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A LINEAR MIXED FINITE ELEMENT SCHEME FOR A NEMATIC
ERICKSEN-LESLIE LIQUID CRYSTAL MODEL*

F.M. GUILLEN-GONZALEZ! AND J.V. GUTIERREZ-SANTACREU?

Abstract. In this work we study a fully discrete mixed scheme, based on continuous finite elements
in space and a linear semi-implicit first-order integration in time, approximating an Ericksen—Leslie
nematic liquid crystal model by means of a Ginzburg—Landau penalized problem. Conditional stability
of this scheme is proved wia a discrete version of the energy law satisfied by the continuous problem,
and conditional convergence towards generalized Young measure-valued solutions to the FEricksen—
Leslie problem is showed when the discrete parameters (in time and space) and the penalty parameter
go to zero at the same time. Finally, we will show some numerical experiences for a phenomenon of
annihilation of singularities.
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1. INTRODUCTION

1.1. Statement of the problem

Let Q be a bounded open subset of R? (d = 2 or 3) with boundary 9%, and 7' > 0 the final time of
observation. We will use the notation Q@ = Q x (0,7), X = 09 x (0,T), and n the unit outwards normal vector
on 0f2. Boldfaced letters will be used to denote matrix and vector spaces and their elements. The unknowns are
u : Q — R?, the incompressible velocity field, p : Q — R, the pressure, and d : Q — R?, the orientation vector
of liquid crystal molecules. These variables satisfy the following Ericksen—Leslie system:

ld| =1, Od+u-Vd+~y(—Ad—|Vd[*’d) =0 inQ,
u+u-Vu—vAu+Vp+ AV - ((Vd)!'Vd) =0 inQ, (1.1)

V-u=0 inQ,
where v > 0 is a constant depending on the fluid viscosity, A > 0 is an elasticity constant, and v > 0 is a

relaxation time constant. (Vd)" denotes the transposed matrix of Vd = (9;d;); ;, and |d| = |d(x,t)| is the
Euclidean norm in R? (and |Vd| = |[Vd(z,)| is the Euclidean norm in R4*%).
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To these equations we will add homogeneous and non-homogeneous boundary conditions for the velocity and
orientation vector fields, respectively:

u(x,t) =0, d(xz,t)=1lx) on (z,t)ex, (1.2)
and the initial conditions
d(x,0) = dy(x), u(x,0) = uo(xz), xc. (1.3)
Herel: 002 — R% ug : 2 — R?, and dp : 2 — R? are given functions. Throughout this work, we fix d = 3 (the
results for two-dimensional domains are easier) and the boundary datum [ is assumed to be time-independent. In
fact, the compatibility condition I = dy|o; must be satisfied. The case of time-dependent boundary conditions
is more technical (see [8]).
Model (1.1) was introduced by Lin [13] as a simplification of an Ericksen-Leslie-type model related to the
dynamic behavior of nematic liquid crystal flows.
To construct approximations of (1.1), it is usual to use the penalty Ginzburg—Landau model
d| <1, od+u-Vd+~v(-Ad+ f.(d)) =0 inQ,
dhu+u-Vu—vAu+Vp+ AV - ((Vd)'Vd) =0 in Q, (1.4)
Viu=0 inQ,
where

f.(d) = S (df - nd

is the penalty function related to the constraint |d| = 1, and € > 0 is the penalty parameter. It is important to
observe that f, is the gradient of the Ginzburg-Landau potential

1
F.(d) = 4—62(\6”2 —1)%

that is, f.(d) = VaF.(d) for all d € R%.
Problem (1.4) has two important properties for sufficiently regular solutions [14]:

1. The following energy law holds:
d

g E(u(t),dt) + D(u(t), w(t)) =0, Vte[0,T], (1.5)
depending on the free energy
1 A
E(u,d) := —/ lul? + —/ |Vd|? +)\/ F.(d), (1.6)
2 Jo 2 Ja Q
and the physical dissipation
D, w) ::1// \Vu|2d:c—|—)w/ jw|2da, (1.7)
Q Q

where
w = —Ad + f_(d) (1.8)

is the Euler-Lagrange equation associated with the elastic energy functional [, (%\Vd|2 + F. (d))

Energy equality (1.5) is obtained by testing (1.4),, (1.4), and (1.4). by Aw, uw and p, respectively, and using
the fact that the elastic tensor AV - ((Vd)'Vd) of (1.4), can be written in terms of w = —Ad + f_(d) as:

AV - (Vd)!Vd) = AV (%Wdz + Fg(d)> —MNVa) (—Ad + f.(d)). (1.9)
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2. The following maximum principle holds:
“If |do| < 1 in Q then |d(t)| < 1 in Q for each t € [0,7]".

This result is based on the following time-differential inequality satisfied by |d|? [4]:
1
58t|d\2 +u-V[d?—AldP+ f.(d)-d<0 inQ
(which is obtained by making the scalar product of (1.4), by d) jointly with the property
f.(d)-d>0 if|d >1. (1.10)

Remark 1.1. As a consequence of this maximum principle, problem (1.4) can be equivalently written with
F.(d) and f.(d) = VgqF.(d) replaced by F.(d) and f.(d) = VaF.(d) such that

F.(d)=F.(d) if|d|<1 and f.(d)-d>0 ifl|d >1, (1.11)

where F.(d) is a regular extension outside the unit sphere |d| < 1 of F.(d). It is remarkable that the energy
law (1.5) holds as well, where the following free energy which appears is

_ 1 A _
Bu,d) = §/Q|u|2+§/ﬂ\Vd|2+)\/QFE(d),

and the equilibrium variable turns out to be w = —Ad + f_(d).
From (1.9) and using the fact that w = —Ad + f.(d), model (1.4) can then be reformulated as [3]:
d| <1, dd+u-Vd+yw=0 inQ,
—Ad+ f.(d)—w=0 inQ,
u+u-Vu—vAu+ Vp—AVd)'w =0 inQ,
V-u=0 inQ,

(1.12)

where the pressure p in (1.4) is replaced by the potential function p+ 3|Vd|?> + AF.(d) in (1.12) (which is called
again p for simplicity). This differential reformulation will lead us to a finite-element time-stepping scheme which
will be stable in the sense that it reproduces a discrete version of the continuous energy law (1.5) (see (2.2)
below).

This type of reformulation is also possible for the Ericksen—Leslie problem (1.1). Indeed, the stress tensor
of (1.1) reads

1
AV - ((Vd)'Vd) = \V <§Vd|2) — MVa)'(—Ad — |Vd|*d), (1.13)
from A(Vd)!(|Vd[*d) = 1|Vd|?V(|d|*) = 0 (because of |d| = 1). Therefore, system (1.1) can be rewritten
as (1.12) but w is now replaced by —Ad — |Vd|?d (the Euler-Lagrange equation related to the elastic energy
functional [, 3|Vd|? subject to |d| = 1) and the potential function p is replaced by p + |Vd|?.
1.2. Notations and definition of solutions

We will assume the following notation throughout this paper. As usual LP(£2) denotes the space of functions
defined and pth-summable in ©Q, and || - ||1s(q) its norm. If p = 2 we denote the inner-product in L*(Q2) by
(-, -), and the L?(Q)-norm by || - ||. By W?#(Q) with s > 0 and p > 1 (or H*(Q) for p = 2), we denote the

classical Sobolev spaces. Let C°(£2) be the space of infinitely differentiable functions with compact support in
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2. Then W;"P(£2) is introduced as the closure of C°(£2) in W™P(£2) (and HJ'(£2) = W""(£2)). The dual
spaces of H*(Q2) and H§(Q2) will be represented by (H*(€2))" and H (), respectively. For a real Banach space
X, LP(0,T;X) denotes the space of Bochner-measurable, X-valued functions f defined on (0,7") such that
Iflleco,m;x) == (fOT | £()||5 dt)'/P < oo. Moreover, C°([0,7); X) is the space of infinitely differentiable, X-
valued functions with compact support in [0,7"). Boldfaced letters will be related to vectro spaces, for instance

L? denotes a vectorial LP space.
On the other hand, let Co(A) with A C R be the closure of C3°(A) in the || - || (4)-norm and let M(A)
be the space of real-valued Radon measures with finite total variation, i.e.,

| [ &dpl
lellpmeay = sup A
gpeco(anfoy |9l Le=(a)

One version of the Riesz representation theorem states that the dual space of Co(A) can be identified with M(A)
via the duality

<u,¢>:/A¢du, Ve M(A), Vo eCo(A),

Let Prob(R9*?) be the space of probability measures, i.e. u € M(R%*?) such that x> 0 and p(R¥*?) = 1.
We will now introduce the function spaces in the context of the Navier—Stokes equations. Firstly, we define

13(9) = {p:pe o, [ p(m)da::o},
V= {v €CX(0):V v :o}.

Then, let H and V be the closure of V in L*(§2) and H}(§2), respectively, characterized by

H={uecL*();V - u=0u-n=0ondR},
V={uecH (2);V u=0,u=0o0n002}.

Next, let us introduce the concept of generalized Young measure-valued solutions of (1.1) (as in [20]) and the
concept of weak solutions for the penalized problem (1.4).

