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1 Introduction and main results
This paper considers the following compressible magnetohydrodynamic flows driven by
a stochastic external force in the isentropic case [1-3]:

dp + div,(pu)dt = 0, 11
d(pu) + (divx(pu ® u) + VP(p) - (V x H) x H

—vAu- (v +A)V(divyu) dt = pdW, (1.2)
dH-(V x (uxH)+V x (vV'V x H))dt =0, (1.3)

where p(t,x, ), u(t, x, ), H(t, x, w) are functions of the time ¢ € (0, T), the spatial position
x€Q,and w € O ={0, B, u}, O is a topological probability case, with the family of Borel
sets B3, and a regular probability measure u. The symbol ® denotes the Kronecker tensor
product. H(z, x, w) satisfies

div, H =0, (1.4)

P(p) is the pressure, the viscosity coefficients of the flow satisfy 2v + 31 > 0 and v > 0;
v’ > 0 is the magnetic diffusivity acting as a magnetic diffusion coefficient of the mag-
netic field, and all these kinetic coefficients and the magnetic diffusivity are independent
of the magnitude and direction of the magnetic field, the perturbation W is a random
variable represented for a.a. w by a bounded function, sufficiently regular with respect to
the spatial variable x € Q. Moreover, we supplement this with the no-slip boundary con-
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dition,
ufyo =0, H|)q =0,
and the initial conditions

p(0,-) = po, pu(0,-) = (pu)o, (pu)o =0, ifpy=0,
H(0, ) = H,, div, Ho = 0.

Although the electric field does not appear in the MHD equations (1.1)-(1.3), from (1.3),
the electric field E is induced by moving conductive flow in the magnetic field, having the
following relationship with the magnetic field H and the velocity u:

E=vVVxH-uxH.

The stochastic incompressible and compressible fluid systems have attracted great at-
tention by considering that a system in reality is usually affected by external perturbations
which in many cases are of great uncertainty or random influence. These random effects
are introduced not only to compensate for the defects in some deterministic models but
also to reveal the intrinsic phenomena. In this direction, the surveys corresponding to the
stochastic case are in [4—6], and much work has been done on the so-called weak solu-
tions in the probabilistic sense (or martingale solutions) for the stochastic incompressible
Navier-Stokes equations; for example, see [7-9]. For the one dimensional compressible
stochastic Navier-Stokes system, we refer to [10, 11] for details. Most recently, Feireisl et
al. [12] gave results on the existence of weak solutions for the three dimensional stochastic
compressible Navier-Stokes system. Their results included a number of stochastic external
forces, e.g. Lévy noise.

The main difficulty of the study of MHD driven by stochastic external forcing is the
presence of the magnetic field and its interaction with the hydrodynamic motion in the
MHD flow of large oscillation. Inspired by the work of [12], this paper is devoted to the
study of the existence of weak solutions for three dimensional stochastic compressible
magnetohydrodynamic flows. One of the difficulties is to obtain a suitable energy estimate
when there is a magnetic field and its interaction with the hydrodynamic motion is driven
by the stochastic external forcing. To the best of our knowledge, there are only results on
the existence of weak solutions for the stochastic incompressible magnetohydrodynamic
flows, cf. [13, 14].

Inspired by the definition of the weak solutions to the compressible Naiver-Stokes equa-
tion in [12], we give the definition of the weak solutions to the problem (1.1)-(1.4).

The random variables p(¢,x, ®), u(t, x, w), H(t, x, ) is said to be a weak solution to the
problem (1.1)-(1.4) of the compressible MHD equations with stochastic external forces if
the following conditions hold:

e The density p > 0:

p("w) € C([O’ T]:LI(Q)),

p €L®(0,T:L7) for certaing>1foraa weO,
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and the family of integral identities
/(p(r,x, ) +b(p(z,%,0)))p(x) dx - /Q(po(x, ) + b(po(x, ) ) o (x) dx
Q
= f T / (p(t,x, w)u(t,x, ) - Vap(x)
0 Q
+(b(p(t,x,w)) = b (p(t,,w)) p(2, %, w)divy u(t, x, w)g(x))) dx dt (1.5)

