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Abstract: In this article, we focus on the global regularity of n-dimensional liquid crystal equations with

fractional dissipation terms (-4)?u and (-A)#d. We show that the equations have a unique global smooth
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solutionifa 2 7 + 7 and B 2 5 + 7.
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1 Introduction

The n-dimensional incompressible fractional liquid crystal equations are

o + u-Vu + u(-A4)*u + Vp = -Av-(Vd o Vd),
od + u-Vd + y(-A)Pd = -f(d),

V-u=0,

u(x, 0) = ug(x), d(x, 0) = do(x),

1D

where u € R" denotes the velocity field, d € R" denotes the macroscopic average of molecular orientation
field, and p stands the scalar pressure. The symbol Vd ® Vd denotes one n x n matrix whose (i, j)th entry is
Ziﬂaidkajdk(i, j<n),and f(d) = MLIZ(ldlz - 1)d. And here, y, 4, y, and n are all positive constants. For simpli-
city, we shall assume u = A =y =n =1 throughout this article. The fractional Laplacian operator (-4)% is
defined by the Fourier transform

O () = [EF ().

The original liquid crystal equations were established by Ericksen [1] and Leslie [2], which is too much
complicated to study in mathematics. Thus, Lin [3] simplified the original liquid crystal equations to this forms
that in the above liquid crystal equations (1.1) that but still retains most of the essential features of the original
liquid crystal equations .

Whena = § = 1, System (1.1) reduces to the standard liquid crystal equations. Lin and Liu [4,5] proved that
the liquid crystal equations have a unique smooth solution globally in two dimensions and locally in three
dimensions. They also proved the global existence of weak solutions. But the regularity of solutions is still a
difficult problem. Inspired by the classical regularity criteria of weak solutions of the Navier-Stokes equation,
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researchers obtained different types of regularity criteria for the liquid crystal equations, for instance, the
well-known Prodi-Serrin-type regularity criterion and the type of logarithmical regularity criterion, and for
details the readers may refer to [6-14] and references therein.

Here, we consider the generalized values of the dissipation indexes a@ and . When the orientation field d
equals to a constant, the nematic liquid crystal flows reduces to the generalized incompressible Navier-Stokes
equations. As known, for the generalized incompressible Navier-Stokes equations, for any smooth initial

datumu, € H(R™) withs > 1 + - there exists a unique global-in-time solution witha > - + Wu [15] studied
the generalized magnetohydrodynamlc (MHD) equations and obtained smooth solutions w1th a,f=zs+- Wu

[16] improved the result by a = < + B >0,anda+ =1+ 2 which was also sharpened by a logarlthmlc
term in the meantime. Based on these results, much attention has been paid to reducing the dissipation in the
liquid crystal equations. For the 2D liquid crystal equations, when a = = 1, System (1.1) has a unique global
smooth solution. Wang and Zhou [17] established the global existence of smooth solutions witha = 0 and § > 1.
Subsequently, Jin et al. [18] obtained the global regularity for the two cases a >0, § =1, and a + § = 2,
0<pB<1Ify=0, Yuan and Wei [19] studied the case a =1 + % and B = 0 with a logarithm operation on
the dissipation term for general n-dimension and proved the global existence of a smooth solution.

In this article, we will study the n-dimensional generalized liquid crystal equations for general a and S.

The condition a = % + % is clearly needed due to the first equation in (1.1). Because System (1.1) has higher

derivative term V-(Vd © Vd) = %V(lleZ) + Ad; -Vd; than the MHD equations, as a result, § = % + % is also
needed. Next, we state our result.

Theorem 1.1. Let the initial data (uy, dy) € HS(R™) x HS*Y(R™) withs > 1 + % and V- uy = 0. If dissipation indexs
a and B satisfy

then System (1.1) has a unique global smooth solution satisfying
u,vd € L*(0, T; H*(R"),

for any given T > 0.

2 Proof of Theorem 1.1

In this section, we concentrate on the proof of Theorem 1.1. The proof of existence of the local solution to (1.1) is
a standard process, readers may refer to [20] for details. Here, we only give the a priori estimate of the local
solution to ensure ||(u, Vd)||gs bounded at all time. By adopting the basic energy method and taking use of
commutator estimate, Holder’s inequality, interpolation inequality, and so on, we will improve the regularity
of the local solution step by step and obtain the higher-order derivative estimate at last.

