curl lemma 76, 81
Doi-Edwards model 252
dominant growing mode 216
double layer 250
double subdifferential 457
double well 418
Dufour effect 413, 417
dumbbell model 235, 236, 238, 239
dyadic model 26
dynamical system 105

E

(E, Ep)-attractor 116, 119
eddy-current approximation 392
EEME equation 243, 244
effective viscous flux 80, 82



Subject Index 587

electrochemical machining 395
energy 9,47, 88, 326
balance 405, 406, 414, 415
balance equation 62
estimate 70
flux 414
inequality 186, 286, 293, 309
method 159
entropy 63, 88, 327, 333, 340, 341, 345, 349,
350, 352, 354, 369, 404, 405, 414
balance 405, 406, 415
balance equation 63
dissipation 367
estimates 165, 167, 169, 171
flux 334,341, 405, 415
inequality 372
production 71, 86
production rate 63, 64, 90, 405, 415
solution 349, 352, 354, 357, 358, 360, 362,
370
equi-integrability 77, 78
equiaxed solidification 403
essential set 92
Euler equations  3-26, 3649, 245, 249, 332
Eulerian description of motion 59
evolution triple 270, 271, 276, 280, 302
existence theory 84
exponential attractor 121, 128, 129, 131-137,
146, 158, 167-169
external force 61

F
Fan inequality 455
Faraday law 392
fastest growing mode 215
Fermi gas 67
ferromagnetism  391-393
Fick law 408, 410, 417
first law of thermodynamics 62, 413
fluid 59
focusing branch 489
Fokker—Planck equation 235, 236, 348-350, 360
forward parabolic equation 411
Fourier law 64, 84, 384, 387, 395, 406, 417, 419,
449
Fourier transform 8, 80, 164, 176
fractal dimension 122, 123, 129, 135, 142, 143,
145, 146, 148, 149, 158
frame indifference 232, 233
free
boundary 388, 391, 394, 398
boundary problem 216
energy 92,213,222, 232,401, 417
Froude number 90

functional parabolic equation 287, 293, 294,
302, 311
system of 311

G
I'-convergence 399, 401, 418, 420, 464, 465
Galerkin approximation 185, 187, 189, 190,
209-211, 273, 276, 300, 318
Galerkin projection 11
Gardner equation 492, 526, 527, 531, 533
Gauss law 392, 394
generalized
fluxes 416
forces 416
Newtonian fluid 231, 252, 257
geodesic curve 5
Gibbs
—Thomson law  399-401, 464
equation 63, 64, 66, 68, 90
formula 415
Giesekus model 233, 242, 248, 252, 253
glass formation 403
global attractor 87, 115-191
Gronwall inequality 155
Gronwall lemma 11, 12, 333, 336, 357, 432

H
Hadamard instability 253
Hardy space 8
Hausdorff

dimension 123

measure 386, 422, 436, 463, 464

semidistance 114

symmetric distance 135
heat

capacity 386, 394

flux 384

wave 395
Hele—Shaw problem 383, 394, 395
helicity 5, 47
Helmbholtz decomposition 95
Helmbholtz theorem 21
hemicontinuous operator 272-274, 278
Hessian of pressure 6, 14, 26, 39
Hilbert transform 27
Hilbert triplet 422
Hirota—Satsuma equations 553, 557
hodograph transform 32
Holder-Maiié theorem 123, 128, 130, 144
homogeneous free energy 203
hyperbolic point 120
hyperbolic Stefan problem 383



