ATTRACTORS MET X-ELLIPTIC OPERATORS

ALESSIA E. KOGOJ AND STEFANIE SONNER

ABSTRACT. We consider degenerate parabolic and damped hyperbolic equa-
tions involving an operator £, that is X-elliptic with respect to a family of
locally Lipschitz continuous vector fields X = {X1,...,Xm}. The local well-
posedness is established under subcritical growth restrictions on the nonlinear-
ity f, which are determined by the geometry and functional setting naturally
associated to the family of vector fields X. Assuming additionally that f is
dissipative, the global existence of solutions follows, and we can characterize
their longtime behavior using methods from the theory of infinite dimensional
dynamical systems.

1. INTRODUCTION

Our aim is to show that the theory of semigroups and global attractors extends
to a large class of semilinear evolution equations involving degenerate elliptic op-
erators. To this end we consider as sample problems the semilinear heat and the
semilinear damped wave equation, where the classical Laplace operator is replaced
by the second order partial differential operator in divergence form

N
Lu = Z azl (aijaacju)7

i,j=1

that is X-elliptic with respect to the family of vector fields X = {Xy,..., X, }.
The notion of X-elliptic operators, which will be recalled in Subsection 1.1, was
first introduced in 2000 in the paper [26]. However, several families of operators
that fall into this class were already present in literature; see, e.g., [13], [32], [33],
[36], [24] and [25]. More recently, X-elliptic operators were widely studied in [15],
where a maximum principle, a non-homogeneous Harnack inequality and a Liou-
ville theorem were obtained, and in [21], where a one-sided Liouville-type property
was proved, which extends the previous result by Gutierrez and Lanconelli in [15]
and a celebrated Liouville-type theorem by Colding and Minicozzi in [11].

We analyze degenerate parabolic problems

Opu(x,t) = Lu(z,t) + f(u(z,t)) x € Q,t>0,
(1.1) u(z,t) =0 x e t>0,
u(z,0) = up(x) x €,
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and damped hyperbolic problems of the form

Opu(z,t) + Bue(z, t) = Lu(z,t) + f(u(x,t)) xeQt>0,
(1.2) u(z,t) =0 x €0, t>0,
u(z,0) = up(z), u(z,0) = ui(x) x €,

in a bounded domain Q C RY, where 90 denotes the boundary of € and the con-
stant [ is positive.

We study the local and global well-posedness of Problem (1.1) and Problem (1.2)
and characterize the longtime behavior of solutions. In particular, we show that
the operator £ generates an analytic semigroup in L?(f2) and that the local well-
posedness of solutions can be obtained under appropriate growth conditions on the
nonlinearity. The growth conditions are determined by the geometry and functional
setting naturally associated to the family of vector fields X. If we additionally as-
sume certain sign conditions for the nonlinearity, the global existence of solutions
follows similarly to the classical cases of the semilinear heat and damped wave equa-
tion. Finally, we show existence and finite fractal dimension of the global attractor
for the generated semigroup and prove convergence of solutions to an equilibrium
solution as time tends to infinity. We formulate proofs, that are valid for a large
class of operators and immediately yield estimates for the fractal dimension of the
global attractor.

1.1. Hypotheses and functional setting.
We consider the operator

N
Lu= > 0y (aij0n,u)

,j=1

where the functions a;; are measurable in RYN and Aij = Gj;.

We assume that there exists a family X := {X,..., X,,,} of vector fields in R",
X; = (j1,---,05n), 7 = 1,...,m, where the functions «;j, are locally Lipschitz
continuous in RY. As usual, we identify the vector-valued function X; with the
linear first order partial differential operator

N
ijzajkamk, j:l,...,m.
k=1

The operator £ is uniformly X -elliptic in RN if there exists a constant C' > 0
such that

m N m
1
13 & D (X;(2),6)7 < Y ay(2)6& < CY (Xj(2),6) Ve, €RY,
j=1 i,j=1 j=1
where (-, -) denotes the usual inner product in RY and

N
(Xj(2),€) :Zoéjk(x)fk, i=1,...,m.
k=1
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We define the Hilbert space H as the closure of C}(Q2) with respect to the norm
m 1
2
lll = (Y I1Xulee) s we GhE),
j=1
and the bilinear form
N
a(u,v) ::/ Z i (2) 0z, u(1)0z;v() du, u,v € H.
0=
3,j=1
We observe that the operator £ is self-adjoint in L2?({2) with domain
D(L)={u€ H : 3 ¢>0such that |a(u,v)| < c||v]|p2) Vv e H},
(=Lu,v)r2(0) = a(u,v) Vu € D(L), v € H.
Assuming that the following Poincaré-type inequality is valid,
(P) ||u||2L2(Q) < ca(u,u) Yu € H,

for some constant ¢ > 0, the operator —L is positive sectorial and generates an
analytic semigroup in L?(£2), which we denote by e“*,¢ > 0 (see Subsection 3.1).

To solve the semilinear problems we require a Sobolev-type embedding result: We
assume that there exists ¢ > 2 such that the embedding

(S) H — LP(Q)
is continuous for p € [1, ¢] and compact for every p € [1,q).

Remark 1. The X-ellipticity of the operator £ implies that the Poincaré inequality
(P) is in fact a particular case of the Sobolev embeddings (.5).

The local well-posedness of Problem (1.1) and Problem (1.2) follows by classical
techniques from the theory of analytic semigroups, if the nonlinearity is locally
Lipschitz continuous and satisfies the sub-critical growth restrictions

[f(w) = f)] < clu —v[(L+ |ul” + o), wveR,
for some constant ¢ > 0, where we assume that
(F1) 0<y<qg—2 for Problem (1.1),
(F1) 0<y< % for Problem (1.2)

(see Subsections 3.2, 4.1 and 5.1).
Furthermore, the following sign conditions ensure the global existence of solu-
tions and allow to characterize their longtime behavior:

(F2) lim sup S < 1, u€eR,
u

|u|—o00

where p1 > 0 denotes the first eigenvalue of the operator —£ with homogeneous
Dirichlet boundary conditions.
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1.2. Main results.
To formulate our main results we recall some notions from the theory of infinite
dimensional dynamical systems (e.g., see [5], [34] or [31]):

Let S(t) : V — V,t > 0, be continuous operators in a Banach space (V,| - ||v).
We call the family S(t),t > 0, a semigroup if it satisfies the properties

)
S(t) o S(s) = SU+$ vt s >0,
5(0)
(t,v) =

where o denotes the composition, and Id the identity operator in V.
A non-empty, compact subset A C V is called the global attractor of the semi-
group S(t),t > 0, if A is invariant,

SHA=A  Vt>0,

( Jv is continuous from [0,00) x V =V,

and A attracts every bounded subset B C V under the action of the semigroup,
ie.,
lim disty (S(¢)B,.A) = 0.

t—o0

Here, distg (-, ) denotes the Hausdorff semi-distance in V/,

disty (B, A) :=sup inf ||ja — b||v for subsets A, B C V.
beB a€A

We denote the set of equilibrium points of the semigroup S(t),¢ > 0, by
E={veV:S(tw=uovVt>0},
and the unstable set of £ by
WH(E) ={veV: S(t)vis defined V¢ € R, disty (S(—t)v,E) — 0 as t — oo}.
Furthermore, the w-limit set of an element v € V' is

(v)={y €V : I(tn)nen, tn >0, lim ¢, = oo, such that lim S(t,)v — y}.
n—oo

n— oo

Under our hypotheses we obtain the following result, which states the global
existence of solutions of Problem (1.1) and characterizes their longtime behavior:

Theorem 1. We assume the operator L is X -elliptic with respect to the family of
vector fields X = {X1,...,Xm}, and the properties (S), (F1) and (F2) are satisfied.
Then, for every initial data uy € H there exists a unique global solution of Problem

(1.1) and
u € C([0,00); H) N C*((0,00); H).

