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Abstract: This paper considers a simplified three dimensional Ericksen-Leslie System for nematic
liquid crystal flows in the unbounded domain Q := R* x R? or the smooth bounded domain Q. The
hydrodynamic system consists of the Navier-Stokes type equations for the fluid velocity coupled with
a convective Ginzburg-Landau type equation for the averaged molecular orientation. We first establish
the global existence of Sobolev regular solution with finite energies in Sobolev space H*(Q2) X H*(L2),
where the index s of the Sobolev space can be any large fixed integer, but s # +oco. Then we give an
asymptotic expansions of a family of Sobolev regularity solutions for such system in €.
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1. Introduction and main results

In this paper, we consider the simplified Ericksen-Leslie system, it models the hydrodynamics of
nematic liquid crystals in dimension three. It takes the following form:

Ou—vAu+u-Vu+ VP =—«kV - (Vd © Vd),
Vou=0, (1.1)
d,d +u-Vd =y(nd - f(d)),

where (¢, x) € R*xQ with Q = R*xR? (or Q being a bounded smooth domain in R?), u(t, x) : R*xQ —
R3 is the fluid velocity, P(t, x) : R* x Q — R stands for the pressure in the fluid, d(z, x) : R* X Q — R3
represents the director field for the averaged macro-scopic molecular orientations. The constants v,
k and 7y are positive constants representing the viscosity of the fluid, the competition between kinetic
and potential energy, and the microscopic elastic relaxation time for the molecular orientation field,
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respectively. The symmetric 3 X 3 matrix Vd © Vd denotes the Ericksen stress tensor whose (i, j)-th
entry is given by V,d - V;d for 1 < i, j < 3. The divergence free condition in the second equations of
problem (1.1) guarantees the incompressibility of the fluid. The vector valued nonlinear function f(d)
is the gradient of certain smooth scalar potential function F(d) : R> — R such that f(d) = V,F (d), we
take ¥ to be the Ginzburg-Landau approximation

1 1
F(d) = 4—2(|d|2 - 17, fd)==(d - 1d, &>0.
& &

It is simply the Ginzburg-Landau approximation of the constraint |d| for small € as given in [1,2].
The pressure takes the form

AP(t,x) = -V - [u Vu+kV - (Vd o Vd)]. (1.2)

Liquid crystals are substances that exhibit a phase of matter that has properties between those of a
conventional liquid, and those of a solid crystal. It may flow like a liquid, but its molecules may be
oriented in a crystal-like way. In the 1960s, Ericksen [3] and Leslie [4] established the hydrodynamic
theory of liquid crystals. The Ericksen-Lislie theory describes the liquid crystal flow, including the
velocity vector u and direction vector d of the fluid. Since the general Ericksen-Leslie system is very
complicated, a simplified model of the Ericksen-Leslie system [1,2,5] is meanfully to be considered,
and there are large diffculties even in the well-posedness theory. One of difficulties is from the three
dimension Navier-Stokes type equations in the first equations in (1.1). Another difficulties is from the
harmonic maps in the second equations in (1.1) with the constraint condition |d| = 1.

When the direction vector d = 0, Eq (1.1) is reduced into the famous three dimension
incompressible Navier-Stokes equations

ou—vAu+u-Vu+ VP =0,

V-ou=0. (13)

The question of whether a solution of the 3D incompressible Navier-Stokes equations can develop
a finite time singularity from smooth initial data with finite energy is one of the Millennium Prize
problems [6]. In 1934, Leray [7] showed that the 3D incompressible Navier-Stokes Eq (1.3) admit
global-forward-in-time weak solutions of the initial value problem. Caffarelli et al. [8] established a
e-regularity criterion for Eq (1.3). After that, Lin [9] gave a new and simpler proof for the result of
Caffarelli, Kohn and Nirenberg. Buckmaster and Vicol [10] proved that the non-uniqueness of solutions
for Eq (1.3) in H*-space for some small s > 0. One can see [11-18] for more results on this equations.

When the direction vector d # 0 and f(d) = |Vd|*d, there is a constraint condition |d| = 1. This
makes the Ericksen-Leslie system more complicated. For this case, Lin ea al. [19] and Hong [20]
established the existence of global weak solutions for this system in R?. Lin and Wang [21] obtained
the global existence of a weak solution for the case of three dimension. After that, Huang ea al. [22]
showed that two examples of non-trivial solutions to this 3D system with finite time singularity in the
unit ball centered at 0.

In order to relax the constraint condition |d| = 1 for the Dirichlet energy

1
E) = = f |Vd|*dx,
2 Jo
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Lin and Liu [1,2] used the Ginzburg-Landau energy

1 2, 2\2
E(d) = 5 fg(wan + 550 =1dP) )dx
to replace the Dirichlet energy, then they [1] obtained the global existence of the solution of (1.1) in
dimension two and three, after that, they [2] got partial regularity of weak solutions to this system.
Furthermore, they [23] proved existence of solutions for system (1.1) and also analyzed the limits of
weak solutions of it as € — 0. Specially, by setting the term f(d) = 0, Hu and Wang [24] proved
that all the global weak solutions constructed in [1] be equal to the unique strong solution. Cavaterra
et al. [25] established the existence of optimal boundary controls for this system in two dimension. We
point out that any solution convergence to the equilibrium state (constants or functions with infinite
energy in the unbounded domain) admits the infinite energy. To the author’s knowledgement, there is
few result on the global finite energy solution with regularity for this system in the unbounded domain
or the smooth bounded domain.

In this paper, we will prove the global existence of Sobolev regular solutions for the three-
dimensional incompressible flow of liquid crystals in the unbounded domain and the smooth bounded
domain. Meanwhile, we give the explicit asymptotic expansion formula of Sobolev regular solutions
for system (1.1).

1.1. The case of unbounded domain Q = R* x R?

We supplement the three-dimensional incompressible nematic liquid crystals (1.1) with the initial
data
u(0,x) = up(x), d(0,x) =do(x), xe€Q, (1.4)

and the boundary condition
u(t,x) =0, d(t,x)=dyx), VY x)eR"xoQ. (1.5)
We assume that the initial data (1.4) satisfies the following conditions

V.uy(x) =0, xeQ,

(1.6)
Up(X)|resn = 0.
We now state one of main results in this paper.

Theorem 1.1. Let the parameter v,y,k,& > 0 in (1.1). For any fixed constant s > 1, if the initial

data (1.4) of the three dimension nematic liquid crystal flow (1.1) satisfies the condition (1.6), and
there exists a small constant 6 € (0, 1) such that

oo ()| 22y < 6,
ldo(X)|| g2y < 6,

then the three dimension nematic liquid crystal flow (1.1) with the boundary conditions (1.5) admit a
global Sobolev regular solution with finite energy

(u(t, x),d(t, x)) € C((0, +0); H*(Q) X H*()).
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Moreover, it holds

sup  (Iluct, D)l + It Dll@) S 6.
te(0,+00)

sup [P, Ollas) <0,

te(0,+00)

for any (t, x) € (0,00) X Q. Here, the pressure is given by (1.2).
As an application, we have the following asymptotic expansion of solutions.

Corollary 1.1. Let the parameter v,y,k,& > 0in (1.1). Assume that the integers p > 0,2 < g < 2(p+1)
and the parameter 0 < 6 < 1. Assume that the small initial data (1.4) satisfies the condition (1.6).
Then the three dimension nematic liquid crystal flow (1.1) in the unbounded domain R* x R* admit an
explicit expansion of global Sobolev regular solution with finite energy as follows

w(t, %) = (18, ), 11, %), 4 (1, %)) + uo(x) + Ry (2, %),

d'(t,x) = (d\(t, %), d(t, ), d(t, X)) + do(x) + Ro(t, %),

for all x = (x1,x2,x3) € R* x R?, where

) (V) _ —1y g 2p+] 2p+] _(APTD 20D 20D
u (t,x)=d;"(t,x) :=6(1 —e)xjx;" x5 e x] 2 5,

W (1, ) = dY(t,x) = 627 (p+ D7 (1 = e7)(g = 2(p + DTV i e

u(t,x) = dP(t,x) == =6(p + D7 (1 — e g - 2(p + DTN 0 e

(2D 4 204D 20D
9

2(p+1), 2(p+1) | 2(p+1)
=(x +x5 +x5 )’

and the remainder term R (t, x) € H*(Q) with s > 1 and k = 1,2 satisfies

R(0,x) =0, V-Rit,x)=0,
Re(t, Dlean =0, sup ||Ru(t, Vllusy ~ OG?).

te(0,+00)

Furthermore, one can see that
u'(t, wesn = 0, d(t,X)sean = do(x),  V(t,x) € R" x 6Q.
Moreover, the pressure is determined by
AP'(t,x) = =V - [’ - V' + &V - (Vd" © Vd")).

