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Abstract

We consider abstract nonlinear second order evolution equations with a nonlinear damp-
ing. Questions related to long time behaviour, existence and structure of global attractors are
studied. Particular emphasis is put on dynamics which - in addition to nonlinear dissipation -
have noncompact semilinear terms and whose energy may not be necessarily decreasing. For
such systems we first develop a general theory at the abstract level. This general theory is
then applied to nonlinear wave and plate equations exhibiting the aforementioned character-
istics. This way we are able to provide new results pertaining to several open problems in the
area of structure and properties of global attractors arising in this class of PDE dynamics.
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Preface

Our main aim is the study of long time behavior of second order evolutions with nonlinear
dissipation. Questions such as global dissipativity of evolution, existence of global attractors
and their properties (structure, dimensionality etc.) are of prime concern to this work.

It is known, that nonlinear dissipation in hyperbolic and hyperbolic-like dynamics, as
exhibited by second order evolution, has been a source of technical difficulties in the analysis of
dynamical systems. There are two fundamental reasons for this. First - the lack of regularity,
hyperbolic flows with nonlinear dissipation are not C''-maps. Second - stability. The nature of
instability in hyperbolic dynamics is intrinsically infinite-dimensional. Conservative (energy
preserving) dynamics have infinitely many eigenvalues that are unstable. Thus long time
behaviour is associated with drastic changes of essential part of the spectrum of the linearized
operator (in contrast with parabolic-like dynamics). The dissipation to be effective must be
non-compact. This makes the analysis of long time behaviour more delicate and contributes
to an array of technical difficulties. For instance, in a canonical case of wave equation with a
nonlinear dissipation, while there are several results on the existence of attractors, the study of
dimensionality of the attractors seems a much more subtle issue with only few results available
in the literature. This motivates our efforts to study attractors arising in the context of
canonical hyperbolic and hyperbolic-like dynamics. Our benchmark motivating problems are
wave and plate equation with a nonlinear damping and ”critical” nonlinear terms. By this we
mean that semilinear terms in the equation are not compact with respect to the topology of the
phase space. In addition, dynamical systems that are not necessarily subjected to conservative
forces (i.e. the energy may not be decreasing) are considered as well. A prototype for this
kind of models are von Karman type of evolutions discussed in details in this monograph.

The monograph is written in a rather self-contained manner and contains proofs or well
documented references for all the results claimed or used.

Acknowledgement. The work of the second author was done in part while visiting
Scuola Normale Superiore, Pisa, Italy. The hospitality and support of the Scuola Normale
is acknowledge and greatly appreciated. Particular thanks are extended to Professor G. Da
Prato for many stimulating discussions.

Igor Chueshov, Irena Lasiecka

viii



CHAPTER 1

Introduction

1.1. Description of the problem studied

Let A and M be linear positive, selfadjoint operators densely defined on a Hilbert space
H. Let V = D(M'?) C H and we shall assume that D(A'/2) C V. We consider the following
second-order abstract equation:

(1.1) Mug(t) + Au(t) + k- D(ug(t)) = Fu(t), us (1)),
’ uli—o = ug € D(AY?), utli—o = us € V =D(M?),

where k is a positive parameter, and operators D and F satisfy suitable hypotheses formu-
lated in Assumption 1.1 below. These hypotheses guarantee, in particular, the existence and
uniqueness of a flow Si(ug,u1) = (u(t),us(t)) generated by the dynamics in (1.1). The focus
of this monograph is on long time behaviour of the model in (1.1). Issues such as existence
and properties of global attractors, exponential attractors and determining functionals are
of particular interest. The emphasis is paid to flows generated by equations with nonlinear
dissipation D and a non-compact nonlinear term F. In addition, dynamical systems with
energy function that is not necessarily decreasing will be considered as well. It is well known,
these features lead to rather substantial mathematical difficulties in the analysis of long time
behaviour of hyperbolic-like flows (as considered above) -particularly at the level of studying
dimensionality and structural properties of the said attractors. General and rich theory de-
veloped for dynamical systems [4, 58, 60, 100] is often non applicable to these more special
classes of dynamics. Indeed, majority of results in the area of dynamical system theory are
geared to parabolic-like flows which display very different (from hyperbolic) properties. While
some of these general theories can still be applied to flows generated by hyperbolic equations,
more delicate situations of nonlinear damping which lead to flows which are not C*, can not
be treated within that framework. On the other hand, many physically important mathe-
matical models, such as von Karman evolutions of nonlinear elasticity, nonlinear plate and
wave equations display all of the above mentioned specifications: nonlinearity of dissipation
which is often not quantified at the origin, non-monotone behaviour of energy and the lack of
compactness of the nonlinear term in the equation. This motivates our interest in the problem
and our desire to construct rather general treatment which is geared toward hyperbolic-like
dynamics with nonlinear dissipation and encompasses several models of physical interest.

To accomplish this, we shall first formulate and prove appropriate generalizations of sev-
eral abstract results in the area of dynamical systems. This will be done with an eye to
apply these results to a class of hyperbolic like PDE models we have in mind. The second
task is to prove - by PDE methods - that the imposed abstract conditions are indeed satis-
fied for the class of evolutions in (1.1). Thus, the contribution of this monograph is at two
levels: (i) the abstract one within the realm of dynamical system theory and (ii) the PDE
part, where verification of needed conditions requires new PDE estimates for hyperbolic-like
evolutions. The final goal and task is to verify that specific models of mathematical physics
under considerations in this monograph (wave equations, von Karman evolutions etc.) fit
the framework described. Ultimately, we will be able to solve and answer several open ques-
tions which have been asked in the literature in the context of long time behaviour of specific
nonlinear hyperbolic-like evolutions. As far as concrete PDE models are concerned, we have
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2 1. INTRODUCTION

chosen here nonlinear wave equations and nonlinear plate equations as the main (motivating)
examples. These two models are not only important from the stand point of applications,
but also representative from the theory point of view. They are rich enough to display major
difficulties encountered in the analysis of long time behaviour of hyperbolic-like dynamics. On
the other hand, we wish to stress that techniques introduced in the book are more general
and clearly apply to other models as well.

To orient the reader, we shall outline the content of the monograph and the goals we
aim to achieve. Chapter 1 introduces evolutions described by (1.1) and provides prelimi-
nary background material related to quantitative properties of solutions under consideration.
Chapter 2 describes abstract results pertinent to existence and properties of attractors within
the context of general dynamical systems. These abstract results are then applied to the
second order evolutions given by (1.1). This is done in Chapter 3, which provides results on
existence of global attractors, and in Chapter 4, which describes various structural properties
and characteristics of the attractors. More specifically, for evolutions given by (1.1), under
appropriate hypotheses to be specified later within the context, Chapters 3 and 4 provide
general results on:

Existence of global attractors.

Estimates for fractal dimension of attractors.

Regularity of elements on attractors.

Uniform convergence rates (e.g., exponential, algebraic etc.) of a single trajectory
to an equilibrium and bounded sets to attractors.

e Existence of exponential attractors (inertial sets) and existence o determining func-
tionals.

The final part of the book -Chapters 5, 6 and 7- deal with applications of the general
theory. We start with two benchmark motivating models (i) semilinear wave equation with
nonlinear damping and local nonlinearity, treated in Chapter 5, and (ii) von Karman system
of elasticity with a nonlinear dissipation, treated in Chapter 6. In this latter case, we shall
consider two distinct sub- models displaying very different properties: von Karman evolutions
with rotational forces, which is characterized by finite speed of propagations, and (ii) von
Karman evolutions without rotational inertia, characterized by the infinite speed of propaga-
tion. As we shall see, these two models driven by nonlocal nonlinear terms are vastly different
and require different treatments. The obtained results are likewise different with physical
characteristics of the respective systems coming to play.

In Chapter 7 we consider several other examples from continuum mechanics which can be
also covered by our general theory. These examples demonstrate other types (in comparison
with wave and Karman equations) of nonlinearities and dampings and include Berger, Mindlin-
Timoshenko and Kichhoff models of plates and also systems with strong damping.

In all the cases considered our main focus is on understanding the role nonlinearity of
dissipation plays in the theory. As mentioned before, nonlinearity of dissipation along with
hyperbolicity of dynamic and the lack of compactness for nonlinear terms (sources) in the
equations have been a source of considerable difficulties and obstacles in constructing com-
prehensive theory for this class of systems. In fact, majority of results and treatments deal
with linear dissipation [4, 19, 58, 60, 100]. In the case of linear damping, difficulties related
to the loss of regularity of linearized solutions and time-dependency of the principal part of
the operator do not enter the picture. An excellent review of the theory pertaining to wave
equation with linear damping is given in [5]. Thus, in treating nonlinear dissipation, our aim
is to extract general properties of such systems that can be formulated at an abstract level,
and at the same time are specific enough to capture the key characteristics of the models
serving as motivating examples for the theory. In doing this, we were able to ”abstract” sys-
tems with nonlinear damping and noncompact nonlinear terms that are also non-conservative
(i.e. the energy is not necessarily decreasing) for which existence of global attractors and
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their properties can be asserted (see Chapter 3 and Chapter 4). In dealing with nonlinear
dissipation we have made a systematic effort to work within minimal set of assumptions that
are imposed on behaviour of nonlinear functions describing dissipation both at the origin and
at infinity. Indeed, behaviour at infinity affects topological considerations (unboundedness of
the resulting operators acting on appropriate functional spaces), while behaviour at the origin
affects the ”strength” of the damping action. Dissipation with derivative that vanishes at the
origin has limited power in stabilizing dynamics.

Similarly, we have made an effort to display and to analyze the consequences of ”unstruc-
tured” terms in the dynamics such as ”non-conservative” forces that destroy monotonicity
of the energy function. Indeed, for these models the energy is no longer decreasing -an as-
sumption made in most - if not all - treatise on long behaviour of PDE’s models. It turns out
that non-conservative static forces (affecting the displacement) can be compensated by certain
behaviour (hidden superlinearity) of potential energy, while non-conservative dynamic forces
(affecting the velocity) require certain superlinearity of kinetic energy or of the damping. The
first phenomenon is strongly linked to the uniqueness property of nonlinear part of potential
energy which, in turn, can be asserted in some cases via nonlinear elliptic theory. The ulti-
mate goal and task is to be able to answer several open questions that have been asked in
the context of these hyperbolic equations. In fact, the results of Chapter 5 (resp. Chapter 6)
provide an answer to several questions that have been open for nonlinear wave (resp. Karman
plate) equations. These include: (i) finite-dimensionality of attractors with strongly nonlinear
dissipation, (ii) uniform stabilization of solution to multiple equilibria, with a nonlinear and
weak (at the origin) damping, (iii) existence of exponentially attracting finite-dimensional
inertial sets. Indeed, finite dimensionality of attractors with a nonlinear dissipation has been
known only, until recently, for wave equation in one dimension. Other properties such as con-
vergence to multiple equilibria or exponentially attracting inertial sets have been considered
only in the context of linear dissipation.

Finally we should mention that technical inspiration for our results and methods of proofs
comes from recent developments in control theory. Certain inverse type of estimates such as
observability and stabilizability estimates that became an object of recent interest in that
field turned out to have critical bearing on derivation of asymptotic estimates in the theory
of dynamical systems. Thus there seem to be present a strong synergy between the two fields
that we hope to explore even further.

In closing, we wish to mention that although our aim was to provide a rather compre-
hensive treatment of the subject that is also self-contained (essentially all the proofs are
provided), we were unable to touch certain topics that are of significant interest to the field.
These include: (i) problems with boundary dissipation or related (though easier) localized
(geometrically) dissipation, (ii) problems involving non-unique solutions. The reason why
we do not consider boundary dissipation is that techniques involved are very much model
dependent. Presentation of these results at the abstract level seemed to us rather artificial
and perhaps unnecessarily cumbersome. However, readers interested in the topic may consult
[20, 21, 22, 26, 28, 31] where essentially all the questions asked in this manuscript are
solved for wave and von Karman plate equations with boundary dissipation. Regarding the
second item above- non-unique solutions- the techniques developed so far are rather specific
and model dependent (see, e.g., [3] and [85] and also the recent paper [104] devoted to wave
equations with supercritical nonlinearities). A comprehensive survey of results for wave equa-
tions with linear damping is given in [5]. Special cases of nonlinear (but heavily structured)
damping in wave equation are in [49].

1.2. The model and basic assumption

We consider problem (1.1) within the following framework: A is a closed, linear positive
selfadjoint operator acting on a Hilbert space H with D(A) C H. We shall denote by | - | the
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norm of H; (-,-) will denote scalar product in H. We shall use the same symbol to denote
the duality pairing between D(A'/?) and D(A'/?)". Let V be another Hilbert space such that
D(AY?) c V. c H c V' C D(AY?Y all injections being continuous and dense, M € L(V, V"),
the bilinear form (Mu,v) is symmetric and (Mu,u) > aolul}, where a9 > 0 and (-,-)
is understood as a duality pairing between V and V’. Hence, M~* € L(V' V). Setting
M = M|y with D(M) = {u € V; Mu € H} we have D(M'/?) =V.

The following standing hypotheses are imposed on the nonlinear terms D(u;) and F'(u, u;)
in (1.1).

AssumPTION 1.1. (D) The operator D : D(A'?) — [D(AY/?)]’ is assumed monoto-
ne and hemicontinuous with D(0) = 0, i.e.
(1.2) (Du — Dv,u —v) >0 forall u,v e D(AY?)

and A — (D(u+ Av),v) is a continuous function from R into itself. Moreover, we
assume that there exists a set W C D(AY?) such that Dw € V' for every w € W
and W is dense in V.

(F) The nonlinear operator F : D(AY2) x V — V' is locally Lipschitz, i.e.

(1.3) |F'(u1,v1) — Fuz,v2)[vr < L(r) [|«41/2(U1 —ug)| + |v1 — U2|V]

for all | A'Y/2u, |v;]y < r, where 7 > 0 is arbitrary. We assume that F has the form
(1.4) F(u,v) = —1'(u) + F*(u,v),
where TI(u) = Mo(u) + IT;(u) is a C'-functional on D(A'/?) and II'(u) stands for

Frechet derivative. We also assume that (i) IIp(u) > 0 is a locally bounded on
D(AL/?), (ii) for every n > 0 there exists a constant C,, > 0 such that

(1.5) I (u)| < 7 - (\A1/2u|2 + Ho(u)) +C,, ueDAY?),
and (iii) the nonlinear mapping F*(u,v) satisfies the following bound:
(1.6) (F*(u,v),v) <1 + o [|.Al/2u|2 + o (u) + |v\‘2/} + ko(Dv,v)
for any u,v € D(AY?), where ¢1,co > 0 and 0 < kg < k are constants.

The energy associated with the model is the following:
1
E(u,v) = 5 [|,41/2u\2 + |M1/%\2} + T (w).

”Formal” energy relation (to be discussed later) takes the form:

(L.7)  E(u(t),u(t)) +k/0 (D(ug)(s), us(s))ds = E(ug,u1) —|—/0 (F*(u(s),us(s)), us(s))ds.

We note that the first condition in Assumption 1.1 is just monotonicity (and some mild
regularity) requirement imposed on the dissipation. Condition (1.3) states local Lipschitz
continuity of F' with respect to the topology generated by the state space. Conditions (1.5)
and (1.6) are meant to imply the boundedness of ground states. Relation (1.4) means that
the (nonlinear) force F' in our system is splitted into conservative, or potential, (F = —IT' (u))
and non-conservative (F*) parts. The conservative force contributes to a non-negative part
of the energy IIg(u) while the second part of the energy Iy (u) is of non-definite signature.
We note that the presence of non-conservative, even linear, forces (i.e. forces which cannot
be represented by potential operators) makes the study of dynamics more complicated. The
main reason is that, as seen from (1.7), the energy of the system may fail to be monotone
along trajectories (see also Theorem 1.5 and Remark 1.9 below).

Canonical examples which motivate and illustrate Assumption 1.1 are the following two
models which are studied in Chapters 5 and 6 with details.
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EXAMPLE 1.2 (Semilinear wave equation). Let Q C R™, n = 2,3, be a bounded,
connected set with a smooth boundary I". The exterior normal on I' is denoted by v. We
consider the following equation

(1.8) wy — Aw + kg(wy) + f(w) = f*(w,wy) in Q =1[0,00) x Q

subject to the boundary condition either of Dirichlet type w = 0 on ¥ = [0,00) x I" or else
of Robin type d,w + w = 0 in ¥ and the initial conditions w(0) = wy and w;(0) = wy. We
assume that k is a positive parameter and impose the following assumptions on the nonlinear
damping g(s), non-conservative term f*(w,w;) and the function f(s):

e ¢ is a continuous, nondecreasing function such that ¢g(0) = 0 and there exists a
positive constant m such that

(1.9) lg(s)| < m|s|P forall |s| >1,

where 1 < p<5whenn=3and 1 <p < oo for n=2;
o f*: HY(Q) x Ly(Q) — L2(R) is a globally Lipschitz mapping.
e f € CY(R) is of the following polynomial growth:

(1.10) [f/(s)l < Mls|?,|s| > 1,

where ¢ < 2 when n = 3 and ¢ < oo when n = 2. Moreover, the following dissipa-
tivity condition holds:
(1.11) liminf& =p> =M,
|s]—o0 S
where A\; > 0 is the first eigenvalue of the operator —A equipped with appropriate
boundary conditions.

Problem (1.8) is a special case of evolutionary system (1.1). To see this we set H =V = Ly (Q),
M =1 is the identity operator, A = —A — pg with the corresponding boundary conditions,
D(u) = g(u) and F(u,v) = —f(u) — pou + f*(u,v). Here above the parameter pg is chosen
such that —p < pp < A1.

It is clear that A is a positive selfadjoint operator and we also have topological identifi-
cations D(AY?) ~ H}(Q) in Dirichlet case and D(A'/2) ~ H'(Q) in Robin case.

We shall verify that the abstract assumptions imposed on the damping and nonlinear
terms are indeed satisfied. For this it suffices to consider the case n = 3, as n = 2 leads to
a simpler analysis. By (1.9), we have |g(s)| < C(1 + |s|°) for all s € R. Therefore, using the
embedding H'(Q) C L%(2), we obtain

90 iparay < Cllg@@)lzsragay < C (14 Jullfey) < € (14 fulyse) -

Thus, the operator D is a mapping from D(A/2) into [D(.A/2)]". It is monotone because g(s)
is nondecreasing. The hemicontinuity of D easily follows from Lebesgue convergence theorem
and from the embedding H(Q2) C L°(Q). In this case we can take W = D(A) C H?(Q).
Thus the operator D satisfies Assumption 1.1(D).

Property (1.3) (with V' = H) follows promptly from (1.10) and from the embedding
H'(Q)C L%(Q). Clearly, that the operator F'(u,v) has the representation (1.4) with F*(u,v) =
f*(u,v) and I(u) = [, f(u)dz, where f denotes the antiderivative of f(u) 4 pou. It follows
from (1.11) that

flu)>—M; + #uz for all u € R,
where My > 0 is a constant depending on f. Therefore, the decomposition of 1I into the
positive part and non-positive is accomplished by setting

y(u) = /Qf(u)dr+Mf, IT; (u) = —My.
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Property (1.5) holds with 7 = 0. Property (1.6) follows from global Lipschitz property as-
sumed for f*. Thus, all the hypotheses in Assumption 1.1 are satisfied for the model in
hand.

We note that the simplest choice of a non-conservative force f*(u,u;) obeying (1.6) is
to take f*(u,v) = Dyu + v, where D, is a general first order differential operators in the
variables x. Other choices, including superlinear non-conservative forces, are of course pos-
sible. However superlinear non-conservative forces typically require more structured form of
the energy (see Chapter 6 and Chapter 7).

Detailed analysis of model (1.8) as a dynamical system along with all the consequences
of abstract theory will be given in Chapter 5.

EXAMPLE 1.3 (Von Karman evolution equations). Let Q C R? be bounded domain
with a sufficiently smooth boundary I'. Consider the following von Karman model with
clamped boundary conditions:

gy — alug + k- [go(ug) — o - divg(Vuy)] + A?u
= [v(u) + Fo,u] + p + L(u, ut) in Q x (0, 00),
(1.12) u = %UZOOHFX (0,00).

The Airy stress function v(u) solves the problem

(1.13) A?v(u) + [u,u] = 0in Q, agv(u) =v(u)=0onT.
v

The von Karman bracket [u,v] is given by

[U,U] = Ug 2, Vrpsy + Ugywo Vi — 2ul’1l'2’UI112'

The parameter « > 0 represents rotational forces. The function p € La(Q2) represents external
transverse forces applied to the plate and Fy € H?(2) describes in-plane forces acting on
the plate. The damping parameter k is positive. The operator L(u,u;) models the non-
conservative forces in the plate. The presence of this term is responsible for the fact that
energy is not decreasing. In typical applications arising in aeroelasticity problems (see, e.g.,
[8] or [37]) one has Lu = —pu,,, where p is determined by the velocity of the gas. More
generally the operator L may be defined as a first order differential operator in the variables
x; and t. However, other choices (including superlinear) will be discussed later in Chapter 7
for the Berger plate model.

Equations of von Karman (1.12) and (1.13) are well known in nonlinear elasticity and
constitute a basic model describing nonlinear oscillations of a plate accounting for large dis-
placements, see, e.g., [82] and references therein. The model which accounts for moments of
inertia, i.e. «a > 0 is often referred as modified von Karman equations. The rotational case
when « > 0 represents a purely hyperbolic dynamics with finite speed of propagation. Instead,
when a = 0 we have an infinite speed of propagation. Thus, the mathematical properties of
these two models are very different.

We impose the following assumptions on the damping functions gy and g:

e ¢y is a monotone nondecreasing and continuous function, go(0) = 0;
e The function g = (g1,92) : R? — R? is a continuous monotone nondecreasing
mapping in R?, i.e.

Z (.%‘(31752) - gi(s/lﬂSIQ)) (sl - S;) =0, (81752)7 (3/178/2) R’
i=1,2

Moreover, we assume that g(0) = 0 and g is of polynomial growth at infinity, i.e. we
have estimate

l9(s)] < CA+]s]"), 5= (s1,52) €R?, |s| = /5] + 55,
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with some constants C' > 0 and p > 1.

In order to rewrite von Karman equations (1.12) and (1.13) as a second order abstract equation
of the form (1.1) we introduce the following spaces and operators:
o H=1L1yN), V=V, where V,, = H}(Q) for @ > 0 and V,, = L3(Q) for a = 0.
o Au= A%u, u€ D(A) : D(A) = HZ(Q) N H(Q).
o Mu=u—alu, u € D(M), where D(M) = H}(Q) N H%(Q) in the case o > 0 and
D(M) = L2(Q) when a = 0.
o F(u,w) = [u,v(u) + Fy] + L(u,w) + p, where v(u) € H2() solves (1.13).
e D(u) = go(u) — adiv(g(Vu)).
It is clear that A and M satisfy the conditions introduced above.
We also have F(u,w) = —II'(u) + F*(u,w) with F*(u, w) = L(u,w) and

(u) = o (u) + My (u),

where

= [ 180z, ) = =3 [ A@u@ds = [ e,

It will be verified later that Assumption 1.1(F) in both cases @ > 0 and a = 0 are satisfied.
This is a non-trivial fact that has to do with regularity of Airy’s stress function and uniqueness
property of von Karman bracket (see [13, 15, 46, 76]).

As to the damping operator we obviously have that

D)l < llgo(w)lLae) + allg(Ve) || o)

Using the embeddings H2(Q2) C Loo(Q2) and H(Q) C L,(Q) for every 1 < ¢ < oo, we find
that

ll90(w)|l L, < Cr - sup {Igo(s)] : |s| < Collullg2(o) }
and

l9(T)lzae) < € (14 IVull}, (o)) < C (14 [ullaq ) -

Therefore the operator D maps D(Al/ 2) into V’. It is monotone, because gy and g are
monotone and we have the relation

(Du,v) = /ng(u)vdm + a/ﬂg(Vu)Vvdw, u,v € H3(Q) = D(AY?).

As in Example 1.2 the hemicontinuity of D follows from the Lebesgue convergence theorem.
Thus Assumption 1.1(D) is satisfied with W = D(A/?).

Detailed analysis of this model within the context of dynamical system is given in Chap-
ter 6.

The two models introduced above should serve as a guiding prototypes for the type of
dynamics and type of abstract assumptions to be considered. In particular, features such as
strongly nonlinear dissipation without assumptions on the growth at the origin, non-compact
nonlinear forcing terms along with a presence of non-conservative forces are fully displayed in
these two cases of wave and plate equations considered.

1.3. Well-posedness

In this section we discuss existence and uniqueness of solutions to problem (1.1) under
Assumption 1.1. We rely on the theory of monotone operators (see, e.g., [6] and [94]).
Below we use the following notations.
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Let H be a separable Banach space. We denote by Ly(a,b; H) with 1 < p < oo the
space of (equivalence classes of) Bochner measurable functions f : [a,b] — H such that
lf(ller € Lyp(a, b). Each Ly(a,b; H) is a Banach space with the norms

b 1/17
Hf”Lp(a}b;H) = (/ f(t)Hsz-Idt) ) 1 < p < oo,

1 Lo (absrry = esssup {[[f(D)]lg = t € [a,b]}.

We also denote by C(a, b; H) the space of strongly continuous functions with values in H and
use the space

(1.14) Wy (a,b;H) ={f € C(a,b;H) : f € Ly(a,b;H)},

where f/(t) is a distributional derivative of f(t) with respect to t. We note that the space
Wi (a,b; H) coincides with the set absolutely continuous functions from [a, b] into H (see, e.g.,
[94, Theorem 1.7, p.105]).

We will use the following definitions of solutions.

DEFINITION 1.4. A function u(t) € C([0, T]; D(AY2))NC ([0, T]; V) possessing the prop-
erties u(0) = ug and u¢(0) = uy is said to be
(S) strong solution to problem (1.1) on the interval [0, T}, iff
o uc Wi (a,b;D(AY?)) and u; € W (a,b; V) for any 0 <a < b < T;
o Au(t) + kDu(t) € V' for almost all ¢ € [0, T7;
e equation (1.1) is satisfied in V' for almost all ¢ € [0,T];
(G) generalized solution to problem (1.1) on the interval [0, T, iff there exists a sequence
of strong solutions {u,(t)} to problem (1.1) with initial data (ugy,,u1,) instead of
(up, u1) such that

(1.15) lim  mex {|M1/2(5tu(t) — O (t))] + A (u(t) — un(t))|} =0.

n—oo tel0,T

The main result related to well-posedness is the following theorem.

THEOREM 1.5. Let T > 0 be arbitrary. Under Assumption 1.1 the following statements
hold.

e strong solutions For every (ug,u1) € D(AY?) x D(AY?), such that Aug+kDuy €
V' there exists unique strong solution to problem (1.1) on the interval [0,T] such
that

(ur, use) € Loo (0, T;D(AY2) x V), uy € C([0,T); D(AY2)),
(1.16)
uy € Cr([0,T);V) and  Au(t) + kDu(t) € C.([0,T); V'),

where we denote by C,. the space of right continuous functions. This solution satisfies
the energy relation

(L.17)  E(u(t),we(t)) + k/o (Du (1), ue(7))dr = E(up,ur) + /0 (F* (u(7), u (7)), ue(7))dr,
where
(118) E(uo,ul) :E(UO,U1)+H1(U())

and the positive part of the energy E(ug,u1) is defined by

(119) E(’LLO,Ul) = % ((Mul, Ul) + (AU(),U())) + Ho(uO) = Eo('LLO,’Lbl) + H()('LLO) .



1.3. WELL-POSEDNESS 9

e generalized solutions For every (ug;u;) € D(AY?) x V there exists unique gen-
eralized solution such that

(u,ug) € C([0,T); D(AY?) x V).
Both strong and generalized solutions satisfy the estimate
(1.20) E(u(t),us(t)) < co (1 + E(ug,ur)) e, te[0,T].

with some constants ¢y and c1. Under the Lipschitz condition
(1.21) |F*(ur,01) — F*(ug, 00)|vr < L(r) [|,41/2(u1 —us)| + Jvg — v2|v]

for all | AY 2wy, [vily < v, where v > 0 is arbitrary, these solutions satisfy the energy inequality

(1.22) E(u(t), us(t)) < E(ug,uq) —|—/0 (F* (u(T),u (1)), us(7))dr .

This theorem follows from rather standard application of monotone operator theory with
locally Lipschitz perturbations. (See also [75] and [77, Chap.2], where general evolutions with
boundary dissipations are considered). For the sake of completeness we give a sketch of the
main steps of the proof relying on the theory of monotone operators (see [6] or [94]).

PROOF. Let us rewrite problem (1.1) as a first order equation. In order to accomplish
this we introduce the following operator A : D(A) C H ~ H, where H = D(AY?) x V,
defined by

0 —I
(1.23) A= ( M~'A kEM™'D >
with
D(A) = {u = (z,y) € D(AY?) x D(A'?) : Az+kDyeV'}.

With the above notation the original evolution problem (1.1) is equivalent to the equation

LU+ AU() = ( M*lF(uO(t),Ut(t)) )

U(0) =Uo = (ug,u1),

(1.24)

where U(t) = (u(t), u(t)).
LEMMA 1.6. Under Assumption 1.1, the operator A defined in (1.23) is m-accretive.

We recall (see, e.g., [94, p.18]) that an operator A : D(A) C H — H is called accretive
iff we have

(Azy — Azo,x1 —x9)g > 0 for any z1,z9 € D(A).
It is mazimal accretive (m-accretive) if, in addition, R(I + A) = H, where R(I + A) is the
range of I 4+ A.

Proor. STEP 1. We first prove that the operator A is accretive.
We take arbitrary elements u = (uy,uz), w = (wi,wz) € D(A). Let £ = (&1,&2) = A(u)
and n = (n1,12) = A(w). Thus, in particular, £ = —ug, 71 = —ws and

£ = M7 Au; + kDus] and 1y = M~ Aw; + kDws).
Since
(A(u) — A(w),u —w)g = ({ —nu—w)n
= (AY2(&1 = m), A2 (ur — w1))w + (M (&2 = 12), (w2 — w2)) e,
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we obtain that
(A(u) — A(w),u —w)g
= —(.A(UQ — wg), Uy — wl)H —+ (A(U1 — UJ1) + k‘(DUQ — DUJQ),’U,Q — UJQ)H
= k(DUQ — D’wg, U — ’IUQ)H Z 0,
where we have used monotonicity assumptions of D. Thus A is accretive.
STEP 2. To prove maximality of A we need to show that R(I + A) = H. The above

entails to solving the following system of equations: given fy € D(AY2) and f; € V find
(z,y) € D(A) such that

—y+x = fo,
(1.25) Az +kDy+ My =M fi.
Eliminating x yields
(1.26) Ay +kDy+ My = Mf, — Afo € [D(AY?)].
If we denote v = .A'/2y, then we obtain the relation
(1.27) v+ Sv=A"Y2(Mf — Afo) € H,
where

Sv=kA~Y/2D (A*l/%) F ATV A,

It follows from Assumption 1.1(D) that kA~1/2D (A~Y/2v) is m-accretive in H. Since D(AY/?)
C V, it is also clear that A~'/2M.A~1/2 is a bounded linear positive operator in H. Conse-
quently by [94, Lemma 2.1, p.165] the operator S is m-accretive in H, i.e. R(I +S) ="H.
Therefore, there exists v € H which solves (1.27). Consequently y = A~'/2v € D(AY?) is
solution to (1.26) for the variable y € D(A'/?). Going back to (1.25) we obtain z € D(A'/?).
It is clear that (z,y) € D(A). The proof of maximality property has been completed. O

It follows from Assumption 1.1(F) that the operator

B(U) = ( M*l(;?(U) ) , U= (zy) € H,

is locally Lipschitz on H. Indeed, the above follows from local Lipschitz property of M ~/2F
acting between D(A'/2) x V and H and the definition of the norm in V.

Therefore, using [94, Theorems 4.1 and 4.1A, Chapt.4] and applying the same argument
as in the proof of Theorem 7.2[20] we conclude for any Uy € D(A) there exists tyae < 00
such that (1.24) has a unique strong solution U on the interval [0, t,,q,). Furthermore, if we
assume only Uy € D(A) we obtain a unique generalized solution U € C([0, tmaz); H) to (1.24).
In both cases we have

(1.28) t/litm lU@) || g = oo provided tpar < 00.
We note that, by Assumption 1.1(D), D(A) = H because the set D(A) x W lies in in D(A)
and W is dense in V.

Now we prove the global existence of strong and generalized solutions.

Let u(t) be a strong solution on some interval [0, tq.). Multiplying (1.1) by u; in H we
obtain

Eo(ut), us(t)) + k /O (Dug(), ug(7))dr

(1.29) — Bo(ug, u1) + / (F(u(r), u(7)), e (7))dr
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for t € [0, tyaz). A simple calculation shows that

(F(u(t), ue(t)) = —%H(u(t)) + (F(u(t), w (), ue(t)), €0, tmax)-

Thus from (1.29) we obtain the energy relation (1.17) for the strong solution u(t) and for
t € [0, tmaz)-
We note that relation (1.5) implies that there exists a constant ¢ > 0 such that

1
(1.30) 3 - E(ug,u1) — ¢ < E(ug,u1) <2-E(ug,u1)+c¢, wugé€ D(.Al/Q), u € V.

Therefore using (1.17) and (1.30) we obtain that
¢
E(ut), u (1)) + 2k / (Due(7), us(r))dr
0

< C(1+ E(up,ur)) + 2/0 (F* (u(7),us (7)), ue(7))dr.

Thus by (1.6) we have that

E(u(t),us(t)) <c1 (1 + E(ug,u1)) + 02/0 E(u(r),u(r))dr

with some constants ¢; > 0. This implies, after rescaling of constants, that
E(u(t)’ Ut(t)) S Co (1 + E(“Ov ul)) 661t7 te [07 tmam)~

with some constants ¢y and ¢;. Using (1.15) it is easy to find that the last relation is also
true for generalized solutions. Thus, by property (1.28), we have the global existence (and
uniqueness) both strong and generalized solutions. It is clear that generalized solutions satisfy
(1.20) and also (1.22) under condition (1.21). O

REMARK 1.7. Assume that the mapping D have additional regularity properties. Namely
we assume that D : D(AY?) — V' is a continuous mapping. In this case the compatibility
condition can be written in the form Aug € V' and the strong solution u(t) possesses the
property Au € C,.([0, tmaz); V).

REMARK 1.8. Condition (F) in Assumption 1.1 requires that the nonlinear term F'(u,v)
be locally Lipschitz. This assumption is used in order to prove local existence of solutions.
When locally Lipschitz condition is violated and some other structural hypotheses are imposed
one can still prove existence and uniqueness of solutions. For example, we can assume that
Assumption 1.1 holds with (1.3) replaced by the following condition

(131)  [F(u,v) = F(@,0)[} < L) [IAY2(u =) + o = 9} + (D(v) = D(8),v ~ 5)|
for u, @, v, € D(AY?) such that
(1.32) |AY2u)? + [v]Z <r and |AY242+ |03 <.

In this case the well-posedness statement of Theorem 1.5 remains true. The argument is the
same as in the proof of Theorem 1.5 after noticing that the potentially non-Lipschitz part of
F(u,v) can be factored into the monotone part of the operator. More specifically, it follows
from from (1.31) that the operator

D, (u,v) =k D(v) — F(u,v)

possesses the property

(Dy(u,v) — Dy(t,0),v —0) >
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for some C(r) > 0 provided that (1.32) is satisfied. This relation makes it possible to prove
that the operator A 4+ C(r)I, where A is given by (1.23) with D, instead of D, is accretive
on all elements possessing property (1.32) Thus we are able to fall into the same framework
as in the locally Lipschitz case of Theorem 1.5. Using the same regularizing procedure as in
[20, Theorem 7.2] and relying on [94, Theorems 4.1 and 4.1A, Chapt.4] we can obtain the
well-posedness result in the case considered.

REMARK 1.9. In the case F* = 0 the full energy £(u(t),u:(t)) is non-increasing along
trajectories. However, in general, the dynamical system may not possess this property, as it
is most often the case when the term F'* is present in the model.

The following assertion shows that under some conditions the energy inequality (1.22)
valid for generalized solutions can be stated in a stronger form.

PROPOSITION 1.10. In addition to Assumption 1.1 assume that (1.21) holds and there
exists a convex function ¢ : V — RU {400} such that

o ¢ is lower semicontinuous on V, i.e.
{vp, = v inV} = liminf p(v,) > ¢(v);
n—oo

e ©(v) < (Dv,v) for any v € D(AY?).
Then any generalized solution u(t) to problem (1.1) satisfies the energy inequality of the form

(133)  E(u(t), u(t)) + k / (g (r))dr < E(uls), u(s)) + / (F*(u(r), ua(7)) (7)) dr

forall0 <s<t<T.

PROOF. Let u(t) be a generalized solution and {u"(t)} be a sequence of strong solutions
such that (1.15) holds. We use the energy relation

Eu™ (), up (1)) + / (D (r), uf(r))dr

(1.34) =5(U"(S)7u?(8))+/ (F7 (u™ (), uf (7)), wi (7))dr

Since the energy &(u,u;) is continuous on D(AY?) x V, relation (1.15) implies that
lim E(u"(t),up(t)) = E(ult), u(t)) for every te[0,T).

Using property (1.21) of F* and relation (1.15) again it is also easy to see that
t t
lim [ (F*(u"(7),uf (7)), uf (7))dT = / (F*(u(7), ue(7)), we(7))dT .

n—oo

Since ¢ is lower semicontinuous, by Fatou’s lemma we have that

t

liminf o (r))dr = [ plus(r))dr

Thus, relation (1.33) follows from (1.34). O

(1.35) Jim inf / (Dup (), u (r))dr > /

n— oo

REMARK 1.11. We note that in the case of wave equation (1.8) the hypothesis of Propo-
sition 1.10 holds provided s +— sg(s) is a continuous convex function on R. In this case
@ : Ly(2) — RU {400} has the form

(1.36) p(v) = /Qv(z)g(v(z))dx if vg(v) € L1() and ¢(v) = +oo otherwise,
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(see [94, Proposition 8.1, p.85]). To apply Proposition 1.10 in the case of a general damping
function one can choose

cp(v):/gjg(v(m))dx with jg(s)/osg(g)df.

However, it should be noted, that using appropriate approximations and properties of con-
vergence in Lo (Q2) we can prove (1.33) with ¢ of the form (1.36) in the general case (see the
argument given in the proof of Theorem 5.10 in Chapter 5).

The assertion stated below gives a condition under which generalized solutions satisfy
weak (variational) form of equation (1.1) and also energy equality (1.17). The conditions
required are rather strong and for this reason this particular result will not be of much use
used in the sequel. However, for sake of completeness we provide the formulation and a brief
proof.

PRrROPOSITION 1.12. Let the hypotheses of Theorem 1.5 hold. Assume additionally that
the operator D maps V into V' and is a monotone hemicontinuous operator which is bounded
on bounded sets, i.e.

(1.37) sup{|D()|y: : veV, vy <p} <oco forany p>0.

Then every generalized solution is also weak, i.e., the relation

(Mug(t),0) = (Muy,9) — [7 ((Au(r), )+

—k(Duy(7), ) +(F(u(7), ue(7)), ¥)) dr

holds for every v € D(AY?) and for almost all t € [0,T]. Moreover, generalized solutions
satisfy the energy relation (1.17) under conditions (1.21) and (1.37).

(1.38)

PROOF. Since any strong solution satisfies (1.38), we can use relation (1.15) to make limit
transition in (1.38). By (1.37) we can apply the Lebesgue convergence theorem to the integral
with the damping term. Hence, every generalized solution is weak.

Let us prove the energy inequality (1.17) for generalized (weak) solutions.

As the argument given in the proof of Proposition 1.10 shows, to obtain (1.17) we need
only check that

t

(1.39) lim [ (Dul(r), ul (7)) dr = /0 (Dug(7), uy (7)) dr |

n—oo 0

where u(t) is a generalized solution and {u™(t)} is a sequence of strong solutions such that
(1.15) holds.
By [94, Lemmata 2.1 and 2.2, p.38] D : V +— V' is demicontinuous, i.e. Du™(t) — Du(t)
weakly in V’ for every ¢ and hence
Jim (Duf (1), uf! (7)) = (Du(7), w(7)), 7 €[0,T].

Thus property (1.37) and the Lebesgue convergence theorem imply (1.39). O

REMARK 1.13. Assume that the operator D has the form D = Dy + D5, where D;
possesses the properties described in the statement of Proposition 1.10 with some convex lower
semicontinuous function ¢ and Dy enjoys requirements of Proposition 1.12. Then the same
arguments as in Propositions 1.10 and 1.12 show that under condition (1.21) any generalized
solution solution satisfies the energy inequality of the form

E(u(t),u(t)) + k& / o(uy(T))dr + k /0 (Douy (1), uy(7))dr
< E(uls), u(s)) + / (F™ (u(7), ue(7)), us(7))dr.
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REMARK 1.14. Assumption (1.37) is too restrictive. For instance, in the case of the wave
equation considered in Example 1.2 relation (1.37) is equivalent to the requirement that g(s)
is linearly bounded, i.e.

(1.40) lg(s)] < C(1+s|) forall seR.
Indeed, if sup,eg [|g(s)| - (1 + [s|)™'] = +oo then there exists a sequence {a,} such that
lan] — oo and |g(an)| > n(l+ |an]), n=1,2,...
Let Q,, be a measurable subset of  such that Leb(€2,,) = (1 + |a,|) 2. We define a function
Un, € La(2) by the relations: u,(z) = a, if z € Q,, and u,(z) = 0 otherwise. Then we have
that
[tnl[Ly@) <1 and /ng(un(x)ﬂzdx Z/ |9(un())*dz > n?

Thus, (1.37) implies (1.40). It is also obvious that (1.40) implies (1.37).

Later we shall develop other versions of additional assumptions concerning D which guar-
antee the validity of the energy relation (1.17) for generalized solutions. However these con-
ditions will be more problem specific and for sake of clarity of exposition we relegate these to
Chapters 5 and 6 where concrete models are considered.

Below we also need the following simple assertion.

PrOPOSITION 1.15. Let Assumption 1.1 hold and 0 < T < oco. Then for any R > 0 we
have the following estimate

MY 2 (e () — uze(t)))? + [AY2 (ur (t) — ua(t))]?
(1.41) < LR (\MW(UH — o) + [AY 2 (ugy — uw)\?) . telo,7)

where u1(t) and ug(t) are two solutions to problem (1.1) with initial data (ugi;u11) and
(wo2; ur2) respectively such that |AY?(u;(t)| + | M2 (uy (t)]? < R? for allt € [0,T), i = 1,2.
Here L(R) is the Lipschitz constant from (1.3).

PROOF. The proof is standard and based on a classical energy type of argument. Let uq(t)
and us(t) be strong solutions to problem (1.1). From (1.1) for the difference u(t) = u (¢t)—us2(t)
we have the relation

Muy + k [Duys — Dugt] + Au = F(uy,ur) — F(ug, ust).

This implies the following energy relation
t

Eo(ut), us(t)) + k / (Duse(7) — Duy(7), us (7)) dr

= Eo(u(0), u(0)) it Jo (F(ur (), ure(r)) = F(us(7), uze (7)), we(7)) b,

where Eg(u,v) = 1 ((Mv,v) + (Au,u)). Therefore using (1.2), (1.3) and Gronwall’s lemma
we obtain (1.41) valid first for strong solutions. The limit process along with standard density
argument allows to extend the validity of (1.41) to all generalized solutions. (]

In closing this section we conclude that under Assumption 1.1 equation (1.1) generates a
dynamical system (H,S;) in the Hilbert space H = D(AY/?) x V by the formula S;(uq,u;) =
(u(t); ut(t)), where u(t) is the solution to (1.1). Our main goal is the study of long time
behaviour of this system. In the next Chapter 2 we formulate and prove several abstract
results which pertain to general criteria for asserting the existence, compactness and finite-
dimensionality of attractors. These abstract results will be then applied to evolutions in
question. Concrete applications are given in Chapters 5, 6 and 7.



CHAPTER 2

Abstract results on global attractors

In this chapter we deal with general results on asymptotic behaviour of abstract infinite-
dimensional dissipative dynamical systems. The main issue we address are: asymptotic
smoothness (in the sense of [58]) of the systems, finite dimension of invariant sets and the
existence of fractal exponential attractors (inertial sets). The main assumption in all these
results is some kind of squeezing property which, as we shall see in Chapters 3 and 4, is closely
related to stabilizability estimates from control theory. We also discuss properties of gradient
systems, i.e. the systems possessing a functional which does not increase along trajectories.

By definition a dynamical system is a pair of objects (X, S;) consisting of a complete
metric space X and a family of continuous mappings {S; : t € R} } of X into itself with the
semigroup properties:

SOZI, St+T:StOST'
We also assume that the semigroup S; is strongly continuous, this is to say, for any fixed
yo € X y(t) = Syyo is continuous for any ¢ > 0. Therewith X is called a phase space (or state
space) and S; is called evolution semigroup (or evolution operator).

DEFINITION 2.1. Let (X, S;) be a dynamical system.

e A closed set B C X is said to be absorbing for (X, S;) iff for any bounded set D C X
there exists to(D) such that S;D C B for all t > to(D).

o (X,S;) is said to be (ultimately) dissipative iff it possesses a bounded absorbing set
B. If X is a Banach space, then a value R > 0 is said to be a radius of dissipativity
of (X,S)if BC{zeX : |z|x <R}

e (X,S;) is said to be asymptotically smooth iff for any bounded set D such that
S:D C D for t > 0 there exists a compact set K in the closure D of D, such that

(2.1) Jim_dx{S,D| K} =0.
Here and below dx{A|B} = sup,¢ 4 distx (z, B) is the Hausdorff semidistance.

DEFINITION 2.2. A bounded closed set A C X is said to be a global attractor of the
dynamical system (X, S;) iff (i) A is an invariant set, i.e. StA = A for t > 0, and (i) A is
uniformly attracting, i.e. for all bounded set D C X

(2.2) lim dx{S;D|A} =0.
t——+oo
It is well known that the properties of ultimate dissipativity and asymptotic smoothness

are critical for proving existence of global attractors. In fact, the following result is well known
[4, 19, 58, 72, 100].

THEOREM 2.3. Let (X,S;) be a dissipative dynamical system in a complete metric space
X. Then (X, S:) possesses a compact global attractor A if and only if (X, St) is asymptotically
smooth.

2.1. Criteria for asymptotic smoothness of dynamical systems

In this section we shall provide several assertions which give a convenient criteria for
asymptotic smoothness of a dynamical system. Two of them generalize the results presented

15
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in [58] and [12]. We shall see later that, these particular generalizations are critical for
establishing asymptotic smoothness in hyperbolic like flows with nonlinear damping.

THEOREM 2.4. Let (X, S;) be a dynamical system on a complete metric space X endowed
with a metric d. Assume that for any bounded positively invariant set B in X there exist T > 0,
a continuous non-decreasing function q : Ry — R4 and a pseudometric gg on C(0,T; X) such
that

(i) q(0) =0 and q(s) < s for s > 0;
(ii) the pseudometric ok is precompact (with respect to X ) in the following sense: any se-
quence {x,} C B has a subsequence {xy, } such that the sequence {yr} C C(0,T;X)
of elements yy(1) = Sy, is Cauchy with respect to o%;
(iii) the following inequality holds

(2.3) d(Sty1, Sty2) < q (d(y1,y2) + 05({Sry1}, {S-v2})) ,
for every y1,y2 € B, where we denote by {S-y;} the element in the space C(0,T; X)
given by function y;(17) = S;y;.

Then (X, St) is an asymptotically smooth dynamical system.
REMARK 2.5. Instead of (2.3) we can also assume that
(2.4) d(Sty1, Sry) < q(d(y1,92)) + o5 ({S-y1}, {S7y2}),

pseudometric o5 outside q).
B

PRrROOF. We follow the same line of arguments as in [27], where this theorem is proved for
X being a Banach space. As in [27] (cf. also [58, Lemma 2.3.6]) we involve the Kuratowski
a-measure of noncompactness which is defined by the formula

(2.5) a(B) =inf{d : B has a finite cover of diameter < §}

for every bounded set B of X. The a-measure has the following properties (see, e.g., [58] or
[91, Lemma 22.2]):
(i) a(B) =0 if and only if B is precompact;
(ii) a(AU B) = max{«a(4),a(B)};
iii) a(B) = a(B), where B is the closure of B;
) if By D By D Bs... are nonempty closed sets in X such that a(B,,) — 0 as n — o0,
then N;,>1B,, is nonempty and compact.

We first prove that
(2.6) a(StB) < g(a(B)) for every bounded positively invariant set B.

1v

(
(

For any € > 0 there exist sets Fy, ..., F}, such that
B=FU...UF,, diamF; < a(B)+e.

It follows from assumption (ii) that there exists a finite set N' = {z; : i = 1,2...m} C B
such that for every y € B there is z; € N with the property oL ({S,y},{Srz;}) < e. It means
that

B=U",C;, Ci={yeB: o5({S:y},{S-x;}) <e}.

Now we can write the representations
(2.7) B=uU,;;(C;nF;), and SrB=U,;(Sr(C;NF;)).
Since diam F; < a(B) + ¢ and
o5({Sy1}, {Sry2}) < 0p({Srwn}, {Srwi}) + op({S-i}, {Sry2}),
it follows from (2.3) that
d(Sty1, Sry2) < q([(B) + €] + 2¢),
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for any y1,y2 € C; N F;. Thus

Therefore using (2.7) and the definition of a-measure we obtain (2.6).
Since Sy B C B, we obviously have the representation

w(B)= () Bk, Bi =SB,
k=1

for the w-limit set w(B). It is also clear that By D By for every k and
(28) O[(Bk) = a(STkal) S q(Oé(kal)) k= ]., 2, e

Since ¢(s) < s, the sequence {a(By,)} is decreasing. Therefore there exists ap= limg_,oc (By).
From (2.8) we have that oy < g(agp) which is possible only if ap = 0. Thus by property (iv)
of the a-measure, w(B) is a nonempty compact set. The standard argument (see, e.g., [58,
p.13,14]) or [19, p.30]) allows us to conclude that w(B) attracts B uniformly. Thus (X, S;) is
asymptotically smooth. a

REMARK 2.6. Property (2.6) implies that for every bounded forward invariant set B there
exists T' > 0 such that a(StB) < «a(B) provided o(B) > 0. If for some fixed T" > 0 this
property holds for every bounded set B such that S B is also bounded, then, by the definition
(see [58]), St is a conditional a-condensing mapping. It is known [58] that conditional -
condensing mappings are asymptotically smooth. Therefore Theorem 2.4 can be considered
as a generalization of the results presented in [58].

Theorem 2.4 is tailored to problems where the convergence to a compact set is not neces-
sarily exponential. This corresponds to situations when the damping at the origin is nonlinear.
If the damping at the origin is linear, then a more restrictive version of Theorem 2.4 suffices
and is more convenient in applications. In fact, the following result, which is a ”linear” version
of Theorem 2.4 emerges as the Corollary of Theorem 2.4.

COROLLARY 2.7. Let (X, S;) be a dynamical system on a Banach space X. Assume that
for any bounded positively invariant set B in X and for any t > tg = to(B) > 0 there exist a
function Kg(t) on [to, +00) and a pseudometric o'y on C(0,t; X) such that
(i) Kp(t) >0 and limy_.o Kp(t) =0;
(ii) the pseudometric o'y is precompact (with respect to the norm of X ).
(iii) the estimate

(2.9) 1Sey1 — Syl < Kp(t) - lya — vl + o5 ({S-y1}, {S-y2}), t>to,

holds for every yi,y2 € B, where we denote by {S;y;} the element in the space
C(0,t; X) given by function y;(1) = S;y;.

Then (X, St) is an asymptotically smooth dynamical system.

PrOOF. It suffices to apply Theorem 2.4 with d(z,y) = ||z — y| and ¢(s) = Kg(T) - s,
where T is chosen sufficiently large so that Kp(T) <~y < 1. O

Corollary 2.7 implies the following result which was proved earlier in [12].

PROPOSITION 2.8. Assume that a dynamical system (X, S;) on a Banach space X pos-
sesses the following property: for any bounded positively invariant set B in X there exist
functions Cg(t) > 0 and Kp(t) > 0 such that lim;_ . Kg(t) = 0, a time ty = to(B) and a
precompact pseudometric o on X such that

(2.10) [Seyr — Siyell < Kp(t) - [ly1 — vl + Cs(t) - o(y1,y2), 1t = to,
for every y1,y2 € B. Then (X, S;) is an asymptotically smooth dynamical system.
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We recall that a pseudometric o on a Banach space X is said to be precompact (with
respect to the norm of X) if any bounded sequence (in norm) has a subsequence which is
Cauchy with respect to o.

PROOF. It is clear that a pseudometric of; defined on C(0,¢; X) by the formula
o5({S-y1}:{Sry2}) = Cp(t) - o(y1, )

satisfies assumptions (ii) and (iii) in Corollary 2.7. O

REMARK 2.9. The main difference between (2.9) and (2.10) is the fact that the term in
(2.9) involving compact pseudometric is evaluated on trajectories, rather than on a specific
point in the phase space, as in (2.10). Thus, (2.9) is definitely a weaker requirement than that
of [12]. While in the case of linear damping it is relatively simple to show that inequality in
(2.9) implies that of (2.10), this is not the case in hyperbolic flows with a nonlinear damping,.
Thus, the above generalization is critical for models considered in this paper.

The following version of the compactness criterion provides more flexibility, with respect
to method based on Theorem 2.4 by allowing taking sequential limits rather then the simul-
taneous limits. This was an observation made for the first time in [65].

PROPOSITION 2.10. Let (X,S:) be a dynamical system on a complete metric space X
endowed with a metric d. Assume that for any bounded positively invariant set B in X and
for any € > 0 there exists T = T(e, B) such that

(2.11) d(Sty1, Sty2) < €+ Ve B r(y1,2),yi € B,
where ¥, g r(y1,y2) is a function defined on B x B such that
(2.12) liminfliminf ¥. g 7(Yn, Ym) =0

m—00 n—oo
for every sequence {y,} from B. Then (X,S}) is an asymptotically smooth dynamical system.
The result stated in Proposition 2.10 is an abstract version of Theorem 2 in [65] that can

be derived from the arguments given in [65]. For the reader’s convenience an independent
and shorter proof of the same result is given.

PROOF. As in the proof of Theorem 2.4 it is sufficient to prove that
lim «(S;B) =0,
t—o0
where a(B) is the Kuratowski a-measure defined (2.5).
Since Sy, B C Sy, B for t1 > to, the function a(t) = «a(S¢B) is non-increasing, Therefore

it is sufficient to prove that for any € > 0 there exists 7' > 0 such that «(StB) < e. If this is
not true, then there is g > 0 such that

a(STB) > 6gy forall T >0.

For this g we choose Tp such that (2.11) and (2.12) hold. The relation a(St, B) > 6e( implies
that there exists an infinite sequence {y,}5>; such that

d(STyYn, STy Ym) > 2¢¢ forall n#£m, n,m=1,2,...
Therefore from (2.11) we have that

Ueo.B.ToUn,Ym) > e forall n#Em, n,m=1,2,...

