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Abstract: In this work, we investigate the regularity criterion for the solution of the Hall-MHD
system in three-dimensions. It is proved that if the pressure 7 and the gradient of magnetic field VB
satisfies some kind of space-time integrable condition on [0, T'], then the corresponding solution keeps

smoothness up to time 7. This result improves some previous works to the Morrey space M, sfor

0 < r < 1 which is larger than L.
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1. Introduction

This work is devoted to the study of the regularity criterion of smooth solutions for the 3D Hall-
magnetohydrodynamics (Hall-MHD) equations [1,29] :

duu+u-Vu-B-VB—-Au+V(r+ %) =0,
0B+u-VB—B-Vu+curl [curl BX B]—-AB =0,
V-u=V-B=0,
(u, B)(x, 0) = (uo(x), Bo(x)),

where x € R* and t > 0. Here u = u(x,t) € R?, B = B(x,t) € R?® and n = n(x, f) are non-dimensional
quantities corresponding to the fluid velocity field, the magnetic field and the pressure at the point

(1.1)
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(x, 1), while uy(x) and By(x) are the given initial velocity and initial magnetic field with V -y = 0 and
V-By = 0, respectively. The Hall-MHD equations are of relevance to study a number of models coming
from magnetic reconnection in space plasmas [19], star formation [2] and also neutron stars [32].

The Hall term curl [curl B X B] included in (1.1), due to the Ohm’s law plays an important role
in magnetic reconnection which is happening in the case of large magnetic shear. For the physical
background of the Hall-MHD, we refer the readers to [19,29] and references therein. When the Hall
term is absent, it is obvious to see that the system (1.1) reduces to the classical magnetohydrodynamic
(MHD) equations.

The global existence of weak solutions and the local well-posedness of classical solution in the
whole space R? were established by Chae-Degond-Liu in [4]. But due to the presence of Navier-Stokes
equations in the system (1.1) whether this unique local solution can exist globally is an outstanding
challenge problem. For this reason, there have been a lot of literatures devoted to finding sufficient
conditions to ensure the smoothness of the solutions (see [4,5,7-13, 16-18,25-27,33-35,38,39] and
reference therein. Meanwhile, in [4], the authors obtained a blow-up criterion and the global existence
of smooth solution for small initial data. Later, both blow-up criterion and the small data results were
refined by Chae-Lee [5]. In particular, Chae and Lee proved the following regularity criteria

ue Lis(0,T; L’ (R%) and VB e LF5(0,T; IF(R®)) with 3 < p,B < oo (1.2)

or
u e L*0,T; BMO(R?) and VB e L*(0,T; BMOR?Y)), (1.3)

which is an improvement of the Prodi-Serrin condition (1.2). Here BMO is the space of functions of
bounded mean oscillation of John and Nirenberg. The regularity criterion (1.3) was improved by [15]
as

-0
u€L*0,T; B, (R%) and VB € L*(0,T; BMORY)). (1.4)

On the other hand, based on the well-known pressure-velocity-magnetic relation of the Hall-MHD
equations (1.1) in R, certain growth conditions in terms of pressure were proposed to ensure the
regularity criterion of smooth solutions. Fan et al. [15] showed that if the pressure satisfies one of the
following two conditions :

7 e LS50, T;L’(R?) and VB e Li=(0,T; LP(R%) with 3 < p < oo, (1.5)
or
2p 2p
Vre L#3(0,T;LP(R*) and VB e Lir3(0,T;L"(R*) with 3 < p < oo, (1.6)

with 0 < T < oo, then the solution («, B) can be smoothly extended beyond time 7. Recently, Fan et
al. [10] proved the following regularity criterion, which can be regarded as the end-point cases of (1.5)
and (1.6) :

-0
neLl'0,T;B, . (R’) and VBe L350, T; IP(R?)) with 3 <8 < 0 (1.7)

or
Vr e L3(0,T; BMOR®) and VB e Li3(0,T; [F[R?) with 3 < B < oo, (1.8)
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Motivated by the above cited Works our aim is to establish a regularity criterion of the smooth

solution in terms of 7 € L*(0,T; B ~([R?) and VB € L= 50, T; M2 %(R3)) N L*0,T; M2 3(R?)) with
0 < r < 1. Due to the facts that
- -1 |
PR’ c B, [®) and LR’ # B, (R,

-1
and from a mathematical viewpoint, Besov space Bw,m(R3) is the largest scaling invariant space of

system (1.1).
2. Preliminaries and main result

First, we recall the definition and some properties of the space we are going to use (see e.g. [3]).

