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Abstract: By utilising the so-called Doss-Sussman transformation, we link our stochastic 3D Burgers
equation with linear multiplicative noise to a random 3D Burger equation. With the help of techniques
from partial differential equations (PDEs) and probability, we establish the global well-posedness of
stochastic 3D Burgers with the diffusion coefficient being constant. Next, by developing a solution
which is orthogonal with the gradient of coefficient of the noise, we extend the global well-posedness
to a more general case in which the diffusion coefficient is spatial dependent, i.e., it is a function of the
spatial variable.

Our results and methodology pave a way to extend some regularity results of stochastic 1D Burgers
equation to stochastic 3D Burgers equations.
AMS Subject Classification: 60H15, 35Q35.
Keywords: stochastic 3D Burgers equations; regularity; maximum principle.

1 Introduction

In this paper, we are concerned with 3D positive viscosity stochastic Burgers equation driven by linear
multiplicative noise on the three dimensional torus T° := R3/27Z3. To be more precise, fix any T >
0, let (Q, 7, P, {F:}er0,1]) be a stochastic basis which is given through out the whole paper, wherein
the filtration {F;};c0,77 is assumed to fulfil the usual conditions and ({B(f)},c[0,77) is a one-dimensional
standard {¥},e[0,7] adapted-Brownian motions. We use E to denote the expectation with respect to P. We

consider the following Cauchy problem

du(t, x) = (vAu(t, x) — (u - Vu)(t, x)dt + u(t, x) o b(x)dB(t), on [0,T] x T, (1.1)

u(0,x) = up(x), x = (x1,%2,x3) € T,
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for a 3D vector valued random field u(r,x) = (u1(t, x), ur(t, x),u3(t,x)) € Rt € [0,T] and x € T°,
where the parameter v > 0 in the system (1.1) stands for the viscosity, b(x) : T3 — R is a given smooth
function, and o denotes the Stratonovich integral. To simplify the notations, we set 9; = dx;, i =1,2,3.
Moreover, A = 6% + 8% + 6% is the Laplace operator, V := (d1, 35, 33) is the gradient operator. From
Section 3 to Section 5, we consider (1.1) when b(x) is only a constant. In Section 6, we establish the
global well-posedness of (1.1) with b(x) being a smooth function of the spatial variable.

The Burgers equation was first introduced by H. Bateman [9] and Forsyth [30] in 1915 to describe
both nonlinear propagation effects and diffusive effects, occurring in various areas of applied mathemat-
ics, such as gas dynamics, fluid mechanics, nonlinear acoustics, and (more recently) traffic flow. This
equation was studied mathematically by J. M. Burgers (see [18]) in the 1940s. Adding a random force
so that the equation becomes a stochastic Burgers equation, the corresponding result is totally different,
see for instance [19, 23, 36, 33]. Moreover, the stochastic Burgers equations have also been applied to
study the dynamics of interfaces in the seminal work [37].

One dimensional stochastic Burgers equation has been fairly well studied. By an adaptation of the
celebrated Hopf-Cole transformation, Bertini, Cancrini, and Jona-Lasinio [8] solve the one dimensional
modified Burgers equation with additive space-time white noise, where the nonlinearity in the equation
was formulated in terms of Wick product. Moreover, Chan [20] utilises Hopf-Cole transformation to
study the scaling limit of Wick ordered KPZ equation involving additive space-time white noise. Later,
Da Prato, Debussche, Temam [23] study the Burgers equation based on semigroup property for the heat
equation on a bounded domain. In the paper [23], the authors establish the existence of an invariant mea-
sure for the corresponding transition semigroup. In [5], Bakhtin, Cator, and Khanin study the long-term
behavior of the Burgers dynamics for the situation where the forcing is a space-time stationary random
process. In particular, they construct space-time stationary global solutions for the Burgers equation on
the real line and show that they can be viewed as one-point attractors. In [3], Bakhtin consider the Burg-
ers equation with random boundary conditions. Concerning the one-dimensional Burgers equation with
viscosity coefficient defined on a bounded domain driven by multiplicative Gaussian noise, Da Prato and
Debussche [22] succeed to obtain its global well-posedness. Furthermore, Gyongy and Nualart [32] ex-
tend the results of Da Prato and Debussche to the Burgers equation defined on the whole line. When the
Gaussian force is replaced by Lévy jumps, Dong and Xu prove its global well-posedness of the strong,
weak and mild solutions as well as the ergodicity in [26, 25].

For the multidimensional Burgers equations, Kiselev and Ladyzhenskaya [40] prove the existence
and uniqueness of solution in the class of functions L*(0, T; L*(0)) N L[*0,T; Hé (0)). Inspired by [40],
Pooley, Robinson [46] prove the global well-posedness for 3D Burgers equations in H 3. When the vis-
cosity tends to zero and the initial condition is zero, Bui [17] prove the convergence of solutions to the
inviscid Burgers equations on a small time interval. In the higher dimensional inviscid stochastic case, the
stationary solution and a stationary distribution were constructed by Gomes, Iturriaga, Khanin and Padil-
la in [35] based on a very delicate use of the Lagrangian formalism and the Hamilton-Jacobi equation.

Based on the stochastic version of Lax formula for solutions to the initial and final value problems for the



viscous Hamilton-Jacobi equation, Gomes, Iturriaga, Khanin and Padilla in [31] prove convergence of
stationary distributions for the randomly forced multi-dimensional Burgers and Hamilton-Jacobi equa-
tions in the limit when viscosity tends to zero. Utilising the maximum principle, Brzezniak, Goldys and
Neklyudov [13] establish the global existence and uniqueness for the mild solutions to multidimensional
Burgers equations with additive noise. Furthermore, the asymptotic behavior of solutions to multidimen-
sional stochastic Burgers equations is studied when the viscosity tends to zero. For the multidimensional
generalised stochastic Burgers equation in the space-periodic setting, Boritchev [10] prove that if the
solution u of this equation is a gradient, then each of Sobolev norms of u averaged in time and in en-
semble behaves as a given negative power of the viscosity coefficient u, which gives the sharp upper and
lower bounds for natural analogues of quantities characterising the hydrodynamical turbulence. Recent-
ly, Khanin and Zhang [39] generalized the results of an important paper [28] to arbitrary dimensional
Burgers equation by using Green bundles method, which is complete different from the approach used
by [28].

There are extensive works dealing with the stochastic partial differential equations driven by linear
multiplicative noise, see e.g., [1, 16, 14, 15,43, 11, 12,6, 7,42, 48, 49, 51] and references therein. The so-
called Doss-Sussman transformation is extensively used, see [27, 49]. And one can also refer to Barbu,
Rockner and Zhang [6, 7, 51] where the same method was used for stochastic nonlinear Schrodinger
equations under the name of rescaling approach. There are also other methods to solve stochastic partial
differential equations driven by linear noise, let us mention that Brzézniak, Flandoli, and Maurelli [12]
implement a Lagrangian approach to solve the strong existence and the pathwise uniqueness of solutions
of the stochastic 2D Euler equations. Some inventive and general method are introduced by Brzézniak,
Hausenblas and Razafimandimby [14] to solve stochastic penalised nematic liquid crystals with linear
Gaussian noise. A Wong-Zakai approximation for stochastic Landau-Lifshitz-Gilbert equations with
linear noise is addressed, see Brzézniak, Manna, Mukherjee and Panda [16, 43]. One can also find
similar results in Chugreeva and Melcher [21], Roger and Weber [48]. A natural question is how about
Wong-Zakai approximation for stochastic 3D Burgers equation. Inspired by the celebrated work [13],
one can adapt the argument of [16, 43] to establish Wong-Zakai approximation for stochastic 3D Burgers
equation (1.1).

In what follows, let us explicate the essential difficulties we encountered in treating this high nonlin-

ear multidimensional stochastic system without incompressibility.

1. The 3D Burgers equation is a high nonlinear model without cancellation property. When the
noise is introduced into this equation new difficulties emerge. The first difficulty is how to adapt
the frame of PDEs to the stochastic frame such that the maximum principle is available for Itd
equations, i.e., stochastic 3D Burgers equation. To address the global well-posedness of (1.1),
the key point is how to utilize the probabilistic techniques and deterministic techniques to control
the effect of the noise such that the maximum principle can be applied to stochastic 3D Burgers
equation. Based on this strategy, the noise in (1.1) is linear. If the noise is nonlinear, the maximum

principle is unavailable.



2. To solve (1.1) globally, our ideal is that we firstly perform the Doss-Sussman transformation on
(1.1), then apply the maximum principle to the Galerkin approximations of 3D random Burgers
equation. Here, we should mention that different from the deterministic cases, random 3D Burgers
equation loses some regularity with respect to time, which forces us to establish the local well-
posedness for the random 3D Burgers equation in a more regular space H%(T3) than the global

strong solution space H'(T?), see the proof of Theorem 4.1.

3. In Theorem 4.5, we establish a maximum principle for the relevant random 3D Burgers equations.
Here, the random maximum principle enable us to derive several important moment estimates for

stochastic 3D Burgers equations.

4. In Section 6, we construct a global solution u for (1.1) which is orthogonal with Vb(x), please see
Theorem 6.6. The results and methods presented here seem to be new even for the deterministic
PDEs and might pave a way to extend the results of [45, 44] to higher dimensions.

The paper is organised as follows. Arguments from Section 2 to Section 5 are devoted to the regularities
of (1.1) with b(x) being only a constant. Section 6 further establishes the global well-posedness of
(1.1) with b(x) being a smooth function. More precisely, preliminaries are presented in Section 2, the
local existence and uniqueness of the solutions to (1.1) are given in Section 3, the global existence and
regularities of solutions to (1.1) are established in Section 4. Moment estimates are derived in Section 5
for (1.1) in various functional spaces. In section 6, we establish the global well-posedness of 3D Burgers
equation with the noise u o b(x)dB(t), where b(x) is a given smooth function. Appendix states some
illustrations about the model considered in Section 6.

Throughout the paper, we use ¢ > 0 for a generic constant with possibly different values at each
appearance. Unless a specific description is given, we denote by c(a) > 0 a constant which depends on

parameter a.

