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ABSTRACT. It is well-known that the Ginzburg-Landau equation on R has a
global attractor [15] that attracts in LS (R) all the trajectories. This attractor

loc
contains bounded trajectories that are analytical functions in space. A famous

theorem due to P. Collet and JP. Eckmann asserts that the e-entropy per
unit length in L°° of this global attractor is finite and is smaller than the
corresponding complexity for the space of functions which are analytical in a
strip. This means that the global attractor is flatter than expected. We explain
in this article how to establish the Collet-Eckmann Theorem in a Hilbert space
framework.

1. Introduction.

1.1. A tribute to Collet and Eckmann. This article, which partakes of partial
differential equations and ergodic theory, is concerned with some properties of global
attracting sets for the dynamical systems provided by the complex Ginzburg-Landau
equation (CGL) on the whole line € R

Ou = (14 ia)Au +u — (1 +iB)ulul?. (1)

Here the unknowns u map R, x R, into C and «, 3 are parameters that belong to
R. As we shall see in the sequel, estimating the size of global attracting sets for (1)
provides us with some extra difficulties that come from the fact that R equipped
with the Lebesgue measure has infinite volume.

In a seminal article P. Collet and JP. Eckmann [5] have proved that the global
attractor for (1) has finite complexity, using the e-entropy by unit length as in [13];
this is required since the global attractor has infinite dimension. On the other
hand, since the CGL equation (1) is of parabolic type, then one can prove that the
global attractor for this dynamical system is included into some subset of analytical
functions in a neighboring strip of the real axis. The Collet-Eckmann result proves
that in fact the e-entropy by unit length of this global attractor is much smaller
than the corresponding dimension for this set of analytical functions. The proof of
Collet and Eckmann use intensively the L> norm. Here we would like to prove the
Collet-Eckmann theorem in a Hilbert space framework (namely L?); we believe that
this framework is more tractable for a larger class of PDEs than those of parabolic

type.
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To study the CGL equation on the whole line on global Sobolev spaces as L?(R)
or H!(R) is somehow irrelevant for the physics. Actually these spaces do not contain
structures as fronts or periodic solutions in space. Therefore in the last decades a
particular attention in solving (1) in local spaces has increased, going back to [4],
[9] and [10] for the initial value problem. For the dynamical properties of this
equation, we already have pointed out the Collet-Eckmann study of these extensive
dynamical systems. Another approach, due to S. Zelik, using weighted Sobolev
spaces has been advocated in [20], [21] for the study of extended dynamical systems
as reaction-diffusion equations on the whole space.

This article is organized as follows; we complete this introduction by recalling
some well known facts about the dynamics of the solutions to the CGL. To begin
with, we make precise the notion of attractor. Then we will introduce the e-entropy
by unit length. We then state our main result that compares with the Collet-
Eckmann result.

We conclude this subsection by introducing some notations. For a given Hilbert
space as L2(B) wherein B is an interval included in R, the scalar product of two
functions reads Re [ p uvdz. Throughout this article we will use constants denoted by
C, Cq, K, .... that may vary from one line to one another, and that may depend on
the data «, 5. To compare two functions we write f < g if there exists a numerical
constant C' such that f < Cg. In other words this relation reads also f = O(g)
with the Landau notations. We set f ~ g if f = O(g) and g = O(f).

1.2. Attractor for the CGL on the line. To begin with, let us observe that the
equation (1) is translation invariant, i.e that for any w solution to (1) then
Tyu(z) = u(z —y),

is also solution to the equation (here the time variable ¢ is omitted). This implies
a lack of compactness for the trajectories in classical Sobolev spaces and makes the
dynamical study of the CGL equation different. To overcome this difficulty, we use
the framework of uniformly local spaces, as in the article [15], and the notion of
Z-Z, attractor as in [7]. For the theory of infinite-dimensional dynamical systems
we would like to refer to [1], [2], [11], [16] and [17]; we follow here the framework
described in [16].

