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AN ENERGY STABLE FINITE DIFFERENCE SCHEME FOR THE
ERICKSEN-LESLIE SYSTEM WITH PENALTY FUNCTION AND ITS
OPTIMAL RATE CONVERGENCE ANALYSIS*

KELONG CHENG!, CHENG WANG!, AND STEVEN M. WISES

Abstract. A first-order-accurate-in-time, finite difference scheme is proposed and analyzed for
the Ericksen-Leslie system, which describes the evolution of nematic liquid crystals. For the penalty
function to approximate the constraint |d| =1, a convex-concave decomposition for the corresponding
energy functional is applied. In addition, appropriate semi-implicit treatments are adopted for the
convection terms, for both the velocity vector and orientation vector, as well as the coupled elastic
stress terms. In turn, all the semi-implicit terms can be represented as a linear operator of a vector
potential, and its combination with the convex splitting discretization for the penalty function leads
to a unique solvability analysis for the proposed numerical scheme. Furthermore, a careful estimate
reveals an unconditional energy stability of the numerical system, composed of the kinematic energy
and internal elastic energies. More importantly, we provide an optimal rate convergence analysis and
error estimate for the numerical scheme. In addition, a nonlinear iteration solver is outlined, and the
numerical accuracy test results are presented, which confirm the optimal rate convergence estimate.

Keywords. FEricksen-Leslie system with the penalty function; convex-concave decomposition;
unique solvability; energy stability; staggered mesh points; optimal rate convergence analysis.
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1. Introduction
In this article, we examine the following macroscopic hydrodynamical model of

nematic liquid crystals for materials with isotropic elastic energies, derived by Ericksen
and Leslie [16,21]:

dru+u-Vu+ Vp—vAu—\V- (f(Vd)TVd

+B(Ad— f(d)d" +(5+1)d(Ad— f(d)T) =0, (1.1)
V-u=0, (1.2)
drd+u-Vd+ (BVu+(1+8)(Vu)")d=~(Ad - f(d)), (1.3)

with initial and boundary conditions

O(u-7)
on

_o(d-T)
50 on

u|t:0:u0, d|t:0:d0, u-n|aQ:d~n|aﬂ :07 =0. (14)

o

The vector u=(u,v,w)? represents the velocity of the liquid crystal flow; p is the
pressure; d=(dy,ds,d3)T is the orientation of the liquid crystal molecules; 3 € [—1,0]
is a constant; the parameter v >0 is the fluid viscosity coefficient constant; A >0 is an
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elastic constant; and >0 is a relaxation time constant. The vector function f(d) may
be viewed as a penalty function to approximate the constraint |d| = 1:

f(d)=*(|dP ~ 1)d. (15)

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 when compared with the limit system, where |d| =1 is rigidly
imposed.

Here, the chemical potential p= f(d) — Ad = (1, p2,p3)7 is a column vector, with
the following components:

pi=e 2(|d]* —1)d; — Ad;, i=1,2,3. (1.6)
Let us recall the following identity,

(v vd) -3 (5 ) o

i=1j=1

1
=Ad1Vdy + AdyVdy+ Ad3Vdz + 5V(|vcl|2)

= dlvlu + dgVug + dgVug + Vr
=(Vu)'d+Vr,

where
1 1 1
=Z|Vd]?+d-Ad—=(|d|*>—1)%> - =|d|?.
mim 5|V d-Ad— L (dP -1/~ 3 |d)

Then we are able to rewrite the original PDE system as

Bru+u-Vu+Vy —vAu+ V) d+ AV - (BudT +(B+ 1)duT) =0,  (1.10)
V-u=0, (1.11)
did+u-Vd+ (BVu+(1+8)(Vu)')d= —yu, (1.12)

where p’ = p+ A is a modified pressure. For simplicity, we will use the modified pressure
but drop the prime notation.
Now, let us introduce a free energy for the orientation vector field d:

1 1 1
Eaz:/f2 ~|d[* = <|d*) + | Vd|? dx. 1.13
()= | &7 (ldl* = 5lar?) + 51Vl (1.13)

We observe that dyE(d)= [,d;d-pdx. Taking inner products of (1.10) with w and
(1.12) with Ap, we get the remarkable energy dissipation law:

1
0 B(d,u)=—v|Vul®* —v|pl* <0, E(du):= 5\\u\|2+>\E(d)- (1.14)

A theoretical analysis for the coupled PDE system and its limit system has been
established in [32-34,51,52]; also see the related works [38-40,47], et cetera.

There have been extensive numerical works for the Ericksen-Leslie system, both for
the penalty formulation and the constraint formulation, in the existing literature [1,7,
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8,15,18,28,29,49,53-55]. In particular, the energy stability property of the numerical
schemes has attracted a great deal of attention in recent years. Various semi-discrete
finite element schemes were analyzed in [35-37], with energy dissipation law established.
Among the fully discrete approaches, an energy stable time splitting method is proposed
and analyzed in [5], in which the coupled elastic stress terms were not considered in the
system. Further development of energy stability has been reported in more recent
works [56-58], in which both the first and second order accurate energy stable schemes
were studied for the full coupled system (1.1)-(1.3).

Meanwhile, it is observed that, an optimal rate convergence analysis for the full
Ericksen-Leslie system (1.1)-(1.3) has been a very challenging theoretical issue. Among
the existing theoretical works, it is worthy of mentioning [2], in which a fully dis-
crete finite element scheme to a simplified system (without the coupled elastic stress
terms, 3(Vu)d and (1+ 8)(Vu)Td) is analyzed. The numerical convergence is proved
by establishing a uniform bound for the numerical solution (in terms of time step and
numerical mesh grid sizes) and taking a weak limit via certain compactness arguments,
while an optimal rate error estimate has not been reported. Moreover, the convergence
towards measure-valued solutions of the limiting Ericksen-Leslie model has been estab-
lished in [2], which turns out to be another significant theoretical result. As a further
development, a fully discrete, mixed finite element numerical scheme was proposed for
the penalized Ericksen-Leslie system in [26], in which the nonlinear terms are treat-
ment in a semi-implicit manner. In particular, an optimal rate convergence analysis
was reported in [26], with first order convergence rate in both time and space. It is
noticed that the standard L? and H' bounds for the numerical solution have been de-
rived, while an energy dissipation (in terms of the physical energy) was not reported.
In a subsequent work [27], a modified energy stability was proved for the mixed finite
element schemes, with an “initial estimate” constraint h < Ce and the “stability” con-
straint At =0(g2h?). Also see the related works [1,35,37]. Furthermore, in some recent
works for related phase field models of nematic liquid crystal droplets [3, 18,43, 44, 48],
the energy dissipation analysis has been reported for the finite element schemes, and the
I'-convergence of global discrete energy minimizers of the numerical solution to global
minimizers of the continuous energy has been proved. Many deep and subtle techniques
have been included in these theoretical analyses.

In this paper we propose a finite difference scheme for the full Ericksen-Leslie sys-
tem (1.1)-(1.3), with the coupled elastic stress terms included, and we provide an optimal
rate convergence analysis, with first order accuracy in time and second order accuracy
in space. For the vector penalty function (1.5), a convex splitting algorithm is applied
to the corresponding elastic energy functional. Meanwhile, for all the coupled terms,
(Vu)'d, V-(ud"), V-(duT), u-Vd, (Vu)d, (Vu)d, we have to make use of appro-
priate semi-implicit discretization. All of these semi-implicit terms could be represented
as a linear operator of the vector potential p at time step at "*'. A combination of
such a linear operator representation and the convex splitting discretization for d in
the vector chemical potential p results in a unique solvability analysis for the proposed
numerical scheme, with the help of Browder-Minty lemma, based on the monotonicity
property of the numerical system. In addition, an unconditional energy stability of the
numerical scheme could be derived, in which both the convex splitting treatment for d
and semi-implicit approximation for the coupled terms will play an important role in
the energy stability estimate.

In terms of the optimal convergence analysis, the primary challenge is associated
with the error estimates for these coupled terms, including the convection and elastic
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stress terms. Although the semi-implicit treatment makes a linear operator in terms of
p, the corresponding error estimate turns out to be highly nonlinear. Furthermore, a
careful calculation implies that, the standard diffusion term for either the velocity or
the phase field is not able to control the numerical error associated with the nonlinear
coupled terms.

To overcome this subtle difficulty, we perform an L, (0,7 H')NL4,(0,T; H?) error
estimate for the phase variable d, combined with an L%, (0,7 L*)NL4,(0,T;H') error
estimate for the velocity vector. Such an estimate in a higher order Sobolev norm
is necessary to make three nonlinear coupled inner products (with appropriate error
test function) be cancelled between the momentum and phase field error equations.
This observation could not be obtained through a standard L, (0,7 L?) N L4, (0,T; H')
error estimate for the phase variable. Similar techniques have been reported in the
convergence analysis for various Cahn-Hilliard-Fluid (such as Cahn-Hilliard-Hele-Shaw
or Cahn-Hilliard-Navier-Stokes) models [6,9, 10, 17, 19, 41]; meanwhile, the technical
details presented in this work are much more complicated than the ones in these recent
works for the Cahn-Hilliard-Fluid models, since only one coupled term appears in the
phase field equation of the latter one, in comparison with three terms in the Eriksen-
Leslie system.

In addition, for the fully discrete scheme, the discrete Sobolev embeddings from
H ,1L into L;t and Lg (in the finite difference space) will also play an important role in
the nonlinear error estimate. Such a discrete inequality could not be obtained via a
direct local calculation; instead, a discrete Fourier expansion for the test function (with
given boundary condition), combined with careful eigenvalue estimates, is needed for
the derivation. Also see the related recent works [12,14,22-24].

This paper is organized as follows. In Section 2 we propose the fully-discrete nu-
merical method, outline the staggered finite difference spatial approximation, as well as
the temporal discretization, and prove the unique solvability of the scheme. The energy
stability analysis is provided in Section 3. An optimal rate convergence analysis is es-
tablished in Section 4. A nonlinear iteration solver is outlined, and numerical accuracy
test results are presented in Section 5. Finally, some concluding remarks are made in
Section 6.

