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ABSTRACT. We give a simple proof of a result due to Mané (Springer LNM 898, 230242,
1981) that a compact subset A of a Banach space that is negatively invariant for a map S
is finite-dimensional if DS(z) = C(z) + L(z), where C is compact and L is a contraction
(and both are linear). In particular, we show that if S is compact and differentiable then A
is finite-dimensional. We also prove some results (following Malek et al. (Acta Appl. Math.
37, 83-97, 1994) and Zelik (Rend. Accad. Naz. Sci. XL MMMMA 118, 1-25, 2000)) that
give bounds on the (box-counting) dimension of such sets assuming a ‘smoothing property’:
in its simplest form this requires S to be Lipschitz from X into another Banach space Z that
is compactly embedded in X. The resulting bounds depend on the Kolmogorov e-entropy
of the embedding of Z into X. We give applications to an abstract semilinear parabolic

equation and the two-dimensional Navier—Stokes equations on a periodic domain.

1. INTRODUCTION

We want to estimate the box-counting dimension of attractors associated to dynamical
systems on Banach spaces. In the continuous-time case, the standard abstract setting is the
following. We say that a family of continuous maps {S(t)}:>o from a Banach space X into
itself is a semigroup if

(i) S(0) = Ids.
(ii) S(t+s)=S(t) S(s), for all t,s >0,

Key words and phrases. global attractors; box-counting dimension; negatively invariant sets; smoothing.

E-mails. andcarva@icmec.usp.br(Carvalho); cunha.arthurc@gmail.com(Cunha); langaQus.es(Langa);
j.c.robinson@warwick.ac.uk(Robinson).

!Partially supported by FAPESP Grant 2018/10997-6 and CNPq Grant 303929/2015-4.

2Partially supported by FAPESP Grant 2016/ 26289-5 and FAPESP/BEPE Grant 2018,/10634-0.

3Partially supported by Spanish Ministerio de Economia y Competitividad and FEDER, project

PGC2018-096540-B-100, and Proyecto I4+D+1i Programa Operativo FEDER Andalucia US-1254251.
1



2 FINITE-DIMENSIONAL NEGATIVELY INVARIANT SUBSETS OF BANACH SPACES

(iii) the map [0,00) x X > (¢,x) — S(t)z € X is continuous.
We say that a subset A C X is invariant under the action of the semigroup S(-) if S(t)A = A

for all t > 0, and we say that A attracts a subset D of X under the action of the semigroup
if dist(S(¢)D, A) — 0 as t — oo, where

dist(A, B) = sup inf [|a — b x
ist(4, B) = sup inf [l — b]lx

A subset A of X is said to be the global attractor for S(-) if it is compact, invariant and
attracts all bounded subsets B of X under the action of S(-).

The global attractor for the semigroup S(-) is the same as the global attractor for the
discrete semigroup {S™ : n = 0,1,2,---}, where we can take S = S(ty) for any ¢, > 0; so
throughout this paper we consider only the discrete case. In fact our results are valid for
compact sets A C X such that A C S(A), i.e. that are negatively invariant under S.

The earliest result on finite dimensionality of attractors for dynamical systems is due to
Mallet-Paret in 1976 (see [16]), who considered separable Hilbert spaces. Mané generalised
this result to Banach spaces in 1980 (see [17]); his proof is taken up and somewhat improved
by Carvalho et al. in [3]. All these three papers treat a map S whose derivative is everywhere
equal to the sum of a compact map and a contraction, and the proofs all rely on using the
compactness assumption to find a finite-dimensional subspace U such that the image under
DS of the unit ball in U provides a good approximation of the image of the unit ball in
X. The resulting dimension estimate involves the dimension of U, which means that, in
practice, it is hard to use the results to give explicit bounds on the dimension of A.

For explicit bounds the standard technique relies on setting the problem in a Hilbert space,
and then one can obtain estimates using the theory of Lyapunov exponents, as developed by
Constantin & Foias [§] (see also Chepyzhov & Vishik [5] or Carvalho et al. [2]).

Our starting point for this paper was the following question: if A is the attractor of a
compact map, is it a finite-dimensional set? A relatively simple example shows that the
answer to the question is generically no. Indeed, consider the map S: £2 — (% given by

1 T

J ;] ,|IL’]" >j_
1

(Sz); =

x
This map is compact, but its attractor is the set
{xel®: |z <1/j}

which is an infinite-dimensional subset of ¢2. However, it turns out that the answer to this
question is yes if as well as being compact S is differentiable: in this case it follows that D.S is
compact, and the finite-dimensionality can then be obtained from Mané’s result [I7]. In fact
this holds whenever DS is the sum of a compact map and a contraction (in an appropriately
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uniform way over the attractor); here (see Theorem [3.1]) we give a proof of this central fact
that is much simpler than Mané’s argument.

However, our approach yields no explicit bound on the attractor dimension. In order to
remedy this, we use ideas due to Malek et al. [I5], and assume a quantitative smoothing
estimate for the compact part of DS: we suppose that for z € A we have DS(x) = C(z) +
L(z), where C(x) and L(z) are both linear, that ||L(x)||zx) < 1/4, and that C(x) satisfies

[C(@)ullz < Kllullx  uweX,

for some space Z that is compactly embedded in X. This enables us to give an explicit
bound on the dimension of A, which (see Zelik [23]) involves the Kolmogorov e-entropy of
the compact embedding of Z into X. Some of the arguments here are also inspired by those
in the paper by Carvalho & Sonner [4], which uses such a quantitative smoothing property
and a similar splitting to bound the dimension of pullback exponential attractors.

