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Abstract

We consider the behaviour of the distribution for stationary solutions of the com-
plex Ginzburg—Landau equation perturbed by a random force. It was proved
in [KS04] that if the random force is proportional to the square root of the vis-
cosity v > 0, then the family of stationary measures possesses an accumulation
point as v — 0. We show that if u is such a point, then the distributions of
the L?-norm and of the energy possess a density with respect to the Lebesgue
measure. The proofs are based on It6’s formula and some properties of local
time for semimartingales.
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1. Introduction

Let D C R? be a bounded domain with a smooth boundary dD. In what
follows, we always assume that d < 4. Consider the complex Ginzburg-Landau
equation in D perturbed by a white noise force smooth in the space variables:

0 — (v +9)Au + iXu*u = Vun(t, ), (1.1)

ul,, =0. (1.2)

Here v € (0,1] and A > 0 are some parameters, u = u(t, z) is a complex-valued
unknown function, and 7 is a random process of the form

we0) = SC(tm), () =Y bifi(t)es ) (1.3

where {8; = B;' + zﬁj_} is a sequence of independent complex-valued Brownian
motions, {e;} is a complete set of normalised eigenfunctions of the Dirichlet
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Laplacian with eigenvalues oy < ap < 3 < ---, and b; > 0 are some constants
going to zero sufficiently fast. Let {y,} be a family of stationary measures!® for
the Markov process associated with problem (1.1), (1.2). It was proved in [KS04]
that for any sequence 7, — 07 the family {us, } has at least one accumulation
point in the sense of weak convergence of measures on L?(D), and any limiting
point u for the family {u, } satisfies the relations

p(H?) =1, (1.4)
[ 1velPutan) = c. (1.5
L2
| 1ol + ol o) < o (16)

where C7 and Cy are some constants depending on D and {b;}. Moreover,
the measure pu is the law of a stationary process v(t,z) whose almost every

realisation belongs to the space Lioc(Ry, H2) N WIZ’C% (R4, L#) and satisfies the
nonlinear Schrédinger equation (NLS) obtained from (1.1) by setting v = 0.
Let us note that, in view of relation (1.5) and the fact that the only steady
state for NLS is the trivial zero solution, the support of p contains infinitely
many points. In the case of the 2D Navier—Stokes equations, it was proved by
Kuksin [Kuk08] that if the random perturbation is non-degenerate, then the
energy and enstrophy of such an inviscid limit have a density with respect to
the Lebesgue measure. The present paper is devoted to the proof of similar

results for (1.1), (1.2). In particular, we establish the following theorem.

Main Theorem. Under the above hypotheses, the following assertions hold for
any family of stationary measures {, } and its limiting points p in the sense of
weak convergence.

o Ifb; # 0 for some j > 1, then the projection of ., to the one-dimensional
subspace spanned by the j™* eigenfunction of the Direchlet Laplacian has
a bounded density with respect to the Lebesque measure. Moreover, the
limiting measures p have no atom at u = 0.

o Ifb; #0 for all j > 1, then the laws of the functionals
_le 1 2
Hofw) = 3l = 5 [ Ju(o)Pda.
#ow) = [ (519u@P + 5 lu(@)]") do
! H\2 4

under the probability distribution u on L? possess a density with respect
to the Lebesgue measure on the real line.

IThe existence of a stationary measure for any v > 0 follows from a priori estimates for
solutions of (1.1), (1.2) and the Bogolyubov—Krylov argument; see [CK97, KS04].



We refer the reader to Section 3.1 for a more detailed statement of the results
and to Sections 3.2 and 3.3 for the proofs. Note that the second assertion of
the theorem was announced in Kuksin’s paper [KS04]. His proof for the case
of the Navier—Stokes equations was based on a construction of an auxiliary
stationary process satisfying a v-independent equation and an application of
Krylov’s estimate for semimartingales. Here we take a different approach using
some properties of local times for the functionals in question. This enables one
to simplify the proof and to get somewhat sharper estimates. The drawback of
this approach is that it does not allow consideration of vector-valued functionals
of solutions.