Consider (Z,||.]]) a Banach space, or more generally a Fréchet space, that is
continuously embedded into another space (Z,, ||.||,). Assume that the IVP problem
associated with (1), supplemented with initial data in Z, is globally well-posed.
Hence we have a semigroup S; : Z — Z,ug — u(t). We then recall

Definition 1.1 ((Z, Z,)-Attractor). A set A is called (Z, Z,)-Attractor for Sy in
Z if the following conditions hold:

1. A is nonempty, closed, bounded in Z, and compact in Z,,.
2. A is invariant under Sy, i.e., Si(A) = A for all t > 0.
3. Every B C A which is bounded in Z is attracted to A in Z, as follows,

distz,(S¢(B), A) := sup inf [|S;(b) —all, =0 for t—oo.
beB a€A
We now recall from [15] one framework to study CGL equations on the whole

line. The functional spaces are chosen with some weight functions in order to enforce
some compactness, and large enough to include all physically relevant solutions as
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periodic solutions, fronts, which have no decay if x goes to the infinity. First we
introduce a positive weight function p : R — (0, 00) which is continuous, bounded,
and such that [, p(x)dz < +o0o. We also assume

max(|p’(z)], [p"()]) < p().

For instance p(z) = (1 + 2*)~! works and we shall deal with this weight function

in the sequel. Introduce then

JulFs ey =500 [ oo = 9)lute) P,
" yeR JR

and L2(R) = {u € L} .(R); |Jul| 2, < oo and || Tyu — ul|2, — 0 as y — 0}.
ul ul
These uniformly local spaces admit Sobolev versions as HY(R) = {u € L% (R);u, €

L% (R)}. Then let H, denote the space of function

Hy={ue fiﬁloc(R);/R(|U(=’E)|2 + [ug (2)*)p(x)de < +o00}.
We now recall from [15]

Theorem 1.1. The IVP for (CGL) is well defined in H},(R); moreover for any
t >0 and n € N, S; maps any given bounded set B C HY(R) into a bounded set
in H(R). Furthermore (1) has a global (Hy, H))-attractor A which is invariant
by translation.

Proof. See [15]; see also [18] for the proof of analyticity for the functions that belong
to the global attractor. O

Remark 1.1. The attractor A will not depend on the particular choice of the weight
function p.

1.3. e-Entropy per Unit Length. We follow here Collet and Eckmann [5]. To
begin with, we recall from [8] that the CGL equation for x € [—L, L] with periodic
boundary conditions has a global attractor whose fractal dimension is finite. The
fractal or box-dimension is defined as follows. Consider N'(¢) the minimal number
of balls of radius ¢ in some Banach space X, say L (R), to cover A. Then

!
dimpA = lim M. (2)
e—0 —log(e)

Actually, in [8] it is given a lower bound for this dimension as C(«, )L, where
C(a, B) is a constant which depends on the data for the equation. As a consequence,
since this periodic attractor is embedded into the attractor defined in the previous
section, letting L. — +o0o we prove that the attractor for the CGL equation on the
line has infinite dimension.

The idea is then to compute the complexity of the attractor through a window of
size 2L. Consider A and consider A/Qp, the set of the restrictions of the functions
in the attractor to a space interval @ of width 2L. Unfortunately, it turns out
that the fractal and Hausdorff dimension in L of A/Q, are also infinite.

This example shows that, in contrast to bounded domains, we cannot expect
any finite dimensional reduction in general and the dynamics reduced to the global
attractor remains infinite dimensional. On the other hand, intuitively the global
attractor is thinner (or flatter) than the whole space and we need another tool to
express that the dynamics on the attractor is finite-dimensional. Then the idea
is to introduce the e-entropy per unit length see [13], as in [19], [20]. Let Ng,
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the minimum number of balls of radius € which are necessary to cover A|g, in

L>(Qr)(this number is finite).
Definition 1.2. (e-entropy by unit lenght in L)

log(N,, (¢))
T QL
He = lim ———

Then it is proven in [5]

Theorem 1.2. There exists C' a constant that depends on the data o, of the
equation such that for € small

1 1 1
—log(=) < H. < Clog(-).
7 log(0) < H. < Clog(2)

In the remaining of this article we prove that we can substitute a suitable L? local
norm to the L°° norm.