The semigroup S(t),t > 0, in H generated by Problem (1.1) possesses a global
attractor A of finite fractal dimension, which is connected and

A=WH(E),

where £ = {u € H| Lu+ f(u) = 0}. Furthermore, for every initial data ug € H we
have w(ug) C € and, in particular,

lim disty (S(t)uo,E) = 0.

t—o0
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This generalizes our previous result in [23], where we studied Problem (1.1) for
the particular class of Ay-Laplacians (see Subsection 2.1.2).

Similar results can be obtained for Problem (1.2). Setting v := Oyu and w :=
(u,v) we reformulate it as the first order system

(1.4) T = Aw™ + f(w), wh = ( Z )
w|t:0 = Wo,

where the initial data wy = (ug,u1) € V, and V := H x L*(Q) with

W=

lwlly = (a(u,u) + [vlZ2)?  w=(u,v) €V,

Furthermore, A and f are defined by

a= (5 1) (),

where A denotes the operator —£ in L?(2) with homogeneous Dirichlet boundary
conditions.

Theorem 2. We assume the operator L is X-elliptic with respect to the family
of vector fields X = {X1,...,Xn}, and the properties (S), (F1’) and (F2) are
satisfied. Then, for every initial data wy € V there exists a unique global solution
of Problem (1.4) and

w € C([0,00); V).

The semigroup U(t),t > 0, in V generated by Problem (1.4) possesses a global
attractor A of finite fractal dimension, which is connected and

A=W,

where €& = {(u,0) € V| Lu+ f(u) = 0}. Furthermore, for every initial data wo € V
we have w(ug) C € and, in particular,

tliglo disty (U (t)wo, £) = 0.

The aim of this article is to show that our previous result in [23] extends to a large
class of parabolic equations involving degenerate elliptic operators and that similar
results can be obtained for damped hyperbolic equations. Moreover, we formulate
for the different classes of X-elliptic operators the admissible growth restrictions
on the nonlinearity, which are determined by Sobolev type embedding theorems.

In Section 2 we give an overview of the different classes of operators to which
our results apply. In Section 3 we collect some notions and results from the theory
of semigroups and infinite dimensional dynamical systems that are used in the
subsequent sections. Theorem 1 can be shown by following the arguments in [23].
For convenience of the reader we give a sketch of the proof in Section 4 and indicate
the main ideas. In Section 5 we consider the degenerate damped hyperbolic problem
(1.4), show its well-posedness and prove Theorem 2. In the Appendix we derive
a Poincaré type inequality and an auxiliary result, which yields estimates for the
fractal dimension of global attractors.



6 ALESSIA E. KOGOJ AND STEFANIE SONNER

2. CLASSES OF OPERATORS SATISFYING OUR HYPOTHESES

2.1. X-elliptic operators in homogeneous metric spaces.

We recall the definition of control distance or Carnot-Caratheodory distance d = dx
related to the family of vector fields X. A piecewise regular path v : [0,1] — RY
is called X -subunit curve in [0, T, if there exist measurable functions cy,...,cn :
[0,7] — R such that

A(t) = ch(t)Xj(y(t)), d <1 ae in[01].

j=1
We call RY X -connected if for every =,y € R there exists a X-subunit curve
such that y(0) = z and v(T) = y and define
d(z,y) :=inf{T >0 : 3 v subunit curve s.t. v(0) = z,v(T) = y}.
We further assume that the following properties are satisfied:

e RY is X-connected, the control distance is continuous with respect to the
Euclidean topology and there exists A > 1 such that the doubling condition
holds

(D) 0 < |Bagr| < A[Bg,

for every d-ball Br of radius R, such that B C Bag,, where Q C Bpg,.
Here, |E| denotes the Lebesgue measure of a set E C RY.

e There exist positive constants C' and v > 1 such that the following Poincaré
inequality holds

(P) ]i lu(z) — ug| dz < CR ]é \Xu(z)| d

for every Lipschitz continuous function u in B, g and any d-ball Bg, such
that Bg C Bag,. Here, we denote by ug = fBR U= ﬁ fBR u the mean
value and by Xwu the X-gradient of u, i.e.,

Xu=(Xju,...,Xu).

These properties imply the Sobolev embeddings (S) and have been verified for
wide classes of operators that we discuss in Subsections 2.1.1 and 2.1.2.

The real number @ := log,(A) is called the homogeneous dimension of (RY, d).

Remark 2. The homogeneous dimension is not unique, but taking
A :=inf{A : property (D) holds}

leads to the largest exponent in the Sobolev type embeddings (S) and the weakest
growth restrictions on the nonlinearities in Problem (1.1) and Problem (1.2).

In the particular case that the vector fields X; are homogeneous of degree one
with respect a group of dilations (8,),~0 in RY,

5 :RY — RV, Or(z) = 6p(x1,...yaN) = (Pt ey, .., 77N aN),

o1 =1< 09 < .-+ <oy, the doubling property can be easily verified. We have
0 < |Bag| = 29|Bg| and A = 29 is clearly the optimal constant in (D). In this
case the homogeneous dimension of RY is defined as Q := 01+ --- + on.
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Under the assumptions (D) and (P) the Poincaré-Sobolev inequality
lull Loy < ellXull2@)  Vue Cy(Q),

for some constant ¢ > 0, with ¢ = QQ—% was proved in Remark 9 in [21]. Since the

domain {2 is bounded, the inequalities are satisfied if L?(Q) is replaced by LP(2)
for any p € [1,q|, and the Poincaré inequality (P) follows by the X-ellipticity of
the operator L.

Furthermore, (RY, d) is a Carnot-Carathéodory space in the sense of [17], Section
11, and by Corollary 9.5 in [17] every ball in RY is a John’s domain. Theorem 1.28
in [16]', states that the embedding

H(Q) — LP(Q)

is compact if 1 < p < QQ—E?Q, where

Hy(Q) ={ueL*Q) : Xucl?*Q),j=1,...,m}

with inner product

(u,v)H}((Q):/(uv—i—Xu-Xv)7 u,v € Hy ().

Q

This shows that the assumptions (D) and (P) imply our hypotheses (P) and (5),
where H is the closure of C§(Q) with respect to the norm || - ||g1 (). For our
problems (1.1) and (1.2) this leads to the subcritical growth restrictions (F1) with
0<p< gt and (F1') with 0 < p < 5%

We observe that the homogeneous dimension @ plays the same role as the di-

mension N in the classical Sobolev embedding H{ (Q2) — L%(Q), where ¢ € [1,¢*]
2N

and ¢* = =5, N > 3, which determines the critical exponents in the growth re-
strictions on the nonlinearity ﬁ and % for the classical semilinear heat and

damped wave equation.

