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Abstract

We consider a full Navier-Stokes and @-tensor system for incompressible liquid crystal
flows of nematic type. In the two dimensional periodic case, we prove the existence and
uniqueness of global strong solutions that are uniformly bounded in time. This result is
obtained without any smallness assumption on the physical parameter £ that measures the
ratio between tumbling and aligning effects of a shear flow exerting over the liquid crystal
directors. Moreover, we show the uniqueness of asymptotic limit for each global strong
solution as time goes to infinity and provide an uniform estimate on the convergence rate.
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1 Introduction

In this paper, we study the global well-posedness and long-time dynamics of a full coupled
incompressible Navier-Stokes and @Q-tensor system due to Beris-Edwards [4], which models the
evolution of incompressible liquid crystal flows of nematic type. In the Landau-de Gennes
theory [12], the local orientation and degree of ordering for the liquid crystal molecules are
characterized by a symmetric, traceless d x d tensor @ (here d stands for spatial dimension),
which measures the deviation of the second moment tensor from its isotropic value. The Q)-tensor
can incorporate the biaxiality of the liquid crystal molecule alignment [28]. Moreover, if @ has
two equal non-zero eigenvalues then it can be formally written as Q(z) = s(n(z) ® n(z) — 31),
with s € R\ {0} and the vector n : R? — S?~! representing the averaged macroscopic molecular
orientation, so that the coupled Q-tensor system (see (LI)-(L3]) below) reduces to the well-
known Ericksen-Leslie system [24].

In this paper, we restrict ourselves to the periodic case. Denote by T? the periodic box
with period a; in the i-th direction and by O = (0,a1) x ... X (0,a4) the periodic cell. Without
loss of generality, we can simply set @ = (0,1)?. The coupled PDE system we are going
to study consists of incompressible Navier-Stokes equations for the fluid velocity with highly
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nonlinear anisotropic force terms and nonlinear convection-diffusion equations of parabolic type
that describe the evolution of the Q-tensor (see, e.g., [31]). More precisely, the full coupled
Navier-Stokes and Q-tensor system takes the following form:

up+u-Vu—vAu+VP=\V-(r+0), (x,t)eTxR", (1.1)
V-u=0, (z,t) € T? x RY, (1.2)
Qi +u-VQ—-S(Vu,Q) =TH(Q), (z,t) € T¢ x RY. (1.3)

Here, the vector u(z,t) : T¢ x (0, 4+00) — R? denotes the velocity field of the fluid and Q(z,t) :
T? x (0, +00) — S(()d) stands for the order parameter of liquid crystal molecules (see (ZII) for

the definition of the set Séd)). We assume that the system (I)-(L3]) is subject to the periodic
boundary conditions

u(x + e;,t) = u(x,t), Qz+e;,t) = Qx,t), for (z,t) € T x RT, (1.4)

where {ei}gzl is the canonical orthonormal basis of R%. Moreover, the system is subject to initial
spatially 1-periodic data

uli—o = up(z) with V-ug =0, Qli=o = Qo(z), for z e T< (1.5)

We note that the system preserves for all time both the symmetry and tracelessness of any
solution @) associated to an initial datum with the same property [3140].

The system ([LT])-(L3]) describes the complex interaction between the fluid and the alignment
of liquid crystal molecules: the evolution of the fluid affects the direction and position of the
molecules while changes in the alignment of molecules will also influence the fluid velocity. The
positive constants v, A and I" stand for the fluid viscosity, the competition between kinetic energy
and elastic potential energy, and macroscopic elastic relaxation time (Deborah number) for the
molecular orientation field, respectively.

The free energy for the liquid crystal molecules is given by (see e.g., [28])

FQ) Y /Td <§\VQ!2 +fB(Q)> dz. (1.6)

In the definition of F(Q), the gradient term corresponds to the elastic part of the free energy and
L > 0 is the elastic constant. Here, we simply use the so-called one constant approximation of
the Oseen-Frank energy (cf. [3]). On the other hand, the bulk part f5(Q) of Landau-de Gennes
type takes the following form

a

F(Q) = & x(Q%) — 51r(@%) + § (@),

where a,b,¢c € R are material-dependent and temperature-dependent coefficients that are as-
sumed to be constants here. In particular, we assume that

c>0,

which is necessary from the modeling point of view to guarantee that the free energy F(Q) (and

thus the total energy £(¢) of the coupled system (LI))-(L3])) is bounded from below (see [27,28]).
The tensor H = H(Q) in equation (L3]) is related to the variational derivative of the free
energy F(Q) with respect to @ (under the constraint that @ is both symmetric and traceless)

such that
w IF(Q)

H@Q) -5

=LAQ —aQ +b <Q2 — étr(@%ﬂ) — cQtr(Q?), (1.7)
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where T € R4 stands for the identity matrix. Then the matrix valued function S(Vu, @) in
([L3)) takes the following form

S(V, Q) % (6D +0)(Q + én) @+ él) (€D - Q) - 2(Q + é]l) tr(QVu), (1.8)
where . .
D:Vu%—QV u’ Q:Vu;Vu

represent the symmetric and skew-symmetric parts of the rate of strain tensor, respectively. We
note that S(Vu, @) describes the rotating and stretching effects on the order parameter @ due to
the fluid, as the liquid crystal molecules can be tumbled and aligned by the flow. In particular,
the constant parameter £ € R in (L8)) depends on the molecular shapes of the liquid crystal and
it is a measure of the ratio between the tumbling and the aligning effect that a shear flow exerts
on the liquid crystal director.

Concerning the stress tensors 7 and o on the right-hand side of Navier-Stokes equations
(L), the symmetric part 7 reads

P g(Q+ SN H(Q) — EHQ)(Q + 4l) +2£(Q+ T H(QH(Q) - LVQOVQ,  (19)

in which the last term is understood as (VQ ®VQ);; = zgl:l ViQuV Q. On the other hand,
the skew-symmetric part o is given by

def

o 2 QH(Q) - HQ)Q. (1.10)

We recall some related results in the literature. The coupled Beris-Edwards system (LI])-
([L3) has been recently studied by several authors. For the simpler case £ = 0, which means
that the molecules only tumble in a shear flow, but they are not aligned by the flow (cf. [32]),
the first contribution is due to [32], in which the authors proved the existence of global weak
solutions to the Cauchy problem in R? with d = 2,3, and they obtained higher global regularity
as well as the weak-strong uniqueness for d = 2. Asymptotic behavior of the Cauchy problem in
R3 with ¢ = 0 is recently discussed in [I0]. Besides, initial boundary value problems subject to
various boundary conditions for d = 2,3 have been investigated by several authors in [2116L17]
under the assumption £ = 0. In these works, they proved the existence of global weak solutions,
existence and uniqueness of local strong solutions as well as some regularity criteria etc. For the
full Navier-Stokes and Q-tensor system ([LI))-(L3]) with general £ € R, existence of global weak
solutions for the Cauchy problem in R? with d = 2, 3 was established in [31] for sufficiently small
|€|, while the uniqueness of weak solutions in the 2D setting is given quite recently in [I1]. On the
other hand, in [I] the authors proved existence of global weak solutions and local well-posedness
with higher time-regularity for the initial boundary value problem subject to inhomogeneous
mixed Dirichlet/Neumann boundary conditions.

Some recent progresses have also been made on the mathematical analysis of certain modified
versions of the Beris-Edwards system in terms of its free energy. For instance, in [40], the regular
bulk potential in (6]) is replaced by a singular potential of Ball-Majumdar type (cf. [3]) that
ensures the ()-tensor always stays in the “physical” region. Then, in the co-rotational regime
& = 0, the author proved the existence of global weak solutions for d = 2,3 and for d = 2.
Moreover, he obtained the existence and uniqueness of global regular solutions. In [I3l[14], non-
isothermal variants of the Beris-Edwards system were derived and the authors proved existence
of global weak solutions in the case of a singular potential under periodic boundary conditions
for general £ and d = 3. In [19], the authors considered a general Beris-Edwards system where
the Dirichlet type elastic functional as in (L)) is replaced by three quadratic functionals. For



the Cauchy problem in R3, they proved existence of global weak solutions as well as the existence
of a unique global strong solution provided that the fluid viscosity is sufficiently large. We also
refer the interested readers to [9,22] for well-posedness results regarding the Q-tensor gradient
flow generated by the general Landau-de Gennes energy with a cubic term (but without fluid
coupling).

It is worth mentioning that a rigorous derivation from the Beris-Edwards system (with
general free energy and arbitrary &) to the classical Ericksen-Leslie system is recently given
in [39] by using the Hilbert expansion method. We refer to [6L[7,20126][38[42] and the references
therein for mathematical analysis of the general Ericksen-Leslie system either under the unit
length constraint of the molecule director or with Ginzburg-Landau approximation of the free
energy.