2. The numerical scheme

2.1. Finite difference spatial discretization. For simplicity of presenta-
tion, we focus our discussions on the two-dimensional (2-D) case, with the computa-
tional domain given by Q= (0,1)2. An extension to the three-dimensional (3-D) case is
straightforward, and the details are left to the interested readers.

It is assumed that N is a positive integer such that h = %, which is called the spatial
step size. The orientation vector field d is evaluated at the cell-centered mesh points:
((i+1/2)h,(j+1/2)h), at the component-wise level. In turn, the discrete gradient of d is
evaluated at the mesh points (ih, (5 +1/2)h), ((¢+1/2)h,jh), respectively:

(dk)i+1/2,j+1/2 - (dk)ifl/z,j+1/2
h b

(dr)isrfo 172 = (di)igra -y

(Dydk)i+1/27j: 2,j 2h 2,5 27

(Dzdk)i,j+1/2 =

(2.1)

for k=1,2. The five-point Laplacian takes a standard form. The pressure field p and
chemical potential vector field pu are also evaluated at the cell-centered mesh points,
and the discrete gradient could be defined in the same way as in (2.1). Similarly, the



KELONG CHENG, CHENG WANG, AND STEVEN M. WISE 1139

wide-stencil differences for cell-centered functions could be introduced as

- HE)it3/2, — Mk )i—1/2,5
(Dm,uk)i-i-l/z,j-i-l/z:( )+3/2J+1/22h( ) it/

D — (2.2)
( - [k )it/ i1 )s = (uk)i+1/2,j+s/2 (,uk)ﬂrl/z)jfl/z
Y i+1/2,5+1/2 57 '

Meanwhile, in order to assure the divergence-free property of the velocity vector
at the discrete level, we choose a staggered grid for the velocity field, in which the
individual components of a given velocity, say, v=(v*,vY), are defined at the east-
west cell edge points (ih,(j+1/2)h), and the north-south cell edge points ((i+1/2)h,jh),
respectively. This staggered grid is also known as the marker and cell (MAC) grid and
was first proposed in [31] to deal with the incompressible Navier-Stokes equations, and
the detailed analyses have been provided in [20,50]. Also see the related applications
to the primitive equations [45] and planetary geostrophic equations [46], et cetera.

The discrete divergence of v, specifically,

Vi -v=Dyv*+Dyv?,
is defined at the cell center points ((i+1/2)h,(j+1/2)h) as follows:

(Vi 0)isiagire = Pat®)isasnjire + (Dy0”)s s -

One key advantage of the MAC grid approach is that the discrete divergence of the
unknown grid velocity will always be identically zero at every cell center point. Such
a divergence-free property at the discrete level comes from the special structure of the
MAC grid and assures that the velocity field is orthogonal to a corresponding discrete
pressure gradient at the discrete level; see also reference [20].

Moreover, we observe that the velocity component v* has zero boundary values at
mesh points (0,(j+1/2)h) and (Nh,(j+1/2)h, corresponding to the boundaries at =0
and z =1. Similarly, the velocity component v¥ has zero boundary values at mesh points
((i+1/2)h,0) and ((i4+1/2)h,Nh), so that the boundary condition of n-v =0 is satisfied
at the point-wise (global) level at all four boundary faces.

A discrete cell-centered function ¢ is said to satisfy homogeneous Neumann bound-
ary conditions, and we write n- V¢ =0 iff at the ghost points ¢ satisfies

Dorpajt1/a=Dijs  ON412 41/ = ON-1/2,j+1/2,

(2.3)
¢i+1/2,71/2 = ¢i+1/2,1/2a ¢i+1/2,N+1/2 = ¢i+1/2,N71/2-

A discrete function f = (f, f¥)T € &, is said to satisfy the homogeneous boundary con-

ditions n- f =0 iff we have

Posppjpat P gine =0 S gt R 12 =0, (2.4)
fz'y+1/2,1/2 + fiy—i-l/z,—l/2 = 07 fviy—i-1/27N+1/2 + fiy+1/2,N—1/2 =0.

For u= (u®,u’)T, v=(v*,v¥)T, located at the staggered mesh points (T4,Yj41/),
(Ti41/2,Y5), respectively, and the cell-centered vector field d= (d®,d)T, p=(u*,u9)7,

the following terms are evaluated as

xT 2 x Y 2 x
WV v— ui,j+1/2DIviLj+1/2 +Awy“i,j+1/2?y”i,j+1/2 (2.6)
PP A u® D Y +u? D,v? ’ '
TY it 1/2,5 7T V412, 4,5+1/277 Y Vit1/2,5
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Do (u®v®); i1+ D y(Acyu¥v®); j 41
v T i,j+1/2 Yy i,54+1/2 2.7
ne(vu’) = ( Dy (Agzyuv )Z+1/2]+D (u¥vY)iq1y2 5 ’ (2.7)
.A d® ) 1 ( M -A dy) 41
v Td ( wﬂ ©,j+1/2 T T i,j+1/2 7 2.8
( hll') (( y,u A d* )z+1/2,J ( y,uy'-A dy)i+1/2,j ( )
Dm M dm 15+ Ay D (;L dy) 1
dT 7,]+ /2 ©,j+1/2 2.9
N (AyD /Jyd 7I.|_1/2J‘i‘l) (,uydy)l_,_vzj ( )
_ D, ( Lu Zj+1/2 +A,D (Mydw)”_p/Q (2.10)
-AyD K d l+1/2 J +D (uydy)z+1/2 j .
A d*u ) 15 415+ D (.A d”uy)- 1/9, 441
Vi - (dul) = Dy ( i+1/2,j41/2 y\y i+1/2,541/2 7 211
ne(du’) ( Dy (Apd¥u®)igrss jirss+ Dy (Ayd¥u? )iy jrap (210
D u®-d* ) 1 1 (A D Uzdy) 1 i1
V,u)d= ( z i+1/2,5+1/2 xzy i+1/2,5+ /2)7 219
( " ) ((AyDl v.d* )z+1/2,j+1/2+(Dyuy'dy)i+1/2,j+1/2 ( )

D’U,Id ) 1 Sl +(ADuydy) 1 i1
vV, u)ld= (( z i+1/2,j4+1/2 yHa i+1/2,j+ /2) 7 213
(Vi) (AzDyu - d Vit 12,4172+ (Dyu? - d¥)igasz i1y (2.13)

where the following averaging operators have been employed:

Apy iy, ;= % (uf,j—l/z F UG s T UG s T “f+1,j+1/z) ) (2.14)
(Axby,ux)i,jJrl/z = % (Dyﬂf—l/z,ﬁl/z + Dy“f+l/2,j+l/2) J (2.15)
Act 1= % CART AV (2.16)
(Arbyum)i+1/2,j+1/2 - % (Dy“ij+1/2 + Dy“f+1,j+1/2) : (2.17)

A few other average tern}s, such as Amyu”+1/2, (AyDop? itrsagr A a7 iy
A dz+1/2]7 A d2+1/2J7 (AmDy(,u d? )i,j+1/2a (A DZL’/'I’ a’ )i+1/2,j7 (AZL’Dy(:u d* )Z,]-‘rl/?’
(AyDopi®d¥ )i 1170 s (AyDoti?)is15 j 41/, could be defined in the same manner.

2.2. The fully discrete numerical scheme and some further notation.

Regarding the temporal approximation, we consider the following convex splitting treat-
ment for the chemical potential vector:

p = (T = =2 (| 2T — dn) - AdP (2.18)

with
it =72\ dm 2T —dr) - AdPTY, i=1,2. (2.19)
The fully discrete scheme for the PDE system is formulated, with finite difference ap-

proximation in space:

Hn+ 1 n

— 1
WV Ve @ (@) + Vap” — vt

AT AV (Bt (@) 4 (B4 1)d" ()T ) =0, (2.20)
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un+1 _ﬂn—i-l
n+l_,ny_ 2.21
At +Vh(p p ) O’ ( )
Vi -ut =0, (2.22)

dn+1 _dn
—Qa; TV @)+ (BVRE" T+ (14 8) (Vi ™) T)d" = —p+, (2.23)
e72(|d" T 2d" T —d) — Apd™ T — T =0, (2.24)
with the following discrete boundary conditions:

(ﬂ"“ ‘n) ’89 = (d"+1 ‘n) |89 = (u"+1 'n)’{m =0, (2.25)
(n~Vh(ﬂ”“ T)) ‘OQ: (n-Vh(d”“ T)) |6Q =0. (2.26)

For the initial data, u°, d° are given, so that the initial chemical potential vector could
be computed as u® =2(|d’|2d’ —d") — A,d’, and the initial data for the pressure field
could be obtained through the following pressure Poisson equation

FAVp®)Td AV}, - (Buo(do)T+ (5+1)d0(u°)T)), (2.27)
(n-Vip®) loa=0.

REMARK 2.1.  An intermediate velocity vector @™ is introduced in the numerical
scheme (2.20)-(2.23). The advantage of this numerical approach could be observed from
the fact that the Stokes solver is decoupled from the convection-diffusion part, since the
pressure gradient is explicitly updated. This feature would greatly improve the numer-
ical efficiency in the practical computation. In turn, the intermediate velocity vector
@™ ! and the orientation vector d"T! form a closed system in (2.20), (2.23), as will be
explained in the unique solvability analysis in the next subsection. Afterward, (2.21)
and (2.22) stand for a standard Helmholtz projection of @™ into the divergence-free
space, at a discrete level. This projection is equivalent to a discrete Poisson equation,

which could be very efficiently implemented.