Definition 1.2. A 4-tuple (u,d, 1, M) is called a generalized Young measure-valued solution of (1.1)—(1.3) in
(0,T) if:
a) uec L>0,T; H)NnL*0,T;V), dec L>(0,T; H'(R)),
|d(x,t)| =1 for a.e. (z,t) € Q, d(x,t)=1(x) for a.e. (x,t) € X,
peEMQ), (x,t) €Q— My, € Prob(R%*?) is a weak-x p-measurable map.
b) For all ¢ € C°([0,T); V),

/OT {~(w09) + (@ Vyu.0)+v(Vu.v9) dt—A/Q (/R yt—yde,t(y)) Ve dp(, 1) =

dxd \y|2

/N

and)(O))
¢) For all € C(0,T); €(2),
T
—(d, 0 -Vd, vd, V) —~(|Vd|?d, dt = (do,(0)).
/0 {~(d.0) + (u-Vd ) +(Vd, V) —+(1vdPd, )} dt = (do, %(0))
Definition 1.3. A pair (d,u) is called a weak solution of (1.4) and (1.2)-(1.3) in (0,7) if:

a) uwe L>®0,T; H)NL*(0,T;V), de L>0,T;H" (2))NL*0,T; H*(Q)),
|d(z,t)| <1ae. (x,t) €Q, d(z,t)=1z)ae (x,t)ecX.
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b) For all ¢ € C([0,7);V),

/OT {— (u at¢) + ((u V)u, ¢) + (uw ~A(Vd)'Vd, v¢)} dt = (uo, ¢(0)).
c) Od+u-Vd+vy(—Ad+ f.(d)) =0 ae. in@Q, d(0)=da.e. in 2.

1.3. Known results for systems (1.1) and (1.4)

Considering the boundary condition for the director vector d to be time-independent and for any fixed e,
Lin and Liu proved [14] the local existence of classical solutions and the global existence of weak solutions to
problem (1.4) by means of a semi-Galerkin method (where the d-system is not discretized in space in order to
preserve the energy equality (1.5) and the maximum principle).

In [4], the existence of weak time-periodic solutions was proved by using a (fully) Galerkin method for which
the maximum principle does not hold; therefore, a truncated potential had to be used.

The first finite element schemes for problem (1.4) were proposed by Liu and Walkington [18,19], obtaining
error estimates. In the first work [18], they proposed a scheme requiring globally C!-finite elements for approx-
imating the director vector d. Later, in the second work [19], a C%-approximation is only used by introducing
the auxiliary variable Vd. In both works the resulting schemes are totally coupled and nonlinear. In order to
avoid the large degrees of freedom and the nonlinearity of these schemes, Girault and Guillén—Gonzdlez [8]
considered the auxiliary variable —Ad constructing a fully discrete mixed scheme for (1.4) (that is, for e > 0
fixed) which is coupled but linear, unconditionally stable and convergent towards weak solutions to (1.4). Also,
optimal error estimates for (u,d) and convergence of iterative methods (decoupling the fluids variables (u,p)
from the elastic one d) were obtained. In [16], Lin and Liu presented two linear numerical algorithms by using
C¥-finite elements. The first of them uses an explicit-implicit backward Euler approximation in time and the
second one uses a characteristic method. Although stability properties of these schemes are not provided, some
numerical experiments show that both schemes recover the numerical results obtained in [18].

In [3], Becker, Feng and Prohl considered two nonlinear fully discrete methods based on C-finite elements.
The first scheme is defined by considering the auxiliary variable w = —Ad + f_(d) and it is unconditionally
stable and convergent to problem (1.1). This convergence is attained in two steps; firstly when the time and
space discretization parameters go to zero (i.e. (k,h) — 0), the convergence towards a weak solution to the
penalized problem (1.12) is proved, and afterwards when the penalty parameter £ goes to zero, one obtains a
measure-valued solution to problem (1.1), where the elastic tensor (Vd)*Vd tends to a certain measure (see [15]).
It should be noted that the proof of the compactness for the discrete velocity in L?(0,T; L*(£2)) done in [3]
does not seem to be clear because the discrete velocity is bounded in L (0, T; L*(£2)) N L2(0, T; H(£2)) while
the time derivative is bounded in the dual space of V N H 2(()) However, in order to apply an Aubin—Lions
compactness argument, one would need the continuous embeddings H(§2) < L*(22) — (V. N H?*(22))" (with
the former being compact), but the embedding from L*(£2) into (V N H?(£2))’ is not injective.

The second algorithm in [3] discretizes directly problem (1.1) being conditionally stable, but the convergence
when the discrete parameters go to zero remains as an open problem.

Approximating model (1.1) directly could be much more adequate for regular initial data without defects
(that is, with a unit vector in the whole domain), since we would avoid the problem of balancing the penalty
parameter with the discretization parameters. Otherwise, we have to face the problem of dealing with the sphere
constraint. One way to solve such a difficulty numerically is to use Alouges’technique [1] for imposing the sphere
constraint at every nodes.

In [17], Lin et al. introduced an unconditionally stable, nonlinear scheme for the penalized Ginzburg-Landau
associated to a nematic liquid crystal model which is a slightly modified version of (1.4), where stretching
terms appear in the d-system. In this scheme, a mid-point approximation of the Ginzburg-Landau potential is
considered preserving the energy law at the discrete level, and the use of an auxiliary variable like w is avoided.
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In the light of the previous works, our task in this paper is to design a linear and C°-finite element scheme
based on reformulation (1.12), i.e., using the auxiliary variable w = —Ad + f.(d)) as in [3]. For this scheme,
the following two properties will be discussed:

1. Conditional a priori energy estimates independent of (h,k,e) provided that an explicit constraint with
respect to the numerical parameters (k, h) and € (see (S) below). Moreover, such a constraint will be to able
to be weakened (see (S') below) when FL(d) is considered instead of F.(d).

2. Convergence (as (h, k,e) — 0) towards a measure-valued solution of (1.1). For this, the compactness for the
velocity in L?(0,T; L*(£2)) will be proved. The elastic tensor (Vd)'w is responsible for not obtaining the
convergence towards weak solutions of (1.1). Thus the concept of measure-valued solutions is introduced to
identify the limit of such an elastic tensor. It will be only possible when the truncating potential F. (d) is
considered instead of F.(d).

The idea of using a truncated potential in Nematic Liquid crystals was introduced in [14] in order to deduce
analytical results. Recently, it has been used for numerical purposes in the context of Allen—Cahn and Cahn-—
Hilliard phase-field models in [22].

Note that, for the unconditional stable nonlinear schemes given in [3,17], an iterative process has to be
implemented to approach the nonlinear scheme, where some constraints on the numerical parameters will appear
to assure its convergence. For instance, in [17], a Picard linearization is considered, where following the proof
of the conditional stability given in our paper (see Lem. 2.1 below), a constraint like (S) appears in order to
assure convergence.

Finally, it is not clear how to extend the convergence result (as (h, k,e) — 0) obtained in this paper to other
types of stable approximations such as [3,17], where there is not truncation of the potential term. On the other
hand, from a numerical point of view it is not possible to take a truncated potential in an implicit manner (since
}E(dZ'H) is defined by parts when |d}™'| <1 or |[d}!| > 1, but d}"! is an unknown).

1.4. Numerical scheme

The numerical scheme will be based on the following mixed weak formulation of problem (1.12). Find
(u(t),p(t),d(t),w(t)) € Hy(2) x LE(2) x H'(2) x L*(12) with d(t) =1 on dQ such that

(&u, ﬁ) + V(Vu, Vﬁ) + ((u : V)u,ﬁ)

=0Vpe L), (1.14)

Roughly speaking, velocity, pressure, orientation vector, and the Euler-Lagrange equation w = —Ad + f.(d)
will be approximated in the finite element spaces

(Xha Qh7 Dha Wh) - (H(l)(Q)a L%(Q)a Hl(Q)v L2(Q))a DOh C H(l)(Q)
The algorithm that we present consists of:

Initialization: Let (u)), d%) € (X, Dp,) be a suitable approximation of (ug, dp).
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Step (n+1): Given (u}l,d}) € (X, Dp), find (up ™, pptt dpth with) € X, x Qpx Dy x W, with &) =1,
on 082, where lj, is an approximation of I, solving the algebraic linear system:

wltt —up
(u,ua + c(uﬁ,uﬁ“, ah) + z/(Vu;;“, Vﬁh)

—A((Vliimth“,ah) — (Y w) =0, "
(Vouptm) =0, (1.16)

(‘ﬂi—dhwh) (g g ) oy (wh ) =0, (1.17)
(Ve Vdn) — (wp ™ dn) = ~(£.(d}). d). (118)

for all (@, P, dn, Wr) € X5 x Qp, x Dop, x W, where we have considered the trilinear form c(-, -, ) defined by
1 1
c(u,v,'w) = ((u . V)v,w) + 5((V . u)v,w) Vu,v,w € Hy(Q),

which displays the skew-symmetry c¢(u,v,v) = 0, although u does not satisfy the incompressibility condition
pointwisely. The scheme introduced in [3] is very similar, except for the approximation of the potential function
fo(d(tns1)). Here this approximation is explicit (resulting in a linear scheme) and in [3] is semi-implicit (and
nonlinear with respect to dj ™)

Throughtout this paper, C' > 0 will denote different constants always independent of &k, h and €.