In this paper, we are interested in the global well-posedness and long-time behavior of the
full Navier-Stokes and Q-tensor system (.I))-(LH]) in the two dimensional periodic setting. The
main difficulty in handling the current full coupled system with £ € R is due to the fact that for
¢ # 0 the system (LI)-(LH) no longer enjoys the maximum principle for the Q-equation (L3)),
which is instead true in case £ = 0 (see e.g., [I7, Theorem 3]). Due to the loss of control on
Q@ in L>(0,T; L™), extra difficulties arise in obtaining estimates for highly nonlinear terms of
the system (see Proposition BIl). We note that a similar problem was encountered in [31] to
prove the existence of global strong solutions of the Cauchy problem in R? (assuming that || is
sufficiently small). In order to get such highly nonlinearities under control, the authors of [31]
chose to work within the technical Littlewood-Paley approach and then made use of the sharp
logarithmic Sobolev embedding of H'*¢ in L> (cf. [5]) together with the precise growth of the
constant of the Sobolev embedding of H' in LP for any p > 1 (cf. [§]), and an optimal choice
of the non-constant index p of interpolation depending on the norm of the solution. Then they
established the existence of a unique global strong solution (u, Q) to the Cauchy problem in R?,
whose H® x H'*S-norm (s > 0) may increases at most quadruply exponential in time.

We note that in [31], the smallness of the parameter [¢| is required because of the unbound-
edness of the whole plane R?, which however can be removed in our current periodic setting (see
(23)). In the periodic domain T2, the first main result we are able to prove is the existence and
uniqueness of global strong solutions (u, Q) for arbitrary ¢ € R, whose H! x H?-norm is indeed
uniformly bounded in time (see Theorem [21]). To achieve this goal, we use the idea of [25] for the
simplified liquid crystal system together with the interpolation techniques in [31] to derive a suit-
able higher-order differential inequality for a specific quantity A(t) (see [B.3]) for its definition),
which is essentially contained in the energy dissipation of the system (LII)-(LE) and is integrable
with respect to time on the unbounded half line R* such that A(t) € L'(0,400) (see Proposi-
tion BI]). The resulting higher-order energy inequality ([B:6]) has a delicate double-logarithmic
type structure and it plays a crucial role in three aspects of the subsequent proofs: (1) it yields
uniform-in-time estimates on H' x H?norm of the global strong solution (u, Q) provided that
(ug, Qo) € H' x H? (see [@IT)); (2) it implies the decay of A(t) to zero as t — +oco and thus
gives a characterization of the w-limit set of the evolution system (LI)-(L3) (see Lemma [B.T);
(3) it helps to obtain an uniform estimate on the rate of convergence to equilibrium for the
global strong solution (see (5.30])).

Our second main result is about the long-time behavior of global strong solutions obtained in
Theorem [2.1] (see Theorem [2.2)). The problem whether a bounded global solution of a nonlinear
evolution equation will converge to a single equilibrium as time tends to infinity is of great
importance. This issue is nontrivial since the structure of the equilibrium set may form a
continuum for many dynamic systems in higher space dimensions. For instance, under current
periodic boundary conditions, it is expected that the dimension of the equilibrium set of our
problem (LI)-(L3H) is at least 2 due to the simple fact that a shift in each variable produces
another steady state. Hence, it is interesting to determine whether a trajectory defined by a



global strong solution will converge to a single steady state or not. To this end, we first construct
a specific gradient inequality for tensor valued functions subject to periodic boundary conditions
(see Lemma [5.2), then we apply the Lojasiewicz-Simon approach (see [34] and also [I5]) to
achieve our aim. This approach turns out to be a powerful tool in the study of long-time
dynamics of evolution equations, and we refer interested readers to [2I] and the references
therein for various applications.

The rest of this paper is organized as follows. In Section 2 we introduce the notations as
well as some preliminary results, and then state the main results of this paper. Section 3 is
devoted to the derivation of a specific higher-order differential inequality that will be crucial
in the subsequent proof. In Section 4, we prove the existence and uniqueness of global strong
solutions to the Beris-Edward system (LI))-(L35]). In Section 5 we demonstrate that every global
strong solution will converge to a single equilibrium and provide a uniform estimate on the
convergence rate. Some detailed calculations will be presented in the Appendix Section.

2 Preliminaries and Main Results

2.1 Notations

Let X be a real Banach space with norm || - |[x and X* be its dual space. By < -,- >x« x we
indicate the duality product between X and X*. We denote by LP(T? M), W™P(T9, M) the
usual Lebesgue and Sobolev spaces defined on the torus T¢ for M-valued functions (e.g., M = R,
M =R% or M = R? x RY) that are in L} (R?) or W,"’(RY) and periodic in T¢, with norms
denoted by || - ||z, || - |wme, respectively. For p = 2, we simply denote H™(T%) = W™2(T9)
with norm || - || gm. In particular for m = 0, we denote H°(T¢) = L?(T¢) and the inner product
on L?(T?) will be denoted by (-,-) 2. For simplicity, we shall not distinguish functional spaces
when scalar-valued, vector-valued or matrix-valued functions are involved if they are clear from
the context.

Finstein summation convention will be used throughout this paper. For arbitrary vectors
u,v € R%, we denote u - v = u;v; the inner product in R%. For any matrix Q € R??, we use the
Frobenius norm |Q| = /tr(Q?) = V/QijQij. Let Séd) denote the space of symmetric traceless
matrices with spatial dimension d,

S(()d) def {Q e R™ | Qi = Qji, tr(Q) =0, 1,5 = 1, ...,d}. (2.1)

Then for matrices A, B € Séd), we denote A : B = tr(AB). Concerning the norms for derivatives,
we denote |VQ|%(z) = ViQ;j(2)ViQi;(x) and |AQ|*(z) = AQ;j(2)AQ;;(z). Sobolev spaces for
Q-tensors will be defined in terms of the above norms. For instance, L?(T¢, Séd)) ={Q:T¢—
SO [0 1Q(@)2 de < oo} and HY(T ) = {Q : T? = SV, [14 IVQ(@)|? + |Q(z)[2 da < oo}
etc. Concerning the divergence of a d x d differentiable matrix-valued function o = (oy;), its
i-th component is given by (V- 0); = V05, 1 <1,j < d.

For any normed space X, the subspace of functions in X with zero-mean will be denoted by
X, that is X = {v e X: de vdr = O}. Then we recall the well established functional settings
for periodic solutions to Navier-Stokes equations (see e.g., [36]):

H = {v e L*(T% RY), V-v =0},
A {v e HY(T4RY), V-v = 0},
V'’ = the dual space of V.
In the spatial periodic setting, one can define a mapping S associated with the Stokes problem:

Su=—Au, Yue D)= {uecH, Auc H} = H*(TL,RY) N H. (2.2)



The operator S can be seen as an unbounded positive linear self-adjoint operator on H. If D(S)
is endowed with the norm induced by H?(T¢), then S becomes an isomorphism from D(S) onto
H. For detailed properties of S, we refer to [36].

We denote by C a generic constant that may depend on v, ', \, &, L, a, b, ¢, T? and the
initial data (ug, Qo), whose value is allowed to vary on occurrence. Specific dependence will be
pointed out explicitly if necessary.

2.2 Basic energy law and global weak solutions

We first present some basic properties of the Navier-Stokes and @Q-tensor system (LI))-(TH) that
are valid in both two and three dimensional cases.

The total energy of the system (LI)-(LH) consists of two parts: the kinetic energy for the
velocity field u and the free energy F(Q) (see (ILl)). More precisely, we have

£ /T (@, ) da + AF(Q(1)). (2.3)

By the same argument as in [31, Proposition 1] for the whole space case in R? (see also [11]
Proposition 2.1]), we can derive the following basic energy law:

Lemma 2.1 (Basic energy law). Suppose d = 2,3 and (u, Q) be a smooth solution to the problem

(CI)-(CH). Then we have
d

—E(t)=—v | |Vu|*dx — AF/ |H(Q)]*dz <0, VYt>0. (2.4)
dt Td Td

Lemma 2] reflects the energy dissipation of the liquid crystal flow and indicates that the
energy functional £(¢) which is bounded from below since ¢ > 0, serves as a Lyapunov func-
tional for the system (LI))-(LE). This property provides necessary uniform estimates for further
mathematical analysis of the PDE system (LI))-(L3), for instance, the existence of global weak
solutions.

Lemma 2.2. Suppose d = 2,3. Let (u,Q) be a smooth solution to the problem (LI)-(LH). Then
we have

[u@®llzz + Q) <C, V>0, (2.5)
where the constant C > 0 depends on ||uol|, |Qoll g1, L, N, a, b, ¢ and T?. Moreover, it holds

T
/ / \Vau(z, t) > + |AQ(x, t)|? dadt < Cp, VT >0, (2.6)
0 Td

where Cr > 0 may further depend on v, I and T'.