DEFINITION 2.1.  For any pair of variables u®, u® which are evaluated at the mesh
points (i,j+1/2), (such asu, Dyd, Dy, Dyp, et cetera.), the discrete L3 -inner product
1s defined by

N 1 g ,
a b\ _ 12 0) a b . 0 _J35, ifi=0o0ri=N,
(u*,u’)a=h . Z%‘ Wi g2 Wi g1y Vi = { 1, otherwise, (2.28)

or any pair of variables v®, v® which are evaluated at the mesh points (i+1/2,7+1/2),
Y J
(such as v, Dyd, Dyp, Dyp, et cetera.), the discrete L,Zl—z'nner product is defined by

N N-1 e .
<UU’ ’Ub>B:h2§ § ’Y(-l)’l)q _,Ul_) . ’7(1): %7 ij:() orj=N, (2 29)
’ i /2 T2 g 1, otherwise, :

=0 im

for any pair of variables p®, u® which are evaluated at the mesh points (i+1/2,5+1/2),
(such as p, d, p, et cetera.), the discrete Lfb—inner product is defined by

N—-1N-1

(i e =h"Y D iy jarsa i e (2:30)
j=0 i=0
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In addition, for two velocity vectors u=(u®,u¥)’ and v=(v®,v¥)T, we denote their

vector inner product as
(u,v)1 = (u”,v") 4+ (u¥,0¥) . (2.31)

Their L3 norms, namely, ||-|l2 norm, can be defined accordingly. Clearly all the
discrete L2 inner products defined above are second order accurate. In addition to the
standard L,QL norm, we also introduce the LY, 1<p<oo, and L° norms for a grid
function fE€Gy:

N-1 1
Hf”oo::Hl.l{;fx|fi+1/27j+1/2‘v Hf”p:: (h2 Z |fi+1/27j+1/2|p)p» 1<p<oo. (2'32)

i,j=0
The following summation by parts formulas will be useful in the later analysis.

LEMMA 2.1.  For discrete grid functions u (evaluated at (x;,yj11,)), v (evaluated
at (i11,95)), 1, p, d (evaluated at (Tiy1/,,Yj41/,)) satisfying the discrete boundary
conditions

(u-n)|oa=(v-n)laa=(d-n)|sa=0, (n-Vi(v-7))|sa=(n-Vi(d-T))|oa=0, (2.33)

the following identities are valid:

(v,u-Vv)1 + (v, V), - (vul)); =0, (2.34)
(w,Vpp)1=0, if Vi-u=0, and (n-u)|sn=0, (2.35)
—(0,A40)1 = V|3 := [|Vao® [T + [ Vav? |3, (2.36)
(v,(Vam) d)r = (1, Vi (dv"))c, (2.37)
(0, V- (pd")1 = (1, (Vsv)d)c, (2.38)
(0, V- (dpu™))1 = —(u, (Vo) d)e. (2.39)
For any discrete grid function d, the discrete version of the energy is defined as
En(d):==2 (Gl — S dl3) + 5 Vel (2.40
2.3. Unique solvability analysis. = We implicitly define a linear operator L,

as follows. Assume that the fields u”, d", and p™ are fixed. For each vector u, v=Lpp
is the unique solution of the following convection-diffusion equation:

n

— 1
: AZ&L +5 W Vav+ Vi (v(u™)")+Vip" —vApv
FANVrp)Td + AV, - (Bu(d”)T +(B+ 1>dn,ﬁ) —0. (2.41)

Thus, given the time level t" and fields (u”,d",p"), we can write @w" " = L, (u"*1).
In turn, ™! becomes the discrete Helmholtz projection of @"*! into divergence-free
space, which we express as u"t' =P,u""!. Subsequently, a substitution of u"*! =
Ly (™) into (2.23) leads to the following system of equations for d" ™' and p"+!:

dn+1 o dn

A = Ve (@ ()T = (BVR(La (") = (14 B)(Va(La(p™ ) T)d"



KELONG CHENG, CHENG WANG, AND STEVEN M. WISE 1143

e (2.42)
p =2 (|dm T 2 - dt) — Apd T (2.43)

We now rewrite (2.42) as

dn+1 _d’ﬂ
T G, 241

Gr(p):=Vn-(d"(Lapm)") + BV (L) + (14 8)(Va(Lrp)")d" +yp. (2.45)

Notice that Gp, : (R¥*)2— (RN¥*)2 is a linear operator (with the discrete boundary
condition imposed). Furthermore, this linear operator is invertible, as demonstrated by
the following lemma.

LEMMA 2.2.  The linear operator G, satisfies the monotonicity condition:
(Gn(pM) =G (@), uV = @) > 4||p — P 5 >0, (2.46)

for any pV, p3 . In addition, equality is realized if and only if p") = p® . Therefore,
the operator Gy, is invertible.

Proof.  We define the difference fi:=p™ —p?. Since Gy, is a linear operator, we
have

Gn(uM) =G (pn®)
=Gn(ft)
=V (d"(Lrni)") + (BVR(Lri)+ (14 B) (Vr(Lrp)")d" + . (2.47)

In turn, taking a discrete inner product with (2.47) by @ yields

(Gn(R),B)c=—((Vap)"d", Lrfi)r — B2, Vi (Lrf)d") o
—(1+B) (. (Va(Lup) T d") o+ B3 (2.48)

Meanwhile, we define v := L, (), i=1,2, and ©:=v") —v?) =L}, i, using the lin-
earity of £;,. In addition, the definition of £, in (2.41) implies that

51 )
A% 5" Vi Ve (B(u)T)) v A+ A (Vi) d"

FAV), - (Bﬁ(d")T +(B+ 1)d“gT) ~0. (2.49)
In turn, taking a discrete inner product with (2.49) by @=Ly, i leads to

BB VYB3 4 MV i), Lafids + A V(L))
+AA+B) (1, (VL) d") o =0, (2.50)
in which we have made use of the following identities:
(W™ Vo + V- (9(u™)?),9), =0, (2.51)
which follows the summation by parts formula, and

—(9,840) = [|V30][3. (2.52)
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As a consequence of (2.50), we get

el o . N . o
(g 1EB+vIVol3) == (Vi) d" Lufi)y =Bl Vi (Lai)d" o
— (L4 B, (Va(Lrf)Td" ) (2.53)
Substitution of (2.53) into (2.48) yields
U 1,1 . - .
(G A)e =5 (57 1913+ VIViol3) + 103 (2.54)
ANAE

This is equivalent to

(Gn(pM)=Gn(p®), V) =)o = (G (i), 1)
> |l
=™ -3
>0, (2.55)
so that (2.46) has been proved. In addition, it is clear that equality is valid if and only
if 1=0, i.e., u =p®. The proof is complete. O

REMARK 2.2. The standard monotonicity condition for a linear operator Gy, is given by
(Gr(p), ) >0. On the other hand, since two non-homogeneous terms have been involved
in the definition (2.41) of Lju, namely %: and Vp,p™, such a monotonicity condition
is not precise. To avoid this non-homogeneous issue, we use an alternate monotonicity
condition, (Gn(u?)—Gn(p'),u® — ') >0, which turns out to be more precise.

Since the linear operator G; maps (]RNQ)2 into (]RNQ)Q, we see that the inverse

operator g,;l also maps (RNZ)2 into (RN2)2. As a direct consequence of Lemma 2.2,
the following result is available.

COROLLARY 2.1.  The linear operator Q,jl also satisfies the monotonicity condition:
(G, (@) =G, (@?),dV —d®)e 24)G; (Y —d®)3z0,  (2.56)
for any d(l), d?. In addition, the equality is valid if and only if dV=d®,
Proof.  We denote p( :ggl(d”)), 1=1,2, which is equivalent to d® =Gu®,
i=1,2. An application of (2.46) reveals that
(g;l(d(”) _ g;l(d(”),d(l) _ d(2)>C — <gh(u(1)) _ gh(“(z))’“(l) _ H(2)>c
> s~ w3
=911G, " (@ —d®)|3
>0. (2.57)
Clearly, the equality is valid if and only if dV) =d®. This finishes the proof for Corol-
lary 2.1. ]
The Browder-Minty lemma is needed in the unique solvability analysis.

LEMMA 2.3 (Browder-Minty [4,42]).  Let X be a real, reflexive Banach space and
suppose X' is its dual. Let T:X — X' be (i) bounded; (ii) continuous; (iii) coercive,
that is,

(T'(u),u)

=400 as Jul|lx = +oo; (2.58)
l[ullx
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and (iv) monotone. Then for any g€ X' there exists a solution uw€ X of the equation
T(u)=g. Furthermore, if the operator T is strictly monotone, then the solution u is
unique.

Then we proceed into the proof of unique solvability.

THEOREM 2.1.  Given u™, d", and p™, the proposed numerical scheme (2.20)-(2.23)
1s unconditionally uniquely solvable.

Proof. By (2.44)-(2.45), we have an alternate representation p"t!=
n+41 n
—Q;l(dJrT;d). Meanwhile, with the formula (2.43), the numerical scheme (2.20)-
(2.23) is equivalent to
dn+1 7dn
G (i) e (T P ) - Apd " =), (2.59)

which becomes a closed system for d". In other words, the numerical solution (2.20)-
(2.23) is equivalent to the following nonlinear system:

d—d"

Fuld):=;" ("5

)+ %(|d)’d—d") — Apd=0. (2.60)

It is clear that J; maps (RY 2)2 into (RN 2)2, with the imposed discrete bound-
ary conditions. In turn, we set X:X':(RN2)2, equipped with the discrete ||-||2
norm: | fllx=|fl2, for any (RNQ)2 with the imposed discrete boundary conditions.
Next, we prove its continuity in the ||-||2 norm, with fixed values of At and h. Con-
sider d(0)7d(1)€(RN2)2, satisfying the imposed discrete boundary conditions, with
|dY —d@|,=6. In turn, we denote u@):g,;l(dm—d"), i=0,1, respectively. By

At
the monotonicity estimate (2.56) (in Corollary 2.1), we see that

d9—d» dV—a"

) _ M _ > S Al — ()12

(n©—p, = ) 2@ =,
so that

X
T = oV 34+ — 5 1A — dD 3 27w — D, (2.61)

. |
2vAt?
which, in turn, leads to

1
V2 AL

1
1 D13 A —d Vo< d O e (262)

As a result, p — pu© as d® —d® in the discrete L? norm, for a fixed value of At.
The continuity of G, has been proved. The continuity analysis of the remaining two
terms in the expression of 7}, is more straightforward:

AP~ d O Ao < Ce (O AV - d D)
<Ce2h3(|dO 3+ (| dM)3)1d” —dP|l2),
and

[ARd® — ApdW]ly <Ch2||d® —dW |5, (2.64)
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where a discrete Holder inequality has been applied in the first step of (2.63), and
where the second step comes from a 3-D inverse inequality: hl f|l¢ < C||f|l2- Therefore,
a combination of (2.62)-(2.63) reveals that, Fy(dM) — F,(d®) as dV) —d® in the
discrete L? norm, for fixed values of At and h. This finishes the continuity analysis of
Fh.