In conclusion, let us mention that an alternative approach for constructing
invariant measures for the Schrédinger equation with defocusing cubic nonlin-
earity was suggested by Tzvetkov [Tzv08]. His argument inspired by [LRS88]
is based on considering renormalized Gibbs measures for finite-dimensional ap-
proximations and passing to the limit as the dimension goes to infinity. He
proves that the resulting distribution is a non-degenerate Gaussian measure
concentrated on radial functions of low regularity.
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Notation

In what follows, we denote by D a bounded domain with smooth boundary,
by R the real axis, and by Z, the set of nonzero integers. We always assume
that Polish spaces are endowed with their Borel o-algebra and write £ for the
Lebesgue measure on R. Given any set A, we denote by I 4 its indicator function.
We shall use the following functional spaces.

L7 = L9(D) stands for the space of complex-valued measurable functions u(x)

such that
1/q
||u||Lq=< / |u<x>|de) <o
D

We regard L? as a real Hilbert space with the scalar product

(u,v) = Re/f)u(x)@dx

and denote by || - || the corresponding norm.

H*® = H*(D) denotes the Sobolev space of order s endowed with the usual
norm || - ||s.

{ej,7 > 1} stands for the complete set of normalised eigenfunctions of the
Dirichlet Laplacian. We denote e_; = ie; for j < —1, so that {e;,j € Z,} is an
orthonormal basis in L2.



2. Preliminaries

2.1. Stationary measures and a priori estimates

In this subsection, we have collected some known facts about the existence of
stationary solutions for problem (1.1), (1.2) and a priori estimates for them. We
shall assume that the coefficients b; > 0 entering (1.3) satisfy the inequalities?

B():Zb§<oo, B, = Zajb2<oo M—supr22 <oo. (2.1)
=1 .LED

In this case, it was proved in [KS04] that the Cauchy problem (1.1), (1.2) is
well posed in the space H}, and the corresponding Markov family has at least
one stationary distribution for any v > 0. The results listed in the following
proposition are either established in the papers [KS04, Oda06, Shi06] or can be
proved with the help of the methods used there.

Proposition 2.1. Under the above hypotheses, for any stationary solution u(t)
of (1.1), (1.2) the random processes Ho(u) and Hi(u) are semimartingales and
can be represented in the form

'Ho(u(t)):?{o(u(O))+l//(BOfHVu()H )ds + v > b /ujdw], (2.2)

JE€L

Hi(u(t)) = Hi(u(0)) + 1//0 (Bl — || Aul|* - 2/\(\u|2, |Vu|2) - /\(u2, (Vu)Q)
+2)\Zb2 (luf?,e3 >ds—|—f2/ (—Au+ Aul?u, e;)dw;, (2.3)

JE Ly

where we set b_; = b; for j > 1, u; = (u,e;), and w; = ,Bf for £5 > 1.
Moreover, there is a constant C > 0 not depending v such that
E [[Vul* = By, (2.4)
E (Jlullze + (Jul? [Vul?) +[lull3) < C(B1 + M By),

2.2. Local time for semimartingales

Let (2, F,P) be a complete probability space with a right-continuous fil-
tration {F;,t > 0} augmented with respect to (F,P), let {5} be a sequence
of independent Brownian motions with respect to F;, and let y; be a scalar
semimartingale of the form

t o0 t
e =10+ / wods + Y / 03 dp;, (2.6)
0 =/

20f course, the first inequality is a consequence of the second. We wrote it to define the
constant By.



where x; and 9{ are F;-adapted processes such that

t oo
IE/ (|xg|+2|9§’2> ds < oo for any ¢t > 0.
0 =

The following result is a straightforward consequence of Theorem 7.1 in [KS91,
Chapter 3.

Theorem 2.2. Under the above hypotheses, the random field
o) t t
Ai(a,w) = |y —a| —|yo —al —Z/ (4,00 (ys)0%dB; —/ Lta,00) (Ys)zsds (2.7)
=170 0

defined fort > 0 and a € R possesses the following properties hold.

