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Abstract

In this paper we investigate the three dimensional general Ericksen—Leslie (E-L) system
with Ginzburg-Landau type approximation modeling nematic liquid crystal flows. First, by
overcoming the difficulties from lack of maximum principle for the director equation and high
order nonlinearities for the stress tensor, we prove existence of global-in-time weak solutions
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under physically meaningful boundary conditions and suitable assumptions on the Leslie
coeflicients, which ensures that the total energy of the E-L system is dissipated. Moreover,
for the E-L system with periodic boundary conditions, we prove the local well-posedness of
classical solutions under the so-called Parodi’s relation and establish a blow-up criterion in
terms of the temporal integral of both the maximum norm of the curl of the velocity field
and the maximum norm of the gradient of the liquid crystal director field.
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1 Introduction

The hydrodynamic theory of liquid crystals due to Ericksen and Leslie was developed around
1960’s [BL6L19]. The Ericksen—Leslie system for liquid crystal flows was derived from the macro-
scopic point of view and was very successful in understanding the coupling between the velocity
field and the molecular director field, especially in liquid crystals of nematic type. Assume
that the material occupies a bounded spatial domain € C R? with smooth boundary I'. We
denote by u = (uy,us,u3)” the velocity field of the flow and by d = (di,ds,d3)” the director
field, which stands for the averaged macroscopic/continuum molecular orientation in R3. The
resulting PDE system that we are going to consider in Q7 := (0,7) X can be written as [23,42]:

w+ (u-Vju+VP = -V (VdeoVd)+ V.o, (1.1)

V-ou = 0, (1.2)
1

di+ (u-V)d —wd + %Ad = -3 (Ad —VgW(d)). (1.3)
1 1

Equations (LT and (L3]) represent the conservation of linear momentum and angular momen-
tum, respectively. Here, we consider the flow of an incompressible material that satisfies the
incompressiblility condition (IL2]). P is a scalar function representing the hydrodynamic pres-
sure (including the hydrostatic part and the induced elastic part from the director field). The
term —Vd®Vd is the elastic (Ericksen) stress tensor, where Vd® Vd denotes the 3 x 3 matrix
whose (7,7)-th entry is given by V;d-V;d, for 1 <4,j < 3. The function W in (L3) penalizes
the deviation of the length |d| from the value 1, which is due to liquid crystal molecules being
of similar size (cf. [22123/38]). The notation Vq represents the gradient with respect to the
variable d. A typical example of W is the Ginzburg-Landau approximation that has a double

well structure [22123]:
1
w(d) = @(\0”2 —1)% (1.4)

The symbol V7 indicates the transpose of the gradient and
1 T 1 T
A= §(Vu+V u), w= §(Vu—V u)
represent the rate of strain tensor and the skew-symmetric part of the strain rate, respectively.
For the sake of simplicity, we denote by

d=d;+(u-V)d, N=d-wd= )\QAd—)\i(Ad—VdW(d)) (1.5)

1 1

the material derivative of d (transport of center of mass) and the rigid rotation part of the
changing rate of the director by fluid vorticity. The kinematic transport AN + A2 Ad for the



molecule director represents the effect of the macroscopic flow field on the microscopic structure.
The material coefficients A\; and Ay reflect the molecular shape (Jeffreys orbit) and how slipper
the particles are in the fluid (cf. [I5L34]). The viscous (Leslie) stress tensor o has the following

form [41[20]:
o= Ml(dTAd)d @d+ pN @d+ usd N + pug A + ps(Ad) @ d + ped @ (Ad), (1.6)

where ® stands for the usual Kronecker product, i.e., (a®b);; := a;b;, for 1 <i,j < 3. The six
independent coefficients i1, ..., ig, which may depend on material and temperature, are called
Leslie coefficients. These coefficients are related to certain local correlations in the fluid (cf.
e.g., [4] for more details).

The system (ZI)—(L3)) should be supplemented with suitable initial and boundary conditions.

Here, we assume that it is subject to the following initial conditions
uli—p = up with V-ug=0, d|;—o =dp, inQ, (1.7)
and the homogeneous Dirichlet boundary condition for the velocity field
u=0, on(0,7)xT, (1.8)

together with the nonhomogeneous Dirichlet boundary condition for d (constant in time for
simplicity)
d|p = d0|p, on (O,T) x T (1.9)

The reformulated E-L system (LI)-(L3]) with Ginzburg-Landau approximation W was in-
troduced in [23] motivated by the work on the harmonic heat flow (see, e.g., [22l32] for a detailed
analysis on a simplest liquid crystal system, in which the Leslie stress o is neglected except the
fluid viscosity term involving f4). It can also be derived via an energetic variational approach
(cf. [42]) based on the basic energy law of the system under proper assumptions on the Leslie
coefficients (e.g., the Parodi’s relation, see (2.5]) below). Due to the complicated mathematical
structure of the E-L system, most of the previous works were restricted to certain simplified
versions, see for instance, [2][111[12, 2242426127, 2913234, [41] and the references therein. In
particular, existence of weak solutions to the E-L system (LI)—(L3]) (with Ginzburg-Landau
approximation) subject to boundary conditions of Dirichlet type (L8)—([L9]) was obtained in [23]
under the specific assumption that Ao = 0. Physically this assumption indicates that the stretch-
ing effect due to the flow field is neglected, which is more feasible for small molecules [22]. From
the mathematical point of view, it brings great convenience since a weak maximum principle
for |d| holds (cf. [23, Theorem 3.1], also [22]). When the stretching effect is taken into account,

several results have been obtained. For instance, by taking

)\1:—1, )\2:20(—1,
pr=0, po=—-o, pz=1—-0, ps=v,
ps = aa—1), pue=(o—1)2a—1),



for some constants « € [0,1] and v > 0 (cf. [42] Remark 3.2]), we can formulate a simplified
version of the E-L system (LI)—(L3]) such that the molecule has a general ellipsoid shape (cf.
e.g., [24134]). The parameter « is related to the shape of the liquid crystal molecules. For
instance, the spherical, rod-like and disc-like liquid crystal molecules correspond to the cases
o= 2,1 and 0, respectively (cf. [I5,34]). Under the above choice of coefficients, if o # 3 then
A2 # 0 and the stretching effect is kept into account. We refer to [34] for the case with rod-like

molecule (o = 1), where existence of solutions in the regularity class
uc L>0,T; H') N L*0,T; H*), de L™(0,T;H*) NL*0,T;H?) (1.10)

was obtained in 2D, or in 3D under the assumption that the viscosity coefficient v is sufficiently
large with respect to proper Sobolev norms of the initial data. See also [44] for certain blow-up
criteria of the local classical solutions. For the general case a € [0, 1], we refer to [12L29141] for
detailed analysis on well-posedness as well as long-time behavior of the system. As was pointed
out in [34], due to the lack of maximum principle for the director equation when A9 # 0, it seems
to be difficult to define (energy bounded) weak solutions in the usual sense as in [22,23] and
one has to deal with more regular solutions like (LI0]). Recently, existence of certain suitably
defined weak solutions with energy bound was obtain in [2], with the help of an appropriate
choice of the test functions that leads to a rigorous weak formulation of the problem. This
method has also been used in [9], where the authors prove the existence of weak solutions for
a non-isothermal variant of the liquid crystal system in [2,24129,[34,4T] with Neumann (for d)
and complete slip (for u) boundary conditions.

We note that the liquid crystal system studied in [2,29,34L41] is much simpler than the
general E-L system (LI)—(L3]), because the six independent Leslie coefficients puq, ..., ug are
only characterized by two parameters «,rv. However, it has been shown that relations between
those coefficients are crucial to retain certain basic properties of the general E-L system (L)
(C3) (with penalty), e.g., the dissipative basic energy law [23/[42]. In particular, when the
stretching effect is taken into account (i.e., A9 is not necessary to be zero), in [42] the authors
provided sufficient conditions on the Leslie coefficients to ensure that the total energy of the E-L
system (LI)-(L3)) is dissipated (cf. Section 2.1) and they discussed the important role of the
so-called Parodi’s relation (cf. (Z3])) in the well-posedness and stability of the system. Besides,
well-posedness and long-time behavior of E-L system (LI)—(L3]) were obtained under suitable
assumptions on the Leslie coefficients (for instance, the fluid viscosity pu4 is sufficiently large).
They work within the same regularity class (cf. (II0])) for the solution (u,d) as in [121341141],
due to the same technical difficulty, i.e, the lack of control on the L°°-norm of the director
field d. It is worth mentioning that in the recent work [38] a sufficient and necessary condition
on the Leslie coefficients was shown to ensure that the energy of the original E-L system with
constraint |d| = 1 is dissipated, and local well-posedness as well as global well-posedness for
small initial data were obtained. We refer to the recent works [3|[13}14,21],37.40,43] and the
references cited therein for mathematical results on various (simplified) liquid crystal systems
under the constraint |d| = 1.

