ERA, 33(9): xx—xx.

—— DOI:
EE Electronic

AIMS Received: 29 June 2025

@ Research Archive

Revised: 13 August 2025
Accepted: 13 August 2025
http://www.aimspress.com/journal/ MBE Published: September 2025

Research article

A second-order accurate numerical scheme for Ericksen-Leslie system with
penalty terms and defect dynamics in flows of nematic liquid crystals

Tianxin Lv', Cheng Wang>*and Zhengru Zhang *

! School of Mathematical Sciences, Beijing Normal University, Beijing 100875, China

2 Department of Mathematics, The University of Massachusetts, North Dartmouth, MA 02747, USA

3 Laboratory of Mathematics and Complex Systems, Ministry of Education and School of
Mathematical Sciences, Beijing Normal University, Beijing 100875, China

* Correspondence: Email: cwangl @umassd.edu.

Abstract: In this article, we study a second-order numerical scheme for the Ericksen-Leslie system. A
modified Crank-Nicolson temporal discretization is adopted, and the pressure projection approach is
used to decouple the Stokes solver. The second-order convex-concave decomposition is applied to the
chemical potential vector, in which the convex nonlinear term is updated by a modified Crank-Nicolson
approximation, the expansive concave term is computed by an explicit Adams-Bashforth extrapolation,
and the surface diffusion part is discretized by the standard Crank-Nicolson interpolation. Meanwhile,
semi-implicit second-order approximations are taken for the convection terms, in both the momentum
equation and the orientation vector evolutionary equation, as well as the coupled elastic stress terms.
In fact, these semi-implicit terms could be represented as a monotone, linear operator of a vector
potential, and its combination with the second order convex splitting approximation to the chemical
potential yields a closed nonlinear system of equations for the orientation vector function. The unique
solvability analysis of the numerical system is established with the help of the Browder-Minty lemma.
A combination of the second order convex splitting approximation to chemical potential vector and the
semi-implicit discretization for the coupled terms leads to the total energy stability estimate, composed
of kinematic energy and internal elastic free energy. Moreover, an optimal rate convergence analysis
and error estimate are provided, with second-order accuracy in both time and space. Some numerical
simulation results of liquid crystals’ molecular dynamics are presented to study the scientific issue of
defect annihilation. These results are consistent with the existing literature, and the energy evolution
in the defect annihilation process is in agreement with the expectations. In addition, the influence of
different parameters on the defect annihilation time instant is tested, and the results also agree with the
physical laws.

Keywords: nematic phase liquid crystal model; finite difference spatial discretization; unique solv-
ability; total energy stability; convergence analysis and error estimate; preconditioned steepest descent
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iteration algorithm

1. Introduction

A liquid crystal is an intermediate molecular phase between conventional liquids and solids. It can
flow like a liquid, while it also exhibits a partial order at the mesoscopic scale normally observed in a
solid phase, due to its anisotropic microstructures. Liquid crystal material is widely used in the field
of liquid crystal displays, nano science, biophysics [1-5,45], etc. Since a liquid crystal is a typical
complex flow, the related theories and numerical methods may be extended to other areas, such as the
interface problem, active matter, polymer and hydrogel.

There are three major classes of liquid crystals [3]: Nematic, cholesteric, and smectic. Three types
of models have been used in their description: The vector model, including Oseen-Frank theory [5] and
Ericksen’s theory [2,4]; the molecular model [6,7] proposed by Onsager to characterize the nematic-
isotropic phase transition, and the third type is the Q-tensor model including the Landau-de Gennes
theory [1]. One simple phase of a liquid crystal is the nematic phase, where the calamitic or rod-shaped
molecules have no positional order but demonstrate a long-range orientational order formed by their
long axes. In this paper, we study the Ericksen and Leslie dynamic nematic crystal system [2,4], based
on the Oseen-Frank theory [8,9]:

u,+u-Vu+Vp—vAu — AV - (Vd)' (Vd) + B(Ad - f(d)))d" + (1 + Byd(Ad — f(d))") =0, (1.1)

V-u=0, (1.2)
d,+u-Vd+ BVu + (1 +p)(Vu)d = y(Ad — £(d)), (1.3)

with the initial conditions

ou-1)
on

_0d-71)
oQ ~ On

=0,
0Q

ul-o =uy, dli—o=dy, u-nlpo=d-nlyo =0,

where Q ¢ RY(N = 2,3) is a bounded domain with a Lipschitz boundary. The vector u(t, x) € RY
is the liquid crystal’s velocity, p(t, x) € R represents the pressure, and the vector d(z, x) € S¥~! turns
out to be the orientation of the liquid crystal molecules. Moreover, v, A, v are positive parameters:
v is the viscosity constant, 4 is the elasticity constant, and vy stands for the time relax constant. The
parameter 8 € [—1, 0] depends on the shape of the crystal molecule; for example, S < —0.5 for a rod-like
liquid crystal molecule, 8 > —0.5 for a disc-like liquid crystal molecular, and 8 = —0.5 is associated
with a spherical liquid crystal molecule. The vector function may be viewed as a penalty function to
approximate the constraint |d| = 1, since liquid crystal molecules are of asimilar size

f(d)=¢e>(dP - 1)d,

in which & > 0 stands for the interface width parameter. This penalty term is physically meaningful and
stands for a possible relaxation of molecules from the strict unit-length constraint. Such an approach
could also be viewed as a regularization method, in comparison with the limit system where |d| = 1 (as
e — 0) is rigidly imposed.
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The chemical potential u = f(d) — Ad = (u;, 42, u3)" is a vector with the following components:
wi =& 2(d* = Dd; — Ad;, i=1,2,3.
In Eq (1.3), we introduce a term
Dp(u) = BVu + (1 +B)(Vu)',

and rewrite it as , .
Vu —Z(Vu) (<28 1)Vu +2(Vu) .
In fact, the first term corresponds to the rotation of the liquid crystal molecules, and the second term
implies the deformation. It is clear that there is no deformation if 8 = —0.5.
On the other hand, the original partial differential equation (PDE) system (1.1)-(1.3) needs to be
reformulated to simplify the numerical effort. The following identity is recalled:

Dﬁ(u) = -

1 1 1
V- ((V&)'Vd) = (V)'d + Vrr, 7:= z|Vd|2 +d-Ad - Z(|d|2 —1)? - §|d|2. (1.4)

In turn, the original PDE system (1.1)~(1.3) could be rewritten as

O +u-Vu+Vp' = vAu+ AVp)'d + AV - (Bud” + (3 + Ddp") = 0, (1.5)
Vou=0, (1.6)
8,d +u-Vd + (BVu + (1 + B)(Vu) )d = —ypu, (1.7)

where p’ = p + An is introduced as a modified pressure. For simplicity of presentation, we use the
modified pressure but drop the prime notation.

In recent years, many theoretical analyses for the coupled Ericksen-Leslie PDE system have been
reported. The existence and uniqueness of the solution are established in [10], and the long-term
asymptotic behavior of the nematic liquid crystal is presented. The theoretical results on the global
classical solution of the Ericksen-Leslie system is studied in [11]. Meanwhile, the regularity and
existence of the global solution to the Ericksen-Leslie system in R? is studied in [12]. A modified
Ericksen-Leslie model is applied to the research on the mixture of liquid crystals and viscous flow
[13—-15] and some related biological phenomena [16].

The free energy for the orientation vector d is introduced as

1 1 1
_ 2, g4 Loy Lioan
E(d)—fg(a (71dI* = 51dP) + 51VdF) dr.

It is observed that d,E(d) = fQ 0,d - p dx. Taking the inner products with (1.1) by u, with (1.3) by Ay,
we obtain the total energy dissipation law:

d 1
3 (5l + AE@) = —IVull* - ylulf < 0.

Other than the total energy dissipation law, there is no other physical property preservation for the
orientation vector d. Because of an L? type gradient flow structure in Eq (1.7), a mass conservation
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for d is not available. Moreover, although the limit PDE system of (1.5)—(1.7) preserves a point-wise
constraint |d| = 1 as &€ — 0, such a normalization is not valid for a fixed € > 0.

There have been extensive numerical works on the Ericksen-Leslie system. The following essential
issues of the PDE system have to be considered: (i) Total energy dissipation, (ii) the incompressibility
of the flow (V - u = 0), (ii1) the treatment on the coupled term, (iv) and the nonlinearity of the penalty
function. To simplify the computation, there are many simplified models, such as the 1+2 model [17,18]
and the ones omitting Leslie stress Dg. Actually, the reduced models are physically incorrect for flows of
liquid crystal, since they do not obey the frame-invariant principle, and the elastic stress is not included
in the system, either. One may argue that the reduced models may be acceptable when the velocity
gradient is small and the elastic stress is weak at the same time. However, these two effects can rarely be
weak simultaneously, in general. Hence, the reduced models have very limited applicability to real liquid
crystal flows; see the related simulations in [19]. Therefore, the elastic stress has to be included in the
Ericksen-Leslie system. A C° finite element method was proposed in [20], and a mixed finite element
algorithm was designed in [21]. A more recent work [22] develops a fully discrete finite difference
scheme, based on the first order accurate convex splitting of the free energy functional; the unique
solvability, total energy stability, and convergence analysis were provided. A second order backward
differentiation formula (BDF2) numerical scheme is studied in [23], where external interpolation such
as 2d" — d"! is used for explicit terms, and the pressure gradient is decoupled with the velocity vector in
the Navier-Stokes equation. Meanwhile, the pressure correction with a rotational form is adopted in [24],
which avoids the difficulty associated with the artificial Neumann boundary condition. Furthermore, an
observation on the liquid crystal defects is reported in [23]. In addition, a second-order Crank-Nicolson
scheme is reported in [19], where the energy stability estimate has been derived, while no convergence
analysis is available. More recent works can be found in [25,26], etc.