Proof. Tt follows from Lemma 2] that
t
E(t) +/ / v|Vaul? + \T|H(Q)Pdzdt = £(0), VYt > 0. (2.7)
0 JTd

We easily infer from the Sobolev embedding theorem (d = 2,3) that

1
£(0) = 5 lluollZz + AF(Qo) < C(lluoll 2 | Qolla)-
On the other hand, there exists a constant M = M(a, b, c) > 0 large enough (see [31], (18)]) such
that

%tr(QQ) +<t?(QY) < (M +3) (@) - gtr(Qg) + Zu(@?),
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which combined with the Young’s inequality and the fact ¢ > 0 yields that

Sr(Q7) — 2tr(QY) + S02Q7) >~ (@) + £ (QY)

2 2 8
1 2 C. oo (M+1)
> = — .
> St(Q) + u(Q) - S
Then we have following estimate
1 AL 1 c
Sl + S IVQOIE: + A [ Su(QP0) + 55 0@ (e do
Td
1 MM +1)?
< (o) + 2aF@) + 2 Dy (2.8

where |T¢| stands for the Lebesgue measure of T¢. As a consequence, we can deduce that £(t) is

uniformly bounded from below by a generic constant only depending on the coefficients a, b, ¢, A

and the size of periodic domain. Hence, the estimate (23] easily follows from (Z7) and (Z8).
Next, we infer from (Z2.5), (27), (2.8) and the Sobolev embedding theorem (d = 2, 3) that

/Ot/Td\LAQ\dedT
§2/Ot Td|H(Q)|2dxdT+2/0t/Td

2/ !H(Q)|2dfﬂd7+0/ (lR(Mlzz + 1Q(MIIzs + 1Q(T)3s) dr
0 JTd 0

2
)\—F(é‘(o) —&(t)) + Ct

<C(+1t), Vt>0,

2
dxdr

~aQ+0(Q - (@) - c@un(@?)

IN

IN

where C' depends on ||ugl|, |Qol| 1, T, L, A, a,b, ¢ and T%. Then the conclusion (28] follows from
the above estimate and (2.7]). O

Remark 2.1. For the full Navier-Stokes and Q-tensor system ([[LII)-(LH) with general £ € R,
existence of weak solutions for the Cauchy problem in the whole space R% with d = 2,3 is estab-
lished in [31] for sufficiently small £&. On the other hand, for the initial boundary value problem
in a bounded domain in R?, in [1] existence of global weak solutions under inhomogeneous mized
Dirichlet/Neumann boundary conditions were obtained without any restriction on . The small-
ness for & can be removed for the bounded domain case because one can use a generic constant
depending on the domain size to get a priori L? estimates for the Q-tensor (see (Z.8)).

Since we are working with the periodic domain, the following result can be easily proved in
a way similar to [I]:

Proposition 2.1 (Existence of global weak solutions). Suppose that d = 2,3 and £ € R. For

any initial data (ug, Qo) € H X Hl(']l‘d,S(()d)), the problem (LI)-(LH]) possesses at least one
global-in-time weak solution (u,Q) such that

we L0, T;H) N L*0,T;V), (2.9)
Q € L®(0,T; H(T% 5)) n L?(0, T; H*(T%, 5\")). (2.10)

Moreover, for a.e. t € (0,T), the following energy inequality holds:

E(t) + /Ot /T V|Vl + AD|H (Q)Pdzdt < £(0). (2.11)



2.3 Main results

In the remaining part of this paper, we shall focus on the two dimensional case that d = 2.
First, we observe the simple fact that when d = 2, it holds tr(Q3) = 0 and thus the cubic term
with coefficient b in the free energy F(Q) (see (IL6])) vanishes (cf. [22]). As a consequence, we
have a simpler expression for H(Q) in the 2D case:

H(Q) = LAQ — aQ — cQ tr(Q?). (2.12)
Let us introduce the notion of strong solutions to problem (LIJ)-(T3):

Definition 2.1. Suppose that d = 2 and (ug, Qo) € V x H? (’]I“Q7 Séz)). A pair (u, Q) is called a
global strong solution to problem (LI))-(L3H) if

u € C([0,+00); V) N LE (0, +00; H*(T? R?)), (2.13)
Q € C([0, +00); HX(T?, 5) N L2 (0, +00; H3(T2, S$)). (2.14)

Moreover, the equations (1) for u and the equations ([L3) for Q are satisfied in L} (0, 4o00; H)
and L? (0, —|—oo;L2(’]T2,SéQ))), respectively.

loc

Then we state the main results of this paper. The first result is about the global well-
posedness of the hydrodynamic system ([LI))-(L5]) in T.

Theorem 2.1 (Existence and uniqueness of global strong solutions). Suppose d =2 and § € R.

Then, for any (ug, Qo) € V x H? (']1‘2, SéQ)), problem (II))-(L3) admits a unique global solution
(u, Q) in the sense of Definition 2], which satisfies

lu@lr + QW2 < €, ViE=0,
where C > 0 is a constant that depends on v,T, L, \,a,c,T?, ||ug||g, |Qoll g2 and €.

Our second main result states that for any global strong solution obtained in Theorem 2.1
it has an unique asymptotic limit as t — “+o0.

Theorem 2.2 (Uniqueness of asymptotic limit). Suppose that the assumptions in Theorem [2]]

are satisfied. For any (ug, Qo) € V x H? (']I'z, 582)), the unique global strong solution to problem
([CI)-[@CH) converges to a single steady state solution (0,Qoo) as time tends to infinity:

m (lu@)]|m + |Q() = Qoollr2) = 0, (2.15)

t—-oo
where Qo € 582) satisfies the elliptic problem in T?
LAQu — Qoo — ctr(Q%)Qu =0, inT? Qoo +¢;) = Qoo for z € T2
Furthermore, the following estimate on convergence rate holds
Ju(®)lm + Q) = Quellz < C(L+1) 7, Wi 0. (2.16)

Here, C' > 0 is a constant that depends on v,T, L, \,a,c,& T2, |lugll g1, ||Qoll g2, | Qoo | 2, and
0 € (0, %) is the constant given in Lemma 2 depending on Q.



3 Higher-Order Energy Inequality

In this section we will derive a useful higher-order energy inequality for problem (LII)-(L3).
For the sake of simplicity, the subsequent calculations shall be performed formally on smooth
solutions of the problem (LI])-(LH]), without referring to any approximation. Nevertheless, they
can be justified by working within the Faedo-Galerkin approximation scheme (LI))-(ZL71) given
in Section 4.

We start by recalling the following special cases of the Gagliardo-Nirenberg inequality in 2D
that will be frequently used in the subsequent proofs (see, e.g., [23]):

Lemma 3.1. Suppose d = 2. We have

A

1 1
lglzs < C(IVyllZallallz> + lgllz2), Vg€ HY(T?), (3.1)
1 1
IVglle < lgllf=llAglZ., Vg€ H*(T?). (3.2)

Besides, we will make use of the following LP-interpolation inequality with precise growth of
the constant in 2D, which follows from [§] (see also [30, Lemma 10]) and the Sobolev extension
theorem [29, Chap. 2, Sect. 3.6

Lemma 3.2. Suppose d = 2. For any n > 1, it holds:

1 1

1—1 1
lgllz2n < Cv/illgllyg ™ lgll7z, Vg € HY(T?),

where the constant C' is independent of the exponent n and function g.

Next, we recall that when £ = 0 the system (LI))-(L3) enjoys a maximum principle for the
Q-equation (L3) (see e.g., [I7, Theorem 3]). However, since now the parameter ¢ is allowed
to be non-zero, the maximum principle property is no longer valid. The loss of control on
Q € L*°(0,T; L) brings us several difficulties in obtaining estimates for highly nonlinear terms
of the system. In order to handle the L°°-norm of @), we shall use the following well-known
results

Lemma 3.3 (Agmon’s Inequality [37]). When d = 2, it holds
1 1
lgllze < CllglZ2llgll 72, Vg € H(T?). (3-3)
Lemma 3.4 (Brézis-Gallouet Inequality [5]). When d = 2, for any g € H?(T?), it holds

lgllzee < Cllgllz vIn(1 + [lgllz2) + Cllgll - (3.4)

Now we state the main result of this section.

Proposition 3.1. Let d =2 and
A(t) = [Vu®) 172 + AH Q)72 (3.5)
For any & € R, the following energy inequality holds:
d Al
SA@) + 21U + S IVHQ)IE
< C, [1 +1€][1+ In(e + In(e + A(£)))] (e + In(e + A(t)))} [e+ AM]A®),  (3.6)

where Cy > 0 is a constant that depends on v, T, L, \,a,c, T2, |luo|| 12, |Qollg: and €.