The properties (D) and (P) are well known for two wide classes of operators,
which we describe in Subsections 2.1.1 and 2.1.2: Operators that are X-elliptic with
respect to a family of smooth vector fields satisfying the Hérmander rank condition,
and Lipschitz continuous vector fields of diagonal type.

2.1.1. Vector fields satisfying the Hormander rank condition.
Let X = {X3,...,X,,} be a family of smooth vector fields satisfying the Hormander
rank condition

rank (Lie{X1,..., X,,}) () =N Vo cRY,
where Lie{Xy,...,X,,} denotes the Lie-algebra generated by the family of vector

fields X. Then, the doubling condition (D) was proved by Nagel, Stein and Weinger
in [29] and the Poincaré inequality (P) by Jerison in [19].

IThe hypotheses of the theorem are satisfied since every ball Br is a John’s domain and
John’s domains are X-PS domains in the sense of [16] (see p. 1093). Moreover, using the doubling
property (D) and the inequality

lullLr@) = Al{z € Br : [u(@) —upg[ = A} VA>0,

we can deduce Hypothesis (H.2) in [16] from our assumption (P).
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Our results apply to operators £ which are X-elliptic with respect to the family
X ={Xi,...,X,,} and, in particular, to sub-Laplacians on Carnot groups:

Let (RY,0) be a Lie group in RY. We assume that R can be split as follows

RY = RM x ... x RV,
and that there exists a group of dilations 6, : RNV — R,
or(z) = 6T(x(N1), ... ,x(N”)) = (r:zc(Nl), .. ,T”I(N”)), r >0,
W) e RN i=1,...,n,

which are automorphisms of (R¥ o).
We assume that

rank (Lie{Xi,...,Xn,})(z)=N Vo eRY,
where the vector fields X; are left invariant on (RY,0) and

0

PEeo)

X;(0) = j=1,...,N;.

Then, G = (RV,0,6y) is a Carnot group, and the homogeneous dimension is
Q@ = N1 4+ 2Ny + - -- 4+ nN,. Our results apply to the sub-Laplacian

Ny
PRI o
j=1

where the vector fields X, ..., Xy, are the generators of G. We remark that every
sub-Laplacian can be written in divergence form (see p. 64 in [6]).

Example 1. The Kohn-Laplacian on the Heisenberg group.
The Heisenberg group HY, whose elements we denote by ¢ = (z,y, 2), is the Lie
group (R?N*1 o) with the composition law

Col'=(x+a"y+y 2+ +2({d",y) — (z,9))),
where (-,-) denotes the inner product in RY. The Kohn Laplacian is the operator
Agn = Z;\le(Xf +Y}?), where
Xj =0y, +2y;0., Y; =0, —21;0.,.
A natural group of dilations is given by
6.(¢) = 6.(x,y, 2) = (ra,ry,r22), >0,
and the homogeneous dimension is Q = 2N + 2.

For further examples we refer to [6].

2.1.2. The Ax-Laplacian.
As in [22], we consider operators of the form

N
Ay =Y 0a,(\0a,),
i=1

where 0., = 8i i=1,...,N. The functions \; : RN — R are continuous, strictly

)
positive and of class C'* outside the coordinate hyperplanes® and satisfy the follow-
ing properties:

2)\; > 0 in RN\II, where II = {(xl,...,mN) ERN IV, = =0}
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(1) M(z) =1, N(x) = Ni(x1, ..o, 2-1), ©=2,...,N.
(i) For every x € RY the function \;(z) = \;(z*), i = 1,..., N, where
" = (Jz1l],.. ., |en]) ifx=(21,...,2N5).
(797) There exists a constant p > 0 such that
0 < 205, \i(z) < pAi(z) Vke{l,...,i—1},i=2,...,N,

foreveryxeRﬂ = {(acl,...,xN) eRN :z;>0Vi= 1,...,N}.
(iv) There exists a group of dilations (d,),>0,

6 RN S RN §,.(2) =6, (x1,...,2n) = (17, ..., 7N aN),
where 1 < 01 < 09 < --- < oy, such that \; is d,.-homogeneous of degree
g; — 1, i.e.,

(0 (z)) = r7 I\ (2), Ve eRY, r>0,i=1,...,N.
This implies that the operator Ay is d,.-homogeneous of degree two, i.e.,
Ax(u(d,(z))) = r2(Axu)(5,(x)) Yu € C=(RY).

We assumed in our definition of X-elliptic operators that the coefficient functions
are Lipschitz continuous. The assumptions (i)-(iv) do not necessarily imply the
Lipschitz continuity of the functions A;, but the hypotheses we need to prove our
main results can still be verified for Ay-Laplacians.

The doubling property (D) is certainly satisfied, the homogeneous dimension is
Q =01+ +0opn, and the Poincaré inequality (ﬁ) was obtained in [14]. However,
for the Ay-Laplacian the Poincaré inequality (P) can also be directly verified as
in A, and the Sobolev embeddings (S) were proved in [22] and [14]. If we apply
Theorem 1 to the Ay-Laplacian we recover our previous result in [23].

Example 2. We split RY into RY = RM x RV2 x R™3 and write
T = (:U(l),z@),x(g)), @ eRNi i=1,23.
Let a, 8 and 7 be nonnegative real constants. For the operator
Ay = A0 + 8P A @ + 2P A 6,
where A = (AW, A2 AG)) with

)\;1)(33)51, j=1,..., Ny,
A;Z)(x) — |x(1)|0‘7 _] = 1, .. .,NQ,
)\;3)(96) — |x(1)|6|x(2)‘77 j=1,..., N3,

we find the group of dilations
5 (xu),x(z))’x(s)) — (mu)’ra+1x<2>,ra+<a+1>w+1x<s>) ,

Similarly, for operators of the form

A)\ _ Aw(l) + |x(1)|2a1,1AI(2) + |x(1)|2a2,1 ‘x(2)|2a2,2AI(3) 4.

k-1
+ (H x(i)%“’i) Az,
=1
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where a; ; > 0,7 = 1,...,k — 1,5 = 1,...,1, are real constants, the group of
dilations is given by

O (x(l), . ,a:(k)) = (r"lx(l), . ,r”’%"“”)

with g1 = 1 and 05 = 1+ Zg;ll Qj5_1,i04, for i = 2,. . .,k.
In particular, if oy 1 = -+ = ag—1,5—1 = o, the dilations become

Or (m(l), ey ac(k)) = (rx(l), rotip( ,r(a+1)k71$(k)) .

A particular case of Ay-Laplacians are operators that are commonly called of
Grushin type,
Ay + 2> A4, (z,y) € RM x RN2 o > 0.

The global well-posedness and existence of the global attractor for semilinear par-
abolic problems involving Grushin-type operators was proved in [4] and the result
slightly extended in [35].

2.1.3. Further examples.
We close this subsection with examples of X-elliptic operators that do not fall into
the classes of operators discussed in Subsections 2.1.1 and 2.1.2.

