1601.00317v1l [math.AP] 3 Jan 2016

arXiv

LARGE DISPERSION, AVERAGING AND ATTRACTORS: THREE 1D
PARADIGMS

ANNA KOSTIANKO?, EDRISS TITI?>? AND SERGEY ZELIK!

ABSTRACT. The effect of rapid oscillations, related to large dispersion terms, on the dynamics of
dissipative evolution equations is studied for the model examples of the 1D complex Ginzburg-
Landau and the Kuramoto-Sivashinsky equations. Three different scenarios of this effect are
demonstrated. According to the first scenario, the dissipation mechanism is not affected and
the diameter of the global attractor remains uniformly bounded with respect to the very large
dispersion coefficient. However, the limit equation, as the dispersion parameter tends to infinity,
becomes a gradient system. Therefore, adding the large dispersion term actually suppresses the
non-trivial dynamics. According to the second scenario, neither the dissipation mechanism, nor
the dynamics are essentially affected by the large dispersion and the limit dynamics remains
complicated (chaotic). Finally, it is demonstrated in the third scenario that the dissipation
mechanism is completely destroyed by the large dispersion, and that the diameter of the global
attractor grows together with the growth of the dispersion parameter.
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1. INTRODUCTION

The study of systems involving rapid oscillations and their averaging is one of the central
subjects of the classical theory of dynamical systems which attract a great permanent interest
during the last century, see, e.g., [2[10,BILB2,37H39] and references therein. Roughly speaking, it
is well-known that the structure of the averaged equations (as well as their validity) is determined
by certain resonance interactions. These resonances typically become very complicated when
multi-frequency systems are considered, which makes the corresponding averaging problem non-
trivial and challenging (e.g., due to the presence of small divisors, see, for instance, [2] and
references therein). Nevertheless, a lot of averaging results are now available for the case of
PDEs (which at least formally contain infinitely many frequencies) in both Hamiltonian and
dissipative cases, see, e.g., [5L6L0LTTHI4,T7HI9 2124 27H29.[40] and references therein.

Very often the analytic structure of the limiting averaged equations is essentially simpler
than the structure of the initial problem which allows us to obtain a reasonable description
of the initial dynamics involving rapid oscillations using the averaged equations and singular
perturbation technique (see, e.g., [1L42]). In particular, the presence of rapid oscillations may
prevent solutions from blowing up in finite time (e.g., for the complex Burgers equation with
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fast rotation, see [5,[30]), or may give the global in time regularity (e.g., for the 3D Navier-
Stokes equations involving strong Coriolis force term, see [6]) or global well-posedness of weak
solutions due to the averaging effects in large Fourier modes (e.g., for the KdV equations, see
[BLI1L02,24]). However, the opposite effects when the presence of rapid oscillations destroys the
dissipation mechanism and makes the dynamics essentially more complicated are also known
(e.g., for the damped hyperbolic equations, see [43]). It is remarkable to observe that, even
though the limit averaged equations may remain relatively simple, and dissipative in this case,
the global dynamics of the initial system involving rapid oscillations cannot be described by
these averaged equations no matter how fast the oscillations are. Notably, it is not always
possible to obtain closed system giving the limit for the oscillatory dynamics or it may be even
not clear how to split the dependent variables into the ”slow” and ”fast” parts. In these cases, an
approach related with Young measures and the so-called slow observables may help to overcome
the problem, see [3/[4] for the details.

The aim of the present paper is to study the effect of rapid oscillations induced by large
dispersion on the long-time dynamics of dissipative PDEs. For simplicity, we restrict ourselves
to consider only the 1D complex Ginzburg-Landau and the Kuramoto-Sivashinsky equations
where, on the one hand, the resonances are not complicated and the averaged equations possess
a complete description and, on the other hand, a number of non-trivial phenomena which, as
believed, have general nature can be detected.

To be more precise, we consider the following three model problems on R:

(1.1) du= (1+iL)0%u + Bu — (1 + iw)ulu|?;
(1.2) O = (14 i7)0%u + Bu — (1 + iw)ulu|® + LA u;
(1.3) O = —04u — ad?u + udyu + Ldiu,

subject to periodic boundary conditions with fundamental periodic domain (—m, 7). Here a,~y,w
are given real parameters, § is a given complex parameter and L is a large real parameter. In
the first two equations u is assumed to be a complex-valued function: uw = wuy + tuo, and it is
real-valued in the third equation.

Based on the analysis given below, we detect three principally different scenarios (paradigms)
of how the large dispersion may effect the global dynamics:

Paradigm I (corresponds to equation ([LI)). The dissipation mechanism is not affected by
large values of the dispersion parameter L and the diameter of the global attractor remains
bounded, as L — co. However, the large dispersion limit trivializes the dynamics and the limit
averaged equations is a gradient system, up to some simple change of variables. Thus, the global
attractor of the limit equation consists of equilibria and heteroclinic connections only (the so-
called regular attractor) and no complicated dynamics is possible in the non-averaged equations,
when L is large, see section Bl for more details.

Paradigm II (corresponds to equation (L.2])). Similarly to the previous one, the dissipation
mechanism is not affected. However, the complete trivialization of the dynamics, at the infinite
dispersion limit, does not happen. Although the global attractor of the limit averaged equations
is described by the finite system of ODEs, these ODEs are far from being a gradient system and
their dynamics is chaotic (at least for a range of the values of parameters (v, §,w) that forms
an open set in the space of parameters). Then this chaos persists in the initial equations (L2]),
when L is large enough, see Remark [5.7] below, and also [36] for more details.

Paradigm III (corresponds to equation (L3])). The large dispersion destroys the dissipation
mechanism and the diameter of the global attractor grows, as L — oo. In particular, as shown
below, see Proposition 7 the L?-norm of the global attractor associated with equation (L3)
grows proportionally to L, as L — oco. Moreover, we provide here rigorous justification to the
numerical investigation, reported in [22].
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The paper is organized as follows. The resonances and the corresponding infinite dispersion
limit equations are presented in section [2] for all three cases of equations (LIl), (I2) and (L3]).
The existence of the corresponding global attractors for these limit equations, as well as the
upper bounds for the diameter of these global attractors, are verified in section Bl The singular
limit, L — oo, is studied in section [ In particular, the convergence of the global attractors of
the Ginzburg-Landau equations to the corresponding global attractors of the infinite dispersion
limit equations, as well as the growing lower bounds for the diameter of the global attractor of
the Kuramoto-Sivashinsky equation, are established in section @ Finally, the gradient structure
of the infinite dispersion limit equations, corresponding to the Ginzburg-Landau equations ()
and its consequences, are presented in section

2. PRELIMINARIES

In this section, we introduce the groups of solution operators associated with the auxiliary
linear dispersion equations:

(2.1) O = Lo,
(2.2) O = iLd*v

on R, subject to periodic boundary conditions with fundamental periodic domain (—,7),
and formulate their simple properties. Moreover, we compute here some averages of the non-
linearities with respect to the rapid time oscillations for large values of L, generated by these
groups, which are crucial for what follows.

We denote by H = Lger(—ﬂ',ﬂ'), the space of complex-valued 27-periodic square integrable
functions, and introduce the family H®, s € R, of Sobolev spaces of periodic functions with

periodic fundamental domain (—,7). Let e, := €®, n € Z, be the standard orthogonal basis

in H and let
v = Z Ve,
nez
Neglecting the scalar factor 2w, we define the H*-norm of v as follows:

(2.3) [VllFre =" (Inf* + 1) |on|*.
nel

Lemma 2.1. The groups of solution operators Hr(t) and Fr(t), associated with equations (2.1])
and (I?ZI) respectively, are isometries on the Sobolev spaces H?®, for any s € R. Moreover,
en = €™ are eigenfunctions satisfying

(2.4) Hr(t)en, = e, Fr(t)en, = e e, n el

Finally, these groups of solution operators are 27/ L-periodic with respect to time.