Proof. After a lengthy calculation (see Appendix for details), we obtain
1d 9 5
5 AW + V| Auls + ATV,
A
= / (u-Vu,Au) dz — 2)\/ Viup ViV QijHijdx + —/ up Vi FijHijdx
T2 T2 L T2
=2 /2 Vjui(ViQu;ViHy, — AVQi Vi Hyj)dz — A /2 Viui(AQrjHir, — AQi,Hyj)dx
T T
+X¢ / (DAQ + AQD) : Hdx + 41§ / VD ViQy;Hij dz
T2 T2

—2X¢ /2 A(QuQji)VjuHy da — 4)\5/2 Vi (QuiQji) Vi V ju; Hyy dac
T T

—)\/ OF(Q) (u-VQ): Hdx + A aF(Q)S(VU, Q) : Hdx
T2

0Q T2 0Q
OF(Q)
: Hd
+)\F/TQ 30 H : Hda
12
= Y (3.7)
=1

Below we shall estimate the terms J; through Jyo in (B7). Let us take € € (0,1) to be a
small constant that will be determined later.

The term J; can be easily estimated by using the Gagliardo-Nirenberg inequality ([B.I]) and
the lower-order estimate (2.3)):

J1 < lullpal[ V|l Aul 2

1 3
< Ollullfl[Vull 2 [[Aul|}
< el Aull7z + C[|Vul|7..

Recalling (Z.12]) and using again (23]), we observe that
1 1
18QI < HIHQ)lz2 +~aQ + ctr(@)
1
< 7IH @)l 22 + C(IQ] m1)
1
< 7IH(@)lz2 + C. (3.8)

Meanwhile, applying (8:2)) and (B3] once more, we get

IVAQl: < TIVHQ). + 1 [av@ + eV (@)
1

L2

< ZIVH(Q)llz2 + C (1 +|1QI7) [VQIl 2

IN

IVH(@Q)llzz + C(1+ [AQ] 12)

IA
=== ] =

1 1
IVH(Q)|IL2 + C(L+ IVQI;IIVAQ| ;. + IVQ 2)
1
< -IVH(@Q)ll2 + §HVAQHL2 + C,
which implies

IVAQl 2 < FIVHQ)lz2 +C. (39)
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On the other hand, we infer from Agmon’s inequality ([B:3) and the estimates (Z.3]), (B.8]) that

QN < ClRIIZ:NQIF: < CA+ [AQI7.) < CU+ [H(Q)72)- (3.10)

As a consequence, we obtain from the Holder inequality, the Gagliardo-Nirenberg inequality
(BI) and the Young’s inequality that

Jo S C|Vull 2| Qllw24 [ HI| s
1 1 1 1
< OVl 2| QU 7 QU Fs 1 F 2 [ 71
1 1 1 1
< O Vull2(IAQIZIVAQIZ: + [[AQI L2 + 1) (IH |7 IV HIIF2 + [ H ]l 2)

1 1 1 1 1
< OVull g2 (1H7 IV H 2. + IVHI 7 + [[H g2 + 1) (1H 7NV H] . + [ HIl2)
< €|VH|[72 + C|[Vul 72 + C|[Vul . + CllH|72 + C|| H|| 2
< €|VH|32 + CA(1 + A).

For J3, using the inequalities (B.1]) and (B.3]), we obtain that

3 < |lull 2 [V QI pa (1 + 1QU 700 ) 1 H | 2
1 1
< Ol Vull 2| AQI £ [IVQI 72 (1 + [AQ| 2) [ H| 2

1 1 1
< OVul[2(1 + [[VAQZ:[IVQIZ)IAQI f2 | H | 2
< e|VH|7: + C||Vul7 + ClIH| 72 + C||H| 72
< €|VH|3: + CA(1 + A).

And terms Jy and J5 can be estimated as follows
Jy < C|Vul 4l VQ| 4 [ VH || 2

1 1 1 1
< Ollullf[[Aull ;[ VQI| 7| AQI f2 |V H| 12
< e||AulF. + €| VH| 72 + C||Vul2 + C|H| 7
< e||Au|2; + €| VH|2, + CAQ + A),

Js < Ol Vull 4[| AQ| L2 | H || 14
1 1 1 1
< CIVullZ2l|Aull 72 (1 + | H [ 2)(IH | 22 IV HI| 72 + [[H| 2)
< ellAullfe + e VH| T2 + ClIVullZz + ClIVullze + CIIH|72 + Cl H] 7
< ellAullfe + e VH|72 + CA(L+ A).
Besides, for Jig and Jyo the following inequality holds

Jio + J12
< C(1+1QlFe) (I1H|l 2 + llull o IV QI £2) || H || 12

1 1
<o+ HHHL2>(|1HHL2 + [l 2, | Aul| 22) | H |2
1 1 1 1
C(L+[|H||2)|H |22 + CIH| 22wl 2, | Aul| 2, + C| HI| 2| V|| 2| Aul 2,
el|Aul2s + C|Vul2e + C||Vull]2 + C|H|22 + C||H][]
el|Aul|2s + CA(1 + A).

ININ A
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It remains to estimate the terms Jg, ..., Jg and Ji; involving the parameter £, which all vanish
when £ = 0. Thus, we only need to consider the case £ # 0 (with £ being fixed).
The term Jg can be estimated in the same way as for .Jo, that is

Jo < ClE||Vul| 2| AQ| pal [ H ||
< €|VH|7. + C(1+[£)AL + A).

For J7, using the Holder inequality, (B)), (B:8]) and Young’s inequality, we have

Jr S CLINA] 2 (IVQ| | H | s
1 1 1 1
< ClelllAu] 2 VI ZNAQNZ: (I HIIZ IV HIIZ. + [ H]|12)
< ellAul|Ze + e VH|72 + CQ+ [N H 7 + | HI72)
< e|Aulz + €| VH|72 + C(1+ €M) AL + A).

Next, we first treat J1; and postpone the estimates for terms Jg, Jg that are more involved.

Ji < C(1+ QUL ) 1S (Vu, Q)| 2] H || 2
<O+ 1H] p2) (1 + 1Ql )|Vl 2 |1 H| 2
<O+ || Hll2)?IVul 2| H| 2
< C||Vul|2||H|| 2 + CHHH?izHAUHEQHUI@
< el Aulfz + C||VullF: + C|H|7: + CllH| 1
< e||Aull?s + CA(1+ A).

Now, let us consider the term Jg. By a similar argument for J5 and using the Brézis-Gallouet
inequality (3.4]), we obtain that

Js < 20|Vl pa | H[| L4 [ A(QQ) | 2
< CIENNVull il Hll s (1QNl 2 [ AQI 2 + IV Q1 74)
< ClelIVullpall Hl pa (1Rl < 1AQNI 2 + 1AQI 2V QI 2)

1 1 1 1
< ClelIVullzllAul 2oL+ IH || 2) (N 72 IVH 22 + [ Hllz2) (1@l + 1)
< el Aul* + €| VHI?
+ (el + €N + QU (IVullze + [IVulfe + [ H 72 + [H|72)
< ellAul? + €| VH|? + C(1€] + [€[*)BA(L + A),

where we have set
B=e+In(e+ A) > e. (3.11)

Concerning the last term Jy, by the Holder inequality we have, for any p € (0, 1),
Jo < QUL IVQIl 2 IV2ull 21 H 2 (3.12)

For any p € (0,1/2), applying the LP-interpolation inequality Lemma B2 with n = p~! > 1 and
n=(1-p)~te(1,2), respectively, we deduce that

< OV QI IVl
< OV H|LPIVQIE, + OV

12

Ivel,

2
P



< CVp U H| "+ CVp (3.13)
and
1] 2, < Cv( —p) U H|PH 5"
<OV =p) HIVH|E, | HI =" + CV/(1 —p) [ H||pe
< C|VH|B|H| " + C|H]| 2. (3.14)

Hence, by the Brézis-Gallouet inequality ([B.4]), estimates (B.12)-(B.14]) and the Young’s inequal-
ity, we have

Jo < Cle/p Y| Aul|r2]|Q v
< (IVHIZH S + 1=+ IVHID I HI P + [ HI )
< ele]|Aul2s + d€lIVHIZ + Clelp 7 QUL (IH | + 1H]2,)
+ Clelp QIR = (I H |52 + | HIZ2)
< elél|Aull3. + elél[VH32 + Clélp™ T [ + In(e + A 77 (| H|[ L2 + [ H]2:)
+ Clelp~ e + (e + AJ(IH | L2 + 1H22)

1
= el Aul + el IVHIE: + Jo + Jos, V€ (0,5). (3.15)