In this paper, we will propose a second-order accurate, Crank-Nicolson type numerical scheme,
and provide a theoretical analysis on the unique solvability, total energy stability, and convergence.
Similar to [19], the Crank-Nicolson interpolation is used to handle the implicit approximation, while
the Adams-Bashforth extrapolation is applied to the explicit one. Regarding the chemical potential
vector u, the idea of second order accurate convex splitting is adopted: The nonlinear polynomial
expansion is discretized by a modified Crank-Nicolson approximation, which comes from its convexity;
the expansive and linear concave term is computed by an explicit Adams-Bashforth extrapolation;
and the surface diffusion part is updated by the standard Crank-Nicolson method. For the convection
terms, semi-implicit second order approximations are applied in both the momentum equation and the
orientation vector’s evolutionary equation. Again, a combination of second-order Adams-Bashforth
explicit extrapolation and Crank-Nicolson interpolation has to be used in the semi-implicit discretization.
Moreover, the coupled elastic stress terms are also computed by semi-implicit approximation. In the
unique solvability analysis, it is observed that these semi-implicit terms could be represented as a
monotone, linear operator of a vector potential, and its combination with the second-order convex
splitting approximation to chemical potential yields a closed nonlinear system of equations for the
orientation vector’s function. In turn, a careful application of the Browder-Minty lemma implies the
unique solvability of the numerical system. Moreover, a careful analysis reveals a modified total energy
stability estimate, composed of the kinematic energy and internal elastic free energy.

The optimal rate convergence analysis and error estimate contains more technical details. An
€=(0,T; H}) N €*(0,T; H}) error estimate for the orientation vector variable d, combined with an
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=0,T; >N 0, T; H ;) error estimate for the velocity vector, is needed in the convergence analysis.
In other words, the error estimate in the total energy forms leads to the cancellation of three nonlinear
coupled inner products, with an appropriate error test function, between the momentum and orientation
error equations. This technique has been used in theoretical analyses for various coupled physical
systems, such as Cahn-Hilliard-Hele-Shaw [27,30,32], Cahn-Hilliard-Navier-Stokes [29, 31], Cahn-
Hilliard-Stokes-Darcy [28], MHD [33-35] equations; meanwhile, the technical details for Eriksen-Leslie
system turn out to be more complicated, due to the fact that the orientation variable is a vector instead
of a scalar function. With the help of the discrete L% bounds of the numerical solution, the second-order
convergence rate is derived in both time and space.

This paper is organized as follows. In Section 2, we propose the fully-discrete Crank-Nicolson
style numerical scheme. In Section 3, the unique solvability is proved for the numerical system, and
a modified energy stability analysis is established. Moreover, an optimal rate convergence analysis is
provided in Section 4. Subsequently, some numerical experiments are presented in Section 5. Finally,
some concluding remarks are made in Section 6.

2. The fully discrete Crank-Nicolson style numerical scheme

Consider Q = (0, 1)> ¢ R? and let 4 = 1/N be the spatial size. An extension to the three-dimensional
domain would be straightforward, and all the theoretical analysis is expected to proceed in the same
manner. The orientation vector d, the pressure p, and the chemical potential vector u are defined at the
mesh center ((i + 2)h, (j + 1)h), while the related gradients are evaluated at ((ih, (j + $)h), (i + Db, jh)
as follows:

(dk)i+%,j+% - (dk)i—%,ﬁ—% (dk)i+%,j+% - (dk)i+%,j—%

(Dxdk)i’j.;.% = A ) (Dydk)i+%,.i = h

s k=1,2.
The discrete Laplacian operator A is given by the standard centered-difference approximation:

(dk)i+%,j+% + (dk)i_%,ﬁ% + (dk)i+%,j+% + (dk),ur%,j_% - 4(dk)i+%,j+%
i+3.3 h2 :

(Andi)

The gradient of chemical potential y is approximated at the mesh center as

(:uk)i+%,j+% - (llk)i—%,ﬁ‘ (:uk)i+%,j+% - (ﬂk)i+%,j—%

2h o (Dt = 2h

(Exﬂk)i-f—%’j-}-% =

The components v*, W of the velocity v are evaluated at the staggered grids (ih, (j + %)h), i+ %)h, Jjh).
The discrete divergence of the velocity is defined at the mesh centers ((i + %)h, (J+ %)h):

(Vi Wit et = Do) jn + Dy 1.
A cell-centered function ¢ is said to satisfy the homogeneous Neumann boundary condition if
G-12,j+172 = P1/2,j+1/2>  PN+1/2,j+172 = PN-1/2,j+1/25
Giv1/2-172 = Qis1/2.172,  Pir172.N+172 = Div1/2.N-1/2-
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In this case, we assume n - V,¢ = 0. A cell-centered function f = (f~, f*) is said to have a zero normal

component, namely n - f = 0, if we have

X X — X X —
P * g =00 fapmn T oz =0,

Y Y — y Y —
i+1/2,1/2 + i+1/2,-1/2 — O’ i+1/2,N+1/2 + i+1/2,N-1/2 — 0.

Subsequently, the evaluation of the coupled terms is given by the following formulas:
Vh ) (vuT) _ 2){ (uxvx)i,j+1/2 + Dy (ﬂ)(yuyvx)i,j+l/2 ) ,

D, (ﬂxyu"vy )i+1 ot Dy (V)12

(Dot Aol o + (Dogs” - A,
(D™= A), o+ (Dt - AP)

i+1/2,j i+1/2,j

o) = D e AD e )
y L x i+1/2,j y i+1/2,j
)= [ Dt AD )
yDx i+1/2,j T Uy i+1/2,j
Vi (duT) = D (ﬂde,MX)iH/Z’jHM + Dy (ﬂydxuy)i+1/2,j+l/2 ),
Dy (A u")iy1,j0172 + Dy (ﬂydy”y)i 12.j41)2
(Vi) d = (Dxbfi i jorye + (ADy dy),-+1/2,j+1/2 ]
(ﬂnyuy ) dx)i+1/2,j+l/2 + (Dyuy . dy)i+1/2,j+1/2
V) d = (Dxlffi “d)is12 12 (ﬂyﬁxu% . dy)z‘+1/2,j+1/2 }’
(ﬂny”x ' dx)i+1/2,j+l/2 + (Dyuy ' dy)i+l/2,j+1/2

in which the following average operators are introduced:

1
X _ X X X X
AUy, = 2 (“i,j—l/z T U T Ut ui+1,j+1/2) )
_ 1,— _
X — X X
(ﬂny/l )i,jﬂ/z ) (D,V/'li—l/z,j+1/2 + Dyﬂi+1/2,j+1/2) ’

1
Y _ Y Y
‘ﬂxdi,j+l/2 ) (di—l/z,j+1/2 + di+1/2,j+1/2) ’

_ 1 .- _
X _ - x x
(ﬂny” )Hl/ljﬂ/z =5 (Dy“i,j+1/2 + Dy”i+1,j+1/2)-

Meanwhile, the following notations are introduced to simplify the presentation:

. a1
d™i = —(d"™ + d"), A = ~Gd" —d'),
2 2
1 1
u"+% _ 5(un+1 + un)’ ﬁ'”% = §(3u" - un_1)~

Electronic Research Archive Volume 33, Issue 9, Xxx—XX.



The chemical potential vector is computed by a second-order convex splitting approach:

ntl nal dn+12+ dn2 5
l’ln+% = 1+2’/'l +2)T = 8_2(| | 2 | | dn+7 dn+%) - Ahdn+%,
il dn+]2+ an il - "
with p"? = 8—2(%4*2 ~d ) A i=1,2

In turn, the full discrete Crank-Nicolson style numerical scheme is proposed as follows:

—n+1

—_qy" 1 1 1 1 -
@V Y, @) 4 V= A AV

+ AVh . (ﬂﬂn+%(‘7n+%)T + (ﬂ + 1)‘?n+%(lln+%)T) =0
u't! — —n+1 1
+— V n+l _ _n — O,

Az n(p ")
Vh X un+1 — O,
a! —d- ol _pil ) S PO
AT Vi (@2u"2) + BV + (1 + ) (Vi) )d" 2 = —yp™>

> |dn+1|2+|dn|2
8 _—

n+d _ gn+l n+d ned
> A7 —d"7) - A" — " =0,

and the corresponding boundary conditions are

! 1 1
@7 oo = @2 - mag = @2 - M)sq = 0,

(- Va@"™? - t)aa = (- Vo(d™? - T))aa = 0

2.1

2.2)
(2.3)

2.4)

(2.5)

According to the given initial data u°, d°, the initial chemical potential can vector is computed as

”0 — 8_2(|d0|2d0 _ dO) _ Ath'

On the other hand, the initial pressure is determined via the following equation:

—Mp’ =V (%(u(’ -V + V- @5) + AVp")d + AV - B + (B + Dd°W)h)),

(- Vip”lsa = 0

3. Unique solvability and energy stability analysis

Since the staggered mesh is adopted, we need to introduce the corresponding inner products.

Definition 3.1. For any pair of variables u®, u’(such as u, D,d, Du, D,p, etc.), which are evaluated

at the mesh points (i, j + 1/2), the discrete Li—inner is defined as:

N-1 N 1 o .
12 O a o _ |3 Yi=0ori=N,
' uly, = 7 Ui J+1/2”U+1/2’ Yi = .

1, otherwise,
j=0 i=
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for any pair of variables v, V" which are evaluated at the mesh points (i + 1/2, ), (such as
v, Dyd, Dyu, Dyp, etc.), the discrete Li-inner product is defined as

N

N-1 1 .o .
a b\ _ 12 M. a b . @ _ )2 ifj=0orj=N,
Vv =h Z ZV/ Vi Visegs Y = {

=0 i=0 1, otherwise

for any pair of variables u®, u® which are evaluated at the mesh points (i+1/2, j+1/2) (such as u, d, p,
etc.), the discrete Li-inner product is defined as

N-1 N-

b _ g2 b
W1 =h Z Z#?+1/2,j+1/2ﬂi+1/2,j+1/2-

J=0 1

—_

In addition, for two velocity vectors u = (u*, W)’ andv = (vV*,W")T, their vector inner product is defined
as

(u,v)1 = W' vHa + W, V'),

The corresponding L%—norms, namely the || - ||, norm, are based on the inner product above. Of course,
all the associated discrete L}ZZ inner products are second-order accurate. In addition to the standard Li
norm, we need to introduce the discrete Ly, 1 < p < co and L;° norms for the grid functions

==

N-1
p
1l := H}%X |fi+1/2,j+1/2| o A = (h2 Z |fi+1/2,j+1/2| ) , I<p<oo.

i,j=0

Lemma 3.1. [22] For discrete grid functions u, v (with the two components evaluated at (x;,y;+1/2)
and (Xis1/2,Y;), respectively), u, p, and d (evaluated at(xi1 /2,y j+1,2)) satisfying the discrete boundary
conditions

@ Moo= Ml =@ -na=0, @-V,(v-1)lsa =(n-V,(d-7)lsa =0,
we have the following summation-by-parts identities:

- Vi), + (v, V- (vuT)>1 =0, (3.1)
@, Vyp); =0, ifV,-u=0,and (n-u)|yg =0,
—w, Ay = IVll5 = IV + IV 5,

O, (V)" dyy = = (V- (7)),
(7. Vi (ud")), = =G, (V) d)e,
(v, Vi (du")), =~ (V)" dc. (3.2)

For any cell-centered, vector grid function d, the discrete version of the energy functional turns out
to be

1 1 1
E(d) 1= £7(ZlldI; = S 1) + 319 5dlf. (3.3)

Electronic Research Archive Volume 33, Issue 9, Xxx—xX.