Indeed, formulas (24]) follow immediately from equations (21 and (22) and all other asser-
tions of the lemma are immediate corollaries of these explicit expressions.
We are going to change the variable u in equations (L.2)) and (L3]) using the transformation

(2.5) u(t) = Hr(t)w(t)
and using the transformation
(2.6) u(t) = Fr(t)w(t)

for equation (LI]). Then we will average the obtained rapidly oscillating in time terms. To this
end, we need to compute the resounant terms appearing from the nonlinearities. We will do
that in the following several lemmas. We start with the case of equation (L2)).
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Lemma 2.2. Let w € H®, s > 1/2, and let

(2.7) F(r,w) :=Hqi(—7) o (Hi(T)w - |[H1(T)w|?).
Then, for every fixed T, the map w — F(1,w) is a bounded smooth map from H*® to itself:
(2.8) 1 (7, w)llas < CsllwlFe,

with a constant Cy that is independent of T. Moreover, the operator F' is 2m-periodic with respect
to T, and its time averaging has the form:

2m
(F(-,w)) :=1/(2m) ; F(r,w)dr =: N(w),

where the operator N has the following explicit form.:

(2.9) N (w) = 2wwl|3; + ®[w, w] — 2wolwo*eo — Y wn(jwn|? + 2w_p[*)e.
n#0
with [w,v] ==Y, wpv_p and w =Y, wpeyn. In particular,

(2.10)  N(w) = (2wo(|[w|[F — [wo|*) + @o[w, w]) eo+
+ Z (wn(2HwH%{ — wnl? = 2Jw_p[*) + w—n[wvw]) €n-
n#0
Proof. Indeed, estimate ([2.8)) follows immediately from the fact that H® is an algebra, for s >

1/2, and that Hp(7) are isometries. So, we only need to compute the average of F'(7,w). Indeed,
inserting

(2.11) u=Hi(r)w = Z e " Tw,en
nez
to ([27) and using that exe; = exy;, we have
(212) F(T, ’LU) _ Z e_i(n3+m3+k3_(n+m+k)3)7—wnw—mwken+m+k-
n,m,k€Z
Thus, the resonance condition reads
n3+md+ k= (m+n+ k)3,

which is equivalent to (n 4+ m)(m + k)(n + k) = 0. Each of the resonance cases n + m = 0 and
m + k = 0 give the term

anen Z W g Wy, = W Z [ |2 = wllw||%
neL meZ meZ
in the right-hand side of ([2.9]), and the case n + k = 0 gives the term
Z W m Z Wpw_y, = Ww, w),
mez nez

where we have used the fact that e, = e_,,. However, these three families of resonances are
not disjoint, but intersect when m = n = k = 0, for the zero mode (i.e., the corresponding term
wolwo|?eq is counted three times, so the term 2wg|wg|?eg should be substracted). Moreover,
there are three pairwise intersections at (m,n, k) = (—1,1,1), (I,1,—1) and (I, —1,1), for  # 0 (all
counted twice). These intersections give the remaining terms in formula (2.9]). It remains to
note that (2.I0) is equivalent to ([Z9) and Lemma 22l is proved. O

The next corollary gives the dissipativity of the non-linear operator N(w).
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Lemma 2.3. The operator N, defined by (29), satisfies the following estimate
(2.13) [N (w), @] > [[w]g-
In particular, the value of [N(w),w] is real for every w € H®, s > 1/2.

Proof. Indeed, using (2.10]), we have
[N (w), @] = 2|jwl|3; + [[w, w]* = 2Jwol* =Y [wn[* (Jwn|* + 2Jw-s ?),
n#0

and the fact that [IV(w), w] is real is proved. Let us prove (2I3)). To this end, we transform the
last formula to a more convenient form:

(2'14) [N(w)vu_)] = HwH%{ + Z |wn|2 Z |wm|2 + anw—n Z W Wy, -

nes m#n nez m#+n

Using now the Young inequality |ab| < 1(|a|? + |b[%), we get

(2.15) |anw—n Z Wi W= | < Z |wn |[w—p| Z Wi || <

ne”Z m#+n neZ m#+n
1
< Z ’wnHw—n’§ Z (’me + ‘w—m‘z) = Z |wn|[w—p| Z ‘wm’2 <
neL m#+n neL m#+n
1
<5 D (wnl® +wanl?) D7 fwnl® =3 fwal Y7 fwml
nez m#+n nez m#+n
This estimate together with (ZI4]) gives the desired estimate (2.I3]) and finishes the proof of the
lemma. U
Remark 2.4. We recall that, according to our notations, H = Lfm((—ﬂ, ), C),
1 s
Jully = 3 wal? = 5= [ ) ds
neZ -
and -
(v = 3 o = o) = 5 | vayite) e
n

Enote that w = Y ., wpen = >, oy W_pey). Thus, inequality ([2I3]) can be rewritten in the
orm

Re(N(w),w)y = (N(w),w)i > |lw||}
which indeed a standard form of the dissipativity condition.

We now formulate the analogue of Lemma [22] for equation (LI).
Lemma 2.5. Let w € H®, s > 1/2, and let
(2.16) G(1,w) := Fi(=7) o (Fi(m)w - | Fi(T)w]?).

Then, for every fized T, the map w — G(7,w) is a bounded smooth map from H® to itself, and
its norms are uniformly bounded with respect to T:

(2.17) IG(m w)lla, < Csllwls,

with a constant Cy that is independent of T. Moreover, the operator G is 2m-periodic with respect
to T, and its time averaging has the form:

(2.18) M(w) :==(G(-,w)) = 2w”w”%{ - an’wn‘zen = an@HwH%{ - ‘wn‘z)en-

nez nez
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Proof. As before, we only need to compute the average of G(7,w). Inserting
u=Fi(r)w= Z e_szwnen
nez
into (2I6]), after some elementary calculations we get
(219) G(T, w) — Z ei(nz_m2+k2_(n_m+k)2)Twnwmwken—m+k-
n,m,k€Z

Thus, the resonance condition reads

n? —m?+E = (n—m+k)?

which is equivalent to (n —m)(k —m) = 0. Thus, we have two families of resonances n = m and
k = m. Each of them gives the term

> wrer Y wntdy = wllw]|3.
keZ nez

Observe that these resonance families are not disjoint, and intersect when (n,k,m) = (I,1,1),
l € Z. The common resonance terms are counted twice, so we need to subtract the corresponding
term Y, ., wp|wy|?e,. This gives the desired formula (2I8) and finishes the proof of Lemma
2.0 ]

Analogously to the case of equation (2], we also have the dissipativity for M.
Lemma 2.6. The operator M, defined by [2.I8)), satisfies
(2.20) M (w), 8] > Jwlh
and again [M(w),w] is real.
Proof. Indeed, according to (2.I]),
(M (w), )] = 2wl =D [wal* = [wlfr + D wal* D fwml? > [w]|3,
nez nez m##n

and the lemma is proved g

We conclude this section by considering the nonlinearity ud,u associated with the Kuramoto-
Sivashinsky equation.

Lemma 2.7. Let w € H®, s > 1/2, and let
(2.21) H(r,w) == Hy(—7) - (Ha(r)w - 8 H (T)w).

Then, the operator f‘j(T, \) is well-defined and is smooth as an operator from H* to H*™1, and
the analogue of uniform bounds (Z8)) holds, namely

(2.22) 1 (7, w) | o= < CsllwllFre,

with a constant Cy that is independent of T. Moreover, this operator is 2mw-periodic with respect
to time, and its time averaging has the form:
(2.23)

K(w):= <ﬁ(, w)> = (w>sp 0w + ieg Z NWyW_y, = Wo Z mnwpe, + <Z inwnw_n> €0,

nez nez nez
where (w), =wo = 1/(27) [T _w(x)dz.
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Proof. As before, we only need to check formula ([2:23). Indeed, inserting (ZII)) into (221]),
after some elementary calculations, we get

(2.24) fI(T,w) = Z ine_i("SerS_(m+”)3)7wnwm,en+m
nmez

and, therefore, the resonance condition is
n3 +m? = (n+m)?,

which gives nm(n + m) = 0. Moreover, the case n = 0 gives nothing due to the multiplier in.
So, we only have the cases m = 0 and m + n = 0 which give the first and the second terms in
formula (2.23]) respectively. In contrast to the previous cases, these two families intersect only
by (n,m) = (0,0), which gives zero effect on K due to the multiplier in. Thus, Lemma [27] is
proved. O

Remark 2.8. In the case of real-valued functions u and w (which is the case for the Kuramoto-
Sivashinky equation), we have the additional condition

(2.25) W_p = Wy, N ELZL,

and, therefore, the second term in the expression for K(w) equals zero identically. Moreover,
in the case of the Kuramoto-Sivashinsky equation, we have the additional restriction wy = 0.
Thus, in that case the average of H equals zero identically:

(2.26) K(w) =0.

3. GLOBAL ATTRACTORS

The aim of this section is to formulate and prove some uniform (with respect to L) estimates
for the global attractors of Ginzburg-Landau equations and verify that their analogue does not
take place for the KS equation. The estimates provided here are formal and can be justified
in a rigorous way, for instance, by using Galerkin approximation method and then passing to
the limit using the appropriate Aubin compactness theorems, see, e.g., [8,[14,[41] and references
therein. We start with the case of equation (L2)).