Since the constant C' in the estimate (3.15]) is independent of the parameter p € (0,1/2), then,
in the spirit of [3I], we can take the exponent

p=(1+mB)",

where B is given in [BII]). We note that with this choice p may not be a constant, but it is
always true that p € (0,1/2). Then it follows from (B.I5]) that

Jop < Cl€|(1 4+ InB)BA(1+ A), (3.16)
and
_1 _1
Joa < Cl¢lp” 7 e+ In(e + A)| 77 (| H||7> + | HI|72)

< ClEl[(1 + In BB B A(1 + A)
< CIE|(1+InB)BA(1+ A), (3.17)

where we have used the following simple fact such that the quantity
(1 +InB)BjnE = [(1+InB)e™B|ns = e(1 + In B) w5
is uniformly bounded for all B > e. As a consequence of ([B.I5)-(.I7)), we deduce that

Jg < e|£|||AuH%2 + e|£|HVHH%2 +ClE|(1+InB)BA(1+ A). (3.18)
Now we take the small constant
min{v, \I'}
e 0, ———— .
< Srem)
From ([B7) and the above estimates for terms Ji,... Jy2, it follows that
dA Al
— gHAuH%Q + S IVH|G: < CLL+ €1+ mB)BJA(L+ A), (3.19)
which easily implies the conclusion ([B). The proof is complete. O
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Remark 3.1. If £ =0, the inequality ([B6]) reduces to
d
E'A(t) < Cyle + A(t)]A(t), (3.20)

which is the same as the higher-order energy inequality derived in [2, Lemma 7.1].

4 Global Strong Solutions in 2D

In this section, we show that starting from initial data with higher regularity, the problem
(CI)-(CH) admits a unique global strong solution.

4.1 Semi-Galerkin approximation scheme

We can work with a semi-Galerkin scheme in the periodic setting, which is similar to [25] for
the simplified Ericksen-Leslie system for incompressible nematic liquid crystal flow. For the
convenience of the readers, we briefly describe it below. Recalling the classical spectral theorem
for compact operators in Hilbert spaces and standard results for the stationary Stokes system,
we have the following results on eigenfunctions of the Stokes operator S for u. Let {v,}22, be
the eigenvectors of the Stokes operator S in the torus T? with zero mean,

Svy, = Kpvp, Vv, =0, / vp(z)dr =0, in T2,
’]I‘Q
vp(z 4 €;) = va(x), =€ T?

where 0 < K1 < ko < ... /' 4oo are eigenvalues. The eigenvectors v, are smooth and the
sequence {v, }2° ; forms an orthogonal basis of H as well as V (see e.g., [30]).

Taking an arbitrary but fixed integer N € N, we consider the finite-dimensional space Vi =
spam{vn}rjyz1 along with the orthogonal projection operators Il : H — Vi, which are bounded
linear operators with norms bounded by one. For any T" > 0, we seek approximations of solutions
to the problem (LI)-(LH). The approximation of velocity u” takes the form

N
u = Z hi(t)vi(x),
i=1
which solves

/ (uN)t-vkdxdt—/ (uN®uN) :Vvkdx—i—y/ vul : Vo dx
T2 T2 T2
= —/ (o + 7)) Vopdz, Yte (0,T), (4.1)
’]I‘Q

for any k= 1,...,N. In (41]), the approximations of stress tensors are given by

AN (N %H)HN(QN) —eHN(@QM)(QY + %H)

+2£(QY + 51) (@Y HY(QY)) - LYQY © VQY, (12)
oM = QNEN@QY) - HY(QM)QY, (4.3)

where
HN(@QY) = LAQN —aQN — @™ u((QY)?), (44)
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On the other hand, the approximate function Q@ is determined in terms of u” as the unique
solution of the parabolic system

QY +u’ - VRN = 5(Vu",QV) =THY(QY), (x,t) € T xRT, (4.5)
where
de 1 1
SY(Vu,QY) £ €DV +aM)(QY + 31) + (Y + 3D DY — )
1
—2¢(QN + 5]I) tr(QNvul) (4.6)
with N T, N N T, N
DN:Vu +Viu ’ QN:VU - Viu
2 2
The initial conditions are given by
uNi—o =yug, QY=o = Qo, =z €T (4.7)

4.2 Proof of Theorem [2.7]

The proof for the existence of global strong solutions consists of several steps.

Existence of approximate solutions. For any fixed integer N, we have the following
result on local existence of the approximate solution (u”,Q™):

Proposition 4.1. Suppose ug € V, Qg € HQ(']I‘Q,SSQ)). For any N € N, there exists Ty > 0
depending on ||ug||g1, ||Qollg2 and N such that the approzimate problem (AI)-(T) admits a
solution (u™N, Q™) satisfying

u™ € L®(0,Ty; V) N L*(0, Ty; H*(T%,R?)) N H'(0, Ty ; H),
QN € L=(0, Tw; HA(T2,55)) 0 L2(0, Tw; H*(T2, 58)) 0 HY(0, Te; H' (T2, S57)).

Proposition ] can be proved by a classical Schauder’s argument (see e.g., [25]). Indeed,
given a vector @ € C([0,T]; V), then we find a Q = Q[a] by solving the equation (@3] with u'¥
replaced by 4. Inserting @Q[u] back into the equation (4J]), then the solution u to the resulting
ODE system defines a mapping 7 : & — 7 [u] = w. It is standard to show that 7 admits a fixed
point by means of the classical Schauder’s argument on (0, 7)), with certain 7 > 0 depending
on |lugl|g1, ||Qollm2 and N. We leave the detailed proof to interested readers.

Remark 4.1. Since we are working in the periodic domain T?, by the classical reqularity theory
for parabolic equations (cf. [23]) and a bootstrap argument, we can see that (u™,QN) is C in
the interior of T? x (0, Ty).

In order to prove the existence of global strong solutions, we need to derive some uniform esti-
mates for approximate solutions (u”, Q") that are independent of the approximation parameter
N as well as the time ¢.

Lower-order estimates. A similar argument like in [I] yields that the approximate solu-
tions satisfy the following energy identity

d
—EN(t) = —1// \Vul % do — AF/ HY QM) dx <0, Vtelo,Ty). (4.8)
dt ']1*2 ']1*2

where

£V = 5 [ WPt de £ 2FQV0).
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As in Lemma [Z5] the energy identity (Z8) provides uniform estimates for «" and Qv such that
[u™(O)ll2 + QY D)lar <C, Vi€ [0,Tw), (4.9)

/t/ |Vu (7)|? + |AQN (7)|? dadr < C(1 +1t), Vte[0,Ty), (4.10)
0 JTd

where the constant C' > 0 depends on |lug||, |Qol g1, L, A, v, T, a, ¢ and T2, but it is independent
of the parameter N and the time ¢.

Higher-order estimates. It is easy to see that the calculations we made in Section 3
for smooth solutions (u, Q) to the problem (LI])-(LH) still hold for the approximate solutions
(u™,QN). Thus, for (u’V,Q"), we introduce the quantity

An(t) = [Vu @)][72 + AEY QY (1)IIZ-- (4.11)

In particular, we infer from (4.8]) that
t
/ / VU (P2 + ATV EY (QN (7)) 2 dadr < K, Vi € [0,Ty), (4.12)
0 JT2
where K > 0 is a constant that only depends on ||ug| 12, ||Qoll g2, L, A, a, ¢, T2. Then we have

K
/ An(1)dr < mm{y e Vit e [0,Ty). (4.13)

On the other hand, using the lower-order estimate ([AL9]), for any £ € R, we can get the
following higher-order energy inequality for all ¢t € [0, T ):
d v Al
S AN + LAY + SIVEY @),
< Co[1+¢|[1+1n(e + In(e + An(2)))] (e + In(e + An(¢)))][e + An (1)) An(t), (4.14)

where C, > 0 is a constant that depends on v,T', L, \,a, ¢, T2, |luo| 12, [|Qol| g1, &, but is inde-
pendent of N and ¢.
Now we consider two cases.

Case 1. If £ = 0, then we infer from (£I4]) that

o Infe + Ay (t)] < CLAN(),

which implies
t _COxK
.AN(t) < [6 +AN(0)]€C* fo Ap (T)dT < [e _"_AN(O)]emin{u,F} < C’ Vte [07TN)7

where C' > 0 is a constant that depends on v,T', L, \, a, ¢, T2, |luo||v, [|Qo || r2-
Case 2. If £ # 0, then we deduce from (@I4]) that

D 2 (t) < Cu(1+ [ An (D), (4.15)

where

Zn(t) =1+ In[1+ Infe + An(t)]].
Integrating (£I5]) with respect to time and using ([@.I3]), we have

In Z () < In Zy (0) + Cu(1+ |¢]) /Ot An(r)dr

16



(CL?K (1 + |¢])

<InZn(0
<InZy(0) + min{y, '} ’

Vit e [O,TN),

which again yields that
An(t) < C, Vtel0,Ty). (4.16)

For both cases, after integrating the differential inequality ({I4]) with respect to time, we
obtain that

¢
/O (Iau™ ()72 + IVEN (@Y (7)II72)dr < C, Vi€ [0,Ty).
As a consequence, we have the following uniform higher-order estimates:
[u™ @O + 1Y D)z < C, V€ [0,Tw), (4.17)

/t/ AN (P)2 + [VAQN (1) dwdr < C(1+1), Vte[0,Ty), (4.18)
0 JT2

where the constant C' > 0 depends on |Jugl| g1, ||Qoll g2, L, A\, v, T, a,c,& and T2, but it is inde-
pendent of the parameter N and the time ¢.

