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EQUIVALENCE OF INVARIANT MEASURES AND
STATIONARY STATISTICAL SOLUTIONS FOR THE
AUTONOMOUS GLOBALLY MODIFIED NAVIER-STOKES
EQUATIONS

PETER E. KLOEDEN, PEDRO MARIN-RUBIO, AND JOSE REAL

ABSTRACT. A new proof of existence of solutions for the three dimensional
system of globally modified Navier-Stokes equations introduced in [3] by Cara-
ballo, Kloeden and Real is obtained using a smoother Galerkin scheme. This
is then used to investigate the relationship between invariant measures and
statistical solutions of this system in the case of temporally independent forc-
ing term. Indeed, we are able to prove that a stationary statistical solution is
also an invariant probability measure under suitable assumptions.

1. Introduction. Let Q C R? be an open bounded set with regular boundary T,
and consider the following system of Navier-Stokes equations (NSE) on Q with a
homogeneous Dirichlet boundary condition

% — AUt (- V)ut Vp=f(t) in (0,+00) x Q,

V-u =0 in (0,400) x £,
u=0 on (0,400) x T,
u(0,z) = uo(z), =€,

where v > 0 is the kinematic viscosity, u is the velocity field of the fluid, p the
pressure, ug the initial velocity field, and f(t) a given external force field.

There exist many modified versions of Navier-Stokes equations due to Leray
and others with mollification (and/or cut off) of the nonlinear term as a way to
approximate the original problem, see for instance the review paper of Constantin
[1]. We also mention the paper [5] by Flandoli and Maslowski with a global cut off
function used in a 2-dimensional stochastic context.

In 2006, Caraballo, Kloeden and Real (cf. [3]) proposed a 3-dimensional model
where the nonlinear term included a cut off factor F(||lu||) based on the norm of
the gradient of the solution in the whole domain. Namely, for N € (0, +o0) the
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function Fy : [0, +00) — (0, 1] is defined by
) N
Fn(r):=minq1l,— 3, 7r€]0,+00).
r

They called the resulting system
ou
5
V-u =0 in (0,400) x £,
u=0 on (0,400) x T,

vAu+ Fy (lul) [(u- V)u] + Vp = f(£) in (0,+00) x O,
(1)

U(O,]}) = ’LLO(.T), T e Qa

the globally modified Navier-Stokes equations (GMNSE) and established the well-
posedness of the model, in particular the absence of blow-up of solutions, as well
as the existence of global V —attractors and certain relationships with the original
NSE model. See also [7, 8] for other studies and applications of the GMNSE as
well as the review paper [2].

Foias et al. [6] (see also the papers cited therein) have made a very systematic
study of invariant measures and statistical solutions of the NSE models in 2 and
3 dimensions. This investigation was continued in [1] by Caraballo, Kloeden and
Real for the GMNSE, who proved the existence of time-averaged measures, then of
invariant measures and finally that any invariant measure is a stationary statistical
solution. We note that a relation between a family of time-average probability
measures and the pullback attractor of a non-autonomous version of the NSE was
established in [10].

Our aim in this paper is to establish the inverse of the last result in [4], i.e. that
a stationary statistical solution of the GMNSE is an invariant probability measure,
which we prove under suitable assumptions.

The structure of the paper is as follows. We recall some preliminaries on the
used functional spaces, definitions and existence results in Section 2. In Section
3 we establish a new proof of the existence of strong solutions for the GMNSE
with a different approach from that used in [3] since we need more regularity on the
Galerkin approximations. Estimates in D(A) are obtained for these solutions of the
new Galerkin scheme in Section 4. Then, in Section 5 we establish our main result,
Theorem 15, proving under additional assumptions that a statistical solution is an
invariant probability measure. Finally, to improve the clarity of the paper, proofs
of some technical results used earlier are given in the Appendix.

2. Preliminaries. To set our problem in the abstract framework, we consider the
following usual abstract spaces (see Lions [9] and Temam [12, 13]):

= {u € (C°(0)? : divu = o},

H = the closure of V in (L?(£2))? with inner product (-,-) and associated norm |-|,
where for u,v € (L?(2))3,

3
ww=;éwmwm,
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V' = the closure of V in (Hg(9))? with inner product ((,-)) and associated norm
|-l , where for u,v € (HZ(£2))3,

3

(wo) =3 0 0 4,

Q Bxl 6$l

,j=1

It follows that V. € H = H' C V', where the injections are dense and compact.
Finally, we will use |||, for the norm in V" and (-, -) for the duality pairing between
V and V.

Now we define the trilinear form bon V x V x V by

3
v
b(u, v, w) = Z/Quia—;}]'wjdx, Yu,v,w €V,

ij=1
and we denote
by (u,v,w) = Fn(|lv]))b(u, v,w), Vu,v,weV.

