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Fundamental Serrin Type Regularity Criteria for 3D MHD Fluid
Passing Through the Porous Medium

Zujin Zhang?, Dingxing Zhong?, Shujing Gao?, Shulin Qiu?

?School of Mathematics and Computer Science, Gannan Normal University, Ganzhou 341000, Jiangxi, PR. China

Abstract. In this paper, we consider the Cauchy problem for the 3D MHD fluid passing through the
porous medium, and provide some fundamental Serrin type regularity criteria involving the velocity or its
gradient, the pressure or its gradient. This extends and improves [S. Rahman, Regularity criterion for 3D

MHD fluid passing through the porous medium in terms of gradient pressure, J. Comput. Appl. Math., 270
(2014), 88-99].

1. Introduction

This paper concerns about the 3D flows of an incompressible fluid passing through the porous medium.
Let u = (uy,uy,u3) be the fluid velocity, and ¢ and K are the porosity and permeability of the medium
respectively. Then there exists a pressure drop

¢

R = — = —
mu, m X >0
by using Darcy’s law (see [4]), when the fluid passes through the porous medium. Consequently, the

fundamental equations governing the dynamics of an incompressible, unsteady MHD fluid passing through
the porous medium are (see also [12])

du+w-Vu—(b-V)b—-pusru+Vn = —mu,

b+ u-V)b—(b-Vyu—vab=0, 1)
V-u=V-b=0,

u(0) = uo, b(0) =bo,

where u = (u1,up, u3) is the fluid velocity, b = (b1, by, b3) is the magnetic field, 7t is a pressure scalar, u > 0
and v > 0 are the kinematic viscosity and magnetic diffusivity respectively. For simplicity, we set y =v = 1.

When m = 0, (1) reduces to the classical MHD equations, which have drawn a lot of mathematicians’
attention. Duvaut and Lions [6] constructed a class of global weak solution with finite energy. Sermange
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and Temam [13] considered the strong and classical solutions, their results show that the MHD system
has a global unique classical solution in 2D case, while has only local unique strong solution in 3D case.
Thus whether or not this local strong solution being global is an outstanding problem. In [11] and [15], the
authors first established the following regularity criteria in terms of velocity or velocity gradient only:

u € I7(0, T; LY(R?)), % + Z =1, 3<g< o, 2)
and
VueVO T, >+2=2 5<qsoo @)

that is, if (2) or (3) holds, then the solution (u,b) of the MHD system is regular on (0,T). These two
criteria have been improved in larger spaces and other related models, see [2, 7-10, 18-20] for example.
Subsequently, we consider the regularity criteria involving the pressure or the pressure gradient. Zhou [16]
first showed that each of the following conditions on the pressure (or its gradient) and the magnetic field

REVOTURY, bel?OTINE),  >+2=2 F<qzeo @
or
3 3 3 3 2 3
Vr e IP(0, T;LY(R%)), b e L*(0,T;L*(R%)), I;+§:3’ 1<g<oo (5)

implies the smoothness of the solution. Then by converting the MHD system into a mathematically
symmetric form

oiwt + (w™ - V)w* — Awt + Vi =0,
oiw™ + (wt - V)w™ — Aw™ + Vi =0, 6
V-wr=V-w =0, (6)
w*(0) = wj, @ (0)=w,

with
w'=u+b, w =u-b, w;=uy+by, w;=1uy— Dby,

Duan [5] was able to remove the conditions of the magnetic field, and established the following regularity
conditions:

€ I/(0, T; L'(R?)), + 2 =2, 2 <g<oo )

and
3 2 3
Vr € LF(0, T; L(IR)), 5+5:3, 1<g<oo. (8)

For the system (1), Rahman [12] showed that (4) or (5) again entails the regularity of the solution. In this
paper, the authors first extend the regularity criteria in terms of velocity or velocity gradient, (2) and (3), to
the system (1), and then improve [12] by removing the conditions of the magnetic field.

Before stating the precise result, let us first recall the definition of weak solutions to (1) (see also [12]).