Passage to the limit N — co. First, we can deduce from the above uniform-in-time lower-
order and higher-order estimates (&), (@I7) that the approximate solutions (u", Q") can not
blow up in finite time. Thus, for any N € N, it holds T = 400 such that every approximate
solution (u’V, Q") can be extended to the time interval [0, T for arbitrary 7' > 0.

Second, since the uniform estimates (£9), (£10), ([@I7), ([AI8]) are also independent of the
approximation parameter N, we infer from the equations (41]), (£3]) and the Holder inequality
that for any 77> 0 and N € N,

u™ € L0, T; V)N L2(0,T; H*(T?,R?)) n H(0, T; H),
QN € L>(0,T; H*(T?, S?)) n L2(0, T; H*(T2, S&)) n HY (0, T; H'(T?, 5V)).

The above uniform estimates together with standard weak compactness results and the Aubin-
Lions compactness lemma (see e.g., [35, Cor. 4, Sec. 8]) enable us to pass to the limit as N — oo
(up to a subsequence) to obtain a limit pair (u, @), which turns out to be a global strong solution
to the original Navier-Stokes and Q-tensor system (LI)-(LH). Since the argument is standard
(cf. [2]), we omit the details here.

Uniqueness. The uniqueness of strong solutions is a direct consequence of [31], Section 5],
where a weak-strong uniqueness result is given in R2.

Let (u;,Q;), i = 1,2 be two global strong solutions of the problem (I))-(IH) subject to
initial data (u0, Qi0), © = 1,2, respectively. Since we are dealing with the periodic domain,
using the same argument as in [31], we can obtain the following estimates (however, without
any smallness assumption on &):

d

(Il = w22 + ALIV (@1 = Q)32 + A IQ1 — Qall32)

VIV (1 = ) 2 + ATL2AQ1 - Q2) 3
< h(t)(Jlur — wall3s + ALIT(@1 — @2)[132 + AIQ1 — @3 ). (4.19)

where h(t) € L1(0,T) is a time-integrable function. As a consequence, we have
I(ur = u2) (D72 + Q1 = Q2) ()17
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t
+ /0 (19 (ur — u2)(3)]22 + [|A(Q1 — Qa)(s)[22)ds
< Ceo M (lugy — ugy|2s + |Qo1 — Quall31), Yt € (0,T). (4.20)

Therefore, the global strong solution to the problem (ILT)-(L3H]) is unique.
The proof of Theorem [2.1] is complete.

Remark 4.2. [t seems impossible to prove any continuous dependence results on initial data
for the strong solutions obtained above in the space V x H?. Nevertheless, the estimate ([Z20)
implies that for any (ug, Qo) € V x H?, we are able to define a closed semigroup X(t) fort >0

(in the sense of [33]) by setting (u(t),Q(t)) = X(t)(uo, Qo), where (u,Q) is the global strong
solution to the problem (LII)-(L3).

5 Long-time Behavior

In this section we investigate the long-time behavior of the global strong solution to problem
(CID-(TEH) established in Theorem 21l The related study consists of two steps. First, we prove
that the asymptotic limit point of the global strong solution (u(t), @Q(t)) as ¢ tends to infinity is
unique. Then we provide an uniform estimate of the convergence rate.

5.1 Characterization of w-limit set

For any initial datum (ug,Qg) € V x H? (']I'z, 582)), we denote its w-limit set by

w(ug, Qo) S (too, Qoo)| T {tn} /00 1 u(ty) = Uuse in L?, Q(t,) = Qoo in H as n — oo}.

On the other hand, we denote the set of solutions to the elliptic problem

S = {Q* : LAQy — aQy — ctr(Qi)Q* =0, Q.€ 582) and Q«(z + ;) = Q«(x) in T2}.

Remark 5.1. Since the free energy F(Q) given by (L8] is bounded from below, using the
classical variational method and the elliptic regularity theorem, it is easy to see that the set &
is non-empty. Besides, every Q. € & is a critical point of F(Q).

Next, by virtue of the properties of the w-limit set w(ug, Qo) as well as the higher-order
energy term .A(t), we have

Lemma 5.1. Suppose that the assumptions in Theorem [21] are satisfied. For any initial datum
(up, Qo) € Vx H? (']1‘2, 582)) , we have w(ug, Qo) is a nonempty bounded subset in V x H? (']1‘2, 582))
which satisfies

w(up, Qo) € {(O,Q*) 1 Q. € 6}

and the total energy E(t) is a constant on w(ug, Qo). Besides, the unique global strong solution
(u, Q) has the following decay property:

Jim (Ju(®)l + 1H Q) z2) =0. (5.1)

Proof. Since the global strong solution (u, Q) obtained in Theorem 2] satisfies the higher-order
energy inequality (B.0), using a similar argument as in Section 4.2, we get

Aty <C, Yt>0, (5.2)
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where C' > 0 depends on ||uo|| g1, |Qol 2, L, A\, v, T, a, ¢, € and T?. As a consequence, it follows

from (3.6) and (B.2) that
d
EA(t) <C, Vt>0. (5.3)

On the other hand, the energy identity (271 for (u, @) yields that

—+00
/ / v|Vul? + \I|H(Q)|* dedt < K, (5.4)
0 T2

where Ky > 0 is a constant that only depends on |ug||2, ||Qollg1, L, A, a, ¢, T2, This implies
that fOJrOO A(t) dt < +0o0, which together with (5.3]) leads to the conclusion (G.1]).
Since the total energy £(t) is non-increasing in time and bounded from below by a generic
constant, there exists a constant F,, € R such that
tilinooé’(t) = Foo- (5.5)

By the definition of w(ug, Qo), it is easy to see that £(t) is equal to the constant F, on the set
w(ug, Qo). The proof is complete. O

5.2 Convergence to equilibrium

In general, we cannot directly conclude that each global strong solution of system (LI])-(L3])
converges to a single equilibrium as t — 400 because the set of steady states & for Q)-tensors
can have a complicated structure. Besides, since we are working in the periodic torus T?, we
may expect the dimension of the set G to be at least 2. However, we may establish a gradient
inequality of Lojasiewicz-Simon type for this matrix valued function @) and apply Simon’s idea
(see [15L34]) to accomplish our goal.

To begin with, using (Z5]) and (5.2]), we have the following uniform-in-time estimates

lu(@lmr +[1Q®)||g2 < C, VE=0. (5.6)

Then, from Lemma 5] we infer that there exists an increasing unbounded sequence {t, }nen
and a matrix function Q. € H? (’]1‘2, Séz)), such that

lim _{|Q(tn) — Qoo =0, (5.7)

tn—+00

where (0, Q) € w(ug, Qo).

We now proceed to prove the convergence of Q(t) to Qo for all time as ¢ — +o00, which
implies that the w-limit set w(ug, Qo) is actually a singleton. For this purpose, the following
Lojaciewicz-Simon type inequality plays an important role.

Lemma 5.2. Let Q, € H'(T?, 582)) be a critical point of the energy functional F(Q). Then there

exist some constants 6 € (0, %) and B > 0 depending on Q., such that for any Q € H'(T?, 582))

satisfying ||Q — Qx| g1 < B, we have
ILAQ — aQ — ctr(Q*)Q| 1) = [F(Q) = F(Qu)'. (5.8)
Here, (H'(T?, SSQ)))' is the dual space of H'(T?, SSQ)).

Proof. If Q € S(()z), then it can be written into the following form



where p, ¢ are two scalar functions defined on T2. Now we introduce the vector Q : T2 — R2

defined by
A_ (P
N < q > '

F(@Q) = Flp.q) = F(Q) = /TQ [L(IVP* + V) + a(p® + ¢°) + c(p® + ¢*)?] da.