588 Subject Index

I

ill-posed problem 182

image processing 214

impuls 5

inclusion 435, 436

incompressible Navier—Stokes equations 3, 16,
18,23, 43, 86, 87, 129, 149, 155, 157, 181,
185-189, 238, 249

inertial manifold 128, 134

inflow boundary 243-245, 255

instability 250-253

integral model 233, 235, 239, 240, 243

interface 218

intergalactic material 204

internal energy 62, 383, 384, 404

flux 62

invariant set 115, 120

inviscid Boussinesq system 33, 34

isentropic flow 86

isentropic gas 338

isothermal gas 340

Ito equation 492, 537, 541

J

Jeffreys model 243, 245, 251

jet breakup 240-242, 251, 257
Johnson—Segalman model 234, 239, 252-254

K
K-BKZ model 234,237,238
Kaup—Kupershmidt equation 492, 537, 540, 541,
548, 549
KdV equation 487-565
fifth-order 492, 536, 539
generalized 491, 523, 525, 531, 533
with two power nonlinearities 492, 531
modified 491, 507, 508, 510, 512, 565
ninth-order 492, 551
potential 490, 492, 517
seventh-order 492, 549
third-order 491
kernel 141
of the semigroup 116
section 143
kinetic
entropy 353, 357
equation 348-350, 352, 356-358, 361, 370
function 348, 402
law 402
undercooling 402
kinetic energy
balance 62
flux 61

kink wave 488, 509, 518, 521, 527, 532, 533,
559
Kirchhoff transformation 424
K (n,n) equation 488, 493., 561
Kolmogorov
g-entropy 122, 136, 142, 163, 167 , 169, 171,
174-176
law 180
scaling argument 47
Korn inequality 71, 93
Kotelnikov formula 170, 177
Kuratowski measure of noncompactness 115,
117,118, 122

L
[-trajectories 125, 134, 185
L' and L®-technique 429
L2-technique 422
LP-norm conservation 49
Lagrangian formulation 241
Lagrangian particle marker 5
Landau-Ginzburg equation 419
Laplace—Beltrami operator 219
latent heat 386, 408
Lax equation 492, 536, 539, 541-543, 545
least action principle 5
Lebesgue spaces 7
length-scale 417
linear
dispersion 487
stability 214, 238, 240, 251
stretching 45
viscoelasticity 233, 234, 255
linearization 406
linearized constitutive laws 412
Lions—Aubin lemma 77
local attractor 116
local thermodynamic equilibrium 385, 387
locally compact attractor 155
logarithmic free energy 210
logarithmic Sobolev inequality 12, 13
long-time behaviour 86
Lorenz system 106
lower semicontinuity 125, 127, 401, 422, 423,
425, 426, 435437, 439, 440-444, 448, 450,
453-459, 463, 465
Lyapunov function 119-122, 127, 145
Lyapunov functional 88
Lyapunov stability criteria 489, 560

M

m-accretive operator 438, 461, 462
Mach number 90, 91

macroscopic length-scale 420



magnetic mushy region 393
mass 349
conservation 60, 409, 413, 414
diffusion 408
flux 408
fraction 203
material frame indifference 64
maximal monotone
mapping 385, 393, 422, 440
operator 275, 276, 437, 447, 458-460
maximum principle 23, 209, 431, 438
Maxwell equations 392
Maxwell model 242, 243, 245, 256
lower convected 233
upper convected 233, 236, 242, 245-251,
256
Maxwell paradox 67
Maxwellian 353
mean g-entropy 164
mean curvature 400, 421
measure valued solutions 65
melt fracture 250, 253
memory 396
mesoscopic length-scale 420
metastability 387
metastable state 390
method
Hirota’s bilinear 489, 493, 495, 496, 536,
553, 556
simplified 500, 501, 510, 542, 556
inverse scattering 489, 493, 495, 508
pseudo spectral 493, 495
sech 549, 551
sine—cosine 489, 493, 494, 499, 502, 509,
526, 533
tanh 489, 526, 527, 531

tanh—coth 493, 498, 502, 508, 517, 518, 524,

526, 536, 537, 553, 554, 562, 564
microscopic length-scale 420
microstructure 204
mild solution 439, 461-463
mobility 203, 213
Moffat problem 33
molecular model 232, 234, 235
moment of impulse 6
momentum 61, 326, 349
monoatomic gas 66

monotone operator 270, 272-274, 277, 278, 281,

282,295, 308, 314, 318, 319, 459
Mullins—Sekerka problem 216-218, 408, 420
multiple soliton solutions of

evolution equations 495
fifth-order KdV equation 542
Hirota—Satsuma equations 556