2 Mathematical preliminaries

2.1 Notational conventions

For 1 < p < oo, let LP(T?) be the usual Lebesgue spaces L”(T%; R?) with the norm | - |,. When p = 2, we
denote by (-, -) the inner product in L2(T>). Similarly, without confusion, we denote by LP(T?) the usual
Lebesgue spaces L (T3;R) with the norm | - | p- For s > 0, we introduce an operator A* acting on H’ (T
which is a Sobolev space H*(T>; R?). For the detail, please see the following. Assuming f € H*(T?) with
the Fourier series

f@y =) et e BT, 22)

kez3
we define

A.Yf(x) - Z Iklsﬂeik.x c LZ(T3).

kez3



Denote by || - || the seminorm |A* - |5, then the Sobolev norm || - ||gs of H¥(T?) is equivalent to | - | + || - |ls.
Hence, we can define the norm on H* by

s = ( D1+ KPYAR)

kezZ3
Obviously, for 0 < s; < s2, we have ||f|ls, < lIflls, and A> = —A. For s € R*, set H*(T?) = {f € L*(T%) :
Dkez3 Iklzslfkl2 < oo}. Then, we have H*(T?) c H¥(T?). Obviously, || - ||s is the seminorm in H¥(T3).
Similarly, we can define HS(T3), which is a Sobolev space HS(T3;R) with s > 0. Let
{e,(x),x € T3 n > 1} be an orthogonal basis of L*(T?), then we know {e,(x),n > 1} =

{1, sin x, cos x, sin 2x, cos 2x, ..., sin nx, cos nx, ...}. Assuming g € H*(T?) with the Fourier series

200 = > fnen(x) € H(T?),

n=1

then .
A'g() = ) Inl'gnen(x) € LX(T).
n=1
Without confusion, we still denote by || - ||; the seminorm |A* - |, then the Sobolev norm || - ||gs of H S(T3)

is equivalentto | - | + || - ||s. Hence, we can define the norm on HY(T%) by

gl = ( 1+ wP)izaR)
n=1

Without loss of generality, we simply take the viscosity parameter v = 1. In fact, we only need v to
be any strictly positive number. In the following, we first introduce notations of local solution, maximum
solution and global solution to (2.3) and (2.4). Since (2.3) and (2.4) is discussed by pathwise, so these
definitions are from deterministic PDEs.

Definition 2.1 (Local strong solutions to (2.3) and (2.4)). Suppose uy is an HY(T?) valued, Fo measur-

able random variable, T is an arbitrary positive constant.

1. A pair (v, 1) is a local strong pathwise solution to (2.3) and (2.4) if T is a strictly positive random
variable taking values in (0, 00) and v(- A T) satisfies (2.3) and (2.4) in a weak sense so that the

following regularities hold almost surely,
v(- A7) € C([0, TI; H'(T) N L2([0, TT; B (TY)),
and

av(- A1) € LY([0, T]; L2(T?)).

2. Strong pathwise solutions of (2.3) and (2.4) are said to be pathwise unique up to a random positive
time T > 0 if given any pair of solutions (v, 7),(v*,T) which coincide at t = 0 on the event
Q = (v1(0) =1?(0)} € Q, then

P(Ia(v'(t A7) = V2t AT)) = 0;V € [0,T]) = 1.



Definition 2.2 (Maximal and global strong solutions to (2.3) and (2.4)).

(i) Let & be a positive random variable which may take oo at some w € Q. We say the pair (v,&) is
a maximal pathwise strong solution if for each random variable T € (0,¢), (v,7) is a local strong
pathwise solution satisfying

sup [[v(®Ily < oo, and limsup Ijz<oo)lV(DIl; = o0
1€[0,7] t—¢

almost surely.
(ii) If (v, &) is a maximum pathwise strong solution and & = o a.s., then we say the solution v is global.

Definition 2.3 (Local weak solutions to (2.3) and (2.4)). Suppose uy is an H%(T3) valued, Fo measur-
able random variable, T is an arbitrary positive constant.

(i) A pair (v,7) is a local weak pathwise solution to (2.3) and (2.4) if T is a strictly positive random
variable taking values in (0, 00) and v(- A T) satisfies (2.3) and (2.4) in a weak sense so that the following

regularities hold almost surely,
v(- A7) € C([0, TT; H2 (T) N LA([0, T1; HE (T%)),
and
(- A1) € LY([0, T1; L*(T?)).

(ii) Weak pathwise solutions of (2.3) and (2.4) are said to be pathwise unique up to a random positive
time T > 0 if given any pair of solutions (v, 7), (v, T) which coincide at t = 0 on the event Q = {v}(0) =
Vv2(0)) € Q, then

P(la(v'(t AT) =V (tAT) = 0;1€[0,T]) = 1.

Definition 2.4 (Maximal and global weak solutions to (2.3) and (2.4)).

(i) Let & be a positive random variable which may take oo at some w € Q. We say the pair (u,&) is
a maximal weak pathwise solution if for each random variable T € (0,&), (v,7) is a local strong
pathwise solution satisfying

sup [v(®ll1 < oo, and limsup [jz<colllV(®IlL = o0
1€[0,7] 2 A 2

almost surely.
(ii) If (v, &) is a maximum weak pathwise solution and & = oo a.s., then we say the solution v is global.

Definition 2.5 (Global strong solutions to (1.1)). Suppose ug is a H' (T?) valued, Fo measurable random
variable. A stochastic process u is said to be a global strong solution to (1.1) if

(i) for arbitrary T > 0 and t € [0, T, u(t) is an F; adapted process satisfying u € C([0, T1; H'(T?)) N
L2([0, T1; HX(T?)) almost surely;



(ii) u solves the stochastic 3D Burgers equation in the following sense:

! ! !
u(t) — f Auds + f (u - Vu)ds = u(0) + f b(x)u o dB(s),a.s.,
0 0 0

with the equality understood in H and t € [0, T]. Furthermore, let u and ii be two global strong solutions
to (1.1). If u(0)=i(0) a.s., we have

P(u(t) = a(t), forallte[0,T]) =1,
then we say the strong solution u to (1.1) is unique.

Definition 2.6 (Global weak solutions to (1.1)). Suppose ug is a H? (T?) valued, Fo measurable random
variable. A stochastic process u is said to be a global weak solution to (1.1) if

(i) for arbitrary T > 0 and t € [0, T], u(t) is an F; adapted process satisfying u € C([0, T]; H%(T3)) n
L2([0, T1; H3(T3)) almost surely;

(ii) u solves the stochastic 3D Burgers equation in the following sense:
! r
(), ¢) + f (u(s), A*¢)ds + f ((u - Vu)(s), p)ds
0 0

f
= <M(0),¢>+f0<b(X)u(S,X),¢>°dB(S),

forallt € [0,T] and ¢ € D(A?). Furthermore, let u and ii be two strong solutions to (1.1). If u(0)= ii(0)
a.s., we have
P(u(t) = a(t), forallt €[0,T]) =1,

then we say the weak solution u to (1.1) is unique.

2.2 Reformulation of stochastic 3D Burgers equations

From this part to Section 5, we only consider the case that b(x) is only a constant. Let W(¢) = bB(t), and
a(t) = exp (—-W()),t € [0, T]. As we know the characteristic function of —W(¢) is

-1
Eexp (-ixW(¢)) = exp(sztxz), x € R, i is the imaginary unit,

which implies that exp (-W(¢) — %bzt) is a martingale. Hence, by Doob’s maximum inequality we have

E sup &'(t) = E sup exp( - nW(t))
1€[0,T] 1€[0,T]
< E W - L " o1
< tes{l&[;]exp(—n (t)—? t)exp(? )
1
< (E sup exp( - 2nW(t) - 2n2b2t))_ exp (nzsz)
1€[0,T]
1
< 2(E exp( - 2nW(T) - 2n2b2T))_ exp (nzsz) =2exp (nzsz),

7



where n > 1. Similarly, we also have
E sup a™"(t) < 2exp (n’b?T).
1€[0,T]

Set v = au, then equations (1.1) is equivalent to the following

dv(t, x) = Av(t, x)dt — &~ \(DO[(v - Vv)(&, x)]dt, on [0,T] x T3, (2.3)
w0, x) = u(0,x), x=(x1,x2,x3) € T. (2.4)

We firstly consider the Galerkin approximation of (2.3)-(2.4). For n € N let P, denote the projection on

to the Fourier modes of order up to n, that is

P, [Z I:\lkeix'k) = Z I:tke‘ix'k.

keZ? |k|<n

Then we obtain the Galerkin approximation of (2.3)-(2.4) as the following

Avy(t, x) = Avy(t, x)dt — @ (O PL[(vy - V), x)dt, on [0, T] x T3, (2.5)
vu(0, x) = u, (0, x) = P,u(0,x), x=(x1,x2,Xx3) € T3, (2.6)

Since (2.5)-(2.6) is a locally-Lipschitz system of random ODEs, we set v, to be the unique local solution
to (2.5)-(2.6) with v,(0, x) € H%(T3). Define

7, = inf{t € R* : sup ||v,,(s)||H% = oo}.
O<s<t
Obviously, v, € C([0, ) x T3).

For the multidimensional Burgers equations, if the initial data has zero average, the solutions are not
necessary to have zero average for positive times. This leads to that, for positive s, || - ||s is smaller than
| - llzs. Hence, || - |5 is not equivalent to || - |[gs for the multidimensional Burgers equations. This is dif-
ferent from the case of Navier-Stokes equations. Further more, due to the absence of the incompressible
property and high nonlinearity of 3D Burgers equations, one can not obtain the a priori estimates in
L2(T3). To overcome the difficulty, we need to use estimates in H* (T?) and L' (T?) norm of initial data
to dominate the energy in L2(T?), see (2.8) and Lemma 2.1. In fact, one can see that estimate (2.7) in
Lemma 2.1 is vital to establish the uniqueness of the solutions to the stochastic 3D Burgers equations,
see derivation of (3.11), (3.11), (4.29) and (4.30).

2.3 Some lemmas

Lemma 2.1. Let u,v be the local solutions of (2.5) up to a random positive time T > 0, with initial data
Up € H%(T3) and vy € H%(T3), respectively. Let & :== u — v and &y := ug — v, then for t € [0, 1], we have

| fT (e - &o)x

!
<8r'a”! fo Il (eIl + [Iv(s)ll g )dls. 2.7

8



In particular, taking v = 0 yields the following

f u(x, t)dx
g

Proof. For k € Z3, let fi, ¥ and & be the kth Fourier coefficients of u, v and &, respectively. In view of

18
< 813 fo a_l(s)llu(s)llz%ds-r' fT 3 uo(x)dx

the equations of by u and v, we derive the following

d
7 Iﬁ &(t, x)dx

~a7! f (@ VIE@ ) + (& - Vvt 0))dx
s
= —8rdio™ 3 (@@ - k)& + (& - K)o,

kezZ?
Hence
d 3 1 2 A N
| | gtoa < sxat YA + i)
1 g
kez3
< 82 EDIL (@l + VOl
and (2.7) then follows from the integration of the above estimate with respect to . O

In view of Lemma 2.1, we can obtain Corollary 2.1 where the formula (2.8) will play important roles
in the proofs of global existence and uniqueness results for solutions to (2.3)-(2.4), see Theorem 4.1 and
Theorem 4.3.

Corollary 2.1. Let v, be the solution to (2.5)-(2.6) with v,(0)(e H? (T*)) and T being its initial data and

existence time, respectively. For any s > 0 and t € [0, 7], we have
' 2
Wa@lls < Va@llas < va@lls + Cf ||Vn(S)||%dS + cluolr, (2.8)
0

for some ¢ = max{(2m)* %~ (1), (27)*2).

