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Abstract: In this article, we consider the Qian-Sheng model in the Landau-de Gennes framework
describing nematic liquid crystal flows when the inertial effect is neglected. By taking the limit of
elastic constant to zero (also called the uniaxial limit) and utilizing the so-called Hilbert expansion
method, we provide a rigorous derivation from the non-inertial Qian-Sheng model to the Ericksen—
Leslie model.
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1. Introduction

Liquid crystals feature partial order (also called the local anisotropy), which results
in physical properties between liquid and solid. Nematic order is the simplest kind of
orientational order, with the molecules displaying a long-range orientation but randomly
distributing in space. Roughly speaking, there exists three different but closely related
models to describe the dynamical behavior of nematic liquid crystals: the Doi-Onsager
model, the Ericksen—Leslie model and the Landau-de Gennes model. The first one is
based on microscopic statistical mechanics. The latter two are based on macroscopic
continuum mechanics.

Exploring relationships between different dynamical models is a fundamental sub-
ject in the theoretical study of liquid crystals. In this respect, the formal derivations
were constructed by Kuzzu-Doi [1] and E-Zhang [2] from the Doi-Onsager model to the
Ericksen-Leslie model. By the Hilbert expansion, the rigorous convergence result for
smooth evolution from the Doi-Onsager model to the Ericksen—Leslie model was subse-
quently established by Wang-Zhang-Zhang [3] under the small Deborah number limit.
By means of carefully analyzing the properties of the linearized operators, rigorous verifica-
tion given in [3] circumvent essential difficulties from the uniform control for the singular
terms with respect to a small parameter. Following the spirit of [3], Li-Wang-Zhang [4]
provided a strict derivation from the molecular-based Q-tensor dynamical model, obtained
from the molecular kinetic theory by the Bingham closure, to the Ericksen—Leslie model.
Similar rigorous convergence results were obtained by Wang et al. [5] for the Beris-Edwards
model in the framework of smooth solutions. A unified formulation for liquid crystal
modeling was proposed by Han et al. [6] to establish relations between microscopic theory
and macroscopic theory.

The main aim of this article is to rigorously justify the uniaxial limit from the non-
inertial Qian-Sheng model in Landau—de Gennes framework into the Ericksen—Leslie
model away from singularities of the solution. Concerning the inertial Qian-Sheng model,
which is the hyperbolic-parabolic system, the corresponding uniaxial limit has been rigor-
ously proved by the first author and coauthor in [7]. The Qian-Sheng model is a represen-
tative dynamical model in the Landau—de Gennes framework, and the small inertial term
is usually neglected on physical grounds(see [8,9] and so on). For the case of the inertial
coefficient being zero, this article provides a valuable supplement to the singular limit
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problem of the Q-tensor dynamical model for liquid crystals. Similar to the idea in [5,7],
to control the singular terms in the equation for remainders, we also need to deeply explore
the cancellation relation and symmetric structures of the equations. What follows is a brief
overview of two macroscopic continuum models concerned in this article.

The Ericksen-Leslie model, established by Ericksen [10] and Leslie [11] in the 1960s,
is a system coupling the Navier—Stokes equation of the fluid velocity v = v(x, t) with the
evolution equation of the director field n = n(x,t) € S2. Taking no account of inertial
effects, the Ericksen—Leslie model can be given as follows:

%+V~VVZ—VP+V-U, 1)
V.-v=0, 2
nx (h—yN—-7D-n) =0, 3)

where v is the fluid velocity and p the pressure, the stress ¢ = o + ¢ and the molecular
field h are respectively defined by:

ol = (nn : D)nn + a;nN 4 a3Nn + 44D + asnn - D + agD - nn, 4)
oE
E__ F . T
o= 3(Vn) (Vn)", (5)
) OEF
~ dn on TV a(Vn)’

Here the Oseen—Frank energy Er is given by

Er(n, Vn) :%(V n)?+ k2—2(n-(V xn))?+ %3|n><(v x n)|?
+ kz;k‘* (tr(Vn)? — (V- n)?), ©)

where ki, kp, k3, ky are the Frank constants. In addition, D = 1((Vv)T + Vv) and
Q = }(Vv — (Vv)T) stand for the rate of strain tensor and the vorticity tensor, respectively.
While N = n; +v-Vn — Q - n is called the co-rotational time flux of the director n.

The six constants «y, - - - , &g in (4) are called the Leslie viscosity coefficients. They and
the coefficients 1, v, together fulfil the following relations:

Ky + 03 = kg — (5, (7)
Y1 =03 — a2, Y2 = Qg — Qs. (8)

The relations (7) and (8) guarantee the dissipative character of the system (1)-(3), i.e.,

d 1, 5 _ 7 . ) )
_a</Ra §|V| dX+EP) _/]RS ((“14‘%)(]3 :nn)” + ay|D|
73 ,, 1 )
4+ (a5 +ag — ~-2)|D-n|* + —|n x h|*)dx. 9
(a5 + g 71)\ | ,h| I) )

For the Ericksen—Leslie model, there has been published much analytic work. We only
recall some relevant results here. For the non-inertial version, the well-posedness results
can be referred to [12-15] and references therein. Concerning the inertial (hyperbolic)
version, the well-posedness of classical solutions was studied in [16-18].

We next introduce the hydrodynamical model of liquid crystals based on the Landau—
de Gennes theory. This theory employs a symmetric traceless Q-tensor to characterize the
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alignments of molecules. The tensor Q(x) can be interpreted as the second-order moment
of the density distribution function f,

Q(x) = /SZ (mm — %I)f(x,m)dm. (10)

For a symmetric traceless tensor Q(x), one can find s(x),7(x) € R,n,m € S withn-m = 0
such that

Q(x) = s(x) (nnf %I) +r(x) (mmf %I), (11)

where I'is a 3 x 3 identity matrix. Liquid crystals are said to be isotropic whens = r = 0,
uniaxial when s # 0,r = 0, and biaxial when s # 0,7 # 0.
The general Landau—de Gennes energy functional is given as follows:

F(Q,VQ)

= [ {-5T™Q) - 2@ + (@)

1
+5 (Ll IVQP + L2Qij,jQitk + L3Qijx Qik,j + LaQyj leile,f) }dx
def

[ (R(Q+F(QVQ)dx (12)

where x is the material point in R3, the coefficients a, b, ¢ are non-negative bulk constants
depending on the temperature and material, and L;(i = 1,2, 3,4) are material-dependent
elastic constants. In (12), F,(Q) is the bulk energy characterizing the isotropic-nematic
phase transition, while F,(Q, VQ) is the elastic energy describing the distortion effect.
More details can be referred to [19,20].