(1) The mapping (t,a,w) — A(a,w) is measurable, and for any a € R the
process t — Ai(a,w) is Fi-adapted, continuous and non-decreasing. More-
over, for every t > 0 and almost every w € Q the function a — Ay(a,w) is
right-continuous.

(ii) For any mon-negative Borel-measurable function h : R — R, with proba-
bility 1 we have

2/0@ h(a)Ay (0, w)da = Z/O Wy )|6i2ds, t>0.  (2.8)
. 2

The random field A(a,w) is called a local time for y,, and (2.7) is usually
referred to as the change of variable formula.

3. Main results

3.1. Formulation

The following theorem, which is the main result of this paper, describes some
qualitative properties of stationary measures for (1.1).

Theorem 3.1. Assume that the coefficients b; entering the definition of the
random process C satisfy inequalities (2.1). Then the following assertions hold
for any stationary measure u, of problem (1.1), (1.2) with v > 0.

(i) Let by, # 0 for some k > 1 and let v € L? be a function non-orthogonal
to ey or e_i. Then the projection of u, to the vector space spanned by v
has a bounded density with respect to the Lebesgue measure. In particular,
Ly has no atoms for v > 0.

(ii) Let by, # 0 for some k > 1. Then there is constant C' > 0 not depending
on the sequence {b;} and the parameter v > 0 such that

po ({u € L? ¢ |Jul|2 < 6}) < CBy'/By + MBy 6§ for any & > 0.
(3.1)



(iii) Let bj # 0 for all j > 1. Then there is a continuous increasing func-
tion p(r) going to zero with r such that
o ({u € L* : Ho(u) € T}) + po ({u € L? : Ha(uw) € T}) < p(¢(T)) (3.2)
for any Borel subset I' C R.
Let us emphasize that the stationarity of u is important for the validity of
the conclusions of Theorem 3.1. A counterexample constructed by Fabes and

Kenig [FK81] shows that a solution of a one-dimensional SDE with a diffusion
term separated from zero may have a singular distribution (see also [Mar00]).

Theorem 3.1 immediately implies the results formulated in the Introduction.
Moreover, we have the following corollary.

Corollary 3.2. Under the hypotheses of Theorem 3.1, the following assertions
hold for any limiting point u of the family {u,,v > 0} in the sense of weak
convergence on L.

o Let by # 0 for some k > 1. Then p has no atom at uw = 0 and satisfies
inequality (3.1) in which w, is replaced by .
o Let by #0 for all j > 1. Then for any Borel subset I' C R we have
p({u € L? : Ho(u) € T}) + p({u € L? : Hi(u) € T}) < p(L(D)), (3.3)
where p is the function constructed in Theorem 3.1.

Proof. We shall confine ourselves to the proof of the second assertion, because
the first one can be established by a similar argument. It is well known that if
a sequence of measures i, converges to u weakly on L?, then

likm inf p1,, (G) < u(G) for any open subset G C L2.
— 00

Combining this with (3.1), we see that (3.3) holds for any open subset I' C R.
Now recall that if A is a Borel measure on R, then
A(T) =inf{\(G) : G DT, G is open}.

Combining this property with the continuity of p, we conclude that (3.3) is true
for any Borel set I' C R. O

The proof of Theorem 3.1 is given in Section 3.3. A key ingredient of the
proof is the following result established in the next subsection.

Proposition 3.3. Let us assume that the hypotheses of Theorem 3.1 are satis-
fied and let g € C%(R) be a real-valued function of at most polynomial growth at
infinity. Then for any stationary solution u(t,x) for (1.1), (1.2) and any Borel
subset I' C R we have

E/FH(a,oo> (g(llul*)) (g’(IIUII2)(Bo = [Vul?) +g"(||u||2)gzz b?u?) da

+ 3 BE(Ie(gul) (o (lal?) w)*) = 0. (3.4

JELy



8.2. Proof of Proposition 3.3

Let us fix any function g € C?(R) and consider the process f(t) = g(||u(t)]|?),
where u(t) is a stationary solution of (1.1), (1.2). It follows from (2.2) that f is
a semimartingale which can be written as

f(t) = £(0) + V/O Als)ds +2Vv Y bj/o g (lul*)ujdw;, — (3.5)

JELx

where we set

Alt) = 2(g'<||u||2>(Bo —IVull®) +g"(lul®) D b?U?)