9

To simplify the unique solvability analysis, we need to introduce a linear operator £;,. Assume
that @z, d"? are given by p". For any vector u, v = £,(u) is defined as the unique solution of the
following convection-diffusion type equation:

2w 1 ;
S @V 4 V- @) + V! = vAY + AV d
+ AV, - (Bu@ " + B+ a2 pu") = 0. (3.4)

~ | )

In other words, for any given (ii’”%, dm: ,p"), we write w2 = £h(u”+%). Moreover, the velocity at the
next time step turns out to be u"*! = Pu""" | the Helmholtz projection of w""'. In turn, a substitution of
sl . ) .

u'? = Lh(,u’”%) into (2.4) gives the equations for d and u

dn+1 —dr B ~
Q=W (@™ L™ 2)) — (BYR LA D) — (1 + BV Ly ) DA™ —yp™3,  (3.5)
a2 d"? N
utr = 8_2(| | 2+ T dmr — dn+%) — A3 (3.6)

Of course, Eq (3.5) could be rewritten as

dn+] —dr
i =G, (3.7)

Gl = Vi, - (@™ Li() + BVRLi() + (1 + BV L)) )™ + yp. (3.8)

It is clear that G, : (RY 2)2 — (RN 2)2 is a linear operator, prescribed with discrete boundary condition. In
the following lemma, we prove that G, is invertible.

Lemma 3.2. The linear operator G, satisfies the monotonicity condition:

(G ) = Gh(?), pV = u®ye = Yl - @I > 0, (3.9)

for any uV, u®, and the equality holds if and only if p'V' = u®. As a result, the operator G, is
invertible.

Proof. Define ji = u'V — u®. Since G, is a linear operator, it is observed that

Gru") = Gu(®) = V- @ L) + BVLLi(E) + (1 + BV Lu@) A + vt (3.10)

Subsequently, its discrete inner product with fi gives

(G, fide = — (Vpad™F, L)) + B2 1",V Li(i))e

o (3.11)
+ (1 + B2 ", Vi Ly(@)e + Yl

By the linearity of the operator £;,, we introduce v\ = £,(u"), v® = £,(u®) and write # := vV —p@ =
L;ji. A substitution of v\ and v@ into (3.4) leads to

2% 1 . i .
A—’; + E(a'“% VP + V- (@25)) = vAP + AV d™ 2 + AV, - (Bid@ )" + @+ Dd™ 1 g") = 0. (3.12)
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In turn, its discrete inner product with ¥ = L1 yields

2|77
At

VIV + A(Vai)d™ 2,5, — AB@E@ )T, V,5)e — AB + @[T, V,P)e =0, (3.13)
where the following summation-by-parts equalities have been applied:

@3V, + V- @), 5 =0,
(=M, 7)1 = V1.

A combination of (3.11) and (3.13) gives

o _ 12|7| -
— 2 - Vv 2
(G, e =Yl + (= +VIViFIP), G4
ie. (Guu") =G pV = u®)e = (Gul@). e = YAl = yllu® - u®I? > 0.
Inequality (3.9) has been proved, and the equality holds if and only if i = 0, i.e., g = u®. i

Since G, : (R¥)? — (RV)? is a linear operator, the inverse operator G RM)? = (RV)? is also
linear. Moreover, the monotonicity of G;' will play an important role in the later analysis.

Corollary 3.1. The linear operator G, is monotone:
(G:'@™) - G;'@?),dV - d?) = ylig;' @V - d?)f; > 0, (3.15)

for any dV, d®, and the equality holds if and only if dV = d®.

Proof. We denote ) = G,'(d), p® = G, (d?), where dV = G,u'V, d® = G,u®. An application
of (3.9) indicates that

(Gi'@") - G;'@™,d" - a®) = (Guu™ - Guu®),u" - u?)
> Y - u®I3 =116, @" - d?)|; > 0.
It is obvious that the equality holds only if d" = d®. This finishes the proof of Corollary 3.1. |
The Browder-Minty lemma will be used in the unique solvability analysis.

Lemma 3.3 (Browder-Minty [36,37]). Let X be a real, reflexive Banach space and suppose X' is its
dual. If T : X — X' is (i) bounded; (ii) continuous; (iii) coercive, that is,

(T@.uy

+00 as |lully — +oo;
|2l x

and (iv) monotone. Then for any g € X', u € X of the equation T(u) = g exists. Furthermore, if the
operator T is strictly monotone, then the solution u is unique.

Theorem 3.1. Given the profiles u", d", and p", the numerical scheme in (2.1)—(2.4) is unconditionally
uniquely solvable.
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Proof. According to Eqgs (3.7) and (3.8), we see that the numerical solution for the chemical potential

dn+l _ dn)

1 . . . .
vector can be expressed as y"*z = -G, . A combination of this representation and the

expansion (3.6) reveals that, the numerical system (2.1)—(2.4) is equivalent to

n+l _ gn n+1|2 n|2
d d)+8_2(|d |~ + |d"|

glzl( o 5 dn+% _ 3n+%) _ Ahdn+% =0.

This turns out to be a closed system of d"*%, and (2.1)—(2.4) can be rewritten as

d-d +8_2(|d|2 +ld' d+d 3d"- d"“) _pdrd

Fid) = G, At 2 2 2 2

0. (3.16)

Obviously, ¥, is a nonlinear mapping from (R )2 to (RY)?2, with a prescribed discrete boundary
condition. Meanwhile, we see that X = X = (RV’)?, with the discrete || - ||, norm ||fllx = |Ifll, for
fe @Yy

Subsequently, we have to prove that the operator ¥, is continuous under the norm ||- ||, Wigl a fixed At
d”—-d" .

and h. Given dV,d® e (RY*)2, with [|[d" — d®||, = 6. Accordingly, we write 4 = G, ( A ), 1=
1, 2. By the monotonicity inequality (3.15) in Corollary 3.1, we obtain
dO_an  dv_ g dO® _ gm
o _ 0 _ —{(y©® _ D @O _ @12
(W = — e = (- ) = A - I,
In turn, an application of the Cauchy inequality implies that
L — @13 + == d® — a2 >yl - u .
2 2 2yAr 2= 2
We then arrive at
e = I <y A - d®. (3.17)

Therefore, for a fixed At, if dV — d®, under a discrete || - ||, norm, then uV — u®. This verifies the
continuity of the linear operator G,'. Regarding the second term in the operator ¥, we begin with its
detailed expansion

ldP +|d"? d+d* 1 o I
> = :Z(|d|2d+|d|2d +|d"Pd + |d"Pd )

It is easy to find that

12 4(1 2)12 32 2 2)112 1 2
IldVPdD —1d>Pd?l, < C(dVIlE + 1d@ DI — dls

< Ch2(Id V1 + 1d@ID)ldY — d®lla, (3.18)
ldVPd" —1dPPd" |, < |ld"|| - 1dV + dPly - 1AV - d®|,

< CHH||d" | (11> + 1@l = d)l, (3.19)
lld"*d® —|d"d®|l, < l|ld"|I%, - d” — d?|, (3.20)
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where the discrete Holder inequality and three dimensional inverse inequality, || f|l¢ < C”f o flls < s ”2,
hi

have been used in the derivation. The last term in the expansion of operator ¥, is analyzed as shown

below:
1A, dY — AL d@, < CR2|dY — dP),. (3.21)

As a result, for fixed values of At and A, (3.17)—(3.21) imply that 7,(dV) — F,(d?) as dV — d?
under a discrete || - ||, norm. This finished the continuity proof of 7.

In the next step, we need to prove the coercivity of the operator ¥,. The following expansion is
observed:

) L d-d
(Fuld),d)c =L+ L+1L, with I :=(G;'(——).d) ,

At
= <d2 +(@d)? d+d 3d - d-!

d+d"
7 . 2 — > ,d>c, 13 Z:<—Ah il

. ,d>c.

I, :=
By the monotonicity inequality (3.15) and the Cauchy inequality, we see that
(G)'(d—d",d—-d") >lIg™ (d - dMI},
(7' a), == 2167 @ - ") - S

so that the following estimate is valid for the part /;:

d— d >

d-d d-d"
— -1, = _qn -1 n
=@ d =) (G ),
1 Y -1 ny|12 1 ny 2
> —(F16'd - "] o ) (3.22)

I = (g,

Meanwhile, a careful application of the quadratic inequality gives ||d||* > 2||d||§ — |Q|. We then get

LyldP + 1P d+ I - -
e > d) = E|d|2d+|d|2d +|d"Pd +|d"(d". d)
1
= 5 (11 + (i + "3 d) + " 11l
1
> (il - <||d||§ + " 1BY + "1\
1 1
= (Il - 5 L - Sl"I)
>11d d" L =101 - Ly 3.23
> (5l ||4——|| 13) 2 7 (11l — 121 = Slld"I5). (3.23)
1 n n—1 1 n n—1 2
503" ~d d>c>——2(||3d ~d “2+Z”d”2)‘ (3.24)

A combination of (3.23) and (3.24) leads to an estimate for /I,

_LdP+|d"? d+d 3d"—dv!
12'62< 2 IR

1 1 1
- 2 _ ny4 n n—12
>l = (100 + ) - 55l - (3.25)
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The estimate for /5 is more straightforward

d+d 1 "
L= (= Ay=——.d) = S(Vid +d"). V,d)
1 2 n2 ny|12 1 ny2
= Z(thdllz —IVad"|l5 + [IVi(d + d")I5) > _Z”Vhd I3 (3.26)
As a consequence, a combination of (3.22), (3.25), and (3.26) leads to
(Fid),dy _z2ldlz -0 1 0
> > —|ld|l — =—— — o0, (as [|d|l; & o),
ldll. ldll, 8s2 " |ldll, ’

1 1 1 1 1
where Q = m”d"llz + @(m + E||d"||;‘) +5713d" - a3+ Z||Vhd”||§ could be viewed as a constant.