In Section [2] we recall the definition of the box-counting dimension, and give two simple
lemmas that enable us to bound the box-counting dimension based on iterated coverings
of A. We then prove two results based on DS in Section [3] In the next section we relate
properties of S to properties of DS, showing in particular in Corollary [£.2]that a differentiable
compact map has a finite-dimensional attractor. In Section [5| we use the smoothing property
from Malek et al. [I5] and Zelik [23] to work directly with assumptions on the map S itself
(see also Cholewa, Czaja, & Mola [7]).

We then discuss the Kolomogorov e-entropy which enters the dimension bounds, giving a
simple argument to bound this in the case of L?-based Sobolev spaces. In the final two sec-
tions we apply the theory to two classical examples: abstract semilinear parabolic equations,
and the two-dimensional Navier—Stokes equations on periodic domains.

Similar results to those in Section 5| of this paper can be found in the review article by
Miranville & Zelik [I8]; however, our aim here is to link the original approach of Mané to
more recent advances, and to tell something of a coherent ‘story’ about dimension estimates
in this setting.

2. BOUNDING THE BOX-COUNTING DIMENSION OF NEGATIVELY INVARIANT SETS VIA
SIMPLE COVERING LEMMAS

For a precompact subset A of a normed space X (or more generally a metric space (X, d)),
let Nx|A, €| denote the minimum number of open e-balls in X that are necessary to cover
A and let N%[A,¢] denote the minimum number of open e-balls in X centred at points of
A that are necessary to cover A. We will omit the X subscript when it is clear from the

context.



4 FINITE-DIMENSIONAL NEGATIVELY INVARIANT SUBSETS OF BANACH SPACES
Note that
N[Ae] < N°[A,e] < N[A,¢e/2], (2.1)
since given any cover of A by balls of radius /2, if
AN B(x,e/2) # &

then there exists a € A such that x € B(a,e/2) and so B(z,¢/2) C B(a,¢).
The (upper) box-counting dimension of A in X, denoted by dimpg(A; X), is defined as

log NV
dimp(A; X) := limsup w.
esot  —loge

Note that, because of (2.1)), it is possible to replace Nx[A,¢] in (2.2)) by N%[A, ] and still
obtain the same quantity, but we prefer Nx[A, €| here as it is less restrictive.

(2.2)

Essentially, this definition extracts the exponent in
Nx[A,e] ~e™ dimp (A4,X)

A detailed treatment of the box-counting dimension of compact sets can be found in Falconer
[12] and Robinson [20].

The lim sup in can also be taken over a geometrically decreasing sequence: the proof
of the following lemma can be found in Carvalho et al. [2], Lemma 4.1.

Lemma 2.1. Given a compact subset A of X, r >0, and any n € (0,1)

log N &
dimp(A) = limsup M.
koo  —klogn

We now prove two simple lemmas that allow us to obtain bounds on the box-counting
dimension of A by applying S or DS to given coverings of A. We write Bx(x,r) for the
open ball in X centred at = of radius r, dropping the X subscript when clear from the
context.

Lemma 2.2. Let A be a compact subset of a Banach space X that is negatively invariant
for S: X — X, i.e. AC S(A). If there exist M > 1,0 < < 1/2, and ro > 0 such that for
allz € A and all0 <r <1y

N[S(B(z,r)), pr] < M, (2.3)
then -
dimp(A) < —_?fg 35 (2.4)

If (2.3) holds for all x in some §-neighbourhood of A then it is enough to take 0 < 8 < 1
and the bound in (2.4) becomes log M/(—log ).



FINITE-DIMENSIONAL NEGATIVELY INVARIANT SUBSETS OF BANACH SPACES 5

Proof. If we only have for balls centred at points of A then we need to make sure all
the balls in our iterated covers are also centred at points of A, so we have to work with N°®.

Cover A with N = N°[A,rg] balls of radius 7o, {B(zs,70)}Y,, with centres z; € A.
Apply S to every element of this cover. Since A C S(.A), this provides a new cover of A,
{S(B(z;,m0))}Y,. Using each of these images can be covered by M balls of radius Sro,
with centres y;; € X; by enlarging these to balls of twice the radius we can take new centres
x;; to be in A once again, and so we obtain

N*[A,25r¢] < MN®[A, 1.

Since the centres of the balls in this new cover lie in A and 25 < 1 we can apply the same

argument n times to obtain
N*[A, (26)"ro) < M"N°*[A,r],
and Lemma [2.] yields

dimB(A) S %

It holds in a d-neighbourhood of A then take ry < 0 and cover A with N[A, o] balls
{B(z;,70)}Y.,. Applying S as before we obtain a new cover of A that is contained in M N
balls of radius fSrg; the centres of the balls that we need to retain in this cover lie within
Bro < rg < 0 of A, and so we can repeat the argument as above, only this time obtaining a

cover with balls of radius 8"ry, which yields the improved bound given in the statement. [J

One way to obtain the bound in is to have a similar bound on covers for the unit ball
under the derivative DS(z) on the attractor. We need some uniformity in what it means
for S to be differentiable ‘on A’. As shown in the Appendix, such uniform differentiability
follows whenever S is continuously differentiable on an open neighbourhood of A.