Theorem 3.1. Fquation [L2) is well-posed in every H®, with s > 0, and the following dissipative
estimate holds:

(3.1) lullzs < Qs(lluollms)e™™" + C,

where the monotone function Q) and the positive constants v and C, depend on s, but are
independent of L, as L — oco. Moreover, the following smoothing property is valid:

(3.2) lu()llzs < (1 +¢Y)Qs(luollm), ¢ >0,

where the monotone function Qs and the constant Ny are also uniform with respect to L, as
L — oco. Finally, for any two solutions ui(t) and usz(t) of problem ([L2)), the following estimate
holds:

(3.3) [ur(t) = ua(®) | < " [lur (0) = u2(0)]|a,
where the constant K depends on the H-norms of u;(0), i = 1,2, but is independent of L and t.

Proof. Since the assertion of the theorem is more or less standard, we give below only brief
derivation of the estimates stated in the theorem, see, e.g., [4I] for more details. Moreover,
to avoid the technicalities, we derive the dissipative estimate (B.I]) for s = 0. The estimate in
a general case, s > 0, can be obtained in a straightforward way by using the bootstrapping
arguments.
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Taking the inner product in H of equation (L2) with v and integrating by parts, after the
straightforward transformations, we have

(3-4) 5 2 @l + 10z u(®) | + %HU(t)H% < Re B|u(t)[[7-

Using that 5-[[u(t)||7s > (ReB + 1)|ju(t)||?, — C, and applying the Gronwall’s inequality to
estimate ([B4]), we obtain the following uniform with respect to L, as L — oo, estimate

t+1
(33) [l + [ 10sule) de < Qluolla)e™ +C,
t

which coincides with the desired estimate (B.1), for s = 0.

Let us now verify the smoothing property ([B.2]). For simplicity, we deduce estimate ([B.2]) for
s =1 only (for s > 1, it can be obtained in a standard way using bootstrap arguments). Indeed,
due to the embedding theorem

(3.6) L®((t,t + 1), L?((—m, 7)) N L2((t, t + 1), H (=7, 7)) € LE((t,t + 1) x (—m, 7)),

estimates (3.4) and ([3.5) one can establish an estimate for the L?((¢,t + 1) x (—m,7))-norm of
the nonlinearity. Multiplying now equation ([2]) by —td?u and taking the real part, after the
standard transformations, we have

d
(3.7) — (tlosu(®)F) + Ktlozu®) [ < (1+ B)l|0zu(®) 7 + Ctllu(t) |1,

where K, B and C are positive constants. Integrating this relation with respect to time on [0, t),
with ¢t € (0,1), and using ([B.5), we deduce estimate [3.2) for s = 1.

Let us now verify the Lipschitz continuity ([B.3]). Indeed, let u(t) and uz(t) be two solutions
of equation (L2) and let v = u; — uy. Then, the function v satisfies

(3.8) 0w = (1+iv)0%v+ Bv — (1 +iw)[uy|u1|® — us|ua|?] + LI, v(0) = uy(0) — u(0).
Taking the inner product in H of this equation with v and arguing as before, we get

1d
5@”?}”% +[10:0[F — Re Bllvllf < V14 w?(Jurfus |* — uafuz|*, Jur — usl).

The right-hand side of this inequality can be estimated using the Holder inequality with expo-
5/6, 1,1/6.

12 ol

nents 3 and 3/2, and the interpolation inequality ||v||zs < C|lv||

(3.9)  (Juslua* = walual?|, Jur = wal) < Clur* + fuzl?, [v]*) < C(lfurl[Zo + lJuallZe)[0l7s <

5/3 1/3
< C(lurlfs + luall 7o) 0I5 ol 7 < €O+l + luzl§o) vl + 0z0l3-

Thus, we derived the following estimate:

1d
2.dt
where the constant C' is independent of L, u; and us. Applying the Gronwall inequality to this
relation and using that the space-time LS-norm of u; is under control, due to estimate B3) and

the embedding ([B.0]), we derive the desired estimate ([B.3]). The uniqueness of a solution follows
from ([B3]). Thus, Theorem Bl is proved. O

il < C+ fluallzs + luzllZo)llvll3,

Let us consider now the Ginzburg-Landau equation (IL.TJ).

Theorem 3.2. Equation (L2)) is well-posed in every space H®, with s > 0, and estimates ([B.1]),
B2) and B3) hold uniformly with respect to L, as L — oc.
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The proof of this theorem follows word by word the proof of the previous one and, thus, is
omitted.

Due to Theorems B.1] and 2] the solution semigroups Sk, ,(t) and S&;,(t) associated with
equations (L2) and (1)) are well-defined in H:

(3.10) SL, . (Hu(0) :==u(t), t>0, u(0)c H,

where i = 1,2, and u(t) solves equations (L2]) or (L)) if i = 1 or ¢ = 2 respectively. Moreover,
according to estimate (3.I]), these semigroups are dissipative in H®, s > 0:

(3.11) 1562 (Huoll s < Qs(lluollrrs)e™ " + Cs,

where s, s and Cs depend on s, but are independent of L.

Our next step is to study the global attractors of the introduced semigroups. For the conve-
nience of the reader we start by recalling the definitions related with global attractors, see, e.
g., [841] for more details.

Definition 3.3. Let X be a Banach space and S(t) : X — X, t > 0, be a semigroup in X.
Then, a set B is an absorbing set for the semigroup S(¢) if for any bounded subset B C X there
exists T' = T'(B) such that
S(t)B cC B
forallt>T.
A set B C X is an attracting set for the semigroup S(t) if for every bounded B C X and every
open neighbourhood O(B) there exists time 7' = T'(B, O) such that

S(t)B C O(B)
for all £ > T'. The attraction property can be rewritten in the equivalent form using the so-called
non-symmetric Hausdorff distance. Namely, B is an attracting set for the semigroup S(t) if, for

every bounded B C X,
tli}m distx (S(t)B,B) =0,

where the non-symmetric Hausdorff distance between sets U and V' of X is defined as follows:

distx (U, V) := sup inf ||z — y||x.
zeU YEV

Finally, a set A is a global attractor for the semigroup S(t) if the following conditions are
satisfied:

1) The set A is compact in X;

2) The set A is strictly invariant: S(¢).A = A for all ¢t > 0;

3) The set A is an attracting set for the semigroup S(t).

The next corollary gives the existence of global attractors and their uniform bounds with
respect to L, as L — oo, for equations (L2)) and (LIJ).

Corollary 3.4. Let S5;,(t) : H — H and SE;,(t) : H — H be the solution semigroups gener-
ated by equations (L2) and ([I), respectively. Then these semigroups possess global attractors
(Acri(L) and Acr2(L), respectively) in the phase space H. Moreover, these global attractors
are uniformly bounded with respect to L, as L — oo, in H®, for every s > 0:

(3.12) lAcr1(L)|las + Acrz(L)||as < Cs,

where Cy depends on s, but is independent of L. Finally, the global attractors Agri(L), for
i =1,2, can be described as follows:

(3.13) Acri(L) = Kari(L)],_,»

where Kari(L) C Cyp(R, H®), are the sets of all solutions of equation (L2) (resp. (1)) which
are defined for allt € R and are bounded.
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Proof. Indeed, according to the abstract theorem on the existence of a global attractor existence,
see, e. g., [841], we need to verify that

1) Operators Sé 1;(t) are continuous in H, with respect to the initial data, for every fixed ¢;

2) Semigroups Sgri(t) possess compact absorbing sets in H.

Note that the first assertion is an immediate corollary of estimate ([B.3]), so we only need to
verify the existence of a compact absorbing set. According to estimate (BIT]), the set

Bi={ue H,lul} < 2.}
is an absorbing set for the semigroups S(L; 1;(t), i = 1,2. However, this set is not compact in H.
To overcome this difficulty, we consider the sets

B = S5,(1)B, i=1,2.

Then, due to estimate ([3.2)), the sets B; are uniformly (with respect to L, as L — co) bounded
in H?® for all s > 0, and, therefore, they are compact in H. Thus, all of the assumptions of the
abstract global attractor existence theorem are verified and, consequently, the global attractors
Acri(L), i = 1,2, exist. Since the global attractor is always a subset of an absorbing set,
estimate (3.12) follows from the fact that the absorbing sets B; are uniformly bounded, with
respect to L, in any H®. The description ([BI3]) also follows from the above mentioned global
attractor existence theorem and the corollary is proved. O

Remark 3.5. It is well-known (see, e.g., [20]) that the global attractors Agr1 and Agre are
not only smooth, but also analytic (belong to certain class of Gevrey regularity). Moreover,
arguing in a standard way, one can also show that they are uniformly (with respect to L — o)
bounded in the appropriate Gevrey norm.

We now turn to the case of Kuramoto-Sivashinsky equation, where the situation is a bit
different.