Thus, the coercivity analysis of ¥, is completed.
Moreover, the monotonicity analysis of 7, is necessary in the proof of Theorem 3.1. With the given
profiles dV, d?, letd = dV — d®, and we get

) _ 42 1
7_~(d(1)) _ fc(d(Z)) :glzl(d Atd ) _ 5Ah(d(l) _ d(2))

L dVP+1d ) dD +d [ dPP +|d? dP + an
v . - . )
2 2 2 2
The monotonicity for the temporal differentiation and diffusion terms is straightforward:

<g}—ll(%td(2)),d(l) _ d(2>>c >0,

1 1
<—§Ah(d<‘> —d®),dV — d?)y. = illvh(d“) —d?)|; > 0.

(3.27)

In terms of the inner product with the nonlinear expansion in (3.27) by d, it is observed that
|d(1)|2 + |dn|2 d(l) + dn |d(2)|2 + |dn|2 d(2) + dn
2 2 2 2 7
1 1
:Z<|d(1)|2d(1) _ |d(2)|2d(2),d(1) _ d(2)>C + Z<|d(l)|2dn _ |d(2)|2d", dV — d(2)>c

v —d?)
C

1
+ Z(|d”|2d(” —1d"Pd?®,dV —d®Ve = T, + Jh + I,

1 1 - ~
Jii=(dVPd ~1dPPd?,d - d¥)c > S((dOP AP + 1d? - dIR).

1 1 - -
J> 121<|d(1)|2d" — d?Pd", dV — d®ye = Z«d(l) +d?).-d,d"-d)c,
1 1 N
Jy =7 (d"PdY —|d"d?,dV = d®)e = Z(d"F, d)c.

A careful application of the Cauchy inequality reveals that J; + J, + J3 > 0. Finally, for any d'V, d®, it
holds that
(F @) - F(@d?),d" - d®)c 2 0,

and the equality is true if and only if d" = d®. The proof of the monotonicity of F, is finished. By the
Browder-Minty lemma, the numerical system (3.16) is uniquely solvable, which is equivalent to the
unique solvability of the numerical scheme in (2.1)—(2.4). This completes the proof of Theorem 3.1. O
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Theorem 3.2. (Total energy stability estimate) Given u", d", and a fixed At > 0, h > 0, let
@™, d"™', p"") be the numerical solution of the scheme (2.1)~(2.4) at t,, the numerical solution
at t,. satisfies E,(d",u"!, p") < E,(d",u", p"), where

- cqn ,n n n 1 ny2 A n n—1y12 Atz n2
Ey(d",u", p") = AE,(d") + Ellu > + @Hd —-d" |5+ ?thp 15

Proof. Taking a discrete inner product with (2.4) by u’”% leads to

(@™ = d" e+ Ay R =A@V,
— MBI A Y e — AL + BV DT A @t e, (3.28)

in which the summation-by-parts formulas have been used. The term associated with the temporal
differentiation part could be expanded as

n+1 n oo+l [ g+l n —2 |dn+1|2 + |dn|2 n+1 Jn+d n+i
@' —d' e = (d" - d' e (fd —d") - Ayd )C,
and the following estimates are available:
i 1
(~0d™ 2, A — d")e = (V,d"™ 2,V (d - dY)e = E(IIVhal"”II2 —IVad"II®), (3.29)

~ 1
(—d"*%, d™ —dYye = —5(3d” —dd" - d"y
1 1
= —E(d’“rl +d",d" —dYe + E(d’“rl —2d" +d", d" - d")

1 1
> —§(||d"“||§ —lld"II3) + Z(”dnﬂ —d'|; - |ld" = d"|]3), (3.30)

1
<(|dn+l|2 + |dn|2)dn+%’dn+l _ dn>c — §<(|dn+1|2 + |dn|2)(dn+l + dn)’ dn+l _ dn>c

1
— _<|dn+1|2 + |dn|2,dn+l)2 _ (dn)2>C

2
1
= E(Ild"“llz1 —lld"[}). (3.31)
In turn, a combination of (3.29)—(3.31) yields
1 _
(@ —a " h) 2 Eyd) - Ey@) + 5 (d™ = = "~ d ). (3.32)

Meanwhile, taking a discrete inner product with (2.1) by @7 reads

1 —n n n —n L —n+i
i(llu +1II§ — W"13) + AKV,p", W2y, + Atv||[ V" 2|
= — ALN(Vp™)d"™, TRAEI At/l,B(Vhﬁ“%(J”*%)T, Ty
+ ALAB + IV, 2 (@), 1), (3.33)
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in which the following summation-by-parts equalities have been applied:
@V V@, = 0
(AT T, = |V,

The term (V,,p", E”J'%)l could be derived as follows:

—ntl " —ntl . 1 — 0
(Vip" w2y = —(p" Vw2 = —(p 5V @ T u")e

1 —n n At n n
= —(p", Evh e = ~(p", 7 A" = P")e

At
= (V" V(" = P
At At
= —<||Vhp"“||§ —IVip"l13) - —||Vh<p"+‘ -5

1 o
= —(IIVhp”HIIZ ~1IV,p"13) — A - w.

The identity V;, - u" = 0 has been used. A substitution of (3.34) into (3.33) reads

I _, i AP i Y L —n —ntd
5l U - lle13) + ~ (IVap B = VAPl ~ >l @G+ AV,E

= — ALV AT, ARV, @
+ ALAB + 1YV, 2 (@ ), 1" )

On the other hand, taking an inner product with (2.2) by u"*! gives

(7 e i L T

2
2 ”2 + ||u ”2 =

A substitution of (3.36) into (3.35) leads to

L i A2 " " il
E(Ilu 5 = llu"13) + ?(IIVhP 1B = 1IVLp"3) + AV, 2|13

= = AV D™ T+ AABTE @ )
+AAB + (V"2 @ 1 e
Finally, a combination of (3.28), (3.32), and (3.37) results in

1 - | n
Ey @) - Eyd") + @(Ha’”+1 —d'|; - lld" - d"'|3) + E(Ilu 5 = le115)
Ar? n+112 )12 —n+i2
+ ?(”Vhp 15 = [IVap"ll2) + Atv||V,u 2|5 < 0,
which can be rewritten as
1 A A
n+1 n+1y2 n+1 ny2 n+1y2
AE,(d"™ )+§|Iu 5+ —482||d T -d'; + ?IIVhp i3 <
n 1 nn2 A n n—12 Atz nn2
AE,(d") + Ellu II5 + @Ild —d" | + ?”Vhp II5.

This completes the proof of Theorem 3.2.

(3.34)

(3.35)

(3.36)

(3.37)

O
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Remark 3.1. In the numerical design of a second-order accurate, total energy-stable algorithm
of a phase-field-fluid coupled PDE system, the primary difficulty is associated with an appropriate
approximation to the nonlinear term and the expansive concave term, with a theoretical justification of all
the required mathematical properties. In this work, a modified Crank-Nicolson approximation is derived
for the nonlinear vector term, so that its unique solvability is guaranteed by the monotonicity feature,
and its free energy dissipation comes from the variational structure. Meanwhile, an explicit Adams-
Bashforth extrapolation is applied to the expansive concave term, and a modified energy dissipation
could also be carefully established. Moreover, a second-order accurate, semi-implicit approximation
is applied to the coupled nonlinear terms, and the monotone property of the corresponding linear
operators play an important role in the theoretical analysis.

In particular, it is noticed that, the dissipation estimate is in terms of a modified total energy
functional in Theorem 3.2, composed of the original free energy, the original kinematic energy, and two
more numerical correction terms. The first correction term, ﬁlld” — d" |2, comes from the explicit

. . . 2
Adams-Bashforth approximation to the concave part; the second correction term, %nvh P2, comes
from the pressure correction numerical approach in the decoupled Stokes solver.

Because of the concave energy part in the free energy expansion, the corresponding dissipation
analysis for any multi-step numerical scheme is always in terms of the modified free energy. In contrast,
for certain gradient flow without any concave energy part in the free energy expansion, such as the
Poisson-Nernst-Planck (PNP) system, a numerical design of a second-order accurate model, the original
free energy dissipative numerical algorithm becomes feasible; see the related work [38, 39]. For the
reformulated Ericksen-Leslie system (1.5)«(1.7), a second-order accurate and original energy dissipative
numerical scheme will also be considered in future work.

4. Optimal rate convergence analysis

The total energy dissipation law implies that the reformulated Ericksen-Leslie system (1.5)+1.7)
takes a similar structure to the Cahn-Hilliard-Navier-Stokes (CHNS) system, with the primary difference
between a vector and the scalar phase field energy expansions, combined with a few more coupled
terms of rotation and deformation. In fact, the existence of a global-in-time weak solution has been
proved in [40], and such an analysis could be extended to the reformulated Ericksen-Leslie system
(1.5)~(1.7) in the same fashion. Of course, the regularity of the weak solutions is not sufficient to justify
the optimal rate convergence analysis, and a strong solution to the CHNS system, with higher order
regularities, is needed in the error estimate. It was proved in [41] that unique strong solutions exist for
the CHNS system. In more detail, higher order regularities can be stated as follows: For any initial data
uy € H"(Q), dy € H™'(Q), there is an estimate for |[u(z)||z» and ||d(¢)||zm+1, m > 1, globally-in-time for
two dimensions, and locally-in-time for three dimensions, under appropriate compatibility conditions
between the initial data and boundary conditions [42]. Therefore, for the exact solution (d,, u., p.) to
the reformulated Ericksen-Leslie system (1.5)~(1.7), we could always assume that the exact solution has
a regularity of class R, with sufficiently regular initial data

per per

de, u,, pe € R:= H*(0,T: Coer(Q)) 0 H* (0, T3 C2 () N L™ (0, T3 C5, (). (4.1)
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4.1. A few preliminary estimates

In this subsection, we will derive the uniform bounds of the solution in H;, L} and L% norms, which
will be used in the convergence analysis. Some discrete Sobolev inequalities are listed below; a detailed
proof could be found in [22].

Lemma 4.1 (Discrete Sobolev inequalities). [22] For any grid function f, the following inequalities
hold:

1flls < Cull il A == A1 + IVAfI, (4.2)
1flls < Collfll + 1A - IVAAID.  IVaflls < CoIVAfIE - AW, (4.3)
flleo < C5(1f1l + IVAFI2 - HALAID), (4.4)

where C; is dependent only on Q, independent of f, with 1 <i < 3.