The first aim of this paper is to show that, when the stretching effect is taken into account



(namely, Ay # 0 is allowed) and without any restriction on the size of the fluid viscosity p4 as
well as the initial data (as it is for the uncoupled 3D Navier—Stokes system), it is possible to
obtain the existence of certain suitably defined weak solutions with finite energy for the E-L
system ([LI)-(L3) (see Theorem B3). The key point relies on an appropriate choice of the
test functions leading to a rigorous weak formulation of the system (cf. Definition B1). This
technique is analogous to the one first used in [2] for the simplified system, but with more
delicated estimates. In order to treat the nonlinear stretching terms as well as higher-order
stress terms in the system, we make use of the a double-level approximate scheme that is a
combination of a suitable Faedo—Galerkin approximation and a regularization procedure. In
particular, a nonstandard but physically meaningful regularization of the momentum equation
is introduced by adding to it a r-Laplacian operator acting on the velocity u, i.e., we add in
the stress tensor a term of the type |Vu|"~2Vu. Then we shall pass to the limit after obtaining
suitable uniform estimates only from the basic energy law.

In the second part of the paper, we will consider local classical solutions to the E-L system
(CI)-(C3). Under the assumption that the Parodi’s relation (cf. (2.3)) is satisfied (namely,
under the set of assumptions Case 1 below), we first prove the existence and uniqueness of
local classical solutions to the E-L system ([LI)—(L3]) subject to periodic boundary conditions
(cf. Theorem [L3)). The proof also indicates that the Parodi’s relation plays an essential role in
obtaining proper higher-order energy inequalities for the E-L system. Next, we address a Beale—
Kato—Majda type criterion that characterizes the first finite singular time of the local classical
solution in terms of ||V x u|r~ as well as ||[Vd| e~ (cf. Theorem [H). For the uncoupled
incompressible Navier—Stokes equations (or Euler equation), in their pioneering work [I] Beale,
Kato and Majda showed the criterion in terms of L°-norm of the vorticity V x u. As far as
liquid crystal systems are concerned, the situation is more involved due to interactions between
the fluids and molecules. In the recent work [3§] the authors obtain a BKM type criterion for
the full E-L system with constraint |d| =1 in terms of |V x u||ze and ||Vd|z~ (see also [13]
for a simplified system). For our system ([LI)—(L3]) the main difficulty comes from the lack of
control on the term ||d||z , which brings troubles to estimate the nonlinear kinematic transport

terms as well as the higher-order Leslie stress tensors.

Remark 1.1. With minor modifications of the proof of Section 5, we can obtain existence
of global weak solutions also for the case of the homogeneous Neumann boundary condition
for the director field, i.e., d,d = 0, which is suitable for the implementation of a numerical
scheme (cf. [26]). The case of periodic boundary conditions for u and d can be treated with
even simpler computations. However, when we consider classical solutions (and their blow-
up criterion), we are only able to handle periodic boundary conditions. The main technical
reason is that the periodic boundary conditions allow us to integrate by parts to obtain proper
higher-order differential energy inequalities (cf. also [34L41].)

Plan of the paper. The remaining part of this paper is organized as follows. Section 2
contains the notations and the constraints on the Leslie coefficients. In Section 3, we first
introduce a proper weak formulation of the E-L system and state the weak solutions existence



theorem. After obtaining some useful (lower-order) a priori estimates from the basic energy
law, we prove the existence of weak solutions with finite energy. Finally, Section 4 is devoted to

the proof of local well-posedness of local classical solutions and a BKM type criterion.

2 Preliminaries and assumptions

Let Q C R? be a bounded domain with smooth boundary T'. We denote by LP(2;R) and
WmP(Q;R) the usual LP-spaces and Sobolev spaces of real measurable functions on €2 and
by LP(Q;R3), LP(Q;R3X3), WmP(Q;R3), W™P(Q;R3*3) the corresponding spaces of vector
functions. Sometimes they will be simply denoted by LP, W™P_ If I is an interval of R* and
X a Banach space, we also use the function space LP(I;X), 1 < p < +o0, which consists of

p-integrable functions with values in X . Next, we introduce some function spaces related to

the Dirichlet boundary value problem (cf. [22135]):

V=CPR)N{v:V. v=0}

H = the closure of V in L*(;R?),

V = the closure of V in WOI’Q(Q;RB),
V' = the dual of V.

When we consider the periodic boundary value problem, we set 2 = @, where @ is a unit box
in R?. Then we denote by H]"(Q), m € N, the space of functions which are in V[/'I?C’Q(R?’) and
periodic in space with period ). For the sake of simplicity, we denote the inner product on
L?-spaces by (-,-) and the associated norm by || - ||. Throughout this paper, the same letter C
stands for a constant which may be different each time it appears.

We consider suitable conditions on the physical coefficients A1, Ao, i1, ..., f1g , SO that the E—L
system (LI)-(L3)), together with proper boundary conditions, obeys certain dissipative energy
law (cf. [23]). More precisely, we take the constraints

A1 <0, (2.1)
w1 >0, pg >0, (2.2)
s + pe = 0, (2.3)
AL =g — 3, A2 = ps — He, (2.4)
2 + pi3 = i — 5. (2.5)

Assumptions (ZI)-(22) are made to provide necessary conditions for the dissipation of the
system (cf. [8I19,20]). Relations (24]) are necessary conditions to satisfy the equation of motion
identically (cf. [I9, Section 6]).

Equation (2.3]) is called Parodi’s relation, which is derived from Onsager reciprocal relations
expressing the equality between flows and forces in thermodynamic systems out of equilibrium
(cf. [30]). The Parodi’s relation yields a constraint on the Leslie coefficients such that the dynam-
ics of an incompressible nematic liquid crystal flow now involves five independent coefficients in



(LH) instead of six. In [42], the authors show that the Parodi’s relation also serves as a stability
condition for the E-L system (LI)—(L3).
In this paper, we will assume the following two different sets of hypotheses on the coefficients,

as proposed in [42],

e Case 1 (with Parodi’s relation). Suppose that (2I)-(25) are satisfied. Moreover, we

assume
(A2)?
W

< pus + pe- (2.6)

e Case 2 (without Parodi’s relation). Suppose that (2.I)—(24]) are satisfied. Moreover, we

assuine

(A2 = p2 — pg] <2V =Mvps + pig. (2.7)

As far as the potential W is concerned, for the sake of simplicity, we will always assume that
it satisfies the Ginzburg-Landau approximation, that is
1

wWi(d) = 4e2

(Jd]? — 1)% (2.8)

Remark 2.1. In general, W may be written as a sum of a convex part and a smooth, but

possibly non-convex one, for instance,

W e C*R?, W >0,
W =W, + Wy s.t. Wi is convex and Wy € CH(R?), VIV, € C%L(R3; R?).

With minor modifications in the proof as in [2], it is easy to check that our result on existence of
weak solutions to the E-L system (LI)—(L3]) (cf. Theorem B3] below) also holds for the general
potential W given above. However, in order to prove existence of (local) classical solution (cf.
Theorem [.3]), additional assumptions on smoothness of the potential W should be added.

3 Existence of weak solutions

First we state the weak formulation of the problem under consideration, in which the momen-
tum equation (LI]) together with the incompressibility condition (L2]) are replaced by integral
identities.

Definition 3.1. (Weak solution). A pair (u, d) with u(0,-) = ug, d(0,-) = do, a.e. in Q, is
called a weak solution to the E-L system (L)) ~(L3]) subject to the Dirichlet boundary conditions
(LX) and (LA), if it belongs to the class

u e L0, T; L2 (4 R?)) N L0, T; Wy (O RY)), (3.1)
du € L0, T; W15 (Q; R?)), (3.2)
d € L0, T; Wh2(Q: R3)) N L0, T; W22(Q; R3)) 0 HY(0, T; L3 (Q; R?)), (3.3)



and, moreover,

/ u(t,") Vo =0, forae te(0,7T), (3.4)
Q

for any ¢ € WH2(Q;R),

(Opu, V>W_1’% wis /Qu ®@u:Vvdr

0

= /(Vd ®Vd): Vvdz —/ o :Vvdz, forae. te(0,T), (3.5)
Q Q

for any v € W(}’G(Q; R3) such that V -v = 0. Finally, the equation for the molecule director is

satisfied in the strong sense, that is

A2 1

di+ (u-V)d —wd + T2 Ad (Ad — VaW(d)), ae. in (0,T)xQ,  (3.6)
1

1
d = dor, a.e. on (0,T) x T. (3.7)

Remark 3.2. We note that the choice of the exponent g in (32) is due to the regularity of
the nonlinear term of highest order in the stress tensor (see ([B.32) below). Besides, a weak
solution (u, d) corresponding to the Neumann or periodic boundary conditions can be defined

in a similar way.