The form by is linear in v and w, but it is nonlinear in v. Evidently we have
by (u,v,v) =0, for all u,v € V. Moreover, by the properties of b (see [L1] or [12]),
there exists a constant C; > 0 only dependent on 2 such that

[b(u, v, w)| < Cu [lull[oll[w]Hlw]|**, Vu,v,w eV, (2)
1b(u, v, w)| < Cu lul P4 [oll w4 [w]*4, Vu,v0,w eV, 3)
[b(u, v, w)| < Crflulllofllw],  Vu,v,we V. (4)

Thus, if we denote
(Bn(u,v),w) =by(u,v,w), Vu,v,weV,
we have for example
BN (u, v)[l« < NCy Jull,  Vu,veV. ()

We also consider the operator A : V' — V' defined by (Au,v) = ((u,v)). Denoting
D(A) = (H*(R2))3 NV, then Au = —PAu,Vu € D(A), is the Stokes operator (P is
the ortho-projector from (L?(£2))% onto H).

We recall (see [12] and [11]) that there exists a constant Co > 0 depending only
on {2 such that

|b(u, v, w)| < Ca|Aul|jv|||w|, Yue D(A),veV,weH, (6)
[b(u, v, w)| < Colul* Au[**||v][[w], Vu e D(A),ve V,weH, (7)
b(u, v, w)| < Co|lul|*?|Au|?||lv|||w|, Yue D(A),veV,weH, (8)
[b(u, v, w)| < CollulllJo]]'/2[Av]'*|wl, Vu e V,ve D(A),we H, (9)

b(u, v, w)| < Colul|v]|*/?|Av|*?|w|, Yue H,ve D(A),weV. (10)
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Definition 1. Let ug € H and f € L*(0,T;(L*(Q))3) for all T > 0 be given. A
weak solution of (1) is any u € L*(0,T;V) for all T > 0 such that

{ u'(t) + vAu(t) + By (u(t), u(t)) = f(t) in D'(0, +00; V'),
u(0) = ug,

or equivalently
(ult) ) +v [ (s w)ds+ [ by (ule).ule).w) ds
= (ug,w) —|—/ (f(s),w) ds, forallt>0andallweV.
0

Remark 2. Observe that if u € L?(0,T;V) for all T > 0 and satisfies the equation
o' (t) + vAu(t) + By (u(t),u(t)) = f(t) in D'(0,+oo0; V'),

then, as a consequence of (5), u/'(t) € L*(0,T;V’), and hence (see [13]) u €
C([0,+00); H) and satisfies the energy equality

(O = Ju(s)]? + 2y/ u(r)|[2 dr = 2/ (F(r),u(r) dr  for all 0 < s <t

The following result was proved in [3].

Theorem 3. [cf. [3, Th.7(a)]] Suppose that f € L*(0,T;(L*(Q))3) for all T > 0,
and let ug € V' be given. Then, there exists a unique weak solution u of (1), which
is in fact a strong solution, i.e., it satisfies

u € C([0,T]; V)N L*(0,T; D(A))  for all T > 0.

In the next section, for technical reasons, we obtain a similar result on existence
of solution (see Proposition 5 and Remark 6 below), using a different Galerkin
approximation from that used in [3].

3. A smooth Galerkin approximation for GMNSE. By regularity require-
ments for the manipulations in the proof of our main result (cf. Theorem 15), we
need to introduce a new Galerkin approximation scheme for the GMNSE.

Our first step is to consider a family of smoother functions that approximates
the truncated term Fy appearing in the GMNSE. This can be carried out in the
classical way, by mollification.

Let {pm, m > 1} € C*(R) be a regularizing sequence in R, i.e., such that
0 < pm(r) < 1, the support of p,, is included in the interval [—1/m,1/m], and
Jg pm(r)dr =1, for all m > 1.

Let us consider Fy prolonged as Fn(r) = 1 if » < 0, and denote Fy ,, the
convolution p,, * Fiy, i.e.,

Fnom(r) = /Rpm(r —s)Fn(s)ds VreR. (11)

It is well known that Fy ,, € C*(R) N L>(R), and also Fy ., (r) — Fn(r), as
m — +00, uniformly on bounded subsets of R. Moreover,

0 < Fnm(r) < |FNllpewy =1 VreR, ¥Ym>1

In fact, this last estimate can be improved. The following result concerning the
functions Fy ,, holds.
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Lemma 4. The functions Fiy y, defined by (11) satisfy the following inequalities:

0<rFnm(r)<N+1 Vr>0, Vm>1 (12)
|IFym(r) <1/N VreR, Vm>1 (13)
N+1 N +1)2
1l < 2 e < B vz 0 vmz )
Fyn(r)=0 Vr<1/m, Vm>2/N. (15)

Its proof is given in the Appendix to avoid distracting from the main flow of
ideas here.

Now, let us denote By (v, v) the element of V' defined by
(Bn,m(v,0), w) = Fym([[v])b(v,v,w) Vu,weV.
Consider the Galerkin approximations for the GMNSE given by
uh, + VAU, + P BN (Um, um) = P f,  um(0) = Ppug, (16)

where wp, = 3070, U, b, Aupm = 0L, Njum,j¢;. Here the \; and ¢; are the
corresponding eigenvalues and eigenfunctions (orthonormal in H, orthogonal in V)
of the operator A and P, is the projection onto the subspace of H spanned by
{¢1a LR ¢m}

Now, we establish the main result of this section, which provides a new proof of
the existence of solution given in Theorem 3.

