STOCHASTIC NAVIER-STOKES EQUATIONS FOR COMPRESSIBLE
FLUIDS

DOMINIC BREIT AND MARTINA HOFMANOVA

ABSTRACT. We study the Navier-Stokes equations governing the motion of an isentropic
compressible fluid in three dimensions driven by a multiplicative stochastic forcing. In
particular, we consider a stochastic perturbation of the system as a function of momentum
and density. We establish existence of a so-called finite energy weak martingale solution
under the condition that the adiabatic constant satisfies v > 3/2. The proof is based on
a four layer approximation scheme together with a refined stochastic compactness method
and a careful identification of the limit procedure.

1. INTRODUCTION

We consider the Navier-Stokes system for isentropic compressible viscous fluids driven by a
multiplicative stochastic forcing and prove existence of a solution that is weak in both PDE
and probabilistic sense. To be more precise, let T* = [0, 1]* denote the three-dimensional torus,
let T > 0 and set Q = (0,7) x T2. We study the following system which governs the time
evolution of density o and velocity u of a compressible viscous fluid:

(1.1a) do + div(pu)dt = 0,
(1.1b) d(ou) + [div(ou ® u) — vAu — (A + v)Vdivu + Vp(o)|dt = (o, ou) dW.

These equations describe the balance of mass and momentum of the flow. Here p(p) is the
pressure which is supposed to follow the ~-law, i.e. p(p) = ap” where a > 0 and a is the
squared reciprocal of the Mach-number (ratio of flow velocity and speed of sound). For the
adiabatic exponent ~ (also called isentropic expansion factor) we suppose v > % Finally, the
viscosity coefficients v, A satisfy

2
V>0, )\-1-51/20

The driving process W is a cylindrical Wiener process defined on some probability space
(Q,.7,P) and the coefficient @ is generally nonlinear and satisfies suitable growth conditions.
The precise description of the problem setting will be given in the next section.

The literature devoted to deterministic case is very extensive (see for instance Feireisl [12],
Feireisl, Novotny and Petzeltové [14], Lions [21], Novotny and Straskraba [27] and the references
therein). The existence of weak solutions in the non-stationary setting is well-known provided
v o> % (in three dimensions, in two dimensions y > 1 suffices instead). This might not be
optimal but already covers important examples like mono-atomic gases where v = % In the
stationary situation the results have been recently extended to v > 1, see [17, 31].

The theory for the stochastic counterpart still remains underdeveloped. The only available
results (see Feireisl, Maslowski and Novotny [13] for d = 3 and [35] in the case d = 2) concern
the Navier-Stokes system for compressible barotropic fluids under a stochastic perturbation of
the form o dW. This particular case of a multiplicative noise permits reduction of the problem.
After applying some transformation it can be solved pathwise and therefore existence of a
weak solution was established using deterministic arguments. This method has the drawback
that the constructed solutions do not necessarily satisfy an energy inequality and are not
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progressively measurable (hence the stochastic integral is not defined). We are not aware of
any results concerning the Navier-Stokes equations for compressible fluids driven by a general
multiplicative noise. Nevertheless, study of such models is of essential interest as they were
proposed as models for turbulence, see Mikulevicius and Rozovskii [25]. In case of a more
general noise, the simplification mentioned before is no longer possible and methods from
infinite-dimensional stochastic analysis are required.

There is a bulk of literature available concerning stochastic versions of the incompressible
Navier-Stokes equations. Let us mention the pioneering paper by Bensoussan and Temam [2]
and for an overview of the known results, recent developments, as well as further references,
we refer to [8], [15] and [23]. The literature concerning other fluid types is rather rare. Just
very recently first results on stochastic models for Non-Newtonian fluids appeared (see [4], [34]
and [36]). Incompressible non-homogenous fluids with stochastic forcing were studied in [18]
and more recently in [33]; one-dimensional stochastic isentropic Euler equations in [3].

We aim at a systematic study of compressible fluids under random perturbations. Our main
result is the existence of a weak martingale solution to (1.1) in the sense of Definition 2.1, see
Theorem 2.4. Our solution satisfies an energy inequality which shows the time evolution of the
energy compared to the initial energy. The setting includes in particular the case of

®(0, ou) AW = &, (0) AW + Dy(ou) dW?

with two independent cylindrical Wiener processes W' and W2 and suitable growth assump-
tions on @1 and P, which is the main example we have in mind. Here the first term describes
some external force; the case @1(p) = p studied in [13] is included but we could also allow
nonlinear dependence in p (the case ®(p, ou) dW = odW corresponds to the forcing of from
deterministic models). The second term is a friction term; the model case is @2(pu) being
proportional to the momentum pu but the dependence can be nonlinear as well. The solu-
tion is understood weakly in space-time (in the sense of distributions) and also weakly in the
probabilistic sense (the underlying probability space is part of the solution). Such a concept of
solution is very common in the theory of stochastic partial differential equations (SPDEs), in
particular in fluid dynamics when the corresponding uniqueness is often not known. We refer
the reader to Subsection 2.1 for a detailed discussion of this issue.

The proof of Theorem 2.4 relies on a four layer approximation scheme that is motivated
by the technique developed by Feireisl, Novotny and Petzeltovd [14] in order to deal with
the corresponding deterministic counterpart. In each step we are confronted with the limit
procedure in several nonlinear terms and in the stochastic integral. There is one significant
difference in comparison to the deterministic situation leading to the concept of martingale
solution: In general it is not possible to get any compactness in w as no topological structure on
the sample space 2 is assumed. To overcome this difficulty, it is classical to rather concentrate
on compactness of the set of laws of the approximations and apply the Skorokhod representation
theorem. It yields existence of a new probability space with a sequence of random variables that
have the same laws as the original ones and that in addition converges almost surely. However,
a major drawback is that the Skorokhod representation Theorem is restricted to metric spaces.
The structure of the compressible Navier-Stokes equations naturally leads to weakly converging
sequences. On account of this we work with the Jakubowski-Skorokhod Theorem which is valid
on a large class of topological spaces (including separable Banach spaces with weak topology).
Further discussion of the key ideas of the proof is postponed to Subsection 2.2.

The exposition is organized as follows. In Section 2 we continue with the introductory part:
we introduce the basic set-up, the concept of solution and state the main result, Theorem 2.4.
Once the notation is fixed we present also a short outline of the proof, Subsection 2.2. The
remainder of the paper is devoted to the detailed proof of Theorem 2.4 that proceeds in several
steps.

2. MATHEMATICAL FRAMEWORK AND THE MAIN RESULT

To begin with, let us set up the precise conditions on the random perturbation of the system
(1.1). Let (Q,.#,(%#t)t>0,P) be a stochastic basis with a complete, right-continuous filtration.
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The process W is a cylindrical Wiener process, that is, W (t) = >, <, Bx(t)er with (Br)r>1
being mutually independent real-valued standard Wiener processes relative to (Ft)it>0. Here
(ex)k>1 denotes a complete orthonormal system in a separable Hilbert space U (e.g. 4 = L?(T?)
would be a natural choice). To give the precise definition of the diffusion coefficient @, consider
p € LY(T?), p >0, and v € L*(T?) such that /pv € L*(T?). We recall that we assume v > 3.
Denote q = pv and let ®(p,q) : 4 — L*(T?) be defined as follows

@(p, q)ek = gk('a p()v Q())

The coefficients g : T x R x R? — R? are C'-functions that satisfy uniformly in 2 € T3

(2.1) > lgr(, p )P < C(P* + o™ + [al?),
k>1
(2.2) > IVpagr(z p.@)? < C(1+|p 7).
k>1

Remark that in this setting L*(T?3) is the natural space for values of the operator @(p, pv).
Indeed, due to lack of a priori estimates for (1.1) it is not possible to consider ®(p, pv) as a
mapping with values in a space with higher integrability. This fact brings difficulties concerning
the definition of the stochastic integral in (1.1). In fact, the space L!(T?) does neither belong to
the class 2-smooth Banach spaces nor to the class of UMD Banach spaces where the theory of
stochastic Itd-integration is well-established (see e.g. [5], [26], [29]). However, since we expect
the momentum equation (1.1b) to be satisfied only in the sense of distributions anyway, we
make use of the embedding L'(T?) < W~>2(T3) (which is true provided b > 2). Hence we
understand the stochastic integral as a process in the Hilbert space W~2(T3). To be more
precise, it is easy to check that under the above assumptions on p and v, the mapping ®@(p, pv)
belongs to Lo(4; W~%2(T3)), the space of Hilbert-Schmidt operators from 4 to W~%2(T3).
Indeed, due to (2.1) there holds

1200, pV)|I7 w2y = D Nros o2, 02 < C D llgilo, V)3
k>1 k>1

(2.3) < C(p)rs /Ts (Z p~ gk (@, p, pV)2> dz

E>1
< C(p)qrs/ (p+p" +plv[*) dz < o0,
']1‘3

where (p)rs denotes the mean value of p over T2. Consequently, if*
p € L7(Qx (0,T),P,dP® dt; L7 (T?)),
Vv € L*(Q x (0,T),P,dP ® dt; L*(T?)),
and the mean value (p(t))gs is essentially bounded then the stochastic integral [, (p, pv) dW
is a well-defined (.%;)-martingale taking values in W ~%2(T?). Note that the continuity equation

(1.1a) implies that the mean value (o(t))rs of the density ¢ is constant in time (but in general
depends on w). Finally, we define the auxiliary space Ly D i via

o2
ﬂoz{v:Zakek; k’2“<oo}7
E>1 E>1
endowed with the norm )
ag
H’U”io :Zﬁ, v:Zakek.
E>1 E>1
Note that the embedding < $ly is Hilbert-Schmidt. Moreover, trajectories of W are P-a.s.
in C([0,T);Up) (see [7]).

Here P denotes the predictable o-algebra associated to (F).



4 DOMINIC BREIT AND MARTINA HOFMANOVA

2.1. The concept of solution and the main result. We aim at establishing existence of
a solution to (1.1) that is weak in both probabilistic and PDEs sense. Let us devote this
subsection to the introduction of these two notions. From the point of view of the theory of
PDEs, we follow the approach of [14] and consider the so-called finite energy weak solutions.
In particular, the system (1.1) is satisfied in the sense of distributions, the corresponding
energy inequality holds true and, moreover, the continuum equation (1.1a) is satisfied in the
renormalized sense.

From the probabilistic point of view, two concepts of solution are typically considered in the
theory of stochastic evolution equations, namely, pathwise (or strong) solutions and martingale
(or weak) solutions. In the former notion the underlying probability space as well as the driving
process is fixed in advance while in the latter case these stochastic elements become part of
the solution of the problem. Clearly, existence of a pathwise solution is stronger and implies
existence of a martingale solution. In the present work we are only able to establish existence
of a martingale solution to (1.1). Due to classical Yamada-Watanabe-type argument (see e.g.
[19], [32]), existence of a pathwise solution would then follow if pathwise uniqueness held true.
However, uniqueness for the Navier—Stokes equations for compressible fluids is an open problem
even in the deterministic setting. In hand with this issue goes the way how the initial condition
is posed: there is given a probability measure on LY (T?3) x LT (T3), hereafter denoted by A.
It fulfills some further assumptions specified in Theorem 2.4 and plays the role of an initial law
for the system (1.1). That is, we require that the law of (9(0), ou(0)) coincides with A.

Let us summarize the above in the following definition.

Definition 2.1 (Solution). Let A be a Borel probability measure on LY (T3) x LT (T3). Then
((Q7 ya (gt)v ]P)v o,u, W)

is called a finite energy weak martingale solution to (1.1) with the initial data A provided

(a) (Q,Z,(Z:),P) is a stochastic basis with a complete right-continuous filtration,

(b) W is an (.%;)-cylindrical Wiener process,

(c) the density o satisfies o > 0, t — (o(t,),%) € C[0,T] for any 1 € C>(T?) P-a.s., the
function ¢ — {(o(t,-), ) is progressively measurable, and

E[ sup | o(t, )L‘Y(TS):| <ooforalll<p<oo;
te[0,T]

(d) the velocity field u is adapted, u € L?(Q x (0,T); W2(T?)),

T P
IEK/ ||u||%,V1,2(T3) dt) ] < oo forall 1 <p< oo
0

(e) the momentum gu satisfies t — (ou, ) € C[0,T] for any ¢ € C®(T3) P-a.s., the
function ¢ — ( is progressively measurable,

E | sup ng|| < oo forall 1 < p < oo
t€[0,T] S

(f)y A=Po ( (0),0 ())
(g) P(p,0u) € L2(Q X [O,T],P,d]P’ ® dt; Lo (8 W=12(T3))) for some | > 2,
(h) for all ¢ € C°°(T3) and ¢ € C°°(T?) and all t € [0, 7] there holds P-a.s.

(o(t),¥) = (0(0), %) + /Ot {ou, Vi) ds

(ou(t),¢) = (ou(0), ) + /0 (ou®u,Vep)ds — 1//0 (Vu,Ve)ds

¢
—()\—I—I/)/ <divu,divcp>ds+a/ <Q7,divcp>ds
0 0
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+ /0 (®(0, ou) dW, @),

(i) for all p € [1,00) the following energy inequality holds true

E{ sup /Ta (ég(t)]u(m2 s o) dxr

0<t<T

(2.4) HEUOT/W <V|Vu|2+()\+1/)|divu|2) dmdsr

< C(p)EUTs (;'9;‘((8))2 + Wf 1)g(0)”)dx+1r.

(j) Let b € C*(R) such that b'(z) = 0 for all 2 > M. Then for all ¢» € C°°(T?) and all
t € [0,7] there holds P-a.s.

(b(a(t)), ) = (b(e(0)), ¥) + / (b(o)u, V) ds — / (¥ (0)o — blo)w)) divu, %) ds.

Remark 2.2. In (j) above, the continuity equation is assumed to hold in the renormalized
sense. This concept was introduced in [10]. It is an essential tool to pass to the limit in the
nonlinear pressure and therefore common in compressible fluid mechanics.

Remark 2.3. The condition (g) was included in order to point out that the stochastic inte-
gral in (1.1) is a well-defined stochastic process with values in W~%2(T?), in particular, the
integrand is progressively measurable. Nevertheless, the conditions on g and u together with
the energy inequality (2.4) already imply that @(p, ou) takes values in Lo (th; W—52(T?)).

To conclude this subsection we state our main result.