In the Landau—de Gennes framework, there are two representative Q-tensor dynam-
ical models: the Beris—Edwards model [21] and the Qian-Sheng model [22], which can
be directly derived by the variational method. The well-posedness results of the Beris—
Edwards model on whole space and bounded domain can be referred to [23-28], respec-
tively. The well-posedness results for the inertial Qian-Sheng model and the non-inertial
version can be found in [29-31], respectively.

In this article, we will be concerned with the following Q-tensor hydrodynamical sys-
tem, proposed by T. Qian and P. Sheng in [22], with taking no account of the inertial effect:

9 1

a?+v.VQ:yH+xD+Q~Q—Q'Q, (13)
1

%Jrv-Vv:—VerV-((rsthf”#—Ud), (14)

V.v=0, (15)

where Q) - Q — Q - Q) are induced by the rotation part of the velocity gradient, the molecular
field H is given by

n_ $FQYQ)
6Q '
Uf- = — %&le is the distortion stress, ¢ = Q - H — H - Q is the anti-symmetric stress,

and o® is the symmetric stress defined as

o® = xH+B1Q(Q: D)+ pD+B3(Q-D+D-Q).
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While the viscosity coefficients are expressed as

x=-32, fi=pu ph=pe- 12, g =B 16)

Here B1, B4, B5, Bs, #1 and pp are viscosity coefficients in the original Qian-Sheng model
and satisfy the following Parodi’s relation [32]:

Be — Bs = pa- (17)

In order to maintain the energy dissipation law of the system (13)—(15), we assume that
the viscosity coefficients x, ji1, B, p5 are positive constants, yip < 0and B, > max{p}, 5}
This assumptions have the physical meanings. For instance, the relations between the
coefficients corresponding to the classical physical material, MBBA (4-methoxybenzyliden-
4’-butylanilin), are given in [9] by

P2 100 B1 w017 Pt w199 B5 ~o0 ﬁé ~ —0.79.
251 1251 M1 H1

More specific assumptions on the viscosity coefficients can be also found in [8].

The article is organized as follows. In Section 2, we present some important properties
of the linearized operators which will be used in deriving the Ericksen-Leslie model from
the non-inertial Qian-Sheng model. Meanwhile, the main result of this article is stated.
In Section 3, by making the so-called Hilbert expansion, we present a rigorous derivation
from the non-inertial Qian-Sheng model to the Ericksen—Leslie model.

Notations and Conventions: The Einstein summation convention is employed in this
article. The space of symmetric traceless tensors is defined as:

M3 L Qe RS QT = Q, Tr(Q) =0}, (18)

which is endowed with the inner product (Q1, Q2) def Jrs Q1(x) : Q2(x)dx. The set
M3 is a five-dimensional linear subspace of R3*3. The matrix norm on M3 is defined as

Q| = def VtrQ? = | /Q;iQ;j. For two tensors A, B € M3, we denote (A - B)ij = AjByj and
A: B = AjjB;;. In addition, n; ® n; denotes the tensor product of two vectors ny, ny, and

we usually omit the symbol & for simplicity. We use f; to denote 9;f and I to denote the
3 x 3 order identity tensor.

2. Preliminaries and Main Results

In this section, we first recall some results from [5] concerning critical points and the
linearized operator, which will play a key role in deriving the Ericksen—Lesile model from
the non-inertial Qian-Sheng model. The main result of this article is subsequently stated.

In physics, in contrast to the bulk constants a, b, ¢, the elastic coefficients L; (i = 1,2,3,4)
are usually regarded as very small parameters, we thus give the Landau-de Gennes energy
functional (12) with a small parameter &:

-FS(Q/VQ) :/R3 (%Fh(Q) + FE(Q/ VQ)>dX/ (19)

where a,b,¢,L;(i = 1,2,3) ~ O(1). When the small elastic parameter ¢ — 0, then Q° —
Qo = s(nn — %I), i.e., the corresponding liquid crystal system will converge to a unixial
state in which molecules tend to align in a preferred direction. We assume that the elastic
coefficients L;(i = 1,2,3,4) satisfy

L1>0,L1+Ly+ L3 >0, Ly =0. (20)
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Under the assumption (20), we see from Lemma 2.5 in [5] that the elastic energy is strictly
positive, i.e., there exists some constant Ly = Ly(L1, L, L3) > 0 such that

[, #(Q): Qdx = Lo VI,

where the definition of the operator .# will be given below.
In this article, we primarily investigate the singular limit of the non-inertial Qian—
Sheng model with a small parameter &:

&€
ag +v€-VQ€:;H€+XD€+QS~Q€—Q€~Q€, (21)
1
ov* € € i3 S a d
j—#v-Vv =-Vp*+ V- (6F+0f+07), (22)
V- -vE=0, (23)

where D¢ = 1(Vve + (Vve)T), Qf = L(Vve — (Vve)T), and
0f =xXH*+ p1Q°(Q°: DY) + f3D° + B3(Q°- D + D QY),

d.F, def
of =QH -H-Q (o) = —55- Qi = 0*(Q Q).
kL j
The molecular field Hf is defined by

o 13F, . (9F
H(Q)__E@Jra’(agi

where two operators 7 and . are respectively expressed as

)& -7 -2,

7(Q) = ~aQ ~bQ* +c|Ql’Q + 3bIQPL
(Z(Q)u =~ (LlAka + %(Lz + L3 ) (Quom,mt + Qummk — §5szij,ij))-

2.1. Critical Points and the Linearized Operator

We first provide the definition of critical points for the bulk energy F,(Q). A tensor Qy
is called a critical point of F,(Q) if 7 (Qp) = 0. The following characterization of critical
points can be seen from [5,33].

