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MARTINGALE SOLUTIONS OF THE STOCHASTIC 2D PRIMITIVE
EQUATIONS WITH ANISOTROPIC VISCOSITY*
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Abstract. The stochastic 2D primitive equations with anisotropic viscosity are studied in this paper.
The existence of the martingale solutions and pathwise uniqueness of the solutions are obtained. The
proof is based on anisotropic estimates, the compactness method, tightness criteria and the Jakubowski
version of the Skorokhod theorem for nonmetric spaces.

Mathematics Subject Classification. 35Q35, 60H15, 60H30.

Received July 3, 2021. Accepted April 19, 2022.

1. INTRODUCTION

The primitive equations (PE) for oceanic and atmospheric dynamics are fundamental models in meteorology,
which derived from the Navier-Stokes equations assuming a hydrostatic balance for the pressure term in the
vertical direction. For more information on physical background and geophysical applications of the primitive
equations, we refer the reader to [9, 25, 46], for example.

Known results: For the deterministic primitive equations with full viscosity, i.e., the diffusion term —A is
defined by —0?2 — 85 — 02, the mathematical analysis of the initial value problem has been started by Lions,
Temam and Wang [40-42], where the notions of weak and strong solutions were defined and the global existence
of weak solutions was proved, however, the uniqueness of weak solutions is still unclear. By decomposing the
velocity into barotropic and baroclinic components, a breakthrough result has been proven by Cao-Titi [§],
where the global well-posedness of strong solutions in H' to the three dimensional primitive equations has
been obtained, see also Kobelkov [33] and Kukavica-Ziane [36]. One can see some other literatures (for instance
[21, 26, 30]-[34, 48, 49]) for the well-posed results with different space dimensions, initial data and boundary
conditions. In particular, about uniqueness of weak solutions, by introducing the notion of z-weak solution (see
[2, 47]), i.e., weak solutions with additional regularity in the vertical direction, researchers have found some
results [31, 34, 37, 44].
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In the models of geophysical flows, due to uncertainties in the physics derivations and intrinsic heat fluc-
tuations, white noise driven random term was introduced to the geophysical equations (see for instance [45]).
Research on stochastic primitive equations with full viscosity is a classical topic and has been studied extensively
in a number of literatures. For the well-posedness, regularity, random attractor and existence and regularity
of invariant measures, we refer the readers to [10]-[18, 22, 51]. For the deviation principles and small time
asymptotics of the primitive equations, see [12, 13].

Due to the presence of strong turbulent mixing in the horizontal direction in the large scale atmosphere,
the viscosity in the horizontal direction is much stronger than that in the vertical direction. As a result, it
is necessary to investigate the primitive equations with anisotropic viscosity, i.e., the diffusion term —A is
replaced by —v;0% — VQaj — 1302, where vy, v9,v3 > 0, and, in particular, the system that with only horizontal
viscosities, i.e., the diffusion term —A is replaced by —Ag, where Ay = 1102 + 1/285, vi,ve >0 (see [6, 7, 38]).
Mathematically, for the primitive equations with partial viscosity, we would like to emphasis that the system
is not purely parabolic anymore. Cao et al. [6, 7] studied the 3D deterministic primitive equations with only
horizontal viscosity analytically. They tackled this problem in a periodical setting by considering a vanishing
vertical viscosity limit and obtained global strong well-posedness results for initial data with regularity near H?!,
and local well-posedness for initial data in H'. Instead of considering a vanishing vertical viscosity limit, by a
direct approach which in particular avoids unnecessary boundary conditions on top and bottom, Hussein et al.
[28] studied the initial value and the time-periodic problem for the 3D deterministic primitive equations with
horizontal viscosity and obtained existence and uniqueness of local z-weak solutions for initial data in H ;Lgy
and local strong solutions for initial data in H'. Furthermore, if 9,v9 € LY for ¢ > 2, the local z-weak solutions
extended to a global strong solution. For the case of full hyper-viscosity or only horizontal hyper-viscosity, i.e.,
the diffusion term —A is replaced by —A +&(—A)! or by —A +&(—Ag)!, respectively, where e > 0,1 > 1, strong
convergence for € — 0 of hyper-viscous solutions to a weak solution of the 3D deterministic Navier-Stokes and
primitive equations, respectively, was obtained by Hussein in [27].

For the 3D deterministic primitive equations without viscosity, i.e., ¥1 = vo = v3 = 0, blow-up result was
obtained by Cao et al. in [5], see also Wong [52]. Ill-posedness result was obtained in Sobolev spaces by Han-
Kwan and Nguyen in [24], where the solution map was not (Holder) continuous with respect to initial data.
Local well-posedness has been proven only for analytical data by Kukavica et al. in [35].