Definition 2.3. We say that S: X — X is uniformly differentiable for x € A if for every
x € A there exists a bounded linear map DS(x): X — X such that for every n > 0 there
exists a positive constant ro(n) > 0 such that

|S(x 4+ h) — S(x) — DS(z)h|| < n||h|, for every x € A, h € X with ||h| < ro(n).
Using this definition we can now prove a result based on assumptions on DS.

Lemma 2.4. Let A be a compact subset of a Banach space X that is negatively invariant
for a map S: X — X that is uniformly differentiable for x € A. If there exist o € (O, 1/2)
and M > 1 such that

N[DS(z)(B(0,1)),a] < M,  x€ A, (2.5)
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then

log M
di <
imp(A) < —log 2c

As in Lemma if (2.5) holds for all x in a d-neighbourhood of A then we can take
a € (0,1) and then dimp(A) < log M/(—loga).

. (2.6)

Proof. The uniform differentiability assumption implies for n € (0, 1/2 — a) that
S(B(z,r)) € S(x) +DS(x)B(0,r) + B(0,nr), xe A r<ryn);
combining this with the covering assumption in it follows that
NIS(B(x,r)), (e +n)r] < M,
for all z € A and for all 0 < r < rg(n). Lemma [2.2) now guarantees that
dimB(A) < %,
and since this holds for all 0 < 7 < 1/2 — « the estimate in follows.

The argument when (2.5 holds in a neighbourhood of A is essentially the same and uses
the second part of Lemma [2.2] O

3. FINITE-DIMENSIONAL ATTRACTORS FROM ASSUMPTIONS ON DS

For our first results we make assumptions on the derivative of S; these results parallel the
original ones in Mallet-Paret [16] and Mané [17].

3.1. The dimension is finite. Our first theorem revisits the classical result of Mané [17]
(see also Carvalho et al. [3]) for a map whose derivative is the sum of a compact map and
a contraction, but the proof is considerably simpler. However, our assumptions do not yield
an explicit bound on the dimension.

We say that a map L: X — X is a A-contraction if

Lo = Lyl < Mz =yl =yeX.

If L is linear then it is a A-contraction if ||L||zx) < A. [The proof of a result very similar to
the following (and the subsequent Corollary |3.2| that allows for A € (0,1)) can be found in
the paper by Dung & Nicolaenko [10]; however, they follow Mané’s argument quite closely,

while our argument is significantly more direct.]

Theorem 3.1. Let X be a Banach space and A a compact subset of X that is negatively
invariant for a map S: X — X that is uniformly differentiable for x € A. Suppose that for

each v € A we can write

DS(z) = C, + L,
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where

e C, and L, are both linear;

o C,.: X — X is compact for each v € A;

o C, is continuous in x (on A); and

o there exists 0 < A\ < 1/2 such that ||L.| zx) < A for every x € A.

Then dimp(A) < oo.

Proof. Fix # > 0 such that 0 < 6 + A < 1/2. Since C, is compact, for each = € A there
exists M(z,0) > 0 such that

N[C,B(0,1),0/2] < M(x,0).

Since (', is continuous on the compact set A it is uniformly continuous, so there exists
d = §(0) > 0 such that

|z —2'||x <0, x,2’ € A = |Co — Corlleix) < 0/2.
It follows that if |2 — z||x < 0 with z,2" € A then
C»B(0,1) C C,.B(0,1) + [C — C,]B(0,1)
C C,B(0,1) + B(0,0/2),
and so
N[CB(0,1),0] < M(x,0)
for every 2’ € B(z,d) N A.

Since
A=) B 6nA
€A
and A is compact we can find x4, ...,z € A such that

k
A={JB(x:,6)N A

i=1

It now follows that by taking

i=1,...,

M*(0) = max, M (z;,0)

we have

sup N[C,B(0,1),6] < M*(9),
zeA

with M* independent of x.
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Now

DS(x)B(0,1)

[Cy + L] B(0,1)
C.B(0,1) + L,B(0,1)

N

“(6)
U (yi,8) + B(0,\)

U (yi, 0+ A),

.

i

for some g; € X, and then
sup N[DS(z)B(0,1),60 + \] < M*(6).
€A

From Lemma [2.4] we conclude that

. log M*(0)
d <———F— < . O
mp(A) < —log2(6 + \) >
If we include a continuity condition on L, then we can relax the requirement that \ €

(0,1/2) to A € (0,1).

Corollary 3.2. Suppose that the hypotheses of Theorem hold. Assume further that A
is invariant (S(A) = A), and that Ly also continuous in x (on A) with ||Ly||zxy < A for
every x € A, where A € (0,1). Then dimp(A) < co.