Theorem 3.6. Equation ([L3) possesses a unique solution u(t) € Ho := {u € H, (u),, = 0}
for every uy € Hy, and the following estimate holds:

(3.14) [u@®lF < [lu(0)|[Fre™" + C(L* + 1),

where the positive constant C is independent of L, but depends on the parameter a.

Proof. We only verify below the dissipative estimate (3.14]). The existence and uniqueness can
be checked in a usual way (see, e.g., [41]). To this end, we need the following standard lemma

(see, e.g., [16112333]3541]).

Lemma 3.7. For every M > 0, there exists an odd function ¢ = ¢(M) € C*> N Hy such that
the following inequality

(3.15) 103w F — (wdy, w) > M [wl|3

holds for all w € H? such that w(0) = 0.

Following [23], we fix ¢ from Lemma B.7 with M being large enough, consider a family of
shifted functions ¢4(x) := ¢(x — s), s € R, and introduce a functional

(3.16) F(u(t)) == min_fu(t) — ¢/,

se|—m, T

where u is a solution of equation (L3]). Obviously, the minimum exists and is achieved for some
value s* = s(t) which satisfies the following orthogonality condition:

(3.17) (u(t) — g+, 0ps+) = 0.
Let now v(t) := u(t) — ¢g=(;)- Then, this function formally satisfies the equation

(3.18) Oy = O + 015™ (1) Dpper = —020 — 4DV + Pge Dy + Dpprv + vO,v + LAV + fr (1),
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where f1(t) == —0%ps — a02psx + PsxOppsr + LOZps+. Multiplying this equation, again formally,
by v, integrating by = and using the orthogonality condition ([B3.17]), we obtain

1d
2dt
In addition, we claim that the inequality [B.I3) with ¢ = ¢4« (4 is satisfied for w = v(t), for every
t (although v(t,s*) # 0 in general). Indeed, from Lemma 3.7, we know that (310 with ¢ = ¢4~
holds for any w € H? such that w(s*) = 0. Let now K := v(t,s*) and w = v — K. Then, using
again the orthogonality condition and the facts that (v),, = (0z¢s+),, = 0 and w(s*) = 0, we
get

1
(3.19) ol + 103017 — 5 (00205, 0) = al|dzvllE + (fz,0).

(3:20) [1070lF — (Ordsrv,v) = 107wl — (Dadosew, w) — 2K (Dadose,v) + K2 (D6se) =
= [Bw|l = (Oedsw,w) > M|w|} =
= M(||vlF; — 2K (v),, + K?) = MlJv|[3; + MK? > M|jol|3;.
Thus, estimates ([B.19]) and (B20) give

d
(3.21) ol + 1loll7e + Ml < 2allvllZs + 21(fz,v)]-
It remains to recall that || fz(¢)||z < C(]L| 4+ 1) and that, due to interpolation, we have
(3.22) 2al|oll3 < IlvllFe + (M = 2) [|vll%

if M is large enough, depending on the parameter a. This gives
d
(3.23) EIIUII% +lvlE < IfclE < C(E2 + 1),

and by the Gronwall’s inequality we formally derive the desired estimate (3.14]).

However, there is still an essential gap in the proof, namely, although the minimizer s* = s*(t)
for problem (B.I6]) exists, it is non-necessarily unique. To overcome this problem, we may
select one-valued (measurable) branch of the multi-valued function s*(t) (which will be also
denoted by s*(t)). More essential is the fact that s*(¢f) may be non-differentiable and even
have discontinuities (jumps) at the points where the value s*(¢) is not unique. Thus, neither
O¢s*(t) nor dyv(t) are properly defined and the multiplication of equation ([BI8]) by v(t) should
be justified. This is done in the following lemma.

Lemma 3.8. Let u(t) € Hy, t € [0,T], be smooth. Then the function t — F(u(t)) is absolutely
continuous in time and the following formula is valid:

(3.24) %F(u(t)) - %HUH%{ — 2(Bult), o(t)), for almost all t € [0,T],

where v(t) = u(t) — ¢g- () and s*(t) is a minimizer of ([B.1G).
Proof. We first note that, due to the triangle inequality, the distance function
u — dist(u, {¢s, s € [—m,7|})

is Lipschitz continuous with Lipschitz constant one. For this reason, for any t1,ty € [0,T], we
have

(3.25) @)l = () l[m] < llut) = ult2)|g,

so the function t — |lv(t)||% is Lipschitz continuous despite the fact that v(¢) may have jumps.
Moreover, if the function u is regular enough, we have

(3.26) [u(t) = u(to)|a < Clts —ta.
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Inequalities (3.25) and ([B.26]) show that the function t — [[v(¢)]|% is absolutely continuous and,
therefore, is differentiable for almost all ¢ € [0,7]. Thus, we only need to find the derivative.
To this end, we take 0 < t5 < t; < T such that |[v(¢)||?% is differentiable at ¢; and t2, and we
introduce w = wu(t1) — u(t2). Then using the fact that F'(u(t;)) is a minimum, we have
lu(ts) = s, 17 < Nulty) = 6s, 7 = llultz) = ds, +wllE = [lute) = Gso I +2(u(tz) = dsy, w) + wl
and, analogously,

lutz) = ds, 7 < llults) = ds, 7 = 2(ults) = b5y, w) + wl,
where s; = s*(¢;). From these two inequalities we conclude that

u(ty) —u(t2)> ) —utt)ly _ oI = o)l
t1 — to t1 — to - t1 —to

<

(3.27) 2 <v(t1),

u —Uu m —u 2
<2 <’U(t2), (tiz - t2(t2)> n I (75121 ~ t(2t2)||H.

Passing now to the limit ¢; — to in the right-hand side of (B27]), we see that, for almost all
la € [07T]7

GOy, < 20u(ta). v(t)

(recall that the existence of the derivative has already been proved). Analogously, passing to
the limit ¢t — ¢1 in the left-hand side of inequality [B.27), we get

d
S Iv@NlE |y, > 20u(t), v(t))

for almost all t; € [0,7]. The last two inequalities imply ([B:24) and finish the proof of the
lemma. O

Now, it is not difficult to finish the proof of the theorem. Indeed, the already proved lemma
justifies the derivation of the key inequality ([3.23]) for the case where the solution u(t) is smooth
(which will be the case if we start from smooth initial data). The validity of the desired estimate
BI4) for any u(0) € Hy follows then by the usual approximation arguments. Thus, Theorem
is proved. O

Corollary 3.9. Let the assumptions of Theorem ([B.Q) hold. Then, the Kuramoto-Sivashinsky
equation ([L3)) possesses a global attractor Axs(L), in the phase space Hy. Moreover, this global
attractor is smooth and

(3.28) | Axs(L)||gs < Cs(L),

for some positive constant C' dependent on s, a and L. In particular, Co(L) = CL with some C
independent of L, but dependent on the parameter a.

Proof. Indeed, analogously to ([3.2), we have the smoothing property on a finite interval for the
parabolic equation (L3]) (see, e.g., [20]):

(3.29) lu(t + 1)l < OO+ lu(®)17)

for some positive C' and Ns. Moreover, the analogue of the Lipschitz estimate ([B.3]) also holds
for this equation (and can be proved analogously to the proof given in Theorem [B1]). Thus, the
proof of the corollary repeats word by word the proof of Corollary [3.4] and, for this reason, is
omitted. O

Remark 3.10. As before, one can show that the global attractor Agg is analytic in the sense
of Gevrey class. However, in contrast to the cases of Ginzburg-Landau equations, its Gevrey
norm is not uniformly bounded as L — co. As we will see in the next section, the norms of the
global attractors Agxg(L) indeed grow, as L — oo.
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4. THE LIMIT L — o0

The main aim of this section is to study the dependence of the above constructed global
attractors on L, as L — oco. We start with the case of complex Ginzburg-Landau equations
(CI) and (T2). To this end, we change the dependent variable u as follows

{u(t) = Hr(t)w(t) for the case of equation (L.2)),

4.1
(4.1) u(t) = Fr(t)w(t) for the case of equation (L.TJ),

where the isometries Hy and Fg are defined by (24]). Then, introducing a small parameter

£ 1= 1, we rewrite equations (L2) and (I) in the form

(4.2) dyw = (14 i7)02w + Pw — (1 +iw)F(t/e, w),
and

(4.3) ow = 0w + Pw — (1 + iw)G(t/e,w)

respectively. The functions F' and G are defined by (2.7)) and (2.16]).
Equations (2] and (£3]) contain rapidly oscillating in time terms F'(t/e,w) and G(t/e,w)
and we can (formally) write the limit averaged equations:

(4.4) O = (14 i7)92W + Bw — (1 + iw) N (D),
and
(4.5) O = 0*W + B — (1 + iw) M (D),

where the nonlocal operators N and M are introduced in Lemma 2.2 and Lemma 25l Our first
assertion gives the dissipative estimate for the solutions of the limit averaged equations.

