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GLOBAL STRONG SOLUTIONS OF THE FULL NAVIER-STOKES
AND Q-TENSOR SYSTEM FOR NEMATIC LIQUID CRYSTAL
FLOWS IN TWO DIMENSIONS*

CECILIA CAVATERRAT, ELISABETTA ROCCA¥, HAO WU$, AND XIANG XUY

Abstract. We consider a full Navier—Stokes and @Q-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.

Key words. nematic liquid crystal flow, Q-tensor system, global strong solution, uniqueness of
asymptotic limit
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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 @-tensor system due
to Beris and 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 the spatial dimension), which measures
the deviation of the second moment tensor from its isotropic value. The @-tensor
can incorporate the biaxiality of the liquid crystal molecule alignment [28]. Moreover,
if @ has two equal nonzero eigenvalues, then it can be formally written as Q(x) =
s(n(z) ® n(z) — 1) with s € R\ {0} and the vector n : R? — S9! representing the
averaged macroscopic molecular orientation, so that the coupled Q-tensor system (see
(1.1)—(1.3) 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 ith direction and by O = (0,a1) x - -+ x (0, aq) the periodic
cell. Without loss of generality, we can simply set O = (0,1)%. The coupled PDE sys-
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tem we are going to study consists of incompressible Navier—Stokes equations for the
fluid velocity with highly nonlinear anisotropic force terms and nonlinear convection-
diffusion equations of parabolic type that describe the evolution of the @-tensor (see,
e.g., [31]). More precisely, the full coupled Navier—Stokes and Q-tensor system takes
the following form:

(1.1) g +u-Vu—vAu+VP =2V (1 +0), (x,t)cTxRT,
(1.2) V-u=0, (z,t) € T? x RT,
(1.3) Qi+u-VQ —S(Vu,Q) =TH(Q), (z,t) € T? x RY,

Here, the vector u(z,t) : T¢ x (0,+00) — R? denotes the velocity field of the fluid
and Q(z,t) : T¢ x (0,400) — S’éd) stands for the order parameter of liquid crystal

molecules. (See (2.1) for the definition of the set S(()d).) We assume that the system
(1.1)—(1.3) is subject to the periodic boundary conditions

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

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

(1.5) u|i—o = ug(z) with V-up=0, Qli—o= Qo(x) forz e T

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 [31,40].

The system (1.1)—(1.3) 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 the
macroscopic elastic relaxation time (Deborah number) for the molecular orientation
field, respectively.

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

(16) F@ = [ (5907 + £5(@)

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 general Oseen-Frank energy (cf. [3]). On the other
hand, the bulk part fp(Q) of Landau—de Gennes type takes the form

£ t2(Q?),

(@) = (@) — (@) + &

2 3
where a, b, c € R are material-dependent and temperature-dependent coefficients that
are assumed to be constants here for simplicity. In particular, throughout the paper
we assume that

c> 0,

which is necessary from the modeling point of view to guarantee that the free energy
F(Q) (and also the total energy E(t) of the coupled system (1.1)—(1.3), see (2.3)) is
bounded from below (see [27,28]).
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The tensor H = H(Q) in (1.3) is related to the variational derivative of the free
energy J(Q) with respect to @ (under the constraint that @ is both symmetric and
traceless) such that

€ 1
(1.7) H@mi§_@§§2:LAQ—aQ+b<Q2—aH@fﬂ)—cQU@fL
where I € R?*? stands for the identity matrix. Besides, the matrix valued function
S(Vu, Q) in (1.3) takes the form

(1.8) S(Vu,Q) % (6D + Q) (Q + éﬂ) + <Q 4 éﬂ) (€D - Q)
% (Q T éﬂ) (QVu),

where
Vu+ VTu Q- Vu—V7Ty

2 T 2
represent the symmetric and skew-symmetric parts of the rate of strain tensor, re-
spectively. We note that S(Vu, Q) 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 (1.8) 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
directors.

Concerning the stress tensors 7 and ¢ on the right-hand side of Navier—Stokes
equations (1.1), the symmetric part 7 reads

D =

19 =@+ 31) H@ - €@ (Q+ 31) +2¢ (@ + 31) w(@H@)
~LVQ o VQ,

in which the last term is understood as (VQ © VQ);; = ZZJ:l ViQriV;Qki. On the
other hand, the skew-symmetric part o is given by

(1.10) o= QH(Q) - H(Q)Q.

We recall some related results in the literature. The coupled Beris—-Edwards
system (1.1)—(1.3) has been recently studied by several authors. For the simpler case
with £ = 0, which means that the molecules only tumble in a shear flow but 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 [10]. Besides, initial boundary value problems subject to various
boundary conditions for d = 2, 3 have been investigated by several authors in [2,16,17]
under the assumption & = 0. In these works, they proved the existence of global weak
solutions, the existence and uniqueness of local strong solutions, as well as some
regularity criteria, etc. For the full Navier-Stokes and @-tensor system (1.1)—(1.3)
with general £ € R, the existence of global weak solutions for the Cauchy problem in
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R? with d = 2, 3 was established in [31] for sufficiently small |£|, while the uniqueness
of weak solutions in the two dimensional (2D) setting is given quite recently in [11].
On the other hand, in [1] the authors proved the 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 progress has also been made on the mathematical analysis of certain
modified versions of the Beris-Edwards system in terms of its free energy. For in-
stance, in [40], the regular bulk potential in (1.6) is replaced by a singular potential of
Ball-Majumdar type (cf. [3]) that ensures the Q-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 he further obtained the existence
and uniqueness of global regular solutions. In [13,14], nonisothermal variants of the
Beris-Edwards system were derived and the authors proved the existence of global
weak solutions in the case of a singular potential under periodic boundary conditions
for general £ € R and d = 3. In [19], the authors considered a general Beris—Edwards
system where the Dirichlet type elastic functional as in (1.6) is replaced by three
quadratic functionals. For the Cauchy problem in R3, they proved the existence of
global weak solutions as well as the existence of a unique global strong solution pro-
vided that the fluid viscosity is sufficiently large. We also refer 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 [6,7,20,26,
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 be-
havior of the full Navier-Stokes and @-tensor system (1.1)-(1.5) in the 2D periodic
setting. The main difficulty in handling the current full coupled system with £ € R is
due to the fact that for £ # 0 the system (1.1)—(1.5) no longer enjoys certain maximum
principle for the @Q-equation (1.3), which is instead true in the case in which £ = 0
(see, e.g., [17, Theorem 3]). Due to the loss of control on @ in L*>(0,T; L>°), extra
difficulties arise in obtaining estimates for those highly nonlinear terms of the system
(see Proposition 12). We note that a similar problem was encountered in [31] in prov-
ing the existence of global strong solutions of the Cauchy problem in R? (assuming
that |¢| is sufficiently small). In order to get such high 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 for the Sobolev embedding of H'!
in L? for any p > 1 (cf. [8]), and an optimal choice of the nonconstant index p of
interpolation depending on the norm of the solution. Then they established the exis-
tence of a unique global strong solution (u, Q) to the Cauchy problem in R?, whose
H* x H'™S-norm (s > 0) may increase at most quadruply exponential in time.