Proof. If X\ € [1/2,1) then choose k such that A* < 1/2 and apply Theorem to the map
S := S*. Since

(02 =+ LQ) ] (Cl + Ll) = [02 ¢} (Cl + Ll) + LQ o Cll+L2 o L1

compact

and
DS(z) = DS(5*z) o DS(S*2x) 0 --- 0 DS()
it follows that DS (x) = C‘x + Ex where C‘x and Zm satisfy the conditions of the previous

theorem, guaranteeing that dimp(A) < oo as claimed. 0

We now discuss, briefly, how this method relates to that of Mané [I7]. Certain particular
examples, such as the semilinear parabolic equation we treated here in Section (see also
Carvalho et al. [3]), generate a semigroup S that is continuously differentiable and for which
it is possible to obtain a sequence of finite rank projections {P, },en such that for points
x € A we have

DS(z) = P,DS(z) + (I — P,)DS(z) = C,, + Ly,
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where C, = P,DS(z) is compact and for sufficiently large n the operator L, = (I —P,)DS(z)
is a contraction on X with contraction constant less than 1/2. Therefore, in this case S
satisfies hypotheses in Theorem and its attractor A has finite box-counting dimension.
We note that for each x € A we have C,B(0,1) C U,, for some linear subspace U, C X
with finite algebraic dimension dim(U,) < oo; since A is compact, given € > 0 there exists

a linear subspace U. C X with finite algebraic dimension such that
dist(C,B(0,1),U.) <e, z€A

Indeed, just as in the proof of Theorem [3.1] given € > 0, there is 6 = d(¢) > 0 such that

|lr —2'||x <6, x,2’ € A = |Ce — Corll2(x) < €/2.
Now
C»B(0,1) C C,.B(0,1) + [C — C,]B(0,1)
C U, + B(0,¢/2),
and so

dist(CB(0,1),U,) <e, ' € B(z,6) N A.
Since A = |JI_, B(x:,0) N A, if we set U, := [Ule Umi], then we have
dist(C,B(0,1),U.) <e, z€A (3.1)

Expression (3.1)) essentially portrays the fundamental property needed to follow Mané’s
approach: it provides a finite-dimensional subspace U that is a good approximation of the
image under C, of the unit ball in X. For more general situations (in which C, is not
necessarily a finite rank operator) is restated and achieved using the compactness of
operators C, (see Carvalho et al. [3], Lemma 2.4).

3.2. Bounds on the dimension: the smoothing method. Theorem in the previous
section ensures that the box-counting dimension of A is finite, but it does not provide any
explicit estimate on this dimension.

In order to give a bound on the box-counting dimension we now consider an auxiliary Ba-
nach space Z that is compactly embedded in X, and impose a Lipschitz continuity property
between these spaces for the derivative DS of S, which here we refer to as the smoothing

property. The bound we will obtain will involve the quantities
'/\/:5 = NX[BZ(()) 1)75]7

i.e. the minimum number of e-balls in X that are needed to cover the unit ball Bz(0,1)
in the subspace Z. These are related to the Kolmogorov entropy numbers for the compact
embedding of Z into X; we discuss this further in Section [l This method is based on the
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techniques developed by Malek et al. [15] (see also Zelik [23]), making use of the choice of
coverings from Efendiev et al. [IT].

Theorem 3.3. Let Z and X be two Banach spaces such that Z is compactly embedded in X,
and let A C Z be a compact subset of X that is negatively invariant for a map S: X — X
that is uniformly differentiable for x € A . Suppose in addition that for all x € A we have
DS(z) = Cp + L,, with C, € L(X,Z) and L, € L(X) such that there exist K > 0 and
0 < A < 1/2 satisfying

1C:(u)]lz < Klullx, ueX, (3.2)
and
[ Lallex) < A (3.3)
Then o A’
. og v/K 1
X< —1 - — .
dimp(A; X) < T log 200 + )’ forv e (O, 5 )\)

Proof. For any x € A, by (3.2)) and (3.3) we have
DS(2)Bx(0,1) € C,Bx(0,1) + L, Bx(0,1)
C Bz(0,K) + Bx(0,\).

But given 0 < v < 1/2 — A, if
NII/K

Bz(o,l) Q U Bx(JZZ‘,V/K),

i=1
where x; € X, then
Nk
DS(x)Bx(0,1) C | | J Bx(Kxi,v) | + Bx(0,))

i=1

Nosk
U yz,y—l—)\

with y; € X. So
Nx[DS(z)Bx(0,1),v + A <N,k

and from Lemma [2.4] we conclude that

—log2(v+\)’

In the next section we prove some results on the relationship between maps and their

dimp(A; X) < € (0,1/2=1). O

derivatives, which will allow us to deduce results on the dimension of A by imposing condi-
tions on S rather than DS.
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4. MAPS AND THEIR DERIVATIVES

In this section we relate properties of the original map S to properties of its derivative,
and vice versa.

First we show that if S is compact and differentiable then DS is also compact.

Lemma 4.1. Let X be a Banach space and suppose that S: X — X is a compact map. If S
is Fréchet differentiable at x € X with derivative DS(x), then DS(z): X — X is compact.

Proof. Suppose that the operator DS(x) is not compact. Then there exist ¢ > 0 and a
sequence (y,) C X such that |ly,|| <1 and

IDS(z)yn = DS(2)yml| = €0, 1 #m.
By the definition of the derivative there exists § > 0 such that for all ||h|| < ¢ we have
IS +h) = S(x) - DS(x)h]| < = ||h||
Choosing 7 > 0 such that ||7y,|| < ¢ for all n € N we obtam
15@@ + 7yn) = S(@ + Tym) || = [1S(z + Tyn) = S(x) = DS(2)(Tyn)
+DS(2)(7yn) — DS(2)(7ym)
+5(x) = S(z + 7ym) + DS(@)(Tym)||
> 7|[DS(@)yn — DS(2)ym||
—15(z + 7yn) = S(x) = DS()(7yn)||
= 15(z + 7ym) = S(x) = DS(2)(Tym)||
T

T
> TEY — 2150 = 550.