In this article, we will utilize some simplified notations. The letter C means a generic constant, which may
change in different places. In addition, the notation ||-||;» represents the norm of a Lebesgue space and ||-||gs
represents the norm of a Sobolev space, which is defined as follows:

%
Il = |+ tgyepag]
At first, multiplying the second equation in (1.1) with d and then integrating it on R" yield

1d
S IE: + I8P + ity < [,
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where A = (—A)%, and the following equality has been used:

J(u -Vd) ddx = 0.
R
Using Gronwall’s inequality, we have
T
lldIff. + ZI(IIdII}x + [|APd][?:)de < Clldol ..
0

Next, multiplying u and —Ad to the first and second equations in System (1.1), respectively, and then
integrating that two equations on R" and adding together, we obtain

1d
2dt

1
(lullfe + 1VdIZ2) + AUl + (IAP*d|f7 + ||dIvalll}. + 2 IVIdP 1. < (IVd|2,

where we have used the following equalities:

vd|?
I(u -Vu)- udx = 0, Iu -V[u]dx =0, and IVp -udx = 0.
R" R"

; 2
R

Hence, by Gronwall’s inequality, we deduce that
T 1

(llullZ> + Vi) + ZI(IIA“ulliz + [|AFdl i + (|dIvd]|f7. + EIIVIdIZIIiz)dt < C(T)(fuolif2 + [1Veolf72), (CAY
0

where C(T) is a constant depending on T'. In addition, the upper bound of ||d||;~ can be evaluated, which will be
used in the following part. Multiplying the second equation in (1.1) by p |dP~2d for p > 2 and integrating
resulting equation on R", we obtain

d +
Sl + [ %0 p jap-aax + pllaify? = pldify.
[Rn

According to [21] and [22], we have
[22#d- prap-2aax > o.
RVl

Therefore,
d
Elldllw < |dl|ze-

According to Gronwall’s inequality and letting p — , it can be seen that
lldlle> < eTlldollz= < e.

Next, we will show the bounds for the norms ||u||; and ||Vd||;z. And now, we first recall the following
commutator estimates, for details referring pages 1-2 in [23].

1 1 1 1 1 .
Lemma 2.1. Let s > 0,1 < p < o, andg = + %= + n with p,, p; € (1, +), and p;, p, € [1, +]. Then,

18°Cf)NNr < C(lIgllee 1A [|eez + 1[G esfT]re),
LA, f-Vigllr < CVflle 1Al 1ez + (1A ]|zes][VgHILr),

where [/, flg = N(fg) - 8.
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Applying the first equation in (1.1) with 4, multiplying u to the resulting equation, and then integrating it,
one has
1d

¥ Va2, + [|A* 1|, = _[(u V)u - Audx + IV-(Vd ® Vd)- Audx. 2.2)
R" R"

Applying A to the second equation in (1.1), multiplying Ad to that equation, and then integrating it, it follows
that

1d

2 a1 + A2l = - [a@u vay addx - [af(@) addx. 2.3)
R" R"

Combining (2.2) and (2.3), it will be clear that
1d
2dt

= [w-vu-sudx+ [v(vd 0 vy audx - [a@-vdy addx - [af(dy addx 24)
R" R" R" R"

(IVulff + lIAdIf) + Al + [|AP*d| 7.

= L+ L+ 5+ 14

For the first term I; mentioned earlier, employing Lemma 2.1, Holder’s inequality, interpolation inequality, and
Young’s inequality, we obtain

L= [19,u-Vu-vudx
3,
< |IIV, w -V ]ul| 2|Vl 2
< C||Vul|, o ||Vu| s ||Vu|p2

Ln+2 Ln-2
- 2.5
< CI9 o 0 s Ve 2 @)
1 94-0)
< 5 g™ + Cllulfze |2l 72
1
< EIIA“”ulliz + CQ+ |[ulfZ) + Cllullfal VUl
Here,0 < 0 = 4::(;21)6 <1, and we have used the Sobolev embedding
HOb o Lith, [[Vull s < Cl|Vu |y,
fora = % + %. There shows that the index a cannot be smaller, and note that ||Vul| = < C ||u||zz||u| }I'ﬁl is not

valid for n = 2, a = 1. However, we can use ||[V, u -V]u||;2 < C||Vu||i4 < Cl|ul|ge||u||ze+ in this case, and the final
result is similar to (2.5).

Observing that there are some terms in I, and I3 having nice canceling properties through integrating by
parts, it can be shown that

2
L+l= j [v% + Ad ~Vd] - Au - A(u -Vd) Ad|dx
[Rn
= j[Ad Vd - Au - V(Vu -Vd + u -VVd) Ad]dx
Rn
= I[Ad Vd - Au - (Au -Vd + 29u -Vd + u -VAd) Ad]dx
IR"

= J' — 2V -VVd - Ad dx.
R"



DE GRUYTER Global smooth solution to the n-dimensional liquid crystal equations === 5

Therefore,

Ln+2

L+L< CI|Vu||VVd||Ad|dx < Cl[Vull 2 1A .
3n-2
R®

8ﬁ—n—2 n+2

4 4p 2.6
< Cllullpeliadll,: #1148+, ¥ @0
8B 1
8B-n-2
< Clluflge " 18l + 1147,
where 8 2 % + % makes 8 _Bﬁ —; <2 and the Sobolev embedding inequality ||Vu||L < (luf|ge is used. For Iy,

utilizing the norm ||d||;~ that has been estimated, it can be achieved that

I, < j|Aal|2 + A(|dPd) Ad dx
Rn
<||ad|R, + C(||AldP]l2l|dll= + |1Ad]|z2ldP =)l Ad]|

< C|Ad]|.