1.5. Hypotheses

Hereafter, we will assume that Q C R? is a bounded domain with polyhedral boundary, and there exists a
family of regular triangulations {7}, }n>0 of € made up of tetrahedrons, where h is the maximum diameter of
the elements of {7 }r>o0.

The following hypotheses will be required:

(HO) Hypotheses for the data:
uo € H, dye H'(Q) with |do| =1in Q, 1€ H*?(8) with [I| =1 on 8Q x (0,T).

(H1) The boundary of Q is assumed to be such that the H?(Q) x H'(Q)-regularity property of the Stokes
problem and the H?(Q)-regularity property of the Poisson problem hold.
(H2) The triangulation of €2 and the discrete spaces satisfy:
(a) The inverse inequalities: B
(l) ||C}hHLoo(Q) < Chr1/2||dh”H1(Q)7 vdy, € Dh,
(ii) [ldnll < Ch™'2|ldp]| /2 ¥ dn € Dh.
(b) The approximation properties:
(i) [ld—Indl| < Chlld|m) VdeH (),
(i) [lp — Knpll < Chlipllmio) Ve H'(Q)NLE(Q),
(iii) |lu — Jrullgr ) < Chlu|p) Yu e H?*(Q) N H(Q),
(iv) [|d = Ind| 1) < Chlldlluz) Vde H? (),
(v) |ld — Ind|wrs < Chl|d|lw2s) Vde W>(Q),
(vi) |d—Ind| L= < Ch|d|wi~@ YdeW"2(Q),
where I, J; and K, are interpolation operators into Dy, X and @y, respectively.
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(¢) The stability properties:
(i) |[Jnull < Cllull Vu e L*(Q),
(i) | ndll o) < Clldlle) Ve e H'(S),
(ili) [[Ind|[L=(0) < Clld]|L=@) Vd e L™(9),
(iv) ||Ihd||W1,3(Q) < CHd||W1,3(Q) vde W1’3(Q).
(H3) Inf-Sup condition (Compatibility condition between X, and @y, ): there exists 5 > 0 (independent of h)

such that
(th V- 'U)

lanllzz) < B sup —=, Van € Qn-
vex\{o} vl

(H4) Compatibility condition between Wy, and Dy: D), C W,

Now, we are going to set up a concrete finite element spaces and interpolation operators satisfying the foregoing
hypotheses:

X ={u, € CO(Q)* N H{(Q) : VT € Ty, un|r € (P1 + bubble)®},
Py = {pn e C’Q)NLZQ) : VT € Ty, palr € P1},
Wy, ={wy, €C°(Q)? : VT € T, wy|r € P} },
Dy, ={d, €C°(Q)® : VT € Tp,,dn|r € P}} , Dop = Dy, 1 H().
Another possibility is to construct X, and/or W, and Dy, by using Py approximation.
To define I,, Jj, and K}, we may choice average interpolators of Scott—Zhang type [21]. For instance, we can
choose the interpolator defined in [10] (see also [8]), in order to get stability properties in L? and L* imposed

in (H2).(c).(i) and (H2).(c).(iii). Finally, the discrete lifting I;, of the boundary datum I can also be constructed
with a Scott-Zhang interpolator (that we denote SZj,) as follows. Let d € H*(Q) the solution of

~Ad=0 inQ, dso=1, (1.19)
and define I, = SZh(CNl)\ag.

1.6. Main results of the paper

Although in general the maximum principle |d| < 1 is not assured for the numerical approximations, we will
get the following stability and convergence results.

Theorem 1.4 (Stability for non-truncated potential). Assume that hypotheses (H0)—~(H4) hold. Further suppose
that (h,k,e) are chosen to satisfy the “initial estimate” constraint

h

(IE) “<c

and the “stability” constraint

(S)

lim —— =
(hk,e)—0 h2e2

Then the solution of scheme (1.15)-(1.18) satisfies the “global energy inequality”:

k‘ T
B(uy ™ i) + 5 3 Dl wp)
1 n=0 (1.20)
500 (™ =g + V(i = dp)|2) < B, ),

n=0
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for each r =0,--- N — 1. In particular, one has the estimates (independent of (h,k,c)):

i mas ufl < kZIIVu"“H2<C Znu”*l W<,
N 1 N 1
iv) Ogla<XN||thH1(Q) <COEY (PO vi) 3 4 - il < C.
n=0 n=0
vil) max F (dy)
0<n<N

Remark 1.5. Hypothesis (I E) will be applied to get the initial estimate E(u}, d%) <C.

Corollary 1.6 (Stability for truncated potential). Assume that hypotheses (H0)-(H4) hold. Consider
scheme (1.15)-(1.18) with F.(d) a truncated potential, as in Remark 1.1, satisfying (1.11) and such that

F.(d) € CX(R%R) and max|D*F.(d) < & (1.21)
deR3 £

(here | - | denotes the Euclidean norm of the Hessian matriz DF. ). Further suppose (IE) and
k

S’ li — =0

(87 (h,kl,ir)l—»O he?

Then the statements of Theorem 1.4 remain true.

Note that (S') is weakener than (S).

Theorem 1.7 (Convergence for truncated potential). Assume hypotheses (H0)—(H4) together with (S") and the
“convergence” constraint

(©) lim E:Q

(h,e)—0 €2

(which implies in particular that (IE) holds). Consider scheme (1.15)-(1.18) with F.(d) as in Corollary 1.6
such that, for any d € R?, _
F.(d)Ad=0, (1.22)

where the symbol N\ denotes the vectorial product, and

IF.(@)? < / (1.23)

Then there exists a subsequence of solutions given by scheme (1.15)—(1.18) convergent, as (h,k,e) — 0, towards
a generalized Young measure-valued solution of the Ericksen—Leslie problem (1.1)-(1.3).

Remark 1.8. An example of a truncated potential ﬁg, which satisfies all the previous hypotheses, is:

LR -1 = ) i 1) <1,
F.(d) := 1 .
a1y i Jd) > 1,

whose gradient is
1
~ - g(‘d‘z_l)d:f‘s(d) if |d| <1,
Fo(d) = VaP(d) = { 5 4

S0l =D if |d| > 1.
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Then (1.11), (1.22) and (1.23) hold. Moreover, using the relations

d d 1 1
Vid| = —, V(=2)=—1Id— ——dd,
4=t Vi) =@ jap
one has
- [(\d\z )1d+2d®d] if |d| < 1,

V?iﬁ(d): 2
1-— 1 if 1,
( |d|) d+ = |d|5d®d it |d| >

(f)w| '

hence (1.21) is deduced.

The rest of this work is organized as follows. In Section 2, we derive a priori energy estimates for
scheme (1.15)—(1.18) from a discrete version of the energy law (1.5) by means of a recursive process with
respect to the time step. Section 3 is devoted to the compactness results in L2(Q) for the director vector and for
the velocity (the latter result will be based on an estimate by perturbation of a fractional-time derivative). In
Section 4 we guarantee that the limit orientation vector satisfies the pointwise constraint |d| = 1 and we pass to
the limit in an adequate reformulation of the d-system. Then, we establish the convergence for the momentum
equation in Section 5, obtaining a generalized Young measure related to the elastic tensor. Finally, in Section 6,
some numerical computations are shown, demonstrating its stability at least numerically.

2. A PRIORI ESTIMATES AND WEAK CONVERGENCE

2.1. Existence and uniqueness of the scheme

Since scheme (1.15)—(1.18) is an algebraic linear system, existence and uniqueness are equivalent. The unique-
ness of a solution to scheme (1.15)—(1.18) follows along the same line of arguments as in obtaining a priori energy
estimates. It is worth mentioning that we need not impose any additional constraint to prove the well-posedness
of scheme (1.15)—(1.18). This is due to the fact that the potential term, which is explicitly treated, vanishes
when comparing to different solutions.

2.2. A local discrete energy inequality
Now, we are going to obtain a “discrete local energy inequality”, that will be essential for the a priori
estimates of scheme (1.15)—(1.18). Recall the notation of the free energy
1
Blu,d) = gl + 51Vl + A [ F(d),

and the physcial dissipation
D(u,w) = v||[Vu|* + Xy w]*.

Lemma 2.1. Assume that hypotheses (HO)-(H4) and constraint (S) hold. Suppose that there exists a constant
Co > 0, independent of h, k and €, such that

E(uy, dy) < Co. (2.1)

Then, there exists 69 > 0 small enough (depending only on Cy, but otherwise independent of (h,k,e) and n)
such that for all (h,k,¢) satisfying k/(h*e?) < & (that is possible owing to constraint (S)), the corresponding
solution (uy™!, d; wZ‘H) of scheme (1.15)-(1.18) satisfies the following inequality:

( n+1 dn+1) (uh’dh) + kD ( n+1 ,wZJrl)
R 2 (2.2)
+5 (™ = up? + AV (a3 = i) ) <0
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Corollary 2.2. Assume that hypotheses (HO)—(H4) and constraint (S’) hold. Consider scheme (1.15)—(1.18)
with F.(d) satisfying (1.11) and (1.21). Then the statements of Lemma 2.1 remain true if one assumes that
E(ul,dy) < Cy and k/(he?) < §y are satisfied.