We note that in [31], smallness of the parameter |¢| is required because of the
unboundedness of the whole plane R2?, which, however, can be removed in our current
periodic setting (see (2.8)). In the periodic domain T2, the first main result we are able
to prove is the existence and uniqueness of global strong solutions (u, @) for arbitrary
¢ € R, whose H! x H2-norm is indeed uniformly bounded in time (see Theorem 6). To
achieve this goal, we use the idea of [25] for the simplified liquid crystal system together
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with the interpolation techniques in [31] to derive a suitable higher-order differential
inequality for a specific quantity A(¢) (see (3.5) for its definition), which is essentially
contained in the energy dissipation of the system (1.1)—(1.5) and is integrable with
respect to time on the unbounded half line RT such that A(t) € L'(0,+00) (see
Proposition 12). The resulting higher-order energy inequality (3.6) 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 H2-norm of the
global strong solution (u, Q) provided that (ug, Qo) € H' x H? (see (4.19)); (2) it
implies the decay of A(t) to zero as t — 400 and thus gives a characterization of the
w-limit set of the evolution system (1.1)—(1.5) (see Lemma 18); and (3) it helps to
obtain an uniform estimate on the rate of convergence to equilibrium for the global
strong solution (see (5.38)).

Our second main result is about the long-time behavior of global strong solutions
obtained in Theorem 6 (see Theorem 7). The problem of 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 dynamical systems in higher
spatial dimensions. For instance, under the current periodic boundary conditions,
it is expected that the dimension of the equilibrium set for our problem (1.1)—(1.5)
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 19), and then we apply the Lojasiewicz—
Simon approach (see [34] and also [15]) 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 [21] and the references therein for various applications.

The rest of this paper is organized as follows. In section 2 we introduce the
notation 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 (1.1)—
(1.5). 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.

2. Preliminaries and main results.

2.1. Notation. 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(T9¢, M), W™P(T%, 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} (RY) or W,'P(R?) and periodic in T¢, with norms denoted by | - || .»,
|| - [lwm.», respectively. For p = 2, we simply denote H™(T%) = W™2(T%) with norm
||| 7. In particular for m = 0, we denote H(T?) = L?(T%) and the inner product on
L?(T4) will be denoted by (-,-)z2. 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.

The Einstein summation convention will be used throughout this paper. For
arbitrary vectors u,v € R?, we denote u - v = w;v; the inner product in R?. For any
matrix @ € R™?, the Frobenius norm |Q| = /tr(Q?) = \/Qi;Qi; will be used. Let

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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S(()d) denote the space of symmetric traceless matrices with spatial dimension d,
(2.1) S et {Q ERP | Qi = Qji, t1(Q) =0, i, =1,.. .,d}.

Then for matrices A, B € S(()d), we denote A : B = tr(AB). Concerning the norms
for spatial derivatives of matrices, we denote |VQ|*(z) = ViQ;j(x)ViQi;(z) and
|IAQI*(z) = AQij(x)AQi;(z). Then Sobolev spaces for Q-tensors will be defined in
terms of the above norms. For instance,

L3(T4, 55) = {Q LT sg‘”,/d 1Q(2)|? da: < oo} ,
T

s = { Qi s 50, [ 190 + Q) s < o).

Concerning the divergence of a d x d differentiable matrix-valued function o = (o;;),
its ith component is given by (V- 0); = V045, 1 < 4,5 < d.

For any normed space X, the subspace of functions in X with zero-mean will
be denoted by X, that is, X = {v€ X: [[,vdxr=0}. Then we recall the well-
established functional settings for periodic solutions to Navier—Stokes equations (see,

e.g., [36]):
H={vel*T,RY, V-v=0},
V= {v € HY(T4,RY), 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:

(22) Su=-Au YueD(S)= {uecH, Auc H} = H*(T¢,RY) N H.

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 readers to [36].

We denote by C' a generic constant that may depend on v, I', \, &, 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 (1.1)—(1.5) that are valid
in both 2D and three dimensional (3D) cases.

The total energy of the system (1.1)—(1.5) consists of two parts: the kinetic energy
for the velocity field u and the free energy F(Q) (see (1.6)). More precisely, we have

(2.3) Eit) = % y [ul?(z,t) dz + AF(Q(1)).

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 1 (basic energy law). Suppose d =2,3. Let (u,Q) be a smooth solution
to the problem (1.1)-(1.5). Then we have

d
(2.4) —E&(t) = —u/ |Vu|* de — /\F/ |H(Q)]?dx <0 Yt>0.
dt Td Td

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Lemma 1 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 functional for the system (1.1)—(1.5). This property provides necessary
global estimates for further mathematical analysis of the PDE system (1.1)—(1.5), for
instance, the existence of global weak solutions.

LEMMA 2. Suppose d = 2,3. Let (u,Q) be a smooth solution to the problem
(1.1)—(1.5). Then we have

(2.5) [u@llez + Q) <C V>0,

where the constant C' > 0 depends on ||ugll, ||Qoll a1, L, A\, a, b, ¢ and T¢. Moreover, it
holds that

T
(2.6) / |Vu(z, t)]> + |AQ(x, )P dedt < Cr VT >0,
0 Td

where Cp > 0 may further depend on v, I', and T
Proof. Tt follows from Lemma 1 that

t

(2.7) E(t) +/ / v|Vul? + AT H(Q)|*dxdt = £(0) VYt > 0.
o Jrd

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

1
£(0) = §||U0||2L2 + AF(Qo) < C(lluoll L2, [|Qoll 1)-

On the other hand, there exists a constant M = M (a, b, ¢) > 0 large enough (see [31,
(18)]) such that

Dir(@®) + Su(Q?),

Br(@) + (@) < (M4 5) (@) - ‘

2

which combined with the Young’s inequality and the fact ¢ > 0 yields that

Dr(@) — 2r(@) + S07(@?) > 3 (@) + Su(@)
(M +1)2

Then we have the estimate

1

28)  5luOlE+ FIVQWIE +A [ F(@0) + {5 (@) de

< L2+ a7 @) + 22 ey vy,

N =

where |T¢| stands for the Lebesgue measure of T¢. As a consequence, we can deduce
that £(¢) 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 (2.5)
easily follows from (2.7) and (2.8).
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Next, we infer from (2.5), (2.7), (2.8), and the Sobolev embedding theorem (d =
2,3) that

/Ot /T |LAQ(r)|” dadr

g2/0 Td|H(Q(T))‘ dxdr

t
vz f
0 Jrd

t 9 t
< 2/ |H(Q)| dwdT+C/ (IR(MIIZ2 + 1QMILs + 1Q(T)I%6) dr
0 JTd 0

< 2 (£0) ~ &) + Ot

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

2
dxdr

~aQ+ 0 (@ - (@) - Qu(@?)

where C depends on ||ugl|, |Qollz1, T, L, A, a, b, ¢, and T¢. Then the conclusion (2.6)
easily follows from the above estimate and (2.7). O

Remark 3. For the full Navier-Stokes and Q-tensor system (1.1)—(1.5) with gen-
eral parameter £ € R, the existence of global weak solutions for the Cauchy problem in
the whole space R? with d = 2, 3 is established in [31] for sufficiently small £&. On the
other hand, for the initial boundary value problem in a bounded domain in R, in [1]
the existence of global weak solutions under inhomogeneous mixed Dirichlet/Neumann
boundary conditions was obtained without any restriction on £&. The smallness for &
can be removed in the bounded domain case because one can use a generic constant
depending on the domain size to get a priori L?-estimate for the Q-tensor (see (2.8)).

Since we are working with the periodic domain, the following result can be easily
proved in a way similar to [1].

PROPOSITION 4 (existence of global weak solutions). Suppose that d = 2,3 and

& € R. For any initial data (ug,Qo) € H x Hl(’]I‘d,Séd)) and T > 0, the problem
(1.1)—(1.5) possesses at least one global weak solution (u,Q) such that

(2.9) uwe L0, T;H)N L*(0,T; V),
(2.10) QecL™ (O,T; H (’H‘d, Séd))) N L2 (0, T: H? (’]I‘d, Séd))) .