1.4. Our main result. To begin with, we define the local L? norm that will be
used throughout this article. Consider B an interval of R. Let |B| denotes the
length of B. For any function u that is locally square integrable on R, we state

Definition 1.3. )
wmwzﬁéwwm

For a large L define Qr, = [-L, L] and Ng, (¢) the minimum number of balls of
radius € which are necessary to cover Alg, in L?(Q)(this number is finite). Then
define

. log(Ng, (¢))
He = lim ——7— 3)
Then

Theorem 1.3. There exists C' a constant that depends on the data «a,f of the
equation such that for € small
%log(é) < H. < Clog(é)‘

The remaining of the article is organized as follows. In the next section, we prove
the existence of the entropy by unit length with our scaled L? norm. Then we
move to the proof of Theorem 1.3. Actually due to the inequality |[ul|p2p) <
||u||r the upper bound for the L? norm is a consequence of the Collet-Eckmann
result. Nevertheless, we indicate in the Section 3 a self-contained proof which has in
own interest. For the lower bound, the method in Collet-Eckmann does not apply
straightforwardly, neither the construction of the unstable manifold as in [20]; hence
we provide a complete proof in Section 4.

2. Existence of the c-entropy by unit length. We establish here that the
g-entropy H. exists in R* U {+oc}. To begin with, we state and prove

Lemma 2.1. Let B and B’ denote two disjoint bounded sets of R. We denote by
Npg(e) and Np: () the minimum number of balls in L?(B) and in L*(B') of radius
€ which is needed to cover respectively Alp and A|g. We have

NBUB/(a) S NB(&‘)NB/ (5)
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Remark 2.1. Actually, we can relax the assumption B and B’ disjoints. We
observe that the result holds true if the Lebesgue measure of BN B’ is 0.
Proof. We denote by u|g the restriction of u to B . Introduce uf;l’Q__NB(s) and

ufz/l 2. N, (c) the centers of the balls in L?*(B) and in L?(B’) of radius € to cover
respectively A|p and A|ps. Introduce the functions

| BUB’ { uB for x € B,

BUB" _ /
J uf forx e B.

cover A|pyp’. Let u € A and pick

We prove below that the balls centered at uZV? /
B B

0]
uf, uf the functions such that |Ju[p — uf||p2(p) < € and |lu|p — uf/HLz(B,) <e.
Then we have

, 1 /
lulos: — w5 12 pupy = BUB Jsom lu—ulPP Pde

1 B2 / B'|2
= —uB2d —uB'2d
‘BUB/|(/B |u uz | 1“" B |U uj | ':U)

1 1 /
= max(|B|/B|u—uf2dz, K /B/ |u—uf |*dx),

since |B| + |B'| = |B U B’| because BN B’ = (. Then we have |u|pup —
ufJUB/ | z2(Bup’) < € and the result follows promptly. O

lOg(NQL (8))

5T exists.

Proposition 2.1. The limit H. = limy,_,

Proof. To begin with, let us observe that the global attractor is invariant by trans-
lation. Then if @1, is any interval of width 2L, Ng, (¢) depends on L but is indepen-
dent of the center of the interval Q1. Consider now an interval of width 2(L + L'),
say [-L — L', L + L']. We can split this interval into two closed intervals @ and
Q1 whose length are respectively 2L and 2L’ and such that Q; N Qy is one point
in R. Clearly, we cover A/Qr and A/] — L, L[ by the same number of balls and
then by the previous lemma

a(L+ L") =logNq, , (¢) <a(L) +a(L’). (4)

Then the sequence a(L) is a van Hove sequence and the convergence of a(L)L~" if
L — +oo is standard; consider

L
m = [?] =max{k € N;kL' < L}.
Set L = kL' + r. Then, by induction on k

a(L) < ka(L') + a(r). (5)

Then divide by L and let L go to the infinity (for a fixed L', then kK — +00). to
obtain

. a(L) _ a(L)
lim sup 2 < . 6
PR A (6)

We infer from the previous inequality that
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a(L
lim sup Q < lim inf
L—+4o00 L'—+o0

a(L')
o ™)

and the proof is completed. O

3. Proof of the upper bound in Theorem 1.3. The next two subsections are
concerned with the proof of two key lemmas in the proof of the Theorem. The first
one describes how the semigroup S; deforms the balls. The second one is a covering
lemma. We conclude the proof of the upper bound in a third subsection.