Definition 2.1. Let {(,0 j} be the Littlewood-Paley dyadic decomposition of unity that satisfies ¢ €
Cy (B2\By), 9(6) = (2 fg) and

> % =1 forany £ #0,

JEZ

where By is the ball in R? centered at the origin with radius R > 0. The homogeneous Besov space is
defined by
={f €SP |flly, <

with norm 1

q

js q
i, =[S 1)
JEZ

for s € R, 1 < p,q < oo, where S’ is the space of tempered distributions and P is the space of
polynomials.

The following is a key lemma to prove Theorem 2.7 due to Meyer—Gerard—Oru [31], which a simple
proof can be found in [24].

1 -1
Lemma 2.2. For any function f belonging to H (R?) N BOO’OO(R3), one has

1£17: < CIIVA,2 Al

- -1
It is well known that BW,W(R3) is the biggest critical homogeneous space of degree —1 and as shown

by Frazier, Jawerth and Weiss [40] any critical homogeneous space continuously embedded in S'(R?)
21
is also continuously embedded into BW,M(R3).
Next, we give the definition of the Morrey spaces. For more details see [28].

Definition 2.3. For0 < r < %, the homogeneous Morrey space Mz, 3 (R?) is defined as

<oah,
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where 1

2

_3 2
171, , =sup swp 24| [ 170
2,3 x€R30<R<0

(x,R)

Here B(x, R) denotes the closed ball in R® with center x and radius R.

In order to prove our result, we need the following lemma which plays a very important role in the
proof. This lemma can be found in [28] (see also [20,21,36,37]) which gives an equivalence between

M, 3(R?) and a multiplier space Z,(R?).

Lemma 24. For 0 < r < %, let the space Z.(R?) as the space of functions which are locally square

integrable on R* and such that pointwise multiplication with these functions maps boundedly the Besov
space Bz,l(R3) to L*(R?). The norm in Z,(R?) is given by the operator norm of pointwise multiplication:

Ifllz, = sup [Ifgll2 < oo

lell; <1

Then f belongs to MQ’ s(R3) if and only if f belongs to Z,(R?) with equivalence of norms.
The following simple lemma is fundamental and shows that any function in L7 is also in Mz, 3.

Lemma 2.5. Let 0 <r< 3. If f € L*(R%), then f € Mz’%(]l@) and ”f”/\}tz < ClIfll ;-

3
T

Proof: Let f € L7 (R%). By using the following well-known Sobolev embedding B, ,(R?) ¢ H (R3)
L1(R?) with é = % — %, we have by Holder’s inequality,
178l < 11713 gllze < 1113 Wgll < WAL gy,

Then, it follows that

WAl = Allz, = sup lifell < ClAl: -
2

3
-~ o<1
: lell;,

While L* C Mz’ 3, clearly sz 3 1s a larger space than L : for example ,
™ € M, (R,

but this function is not an element of L? (RY).

Remark 2.1. By the embedding % C /\./(2’ 3, we see that our results generalize that in [10] and [15].
We will use the following inequality (see [23,36,37]).

Lemma 2.6. If f € H'(R*) and Vf € M2,3(R3), then f € BMO(R?). Furthermore, one has

1122 < CAl2 1 lpaso < CUIAIL VAL, - 1 <g<co
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Our result on the regularity criterion now reads as follows.

Theorem 2.7 (Regularity criterion). Assume that (ug, By) € H*(R*) x H'(R?) with s > 3 and div uy =
div By = 0 in R?, in the sense of distributions. Let (u, B) be the corresponding local smooth solution
to the Hall-MHD equations (1.1) on [0,T) for some T > 0. If the pressure m and the magnetic field B

satisfy
=1
m € L*0,T; B, (RY)) (2.1)

and . .
VB € L7(0, T; My s (RY) N L2(0, T; Mas(RY)) (2.2)

with 0 < r < 1, then (u, B) can be extended beyond T.

Our result (2.2) is just refer to Morrey space with the combined assumption (2.1). As an application
of Theorem 2.7, we also obtain the following regularity criterion

Corollary 2.8. Let (u, B), (ug, By) be as in Theorem 2.7. Suppose that the pressure m and the magnetic
field B satisfy
n e LY0,T; BMOR?))

and ) .
VB € L0, T; My 3 (R*) 0 L0, T: My3(RY)

with 0 < r < 1, then (u, B) can be extended beyond T.

Remark 2.2. Therefore, Corollary 2.8 is a further improvement of the result of work [10].

. - -1
Since M,;3(R?) C BM’M(R3) (for the proof, see e.g. [24]), we have the following result.