Introduce now the total energy of the system (LI)—(L3]), consisting of kinetic and potential
energies, given by
1 1
€= 5lul* +5vd|? +/ W (d)dz. (3.8)
Q

The main result of this section read as follows and its proof will be postponed to Subsection
3.2.

Theorem 3.3. (Existence of weak solution with finite energy). Let Q@ C R? be a bounded
domain of class C%. Assume (Z8) and the initial data such that

u € L*(R?), divug = 0 in L*(Q), (3.9)
do € WE2(Q;R3),  do|r € W22(I; R). (3.10)

Then, for both Case 1 and Case 2, the Dirichlet problem (3.4])—(31) possesses a global-in-time
weak solution (u,d), in the sense of Definition [31l Moreover, for a.e. t € (0,T), the following
energy inequalities hold, namely, for Case 1,

t 1
£t +/ [/ <p1|dTAd|2 + %wuﬁ)dx — —Ad - VdW(d)Hz} dr
0o Lo 2 A1

\ 2 t
s+ s+ S [aapar < e
1 0

while for Case 2

e+ [ [ (1 A+ 24190R) do s g+ )| e < 200



Remark 3.4. Note that the assumption dgy € W%’Q(F) is required to derive the regularity
d € L%(0,T;W22(;R3)) stated in ([B33) by means of the classical elliptic estimate (cf. also

B.24)) -

3.1 A priori estimates

We establish here a number of formal a priori estimates. These will assume a rigorous character
in the framework of the approximation scheme presented in Subsection 3.2 below.

Let (u,d) be a solution to the E-L system (LI)—(L3]) subject to one of the following boundary
conditions: (i) ulr =0, d|r =dp; (ii) ulr =0, Ond|r = 0; or (iii) Q= @ with u, d periodic
in space. Following the detailed calculations as in [42, Lemma 2.1, Lemma 2.2] and [23] Theorem
2.1], for all the three types of boundary conditions for d (i.e., Dirichlet, Neumann and periodic),
we are able to obtain some formal energy inequality for the E-L system ([I)-(L3). More

precisely, we have

d
GEO = — [ (uld"AdP + EHVaP + s+ o) AdP) o

FANP 4 (A2 = pg — p3) (N, Ad). (3.11)
As a consequence,

e Case 1. The total energy £(t) is decreasing in time and it holds

d _ T 2, M4 2 i _ 2
S = /Q<u1]d AP+ VP )do 4 £ [ad - Vaw(@)]
A 2
(s + s+ B2 Y aa? <0 (3.12)

e Case 2. The total energy £(t) is decreasing in time and there exists a small constant
n > 0 such that

d
GEO = — [ (uld"AdP + BHVaP + s+ o) AdP)do

FANIE + Oz = g2 = i) (N, Ad)
~ [ (rala™ 4P + B9 ) do = a(Ad? + |V P)
< 0. (3.13)

IN

Remark 3.5. We can easily see from the equation (3] that the energy dissipations in Case
1 and Case 2 are indeed equivalent. In particular, recalling also ([LH]), we have

1AQ|]* + [|Ad = VaW (d)[|* = [|Ad]]* + IV >

From now on we just present the case in which (u,d) satisfies the boundary conditions of
Dirichlet type. Corresponding results for Neumann or periodic boundary conditions can be

obtained in a similar way.



From the previous energy laws we can obtain now (formal) a priori energy estimates for the

solutions to the E-L system

lullzeeo,rsz2@mey < €5 Nl 2 w2 @upsy) < (3.14)
Al Lo 0, 7;w12(sr3)) < C,s (3.15)
| = Ad + VaW(d)||z2 07,22 (:r2)) < C (3.16)
1Ad| 20,122 r3) < €, N2, 12(0m3)) < C, (3.17)
Id" Ad|| 120 712 0ur3)) < O, (3.18)
where C' is a positive constant depending on ||ug||, [[dolly1.2, 2, and the coefficients of the

system, but it is independent of T'.
Hence, estimates (BI4)—(BI8]) imply that

u e L=(0,T; L2(Q;R?) N L0, T; Wy (S R?)), (3.19)

d e L*0,T; W2 (Q;RY)), (3.20)
~Ad+VaW(d) € L*((0,T) x Q;R?), (3.21)
Ad, N € L*0,T;L*(;R3)), (3.22)

dT’Ad € L*0,T;L*(S;R)). (3.23)

It follows from (B.I9) that u® u € LQ(O,T;L%(Q;R3X3)). Then, using the incompressible
condition (L2), we get

(u-Vyu=V-(u®u) e L20,T; W 13 (Q;R)). (3.24)
From the definition of W and ([B.20), we have
VaW(d) € L*(0,T; L*(Q; R?)). (3.25)

By the classical elliptic regularity theory, property ([3.21) together with ([8.25]) and the Dirichlet
boundary condition (L9]) for d yield

d € L?(0, T; W22 (; R?)), (3.26)

where the boundedness constant also depends on HdOHW . As a consequence, we have

32(0ir3)
(u-V)d, wd € L2(0,T;L2 (2 R?)).
Then, from ([322]) and the definition of N, we deduce
8d € L*(0,T; L2 (Q; R3)). (3.27)
We recall the well-known anisotropic Sobolev embedding theorem for the Banach space

Va((0,T) x Q) = L>=(0,T; L*(Q)) N L(0,T; W2 (Q))

10



such that, when the spatial dimension is three, it holds V2((0,7) x Q) — LI_SO((O,T) x Q).
Therefore, from ([B.20) and (B.26]) we infer

Vd e L5 (0,T; L3 (Q;R¥3)). (3.28)

In a similar manner, we get
we LF(0,T; L3 (QR3)). (3.29)

Besides, using the fact that, for s € [0, 1], it holds (see e.g., [25] Definition 1.1, pp. 27] for the

definition of the interpolation space (-,-)s)
(L2(0,T; W2 (% RY), L(0,T; W RY)) = LT3 (0, T; W2 (4 RY)),

and the Sobolev embedding in 3D such that W?2=52(Q;R3) — L%(Q;Rg), then, taking
s =1, we have (cf. [31])

(L*(0, T; W*2(;R?)), L (0, T; WH2(Q; R?))) = L'°(0, T; L' (; R?)).
As a result, from ([B.20) and (B.26]) we infer
d e L0, T; L'°(; R?)). (3.30)

From the above estimates (3.17), (318]), (3.28), (330) and proper interpolation inequalities, we
see that the nonlinear stress terms fulfil

5((0,7) x Q;R¥™3), (3.31)
F0,T) x R¥3). (3.32)

VdoVvd, Aded, Nod € L*0,T;L3(Q;R>?))
(dTAd)d®d € L2(0,T;L5(QR3*3))

For instance, for the nonlinear stress tensor of the highest order (cf. ([832])), we have used the
following facts

H(dTAd)d®dHL2(O7T;Lg(Q;R3X3)) < 1T Ad| 20,722 () 14117 (0. 726 (2

A

< Od"Ad| 20,12 ) 1l T (0,012 (223

and (cf. (3.30))

”(dTAd)d®dHL$((07T)XQ;R3X3) < ”dTAdHLQ(O,T;LQ(Q;R))Hd”%lO(O,T;Llo(Q;R?’))'

Finally, since
L2(0,T; L2 (Q;R3*3)) € L*(0,T; L3 (Q; R3*3)),

then the (distributional) divergence of the Leslie stress tensor o satisfies

V.o e L2(0,T; W15 (Q; R3)).

11



3.2 Proof of Theorem

The proof of Theorem consists of several steps. As in [21[9], we shall construct a suitable
family of approzimate problems whose solutions weakly converge (always up to subsequences)
to certain limit functions that solve the problem in the sense of Definition B.Il. We note that
in order to prove the existence of weak solutions, the double-approximation scheme described
below is not necessary for the special and simpler case when the molecule director d obeys a
weak maximum principle, see, for instance, [22123].

Step 1. Approximation. We introduce a double-approximation scheme that consists of
a standard Faedo—Galerkin method with an approximation of the convective term as well as a
regularization of the momentum equation ([B.4)—-(B.3]) by adding an r-Laplacian operator acting
on the velocity u.