3.1. Deformation of the balls. For later use we describe how the semigroup S; of
CGL acts on balls in Ag, C L*(Qy), for short times (say ¢ € [0,1]). Consider two
functions ug and vy in A. Then the trajectories Syug and S;vg remain in a bounded
set of W1 T°(R) (we shall use this statement in the sequel without notice). We
now prove

Proposition 3.1. Set wg = vy — ug. Let € >0 with L > g Assume

lwollL2(qr) <&
Then there exist a constant c(«, 3) which depends on the data for the equation such
that
[S1u0 = S1vollzz @, 1) < cla, e, (8)
and )

||V(51’LL0 - SlvO)HLg(QL,L) < c(a,ﬁ)s. (9)

Proof. This deformation Lemma appears in [5]. Here we proceed to computations
using scalar products instead of properties of the kernel associated to the Ginzburg-
Landau linear flow, which is very similar to the heat flow. To begin with we prove
some energy estimates involving weighted norms. Introduce w(t) = Sivg — Spug.
There are two bounded functions a = 1 — (1 + i8)(Siug + Sivo)Siug and b =
—(1+i8)(S¢vo)? such that

Ow = (1 +ia)Aw + aw + bw. (10)
Consider the inner product of (10) with pw. Then we have for a constant K that

depends on the W1 bounds on the attractor (then on the data of the equation)
and that may vary from one line to one another, such that

1d
5 g s+ llwellf < (1+Ial)Alp’l\wllwx\dx+Kllwllﬁ- (11)

Using |p’| < p and Young inequality we thus obtain

d
2 wll} + [lwe][5 < Kljwl]. (12)
Consider now the inner product of (10) with —pAw to obtain
1d 2 2 / 2 2
3 gz [Wallp + llwaall, < (1 + o) A || wea||welde + K ([[we][; + [Jw][;). (13)
We then infer from this inequality, dropping some unnecessary terms

d
J el < K(([Jwsl[5 + [[w]])- (14)
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From (12) using Gronwall inequality we obtain for ¢ = 1

lw(1)|[2 < e |wol|2. (15)
From (13) we obtain for 0 < s <1

1
s (DIe ™ < (o) 2+ K [ e w0

From (12) and (15) we also have

1
/ ()| 2dr < K][uwol2.
0

We integrate (16) between 0 and 1, and using (16) we obtain

[|we (D] < K||wol[3. (17)
These computations are standard for parabolic equations. It is worth pointing out
that the computations remain valid if we substitute p(. — y) to p for any given y.
We now move to this weighted estimates to the local ones. On the one hand, there
exists & > 0 such that for z € (—a, @) then p(z) > 3. Then for [ = L — 1 there
exists m = O(l) points y; in [—1,1] N aZ such that such that for any = in [, 1],

% < Y ple—y;).

1<j<m
‘We then have
L e, o) <1§mj/ (z — ) w1, z)d (18)
— w(l,z)|*de < - plx —y;)|w(l, x)|“dx.
2L Jq, l_j:l R !

We infer from (15) that

1

K<
- 20 < — oy 2dr.
31 Jo, WP < T3 | ol = o) (19)

To provide an upper bound on the right hand side of (19) we divide the integral
according to the cases |x| < L and |z| > L. For the former case, we have

K& K[> p(c—yi)lle
B[ st (o < SR [ o < e
! j=17Qr ¢ Qr

(20)
Here we have used that p(z) = (1+2%)~! has enough decay at the infinity. For the
later case, we have

— x — yi)|wo(x)|*dr < K||lwo||f~ max T —1y;)de. 21
=D MELP( yj)lwo ()P dz < Klwol[f~ n WLP( v5) (21)

<js<m

Jj=1

Here we use that if p has enough decay and since L — [ = é

oo gy

—y;)dxr < c ——dr = 2,
o tta e [ 80 =0t
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The same computations are valid for w, (1) using (17) instead of (15). We skip the
details for the sake of conciseness and the proof of Proposition 3.1 is completed. O

2. A covering lemma. In the previous subsection, we have proven that a small
ball in L?(Qr) is mapped into some ball in H(Q;), for | = L — % The next
statement computes the number of balls L?(Q;) needed to cover the H'(Q;) ball.
This geometric statement is valid for any given [ > 0.