Subject Index

modified KdV equation 510
potential KdV equation 521
standard KdV equation 500
multipolar fluids 65
mushy region 384, 390, 403

N
Navier—Stokes Fokker—Planck equations 354,
369, 370
Navier—Stokes—Fourier system 64-97
negatively invariant set 113
Neumann boundary condition 281, 284, 289
Newton law 84, 231
Nikolskii space 10, 47
no-slip boundary condition 61, 74
non-uniformly parabolic equation 297, 300
nonautonomous
exponential attractor 145, 148
inertial manifold 144
system 138
nonconserved-integral dynamics 419
nonequilibrium thermodynamics 402, 413415,
417
nucleation 207, 390, 400, 401

(6]
w-limit cycle 212
w-limitset 113,117, 311
Oberbeck—Boussinesq approximation 91
Ohm law 392
Oldroyd B model 234, 241, 242, 250, 251
one-dimensional Stefan problem 388
one-phase Stefan problem 388
operator of class (S4) 272,284, 285
oscillations 72

defect measure 79
Oswald ripening 208

P
p-Laplacian 283
parabolic

equation 278

problem 118

system 147
parabolic-hyperbolic problem 393
partial

conjugate function 451, 456
subdifferential 452
particle trajectory mapping 5
pattern formation 204, 206
peakon 488
Penrose—Fife model 419
perimeter 463

589



590 Subject Index

periodic solution 488, 521
Phan-Thien-Tanner model 234, 248
phase
diagram 207
field model 399, 419
relaxation 403
separation 203, 204, 206, 409
transition 383
phenomenological law 416
Picard iteration 211
pivot space 436
planar stretching 45
Poiseuille flow 252, 253
positively invariant set 113, 130
potato chip singularity 21, 22
Prandtl number 106
pressure 61,231
process 138, 145
pseudodifferential operator 80
pseudomonotone operator 272-274, 278, 282
with respect to D(-) 275, 276, 284, 285, 288,
296, 301, 302, 312, 313, 315, 318
pullback attractor 143-145

Q

quasi-steady Stefan problem 383, 394
quasilinear parabolic system 421
quasimonotonicity 154, 156, 157
quick quenching 206

R
radiation 69
Radon-Nikodym property 439, 462
Rankine—Hugoniot condition 394
rarefaction wave 346, 360
Rayleigh number 106
reaction diffusion equation 209
reaction—diffusion system 155, 157, 165, 168,
180, 181
real Ginzburg-Landau equation 155, 162, 166,
168, 176, 178, 179, 181
reentrant corner 248, 250
regular attractor 121, 127, 145
regularity 427,428, 431
regularly directed set 17
relative
Cauchy strain 232
deformation gradient 232
entropy 329, 330, 339-342, 346, 350, 353
flux 339, 340, 342, 343, 345
temperature 384
renormalized
equation of continuity 72
formulation 72