for any test function ¢ € C(Q), any b € C°[0,00),and a.a. w € O.
e The momentum equation:

u(,») € L*(0, T; Wg* (% R?))  foraa.we O,

pu € L“(O,T:L%(Q;Iﬁ)),
2

p(t= W) € Cyea ([0, TELTT (4 R?)) foraa. we,
P(p) e L*(0, T:LY(2)) NL”((0,T) x Q) for some y >1fora.a.we O,
and the following weak formulations hold:
[ (ot 5.0)(0(r,5,0) = Wir 5.0) - 90) s~ [ (ot oo
= for /Q(,o(t,x, whu(t,x, ) @ u(t,x,w) : Vep(x) + P(p(t,%,0))div, ¢(x)) dxdt

- /0 I /Q (% H(t,%,0)|” - Vap(@) + (H(t,%,0) - V)H(t, %, 0) - (p(x)) dxdt
- /0 ‘ /Q (VVeu(t,x,0) - Vo) + (v + 1) (div, u(t,x, ) - Vap(x)
+ p(t, %, 0)u(t,x,0) - V(W% 0)p(x))) dxdt (1.6)

for all ¢ € C*(€;R®), and fora.a. w € O.
e The induction equation of electromagnetism:

H(-, ) € L*(0, T; W* (% R®))  foraa.we O,
and the following weak formulations hold:
T
f f ((dH(t, %, ), 0(x)) + V' (Vy x H(t,%,0), V, X ¢(x))
0o Ja
— (u(r,x,0) x H(t,%,0), Vs X ¢(x))) dxdt =0 (1.7)

for all ¢ € C*(22;R®), and fora.a. w € O.
e The energy inequality:

/ <%p(r,x, w)|u(r,x,w) - W/(I,x,w)|2 +P(,0(t,x, a))) + %\H(r,x, a))|2) dx
Q

+f(v|qu(t,x,w)’2+(U+A)’divxu(t,x,a))‘2+v’|VxxH|2)dx
Q
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1 1
< / <Ep(s,x,w)|u(s,x,w) - \V(s,x,a))|2 +P(,0(s,x,a))) + 5|H(s,x,w)|2) dx
Q
T 1
—/ f (,ou®u : VW + P(p)div, W — Epu . Vx|W|2>(t,x,w) dxdt
0 Ja
—/ / (viu VW + (v +A)divyu- VxW)(t,x, w)dxdt
o Ja
T 1
+/ /(5|H|2-VxW/+(H~V)H-W)(t,x,a))dxdt
o Ja
+/ /(u x H,V, x W)(t,x,w)dxdt (1.8)
0 Ja

for a.a. T > s> 0 including s = 0, and a.a. w € O, with
 P(2)
P(p) = ,0/ Z—zdz. (1.9)
0

We remark that the family of integral identities (1.5) is taken from [12], which is a weak for-
mulation of the renormalized equation of continuity introduced by [15]. In order to derive

the family of integral identities (1.6)-(1.7), we use the following well-known identities:

d(pu) — pdW = d[p(u - W)] —div,(pu) W dt,
(VxH)xH-= %V(|H|2) —(H-V)H,

V x (V x H) = VdivH - AH,

VxuxH)=(divH+H-V)u-(divua+u-V)H.

Before stating our main result, we introduce the function space ZD for the data as

29
ID = {[,oo, (pu)o,Ho]’po e L1(Q), (pug) € L% (Q;RB),HO e LX), po > 0,

1 2 1
/podx=M>0,/ _|(pu)0| +P(p0)+—|H0|2dx§E0},
Q Q2 o 2

2
which is a closed convex subset of the separable Banach space L7(2) x Lq_fl(Q; R3) x

Wé’Q(Q). In particular, it is a Suslin space.

Theorem 1.1 Let Q € R® be a bounded Lipschitz domain. Assume that the pressure P €
C[0, 00) N C2[0, 00) and satisfies

P 3
PO)=0, P0)>0, 1im 2P _p_ 0, pso, (1.10)
p—o0 pP1 2

and W is a complete separable metric space satisfying:

(i)

W C L3 (0, T; W5™ (2, R?));

'weak
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(i) if Wy, — Win W, then

ess sup H W, (t

) 1,00/ p3y = C
[0y <

W, — W weakly (x) in L™ (0, T; W"*(R)).
Let
® € O {[po(, @), (pwo(-, @), Ho(-, )], W} € ID x W

be a random variable.

