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REGULARITY OF WEAK SOLUTIONS TO THE
MAGNETO-HYDRODYNAMICS EQUATIONS IN TERMS OF
THE DIRECTION OF VELOCITY

YUWEN LUO

ABSTRACT. In this article, we study the regularity of weak solutions to the 3D
incompressible magneto-hydrodynamics equations. We obtain a new class of
regularity criteria in terms of the direction of the velocity. Our result extend
some results known for incompressible Navier-Stokes equations.

1. INTRODUCTION

We consider the 3D incompressible magneto-hydrodynamics (MHD) equation

%quu+u'Vuc:prf%Vszrb-Vb,
9 oAb Vb=b-V
5¢ _MAb+u-Vb=5-Vu, (1.1)
V-u=V-b=0,

u(0,2) = up(x), b(0,2) = bo(x)

Here u, b describe the flow velocity vector and the magnetic field vector respectively,
and p is pressure. While wg, by are the given initial velocity and initial magnetic
field respectively, with V - ug = 0, V - by = 0. Without loss of generality, we set
v =mn =1 in the rest of the paper (it can be achieved by rescaling). If v =n = 0,
is called the ideal MHD equations.

It is well known that there exist a global Leray-Hopf weak solution (u,b) €
L>(0,00; L2(R3)) N L2(0, 00; H(R?)) if the initial data (ug,by) € L*(R?®). Using
the standard energy method, it can be easily proved that the solution satisfies the
energy inequality

T
lu(®)I* + [[b()]* +/0 (IVu(s) 122 + [IV(s)[Z2)ds < [luollzz + [lbolz2, T 2> 0.

Up to now, it is unknown whether solutions of on (0,7) will develop finite
time singularities even if the initial data is sufficiently smooth. This problem, global
regularity issue, has been thoroughly studied for the 3D Navier-Stokes equations
and many of these results can be extended to the 3D MHD equations. Serrin [6]
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showed that a weak solution of 3D incompressible Navier-Stokes equations with
initial data ug € L%(R3) lying LP(0, co; L9(R?)) is smooth in the spatial direction if
p,q > 1and 2/p+3/q < 1. He and Xin [5] extended this criteria to MHD equations,
precisely they showed that under the condition

u € LP(0,T; L4(R3)) for 1/p+3/2¢ <1/2 and q > 3,

then the solution remains smooth on [0, T.

Another class of regularity criteria which involves the gradient of u for the 3D
Navier-Stoke equations was introduced by Beirdo de Veiga [2] . He showed that any
Leray-Hopf solution is smooth given Vu € LP(0,T; L4(R3)) with 2/p + 3/q = 2,
3/2 < g < . Beale, Kato and Majda[l] dealt with the vorticity w = V X u
and proved the regularity under the condition w € L'(0,T; L*(R3)). He, Xin [5]
and Zhou [9] respectively extended the result of Beirdo de Veiga [2] to the MHD
equations, they obtained some condition of Vu alone to determine the regularity
of the MHD equations. Precisely, the showed that under the condition

Vu e L'(0,T; LYR®))  with 2/p+3/¢<1,3/2 < q < oo,

then the solution can be extended to ¢ = T. Caflisch, Kapper and Steele [3]
extended the well known result of [I] to the 3D ideal MHD equations, they showed
under the condition

T
/0 IV xu(®)lze + [V x b(t)]| Loc)dt < 00

then the solutions remains smooth on [0, T7.

Constantin and Fefferman [4] used the direction of the vorticity w/|w| to describe
the regularity criterion to the Navier-Stokes equations. They showed that under
a Lipschitz-like regularity assumption on w/|w|, the solution is smooth. Under
the framework of Constantin and Fefferman, Zhou [I0] [T1] get some more relaxed
regularity criterion in terms of the direction of vorticity. Inspired by the initial
work of [4], He and Xin[5] extended the result to the MHD equations. They showed
that if there exist three positive constant K, p, ) such that

Wz +y.t) —w(a, )] < Klw(z +y.t)lly"/?

holds if both |y| < p and |w(x,t)| > Q for any ¢ € [0, T], then the solution is remains
smooth on [0, T], where w = V x u is the vorticity of the velocity. Zhou [12] also
studied the regularity criterion for generalized magneto-hydrodynamics equations
in term of the vorticity field and get similar result.