residual set 92

restricted Euler equations 27

Reynolds number 245, 246

Riemann invariants 239, 240

Riesz operator 436

Riesz transform 8, 27, 31

Rivlin—Ericksen fluid 233

robust family of exponential attractors 134
Rockafellar theorem 446, 453, 459

S
saddle collapse singularity 21, 22, 31
saddle point 454
Sawada—Kotera equation 492, 537, 540-542,
546, 548
second law of thermodynamics 63, 67, 86, 441
second principle of thermodynamics 415
self-similar
blow-up 23
profile 25
singularity 31, 34
semigroup 112, 140, 141, 170, 171, 183, 184,
251,422,436, 437, 462
of contractions 461, 462
of w-contractions 462
sequential stability 75
shallow quench limit 221
sharp front 22
shock 239, 254,255
similarity solution 241, 242, 248, 249
Sinai-Bunimovich space—time chaos 174,
180-182
Sine—Gordon equation 488, 559
singular
integral operator 4, 27
kernel 238-240
limit 90
slip boundary condition 61, 73, 90
smoothing property 118, 132, 156, 165
smoothly directed set 16, 29
Sobolev
inequality 11, 12,49
space 8,271, 287, 386, 422, 426, 439
solitary patterns solution 562, 564
solitary wave 487, 488, 492
soliton 487490, 498, 509, 510, 516, 524, 526,
528, 536, 545
algebraic 492
collapsing 492
Soret effect 413,417
space—time chaos 169, 178, 179
spatial chaos 169, 178
spectral dynamics 41, 43



spectrum 251

spinodal
composition 215
curve 207

decomposition 207, 410
squeezing property 130
squirt singularity 20, 21, 23, 33
stability 233, 253, 257, 336
stabilization 307, 309
stable set 120
state equation 68
static states 88
Stefan
—Boltzmann law 68
—Gibbs-Thomson problem 400, 420
condition 387
problem 383-466
Stokes relation 61
strange attractor 106
stress tensor 231
strictly monotone operator 277
strong solution 335, 439, 461, 462
strongly nonlinear equation 286, 293, 304, 309
structural stability 427
structure function 216
subdifferential 310, 405, 414, 433, 437, 440,
441,443,451, 452, 457
superheated state 385
superheating state 387
surface diffusion 216, 219
surface tension 399-401
Swift-Hohenberg equation 182
symbol 139
system in unbounded domains 149

T
T-accretive operator 463
Taylor—Green vortex 42
temperature

-concentration-phase rule 409

phase rule 385
thermal

conductivity 384

equation of state 66

radiation 67
thermodynamics function 64
thermodynamics stability 66
thin film equation 204, 213
third law of thermodynamics 66
time periodic solutions 89
time-integral transformation 433
topological entropy 170, 171, 173, 179
total

energy balance 62, 70

Subject Index 591

mass 88
mass conservation 69
trace 62, 288, 422
trajectory
attractor 184, 189-191
dynamical system 183, 184, 190
phase space 183
translation compactness 140
transmission problem 311, 314
transport coefficient 64
traveling wave solution 498, 526, 527, 532, 535,
552
Triebel-Lizorkin space 48
homogeneous 9
inhomogeneous 9
two-phase Stefan problem 385

U
undercooled state 385
undercooling state 387
uniform
attractor 139-142, 163
quasidifferentiability 124
uniformly local
attractor 165
Sobolev space 151
space 150, 157
uniformly monotone operator 275, 283, 308
uniqueness 277, 434, 435
unstable set 120, 125, 175
upper semicontinuity 125, 126, 442-444, 458

\'%
vacuum 75, 87, 328, 347, 348
variational inequality 423, 433-435, 437, 454
vector free boundary problem 394
vector model 26
velocity 59, 61, 231
viscoelastic fluid 232
viscous stress tensor 61
Vlasov—Fokker—Planck equations 354
Vlasov—Navier—Stokes equations 355
Volterra type operator 276, 287, 288, 292, 296,
298, 301, 302, 310, 312-315, 318

volume fraction 203
vortex

dynamics 40

line segment 19

lines 6

stretching term 4, 5, 16

tube collapse 20, 21
vorticity 4

direction field 6, 14



592 Subject Index

evolution equation 7
formulation 4

w
wave operator 96
weak
entropy solution 331, 346
formulation 59, 81, 383, 385, 389, 394, 399,
401, 402, 407, 421, 423, 424, 435, 440-442
sequential stability 75
solution 74, 278-281, 284-286, 311, 315,
318,355
weak/strong principle 335, 346, 347

weight function 150

weighted space 150

Weissenberg number 245-249, 257
well-posedness 233, 245, 253, 254, 429
Wiener process 236