Example 3. We consider in R? the family of vector fields X = {X;, X5} with
X1 =0, and X,=|z|"0y+ 0.,

where m is a real constant, m > 1.
As observed in [15], Section 6.1, the doubling condition (D) and the Poincaré

inequality (P) are satisfied. Consequently, our results apply to the operator
L=X{+ X5 =0+ |z|*"0] + 92 + 2[x|"0,..
In this case, it can be easily verified that the fields X; and X5 are invariant with
respect to the group of dilations
6T(x7 y7 Z) = (’rx7 ’,“m+1y, TZ)’ T > 0)

and the homogeneous dimension is Q = 3 + m.

Example 4. Another operator for which Properties (D) and (P) hold was consid-
ered in Example 4.6 in [26]:
In R? we consider the family of vector fields X = { X, X5}, where

X1 :aeraaZ and XQ :8y+baz

The functions a,b € C*(R3,R) and Xja — Xob > 0 at any point in R3.
We consider the operator

N
Lu = Z Oz, (a0, 1),
ij=1

where the matrix A = (a;;)1<;, ;<3 is given by
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Since
<A£7 §> = <Xla €>2 + <X27 £>2
the operator £ is X-elliptic. It takes the form

L=02+02+ (a®+ b2 + 9,(ad.) + 9y (b0)
+ 0,(ad; + b9y) + 9.(a* + b?)0,.

Such operators arise when studying the Levi-curvature equation in C?(see [10]).
The doubling property (D) and Poincaré inequality (P) were proved in [27], the
homogeneous dimension is () = 4 and can be computed as in [28].

2.2. A more general class of X-elliptic operators.
The doubling property (D) and the Poincaré inequality (15) are generally difficult
to verify. They are known for the classes of operators in Subsection 2.1. In certain
cases, we can verify the Poincaré inequality (P) and the Sobolev embeddings (S)
directly under weaker assumptions and without using the fact that hypotheses (D)
and (P) imply properties (P) and (S).

As in [20] we assume that the operator £ is X-elliptic with respect to the family
of vector fields

X = {Xla'-'vXN} = {nlafla"'anNa’EN}a

where the 7;’s are non-negative functions on {2 such that
m(z) >1 and n;(z) > clog |- |aj_q %1 Yz € Q,

for suitable positive constants ¢ and ay,...,0;_1.

The Poincaré inequality (P) can be verified by slightly modifying the classical
proof in [1] (see A). Furthermore, from Proposition 3.1 in [20] we obtain that there
exists ¢ € (2, 00) such that the embedding H — LP(f2) is continuous for all p € [1, ¢]
and compact for p € [1,¢q), which shows that (S) is satisfied. Here, the space H is
the closure of C3(Q) with respect to the norm

= (/Q|Xu|2>2, ue Cy(Q).

Consequently, our results also apply to this class of X-elliptic operators, which
were studied in [20].

Remark 3. For simplicity and to avoid introducing new notation we have discussed
in this subsection a particular class of the X-elliptic operators in [20]. However,
the results can be verified for a larger class of operators studied in the cited article.

3. SEMIGROUPS AND INFINITE DIMENSIONAL DYNAMICAL SYSTEMS: SOME
WELL-KNOWN PROPERTIES

For the convenience of the reader we collect in this section well-known notions
and results from the theory of semigroups and infinite dimensional dynamical sys-
tems that we apply in the subsequent sections to prove our main results. For details
we refer to [5], [9], [18], [30], [31] and [34].
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3.1. Analytic semigroups and fractional power spaces. Let £ be a uniformly
X-elliptic operator as defined in Section 1 and H be the corresponding Hilbert
space. We consider £ in L?(Q) with domain

D(L) = {u€ H |3 c>0such that |a(u,v)| < cl|v|p2@) Vv € H},
(—Lu,v)r200) = a(u,v) Vu € D(L), v € H.

Proposition 3. The operator A := —L generates an analytic semigroup e~ t >
0, in L2(9).

Proof. We observe that £ is densely defined and self-adjoint in L?(Q2). Furthermore,
the Poincaré type inequality (P) implies

1
—/Q/.Zu(x)u(x)dac = a(u,u) > E||u||2L2(Q) Yu € D(L),

which shows that —L is bounded from below by a positive constant. We conclude

that A = —L is sectorial (see [18], p.19) and generates an analytic semigroup

e~At t >0, in L?(Q) by Theorem 1.3.4 in [18]. O
The operator A is positive,

(—Lu,u)2(0) = a(u,u) >0 Yu € D(L),

and self-adjoint in L2(f2), and the Sobolev type embedding (S) implies that A
has compact inverse. Consequently, there exists an orthonormal basis of L?(Q) of
eigenfunctions ; € H,j € N, of A with eigenvalues

O<pur <pe <., Hj — 00 as j — 00.

We denote the fractional power spaces associated to A by X% = (D(AO‘), (-, ) xe),
a € R. The inner product in X is given by (u,v)xe = (A%, A*0)xo, u,v €
D(A%), where

D(AY) = {1/1 = chz/zj, ¢ €R ‘ Zu?ac? < oo}
JEN jEN
and
Aad) = A® Zde)j = Z,u?(?jwj.
JEN jEN
In this notation,
X'=D(4), X*=H, X"=1%Q), X *=H,

where H' denotes the dual space of H. Moreover, for a > 8 the embedding X¢ <
X7 is compact.

The operator A in X° can be extended to a positive sectorial operator in X with
domain X@*! for a € [—1,0] and restricted to a positive sectorial operator in X
with domain X**! for o € [0,00) (see [3] and Section 6 in [2]). The corresponding
semigroups e~ ¢t > 0, in X® and X for —1 < 8 < a < oo are obtained from
each other by natural restrictions and extensions. Moreover, if 5 < a we have
e~ XP) Cc X and

_ Ca,ﬁ
(3.5) He AtHL(Xf*;X“) < oy g t >0,

for some constant C, 5 > 0, where || - || (v,w) denotes the norm of a linear operator
between the normed spaces V and W (e.g., see Theorem 2.4 in [3]).
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3.2. Local well-posedness of semi-linear problems. Let V' be a Banach space.
We consider the abstract semi-linear problem

(3.6) %u(t) — Bu(t) + F(u(t)) £>0,
uli—o = uo, ug €V,

where B is the infinitesimal generator of a strongly continuous semigroup S(t),¢ >
0, and the nonlinearity F' : V' — V is Lipschitz continuous on bounded subsets of
V, i.e., there exists a non-decreasing function L : [0, 00) — [0, 00) such that

1F(u) = F(v)llv < L(r)|lu = o]y Vu,v € B(0),
where B,.(0) denotes the ball of radius » > 0 and center 0 in V.

Definition 4. We call u a local mild solution of the initial value problem (3.6), if
there exists T > 0 such that v € C([0,T); V), u(0) = 0 and u satisfies the integral
equation

u(t) = S(t)ug —l—/o S(t — s)F(u(s))ds, tel0,T).

For the proof of the following result we refer to Theorem 1.4, Chapter 6, in [30].

Theorem 5. Under the hypotheses above, for every initial data ug € V' there exists
a unique local mild solution of the initial value problem (3.6), which is defined on
the mazimal interval of existence [0,T), T > 0, and either T = oo, or, if T < oo,
then

Jim [Ju(t)[lv = oco.