Then there exists a random variable p(-,»), u(-, w), and H(-, w),

p(w) € C([0, T;LY(R)),
u(, ») € L2(0, T; W (R)),
H(-, 0) € L*(0, T; W5*(Q)),

satisfying the compressible magnetohydrodynamic equations (1.5)-(1.8) for a.a. w € O.

A simple example of P(p) satisfying condition (1.10) is P(p) = P7°°pp + ap, which is not
physical example. Here p > %, Py, and a are positive constants. Comparing with the exis-
tence of weak solution to the MHD equations without any stochastic effect (see e.g. [16]),
the main difference of the weak solution obtained in this paper is the use of a random
variable (o(-, w), u(-, ), H(-, )), for a.a. w € O.

This paper is organized as follows. In Section 2, we first recall the standard definition
of weak solutions to the MHD system and give a stability results for the low regularity of
the driving force, then we exploit it and show the existence of weak solutions for system
(1.5)-(1.8) with a fixed (irregular) force. Finally, in the last section, we give the proof of
Theorem 1.1.

2 Existence of solutions for problems with irregular forces

In this section, we give the existence of solutions for problems with irregular forces. Firstly,
we prove the weak sequential stability result, which is at the heart of the proof of the
main result. The stability means that a sequence of weak solutions to (1.5)-(1.8), with pre-
compact data po, (pu)o, Hp, and W, admits a subsequence that converges weakly to an-
other solution of the same problem. This proof is based on the work of [12, 16-18]. Before
giving the stability result, we rewrite the weak formulation of the problem with dropping
the parameter w and fixing a function W.

e Equation of continuity:

T
/o /Q (0 +b(p))drg + (p + b(p))u- Vipdxdt
= [ [ (@ o0~ bp)div.wpdrae - [ (oo blon)oto, ) 1)
0 Q Q

for any test function ¢ € C2°([0, T') x Q),any b € C°[0,00).
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e The momentum equation:

T
/ / (p(u - W) 0,0+ pu®u: Ve + P(p)div, (p) dxdt
0o Ja
’ 1
:/ /(—|H|2.vx<p+(H.V)H-go)dxdt
o Ja\2
+/ /(viu-Vx<p+(v+k)(divxu)~Vx(p

0 Ja

+ p(t,x, w)u - Vx(Wgo)) dxdt — /Q(pu)o - (0, -)dx (2.2)

for all p € C*([0, T) x ©2;R3).

e The induction equation of electromagnetism:

T
/ f (H <0;0 +v(Vy x H, V, x (p)) dxdt
0o Ja

T
=/0 /Q(u x H, V, x go)dxdt—/QHo-<p(0,-)dx (2.3)

for all p € C([0, T) x ©2;R3).
e The energy inequality:

’ 1 2 Lo o
- —pla—W|* +P(p) + —=|H|* | dxdt
o Ja\2 2

T
+/ /(V|qu|2+(v+k)|divxu|2+v|VxxH|2)dx
o Ja
1 |(pu)o|? 1
590(0)/(570+P(,00)+—|H0|2 dx
Q Po 2
T 1
—f /(,ou®u:VxW+P(p)diva—Epu-Vx|W|2>dxdt
o Ja
—/ /(viu~VxW+(v+A)divxu~VxW)dxdt
0 Ja

T 1
+/ /(_|H|2.VxW+(H-V)H-W> dx dt
0o Ja\2

+/ /(uxH, Ve x W)dxdt (2.4)
0o Ja

for any ¢ € C2°[0,T), ¢ > 0.