To establish the coercive property of Fj, we begin with the following expansion:

Flddo—(0; (A5 ) ) +e (4P d-d") )+ (~Dnd.d)c
= (G (A=) d—d")e+ (G (d ) d)e)
+e (- (" d)o) + | Vndl3 (2.65)

with summation by parts formula applied. For the first part, we apply the monotonicity
estimate (2.56) and obtain

(G, (d—d"),d—d")c =G, " (d—d")|3,
_ mn mn - ].
(G, (d—d"),d >02—%Ilgh1(d—d")\\§—alld"\\§, (2.66)
so that

1
(G (d—d"),d—d")c+(G, (d—d").d")c > %Ilgil(d*dn)l\i - glldnl\% (2.67)

For the second part of (2.65), we observe that an application of quadratic inequality
reveals that

Il >2lld]3 -1, —(d".d)c> —%(HdH% +1d"3), (2.68)
so that
|3~ (d",d)c > ||d||§—%||d"|\§—|9|- (2.69)
As a result, a substitution of (2.67)-(2.69) into (2.69) leads to the following estimate:

Q(O)

(Fu(d),d)e _ 1dI3—(5+2)ld" 519
> ,Y
(|2

ldllz 4l

=||d||2— — 400, as ||d|2—+o0,

(2.70)
with Q@ = (2 + %)Hd"”% +1Q, a fixed constant. This finishes the coercive analysis of
Fh.

The remaining work is focused on establishing a monotonicity condition for the
nonlinear operator Fp(d). Given d(l), d(2), we denote d:d(l)—d(2), and a direct
calculation gives

dV _qg®

N )4+ 2(jdV)PdY —1dP Pd?)—Apd.  (2.71)

Fin(dM) = Fr(d®) =g, (

In addition, the following estimates are available:

dV _q®@
—1 W _g@\ >
(6.5 —a®) >0, (2.72)
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(1dD2dD —|dP2d@ ,dD —d®) e >0, (2.73)
(~And,d)e = | Vd]3 >0, (2.74)

with equality in (2.72) and (2.73) iff ) =d®. Note that we have applied (2.57) to
obtain (2.72). Then we arrive at

(Fa(dD) = Fu(d?),.dV —d)c >0, (2.75)

for any d(l), d(2)7 with equality iff dV=d?. Therefore, an application of the Browder-
Minty lemma implies a unique solution for (2.60), so that the unique solvability of
the numerical scheme (2.20)-(2.23) has been established. This finishes the proof of
Theorem 2.1. O

3. Energy stability analysis
THEOREM 3.1. Given u™, d”, p*, and any At >0, h>0, let w1, d"*1, and p"+! be
the unique solution triple of the proposed numerical scheme (2.20)-(2.23). The scheme

is unconditionally energy stable in the sense that Eh(dnﬂ,u"*'l,p”"’l) < Eh(d",u",pn),
where

At?
|
Proof. Taking a discrete inner product of (2.23) with pu"*! gives

I n ., n ,n n 1 n n
B )= NBu () + L3+ 5 9, (3.)

(@ = e At 3
:At<(vhun+l)Tdn7ﬁn+l>1 _ At5<(vhﬁn+l)dn,un+l>c
_At(l +ﬁ)<(vhﬁn+l)Tdn,un+l>C, (32)

with repeated applications of summation by parts. Meanwhile, the convex splitting
treatment of the vector chemical potential (2.18)-(2.19) implies that

(@ —d" " e > By (d) — En(d), (3-3)
which comes from the following energy inequalities:
([ Pamtd —d) e > %(Hd"“Hi— 1" 13),
(" de > (3 ),
(—Apd"d" —d") o> %(thd”“H%— IV [[3). (3.4)

Taking a discrete inner product with (2.20) by w"*! leads to

1

2
== AAH(Vyp™ T d" @ )+ ABAH(Vya T d", p" ) e

FAL+B)AL(Via ) d" u" e, (3.5)

(5 = a3+ @ =™ [3) + vl Vaa" I3+ ALV ™, a" ),

where the following identities have been used:

(u™ - Vpa" vy, @ (™)), @), =0, (by summation-by-parts)  (3.6)
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A A e A (3.7)
Regarding the term (V,,p",a" 1)1, the following identity is available:
(Vap" @™ )1 =" V)@ )e

=—(p", AtAL(p" T —p™))e
ALV Rp™ V(" —p"

t At
= UIVap" P E=IVap™[3) = S IV (™ = p")lI3

At

5 V" 5= [Vhp"[5) = g lw™ =a™ 5, (38)

2At
where (2.22) has been applied in the derivation. A substitution of (3.8) into (3.5) yields

_ _ _ At?
(II w3 — w3+ [T = ) v Vet S + (HVhp”“llz—IIVhp 13)

1 n —n il n n
=5l =G - AAK(Vp ) d" a ), +)\»3At<(vhu " e
FAL+A)A(Via )T d" p" e (3.9)
Taking a discrete inner product with (2.22) by w"*! results in
Jl" 3 = [ I3 + | =3 =0, (3.10)

since (w1 V; (p" Tt —p™))1 =0. A combination of the last identity with (3.9) reveals
that

1 At?
*(IIU”“H%IIU"II )+V||VhU"“||2+7(||Vhp”“|\§*IIVhp”\Ig)

< AAH(Vpp™ T d™ @Y + ABALH(V e ) d", u" ) o
A1+ B)AL(Vya T d™ " 6. (3.11)
Finally, a combination of (3.2), (3.3) and (3.11) yields the desired stability result:
1
A(Eh(d"“)—Eh(dn))+At7||u”+1||§+§(HU"+1||§— [ [13)
n+1 At? n+1
VA 3+ == (IVap™ S = [IVap™13) < (3.12)

which in turn implies the desired unconditional energy stability result:

n—+1 1 n+1)2 AtQ n+1\2 m n At
AEn(d )+§||U ||2+7||Vhp I3 <AEL(d™)+ *|| ||2+7||Vhp 13-
This completes the proof of the theorem. ]
REMARK 3.1. In the decomposition (3.1) for the modified energy functional

Ep(d™,u™,p"), we see that A\Ej(d") is the standard phase field energy, 3[lw™|3 stands
for the kinematic energy, and %ﬁ |Vp"||3 turns out to be an additional correction term
associated with the numerical scheme. In other words, the first two terms correspond
to the physical energy in the continuous version (1.14), while the additional correction
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term does not have any physical meaning; this additional correction term is of order
O(Atz), and it appears because of the decoupled treatment of the Stokes solver.

As a result of this energy stability, we are able to derive a uniform-in-time H},
L} and LY bounds for the numerical solution, which will be extensively used in the
convergence analysis. Before the statement of the desired result, we need the following
discrete Sobolev inequality; its proof will be provided in the appendix.

LEMMA 3.1.  For any grid function f, we have

Ifle <Cullfllay, where | fI7n =I£13+IVrfII3, (3.13)
11l < a1+ 1715 - 190 1), (3.14)
195 A1l < CallVa sl Al (3.15)
1£lloe < Colllf 2+ I9aS 13 - 180 13), (3.16)
with C; only dependent on Q, 1<i<3.
COROLLARY 3.1. Given initial data u®, d°, and p°, where p° is obtained by the

discrete Poisson problem (2.27), the followmg Hh, L;‘L and Lg bounds for the numerical
solution are available:

max [|d"| <MY, max |d*s <M, max [d*[s < <M®  (3.17)
1<k<M 1<k< 1<k<

where Mél), Mé4) and MéG) are time independent. Moreover, Mé4) is e-independent,
Mél) and MSG) are order of O(s™1).

Proof. By the energy stability estimate in Theorem 3.1, the following induction
could be made:

Ey(d¥) < Ep(d¥ " pF) < ... < En(d®u’p°) = My, Vk>0, (3.18)

in which My is of order O(¢2). In turn, by the definition (2.40), we get
[ TE S k)2 & 277
LI~ S a3+ S 93 < 22, (3.19)

On the other hand, an application of quadratic inequality, §|dk|4 - %|dk\2 >—3 (at a
point-wise level), implies that

Lokya Ly epae 1
Z _Z >_Z .
Sl Sl 3>~ ), (3.20)
and its combination with (3.19) leads to
1 ~ 1
§||dkH?1§52M0+§|Q|7

which implies that

Bl

d¥lls < (8200 + 410 ) =gV, WE>0. (3.21)

We also notice that M(4) O(1), since e2My=0(1).
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Moreover, a more careful substitution of (3.20) into (3.19) reveals that
14" 13 + | Vad®|I5 < 2(Mo +<2|2)). (3:22)

Consequently, the following estimate is available:
1
1 iy = (Il 3+ 1 9a*13) " < V20l +e-2Q)d =MD, (3.23)

with Mél) =0(e71). Finally, an application of the discrete Sobolev inequality (3.13) (in
Lemma 3.1) indicates that

ld"[lo < C1[|d¥ || gy < CLMY =MV, VE >0, (3.24)

with M[§6) =O(e™!). This completes the proof of Corollary 3.1. d

4. Optimal rate convergence analysis

We denote D =d, and P=p, as the exact solutions for the phase field d and the
pressure variable, respectively. For the velocity, we note that the exact velocity w, is
not divergence-free at the discrete level (V},-u.#0). To overcome this difficulty, we
must also construct an approximate solution to the velocity vector (again through the
exact solution), which satisfies the divergence-free conditions at the discrete level. In
more details, for the exact velocity vector u., there is an exact stream function vector
Y, = (V1e,Ve,13¢)T so that u, = V+1h,. Subsequently, we construct the U as

U= V}J{d’e = (Dy¢3e - Dzw2e,Dzwle - DachevawQE - Dywle)Tv (41)

at the staggered mesh points. In turn, we have V,-U =0 at a point-wise level. In
addition, we construct an approximate velocity vector U by