We take the orthonormal basis {v,}2°; of the Hilbert space V. Fixing M, N € N such
that M < N, we consider the finite-dimensional space Xy = span{v, }_;. The approximate
velocity field uy ps € C1([0,7T]; Xn) solves the following equations

d 1

— [ uy - vdr — / [un m]v @un oy Vvde + — / \VuNM]r_QVuNM -Vvdzx

dt Q ’ Q I ’ M Q I I

= / Vdy .y © Vdy v Vvde — / oy : Vvde, forallte (0,T), (3.33)
Q Q

/ uy, M (0, ) - vdr = / uy - vdz, (3.34)
)

Q

for any v € Xy and certain fixed r € (&, +00). Here the symbol [v]y; denotes the or-
thogonal projection onto the finite-dimensional space Xy = span{vn}f‘le. The r-Laplacian
regularization term ﬁ \Vupy | "2Vun, s in (333) is introduced to obtain enough regularity for
the velocity field. This enables us to deduce certain energy inequalities for the limit functions
(upr,dpy), after we pass to the limit N — +oo (see Step 2 below). The approximate function
dy v for the molecule director is determined in terms of uy s as the unique solution of the

parabolic system

A
Odn, v +un - Vdy v — wn md, v + )\—jAN,MdN,M
= AdN,M — VdW(dN,M), in (O,T) X Q, (3.35)
dN7M = do’r, on (O,T) X P, (3.36)
CINJ\/[(O7 ) = do, in Q, (3.37)

where

1 1
Anp = §(qu,M +VTuy ), wnw = §(VUN,M — VTay ).

For any fixed M and N, we can solve problem [B33)-B37) by means of a fixed-point
argument as in [10, Chapter 3| (cf. also [22] for a simplified model of the E-L system). Indeed,
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we observe that all the a priori bounds derived formally in the previous section still hold for the

approximate problem. Hence, if we fix @ € C([0,7]; Xx), then we can find d = d[a] solving
B35)-B37). Inserting d[u] in system ([B33)-(B.34]), we can define a mapping @ +— 7 [u], where
u = 7[q] is the solution to the system. On account of the a priori bounds, we can easily show
that 7 admits a fixed point by means of the classical Schauder’s argument on (0,7p), with
0 < Tp < T. Finally, since the a priori estimates are independent of the final time Ty, we are
allowed to conclude that the approximate solutions can be extended to the whole time interval
[0,7]. The details are omitted here.

Step 2: Passage to the limit as N — +o0o. Hereafter we just treat Case 1 since Case
2 can be handled in a similar way (cf. Remark B3). From (3.33)-(B.34), we deduce that the
regular approximate solutions (un s, dn ) satisfy

1 1
5\\11N,M(t)H2 + §WdN,M(t)H2 + / W(dn,m(t))dx
Q
t
1
+/ / (,u,l’dT14]\[7]\/[(1]\[71\/[’2 + %’VUNJ\/[‘Q =+ —‘VUNJ\/[’T)d.%'dT
o Ja 2 M
1 t
+A—1/ |AdN A — VaW (dy )| 2dr
0
)\ 2 t
+ [MEJ + pe + %] / | AN, ard || *dr
1 0

— Sl O + 51 Vdnar O + [ Wy a0 (3.39)

and, from the formal estimates in the previous section, that the following convergence results
hold (up to a subsequence)

uy r — uyr weakly-(*) in L0, T L*(Q; R?)) N L2(0, T; WH2(Q; RY)), (3.39)
dy s — dar weakly-(*) in L°(0, T; WH2(Q; R?)) N L2(0, T; W*2(; R?)), (3.40)
Ordy.ar — Oidyy weakly in L2(0,T; L2 (Q; R%)). (3.41)

By virtue of (3.40), (3.41)) and the Aubin-Lions lemma (cf. e.g., [33]), we have, for any arbitrary
small & such that 0 < & << 1,

dy s — dyy strongly in C([0, T); W S2(Q; R3)) N L2(0, T; W2 52(Q; RY)). (3.42)
Then a simple interpolation argument yields that

dy s — dyy strongly in L7((0,T) x Q;R?), for n € (1,10), (3.43)
1
Vdn r — Vdyy strongly in L7((0,T) x Q;R**3), for ny € (1, 3()) . (3.44)

On account of the regularizing r-Laplacian term introduced in ([B3.33]), we obtain the following
additional regularity from the corresponding energy estimate

1 10
S IVl s < €, for e (htoo). (3.45)

13



where the positive constant C' does not depends on M and N. Hence,

1 . 10
~Vuy "2 Van g € L ((0,T) x QRS with —— ¢ (1, — ). (3.46)
M ’ : r—1 7
Estimate (3.45]) implies that
Vuy r — Vuy weakly in L7(0, T; L™ (§; R3*3)). (3.47)

Furthermore, we have (recall also (B31])-(B.32))
dyun.ar — dyuyy weakly in L7 (0, T; W17 (Q;R?)) + L2(0, T; W 12(Q; R?)).  (3.48)
Combining (347) with (348) and using the Aubin-Lions lemma once more, we get
uy,p — upg strongly in L7(0, T Wl_g’r(Q;Rg)), VE st 0<€ <<, (3.49)
which together with the Sobolev embedding yields (recall that r > 13—0 > 3)
uy i — uyr strongly in L7(0,T; L°°(; R?)). (3.50)
Then interpolating ([3.:39]) with (B350]), we obtain
uy v — uyy strongly in L™2((0,T) x Q;R?). (3.51)

A combination of [BEI]) with ([B.44]) gives

1 1 1
uy. M - VdNM — U VdM strongly in le((O,T) X Q;Rs), with — = + —. (3.52)
’ ’ S1 r+2 m

Let 7 =1 +¢, ¢ >0 and take i = & — ¢ for certain small 0 < ¢’ < min{c,1}. It is easy to

see that (16 ) (10 /)
> +¢) (5 —¢ 80 8 3
3 3 /
= > —— | =+ = > 2, 3.53
o1 B¢ 39 (13+26§>§ (3:53)

rovided that 0 < ¢’ << 1. Similarly, combining and , one obtains, for some so > 2,
p

AN,MdN,M — AMdM, WN,MdN,M — deM, Weakly in LSQ((O,T) X Q;RB), (3.54)

where 1 1
Ay = §(VuM + VTuM), Wy = §(VuM — VTuM).

The above relations (3.52), 3.54) and the L2-bound of —Adpy a + VaW (dy ) (cf. estimate

(338)) imply that
Odn s — Odpy weakly in L2(0,T; L2 (Q; R?)). (3.55)

Finally, from the strong convergence ([B.42]) we easily see that (cf. assumptions on W)
VaW (dyar) — VaW (dys)  strongly in L2((0,T) x Q;R?). (3.56)
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As a consequence, we are able to pass to the limit as N — oo in the approximate equation

B35) to get, a.e. in (0,7") x €,

A
ath+uM-VdM—deM+A—2AMdM :AdM—VdW(dM), (3.57)
1
with
dy = do, ae in (0,7)xT, (3.58)
dpy(0,-) = do|p, ae. in Q. (3.59)

In order to pass to the limit N — +oo in the approximate momentum equation [B.33]), we
investigate the nonlinear terms. First, it follows from (Z.51]) that

[un am)v @ un v — [unp]yr ® uy strongly in L%Q((O,T) X Q;Rg), (3.60)
while [3.44]) yields, for 7 € (1, %),
Vdy . @ Vdyar — Vdyr ©@ Vdy strongly in L ((0,T) x Q;R3*?). (3.61)

Next, from ([B:42]) and ([B.54]), we have

Anrdyas ® dyar — Apydy @ dyy weakly in L2(0,T; L2 (Q; R33)),
wyardn s ® dy s — wyrdy ® dyy weakly in L2(0, T; L2 (;R3*3)),

while it follows from (B:42]), (352]) and (BE55) that
(uN,M . VdN,M) ® dN,M — (uM . VdM) ®dps strongly in LQ(O,T; L%(Q;RSXS)),

Odn v @ dn yr — Ody @ dpyy weakly in LQ(O,T; L"3(Q;R3X3)), N3 € (1, ;) .