This contradicts (2.12). The proof is complete. O

We conclude this section with the following well-known assertion (see, e.g., [58, Lem-
ma 3.2.3] or [91, Lemma 22.4]). We put it here for the sake of further references only.
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PROPOSITION 2.11. Let (X, S;) be a dynamical system on a Banach space X. Assume
that for any bounded positively invariant set B in X the evolution operator S; admits the
splitting

Sty:Uty+Ktya yEBatZOa
such that

o sup{||Uwy| : y€ B} -0 ast— oo, and
o there exists tg = to(B) > 0 such that K¢ B is a precompact set in X for everyt > tg.

Then (X, St) is an asymptotically smooth dynamical system.

PROOF. Since a-measure possesses the property a(A+ B) < a(A)+ a(B) and «(K) =0
for every precompact set (see, e.g., [91, Lemma 22.2]), for t >ty we have that

a(StB) < a(UB) + a(KB) < (U B) < 2diam{U.;B} < 4 sup |Upy||.
yeB

Thus «(S;B) — 0 as t — oo. Since S;B C B, we can apply the same argument as in the
proof of Theorem 2.4. O

2.2. Criteria for finite dimensionality of attractors

Finite dimensionality is an important property of global attractors which can be estab-
lished for several dynamical systems, including these arising in significant applications. There
are several approaches which provide effective estimates for the dimension of attractors of
dynamical systems generated by PDE’s (see, e.g., [4, 72, 100]). Here we present an approach
which do not require C''-smoothness of the evolutionary operator. The reason for this focus
is that dynamical systems of hyperbolic-like nature do not display smoothing effects - unlike
parabolic equations. Therefore, the C'-smoothness of the flows is most often out of question,
particularly in problems with a nonlinear dissipation. On one hand our Theorem 2.15 gener-
alizes Ladyzhenskaya’s theorem (see, e.g., [72]) on finite dimensionality of invariant sets. On
the other hand it is related to squeezing property in the form considered in [88]. However,
as in the case of Ladyzhenskaya’s theorem we wish to point out that the estimate of the
dimension based on the theorems below usually turn out to be conservative.

Fractal dimension is the most commonly used measures in the theory of infinite dimen-
sional dynamical systems.

DEFINITION 2.12. Let M be a compact set in a metric space X. The fractal (boz-counting)
dimension dimy M of M is defined by

. . Inn(M,e)
d M =limsup —————
imy i sup n(i/e)

where n(M, €) is the minimal number of closed balls of the radius € which cover the set M.

The importance of the notion of finite fractal dimension is illustrated by the following
property (see [52]): if M compact set in X such that dimy M < n/2 for some n € N, then
there exists an injective Lipschitz mapping L : M — R"™ such that its inverse is Holder
continuous. This means that M can be placed in the graph of Holder continuous mapping
which maps a compact subset of R™ onto M.

We refer to [45] for other properties of fractal dimension. Here we only note that the
fractal dimension dim; M of the set M can be represented by the formula

. . In N(M,e)
2.13 dims M = limsup ——— ,
(2.13) ! 5—>Op In(1/¢)

where N(M,¢) is the minimal number of closed sets of the diameter 2e which cover M.

Below we need the following definition.
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DEFINITION 2.13. Let X be a complete metric space endowed with the metric d and M
be a bounded closed set in X. Assume that ¢ is a pseudometric defined on M. Let B C M
and € > 0.
e A subset U in B is said to be (e, p)-distinguishable if o(x,a’) > ¢ for any z, 2’ € U,
x # x'. We denote by m,(B,¢) the maximal cardinality of an (e, o)-distinguishable
subset of B.
o The pseudometric p is said to be compact on M iff m,(M, ) is finite for every € > 0.
e Similarly to [67], we shall call the value Inm,(B, ) by e-capacity of the set B (with
respect to the pseudometric p), or shortly, (g, )-capacity. For any r > 0 we define a
local (1, e, 0)-capacity of the set M by the formula

(2.14) Co(M;r,e) =sup{lnm,(B,e) : BC M, diamB < 2r}.

Now we are in position to state our basic assertion of this section. We shall use it below
to obtain appropriate criteria which are convenient for applications to second order in time
evolution equations.

THEOREM 2.14. Let (X,d) be a complete metric space and M be a bounded closed set in
X. Assume that there exists a mapping V' : M — X such that
(i) M CVM;
(i) there exist a compact pseudometric o on M and a number 0 < n < 1 such that
(2.15) d(Vvy,Vug) <n-d(vi,ve) + 0(v1,v2), v1,v2 € M.

Then M is a compact set in X with the fractal dimension dim M estimated as follows

-1
(2.16) dim; M < {ln 5-11-77} limsupC, (M;e, d¢)

e—0
for every § € (0,1 —mn), where C,(M;r,€) is the local (r,e, 0)-capacity of the set M defined by
(2.14).

The right hand side in estimate (2.16) is allowed to be infinity. Therefore it is important
to find conditions under which the parameter

cp (M, 6) =limsupC, (M;e, de)
e—0

is finite. We do it in the following assertion which is proved to be useful in problems with
nonlinear damping.

THEOREM 2.15. Let X be a Banach space and M be a bounded closed set in X. Assume
that there exists a mapping V. : M — X such that
(i) M CVM;
(ii) V is Lipschitz on M, i.e, there exists L > 0 such that
)

(217 HV’Ul — VUQH < L||U1 — Uz”, U1, 02 € M;
(iii) there exist compact seminorms nyi(x) and na(x) on X such that
(2.18) [Vvr — Vus| < n|lvr —ve|| + K - [n1(v1 — v2) + na (Vg — V)]

for any vi,ve € M, where 0 < n < 1 and K > 0 are constants (a seminorm n(x)
on X is said to be compact iff for any bounded set B C X there exists a sequence
{zn} C B such that n(zy, —x,) — 0 as myn — ).

Then M is a compact set in X of a finite fractal dimension. Moreover, we have the estimate

- AK (1 + L2)Y/?

lnmg | ————

1417 1—n

where mgo(R) is the mazimal number of pairs (x;,y;) in X x X possessing the properties

i l|” + lyll> < R?, na(ws — ;) + na(ys —y;) > 1, i #j.

(2.19) dimy M < [1n
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REMARK 2.16. It is easy to see that under the hypothesis concerning the seminorms n;
and ng the characteristic mo(R) is finite for any fixed R (see, e.g., the argument given in the
proof of Lemma 2.19 below). We also note that it was proved in [27] that if X is a separable
Hilbert space and the seminorms n; and ny have the form n;(v) = ||P||, ¢ = 1,2, where Py
and P, are finite-dimensional orthoprojectors, then

—1
(2.20) dim; M < (dim P, + dim P») - In (1 + W) : {ln 1_?_} .
-n n

We also refer to [28] for an analysis of the dimension problem in the case of more general
(nonlinear) relations of the type (2.18).

REMARK 2.17. The result given in Theorem 2.15 generalizes squeezing properties given
in [70, 38] and most recently [88]. Indeed, Ladyzhenskaya’s theorem [70] on finite dimension
of invariant sets follows from Theorem 2.15. To see this we assume that X is a separable
Hilbert space and take n; = 0 and ng(v) = || Pv|| in relation (2.18), where P is a finite dimen-
sional projector. In this case relation (2.18) easily follows from Ladyzhenskaya’s squeezing
assumption:

(I = P)(Vor = Vo )| < nlvy — vall, vi,v2 € M.

Theorem 2.15 also generalizes the result by Prazak [88], which relies on the so-called ”gener-
alized squeezing property”. To obtain the conclusion of Lemma 4.1 [88] on dimension we need
only apply Theorem 2.15 in a separable Hilbert space X with ni(a) = na(a) = ||Pa||, where
P is a finite dimensional projector. One of the main advantages of our approach in compar-
ison with results in [70] and [88] is that Theorem 2.15 does not contain finite-dimensional
projectors in explicit form. This fact is very handy in applications to hyperbolic problems
with boundary nonlinear damping.

For the proof of Theorem 2.14 we need the following lemma which is also useful in the
construction of inertial sets in Sect. 2.3.

LEMMA 2.18. Let M be a bounded closed set in a complete metric space (X,d). Assume
that V. : M — X is a mapping such that (2.15) hold with some > 0. Then

(2.21) a(VB) <n-a(B) for any B C M,

where «(B) is the Kuratowski a-measure of noncompactness of the set B defined by (2.5).
Thus V is a-contraction [58] on M provided n < 1.

PROOF. We use the same idea as in the proof of Theorem 2.4. By the definition of a(B)
(see (2.5)), for any € > 0 there exist sets Fi, ..., F,, such that

B=FRU...UF,, diamF; < «a(B)+e.

Since g is a compact pseudometric on M, the maximal (g, p)-distinguishable subset of B is
finite. Thus there exists a finite set N = {z; : i = 1,2...m} C B such that for every y € B
there is ¢ € {1,2...m} with the property o(y,z;) < e. It means that

B=U"C;, Ci={yeB: oly,z;) <e}.
No we can write the representations
B=U,;;(C;nF;), and VB=U,;(V(C;nF})).
Using (2.15) it is easy to see that
diam (V(C; N F)) < - a(B) + < - 24+ 1.
This implies (2.21). O
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Proof of Theorem 2.14. Lemma 2.18 implies that
a(M) < a(VM) < - a(M).

Since 0 < 7 < 1, this is possible only if «(M) = 0. Thus M is compact.

Assume that {F; : i =1,...,N(M,¢)} is the minimal covering of M by its closed subsets
with a diameter equal or less than 2e. Let 0 < § < 1and {«} : j =1,...,n;} C F; be a
maximal (de, p)-distinguishable subset of F;. Since g is compact, this finite set exists, and by
Definition 2.13 we have that

n; = my(F;, 0e) < exp{C, (M;e,de)},
where C,(M;r,€) is the local (r,e, o)-capacity of the set M defined by (2.14). We also have
that

F; C UB;-, B; = {vGFi : p(v,xé) §5~5}.
j=1
Therefore

N(M
vmc

=1

O VBj.
1

€) ny
J

If y1,y2 € B;-, then from (2.15) we have

d(Vy1, Vi) < nd(y1,y2) + plys, @) + p(ya, 2) < 2(n+ 6)e.
Thus diamV B} < 2(n + 6)e for any € > 0 and 0 < § < 1. Therefore
(2.22) N(VM,(n+d)e) <exp{C, (M;e,de)} - N(M,e).

For further use we note that relation (2.22) remains true without the hypotheses M C VM.
If we choose 0 < § < 1 — 5, then from (2.22) under the assumption M C VM we obtain
that
InN (M,qe) <Cp(M;e,de) +InN(M,e)

for any € > 0, where ¢ =1+ < 1. Let &, = q"¢¢ for some gy > 0. It is clear that

n—1
(2.23) InN (M,e,) <> Cop(Mseg,de) + nN(M,g0), n=1,2,....

k=0
Let x > 0 be arbitrary. We can choose g9 = g¢(x) > 0 such that

Co(M;e, de) < co(M,0)+k forall 0<e<ey,

where

cp(M,0) =limsupC,(M;e, d¢).

e—0

Therefore from (2.23) we obtain that

InN (M,e,) <n-(co(M,6)+ k) +InN(M,eo), n=1,2,....
Now for any € < g9 we can find n = n. and € € [g1,€q) such that
(2.24) Ent1 L €< e€p, €=(q"E.

Hence we have that
InN (M,e) <ne-(co(M,5)+ k) +InN(M,E)
Ne - (cp(M,0) + &) +In N (M, e1).

IN

Thus, by (2.13) we obtain that

n
dims M < M,o -1i c .
an — (CQ( ) ) + H) H;lj(l)lp 11’1(1/5)
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It follows from (2.24) that

In(g/e) _ In(eg/e)
ne < < .
In(1/q) = In(1/q)
Therefore 1
dimy M < (¢,(M,d) + k) - ——— for every &k > 0.
This implies (2.16). The proof of Theorem 2.14 is complete. a

Proof of Theorem 2.15. It is sufficient to prove the following lemma.

LEMMA 2.19. Under conditions of Theorem 2.15 the pseudometric
(2.25) oz, y) = K- (ni(z —y) + n2(Va = Vy))

is compact on M in the sense of Definition 2.13. The local (1€, )-capacity of the set M with
respect to this pseudometric admits the estimate
2K (1 + L?)'/?
(2.26) Co(M;r,e) <lInmyg ((—i—)r) ,
€
where mo(R) is the mazimal number of pairs (x;,y;) in X x X possessing the properties
lsll” + flyall* < R%, - na(@s — a5) +nalys — ;) > 1, i # j.

PROOF. If p is not compact, then for some e > 0, there exists a sequence {z,} C M such
that

(2.27) n1(zn — 2m) +n2(Vz, = Vz,) >e forall n#m.

Since M is bounded, the sequences {z,} and {Vz,} are bounded. Since the seminorms nq
and ng are compact, this implies that there exists a subsequence {z,, } such that

n1(zn, — 2n,) T n2(Vzn, — Vzy,) 0 when k1 — oo,

which is impossible due to (2.27). Thus the pseudometric ¢ is compact on M.
Now we prove (2.26). Let B C M and m,(B, ) be the maximal cardinality of an (e, o)-
distinguishable subset of B. In the space X x X endowed with the norm

1/2
121 = (lall? + Iy1%)"*, 2 = (@,y) € X x X,
we consider the set B={Z = (x,Vx) : x € B}. It is clear that
my(B,e) =N{Z; € B : N(Z;— Z;) >e- K", i #j},

where N(Z) = ni(z) +n2(y), Z = (x,y), and R{...} denotes the maximal number of elements
with the given properties. Since by (2.17)

diamB = sup (lz — y|? + |[Vz — Vy|2)"* < R= (1 + L?)"? diamB,
z,yeB

there exist Yy € B such that
BCBr(Yo)={ZeXxX :|Z-Yy| <R}
Therefore, using the property N(AZ) = AN(Z) for any A > 0 and Z = (x,y), we obtain that
my(B,e) <X{Z; € Br(Yo) : N(Z;—Z;) >e-K ', i#j}

=N{Z; € BR(0) : N(Z; — Z;) >e- K", i #j}

=N{Z € Bri/e(0) : N(Z; — Z;) > 1, i #j} =mo(RK/e).
By Definition (2.14) this implies (2.26). O

To conclude the proof of Theorem 2.15 we need only apply Theorem 2.14 with p given by

(2.25) and § = (1 —n)/2 and use Lemma 2.19.

Theorem 2.14 also implies the following assertion.
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COROLLARY 2.20. Let X be a Banach space and M be a bounded closed set in X. Assume
that there exists a mapping V. : M +— X such that

(i) M CVM;
(ii) the mapping V' admits the splitting
(2.28) V=S+K,
where S is Lipschitz and stable on M, i.e, there exists 0 < n < 1 such that
(2.29) [[Svy — Svsl|| < nllvy — val|, v1,v2 € M,

and K 1is a Lipschitz mapping from M into Y, where Y is a Banach space which is
compactly embedded in X, i.e.,

(230) HK’Ul — KUQHY < LK”vl — 1}2”, U1,V € M.

Then M is a compact set in X of a finite fractal dimension. Moreover, we have the estimate

2 ]—1 <4LK>
~lnmy,X — |,
n 1—n

where my, x (R) is the mazimal number of points x; in the ball of the radius R in'Y possessing
the properties ||z, — x;|| > 1, 1 # j.

ProoF. It follows from (2.29) and (2.30) that V is Lipschitz on M and that relation
(2.15) holds with

(2.31) dimy M < [ln 1

d(v1,v9) = ||lvg —va|| and  p(vi,v2) = ||Kvy — Kvs||.
A simple argument shows that this pseudometric ¢ is compact.
Thus we need only check relation (2.31). We shall use the same method as in Lemma 2.19.
Let B C M and m,(B,¢) be the maximal cardinality of an (e, p)-distinguishable subset of B,
ie,
me(B,e) =X{x; € B : ||[Kz; — Kzj|| > ¢, i # j}
_N{z € KB : |5 - 5l > e i 45,
where, as in Lemma 2.19, ®{...} denotes the maximal number of elements with the given
properties. It is easy to see from (2.30) that
KBCBhyo)={yeY : |y —wlly <R= LixdiamB}
for some yy € K B. Therefore, as in Lemma 2.19, we can conclude that
mo(B,e) <N {z € By (yo) : ||z — 7l > e, i # j}
=R{z € BL0) : ||z — 2 >e, i #j}
=8 {2 € BYL0) ¢ llzi = 2 > 1 i # j} = myx(R/e).
Therefore by Definition (2.14) we have

2L
(2.32) Co(M;re) <Ilnmy x ( gKT) .

Hence estimate (2.31) follows from (2.16) with 6 = (1 — n)/2. O

If in the splitting (2.28) we have S = 0, then we easily arrive to the following assertion
which was proved in [84, Lemma 1.3].

COROLLARY 2.21. Let X and Y be Banach spaces such that'Y is compactly embedded in
X. Let M be a bounded closed set in X. Assume that V. : M — Y is a Lipschitz mapping
from M into Y, i.e.,

val — V’UQHY < LH'Ul — UQH)(, V1,02 € M.
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If M C VM, then M is a compact set in X and its fractal dimension (in X) admits the

estimate
In my x (4L)

In2 ’
where my, x (R) is the same as in the Corollary 2.20.

dime S

Proor. We apply Corollary 2.20 with S = 0 and n = 0. O

2.3. Exponentially attracting positively invariant sets

In Theorem 2.14 we dealt with a negatively invariant set M. As for positively invariant
set, their finite dimensionality is not guaranteed by condition (2.15). However, as the following
theorem states, they are attracted by finite-dimensional compacts with exponential speed.

THEOREM 2.22. Let (X, d) be a complete metric space and M be a bounded closed set in
X. Assume that the mapping V' : M — M possesses the properties:

(i) there exist a compact pseudometric ¢ on M and a number 0 < n < 1 such that

(2.33) d(Vuy,Vug) <n-d(vi,v2) + o(v1,v2), v1,v3 € M;
(ii) for some d € (0,1 —n) we have that
(2.34) co (M,9) = lims(lleCg (M;e,de) < o0,
E—

where Co(M;r,€) is the local (r,e, 0)-capacity of the set M defined by (2.14).

Then for any x > 0 there exists a positively invariant compact set A, . C M of finite fractal
dimension satisfying

(2.35) sup {dist(Vku,Aq7N) rueM} < &, k=12 ...,
where q =n+ 4§ <1, and

—1
(2.36) dimy Ag . < {ln } (o (M, 6)+ k).

1
d+n
We note that we construct finite-dimensional exponentially attracting set A, . with the
estimate of dimy A, ., as close as we want to the estimate of the dimension of the negatively
invariant set M in Theorem 2.14. It is also clear from the construction given below that the
positively invariant sets A, . with properties (2.35) and (2.36) are not unique.

PROOF. We rely on some ideas presented in [38] (see also [19, Chap.1]).

By Lemma 2.18 V is an a-contraction on the set M in the sense of [58, p.14]. Therefore
(see [58, Chap.2]) the set My = N,>1V"™M is a compact global attractor for the discrete
dynamical system (M, V*). By Theorem 2.14 it follows from (2.34) that dim; My < co. We
shall construct a set A, , as an extension of Mj.

It follows from (2.22) that

N (VM,qe) <exp{C, (M;e,d¢e)} - N(M,¢)

for any £ > 0, where ¢ =+ 4§, N(B,¢) is the cardinality of the minimal covering of B by its
closed subsets with a diameter equal or less than 2¢ and C, (M;¢, d¢) given by (2.14). Taking
V"=1M instead of M in the previous formula we obtain that

N (V'"M,qe) < exp{C, (V" 'M;e,6e)} - N(V*'M,e), n=1,2,...
Since V"~1M C M, it follows from (2.14) that
Co (V' 'M;e,0e) <Cp (Mse,be), n=12,...
Thus we have that
N (V"M,qe) < exp{C, (M;e,ée)} - N(V" ' M,e), n=1,2,...
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Let x > 0 be arbitrary and &,, = ¢"¢g, where we choose 0 < g9 < 1/2 such that
Co (M;e,0e) <c,(M,8)+r forall 0<e<ey.
In this case we have that
(2.37) N (V™M,e,) < exp{n(c,(M,d) +k)} - N(M,eo), n=12,...
We denote by E,, the maximal (2¢,, d)-distinguishable subset of V*M. It follows from [67,
Theorem 4] that
(2.38) CardE,, = mq(V"M,2¢e,) < N (V"M,e,).
Thus by (2.37) E, is a finite set for each n = 1,2,... As in [38] (see also [19, Chap.1]) we set
Agw=MyU{V*E,, : k,m=0,1,2,...}.

This set depends on ¢ and, hence, on k.

Let us prove that the set A, , satisfies the conclusions of the theorem.

It is easy to to see that A, . is a compact positively invariant set. We also have that

dist g (V™y, Ag.x) < dist g(V"y, Ep) < 2e, = 2¢"¢o < ¢", n=0,1,2,...,

for every y € M. This implies (2.35).
To estimate the fractal dimension of A, . we note that the property E,, C V™M implies
that
Agw CV'MU{V*En, : k+m <n—1,km>0}
for every n = 1,2, ... Therefore
N(A‘LN? En) S N(VnMa 51’7,) + Z Card{VkEm}

k,m>0
k+m<n-—1

SN(V"M,en)+ Y Card{Ep}.

k,m>0
k4+m<n—1

It follows from (2.37) and (2.38) that
N(Aqk,en) <exp{n(c,(M,0) +r)} - N(M,e0) - (1+%,),

where ( 0
n(n +
s, = Z exp{—(n—m)(c,(M,d) +r)} < —
k,m>0
k+m<n—1
Consequently

th(Aq,;mEn) S n - (CQ(M75)+K) +IHN(M7€O)+1H <1+ 7’L(77,2+1)> .

Therefore, as in the proof of Theorem 2.14, we can conclude that

1
InN(Ag k. €) < ne-(co(M,0) + k) +InN(M,qgeo) +In <1 + ng(n;—i—)>
for any € € (0,&0), where n. < [In(1/q)]™! - In(eg/e). Thus estimate (2.36) follows from
(2.13). O

Under the hypotheses of Theorem 2.22 the discrete dynamical system (M, V") possesses
a compact global attractor My. This attractor uniformly attracts all the trajectory of the
system (M, V*) and by Theorem 2.14 dim My < oo. Unfortunately, in general the speed of
convergence to the attractor cannot be estimated. This speed can appear to be small. How-
ever Theorem 2.22 says that the global attractor is contained in finite-dimensional positively
invariant set which attracts M uniformly and exponentially fast. Thus the dynamics of the



2.3. EXPONENTIALLY ATTRACTING POSITIVELY INVARIANT SETS 27

system becomes finite-dimensional exponentially fast independent of the speed of convergence
to the global attractor. Moreover, the reduction principle is applicable in this case. Thus
finite-dimensional positively invariant exponentially attracting sets can be useful for descrip-
tion of qualitative behaviour of infinite-dimensional systems. These sets are frequently called
inertial sets or fractal exponential attractors. In some cases they turn out to be surfaces in
the phase space. For details we refer to [38] and to the references therein.

In conclusion of this section we give two corollaries of Theorem 2.22 which are important
in subsequent considerations.

COROLLARY 2.23. Let X be a Banach space and M be a bounded closed set in X. Assume
that the mapping V' : M +— M possesses the properties

(i) V is Lipschitz on M, i.e, there exists L > 0 such that (2.17) holds;
(ii) there exist compact seminorms ny(x) and na(x) on X such that (2.18) holds.

Then for any k > 0 and 6 € (0,1—n) there exists a positively invariant compact set A, s C M
of finite fractal dimension such that

(2.39) sup {dist(VkmA,i,g) RS M} <q¢", k=1,2,...,
where q =n+ 6§ <1, and
-1 2\1/2
1 2K(1+ L
dimy A, s < [lnTH-(J . [K—i—lnmo (%))} ,

where, as in Theorem 2.15, mo(R) is the mazimal number of pairs (z;,y;) in X x X possessing
the properties

lazsl|* + [lyil|* < R, ma(ws — ) +n2(yi —y;) > 1, i # .
PrOOF. We apply Theorem 2.22 with the pseudometric
olz,y) = K- (n1(z —y) + na(Va — Vy)).
By Lemma 2.19 p is compact and we have that

2\1/2
¢ (M) < Inmo <2K(1+L>) _

0
Therefore the statement of the corollary follows from Theorem 2.22. O

Theorem 2.22 also implies the following assertion.

COROLLARY 2.24. Let X be a Banach space and M be a bounded closed set in X. Assume
that V. : M +— M is a mapping such that it admits the splitting

V=5S+K,
where S is Lipschitz and stable on M, i.e, there exists 0 < n < 1 such that
HSUl - SUQH S 77||U1 - ’UQ”, V1,02 € M7

and K is a Lipschitz mapping from M into 'Y, where Y is a Banach space which is compactly
embedded in X, i.e.,

HKWI —K’Ug”y < LKHUI —’Ug”, V1,02 € M.

Then for any k > 0 and 6 € (0,1 —mn) there exists a positively invariant compact set A, 5 C M
of finite fractal dimension such that (2.39) holds and

11! 2L
dimy A, s < {lnn+6} . {m—&—lnmy’X (;)} ,

where my, x (R) is the mazimal number of points x; in the ball of the radius R in'Y possessing
the properties ||z, — x;|| > 1, i # j.




28 2. ABSTRACT RESULTS ON GLOBAL ATTRACTORS

This corollary was proved earlier in [42] under the restriction that the contractivity con-
stant 7 less than 1/2.

Proor. We apply Theorem 2.22 with
d(vi,v2) = |Jup —ve|| and p(vy,v2) = [|[Kvy — Kval|.
Relation (2.34) follows from (2.32). O

2.4. Gradient systems

The study of the structure of the global attractors is an important problem from point
of view of applications. There are no universal approaches to this problem. Even in finite-
dimensional case an attractor can possess extremely complicate structure. However for some
cases one can give a geometrical description of the global attractor.

In this subsection for the sake of further references we collect several known results on the
properties of dynamical systems possessing Lyapunov function. These results mainly concern
the structure of global attractors.

Let NV be the set of stationary points of the dynamical system (X, S;), i.e.

N={veX : Sw=wforallt>0},

and define the unstable manifold M*(N') emanating from the set A as a set of all y € X such
that there exists a full trajectory v = {u(t) : t € R} with the properties

u(0) =y and Jim distx (u(t),N) = 0.

It is clear that M*(N) is an invariant set. It is also easy to prove the following assertion
(see, e.g., [4], [19] or [100]).

PROPOSITION 2.25. Let N be the set of stationary points of the dynamical system (X, S;)
possessing a global attractor A. Then M*(N') C A.

For gradient systems it is possible to prove that M“(N) = A. We give the following
definition.

DEFINITION 2.26. Let Y C X be a positively invariant set of a dynamical system (X, S;).

e The continuous functional ®(y) defined on Y is said to be the Lyapunov function
for the dynamical system (X,S;) on Y iff the function ¢ — ®(Sy) is nonincreasing
function for any y € Y.

e The Lyapunov function ®(y) is said to be strict on Y iff the equation ®(S;y) = ®(y)
for all t > 0 and for some y € Y implies that S;y = y for all ¢t > 0, i.e. y is a
stationary point of (X, S;).

e The dynamical system (X, S;) is said to be gradient iff there exists a strict Lyapunov
function for (X, S;) on the whole phase space X.

EXAMPLE 2.27. The system (H,S;) generated in the space H = H{(2) x La(Q) by
damped wave equation (1.8) with the Dirichlet boundary conditions is gradient provided (i)
g and f satisfies the assumptions listed in Example 1.2, (ii) g(s) = 0 if and only if s = 0,
and (iii) s — sg(s) is a convex function on R. Indeed, it follows from Proposition 1.10 and
Remark 1.11 that the energy

1 .
Ey) = 5/ (lua]® + [Vuo|?) der/ fluo)dz, y= (ug,u1) € H,
Q Q
where f is the antiderivative of the nonlinear term f, satisfies the inequality

(2.40) E(Swy) + k/o ue(1)g(ue(r))dr < E(y),
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for any y € H. Here (u(t),us(t)) = Siy. Therefore ¢t — E(Sy) is nonincreasing function for
any y € H. If £(Siy) = E(y) for some t > 0, then (2.40) implies that fot ue(7)g(ue(7))dr = 0.
Therefore u,(7) = 0 for all 7 € [0,¢]. This is possible only if u(t) = uo is a stationary solution.
Thus the system (H, S;) possesses a strict Lyapunov function ®(y) = £(y).

2.4.1. Geometric structure of global attractors. We have the following result on
the structure of a global attractor (for the proof we refer to any book from the list [4, 19,
58, 72, 100]).

THEOREM 2.28. Let a dynamical system (X,S¢) possess a compact global attractor A.
Assume that there exists a strict Lyapunov function on A. Then A = M“(N). Moreover the
global attractor A consists of full trajectories v = {u(t) : t € R} such that

. lim distx (u(t),N) =0 and , lir+n dist x (u(t), N') = 0.

The following assertion shows that in the case of gradient systems we can guarantee
existence of a compact global attractor without assuming dissipativity in explicit form.

COROLLARY 2.29. Assume that (X, S;) is a gradient dynamical system which, moreover,
is asymptotically smooth. Assume that Lyapunov function ®(x) associated with the system is
bounded from above on any bounded subset of X and the set @ = {x : ®(x) < R} is bounded
for every R. If the set N of stationary points of (X, S:) is bounded, then (X, S:) possesses a
compact global attractor.

PROOF. We choose Ry such that N' C ®g,. For any R > 0 the set ®g is bounded
and forward invariant. Therefore by Theorem 2.3 the dynamical system (®g, S;) possesses a
compact global attractor Agr for every R. If R > Ry, then from Theorem 2.28 we have that
Ag = M¥*(N). Thus Ag does not depend on R for R > Ry and it is global attractor for
(X,S). O

If the system (X, S;) is not gradient but it possesses a Lyapunov function, we cannot
guarantee that A = M*(N). However we can prove the following assertion.

THEOREM 2.30. Let (X, S:) be a asymptotically smooth dynamical system in a Banach
space X. Assume that there exists a Lyapunov function ®(x) for (X,S:) on X such that
®(x) is bounded from above on any bounded subset of X and the set ®r = {x : ®(x) < R} is
bounded for every R. Let BB be the set of elements x € X such that there exists a full trajectory
{u(t) : t € R} with the properties u(0) = x and ®(u(t)) = ®(x) for allt € R. If B is bounded,
then (X, St) possesses a compact global attractor and A = M*(B).

PROOF. As in the proof of Corollary 2.29 we choose Ry such that B C ®r,. By Theo-
rem 2.3 the dynamical system (®g, S;) possesses a compact global attractor A for every R.
If R > Ry, then B C ®g and therefore by Theorem 1.6.2 [19] Ar = M“(B) for all R > Ry.
Thus A = M*(B) is global attractor for (X, S}). O

The following assertion describes long-time behavior of individual trajectories (for the
proof we refer to [19] or [100], for instance).

THEOREM 2.31. Assume that a gradient dynamical system (X, S;) possesses a compact
global attractor A. Then for any x € X we have

(2.41) lim distx(Siz,N) =0,
t——+o0
i.e. any trajectory stabilizes to the set N of stationary points.

Assume that N' = {z1,...,2,} is a finite set. In this case we have the relation

MUN) = UL M (%),
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where M"(z;) is the unstable manifold of the stationary point z;. This is to say, M*(z;)
consists of all y € X such that there exist a full trajectory

v={u(t) : teR} C X

with the properties u(0) = y and u(t) — z; as t — —o0.
Theorems 2.28 and 2.31 imply the following assertion.

COROLLARY 2.32. Assume that a gradient dynamical system (X, S;) possesses a compact
global attractor A and N is a finite set. Then

(i) the global attractor A consists of full trajectories v = {u(t) : t € R} connecting pairs
of stationary points, i.e. any u € A belongs some full trajectory v and for any v C A
there exists a pair {z,z*} C N such that

u(t) = z ast — —oo and u(t) — z* ast — 4o0;
(ii) for any v € X there exists a stationary point z such that
Siv — z as t — +oo.

REMARK 2.33. Assume that the hypotheses of Corollary 2.32 hold. Introduce mg distinct
values 1 < Py < ... < Py, of the set {P(z) : z € N} and let

Ni={zreN : &@x)=20;}, j=1,...,mo.

Then the sets N, ..., N give us a Morse decomposition of the attractor A, i.e. (i) the
subsets A7 are compact, invariant and disjoint and (ii) for any z € A\ U; N7 and every full
trajectory v, C A through x there exist k > [ such that a(vy,) € N* and w(v,) € N'. Here
a(v,) and w(7y,) are a-limiting and w-limiting sets of the trajectory ~,.

2.4.2. On the rate of convergence to global attractors. In many cases it is impor-
tant to know how fast the trajectories starting from bounded sets converge to global attractors.
For gradient systems this rate is related to the rates of convergence of individual trajectories
to equilibria (see, e.g., the results of exponential convergence proved in [4] for the case of
hyperbolic equilibria).

Our goal in this subsection is to present a result (see Theorem 2.35 below) which gives
an estimate of the rate of convergence to the global attractor under the assumption that
similar estimates are known in small vicinities of stationary points. To our best knowledge
the first result in this direction has been obtained by Kostin [68] for the case of discrete
dynamical systems. Inspired by technique developed by [68] we obtain a similar result for
time continuous systems.

Our main assumption in this subsection is the following one.

ASSUMPTION 2.34. (X, S;) is a dynamical system on complete metric space X (endowed
with the metric d) possessing the properties:

e There exists a compact global attractor A = M¥(N), where N is the set of all
equilibria (we do not assume that A is finite).

e There exists a strict Lyapunov function on X such that (i) ®(x) is bounded from
above on any bounded subset of X, (ii) the set ®p = {z : ®(z) < R} is bounded
for every R, and (iii) the set {®(z) : € N'} is finite and &1 < Py < ... < D, are
its m distinct values.

e There exists constants cg > 1 and Lr > 0 such that

(2.42) d(Sty1, Sty2) < cReLth(yl,yg) for any y1,ys € ®g.
e For every set

Ni={zeN : &)=}, j=1,...,m,
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there exist a vicinity O; of N7 and a decreasing continuous function ¢; : Ry — Ry
such that the property Sz € O, for all ¢t € [0,T] implies that

(2.43) dist (Spz, MU(N7)) < 4p;(t), te€[0,T).

We note that under Assumption 2.34 the sets A7 comprise a Morse decomposition of the
attractor A.
Let € > 0 be chosen such that

1
(2.44) e <min{®;;; — P} and < _-min{® — sup P(u),,
i 2 i uwEANO;

where we have introduced the subsets

Ap = JM"NV7), n=1,2,....m,
j=1
of the attractor A. It is clear that A = A,,. The choice of ¢ such that (2.44) holds is possible
because ®; < ®; for i < j and sup,ea,\0, ®(u) < ®;. The latter can be easily obtained by a
contradiction argument from monotonicity properties of ®(u).
Under Assumption 2.34 in the space X we consider the following sets

BiZ{UEXZ‘I)(U)<<I)i—6}, 1=2,...,m,
and
Bpii={ue X : ®(u) < R.},
where R, is chosen such that the global attractor A belongs to B,,+1 (and, thus, B, 1 is an
absorbing set for (X, S;)). It is clear that every set B; is forward invariant. One can show
(see, e.g., [4]) that for every n = 1,...,m the set A, is a global attractor for the restriction

(Bpt1,St) of (X, S;) on Byt1.
THEOREM 2.35. Under Assumption 2.34 there exist numbers
0<Ti<Ty<...<T,, <00
such that

(2.45) sup dist(St, 41y, Ak) < Ui(t), k=1,2,...m, t >0,
YEB 11

where Wy (t) = ¥1(t) and

(246) Wiy (t) = cpetnTr [w’“ﬂ(t) + S?p]min {wkﬂ(s)@h* (=) Wy (t - S)}]
s€(0,t

for every k = 1,...,m — 1. In particular, for any bounded set B in X there exists tg > 0

such that

sup dist(Siy, A) < U, (t —tp), t>tp,
yeB

where A is the global attractor for the system (X, St).

PROOF. It can be derived from the corresponding result for discrete dynamical systems
(see [68, Theorem 2.2]). However, for the sake of completeness, we give independent argu-
ments.

It is clear that A; = M*(N') = N'L. Therefore there exists T; > 0 such that

SiBy C O forall t>1T;.
Hence by assumption (2.43) we have that
sup dist(S, 41y, A1) < Y1(t), t>0.
YyeEB2
Thus (2.45) holds for k = 1.
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Assume now that (2.45) holds for k = n < m and prove it for k = n + 1. Let us first
prove that

(247) An+1 - Bn—i—l U On+1.
Indeed,
n+1 ]
Apgr = [ MW7) = A, U MHNT.
j=1

Since A,, C Bj+1, it is sufficient to prove that
Mu(Nn+1> C Bpt1 UOp41.
If y € MY N\ 01 C Apg1 \ Ong1, then by (2.44) we have

D(y) < sup O(u) < Dppg — 2e.
UEAR+1\Ont1

Thus y € B,,4+1 and therefore (2.47) holds.
Since A, 1 is a global attractor for (B2, 5¢), relation (2.47) implies that there exists T"
such that

St 41Bpto C Bri1 UOp4q forall t2>0.
Furthermore, for any v € By, 12 we have that either
Stipv € Opqq forall ¢ >0,
or there exists 7 = 7, € [0, +00) such that
Sty € Opqq forall 0<t< T

and
ST/+t7J S Bn+1 for all ¢ 2 T.

Therefore, we have that either

(2.48) dist (S 140, Apy1) < dist (Sqrpev, MUNTTY)) <apypq(t) forall ¢ >0
or there exists 7 = 7, € [0, +00) such that

(2.49) dist(S7r v, Apg1) < pyi(t) for 0<t<T

and

(2.50) dist (ST, 417440, Apt1) < U, (t —7) for t> 7.

We also have from (2.42) and (2.49) that
dist(S7ry4v, Apy1) < cr.eP® "D (1) for >
and, consequently, by (2.50)
dist(St, 477 4+tv, Apt1) < min {CR*¢n+1(T)€LR* (Tntt=1) . g, (¢ — 7')} , t>T.

Therefore, it follows from (2.46) that
(2.51) dist(St, 417440, Apt1) < Upiq(t) for t >
In the case when 0 < ¢ < 7 from (2.42) and (2.49) we have that

dist(St, 417440, Apg1) < cp, el Tn - dist (S 440, Apy1)

< cpoeft T () < W ().

A similar estimate holds in the case of (2.48). Therefore from (2.51) we conclude that (2.45)
holds for k=n+1and T,,1 =T, +T". ]

The following assertion give a condition for exponential rate of attraction of bounded sets.
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COROLLARY 2.36. Assume that Assumption 2.4 holds with 1;(t) = cje” ", where ¢; and
v; are positive constants, j = 1,...,m. Then there exists vo > 0 such that for any bounded
set B we can find positive constants Cg and tp such that

sup dist(S;y, A) < Cge™ !t > tp.
yeB

ProoF. It is sufficient to show that every function Wy (¢) from the statement of Theo-
rem 2.35 admits the estimate
(2.52) Up(t) < Cre Pt k=1,...,m,

with positive Cj and S;. Obviously this estimate holds for k = 1. If (2.52) holds for some
k =n < m, then from (2.46) we obtain that

U,1(t)<C e Y1t 4 sup min {e*')/n-%—ls‘f’LR* (t—s) ;6ﬁn(t8)}]
0<s<t

with some positive constant C. Therefore, a simple calculation gives that (2.52) holds for
k =n+1 with ﬂn—&-l = 6n77L+1/ (7n+1 + Bn + LR*)~ O



CHAPTER 3

Existence of compact global attractors for evolutions of
the second order in time

The main goal in this chapter is to provide new results on the existence of global attractors
governed by evolutions in (1.1). To accomplish this we shall employ two different approaches
which will allow us to apply abstract results from Chapter 2.

The first approach, fairly general, is rooted in control theory and based on certain
stabilizability-observability inequalities which have been recently proved for several PDE dy-
namics in the context of stabilization and controllability theory. We shall generalize this
method and will show that a certain abstract variant of the said inequality is sufficient for
proving asymptotic smoothness of the flow. The advantage of that approach is that it provides
a unified treatment for dynamical systems with nonlinear dissipation even in the cases when
the dissipation is very weak (the derivative of the damping operator D vanishes at the origin).

The second approach is based on a more traditional ”splitting method” that will be com-
bined with nonlinear interpolation theory. This is a more special method, problem dependent,
which requires certain rather specific assumptions imposed on the nonlinear terms in the equa-
tion. However, in some cases, particularly when nonlinear terms in the equation are local (e.g.
semilinear wave equation), this method appears a right tool for the problem.

The main results on existence of global attractors which were obtained by the first method
are formulated in Theorem 3.26 and Theorem 3.58. A common tread to these results is ”"sta-
bilizability” inequality derived for the system representing two different solutions. This sta-
bilizability inequality is motivated by recent progress in control theory where this particular
type of inequalities have attracted attention in the context of controllability and stabiliza-
tion theory. In fact, this connection between control theory and dynamical system theory is
exploited all along in the paper (see also the qualitative results presented in Chapter 4). A
similar approach is applied in the proof of Theorem 3.34 which allows to avoid assumption of
large damping parameter k in the critical case (77 = 0 in relation (3.60) below). However this
theorem requires some compactness of the potential energy functional II.

The second (splitting) method is presented in Theorem 3.44 and Theorem 3.47. The
splitting method, in comparison with the first one, makes it possible to avoid both assumption
of large damping parameter k in the critical case and compactness requirement for Il at the
expense of additional hypotheses concerning the structure of the damping operator D and of
the nonlinear term F'. Since the main application that we have in mind is to wave equations,
we consider the case M = I in these two theorems.

Ultimate dissipativity is most often a preliminary step for proving existence of attractors
-see Theorem 2.3. This property is fundamental to long time behaviour of solutions. We
shall pay particular attention to the task of estimating absorbing radiuses with respect to
the damping parameter. These estimates will be later critically used in asserting asymptotic
smoothness of dynamics within critical region of parameters (such as critical exponents for
nonlinear terms).

34
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3.1. Ultimate dissipativity

There are several approaches to the proof of dissipativity (see, e.g., [4, 19, 20, 57, 58, 61,
72, 100] and the references therein). We shall detail some of these approaches, particularly
these pertinent to our framework. However it should be noted that sometimes it is more
convenient to study dissipativity for concrete examples directly, see e.g., [1, 4, 15, 20, 100].

The task of establishing ultimate dissipativity property is particularly difficult for dy-
namical systems whose energy is not decreasing. This may be due to presence of restoring
forces which are not conservative. However, it is expected that the lack of monotonicity of the
energy will be eventually overtaken by other dissipative mechanisms in the model. By this
we mean that the system will be "ultimately” dissipative, i.e. the long time dynamics will be
confined to a bounded set called absorbing set.

It is our aim in this section to demonstrate that a rather general class of abstract sys-
tems defined in (1.1) exhibits ultimate dissipativity property under some natural additional
assumptions. It should also be noted that in applications to nonlinear PDE’s not only dissi-
pativity of the dynamical system is needed, but also control of the size of the absorbing set
in terms of the parameters representing the damping. Accordingly, our emphasis is placed on
carrying the estimates with a full control of the dependence on the damping parameter.

In order to prove ultimate dissipativity of the system (H, S;) generated by (1.1) we need
some additional assumptions concerning problem (1.1). Below we formulate these assumption
treating separately the two case when non-conservative forces (F* # 0) are present and the
case when these forces are absent (F* = 0). The treatment of the non-conservative case we
split into two subcases which, roughly speaking, may be described as follows: (i) the damping
operator D and the force F* are linearly bounded, F* is independent of u;, and (ii) the
damping operator D is allowed to be superlinear and the restoring force F* may depend on
uy and satisfies some growth estimate which is stronger than in the subcase (i). We also note
in the subcase (i) the mechanism which allows to prove ultimate dissipativity is some sort
of hidden superlinearity of potential energy, in the subcase (ii) a similar role is played by
superlinearity of the damping.

3.1.1. The model without non-conservative forces. In this subsection we consider
problem (1.1) with F* =0, i.e. we deal with the problem

{ Mug () + Au(t) + k- D(ue(t)) = F(u(t)),

(31) U|t:0 =ug € D(A1/2), ut‘tzo =ui € V= D(M1/2),

where F(u) = —II'(u). In addition to Assumption 1.1 we impose the following hypotheses
concerning D and F'.
ASSUMPTION 3.1. (D) e There exist constants cg > 0 and ¢; > 0 such that
(3.2) (Mv,v) < co+ c1(Dv,v) for any v e D(AY?),
e for any 0 > 0 there exists a non-decreasing function Ks(s) > 0 such that
(3.3) |(Dv,u)| < K5(Eo(u,v)) - (Dv,v) + 8- (1+ Eo(u,v)), u,ve D(AY?),

where Eg(u,v) = 1 (Mv,v) + (Au,u)).
(F) There exist 0 <7 < 1 and a positive constant ¢y such that

(3.4) (u, F(u)) < n|AY?ul? + ¢y, u e D(AY?) .

REMARK 3.2. Assumption (3.3) holds true provided that for any § > 0 we can find a
non-decreasing function Kj(s) > 0 such that

(3.5) Dol aroyy < 6+ Ks([vlv) - (Dv,v),  u,v € D(AY?).



36 3. EXISTENCE OF COMPACT GLOBAL ATTRACTORS

Indeed, it follows from (3.5) that

(Dv,u)] < |Dv|ipgarsay - |AY?ul
~ 1/2
< VB A2+ |42 (R(loly) - (Do)
<

V3 - (1 n \A1/2u|2) + Ks(E(u,v)) - (Do, v),
where Ks(s) = ﬁ - K5(v/2s). After rescaling of 8, this implies (3.3).

REMARK 3.3. For sake of concreteness and future reference we note that in the case of
wave equation (1.8) Assumption 3.1(D) holds provided g € C(R) is a monotone increasing
function such that g(0) = 0 and there exist positive constants m; and ms such that

(3.6) mals| <lg(s)| < mals|P for all |s| >1

where 1 <p <5 whenn =3and 1 < p < oo for n = 2. Property (3.4) of nonlinear force
F(u) easily follows from (1.11). See Chapter 5 for details.

Our main result on dissipativity in the case F* = 0 is the following:

THEOREM 3.4. Under Assumptions 1.1 and 3.1 the system (H,S;) generated by (3.1) in
the space H = D(Al/z) X V' is ultimately dissipative, i.e. there exists R > 0 possessing the
property: for any bounded set B from H there exists tg = to(B) such that | Siy|lg < R for
ally € B and t > tg. We can choose a radius R of an absorbing ball such that R does not
depend on the damping parameter k. Moreover, there exists a forward invariant absorbing set
By with the size which does not depend on k.

PrOOF. Our proof is based on Lyapunov’s method. Though the method is standard, in
our case more delicate arguments are needed. This is due to the necessity of tracing the size
of absorbing set as a function of the parameter describing dissipation. Let

V(u,ur) = E(u, ur) + e(Mug, u),

where the energy £ is given by (1.18). The parameter ¢ > 0 will be chosen later. Since
D(A'/?) continuously embedded into V', we have

(3.7) |(Mug,w)| < Clugly - [uly < (Mug,ug) + | AY?ul.
Therefore by (1.30) there exists g9 > 0 such that

1
(3.8) i E(ug,u1) —c < V(ug,u1) <4-E(ug,u1) +¢, ugé€ D(Al/z), u €V,

for all 0 < & < ey, where ¢ does not depend on ¢ and E(ug,uy) is defined by (1.19). This
implies that there exist an increasing function ¢ : Ry — Ry and a constant ¢ which do not
depend on the damping parameter k such that

1
(3.9) 3 lylFr —c < V() < elyln), y=(uo,ur) € H=D(AV?) x V.

Now we consider
d

d d
gV(u(t),ut(t)) = %E(u,ut) + aﬁ(Mut,u),

where u(t) is a strong solution to problem (1.1). Using (1.1) and energy relation (1.17), for
V(t) = V(u(t),us(t)) we have that

(3.10) iV(t) = —k-(Dug,u) + (F*(u, ue), ut)

dt
+e {(Mug,ut) — (Au,u) — k(Dug, u) + (F(u),u)} .
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Since F* = 0, using (3.3) and (3.4) we obtain that
d

v

7 —k-[1 —eKs(Eo(u(t), us(t)))] - (Dug,ur) + (2 — n)(Mug, ut)

+e{—(2(1 —n) — k) Eo(u(t), us(t)) + 0k + c2} .
Thus from (3.2), choosing § = (1 — n)k~!, we get that

G < -k {1-e 2 K EaOn0)] - Du

+e{—(1—n) Eo(u(t),us(t)) + 2co + ca + 1}.

Let B be a bounded set in H = D(AY?) x V and (ug,u;) € B. Tt follows from (1.30) and
energy relation (1.17) with F* = 0 that

Eo(u(t),ue(t)) < C(1+ E(u(t),u(t))) < C(1+E(ug,u1)) < Cg.
Therefore, we have that

dvw < k. {1 e {2;1 + o, k)] } - (Dus, uz)

dt
+e (1= n) {=Eo(u(t), us(t)) + Co},
where Cy > 0 does not depend on k. Consequently, there exists e.(B, k) € (0, 0] such that
d
(3.11) %V(t) < —e(1—n) (Eo(u(t),us(t)) — Co), €€ (0,e.(B,k)].

Since by the definition any generalized solution can be approximate by strong solutions,
this formula (in the integral form) remains true for generalized solutions. Therefore, by the
standard method (see, e.g., [19, Theorem 4.1, Chap.1]) we can conclude from (3.11) and (3.9)
that there exists R > 0 independent of k such that the ball

Br={y€H :|lylu < R}
is absorbing for (H,S;). It follows from (1.30) that
Br C By = {(ug,u1) € H : E(ug,u1) < Cr} C{y € H : ||yl < CR}

for some CL and C%. Thus the set By is bounded and absorbing. Its invariance follows from
energy relation (1.17) with F* = 0. O

REMARK 3.5. It is clear from the argument given in the proof of Theorem 3.4 that, without
controlling of the size of absorbing set, we can obtain dissipativity of (H,S;) by changing
assumption (3.3) into the following requirement: there exist a non-decreasing function K(s) >
0 and a constant C such that the relation

(3.12) |(Dv,u)| < K(Eo(u,v)) - (Dv,v) +C + 6 - Bg(u,v), u,ve D(AY?),

holds for some 0 < § < (1 —7n)k~1. As in Remark 3.2 one can show that (3.12) follows from
the property

(3.13) D02 g1/ < C+ K(|olv) - (Dv,v),  u,0 € D(A?),
for some constant C' > 0 and non-decreasing function K (s) > 0.

REMARK 3.6. The fact that the energy £(u,u;) decreases along trajectories in the case
F* = 0 allows to consider superlinear dissipation. Indeed, the presence of the function
Ks(E(u,v)) in condition (3.3) allows to handle potential superlinearity of the dissipation
(see Remark 3.3).
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3.1.2. The model with non-conservative forces: part I. In this subsection we
assume that F* # 0. The main difference in comparison with the conservative case (F* = 0)
is that by (1.17) the energy £ does not necessarily decrease along trajectories. In fact, it may
behave in an almost arbitrary fashion. This is a reason why dissipativity property requires
more restrictive bounds imposed on the nonlinear terms when non-conservative forces are
present. However, several equations in mathematical physics provide an ample justification
and motivation for considering this class of models.

We shall begin with the case when the non-conservative term does not depend on velocity.
Thus, we consider below the case when F* = F*(u), i.e. the problem

- Mug(t) + Au(t) + k- D(ue(t)) = —IT (u(t)) + F*(u(t)) = F(u(t)),
3.14
ulimo = up € D(AY?), ut|img = uy € V = D(M?).

We impose the following

ASSUMPTION 3.7. (D) e Relation (3.2) holds, i.e. there exist constants ¢y > 0
and c¢; > 0 such that
(3.15) (Mv,v) < ¢+ ¢1(Dv,v), veD(AY?),

e the operator D is linearly bounded in the following sense: there exist non-
negative constant co and cs such that

(3.16) |Dv[iparszyy < ca+eslvly, wve D(AY?).
(F) e There exist positive constants 0 < n < 1, ¢4 and ¢ such that
(3.17) (u, F(u)) < nAY?ul? — eyl (u) + ¢5, u € D(AY?),
o for every n > 0 there exists C, > 0 such that
(3.18) u|2 < Cy +1 (|A1/2u|2 n Ho(u)> . ueDAY?),
e the non-conservative term F™*(u) satisfies the inequality
(3.19) |F* () |3 < g+ 7| AY2%u)? for some § > 0.

REMARK 3.8. We note that inequality in (3.18) is often related to some sort of unique
continuation properties. Indeed, the validity of this inequality is typically reduced (via
compactness-contradiction argument) to the verification of the following implication ITy(u) =
0 — u = 0. The above implication, in many applications, can be interpreted as an uniqueness
property of some nonlinear PDE’s. This property is related to a "hidden” superlinearity of
potential energy. In fact, in the case of von Karman evolutions this implication coincides with
uniqueness of zero solutions to Monge—Ampere equations (see Chapter 6 and , e.g., [26] and
the references therein). Relation (3.18) when combined with interpolation inequality imply
that for any positive 0 > 0 and any positive number 7 there exists a constant C), such that

(3.20) |AY270y)2 < | AY2u)? + Mo (u)] + Gy
Moreover, we can suppose that C, = b(1/n), where b(§) is a non-decreasing function of
¢ e R\ {0}

REMARK 3.9. Von Karman model (1.12) and (1.13) considered in Example 1.3 with non-
conservative term of the form F*(u) = L(u,u;) = Oy, u occurring in nonlinear elasticity with
aeroelastic forces that contribute to non-conservative terms is a typical application of the
setup considered in Assumption 3.7. Assumption 3.7(D) is valid for this model provided that
the functions go and g = (g1, g2) possess the following additional property

(3.21) mys? < sgo(s) < mas®,  [s| > 1,
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and
(3.22) mi(st+ s3) < Z sigi(s1,52) <ma(st+s3), s1+s3>1,
i=1,2
where m; and ms are positive constants. Assumption 3.7(D) is valid with ¢y = ¢c2 = 0, if
relations (3.21) and (3.22) hold for all s € R and (s1, s2) € R2.

For this model Assumption 3.7(F) also holds (see Chapter 6 for details). The validity of
this condition is based on the validity of uniqueness property [w, w] = 0 — w = 0, a property
linked with uniqueness of Monge-Ampere equations.

THEOREM 3.10. Under Assumptions 1.1 and 3.7 the system (H,S;) generated by (3.14)
in the space H = D(Al/Q) x V' is ultimately dissipative. It possesses a forward invariant
bounded absorbing set (whose size may depend on the damping parameter k).