2.7

Here, we have used the following inequality that comes from Lemma 2.1
A 1dP]l> < C(llAdl|zldllc= + lIAd]]2]1d]|z=)-

Now, inserting the estimates (2.5)—(2.7) into (2.4) yields

d
E(IIVulliz + [IAdl2) + 1Al Z> + (IAP*2d] 1,
< C(L+ Julffye + (1A + [IVulff2 + [[Ad]f2).

Thanks to Inequality (2.1), applying the Gronwall’s inequality yields
T
[IVullZ. + [|Ad]f. + _[(IIA“”ulliz + [|AP*2d|72) dt < C(||Vuo| 72 + [|Adol})- 28)
0

Finally, with the estimates mentioned earlier, we are ready to show the global H* bounds of u and Vd.
Taking A and AS*! with s > 1 + % on the first equation and second equation in System (1.1), respectively,

and multiplying A’u and A°*ld to the resulting equations, then the following equation can be arrived by
integration

1d + + +B+
Ea(llAsulliz + (| A 2,) + (||, + (|AS*Ed) 3,
= - IAS(u Vu) Mudx - IAS(Vd - Ad) Mudx
R" R" (2.9)
- _[A3+1(u Vd) A dx - J’Aﬁlf(d)- A dx
R" R"

=hththt].
To estimate J, by the condition V- u = 0 and Lemma 2.1, it follows that

== 18 Vi udx < (88, w V] s
[Rn
< C(Iull 1AVl + (1wl |9 2l Ao
4a-n n (2.10)
< CI[Vull 2 1Al 2 1A+ 4

1
< CllAulz + 118"l fz.
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Then, using the Sobolev embedding inequality and commutator estimate, we have the following for J,:
L= _[AS(Vd - Ad)Nudx
[Rn

< (14509 - A2 145 w2
< (Ve g, 17| o, + (|| |4Vl |4 a2 (2.11)
< C(lldllgrlldlle+s + Idllgo-2 1l 1A ul| 2

< Clld]lg=2|dll s |85 ull 2
< Clld| s 1A+ 2 + iIIA““ulliz + Clld|ype-
Here, we make use of the following Sobolev embedding inequalities:
V|| an < Clld||ge-r < Clldl|ge-2,  [|ATAd| o < Clld]|gs1,
lIAd]|p < Clldllge-2,  |IAVd]|ps < Clld]|gs+.

Note that these inequalities can also be arrived by the interpolation inequality. For J;, evaluating similarly as
we did to J,, one has

J,= J'AS(u V)N dx
R"

<||ACu V)| o, (|A°*2d]] on

L3n-2 Ln+2

< C(ull (V] s, + 1Az ul] o )[4 o

s o1 (2.12)
< C(INullgz || + 1Al 2] ull )l Al s

< %Ildlli,sw + Clldifpe I8l + Cllulfyan]18°d] 72
< %IIAS*ﬁ*ldlliz + C(lldIR s + [l ((IAUIG: + 141d|f7) + Clid] .
Similarly as I, Holder’s inequality and Young’s inequality imply
Ji= _[As+1(d - |dPd)Asd dx
R7

<) + (| dP )z 1Al 2

<[|a*d|ff + CQlld]lz= (1A [dPllz2 + 1Al 2P (L) 1A d] 2
|| d|ff, + Cllad|

< C||As+1d||iz.

(2.13)

Combining up the formulas (2.9)-(2.13), we have

d 2 +1112 + 2 +B+1,49112
elwull + 1 d|2) + (|85 ulff, + (AP 2.14)

< CQ+ |ldlfgper + Mulffen)(18°UllE + [185Hd]72) + Ul + Nld]fyse2)-

Here, we can deduce from Inequality (2.8) that
T
_[(Ilulli,m + ld|E ) dt < C(||Vuolz + [1Adoli)-
0
Thus, it is not difficult to obtain that by employing Gronwall’s inequality to (2.14),
T
[[8ulff2 + (|45l + I(IIAS+“ulliz + 4P| ) d e < C(lINuol 72 + 145 dolI72).
0

The proof of Theorem 1.1 is complete.
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