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

(2.11) £(t) +/Ot /T VIVul? + AT H(Q)Pdxdt < £(0).

2.3. Main results. In the remainder of this paper, we shall focus on the 2D
case that d = 2. First, we observe the simple fact that
(2.12) tr(Q*) =0 when d = 2,

and thus the cubic term with coefficient b in the free energy F(Q) (see (1.6)) just
vanishes (cf. [22]). As a consequence, we have a simpler expression for H(Q) in the
2D case:

(2.13) H(Q) = LAQ — aQ — cQ tr(Q?).

Let us introduce the notion of strong solutions to the problem (1.1)—(1.5).
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DEFINITION 5. Suppose that d = 2 and (ug,Qo) € V X HQ(TZ,S(SQ)). A pair
(u, Q) is called a global strong solution to the problem (1.1)—(1.5) if

(2.14) u € C([0,+00); V) N LY. (0, +o0; H? (T%,R?)),
(2.15) QeC ([0, +o0); H? (’ITZ, 552))) NL2, (0,+oo;H3 (T2,S§2))) .

Moreover, (1.1) for u and (1.3) for Q are satisfied in L7 (0,+oco;H) and
L7,.(0,400; L*(T?, Séz))), respectively.

Then we state the main results of this paper. The first result is about the global
well-posedness of the hydrodynamic system (1.1)—(1.5) in T2.

THEOREM 6 (existence and uniqueness of global strong solutions). Suppose d =

2 and & € R. Then for any (ug, Qo) € Vx H?(T?, Séz)), the problem (1.1)—(1.5) admits
a unique global strong solution (u,Q) in the sense of Definition 5, which satisfies

[u@llm + QW) lmz <C Vit 20,
where C' > 0 is a constant that depends on v,T', L, \, a,c, T?, ||uo| g1, |Qollz2, and &
but not on t.

Our second main result states that for any global strong solution obtained in
Theorem 6, it has an unique asymptotic limit as ¢ — +oo.

THEOREM 7 (uniqueness of asymptotic limit). Suppose that the assumptions in

Theorem 6 are satisfied. For any (ug, Qo) € V x H?(T?, SéQ)), the unique global strong
solution to the problem (1.1)—(1.5) converges to a single steady state solution (0, Qo)
as time tends to infinity:

(2.16) tim (Ju(®) ]+ 1Q() ~ Quell) =0,

t
where Qoo € S(()Z) satisfies the elliptic problem in T?
LAQo — Qo — ctr(Q%)Qo0 =0, in T?, Qoo(x +e;) = Quo for x € T2,

Furthermore, the following estimate on convergence rate holds:

(2.17) lu@®)llzr + 1Q(1) = Quollzr2 < CL+8)"7=% V>0,

Here, C > 0 is a constant that depends on v, T', L, X\, a, ¢, &, T2, |luollz, ||Qoll z2,
and || Qoo || 2, and 0 € (0, 3) is the constant given in Lemma 19 depending on Qso.

3. Higher-order energy inequality. In this section we will derive a useful
higher-order energy inequality for the problem (1.1)—(1.5). For the sake of simplicity,
the subsequent calculations shall be performed formally on smooth solutions of the
problem (1.1)—(1.5), without referring to any approximation. Nevertheless, they can
be justified by working within the Faedo—Galerkin approximation scheme (4.1)—(4.7)
described in section 4.

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

LEMMA 8. Suppose d = 2. We have
1 1
(31) lollze < € (IVallEallgllZa + llglle) Vg € BT,

1 1
(3.2) IVgllez < llglz=llAgll;. Vg€ H*(T?).
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Besides, we will make use of the following LP-interpolation inequality with precise
growth of the constant in 2D, which follows from [8] (see also [30, Lemma 10]) and
the Sobolev extension theorem [29, Chapter 2, section 3.6].

LEMMA 9. Suppose d =2. For any n > 1, it holds that

1—-1 1
lgllzzn < Cvallgly lgllf= Vg€ HY(T?),

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

Next, we recall that when £ = 0 the system (1.1)—(1.5) enjoys a maximum prin-
ciple for the @-equation (1.3) (see, e.g., [17, Theorem 3]). However, since now the
parameter ¢ is allowed to be nonzero, the maximum principle property is no longer
valid. The loss of control on the LY°L2°-norm of ) 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 10 (Agmon’s inequality [37]). When d = 2, it holds that

1 1
(3.3) gl < Cligllzzllglze Vg € H*(T?).

LEMMA 11 (Brézis-Gallouet inequality [5]). When d = 2, for any g € H*(T?), it
holds that

(3.4) 9l < Cllglla v/ In(1 + [lgllz2) + Cllgllm-

Now we state the main result of this section.

PROPOSITION 12. Let d =2 and
(3.5) A(t) = ([Vu(®)|Z2 + A H Q)22
For any € € R, the following energy inequality holds:

(36) SAW) + 218udZ: + 5 IVHQ)E

< C*{l +1€I[1+ In(e + Ine + A(t)))] (e + In(e + A(t)))} e+ A(t)] A(t),

where Cy, > 0 is a constant that depends on v,T', L, \, a,c, T2, ||uo| 2, |Qoll 1, and €.
Proof. After a lengthy calculation (see the appendix for details), we obtain

1d
(3.7) 5 Al + v||Au||Z2 + AT VH(Q)| 7
= / (u-Vu) - Audz — 2)\/ Viur ViV Qi Hijdx
T2 T2

A

+ —/ ukaFinijda:
L Jp2

- 2/\/ Viui(ViQu;ViHix — AV1Qix Vi Hyj)dx

T2
- /\/ Vjui(AijHik - AQlkaj)dZIJ
‘]1‘2

e /Tz (DAQ +AQD) : H(Q)dx +4X¢ /T2 ViDixViQr;Hij dx
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—2X¢ A(lejS)ijinl dx
—4/\5/ m (QuiQji) Vi Vjui Hyy da

OF(@Q) . , . OF(Q)
50 (u-VQ): H(Q)dz + A .90

AT /T 2 OFQ) o)+ H(Q)dx

oQ
def Z JZ,

where F(Q) = —aQ — cQtr(Q?), since now we consider the 2D case (see (2.12) and
(6.3)).

Below we shall estimate the terms J; through Ji2 in (3.7). 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
(3.1) and the lower-order estimate (2.5):

Ji < ullpal| Vel sl Aull L2

- A S(Vu,Q) : HQ)dz
T2

1 3
< CllullZ:1IVull 2 [ Aul| -
Recalling (2.13) and using again (2.5), we observe that

1 1
(35) 18Ql: < HIH@)lze + 1@ + etr(@)Q] .
1
< TIH@)e: +C(1Q) 1)
1
< ZHH(Q)HH +C.
Meanwhile, applying (3.2) and (3.3) once more, we get

IVAQI> < T IVH@)lze + 7 [aV@ + eV (@)

L2

1
< ZIVHQ)llz2 + C(L+ [QIZ)IIVQ] 22

< ZIVH@I1+ C(1+14Q:2)

IN

1 1 1
ZIVH@)ll12 + € (14 IVQIEIVAQIZ. + VQll.)

IN

1 1
ZIVHQ)llz2 + 5IVAQl 2 + €,
which implies
2
(3.9) IVAQIILz < FIVH(Q)llz2 + C.

