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Abstract—We discuss the inviscid limits for the randomly forced 2D Navier—Stokes equation
(NSE) and the damped/driven KdV equation. The former describes the space-periodic 2D
turbulence in terms of a special class of solutions for the free Euler equation, and we view the
latter as its model. We review and revise recent results on the inviscid limit for the perturbed
KdV and use them to suggest a setup which could be used to make a next step in the study of
the inviscid limit of 2D NSE. The proposed approach is based on an ergodic hypothesis for the
flow of the 2D Euler equation on iso-integral surfaces. It invokes a Whitham equation for the
2D Navier—Stokes equation, written in terms of the ergodic measures.
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INTRODUCTION

We consider the 2D Navier-Stokes equation (NSE) under the periodic boundary conditions. The
equation is perturbed by a Gaussian random force which is smooth in the space variable, while as
a function of time it is a white noise. We are interested in the inviscid limit for the NSE, i.e., in
the behaviour of its solutions when the viscosity goes to zero. It is not hard to see that in order
to have a limit of order one the force should be proportional to the square root of the viscosity
(see |9, Section 10.3]). Accordingly, we consider the following equation:

U —vAu+ (u-Vu+ Vp =+vnt, ), 0<v<l,

(1)
divu =0, u=u(t,z) € R?, p = p(t,z), x € T? = R?/(2nZ?).

It is assumed that [udz = [ndx = 0 and that the force 7 is divergence-free and is non-degenerate
being interpreted as a random process in a function space (see Section 1). It is known that equa-
tion (1) defines a Markov process in the function space

H= {u(:c) e L*(T%R?) ‘ divu =0, /ud:r: = O}
T2
and that this process has a unique stationary measure pu,. This is a probability Borel measure

in H which attracts distributions of all solutions for (1). Let u,(t,z) be a corresponding stationary
solution, i.e.,

Du,(t) = py.-
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EULERIAN LIMIT FOR 2D NAVIER-STOKES EQUATION 129

It is proved in [8] (see also [9]) that when v — 0 along a subsequence, the random field w, (¢, x)
converges in distribution to a non-trivial limit U (¢, x) (a priori depending on the subsequence), which
is a random field, stationary in ¢, H2-smooth in x, and such that each its realisation U (¢, x) satisfies
the free Euler equation (i.e., equation (1) with v = 0). Accordingly, the marginal distribution
o = DU(0) is an invariant measure for the Euler equation. The process U is called an Eulerian
limit. See Theorem 1.1 below.

The estimates for the stationary solutions u, (see (1.1) below) imply that E [ |u, (t,z)[*dz ~ 1
for all v. That is, the characteristic size of the solution u, remains ~1 when v — 0. Since the
characteristic space scale is also ~1, the Reynolds number of u, grows as v~! when v decays to
zero. Hence, the Eulerian limits U (¢, x) describe the transition to turbulence for space-periodic 2D
flows that are stationary in time.! So the study of the Eulerian limits is equivalent (at least, i
closely related) to the study of 2D turbulence that is stationary in time and periodic in space.

The Euler equation under the periodic boundary conditions has an infinite-dimensional integral
of motion I = I(u), where u(-) — I(u(-)) is a map with values in a certain metric space B. In
Theorem 1.2 we show that the measure py = DU(0) may be disintegrated as?

to = [ v dA(b). (2)
/

Here A = I o g is the image of the measure pg under the map I and y,, b € B, is a measure on
the iso-integral set {I(u) = b}, invariant for the Euler flow.

The Eulerian limit Theorem 1.1 supports the popular claim that the 2D Euler equation describes
2D turbulence, while the measure g and its disintegration (2) specify this claim. Accordingly, the
properties of solutions for the Euler equation are relevant for 2D turbulence if they correspond to
a set of vector fields u in H of positive pg-measure. For example, it is known that some steady
solutions of the Euler equation are its Lyapunov-stable equilibria (see |2, Addendum 2| and [1]).
They are relevant for 2D turbulence if the corresponding set of values of the vector integral I has
positive A-measure.