Y
Yosida approximation 430, 432
Young measures 78

Z
zero touching time 46



	cover.jpg
	sdarticle.pdf
	sdarticle_001.pdf
	sdarticle_002.pdf
	Preface

	sdarticle_003.pdf
	List of Contributors

	sdarticle_004.pdf
	Contents

	sdarticle_005.pdf
	Contents of Volume I

	sdarticle_006.pdf
	Contents of Volume II

	sdarticle_007.pdf
	Contents of Volume III

	sdarticle_008.pdf
	Incompressible Euler Equations: The Blow-up Problem and Related Results
	Introduction
	Basic properties
	Preliminaries

	Local well-posedness and blow-up criteria
	Kato's local existence and the BKM criterion
	Refinements of the BKM criterion
	Constantin-Fefferman-Majda's and other related results

	Blow-up scenarios
	Vortex tube collapse
	Squirt singularity
	Self-similar blow-up
	Asymptotically self-similar blow-up

	Model problems
	Distortions of the Euler equations
	The Constantin-Lax-Majda equation
	The 2D quasi-geostrophic equation and its 1D model
	The 2D Boussinesq system and Moffatt's problem
	Deformations of the Euler equations

	Dichotomy: singularity or global regular dynamics?
	Spectral dynamics approach
	Conservation laws for singular solutions 
	References


	sdarticle_009.pdf
	Mathematical Methods in the Theory of Viscous Fluids
	Balance laws
	Formulation of basic physical principles
	Conservation of mass
	Balance of momentum
	First law of thermodynamics, total energy balance
	Second law of thermodynamics, entropy
	Kinetic energy dissipation
	Navier-Stokes-Fourier system
	Bibliographical comments

	Constitutive theory
	Equation of state
	Thermodynamics stability
	Transport coefficients
	Effect of thermal radiation
	Real gas state equation
	Bibliographical comments

	A priori estimates
	Total mass conservation
	Energy estimates
	A priori estimates based on the energy dissipation
	Renormalized equation of continuity and refined density estimates
	A priori estimates, summary
	Bibliographical comments

	Weak sequential stability
	Preliminaries, Div-Curl lemma, and related results
	Strong convergence of the temperature
	Strong convergence of the density
	Existence theory
	Bibliographical comments

	Long-time behavior
	Stationary driving force
	Time-dependent driving force
	Bibliographical comments

	Singular limits
	Uniform estimates
	Asymptotic limit
	Acoustic equation
	Bibliographical comments

	References


	sdarticle_010.pdf
	Attractors for Dissipative Partial Differential Equations in Bounded and Unbounded Domains
	Introduction
	The global attractor
	Main definitions
	Existence of the global attractor
	Attractors for semigroups having a global Lyapunov function
	Dimension of the global attractor
	Robustness of the global attractor

	Exponential attractors
	Inertial manifolds
	Construction of exponential attractors
	Robust families of exponential attractors

	Nonautonomous systems
	Uniform attractors
	Pullback attractors
	Finite dimensional reduction of nonautonomous systems

	Dissipative PDEs in unbounded domains
	Weighted and uniformly local phase spaces: basic dissipative estimates
	Attractors and locally compact attractors
	The finite dimensional case
	The infinite dimensional case: entropy estimates
	Infinite dimensional exponential attractors
	Complexity of space-time dynamics: entropy theory
	Lower bounds on the entropy, the Kotelnikov formula, and spatial chaos
	Sinai-Bunimovich space-time chaos in PDEs

	Ill-posed dissipative systems and trajectory attractors
	References


	sdarticle_011.pdf
	The Cahn-Hilliard Equation
	Introduction
	Backwards diffusion and regularization
	The Cahn-Hilliard equation and phase separation
	Two prototype formulations
	The constant mobility - quartic polynomial case
	The degenerate mobility - logarithmic free energy case

	Existence, uniqueness, and regularity
	Linear stability and spinodal decomposition
	Comparison with experiment
	Long time behavior and limiting motions
	The Mullins-Sekerka problem
	Surface diffusion