On the other hand, we infer from Agmon’s inequality (3.3) and the estimates (2.5),
(3.8) that

(310) QU= < ClQlLIQN: < (1+18Ql%) < ¢ (1+H@):).
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As a consequence, it follows from the Holder inequality, the Gagliardo—Nirenberg
inequality (3.1), and Young’s inequality that
J2 < C||Vu| 2(|Qlw=a | HI| 4
< O Vull 2 QU Q1 s 1 2 11
< O Vulls (IAQIEIVAQIE: + 8@l +1) (IHIZIVHIG. + 1 Hll.2)
< O Vullys (1HIZIVHIF + IVHIZ: + |1H 22 +1)
< (IH IV HIZ + 1H1l22 )
< ¢|VH|[72 + C|IVul[f2 + C|[Vul12 + C||H ||} + C|| H| 1
< €||[VH|2: + CA(1+ A).
For Js3, using the inequalities (3.1) and (3.3), we obtain that
I3 < lull LIVl La (L + QU7 <) 1 H |2
< OHVU”L2HAQ||%2HVQ||%2(1 + 1AQ||r2) | HI 2
< CVullze (14 IVAQULIVQIE: ) 1AQIE: I1H] 2
< €| VH|?2 + C||Vulp2 + C|H|12 + C|| H| 7
< €||VH|3: + CA(1+ A).
The terms J4 and J5 can be estimated as
Ji < C||Vul[a[VQ|| 4| VH [ 2
< CIVul & | Al 21V QI 1AQ £ |V H]l -
< ellAulltz + e VH| 2 + Ol Vull7. + C||Vul 22| H| 7

< el|lAu|?z + €| VH|2: + CA(1 + A),
J5 < C||Vul[a|AQ|| 2| H|[ 4

< O\ Vul a1 Aul (U4 |1H  z2) (VG IV H s + 5] 2
< c|Aul3s + el VH|2: + CVul2s + C[Vul[4s + CIH|: + ClH]
< el|AulfZ + €| VH|2. + CA(L + A).
Besides, for Jyp and Jio the following inequality holds:
Jio + Ji2

< C(1+ [QI2~) (1Hll 2 + lull 1= [VQ] =) | H] 2

< O+ | H) o) (1 Hll e+l £ | Aull . )| H e

< OO+ H | ) H |3 + CIH|Zalulf | Aul 22 + CILH || 2| Vul 221 Aul 2

< €| AulZz + C||Vull7z + C||Vull72 + CllH|72 + C| H|| 72

< el|Aul2s + CA(1 + A).

It remains to estimate the terms Jg,...,Jy and Ji; involving the parameter &,
which all vanish when & = 0. Thus, we only need to consider the case £ # 0 (with &
being arbitrary but fixed).
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The term Jg can be estimated in the same way as for J, that is,
Jo < CIEIVull 2| AQ| pal| H | 24
< €| VH|Z: + C(1 + [€°)AQ + A).
For J7, using the Holder inequality, (3.1), (3.8), and Young’s inequality, we have
Jr < ClEl|Aul[ 2 VQIl s | H | 2
< Clell1Aul 2 VUL 1AQN 5 (IHILIVHIT + 1] 22)
< ellAuls + €| VH|Z: + C (1 +1€*) (1H1Z2 + | HI72)
< e|AulF. + €| VH|[F. + C (1 + |¢*) AL + A).
Next, we treat J1; and postpone the estimates for terms Jg, Jg that are more involved.
Ju S C(L+[1QI2=)15(Vu, Q) 2| Hl| 2
< CO+[1H|z2) (1 + Q)| Vuul 2 | H|
< O+ [|H | £2)? | Vull g2 ]| H | 2
< CIVullal| g2 + CH L Al ol
< el AulZ. + C||VulZz + CH| 22 + Ol H|
< el|Aul2s + CA(1+ A).

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

Js < 208l |Vl ol H 14 | AQQ) | 2
< Clel[9ull e | H |+ (1Q1 e~ 1AQI 2= + IV QI3.)
< ClellIVull o[ Hll o (| QU [AQ 2 + [AQI L2 IV Q] £2)
< ClelIVull 1 Aul s (IHIEIVHIZ + 1 H ) (U [H]2)(1+ Q)
< el Aul + | V|
+C (6l +161Y) (1+ QI3 (IVullta + IVullfs + 1|3 + |1HI32)
< ellAul* + e VH[? + C (I¢] + [€]*) BAQL + A),

where we have set
(3.11) B=e+In(e+ A >e.
Concerning the last term Jg, by the Holder inequality we have, for any p € (0,1),

(3.12) Jo < A€ QU= 9QI 2 V2l 2| H]| =

For any p € (0, %), applying the LP-interpolation inequality Lemma 9 with n = p~! >
1 and n = (1 —p)~! € (1,2), respectively, we deduce that

(3.13) IVQIl, 2 < SV IRl IVQIT:

< CVp Y H|RPIVQIE, +Cy/pt
< COVp Y H| 2"+ Cypt
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and

(3.14) 1H|, 2 < CVA = p) HIH Gl HI| "
< OV =p) HIVH|H " +CV = p)~HH| 2

< CIIVH| L [1H 2" + ClIH]| .

Hence, by the Brézis—Gallouet inequality (3.4), estimates (3.12)—(3.14), and Young’s
inequality, we have

(315)  Jo < ClEp | Aul 121 Qll
< (IVHILNEIZ ™ + 1T+ IVHII I+ 1H] )

< elell| AulZs + el [VH |2 + Clelp™ ™ |QUEZ (I1H [ Le + | H22)
+Clelp M QI3 (IH1%: + | HII3:)

< elélllAul3s + elé ]| VHI2
+Clelp™ T [e + In(e + A)| 77 (| H|| + | H32)
+ Clelp e + (e + A)] (| H||Es + [ H|22)

1
S elglllAula + €l VHIE: + Joa + o Vp e (0,3):

Since the constant C' in the estimate (3.15) is independent of the parameter p € (0, %),
in the spirit of [31] we can take the exponent

p=(1 —l—lnB)fl,

where B is defined in (3.11). We note that with this choice p may not be a constant,
but it is always true that p € (0,%). Then it follows from (3.15) that

(3.16) Jop < CI€|(1 + In B)BA(1 + A)
and
(3.17) Jou < Clelp™ T e+ In(e + A) 77 (|H|[%: + || H|2:)

< CIE|[(1 + In BBt w5 A(1 + A)
< ClE|(1+ I B)BA(L + A),

where we have used the simple fact that the quantity

[(1+InB)B]"F =[(1+InB)e"E]"F = ¢(1 + InB)=5

is uniformly bounded for all B > e. As a consequence of (3.15)-(3.17), we deduce
that

(3.18) Jo < €lé|||Aul|Zs + €|¢||VH |22 + Cl€|(1 + In B)BA(1 + A).
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At last, we take the small constant ¢ such that

From (3.7) and the above estimates for terms Ji, ..., Jig, it follows that
d . v, ., Al )
(3.19) EAJF §||Au|\L2 + 7||VH|\L2 < Ci[1+ [¢/(1+InB)BJA(L + A),

which easily implies the conclusion (3.6). The proof is complete. a

Remark 13. If £ = 0, the inequality (3.6) reduces to
d
(3.20) EA(t) < Cile+ A(t)]A(t),

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 (1.1)—(1.5) admits a unique global
strong solution.

4.1. Semi-Galerkin approximation scheme. Inspired by [25] on the simpli-
fied Ericksen—Leslie system for incompressible nematic liquid crystal flow, we can work
with a semi-Galerkin scheme in the periodic setting. For the convenience of 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,}52; be the eigenvectors of the Stokes operator S in the torus T? with zero mean,

Svp = KpUn, Vv, =0, / vp(z)dr =0, in T?,
‘]1‘2
vp(T+e) =vp(z), x€ T2,

where 0 < k1 < kg < --- /' 400 are corresponding eigenvalues. The eigenvectors v,
are smooth, and the sequence {v,}>2; forms an orthogonal basis of H as well as V
(see, e.g., [36]).