The task to study the limiting measure o and the measures v, and X is (very) difficult. To
develop corresponding intuition, in Section 2 we discuss as a model for (1) the damped/driven KdV
equation under the periodic boundary conditions:

U — Vg + Ugpgr — 6uuy = Von(t, x),
1 3
xeT =R/2nZ, /udx_/ndx_o

This equation is obtained by replacing the Euler equation in the NSE (1) by the KdV equation
U + Uypzpy — Obuuy = 0, i.e., by replacing one Hamiltonian PDE with infinitely many integrals of
motion by another. The inviscid limit for equation (3) is studied in [7]. It is shown there that
the limiting solutions are stationary processes U(t,x) formed by smooth solutions of KdV. In this
case the disintegration (2) simplifies significantly: now the measures 4y, are the Haar measures in
infinite-dimensional tori, and A is a measure on the octant R%°, which is a stationary measure for
an SDE obtained as the Whitham averaging of equation (3). See Theorem 2.1 in Section 2.

In Section 3 we use the results for the inviscid limit in equation (3) as a pilot model to study
the disintegration (2), and suggest three assertions describing the objects involved there.

Notations. P(M) denotes the set of probability Borel measures on a metric space M; DE
denotes the distribution of a random variable &; f o p stands for the image of a measure p under a
map f; and the symbol — indicates x-weak convergence of Borel measures.

IThis kind of 2D turbulence is usually modeled by the 2D NSE stirred by a stationary random force.
In Theorem 1.2 the result is stated in an equivalent form, where the Euler equation is written in terms of vorticity.
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130 S.B. KUKSIN

1. THE EULERIAN LIMIT AND ITS VORTICITY

We first specify the force 7 in the 2D NSE (1). Let (e, s € Z?\ {0}) be the standard trigono-
metric basis of H:

es(z)

VL) = [

depending on whether s1 4 5205, 0 > 0 or s1 + 5205,,0 < 0. The force 7 is

ne) = S, () = 2 o)

where {bs} is a set of real constants satisfying
by=b_s#0 Vs, Y [s]b} <o

and {fs(t)} are standard independent Wiener processes.

Let u, be the stationary measure for (1) and u,(t,z) be a corresponding solution stationary in

time. It is known to be stationary (=homogeneous) in x, and a straightforward application of Ito’s

formula to ||u, (t)||3 and |lu,(t)||? implies that
1

E|lu, (t)[} = 5 Do E|lu, (t)[3 =

where we denote B; = 3 |s|%b2 for I € R (note that By, By < oo by assumption); see, e.g., [9].
The theorem below describes what happens to the stationary solutions u, (¢, z) as v — 0. There
we denote by H!, I > 0, the Sobolev space H N H!(T?; R?) with the norm

lull = </((—A)l/2u(fc))2 dw>1/2- (1.2)

For a proof of the theorem see [8, 9.

By, (1.1)

N =

Theorem 1.1. Any sequence v; — 0 contains a subsequence v; — 0 such that
Du,,(-) = DU(-)  in P(C(0,00;H")).

The limiting process U(t) € HY, U(t) = U(t,z), is stationary in t and in x. Moreover, the following
assertions hold:

1. (a) Its every trajectory U(t,x) is such that
U(-) € Latoc(0,00,H?),  U(-) € Litoc(0, 005 HY);

(b) it satisfies the free Euler equation

w(t,z) + (u-V)u+ Vp =0, divu = 0; (1.3)
() [U@)]|o and [|[U(t)||1 are time-independent quantities. If g is a bounded continuous func-
tion, then
/g(rot U(t,z))dx (1.4)
T2

s also a time-independent quantity.

2. For each t > 0 we have E|U(t)||? = 3By, E[|U(t)||3 < By and Eexp(a||U(t)[|}) < C for
some o >0 and C > 1.
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EULERIAN LIMIT FOR 2D NAVIER-STOKES EQUATION 131

Due to assertion 1(b), the measure j1p = DU(0) is invariant for the Euler equation. By assertion 2
it is supported by the space H? and is not the §-measure at the origin.

Below we denote by H' = H!(T?) the Sobolev space of functions with zero mean value on the
torus T¢, d = 1 or 2. The norm in this space is denoted by || - [|;, i.e., as the norm in H!, and is
defined as in (1.2).

Let us write the Euler equation (1.3) in terms of the vorticity £(¢, z) = rot u(t,x) = dus /01 —
Ouy /0xo:

E4 (u-V)E=0, u=Vi(-A)"te (1.5)

Here V+ = (0/0x9, —0/0x1)" and A is the Laplacian operating on functions on T? with zero mean
value. By Theorem 1.1, V = rot U satisfies (1.5) for every value of the random parameter. Now
we show that V(¢) belongs to a certain function space K where (1.5), supplemented by an initial
condition £(0) = &y € K, has a unique solution, continuously depending on £y. To define this space,
we first set