Stochastic 2D primitive equations with only horizontal viscosity: The primary goal of this paper is to
study the well-posedness of 2D stochastic primitive equations with horizontal viscosity driven by multiplicative
white noise. For simplicity, a period setting is considered here. We consider the domain M := (0,1) x (—1,0)
and denote by x € (0,1) the horizontal coordinate and by z € (—1,0) the vertical one. Let (v,w) be the velocity
with horizontal component v and vertical component w, and p be the pressure. Then the 2D stochastic primitive
equations are given by

dv + (v 9pv + wd,v — 020 + Opp)dt = fdt + o(t,v)dW, in M x (0,7),

0.p =0, in M x (0,7),

Opv + 0,w =0, in M x (0,7), (1.1)
p periodic in z, z, '
v,w periodic in x,z, even and odd, in z,respectively,

v(0) = v, in M,

where ¢ is the random external forces, f is an external force term and W is a cylindrical Wiener process, the
definitions of which will be introduced in Section 2. As in [27], note that the vertical periodicity and parity
conditions in (1.1) correspond in to an equivalent set of equations on (0,1) x (—1,0) with lateral periodicity
and

aZU|Z:0 = 6ZU|Z=—1 = O, w|Z:0 = W|z=—1— 0. (12)
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With these boundary conditions, we suppose with no loss of generality that (see also in [19])

/_Olfdz:/_oladz:/_olvdz:o (1.3)

and
w(z, z,t) = — /Z Ov(x, &, t)dE. (1.4)
-1

In the rest of paper, in order to focus our attention on the difficulties arising from the nonlinear term, we
ignore the external force term f. The whole process of proof shows that the existence of f does not affect our
conclusion.

Studies on stochastic geophysical fluid equations with anisotropic viscosity have attracted more and more
attention in recent years. Especially, for the stochastic Navier-Stokes equations, by adding a term of Brinkman-
Forchheimer type, Bessaih and Millet [1] established the existence and uniqueness of global weak solutions (in
the PDE sense) in the whole space R3. Liang, Zhang and Zhu [39] investigated the existence of the martingale
solutions and pathwise uniqueness of the solutions in a given anisotropic Sobolev space on R? or on the two
dimensional torus T2. Comparing with the Navier-Stokes equations, it is worth to point out that the system
of primitive equations is generally harder to deal with, the nonlinear term wd,v is a more difficult version
in contrast to the nonlinearity of the Navier-Stokes equations since w = w(v) given by (1.4) involves a first
order derivative. Therefore, no matter which type of viscosity is considered, how to deal with the estimates of
nonlinear term is a challenge.

Returning to the study of this paper, for the stochastic primitive equations with partial viscosity, fewer
works have been done. To the best of our knowledge, only the literature [50] was involved on this topic.
In [50], the existence and uniqueness of pathwise solutions in H' to the stochastic 3D primitive equations
with only horizontal viscosity and diffusivity driven by transport noise were established. Firstly, the global
existence of martingale solutions was established for a modified equations with a cut-off acting on LZ°L}, -norm
of the solution. After a standard argument using the theorems by Prokhorov and Skorokhod, the existence of
maximal solutions up to a strictly positive stopping time was established. Then, to establish uniqueness, more
regular initial data was needed in the vertical direction. Finally, the global existence was established using the
logarithmic Sobolev embedding and an iterated stopping time argument.

Generally, what works in 3D does not necessarily work in 2D, in this paper, we study the stochastic 2D
primitive equations with horizontal viscosity. By new anisotropic estimations and compactness method differ-
ently from the above mentioned methods in [50], global existence of martingale solutions has been obtained.
In the proof of the tightness argument of Galerkin schemes, an Aldous’s condition (first introduced in [3]) is
applied to deal with the H_! norm. On the other hand, compared to [50], where the solutions were strong in
the PDE sense, the solutions considered here are z-weak meanings (in the PDE sense), moreover, to obtain the
uniqueness of z-weak solutions, we don’t need more regular initial value.

This paper is organized as follows: In Section 2, some basic definitions and notations are given for a periodic
setting such as function spaces, assumptions and the definition of martingale solutions. In Section 3, the main
results with proofs are formulated.

2. PRELIMINARIES

For s € [0, +00), one defines the Bessel potential spaces

—Illus !

HE, (M) = C32 (M) and  Hy2 (M) = (H2, (M),

per per per per
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where Cp¢,. (M) denotes the spaces of smooth functions which are periodic of any order (cf. [27]) in all directions

on &M and () denotes the dual of the corresponding space. Moreover, H?,, (M) can be characterized by means

per
of Fourier series as
ollrs ary = Y (L+ k%) [0(k) P,
keZ?
where
1 ; "
u(k) = 5/ v(x, 2)e™FT Xk qndy, k= (ki k) € Z°.
M
Furthermore, we recall the anisotropic Sobolev norms,
ol o= (L [Ral?)* (L + ka*)* [5(R),
HpeT (M) kez2
Wl o= > [kl (1 4+ [ko*)* [5(R)|.
For the sake of simplicity, we abbreviate |- [|* ., | -[> . to |- ||§{ ol ”i] ., respectively. We will be
5,8 HE:s 8,8 8,8

per per

working on these spaces,
0
Hi={ve L*(M)| / vdz = 0},
-1
0
Vi={ve H;GT(M)|/ vdz = 0},
-1
_ 0
H*:={veHy, (M)] /1vdz =0},
~ ’ ’ O
H>* :={veHy (M)|/ vdz = 0}.
-1
Note that V = H 1 moreover, the scalar product (,-) is denoted by
(u,v) = (u,v)2(ar) :/ u(z, z)v(zr, z)dadz.
M
We use (+,-)go.r or (+,-)o,1 to denote the inner product

(u,v) o1 (ary = /]V[(u(;zc,z)v(x7 z) + 0u(x, 2)0,v(x, z))dzdz.