Proposition 5. Under the above notation, if f € L*°(0,T;H) for all T > 0, the
scheme (16) is well defined, i.e. for each ug € V, there exists a smooth family (C* in
time) of functions {um,}, solutions of (16), that are defined in (0,+00). Moreover,
there exists a subsequence of {um }m that converges (in several senses) to the unique
solution of (1).

Remark 6. The assumption f € L>(0,T; H) instead of L*(0,T;(L*(Q))3) as in
Theorem 3 is not essential, but only for simplicity in the notation. Indeed, since
projector operators are involved in the test-functions space, there is no restriction
in considering f taking values in H instead of (L?(Q))3. On the other hand, the
stronger requirement in time, L™ instead of L?, is also for the sake of convenience
in the calculus. Observe that our final goal in Section 5 is with an autonomous term

f.

Proof. [of Proposition 5] The existence and uniqueness of local solution of (16) is a
consequence of the Picard Theorem, and the fact that the local solution is a global
one defined in the same interval of time as f is in view of the estimates (19) and
(24) below.

After that, we will proceed by the compactness method: firstly proving uniform
estimates for u,, in H and then in V. Observe that for the estimates in H we only
need ug € H.

Fix a value T" > 0 and let us denote

| floo = I fllos0,7:m)-
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It is standard that if we take the inner product of the Galerkin ODE (16) with
Uy, and use (U, Um, Um) = 0, we have

d
i+ 20l 2 = 2(f, ), (1)
and then, using A1 |[u,,|? < ||un,||?, we obtain
d 2 2 _ 13
S, 1Um m S OC, 18
lum P < (18)
and consequently
2 ! 2 2, IfI3
|t (t)] +V/ [um ()| ds < Juo|” + ===t (19)
0 I/Al

for all ¢ > 0 in the interval of definition of w,,. The well posedness of u,, in (0,7T)
follows from Gronwall’s lemma.

Now we obtain uniform estimates in V' for all u,, in (0,T") using uy € V. We take
the inner product of the Galerkin ODE (16) with Au,, and obtain

Ld
2dt
Evidently,

||um||2 + V|A’4u'm|2 + bN,m(“mv U, Aum) = (f7 Aum)- (20)
v |f13
Aug)| < = Aup,|? + 12122
1 A < a4 L
In addition, by (8), (12) and Young’s inequality, one obtains
|08 m (i s Attr)| < Co(N + 1) [ ||| Aty |/

v
S Z|Au7”|2 + C;\/'”u?n”Qa

27(N + 1)4C4
4u3 ’

Thus (20) simplifies to

with Cy =

d 2
Jlumll? v Aun* < | + 208 w1, (21)
From (21) and the fact that
([ ()| = [ Prso | < Juol|

by the choice of the basis {¢;} of H, one easily concludes that the sequence {u,}
is bounded in C([0,77]; V) and in L?(0,T; D(A)) for all T > 0.

Then, observe that b m (Um, tm, w)| < (N + 1)Co[tm||/?| Aty | /2 |w|, for any
w € H, and thus, the sequence { P, BN m (tm, )} is bounded in L2(0,T; H) for
all T' > 0.

Therefore, from the equation u), = —vAu,, — Py BN m (Um, Um) + P, f, one sees
that the sequence {u/,} is also bounded in L?(0,T; H).

Consequently, as D(A) C V C H with compact injection, by Theorem 5.1 in
Chapter 1 of [9] there exists an element u € L>(0,7;V) N L*(0,T; D(A)) for all
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T > 0, and a subsequence {u,} of {u,}, such that

u, — u strong in L%(0,T;V),

u, —u ae. in (0,7) x Q,

u, = u weak in L?*(0,T;D(A)), (22)
Uy Su weak-star in L>(0,7;V),

u, —u'  weak in L?(0,T; H),

for all T' > 0.
Also, as u,, converges to v in L2(0,T;V) for all T > 0, we can assume, possibly
extracting a subsequence, that
[up @] = fu@)] ae. in (0,400).

Then, by the boundedness of {u,,} in C([0,T]; V) and the fact that Fi is contin-
uous and Fy ,, converges to Fy uniformly on bounded subsets of R as m — 400,
one obtains

Fnm([[un @) = En([[u®)]]) - a-e. in (0,+00). (23)
From (22) and (23) we can take limits in (16) exactly as in [3], and we obtain that
u is a solution of (1). O

Remark 7. If we assume that f is also defined for negative time, for instance,
f € L®(=T,T;H), the above solutions u,, are also well defined for all (=T,T).
This will be used below -in the proof of Theorem 15- to ensure that we can go
backwards in time on each solution u,, of the Galerkin scheme.

This is due to (17), whence we have

d
%|Um|2 + 2V>\m|um|2 > _|f|go - |um‘2’

where |f|oo denotes now || f| o (—7,7;m). Therefore, integrating between t € (=T, 0)
and 0 we deduce

0
[ (8)]* < Juol® + [t £1% + (1 + 2”/\m)/t [um (s)[? ds (24)

for all t < 0 in the interval of definition of uy,. Thus, by (19), (24) and again
Gronwall’s lemma, un, is defined in all (=T,T).