K ={u€ Latoc(R;H?) | &1 € Ly1oc(RyHY) }

with the topology of uniform convergence on bounded time intervals. This is a Polish space (i.e.,
a complete separable metric space). Next we define K as the set of solutions for (1.3) belonging
to K. This is a closed subset of I and so is also a Polish space. The group of flow-maps of the
Euler equation acts on K by time shifts which are its continuous homeomorphisms. Now consider
the continuous map

7 K — HO(T?), u(t, ) — rotu(0, x).
Due to a Yudovich-type uniqueness theorem (see Lemma 3.5 in [8]), 7 is an embedding. We set
K =7(K)

and provide K with the distance induced from K. It makes K a Polish space (we do not know if K
is a linear space or not, i.e., whether it is invariant with respect to the usual linear operations). It
follows from the results of [3] that H?(T?) C K. So

H*(T?) c K ¢ HY(T?), (1.6)

where the embeddings are continuous.
Due to what was said above, the Euler equation defines a group of continuous homeomorphisms

Syt K — K, teR. (1.7)
Theorem 1.1 shows that U(-) € K for each value of the random parameter. Therefore, the measure
6 =DV (0) =rot o ug

is supported by K (i.e., 0(K) = 1). Since S; 06 =DV (t) and V(¢) is a stationary process, 6 is an
invariant measure for the dynamical system (1.7). By the estimates in assertion 2 of Theorem 1.1,
it is supported by the space K N H(T?) and [ exp(c|v||3) #(dv) < oo.

Our next goal is to express assertion 1(c) of Theorem 1.1 in terms of the measure . Let us denote
by P(R) the set of probability Borel measures on R furnished with the Lipschitz-dual distance

dist(m/,m") = sup|(m’, f) — (m", f),
fec
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132 S.B. KUKSIN

where £ is the set of all Lipschitz functions f on R such that Lip(f) < 1 and |f| < 1. This is
a Polish space, and the convergence with respect to the introduced distance is equivalent to the
x-weak convergence of measures (see [5]). Due to (1.6) the map

M: K —PR), & E&o((2m) 2dr),

is continuous. Indeed, for any f € £ we have

(M ) — (M. )| = \ (6@ - s@wn) en i

< [16 - &alem e = o)
as  dist(&1,&2) — 0,

where we use (1.6) to get the last equality. Therefore, the map
U: K—=PR) xRy =:B, &)~ (M(E),lIEll-1),

is also continuous.

Repeating (say) the arguments in [8, 9] which prove assertion 1(c) of Theorem 1.1, we find that
each trajectory u(t,z) of (1.3) belonging to the space K satisfies U(u(t)) = const. Recalling the
definition of the flow-maps S, we see that they commute with W. That is,

St Kp — Ky VteR (18)

for every b € B. Here
Kp=0¢"'b)CcK, beB.

Clearly, Ky, is a closed subset of K, and it is not hard to see that it is not compact. We provide Ky,
with the induced topology.

Let us denote A = W o 6. This is a measure on Borel subsets of the Polish space B.

Theorem 1.2. There exists a family {0y, b € B} of measures on Borel subsets of K with the
following properties:

1. 6p(Kyp) =1 for each b, the function b +— 0y(A) is Borel-measurable on B for any Borel set
ACK, and

(AN T (D)) = /eb(A) dA(b) (1.9)
D

for any Borel set D C B.

2. For A-a.a. b € B the measure 0y, (interpreted as a measure on Borel subsets of Ky,) is
invariant for the dynamical system (1.8).

Proof. 1. This group of assertions makes the statement of the disintegration theorem applied
to a measurable map

U: (K, A,0)— (B, B, ),

where A and B are the Borel sigma-algebras for the Polish spaces K and B. For the case when K
and B are locally compact sets, the theorem is proved in [4]. The case of arbitrary Polish spaces
reduces to the above case since the measure spaces (K, .A) and (B, B) are both isomorphic to the unit
segment [0, 1] with the Borel sigma-algebra, by means of some measurable isomorphism (see [5]).
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2. Since the measure 6 is invariant for the dynamical system (1.7) and since ¥ commutes with
the flow-maps S, for any Borel sets A C K and D C B we have [, 0p(A) dA\(b) = [, 0(S:A) dA(b).
That is,

/eb d\(b) = /(St o 0) dA(b),

D D

where the integrands are vector functions with values in the linear space of signed Borel measures
on K. Hence, 0, = S; o 0, for M-a.a. b, as stated. [

2. THE KdV-MODEL

In this section we discuss the inviscid limit in the equation (3) as a model for the Eulerian limit.
The results described below are obtained in [7].
The force n in (3) is assumed to have the same form as the force in Section 1:

1= bes(s).

s€Z\{0}

Here

cossr, s>0,
es(z) =4 .
sinsz, s<0,

{Bs(t)} are standard independent Wiener processes, and the coefficients by satisfy
bs =b_s#0 Vs, bs < Cpls|™ Vm,s

with suitable constants C,,.