Assume, in addition that Assumption 3.7(D) holds with co = c2 = 0 in (3.15) and (3.16),
i.e. there exist constants ¢ > 0 and c3 > 0 such that

(3.23) (Mv,v) < ¢1(Dv,v), veDAY?),
and
(324) |DU|[D(.A1/2)]’ S Cg|’U|V, S D(Al/Q)

Then we can choose an absorbing ball with radius which is independent of the damping param-
eter k € [ko, +00) for every fized ko > 0. In this case a forward invariant bounded (uniformly
with respect to k > ko) absorbing set also exists.

PROOF. We first note that, without loss of generality, we can assume that |v|y = |M/?y|
for any v € V. It is also easy to see that Assumption 3.7(D) implies that

(3.25) |(Dv,w)|? < [1+ E(u,v)] - [¢2 + &(Dv,v)], u,v e D(AY?),
where E(u,v) is given by (1.19) and
(326) EQ = 4(6% + C(]C?))), Ed = 46103.

As in the proof of Theorem 3.4 we consider the functional
V(u,ur) = E(u, ur) + e(Mug, u).
The parameter € > 0 will be chosen later. As above, using (3.7) and (1.30) one can see that
there exists g9 > 0 such that
1
(3.27) 1 Bluo,ur) = < V(ug,ur) <4+ Eug,ur) + ¢, up € D(AY?), uy eV,

for all 0 < e < g, where E(ug,u1) is given by (1.19) and the constant ¢ > 0 does not depend
on € and k.
From (3.15) we have that |u;]y < \/Co + /€1 - (Dug, uy)'/2. Therefore, we can write

k c
(F*(u),ut) < |F*(u)|y: - |ugly < Z(Dut,ut) + eol F* (u) |y + ?1|F*(u)\\2/ .

Consequently, for V(¢) = V (u(t), u:(t)) from (3.10) and (3.17) we obtain that

d 3
%V(t) < —Zk(DUt,Ut)+E(2—’I7)(Mut,ut) —Ek(Dut,U)+\/%|F*(’u,)‘vl

+%|F* (W)|2 + & {=2(1 — ) Eo(u, us) — eallp(u) + c5} -

Hence, it follows from property (3.15) that

d 3
aV(t) < (—4k: + 25c1> (Duy,up) + ek(Duy, u)

* c *
(3.28) +veolF (U)Iv'+;1\F (W) + eao {=E(u,ur) + a1}
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where ag = min{2 — 21, ¢4} > 0 and a; = ag '(2¢o + ¢5) > 0 do not depend on ¢ and k.
From (3.25) we have that

2

k|(Dug, )| <% (1+E(u ug)) + =— (Ca + ¢3 - (Dug, uy)),

= 240
where ¢, and ¢3 are given by (3.26). Therefore (3.28) implies that
d
%V(t) (—k +e [201 + ]) (Duy, ug)
% C1 % 2 gagp 2k‘2
(3.29) el F (wlvr + I E W)ly + =7 = Bluu) + 14 ar+ o5 o
g

For every fixed k > 0 we can choose € > 0 such that

LV(0) < VP @lv + L )l + a0z (B, w) +a) |

where ay and ag are positive constants. Therefore, it follows from (3.27), (3.19) and (3.20)
that

Ly 14V < C

dt
with positive constants v and C' (which may depend on k). After integration, this implies
(3.30) V(u(t);ue(t)) < Viugsug)e " +Cy 11 —e™ ), t >0, (ug;ur) € H .

Therefore, for any R > Cvy~! the set
Vg = {(uo;ul) € H : V(ug,uy) < R}

is a positively invariant absorbing set for the system considered. It is clear that Vg is bounded.
Thus the first part of Theorem 3.10 is proved.

To prove the second part of this theorem we note that in this case ¢g = 0 in (3.15) and
co = 0in (3.16). Therefore, by (3.26) ¢ = 0 Hence, (3.29) can be rewritten in the form

Tyw < ——k+ 20, + B (D, uy)
dt <S g C1 20 U, Ut
(3.31) +SHF @R + S (B ) + 1+ ar),

where ag > 0 and a; > 0 does not depend on € and k. We need to estimate the contribution
of the term F™*. From (3.19) and (3.20) we have

2, < & 1/2-6,12\ = 1 1 /1
P < T (1 0P < 7 () + T + 10 (5)

where b(§) > 0 is a non-decreasing function of £ € R, \ {0}. Taking 7 proportional to ek we
obtain

™

1

ap 1

—|F* ()]}, < = IT ~-b :

P < 5 (w4 To(w) + 15 ( )
Now we take
B 3kdg
B 8c1 + 2(15153162 ’
where 0 < dp < 1 is chosen such that e(k) < &g for all £ > 0. In this case from (3.31) we
obtain that

d Ea 1

GV <= TRE )+ | P a)+ ()]
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Since for any fixed ko > 0 there exists d(ko) > 0 such that ke(k) > 0(ko) for all & > kg, using
(3.27) we conclude that
d

%V(u(t), ue(t)) + aeV(u(t),u (t)) <e-C,

where the constants a > 0 and C' > 0 do not depend on k € [kg, +00) for every fixed ko > 0.
After integration we obtain that

(3.32) V(u(t),u(t)) < V(ug,ur) - e "+ Ca™ ' (1 —e ) .

As before, the above inequality is obtained for strong solutions. Standard limit argument
based on density allows to extend the inequality to all generalized solutions. Thus (3.32)
implies ultimate dissipativity of (H,S;) with absorbing set whose size is independent of the
damping parameter k € [kg, +00). Moreover, as above one can see that for any R > Ca ™!
the set

Vr = {(up;u1) € H : V(ug,u1) < R}

is a positively invariant absorbing set for the system considered with the size independent of
k € [ko, +00) for every fixed ko > 0. O

We note that Assumption 3.7 assumes implicity linear bound on the non-conservative
term F™*(u), which in addition needs to be compact. This is expressed by the last condition
in Assumption 3.7. In addition, condition (3.16) in Assumption 3.7 forces linear bound on
the damping. While these restrictions are to be expected in general when non-conservative
potential terms are in the model, in some more special cases when the potential energy has
strong coercivity properties, we will be able to relax these constraints. There are many models
of physical interest (see Chapter 7 for examples) when non-conservative term is non-compact
and may be superlinear. Similarly the damping may be superlinear. In such cases it is still
possible to obtain ultimate dissipativity, however at the expenses of assuming large values of
the damping parameter. The relevant result is formulated below.

THEOREM 3.11. Let Assumption 1.1 be valid. Assume that Assumption 3.7 holds with
the following two relations replacing respectively (3.16) and (3.19):

(3.33) k|(Dv,u)| <7 [|,41/2u|2 + no(u)] 4y +Cy - (Du,v) v,u € D(AV?),
where n > 0 is arbitrary small and Cy1 does not depend on k, and
(3.34) |F*(u)|2, < Oy + Cs (|A1/2u|2 + Ho(u)) . we DAY,

Then there exists ki« > 0 such that the system (H,S;) generated by (3.14) in the space H =
D(A1/2) XV is ultimately dissipative for each k > k.. It possesses a forward invariant bounded
absorbing set (whose size may depend on the damping parameter k).

PROOF. The main idea of the proof is the same as in the first part of Theorem 3.10.
However, rescaling of the parameters will be different. We start with relation (3.28). It
follows from (3.33) with an appropriate choice of § so that

(3.35) Kl(Dus, w)] < S E(uwr) +di - (Dut,ue) + Ci.,
where ag is the same as in (3.28) and the constant d; is independent of k. Therefore (3.28)
implies that

d

%V(t) < (—jk +¢e[2c1 + d1]> (Dug,uyr)

* c * ea
/ol F* (w)lvr + 2 [F (u)[fr — P B (u, ue) + eCh
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Now using (3.34) we obtain that

agp ds

d 3
aV(t) S (—4k +€d2) (Dut,ut) — Z (8 k‘) E(U,ut) + Ck,g.

Therefore, taking ¢ = % we find that from (3.27) that for each k > 2/dads,

d

%V(t) < —wpV(t) + Ch,
where wy, and C}, are positive constant depending on k. As above (cf. (3.30)), we complete
the proof. O

REMARK 3.12. Using (3.20) we can derive estimate (3.33) from the relation
(336) |DU‘[D(A1/2*5)]’ <c + Cg|’U|V
for some 0 > 0. Indeed, by interpolation we have that

kE|[(Dv,u)] < k-(c1+ecalv|v) |A1/2*5u|
< lE 4 Cup - |AY2 0 4 O

Therefore, using (3.20) we obtain (3.33). Thus Theorem 3.11 remains true if we replace (3.33)
by (3.36).

REMARK 3.13. As already indicated above, models that exhibit conservative forces com-
plying with the setup of Theorem 3.11 are models with superlinear potential energy. A
prototype for this framework is Kirchhoff limit model considered in Chapter 7. In that case
conservative forces are superlinear: F*(u) = |Vul?.

3.1.3. The model with non-conservative forces: part II. In this subsection we
shall consider another type of non-conservative force that may depend on the velocity as well.
In that case, the proof of ultimate dissipativity requires slightly different setup. The approach
presented involves a well-known ”barrier’s” method which become a standard device in dealing
with problems with non-monotone energy (see [61] and the references therein). This method
allows to avoid linear type growth condition (3.16) imposed on the damping operator D.
Instead, it requires a stronger (than (3.19)) hypothesis concerning growth of F*(u). However,
in the case of superlinear damping the ”barrier’s” method allow us to include easily in the
non-conservative force F'* an essential dependence on the velocity u;.

Thus we consider the following problem

{ Mouyy(t) + Au(t) +k - D(uq(t)) = =T (u(t)) + F* (u(t), ue(t)),

(3.37) ulizo = 1o € D(AM2), wrlimo = ur € V = D(M2).

Here M and A are the same as above (see Section 1.2) and and D and II satisfy the hypotheses
listed in Assumption 1.1. In addition, we impose the following hypotheses concerning D, II
and F*.

ASSUMPTION 3.14. e There exist constants cg > 0 and ¢; > 0 such that
(3.38) (Mv,v) < co+ ¢1(Dv,v) for any v e D(AY?);
e there exist 0 < 7 < 1, constants co > 0 and c3,c4 > 0 such that

CKDou) + (P () < (T, 0) + 0l AY2ul? — erTTo(u)
(3.39) +e3 4 cq - [1+ E(u,v)]” - (Dv,v),

for any u,v € D(A'Y/?), where 0 < v < 1, E(u,v) is given by (1.19) and ITy(u) is the
positive part of the potential energy II (see Assumption 1.1);
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e there exist a number 0 < 7 < 1 and a non-decreasing continuous function b : Ry +—
R, \ {0} such that

(3.40) lim {sl—l/W : b(s)} =0,

§—00

in the case v > 0, where 7 is the parameter from (3.39), and for any 0 < § < 1 we
have the relation

(3.41) (v, F*(u,v)) < nk(Dv,v) + 0E(u,v) + b ((15) . u,veD(AY?),

where E(u,v) is given by (1.19).

We also assume that the conclusions of Theorem 1.5 hold for problem (3.37), that is (i)
for every (ug,u;) € D(AY?) x D(AY?), such that Aug+kDu; € V' there exists unique strong
solution to problem (3.37) on any interval [0, T] possessing property (1.16) and satisfying the
energy relation

(3.42)  E(u(t),us(t)) + k:/o (Dug(7), ue(7))dr = E(ug, u1) —|—/0 (F* (u(T),u (7)), ue(7))dr ,

where & (ug, u1) is given by (1.18), and (ii) for every (ug;u1) € D(A'/?)x V there exists unique
generalized solution.

The above requirement is not an assumption in the case of locally Lipschitz restoring
forces (see (1.3)), but in the generality considered (where F*(u,v) may be strongly nonlinear
and non-locally Lipschitz) additional arguments for the well-posedness part may be needed
(see, e.g., Remark 1.8).

Our main result on dissipativity in this subsection is the following:

THEOREM 3.15. Under Assumption 3.14 the system (H,S;) generated by (3.37) in the
energy space H is ultimately dissipative for each k > 0, i.e. there exists Ry > 0 (which may
depend on k) possessing the property: for any bounded set B from H there exists to = to(B)
such that ||Swy|lg < Ro for ally € B and t > tg. Moreover, there exists a forward invariant
bounded absorbing set By.

PROOF. We use the usual Lyapunov’s function along with a ”barrier’s” method (see [61]
and the references therein). In fact, we use the same Lyapunov’s function as in the previous
cases. Let

Ve(u,ug) = E(u,uy) + e(Mug,u) + ¢, € € (0,20)
where the energy & is given by (1.18) and the constants ep > 0 and ¢ > 0 are chosen such that
(3.43) B(ug,u1) < 4Ve(ug,wr) < ¢(|lylla), v = (uo,ur) € H = D(AY?) x V,

for all 0 < € < gg, where ¢ : Ry — R is an increasing function. This choice is possible due
to relations (3.8) and (3.9). Computing the derivative of V,(¢) on a strong solution u(t), as
above (cf. (3.10)) we obtain that
—V.(t) = —k-(Dug,ur) + (F*(u, ut), ur)

e {(Muyg,ut) — (Au,u) — k(Dug,u) — (I (w),u) + (F*(u,ug),u)}
Therefore, from (3.39) and (3.41) we have that

d

%Vc(t) =—k(1—n) - (Dug,us) + 6E(u,us) + <(15) +e- (Mug,ug)

e {_(1 — ) AY2ul* — eollg () + 3 + cq - [1+ B(u, uy)]” - (Dutvut)} '
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Therefore using (3.38), (3.43) and choosing 0 proportional to e, after rescaling of & we find
that there exist constants d; independent on ¢ such that

d d
GV +evi(t) < do {e 0 (L) 4 e 14 VO] - i} (D)
for any ¢ € (0,&0). Therefore
1
(344)  V(t) < e=CIV(s)+d {1 + 5 (d)}

+d2/ e S e [1+ Vo(r)]Y — da} - (Dug(7), ue(7))dT

forallt > s > 0. If v = 0, then by choosing ¢ < d3 one can easily see from the relation above
that the system dissipative.

Consider the case v > 0 and show that the integral term in (3.44) can also be eliminated.
Let o(V') be a solution to the algebraic equation

(3.45) (L4+V +do(1+0-bdro)} = d%"

for each V € R;. Since o -b(dy10) is a strictly increasing continuous function, (3.40) holds and
v < 1, this equation has unique solution and the function V' — ¢ (V') is continuous, positive
and strictly increasing on Ry. Moreover, o(V) — 400 as V — +o0.

Now we take & = [0(V.(s))] " in (3.44) and apply ”barrier’s ” method. We claim that

(3.46) e[1+ V()] —ds <0 forall t>s
for this choice of €. Indeed, it is clear from (3.45) that

d
e[1+Vu(s)] —ds < —53 <0.

Thus by continuity of V,(t) we have (3.46) for ¢ from some interval [s,s +T). If T < +o0,
then there exists T > 0 such that

(3.47) e[l+ V()] —d3 <0, t€[s,s+T%), and e[l+V.(s+T")]" —d3=0.
Under this condition we obtain from (3.44) that

1 (/d

Ve(t) < Ve(s) + do {1 +2b (;) } , te[s,s+T%).
Thus by (3.45) we have that

. 1 (dy T ds .

e[l Ve <& |14 Vels) +doq 1+ b — =5, te€lss+T),

By continuity of V. (t) this relation contradicts to the second relation in (3.47). Thus
(3.48) Vo(t) < e sVe=9)y () 4 f(V(s)) forall t>s>0,
where

eV) =[], f(V)=do{1+a(V)b(dro(V))}
and o = o(V) solves (3.45). In particular, from (3.48) we have that
(3.49) Ve(t) < Ve(0) + f(VL(0)) forall ¢>0.

Let us assume that V,(0) < R for some R > 0. Since o(V) is increasing function, relation
(3.49) implies that there exists eg > 0 such that
e(Ve(s)) >er >0 forall s>0.

Therefore
Vo(t) < e =m0V (s) + f(Ve(s)) forall ¢>s >0,
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provided V.(0) < R. Since f(V) is an increasing function, we obtain that
(3.50) Wr(t) < e SR Wr(s) + f(Wg(s)) forall t>s>0,
where Wr(t) = supy, (0)<g Ve(t). This implies that
W =limsup Wg(t) < f(Wg(s)) < +oo forall s>0,
t—oo

Therefore the continuity of the function f (V) gives that Wg° < f(W7°). However, it is easy to
see from the definition of the function f and from relation (3.40) that limy . {V "' f(V)} =
0. This implies that there exists V) > 0 (independent of R) such that Wg° < V. Therefore
dissipativity of the system (H,S;) generated by (3.37) follows from (3.43).

If the set B={y € H : ||y||%} < R} is absorbing for (H,S;), then S;B C B for all t > t.

This implies that By = U;>¢,5:B is a forward invariant absorbing set and By C B. This
completes the proof of Theorem 3.15. O

We note the fact that the proof collapses when condition (3.40) for v > 0 does not
hold. On the other hand this condition is very natural in applications, as will be seen in
Example 3.19 below.

Now we consider a special case when the non-conservative F* has the form F*(u,u;) =
D*(ut) + G*(u). In this case we impose the following hypotheses.

ASSUMPTION 3.16. (D) Operators D and D* possess the properties:
e relation (3.38) holds;
e for any ¢ > 0 there exist constants al > 0 and a3 > 0 such that

(3.51) (=kDv + D*v,u) < 6E(u,v) + ai + a3 - [1 + E(u,v)]” - (Dv,v),

for any u,v € D(AY?), where v € [0,1) and E(u,v) is given by (1.19);
o there exists a number 0 <7 < 1 and a constant as such that

(3.52) (v, D*v) < nk(Dv,v) + a3, v D(AY?).

(F) The nonlinear operator F'(u) = —II'(u) + G*(u) satisfies relation (3.17) and there
exists a non-decreasing continuous function b : Ry — Ry \ {0} such that (i) if v > 0
in (3.51), then (3.40) holds, and (ii) for any 0 < § < 1 we have the relation

(3.53) G* ()2, <6 (|A1/2u\2 + Ho(u)) +b <(15> . u,v e DAY?),

where IIp(u) is the positive part of the potential energy II (see Assumption 1.1).
A direct application of Theorem 3.15 gives the following assertion.

COROLLARY 3.17. Let F*(u,u;) = D*(u¢) + G*(u). Then under Assumptions 3.16 the
system (H,S) generated by (3.37) is ultimately dissipative for each k > 0 and possesses a
forward invariant bounded absorbing set.

PROOF. We check that Assumption 3.16 implies Assumption 3.14 for the case considered.
It follows from (3.51) and (3.17) that

(7]{D”U,7.L) + (F*(uav)vu) - (H,(u)au) < 77|~A1/2u|2 - C4H0(u)
+¢5 + 0B (u,v) + al + aS - [1 + E(u,v)]” - (Dv,v).

Therefore using (3.38) and choosing an appropriate § we obtain (3.39).
From (3.53) and (3.38) we have that

(v, G"(w))

IN

* 1 *
[olvIG (W)l < efoli + G (W)

A

< eleo+ar(Du) + o {5(|A”2u2+ﬂo(u))+b(§ﬂ
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for any £,6 € (0,1). Therefore using (3.52), choosing ¢ = € small enough and rescaling § we
obtain (3.41) with the function b(s) of the form dy + d2b(dss). Thus Assumption 3.14 holds
for the case considered. ]

REMARK 3.18. We note that in the case when the restoring force F* is only velocity
dependent (i.e. G*(u) = 0), the assumptions required are much simpler, since there is no
need for constructing a function b(s). The conclusion of Corollary 3.17 holds under the (D)-
part of Assumption 3.16 and standard requirement (3.17) imposed on F'(u) = —II'(u).

In order to illustrate the abstract setup and to provide motivation for the assumptions
imposed, we shall consider two canonical examples of wave equation and von Karman equation.
Through these examples we shall see that the hypotheses imposed are natural and satisfied
for many classical models.

EXAMPLE 3.19 (Wave equation with non-monotone damping). In a bounded do-
main 2 C R, n = 2,3, with a smooth boundary I we consider the following equation

(3.54) wy — Aw + kg(wi) + ¢"(w) + f(w) =0 in Q =1[0,00) x

subject to the boundary condition either Dirichlet w = 0 on X = [0,00) x T" or else Robin
type O,w + w = 0 in ¥ and the initial conditions w(0) = wy and w¢(0) = w;. We assume
that k is a positive parameter and the functions g(s) and f(s) possess properties (1.9)—(1.11)
(see Example 1.2). In addition we assume that g(s) satisfies (3.6) and g*(s) is a continuous
function such that

9" ()
9(s)
One can see that Assumption 3.16 holds with G* = 0. Indeed, condition (3.55) implies at
once relation (3.52) in Assumption 3.16(D). As for (3.51), on the strength of (3.55) it suffices
to verify the inequality (3.51) for (Dv, u) term only. Let us take n = 3 (the analysis for n = 2
is simpler). In this case the growth condition (3.6) imposed on g¢(s) along with Sobolev’s
embeddings yield:

(3.55) lim sup

|s|—o0

< k.

6

0@ = = [ gwhuds < ey | [ lowlEas

2
6

IN

ol [ €+ [ laton]

C
MM%@+4+@MW@AAWM7

IN

J

which implies inequality (3.51) with v = 1/2. Thus, if problem (3.54) is well-posed (in the
sense of Theorem 1.5), then the corresponding dynamical system is dissipative. On the other
hand, problem (3.54) is certainly well-posed if we assume that g(s) and f are subject to the
usual conditions specified in (1.9) -(1.11) (see Example 1.2) and the operator v — g*(v) is
locally Lipschitz on Lo(2). A particular case is, of course, a linear antidamping ¢*(s) =
—const? - s. Thus, the result presented above extends significantly that found in [103], where
g(s) = s® and g*(s) = —s are considered.

ExAMPLE 3.20 (Von Karman evolution equations). We can apply Corollary 3.17 to
von Karman problem (1.12) and (1.13) with a > 0, g(s1,82) = (91(81),92(s2)), and with
non-conservative term L(u,us) = D*(uz) + G*(u) with

D*(u) = g% (ut, Vug), G*(uz) = f(u, Vu),

where ¢*, f : R? — R are continuous functions with the properties

(3.56) lim sup 509" (0, 81, 82)|

<k,
5 Jsi]—o0 S090(S0) + a(s191(51) + 5292(s2))




3.2. ASYMPTOTIC SMOOTHNESS: THE MAIN ASSUMPTION 47

|9 (50, 51,52)] < C (1 + s0g0(s0) + af[s191(51) + s292(s2)]) ,

where C' is a positive constant, and

(3.57) lim sup |f(s0,51,52)] <o

5, Isil—oo (IS0l + [s1] + [s2])"

with some r < 1/2.
Indeed, a similar argument as for wave equations, allow us to derive (3.51) with v =1/2
and (3.52) from (3.56).
As for Assumption 3.16(F) we note that (3.57) implies
|f (50,51, 82)] < C- (14 |so| + [s1] + [s2])"-

Therefore
W)y = NG W10 <
C (14 [ul3 o)

This implies (3.53) with b(s) = C; 4+ Cos™/(1="). To satisfy (3.40) with v = 1/2 we need
r/(1—r)<1lie 0<r<1/2.

In the case @ = 0 with f = 0 instead of (3.56) we should assume that g*(so, s1, s2) = g*(s0)
depends on sy only and

CollG* (W)L, ()
<C (1 + 8lul2s gy + 5—T/<1—T>) .

IN

*

g*(s)
go(s)

lim sup <k,

|s]—o0

as in the case of wave equations.

We note that in the present example non-conservative forces involve displacement and
velocity. In such case, an appropriate scaling between superlinearity of the damping and
sublinearity of the non-potential force seems necessary. This is expressed by the fact that
r < 1/2 is required in (3.57).

3.2. Asymptotic smoothness: the main assumption

Starting from this section we assume that the dynamical system generated by (1.1) is
dissipative. Sufficient conditions for this are given in the previous section. Therefore, in order
to prove an existence of global attractor for evolution (1.1), by appealing to Theorem 2.3 one
needs to establish an asymptotic smoothness. For this, some continuity type of assumptions
are necessary. These are formulated below.

ASSUMPTION 3.21. (D) There exist a strictly increasing, concave function Hy €
C(R™) with the property Hy(0) = 0, such that

(3.58) Ho((D(u+v) — D(u),v)) > (Muv,v) for any wu,ve D(AY?).

Moreover, there exist parameters k£ € (0,2] and 0 < 6 < 1/2 such that for every
€ > 0 we have inequality

[(D(u+v) = D(u), w)|
(3.59) < C5(r) - (D(u+v) — D(u),v)
+Cy(r) (14 (D(u),u) + (D(u + v),u + v)) [|AY20w|* + e A/ 2w|?]
for any u, v, w € D(AY?) such that |AY2w|+ |M/?u| 4+ |M/?v| < r with arbitrary

r > 0, where C{(r) and Cs(r) are non-decreasing functions of r, Cy(r) does not
depend on e.
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(F) There exist 0 <7 < 1/2 and a compact seminorm on V' denoted by ny such that
(3.60) [(F(u, ) = F(@, 0)[} < C(r) [|AY2 (= )2 + 0 (v — 5)|

for any (u,v) and (i, 9) from D(AY/?) x V such that |A'/?u|+|v|y < r and |AY?40|+
|0l < r. Here r > 0 is arbitrary, C(r) is a non-decreasing function of r.

REMARK 3.22. We recall that a seminorm ny is compact on V, if ny (v,) — 0 for any
sequence {v,} C V such that v,, — 0 weakly in V as n — oo. A typical example of compact
semi-norm can be given by ny (v) = A= M|y for some positive 4.

We also note that in a special case when Hy(s) = k; *s condition (3.58) is nothing else but
strong monotonicity requirement imposed on the damping operator D. However, in a more
general case when Hy is nonlinear, condition (3.58) allows to obtain estimates with a damping
whose behaviour at the origin is not quantified (e.g., superlinear). In practical applications
where D(v) = g(v) and g is a monotone (scalar) function, we take Hy(s) = s,|s| > 1, and the
behaviour of Hy(s) for |s| < 1 is described by a suitable concave function depending on g [79].
Condition (3.59) is, instead, continuity type of requirement. We also note that coercivity
condition (3.58) implies property (3.2) in Assumption 3.1 (see also (3.15)). Concerning (3.59)
we note that the substitution v = 0 in (3.59) leads to a less restrictive condition in comparison
with (3.3). Finally, condition (3.60) states local Lipschitz continuity of the nonlinear term F
(cf. (1.3)).

We conclude this section with some preliminary assertions which are important tool in
further considerations.

LEMMA 3.23. Under Assumption 1.1 there exists Ty > 0 and a constant ¢ > 0 independent
of T such that for any pair w and v of strong solutions to (1.1) we have the following relation

TE.(T) +/OTEZ(t)dt < c{/OT|M1/2,zt(s)2ds+k/0T(D(t,zt),zt)dt

T
(3.61) + k/o |(D(t,zt),z)dt+\I/T(w,v)}

for every T > Ty, where z(t) = w(t) — v(t) and we use the following notations:

E.(t) = Eo(z(t),2(t)) = % ((Mz(t), 2(t)) + (Az(t), 2(1)))
D(t,z:) = D(v(t) + 2(t)) — D(ve(t)),
Ur(w,v) = /O (Guoo(7), (7)) | + /0 (G (t), 2(1))dt
(3.62) + / dt / (Gual(7), 24(r))dr

with Gy (t) given by

(3.63) Guo(t) = Fw(t), we(t)) — F(u(t), ve(t))
PROOF. The variable z satisfies the equation

(3.64) Mzy + Az + kD(t, zt) = Gy o(t)

and hence we have the following energy relation

T T
(3.65) E.(T)+ k/t (D(7,2t), ze)dT = E,(t) + /t (Guw,o(T), ze(7))dT.
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Multiplying (3.64) by z after integration we obtain that

/E Vit < co (E ()+Ez(0))+/0 |M22,(5) 2ds

(3.66) +§/0 [(D(s, zt), 2 )|d8+%/0 (Guww(s),z(s))ds.
From (3.65) we have

E.(0) = +k/ (7, 2t), 2t) dT—/OT(Gw,v(T),zt(T))dT

and integrating (3.65) from 0 to T’

T T T
TE.(T) S/o Ez(t)dt+/0 dt/t (Guw,o(T), 2e(7))dT.

Therefore (3.61) follows from (3.66). O

REMARK 3.24. The inequality stated in Lemma 3.23 will constitute a common first step in
the proofs of several assertions in this and the next chapters on the existence and finite dimen-
sionality of global attractors. The inequality in (3.61) represents equipartition of the energy.
The potential energy is reconstructed from the kinetic energy and the nonlinear quantities
entering the equation. Eventually, these quantities will need to be absorbed (‘modulo’ lower
order terms) by the damping. The realization of this step depends heavily on the assumptions
imposed on the model.

For the estimates involving the damping operator the following inequality will be fre-
quently used:

LEMMA 3.25. Let Assumption 1.1 be in force. Assume that w and v are strong solutions
to (1.1) possessing properties

(3.67) max, {|«41/2w(8)|2 + (MY 2w, (s)] + |AY20(s)? + |M1/2Ut(s)|2} < R?
se|0,
for some R > 0. Then, with the notations from the previous lemma, we have that
1 T T
(3.68) = max |AY2z(t)? < EZ(T)—Hs/ (D(t,zt),zt)dt+cR/ E.(t)dt,
2 telo,T) 0 0

hence, trivially,

T
[ D).+ (DG, )] 4725t

0
+k/ D(t, ), ztdt—|—cR/ E.( dt]

where cg > 0 does not depend on k and T,

(3.69) <2D!l-

T
(3.70) DT = D¥(w, v) E/ [(D(wy), w) + (D(wy), v0)] di.
0
Proor. With the same notations as in Lemma 3.23 we have that
(Gual®)20)| < Cr (JAY22] + [MY22] ) MY22] < CREL(2)
under condition (3.67). Therefore, it follows from (3.65) that

T T
max E,(t) < E.(T)+ k/ (D(T, zt), z¢)dT + CR/ E,(7)dr.
te[0,T] 0 0

Since |A'Y22(t)| < 2E,(t), this implies (3.68) and (3.69). O
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Our main results on existence of global attractors for evolutions in (1.1) are formulated below.
We shall distinguish two separate cases: subcritical (77 > 0 in (3.60)) and critical (7 = 0)
nonlinearity.

3.3. Global attractors in subcritical case
Our main results read as follows.

THEOREM 3.26. We assume Assumptions 1.1 and 3.21 with 1 > 0. In addition, we also
assume that D(AY?) is compactly embedded into V and there exists a closed bounded forward
invariant set B C H = D(AY?) x V for the dynamical system (H,S;) generated by problem
(1.1). Then the restriction (B, S:) of the dynamical system (H,St) on B possesses a compact
global attractor A.

The proof of this theorem is given later.
The following assertion is a direct corollary of the Theorem 3.26.

COROLLARY 3.27. Let Assumptions 1.1 and Assumption 3.21 with 1 > 0 be satisfied. If
D(AY?) is compactly embedded into V, then any bounded semitrajectory v = {Syy : t > 0}
of the dynamical system (H,S;) is a relatively compact set in H.

PROOF. We apply Theorem 3.26 with B = {S;y : ¢ > 0}. O

COROLLARY 3.28. We assume Assumptions 1.1 and 3.21 with 7 > 0. In addition, we
also assume that D(AY?) is compactly embedded into V. If the dynamical system (H,Sy)
generated by problem (1.1) is dissipative, then (H, S;) possesses compact global attractor A.

PROOF. Let By be a bounded absorbing set for (H,S;). By the definition there exists
to > 0 such that S; By C By for all t > ty. Let B = Ut>t,S¢Bo. It is clear that B is a closed
bounded forward invariant set for this system. Since for any bounded set B we have that
SiB C By for all t > t(B), we obtain that S;B C B for all t > to + t(B). Hence B is also
an absorbing set for this system. Thus, by Theorem 3.26 (E, St) possesses compact global
attractor A. By absorption property of B the set A is also a global attractor for (H,S;). O

The following assertion shows that in some cases one does not need to know a priori the
ultimate dissipativity of (H,S;). In fact, this property follows a-posteriori from asymptotic
smoothness and Lyapunov’s structure of the dynamics considered.

COROLLARY 3.29. Assume that F* = 0. Let Assumptions 1.1 and 3.21 with 1 > 0 hold
and D(AY?) is compactly embedded into V. If the set of the stationary solutions to (1.1) is
bounded in D(AY?), then the dynamical system (H,S;) generated by problem (1.1) possesses
compact global attractor A.

PrOOF. We can derive this assertion from Theorem 2.30. However for the sake of self-
containess we give independent argument.

Let AV be the set of the stationary points for (H,S;). Every element of A has the form
(w;0), where w is a stationary solution to (1.1). Thus A is a bounded set in H.

By Theorem 1.5 the energy &(u,u;) given by (1.18) satisfies the relation

t
£ ult), u(8)) + k/ (Dug (7). e (7))dr = E(ug, u2)
0
on strong solutions. By (3.58) with u = 0 this implies that for all strong solutions we have
t
(3.71) Eult), us(t)) + k/ Hy ' (IMY2u (7)) dr < E(uo,w).
0

Thus after passing with a limit on strong solutions (3.71) remains valid for any generalized
solution.
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We denote & = {y = (up;u1) € H : E(ug,u1) < ¢}, where ¢ > ¢ and ¢y is chosen
such that NV C &,. It is clear from (3.71) that &, is a closed bounded forward invariant
set for (H,S;). Therefore by Theorem 3.26 the system (&, S;) possesses compact global
attractor A, for each ¢ > ¢y. Property (3.71) implies that the functional V(y) = &(ug, u1),
y = (ug;u1) € H, is a strict Lyapunov function for (&, St), i.e. (i) V(S:y) is not increasing
with respect to ¢ > 0 and (ii) the equality V(S;y) = V(y) for some ¢ > 0 implies that
y is a stationary point, Sy = y for all ¢ > 0. Thus (&.,S;) is a gradient system (see
Definition 2.26). This implies (see Theorem 2.28) that the global attractor A for (&, S¢) has
the form A = M“(N'), where M*(N) is the unstable manifold emanating from the set A/
of equilibria for (1.1), N' = {(w;0) : Aw = F(w)}. In particular, A. does not depend on
c>co, Ac = A, for all ¢ > ¢p. Since any bounded set belongs to &, for some ¢ > ¢, the set
A, 1s a compact global attractor for (H,S:). O

Proof of Theorem 3.26. In order to establish existence of a compact attractor, it
suffices to prove that the semiflow is asymptotically smooth. This property, roughly speaking,
amounts to the statement that the difference of two solutions is uniformly stable modulo
metric with zero noncompactness measure (cf. Corollary 2.7). This involves studying the flow
corresponding to the difference of two solutions.

Step 0: preliminaries. We shall apply Theorem 2.4 on the forward invariant set 5 which
we consider as a metric space with the distance d(y1,y2) = ||y1 — v2llm, v1,¥2 € B. We use
the same idea as in [27], where the case M = I is considered.

Let w(t) and v(t) be two generalized solutions to (1.1) corresponding to initial data in
the invariant set B:

(3.72) (w(t), wi(t)) = Seyo, (v(t),ve(t)) = Sty1, vo,y1 € B.
We shall prove that the requirements imposed by Theorem 2.4 are satisfied. Since all terms
in (2.3) are continuous with respect to the distance d given by the energy norm || - ||, we can

assume that w(t) and v(t) are two strong solutions. We shall also use the following shortcut
notations described in (3.62).

Let T > 0. Since B is a bounded forward invariant set, from energy equality (1.17) and
continuity of F' we always have:

T T
(3.73) Dgz/o (D(vt),vt)dt—i—/o (D(ws), wy)dt < Cu(1+T).

We denote z(t) = w(t) — v(t). The variable z satisfies
(374) Mz + Az + kD(tv Zt) = Gw,v(t)v (Z(O)a Zt(o)) =Y — Y1,
where as in (3.62) and (3.63) we use the notations
D(t,z) = D(z +v) — D(v)
and
Guu(t) =F(z+v,2+v) — F(v,v).
The standard energy method gives with any ¢t € 0, T

(3.75) E.(T) + k / (Dt 20). 2t = Bo(t) 1 / (Gun(t), 20V,

Step 1: energy reconstruction. It follow from the definition of U7 given in (3.62) and
from (3.60) that

T _ T
(3.76) U (w,v) gCB,E(T)/O [|A1/2*"z|2+n2’v(zt)} dt+e/0 E.(t)dt
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for every € > 0. From coercivity assumption (3.58) and Jensen’s inequality we also obtain
T T
(3.77) / M2z, 2dt < Hy / (D(t, 20), 20)dt | |
0 0

where Hy(s) = THo(s/T). Therefore applying Lemma 3.23 and using (3.76) with € > 0 small
enough, we obtain that

T T T
TEZ(T)—i—%/O Ez(t)dtgc{(’l-{o+k)</0 (D(t,zt),zt)dt>+k/0 |(D(t,zt),z)|ds}

(3.78) +0O5(T) /O ' [|,41/2*77z|2 +n2v(zt)} dt

for every T' > Tp. Thus using (3.59) more we have that
T T
TE,.(T) +/ E.(t)dt <Cg.- (Ho+ 1) (/ (D(t, z), zt)dt>
0 0
T
+CB/ [1+ (D(w), we) + (D(vy), ve)] [|A1/2_‘5z|“ + e\Al/%ﬂ dt
0

(3.79) +Cx(T) /OT [|Al/2—772:|2 + n%,(zt)} dt.

Step 2: handling of the damping. Using (3.73) and Lemma 3.25 we obtain

/O [+ (D(ws), wr) + (D(we), v)]| A2 2dt

(3.80) <Cgr- <EZ(T) +k/OT(D(t,zt),zt)dt+/oT Ez(t)dt> .

For the further use we note that this relation holds for all 0 <7 < 1/2.
Selecting € = €(B,T') in (3.79) suitably small and using (3.80) yields

T T
TEZ(T) +/ Ez(t)dt < CB,T . (Ho + I) </ (D(t, Zt), Zt)dt>
0 0
T
+CB/ [+ (D(wy), we) + (D(w0), v)]| A2 2|5t
0
T -~
(3.81) +CB’T/ [|A1/2fnz|2 + n%/(zt)} dt
0
for all T'> Ty. By (3.73) we also have that

/OT[l + (D(we), we) + (D(ve), vr)]| AV 02| dt

(3.82) < Cpr sup |AV20%(t)|".
t€[0,T]

Combining with (3.81) we obtain that

T
E.(T) < Cpr(Ho+1) (/0 (D(t,zt),zt)dt>

_ T
(3.83) +OB,T{ sup JAY205(t)|" + /O n%/(zt(t))dt},

t€[0,T)
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where § = min{7,6}. Let Go(s) = (Ho+1)~! (202 T). Since Gy(s) is a convex function and

(Ho+1)"'(s) <s, for s>0,
from (3.83) we obtain that
1

T
Go(E(T)) < 5 / (D(t, 2), 20)dt

2 | teo, 1

1 _ T
(3.84) +- { sup |AY2705(4)|% —l—/ n%/(zt(t))dt} .
0
From energy relation (3.75) we have

T
k/ (D(t, 24), z)dt < B.(0) — E.(T)
0

_ T
+Cpr sup |A1/2_5z(t)| + CB/ ny (z¢(t))dt.
te[0,7] 0

Thus from (3.84) we obtain
E.(T) + 2kGo(E(T))
< E.(0)+Cgr { sup A2z (p)min 4 /T nv(zt(t))dt} :
te[0,7] 0
Since z(t) is uniformly bounded in D(.A'/2), by interpolation we have that
E.(T) + 2kGo(E.(T))
< E.(0)+Crr { sup |2(t)[* + /T nv(zt(t))dt}
t€[0,7) 0

for some % € (0,1]. This implies that

1Sty — Sryellw < a (lyr — v2lla + pp({Sry1}. {Sry2})) -

Here q(s) = V2 ([I + 2kGO]’1(32/2))1/2 and

ps({Simn} {Sw2}) = C.r { sup o) —w(t)|™ +/0 v (vi(t) — wt(t))dt}

te[0,T)

for some x* € (0,1/2], where S;y; and Siy2 has the form (3.72).

Clearly, the function g satisfies all the requirements of Theorem 2.4.

Now we prove that the pseudometric pg is precompact on the set Lz 7 all solutions to
(1.1) on [0,T] with initial data from B.

Let V; be the completion of V' with respect to the norm | - |y, given by

lv|y, = \A_l/QMv| + ny(v)

and W be the completion of V with respect to the norm | - |y = |[A=Y2M - |. Tt is clear that
V Cc Vi C W and the embedding V' C V; is compact.
It follows from (3.59) with u = 0 that

[(D(v),w)| < C-[1+ (D(v),v)] forany w e D(AY?), |AV?w| < 1.
Therefore
A~Y2D(w)| < C-[1 + (D(v),v)].
Hence, using (3.73) and equation (1.1) we can conclude that

T
(3.85) / |A™Y2 Moy (t)|dt < Cgp forall wve Lo,
0
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i.e. the set {vy : v € L} is bounded in L;1(0,T;W). Since

sup |w(t)]y < Cp for every v € Lpr,
t€[0,T)

using [95, Corollary 4] we can conclude that the set {w =wv; : v € Lg 1} is precompact in
L,(0,T; V1) for every p > 1. This means that fOT ny (v (t) —wy(t))dt is a precompact pseudo-
metric on Lp 1. By the compactness of embedding

C([0, 7], D(AY2) € ([0, T), V) € C([0,T), 1)
we also have precompactness of the pseudometric sup,c(o 1y [v(t) — w(t)|"". Therefore the

pseudometric pg is also precompact on Lg 7.
Thus we can apply Theorem 2.4 to obtain the asymptotic smoothness of (H,S;) and,
hence, the statement of Theorem 3.26. O

The following remark is important in the proof of finite-dimensionality of the global
attractor. We use it in Chapter 4.

REMARK 3.30. In the case when Hp(s) = ky ' - s under the conditions of Theorem 3.26
we can obtain the following stabilizability estimate

Eo(2(t), z(t)) < Ce 5" Ey(2(0),2(0))

(3.86) —l—C(B){ sup |Al/2_g,z(s)|”—&-/0 e_wB(t_T)n%/(zt(T))dt}

0<s<t

for the difference z of two solutions v and w with initial data from B, where wg > 0, 5=
min{7,0} and 7, §, k are the constants from Assumption 3.21. Indeed, it follows from (3.83)
that

T
B(T) < 01/ (D20 +v0) — D(w), 2)dt
0
. T
-‘1-02{ sup |A1/2_6Z(8)|K+/ n‘z/(zt(r))dt},
t€[0,7) 0

where C and Cy may depend on B and T > 1. Since Hy(s) = ko_l - 8, from energy relation
(3.75) and estimate (3.60) it is easy to see that

co(k, ko)/o (D(z + vi) — D(vy), z)dt < E,(0) — E,(T)

te[0,T)

_ T
—l—CB{ sup |A1/2_52(8)\"+/ n%/(zt(T))dt}.
0
Therefore

_ T
(3.87) E.(T)<Cg(E.(0)—E.(T))+Cs { sup \.,41/2_5z(s)|N +/ n%/(zt(T))dt} .
te[0,T] 0
The above implies

E(T) <8E-(0) + 75{ sup [ A1/270z(s)]" +/0 n%/(Zt(T))dt}7

te[0,T)

where v = Cif”‘_l < 1 and T > 1. Therefore we obtain that

E.(m+1)T) <~ygE,(mT)+v8cm, m=0,1,2,...,
where
(m+1)T

Cm, = sup |V41/2_gz(t)|'“C +/ ny (2 (7)) dt.
te[mT,(m+1)T] mT
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This yields

m

E.(mT) <5 E.(0) + Z 7;3n+1_lcl—1'
=1
Since v < 1, there exists wg > 0 such that

E.(mT) < Ce“s™TE,(0)
~ mT
+CB{ sup  [AY2702(s)|" +/ e_‘”B(mT_T)n%/(zt(T))dt}.
0<s<mT 0

Using Proposition 1.15 we obtain (3.86).

REMARK 3.31. As we will see in Chapter 4 the stabilizability estimate in (3.86) (with
k = 2) is invoked in the proof of finiteness of fractal dimension of global attractors. However
we need this estimate only on the trajectories which belong to the global attractor (see, e.g.,
Theorem 4.4 in Chapter 4). Moreover, as we will see in Sect. 4.2, stabilizability estimates
are useful in the study of smoothness properties of elements from the attractor. We will use

this observation in the study of global attractors for wave equations in Chapter 5 and for von
Karman model with a = 0 in Chapter 6.

The observation made in the following remark will be invoked in Chapter 7 in the study
of strongly damped systems.

REMARK 3.32. The statement of Theorem 3.26 remains true if we replace Assumption
3.21(F) by the following requirement:

e There exist 0 < 77 < 1/2 and ko < k such that
(i) D(AY?-71) is continuously embedded into V;
(ii) for u, @ € D(AY?), v, 9 € V satisfying the relations

|AY2ul? + oy, < v and  |AYZA? 4+ Joff <7

the estimate
|(F'(u,v) = F(@,9),v —0)| < ko(D(v) — D(d)
(3.88) +O(r) [\Al/z’*ﬁ

holds, where C(r) > 0 is non-decreasing function of r and ny is a compact
seminorm on V.

Indeed, the property D(AY/2~7) C V and relation (1.3) imply that
(F(u,v) = F(i,0),u — @) < |u—a)|y - [(F(u,v) = F(@,0)|y
< C)JAY2 M — @) - [JAY2 (= @) + o — Bl
(3.89) <o [lA2 (= @) + o — 0} | + C(rIAY2 T (w - @)
for any ¢ > 0. Using (3.88) and (3.89), with the notations of the proof of Theorem 3.26,
instead of (3.76) we obtain that

T T T
Up(w,v) < CT/ (D(t, zt), z¢)dt + CB,E(T)/ [|A1/2—ﬁz|2 + n%/(zt)} dt + e/ E.(t)dt.
0 0 0

This relation allow us to apply Lemma 3.23 and obtain (3.79) for the case considered. It also
follows from energy relation (3.75) and from (3.88) that

T
(k — ko) /0 (D2 + ) — D(ws), 2)dt < B.(0) — E.(T)

T
(3.90) +Cpr sup |[AY* ()2 4 Cp / n? (2(t))dt.
t€[0,T 0
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Therefore we can complete the proof in the same way as in Theorem 3.26.
We also note that inequality (3.90) and the same argument as in Remark 3.30 make it
possible to establish estimate (3.86) in the case considered.

3.4. Global attractors in critical case

When the contribution of nonlinear term F' is no longer of a lower order with respect to
the energy (i.e., 7 = 0 in (3.60)) we still obtain an existence of a compact global attractor
under additional assumptions requiring that either the damping parameter k be sufficiently
large, or else, the nonlinear terms F' and D satisfy additional structural conditions. We begin
with the latter case splitting it into two subcases.

3.4.1. The case of a compact potential energy functional. Our key assumption in
this subsection is a compactness requirement concerning the nonlinear part of potential energy
functional II. As we shall see later, when discussing various applications, the postulated
compactness property of the energy is a very natural requirement satisfied by most models
arising in mathematical physics. A use of this property in the context of a simple von Karman
equation was illustrated in [65]. More precisely, in addition to our basic Assumption 1.1 we
impose the following hypotheses on D, II and F™*.

ASSUMPTION 3.33. (D) e (i) For any n > 0 there exist C,, > 0 such that
(3.91) (Mv,v) <1+ Cy - (D(u+v)— D(u),v) forany u,ve D(AY?).

o (ii) Relation (3.59) holds true;
(F) e (i) The potential energy functional II(u) is continuous on D(.AY/2-%) for some

6> 0;
e (ii) the mapping u +— A~!T'(u) is continuous from D(A'/29) into H for some
[,6 > 0;
o (iii) there exist 0 < 77 < 1/2 and a compact seminorm on V' denoted by ny such
that
(3.92) [(F* (uy0) = F* (@, )} < C) [|AY2 (= )2+ n (v = 9)]

for any (u,v) and (a,0) from D(AY?) x V such that |AY2u| + |[v|y < r and
|AY24| 4 |6y < r. Here r > 0 is arbitrary, C(r) is a non-decreasing function
of r.

Instead of condition (F)(iii) we can assume that F*(u, v) is compact in the following sense:
e for any interval [0,7] and for any sequence {u"(t)} of solutions to (1.1) for initial
data from invariant (bounded) absorbing set such that
(" () up () — (u(t);us(t)) weakly* in - Log(0, T; D(AY?) x V)

we have that

T
lim [ [ (F (" (8); ug (1) — F™(w(t); ue(t))lv-dt = 0.

n—oo 0
Condition (F)(ii) can be altered in a similar way.
Under the above assumptions the following result holds.

THEOREM 3.34. Let Assumptions 1.1 and 3.33 hold. Assume that D(AY?=5) is compactly
embedded in V' for some 3 > 0 and the system (H,S;) generated by problem (1.1) in H =
D(AY?)x V is dissipative. Then, the semiflow generated by problem (1.1) possesses a compact
global attractor A.
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REMARK 3.35. As we shall see in Chapter 5, Theorem 3.34 which in applications allows to
relax compactness condition imposed on F' by replacing this by a weaker notion of compactness
of the corresponding part of potential energy, leads to new set of results for the second order
systems such as wave equation and plate equations. Indeed, for semilinear wave equations with
critical nonlinearity (both in the source and the damping), Theorem 3.34 allows to establish
existence of attractors with a damping which may be strongly nonlinear and of an arbitrary
size. This result appears to be new in the literature, where previous results require either the
damping to be sufficiently large, or else globally Lipschitz [47, 48, 49, 50, 89]. Similarly, in
the case of plate equations with critical forces or sources Theorem 3.34 allows to dispense with
the previous requirement that the damping should be sufficiently large. First example of this
was given in [65] where a simple (with zero in-plane force) von Karman plate was considered.

Once we take into considerations the assumption imposed on potential energy (the idea
motivated by [65]), the proof of Theorem 3.34 is essentially embedded in the proof of Theo-
rem 3.26. For reader’s convenience we shall repeat the details. It suffices to prove

PROPOSITION 3.36. Assume that Assumptions 1.1 and 3.33 hold true and the embedding
D(AY2=8) C V is compact for some 3 > 0. Then, the semiflow S; generated by problem (1.1)
is asymptotically smooth.

PROOF. The proof is essentially embedded in the proof of Theorem 3.26 but it employs
a new idea that is credited to [65]. We shall apply Proposition 2.10 on the forward invariant
set B which we consider as a metric space with the distance d(y1, y2) = ||y1 —y2|#, v1,y2 € B.

Let w(t) and v(¢t) be two solutions to (1.1) corresponding to initial data in the invariant
set B:

(3.93) (w(t), w(t)) = Siyo, (v(t), ve(t)) = Seyr, yo, 91 € B.

Let T' > 0. Since B is a bounded forward invariant set, from energy inequality and continuity
of F we always have that

(3.94) Dgz/o (D(wt)7wt)dt+/0 (D(ve), v)dt < C(1 +T).

We also note that, as in proof of Theorem 3.26 in further calculations we can assume that
w(t) and v(t) are strong solutions to (1.1). Thus z(t) = w(t) — v(t) satisfies the equation

(3.95) Mzy + Az 4+ kD(t, ) = Guo(t), (2(0),2:(0)) = yo — y1,

where we use the same notations as in (3.62), i.e.

(3.96)  D(t,2) = D(z:(t) + vi(t)) — D(ve(t)),  Guwlt) = F(w(t), wi(t)) — F(v(t),vi(t)).
The standard energy method gives with any ¢t € 0, 7]

T T
(3.97) E(T) + k / (D(t, 20), z)dt = E.(t) + / (G (7). (7)),
t t
where, as above we use the following shortcut notation

1
B(t) = Eo(2(t), (1) = 5 (Mze(t), () + (A2(2), (1)) -
We start with the following consequence of Lemma 3.23.

LEMMA 3.37. For anyn > 0 and T > Ty there exist positive constants 02171)7 and C(BQEF
such that
C(l)

(3.98) E.(T) <+ =2 - [L4+ U (w,v)] + CFy sup A 72(0)]",
te[0,T]
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where 6 and k are the constants from (3.59) and Vr(w,v) is given by (3.62), i.e.

Up(w,v) = / (Guoal(7), 24(r))dr| + / (G u(8), 2(t))dt

(3.99) dt

(Guw(T), 2e(T))dT

with Gy (t) given in (3.96).
Proor. Using (3.59) from Lemma 3.23 we have that

T T
TE.T) < c{/ Ml/ta|2dt+\IlT(w,v)}+CB,€/ (D(t, 20), 20)dt
0 0

T
+CB/ [1+ (D(wy), we) + (D(vy), vy)] [|A1/2’5z|” + e|A1/2z|2] dt
0
Since |AY22(t)|? < Cj for all t > 0, by (3.94) we have that
T
/ (14 (D) we) + (Dlwe), 00)] [JA> 2] 4 e A2 ]
0

<eCs(1+T)+Cpr sup |AY279(t)|~.
te[0,T]

Therefore relation (3.91) after rescaling eCp := € yields that
T
TE.T)<e+(n+e)-T+ CB,,,,E/ (D(t, 20), 22)dt + U (w, v)
0
(3.100) +Cpr sup [AV20%(t)]"

t€[0,T]

for any n > 0 and € > 0. Since E,(0) < Cpg, using energy relation (3.97) with ¢ = 0 we obtain

k/o (D(t, zt), 2z¢)dt < Cg +/0 (Guw(T),2e(1))dT < C + Vp(w,v).

Therefore substituting 7 + ¢ := n in (3.100) we obtain that
TE.(T)<n-T+ Cpy+ Cpn¥r(w,v) + Cpr sup |AY20%(t)|".
t€[0,T]
This implies (3.98). O

Using Lemma 3.37 we obtain the following assertion.

LEMMA 3.38. For any n > 0 and T > Ty there exist positive constants 0(51,27 and C’S}LT
such that
C(l)

(3.101) E.(T) L[4 W (w, v T,

where z = w — v and

U (w,v;T) = / (Go(7), ze(7))dr| + dt GO ), z¢(T))dT
0
(3.102) +CY) 1 [ sup |AY2 Pz (t)|" + / ny (z(t ))dt]
te[0,T) 0
with positive By and k. and with Go(t) given by

(3.103) Go(t) = Go(w(t),v(t)) = —II'(w(t)) +IT'(v(t)).
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PrOOF. It follows from (3.96) and (3.92) that Gy, . (t) = Go(t) + G1(t), where
G1(8)] < C [l A2 T2(8)] + ny (20(1))] -
We also have that
T T
/ (Go(t), z(t))dt < C’B/ |2(t) |y dt.
0 0

Therefore, since the function ¥y (w,v) given by (3.99) is sub-additive with respect to Gy,
relation (3.101) follows from (3.98). This completes the proof of Lemma 3.38. O

To apply Proposition 2.10 it is sufficient to prove that
(3.104) lim inf lim inf O, (wy,, wm; T) =0

m—00 n—o0

for every T > 0, where W, (w, v; T) is given by (3.102) and (w"(¢); wi (t)) = Syyy are solutions
to (1.1) with initial data {yf}52, from B. We can assume that

(3.105) (W™ (t); wi(t)) — (w(t);we(t)) *-weakly in Lo (0, T; D(AY?) x V).