Proof. Define v,, = 9,(t) = f'ﬁ vu(t, x)dx,t € [0, 7]. If we make a decomposition of v, as in (2.2), then

we find that v, is the first component of v,. Hence, for any s > 0, we have
_ 3/2(= 3/215
Vala < [vp =Vl + (277) / [Vul < valls + (2m) / [Vl

'
valls + 7)™ () f ||vn|@ds + Q2 Plugl,
0

IA

where the last inequality follows by Lemma?2.1. Consequently, we have

3
Va@lls < va@llgs < va@lls + ¢ fo ||v,,(s)||2%ds+c|u0|l,
for some ¢ = max{(21)*a~" (1), 2)*/?). o

To prove Theorem 4.1 and Theorem 4.3, we further need the following two classical lemmas from
[50] and [41] respectively.



Lemma 2.2. Let By, B, By be Banach spaces such that By, By are reflexive and By EBcC By, where
By C B stands for compact imbedding. Define, for 0 < T < oo,

dh
X = {h|h € L*([0,TT; By), = € L([0, T];Bl)}.
Then X is a Banach space equipped with the norm |hl2 o 11.8,) + W' |12((0,11;8,)- Moreover,
X C LX([0,T1; B).

Lemma 2.3. Let V,H, V'’ be three Hilbert spaces such that V.Cc H=H Cc V', where H' and V' are the
dual spaces of H and V respectively. Suppose u € L*(0,T;V) and v’ € L*(0,T;V’). Then u is almost

everywhere equal to a function continuous from [0, T] into H.

One can refer to Temam [50] and other references for the proof of the Lemma 2.2. The Lemma
2.3, a special case of a general result of Lions and Magenes [41], will help us to verify the continuity
of the solution to stochastic Burgers equations with respect to time. For the proof of the Lemma 2.3,
one can also see [50]. In fact, this regularity is important for us to establish the global existence of
solutions to stochastic equations (2.3)-(2.4). As we know, the maximum principle should be applied
to classical solutions to differential equations. But there is no classical solutions to stochastic partial
differential equations. Therefore, our ideal is that we apply the maximum principle to random Galerkin
approximations. Then, we combine the compactness argument with the regularity of the local solutions
to show that the global well-posedness of (2.3)-(2.4) holds, see the proof of Theorem 4.1 for details.

3 Local existence of the solutions to (1.1)

We will use the approach of Galerkin approximations to show the existence of a local strong solution to
equation (2.3)-(2.4). In fact, it is sufficient to establish the existence of a local strong solution on time
interval [0, 1] as what we do in Proposition 3.1. Because, in view of Proposition 3.1, we can extend the
existence time of the local solutions to a more broad time interval than [0, 1] by repeating the proof of
Proposition 3.1. Through the iterative extension, we can seek the maximum existence time for the local
strong solutions to (2.3)-(2.4). If the maximum existence time equals to infinite almost surely, then the

local strong solutions are the global strong solutions.
Proposition 3.1. Suppose ug is an HY(T?) valued, Fo measurable random variable. Then, there exists a

unique local strong pathwise solution v to equation (2.3)-(2.4) on the time interval [0, 1] satisfying

o
sup I, + f Iv(r)|3dt < 00, P — a.e.w € Q,
0

rel0.5]

where 7, is a positive random variable which is smaller than 1. Moreover, the local strong pathwise

solution v to equation (2.3)-(2.4) is Lipschitz continuous with respect to the initial data uo in H'(T3).

10



Proof. Fort e (0,7, A 1), taking inner product of (2.5) in L2([0, 1] x T?) with A2v, yields
i3
va (DI +2 fo llva(s)li3ds
t
< Iva(O)IIF + f a'(s) f (v - V)Wals, ) X |A2 vy (s, x)ldxdls.
0 T
Then by the Holder inequality, the Sobolev imbedding theorem and the interpolation inequality, we have

t
V(D) +2 f va(s)li3ds
0

! 5
< O + € f IVall3ds + c(e) f a”2(9)|Vvul3lvalids
0 0
t 3
< O + € f IVall3ds + c(e) f ™ SVl vals)leds
0 0
<

! 13
Iva(O)I} + € f lIvall3ds + c(e) f & OIa (I va(IE ds.
0 0

Note that

va()lig = AVl + [va(s)l2)*

and

S
2
Va($)l2 < [va(ll + Cf [va(PIldr + luol,
0 2

where ¢ only depends on the dimain T3. In view of the estimates above, we arrive at

'
Va0l + fo Iva(s)l3ds

< (Ol +¢ fo @SSl + fo ‘ ||vn<r>|@dr+|uo|1)4ds
< vaO)Iif +c fo @ IV I} + ¢ fo | ||vn<r)||§dr+|uoh)4]ds
<

Va(O)IF + ¢ fo @ IV I} + ¢ fo ||Vn(r)||2%dr+|u0|1)4]ds.
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Split the last term into two terms, we get

f
Iva (0l + fo va(s)l3ds

< (O} +¢ fo ta‘4(s>||vn(s)||?ds+c fo la—“(s)uvn(s)n%ds( fo t||vn<s)|@ds+|uo|l)4
< (O} +¢ fo ta‘4(s>||vn(s)||?ds+c|uo|1‘ fo ta“‘(s)nvn(s)n%ds
+e fo [ a(s)lva(9)I13ds( fo t||vn<s>||2%ds)4
< (Ol +¢ fo ta“‘(s)nvn(s)n?ds+c|uo|1‘ fo ta“‘(s)nvn(s)n%ds
+( fo ' Sa(IRds) + fo Ivaods)
<

f !
Va (O} + ¢ fo a™($)|va(s)IISds + cluoly fo a ($)lva(s)llids

t !
4 -2 1 4 1
+c f a8 va(s)I}%ds + ¢ f Hva(s)Ids.
0 0

At the beginning of the proof, we know that ¢ € [0, 1], so we obtain
2 !
5
Iva(@IIF + f Iva(I3ds < IO + f (c(1 + @™ (sN( + luol}) P Iva(s)IF) ds
0 0

1
+ f (c(1 +uoth' (1 +a/_4(s)))5ds
0

Let f(s) :=c(1 + a~*(s)) and g(s) :==c(1 + Iuol‘l‘)l/s(l + a~%(s)). Then

@I} + fo Iva(oll3ds = Iva O} + fo (F@Iva(IR) ds + fo g (s)ds

< (Ol + fo Sl + 8(s)ds
< lolli + | (v sup f()+ sup g(5))°ds.

s5€[0,1]

For simplicity, we set A := sup f(s)and B := sup g(s), then we have
s5€[0,1] s€[0,1]

! !
aIP + fo n(s)IBds < va(O)IP + fo Alva(9)I + BYds. (3.9)

By the comparison theorem (see Theorem III-5-1 in page 59 of [34]), it follows that

AllwolR? + B B
Al - 4At(A||u0||% + B4 A

va(IF < (3.10)
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The estimates above rules out a blowup of v, in H'(T?) before the time

. 1
T —
4A(Alluoll} + BY*

It follows that one can choose 7, = % > 0 such that 7 is independent of n € N, which together with

(3.9) and (3.10) implies that v, are uniformly bounded in L*([0, ‘r(’;];Hl) n L2([0, TE‘)];HZ). From (2.3),
by virtue of the Holder inequality, the Sobolev imbedding theorem and Young’s inequality we have

-1
[Ovnlz < a vy - Vvpla +|Avyl2
-1
< o« |Vn|oo|vvn|2+”Vn”2
1 1
—1 1 1
< ca” vallg vall g lvall + 1lvall2
1 3 1 3 1
< ca (VallfIvally +1vallf vals

1 1
Hvaly vallilvally + WalallvallD) + [lvallz,

where c is independent of dimension n and random time 7. In view of (2.8), we note that

!
a0l < e [ IvnCo)R s + ol
0

where ¢ is independent of n and random time 7. Hence, from (3.9)-(3.10), we know 9,v, are uniform-
ly bounded in L2([0, T(’;];LZ(T3)). From Lemma 2.2 and Lemma 2.3, we conclude that there exists a
subsequence of v,, which is still denoted by v,, such that v, converges to v in L*([0,7j]; H'(T?)) and
v € C([0, T(*)]; H'(T?)). Following a standard argument as in [50], one can show that v is the local strong
solution to (2.3)-(2.4).

In the following, we will prove the uniqueness of v in C([0, 7] H!(T?)). Let v; and v, be two local

strong solutions to (2.3)-(2.4). Denote by ¥ := v; — v;. Then, for € [0, 7;], we have

1 ~A12 A2 —1/A ~ -1 A A
561|V|2+”V”1 < —a @V, D) —a (v - VD, D)
1 3
a2 15012 A2 20 12 182
< @ PlIPIE il + €lPIly + ca™"nalL Pl
<

!
a2 —41512 4 -2 2
elPlF + o *PBIvi I + cer (||V2||1+f||V2||%ds+luo|1)
0

!

2 a2

X(Ivallz + f IvalF} s + luol I#5,
0

which implies via the Gronwall inequality and $(0) = O that [P(#)l> = 0,7 € [0, 7j]. Taking inner product
of (2.5) in L%(T?) with (=Av,,) and using interpolation inequality further yields,

l A2 A2 —1/a A —1 ~ ~
za,nvnl +Pl; < o (- Vv, AD) +a” (va - VI, AD)
» 11 o 1 1
< a IPIRIPITIRNS Ivill + @ HvallZ, va L2 190 91
A2 —Apan21)s,. 114 ) A2
< ey + c@a Pl + c@alvallg vallg: DIl
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which implies via the Gronwall inequality and $(0) = O that [[P(#)[|; = O for ¢ € [0, 7j]. The above two
estimates about ¥ imply the Lipschitz continuity of the local strong solution v with respect to the initial
data in H'(T%). o

We should emphasise here that the following Lemma is key to establish the global well-posedness
for strong solutions and weak solutions to (1.1) in C([0, T1; H'(T?)) and C([0, T1; ]HI%(T3 ), respectively.
The local strong solutions should be smoother than the global solutioms. That is what the Lemma 3.1
does.

The proof of Lemma 3.1 relies on commutator estimates, see Theorem A.8 of [38] for more details

of commutator estimates.