Proposition 1. .7(Q) = 0 ifand only if Q = s(nn — 1) for some n € S?, wheres = 0orsisa
solution 0f2cs2 — bs +3a =0, that is,

s b+ Vb2 + 24ac ; b — /b2 + 24ac
1 = -_— 2 =
4c 4c

Moreover, the critical point Qy = s(nn — 11) is stable if s = s1.

Given a critical point Qy, the linearized operator .7, of .7 (Q) around Qy is defined by

b
%QO(Q> =—aQ— b(QO -Q+Q- QO) +C‘Q0|2Q—|—2(QO : Q) (CQO + gl)
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Then a direct calculation yields

H,(Q) =bs(Q~ (nn-Q+ Q- nm) + 2 (Q 1)
+2¢s%(Q : nn)(nn — %I)
L), (24)

The kernel space of the linearized operator .74, being a two-dimensional subspace of
Mg, can be defined as

Ker.7% def {nnL +ntne Mg :nt e Vn},

for any given n € S?, where V, def {n!t € R3:n'.n =0} and n' represents a unit vector
perpendicular to n. Let 2™ be the projection operator from M3 into Ker.#%, and 22°!! the
projection operator from M3 into (Ker.#4, ). The projection operators 2 and 2°!* (see
the definitions in [5]) can be respectively expressed as

:@in(Q) :(nn -Q+Q- nn) — Z(Q : nn)nn, (25)
gZO”t(Q) =Q—(nn-Q+ Q-nn) +2(Q : nn)nn. (26)

The important properties of the linearized operator /%, obtained in [5] are as follows:

Proposition 2. (i) For any n € S?, it holds that #4Ker 4 = 0, ie., #4(Q) € (Kers#y)™*.
(ii) There exists a positive constant Co = co(a,b,c) > 0 such that for any Q € (Kers%4)*,

Ha(Q) 1 Q = ol Q%

(iii) H is a 1-1 map on (Ker. /) and its inverse 7, is given by

H,71(Q) Z%(Q —(nn-Q+ Q- -nn) + %(Q : nn)I)
4b + 2cs 1
+ m(Q :nn)(nn — 51).

2.2. The Main Result

We define the viscosity coefficients in the Ericksen—Leslie model as:
— g2 _ 2 _ 2
ap=p1s7,  ap=—(sx+s)m,  az = (=sx+s7)m,
2
ay = px’+ py — 3565 as =sPyt+psx, a6 =Py — sy, (27)
and the coefficients 1 and 7, are
T =2ms%, 72 = —2p1s)- (28)
In addition, the elastic constants in the Oseen-Frank energy are given by
k1 = k3 = 2(L1 + Lz + L3)52, k2 = 2L152, k4 = L3Sz. (29)

The main result of this article is stated as follows.
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Theorem 1. Assume Qq(t,x) = s(n(t,x)n(t,x) — 11) is a stable critical point of the bulk energy

F,(Q). Let (n(t,x),v(t,x)) be a smooth solution of the Ericksen—Leslie model (1)—(3) on [0, T]
with the coefficients given by (27)—(29), which satisfies

v e C([0,T; H*), Vne C([0,T];H*) for k> 20.
Suppose that the initial data (Qf, v;) takes the form
> k z k
Qi(x) = Y. & Qu(0,%) + Qi r(x), vi(x) =} e vi(0,x) + ViR (%),
k=0 k=0

where the functions (Q1, Qa, Q3,v1,v2) are determined by Proposition 4, and ( TR/ ViR) fulfils

V5 Rl gz + 1Q rll s + € 12 (Q5 &)l 2 < Eo.

Then there exists eg > 0 and E; > 0 such that for all e < gy, the non-inertial Qian—Sheng model
(21)—(23) has a unique solution (Q(t,x), v*(t,x)) on [0, T| that has the Hilbert expansion

3 2
Q(t,x) = Y e Qu(t,x) +EQk(4,%), v (t,x) = Y e vilt, x) + Vi (£,x),
k=0

k=0
where, for any t € [0, T], (Q%, Vi) satisfies
Qe 2 (45(QR) : Q)P 2 (4 (01QR) : 9,QR) /2 F (5 (AQR) : AQR)?) (1)

+ || (vi eV Eav) (t)HLZ <E,

L2

here % (Q) = 4 (Q) + e2(Q) and the constant Ey is independent of e.

Remark 1. It is worth pointing out that the relations between the Leslie coefficients (27) are
completely in agreement with those given by Qian and Sheng’s original work in [22] if taking
3

Remark 2. The existence of the Hilbert expansion and the error estimates of remainder equations
are closely related to whether the energy of the Ericksen—Leslie model is dissipated or not. Theorem 1
requires that the coefficients x, j1, B}, By are positive constants, yy < 0 and B}, > max{B}, 5},
however, we do not assume B, is large enough. Proposition 2.2 in [15] tells us that the energy
dissipation law (9) holds, that is,

pilnn : D>+ po|D[? + B3|D - n|? > 0 (30)

for any nonzero symmetric traceless matrix D and unit vector n if and only if

n ~ ~ 34 n n
B2 >0, 2B+ B3 >0, §ﬁ2+ﬁ3+ﬁ1>0/ (31)
where ) )
A oA A 0
B1 :a1+72/ B2 = ay, ,33=045+0é6—*2~
T T

Using the above equivalent property we may infer that the energy is dissipated for the Ericksen—
Leslie model derived from the non-inertial Qian—Sheng model. In fact, taking notice of (16) and
s € (0,1], then the coefficients (27) and (28) fulfill the following relations:
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2
g =p1x> + Bh — gsﬁg >0,

2
0% 4
2004 + a5 + ag — 7—? =2u1x* + 2B, — gsﬁg + 255 — 2u1 x>

2
=26} + 25} > 0,

3 3 3
S+ a5 +ag+ :§M1X2 + 5/3’2 — sB5 + 25B5 4 2B,

3 3
=§y1X2 + Eﬁ/z + 5By + 5B} > 0.

Let us conclude this section by providing the framework of proof for the main result.
We first perform the Hilbert expansion for (Q¢, v°):

Q*(t,%) =Qu(t,x) +eQu(t,x) +Qa(t,x) +£Qa(t, %) + £ Qr (£, x),
vE(t,x) =vo(t,x) + evi(t, x) + e2va(t, x) + 3 (¢, x).