Taking an arbitrary but fixed integer N € N, we consider the finite-dimensional
space Vy = span{v, }\_, along with the orthogonal projection operators Iy : H —
Vi, which are bounded linear operators with norms bounded by one. For any 7" > 0,
we seek approximations of solutions to the problem (1.1)—(1.5). The approximation
of velocity u” takes the form

which solves
(4.1) / (u™ ) - vp dadt — / (N @u"): Vugdz +v [ Vu : Vopda
T2 T2 T2

:—/ (O’N+TN)ZVde$ Vte (0,T)
T2
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forany k=1,...,N. In (4.1), the approximations of stress tensors are given by
. 1 1
an (@Y g1) HYQY) - (@) (@ + 51)

+2¢ (QN + %H) tr (QVHN(QY)) — LVQY o VQV,

(4.3) oV = QVHN(QN) - HN(QM)QY,
where
(4.4) HN(QY) = LAQN —aQN — QN tr (QY)?).

On the other hand, the approximate function Q% is determined in terms of u” as the
unique solution to the parabolic system

45) QY +uM-vQY —S(Vu",QY) =THY(QY), (z,t) e T> xRY,

where

(4.6)  SN(VuN,QY) ¥ (DN + V) (@N + %“) i (QN + %H) (eDN — V)
—2¢ (QN + %H) tr(QYvulY)

with

_ VulV + vTyN ON — VulV — vTuN

2 ’ 2
The initial conditions are given by

DN

(4.7) uNi=o = yug, Q=0 =Qo, = €T

4.2. Proof of Theorem 6. 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 14. Suppose ug € V, Qg € HQ(TQ,S(SQ)). For any N € N, there
exists a Ty > 0 depending on ||uo|| s, ||Qollmz, and N such that the approximate
problem (4.1)—(4.7) admits a solution (u™, Q™) satisfying

u™ € L>(0,Tn; V) N L? (0, Tn; H*(T?,R?)) N H' (0, Ty; H),
QY e L (0,Tws HA(T2, 56)) 0 L* (0, T H¥(T2, 57))
nH (O,TN;Hl(’]I‘Q,Sé2))) .

Proposition 14 can be proved by a classical Schauder’s argument (see, e.g., [25]).
Indeed, given a vector @ € C([0,T]; Vn), we find a Q = Q[a] by solving (4.5) with
u®¥ replaced by 4. Inserting Q[ii] back into (4.1), the solution u to the resulting ODE
system defines a continuous mapping 7 : @ — T [a] = u. It is standard to show that
T admits a fixed point by means of the classical Schauder’s argument on (0, Tx) with
certain Ty > 0 depending on ||ug|| 71, [|Qollm2, and N. We leave the detailed proof
to interested readers.
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Remark 15. Since we are working in the periodic domain T?, by the classical
regularity theory for parabolic equations (cf. [23]) and a bootstrap argument, we can
see that (u?, Q) is C* in the interior of T? x (0,Tx).

In order to prove the existence of global strong solutions, we need to derive some
uniform estimates for approximate solutions (u’¥, QV), which are independent of the
approximation parameter N as well as the time t.

Lower-order estimates. A similar argument like in [1] yields that the approx-
imate solutions satisfy the following energy identity:

d
(18)  TeNt) = v [ [V - )\F/ HN(QM)[2dz <0 Vi€ [0,Ty),
T2 T2

where

(4.9) EN(@) = % N |uN ? (z,t) do + ANF(QN(t)).

As in Lemma 2, the energy identity (4.8) provides uniform estimates for v’V and Q~
such that

(4.10) [u™ (@)l + 1QY Bl < C vt e [0,Ty),

(4.11) /Ot /T Vu ()P + [AQN (PP dadr < C(1+1) Vit [0,Tw),

where the constant C' > 0 depends on |ugl|, ||Qollz1, L, A\, v, T, a,c, and T? but is
independent of the parameter N and time t.

Higher-order estimates. It is easy to see that the calculations we made in
section 3 for smooth solutions (u,@) to the problem (1.1)—(1.5) still hold for the
approximate solutions (u’V, Q). Thus, for (v, Q"), we introduce the quantity

(4.12) An () = [VaN (0122 + AHY QY (1)) 7.

In particular, we infer from (4.8) that
¢
(4.13) / / V|V ()2 + AT HY (QN (1) dadr < K Yt € [0, Ty),
0 J12

where K > 0 is a constant that only depends on |ugl|z2, [|Qoll a1, L, A, a, ¢, T2. Then
we have

On the other hand, using the lower-order estimate (4.10), for any £ € R, we can
get the following higher-order energy inequality for all ¢ € [0, Tn):

d Al
(415) S Av(0) + SlAuN e + S IVEY Q)3

< c*{1 +1€][1 + In(e + Ine + Ax ()] [e + In(e + An (t))] }
x[e + An(t)]An (1),

where C, > 0 is a constant that depends on v,T', L, \, a, ¢, T, ||uo|| .2, ||Qol| 52, and &
but is independent of N and t.
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We consider two cases.
Case 1. If £ = 0, then it follows from (4.15) that

d
7 Inle + An(t)] < CL AN(T),
which implies

An(t) < [e+ An(0)]eC- Jo An(dr

Cy K
< [e+ Ay ()t
<C Vte [O,TN),

where C' > 0 is a constant that depends on v,T', L, \, a, ¢, T2, ||uo||v, ||Qol| &2
Case 2. If € # 0, then we deduce from (4.15) that

(4.16) %mzz\;(t) < O 1+ |E)An(B),

where
def

Zn(t) = 14 In(1 +Infe + An(2))]).

Integrating (4.16) with respect to time and using (4.14), we have

In Zn(t) ganN(0)+C*(1+|§|)/O An(7T)dr

(Co)* K1+ [¢])

<InZ
<InZy(0) + min{v, T'}

Vte [O,TN),

which again yields that
(4.17) An(t) <C Vtel0,Tn).

For both cases, after integrating the differential inequality (4.15) with respect to
time, we obtain

(4.18) /O (1Au™ (1)22 + [VHN QN (7)|22) dr < C Vi € [0, ).

As a consequence, the following uniform higher-order estimates hold:
(4.19) [ (Ol + 1QY ()| = < C vt e [0,Tn),
t
(4.20) / AN (P2 + [VAQN (1) dadr < C(1+1) Ve [0,Tw),
o Jr2

where the constant C' > 0 depends on ||ug|| g1, [|Qoll 2, L, A, v, T, a, ¢, €, and T? but is
independent of the parameter N and the time ¢.

Passage to the limit as N — oco. First, we can deduce from the above uniform-

in-time lower-order and higher-order estimates (4.10), (4.19) that the approximate
solutions (uY, Q") cannot blow up in finite time. Thus, for any N € N, it holds that
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Tx = +oo such that every approximate solution (u’V, Q") can be extended to the
time interval [0, T'] for arbitrary T' > 0.

Second, since the uniform estimates (4.10), (4.11), (4.19), (4.20) are also indepen-
dent of the approximation parameter N, we infer from (4.1), (4.5), and the Holder
inequality that for any 7> 0 and N € N,

uN € L°°(0,T; V)N L*(0,T; H*(T?, R?)) n H'(0, T; H),
QN € L=(0,T; H(T2, 8{7)) 1 L2(0, T3 HA(T%, S§%))) N H' (0, T3 H (T2, 57))).