If the operator B is positive sectorial, i.e., the generated semigroup is analytic,
the solutions have stronger regularity properties (see Theorem 2.1.1 and Corollary
2.3.1in [9]).

Theorem 6. Let the operator B be positive sectorial and the nonlinearity F' : X* —
X be Lipschitz continuous on bounded subsets of X<, for some o € [0,1). Then,
for every ug € X< there exists a unique local mild solution u € C([0,T); X%) N
CL((0,7); X) of (3.6) defined on the mazimal interval of existence [0,T),T > 0.
Moreover, either T = oo, or, if T < co, then

lim [[u(t)[|xe = oo,

and u satisfies
we C((0,T); XY, ue C((0,T); X7) Vyel0,1).

3.3. Global attractors of infinite dimensional dynamical systems. Let S(t),t >
0, be a semigroup in the Banach space (V|| - ||v). For a subset B C V we define
the positive orbit of B by
v (B) =] 508,
>0
and more generally, for 7 > 0 we define the orbit of B after time 7 by

7 (B) =" (8(7)B).

The semigroup S(t),t > 0, is asymptotically compact if for every bounded subset
B C V such that v/ (B) is bounded for some 7 > 0, the set

{S(t, + T)v,, n € N}
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is relatively compact for all sequences v,, in B and t, > 0 such that ¢, — oo as
n — 00.

A Lyapunov functional for the semigroup S(t),t > 0, is a continuous function
® : V — R such that

O(S(t)v) < d(v) YVt >0,Yv eV,
O(S(t)v) = d(v) Vt > 0 implies that v is an equilibrium point.

If S(t),t > 0, possesses a Lyapunov functional we call it a gradient semigroup.

For the proof of the following theorem about the existence of global attractors
for gradient semigroups we refer to Theorem 4.6 and Proposition 2.19, [31].

Theorem 7. Let S(t),t > 0, be an asymptotically compact gradient semigroup such
that for every bounded subset B C 'V there exists T > 0 such that the orbit v} (B)
is bounded. If the set of equilibrium points € is bounded, then the global attractor
exists, is connected and A = W¥(E).

The invariance principle of LaSalle (see Proposition 4.2, [31]) characterizes the
longtime behavior of trajectories.

Proposition 8. Let S(t),t > 0, be a gradient semigroup in V with Lyapunov
functional ® : V — R and let uw € V. If the orbit vF (u) is relatively compact in V
for some T > 0, then the limit lim;_,o ®(S(t)u) = a ezxists and ®(v) = a for all
v € w(u). Moreover, w(u) C &, £# 0 and

tlggo distg (S(t)u, &) = 0.

4. SEMILINEAR DEGENERATE PARABOLIC PROBLEMS

The local well-posedness of Problem (1.1) and Theorem 1 can be shown by
slightly extending the arguments in [23]; for convenience of the reader we present
a sketch of the proof and summarize the main ideas.

4.1. Local well-posedness.

Definition 9. We call u a local weak solution of (1.1) if there exists T > 0 such
that
u € C([O,T);H), u(0) =ugp, u€ Cl((O,T);H’)7
and u satisfies the equation
d
%<u(t),U>L2(Q) = a(u(t),v) + (f(u),v)2(q) Yo e H,t€(0,T).

Theorem 10. We assume the operator L is X -elliptic with respect to the family
of vector fields X = {X1,..., X}, and the properties (S) and (F1) are satisfied.
Then, for every initial data ug € H there exists a unique local solution defined on
the mazimal interval of existence [0,T), T > 0, and

ue C([0,T); H)yNnC((0,T); H).
Furthermore, either T = oo, or if T' < oo, then

lig [[u(®) |17 = oo,
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and the solution satisfies the variation of constants formula,

u(t) = e“tug + / O fu(s)ds e[0T,
0

where u(t) := u(-,t;ug) denotes the solution of (1.1) corresponding to initial data
ug € H.

Sketch of the proof. Applying Young’s inequality if necessary, we can assume that
f satisfies Hypothesis (F1) with exponent % < p < q— 2. Tt then follows from
complex interpolation, as in Lemma 1 in [23], that there exists « € (0, %) such that
the mapping f is locally Lipschitz continuous on bounded subsets from H = X 3
to X~%. The operator A = —L can be extended to a positive sectorial operator in
X~ with domain X'~ (see Subsection 3.2), and we observe that X1~ < Xz —
X~ The local existence, uniqueness and regularity of solutions then follows by
considering the problem

Ou = —Au+ f(u) t>0,
ule—o = ug, up € X3,
in X~ and applying Theorem 6 (see also the proof of Theorem 2 in [23]). O
Remark 4. If the non-linearity satisfies the growth restriction (F1) with exponent
0<p< %2, the proof of Theorem 10 simplifies. It follows from Holder’s inequality
and the Sobolev embeddings (S) that f is Lipschitz continuous on bounded subsets

from X2 to X°. In this case, the local well-posedness of Problem (1.1) and the
regularity of solutions is an immediate consequence of Theorem 6.

4.2. Global existence and longtime behavior of solutions. The global ex-
istence of solutions is a consequence of the hypothesis (F2) and can be shown by
considering the Lyapunov functional & : X 3 R,

2 = [ (G100 - Flute))

where F(u) := [}’ f(s)ds denotes the primitive of f. If u is a weak solution of (1.1),
then ®(u(-)) € C([0,T);R) N C*((0,T);R) by Theorem 10, and
d

Z2®) = —llu®iz@) <00 te(0,T).

Using the growth restriction (F1), the sign condition (F2) and Young’s inequality
we obtain an estimate of the form

Cr (1 u®)] ;) < @(u(t) < B(uo) < Cs (1+ Juol2 y + uo 552 (q )

for some constants C1,Cs > 0 (see [23]). The Sobolev embeddings (S) now imply
that solutions are uniformly bounded in H = X 3 for t > 0 and therefore exist
globally.

We denote by S(t),t > 0, the semigroup in H generated by Problem (1.1),
S(t)ug := u(t; ug), t>0,

where u € C([0,00); H) N C*((0,00); H) denotes the global weak solution corre-
sponding to initial data ug € H.
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Sketch of the proof of Theorem 1. We only give a sketch of the proof, for all details
we refer to the proof of Theorem 3 in [23].

We observed that solutions of Problem (1.1) exist globally, that the generated
semigroup S(t),t > 0, in H possesses a Lyapunov functional and orbits of bounded
sets are bounded. The sign condition (F2) implies that the set of equilibrium points

E={ueH: Lu+ f(u) =0}

is bounded in H. Moreover, it can be shown as in Lemma 2 in [23], that the
semigroup S(t),t > 0, satisfies the smoothing property in bounded subsets D C H:
For every t* > 0 there exists a constant x* > 0 such that

(47) ||S(t*)UQ — S(t*)UQHH < IQ*HUO — UQHL2(Q) VUQ,’UQ e D.

This estimate implies that the semigroup is asymptotically compact in H. The
existence of the global attractor, its connectedness and structure, A4 = W*(E), now
follow by Theorem 7.