Proof of Lemma 2.1. Take @, = ku) " in (1.15) and ps = p}™' in (1.16). Then the term (ph‘H V- u"“)
vanishes, and the identity (a — b,2a) = |a|? — |b|*> + |a — b|? leads to

5 (1l 1 = o+ o™ = wf12) + v bV 2 = Ak (V) o ) =0, (23)
Next, consider wy, = /\k'w"*'1 in (1.17) jointly with dj, = dZH —dj € Dy, in (1.18) to get

IV — Vg + 19— dg) ) + A(d — dp, £ o
k(- Vg ) Ay w2 = 0. '
Now, we add (2.3) and (2.4) and use the identity
((Vd”) n+1 u;Hrl) I ( Ly n, n+1> —0
to get

5 (it 12 4 AT 12) = 2 (lapl? + MV I2) + 3 (it — ] + A9 (5~ )]

+ kDt wit) + (- dp, fu(d)) = 0. (25)
Next, we decompose the last term of (2.5) as follows:

Mat —dp o)) = 5 (= (P - )

A
+ 5 (i = d (P~ (d )y = L~ I,

Rewriting I; as
A
2e2
A
 4e?

I = / (2 — D) (d 2 — g — it — dg)?)
0

/Q(<‘dﬁ“\2—1>2—<\dﬁl2—1>2+<|dz“|2 4P g /Q<1—|dz“\2>|dz“— n?

and bounding I as

C A
B < 1 oI = a1 + 5 [ (i = i,

we arrive at the inequality

M =i fu@) =8 [ Bt - [ R
2 2
2e2

A 1 mn mn us mn
= N CCAR AP A A

_C
= (13w + i 1y ) et = i (2.6)
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Therefore, (2.5) and (2.6) yield
B(uy™, dith) = E(up, di) + k D(up ' wi™)

b (™ = w4 XV (g - ap))?) 2.7)

(”d [y + Il ey i = 2 = T

The main idea now is to absorb the term I3 with the physical dissipation k D(u} ", Z“) with the help of (S).
In order to bound the term ||d}™" — d}'||? of I3, we take w), = P (w), for any w € L*(£2), as test functions

into (1.17), where P} is the L2—project0r onto W, to obtain

(W,m) = (- Vydy, Pl(@) ) = 5w ),

where hypothesis (H4) allows us to neglect P in the discrete time derivative term. Then, a standard duality
argument using the fact that L3/2(2) = L3(2) jointly to the stability property ||Pw| s < C|jw|rs [7])
and (2.1) (which in particular implies that \||Vd}||? < 2Cp) yields

dit! —dp|°
k

< O (I 361 Vp 12 + lwf 1 12) < C D wyi ). (2.8)
L3/2(02)

Next, the term I3 can be handled, using inverse inequalities (H2).(a).(2) and (H2).(a).(ii), as

K20 . a —dy |
f= O (I ey + 1 ) |
k;z . dn"rl dn
mQOdmmm+Mfw%m>W———— .
L3/2(2)
Therefore, by using (2.8) the bound of I3 remains as
Iy < Ot (15 o oy + 1 3 ) D™ w0, (2.9)

Our next goal is to bound ||} ™|/ y1(q) in terms of E(d},u}). Recall that ||d}!| z1q) < C, because of (2.1).
Consider (2.5) rewritten as

1 n n n
(gt 12 AP 2) + 2 (gt — w2+ AT (g~ d)l?)
n n 1 mn mn mn n
+ kD wit) = 3 (g + MVd;?) = A(di ! = dil £.(d7) - (210)
and bound the last term, using (2.8), the inequality

7@ < SldE~ [ F@ (21)
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and the estimates [, F.(d}) < C and ||d}, |51 < C, from (2.1), as follows:
ol H ()

n n n dnJrl_dn n
A= a ru(a) < o[ B0 g gap)
dn+1 _ d’n 2 k_ . .
SM;H h - h —I-Oéﬁudhnim(ﬂ)/FE(dh)
L3/2(Q) Q

< CokD(uptt, nH)‘FCéhQ QHdZ”Hl Q)
<C¢6k_D( n+1 n+1)+05
Here, 6 > 0 is arbitrary, and thus Cs = C'/§. Then, from (2.10), we can get, for 6 > 0 small enough,

5 (gt 12 A1) 4 (g — ] + AV — )]

k

k; n+1 n+1 2
+5 D wit) < 5 (lupl? + AV ) + O

N —

In particular, one obtains
A n k
IV < Bl df) + Oy
Consequently, from (2.1) and (S), for each (k,h,¢) such that k/(h%c?) < dy, with dp small enough, we get the

bound
k ) 4Cy
< 9.

n+12
v < 3 (Cor O ) < 55

Next, the discrete lifting SZj, ((~i) of the boundary datum I, (which is stable in the H'-norm) allows us to
complete up to the H!(Q)-norm and hence

|70y < €. lldy 1) < C, (2.12)

with C' depending on Cjy. Finally, using (2.12) in (2.9), I3 remains bounded as
k n+1 n+1
13 SChz—ssz(uh , Wy, )

By hypothesis (5), we may choice dy such that

k

Oh2 g2

<

N —

arriving at
k
IS < - D( n+1’w2+1).
Finally, we obtain inequality (2.2) by absorbing the above estimate of I5 is absorbed by the physical dissipation
kD(u)l ™ wi ™) in (2.7). O

Remark 2.3. Following the proof of Lemma 2.1 for two-dimensional (2D) domains, the stability constraint
(S) could be weakened to

lim
(hk,e)—0 hoe?
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for any o > 0 small enough. This is possible because the inverse inequality ||dp|| =) < C h=*||ds || () can be

used instead of (H2).(a).(i) and estimate (2.8) in L*~*(£2) instead of L3/?(£2) owing to the Sobolev embedding
H(2) — LA(N) for all 3 > 0 (valid only in 2D domains). It means that the dependence of constraint (S) on
h is very weak. In fact, for the numerical simulations in Section 6, we will take k = O(¢?), showing (at least
numerically), that scheme (1.15)—(1.18) is stable in the sense that a decreasing energy is obtained.

Proof of Corollary 2.2. Recall that we are now considering the truncated potential function F. (d). Thus we
have the following inequality (instead of (2.6))

At~ dy Fo(dp)) / F(dpth) = / L (dy)
C n 3
Hd - h||2a

which can be deduced from the Taylor expansion up to order 2 of ﬁs(dﬁ‘H) with center at d}. Moreover, one
must use (1.21) to bound the second-order remainder term.
Then (2.7) is now changed by:

E (uptt, d”“) E(u},dy) + kD (uptt wpth)

by (g™ g P+ AV (g~ ) 1) (2.13)

coo
S 5_2||dh+ - th = I3 S Ch—€2k;D (uﬁ""l wz-‘rl) ,

where the right hand-side of (2.13) can be absorbed by the physical dissipation & D(u), Ak ”H) provided that
Ck/(he?) < 1/2 holds (which is possible owing to (S’)). Again, as in Remark 2.3, the term h in (S") can be
changed by h* (a > 0) in 2D domains. O

Remark 2.4. Following in the case of using F.(d) instead of F.(d), if hypothesis (H4) is not imposed, then
we can only control the projection part E%HP,?(dZ‘H —d})||? of I3 from the arguments shown in the proof of
Lemma 2.1. Instead, the orthogonal part is estimated as

C h?
ST = PO = dp)|* < C S [IV(d;™ = dp)]*.

This bound can be absorbed by the numerical dissipation term \|V(d}™" — d}')||?/2 of (2.13), imposing h /e
small enough. Therefore, the a priori energy estimates proved in Corollary 2.2 also holds by replacing hypothesis
(H4) by h/e small enough. This fact will be noted in the numerical computations of Section 6.

2.3. Initial estimates

In order to get global stability estimates for scheme (1.15)—(1.18), we will need an initial estimate.

Lemma 2.5. Assume that hypotheses (HO) and (H2) together with (IE) hold. Then there exists a constant
Co > 0 independent of h k, and € such that

By, d)) < Cy and E(u,dy) < Cy. (2.14)

Proof. For instance, (2.14) can be guaranteed defining d% = I dy and u% = Jpug. Indeed, in view of the
stability of the interpolation operators Jp, and Ij, given in (H2).(c).(i)—(ii), there exist K1 > 0 and K3 > 0 such
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that \||Vdj|?/2 < K; and ||u}|?>/2 < K». Then, it suffices to bound )\fﬂ F.(d)) < K3 and \ [, F-(d}) < K3,
because then (2.14) holds defining Cp = K + K2 + K3. Since |dg| = 1 in Q, we have

1 2 1 2
[ rd = [ (ar - 1al) = 5 [ (o ) (do - )
< 4—€2||d0+d2\|%m Jldo — dj 1%

Now, using the approximation property (H2).(b).(2), the stability condition (H2).(c).(iii) and the constraint
(IE), we can find a positive constant K3 such that

h2
A/ E.(d) < 06—2||do||%n < K.
Q

The bound for \ [, F.(dj)) is similar. O

Remark 2.6. Notice that the initial estimate for the energy (2.14) has been possible because the vector d has
a vector with two or three components, hence there exists non-constant initial conditions dy € H 1((2) such
that |dp| =1 in Q. For instance, in 2D domains, it suffices to define dy(x) = (sin(0(x)), cos(0(x))) with 6(x) a
regular function.