Proposition 4.1. Problems ([@4) and [@H) are globally well-posed for any w(0) € H®, s > 0,
and the corresponding solutions w(t) satisfy the analogues of estimates B1)), B2) and B3).

Indeed, due to the dissipativity conditions (ZI3) and ([Z20), the proof of these assertions
repeats word by word the proof of Theorem B.1] and for this reason it is omitted.

Since the averaged problems (4.4]) and (4.5)) are globally well-posed, the corresponding solution
semigroups SGLl(t) : H— H and SGLg(t) : H — H are well defined:

Saritw(0) = w(t), i=1,2,
where w(t) solves problem ([£4) if i = 1, and problem ([@.3)) if i = 2.
Proposition 4.2. The solution semigroups associated with averaged equations @A) and (LI)

possess global attractors AGLl and AGLQ, respectively, which are bounded in H?, for any s.
Moreover, these semigroups are invariant with respect to Hi(s) and Fi(s), respectwely.

(4.6) Hi(s) o Sari(t) = Sari(t) o Hi(s), Fi(s)oSara(t) = Sara(t) o Fi(s),
for all s € R and t > 0, therefore,
(4.7) Hi(s)Acr = Acri, Fr(s)Agre = Aara,

for all L >0 and s € R.

Proof. Indeed, the existence of global attractors can be verified exactly as in Corollary B4l and

([£7) is an immediate corollary of the invariance (A6]). Thus, we only need to check (4.G]). In

turn, in order to check (4.4)), it is enough to verify the invariance of the nonlinearities N and M:
Hi(s)N(w) = N(Hi(s)w), Fi(s)M(w) = M(Fi(s)w), s €R, we H.

Finally, the invariance of N and M can be easily verified using the explicit formulas [24]), (Z10)
and (2I8). Thus, the proposition is proved. ]
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Our next observation shows that the global attractors .,Zl\GLl and ./ZGLQ of the limit equations
belong to the finite-dimensional invariant hyperplane of the phase space and, thus, can be
obtained by solving a system of ODEs.

Proposition 4.3. Let Hp, where D € N be the 2D + 1-dimensional hyperplane

D
(4.8) Hp = { Z An€n, 0y € (C}.
n=—D

Then the hyperplanes Hp are invariant with respect to equations (L4) and (@I, for all D.
Moreover, their global attractors belong to Hp provided D = D(f,w) is large enough:

(4.9) Acri € Hp, Agra C Hp.

In particular, we may take D = [\/Re ] + 1 for the case of equation [{AD)), here [z] denotes the
integer part of the number z (the global attractor of (AR is trivial if Re 5 < 0).

Proof. Indeed, the invariance of hyperplanes Hp follows immediately from the explicit structure
of nonlinearities N(w) and M (w) given by (2I0) and 2I8]). So we only need to prove the
embeddings ([£9) if D is large enough. Let us start with the case of the equation (4.4]).

Let us consider the equations for wy and w_j, from (£4]). Then, multiplying them by wj and
w_y, respectively, and taking a sum and the real part, after the standard calculations, we get

(810) 5l + feo_i?) + (8~ Re ) (o + o4 ”)
+ Re((1 + iw) ([N (w)]), - Wy, + [N(w)] - - w_g)) = 0,

where we denote by [N (w)]j the kth coordinate of N (w) in the basis {e;, }nez. Using the explicit
formula (ZI0Q) for the coordinates of N(w), we see that

| Re((1 + iw) ([N (w)]k - @p, + [N(w)] -k - 0-4))| < OV 1+ w?[wl[F (lwg|* + [w_y[*),
where the constant C' is independent of k£ and w. Thus, ([AI0]) reads

(4.11) 5 7 ([wi? + Jw_*) + (k% = Re f — CV1 + w?|w||}) (Jwi[* + [w-i[*) < 0.

Since the H-norm of w is bounded on the global attractor, for sufficiently large k, the second
term in (ATl becomes positive and the Gronwall’s inequality gives

lwr ()] + Jw_r(t)]* < e " (Jwr(0)|* + [w_1(0)[?), for some o > 0.

Thus, wk(t) = w_g(t) = 0 on the global attractor, for |k| large enough, and embedding ([4.9) is
verified for the case of equation (£.4)).
Let us now consider equation (£5]). The situation here is simpler since the expression

[M (w)]xwr = |wil*(2llwl[F; — [wl?)
is real and is non-negative and the analogue of (411l reads

1d
§a|wk|2 + (k‘2 - Reﬁ)|wk|2 <0.

Thus, indeed, wx(t) = 0 on the global attractor if k? > Re 3, and the proposition is proved. [J

The next result shows that the distance between the appropriate averaged and non-averaged
trajectories is indeed small on the finite time interval.
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Theorem 4.4. Let wy € H®, for some s > 1, and let w-(t) and w(t) be the non-averaged and

averaged solutions of (L2) and (&), respectively, (or of [@3]) and X)), respectively). Assume
also that

we(0) = w(0) € H®.
Then, the following estimate holds:
(4.12) |wa(t) — @(t)|| gs < Csee’t,
where the constants Cys and K depend on s and on the H® norm of w(0), but are independent

of €, ase — 0.

Proof. Estimate of the form (4I2]) is a standard result of the averaging theory and can be
referred to as the first Bogolyubov theorem, see, e.g., [10L14129,[39]. However, verifying that
the difference between the averaged and non-averaged solutions is of order O(e) requires some
analysis especially in the case of PDEs. For this reason, we sketch below the proof of this fact
for the case of equation ([@2]) and s =1 (following mainly [21]).

We first note that, according to the estimate ([B.I]) all of the trajectories w.(t) and w(t) are
uniformly bounded in H!. The usual L?-parabolic regularity theorem applied to equations (Z2)

and ([@4) gives
(4.13) |Ovwe | 2741y, 1) + well 27,0 41),52) < C,

where the constant C' depends on the H'-norm of the initial data (0), but is independent of
g,as € — 0, and T > 0, and the same estimate holds for the limit function w as well.
Let us define a function § = .(t) as the solution of the following equation:

(4.14) 00 — (14+i7)0%0 + 0 = (1 + iw)[F(t/e,w.) — N(w.)] =: H(t/e,w.(t)), 6(0) = 0.
We claim that
(4.15) 10-(t)||gr < Ce, forallt >0,

for some constant C' that is independent of €. Indeed, expanding the function H (1, we(t,x)) into
the Fourier series with respect to 7, we have

H(r,w.(t,z)) ZemTF (t,z),

nez
where
1™~ -
F.(t,z) = Py H(1,we(t,x))e " dr.
™ —T
Moreover, by the definition of the operator N,

Fo=0
and, by the Parseval identity

SO Fu(t ) _27T/ | (r,we(t )P dr, 3 (0uFalt 2) :271'/ 0, (v, w. (¢, 2))| dr-

nez 4 nez
Integrating these equalities in x, we get
™ ~
(116) S IO =2 [ 1A @) i
nez -
Since w, are uniformly bounded in H', we have

(4.17) Z | Fn(t)])3: <O < o0,
nes
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where the constant C' is independent of ¢ and ¢ (here we have implicitly used ([2.I7))). Further-
more, using the fact that dw.(t) are uniformly bounded in L*([T,T + 1], H), and w.(t) are
uniformly bounded in L?([T,T + 1], H?), with respect to ¢, and the explicit formula Z7) for
the nonlinearity F', arguing analogously, we can prove that

(4.18) Y MOF 21y, < s
neL

where the constant C' is independent of ¢ and T'.
We fix approximate solution # of ([@I4) in the form

(4.19) Z eME(—(1 4 i7)02 + 1+ in/e) " F, (1)
n#0

(we solve equation (14 with respect to the “fast” variable considering the “slow” variable ¢ as
a parameter). Then, since the operator —(1 + iy)9? generates an analytic semigroup in H*, we
have

(4.20) 1(=(1 +i7)0% + 1+ in/e) Y| gesns < Cse,

see, e.g., [26]. Estimate (£20]) together with (£I7) gives

3

1/2 1/2
5 ([ £ () || 1 1
(4.21) 100) 1 < Oy A < Ce | 30— SIEWIF | <Ce
n#0 n#0 n#0
We now set 6 := 0 — 0. Then, this function solves
(4.22) 00 — (1+i7)020 + 6 = h(t), 6(0) =—8(0),

where
== M (—(1+i7)0; + 1+ inje) 'O, ().
n#0

Using now estimate (LI8) together with ([L20), we obtain

10 Fn | 2 (17,7 41), 1)

(4.23) |Ibllc2(rrsnm < Ced <
n#0
1/2 1/2
1
< Ce Z s Z |0cF, ||L2 (IT,T+1],H) < C’,
n#0 n#0

where the constant C” is independent of ¢ and 7. Estimates [{.2I]) and 23] show that the
solution € of equation ([L22) satisfies

16(t)] 1 < Ce,

where the _constant C depends on the initial condition wg, but is independent of € and ¢t. Thus,
since 0 = 0 + 0, estimate ([EI5) is indeed satisfied.