Proposition 3.2. Let Q; be an interval in R of length 21, and assume that U is
defined as follows

U= {u £ Q1+ C such that ||u]|12(q,) < a and [|Vu|z2(q,) < b}

then one can cover U with (2% + 1)% balls of radius ¢ in L2(Q;).

Proof. Set I = mr, m € N, with r to be specified subsequently. We divide Q; into m
intervals ;1 <4 < m of length |Q;| = 2r. We assume that Q; NQ; has 0 Lebesgue
measure if ¢ £ j.

Let us introduce the orthonormal family in L?(Q;), \[ Xq, (z), where

| 1 forze@;
XQi(I) = { 0 for z€Q\Q;,
and denote by P the orthogonal projector onto the space spanned by {e;}i=1.2..m.
Denoting by (,) the scalar product in L?(Q;), we can write

m

Pu(z) = Z(m e;)ei(x).

=1

We now recall [3] the so-called Poincaré-Wirtinger inequality

|Qi
llu — on / v)dyllL2q) < 7HVUHL2(Q )- (22)

Any function u in H'(Q;) splits into u = Pu + (u — Pu). To begin with we handle
u — Pu as follows

gt J, ) = Put@Pae = ;32 [ ) - Pt
- ;i/@ u(e) 2T/ (v)dy|da
< 2”2 Z/ |Vu(z)|?ds
_ ;};/Q Vu(z)[2dz < 4’:2b2.
Then we fix r such that 22 = £. Then on the one hand m = £ = 2 "and on
the other hand
lu — Pul|r2(q,) < % (23)
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We now handle the Pu term. To begin with let us observe that

[ Pullr2(q,) =

Yol el < Jullzq < a. (24)
i=1

We address the following issue: how many balls do we need to cover the ball
Com = {x € R ||z| < a} in PL?(Q;) which is isometric to R*™ equipped with

the Euclidian norm ||.||? For this purpose we use the following classical lemma

Lemma 3.1. Let v(e) the minimum number of balls of radius € to cover Cap =
{az € R?™; ||z < a}. Then

vie) < (1+ 2ﬁ)2m.

€
Proof. Let v (e) the maximal number of points y1,ya, ....ys, ... belonging to Ca,,
such that ||y; — y;|| > € for ¢ # j. To begin with we state and prove
€
2).
To check that the left inequality in (25) is valid we proceed as follows: if v4(e) >
v(5), then by the pigeonhole principle there exist two points y; and y; (i # j) in a
same ball of radius §; then |[y; — ;|| < e and this is not valid according to the very
definition of the y;s. We now prove the right inequality in (25), i.e v(e) < vi(e).
Let y;, 1 < j < vy(e) be defined as above. We observe that U;{x; ||z — y,|| < e}
cover Cop; if this last assertion is not valid then we can add another point y,,, (2)41
to the family. Hence (25) is established.
To complete the proof of the lemma we observe that the balls of center y; and or
radii § are disjoints and included into the ball {z;||z|| < a + §}. Due to the very

n(e) < v(3) < n (25)

2
definition of the Lebesgue measure \g,,, we then have

€ m € m
v1(e)(5)*" dom ({as llal] < 1}) < (a4 )7 Ao ({a [J2]] < 13). (26)
Then gathering (25) and (26) complete the proof of the lemma. O

We now complete this subsection. Consider here z; the center of the balls in
R?™ ~ PL?(Q;) defined in the previous lemma. Then, for any u in U there exists
one z; such that

lu = zjllz2 @iy < llu = Pullpzqy) + 1Pu = 22 <& (27)
Then we cover U by (1 + 2?“)% balls. O
3.3. Completing the proof of the main theorem. We follow here closely [5].
For another proof see [14]. Our objective is to get an upper bound for Ng, (¢). For
this purpose we use the invariance of A by S; to obtain a relation between Ng, (¢)

and Ng, (5). Let us denote by Ngi (€) the number of balls B of radius € needed to
cover the set S(t)A|g, in L*(Qr) at time ¢ > 0. We then state and prove

Lemma 3.2. There exist constants C1,Co, Cs that depend on the data of the equa-
tion but which are independent of L and of € such that