U =Ut 4+ ALY, (PP - P, (4.2)

at each time step. A careful Taylor expansion in time implies that

—n+1

1T U 2o <CAL, with || £z =1 Flloo + VAo + [ VA(VRS) oo

(4.3)
Furthermore, the cell-centered grid function I', a numerical approximation to the
chemical potential, is defined as

= "2((D"*)3 - D") - AL, D" (4.4)

Because of the O(At?) approximation of " to U™, as given by (4.2), the
following local truncation error estimates for the PDE system are available:

ﬁnJrl _ Un
At
AR D AT (U (DT 4 (B+1) D" ()T ) =7, (45)

1 ==Nn —=N ——1}
+5U"-VO v, @ UMT) + VR P AT

—n-+1

Un-‘rl -U

~ +Vi(PH Py =0, V, - U =0, (4.6)
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n+1l n
D (DM@ + (39T (149, T ) D"

=Dt (4.7)

with [0 o, 177y < C(At+R?).
The numerical error functions are defined as

~m

d ::Dm_dm7 p/m_:1—\171_”7717
am =U™—u™ :_ U —m ~m —pm_ m

Subtracting (4.5)-(4.7) from (2.20)-(2.23) yields

~n+1 ~
—a" 1 ~n ~n 7N n T
%w(un.m Tt v O v @ )T T @)+

— AT T AV T NV T
FAV- (B @) @) + (B T @) ) =

(4.8)
ﬂn+17in+1
AL +VL(p"H —pM) =0, V,-a"tt=0, (4.9)
&n+1 &n
- ~n —n-+1 n ~=n+1 =—n-+1 —n+1
T V@ @) d @)+ (BVATT + (14 (VAT
+(thﬁn+l + (1+ﬁ)(vhin+l)T>dn — _’Yﬁn+1 _’_T;L+1, (410)

~0
for 0 <n <M. We also observe that d =0, @” =0, and ° =O(h?).
With the assumed regularities for the exact solution, the constructed approximate
==m
solutions I'™ and U ~ obey the following estimates:

HFmHOO"‘ ||vh1—‘mHoo §0*7 HﬁmHOO"‘ ||vhﬁmHoo §0*7 Vm > 0. (4~11)

For the numerical solution, the uniform-in-time L;‘l and Lg bounds have been derived
in (3.17) in Corollary 3.1.

Before we proceed into the detailed error estimate, we take a more careful look at
the numerical error associated with the chemical potential. We begin with the following
expansion:

it =l el o AL Ah&”H (4.12)

where

n+1

N *2(\d”+1| a7 (D drY d )D”+1—£z"). (4.13)

Furthermore, the following preliminary results will be extensively utilized in the con-
vergence analysis.

LEMMA 4.1. For the nonlinear error expansion (4.13), we have

~n+1

n 3 _ ~n—+1 _ ~n
VP2 < 5 () + () (U™ +IVad" ) +e2ld 2, (4.14)
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s 3 o (6)2 N i —2 5"
VT s < 5272 (Mg )" +(C7))lld ™ loo +e7l1d I3, (4.15)
N ~n ~n+1 ~n
IV g < 2 (2 4+ (D)2 4+ (C)2)(IVhd" s+ 11d" o) 11"l ) (4.16)

Proof.  Based on the nonlinear expansion (4.13), a careful analysis implies that

n - n ~n+l n ~n+1 ~n
INTH 2 <e 2(||d S e+ (D™ o+ ld™ Hlo) [ D™ s - lld o+ 1d ||2)
_ 3 n ~n+1 ~n
<2 (S B+ 1D R " o+ 1)
3 _ 6 % ~n+1 ~n+1 o,
< Se (M2 + (P o+ 10" ) 4272, (4.17)

so that (4.14) is valid, in which the discrete Sobolev inequality (3.13) (in Lemma 3.1)
has been used in the last step.

For the discrete || ||3 estimate, we apply an alternate discrete Holder inequality and
obtain

n — n ~n+l n n n ~n+1 ~n
INT T ls <e 2(||d THENd oo +UD™ Hls + 1™ H o)D" 6 lld™ oo+ 1d ||3)
_ 3 n n ~n+1 ~n
<2 (S B IDm R o+ 1)

_ % ~n—+1 o~
< e (M) (D))" oo +e2d" |15, (4.18)

ojw ™

so that (4.15) has been proved.

Similarly, for the gradient of N* 1 we carry out a local expansion and get the
following estimate:

n — n ~n+1 n n ~n+1
VAN g < Cem (a3 1Vad" a1 o Va3 o
n n ~n+1
+ (D" o+ 1" l6) |1 D™l - [IVad [l
n n n n ~ntl ~T
+ (D" Mo+ 1" lo) (VA D"l + [ Vad™ l2) - ld T [loo + | d ||%>

- n ~n+1 ~n+1 ~n
<2 (I B+ D R Iad " o+ 13 o)+ 1)

- * ~n+1 ~n+1 ~n
< Ce 2 (M) + (V24 (C))(IVnd™ s+ 1d" o)+ 11" ).
(4.19)

so that (4.16) becomes available. This finishes the proof of Lemma 4.1. d

4.1. The LX,(0,T;L3)NL%,(0,T;H}) error estimate for the phase field equa-
tion.  Taking a discrete inner product with (4.10) by a gives

~n+1 1, ~n+1 ~n ~n+l ~n ~n ~n+1
At(rghd o=5(ld - d 3+ ]1d T —d [5) +yAtE"d e

- At(&n(ﬁnH)T +d" (ﬁn+1
+AUET (VTN d
~n+1

FAHBYVE T 1+ (Ve T DYdrd T e (4.20)

)Tvvhgln+1>1
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The bound for the local truncation error term is straightforward:
~n+1 1 n+1
(rithd o <5 (Im T3+ Id ) (4.21)

For the term associated with the chemical potential dissipation, we make use of the
expansion (4.12), and arrive at

~n ~n+1 ~n+1
(p"hd o= —e” <d d" e+ Vad

9
> - (Hd I3+ I1d

n+ n+1
13)+1Vad™" |3- (4.22)

For the nonlinear terms, the following parts could be analyzed based on the regularity
estimates (4.11):

~n —n-+1 ~n+1 ) ~n+1
@@ vRd T <o ||d o [Vad" s

% _ ~n ~n+1
<2(C*)%y 7t d" |13+ f||vhd 12, (4.23)
—n+1~n ~n+1 w1l 3™ ~n+1 ﬁC n+
BV O A" d" T e <80 |2 ldTT < (a3 (1A 13), (4.24)
n+1 ~n ~n—+1 ) ~n+1
— (VO T d" e <1+p)CH|d" - |d"T |
1+8)C s
<D 3. (4.25)

n+1

For the nonlinear term <d"ﬁ”+1,vh& )1, the following analysis could be performed:

n+1 n+1 n+1

~ n ~ ~ ~n-+1
) Vad" Yy <@ - T - 1V s < MEP @ - [ Vrd
4 _1y=n+1 n+1
<4+ f||vhd 12. (4.26)

(d"(u

The two other nonlinear terms could be analyzed in a similar manner:

n+1

—5<Vhﬁn+1dn,6~i )
~n+1 n ~n+1 4 ~n+1 ~n+1
<BIVRa" " ol d" 4 1A (o <BMIVRET o 1A

~n+1 4 _ n+1
<o V" 13287 (5w (4.27)
;n+1 n SN+l ~n+1 n ~n+1
—( (V") " e < (L B)IVaE" 2 [ld" A" s
~n+1 n+1
<(U+A)M V3" o d" s
~n+1 _ n+1
<5 10" 13 +201+ 825 V2 x 2. (4.28)

Subsequently, a substitution of (4.21), (4.22), (4.23)-(4.25), (4.26)-(4.28) into (4.20)
results in

n+1

n+1 ~n+1
1™ 15— 11”13+ ’YAtHVhd Hz—*AtHVh

I3

n+1

Dy At(d B+ 1d" 13)+ Dy a3+ Dyt add " 3+ A3, (4.29)
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where
DY i=e 2 4 4(C*)2y T (28+1)CF +1,
Dytti=8(MY)2y 7, (4.30)
DI =4(28% 428+ 1) (MY )2 a1
4.2. The LX,(0,T;L3)NLA,(0,T;H}) error estimate for the momentum
equation. Taking a discrete inner product of (4.8) with a gives

~n+1
2At(H

;( v n+1(un)T +ﬁ"+1(ﬂ")T),ﬁnH>1
+A<(vhr"“>T&"ﬁ"“>1+A<rn+1,(ﬁ(vha““>+</3+1><v )"

DA (BOVaE) + (B+ 1)V ) d") e =0, (431)

~n+1

~ ~n+1 ~n =n+1 ~n+1
13— 1" |5 + [l M3 Va5 (VA ) — (),

e v, U v (@

~n+1
u

n-+

+)\<(vh[bn+l)Tdn7l

in which the summation by parts formulas (2.34)-(2.39) have been repeatedly applied.
Similarly, the bound for the local truncation error term is standard:

n+1

(ot a" ) < (II R ) (4.32)

For the pressure gradient term, the following analysis could be performed:

<vh~”ﬁ“>1 — " Ve e

— (0" AtAR (P =)o = At(Wp V(" ="
At

~n+1
)

< Vi 5= Vb H)—*IIW(N"+1 7|3

At

~n ~n n+1
=5 Vi E= Vi [3) = 557 1 - I3, (4.33)

2At
in which the numerical error Equation (4.8) has been repeatedly applied in the deriva-
tion. For the linearized fluid convection terms, we make the following observation;

n+1 ~n+1 ~n+1

(")),
which comes from the summation by parts formula. The remaining two terms in the
fluid convection part could be controlled in a standard way:

(W"- Va4V (u )1 =0, (4.34)

~n+1

— @ v, o ah <ot |an|s- | a'

C* =
lo< - (@™ |5+ @™ 15), (4.35)

~n+1 1

(Vi (@ @)@y = @ @ vy <o lat o Vi
<2AC P @ B+ S IVaE" 2, (4.36)

with an application of the regularity estimates (4.11).
The next three nonlinear inner product terms could be controlled via a similar
approach:

~n+1 C*\ ~n+1

(VAT YT a" ) <ot d - ||2<7(Hd 5T )s (4.37)
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~n+1l, ~n PN % ~n+1
BAI™L (V" d )0 <BC"AId" - |V o
« 1SN ~n+1
<4(BC N2 d" 3+ 16 V"3, (4.38)

"“)T&">c< (1+B8)CAd" o 1Va@" |2

~n+1
13- (4.39)

(1+HNT (V1w
<4((1+B)C* N2 d |3+ ||vh

For the remaining three nonhnear inner product terms, we have to make use of
the chemical potential error expansion (4.12) and apply the corresponding estimates in
Lemma 4.1. In more details, we begin with the following identity

—N(Vag T @,
“M(VaArd™™HTd @™y — MV N Tdr,
For the second term on the right-hand side, the following analysis is undertaken:
N(VRNYTaa Ty,
<AIVRNT g - o[ o
< OAM” (" o+ 1V ) [ VAT

C1>\MO e

@, (4.40)

n+1 14 ~n+1 n
||z+*||th I3+ Cs I Va3, (4.41)

with Cs5= C”\M +4(C’ AM, 6))2 ~1. Moreover, with an application of (4.16) in
Lemma 4.1, we obtain
“(Va T,

n+1 Cl)\M ~n+1
nt————|u

~n+1
+Coe (| Vad" [3+]d" ||§c+||d 15), (4.42)

~n+1
I3

M(ViApd™™HTd" i 15+ HVh 2

with C’6:C'C5((Mé )+ (M(1 )2+ (C*)*+1). Similarly, the last two nonlinear inner
product terms could be analyzed as follows:

BANTH (V@™ d") e

< BAINT 5+ ™ 6 [ Vaa™ |2

< BAMC N 5[ pa" )

<2BAME P AT B4 2 IVaE (4.43)
BAE (Vi d e
= MM (Vi) o+ BN (Vi

< =AMV " And") + SV B4 208 P AT

~n+1

~n n ~n ~n _ ~n—+1 ~n
<—BM(Vaa"hdr, and" T+ + LIV B+ Ol I+ Colld ), (4.44)
: _ (6)\2, —1 (6)\4 %\ 4 _ (6)\2., —1
with C7 =36(BAM?) 201 (M) +(C*)*), Cs=4(BAMY) 201,
(L+ AN (V" )T d") o < (1+ AN s+ | d s [ Vaa™ 12
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n = 1
<A+ BAMO [N - Vi@ o

_ n ~n+1
<2((1+BAME )2 YN 2 + f||vh

I3, (4.45)

(1+B8)A (@t <vh*”“>Td”>

— (LM (V" T AN o+ 1+ BANTTL (V)T d e

—(+ BN T And" e+ SNV B+ 20+ BAME) 2N

~n+1 n ~n+1 ~n+1 _ n+1 ~n
~EBNVaa" T Ad" e+ LIV e (ol 2+ Cuolld ).
(4.46)

with Co=36((1+ B)AM )21 (MDY +(C*)*), Cro=4((1+ B)AMSY) 21,
Meanwhile, for the other velocity error Equation (4.9), its discrete inner product
with @"*! implies that

~n ~=n+1 ~n ~=n+1 n ~n ~n
[@" 5 — ([ |5+ la" T~ |3 =0, since (@, V(5" —5"))1 =0. (4.47)

Subsequently, we substitute (4.32), (4.33), (4.34)-(4.36), (4.37)-(4.39), (4.42), (4.44),
(4.46) into (4.31), in combination with (4.47), and obtain

~n n n+1 ~n - ~n+1
[ R ||2+||u 5+ At (IIVhp”“IIz—IIVh "3 +rAVRETT |3

<AAH(Vadnd THTd" 7" —20AH (V" + (14 8) (Vi )T d, Apd"
n n ~n n ~n+l n
D12At||d ||2+D4At||u 13+ DEH At |5+ At 13
— n+1 ~n
2~ AHCs | Vrd" H3 (Cs+Cr+Co)|ld |2+ (Cs+Cs+Cro)||ld ||2),  (4.48)
with D7y = C*A+8(28%+26+1)(C*\)?v 1, D4—%+2(C*)2 -
Dyl =07(5 LN oan® 1. (4.49)

)o

4.3. The LX,(0,T;H})NL%,(0,T;H?) error estimate for the phase field
equation. Taking a discrete inner product with (4.10) by —Ah&n+1 gives

n—+1 ~n ~n+1 ~n n
(||Vhd 13- 19nd" 3+ 9@ —d")|3) —yat@ ! apd" o

—AKV,,-(d (U"+1) ), And" o+ At (Vaand" T,
fAt((ﬁvhU " 1+8)(v TN Ahdn+1>

—AH(EVE" + 1+ 8) (Vi) Ad" o=~ At and" e (450)
The term associated with the local truncation error could be bounded as follows:

~n+1 ~n+1
—(rp L and" o= (Wit vad ) < (IIVh A IVRdT ). (4.51)

For the term associated with the chemical potential dissipation, we recall the expan-
sion (4.12), as well as the estimate (4.14) (in Lemma 4.1), and arrive at the following
inequality:

~n+1

< n+1 A >C
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~n+41 n n+1
=[And" |3~ <N AL

n+1

)o

n+1
>[|And IIQ—*IIAhd 13 —2(ATH13

I — 6 « ~n+1 ~n+1 o
> I And" B =184 (M2 +(C*)2)2(|d" |3+ [ Vad " 3) —4e2)d" 3. (4.52)

For the nonlinear term (V- (glnﬁnﬂ),AhglnH}c, we begin with the following estimate

~n =—=n+1 —n+1 —n+1 ~n ~n
V5@ @ D)2 <CUT" Moo + IV0T" " loo) - (1" |2+ 1 Vad " [|2)
<CC*([|d" |l +[1Vad"2), (4.53)

in which the regularity estimates (4.11) have been utilized. Consequently, we get

==n+1l\7

—n+1,p ~n+1 ~n+1
(Vi (@ (@), 80d" e <V (d (T )T l2- [ And" ™ l2
_ ~n ——n+1 n+1
<2y | Va-(d @)D+ IIAhd [
% _ ~n ~ n+1
<c(C)*y (" 3+ V" |I2) *HAhd 3. (4.54)

The two  other  terms, namely, B(VhUn+ldn Apd" > and (14

B){(Vh Un+1)T&n,Ah&n+l>c, could be handled in a more straightforward way:
—n+1~n w1 T ~n+1
BT " ad" o <O A" - and" 2
% _ n—+1
<2(8C)*y|1d" I3+ *HAhd I3, (4.55)
—n+1l,p~n ~n+1 ) ~n+1
(+8)(VaT" ) d" Apd" ) <(1+B)C*|d" o+ [ And™ |2
% _ ~n ~n—+1
<2((1+/)C")*y 7l |13+ *IIAhd 13- (4.56)

The three other nonlinear terms in (4.50) are kept in the current form, since they are
able to be cancelled with the nonlinear error terms in the velocity momentum equation.
Therefore, a substitution of (4.51), (4.52), (4.54)-(4.56) into (4.50) yields

n+1 ~n 5 ~n+1 ~n+1 "
IVad" " 3= Vrd ||§+17At||ﬁhd 13+2at@" " (ViAd" )T,

CoAH(BVE T (1 8) (Vi T Ydr, ARd e

n ~ntl n i ~ntl n
<DELAU(d 3+ (1d"(3)+ Dy AL Vad 5+ Vad"113) +AtVATi B, (4.57)

with Dify =18~ ((M®)? +(C*)?)? +8e 2+ C(C*)*y " +4(28% +28+1)(C*)*y 71,
D =184 (M2 4+ (C*)?)2 +C(C*)2y +1. (4.58)

4.4. The convergence result. The following theorem is the main result of this
article.

THEOREM 4.1.  Given initial data do,u’ € C%(QQ), with homogeneous boundary condi-
tions, and p° obtained by a discrete solver of (2.27), suppose the unique solution for the
Ericksen-Leslie system (1.10)-(1.12) is of regularity class R. Then, provided At and h
are sufficiently small, for all positive integers n, such that At-n<T, we have

Wl

~n ~n ~n i ~m
" o+ 7" 2+ @™ 2+ (A6 And™ 3)

m=1

<C(At+h?), (4.59)
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where C >0 is independent of At and h.
Proof. A combination of (4.29), (4.48) and (4.57) reveals that

n+1 ~n+1 ~n ~n . ~n+1 ~
(Ild 12+ 1Vad™ 13 = Ald 3+ IVrd [3) + " —[la" |3+ e —a"(3
~n-+ ~n+1
+*’7)\At”Ahd ||2+ Atnvh 15

n+1 ~n ~n+1 Jope
<DrAY(|d" |5+ |1d H)+D”+1ANH HII4+D"“Mt||d I3+ D3 Atllam|3

n ~n—+ n+1
+DIAL[a “||2+D6mt<||vhd B+ 1IVad" " 2) + D2 AL V"3
+DE A" |2 + Dy At|d" |2+ At(A|17 PRIV TS+ e 3),  (4.60)
with DY = \(D}, + D}5)+ DYy, DIt =CCee™*, Dyt =2(Cs+Cr+Cy)e™,
Dg :C(Oﬁ+08+010)5747 (461)

in which we have made use of the fact that || f||3s <C||fll4, |Vaflls <C||Vrf|l4 in the
derivation. Furthermore, we notice that, the three highly nonlinear inner product terms,
namely,

~n+1 n+1

2/\At< (V}LA;L&
f2ﬁ)\At<(th )dn Ahd
—2(1+ BNV, T )

)Tdn>1’
~n—+1
)Cs

+1
TdnaAhd >C’

exactly cancelled between (4.48) and (4.57). This crucial fact plays an essential role in
the convergence analysis.