For the same reasons as for the NSE, equation (3) has a unique stationary measure. Let u, (¢, x),
t > 0, be a corresponding stationary solution. It is also stationary in z, and its Sobolev norms satisfy
the following estimates uniformly in v > 0:

EclvOl <0, <00, Elu |, < G < 00 (2.1)

for a suitable o > 0 and for all m and k (see [7]). These estimates allow one to prove an analog of
Theorem 1.1 for equation (3), i.e., to establish that any sequence 7; — 0 contains a subsequence
vj — 0 such that

Duy,(-) — DU(-) in P(C(0,00; H™))

for each m. The limiting process U(t) = U(t,x) is stationary in ¢ and in z and satisfies esti-
mates (2.1). Its marginal distribution

0 = DU(0)

is an invariant measure for KdV, and its every realisation U(¢,x) is a smooth solution for KdV.
Solutions of that equation have infinitely many integrals of motion. The realisation of these integrals
that was studied in [10, 6] (see also |7]) is the most convenient one for our purposes. These integrals
are non-negative analytic functions I, I», ... on the space H°, and in contrast to the integrals for
the Euler equation, the structure of the iso-integral sets

Tr={ul|Lj(u)=1; >0V }
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134 S.B. KUKSIN

is now well understood. Namely, each 77 is an analytic torus in H? of dimension |7 (I)| < oo, where
J(I) ={j | I; > 0}. Moreover, the torus 17 carries a cyclic coordinate ¢ = {¢;, j € J(I)} such
that in the coordinates (I, ) the KdV-dynamics takes the integrable form

where the frequency vector W ([I) is analytic and non-degenerate in I. The Haar measure dy on any
torus 77 is invariant for this dynamics. Since the map I — W ([) is analytic and non-degenerate, this
is a unique invariant Borel measure on 77 for a “typical” I. It turns out that the limiting measure 6
is supported by the set {u € H>* = (YH™ | I;(u) > 0 Vj}, which is measurably isomorphic to a
Borel subset of RS x T°°. Under this isomorphism, ¢ can be written as

0 =\ x dop, (2.2)

where A = DI(U(0)) is a Borel measure on RY°. This is a KdV-analog of the disintegration (1.9).
It simplifies compared with the NSE-case since, firstly, the iso-integral sets 17 are isomorphic to
tori, while the topology of the sets K}, is unknown, and, secondly, any set 17 carries the simple
KdV-invariant measure dy, which is typically a unique invariant measure, while the structure of
the invariant measures 6y, in (1.9) is unknown.

To describe the measure A in (2.2), we apply Ito’s formula to equation (3) and the map u — I(u),
and pass to the fast time 7 = v~ in the obtained equation. We get a system

Iy (1) = Fp(u)dr + Y ogi(u)dBi(r),  k=1,2,... (2.3)
J

(see |7, Section 3]). This is an infinite-dimensional SDE with the drift Fj and the diffusion matrix
agl = Zj oyjoyj. Clearly, I,(t) = I(u,(t)) is a stationary solution for this system. Let us define the
averaged drift and the averaged diffusion matrix as follows:

() (1) = / Fuu(p) dp,  {a)(I) = / ax(u()) dip (2.4)

17 Ty

(u(p) is a point in T7 with the coordinate ).

Theorem 2.1. FEwvery sequence v; — 0 contains a subsequence v; — 0 such that the process
I(uy, (7)) (where T = v='t) x-weakly converges in distribution in the space P(C(0,00; H®)) to a
stationary process I(T), which is a solution for the martingale problem with the drift and diffusion
as in (2.4). The law DI(0) equals A = DI(U(0)). Its finite-dimensional projections® are absolutely
continuous with respect to the Lebesgue measure, and all moments of all norms |I|,, = Y |I;|i™
with respect to the measure X\ are finite.

Thus, the averaged martingale problem, which can be formally written as
t\1/2
dI(r) = (F)(I)dr + ({a)(a)")""(1) dB(7), (2.5)
describes the limiting behaviour of the stationary measures Du,,, (t). Indeed, the limiting (as v; — 0)

measure may be written in the form (2.2), where X is a stationary measure for (2.5). It is plausible
that (2.5) has a unique stationary measure \. If so, then Du,(t) — A X dp as v — 0.