Remark 1.1. Corollary 1.1 is derived directly from the proof of Theorem 1.1. From Corollary 1.1,
we can observe that Eq (1.1) admit a global Sobolev regular solution with finite energy by chosing
different constants p and q. Moreover, if the vector functions

u®(t,x) = (u(t, x), 11, ), u$ (¢, )

and
dO(t,x) = (d (1, %),dYt, %), d(1, %)
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satisfy the conditions

V- u®@, x) =0,
u(0,x) =0,
16z < 6o,

U (t, X)|xesn = 0,
and
d?(0,x) =0,
IdN s < o,
dO(t, %)l vean = 0.

Moreover, for any fixed s > 1 and (t,x) € Qand i, j = 1,2, 3, it also needs the conditions
D N3 u Dl < o,
k=0

and

S
k 4(0
D185 d 0, 0l < 6o,
k=0

then we can use the proof of Theorem 1.1 to construct more global Sobolev regular solutions with finite
energy of (1.1) in the unbounded domain R* x R2.

1.2. The case of smooth bounded domain Q C R?

We have the following results.

Theorem 1.2. Let the parameter v,y,k,& > 0in (1.1) and g—z < 1. For any fixed constant s > 1, if the
initial data (1.4) of the three dimension nematic liquid crystal flow (1.1) satisfies the conditions (1.6),
and there exists a small constant 0 < 6 < min{1, v, y} such that

oo (O 22y < 6,
ldo ()| gs+2 ) < 6,

then the three dimension nematic liquid crystal flow (1.1) with the boundary conditions (1.5) admit a
global Sobolev regular solution with finite energy

(u(t, x),d(t, x)) € C((0, +00); H*(Q) X H*(€2)).

Moreover, it holds
sup (Ilu(t, Dl + ld(t, D) < 6.

te(0,+00)

sup ||P(t, Vllas) < 6,

te(0,+00)

for any (t, x) € (0,00) X Q. Here, the pressure is given by (1.2).

In particularly, if the domain Q := ([0, T'])* (a regular polyhedron) with the finite constant 7 > 0,
we have the following asymptotic expansion of solutions.

AIMS Mathematics Volume 7, Issue 9, 15759-15794.
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Corollary 1.2. Let the parameter v,y,k,& > 0 in (1.1) and ‘Z—z < 1. Assume that the integers p > 1
and q > 2, and the parameter 0 < 6 < 1. The three dimension nematic liquid crystal flow (1.1) in the
smooth bounded domain Q admits an explicit expansion of Sobolev regular solutions with finite energy
as follows

u(t, x) = (u(lo)(t, X), u(zo)(t, X), ugo)(t, x)) + Ry (t, x) + up(x),

d'(t,x) = (d(t,%),d5(2, %), d (2, )) + Ry (2, %) + do(x),

where ¥Yx = (x1, X2, x3) € Q := ([0, T])?, and

U, x) = dV(t,x) = 6(1 — e™)xI(x1 = T)1g(x2)g(x3)e ™12,
uéo)(t, x) = d(zo)(t, x) = 6(1 — e )xl(xy — T)g(x1)g(xs)e 1>,
uQ'(t, x) = d¥(t, x) = =26(1 — e)x(x3 — T)7g(x)g(xz)e 012,

with
g =)y = 1) 2y - T)(g - 2(p + 1)y* "Dy — T)*¥*D),

x2(p+ l)(xk _ T)Z(p+1)’

r(xi, X2, X3) 1= k

3
k=1
and the remainder term R (t, x) € H*(Q) with s > 1 and k = 1, 2 satisfies
Ri(0,x) =0, V-Ri(t,x)=0,
Ri(t, X)|xean = 0, sup [|Ri(t, V|l ) ~ o).

te(0,+00)

Furthermore, one can see that
U (t, oo =0, d*(t, V)lwean = do(x),  V(t,x) € R" X 0Q.
Moreover, the pressure is determined by
AP'(t,x) = =V - [u" - Vi + &V - (Vd" © Vd") .

The organization of this paper is as follows. In Section 2, we show how to choose a suitable
initial approximation functions, which lead to the dissipative structure of linearized system. After that,
we give the existence of global time-decay Sobolev solution for the linearized equations of the first
approximation step. In Section 3, we establish the general approximation step for the construction of
the Nash-Moser iteration scheme. This method has been used in [26-31]. For the general Nash-Moser
implicit function theorem, we refer to the seminal papers of Nash [32], Moser [33] and Hérmander [34].
This last section will show how to construct a global Sobolev solution for the 3D nematic liquid crystal
flow (1.1) by using the proof of convergence for the Nash-Moser iteration scheme.

2. The first approximation step

Throughout this paper, let Q := R* x R? or a smooth bounded domain. We denote the usual norms
of L?(Q) and the Sobolev space H*(Q) by ||- |2 and || - ||+, respectively. The norm of the Sobolev space
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H(Q) := (H*(Q))? is denoted by || - ||zs. The symbol a < b means that there exists a positive constant C
such that a < Ch. We denote by (a, b, ¢)! the column vector in R?. The letter C with subscripts is used
to denote dependencies stands for a positive constant that might change its value at each occurrence.
The proof of Theorem 1.2 is the same with Theorem 1.1 by a small modification of relationship of
parameters v, y, &. Thus we give a proof process including both Theorems 1.1 and 1.2.
We introduce a family of smooth operators possessing the following properties.

Lemma 2.1. [34,35] There is a family {I1y}4s1 of smoothing operators in the space H*(QQ) acting on
the class of functions such that

IMgullgs @) < COS ™ |ullgays Vs1, 82 >0, (2.1)
ITou — ullr @) < CO' 2 ullgo), 0 < 81 < 89,
d (s1—52)+—1
||d—0H9M||HS1(Q) < CO T ullg ), Yst, 220,
where C is a positive constant and (s; — s3), := max(0, s; — s7).
In our iteration scheme, we set
0=N,=N,, Ym=0,1,2,...,
where Nj is a fixed positive constant, then by (2.1), it holds
My, ullzsi @) < Ny~ Pllullgs@), Vs> ss. (2.2)
We consider the approximation problem of the 3D nematic liquid crystal Eq (1.1) as follows

Li(u,d) := du - vAu + Ty, (u- Vu+ VP + kV - (Vd © Vd)),
(2.3)
Lo(u,d) := 8d —yad + Ty, (u- Vd — L(dP? - 1)d),
&

with the initial data (1.4), the boundary condition (1.5) and the incompressible condition

V-u=0.

2.1. The initial approximation function

Let s > 1 be a fixed finite constant and 0 < &y < 6> < 1. For any x € Q, we choose the initial
approximation functions

uO(t,x) = (u” (¢, x), u (¢, x), 1 (1, x)) € HY(Q),

AV, x) = (d ¢, x), & (1, x), & (1, %)) € H'(Q),

where we require
V-uO(t,x) = 0,
u®0,x) =0,
16Olls < S,
u(t, X)|xesn = 0,

(2.4)
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and
d90,x) =0
ld s < 6o,
dO(t, X)|veo0 = 0.

Moreover, for any fixed s > 1, and V¢ > 0 and x € Q and i, j = 1, 2, 3, it also needs the conditions

Z 164, , )l < 6o,

and .
k 40
D N184,d? @ D)l < 6o,
=0
and the initial error term o
0 —
IEONms < 60, IE llus S So,
—(0) .
where E©® and E ~ denote the error term taking the form
EO = £,®,d"),
)
= £,0,d"),

with the vector form
E(O) _ (E(O) E(O) E(O))

70 - 57° 5 59
=(E, ,E, E;).

(2.5)

(2.6)

2.7)

(2.8)

There are two family of explicit examples. In fact, many vector functions can be chosen to satisfy
conditions (2.4)—(2.8). We now give two families of exact examples of the initial approximation

function satisfying (2.4)—(2.8) for the unbounded domain and the smooth bounded domain.