Of the same spirit in [4], Vasseur[7] used the direction of the velocity u/|u| to
describe the regularity criterion to the Navier-Stokes equations. He showed that if
the initial value ug € L?(R3), and div(u/|u|) € LP(0, c0; L4(R3)) with

2 3 1
~t-<g, ¢26,p=4
poqg 2
then u is smooth on (0, 00) x R3.
We restricted ourselves to u/|u| to study the regularities of the weak solutions

of (1.1). We followed the same method of [7] to get our result:

Theorem 1.1. Let u,b be a Leray-Hopf solution to MHD equation (1.1)) with the
initial value ug,byp € H'(R3). If

2
be Lo0,T; LP(R®)) with = + % <1,3>3,
o
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and
div(u/|ul) € LP(0,T; LY(R?)) with

+
Q| w
IN
N =

hSEN )

then u, b is smooth on (0,00) x R3.

This result shows that it is sufficient to control the norm of b and the rate of
change the direction of the velocity to get full regularity of the solution. The proof
is standard, based on energy methods.

First, we need to introduced some definitions and symbols.

Definition 1.2 ([8]). A measurable vector pair (u,b) is called a weak solution
to the the generalized magneto-hydrodynamics equations (1.1)), if it satisfies the
following properties

(1) w e L(0, T); I2(R®))  I([0, T); H(R®)),
be L=([0,T); L*(R?)) N L2([0, T); H (R?));
(2) (u,b) satisfies in the sense of distribution; that is,

/OT/R:3 (?T(f +u.V¢>)udacdt+/R3 up$(0, ) dx

T
:// (Vu:Veo+b-Vo-b)drdt,
0 JR3

/OT/R& (%‘f +u.V¢)bda¢dt+/Rs bo¢(0,z) dx

T
:// (Vb:Vé+b-Vé-u)dedt
0JR3

for all ¢ € C§°(R3 x [0,T)) with V- ¢ = 0, and

T T
// u-Védrdt =0, // b-Vodrdt =0
0JR3 0JR3

for every ¢ € C5°(R? x [0,T)).
(3) The energy inequality holds; that is,

t
lu(®)]1Z: +2/0 IVulZ2ds < lluollZ:,

t
Ib(t)]I72 +2/0 IVbl[Z2ds < [lbo][7,

for all t € [0,T).

The space LP»? consists of functions f for which || f]|zr.« < 400, where

T » r
e = J (5 TG ar) i1 < p< oo,
ess 5Dy <t Ju(r, Yo, if p = oo
where
T a |
I Ju(r, x)|? dm) , if1 < g < 400,

[u(7, e = ( 0

esssup,eps ||u(T,-)||ra  if ¢ = 400
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2. PROOF OF THEOREM [L.1]

Proof. Multiplying the first equation by |u|?u, and the second equation by |b|?b.
Integrate the first equation over R3, and after suitable integration by parts, we

obtain
d Jul*
dt R3 4

:/ 2pu|u|-V|u|dw—/ b-V(|ul*u)-bdx.
R3 R3

Integrate the second equation over R3, and after suitable integration by parts, we
obtain

4 [ P!
dt Jps 4

Adding (2.1) and (2.2) yields

d 44 |pt
—/ de—l—/ (|Vu|*Jul* + 2Jul?|V|ul|?)dz
dt R3 4 ]R3

dx + / (|Vu|2|u\2 + 2|u\2|V|u||2) dx
R (2.1)

dx+/ (|b|2|Vb|2—|—2|b|2|V|b||2)dx:/ (b-Vau) - |b2bde  (2.2)
R3 R3

+ [ (VB + 2 Vb da 23)
R3
= / (2pulu| - V|u| — b - V(|u|*u) -b— (b- V|b]*b) - u) dz
R3