Concerning the stress term of the highest-order (djj\} v AN dN v )dN v @ d o, from (339)
and [3.43]) we first infer that, for some s3 € (1,10/7),

d%,MAN,MdN,M — d%}AMdM weakly in LSS((O,T) X Q;R). (3.62)

This can be improved due to the L?-estimate of djj\},MAN,MdN,M (cf. (B38)) and uniqueness
of the weak limit

di v An,vdnar — dipAydy weakly in L2((0,7) x O R). (3.63)
Combining it with (343]) again, we have, for some s4 € (1,10/7),

(d%,MAN,MdN,M)dN,M @ dyar — (di;Apdyr)dy @ dy,
weakly in L% ((0,T) x Q;R3*3). (3.64)

Besides, estimate (B.40]) implies

\Vuy " 2Vun ar — [Vuy | —2Vuyy, weakly in L77((0,T) x Q;R3*3). (3.65)
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Then the pair of limit functions (ups,dps) solves the problem (note that in ([3:33]) the projection
on Xy is kept in the convective term, cf. ([B.60]))

/ uy - Veodr =0, for ae. t € (0,7), (3.66)
Q

for any ¢ € C*°(Q2), and

t ¢ ¢
/ (Opapg, vydr — / /[uM]M ®@upy : Vvdzdr + i/ / |Vupn|"—2Vuyy : Vvdadr
0 0 Ja M Jo Jo

t t
= / / Vdy © Vdyy : Vvdedr — / / oy Vvdrdr, forallt e (0,7), (3.67)
0 JQ 0 JQ
for any v € C*®°(;R3) with Vv = 0. Here

oy = pi(diAvda)da ® dar + peN @ dar + pady @ Nag + paAy
+us(Apdar) @ dpr + pedas @ (Aprday)
€ L7(0,T;L7 (QR¥3)). (3.68)

It remains to show that in (B.67)

[Vup " Vuyy = [Vuy "2V (3.69)

On account of the L"-regularity (r > %) of Vuy (cf. B47)) and (B6), we are allowed to take
v = uyy as a test function in ([B.67)). On the other hand, we multiply (B.57) by Ady—VaW (dar)
and integrate on (0,¢)x (this is possible since (357) makes sense in L?(Qr), cf. (3:52)-(@.55)).
Adding the two resultants together, we get

Sl + 51V (1 + [ Widu(0)do

t
+/ / <u1]df4AMdM\2 + %WW) dzdr
0 Ja 2

1 t
+—/ / |Vup|["=2Vuyy : Vuydedr
M Jo Jo

1 t
+—/ / |Adys — VaW (dyy)||*daxdr
AMJo Ja

)\ 2 t
+(,u5 + ug + (A2) > / HAMdMH2dT
M 0

- %HuM(O)HZ—i—%HVdM(O)HZ—|—/QW(dM(O))dm. (3.70)

Passing to the limit as N — 400 in ([B.38) and using the lower semi-continuity of norms, we
infer from (B70) that

T T
1imsup/ / |Vun | dedt < / / |Vuy|"—2Vuy, : Vupsdaedt
N—4o0o Jo JaQ o Ja
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Recalling (3.47) and ([B.63]), by means of the well-known Minty’s trick for monotone operators
(cf. [28] or [45, Lemma 3.2.2]), we deduce that (3.69) holds. This concludes the passage to the
limit as N — +o00.

Step 3: Passage to the limit as M — +4oo. The final step is to pass to the limit as
M — +o0o in BE7)-B359) and B.60)—(B.6]]). First, we observe that we are able to obtain the

same convergence results as in (3.39)-(B.44]), 3.56), B-61) and B64]) for up; and dps, while

letting M — +00, since the r-Laplacian regularization is not necessary to perform the limit in
these terms. Moreover, we deduce from (3.69) and (B.70) that

1 . 10
 IVuM o myxamaxsy < € € (3,*—00) ; (3.71)

where C' is independent of M. As a consequence, the following convergence result holds true
(keeping in mind that -5 < 32)

drupyr — Opu weakly in Lﬁ(O,T; Wﬁl’ﬁ(Q;R?’)). (3.72)
Using (839) and the Aubin—Lions lemma again, we get
uy — u strongly in L?(0, T; W=52(Q; R?)). (3.73)
Then we conclude that, for some s5 € (1,5/4) and sg € (1,5/3),
uys - Vdy — u-Vd strongly in L%5((0,T) x Q;R?), (3.74)
Aydyr — Ad,  wydyr — wd, weakly in L¥((0,T) x Q;R?). (3.75)
Next, from (343) (for djs instead of dy ) and [B75), we deduce

Aydyr @ dy — Ad @ d weakly in L7((0,T) x Q;R3%3),
wydy @ dy — wd ®d weakly in L¥7((0,T) x Q;R3*3),
with s7 € (1,10/7). Besides, for some sg € (1,10/9) and sg € (1,6/5), we have
(ups - Vdp) @ dy — (u-Vd) @ d strongly in L¥((0,T) x Q;R3*3),
Ody @ dyy — 0yd @ d weakly in L2(0, T; L% (Q; R3*3)).

Finally, concerning the r-Laplacian regularization term, by the interpolation inequality and

(B11), we obtain
1
| vy

L7=1((0,T) x Q;R3%3)

-1 _1 a -
< M -D(E-2) (M THvuM”Lr((O7T)XQ;R3><3)> HvuMH}/QEI(O,T)XQ;RSXS)
r(r—3)

(r—=1)(r—-2)

1
< CM D03, with a= € (0,1), (3.76)

which yields
1
M™7TVuy — 0 strongly in L' ((0,T) x Q; R¥), (3.77)

We are now in a position to pass to the limit as M — +oo in B.57)—-(3.59) and (B.66)—-(3.68),
and finally recover the system (3.4)—(3.7). The proof of Theorem B.3]is complete.
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4 Local well-posedness and BKM type blow-up criterion

In this section we first prove the existence and uniqueness of local classical solutions to the E-L
system ([LI))—(L3]) subject to periodic boundary conditions and then establish a BKM type blow-
up criterion. For this purpose, the following results will be frequently used in the subsequent
proofs

Lemma 4.1. (cf. [16]). For s > 0, there holds

1fgllms < CUIflzoellglzs + 1 F |z llgllze),
1A°(fg) = FA°gll < CUIfllmsllgllzee + IV fllze gl ma-1),

where A is the Fourier multiplier such that Af(x) =3, 7a(1 + |k|2)%ezmk'“”f(k).

Lemma 4.2. (cf. [36]). For any s > 0, we denote by [s] the integer part of s. Assume that
F(-) is a smooth function on R with F(0) =0 and f € H*(2) N L*>(2). Then we have

IE) e < e+ 1f 1z=) S £ e,

where the constant ¢ depends on sup | F®) ()| oo -
0<k<[s]+2, [y|<[[fllLoe

4.1 Local classical solutions

Theorem 4.3. (Local classical solution). Let 2 := Q = (0,1)® be the unit cubic in R®. Suppose
that the conditions in Case 1 are satisfied and s > 3 is an integer. For any ug € H;(Q) with
V-uy =0 and dy € H5"(Q), there exists a Ty > 0 depending on |Jug||gs, |[dol|lgs and the
coefficients of the system, but uniform in s, such that the E-L system (LI)—([L3]) subject to
periodic boundary conditions admits a unique local classical solution satisfying

u e C([0,To]; Hy(Q)) N L*(0, Ty; HyT(Q)), (4.1)
d € C([0,To]; Hy ™ (Q)) N L*(0, To; Hy(Q)).

PROOF. In order to prove the existence and uniqueness of local classical solutions, we can first
construct approximate solutions to the periodic value problem of the E-L system (LI])—(L3]) by
the Galerkin method (e.g., [39]). We note that here we no longer need the double-approximation
scheme described in Section 3, since we can make use of higher-order estimates. After obtaining
suitable uniform estimates on the approximate solutions, we are able to pass to the limit. Since
the approximation procedure is standard, here below we just perform the necessary uniform
higher-order energy estimates.

Under the assumptions of Case 1, we can see that the (lower-order) uniform estimates
BI4)-(BI8) are still satisfied. Moreover, recalling [42] Lemma 5.1], the quantity

A(t) = [Vul?® + [|Ad — VaW (d)|*
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satisfies the following differential inequality:
d
SA(1) < CLAWP + A(D). (4.3)

where C' is a constant that only depends on the coefficients ;, A;, ||ug| and ||dol| 71 . It follows
from (4.3]) that there exists a certain T} < 400 such that

Ay <0, telo,nl, (4.4)

for some constant C' depending only on ||ugl|z1, [|dol| g2 and the coefficients of the system. As
a result

sup [lu()[[gr + [[d(@)]| 2 < C. (4.5)
0<t<T:

In particular, by the Sobolev embedding theorem, we also have
ld(@®)z~ <C, ¥ie 0T, (4.6)

On account of estimates (4H) and (4.6]), we proceed to obtain higher-order estimates for u
and d. For s > 3, applying A® to (LI)) and testing the resultant by Au, we get

1d 5.2 Ha 5,112
TS 2

= —(A*(u-Vu),A%u) + (A*(Vd ® Vd), VA®u)
—u1 (A°[(dT Ad)d @ d], VA®u)
—p2(A*(N @d), VA*u) — p3(A*(d @ V), VA®u)

—p5(A*[(Ad) ® d], VA*u) — ig(A*[d @ (Ad)], VA*u)
7

i=1

Moreover, applying VA?® to (I3]) and testing the resultant by VA®*d, we obtain

1d 1
——|IVA*d||? — —||AA*d|?
thHV | AlH |

= —(VA*(u-Vd),VA*d) — (A*(wd), AA*d)

+22(A%(Ad), AAd) + - (AT[VaIV (d)], AA*d)
)\1 )\1

11
1=8

For K3, using the incompressibility of u, we have

K, = —(A°(u-Vu)—u-VA®u, A’u)
< CJA°(u-Vu) —u- A°Vu||||[A®u]|
< C|IVul|pe|[ul7.
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The term K5 can be simply estimated as

Ky

IN

[A*(Vd © VA)||[[VA*u]|
k|| VASul? 4+ C||Vd |2 || VA%

IN

Similarly to K, for Kg, we get

Ks = —(VA*(u-Vd)—u-V(VA*d), VA®d)
< Clullgs+ (VAL + [[Vullpe [Vd| as) [ VA*d]|
R[VA*u|? + C(1+ [Vl e + VA7) [ VA* |,

IN

By the interpolation inequality

25—5

_3
IVul|ze < Cllufl i [A%a==, s > 3,

and since 23?:2 < % when s > 4, we have

2 1
4l 1Az~ < Clldllgz Al Va2l 3 A%, s =3,
IlF[|AlZ < Clldllgs-1lld]| gl gl[A*al, s > 4.