Lemma 3.1. Suppose ug is an H%(T3) valued, Fo measurable random variable. Then, there exists a

unique local strong pathwise solution v to equation (2.3)-(2.4) on [0, 1] satisfying

T
sup [vOI?, + f IVl dt < 00, P — a.e.w € Q.
e[0,71] H?2 0 2

where the positive random variable T is the local existence time for v. Moreover, the local strong path-

wise solution v to equation (2.3)-(2.4) is Lipschitz continuous with respect to the initial data in H%(’I[G).
Proof. Fort € (0,7,), taking inner product of (2.5) in L%([0, 1] x T?) with A3v, yields

1 _

FOVally +1Ivally = a7 AL - T, A2,
which implies

! t
Vn(I +2 fo bn)lyds < luolly +& fo u(o)I5ds
!
+c sup a2(s) f f IAY2(v, - Vv,)Pdxds. (3.11)
0 Jr3

s€[0,]

In order to bound the last term on the right hand side of (3.11), we will use Theorem A.8 in [38]. Without

loss of generality, we assume ¢ < 1. Then the estimates of the last term follows

!
f f 1 IAY2(v,, - Vv,)Pdxds
0 T3

! !
< 3 f f [V - (A3?v,)Pdxds + 3 f f (AY2v,) - (Av,)|Pdxds
0 T3 0 T3
t 2/3 t 1/2
1/2 4/3
+C{f( IA3/8vnI6dX) ds)'! {f( A%y, P ) ds}
0 T3 0 T3
_. 1/2 1/2
=: I]+12+I3 ><I4
< Lh+hL+13+14.
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Using the Holder inequality, the interpolation inequality and Young’s inequality, we get

s
L < f Ava(OBIAY v ()ds
0
!
< 6f0Ilvn(s)lﬁllvn(S)II%IIVn(S)II%ds
<

' s
& f Iva(s)l3ds + ¢ f Va()IIS ds.
0 2 0 2

In view of the Holder inequality, the Sobolev embedding theorem and (2.8), we have

! 3
2 2 4
Lo< e f alllvalds < ¢ f vl ds
0 2 0 H2

! t
< cf||vn||‘§ds+cf|vn|§ds
0 2 0
! 3 4 !
< 4d 2d 4d
< c | lvall3ds +ct Va(s)llids) + | l|uolids
0 2 0 2 0
<

! !

4 8 4

cf IIVnII%ds + cf ||vn(s)||%ds + ctlugl|.
0 0

Utilising the interpolation inequality and (2.8), we then derive

! !
9/8. . 14 7/2 1/2
L < chA/vn|3ds$cf||vn|| vl 2ds
0 0 H?2 H2
' 2 ' 14/3
< sf [Vl ids+cf vl s
0 H?2 0 H?2
<

! !
14/3
& f Iva(3ds + ¢ f ()l ds
0 2 0 2

! !

4 2 28/3 14/3

+cf ||vn(s)||%ds+ ctluoly +cf [[Va()]| Bds + ctluol, 3
0 0

1
2

By the Sobolev imbedding theorem, we obtain

!
4
L < cfllvnllids.
0 2

Combing the argument above, we get the new estimates for (3.11 ), that is,
!
IR + f (B ds
2 0 2

~ 4 14
< cllugll} +c sup a”*(s) f [+ luol?) + (I | ds.
2 s€[0,1] 0 2

Define A = 1 + |ugl?. Then we have

4 !
(IR + f (o) ds < clluoll2 + ¢ sup a~(s) f (A + (o)1) ds.
2 0 2 2 s€[0,1] 0 2

15
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Again, by the comparison theorem (see Theorem III-5-1 in page 59 of [34] )

A+ luoll3
2

a3 <
2 [1 —13c sup a 2(s)H(A + ||uol?)13
s€0,1] 2

]1/13 —A. (3.13)

1
13¢ sup a 2(s)(A+]luol3)B "
s€[0,1] 2

2
It follows that there exists 7y > 0, we can for example take 71 = 7}/2, such that 7, > 7; for all n. From
(3.12) and (3.13), we have uniform bounds for v, in L=([0, 71]; H> (T?)) and in L2([0, 7;]; H3 (T3)). It is

easy to show that d,v,, is uniformly bounded in L2([0, 7, 1; L2(T3)). By Lemma 2.2 and Lemma 2.3, there

Hence the estimates (3.13) rules out a blowup of v, in H> before the time T =

exists a subsequence of v,, which converges to v in L2([0,71]; H%(TS)) with v € C([0,71]; H%(T3)). Bya
standard argument one knows v is a local strong solution to (2.3)-(2.4). Taking a similar argument as in
Proposition 3.1, we can show that v is Lipschitz continuous with respect to the initial data in H%(T3).

O

Lemma 3.2. The maximum existence times T and T for local solutions in Proposition 3.1 and Lemma
3.1, satisfy
P(Iizescoo)(T" = 7) 2 0) = L.

Proof. In order to prove the result, it is equivalent to prove
P(r™ = 00) + P(t™* < 00, 7" =7 > 0) = 1.

If P(t** = o0) = 1, then the result follows. Or else, we assume P(7™* < o0) > 0, then the above equality

is equivalent to
P(r" -7 > 0[r™ < o0) = 1.
On (7" < o), for arbitrary ¢ € (0, 7""), we have
v e C([0, 1]; H (T%)).

Note that H%(T3) c H'(T?), which implies ¢ < 7*. By the arbitrariness of ¢, one gets that on (7** < 00),
7 < 7" holds. It completes the proof. o

4 Global well-posedness to (1.1)

The key tool in our study of the regularity of the solutions to stochastic 3D Burgers equations is the

maximum principle, stated as Lemma 4.1.
Lemma 4.1. Ifv, is a solution to the random Burgers equation (2.5)-(2.6) on the time interval [0, t], then

sup V(o < [Va(0)loo, P—a.s.w € Q. (4.14)
s€(0,7]
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Proof. Let 8> 0 and set f(s, x) := e P*v,(s, x) for all s € [0,#] and x € T>. Then, multiplying v on both
sides of (2.3) yields

Asva()IF + @~ (5)va(s) - VIva(s)I* = 2(Avy - v)(s) = 0.
Note that [v,(s)]* = |f(5)]?e?* satisfies
(€0 f (I + 2B () + P (5)£(5) - VISP = 2P Af(s) - f(s) =0,
which implies
A+ 2B8If (I + ™ () f(s) - VIF () = 2Af(s) - f(5) = 0.
On the other hand, since
2Af() - f(s) = Alf()I” = 21V fP,
then we have
AsIf () + 2BIf () + & a™" (5)f(s) - VIf () = Alf(s)I* + 2[VfT* = 0.

We observe that if |f| has local maximum at (¢, x) € (t, ] X T3, then the left hand side of the above

equality is positive unless |f(#, x)| = 0. Therefore,

1f($)leo < 1f(0)leo
which implies
Va(9leo < € V(0)]eo, for s € (0, 1].
Let g tends to 0, we get the desired result. O

In the following, we will use Lemma 4.1 as well as compactness and regularity arguments to complete
the proof of the global well-posedness of (2.3)-(2.4).

Theorem 4.1. Suppose ug is an H'(T?) valued, Fo measurable random variable. Then, for any T >
0, there exists a unique global strong pathwise solution v to (2.3)-(2.4) in the sense of Definition 2.1
satisfying

T T
sup [v(@)liZ, + f I(Z2ds < lluollgy + cllv(e)ll, exp(cnv(e)uZ f a‘z(s)ds)<oo,
1€[0,T] 0 H2 Jo

almost surely, where € is some positive random variable in (0, T). Moreover, the strong pathwise solution

v to equation (2.3)-(2.4) is Lipschitz continuous with respect to the initial data in H'(T?).

17



Proof. Let 7 be the maximum existence time for the unique local strong solution v to (2.3)-( 2.4). For
t € (0, "), taking inner product of (2.5) with A2y, in L*(T?) yields

2 -2 2 2 2
- 2||Vn||2 <a |Vn|oo||Vn||1 + ||Vn||2~

ailvallf < 207! ‘f}(vn Vv Av,dx
T;

For0 < e <t < 7", by Lemma 4.1, we have

t 14
Va (DI + f ||vn(s>||§dssc||vn<e>||%exp(cnvn(e)u; fo a—2<r>dr). (4.15)

ol

From the proof of Proposition3.1, there exists (a subsequence of) v, converging to v in L2([0,#]; HY(T?)),
where the random variable % € (0,7*) and v € C([0, ]; H.(T?)) n L2([0, #]; HA(T?)). It implies that we

can choose a subsequence of v, still denoted by itself such that
va(®) = v() in H'(T?) almost every with respect to time ¢ € [0,7"),

Without loss of generality, we assume v(e) € H*(T?) c H%(T3). Regarding € as the initial time of (2.3)-
(2.4), by Lemma 3.1, there exists a maximum local solution (v, 7**). By the proof of Lemma 3.1, there
exists a subsequence of v, still denoted by the above sequence such that

3
va(r) = v(r) in H2 (T?) almost every with respect to time r € [e, 7% A 7).

Letting n tend to infinite in (4.15) yields

I

i3
V@I < cllv(nllF exp (cnv(r)n; fo a%s)ds), (4.16)

where (4.16) holds for 7 and r almost everywhere in [0, 7*) and [€, 7° A T*") respectively. Keeping in mind
that v € C([0, 7%); H(T?)) N C([e, 5 A T**);H%(T3)), then from (4.16 ) we get that

3
IIV(t)II%SIIV(e)II%exp(Hv(e)IIz; f az(s)ds), for arbitrary ¢ € [0,7")
H2 Jo
which implies

T
sup ||v(t)||2 < ||v(e)||% exp (llv(e)|| L az(s)ds), for arbitrary T € [0, o). 4.17)

t€[0,T]

ol

2
H
As the arguments as above, we can choose s € [e, ™A ‘r**) such that there exists a subsequence (v, ),
of (vy)nen With N” C N satisfying

v (s) = v(s) in H'(T?), for almost everywhere s € [e, ™A T**),
and

v (8) = v(s) in H%(’I[G), for almost everywhere s € [e, ™A T**).

18



From (4.15), for t € (0, 7"), we arrive at

! T
sup f ||vnr(S)|I%ds < c sup IIV,,/(S)II% exp (cllvn/(s)ll2 s f ofz(r)dr) < o0o,P—a.eweQ.
neN Js n’eN’ H2 Jo
Hence, there exists a subsequence (v )p7en Of (v )wen With N” ¢ N’ such that v,» converges to v
weakly in Lz([e, T]; Hz(T3)). That is,

Vpr =V, in Lz([e, T];HZ(T3)), asn” — oo,

where — stands for weak convergence. Let ¢ be the test function in L*([0,T]; H*(T?)) with
7 I¢(s)Bds < 1. Then, we obtain

t '
f(Av(r),Ad))dr ll/im f(Avnu(r),A(/))dr

IA

T
¢ 1im [y ()l exp (cllvar (DI 5 f a (r)dr)
n’’—oo H2 Jo

T
f ozfz(r)dr) < oo,P—a.s.,
0

= cv®lh exp (eI

ol

which implies that

T
f oz_z(r)dr) < o0, P—a.s.
0

!
f Iv(l3dr < cllv(s)|? exp (cnv(s)n;I

(S

For simplicity, we set

t T
f ||v<r>||§dr:hl(s)andc||v<s>||%exp(cnv(s)u; fo a—2<r)dr) = ha(s).

ol

Then
h1(s) < hy(s), for almost everywhere s € [e, ™A T**).
From Proposition 3.1 and Lemma 3.1, we know that

Ve C([o, T*);HI(T3))OL2

loc

(10, 7%); HA(T*)) and v € C([e, 7* AT*); H%(T3)) ne?

loc

([e.7" AT ) mE(T).