3That is, images of A\ under the maps I — (I1,..., ) C RY, M € N.
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3. ERGODIC HYPOTHESIS FOR THE EULERIAN LIMIT

We believe that the damped/driven KdV equation (3) is a right model for the Eulerian limit
(that is, a right model for the space-periodic stationary 2D turbulence). Guided by this belief,
below we make statements 1-3 which specify the results of Section 1 concerning the Eulerian limit.
Crucial among them is the first one, which is an ergodic hypothesis for the Euler equation on a
typical iso-integral set K. We cannot prove the three statements, but, firstly, we believe that the
validity of their analogs for the KdV-model justifies the assumptions to some extent and, secondly,
we can prove some fragments of the picture given by the assumptions (the corresponding results
will be published elsewhere).

1. Every non-empty set K3, carries a measure my,, invariant for the Euler flow (1.8), such that
for a.a. u € H with respect to any stationary measure p, we have

lim T‘l/f(Stu) dt = (f,mp), b = U(u). (3.1)

T—o00

For A\-a.a. b the measure my, coincides with 6y, in (1.9).

Let u(t,z) be a solution of (1). Then the vector b(t) = W(u(t)) € B satisfies an SDE. To
describe it, we introduce the space C = Cp(R) x R and denote by (-,-) its natural pairing with
P(R) x R D B. For any f € C we set

Applying Ito’s formula to ug = W¢(u), where u(t) satisfies (1), and passing to the fast time 7 = vt,
we get

dug(T) = ))dr + Z oes(u(7)) dBs(T). (3.2)

Here Fy and {o¢s, s € Z? \ 0} are smooth functions on H (depending on the coefficients bs) and
{Bs(7)} are new standard Wiener processes.
2. Let u,(t) be a stationary solution of (1). Then, along a subsequence v; — 0, the process

U (u, (7)) converges in distribution to a limiting process b(7). This is a stationary Ito process in B
such that for any f € C the process bg(7) = (b(7), f) has the drift

(F)t(b) = (Fe(u),mp) = /Ff(U) myp (du), (3.3)

Ky,

and for any f;,f; € C the processes bg, and bg, have the covariation

a)gt, (b <Z ofs(u)o,s(u b>; (3.4)

L.e., the processes by, (1) — [ (F )) ds and bg, (1) — [ (F )) ds are martingales and their
bracket equals (a)g £, (b(7)).

That is to say, the limiting process b(7) is a martingale solution for a stochastic differential
equation in the space B with the drift (F)(b) and the covariance (a)(b). This is the Whitham
equation for the 2D NSE (1).

In contrast to the KdV case, the space B does not have a natural basis, and we cannot naturally
write this equation as a system of infinitely many SDEs. Still we can find a countable system of
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vectors f; € C such that their linear combinations are dense in C, and use these vectors in (3.3)
and (3.4). In this way we write the Whitham equation above as an over-determined system of SDEs.

We can write down the Whitham equation using in (3.3) and (3.4) the measures 6}, instead of
the measures my, i.e., without invoking the ergodic hypothesis 1. But if the hypothesis fails, then
the measures 0 may depend on the sequence v; — 0 in Theorem 1.1. In this case the Whitham
equation seems to be a useless object.

3. The distribution of the limiting process b(7) is independent of the sequence {v; — 0}.
Accordingly, the measure § = Db(0) is also independent of the sequence, and

Uopu, —0, uyéuoz/me(db)

as v — 0.

The crucial assumption for the scenario above is the ergodic hypothesis 1. We assume there
that (3.1) holds for p,-a.a. initial data (rather than for all of them) since the analogy with the
damped /driven KdV suggests that the dynamics {S;} may be non-ergodic (i.e., “resonant”) on some
atypical sets K.

The task of proving hypothesis 1 and finding out the properties of the measures my, seems to
be very difficult. In particular, it is not clear for us which role in this problem plays the fact that
the group of area-preserving diffeomorphisms of T? acts transitively on the set of equidistributed
functions K, = Ube]R+ Kmzp), m € P(R).

Although the measures my, are unknown, the averaged drift and covariance (3.3) and (3.4), which
characterise the limiting equation, can be calculated by replacing the ensemble-average by the time-
average (see (3.1)). So the validity of the suggested scenario 1-3 may be verified numerically by
comparing ¥ (u, (7)) with solutions for the limiting equation.
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