2.4. Conditional stability (Proofs of Thm. 1.4 and Cor. 1.6)

It suffices to prove the local energy inequality (2.2) for all n = 0,..., N — 1 because in this case the global
energy inequality (1.20) and estimates (i)—(vii) can be deduced by adding (2.2) with respect to n and using the
bound for the initial data (2.14).

To prove (2.2) we argue by induction on n. Clearly, (u%,d%) satisfies the hypotheses of Lemma 2.1 (or

Cor. 2.2) for n = 0: B(u),d})) < Cp (or E(u%, d}) < Cp), then (2.2) holds for n = 0. In particular,
E (uh,d}) < B (uf,d}) <Gy (or E (uh,d}) < E (uf, d}) < Co).
Now, we assume that (uj,dy,) satisfies (2.2) for s = 1,...,n — 1. Adding (2.2) for s =1,...,n — 1,
E (u},d}y) < E (u,d)) < Co (or E (up,d}) < E (u),d))) < C’o) ;
which implies from Lemma 2.1 (or Cor. 2.2) that (2.2) holds for n.

2.5. Global estimates and weak convergence

Definition 2.7. Let uy o (respectively uh k. .) be the piecewise constant function taking the value uZH on

(tn,tnt1] (respectively wu}). Analogously, we define pj i, Wh ke, dhre and dh’k,s. Moreover, let uh’,aE €
C°([0,T); V) and dh ke € C°0,T); Dy) be the piecewise linear functions such that uﬁl’k,s(tn) = u} and
dh k.e(tn) = dy,, respectively.

With the previous notations, Theorem 1.4 (or Cor. 1.6) yields to the following stability estimates (independent
of (h,k,¢)):

Up ke s bounded in  L>(0,T; L*(Q)) N L0, T, Hy(Q)),
uﬁl,k,s, ug,k,s, are bounded in  L°°(0,T; L*(Q)),
dh ke d?hk,s, dpnr. arebounded in  L>(0,T; H'(Q)), (2.15)
wp ke s bounded in  L2(0,T; L*()) 2.16)
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Moreover, from estimates (iii) and (vi) of Theorem 1.4,
0 l . 2 72
Up e — Whke — 0 and Up e — Whke — 0 in L (O,T, L (Q)),

with the same convergences for dﬁl’k’g, d%k’g, dp . in L2(0,T; H(Q)).
By weak compactness results, there exist subsequences (denoted in the same way) of {uj , }nk.e,

0 l 0 . .
{unretnre {wppetnne {dnptnre {dnrctnre {dnretnre and {whpetnre and limit functions u,
d, and w satisfying the following weak convergences as (h, k,&) — 0:

W ke — win L? (0,7} H(l)(Q)) -weak and L* (0, T; Lz(Q)) -weaks,

uﬁl’k,s — u, ug’k’g —w, in L™ (0,T; LQ(Q)) -weaks,

dyp.—d dy,.—d dype—dinL>®(0,T;H(Q))-weaks, (2.17)

wh e — w in L?(0,T; L?(Q))-weak. (2.18)

3. COMPACTNESS FOR d AND u
3.1. Strong convergence for the director vector
By using the dual estimate (2.8) for the time discrete derivative of the director, we arrive at the following

Lemma 3.1. Under the assumptions of Theorem 1.4 (or Cor. 1.6), there exists C' > 0 independent of (h,k,¢)
such that

N-1 dn+1 o dn 2
kY || <C. (3.1)
oy, k L3/2(Q)

Note that (3.1) can be expressed as
8td2,k,€ is bounded in L2 (O,T; L3/2(Q)).

Therefore, from (2.15) and (3.1), a compactness result of Aubin-Lions type implies that there exists a subse-
quence of dlh’k’E (denoted in the same way) such that

d27k75 —d inC([0,T];L"(2)) as (k,h,e) — 0 for any r: 1 <r <6.
As a consequence of estimate (vi) in Theorem 1.4 and (2.15), one obtains
d?L’k,E, dnie—d inL?0,T,L"(Q) as (h,k,e) — 0, (3.2)
with 1 <r <6 and 1 <¢q < .

3.2. Strong convergence for the velocity

This section is devoted to obtaining the following compactness result for the discrete velocity
Uppe —w in L2 (0,7} L2(Q))-str0ng as (k,h,e) — 0. (3.3)

Let
V= {vh € X (V~vh,qh) —0Vaqne Qh}
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and consider A,;l : Vi, — Vi, the discrete inverse Stokes operator defined as
(VA;luh,VU;J = (uh,vh) Vo, € V. (3.4)
Notice that (3.4) is well-defined thanks to the Inf-Sup condition (H3).
Observe that ||V A; 'uyp| and |un|lv; are equivalent norms in V', (the dual space of V). Indeed, we take
vy, = Ay 'uy, in (3.4), then

IV AT wnll? = (wn, A7 un ) < Cllunllv, 945 Ml

whence

IVAL un | < Cllunlvy -

Conversely, we take any vj, € Vj, in (3.4), then
(uh,vh) = (VA;fluh,Vvh) < |IVA; Yunl [ Vo]l Yo € Vi
The dual definition of V7, provides [lus|ly; < VA, L.
Lemma 3.2. Under the conditions of Theorem 1.4 or Corollary 1.6, it follows that
T-96
/ [t k,e (E+0) = wp e ()3, At < Cot? ¥5:0<6<T, (3.5)
0
where C > 0 is independent of (h,k,¢).

Proof. Since uy, 1 is a piecewise constant function, it suffices to suppose that J is proportional to the time step
k, i.e., § =rk for any r =0, ..., N. Then, to obtain (3.5) it suffices to prove

N—r
k Z Hu;"“—um%,,h <C(rk)?, V¥Yr:0<r<N. (3.6)
m=0

Multiplying (1.15) by k& and summing for n =m,...,m — 1+ r, we have

m—1+4r m—1+r

(uZ”rr _ uhm,ah) =—k ng;n C(Uﬁyuzﬂ,ﬁh) vk ng;n (VunH,V'&h)
+ A kmfr ((Vdﬁ)t wi ah) +k mffr (pz+1’ V. ﬁh). (3.7)
n=m n=m

Setting s, = Ay, ' (u)"t" — ul) as a test function in (3.7), observing that

(i — g A ™ = )) = VAT (™ = )2



1450 F. GUILLEN-GONZALEZ AND J.V. GUTIERREZ-SANTACREU

(which is easily seen by taking wu, = uZ”T —up and up = A, 1(uzl+r u}') in (3.4)), multiplying by k, and
summing for m =0, ..., N —r, we get

N—rm—1+r

kZHVA w2 = k230N efup A (- ) )

m=0 n=m

N—rm—14r

+Vk;22 Z ( u" VA (ut — uhm)>

m=0 n=m (38)

N—rm—1+r

+>\]€2 Z Z ( Vdn n+1,A;1 (UZ”L+7‘ uhm))
m=0 n=m
= J1 + Jo + J3.
The right-hand side of (3.8) can be estimated as follows:

N—rm—1+r
J<CR Y > gl g s AR (up™ = ui?) o

m=0 n=m

Applying Fubini’s discrete rule, we infer that

N-1 n
TS CEY uplmllu ™ e > 1AL (™ =gl [,
n=0 m=n—r+1
where
0 if n <0,
n=+<n if0<n<N-—r,

N—rifn>N—r.

Finally, using the fact that || A}, *(w]" ™ — u})||z1 < [|uj**" — w}?||, Theorem 1.4, Hélder’s inequality, and that
[m—n—r+ 1] <r, we bound

_ _ 1/2 _ 1/2
n n n
k Z ||A ( m+r_'u,,T’)||H1 <C |k Z ”A ( m+r_u’7:1,)||%11 k Z 12
m=n—r+1 m=n—r+1 m=n—r+1
<C(rk)V%
hence
N—-1
JL<C k) PR uplm lup g < Clrk)'2
n=0

Once J; has been bounded, there are no additional difficulties in checking that Jo, < C (1 k)'/2.
From estimate (iv) of Theorem 1.4, J3 can be estimated as

N—rm—1+r

Js< ORIVl g AL (g™ = uil) = o

m=0 n=m
N—rm—1+r

<SORY Y it AL (it = gl o (o)

m=0 n=m
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Sobolev’s inequality shows that
145 (™ = ui)l e (0) < C AT up ™" —ui) [wir o)
with 7 > d, d being the dimension of §2. It is proven in [9], the following bound
AR (™" =) [wie o) < C AT u™" —ufl) [wir),

where A~! is the continuous Stokes resolvent. Thus, Sobolev’s inequality, H?(2) — W"(Q), with r < 6, and
hypothesis (H1) guarantee

AT (™ =)= (@) < CIAT (™" = ui) 2 () < Cllug™™ — wi. (3.9)

Therefore,

N—rm—14r

Js<CR Y Y i g™t — |

m=0 n=m

m—1+r

N—r 1/2
<k Yy [lup™ - (k > IIwZ“HQ) (rk)'/? <C(rk)"/?.
m=0 n=m

Finally, we conclude that

N-—r
B IVA gt — )P < O (rk)V?,
m=0

which is equivalent to (3.6), due to the fact that |V A, ‘|| and |luy, [v; are equivalent norms. Then, the proof
of Lemma 3.2 is finished. 0

The first idea to obtain compactness of the discrete velocities {wp ke } 1.k, is to use the following compactness
result (due to Simon [23]):

Lemma 3.3. Let X — B — Y be three Banach spaces with continuous imbeddings, with the imbedding X — B
compact. Then the following imbedding is compact

LU0, T; X) N {p € LU0, T;Y) : [|p(t + 6) — (8|l Lago,r—5:v) < C 0%} — LI(0,T; B), (3.10)
for1<g<ooand<a<l.