Remark 8. Observe that, since the sequence {ul,} is bounded in L*(0,T;H) for
any T > 0, the sequence u,, as a sequence of functions from [0,T] into H is
equicontinuous. Then, since {up} is bounded in C([0,T];V) and V C H with
compact injection, we can assert that from any subsequence of {u.,,} we can extract
a subsequence that converges in C([0,T]; H), and taking into account the previous
arguments for the existence of solution u of (1), and the uniqueness of such a so-
lution (cf. Theorem 3), one has that u,, — w in C([0,T]; H), as m — +oo, for all
T>0.

4. Estimates in D(A) for the Galerkin approximations. In this section we
go further in developing new estimates for the solutions of (16), but now with
initial data uy € D(A), and assuming that f € W1°°(R; H). [The more restric-
tive hypothesis of f € W1°(R; H), which we will use from here on instead of
Whee((=T,T); H) for all T, is only for the sake of brevity in the statements.]
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Proposition 9. With the notation of Section 3, if f € W1>°(R; H), there exists a
positive constant M}N), independent of ug, t and m, such that

| Ay (8)] < MM (1 +Augl) ¥t >0, for all m > 2/N, ug € D(A). (25)

Proof. Now let us denote | - |oc = || - || oo (r;ar)- From (18) we have

i (eu/\1t|u (t)|2) < ‘f|c2>o eu/\lt t>0
dt m v\ ’ -

and integrating one obtains

b

LS
V)2
Now, if we use (20) and take into account that Aq [Jum, (t)(|? < |Aum,(t)|* and that,

by (7) and (12), [bnm (U (£), i (t), At (8))] < (N + 1)Cou (84| Aun, ()74,
then we can obtain the inequality

d 2 N

@ + Al (O < > 1F 2+ Ol (), (27)
(N +1)8C577

2907

Substituting the bound (26) for |u,,(#)|? in the differential inequality (27) gives

[um ()] < Juol?e™ " +

for all ¢ > 0. (26)

with CiN) =

d 2 2 (N)p,, 12,—vA |f13% C§N)
il OF + Xl O < O o e + 5 24+ Do .

Integrating this inequality we deduce that

N
lm I < (ol + CNthuof2)et 4 s 2 O ¥t >0, (28)
- ! V2 )\ vA? )’ =

On the other hand, integrating (21) between ¢ and ¢ + 1, we obtain in particular

t+1 2) t+1
v [ ()P ds < IR 20 [ fun(@)P ds + fun @) Ve 0,
t t

and then, by (28), one obtains

t+1 /
1+2C —v
/ [Aun ()P ds < =2 (fluo]|* + C (¢ + Do [*)e ! (29)
t
R |, 120y [, e
2 2 t> > 1.
e 12T N + e Vt>0 Ym>

Suppose now that m > 2/N. From (16) and (15), we obtain for the second

derivative of u,,,
o () (1)

N ([t (D)) P B (117, (£), i (1))
—FN ([t () ) P B (i (t), 7, () + P f' (2), (30)

U X O, (8) P B (i (), uin (1))

where
Om ={t€[0,400) : |lum(®)|| > 1/m}
and xo,, (t) is the indicator function of the set O,.
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Multiplying in (30) by u/,, we obtain
1d
[ty ()] + |y, ()

5@
- —F&,m<||um<t>||>Wmn@)bwm(t»um<t>,u:n<t>>

—EN ([ () )b(ugy, (£), i (£), 13, (£)) + (' (£), us () €20 (31)
From (2), (14) and Young’s inequality, we have

e (@) L O8Oy (1), (8, (1)

T @]
2C,(N +1)2 , ,
BRI g 0 () 1)
2C1(N + 1)2

= RO, ()] (1)

< Ui+ () o (XY (52)

By (3), (12) and Young’s inequality again
2N, (| () )bz, (£), win (£), g, (£))
2(N + 1)C |y, (8)] 2, (1) >

v 27
< 5||u§n(t)||2 +o5 N+ D*CF uy, (). (33)

IN

IN

Thus, if we denote
7 2 2\ 8
(N) _ /i Ci(N+1) 27 44
L —1+2<2,,> ( i + SV,
from (31), (32) and (33) we easily obtain

d
TP < LV, OF + 1% Vt20 Ym>2/N. (34)

If we integrate this inequality between s € [t,t + 1] and t 4 1, we have
up (E+D* < Jug,(s)]?

t+1
+ L§N>/ Wl (M2 dr+ |f2, VO<t<s<t+1, Vm>2/N.
Integrating now this last inequality for s between t and ¢ + 1, we obtain
t+1
e+ DF < 0+ 2 [ 0P ds 4 PR Yezo, Ym> 2N, (@)
t

Now, observe that by (16), (6) and (12),

|t (1)) V| Atk (8)] 4 [FN m ([[tin (8) 1) B (i (8) i (8)) | + £ ()]
v+ (N + DCol[Aupm ()] + [ floo, 20,