The above uniform estimates together with standard weak compactness results and
the Aubin—Lions compactness lemma (see, e.g., [35, Corollary 4, section 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 (1.1)—(1.5). 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 (ui, Qs), ¢ = 1,2 be two global strong solutions of the problem (1.1)—(1.5)
subject to initial data (w0, 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
2 (a1 = wall3e + ALIV(Q1 — Q232 + X @1 — Qall3:)

dt
V]|V — wa)e + AT AQ: - Qa2
< h(t) (Ilur — wall3s + ALIT (@1 — @222 + MQ1 — Qall3s),

where h(t) € L'(0,T) is a certain time-integrable function. As a consequence, we
have

(421)  [l(ur —u2)(®)]122 + Q1 — Q2) (1) 3
+ / (IV (ur — uz) ()22 + [ AQ1 — Q2)(5)|32)ds
< Celo M (lugy — uga|2 + 1Qo1 — Qoall3n) Yt € (0,T),

which implies that the global strong solution to the problem (1.1)—(1.5) is unique.
The proof of Theorem 6 is complete.

Remark 16. It seems impossible to prove any continuous dependence result on
initial data for the strong solutions obtained above in the space V x H2. Nevertheless,
the estimate (4.21) implies that for any (ug, Qo) € V x H?, we are able to define
a closed semigroup X(t) for ¢ > 0 (in the sense of [33]) by setting (u(t),Q(t)) =
3(t)(uo, Qo), where (u, Q) is the global strong solution to problem (1.1)—(1.5).

5. Long-time behavior. In this section we investigate the long-time behavior
of global strong solutions to problem (1.1)—(1.5) established in Theorem 6. The re-
lated study consists of two steps. First, we prove that for any global strong solution
(u(t), Q(t)) its asymptotic limit as ¢ tends to infinity is unique. Then we provide an
uniform estimate of the convergence rate.
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5.1. Characterization of w-limit set. For any initial datum (ug, Qo) € V x
H?(T?, S((Jz)), we denote its w-limit set by

w10, Q0) X {(Uoo, Qoo)| I {tn} 00 & ultn) — o in L2,
Q(tn) = Qoo in H" as n — oo}

On the other hand, we denote the set of steady states by

6 = {Q.: LAQ. — aQ. — ctr(Q?)Q. =0, Q. € S
and Q.(z + €;) = Q.(z) in T?}.
Remark 17. Since the free energy F(Q) given by (1.6) is bounded from below,

using the classical variational method and the elliptic regularity theorem, it is easy
to see that the set & is nonempty. 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 the following.

LEMMA 18. Suppose that the assumptions in Theorem 6 are satisfied. For any
initial datum (ug, Qo) € V x H?(T?, SéQ)), the w-limit set w(uo, Qo) is a nonempty
bounded subset in V x H?(T?, 5’62)) that satisfies

W(Uo,Qo) € {(OaQ*) : Q* € 6}5

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

(5.1) Jim ()l + | HQ®) 1) = 0.

Proof. Since the global strong solution (u, @) obtained in Theorem 6 satisfies the
higher-order energy inequality (3.6), using a similar argument as in section 4.2, we
get

(5.2) Alt)<C Vt>0,
where C' > 0 depends on ||ug|| g1, ||Qoll 2, L, A\, v, T, a, ¢, €, and T2, As a consequence,
it follows from (3.6) and (5.2) that
d
(5.3) E.A(t) <C Vt>0.

On the other hand, the energy identity (2.7) for (u, Q) yields that

+oo
(5.4) / / v|Vul? + A\ H(Q)|? dzdt < Ko,
0 T2

where Ky > 0 is a constant that only depends on |lugl| 2, |Qoll z1, L, A, a, ¢, T2. This
implies that fOJrOO A(t) dt < 400, which together with (5.3) leads to the decay property
(5.1).

Since the total energy £(t) is nonincreasing in time and bounded from below by
a generic constant, there exists a finite constant F, € R such that

(5.5) Jim £(t) = Fu.
By the definition of w(ug, Qo), it is easy to see that £(t) is equal to the constant Fo,

on the set w(ug, Qop)-
The proof is complete. O
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5.2. Convergence to equilibrium. In general, we cannot directly conclude
that each global strong solution of system (1.1)—(1.5) converges to a single equilibrium
as t — 400 because the set of steady states & for @)-tensors can have a complicated
structure. For instance, since we are working in the periodic torus T?, we may expect
the dimension of the set & to be at least 2. However, we may establish a gradient
inequality of Lojasiewicz—Simon type for the matrix valued function @ and apply
Simon’s idea (see [15,34]) to achieve our goal.

To begin with, using (2.5) and (5.2), we have the uniform-in-time estimates

(5.6) lu@®llar + 1@ a2 <C VE>0.

Then, from Lemma 18 we infer that there exists an increasing unbounded sequence
{tn}nen and a matrix function Q.. € H?(T?, 552)), such that

(57) lim HQ(tn) - Qoo||H1 =0,

tn—+00

where (0, Qo) € w(ug, Qo).

We now proceed to prove the convergence of Q(t) to Q for all time as t — 400,
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 19. Let Q. € Hl(Tz,SéQ)) be a critical point of the energy functional
F(Q). Then there exist some constants § € (0,3) and 3 > 0 depending on Q., such

that for any Q € H*(T?, Sé”) satisfying ||Q — Qx| < B, we have
(5.8) ILAQ — aQ — ¢ tx(Q)Q|| 41y, = IF(Q) = F(Q)'.

Here, (H(T?, SéQ)))' is the dual space of H'(T?, 5’62)).

Proof. We observe that any matrix function @ € S((Jz) can be written into the
form

(5.9) Q) = < p(x)  q(x) )

q(z) —p(x)

where p,q are two scalar functions defined on T2. Now we introduce the vector
Q : T? — R? defined by

A_ (P

¢ ( q ) '

By direct computations, we can see that
F@Q=FQ

- / [L(VpP + [Va2) + a(®® + &) + e + )] da.
‘]1‘2

The corresponding Fréchet derivative of F with respect to Q in L? is given by

) oF
OF | ep | _ o LAp—ap—2c(p* +¢*)p
5Q | OF | LAq—aq—2c(p® +q*)q )
dq
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Let Q. = (%) be a critical point of F(Q). Correspondingly, we can easily verify that
Qs = (Z: _q;*) is a critical point of F(Q). Then, applying the Lojaciewisz—Simon
inequality for vector valued functions derived in [21], we conclude that there exist
some constants 0 € (0, %) and # > 0 depending on Q. (and thus Q.), such that the

following inequality holds:

(5.10)

for any Q € H'(T?,R?), provided that ||Q — Q.||m < g Therefore, our conclusion
(5.8) is an immediate consequence of the inequality (5.10).
The proof is complete. O

Remark 20. Lemma 19 can be considered as an extended version for matrix valued
functions of Simon’s result in [34] for scalar functions. In the present case, there are
two constraints (i.e., matrix symmetry and trace free) imposed on the matrix @ € S((Jz),
which might bring extra difficulties in the proof. However, due to the special structure
of the Q-tensor in the 2D case (5.9), the possible difficulties can be avoided by reducing
the problem to the vector case that has been treated in the literature.

Convergence of the order parameter Q(t) 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 21. Let 6 € (0,3). Assume that Z(t) > 0 is a measurable function on
(0,+00), Z(t) € L?(0,+00) and there exist C > 0 and ty > 0 such that

1

(5.11) / Z%(s)ds < CZ(t)1=¢  for a.e. t > to.
t

Then Z(t) € L'(to, +00).