But one observes that the fractional time derivative estimate for the discrete velocities (3.5) has been done in
the norm V7, which moves with respect to the space parameter h. In these conditions, the previous result does
not work.

The following idea is to find a fixed norm where the fractional time derivative can be bounded. For this, we
consider the orthogonal Stokes projector Ry, : Vi, — V defined as

(V(Rhuh — uh),VU) =0, YveV.

We will use here the following properties of Rp:

° Hl(Q)—stability : HRhUh”Hl(Q) < HUh”Hl(Q).
° LQ(Q)-error estimate : HRhuh — uhHL'z(Q) < OhHV . uhHLz(Q).
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Indeed, setting v = Rpuy as a test function, the estimate || Rpun| 1) < [|[unll g () is easily obtained. To prove
the L2(2)-error estimate, we consider the following Stokes problem: find (¢, x) € (VNH?*(Q)) x (L3(Q)NH'(Q))
such that

{ —Ap + Vx = Ryup, —uy, in 2, (3.11)

V.p=0in 2, ©=0 on 0.

Multiplying (3.11) by Rpup — up, and making use of the definition of Ry, gives

| Rnun — up||* = (X,V' (Rpup — Uh))-
In view of uj, € V, and Rpuy € V, the previous equality becames

HRhuh - 'LLhH2 = - (X - Kth V- 'LLh),
where Kpx € @), is the interpolation operator defined in hypothesis (H2). Thus, using the approximation
property (H2).(b).(ii) and the H?-continuity of the Stokes problem (3.11) given in (H1), |||l m2(q) + || x|l 1) <
C||Rpup, — upl|, one has

[Rpwun —un|? < [Ix = Knx|[ |V - unl < Chlxll @IV - unll < Ch||Rpwp, — un|l |V - unl;

hence the error estimate ||Rpup — up|| < Ch||V - upl| holds.

Next, we will prove that | Rpup ||y < C(Huhﬂvfh +h ||Vuh\|> For this, we define the orthogonal L? projector
13}? : V — V), defined as (13}?1; — v,vh> = 0 for all v, € V. Indeed, for any v € V:

(Rhuh,'u) = (Rh,uh — uh,v) + (uh,ls;?v) < Ch|V -upll ||v|| + (uh,ﬁ,?'u).

The definition of dual norms in V' and V', jointly to the stability property || P2v]|| < |jv|, gives

(uh,ﬁ}?v> < Ch|V-up||+C sup M;

|Rrunllv: < Ch ||V - upl| + sup <
vev  |[v]lm vnevy,  lvnll

hence,
|Ruwnllv: < C (B - unll + llunllv, )

Taking up = UZHT — u}* and using (3.6), it follows that
N—r N—r N—r
B IR (up™ = w5 < Ck Y up™ —uid [, + ChPk Y IV - (up ™ —ufl)||?
m=0 m=0 m=0

<C(rk)2 +Ch2.
This inequality can be written as
T-6
/ | Rntn e (t+8) — Rnwne(8)]2 dt < C5Y2 4 C 12,
0

We observe that the previous fractional time derivative does not satisfy the hypotheses of compactness of
Lemma 3.3, because of the additional term C h? on the right-hand side of the previous bound. For this reason,
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we use the following “compactness by perturbation” result due to Azérad and Guillén [2]:

Lemma 3.4. Let X — B — Y be three Banach spaces with continuous imbeddings, with the imbedding from
X to B being compact. Let {fc}eso be a family of functions of LP(0,T; X),1 < p < oo, with the extra condition
{fe}eso C C(0,T:Y) if p= oo such that

(C1) {fc}eso is bounded in LP(0,T; X),
(C2) || fe(- +6) = feOllLro,my) < ©(8) +1b(e) with

lim (0) =0, lim¢(e) = 0.

Then, the family {fc}eso possesses a cluster point in LP(0,T; B) as € — 0.
Therefore, if we select X = V, B = H and Y = V’, then there exists u € V such that Rpuppe — u in
L%(0,T; L*(Q))-strong as (k, h,e) — 0. To conclude, we prove (3.3). Indeed,

[wn ke — wllz20,m:2(0) < [Uhke = Batnkellzz0,m:020) + [ Batthke — ullz20,7:02(0)

< Ch + HRhuh7k-7g — u||L2(O,T;L2(Q)) — 0 as (h, k‘,c‘?) — 0.

Remark 3.5 (Convergence to the Ginzburg-Landau model). Fixed ¢ > 0, the convergence of
scheme (1.15)—(1.18) to weak solutions of the penalized problem (1.4) (as in Def. 1.3) could be proved by
using the compactness of {dj 1} in L2(0,T; H'(£2)) (see [3,8] for the convergence as (h,k) — 0 for other
semi-implicit schemes). To prove this compactness, we observe that

" C
lAndy M2 < o 12 4+ =5 (g 51 ) + i),

where Ay, is the discrete Laplacian operator. Multiplying by & and summing up over n, using estimates (2.15)
and (2.16), it yields

N—1 c

Bl And™ P <

n=0

Finally, we can use a compactness result established in [3], Lemma 2.4 in order to deduce
dy e —d. inL%0,T; H'(Q)) as (h, k) — 0,

where d. will be, jointly to u. (a limit of {up i}k as (h, k) — 0), a weak solution of the penalized problem (1.4).

It is clear that this argument is not useful to pass to the limit as (h, k,€) go to zero.

4. CONVERGENCE TOWARDS THE DIRECTOR SYSTEM (1.1),

From now on, we will consider the truncated potential F. and its corresponding functional }E defined in
Remark 1.8 instead of F. and f,, respectively. The reason for this modification will be explained later on, see
Remark 5.3.

The convergence for (1.17)—(1.18) is based on the following result, whose proof can be found in [5], Lemma 2.2
without the convective term (see also [15], Lem. 7.1).

Lemma 4.1. The next two systems are equivalent at least in a weak sense:
od + (u-V)d —yAd —~|Vd*’d=0 inQ, (4.1)

and
ldl =1, ddAd+ (u-V)dAd—~V-(VdAd)=0 inQ, (4.2)

where (Vd A d)” = (8Zd N d)J
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4.1. Checking (4.2),: |d| =1

Since
min {(|d2 — 1)%, (|d - 1)2} = (|d| - 12, VdeRY,

then

max / (Jdn po ()] — 1)2dz < 42 max / F(drt) < 022 0,
tE[O,T] Q n ]

as (h,k,e) — 0, i.e.
|dp ke(t, )] — 1 in L°°(0,T; L?(2)).

On the other hand, from (3.2) for ¢ = r = 2,
|dhkel = |d] in L*(Q).
From these last two convergences, |d| = 1 is deduced.

4.2. Checking (4.2)p

Next, we would like to write the discrete weak formulation of equation (4.2); starting from (1.17) and (1.18).
Indeed, we consider wj, = PPw into (1.17) for any w € L*(Q), with P being the L?(Q)-projector onto Wy,
and use that d}"! — d} € D}, € W, (due to hypothesis (H4)) to obtain

dn+1 o dn
hTh + P2 ((up™ - V)dy) +ywi Tt =0 in Q. (4.3)

Taking the vectorial product of (4.3) by dZH,

hTh AP 4+ PR((up™ - WA Adp T b ywl T AT =0 in Q.
Next, multiplying by any test function dj, € Doy, we infer the discrete weak formulation

dn+1_ mn _ _ -
(Bt naan )+ (PR D A ) o (wp aara) =0 (0a)

on which we will pass to the limit once the last two terms have been rewritten. For this, let us consider the
equality
(wAd,a) - (w,dm‘t) Vw,d,d c R

To start with, we treat the last term in (4.4). To fix ideas, we want to obtain a discrete version of the continuous
identity

(w Ad, {1) = (AdAd,d) = —(Ad,dAd) = (Vd,V(d A d)) = (Vd A d, Vd), (4.5)
where the hypothesis f_(d) A d = 0 given in (1.22) has been used.

Taking Q}L(d;:‘H Adp) € Dy, as a test function in (1.18), with @} being the orthogonal Hé(Q)—projector
onto Dyy,, one has

(Ve QL ndn)) + (F.(d), Qb Adn)) = (with QL(di™ Ad)). (4.6)
Using the discrete lifting function Eh € Dy, with Eh|aQ = [, defined as

(v&h,v&h) —0 Vdy € Doy
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and the equality (VdZ'H, v(d;t! /\c_ih)) = (VdZJrl Adpt Vc_lh), the first term on the right-hand side of (4.6)
is written as

(Ve vabdr Adn)) = (V(di™ = dn), VO A d)) + (Vi VL A di))
= (V! —dn), V(dt Ad))
_ (Vdn+1 dn+1 th> _ Rg“ (4.7)

where

Ryt = (Vv (@i ndy) ) = (7 (dn— ),V (di ' Ady) )

with d the (continuous) lifting function defined in (1.19).
From (4.6) and (4.7), we obtain the following discrete version of (4.5):

(Ve At V) = (witt Adi ) + Ry R R Ry (4.8)
where
R = (wit, Q) (dt Ady) — (& Ady) ),
Ryt = —(ﬁ(dﬁ)» Qi (di' Ady) —di ™ A ah)
and

Ry = = (Fu(di) it ndy) = = (Fu(dp). (! = dip) A di)
owing to f_(d}') A d} = 0. Now, we write
(PR ((wp ™ V) i) A ™ ((uh ™ V) dif) AT dy) = B (4.9)
where
R = (g™ V)dy = PR - )di) Adi ™ dn ) = ((uit - V)di di ™ Ay — PO A dy)).