€ (OPIN=
No. V(5) < No, ()CF ().
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Proof. to begin with let us observe that the centers of the balls B of radius € needed
to cover the set S(t)A|g, are not necessarily in S(t)Alg,. In any ball B we pick
a point in S(t)A|g, and thus we can cover S(t)Alg, by NgL (¢) balls of radii 2¢
whose centers are in S(t)A|g,. Denoting by B the set of these balls, using that A
is invariant by S; we then have

Sir1dlg, € | S1(BNSiA)lq,. (28)
BeB

To cover S;41.A|q, by balls of radii § we will cover any set S1(BNS;A)|q, and then
gather the bounds. To begin with we cover S1(B N St-A)|QL,;- Due to Proposition
3.1, this set is included into a ball in H'(Q,_1) of radius C(a, B)e. We cover
this set thanks to Proposition 3.2 by C¥ balls ofsradius e, where C1,Cs, ... denote
constants that depend on the data «a, 8 of the equation and that may vary from one
line to one another. We now cover the set S1(B N SiA)|q,—q, , once again using
Proposition 3.2 for a,b that are constants (independent of €). Since Qr—Qp_11is
the union of two intervals of length L, we can cover the set S;(BN St.A)|QL,Q;l

C3
2

by (%)% Using Proposition 2.1 we cover any set S1(B NS A)|g, by ClL(%)
balls. OJ

We now introduce n, + 1 ~ log % At time t = 0 we need C’OL balls of radius 1 to
cover the set A. We compute recursively the number of balls of radii % to cover
Sp+14|g, , thanks to Lemma 3.2, as

n 1 n n n
NéL+1)(2TL+1) < ClL(OQQ )034 NQL' (29)
Then
N(n+1)( 1 ) < CLanHn ((C 2j)034j) (30)
QL on+1/ = Y01 j=0 2 :

Since, by the invariance property, Ng?'l)(y}+1 ) = Ng, (ﬁ) then we infer from

(30) that there exists C' depending on the data to the equation such that

lo N=FD —L 1
e i (5o < logClog — +O(1). (31)
Letting L go to infinity completes the proof of the Theorem. O

4. Lower bound for the c-entropy. In this section we establish the lower bound
for the e-entropy. This completes the proof of Theorem 1.3, i.e

Proposition 4.1. There exists a constant C' such that for € small

1 1

—log(-) < H..

o los(2) < H:
Proof. We adapt here the method in [5] where the authors have proven that the
unstable manifold at the fixed point 0 contains a set which has large enough &-
entropy. This method does not work straightforwardly (see the discussion in [14]),
neither the method in [20], [21] to construct the unstable manifold at 0, and then
we need to use another particular solution to CGL.

Consider L large enough and the restriction of the equation CGL to periodic

functions on Qr = [—L,L]. The global attractor of this periodic CGL equation
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is included into our global attractor. We now are in the periodic setting. The
22

Laplacian operator has a discrete spectrum {\, = %;k € Z}. There exists a

particular family of time periodic solutions to CGL that read, for Ay < 1,

up(t, ) = /1 — A exp(—ift) exp(—i(a — B)Ait) exp(iv/ M) (32)

We now fix the integer k such that

kr <L < (k+1)r. (33)

The idea is to prove that the unstable manifold at the periodic solution uj contains
a set which has large enough e-entropy. We set v = 1 — Ag; then «y is small for large
L, in fact

(2k + 1)m?
72

To begin with, we linearize the equations around uy. Setting

w(t, z)) we thus obtain

'7:1_)\k§)\k+1_>\k: j . (34)

(t,x) = uk(t’x)(l +

IS

wy — (14 i) (2iV Apwg + Waz) + (1 — M) (1 +i8) (|1 + w|> = 1)(1 +w) = 0. (35)

This equation reads in an abstract form as

w + Aw = F(w), (36)
where the nonlinearity F(w) = (1 +i8)(w? + 2|w|? + |w|?w) is small and (up to
a truncation for large |w|, which does not matter, since we look at w such that
lw| ~ 0 ) satisfies for X = L?(Qr) or L*=(R)