Inserting the above expansions into the system (21)-(23) and equating like powers of € leads
to a hierarchy of equations. We will prove that (Q;, v;) (i = 0,1,2) and Q3 can be determined
in this way: Qo must be a critical point of .2 (Q), and the system of (Qy, vo) can be reduced
to the non-inertial Ericksen-Leslie model (see Proposition 3), while (Q;, v;)(i = 1,2) and
Q3 solve the linear equations obtained by using the projection operators (see Proposition 4).
However, the main difficulty is contained in the analysis of the remainder term (Qg, Vg).
We introduce the definition of good term to derive the system of the remainder. In order to
show that the remainder (Qg, vg) can be uniformly controlled in ¢, we take full advantage
of the cancellation relation in the system and the estimates of singular terms (see Lemma 4).
We thus obtain the uniform energy estimates for the remainder, see Proposition 5.

3. Uniaxial Limit for the Non-Inertial Qian—-Sheng Model

By making the Hilbert expansion for the solution of the system (21)—(23), this section is
devoted to rigorously justifying the uniaxial limit from the non-inertial Qian-Sheng model
to the Ericksen—Leslie model in the framework of smooth solutions.

3.1. The Hilbert Expansion

Let (Qf v®) be a solution of the system (21)-(23), we perform the following
Hilbert expansion:

3
def ~
Q=Y Qi +0Qr = Q+%Qr, (32)
k=0
2 def
vi= Y v+ Evg E v+ g, (33)
k=0

where Q;(0 < i < 3),v;(0 < j < 2) are independent of ¢, while (Qg, vg) are called the
remainder term which depend upon e.
We first introduce the following two definitions

def

#(01,02) L0102+ 0] 0] - 2(Q1: Q)L
% (Q1,Q2,Q3) d:ele(Qz 1 Q3) + Q2(Q1 : Q3) + Q3(Q1 : Q2).



Mathematics 2021, 9, 912 9 of 22

Let QE = Q1 +£Qy + £2Q3, based on the polynomial expansion technique adopted in [5],
we obtain the expansion of .7 (Q¢) in ¢ as follows:

T(Q%) =7 (Qo) + e/a(Q1) + €(#(Q2) + B1) + € (#(Q3) + By)
+ E7(Qr) + 2.7, (34)

where By, B, and B¢, being all independent of Qp, are respectively defined as

B =— ggg(Qll Q1) +¢%(Qo, Q1,Q1),
By = — bA(Q1,Q2) +2c%(Qo, Q1,Q2),

Bo-3 L dTQ)+; L SN0,

2 i+j>4 i+j+k>4
1<ij<3 at least two of i, j, k are not zero

and the fourth order term .7y in ¢ is given by
~ ~ c o~
T =B~ bA(Q%, Qx) + ¢%(Qr, &%, Qo) + 5¢%(Qr, 07, OY)

b ~
- ESZQ(QR, Qr) + ce2€(Qr, Qr, Qo + £Q°) + c£2€ (Qr, Qr, Qr)- (35)

For the sake of simplicity, we also denote

Hy = 4(Q1) +Z(Qo),
Hy = /4(Q2) + Z(Q1) + By,
H, = 74(Q3) +.2(Q2) + By.

We are now in a position to write down the expansion of the system (21)-(23) and
collect the terms (independent of Qr) with same order of e. Specifically, we have

e The O(e™!) system

T (Qo) = 0. (36)
e The zero-order term in ¢
d 1
aQtO+V0'VQ0=MH0+XD0+QO'QOQ0'QO/ (37)
v /
= TVvo Vvop=—=Vpy+V- (XHO + B1Q0(Qo : Do)

+ B5Dg + B3(Qo - Do + Do - Qo)
—QO'H0+H0'Q0+0d(Q0,Q0)), (38)
V vy =0. (39)
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e The first-order term in ¢

) 1
Q1+V0'VQ1=#11'11+7(Dl+01'QOJFQO'Ql

ot

— QoM —Q1-Qo—v1-VQo, (40)
v
vy Vvi=—v; Vv - Vp + V- (XHl + B1(Qo(Qo : D1)

ot
+ Qo(Q1 : Do) + Q1(Qo : D)) + B3D4
+ B3(Qo - D1+ Dy - Q1 + Q1 - Do + Dy - Qo)
—Qi1-Ho+Hp-Q1—Qo-Hy+Hp Qo

+0%(Q1,Q0) +¢7(Q0, Q1)) (41)
\Y% * Vi =0. (42)

e The second-order term in ¢

0 1
%+VO'VQ2:*ZH2+XD2+QZ‘QO+QO’Q2+01’Ql
—Q0- Q- —Q1- Q1 —v2-VQo—vi-VQy, (43)
0
%-FVO'VVz:—Vz'VVo—Vl'VV1—VP2+V'(XH2+/3'1(Q0(Q01D2)

+Qo(Q1: D1) + Qo(Q2 : Do) + Q1(Qo : D1)
+Q1(Q1 : Do) + Q2(Qo : D)) + B3D2
+B5(Qo-D2+D2-Qo+Q1-D1 +D1- Q1 +Qa- Do+ Dp-Qa)
—Q-Ho+Hp-Q—Q1-Hi+H; - Q1 —Qo-Ha +Ha- Qo

+‘7d(Q2,Qo)+f7d(Q1/Q1)+Ud(Q0,Q2)), (44)
V- A\ =0. (45)

In the sequel, our main task is how to solve (Q;,v;)(0 < i < 2) and Q3. First of all,
combining the Equation (36) with Proposition 1, we deduce that Qy is a critical point and

Qo(t,x) = s(n(t,x)n(t,n) — %1), (46)

V2
c SZ and s = b+vb +24ac.

for some n(t, x) i

Proposition 3. Suppose that (Qo, vo) is a smooth solution of the system (37)—(39), then (n, v()
must be a solution of the Ericksen—Leslie model (1)—(3), where the coefficients are determined by
(27)—(29).

Remark 3. Proposition 3 implies that the evolution of (n,vy) can be determined by the system
(37)—(39). However, the appearance of unknown Qq in this system leads to the failure of closure.
Fortunately, based on Proposition 2, if we project the Equation (37) into the subspace Ker.74,, then
Q1 vanishs in the Equation (37). Furthermore, if we project the Equation (37) into the subspace
(Kers#, )+, then we can solve #4(Q1) by using (Qo, vo), in other words, Qy can also be removed
in the Equation (38).