Then, applying (4.8) and (4.9) in (4.4), we have

kz u + (V) dp | At d v At vd
Uy, hh>h+'7(hAhah)

N-1
=k Z ol (R[}H + R4 R4 Rn+1) R = Ry (4.10)

n=0

which is a discrete weak formulation of (4.2).

As mentioned, our intention is to pass to the limit in (4.10) to obtain (4.2),. For this, we are going to
rewrite (4.10) with global time-space functions. Let d € C°([0, T]; Hy(22) N W2(Q) n W1>°(Q)) and consider
d; = I;,(d(t,)). Then, by (H2).(b).(v) and (H2).(b).(vi), we define dy, x(t) = ZH for all t € (ty,t+1] to obtain

dny —d in L0, T; W3(Q) N L>=(Q)) strongly.

This test function dy, , and Definition 2.7 allow to rewrite (4.10) as

T
/ ( [Ovdp e + (Wh e - V)dg,;@g] Ndp e, ah,k) + (th,k,e Ndp e, vah,k) = Rp ke
0
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where the reminder terms are collected in the term Rj .. Since the left hand-side passes to the limit as
(h,k,e) — 0 in a standard manner from the weak and strong convergences already obtained, we just analyze
that the residual term Ry, . goes to zero as (h, k,€) go to zero.

In order to bound Rj™, we consider the following error estimate [6]:

IV(d —dn)| < ClIV(d ~ SZu(d))]| < C hld]|n2(0;
hence Rp™ < C'h. On the other hand, we can bound R} as
Ry < C o Vgl By A dll < O B2 (uy ™l

From the approximation inequality ||d — Q}d|| < C'h||d| s for all d € H{(Q) (which can be obtained by a
duality argument by using the approximation inequality (H2).(b).(iv) and the stability property (H2).(c).(ii)),
one has

i A dn — Quldy ™ Adn]ll < CRldy™ o) ldnllwra@)nz=(@) < Ch.

Then, from || f_(d})| < Ce Y[, Fe(dp)/? < Ce™tin R + REH it is easy to prove the bounds

ldy " — dyll

h
R < Chlwit|, Ryt< ¢~ and Rt <C .

Therefore, from the above bounds jointly with the energy estimates k ZnNz_Ol (‘|u2+1”§_11 + ||'w2+1||2) < C and

the numerical dissipation estimate ZnNz_Ol |dp ! —dj!||?> < O, one has

h k1/2
Ripe < Ch+0% LORY? 0 as (hke) — 0,

due to hypothesis (S) and (C).
In conclusion, we get that the limit function (u, d) satisfy (4.2),. Therefore, (4.1) holds.

5. ON THE CONVERGENCE OF THE MOMENTUM SYSTEM

Since we do not have any estimate for the discrete pressure pZH, we must choose a discrete test function

which eliminates the pressure term.

Lemma 5.1. Let v € C2°(Q). Then there exists vy, € X, such that
v, — v in Wé’oo(Q) and (V . vh,qh) = (V . v,qh) Yan € Qhn.

A proof of this lemma can be seen in [8] when the IP;-bubble approximation for the velocity is considered. In [12]
the same type of result is proved for a generic “inf-sup” stable approximation but for a convergence in the H ! (Q)-
norm. Some minor changes can be introduced in order to get the convergence in the W1’°°(Q)—n0rm when the
P, approximation is considered, by using the inverse inequality ||Vt 1) < C h=3/2||Vay|| for all uy, € X,
and the approximation properties ||& — Jy@t|lw1.0(0) < Ch'Y2|1| g3y and ||@ — Jptt| 1) < C A2 || 20
for all Va € H*(Q).

We consider v € C2°([0,7T'); V). Let v} be the projection of v (") furnished by Lemma 5.1. We define v, €
L>(0,T;V},) as the piecewise constant functions taking values v}'*! on (t,,,,41] and vﬁl’k € C%[0,T); V) as
the piecewise linear, globally continuous functions such that vﬁl’k(tn) = v}. It is known that, as (h, k) — 0,

Ve — v in L0, T; W™ (Q)), v, — v in Whe(0,T; Wy™(Q)).
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Taking u), = UZH as a test function in (1.15), multiplying by k, summing over n and using the equality (which

is a discrete integration by parts in time)

N-1 N-1
n+1 n+1\ _ (. N . N n41 n 0 ,.0
( —up, vy ) = (uh 7'Uh) - E (uhv"’h - ”h) - (uha”h)
n=0 n=0

and the fact that v = 0 (since v(T') = 0), the following formulation holds:

n+1 v N—-1
—k Z ( " 7”) +rk Y (Vuptt vopth)

n=0
N—1
+h Y { (up, up ™ ot — ((Vd”) p vZH)} = (uf,v}) .
n=0
Next, taking into account Definition 2.7, the above equality reads

T T
- /O (ug’k,s(t),&vz’k(t» dt + v /O (vuh,k,g(t),vuh,k(t)) dt

+f (a0, 01 0)) = A((T o) 0101, 00, )) } = ().

At this point, we will only pass to the limit in the more conflictive term

- /OT ((Vd(l)z,k,e(t))twh,k,e(t)v'Uh k ) =k Z ( (Vdp) wp ™ a ), (5.1)

where, for simplicity, we denote w;, = vh+1 The treatment of the rest of the terms are rather standard in the
Navier-Stokes framework.
Let 2} = w™ — f_(d}}). Then, scheme (1.18) is rewritten as (VdZH,th) = (zZH,dh) for each

dy, € Dy),. That is, dZ‘H € Dy, is the solution of the problem
~Apdp Tt = Q0 (2 inQ,  dptt =1, onoQ, (5.2)

where Ay, is the discrete Laplacian operator and @9 is the L?-projector onto Dgp. This problem induces to
define d"**(h) € H*(f) as the solution of the non-homogeneous Dirichlet problem

~Ad"N(h) =2} inQ,  d"T'(h)=1 ondQ. (5.3)

Comparing problems (5.2) and (5.3), the following error estimate holds [6]:

V@™ (h) = V™ < Ch (23 + Ul s/ o) - (5.4)
Recall that we have that || £ (d)| < g”ﬁs(dﬁ)HlL/lz(m holds from (1.23). Then, by the definition of 2}*! =
witt — f.(d}) and from estimate (vii) of Theorem 1.4, we obtain

Iz < fleo +C (5.5)
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From inequalities (5.4) and (5.5), we see that
|Vd™ (h) — Vd | < Chllw) ™ +C§ + C h- (5.6)
On the other hand, each term on the right hand-side of (5.1) may be rewritten as:
— (V) wittan ) = (V) Ad (k) wn) — (Vi)' Fo(dp), @)
= (V)" A (h),w) — (VA" (h) — Vd"“)tz"“,ah)
— (vt = V) 2 wn) — (V) Fu(dy) ) = ZJ" (5.7)
Using the fact that
1
(VA" (1) Ad™ T (h) = V- (VA" () V™ (h) = SV (IVd" " (h)[?)
and integrating by parts, the term I of (5.7) may be rewritten as:
n __ n+1 t n—+1 — 1 n+1 2 — N n
= —((Vd (h)'vd (h),Vuh) + 5(\% (R, V- u,,,) = 04
Next, we handle JJ* until finding the discrete term — ((VdZJrl)tVdZH, Vﬁh> as follows:
o= _((Vd;;“)th“, Vah) + ((Vd;;“)t(wzﬂ —vd" (b)), Vﬁh)
+ ((Vd”“(h) — VAT VA - vd (b)), quh)
+ ((Vd;;“ —Vd T (h)' VA, vah)
3
== (Vv Van) + > K
i=1
Finally, the term I} of (5.7) takes the form (see (1.9))
(V) Fodp),un) = —(VE-(dp) ) = (Feldp), V- ).

The above information allows us to obtain the following discrete integration by parts in (5.7):

((Vd”) n+1 a,,,) ((Vd”“) \Zan Vuh) + ZI” + ZK" Ty (F“E(dZ),V : a,,,).

i=1

Then, (5.1) is expressed as

T N—-1 3 3
_ /0 ((th’k’g(t))tth’k’E(t), vh,k(t)) dt+k > (Z KM +> I+ J2">
n=0 \i=1 =2

+h Z ( IVd" L (h)|? + F(d}), V - v;;“).

(5.8)

Notice that the more singular term is (Vdy, 4 -(t))'Vdy, 1. (t) which is only bounded in L>(0,T; L*(Q)). The
following result help us to determine its limit (see [20], Chap. 12).
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Lemma 5.2. Let A™ : Q — R be a uniformly bounded sequence in L2(Q), Then there exist a measure
pw € M(Q) and a subsequence of A™ (relabed of the same manner) such that

|A™2 =y weak—* in M(Q).