Theorem 2.4. Let v > 3/2. Assume that for the initial law A there exists M € (0,00) such
that

M{(pa) € L7(T%) x L3F1(T%); p2 0, (p)es < M, d(x) = 0 whenever p(x) =0} =1,

and that for all p € [1,00) the following moment estimate holds true

p
2.5
( ) /LZXL;J;Yl

Then there exists a finite energy weak martingale solution to (1.1) with the initial data A.

lw + Lp’y

dA .

Ll

Remark 2.5. Note that the condition (2.5) is directly connected to the energy inequality
(2.4). More precisely,
lla? | _a P 1leu(O)  a P

oy ||/ dA(p,q :IE[/ + ——0(0)" dz
/L;foﬂ 2 p y—1" |, o) w2 o0 o120

which is the quantity that appears on the right hand side of (2.4) (cf. Proposition 3.1). It
follows from our proof that C' does not depend on a, v, A or v.

Y

Remark 2.6. In order to simplify the computations we only study the case of periodic bound-
ary conditions (note that the density does not require any boundary assumptions in the weak
formulation). However, with a bit of additional work our theory can also be applied to the case
of no-slip boundary conditions. Furthermore, the reader might observe that the assumption
upon the initial law A that implies (0(0))rs < M a.s. can be weakened to

E|(o(0)m|" <00 Vpe [2,00).
Furthermore, the total mass remains constant in time, i.e.
(o(t))r= = (0(0))r=  Vt€0,T].

Remark 2.7. In dimension two the result of Theorem 2.4 even holds under the weaker as-
sumption v > 1.
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2.2. Outline of the proof. Our proof relies on a four layer approximation scheme whose core
follows the technique developed by Feireisl, Novotny and Petzeltova [14] in order to deal with
the corresponding deterministic counterpart. To be more precise, we regularize the continuum
equation by a second order term and modify correspondingly the momentum equation so that
the energy inequality is preserved. In addition, we consider an artificial pressure term that
allows to weaken the hypothesis upon the adiabatic constant . Thus we are led to study the
following approximate system

(2.6a) do + div(pu)dt = eApdt,
d(ou) + [div(ou ® u) — vAu — (A + v)Vdivu
(2.6b) +aVo" + 6V’ + eVuVo]dt = (g, u) AW,

where § > max{ %,’y}. The term eVuVp is added to the momentum equation to maintain
the energy balance. In order to ensure its convergence to 0 in the vanishing viscosity limit the
artificial pressure §o” is needed (it implies higher integrability of g). It yields an estimate for
v/eV which is uniformly in e by (2.6a).

The aim is to pass to the limit first in € — 0 and subsequently in § — 0, however, in order to
solve (2.6) for € > 0 and 6 > 0 fixed we need two additional approximation layers. In particular,
we employ a stopping time technique to establish the existence of a unique solution to a finite-
dimensional approximation of (2.6). We gain so-called Faedo-Galerkin approximation, on each
random time interval [0, 7r) where the stopping time 7g is defined as

> i
L2

(with the convention inf () = T'), where &V is a suitable finite-dimensional approximation of
@. 1t is then showed that the blow up cannot occur in a finite time. So letting R — oo gives
a unique solution to the Faedo-Galerkin approximation on the whole time interval [0, T]. The
passage to the limit as N — oo yields existence of a solution to (2.6).

Except for the first passage to the limit, i.e. as R — oo, we always employ the stochastic
compactness method. Let us discuss briefly its main features. The compactness method is
widely used for solving various PDEs: one approximates the model problem, finds suitable
uniform estimates proving that the set of approximate solutions is relatively compact in some
path space and this leads to convergence of a subsequence whose limit is shown to fulfill the
target equation. The situation is more involved in the stochastic setting due to presence of
the additional variable w. Indeed, generally it is not possible to get any compactness in w as
no topological structure on €2 is assumed. To overcome this issue, one concentrates rather on
compactness of the set of laws of the approximations and then the Skorokhod representation
theorem comes into play. It gives existence of a new probability space with a sequence of
random variables that have the same laws as the original ones (so they can be shown to satisfy
the same approximate problems though with different Wiener processes) and that in addition
converge almost surely.

Powerful as it sounds there is one drawback of the classical Skorokhod representation the-
orem (see e.g. [11, Theorem 11.7.2]): it is restricted to random variables taking values in
separable metric spaces. Nevertheless, Jakubowski [20] gave a suitable generalization of this
result that holds true in the class of so-called quasi-Polish spaces. That is, topological spaces
that are not metrizable but retain several important properties of Polish spaces (see [30, Sec-
tion 3] for further discussion). Namely, separable Banach spaces equipped with weak topology
or spaces of weakly continuous functions with values in a separable Banach space belong to
this class which perfectly covers the needs of our paper.

Another important ingredient of the proof is then the identification of the limit procedure.
To be more precise, the difficulties arise in the passage of the limit in the stochastic integral as
one now deals with a sequence of stochastic integrals driven by a sequence of Wiener processes.
One possibility is to pass to the limit directly and such technical convergence results appeared
in several works (see [1] or [19]), a detailed proof can be found in [9]. Another way is to show

t
Tr = inf {t € [0,T];||ullzz > R} A inf {t € [0,T7; ”/ QSN(@ Qu) dw
0
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that the limit process is a martingale, identify its quadratic variation and apply an integral
representation theorem for martingales, if available (see [7]). Our proof relies on neither of
those and follows a rather new general and elementary method that was introduced in [6] and
already generalized to different settings (see [28] for the application to quasi-Polish spaces).
The keystone is to identify not only the quadratic variation of the corresponding martingale
but also its cross variation with the limit Wiener process obtained through compactness. This
permits to conclude directly without use of any further difficult results.

3. THE FAEDO-GALERKIN APPROXIMATION

In this section, we present the first part of our proof of Theorem 2.4. In particular, we prove
existence of a unique solution to a Faedo-Galerkin approximation of the following viscous
problem (2.6) where € > 0, 6 > 0 and 8 > max{%,y}. To be more precise, let us consider a
suitable orthogonal system formed by a family of smooth functions (#,,). We choose (1,,) such
that it is an orthonormal system with respect to the L?(T?) inner product which is orthogonal
with respect to the the W'2(T?) inner product where [ > g is fixed. Now, let us define the
finite dimensional spaces

XN:Span{¢17"'7Q/}N}7 NENa
and let Py : L%(T?) — Xx be the projection onto X which also acts as a linear projection
PN : Wl’Q(T3) — XN.
The aim of this section is to find a unique solution to the finite-dimensional approximation
of (2.6). Namely, we consider

(3.1a) do + div(pu)dt = eApdt,

d(ou) + [div(ou ® u) — vAu — (A +v)Vdivu
(3.1b) +aVo" +Vo? +eVuVoldt = &V (o, pu) AW,
(3.1¢) 0(0) =00,  (0u)(0) = qo.

The equation (3.1b) is to be understood in the dual space X3 . The coefficient in the stochastic
term is defined as follows:

(3.2) N (p.a)er = g (p.q@), 92 (p,q) = M2 [p]Py (gkipf;)q))

where for ¢ € L*(T?) with ¢ > 0 a.e.
(3.3) Mol : Xnv — Xx, <M[g]v,w>:/ pv-wdz, v,weXy.
T3

Note that we can identify X} with X via the natural embedding such that M|p] is a positive
symmetric semidefinite operator on a Hilbert space having a unique square root in the same
class. It follows from the definition of M|p] that

M{plv = Py (pv).

Note further that we can extend M|p] to L%(T?) in case of bounded p or to WH2(T3) if
p € L?(T3) by setting
Mlplv = Pn(pPnv).
More details on the properties of M can be found in [14, Section 2.2] and in Appendix A.
The initial condition (gg,qo) is a random variable with the law T, where T' is a Borel
probability measure on C?+%(T3) x C?(T?), with x > 0, satisfying

F{(p, q) € C**(T%) x C*(T%); 0<p<p < ﬁ} =1,

and for all p € [2,00)

(3.4) /
C2trxC2

1|ql? a ) P
B — ' ——pf| dD(p,q) < C.
s, Tt (p,a)

L.’I)
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As in [14, Section 2], the system (3.1) can be equivalently rewritten as a fixed point problem

u(t) = M [S(u)(t)] (qa +/ N[S(u), u]ds
(3.5) 0

+ [0 (st stapyaw).

In the brackets the stochastic integral is interpreted as an element of X% . Here S(u) is a
unique classical solution to (3.1a) with a strictly positive initial condition gy € C*t#(T3), i.e.
0 < 0 < go < o This classical solution exists (and belongs to C([0,T]; C***(T?))) provided

u € C([0,7],C%*(T?)). A maximum principle applies in this case such that for all € T?

(3.6) oexp ( - /Ot I divu|oodo> < S(u)(t,z) < Bexp (/Ot I divu|o, da).

For the properties of S we refer to [14, Lemma 2.2]. The operators M|g] are invertible provided
o is strictly positive. We further define

(Nlo,ul, ) = / [vAu —div(ou®@u) + V((A +v)divu — ap” — 5@6) —eVuVyl - ¢ dx
T3

for all ¥ € Xy. Note that for ¢ and u satisfying the conditions above N|g, u] is well-defined.

In order to study (3.5), we shall fix some notation. For v = Ziil o;; € Xy and R € N let
us define the following truncation operators

N
vi = Z Or(cvi)aith;.
i=1

Here 0 is a smooth cut-off function with support in [-2R, 2R] such that 6(z) =1 on [-R, R].
Note that by construction the mapping O : v — v satisfies

(3.7) Or: Xy — Xn, [Or(v) = Or(v)llxy < C(N)[v —ulxy,

for all u,v e Xy.

Let N € N, R € N be fixed. In the first step, we will solve the following problem (3.8) by
using the Banach fixed point theorem in the Banach space B = L?(Q; C([0,T.]; Xn)) with T,
sufficiently small. Repeating the same technique shows existence and uniqueness on the whole
time interval [0, T]. Finally we pass to the limit as R — oo. Consider

u(t) = M S(uf)(t)] {(Qoué%)* + /O tN[s(uR),uR} ds
L on ( /0 Y (S(uh), S (")) dw)]

with ug = M~1[go]q. Note that now we have u(0) = uf. Let 7 : B — B be the operator
defined by the above right hand side. We will show that it is a contraction. The deterministic
part J.: can be estimated using the approach of [14, Section 2.3] and there holds

(3.8)

| Taertt — Taerv|| g < T.CO(N, R, T.)||u — v||3,

where the constant does not depend on the initial condition. In several points one needs the
fact that we are working on a finite dimensional space: equivalence of norms is used and also
Lipschitz continuity of M~! in p (see [14, (2.12)]). Let us focus on the stochastic part .
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‘We have

M [S(u) ()] Or ( / g (S (u™), s(uR)uR) dW)

0

|- Tstout = Tagov]lp =E sup
0<t<T.
2

_ MAS(V) ()]0 < / Y (S, ST dW>

0

XN

< CE sup HM_1[5<UR)<75)]_M_l[S(VR)(t)Hr

0<t<T, L(XF XN)

lfranamiel,

t
R\..R
L(X%,XN) GR( 0 o (u )u >dW>

([ I

As a consequence of the assumption p > 0 we have by the definition of M, (3.6) and equivalence
of norms a.s.

+CE sup HM_l [S(VR) (t)

0<t<T,

[m sy H e, = (st )

€T3

< (pexp(—/oT ||diVVR||Oods)>_1 < C(N,R).

Hence we gain by Burgholder-Davis-Gundy inequality

/ o (s(uR), S(uf)u?) o ($(vF).8(vF)v")

C(N,R) / Z Hgk , R)uR) — géV(S(VR),S(VR)VR)HiNds

Due to the construction of gi¥ in (3.2) we have

S < C(N,R)E sup
0<t<T.

XN

(3.9)

I= ; H gIJcV(S(UR),S(uR)uR) _ g/ICV(S(VR)v‘S(VR)VR)HXN
<clmits@r-miself S| (S(“Ri’<ii‘§R>uR>
+CHM%[S(VR)]H1X . gu(S(u), S )uR) g (SEF),S (V) |

e S(u) sy e

=10+ Is.

Concerning the first term on the above right hand side, we apply Lemma A.1, (2.1), (3.6) and
[14, Lemma 2.2] and obtain

IlgC’(N,R)HS(uR)—S(vR 2 <T.C(N,R,T,) sup ||uR—v

R
HL2 0<t<T, HXN'

For the second term on the right hand side of (3.9) we make use of (A.1) and conclude
B < OV B)([[S(u®) - S| + k= A2, )

<T.C(N,R,T.) sup HuR—v

R
S I
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where we applied [14, Lemma 2.2] and the Lipschitz continuity of

gr(p,q)
(p,q) — kZZI -

The latter follows from (2.1) and (2.2) since we only consider p > C(N, R) > 0. Consequently,
Fy <T.C(N,R,T.)[u - v|3.
For .1 we have by [14, (2.10), (2.12)]

A CWNRE swp [[Swb)(t) - S)(0)| y
0<t<T, L

<T.C(N,R,TOE sup [uf —vE|% =T.C(N,RT.)|u-v|}
0<t<T, N

hence plugging all together we have shown that
||<2tou - fystoVHlZﬁ <T.C(N,R, T*)HU- - V||28

Since we know that also the deterministic part in (3.8) is a contraction if T} is sufficiently
small, we obtain
|7~ TV < sllu - v

with x € (0,1). This allows us to apply Banach’s fixed point theorem and we obtain a unique
solution to (3.8) on the interval [0,T.]. Extension of this existence and uniqueness result to
the whole interval [0, T] can be done by considering kT, k € N, as the new times of origin and
solving (3.8) on each subinterval [kT,, (k+1)T,]. Note that the time T} chosen above does not
depend on the initial datum.

3.1. Passage to the limit as R — oo. It follows from the previous section that for every
N € N and R € N there exists a unique solution to (3.8). As the next step, we keep N fixed,
denote the solution to (3.8) by g and we pass to the limit as R — oo to obtain the existence
of a unique solution to (3.1). Towards this end, let us define

TR = inf{t € [0, T |[ar(®)] . = R} /\inf{t € [0,7); / N (S(iig), S(ig)ig) AW

0

1)
L2

(with the convention inf() = T'). Note that 7z defines an (.%;)-stopping time and let gp =
S(ag). Then (gg, ) is the unique solution to (3.1) on [0, 7r). Besides, due to uniqueness, if
R’ > R then 7 > 7g and (0r/,Ur') = (0r,Ur) on [0,7r). Therefore, one can define (g, 0)
by (0,0) := (0r,ur) on [0,7r). In order to make sure that (g, @) is defined on the whole time
interval [0, T7, i.e. the blow up cannot occur in a finite time, we proceed with the basic energy
estimate that will be used several times throughout the paper.