Since x + 7Ty, is a bounded sequence, this shows that S(x + 7y,) can have no Cauchy

subsequence, and so S is not compact, a contradiction. O

This result enables us to answer the question posed in the introduction in the affirmative

if S is compact and differentiable.

Corollary 4.2. If A is a compact subset of X that is negatively invariant under a map
S: X — X, and S is compact and uniformly differentiable for x € A with DS continuous
on A, then dimpg(A) < oc.

In fact we can prove a ‘compact map plus contraction’ result in this setting too, although
this is perhaps a little less natural, since we require a splitting S = C'+ L in which both C
and L are differentiable. First we show that if L: X — X is a A-contraction (i.e. || Lx— Ly|| <
M|z — yl| for every x,y € X) then so is DL.
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Lemma 4.3. Suppose that L: X — X is a A\-contraction. If L is differentiable at x € X
then DL(x) € L(X) is also a A-contraction.

Proof. Since
L(x + h) = L(z) + DL(z)h + o(||h]|)
then
IDL(z)h]l < AllA]l + o([[A]]).

Given € > 0 there is 0 > 0 such that for ||h|| < § we have
IDL(z)h] < (A +e)lA].

Now given h € X let hy := ﬁh and then ||h]| < 0. Since DL(x) is linear we conclude

IDL(x)h| < (A +e)|hl, for all € > 0,
and so DL(x) is a A-contraction. O

The following is now an immediate corollary of Theorem

Corollary 4.4. Suppose that A is a compact subset of X that is negatively invariant under
a map S: X — X, with S = C + L, where C' is compact and L is a A-contraction with
0 <A< 1/2. If C and L are uniformly differentiable for x € A, and DC' is continuous on
A then dimp(A) < oc.

Note that with the additional assumption that DL is also continuous on A then we could
increase the range of A to 0 < A < 1 as in Corollary

We can also transfer a smoothing property for C' to one for DC; but rather than argue
this way in the next section we instead prove directly that a smoothing property for C' can
be used to bound the dimension of A. Indeed, this was the original way that this property
was used by Malek et al. [I5] and Zelik [23].

5. RESULTS USING ASSUMPTIONS ON S

We now prove a result in which we assume that S can be written in the form S =C + L,
where C' and L satisfy and below.

This method is a powerful tool in constructing exponential attractors in various settings
(besides the autonomous case in Malek et al. [I5] and Zelik [23], see Carvalho & Sonner
[4] for the non-autonomous case and Caraballo & Sonner [I] for the random case) and then
determining the dimension of attractors. As in Theorem the estimates for the box-
counting dimension are once again given in terms of the numbers N, related to the compact
embedding of Z into X. The next theorem (which can also be found as Lemma 2.1 in [7])
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uses a similar assumption to that in Carvalho & Sonner [4] (which generalises [15] and [23];

see also [18]) by allowing the additional contraction term L.

Theorem 5.1. Let Z and X be two Banach spaces with Z compactly embedded in X, and
suppose that A C Z is a compact set that is negatively invariant under a map S: X — X.
Suppose in addition that S = C'+ L, where C': X — Z and L: X — X are continuous maps
and there exist some K >0 and A € (0,1/2) such that for all z,y € A

1C(z) = CW)llz < K|z —ylx (5.1)
and
I1L(z) = L(y)lx < Allz —yllx. (5.2)
Then N
. log v/K . 1
. < _Tor v I ]
dimp(A; X) < “log 200 + )’ for any choice of v € <O 5 )\)

Proof. Given 0 < v < 1/2 — A, let 2y € A and R > 0 be such that
A = Bx(zg, R) N A. (5.3)
By the smoothing property for C' in and the definition of N, we have
C(Bx(zo, R)NA) C Bz(C(zo), RK)
Nk
c L/J Bx (y;,vR), o4
j=1
for some y; € X. Now, by the contraction property for L we obtain
L(Bx(x¢,R) N A) C Bx(L(z0), AR)
and then applying S in we have

A = S(A)NA
= [C(Bx(zo,R)NA) + L(Bx(zo, R)NA) | N A
Nk
= U Bx(yj,VR) +Bx(L($0),)\R) ﬂA
NV/K]:1
= | Bx(y;+ L), (v + NE) N A
Mo

= | Bx(z. 2w+ MR)N A,

J=1
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for some z; € A, i.e.,
Nu/K

A= Bx(z,2(v+ MR)N A
j=1
Analogously, for each n € N, there exists a subset V,, C A with #V,, < /\/'17/ ;¢ such that

A= Bx(z, [20+ N "R) N A,

z€V,

and the result follows. O

Note that in the above result we have estimated the box-counting dimension of the set A
in the space X. However, when the contraction term L is absent (i.e. when A = 0) then we

have
dimg(A; Z) = dimg(A; X). (5.5)
Indeed, if
15(x) = SWllz < Kz —ylx,  zyeA
then the map S: A — Z is Lipschitz and then

dimp(A; Z) < dimp(S(A); Z) < dimp(A; X) < dimg(A4; Z),
where the last inequality holds because Z is continuously embedded in X.