For the unbounded domain Q = R* x R?, let the integers p > 1 and 2 < g < 2(p + 1). We choose

the initial approximation functions of the following form

u®(t, x) = @, %), uS (2, ), uQ (2, X)), V(t,x) eRT x Q,
dO(t,x) = d(t, x),dy(t, x),dy (1, %), V(t,x) €RT X Q,

where

0 2p+1 2p+1 — 2(p+1) | 2(p+1) | 2(p+1)
(1, x) = d(t,x) 1= 6(1 — e )xlx P T T
( 2(p+1)+ 2(/)+I)+ 2(p+1))

uP(t, x) = dP(t, x) 1= 5(1 — e (g — 2(p + DAy PN GPH em TR T T
uQ(t,x) = dV(t, x) 1= =26(1 — e)(g = 2(p + D70 P e

( ?(p+1)+x§(17+1)+x§(p+l))

For the smooth bounded domain Q := ([0, 7'])* (a regular polyhedron) with the finite constant T > 0,

we set the integers p > 1 and ¢ > 2, and
(O)(t X) = d((’)(t x)=0(1 — e—t)xfll(xl _ T)qg(xz)g(x3)e‘r(x1’XM3),
(O)(t X) = d(0>(t x) =6(1 - e—t)xg(xz _ T)qg(xl)g(x3)e—r(x1,x2,x3),
(0)(t x) = d(0>(t x) 25(1 _ e_t)x;](x3 _ T)qg(xl)g(xz)e_r(xl’XZ’x3),
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with
§0) =y 0 =TI @y =T)(¢ = 2p + DYy = TP,

x2(l’+ 1)(xk _ T)Z(p+1).

r(xi, X2, X3) 1= %

3
k=1
By straightforward computations, we obtain

V- u?(t, x) =0,

and
U, X) a0 =0, V>0,

d(t, x)\eaq = 0.

Moreover, for every fixed integers p and g, the assumptions (2.4)—(2.8) holds.
Here, the initial approximation pressure satisfies

APO(t, x) = -V - [u“’) Vu® + kv - (Vd? o Vd<°>)].

2.2. The time-decay of first approximation step

We now construct the first approximation solution denoted by (u(”(t, Ax), dV(t, /lx)) of system (2.3).
There should be two cases on the parameter A according to the domain.

Case 2.1. If the domain is the unbounded domain R* x R?, then we set the parameter A > 1.

Case 2.2. If the domain is a bounded domain Q, we set the parameter A = 1, meanwhile, we should
require siz < 1.

The first approximation step between the initial approximation function and first approximation
solution is denoted by

h @, Ax) = u(@, Ax) — u®@, x),
w(t, Ax) := dV(, Ax) — dO@, x).

Then we linearize the nonlinear system (2.3) around (u?, d?) to get the linearized operators as follows

A d(O)](h(l), W(l)) = hﬁl) — AR + Ty, [/1(”<0) . V)h“) + (h“) . V)u“’)
+ V(D0 P)h + (Do PYW ) (2.9)
+kV - (Vd? © 2Vw?) + kV - (VW © Vd )|,
and
To[u®, dO1(hD, wh)y ;= ng) _ y/leW(l) + Iy, [/1(”<0) . V)w“) + (W<1> . V)u(O)

+ é(ld(O)PW(l) _ W<1))], (2.10)

AIMS Mathematics Volume 7, Issue 9, 15759-15794.
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where D, denotes the Fréchet derivatives on #?, and by (1.2), it takes the form

3 3
VDo P® = =AVA™ 37 D (00, By 0, 1) + D10 1)),

ki=1ky=1
V(D 0 P)W = —K/lVA_l(V AW 0 V) + V- (Vd? o /le(”))

S (2.11)
- 0 1 0 1
= —kAVAT[ 3" 3 (32, dP0 Y + A0, d D0y, 0y W)
li=1ky=1
2 (D (0) (1) 0
+ 0%, w0 dY) + 205, w0y, 0.,d))].
We now consider the linear system
J1l®, dP) 0D, w) = Iy, E?,
Falu,d 010, W) = 1y, E”, 1
T hO <0, (2.12)
h"(0, 1x) = h{"(Ax), w0, 1x) = w)’ (),
and the boundary condition
h(t, A0)lxeon = 0, 2.13)

1
W( )(t’ Ax)leaQ = 0’

from which, the solution of it gives the first approximation step of 3D nematic liquid crystal flow (1.1).
Before we carry out some a priori estimates, for j = 1,2,3, we rewrite equations of (2.12) into a
coupled system as follows

0)
x,-uj

3
Oh = v AKD + ATly, " u®d
i=1

+ATTy, 0y, (Do PRY + (D g0 Pyw?)

)C,'J

3
A+ Ty, Y 19
i=1

3 3
2 0 1 0 1
+Ally, D" (2, A0, Wl + A0y, d0 0y, D W)

ki=1ky=1
2 (D (0) ) Y _ 0
+07, W0, dY + 0, W, 0,dy) ) =TIy, EY, (2.14)
coupled with
3 3
ol =y A + ally, > w0, w\ +Thy, " hd,d"
i=1 i=1 (2.15)
Y 1 1 =0
+ ;(ld«»lzw& ) _ WE‘ )) =TIvE; ,
with the initial data
KD(0, Ax) = Ay )(Ax),  w(0, Ax) = wi) (Ax), (2.16)

and the boundary condition (2.13).
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We will use the weighted function estimate to get the decay in time of solutions. It is like the
Carleman estimate. Let /(x;) be a function defined in (0, +o0) such that

0 <k <y"(x) = (' (x1) < +eo, (2.17)

and e ¥ is bounded in (0, +o0). The condition (2.17) implies "’ (x;) > « > 1. In fact, there are many
functions can satisfy above conditions. For a simple example, we take the function as the form

W(x)) = —In|cos(Vix)l, x # 2ir + 7—2r forieZ

We now derive L2-estimate of solution for the linear systems (2.14) and (2.15).

Lemma 2.2. If the domain is the unbounded domain R* x R?, let the parameter A > 1. If the domain
is a bounded domain Q, let the parameter A = 1 and 8—72 < 1. Assume that the initial approximation

function ', d©) satisfies conditions (2.4)—(2.8). Then the solution (h'"(t, Ax), w(t, Ax)) of the linear
systems (2.14) and (2.15) satisfies

3
Z fg () + W) )dx
j=1
3 t
s ([ (pr oo, [ [ (02 + @Y

J=1

(2.18)

where C,, ). denotes a positive constant depending on v, v, A, €,0.

Proof. Multiplying both sides of equations in (2.14) and (2.15) by e*“Vh‘ and e*evw'”,
respectively, then integrating over by noticing the boundary condition (2.13), for j = 1,2,3, it
follows that

f(h(l)) e womdx + V/lz f(a h(l)) e—w(xl)dx

le
2

+AHMZ [ (o presvas
+HNIZf(h(1)0x,u50) h(l) ,p(xl)dx

Q

2dt

() - @ @) e

+Alw fax/((@"(O)P)h(l) + (Z)mﬂ)P)W(]))hgl)e_Mx')dx

3

+x ATy, Z > f (@, dOYD W) + A, ANy, D))

=1 ky=1
+HO, w(k?)(ax_,d,ﬁj)) + A0y, W)@y, 0, d) VeV dx
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= Iy, f E;O)hg.l)e_‘!’(xl)dx,
Q

and

(1) Yixn) 2 (D\2 ,—y(x1)
2dtf(w)e dx+)//lZf(8xl])e dx

+_f lﬂ”(Xl)—(lV(xl))z)(W;l)) o V0D

+/1HNIZf (O)lewgl) (.l)e_‘”(x‘)dx

1 0 1) —y(x
+Iy, Z f (h"0,d? )w e 0 dx
+;HN1 fg (14OF = 1)w'P)2e " dx
= lly, ff;o)wgl)e_‘/’(x‘)dx.
Q
We sum up (2.19) and (2.20) from j = 1 to j = 3, hence
303

f Jj=1 i=1
fg ("G = @ GDP ) BDY +y WPy eV
),

(0)2 (DN2 ,—y(x1)
(|d ?- )(wj VeV gy

L( (O)ax,hil))h(l) —t//(m)dx_,_HNl ZZf h(l)a%uio) h(l) —Yx) gy

j=1 i=1
3
+Ally, Z f 3. (Duo PR + (Dgo YW )i e dx
Q

3
+/</1HN1 f (52 d<0>)(5x, ;(1>)+/1(an d(0>)(an] By ]((12))
J=1 ki= 1
kz))( xjd](((z))) + /l(axk 1))(an] axjd(o)))h(l) —l,b()q)dx