Proposition 3.1. Let p € [1,00). Then the following estimate holds true
(3.10)

1 a 1)
E| su (, arl? + 6}, + 57) da
{Ogth/’w 293' | 7—1QR B—IQR)
T T P
+/ / u\VﬁRPJr(A+u)|divﬁR|2dxds+e/ / (av8} ® + 080y )| Vor|* drds
0 T3 0 T3

1 a 0 P
< _ 2 ) _ 9 B
_C(1+EUTS(290|uo| +7_1go+ﬁ_190)dx] )

with a constant independent of R, N, € and 0.

Proof. In order to obtain this a priori estimate we observe that restricting ourselves to [0, 7r)
the two equations (3.8) and (3.1) coincide and we apply It6’s formula to the functional

f AT % X5 R, (p.0) — 5 (0, M7 pla),
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where p = o and q = grupr. This corresponds exactly to testing by ug in the deterministic
case. Indeed, there holds

dqf(p.a) =M plae Xy,  02f(p.q) = M 'p] € L(X}, Xn)
and

—La, M M] IM Y pla) € L(A(T9), R),

Gpf(p.a) = =5

and therefore

2
dqf(0r,0rUR) =g,  O.f(0r,0rUR) = M~ [dg],

L~ 1 -
f(0r, 0rUR) = */ orlug|*dz,
’]1‘3

- 1.
0pf(0R, 0RUR) = —§\UR|2-

We obtain
1 ~ ~ 9 1 ) tATR L
| stATr)|u(tATR)|"dz == [ ooluel*dz —v |Va|* dz do
2 T3 2 T3 0 T3

tATR
f(A+1/)/ | diva|? dz do
0 T3

tATR tATR
/ / ou®u: Vudmda—e/ VﬁV@ udrdo
’]I‘B

tATR tATR
+a/ / 7dlvud:UdUJr(S/ / ﬁleUdl‘dO’
T3 T3

tATR c tATR
/ / u- gy (6, 00) dxdﬁk(U)ﬁ-*/ Vl|a]? - Vodzdo
E>1 T3 2 Jo T3

tATR tATR
5[ vk andsdo s 530 [ (M ol @ 2o 2.6 o
lc>l
= Ji4-+ T
Now, we observe that Js + Jg =0, Jy + J19 =0,
a tATR tATR
Jo=— / 00" dxdo — sa’y/ / 72| Vp|? dz do,
v=1Jo T3 0 T3

similarly for J;. Due to definitions of g% and M~! we have

S M el (8, 01), 97 (8, 61)) = Y (M= [alg) (&, 610), M~ 2[g)gf (6, o))

k>1 k>1
gk éa éﬁ
= P d:p <
- /W . > /Td

gc/‘@+@”+mmﬂdm
T3
Here we also used continuity of Py on L*(T?) and (2.1). We get

tATR
Jin < c/ / (1+¢" + ou)?) dz do.
0 T3

Hence according to the Gronwall lemma we can write

E/TS (%@(t Arr)|a(t A e)|

gk 0, Qu

d

1)
] ~A/(t/\ TR) + ﬁ@ﬁ(t A TR)) dl’

tATR
+E U / v|Va]? + (A +v)|dival® + e(ays? 2 + 688°?) Vo> da ds]
0 T3

1 a o
< 1+E = 24 =l ——0)da ).
C’( + /1r3 (290|U0| +7—1Q0+5—1QO) JF/)
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Let us now take supremum in time, p-th power and expectation. For the stochastic integral Jg

we make use of the Burkholder-Davis-Gundy inequality and the assumption (2.1) to obtain,
for all t € [0,T],

tATR
E sup J8|”<C’E[/ Z(/ g,gu dx> }
0<s<tATgr

k=1
o[ ()]
<CE-/OWR< 5 |M5[§]ﬁ|2dx>(As M‘ dx) ds]p
<CE /OWR< TSM[ ga-ud )(/T (@+@V+§|ﬁ|2)dx>dsr

p tATR p
< /Q]E( sup / olal? dx) ds + C(FL)E/ (/ (6+0" + alal?) da:) ds.
tATR JT3 0 T3

Finally, taking x small enough and using the Gronwall lemma completes the proof. g

Corollary 3.2. It holds that

]P’(supTR :T) =1
ReN

and as a consequence the process (9,0) is the unique solution to (3.1) on [0,T].
Proof. Since

(3.11) IP’( sup T < T) <P(rp<T) < ]P’( sup [|6g(t)]z: > R)
REN 0<t<T

+P( sup /OQPN(S(ﬁR),S(ﬁR)ﬁR) dw

0<t<T

> 1)
L2

for all R, it is enough to show that the right hand side converges to zero as R — oco. To this
end, we recall the maximum principle for gz (3.6) and gain

¢ ¢
o0exp ( 7/ I divﬁR\\ood.s) < ogr(t,z) <pexp (/ | diVﬁRHDods).
0 0

Since g € B = L?(Q;C([0,T]; Xn)) and all the norms on Xy are equivalent, the above left
hand side can be further estimated from below by

Qexp(—ch/ [Vig|?. ds) < or(t, ).

Plugging this into (3.10) we infer that

T
(3.12) E[exp ( — c/ |Vag|3- ds) sup ||ﬁR||%2] <é
0 0<t<T

Next, let us fix two increasing sequences (ar) and (bg) such that ar, bgr — 0o and age’® = R
for each R € N. As in [16], we introduce the following events

r T
a=[ew (e [ IVanieds) sup fanls < an]
i 0 0<t<T

r T
B= c/ |Vig||2.dt < bR}
L 0

C=| sup [[ugli. < “RebR]'
L 0<t<T
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Then AN B C C because on AN B there holds that
sup |[|agl|7. = e"e " sup |[lagl|7.
0<t<T 0<t<T
T
< e’ exp ( —c / [ Vag|?. ds) sup |tgl%: < e’Fag.
0 0<t<T
Furthermore, according to (3.10), (3.12) and the Chebyshev inequality
C C
P(A) >1— —, PB)>1- —.
apRr bR
Due to the general inequality for probabilities P(C') > P(A) + P(B) — 1 we deduce that
PC)>1— — — — —1, R — oc.

This yields the desired convergence of the first term on the right hand side of (3.11).

13

For the second term, we have due to equivalence of norms on Xy and Burkholder-Davis-

Gundy inequality

t 2 t 2
E sup /qﬁN(gR,gRﬁR) dw|| <CE sup /@N(QR,QRﬁR)dW
0<t<T 0 L2 0<t<T 0 w-12
T ~ ~ ~
1os 9k(0R, ORUR) |2
< CE/ HM% o PN7~H dr.
0 kZZI 2 VOR Wtz
Next, there holds
(3.13)
1os gk (0r, ORUR) ||2 1. 91 (0r, ORUR) 2
M3 (] Py PRI ST sup (M [ag] Py PRI )
kaH VOR Wk kz>1 pew!? VOR
- T Ylly2 <1

5r. Gl 7 )
:Z sup ‘<PN7%(QR ~QR R>7M;[0N]¢>‘
k>1 wewh? VOR
= Ml <1
2

9r(ORr, ORUR)
S
kzz:l OR

L2
10,2 <1

We further estimate using (2.1)

(3.14) ]; H gk(éz\z/,gﬁzz) ’

and

2
S C(1+grl7- + IV erurll:)

sup  |ME[arly|;. = sup  (Mlarlep, %)
pewh? pewh?
Il 1,2 <1 ]l 1,2 <1
< sup  ||Mlgrle||,. < sup  ||arPne| .
bewh? bewh?
1]l 1,2 <1 Il yye,2 <1
< sup ||or| L IPN®llLe <C sup ||r||, 1PNl
pewh? pew"?
[l 41,2 <1 [l y1,2 <1

<C sup |@r| . 1¥lwre < Cllgrllce
pewh?

1]l 1,2 <1

(3.15)

sup || M2 [or] |-
wewh?
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Altogether we deduce
2

E sup
0<t<T

t T
/ N (og, oruR)dW| < CE/ Iorllz (1 +116rl7~ + IV érun|l72) dr
0 0

L2
(14 sup el +E swp 2]+ 5 sup |VEmalis) < C.
0<t<T 0<t<T 0<t<T

where we used (3.10) with p = 2. Finally, the convergence of the second term on the right
hand side of (3.11) follows from Chebyshev’s inequality and the proof is complete. g

4. THE VISCOUS APPROXIMATION

In this section, we continue with our proof of Theorem 2.4 and prove existence of a martingale
solution to the viscous approximation (2.6) with the initial law I" (see the beginning of Section
3 for its definition), where €, are fixed. In particular, we justify the passage to the limit in
(3.1) as N — oo. Let (on,un) denote the solution to (3.1) and observe that by the same
approach as in Proposition 3.1 it can be shown that it satisfies the corresponding a priori
estimate uniformly in N. In fact, there holds for any p < oo

(4.1)

E{s /(1 a2+ —2 oY, + = 2)d
u - X
ogth s 2@N N 7_1QN 5—1QN

T T P
—|—/ / V\uN|2—|—()\—|—1/)|diqu|2dxds+5/ / (a’yg']v_z+5ﬂg%_2)|VQN|2da:ds
0 T3 0 T3

<C’p(1+]E[/ ( go|u0| +71Q0+%Q§> dm]p>

uniformly in N, ¢ and p. Thus we obtain uniform bounds in the following spaces

(4.2) uy € LP(Q; L*(0, T; WhH2(T%))),
(4.3) Vonuy € LP(Q; L=(0,T; L*(T%))),
(4.4) on € LP(; L=(0,T; L7 (T?))),
(4.5) Veb (on)?? € LP(; L2(0, T; WH(T?))).

We recall that 8 > max {2,7}. Here p € [1,00) is arbitrary due to (3.4) and the estimate of
uy € LP(Q; L2(0,T; L?(T?))) is obtained as in [22, Remark 5.1, page 4]. Besides, testing (3.1a)
by on yields

t t
/' \QN|2dx+25/ / |VQN|2dxd0:/3|g0|2dx—/ /3diqu|gN|2dxdcr.

And therefore since 8 > max{27'y} (4.2) and (4.4) imply for any p € [1,00)

U / |VQN|2dxdo] <CIE[1+/ / |VuN|2d:ch+/ / |QN|4dxdo] <C.

This yields the uniform bound
(4.6) Veon € LP(; L*(0, T; WH2(T?))).
Moreover, from (4.4) and (4.5) we obtain by interpolation that

2p

T P P T
E{/O 1R 172 rs) dt} < E[oiﬁ% ||QIJBV||L1(T3):| + EUO 10313 dt} =C.
In particular we obtain a uniform bound
(4.7) on € L"(Q L7F1(Q), Q=(0,T) x T,
for all p € [1,00) as 3 > max{3,~}.
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4.1. Compactness and identification of the limit. Let us now prepare the setup for our
compactness method. We define the path space X = X, X Xy X Xpu X X,y X Xy where?

X, = Cy([0,T]; LP(T%)) N L0, T; L*(T?)) N (L2(0, T; WH2(T?)), w),
Xy = (L0, T; WHH(T?),w),  Xpu = Cu((0,T]; W™22(T?)),
Xy, = L*(T?), Xw = C([0,T7]; o).

Let us denote by foy, fhuys HPy(oxun) a0 fig,, respectively, the law of oy, uy, Py(onun)
and o (0) = go on the corresponding path space. By pw we denote the law of W on Xy,. The
joint law of all variables on & is denoted by u™.

Proposition 4.1. The set {piuy; N € N} is tight on Xy.
Proof. The proof follows directly from (4.2). Indeed, for any R > 0 the set
Br = {ue L*(0,T; W"(T%)); |[ullz2(0.7zwr2(19)) < R}

is relatively compact in X, and

= Q

fiuy (BR) = P(|lunllL2(0,mwr2 () = R) < %EHUNHLZ(O,T;WL?('H%)) <
which yields the claim. O
Proposition 4.2. The set {p,y; N € N} is tight on X,.
Proof. Due to (4.3) and (4.4) we obtain that
(4.8) {oxun} is bounded in LP(; L(0,T; L7+ (T?)))

hence {div(pnyun)} is bounded in LP(€; L>°(0,T; Wﬁl’%(ﬂ‘?’))) and similarly {eApn} is
bounded in LP(; L>°(0,T; W~22(T?))). As a consequence,

Ellon|”

283 S C
COL (0.7 W 7 BT (19))

due the continuity equation (3.1a). Now, the required tightness in C, ([0, T]; L?(T?)) follows
by a similar reasoning as in Proposition 4.1 together with the compact embedding (see [28,
Corollary B.2])

L%(0,T; LP(T%)) N COY([0, T); W2 551 (T3)) <5 €, ([0, T]; LP(T?)).

Next, observe that by applying interpolation to (4.4) and (4.6) we obtain
T T 2
B [ ol y st <E s flowlis+ E| [ lovlfsd] <.
0 W2 B2 0<t<T 0
Since W*+4 is compactly embedded into L* we make use of the Aubin-Lions compact embedding

L}0,T; WH(T%)) 0 O ([0, T]; W27 (T)) < L4(Q)

and conclude as in Proposition 4.1.
Tightness in (L%(0, T; W12(T?)), w) follows directly from (4.6) which completes the proof.
O

Proposition 4.3. The set {{ipy(onuy); IV € N} is tight on Xpy.

2If a topological space X is equipped with the weak topology we write (X, w).
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Proof. First, we shall study time regularity of Py(onun). Towards this end, let us decompose
Py(onuy) into two parts, namely, Py (onuy)(t) = YV () + ZN(t), where

t
YV (t) = Pnq(0) — / Py [div(onuy ® uy) + vAuy + (A +v)Vdivuy
0
t
—aVo) — 5VQ§3V]dS + / @N(QN, onuy)dW(s),
0

t
ZN(t)=¢ / Py [VuyVoy] ds,
0

and consider them separately.
Hélder continuity of (Z). We show that there exists x € (0,1) such that

(4.9) E(|ZNcx (jo.11:w-12(73)) < C.
To this end, we observe that according to (4.2), (4.4) and the embedding W12(T3) — L5(T3)

there holds

2 2
Elonvun(|” o5 <CE sup lon[l}s + CElun|5s < C.
2P+ 0<t<T @ e

By interpolation with (4.8) (and noticing that 8 > 4) there exists r > 2 such that we have a
uniform bound in
onuy € LP(Q; L7(0,T; L*(T?))).
Now we have all in hand to apply maximal regularity estimates to (3.1a) with
div(enuy) € LP(Q; L™(0,T; W~12(T?)))
as a right hand side and deduce a uniform estimate in
(4.10) on € LP(Q; L™(0,T; Wh2(T3))).