Remark 5.2. There is another smoothing property that we could use in the above theorem
and obtain the same bounds for the dimension. We assume that A is a compact subset of X
that is negatively invariant under the map S: X — X, but now we suppose that S = C + L
and for all z,y € A

1C(z) = C)llx < Kllz —ylly,
where X is compactly embedded in'Y ; once again we take L to be a \-contraction on X for
some X € (0,1/2). Then once again we obtain

di X)) < —M———
mp(A; X) < —log2(v+ \)’

forallv e (0,1/2—\).
The proof of the result in this case is almost identical and uses the same argumentation.

6. KOLMOGOROV ENTROPY NUMBERS

In this section we recall the notion of the Kolmogorov entropy numbers for the compact
embedding between two Banach spaces Z and X and discuss how it relates to the estimates
for the box-counting dimension presented above. See Kolmogorov & Tikhomirov [14] for a
detailed treatment of this subject.
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The quantities V. = Nx[Bz(0, 1), ] are related with the entropy numbers of the compact
embedding between the spaces Z and X: the Kolmogorov e-entropy of that embedding,
denoted by H.(Z, X), is

He(Za X) = 10g2 -/\/’a
For many function spaces it is possible to determine estimates for these numbers. In partic-

ular, for Sobolev spaces we generically have a polynomial growth in e (as e — 0%): if Q C R?
is a smooth bounded domain, then the embedding

Wh,m (Q) SN le,pz (Q)

is compact if I1,l; € R, p1,p2 € (1,00) with I; > Iy and [; — pil > [y — p%. It is shown in
Triebel [22] (Section 4.10.3, Remark 3) that in this case there exist constants ¢1,co > 0 such
that

Ce T < H(WHPHQ), WaP2(Q)) < e o, for all & > 0. (6.1)
We therefore suppose that Z and X are spaces such that

e "< HA(Z,X) < e, foralle >0 (6.2)
for some ¢y, co > 0 and v > 0, so that
log N2 < (log 2%?) e77. (6.3)

Using the estimate in (6.3) for N. and the dimension estimate from Theorem or
Theorem 5.1} it follows that for A € (0,1/2), for each choice of v € (0,3 — A) we have

Mgk K
dlmB(AaX) S —10g2<7/+)\> S _10g2(1/+)\)

If we restrict to A € (0,1/4) then, setting v = A, we obtain, for example
dimp(A; X) < ¢(N) K7, (6.4)

where ¢(\) = cA77/(—log 4\).

It seems useful to sketch an elementary proof of the estimate in in the case that X
is a separable Hilbert space and Z is the fractional power space X := D(A®) of a linear
operator A (e.g. X = L*(Q), with Q a smooth bounded domain in R? and A = —A the
Dirichlet Laplacian). Let A have eigenvalues (\;)52; with A\j;1 > Aj and A\; — oo as j — oo,
with orthonormal eigenfunctions (e;)?2; that form a basis for X. We will assume that

A~ g7 (6.5)

i.e. there exist constants ¢; and ¢y such that ¢;5¢ < Aj < cj%. If A = —A on a bounded
domain in R?, then 6 = 2/d (see Davies [9]).
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We want to cover the unit ball in X,

B, = {x = ijej : Zx\?a|xj|2 < 1} ,
j=1

j=1
with 2e-balls in X.
Let n be the smallest integer such that A\ ¥, <e. Then for every xz € B, we have

o0 2 [oe] [o@]
S e = 37 < Lz Aﬁwl <

j=n+1 Jj=n+1 =n+1

so if we can cover the finite-dimensional set

E = {x = ijej ; Z)\?Q|Ij|2 < 1}
j=1 j=1
with e-balls in X we can cover B, with the same number of 2e-balls.
Lemma II1.2.1 in Chepyzhov & Vishik [5] shows that we can cover the ellipse F, whose

n

%1, using no more than

H;‘lzl )\;a < 471 H;'L=1 )\;a _ 471 Agﬁ-l

n —an - n «a
€ n+1 Hj:l >‘j

e-balls. The assumption that A; ~ 4 yields, using the lower bound n! > v/2rn™t1/2e=" that

semiaxes are {\;“

471

aan (TL + 1>n9a n+1 nfo enéa
Noe < A" H— < (ep/ey) ™" S < ey cy) 4"
: szl AS (n!)f n (27rm)fo/2
en@a n
< (cafer) 42 S

(2mn)0e/2 " (2mn)0e/
where 3 = 4(cy/cy)*2%ve%.
The e-entropy is therefore bounded by
H?a(XayX) = 10gN2& S nlogﬂ;

since n is the smallest integer such that A\ ¥, < ¢ and A, > cin? it follows that n <
01_1/9671/019

, and therefore

Hoe (X, X) < Ce™ Vo,
In the case of Laplacian on a bounded domain in R? we have § = 2/d and then
H (X X) < Ce 4%,

It follows easily using essentially the same argument that if 0 < o < 3 we have

H(XP, X)) < Q2B
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which in particular agrees with the upper bound in (6.1]) in the case p; = py = 2, [} = 20,
l2 = 2a.

7. APPLICATIONS.

7.1. Application 1: An abstract semilinear parabolic problem. For the general ab-
stract model we treat in this section we can apply either Theorem or Theorem to
determine that the box-counting dimension of the associated attractor A is finite.