Corollary 2.9. Let (u, B), (ug, By) be as in Theorem 2.7. Suppose that the pressure m and the magnetic
field B satisfy

7 € L2(0, T; Mys(RY))

and . .
VB € LT5(0, T; My 2 (R*) N L2(0, T; Mys(R?))

with 0 < r < 1, then (u, B) can be extended beyond T.
3. Proof of Theorem 2.7

Now we are in a position to prove Theorem 2.7.
Proof: Firstly, we derive the energy inequality. For this purpose, we take the L*(R?) inner product of
u and B with equations (1.1), respectively, sum the resulting equations and then integrate by parts to
obtain

1d
—— f (lul* + |B)dx + f (\Vul? + |VB»dx = 0,
2dt
R3 R3
where we used V- u = V - B = (. This proves
Gty B)l|zeo(0.7:2) + et Bl 20721y < C.
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In the following, from Serrin type criteria (1.2) with p = = 4 on the 3D Hall-MHD equations
(1.1), it is sufficient to prove that

ue L=, T; L*R>) c L30, T; L*(R>)).

To this end, let T > 0 be a given fixed time. Multiplying (1.1); by |u[* u and integrating by parts over
R?, we obtain

7 7 el + e 1Vl + % [ 1
= f(B-VB—%V|B|2)-|u|2udx—fu-vn|u|2dx
R3 R3
: 1
= —Z f BiBé‘i(lulzu)dx+§ f |BI (V - (|ul* u))dx — f u-Vrlul? dx
i=1 R3 R3 R3

IA

C [IBP(],« Neells el [ Vel 2 + f w- Vr|ul dx

R3

IA

CIBIs lulls llul [Vaell 2 + 2 fﬂulul-Vudx

R3

CIBllzs IVBI| gy, , Moellza el Vaalll 2 + 2 [lzual 2 [l [Vell] 2

IA

IA

1
CIIVBIIi42 (IIBIIZ + ||u||i4) 5 Mlul IVulllg> + C limll7 Nl

.3

IA

1
CIIVBIIi42 (||B||i4 + IIMIIZ) + 7 el Vully, + Clirll 11Vl e 7

.3

IA

1
2 4 4 2
CIVBIL, (1B + i) + 3 led Vel
+C Wl llel 19l + B B2 ol

IA

1 1
CIIVBIIi42 (IlBll‘Lﬂ + ||u||i4) 5 Ml Vullly, + 5 Bl IVBIII

x}

+C Il el 3.1)

00,00

where we have used the Lemma 2.6 and the fact :

f(u - Vu) - |u)? udx
R3

(Vie) - (V(|ul* u))

0,

1 2
Vul* lul* + = |[Vul|".
IVl + 5 |V’
In a similar way, multipying (1.1), by |B|* B, and integrating by parts yield
1d 1 1 2
777 1Bl + 5 WBIIVBIIL + 2 [V 1BE .
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f (B-V)u-|B* Bdx + f (B x curl B)curl (|B|* B)dx
3 3

= - f(B -V)|BI* B - udx + f(B x curl B)(V |B* x B)dx

< C f |u||B’ [VB|dx + C f |B? [VBJ* dx
3 3
< C|IBPIVBI||,. 1Bl llulls + C ||IVBIBP||,. 1BV B2
2
< C||VB||M2%| i, ||B||L4||u||L4+C|||B||VB|||L2||VB||M2?%|
1-r r
< CIVBI,, I8, 12 1Bl a4
1-r

+C B VBl IV Bl (1P,
< CIVBI,, , IBI o Nl

+ClIB |VB|||L2 VBl 18I
< C||VB||”3||B|| ||u||2f+ ||V|B| ||L2

2 2
2 |||B| IVBIf: + CIVBIL 1B + g ||v 1B,
2 4 4 i L
< CIVBIZ (IBIff + llulys) + —||V|B| I, + —|||B||VB|||L2+C||VB||1 Bl
2,2 2,F
= 4 4 R L] = 4
< Cc1+|vBI° 3(IIBIIL4+IIMIIL4)+ZIIVIBI .2 + 5 WBIIVBII + CIVBI B
27 2,3
2 1 2 1

< (1+||VB||' x)(llBllmllullﬁ) 7 IVIBE[ + S MBIV B, 3.2)

where we have used the following interpolation inequality due to [30]:
1A, < CIAIR VA, with 0 <r<1.

Summing (3.1) and (3.2), we get

1d
4 dt

L
< C 1+||VB|| +IVBI L (IIBII‘;+|Iulli4)+||7r||?_1 ually
2,3 ; B

00,00

1 1 1
(el + 1BILs) + 5 Wed IVl + 5 1B V1B, + 5 (||v wP|l}, + ||V |B|2||§2)

Using Gronwall’s inequality, we obtain

sup ([luC, )« + 1BC, DI}

0<t<T
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M,

4 4 t 2 = 2
< (||M0||L4+||BO||L4)CXP f{HVB(',T)HMZJ+||VB(',T)||'” + 7, DI +1}dr
0

~lw

0,00

< ©09.

This implies that
ue L0, T; L*R?Y) c L¥0, T; L*(R?)).

Now due to regularity criterion (1.2), the proof of Theorem 2.7 is complete. O
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