JELx

Let A¢(a) be the local time for f. Then, in view of relation (2.8) with h = I,
we have

t
2/ A¢(a)da = 4v Z b?/ I[p(f(s))(g’(\|u||2)uj)2 ds. (3.6)
r j€z. 79
Taking the mean value and using the stationarity of u, we derive
2
J €Ly

On the other hand, by the change of variable formula (2.7), for any a € R we
have

Ai(a) = |f(t) —al = |f(0) —a| = 2v¥ ) bj/o Ia,00) (f ()9 (|[ull*)udw;

JEL«
t
v [ Mo (F)A) s,
0
Taking the mean value and using again the stationarity of u, we derive

EA(a) =~ E(I(a 00 (£(0)) A(0)).

Substituting this into (3.7) and recalling the definition of A, we arrive at the
required relation (3.4).

3.8. Proof of Theorem 3.1

Proof of (i). We repeat essentially the argument used in the proof of Propo-
sition 3.3. Let v € L? be a function non-orthogonal to e, or e_ and let uY be
the projection of u, to the vector space spanned by v. Then, in view of (1.1),
the stationary process z(t) = (u(t),v) is a semimartingale, its law coincides
with p7, and it can be written in the form

2(t) = 2(0) —l—/o g(s)ds++/v Z djw;(t),

JELx



where we set
g(t) = ((1/ +1i)Au — )\|u\2u,v), d; =b;(v,ej).

Note that either dj # 0 or d_j, # 0, whence it follows that

Do:= Y d5 #0.

JE€ELy

Let A} (a) be the local time for z. Then, by (2.8), for any Borel subset I" C R,
we have

t
2 [ M@ da =Dy [ TG ds 120
r 0
Taking the mean value and using the stationarity of z, we see that

2/(EA§(a)) da = \/vtDyP({z(0) €T}), t>0. (3.8)

On the other hand, by the change of variable formula (2.7), we have
t
A7 (a) = |2(t) — a| — |2(0) — af */0 L(a,00)(2(5))g(s) ds
ﬂfzd/a@<»m¢

JEL,

Taking the mean value and substituting the resulting formula into (3.8), we
derive

P({z(0) eT}) < \fD (Elg(0)])€(T). (3.9)
Using (2.5), we see that
Elg(0)] < CiE(Jlullzs + [[ull3) < Ca. (3.10)

Since the law of z(0) coincides with p%, combining (3.9) and (3.10), we conclude
that
pl(T) < Csv~Y24(T)  for any Borel set T' C R.

This inequality implies that p, has a bounded density with respect to the
Lebesgue measure.

Proof of (ii). Let us apply relation (3.4) in which I' = [, §] with @ > 0 and
g € C?(R) is a function that coincides with /x for z > a. This results in

g Bo — || Vul?
E/u H(a,oo)(”“”)( - 2[[u]| 4HU||3 Z b2 2)
+3 Zw@wwwwﬂ=&

JEZ




It follows that

? L(a,00) (1Jul]) 2 2 2 [ Vul?
IE/a ”u”3<230||u -> bju]) da < 2(5-@@( Tl ) (3.11)

JELx

Now note that
2By |[ull> = Y biul = Y (2Bo — b3)uj > Bollul]?,

JELx JEL
v 2
E(' - ) < C\E | Au]| < C5y/By + MBy,

where we used interpolation and inequality (2.5). Substituting these estimates
into (3.11) and passing to the limit as « — 0T, we derive

B
]E/O Lo ooy (lul}) |~ da < CsBy /By + MBo 6. (3.12)

We now fix a constant 6 > 0 and note that the left-hand side of (3.12) can be
minorised by

8 8
E/O Ta,5) (lulD)llul = da > 5*11@/0 Lia1([[u]]) da

B
=4 /o P({a < ||ul| < 6}) da.