By Lemma 19, for each element (0, Q) € w(ug, Qo), there exist some constants
Bao.. > 0and g € (0,%) such that the gradient inequality (5.8) holds for

(5.12)  QeBy Q)™ {Qe H'(TSP). 110 - Qullin < fou |-

The union of balls {0} x {Bg,_(Qo) : (0,Qu) € w(ug,Qo)} forms an open cover
of w(ug, Qo). Due to the compactness of w(ug, Qo) in H! (see Lemma 18), there
exists a finite subcover {0} x {Bpg,(Q%.) : i =1,2,...,m} of w(ug, Qo) in H', where
the constants f3;,6; corresponding to the limit point Q%  (and thus a critical point of
F(Q)) in Lemma 19 are indexed by i. From the definition of w(ug, Qo), there exists
a sufficiently large ¢ty > 1 such that the global strong solution Q(¢) satisfies

(5.13) Qt) eU = | By, (QL) for t > to.
=1

Taking 6 = min}”,{6;} € (0, 1) and using Lemma 19 and convergence of the total
energy £(t) (see (5.5)), we deduce, for all ¢ > ¢,

(5.14) IFQM) = Fuo 7 < LAQ(E) — aQ(t) = ctr(QE)QM) g1,
< [H(Q(1))]] z>-
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Therefore, it holds that
1—6
(5.15)  (£(t) - ( lu@®)2 + | (@ )—F(Qoo)|>

1 1-60
(—||u||L2 IEQEIE

Cllu@®)|25 " + ClHQ(1)
Ot 2 + 1H(Q))]] 2
CAZ(t) Vt>to,

IN

(7

)
)

IN

[N

IN

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

(5.16) E(t) — Fu > min{w, T} / A(s)ds Vit > to.
t
As a consequence,
(5.17) / A(s)ds < CAL)TTD Vit > 1.
t

Taking Z(t) = A(t)2, from (5.17) and Lemma 21 we conclude that
+oo —+oo 1
Ga8) [ (Vule + 1H@E e < [ A@)de < oc,

to tO

Then, by using (1.3) for @, the uniform bounds on ||u(t)| g1, ||Q(t)|| g2, and the
Sobolev embedding theorem (d = 2), we have

(5.19) / T 1Qut)] e e

S/t (lw- VQlz2 + [1S(Vu, Q)2 + T H(Q)l| ) dt

<0 [ [l VQles + IVulli2 (1QI3 +1) + | H(@) 2] dr

<c / T Va2 + Q)@ 2) de
< +00,

which indicates that Q(t) converges in L?(T?) as t — +o0o. Combining the sequential
convergence result (5.7), it is easy to check that

(5.20) Jim Q1) ~ Qucllz = 0.

Next, by the uniform bound on ||Q(¢)| g2 (see (5.6)) and (5.20), from the standard
interpolation we obtain that

(5.21) lim [[Q(f) = Qoo = 0.

t—+oo
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Finally, observing the fact that
[AQ = AQoo |2
< LIH(Q) — HQuo)llx + + @ +c1r(Q1)Q — Qe — er(Q)Quc .
< ZIH@)lze + C1IQ ~ Qucll
we further deduce from Lemma 18 and (5.21) that

(5.22) Jlim Q) ~ Quclls = 0.

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. [18]). To this end, we infer from the basic energy
law (2.4), (5.5), and (5.15) that

d

(5.23) &) - Foo)? + C([Vull 2 + [ H(Q)]|2) <O Vit >ty
and also
(5.24) %(E(t) — Foo) + C(E(t) — F)2=D <0 Vi > 1.

As a consequence of (5.24), we can deduce the rate on energy decay:
0<ER) —Foo <CA+8)" T2 Vi >t.

Then similar to (5.19), on (¢, +00), where t > tg, it follows from (5.23) that

| 1@l dr < [T (19urle + 1H@(]52) dr
< (E(1) ~ Fuo)’
<SCA+t)"T Vi >t
which further implies
(5.25) Q) ~ Qoollze < CA+1)"™% Vi >0.

Higher-order estimates on the convergence rate can be achieved by constructing
proper differential inequalities via the energy method (see, e.g., [41] for the simplified
liquid crystal system). The key idea relies on the use of the basic energy law (2.4)
combined with the higher-order energy inequality (3.6).

It follows from Lemma 18 that the limit system of the problem (1.1)—(1.5) takes
the form

(5.26) VPy = —AV  (VQoo ©® VQs), x€T?,
(5.27) H(Qx) =0, z€T?

subject to periodic boundary conditions. Subtracting the stationary problem (5.26)—
(5.27) from the evolutionary problem (1.1)—(1.5) and then testing the velocity equation
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by u and the Q-equation by —A(H(Q) — H(Q)), respectively, adding the results
together and integrating over T2, we infer from (2.4) that

628 L (g ALIVQ - Vo)

+ || Vul2. + AT H(Q)|2-
= —/\L/ UiVj[Vi(Qoo)klvj(QOO)kl]dx
TQ

= -\ UZVz(Qoo)kl(LA(Qoo)kl - [fIB(QOO)]kl)dx

T2

, AL
— /\/T2 1;Vi(Qoo)ki[f5(Qoo)|kidr — > /11‘2 u; V| Qoo P da

where f5(Q) = aQ+cQ tr(Q?). On the other hand, testing (1.3) by Q — Qoo from the
uniform estimate (5.6), the Holder inequality, and the Sobolev embedding theorem
(d = 2), we conclude that

| =

(5:29)  51Q - Qullt: + TLIVQ - Qw32

_ /T [~u-VQ+ S(Vu,Q)] : (Q — Quo)d

N | =
IS8

1 [ (15(Q) = f5(@)): (@~ Qs
< Clull 4 [VQU+1Q = Quollz2 + Cllll 2 (1QU = + DIQ ~ Qoells

1
+C/Tz/0 fEQ+ (1 -8)Qx)(Q — Q) : (Q — Qoo )dsdx

< e[ VullZz + C1llQ — QuollZ2,

where €; > 0 is a small constant to be determined below.
Multiplying (5.29) by a constant u > 0 and adding the resultant to (5.28), we get

d
(5.30) Y )+ (v — per) IVullZs + ATIH Q)17 + #TLIV(Q — Qoo)lZ2
< Ol Q ~ QucllZe,

where

dot 1 AL
(531) YO S + SNVM - VOl + Q) - 0l

2 [ F5(QU0) = Fa(@u) ~ 15(@)(Q(0) ~ Q)
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It follows from the Newton—Leibinz formula and (5.6) that

(5.32) V F5(Q) — f5(Qu) — Fiy(Qeo) : (Q — Quo)lda

/T2/ /f P(5Q + (1 = 5)Qoc) + (1 = P)Qoc) (@ — Qo)

(@ — Qoo )dpdsdx

< 1f3ll=1Q — Qooll7
< Q- Qullz-

Thus we shall choose p > 2 + 2AC5 > 0 so that there exist constants k1 > ko > 0,

(5.33)  ki(fu(®)lz +1QE) — QuollFn) = V(&) = ka([Ju(t)l|72 + |Q() — QucllFn)-

Once p is fixed, we take € = 7= in the inequality (5.30). Then it follows from (5.33)
that there exist some constants C3,Cy > 0 such that

(5.34) %y(t) +C3 V(1) + A@®)] < CallQ(t) — Quo 72,

which together with (5.25) yields

(5.35) V) <C(L+t)T% V>0
In view of (5.33), we can deduce that
(5.36) lu() |2 + Q) — Quollirr < CA+1)"T5 ¥t >0,

Last, it follows from the higher-order energy inequality (3.6) and the uniform
estimate (5.6) that

(5.37) %A(t) < CsA().