Step 1: The following claim results from the assumed compactness.
T
(3.106) lim sup JAYZ2B (" (t) — w™ (1)) —|—/ ny (wy' (t) —wy*(t))dt| = 0.
m,n—00 tE[O,T] 0
Indeed, let V; be the completion of V' with respect to the norm |- |y, given by
vy, = |A™Y2Mu| + ny (v)

and W be the completion of V with respect to the norm | - |y = |[A=Y2M - |. It is clear that
V c Vi C W and the embedding V C V; is compact.
It follows from (3.59) with u = 0 that

(D(v),w)| < C-[1+ (D(v),v)] forany w e D(AY?), |AVw| < 1.
Therefore
|ATY2D(v)| < C - [1 + (D(v),v)].
Hence, using (3.94) and equation (1.1) we can conclude that

T
/ AT 2 M (t)|dt < Cpp forall n=1,2,...,
0

i.e. the sequence {wf.} is bounded in L;(0,T; W). Since

sup |wi(t)|ly <Cg forall n=1,2,...,
t€[0,T]

using [95, Corollary 4] we can conclude that the sequence {w}'} is precompact in L1 (0,7 V).
This implies that

/T ny (wi(t) —wi*(t))dt - 0 as m,n — oo.
Therefore, by the comp;ctness of embedding
(3.107) C([0,T],D(AY?)) N C*([0,T],V) C C([0,T], D(AY*~P+))
we obtain (3.106).
Step 2: We claim that

(3.108) lim lim (Gy™ (1), wi (1) —wi*(7))dT =0

m—0o0 N—00
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for any ¢t < T, where Gy’ (t) = Go(w"(t),w™(t)) and Go(w,v) is defined by (3.103). Indeed,

since

T
/t (G™(7), w (7) — wp(7))dr
= T((T)) + (" (t)) — (™ (T)) + T(w™ (£)) + 7 (n,m),
where .
I (n,m) = / [T (™ (7)), wf (7)) + (I (w™ (7)), wf ()] dr,

by (F)(i) and (3.107) we have that
T
lim lim (Gy™ (1), wi (1) — wi*(7))dr

m—0o0 N—00 t

(3.109) = —2I(w(T)) + 2M(w(t)) + lim lim Z} (n,m).

m—00 N—00

It follows from (F)(ii), (3.105) and (3.107) that
' (w"(t)) — ' (w(t)) *-weakly in Lo (0,T; V7).
Therefore using (3.105) we have

T T
lim lim (I (w™ (7)), w"(7))dr = lim (I (w(7)), w™(7))dT
T
— [ (). wim)dr
t
In a similar way we also have that
T T
lim lim (I (w™ (7)), wi(7))dr = lim (I (w™ (7)), we (7)) dT

Therefore

T
(3.110) lim lim Z[/ (n,m) = 2 /t (I (w(T)), we(7))dr.

m—00 N—00

Hence after substituting (3.110) in (3.109) we get (3.108).

Concluding Step: It follows from (3.102), (3.106) and (3.108) and also from the Lebesgue
Dominated Convergence Theorem that (3.104) holds. Thus we can apply Proposition 2.10 to
obtain the asymptotic smoothness of Sy and, hence, the statement of Proposition 3.36. (]

In the case when the nonlinear forces F(u,u;) = F(u) in (1.1) are conservative, the
conditions imposed on the damping operator D in Assumption 3.33 can be relaxed. More
precisely, let us introduce the following hypotheses.

ASSUMPTION 3.39. (D) e (i) For any n > 0 there exist C,, > 0 such that
(3.111) (Mv,v) <7+ C, - (D(v),v) forany v e D(AY?).

o (ii) Relation (3.3) holds true, i.e. for any § > 0 there exists a non-decreasing
function Ks(s) > 0 such that

(3.112) |(Dv,u)| < Ks(Eo(u,v)) - (Dv,v) +6 - (14 Eo(u,v)), u,ve D(AY?),

where Eg(u,v) = 1 (Mv,v) + (Au,u)).
(F) e (i) The potential energy functional II(u) is continuous on D(A'/?~?%) for some
6> 0;
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e (ii) the mapping u — A~'T'(u) is continuous from D(A'/2~%) into H for some
1,6 > 0;
o (iii) the nonlinear forces F'(u,v) are conservative, i.e. F(u,v) = F(u) = —II'(u).

Under the above assumptions the following result holds.

THEOREM 3.40. Let Assumptions 1.1 and 3.39 hold. Assume that D(AY?=5) is compactly
embedded in V' for some 3> 0 and the nonlinear operator F(u) possesses the property: there
exist 0 < n <1 and a positive constant co such that

(3.113) (u, F(u)) < n)AY?ul? + o, ue D(AY?).

Then, the system (H,S;) generated by problem (1.1) in H = D(AY?) x V possesses a compact
global attractor A.

PROOF. Relation (3.113) and Assumption 3.39(D) imply Assumption 3.1. Therefore by
Theorem 3.4 the system (H, S;) is dissipative. Thus to prove the existence of a compact global
attractor it is sufficient to establish the following assertion.

PRrROPOSITION 3.41. Assume that Assumptions 1.1 and 3.39 hold true and the embedding
D(AY2=8) C V is compact for some 3 > 0. Then, the semiflow S; generated by problem (1.1)
is asymptotically smooth.

ProOOF. As above we shall apply Proposition 2.10 on the forward invariant set 5. For
this we will check that in the case of conservative forces it is possible to establish Lemma 3.37
and Lemma 3.38 under Assumption 3.39.

With the same notations as in the proof of Proposition 3.36, for any pair of strong solutions
(w(t), we(t)) and (v(t),ve(t)) with initial data form B from energy inequality we always have
that

(3.114) Dr E/OT(D(wt),wt)dt—i—/OT(D(vt),vt)dt< Csg,

where, in contrast with (3.94), the constant Cg does not depend on T'. This fact is crucial in
our argument.

We shall apply Lemma 3.23. For this we need to estimate the terms involving the damping
operator. As above we can assume that w(t) and v(t) are strong solutions to (1.1).

From (3.112) we have that

|(D(t7 Zt)vz)‘

< [(D(wr), 2)| + [(D(wr), 2)]
< Cpl(D(wr), we)| + (D(ve), v)] + 6Cs
for any § > 0. Therefore by (3.114) after rescaling of § we obtain that

T
/ (D(t, ), 2)|dt < OT + C
0

for any § > 0. In a similar way relation (3.111) implies that

T T
/0|zt|2dt§/0 (Jwrl? + [0e]?) dt < T + C}

for any n > 0. Therefore from Lemma 3.23 we get the estimate

TEz(T) < (5+77) -T+CB7§’7,+C\I/T(’U),’U), T > 1Tp,
for any positive 6 and n, where ¥ (w,v) is given by (3.99). This implies relation (3.98) in
Lemma 3.37. Thus we can obtain the conclusion of Lemma 3.38 with ¥, (w,v;T) given by

(3.102) with ny = 0. Now we can apply Proposition 2.10. The argument is the same as in
the proof of Proposition 3.36. g

To complete the proof of Theorem 3.40 we use Proposition 3.41 and Theorem 2.3. ]
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3.4.2. The case of a non-compact potential energy functional. In this subsection
we do not assume the compactness property of Assumption 3.33(F)(i). This requires more
structural hypotheses concerning the nonlinear operators F' and D.

We impose the following structural conditions.

ASSUMPTION 3.42. (F) e (i) There exists a constant v > 0 such that
() ~ T1(0) — (I1'(0), u) + S [uf* > 0.

Moreover, we assume that the following uniqueness property holds: Au+1IT'(u)—
IT'(0) + yu = 0 = u = 0 for u € D(AY?).

e (ii) there exists ¢ > 0 and a continuous function C(r) such that II'(-) maps
D(AY/?*¢) into D(A%) and

A (u + 2) = 1T ()| < C(r) AY?+2]

for all u, z € D(A'/?) such that |AY?ul,|AY2z| <r.

o (iii) [AF*(w,v)| < C(|AY?w|,|v|v) for (w,v) € D(AY?) x V and 77 = 0 in
(3.60).

e (iv) there exists € > 0 and a continuous function C(r) such that

(8.115) AT (4 2) = I ()| < C(r) | AY2 ]

for all u,z € D(AY?), v, € V such that |AY?u|,|AY2z] < r.
(D) We assume that the operator D satisfies the conditions:
e (i) There exists the Frechet derivative D’(u) satisfying the inequality

|A=Y2D! (v)u| < C(r)(D' (v)u,u)? for |v| <7, ue D(AY?).

e (ii) Either (a) |D(v)| < C(r)]AY?v]|, |v| < r or else, (b) for any 0 < T < 1 and
v e C([0,T], D(AY?)) we have

T T
/ \D(v)|2dt < C / (D(v),v)ds | sup [AV2(t)P
0 0 t€[0,T]
and
(3.116) A (F* (u+ 4,0 + 8) — F*(u,0))] < C(r)| [|A1/2—€a| + |A—6@|}
for all u,a € D(AY?), v,0 € V with the property
(3.117) A2l | A4, o]y, [0y < 7.

Here above C(-) is a nondecreasing function.
o (iii) For any € > 0 there exists a constant C, such that

[(D(u+ v) = D(u), w)|
(3.118) < C.Cy(r) - (D(u+v) — D(u),v)

+eCo(r) (1 4+ (D(u),u) + (D(u+v),u +v))

for any u,v € D(AY?),w € D(A') such that |Alw| + [MY?u| + |M/?v] < r
with arbitrary r > 0, where Cy(r) and Cy(r) are non-decreasing functions of r
and [ is a positive integer.

REMARK 3.43. We note that Assumption 3.42(D)(iii) follows from (3.59) with x > 1 in
Assumption 3.21. Indeed, it is clear from (3.59) that

[(D(u+ v) — D(u),w)| < Ci(r) - (D(u+v) — D(u),v)

+Co(r) (1 + (D(u),u) + (D(u + v),u + v)) AV 2w|".
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Thus after the substitution w := w-€*/(*~1) we obtain (3.118) with C, = ¢~ "/(*~D and | = 1.

THEOREM 3.44. Let Assumptions 1.1 and 3.21 with M = I, 71 = 0 in (3.60) hold and
the system (H,S;) generated by problem (1.1) in H = D(AY?) x H is dissipative and that the
resolvent of A is compact in H. Moreover we assume that the structural conditions imposed
on F and D in Assumption 3.42 are satisfied. Then, the semiflow generated by problem (1.1)
possesses a compact global attractor A.

REMARK 3.45. The assumption that M = I is not essential. If M is not an identity,
the assumption requiring local Lipschitz continuity of F' needs to be appropriately modified.
Since this particular setup finds most interesting applications in wave dynamics, where M = [
(see Chapter 5), we did not strive for a fully general abstract formulation accounting also for
the operator M.

A situation when structural assumption imposed on the critical nonlinearity F in As-
sumption 3.42 may be dispensed with is when the damping provides some regularizing effect
on the dynamics. This case is typical for semilinear waves with superlinear coercive damping.
The theorem stated below pertains to this situation under the following hypotheses:

ASSUMPTION 3.46. e (i) There exists a Banach space Vo C ‘H C Vj, such that
Cs - (Dv,v) 4+ 8 > |vl},, for some 6 > 0 and Cs > 0.
e (ii) Assumption 3.42(D)(iii) holds.
e (iii) The mapping (u,v) — F(u,v) is compact from the space

[Hl(o,T; H) O L0, T; D(AY2)| x L(0,T;H) into  Lo(0,T; V)
for some r > 2. Here the space H(0,T;H) = W3 (0,T;H) is given by (1.14) and
F(u,v)(t) = F(u(t),v(t) = ~I'(u(t)) + F*(u(t), v(t))

is the substitution operator.

THEOREM 3.47. Let Assumptions 1.1 and 3.21 with M = I, 7 =0 in (3.60) hold. Assume
that the system (H,S;) generated by problem (1.1) is dissipative and that the resolvent of A
18 compact in H. Then under Assumption 3.46 the semiflow Sy possesses a compact global

attractor A in H = D(AY?) x H.

In the special case, when F'* = 0 one can dispense with the a priori assumption on ultimate
dissipativity of the system. In fact, an analogous result to that of Corollary 3.29 holds true.

COROLLARY 3.48. Assume that F* =0, and the set of stationary solutions is bounded in
D(Al/Q). Then, the results of Theorems 3.44 and Theorem 8.47 hold without assuming that
the system (H,S) is dissipative.

The proof of this Corollary is identical to that of Corollary 3.29.

Proof of Theorem 3.44. The proof of this result relies on a classical idea of decompo-
sition of the flow into uniformly stable part and compact part (see Proposition 2.11). The
technical details follow closely arguments given in [20] which paper deals with wave equation
subject to boundary dissipation and critical exponent semilinearity.

We begin by decomposing the flow Six = (w(t),w:(t)), * = (ug,u1), into two parts,
Sy = S(t) + K(t), where the ”stable” part S(t)x = (v(t),v+(t)) and compact part K(t)z =
(2(t), z(t)) are defined as follows:

v + Av + k(D (2 +v) — D(z)) + ' (v) — IT'(0) + yv = 0,
(3.119) (v(0),v¢(0)) = (ug,u1),
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and
2+ Az + kD(z) + ' (w) — I (w — 2) — y(w — 2) + II'(0) — F*(w,w;) = 0,
(3.120) (2(0), 2¢(0)) = (0,0).

It is a simple matter to show that both equations have global, finite energy solutions. More-
over, these solutions are strong, provided the initial conditions are taken in D(A), where A is
defined by (1.23) with M = I. In fact, we argue as follows. We begin with local well-posedness
of the second equation (3.120). We already know that for all initial conditions (ug,u1) € H
we have weak solution (w,w;) € C([0, 00), H) which, moreover, is uniformly bounded in ¢ > 0.
Since TI' is locally Lipschitz from D(A'/?) into H, the map

2= I (w) — I (w - 2) — y(w - 2),

is locally Lipschitz C([0,T), D(A"?)) — C([0,T)H). Thus equation (3.120) can be seen as
a locally Lipschitz perturbation of monotone problem driven by the forcing term —II'(0) +
F*(w,w;) € C(]0,00),H). Standard monotone operator theory argument gives local existence
and uniqueness of generalized solutions to (3.120), i.e: (z,2¢) € C([0, Tin, H) for some T;,, < oo
- maximal time of existence. Moreover, by Theorem 1.5 for (ug,u;) € D(A) where A is
given in (1.23) with M = I, solutions (w,w;) are strong and possess properties (1.16) with
V=V'=H,ie
(we, wie) € Loo(0,T5D(AY?) x H),  wy € Cp([0,T); D(AY?)),
(3.121)
wy € Cr([0,T);H) and  Aw(t) + kDw(t) € C-([0,T); H).
As a consequence, solutions (z, z;) corresponding to ”smooth” initial data (ug,u1) from D(A)
are also strong (a priori only local) solutions and enjoy the properties (3.121) with 7' = T}qz-
Thus the function (v,v;) = (w — z,wy — 2z¢) € C(0,Ty,, H) satisfies (3.119) in a weak sense.
Moreover, for initial data (ug,u1) € D(A) we have that (3.121) holds with T' = T},4,. From
the structure of equation (3.119) we can conclude that the solution v is global in time. Indeed,
by noting that
(D(Zt + Ut) — D(Zt),’Ut) Z 0
for strong solutions, applying energy identity first to strong solutions, and then extending to
weak solutions we obtain

(3.122) E,(t) < E,(0), t>0,
where the energy is given by
£u(6) = 5 (IAY20(O) + ()7 + T (1)) — TI(0) — (T(0),) + LJu(r)
From Assumption 3.42 we know that for a suitably large v
E,(t) > CLAY2o()] + |oy(H)* and  £,(0) < C(JAY?0(0)], v (0)]).
Thus, selecting v > 0 suitably large we obtain global bound for all ¢ > 0
A 20(@)[? + o (6)* < C(IAY 2uql, o))
and consequently, since (w(t),w¢(t)) enjoy similar bound we conclude as well
AV 22()7 + [2:(8)]* < C(IA 2ugl, [o1]).

Thus, local solutions to (3.119) and (3.120) become global solutions and uniformly bounded
for positive times. This shows that T},4. = co. Finally, since (ug,u1) belong to absorbing set
we can restrict our analysis to the functions with values in a fixed bounded set. Taking initial
conditions (ug,u1) € D(A) implies the improved regularity of solutions as well.

In order to prove Theorem 3.44 it suffices to establish that S(¢) is uniformly stable and
the operator K (t) is compact for positive ¢t (see Proposition 2.11). This will be done below
with the help of supporting Lemmas.
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LEMMA 3.49. The evolution operator S(t) is uniformly stable. This is to say, there exists
a continuous function k : [0,00) x [0,00) — Ry such that k(t,7) — 0 for everyr >0 ast — oo
and |S(t)ylg < k(t,r) for ally € By (0,71).

ProOOF. We choose v > 0 such that Assumption 3.42F(i) holds. Due to the dissipative
nature of the term v + IT'(v), and monotonicity of D(z; + v;) — D(z¢), the proof of uniform
stability is very much similar to the proof of Theorem 3.26 (see also Theorem 3.58 below). The
lack of linear growth condition for D from below is responsible for potential lack of exponential
stability. For sake if completeness we shall outline the details.

As in the proof of Theorem 3.26 it suffices to consider strong solutions. We define

1
Eu() = 5 (IA20(0) 2 + [ox (1)) + TL(v(8)) — T1(0) = (IT(0), v) + 7 fo(t) 2
On the strength of the first condition in Assumption 3.42(F) we have that &, (t) > 0. Moreover
¢
(3.123) Eu(t) + k/ (D(zt +v¢) — D(z))vedr = Ey(s), ¢ 2> s.

Step 1: We notice first that Lipschitz continuity of II’ from D(A'?) — V' = H yields the
estimate

(3.124) |(I" (v) — I'(0) 4+ yv,v)| < Cp.

for every € > 0. Multiplying equation (3.119) by v, integrating by parts and exploiting (3.123)
and (3.124) along with interpolation inequalities yields

vt|2ds]

vf? + e AV 202

T+T

T+T
/1 St < C

sv(T+T)+/

T

HE/[HZM%+M—D@WWS

T+T T+T
—|—C,§/ [(D(zt 4+ vi) — D(2¢),v)|ds + CB/ |U(S)|2d8

for every T > 0, where the constants in the inequality above do not depend on 7. Noting from
(3.123) that

T+T
(3.125) / (D(zt +ve), 2t +v¢) + (D(2¢),2¢))ds < Cg forall 7>0

and recalling Assumption 3.21(D) (see (3.58) and (3.59)) imposed on D gives (after taking the
parameter e sufficiently small in (3.59) and using the corresponding analog of relation (3.80)):

T+T T+T
E)dt < CLE(T+T)+ Co(Ho+ I) (/ (D(z¢ +v¢) — D(zt),vt)ds>

T

+C3 sup |AYZ (1 4 5|,
s€(0,T)
where Ho(s) = THo(s/T) (a similar argument was used in the proof of Theorem 3.26).
Recalling monotonicity of &, (t) which follows from (3.123), we have, with sufficiently large T
that
T+T

E(r+T)<Ciy(Ho+ 1) (/ (D(zt +ve) — D(zt),vt)ds>

(3.126) +Cy sup |AY2Ou(r +5)|"
s€(0,7)

for every 7 > 0, where the constants C; and C5 do not depend on 7.
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Step 2: In order to establish the uniform stability of S(¢) it suffices to prove the following
claim: For every M > 0 there exists a constant p(M) > 0 such that we have:

T+T
(3.127) b (DGt o) = D). vt = p()
for every 7 > 0 and for all solutions (v(t),v:(t)) of (8.119) with the property that E,(t+T) >

M. Indeed, notice first that in view of energy identity (3.123) the above inequality is equivalent
to

(3.128) E(m+T) +p(M) <Ey(7)
Thus, assuming (3.128) holds and taking 7 = mT yielding
(3.129) Es((m+1DT)+p(M) < E(mT), m=1,2...,

where p(M) > 0, as long as &,((m + 1)T) > M. We claim that inequality (3.129) implies the
uniform stability of S(¢). If not, there exists ¢p > 0 and a sequence of solutions (vy, (%), vn(t))
in the absorbing ball, along with a sequence of points ¢, — oo such that

€0 < &y, (tn) < Ro, t, — 0.

Since &, (t) < &,(s) for t > s, we have that

€0 <&, (t) <Ry forall tel0,ty,]
Therefore, setting M = ¢y in (3.129) we obtain

Ep, (M +1)T) + p(eo) < &, (MT)
provided (m + 1)T < t,,. Hence
eo + mp(eg) < &, ((m+ 1)T) +mp(eo) < &, (0) < Ro
under the condition (m + 1)T" < t,,. Since t,, — oo, we have that
€0 + mp(eg) < Rg, forall m=12...

which is impossible because p(eg) > 0.

Thus, it suffices to prove (3.127). To this end we argue, again, by contradiction. If not,
there exist a positive constant M > 0, a sequence of numbers 7,, and a sequence of solutions
vn(t) such that

0<M<E, (tn+t) <Ry forall tel0,T],
Tn+T
(3.130) / (D(z 4+ vn) — D(z0), vms)ds — 0, 1 — oo,

n

Let u™(t) = vy (70 + t). From (3.130) we have
0<M<En(t) <Ry forall tel0,T],
T
(3.131) / (D(zf +uy) — D(z1"),u)ds — 0, n — oo,
0

where 2"(t) = z(7, + t). Thus, after renumeration we have that there exists u(t) lying in
Lo (0,T,D(AY?)) such that u; € Loo(0,T,H) and

u" —u  s-weakly in Lo (0, T, D(AY?)),
(3.132) up —u;  #-weakly in Lo (0,7, H).
From (3.131) and (3.58) we infer that fOT Hy ' (Jup?)dt — 0. Hence we have that u! — 0

s-weakly in Lo (0,7,H). Due to compactness of the resolvent A~1, (3.132) and Aubin’s
Lemma (see Corollary 4 in [95]) we have

(3.133) sup |AY270(u"(s) — u(s))| = 0.
s€[0,T]
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Therefore Assumption 3.42(F)(iv) implies that II'(u"(¢)) — II'(u(t)) in [D(A)]" for every
t>0.
Under Assumption 3.42(D)(iii) we have that for every ¢ > 0 there exists C, such that

T T
/0 (D + ) — D(), 9)lds < CeC - / (D( + uf') — D(=}), uf')ds

T
Oy / 1+ (D" 4 ad), 2"+ uf) + (D(0), )] ds
0

for any ¢ € Lo (0,T,D(A") such that SUP,eo,7] |Alp(s)| < 1. By (3.131) and (3.125) we have
that

T
limsup/ [(D(z" +uy) — D(z1),p)|ds < Cp - €
0

for any € > 0. This implies that
T

lim (D(z" 4 ul) — D(21),¢)|ds =0 for any ¢ € Loo(0,T,D(A")).

n—oo 0
Now we can pass with the limit in the equation

upy + Au” + k(D(2] +u) — D(2}")) + 1T’ (u™) — II'(0) + yu™ = 0,
which follows from (3.119), on the interval [0, T] to obtain that u solves the equation
Au + T (u) — I (0) + yu = 0.

Hence, by the assumed uniqueness property in Assumption 3.42(F)(i) we must have u = 0.
Thus (3.133) holds with « = 0 and hence, by (3.126) En (T) = &, (7 + T) — 0, which leads
to contradiction. |

LEMMA 3.50. For any T > 0, the operator K(T') is compact on the space H = D(A'Y?) x
H.

PRrOOF. The argument is different for the two cases considered in Assumption 3.42(D):
(i) Condition (ii)(a) holds, (ii) Condition (ii)(b) holds. We shall begin with
Case 1: Condition (ii)(a) in Assumption 3.42(D) holds. The statement of the Lemma
follows from the following regularity result.

PrOPOSITION 3.51. Under the Assumptions of Theorem 3.44 there exists € > 0 such that
for any solution (w(t),w(t)) from the absorbing ball B and for all T > 0 solution z(t) to
equation (3.120) satisfies the conditions

2 € C([0,T;; D(AY?*€)  and 2 € C([0,T); D(A%)).
Moreover |AY2+ez(t)| + | A2 (t)| < C(B,T) for all t € [0,T].
PROOF. The proof is based on the study of regularity of a monotone problem
(3.134) zie + Az + kD(z) = f, 2(0) = z(0) =0,
along with nonlinear interpolation theorem applied to the map
T :L1([0,T);H) — H defined by T f = (2(T), 2:(T)),

where z is given by (3.134).
In order to apply Tartar’s interpolation theorem [99] we need to establish supporting
results:

PROPOSITION 3.52. For any solution z to (3.184) and all 0 < 6 < 1/2 the following
estimate holds fort > 0:

t
(3.135) JAYZEO ()2 + | A2 (8) ] < C (1f] L1 (0,6.00)) { /0 A F12dt + |£13 0070 | -
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PROOF. The proof of this Proposition is based on interpolation of the regularity posted
in (3.135) with indexes # =0 and 0 = 1/2.

Step 1: For § = 0 we apply standard energy inequality along with positivity of (D(z:), z¢) to
obtain the relation

' 2
(3.136) |A1/22<t>|2+|zt<t>|2sc[ / |f<s>|ds} ,

Step 2: For § = 1/2 the argument is more involved. In fact, the resulting estimate takes the
form:

t
(3.137) [Az(0)] + [AY22(8)]* + z2ee(D)* < C (|11, 0,0.70)) UO AVt + 1F1L 0.0 | -

In order to prove (3.137) we consider the equation in the variable zZ = z;:

Ztt + AE + k‘D/(Zt)Et = ft
(3.138) z(0) = 0,2(0) = £(0)

For a fixed z; equation (3.138) is linear. Multiplying (3.138) by z; and integrating in time
yields:

t t
Z ()2 + |AV22(0) + 2k / (D (z0) 20, 7)ds = | FO)]? + 2 / (fu, 20)ds
0 0

t
(3.139) = [F(O)]? +2(f(1), 2:(t)) — 2[£(0)] — 2/0 (f, 20t )ds.
Computing the last term above with the use of equation (3.138) gives
t t
(3.140) / (f; Zu)ds = / (f, —AZ — kD' ()% + f:)ds
0 0
t
= UFOF ~ FOF) — [ (A7 4220,
0

¢
—k/ (AV2f, A7V2D (20)7)ds.
0
Combining (3.139) with (3.140) gives
¢
A0 + AP + 2 [ (D (a1)an,z)ds
0
2 k ' 1/2 ¢|2
< Clflioourn+ 1+ |AY= f[*ds
€/ Jo
¢ ¢
+ek/ |A‘1/2D’(zt)2t|2ds+0/ LAM23[2ds.
0 0
Therefore using Assumption 3.42(D)(i) imposed on D’ we have that

t
2O + AP + 2 [ (D (an)an,z)ds
0

k t
< C {|f%m(o¢,m + (1 + 6) / |A1/2f|2d3}
0

t t
+€kc(|3t|Lm(O,t;H)) / (D'(zt)ét, Zt)ds + C/ |A1/22|2d5
0 0
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From (3.136) and the fact that the function C(s) is increasing we conclude that

t
|@®F+LM”XOF+2@/(U@0%i0@
0

k t
< C |:|f|%oc(0,t771) + (1 + 6> / |A1/2f|2d8:|
0

t t
(3141) +6k0(|f‘L1(O,t;'H))/ (D'(zt)ét, Zt)ds —+ C/ ‘A1/22‘2d5.
0 0
Selecting €C(|f|L,0,t:%)) < 1 and applying Gronwall’s lemma give
2 + A2z (1)

t
(3.142) <O |11 cioro + (04 Cu (Flasoun)) [ 1427

The above inequality gives the estimates for |z;| and |.A'/22;|. In order to obtain the estimate
for Az, we rewrite equation (3.134) in the form

Az = -z, — kD(z) + f.
Using Assumption 3.42(D)(ii)(a) on D(z;) we have that
[Az()] < [Z2@)] + [f({)] + k[D(z)]
< 2O+ [FO] + kO (z()AY22(1)].
3.1

Combining with (3.142) and (3.136) we obtain

t
(3.143) A2t < C (Iflr,0.670)) [|f2Lw(o,t,H) + +/0 A1/2f|2d5} :

Now relations (3.142) and (3.143) imply the estimate in (3.137).

Step 3: interpolation. We shall use the following interpolation result due to [99]. For
reader’s convenience, we quote this theorem in a form suitable for our applications.

THEOREM 3.53 ([99], Theorem 2). Let Ay C Ay, By C By be given Banach spaces. Let
T : Ay — By be given nonlinear operator with the following properties:
(1) I7a—=TblB, < fi(llalla,,[1blla,)lla— b4,
(2) I Tals, < fa(llalla))llalla,,
where f1 and fo are continuous functions. Then
||Ta'||[BO;Bl]9 < Ch(”a”Al)”a”[Ao,Aﬂe fOT’ all 0<f< 17
where h(t) = f2(26)1 =0 f1(t,2t)0.
We shall apply this theorem with the following choices of spaces:
Ay = L1(0,6°H),
Ao = La(0,; D(AY2)) N Loo (0, 15°H),
By = H =D(AY?) x H,
By = D(A) x D(AI2),
where ¢t > 0 is fixed. The operator 7 we define by the formula
T(f) = (2(¢), z(t)), where z satisfies (3.134).

Since (3.134) is monotone, by monotone operator theory we infer that for any f € L1(0,t;H),
there exist unique generalized solution (z, z;) € C([0,¢t]; H) [94, Theorem 4.1A, Chapter IV].
Thus, the nonlinear operator 7 is a well defined bounded operator from L1(0,¢;H) into H.
Moreover, the following Lipschitz estimate

t
(3.144) T —Tfollu é/o |f1(s) = fa(s)|ndt
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holds [94, Theorem 4.1A, Chapter IV]. This gives the first inequality (with f; = 1) assumed in
Theorem 3.53. Inequality in (3.137) validates the second inequality in Theorem 3.53 satisfied
with fi(s) = C(s). Thus, nonlinear interpolation theorem applied to estimates in (3.137) and
(3.144) and the relation

LQ(O, t; D(.AG) n LOO(O, t; H) C [Ao, A1]9

complete the proof of the Proposition 3.52 (see also [20, Section 4.2] for a similar argument
in the case of boundary damping). |

We apply the result of Proposition 3.52 with
f=(w) —'(w—2) + ' (0) + y(w — 2) + F*(w,w;), 0=¢e.

inequality valid for solutions to equation (3.120)
(3.145)  |ASf| < O(r) || A2 2| + 7] A%2| + |AV2 0| + 1} < O(B) [1 + |A1/2+€z\] .

Moreover |f|r_(o,:#) < C(B). Hence
t

(3.146) |AY 22 ()2 4 | A% (1))? < Cp [1 +/ |A1/2+522dt} :
0

where the constant Ci denotes the dependence on the absorbing set. Applying Cronwall’s
inequality to inequality in (3.146) yields the desired result in Proposition 3.51. O

Proposition 3.51 along with the compactness of the resolvent of A in H completes the
proof of Lemma 3.50 in the first case.
We proceed next with the second case in Assumption 3.42(D)(ii).

Case 2: condition (ii)(b) is assumed. In this case some modifications of the previous
argument are needed. Instead of Proposition 3.51 we now have a weaker regularity for the
variable z.

PRrROPOSITION 3.54. Under the Assumptions of Theorem 3.44 there exist € >0 and T > 0
such that for any solution (w(t),w:(t)) from the absorbing ball B the solution z(t) to equation
(3.120) satisfies:

2 € Ly(0, T; D(AY?))  and 2 € C([0,T; D(A°)).
Moreover,
|2 a0 mip(arze)) + |2t co.mip(ac)) < Cs.
PROOF. In analogy with the previous case, we shall consider a nonlinear map
T : Li([0,T]; H) — Ly(0, T; D(AY?)) x H defined by Tf = (2(-), z(T)),
where z is given by (3.134). We have:

PROPOSITION 3.55. For any solution z to (8.134) and all 0 < 6 < 1/2 the following
estimate holds for T > 0:

T T
(3.147) /O JAVEEO ()t + | A2 (T) P < C (If 1Ly 0,m70)) [ /0 A f2dt + |f|%m<o,T,H>]
and with 6 < 1/2

T T
(3.148) /0 A2 (1)2dt < Cr - O (| flLy0.mm0) VO |A? f2dt + |f|2LOQ<o,T,H)] :

where Cp — 0 as T — 0.
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PRrROOF. As before, the proof of this Proposition is based on interpolation of the regularity
posted in (3.147) with indexes # = 0 and 6 = 1/2.

Step 1: For § = 0 we apply the standard energy inequality which gives

t t 2
(3.149) AR + 0 + [ (D), 20ds < 0 { / |f|dt}
0 0
Hence
T T 2
(3.150) / |AY22(t)|?dt < CT / f|dt] .
0 0
Step 2: For § = 1/2 we have
t
(3.151) AV 227 + 20 ()* < C (1|2 0,000)) UO |AY2fPdt+ |£13 0000 | -

The above inequality (cf. (3.142)) is obtained by arguments identical to the ones used in the
previous case (the proof does not depend on conditions (D)(ii) in the Assumption 3.42). In
order to obtain higher regularity of the displacement we take advantage of the condition (b)
in Assumption 3.42(D)(ii) applied to the elliptic problem:

AZ = —Ztt — kD(Zt) + f
along with the estimate in (3.151). These give:

T T
[ 1asrae < 3 [ [l +15OF + RG]
0 0
using the second assumption (ii)(b) on D(z)
3T sup [Jzu(t)]* + |F(t)[°]
t€[0,T)

IA

+C (/o (th,zt)dt)> sup |AY 2z (1)[%.

te[0,T)

Combining the above inequality with (3.149) and (3.151) yields

T T
(3.152) /0 |Az()Pdt < C (If]L.0.7:00)) bf%oo(o,nm +/0 A1/2f|2df] ;

which leads to the estimate (3.147) with 6 = 1/2.

Step 3: interpolation. Here the argument is similar to that used before - though applied
twice. Indeed, we first apply Interpolation Theorem 3.53 with the following choice of spaces:
A1 = Li1(0, Ty H),
Ag = L2(0, T; D(AY?)) N Loo (0, T5 H),
By = Ly(0,T; D(AY?)) x H,
By = Ly(0,T; D(A)) x D(AY?),
and with the operator 7 given by:
T(f) = (2(),2¢(T)), where z satisfies (3.134).

Inequalities (3.149) and (3.152) along with Interpolation Theorem imply the first estimate in
Proposition 3.55.
For the second estimate, we need control of the size of the constant C'r. This can be
accomplished by applying the same interpolation Theorem in a slightly different setting;:
[ A1 = Ll(O,T,H>,
o Ao = Ly(0,T5;D(AY2)) N Lo (0, T H),
e By = Ly(0,T;D(AY?)),
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L4 BO = L2(07T7D(A))7

e 7(f) = z(+), where z satisfies (3.134).
Indeed, inequalities (3.150) , (3.152) and Interpolation Theorem 3.53 give the desired estimate
with a constant Cp ~ T/27¢ — 0 when T — 0 and 6 < 1/2. The proof of Proposition 3.55
is thus completed. (I

To continue with the proof of Proposition 3.54 we proceed very much as before with the
only difference that this time we must take advantage of the fact that the small size of the
constant Cr is controlled. Indeed, applying Proposition 3.55 with

f=(w) =T (w—2) + IT'(0) + y(w — 2) + F*(w,w;), 6 =¢,

and recalling Assumptions imposed on II and F* in Theorem 3.44 yields (see (3.145)) the
following inequalities valid for solutions to equation (3.120):

AF] < CB) [1+AY24)| and |l om0 < C(B).

Hence
T T
(3.153) / |AY2 ez (1) < Cp |1+ CT/ |AY2Fe2dt |
0 0
where, we recall that Cr — 0 as T'— 0 . Taking T sufficiently small gives the estimate
T
(3.154) / |AY2He2 ()2 < Cp
0
Since from (3.147) we also have
T T
(3.155) / |AY2H ()2 4+ sup A% (t)]? < Cp / |AY/24e2 (1) 2dt + O,
0 t€[0,T] 0
combining with (3.154) yields
T
(3.156) / |AYZFe (1) 2dt + sup A% (t)]? < Cp
0 te[0,T]
as desired for the proof of Proposition 3.54. O

Finally, we shall prove the compactness statement in Lemma 3.50. For this we con-
sider initial conditions (ug, u1) in the absorbing set. The corresponding sequence of solutions
(2n, 2Znt) is bounded in C([0,T]; H). By Proposition 3.54 we also have that z,; are uniformly
bounded in C(0,7*; D(A°)) for some T > 0. Denote

F(ug,up) = ' (w) — ' (w — 2) + IT'(0) — y(w — 2) — F*(w, w;)

and consider (ug,u1) — F(uo,u1) as a mapping from B into Ly o, (0, T;[D(A)]') and prove
it is compact.
It follows from Assumption 1.1(F) that the set

F(B) = {F(ug,u1) : (ug,u1) € B}

is bounded in C([0,T);H). Using (3.115) and (3.116) it is also easy to see that for any
G € F(B) we have that

AT (Gl + ) - G| < T (|42 (et + b) - 2(0)|
+ ‘AW‘E (w(t +h) — w(t))] AT (wnt + 1) = wi(®)])

By interpolation we have that

|A1/275,¢| <C- W\QE . ‘A1/2w|172e’ Ve D(A1/2)
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and

A Y| < C - JATV2oP o' 7%, Y e H.
Therefore we can obtain that
2e

h
|A*1 (G(t+h)—G(t)| <Cs |h|?€ + / | A=Y 2w, (t + 7)|dT
0

In the same way as it was shown in the proof of Theorem 3.26 (see (3.85)) we can conclude
that

T
/ |A™Y2Muy (t)|dt < Cpr for all - (ug,u1) € B.
0

Therefore

1/2€

/T_h | A~ (G(t+h) = G(t))| " dt < Cp-h.
0

Thus by Aubin’s Lemma (see [95, Theorem 5]) the set of images F(B) is compact in the space
L1/2E (Oa Ta D('Ae)/)

Now, standard energy inequality applied to equation for z yields compactness of the set
(2(T), z(T)) in H for any 0 < T < T*. Indeed, by considering appropriate weakly convergent
subsequences {z,} and {z,:} and taking the differences of solutions Z = z, — z,, we obtain

T
AT + |5 (T)P < 2 / (F(toms tan) — F(tion, trn), 2)ds
0

T
S 2/ |A76(f(U0n,U1n) — f(uomuln)||./462t|ds
0
2e

T
< Cpg (/ |A_€(]—'(uon, uln) — f(uOn,uln)1/26d5> — 0.
0

Therefore the operator K is compact for every 0 < T' < T*. For T > T™ we can present this
operator in the form

(3.157) KT =U(T, T")K(T")x], == (uo,u1).

Here U(t, s), t > s, is the evolution operator for the differential equation from (3.120) which
is defined by the formula

Ul(t,s)(z0,21) = (2(t), ze(t)), t>s,

where z(t) is the solution to the differential equation in (3.120) with initial data at the moment
s: 2(8) = zo, 2t(s) = z1. This operator depends on w(t) and, hence, on z = (ug, u1). However,
by the standard energy argument one can prove that for every fixed ¢ and s the operator
U(t,s) is a continuous mapping from H into itself uniformly with respect to (ug,u1) € B.
Thus by (3.157) K(T) is a compact operator for every T' > 0. This completes the proof of
Lemma 3.50. ]

Now using Lemmas 3.49 and 3.50 and also Proposition 2.11 we obtain the statement of
Theorem 3.44.

Proof of Theorem 3.47. As in the previous case, the proof is based on a decomposition
of the flow into stable and compact part. We thus have Six = (u(t),u:(t)) and Sy = S(t) +
K (t), where the ”stable” part S(t)z = (v(t),v(t)) and compact part K(t)x = (2(¢), 2¢(t)) are
defined as follows:
Vit + AU + k(D(Zt + ’Ut) — D(Zt)) = 0,
(3.158) (v(0),v¢(0)) = (uo, u1),
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2t + Az + kD(2z) + ' (u) — F*(u,us) =0,
(3.159) (2(0), 2:(0)) = (0,0).
Since II'(u) € C(0,00,H), equation (3.159) is just a forced dissipative system. On the other
hand, solutions (v(t),v4(t)) belong to the absorbing set. Since the same is true for (u(t), us(t)),
we conclude the same bounds for all positive time solutions to the system (z(t), z;(t)). This
allows us to restrict the entire analysis to the absorbing set, as the entire dynamics of v
and z system remains in the absorbing set. In order to prove the Theorem 3.47 it suffices
to establish that the evolution operator S(t) is uniformly stable and the operator K(¢) is
compact for positive t. The proof of uniform stability consists of a strict subset of arguments
used in the case of Theorem 3.44. Indeed, we have

LEMMA 3.56. The evolution operator S(t) is uniformly stable. This is to say, there exists
a continuous function k : [0,00) x [0,00) — RT, k(t,r) — 0,t — oo, r > 0 such that
|S(t)x|g < k(t,r),Yax € By (0,r).

As for compactness of K (t) we also have

LEMMA 3.57. The operator K(T') is compact on H for any T > 0.

PRrROOF. To prove the Lemma it suffices to show that the map

(up,u1) — u — —I'(u) + F*(u,u) — (2(T), z:(T))
is compact from H into itself. Since the map
(ug,u1) — (u,uy)
is continuous, H — C([0,T]; H) C L.(0,T; H), and by the Assumption 3.46(iii):
(ug,u1) — u — =1 (u) + F*(u, ut)

is compact from H into Ly (0,T;Vy). Thus, it suffices to establish continuity of the map

(3.160) = (&(T),z(T))
from Lo(0,T;Vy) into H, where z satisfies
(3.161) zit + Az + kD(z) = f, 2(0) = 2(0) =0

Energy relation applied to (3.161) gives

T T
|AY22(T)|? + \zt(T)|2+2k/0 (D(2t), z)dt < C/O |f(®)lvg 1z () v dt

T T
(3.162) <C. [ 1fOR; +e [ a0

From the coercivity Assumption 3.46(i) imposed on D and from (3.162) we infer
T T
/ ‘Ztﬁ/odt S Cﬁ/ (D(zt),zt)dt—i—é
0 0

(3.163)

IN

T T
Cis [ 11Oyt +Cse [ a0yt +0
0

0
Choosing € suitably small we obtain

T T
| altude < Coa [ Arga +5
0 0

for each solution z. Denoting by f = fn— fm and Z = 2z, — z,, Where z, corresponds to a
solution of (3.161) with a forcing term f,,, we obtain

T
|AY2Z(T) 2 + |2(T)? < 2/ |flvy|Ze] vy dt
0
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and by (3.163)

T
APZ(T)P + |2(T) < C/ [flvgllznt v + [zme ()] v, ldt
0

. 1/2 . 1/2
<C </ |f%/0/dt> <1 JF/ (1l + |fm|%/0/]dt> ,
0 0

which implies the desired continuity of the map (3.160). |

To complete the proof of Theorem 3.47 it remains to apply Proposition 2.11 and Theo-
rem 2.3.

3.4.3. The case of large damping. The two theorems stated the previous subsection
are rather special, as they require certain structure of nonlinearities. A situation which is
more demanding is when the ”"damping” is nonlinear and unstructured (Theorem 3.47 does
not apply) and nonlinear term in the equation does not have a structure leading to the
requirement (ii) in Assumption 3.42(F) or to the compactness hypothesis in Assumption
3.33(F)(i). In such cases, existence of global attractors can be proved under the assumption
that the damping parameter £ is sufficiently large. The corresponding result is stated below:

THEOREM 3.58. Let Assumptions 1.1 and 3.21 with 77 = 0 in (3.60) hold. Moreover, we
assume that Ho(s) = mg ' - s and

(i) D(AY?7%) C V is compact embedding for some § > 0,

(i) there exists o > 0 such that the system (H,St) generated by problem (1.1) in H =
D(Al/Q) x V' is dissipative for every k > « and the corresponding absorbing set B is
forward invariant with the size independent of k for k > «.

Then there exists ko > 0 such that the dynamical system (H,S;) generated by problem (1.1)
possesses a compact global attractor A provided the damping parameter k satisfies the condition
k> k.

The proof of Theorem 3.58 based on generalization of Lopez-Ceron criterion for asymptotic
smoothness is in the style of the proof Theorem 3.26.

Proof of Theorem 3.58. The argument now depends on the size of the damping. The
following inequality is critical for the proof.

LEMMA 3.59. Let w(t) and v(t) be two generalized solutions to (1.1) corresponding to
initial data in the forward invariant absorbing set B:

(w(t), we(t)) = Seyo, (v(t),ve(t)) = Styr, Yo, y1 € B.

Let z(t) = w(t) —v(t). Then under the assumptions of Theorem 3.58 there is ko > 0 such that
for every k > ko there exists a positive constant wg > 0 and a constant C(B) such that

Eo(2(t), 2(t)) < Ce™“*"En(2(0),2(0))

(3.164) +C(B){ sup |AY20z(s)" + /O ews(ts)n%,(zt(s))ds},

0<s<t
for some positive &, where Eo(z,2) = 3 (|z|3 + |AY22]?).

PrROOF. We shall use the same notation as in the proof of Theorem 3.26 and consider
strong solutions first.
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Step 1: reconstruction of kinetic energy. Recalling energy relation (3.75) and the
hypotheses imposed on F' we obtain:

T
E.(T) + k:/ (D(z + ) — D(w), z)dt — E.(t)|
t
T T
(3.165) < C’BG/ |AY222dt + (Cg+ce*1)/ |MY/2 2, 2dt
t t

for any € > 0 and ¢ € [0, T]. On the other hand, by applying coercivity property (3.58) with
Hy(s) =mg" - s and (3.165) with ¢ = 0 we also obtain

T T
mok/ | M2 2)2dt < k/ (D(z 4 v) — D(vy), 2,)dt
0 0
T T
< E,(0) + CBE/ |AY222dt + (O + Ce™t) / |M*Y2 2, 2dt
0 0

Let k1 > QCBmal be fixed, Taking € > 0 such that Cs + Ce™! = mqok; /2 yields:

T T
(3.166) k/ |MY?2%dt < CE.(0) + CB/ |AY222dt  for every k > k;.

0 0

Relation (3.165) with Cs + Ce~! = mgk yields for any t € [0, T

E.(t) — Eo(T)| < 2k / (D(z + v) — D(vy), z0)dt

C T
L Cs

0

(3.167) |AY222dt, k> k.

Step 2: potential energy. Since D(A'/?7%) C V, we have that

(F(z+ v,z +v) — Fu,v4),2) < CB|A1/2752| [|A1/2z| + nv(zt)}

< A2 4 O [JAV2 0P+ (20)]
Therefore multiplying equation (3.74) by z and integrating by parts, yields:
T T
/ AL252d < / M2z, dt + C[E. (0) + E.(T)]
0 0
T
4k [ (DGt vi) = Dlon), 2t
0
T T
+c&6/ [AY20212 4 ) () dt + e/ A2 24t
0 0
From here, after taking e = 1/2 we have that
T T
/ |AY22)2dt < 2/ |M22,2dt + C[E,(0) + E.(T)]
0 0

T T
+C - k/ |(D(z¢ 4+ v) — D(ve), 2)|dt + C’B/ [|.Al/2762|2 + n%/(zt)}dt.
0 0
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Therefore using (3.59) we obtain that

T T
/ |AY222dt < 2/ |MY/22,)2dt + CE.(0) + CE.(T)
0 0

T

+CB,5 . k/ (D(Zt =+ ’Ut) — D(’Ut)’ Zt)dt
0
T
+CBJ€/ (14 (D(we), wy) + (D(vg), v0)] [ A2 702"
0

T
+6\A1/22\2]dt+05/ [AY2=0 2 4 2 (z)]de.
0

As in the subcritical case, taking e sufficiently small and using (3.80) we obtain

1 T T
5/ |AY222dt < 3/ |MY22,2dt + CE.(0) + CE.(T)
0 0

T

+CB,T : k/ (D(Zt + 'Ut) — D('Ut)7 Zt)dt
0
T
+C / [+ (D(wr), we) + (D(we), vr)] | AV 2|7t
0 T

+CB/ |Al/2_52|2 +n%/(zt)]dt.

0

Combining with (3.166) and (3.82) and taking without loss of generality k —2(1+43Cg) > k/2
we obtain that

T T
k/ \M1/22t|2dt+/ E.(t)dt
0 0
T

§ C(Ez(O) + EZ(T)) + CB’T]C (D(Zt + Ut) — D(Ut)7 Zt)dt
0

T
(3.168) —l—CB,k,T{ sup |A1/2_5z(t)|“+/ n%/(zt)dt}
0

te(0,T)

for k > ko > k.
Step 4: completion of the argument. It follows from (3.167) that

T
E.(0)<E,(T)+ Qk/o (D(zt +v¢) — D(vy), z¢)dt

C T
+=E [ AV 2at
k 0

and
T T
TEZ(T)S/ Ez(t)dt+2k:T/ (D(z + v2) — D(vy), 2)dt
0 0

T
Car / |AY22 2.
ko Jo
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Therefore (3.168) implies that

T T
k/ |M1/2zt|2dt+TEZ(T)+/ B.(t)dt
0 0

T C T
< CEZ(T)+CB,T1§/ (D(zt+vt)—D(vt),zt)dt+%/ | A2 2qt
0 0

T
+CBkT - { sup |AY270%(t)|F +/ ”%/(Zt)dt}'
0

t€[0,T]
Taking T' > C + 1 yields

T T
k/ \Ml/zzt|2dt+Ez(T)+/ E.(t)dt
0 0
T T
C
< CB,Tk/ (D(z¢ + vy) —D(Ut),zt)dt-ﬁ-%/ \Alﬂz\zdt
0 0

T
(3.169) +CB kT { sup |AY2705(t)|" +/ n%/(zt)dt}.
0

t€[0,T]

From (3.165) applied with t = 0 we have

T
OB,TJC/O (D(z¢ + v1) = D(vy), 2)dt < Cp - (E=(0) — E.(T))

o T T
+ﬂ/ |AY222dt + k/ | M2z, 2dt
k- Jo 0
for k > ky. Therefore from (3.169) we obtain

T
E.(T) + / E.()dt < Cp.r(E-(0) — E.(T))

te[0,T) k

T T
+Os,k7T-{ sup AV (0)" + [ n%<zt>dt}+c’” | g
0 0

Taking k large enough and recalling that C r does not depend on k, the inequality above
implies

te[0,T)

E.(T)<Cr(E,(0)—E.(T))+Crr1 - { sup |AY2705(1)|x +/0 n%/(zt)dt}

for some T" > 1. The remaining part of the proof is now identical to that in the case of
Theorem 3.26 (see Remark 3.30). Lemma 3.59 has been proved completely. ]

The inequality in Lemma 3.59 establishes asymptotic smoothness of the flow (see Corol-
lary 2.7). Indeed, it follows from (3.164) that
Eo(w(t) — v(t), wi(t) — ve(t)) < Ce™ " Ey(w(0) — v(0),w:(0) — v(0)) + e ({w}, {w})
for every couple of solutions (w(t),w(t)) and (v(t),v(t)) from the absorbing set, where
¢
st 101) = €8 { sup fu(s) oo + [ lunls) — (o))
<s< 0

with some xk* > 0. By the same argument as in the proof of Theorem 3.26 the pseudometric
0} is precompact on trajectories from the invariant absorbing set. Thus gk satisfies the
hypotheses of Corollary 2.7 with Kz (t) = Ce™“5!. This combined with dissipativity of (H, S;)
and Theorem 2.3 implies the assertion of the Theorem 3.58. O



CHAPTER 4

Properties of global attractors for evolutions of the
second order in time

The goal of this chapter is to study properties of global attractors for dynamics governed
by equations of the form (1.1), i.e. by the problem:

) Mug(t) + Au(t) + k - D(us(t) = F(u(t), ua(t)),
. uli—o = ug € D(AY?), wslimg = uy € V.="D(M/?).

We rely on the abstract results presented in Chapter 2. The main technical tool which we use
here are stabilizability estimates (3.86) and (3.164) and some generalizations thereof. These
estimates will allow us to verify conditions postulated by abstract results of Chapter 2.

4.1. Finite dimensionality of attractors

We start with finiteness of fractal dimension of global attractors in the context of prob-
lem (4.1).

THEOREM 4.1. Assume the hypotheses of either Corollary 3.28 or Theorem 3.58 with
k=2 in (3.59) and Hy(s) = my's in (3.58). The following assertions hold.

o If the nonlinear term F(u,u;) = F(u) does not depend on the wvelocity ug, then
the global attractor A of the system (H,S;) generated by (4.1) has a finite fractal
dimension.

e In the general case the same statement remains true if we assume in addition that
there exists | > 1/2 such that

(4.2) AT (D(u+v) = D(v))| < C(r)|ulv

for any r > 0 and u,v € V such that |uly < r and |v|y < r, where C(r) > 0 is a
non-decreasing function of r.

REMARK 4.2. The theorem formulated above relies on either Corollary 3.28 or Theorem
3.58. As a consequence of this, the applicability of this Theorem is restricted to cases which are
either ”subcritical” (n > 0) or the damping parameter is sufficiently large. On the other hand,
one can formulate more general results that do not require a-priori the above restrictions. In
fact, as we shall see below, Theorem 4.1 follows from a such more general result.

The first part of Theorem 4.1 follows from Proposition 1.15, the inequality in Remark 3.30
or Lemma 3.59 (with ny = 0) and from the following more general assertion which we shall
state and prove below.

THEOREM 4.3. Let the operator A~1 be compact. Assume that the system (H,S;) gener-
ated by (4.1) in the space H = D(AY?) x V possesses the global attractor A and there exist
non-negative scalar functions a(t), b(t) and c(t) on Ry such that (i) a(t) and c(t) are locally
bounded on [0,00), (i1) b(t) € Li(R4) possesses the property limy_,oo b(t) = 0 and (iii) for
every yi1,ys € A and t > 0 the following relations

(4.3) |Seyr — Seyelir < a(t) - [y — 2l
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and

(4.4) |Seyr = Seyali < b(t) - [y1 — w2l +c(t) - S A7 (u! (s) = u?(s))[?

hold for some o € [0,1/2). Here we denote Syy; = (u'(t);ul(t)), i = 1,2. Then the attractor
A has a finite fractal dimension.

PROOF. We apply Theorem 2.15 in the space Hr = H x W1(0,T) with an appropriate
choice of T'. Here

T
(4.5) W.(0,T) = {z(t) Nzl o.m) z/o (|A1/22(t)|2 + \M1/2zt(t)|2> dt < oo} .