It means A4;(s),i = 1,2, is continuous in [e, ™A T**). Consequently, we get that /1 (€) < hy(€). That is,

ol

t T
f Iv(r)I3dr < clv(e)l} exp (c||v(e)||; f a,—2(r)dr) <oo,P—a.s. (4.18)
€ 0

In Proposition 3.1, we have establish the existence of local strong solutions to (2.3)-(2.4). Hence, we
define

f
#* = inf{t € [0, 7)) fo IVAIBdr > luoll?}.
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Then we have
"
f V() I3dr < lluoll3,P — a.s.0 € Q.
0
If € in (4.18) is small enough such that € < ¢*, P-a.e., then we have

! T
f V() 3dr < lluol? + cllv(e)ll? exp (cllv(e)||2 f a_z(r)dr) <o, P-a.sweQ.
0 H 0

(S

where ¢t € [0,7%). Therefore, the results of this theorem follows. The uniqueness is given in

Proposition3.1. o
In view of Theorem 4.1 and v = au, it is clearly true that

Theorem 4.2. Suppose ug is an HY(T?) valued, Fo measurable random variable. Then, there exists a

unique global strong pathwise solution u to (1.1) in the sense of Definition 2.1.

The following theorem states the uniqueness and global existence for the weak solutions to (2.3)-
(2.4). Our idea is that if the initial data uy € H%(Tﬁ), taking advantage of the parabolic structure of
the Burgers equation we know that for arbitrary positive constant € and some ¢ € (0, €), the local weak
solution v(r) € H2(T3) ¢ H!(T3). Then the global existence of the strong solutions to (2.3)-(2.4) can be
applied to the case of weak solutions.

Theorem 4.3. Suppose ug is an H%(Tﬁ) valued, ¥y measurable random variable. Then, there exists

a unique global weak pathwise solution v to (2.3)-(2.4) in the sense of Definition 2.4. Moreover, the

weak pathwise solution v to equation (2.3)-(2.4) is Lipschitz continuous with respect to the initial data
1

in H2(T).

Proof. Let z be the periodic solution to the linear heat equation with initial data u, then z, := P,z

satisfies
Oz, — Az, =0, 2,(0) = PLup. 4.19)
Let ¥, := v, — z,, then ¥, satisfies
Adn +a VP [(vy - VIV = AD, = 0, 9,(0) = 0. (4.20)

Let 7, be the maximal existence time for v, to (2.5)-(2.6). Then for 7 € [0, 7,) , taking inner product of

equation (4.19) in H yields,

1

02 + Iz} = 0.
which implies

t
|z, ()13 + 2 fo 1Zn()I3ds = 2|1Pyuol3.
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Multiplying (4.19) with Az,(#), taking integration with respect to spatial variables and time yields

!
||z,.<r)||2% +2 fo ||zn<s)||?%ds = 2||Pnuo||§

Combining the estimates above for z,, yields,

sup |z, (s)I”

r
242 f Zall* 5 < 201Puoll® , - 4.21)
s€[0,7] H 0 H?2 H

[N
[

Multiplying (4.20) with A9, and integrating over T gives

'
[Da()IF +2 f 19, (5)II3 ds
2 0 2

IA

fo @ (Va6 VVa()lAD(5)l3d s

IA

Cfoa_l(S)Ilvn(S)IIHIIIVn(S)IhIIl?n(S)II%ds, (4.22)

where the last inequality follows by the Sobolev imbedding theorem. To estimate (4.22), by Lemma 2.1,

we have

@ ($)va(llgzt V()

ca” (s)(Iva(s)ll + fo S Ivn(I ds + luol JIva()ll
ca” (s)(zu()I + (I

e ()(llza()ll + 19a()l1)( fo (I} ds + luol ).

IA

IA

In view of (4.22) and Young’s inequality we have
@ O Uza (T + P IDI()3
2lon()I} + c@a*(liza) + @ ()l 1P

allPu(I; + c@a XSz} + @~ DIy

IN

IA

and

o (5)(lza ()1 + 19 () fo Iva()IFds + ol )9l

< %a—z(snm(s)n%(||zn<s>||% + P
+a” () Pa()l3 fo (I} ds + o)’

< el + c@a @liza)lly + %a*z(s)nﬁn(s)n%||9n<s>||%
+e(e)a(s)( fo S (I ds + juoli)”

<

2llon()I; + c@a (Dliza) + c@a 2SI Ia(s)lly

+e(e)a(s)( fo ()R ds + ol )
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Rearranging the argument below (4.22) yields,

!
sup [[Pa()II +2f ”i}n(s)”éds

s€[0,¢]
i3 i3
< ¢ f o ($)lza()lids + ¢ sup I, f @ XS lon(s)IRds
0 s€[0,1] 0 2
_— § 2 4 ", 4
+6f a (S)(f Wl odls + luoly) dHCf a “(9llza(s)ll{ds
0 0 0
t
+ sup [[Pa(9)lly f a ' (SDa(s)I3ds
s€[0,7] 0 2
<

!
& sup [Bn()I} + cCe)( fo (@*(s) + 1)||9n<s>||2%ds)2

s€[0,1]
4 * 2 4 ! 4 4
+cf a (s)(f ||vn||1/2ds+|uo|1) ds+cf(1+a/_ (S)lzn(s)ll3ds.
0 0 0

Hence, we have

sup (I + f I ds

s€[0,1]
t
< et sup a7 ($)luolt + o1+ sup a7H(s)) f llz(s)l[*ds

s5€[0,1] s€[0,]

+ct sup (1/74(s) f||Z(S)||1/2dS +cr sup c1f4(s)||v,,(s)||8
s5€[0,1] s€[0,1]

+c sup (1+a7*(9)( f ||vn(s>||2ds :
s€[0,1]

To simplify the notations, we introduce

h(t) := ¢ sup (1+a7(5)) ||v,,(s)|| ds+cr® sup @ (O]
s5€[0,1] 0 s€[0,1] 2

and

I(t) := ct sup a *(s)luol] +c(l + sup a*“(s) ||z(s)||4ds+ct sup a” (s) ||Z(s)|| ds
s€[0,7] s€[0,7] s€[0,£]

Then we have

sup 5,5 + f I5a(9ds < 1)+ o sup 15,9 + f nIds).  @23)

s€[0,1] s€[0,¢]

In the following, we will find a uniform lower bound for the maximal existence time 7,, then we can

show that the local solutions exist. Set

7, = sup{r € [0,T,) : h(?) < 1/2}.
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Since & is continuous, we have 1), < 1,. Obviously, h(f) T co as ¢ T 1, and h(t}) = % It is easy to see that
I(t) is continuous, increasing and positive except at t = 0. Denote

1 1
:=sup{z € [0,00) : I() < mi ’ '
K gup{ [0, 00) = I(1) mm(Sc sup (1 +a74(s))” (32¢cr sup 0_4(3))1/3)}
sel0.1] s€[0.1]

Obviously, x > 0 and is independent of n. We will show that 7, > « for all n. Suppose, for contradiction,
that 7, < k for some n, then by (4.23),

T
sup (DIl + f I9u(s)3ds < 21(z}),
s€[0,75:] 2 0 2
which implies
T 1
N . —4 ~ 2 *\5 -4 ~ #3116
hty):=c sup (1+a (s))f [Du(II5ds + c(1,)’ sup a (S)||Vn(Tn)||1/2 < 5
s€[0,75:] 0 2 s€[0,75:]

This results in a contradiction. So, we obtain that 7,, > « for all n. Furthermore, we have that

K
sup [I9,()I> + fo ||on<s>||§dss21<:<). (4.24)

s€[0,«] 2

Therefore, (9,); | is uniformly bounded in L([0, K];H%(T3)) and L*([O0, K];H%(T3)); From (4.20), let
pe H%(T3), we have

(0590, ) @ PV VIVa()], ) = (A3, A2 )

IA

@ el IVva(lalva(s)ls + [P (Ml el 3

-1 N
<
< ca gl ()L a5 + Il el 3

where the last inequality follows from the interpolation inequality. Therefore,
f @su(s))dt < ¢ f @ 2Ol | Va(OIE | Va(IP 5 ds
0 0 H?2 H2 H2
K
+2f I9n (I3 Nl , . (4.25)
0 2 H2

From (4.24), (4.25) and (2.8), we have 8,9, € L*([0, «]; H"%(Tﬁ)). In view of Lemma?2.2 and Lemma2.3,
we have (v,),=1 converges to v in L2([0, k]; Hz (T%)) and v € C([0, x]; H2 (T3)) N L3([0, k]; H (T3)). Ob-
viously, following a standard argument (see [50]), we see that v is the local weak pathwise solution to
(2.3)-(2.4) according to Definition 2.3.

Let 7, be the maximum existence time of v. In order to prove the global existence of v, in view of

Definition 2.4, it is sufficient to show that

P{r, < 00} = 0.
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Let us prove it by contradiction. In deed, if we assume
P{r, < 00} >0,
then for arbitrary € € (0, k), we have

B( sup vl

t€le,Ty)

= oo, < oo) =1 (4.26)

%
By the local existence of weak solutions established above, we can choose
3 3 13
v(e) € H2(T”) c H' (T°).

If we regard v(e) € H'(T?) as the initial data of (2.3)-(2.4), by Theorem 4.1, we know that the unique
global strong solution exists on [, o), P-a.e.w € Q. More precisely, for arbitrary 7 > 0, we have
P sup VOl < o) = 1,
tele,T]
or
P( sup [Vl = o) = 0. 4.27)
tele,T]
We will apply (4.27) to (4.26 ) to derive a contradiction. In deed,

% =00,T, < oo)

B( sup IVl

t€l€Ty)

B( sup vl

= o, UZO:I(TV < }’l))
tele,Ty)

1
2

s

B( sup VOl = o)

=1 tele,n)

NgE

P( sup V@)l = 00) =0,

tele,n]

=
Il
—_

which implies

P( sup ||v(t)||H% = 00,7, < oo)
P( sup v,y = ooty < o) = relery) i
r€le,Ty) H2 h P(Tv < 00) .

The contradiction folllows. Therefore, we arrive at P{T, < oo} = 0, which implies the global existence
of the weak pathwise solutions.