The finite fractal dimension of the global attractor is a consequence of the
smoothing property (4.7) and Lemma 3 in [23], which is a special case of the result
we prove in B. In particular, for every v € (0, %) the fractal dimension is bounded
by

dim(A) < log . (Ni @ (pH (0))) .
The convergence of trajectories to equilibrium solutions can be deduced from the
smoothing property and by applying the invariance principle of LaSalle (Proposition
8).
|

5. SEMILINEAR DEGENERATE HYPERBOLIC PROBLEM

5.1. Local well-posedness.

Definition 11. We call u a local weak solution of (1.2) if there exists T' > 0 such
that

we C([0,); H) N CH(0,T); LA(Q)) N C2((0,T); H'),
u(0) = ug, u(0) = uy,
and u satisfies the equation

O u(t), v) 1) + g {u(8), 0) 2y = a(u(t),v) + (F(w) ) 2,

forallv e H, t € (0,T).

Problem (1.2) is equivalent to the first order system (1.4), which is locally well-
posed in V = H x L?(Q) if f satisfies the growth restrictions (F1).

Theorem 12. We assume the operator L is X -elliptic with respect to the fam-
ily of vector fields X = {X1,..., X}, and the properties (S) and (F1’) are sat-
isfied. Then, for every initial data wo € V there exists a unique local solution
of Problem (1.4) defined on the maximal interval of existence [0,T), T > 0, and
w € C([0,T); V). Furthermore, either T = oo, or if T < oo, then

lim ()l = oo,
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and the solution satisfies the variation of constants formula,

) t .
w(t) = ety +/ e (fw(s)))ds,  te[0,T),
0
where w(t) := w(-, t;wg) denotes the solution of (1.4) corresponding to initial data
wy € V.
Proof. The domain of the operator A in V is D(A) = D(L£) x H. We define A; and

Agby
; 0 Id 0 0
A:A”*“:(—A 0)+(O-¢>’

where the operator A, : V — V is linear and bounded. Since A is self-adjojnt, the

operator A; is dissipative. Indeed, if w = (u,v) € D(A;) = D(A), then

(w”, Ay, = (( Z ), ( _qu )y = a(u,v) + (v, = Au) , o) = 0.

By Corollary 4.4, Chapter 1, in [30] the operator A; generates a strongly continuous
semigroup of contractions in V. Moreover, Holder’s inequality and the embedding
H — L9(Q) imply that f is Lipschitz continuous on bounded subsets from H to

L?(2), and therefore, the mapping f : V' — V is Lipschitz continuous on bounded
subsets. The local well-posedness of Problem (1.4) now follows from Theorem 5. [

5.2. Global existence and longtime behavior. We first show the exponential
decay of solutions of the linear homogeneous problem

(5.8) dw = Aw t>0,

w|t:0 =wy, wy€V.

Lemma 13. Let C(t) = eAt,t > 0, be the semigroup in V generated by Problem
(5.8). Then, there exist constants C > 0 and w > 0 such that

ICOLevvy < Ce™* for all t > 0.
Proof. We define the functional F : V — R by
1 1
F(o ) == ia(fi), ¢) + §||7/’||2L2(Q) +26(¢, ) 12(0),

where the constant b > 0 will be chosen below. If (¢,) € V and if we take
b < >min{1, 11}, Poincaré’s inequality and the X-ellipticity of £ imply that

1 1
(5.9) F(,9) < 5ale,¢) + §II¢H%2(Q) + (161172 () + 11720

1 b 1 3
< (5+ )08 + (G + DIVl < 716 VIR,
and, on the other hand,
1 1
(5.10)  F(o.¥) 2 5a(9,0) + 3 I¥lEca) — blD T + 1] Eeey)
1 b 1 1

Here, p; denotes the first eigenvalue of the operator A and i is the optimal
constant in the Poincaré inequality (P). These estimates show that F defines an
equivalent norm on V.
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If w(t) = (u(t),v(t)) is a solution of (5.8) we observe that
0= (v,ve)12(0) + a(u,v) + BllvlZ2(q),
0 = (u,vs) 200y + alu, u) + B(u,v) 12(q)-
Using these identities it follows by Poincaré’s and Young’s inequality that
d
a}"(u, v) = a(u,v) + (v,v¢) 2(Q) + 2b(us, V) £2(0) + 2b{u, v¢) 2 ()
= —2ba(u7 U) — (B — 2b) ||'U||%2(Q) - 2bﬁ<u, ’U>L2(Q)

0 B

< —2ba(u,u) — (8 = 2b)||v]|72(q) + bﬁ(ﬁ““”%mz) + EHUH%Z(Q))
1 B

< —2ba(u,u) — (8 — 2b) ||”||2L2(Q) + bﬁ(BG(U7U) + ZHUH%%Q))

bj3?

< —ba(u,u) = (8 —2b— I)Ilv\\iz(m < =bl|(u, )17,

where we chose b < 3;;?-%5!32' Setting a = min{%, &, 3;?—662} we obtain

d

4
ST (w,0) < —all(u, )|} < —5aF ().

Gronwall’s Lemma now implies that
F(u,v) < ]-'(uo,vo)e_o‘%t, t >0,
and the norm equivalence yields the exponential decay of solutions. ([l

The sign conditions (F2) ensure the global existence of solutions. We define the
functional ® : V' — R by

B(u) = @((u.0) = gatu) + [ (G002 - Flute)) a

where F' denotes the primitive of f. If w = (u,v) € C([0,T);V) is a solution of
Problem (1.4), then ®(w(-)) € C*((0,7T);R) and
d

Z0w(®) = —Blv®)liz)y >0,

Using the growth restriction (F1’), the sign condition (F2) and Young’s inequality
we obtain an estimate of the form

Cr (L + [l(u(t), o)) < 2(w(t))
< ®(un) < O (14 (o, )3 + ol ey )
for some constants C1,Cy > 0 (see Section 4.2 in [23] and Section 5.2). The Sobolev
embeddings (S) and the X-ellipticity of the operator £ now imply that solutions
are uniformly bounded in V for ¢ > 0 and therefore exist globally.
We denote by U(t),t > 0, the semigroup in V generated by Problem (1.4),
U(t)wo := w(t; wy), t>0,

where w € C([0,00); V) denotes the unique global solution corresponding to initial
data wy € V. Using the variation of constants formula U can be represented as sum
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U = C+ S, where the semigroup C corresponds to the linear homogeneous problem
(5.8) and decays exponentially, and the family of operators S is defined by

U(t)wo = C(t)wo + ; C(t — ) f(U(s)wo)ds = C(t)wo + S(t)wo, t>0.

To show the asymptotic compactness of U and to establish a bound for the frac-
tal dimension of the global attractor we prove in several steps that S satisfies the
smoothing property. The proof is based on the method applied in [8].

As in Subsection 3.1, we denote by X, o € [—1, 00), the fractional power spaces
associated to the operator A = —£ with domain D(A) = X! in L*(Q) = X°. The
solution theory for Problem (1.4) can be extended to the fractional power space
X x X3, for some a € (0, 3].

Lemma 14. There exists € € (0,1) such that f is Lipschitz continuous from X5
to L?(Q) on bounded subsets of D C H :

1f(w) = f()llL2) SCDHU—UHXl%e YV u,veD,
for some constant cp > 0.