Proof. This proof is based on the same arguments as Proposition 3.2 in [5]. Recalling the
first property /%4 (Q) € (Kers#4, )" in Proposition 2, we can deduce from (37) that

9Qo

1
(7 +vo-VQo+Qo- 09— 0- Qo+ a.,zﬂ(QO) — XDO) :(nnt 4+ ntn) =0 (47
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Substituting (46) into (47), it follows by a subtle calculation as in [5] that
nt. <2s2;41N —h —2xusDg - n) =0,
which implies
n x (hf'lef'yzDo«n) —0. (48)

Applying the definition of the kernel space Ker.7%, and (46) yields

d
%—FVO‘VQO“‘QO'QO_QO'QO:S(HN+NH)EKer%‘

Then from (37) and the definition of the projection operator 2°"! we have
Ha(Q1) =2 (2 (Qo) + 11xDo)

1
=—Z(Q) ~ 5
+ #1XDo — p1x(nn - Dg + Dy - nn) — 21 x(Dp : nn)nn,

(hn + hn) + %(h -n)nn

which together with (48) yields
Hy = 7#4(Q1) + 2(Qo) = —p1s(nN + Nn) + i1 xDo. (49)
Consequently, we have
def
=" = xHy + B1Q0(Qo : Do) + B2Do + B5(Qo - Do + Do - Qo)

—Qo-Hop+Hp- Qo
= —su1x(nN + Nn) + leZDO + ,B'lsz(nn : Dg)nn + [3'2D0

+ B3s(nn- Dy + Dy - nn) — %ﬁgSDo + u15*(nN — Nn)
—p1sx(nn- Dy — Dg - nn) — %ﬁ’lsz(nn : Do)1

=B}s*(nn : Do)nn + (—sx — s%)pNn + (—sy + s*)uinN
+ (B — 245)Do + (Bhs + prsx) (Do - nn)

+ (B4s — p1sx) (nn - Dy) + pressure terms

=ot + pressure terms.
From Lemma 3.5 in [5] we know that
of = (Qo, Qu)-

Here ¢F and ¢! are the elastic stress and the viscous stress in the Ericksen—Leslie model,
respectively. In conclusion, this completes the proof of Proposition 3. [J

Proposition 4. Let (n,vy) be a smooth solution of the Ericksen—Leslie model (1)—(3) on [0, T|
and satisfy

vo € C([0, T); HY), Vne C([0,T; H*) for k> 20.
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Then there exists the solution (Q;,v;)(i = 0,1,2) and Q3 € (Kers#4,)" of the system (40)—(45)
satisfying

v; € C([0, T, H**), Q;eC([o,T; H'"¥)(i=0,1,2), Qs € C([0,T|;H* ).

Proof. The idea of the proof is mainly based on that of [3,5]. To be specific, for 1 <i < 3,
Q; can be decomposed into two parts: Q; = Q, + Qi with Q € Kers4, and Q- €
(Kers#,)+, and then we solve Q" and Qi" respectively.
Suppose that (n, vp) is a smooth solution of the Ericksen—Leslie model (1)-(3) on [0, T
such that
vo € C([0, T]; HY), Vn e C([0, T]; H)

for k > 20. Thanks to Qp = s(n(t,x)n(t,x) — %I), we know Qg € C([0, T], H*1). Note
that we could solve Q- from (49), and easily get Qi € C([0, T]; H*~!) by Proposition 2.
Thus, the existence of (Q1, v1) can be reduced to solving (QlT, V1)

In what follows, we denote by L(Q{ , v1) the terms which only depend on (Q; , v1)
(not their derivatives) linearly with the coefficients belonging to C([0, T]; H*~1). We also
use R € C([0, T]; H*=3) to denote the terms relying only on n, vg and Qj". We denote

(Q:QI) +¢(2(Q: Q)Q+(Q: Q)Q)-

ST

B1(Q,Q) =-b(Q- Q-
Thus we have

B; =B1(Q1,Q1) = B1(Q1, Q) +B1(Qf, Q1) +B1(Q1, Qf ) +B1(Q, Q1)
=B1(Q1, Q1) +L(Q[,v1).
By a simple calculation we get
B1(Q1, Q1) € (Kertn) ™. (50)
We are now in a position to derive the system of (Q; , v1). We denote
= 2"(LQ1)), %=2"(xDo+ 0 Q— Q- M),
oy = 2"(Z(Q])), % =" (XDo+ 0 Qo — Qo).

Taking the projection 22" on both sides of (40), note that ./, (Q.) € (Kers%4)* and
Z(Q1) = Z(Q] ) + R, from Lemma 1 and (50), there holds

0Q; 1
%HO-VQI:mm+%+L(QI,v1>+R- (51)

Taking the projection 22°"! on both sides of (40) yields

1

- (o + #(Q2) +B1(Q1, Q1)) + %+ L(Q ,vi) + R =0,
which implies that

H; =4 (Q2) +2(Q1) + By
=ah +m% +L(Q{,v1) + R. (52)
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Substituting (52) into (41) and together with (51), we obtain the following closed system for
(Qf,v1)

0Q;

ot

ov
aitl Fvo-Vvy =—Vp + V- (x(%l + %) + B1Q0(Qo : D1)

+ B5D1 + B5(Qo - Dy + D1 - Qo)
— Qo (A +m) + (A +m%) - Qo

+0%(Q1,Q0) +0"(Qu, Q) + L(Q i) +R), (54
V.v; =0. (55)

1
+vo-VQ = —Z%+%+L(QT,V1)+R/ (53)

Clearly, (53)—(55) is a linear system with respect to (Qir ,v1). The solvability of this
system strongly relies on the dissipation relations. For this reason, we introduce the
energy functional

£ B2 vy, v) + (0] QD)) + (Qf Q).

Bearing in mind relations between the coefficients in (30), it follows that

- </3/1Q0(Q0 : D1) + B3D1 + B3(Qo - D1 + Dy - QO)/VV1>

2
= —s"p[nn: Dy[7, — (B3 — gSﬁé)HDﬂliz — 2p5||n - D|7
<0.