From (£5) we infer, for s > 3,
2
ldllZllAl7 < CO+IVulf) (A"l + A7 ldlFen), te0,T1]). (47)
Then, for the stress term K3, noticing that w is antisymmetric and using (£.5]), (£.7), we obtain

Ky = —pu(A°[(dTAd)d @ d], A*(A + w))
—p1(A*[(dT Ad)d ® d], A3A)
— 1| dTAAd|? 4y (A*[(dTAd)d @ d] — [(dTA®Ad)d ® d], A®A)

< —pu||[dTA*Ad|? + k|| VASu|? + C||A%[(dT Ad)d @ d] — [(dTAAd)d ® d]||?
< —p|dTACAd| + £ VA
+O([[dll7e |dl[as ([ All e + |dl[7e VA oo [|A]l 1)
< —p[|[dTACAd|P + K| VAT 4 C(1+ [[Vul| ) ([A%ulf® + (| Fro-s ] o)
+C[VA| o [|A*ulf?
< —p||dTA*Ad|? + £||[VA*ul?

+C(1+ [ Vullze + [[VA[[Fe ) ([|A%u* + A~ d]*(|A%F ).
Using the definition of A, w, and the fact that w is antisymmetric, then it holds

Ky + K5 + Ko + K7
= —(p2+p3)(A°V ®@d),A°A) — (p2 — p3) (AN @ d), A’w)
(15 + 6 (A ((Ad) @ ), A*A) — (15 — i) (A*((Ad) @ ), A*)
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= Pi+P+P+ Py
On the other hand, using the equation (L3]) such that AN + X2 Ad = —Ad+ V4aW(d), we have
Kg + Ko
= M(AN,A(wd)) + A2(A°(Ad), A® (wd))

A s s M s s
— X (AN, A% (Ad)) — N (A*(Ad),A%(Ad))

—(A*(VaW(d)), A*(wd)) + i—i(AS(VdW(d)), A*(Ad))

10
= Z P,.
1=5
Recalling the condition (24]) and the Parodi’s relation (2.35]), we can recombine the above terms
Py, ..., Py and eliminate the term with highest-order derivative as follows
Py + Pr + Pio

= M(ASNV @ d), A%A) — Aa(ASN, A%(Ad)) + i—i(AS(VdW(d)), A*(Ad))

= MMV @A) - AN @d, A%A) — Ao (AN, A*(Ad) — A°Ad)

FA (T (), A°(Ad)

= MAWod) - AN od, AA) + (AAL)Q(AS(Ad), A%(Ad) — A Ad)
1

A A
+)\—2(A5Ad,AS(Ad) — A*Ad) + )\—Q(ASVdW(d),ASAd)
1 1
= R4+ Ro+ R3+ Ry.

P+ Ps + Py

= MM AR (wd)) — M (AN ® d), A'w)
—(A*(VaW(d)), A* (wd))

= MAN,A°(wd) — Awd) — (AN @d) — A°N @d, Aw)
—(A*(VaW(d)), A*(wd))

= —MAWN®d) —ANod A w) — A (A°(Ad), A®(wd) — A°wd)
~(AAd, A*(wd) — Awd) + (A (VaW(d)), Aswd)

= Rs+ R¢+ R7+ Rs.

Pi+P = —XA°((Ad) ®d),A°w) + A2(A%(Ad), A*(wd))
= —A(A°((Ad) ®d) — A°(Ad) @ d, A’w)
+A2(A°(Ad), A% (wd) — APwd)
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= Rg + RIO-

Ps+ P = —(ps+pe)(A*((Ad) ®@ d), A°A) — ()\21)2 (A°(Ad), A*(Ad))
_ ( M) ‘ s
= ps + e + —— | (A*(Ad), A*(Ad))
1

—(ps + p16)(A°((Ad) ® d) — A*(Ad) ® d, A°A)
s + 1) (A° (Ad), A°(Ad) — A* Ad)
= Ri1+ Rz + Ris.

As a consequence, in order to estimate the terms Ky, K5, K¢, K7, K9, K19, we can turn to esti-
mate the new terms Ry, ..., Ri3.
By the following bounds

1 2

1dllgs < Clldl[ sl V]| Eoe,
1 1

[Ad][ e < Clld] 75 |l 4

we deduce, for t € [0,T1],

|3 [Ad]F < Clldlfslld]gs < CIVA|[Fwlld]fFs, when s =3, (4.8)
|7 [Ad]7 < Clidll s [[d] s [|d] sl s
< CO|d||%r]|d]%ess, when s > 4. (4.9)

Next, using equation (L3]), Lemmas [£.1], and estimates (L5)—(49]), we have

Ry < w|AAPP + C(ldl|as W[z + VA oo [N [ rs-1)

KIAA|? + ClldIfFs (Al 1Al + 1Ad][7o + [VaW (d)][7o)
+CVd|[Zoe (| Al 71 Al T + 1A [ dlIF7s + [AQ] Frems + [[VaW (d)]7e-1)
RIAPAI? + C(1+ [[Vul| e + [ Vd|[Zoe ) ([A%® + [ld][F— | dlIFee0)

+C|[d| s [|dl go+r (| A g [Ad]| 2 + 1)

+C[ VA7 (I + A + AT ] + A1)

RIAPAI? + CA+ [[Vullze + [VA][Zoe) [[A%0]* + (1 + (|7 | dlIFee]-

A

IN

IN

Ry C(l Al a=l1dllzee + Al |l s ) (Il s [| All oo + [V oo | All ro-1)
RIACAIP + Clld|F: [Vuli~ + CIVd|[Ze | A%

RIAAIP + CA+ [[Vull e + [ Vd][Z)([VA*|® + [[A%u][?).

VARVAN

IN

&
A

Rl AN + C([d] e[| All e + V]| oe | All pro-1)?
RIACAI? + O+ [[Vullz + [VA[7) (IVA*]® + [ A%ul?).

N
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IN

Ry RIASAI? + ClIA*VaW ()]

RIAPAJ? + CllAd|?,

IN

where for R4 we have used Lemma and (46). The term Rs, Rg, R7, R can be estimated
in the same way as Ri, R, R3, R4, respectively. Besides, the term Ry, R12 can be estimated as
Ry, while Rjp, R13 can be estimated as Ry. Moreover, from (2.6]) it follows

Ry; <0.
Finally, K11 can be estimated similar to R4 so that
K1 < &||AA%d|)? + C||A%d]?.
Collecting the above estimates together, taking « > 0 small enough, we conclude

d 4 1
—(lIAS 2 Asd 2 ~a AS 2~ AASd 2
Al + [TAdI?) + AL vAul? - - jandl
< OO+ Ve +[IVdl[7e) (1+ A% + (1 + ] 7 IVA*d]P) . (4.10)
for s > 3 and ¢t € [0,71]. Here C is a constant depending on ||ug|/g1, ||dollg2, 71 and the
coefficients of the system.

Denote
Yi(t) = [A%u(t)[* + [|[VA*d(t)[*.

