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A regularity criterion of 3D incompressible MHD system
with mixed pressure-velocity-magnetic field

Ahmad Mohammed Alghamdi, Sadek Gala* and
Maria Alessandra Ragusa

Abstract. This work focuses on the 3D incompressible magnetohydrodynamic (MHD) equa-
tions with mized pressure-velocity-magnetic field in view of Lorentz spaces. Our main result
shows the weak solution is regular, provided that
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1. Introduction

We are interested in the regularity of weak solutions to the viscous incompressible
magnetohydrodynamics (MHD) equations;
Ou+(u-Viu—(b-V)b—Au+Vr=0, ze€R3 te(0,7T),
Ob+ (u-V)b—(b-Vu—Ab=0, xeR3 te(0,7),
V-u=V-b=0 x€R3 tc(0,7),
u(x,0) = up(z) and b(x,0) =bg(x), =z & R3,

(1.1)

where u, b and 7 stand for the velocity field, the magnetic field, and the scalar pres-
sure, respectively, and T' € (0,00) is an arbitrary existence time. Equations (1.1)
describe the motion of electrically conducting fluid in the presence of a magnetic
field, where the fluid and magnetic field interact strongly with each other, and
then their dynamics are coupled. They present applications in several physical sit-
uations; for instance, liquid metals, cosmic plasmas, ionized fluids in astrophysics,
geophysics, and high-speed aerodynamics (see, e.g., [2, 5, 18]). Moreover, taking
b = 0 and by = 0, we obtain the 3D Navier—Stokes equations which describe the
motion of viscous incompressible fluids. Thus, due to their mathematical and phys-
ical interest, they have been studied by a number of mathematicians, physicists,
engineers etc.

An important open problem for system (1.1) and 3D Navier—Stokes equations
is the global regularity of weak solutions. In this address, there is a rich literature
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with several types of regularity criterion in different functional spaces (Lebesgue,
weak-LP; Besov, among others). For example, see 3, 4, 6, 7,9, 10, 11, 16, 17, 21, 22]
and references therein. Note that the literatures listed here are far from being
complete, we refer the readers to see for example [8, 12, 13, 14, 15] for expositions
and more references. As a matter of fact, Beirdo da Veiga and Yang [1] provided
a regularity criterion for weak-solutions (u, ) of the 3D Navier—Stokes equations
with divergence-free initial data uy € L? N L*. They proved that weak solutions
(u, ) are regular by assuming the pressure-velocity condition
0

- €LP(0,T; L), (1.2)

(1" + Jul)
where 0 <0 < 1,1 <p,q < o0, % + % = 2 — 0 and L?* stands for the weak-LY
(c.f. [20]).

Motivated by [1], the present work extends the above criterion to the system
(1.1). More precisely,

Theorem 1.1. Suppose that (ug,by) € L?(R3) N L*(R3) with V -ug =V - by = 0
in the sense of distribution. Let (u,b) be a weak solution to the MHD equations on
some interval [0,T] with 0 < T < co. Assume that 0 < 0 <1 and that

™

(=11 + Jul + [b])

2 3
5 €ELP(0,T; LY (R?)), where p + iy 2—0 (1.3)

then the weak (u,b) is regular on (0,T].

Remark 1.2. A special consequence of Theorem 1.1 and its proof is the regularity
criterion of the 3D Navier—Stokes equations with the mixed pressure-velocity in
Lorentz spaces. This generalizes those of [1].

In order to derive the regularity criterion of weak solutions to the MHD equa-
tions (1.1), we introduce the definition of weak solution.
Next, let us write
w* =utb, woi = ug * by.

We reformulate equation (1.1) as follows. Formally, if the first equation of MHD
equations (1.1) plus and minus the second one, respectively, then MHD equations
(1.1) can be re-written as:

dhwt — Awt + (w™ - V)wt + Vi =0,
Ohw™ —Aw™ + (wt - V)w™ + Vr =0,

divwt =0, divw™ =0,

wt(x,0) = wd (z), w (z,0) =wy ().

(1.4)

The advantage is that the equations become symmetric.
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2. Proof of Theorem 1.1

This section is devoted to the proof of Theorem 1.1. In order to do it, we first
recall the following estimates for the pressure in terms of u and b (see e.g., [8]):

I7le < € (lulfes +11bl320)  with 1< q < oo. (2.1)

We are now in position to prove our main result.