Proposition 2.1 Let Q C R® be a bounded Lipschitz domain. Assume that the pressure P
satisfies (1.10). Let { W, }32, be a sequence of functions which satisfies

ess sup | Wi(t, )| gioegps) < Cws Wo = W inL'(0, T; W5 (2 R%)). (2.5)
te(0,T) ’
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Let {py, u,, H,} be a sequence of weak solutions of the MHD system driven by W, in (0, T) x
Q, with the initial data py ,, (0H)o,,, Ho , such that

_ |(,0l1)0,n|2
0,1 > 07 P0,n dx =M> Ov ”pO,n”Lp(Q) < EO; I dx < E();
Q Q  Pon

pos— po  in1P(Q),  (pwo, — (pw)o weakly in L'(2),
/ I(pu)o;ql2 f (pu)o*
x— | ——d.
Lo,n Q Po
Then, at least for suitable subsequences,

pn—> P in Cyeax(0, T;17(Q)) and in Ll((O, T) x Q),
w, > u  weakly in L*(0, T; Wg* (2, R%)),
H, —H weakly in L*(0, T; Wg*(2,R?)),
2,
pn(a, = Wy) — plu—-W) in Cweak([Or T];LPTPI (Q;Rg));

where p, u, and H is a weak solution of the same problem driven by the force W, and having

the initial data po, (pu)g, and Hy.

Proof We first derive some uniform bounds estimates, which are exactly the same as the
a priori bounded estimates available for the compressible MHD, cf. [16], and the stochas-
tic compressible Navier-Stokes expression (see [12]). Applying the standard Gronwall in-

equality to the energy inequality (2.4), we get

ess sup | 0a(t, )| g < €M, Cu, Eo, T), (2.6)
te(0,7)

ess sup [[/putn(t, )| 2 g5 < €M, Cu Eo, T, 2.7)
te(0,7T)

ess sup ”H HL2(9R3 cM,C,,Eoy, T), (2.8)
te(0,7)

where M is the total mass, which is a constant. Moreover, one has
||pn(t! ) ||L1(Q) =M Vte [O¢ T]

Moreover, by assumption (2.5),

ess sup /pIWnlzdxfc(M,Cw).
te(0,7) J

We use Korn’s inequality,
r 2
f ” un(t’ ) ”W(l)‘z(Q;R3) dt < C(M’ er EO’ T)r
0

T
/ IH,.(2,-) ||iv(1),zm;R3) dt < cM,C,,Eo, T).
0
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Consequently, there exists a suitable subsequence such that

pn— P in Cyea (0, T;17(Q)), (2.9)
u, —u weakly in L?(0, T; W (2,R%)), (2.10)
H, > H weaklyin L?(0, T; W*(Q,R%)), (2.11)
patty, — pu weakly () in L(0, ;L1 (2, R%)). (212)

By the momentum equation (2.2), we derive
2z 3
pn(un_ Wn) - p(u— W) in Cweak([ov T];Lp+1 (Q,R ));
which combining with (2.5) and (2.12) gives

2,
(pnwy)(t, ) = (pu)(t,-) weakly in LITP1 (Q; RB) fora.a.t€(0,7),

(pay)(t, ) = (pu)(t,-) inL1(0, T, W2(R%)),V1 < g < cc. .
By (2.6)-(2.7), (2.10), and (2.13), we have

putl; ®u, — pu®u  weakly in L*(0, T; L5 (R>)). (2.14)
Using (2.10)-(2.11), we get

(VH, x H,) xH, - (VHx H) x H inD((0,T) x ), (2.15)

V x (u, x H,) > V x (ux H) inD((0,7) x ), (2.16)

where we use D’ to denote the sense of distributions.
Next, we derive the pressure estimate and the pointwise convergence of the densities.
We denote the Bogovskii operator as 3 ~ div™", and we choose the test function

1 00 ~ K
@= 1ﬁ(t)IS’[lﬂ(pn) Tl /Q b(pn)dx], Y € C(0,T),b(p) = p".

Following [12] and [16] step by step, we deduce that

T
/ / P(p,)pf < c(M,Cy,Eo, T)
0 Q

for a certain positive constant 8 which depends on M, C,,, and Ej.