Definition 1.1. Let ug, by € L*(IR®) with V- u =V - b = 0. A measurable pair (u,b) is called a weak solution to the
system (1) provided the following conditions holds:
(1) u,b € L*(0, T; L2(R%)) N L2(0, T; H'(R®));
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(2) u, b verify (1), 5 5 in the distributional sense;
(3) the energy inequality is valid for almost every t > 0,

G, DI (1) +2f0 IV, b)I, (s) ds +2mf0 7> (s) ds < II(aso, bo)IITa - ©)

Here and in what follows, we shall use the notation
G, BT = llell?, + 1BIE., VG, BT, = [IVallf, + VDI -

The existence of a weak solution to (1) can be established similarly as in the proof of Theorem 6.1 in [6].
In fact, compared with the MHD system, the system (1) has only one more damping term (see [3, 14, 17])
mu, which is linear in #. By a strong solution, we mean a weak solution such that

u,b € L=(0, T; H'(R%) N L*(0, T; H*(R?)).

It is well known (see [13]) that the strong solutions exists locally, and are regular and unique in the class
of weak solutions.
Now, our first result is the following regularity criteria via the velocity or its gradient.

Theorem 1.2. Let uy, by € LA(R®) with V-u =V -b = 0. Assume (u,b) is a weak solution pair to (1) on (0, T). If
(2) or (3) holds, then the solution is smooth on (0, T).

Next, by converting the system (1) into the following mathematically symmetric form

dw* + (0™ - Vo' — Awt + Vi + Hw' + @) =0,

ow™ + (wt - VYo~ — Aw™ + Vi + %(afr +w7)=0, (10)

V-w"=V-w =0,

w'(0) = w;, @ (0)=w,
with

w'=u+b, w =u-b, wi=uy+by, w;=uy—Dby,
we show

Theorem 1.3. Let ug, by € L2 (R®) with V-u =V -b = 0. Assume (u,b) is a weak solution pair to (1) on (0, T). If
(7) or (8) holds, then the solution is smooth on (0, T).

The proof of Theorem 1.2 is given in Section 2, and Section 3 is devoted to proving Theorem 1.3.

2. Proof of Theorem 1.2

In this section, we shall provide the proof of Theorem 1.2.

Step I Preliminary Reductions.

For any ¢ € (0,T), due to the fact that u, b € L?(0, T; H(R®), we may find a 6 € (0,¢), such that
Vu(5), Vb(5) € L*(R%). Take this u(5), b(6) as initial data, there exists a strong solution pair #, b €
C([6, "), HY(R®)) N L?(0, I; H*(R%)), where [5,I7) is the life span of the unique strong solution, see [13].
Moreover, i, b € C®(R® x (6, ). According to the uniqueness result, # = u, b = bon [5,"). If " > T, we
have already that u, b € C*(R® x (0, T)), due to the arbitrariness of ¢ € (0, T). In case I'* < T, our strategy
is to show that [|V(u, b)l|, (f) is uniformly bounded for ¢ € [, ). The standard continuation argument then
yields that [, ) can not be the maximal interval of existence of the solution pair (i, b), and consequently
I'* > T. This concludes the proof.

Step II H'-estimates.
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Taking the inner product of (1); with —Au, (1), with —ab in L%(R®) respectively, we obtain

1d
2 dt

[(u-Vu] - Audx — [(b-V)b] - Audx
R3 R3

IV Gat, B)IIE: + 118G, B)IIE: + mIVullf,

[(u V)b] - abdx — f [(b- V)u] - Abdx

Z f [t - V)u] - Bkudx+z f [(Oxb - V)b] - dpu dx
3

_ kZ:; jﬂ;a [(Oku - V)b] - db dx + kZ:; fRS [(Oxb - V)u] - dxb dx

L

(11)

Here, we use the following facts (by integrating by parts):

3
V~u=0=>2f[u-V(&ku)]~3kudx=O,
=1 YR

W

V-u=0=>2f [t - V(Ob)] - b dx = 0,
R3

k=1

3 3
Vb=0= Zf V(9b)] - e dx + Zf [b- V()] - dxb dx =
=1 YR =1

Suppose (2) holds, we may apply integrating by parts formula to each term in I to get

ISCf lul - [V (u, b)| - [V*(u, b)| dx
IR3
< Cllulls 1V, B)l 2 V2, b)||,, (Hélder inequality)

