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Abstract. In this paper, we utilize the Littlewood-Paley decomposition theory to estab-
lish two regularity criteria for the 3D magneto-micropolar equations in Vishik spaces,
specifically focusing on the gradient of the velocity field.
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1 Introduction
In this paper, we study the magneto-micropolar system in the whole space R3:

(atu—(y—kx)Au—k(u-V)u—(b-V)b—xV><w+Vp:O,

orw — YAw — kVV -w+2xw+ (u-V)w —xV xu =0,

b —vAb+ (- V)b — (b-V)u =0, (1.1)
V-u=V-b=0,

u(x,0) = up(x), w(x,0) = wp(x),b(x,0) = by(x),

where (x,t) ER3XRT, u(x, t) = (u1(x,t), uz(x,t),uz(x, 1)), w(x, t) = (w1 (x, 1), wa(x, t), ws(x, 1)),
b(x,t) = (bi(x,t),ba(x,t),bs(x,t)) and p denote the fluid velocity, micro-rotational velocity,
magnetic field and scalar pressure, respectively. Here, y is the kinematic viscosity, x is the
vortex viscosity, & is the magnetic Reynolds number, while x and 7 denote angular viscosities.
This model has been used to study microelectrode fluid motion in the presence of a mag-
netic field. It was first proposed by Galdi and Rionero [8] to address microscopic physical
phenomena, such as the motion of animal blood, liquid crystals, and dilute aqueous polymer
solutions, which cannot be accurately described by the classical Navier-Stokes equations for
incompressible viscous fluids. These fluids are characterized by asymmetric stress tensors,
which is why they are referred to as asymmetric fluids. Due to the complex physical back-
ground and the richness of the phenomena involved, incompressible micropolar fluids have
been extensively studied (see [1,2,4,5,12,17,19,23,24] and references therein).
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Function spaces are essential tools for studying and solving systems of fluid mechanics
equations. By means of Sobolev spaces [13], researchers can effectively characterize solu-
tions to fluid dynamics problems and investigate their existence, uniqueness, and regularity.
To further refine the analysis of local behavior and regularity, especially when dealing with
nonlinear partial differential equations, Morrey-type spaces are employed (see [6,16,21,27]).
These spaces better capture the local integrability and smoothness of solutions, aiding in the
study of conditions for the emergence of local singularities and vortex structures, while also
providing more precise integral estimates for nonlinear terms. The concept of weak solutions
relies on the weak formulation within function spaces. By examining the well-posedness of
fluid mechanics equations in various function spaces, researchers can not only ensure the rea-
sonableness and solvability of these systems but also gain a deeper understanding of solution
regularity, nonlinear characteristics, stability, and the feasibility of numerical computations.
For more details, please refer to [9,10, 14].

Rojas-Medar and Boldrini [18] used the Galerkin method to prove, for the first time, the
existence of weak solutions to the 2D and 3D magnetic differential equations (1.1). Yuan
[25] showed that if Vu € L1(0, T; B, . (R?)), then the weak solution is smooth on R x [0, T].
Subsequently, Gala [7], Zhang et al. [28] and Xu [22] extended the regularity criterion to
Morrey—Campanato spaces, Triebel-Lizorkin spaces and Besov spaces, respectively. Yuan and
Li [26] further refined the results of Xu [22]. Recently, Wu [20] established the regularity of the
weak solution to this system by imposing specific conditions on the partial derivatives of the
velocity and magnetic field components. Additionally, Qin and Zhang [15] obtained optimal
decay estimates for the higher-order derivatives of the strong solution to the system (1.1).

The aim of this paper is to study the regularity criterion for the solution of the magneto-
micropolar equations (1.1). Understanding this criterion is crucial for comprehending the
physical laws governing magneto-micropolar motion. Notably, B, .. (R?) € V2 _ ,(IR®), where
the Vishik spaces V;,r,@(]R3) are introduced as a class of Banach spaces (see Definition 2.3).
Consequently, we anticipate that weak solution exhibit corresponding smoothness in such
Banach spaces. In this paper, we demonstrate that to ensure the regularity of weak solution to
(1.1), it is sufficient to impose certain conditions on the fluid’s velocity field. This finding also
indirectly suggests that, in the study of weak solution regularity, the fluid velocity u plays a
more significant role than both the microscopic rotational velocity w of the particles and the
magnetic field b.