By direct computations, we see that

Then the corresponding Fréchet derivative of F with respect to @ in L? is given by

6F ( % > :_2< LAp—ap—Qc(p2+q2)p>

Q \ ¥ LAq — aq — 2¢(p* + ¢*)q

Let Q, = < Z ¥ ) be a critical point of F (Q) Correspondingly, we can easily verify that
*

Q. = < z * q; > is a critical point of F(Q). Then, applying the Lojaciewisz-Simon inequality
* T

for vector valued functions derived in [21], we conclude that there exist some constants 6 € (0, %)

and # > 0 depending on @, (and thus Q,), such that the following inequality holds

Hd]:"

@waw 1

> [F(Q) = F(Q)] (5.10)

for any Q € H'(T?,R?), provided that [|Q — Q.||;: < g Therefore, our conclusion (0.8)) is an
immediate consequence of the inequality (B.I0). The proof is complete. O

Remark 5.2. Lemmal2Z can be considered as an extended version for matrixz valued functions
of Simon’s result in [3])] for scalar functions. In the present case, there are two constraints (i.e.,

matriz symmetry and trace free) imposed on @ € 582), which might bring extra difficulties in
the proof. However, due to the special structure of the Q-tensor in two dimensional case (5.9),
the possible difficulties can be avoided by reducing the problem to the vector case that has been
treated in the literature.

The convergence of the order parameter (¢) can be proved by adapting the argument in [15]
for parabolic equations, which relies on the following analysis lemma (see e.g., [15, Lemma 7.1])

Lemma 5.3. Let 6 € (0,3). Assume that Z(t) > 0 be a measurable function on (0,+00),
Z(t) € L*(0,+00) and there exist C > 0 and ty > 0 such that

1

/ Z%(s)ds < CZ(t)1=0, for a.e. t > t.
t

Then Z(t) € L'(tp, +0).

To this end, by Lemmal[5.2] for each element (0, Q) € w(ug, Qp), there exist some constants
Bao.. >0 and g € (0,3) such that the inequality (58] holds for

Q € By, (Que) = {Q € H(T% (), Q= Quollin < fo. |-
The union of balls {0} x {Bg,_ (Q) : (0,Qc) € w(ug,Qo)} forms an open cover of w(ug, Qo)-

Due to the compactness of w(ug,Qg) in H' (see Lemma [.1]), there exists a finite sub-cover
{0} x {Bg,(Q%) : i = 1,2,...,m} of w(ug, Qo) in H!, where the constants 3;,6; corresponding
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to the limit point Q% (and thus a critical point of F(Q)) in Lemma [5.2] are indexed by i. From
the definition of w(ug, Qp), there exists a sufficient large ¢y >> 1 such that the global strong
solution Q(t) satisfies

Q) el = U Bg, (QL), for t>tg.
1=1

Taking 6 = min™,{6;} € (0, 3), using Lemma (.2 and convergence of the total energy (t) (see
[E5)), we deduce, for all ¢ > ¢,

FQ) — Fuo| ™ < [ LAQ(1) — aQ(t) — etr( @R )
< [[H(Q®))| Lz (5.11)

Therefore, we have

1-6

() - Fu) " < (%llu(f)ﬂiz +[F@Q®) - f(QooM)

< (3l +1HE@OE)

< Clu@®|297" + CIHQ®))] 12

< C(Jlu®)z + IHQW®)|2)

< CAz(t), Yt>to, (5.12)

in which we use the fact 0 < § < 3 and the uniform estimate (5.6)).
On the other hand, it follows from the energy inequality (2.4]) that

E(t) — Foo > min{u,F}/ A(s)ds, Yt > t. (5.13)
t
As a consequence,

/ A(s)ds < CAWN)TTD, V>t (5.14)
t

Taking Z(t) = .A(t)%, from (5.I4]) and Lemma 5.3 we conclude that

+00 +oo 1
/ (Va2 + [ EQU)|)de < [ A®)idt < +oo. (5.15)

to to

Then, by using the equation (3] for @, the uniform bounds on ||u(t)||g1, [|Q()||z2 and the
Sobolev embedding theorem (d = 2), we have

[ [Q:(®)llz= dt < / (e - VQllzz + 1(Vu, Q)2 + TIIH(Q)12) e
< [ [Julal9QUzs + [Fuls (@I~ + 1) + H(@lz2] ar

< C/too (IVu®)llz2 + [1H(Q)(®)] £2) dt
< 400, (5.16)

which indicates that Q(t) converges in L?(T?) for all + — +o0o. Combining the sequential
convergence result (B.7), it is easy to check that

lim [|Q(t) = Qoollz2 = 0. (5.17)

t——+00
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Next, by the uniform bound on ||Q(t)|| 72 (see (5.6])) and ([BI7]), from the standard interpolation
we obtain that

lim Q) = Quells = 0. (5.18)

t——+o0

Finally, observing the following fact

18Q ~ AQucll < TIH(Q) ~ H@u0)l + 7 aQ + ¢1r(@%)Q — aQus — 1r(Q2%) Qe
1
< LIH@Q)I+ C1Q - Quelln.
we further deduce from Lemma [5.1] and (B.I8) that

lim Q) — Qoo 2 = 0. (5.19)

t——+00

5.3 Convergence rate

In what follows, we derive uniform estimates on the convergence rate. First, the rate on lower-
order norm [|Q(t) — Q|2 follows from the Lojasiewicz-Simon approach (cf. [I8]). We infer

from the basic energy law (2.4]), (5.0) and (5.12]) that

d
) — Foo)! + C(IVull 2 + [ H(@Q)ll2) <0, V> t, (5.20)
and J
(1) = Foo) + C(E(1) - Foo)?070 <0, V>t (5.21)

As a consequence of (B.2]]), we can deduce the rate on energy decay:

1

0<E()— Foo <C(1+1)" T3, Vit >tg.

Then similar to (5.I6]), on (¢,4+00), where t > tg, it follows from (5.20]) that

/ T NQus) e ds < © / T (1Vu(s) 22 + 1H(Q)(5)]]52) ds
S (E(t) - -Foo)e
<OQ+1)Tm, Vi> i, (5.22)

which further implies
%)
IQ(t) — Quol| S C(1+1t) 120, Vi¢>0. (5.23)
Higher-order estimates on the convergence rate can be achieved by constructing proper dif-

ferential inequalities via a suitable energy method (see e.g., [41] for the simplified liquid crystal
system). The key idea relies on the use of the basic energy law (Z4)) and the higher-order energy

inequality (3.0]).
It follows from Lemma [5.] that the limit system of problem (LI)—(L3H]) takes the following
form

VP = AV (VQus ® VQs), € T2 (5.24)
H(Qs) =0, z€T? (5.25)

subject to periodic boundary conditions. Subtracting the stationary problem (524)—(5.25]) from
the evolution problem (LI)-(LHl), then testing the velocity equation by u and the Q-equation
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by —A(H(Q) — H(Qs)), respectively, adding the results together and integrating over T2, we
can infer from (Z4)) that

d AL
& (310l + 1VQ - V@l + [ (73(Q) ~ Jal@w) - 15(Qe)(@ ~ Qs
|| Vul|2, + AT H(Q)|I2.
Y / 4V (Vi (Qoo) itV 5 Qoo i) da
T2

= -A y i Vi(Qoo) k1 (LA(Qoo )kt — [f5(Qoo) ki) d — )\/T2 i Vi(Qoo )kt [f3(Qoo) I id

L
_AL w;Vi|Qoo|*dx
2 T2
— 0, (5.26)

where f5(Q) = aQ + cQ tr(Q?). On the other hand, testing the equation (L3) by Q — Qeo, from
the uniform estimate (5.6), the Holder inequality and the Sobolev embedding theorem (d = 2)
we conclude that

2
55,,@ Q|72 + TLIIV(Q — Qoo) 172

= [ Y@+ S(V.Q): (@ - Qu)da

~T [ (F5(Q) = 1h(@)) (@ - Qu)ds
< Cllull 2 IVQII411Q = Qoollz2 + Cllull L2 (1Q 0 + DIIQ — Qooll 2

1
+ c/ / FE(5Q + (1 - $)Qu)(Q — Qo) : (Q — Quo)dsda
T2 Jo
< e Vull7z + C1l|Q — Quol 72 (5.27)
Multiplying (527 by © > 0 and adding the resultant to (5.20]), we get

d
ay(t) + (v —pe) |[VullF2 + AT|H Q)72 + 1T LIV(Q — Qoo)|72
< C1u|Q — Qoo[72, (5.28)

where

Y(O) = L)+ 22 IVQUE) - VQuela + L1 - Quels
YR >>—fB<czoo>—fg<Qoo><Q<t>—czoondm, viz0. (529

It follows from the Newton-Leibinz formula and (5.6]) that

‘ [ 3(Q) = 5(Qu) ~ 75(@xc) (@~ Qu s

/T2 / / fB(p(sQ + (1 = 5)Qc0) + (1 = p)Qso)(Q — Qo) : (Q — Qoo)dpdsda

< | fB e |Q — Quoll72
< Cof|Q — Quoll72- (5.30)
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Thus we can choose > 2+ 2AC5 > 0 to see that there exists a constant ki > ko > 0,

kr(lu(®lZ2 +1Q() = QullFn) = V() > ka(llu(®)]Z2 + Q1) — QullFn). (5.31)