Next we estimate the right hand terms one by one. Because

3
—Ap = Z (Q)Zaj(uzuj - bzbj)

i,j=1
The Calderon-Zygmund inequality tells us that there exists a absolute constant C'
such that
e < CllullZ2 + [IBlI720), for 1< g < oo.
By generalized Holder’s inequality and Young’s inequality, we get

u
2 [ pulul Viul <2 [pJuf - il do
R3 R3

|ul

u
< 2|lpllz- [lullz2 m' Vlulllza

v (2.4)
< 2([lullzer + Hu||2L2er||2L2r)||m - Vlul||za
u
< CHW Vulllpr ([ullzzr + 1] 220).
Where 2/r +1/§=1,2 <r < 6, and here we use the fact
, u
|uldiv(u/lu]) = == V]ul.
Jul
Write ||ul|72, = |||u|?||z-, then interpolation inequality of LP spaces and Sobolev

imbedding theorem gives

0 2(1—6 9 2(1-0
a2l < Mul128 a3 < lul?)2% 9]l 2350
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Where 0/2 4 (1 —0)/6 = 1/r. Using Young’s inequality again, we obtain

U
H@vamammw+m%m

u 0 1
SWETWW%OM%+M%U+§W@W%+M&W&) (2.5)

u 1/0 1
:WETVMMHM%rWM%HEWMVMMHWWWW@)

Assume that div(u/|u|) € LP(L9), u € L*LP). Then we have |u|div(u/|u|) €

LP(L9) where
1 1

1 1 1
- = , ==+ -
p a p q b q

If 1/60 < p, then

T

u 1/6

| vl do < oc.
o |yl

Now we seek conditions for 1/6 < p. By the relation
2 1
+

So
3 2 3 2 3 3 2 3
N R RE R R

- <2
a b p q 2 p ¢

N

that is,

2 3 1
-+-<:.
p g2

Next we estimate the second term of (2.3). As in [8], we have

—/ b-V(|ul*u) - bdx < / |62 |u||V|u|?| da
R3 R3
Using Cauchy’s inequality with e, we obtain

1
| BPHlVIPlde <€ [ il da+ g9
R3 R3

1
:C/IWWWM+5MWMﬁm
R3

By generalized Holder inequality, interpolation inequality of LP spaces, Sobolev
imbedding theorem and Young’s inequality, we obtain

¢ [ bt ude < I 913l
< B (Il s + lular)

1
SC%MﬁWW@+WMﬁU+§NMVWM§+HWVWMA,
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where

S| =

1
2
1-¢ 1 (2.6)

+

DO [

r
<6

IN
s o

We need 2/¢ < « so that

r 2
/0 1B][2/f da < 0.

By the relation ([2.6]), this is satisfied if 2/a+3/8 < 1. And 8 > 3 implies 2 < r < 6.
Due to the above argument,

1
2
—/RB b- V(lu*u) - bda < CIBITS (IB]7s + lullta) + (llulViulllZ + S I1B1V1Bl11Z2)
(2.7)
The last term of (2.3) can be treated in the same way,
1
2
- /]Rs b- V(b20) - udw < ClIB|[7/5 (bl 7s + llulf0) + GlIlulVIullZz + [ V1Bl1172)

(2.8)
Combining , 7 , , , we obtain

d 44 |p4
7/ ul” + b7 da:+/ (|Vul*[ul* + |b]?|VDb|?) da
R3 R3

dt 4
: 6
< C(IBlIF + NuldivCu/[uD) [+ 1)UBIEs + lull}s)
- ’ Jul? + o
= COBIES + laldiv(a/ Dl + 1) | P e

Let A(t) = C(Hb”i{f + |||u|d1v(u/\u|)||%9 +1), then the Gronwell inequality implies
that, whenever T is finite,

[u(D)][2s + 16D II2s < Clluollzs + IIboll‘i4)exp(tt S[%pnA(t))'
€10,

This shows that the solution (u,b) can be extended to t = T. This completes the
proof. O
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