3 3

+AIly, ZZ[( (0)6XIW51))W(1)6 w(x1)dx+HN] ZZf h(l)aXIdEO) (l)e_w(x,)dx
@ j=1 i=1

j=1
3
=0 Y [ (O B e

(2.19)

(2.20)

(B2 + 0 )?)e*dx +42 3 f V(@1 + y(@ W) )e VOV dx

(2.21)

(2.22)
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On the one hand, note that we have chosen the initial approximation function (u®,d®)

satisfying (2.4)—(2.8). We integrate by parts and we get

ii“f (0)3x,h§1) h(l) W) gy = _%i
j=1 i=1 J=1
l 3
52

J=1

f O 1 (W) eV elx
Q

+

' (x )u(o)(hg.l))ze_‘/’(’”)dx.

h EM“”

Since the initial approximation function u® satisfies V - #*), inequality (2.23) reduces to

3 3 3
> f (4”0, WP 0dx = — Z f W e () eV dx.

j=1 =1

By direct computation we find

3 3
> f W9, On VeV dx = f B u (Y2 Vdx
j=1 i=1
+22fh(1)5x,u§0)h(“ ) g

j=1 i#j

Next, noticing the incompressible condition
V- h(l) — 0,
we obtain
3
Z f axj((Du(O)P)h(l) + (de)P)W(l))hg.l)e_¢(xl)dx
— Q

3
- Z f ((D“(O)P)h(l) + (Dd“”P)W(]))ax,hi-l)e_w(x')dx
= JQ

’ f W )((Duo PR + (Do YW Yo~ Vdx
Q

= [ (DI + D POt
Q

(2.23)

(2.24)

(2.25)

(2.26)

AIMS Mathematics Volume 7, Issue 9, 15759-15794.



15772

then, we integrate by part to derive

3 3
» f W (A (00y, 40y, 0w + 02, W'D, JhVe Vdx

k=1 k2:1

=2 Z f W ()8 @0 dOD W) + 3 ()8 D0 d )@ W) HD e dx
(2.27)

3 3
DT [ s (@, OB + B a0 WG K e
Q

3 3
-2, f W (x)A7 (B, 0, A0 )@, WY + (01, d YD, WD, D)) i,

furthermore, from (2.11), using the standard Calderon-Zygmund theory and Young’s inequality, it
holds

3 3
> f W ()a™ (004, d09, Bl + &, w0, dY e Vdn]

k1:1 ko=1

f WGl A%+ 1)1, )

Nl»—

kzz

3
HY )l D18, d + 10,0, D)0 e

1=

=~

o —
Mm
Mw

s—

W (18, d01 + 10, 1)@, BV Y2e D dx

Ko
Il
—_
~

)
Il
—_

o —
Mm
Mw
5

[l Ceol(10, | +10%, i1+ 105, diT) + 7 Ceollon, di 1|0 i) e dx

e
I
o~

g
I
—_

W N0, 0, A1 + 105, d )@, WD )2e ™ dlx, (2.28)

o —
Mm
Mw
5

Kep
Il
-
o~

3
Il
_
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thus, it holds

|f W(xl)((ﬂu@P )h') + (@d«»P)W(l))h(ll)e“”(x')dx‘

3 3
<4 Z Z f w (.X )A_l 8 h(l)anl u(o) + a u(O)(?xkl h(l))h(l) _¢(X1)dx‘

3 3
+K/l Z Zf‘ﬁ (e ( 32k1 AP0, Wl + A0, W, 0,,d> ) e w(mdx‘

3

393 f W08 (10, 409, 0,0 + 2, w6, dO P

' Kﬂ (2.29)

- M- 1M

N

N[ =
E‘Mw
h .

a1 (1, x)(h(l)) e Vg + = ZZfbklkz(t’ x)(3Xkl h(ll)) e VO gy

1 k=1 VY

+
l\)l»—k

f 0 e84 1B, 1) + 10,1 1@, 1)) e,

3 3
1
D\2 - 3
f Cuiat. D)@y W) eVt 2 3 D f Chaio(t, V) (D, W) Ye " dlx,
l=1lky=1Y<

k1 1 ky=1
3

+
N | =
-,

ke
.\‘T
n

where

a0, %) 1= 1 Q)10 10|+ 10, 11+ 107, i1 +105, 0, 4105, A1) + 107 o)l ),
brata (1, %) = W/ (x)I(10, d0| + 10, d V),

ikt ) = W I8+ 162, A+ 19, A1) + 7 G0, )

(1, %) = W o)1, B i) + |c9xld(°)|)

Note that ¢’ (x;) is bounded in Q. It follows from inquality (2.29) that

' f w’(x‘)((DM(O)P hV + (Dd<0>P)W(1))h(11)e“”(x‘)dx‘

3 3

f(hm) . w("‘)dX+5ZZf(0x]hf”) . Wl)dx“L‘SZZf(axfWS)) Uy, (2.30)

j=1 i=1 j=1 i=1
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On the other hand, we integrate by part to derive

Zf(/l(axkl d(o))(0Xkl ax]W(l)) + (82 (1))(6xjd(0)))h(l) _l//(xl)dx
k2:1
3 3 3
= Z Z Z ‘[f; ((aikl d/(c(z)))(axjwkl))h(l) + (axk d(O))(axng))(axkl hEl))) _‘/’(Xl)dx
j=1
3
* /lz Z Lwl(xl)(axld](s))(ﬁx]w(l))h e VOD gy
=
3 3 3
— Z Z Z f ((axkl W]((i))(axkl ax/dl(c(z)))h] + (3xk sz))(axjd(O))(an] hj))e_'ab(xl)dx
Q

3
+ Z f w’(xl)(axjdl(c()))(axlWil))hje_‘p(xl)dx’
Q 2 2

j=1 ko=1
’

from which, by Young’s inequality, we obtain

3
K/lHNl‘ Z Z Z f (@2, )@ Wil)) + XD, A D, D)) + (7, WNOy,dY)

jlkl :1

+ A0, WDy, 0. d ) )1 Ve w(mdx‘

: 303 2.31)
< KASTTy, ) f (BP0 dx + kATl Y f (0, 1) Vdx
j=1 Ve =1 k=1 Y2
+ kA0, ZZf(axj )) eV dx + kST, ZZf(axk ](Ci))ze—lp(xl)dx’
j=1 k=1 =1 k=1
and
3
> f K9, uPh e Vdx < % f Bt + 0 + Bl + 0, u |2V
j=1 iz V¢ Q
+= (0) + 0, u(O) + 0, u(o) + 0, u(o)‘(h(l)) eV dx
2 Jo
+1f (0) + 0, u(o) + 0, u(O) + 0, u(o)’(h(l)) eV x
Q
< 6 f KDY e V™ dx, (2.32)
J
and

3 3
/IHN] Z Zf (O)aXIWEI) (.1) w(x|)dx+ HN] Z Zf h(l)aXIdEO) (l)e_l/,(x,)dx

=1 =1 J=1 i=1

</15Hlezf (R + @ w ") + (W)?)e ™V,

j=1 i=1

(2.33)
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and by y”'(x;) > 1, it holds

3
E(O)h(” —00) gy < Z
J=1
3

fg E) WD “/’(’”)dx<%z fg E + W el w)P)edx,

=1

(EPY + " IRy )e ™ dx,

Mw
N =

j=1

(2.34)

NGB

Il
—

J

If the domain is the unbounded domain R* x R?, we choose the parameter A > 1. If the domain is
a bounded domain Q, we choose the parameter 4 = 1 and < 1. Next, for a suitable constant 4 > 1,
we substitute (2.23) and (2.34) into (2.21) to get

d X (Dy2 (D\2) -y (x1)
EZL((@)HWJ.))(; Vdx
J:

303
+1 Z Z f(; ((v/l - 8)(8x,-h§1>)2 +(yd - 8)(3xiw5.”)2)e‘¢(x1> I

j=1 i=1

3
+C1VZ fg (t//”(xl) — ' (x))* = W ()| — 5)(h5_1))2€—w(x1) dx
j=1
3
"2, f YA () = 'GP = W@ = 0) = L1 = ) owtPe o dx
j=1

Ty, Z f ((EDY + E]'P)e " dx, (2.35)
Q

=1

where C, denotes a positive constant depending on A.
Since ¥(x;) satisfies the ODE inequality (2.17), for suitable positive constants A and 9, there exist
two positive constants C,, ; and C,, 4.+ such that