The norm in Hr is given by
(4.6) U7, = A 2uo]? + MY 2 ? + |21y, 0,1y, U = (w0, w1, 2).
Let 2(t) = u'(t) — u?(t). Integrating (4.4) from T to 2T with respect to ¢ we obtain

2T
(4.7) / 1Sey1 — Sl Frdt < brlyy — vl + ¢ sup [A72(s)]?,
T 0<s<2T
where
~ 2T 2T
(4.8) by = / b(t)dt, and &y — / o(t)dt.
T T

It also follows from (4.4) that
Sty = Sryally <O(T) - [y — wolfy + ¢(T) - sup [|A7z(s)[.

0<s<T
Therefore (4.7) implies that
|&%,*»%w@+ﬁﬁ&M*&W%ﬁ
(4.9) ) . )
< brlyr —wely tor sup |A7z(s)[%,
0<s<2T
where
2T 2T
(4.10) by = b(T) + / b(#)dt, and cr = o(T) + / o(t)dt.
T T

Let A be the global attractor for (H,S;). Consider in the space Hp the set
Ap :={U = (u(0); u(0);u(t),t € [0,T]) : (u(0);u:(0)) € A},
where wu(t) is the solution to the initial problem with initial data (u(0);u¢(0)), and define
operator V' : Ap — Hp by the formula
Vo (@(0);ue(0);u(t) = (w(T); ue(T); w(T + 1))
It is clear from (4.3) that V is Lipschitz on Ar. Since A is a strictly invariant set (with respect

to S¢) and it consists of full trajectories, we also have that VAp = Ar.
Since |A%u|? < g| AY2u|? + C.|u|? for any € > 0, it follows from (4.3) that

sup |A7z2(s)[* <elyr — ol + C=(T) sup |2(s)]?
0<s<2T 0<s<2T

for any £ > 0. Consequently, from (4.9) we obtain
VUL = VUal|lzy, <n7|Ur = Usllzy, + K7 - (n7(Ur — Uz) +0n7(VUL = Vb)),

for any Uy, U, € Ar, where K% > 0 is a constant, ny(U) := supg< < [u(s)| and

T T

(4.11) ny =b(T) + /2T b(t)dt + € - (c(T) + /2T c(t)dt) .



4.1. FINITE DIMENSIONALITY OF ATTRACTORS 81

Here T > 1 and € > 0 are arbitrary. Since W7(0,T) is compactly embedded into C(0,T;H),
nr(U) is a compact seminorm on Hp and we can choose T and € > 0 such that 75 < 1.
Therefore we can apply Theorem 2.15 which implies that Ap is a compact set in Hp of finite
fractal dimension.

Let P : Hr — H be the operator defined by the formula

P i (uosur;2(t)) — (ug;u).
Since A = PAr and P is Lipshitz continuous, we have that
dimﬁacA < dimff;cAT < 0.

Here dim}/mc stands for fractal dimension of a set in the space Y. This concludes the proof
of Theorem 4.3. O

The proof of the second part of Theorem 4.1 employs, again, Proposition 1.15, inequalities
either (3.86) or (3.164) and the following more general assertion which is a generalization of
Theorem 4.3.

THEOREM 4.4. Let (4.2) hold, the operator A= be compact, and Assumption 1.1 be in
force. Assume that the system (H,S;) generated by (4.1) possesses global attractor A and
there exist a compact seminorm ny on V and non-negative scalar functions a(t), b(t) and c(t)
on Ry such that (i) a(t) and c(t) are locally bounded on [0,00), (i1) b(t) € L1(R4) possesses
the property lim;_,o. b(t) = 0 and (iii) for every yi,y2 € A and t > 0 we have relation (4.3)
and also

|Seyr — Seyalf < b(L) - |y1 — yoly

(1.12) e(t) - { sup [A4°(ut(s) —(s) 1+ [ o luk(s) - u?<s>>ds}

0<s<t

for some o € [0,1/2). Here we denote Syy; = (u'(t);ui(t)), i = 1,2. Then the attractor A has
a finite fractal dimension.

ProOF. We apply Theorem 2.15 in the space X = H x W5(0,T) with an appropriate
T. Here W5(0,T) is the space of functions z(¢) for which the norm

1/2

T
|zlw,(0,1) = </ (\A1/2z(t)|2 + |Ml/2zt(t)|2Jr |_A—lett(t)|2> dt)
0

is finite. The norm in X is given by
||U||§(T = “’41/2“0|2 + |M1/2'LL1‘2 + ‘Z|%/V2(O,T)? U= (U‘Oauhz)'
Let z(t) = u'(t) — u?(t). As in the proof of Theorem 4.3 we can obtain that
2T
STy1 — Sry2lh +/ |Seyr — Syl dt
T
0<s<2T

2T
(4.13) <brlyr — volf + o1 { sup [ A%z(s)[? +/ ”%/(Zt(s))dt} ;
0

where br and cr is given by (4.10). Using equation (4.1) and relation (4.2) we have that

(414) AT Mz (0P < Ca (JA220F + M2 (0)) < AlSwr - Swslh
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for every y1,y2 € A. Therefore, it follows from the corresponding analog (with ny ) of relation
(4.7) that

2T
/ |A_IMZtt(t)|2dt
T

2T
(4.15) < cl%‘bT\yl — y2|fq + ciET { sup \A”z(s)\Q —|—/ n%/(zt(s))dt} ,
0<s<2T 0

where by and ¢y is defined by (4.8).
As above consider in the space X7 the set

Ap :={U = (u(0); u(0);u(t),t € [0,T]) : (u(0);u:(0)) € A},

where u(t) is the solution to the initial problem with initial data (u(0);u(0)), and define
operator V' : Ar — Xp by the formula

Vs (u(0); ug(0)su(t)) = (u(T):ue(T):; ulT +¢).

It is clear from (4.3) and (4.14) that V is Lipschitz on Ar. Since A is a strictly invariant set
(with respect to St) and it consists of full trajectories, we also have that VAr = Ar.
Similarly to the proof of Theorem 4.3, from (4.13) and (4.15) we obtain

VU, = VUal%, <n7|UL = Usllyy, + K% - (n7(Ur — Uz) + (VUL = VUs)),
for any U, Uz € Ar, where K7 > 0 is a constant,

0<s<T

- 1/2
no(U) = sup |u<s>|+( / n2v<ut<s>>ds)

and
2T

n%=b<T>+<1+ci>/T

2T
b(t)dt + ¢ - (c(T) +(1 +c?4)/ c(t)dt> .

T
We can choose T' > 1 and € > 0 such that 77 < 1. Therefore to complete the proof we only
need to prove that nr(U) is a compact seminorm on Xr.

Let Vi be the completion of V' with respect to the norm | - |y, given by

[olv, = A2 M| +ny (v)

and W be the completion of V' with respect to the norm |- |y = |[A7'M - |. Tt is clear that
V C Vi € W and the embedding V' C V; is compact. Therefore by [95, Corollary 4] the
embedding

Xr € C([0,T],H) N La([0,T], V4)
is compact. This implies that the seminorm ny(U) is compact on X7.

Applying Theorem 2.15 we conclude the proof in the same way as it was done in Theo-
rem 4.3. O

REMARK 4.5. The idea to use a space of "pieces” of trajectories in the proof of finite
dimension goes back to the method of the so-called short trajectories suggested in the paper
[83] and developed in [84]. For applications of this method we also refer to [27, 88] in the
case of wave dynamics with interior dissipation, to [22, 26] for wave and plate systems with
boundary damping, and to the paper [33] which involves the same idea in the study metric
properties of trajectory attractors.

We conclude this section with the following proposition which provides more specific
conditions implying the validity of hypotheses of Theorem 4.4 imposed on the system (H,.S;)
generated by (4.1). The main trust of this result is that elements on the attractor may be
more regular. This regularizing effect of the attractor may produce nonlinear terms in the
equation that behave ”subcritically” rather than ”critically”. This is a rather natural idea
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that has been exploited in the past in the context of hyperbolic-like dynamics (where there
is no natural smoothing effect generated by dynamics) [48, 4, 57, 76, 80]. A variant of
this idea, presented below, axiomatizes needed regularity properties, so that the previous
arguments given in Lemma 3.59 can be repeated without the necessity of assuming large
damping parameter. In fact, this particular setup has been used recently in [31] for proving
finite dimensionality of attractors arising in von Karman equations. Theorem 4.16, formulated
at the end of this section, provides an explicit statement, along with explicitly stated sufficient
conditions insuring finite dimensionality of attractors in a critical case.
To begin the exposition, we shall introduce the following hypothesis imposed on
(4.16) Gz (t) = F(ul (1), up (1) — F(u?(1), uf (1)),
where y'(t) = (u'(t);uf (t)) and y2(t) = (u?(t);u?(t)) are two trajectories of the system.
ASSUMPTION 4.6. Given any two trajectories lying on the attractor y'(¢) = (u!(t);ui(t))
and y2(t) = (u?(t);u?(t)), let 2(t) = ul(t) — u?(t). Let Ty > 0 be given. Assume that for any
e > 0 and for some T > T, there exists b.(T) > 0 such that

s+T
< 6/ E.(1)dr

s+T
(4.17) + b.(T) { sup |A%z(s+71)|? +/ n%/(zt(s))dT}

sup
te[0,T]

s+T
/ (Gur w2 (1), 2(T))dr

+t

0<r<T

for all s € R, where ¢ < 1/2, ny is a compact seminorm on V' and the energy function F,(t)
corresponding to (z; z¢) is defined as follows

(4.18) E.(t) = % [(Mz(t), 2:(t)) + (Az(t), 2(1))]

PROPOSITION 4.7. Let Assumption 1.1 and Assumption 3.21 with Hy(s) = mg ‘s in (3.58)
and k = 2 in (3.59) be in force. Let D(AY?78) C V be compact for some 3 > 0. Assume
that the system (H,Sy) generated by (4.1) possesses the global attractor A and for every pair
yr(t) = (ur(t);ut(t)) and y?(t) = (u?(t);ui(t)) - trajectories from the attractor- Assumption
4.6 holds true. Then relation (4.12) holds with b(t) = boe™t, w > 0. Thus, if in addition
(4.2) holds, then the global attractor A has a finite fractal dimension.

We note that the Assumption 4.6 expresses certain smoothing mechanism for the source
term F'(u) with trajectories y(t) = (u(t); u:(t)) on the attractor. Indeed, all the terms on the
right side of inequality (4.17) are ”subcritical”. The mechanism for smoothing is related to
the fact that trajectories on the attractor may converge as t — —oo to the set of equilibria and
this set is ”smooth”. Thus, it can be expected that the inequality in (4.17) holds at least for s
approaching —oco. The fact that this inequality should also hold for all s € R results -roughly
speaking- from the fact that "smooth” states near —oo propagate smooth trajectories in the
forward direction. Thus, the additional hypothesis imposed in Proposition 4.7 is natural for
systems with conservative loads.

REMARK 4.8. We can provide the following sufficient condition for (4.17) which some-
times may be easier to verify. Assume that the value G, ,2(t) given by (4.16) admits the
representation

(119) (Gur (6, (1) — (1)) = SQ) + R0),

where the scalar functions Q(t) = Q(u'(t);u%(t)) and R(t) = R(y*(t); y*(t)) enjoy the follow-
ing properties: (i) there exists a number 0 < ¢ < 1/2 and a locally bounded function ¢(¢) on
[0, 00) such that

(4.20) Q)] < e(t)| A7 (u' () — u? (1),
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and (ii) for every € > 0 there exists b.(7T") > 0 such that

T T T
(4.21) / R()|dt < 5/ E.(t)dt+ bo(T) { sup | A7z(s)[2 +/ n%/(zt(s)))ds}
0 0 0<s<T 0

for every T > 0, where z(t) = u!(t) — u?(t) and E,(t) is given by (4.18). Then it is clear that
(4.19) implies (4.17).

We note that Theorem 4.25, given in the next section, provides concrete conditions im-
posed on the semilinear source F' which guarantee representation (4.19) with properties (4.20)
and (4.21) and applicability of Proposition 4.7, hence finite dimensionality of attractor.

Another sufficient condition for (4.17) on the attractor can be described as follows. Let
A€ be the convex hull of the global attractor A. Assume that (ug;ui) — F(ug,u1) is a
C'-mapping from H into H on the hull A¢ and for every > 0 there exists C. > 0 such that

(422)  sup(F (o, wn)iwo, wn) g < & (JAY2wo] + iy ) + Ce (JATwo| + v (w1)
(uoju1)€A®

for every (wo;w;) € H = D(AY?) x V, where (F'(ug,u1);wo,w;) denotes the value of the
first derivative F’ at (up;u1) on the element (wo;w1), 0 < o < 1/2 and ny is a compact
seminorm on V. Then relation (4.17) holds for any couple of trajectories from the attractor.
Indeed, one can see that

1
Gt w2 (t) = / (F'(\ut 4 (1 = Nu?, My + (1= MNu?); 2, z)dA
0
and hence by (4.22) we have that
[Gur iz (®)] < (JAV22] + [2lv ) + Ce (1A72] + v (20))

This implies (4.17). We use this idea in a bit different form in Theorem 4.27 below.

Proof of Proposition 4.7. The argument is basically the same as in Remark 3.30 or in
the proof of Lemma 3.59 and relies on the estimate given in Lemma 3.23. However, due to
the new assumption (4.17) we will not need the requirement that n > 0 (subcriticality) or a
restriction on the size of the damping. For readers convenience we repeat the main steps.

The proof follows through a sequence of lemmas.

LEMMA 4.9. Let Assumption 1.1 and Assumption 3.21 with Hy(s) = mg ‘s in (3.58) and
Kk = 2in (3.59) be in force. Assume that w and v are strong solutions to (4.1) possessing
properties

@23) e (LA 4 M2 (s) o+ LA () + M ()2} < R

for some R > 0. Then for the difference z(t) = w(t) — v(t) we have that
T
TE.(T) + / E,(t)dt
0

T
(4.24) < C(R,T) / (D(t, zt), z¢)dt + max] |AY2=02())2 | + coWr(w,v),
0

sel0,T
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for T > Ty, where ¢y > 0 does not depend on R and T. Here above E,(t) is given by (4.18)
and D(t, z) and $r(w,v) are the same as in Lemma 3.23, i.e.

D(t,z:) = D(u(t) +2(t)) — D(ve(t)),

T T
/ (Guww(T), 2(1))dT / (Guw(t),z(t))dt
0 0

[ [ Gustor o

Up(w,v) = +

(4.25) +

with Gy (1) given by (4.16).
Proor. It follows from Lemma 3.25 and from (3.59) with x = 2 that

T
/ (D(t, 2), 2)dt < C(R,T) max |AY27°2(s)|?
0

s€[0,T]
T

T
+C’€(R,T)/ (D(t, 22), 2)dt + ¢ | B.(T) + Ez(t)dt]

0

for any e > 0. Therefore using (3.77) with Hy(s) = my ‘s and inequality (3.61) in Lemma 3.23
we obtain (4.24). O
To complete the proof of Proposition 4.7 we need the following assertion.

LEMMA 4.10. Assume that hypotheses of Lemma 4.9 are in force. In addition assume
(4.17) with Ty as in Lemma 4.9 and with trajectories y'(t) = (ul(t);ut(t)) and y*(t) =
(u(t);ui(t)) taken from the global attractor A. Then there exists v = ~v(T) < 1 such that

s+T
(4.26) E.(s+T)<~E.(s)+Cr { sup |A%z(s+ T)|2 +/ n%,(zt(s))dT}
0<T<T s
for all s € R with o, < 1/2.
PRrooOF. It follows from Lemma 4.9 that

s+T
TE.(s+T)+ / E,.(r)dr

s+T
(4.27) < Cr / (D(t, 2), z)dt + max |AY2702(s)[2| + coW(ut, u?),

s€[0,T]

where

(4.28) Ui (u',u®) = (1+T) sup
t€[0,T]

s+T
+ / (Gul,u2(t),z(t))dt .

s+T
/ (Gt (), 22(r))dr

s+t

By (4.17) we obtain that

s+T s+T
U (ul,u?) < 5/ E.(1t)dr + C% { sup |A%z(s + 1) —|—/ n%/(zt(s))dT}

0<7<T

for all s. From energy relation (3.65) we also have that

s+T
(4.29) k/ (D(t,2),z)dt < E.(s) — E.(s +T) + U (u*, u?).

Therefore we arrive at
E,(s+T) < Cr(E.(s)—E.(s+1T))

s+T
+C’T{ sup |A"*z(s+7’)\2 +/ n%/(zt(s))dT}

0<7r<T
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for all s € R, where o, = min{c,1/2 — ¢} < 1/2. This implies (4.26). O

To complete the proof of Proposition 4.7 we proceed as in the proof of Remark 3.30.
Indeed, we note that (4.26) applied with s = 0 is a counterpart of inequality just below
(3.87). The fact that (4.17) is assumed for all s € R allows to reiterate the estimates on each
subinterval (mT, (m + 1)T), m = 1,2... leading to the conclusion in (3.86). This, in turn,
implies (4.12). Theorem 4.4 yields the final result stated in Proposition 4.7. O

Hypotheses in Assumption 4.6 may be complicated to verify in general. However in the
case of conservative forces (F*(u,v) = 0) one can take an advantage of the finiteness of the
dissipation integral

(4.30) Amwwmmm@w

evaluated along trajectories. As we shall see below, finiteness of the integral in (4.30) on
trajectories may compensate for the lack of sufficient smoothness. This is in line with a
general philosophy, not unusual in quasihyperbolic dynamics, that damping — smoothness.
In order to exploit beneficial effects of the damping, we formulate the following hypothesis
imposed on the nonlinear term F'.

ASSUMPTION 4.11. Assume that
e F(u,v) = F(u) is independent of velocities and does not contain non-conservative
terms, i.e. F(u) = —II'(u).
e The functional IT : D(A'2) = R is a Frechet C3-mapping.
e The second II®(u) and the third II®)(u) Frechet derivatives of II(u) satisfy the
conditions

(4.31) ’(H(2)(u);v,v>’ < C A2, ve D(AY?),
for some o < 1/2, and
(4.32) (<H<3>(u>;v1,uz, w,)‘ < O, AV 20, || AV 20| us|y,  v; € D(AY?),

for all u € D(A'?) such that |AY?u| < p, where p > 0 is arbitrary and C, is a
positive constant. Here above (II®) (u);v1, . .., v) denotes the value of the derivative
%) (u) on elements vy, ..., vy,

We recall that the Frechet derivatives TI*)(u) of the functional IT are symmetric k-
linear continuous forms on D(A'/?) (see, e.g., [10]). Moreover, if IT € C?, then (F(u),v) =
—(IT'(u); v) is C-functional for every fixed v € D(A'/?) and the following Taylor’s expansion
holds

(4.33) (F(u+w) — F(u),v) = =113 (u);w,v) — /0 (1 = MM (u + Aw); w, w, v)dA

for any u,v € D(A'/?) [10]. This structure of F(u) is important for our subsequent considera-
tions because it leads to a representation of the form (4.19). Indeed, assume that u(t) and z(t)
belong to the class C"(a, b; D(AY?)) for some interval [a,b] C R. Then by the differentiation

rule for composition of mappings [10] using the symmetry of the form I1() (u) we have that
d
%m(?) (u); 2, z) = (IO (u); uy, 2, 2) + 2P (w); 2, 2).

Therefore from (4.33) we obtain the representation

(4.34) (P(u(t) + 2(1)) — F(u(t)), (1)) = Q) + R(1), 1€} CE,
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with
(4.3) Q) =~ (M (u(); (1), 2(1)
and
1, . ! ,
(4.36) R(t) = f§<H(‘3)(u); ug, 2, 2) — / (1 — NI (0 + A2); 2, 2, 2, )d.
0

REMARK 4.12. Instead of Assumption 4.11 one could also postulate the decomposition
as in (4.34) with Q(¢) and R(¢t) given by (4.35) and (4.36) subject to (4.31) and (4.32).

We also note that under Assumption 4.11 it is easy to see from (4.34) that for any
(u(t);ue(t)), (2(t); 2:(t)) € C(a, b; D(AY?) x V) such that
(4.37) sup {|A1/2u(t)\ + IAl/Qz(t)|} <R
t€la,b]

we have the relation

/ (Cuson(r)2(P))dr| < Ci(R) sup |A72(r)P

s<7t<t

(4.38) + Cz(R)/ ([ue(D)ly + |2e(r)lv) [ A2z (r) Pdr

for all @ < s <t < b, where 0 < 1/2 and G1,.2(t) is given by (4.16), i.e. Gy ,2(t) =
F(u'(t)) — F(u?(t)) in the case considered. This property implies the following assertion,
which constututes the main ingredient of the proof of stabilizability estimate. The latter is
critical for both finite-dimensionality and regularity of attractors.

PROPOSITION 4.13. Let Assumption 4.11 be in force. Assume that functions (u*(t);ut(t))
and (u?(t);uZ(t)) from C(Ry; D(AY2) x V) possess the property
(130)  max {JAV2 () 4 M2l ()2 4 A2 () 4 M)} <
s€Ry

for some R > 0. Then for any € > 0 and T > 0 there exist a.(R,T) and b.(R,T) such that
for z(t) = ut(t) — u®(t) we have the following relation

s+T
<e / E.(r)dr

s+T
(4.40) +a.(R,T) / d(t;ut, u*)E.(1)dr + b (R, T) sup |A%z(s+7)|?
s 0<r<T

for all s > 0, where o < 1/2. Here above E.(t) and G2 ,2(t) is given by (4.18) and (4.16),
and
(4.41) d(t;ut,u?) = Jup ()15 + [uf (D)5

The main tool for proving finite dimensionality and regularity of attractors is stabilizabil-
ity estimate formulated below.

s+T
/ (Gt (7). 24(r) )

s+t

sup
t€[0,T]

PROPOSITION 4.14. Let Assumption 1.1 and Assumption 3.21 with Ho(s) = mg's in
(3.58) and k = 2 in (3.59) be in force. Assume that ul(t) and u*(t) are two generalized
solutions to problem (4.1) possessing properties (4.39) and satisfying relation (4.40) with
some non-negative function d(t;u*,u?) such that

(4.42) doo = / d(t;ut,u?) dt < Cr < 0.
0

Then for Syy; = (u'(t),u(t)) we have the following relation
(4.43) [[Sey1 = Seyellfr < Cr(R)e™ ™|y — 2|+ Ca(R) %iﬁile(ul(T)—uz(T))P, t>0,
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where C1(R), C2(R) and wr are positive constants, 0 < o < 1/2.

PROOF. Without loss of generality we can assume that u!(¢) and u?(t) are strong solu-
tions. As above we denote z(t) = ul(t) — u?(t).

As in the proof of Lemma 4.10 we have relation (4.27) with the constant Cp which may
also depend on R. Now using (4.40) for W% (u',u?) given by (4.28) we obtain the following
estimate

s+T
\If%(ul,uz) < 5/ E.(r)dr

s+T -
(4.44) +a.(R,T) / d(t;ut, u?)E,(t)dr + bo(R,T) sup |A%z(s+ 1)
s 0<r<T

for every € > 0. Consequently, using (4.27) and (4.29) we arrive at
E.(s+T) < Ci(R,T)(E.(s)—E.(s+1T))
s+T
+C5(R,T) / d(t;u*, u?)E.(1)dT + C3(R,T) sup |A%z(s+7)|?
s 0<r<T
for all s > 0 and T' > Ty. This implies that
E.(m+1)T) <~yE,(mT)+ cporbyn, m=0,1,2,...,
with 0 < v = yp, g < 1, where

(m+1)T
bo= s AP [ dird ) B
TE[MT,(m+1)T) mT

This yields

E,(mT) <~™E,(0) + cZ*ymflbl_l.
I=1

Since 7 < 1, by the same argument as in Remark 3.30 along with the definition of b; given
above we obtain that there exists w > 0 such that
E.(t) < Cie “'E.(0)
t
+Cy 4 sup |A%z(7)[? —|—/ e~ d(r;ut u?)E,(1)dr
T€[0,t] 0
for all t > 0. Therefore, applying Gronwall’s lemma to a function E.,(t)e“! we find that

E.(t) <
T€[0,t]

t
C1E.(0)e " + Cy sup A”z(7)|2] exp {C’g/ d(T;ut, u?) dT}.
0

Now using (4.42) we obtain estimate (4.43). This concludes the proof of Proposition 4.14.
A direct consequence of Proposition 4.14 is the following assertion.

PROPOSITION 4.15. Let Assumption 1.1 and Assumption 3.21 with Ho(s) = mg's in
(8.58) and k = 2 in (3.59) be in force. Let D(AY?=P) C V be compact for some 3 > 0.
Assume that the system (H,S:) generated by (4.1) possesses the global attractor A and for
every pair y*(t) = (ul(t);ui(t)) and y*(t) = (u?(t);ui(t)) - trajectories from the attractor-
relation (4.40) holds true with d(t;u1,us) possessing property (4.42). Then the global attractor
A has a finite fractal dimension.

PROOF. By Proposition 4.14 relation (4.4) holds for semi-flow S; with b(t) = bge “?,
w > 0. Therefore the application of Theorem 4.3 along with Proposition 1.15 leads to the
result desired. O
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Now we are in position to conclude this section with the following theorem which recapitu-
lates the ideas presented above and supplies the main result pertaining to finite-dimensionality
of attractors in the critical and conservative case.

THEOREM 4.16. Let Assumption 1.1 with F*(u,v) = 0, Assumption 3.21 with Hy(s) =
mgyts in (3.58) and k = 2 in (3.59) and Assumption 3.39 be in force. Assume that D(AY/?~5)
is compactly embedded in 'V for some 3 > 0, the nonlinear mapping F(u) = —II'(u) satisfies
Assumption 4.11, and the dissipativity condition in (3.113) holds. Then the system (H,St)
generated by (1.1) possesses a compact global attractor A of a finite fractal dimension.

ProOF. The existence of a compact global attractor A follows from Theorem 3.40. By
(3.58) we have that

(4.45) d(t;ul,u?) = Jut )5 + [uf )7 < mg ™ [D(uy (), ug (1) + D(ui (), w7 (1))] -
Therefore it follow from (3.114) that relation (4.42) holds. Thus we can apply Proposition 4.15
to prove that A has a finite dimension. |

4.2. Regularity of elements from attractors

In this section we address a question of additional smoothness of elements in the attractor.
With some additional hypotheses we will be able to prove that elements in the attractor
are more regular than indicated by the topology of the phase space. While this kind of
result is typical for parabolic-like flows, it is more unusual in hyperbolic dynamics with a
nonlinear damping. This is due to an inherent to hyperbolic problems lack of smoothing that
is particularly acute in the presence of strongly nonlinear dissipation.

For the second order in time evolution equations the problem of regularity of elements
from a global attractor has been studied in abstract setting in [56] for the case of scalar linear
damping and M = 1.

We start with the following assertion which shows how stabilizability estimates can be
used for the regularity of elements of the global attractor and which gives us the result in the
case of the attractors constructed in Theorem 4.1 or in Theorem 4.16.

THEOREM 4.17. Let the hypotheses of either Theorem 4.1 or Theorem 4.16 be in force.
In addition, we assume that

o if the seminorm ny is not absent in (3.60), then (i) it possesses the property
(4.46) n3 (v) < elvly + CE|MU|[2D(A1/2)], , veV,

with arbitrary € > 0, and (ii) the operator D maps V into [D(A'Y/?))" and is bounded
on bounded sets.
Then any full trajectory {(u(t); u:(t)) : t € R} which belongs to the global attractor enjoys the
following regularity properties:

(4.47) Au+ kD(u;) € Co(R; V'), wy € Co(R; D(AY?)), uy € Co(R; V),

where C,. denotes the space right continuous functions. Moreover, there exists R > 0 such
that

(4.48) luge (8) |2 4 |AY 20, ()] + |Au(t) + ED(ug(t))? < R?, t € R.

PROOF. It follows from the inequality in Remark 3.30 or Lemma 3.59 (in the case of
Theorem 4.1) and from Proposition 4.14 (in the case of Theorem 4.16) that for any two
trajectory

v={y(t) = (ut);w(t)) : teR} and " ={y*(t) = (v ();u; (1)) : t € R}
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from the global attractor we have that there exist positive constants w, 6 and C such that
Eo(2(t), (1) < Ce U Eg(2(s), 24(s))
t
(4.49) + c{ iugtw/?*%(ﬂﬁ + / e‘”(tT)n%/(zt(T))dT},

for all s <t, s,t € R, where z(t) = u*(t) — u(t) and Eo(z,2) = & (||} +]AY22]?). In the
limit s — —oo relation (4.49) gives us that

Eo(2(t), z:(t)) < C{ sup | AY20(7)|? +/

—oo<7<t —00

e_w(t_T)n%/(zt(T))dT} ,

for every t € R and for every couple of trajectories v and «*. Using the interpolation and
property (4.46) we can conclude that

(4.50) sup  Fo(z(1), z(r)) < C sup<t{|z(7')\‘2/—+\Mzt(7)|[2D(A1/2)],},

—oco<7<t —oo<

or every t € R and for every couple of trajectories v and v* from the attractor.
Now we fix the trajectory v and for 0 < |h| < 1 we consider the shifted trajectory

Y« =9 ={y(t+h) : t € R}

Applying for this pair of trajectories relation (4.50) and using the fact that all terms (4.50)
are quadratic with respect to z we obtain that

(4.51) sup  Eo(u”(r),ul(r)) < C sup {|uh(7')|%/ + |MU?(T>‘[2D(A1/2)]/} )

—oo<7<t —oco<7<t

where u”(t) = h=1 - [u(t + h) — u(t)]. On the attractor we obviously have that
1 [k
Wl <5 [ lurolvdr<c. teRr,
0

and

h I

|M’Ut (t)|[D(.A1/2)]’ < E . /0 ‘Mutt(T + t)‘[D(_Al/?)]'dT < C, t e R,

with uniformity in h. Therefore (4.51) implies that

up (B)]F + A" ()P < €, teR.
Passing with the limit on h yields then

(4.52) ua (O + A Pu (D) < C, teR.
Return to the original equation we obtain that
(4.53) [Au(t) + kD(u(t)) v, < Clugly + | F(u(t), w(t)|yv < C, teR.

Thus, we have that
(Au 4 kD(uy); ug; uge) € Loo(R; W x D(AY2) x V).

In particular Au(t) + kD(u.(t)) € V' for almost all ¢ € R. Therefore by Theorem 1.5 u(t) is
a strong solution to the original equation and hence relations (4.47) hold. The estimate in
(4.48) follows from (4.52) and (4.53). O

COROLLARY 4.18. In addition to the hypotheses of Theorem 4.17 we assume that the
damping operator D maps D(.Al/Q) into V' and is bounded on bounded sets. Then the global
attractor A is a closed bounded set in the space W x D(AY?), where W = {u € D(AY?) :
Au e V'}.

Proor. Under the additional assumption imposed on the damping operator D we have
that |D(u¢(t))|y, < C for all ¢ € R on the attractor. Therefore the conclusion follows from
(4.48). |
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In the reminder of this section we restrict ourselves to the case when nonlinear forces does
not depend on velocities, i.e. we consider the following problem

{ Mug(t) + Au(t) + k- D(u(t)) = F(u(t)),
’U,|t:(] = Ug € D(A1/2), ut‘t:o =u eV = D(Ml/z)

The result provided below extends linear result of [56] to the case of nonlinear dissipation
and more general vectorial structure of the model.

THEOREM 4.19. Assume that Assumption 1.1 holds and the system (H,S) generated by
(1.1) possesses a global attractor A. Additionally assume that

e The damping operator D maps D(Al/Q) into V' continuously and is bounded on
bounded sets.

e D is Frechet differentiable as a mapping from D(A'Y?) into [D(.Al/Q)]/, the deriva-
tive D'(u) generates a symmetric bilinear form on D(AY?), and there exist positive
constants k1 and ko such that

ki(Mw,w) < (D'(Au+ (1—Av),w),w)
(4.54) < ko [1+(D(u),u) + (D(v),v)] AV ?w]?
for any 0 < X\ <1 and u,v,w € D(AY?) such that |u|v,|v]y <1+ Ry, where Ry is
a dissipativity radius of the system.
e Concerning the nonlinear mapping F(u,v) we assume that F(u,v) = F(u) is a C*
mapping from D(AY?) into V' and
(4.55) (F' (w),w)|vr < C - [ AV )
for every p > 0, where |AY?u| < p, w € D(AY?) and § € (0,1/2].

Then the global attractor is bounded set in W x D(AY?)), where W = {u € D(AY?)
Au € V'} and any full trajectory {(u(t);us(t)) : t € R} which belongs to the global attractor
possesses the following regularity properties

(4.56) we C(R; W), wu e CR;D(AY?)), uy e CR;V).
Moreover, there exists R > 0 such that
(4.57) luee (O[3 + AV 2w, (1) ? + |Au(t) [} < R?, t € R.

REMARK 4.20. A natural way to establish an additional regularity of attractors is to
differentiate (with respect to time) the original dynamics and to consider regularity of the
resulting solutions originating with initial conditions taken a priori in a larger dual (distribu-
tional) spaces. However, this method works well for linear damping only (see [56]), as only in
that case principal part of evolution obtained is time independent. Thus, standard semigroup
theory provides a meaning to trajectories originating with initial conditions taken in the duals
to the domains of the generator. Instead, in a more general case of nonlinear damping, the
evolution becomes time dependent and the trajectories are not generally defined for initial
conditions that are taken in the dual spaces. Thus, the difficulty is intrinsic to poorly charac-
terized regularity of domains of the generators corresponding to time dependent evolutions.
These domains are no longer dense in a phase space, as it is the case with the semigroups
(time independent case). In order to alleviate this difficulty, we shall consider approximation
scheme for which we derive certain uniform estimates. This method is more technical and
elaborate than in the time independent case, but as we shall see, it leads to the sought-after
estimates. Passing with the limit on the final quantities will yield the desired inequality.

PROOF. In order to proceed with the program outlined above we define

t 4 h) — u(t)

(4.58) uh(t) = u( - . 0<h<l,
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where {(u(t);u(t)) : t € R} is a trajectory from the attractor. It is easy to verify that u”
satisfies the equation

(4.59) Mul, + D" (t)ul + Aul = FM(t),
where

D" (tw = k | (D' (un(t) + €lan(t+ ) = (1) )
and
(4.60) Fh(t) = /0 (F" (u(t) + & (ult + h) — u(t))), u" (1)) dE.
We consider the following (time-dependent) evolution

(4.61) Muy + D" (t)v, + Av = 0.

The above equation, when considered for a fixed trajectory wu(t), is linear in the variable v,
however non-autonomous. Standard evolution theory argument applies in order to assert an
existence of evolution operator U"(t,s) : H — H such that for t > s

(v(t), ve(1)) = UM(t, 5)(v(s), ve(s)) € H.

Our first step is to ensure that this evolution is exponentially stable with the parameters that
are uniform (with respect to h).

LEMMA 4.21. There exist positive constants Cr and wr such that for all s < t the following
estimate

|U"(t, 8|y < Cre™n =)
holds uniformly in 0 < h < 1.

PROOF. We begin by defining the energy function associated with the system (4.61). Let
E(t) = |M"2u, ()] + |AY20(t)P = [UM(t, 5)(0(s), ve(s)) |3

The standard energy calculations give:

t
(4.62) E(t) + 2/ (D" (T)vy(7), v (7))dr = E(s).
From (4.54) and the definition of D" we have

(4.63) (D"(t)vg,v) > kg - k- | MY 20,2
Multiplying equation (4.61) by v and integrating from s to s + T give

T+s T+s T+s
—/ \Ml/zvt|2dt—|—/ |A1/20\2dt—|—/ (D" (t)vy, v)dt

< C[E(s) + E(T + s)],
and by (4.63), (4.62) we have that

T+s
/ E(t)dt+ sup E(t)
s s<t<T+s

T+s T+s
(4.64) <C / (D" (t)vg, ve)dt + CoE(T + s) + / |(D" (t)vy, v)|dt.
Recalling the assumption imposed on D’ along with the fact that

s+T
/ (D(uw(T 4+ h),u (7 + h)) + (D(ue (1), ue(7))] dt < Cr7,
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we obtain
T+s T+s T+s
/ |(D"(t)vy, v)|dt < C’e/ (D" (t)vg, vy)dt + e/ (D" (t)v,v)dt

T+s
< Ce/ (D" (t)vs,v)dt + Cre  sup AV ?u(t)]%.
s s<t<T+s

Combining the above inequality with (4.64) and selecting e suitably small give
T+s T+s
(4.65) / E(t)dt < CE(T + s) + OR/ (D" (t)vy, vy )dt.
Since by (4.62) E(t) is not increasing, the above inequality implies:
T+s T+s

TE(T +s) < / E(t)dt < CE(T +s) + CR/ (D" (t)vy, vy )dt.

After taking T large enough and using once more (4.62) yields
T+s
E(T+s) < CR/ (D" (t)vg, vy)dt < Cr(E(s) — E(T + s)).

From here we find that

C
E(T+s)< R E(s) =~vrE(s), where yr <1, s€R,
Cr+1
and g does not depend on s. Reiterating this argument on subintervals (mT, (m + 1)T) and
recalling evolution property of the operator U"(t, s) yield the desired conclusion. O

To continue with the proof of Theorem 4.19 we write

(4.66) Y () = U, s)y"(s) + /t UM(t,7)(0; M~YF"(r)dr, t > s,

S

with y"(¢) = (u”(¢);ul(t)). Since y"(t) belongs to the attractor, for each fixed h the function
|y"(t)| g is bounded for all + € R with the bound possibly depending on h. Sending s — —oo
in (4.66) and applying Lemma 4.21 we obtain with a fixed h the following representation:

¢

(4.67) y(t) = / Ut(t,7)(0; MY F"(1))dr, t>s.
From condition (4.55) we also obtain

[F"(8)lv: < CrIAY2=0u" (t)] < e AY2u" ()] + Cr.elun(t)]

< €| AY2uM ()| + Cree,

where in the last step we account for the fact that
1 h
(4.68) lu(t)| < 7 / lug(t +t)|dr < Cgr, teR,
0

with uniformity in h. Hence combining with (4.67) and Lemma 4.21
¢

(4.69) W ()] < Cr /

— 00

e “rt=T| PP () |y dr < esup |y (s)| i + Ce.r.
s<t

Taking € suitably small gives

(4.70) ly"(t)|g < Cr forall teR.
Passing with the limit on A yields then

(4.71) luge (1) + |AY 2 ()2 < Cr, teR.
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It is clear that v(t) = u(¢) solves the linear problem
(4.72) Muy + (D' (ug(t)), ve) + Av = (F'(u(t)), v)

and hence by the standard energy method, Frechet differentiability of F' in (4.55) (where we
can take § = 0) and (4.71) we have that

/0 (D' (ug), ve), vg)dt < C.

Thus ((D'(ut(t)), ve(t)), ve(t)) and ((F'(u(t)),v(t))vs(t)) are in Li°¢(R). This implies by stan-
dard energy considerations that F(t) is continuous in time. Since (4.71) implies weak conti-
nuity in time of (v,v;) with values in H, we obtain that

U € C(R,D(Al/z)), Ut € C(R, V)

In order to obtain the improved regularity for u(t) we return to the original equation, which
gives the relation

(4.73) [Au(®) v < Cluglv: + |F(u(t)lv: + kD (u)|v,
and account for the improved regularity in (4.71) along with the assumptions imposed. (]

The following observation is important in the study of smoothness properties of an at-
tractor in Theorem 4.25 below.

REMARK 4.22. In Theorem 4.19 the we need the continuity and boundedness of the map
D : D(AY?) — V' only to conclude, via "elliptic” regularity argument, that u € Cypq(R; W)
on the attractor (from (4.71) via (4.73) we have that |Au(t)| < C). This condition imposes
certain restrictions on the ”growth” of the damping operator. Without this requirement im-
posed on D we can only conclude that ¢t — Au(t) +kD(u(t)) is bounded and right continuous
in V' (see the argument given in the proof of relation (4.47) in Theorem 4.17). In particular,
there exits R > 0 such that for any trajectory (u(t);u:(t)) from the attractor we have the
relation

Au(t) € Wp(R) = {w kD) : we V', ve DAY, jwlys + |AY20] < R}

for all £ € R. This implies that, if, for instance, D maps D(.A/?) into [D(A1/2_5)]/, 4 >0, and
is bounded on bounded sets, then one can still conclude some additional regularity of elements
from the global attractor. Namely, in the case when M = I from (4.71) we can conclude that
|AY/2+9y(t)| < C on the attractor. In this case the argument given in Theorem 4.19 allow us
to state that the attractor A is a bounded set in D(AY/2+9) x D(AY?).

Assuming more regularity on the damping D one can reiterate the argument of Theorem
4.19 in order to obtain even higher regularity of trajectories lying in the attractor. In fact,
this was done in the case of wave equation in [80]. However, the method necessitates rather
strong limitations imposed on the nonlinear damping. For this reason we shall not pursue this
line of argument, but rather limit ourselves to a linear damping where ”infinite smoothness”
of attractors can be easily deduced as a corollary of Theorem 4.19.

COROLLARY 4.23. Assume that Assumption 1.1 holds and the system (H,S;) generated
by (1.1) possesses a global attractor A. Additionally assume that

e the damping operator D is a linear positive self-adjoint operator in H which is
bounded from D(AY?) into V' and possesses the property

(4.74) ki (Mw,w) < (Dw,w) < kol AY?w]?

for any w € D(Al/Q), where ki1 and ko are positive constants.
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e Concerning the nonlinear mapping F(u) we assume that F(u) belongs to C™ as a
mapping from D(A'Y?) into V' and

k
(4.75) (F® (@), wi)lve < €, [TV,
j=1

for every p >0, where k =0,1,...,m, |AY?u| < p, w; € D(AY?) and § € (0,1/2].

Here F*)(u) is the k-order Frechet derivative of F(u) and (F®) (u);wy, ..., wy) is

the value of F*)(u) on elements wy, ..., wy.
Then any full trajectory {(u(t); us(t)) : t € R} which belongs to the global attractor possesses
the following regqularity properties:

uF(t) e CR; W), k=0,1,2,...,m —1,
(4.76)
u™(t) € C(R; D(AY?)),  ul™tD(t) € C(R; V),

where W = {u € D(AY?) : Au € V'}. Here and below u'®) (t) = 0Fu(t). Moreover
(4.77) [uF D (1) 23 + | AV 2B ()2 + |AuB D (1)|2, < R?, t R,
where k =0,1,...,m.

REMARK 4.24. The result stated above, in the special case of abstract wave equation with
linear scalar damping (M = D = I), has been proved in [56]. Thus Corollary 4.23 extends
this result to more general vectorial structures.

PrOOF. By Theorem 4.19 the statement of this corollary is true for m = 1.
Now we apply induction argument. Assume that (4.76) and (4.77) holds true for m = n.
Then v(t) = u(™ (t) satisfies the equation
Muy + Dug 4+ Av = ®(t) = ®(v(t); ' (t), ..., u "D (1)),
where e
D(o(t) (1), u" D (0)) = S F(u(t).

As above the function v"(t) = h=(v(t + h) — v(t)), h > 0, satisfies the equation

Muvl, + Do + Ao = ®"(t) = % (®(t + h) — B(t)).

Using (4.75) and the induction hypothesis one can show that
" (t)|vr < el AV + Che.

Thus the same argument as in Theorem 4.19 allows us to prove (4.76) and (4.77) for m =
n+ 1. ]

Under some conditions it is also possible to transfer time regularity of trajectories lying
in the attractor into spatial smoothness of its elements. For details we refer to [56], where
the case M = D = I is discussed.

The most restrictive assumption in Theorem 4.19 is inequality (4.55), which requires
that the nonlinear term F' is - in some sense - subcritical. However, in the special case of
gradient systems subcriticality restriction can be removed. We have seen this already in
Proposition 4.14 and Theorem 4.16. Subcriticality allows (due to compactness of Sobolev’s
emebeddings) to introduce a small parameter into the estimates controlling principal part of
the energy function. On the other hand, the velocity damping may also play a role of ”small
parameter” - at least for large values of time. Thus, the key idea is that the ”damping”
implies hidden smoothness and compensated compactness. In fact, this is precisely the key
idea behind stabilizability estimate in Proposition 4.14 where the function d, is controlled by
the damping in the system according to (4.45). This philosophy leads, in a simple manner, to
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a powerful criterion for regularity (and also finite dimensionality) of attractors in the ”critical”
and conservative case. Indeed, theorem stated below, which builds on the results of Theorem
4.16 and Theorem 4.17, recapitulates with an explicit statement conditions sufficient for both
regularity and finite-dimensionality.

THEOREM 4.25. Let Assumption 1.1 with F*(u,v) = 0 and Assumption 3.21 with Hy(s) =
my s in (3.58) and k = 2 in (3.59) be in force. Assume D(AY278) C V is compact for some
B > 0 and the nonlinear mapping F(u) = —II'(u) satisfies Assumption 4.11. If the system
(H, S;) generated by (1.1) possesses a compact global attractor A, then the following assertions
hold.

e The attractor A is a closed bounded set in D(AY?) x D(AY?), more precisely, we
have that
= /
(4.78) AcC {(% v) € D(A1/2) % 'D(Al/Q) w=Au+ kD(v) € V', }

wly: + [ AY20] + |AY?u| < R

for some R > 0.

o Any full trajectory v = {(u(t); u(t)) : t € R} lying in the global attractor A satisfies
the regularity properties in (4.47) and (4.48).

e The attractor A has a finite fractal dimension.

PROOF. We note that the assumptions imposed by the present theorem imply validity
of hypotheses assumed in Proposition 4.14. Indeed, Assumption 4.11 implies the validity
of integral relation (4.40) and F* = 0 implies that (4.42) holds true (see (4.45). Thus by
Proposition 4.14 the stabilizability inequality (4.43) holds true. On the other hand, this
stabilizability inequality implies finite dimensionality of the attractor via Theorem 4.3. The
same inequality proves also regularity of the attractor by the argument used in Theorem
4.17. The quantitative description of the regularity follows from obvious calculations involving
differential equation. (Il

The following corollary gives additional smoothness of the attractor under the same
smoothness hypotheses concerning the damping operator as in Theorem 4.19.

COROLLARY 4.26. In addition to hypotheses of Theorem 4.25 assume that the damping
operator D maps D(Al/z) into V' continuously and is bounded on bounded sets. Then

e The attractor A is a closed bounded set in the space Hi = W x D(AY?), where
W ={uecDAY?) : AucV'}.

e Assume in addition that (i) D : D(AY?) — V' is continuous and (i) D is Frechet
differentiable as a mapping from D(A'?) into [’D(Alm)]/ and the derivative D' (u)
generates a symmetric bilinear form on D(AY?) such that (4.54) holds. Then any
full trajectory v = {(u(t); u(t)) : t € R} lying in the global attractor A satisfies the
following regularity properties:

(4.79) u(t) € C(R; W), wi(t) € C(R;D(AY?)),  up(t) € C(R; V),
where W = {u € D(AY?) : Au € V'}. Moreover, there exists R > 0 such that
(4.80) Juee (D) + A () + [Au()[} < R?, t € R.

PRrROOF. The first statement follows from relation (4.78) and from the fact that under
additional boundedness imposed on the damping operator D we have that |D(u(t))|yv: < C
for all ¢ € R on the attractor.

To prove the second statement we need to consider v = wu; as a solution to the non-
autonomous problem in (4.72) and apply the same argument as in Theorem 4.19. O

Although the Theorem 4.25 is all that is needed for our purposes, for sake of completeness
of presentation we shall present another approach to the study of smoothness and finite
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dimensionality of attractors, which is rooted in more classical arguments of dynamical system
theory originally introduced in [2] (see also [4]). In fact, a variant of this method was used
recently by [66] in the study of attractors arising in von Karman evolutions. What we shall
present below is an ”abstract version” of that approach. The main idea is to take advantage
of the structure of the attractor and, in particular, of additional smoothness displayed by the
stationary solutions. In that case, the nonlinear term acting on stationary solutions behaves
subcritically. Thus, the same method as used in the proof of Theorem 4.19 gives the result
which covers nonlinear terms F' that are critical. In short, one can relax assumption (4.55)
in the case when the system (H,S;) generated by (1.1) is gradient and possesses a compact
global attractor. The main assumption in this case is relation (4.55), but imposed on the
convex hull of the set of equilibria. Precise formulation is given below.

THEOREM 4.27. Assume that Assumption 1.1 holds with F*(u,v) =0, A~! is compact,
and the system (H, S;) generated by (1.1) possesses a compact global attractor A. Additionally,
assume that

e The damping operator D is a continuous mapping from D(Al/g) into V' and is
bounded on bounded sets. )
e D is Frechet differentiable as a mapping from D(AY?) into [D(AY?)]" and the

derivative D'(u) generates a symmetric bilinear form on D(AY?) such that (4.54)

holds.
e Concerning the nonlinear mapping F(u) = —II'(u) we assume that
(i) F is a C' mapping from D(A'?) into V' and
(4.81) [(F" (1) = F'(uz), w)lyr < Cp - |AY2 (w1 — un) || A 2wl

for every p > 0, where |AY?u;| < p, w € D(AY?);
(ii) we have

(4.82) sup {|(F'(e),w)|y: : e € coN,)} < C -|AY? 0w,

where co(N,) is the convex hull of the set N of stationary solutions, N, = {v €
D(AY?) : Av = F(v)};

(iit) for every fized u,u* € W = {u € D(AY?) : Au € V'} there exits a constant
C = Cy .y such that

(4.83) [(F' (M4 (1 = Nu*),w)|y: < C - |AY2 0y

for allw € D(Al/z) and 0 < A< 1.

Then, any full trajectory v = {(u(t); us(t)) : t € R} lying in the global attractor A enjoys the
reqularity properties in (4.79) and (4.80).

ProOF. Follows the line of argument given in the proof of Theorem 4.19. However we need
to overcome some additional difficulties related to the fact that the regularity assumptions
imposed on F' are weaker -allowing critical exponent in (4.81). This is done by exploiting
gradient structure of the system along with the assumed regularity of the set of equilibria -see
[2] and most recently [66], where the same idea was applied to some von Karman equations.

Step 1: proof of relation (4.79). This property is implied by the following lemma which
establishes the additional smoothness of attractor’s trajectories along the negative time scale
(—o00,T] . More specifically we have:

LEMMA 4.28. For any full trajectory v = {(u(t);ui(t)) : t € R} which belongs to the
global attractor there exists time T, such that

u(t) € C((=00, Ty W), wi(t) € C((—o00, T, ); D(AY?)),
(4.84)
up(t) € C((—o0,T,]; V).
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Moreover, there exists R, > 0 independent of the trajectory v such that
(4.85) luee ()3 + |AY 2, (8) | + |Au(t) |3 < R2 for all t € (—o0,T,].

PROOF. We use the same idea as in the proof of Theorem 4.19. Let u” be given by (4.58)
and y"(t) = (u"(¢);ul(t)). This function solves (4.67) with F"(¢) given by (4.60).

Now we estimate F"(t). Since F* = 0, by Theorem 2.28 we have that A = M¥(N),
where N is the set of equilibria, N' = {(v;0) : v € N,}. Thus

(4.86) y(t) = (ut);u(t)) = N as t— —oc.
Therefore, for any € > 0 there exists T, = T,(7) such that

disty (y(t),N) <e¢/2 forall te (—oo,T.].
This implies that for any ¢ € (—oo,T,] there exists ¢* € N, such that
(4.87) |AY2(u(t) — )| < e forall te (—oo,T.
We denote .

FUO = [P0 + 600 = ). ().
Since ! + £(PtH —pt) € co(N*) , By (4.82) we have that

IE) )y < ClAYVE2ul(t)], ¢ € (—oo, Td.
Therefore using (4.68) by interpolation we have that
(4.88) [Fy @)y < nl AV ()] + Gy, ¢ € (=00, T,
for every n > 0. On the other hand, by (4.81) and (4.87) we obtain that

[P (t) — F}(t)|lv < CelAY2uM(t)], te (—o0,T.].

Consequently, using (4.88) we obtain the following estimate with the constants independent
on h:

[F"(t)|vr < (Ce+ )| A2 (t)] + C,y,  t € (—00,Te).
Taking € and 7 suitably small and using Lemma 4.21 and (4.67) we can prove that

(4.89) [l ()3 + |AY2u () < O forall t€ (—o0,T,], 0<h < hy,
where C' does not depend on h and on the trajectory ~, and conclude the proof in the same
way as in Theorem 4.19. O

In order to extend the smoothness property from ”“negative” to ”positive” times (as
claimed in (4.79)) we appeal to standard energy argument. Consider u” as a solution to
problem (4.59) with iniitial data (u”(7%);u}(T})) at at the moment T, and consider forward
dynamics. For this we apply the energy inequality

t

Eun(t) < Eun(T,) + / (F"(t),ul)dr, forall ¢>T,
T’Y

where E,n(t) = 3 (|MY2ul|? + |AY2u"|?). Since |[F™(t)|v+ < Cgr|AY2u"(t)] for all t € R

and for any trajectory from the attractor, Gronwall’s lemma and (4.89) yield

En(t) < Ciexp{Cgr(t—T,)} forall t>T,,
where the constants C; and Cr does not depend on k. Therefore the same argument as above
implies (4.79).

Step 2: proof of relation (4.80). Relation (4.79) implies that the global attractor A is a
subset in H; = W x D(AY?). However it does not guarantee boundedness of A in H;. For
this we need an additional argument that exploits the compactness of the attractor. This step
follows the argument inspired by [66]. We start with the following lemma.
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LEMMA 4.29. For any € > 0 there exists C. such that
(4.90) sup {|(F' (Au+ (1 = Nu*), 2) [y« (u;0), (u*;0%) € A} < €| AY22] 4 C|2|
for all z € D(A1/2) and 0 < X\ <1.
PROOF. Since A is a compact set in H, for any € > 0 there exists a finite set {(¢;;¢}) :

i=1,2,...,N} C A C H; such that for any (u;v), (u*;v*) € A we can find number ¢ and j
with the property

A2 (u — i) + A2 (" — pj)| < €
In this case, by (4.81) and (4.83) we obtain
(F'(Au+ (L= M), 2) v < [(F' (du+ (1= Nu”) = F'(Api + (1 = A)epj), 2)|v-
+ [{(F'(Api + (1= N)g;), 2) v
e Cr|A 2| + Cj| A2 04|

IN

This implies that
(F' (O + (1 = Nu*), 2) |y < e- Crl|AY?2] + i - AL/

for all z € D(AY2) and (u;v), (u*;v*) € A. We note that the constants C;; depend on e.
However, using subcriticality § > 0 we can write

max Cy; - |AY2702] < n|AY22| + Cepl2|, V>0,
ij
which inequality leads to (4.90). O
Lemma 4.29 and relation (4.68) implies that

(4.91) |FM () [y < e AY2ul(t)| + C. forall teR,

for any positive €, where the constant C. > 0 does not depend on the trajectory v =
{(u(t);us(t)) : t € R} from the global attractor. Therefore we can return to relation (4.67)
and complete the proof of (4.80) in the same way as in Theorem 4.19. O

4.3. Rate of stabilization to equilibria

In this section we consider properties of global attractors in the case when non-conservative
forces are absent (F* = 0 in representation (1.4)), i.e. we deal with the problem

{ Muy(t) + Au(t) + k - D(uy()) = —IT (u(t)),
uli—o = ug € D(AY?), usli—o = uy € V.= D(M?).