Meanwhile, taking into account the following key dissipation

— (X + %) ~ Qo- (o + %) + (o + M%) - Q. Vw1 ) + (%, 2(Q]))
— —(h + 1%, xDo+ 01 - Qo — Qo- O ) + (%4, 2(Q] )
= —(2"(£(Q])), xDo+ O - Qo — Qo 1)
+ (2" (xDo + 01 - Qo — Qo - ™), £(Q]))
— i1 (%, Do+ O - Qo — Qo On)
=~ (2" (xDo+ 01 - Qo — Qo M), xDo+ 01 - Qo — Qo - 01 )
<0.

Then we can deduce by a simple energy estimate that there exists a positive constant C
such that

%g(t) < C(1+&(t)).
The similar method gives rise to the estimate of higher-order derivative for (QlT, v1). Hence,
this indicates the existence of (Q1, v1).

Finally, from (52) we can solve Q2L as

Q= Ay ' (—Z(Q) —=Bi+ %4 +m% +L(Q) ,v1) +R) € C([0, T|; H* ). (56)
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Then (Q,,v;) can be solved in a similar way as (Q{,v1). Q3 can be solved as in (56)
(unique up to a term in Ker.%,). Here we omit the details. [J

Lemma 1. It holds that

7 (% 4y, Q) = LQ]) +R
T
ggin(an_i_ v - le) aa%—i—VO'VQI‘FL(QlT)'FR

Proof. For further details, one refers to [5]. O

3.2. The System for the Remainder

This subsection aims to deriving the remainder system and uniform estimates for
the remainder. The previous Proposition 4 tells us that v; € C([0, T]; H*~*) fori = 0,1,2
and Q; € C([0, T]; H*t1=%) for i = 0,1,2,3. Hence, v; and Q; will be treated as known
functions in this subsection. In what follows, we denote by C a constant depending on
2 3
Y sup ||vi(t)|| e« and Y sup [|Qi(t)|| yr+1-4, and independent of e.
i=0te[0,T] i=0te[0,T]
By the Hilbert expansion (32) and (33), we have
1, . ~ 1. .
Qr = E(Q -Q), wvr= g(v =), (57)
where Qg and vr depend on ¢. For the sake of deriving the evolution equations of the
remainder (Qg, Vr), we rewrite the system of (Q¢, v¢) as follows:

208 = M(Q) +6(Qv), 68)
v = 24V - (K(Q) + S(Q5¥)). 9

where P4, is a projection operator mapping a vector field into its solenoidal part,
M(Q%) = 77 H(Q") and
G(Q,v) = XD+ 0° - QF = Q- OF —v* - VI,
K(Q°) = xH(Q") — Q" - H(Q") + H(Q") - Q°,
S(Q°,v) = FrQ7(Q° : DY) + BpD° + B5(Q° - D + D Q) +07(Q°, Q) — v @ v*
= 81(Q°,v°) + BaD* + Sr(QF, V) + S3(Q°) + Sa(v).

Consequently, from (57) we can get

2 Qr =5 (M(Q) ~ M(@) + 5 (9(,v) ~G(Q.9)
+5(M@+6©09 - 20), (60)
Dvr =2V (5 (K(Q) ~K(Q) + 5 (8(Qv) - 8@ %))
+ é(@di‘,V~ (K(Q)+S8(Q,%)) — %v) (61)

Needless to say, this is a tedious task if we want to precisely express the right-hand
terms of the above system. To greatly simplifying the derivation of the remainder system,
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as will be shown later, we introduce a notation i, called good terms, to stand for all terms
in (60) and (61) satisfying

19|12 + || VRl 2 + €2[| A% 2 < C(eE)(1 + E +¢F) + ef (E), (62)

where R possibly depends on ||Q;|| and parameters of the system but is independent of
e, C(-)and f(-): Rt U{0} — R* U {0} are increasing functions, E and F are respectively
defined as

E = ||Qrllm +ell Qg2 + €| VAQRI 2 + Vel 2 + &l VVR 12 + €| AV 12,
F =¢|VZL(Qr)lli2 + &1L (Qr)ll12 + AV VR 2.
It needs to mention that in order to get the property (62) of good terms R, we take full

advantage of the following simple facts obtained by Sobolev embedding theorem that for
k =0,1,2 and some constant C, there holds

€| Qrll e + € IvRll gk < E, el Qrllr~ + € [|vrllr> < CE, (63)
e L(QR) Izt + €1V VR L= < C(E +¢F), (64)
Q| gx < C(eE), ||Vl g < C(eE). (65)

The unique advantage of the good terms R lies in the right-hand side being controlled
by C(1+ E) as ¢ — 0. This will contribute to a uniformly closed energy estimate in ¢, see
Proposition 5 for details.

With the definition of good term R, we could now analyze the right-hand terms of the
system (60) and (61). First, by means of the choices of Q;(0 < i < 3),v]~(0 <j<2),itis
easy to see that

~ 1 ~ ~ 0
|5(c@+609-20)| . | 5(Za¥- M@ +5@ %) - 29| . (60
can be all controlled by a constant uniformly in ¢, thus can be absorbed in 3.
In addition, for the remaining terms, we have the following two lemmas:
Lemma 2. For the terms of G and S, it follows that
G(Q°v*) —G(Q9) = & (xDr +Or - Qo — Qo Ok ) + &%, (67)
§1(Q°v) = $1(Q,¥) = €2p1Qo(Qo : Dr) + ™%, (68)
$(Q°v) = £(Qv) = 3ﬁ3(Qo Dg + D - Qo) + &%, (69)
Ss(Qe) 8(Q) = (70)
S1(vF) = Su(¥) = (71)

Proof. First, for 0 < k < 2, noting that

e311QF - Qrll e <EC(1+ €| VR|1=)]|€* QR
<e3C(1+ ¢F)E,
Ve VQE — v VO <eb||[vE-VQF — v VO + v -VQ — - VO e
<&l Qg | e IV¥ ]| 1o + € || VR |1yt VO 1w

<eC(1+ ¢E)E,
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then we have

0 QF-Q 0 -Q-Q+Q - Q+v-VQ —v-VQ
= (07 Qr — Qr - O) +£(Qr - Q— Q- Op) +£°R
=& (Or-Qo— Qo Qr) + &R

Therefore, (67) holds.
For (70), we have

e"lo?(Q°, Q%) — o (Q, Q)ll i = €10 (Q%, Qr) + 0 (Qr, Q)|
< CE|e*V Qg g (1 + 1€V QR 1)
< &3C(1+¢E)E.