Proof. Multiplying the first and the second equations of (1.4) by |w“‘|2w+ and
|w_|2 w™ , respectively, integrating by parts and summing up, we have
1d
4.dt
1 2|2 _2|?
by [P+ |9 o [ e
2 Jgrs

e A e R IR P A T T T

=— [ Vr(wt ‘w+’2 +w” |w_‘2)d;v
R3
. + + 2 _ _12
= [ m-div(w® |wt]" +w [w|")dx
R3
g/ ] (| + [0~ (T w2+ 9 w0 [2)de
R3
2 + —\2 1 +12 2 _12 2
<C | |z (Jw|+ |wT|)?de + < (’V|w “ —i—‘V‘w ]‘)dw
R3 4 Jps
. 1 _ 1 _ . .
Notice that u = §(war +w™) and b = §(w+ — w™), then the above inequality
means that
d 4 4 2||? 2||?
= (lullge + 10130 +2 |V || +2||v 1P|
2 2
+2 [Jul [Vul[|Z2 + 2116l [Vl Z2 + 2 llul VO]l 72 + 2 [[b] [Vull|7:
<C [ nf (ul + )de = K. (22
R3
where we have used
o]+ o] < Jwt + w7 + ot —w”
For K, borrowing the arguments in [1], we set

™

(e~1#* + Ju| + [b])"

V=ell’ 4 |u| + 1] and 7=

By the Holder inequality and the following interpolation in Lorentz space (see [20])

1N tparsy < C ||fH%anaq(]R3) for a>0, p>0, ¢>0,
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we have
K= [ PV PVl + b))
R?)
< / 7 xP VA g
R3
<A 2-) 2X
< H|7T| )L%w Hw HLS’% HV A
~1A 2-) A
= 17 Zaoe 17 ear2 V2] far »
where \
1 1 2
A2 i =1 and A= .
q * s + r at 2—40

By (2.1), we have

2-A
K< H%qu*“’ (H'ulQHst—A),z + H|b|2HLs<2—A>,2) HVQHi”'?
< O e 1V ez V10

By the interpolation and Sobolev inequalities in Lorentz spaces, it follows that

{ V2] peemrre < CIVAIRS V2] < C VIR I9V2 03
V2 are < CIVAI2 (V2 5e < CIVRIR" [9V25
where 0 < §1,d2 < 1 and
5(21—)\) - 1561 *%’ %Z 1;52 *%'
Hence from (2.3) and Young inequality, it follows that
K < Ol V25 V07007 oy o

~ =g (|22, L 2|2
< CO7 || o ||V HL2 + 9 HVV ||L2 :
Due to the definition of V', we see that

2|2 2 2 2|2
V2113 < 01+ el + 0103 + [ruf® + 2] ),

and

[vv|l7. < © (1 o llul + 6112 + Il + BI3= + |7l + 1b/7)

2
2 )’



A regularity criterion of 3D incompressible MHD system 169

Consequently, we get

2) 2
~ 2= (2=N)o] — 2 2 2
K < CIRIEZ V™ (14 lul + Bl + [|lul® + 1P| )

1
FC(+ [l + Bl + Il + 1BDI3) + 5 [Vl + b7)|

2
L2

2)
~ | 2= (2=N) 67 —No5 2 2 4 4
< Ol V7 (L Jlullze + [1olle + llullza + [[bl70)

2 2 2 2 1 22 | 1 2||?
+C(U+ [ulFa + Bl + IVulFs + VI3 + 5 |V ||, + 5 |71 -

Since (u, b) is a weak solution to (1.1), then (u,b) satisfies
(u,b) € L>=(0,T; L*(R®)) N L?(0, T; H*(R?)).

Inserting the above estimates into (2.2), we obtain
d 4 4 2||? 2||?
lullge + ol + ||V ||, + |7 108
2 2 2 2
+2 [l [Vullz2 + 2|6 [VO[[[L2 + 2 [ul [VO[[[L2 + 2|6 [Vull[ -

< CIFIEZD T (14 Jull2s + b2 + Jullds + b142)
+C(1+ Jul 7z + bl 72 + [ Vull7= + [ VBII72)
< CIFIET T (14 ullds + [bllL2) + OO+ IVull3s + [Vb]2.),
Using Gronwall’s inequality with the assumption (1.3), we deduce that
(u,b) € L>=(0,T; L*(R?)) c L¥(0, T; L*(R?)).

We complete the proof of Theorem 1.1. O
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