We shall show that in this case the attractor has a regular structure and any trajectory
converges to the set A/ of equilibria. If A/ is finite and hyperbolic in some (weak) sense to be
described below, we estimate the rate of this convergence. We note that the results on the
rate of stabilization to equilibria which are available in literature rely usually on the study
of the linearization near an equilibrium point and the corresponding local unstable manifold
(see. e.g., [4]). This approach requires a rather strong hyperbolicity condition which may fail
in the case of nonlinear damping. In contrast, our method is completely analytic and covers
the case of a damping operator degenerated near zero. We note however that the fact that
the energy is non-increasing is critical to our proofs.
We start with the following simple structural property.

PROPOSITION 4.30. Let Assumption 1.1 hold with F* = 0 in representation (1.4). Assume
also that property (3.58) is satisfied for u = 0, i.e. there exist a strictly increasing, concave
function Ho € C(RT) with the property Ho(0) = 0, such that

(4.92) Ho((D(v),v)) = (Mv,v) for any v e D(AY?).
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If the dynamical system (H, S;) generated by (1.1) in H = D(AY?) x V possesses a compact
global attractor A, then
A= M"“(N),
where MY(N) is the unstable manifold emanating form the set N of equilibria for (1.1),
N ={(uw;0) : Au = F(u)}. Moreover, the statements of Theorem 2.31 and Corollary 2.32
are in force. In particular, every trajectory Syy converges to the set N as t — oo.

PROOF. The energy &(u,u:) given by (1.18) satisfies the relation

E(u(t),u(t)) + k/ (Dug (1), ue(7))dr = E(ug,ur)

0
on strong solutions. This implies that

t
(4.93) E(ult), ug(t)) + k:/ Hy! (|M1/2ut(7)\2) dr < E(uo, uy).

0
Thus after limit transition we obtain that (4.93) remains true for any generalized solution.
This property implies that the energy &£ (ug, u1) is a strict Lyapunov function for (H,S;) (see

Definition 2.26). Therefore we can apply Theorem 2.28, Theorem 2.31 and Corollary 2.32 to
conclude the proof. O

The main result of this section read as follows:

THEOREM 4.31. Assume that Assumption 1.1 holds with F* = 0 in the representation
(1.4), A=Y is compact, and the dynamical system (H,S;) generated by (1.1) possesses a com-
pact global attractor A. Assume additionally that

e Relation (4.92) holds and we have the inequality
(4.94) (D(v), w)| < C1(r) - (D(v),v) + Ca(r) - | AV w|?

for any v,w € D(AY?) such that | A/ ?w| + | M ?v| < r with arbitrary r > 0, where
C1(r) and Cy(r) are non-decreasing functions of r.

o F'(u) is Frechet differentiable and its derivative F'(u) possesses the properties: there
exists 0 > 0 such that

(4.95) (F' (u), w)|iparzyy < CrIAY?0w|, we D(AY?),
and
(4.96) [(F'(w) = F'(v),w)|iparzyy < CrlAY27 (u—v)] - [Aw]

for any w € D(AY?) and u,v € D(AY?) such that |A*?u| < R and |A?v| < R.
o Any generalized solution u(t) satisfies the energy inequality

(4.97) E(u(t), u(t)) + k/ (Dug(7), ue(7))dr < E(uls), ug(s))

for any 0 < s <t < oo, where the energy £(u,ut) given by (1.18).
e The set N of equilibrium points is finite and all equilibria are hyperbolic in the sense
that the equation Au = (F'(w),u) has only trivial solution for each (w;0) € N.

Then for any y € H there exists an equilibrium yo € N such that
(4.98) Sty —wolty < C-o ([tT71]), >0,

where C' and T = T, are positive constants, [a] denotes the integer part of a and o(t) satisfies
the following ODE:

(4.99) Qo) =0, >0, 0(0) = Cly0).

Here C(y,yo) is a constant depending on y and yo, Q(s) = s — (I + Go) ™" (s) with Go(s) =
e (I+ Ho)_1 (c28), where ¢1 and co are positive numbers.
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In particular, if Ho(s) = ags, then for any y € H there exist v > 0, C > 0 and an
equilibrium yo € N such that

(4.100) 1Sty — yolg < Ce™ 7, ¢t > 0.
Proof of this theorem will be given below.

REMARK 4.32. Relation (4.94) holds if we assume that (3.59) in Assumption 3.21 is
satisfied for u = 0 with k = 2. We also note that the substitution € - w in (4.94) instead of w
gives the relation

(4.101) |(D(v),w)| < Cy(r)e - (D(v),v) + € Co(r) - A 2w]?, 0<e<1,
for any v, w € D(AY?) such that |AY/%w| + |[M'/?v| < r with arbitrary r > 0.

REMARK 4.33. The standard hyperbolicity conditions (see, e.g., [4]) requires that the
spectrum of the linearization of the semiflow S; around an equilibrium does not intersect the
unit circumference in the complex plane. In Theorem 4.31 we do not assume the existence of
this linearization. However, if the linearization exists, our hyperbolicity condition is equivalent
to the requirement that A = 1 does not belong to the spectrum. This allow us to apply
Theorem 4.31 in the case of wave equation (1.8) with the damping function g(s) possessing
the property ¢’(0) = 0 (see Chapter 5). In this case the linearization of S, if it exists, is an
unitary operator and, hence, its’ spectrum is on the unit circumference.

REMARK 4.34. As one can see from the proof of Theorem 4.31 given below we need the
existence of a global attractor (together with finiteness of the set A') only for separating
trajectories converging to different equilibria. Therefore we can state Theorem 4.31 in the
conditional form: if some trajectory converges to an isolated equilibrium, then it converges
with the rate prescribed in (4.98). Moreover, in the case of a single equilibrium (N is a single
point set) there is no need to assume a priori convergence of a trajectory to some attractor.
In this case Theorem 4.31 provides us with a rate of global stabilization to an equilibrium
which, a posteriori, is a global attractor.

REMARK 4.35. Tt is clear that the function Q(s) in (4.99) is continuous and possesses the
properties (i) Q(s) > 0 for s > 0 and (ii) Q(0) = 0. This implies that any nonzero solution
o(t) to problem (4.99) is decreasing and tends to zero when ¢t — +00. Moreover the function
o(t) can be found as a solution to the functional equation

70 gs
(4.102) /a@) o6 =t

Thus the rate of stabilization in (4.98) is determined by the behaviour of the function Q(s)
(and hence Hy(s)) around zero. For an example, in the case when Hy(s) ~ ¢ps® as s — +0
with 0 < a < 1, one can see that Q(s) ~ ¢;5'/® as s — +0. This makes it possible to derive
from (4.102) that

o(t) ~ct™/1=%) ag - 4oo.

PrOOF OF THEOREM 4.31. By Proposition 4.30 for any y € H there exists an equilibrium
1o € N such that

(4.103) [S:y — yolmr — 0, t — oo.

Thus we need only prove that S;y tends to yo with the stated rate.

If S;y = (u(t);us(t)) and yo = (w;0), then the function v(t) = wu(t) — w satisfies the
following equation
(4.104) Muvg + ED(vy) + Av = F(w + v(t)) — F(w), t > 0.

We first establish some auxiliary inequality for the function v.



102 4. PROPERTIES OF GLOBAL ATTRACTORS

LEMMA 4.36. Under the hypotheses of Theorem 4.31 any (generalized) solution v(t) to
problem (4.104) possessing the property

(4.105) sup |[AY2u(t)| < R for some R >0
>0
satisfies the inequality
T

(4.106)  TE(T)+ / Eo(t)dt < Cy(I + Ho) (k*l [E(O) - E(T)D +Cy sup Ju(t))?

0 t€[0,T
for all T > 1 large enough, where the constants C1 and Cy may depend on R and T and

E(t) = E(u(t), vi(1)) = Eo(v(t), vi(1)) + ®(v(t))
with )

Eo(t) = Bo(v(t), ve(t) = 5 (1M 20n(t) 2 + A4 2u(0)?)

and

1
O(v) =I(u) — I(w) + (F(w),v) = —/0 (F(w+ zv) — F(w),v)dz.

PrROOF. It is sufficient to prove (4.106) for a strong solution with the property (4.105).
The desired inequality remains true for generalized (weak) solutions because they can be
approximate by a sequence of strong solutions.

Multiplying equation (4.104) in H by v; we obtain:

1 d
5+ o (M2 + A2 ) + k(D(vr),v0) = (F(u) = Fw), v,).

It is not difficult to see that

(4.107)
(F(u) = F(w),ve) = (F(u), ur) — (F(w),ve) = —%‘P(v(t))

Consequently from (4.107) we obtain the equality:
d ~

(4108) %E(U(t), 'Ut(t)) + k(D(Ut), ’Ut) =0.
This implies that
(4.109) E(u(t),ve(t)) + k /O (D (7), ve(7))d7 = E(vg,v1).

In particular we have that E(t) = E(v(t),v,(t)) is non-increasing. Moreover, it follows from
(4.103) that E(t) > 0 for all £ > 0. It is also clear from (4.95) that

(4.110) [E(v(t), vi(t)) = Bo(v(t), ve(1)] = |@(v(t))] < el AY20(8)]? + Crelv(t)]”

for any € > 0.
Multiplying equation (4.104) by v we find
d
= (Muvi,v) = | MY 20,2 — A0 + (F(v 4 w) — F(w),v) — k(D(vy),v).
Therefore using (4.95) and also (4.92) and (4.101) one can prove that

T T
/O Eo(t)dt < Cy(Eo(0) + Eo(T)) + Cs / (Ho + T) (Dvy(t), vi(8))) dt

T
+Cy / Jo(t) P,
0

where C; does not depend on 7. We also obviously have that

TE(T) < /OT E(t)dt < Cg /OT Eo(t)dt.
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Thus, using Jensen’s inequality we obtain that

TE(T) + ' Eo(t)dt < C1(Eo(0) + Eo(T))

T T
+C5(I + Ho) (/O (th(t)avt(t))dt> +C3/0 [o(t)[2dt,

where Ho(s) = THo(s/T). It follows from (4.110) that
(4.111) Eo(t) < 2E(t) + Cr sup |v(t)[%, t € [0,T].

te[0,T)

Therefore using the relation (see (4.109))

_ _ T
B(0) = E(T) + k / (Dvi(t), vi(0)) dt
we find that

TE(T) + / ' Eo(t)dt < CLE(T)
0

+ Co(I + Ho) (/0 (th(t),vt(t))dt> +Cy sup |u(t)%

te[0,T)

If we choose T' > 2C; we obtain that

_ T T
(4.112) TE(T)+/ Eo(t)dt < Cy(I + Ho) </ (th(t),vt(t))dt> +Cy sup |u(t)[%
0 0

t€[0,T]

Therefore by (4.109) we obtain (4.106) for every strong solution v to problem (4.104). O

LEMMA 4.37. Assume that T > 1 is such that (4.106) holds. Let v(t) be a solution to
(4.104) such that

T

(4.113) . Eo(v(t), v (t))dt <6 and tse%p Eo(v(t), v (t)) < p.

Then there exists 69 > 0 such that

(4.114) ma (1) < C(I + Ho) (k*l [E(O) - E(T)])

for every 0 < § < &g with some constant C depending on 6, o and T > 1. Here Hy(s) =
THy(s/T) and E(t) is the same as in Lemma 4.36.

PROOF. Assume that (4.114) is not true. Then for some § > 0 small enough there exists
a sequence of solutions {v"(t)} satisfying (4.113) and such that
HOIER: T
(4.115) lim Rt @OF < 1€ 0T
" (1 +Ho) (k1 [E(0) - B(T)) )

It follows from (4.97) that

/OT(D(vf),vf)dt <k [B(0) - B(1)].

Therefore we also have that

(4.116) i e[ st 0T}

"L+ o) (Jy (D). vp)dt)
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By (4.113) we have that max{[v"(¢)|* : t € [0,T]} < C for all n = 1,2, ... and hence

(4.117) nler;o {/0 (D(vy),vy)dt + Ho (/0 (D(vf),vf)dt)} =0.

By (4.92) this implies that
T T

(4.118) / (Muvy,v)dt < Ho (/ (D(vf),vf)dt) — 0.
0 0

Therefore we can assume that there exist v* € D(A'/?) such that
(4.119) (v™;07) — (v;0) *-weakly in Lo (0,T;D(AY?) x V).

Now we prove that u* = w + v* € D(AY?) solves the problem Au = F(u). Indeed, from
(4.118) it follows that vj* — 0 in L2(0,T; V). On the other hand, from (4.94) with w =€ - ¢
we can conclude that

T T
C
/ (D), @)ldt <= [ (D@}),v0p)dt+ Cr-c- sup |AY?o(t)[?
0 € Jo te[0,T)

for any () € Loo (0, T; D(AY?)). Thus from (4.118) we infer that

T
timsup [ (D). @)lde < Cr-c- sup |AV26(0)
0

n—oo t€[0,T]
for any ¢(t) € Loo(0,T;D(AY?)) and € > 0. This implies that
D(v') — 0 weakly in L1 (0, T; [D(AY?)]),

which allows us to make the limit transition in (4.104) and to conclude that Au* = F(u*).
Our next step is to show that v* = 0. From (4.113) we have that |AY2(u* — w)|> < 26. If
we choose &y > 0 such that |AY2(w; — ws)|? > 26 for every couple w; and ws of stationary
solutions (we can do it because the set A/ is finite), then we can conclude that u* = w provided
0 < dp. Thus we have v* =0 in (4.119).

Now we normalize sequence v" by defining

n
=

o cn = max{|v"(t)| : t €[0,T]},

where we account only for a suitable subsequence of nonzero terms in ¢, (it is clear that
¢, — 0 as n — 00). It follows from (4.116) and (4.118) that

T
/ |MY251 (1) 2dt — 0 as n — oo.
0

Relations (4.106), (4.111) and (4.115) imply that

sup {|M1/2@g(t)|2 + |A1/2ﬁ”(t)\2} <C n=12,....
t€[0,T]

Thus we can suppose that

(4.120) (5", 01') — (9*;0) s-weakly in Lo (0, T; D(AY?) x V).
The function 9™ satisfies the equation

k 1
(4.121) My, + ?D(Uf) + A" = C—[F(w + ™) — F(w)],

As above, from (4.94) we conclude that

1 [T C
— [(D(v}), p)|dt < —

Cn Jo Cnén

T
En
/ (D), )t + Co(T) sup |AV2(2)?
0 Cn t€[0,T)
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for any ¢(t) € Lso(0,T; D(AY?)). If we choose €, = ¢, - €, then from (4.116) we infer that

1 T
limsup—/ [(D(vf), @)|dt < Ce sup |A1/2<p(t)|2
0

n—oo Cn te[0,T]

for any () € Loo(0,T; D(AY?)) and £ > 0. Thus

1
(4.122) —(D(vf!) = 0 weakly in L1(0,T; [D(AY2)]).
It also follows from (4.95) and (4.96) that

1
C—[F(w + ") — F(w)] — (F'(w), 0*) weakly in Ly (0, T; [D(AY?)]').

Therefore, using (4.122) after taking the limits in (4.121) we conclude that 9* satisfies A0* =
(F'(w), 9*) and, by hyperbolicity of w we conclude that ¢* = 0. Thus (4.120) implies that

max_[0"(¢)] — 0 as n — oo,
t€[0,T)

which is impossible. O

COMPLETION OF THE PROOF OF THEOREM 4.31. By (4.103) we choose Ty > 0 such that
(4.113) holds with § < ¢g and T" > Tp. Therefore Lemma 4.37 and relation (4.106) in
Lemma 4.36 imply that

(4.123) E(T) < O + Ho) (k*l [E(O) - E(T)D .
This relation implies that
E((m+1)T) + Gy (E((m + l)T)) < E(mT), m=0,1,2...,

where Go(s) = k(I + Ho) *(s/C). Therefore Lemma 3.3 [79] implies that

(4.124) E(mT)<o(m), m=0,1,2...,
where o(t) solves (4.99) with ¢(0) = E(0). Using (4.111) and (4.114) we have

Eo(mT) <2E(mT)+C  sup  |o(t)]? < CE(mT).
te[(mT,(m+1)T]

Therefore (4.124) implies that
Eo(mT) < Co(m), m=0,1,2...

Now by Proposition 1.15 we obtain (4.98).
In the case Hy(s) = aps we obviously have that Q(s) = as for some positive a. Therefore
solving (4.99) we obtain (4.100). This completes the proof of Theorem 4.31.

REMARK 4.38. One of crucial hypotheses of Theorem 4.31 is energy inequality (4.97) for
generalized solutions. We use it in the proof of Lemma 4.37 to derive (4.116) from (4.115).
In general, the validity of (4.97) for all generalized solutions may require some additional
assumptions concerning the damping operator D (see, e.g., Proposition 1.12 and Remark 1.13).
However in the applications considered in Chap.5 and Chap.7 the requirement in (4.97) can
be derived under the same hypotheses which we need for the existence of a compact global
attractor (see, e.g., the proof of Theorem 5.10).
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4.4. Determining functionals

Unfortunately a detailed study of the structure of the attractor is possible for a rather
special class of problems. Because of this it becomes important to search for minimal (or
close to minimal) sets of natural parameters of the problem that uniquely determine long-
time behaviour of the system. This problem was first discussed by Foias and Prodi [53] and
by Ladyzhenskaya [69] for the 2D Navier-Stokes equations. They proved that the long-time
behaviour of the solutions is completely determined by dynamics of the first N Fourier modes,
if N is sufficiently large. Later similar results were obtained for other parameters and equations
(see, for example [36, 51, 54, 55, 71, 92] and the references quoted therein). The concepts
of determining nodes [51, 54, 92] and determining local volume averages [55, 63, 64] were
introduced. The question on the relation between the problem on existence of a finite number
of determining parameters and some problems of interpolation theory has been discussed and
a general concept of determining functionals was introduced ( see [34, 35]). For further details
we refer to the survey [18] and to the references quoted therein (see also [19, Chap.5]).

To characterize asymptotic behaviour of trajectories by means of determining functionals
we need the notion of completeness defect.

Let £L={l; :j =1,..,N} be a set of functionals on D(A'/?). The completeness defect
of this set with respect to the pair (D(A'/?),H) is defined by the formula:

ec(D(AY2), ) = sup {Jul + w e D(AY), 1i(u) = 0,5 = 1,.., N, | AV?u| <1}

We refer to [19, Chap.5] and [18] for details concerning completeness defect.
The following result is based on the relation of the type (3.164).

THEOREM 4.39. Assume that the system (H,S:) generated by (1.1) possesses a positively
invariant absorbing set the B and there exists non-negative functions a(t), b(t) and c(t) on
Ry such that (i) a(t) and c(t) are locally bounded on [0,00), (ii) b(t) € L1(R4) possesses the
property lim;_,o, b(t) = 0 and (i) for every y1,y2 € B and t > 0 the following relations

(4.125) |Seyr — Seyal3r < alt) - |y — vol

and

(4.126) Sey1 — Seyalfr < b(E) - [yr — yal7r + c(t) - sup A7 (ut (s) — u®(s))|?
0<s<t

hold for some o € [0,1/2). Here and below we denote Syy; = (u'(t);ui(t)), i = 1,2. Let
L={lj:j=1,..,N} be a set of functionals on D(AY?) with the completeness defect
er = ex(D(AY?), H). If there exists T > 0 such that

(4.127) N =b(1) + €2 27 - c(r) - sup a(s) <1,
s€0,7]

then the relation

(4.128) Ap(t)= sup max|l;(ul(s) —u?(s))| =0, t — oo,
seft,t+1] 7

implies that lim;_, oo |Sty1 — Stye|m = 0.

PROOF. Assume that Syy; = (u'(t),ui(t)) € B for t > tg, i = 1,2. From (4.126) we have
that

|St4ryn — St+7y2|%[ <b(7) - [Sey1 — Sty2|%{ +c(7) - <Slip |AU(U1(8) - UQ(S))P
t<s<t+r

for any ¢ > to. One can prove (see [18] or [19, Chap.5]) that
|A%0]? < (1+0)e2 17| AY 202 +- Crs max 115 (v))?
j

.....



4.5. EXPONENTIAL FRACTAL ATTRACTORS (INERTIAL SETS) 107

for each § > 0. Therefore using (4.125) we find that

sup A7 (u' (s) — u?(s))]* < | (1+8)ez "7 sup a(s) | [Seyr — Sualfy + CrsAZ ().

t<s<t+1 s€[0,7]
Consequently
|Se4r01 — StoryalFr < nlSeyn — Sewalir + Crac(r)AZ(Y),
where

n=>b(r)+(1+ 5)6%740 ~¢(r) - sup a(s).
s€[0,7]

Under condition (4.127) we can choose § > 0 such that n < 1 and find that

n—1
|Stotnrtt = Siotnr¥altr < 0™ [Swoyr — Seoyalzy +C Y 0" AL (to + m7).
m=0
It is easy to see now that
nh—{rclo |St0+n7'y1 - St0+nTy2‘%{ =0

under conditions (4.127) and (4.128). Using (4.125) we then obtain the conclusion. O
Theorem 4.39 implies the following assertion.

COROLLARY 4.40. Let the nonlinear force F(u,u;) = F(u) be independent of uy and

Assumption 3.21 be in force with k = 2 in (3.59) and Hy(s) = mg's in (3.58). Assume

e cither the hypotheses of Corollary 3.28;

e or the hypotheses of Theorem 3.58;

e or else the hypotheses of Theorem 4.16.
Let (H, S;) be the system generated by (1.1) and L ={l; : j =1,...,N} be a set of functionals
on D(AY?) with the completeness defect e, = e (D(AY?),H). Then there exists g > 0 such
that under the condition €; < €g the relation

Jim Liw'(t) —u'() =0, j=1,2,...,N,
implies that limy_ o |S¢y1 — Sty = 0. Here Syy; = (u'(t),ul(t)), i = 1,2.

PROOF. In the first two cases in follows immediately from the inequality (3.86) with
ny = 0 in Remark 3.30 or from Lemma 3.59. In the third case we use Proposition 4.14. [

As we can see from Theorem 4.39 and Corollary 4.40, the smallness of the completeness
defect is the main condition on a set of functionals to be determining. We refer to [18] and
[19, Chap.5] for examples of sets of functionals with small completeness defect.

We also note that the problem on the existence of determining functionals for second order
in time equations with nonlinear damping was considered earlier in [23, 25]. This papers have
used another approach.

4.5. Exponential fractal attractors (inertial sets)

In this subsection we present a result on the existence of fractal exponential attractors.
The following concept has been introduced in [38].

DEFINITION 4.41. A compact set Aexp C X is said to be inertial (or a fractal exponential
attractor) for the dynamical system (X, .S;) iff A is a positively invariant set of finite fractal
dimension and for every bounded set D C X there exist positive constants tp, Cp and vp
such that

(4.129) dx{S:D | Aexp} = sup dist x (S;x, Aexp) < Cp - e PET) ¢ > ¢
xeD
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Using stabilizability estimates and abstract results presented in Chap. 2 we can construct
inertial sets for a class of systems subjected to non-conservative loads.

THEOREM 4.42. Let the nonlinear force F(u,u;) = F(u) be independent of uy. Assume the
hypotheses of either Corollary 3.28 or Theorem 3.58 with k = 2 in (3.59) and Hy(s) = mg s
in (3.58). We also assume that there exist 1 > 0 and 0 < o < 1 such that

(4.130) IAT!D(v)| < C(r) [1 + (D(v),v)]*, v e DAY?), vy <

Then the system (H,S;) generated by (1.1) possesses a fractal exponential attractor whose
dimension is finite in the space H =V x W, where W is a completion of V with respect to
the norm | - |w = |A™'M - |.

This theorem follows from the inequality in Remark 3.30 or Lemma 3.59 (with ny = 0)
and from the following more general assertion.

THEOREM 4.43. Let A~! be compact. Assume that the dynamical system (H, S;) generated
by equation (1.1) has a positively invariant absorbing set the B and there exists non-negative
functions a(t), b(t) and c(t) on Ry such that (i) a(t) is locally bounded on [0,00), (%) b(t) €
L1(R.) possesses the properties lim;_,o b(t) = 0 and, and (iii) for every y1,y2 € B and t > 0
relations (4.125) and (4.126) hold for some o € [0,1/2). We also assume that there exists a
space H D H such that t — Sty is Holder continuous in H for every y € B, i.e. there exist
0 <y <1 and Cgr > 0 such that

(4131) |St1y — St2y|ﬁ < CB,T‘tl — t2|’y, t1,ts € [O,T], Yy € B.

Then the dynamical system (H,St) possesses a fractal exponential attractor whose dimension
is finite in the space H.

PrOOF. We apply the same idea as in the proof of Theorem 4.3.
In the space Hr = H x W1(0,T) equipped with the norm (4.6), where W7 (0,7T) is given
by (4.5), we consider the set

Br :={U = (u(0); ut(0); u(t),t € [0,T]) : (u(0);u(0)) € B},

where u(t) is the solution to problem (1.1) with initial data (u(0);u:(0)), and define operator
V' : Br — Hrp by the formula

Vo (u(0);ue(0);u(t)) = (u(T); we(T); (T + 1))

It is clear that Br is a closed bounded set in Hp which is forward invariant with respect to
V.
It follows from (4.125) that

2T
VUL = V|3, < (a(T) +/ a(t)dt) Uy — Us|%,, Uy, Us € Br.
T

As in the proof of Theorem 4.3 we can obtain that

VUL = VUallzy, <n7|Ur = Uallyy, + K% - (n7(Ur — Uz) +n7(VUL = VUs))
for any Uy, Uz € Br, where K§ > 0 is a constant, ny(U) := supg< <7 [u(s)| and 7% is given
by (4.11). We can choose T' and € such that 53 < 1. Therefore by Corollary 2.23 the mapping
V possesses a fractal exponential attractor, i.e. there exists a compact set Ar C Br and a
number 0 < ¢ < 1 such that dimJIZIT Ar < 00, VAr C Ar and
(4.132) sup {disty, (V*U, Ar) : UeBr} <q", k=1,2,....
In particular, this relation implies that

(4.133) sup {distz7 (Skry, A) : ue B} <¢, k=1,2,...,
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where A is the projection of Ay of the first two component, i.e.
A= {(u(0);u(0)) € B + (u(0);u(0); u(t), £ € [0,T]) € Ar}.
Here u(t) is the solution to problem (1.1) with initial data (u(0);u¢(0)). It is clear that A
is a compact forward invariant set with respect to St, i.e. S A C A. Moreover dim? A<
dime Ar < co. Let
Aexp =U{SA : t€[0,T]}.
Then A is a compact forward invariant set with respect to S;, i.e. SiAexp C Aexp. Using
(4.131) one can see that and dim? Aexp < c [1 + dim? A} < 00. We also have from (4.133)
that
sup {dist g (Siy, Aexp) : u € B} < Ce ™, t>0,
for some v > 0. Thus Aexp is a fractal exponential attractor. O

PROOF OF THEOREM 4.42. It follows from (4.130) that

T
/ |A7lM'LLtt(’T)|1/adT S CB(T)
0

for any strong solution wu(t) from the absorbing set B. This implies (4.131) with y =1 — a in
the space H =V x W. O

Another application of Theorem 4.43 is the following assertion.
THEOREM 4.44. Let the hypotheses of Theorem 4.16 be in force. If relation (4.130) holds,

then the system (H,S;) generated by (1.1) possesses a fractal exponential attractor whose
dimension is finite in the space H defined in the statement of Theorem 4.42.

PrOOF. We apply Proposition 4.14 to reduce the case to Theorem 4.43. (]

We note that the existence and properties of a fractal exponential attractor for wave
equations with linear damping was studied earlier in [40, 43, 44]. Thus, again, our results
in Theorem 4.42 and Theorem 4.44 provide extensions of the respective results to problems
with nonlinear dissipation.



CHAPTER 5

Semilinear wave equation with a nonlinear dissipation

5.1. The model

Let @ C R™, n = 2,3, be a bounded, connected domain with a sufficiently smooth
boundary I'. The exterior normal on I' is denoted by v. We consider the following wave
equation

(5.1) wy — Aw + kg(wy) + f(w) = ¢g*(wy) in Q =[0,00) x Q
subject to boundary condition either of Dirichlet type

(5.2) w=0 on ¥=[0,00) x T,

or else of Robin type

(5.3) Ow+w=0 on 2.

The initial conditions are given by w(0) = wo and w(0) = w;. We shall consider the dynamics
in a standard finite energy space H = V x L2(Q), where V = H{ () in the case of the Dirichlet
boundary conditions and V = H!(Q) in the Robin case. We assume that k is a positive
parameter and impose the following standing assumptions on the nonlinear damping g(s), the
anti-damping ¢*(s) and the function f(s).

ASSUMPTION 5.1. e g € C'(R) is a monotone increasing function such that g(0) =
0, and there exist two positive constants m; and mso such that

(5.4) my < g'(s) <molsP™t forall |s| >1,

where 1 <p<5whenn=3and 1< p < oo whenn=2.
o g" : Lo(Q) — Ly(2) possesses the properties

lg¥(v1) = 9" (v2) Loy < CIE (01 = v2)l|La()s  v1,02 € La(9),
where K : Lo(2) — La(Q) is a compact operator, and

1
/g*(wt)wtdxg fk/g(wt)wtderC'g
Q 2 Ja

for some constant Cp.
e Function f € C?(R) is of the following polynomial growth condition: there exists a
positive constant M > 0 such that

(5:5) [f7(s)] < Ms|7™, [s] > 1,

where ¢ < 2 when n = 3 and ¢ < co when n = 2. Moreover, the following dissipa-
tivity condition holds:
f(s)

(5.6) lim inf

|s]—o0

E/J’> _A17

where A\; > 0 is the first eigenvalue of the operator —A equipped with appropriate
(Dirichlet or Robin) boundary conditions.

110
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REMARK 5.2. e We note that assumptions imposed on f and g allow for critical
exponents of semilinear function f and strong nonlinearity of the damping which, in
addition, may not be quantified at the origin. In fact, it is known [61] that for n = 3
the maximal power for the growth of nonlinearity which still allows the boundedness
(in time) of the energy for a simple damped wave equation with L. (0,7 L2(£2))
forcing term is p = 5. Thus, the problem under consideration includes the ”double
critical exponent” - (¢,p) = (2,5). Treatment of this case is more delicate and
requires special arguments.

e The presence of the “anti-damping” term g¢g* reflects possibility of including non-
conservative forces depending on the velocity. These forces may tend to desta-
bilize the dynamics. In fact, with an anti-damping present, the energy may not
be decreasing (note that the last term in the energy relation (5.7) below has un-
controlled sign). An example of non-conservative term g* can be given by taking
lg*(0)](z) = A(z) [, v(y)B(y)dy, where A, B € Ly(Q2). The assumption imposed on
g* is satisfied provided that A and B are of suitable size or the damping g(w;) is
minimally superlinear at infinity, i.e. sg(s) > s’ with [ > 2 for |s| large enough.

By Theorem 1.5 under Assumption 5.1 problem (5.1) with the boundary condition either
(5.2) or (5.3) has unique generalized solution for any initial data (wg,w;) from H (see the
considerations in Example 1.2). Thus problem (5.1) generates a dynamical system (H, S;) in
the space H =V x Ly(f2), where either V = H}(Q) or V = H*() depending on the boundary
conditions. The corresponding evolution operator S; is given by the formula S;(wp;w1) =
(w(t); we(t)), where w(t) is solves (5.1) with the initial data (wo;w;). We also note that the
energy function associate with (5.1) and (5.2) takes the form

1 1 .
£ = Eptw®iun(t) = [ |GVl + guto)l + ()] d
Q
where f denotes antiderivative of f, and by Theorem 1.5 strong solutions to (5.1) satisfy the

energy relation:

(5.7) 5(t)—|—/0 /Qg(wt(T,x))wt(T,x)dxdT:5(0)—|—/O /Qg*(wt)(T,:c)wt(T,x)d:ch.

A similar relation holds for the case of Robin type boundary condition (5.3) with the energy
functional

(1) = Enlult)iwn(t) = Ep(w(®:un(®) + 5 [ (k. 0)Pds.

5.2. Main results

We begin with a preliminary result which asserts an existence of a global attractor associ-
ated with the semiflow S; generated by (5.1). We recall that a closed bounded set A in H is a
global attractor for a dynamical system (H, S;) if A is strictly invariant and uniformly attracts
every bounded set from H (see Definition 2.2). We first treat the case when nonlinearity is
subcritical or else the damping is large.

THEOREM 5.3 (Compact attractors). Assume that Assumption 5.1 holds. Then equa-
tion (5.1) generates a continuous semiflow Sy in the space H =V X Lo(Q) by the formula
Si(wo; w1) = (w(t); we(t)), where w(t) is a generalized solution to (5.1) with the initial data
(wo;w1). Moreover, in the case n = 2 and n = 3,q < 2 the dynamical system (H,S;) pos-
sesses global compact attractor A. When n =3, ¢ =2 and g* = 0 the same conclusion holds
true under the additional assumptions that (i) g'(s) > my for all s € R, and g(s)s > msS for
|s| > 1 when p =5; and (i) the damping parameter k is sufficiently large.

The theorem stated above is an application of Corollary 3.28 - in subcritical case, and
Theorem 3.58 - in the critical case when the damping parameter k is sufficiently large. In the
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critical case, n = 3 and g = 2, and without assuming large values for the damping k, one can
still establish existence of global attractor under some additional assumptions imposed on the
the function g and ¢g*. The additional requirements depend whether damping parameter p
is “critical” (p = 5) or “subcritical” (p < 5). In short, the following three scenarios will be
considered below: (i) the nonlinearity of the damping is restricted to p < 5, (ii) when p = 5
additional bound ¢'(s) < [1 + sg(s)]? is required, (iii) the anti-damping term is absent, i.e.
¢g* = 0. The corresponding results are formulated below:

THEOREM 5.4 (Compact attractors, critical case revisited). Let n = 3 and ¢ = 2.
Assume that Assumption 5.1 is in force. In addition, we assume that one of the following
conditions is satisfied:

o p <5 andg*: Ly(Q) — HE(Q) is bounded for some € > 0;
e p=>5and g* : La(Q) — H(Q) is bounded for some € >0, and

(5.8) g'(s) < [1+sg(s)|¥? forall seR;
e g*=0.

Then the dynamical system (H,St) represented by (5.1) with either Dirichlet boundary condi-
tions (5.2) or Robin (5.3) boundary conditions possesses a compact global attractor.

Theorem 5.4 is an application of abstract Theorems 3.34, 3.40 and 3.47. In the fully
critical case - p =5 and ¢ = 2 - it gives a stronger assertion in comparison with Theorem 5.3.
Indeed, there is no requirement that the damping parameter should be large. We also refer
to Remark 5.6 below for some comments concerning relation (5.8).

An application of Theorems 4.17, 4.27 and 4.25 makes it possible to obtain the following
result on smoothness of elements from the global attractor.

THEOREM 5.5 (Regularity of attractor). Let Assumption 5.1 be in force, g* =0 and
g'(s) >m >0 for all s € R. We distinguish cases n =2 and n = 3.

e [i] Let n =2 and assume that
(5.9) d'(s) <C(1+5g(s))’ forall s€R and for some <1,

o [ii] Let n=3,1<p<3,0<q<2, and relation (5.8) holds.
Then the global attractor A given by Theorem 5.8 or by Theorem 5.4 is a closed bounded set
in the space Hy = W x V, where W = (H?> N H})(Q), V = HY(Q) in the Dirichlet case and
W={ue H*Q): du+u=0o0nT},V=HYQ) in the Robin case.

o Jili] Ifn=3,3<p<5 0<gq<2 and (5.8) holds, then A is a bounded set

in W2, () x V, where Wg/p(Q) is the Lgp-based second order Sobolev space. In

6/p
partucular, since Wg/p(Q) C H'™(Q) for § = (5 — p)/2, we have that A is bounded

in H'*0(Q) x V with § = (5 — p)/2.

REMARK 5.6. We note that the property (5.9) holds true, if we assume that either p < 3
or else p > 3 and g;(s)s > m|s|' — m; for all s € R and for some m; € Rand [ > p— 1. As
for (5.8), we can guarantee this requirement, if either p < 7/3 or else p > 7/3 and there exists
1€ [3(p—1),p+1] such that g(s)s > m|s|' — my, for all s € R and for some m; € R.

REMARK 5.7. In reference to points (i) and (ii) in Theorem 5.5, one can obtain higher
regularity of the attractor by assuming higher order differentiability of the damping g and of
the source f. This can be accomplished by reiterating the argument used for the proof of
H? x H' regularity [80] (see also the idea presented in Corollary 4.23 in Chapter 4).

We turn next to finite-dimensionality of attractors and their properties. The correspond-
ing results are formulated below.
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THEOREM 5.8 (Finite dimensionality). Let Assumption 5.1 be in force and ¢'(s) >
m > 0 for s € R. The cases g* =0 and g* # 0 cases are distinguished.
o [i] g* =0: for n =2 (resp. n = 3) relation (5.9) (resp. (5.8)) is assumed;
o [ii] g¢* # 0: in addition to part [i] above we assume that p < 2 and, in the case
n =3, also g < 2.
Then, the global attractor A has a finite fractal dimension.

REMARK 5.9. Under Assumption 5.1 and with g* = 0 the dynamical system (H,S;)
generated by (5.1) possesses a strict Lyapunov function (see Definition 2.26):

1 .

B(y) = E(un,) = 5 [ (@) +[Vuo@)) o+ | Flun(e)da,
Q Q

where y = (ug,u1) € H and f(u) = fou f(€)d¢ is an antiderivative for f. The formula above

pertains to Dirichlet boundary conditions. In the Robin case one has an obvious modification,

1 1 .
B(y) = Eluosur) = 5 [ (@) + Vao(@)P)do+ 5 [ fuoPds+ [ Fuo(w)i
Q r Q
By Theorem 2.28 this implies that the global attractor A has the form
A= M*(N),

where M¥(N) is the unstable manifold emanating from the set N (see the definition in
Sect. 2.4) and N is the set of equilibria for the semiflow S; (every point y € N has the form
y = (u,0), where u solves the elliptic equation —Au+ f(u) = 0 with the appropriate boundary
conditions). Moreover, the statements of Theorem 2.31 and Corollary 2.32 are in force. In
particular, every trajectory v = {S,y} of (H,S;) stabilizes to the set N of stationary points
and, if AV is finite, for each y there exists an equilibrium w € N such that S;y — w as t — oo.

Our next result deals with the rate of convergence to equilibrium. For this we introduce
the following notation. Let Hy(s) be a continuous, concave increasing function, zero at the
origin and such that: s> < Hy(sg(s)), |s| < 1. Such function can be always constructed due
to monotonicity assumption imposed on g [79]. The role of Hy is to capture the behavior
of g at the origin, which is critical in describing the rates of convergence of solutions to an
equilibrium.

THEOREM 5.10 (Decay rates to equilibrium). We assume Assumption 5.1 and also
(i) g* =0, (i) forn =2 (resp. n = 3) relation (5.9) (resp. (5.8)) holds, and (i) the equilibria
are isolated and hyperbolic in the sense that the problem

—Au+ f(w)u =0

with the corresponding boundary conditions has only trivial solution for every stationary so-
lution w to (5.1). Then, for every y € H there exist an equilibrium yo = (w;0) € H such
that

ISty — yolu < Co ([t/T]),
where C and T =T, are positive constants, [a] is the integer part of a and o(t) — 0, t — oo,
satisfies the following nonlinear ODE:

(5.10) o1+ Qo) =0, t >0, o(0) = oo.

Here Q(s) = s — ¢ I + co[I + Ho] =]~ (c15), where ¢; and cq are positive constants, and oo
depends on y.

REMARK 5.11. If ¢/(s) > m, s € R, then Hy(s) = m~'s and Q(s) = as, where a > 0.
Therefore the above decay rates are exponential. Otherwise, the rates are described by the
above nonlinear ODE (5.10) which depends on the characteristics of g at the origin [79] (see
also Remark 4.35).
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REMARK 5.12. Under the conditions of Theorem 5.8 with ¢g* = 0 we can also apply
Theorem 4.44 and conclude the existence of fractal exponential attractor, i.e. a forward
invariant finite dimensional exponentially attracting compact set (see Definition 4.41).

The following theorem shows that problem (5.1) possesses a finite number of determining
functionals.

THEOREM 5.13 (Determining functionals). Assume that the hypotheses of Theorem 5.8
hold and g* = 0. Let L = {l;} be a set of linear functionals on H () with the completeness
defect ez = ex(H(2), L2(2)) with respect to the pair (H(Q), Lo(Q)) (for the definition see
[18], or [19], or Sect.4.4 in Chapter 4). Then there exists €9 > 0 such that under the condition
€r < €y the property

Li(u'(t) —u?(t) — 0, t > o0, I €L,
for two generalized solutions ul(t) and u?(t) to problem (5.1) with the corresponding boundary
conditions implies that

lim {fuf () = Ol 0 + 101 0) = @Ol | =0

This theorem follows from Theorem 4.39. As examples of set £ of functionals with small
completeness defect ez (H' (), L2(2)) we can consider local volume averages and modes (for
details and further discussion we refer to [18, 19] and also to [35, 64] and the references
therein).

t

5.2.1. Discussion of the results. We conclude this section with few historical remarks.
The problem of existence of attractors for semilinear wave equations has attracted considerable
attention in the literature [1, 4, 57, 58, 59, 60, 89, 91] and references therein. An excellent
review of results pertaining to wave equations with linear damping is given in [5]. As said
before, our main emphasis is on nonlinear dissipation. The nonlinearity of the damping in
hyperbolic dynamics leads to significantly more difficult class of problems and, consequently,
the literature is rather scarce. First pioneering papers include [47, 48, 49, 59, 60, 89] where
an existence of global attractors under various hypotheses imposed on nonlinear damping
and forcing terms is established. In [89] global attractors are established in the critical case
subject to restriction m; < ¢'(s) < [1+]s]?/3] with m, sufficiently large. In [50] the restriction
imposed on large damping has been removed, but linear growth condition on g is imposed. In
[49] global attractors with n = 3, p < 5 and supercritical nonlinear terms f were studied. The
conditions assumed in [49] include strong coercivity condition imposed on g which is correlated
to the growth conditions imposed on f. Thus, this is a very special class of problems. We also
mention that the note [47] claims the result on the existence of the global attractor in the case
of large damping, critical exponents and decreasing energy (i.e. ¢g* = 0). The result presented
in [47] is close to a special case of ours Theorem 5.3 (critical case with large damping and with
g* = 0). However the detailed proof of this result, to our best knowledge, was not published.

Theorem 5.3, which is derived from abstract theory presented in Chapter 3, allows for the
maximal values of polynomial powers p associated with dissipation g(s) and also for critical
exponents of nonlinear term f. This is the most demanding case with the so called ”double
critical exponents” (i.e. criticality in the source f (¢ = 2) and the damping g (p = 5). In
the three-dimensional case p < 5 is a very natural restriction. Indeed, this is in view of the
fact that the system is dissipative for p < 5 [61]. We also note that Theorem 5.3 does not
require any compatibility between the growth of f and growth of g. In the double critical case
(n=3,q=2,p<5), Theorem 5.4 asserts an existence of global attractors without assuming
large damping. In addition, it applies to non-dissipative waves ( g* # 0). This result may be
contrasted with [50] where a linear growth on g is assumed and also [89] where both large
damping and p < 5/3 are required. We also mention the recent paper [98] where subcritical
(p < 5) case was considered. Thus, to our best knowledge, the result stated in Theorem 5.4
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is the first one pertaining to critical case with a damping not necessarily linearly bounded and
without necessity of assuming large values of the damping parameter.

Questions related to finite dimensionality, regularity and structure of attractors are tech-
nically more demanding than just existence of attractors. As recognized in the literature,
finite-dimensionality of attractors in hyperbolic dyanamics is a very delicate issue. The flow
is not C* on the phase space and the damping operator g(u;) is not Frechet differentiable.
Thus, the standard methods do not apply. First result in this direction is in [48], where
the problem was settled in the one-dimensional case. More recently in [80] the regularity of
attractors and their finite dimensionality is shown for the two-dimensional case. Instead, in
[88] wave equation is studied in subcritical case only in dimensions two and three. Finite
dimensionality of attractors is shown in [88] in the subcritical case and under suitable con-
ditions imposed on nonlinear functions g that control the growth of function from above and
below. More specifically it is assumed in [88]:

(5.11) mi(1+ [s[)P~1 < g'(s) < m(1+[s)P7,

Wherepsatisﬁes0§p<3f0rn:2and0§p<2% for n = 3.

Our contribution with respect to properties of attractors such as regularity and finite-
dimensionality is presented by Theorem 5.5 and Theorem 5.8. The results presented there (i)
deal with double critical cases and non-monotone energy, (ii) extend the range of nonlinearity,
measured by parameters ¢ and p, for which one can still claim finite dimensionality and
additional regularity of the attractor. Indeed, by comparing results of Theorem 5.8 with those
cited above we see that for n = 2 Theorem 5.8 allows to consider full range of 0 < p < oo
(see (5.9) and Remark 5.6). Moreover for p < 3 there is no need for superlinear coercivity
condition. Indeed, (5.9) is satisfied for p > 3 under the coercivity condition in Remark 5.6
which is significantly milder than in (5.11). Similarly, by Remark 5.6 for n = 3 Theorem 5.8
allows for p < 5 with no superlinear coercivity for p < 2%. In conclusion, Theorem 5.8 and
Theorem 5.5 provide statements on finite dimensionality and regularity of attractors under
much weaker hypotheses imposed on nonlinear terms than previously assumed in the literature.
In particular, ”double critical” exponents (in the source and the damping) and non-monotone
structures are allowed.

Theorem 5.10 describes the rates of convergence to equilibria. This result is, to best our
knowledge, new in the literature in the case of nonlinear damping. For linear damping, i.e.
when g(s) = go - s is a linear function, the result given by Theorem 5.10 was obtained earlier
in [4] by another method, which does not apply to nonlinear damping. The approach in [4]
relies on geometrical consideration in the neighborhood of a stationary point. We also note
that the existence of fractal exponential attractors was proved in [40] for the case of linear
damping only. Thus, Remark 5.12 provides the first (to our best knowledge) extension of this
property to the case of nonlinear damping.

Finally, concerning Theorem 5.13 on determining functionals we note that this result was
proved in [18] (see also [19, Chap.4]) in the case of linear damping. For nonlinear damping
the problem was considered in [23] and [25] by another method.

REMARK 5.14. We want to emphasize that all results stated above concerning wave equa-
tion (5.1) are direct corollaries of the abstract theory developed in the previous chapters.
Involving more deeply the structure of the problem and relying on methods developed in
this monograph one can improve (or suggest other versions of) the result concerning wave
dynamics. As an example we point out the paper [9] where some results on attractors are
established for the case of Neumann boundary conditions as a byproduct in the study of a
coupled wave—plate structure and also the paper [30] devoted to a wave dynamics.
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5.3. Proofs

5.3.1. Abstract setting for the wave equation. The system generated by (5.1) is a
special case of evolutionary system (1.1). To see this we set

o H=139Q), A= —A — py with D(A) = H(2) N H%(Q) in the Dirichlet case, and
D(A) = {u € H*(Q); Zu+u =0 on T} in the Robin case. The parameter jq is
chosen such that —p < g < A1, where p and A; are the same as in (5.6).

o V=H M=1.

e D(u) = g(u) and F(u,v) = —f(u) — pou — g°(v).

The analysis given in Example 1.2 shows that the damping operator D(v) and the operator
F(u) satisfy all the hypotheses in Assumption 1.1 with

ImszRMM+MﬁIum:thzw%msz,

where f denotes the antiderivative of f(u) + pou and My can be selected due to dissipativity
condition (5.6) in Assumption 5.1. Thus (see Theorem 1.5) under the assumptions imposed
the equation (5.1) generates dynamical system S, on H = H}(Q) x L2(£) - in the the Dirichlet
case - and H = H'(Q) x Ly(Q) - in the Robin case. We also have topological identifications
D(AY?) ~ H}(Q) in Dirichlet case and D(A'/2) ~ H(Q2) in Robin case.

5.3.2. Proof of Theorem 5.3. Theorem 5.3 is an application of abstract results stated
in Corollary 3.28 and Theorem 3.58. To see this, we need to verify the dissipativity of the
system and also the assumptions of Theorem 3.58 -for the case n = 3,¢ = 2 and of Corollary
3.28 -for the remaining cases.

Step 1: Ultimate dissipativity of the system, including the control of the size of absorbing
set, follows from abstract Theorem 3.4, in the conservative case ¢* = 0 and from Corollary
3.17 in the non-conservative case with anti-damping present. To see this, we begin with the
first case g* = 0. For this we need to check conditions (D) and (F') in Assumption 3.1. It is
convenient to introduce the notation: Q; ={x € Q : |v(z)| > 1} and Dy = {z € Q : |Jv(z)| <
1}. Since, in our case, M = I, Assumption 5.1 implies
||U||2L2(Q) :/ vida +/ vidx < meas(Q) + mfl/ g(v)vde,
Q2 Q Q

which is precisely condition (3.2). As for (3.3), it suffices to consider more delicate case n = 3
(the arguments for n = 2 are simpler). We begin with an obvious inequality

[ wsdo < [ Julglds+ [ ullgolde.
Q Q Qo
It follows from Assumption 5.1 and the embedding H'(Q) C L5(2) that

[Jmmww < fullza) - N9(0)lIze e
5/6
<nwmm[mewmmWM}
5/6
< COllullpgo) - {/ vg(v)dx}
Q
<

4/5
SNl oy + Callull ey - [ vato)da
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for any 6 > 0. It is easy to see from (5.4) that |s| < 0+ Cj [sg(s)]l/2 for every s € R with
arbitrary ¢ > 0. Therefore, since g(0) = 0, we also have that

- 1/2
/Q llg(o)ldz < C / |u||v|dxsa||u|L2<m+05||u||L2<m-( /Q vg(v)dx)

IN

5 (1 + Hu||2L2(Q)) +Cs - / vg(v)dz
Q
for any 6 > 0. Hence

/ng(v)dx

for any § > 0. This inequality implies (3.3). Similar (and also simpler) argument applies in
the case n = 2. As for (3.4), it follows from (5.6) that

(5.12)

<6 (14 Nulld ey ) + Cs (14 ullifSg ) ~/Qvg(v)dx

(5.13) (u, F(u)) = —/Q (f (u(@))u(@) + pou(x)?) dz < Cu, po, Q).

Therefore (3.4) holds with n = 0. Consequently Theorem 3.4 applies and yields ultimate
dissipativity for the conservative case.

For the non-conservative case (g* # 0) we appeal to Corollary 3.17. To apply this Corol-
lary it suffices to verify (3.51). Indeed, note that the second relevant condition condition
(3.52) follows from the growth assumption imposed on ¢g* along with Lipschitz continuity. For
(3.51) the following simple argument applies (we take here the most demanding case n = 3):

(")) < Cllulnay - (1+ [0lna) < dllullfa + Cs (1+ lol3,0)

5”“”%{1(9) +Cs (1 + /Qg(v)vdx) )

IN

Therefore using (5.12) we obtain inequality (3.51) with v = 2/5 Thus, ultimate dissipativity
holds in both cases ¢g* = 0 and g* # 0. Moreover, in the first case one has a control of
disspativity radius independently of the damping parameter k.

Thus, to complete the proof of Theorem 5.3 it suffices to establish asymptotic smoothness.
This is done below.

Step 2: Asymptotic smoothness - this follows from abstract results in Corollary 3.28
(subcritical case), Theorem 3.58 (critical case) and amounts to verification of inequalities in
(3.58) and (3.59) in Assumption 3.21. Verification of the remaining hypothesis (3.60) (with
nv(v) = | Kv| 1z, () is straightforward.

Regarding (3.58) in the case ¢'(s) > my for all s € R we obviously have (3.58) with
Hy(s) = my*s. In the general case we can take Hy(s) = h(s) + mj s, where function h(s)
a continuous, concave increasing function on Ry, h(0) = 0. The role of the function h(s)
is to account for the behaviour of g(s) for ”small” values of s. The above follows from the
construction in Proposition 4.3 in [20] (see also [79]). Indeed, it is shown there that under
the assumptions that g is strictly increasing, ¢’(s) > mq,|s| > 1 and g(0) = 0 there exists a
monotone, concave function, h: Ry — Ry, ~A(0) = 0, and such that with

1
(5.14) s? < m—(sga(s)) + h(sga(s)), for all s € R and for every a € R,
1
where g,(s) = g(s + a) — g(a). The above gives rise to the function Hy(s) as stated above.

As to the inequality (3.59), we carry the following string of calculations. In what follows
we shall use the notation |- [s = || - || g+ (q)-
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Let r =1+ p ! and # = 1 + p are Holder conjugate exponents and ¢ is a suitably small
constant. Then we have

1/r
< wllz, (@

/Q (9t +v) — g(u))wda

/Q (gl +v) — g(w)|"dz

1/r

< Cllwlley | [ (latu+ o)+ + g jul ) da + 1

1/r
< Ollwll (o)

/Q (g(u+v)(u+v)+g(u)u)de+1

(5.15) < Clwh 2 (1 + /Q lg(u + v) (1 + v) + g(w)u] da;) ,

where we have used restrictions (5.4) on the growth of g in Assumption 5.1 along with Sobolev’s
embedding theorems: for n =2, ¥ < oo and for n = 3, 7 = p+ 1 < 6. Thus, inequality (3.59)
holds with k£ = 1 (and without the term €|.A'/?w|? in the right hand side), as desired. For the
case p = 5,n = 3 condition (3.59) without the term |.A'/2~%w|? in the right hand side will be
established below in the proof of Theorem 5.8 -see relation (5.24). For this we use the lower
bound sg(s) > ms®, |s| > 1. This completes the proof of Theorem 5.3. O

5.3.3. Proof of Theorem 5.4 -critical case. The conclusion of this theorem follows
from Theorem 3.34 (when p < 5 and g* # 0) and from Theorem 3.40 (when g* = 0).

Step 1: case when p < 5 and ¢g* # 0. We begin by recalling that ultimate dissipativity
of the system has been already shown in Step 1 of the previous section. Assumption 3.21(D)
(without the term e|.A'/2w|? in the case p < 5) was established in the course of the proof
of Theorem 5.3. When p = 5 and (5.8) holds, validity of (3.59) holds on the strength of
calculations in (5.22) and (5.23) (see (5.24)). Moreover, relation (3.91) follows from (5.14).
Therefore we need only to verify Assumption 3.33(F).

We recall that

) = [ fds wit (o) = / T(F©) + o) d.

Since

1F(s1) = f(s2)] <O (L+ |31 + |52]?) - [s1 — s2],

we have that
M) = Tuz)| < € (1+ aallf, oy + a0y ) - un = w2l

Therefore by the embedding H*(Q) C L,(2) for s = 3(1/2 — 1/p) we obtain (F)(i) in As-
sumption 3.33.