W) = @' () = W' () =6 > Cyya > 0,
YA (1) = (' (x1))* = W' (0)] = 6) — é(l ~6%) > Cyyae5 > 0,

thus, integrating (2.35) over (0, ) we find

3

Z f (7 + WD))e " Vax + CVMZZ f f (@uhD) + @) )e ™V dxdt

j=1 i=1

(D2 (DN2) -
+Cyyae6lln, ;:1 fo fg ((hj )"+ (w; ))e dxdt
5[ o)
s I f f (EQY +(E;))e " Vdxd, (2.36)
Ni ]Z:; 0 Q( J J )
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which gives the following inequality

3 3 v 3 t
@ hVY + (0, w2 )e D dxdr < Ty (EOY 1+ (EV))e " dxd.
it i 1 ] J
—' Jo Ja ' ‘o Jo Jo©

j:l =

Therefore, we apply Gronwall’s inequality to inequality (2.36) to obtain

3
(1)\2 (DN2Y —w(xp)
th)+(wj))e‘” dx
]:
: ' o)
< e—CvAy.A,g,at f (1)) + (W(l)) —l//(X1)dx+ I f f (E(Q))Z + (E )2 e—lﬁ(xl)dxdt ,
> jeseacrty, [ (07 + @)

which yields

3
> f (R + W) )e "0 dxdt

7= 3 t (2.37)
< Z f h<1j>)z N (ngj))z)e—w(xl)dx Ty, f f ((E§o>)z N (FEO))z)e—wxl)dxdt)'
= Q 0 Q

Furthermore, since ¢ %" is a bounded smooth function in Q, it follows that

3
5 [l e
=1
3 t
< e Connat 37 fg () + (v )dx + Ty, fo fg ((EDY + E}))dxdi).

J=1

%

The proof is now complete. m|

Next, we derive the higher order derivatives estimates. For a fixed constant s > 1, we apply D; := ;.
(Vi =1,2,3) to both sides of (2.14). Therefore

3
oD — v ADIKY + ATly, > ul®d, DAl + Ty, Z DV

xi%;
i=1 i=1

+/1HN18 .D-S((@u(())P)h(l) + (Dd(O)P)W(l))

+xATLy, Z Z (@, dOND;O W) + A0y, dVD;D., DY)

=1 ky=
+(D;0%, W)(B,dy)) + AD;O,, W)@

i Xy

0,d)) = Fj.  forj=1,2,3, (2.38)

XKy
coupled with
3
0,wa5.1) - yAZAD;‘w;” + Ally, Z u®(D3, ') + Ty, Z(Déh“))a d©

Xi Jj Xi j

i=1 (2.39)

Y ns(1.902, (D MY _ 7 s
+;Di(|d Pl —w)=F;,  forj=1,2.3,
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with the boundary condition
DI (1, A0)liesn = 0, DiwP(t, An)laesn = 0, (2.40)

where the constant 1 <[ < s, and

3
Fi=TyDEY - ally, > > (D) @,Dhi)

s1+s2=s, 0<sp<s-1 i=1

3
— I_IN1 Z Z(Dthfl))(DlSla (0))

s1+s2=s, 0<sp<s-1 i=1

3 3
—kAy, Y Y (DR dDNDRI WD) + AD; Dy dNDED, D wl)

s1+s2=s, 0<s2<s—1 k1=1 kp=1

s 1) s (0) K (1) s (0)
+ (D3, WD, dY) + AD; Oy, WD}y, 0, d)),

3
— —
Fi=TyDE, -y, y 3 (0'u®)@,Drw)

s1+s2=5, 0<sr<s—1 i=1
3
1 0
“Ty, > Y DPR)D),d ).
s1+s2=s, 0<so<s—1 i=1
Next, we derive higher derivative estimate of solution for (2.14).

Lemma 2.3. If the domain is the unbounded domain R* x R?, let the parameter A > 1. If the domain
is a bounded domain Q, let the parameter A = 1 and 8—72 < 1. Assume that the initial approximation

function u?, d©) satisfies conditions (2.4)—(2.8). Then the solution (h'"(t, Ax), w(t, Ax)) of the linear
system (2.14) and (2.15) satisfies

3 3

> fg (DD + (DD )dx < e ComteitTl, ZZZ[ f (DPRY)Y + (DPw!))?)dx

i=1 j=1 Jj=1 ‘=1 1p=0 (2.41)
+ f f ((DPE®Y + (DVE, ) )dxdi],
i )
0o Ja
where C,, 4.5 denotes a positive constant depending on v,7, A, €, 0.
Proof. We use an induction argument. Let s = 1. By (2.38), we obtain

3
D! 1Y = va2AD! K + Ally, > u”d, DAY + Ty Z D'hVd, u”

xU j
i=1 i=

AL

X Jj

3
+ Ally, 3, D} ((Dyo PYhY + (Dyo PYw) + Al ZDl o
P (2.42)

+ Ty, Z KD, 1 + kAT, Z Z D}((@2, d2) @ w)) + 4Dy, d) Dy, B w))

o =1 ky=1
ua“ww%M@WM%wM)mE#%ﬁwﬂii
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coupled with

3 3
aDIWY — yPADIW + ATy, Z uO(D} 9, w') + Ty, Z(D}hg”)ax,dﬁm
i=1 i=1

+ ATy, Z(D1 u)3,w + Ty Zh“)(D 9,,d)

i=1

—0
" ;D}(|d<0>|2w§.” ~w") =MyD/E;", forj=1.2.3,

with the boundary condition

DIRV(t, AX)lsep = 0, Diw'(t, Ax)|es0 = 0

(2.43)

(2.44)

We also choose the weighted function satisfies (2.17). Multiplying both sides of (2.42) and (2.43)
by D}h&l)e“/’(’“) and Dilwi.l)e“”(xl), respectively, then integrating over Q by noticing (2.44), and summing

up those equalities from j = 1 to j = 3, it follows that

1d 3 3 3
57 2 f (DI e dx + v Y f (0, D} KPPV dx
Q =1 k=1

2 3
L Z (lﬁ”(m)—(l//’(xl))2)(D}h;1)) o V) gy

o)

3
Z f u” (D, D} YD R )e " Vdx
: Q

and

ld 3 1 (1) W(xr) 2 < 1 (D2 ()
EEZIf(D ) e " Wdx + yA ZZL(@XkDin e D g x

j=1 k=1

/12 ’” ) —Uix
D) f W) = @ ()Y )(DIw DY e O Vdx
Jj=
3 3
© D\l (DY~
+/1HNIZ a L( D! 6xle )(Din )e Ddx

j=1 i

(2.45)
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3 3
+HNIZZ f (DIH{")8,,dY)(DIw')e "V dx

j=1 i=

3 3
+/1HN]ZZ f (D}, W) DI )e ™ Vdx

i=

+HN1 f (1)(D Bxld(o)))(D}wi.l))e_‘”(x‘)dx
Q

j=

3
y —yx
+;HN] Z fQDg(W(O)lZWEI) _ W&l))(DEWEI))e W) gy
j=1
N ()
=Im2f@&mwwwwn .46
e

where

3 3
Lo=ay >y f D}u” 9, 1" DI h Ve dx,

j=1 i=

Xi j

1
L = f KD} 0, u? DV e™"Vdx,
Q

J l

I = KAHNIZZ f (D}, di))@wi, (DI )e " Vdx,

lkz

I = «ally, ZZ f (@3, d) (D}, w YD} K e " Vdx,

1k2

Is = xT, ZZ f (D)8, d) ., 0w YD) KDY dlx,

lkz

Is = xT, Z Z f 0y, dYND} D, 05 W) (DI KDY dlx,

lkz

L o= KAHNIZZ f (D&%, )@y, d YD} )e "V,
=1 ky=
3

Iy = KAHNIZZ f (02, WD} 8, d) (D} h)e "V dx,

lkz

I = kI, ZZ f (D} 3 W) By, 0, d V(DK )e Vi,

=1ky=

m:KﬂmZZf@kww%%@wwwwm,

=1ky=
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W

Ly o= Ty Y f ((DIEOYDIHD) + (DIE} YDIw'"))e "V dx.
e

We now estimate each term in (2.45) and (2.46). On the one hand, since we have chosen the initial
approximation function (u?, d9) satisfying (2.4)—(2.8), we derive