The Leray operator Py is the orthogonal projection of L2(M) on to H. The action of this operator is given by

0
Pgo :v—/ vdz.

-1
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Let e,k > 1 be an orthonormal basis of H whose elements belong to H 2 and orthogonal in HO! and H'0
(hence also H1'). For integers k,1 > 1 with k # [, we deduce that for i = =, z,

(afek, el) = 7(81'6]“ (91'61) =0

Therefore, e, is a constant multiple of ej. For example, for k = (k1, k2), the eigenfunctions and associated
eigenvalues can be identified,

er(z,2) = {\/isin(klm") cos(kng)} {wz(l{f + k%)}

k1ko>1 ki ka>1

In accordance with equality (1.4), we take

—/ Orv(z, Z)dz.
—1

And let
B(u,v) := udyv + W(u)o,v,

where u,v € V and denote B(u,u) = B(u).
Define the bilinear operator B(u,v) : V x V — V' according to

<B(u7 /U)7 w> = b(“’ U’ w)7
where

b(u,v,w) = / (uOzvw + W(u)d,vw)dM.
M

Due to boundary conditions (1.2), we have the following lemma.
Lemma 2.1 (Anisotropic estimates). The trilinear forms b and B have the following properties. There exists
a constant C' > 0 such that
1 1 1 1
lb(u, v, w)| < C(IIHIIizllaleizHaxvlleIIWIIizllazwlliz

05l 2 10:01 2wl 219011 (21)
for any u,v,w €V,
b(u,v,v) =0, for any u,v,w € H,
(B(u,u),d,.u) =0, for any u e H*?

Proof. The properties of (2.2) and (2.3) have been obtained in [19], here, by Hélder inequality, we give the
estimate of (2.1) anisotropically.

[b(u, v, w)| §/ sup \u|/ (0zv - w) dz
0

z€[—1,0]

+/ sup / Oy udz / (62v~w)dz)dx
ze[ 1,0]
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< C/Ol (/01 |u|2dz)}1(/01 3Zu|2dz)i(/01 \3mv|2dz>% (/01 |w\2dz>%dx
1 0 0 0 1
+c/ (/ |azu|2dz-/ |8zv|2dz~/ |w\2dz)2dx
0 -1 -1 -1

0 1
3 1 1
<C sup ([ fuPdz) [0, ul ol .
-1

z€[0,1]

0 1
0 sup / wfdz) 9l 2 10012
-1

z€[0,1]

1 1 1 1
< C<|Iulli2II3ZUIlizHaa:vllm||w||i2||3xw||iz

1 1
1wl 2190 2wl a0 ),

where we make use of the boundary conditions and get the following estimates,

sup |ul?* = sup / 0. (u*)dz =2 sup / u - 0,udz
z€[—1,0] z€[—-1,0] J -1 z€[—1,0]

<o( [ rae)' ([ o)

and
0
sup (/ w|? dz = sup / / w|? dzdx
z€[0,1] 1 1601]
< 2wl 20wl 2

This completes the proof.

O

Let (W (t),t > 0) be a Y-cylindrical Wiener process on a stochastic basis (2, F, P), where Y is a separable
Hilbert space. Let L2(Y, U) denote the Hilbert-Schmit norms from Y to U. For a Polish space V, let B(V) denote
its Borel o-algebra and P (V) denote all the probability measures on (V, B(V)). Let o be a measurable mapping
from ([0, 7] x HY', B([0,T] x H"Y)) to (Lo(Y, HY), B(Lo(Y, H"'))). Then we introduce martingale solutions.

Set
F(v) := —B(v) + 02v.
Definition 2.2 (Martingale solution.). We say that a probability measure
PeP(C(0,T);H™Y))

is called a martingale solution of (1.1) with initial value vy if
(M1) P(v(0) = vg,v € L*(0,T; H*') N L2(0,T; H"')) = 1, and

T T
Poe C0.TLE™): [ IFQE)ds+ [ o o), pumds < +ooh = 1
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(M2) For every ¢ € Cge, (M) with ffl 1dz = 0, the process

My (t,v) = {o(t), ) — / (F(o(s)), ¥)ds

is a continuous square integrable F;—martingale with respect to P, whose quadratic variation process is
fot llo* (s,v(s))(¢)||3-ds, where the asterisk denotes the adjoint operator of o (s, o(s)).
(M3) We have

T
E”( sup [Jo(t)]7 +/ [o()[[F0dt) < Cr(1 4 [|volZ2)-
te[0,7T] 0

Hypothesis 2.3 (Conditions). We assume that the diffusion coefficient o is a measurable mapping from
([0,T] x H' B([0,T] x HYY)) to (Lo(Y, HYY), B(Lo(Y, HY'))) and satisfies the following conditions.

(i) Growth condition

There exist nonnegative constants K/, K; and K;(i = 0,1 or 2) such that for every ¢t € [0,T] and v € H"',

”U(tav)HiQ(Y,H*l) < K(l) + K{HUHQL?’ (2‘4)
lo(t )| Z, v,y < Ko+ Ka|[vl|Zz + K2l 0zv]1Zz, (2.5)
lo (. 0)1Z, (v, 01y < Ko + Kal[v][7a. (2.6)

(ii) Lipschitz condition 3
There exists a constant L; such that for ¢ € [0,7] and u,v € H'?,

lo(t,w) = o (8, )7, v,y < Ll (w =) (2.7)

3. MAIN RESULTS

In this section, we state two theorems about the well-posedness of equation (1.1), which will be proved in
the following subsections.