Finally, we combine this with (4.2) and the continuity of Py on W~=42(T?) and (4.9) follows.
Holder continuity of (Y™). As the next step, we prove that there exist 9 > 0 and m > 5/2
such that

(4.11) E[[Y™|lco o,rp;w-m2(rs)) < C.

Let us now estimate the stochastic integral. Due to Burkholder-Davis-Gundy inequality we
obtain for any 6 > 2

0

]E’/tsliN( uy) dW <CIE( tZHM%[ P MHQ dr>6/2
s N, eNtN W12 B s ko1 enlEn \/QiN w—1.2 :

Here, we can apply the estimates established in (3.13) - (3.15) and deduce
0

t t 0/2
EH [ @ (o, o) aw scnz< / ||QN||L2(1+|QN||;+|\ﬁgNuN||%2>dr)

W—l,2

0/2
< Clt= s B| sup llowlla(1-+ w1, + IVawunl)]

6
SOIt—s|9/2(1+1E sup [lon |72 +E sup |lon|7h +E sup ||\/QNUN|%62>
0<t<T 0<t<T 0<t<T
< Clt —s|?/2.

By the Kolmogorov continuity criterion we conclude that for any o € [0,1/2)

<C.

t
EH/ N (on, onun) dW <
0 Co([0,T; W —12(T3))

Besides, from (4.2) and (4.8) we get
(4.12) onuy ®uy € LU(Q; L*(0,T; L7+ (T°)))
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uniformly in N and therefore

(4.13) {div(oyuy ®uy)} is bounded in  LP(€; L2(0, T; W~ 1357s (T3))).

As a consequence of (4.2) and (4.7)

(4.14) {vAuy + A+ v)Vdivuy} is bounded in LP(; L2(0 T; W=12(T3))),

(4.15) {aVo), + 6V} is bounded in  LP(Q; L% (0,T; W15 (T#))).

Since [ > g there holds
Wb (T3) — WhH(T3), W b5 (T3) — Wb2(T3)

and thanks to uniform boundedness of Py on W~52(T3) and W~12(T?3) it follows that
{Pydiv(oyuy ®uy)} is bounded in LP(Q; L?(0,T; W~"2(T?))),

{Py(vAuy + (A\+v)Vdivuy)} is bounded in LP(%; L2(o T; W~12(T3))),

{Py(aVo} +0V%)} is bounded in  LP(Q; L5 (0,T; W"2(T3))).

Finally, (4.11) follows for some m > I.
Conclusion. Collecting the above results we obtain that

EHPN(QNuN)HC"([(LT];W*m,Q(TS) <C
5

3.
uniform boundedness of Py on W~2-2(T3), the embedding Lﬁz*fl(']lﬁ) < W~22(T?) together
with the compact embedding (see [28, Corollary B.2])

for some 7 € (0,1) and m > This implies the desired tightness by making use of (4.8),

L%(0,T; L7+ (T%)) N C7 ([0, T); W—2(T?)) <% C, ([0, T); L7 (T3)).
O

Since also the laws p,, and py, respectively, are tight as being Radon measures on the
Polish spaces &,, and Xy, respectively, we can deduce tightness of the joint laws ul.

Corollary 4.4. The set {u"V; N € N} is tight on X.

The path space X is not a Polish space and so our compactness argument is based on the
Jakubowski-Skorokhod representation theorem instead of the classical Skorokhod representa-
tion theorem, see [20]. To be more precise, passing to a weakly convergent subsequence u”
(and denoting by g the limit law) we infer the following result.

Proposition 4.5. There exists a probability space (Q, F ,P) with X-valued Borel measurable
random variables (0n,QN, qN, QQ7N,WN) N €N, and (g,u Q, 00, W) such that

(a) the law of (@N,ﬁN,qN,éo N W) is given by uN, n e N,
(b) the law of (9,1, q, 00, W), denoted by p, is a Radon measure,

(¢) (on,un,qan, do,N, WN) converges P-almost surely to (0,1, 4, 0o, W) in the topology of
X.

We are immediately able to identify (0o.n,dn), N € N, and (go, ).
Lemma 4.6. There holds P-a.s. that
(00,n,an) = (0n(0), Py (onun)), (00, a) = (2(0), ou).

Proof. The first statement follows from the equality of joint laws of (on, un, Pv(onun), on(0))
and (on,Un,Qn, Oo,n). Identification of gy follows from the a.s. convergence

on =06 i Cu([0,T); L7(T?))
and in order to identify the limit q, note that
oyuy —gu in  LY(0,T;LY(T?) P-as.
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as a consequence of the convergence of on and ty in X, and X, respectively. Clearly, this
also identifies the limit of Py(oytn) with gu. O

From (4.1) and equality of joint laws we deduce

- 1 a 1)
416 E (: iy _°0 )d
(4.16) |:Oiltl£T/[[‘3 29N|UN| Jr7 1QN+6 70N

T
+/ / V|ﬁN|2+()\+I/)|d1VﬁN|2dxd5:|
0 T3
P 1|an(0)] a KN »
< 14+E -
p
_CP<1+/ dT(p, q)) <C(pT)
L5><LBJr1

uniformly in NV, € and p.
Based on Proposition 4.5 and (4.16) we are going to achieve a series of further convergences
after taking not relabelled subsequences.

1]ql? a 6
2p v—1 6—1

L

Corollary 4.7. The following convergence holds true P-a.s.
(4.17) oNuy®@uy —gu®a  in  LY0,T; LY(T?)).

Proof. From Proposition 4.5 and Lemma 4.6, we gain
[Vavas,

T
/ PN( NuN) lNINd.’Edt
T3

—)/ /ngu udzdt*H\[u’

In the last step we used the compact embedding

L2L2

(4.18)

-a.s.

L2L2

LA (T%) < w2(T)
which implies together with Proposition 4.5 and Lemma 4.6 that
Py(oyuy) — gu  in L20,T; W= 52(T?)) P-as.

According to (4.18), we infer that for almost every w, the sequence (\/ENﬁN (w)) is bounded in
L?(0,T; L?(T3)). Hence combining weak and strong convergence from Proposition 4.5 implies

(4.19) Voniy —=+/ea  in L*0,T;L*(T?)) P-as.
So (4.17) follows by combining (4.18) and (4.19). O

Let us now fix some notation that will be used in the sequel. We denote by r; the operator
of restriction to the interval [0, ¢] acting on various path spaces. In particular, if X stands for
one of the path spaces X,, Xy, Xpu or Xy and t € [0,T], we define

(4.20) ri: X = X4,

Clearly, r; is a continuous mapping. Let (jt) be the P-augmented canonical filtration of the
process (9,1, W), respectively, that is

(4.21) Fy =0 (o(red, velt, 1, W)U {N € F =0}), te[o,T].

Finally, we have all in hand to conclude this Section by the following existence result.

Proposition 4.8. ((Q,ﬁz, (jt),]fb),é, u, W) is a weak martingale solution to (2.6) with the
initial law T
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We divide the proof into two parts. First, we prove that the equation (2.6a) holds true
and establish strong convergence of Voy in L?(0,T; L?(T?)) a.s. Second, we focus on the
momentum equation (2.6b) and employ a new general method of constructing martingale
solutions to SPDEs, that does not rely on any kind of martingale representation theorem
and therefore holds independent interest especially in situations where these representation
theorems are no longer available.

Lemma 4.9. (g,0) is a weak solution to (2.6a), i.e. for allyp € C*(T?) and and all t € [0, T
there holds P-a.s.

t t
(o(t),v) = <§(0),¢>+/ (ou, Vo) ds—e/ (Vo,Vy)ds.
0 0
Furthermore, P-a.s.
Von = Ve in  L*(0,T; L*(T?)).

Proof. Let us we define, for all ¢ € [0,T] and ¢ € C°°(T?), the functional
t

Lo, @) = {plt), ) — (p(0), ) — / (@, V) ds + / (Vp, V) ds.

For notational simplicity we neglect the i)-dependence in the following. The mapping (p, q) —
L(p,q); is continuous on X, X X,y,. Hence the laws of L(on, ovun), and L(on, on0n ), coincide
and since (on, onup) solves (3.1a) we deduce that

o - 2 2

E|L(én,onun)|” = E|L(on, onun)|” = 0.

Next, we pass to the limit on the left hand side by (4.4), (4.8) and the Vitali convergence
theorem which verifies (2.6a).

In order to prove the strong convergence of Voy, we recall that due to Proposition 4.5 there
holds P-a.s.

Voy — Vo in  L*0,T; L*(T?)).

Hence in order to prove strong convergence it is sufficient to establish convergence of the norms
in L2(0,7T; L?(T?)). Since both (gn,tx) and (g, @) solve (2.6a), we shall test by gy and g,
respectively, to obtain P-a.s.

t t
lo(0)12 +2¢ [ IVan e ds = law )l - [ [ diva vz ds
0 o JT

t t
o) +2¢ [ Vel ds = 2 - [ [ divalaPasds
0 o Jr
Due to Proposition 4.5 we pass to the limit in the first term on the left hand side (after taking
a subsequence) as well as in both terms on the right hand side. This implies P-a.s.
IVenllzz, = IVells:,
and completes the proof. O

Lemma 4.10. We have for all1 < g < ;—fl where 8 > max {J,~}

oniy —oa  in LYQx Q).
Proof. Similar to the proof of (4.17) we have P-a.s.
/ on|ay|?dzdt = / onuy - uy drdt — / ou - udx dt,
Q Q Q

so v/onty — /ou in L?(Q). Combining this with Proposition 4.5 (and taking a subsequence)
yields P-a.s.

ovuy —gu in  LYQ).
The higher integrability from (4.8) implies the claim. O
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Proposition 4.11. The process W is a (jt)—cylindrical Wiener process, where the filtration
(F:) was defined in (4.21). Besides,

((Qv j7 (jt)a ]f]’), éa ﬁa W)
is a finite energy weak martingale solution to (2.6).>

Proof. The first part of the claim follows immediately from the fact that Wy has the same
law as W. As a consequence, there exists a collection of mutually independent real-valued
(1)-Wiener processes ([ )g>1 such that Wy = 3", o, BNey , i.e. there exists a collection of

mutually independent real-valued (,?t)—Wiener processes () x>1 such that W = Ekzl Brek.
Let us now define for all ¢ € [0,T] and ¢ € UyenXn the functionals (we neglect the
dependence on the fixed test-function in the notation)

Mip.v.a) = (a(t). )~ (a(0).0)+ [ (aev.Tg)ar—v [ (Te.9g)ar
—()\—i—y)/o <divv,div<p>dr+a/0

t
— 5/ (VvVp,p)dr,
0

t t
<p7,div <p> dr + 5/0 <p’6,div <p> dr

NN(p7 q)t = Z/O <gli\/'(p’ q)a90>2 dr, N(,O, q)t = ZA <gk(p7 q)750>2 dr

k>1 k>1

Nziv(mq)t:/o (gt (p,q), ) dr, Nk(paQ)t:/o (g(p, ), ) dr.

Let M(p,v,q)s: denote the increment M(p,v,q): — M(p,v,q)s and similarly for the other
processes. Note that the proof will be complete once we show that the process M (g, u, gu) is
a (Z;)-martingale and its quadratic and cross variations satisfy, respectively,

(4.22) (M(g,,gu)) = N(g, o), (M, , o0), B) = Ni(, o1r).

Indeed, in that case we have due to bilinearity of the cross-variation

<<M(§, a, o) — /0 (®(g, ou) dVVvso>>>

=0
and (2.6b) is satisfied.

Let us verify (4.22). To this end, we claim that with the above uniform estimates in hand,
the mappings

(p,v.@) = M(p,v, @), (p,v.@) = NY¥(p,@)e,  (p,v,q) = N (p,q):
and
(p,v,d) = N(p,d)t, (p,v,d) = Ni(p,q):

are well-defined and measurable on a subspace of X, x Xy X Xy where the joint law of (g, @, q)

is supported, i.e. where all the uniform estimates hold true and (o(t))rs is bounded in ¢ and
w. Indeed, in the case of NV (p,q); we have similarly to (3.13) - (3.15)

t t 2
4.23 N, q), 2d<c/ / 1+ p ﬁdd,
am X [t eae)’as<c [l [ (1407 +95) deas

k>1

3This has to be understood in the sense of Definition 2.1 via an obvious modification by adding the artificial
viscosity and artificial pressure terms.
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for N(p,q): by (2.1) similarly to (2.3)

Z/O <gk(p7q),<p>2dsSCZ/0 | & (p, @)|7: ds

k>1 k>1

t 2
SC’// (p+pw+&)dxds
o JT3 p

Both are finite due to (4.4) and (4.12). M(p,v,q), NY¥(p,v); and Ni(p,v); can be handled
similarly and therefore, the following random variables have the same laws

d S
M(on,un,onvun) ~ M(on, 0N, OnNUN),
d S
N¥(on,onvun) ~ N¥(gn, onun),
d .. -
N (on, onun) ~ N (on, onuan).
Let us now fix times s,¢ € [0, 7] such that s < ¢t and let
h: Xg‘[O,s] X Xu'[O,s] X XWl[O,S] — [0, 1]
be a continuous function. Since
t t
M(on,un,onuy)e = / (N (o, ovun) dW, ) = Z/ (g (on, onun), @) dBk
0 k>170
is a square integrable (.%#;)-martingale, we infer that

2
[M(QN,uNaQNU-N)] - NN(QNaQNuN)a M(on,un,onun)Br — NéV(QN,QNuN)

are (#;)-martingales. Besides, it follows from the equality of laws that (recall that the restric-
tion operator ry; was defined in (4.20))

Eh(rson, rstn, ts W) [M (o, U, 0N TN )s,t]

(4.24)
=Eh(rson,rsun, v Wy ) [M(on, un, onun)s:] =0,
Eh(rson, rsiy, rsWy) |:[M(§Nv uy, onan) s — NV (an, @NﬁN)s,t:|
(4.25)
=Eh(rson,rouy,rsWy) {[M(QN, uy, onun)?se — NV (ow, QNUN)s,t] =0,
Eh(rson, vstin,rsWy) {[M(E?N, ay, oNaN) B 1 — NP (@, @NﬁN)s,t}
(4.26)

=Eh(rson,rsun,rsWy) [[M(QN,UN, onvun)Bilse — N (on, QNUN)s,t} =0.