Proposition 4.1. Given the initial conditions u’ € ¢*, d° € H ;, the following estimate holds for the
numerical solution to the scheme (2.1)—(2.4):

k k k
max ||d"||;3 < My, max ||d°|l; < My, max ||d%||¢ < Mg, 4.5)
1<k<M h 1<k<M 1<k<M

where My, My, Mg are independent of the time step. Furthermore, M, is independent of €, and M, and
Mg are of order O(g™").

Proof. By the total energy stability estimate in Theorem 3.2, we see that
End") < Ey(d*,u, p") < -+ < Ey(d®,u’, p°) := My, Yk >0,
where M, is of order O(¢72). According to the definition (3.3) for the discrete free energy, we have
1 1 g?
ledklli - Elldklli + E”Vhdk”% < & M,. (4.6)
. . . . . 1 1 1 .
By the point-wise quadratic inequality g|d*|* — 3|d*|> > —3, we obtain
1 1 1
@1} = =|1dk |2 = —=|9. 4.7
8|| 4 2|| > > 2| | 4.7)
In turn, a combination of (4.6) and (4.7) gives
1 1 i
§||dk||j < &My + 51, ld¥|ls < (86> M, + 4Q)* := M, forany k > 0.

Because of the fact that My = O(s72), we see that M, = O(1). Furthermore, subtracting (4.6) from (4.7)
implies that

%ndkng + %znvhd"né <&My +1Ql, sothat [|d|5 +[IV,d"5 < 2(My + &7%|Q)).
We then arrive at
a1 = (1413 + V4@ 1B)? < V2(Mo + 721Q)F = My, My = O(e™).
With an discrete Sobolev inequality (4.2), we get
lld"|ls < C1||dk||H,1 <CiM; :=Ms, M,=0(™.

The proof of Proposition 4.1 is completed. O
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4.2. The consistency analysis

Denote D and P as the exact solutions of the orientation and pressure variables, respectively.
Meanwhile, it is noticed that the exact solution u, (for the velocity vector) does not satisfy the divergence-
free condition at a discrete level, namely V, - u, # 0. An approximate velocity U, which is divergence-
free at a discrete sense, has to be constructed to overcome this well known difficulty. In fact, for any
divergence-free velocity vector u,, there is always a stream function profile ¥, = V1., Y2, ¥3.)” with
u. = V.. On the basis of this fact, we define an approximate profile U at the staggered mesh as

U= V}f‘ﬁe = (Dy(y[’3e - Dz'//Ze, Dzwle - Dx‘//3e’ Dxl/’Ze - Dy‘/’le)T‘

A careful calculation indicates that V;, - U = 0. Moreover, to address the issue of the explicit pressure
gradient in the decoupled Stokes solver, we also construct an intermediate velocity vector U as follows:

—n+

Lo U+ AV - P,

Of course, the temporal regularity of the exact pressure profile P implies that

1+

—n+1
10 = U™y < CAZ, Ifllgee = 1flleo + IV llos + 1IVR(Vi o

In term of the vector-valued chemical potential, an approximate profile I' is defined at the intermediate

time instant "+

|Dn+1|2 + |Dn|2
2

The constructed profiles satisfy the following local truncation error estimates:

1 _ 1 i+t 1
Iﬂn+2 =g 2 Dn+2 _ Dn+2 —Ath+2.

—n+1
v -o A; i %(5’“5 T+ THT ) + VP — AT

+ AV, I H)D™ + AV, - (BT (D) + (B + DD X)) = 7, (4.8)

—n+1

—UMA_IU + %Vh(P”“ - P =0, (4.9)
vV, - U™ =0, (4.10)
b - MA; L v, (DT + (ﬁv,ﬁ’”% +(1+ ﬁ)(vhﬁ“%)T)T)“%

= I e, “.11)

where [[T2 o, [IT5H| m <C (A + h?), with the help of Taylor expansion.
The numerical errors are defined in the table. Subtracting (2.1)—(2.4) from (4.8)—(4.11) leads to

—n+1 n
e, —e | —n+d _n+d T R S R T |
5@ VWU BT Ve V@ U w6 ) + Ve
—n+l n+ll o~ +1 +1 o+t
—vAe, * + A(V,e, Hd"2 + AV, I 2)E,
n+i ~ +1 _,_l~n+l n+id ~ +1 _,_l~n+l +1
+ AV, - (Ble, *d™ 2 +T7""28, %) + (B+ 1)(e, *d™2 +1""2e, %)) =1, 4.12)
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Numerical solution Exact solution Error function

u" U e
" U ¢
it T P
n+ oty —n+}
u U e, "’
da’ D" e
dmz D'+2 e’d’*’%
dr: 5n+% 'éz*'%
p" P e,
n+3 n+ 4 n+3
[Tiae: | e,
en+1 _ontl 1 |
u u n+ ny __
— + Evh(e” —-e,) =0, (4.13)
Ve =0, (4.14)
eZ-H Z ~npl_n+l n+l—n+% —n+% n+1
T+Vh-(d"+5eu *+e, U H+@Bv,U "+ +,8)(Vh ) e, ’
1 S B nid
+ BV, 2+ (1 +B)(Viey DA™ = —ye,  + 70, (4.15)

for 0 < n < M. Itis clear that that e, = 0, €) = 0, and eg = O(h?).

Of course, the constructed approximate solutions I and 78 preserve the following estimates, which
come from the assumed regularity of the exact solution:

IT"loo + IV3 o < C*, U lloo + VAU lleo < C*,  ¥m > 0. (4.16)

Meanwhile, the H }l, L;‘l, and Lg bounds for the numerical solution that are uniform in time have been
derived in Proposition 4.1.

On the other hand, a more careful look at the numerical error associated with the chemical potential
vector is needed. The following expansion is observed:

Tarr ot = NLE - Al @.17)
NLE™E = NLS I NLEN 4 NLES? — 7282,
" " pl 1

NLE™ = [ID”“I F DRI, ONLET = ol +d- e'l(D"™' + DY), (4.18)

N£8}21+2 [(Dn+1 +dn+1) e +1](Dn+1 + Dn) (419)

The following preliminary results will be extensively used in the convergence analysis.

Lemma 4.2. The following estimates hold for the nonlinear error N LE™7:
n+ 4 5 2 2 n+y n+ _op Attt
INLE2||, < @((C )+ (M) )le, *ll2+1IVie, *ll2) +£77ll€; * I, (4.20)
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INLE™||; < —((c ) + (Ms) )||e"+2||m + s-2||e”*2||2, (4.21)

IV, NLE™ 3 < Ce((C) + (ML) + (MeP)le] e + 1Y€} 1) + 1€ 1) (4.22)
Proof. By the nonlinear expansion of N .138”*%, we see that

INLE™|, < (IId”“II(, + IId”||6)||ed+2||6
(IID"”II6 + 1" le) D™ s + 11D" |6l lls
+ @(IID"Ilﬁ + 1" lls)1D"™ 'l + 1D"lls)ll€lle + 8_2||é’:1+%||2
< %{Ild’”lllé +ld"li§ + AP ls + lld"* 1l6) (D™ [ls + [LD"]l6)

+(ID"lls + lld"ll6)(ID™ lls + [|D"]l6)} - IIen+%|Is + E_ZIIEH%IIz
< 452(||D"“||6 +ID"Ilg + "™ Ig + lld"|IE) - IIen+2||6 +&7%e]) Il
< > 2((0 Y+ (MP)(lle 1 + 1V4€ 1) + & 218,
where the discrete Sobolev inequality and (4.5) in Proposition 4.1 have been used in the last step. Thus

the inequality (4.20) is valid. In terms of the discrete || - ||; estimate, an application of the discrete Holder
inequality gives

INLE™ ], < i(ﬂd"“ué IRl
S0+ 1 D™ s + 1D e
a0l + Il UD™ s + 1Dl + &1,
< ol + 1 + (LDl + 1 o)1 s+ 1D
0D+ I IAD™ s + 1D} - e o + 20

1 1 + +
< (IID"+ e + ID"IIE + 1™ Iz + 1" 1) - lle, oo + £72018, 12
4 2

< o (C + (M e+ 20 s,
which, in turn, yields (4.21). Similarly, a local expansion of V, N LE implies that
VAN LE™ s < %(IID”“IIE FID DIV,
+ é(”DnH”dlthnH”Z + ||Dn||6||Vth”2)”ed+2”oo

1
+ @(IID"HIIG + 11" Nle)AID™ Nls + 1D l6) IV ey 3
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(”VthH”Z +11V3d"  [)(ID™ s + 11D"l6)llef;* loo
(lan+]||6 +1d" 6) VA D" 2 + 11V, D" [I2)lle; oo
+ 4_82(”th””2 + V" [)AID"* I + 11D"l6)llejlloo
+ é(IID"Ils +11d"ll6)IV3 D"l + 11V, D" 1) llejlloo

1 1 25 tE
+ @(HD"Hé +[ld"[le)(IID" Nl + 1D lle)IVieylls + £7M1€, >3
-2 12 2 12 2 12 2
<Ce [(lanJr s + 1D"[lg + ld" " Ilg + lld"[ls + IV, D" |5 + IV, D"|l;
112 n+ n+ ~Nn+
+ IV, d™ 5 + IVAad"IB)(IV e, 2||3 +le] 2||oo) + e, 2||3]

< € (((C + (M)? + (M) s + e 1) +115 s ).

which, in turn, gives (4.22). In fact, the Sobolev inequalities (4.2) and (4.5) (in Proposition 4.1) have
been recalled. This completes the proof of the Lemma 4.2. O

4.3. Error estimate of the orientation equation in £*(0, T; €*) N €%(0, T} H}l)
1
Taking a discrete inner product with (4.15) by eZ+2 leads to
1 n n
—<|| SR — llellR) + yArer e e — Axa@iE + 8T Vel

AT+ (BT e
F AV, + (1L + BV, A, € e = AT e ). (4.23)

The term associated with the local truncation error could be bounded as
1ty 1 nty 1 Lo 2
e, M) < (IIT'H 15 + lle;, 2 113) < —|| S+ Z(Ild”llz +[1d"1R).