IF(w)l[x =2 Allwl]pee@)l|wl]x- (37)
We now study the unstable manifold of the associated linear equation. The two-
dimensional space II,,, spanned by the plane waves e, (z) = exp(ivAnz), e_m(z) =
exp(—i\f/\mx) is invariant under the partial differential operator

Aw = —2(1 4 ia)ivV pw, — (1 4 ia)wee + y(1 +i8)(2w + ).
We now study A,, the matrix of A restricted to Il,,. This matrix A,, reads

(14 i) 2V A Am + Am) +29(1 +i8) v(1+ip)
(1 +iB) (L4 i) (=2 AAm + Am) +29(1 + i)
(38)
Using this representation, we exhibit a large subspace into the unstable manifold
for the linearized equation.

Proposition 4.2. Assume L large enough (and then v small enough). For m such
that /A, € (2,3) there exists an eigenvalue A, for Ay, such that ReA,, < —2.
If E,, is the corresponding eigenvector and H the space spanned by these E,,, then
the E,,s are a Riesz basis for H, i.e. there exist ¢ a numerical constant, that is

independent of L, such that

1 1
EH ZumEmHH(QL) < (Z |UM|2)2 < (| ZumEmHLz(QL)~
m m

m
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Proof. The matrix has two eigenvalues

. . . 1414
AL = (14 i), +y(1+iB) £ (1 + za)\/él)\k)\m +72(1 n zi)z
where /z is defined for any complex number z = |z|e? such that § # —7 as

m exp(i%). This is always possible choosing v small enough.

We shall use now a perturbation method. Set A,, () for the matrix defined in
(38) above. For v = 0 we have ReA,, = Ay, +2v/Am = (VA — 1)2 — 1. Then for
VAm € [%, %] then ReA,, > f%. On the other hand, introducing the matrix norm
||.|| corresponding to the Euclidean structure on II,,,

[Am (7) = Am(0)]] = 7. (39)
We then apply the following classical Lemma (see [12] for instance)

Lemma 4.1. Assume that (39) is valid. Then there exists a constant ¢ such that
for any eigenvalue Ay of A,,(7y) there exists an eigenvalue A of A,,(0) such that
Ay = Al <.

Proof. For p that is not an eigenvalue of A,,(0) we write

Am(y) = pld = (A (0) = pld)[Id + (A (0) — puld) 1) (Am(7) = Am(0))].  (40)

Therefore as soon as [|Am () — Am(0)|| < [|[4m(0) — ©)71||71 = inf |A — py|, the
minimum computed on the eigenvalues of A,,(0), then, thanks to Neumann lemma,
A (v) — pld is invertible. The result follows promptly. O

Using this perturbation Lemma we obtain that for v small enough the result of
the first assertion in the Proposition is granted. Let us observe that we also have
ReA;, > —1—cy for any eigenvalue of A4,,, using once again the perturbation result.

For A, the associated eigenvector is

E,.(x)= exp(—i\&mm)— 7

2V XA + AL+ ia)2 XA, + 72 (1 + iB)?
Therefore E,,(z) = exp(—ivAnz) + O() exp(iv/ A x) and

1D B = > tme—ml|2ag,) <7D [uml, (41)

and the proof of the Proposition is completed as soon as L large enough. O

exp(iVAnz).

Consider now H as in Proposition 4.2. We shall now flow a small ball in H into
the unstable manifold for (35) at w = 0. Consider n > 0. Consider a point f in
H N Br2q,)(0,m). We proceed as follows. For T' > 0 we flow backward on the
linear equation to compute exp(T'A)f; here we have a linear differential equation
on a finite dimensional space and we can go backward in time. We now flow forward
on the nonlinear equation to compute

£(t) = exp((T — ) A) f + / exp((s — 1) A)F(f(s))ds. (42)

Then we consider the sequence uyr = u(T'). If this sequence converges, it converges
to a point in the unstable manifold for (35) at w = 0. On the one hand, due to the
upper bound on the real part of the spectrum of A/H, we have



ENTROPY BY UNIT LENGHT 13

lexp((T ~ )4) llz2@u) < xb(—35 (T~ )17l z2(@y) < nexp(—5 (T~ 1), (43)

On the other hand, it is easy to prove that

|exp((T ~ ) A) |z~ sy < env/Eexp(~2(T 1)) (14)

in fact we just use that the F,, are bounded in L* and the estimate
1
DNl 2 VEQ uml)?.
m m

We now state and prove that f(¢) remains close to exp((T'—t)A) f during this back
and forth process, i.e. for t € [0,T],

Proposition 4.3. There exists a numerical constant ¢ such that for t € [0,T]

LF(0) = exp((T ~ 1) A) || sy < e exp(—5 (T~ 1).