As the next step, we employ the assumptions (2.1) and (2.2) and the estimates (4.2), (4.4),
(4.8), (4.10), (4.12) together with Proposition 4.5, Corollary 4.7, Lemma 4.9, Lemma 4.10 and
the Vitali convergence theorem, pass to the limit in (4.24), (4.25) and (4.26) and establish the
following identities that justify (4.22)

Eh(rsg, v, r,W) [M (3,1, 501)s ]

0,

E h(rséa I‘sﬁ, rsW) |:[M(§, ﬁ’ @ﬁ)Q]s,t - N(@, @ﬁ)s,t:|

0,

Eh(rs6,rstt,rsW) [{M(@, a0, 611) Bi)s.c — Ni(8, @ﬁm} =0.

Let us comment on the passage to the limit in the terms coming from the stochastic integral,
ie. NV(on,onun) and N (on,0nun). The convergence in (4.26) being easier, let us only
focus on (4.25) in detail. As a first step we aim to show for all k¥ € N that

(4.27) <91]cv(§N, oNuy), 90> — <gk(§, ou), <p> P® L-ae.
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We first remark that by definition and the symmetry of M y[g] we have
- 1. gr(0N, 0 QNUN k(0N QNuN) 1
(9 (@ B o) = (MR o]y (PN, o) — (SHECINEN), )
ON
As a consequence of the strong convergences in Proposition 4.5
least after taking a subsequence)

and Lemma 4.10 we have (at

gx(On, ONUN) gk(0;00) . 2/m3y T
4.28 = — = in L*(T P® L-a.c.
(4:25) Vax Vi o
where we also used (2.1), (2.2) and the a priori estimates. Moreover, for every v € WH2(T3),
using again strong convergence of gy, the embedding W?2(T3) < L>(T?) and continuity of
Py on L?(T?) and WH2(T?), we have
[Mnlan]v —avl| . <||Pv((@n — 8) Pxv)| . + ||Pn(8 Pnv) — Pa(av) ||,
+ HPN(év) - QVHLQ
< clon = allezlIvllwrz + ellallez || Pav = vy + | Py (av) — v,
—0 P® L-a.e.

Hence M y[dn]- — 6+ pointwise as an operator from W2(T?) — L?(T?). From a formal point
of view it should follow that

MJ%V[@N] R P® L-ae.

in the same sense (recalling that the square root of a positive semidefinite operator is unique). In
order to make this argument rigorous we extend My [p] to an operator W—12(T?) — W ~12(T3)
(thus we stay in the same space). So we set

Mn[on] : WHH(T?) — W=h2(T3),
My [on]®(v) = (MN[on]D, V)2, B(W) = (D, W)z,
where w,v,® € WH2(T3). Now we have
Myon]® = (0B,)2 P® L-ae.

pointwise as an operator from W ~52(T3) — W~12(T3) and hence

M [on]® — <\/5@7’>2 P® L-ae.

The latter can be easily justified by using the series expansion

oo

(oo}
A% ZZCk(I—A)k, cr € R, Z|Ck| < 00,
k=0 k=0
which holds for every symmetric positive semidefinite operator A on some real Hilbert space
A with supy |, <1(Az, 2)» < 1. Finally, we gain

1

(4.29) MZon]- — Vo - P® L-ae.

pointwise as an operator from W%2(T3) — L%(T?). Plugging (4.28) and (4.29) together we
have shown (4.27).
The convergence

. .~ 2 . 2 ~
> ¥ onsontn) ) = Y (gk(8,00), ) P Loae.
E>1 k>1
follows once we show that
(4.30) (BN (an, onTN) -, @) = (B(3,00) -, ) in  L(kR)  P®L-ae.
To this end, we estimate

I= H<¢N(QN7 éNﬁN) ] SD> - <¢(§a éﬁ) T QO>HL2(LL;]R)
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< (2™ (on, onan) -, ) — (P(0n, onTn) SO Lywmy
+ ||<¢(é1\/v éNﬁN) ) <P> - <¢(@a éﬁ) ) ¢>||L2(M;R) =1 + I.
The first term can be estimated as follows

I )

k

(Z/ on 1ok on, onan) 2 dﬂ?)

k>1

ol

<o [ 0y +antinPyas)” (| Prathionte +H<ff¢é?> )

Therefore, using (4.7), Proposition 4.5 and (4.29) (and taking a subsequence) we deduce that

T
E/Iﬂhﬁ& N = .
0

Hence we gain I; — 0 for a.e. (w,t) after taking a subsequence. Moreover, we have using the
Minkowski integral inequality, the mean value theorem, (2.1) and (2.2)

2

I < C( > llgr(an, antin) — gi(6; éﬁ)Hi;)

k>1

<O/ (Z!gk on, onN) — g1 (0, éﬁ)|2>%dx

k>1

<C <1+QN +92)(|QN—9\+|QNUN—QU|>M
T3

1 1
—1 P - . 4
<o [ (1487 +57) aa] | [ 1w o+ v - gl
T3 T3
where the conjugate exponents p, g € (1,00) are chosen in such a way that

v—1 2y
— < 1 d < —.
p 5 v+ an q o

Therefore, using (4.7), Proposition 4.5 and Lemma 4.10 (and taking a subsequence) we deduce

T
fE/ Lydt — 0, N — .
0

and so for a subsequence Iy — 0 for a.e. (w,t) and (4.30) follows. Besides, since similarly to
(3.13) - (3.15), for all p > 2,

t
B [ 100 @ avin) )7 sy
t P g
<CE [ lawlE 1+ laxlz + |Vawanl3) “ar

<C(1+E sup lonl7E +E ,Sup II\ﬁUN|L2> <C

due to (4.3), (4.4), we obtain the convergence in (4.25).

By standard regularity theory for parabolic equations it can be shown that ¢ satisfies the
continuity equation a.e. and hence is also a solution in the renormalized sense. The energy
inequality is a consequence of (4.16) together with the lower semi-continuity of the left-hand-
side. g
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5. THE VANISHING VISCOSITY LIMIT

The aim of this Section is to study the limit € — 0 in the approximate system (2.6) and to
establish existence of a weak martingale solution with the initial law I" to

(5.1a) do + div(pu)dt = 0,
(5.1b)  d(eu) + [div(eu ® u) — vAu — (A + )V divu + aVe? + §Vo°]dt = &(o, ou) dW,

where § > 0 and 8 > max{%,’y}. To this end, we recall that it was proved in Section 4 that
for every € € (0, 1) there exists

((QE, 32\57 (Jte)v EDE)? ésa ﬁsa WE)
which is a weak martingale solution to (2.6). It was shown in [20] that it is enough to consider
only one probability space, namely,
(€, 7°,P°) = ([0,1],B([0,1]),£) Ve € (0,1)

where £ denotes the Lebesgue measure on [0,1]. Moreover, we can assume without loss of
generality that there exists one common Wiener process W for all . Indeed, one could perform
the compactness argument of the previous section for all the parameters from any chosen
subsequence ¢,, at once by redefining

Xz(HXQquxXQu>><XQO><XW
neN

and proving tightness for the following set of X-valued random variables

{((QN,slqu,ela QN,sluN,m)? (QN,EQa UNeq, QN,ezuN,EQ)a -5 00, W), N € N}

In order to further simplify the notation we also omit the tildas and denote the weak martingale
solution found in Section 4 by

(2, F.(FF),P), 02, us, W).

The functions u. and . satisfy the energy inequality, i.e. for any p < oo we have

1 a 1)
52 E (Lortu? + —2 g+ =% )
(5.2) [o;%/w 2Qlul +V7195+571@5 T

T P
—|—/ / uu5|2+()\+u)|divu5|2dxds}
o Jrs
p’Y+ -

< C,(1 —_
- ”( */Lmﬁfl 2 p 4-1" "1

This means we have following uniform bounds

1“1|2 a d 8 b

dF(p,Q)) <C(p,T)
Ly

(5.3) u. € LP(Q; L*(0, T; WhH2(T?))),
(5.4) Veozue € LP(Q; L= (0, T; L*(T?))),
(5.5) 0- € LP(Q; L>(0,T; LP(T?))),
(5.6) oeu. € LP(Q; L%(0,T; L741 (T?))),
(5.7) o-u. @ u. € LP(Q: L*(0,T; L7 (T9))).
Besides, testing (2.6a) by . gives

(5.8) VeV, € LP(Q; L*(0, T; L*(T%)))
and consequently

(5.9) eVo. — 0 in L*(QxQ),
(5.10) eVu.Vo. -0 in L'(QxQ).

As the next step, we improve the space integrability of the density.
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Proposition 5.1. There holds
T

(5.11) E/ / (ag?™ + 608 dzdt < C.
o Jrs

Proof. In the deterministic case, this is achieved by testing (2.6b) with
ATV, = VAT (o: — (o)1)

Here A~! is the solution operator to the Laplace equation on the torus (the mean value of
right hand side needs to vanish) which commutes with derivatives. In the stochastic setting,
we apply the It6 formula to the functional f(p,q) = fw q-A"'Vpdz. Note that since f is
linear in q = p-u. and the quadratic variation of ¢. is zero, no correction terms appear in our
calculation. We gain

/T oA Vo dr = / 0(0)u(0) - A~V o(0) dx

T3

t t
—1// Vu. : VA V. dzdo — (/\—i—v)/ divu, o. drdo
0 T3 0 T3
t
+/ / o-u: ®u. : VATV, dzdo
o Jrs

t
— e/ Vu.Vo. A"V, dzdo
0 JT3

t t
—|—/ / (ag;*Jrl + 59?“) dzdo — / (0e)T2 / (agz + (59?) dz do
o Jrs 0 T3

t
+3 [[ATVe gulen o) dedsi(o)
0 T3

(5.12)

E>1
t t
—l—e/ / QEuEVQEd:EdU—/ / 0.u. A7V div(g.u.) da do
o Jrs o Jrs
=Ji+--+ Jio.

Our goal is to find an estimate for the expectation of Jg which means that we have to find
suitable bounds for all the other terms. Let the term on the left hand side be denoted by Jp.
There holds that

ElJo| < CE|A™ Voo + CE [ cfucfda.
X

Using the continuity of the operator A~!'V and Sobolev’s embedding theorem, we obtain for
any p € (3,3) that

(5.13) ”AivaEHLN(T:i) <C ||V2A71(Qs - (QE)T3)||LP(T3) <C ||Q€||LP(’]I‘3)-

Hence E|Jy| < C due to (5.5). Note that in particular we have shown that A~'Vp. €
LP(Q; L*°(Q)) uniformly in . Besides, J; can be estimated by the same argument. As
0: € L*(Q x Q) uniformly due to (5.5) and B > 2 we deduce that E|Jo| < C as a conse-
quence of (5.3) and the continuity of the operator VA~!V. Similar arguments lead to the
bound for J;. The most critical term, Jy, can be estimated using the continuity of VA™!V,
the Sobolev imbedding theorem, the Holder inequality, (5.3) and (5.5)

t t
E|J4|SCE/ |gg|3||ue||§||ga||3ds<cE[ sup ||ge||§// ue? + |V 2 de ds
0 0<s<t 0o JTs3

3 t 2\ 3
<C (]E sup ||QE|2§> (E{/ / lu.|? + |[Vu.|? dxdt} ) <C.
0<s<t 0 JT3
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For Js we have on account of (5.13), (5.8), (5.3) and (5.5)

(5.5

2

E|Js| < E sup ||A_1VQ€||%00(T3 +E[ / Vus|2dxdt}
2

+IE[// 2|Vg6|2dxdt] <C.
T3

By (5.5) we can easily bound the expectation of J;. Let us now justify that the stochastic
integral Jg is a square integrable martingale and hence has zero expected value. Towards this
end, we make use of the It6 isometry and the assumption (2.1) as well as (5.13), (5.4) and (5.5)
to obtain (recall (2.3) and (0:)1s = (0:(0))s < @)

Z/ /Td ~'Vo. - gk(ps,geus)dxdﬂk()

k>1

_]E/O

2
( A_IVQg-gk(ga,Qeue)dx) ds

k>1
< [IIA 1V95|\L00(Q)/ Z(/ 9K (0, 0-ue Idfv> dS}
k>1
— —1 2 —1
< C@E|IA Vel gy / (X[ o tontonwif ) a
k>1
< C@EIAVoullurg) + C@) [// (1+ 07 + ocluc| )dxdo} < C(o).

We conclude that EJg = 0. So the only remaining terms are Jg and J1g that can be estimated
together. Indeed, due to the properties of the operator ATV

IEJngEJlogﬁC( // |gsu5|2dxds> ( // \ngs|2dxds>
+C’E// lo-u.|*dx ds
o Jrs

which is finite since for any p € [1,00) and uniformly in e
(5.14) o-ue € LP(Q; L2(0,T; L*(T?)))
which is a consequence of the fact that
0- € LULL¥(0, T LXTY),  u. € LP(: L*(0, T; L(T%)))
uniformly in . Plugging all together we obtain (5.11) uniformly in e. g

5.1. Compactness. Let us define the path space X = X, x X, X X,y x Xy where

X, = Cy ([0, T); LP(T?)) N (@), w), Xy = (L2(0,T; WH(T%)), w),
Xpu = C ([0, T]; LFT (T3)), Xy = C([0, T]; o).

Let us denote by p,., ftu. and fiy_ v, respectively, the law of o., u. and p.u. on the corre-
sponding path space. By pw we denote the law of W on Xy and their joint law on X is
denoted by u°.

To proceed, it is necessary to establish tightness of {u®; e € (0,1)}. To this end, we observe
that tightness of {{1u_; € € (0,1)} follows as in Proposition 4.1 using (5.3), tightness of {,.; € €
(0,1)} is as in Proposition 4.2 using (5.5) and (5.11) and tightness of up is immediate and was
discussed just before Corollary 4.4. So it only remains to show tightness for {p,. v ; € € (0,1)}
where the proof of Proposition 4.3 does not apply and requires some modifications.

Proposition 5.2. The set {p,.u.; € € (0,1)} is tight on Xpy.
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Proof. We proceed similarly as in Proposition 4.3 and decompose g.u. into two parts, namely,
o:u:(t) =Y*e(t) + Z5(t), where

t
Ye(t) = q(0) — / [div(oeu: ® uo) + vAu. + (A + v)Vdivu,
0
t
— Vg~ oVe]ds+ [ @(ons g ) W),
0

t
Z5(t) = e/ Vu. Vo ds.
0

By a similar approach as in Proposition 4.3, we obtain Holder continuity of Y¢, namely, there
exist ¥ > 0 and m > 3/2 such that

E||Y®|

o (o.ryw—rm2(re)) < €

Indeed, concerning the stochastic integral, we obtain due to (2.1) (similarly to (2.3)) that

0 g
< CE(/ Z ||gk(QE7QEu8)||{2/V—b,2 dT)
W=b:2(T3)

S k>1

g ¢ 6/2
< 0r( [ Slatocomilfuar) <r( [ [ (ot o+ ayarar)
s JT

S k>1

H / QEaQEuE) dw

< COlt - s/"2(1+E S Veuelz: +E sup ||g€\|‘”/2) <Clt—s|"?

and the Kolmogorov continuity criterion applies. For the deterministic part, we make use of
estimates (4.13) - (4.15) that are also valid uniformly in e (only employing (5.11) instead of
(4.7)).