Let X be a Banach space, A: D(A) C X — X be a sectorial operator with Re 0(A) >
a > 0 and such that A has compact resolvent. By X7, with v > 0, we represent the
associated fractional power spaces of X. Now, for a fixed « € (0, 1), suppose F': X* — X is
continuously differentiable, Lipschitz continuous in bounded subsets of X* (with Lipschitz
constant L, g, for B a bounded subset of X%). For 8 € (a,1), note that F: X — X
satisfies the same hypothesis as before with Lipschitz constant replaced by Lg p, for D any
bounded subset in X?. Suppose that the semigroup {S(¢) : X* — X® : t > 0} associated
to the abstract parabolic problem

ur + Au=F(u), t>0
U(O):erxa

has a global attractor A C X?. By hypothesis we know that
||e_At||£(X°‘7 X?) < Co—a t_(e_a) e—at) t>0 5 0<a< 0 < B?

for some positive constants ¢, > 0, p > 0 (for details see Henry [13], Theorem 1.4.3).
For u € A we have

t
S(tu = e My +/ e A F(S(s)u) ds (7.1)
0
and differentiating this expression with respect to u, denoting it by S, (), we obtain
t
Su(t) =e A 4 / e A=) DF(S(s5)u) Sy(s) ds.
0

So for any ¢ > 0 and for any v € X“ we have

¢
CB—a cg N
15.(0) oo < B follxe+ [ 2205 1S vl ds

where N = SUB{”DF(U)Hﬁ(Xﬁ,X)}'
ue

By a Volterra inequality (see Cholewa & Dlotko [6], formulas (1.2.21) and (1.2.30) in
Lemma 1.2.9) we obtain for ¢, satisfying

csg Ny’ 1 1
—1 2
2028 1—6+a+1—ﬂ (72)
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that

19u(t0) vllxs < 2¢5-a t5 " [[vllxe, for all v e X,
and this is precisely the smoothing property corresponding to the compact embedding (since
the operator A has compact resolvent) of X? into X* with

K :=2c5_o t37".

Note that K is uniform with respect to A. Then, applying Theorem to S := S(to) and
by (5.5)) it follows that
log NV, 1
dimp(A; X?) = dimp(A; X°) < 229K gorall v e (0, —) .
—logv 2
Moreover, following steps in Corollary 3.4 in Carvalho et al. [3] we say that operator A
is an admissible sectorial operator if there are a sequence of finite rank projections { P, },en,

a sequence of positive real numbers {\, },eny with A\, 1 > A, and A\, — 00 as n — oo, and
M > 0 such that

le™(I — P,)|| g(xa xoy < Mt~ 00t t>0,0<a<0<pb.

If Q,:=1-P,, we have S, (1) = P,,S,(1) + @,5.(1), and there exists ny € N such that
|@noSu(1)| £(xe) < 1/4. Since P,S,(1) is a compact operator we can apply Theorem [3.1|and
then guarantee that A has finite box-counting dimension.

7.2. Application 2: 2D Navier—Stokes equations. In this final section we show how
the smoothing property can be used to bound the dimension of the attractor for the two-

dimensional Navier—Stokes equations on a periodic domain (). We write the equation as

du
T + pAu+ B(u,u) = f,
where A = —PA is the Stokes operator (P is the orthogonal projection onto divergence-free

fields), B(u,u) = P[(u - V)u] and g > 0; we use | - | for the L? norm. For more details on
this standard setting see Temam [21], for example. These equations generate a semigroup
{S(t)}+>0 on the space H of divergence-free functions in L?(Q); again, see Temam [21] or
Robinson [19] for details. We use the norm |Vu| on the space H;(Q) consisting of functions
with zero average over @ (this is equivalent to the standard H' norm due to the Poincaré
inequality).

Estimates for this equation are usually given in terms of the quantity

G = [fI/u*\.

Although the dimension we will obtain for the attractor here is ~ G*, which is worse than
the best known estimate ~ G?/3(1 + log G)'/3, this polynomial estimate requires only the
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relatively simple bounds from this paper rather than the full Hilbert-space theory in Temam
[21].

First we recall the following estimates for solutions on the attractor (see Robinson [19],
for example). We have

lu? < 1*G? and (Vul? < 1>\ G?, ue A

Theorem 7.1. If S(t) denotes the time-t map of the semigroup generated by the 2D Navier—
Stokes equations on H then there exists a time tg > 0 such that S := S(ty) satisfies

HS’LL() — SU()HHI < K”UQ - U()HLZ,
where K = c,ul/Q)&/QGQ. Consequently
dimp(A; H) < cu\ G*.

Proof. The equation for the difference w = u — v of two solutions is
d
d—l; + pAw + B(u,w) + B(w,v) = 0.
Take the inner product with w to give (using the fact that (B(u,w),w) = 0 and the La-
dyzhenskaya inequality ||w| s+ < cjw|"?|Vw|'/?)
1d

Sl + alVul < ~(B(w,v), w)

IA

[ 1wllvellol <l |vel

< clw||[Vwl||Vv|

IN

MGG N
SO d
c
qel P+ pIVul < L VeP Ll < qunGPul

Drop the second term on the left-hand side, and integrate from t = 0 to s to obtain
w(s)[* < exp(epr GPs)|w(0)[*.
Now use this to integrate again from ¢ = 0 to t*, where t* = 1/u\G*
t* t*
lw(t*)|? +u/ IVw(s)|*ds < [c,u)\le/ NG ds} lw(0)?
0 0
< clw(0)[%,

with ¢ > 0 independent of GG. From this we take the estimate

t*
" / Ve(s)P ds < clw(0)P.
0
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Now take the inner product of the equation for differences with Aw to give (using Agmon’s
inequality |Jwl|z~ < c|lw|'/?|Aw|'/?)
1d

il il < [ ull 9wl du] + o] Vollul

< c|u|1/2|Vu|1/2]Vw|1/2|Aw]3/2 + C|w|l/2|VU||Aw|3/2
< Sl Aul + %]u\2|Vu|2]Vw|2 + %]w|2\Vv|4.
Since |w|? < A\ Vw|? this gives
d
IV + [Aw? < = [l Val + A7 Vel '] [Vl
o
< St NG Vol
17
= [cpuM G| Vw|?.