Our main result of the paper is stated as follows:

Theorem 1.1. Let (ug, wo,bp) € HY(R®) and V -ug = V -by = 0. Assume that (u,w,b) is a
weak solution to the system (1.1) on the interval [0, T|. If the velocity gradient Vu satisfies one of the
following conditions:

3

Vu e L! ((o, T; vpﬁm(nﬁ)), p>1, (1.2)
2 .

Vue L73(0,T; Vo a(R%),  p> % (1.3)

then the weak solution (u,w,b) is smooth on [0, T].

Remark 1.2. Notice that for § € [1,c0], we have B}, (R*) C V2  ,(R?). Therefore, Theo-
rem 1.1 can be viewed as a further improvement of [24].

The rest of this paper is organized as follows. Section 2 reviews some preliminaries.
Section 3 is devoted to the proof of Theorem 1.1.
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2 Preliminaries

Let us begin with a brief review of the definition of Littlewood-Paley decomposition, as de-
tailed in [3]. Let x be a smooth, radially non-increasing function that takes values in [0, 1] and
is supported within the ball |¢| < 3. Define ¢ in terms of x by setting ¢(¢) := X(%) —x(8),
so that ¢ is supported in the annulus {% < g < %} These functions satisfy the following
partition of unity:

x@+Y p7e) =1, VEeR}, Y o278 =1 VZ#£0.

>0 jez

Leth = ¢, = ¥, where ¢ and ¥ denote the inverse Fourier transforms of ¢ and x, respectively.
The dyadic blocks Aju and low-frequency cut-off S;u can then be defined as:

byu= 92 1D)u =27 [ n(2y)u(x—y)dy,

Su= Y Au= 23f/ h2yu(x—y)dy, jeZ
k<1 R?

According to the Bony decomposition, any distribution u € S’(IR?) \ P(IR%) can be expressed
as:
too /
u= Y Au,  ueSR)\ PR,

jm—eo

where P(IR®) denotes the set of polynomials.
Recall the definition of the homogeneous Besov spaces [3], which are based on the
Littlewood-Paley decomposition.

Definition 2.1. Let p,r € [1,00] and s € R. The homogeneous Besov spaces Bj,(R?) are
defined as

By, (R) = {f € S (R)\ P(R) : |fllgy (x) < o0},
where

1
o ajrs||ALFI|T )"
fﬁww{@%ﬂ 815 ) ) v # e

supjcz | Afller, F = oo.

We also recall the Bernstein inequality, which plays a key role in the proof of the main
result, see [3].

Lemma 2.2. Let k > 0and 1 < a,b < oo. Then the following inequality holds

1
a

Yo 9% Ajul| < C28HI
=

1 .
“0||Ajun s,

where C > 0 is a constant depending only on k,a, b.

Next, we introduce a class of Banach spaces, known as Vishik spaces [11], which generalize
the homogeneous Besov spaces.
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Definition 2.3. Let p,r € [1,00], s € R and 6 € [1,r]. The Vishik spaces V;,r,e(R3> are defined
as

/i (R) = {f € S R\ PR : [fly, (xe) < o0},

where

L 1
(ZJN?N 2%\ Aif119,) 8
SUP nyeN+ - , 0F# 0o,

||fHBg,°o(R3)/ 6 = oo.

11w

pr.0 (]R3) =

3 The proof of Theorem 1.1

Proof. By taking the L? inner product of the first equation, the second equation and the third
equation of (1.1) with u, w and b, respectively, summing the results, and then integrating with
respect to t, we obtain

T
luall?2 + w2 + (121172 +2/0 (I Vullz. + v Vel fz + v VBI[F2)dt < C(uo, wo, bo).