In terms of of the chemical potential vector error, the nonlinear expansion (4.17) indicates that

e e = e 2@ e — (NLETE € )
1 n+ n+ 1 n+1 nt
< 55l 1B + e ¥ 3) + SINLE™ I + —|| eI
5 el nel .
< Z” d+2||2 +D1||ed+2||2 + Dyl|V,e, 13, with (4.24)
1 1 25 2
_ 2 - *)2 2

Regarding the nonlinear coupled terms, the regularity estimate (4.16) implies the following bounds:

n+i—n+l n+1 n+ n+3 (C*)Z
@, U Ve, )c<C-le, Il Ve, “ll2 <

n+i Y n+3d
&5 + gnwd“ni, (4.25)
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ﬁC*

1 1
2 <Nt

T2 nts  on % 2 n+3 ~I % n+3
BV, U P& ey < BCT ||e; I - ||e* ll < == (1113 + lle, R, (4.26)

1+ pNV,T e e, " e < (1+B)C ||e"*2||2 ||e;2||2

(1 +B)C* | n+l
< Tﬁ(ne;znz +llel 2 |R). (4.27)
Meanwhile, the following bound is obvious:
Tn+d 1 n n—1 3 n 1 n—1
d"" 2|y = ||5(3d —d" )|y < Elld Ils + Elld lls < 2My, (4.28)

where the uniform || - |4 bound (4.5) for the numerical solution is recalled. With the help of this bound,
we get the estimates for the three other nonlinear coupled terms:

~ l_n+l _n+l n+i
(d"2e, *, 2>c < [1d"™*2 s - lles Iy - 11Ve 11
1 1 2M? 1 1
—_n+1 n+3 4,=n+5.2 Y n+s 2
< My -lle, *lla- Ve, Il < T”eu i+ SliVe, "Il (4.29)
—n+ 1 ptd —n+ S+l n+i
BV e, g, e; e <BlIVie, 2||2'||d"+2||4'||6’ “ls

2B*M3A
< BMAIV, L - Jle d*2||4 —

el 213 + ||vh e IE, (4.30)
(1 + BN,y ) a4, €52y < (1+ BV, Il - 11d" s - eIy

< (1+BMAVAE s - e,
2(1 +B)?M2A

el 1 + ||Vh &R, (4.31)
Finally, a substitution of (4.24)—(4.31) into (4.23) yields
n+1 ny2 3 ’“’% 2 +2
lles™ 113 — lleglls + E?’At||vhed > - IIVh e, I3
<D"Az‘(||ed,||2 + ||e"+1||2) + D”AtllE"Jrzll4 + D"AtlledJr2 ||4 + Atll‘r"”llz, with (4.32)
4M? 428 + 28+ H)M;A

1
D! = ye 2 + 4(C*)*y ‘1+,8C*+(1+ﬁ)C*+§, D= —2, Di:=
Y \4

4.4. Error estimate of the momentum equation in £=(0,T; *) N *(0,T; H,;)
1
Taking an inner product with (4.12) by e, * leads to
— 1 — -|—l +l — +l
—(|| "B~ Nletll3) + vAdIV.e, 25 + AI<Vh€",EZ Y — AT e, ),
~n+2 n+3 ~n+l _n+2 ~n+2 —’H% ~n+l +2 _n+2
+ At( U +a""2-Vye, > +V,-(e, +u""2-e, *),e, ‘)

+/1At<(Vhe" @y, - AAt((ﬁe”*Zd“z +(1+pe) 1), v,8" 7Y,
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T s ntd Sty ntd =l —n+1
+ AAK(V I 2)e, e, ) — AAK(BT"2€, * + (B + 1)e, *d"2),V,e, *) =0, (4.33)

with repeated application of the summation-by-parts formulas (3.1)—(3.2). A bound for the truncation
term is similar

@y, < (||r"“||2 e R, (4.34)

The analysis for the explicit the pressure gradient term includes more technical details

n —”+% _ n —’H’% _ n 1 —n+1 n _ n 1 —n+1
(Vie,. e, * ) =—(€,, V- e, *)c=—(e, Evh (e, +e,))c=—(e) Evh €, )c
At

= (e AN = €))e = <Vhe Viley! — e

At n+1 n n+1 n2
= 5 (IViey I3 = 1Vhepl2) — IIVhe A

i =

= —(IIVh B = Ve, ~ AL e, (4.35)

where the error equation (4.13) plays an important role. Regarding the linearized convection term, we
begin with the following identity, which comes from the summation-by-parts formula:

1 1 1 _
@2 Ve, + V@ ”*2> 2",

1 1
—n+5 3 _n+ 3

1 1 nd
= @ VET T - @ g Ve = 0. (4.36)
The two remaining terms in the convection part could be analyzed as follows:

C*

n+1 —n+} _p+k Ntk —n+1 N+t 2 _n+3 2
~@, - VaU e, ) <Clle, Il - lle . < — (e =1l + llew *11), (4.37)
n+i ﬂ+ _n+i n+i —n+i —n+ n+i _n+i
(V@ T), e =@ T Ve < ClE - IV
2(C*)2 ntd 0 _n+i
< lle. 1> + _”Vh e, * |5, (4.38)

with the help of the regularity estimate (4.16). The three other nonlinear terms could be bounded in a
similar manner:

c*a

n —n % ~N L _n+i ~N —n
— AV e, ey, < C e - lley Il < — (e *2||2 |2, (4.39)
ﬂﬁ<é’;+f(r"+%>ivhé’;”>1 < AﬂC*n”“nz V2l
4(ABC*Y*  nil 1
< ﬁfne; B+ 2o IR, (4.40)

AL+ BT 2@ )T Ve, 2y, < A1 +B)CHIE, |, - ||VhéZ*2||2

AL+ BC) it .
< —ﬁue;znz + —||Vh e 3. (4.41)
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The estimates of the three remaining three nonlinear coupled terms contain more technical details. The
chemical potential vector’s error expansion (4.17) leads to the following decomposition of the first
nonlinear coupled term:

—AU(V,eHd g, = V(A DAY, — (VN LEHA 8y, (4.42)

In particular, a bound for the second part on the right hand side is straightforward:

1

VN LET D@ E < AVNLE ] - 1d s - 12l

< CLAM(e ) + ||vhé"*2||2)||vhN1:8"+z||z

C /lM —n —n n
SR + —||Vhe IR 4 CSIVANLE +z||3,

with C5 = ° 4+ 4y~ 1(C,AM,)?, and the discrete Sobolev inequality (4.2) has been applied in the
derivation. Going back (4.42), we see that

1 _n+s

CU(V4eL A @Y, < AV (A A 2,
N CiAM;
2

< UVi(Asel) HdmE gty +

—n+x 4 —n 1 n 1

|2 + —||vhe;2||§ + Cs|IVuN LE +2||’§

CiAM,
2

+ Cee™ (||e;2|| +||Vhed+2||3>+2c2 -4||~"*2||3, (4.43)

_n+l _n+
lle. *1l5 + —||Vh e, 2||2

with Cg = 4C*((C*)? + (M))* + (Mg)?)*, and the estimate (4.22) (in Lemma 4.2) has been recalled. A
similar argument could be applied to the second nonlinear coupled term:

1~ n+l 1 ~ 1 _n+d
ABN LE™2d" 2, V8, )1 < ABINLE™ 25 - ld" 2 ls - V42, >l

M;)? n
ABMIN LE ™ - 11V, < (wv N LEHE + A (4.44)

ntd =l —n+} | —n+3 n+l el —nt3
ABe, *d"2, Ve, 2y = —AB(Awe, *d"2,V e, Py + ABNLE2d" 2, Ve, * )

2(/1,3M6)2

—AB(AeT A Vel + INLE™2 + —||Vh‘”*2||2

< - ABAe; 2 Vet Ty, + —||Vhe;2||2+s (c7||e;2|| +cg||~"*2||3) (4.45)

with C7 = 25(A48M)*((C*)* + (Mg)*)*v™"!, Cs = 4(ABM¢)*v™". The third nonlinear coupled term could
be analyzed as follows:

AL+ BN LE A2,V y) < A1+ PINLE s - 11"l - 19,42, 1
201 + p)Mo)*
14

1 _n+l L
<A1+ BYMINLE™ 2|3 - 1IV4e, 2 |lr < INLE™ 2|3 + _”Vh IR,
n+d sl —n+4
AL +B)e, *d">, Ve, *)
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=— A1 + B)(Ahe"+2d”+’ vhz’”z Yo+ AL+ BN LE a2, V,e. "> >1

2
< A1+ BAe v,y 4 2L A
4

INLE32 + —||Vh ARITE
n+l~ n —n+} _n+d 0 n+s ~nt+l
<— A1 +BYAwe, d 3, Ve, ) + ||Vheu I + & 4(Colle 212, + Crolle 12, (4.46)

where Cy = 25(A(1 + B)Mg)*((C*)* + (M)*)*v™", C1o = 4(A(1 + B)Mg)*v™"!
Meanwhile, taking a discrete inner product with the error equation (4.13) by e"*! yields

—n+1

_ ”e n+1 —n+1
2

1
lle 113

15 + lle; I3 = (e, Vi(ey = eh)) = 0. (4.47)

Finally, a substitution of (4.34), (4.35), and (4.37)—(4.46) into (4.33), combined with (4.47), gives

_l’l+

115 = llej iz + vAL||V e,

—n+1

1
lle, 115 + —(IIVhe'"+ 113 = 11V, |15)

LR 1l n+ 4 n Lo ES —n 1
<21Az<vh(Ahe"+2)d"+% 2y, — 2AAK(1 + BAe, gt 4 FINVARY ST JrakhY
1 n+i
+ AdlT2 + D”Atllén+2 112 + D"Atllen+2 112 + et — gt I3+ DiAdE |12
1 n+i
+267*Al((Co + C7 + Colle 7|, + 2C% + Cs + Cro)llE 7|2 + Coll Ve ). (4.48)

D} =C*(1+)+CiaMg+1, Di=C*/2+2CYV",
D = C*"A+8(2B* + 2B+ H(AC*)*v .

4.5. Error estimate of the orientation equation in (0, T; H,ﬁ) N >0, T; H,zl)

1
Taking a discrete inner product with (4.15) by —AheZ+2 , we get

1 ~n 1 n 1
SV ||Vhed||2> YAKE"™ 2, Ael) 7 )¢
— AKXV, - (ed+2U ) Anel)' D+ AdE VhAheT%h

S AKET (14 BTN, Al e
— AK(BV e, . 1+ ,8)(Vheu+2) ), Anel) 2>C = AT, Ahe§+%>c. (4.49)

A bound for the truncation error term is standard:
1 n+l 1 n+l 1 12 n+d o
—~(T L Aey e = (VT Ve, P < E(IIV;,TZ+ 1"+ 1IVie, 1.