Now, we are ready to finish the proof of the theorem. Let w := w. — @ + 6 where 6 solves
(£I4]). Then, this function satisfies the following equation

(4.24) O — (1 +i7)0% = B — (B +1)0 + (1 + iw)[N(@) — N(w.)], w(0) = 0.
Multiplying this equation by 02w and integrating over z, we deduce that

d, ~ _
(4.25) S0l < CU@llz + 1617 + 1N (we) = N(@)[72)-
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Using that w. and @ are uniformly bounded in H', one can easily see that
[N (we) = N(@)]| 2 < Cll@l gr +[10]] 2
and, consequently,
d, o =112 2
g1l < Kol + Cllel
for some K and C independent of ¢ and €. Applying the Gronwall’s inequality for that relation
and using ([£.I5)), we deduce estimate (£I2]) and finish the proof of the theorem. O

As a standard corollary of this theorem (see, for instance, [I4] or [25]), we obtain the following
result on the convergence of global attractors Agri(L) and Agra(L) as L — oo.

Corollary 4.5. Let the assumptions of Theorem (@4 hold, and let ﬁgm and le\GLg be the
global attractors of equations (&4l) and ([@1A), respectively. Then the family of global attractors
Acri(L) (resp. Agre) of equations (L2) (resp. (L)) converge, as L — oo, to the global
attractors Agry (resp. Acra ) associated with limit equations [E4) (resp. X)) in the sense of
the upper semi-continuity in H®, s > 0:

(4.26) ngn dist gs (.AGLl(L),.zZl\GLl) = Llim dist gs (AGLQ(L),./Z{GLQ) =0,
o0 —00

recall that disty (X,Y) denotes the non-symmetric Hausdorff distance between sets X and Y in
the V' norm.

Proof. Let ug € AGLz‘ for i =1 or ¢ = 2. We need to estimate the distance between ug and the
global attractor Agr;. According to ([B.I3)), there exists a complete bounded trajectory wu(t),
t € R, such that u.(t) € Agp;, for all t € R. Moreover, due to ([B:12]), this trajectory is uniformly
bounded by a constant independent of ¢ = 1/L in any space H®. Let also wg(t) := Hp(—t)u.(t)
(resp. we(t) := Fr(—t)u-(t)). Then, clearly

u:(0) = we(0) = ug
and we(t), t € R, solves equation ([A2) (resp. (@3])). Take now an arbitrary 7" > 0 and consider
the solution w(t), for t > —T, of the averaged equation (4] (resp. (£3])) with the initial data

w(—T) = w(=T).
Then, due to estimate (LI2)), we have
(4.27) [ug — @(0)|| s < |Jwe(0) — w(0)|| s < CseeT,
where the constants C' and K depend only on s. On the other hand, since the limit averaged
equation possesses a global attractor in H®, for any § > 0 we may find 7' = T'(¢, s) such that

st(lD(O),AGLi) <6/2
for i = 1 or i = 2, respectively. Finally, fix ¢ € (0,e9] where g > 0 is small enough that
Cye0eT < §/2, and using the triangle inequality, we see that
dps(uo, Agri) < 5/2+5/2 =4,

and since § > 0 and ug are arbitrary, this inequality proves the desired convergence (4.26]), which
finishes the proof of the corollary. O

We now turn to the case of Kuramoto-Sivashinsky equation (L3). In contrast to the case
of cubic nonlinearities, the quadratic Kuramoto-Sivashinsky nonlinearity disappears after the
averaging and we end up with the non-dissipative averaged equation. This explains why the
norm of the global attractor grows with L, as L — oco. To be more precise, the following result
holds.
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Theorem 4.6. Assume that a # k?, k € N. Then, for every R > 0 there exists Ly = Lo(R)
such that u(t) = 0 is the only complete trajectory on the global attractor Axs(L), for L > Ly
which belongs to the R-ball in H for allt € R, i.e, the inequality

(4.28) lu)|g <R, teR,
where v € Ags(L), implies that u = 0.

Proof. Let u(t) be a complete trajectory of the KS equation (3] satisfying (d28]). Then,
according to the smoothing property, see ([3.29]), we infer that

(4.29) lu(t)||gs < Rs, tER,

where the constants Cs depend on s, but are independent of L.
Let us now introduce a new dependent variable w(t) := Hr(—t)u(t). Then, equation (L3
reads

(4.30) dyw = —0w — ad>w + H(t/e, w),

where the operator H is defined by (221). Using now the fact that u is real, we obtain that
w_p, = Wy, and, since (u) , = 0, formula (2.26]) gives that the T-average of H equals zero. Thus,
the limit averaged equation for (£30) reads

(4.31) O = —04W — ad> .
Let us fix 7 € R and a solution w(t), t > 7 of equation ([£3I]) such that
w(T) = w(r).
Then, using estimate ([£.29) and arguing exactly as in Theorem 4] we establish that, for any
7 € R and t > 0, the following estimate holds:
(4.32) |w(t +7) — @t +7)||g < Cee®t, t >0,

where the positive constants C' and K are independent of ¢, 7 and ¢ := 1/L.

However, the situation is principally different from the case of Ginzburg-Landau equations,
since the averaged equation is now linear and have exponentially growing modes. We claim that
inequalities (£32) and ([@28) imply the estimate

for some positive C' which may depend on R, but is independent of € — 0. Instead of proving
estimate (£33]) for the function u, we will prove its analogue for w which is equivalent to (433
since Hy, is an isometry in H.

Indeed, let Py be an orthogonal projector onto the unstable modes of equation (31 (i.e.,
to the vectors e, with n? < a) and Qy := 1 — Py is the associated projector to the stable ones
(we recall that \/a ¢ N, so the equilibrium @ = 0 is hyperbolic). Thus, the solution w satisfies
the standard exponential dichotomy estimates

{HPN@(t +7)|g > C||Pyd(r)|| e, t >0,

4.34 R ~
(434 1@t + 1)l < ClQwd()lwet, £ > 0,

for some positive C' and «. Let us first consider Py-component of w. Then, using the solution
w and estimate (£34]), we get
|Pxw(t+7)la > [Pyt +7) | — lw(t +7) = @t + )| > || Pyvw(r)|[ne® — Cee™!

which gives
C||Pyw(T)|| e < Cee®t + || Pyw(t + 7)1
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Taking now the supremum over 7 € R from the both sides of that inequality, we arrive at
Kt

&
(4.35) Sug [ Pyw(T)|lg < CECeat 1

TE

Fixing here t in an optimal way, we obtain the analogue of ([£33]) for the Py-component of w:

(4.36) sup ||[Pyw(7)||g < C*e,
TER

where C* is independent of ¢.
Let us consider now the Qy-component of w. Then, the analogous arguments lead to the
inequality
|Qnw(t +7)|r < C1l|@nw(r)| e + Coeel™,

Taking again the supremum over 7 € R, we arrive at

Kt 1 1
¢ t,forallt>M.

< Cpe——
jgg\l@ww(T)HH N g o

Minimizing the right-hand side with respect to t over [In(Cy + 1)/, 00) we obtain
(4.37) Sup 1Qnw(T)|lg < Ce.
TE

Thus, estimate ([£.33)) is verified.

We see that any trajectory w(t) of equation ([£30]) which is contained in the ball of radius R
in H should belong to the C'e-neighbourhood of zero equilibrium w = 0 (where the constant C'
depends on R, but is independent of ¢ = 1/L). It remains to note that, since the equilibrium
w = 0 is hyperbolic and H(7,0) = 0, DyH (7, w)|w—0 = 0, the usual implicit function theorem
shows that the only solution w(t) of ([4.30]) which belongs to some small r-ball of H for any ¢ (r
is independent of €!) is w = 0. Thus, u = 0 if € is small enough and the theorem is proved. O

The proof of Theorem indicates particularly that the diameter of the global attractor
Axs(L) (say, in the H-norm) indeed expands as L — oc:

(4.38) lim ||~AKS(L)HH = 00,
L—o0

but gives no information about the rate of expansion. The next proposition removes this draw-
back and shows that the upper bound given by estimate ([B.I4)) is optimal. The proof is based
on the well-known fact on the existence of rotating waves for the perturbed KdV equation with
periodic boundary conditions, see [34] (see also [22] for the numerical study of the stability of
these waves as well as the related attractors).