Tightness of (Z¢). Next, we show that the set of laws {Po [Z°]71; ¢ €
C([0,T); W="2(T?)) for every m > 3/2. It follows immediately from (5.
subsequence)

(0,1)} is tight on
10) that (up to a
eVu.Vo. -0 in L'0,T;LY(T?) as.

hence
Z¢ =0 in C([0,T); LY(T?)) as.
This leads to convergence in law
d 1/m3
Z¢—=0 on C([0,T);L (T%))

and the claim follows as L*(T3) < W~"2(T3) for m > 3/2.
Conclusion. Let n > 0 be given. According to tightness of {Po[Z¢]~1} on C([0, T]; W ~™2(T?))
there exists A C C([0,T]; W~™2(T3)) compact such that

P(Z° ¢ A) <n/2.
Next, let use define the sets
Br ={h € L(0,T5 L7 (T%)); [|h]]

< R}

oo (fo,rw-m2(re)) < R}

(0,T; LT (T3))

Cr ={h € C”([0,T);W~™*(T%)); ||h|
and
Kr=Brn (Cr+ A).

Then it can be shown that Kp is relatively compact in &,,. The proof is based on the
Arzela-Ascoli theorem and follows closely the lines of the proof of [28, Corollary B.2]. As a



28 DOMINIC BREIT AND MARTINA HOFMANOVA

consequence, we obtain

Hocu, (K}:%) = P([que ¢ BRIU[Y®*+Z° ¢ Cr + A])

= IP)(ngugHLO@(O,T;M%(TS)) ” R> * P(HYEHcﬁ([O’T];Wﬂn’Q(TB)) > R) +P(Z7 ¢ 4)

C
< = 2.
<yt n/
A suitable choice of R completes the proof. O
Corollary 5.3. The set {uc; e € (0,1)} is tight on X.

Now we have all in hand to apply the Jakubowski-Skorokhod representation theorem. It
yields the following.

Proposition 5.4. There exists a subsequence u, a probability space (Q, 5‘;,]@) with X -valued

Borel measurable random variables (on, e, qe, We), n €N, and (g,0,q, W) such that

(a) the law of (gc, e, Qc, We) is given by pf, € € (0,1),

(b) the law of (o,0,q, W), denoted by p, is a Radon measure,

(¢) (8e,1c,qe, W) converges P-almost surely to (3,1,q, W) in the topology of X.

Although the passage to the limit argument follows the same scheme as the one presented
in Section 4, the lack of strong convergence of the density does not allow us to identify the
limit of the terms where the dependence on ¢ and pu is nonlinear, namely, the pressure and
the stochastic integral. Therefore, the identification of the limit is split into two steps: the aim
of the remainder of this subsection is to apply the convergence established by the Skorokhod
representation theorem and pass to the limit in (2.6). In the next subsection, we introduce
a stochastic generalization of the technique based on regularity of the effective viscous flux,
which is originally due to Lions [22]. By this we establish strong convergence of the approximate
densities and identify the pressure terms as well as the stochastic integral.

In order to not repeat ourselves we will often refer the reader to Section 4 in the sequel and
present detailed proofs only when new arguments are necessary. We remark that the energy
inequality (5.2) continues to hold on the new probability space. Moreover, Proposition 5.1
continues to hold on the new probability space.

Lemma 5.5. The following convergences hold true P-a.s.

(5.15) oc. — pu in L0, T; W~ L3(T?))
(5.16) gu.®@u. —gu®a  in  LY0,T; LY(T?))
Proof. See Lemma 4.6 and Corollary 4.7. g

Let () and (%), respectively, be the P-augmented canonical filtration of the process
(e, 0:, W) and (g, i, W), respectively, that is

F§ =0 (o(ri6e, v, 1, W) U{N € Z; P(N) =0}), tel0,T],
Fy = o(o(red, relt, W) U {N € Z; P(N) =0}), tel0,T).
We obtain the following result.
Proposition 5.6. For everye € (0,1), ((Q, F,(FE),P), b, e, WE) is a weak martingale solu-
tion to (2.6) with the initial law T'. Furthermore, there exists b > 3 together with a W~%2(T?)-
valued continuous square integrable (jt)—martmgale M and
peLF (QxQ)

,M) is a weak martingale solution to

such that ((Q,g‘:, (), P), 0,1, p
(5.17a) dg + div(gu)dt = 0,
(5.17b) d(p1) + [div(sa ® @) — vAQ — (A +v)Vdiva + Vp]dt = dM

with the initial law T'. Besides, (5.17a) holds true in the renormalized sense.
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Proof. The passage to the limit in (2.6a) employs (5.15) together with the arguments of Lemma
4.9. Concerning the passage to the limit in (2.6b), we follow the approach of Proposition 4.11
and define for all ¢ € [0, T] and ¢ € C*°(T?) the functionals

t

Me(p,v, @): = {a(t), @) — (a(0), @) + / (@®v,Ve)dr — v / (Vv, V) dr

¢ ¢ ¢
—()\—1—1/)/ <divv,divap>dr+a/ <p”,div¢p>dr—|—5/ <p6,divcp>dr
0 0 0
t
—5/ (VvVp,ep)dr,
0

N(p,q); = Z/O {gr(p,q), )" ar,

k>1

Ni(p. ) = /0 (ge(pr @), @) dr,

and deduce that

(518) E h(I‘s@E, rsue, rsWa) [Ma(éfsa U, éaﬁa)s,t] =0,
(519) ]Eh(rséu I'Sfl,;-, rSWE) |:[M€(§Ey ﬁaa éeﬁa)2]s,t - N(éa @aﬁs)s,t:| = 07
(520) fE h(rsém rsﬁsa rSWE) |:[M€(§E7 ﬁev éaﬁs)gz]s,t - Nk(@aa éeﬁe)s,t] = 07

which implies the first part of the statement.
As the next step, we will pass to the limit in (5.18). We apply (5.7) and (5.16) for the
convective term, (5.3), (5.8) and (5.10) for the term involving the artificial viscosity €. In the

case of the pressure, we see that according to (5.11) there exists p € L%(Q X @) such that
al +68° ~p in LT (QAxQ)
hence in view of (5.5) we deduce

t t
Eh(rsde, rstic, rsWe) [a/ <§g,diw>dr+5/ <§§,diw>dr}
0 0

t
— Eh(rsé, rsu, I'SW) [/ <]3, div go> dr] .

0
Convergence of the remaining terms is obvious and therefore we have proved that

(5.21) Eh(rsd,rst,rsW) [(M, ) ] =0,

s,t

where

t t
M, = pu(t) — pu(0) — / div(ga @ a) dr 4 v / Aadr
0 0

t t
+(>\+V)/ Vdivﬁdr—/ Vpdr.
0 0

Hence M is a continuous (jt)-martingale and possesses moments of any order due to our
uniform estimates.

To conclude the proof, we will show that (g, @) solves the continuity equation in the renor-
malized sense. We apply to (5.1a) a standard smoothing operator S™ (which is the convolution
with an approximation to the identity in space) such that P® L*a.e. on  x Q

(5.22) 9,5 [9] + div (S™[g]u) = div (S™[g]lu — S™[gu]).
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Setting 7, := div (S™[g]a — Sy,[ou]) we infer from the commutation lemma (see e.g. [21,

Lemma 2.3]) that P ® £ -a.e.
[7mllzs < l0llyazlloll e,  3=3+ 70

as well as 7, — 0 in L'(T3). Both together imply 7, — 0 in L' (2 x Q). Let b: R — R be a
Cl-function with compact support. We multiply (5.22) by &'(S™[g]) to obtain

0ib(S™[2]) + div (b(S™[2])m) + (b'(S™[2])S™ [e] — b(S™[a])) div & = 7l (S™[2])-
As IV is bounded the right hand side vanishes for m — oo (in the L' (Q x Q)-sense) and we gain
(5.23) 9;b(9) + div (b(o)u) + (b'(8)o — b(a)) diva =0

in the sense of distributions, i.e.

/b(@)@tcpdxdt:—/ (b(3)a) -wdxdt+/ (v'(8) — b(d)) diva p da dt
Q Q

Q
, 0(0(0))¢(0) dz
for all ¢ € C°°([0,T] x T?) with o(T) = 0 which is equivalent to
/ b(@)wdx—/ b(a(0 dCL‘-i—/ / -Vydzdo
T3 T3
/ . (v'(o b(9)) divay dzdo
for all ¢ € C>(T3). O

5.2. Strong convergence of density. In the first step, we proceed as in Proposition 5.1 and
test (2.6b) by A=V g,, that is, we apply [t6’s formula to the function f(p,q) = [, ¢-A™'Vpdz
which yields the corresponding version of (5.12). Let us also keep the same notation, i.e. we
denote by Jy the term on the left hand side and by Ji, ... Jig the terms on the right hand side.
Taking the expectation we observe that the stochastic integral Jg is a martingale. Similarly
for the limit equation we obtain

E/ éﬁ-A‘1Védx=]E/ 5(0) - A1V5(0) da
T3 T3

t t
—VIF:/ Vﬁ:VA’1V§dxda—(/\+u)fE/ / diva gdrdo
0 JT3 o JT3

t t
+1E/ / @ﬁ@ﬁ:VA‘lvgdxda—i-E// opdrdo
0 JT3 0 JT3

t t
—IE/ (@)w/ ﬁda:da—]E/ / guVA~!div(gn) dr do
0 T3 0 JT3
=EK; + -+ EK7.

(5.24)

To see why expectation of the stochastic integral vanishes, let us recall that, at this level, the
1t6 formula can only be applied after a preliminary step of mollification. That is, mollification
of (5.17) and application of the 1-dimensional Ité6 formula to the product (where z € T3 is
fixed)

(00)"(x) (A™'V2)" ().
This yields a stochastic integral of the form
t
/ (A71V@)K(s, z)dM*" (s, z).
0
Now, we observe that by (5.17a)
6 € LU COH (0, T) WA (1),
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Hence (A*1V§)K is a process with Lipschitz continuous trajectories and values in C°°(T?).
Consequently, we may use the integration by parts formula which follows easily from the It
formula applied to the product

(A7) " (z) M"(x)
and infer that

t
/ (A_IVQ)R(S, x) dM“(s, x)
0
t
= (A'V5) " (t,x) M"(t,x) — / M*(s,2)d(A7Vp)" (s, 2).
0
But this necessarily implies that
t
(5.25) E/ (A1) (s, 2) dIT"(s, ) = 0.
0
Indeed, let A be a square integrable adapted process of bounded variation, let N be a square
integrable continuous martingale with Ny =0 and let 0 =ty < ¢; < .-- <t, =t be a partition
of [0,t]. Define
N =D Ny 1, ()
k=1

Then it holds

t n n n—1
E / N4, =B Ny (Ay, — Ay ) = E[ZNtkAtk_ S NA}
0 k=1 k=0

k=1
n—1
=E[N:A] —E> Ay (N, — Ni,) = E[N, Ay
k=0

and letting the mesh size of the partition vanish we obtain by dominated convergence theorem
t
E | NydAs =E[N:A,.
0
Accordingly (5.25) follows and (5.24) is justified.
Therefore, we obtain

t
f@/ / (ag? + 082 — (N +2v)divi.) - dedt =E[Jo — Jy — J5 + J7 — Jo]
0 JT3

(5.26) \
+E / / UL (0-Rij[0-1] — 6-10 Rij[0:]) dz do,
0 T3
and
~ t ~
]E/ / (5 — (0 + 20) divid) gz dt = E[Ko — K, + Ko
(5.27) 0 T

t
+E [ [ a(@Rylow) - g Ry (2) dedo

o Jr3
where we used the Einstein summation convention. The operator R is defined by R;; =
9;A719;. Now, by definition of p and the convergence
(0:(t))rs — (0(t))rs  for ae. (w,t)

together with (5.5) it follows that EJ; — EKg. Moreover, it can be shown that EJ; — 0 and
EJg — 0. Indeed,

E|Js| < Cve (IEHVA_l@aHiOO(Q) + INE”Vﬁe”i%o,T;L?(W)) +Enﬁvéfni?(O,T;Lz(’ﬂ*)))
< Ove
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and

E|J|

IN

Cve (H::||§E”:]3L°°(O,T;L3(T3)) + EHﬁEHiz(O,T;LG(’W)) + IE”\/EVQEH%%O,T;L?(’HG)))
< Cy/e.

Next, we prove that EJy — EK, and similarly EJ; — EK;. Due to Proposition 5.4, (5.15)
and the compactness of the operator A=V on L#(T?) we have for any fixed ¢ € [0, 77,

ATV (t) = ATIV(t) in LA(T3) P-as.,

o.0.(t) — pa(t) in LT (T%) Pas.
Hence due to the assumption 8 > 4
[ a8 Ve - [ a0 A Va0l Bas
T T
This, together with the following bound, for all p > 1,
P

E ‘ / e (t) - ATV (t) da
'H‘S

p
CEA” 1Vgale(T3)+CJE[/TS |§€ﬁg|dx} <cC

yields the claim.

Now we come to the crucial point. In order to establish convergence of the left hand side of
(5.26) to the left hand side of (5.27), we need to verify convergence of the remaining term on
the right hand side of (5.26) to the corresponding one in (5.27). Since . is weakly convergent
in L2(Q; L*(0, T; WH2(T?))), we have to show that 9. R[d-1.] — d.U.R[0] converges strongly
in L?(Q; L2(0,T; W~12(T?))). For the identification of the limit we make use of the div-curl
lemma.

From Proposition 5.4 we obtain that

0. — ¢ in LYT®) P Lae.,
6.il. — o0t in LA (T3) P L-ae
Hence we can apply [14, Lemma 3.4] to conclude that
0:Rijl0:1] — 6:0Ryj[0:] — 0Ri;[o0] — puRi;[8) in L7(T?) P® L-ae.,

where

1 1 B+1 5

S + [

r 6 268 6
provided 8 > 5. Therefore L"(T?) is compactly embedded into W~12(T?) and as a conse-
quence,

0:Rij[0-0e] — 6:0:Rij(8:) — R y;[00] — 6uR ;6] in W HH(T?) Po Lae.