When s = 3, using the Sobolev embedding theorem, from (£I0) and (£5) we infer

LY5(1) < OO+ [N + [VAPAI?)Y5(0) < 1L+ Ya(e)). (4.11)

As a result, there exists a time Ty € (0,7}] depending on Y (0) (i.e., |[ug||gs and ||dg||ga) such
that Y3(t) < +00. Moreover, we get

sup [[u(t)|| s + [|d(®)||ms < C,
0<t<Typ

which, together with an application of the Sobolev embedding theorem, implies

sup [|[Vul|ze + [|VA(t)]|poe- (4.12)

0<t<Tp

Then we can use a simple induction argument. We have shown that Y3(t) < 400 on [0, Tp].
Suppose, for k > 3, we have Y (t) < +o00 on [0,7p]. Then from (£I0) and (£I12) we get

d
— Ve (t) < OO+ |[Vulpe +[[Vd|i-) (1 + (Al + (1 + IIdH%k)HVAk“d\P)

dt
C(1+ Yi+1(1)), (4.13)

IN

which yields
Yir1(£) < (Vi () + 1)e', ¢ € [0, To).
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Thus, for any integer s > 3, ug € Hy(Q) with V-ug =0 and do € H;H(Q), we have

sup la(@)([ms + [[d(8)[| s+ < C,
0<t<Tp
where C depends on |[ug||gs, ||dol/gs+1 and the coefficients of the system, while the existence
time Ty > 0 only depends on |lugl|gs, [|[dol|ge. As a consequence, we obtain a priori esti-
mates which are uniform for the approximate solutions on [0,7p]. By a standard compactness
argument, we obtain the existence of the local classical solution u on [0,7p] such that

u € L(0,To; Hy(Q)) N L*(0, To; Hy T (Q)),

(4.14)
d € L(0, To; Hy "1 (Q)) N L*(0, To; Hyt*(Q)).

The uniqueness of the solution can be easily derived by using the Gronwall inequality in
the norm in L? x H', since we have gained enough higher-order estimates of the solution.
Concerning the time continuity property of u,d, we can argue as in [39]. For any ¢ > 0, we
can take N = N(J) such that

=~ >,

sup » 27°[Au(t)|* <

0<t<To X

where A; is the Littlewood-Paley decomposition operator (see, e.g., [39, Appendix]). Then, for
any t € (0,Tp) and o such that t + o € [0,Tp], we have

lu(t + o) — u(®)[l7

N
< Y 2 Aju(t+ o) = Aju(t)|*+2 sup Y 270 Aju(t)|

=1 0st<To ;5N
al 27 To 2 5
< 2478 ou(t)||°dt + =
< Jol 302 [ oo P+ 5
j=—1
To 5
< oIV + 02 [ ot Pt + 5
0

We easily infer from (I4) and the equation (L) that u e L*(0,Tp; L2(Q)). As a result, for o
small enough, we have [[u(t + o) — u(t)||%. < §. The time continuity of d can be shown in a

similar way. The proof is complete. |

Remark 4.4. It seems that we are able to prove existence of classical solutions only under the
assumptions of Case 1. This is due to the fact that the Parodi’s relation (2.5]) plays an essential
role in obtaining differential inequalities for higher-order Sobolev norms of the solution (see, e.g.,
(4.10)). The Parodi’s relation leads to important cancelations between higher-order terms like
Py, ..., Pip and thus the terms with highest-order derivative cancel so that we can perform the
commutator estimates. Indeed, the Parodi’s relation is also crucial to derive the inequality (4.3])
for the quantity A(t) (cf. [42] for details).
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4.2 Blow-up criterion

Theorem 4.5. (BKM type blow-up criterion). Suppose that the assumptions of Theorem
are satisfied. Let (u,d) be the local classical solution to the E-L system (LLI)—(L3]) subject
to periodic boundary conditions. Let T* be the maximal existence time of the solution. If
T* < 400, then

T*
/O (IV % u(®)ll e + V()[4 ) dt = +o0. (4.15)
In order to prove Theorem [0, we need the following lemma.

Lemma 4.6. Suppose that the conditions of Case 1 are satisfied. For any ugy € HS(Q) with
V-ug =0 and dg € H}(Q), M >0 and Ty > 0, let (u,d) be a local classical solution to the
E-L system (LI)—(L3]) subject to periodic boundary conditions. If the following condition is
satisfied:

To
[ 09 % wollm +1va ) ae < o (4.16)
then
sup. ([a(t) 1 + 1A 2) < C, (417)
0<t<To

where C' is a constant depending on |ugl|g1, ||do||g2, M and the coefficients of the system.

PROOF. In order to obtain the estimate (£.17]), we shall derive some energy differential inequal-
ity like (4I0). Observe that under assumptions in Case 1, uniform estimates (B.14])—(BI8]) still
hold. However, here the situation is more delicate because these estimates are rather weak and,
in particular, we lose the control of ||d|| e (o ;1) -

Then, applying the curl operator Vx to (L), we obtain

(Vxu)y+(u-V)Vxu=(Vxu)-Vu—-V x (VdAd) + V x (V- 0), (4.18)

where we have used the well-known identity V- (Vd® Vd) = V(3|Vd|?) + VdAd and the fact
that V x (V-) is the null operator. Besides, we recall the identity

VxVxu=V(V-u)—Au,
which, together with the incompressibility condition (L.2]), implies
VXV xu=—-Au.

Testing ([@I8]) by V x u, we obtain
1d
2 dt
= ((Vxu)-Vu,V xu)+ (VdAd, Au) — 11(V - [(dT Ad)d @ d], Au)
(V- (N © d), Au) — pip(V - (d © N, A)
—15(V - [(Ad) ® d], Au) — (V- [d @ (Ad)], Au)

IV > alP + 5 Au)?
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7
= Z I,

m=1

where we have used the fact
1
(u-V)Vxu,Vxu) = 5/(u-V)|V x ul’dz = 0.
Q

Next, applying A to (IL3]) and testing the resultant by Ad, we get

1d

5 1Adl? = =[vAdj?

=

A

= —((Au . V)d, Ad) — 2/ VinvidekAdkdx
Q

A2

HA(wd), Ad) - T (A(Ad), Ad) + )\il(AVdW(d), Ad)

Obviously, we have the cancellation I + Ig = 0. Since the Riesz operators are bounded in L?
and Vu = (—A)71V(V x V x u), we deduce ||[Vu|| < C||V x u||. Then for I; we see that

Iy < |V x| [[Vul[[[V x ul] < OV x ull g |V x ul]?.

Moreover, using the Gagliardo—Nirenberg inequality and the Holder inequality, for Iy and I
we have

Iy C||Vul[[|[V*d|[74
C|IV x u||(|Vd| || VA + [[Vd]3 )

R VAd|? + O V|7 ||V x ulf?,

VAR VAN

IN

1 1
Iy = —/V(|d|2d):VAddx+—\|Ad||2
g Q g

IN

1
CllalZs [Vl zs[VAd] + —[Ad|*

IN

1
£|VAd|? + C||d| 3 IVd]* + gIIAdH2
k|[VAd|? + C||Ad|?.

IN

By integration by parts and the fact that w is antisymmetric, from the Holder inequality and
the Young inequality we deduce

Ig = Ml([(dTAd)d ® d], AVu)
= m([(d"Ad)d ® d], A(A +w))
= m([(dTAd)d ® d], AA)
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= —,U,l/Vl(dkAkpdpdidj)leiijC
Q
= —m / (dpdpV 1 Apyp)?da
Q
—,ul/ Akp(Vldkdp —i—dedp)didjleijdm‘
Q

—,ul/ Akpdkdp(divldj + Vldidj)leijdm'
Q

IN

—E [ (ddyVidi,)*de + ] Aul?

Q
+Cm((|d|[ e + [l Ze) [ Vul?[[Vd][
Next, consider the following inequality

1 2
]z < ClIVA[lj<lld] 7 + Clld] Ls-
Then we infer
(ldllZee + lldll7) [Vl V|7~
1 2 6
< c [1 + (IVallf<lidlifs + Clldlls ) } IV > a2V

< C(1+vd|{= ) IV x ul%
As a consequence, we have
o< =5 [ @ Vidy) de o+ sl dul? + Con (1+ [9al )|V x .
Concerning Iy, ..., I7, using integration by parts, we obtain (cf. e.g., [42] Appendix])
Lo+ T = (2 + pis) /Q LNA A + (s — i3) (N, Aw d) (4.19)
and
Is+I; = —(us+ uﬁ)/Q |d; V1 Aji|Pdz — (ps + 6) /Q Vidjdy Ay Vi Aijdx

— (s + pe) /Q d;Vd AriViAijde + (us — pe) (Ad, Awd)
= J1+Jo+J3+ (,U,5 - ,U,G)(Ad, Awd) (420)

On account of equation (3] and integrating by parts, we get
Iy = (Ad,Awd)+ 2/ Ad;ViwijVidjde + (Ad,wAd)
Q

= -\ / dj./\/iAwij dr — Ay (Ad, Awd) + (VdW(d), Awd)
Q
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and

+2/ Adivlwijvldjdx + (Ad,wAd)