A combination of the chemical potential error expansion (4.17) and inequality (4.20) (in Lemma 4.2)
reveals that

1 n+i
— (", Ahed e = (-NLE™ + Anely : Ay e = lAse m2 (NLE™2, Avel) )¢
>||Ahed*2||2 ||Ah ”*2||2 AINLE™ 2|

—ntl ~
IIAh d+2||2 - —((C )+ (Mo))(ld |I§ +1IV,d +2|I§) —287Y|dm |2, (4.50)
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Meanwhile, the discrete gradient term could be analyzed as follows, with the help of the regularity
estimate (4.16):

nel=ntl —n+d —n+i n+l n+i
IVi- @20 )l < CUU oo + 1IV:Ul)UIE Nl + 11V4E, " 112)
neld _n+d
< CC (1€ |l + ||vhe;2||2).
n l .
In turn, a bound for the nonlinear term {V,, - (& d+2U ), Ahe d+2)cou1d be derived as
S+ ==n+ +1 n+ i n+i
(Vi @°U ), Ae’ e e <|IV,- @2 T" s - ||Ahed B
1—pyl
< ;nvh-(éd*zv HIi + ||Ah d*zn2

2CC* it el
< & 1B+ v, 1) + SllAe IR, 4.51)

The estimate for the remaining terms turns out to be more straightforward:

—n+3 _n+i n+1 o+t n+d
BVAU "8, Auey P)e < BCTlIE, * Il - lAne, iz

2(BC*)? il
26 1€’ 2115 + —||Ah ;2||2, (4.52)

(1+BX(V,U" >Ted : Ay e < (1 +8)C" ||e;2||2 [N I,

2(1 + BACH? sl
< ﬁ—ue;znﬁ —||Ah I, (4.53)

The other three nonlinear coupled terms in (4.49) will be canceled by the associated inner products in
the moment equation. As a result, a substitution of (4.50)—(4.53) into (4.49) leads to

(Ve - ||Vhez||2> +yAdlAe B + 280Kd e, 7, VAl ),
COAKBYET + (1 + BV HDar, Ave e
<ALV, TR + D"Az||ed+2 112 + D70Ar||~”+2 112
+ D’;lArnvhed*z 1% + D’;Zmnvhed” I3, with (4.54)
D = 50e7((C*)* + (Mg)*)?, Diy=4(CC* + (2% + 2B+ 1)(C)H)y ™" +4&7™,
D}, =50e*((C*)* + (Ms)*)* + 1, D}, =4CC*y™".
4.6. The convergence estimate

The optimal rate convergence result is stated in the following theorem.

Theorem 4.1. Assume the homogeneous boundary condition and initial data d°,u® € C°(Q) are given,
and suppose the unique solution to the Ericksen-Leslie system has the required regularity. If At and h
are sufficiently small enough with nAt < T, the following the error estimate holds:

n 1
lellz + IVaell + el + (At Y 11Ad"*213)° < C(AP + 1), (4.55)

m=1

where C > 0 is independent of At and h.
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Proof. A combination of (4.32), (4.48) and (4.54) yields

e ™ 5~lleg3 + Al 113 + 1€ 1 ~ el — IVaehli) + lley™ — 2,13
+ %Aluvhe IR+ yaarAel R
<AAHITG + A5 + AAIV,
+ AA(D! + D! )||ed+2 I3 + At(ADS + D}t + AD70)||~”+2 112
+ AAH(D" + D’;l)nvhed*z 12 + AD" Atlthed+2 112
+ D"Atne;z 112 + D”At||~”*2 112

}’l+2

+ wzmnz’;*m + D’l’zAtlled+2 12, + Di;Afle; 215 + D’{4At||Vhed+2 112, (4.56)

with D}, = 2e 4(Ce+C7+Co), D'}, = 26 *(2C*+Cs+Cyp), D}, = 26™*Ce. In particular, we notice that the
el nal _nal nil
nonlinear and coupled inner product terms, namely, 2At(d’l+%eu+2 , ViALe d+2 M, —2At(ﬁVheu+2 , e d+2 Y,

and ((1 + ﬁ)(VhET%)TJ"*% , Ahe?;%)c, have been cancelled between (4.48) and (4.54). This subtle fact is
very important in the following analysis.

Recalling the Sobolev inequalities in Lemma 4.1, || f||3 < C||fll4, and ||V, fll3 < C||V,.fll4, we are able
to derive the following estimates, with the help of Young’s inequality

DB < 22Dl IR + lle 212 - V42l 113

< chDwne;zn2 —||Vh e,

DLlle" 2|2, < 202Dl 1 + 1V ,e™* | - ||Ahe )
< Qe (SR + Ve ”*2||2>+ ||Ah IR,

DLIETE IR < CCDLlIEs 2
< 2C3C2 D (IR + ||’é"*%||2 IV, 2113
< Q.o colE) 1B+ IV, B,

DIV, B < CPD IV, |

< 2C°C2D", V4! | - ||Ahe;2||2

n+1 n+
< 0o, D’1’4C/ly||Vhed 23+ ”Ah e, 2||2
A substitution of the above inequalities into (4.56) reveals that

1 1 1 2 2 1 —ntl
llei 113 - llegli3 +/l(||e”+ ||2 +(1Vae 115 = el — IVelll3) + llep ™ — e, 113
v n+ nt
+ —IIVh e, 2||2 IIAh e, 2||2

<AALITZ + At||r';“||2 + AA|V, R + H”At||e"+2 112 + H"Az||~”+2||2
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+ H”At||Vhe"+2 112 + H"Aznv,,e”*z 112 + H”Atllen+2 112 + D”Atllen+2 112, (4.57)

with H;l = /’.(D’lZ + Dg) + QC3,D’|12,,1,;/, Hg = /lD;l + Dg + /IDTO + QCZ,D']’3,C,V’ H"; = ﬂ(Dg + Drlll) + QC3,D'{2,/L7 +
Oc,m, cay Hy = ADY, + 5, Hy = D + QOc, p1,0»- Meanwhile, an application of Minkowsiki’s inequality

. . o 1
could be applied to the numerical errors at time instant n + 5:

n+l 1 1 1 n+i 1 112 2
lle), 2113 = ||—(e”+ +el; < E(Iled+ 113+ llesll3), 1IVae, 2113 < E(theT > + IVieglls),
,.J’H'l 2 1 -1 1 1 9 1 1
lle, *ll; = IIEeZ Eed I3 < IIedllz —IIed 13, 11V, 2113 < IIVhed||2+ thlled 13,
_n+l —n+1 1 1 —i +1 2
lle. 2115 = —(II VN + Nlegln) < lleltis + et —e s + —IIeZIIZ,

1 9 1
o+l 2 —1112
e 213 = II—e - —e 5 < IIeZ||2+ Elleﬁ 11>
As aresult, (4.57) could be rewritten as
1 1 1 . +1
e 15+ IVrel 115 = N3 = IVhelli) + el 115 — llejlls + llei™ — &, 113
\ZAV S 7/1 t n+
+ _”Vh e, 2||2 ——llAse, 2||2

n n n 9 n n 1 n n—
<H!Atlle" |5 + (H} + 51L12)Az||ed||§ + §H2Az||ed 3
9 1 _
+ HIALIV e 13 + (HY + 5111;;)Ar||vheg||§ + EHZAtHVheZ 3

9 1
12 2 -1)2 1 ontl
+ H{Atle) " |I5 + (HZ + ED’;)Az‘llele2 + EDQ’AtlleZ 15 + HiAdle™ ' €|

1 112 1
+ AAIS + A5 + AV, .

Consequently, under the constraint that H{Ar < 1, an application of the discrete Gronwall inequality
yields the desired convergence estimate (4.55). This completes the proof of Theorem 4.1. O

Remark 4.1. For simplicity of presentation, we focus on the finite difference scheme over a regular
rectangular domain in this work. If an irregular geometric domain is taken into consideration, the finite
differenced spatial discretization is not appropriate any more, and the mixed finite element method could
be a more appropriate choice. Such a mixed finite element approach has been carefully applied and
analyzed for various coupled physical systems [28, 31-33, 35], and its application to the reformulated
Ericksen-Leslie system (1.5)«(1.7) will be considered in future work.

Remark 4.2. If a three dimensional domain Q = (0, 1) is taken into consideration, the numerical
scheme (2.1)«2.4) will take the same form; the unique solvability and modified total energy stability
analysis will also follow exactly the same process. In the optimal rate convergence analysis and error
estimate, it is observed that the discrete Sobolev inequalities in Lemma 4.1 are valid for both the
two-dimensional (2D) and three-dimensional (3D) domains. Therefore, we have use the 3-D Sobolev
interpolation coefficients, although the mathematical presentation is 2-D, for simplicity of presentation.
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Therefore, all the subsequent estimates are available for both the 2-D and 3-D cases, so that the the
convergence result (4.55) could be carefully derived for the 3-D numerical scheme without essential
difficulty. The technical details are left to interested readers.

5. Numerical experiments

5.1. A preconditioned steepest descent (PSD) iteration solver

By the unique solvability analysis presented in Section 3, the discrete system (2.1)—(2.4) could be
reformulated as
d+d"
=

g 2 4 (g2 n n _ gn-!
d ")+g—2(<") +d) d+d 3d'-d 0, 5.1

_ —1
Fild) = G;'(—— > > >

)=
with the discrete linear operators £, and G, defined as

2 -2u" 1 i I .
O =2 Z @ VL) + V- @ L0 + V"~ v L) + AT
+ AV, - Bu(d™ )T + B+ DA w") =0,

Galh) = V- (@3 L) + (VL) + (1 + BYV3 L)) A" + .

Notice that £, and G, are non-symmetric operators with positive eigenvalues (as discussed in Section
3). The following linear iteration could be proposed to solve u = G;'(g):

o+ o = =V, @3 L) — VUL D) + (1 + BOVHL ) DA + op® + g,

where w is relaxation parameter, u® and u**? denote the k-th and (k + 1)-th approximate solution to
Gn(p) = g.

Of course, M - &4 in (5.1) is nonlinear, and £~*|d|’d — A,d is implicit in (5.1), corresponding
to the convex part of the free energy functional. On the basis of this fact, we apply the preconditioned
steepest descent (PSD) method [43] to solve for (3.16). The key point is to make use of a linearized
version of the nonlinear operator as a pre-conditioner. In more details, the preconditioner f}, is defined
as

gy 3y
Tl = G ) + =9 = M.