8

Moreover, it is possible to show that for any p € (2, 5

inequality as well as Proposition 5.4)

) (using continuity of R;;, Holder’s

/ HQ& ij Qaus] 0eu:Rij Qs HW 1,2(T3)
T
< OB [ 2oyt + CE s ], | <c
LBF1(T3)
which gives the desired convergence

0-Rij[0-0.] — 6:-U-R;[0:] — 0Ry;[00) — 6uR;;[8] in  L*( L*(0,T; W~ 12(T?))).
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Thus we conclude that

B [ (o-Rylait) - 0.0Ry (5.) dodt

(5.28) @

- JE/ @' (0R;[ow] — 667 R;;(0]) da dt
Q

and accordingly

(5.29) ]E/ (ag? + 667 — (A +2v)diva) p. dzdt — fE/ (p— (A +2v)diva) gdzdt.
Q Q

As the next step, we intend to prove the following

(5.30) hmsupr/ (ag? +60°)6- dzdt < fE/ opdxdt.
Q Q

E—OO

Towards this end, we make use of the continuity equation (2.6a) and its limit equation in the
renormalized form. We consider function b : [0,00) — R which is convex and globally Lipschitz
continuous. As g, solves (2.6a) a.e. we gain

9yb(0<) + div(b(ge)ue) + (0 (8e)0e — b(02)) div . — eAb(s:) <0
P® £*-a.e. and hence

/0 - (b/(éa)ée _ b(@a)) diva, dzdt < /11‘3 b(@E(O)) dx — / b(@E(T)) dz.

T3
For b(z) = zln z we have

(5.31) /OT/T @Edivﬁgdxdtg/w 5.(0)In 5.(0) dx—/ 5.(T) In 6.(T) da.

T3
Since the limit functions (g, ) solve (5.17a) in the renormalized sense as shown in Proposition
5.6, it follows that

(5.32) /0 ’ /Tr pdividrdi = /T 8(0) 0 (0) da / 6(T) In 3(T) dz.

T3
If we combine (5.31) and (5.32) with the weak lower semicontinuity of p — [1, plnpdz, the

fact that for every e the law of g.(0) coincides 9(0) and is given by the projection of I" to the
first coordinate, we deduce that

e—0

T T
(5.33) lim supr/ / 0 diva, dz dt < ]E/ / odivadz dt.
0 T3 0 T3

Using (5.29) and (5.33) we compute

lim sup]E/ (ad? + 6@?)@8 dx dt}
Q

e—0

< lim IF]/ (ag? 4+ 688 — (A + 2v) div 0.) g dzdt + (A + 2v) lim supr/ div u g, do dt
e—0 Q e—0 Q
< E/ (5— (A +20) diva) gded + (/\+21/)E/
Q Q
which completes the proof of (5.30). The rest of the proof uses monotonicity of the mapping
t — t7 and the Minty trick similarly to [14, Section 3.5]. We deduce that p = ag” + 6¢° and
consequently the following strong convergence holds true

divﬁ@dxdt:fE/ opdadt
Q

(5.34) 0. =0 PoLhae
Following the ideas of Lemma 4.10 we also have
(5.35) g, —»pu in LI xQ)

for all ¢ < /3274[-31 With this in hand, we can finally identify the limit in the stochastic term.
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Proposition 5.7. ((Q, Z, (jt), I@’), g, 1, W) is a finite energy weak martingale solution to (5.1)
with the initial law T.*

Proof. According to Proposition 5.6, it remains to show that

M= / &(p, ou) dW.
0
Towards this end, it is enough to pass to the limit in (5.19), (5.20) and establish

(5.36) Eh(rsg, rsu,r,W) {[WW)Q]S,t - Z/ (95 (8, 00), )" d?"] =0,

k>17°8

(5.37) B h(xs5, v, v, V) [[<M, O], , - / (g8, 513), ) dr} 0.

The convergence in the terms that involve M. (g, G, 0-0.) follows from a similar reasoning as
in Proposition 5.6 together with the fact that, due to our estimates, M. (0., Gic, 0: U ) possesses
moments of any order (uniformly in £). The convergence in terms coming from the stochastic
integral can be justified similarly to Proposition 4.11 and therefore we omit the details. Again
the energy inequality follows from lower semi-continuity. O

6. THE LIMIT IN THE ARTIFICIAL PRESSURE

In this final section we let 6 — 0 in the approximate system (5.1) and complete the proof of
Theorem 2.4.

As the first step, let us construct initial laws A that satisfy the assumptions of Section 3
and that approximate the given law A in a suitable sense. To this end, let (p,q) be random
variables having the law A defined on some probability space (£, %#,P). Then one can find
random variables ps with values in C?7%(T3), for some x > 0, such that

0<0<ps <072, (ps)rs <2M as, ps—p i LP(QLY(T) Vp e[l o).
Next, setting

it follows from the assumptions on A that

~ 2
|qp5| € LP(Q; LY (T?)) Vp € [1,00)
1

uniformly in §, and we can find random variables hs with values in C?(T?) such that

95 . 23

—— —hs—0 in LP(Q; LT Vp € [1,00).

N (€ L7(T?)) [1,00)
Let q5 = hs\/ps. Then

2
|qp‘5| € LP(Q; L' (T%)) Vp € [1, 00)
s

uniformly in § and

as—q in LP(QLY(T%) Vpe[l,00)

a8 4 in P(Q: L?(T3 00).
m_)\/ﬁ LP(Q; L%(T?)) Vp € [1,00)

Finally, we define A% = Po (ps,qs)"".

As discussed at the beginning of Section 5, without any loss of generality one can suppose
that for every ¢ € (0,1) there exists

((9797 (ﬁt6)7p)7 QtsvuéaW)

4This has to be understood in the sense of Definition 2.1 via an obvious modification by adding the artificial
pressure.
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which is a finite energy weak martingale solution to (5.1) with the initial law A%. Moreover,

due to the construction of the approximate initial laws A°, the term appearing on the right
hand side of the corresponding energy inequality (cf. (5.2)) satisfies
1 |(l|2 a 6 B P

L Yo
/c:3+~xcg 2 p 41" +Bflp

for all p € [1,00) and, in addition, A° = A weakly in the sense of measures on L7(T?) x LI(T?)

lm_'_ip’y :

6

2y
Ll LIxLJH!

dA(p,q)

L

where ¢ < 7211. Furthermore, we obtain the following uniform bounds
6.1) u; € LP(Q; L*(0, T; WhH2(T?))),
6.2 Vosus € LP(Q; L*>(0,T; L?

(

) ( (T*))),
3) 05 € LP(Q; L>(0,T; L7 (T?))),
4) 805 € LP(Q; L=(0,T; L} (T%))),
5) o5t € LP(Q; L (0, T3 L7711 (T%)),
6) 0515 ® us € LP(Q; L2(0,T; LT3 (T%))).
Let us now improve integrability of the density.

Proposition 6.1. There holds for all © < %7 -1

T

(6.7) ]E/ / (agg+® + 6Q’§+®) dedt <C.
o Jrs

Proof. In the deterministic case one has to test with
VAT (0% = (0%)r2) = A1V,

where © > 0. In order to do this rigorously we have to replace the map z — 2© by some function
b € CH(R) with compact support in order to use the renormalized continuity equation. So we
apply It6’s formula to the functional f(q,g) = f’]I‘3 q-A"'Vgdz. Note that f is linear in
q = ou and the quadratic variation of g = b(p) is zero. Hence we do not need a correction
term. We gain

EJy = E/@rs osus - A7'Vb(os) dw
:IE/Ts g5u5(0)-A‘1Vb(gg(0))dx+yIE/0t » Vus : VA™Vb(0s) dz
+ A+ v)E /Ot . divugs b(gs) dz +IE/Ot /TS ous @ us : VAT'Vb(gs) dr do
+E/0t /Ts (Q}+5g§)b(95)dxdo—]E/Ot(b(g(s))qys /w (07 +003) dzdo

t
+ E/ AL div(osug) d(b(os)) dz = EJy + - - - + EJr.
0 T3

This can be justified as done in (5.24). For J; we use the renormalized continuity equation
which reads as

9ib(05) + div (b(os)us) + (V' (05)05 — b(os)) divus = 0
such that

/TS b(os(t)) pda = /Ot /TS b(os)us - Ve drdo — /Ot /1r3 (V'(05)05 — b(0s)) divus o dx do

and

t
J, = / A" div(gsus) d(b(os)) dz
0 JT3
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t
:/ / b(os)us - VA~  div(gsus) da do
o J13

t
—// (0'(05)05 — b(s)) diva A™" div(gsus) da do
0 JT3
=J; + J?

Now we use a sequence of compactly supported smooth functions b,, to approximate z + 2©
and gain

E%:E/gwyA4W§M
T3
t
=E/‘mm@yA*v£mﬁm+mp/ Vus : VATV da
T3 o JT3
t t
+(>\+1/)E/ / divu(;g?derE/ / ou; @ us : VATV dedo
0 JT3 o JTs3
t t
—HE// (Q}+@+6Q§+®)d$d0’—E/(Q(;@)Ta/ (Qg—‘,—ég?)dxdo'
0 JT8 0 T3

t t
+ ]E/ / oSu- VA~ div(gsus) dedo + (1 — @)]E/ A7IV(gf div ug)osus dz do
0 JT3 o Jr1s3
=EJ, +---+EJs + EJF + EJ2.
We want to bound the term Js5, so we have to estimate all the others. We have

(05)rs < (1+ 05)1s = (1 + 05(0))rs < C
provided © < 1. So (6.4) yields EJg < C. The most critical term is J4 which we estimate by

t
EJ, < E / sl s 12162 | dt,
0

where r := 2313. We proceed, using continuity of VA1V, by

t
BJs < CE( sup losll) ( sup 1651,) [ [9usl + sl do
0<s<t 0<s<t 0

ﬁ o é t ) ) q3 %
< c(E sup ||ga|zl) (E sup [|of ||22) (E[ / |Vua||2+||u5||2da} )
0<s<t 0<s<t 0

as a consequence of Holder’s inequality (qi1 + q% + q% =1, for instance ¢ = g2 = g3 = 3). We
need to choose r such that ©r < v which is equivalent to © < %7 — 1. Then we conclude from
(6.1) and (6.3) that EJys < C. In order to estimate Jy we use the following estimate which

follows from the continuity of VA~!V and Sobolev’s Theorem for ¢ = 5313 €(1,3)

ATV, g, 0 € CIVATelaces) < C lefllncrs.

We gain [EJy| < C as a consequence of (6.3) and (6.5) by choosing © < 2 — 1. We have due
to the continuity of VA~V

t t
EJQSJE{/i |Vu52dxmﬂ%E[/, |%2@dzda]§(?
0 JT3 o J13

provided © < /2. Similarly for Js;. Choosing p = 5,?16 and ¢ = 7,?16 there holds

EJ2

IN

t
E / sl s s A1V (€ divus) |, do

IN

t
E / lsll s loll g€ div s, do
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t % t %
CE[( sup floall) ([ 19usl3 + usl o) ([ divusl ao) }
0<s<t 0 0

1 t %% 1 + %% 1

q1 a2 O . a3

¢ (& s lool )" (] [ 1vwl+ ustas] )" (5] [ 168 avustzas] *)".
0<s<t 0 0

The first two terms are uniformly bounded on account of (6.1) and (6.3). For the third one we
estimate (note that ¢ < 2 as y > 2)

t
IE[/ ||g5@divu5||3da}
0
t @4&L E%Q
IE/ divug|? dz /g i dx da]
(L an) ([ ar)

—4q

2q 2-q ot
§E[( sup / 95@2"’ dx) ! / | div ug|? dxda]
0<s<tJT3 0 JT3

020 2%’(1 q1 ﬁ t q2 é
(]E[( sup / 05 27" dx) } ) (E[/ / |divu5|2dxda} ) .
0<s<t JT3 o Jrs

By (6.1) and (6.3) it is bounded provided @;qu < ~ which is aquivalent to © < 2y — 1. Hence
E[J2] is uniformly bounded. Moreover, we have as p < 6 (due to v > 2)

IN

IN

IN

IN

r t
E[lJ7;] < CE /0 ||Q5||7||U5||6||A_1V(div(95®u§))||pdt}

r t
< CE| [ el lasllf usly <]

r t
(€]
< CE / losl- luslZllS ||rdt},

3y
2v—3"

where r = We proceed by

t
Bl < CE|( su oo, ) (sow 1651, [ FoslE + [V usl o]
0<s<t 0<s<t 0

a1 o % t 9 5 a3\ a3
< ¢ (5 s sl )" (& s 1912 ) ™ (B [ sl + 19uslao] )" <
0<s<t 0<s<t 0

using again (6.1) and (6.3). Finally, we can conclude for all © < %7—1 the claimed estimate. [

Now we can perform the compactness argument similarly to Subsection 5.1. More precisely,
we set X = X, x Xy X Xpu X Xy where

X, = Cy ([0, T); L7(T%)) 0 (L72(Q), w), Xo = (L*(0, T; WH2(T?)), w),
Xpu = Cu([0,T1; L777(T%), X = C([0, T; th)
and remark that the only change lies in the proof of tightness for {fip,u,; ¢ € (0,1)}.
Proposition 6.2. The set {fp5u,; 0 € (0,1)} is tight on Xyy,.

Proof. We proceed similarly as in Proposition 4.3 and Proposition 5.2 and decompose gsus
into two parts, namely, osus(t) = Y°(t) + Z°(t), where

t
Y‘S(t) =q(0) — / [div(g(su(s ®us) +vAus + (A +v)Vdivus — an:ﬂ ds
0
t
+/ D(0s, 05us) AW (s),
0

t
Z0(t) = —5/ Vol ds.
0
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By the approach of Proposition 5.2 (where we employ (6.7) instead of (5.11)), we obtain Hélder
continuity of Y, namely, there exist ¥ > 0 and m > 3/2 such that

E|Yllco o,myiw—m2(ray) < C.

+e

Next, we show that the set of laws {Po[Z%]7!; 6§ € (0,1)} is tight on C([0, T7; WL (T3))
and the conclusion follows by the lines of Proposition 5.2. There holds due to (6.7) that (up

to a subsequence)
3 . ste
dos -0 in L7 (Q) as.
hence o o
6Vol -0 in L7 (0,T; W17 (T%) as.
and o
Z° =0 in C(0,T;W "5 (T%) as.