3 3
> f (@, DI YD)V dx =
-1 YQ

j=1 i

1 3
520 f Y (x)u (DR e " dx, (2.47)
=1 ve

3 3 3
> f DI 0, " DI e Vdx = Y f 3, u(DIK e dx
-1 YQ j=1 YQ

o 3 (2.48)
+ Z f 0,1 (D} W) (DI )e ™" dx.
=1 %) Y
By the incompressibility condition V - h") = 0 and integration by parts we find
3
Z f aijil((Du(mP)h(l) + (Dd(O)P)W(1))Dl.1h5_l)e—¢(xl)dx
e (2.49)

- f W' (x)D} (Do PYhY + (D go PYWV ) (D} h)e ™ *dx,
Q

from which, similar to (2.30), we use the standard Calderon-Zygmund theory and Young’s inequality
to derive

] f W' (x1)D} (D0 PR + (Dyo PYW (D} hP)e ™ *Vdlx
Q

3 3

< 5f(Dl1h(1)) e Vdx + 6 f(Dllathl)) PRACy
opreases33, [t

j=1 i=1
3

3
+6 ) f (D!, wD)2e ¥ dx. (2.50)
-1 VQ

j=1 i

and

3

Z f 05, u (D} V(D] h eV dx
Q

=1 %)

2

2
+
+

IA

3;:2”(10) + 0y, u(zo) + 0, u(lo) + 0y, ugo)’(Dil h(ll))ze_‘/’(x')dx

1

5 Dty + Oytty + Dty + axzugm‘( D! Ay g
1

2

J
I

GxZuéO) + 0, u(20) + 0, u<10) + 0y, ugo)‘(Dilh(;)) eV dx,
and
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Ally, ii fQ (1D} 0, w")(DIw)e ™ Vdx < 8Tl ii fg (D} 3wy + (D}w'")?)dx
j=1 =1 j=1 =1
Iy, Z%:Z%:L((D h(l))a d(O))(Dl (1))e—w(x1)dx< Ty, iiL((D}hgl))z"‘(l)}wil))z)dx
j=1 i=1 j=1 i=1
ATy, ii[z((Dl (0))3x, 51))(D1w(1))e VoD dx < ST, ZEL(@% 51))2+(D}w5.”)2)dx
j=1 i=1 j=1 i=1
HMEE fg (n"(D}6,,d™))(D} (1))6_‘/’("‘)dx<5HNIZ3:Z31 fg (R + (DIw\")?)dx

j=1 i=1 ,:1 i=1

1
Y - Y -
’n DY (1dOPw® — WD\ DDy v < L1 — M1 f Dl M2 4 D
éM;L,U|,wﬁumk (1= )y, ;Q )2+ (w")?)dr.

J=

On the other hand, by Young’s inequality, it holds

3

=~

Il

PN
.Mw

~
Il

—_
Il

—

f Dju(D}h}) e "V dx,
Q

(") + (DI ") )e o dx,

~
Il
—_

S en

N N

(o) (o9}
DM 1M

(@ W) + (DAY )e ™ dx,

(D}, W)y + (DI ) )e ™" dx,

i)

A

(o9}
-

3
[
L

Mo 5— §— 5$—

(@, D, wi)* + (DI )e ¥V, (2.51)

o

A
- (o9
M
K
Il
S

((02 (1)) + (D! h(”) ) ) gy,

Ko
I
A

ey
I
A

A
M- T
M- i
S 5

((D}a,, wy) + (DI e dx,

&
I
—_
~

)
I
—_

=~
S
A
(o2}
1
Nl
S

(@, W)? + (DI )e " dx,

=
I
L

ke
I
=

flog)

IA
| =
S

((DIEPY + (DIEY + W GelDHPY + 7 Genl(Dhw! P )e i,

~
]
—
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and we integrate by parts to estimate

3 3
Ig<6 Z Z f (Bs, 05 wi)) + (DAY + (D) )e " dix,
Q

ki=1ky=1

SRS (2.52)
s s [ i
Q

ki=1ky=1

Thus, summing up (2.45) and (2.46) from i = 1 to i = 3, we use (2.47)—(2.52) to derive

d 3 3 N 1) —u(x
dr ,Z::‘ ; fg ((D}hj )> + (Diw )2)8 WD g
3 3
" Z Z Z f (v = 6)(@,, DIAY + (yA = 6)(0y, DIw\")?)e ™ dx
k=1 Y
+CAVZ Z L (lr//”(xl) - (l//,(xl))z — ' (x)| - 6)(Di1h5~1)) e VO gy

3 3
22 fg (AW (1) = @/ )Y = /(0] = 8) = (1 = 6))(D}wiP) e dx

3 3
HN1 Z Z f ((D}E§0))2 + (D}EEO))Z)e_l/,(xl)dx
Q

J=1 =1

A

3
+6Tly, Y f () + W")?)e e dx. (2.53)
. Q

J=1

If the domain is the unbounded domain R* x R?, we choose the parameter A > 1. If the domain is a
bounded domain €, we choose the parameter 4 = 1 and 812 < 1. Furthermore, note that /(x;) satisfies
the ODE inequality (2.17), for suitable positive constants A and 6, there exist two positive constants
C,,.1and C,, s such that we integrate inequality (2.53) over (0, 7) to get

3 f
> fo fg (DK + (DIw')?)e "V dxdt
i=1
3 3 1
ZZf f (@4, DIA"Y? + (0, DIw)?)e™**Vdx
0 o J J

j=1 =l k=1
3

3 !
+CW,A,8,5HNIZZ f f (D! KD + (DIw))e "V dxdt
0 Q

j=1 =1

3 1
> f f ((DIEVY + (DIE; ) " dxdt
—' Jo Ja

3
—

J

3
+Cv,%/1
=1

N

Iy,

J

3 !
+5HMZ fo fQ (R + ") )e D dxat. (2.54)

J=1

3
=1
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We observe that the last term in the right-hand side of (2.54) can be controlled by using (2.37).
Therefore

3

3 3 .
Z Z Z f f (axl‘D.lh(.l))Z + (aka‘IW(~l))2)€_w(xl)dx
j=1 =l k=1

f f (D; E(O)) + (D; E( )) ) =YD e dt

B»)
1 D2\ - ' On2 , 002\ -
- f () + (W) )e ¥ Vdx + Ty, f f (EPY +(E; )?)e"dxdt).  (2.55)
Q 0 JQ

=1

Hence, by (2.37), we apply Gronwall’s inequality to (2.54) to derive

Z f f (D!A") + (DIw))e "V dxdt
j=1 i=1
¢ Crraedtl, Z [ f (1))2 + (Wu))) —(x1) 7
=1V
3
Y f (DY + (Dlwi)?)e " Vdx
i=1

+00 —0)
f f (EPY +(E; )" Vdxdt
0 Q

3 )
+ f f ((DIEVY + (DE]V)e " dxdi]. (2.56)
i=1 Y0 JQ

A

+

Assume that the 2 < [ < s — 1 derivative case holds, that is,

3 3
> fQ ((DIHPY? + (Dw"))e " dx

i=1 j=1

3 3 l
va/lyﬁt l Z Z Z f (Dloh(l)) + (DIO (1))2)e—l/l(xl)dx (2.57)

j=1 i=1 [p=0

+ f f ((Dl,°E(,()))2+(Dl.°E. )z)e“"(xl)dxdt),
0 Jo b Y

and
3

>

=1 i=1

3 f
> f f (0 D) + (0, DI VY)e ™"V xdt
T Jo Ja

k=
ZB;: -1 (f (Dloh(l)) +(Dlow(1)) ) —w(xl)dx (2.58)

i=1 [p=0 v

~.

A
.Mw

—_

Jj=

!
+ Iy, f f ((DPE®Y + (DVE))e " Vdxdr).
0 Ja /
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We now prove the sth derivative case holds. Multiplying both sides of Eqs (2.38) and (2.39) by
th;l)e“/’(x') and wai.l)e“/’(xl), then integrating over Q by using the boundary condition (2.40), and
summing up those equalities from 7, j = 1 to i, j = 3, with similar arguments as for getting (2.53), we
can obtain

3

f (thy))2 + (wai.l))z)e_‘/’(x')dx
i=1
3
2 f (2= )@, DI + (yA = )@, Djw,) )e ™ Vel
- Jo : .