Proof. We have the obvious estimate

t
1f(t) = exp((T' — 1) A) fl] Lo r) S/O 1“9 eepooy |F (Pl myds.  (45)
On the one hand, we claim that

€604 (1) < cexp((1+O())(E = 5)). (46)

To check that (46) is valid we proceed as follows. For w that solves w; + Aw = 0,
we perform the change of variable V (¢,x) = exp(—t)ux(t, x)w(t, x); in fact we go
back in the original variables. Hence V is solution to

2
U,

Vi — (1 4+1ia)AV +~y(14+14i8)(3V + BAE
k

V) =0, (47)

or in Duhamel’s form

t 2
V(t,x) = exp((1 +ia)tA)V, +7/ exp((1+ia)(t — s)A)((3V + |:k‘27))ds. (48)
0 k
Hence, since || exp((1 + ia)tA)||z(re=®)) < 1, then
t
VOl < IV Ol + Ky [ V(). (49)

and by Gronwall lemma ||V (t)||p < ||V (0)||ze exp(O(7)t). This leads to (46).
On the other hand we have the estimate

IEP @) < )7 ry < 2¢(11F(5) = T[Ty + 1T (7 ())-

(50)
Introduce P the orthogonal projector onto H. We now use that f belongs to H
and that the spectrum of PA is included in [—1 + O(), —2] to obtain

—s —s —3(T—s
1T f ey = LT 22q,) < LnPe” 5T (51)
Therefore q(t) = || f(t) — exp(T — t) Af|| .~ (w) satisfies the differential inequality
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t t
q(t) < chnQ/O el=sem5(T=9) +07/0 e ~%q(s)?ds, (52)

with the initial condition ¢(0) = 0. Therefore the estimate in Proposition 4.3 is
valid for an interval [0, Tpqz). As long as t < Tyna, we infer from (52)

q(t) < 31720L76_%(T_t) + 5’}/7’]46_%(T_t). (53)
The right hand side of this inequality is bounded by 6n2cL'ye’%(T*t). The result is
then proved, using vL = O(1). O

We now complete the proof of the lower bound. The sequence f(T') is bounded
in L?(Qr) and remains also bounded in smaller Sobolev spaces due to standard
parabolic estimates. Up to a subsequence extraction, let us denote by I(f) =
limr_, yoo f(T). This limit belongs to the unstable manifold at wuy.

Due to Proposition 4.3, we have that for ||f|[z2(g,) < n then

1 = UPz2(@u) < INf = UL < en®. (54)

Therefore we can conclude. Consider a small ball B, in H N L*(Qr,) of radius 7.
Consider € = o(n). Due to Lemma 3.1, this small ball contains O((zL)*) points y;
such that |[y; — yillr2(g,) > 2¢. In fact H N L?*(Qy) is isometric to the euclidian

RAUMHA with dimH ~ L. Due to (54)

1(y;) = Uyillzz(qr) = 2e — 2en’. (55)
We chose now 1 = /5.. Then the unstable manifold at w = 0 contains O(( %)%)
points whose distance from one to one another is larger than €. Therefore, using
once again Lemma 3.1 and its proof, we obtain that we need O((%)%) balls of radii
£ to cover this set in L?(Qp). Therefore

ot

Ng,(e) 2 C(-)2, (56)
and the result follows promptly. O

M | =

5. Concluding remark. In this article, we have addressed the issue of the exis-
tence of the entropy by unit length for the Ginzburg-Landau equation, following
the guidelines in [5], but introducing a Hilbertian framework. The entropy depends
on the metric considered on the infinite-dimensional phase space. To go further, we
may address the following issue: as in [6], is the e-entropy by unit length related to
the topological entropy (by unit length) ? Does this topological quantity depend
on the metric ? This issue will be addressed in a forthcoming work.
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