This leads to the convergence in law

d B+©
B

Z% 50 on c([0,T]; w-b (T?))

and the claim follows. 0

We apply the Jakubowski-Skorokhod representation theorem and mimicking the technique of
Subsection 5.1. We obtain the existence of a probability space (Q, F , ]f”) and X-valued random
variables (ég,ﬁg,Wg), 6 € (0,1), and (g, 1, W) together with their P-augmented canonical
filtrations (j‘t‘s) and (j}), respectively, such that the corresponding counterparts of Lemma
5.5 and Proposition 5.6 are valid. Let us summarize the result in the following proposition.

Proposition 6.3. The following convergences hold true P-a.s.
a; —~a  in  L*([0,T); WhH3(T?)),
05— 0 in Cyu(0,T;LV(T?),
Gy = g in Cyu([0,T); L7971 (T%)),
Uy @u; —gu®a  in  L'(0,T;L'(T?%)),
Furthermore, for every d € (0,1), ((Q, Z, (ﬁt‘s), ]f"), 0s, Ug, V~V5) is a weak martingale solution to

(5.1) with the initial law A° and there exists b > 2 together with a W~"2(T?)-valued continuous
square integrable (Fy)-martingale M and

peLT(xQ)
such that ((Q,g‘:, (3%),]@), 0,0, p
(6.8a) g + div(gi)dt = 0,
(6.8b) d(o) + [div(su ® @) — vAa — (A +v)Vdiva + Vp |dt = dM
with the initial law A.

,M) is a weak martingale solution to

Proof. Let us only make a short remark concerning the pressure: ag] converges to p in
I+e  ~

L™~ (Q x Q) whereas the artificial pressure 5@? vanishes as § — 0. O

Let us proceed with an application of the fundamental theorem on Young measures that will
be used several times in what follows. The result is taken from [24, Theorem 4.2.1, Corollary
4.2.10] and modified to our setting.

Corollary 6.4. Let z, : T2 — R be a sequence of functions weakly converging in LP(T?) for
some p € [1,00). Then there exists a Young measure v such that for every H € C(R) satisfying
for some q > 0 the growth condition

HEI<CO+[")  VEeR
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it holds that - -
H(z,) = H in L"(T?) where H(x) = (vg, H),

provided

1<r<?
q

6.1. The effective viscous flux. It remains to show that p = ag”. Here it is not possible to
test by A~'Vp as in Subsection 5.2 so we test by A"1VTy(p) instead, where we employ the
cut-off functions

Th(2) = k;T(Z) 2€R keN,

with 7" being a smooth concave function on R such that T'(z) = z for z < 1 and T'(z) = 2 for
z > 3. To this end, we can choose b = T}, in the renormalized continuity equation for g5 (cf.
proof of Proposition 5.6) which leads to

0 Ti(05) + div (Ti(5)us) + (T5(35) 05 — Tr(0s)) divg = 0

in the sense of distributions. In order to pass to the limit in this equation, let T denote the
weak limit of T} (ds) given by Corollary 6.4 and let T%* denote the weak limit of (T,é(@g) 05 —

Tr(0s)) div ts in L? (Q x Q) (here it might be necessary to pass to a subsequence). To be more
precise, there holds

(6.9) Te(ds) — TYF in ([0, T]; LP(T?)) P-as. Vp e [1,00),
(6.10)  (T1(8s)8s — Tie(ds)) divis — T*F in L*(Q x Q).
So letting § — 0 yields
(6.11) T + div (T 1) + T** = 0.
Here we used that P-a.s.
Ty(ds) — TV in L2([0,T]; W~ 13(T?)),
i; —a in  L2([0,T); W~ 123(T?)),

which is a consequence of (6.9) (with p > g) and Proposition 6.3. Next, for the approximate
system (5.1) we apply It6’s formula to the function f(p,q) = fw q- A 'VT,(p) dr and gain
similarly to Subsection 5.2

fE/ osus - ATV Ty (85) dz
']1‘3
t
= IE/ 0s515(0) - AT VT (65(0)) da — VE/ Vi : VATV, (85) do do
T3 0 Jrs
t t
- ()\—FV)E/ / divﬁng(éé)dxda—FE/ / 055 @ g : VATIVTL(3s) dz do
0 T3 0 T3
t t
—I—IE/ / aéng(g(;)dmda—E/ (Tk(é(;))qrs/ ag) dzdo
0 T3 0 T3
t t
-HE/ 805 (Tx(8s) — (Tk(éé))W)dde—E/ / osus ATV div (Ti(d5)0s) da do
0 T3 0 T3

t
- IE/ /3 05U ATV (T} (85) 05 — Ti(05)) div tas da do
0 T

=EJ, + -+ EJo.

This can finally be written as

E/ (6 — (N +2v) div i) Ti(0s) de dt = E[Jy — Jy — Jo — J7 — Jg)
Q

+ fE/ (Tk(§6)R1‘j [éaﬁg] - éaﬁgRij [Tk(gé)Dﬁg dz dt.
Q
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Whereas for the limit system (6.8), It6’s formula leads to

fE/ @ﬁ'A*VTl’kdx:fE/ oa(0) - ATI'VTHR(0) da
T3 T3

t t
- VJE/ Va: VATIVT Y dzdo — (A +v) E/ divaTH* dz do
0 T3 0 T3

¢ t
+]E//éf‘@ﬁ:VA”VTl”“olmo—+1E//ﬁfl"“clg;dg
0 JTe 0 JT3
YL I )
_E/<T1’k)?r3/ ﬁdde—E// ot - VA~ div (Th*a) dz do
0 T3 o JT3
t
*E//@fl'Aflvjﬂ’kdde:EKl+...+EK8_
0 JTs

From this we infer
E/ (8" — (N +2v) divi) Ty () do dt = E[Ky — K1 — K¢ — K]
Q
+ fE/ (Tl’kRij [607] — G0 R, [Tla’f})ﬁi da dt.
Q
The limit procedure is now very similar to the vanishing viscosity limit. Finally this implies
Ty (05)R0505) — 0s05R[Tx(85)] — T"*R[gu] — gar[T""]

in L2(Q; L*(0, T; W=12(T%))) as 2% > ¢ (using Proposition 6.3 and (6.9)). Hence

lim / (T3o(05)Rij0505] — 807 Ry [T(85)]) it da it
(6.12) N
= E/ (T Ry [007] — o0/ Ry [TH)) 0’ da dt.
Q

In order to pass to the limit in the effective viscous flux we have to study in addition the term
Js. As a consequence of (6.10) it suffices to show

(6.13) Al div (gst5) — A7 div (gu) in LAH(Q x Q).

Due to the weak convergence of gsus in L5 for a.e. (w,t) we gain (6.13) as a consequence

of the compactness of the operator V! div : L5 = [2 (recall that v > %) and the uniform
integrability from (6.5). So we have E.Js — EK7 for § — 0. Due to (6.12) we obtain

(6.14) lim E U (6] — divis) Ti(ds) da dt] = E[/ (p— diva) TH* dz dt|.
6—0 Q Q
6.2. Renormalized solutions. In order to proceed we have to show
(6.15) limsupr/ |Tx(85) — Th(0)" T dadt < C,
6—0 Q

where C' does not depend on k. The proof of (6.15) follows exactly the arguments from the
deterministic problem in [14, Lemma 4.3] using (6.9) and (6.14). We omit the details.
By a standard smoothing procedure we can follow from (6.11) that

(6.16) Ob(THF) + div (b(TH*)a) + (b (THF)THE — b(TH%)) diva = b (THF) T3k
in the sense of distributions. We want to pass to the limit & — oo. On account of (6.15) we

have for all p € (1,7)

1T — 6| < 11?1 inf || T%(0s)
—0

~ _||P
Lr(OxQ) - 95||Lp(QxQ)

< 2pliminffE/ |65 |P da: dt
40 [l251>K]
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< QPP hminf]E/ |6s|” dzdt — 0, k — oc.
5—0 Q

So we have

(6.17) T 55 in LP(Qx Q).

In order to pass to the limit in (6.16) we have to show

(6.18) V(TY9)T?** -0 in LY(Q x Q).

Recall that b has to satisfy &'(z) = 0 for all z > M for some M = M (b). We define
Qi = {(w,t,2) € A x [0,T] x T3 T"* < M}

and gain

E/ B (TP 24| de dt < sup |b’(z)|11?:/ Xou 1| T2 da dt
Q 2<M Q

IN

C liminffE/ XQu.ar |(T7.(05) 05 — Ti(0s)) div us | da dt
§—0 Q

IN

C sup [ div 85 ] 12 61 ) limn inf 1T%(05) 85 — Ti(86) |l L2(@1,n0)-
It follows from interpolation that
IT5(85)35 — Ti(05)112(Qpar)
~ \ ~ ~ a ~ \ ~ ~ 1—a)(y+1
< IT(@8)25 — Ti(@8) 5 0 |1 TH (28025 — Th(2s) [ 205H0,

where o = ”T_l Moreover, we can show similarly to the proof of (6.17)

(6.19)

1778505 — Ti(85) | 11y < C K7 S%PE/Q |05|7 da dt

— 0, k— oo

(6.20)

So it is enough to prove

(6.21) sup 1T5.(05)85 — Tie(05) | Lo+1(Qunr) < C

independently of k. As T} (z)z < Ty(z) there holds by the definition of Qy s

|T3.(05) 05 — Th(26) Il L7+ (Qrr)

< 2(IT(@5) = Thl@)l 21 o + I1Te@) 121 (@uan))
< 2<||Tk(§5) - Tk(§)||Lw+1(Q><Q) + 1T (25) — Tl’k”mH(QXQ) + HTl’k”Lwl(Qk,M))-
< 2(1IT(@5) = Thl(@)l 21 + I1Te(@5) = Tl s gy ) + CM.

Now (6.15) and (6.9) imply (6.21). On the other hand (6.19)-(6.21) imply (6.18). So we can
pass to the limit in (6.16) and gain

(6.22) 9,b(9) + div (b(o)u) + (b'(8)o — b(3)) diva =0
in the sense of distributions.
6.3. Strong convergence of the density. We introduce the functions Lj by
(=) = {ZEZ,JM [ Ti(s)/s? ds, 2 i Z< '
We can choose b = Ly, in (6.22) such that
O¢Li(0) + div (Li(0)u) 4 Tx(g) diva = 0.
We also have that
0¢ Ly (0s) + div (Lk(§5)ﬁ5) + Ty (0s5) divas = 0.



42 DOMINIC BREIT AND MARTINA HOFMANOVA

The difference of both equations reads as

[, (@) 0 - Lu(@®) ¢de = [ (Lu(29)0) = Lu(@)0) oda

T3

:/0 /]1‘3 (Lk(éé)fl(s — Lk(g)ﬁ) Veodzdo
+/0 /T (Tk(3) div & — Ti(3s) div i) ¢ da do

for all ¢ € C°°(T?). We have the following convergences P-a.s. for all p € (1,7)

Li(3s) — LY in Cu([0,T]; LP(T%)), & —0,
dsIn(gs) = L>* in Cy([0,T]; LP(T?)), & — 0.

which is a consequence of Corollary 6.4 and the P-a.s. convergence of g5 in Cy, ([0, T]; L™ (T?)).
We also have as v > g

Li(ds) — LY in C([0,T]; W=14(T3)), §—0,

P-a.s. So we gain using As — A (weakly in the sense of measures) for the initial condition
t
IE/ (LY (t) — Li(9)(t)) pdx < E/ / (L"*a — Ly(9)0) - Ve dz do
T3 o Jr3

t
—l—limsupf@/ / (Tk(é) divﬁ—Tk(ég)divﬁg)wdxda.
s o JTs

This and the choice ¢ = 1 imply as a consequence of (6.12)
~ ~ gt
JE/ (L7 (t) — Li(9)(t)) dz = ]E/ / T1.(0) diva dz do
T3 o Jr3
t
— lim ianE/ / Tk (05) div us dz do
4 o Jrs

t
g]E// (Ti(6) — T"*) diva dz do.
0 JT3

Due to (6.17) the right hand side tends to zero if kK — oo such that

k—o0

lim f@/ (EM(t) — Lu(@)(1)) de = 0.
T3
This finally means that
fE/ s In g5 dz dt —> fE/ oln gdzdt.
Q Q

Convexity of z — zIn z yields strong convergence of gs.
This means we can pass to the limit in all terms of the system (5.1) and obtain a solution
to (1.1) in the sense of Definition 2.1.

Proposition 6.5. ((Q, Z, (ﬁ:t), If”), o,q, W) is a finite energy weak martingale solution to (1.1)
with the initial law A.

Proof. Having the strong convergence of the density the proof follows the ideas of Proposition
5.7. d
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APPENDIX A. AUXILIARY LEMMA

In this section, we establish some further properties of the operator M defined in (3.3). We
start with an easy observation:

(A1) IMIplllcxn,xn) < Sup p-
TE

Next, we prove Lipschitz continuity of the operator p +— Mz [o].

Lemma A.1. Let p1, po € L*(T?) and assume that there exists constant k > 0 such that

(A.2) P1, P2 = K.
Then there exists a constant C' = C(k, N) > 0 such that
1 1
(A.3) M3 [p1] — M2 [02]|’[;(XN,XN) < C(k, N)lp1 — p2ll2-

Proof. As we intend to apply the mean value theorem, let us first calculate the derivative of
Mz [p] with respect to p. There holds
M [p+ hv] = Mz[g]

. 1.
Lim W = ;M7= [ M[v].

The mean value theorem now yields for some p = ap; + (1 — a)p2

1 1 1 1
(A1) ||Mf[p1} - ME[WH‘L(XN,XN) < §||/\/l_5[p]/\/l[p1 - pZ]HL(XN,XN)

1 _1
= ’HM : [p]H,C(XN,XN)HM[']HL(L2,£(XN,XN))||101 = p2lr2.
Since by definition of the operator M~ (cf. [14, Section 2.2])
~1 . —1
M ol exn,xn) < (;gg p)
we deduce that

HM_% [p]HL(XN,XN) <k

whenever p satisfies the bound (A.2). Besides, we have

IMEMlezeccxnxny = sup [Mlpllleixy,xy) = sup sup  [[Py(p9)]lxy

pGL2 pGL2 PeXn
lpllL2<1 ol L2 <1 llllxy <1
< sup  sup  |ppllre SC(N) sup  sup  |[pllrz[9p] L
pel?  YeXnN pel?  PeXy
ol 2 <1 lI¥llxy <1 ol g2 <1 ll¥llx <1
< C(N).
Hence (A.4) yields the claim. O
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