Substituting this inequality into (3.12), we obtain

1 B
B/ P({a < |ull < §}) da < CsBy /By + MBy 6.
0

Passing to the limit as 3 — 0 and recalling that y, has no atom at u = 0, we
arrive at the required inequality (3.1).

Proof of (iii). Tt suffices to show that each term on the left-hand side of (3.2)
can be estimated by p(¢(I")). We begin with the case of the functional Ho(u).
Applying relation (3.4) with g(x) = « and T replaced by 2T', we obtain

E(Hp(Ho(u))gZ:* b?u?) < /2FE(H(G7OO)(Hu||2)HVuH2> da < 2Bol(1), (3.13)

where we used (2.4) to get the second inequality. We wish to estimate the left-
hand side of this inequality from below. To this end, note that if |u| > ¢ and
|lull2 < 6'/2, then for any integer N > 1 we have

Y uibiv<|u||2 > u)

jEL. 0<|j|<N li|>N

> b?v(u||2 - aNilnAun?) > (8 — ax2,67Y).



where by = min{b;,1 < j < N}. Choosing N = N(J) sufficiently large, we find
an increasing function €(§) > 0 going to zero with § such that

Z u > e(6)  for [jul| > 6, |julls <5712 (3.14)
JELx

Define now the event G5 = {||u(0)|| < & or ||u(0)|2 > v/§} and note that, in
view of (3.1), (2.5), and Chebyshev’s inequality, we have

P(Gs) < P{|lul| < 6} + P{||ull2 > V§} < Crd.
Combining this with (3.13) and (3.14), we write
P{Ho(u) € I'} = P({Ho(u) €T} N Gs) + P({Ho(uv) € T} NGS)
< C70+¢(8) 1E<]Ip Ho(u)) > blu 2)

JEL
< Cr6 + Cge(8)71(T).

This inequality immediately implies the required result.

To prove the estimate for Hj(u), we use a similar argument; however, the
calculations become more involved. A literal repetition of the proof of Proposi-
tion 3.3 enables one to show that

S VE (Hp H (1)) (—Au + Alul?u, e;) ) < C5/(T)E (||Au|\2 (|u|2,|Vu|2))

JEL,
< Cy(By + MBy)((I), (3.15)

where we used (2.5) to derive the second inequality. Let us estimate from below
the following expression arising in the left-hand side of (3.15):

E(u) = Z b?(—Au + )\|u\2u,ej)2.
JELx

Denoting by A, the operator —A + A|u|?, we see that (A,v,v) > aqljv|? for
any v € H2 N H}. 1t follows that

S (Auu o) > aaul. (3.16)
JELy
On the other hand, for any integer N > 1, we can write
Z (Ayu,ej)uj; = Z (Auu, e;)uj + (Ayu, Qnu)
JELx 0<|j|<N

1/2

Sb;f||u||< 3 b?(Auu,en?) Al Qe

0<|j|<N

< by llullv/E(w) + ot | Au] ([Aull + Allullfs),  (3.17)

10



where Qn : L? — L? stands for the orthogonal projection onto the subspace
spanned by e;, |j| > N, and we used the inequality ||Qnu|| < ay'||Aul|. Com-
bining (3.16) and (3.17), we see that, if |[ul| > ¢ and [|Aul| + [|Jul3s < 671,
then

VE(u) = by (a1||U|| — oyl [ Aull (| Aull + >\||U\|is))
> by (16 — ay' (L+A)?).

Choosing N = N(0) sufficiently large, we find an increasing function £(J) > 0
going to zero with § > 0 such that

Z b?(—Au+)\|u\2u,ej)2 >e(8) for |lull >4, [|[Aul| + |JullFs <6
JELx

The required upper bound for P{H;(u) € T'} can now be derived from (3.15)
in exactly the same way as for the case of Hy. The proof of Theorem 3.1 is
complete.
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