Theorem 3.1. Assume that vy is a random variable in HO! and suppose that o satisfies Hypothesis 2.3 with
Ky < & and Ky < 2. Then (1.1) has a global martingale solution.

Theorem 3.2. (Pathwise uniqueness). Assume that vy is a random variable in HOY. Suppose that o satisfies

Hypothesis 2.3 with Ko < 1—21, f(l < % and Ly < 1. If vy, vy are two weak solutions on the same stochastic basis

(Q,F,P). Then we have vy = v2 P — a.s..

3.1. Galerkin approximation and a priori estimates

Let H,, = span(ey,...,e,) and P,(resp. P,,P,) denote the orthogonal projection from H (resp.ﬁ0’17ffl)
to Hy,. As in [39], we have

P,v= I:’nv, for ve HO'

Furthermore, for u € H,, we have %u € H,, and for any v € H!,

(Pov,u) = (v,u) and (8. P,v,0,u) = —(Pyv,02u) = —(v,0%u) = (9,v,0.u).
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Hence, given v € H%!, we have
(Pyv,u)o1 = (v,u)o1, for any u € H,.

This proves that P,, and Pn coincide on HO!, Similarly, we can prove P, ﬁn, and P,, coincide on H.
We consider the following stochastic ordinary differential equations on H,,,

v (0) = Pyug
and for t € [0,T],u € H,
d(vn(t),u) = (P F (v, (t)), u)dt + (Pno(t, v, (t))dW, (¢), u). (3.1)
Then for k=1,...,n, t € [0,T], we have
d(v,(t), ex) = (P F (vp(t)), ex)ydt + (Pro(t, v, (t))dW,,(2), ex)-
Note that since it is in finite dimensions, there exists a constant C(n) such that ||v||gz < C(n)||v|p2 for

v € Hy,. Hence by Theorem 3.1.1 in [43], there exists a unique global solution v, (t) to (3.1). Moreover, v €
C(RY, H,), P—a.s..

Lemma 3.3. We have the following energy estimates under the hypothesis of Theorem 3.1,

T
E( S[up]llvn(t)H%?) +E/ [vn ()11 0dt < C(Ko, K1, K2, T)(1 + Eljwol[72).
tel[0,T 0

Proof. By It6 formula, we have
t
lon()l22 = [Parols + 2 / (05, 0 (3))AWa(5), 00 (5))
t t
2 / 18,00 (5) 225 + / 1 Par (5, 0 ()12, 10,5 (3.2)

The growth condition implies that

t t
/O 1Pno (s, vn(8)) 12, (v mryds S/O [Ko + Kullva(t) 122 + Kall0sva (t)]|72]ds. (3-3)

The Burkholder-Davis-Gundy inequality and the Young inequality as well as the growth condition imply that,

E(Sup|2/os(Pn0(?“7 o (1)) AW (), v (1))])

s<t

t
1
< 4E{/O 1P (ry v ) ()12 vy o (1) [ 2} 2
4 t
< BE(sup lvn (s)1172) + EE/ [Ko + Killva(s)[Z> + Kal|0zva (t)]I72]ds, (3-4)
s 0

2

since Ky < 7,

we can choose 0 < 8 < 1 such that (5 +1)K; — 2 < 0.

4
B
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By (3.2)—(3.4) and dropping some negative terms, we deduce

t
(1= B)E sup [lvn(s)]Z> < Ellv(0)]|Z +CK0T+CE/ Ky||vn(s)|[72ds.
0

s€[0,t]
Gronwall’s lemma implies that

E( sup |lua(t)l[72) < C, (3.5)
te[0,T]

where C' is a constant depending on Ky, K1, K3, T but not n.
Inserting (3.5) back to (3.2)—(3.4) yields

t
E( S[up]an(t)II%z)JrE/ [vn (8)[[71.0ds < C(Ko, K1, K2, T)(1 + Elwol[72)-
tel0,T 0

This completes the proof. (I
However, we also need the L*() uniform estimates of v,.

Lemma 3.4. We have the following uniform estimates under the hypothesis of Theorem 3.1,

T
E(t:[%%]vn(t)H‘iz)JrE/o lon ()72 llvn (8) 7.0t < C(Ko, K, K2, T)(1 + Elwoll72)-

Proof. Applying once more the It6 formula to the square of || - ||, we obtain

t
lon ()22 = [1Pavollz —4/0 105 () 172 l[on (5)[[Z2ds

+ I + Iz + I, (3.6)

where
t
I = 4/0 (0(s,0n(8)) AWy (s), vn () [vn (5)]|72
t
Iy = 2/0 [P0 (8500 ()17, (v, 1) 10m ()7 2 s,

b= [ (Pt on(s) @) s

The growth condition implies that
t
I(t) + I3(t) < 6/ (Ko + Killva ()22 + K2ll0sva(t)l[72)|vn(s)|[72ds. (3.7)
0

The Burkholder-Davis-Gundy inequality, the growth condition and the Young inequality imply that

E(sup I1(s)) < SE{/O o (r, v (M) 2 v, ) 0 () [ 2} 2

s<t
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< YE(sup |[vn(s)]|12)
s<t
16 ¢ 2 2 2
+ 7E (Ko + Ki|lvn(s)||72 + Kal|Opvn (t)][72)|vn(s)]|72ds, (3.8)
0

since Ky < 12—1, we can choose 0 < v < 1, such that 6 K5 + %Kg —4 <0.