To derive the pointwise convergence of the densities
on—p aa.in(0,7T)x L, (2.17)
we take the following test function:

@ =YV, A [Eb(p)]
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in the limit equation

T
/ / (p(u - W) 0,0+ pu®u: Vyp + P(p)div, (p) dxdt
0o Ja
t 1
:/ /<—|H|2~ngo+(H~V)H-<p>dxdt
0o Ja\2
+/ /(UVXu-Vx<p+(v+A)(divxu)~ng0
0 Ja

+ pu- V(W) dxdt - /Q(,ou)o - (0, ) dx, (2.18)

where b(p) or P(p) denotes a weak limit of the compositions b(p,) or P(p;,).
Using the same arguments as in [12, 19], we have

n—00

T
iim [ [ v (9,879, [eb(0)] 1oy, — £b(p) V.07V, Do, ]) dnde
o JR3
T [
- [ [ v (2 sb0)] - now - BRIV, Vo) dd (219)
0 R
By (2.5)-(2.9), we derive
paWy — pW  in L3(0, T; W7 (2 R?)),

which implies that

n—00

T
lim /0 /1;3 |:1/fpnun : Vx(n W, - VxA_l [“;:b(pn)])
+ POn Wn : 81,‘(1#77va71 [gb(pn)])i| dxdt
T
= li V(W - V. AT Eb(p)
nggofo /Ra [wpu (n [£b(p)])

+pW - at(wnvxa-l[gm])} dxdt. (2.20)

By (2.19)-(2.20), we obtain

n—00

T
lim f / 577(51)(/0;1)19(/)") - (viun + (v + A)(divy un)) . VxAilvx[%‘b(,On)]) dxdt
0o JR3
T
= /o /1;3 £n(EP(p)b(p) - (vViu + (v + A)(divew)) - VoAV, [Eb(p)]) dxdt.

In particular, we have the so-called weak continuity of the effective viscous flux

Pb(o) - (gv . A>Tp>(divx w = P)b(p) - (%v . x)b(p)divx o

which first was established in [20] and recovered in [12] for stochastic compressible

Navier-Stokes system.
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Now the rest of deriving (2.21) is by the same arguments as in [12, 19]. Moreover, for any
1 < g < p, we can obtain

pn— p inC([0, T);LY(RQ)). (2.21)
O

Assume that W is regular and satisfies
weC'([0, T]; W' (%R%),  W(0,-) =

As shown in [12, 16], by a small modification of the proof for the compressible MHD sys-
tem and using Proposition 2.1, we obtain the following result.

Proposition 2.2 Let Q C R3 be a bounded Lipschitz domain. Assume that the pressure P

satisfies (1.10),
W e L. (0, T; W™ (2 R%))
and
po € LP(Q), Po >0, /,00=M>0,
2
(pw)o € L'(Q,R?), / ot dx < 00, H, € L*(Q).

Then the compressible MHD system admits a weak solution in (0, T) x Q in the sense spec-
ified in (2.1)-(2.4).

Remark 2.1 We can use a sequence of approximation smooth function W, for any regular
W to obtain solutions for the problem driven by any regular W. The symbol LS . denotes

'weak
the space of weakly measurable functions.

3 Proof of Theorem 1.1
Assume that

weO— W(,w)eW
is a random variable, and the mapping
weOr [/00('7(1))7 (pu)o(-, 0))7 HO('¢ a))] €e1D

is a random variable on O = {O, B, 1}, with a regular probability measure w. Then for any
& > 0, there exists a compact set K,-» such that

m(O\Ke) <,
and the mapping
@ > [po(, @), (pw)o (-, ), Ho (-, )]

restricted to /C, is continuous.
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Consider a multi-valued mapping

L: {[po, (pu)o,Ho], W} €ID x Wt [p,u,H]
e C([0, T} LY(R)) x L*(0, T; W (2, R?)).

The existence of L is guaranteed by Proposition 2.2. Proposition 2.1 implies that the value
of £ are non-empty closed subsets of the Banach space C([0, T]; L(2)) x L2(0, T; WE’Z(Q;
R3)), and £ has a closed graph.

Finally, using the abstract result of Theorem 3.1 and Lemma 3.1 in [21], we conclude that
there exists a weak solution of the MHD driven by the stochastic external force W in the
sense of (1.5)-(1.8) such that the mapping

o> [p(,o),u(,0), H, )] € C([0, T;LY(R)) x L*(0, T; W5 (5 R?))

is a random variable, for @ € O. This completes the proof of Theorem 1.1.
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