IAIA

and therefore

t+1
/ ! (s)2ds < 2% +2[v+ (N + 1)Cy)?
t

t+1
></ |Aum(s)?ds Yt >0, Ym>2/N. (36)
t
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From (29), (35) and (36), it is clear that there exist two positive constants CN'J(CN)

and f);N), independents of ug, t and m, such that
(8 + )2 < O 4+ DYV (luol® + (£ + DluoP)e™™t V>0, (37)

for all m > 2/N, ug € V.
Again, by (16), (8) and (12),

~

At (O] < a1+ | () B 0w (0)] + 170
< O]+ (N + D)Coltm (12 Aun O + 1l
< ol 01+ 2 A ()] + D (1)) 11 12 0,(39)

2v
and therefore

12 3(N +1)*Cs 12
2 2 2 2 2
[ Aun (O < Sl O + == lun O + SIfl%: V20, Vm=1.
(39)
From (28), (37) and (39), one finds that there exist two positive constants IN(J(CN)

and R;N), independent of ug, t and m, such that
[Aun (O < B+ KV 4 ) uolPe ™t iz 1, (10)
for all m > 2/N, ug € D(A).

Observe that with (40) we are almost done. However, in (40) the valid time is
t > 1, forced by (37). In order to obtain (25), we need to treat separately the time
interval [0, 1].

From the inequality (34), we obtain (remember that f is continuous with values
in H, and therefore u,, is C')

[, () < (Ju, O)F +1f/1%) e VO<t<1 vm>2/N.  (41)

But
< v[APnuo| + [EN m (|| Pmuol) B(Prntio, Pmuo)| + [ £(0)]
< v|APy,ug| + Co(N + 1)||Pruol|* 2| AP, uo|Y? + | £(0)]
< lduo| + Co(N + 1) Juo V2] Aug 2 + f(0)] Vm > 1. (42)

From (41) and (42) it is clear that
(
[ (8)] < (v Auol + Co(N + 1) ol /2| Auo V2 + | F(O)] + || oc ) €7 /2 (43)

for all 0 <t <1 and any m > 2/N.
On the other hand, from (38) we have that

C2(N +1)?
14

V| Auy, (8)] < 2|ul, ()| + lum @] + 2| fleo, VE>0 VYm>1. (44)

From the estimates (28), (40), (43) and (44), the inequality (25) follows. O
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5. Sy-invariant measures in the autonomous case. From now on we suppose
that the right hand side in (1) is independent of time, i.e. simply f € H, and for
any ug € V we denote Sy (+)ug the corresponding solution of (1).

By a probability measure on H we will understand a probability measure on the
o-algebra of Borel subsets of H.

We recall that any Borel set in V' is a Borel set in H, and a set E C V is a Borel
subset of V if and only if there exists a Borel subset F' of H such that E = FNV.
The same properties follow with D(A) instead of V' (see [0]).

Definition 10. Let u be a probability measure on H. We will say that p is Sn-
imvariant if

p(V)=1 and p(E)=p(Sn(t)"'E) V>0,
for every Borel subset E of V.

Remark 11. By the continuity of Sn(t)(-) as operator of V (cf. [3, Th.§]),
Sn(t)"LE is Borel, so the expression u(Sx(t)"'E) above makes sense.

Definition 12. We define T as the set of real valued functionals ® = ®(v) on H
such that
(i) ¢ = sup [®(v)| < o0 for all T > 0;
[v[<r
(ii) for any v € V there exists ®'(v) € V such that
[®(v+w) = ®(v) = (P'(v), w)|
|w]

—0 as|w|— 0 withweV;
(iii) the mapping v — ®'(v) is continuous and bounded as function from V into
V.

Let us now extend the notation of || - || such that ||v]| = o0 if v € H\ V. With
this convention, if 4 is a probability measure on H and [}, [|[v||? dp(v) < 400, then
p(H\V)=0.

We define

Gn(v) = —vAv — By(v,v)+ f VveW

Observe that the mapping Gy : V' — V' is continuous. Also, by (5),
IGN @)« < (v + NCIJvl| + A, f] Yo eV
Thus, if ® € T,
(G (v), @ ()] < [(v+ NC)|Jvll + A; %] ] sup [@'(w)]| YveV,

and consequently, if u is a probability measure on H with u(H \ V) = 0 and
satisfying (i) below, then the integral [, (Gn(v),®'(v)) du(v) is finite.

Definition 13. A stationary statistical solution of GMNSE is a probability measure
w on H such that

) [ ol dn(o) <+
(ii) /H<GN(U)7 &' (v)) du(v) =0 for any ® € T;

(iii) / {v|v||?> = (f,v)}du(v) <0 for any 0 < a < b < +oc.
{a<|v|?<b}

The following result was proved in [4].
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Theorem 14. FEvery Sy-invariant probability measure on H is a stationary sta-
tistical solution of GMNSE.

Now, as a partial counterpart of the above, we can prove our main result:

Theorem 15. Let i be a stationary statistical solution of GMNSE such that there
exists a bounded and measurable subset By of D(A) satisfying u(H\By) = 0. Then
w is a Sy-invariant probability measure on H.