Meanwhile, we observe that there are five terms involved with ||-||4 and || - ||cc norms
on the right-hand side of (4.61). To deal with these terms, we recall the discrete Sobolev
inequalities in Lemma 3.1

ld"[ls <C|ld"|le <CCr(|d* 3+ Vad"[3)%, for k=n,n+1, (4.62)
n ~n+1 ~n+1 ~n+1 ~n+1,32
Dy I <203 Dy AT B g e )
n+1 ~n+1
<Qc, pyta, 3+ *||Vh 13, (4.63)
n ~n+1 n ~n+1 1 ~n+1 3
Dy Vad |3 <203 D7 [Vd 3 1A 3
~n+1 ’}/A ~n—+1
SYCRRREN ¥t R ¥ ey (160

n n n+1 ~n+1 ~n+1
D+t <203D8“(||d H2+HVhd ll2-[|And™|l2)

n+1 n+1
SQCS,D;H,A,V(Hd B+ IVRdE) + IIAhd I3, (4.65)

in which Young’s inequality has been extensively applied. Consequently, a substitution
of (4.62)-(4.65) into (4.60) yields

n+1 ~n+1 ~n ~n ~n n n+1 ~n
(IId ||z+||Vhd 1) =AU 3+ 1Vad " 13) +la" 3 —[la™ |3+ —a"|3

n+1H

+17)\At|mhd ||2+ At”Vh 2

nn ~n ~n n ~=n+1
< Dyat(d" |3+ 1d" T 3) + Dy At a3 + Dyt At

3
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An " ~n+1 n n n
+DEAL([[Vad |3+ Vad113) + Aty T+ AV arg THE + 170 H13), (4.66)

with 15? =D? +OCf(Dg+1 +Dg) +ch,pg+1,x,w D’g+1 :DQH +QCQ,D;”“7A¢V’

Dg =DgA+CCH (D3 +Dg) +Qc, prtt a,+Qc, prti a - (4.67)
To deal with the term HﬁnHH% on the right-hand side, we make use of the following
inequality

~n+1

[

so that (4.66) could be rewritten as

~n+1

I3 <2(la" 3+l —a"3), (4.68)

~n+ ~n+1 ~n ~n -n ~n n+1 ~n
(IId B IR TR A3+ 1V Rd” 3) R a3+ [
n+1 +1
+- ’Y)\AtHAhd 5+~ At||thn 2

n n ~n n —"H‘l a”
< Dyat(d" |3+ 1d" " 12) + D Atllu I5+2D5 " At [
+Dp AL(IVad 3+ 1Vad" " 12) + AtAIT3 I3+ A Trrg 24+ 72 ]3), (4.69)

with D = D +2Dp+, (4.70)

As a result, under the constraint that QﬁgHAt <1, we are able to apply the discrete
Gronwall inequality and obtain the desired convergence result (4.59). This finishes the
proof of Theorem 4.1. ]

REMARK 4.1. In the classical Ericksen-Leslie system, if one denotes the left-hand side
of (1.3) for the director as d, the standard expression of the dissipative stress due to
the nematic (with a particular choice of the Leslie coefficients) becomes

T,=Bdod+(f+1)dwd.

This expression only involves first order derivatives; in particular, weak statements of
the equation for uw only involve first order derivatives, and many existing finite element
numerical schemes have been based on such a classical formulation. On the other hand,
a theoretical justification of energy stability for these numerical formulations turns out
to be very challenging, due to the highly nonlinear nature of the system. Instead, we
make use of a non-standard reformulation (1.10)-(1.12), in which the vector chemical
potential p has played a key role in both the momentum equation and the dynamical
equation for the director field. At a first glance, this reformulation has introduced a
term (Vp)d, which is involved with the third order spatial derivative of d, and this fact
seems to make the corresponding system even more complicated. However, a careful
analysis reveals that, such an introduction of g makes the proposed numerical scheme
(2.20)-(2.24) preserve the energy stability at the theoretical level, due to the cancellation
of the coupled terms involved with u, and the semi-implicit treatment of these coupled
terms. In addition, the unique solvability and optimal rate convergence analysis have
been been provided in this work. As a result, the proposed numerical scheme (1.10)-
(1.12) preserves all three properties at a theoretical level.

In terms of the practical numerical implementation, such an introduction of third
order spatial derivatives, in the form of (Vu)d, will not cause any essential difficulty,
either. In the finite difference spatial approximation, such an idea has been widely
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applied to the single-phase-variable gradient flow coupled with incompressible fluid mo-
tion, such as Cahn-Hilliard-Helle-Shaw model [9,10]; great successes have been reported
in these finite difference simulations, and the appearance of Vjpu has not caused any
computational trouble, since an intermediate variable has been introduced to denote
. In the finite element spatial approximation, a mixed finite element approach has
been successfully applied for the corresponding numerical system, and many promis-
ing numerical results have been reported for both the Cahn-Hilliard-Helle-Shaw and
Cahn-Hilliard-Navier-Stokes system [17,19,25,41], et cetera.

For the proposed numerical scheme (2.20)-(2.24) to the Ericksen-Leslie system, the
detailed numerical solver and the accuracy test numerical results will be presented in
the next section. A very efficient iteration solver will be outlined, and the presented
numerical results will demonstrate great promises. In other words, an introduction of
third order spatial derivative does not cause any practical computational trouble, if the
iteration solver is carefully designed.

5. The numerical solver and the numerical results

5.1. A nonlinear iteration solver. Following the analyses in Section 2, the
fully discrete numerical system (2.20), (2.23) and (2.24) could be rewritten as

Fu(d):=G; ! (‘if) +e2(|d|Pd—d") — Apd =0, (5.1)

where the discrete operators Gy, and Ly, are defined as

Gn(p):= V- (d" (Lap)") +(BVR(Lr (1)) + (1+B8)(Vi(La(p))T)d" +ym,

) (L) + V- (Laa) ") — v A (L)
— V"~ A(Vap)Td® — AV, - (ﬁu(d")T+(5+1)d”uT). (5.2)

Notice that both £, and G, are non-symmetric linear operators, with positive eigen-
values, following the arguments in Section 2. In fact, the following linear iteration
algorithm could be applied to solve Gy (p) =g (so that =G, 'g):

(Y+w)pt) =—v,,- (d” (Lh(u(k))) T)
+ (B0 (L0 (WD) +(1+8)Vn (£ (10)) ") @' +wop®) +g, (53)

where w >0 is an O(1) relaxation parameter and 1) and p®**Y stand for the £ and
k+ 1% iteration stages in the approximate solution of G, () = g, respectively. Extensive
numerical experiments have demonstrated that a four iteration loop is sufficient to
obtain an exact numerical solution to G, =g (up to the machine precision), with the
initial guess for p taken as the numerical solution at the previous time step. As a result,
the computation of G, g only requires a few Poisson solvers (which are needed in the
update of £;,(p)), and such a linear iteration turns out to be a very efficient algorithm.

Meanwhile, it is observed that the original numerical system (5.1) is nonlinear,
due to the nonlinear chemical potential part e~2|d|?d. On the other hand, we also
notice that, the implicit part of the full chemical potential appearing in (5.1), namely
e72|d|?d— And, corresponds to a discrete convex energy. Motivated by this fact, we
apply a preconditioned steepest descent (PSD) iteration algorithm to solve for (5.1).
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The essential idea of the PSD solver is to use a linearized version of the nonlinear
operator as a pre-conditioner. Specifically, the preconditioner, [J} is defined as

Tult] = Aitg,;lws*%—mw, (5.4)

and is a linear operator with positive eigenvalues. Specifically, this “metric” is used to
find an appropriate search direction for the steepest descent solver. Given the current
iterate d(k), we define the following search direction problem: find ¢(*) such that

Thg®) =r® ek = 7, (dP), (5.5)

where r(®) is the nonlinear residual of the k*® iterate d®). In fact, this equation can
be efficiently solved using the Fast Fourier Transform (FFT). Subsequently, the next
iterate is obtained as

A =4 g = (@ 4ol aP g, (50

where a(®) = (agk),aék)) € R? is the unique solution to the steepest descent line problem

((]:h(d(k) + a(k)q(k)))h(ﬁk)) =0,

(5.7)
((Fu(@® +aMgM))y,qf7) =0,

This is a nonlinear system for (agk) aék)), in which the linear part corresponds to a
matrix with positive eigenvalues (analogous to estimate (2.46)), and the nonlinear part
has a positive definite Jacobian matrix (due to the convex energy for the nonlinear
implicit part). As a result, such a 2 x 2 nonlinear system could be very efficiently solved
by the Newton iteration.

REMARK 5.1. The PSD iteration algorithm can be viewed as a quasi-Newton method,
with an orthogonalization (line search) step, and J;, may be viewed as an approximation
of the Jacobian. In fact, if G, !'is a symmetric operator, the numerical system (5.1)
would correspond to the discretization of certain gradient flow, and such a numerical
system. could be recast as a minimization of a discrete convex energy functional. In this
case, a theoretical analysis ensures a geometric convergence of the iteration sequence; see
the related work in [23], and the applications of the PSD solver to various gradient flow
models [11,13,22,24]. On the other hand, the operator gh—l, as introduced in (5.2), is
not symmetric, while it is monotone, as stated in (2.46). For the numerical system (5.1)
reported in this work, the geometric convergence analysis for the PSD iteration sequence
is not directly applicable, while extensive numerical experiments have demonstrated
such a geometric convergence rate in the practical computations. Therefore, only five
to six iteration stages are needed for the proposed PSD iteration solver in the numerical
implementation of (5.1), and the overall computation cost turns out to be of the same
level as that for a standard Poisson solver. The theoretical justification of geometric
convergence rate for the PSD iteration sequence will be left to the future works, with
some technical details expected.

5.2. Convergence test for the proposed numerical scheme. In this subsec-
tion we perform a numerical accuracy check for the proposed numerical scheme (2.20)-
(2.24). The computational domain is chosen as Q= (0,1)2, and the exact profiles for d,
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u, p and p are set to be

de(z,y,t)= 5 (sin(27rx) cos(2my),cos(2mwz) sin(27ry)) ’ cos(t),
€

po(z,y,t) = 2(|de|*de — de) — Ad,
(5.8)

Ue(,y,t) % ( —sin(27wz) cos(2my),cos(2mx) sin(27ry)) ’ cos(t),

1
pe(z,y,t) = o cos(2mx) cos(2my) cos(t).

The physical parameters are taken as: e=0.5, v=0.5, A=1, §=—-0.5, and v=2. To make
(de, pt,,ue,pe) satisfy the original PDE system (1.10)-(1.12), we have to add an artificial, time-
dependent forcing term. The proposed scheme (2.20)-(2.24) can be solved in the rewritten
form (5.1), based on the nonlinear PSD iteration algorithm (5.4)-(5.7), combined with linear
iteration method (5.3) to obtain G, 'g.