Let v; and v, be weak pathwise solutions to equation (2.3). Then we denote by v the difference of v,
and vy, i.e., v = v — v;. Taking inner product of the equation satisfied by v with Av in L2(T3) yields,

!
MO +2 fo Iv(s)I3ds

IA

6f0 cfl(S)IVl(S)IGIVV(S)IzIAV(S)bds+6f0O/*I(S)IV(S)Isle(S)IslAV(S)Izds

IA

6f0 0’71(5)|V1(S)|6||V(S)||1”V(S)”%ds+Cfo‘0’71(5)|V(5)|6||V1(5)||%||V(S)||1ds
= K1 +K>, (4.28)
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where in the last inequality, we have used |Vv;(s)3 < cIIV1(s)||% . Since by the interpolation inequality,
the Sobolev inequality and Young’s inequality, we have

K < ¢ fo ta-‘(s)nvl(s)qu||v<s>||‘%/2||v(s)||3%/2ds
< o) fo ta"‘(s)nvl(s)n;p||v<s)||2%ds+a fo l||v(s>||§ds,
and
K, < cfota’l(S)IV(S)Isllw(S)II%IIV(S)||1dS
< ¢ fo tcf‘(s)(nv(s)nw fo S||v(r>||2%dr)||v(s)||l||vl<s)||%ds
< ¢ fo ta*(s)nv(s)n%||v||%||vl(s)||%ds
+c fo [ o (IS + va(IF )ds fo t (Il ds
<

! i3
& f Iv(s)ll3ds + c(e) f a2 (SIVIEIvi(Ids
0 2 0 2 2
i3 t
+e f @ (I I + (I )ds f IV(s)IF .
0 2 2 0 2
From (4.28) and estimates of K| and K5, we have
!
MO +2 f Iv(s)I3ds
0 2
3 !
< c f a SISl V() ds + ¢ f @ XSV i (Il ds
0 0
! !
+c f ' (I (I3 + Iva(s)I3 )ds f V(I ds. (4.29)
0 2 2 0 2

From (2.8), we know that

!

f (Sl ds
0
! ! 4
< [ @RI ERds e sup o) [ Ieolids +
0 0

s€[0,1]

for arbitrary #(> 0). Therefore, by (4.29) and the Gronwall inequality, we obtain that ||[v(?)|| L= 0 for
arbitrary #(> 0). Then in view of (2.8) that

MOk < MO = H0Oh + QOIFOL < VO = FOll, + 0|
@l + IOl + CoEEO! = vl + @o3 )

IN

IN

9 3
vl + 2o’ fo I (Il + ()il s = 0. (4.30)
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where v = fp v(x)dx and ||v(¢)|| 1= 0. Hence, in view of (4.30) we arrive at that, for each r > 0,
w(t, x) = 0 for a.e.x € T3. Moreover, from (4.29) and (4.30), we can establish the Lipschitz continuity of
v with respect to the initial data in H%(T3). The uniqueness of the weak solutions to (2.3)-(2.4 ) follows

from the continuous dependence of v with respect to the initial data. O
In view of Theorem 4.3 and v = au, it is clearly true that

Theorem 4.4. Suppose ug is an ]H[%(’?IG) valued, Fo measurable random variable. Then, there exists a

unique global weak pathwise solution u to (1.1) in the sense of Definition 2.4.

Theorem 4.5. For any Fo—adapted initial value uy € H> (T3), let (v, &) be the maximum strong solution.
Then for any t € (0,&), the solution v to (2.3)-(2.4) satisfies

sup V(8)leo < V(0)|oo = [U(0)|oo, P — 5.0 € Q.
s€[0,1]

Proof. In view of Remark 1, there exists a subsequence of solutions v, to (2.5)and (2.6), which is still
denoted by v, such that

va(s) = v(s) in L2([0, £]; H3 (T%)).
Then we can choose a subsequence of v, still denoted by v,, satisfying
Vu(s) = v(s) in L°°(T3) for almost every s € [0, f].
Let ¢ € LY(T?) with |¢|; < 1, we have
(), ) = ,,li_,HQO (), @) < ,}i_)rgo Va($)leo < nli_)nc}o V(D)oo < V(0)lcos

where the first equality above holds for almost every s € [0, ] and the second inequality follows by

Lemma 4.1. Hence, by Theorem 4.6 we arrive at

sup [v(®)leo < V(0)leo = [1(0)]oo.-
s€[0,1]

O

Theorem 4.6. Suppose ug is an H%(T3) valued, Fo measurable random variable. Then, for any T > 0,
there exists a unique global strong pathwise solution v to (2.3)-(2.4) satisfying v € C([0,T]; H%(’]IG)) n
L2([0,TT; H%(T3)) and v is Lipschitz continuous with respect to the initial data in H%(T3 ).

Proof. Let (v, &) be the maximum strong solution to (2.3)-(2.4) with ug € H%(TIG). For t € (0, ), taking
inner product of (2.3) in L*([0, £] x T?) with A3v yields,

1 -
SOV + M = =™ (AT V), A22)
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which implies
3 1
IIV(t)|I§+2f Iv(s)l3ds < Iluollﬁ+sf V()3 ds
2 0 2 2 0 2

!
+c sup a2(s) f f IAY2(v - Vv)[dxds. 4.31)
0 J1

s€[0,]

In order to bound the last term on the right hand side of (4.31), we will use Theorem A.8 in [38]. Without

loss of generality, we assume ¢ € (0, £). Then the estimates of the last term follows

t
f f IAY2(v - Vv)[Pdxds
0 J13

! !
< 3 f f v (A3?v)dxds + 3 f f (A2 - (Av)PPdxds

0 T3 0 T3

t 2/3 t 1/2
1/2 4/3
+c{ f ( f |A3/8v|6dx) ds} / { f ( f |A9/8v|3dx) / ds}
0 T3 0 T3

= L+L+0*x1"?
< Lh+hL+13+14.

Using the Holder inequality, the interpolation inequality, Young’s inequality and Theorem 4.1, we get

L

IA

s
f IAV()BIA2v(s)2ds
0

IA

Cj(; IIV(S)IIfIIV(S)II%IIV(S)IIgdS

s s
af ||v(s)||§ds+cf V()13 ds.
0 2 0 2

In view of the Holder inequality, the Sobolev embedding theorem and (2.8), we have

IA

s f
L < ¢ f WIS ds < clluoll 3 f Iv(s)I3ds
0 2 - Jo 2

Utilising the interpolation inequality and (2.8), we then derive

! 2
9/8. 14 7/2 1/2
L < cf |A% v|3ds§cf 21wl 2 ds
0 0 H2 H2

! !
2 14/3
sf vl ids+c(e)f vil™ds
0 H2 0 H2

f t
& f Iv(s)I2ds + ¢ f Iv(s)lIL* ds
0 2 0 2

! !

4 2 28/3 14/3

+cf s ds + crluol +cf (I ds + ctluol, .
0 0

1
2

IN

IA
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By virtue of the interpolation inequality, the Holder inequality and Theorem 4.1, we obtain

t !
7/3 7/3
L < ¢ f vl ds + f VIl ds + T
0 0
! 2 ' 7/6 7/6
< 8f IIV(S)IIQdHCI VOIS IVl ds + T
0 2 0 2 2
t !
< & f v ds + ¢ f VIS ds + T
0 2 0 2
<

! !
& fo v ds + fo TP ds + T < cT.

By the Sobolev imbedding theorem and Theorem 4.1, we arrive at
' 2 2
L < ¢ f VIR IVIPads < T
0

The global existence of v in C([0, T']; H%(T3)) follows by (4.31), estimates of Iy, ..., I4 and the Gronwall
inequality. The Lipschitz continuity with respect to the initial data in ]H[%(TIG) is proved in Lemma 3.1 or

we can follow the argument in Proposition 3.1 to establish it. O

Remark 1. In view of Theorem 4.6, repeating the argument in Proposition3.1, one can choose a subse-
quence of vy, which is still denoted by v,,, such that v, is uniformly bounded in L> ([0, T]; H%(T3)) and
converges to v in L*([0,T1; H%(T3)).

Noticing the argument above and v = au, we arrive at

Theorem 4.7. Suppose ug is an H"(T?) valued, Fo measurable random variable. Then, for any T >
0, there exists a unique global strong pathwise solution u to (1.1) satisfying u € C([0, T]; H™(T?)) N
L>([0, T, ™1 (T%).

5 Moment estimates to (1.1)

This section is devoted to moment estimates for stochastic 3D Burgers equations with multiplicative

noise.

Proposition 5.1. For any Fo—adapted initial value ug € H%(TG) satisfying ]E||u0||q+; < oco,q>1,andé
is an arbitrary small positive constant. Then for any T > 0, the unique global stronzg solution u to (1.1)

satisfies

E sup |u(®)|} < cexpcT,
1€[0,T]

where the constant c is independent of T.
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Proof. From Lemma 4.1 and the Sobolev imbedding theorem, we know

sup |vu(Nlp < Sup Va(Dleo < sup [vu(0)les < cllva(0)ll1 < clv(O)ly = cllu(O)]lr,
te[0,T] te[0, neN

where the constant c is independent of T. Hence, there exists a subsequence of v, still denoted by v, such
that

Ve =* v in L2([0, T, L (T*),P — a.e.w € Q,

where v is the strong solution to (2.3)-(2.4), see Theorem 4.1.
Let ¢ € L1([0, T]; L9(T>)) with % + é =1and fOT l¢(s)l4ds < 1. Then we have that

T T
f f o(t, x)v(t, x)dxdt = lim f f o(t, x)v,(t, x)dxdt
0 JT3 e Jo J

T
< f [¢()lgds sup |va(®)lp
0 1€[0,T]

< lu(O)lh-

Hence, for arbitrary m > 1, we obtain that
E sup @} < cElu(0)||f < oo.
t€(0,T]

For positive constants p” and ¢’ satisfying pL, + % = 1, we have

» RN
E sup lu()l} < (E sup v ) (E sup a % (t)) a
t€[0,T] t€[0,T] t€[0,T]

A

1
< c(E||u(0)||"p) 7 (B sup o= ()"
H2 1€[0,T]
Let Q = qq’, recall that W(r) = bB(t),t € [0,T]. Then W(r) ~ N(0,b*r), where N(0, b*t) denotes the

normal distribution with mean 0 and variance b*¢. In the following, we will compute E sup a9 (f). By
t€[0,T]
the Doob’s maximal inequality,

E sup ¥ = E sup (exp W(t))Q
1€[0,T1] €[0,T]

< (%)QEeprwm
Q 0 00 x2
= (ﬁ) Nor f eXP(= 5 + O
- (QL) exp(b*TQ/2). (5.32)
Hence
q qp’ i' zi qq, q 2 2 1
B sup (0 < (BcOI)"2 (—qq,_l) exp(b*Tq’q [2).
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Proposition 5.2. For any Fo—adapted initial value uy € H%(T3) satisfying IE'Z,||uo||q+3‘S <oco,qg>1landé
2
is an arbitrary small positive constant. Then for any T > 0, the unique global strong solution u to (1.1)

satisfies

E sup |u(®)|%, < cexpcT,
€10,

where the constant c is independent of T.