Now integrate from t = s to t = t* with 0 < s < t* to give

[Vw(t)[? < [Vw(s)]” + [euh G /t [Vu(r)[*dr,

s

and then integrate again with respect to s from s =0 to s = t* to give
t* et
| Vw(t)]* < / IVw(s)[*ds + [cur GY] / / |Vw(7)|>dr ds
0 0 s

<1+ G / " [Vu(s) P ds

<c[14 cph G Tw(0)|2.
So

Vu(t)? < |+ euhG [uw(0)

and since t* = (uA\G?)~! this is

[V (t*)]? < [eph G + cuh G Jw(0) %,
which for G large this gives

IV (t*))? < [ep GY] [w(0)]%.

This is the L2~ H' smoothing estimate that we need, with K = cu'/2A1/*G2.

Since the smoothing estimate is from L? into H!, this means from (6.1) (d = 2, I, = 1,
ly = 0) that v = 2. Therefore the dimension bound in is of the order of K2, i.e. of the
order of G*. O
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8. APPENDIX

In this section we shall guarantee that continuously differentiable maps are in fact uni-
formly differentiable maps and vice versa.

Proposition 8.1. A map S : X — X is continuously differentiable on a neighbourhood U
of a compact set A if and only if it is uniformly differentiable on a neighbourhood V of A.

Proof. Without loss of generality (since A is compact) let U = Bx(A,0) := U,c4 Bx(z,0),
for some ¢ > 0. First note that given n > 0 there exists o = ro(n) > 0 and some neighbour-
hood V of A such that

IDS(w) — DS(2)|| <n, Vo<r<rpweV,ze A ||w-—z|| <r. (8.1)

Indeed, let € A. Since DS(-) is continuous then given n > 0 there is d, = d,(n) > 0 such
that

IDS(w) — DS(z)| < g Yw €U, |Jw—z| < 5, (8.2)

Since A is a compact subset we have A C (J", Bx(z;,9,,/2), with x; € A for each i. Let
ro := min{d, d,, /2, -+ ,d,, /2} and define

V = Bx(A, 7"0).

Clearly V C U. Now take 0 < r < 19 and any w € V and z € A with ||lw — z|| < r. Hence
z € Bx(x;,0,/2) forsome i = 1,--- ,m and then |w—z;|| < ||w—2z|+]z—xi]| < 7+04,/2 <
0z, /2 + 04,/2 = 04, i.e., w € Bx(x;,6,,). Finally, from (8.2)

|DS(w) = DS(2)|| < | DS(w) = DS()|| + [ DS(ws) = DS(=)]| < 3+ 3 =,
proving .

Let 0 <r <rp, x € Aand z € V with ||z — z|| < r. Note that for each ¢ € [0, 1] the line
rp=tz+ (1 —t)x €V (x¢ € Bx(z,r) C V). So from the fundamental theorem of calculus

and (8.1) we have

|S(z) — S(x) — DS(x)(z — x)|| = /o DS(zy)(z — z)dt — DS(x)(z — )

[ 05000 - 3(ae - ]l

1
< [ 1DS(@) - D)l - alas
0
1

< / nllz — o|de
0

= nllz ==,
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ie.,
|S(z)—S(x)—DS(x)(z—x)|| < nl|lz—=z], forallz € A, z €V, |z—z| <r, 0 <r <.

Note that this is equivalent to the expression in Definition [2.3]

Now suppose that S is uniformly differentiable on V. Then given n > 0 there is ry =
ro(n) > 0 such that

|S(z +h) — S(@) — DS@)R| < nllkl,  weV,he XA <ro.  (83)
Given z,y € V note that
I1DS(x) = DS(y)lleex) = sup [[DS(z)w — DS(y)w]|

[[w][=1
= 1o s [DS()wro/2) = DS roy2)|
and so
| PS(@)(wre/2)-DS(y)(wro/2)|| <
< 2nllwro/2]) + [|S(@ + wro/2) = S(@) + S(y) = S(y + wro/2)|
=ron + ||S(x +wro/2) — S(x) + S(x + 2) — S(v + z 4+ wre/2)|],

where z = y — x. Suppose that ||z|| < ro/2. Then ||z + wr¢/2|| < ry and then using the
differentiability (8.3)) three times (in directions wry/2, z and z + wrq/2) we obtain

IS(z +wro/2) — S(x) + Sz + 2) — S(z + 2 + wro/2)|| < 2n(||z]| + [lwro/2])
< 2rgm.

Finally for any z,y € V with ||z — y|| < r9/2 we have
2
IDS() = DSWleco < = (ran -+ 2rom)

= 61,

and then DS(z) is uniformly continuous (with respect to =) on V. O
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