Proof. Suppose that we already proved that for any ® € 7,
/ O(Sn(t)v)du(v) = / O(v)du(v) Yie>0. (45)
1% v

Taking into account that 7 is dense in L' (H, 11), we can also take in (45) the charac-
teristic function of any measurable subset F' of V', and we find that u(Sy(t) "1 F) =
w(F) for all t > 0, and therefore, by Definition 10, p is a Sy-invariant probability
measure on H.

Thus, we must prove (45) for any ® € 7. To do this, we split the proof in two
steps. The final manipulations for ®(Sy(t)v) leading to (45) requires the correct
definition and passing to the limit of a suitable Fréchet derivative acting on the
approximations <I>(S](Vm) (t)v), this is the step 1 with which we start.

Step 1: Extension of Fréchet derivative w.r.t. v of S](Vm) (t)v as an operator

in £(V').

For each m > 1, any up € H and any ¢t € R, let us denote SJ(\,m) (t)up = um(t),
where u,, is the solution of (16). In this way, for each m > 1 we have defined in
particular a group {S](vm) (t) }ter of nonlinear operators in P, H.

Taking into account that the mapping v € H — ((v,¢1),...,(v,¢m)) € R™
is Fréchet differentiable, from the regularity of the Fy ,, and the results of dif-
ferentiability of the solutions of an ordinary differential systems with respect to
the initial conditions, we obtain that for each m > 1 and any ¢t € R, the map-
ping v € H — SU(t)v € H is Fréchet differentiable. We will denote D,S{™ (t)v
its Fréchet differential at v € H, thus DUSJ(Vm) (t)v € L(H). We now study some

additional properties of the operator Dij(vm) (t)v € L(H).
Consider v,w € H and m > 2/N given, and denote

Wi (t) = (DS (Hv)w,  t €R,
which satisfies the initial condition
Wy (0) = P,

and the equation

d
gwm(t) + vAw,, (1)

= —Fnm([vm())PnB(vm(t), wm(t))
FEN m([[vm () ) P B(wim (1), vm (1))

~Fym(lon o) Ll O)

(Um () P B(vm (1), v (1)), (46)



for t € R, where

and vy, (t) = S](Vm)
Taking the inner product in H with A~!w,,(t) in equation (46), we obtain

A~ 1/2
2dt|

(t)v.
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Om={2z€V: |z|| >1/m},

m (O + vlwn (8) ]

—Fnm([lvm (2]
+Fn m(va( )|

—Fn m (lom (1))

for t € R.
Now, observe that by (9), (12) and Young’s inequality,

| EN (v (8D (v (£), i (8), P A™ 0 (1)) |

IAIA

IN

S0

MX- (Um (0)b(Um (£), Um (), P A~ 0 (1)),

)b(v
)b(w
)

)

m (£) W (t), PmA_lwm(t))

m () Om (), Prn A™ i, (1)) (47)
m

[[om (8)]] on

| EN i (10m (8) )b (0 (£), P A™ 03 (8), win (1))
Co(N 4 1)|AY2 P A= wp (6) Y 2| AP A~ Y, (82w (1)
Co(N + DA™ 2wy, (82 wm ()[*

3
i1 (9) CA(N + 14142, (1), (18)

4 \ 4v

and analogously, by (10) and (12),

| EN,m (|0m (8) [)b(win (£), 0 (2), P A™ win (1))
[EN ([0 () 1)b(wi (£), P AT i (), v (8)) |

3
Slun®P 41 (5) CHN 4 DIA 20,08 )

IN

4 \ 4v

On the other hand, as vy, (t) belongs to D(A), we have that

(v (1), win (1)) = (Av (1), win (1)),

and therefore, by (9), (14) and Young’s inequality,

IN

AN

IN

IN

[EN o ([om ()]1)

[ENm ([om (D))

(

(v

m(t), wm(t)))x 5 (U (£))b(V (1), U (£), P A M (1))

[[om ()] Om

(Avp (1), wim (1))

[om @] X6, (Vm (£)b(vin (£), P A~ w0y (£), vm (1))

N (10 (&) D1 AV () w3 (8)| G| A2 P A~ g (1)1

X | AP, A™ w0 (1) 2|0
A 20| Avg (8)] | F iy (lom (t
N + 1

/\;1/202

14
Zlum(®) + ¢

1
4

t)]

(
Do ()] (82| A 2w ()2

| Ay (0) [ (02| A 2w (8)12

(

9

4v

)3 AI_QOZ (N . 1) | Avy, (t )|4‘A71/2wm(t)|2-
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From this inequality and (47)-(49), denoting
9\° 1
A(N) _ 4 4
C( ) = <4V) OQ(N‘i‘ 1) max{l,W},
we have that
d

%|A_1/2wm(t)|2 < CM (1 4 |Avg ()M A™ V2w, (1) VEeR Ym > 2/N,

and therefore
|A71/2wm(t)|2 < \Ail/me(O)\Qeé(m JEA+|Avy (s)[*) ds Vt>0, VYm>2/N,
ie.,
|A*1/2(DUSJ(V7")(t)v)w\2 < |A71/2w|2€é<m Jo O HAvm () ds g >0, (50)
for all v,w € H and any m > 2/N.