To prove (F)(ii) we note that the embeddings Li(Q) C H~2(Q) and H'(Q) C L4 ()
imply that

AT F(u+ 2) = F(u)] < C/ﬂ (Il + [f(u+2) = f(w)]) dz
<0 [ (Ut ul +120?) de <l (1 + Nl + 12
Q
This yields (F)(ii) in Assumption 3.33.

Since F*(v) = ¢g*(v), property (F)(iii) follows from the regularity assumption imposed on

*

g*.
Thus Theorem 5.4 proved in the case p <5 and g* # 0.
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Step 2: case when ¢g* = 0. In this case we apply Theorem 3.40. Since g is increasing. it
follows from (5.4) that

|s|2 <0+ Css-g(s) for everyd >0, s € R,

This implies relation (3.111) in Assumption 3.39. As for (3.112), this relation is the same as
(3.3) in Assumption 3.1 and follows from (5.12). Thus the hypotheses concerning the damping
function g listed in Assumption 3.39(D) holds true.

The hypotheses on the potential energy II(u) in Assumption 3.39(F)(i,ii) were checked at
the first step. The requirement in Assumption 3.39(F)(iii) is obvious. At last the dissipativity
relation in (3.113) follows from (5.13). Thus, the conclusion of Theorem 3.40 applies, yielding
the final result in Theorem 5.4.

REMARK 5.15. In the case p =5 and g* = 0 we can also we can also apply Theorem 3.47
provided g is superlinear, i.e. there exist m > 0 and [ > 2 such that

(5.16) g(s)s >mls|" forall |s| > 1.

In this case we need to check Assumption 3.46. Since in the case when (5.16) holds, we have
that

|s|' <6+ Css-g(s) foreveryd >0, s € R
with { > 2. Therefore we can take Vo = L;(©2) C L2(f2). The compactness of the mapping v —
I'(u) = — f(u) — pou considered as an operator from L,.(0,T; H*(Q)) N H*(0,T; L2(£2)) into
Ly(0,T; L . (Q)) for r > 2 large enough follows now from the standard Sobolev embedding

and Aubin’s lemma. Indeed, let I, = (I —1)~! < 2. Then

Ly
1) = )l 0y < C [ (1l o+ fuaP) " oo = ol

=C (1 * ”ul”Lsz () + ||u2HL31 ) ) e = u2||l£3z*(9)'
Since H'=9(Q) C Lz;, () for § =71 — 1/2 > 0, we obtain that
(5.17) ||f(u1) — f(UQ)HLl*(Q) S C (1 + ||U1||§11_5(Q) + ||u2||?’_11—5(9)) Hul - UJ2||H175(Q)
with § = 17! —1/2 > 0. By [95, Corollary 8] we have the compact embedding
L, = L(0,T; H'(Q) N H'(0,T; Ly(R)) € C([0,T]; H'°())

for 7 > 2(1 — §)6~t. Therefore (5.17) implies that u — —f(u) — pou is a compact operator
from L, into Lo (0,T; L%(Q)) for some r large enough.

Finally, to establish Assumption 3.46(ii) we shall show that Assumption 3.42(D)(iii) holds
(with I = 1) for any 1 < p < 5. For this, the following inequality is critical:

/ g(u+o) - g)ldz < C, / (9(u+v) — g(v))udz

(5.18) +e [1 + /Q(g(u +v)(u+v) + gv)v)dx|,

for any € > 0 and u,v € H'(Q). To prove it we split the region of integration into the following
subregions:

Qa4 = {2€Q:|ulx) >1},
Qp = {ze€Q :|ulx)] <1, v(z)] < M},
Oc = {re:ul)] <1, lo()] > M},

where M > 2 is a constant. It is clear that

/ lg(u+v) — g(v)|dz < / (9(u+v) — g(v))ud.
Qa Q
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‘We also have that
[ latut o)~ g(o)lda
QB

< /QB lg(u + v) — g(v)[*/2]ul*/? (Ig(u+v) _g(v)|>1/2 .

<| :

1 1/2
/ g (v+ Au)d\
0

is]

< g7 +HOum o (9(u+v) — g(v))udz.

At last, since |v] > M and |u +v| > M/2 on Q¢, we have that

/ lg(u +v) — gv)|dz < / (lg(u+ )] + lg(v)]) de
Qc

Q¢

< i o (g(u+v)(u+v)+ (g(v)v)de.

Thus, if we choose M = 2/e in the inequalities above, then we easily arrive to (5.18).
Thus, the conclusion of Theorem 3.47 applies under condition (5.16).

5.3.4. Proof of Theorem 5.5 - Regularity of attractor. We start with parts [i] and
[ii]. In the case n = 2 (which is always subcritical) and n = 3, ¢ < 2 this is straightforward
consequence of Theorem 4.19. Indeed, it suffices to notice that the condition ¢’(s) > 0 along
with growth condition (5.9) (resp. (5.8)) imply (4.54). In the critical case n = 3, ¢ < 2,
but with subcritical damping 0 < p < 3 we apply Theorem 4.27. Here, again, (4.54) follows
from (5.8). Restriction imposed on p along with Sobolev’s embeddings imply validity of the
first hypothesis imposed on the damping D in Theorem 4.27. Conditions (4.81) and (4.83)
imposed on the nonlinear term F are straightforward. As for (4.82), this follows from the
fact that the set of stationary points is bounded in H?(£2) (where the latter statement results
from standard elliptic theory).

The most demanding case is the ”double critical case”, n = 3,q = 2 and p = 5, or more
generally 3 < p <5 corresponding to the statement in part [iii] of Theorem 5.5. For this we
shall resort to Theorem 4.25. We begin with the verification of Assumption 4.11 . For the case
considered II(u) = [, f(u)dz, where f denotes the antiderivative of f(u) + pou. Therefore
the second and the third Frechet derivatives of II(u) has the form

(5.19) TP (u); vy, v2) :/Qf'(u)vwgdx, (I (w); vy, va, v3) :/Qf”(u)vlvgvgdm,

for every u,v; € V C H(Q2). Consequently, by (5.5) using the embedding H*(Q) C L,.(Q) for
s =3(1/2 — 1/r) we easily obtain the estimates

<H(2)(u);v,v>‘ < C/Q (1 + |u\2) lv]’de < C (1 + \u|2L4) \v\%4

(5.20) < C(1+1ulBa) 1003/ < C)IvlE
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for all u,v € H*(Q) with |lull; < p, which implies (4.31) with (at least) o = 3/8. Similar
argument applies to (II®) (u); vy, va, v3):

<H(3)(U)§U1»U2,U3>’ < C/(1+\u|)|vlvgv3|dac
Q

1/2

S C |:/ (]- + |U‘2) |'U1'02l2d1' ||’U3||L2
Q
< O lullze) lorllzellvell Lo llvs|l 2.
(5.21) < O A lull) [lorllllvall1llvs]lz,

which implies condition (4.32).

The linear growth of the damping at the origin implies that we can take Ho(s) = m™!s,
as desired. In line with Theorem 4.1 we need to verify validity of (3.59) with x = 2 (rather
than x = 1 as for Theorem 5.3). This additional restriction on the value of k forced us to
impose more stringent assumptions on g. We turn next to Assumption 3.21, in particular to
the most demanding condition (3.59). We need to verify validity of (3.59) with x = 2 (rather
than k = 1 as for Theorem 5.3). To prove inequality (3.59), we use the relation

< [ lotu+v) ()'ﬂ dx

(5.22) el /Q (9t + v) — g(u))vda

/Q(g(u—kv)— ))wdzx| <

for any € > 0 and carry the following computations.
Let § be an arbitrary small positive constant and r, 7 conjugate Holder’s exponents such
that Br < 1. Since (5.8) implies that

g(w) = g(v) < Cu—v)[1 +ug(u) +vg(v))’,

we obtain

/ (9(u+) — g(u))
Q

2
[l 4
[0

1/r
< Clul o | [ 0+ ug(a) + (a5 oo+ ) ]|
< Clul, o [1 + [ gttt )+ gl dx]

(5.23) < Clolt s |14 [ (ol 0 0+ gluyis].

where we have selected appropriate values of r in line with Sobolev’ s embeddings and restric-
tions on the growth of g implied by (5.9). In the case n =3, § = 3 so we take r = 3/2 and
7 = 3. Thus (5.23) holds with § = 0 and, therefore, by (5.22) inequality in (3.59) is satisfied.
Indeed

/ (9(u +v) — glu))wdz
Q

<C. /Q(g(u +v) — g(u))vdx

(5.24) +elw|? [1 + /Q(g(u +v)(u+v) + gu)u)dz| ,

which is condition (3.59) in Assumption 3.21 (this fact has been also used in the proof of
Theorem 5.4). Conclusion of Theorem 4.25 stated in (4.78) implies that A is bounded in
VYV xVC HYQ) x H(Q) with additional spatial regularity

Au € Ly(Q) + D(H'(Q)) C La(Q) + Lgp(2) = Lining2,6/p} (),
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where (u,v) € A and u satisfies homogenous (Robin or Dirichlet) boundary conditions. The
above formula and standard L, elliptic theory yield additional regularity of the variable v in
line with the statement in Theorem 5.5. Proof of Theorem 5.5 is thus completed.

5.3.5. Proof of Theorem 5.8 -finite dimensionality. Let g* = 0. For subcritical
cases, n = 2 and n = 3,q < 2 we can just refer to Theorem 4.1, whose assumptions have
been verified above. Indeed, (3.59) with x = 2 follows from (5.23) where for n = 2 we take
r > 1 close to one, so that r < 1. This leads to (3.59) without the term €|.A'/2w|?. For
n = 3 we have (5.24), which implies (3.59). Thus, due to subcriticality (either n = 2 or
q < 2), Theorem 4.1 applies and yields finite dimensionality. This is not the case for n = 3
and critical exponent ¢ = 2. We need to resort, again, to Theorem 4.25. Assumptions of this
Theorem have been verified above (see (5.20) and (5.21)), hence the final conclusion of finite
dimensionality has been established in all the cases considered with g* = 0.

As for the last statement in Theorem 5.8, dealing with the case g* # 0, we apply the
second part of Theorem 4.1. Property (4.2) with [ = 1 follows from the assumption p < 2.

As we recall, the proof of finite dimensionality of the attractor, under the hypotheses of
Theorem 4.25 depends on the additional smoothness of the attractor (in the case of wave
equation this is Theorem 5.5). We note that an additional smoothness of attractors was used
critically in [80] for the purpose of proving finite dimensionality of attractors with a nonlinear
damping. However the conditions imposed on the dissipation in [80] are much more restrictive
than in the present work.

5.3.6. Proof of Theorem 5.10. Decay to equilibrium. Theorem 5.10 follows from
Theorem 4.31. Critical role is played by the requirement (4.94) which, by Remark 4.32, follows
from (3.59) with x = 2. However, (3.59) with k = 2 was shown already owing the growth
condition imposed on g. Verification of (4.95) and (4.96) is straightforward. Indeed, to verify
(4.96) in the case n = 3, ¢ = 2 we note that by the imbedding H' () C Lg(2) we have that

5/6
[(F'(u) — F'(v), w)|ip(ar/2)y < C </ |1+ [ul® + [v]*) (u — v)w|6‘/5 dm)
Q

2/3
3/2
SC(LK1+uP+M%m—M} m) oo

1/3 1/2
sc(/u+m6+v%m) (/hhwfm) o/l zogey-
Q Q

This implies (4.96) in the case n = 3, ¢ = 2. A similar argument applies for (4.95) and for
other values of n and gq.

The validity of energy inequality for generalized solutions can be obtained in the following
way. From energy equality (5.7) we have that

(5.25) E(t) +/ /Qz/JN (g(wi(r,2))we (7, 2)) dedr < E(s), N =1,2,...

for any strong solution, where )y () = o for 0 < 0 < N and ¢ny(0) = N for ¢ > N. Since
the function s — ¥y (g(s)s) is globally Lipschits, relation (5.25) remains true after the limit
transition to generalized solutions. Now, since ¢¥n(0) < ¥n41(0) we can apply Levi-Lebesgue
theorem on monotone convergence to obtain the energy inequality for generalized solutions.
O

5.3.7. Proof of Theorem 5.13 on determining functionals. It easily follows from
Corollary 4.40. O



CHAPTER 6

Von Karman evolutions with a nonlinear dissipation

6.1. The model

In what follows we consider a nonlinear system of dynamic elasticity described by von
Karman evolution with a nonlinear dissipation.

Let Q C R? be a bounded domain with a sufficiently smooth boundary I'. We denote by
v = (v1,v2) the outer normal to I'. Consider the following von Karman model with clamped
boundary conditions:

use — alug + k [go(ue) — adivg(Vue)] + A2y
= [v(u) + Fo,u] + p+ L(u) + g"(ue) in Q% (0,00),
0

(6.1) U= U= 0 on T x(0,00).

The Airy stress function v(u) satisfies the following elliptic problem
9 . 0
(6.2) Av(u) + [u,u] =0, in Q, a—v(u) =wv(u)=0onT.
v

The von Karman bracket [u,v] is given by

(6.3) [u,v] = 8§1u . 85211 + 6§2u . 83111 -2 3§1w2u . 65138211.

The functions go and ¢ represent dissipation in the model. They are assumed monotone
increasing and continuous. The damping parameter k is positive. The parameter o > 0
represents rotational forces. The functions F € H?(Q) and p € Lo(Q) are given. They
describe in-plane and transverse forces applied to the plate. The operator L is a linear first
order differential operator. In typical applications (see, e.g., [37]) one has Lu = —pu,, , where
p depends on the velocity of the gas. The term g*(u;) with g* € WL (R) represents an anti-
damping. The presence of non-conservative terms Lu and g* is responsible for the fact that
energy is not decreasing.

Equations of von Karman (6.1) and (6.2) are well known in nonlinear elasticity and
constitute a basic model describing nonlinear oscillations of a plate accounting for large dis-
placements, see e.g., [82] and references therein. The model which accounts for moments of
inertia, i.e. a > 0 is often referred as modified von Karman equations. The rotational case
when a > 0 represents a purely hyperbolic dynamics with finite speed of propagation. Instead,
when o = 0 we have an infinite speed of propagation. Thus, the mathematical properties of
these two models are very different necessitating different treatments and analysis in each
case.

We note that the energy function associated with (6.1) takes the following form

£(t) = /Q But(x,t)|2 + S IV, 0 + %|Au(x,t)\2 + i|Av(u)(x,t)|2

1

(6.4) 5

[Fo(z), u(z, t)]u(x, t) — p(x)u(x,t)| dx

123
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and the corresponding energy relation (which is valid for strong solutions) has the form
t
e+ [ [ lontuse.)usCe. ) + ag(Vue 1)) Ve, )] dads
0 Ja

(6.5) =£(0) +/0 /Q 9" (ue(x, 7))ue (2, 7) + Lu(z, 7)u(z, 7)] dedr.

Two properties of the energy function that should be emphessized are: (i) it is not obvious
that £(t) is bounded from below, (ii) £(¢) may not be decreasing. Indeed, the last two terms
in (6.5) have uncontrolled signs. This is the effect of non-conservative forces.

6.2. Properties of von Karman bracket

This preliminary section contains some properties of bracket (6.3) and nonlinear forcing
terms from equation (6.1) which we need to check the hypotheses of Chapters 3 and 4 in the
both cases @ > 0 and o = 0. The following notations will be used:

[ulls=ullgs@, lul=lule and (u,v)=(u,v)L2q)-

PROPOSITION 6.1. The mapping {u,v} — [u,v] is a symmetric bilinear mapping from
H?(Q) x H?(Q) into L1(Q). The trilinear form ([u,v],w) is symmetric on H2(Y) if either at
least one of elements u,v or w belongs to HZ(Q). Furthermore:

e The following estimates are valid
(6.6) I u, 0] (| < Cll wlla—p - | v lls—j+s,
where j = 1,2 and 0 < B < 1 and
(67) |[U,UH,1,25 < C’|u\2,5|v|2,57 0<d< 1/2.

e For anyu € H?(Q) problem (6.2) has a unique solution v = v(u) in HZ(Q)NW2,(Q).
This solution has the following properties

(6.8) | v(u1) —v(uz) [lwe, @< C- [l ur +uz fl2 - || ur —uz [|2
and
(6.9) | v(u1) —v(ug) [[3-6< Cs || ur +ug fl2 - || ur —uz |l2—s

for every 0 < § < 1. We also have that

2\—1
(6.10) |a5) ], < C el

where A% is the biharmonic operator with the Dirichlet boundary conditions and

(A%)fl is the corresponding Green operator.
e For any n > 0 there exists C, such that

(6.11) lull* < n(llAv()][* + [|Aul]?) + Cy, - u € (Hy NH?)(9).

PRrROOF. The algebraic properties follow from standard and well known considerations for
von Karman brackets and Airy stress function [82]. Particular cases of estimates (6.6) and
(6.9) can be found in [82]. The proof of (6.6) and (6.7) for the all cases described can be found
in [17]. Estimates (6.8) and (6.10) follow from recent developments on sharp regularity of Airy
stress function (see [46] and also [26] and the references therein). Estimate (6.9) follows from
elliptic regularity theory and from (6.6). The proof of (6.11) relies on the uniqueness property
of Monge-Ampere equation and has been provided in [26] (see also [13] and [76]). O
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6.3. Abstract setting of the model
In order to put von Karman model into the abstract setting of Chapter 3, we define
(6.12) F(u,w) = [v(u) + Fo,u] + p+ L(u) + g*(w), u€ HF(Q),w € Ly(),
where v = v(u) solves (6.2). The nonlinear term F(u,v) can be represented in the form
F(u,v) = —1I'(u) + F*(u,v)

with

(613) M1(u) = §180(w) I - 5 (1w, u], Fy) — (o,),

where v(u) € Hg(Q) is defined by (6.2), and F*(u,v) = L(u) + g*(v). Thus we set
(6.14) Ty () = i”AU(u)HQ and I (u) = —%([u,uLFo) ~ (pu).

The following assertion makes it possible to prove that F satisfies the hypotheses from
Chapters 3 and 4.

LEMMA 6.2. For any u € HZ(S2) the following relations hold:

(6.15) ILu||ls < Cllu|l140 for o =0,-1,
(6.16) ull®> < ([[Au® + o(w)) + Cy for any n > 0,
(6.17) I (w)| < n (| Au|l® + g(u)) + C,, for any n > 0,
1
(6.18) (—II'(u) + Lu,u) < —§||AU(U)||2 +lAul|? +Cy for any > 0.
If Fy € H**7(Q) for some o € (0,1), then
(6.19) T (u1) — I (u2) [ -1 < Cpllur — uzl2—0, o >0,
and if Fy € W2,(Q), then
(6.20) [T (u1) — I (u2) || < Cpllur — uall2,

for any uy,uy € HZ(Q) such that ||u;|l2 < p, i = 1,2, where p > 0 is arbitrary and C, is a
non-decreasing function of p.
If Fy € H%(Q) and p € Lo(Q), then there exists § > 0 such that
(6.21) M(ur) = T(u2)| < C (furll3-s + lluzll3-5) llur — uz]l2—s,
for any ui,us € H3 ().
ProOOF. Estimate (6.15) follows from the fact that L is a linear first order differential

operator.
Relation (6.16) follows from (6.11).
Using (6.6) with 7 = 2 and 8 = 0 we obtain that

1
M)l < SlEollz- fufly-llullz + [lullz - [Ipll-2

< nllAul? + O ul* + O

for any 1 > 0. Therefore (6.17) follows from (6.16).
A simple calculation using the symmetry of von Karman bracket (see Proposition 6.1)
gives
(—1T'(u), w) = = [|Av(u)|* + ([u, Fo, w) + (p, ).
Therefore, as above, from (6.6) we obtain

(—11'(w), u) < || Av(u)|* +nl|Aul? + OV [lul® + CFY
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for any positive . Now using (6.11) we get (6.18).
To prove (6.19) we note that

—I0'(wr) + ' (u2) = [ur, v(ur) — v(u2)] + [ur — uz, v(uz) + Fo).
Using (6.6) with 7 = 1 and appropriate choice of § and also (6.9) with § = 1 we obtain that
T (ur) = I (u2) |1 < C(1+ ua]f3 + [Juzll3)llur — uzll2—o

Therefore we get (6.19) from (6.15). In a similar way (6.20) follows from (6.8).
To prove (6.21) we note that [u1,u1] — [ug, us] = [u1 — ug, u1 + ug] and

[1Av(ur)[1? = | Av(ug)[]?] < [|A(v(ur) = v(u2))[| (|Av(uy)|| + [|Av(us)]))
< COl[ur — uz,ur +uz|| -2 ([fur, wall| -2 + [luz, uz]||-2l]) -

Therefore (6.21) follows from (6.6) with j = 2. O

As it was shown in Chapter 1 (see Example 1.3), problem (6.1) and (6.2) can be written
in the form

(6.22) { Muy(t) + Au(t) + k- D(ue(t)) = F(u(t), ue(t)),

uli—o = ug € D(AY?), utli—o = u1 € V. =D(M?),
with the following notation the following spaces and operators:

o H=1L1yN), V=V, where V, = H}(Q) for @ > 0 and V,, = L3(Q) for a = 0.

o Au= A%u, ue D(A) : D(A) = HZ(Q) N HY(Q).

o Mu=u—alu, u€ D(M), where D(M) = H}(Q) N H%(Q) in the case o > 0 and
D(M) = Ls(Q) when o = 0.

o F(u,u;) is given by (6.12).

e D(u) = go(u) — adiv(g(Vu)).

It is clear that A and M satisfy the conditions introduced at the beginning of Sect. 1.2.
The difference between the two cases a > 0 and a = 0 is, of course, different topology
of V’. This difference of topology will result in very different properties and results for
the corresponding two cases. The model with o > 0 is hyperbolic with a finite speed of
propagation, while the case @ = 0 corresponds to infinite speed of propagation. As we shall
see below, this difference will produce different theories for the two cases. We shall begin with
a more regular case of rotational model when a > 0. Here, the analysis and the results are
reminiscent to the wave equation case, treated in the previous chapter.

6.4. Model with rotational forces: o > 0

6.4.1. Main results. Our main standing assumption is

ASSUMPTION 6.3. e go € C'(R) is a monotone nondecreasing function such that
90(0) = 0.
e The function g has the form g(s1,s2) = (g91(s1),92(s2)), where (s1,s2) € R? and
gi € C1(R) is monotone increasing function such that g;(0) = 0, i = 1,2. Moreover,
we assume that g; are of polynomial growth at infinity, i.e. we assume that

(6.23) 0<m<ygi(s) < M|s|P~t,  |s|>1,i=1,2,

with some constants m, M and p > 1. In the case when L # 0 (non-conservative
case), we assume that this inequality holds with p = 1 and also that gy possesses the
same property.

e p(z) € Ly(Q) and Fy(x) € H?>T7(Q) for some o > 0.

e [ is a linear first order differential operator with smooth coefficients.
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Below we consider the following two case only: (a) L £ 0, g* =0 and (b) L =0, g* £ 0.
One could also consider a simultaneous effect of ”static” and ”dynamic” non-conservative
forces L and g*. However, this would require additional assumptions synchronizing these
two effects (see Subsection 3.1.3 and Theorem 3.15). Similarly one could consider dynamic
force acting on Auwu; as well as nonlinear non-conservative forces in line with setup in The-
orem 3.15. We have chosen not to complicate matters too much and rather to adhere to a
simpler framework that is relevant in applications.

Our main result in the case g* = 0 is the following assertion.

THEOREM 6.4. Let g* = 0 Under Assumption 6.3 equations (6.1) and (6.2) with o > 0
generates a continuous semiflow Sy in the space H = HZ(Q) x HZ () which possesses a global
compact attractor A. Moreover

o If, in addition, we assume that (i) go(s) is of polynomial growth at infinity, i.e. there
exist pg > 1 and My > 0 such that

(6.24) 0 < gh(s) < Mp[l + [s[Po™!], s eR,
and (ii) there exists 0 < 3 < 1 such that the functions g; satisfy the inequality
(6.25) 0<m<gi(s) < M[1+sgi(s)]’, seR,i=1,2,

then the attractor A is a bounded closed set in (H®> N HZ)(2) x HZ(Y) and its fractal
dimension is finite.

e If L =0, then A = M“(N), where M“(N) is the unstable manifold emanating
from the set N (see the definition in Sect. 2.4) and N is the set of equilibria for the
semiflow Sy. Moreover, the statements of Theorem 2.31 and Corollary 2.32 are in
force.

o Let us assume that the set of stationary solutions consists of finitely many isolated
equilibrium points which are hyperbolic and that L = 0. Then, under conditions
(6.24) and (6.25) for any initial condition yo € H there exists an equilibrium point
e = (w,0), w € HZ(Q), such that

(6.26) |Siyo —elg < Ce ', C, w>0.

e Under conditions (6.24) and (6.25) the system possesses a fractal exponential attrac-
tor (see Definition 4.41) whose dimension is finite in the space H () x W, where
W is a completion of H}(Q) with respect to the norm | - ||w = [|(1 — @A) - || _2.

REMARK 6.5. We note that the property g/(s) < M (1 + sgi(s))” for some 3 < 1 holds
true, if we assume that either p < 3 or else p > 3 and g;(s)s > m|s| for all |s| > 1 and for
some m; >0and ! >p— 1.

We can also suggest another version of the stabilization result which covers the case when
m = min;—1 2 g;(0) can be zero. To formulate this result we first prove the following assertion.

LEMMA 6.6. Let Assumption 6.3 hold. Then the form D(v,u) given by the relation
(6.27) D(v,u) = / go(v)udx + Z /gi(vli)m“d:r7 v,u € H'(Q),
@ i=1,279
possesses the property
(6.28) Ho (D(u+v,v) — D(u,v)) > ||v]|* + o Vv||?, v € H3(Q), ue H'(Q),
where Hy : Ry — Ry is a strictly increasing continuous concave function. If gi(s) > m >0

forall s € R, i = 1,2, then (6.28) holds with Ho(s) = hg - s.

PROOF. As in the proof Theorem 5.3 (see relation (5.14)) we can construct a strictly
increasing continuous concave function Hy(s) such that

252 < Hy(sg?(s)), i = 1,2, forall a € R, g¢(s) = gi(s +a) — gi(a).
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Hence
(6.29) 52 + 52 < Ho(s19% (1) + 5298 (s2)) for all a,sq,s5 € R.
Therefore the application Jensen’s inequality leads to relation (6.28) with the function Ho(s)

= ¢oVol(Q)Hy(Vol(Q)~s). If gi(s) > m > 0 for all s € R, then it is clear that (6.29) holds
with H()(S) = ho - S. O

Now we are in position to formulate the following stabilization theorem.

THEOREM 6.7. Let g* =0 and L = 0. In addition to Assumption 6.8 assume that (6.24)
holds and there exists 0 < 8 < 1 such that the functions g; satisfy the inequality

(6.30) 0<gi(s) < M[1+sgi(s)?, seR, s#0,i=1,2.

If the the set of stationary solutions consists of finitely many isolated equilibrium points which
are hyperbolic, then for any initial condition yo € H there exists an equilibrium point e =
(w,0), w € HE(Q), such that

(6.31) 1Sy — el <C-o (tT7Y]), t >0,

where C' and T are positive constants, [a] denotes the integer part of a and o(t) satisfies the
following ODE:

(6.32) (2—3 +Q(0)=0, t>0, 0(0) =C(y,e).

Here C(y,e) is a constant depending on y and e, Q(s) = s — (I + Go) " (s) with Go(s) =
e (I+ Ho)_1 (c28), where ¢1 and co are positive numbers and Hy is defined in Lemma 6.6.

Few words about the relation of the result given in Theorem 6.4 with respect to the liter-
ature. Existence and finite-dimensionality of global attractor, for the case of linear damping,
was proved earlier in [13] (see also [14]) where the structure of the attractor was established).
The case of nonlinear but linearly bounded damping was considered in [78]. The result on
exponential stabilization is new even in the case of linear damping. Consequently Theorem
6.4 extends the results known in the literature in two directions: (i) it allows to treat strongly
nonlinear dissipation, and (ii) it provides estimates on the convergence to equilibria.

In the case when L = 0 and ¢g* # 0 we have the following result.

THEOREM 6.8. Let L = 0. Assume that g* € C1(R) possesses the properties

(6.33) o] () < CIL+ s, seR,
for some p, > 1 and C > 0, and
, 9" (s)]
6.34 lim sup —=— <k
( ) |s|—oc0 90(5)

Then under Assumption 6.3 equations (6.1) and (6.2) with o > 0 generates a continuous
semiflow Sy in the space H = HZ(Q) x Hg () which possesses a global compact attractor A.
If, in addition, we assume that (i) go(s) is of polynomial growth at infinity, i.e. (6.24) holds,
and (ii) the functions g; satisfy the inequality

0<m<gi(s) <M[L+]s]], seR,i=12,

then the attractor A is a bounded closed set in (H3NHZ)(Q) x H3 () and the fractal dimension
of the attractor A is finite.

We note that long-time behaviour of von Karman system with an anti-damping term was
not considered before.
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6.4.2. Proof of Theorem 6.4. Since (6.1) is presented in the form (6.22) with V' =

H}(Q) and
F(u,us) = F(u) = [v(u) + Fo,u] +p+ L(u), u€ HX(Q),

we conclude from Lemma 6.2 that the nonlinearity F' in this case satisfies all hypotheses
concerning F' postulated in Chapters 1 and 3 (see Assumptions 1.1(F), 3.1(F) 3.7(F) and
3.21(F) with ny = 0). Indeed, (6.16) coincides with (3.18), relation (6.17) is identical with
(1.5), (6.18) coincides with (3.17) and (6.19) is the same as (3.60) in the framework considered.
Moreover, Assumption 3.21(F) holds with 77 > 0 and, hence, in the case o > 0 the nonlinearity
F is subcritical. Therefore, in order to establish existence of global attractors, we shall appeal
to Corollary 3.28.

Thus, to prove the theorem we need only to check the corresponding assumptions con-
cerning the damping D.

Verifications of Assumptions imposed on the damping operator. The argument
given in Example 1.3 shows that Assumption 1.1(D) holds and, therefore, by Theorem 1.5
problem (6.1) with g* = 0 generates a dynamical system in the space H = HZ(Q2) x HZ ().

LEMMA 6.9. Let Assumption 6.3 hold and D(v,u) be given by (6.27). Then

[ ]
(6.35) D(v,v) > ¢ (|[v]]> + || V||?) — e1, v € Hi(R),

where co and ¢y are positive constants;
o Ifp=11n (6.23) and g}(s) is bounded (assumed when L #0), then

(6.36) ID@)1 < callull, v € HAE),
and

(6.37) |D(u+ v,w) — D(u,w)| < esl|w]ly |1+ D(u+v,u+v)"/2 + D(u,u)l/ﬂ
for any v,u € HY(Q) and w € H(QQ), where ca > 0 and c3 > 0 are constants;

o If1<p< oo (relevant when L =0) then

(6.38) [D(v,u)| < Cillulls - D(v,0) + Co(1 + [[ull}), v e H(Q), ue H*(Q),
and

(6.39) |D(u 4 v,w) — D(u,w)| < Cs|lw||s [1 + D(u+ v,u+v) + D(u,u)],

for any v,u € HY () and w € H(S2), where s = 12Tpp ifp>1and s> 1 is arbitrary
in the case p =1, the constants C; are positive.

Proor. By the Friedrichs inequality we have
(6.40) o] + || Vo||? < C(1+ )| Vo, v e HERQ).
It follows from (6.23) that
5gi(s) >ms* —¢, se€R, forsome c¢>0.
We also have that sgg(s) > 0. Therefore
D(v,v) > « Z /Qgi(vwi)vwidx > am||Vv||? — acQ)|.
i=1,2

Thus (6.35) follows from (6.40).
In the case L # 0 we have that

(6.41) l90(v)] < arfv| and |gi(vi)[* +[g2(v2)* < af(vf + v3).
This implies that
[D(v,u)| < C- ([[oflflull + [ Voll[Vul) < C - [lv]l1[Jul-
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Therefore we obtain (6.36).
Similarly, from (6.41) we have

|D(u+v,w) 7D(U,’LU)|
< C’/(|u—|—v|+|u|)|w\dm+Ca/(|V(u+v)|+|Vu|)|Vw\dx.
Q Q

IN

C- (vl + a9+ v)lP) " + (lul? + a2 Vul2) ] fwls.

As above this implies (6.37).

Now we consider the case of an arbitrary finite p (of relevance when L = 0). We will use
the diagonal structure of the mapping g = [g1, g2]7.

Denoting Q; ={z € Q : |u,,| <1} and Qo ={z € Q : |v,,| > 1} for each i = 1,2 we
have

(6.2 | [ o] < [ ot ),
Q 1951
By the Cauchy-Schwarz inequality we obtain
1
043 [ lnude < g [ et
Ql Q1

In the region 25 we use Holder’s inequality applied with some 1 < r < 2:

1/r B 1/7
/ |gz-<vm>uzi|dxs(/ gz-(vm,i)rdx) (/ |um|rdx) ,
Qo Qo Qo

where »~! + 7! = 1. Since Hl_%(Q) C L:(Q) (see, e.g., [101, Chap.4]), from polynomial
growth condition (6.23) assumed on g; we have

/ |gl(U$1)u$1 dx < C (/ |gi(vl’i)|vxi
Qo Q2

If we choose r =1 + %, we obtain

[ oo, dxgc(/ 195(vs,)
Q2 Q2

(6.44) <C [ lgtonlomde - fula-sn,
2

dr.

Qo

de +/ |uml|2d$ <Cq+ ”u”%
Q1

1/r
p(T—l)dx> ||u||2_2/F.

|z,

™
dx) Flas/ 1)

where in the last inequality we use the fact that on Qs we have

P
1+p
< / |gi<vmi>|vxi|dx) <C [ laitonllvald.
Qz QZ

Combining (6.42), (6.43) and (6.44) yields the inequality
(6.45) | [ 9itvaunde| < Callul s, - [ giton oo + Colt + ul)
Q P Q

Similar, but simpler argument applies to the term go. Due to Sobolev’s embedding H+? Q) cC
Lo () (see, e.g., [101, Chap.4]), we need no growth conditions on go(v). Indeed, on the set

Q={zecQ: |v)>1}
we have

(6.46) ‘/ﬁ go(v)udx‘ §Cm§§1x|u\-/§ |go(v)|dx§0||u||1+5/§ go(v)vdx

for every positive . Thus from (6.45) and (6.46) we we can easily obtain (6.38).
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Now we shall verify relation (6.39). We shall carry the computations for terms g; which
are more complicated. In the same way as above using the embedding H'~7 (Q) C L#(€) for
1 =1,2 we write

/ 106((t + 0),) — g1tz [0
Q

(6.47) < Clwl,- /[( [ttt or dx) ([ lotusr dx) ]

where we have applied Holder’s inequality with exponent 1 < 7 < 2 to be determined later,
7~1 =1 —r~1. We split the region of integration into two domains

D ={z€Q :|ug, (@) + v, (z)] <1}; Qa={z € Q : |ug, (x) + vy, (z)| > 1}
Using the assumptions that g;(s)s > 0 and the growth condition on g; we obtain

[lattusoras - [/Q+M 95(( -+ 0)e) " gi (1 4 0))
< Cot /Q 1) Pl (0l

dx

From here after selecting r = 1+ 1/p we get

</Q |9((U+v)mi)lrdx>1/r < Cq (1+/Qg((“+”)xi)(u+v)mi)dx>l/r

(6.48) < Cq <1+/gi((u+v)mi)(u+v)rid:r>.

)
(6.49) ( /Q |gi(umi)7"dx> "< [1+ /Q gi(uzi)uwidx].

As above it is also easy to find that

/ g0 +v) — go(w)luwldz
Q

< Caxlul - [ lgotu+0)] + loo(0) s
Q
(6.50) < Collwl|li+s <1 —I—/ go(u+v)(u+v)dz —I—/ go(v)vdx>
Q Q
for every § > 0. Therefore combining with (6.47), (6.48), (6.49) we obtain (6.39). O

Now we are in position to prove existence of global attractor for the system (H,S;)
generated by (6.1) and (6.2).

We first we note that (H, S;) is ultimately dissipative. Indeed, in the case L # 0 it follows
from (6.35) and (6.36) that Assumption 3.7(D) holds and, hence, we can apply Theorem 3.10.
If L = 0, then by (6.35) and (6.38) we are in position to apply Theorem 3.4 because (6.38)
implies (3.12). Indeed, the substitution w := du in (6.38) gives that

|D(v,u)| < Cylulls - D(v,v) + Co(1/5 + 6||ull}), v e HY(Q), u € H*(Q),

which implies (3.12) with 6 > 0 as small as we want. Thus (H,S;) is dissipative and it
possesses a forward invariant absorbing set.

Now we note that by (6.37), (6.39) and (6.28) Assumption 3.21(D) holds (with C¢(r) =0
# = 1 and without the term ¢|.A'/2w|?). Therefore, the existence of a compact global attractor
A follows from Corollary 3.28.
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To prove the finiteness of fractal dimension of A and the stabilization properties we need
the following Lemma.

LEMMA 6.10. Under Assumption 6.3 and hypotheses (6.24) and (6.30) the form D(v,u)
given by (6.27) possesses the properties

e if p=1 and g{(s) is bounded (when L #0), then
(6.51) |D(u +v,w) = D(u, w)| < CL[D(u+v,v) = D(u,v)] + Cof|w]|}

for any v € H}(Q), ue HY(Q) w e H (Q);
e if1 <p<oo (when L =0), then

|D(u 4+ v, w) — D(u,w)| < C1[D(u+ v,v) — D(u,v)]
(6.52) +Col|wl]? {1+ JJul? ™" + o2~ + D(u + v,u +v) + D(u, u)
for any v € HY(Q), v € HY(Q) w € H?(Q), where s € (1,2).
PROOF. Property (6.30) implies the relation

gi(s2) — gi(s1) _ ol
So — 81 -

where 0 < § < 1 (in the first case 8 = 0). Therefore, as in the proof of Theorem 5.8 (cf.
(5.22)), for arbitrary § > 0 we have

/ |9:((v +0)2,) = gi(ua, )| |wa, |da < 5/[92-((U+v)mi) — 9i(ug,)] - [va, |d
Q Q

0< 1+S1gi(81)+$291‘(82))5, Vs) < 89, i=1,2,

G / (1+ (04 0)0, i (0 0)2,) + 0, 96((1)e,)) - [ |Pda
Q
< 8[D(u +v,v) — D(u,v)] + Cs||w|? [1 + agD(u + v,u +v) + D(u,u)]
with some 1 < s < 2, where ag = 0 if 3 = 0. Since go(s) is of polynomial growth (see (6.24)),

in a similar way we also have

/ 1900+ v) — go(w)||w]dz < 5 / (g0(u + ) — go(u))vdz
Q Q
T Clwl?- / (1t o 4 ooy de, s> 1,
Q

where pp = 1 in the first case. Therefore (6.51) and (6.52) easily follow. O

Completion of the proof of Theorem 6.4. Lemma 6.10 implies (3.59) with k = 2.
Thus the hypotheses of Theorem 4.1 hold and, hence, we are in position to conclude that
the global attractor A of the system (H,S;) generated by (6.1) and (6.2) has a finite fractal
dimension. The smoothness of the attractor follows from Theorem 4.17.

The last statement of the Theorem 6.4 - existence of exponential fractal attractors - follows
from Theorem 4.42.

The stabilization property (6.26) (in the case L = 0) follows from Theorem 6.7.

6.4.3. Proof of Theorem 6.7. We apply Theorem 4.31. By Remark 4.32 property
(4.94) follows from (3.59) which is true in our case under conditions (6.24) and (6.30) (see the
argument above). Since for L = 0 and ¢g* = 0 we have

(F'(w), w) = [v(u) + Fo, w] + [v(u, w), ul,

where v = v(u) satisfies (6.2) and ¥ = v(u,w) solves the problem

_ 0. -
AT+ 2[w,u] = 0, in 9, 5v=v=00nf,
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properties (4.95) and (4.96) easily follows from (6.6) and (6.9). To prove the energy inequality
for this case we can use the same approximation method as for the wave equation in Chapter 5
(see the proof of Theorem 5.10). Thus the proof of Theorem 6.7 is complete.

REMARK 6.11. Under the conditions of Theorem 6.4 we can also apply Corollary 4.40 on
the existence of a finite number of determining functionals. We also note that this question
for problem (6.1) and (6.2) with o > 0 was studied in [25] by another method.

6.4.4. Proof of Theorem 6.8. We first prove well-posedness of system (6.1) and (6.2)
with L =0 and g* # 0. For this we need to check Assumption 1.1.
Since L, () € H=1(Q) for every ¢ > 1, it follows from (6.33) that

lg*(v1) = g™ ()1 < Clig™(v1) = " (v2) |1y 0 (20

2/3
C {/ (1+ |y pwl)3/2 v —v23/2dx}
Q

¢ U (1 or™ 7 + o
Q

Using the embedding H'(Q2) C L, —1)(£2), we obtain that

(6.53) lg*(v1) = g* (v2)ll-1 < C (1 +2771) [log — va

for any v; € HY(Q), ||vill1 < r. From (6.34) we also have that

(9" (v),u) < ko(go(v),v) +C

for some ky < k and C' > 0. Thus (1.3) and (1.6) hold for the model considered. Other
requirements from Assumption 1.1 are also true by the argument given in proof of Theorem 6.4.
Thus the existence of semiflow follows from Theorem 1.5.

To prove dissipativity of this semiflow we apply Corollary 3.17. To conclude, note that
conditions (3.52) follows from (6.34) and (3.51) in Assumption 3.16 is satisfied with v = 1/2.
This latter assessment results from (6.38). See also Example 3.20 for some details.

To prove the existence of a compact global attractor we use Corollary 3.28. Indeed,
Assumption 3.21(D) was checked in the proof of Theorem 6.4. As for Assumption 3.21(F) it
follows from (6.19) and (6.53) that relation (3.60) holds with ny (2) = [|z||,(q). Consequently
we can apply Corollary 3.28 and obtain the existence of a compact global attractor A.

To prove finiteness of fractal dimension of A we need to check (4.2) in Theorem 4.1. Our
hypotheses concerning gg and g; in the last part of Theorem 6.8 guarantee (4.2) with [ = 1.
The smoothness of the attractor follows from Theorem 4.17. Thus the proof of Theorem 6.8
is complete.

IN

px—l + |U2

IN

6 1/6
p*il) d$:| ||Ulf’02||.

6.5. Non-rotational case o =0

In the "non-rotational case”, the situation is more delicate due to less reqularity of the
phase space. In this case, the nonlinear term in the equation is no longer compact.
We consider the following von Karman model with clamped boundary conditions:

u + k g(ug) + A%u = [v(u) + Fo,u] + L(u) + p in Q x (0, 00),

0
(6.54) U= gou= 0, on T x (0, c0).

As above, the Airy stress function v(u) satisfies the elliptic problem (6.2) The von Karman
bracket [u,v] is given by (6.3) and the damping parameter k is positive. This model also
accounts for non-conservative force modeled by operator L.

The feature of the model in comparison with the case a > 0 that we wish to emphasize is
that equation (6.54) does not account for rotational inertia. As a consequence, well-posedness
(uniqueness) of weak solutions has been, until recently, an open problem. In fact, only recently
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due to discovery of sharp regularity of Airy’s stress function, the uniqueness of finite energy
solutions could be shown [46]. This implies that one has a well-posed semiflow on HZ(Q) x
Lo (). However, the effect of nonlinear term is not compact with respect to the topology of
phase space. So, once more we deal with a situation of noncompact nonlinearity. Unlike the
case of semilinear wave equation, the nonlinearity is also non-local. This prevents the usual
”splitting” of nonlinearity into a ”compact” part and ”dissipative” part - applicable to wave
equation -as seen before (see [4, 47, 59, 100] and also the discussion in Chapter 3).

Our standing assumption is the following;:

ASSUMPTION 6.12. e The increasing function g € C'(R) is assumed to satisfy
g(0) = 0 along with the following bound: there exists a positive constant m such
that m < ¢'(s) for all |s| > 1. If L # 0 we assume that ¢’(s) is bounded from above.

e p(z) € Ly(Q) and Fy(x) € W2 ().
e [ is a linear first order differential operator with smooth coefficients.

Our main result reads as follows:

THEOREM 6.13. e Generation of the flow. Under Assumption 6.12 equations
(6.54) and (6.2) generates a continuous semiflow Sy in the space H = HZ(Q) x L (Q)
with the following properties.

e Global attractor. There exists a compact global attractor A. In the case L = 0
this attractor has the form A = M*(N'), where M“(N) is the unstable manifold em-
anating from the set N (see the definition in Sect. 2.4) and N is the set of equilibria
for the semiflow Sy. Moreover, the statements of Theorem 2.31 and Corollary 2.52
are in force.

e Smoothness of attractor. Assuming that L = 0 and that there exist constants
m >0 and M < oo such that

(6.55) m < g'(s) < M (1+sg(s)) forall s € R,

the attractor A is a bounded set in (H* N H2)(Q) x HZ(Q). Assuming, in addition
that Fy and p are C*(Q), g € C®(R), the attractor belongs to C*(Q) x C>*(Q).

¢ Finite dimension of the attractor. Assuming (6.55) with m > 0 and L = 0
the fractal dimension of the attractor is finite. If L # 0, the same conclusion holds
under additional assumption that the damping parameter k is sufficiently large.

e Uniform decay rates to equilibria Let (6.55) be valid with m = 0. If the the set
of stationary solutions consists of finitely many isolated equilibrium points which are
hyperbolic, then for any initial condition yo € H there exists an equilibrium point
e = (w,0), w € HZ(), such that

(6.56) Sty —el><C-o([tT7']), t>0,

where C and T are positive constants, [a] denotes the integer part of a and o(t)
solves (6.32) with Q(s) = s — (I + Go) ™" (s) and Go(s) = c1 (I + Hy) ™" (cas). Here
Hy(s) = csh(cas), where ¢; are positive numbers and h : Ry — Ry is a concave,
strictly increasing, continuous function with the properties

(6.57) R(0) =0 and s*+g*(s) < h(sg(s)) for |s|<1.
If (6.55) holds with m > 0, then (6.56) holds with o(t) = C(y, e)e™t, where w > 0.

REMARK 6.14. Similarly to Remark 5.6 and Remark 6.5 we note that the property ¢’(s) <
M (1 + sg(s)) holds true, if we assume that there exist p > 1 and M; > 0 such that ¢'(s) <
M;i[1 + [s[P~Y], and when p > 3, g(s)s > my|s|P~! for all |s| > 1 and for some m; > 0.
However our assumption (6.55) allows also exponential behavior for g(s), e.g., |g(s)| ~ e®I*l
as |s| — oo for some a > 0.
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REMARK 6.15. One could also add another non-conservative term g¢*(u;) to equation
(6.54). However, as for the wave equation we need some compactness assumptions imposed
on the mapping v — ¢g*(v) of L2(Q) into itself. In this case by adapting arguments given in
Chapter 5, we could easily include the term ¢g*(u;) to our analysis. We are not pursuing this,
mostly because we prefer to keep the exposition as focused as possible by avoiding redundant
arguments.

Few words about the literature relevant to the problem. First study of attractors in the
context of dynamics described by (6.54) has been carried out in [15] in the case of linear
damping. Later, in [76], existence and finite dimensionality of attractors was shown in the
case of nonlinear dissipation subject to rather severe growth restrictions -including linear
growth condition required for finite dimensionality of attractor and large size of the damping
parameter. The main contribution of of Theorem 6.13 is that it allows for rather unrestricted,
possibly superlinear growth of dissipation. In fact, one of the main challenges of the present
paper was to relax linear growth assumption imposed on the damping in [76]. It turned out
that this was possible due to novel criteria for asymptotic smoothness and finite-dimensionality
introduced in Chapter 2. These are generalizations of criterions known before and applicable
mostly to hyperbolic like problems with linear (almost linear) damping only. Some of these
criterions (e.g. Theorem 4.4) were used in recent publications [65, 66] in order to obtain
sharp results on existence and finite dimensionality of attractor for a simple - source free -
von Karman equation with Fy = 0, L = 0. Theorem 6.13 generalizes these results to the case
of full von Karman model that accounts for full sources Fy # 0 and non-conservative terms
L # 0. In addition, the last assertion in Theorem 6.13 provides quantitative information on
decay rates of solutions to equilibria points. The result on stabilization to equilibrium is, to
our best knowledge, completely new in the literature for this problem even in the case of linear
damping.

We also note that the result given in Theorem 6.13 can be obtained with other boundary
conditions such as hinged or free. See for some details in [24]. We can also consider the
systems with a mixed boundary-interior damping [31].

REMARK 6.16. Although the result of Theorem 6.13 is a consequence of several abstract
results, the main wheel behind the proof ( say- in the case when ¢'(s) > 0) is the following
”stabilizability” estimate

(6.55) B((t) < Cre ™ B(2(0) + C2 sup {I15(7) 1320 }

0<r<t
where z(t) = u(t) — w(t), (u(t), v (t)) and (w(t),w’'(t)) are two trajectories of the original
problem which belong to the attractor A, and the (free) energy F is given by

E(=(t)) = /Q [el? + | A2

This particular estimate, known in control theory as observability /stabilizability estimate,
provided a motivation and impetus to search for more general abstract criteria for compactness
and finite dimensionality of attractors, which can be applicable to a large class of systems.
Theorems presented in Chapter 3 result from this effort.

REMARK 6.17. One question that remains open is whether finite dimensionality of at-
tractor can be proved for non-conservative case - L # 0 without assuming large damping
parameter.

Proof of Theorem 6.13. Step 1: Generation of the flow and dissipativity. We
shall recast system (6.54) as an abstract evolution dynamics described by (6.22) with V' =
Lo(Q) and M = I. Asin the case a > 0 we also have that H = Lo(Q), Au = A%u,u € D(A) =
HZ(Q) N H*(Q). We have the identification D(A'/2) ~ HZ(Q2). The nonlinear operators D(u)
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and F(u,u;) = F(u) are defined as:
D(u) = kg(u), F(u)=[v(u)+ Fy,u] + L(u) + p.
So F(u) = —IT'(u) + F*(u) with
(6.59) II(w) = Iy (u) + I (u),
where
My(u) =

and F*(u) = L(u).

As above we can conclude from Lemma 6.2 that the nonlinearity F' in this case satisfies all
hypotheses concerning F' which appear in Chapters 1 and 3 (see Assumptions 1.1(F), 3.1(F)
3.7(F) and 3.21(F)). Thus generation of the flow is guaranteed by Theorem 1.5. Ultimate
dissipativity follows from Theorem 3.4 (in the non-conservative case) and Theorem 3.10 in
the conservative case.

[Aw()]?, T () =~ ([, ul, Fo) ~ (b, w)

N

Step 2: Compactness of attractor. Assumption 3.21(F) holds with 77 = 0 and,
hence, in the case o = 0 the nonlinearity F' is critical. However, due to (6.19) and (6.21),
Assumption 3.33(F) holds and we can appeal to Theorem 3.34 and Proposition 3.36.

Since we have that

I/Q(Q(U+v)—g(U))wdx| < IIwIILx(m/Q(Ig(quv)I+|9(U)I)dx

< Clfullazs [ otu-t o)t o)+ glapds +1)

(6.60) < C|AY* 3|1 + (D(u +v),u + v) + (Du,u)],

relation (3.59) postulated by Assumption 3.33(D) holds with k = 1. Therefore by Proposi-
tion 3.36 the system (H,S;) is asymptotically smooth. Consequently, in the case L = 0, we
use Corollary 2.29 along with already established dissipativity to guarantee the existence of
a compact global attractor. In the case L # 0 we use the first part of Theorem 3.10 to claim
dissipativity of the system (with an absorbing set which may depend on the damping param-
eter k). Hence by Theorem 3.34 a compact global attractor exists. The proof of existence of
global attractors is thus completed.

Step 3: Independence of the size of attractor on the damping parameter k. In
the case when m = infscgr ¢’(s) > 0 and the damping parameter k is large, we can also appeal
to Theorem 3.4 in the case L = 0 and to the second part of Theorem 3.10 when L # 0 to
guarantee independence of k for the size of an absorbing set. Indeed, since ¢'(s) > m for all
s € R and g(0) = 0 we have that ms? < sg(s) for s € R. Thus

m|v|* < /Qv(:l:)g(v(x))dx for all v € HZ ().

Thus (3.2) holds with ¢g = 0. In the case L # 0 we obviously have that |g(s)| < C - |s| for all
s and therefore

1/2
lol-2 < € [ low)Pas) < Cllol forall ve La(@)

Hence the operator D satisfies (3.24). Consequently, by Theorem 3.10 the system possesses a
bounded forward invariant absorbing set with the size independent of k > ko > 0. If L = 0,
we use the relation |g(s)| < 0 + Cssg(s) for every § > 0 and for all s € R to obtain that

/9(“)“0“3 max [u| <Q|'5+05/vg(v)dx>

Cs - [Eo(u, v)]"? /vg(v)da: +C-6(1+ Eo(u,v)),

IN

IN



6.5. NON-ROTATIONAL CASE a =0 137

where Ey(u,v) = 3 (J|v]|* + | Aul?). This implies (3.3) and, hence, by Theorem 3.4 we obtain
the same conclusion as for the case L # 0.

Step 4: Smoothness of the attractor. To obtain the third assertion in Theorem 6.13
we use Corollary 4.26. For this we need to verify Assumption 3.21(D) with Hp(s) = m~'s
and k = 2 and Assumption 4.11.

Verification of Assumption 3.21(D) is accomplished on the strength of the growth restric-
tion (6.55) imposed on g. Computations are almost the same as in (5.22) and (5.23) where

we can take = 1 (and 7 = 00) and use the fact that (6.55) implies the relation

g(s2) — g(s1)
S92 — 81

m < < M (14 s19(s1) + s29(s2)), Vs1 < $a.
Additional hypotheses on g imposed in Corollary 4.26 are also obvious.

We turn to Assumption 4.11. Since II(u) is given by (6.59), after a simple calculation we
have that the second 1) (u) and the third II®® (u) Frechet derivatives of II(u) have the form

(H(z)(u);wl,w2> = —([v(u) + Fo,w],we) — 2([v(u, wr), u], ws),
<H(3) (w);wy,we,ws) = —=2([v(wy,ws),u],ws) — 2([v(wy,u), ws], w3)
(6.61) —2([v(wa, w), w],ws),

for every u, w; € HZ(S2), where we denote by v(wy,ws) € H3(Q) the solution to the problem
0

(6.62) A?v(wy, ws) = —[wy,ws)] in Q, a—v(wl,wg) = v(wy,wz) =0 on T.
v

We need to check (4.31) and (4.32) for these TI*) (u).
Let ||ulls < p. Using (6.6) with j =2, 8 = 1/2 and (6.9) with 6 = 1, u1 = u, us = 0 we
get that
[(lo(u) + Fo,ur],w2)| = [(v(u) + Fo, [wy, wa])| < Cllo(u) + Foll2]|[ws, we][[ -2
< Cpllwillsszllwe]lls/z-

Similarly, from (6.6) with j =2, 8 = 0 and from elliptic regularity of A% we have that

[([v(w, wr), ul, wa)| = [(0(u, wi), [u, w2l )| < Cpllwr |1 ]lwal]s-

Therefore we have the estimate
(6.63) ) (w)s w1, w2)| < Cpllwn ozl o
which implies (4.31). We also obviously have that

’(H(g) (u);wl,wg,w3>‘ = 2®(u; wy, we) - ||ws]|,

where
D (u; wy, wa) = [[[o(wr, wa), ull] + [[[v(wr, w), || + [[[v(ws, u), wi]].
Using (6.10) we obtain that

(u; wi, w2) < Clluflaflw[|2]|well2 < Cpllwi||2]lwal|2,

which implies (4.32). Thus, Assumption 4.11 holds and by Corollary 4.26, we can conclude
that the attractor A is a bounded subset in (H* N HZ)(Q) x H2(Q).