Proposition 4.7. Let a > 1 and L be large enough. Then, the global attractor Axs(L) satisfies
the following estimate:

(4.39) CiL < || Ags(L)||g < CoL,
where the positive constants C1,Csy are independent of L.

Proof. Indeed, the upper bound is an immediate corollary of estimate ([B.14]), so we only need
to establish the lower one. To this end, we do change of variables u(t) = Luv(t) where v is a new
dependent variable. Then, equation (L3 reads

edp = e(—04v — adv) + v, + P,
and, finally, introducing the fast variable 7 = Lt, we end up with

(4.40) v = (=0t — ad?v) + vo,v + Ov,
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which is a well studied small damped-driven perturbation of the Korteweg de Vries equation.
In particular, as shown in [34], if @ > 1 and ¢ is small enough, there is a rotating wave solution

v(r,x) =V(x —c1)

of this equation, where V' = V() is a 2m-periodic function with zero mean and ¢ = ¢, is a wave
speed, both of which have finite non-zero limits as ¢ — 0. Since this rotating wave obviously
belongs to the global attractor, it gives the desired lower bound and finishes the proof of the
proposition. ]

5. REDUCTION TO THE GRADIENT CASE

The main aim of this section is to give more comprehensive study of the dynamics of the
complex Ginzburg-Landau equation (LI]) for large dispersion parameter L. As we will see, the
large dispersion suppresses the non-trivial dynamics and makes the system gradient-like up to
some isometric transformation.

Indeed, the limit averaged equation for (1)) has the following form, see (5l):

d
dt
where w(t) =3, wy(t)e, and B = o + i7.

Introducing the new variables v, such that w, = 4"y, n € Z, and the phases A, (t) will
be determined later, we get

(5.1) wy, = —nw, + fw, — (1 +iw)(2w,|w||% — wa|wa|?), n € Z,

(5.2) ivn%An(t) + %vn = —n’v, + (o +iy)v, — (1 + iw)vn(2|]v|ﬁ{ + \Un\2), n € 7.

Thus, if we fix the phases A,, as follows:

t t
(5.3) Ay(t) = / (7 — 2w[o]3 + wlon|?)dt = / (7 — 2wl + wlwn?)dt,
0 0

we arrive to the equation with real coefficients

d
dt
Moreover, any solution w(t) of (B.I]) determines in a unique way the corresponding solution v(t)
of (B4) and vice versa. Therefore, it is sufficient to study equations (5.4]) only.

Furthermore, equations (5.4]) possess a global Lyapunov function

1
(5.5) L) = [Pl3n + ol = §|vn|4 — (a4 D)]olff-
neL

(5.4) Vp = =12, + av, — 20|05 F vnlva?, n € Z.

Indeed, as direct calculations show

d d d d
(5.6) ZL(v(t)) = = T Un T = =3 |avn|2.
neL nez

We are going to apply what is called regular attractors theory (see, e.g. [7]) in order to describe
the global attractor ./zl\GLQ of the limit equation (LX) and the global attractor Agra(L) of the
perturbed system ([3]), for L is large enough. However, our situation is slightly more complicated
in comparison with the standard theory since equation (B.4]) possesses a huge symmetry group
and, for this reason, all of the equilibria are degenerate. Indeed, it follows from the structure of
(E4) that the group R* acting on the phase space by

(57) [S(¢)U]n = ei(bnvny ¢n S ]R, ¢ = {¢n}nEZ € R™
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is a symmetry group of (54). For this reason, if v is an equilibrium of equation (&.4]), then we
automatically have the whole torus of equilibria generated by this symmetry group:

(5.8) T, :={S(¢)v, ¢ € R*}

(due to Proposition 3] v, = 0 for |n|] > N = N(f), for any equilibrium and, consequently,
all these tori are, in a fact, finite-dimensional). Thus, the assumption on the hyperbolicity of
equilibria should be naturally replaced by the assumption that all of the equilibria tori (B.8]) are
normally hyperbolic.

In order to verify this normal hyperbolicity and the consequent structure of the global attrac-
tor Agre of the limit equation (4], we use a simple observation that a real hyperplane

(5.9) H™ .= (v e H, v, €R, neZ}

is invariant with respect to the limit equation (5.4]). Moreover, every initial data v € H can
be reduced to this hyperplane by the appropriate action of the symmetry group S(¢). Thus,
it is sufficient to check all of the hyperbolicity assumptions for the case of real equations (5.4])
and after that obtain the required result for the initial complex phase space by the action of
the symmetry group. In particular, one has a natural relation between the real and complex
attractors:

(5.10) Acra = {S(0) AL, ¢ € R},

The next lemma gives an explicit description of all possible equilibria for problem (G4]) and
establishes their hyperbolicity for generic 5.

Lemma 5.1. The set R of all equilibria of equation (&4 consists of v =0 and v # 0 such that
the non-zero components {v, }nez possess the following description: let

NO = Z 1, N2 = Z n2.

n,vn;éO 77/71)”;50
Then, for v, # 0,
N, N.
oll3 = N =T ~ 3N, =1 > 05
(511) 2 2 0 a—2Ns 0

and every sequence of v, satisfying these conditions gives an equilibrium.
Moreover, a non-zero equilibrium v is not hyperbolic (i.e., the corresponding torus is not
normally hyperbolic) if and only if

Oé—2N2

12 By ——
(5.12) +2N0—1

=0 for some k for which v, = 0.
Finally, zero equilibrium is hyperbolic if and only if a # k? for some k € Z. In particular, all of
the equilibria are hyperbolic if o # 7.

Proof. Indeed, let v be a non-zero equilibrium. Then, equations ([5.4]) for v, # 0 are equivalent
to

(5.13) —n? 4 a =24 + |va)* = 0.

Solving these equations (by using that |[v||%, = D nwm£0 |vn|?), we obtain (G.1T).

Let us now study the hyperbolicity. As we have already mentioned before, to this end, it is
sufficient to consider the case of real equilibrium v € R N H"** and real perturbation § € H"%,
For that class of perturbations, the equation of variations reads

d

(5.14) =

0, = —n20,, + ab, — 20,||v||% — 4v,(v,0) 4+ 30,02, n e Z.
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Let us try to find a non-zero eigenvector # € H™® for the right-hand side of these equations
which would correspond to the zero eigenvalue.

For nth with v, # 0, equations (5.13)) allow to transform the equilibria equation for (5.14]) as
follows

—4v, (v, 6) + 20,02 =0
or, since v, # 0, this gives
(5.15) 0, v, = 2(v, 0).

Taking a sum of that equations, we see that (v,0) = 2Ny(v,0) and consequently (v,0) = 0.
Equation (5.I5) now gives that 6, = 0 for all n such that v, # 0. Let us now consider k € Z
such that v = 0. Then, equation for 0 reads

OZ—ZNQ

O~k + 0 = 2plfy) = O~k — G

)=0
which implies 6, = 0 if (5.12)) is not satisfied. This implies § = 0 and non-zero equilibrium v is
hyperbolic. Moreover, we see that (5.12]) cannot be true if av is not integer, so, for the non-integer
« any non-zero equilibrium v is automatically hyperbolic.

Finally, the assertion about zero equilibrium is evident and Lemma [5.1] is proved. O

The next lemma gives the stability of the equilibria found in the previous lemma.

Lemma 5.2. Let a > 0. Then all equilibria v € R which have two or more non-zero components
(v # 0 and vy # 0 for some m # k) are unstable. The only stable equilibria are the one
component ones: v, =0 forn #k v, #0 and k* < 5
Proof. Let us prove that any equilibrium with two or more non-zero components is unstable.
Indeed, let v € R be such that vy # 0 and v, # 0 for some k # m. Then, equation (L.I3)) holds
for n = k and n = m. Then, (5I4) for these components reads
d 2 d 2

(5.16) EQ’“ = 201 |vg|” — 4vg (v, 0), %9,” = 20, |vm|” — 4vp (v, 0)).
Thus, if we take an inner product of the right-hand side of (5.I4]) with the non-zero vector 6
such that 6, = 0 if n # k, m satisfying (v,0) = 0 (exactly for this reason we need at least
two non-zero components of v), the result will be strictly positive: Hgvz + 602,02, > 0. By the
min-max theorem, this means that the corresponding equilibrium is unstable.

Let us now study the equilibria with only one non-zero component v, # 0 for some k # 0.