Of course, 7, is a linear operator with positive eigenvalues. Given the current d*, we define the
following search direction ¢ such that:

k k k) . k
Jng? =1, Y= 7@,

where r® is the nonlinear residual at the k—th iteration stage. In fact, this equation can be efficiently
implemented by an fast Fourier transformation (FFT) solver. Subsequently, the next iterative stage’s
solution can be obtained by

k+1) ._ gk k) k) _ ¢ 3k) k) (k) 4(k) (k) (\NT
d*V = d® +a®g® = @ + Vg, & + V' q)),
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where a® = (!, @) € R? is the unique solution of the following g*:

k k) o (k k
(Fa@® + a®q“)1,4) =0,
k
(Fid® +a®q")2.q5) = 0.
which is a nonlinear problem with respect to (a/(lk), oz(zk)). In more details, the linear part corresponds to a
matrix with positive eigenvalues, and the nonlinear part has a positive definite Jacobian matrix (because
of the convex energy for the nonlinear implicit part). In turn, such a 2 X 2 nonlinear system could be
very efficiently solved by the Newton iteration:
2D = g® _ y-! <ﬂ(d(k) + a0 g®), q(k)>c <7:h(d(k) + a®g®), q(k>>c_
Fortran code was used in the numerical implementation of the proposed scheme. At each time
step, only a few Poisson-like solvers are needed at each PSD iteration stage to obtain the search
direction ¢®. Meanwhile, the solver for the parameter vector @ is only involved with two monotone
algebraic equations, so that the computation cost is almost negligible. In addition, a few Poisson-like
solvers correspond to the most computation costs at each PSD iteration stage. On the other hand, a
geometric iteration convergence rate has been theoretically justified in [43] for the PSD iteration to
the regularized convex optimization problems, and we expect a similar geometric convergence rate for
the PSD iteration used in this article. As a result, only 10—15 Poisson-like solvers are needed in the
numerical implementation of the proposed numerical scheme at each time step, which turns out to be a
very efficient approach for such a highly nonlinear and coupled numerical system.

5.2. Convergence test and numerical examples

Example 5.1. We will test the numerical accuracy for the numerical scheme in (2.1)—(2.4). The domain
is taken as Q = (=1, 1)?, and the exact solutions d., u,, p. are chosen as follows:

d.(x,y,1) = %( sin(2mrx) cos(2my), cos(2mx) sin(27ry))T cos(r),
u,(x,y,1) = %( — sin(27rx) cos(27y), cos(27x) sin(27ry))T cos(t),

1
Pe(X,y,1) = o cos(2mx) cos(2my) cos(t).
n

The physical parameters are setas € = 0.5, v =05, 1 =1, 8 = -0.5, and y = 2, and a periodic
boundary condition is taken. Moreover, an artificial time-dependent forcing term has to be added to make
., pe,u,, p.) satisty the original Erickson-Leslie system (1.1)—(1.3). In the numerical implementation,
the numerical system in (2.1)—(2.4) is solved in the equivalent form (5.1). The PSD iteration algorithm,
introduced in the previous subsection, will be used, combined with the linear iterative solver (5.1) to
obtain G 'g.

In this example, we set time step size as At = Ch with h = 1%,, so that the time step and spacial mesh
sizes are of the same order. The final time is taken to be 7 = 0.1, and the numerical resolution is given
with N = 16, 32, 64, 128, 256.

Table 1 displays the numerical errors of d, d», u, v in the £? norm; an almost perfect second-order
numerical accuracy is clearly observed. The associated ¢ numerical errors are presented Table 2, which
also indicates an almost perfect second-order accuracy.
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Table 1. Errors of d, u, and p in the ¢> norm (At = 0.1h, T = 0.1).

mesh ||d —d.|, rate lu —u.ll, rate lp — pell. rate

162 2.13E-03 2.05E-03 7.74E-03

322 5.56E-04 1.935703 5.29E-04 1.951707 2.03E-03 1.930202
642 1.46E-04 1.929653 1.39E-04 1.930576 5.13E-04 1.985084
128> 3.96E-05 1.880546 3.78E-05 1.875682 1.28E-04 1.997667
256> 1.15E-05 1.789707 1.10E-05 1.780659 3.21E-05 2.000128

Table 2. Errors of d, u, and p in the ¢*° norm (At = 0.1k, T = 0.1).

mesh ||d -d.||. rate llu —u,.ll rate lp — pelle  rate

162 1.10E-03 1.04E-03 3.41E-03

322 2.81E-04 1.976774 2.66E-04 1972873 8.32E-04 2.033039
642 7.31E-05 1.93969 6.95E-05 1.935811 2.07E-04 2.006647
128> 1.98E-05 1.88298 1.89E-05 1.876942 5.19E-05 1.995021
256> 5.73E-06 1.790305 5.50E-06 1.780907 1.32E-05 1.980892

In the next three examples, we will perform a numerical simulation of liquid crystal defects under
various parameter settings.

Example 5.2. Annihilation of singularities. We pick this example from the reference works [20,44].
The domain is given by Q = (=1, 1)?, and the parameters are taken as A = v =y = 1, and & = 0.05. The
temporal and spatial numerical resolutions are set as: At = 107*, N, = N, = 64. Initially, the phase
variable d has two singularities at i%. The initial velocity is set as 0. Specially, the initial and boundary
conditions are listed as follows:

do=d/+J|d? +0.052, d=(*+y-0.25,y),

uy = (0,0),
dlso = do/ldol, ulsg =0, V,plag =0.

In Figure 1, the orientation field d of the liquid crystal molecule is displayed at some selected time
instants. It is observed that the two singularities at i% move close to the origin with the evolution of
time, until they finally vanish. The annihilation time instant is around ¢ = 0.2759. The velocity vector
field presented in Figure 2 also reveals that the velocity field is driven by the orientation field, though
the initial velocity is zero, and the two swirls are formed afterwards. In addition, the contour plot of the
speed field, defined as |u| = Vu? + 12, is displayed in Figure 3. It is noticed that the velocity vectors
presented in Figure 2 have different lengths and directions; in Figure 1, the orientation direction vectors
have the same length, i.e., [d| = 1.

In Figure 4, we plot the energy curves including the total energy, kinetic energy, elastic energy, and
penalty energy. It is observed that the total energy always decays, which agrees with the theoretical
result in Theorem 3.2. The total energy has a quick descent at around the time of annihilation, which
indicates a phase transition. The kinetic energy increases in the early stage, since the orientation field
drives the velocity field (with trivial zero initial data) until the time of annihilation, then it tends to
decrease until the orientation field reaches a steady state. The elastic energy denotes the interaction
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among the liquid crystal molecules, and it decreases because of the stretching or contraction of the
molecules caused by the flow. The penalty energy has a significant descent at around the time of
annihilation, which implies that the constraint |d| = 1 is well approximated.

Example 5.3. The effects of S and v on the annihilation time. The parameter S denotes the ratio of
the length to the width of the liquid crystal molecule. Because of the different shapes of the molecules,
different elastic stress may be produced in the movement. Thus the annihilation time may be affected
by the molecular shape. In Table 3, we discover that a bigger S may lead to a longer annihilation time,
which indicates that the annihilation time of disc-like molecules is larger than that of rod-like molecules.
In Table 4, we list the annihilation times for different viscosities. It is easy to find that a smaller viscosity
may cause shorter annihilation time.

Table 3. Annihilation times under different values of 3.

B -1 -0.75 05 -0.25  -0.1
Annihilation time 0.2509 0.2626 0.2759 0.2873 0.2921

Table 4. Annihilation times under different levels of viscosity v.

v 1 0.1 0.01 0.001  0.0001
Annihilation time  0.2758 0.2268 0.2145 0.2131 0.2130
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Figure 1. In Example 5.2, the singularities at i% move closer to each other until they vanish.
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(c)t=0.26 dr=04

Figure 2. In Example 5.2, the velocity field is driven by the phase field at different time instants.
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Figure 3. The contour plot of the speed field in Example 5.2.
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Figure 4. Example 5.2: The development of energy.

In Figure 5, we see that the total energy and elastic energy decay faster with smaller viscosity
v = 1/Re, while the kinetic energy becomes larger with smaller v.
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Figure 5. Energy curves with different viscosity v in Example 5.3.
Example 5.4. Annihilation of singularities in a rotating flow

dy = d/ |2 +0.052, whered = (x> +y* —0.25,y),

rotating flow: u = (-wy, wx),
dlso = do/ldo|, ulsa =0, V;,plag =0.
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Figure 6. Orientation field of the liquid crystal molecules under the initial rotating flow
u(w = 20), in Example 5.4.
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Figure 7. Energy curves with the rotating flow (w = 20) in Example 5.4.
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Figure 6 displays the annihilation of singularities under rotating flow with (w = 20). The two
singularities move close each other and rotate anticlockwise until the annihilation time ¢ = 0.2. In
comparison with the case of u, = (0, 0), it takes shorter time to reach the annihilation time under the
rotating flow.

Energy curves are displayed in Figure 7. It is observed that the total energy and the kinetic energy
have the same tendency and there is no significant change around the annihilation time. Initially, the
kinetic energy determined by the rotating flow is nonz-ero, and then it decays until the system reaches a
steady state accompanying u = (. The elastic energy and the penalty energy display a rather large change
at the early stage because the molecular shape is deformed by the rotating flow. These phenomena agree
well agreement with the physical law of the liquid crystals’ dynamics.

6. Concluding remarks

A second-order accurate Crank-Nicolson style numerical scheme is proposed for the Ericksen-Leslie
model, a governing PDE system of nematic liquid crystals. The proposed scheme is based on the convex
splitting form of the corresponding free energy functional, while the convection terms in the orientation’s
evolutionary equation and the momentum equation are treated by semi-implicit approximations. The
incompressible Navier-Stokes equation is discretized via the conventional frame of velocity correction
method to preserve the divergence-free property at the numerical level. The finite difference spatial
approximation is adopted over staggered mesh points, in which the orientation variables are defined
over the cell center, the related gradient vectors are defined over the edges of the mesh, and the velocity
components are located at the grid points. The unique solvability analysis of the numerical system is
theoretically derived, with the help of Browder-Minty lemma. An unconditional stability in terms of
the total energy is proved, with a second-order correction of the original energy. Moreover, we provide
an optimal rate convergence analysis and error estimate for the fully discrete scheme. The numerical
test results have demonstrated the second-order accuracy in both time and space. Some numerical
simulations are carried out to demonstrate the effectiveness and robustness of the proposed scheme.
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