< Cllullys IV G, b, ||v2( b)ll

2 7

where, in the last inequality, we have used the interpolation inequality

3-1 §-2
AL <lIFl= Al 2<s <6,
the Sobolev inequality
Ill,e < VAL

and the boundedness of the Riesz transformation R; (1 < i < 3) in L*(R%) (1 < s < ) spaces,

di
Fate

By Young inequality, we may further dominate I as

o3l = Cof| =IRRi=2fll. < Cllafl

I'< CIIuII IIV(u, b)lI7. + IIA(u, DIl
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1
Substituting the above inequality into (11), and absorbing > [lA (1, b)lli2 into the left hand side, we may
invoke the Gronwall inequality to deduce that

t 29
IV (1, b)IIZ, () < IV (u, b)II% () - exp [C llull;” (s) ds]
. (12)

T
< IV, b (6) - exp [c f |}’ (5) ds] <o, 5<t<T",
0

as desired. The proof of Theorem 1.2 in case (2) is completed.
Suppose now (3) is valid, we may estimate I as

I<cC f IVatl - [V (u, b)]? dx
IRS
< ClIVull IV, b)I 2,

Lot

2-3 3
< ClIVullg IV, DI, * 1A G, BN,
2q

o 1
< CIVall; VG, B)IE: + 5 18, B,

Substituting the above inequality into (11), and absorbing %llA(u, b)ll%2 into the left hand side, we may
invoke the Gronwall inequality to deduce that

2q

T
VG, B)IZ: (£) < VG, DI (6) - exp [c f Va2 (s) ds] <e,b<t<T,
0

as desired. The proof of Theorem 1.2 in case (2) is completed.

3. Proof of Theorem 1.3

In this section, we shall prove Theorem 1.3.

As stated in Section 3, we need only to bound ||V(u, b)II%2 () uniformly in ¢ € [6,™), where 6 > 0 can be
. .

r
chosen arbitrarily small such that |[V(u, b)||;- () is finite. Due to (12), we have to dominate f |71} Zf (s)ds
5
for some 3 < g < . In the following, we shall in fact prove
u,b € L=(5,I; LYR%) c L35, I'"; LA(R?)),

and thus complete the proof.
To this end, taking the inner product of (1); with |@*[*w*, (1), with |w™Pw™ in L%(R®) respectively, and
adding the resulting equations together, we find

1d +14 -4
4dtfw(la) [* +lw™[") dx

1
+-f |V|w+|2|2+|V|w|2|2dx+f Vo P |0t + Vo - o |? dx
2 R3 R3

1
= ——f (' + 0 )(wPot + o Pew”)dx - f V- (oot + o Pw”)dx.
2 R3 R3
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Noticing that
1 + - +12, .+ -12,,—
-5 | @ + o) Po’ + o o) dx
R3
:—% f (o' + o Pot o +oPot @ + o) dx
R3
1 _ _ -
s—zf (0"l ~ 0*| o™ = |* P - || + o™ *) dx
R3
1 _ -
- _Ef (' =l )(lw*P ~ | P) dx
R3
1 _ _ _
= ‘5f2<lw*|—|w D20 P + 1" ™| + o) dx
R’
<0,
we have
1d
Z_Lgf (o™ * + lw™|*) dx
1
2 Vla' PP+ Vo™ P dx + f Vo' - o' + Vo P - ™ dx
R3

f Vi - (ot Pot + o Pew”)dx
IR3

Up to now, we could just estimate | as in [5] to get

% lw* P + 1w P|[2, < Clim ||“ ot + 1072,

as well as

2
< <:||vn||3w Ul + o™

%Hw P+ lw? [

1

Applying Gronwall inequality to the last two inequalities, we deduce

[l P + 10~ P2 t)<||Iw 2+l P}, ) exp[ fllnllz"s(s)ds]

< i, Bl (6) - eXp[ IIHIIZ” - (s) dS]

t N

< II(, DI (0) - IV, B (6) - exp [C ) lI7ll 5 (s)ds .

and

2 PR
[l + 1P|}, (&) < e, B)IIF- ) - IV (a, B)IIF- (5) - exp | C f IValF 7 (s)ds
L o

Hence, under the assumption (7) or (8), we could deduce
+ - o0 4/m3 1 + - o0 4/m3
o', w EL(O,T;L(]R):Mt:E(a) +w”) € L0, T; L*(R”)

as desired. The proof of Theorem 1.3 is completed.

1292

(13)
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