Finally, (68), (69) and (71) can be deduced in the same way. O

Lemma 3. For the terms of M and IC, it follows that

_ 2
M(Q) = M(Q) = - (Qr) + €, 72)
K(Q) = K(Q) = & (x5 (Qr) — Qo - 4 (Qr) + 4 (Qw) - Qo) + €% (73)
Proof. By (34) and the definitions of H;(i = 0,1, 2), then p1 M (Q?) can be expanded as

i M(QF) = Hy + eHy + e?H, + °Hg + £ TR,

where Hg = 5£(Qg) def 2 (Qr) + eZ(Qr). Notice that, for 0 < k < 2,

€| Tkl e < C(eE)(1+ E + €F) + ef (E),
which can be also absorbed in R. So we have
2
~ e
M(Q) = M(Q) = A (Qr) + ER.

It is easy to obtain (73) from (72). O

In conclusion, combining Lemma 2 with Lemma 3 leads to the following remainder

system:
aa&: — L 45(Qr) + xDr+ Ok - Qo — Qo Qg + %, (74)
t H1€
3
VR = U+ V- (0 (Qx) — Qo+ A (Qr) + A5(Qr) - Q)
+V- (ﬁﬁQo(Qo : DR) + BoDr + B5(Qo - Dr + DR - QO)) TV-RER, (75)
V- vg = 0. (76)

It can be observed that the remainder system (74)—(76) involves the singular term
%%ﬁf (Qr) in e. Therefore, as shown in [3,5], in order to obtain the uniform energy estimates,
we have to construct the following suitable energy functionals
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L, (vaP+ 1Qr + £ (Qr) - )
&(IVvr + T A @:Q)  :Qx)
et (I8VRI + 4 (8QR) - AQR ),
5(0) = [, (AVvRP + A (Qn) : A Q)
- ﬂAvR2+—H12ﬁﬁ«aQR>»%fﬁ»QRn
o (VIVAVR P + = 5 (AQR) £ A (8Q) )

where v = 1p} > 0and 5 (Q) = /4(Q) +e2(Q).
The a priori estimate for the remainder (Qg, vg) is stated as follows.

Proposition 5. There exist two functions C and f depending on Q;, v; and the parameters of the
system (but independent of €), such that if (Qgr, VR) be a smooth solution of the system (74)—(76)
on [0, T], then for any t € [0, T|, it holds that

d

780 +3(1) < Ce€) (14 €) +¢f(€) + C(e€)es.

The proof of Proposition 5 will be presented in next subsection. Provided that Propo-
sition 5 holds, we can now adopt a standard argument to finish the proof of the main result
in this article.

Proof of Theorem 1. Given the initial data (v§, Q§) € H? x H3, it can be proved from the
standard energy method in [23,24,29,31] that there exists a maximal time T, > 0 and a
unique solution (v, Q%) of the system (21)-(23) such that

Qf € C([0, T:); H*) N L*(0, Te; HY), v € C([0, Te); H?) N L2(0, Te; H?).
From Proposition 5 we have

d

C(0) + (1) < Ce€)(1+€) +ef(€) + C(e€)eg.

for any t € [0, T¢]. Under the assumptions of Theorem 1, it follows that
€(0) < Cr (¥ llge + Q5 &l + 712 (Q5 )l z2) < Cio
Let E; = (2+ C1Eg)e” —2 > ¢(0), and
T; =sup{t € [0, T¢] : €(t) < Eq}.
If we take g9 small enough such that
C(eoE1) <1, eof(E1) <1, e <1/2,

then for t < Ty, there holds

d
e <2ve

Therefore, we can infer by means of a continuous argument that T < T, and €(t) < E; for
t € [0, T]. This completes the proof of Theorem 1. [J
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3.3. Proof of Proposition 5

To finish the proof of Proposition 5, we also need to control two singular terms
1(3;(nn) - Q,Q) and 1(Q : 9;(nn), Q : nn) which come from 1 4 (Qg, 7 (Qg)). Fortu-
nately, two singular terms are all bounded as demonstrated in the following Lemma 4.

Lemma 4. For any 6 > 0, there exists a constant C = C (6, ||Vixn||r, ||V n¢||1) such that for
any Q € M2, it holds that

L(or(nn) - Q,Q) <O T A(Q) R + G (), Q) +1QIR),

(#:(Q), Q) + [IQlIZ2).

M=M=

1 1
(Q: du(mn), Q < ) <8 L AE(Q) B + G
Proof. The proof of Lemma 4 can be found in [5]. O

Lemma 5. There holds

1Qr | + |(eV2Qk, 2V3QR)HL2 + || (vg, eVvR, EV2vR)|| 2 < CE2, (77)
H( Ay (Qr), VA5 (Qr), eAHy (Qr)) |12 < C(E+F)2, (78)

Nl—=

[ (sV,,Sf(QR),szA,,Sf(QR)) 2 + (VR eV2vg, V3vk) |2 < C(E+F):. (79)
Proof. The proof of Lemma 5 refers to [4,5] for details. [
Corollary 1. E < C&/2, F < C(¢ +§)V/2

Based on the above preliminaries, we now give the proof of Proposition 5.