We now take e; = 57 in B2]). It follows from (B.31]) that there exist some constants Cs, Cy > 0
such that

d
TV + CV(t) + A®)] < CallQ(t) — Qo7 (5.32)
which together with (B.23]) yields

20

V()< CL+1t) T3, V>0 (5.33)

In view of (5.31]), we thus obtain

__90

[u@)llze + Q) — Quollzr < C(L+1)" T2, Vit =>0. (5.34)

At last, from the higher-order energy inequality (B.6) and the uniform estimate (B.0)), it
follows that

d
E'A(t) < CsA(t). (5.35)
Multiplying (B30 with o = 2%”5 and adding the resultant with (5.32]), we deduce

L1900) + 0 A)] + Gl (1) + 0] < O+ 1), (5.36)

As a consequence,
20

Y(t)+aAlt) <C(l+t) T2, Vt>0,
which together with the fact V(t) > 0 (see (5.31])) yields
Al) <COA+1)Tm, V>0, (5.37)

Then from the definition of A(t) and estimates (5.34]), (5.37)), we can see that

V()| 2 + |AQME) — AQuolz2 < C(1+) T, Vit > 0. (5.38)

Collecting the estimates (0.34]) and (5.38]), we arrive at the conclusion (2.16]).
The proof of Theorem is complete.

6 Appendix

The following calculations hold for both two and three dimensional cases.

Lemma 6.1. Suppose d = 2,3. Let (u,Q) be a smooth solution to the problem (LII)-(LH).
Define the quantity
A(t) = [Vullzz + MH(Q)1Z.- (6.1)

Then we have the following equality

1d
5 gAML + v||Au||7, + AT VH| 7.

A
= / (u -Vu, Au) dx — 2)\/ VluleVinjHijdx + — / ukaFl-jHijdx
Td Td L Td
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—2) /11‘01 Viui(ViQr; ViHi, — ViQi V1 Hyj)dx — )\/Td V,ui(AQjHir — AQi,Hyj)dx

+)\§/ (DAQ + AQD) : Hdx + 4)\5/ VlDikleijij dx

—2)\5/ (QrQji) VjuiHy dx — 4>\€/ m(QriQji) ViV jui Hyy da

OF(Q) ‘ OF(Q) ‘
- 00 (u-VQ): Hdx + X 00 S(Vu,Q) : Hd
0F(Q) .
+AT T30 H: Hdx

12
E Ji’
i=1

2fB(Q)
00  d r(Q)L

F(Q) = =aQ-+b (@2 - (@A) — eQur(@?) = -

Proof. Using the equations (1), (I3)) and integration by parts, we have

where

and

HVUIILz + || Aul|7,

2dt

= /(u-Vu,Au)d:c—)\/(V-U,Au)dﬂ:—)\ (V- 1,Au)dx
Td Td Td

= II+I2+I35

I, = -\ /Td Vi(QinHyj — HipQrj)Au; da,

I3 = AL/ Vi(ViQuV Q) Au; dx + >\§/ szij + H,Qrj + dHij)Aui dx

- 2)\5/ i (QuHuQij + Qmsz%)Auz dx

= I3q + Igp + 3.

(6.4)

(6.5)

(6.6)

As in [2] A.3], using the incompressibility condition V-u = 0 , the definition of F(Q) (see (6.3))
and the fact Vtr(Q) = 0, we get

I3a

== )\/ Vile(Hkl—Fkl)Auid:H—)\L/ VjVileVijlAuidx
Td Td

_ | | . Ab 2 .
= )\/Td ViQrHp Au; dx + )\/’]I‘d Vie(Q) - Audx + pi /’]I‘d tr(Q*)Vir(Q) - Audx

AL
+== | (VIVQP) - Audx
2 Td

= )\/ V:QuH Au; dx.
Td

(6.7)

Using the symmetry of @ and H(Q), and the basic algebra for arbitrary matrices A, B, C' € R%*4

(AB): C = B: (ATC)= A : (CBY),
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we have

Iy, =

2
)\g/ va Au; dx — )\5/ szij —{—HQO)V Au; dx

2
§ » H;;AD;; dx — )\5/ Qi HijAD;j dx

—AE/ H,Qr;AD;j dx
Td

—X¢ /w (ADQ + QAD + %AD) : H da.

By the incompressibility condition V - u = 0, it holds

I3c =

=Y. / H(QuH Q) A — 2 / Vi (Qu Hig) A i

Y / HQuHWQ:) Augda,

On the other hand, we have

Ad
2dt

—IH(Q)IIZ: + ATIVH(Q)]Z:

) /Td(AQt CHQ))dz ) | OF(Q): H(Q)de + AT IVH(Q)

Y /Td(Qt AH(Q))de+ ) | 8F(Q): H(Q)de + AT VH(Q)|2%

= —)\/ up Vi Qi AH,jdx + A » S(Vu,Q) : AHdx + A » OF(Q): H(Q)dx

Td

=1y + Is + I.

Then by the incompressibility condition V - u = 0 and (L3]) we have

I

- —)\/ ukaQijAHijdw
Td
= A/d(VlukaQij +uleVinj)VlHl-jdx
T

— _)\/ AukaQinl-jdx—Q)\/ ViupViViQijHyjdx
Td Td

A
——/ ukvk(HU—FZ])dea:
L Td

= —)\/ AukaQinijdx—Q)\/ VluleVinjHijdm
Td Td

A
+—/ ukaFinijdm
L Td

= Iyq + Lyy + Iy

(6.9)

(6.10)

(6.11)

(6.12)

= A/ (ED +2)(Q + 111) +(Q+ 111) (€D — Q) —26(Q + l11) tr(QVu) : AHdx

_ / (90 — QQ) : AHdz + X¢ / (DQ+@QD + D) : AHda
Td

Y

tr(QVu) (Q + EH) :AHdx
Td
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= I5q + Isp + Isc.

Using the symmetry properties of @, H and (6.8]), after integration by parts, it is easy to check
that

Is, = )\/Td(QQ—QQ):AHdm

= A / (Vu@ — VIuQ — QVu+ QViu) : AHdx
2 Td
= A[| Vu:(AHQ - QAH)dx
Td

Td Td

= A » AV jui(QrjHir — QinHyj)dx + 2 /Td ViVui(ViQrjHir — ViQir Hyj)da
+)\ /d VJUZ(AQk]HZk — AQlkaj)dx
T
= )\/d Vi(QinHyj — QriHi) Auidr — 2)\/d Viui(ViQw;ViHi, — ViQi Vi Hyj)dx
T T

. /T Vi AQus Hi — AQuHig ) (6.13)
Moreover, using integration by parts, we have
Iy, = )\g/TdA(DQ—FQD%— %D) : Hdx
:Ag/qrd (ADQ—l—QAD—i—%AD) : Hdx
s /T (DAQ +AQD) : Hda +4X¢ /T ViDiViQuiHy; da. (6.14)
Next, for I5., using the property tr(H(Q)) = 0 and after integration by parts, we obtain that
Is. = —2X¢ » A[tr(QVU)Q] : Hdx
= —2X¢ /Td A(QuQjiVju;) Hy dx
= —2)\5/ QrQjiViAu;Hydr — 20§ /w A(QuQji) VjuHy da
—4)\5/ leQﬂ V Vju; Hyy d
= 2)\5/ leHleﬂ)Auz dr — 2)\5/ leQﬂ)V w; Hy dz

—4)\6/ leQﬂ V V; uZHkl dx. (6.15)

Finally, using the equation (3], the term I can be expressed as follows

- oF(Q) ., .
Iy = )\/Td 50 0@ H(Q)dz

IF(Q)
Ta 00

In summary, we find the following special cancellations between those highly nonlinear terms:

A

(—u-VQ+ S(Vu,Q) +TH(Q)) : H(Q)dx.
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(a) the term I, (i.e., ([GA]) cancels with the first term in (GI3]),
(

)
b) the term I3, (i.e., [67)) cancels with the term Iy, in (612I),
(c) the term I3 (i.e., ([69)) cancels with the first term in (6.14]),
)

(d) the term I3, (i.e., (GI0)) cancels with the first term in (G.15]).
Taking into account the above cancellation relations, we can easily conclude (6.2)). O

Remark 6.1. We note that in the above cancellations, the relation (a) is the same as for the
simpler case with & =0 (see e.g., [2]). However, for the general case & # 0, we have found extra
relations (b)-(d) between higher-order nonlinear terms of the full Navier-Stokes and Q-tensor

system (LI -(TH).
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