Proof. Let u and v be the unique strong solutions to equations (1.1) and (2.3) respectively. Then note

that u = &~'v. Hence for ¢ > 1 we have

sup lu(n)ld < sup @)L sup @ (1) < uO)l% sup a@~(2).
1€[0,T] 1€[0,T] t€[0,T] 1€[0,T]

For positive constants p’ and ¢’ satisfying [% + % = 1, we have

1
o

g ;A\l/q
E sup ull, < (B sup M0IZ')" (B sup o~ (1))
1€[0,T] €[0T €[0T

N RN
< (BuOI™)” (B sup a7 (0)"".
H2 1€[0,T]
Finally, the estimate of the Theorem follows by (5.32). O

Next, we aim to obtain E l[iér} J ||u(t)||% < oo for the strong solution u of (1.1). But, it is difficult!
t€|0,

Due to the high nonlinearity of stochastic 3D Burgers equations, we can only establish the logarithmic
moments in H'(T?), see the Theorem 5.3 below. We need techniques from logarithmic moments to

reduce the powers arising from the nonlinear term.

Theorem 5.3. For any Fo—adapted initial value ugy € H%(T3) satisfying ]E||u0||2+3‘7 < oo, and o is an
2
arbitrary small positive constant. Then, for any T > 0, the unique global strong solution u to (1.1)

satisfies

E sup log(1 + [lu(®|,) < cexpcT,
t[0,T]

where the constant c is independent of T.

Proof. Taking a similar argument as in the proof of Lemma 2.1 yields,

1
2 2 -1 2 2 =212 2
F0VIIT + 1My < @ v Vv, A7) < evlly + cle)a Vi [Vl

Then by the maximum principle for random Burgers equations Theorem 4.5, we have

IV

2 < P+ duO),
VP + 1

3 log(Ivlf + 1) +
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where p > 1,4 > 1 and % + é = 1. By the Gronwall inequality, we have

E sup log(v@)I} + 1) < Elog(IWO)I2 + 1) + cE sup a 2(t) + cElu(0)/*, < cexpcT,
1€[0,T] t€[0,T1] H2

where the constant ¢ is independent of T. Note that log(|lu(t)|? + 1) < log(Iv®)[I? + 1) + log(a™(t) + 1),
the result follows. O

Remark 2. Due to the high non-linearity and the absence of incompressibility of the stochastic 3D

Burgers equation, it is difficult to obtain the logarithmic moments E sup log (1 + lu@®|? 3) < o0,
t€[0,T] H2

6 Regularity of (1.1) with infinitely dimensional noise

This section establishes the global well-posedness of 3D Burgers equation with the noise having the form
of u(t, x) o b(x)dB(t), where b : x € T > b(x) € R is a given smooth function of the spatial varialbe, i.e.,
b e C™(T?).

We consider 3D Burgers equation (1.1) with b(x) being a given smooth function. For reader’s conve-

nience, we rewrite it here.
du(t, x) = Au(t, x)dt — ((u - Vu(t, x))dt + u(t, x) o b(x)dB(t), on[0,T]x T3, (6.33)
u(0,%) = up(x), x = (x1,%2,x3) € T3,

where b(x) : T3 3 x — R, is a given smooth function. To simplify the notations, let
3 2
A= sup[(1D]0:b@BW) +IAbBO))].
(,x)€[0,T]xT3 i-1
For (¢, x) € [0, T] x T3, we define
0(t,x) = u(t,x)exp( — b(x)B(®)) exp(=ar) =: u(t, x)ac(t, x) exp(-11).
Consequently, (6.33) is equivalent to the following
3
Bo(t, x) = ANt ) =2 ) (9 BO)D (1, %) (6.34)
i=1

3
+a~ (1, x) exp(A) D %ilt, 1)y, 00, x)
i=1

3
H1= (D] aubB0) - (8b()BW))o. x)
i=1

3
+a~! (1, x) exp(Ar)( Z 0i(t, X)0, b(x)B(0))o(r, x) = 0, on [0, T] x T,
i=1
(0, x) = up(x), x=(x1,x2,x3) € TS,
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where 9(z, x) = (D1(t, x), D2(t, x), P3(1, x)) € R3, x € T3, r € [0, T]. The definitions of solutions to (6.34)
are given in appendix, which are very close to the definitions in Section 2. The Galerkin approximation
of (6.34) is given by

3
Bon(t, ) = ADu(t, %) = 2P D (9bC)B(0)D (. 1)) (6.35)

i=1

Py (a1, x) exp(ar) Z P i(t, X0y, (2, )

i=1
+P[ Za b(x)B(t)) Ab(x)B(z))fz,,(t, x))]

3

+Pu(a7 (6, x) exp(A)( D P it )35 b(IB®)ou(t, ) = 0, on [0,T]x T,
i=1

D2(0, %) = (0, %), x = (x1, %2, x3) € T°.

where 9,(t, X) = (9,1(t, ), D 2(1, %), 931, X)) € R, (1, %) € [0, T] X T>.
To assure the global well-posedness of (6.34), we assume

Any two compoments of Vb(x) = (0x,b(x), 0x,b(x), 0x,b(x)), are linearly correlated, (6.36)

where x = (x1, x2,x3) € T>. For the reason that why we choose this condition, please see the detailed
arguments in the appendix.

Remark 3. There are lots of examples satisfying (6.36). The first example is the case that b(x) is a
constant, then Vb(x) = 0, for all x € T3. We have discussed this case from Section 3 to Section 5. The
second example is, there exists constant ¢ € R such that 0., b(x) = c0,,b(x), holds for all x € T3, that is
(Vb(x) = (c0y,b(x), 0x,b(x), 0x;b(x))) holds for all x € T3. The third example is, there is a component of
Vb(x) equaling to some constant c € R, i.e., Vb(x) = (0x,b(x), 0x,b(x), ¢) for all x € 3.

Without loss of generality, under the condition (6.36), we assume there exists some constant a € R,
such that

0y,b(x) = ady,b(x), holds for all x € . (6.37)

Letn = (1,-a,0) € R3. In the following we will find a solution ¥,(z, x) = g,(¢, x)n to (6.35), where
gn : [0, T1x T3 — R will be determined by (6.39). Obviously, 7,(z, x) solves (6.35) if and only if it solves

32



the following equation.

3
(1, ) = ATy (1, %) = 2P, ) (960 B10))Dn(t, 1)) (6.38)
i=1

3
+Py(e”! (2, x) exp(ar) Z P i(t, )0, 71, ))

i=1
3
- 6xl.b(x)B(t))2 — Ab(X)B(D))Tu(t, %) = 0, on [0, T]x T,
i=1

700, %) = g4(0, ) € HI(T?),  x = (x1, 12, x3) € T,

equivalently,

3
Orgn(t, ) = Aga(t, ) = 2P, Z 3. D) B8l ) (6.39)
=1
+P,(! (2, ) exp(Ar)(gn(t, X)dx, — agut, X)d,)gult, X))
3 2
- (Z 5 b(X)B(1)) = Ab(x)B(1))ga(t, X)) = 0, on[0,T]x T?,
¢n(0, %) € HX(T®),  x = (x1, %, x3) € T.

Since (6.39) is a locally-Lipschitz system of random ODEs, we set g, to be the unique local solution to
(6.39).

Similar to Lemma 2.1, we have the following Poincaré’s inequality (6.40) for (6.35).

In fact, let (¥,, 7,) be the unique local solution to the (6.38). Recall that ¥, = ¥,(f) = &3 Pa(t, x)dx, t €
[0, 7,). From (6.38), by integration by parts, it is not difficult to derive that

! ! !
0] < T [ ulnds + o7.0) [ In(o)Rds + 7.0 [ Fsids
0 0 0
By the Gronwall inequality, we get
_ ! !
RO fo Fu(s)ll1ds + fo IBu(5)1F ds) expler).
Then we have
_ 3 . t . t .
[Pn (Dl < [9n = Valo + )2Vl < |IFally + C(L IPn(s)ll1ds + ﬁ IIVn(s)IIZ%dS) exp(ct). (6.40)

One can take similar arguments as in Proposition 3.1 with minor modifications to achieve the local

existence of solutions to the following equation. The definitions of the local well-posedness and global

33



well-posedness of (6.41) are very similar to the appendix.

3
Big(t, 1) = Ag(t,x) = 2 Y (8 b(0)B(1)) 081, x) (6.41)
i=1

+a’1(t, x) exp(A)(g(t, x)0y, — ag(t, x)0x,)g(t, x)

3
(1- (Z 6xib(x)B(t))2 — Ab(x)B(1))g(t, x) = 0, on [0, T]x T,
i=1

1

8(0,x) :=go € H'(T?), x=(x1,x2,x3) € T.
We state the local well-posedness (6.41) as the Proposition 6.1 without proof.

Proposition 6.1. Suppose go is an H'(T?) valued, Fo measurable random variable. Then, there exists a

unique maximum strong solution (g, £) to equation (6.41).
Under the condition (6.36), Proposition 6.1 is equivalent to the following

Proposition 6.2. Suppose ¥(0, x) = (go, —ago, 0) is an H'(T?) valued, Fy measurable random variable.

Then, there exists a unique maximum strong solution (v, €) to equation (6.34) in sense of Definition 7.2.
Adapting the argument as in Lemma 3.1, one can prove that

Proposition 6.3. Suppose ¥(0, x) = (go, —ago,0) is an H%(T3) valued, Fo measurable random variable.
Then, there exists a unique maximum strong solution (v, ) to equation (6.34) in sense of Definition 7.2.
That is, for any positive random variable n € (0,¢),v € C([0,n7]; H%(T3)), P-a.s..

Remark 4. Similarly to the proof of Lemma 3.1, in the process of proving Proposition 6.3, one obtains
a subsequence of v,, which are solutions of (6.35), such that ¥, converges to v the solution to (6.34) in
L2([0,1]; H%(T3)), where the positive random variable T is smaller than the maximum existence time &,

ie,0<1<éPas.