	Upper bounds for coarsening
	Acknowledgements
	References


	sdarticle_012.pdf
	Mathematical Analysis of Viscoelastic Fluids
	The equations describing viscoelastic flows
	General considerations
	Differential models
	Integral models
	Molecular models

	Existence results for initial value problems
	Local existence
	Stability of the rest state
	Global existence

	Development of singularities
	Hyperbolic shocks
	Breakup of liquid jets

	Steady flows
	Existence theory
	Inflow boundaries
	The high Weissenberg number limit
	Stress boundary layers
	The reentrant corner singularity

	Instabilities and change of type
	Flow instabilities
	Constitutive instabilities
	Characteristics and change of type

	Controllability of viscoelastic flows
	Concluding remarks
	References


	sdarticle_013.pdf
	Application of Monotone Type Operators to Parabolic and Functional Parabolic PDE's
	Introduction
	Abstract Cauchy problem for first order evolution equations
	Basic definitions
	Evolution equations with monotone operators
	Evolution equations with pseudomonotone operators

	Second order and higher order nonlinear parabolic differential equations
	Definition of the weak solution
	Application of monotone operators
	Application of pseudomonotone operators
	Strongly nonlinear equations

	Parabolic functional differential equations containing functional dependence in lower order terms
	Existence theorems
	Examples
	Strongly nonlinear equations

	Parabolic equations containing functional dependence in the main part
	Existence theorems
	Examples
	Non-uniformly parabolic equations
	Modified conditions on nonlocal terms

	Parabolic functional differential equations in (0,)
	Existence of solutions in (0,)
	Boundedness of solutions
	Attractivity
	Stabilization of solutions

	Further applications
	Systems of parabolic equations and functional parabolic equations
	Contact problems

	References


	sdarticle_014.pdf
	Recent Results on Hydrodynamic Limits
	Introduction
	Fluid equations, relative entropy, and dissipative solutions
	Conservation laws and balance laws
	Convex entropy
	Relative entropy
	Admissible balance laws
	Weak entropy solutions
	Dissipative solutions
	A structure lemma
	Weak/strong principle
	Stability
	Approximated solutions

	Examples of admissible balance laws
	Isentropic gas dynamics
	Isothermal gas dynamic
	A bi-fluid model
	A counterexample: The Euler system with temperature

	Examples of uniqueness results for dissipative solutions
	Rarefaction waves
	Axisymmetric solution with vacuum at the origin


	Kinetic equations
	Nonlinear Fokker-Planck equation
	Kinetic formulation of balance laws
	Coupled system of Navier-Stokes Fokker-Planck equations

	Hydrodynamic limits
	Compatibility conditions
	Scaling
	Asymptotic limit
	Hydrodynamic limit from Fokker-Planck equation to isothermal system of gas
	Hydrodynamic limits to isentropic gas dynamics
	Hydrodynamic limits of the Fokker-Planck Navier-Stokes system

	Conclusion and open problems
	Acknowledgements
	References


	sdarticle_015.pdf
	Introduction to Stefan-Type Problems
	Introduction
	The Stefan model
	Weak formulation
	The energy balance.
	The temperature-phase rule.

	Classical formulation
	The Stefan condition.
	Metastability.
	The one-dimensional Stefan problem.

	Comparison between the weak and the classical formulation
	An ideal experiment.
	Equivalence between the CSP and the WSP.
	Comparison of analytical properties.

	A Stefan-type problem arising in ferromagnetism
	A vector free boundary problem.

	Other Stefan-type problems
	The quasi-steady Stefan problem and the Hele-Shaw problem.
	The hyperbolic Stefan problem.

	Historical note
	Free boundary problems.


	More general models of phase transitions
	The Gibbs-Thomson law
	Undercooling and superheating.
	The Gibbs-Thomson law.
	Contact angle condition.
	Free energy.
	Limit as sigma->0.

	Kinetic undercooling and phase relaxation
	First mode: Directional solidification
	Second mode: Equiaxed solidification (or phase relaxation).
	Comparison of the two modes.
	Glass formation.
	The entropy balance.
	Linearization.