1

d 3
a2y

3
=1

+

J
3

3
+Cyy 661N, Z Z f ((thi.l))z + (DfWEI))Z)e_w(x')dx
Q

=1 i=1
ShN s 02 SEO\2) v
< Ty )oY (DY + (DE]P)edx

-1 3
+8HNIZZ f (D" + @5 DY + (@, Diw"))e ™ Vdx

w |l
—_
W

(Dka w2 + (DL, wi)? + (DF0,, wi)?). (2.59)

Xj k 1 Xk

i gl
i\g
™

k=0 ki=1 ky=

where we intergrate by parts to estimate the term (Df‘axk1 d,(cg))(DfZ(?xk 0, w(l)) in F';. Thus, by (2.57)
and (2.58), in a similar way as for getting (2.55) and (2.56), applying Gronwall’s mequahty to (2.59),
we obtain

3 3

Z Z L ((Dlshgl))z + (wa;l))2>e—¢(x1)dx

i=1 j=I

3 3 K
< e—CM,A,s,MHNl Z Z Z [L((Dloh(l)) + (Dlo (1)) ) —¥(x) 1

=1 i=1 lo=0
¥ f f ((DPEVY + (DVE, e duxd],
0 Q

and

Mm

f (@2, DAY + (0, D' )e ™" dxdt

j=1 :1
3 3 51
ZZZ)(I (Dloh(l)) +(Dlo )2)2e—w(x1>dx
j=1 =1 b=

t
+ 1y, f ((DPE®Y + (DVE,))e*Vdxdr).
0 Jo /
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Noticing that e ¥ is be a bounded function in (0, +o0), it follows from inequality (2.60) that

3 3 3 K
Zf (D (l))2 + (DfW;l))z)dX < e—C},vmwgﬁtl—[Nl Z Z Z f (Dloh(l)) + (Dlow(l)) )
Q =1

1:1 j=1 =1 [p=0
* —0)
+ fo fg ((DPEDY + (DPE;")?)dxd|.
The proof is now complete. O

2.3. Existence of the first approximation step

Based on above a priori estimates, we are ready to prove the existence of the first approximation
step by using semigroup theory arguments, see [36].

Proposition 2.1. If the domain is the unbounded domain R* x R?, let the parameter A > 1. If the

domain is a bounded domain Q, let the parameter A = 1 and < 1. Assume the initial approximation
function (U, d?) satisfying (2.4)~(2.8). Then the linearized system

il d YR, wh) =Ty, E,

T, dO) ", w0 =TIy E"

v.hh -0 (2.60)

hV(0,2x) =0, wh(0,1x) =0
and the boundary condition

BV, 0lesn = 0, w(1, 000 = 0,
admit a global solution
(hV(t, Ax), kD (1, Ax)) € C((0, +00); H(Q) X H*(Q)).
Moreover, the global solution satisfies
VI + 10V, < Iy BV + T, E I, V> 0. (2.61)

Proof. The idea of proof is based on the semigroup theory. We first rewrite it as an evolution equation,
then by the semigroup generator given in [36], we know the evolution operator generate a semigroup,
a local existence can been shown. It combine with the dissipative energy estimate given in Lemma 2.3,
the global existence of linear evolution is obtained. More precisely, let P be the Leray projector onto

the space of divergence free functions. We apply the Leray projector to Eq (2.12). Therefore
h" — vA?’PARY + N;(h", w") = PITy, E©,
wl 2 1 D ol =0 (2.62)
— y AP PAWY + Np(hD, wD) = Py, E

where
N, (h®, wh) := PTIy, [/l(um) . V)h(l) n (h(” . V)u“))

+kV - (Vd? 0 AVvw) + «kV - VWP © Vd(O))]_
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and
N,(hD, w) := Py, [ A(u(‘” ) V)w(l) i (W<1> . V)u“’)

+ )/(|Vd(0)|2w(1) + Z/l(Vd(O), VW(I))d(O))].

For convenience, we rewrite (2.62) as

d [ h? ~vA’PA 0 h® N, (h, w) PIly, E©
Zi\l w7t 2 o |t W Wy | = —o |- (2.63)
dr\ w 0 —yA°PA |\ w Np(h', w'V) PIly, E
Nl(h(l) W(l))
We notice that the term ( N (h“), wh) ) can be seen as a bounded perturbation of the linear operator
2(h,
—vA’PA 0 . :
ML = 0 N We follow the idea of [36,37] to show that the linear operator

Z:= ML+ BP

can generate a strongly continuous semigroup e“* in Sobolev space H*(Q) x H*(Q) by the Lumer-
Phillips theorem [38]. Hence linear Eq (2.60) has a solution in C((0, +o0); H*(QQ) x H*(L)).
Furthermore, it follows from Lemmas 2.2 and 2.3 that the estimate (2.61) holds. |

3. The mth approximation step

Let £ € (0, 1) be a fixed constant. We define
B, = (e, 20, dO(t, 40) : 4Pl + 114V <6 < 1) 3.1

with the integer 2 < kK < m — 1 and the constant s > 1.
Assume that the m-th approximation solutions of (2.3) is denoted by (h"(z, 1x), w(t, Ax)) with
m=2,3,.... Let
h(¢, Ax) := u™(t, Ax) — u™ (2, Ax),
w2, Ax) := d" (1, Ax) — d" V(8 Ax),
it holds

U™z, Ax) = u®@(t, x) + AV, Ax) + Z ho(, Ax),
=2

d™(t, Ax) = dO@, x) + w(z, Ax) + Z w(z, Ax).
i—2
We linearize the nonlinear Eq (2.3) around (u™~V(z, Ax),d™V(t, Ax)) to get the following initial
value problem
Jilw™t, D", d"™) = Ty, Y,
Tolu, d V0, d) = Ty, B,
V-h"™ =0,
h"(0,2x) =0, w™(0,x) =0,

(3.2)
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with the boundary conditions
h(M)(t, Ax)le@Q = Oa W(m)(tv /1x)|xea£2 =0

where the error term is

E™Y = £[u" (1, Ax),d" 7 (1, Ax)] = Ry (W™, w™),

E" = Lol (A0, d"7 1, 40] = Roh™, w),
and
Rl(h(m), w(m)) = Ll(u(m—l) + h(m)’ 4D 4 W(m)) _ L](u(m_l), d(m—l))
= Jilu™ D, d" V1|, d™)
= Iy, (1™ - Vh™ + VP™ + x V- (VW™ © Yw™)),
and

Rz(h(m), W(m)) = Lz(u(m_l) + h(m), 4D 4 w(m)) _ Lz(u(m_l), d(m—l))
_ jz[u(m_l), d(m—l)](h(m)’ d(m))

= ATy, (K™ - VW™ §(|w<m>|2 - Hw™),

(3.3)

(3.4)

(3.5)

(3.6)

This is also the nonlinear term in the approximation problem (2.3) at (u"~V(z, Ax), d™ (¢, Ax)). Here

the approximation pressure satisfies
AP™(t,x) = =V - [u™ - Vu™ + k¥ - (Vd™ © Vd™))|.

The following result describes how to construct the m-th approximation solution.

Proposition 3.1. If the domain is the unbounded domain R* x R?, let the parameter A > 1. If the
domain is a bounded domain Q, let the parameter A = 1 and 812 < 1. Assume the initial approximation

function (u®,d™) satisfying (2.4)~(2.8). (™, d"V) € B, and 375" (K|, + IWOIE,.) < 6% Then

the linearized problem (3.2) with the boundary condition (3.3) admits a global solution
(R (1, Ax), (1, A%)) € C((0, +00); H*(Q) X H*(Q)),
which satisfies
m m m— —m=1)
Bl + W1 < Iy, E™ Ol + 1Ty, E Mg, V2> 0,
where the error term verifies
IE™ g + 1E Il = IR1 B, w™)lgs + 1R(B™, w™ )
< Ny (11 + 1w ™17 + Iw™l17)-

Proof. By direct computation we find

m—1

" (1, %) = 01, %) + A0, 0O, Ax) + 2 > 9,001, A),
i=2
m—1

Byd" (1, %) = 0, d (2, %) + 20, Wt 1) + A ) 3, w2, A).
i=2

(3.7)

(3.8)

(3.9)
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By the assumption
m—1

)12 )12 2
(I, + Iw?l3,) < 6,
i=1

for a fixed constant A > 1, it follows that

A,.u"™ 1, x) ~ Bxiuio)(t, x) + O(6°),

Xi Jj

0, d" (1, x) ~ 0,d (1, x) + O(S”).