Proof. Let u,v € D. The growth restrictions (F1’) and Holder’s inequality with

p = % and ¢’ = q_qzy imply

If(w) = f)ll2) < cll(X+ [u[" + [v]")(u = v)||2(e)
< C(HU - UHL2(Q) + (||u||’£2’yp,(ﬂ) + ||v|"£2’yp,(ﬂ))Hu - U”L?q/(ﬂ))

<clu— ”qu'(n),

where we used the embeddings H < L*? () = L(Q) and L2 (Q) < L2(Q) in
the last inequality. Here, ¢ denotes a non-negative constant that may vary from
line to line.

If we define e := 1 — (]2_—”’2, then € € (0,1). Moreover, the identity E is a bounded

linear operator from X° = L2(Q) to L2(€2) and from X2z to L7() by our assump-
tion (S) and the X-ellipticity of the operator £. Using complex interpolation we
conclude that
—e ’ 1 1 -
B X0 XL = XTS5 [120), @) e = 17 (), 55 =g+
q q
is linear and bounded (see Section I1.2.1. in [34], Example 7.56 in [1] and Proposi-
tion 1.3.9in [9]). Using this embedding in the above inequality follows the statement
of the lemma. d

Lemma 15. Let ¢ := 1 — qzj be as in Lemma 14 and V¢ := X5 x X5,

Then, for every initial data wo = (ug,vg) € VE there exists a unique local solution
w € C([0,T); V) of Problem (1.4).

In particular, the semigroup C. generated by the linear homogeneous problem
(5.8) in V¢ is the extension of the semigroup C and uniformly bounded in V¢,

1C-DlL(vevey <d t>0,

for some constant d > 0.
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Proof. We consider the operator

P 0 Id 0 O
dmea= ()00,
in V&, where A : V¢ — V¢ is linear and bounded and A is considered as an operator
in X% with domain X = (see Subsection 3.1). Since A is selfadjoint in X 5 the

. 1

operator A; is dissipative in V*. Indeed, if w = (u,v) € D(A;) = X% x X 7,
then

(" Anw”)y = () ( Yy Dve

l1—¢

= (AT u, AT 0) o + (A7 F0, A5 (—Au))

1—¢

= <A 2 u,A%Ev>

X0
(AT, AT ), =0

X0
By Corollary 4.4, Chapter 1, in [30] the operator A; generates a strongly continuous

semigroup of contractions in V. Moreover, if B C X T s bounded, Lemma 14
implies that

1£() = F)ll -3 < CullF(w) ~ f@)llxo < Colfu—vll 1c, Va0 € B,
for some constants C7, Co > 0. Consequently, f is Lipschitz continuous on bounded
subsets in V¢, and the lemma follows from Theorem 5. ([
Lemma 16. Lete = 1—% and Ve = X5 x X 5. Then, the embedding V — V¢
is compact and S satisfies the smoothing property in bounded subsets D C V: For
every t, > 0 there exists a constant Kk, > 0 such that

ISt )w — S(t)z||lv < kullw — z||ve Yw,z € D.

Proof. Using Lemma 15 we first prove the Lipschitz continuity of the semigroup U
in Ve. For initial data w, z € D we denote the corresponding solutions of (1.4) by

U(t)w = (Ur(t)w, Uz (t)w), U(t)z = (Ur(t)z, Ua(t)z), t>0.
The variation of constants formula implies

Uy~ U@)ellve < ICOlvevelho - 2l
# [ 10 = Myl A ) = F )2 veds
<=zl + [ @) - 10 55)

< (o =zl + [ CIG )~ T 6)2l 152 5)

t
< d(\lw — z|lve + / ClU(s)w — U(s)z||vsds>,
0

for some constant C' > 0, and the Lipschitz continuity follows by Gronwall’s Lemma,

|U(t)w — U(t)z||v- < dl|jw — z||y-ed?, t>0.
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Let now t, > 0. In the following, ¢ will denote a non-negative constant that may
vary from line to line. We obtain

[S(t)w = S(t)zllv < /0 o - ) (f(U(s)w) = f(U(s)2)))lvds
< c/ ) e | F(UL(s)w — f(U1(8)2)| p2(0)ds
0

t
< C/o 1T (s)w — Ul(S)Z”Xl%EdS

IN

s
c/ U (s)w —U(s)z||veds
0
ta
< c/ dedCs||w — z|yeds = ky|Jw — 2|y,
0

for some constant k, > 0, where we used Lemma 14 in the third estimate. O

Finally, we formulate the proof of Theorem 2, where we essentially use the fol-
lowing observation. Let B C V' be a bounded subset. By Lemma 16 and Lemma
13 we conclude that there exists T, > 0 and constants A € [0, %) and £ > 0 such
that

6.11)  U(T)w = U(T)zllv < [[S(T)w = S(Tw)zllv + |C(Tw)w — C(T.)z|lv
<hllw = 2lve + Aw = zlv,

for all w,z € B.

Proof of Theorem 2. Existence of the global attractor: We proved that the semi-
group U(t),t > 0, possesses a Lyapunov functional and orbits of bounded sets are
bounded. It remains to show that the set of equilibria is bounded in V' and that
U(t),t > 0, is asymptotically compact (see Theorem 7).

We observe that the sign condition (F2) implies that there exist constants 0 <
co < p1 and ¢ € R such that

uf(u) < er|ul + cou?, u e R.

Let wue & ={ue H: Lu+ f(u) = 0}. Multiplying the equation by u and using
Young’s and Poincaré’s inequality we obtain

0=—a(u,u) + /Q flu(z))u(z)dz < —a(u,u) —|—/Q (cﬂu(m)\ + co\u(x)|2)dw

< —a(u,u) (1 . +€) +C.,
M1

for ¢ > 0 and some constant C; > 0. Since ¢y < p; this estimate implies that the
set £ is bounded in V.

To prove the asymptotic compactness of U(t),t > 0, we assume that B C V is
a bounded subset. Let (zp)neny € B and (tn)neny C [0,00) be sequences such
that t, — oo as m — oo. Since orbits of bounded sets are bounded, the set
{U(tn)xn|n € N} is bounded in V' and consequently, there exists a subsequence
(U(tn, )%n, ) ken converging weakly in V' and strongly in Ve. Let m € N and T, > 0
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be asin (5.11). Then, there exists Ny € N such that ¢,,,t,, > mT, for all k,1 > Ny.
Moreover, we obtain

U (tni)Tny — Utn,) 2, llv
< KU (tn, — Ti)xn, — U(tn, — Tu)xn, ||ve
+ AU (tn, — Ti)xn, — Ultn, — Ti)xn, ||v
<KC(A+ A4+ A" Y||zp, — 2, ||ve + CA™ |20, — 20|V

for some constant C' > 0, where we used (5.11) and the Lipschitz continuity of U in
V and V¢. This implies that (U(tp, )@n, )ken is a Cauchy sequence in V' and shows
the asymptotic compactness of the semigroup U(t),t > 0.