Q

= —)\1(/\/, Aw d) — )\2 (Ad, Awd) — / Vl[(VdW(d))idj]Vlwijdx
Q

—/ VlAdiwiledjdx—ir/ Adivlwijvldjd.%'
Q Q

= —)\1(/\/, Awd) — Ay (Ad, Awd) + Jy+ J5 + Jg,

(A2)? A2

- 2 (VaW(d), A(4d)))

= )\2/ ./\/-Z'AAijdjd.%' + 2)\2/ /\/Z-VlAiledjdm + )\2(./\/, AAd)
Q Q

I = MWV, A(Ad)) + 522 (Ad, A(Ad))

(A2)? A2
—A—l/val(Aijdj)dex + A—l(VVdW(d),V(Ad))

= )\2/./\/-Z'AAijdjd.%'—i-)\z/MV{Aijvldjdx—)\z/ Vlj\/iAiledjdx
Q Q Q

A2)?2 A9)?2
——( )\2) / ’djleji’2d.%' — —( )\2) / ’Aijvldj‘Qdm'
1 Q 1 Q
2(X\2)? A
20 /leijdeikvldkder—z/ Vi(VaW (d));V; Ayjd;da
A1 Jo A1 Jog

A
422 / Vi(VaW (d)); Ay Vid,da
M Jo

2
== )\Q/MAAUdjdx—M/ |djleji|2dx
Q A Jg

+&/ VlAdiAiledjdx—ﬁ/ AdiVlAiledjdx
A1 Jo A1 Jo

~()?
A1

A
/VlAijdeikvldkdx+)\_2/ Vil(VaW (d))id;]V 1 Ajdax
Q 1Jq

= )\2/ J\/ZAAUdex + J7 + ...+ J11.
Q

(4.21)

(4.22)

By the Parodi’s relation (23] and the condition (2.4]), the first term of the right-hand side of
(422) cancels with the first term of the right-hand side of ([4.I9]). Besides, due to the relation
(24), the first term on the right-hand side of ([@21]) cancels with the second term of the right-
hand side of ([4.19) and the second term on the right-hand side of ([@.21]) cancels with the fourth
term of the right-hand side of (4.20]).

Keeping in mind these special cancellations between the nonlinear terms of the highest-order

derivatives, we are able to estimate the remaining terms in Ig, I, 119, 111, namely, Ji, ..

It follows from (2.3]) and (28] that

J1+ J7 <0.
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Next, we have

T+ Js < Clus + pe)l|Au]|Val|[ V|| o ||d] e
1 2 2
AlAU? + C (s + o) (9] 7 ] s + 1l ze ) VAN 1V

IN

IN

8
RlAU + Cus + pe)* (14 V] ) IV x ul?,

Ji < ClAau]|[va]gs(lldlzs + lldlf7)

1
< elau o (14 |9al ) [adle
For Js, Jg, by an integration by parts and the fact that w is anti-symmetric, we get
Js+Jg = 2/ Ad;Viwi;Vid;dr < kl|Aul? + C||Vd |7 ||Ad|*.
Q

Integrating by parts and using the Holder inequality and the interpolation inequalities

1 1

[Ad]|zs < C(IVAC|[>[[Vd]|{ + [[Vd]| L),
1 1

IVd|[r~ < C[VdA| 7 VA 72

then we get

2
J8‘|‘J9 = —i—i/@AdZAUAdjdx—%f/QAdzleledjdx

IN

ol Vull|Ad]f74 + [Az]||Aul|[[Vd]| L |Ad]|
k| Aul” + £ VAd|? + C(A2)?[|[ VA7~ (IV x ul]” + |Ad[]*)
+C||Vd|| .

IN

For Jyig, we have

A 2
ol sufa o |Vul [Vl

sl Aul? + C ) |d][70 [|VA][7o0 |V > uf?
2
Rl Aul® + C2) (1 + |V 3 ) VA [ L |V > ul|*.

J10

IN A

IN

Finally, Ji1 can be estimated just as Jy.
Collecting the above estimates and taking « > 0 small enough, from the the Young inequality
and (26]) (i.e., |A2| can be bounded by s + pg > 0), we infer

d
% (IV x ul® + [[Ad|?) < Gt)(1 + |V x ul]* + [|Ad[]*), (4.23)
where
8
G(t) =C |1+ |V x ullge + [Vd|[Fo + (15 + 16)° VA } oo + pa IV 70 | - (4.24)
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Here C is a constant depending on ||ugl|, ||do||g1 and the coefficients of the system. Finally,
by the Gronwall inequality, we deduce

t
IV x w2 + 1A < (1+ 1V x ol + [ Adol?) exp ( / Gmm) )
0

This and the lower order estimates (B.I4)—(B.I%5) yield the conclusion (4I7). The proof is
complete. B

Proof of Theorem We prove the theorem by a contradiction argument. Suppose that
(£I3) is not true. Then there exists a positive constant M such that

N
|09 x a9 1E) de < b, (4.29

which yields (cf. Lemma [0])

sup ([lu(®)[[gr + 1A(®)[|z2) < C, (4.26)
0<t<T

where C is a constant depending on ||ugl|g1, ||do||z2, M and the coefficients of the system.
Recalling the proof of Theorem [.3] and using the bound (£26]), we are able to derive the
following differential inequality (410 for the quantity Y3(¢)

9¥s(t) < (14 [Vullz= + [Va[) (¥5(0) + 1) (4.27)

Combining the critical logarithmic Sobolev inequality (cf. [I])
Vulree < C 1+ IV xuf +[[V x ul| e Ine + [luf|zs))
with estimate ([A.26), we get
Vulree < C 1+ IV x ufre~ Ine + [ufgs)) -

Then, from (427 we infer

%(Ys(t) +e+1) SO+ |V xuze +[[Vd|[7e) (Ya(t) + e+ 1) In(Ya(t) + e + 1).

By using the Gronwall inequality, for ¢ € [0,7%), we conclude

t
Y3(t) +e+1<exp <ln[Y},(0) + e+ 1]exp <C/ (L+ ||V x u|ge + HVdH%oo)dT)) .
0

Therefore, if T* < 400 and (4.25]) holds, an application of the Young inequality gives
T T

/ (14 [V % uflg + [Vd|2)dt < / (14 |V x ullp= + [Vd|[)dt < +oc.

0 0

Then we deduce that Y3(¢) is bounded for ¢ € [0,7*) and the local classical solution (u,d) can
be extended beyond t = T*. This leads to a contradiction of the definition of maximal existence
time 7. The proof is complete. |
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Remark 4.7. Comparing our blow-up criterion (4.I3]) to the one obtained in [I3] for the sim-
plified liquid crystal system with constraint |d| = 1 such that

-
/0 IV x u®)llzee + V()7 )dt = +o0, (4.28)

they differ only on the power of ||Vd| . Observe that in [I3] the term ||Vd| L~ has to be
included in the criterion mainly because of the difficulty due to heat flow of harmonic maps.
For the full E-L system with constraint |d| = 1 (cf. [38]), higher-order stress tensors will not
introduce further troubles and the same criterion (£28) still works. However, in our case, the
power of ||Vd| z~ has to be larger than those in [I338], due to the lack of control on ||d|| e~ .
Furthermore, the expression (£.24]) indicates that for different choices of the Leslie coefficients
(always under assumptions of Case 1), the blow-up criterion (4I5]) can be improved. For
instance, under the special case p; = pus + pug = 0 (e.g., taking a = % in the simplified liquid
crystal system studied in [2,[0L41]), (£I5) can be replaced by ([£28]). In this case, due to (2.0]),
we have also Ay = 0, namely, the stretching effect is neglected in the E-L system while the
rotation effect is kept. When a = 1, we refer to [44] for another type of criterion only in terms
of the velocity

+2=22<p<3,

T IVa(®)[;,
dt < 400,
/0 1+ In(e + [[Vu(®)|[0) °°

<o
Nl w

but with a restricted range of p instead of the natural one % <p<oo.

If we neglect the parallel transport of the director d (i.e., the term —wd + i—fAd in (L3)
and drop all the other Leslie stress terms in o except the fluid viscosity term p4A, then the
E-L system (LI)—(L3]) will be reduced to the simplest model studied in [22]. For this case, a
logarithmical improved BKM'’s criterion in terms of the velocity field u can be obtained (cf. [27]),
meaning
T IV xu(t)|lsaro
o vIn(e+ |V xu(t)smo)

We recall here the definition of BMO (Bounded Mean Oscillation) space

dt < 4o0.

1 B
BMO = feLloc Rs : fBMO: sup T 7N fy _f T dy<OO )
{ &5 = I R>0,zer3 |BR(T)| BR(m)’ W) = Jnia)|

where fBR(:v) stands for the average of f over Bpr(x).
Acknowledgements. The authors are very grateful to the referee for her/his helpful comments

and suggestions.
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