Xi j

Thus, noticing that (1©(z, x), d*(z, x)) satisfies (2.4)—(2.8), by small modification of 9, u§.°>(z, x) and
0,,d} (1, x)), it follows that

Z Ty, 04,0, )l < Bo, (3.10)
k=0

and .
DIy, & d" ", %)l < bo. (3.11)
k=0

Moreover, we notice that the (m — 1)-th approximation solution is

m—1

WV ex) = 1Ot x) + RO, ) + Z h(, 1x),
i=2
m—1
d™ (1, ex) = dOx, x) + w1, Ax) + Z wi(z, Ax),
i=2
and
V-h" P =0.
We obtain
V . M(m_l)(t, x) = 0,
u(m—l)(()’ _x) = O,
[l Pl <6,
u(m—l)(t, x)le@Q = 09
and
d"=1(0,x) =0,
ld Vg < 6,
d"V(t, )| eaa = 0.

Then we will find the m-th (m > 2) approximation solution (u(t, Ax),d"™(t, Ax)), which is
equivalent to find (h™™, w) such that

u™(t, Ax) = u™V(t, Ax) + K™ (1, Ax),

3.12
d™(t, Ax) = d"V(t, Ax) + w(t, Ax). (3.12)

Substituting (3.12) into (2.3), we have

Li@™,d™) = Li™D,d" V) + Fi [0, d" DY, ) + R, (0, ),
£2(u(m)’ d(m)) - £2(u(m—l)’ d(m—l)) + jz[u(m—l)’ d(m—l)](h(m)’ d(m)) + Rz(h(m), W(m)).
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Set
Vi [u(m—l)’d(m—l)](h(M)’d(m)) - _Ll(u(m—l)’d(m—l)) - _E(m—l)’
—(m=1)

jz[l/t(m_l),d(m_l)](h(m),d(m)) - —Lz(u(m_l),d(m_l)) =_FE ,

which we supplement with the boundary conditions (3.3).

Since we assume (1 D(t, Ax),d" V(t,Ax)) € B,, there is the same structure between the linear
system (2.12) and the linear system of mth approximation solutions. Thus, by the same arguments
as in the proof of Proposition 2.1, we can show that above problem admits a solution (h™™, w™) ¢
H(Q) x H*(Q2). Here, we should use (2.2). Furthermore, similar to (2.61), we can use (3.9) and (3.10)

to derive

(

_ —(m—-1)
W13 + W™l S NE™ VG +1IET e, Y2>0,

—(m-1)
where one can see the (m — 1)-th error term (E®™ D, E" ) such that

EMmD .— Ll(u(mfl)’ d(mfl)) - Rl(h(m), W(m))’
—=(m=1)

E =L ),d™) = Ry, wm).
Moreover, by (3.5) and (3.6) and the standard Calderon-Zygmund theory, it follows that
HE™ e +1E ™l N3 (IW1Z + W1, + w11, ):
The proof is now complete. O
4. Convergence of the approximation scheme

Our target is to prove that the nonlinear Eq (1.1) admits global solutions
(1, Ax),d (1, Ax)).

This is equivalent to show that the series
m
D 0, Ax) < +oo,
i=1
m
Z w(t, 1x) < +oo.
i=1

For a fixed constant s > 1,let | < s =k < ko < k and

bl
I
bl

k+oo:]_<,
k—k

m+l = Km — Kp1 = s
Fm+1 k k 1 om+1

which yields
ko>ki>...>ky,>kpr > . ... “4.1)
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Proposition 4.1. If the domain is the unbounded domain R* x R?, let the parameter A > 1. If the
domain is a bounded domain Q, let the parameter A = 1 and 812 < 1. Assume the initial approximation
function W, d%) satisfying (2.4)—(2.8). Then the three dimension nematic liquid crystal flow (1.1)
with the small initial data (1.4) and the boundary condition (1.5) admit a global Sobolev solution

Wt x) = uO(t,x) + R %) + up(x) € H(Q),

m=1
d(t, x) = dOt, x) + Z w™ (1, Ax) + do(x) € H(Q).
m=1
Moreover, it holds the estimate

6Nz +11d N < 6.

Proof. The proof is based on the induction. For convenience, we first deal with the case of zero initial

T T
data, that is, uy(x) = (0, 0, 0) and dy(x) = (O, 0, 0) . After that, we discuss the case of non-zero initial
data. Note that N,, = Nj' with Ny > 1. Forallm = 1,2, ..., we claim that there exists a sufficient small
positive constant ¢ such that

m—1
||h(m)||Hkmfl + ||d(m)||Hkm—l < 62 D)

NE ™ tes + IE " o < 67", (42)
@™, d"™) € B;.
For the case of m = 1, we recall the assumptions (2.4)—(2.8) on the initial approximation function

@1, x),dO(t, x)). By (2.61), letting 0 < 5o < N, ®* P52 « 1, we obtain

—(0)
I Nzzto + WPl 0 < NEPlpgto + I1E 0 < S0 < 67
Moreover, by (3.8) and the above estimate,

1 = o1 D o1
NED g0 +11E Nlzto S IR1MD, W)llto + [R2(D, W)t

211 (D112 D12 D4
< NI(IDIZ, + w12, + 1wl

2
2( 1l 1
< NIl + 1w Pl )
<&,
and
1 1 0 0 1 1
e Pllgto + 1P Ngto < Mt@llgto + 1PN o + IRV o + IWPlla0 S 6,
which means that (u'", dV) € B;.
Assume that the case of m — 1 holds, that is,
I g + WDt < 62,

_ —( —1) m—1
WE™ Dl + 1E N < 82 (4.3)
(u(’"‘“,d(’”‘”) € Bs.
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Then we prove that the case of m holds. Using (2.2), (3.7) and the second inequality of (4.3), we derive

(m—1)
m | | H km—1

@ m— 7 m=1)
< N (™ o+ 1E™ i) (44)

m-2
<&,

-1 il
IRt s + W lgtys < Iy, E™ Dl + [y, E

which combined with (2.2), (3.8) and (4.1) yields

Tk 2 2 2 4
HE™ it + gz < Ny (I, + W7+ 11911, )
R -1 Zm=1 2
< N (IE™ Pllggns +1E™ i)

<

S eeey

8+k—k (1| (0 —©
< [N FE o + IE g )|

4.5)

m

We choose a sufficiently small positive constant d, such that

0 < N F(UE s+ 1E M) < 2N360 < 5%
Thus, by (4.5) we have
||E( )”Hkm + ||E ||Hkm < 62 N

and -
. —(m
0< tim (IE™ |y + IE ||Hk,,,)
m—+oo

+00

< [N HE e + 1 )| — 0.

So, the error term goes to 0 as m — oo, that is,
. (m) —(m) _
mllTw(HE lgen + [1E || gtn) = 0.
On the other hand, note that N,, = Ng', by (4.3) and (4.4). It follows that

-1 -1
Nt gz + 1" ezt < N6 PNl + T g + 1Dl + 1W g1t
<6+ N <6
This means that (", d"™) € B;. Hence we conclude that (4.2) holds.

Therefore, the three dimension nematic liquid crystal flow (1.1) with the zero initial data admit
global solutions

Wt x) = uO(,x) + (A0 + up(x) = w1, x) + wo(x) + O,
m=1

dt, x) = dO®, x) + Z w(t, Ax) + do(x) = dO(t, x) + dy(x) + O(?).

m=1

Next, we discuss the case of small non-zero initial data.
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We introduce the auxiliary function
u(t,x) = u(t,x) —up(x), xe€Q,
d(t,x) = d(t,x) — dy(x), x€Q,
Thus, the initial data reduces to
(0, x) = (0,0,0), d(0,x) =(0,0,0),
and the boundary condition (1.5) is changed into the Dirichlet boundary condition

u(t, X)ean = 0,  d(t, x)\sean = 0,

and Eq (1.1) are transformed into equations of (u, ;l).

Thus, we can follow the above iteration scheme to construct a global Sobolev solution (u, Z’).
Furthermore, the global Sobolev solution of Eq (1.1) with a small non-zero initial data takes the form
(u(t, x) + up, d(t, x) + dy). We notice that by the auxiliary function, the new first equation contain the
non-autonomous force:

f(uo,d()) = —vAU, + (UO . V)UO +VPy—«kV - (Vd() © Vdo),
and the new second equation contain the non-autonomous force:

gluto, do) := —yAdy + o - Vo — §(|d0|2 ~ 1)dy.

Thus, we have to require the initial data (1o, dy) € H***(Q) x H***(Q) to be small and V - u = 0.
Finally, using (1.2), by the standard Calderon-Zygmund theory for the Riesz operator R, we have
lRullLso < lulliso with 1 < sy < oo, hence
IPllzs < 6.

This completes the proof. O
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