Moreover, there exists a weak-x p-measurable mapping (x,t) € Q — Mg, € Prob(RY*%)) such that, for a
equally relabed subsequence of A™,

/Q((Am)tAm)(as,t)mp(a:,t) da:dt—>/@gp(ac,t): (/R |y‘2szt( )) du(a, 1)

for all p € C([0,T); C(£2))4*4.

In our case, we can apply Lemma 5.2 for m = (h, k,e) and A™ = {Vdj, ..} bounded in L*(Q).
Thus, we can find p € M(Q) and M4, € Prob(]RdXd) such that

vy
/ (Ve 1)V r.) : Vony dadt — / Vo ( / YY M, (y )) du(e, 1)
Q Q R

dxd \y|2
as (h,k,e) — 0. Indeed,

/ ((th’k’g)tth,k,g) : V’Uh’k daxdt = / ((th,k,g)tth’k’g) : V(vh’k — v) dadt
Q Q

+/((th,k,e)tth,k,g) : Vo dadt.
Q

The first term on the right-hand side tends to zero (because Vup j — Vo in L*(Q)) and the second term

converges, by Lemma 5.2, to / Vo : / v Zde +(y )) dp(z, t).
Q Rraxa [Y]
Then, all that remains to prove is that the rest of the residual terms of (5.8) go to zero. First, the last term

k Z ( |Vd"(h)|? +ﬁ5(d;;),v-vg+1) ~0

because of V-v — 0in L(0, T; L(2)), and [Vd™ " (h)|? and F.(d}}) are bounded in L'(0,T; L*(€)) (from
(5.6) and estimate (vii) of Thm. 1.4, respectively).
Now, we consider the term K7

N—-1 N—
k Z K'=k Z ( dn+1 dn+1 . Vdn+1(h)) ,VUZ+1) =Gy

In virtue of estimate (v) of Theorem 1.4 and (5.6), we bound it as:

N-—-1

61 <Ok Y (W42 +0) [V} oy < Ch O 2

n=0

and hence Gy — 0 as (h, k,e) — 0 owing to (C). The convergence for the term K¥ is to verify since it is similar
and simpler than that of the term KJ'.
Now, we treat the terms I3 and I3 as follows:

k Z Iy = Ak Z ((Va(n) = vdy) 2 optt) o= G
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and
N—1 N—1
t
RIS =AY (Ve = V) 2t ot = G,
n=0 n=0

Thus G5 and G3 can be bounded by applying (5.5) and estimates (v) and (vi) of Theorem 1.4, as

N—-1
G <Ck Y _ (VA" (h) = V|| |z | 1o |1 ()
n=0
N-1 N-1 h h
+12 +12
SChk Y lzp™MP<Chk > lwp| +C 5 <Ch+C 5
n=0 n=0
and
N—-1
Gy <Chk Y |[Vdy™ = V|| Iz | [op ™ o (o)
n=0
N-1 /2 , N1 ) 1/2 L2
<Ck1/2 Vdn+1_Vd7’l 2 k n+12 - <Ck1/2 C
< > Iva; A > (it ) ) <oweo—

and hence G2 — 0 and G5 — 0 as (h, k,e) — 0, owing to (C) and (5’), respectively.
Then, the proof of the convergence result, Theorem 1.7, is finished.

Remark 5.3. In order to control the term Gs, we have had to consider the penalty potential ﬁ: for which
the inequality ||f.(d)| < Ce_lHﬁE(d)HlL/lz(m holds. This estimate is the key to controlling z*" in term of
wZH and d), depending on a reasonable power of €, and therefore to making the term G2 to go to zero. In the
non-truncated case this convergence of G2 to zero is not clear.

Remark 5.4. In two-dimensional domains, the likely existence of defect points implies that the director has
infinite energy in the limiting Ericksen—Leslie equations, hence the definition of weak solutions does not make
a sense. On the other hand, in three-dimensional domains, defect points have finite energy, and weak solutions
may be well defined.

6. NUMERICAL SIMULATIONS

The numerical experiences that we will study in this section were extracted from [18] which are also performed
in many other works as in [3,16]. These tests show the behavior of the two defects (or singularities) of the director
vector field.

We have used the penalty function F.(d) (without truncating) and computed all the numerical simulations on
the two-dimensional square 2 = (—1,1) x (=1, 1). As used in [18], physical parameters are set as A = v =y =1,
the penalty parameter is set to € = 0.05, and the initial velocity is zero and the director vector is taken to be

do = 3/ \?1|2 +0.052, where d= (2 + 9% —0.25,7).
As shown Figure 1, this director vector has initially two defects at (£1/2,0) (points in which d= (0,0)). The
boundary condition for the director vector are take to be time-independent and equal to do/|dp| on 2.

In order to avoid to compute the pressure in a zero-average finite space, we introduce a penalty term into
the discrete free-divergence term, i.e., (1.16) is replaced by

(V . u2+1’]3h) +5(p2+1,ph) —0 V€O
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FIGURE 2. Snapshots of uy, - (t) at times ¢ = 0.2, 0.3, 0.4, 0.5.

where § is chosen to be 107%. To solve the resulting algebraic linear system from our mixed formula-
tion (1.15)—(1.18), we use the LU direct solver.

For the first simulations, the velocity and pressure (u,p) are approximated by using a pair of finite element
spaces known as the mini-element (IP; + bubble, P1) (which satisfies the Babuska-Brezzi condition (H3)). The
director vector and the auxiliary variable (d, w) are computed by using the pair of finite element spaces (P, P;)
agrees with condition (H4). We use a uniform triangular mesh on a 32 x 32 grid (h = 1/16), and the time
interval [0, 1] is divided into 400-time steps (k = 1/400). Note that k = £ which is agreed with hypothesis (5)
(see Rem. 2.3 for 2D domains) but h = 0.0625 is bigger than €2, hence convergence constraint (C) does not
hold.

We show the evolution of the two defects at times ¢t = 0.2, 0.3, and 0.4, in Figure 1, and the evolution of the
velocity field at times ¢t = 0.2, 0.3, 0.4 and 0.5, in Figure 2 (note that the elastic tensor AV - ((Vd)'Vd) causes
a velocity moving the defects along the axis x = 0).

We observe that the annihilation time is around ¢ = 0.33. This time is bigger than those obtained in [18]
(t ~ 0.25) and [16] (¢ = 0.26), see Figure 1, where the penalty term is treated in an implicit or semi-implicit
manner, respectively. The dependence of this annihilation time with respect to the elasticity constant A > 0 can
be seen in [17], varying this annihilation time approximately between 0.19 for A = 10 and 0.28 for A = 0.1.

The annihilation time obtained with our scheme can be improved by considering a smaller time step; for
instance, the annihilation time is between ¢ = 0.27 and t = 0.28 by taking k = 5 x 10~° (and the same occurs
for the scheme given in [16]). It seems to be that this fact is related to the bigger approximation error of the
explicit time integration of the penalty term as against the other implicit or semi-implicit treatments.

On the other hand, all the previous annihilation times are smaller than the ones obtained in [3] (¢ =~ 0.5),
where a different (Neumann instead of Dirichlet) boundary conditions for the director vector field is considered.

We can observe that our linear coupled scheme is stable (with decreasing discrete energy). Snapshot 1 in
Figure 3 shows the behavior of the kinetic energy, Egin = % Jo lup ! (x)|? dz, and Snapshopt 2 in Figure 3
shows the elastic energy, Fejqs = %fg |VdZ+1(a:)\2 da, the penalty energy, Epe, = %f(z FE(dZH(a:)) dx, and
the total energy I = Ejyin + Felas + Fpen-
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FIGURE 4. Kinetic, elastic, penalty, and total energies in [16].

We now compare the energy decay between scheme (1.15)—-(1.18) and the scheme given in [16], which uses the
standard piecewise quadratic element, Py, for both the velocity and the director vector, and piecewise linear
elements, Py, for the pressure. At the beginning of the simulation, we observe (see Snapshots 1 and 2 in Fig. 4)
an oscillatory behavior of kinetic, elastic, and penalty energies which could point out that the scheme presented
in [16] is less robust with respect to the stability than our approximations.

Concerning the numerical results in [3], we observe that the behavior of the different energies is quite similar
despite the authors in [3] took Neumann boundary conditions for the director vector field. The only different is
with respect to the size of the kinetic energy.

Figure 5 shows the behavior of the L?-norm of wZ“, which represents how far our numerical director is from
an equilibrium solution, because wﬁ“ is a numerical approximation of the critical point equation for the elastic
energy. We can also observe that the dynamic of the annihilation produces an instantaneous increasing of this
measure.

In order to be more precise regarding stability constraints, we have changed the finite element approximation,
considering now on a uniform 16 x 16 mesh, (P2, P;) for the velocity and pressure (which again satisfies the
Babuska-Brezzi condition (H3)), and either (Py,P3) or (P2,Pg) for the director vector and the auxiliary
variable (d,w) (the first case satisfies (H4) and the second one does not). Both choices are numerically stable
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FIGURE 5. L2-norm of wZ“ vs. time.

(with a decreasing energy) for & = 0.003, which is agreed with Remark 2.4, although small oscillations in the
kinetic energy are observed. But, for this same k& = 0.003 and for (d,w) being approximated by (P2, P;), the
scheme becomes unstable.
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