Thus, combining (3.7)—(3.8) and dropping some negative terms on the right of the inequality, we have:

1 t
(5 - V)E(t ol lon ($)l72) < Ellv(0)]17 + E/O Cillva(s)72 + Callva(s)[72ds,
€10,

since we have obtained E(sup;c(o 7 [|vn(t)[|72) < C, the Gronwall’s inequality yields

E( sup o (t)]72) < oo.
te[0,T)

We complete the proof. |

Lemma 3.5. We have the following uniform estimates under the hypothesis of Theorem 3.1,

T
E S[up]an(t)H%Ile +E/ [on ()| F12dt < C(Ko, K1, T)(1 4 Ellvo| 30.1)- (3.9)
telo,T 0

Proof. Using again the It6 formula to ||v;,(¢)]|%0.1, we obtain

t 2
nwam%J+zAH%uwaﬂh:nawwm%J+§j@@% (3.10)
j=1

where
t
Ji(t) = 2/ (o(s,vn(8))dWy(s), vn(s)) o1,
0
t
Bat) = [ AP0 (Dm0 s
The growth condition implies that
t ~ ~
I(t) < / Ro+ Ky l|on(s)|Zaads, (3.11)
0

and

E(sup |2 /OS(O'(’I‘, U (1))dAWe (7), v, (1)) o1 |)

s<t

s 1
< GE{/O 1P (r, vn) (1) 2, (v r0.1) 100 (1) [ o1 dr} 2

t
< BE(up([[n(s)|0) + EE/ (Ko + K [[on(s) |21 ds. (3.12)
s<t ﬁ 0
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Since K| < 2, we can choose 0 < B < 1 such that (% +1)K; — 2 < 0. By (3.10)(3.12) and dropping some
negative terms, we deduce

1 t
(1= BB sup on(s) s < B0 s + CKT + 3B [ onlfoads,
1] 0

s€(o,
Gronwall’s lemma implies that

E( sup_[[vn(t)|[Fr0) < C, (3.13)
t€[0,T

which complete the proof.

Lemma 3.6. We have the following uniform estimates under the hypothesis of Theorem 3.1,

T
E sup v (t)||30. +E/ [on ()| 711 [l (8) 1300 dt < C(Ko, K1, T)(1 + Ellvo|[f0.1)- (3.14)
te[0,7T) 0

Proof. Using again the It6 formula to ||v;, ()] 30,1, we obtain

[V (8) [ o.1 +4/ lon )7 [[vn (O o1 ds = ([ Pav(0) [0 + ZT (3.15)

j=1

where
t
Ti(t) = 4/ (0 (s, 0a(5)) AW (5), v () o [0 (8) [ 3.1
0
t
Ty(t) = 2/0 1Pno (s, vn ()12, v 10 [[on (D) | o1 ds,
t
t) = 4/0 1(Pro(s,va(s)))* (va) [}-ds.
The growth condition implies that
t ~ ~
To(t) + T5(t) < 2/ [Ko + Kul|va ()l 7111 vn () [F0.1ds
0
t t
< 2Ry [ fon(s)lFoads + 2 [ on(s)Fpnsllon ) o (3.16)
0 0
Similar, we have

E(SHPIQ/OS(U(T, Un (1) AW (1), vn (7)) proa [[on (8) 7704 1)

s<t

s 1
< 12E{/0 [ Pro(r, vn)(r)II%Q (oo 10n (1) [0 dr} 2

< BB, M) + S0k [ fnlfosds
s<t
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12 ~ ' 2 2
—|—EK1E H’Un||H1,1||UnHH0,1dS. (317)
0

Since K; < 2, we can choose 0 < B < 1 such that (% +2)K; —4 < 0. By (3.16)(3.17) and dropping some

negative terms, we deduce

~ 1 t
(1=B)E sup [Jvn(s)llgor < Ello(0)[}or + 5B / o[ 0.1ds.
s€0,t] 0

Gronwall’s lemma implies that

E( sup |lvn(t)]/}00) < C. (3.18)
te[0,T)

3.2. Tightness of the family of laws for the Galerkin solutions

In this section, we will prove the tightness of the family of laws for the Galerkin solutions. Before we proceed
further, we recall the following definition and theorem which we can refer to [3].
Let (S, 0) be a separable and complete metric space.

Definition 3.7. A sequence (X,,),>1 satisfies the Aldous’s condition [A] iff for any €, > 0, there exists § > 0
such that for every sequence (7,)n>1 of F; -stopping times with 7, < T, we have

sup sup P(o(Xn(7n +0), Xn(mn)) > 1) <e.
neN §€[0,6]

Theorem 3.8 (see [3]). Assume that (X,,) satisfies Aldous’s condition [A]. Let P, be the law of X, on
C([0,T],S), n € N. Then for every € there ezists a subset A. C C([0,T],S) such that

supP,(A:) >1—¢
neN

and

lim sup sup o(u(t),u(s)) = 0.
0=0ueA, 5,te(0,T),|t—s|<5

We now state and prove the following crucial result.
Lemma 3.9. The family (v,)nen satisfies the Aldous’s condition [A] in S = H~1.