Observe that in the above expression, the integral of |Av,,(s)|* makes sense by
(25). So, inequality (50) implies that for each v € H and any ¢t > 0 and m > 2/N,

the operator DUS](Vm)(t)v can be extended in a unique way to an operator in £(V”),
and therefore the adjoint (DvS](\,m) (t)v)* belongs to L(V).

| 4

Step 2: Manipulations on (ID(SJ(VW) (t)v) and passing to the limit.

Let ® € 7 be given. Since S](Vm)(t)v € V for all (t,v) € R x H, and since
SJ(Vm)(')U € CY(R; H) for any v € H, we obtain
d

%cp(sgm (t)0) = (PnGnm (ST (t)0), @' (ST (t)v)) ¥ (t,v) € R x H,

where
GNm(w) = —vAw — By p(w,w) + f YweV.

Integrating between 0 and T" we have
T
BT (T)0) — B(Pov) = / (PG (ST (8)0), ®(ST (o) dt (1)
0

for all v € H and any T > 0.
Now observe that by (19),

(m) 2 < 1012 L1
ISy (t)v]* < + T V(t,v)el0,T] x H, (52)
)\1 l/)\l

and therefore |GN’m(S](Vm) (t)v)| is bounded in [0,7] x H. Thus, by the properties
of ® and p, we can integrate equality (51) with respect to p and apply the Fubini
theorem, and we obtain

[ a8 @) dute)
H
= [ @(Pu)duto)

H

T
b [ ] PG00, (S5 @) dutw) @t VT > 0. (53)
0 JH
Let us define
@, (t,v) = (ST () V(t,v) eRx H, m>2/N.
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It is not difficult to see that ®,,(¢,-) € T for any ¢t € R, with Fréchet derivative
Dy(®)(t,v) = (DSU (1)) @' (ST (t)v) V¥ (t,v) €R x H.
Using the group property of {Sl(vm) (t)}ier in P H, it is immediate that
®,,(t, S (—t)w) = ®(Ppw) V(t,w) € R x H,

and therefore

0 = %@m(t,sz(\,m)(—t)w)
= ()} (t, ST (=) w) — (PG (SU (=1)0), Dy (@) (1, ST (—t)w))

for all (t,w) € R x H, where (®,,);(-,) denotes the derivative of ®,, with respect
to the first variable.
Thus, taking w = SV (t)o = ST (t) P,,v, we have

(@)1 (t, Pruv) = (PruGN i (Prv), Dy (@) (¢, Ppv)) VY (t,v) € R x H. (54)

But
/ d &0 c(m) (m) 10 g(m)
(P )i(t, Pmv) = 2 @(Sy 7 ()v) = (PnGom(Sy ™ (8)0), @' (Sy ()0),
and then, by (54),

(PG (SY (1)), @ (G (t)0)
= (PnGNm(Pnv), Dy(Pw)(t, Pypv)) Y (t,v) € R x H. (55)
From (53) and (55) it follows that

/ (S (T)0) dyu(w)
H
= [ a0 dutv)

H

+/O /H(PmGN,m(va),DU(<I>m)(t,va))du(v)dt YT >0 (56)

for any v € H.
Taking into account that ®,,(t,-) € 7 for any ¢t € R, and p is a stationary
statistical solution of GMNSE;,

/H(GN(U),DU(Q)m)(t,v)) du(v) =0 ViteR,

and then, by (56),
[ s @pdut) = [ a(Pu)dute) (57)
H H

T
+/O /H [(PmGNvm(va)v Dy(®,)(t, Prv))
—(GN (), Dy(®)(t,0))] du(v)dt VT > 0.
Since @, (t,v) = Dy (¢, Pv), one can deduce that
Dy(®n)(t,v) = Do[(®m) (L, Prv)] = Py Do(P ) (8, Prav) = P Do (P ) (¢, 0). (58)
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Then, since P, € L(H) is self-adjoint, from (57) and (58) we obtain
[ asg @) dute)
H
= / O(Ppv) dp(v) (59)
H
T
—|—/ / (P GN,m(Ppv) — PGN(v), Dy(®r,) (8, v)) du(v)dt VT > 0.
0o JH

Now, observe that P, Gn m(Pmv)— P GN(v) = Py By (v, v)— Py BN m (Pmv, Pyv),
and then, by (58) and since P}, = P,,, we obtain from (59)

/H B(S (T)v) du(v) (60)
[ @(Pav)duo
H

+/0 /H(PmBN(v,v)—PmBN,m(va,va),Dv(@m)(t,v))du(v)dt

/ O(Pv) du(v)
H

T
—|—/ / (Bn (v,v) — BN,m(Pmv, Prv), Dy(®o ) (t,0)) du(v)dt YT > 0.
0o JH

Now, we prove that as m — 400, the last integral term goes to zero for all T > 0.
Observe that

|(Bn (v, v) = BN,m (Pmv, Pnv), Dy(®0) (8, v))|

[En ([[v)b(v, v, Dy(Prm) (¢, 0)) = Fnm (| P 0] )o(Prv, Prv, Doy (® ) (2, 0))]
[EN([[v)b(v = Py v, Dy (@) (L, )