In the accuracy check for the temporal accuracy, we fix the spatial resolution as N =256
(with h= ﬁ), so that the spatial numerical error is negligible. The final time is set as T =
1. Naturally, a sequence of time step sizes are taken as At= ]\%«7 with Np=100:100:1000.
The expected temporal numerical accuracy assumption e = C'At indicates that In|e| =In(CT) —
In N7, so that we plot Inle| vs. InNp to demonstrate the temporal convergence order. The
fitted line displayed in Figure 5.1 shows an approximate slope of -0.9861, which in turn verifies
a very nice first order temporal convergence order, for the physical variables: di, d2, v and v,
in both the discrete L? and L{° norms.

In the accuracy test for the spatial accuracy, we set the time size as At =h2, with h= %,
so that the second order spatial accuracy could be confirmed. Again, the final time is set as
T=1. A sequence of spatial resolutions are taken as N =48:8:120. The expected temporal
numerical accuracy assumption e =C/(At+h?)=C"h? (due to the fact that At=h?) indicates
that In|e| =InC —2In N, so that we plot In|e| vs. In N to demonstrate the temporal convergence
order. The fitted line displayed in Figure 5.2 shows an approximate slope of -2.0092, which in
turn verifies a perfect second convergence order in space, for the physical variables: di, d2, u
and v.

The initial and final time contour plots for the field d = (d1,d2)” are displayed in Figure 5.3.

Moreover, to illustrate the numerical convergence, we present a comparison between the
exact solution and the numerical solution at the final time T'=1, for d; at the y=0.5 cut, for
d2 at the z=0.5 cut, respectively, in Figure 5.4. A very nice agreement could be observed in
the plots.

REMARK 5.2. The numerical approximation of the Ericksen-Leslie system has been intensely
studied over the past two decades. While weak statements involving second order derivatives
and various mixed formulations were initially considered, stable formulations with w and d in
H'(9) have been developed, and can be easily coded using the standard finite element spaces
available in most existing finite element softwares.

On the other hand, while these existing numerical works for the Ericksen-Leslie system
have shown great promise in terms of numerical performance, a theoretical justification of
the energy stability and convergence analysis has been very challenging. Among the exist-
ing works of theoretical analysis, it is worth mentioning [2], in which a fully discrete finite
element scheme to a simplified system is analyzed, without the coupled elastic stress terms,
B(Vu)d and (1+6)(Vu)Td. For the regularized system with a penalty approach, the energy
stability was proved, an unconditional convergence of finite element solutions towards weak so-
lutions of the continuum PDE model was established in [2], as well as the convergence towards
measure-valued solutions of the limiting Ericksen-Leslie model. As a further development, a
fully discrete, mixed finite element numerical scheme was proposed for the penalized Ericksen-
Leslie system in [26], with semi-implicit treatments for the nonlinear terms. In particular, an
optimal rate convergence analysis was reported in [26], with first order convergence rate in
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Fig. 5.1: The discrete L}21 and Ly° numerical errors vs. temporal resolution N for Np=100:
100:1000, with a spatial resolution N =256. The numerical results are obtained by the computation
using the proposed scheme (2.20)-(2.24). The physical parameters are taken as: e=0.5, v=0.5, A=1,
B=—0.5 and y=2. The numerical errors for the four physical variables: di, d2, u and v, are displayed.
The data lie roughly on curves C’N;l, for appropriate choices of C, confirming the full first-order
temporal accuracy of the scheme.

both time and space. It is observed that the standard L? and H' bounds for the numerical
solution have been derived, while an energy dissipation (in terms of the physical energy) was
not reported. In a subsequent work [27], a modified energy stability was proved for the mixed
finite element schemes, with an “initial estimate” constraint h <Ce and the “stability” con-
straint At=o(e?h?). In addition, a few recent works [3,18,43,44,48] have provided the energy
dissipation analysis for the finite element schemes for similarly related phase field model of
nematic liquid crystal droplets, and proved that global discrete energy minimizers I'-converge
to global minimizers of the continuous energy, which turn out to be subtle theoretical results.
Meanwhile, a theoretical analysis for the Ericksen-Leslie system with the two coupled elas-
tic stress terms seems more complicated, and an optimal rate convergence analysis and error
estimate become even more challenging for the full system.

In our work, we make use of a reformulated system (1.10)-(1.12), which includes the highly
nonlinear and complicated coupled elastic stress terms. In turn, a fully discrete numerical
scheme (2.20)-(2.24) is proposed. This numerical system is linearly coupled, which seems com-
plicated at a first glance. However, a careful analysis reveals its rewritten form (5.1), and the
nonlinear PSD iteration algorithm (5.4)-(5.7), combined with linear iteration method (5.3) (to
obtain G, 'g) could be applied to implement the fully discrete scheme (2.20)-(2.24). Extensive
numerical experiments have indicated a computational cost at the same level as the standard
Poisson solvers, which makes the numerical solver very efficient. In addition, perfect first order
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Fig. 5.2: The discrete Li and L;" numerical errors vs. spatial resolution N for N=48:8:120, and
the time step size is set as At=h=. The numerical results are obtained by the computation using the
proposed scheme (2.20)-(2.24). The physical parameters are taken as: e=0.5, v=0.5, A=1, =—-0.5
and y=2. The numerical errors for the four physical variables: di, d2, uw and v, are displayed. The
data lie roughly on curves CN 2, for appropriate choices of C, confirming the full second-order spatial
accuracy of the scheme.

dy and ds at initial time T'=0 dy and do at final time T'=1

Fig. 5.3: Contour plots of the computed orientation vector d=(d1,d2)T at the initial time T =0 and
final time T'=1.

temporal accuracy and second order spatial accuracy have been reported in the numerical test,
and an optimal rate error estimate (in both time and space) has been established. All these
facts have demonstrated that, the proposed finite difference scheme (2.20)-(2.24) preserves
three perfect theoretical properties: unique solvability, unconditional energy stability, optimal
rate convergence estimate, and the formulated numerical solver is very efficient to implement
the numerical scheme, with the computational cost at the same level as that of the Poisson
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Fig. 5.4: Left: A comparison between the ezact solution and the numerical solution at the final time
T=1, for di at the y=0.5 cut. Right: A comparison between the exact solution and the numerical
solution at the final time T'=1, for d2 at the =0.5 cut. The solid lines represent the plot of the exact
solution, while the star lines stand for the plot of the numerical solution.

solvers.

6. Concluding remarks

A semi-implicit numerical scheme is proposed and analyzed for the Ericksen-Leslie system
to model nematic liquid crystals. For the penalty function to approximate the constraint |d|=1,
a convex-concave decomposition for the corresponding energy functional is applied. Other than
this splitting approach, appropriate semi-implicit treatments are adopted to the convection
terms, for both the velocity vector and orientation vector, as well as the coupled elastic stress
terms. A careful analysis implies that all the semi-implicit terms could be represented as a
linear operator of a vector potential, and its combination with the convex splitting discretization
for the penalty function leads to a unique solvability analysis for the proposed numerical
scheme. A finite difference spatial approximation over staggered mesh points, in which the
velocity components and the chemical potential variables are located as different numerical
grid points, is applied. The summation by parts formulas and discrete Sobolev inequalities
have greatly facilitated the corresponding analysis. A detailed estimate reveals an unconditional
energy stability of the numerical system, composed of the kinematic energy and internal elastic
energies. Moreover, we provide an optimal rate convergence analysis and error estimate for
the fully discrete scheme. In addition, an efficient numerical solver is outlined, based on a
preconditioned steepest descent iteration algorithm, combined with a linear iteration method
to obtain a linear system solution. The numerical accuracy test results have demonstrated
perfect first order temporal accuracy and second order spatial accuracy, which confirm the
optimal rate convergence estimate.
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Appendix. Proof of Lemma 3.1. For simplicity of presentation, we assume that f
is the cell-centered grid function, with homogeneous Neumann boundary condition. Numerical
variables evaluated at other mesh points could be analyzed in a similar fashion. We set the
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grid f to have the discrete Fourier Cosine transformation as given by

N-1
fit1o,j41/2 k41/2 = Z féym,ncos(éwxijq/z)cos(mwyj+1/2)cos(nTrzk+1/2). (A1)
£,m,n=0

In addition, we denote its extension to a continuous function as

K
fr(z,y,2)= Z feNmn cos({mx) cos(mmy) cos(nmz). (A.2)

Lmn=—K

The following estimates could be derived with the help of Parseval’s identity; also see the
related analysis in [14,23,24, 30]:

N—-1
IFI3=1felZz= D> |fomnl® (A.3)
£,m,n=0
2
IVl <IVaflz< IV fell, (A4)
4
SlAfl<lAnfll <[|Afe]l- (A.5)

On the other hand, we recall a key estimate given by Lemma A.2 in an existing work [24]:

1510 < /S felir, 2D, p=1.6.. (A6
In addition, such an analysis could also be extended to the 3-D case
171l < (5)* 4l fellzs,  in 3D, p=4,6,.... (A7)

The discrete Sobolev inequality (3.13) is a direct consequence of (A.7) (by taking p=6),
combined with the following inequality in the continuous space: || fr||r6 < C| fr| g1, as well as
the following estimates (coming from (A.4), (A.5)):

™ ™
1fellee =11 ll2, IV frll < SIVRFll2,  so that || fella < S f ]l - (A.8)

Similarly, the discrete Sobolev inequality (3.14) is a direct consequence of (A.7) (by taking
p=4), combined with the following inequality in the continuous space:

Ifellzs <CUfell+ el t -1V fellD), 1IVfells <CIVIeli-[Afellf, (A.9)

as well as the estimates in (A.4), (A.5).
The discrete Sobolev inequality (3.16) is a direct consequence of an obvious fact that
[ flloo <|IfFllzoe, combined with the following inequality in the continuous space:

felloe <O fell+ el 1A fell?), (A.10)

as well as the estimates in (A.4), (A.5). This finishes the proof of Lemma 3.1.
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