Proof. For any sequence (7, )nen of Ft -stopping times with 7,, € [0, 7], we have

[on (0 +0) = (7o) |

Tn+0 Tn+0
= ||/ (aivn(s) + P, B(vp,vy))ds —|—/ Pho(s,v,(8))dW|| -1

n

<N a1 + N2 =1+ I - (3.19)
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Using Lemma 3.3, the definition of || - ||z—1 and the Holder inequality, we infer that

Tn+0
BN s = £ [ 20 (s) s

Tn+0
gm/ sup  [(02un(s), 9)|ds

loll 1 <1
1 Tn+0 1
uE/ [ (8)|2.0dt)
< Cp3.

By Lemma 3.4, Lemma 3.6 and (2.1), we have

E/ | P B(vy, (1)) ||%-1dt < E/ sup  |b(vn, ¥, v,)|2dt
H¢HH1<1

<8 [ (Jenlis0-vnlla 00
0

el l10sval}2 ) dt

T T
<O(B [ Noallallowonlade + E [ fonl 000 -
0 0

T T
—i—E/ Ho”'xvnH%zdt—i—E/ lonl4adt)

<c(e sup lonllts + B sup [-vnll
tel0,T tel0,T

+E/ HawvnH%zdt—i—E/ [ol12219000 3t
0 0

< 00,

such that
Tn+0
B = B [ 1B (o), vl

Tn+0
< CE/ sup  |{B(vn(s)),¢)|ds

llell 1 <1
Tn+0

Tn+0
Sﬂ/ |wm@m@«mﬂ/ pl13, ds)*

n n

Tn+6
geﬂE/“ | B(on ()13 ds) b

n

N=

IN

coz.

By Burkholder-Davis-Gundy inequality and (2.4), we have

Tn+0
BN ns = ]| [ ols.onehaw],

255
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Tn+0 2 %
< (EH / J(s,vn(s))dWH )
Tn H_l

- C(E /Tn+9

1

2
||a(s,vn(S))HZ(Y,H*l)dS)
<oz,

Collecting these estimates altogether and plugging them in (3.19), we obtain that there exists a constant C' > 0
such that for any 6 € (0, c0),

sup E sup |[vn(t +0) — v, ()| g-1 < C6. (3.20)
neN  6€0,d]

By Chebyshev’s inequality, for any € > 0 and 9 > 0

1 C
sup sup P{||on(t +8) — v, (t)||g— > 0}) < EEHU"(t +0) — v, (O] g < 55.
neN 9e0,s]

Choosing 6 in such a way that § < C~ !¢, we infer that

sup sup P([|lvn(t 4 0) —va(t)|[g-1 = V) <,
neN ge0,5]

from which we easily infer that (v, ),en satisfies the condition [A] in H 1. R ]
In the next lemma we will prove that the family of laws of (v, )nen, denoted by P, is tightness.

Lemma 3.10. Under the hypothesis of Theorem 3.1, B, is tight in the space
X =C([0, T H ) n L*([0,T]; H) N L2, ([0, T); HYY) n L. ([0, T]; H™Y),

where L2 ([0, T); H') denotes L*([0,T); HY') with the weak topology and LZ([0,T); H%) denotes
L°([0,T); H%Y) with the weak star topology.

Proof. In order to get the tightness of Pn, we should prove that there exists a compact subset K. of X’ such
that

sup P, (K.) > 1 —e. (3.21)
neN

By the Chebyshev inequality and Lemma 3.3, Lemma 3.5, we infer that for any n € N and any 71,72 > 0,

SUPselo,T) ”vnH%[Ol) < ﬁ
r ]

) B(
]P’( sup ||vn |71 > 7’1) <
s€[0,T)

E(an“%‘z o1 EL) _ C
P(H”n||L2([O,T];H1~1) > 7”2) < T(é Ak ) < 722
2 2

Let Ry, R be such that % < g and % < %, we denote
2

Bli

{fveXx: sup ||v|%o: < Ry},
s€[0,T
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By = {1} e X: ||'U||L2([O,T];H1$1) < RQ}

Then
supIE”( sup ||vn||%o > Rl) < E, (3.22)
neN s€[0,T] 3
€
supP(||U7L|\L2([O,T];H1,1) > Rz) <z (3.23)
neN
By Theorem 3.8, there exists a subset A= C C([0,T], H™") such that
4 5
P(45) 21~ (3.24)
and
lim sup sup [lvn(t) — vn(8)||g-1 = 0. (3.25)

6—0 vn€Ag 5,t€[0,T],|t—s|<6

It is sufficient to define K. as the closure of the set By N Ba N A< in X, and by (3.22),(3.23) and (3.24), we can
obtain (3.21).