HEN(vl)) = Fnam ([0ID][6(Prnv, v, Dy (@) (2, )]

+EN,m ([01)0(Prav, v = Py, Do (@) (¢, 0))]

FENm ([V]]) = Fnm (| P D[0(Pav, Pav, Dy(®m)(E,0))],

IN

and therefore, by (4), (12) and (13),

[(Bn(v,v) = BNym (Pmv, Ppv), Do(Pm)(¢, )|
NCi[[v = Pro[[[ Do (®m) (8, )]

HEN(I91]) = Fxvm (0D Cl0 P Dy (@1 ) (£, )|
HN +1)Clv = Poo[[[[ Do (@) (E,0)) ]

IN

Gy
+7 v = Pavl[ [0l Do (@) (£, 0))]I (61)
On the other hand, reasoning exactly as on page 232 in [(], one obtains

|1 Dy (@) (t,0))|
1o (Y (tw]|  sup  |ATV2(D,SU (Ww)w| VE>0, Vu,we H,

w € H,
A=Y 2 <1
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for any m > 1, and then, taking into account that ® € 7 has derivative ®'(+)
bounded on V, there exists a constant Cg > 0 such that

IDu(@m)(t, ) < Co sup  |ATVA(D,ST (t)o)u| (62)
w € H,
A=/ 2y <1

Vt>0, Vov,wée H, forany m > 1.
Since By is a bounded subset of D(A), from (50), Proposition 9 and (62) we
deduce that there exists a constant Cy 5, such that

| Dy(®,)(t,0))|| < CpeTCrBx  YO0<t<T, VYovée-By, (63)

for any m > 2/N.
From (61) and (63) we deduce that for each T > 0 there exists a constant Cp > 0,
such that

|(Bn(v,v) — BN, (Pmv, Ppnv), Dy (@) (t, v))|
< Cr(llv=Puoll + [En([[v]]) = Fnm(lvID])

for all (¢,v) € [0,T] x By, for any m > 2/N.
Then, as u(H \ By) = 0, we obtain that for each T > 0,

T
/0 /H (B (0,) — By on(Parv, Pu), Dy()(t,0)) | dps(w) et (64)
< TCr /B (lo = Pl + | Ex([[0]]) = Exmm(l0l)]) dps(w) ¥m > 2/N.

As ||lv—Ppv|| — 0as m — +oo and ||v— P,v|| < 2||v|| for any v € By, and F
converges to Fiy as m — —+oo uniformly on bounded subsets of R, it is immediate
form (64) that

T
/0 /H |(Bn(v,v) = BNm (Pmv, Pnv), Dy (@) (t, v))| dp(v) dt — 0 as m — +oo,

and then, from (60) we conclude that

/ @(Sj(vm) (T)v) du(v) — / O(Ppv)du(v) — 0 as m — +oo, (65)
H H

for all T' > 0.

But, taking again into account that pu(H \ By) = 0, that By is a bounded subset
of D(A), and that ® is bounded on bounded subsets of H, we deduce from Remark
8 and (52) that

/ (S(m)( Ydp(v) — / (Sn(T)v)du(v) as m — +oo, for all T > 0,

and

O(Ppv) dp(v) — / ®(v)du(v) as m — 400,
H 1%

and then, by (65) we have (45), as desired. O
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Appendix: Estimates on the truncated function. This section is devoted
to prove some technical estimates concerning the functions Fy ,,, defined by (11),
namely those of Lemma 4.

To start, observe that

r+1/m
Fym(r) = / pm(r — 7)Fn(7) dT.

—1/m

Consequently, if N < r — 1/m, then

r+1/m N
FN,m("") = / y pm(T—T)? dr
N
r—1/m’

Thus,

o if N>r —1/m, then rFnn(r) <r <N+ 1/m, and
o if N <r—1/m, then

rFym(r) < %
- V(1)
< N<1+1>:N+1/m.

mN

Hence, (12) is proved.
Moreover, it is straightforward to check that Fy,, (r) = (pm * Fy)(r), where
N
Fy (1) = =5 X(N,+00)(7), and therefore (13) also holds.
r
For (14), related to r|F} ,,(r)| and r?|Fy . (r)|, we have to proceed more care-
fully.
Observe that

r+1/m
Bl < [ L pmlr = DIE ) dr
r+1/m N
< / pm(r—T)deT,
r—1/m T
and consequently, if » > N + 1, then
N
F, < -
| N7m(r)| = (r—1/m)?
< N
- (r—1)2

Thus,
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e ifr > N+1,

r|Fym(r)] <

and

IN

P < o

2
1
= N|(1
(1+:59)
< n(1e2Y
N

(N +1)?
—N
e if 0 <r < N + 1, then, by (13), one also has
N+1 (N +1)2
TIFN o (r)] < A 2| Fy m (r)] < N

Hence, combining all situations one recovers the inequality in (14).
Finally, in order to prove (15) observe that if m > 2/N and r < 1/m, then

r+1/m
FN,m(r):/ pm(r —7)Fn(7)dT =1,
T

—1/m

whence the last result follows.
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