Proof of Proposition 5. First, we give the following cancellation relation: for any symme-
try matrix M € R3*3, there holds

—(XM—Qo- M+ M-Qo, Vvg)
+ (XDr+ 0Ok Qo — Qo - Or, M) = 0. (80)

The proof is divided into four parts as follows:
Step 1. L2-estimate. From the system of remainder (74)-(76) and Lemma 5, we have

<a§)2tR'Q )+ ﬁ@ff(QR)/Qﬁ = (XDr + Qg - Qo — Qo - Q& Qr) + (R, Qr)

< Cl|QrII2 (IVVRII 12 + 1R 12) < 60T + Csy € + ClIR]|7. (81)

1
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and

<a(—;,tR/ VR) + <8QR, 1%S(QR)>

= —E<X%§1€(QR) — Qo - A4 (Qr) + 4 (Qr) - QOrVVR> +(V-R+R,vg)

— (B1Q0(Qo : Dg) + BaDr + 4(Qo - Dx + Dy - Qu), Vv )
;82 (A5 (QR), A5 (QR)) + (XDR+ Ok - Qo — Qo O, 45 (QR))
+<mfgc%’if(QR)>
— 2} Jnn : D% — (B — 2585) | D2 — 2564 - D

1
= W<3f€(QR) M (Qr)) + (V- R4 R, ve) + (R, ~4(Qr)),s
where we have already used the following cancelation relation
1 € € )
— < (X (QR) — Qo 45 (Qr) + 7 (Qr) - Qo, VVi)
1
+ <XDR + Qg - Qo — Qo Or, g«%’f(QR)> =
Therefore, noting the following dissipation inequality
2 2 22 2 / 2
—s°By|lnn: Dr[7. — (582 — 35P3) DRIz — 2sps[In - Drlff> < 0

we can get

d d ,
(55 v+ (508, LA Q)+ oy (A (Qu), Q) + 35D s

atl R ,8

< 80T+ Ce +C|R|%
Step 2. H'-estimate. Using (74)—(76), we have
d
€2<§3iv1{, OiVR) + €< 10iQR, 7 2 (0i0R))
G [X%’if(QR) — Qu- 5 (Qr) + 5 (Qr) - Qo) Vaiv )
- €2<3' [ﬁ’lQo(Qo : DR) + B3DR + B5(Qo - DR + Dk - Qo)}, VaiVR>

(82)

o <a 5 (Qr), # (9;Qr)) + < {XDR +QOr-Qo— Qo+ QR} ng(aiQR)>

+ £2<V -0;R + 0;R, aiVR> + s(&ii)%,jflf(aiQR»

I II+IV+V+ VL
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The terms on the right-hand sides can be estimated as follows:

I'<-— <Xai«75§f(QR) — Qo - 07, (Qr) + 0i74; (Qr) - Qo, €VaiVR>
+ Cl[ 4 (Qr) | 12 |leAVR][ 2
< — (7 (3,:Qr) — Qo 45 (3Qr) + £ (3iQr) - Qo, Vv )
+ 605 + C¢,
I <— €2</3/1Q0(Q0 : 9;DR) + B59;Dr + B5(Qo - 9;Dg + 9,Dp - QO)/VaiVR>
+ ClleVvrll2[[eV;vr]l 2
< —’s*B]|Inn : 9, D ||, — (B — gsﬁé)HaiDRH%Z —2¢%sB5|n - 9, DR |72
+ 9p§ + CE€,

1
11 < — Z”L%’if(aiQR)Hiz + ClIQr 211777 (Qr) |l 2
1
< - EH%’ﬁ@iQR)H%z + 6% + C€,

v §€<XaiDR +9;Qr - Qo — Qo 31'QR,%§1€(31'QR)> + 605 + C¢,
1% SHSal‘%HLZHSVaiVR”LZ —+ ||€aim||L2||€aiVR||L2

<60F + C€ + Clled;R|2,,

VI S”SaifﬁHLsz%’if(aiQR)”Lz < 6% + C||8819%||%2

Therefore, by the cancelation relation (80) and the dissipation inequality similar to that in
Step 2, we have

0 d
€2<§3iVR,3iVR> + £<aaiQRr<%0n£(aiQR)>
1 1
< —825,5/2”31']31%“%2 T |5 (9;Qr)|I72 + 608 + CE + C|led;R]|7,. (83)

Step 3. H-estimate. Using (74)—(76) and emulating the proof of Step 2, it is easy to obtain
the corresponding H?-estimate:

9 0
e (5;0vR, AVR) + € (5. AQR, 75 (8QR))

1 €2
< e SBAIADR 2 — A AQuIR + 003 + Ce+ Cleaniff (84
Step 4. Closure of error estimates. Noting the definition of .7 (Qg), from Lemma 4, it
follows that

1d
g$<QRr¢%ﬂn£(QR)>
- §<%QR,%’£‘€(QR)> + %<QR; —2¢s”(nn : Qr)d:(nn) — 2¢s>(3;(nn) : Qr)nn

+bs(9¢(nn) - Qr + Qr - at(nn))>

= %<%QR~%€1€(QR)> + %<QR, —2¢5%(9¢(nn) : Qg)nn + bsd;(nn) - QR>

d
< 202 Qr A (Q)) + 81 Q)+ Co (7 (Qw), Qv + |Qx32):
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Then we obtain

1d d
£ﬁ<QR/%€1€(QR)> < <§QRI%’£€(QR)> +05 +Ce.

A similar method leads to the following inequalities:

ed
2dt
3 d
Tt

(0;Qr, #4 (9;Qr)) < 8(%%@1&%’3&(3:’@12» + 63 + C¢,
AQg, HE(AQR)) < 53(%AQR,%§(AQR)> + 63 + Ce.

Therefore, together with (81)-(84), by using the property of good terms R and Corollary 1,
we arrive at

1d

577 &) +8() <5+ Co€ + R T2 + [eVR[ T, + |2 AR,
<6F+Cs¢+C(¢E)(1+ E+¢€F) +¢f(E)

<OF + C5€ + C(2€) (1 + € + €2F) + 2f(¢),

which concludes the proof of Proposition 5 by taking small enough 6. [

4. Conclusions

This article is mainly concerned with the non-inertial Qian-Sheng model describing
nematic liquid crystal flows. In the framework of smooth solutions, by taking the elastic
constants tend to zero and using the Hilbert expansion, we rigorously prove that the
solution to the non-inertial Qian-Sheng model converges to the solution to the Ericksen—
Leslie model. The original Qian-Sheng model, in which the inertial term is responsible for
the hyperbolic feature of the evolution equation of Q-tensor, involves two small parameters:
the inertial coefficient and the elastic coefficient. In recent work [7], the inertial coefficient is
fixed and the singular limit (also called the unixial limit) of the original model is rigorously
investigated. A natural problem is how to understand the singular limit of the original
model when the two small parameters go to zero at the same time. It is natural to conjecture
that by taking the two parameters tend to zero, the smooth solution to the original model
will converge to the solution to the non-inertial Ericksen—Leslie model. This is an interesting
problem which will be discussed, while this article paves the way for our future work.
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