Higher level smoothness C*°(£2) x C*(Q) for smooth data g, Fy and p follows by ap-
plying the argument of Theorem 4.19 (see also Corollary 4.23) to equation satisfied for time
derivatives of solutions. This is the usual boot-strap type of argument (see [80] and also
[16] where a similar result was proved for von Karman equation (6.54) in the case of linear
damping). In the present case, nonlinear operators involved become algebra on the respective
Sobolev spaces (since H2() is embedded in C()), so that reiteration of the argument poses
no difficulties.
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Step 5: Finite dimensionality of attractor. In order to establish finite dimensionality
of the attractor, in the case L = 0, we appeal to the third statement in Theorem 4.25, whose
assumptions have been verified above. In the case L # 0 we apply Theorem 4.1 which relies
on Theorem 3.58 (with x = 2) and requires large size of the damping parameter. Since the
size of attractor is independent on the large size of the damping parameter k (Step 3 in the
proof of Theorem 6.13), application of that theorem (note that other assumptions like (3.59)
and (3.21) have been already verified) leads to a desired conclusion.

Step 6: Uniform decay rates. Theorem 4.31 implies the conclusions of the fifth part
of Theorem 6.13. Indeed, the additional requirements posted in (4.95) and (4.96) follow
from standard regularity properties of von Karman brackets and Airy’s stress functions (see
Proposition 6.1 and also the argument given in the previous section). Validity of energy
inequality for generalized solutions follows from the same argument as in the case of wave
equation. (Il

REMARK 6.18. If Assumption 6.12 and relation (6.55) hold, we can apply Corollary 4.40
on determining functionals and also Theorem 4.42 and Theorem 4.44 on the existence of
exponential fractal attractors. We also note that determining functionals for problem (6.54)
was considered before in [17] for linear damping and in [25] for nonlinear function g and L =0
by another method. The existence of exponential fractal attractors for this problem has not
been yet addressed.



CHAPTER 7

Other models from continuum mechanics

In this chapter we consider several other PDE models arising in continuum mechanics. Our
aim is to demonstrate that the methods developed in Chapters 3 and 4 provide a description
of long-time dynamics also for these specific dynamical systems.

7.1. Berger’s plate model

This model was suggested in [7] as a simplification of von Karman plate equations which
describes large deflections of plates. In the case of hinged plate the Berger equation takes the
form

g + A%u + (Q — / |Vu(x,t)|2dx> - Au=p(u,u,z) in Qx(0,00),
Q
u=Au=0 on T x(0,00),

(7.1) ult=0 = uo(x), utlt=0 = u1(z).

Here 2 C R™ is a bounded domain with a sufficiently smooth boundary I', n = 1,2. The
function wu(z,t) is the displacement of the plate, the parameter @) describes in-plane forces
applied to the plate and the function p represents transverse loads which may depend on the
displacement u and the velocity u;. The case n = 1 corresponds to the plate which is infinite in
one direction (infinite panel). In this case equation (7.1) becomes a well-known beam equation
which was treated by many authors (see, e.g., the monographs [19, 58], the survey [39] and
also the references therein). In the abstract form (which covers the both dimensions n = 1
and n = 2) long-time behaviour of linearly damped problem (7.1) was treated in [19, Chap.4]
with all details. Our main emphasis is placed on nonlinear dissipation and transwersal loads
that are represented by non-compact operators p(u,us).
The unforced energy function associated with Berger’s model takes the form:

1 1
Elus) = 5 [l + 1801, ) — QU0 + 51Vl

The energy may be negative, however due to the presence of nonlocal superlinear term in the
equation, it is bounded from below,

1 1
) 2 3 [l + 18l + 31Vl 0] - @

In what follows we shall consider effects of aeroelastic forces applied to the plate. Our concern
is long time behaviour of dynamics governed by the corresponding models. We shall begin
with a simplest case of aeroelastic force that is conservative. Later in the section we shall
consider non-conservative forces which constitute typical models of aeroelastic forces. For
this latter case, we shall see that the developments in Chapter 3 that accounts for presence
of non-conservative forces is going to play critical role.

7.1.1. Damped system with conservative forces. We assume that the transverse
loads in the right hand side of (7.1) has the form

(7.2) pue, x) = =k - g(ui(x, 1)) + po(x),

139
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where po(z) € Lao(Q), k is a positive parameter, and g € C*(R) is a monotone increasing
function such that ¢(0) = 0.
It is clear that problem (7.1) and (7.2) can be written in the form

uge (1) + Au(t) + k- D(ue(t)) = F(u(t)),
{ ’U,|t:0 =ug € D(A1/2), ut|t:0 =uy € H,
with the following notation:
Au = A%u, ue D(A)={uec H}(Q)NH*(Q) : Au=0 on I'}.
F(u,up) = F(u) = (Q — |AY4u(t)[?) AY?u + py.
D(v) = g(v).

It is obvious that A satisfies the conditions introduced at the beginning of Sect. 1.2.
Moreover, we have that A'/?u = —Awu on the domain D(A'/?) = H} (Q)NH?(Q) and | AV *u| =
|Vl z2(q) for any u € D(AY4) = HE ().

The nonlinear term F'(u) has the form

(7.3)

F(u) = —1I'(u)
with
(7.4 () = LAl — 2140 — (o, u) = To(ur) + My (),
where
Lj1/a, 4 Q 41/4 12
(7.5) IMy(u) = 1|A ul* and TII;(u) = —5|.A ul® = (po,u).

A simple calculation shows that Assumption 1.1 holds in this case and, hence, by Theorem 1.5
equations (7.1) and (7.2) generates a semiflow S; in the space H = (Hi N H?)(Q) x La().
Since the nonlinear term F satisfies (3.60) from Assumption 3.21 with 77 = 0, we are in the
critical case. This suggests that we could apply the same argument as in the case of von
Karman plate with a = 0 (see Chapter 6). In fact, we shall see that the analysis in this case
is simpler. Under the same assumptions (as in von Karman case with a = 0 ) imposed on
the damping we shall obtain existence of global attractor. Our main results for the Berger’s
model read as follows.

THEOREM 7.1. With the reference to problem (7.1) and (7.2) we assume that g(s) € C*(R)
is increasing, g(0) = 0 and

(7.6) g'(s)>m forall |[s|>1,
where m is a positive constant. Then

e there exists compact, global attractor A of the form A = M“(N), where M“(N)
is the unstable manifold emanating from the set N (see the definition in Sect. 2.4)
and N is the set of equilibria for S;. Moreover, the statements of Theorem 2.31 and
Corollary 2.32 are in force;

e assuming in addition that

(7.7) 0<m<g'(s) <M-(1+sg(s)) forall s €R,

the fractal dimension of the attractor is finite. Moreover, in this case the attractor
is a closed bounded set in D(A) x (H} N H?)().

PROOF. In the same as in the Karman case with & = 0 (see Theorem 6.13) we can use
Theorem 3.34. Assumption 3.33(D) was checked in the proof of Theorem 6.13. The require-
ments listed in Assumption 3.33(F) are obvious. The critical assumption on compactness
of potential energy follows from trivial compact embedding D(A'/?) ¢ D(A'/*). Therefore
Theorem 3.34 implies the existence of a compact global attractor A. By Proposition 4.30 we

have that A = M“(N).
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To prove the finiteness of fractal dimension and the smoothness of the global attractor
we must resort (due to criticality of F') to either Theorem 4.27 or more involved Theorem
4.25. However, as in the case of von Karman equation, subcritical conditions imposed on the
set of stationary points (4.82) is not satisfied (regardless the smoothness of equilibria points).
Therefore, we must rely on Theorem 4.25 and on its Corollary 4.26. Indeed, conditions on the
damping operator given in Theorem 4.25 and Corollary 4.26 was verified in Section 6.5. Thus
we need to check Assumption 4.11 only. Since II(u) is given by (7.4), simple computations
give that the second 1) (u) and the third II®®) (u) Frechet derivatives of II(u) have the form

(M (w); wy,wy) = [|Al/4u|2 - Q} (A 40y, AV Aw,)
+2(AY  u, AV ) (A A, AV )
and
<H(3)(u);w1,w2,w3> = 2(A1/4u, A1/4w3)(A1/4w1’A1/4w2)
+2( A g, AY ) (A A, A )
+2(V41/4U,A1/4U}1)(Al/4lU3,A1/4U}2)

for every u,w; € (H?2N H})(Q). Therefore
(02 (w); wr, w3)| < Gyl A | A 4

and

|0 ()s w1, wa, ws)| < Cplws ] (|4 2w [wa] + LA 2]

for every u, w; € (H> N H})(Q) such that |AY2u| < p. This implies relations (4.31) and (4.32)
and thus Assumption 4.11 holds for the case considered.

Therefore we can apply Corollary 4.26 to establish the smoothness of the attractor and
the third statement of Theorem 4.25 to prove finiteness of its fractal dimension. O

We note that the statement of Theorem 7.1 can be also obtained as a corollary of the
corresponding result proved in [9] concerning a coupled plate—wave system.

We also note that, as in Chapters 5 and 6 we can obtain results on the rate of stabi-
lization to equilibria, on determining functionals and on exponential attractor. We do not
provide details here because the corresponding arguments are quite similar to the ones given
in Chapters 5 and 6.

REMARK 7.2. Problem (7.1) and (7.2) belongs to the class of (abstract) equations of the
form

Utt Uy U 1/44, 2 1/24(4) = F*(u
(7.8) {ﬂf<w+D<@»+A<w+QaA (8)[[2) A ?u(t) = F*(u),

U|t:0 = Uo, Ut|t:0 = Ui,

where the function Q(z) € C1(R, ) possesses the properties

(7.9) /OZ Q(&)dE > —ap, 2G(z) —ax /Oz Q(&)dE > a1z' " — a3, 2 >0,

with positive constants a; and 7. In the Berger model (7.1) we have Q(z) = z — Q. The long
time behaviour of problem (7.8) with linear damping operator D and linear non-conservative
force F*(u) was studied with details in [19, Chap.4].
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7.1.2. Non-conservative forces: a case study. If we assume that the plate is located
in a supersonic flow of gas, then according to ”piston” theory (the semi-empirical plane sections
law [62]) the load p in the right hand side of (7.1) has the form

p(uvuhx) = p(uaut) = - Zak(ut +p- le)k7

k=1
for the flow which moves along x1-axis. Here aj are a positive parameters which depend on the
properties of the gas, and p > 0 is determined from the gas velocity. It was suggested in [8] to
consider not more than 3 first terms in this representation for p in the case of plate equations
because of consistency with other (plate) hypotheses. If we will follow this recommendation
keeping two first terms and the only purely damping item from the third-order term, we
obtain the following structure of aerodynamical load

(7.10) pu,uy) = — (alut + agu? + a3u3) —p- (a1 + 2a0u) Uy, — p2a2ui1,

where aj and p are a positive parameters. As we have seen, the presence of aeroelastic
nonlinear force contributes to: (i) superlinear non-conservative forces and, in addition, to (ii)
non-monotone damping. In fact, nonconservative forces take the form:
F*(u,v) = agv — p(a1 + 2asv)uy, + agu? .

It is immediate to see that F*(u,v) is not locally Lipschitz with respect to the phase space
topology H?(2) x La(Q) — La(Q2). Indeed, term wvu,, is not in Ly() with (u;v) € H =
H?(Q) x Ly(2). This, of course raises the problem of the well-posedness of the flow. While
existence of weak solutions can be shown (see below), the uniqueness of weak solutions is
problematic. Since the study of non-unique flows is beyond the scope of this paper, we
consider this model within the context of rotational inertia. Indeed, instead of (7.1) we
consider equation with rotational forces added to the model, i.e.

(1 — al)uy — alug + A%u + (Q - / [Vu(z, t)|2dm) -Au

Q
(7.11) =p(u,uy) in Qx(0,00),
u=Au=0 on I x(0,00), ul=o=1uo(x), ut|t=0 = u1(x).

where p(u,u;) is given above in (7.10). In that case we have V = H}(Q), and consequently
all the assumptions of Theorem 1.5 are satisfied. By appealing to Theorem 3.15 we show that
this model is dissipative with respect to all finite energy solutions.

THEOREM 7.3. Problem (7.11) and (7.10) generates a dissipative dynamical system (H, S)
with the phase space H = (H} N H?)() x H}(Q). Moreover, there exists a compact global
attractor of finite fractal dimension.

PrROOF. We first put the problem in the form (1.1) with £ =1, i.e. we in the form

Mug(t) + Au(t) + D(u(t)) = F(u(t), us(t)),
ulimo = up € D(AY?), u|img = uy € V = D(M?),

with H = L2(Q) and V = H}(Q). The operator A is defined as in the previous subsection
and Mu = u— aAu for u € D(M) = HL(Q) N H?(2). The damping operator D has the form

D(v) = —aAv+ Dy(v), ve D(AY?) = (H?nHY)(Q),

(7.12)

where

(7.13) Do(v) = g(v) = (ap + a1)v + azv® + azv®, v € (Hy N H?)(Q),
and F(u,v) = —II'(u) + F*(u,v), where II(u) is given by (7.4) with po = 0 and
(7.14) F*(u,v) = agv — p- (a1 + 2a20) ug, — pagul , (u;v) € H.

We choose the parameter ag > 0 such that ¢'(s) > 1 for all s € R.
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By Theorem 1.5 problem (7.12) generates semiflow in H and the main new issue (with
respect to the analysis of Section 6.4) is proving ultimate dissipativity. In order to accomplish
this we shall use Theorem 3.15. To this end we verify the corresponding assumptions. We
start with Assumption 3.14.

Relation (3.38) is obvious.

Let us prove (3.39). From (7.13) we obviously have that

3/4 1/4
—/ g(v)udz C [/ (1 +U4)dx} . [/ |u4dm]
Q Q Q
el + € (1+ [ gtopuas )
Q
for any € > 0. Since ||u|r, < C||Vu| and

a(Av,u) < of| Vol - [Vl < £ Vul® + Ce[ Vol

(here and below || - || denotes the norm in Ls(2)), we conclude from (7.15) that for any ¢ > 0
there is C. such that

(7.16) —(Dv,u) < e||Vul|* + C. [1 + (D(v),v)].
Using (7.14) and the Holder inequality we obtain that

c (nun ol [ (o -l |um1|dx) +arg? [ ful a2 o

| Vu|* + C. <1 +/ g(v)vdm) —l—a2p2/ u| - u2, da
Q Q

for any & > 0. Using embedding H'*°(Q) C L+ () and interpolation we have that

IN

(7.15)

IN

(F"(u,v),u)

IN

IA

az6? [ ful 12, < Cllulroa| Tl < CIVal*~* Al
Q
By the Holder inequality we obtain that

1A + €| Vul* + C:

N —

1 a5
axp? [ ful-u,de < 3 Aulf + O VulPEF <
Q

for any € > 0. Therefore

1
(7.17) (" (o)) < 26|l + gl + (14 [ g(o)od)
Q
for any € > 0. We also have that
! 4 2 1 4 Q2
(718) (I (w), u) = [ Vull* + QI V> < 5| Vul* + L

Choosing € small enough, from (7.16)—(7.18) we obtain (3.39) with v = 0.
To prove relation (3.41) from Assumption 3.14 we need the following assertion.

LEMMA 7.4. Let 2 < p < 3. Then there exists positive constants ¢y and co such that

5=
(7.19) / |VulPdz < e ||Vaul?[|AulP~? < 6 (| Vul* + |Aul®) + c2 ()
Q

for any u € HE () N H2(Q) and for any § € (0,1].

PROOF. We consider the case 2 < p < 3 only. Since H'=2/7(Q) C L,(Q) (see, e.g., [101,
Chap.4]), using an interpolation inequality we have that

1-2
iz, < ellwllgi-am < elwl?? - Jowllim", we HY(Q),
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which implies the first inequality in (7.19). To prove the second one we use Young’s inequality:
a|Val?|AulP~2 < 8] Vult + 6| Au|2P—?)
8|Vt + C5! [||Au||2Q(p—2)€q n 6—q/<q—1>}

IN

Selecting ¢ = (p — 2)~! gives
| Vul?|AulP~? < 6 (||vu|\4 + 62 2 HAuH2> + Gyl B,
The final estimate follows by taking e = C;162(P=2), O

Finally we verify (3.41). From (7.14) we find that

c <|v||2 [ ) i+ [ o umFdo:)
Q Q
1
< f/g(v)vdm—i—Cl—i—Cg/ g, [¥/3d.
2 Q Q

Therefore Lemma 7.4 implies that

(£ (u,v), )

IN

5
(F*(u,v),v) < %/ g(v)vdz + 6 (| Vul|* + || Aul|?) + Cy + Co ((1;) .
Q
for any 0 € (0,1]. This implies (3.41).

Ultimate dissipativity follows now from Theorem 3.15.

Proof of the remaining statements in the theorem (compactness and finite dimensionality
of an attractor) is an easy consequence of the fact that the semilinear terms are compact when
a > 0 (with respect to the of the topology generated by V = H}(Q2)). The arguments rely on
Corollary 3.28 and Theorem 4.4 and are the same as in the von Karman case with rotational
inertia. (I

REMARK 7.5. We note that the proof of ultimate dissipativity does not depend on the
topology in V' = H}(Q). In fact, the estimates are valid for all solutions of the original model
(7.1) (with o = 0) which satisfy the energy inequality. Of course, strong solutions do satisfy
energy identity. However lack of uniqueness of weak solutions prevents us from inferring
the same conclusion as being valid for all weak solutions. Existence of weak solutions is
a consequence of an ad-hoc argument which takes advantage of the presence of superlinear
damping in the equation. Indeed, though the nonconservative term is not locally Lipschitz
from D(A'/?) x Ly(Q) into Lo (f2), as required for the well-posedness of the flow with a = 0
by Theorem 1.5, we can circumvent the difficulty by noting that such well-posedness is indeed
guaranteed due to the presence of the cubic velocity term in the damping operator D(v).
Indeed, the contribution of the non-Lipschitz term vu,, in energy inequality leads to the term

/ )% g, |d < e/ |v|4dx+Ce/ g, |?dx < 6/ [o|*dx + C.| AY 2ul?.
) Q ) Q

The above inequality allows to obtain a priori bound for solutions, hence the existence of
solutions in a finite energy space. The above observations lead us to the conclusion that in
the case a = 0 weak solutions of system (7.1) with p given by (7.10) are ultimately dissipative,
provided they satisfy energy inequality. The question on the existence of a compact global
attractor for problem (7.1) and (7.10) is open.

7.2. Mindlin-Timoshenko plates and beams

Let Q C R? be a bounded domain with a sufficiently smooth boundary T'. Let v(z,t) =
(v1(z,t),v2(z,t))T be a vector function and w(z,t) be a scalar function on Q x R,. The
system of Mindlin-Timoshenko equations describes dynamics of a plate taking into account
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transverse shear effects (see, e.g., [74, Chap.1] and the references therein). This system has
the form

(7.20) avy +k-g(v) — Av+ k- (v+ Vw) = —fo(v) + Vy [fi(w)],

(7.21) wy + k- go(wy) — k- div(v + Vw) = — fo(w).

Here the functions vy (x,t) and vy (z, t) are the angles of deflection of a filament (they are mea-
sures of transverse shear effects) and w(zx,t) is the bending component (transverse displace-
ment). The vector fo(v) = (fo1(v1,vs), foz(v1,v2))T and scalar f; and f» functions represents
(nonlinear) feedback forces, g(vy,v2) = (91(v1), g2(v2))T and go are monotone damping func-
tions describing resistance forces (with the intensity k& > 0). The parameter o > 0 describes
rotational inertia of filaments. The factor £ > 0 is the so-called shear modulus (from me-
chanical point of view the limiting situation xk — +0 corresponds to plane strain and the case
Kk — 400 corresponds to absence of transverse shear). The operator A has the form

8%1 + 17%822 HTuailxz
A =
14+v 1—v
%621?62 ?331 + 832
where 0 < v < 1 is the Poissons ratio. We supplement problem (7.20) and (7.21) with
boundary conditions
(7.22) vi(z,t) = va(x,t) =0, w(z,t) =0 on T xRy.
In 1D case (n = dim Q=1) the corresponding problem looks like

(7.23) avg + k- gv) —Vge + 5 (V+wy) = —folv) + 0z [f1(w)], x€(0,1), t>0,
(7.24) wy +k-go(wy) — k-0 (v+wy) =—fa(w), xe€(0,1),¢t>0,

(7.25) v(0,t) =v(1,t) =0, w(0,t) =w(1l,¢) =0 for ¢>0.

Here v(x,t) and fy are scalar functions. Equations (7.23)—(7.25) models dynamics of beams
under the Mindlin-Timoshenko hypotheses. For details concerning the Mindlin-Timoshenko
hypotheses and governing equations see, e.g. [73] and [74]. We also refer to the recent paper
[32] for an analysis of long time behaviour of the Mindlin-Timoshenko plate under another
set of assumptions concerning nonlinear feedback forces.

We rewrite problem (7.20)—(7.22) in the Hilbert space H = L2(£2) x L2(Q) x Ly(€2) in the
following form

(7.26) { Mug(t) + Au(t) + k - D(ug(t)) = F(u(t)),

u|i—o = ug € D(AY?), usli—o = us € H.
Here u(t) = (v1(t),v2(t), w(t))”, and

| “A+klI K-V
A[ —k-div —k-A

with the domain
D(A) = {(u1,us,w) € (H* N Hy)(Q) x (H*NH)(Q) x (H*NH))(Q)} .
It is clear that A is positive self-adjoint operator and
D(AY?) = HY(Q) x H(Q) x H(Q).
We define the damping operator by the formula
D(u) = (g1(v1), g2(v2), (g0 (w))",  u = (v1,02,w)".
We also have that V' = H and the operator M is a bounded operator in H of the form
al 0 ]

M:{o 1
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The nonlinear term F' is given by

—for(v1,v2) + fi(w)0z,w v1
(727) F(u) = —fOQ(’Ul, ’02) + f{ (w)@mw 5 u = (%)
— fa(w) w

Obviously, a representation similar to (7.26) can be also written for one-dimensional version
(7.23)—(7.25) of the Mindlin-Timoshenko plate equations.

As an example of an application of the results from Chapters 3 and 4 we prove the
following assertion.

THEOREM 7.6. Assume the following hypotheses:
o fo = (for(vi,v2), foa(vi,ve)) is Cl-function of the polynomial growth possessing the
representation

foi (v) = 78\1}053’ UQ)

where Uy : R? — R is a C?-function which is bounded from below and the functions
I3 R?2 — R belong to C' and have bounded derivatives. Moreover we assume the

+f6ki(vlva)a i:1727

relation
(7.28) v1 for(v1,v2) + s2fo2(v1,v2) > coWo(vi,v2) —c1,  (v1502) € R?,
where co > 0 and ¢; > 0 are constants.
o fi(w) =0.
o fo(w) is Ct-function of the polynomial growth such that
(7.29) lim inf falw) > 0.
Jlw|—oo W
e gi(s) are monotone functions such that there exist two positive constants my and ma
such that
(7.30) my < g'(s) <ma(1+|s|P7Y)  forall |s| >1,

where 1 < p < 0o when f§;(v1,v2) =0 and p =1 in the case f§; # 0.
Then

o the dynamical system (H,S;) generated by (7.20) and (7.21) with the boundary con-
ditions (7.22) in the energy space H = D(AY?) x H possesses a compact global
attractor.

o If in addition we assume that (7.80) holds for all s € R and for p > 3 we have
5gi(s) > mls|' for all |s| > 1, and for some | > p — 1, then the attractor has a finite
fractal dimension.

PROOF. Since fy(v1,v2) is of polynomial growth and dim Q = 2, one can find from (7.27)
that

(7.31) |F(u) — F(u")] < Co|AY2 1w — )|, 0<ij<1/2,
for any u, u* € D(A'?) such that |AY?u| < r and | A'/?u*| < r. Thus we are in the subcritical
case. We also have the representation

F(u) = —T'(u) + F*(u), u= (vi;vs,;w) € D(A?),

where we denote .
M(u) = /Q <%<v1<x>,v2<x>>+ / fz(f)d£> da

and F*(u) = (f,(v1,02); f3;(v1,v2);0)". This observations allow us to apply the same argu-
ment as in the case of wave equation in two-dimensional domain (see Chapter 5) and conclude
the proof. 0
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Under some conditions we can also establish analogs to other assertions from Chapter 5
(e.g., decay rates when f3; = 0) and consider the case f; # 0.

7.3. Kirchhoff limit in Mindlin-Timoshenko plates and beams

By [73] in the limit k — 400, the Mindlin-Timoshenko-model (7.20) and (7.21) can
be approximated by a nonlinear Kirchhoff plate model. Formally, this Kirchhoff model can
be obtain by the following procedure: (i) apply the divergence operator to (7.20) and add
the result to (7.21), then (ii) put the relation v = —Vw in the sum obtained. This formal
procedure, after some calculations, leads to the following equation

(1 — al)wy + k- [go(wy) — adiv {g(Vw;)}] + A%w
(7.32) = div [fo(Vw)| + A [fi(w)] - fo(w),

where §(s) = —g(—s) and fo(s) = —fo(—s). Boundary conditions (7.22) in this limit are
transformed in the form

(7.33) w(z,t) =0, Vw(z,t) =0 on I xR,.

We note that in the theory of plates and shells the relation v = —Vw corresponds to absence
of transverse shear and it is one of the Kirchhoff hypotheses in the shells theory. Thus it is
natural to call the limiting procedure k — 400 as the Kirchhoff limit (for details we refer
to [73]). We also refer to [32] for the justification of the Kirchhoff limit for the case of linear
damping and for another choice of nonlinear forces.

Special cases of equation (7.32) (with n = 1) have appeared in some models of 1D vis-
coelasticity:

(7.34) Wit — K - Wogt + Wazze = Oy [0(wy)]

and 1D compressible gas dynamics:

(7.35) Wit = k- Wzt + Wazzz = O [o(w)] .

We refer to [41, 86, 96, 97] and to the literature quoted therein for the detailed discussion of

problems (7.34) and (7.35). We also mention that two-dimensional version of equation (7.35)
with o(w) = w + w? has the form

(736) wtt—k-Awt+A2w—Aw:A[wQ], QCRQ, t>0,

and it is known as the ”good” Boussinesq equation (see, e.g., [102] and the references therein).
In order to focus our considerations and explain the main ideas in a clear way we first
consider the problem

(1 — al)wy + ko - go(we) — o - ky - div {g(Vwy)}
(7.37) = —A%w +div [|Vw[*Vw] + A [w?] — plu["'u, QCR? t>0,

which we call Kirchhoff-Boussinesq equation. Here a@ > 0, p > 0 and m > 1 are constants.
The functions gy and g and the parameters ky and k; will be specified later on. In com-
parison with (7.36) the Kirchhoff-Boussinesq equation (7.37) takes into account rotational
inertia of filaments (o > 0), damping effects and contains additional (potential) nonlinearities
div [|[Vw*Vw] and plu['"'u (however, the case p = 0 is also allowed). We also note that in
the case o = 0 problem (7.37) was studied in [29] for linear damping function go.

With (7.37) we can associate any set of boundary conditions that are well posed for the
plate. To be specific, we consider the clamped boundary conditions (7.33).

We represent problem (7.37) and (7.33) in the form

{ Mug(t) + Au(t) + k- D(ue(t)) = F(u(t)),
u|t:0 =Ug € D(.Al/g), ut‘t:() =u, €V = D(M1/2),

with the following notation the spaces and operators:

(7.38)
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H=L(Q), V=HD).

Au = A%u, u € D(A) : D(A) = HZ(Q) N HA(Q).

Mu = u— alAu, u € D(M), where D(M) = HE(Q) N H%(Q).
F(u) = div [|[Vul?Vu] + A [u?] = plu[ " u.

D(u) = %0 . go(u) — o B - div [g(Vu)] with k = max{ko, k1}.

As in Chapter 6, A and M satisfy the conditions introduced at the beginning of Sect. 1.2.
Simple calculations shows that the nonlinear term F' is subcritical in the case a > 0, i.e.
relation (7.31) holds for the case considered.

REMARK 7.7. We emphasize that the results below are stated for the case a > 0 only. In
the case & = 0, n = 2 the nonlinear term F in equation (7.38) is no longer locally Lipschitz
and it is not obvious that problem (7.38) generates a semi-flow which is well defined on a
finite energy space. This is the main reason why we consider a > 0 when n = 2. The analysis
of the case o = 0 requires different technicalities (see [29] where the case of linear damping is
considered).

7.3.1. Model 1: Kirchhoff-Boussinesq plate with p = 0. The following assumptions
are imposed on the damping function:

ASSUMPTION 7.8. e go € C'(R) is a monotone nondecreasing function such that
g0(0) =0 and 0 < m < g{(s) < M|s|% for |s| > 1, where 0 < gg < 2.

e The function g : R? — R? has the form g(s1,s2) = (91(s1), g2(52)), where (s1,52) €
R? and g; € C*(R) is monotone nondecreasing function such that g;(0) =0, i =1, 2.
Moreover, we assume that g; are of a cubic growth at infinity, i.e. 0 < m < gi(s) <
M|s|? for i =1,2 and |s| > 1, where 0 < ¢; < 2.

Our main result for this model reads as follows:

THEOREM 7.9. Under the Assumption 7.8 the equations (7.37) and (7.33) with « > 0
and p = 0 generate a continuous semiflow Sy in the space H = HZ(Q) x H (). Assuming
that ¢ < 2, g1 < 2, k1 > 0 and k = max{ko, k1} is sufficiently large, the semiflow possesses
a global compact attractor A. Moreover

e If, in addition, we assume that
(7.39) gi(s)>m >0, forall seR, i=1,2,

then the fractal dimension of the attractor A is finite.

e Under condition (7.39) the system possesses a fractal exponential attractor (see Def-
inition 4.41) whose dimension is finite in the space HE () x W, where W is a
completion of H}(Q) with respect to the norm || - |w = [|(1 — al) - || .

PROOF. In the case considered the nonlinear force F' admits the representation

(7.40) F(u) = —1I'(u) + F*(u),

where

(7.41) T(u) = My(u) + T (w),  F*(w) = [Vul’,

with

(7.42) o () = i /g Vu(a)|tdz, M = /Q (@) | V() 2dz.

Existence of the semiflow follows now from Theorem 1.5.
The further arguments are divided in several steps.
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Step 1: Dissipativity. To establish the ultimate dissipativity we use Theorem 3.11. To

this end we need to verify Assumption 3.7 with the modifications stated in Theorem 3.11.
It is clear that

(u, F(u)) = — /Q |Vu|*dx +/QUA [u?] dz = —4TTg(u) — Q/S)U\Vu\zd:v.

/u\Vu|2dx
Q

we obtain that

Since

IN

C - Nullza) - IVullZ, @ < C - IVull Lo - IVull?, @)

IN

C - Vull}, ) < C- [Mo(w)]**,

(u, F(u)) < —4Tlo(u) + C - [Ho(u)]** < ~TIp(u) + C.
which proves (3.17). As for (3.18) we have

lul? < C/ |Vul*dz < 77/ \Vau|*dz + C,),
Q Q
where 7) can be arbitrary small. To obtain (3.34) we use the estimate
|F*(u)|3 < C|F*(u)* < C/ |Vu|*dzr < CTy(u).
Q

Thus the hypotheses of Theorem 3.11 concerning F' hold.
We now verify hypotheses of Theorem 3.11 imposed on the damping operator D. To
satisfy (3.15) we clearly need k1 > 0. As for (3.33) we have that

ko ko a0+2
P (a0l0) ) < el + 33 [ laolo) B

+2
Since |g(1})\38T < Cgo(v)v for |v| > 1 and g < 2, we can conclude that

/{10 1) Co]{io
4 — . < —-.1II —
(7 3) k (QO(U)au) = 9k O(U') + k2
where § can be taken arbitrary small and ¢y does not depend on k and ky. In a similar way
we have that

(90(v),v) + Cs ,

k1 k1 a+2
% (9i(vg, ) ug;) < CkHVUH(]]:;i(Q) + ﬁ/ﬁ |9i (ve, )| 97T d
1) ek
(7.44) < g Mo(w) + =5 (9:(ve,) va,) + Co

for any 6 > 0 and ¢ = 1,2, where ¢; does not depend on k and k;. Thus from (7.43) and
(7.44) we obtain

k- (D(v),u) <0 -Ho(u) + Co(D(v),v) + Cs i

for any § > 0, where Cy does not depend on k. Hence (3.33) holds. There we can apply
Theorem 3.11 to obtain dissipativity.

REMARK 7.10. The fact that o > 0 has no bearing on the existence of absorbing ball. If
the problem (7.37) and (7.33) with « = 0 and p = 0 possesses a generalized solution satisfying
the corresponding energy inequality, then the same argument as above allows us to check the
hypotheses of Theorem 3.11 and to prove dissipativity of semiflow when kg > 0 is large enough
and gg is of subcubic growth. Thus ultimate dissipativity holds for generalized solutions to
problem (7.37) and (7.33) regardless whether o > 0 or not.

The following steps conclude the proof of Theorem 7.9.
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Step 2: Existence of a global attractor. Lemma 6.6 implies (3.58). By (6.39) in Lemma 6.9
the damping operator satisfies (3.59) with k = 1 and ¢ = 0. Thus by Corollary 3.28 the
dynamical system generated by (7.37) and (7.33) with a > 0 and p = 0 possesses a compact
global attractor.

Step 3: Finite dimension and exponential attractor. Since g1 < 2, It follows from (7.39)
that there exists 0 < 8 < 1 such that the functions g; satisfy the inequality

(7.45) 0<m<gi(s) <M[1+sgi(s)]’, seR,i=1,2.

Therefore it follows from relation (6.52) in Lemma 6.10 that the damping operator D satisfies
(3.59) with kK = 2 and e = 0. Thus we can apply Theorem 4.1 to prove finite dimension-
ality of the global attractor. The existence of a fractal exponential attractor follows from
Theorem 4.42. O

7.3.2. Model 2: Kirchhoff-Boussinesq plate with p > 0. In this case the additional
potential term plu|'~!u will allow us to dispense with a necessity of assuming large values for
the damping parameter. The following assumptions are imposed on the damping function:

ASSUMPTION 7.11. e go € CY(R) is a monotone increasing function such that
g0(0) =0 and 0 < m < g{(s) < M|s|? for |s| > 1, where 0 < ¢ <[ — 1.
e The function g has the form g(si, s2) = (91(s1), g2(s2)), where s; € R and g; € C*(R)
is monotone increasing function such that ¢;(0) = 0, i = 1,2. Moreover, we assume
that 0 < m < gi(s) < M|s|? for i = 1,2 and |s| > 1.

Our main result reads as follows:

THEOREM 7.12. Under the Assumption 7.11 the equations (7.37) and (7.33) with oo > 0,
p > 0 and | > 3 generates a continuous semiflow Sy in the space H = HZ(2) x H ().
The corresponding dynamical system possesses a global compact attractor A. If, in addition,
we assume that there exists 0 < [ < 1 such that the functions g; satisfy inequality (7.45),
then the fractal dimension of the attractor A is finite. Under condition (7.45) the system
possesses a fractal exponential attractor (see Definition 4.41) with finite dimension in the
space H}(Q) x W, where W is the same as in Theorem 7.9.

PROOF. In the case considered the nonlinear term F' admits the representation

(7.46) F(u) = —TI'(u) + F*(u),
where
(7.47) (u) = Ho(u) = /Q B|Vu(x)4 + Hp1|u(x)l+1] dr, F*(u)=A[u?].

Due to the compactness of F'(u) the conclusion of Theorem 7.12 follows by the same arguments
as these given for von Karman model with o > 0 (see Section 6.4) or in the proof of Theo-
rem 7.9, provided we manage to prove ultimate dissipativity. For this we use Corollary 3.17
with D* = 0 and G*(u) = F*(u) = A [u?].

We first show that relation (3.51) holds with v = 0. By Hélder inequality

(a0(w).0) < ol o+ [ loo(o)]' T d,
Since |go(v)|'/! < Clv] for |v| > 1, this implies that

(90(v),u) < nllp(u) + C’nl(D(v), v) + C’g

for any positive 1. As for the second damping, the argument is the same as in the proof of
Theorem 7.9. Indeed, similar to (7.44) we have that

(gi(vwi)’ ulz) < 77||VU'||%4(Q) + C’rl](gi(vm)7vzi) + 0127
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for any n > 0 and ¢ = 1,2. Summing up we obtain
—k(Dv,u) < 0Tly(u) + C(D(v),u) + C?

for any § > 0. This proves (3.51) in Assumption 3.16.
To prove (3.53) we note that

IF* @)}, < ClIVIlL,e@

IN

C- ||u||2L4(Q) ’ ||VU||%4(Q) < f/Q Vu|*da + Ce|u‘%4(sz)

for every € > 0. Since [ > 3 we have that

full oy = [ foltde < [ o+ C,
Q Q
for any 1 > 0. Therefore we obtain that
|F*(u)|3 < 6o(u) + Cs
for any § > 0. Thus (3.53) holds and by Corollary 3.17 the system is dissipative.
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To prove finite-dimensionality and existence of a fractal exponential attractor we use the

same arguments as in the proof of Theorem 7.9.

O

7.3.3. Generalization of Model 2. Under appropriate (physically reasonable) assump-
tions concerning nonlinear functions, the general Kirchhoff model (7.32) and (7.33) is also
covered by the theory developed in Chapters 3 and 4 in the cases when either n = 1 or else
n =2 and a > 0. In this subsection we shall consider some generalizations of the canonical

model considered above.
Here we impose the following set of assumptions.

ASSUMPTION 7.13. o fo = (for(v,v2), foa(v1,v2)) is Cl-function of the polyno-

mial growth possessing the representation

~ - 8\I/(vl,v2)_ 8\11(1)1,1)2)
fO(U) - ( 8?]1 ’ 8’1}2 > ’

where ¥ : R? — R is a C%-function such that

)1+5

(7.48) U(vy,v9) > co (v% + v2 —¢;, forall (vi;vs) € R?,

where ¢y > 0, ¢; > 0 and § > 0 are constants.

o fa(w)) is C'-function such that ®(w) = [, f2(£)d¢ is bounded from below.

e fi(w) is C'-function possessing the property

1
(7.49) lim sup ‘f{(8)|2+2/

L S )
|s|—o0 1+ (I)(S) - (I)znf

where ¢ is the parameter from relation (7.48) and ®;,5 = infsecr ®(s).

e go € C*(R) is a monotone nondecreasing function such that go(0) = 0 and

(7.50) —ugo(v) < CY -vgo(v) +n®(u) +CY,  (v;u) € R* Vi > 0.

e The function g has the form g(si,s2) = (g1(s1),g2(s2)), where (s1,s2) € R? and
gi € C*(R) is monotone nondecreasing function, g;(0) = 0, i = 1,2. Moreover, we

assume that g; are of polynomial growth at infinity and

(7.51) = > uigi(vi) < CF - [v1g1(v1) + v2g2(v2)] + ¥ (ug,uz) + CF, Vi >0,

i=1,2

for all (vy;ve;ur;us) € R
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We note that the assumption above concerning nonlinear functions is satisfied with § = 1,
for example, if

U, 00) = (07 +03)°,  fi(w) = w?,  fo(w) = |w[ " tw, 1 >3,

and the functions go(v) and g;(v) are the same as in Assumption 7.11.

We represent problem (7.32) and (7.33) in the form (7.38) with
H = La(0), V = HY(Q).
Au = A%u, u € D(A) : D(A) = HZ(Q) N HA(Q).
Mu = u— alAu, u € D(M), where D(M) = H} (Q) N H%(Q).
Fu) = div [Jo(Vu)| + ALfi(w)] = fa(w),
D(u) = go(u) — div(g(Vu)).
As above, A and M satisfy the conditions introduced at the beginning of Sect. 1.2 and

the nonlinear term F is subcritical, i.e. relation (7.31) holds for the case considered. We also
have the representation

(7.52) Flu) = ~IV(u) + F*(u),

where

(7.53) M(u) — /ﬂ (9 (Vu(e)) + B(u@))] de,  F*(u) = A[fi(u)].
REMARK 7.14. It is also possible to present F' in the form (7.52) with

(7.54) () = /Q [q/(w) + o) + %f{(u)Wu\Q dv, F*(u) = % () [Vuf?.

On the one hand this representation requires the existence (and some estimate) of the second
derivative f{'(u). On the the other hand, if f{’(v) is uniformly bounded and § = 1, we can
avoid assumption (7.49). This allow us to include the case fa(w) = 0 into consideration relying
on argument similar ones given in the proof of Theorem 7.9.

Our main result concerning problem ((7.32) and (7.33) reads as follows:

THEOREM 7.15. Under the Assumption 7.13 the equations (7.82) and (7.33) with o > 0
generates a continuous semiflow Sy in the space H = HZ(Q) x H () which possesses a global
compact attractor A. Moreover

o If, in addition, we assume that (i) go(s) is of a polynomial growth at infinity, i.e.
there exist pg > 1 and My > 0 such that

(7.55) 0<gp(s) < Mo[1+1s|7], seR,

and (i) there exists 0 < 8 < 1 such that the functions g; satisfy inequality (7.45),
then the fractal dimension of the attractor A is finite.

e Under conditions (7.55) and (7.45) the system possesses a fractal exponential attrac-
tor whose dimension is finite in the space HE(Q2) x W, where W is the same as in
Theorem 7.9.

PROOF. As in the proof of Theorem 7.12 to prove dissipativity we use Corollary 3.17 with
D* =0 and G*(u) = F*(u) = A[f1(u)].

It follows from (7.50) and (7.51) that relation (3.51) holds with v = 0.

To prove (3.53) we note that

F @ < CIVIAWIIL, < Cllfi(w) - Vul,
< CAA@ sy - IVl

2(1+1/9) 2(1+46)

< Oy [A@IELTYD o a0
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for any n > 0. By (7.49) we have that

Collfi @370 = ¢, /Q £ () 20+ D e < g /Q ®(u)dz + C,

La141/6)
for any 1 > 0. Therefore using (7.48) we obtain that
[E* ()3 < nllo(u) + C,

for any n > 0, where IIp(u) = II(u) 4+ ¢ with an appropriate constant ¢o > 0.

Thus by Corollary 3.17 the system is dissipative.

To prove finite-dimensionality we apply Theorem 4.1 and the argument given in the proof
of Theorem 6.4 (see Lemma 6.10).

As in the proof of Theorem 6.4 the existence of a fractal exponential attractor follows
from Theorem 4.42. O

7.4. Systems with strong damping

Wave and plate equations exhibiting strong damping are also covered by our abstract
framework. To see this, let us consider the following problems

(7.56) wy + go(we) — div [g(Vwe)] — Aw = f(w,wy),
(7.57) wyy + go(wy) — div [g(Vwy)] + A%w = f(w, w,),
and

(7.58) wir + A [g(Awy)] + A%w = f(w, wy).

These models with linear damping functions and with f(w,w;) = f(w) were considered by
many authors (see, e.g., the monograph [58], the survey [39] and the references therein, and
also the recent papers [11, 87]). In fact, in the linear case the strongly damped wave or plate
equations are associated with analytic semigroups (see, e.g., [81, Chap.3]). This, in turn,
induces strong regularizing effect on solutions. Thus, for this class of models both stability
and regularity theory is indeed very rich. We will focus here on nonlinear damping. Since the
major regularizing term in linear equation is the damping, it should be clear that this effect
may be severely diminished in the presence of nonlinearity in the dissipation. For this reasons
analyticity type of arguments will no longer be applicable. On the other hand we can show
that that theory presented in Chapters 3 and 4 applies to these models as well.

As an example we consider the following version of problem (7.56) in a smooth bounded
domain Q C R"*, n < 3:

(7.59) wy — div [g(Vwy)] — Aw + f(w) = h(wy), z€Q,t>0,
subject to the Dirichlet boundary condition
(7.60) w=0 on ¥ =][0,00) x IN.
We impose the following hypotheses.
ASSUMPTION 7.16. e The function g has the form
9(s1,82) = (91(51), 92(52)),  (s1,52) € R,

where g; € C'(R) is monotone nondecreasing function such that g;(0) = 0 and
0 < gl(s) < My for all s € R and i = 1,2 with some constants My > 0. Moreover we
assume that

(7.61) w; =liminf g(s) >0, =1,2.

s|—o0
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e The function h € C(R) is such that (i) 2(0) = 0, (ii) there exists a positive constant
M7 such that

(7.62) W (s)| < My« (14 |sP7') forall seR,
where 1 <p <5 whenn=3and 1 <p < oo when n <2, and (iii) the relation
(7.63) k = limsup ' (s) < A\ min{wy,ws}
|s]—o0

holds, where w; is defined by (7.61) and Ay > 0 is the first eigenvalue of the operator
—A equipped with the Dirichlet boundary conditions.

e Function f € C'(R) is of the following polynomial growth condition: there exists a
positive constant My > 0 such that

[f(s)] < Mas|, |s] = 1,

where ¢ < 2 when n = 3 and ¢ < oo when n < 2. Moreover, the dissipativity
condition

(7.64) lim inf fs) =p>-)\
s

|s|—o0
is assumed to hold, where A; is the same as in 7.63).

REMARK 7.17. As an example of a function h(s) with the properties described in As-
sumption 7.16 we can consider, for instance, a function of the form

h(s) = —€- |s|P s 4 h.(s),

where € > 0 and the function h, € C'(R) satisfies the conditions

h/
h«(0)=0 and limsup | *<f>1| =0
|s|—o0 |5|p
In this case k = —c0 if p > 1 and Kk = —e for p= 1.

THEOREM 7.18. Under Assumption 7.16 problem (7.59) and (7.60) generates a continuous
ultimately dissipative semiflow Sy in the space H = Hg(2) x La(R2). Moreover,

o if, in addition, we assume that (i) infser gi(s) > 0, i = 1,2, and (ii) p < 5 in the
case n = 3, where p is the parameter from (7.62), then S; possesses a global compact
attractor A;

e this attractor has finite fractal dimension provided p < 2 and g(s) is a linear function.

PrRoOOF. We first split the function A in two functions:
h(s) = —go(s) + h«(s).
Here the function h, € C*(R) has a bounded derivative and possesses the property

(7.65) Ky = limsup |7 (s)] < Ay min{w, we} = w

|s|—o00

and the function gy € C'(R) is a monotone nondecreasing function such that go(0) = 0, and
there exists a positive constant m; and ms such that

(7.66) 0<my <go(s) <ma (14 |sP™!) forall seR,

where 1 <p <5 whenn=3and 1 <p < oo when n = 2.
This splitting can be carried in the following way. Let 0 < § < (w — k)/2 and Rs be
chosen such that

0<d<w and Hh'(s)<w-—2§ forallls|> Rs.
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We take a positive function 19 € C*°(R) such that (i) ¥o(s) = w — ¢ for |s| > Rs + 1; (ii)
Po(s) > w—4d for Rs < |s| < Rs + 1; and (iii) ¢o(s) = K + 0 for |s| < Rs, where K is a
positive number such that K > supg h'(s). Now we define

%@=—M$+m@,hw@=Alma@

Since g((s) = —h'(s) + 1o(s), it is clear that g(s) > 6 for all s € R. The other properties of
go and h, stated above are also obvious.
Now we represent problem (7.59) and (7.60) in the form
rn { 0+ A 4 D) = FU0) 1D,
u|t:0 =Ug € D(Al/Q), ut\t:() =u, € H,
with
o H= LQ(Q)
o Au= —(A+ po)u, u € D(A) : D(A) = HI(Q) N H?(2). The parameter po is
chosen such that —p < pg < A1, where p and Ay are the same as in (7.64).
o Plu) = —f(u) — o, D*(v) = ha(v).
e D(u) = go(u) — div [g(Vu)].
We note that in the case considered

F(u,v) = —II'(u) + D*(v) with II(u) = /Q f(u)da,

where f denotes the antiderivative of f(u) + pou.

As above, the existence of semiflow easily follows from Theorem 1.5.

The further arguments are divided in several steps.

Step 1: Dissipativity. As in Example 3.19, to prove dissipativity we use Corollary 3.17.
Since G*(u) = 0 in our case, we need to check relations (3.51) and (3.52) only.

We obviously have that

(=D(v) + D*(v),u) = =(g0(v),u) = (9(V0), V) + (hu(v), u).
As in the proof of Theorem 5.3 one can see that
~(90(v),u) < 8lullFp (o) + €7+ Cg - (14 [lull (o) '/ng(v)vdm
for any 6 > 0 (cf. (5.12)). Since g} and h/, are bounded, we obtain that
—(9(Vv), V) + (hs(v),u) < 8] VulL,q) + CsllVUlL,
for any 6 > 0. From (7.61) we have that
IVollZ, ) < Ci(9(Vv), Vo) + Co.
Therefore the relations above imply (3.51).
Now we check (3.52). From (7.65) we have that

h
lim sup M

|s|—o0 |S|
Thus there exits 0 < n <1 and (), > 0 such that
|s| - |he(s)] < n°w - |s|* +C,, sER.

< w = A\ min{w,ws}.

Consequently,
nw 2
(7.68) (v, D*(v)) = (v, hu(v)) < N IVollZ, () +C-

By (7.61) we have that
1

nwsq

52 < -sgi(s) +Cy, sER,
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for every 0 < n < 1, which implies that
1 1 1
Volll,@ < = —,— ¢+ (9(Vv), Vo) + C.
Vol < 3 omax{ S L b oV, v0) +
Therefore by (7.68) we obtain that
(v, D*(v)) < n(g(Vv), Vo) + C.

Thus (3.52) holds and therefore the semiflow S; is dissipative.

Step 2: FExistence of a global attractor. We consider the case n = 3 only. The casen < 2 is
much simpler. We rely on Remark 3.32 and therefore we need to to check Assumption 3.21(D)
and property (3.88) in Remark 3.32.

Relation (3.58) can be established by the same method as in Section 6.4. As for (3.59)
we note that, since g;(s;) are bounded, we have that

|(D(u+v) = D(u), w \</|go u+) = go(u)| - [wldz + C|[Vo| L, || Vw||L,-

From (5.15) we have

1/(p+1)

/ [(g(u+v) = g(w)["*dx
Q

/ lg0(u+v) — go(w)| - [wld < |[w]pa,.,.

< Clhwl - (1+ [t o)+ 0) + gufu dx)
< LAY %) (14 (D(u+ v),u + v) + (D(u),u)

for some ¢ > 0. Since infsecg gi(s) > 0 for i = 1,2, it is also easy to see that
C|Vollz, | Vwllz, < el AY?w]? + Ce(D(u +v) — (D(u),v)
for every € > 0. Thus (3.59) holds with x = 1.
Now we prove (3.88). Since g < 2 and h.(s) is globally Lipschits, we can see that
(7.69) |(F(u,v) = F(@, ), v = 9)] < Cy(r)| A2 (u — @) |* + Col|v — 812,
where n > 0, C(r) > 0 is non-decreasing function of r, Cy > 0 does not depend on r, and
u, @ € D(AY?), v, 0 € V satisfy the relations |AY/2u| < r and |.AY/24| < r. We obviously have
lo =917, = (A2 (v = 8), A2 (v = 9)) < €| V(v = D)[|7, + C] A2 (v = ).
Therefore (7.69) implies that
1

(Fu0) ~ F@0)0-0)] < 3 /Q 9(V(v =)V (0 — 0)da

(7.70) +C(r) (|A1/2 M — )2 + A2 (v @)|2),

and hence (3.88) holds.

Thus by Remark 3.32 the semiflow S; generated by (7.59) and (7.60) possesses a global
compact attractor A.

Step 3: Finite dimension. In the proof of finite dimensionality of the attractor A we rely
on Theorem 4.4. To apply this theorem we need to establish relations (4.2) and (4.12).

We claim that (4.2) holds with | = 1. Indeed, since g;(s;) are linear functions, using
estimate (7.66) for gy, we obtain that

[ATH(D(u+v) = D(v))| < /Q\go(uﬂLv)—go(v)|d$+CIIUI|L2

IN

c / (14 [P~ + [uP™) - uldz + Ci Ju ..
Q
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Since p < 2, it is easy to see that
AT (D(u +v) = D())] < C A+ [llz, + llullz,) - ull .,
which implies (4.2) with [ = 1.
To prove (4.12) we note that by Remark 3.32 this relation follows from estimate (7.70) and
Assumption 3.21(D) with k£ = 2 which can be easily checked under the condition p < 2. O

EXAMPLE 7.19. In a smooth bounded domain 2 C R™, n < 3, we consider the following
version of problem (7.59) and (7.60):

(7.71) wie + (Jwe [P~ = N) - wy — ediv [g(Vwy)] — Aw + f(w) =0, x€Q,t>0,

subject to the Dirichlet boundary condition (7.60). Here 1 < p < 5, A € R, € > 0 (in the case
p = 1 we assume that A\ < cpe, where ¢ > 0 is a constant determined by g). The function
f(w) satisfies the hypotheses in Assumption 7.16. The vector function g(s) = (g1(s1), g2(s2))
is continuously differentiable and possesses the properties g;(0) = 0 and 0 < m < gi(s) <
M < oo.

For all € > 0 the system (H, S;) generates by (7.71) and (7.60) is dissipative (see Exam-
ple 3.19 for the case ¢ = 0 and also [103] for ¢ = 0 and p = 3). It possesses a compact global
attractor for any positive €. If g is linear and 0 < p < 2, then Theorem 7.18 asserts finite
dimensionality of the attractor. Thus, introducing strong damping (even with a small inten-
sity) in the wave equation with non-monotone damping stabilizes the system to a compact
global attractor.

REMARK 7.20. In order to conclude finite dimensionality of the attractor in example
7.19, it is not necessary to assume linearity of g. The method of proof of Theorem 4.4 will
give the same conclusion with a more general assumption 0 < m < gi(s) < M < oo. This
can be achieved by exploiting additionally smoothing effects of strong damping which leads
to a generalization of condition (4.2). Since the emphasis in this paper is on hyperbolic like
dynamics, which do not exhibit smoothing effects, we did not strive in our presentation for the
most general formulations accounting also for parabolic-like effects. Nevertheless, even in that
case we are able to demonstrate that the theory presented yields new results in parabolic-like
situations as well.

The results similar to Theorem 7.18 can be also stated for problems (7.57) and (7.58). We
do not give details here, since it is more natural to study strongly damped problems directly
by taking advantage of additional regularity provided by the strong damping terms.
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