The first equation, as well as the second and third equations in (1.1), are multiplied by
—Au, —Aw and —Ab, respectively, and then integrated over IR with respect to x, which yields
1d 2 2 2 2 2 2
5 qp IVullzz + IVewllz2 + IVBIITE2) + (u+ x) | Aullzz + [ Awlfz2 + v Ab]
+2x || Vw72 + || VV - w72
:/ (u-V)u-Audx—/ (b-V)b-Audx—X/ wa-Audx—X/ V X u - Awdx
RR3 R3 R3 R
—|—/ (u-V)w-Awdx—i—/ (u~V)b-Abdx—/ (b-V)u - Abdx
R3 R3 R3
=: [1(t) + L(t) + I(t) + La(t) + I5(t) + I6(t) + L(£). 3.1)
According to the Littlewood-Paley decomposition theory, it can be obtained that
. N . .
Vu= Y AVu+ Y AVu+ ) AVu, (3.2)
j<-N j=—N >N

where N is to be determined. Without loss of generality, we first estimate I5(¢). Using inte-
gration by parts and (3.2), we have that

Ii(t) = / (u-V)w - Awdx
R3
= — ~/]R3 akuiaiwjakwjdx — /IR3 uiakaiwjakwjdx

g/ |Vw|?| Vu|dx
R3

N
<X /le|VWI2|AjW|dx+.Z /1R3|Vw|2|A]-Vu|dx+ Z/]Rawwﬁmjvmdx

j<—N j=—N j>N
=: Iy + Isp + Is3. (3.3)
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Below we estimate Is;—I53 separately. For Is;, by means of the Holder inequality and the
Bernstein inequality, it follows that

()= Y /3 Vw|?|A;Vuldx
j<-N’R
< Y. 1A Vule|Veli?,

j<—N
3.
<C Y 274 Vulpl| Vel
j<—N
< C27 7 || V|| | Vol . (3.4)

For Is;. Let p > 1. By the Holder inequality, the Bernstein inequality and the definition of
Vishik spaces, we have

N

I52(t) = Z /3 \Vw|2|A]Vu\dx
j=-N R

N
< Y AVl [|Voliz,
j=—N

N 3.
<C Y 27 ]|AVu| | Vel

j=—-N
w27 |4Vl
i——N<"[|Aj VUL
§CN1*% sup =N 1] pvaHiZ
1-1
NeN* N~
< CN'7||Vu| 5 [|[Vwl?.. (3.5)
V?’

prl

For I53. From the Holder inequality, the Bernstein inequality and space embedding relation, it
follows that

Iss(t) = ¥ /Rg Vw|?|A;Vuldx

>N

<C ¥ 14,9ullo 9@l Vel

j>N

Iy s

< C ¥ 24 1A Vuls Vel awl

>N

% %
<c( L 27) (S 2189l ) IVulelaul;
j>N j>N

Y
< 27| Vullgy [ Vel 2 6o 1
N
< C272 || Aul| 2] Vel 2| A - (3.6)
Combining (3.4)—(3.6), there are

_3N _1 _N
I5(t) < C27 2 || Vul| 2| Vew|F. + CN? ”||VuHV% IVl + C27 2 ||Vl 2| Aull ]| Aw]l 12

prl
_ 3N _1
< C27 2 (|Vullf: + I Vew]|32) + CN! AVl s IVewli?.

prl

_N
+C272 [Vl 2 ([Aulf: + [ Awl[Z). (3.7)
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Similarly, we have

h(t) < C27 % | Vulll; + CN'# [ Vul| 5 [[Vullfs +C2 || Vulbulf (8)

prl

Using the Holder inequality and the Young inequality, one obtains that

Li(t) + L(t) = —X/IRSwa-Audx—X/JRSqu-Awdx
< (Ve 2l Aullz + | Vu] 2| Acw ] 12)
+
< B Isult + Flaw]t + €| Vullz + CI Vel . (39)

Similar to I5, we have

LB+ () + (1) < [ [VOP|Vuldx

< C27E (|| Vulfz + [ VB]) + CN'F [ Vull

prl

Vol

3
p

+C27 2| Vb 2 ([|Au)?: + (| AB|2.). (3.10)
Combining (3.2) and (3.7)—(3.10), one has