Multiplying (5.37) with a = & and adding the resultant with (5.34), we deduce

d

(5.38) =

V(t) + aA(t)] + Cs[V(t) + aAt)] < C(1+1t) T2

As a consequence,

(5.39) V) +aAlt) <C(L+1) 7% V>0,

which together with the fact Y(t) > 0 (see (5.33)) yields

(5.40) A <C(L+1)" 7% V> 0.

Then from the definition of A(t) and estimates (5.36), (5.40), we can see that
(541 [Vu(t)z2 + [8Q(1) ~ AQuollzs < CL+ )TVt 0.

Collecting the estimates (5.36) and (5.41), we arrive at our conclusion (2.17).
The proof of Theorem 7 is complete.
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6. Appendix. In the appendix, we compute the time derivative of A(t). The
subsequent calculations hold for both 2D and 3D cases.

LEMMA 22. Suppose d = 2,3. Let (u,Q) be a smooth solution to the problem
(1.1)—(1.5). Define

(6.1) A(t) = [Vu®)]|Z2 + A HQ®))]Z--
Then we have the following equality:

1d
S A + v AulE + AT VH Q)|

= / (u-Vu) - Audr — 2/\/ Viup ViV Qi Hijdx
Td Td

(6.2)

A
+E/Td ukaFinijdx
—2>\/ Viui(ViQr; ViHir — V1Qi Vi Hyj)dx

Td
—)\/ VJUZ(AQ]C]HM —AQikaj)da:

Td
Y / (DAQ + AQD) : H(Q)dz + 4 / V1Dt ViQu; Hyj de

T4 Td
—2>\§/ A(QuQji) VjuiHy da
—4>\§/ m (QriQji) Vi Vju; Hy da

oF

3 882) (- VQ): HQr +A [ 882)
FAT /T d OFQ) 1) : BQ)dx

9Q
dct Z Jl7

where F(Q) is given by

-

S(Vu, Q) : H(Q)dx

(63 FIQ) = ~aQ +1(Q* - Jr(@)1) - (@)
0fp(Q) b o
o0 Etr(Q )L

Proof. Using (1.1), (1.3), and integration by parts, we have

64) 5 IVuls + vlAuls

:/(u-Vu)-Audx—/\/(V-o)-Audx—)\/ (V-7)-Audx
Td Td Td

def

=5L+1+ I3,

(6.5) I, = —)\/Td Vi(QirHrj — HitQrj)Au; dz
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(6.6) .[3 = /\L/ Vj(VileVijl)Aui dx
Td
2
+ /\f/ V; <Qikaj + Hikaj + EHZJ) Au; dx
Td

1
—2XE /d V; <leHleij + EleHkl(sij> Au;dx

def

= I3, + Isp + I3

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

(67) I3, = /\/ vile(Hkl — Fkl)Auz dr + /\L/ VjVileVijlAui dx
Td Td
= /\/ VileHklAui dx + /\/ VfB(Q) -Audzx
Td Td
Ab AL
+7 tr(Q?)Vtr(Q) - Audz + > / (VIVQ|?) - Audz
Td

Td

= /\/ VileHklAui dzx.
Td

Using the symmetry of @ and H(Q) as well as the basic algebra for arbitrary matrices
A, B,C ¢ RIxd

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

2)\5
(6.9) I3 = ——= HUV Au; dr — /\f szij + Hlekj)V Au; dx

2

= )\6 HijADij dr — /\f/ QikajADij dx
Td Td
- )\f/ H;i, Qi AD;; dx
’H‘d

= —)\f/ (ADQ + QAD + EAD) : H(Q) dz.
Td
By the incompressibility condition V - u = 0, it holds that

2\
(6 10) I3. = —2)\5/ leHlelj)Auldx 5/ V leHkl)Auldx

= —2)\5/ leHlezg)AudeC
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On the other hand, it holds that

Ad
(6.11)  SZIHQ)Z: + ATIVHQ)7:

=AL » AQ: - H(Q)dx + A y 0:F(Q) : H(Q) dz + AU|[VH(Q)7

=AL » Qi : AH(Q)dx + A y 0:F(Q) : H(Q) dz + AU VH(Q)Z>

Td Td

+A [ OF(Q): HQ)dx
Td

=1+ Is + Is.

Then by the incompressibility condition V - 4 = 0 and (1.3) we have
(6.12) I4 = —/\/ ukaQijAHijdx
Td
= )‘/d(vlukkaij +urViViQij)ViHjdx
T

= -\ AukaQinijdx — 2/\/ VluleVinjHijda:
Td Td

A
— —/ ukvk(Hij — Fij)Hijda:
L Jpa

= -\ AukaQinijda: — 2)\/ VluleVinjHijdx
Td Td

A
+—/ ukaFinijdx
L Td

def

= Iy + Ly + Isc

and
1 1
I = /\/ {(w + Q) (Q + E]I) + (Q + E]I) (€D — Q)] . AHdz
Td
PYY: /T (V) (Q + éﬂ) . AHdz
2
- /\/Td(QQ—QQ) : AHd:ch/\&/Td <DQ+QD+ ED) . AHdz

—2X¢ /T tr(QVu) (Q + éﬂ) . AHda

= Isq + Isp + Isec.

Using the symmetry properties of @), H, and (6.8), after integration by parts, it is
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easy to check that
(6.13) Isq = /\/Td (QQ — Q) : AHdx
= g /T d(qu ~VTuQ — QVu + QV7Tu) : AHdx
= » Vu: (AHQ — QAH)dx
= /\/W A(VjuiQuj)Hip dx — A/ﬂrd A(V,uiQik)Hyj dx
= /\/Td AVui(QrjHir — Qi Hyj)dx
+2A /Td ViVui(ViQurjHir — V1Qix Hyj)dx
+ )\/Td Viui(AQrjHir — AQixHyj)dx
= /\/Td Vi(QirHyj — QrjHix ) Audx
~20 [ VudViQu Vi~ ViQu Vi
— )\~/J1‘d Viui(AQrj Hir — AQirHyj)dx
Moreover, using integration by parts again, we have
(6.14) I5b:/\§/TdA (DQ+QD+C—21D) : Hdx
=X » <ADQ + QAD + 3AD> s Hdx

+ /\f/ (DAQ + AQD) : Hdx + 4)\5/ VD ViQuj Hij da.
Td Ta

Next, for I5., using the property tr(H(Q)) = 0 and after integration by parts, we
obtain that

(6.15) Is. = —2X¢ TdA[tr(QVu)Q] : Hdx
— o /T A (QuQi V) Hu dr
= —2/\5/ QriQ;jiV jAu; Hyy d — 2XE AdA(lejS)vjuinl dx
— 4N / m (QuQji) Vi Viu; Hyy dz
= 2X¢ / $(QuHuQji) Au; dr — 2XE / (QuQyi)Vju; Hyy dz

- 4)\6/ leQ]’L vmv qukl dx.
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Finally, using (1.3), the term Is can be expressed as

_ IF Q) .
Iﬁ =A T WﬁtQ : H(Q) dx

IF(Q)

:)\ _
Ta OQ

(—u-VQ+ S(Vu,Q)+TH(Q)) : H(Q)dz.

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

(a) The term I (i.e., (6.5)) cancels with the first term in (6.13).

(b) The term I3, (i.e., (6.7)) cancels with the term Iy, in (6.12).

(¢) The term I3 (i.e., (6.9)) cancels with the first term in (6.14).

(d) The term I3, (i.e., (6.10)) cancels with the first term in (6.15).
Taking into account the above cancellation relations, we can easily conclude (6.2).

The proof is complete. 0

Remark 23. 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 (1.1)—(1.5).
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