By the definition, K is uniformly bounded hence relatively compact in L2 ([0, T]; H*') and L2 ([0, T]; H%1).
Since L? could be embedded compactly in H~!, as n, m — oo, we have

t t
/ [0m — vml22dt < / 1o — Vanll 71 [0n — V| -1l
0 0
CRz,T sup ”Un_vmll?i*l

te[0,T)

0. (3.26)

IN

1

By (3.25), argument analogously to the proof of the classical Arzeld-Ascoli Theorem, we can obtain that v,, € Ae
is compact in C([0,T], H~'). To sum up, we conclude that K. is a compact subset of X. The proof is thus
completed. 0

We will use the following Jakubowski’s version of the Skorokhod theorem in the form given by Brzezniak and
Ondrejat [4], see also [29].

Theorem 3.11. Let Y be a topological space such that there exists a sequence f,, of continuous functions
fm Y = R that separates points of Y. Let us denote by S the o -algebra generated by the maps fr,. Then

(j1) every compact subset of Y is metrizable;

(52) if (pm) is tight sequence of probability measures on (Y, S), then there exists a subsequence (my), a
probability space (0, F, P) with Y -valued Borel measurable variables &, & such that piy, is the law of & and &
converges to & almost surely on Q. Moreover, the law of £ is a Radon measure.

As in [39], we can obtain that on each space appearing in the definition of X there exists a countable set
of continuous real-valued functions separating points. Then all the conditions of the above Skorokhod theorem
are satisfied. By Theorem 3.2, there exists another probability space (€2, F,P) and a subsequence P,, as well
as random variables ¥y, in the space (2, F,P), such that

(i) Up, has the law ]5,%,

(ii) P,, converges weakly to some P,

(iii) @, — @ in X P — a.s. and © has the law P € P(C([0,T); H™1Y)).
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Remark 3.12. since 9, has the same law as v,,, we immediately have

_ T -
E*( sup [[5(t)]72) + EI"’/ 15(8)[[Fr1.0dt < C(1 + E¥|Joo]72),
t€[0,T 0

. . T .
EP(t sup l()11Z2) + EP/O (@) F10dt < C(1+ B [lvoZ2). (3.27)
€10,

Remark 3.13. Similarly, for L*(Q) estimates, we have

) _ T )
EP(t sup l(®)I172) + EP/O I15() |72 115() [ F2.0dt < O+ B |Jo]|72),
€10,

. T A
EY( sup |lu(t)]z2) + EP/ [o@)[[Z2 o) [I710dt < C(1+ EP|Jug]72)- (3.28)
te[0,T] 0

3.3. Pass to the limit and the proof of main theorems

Let us denote the subsequence (9, ) again by (9,) and pass the limit as n — co.
Proof of Theorem 3.1. Let us prove P satisfies (M1), (M2) and (M3).
For (M1), noting that v,(0) — vy in H, we have

P(v(0) = vo) =P(3(0) = v9) = lim P(8,(0) = Povg) =1,

n—r oo

PloeC(0.T,H ™) / IP(v(s))] -5 + / (5, 0() 12, v, 10y ds < +0}

~ T T
Bl e CUOTLH ™) s [ PG s+ [ o ), 0rmds < +oo)

Since

o= 0in X P—as.,
o€ L*([0,T], HYY) N L*°([0,T), H*') P — a.s.,

thus by the growth condition of o, we have
T T ~
s 5D s < [ 00+ K51 + all0sil3)ds < o, B— e

Similar as (3.19), we obtain fOT | F(3(s)) || g-1ds < +00,P — a.s.. Thus (M1) is satisfied. Then we prove (M?2).
The following key lemma should be given.

Lemma 3.14. For all s,t € [0,T] such that s <t and all ¢ € Cp3,. (M),

(a) lim (0, (t), Patp) o = (0(t),¥) gor, P —a.s.

n—o0
t

(b) lim <5x$ﬁn(o),Pn¢>dU:/ (0z0(0),)do, P —a.s.

n—oo s
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t

(©) lim <B@M@%3Wma=/kawm¢mm P as.

n—roo s

Proof. Let us fix s,¢ € [0,T],s <t and ¢ € C52,.(M). We know that

Uy = 0in X, P—a.s.. (3.29)

Thus @, — 0 in Ly,- ([0, T]; H%1), P-a.s., and P,1) — ¢ in H', we infer that assertion (a) holds.
Let us move to (b). Since 9, — ¥ in L2,(0,T; HY!), P -a.s., and P, — ¢ in H', we infer that P-a.s.,

j{t«%m@n(a)thw>da'—>]C%E%ﬁn(o),f%5%¢0)d0“>j£?5&6(0),8r¢>dg
:L%Mﬂdwﬂmasn%m.

We will prove now assertion (c). The proof is easily get if we are able to show that
t
/ (B(0y) — B(9),¢)do — 0, as n — oo. (3.30)

For this purpose, by (3.26), we obtain the strong convergence of (%), in L?([0,7], L?). This implies that in
LY([0,T], L"), we have the following weak convergence (see Rem. 3.15).