	Phase transitions in heterogeneous systems
	Mass diffusion.
	Phase separation.
	A transformation of variable.
	Linearized constitutive laws.
	A nonparabolic system of equations.

	Approach via nonequilibrium thermodynamics
	Balance laws and Gibbs formula.
	Entropy balance.
	Phenomenological laws.
	A transformation of the state variables.

	Diffuse-interface models and length-scales
	Double wells.
	Two relaxation dynamics.
	The Penrose-Fife and phase-field models.
	A limit procedure.
	Macroscopic-mesoscopic, and microscopic length-scales.
	Discussion.


	Analysis of the weak formulation of the Stefan model
	L2-techniques
	Interpretation.
	Regularity.

	L1- and L-techniques
	An L1-result.
	L-results.

	Two integral transformations
	Time-integral transformation.
	Inversion of the Laplace operator.

	Semigroup techniques
	Change of pivot space.
	L2-semigroups.
	L1-semigroups.


	Phase relaxation with nonlinear heat diffusion
	Weak formulation
	Existence of a weak solution
	Modelling remarks.


	Convexity and other analytical tools
	Convex and lower semicontinuous functions
	Legendre-Fenchel transformation and subdifferential
	Saddle points
	Compactness by strict convexity
	Maximal monotone operators
	M-accretive operators and semigroups
	Cauchy problem.
	T-accretiveness.

	Perimeter and curvature
	Gamma-convergence

	Acknowledgments
	Bibliography
	References


	sdarticle_016.pdf
	The KdV Equation
	Historical background
	Preliminary profile solution

	The family of the KdV equations
	Third-order KdV equations
	Fifth-order KdV equations
	Higher-order KdV equation
	The K(n,n) equation

	The methods
	The tanh-coth method
	The sine-cosine method
	Hirota's bilinear method

	Conservation laws
	The KdV equation
	Using the tanh-coth method
	Using the sine-cosine method
	Multiple-soliton solutions of the KdV equation

	The modified KdV equation
	Using the tanh-coth method
	Using the sine-cosine method
	Multiple-solitons of the mKdV equation

	The potential KdV equation
	Using the tanh-coth method
	Other methods
	The tanh-sech ansatz
	The coth-csch ansatz

	Using the tanh-sech ansatz
	Using the coth-csch ansatz
	Multiple-solitons of the potential KdV equation

	The generalized KdV equation
	Using the tanh-coth method
	Using the sine-cosine method

	The Gardner equation
	Using the tanh method
	A cosh ansatz
	A sinh ansatz
	A sech ansatz
	A csch ansatz
	A csch-coth ansatz
	A sech-tanh ansatz

	Generalized KdV equation with two power nonlinearities
	Using the tanh method
	Using the sine-cosine method
	Other hyperbolic functions methods
	Using cosh ansatz
	Using sinh ansatz
	Using tanh and coth ansatze
	Using sech and csch ansatze


	Fifth-order KdV equation
	Using the tanh-coth method
	The first criterion
	Using the first criterion
	The Lax equation
	The Sawada-Kotera (SK) equation
	The Kaup-Kupershmidt (KK) equation
	The Ito equation

	The second criterion
	Using the second criterion
	The Lax equation
	The SK equation

	Multiple-solitons of the fifth-order KdV equation
	The Lax equation
	The Sawada-Kotera equation
	The Kaup-Kupershmidt equation


	Seventh-order KdV equation
	The sech method

	Ninth-order KdV equation
	The sech method

	The coupled KdV or the Hirota-Satsuma equations
	Using the tanh-coth method
	Multiple-soliton solutions of the Hirota-Satsuma system
	Multiple-soliton solutions by another method

	Compactons and the K(n,n) equation
	The K(n,n) equation
	Variant of the K(n,n) equation

	Compacton-like solutions
	References


	sdarticle_017.pdf
	Author Index

	sdarticle_018.pdf
	Subject Index