Then, (B.I3) gives

(5.17) lug)? = a — k* > 0.
Using this equation in order to simplify (5I4]) with n # k and using that v, = 0, we have
d
Een = 0, (a — 2Jvp|* = n?) = 0,(2k* — o — n?).
Finally, the equation for the component with n = k reads
d
aek = —29]5[)]%.
Thus, the linearization (B.14]) at such equilibria is diagonal. Moreover, obviously, all entries on
the diagonal will be negative if and only if 2k? — o < 0, and the lemma is proved. O

As a standard corollary of this lemma and the existence of a global Lyapunov function, we
obtain the following result.
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Theorem 5.3. Let the parameter o be such that all of the equilibria v € R of the equation (5.4
are hyperbolic (see Lemmalidl). Then,
1) The unstable set of any equilibrium vy € R

(5.18) M} ={ve H', Ju(t), t € R, v solves [54), v(0) = v, t_l}gl dist(v(t), Ty, ) = 0}

is a finite-dimensional submanifold of the phase space (say, H').
2) The global attractor Agra for equations (B4) is a finite union of the finite-dimensional
unstable manifolds:

(5.19) JZl\GLQ = UvoeRM;;t)-

3) Any trajectory v(t), t € R, belonging to the global attractor is a heteroclinic orbit between two
equilibria var , 9 € R belonging to different tori:

. + _ . — .
(5.20) Jim ot) = ol = Jim o) — e | =0, Ty £7T,-

4) The global attractor ./zl\GLQ 18 exponential, i.e., there exists a positive constant o > 0 and a
monotone function QQ such that

(5.21) dist 1 (S(t) B, Agra) < Q|| Bl g1)e™
for any bounded subset B of the phase space H'.

Indeed, the standard regular attractors theory (see, e.g., [7,[I5]) can be applied for the real-
valued version of equations (0.4]) where all of the equilibria are hyperbolic in a usual sense and
the general case can be treated after that by expression (.I0).

Let us return now to the initial equation (Bl). To this end, we just need to put w,(t) =
e An®y, (1), where the phases A, (t) are defined by ([E3). In particular, any equilibrium v € R
generates a quasi-periodic solution of (B1J). Indeed, in that case

An(t) = (y +w(n® — a))t + C, va #0,

and we see the quasi-periodic motion with no more than two independent frequencies (generated
by y—wa and w). Thus, invariant tori of equilibria for equation (54]) correspond to the same tori,
but filled by quasi-periodic motions on the level of equation (51I). Analogously, any heteroclinic
orbit connecting the equilibria of equation (£.4]) corresponds to the heteroclinic orbits between
the aforementioned quasi-periodic motions on the invariant tori. Thus, Theorem extends
to the initial equation (5.1I) just by replacing the tori of equilibria by the tori filled by the
aforementioned quasi-periodic motions.

We conclude the section by treating the non-averaged equation ([43]) as a small (of order
e = 1/L according to Theorem [4.4]) perturbation of the limit equation (B.4]). For simplicity, we
restrict ourselves to the gradient case f = a € R, w = 0, see Remark below, concerning the
general case.

We first note that the non-averaged equations do not possess the symmetry group (0.7 and,
consequently the equilibria tori T,,, disappear (in general) for the perturbed equations (Z.3).

However, since the (finite-dimensional) invariant tori T,,, w € R, are normally hyperbolic,
they preserve under the small perturbations. To be more precise, in the e-neighbourhood of
every the non-perturbed torus T,, ~ TV there exists a smooth (C*-smooth) invariant torus
T, (€) of the perturbed system (3)) if € > 0 is small enough. In contrast to the non-perturbed
case, the points w = w(¢) € Ty, (), ¢ € TV are no more equilibria, but evolve slowly in time
and this evolution is governed by the appropriate system of ODEs

d

(522) E = €f€(t7 ¢)7 qb € TN
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where the vector field f. is of order one as € — 0:
|| fe(t, ')”Ck(’]I‘N) < C.

We also mention that, although the non-perturbed system ([3]) depends explicitly on time,
the invariant tori T,,(e) are independent of time since this equation is invariant under the
Fr(s)-transformations.

Furthermore, according to the general theory, the normally hyperbolic invariant manifolds
Tuw,(€) possess the unstable manifolds M (e) which are e-close to the unstable manifolds M}
of the limit system (moreover, by the above mentioned reasons, they are also independent of t).

Finally, applying the standard perturbation theory of regular attractors we end up with the
following result.

Theorem 5.4. Let the assumptions of Theorem hold and let in addition 8 = a € R and
w = 0. Then, there exists g > 0 such that, for any e € [0,20],
1) Every equilibria torus T, wo € R, generates (in an e-neighbourhood) a normally hyperbolic
invariant torus Ty, (€) of the perturbed system (A3) and the dynamics on it is governed by the
slow equations (5.22]).

2) The global attractor Agra(L) is a finite union of the finite-dimensional unstable manifolds
Mt (e) to that tori:

(5.23) Agra(L) = Uyeer M, ().

3) Every trajectory w(t) of the perturbed system (&3] is a heteroclinic orbit between two trajec-
tories w (t) € T“’J (e) and wt(t) € ']I'wo+ (€) belonging to different invariant tori:

(5:24) [l Jo(t) —w' Ol = Jim ) —w (@)m =0, w(t) € TE,(€), Ty # T,

4) The global attractor Agra(L) is exponential, i.e., there exist a positive constant o and a
monotone function Q, such that, for every bounded set B of H',

(5.25) dist 11 (S:(t) B, Acr2(L)) < Q|| B gr)e™,

where S:(t) is a solving operator for equation (3.

5) The global attractors Acra(L) of the equation @3) tend to the global attractor Agra of
the limit equation ([AB) in the sense of symmetric Hausdorff distance. Moreover, the following
estimate holds

sym T 1 "
(5.26) dist;l (Agr2(L), Agr2) < C (E) ,

where the positive constants C' and k are independent of L.

Indeed, although, in contrast to the general theory, we have now invariant normally hyperbolic
tori instead of hyperbolic equilibria, the proof of the result repeats word by word the standard
arguments and for this reason it is omitted (see, e.g., [TLI5L2T] for the details).

Remark 5.5. The last result shows that, for large dispersion parameter L and w = 0, the
dynamics generated by the Ginzburg-Landau equation (I.I]) generates three different time scales:
1) rapid oscillations of the phases of the Fourier coefficients (with the frequency proportional to
L) generated by the group action Fp,(t);

2) order one heteroclinic motion of their amplitudes close to the limit dynamics of ([&.4);

3) slow drift of their phases (of order ¢ = 1/L) governed by equations (5.22)). We see that the
first two types of dynamics are regular. However, the last small drift on the invariant tori, in
principle, may be chaotic.
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Remark 5.6. The analogue of Theorem [5.4] remains true in the general case 5 € C and w # 0.
The only difference is that the invariant tori will be filled not by slow motions, but by the
motions e-close to the quasi-periodic ones.

Remark 5.7. It is natural to ask whether or not the analogous results hold for the equation
([C2). In particular, whether or not the averaged equations (&4]) are in a sense gradient or
possess the global Lyapunov function which forbid the complicated dynamics. As shown in [36],
the answer on this question is negative and the dynamics of (£4]) is chaotic at least for some
values of the parameters 7, § and w. Indeed, equations (€4]) obviously possess the 4-dimensional
invariant manifold

(5.27) w=yey+v(er +e_1), y,veC

and the dynamics on this manifold is given by the equations

(5.28) § =By — (L+iw)y(ly* + 4v]*) + 2507,

D= (B—1—iy)v— (1+iw)[v(2|y|* + 3[v|?) + vy?].
Substituting y = /re’?, v = \/pe’, n = 2(¥) — ¢) and scaling time by the factor of 2, we arrive
at the following 3-dimensional system:

r=r[8—r—4p —2p(cosn — wsinn)],
(5.29) p=plf—1-2r—3p—r(cosn+ wsinn)],
n=—y+w(p—r)+r(sing —wcosn) + 2p(sinn + w cos n)],

see [36] for the details. As shown there, there are values of parameters (7o, 5, wo) for which
equations (5.29]) possess an equilibrium (rg, pg, n0) with 3 zero eigenvalues. Then, the standard
bifurcation analysis (also performed in [36]) shows that this system possesses the Shilnikov
saddle-focus homoclinic loop at certain values of the parameters and, as a result there is an open
region in the space of parameters (/3,v,w) for which the corresponding dynamics generated by
(529)) is chaotic.

Thus, in contrast to (@A), the averaged equations (44]) cannot be transformed to a gradient
system. Moreover, the standard perturbation arguments show that the chaotic dynamics of the
limit averaged equations (£4]) persists at the initial equations (L2) if L is large enough.
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