Up - Oply, — 0 - 0,0, (3.31)
W(y,) - 0,0, — W(0) - 9,9, (3.32)

and by (3.31)—(3.32), it yields that
t
[ ®) - Bo).vido
° t
:/@Wm%—@m@wm

Jr/ <W({}n) ! 8/571 - W(f/) : 8217,7,/}>d0'

=0, as n— 0. (3.33)

Then we have
t
/ (B(Tn, Tn), Pati)do

- / (B(Bn, 50), Path — )dor + / (B(on, 50), ¥)do

Since

t
I&@NS/NW@m%WHAM”W%w*MML (3.34)
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By (3.30) and (3.34), we infer that

t

i [ (B(5,(0)), Putido = lim (Si(0) + Sa() = [ (B(5(0)).v)do.

n—oo s

This completes the proof of the lemma.
By Lemma 3.14, we have

T T 3
/ (F(Bu(s)), Paté)ds — / F@(s)), 0)ds, P as.,
0 0

with (3.35) in hand, using a similar method as in [20, 39], (M2) holds.
(M3) is satisfied by (3.27).
Thus we complete the proof of Theorem 3.1.

P—a.s..

(3.35)

O

Remark 3.15. The proofs of (3.31)—(3.32) are similar. Let’s take (3.32) as an example. By the boundary

conditions and integrating by parts in = or z, we get

/ 0.5y — WD) - 0.5, )ds|
/ B — ), ) + (W(5n) — W(D)) - 0.5, 9)ds|
/|awUn (5 — B), |ds+/| B — ), 0.0 |ds

# 1 -0 wias+ [ </_Z1<n—ﬁ>dz~8zww>lds

< C(Inllz2om,m0)17n = Bl 2207120 1]l

W (@n )l 2 (jo,71,22) Pn = BllL2(p0,77,22) 02| Lo

+H/Zl(v —
o [

z LQ([OT]VLQ)||17HL2([0,T],HM)||¢||L°°

2([0.7],L2) ”f)HLZ([O,T],HO,l)Hagci/)”Leo)

< C|tn — 77||L2([0,T],L2) (||77nHL2([O,T],H1~0) + 18]l 2o, 77, 1) + Hﬁlle([o,T],Hm))

— 0, as n— oo,

where

1 0 z 2
Wl = [ [ | [ o:tude] dsda
0 -1 -1
1 /0
<c[ [ o
0 -1

2
dzdx

zUn

< OHﬁn”L?([O,T],Hl‘O)v
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and

I/ e

2
// ’/ —ﬁ)dz‘ dzdx
L2([o T),L2)
< C’/ / dzdx

< Oy, — U||L2([0,T],L2)-

Finally let us turn to the proof of the pathwise uniqueness. To this end, we need the following lemma.

Lemma 3.16. Assume that u,v € ﬁIl’l, we have

1
(F(u) = F(v),u=v) + 5[0a(u = 0)[72 < Cllu = v[[72 (1 + 0av[|Z2 + 10220l + [1020]72).
Proof. Set ® = u — v. We deduce

(F(u) = F(v),®) = =(0za(u = v), ®) = (B(u) = B(v), ®)
= Il + IQ.

Integrating by parts, using a similar method as in Lemma 2.1, Holder inequality and Young inequality imply

Iy = =104 (u = v)lI72,
Iy = b(u —v,v,u —v)

< /01 (Zesiupl)o |8mv|/0 [(ufv)~(ufv)]dz)dz
+/ zes[url)o / Oz (u —v) dz)/ (0.v- (u—v))dz)dx

1 1 1 1
< lu— UHL2||3vaiz||5mv||Ez Ju— vl\i2||3x(u =)z
1 1
|0z (u — v)||2[|0:0]| L2 || — || 22 |0 (uw — v) || 72
1 2 2
< 5 10s(u~ V)[I72 + Cllu = vl|72 (1020 72 - 102201172 + [10-0]|72)

1
< 510:(u—=0)72 + Cllu = vl[72(1 + [1920[1Z2 + 1022v]|72 + [0:0]72)-

Combining I; and I, we end the proof. O
Proof of Theorem 3.2. Set

U= V] — Vg, Wy := W1 — Wa.

Then « satisfies the following equation

di = — (ama + (B(u () — B(w(t))))dt +[o(v1(t)) — o(va(t))]dW (2). (3.36)
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Let
t
r(t) = c/ (14 [1950]22 + 90sv2]22 + |Boval/22)ds, ¢ € [0, 7],
0

by the It6 formula for the term e~"® |72, we get
e Olfa(t)|z.
< [ (= H IR - 2o
~2(B(vi(s)) = B(va(s)), i(s)) ) ds
+/0ter(s)||0(vl(8)) = (22, (v, ds
w2 [ e (o (un(5)) — 0 (va(s)), H(5)W (5)) (3.37)
Due to Lemma 3.16, we have

2/(B(vi(s)) — B(va(s)),(s))] < [[0a1(s)l|72
+C|[AZ2 (1 + 10av2lZ2 + 1052v2]|72 + [10:v2172)-

By (2.7), hence we have
t
OO < [T + -1+ 20) [ O oste) s

+2/0 e a(v1(s)) — o (va(s)), U(s)AW ().

Taking expectation on both sides, by the martingales have zero averages, for Ly < 1, we have
t
Ble )5 + (1 L) [ 0o, ds] < B3 =0,
0

Thus we obtain the uniqueness of the solution. ([

With martingale solutions and pathwise uniqueness of the solutions in hand, we obtain the existence of the
pathwise solutions (meaning that the solutions are defined on the prescribed probability space) to this system
by the infinite-dimensional-space extension of the Yamada-Watanabe theorem (see [23]).

Acknowledgements. We thank the reviewer for the helpful comments.
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