Proposition 6.4. Let (v, &,) be a maximum strong solution to (6.35) with Fo measurable initial data
P,ug = P,(g0,—ago,0) € H%(T3), then under the condition (6.36) or (6.37),
sup [7p(9lee < |Uoloo, P—a.s.we Q.
5€[0.6n)
Proof. Note that (A7, - ¥,,)(s) = %AI\N/,,I2 — |V9,[%. Hence, multiplying (6.34) by ¥, yields,
1 1 3
S0l (5,0) = SATE (5,20) + [V (5.0) = ) (0:b(0)B(5)) g (5. )

i=1

3
1
307 (5,00 exp(As) ) Vs, )0 Pl (5..0)
i=1

3
(4= (D 9:b0B(s)” - (AbCIB(S))) 7l (5. )
i=1

3
+a7! (5, %) exp(As)( ) TniCs, )0 )B(S) )7l (5, 6) = 0, on [0, £,) x T,

i=1
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where ¥, = (9,1, P2, 72.3) € R?. Note that

3
D i, )0 b()B(s) = 0, on [0,£,) X T,

i=1

and
3 2
(1= (D 0:b(0B)) ~ (Ab(0)B(5))) > 0, on [0,£,) X T,
i=1
According to maximum principle (see Theorem 4 in page 352 of [29]), if [9,/> has local maximum at
(s,x) € (0,&,) X T3, then [7,,| = 0. Therefore,

sup (e < |Uoleo, P—a.s.w € Q.
s€[0.£,)

O

Theorem 6.5. Let (V,&) be a maximum strong solution to (6.35) with Fo measurable initial data uy =
(g0, —ago,0) € H%(T3). Then the solution v to (6.34) with condition (6.36) satisfies

sup [M()leo < [V(0)loo = [4(0)|oo, P — a.5.0 € Q.
1€[0.£)

Proof. In view of Remark 4, there exists a subsequence of solutions ¥, to (6.35), which is still denoted
by ¥, such that

Bu(t) — 5(¢) in LA([0, 7]; H3 (T%)),

where 7 is any positive random variable which is smaller than £. Then we can choose a subsequence of

¥, still denoted by ¥, satisfying

Pu(t) — ¥(¢) in L”"(T3) for almost every ¢ € [0, &).
Let ¢ € LY(T?) with |¢|; < 1, we have

(70, @) = 1im (B0, ) < lim 3,0l < FO)es,

where the first equality above holds for almost every ¢ € [0,¢) and the second inequality follows by
Proposition 6.4. Consequently, in view the continuity of ¥ in H%(T3), Proposition 6.3 implies that

sup [7()leo < V(0)leo = [(0)lo.
e[0.6)

O

Theorem 6.6. Suppose uy = (g9, —ago, 0) is an H'(T?) valued, Fo measurable random variable. Then,
forany T > O, there exists a unique global strong solution ¥ to (6.34) with condition (6.36) in the sense
of Definition 7.2.
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Proof. We assume (¥, £) is the unique maximum strong solution to (6.34) in sense of Definition 7.2. For
t € (0, ), taking inner product of (6.34) with A7 in L2(T?) yields,
AT+ 20913 < APl + ca™" exp (AN)[Fleo| 11117112 (6.42)
+e ALl + cAa™" exp (A)|Floo Pl2][71]2
< 93 + o(T, )} + (T, )FIZIFIT + (T, )l + o(T, ),

- 3
where we have used [7], < (27)2|9| and

3
2
e (S 0ubm0) +1a6w50)

From Proposition 6.3, we can choose fy € (0, &) such that 9(fy) € H2(T?). Consequently, applying Propo-
sition 6.4 to (6.42) on ¢ € [fy, &) yields,

IFOIF < (T, )(1 + [[(toll) exp (c(T, w)(1 + [F(toll3.)).

The global existence of the strong solution 7 follows. The uniqueness of ¥ is similar to the argument

before, we omit it. O

Similar to the arguments of Theorem 4.3, we can also obtain:

Theorem 6.7. Suppose uy = (g0, —ago,0) is an H%(T3) valued, o measurable random variable. Then,
there exists a unique global weak pathwise solution v to (6.34) with condition (6.36) in the sense of
Definition 7.4.

Global well-posedness of weak and strong solutions to (6.33) are equivalent to (6.34), hence, we do
not restate the global well-posedness of (6.33). See the details in Remark 5. Following section 5, one

can also discuss the moments estimates of solutions to (6.33).

7 Appendix

In the following, we give the definitions of weak and strong solutions to (6.34), which are PDE sense.

Definition 7.1 (Local strong solutions to (6.34)). Suppose ug is an HYNT?) valued, Fo measurable

random variable, T is an arbitrary positive constant.

1. A pair (v, 7) is a local strong pathwise solution to (6.34) if T is a strictly positive random variable
taking values in (0, o) and v(- AT) satisfies (6.34) in a weak sense so that the following regularities

hold almost surely,
v(- A7) € C([0, T]; H'(T?)) N L*([0, T]; HA(T?)), (7.43)
and

av(- A1) € LY([0, TT; L2(T?)).
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2. Strong pathwise solutions of (6.34) are said to be pathwise unique up to a random positive time
T > 0 if given any pair of solutions (v', ), (v?, T) which coincide at t = 0 on the event Q= o) =
v} (0)} € Q, then
P (t A7) = VAt AT)) = 0;V1 € [0,T]) = 1.

Definition 7.2 (Maximal and global strong solutions to (6.34)). Let & be a positive random variable
which may take oo at some w € Q. We say the pair (v,&) is a maximal pathwise strong solution if for

each random variable T € (0,&), (v,7) is a local strong pathwise solution satisfying

sup [v(@®ll; < eo, and limsup [jz<c)llV(®)|l} = o0 (7.44)
3

1€[0,7] 1,
almost surely. And ¢ is called the maximum existence time of v.
If (v, &) is a maximum pathwise strong solution and & = oo a.s., then we say the solution is global.
Definition 7.3 (Local weak solutions to (6.34) ). Suppose ug is an H%(T3) valued, Fo measurable
random variable, T is an arbitrary positive constant.
(i) A pair (v, 1) is a local weak pathwise solution to (6.34) if T is a strictly positive random variable

taking values in (0, 00) and v(- A T) satisfies (6.34) in a weak sense so that the following regularities hold

almost surely,
v(- A7) € C([0, T]; H2(T?) 0 LA([0, T]; H (T?)), (7.45)
and
(- A1) € LN([0, TT; L*(T?)).

(ii) Weak pathwise solutions of (6.34) are said to be pathwise unique up to a random positive time T > (0
if given any pair of solutions O, 1), V3, 7) which coincide at t = 0 on the event Q = {v'(0) = v*(0)} c Q,
then

P(Iﬁ(vl(t AT) = V(EAT) =0t€[0,T]) = 1.

Definition 7.4 (Maximal and global weak solutions to (6.34)). Let & be a positive random variable
which may take oo at some w € Q. We say the pair (u, &) is a maximal weak pathwise solution if for each

random variable T € (0,&), (v,7) is a local strong pathwise solution satisfying

sup V@)l < oo, and limsup [jg<coll V(D)1 = 00 (7.46)
1€[0,7] 2 —E 2

almost surely. And ¢ is called the maximum existence time of v.
If (v, &) is a maximum weak pathwise solution and & = oo a.s., then we say the solution is global.
Remark 5. Taking advantage of maximum principle we know the global solutions to Galerking approx-

imations of (6.34) are adapted, then so are the limit of these solutions.
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Definition 7.5 (Global strong solutions to (6.33)). Suppose ug is a H'(T?) valued, Fo measurable
random variable. A stochastic process u is said to be a global strong solution to (6.33) if

(i) for arbitrary T > 0 and t € [0, T], u(?) is an F; adapted process satisfying u € C([0, T]; H'(T*) N
L2([0, T1; BX(T3)) almost surely;

(ii) u solves the stochastic 3D Burgers equation in the following sense:

I3 13 !
u(t) — f Auds + f (u-Vu)ds = u(0) + f b(x)u o dB(s),a.s.,
0 0 0

with the equality understood in H and t € [0, T]. Furthermore, let u and i be two global strong solutions
to (6.33). If u(0) = @(0) a.s., we have

P(u(t) = u(t), forallt[0,T]) =1,
then we say the strong solution u to (6.33) is unique.

Definition 7.6 (Global weak solutions to (6.33)). Suppose ug is a H%(T3) valued, Fy measurable ran-
dom variable. A stochastic process u is said to be a global weak solution to (6.33) if

(i) for arbitrary T > 0 and t € [0, T, u(t) is an F; adapted process satisfying u € C([0, T]; H%(T3)) n
L2([0, TT; H%(T3)) almost surely;

(ii) u solves the stochastic 3D Burgers equation in the following sense:
(u(®), ¢) + J; (u(s), A*¢)ds + ﬁ ((u-Vu)(s), p)ds
= (u(0),¢) + j; (b(x)u(s, x), d) o dB(s), (7.47)

forallt € [0,T] and ¢ € D(A2). Furthermore, let u and ii be two strong solutions to (1.1). If u(0)= ii(0)

a.s., we have

then we say the weak solution u to (6.33) is unique.

In Section 6, we solve the global well-posedness of 3D random Burgers equation (6.34) in the frame
of deterministic 3D Burgers equation (see page 11 of [47]), where the maximum principle is a key tool.
According to the maximum principle, the coefficient of ¥ should be nonnegative. That is to say, one
needs that

B(r)

3
Di(t, X)0;b(x) > 0, on [0, T] x T°,

i=1

or equivalently,

B(t) Y ui(t, x)d,b(x) >0, on [0,T] x T°. (7.48)

3
i=1
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In fact, it seems very difficult to find a solution u to (6.33) (or ¥ to (6.34)) satisfying (7.48). Because, if
there is solution ¥ satisfies

B(t)

3
Vi(t, x)0y,b(x) > 0, on any interval [t1,12] C [0,T],

i=1

it contradicts with the fundamental properties of Brownian motion B(t), in particular, the support property

that with positive probability, B(¢) may visit everywhere. The inequality (7.48) can be only possible when
P(t,x) - Vb(x) = 0, on [0, T] X T>,P — a.s.. (7.49)

In fact, following the arguments as in Section 3, one can prove that there exists a unique local solution
to (6.34). If one further requires the solution should satisfy (7.49), this may lead to the solution equaling
to a trivial solution. For example, let Vb(x) = (b1(x), ba(x), b3(x)), x € 3. We try to find a function
g :[0,T] x Q — R and construct a solution ¥ = §(z, x) = g(t, x)(=b2(x), b1(x), 0), (¢, x) € [0, T] x T3, to
(6.34). Note that, here ¥ satisfies (7.48), hence, if ¥ is a local solution to (6.34), then it must be global.
Substituting ¥ with g(z, x)(—by(x), b1 (x), 0) in (6.34) yields,

3
bi(x)d8(t,x) = (Abi(x))g(t, x) = b ()AL, X) = 2 ) O, b1(x)d,8(1, %)
j=1
+b1(xX)dx, b1 ()82 (t, X) + b} (x)g(t, )0, (2, X)

+02(xX)0,b1(X)8°(1, X) + b1 (X)ba(x)g (1, X)Dx, (1, X) = 0,

and

3
ba(x)0,8(t, x) —  (Aba(x))g(t, x) — ba(x)Ag(t, x) — 2 Z 0x;b2(x)0y,8(t, x)
=

+b1(X)dx, b2 ()82 (t, X) + b1 (0)ba(x)g(t, x)dy, g1, X)
+D2 ()0, ba(x)g2(t, x) + bA(X)g(t, x), 8(t, x) = 0.

Obviously, if b1(x) # by(x), one can only obtain that g = 0, on [0, T'] X T3. Hence, in Section 6, we find

a unique global solution to (6.34) under the assumption
Any two compoments of Vb(x) = (0x,b(x), 0,b(x), 0x,b(x)), are linearly correlated.
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