1dt

+X Y
5 IVl + V@l + 1901) + ET 2 sulR, + T o], + vab]3,

2
+2X||V(U||%z +x|VV -w||%z

< CZ*%(HVuHiz + ||Vw||iz + HVbHiz) + CNli%Hv”HV%

prl

(IVullfz + [Vl + [1V5]72)

_N
+C272 (| Va2 + | Vel 2 + V0] 2) ([ Aull?2 + | Aw|F2 + [[Ab]72)
+C([[Vullf + [ Velf)
_3N
< C27 2 ([Vulle + [IVwlliz + [IVB ] 2) (IVullfz + IVl + V] 32)

_1
+CNT([Vul| s (IVullfz + [ Vwllz + 1 VBIIZ2)

Vp/ 1

_N
+C272 ([|Vull2 + [ Vel 2 + VBl 2) ([ Aul|Z2 + [|Acw]F2 + [|AD][72). (3.11)

%

We fix a large enough N, which obeys

_N 1 .
C2 2 ([|Vull2 + Vw2 + [| Vb 12) < me{ﬂ +x,7,2v},

ie.
N 2InC + 2In(||Vul| 2 + |V 12 + | V]| 12) — 2min{u + x, v, 2v}

N >4
- In2

Taking

N 2InC + 2In(||Vul| 2 + ||Vw| 12 + |V 12) — 2min{u + x, v, 2v} 1

N: 4 7
In2
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it follows from (3.11) that

1dt

+ 1 .
3 51 IVl [F@IB + V0l + (E55 = Jmingp+ 1,720} ) sl + 2] Vel

2 4
¥ 1 2
+ E — i mm{‘u =X 21/} ||Aa)||L2

1
+ <V — 4 min{p +X/r,21/}> 18D][7. + %[ VV - w]F,

<C (1 IVl s ) (IVullz: + [ Vellf2 + IV]1Z). (3.12)

prl
Using the Gronwall inequality yields

T
sup ([|Vullf. + [ Vellf2 + [ VB72) + C/O (1Aullzz + |Aw(F. + | Ab]I7)(t) At

0<t<T

< exp (cnc [F1val )<||wouiz+r|wouiz+||wouiz>.

p 7,1
Using the hypothetical condition (1.2), we get
u,w,b € L*(0,T; H(R®)) N L?(0, T; H*(R?)).

For the regularity criterion (1.3), we focus our analysis on I5. Similarly, by applying the theory
of Littlewood-Paley decompositions, it follows that

N

< Y / Vul|AVuldy+ Y / Vul2|A;Vuldx + 2/ Vul2|A;Vu|dx
j<—N j=—N >N
=: J51 + Js2 + J3. (3.13)
Using I5; (t) and Is3(t), one obtains that
Jsi(b) + Jsa(t) < €27 | Vul|3, + C27 2 || Ve o | A 2. (3.14)

Let p > 3. From the Holder inequality, the definition of Vishik spaces, the Gagliardo-

Nirenberg inequality and the Young inequality, we have

IN

N
Jsa(t) = j_z /W |V ul?|AjVu|dx
L ATl vul?

=y

Z,— NH ] [y

171 2_3 3
<CN IVl "l Auell 72

NG]N* N1-

1 2-3 ;
<on ruwuvgﬂriwup Jaul

(r=
< ”“‘HMH .+ CNG-

2” o lldullze. (3.15)
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Combining (3.13)—(3.15), yields

o s HtX ) (r=1)2p P 2 _N 2
Is(t) <C2 ||V“||Lz+THAMHLz+CN(Z”’”’|!Vu||vgrl\|AMHLz+C2 2|Vl 2 || Aul[ 7.

The analysis that follows is similar to that of the regularity criterion (1.3), except for a slight
difference in the choice of N, which is omitted here. We leave the details to the interested
reader.

Based on the above analysis, we complete the proof of Theorem 1.1. O
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