Fractal dimension of the global attractor: The global attractor A is compact and
invariant, and the semigroup U(t),t > 0, can be decomposed as U = S + C, where
the operators S satisfy the smoothing property in A and the semigroup C is a
contraction in V. Proposition 18 applied to the semigroup U(t),t > 0, with V'
and W = V¢ implies the finite fractal dimension of A. In particular, for every
v € (0,4 — X), the fractal dimension of the global attractor is bounded by

. Ve pv
dimy(A) <log_1 (N2 (By (0))),
where £ > 0 and A € [0, ) denote the constants in (5.11).

Convergence to stationary states: We deduce the last statement of the theorem
from the invariance principle of LaSalle (Proposition 8). Let wg € V. It suffices to
show that the orbit

v F (wo) = U U(t)wo
t>0

is relatively compact in V. If (z,)nen is a sequence in v (wy), then without loss
of generality x,, = U(t,)wq, where t, — 0o as n — oo. Since the orbit v (wyp) is
bounded in V there exists a subsequence (z,, )ren that weakly converges in V' and
strongly in V¢. We iteratively apply the decomposition (5.11) and conclude as above
that the sequence (U(ty, )wo)ren is Cauchy in V, which proves the precompactness
of the orbit 4% (wp) and concludes the proof of the theorem. (]

APPENDIX A. POINCARE TYPE INEQUALITY

In this appendix we prove the Poincaré inequality (P) for operators that are
X-elliptic with respect to the family of vector fields

X = {Xl,...,XN} = {m@m,...,m\;ﬁw}

in Subsection 2.2. In particular, the inequality follows from the X-ellipticity of the
operator £ and the following proposition:

Proposition 17. Let Q € RY be a domain, which is bounded in the x1-direction,
and p € (1,00). Then, there exists a constant ¢ > 0 such that

[l gy < c/Q |XulP  Yue CHQ).

Proof. Let u € C$(£2). Without loss of generality we can assume that the support

of u is contained in (f%, %) x RN=1 for some M > 0. Let e; = (1,0,...,0) and
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x € . Then,
u(z) = u(x) —u(x + Mey) = / dt u(z +tMey)) dt

1
—/ MOy, u(x + tMey)dt,
0

and Holder’s inequality yields

=

P

lu(z)| < M ( /0 (et tMel)|pdt>

Consequently, we obtain
|0
|0,

L

L (e |

( Py} ae =310 [ ([ o, utiray ) a
< / ([ imwutrar)a<ae [ o,

where we applied the change of variables © — y = z + tMe; and used that the
function n; > 1. O

lull7s <MP /\azlu +tMel)pdt>dx

e (T 4 tMel)pdx> dt

APPENDIX B. FRACTAL DIMENSION OF COMPACT INVARIANT SETS

In this appendix we prove an auxiliary result that allows to estimate the fractal
dimension of global attractors. It can be deduced from the method applied in [7]
for the construction of exponential attractors, which is based on the article [12].
We recall that the fractal dimension of a compact subset A of a metric space V' is
defined as y

In(NY (A
dims(A) := lim w7
e=0 —In(e)
where NY (A) denotes the minimal number of balls in V with radius ¢ > 0 and
centers in A needed to cover the set A.

We assume that U(t),t > 0, is a semigroup in the Banach space V, and V is
dense and compactly embedded into an auxiliary normed space W. Moreover, it
exists a compact invariant set A C V, and the semigroup can be represented as
U = S + C, where the families of operators S(t),t > 0, and C(t),t > 0, satisfy the
following properties:

(H;p) There exists T* > 0 and a constant x > 0 such that

I1S(T*)u — S(T*)v|lv < kllu —v|lw Yu,v € A.
(Hs) There exists a constant A € [0, 1) such that
ICT* ) — C@yolly < Mu—vlly  Yu,ve A

In the sequel, we denote by BY (v) the ball in a Banach space V with radius
r > 0 and center v € V.
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Proposition 18. Let the semigroup U, the spaces V.W and the set A be as above
and hypotheses (Hy) and (H3) be satisfied. Then, for every v € (0, %f)\) the fractal
dimension of A in V is bounded by

dimy(A) <log_.__(NY (B} (0))),

2(v+AX)

where BY (0) denotes the unit ball in V and NV (A) the minimal number of e-balls
in W needed to cover the set AC V.

Proof. Without loss of generality we can assume 7% = 1. Let v € (0, % -A),R>0
and a € A be such that A C BY,(a). Moreover, let vy,...,vy € V be such that

M
BY (0) ¢ |J BY (v),
=1

where M denotes the minimal number of balls with radius Z in W needed to cover
the unit ball B} (0). First, we construct by induction the family of sets V", n € N,
with the following properties:

ViCUm A=A, tV"<M",  Un)A=AC | Biuirma)
ueVn

where fA denotes the cardinality of the set A.
We define V0 := {vy} and assume the sets V! C A have already been constructed
for [ < m, which yields the covering

A=UmAC |J Bhuiar®w).
ueVvmn
To construct a covering of the iterate
Un+1)A=U0)UMm)A=U1) | (B(%(U+A))W,R(u) N A) ,
UEV’!L

let u € V™. We use the covering of the unit ball By’ (0) by balls with radius £ in
the space W and obtain

M M
AN Bé(y+A))nR(U) C U (B(V;/(V_;'_)\))nR% ((2(1/ + A))nsz + U) n A) = U Ai7
i=1 i=1
where we can assume that the sets A;,7 = 1,..., N, are non-empty. For elements
v, w in the set Uf\il A; C A the smoothing property implies
IS(1)v — S(Nwl|ly < kllv —w|lw < 2v(2(v + N))"R,
and we obtain
M M
S(1) <~A N B(‘g(y+/\))nR(u)> C5(1) U A; C U B;/V(z(,,+,\))nR(yi),
i=1 i=1

for some y1,...,ym € S(l)(AﬂBg(u+)\))nR(u)). In particular, there exist z1, ..., 2y €
A such that y; = S(1)z,i=1,..., M. The contraction property (Hz) implies

@) (Aﬂ B(‘g(w,\))m(u)) C Brouiaynr(C)z)  Vi=1,..., M,
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and we obtain the covering

U(1) (AN Bl r(@)) = (S1) +C1) (AN B, 40 (W)
M
= U Bl r(U1)21),

i=1
with centers U(1)z; € A.

Constructing in this way for every u € V™ such a covering of the set

UQ) (A N B(‘g(y+>\))n,R(u))

by balls of radius (2(v + A))"*'R in V and centers in A, yields a covering of the
image U(n +1)A = A. We denote the new set of centers by V"1 and observe that

ﬁvn-&-l S MﬁV” S Mn-&-l.

Moreover, by construction, the set of centers satisfies V™! C U(n+1)A = A, and
A=Un+1)AC U B(‘g(u+)\))n+1R(u)'
ueVn+tl

Finally, to prove the finite fractal dimension of A let ¢ > 0. If we choose m
sufficiently large such that

Qv +N)"R<e< 2+ N))"'R
holds, we can estimate the number of e-balls needed to cover the set A by
NY(A) <gv™ < M™.

Furthermore, we have

for some constant C' > 0 depending on R and v, and we obtain for the fractal
dimension of A

In(NY In(M
dim¢(A) = limsup In(Ne (4) < lim sup mn(M)
e—0 — e e—0 —Ine
(=% + C) In(M)

In
< lim sup —*2) <log_.1_(M).
e—0 —Ine 2(r+2)
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