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Abstract

We propose arobust and efficient augmented Lagrangian-type preconditioner for solv-
ing linearizations of the Oseen—Frank model arising in nematic and cholesteric liquid
crystals. By applying the augmented Lagrangian method, the Schur complement of
the director block can be better approximated by the weighted mass matrix of the
Lagrange multiplier, at the cost of making the augmented director block harder to
solve. In order to solve the augmented director block, we develop a robust multigrid
algorithm which includes an additive Schwarz relaxation that captures a pointwise ver-
sion of the kernel of the semi-definite term. Furthermore, we prove that the augmented
Lagrangian term improves the discrete enforcement of the unit-length constraint.
Numerical experiments verify the efficiency of the algorithm and its robustness with
respect to problem-related parameters (Frank constants and cholesteric pitch) and the
mesh size.
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1 Introduction

Liquid crystals (LC), first discovered by Reinitzer in 1888 [46], are materials that can
exist in an intermediate mesophase between isotropic liquids and solid crystals: they
can flow like liquids while also possessing long-range orientational order. Based on
different ordering symmetries, Friedel [25] proposed to classify them into three broad
categories: nematic, smectic and cholesteric. The nematic phase is the simplest and
most extensively studied form of LC, where the molecules locally tend to align in one
preferred direction, described in this work by a director field n : £2 — R3. In the
smectic phase, the molecules exhibit orientational order but also organize themselves
into well-defined layers that can slide over each other. In the cholesteric phase, also
referred as the chiral nematic phase, the molecules are arranged in layers, each of which
is rotated with a fixed angle relative to the previous one. The distance over which the
layers rotate by 27 is referred to as the cholesteric pitch gg. A nonzero parameter
qo indicates chirality, while a zero value of gg represents a nematic phase. Since the
orientational properties of LC can be manipulated by imposing electric fields, they are
often used to control light and have formed the basis of several important technologies
in the area of display devices. Several thorough overviews on LC modeling and its
history can be found in [5,12,52].

There are several models describing LC, e.g., the Oseen—Frank, Ericksen and
Landau—de Gennes theories. The Oseen—Frank model [24,42] is commonly used for
the equilibrium orientation of liquid crystals. It employs a director n : 2 — R3 as
the state variable and minimizes a free energy functional. By definition, the director
is a unit vector denoting the average orientation of the molecules in a fluid element at
a point and headless in the sense that n and —n are indistinguishable. The free energy
functional depends on Frank constants that describe the relative energetic costs of
various kinds of distortions. We refer to [15,19] for other continuum models such as
the Ericksen and the Landau—de Gennes models. In this work, we will focus on the
continuum Oseen—Frank theory. The key difficulty is that enforcing the unit-length
constraint n - n = 1 with a Lagrange multiplier leads to a saddle-point system, which
poses challenges because of its poor spectral properties. Several classical techniques
regarding the solution of saddle-point problems are reviewed and illustrated in [10].

There are several existing works concerning preconditioners for Oseen—Frank mod-
els of nematic LC. For the saddle-point structure of harmonic maps (arising when
all Frank constants are equal), Hu et al. [32] propose to use a block-diagonal pre-
conditioner, consisting of a symmetric and spectrally equivalent multigrid operator
and a discrete Laplacian operator. Ramage and Gartland [44] consider the case of
an electrically coupled equal-constant nematic LC and combine a discretize-then-
optimize approach with projection onto the nullspace of the discrete constraint to
reduce the size of the linear system. The projected problem is then preconditioned
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with a block-diagonal preconditioner. Furthermore, a number of other precondition-
ers are discussed and analyzed in [7,8] for double saddle-point systems arising in
both potential fluid flows and electric-field coupled nematic LC. Concerning the dou-
ble saddle-point structure, a class of Uzawa-type methods, which can be interpreted
as generalized Gauss—Seidel methods, and an augmented Lagrangian technique are
studied in [9]. It is shown that the applied augmented Lagrangian form is mesh-
independent and the performance of the iteration can be improved by increasing the
value of y. These references also apply the discretize-then-optimize approach to tackle
the pointwise unit-length vector constraint. In this paper, we will employ the optimize-
then-discretize strategy and enforce the unit-length constraint on the continuous level.
As an alternative to block preconditioning strategies, monolithic multigrid methods
for the nematic problem have been proposed using Vanka [1] and Braess—Sarazin [3]
relaxation.

There is less work on preconditioning for cholesteric LC. A damped Newton method
with LU decomposition was applied to the bifurcation analysis of cholesteric problem
in [18] with good results, but no discussion of preconditioners is presented.

In this paper, we propose to enforce the unit-length constraint with an augmented
Lagrangian approach to help control the Schur complement arising in the saddle-point
system. When combined with specialized multigrid schemes, augmented Lagrangian
strategies can yield scalable, mesh-independent, and parameter-robust precondition-
ers. A notable success is the development of Reynolds-robust solvers for the two-
[11,41] and three-dimensional [21] stationary Navier—Stokes equations.

This success motivates the investigation of whether similar ideas can underpin
robust solvers in the LC case.

The main contribution of this work is the development of a robust multigrid solver
for the augmented director block and an effective Schur complement approximation
for the linearization of the cholesteric Oseen—Frank equations. The robust multigrid
strategy is motivated by the general theory of Schoberl and Lee et al. [35,49,50]. We
develop a multigrid relaxation scheme that captures an approximation to the kernel of
the semi-definite augmentation term and account for this approximation in the spectral
analysis. Furthermore, a proof of the improvement of the discrete constraint is given
and verified numerically. A key difference to previous applications of these ideas in
linear elasticity and the Navier—Stokes equations is that the constraint to be imposed
on the director is nonlinear.

This paper is organized as follows. The Oseen—Frank model is reviewed in Sect.
2 and the solvability of the discretized Newton linearizations is briefly analyzed. The
augmented Lagrangian strategy for enforcing the unit-length constraint is discussed.
A Picard iteration is proposed for solving the augmented nonlinear equations. We then
give a theoretical justification of the continuous and discrete augmented Lagrangian
stabilizations in Sect. 3. This further leads to our choice of the approximation to the
Schur complement matrix arising from the Picard iteration. In Sect. 4, we prove that the
augmented Lagrangian strategy improves the discrete enforcement of the constraint.
A robust multigrid algorithm for the augmented top-left block is discussed in Sect. 5
which also includes a formal spectral analysis of our preconditioner with the property
of the approximate kernel. Numerical experiments in two-dimensional domains are
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610 J. Xiaetal.

reported in Sect. 6 to verify the effectiveness and robustness of our proposed augmented
Lagrangian preconditioner. Finally, some conclusions are presented in Sect. 7.

2 Oseen-Frank model

Let 2 ¢ R?, d = {2, 3} be an open, bounded domain with Lipschitz boundary 852 and
denoteH;,(.Q) ={ve HY(2:R3): v]se = g} withavector fieldg € HY2(582:S?).
Here, S? represents the surface of the unit ball centered at the origin. Assume that the
cholesteric LC occupying the domain §2 is equipped with a rigid anchoring (Dirichlet)
boundary condition n|ye = gl. The Oseen—Frank model (cf. [24]) considers the
following minimization problem:

min J(n)=/ W (n)dx,
2

neH} (2) 2.1
subjectton-n =1 ae.,
where the Frank energy density W (n) is of the form
W(n)=7(V~n) +7(n-(V><n)+qo) +7|n>< (V xm)|
2.2)

+ 2 () — (7w,

where tr(-) denotes the trace of a matrix, K; € R (i = 1, 2, 3, 4) are elastic constants
(called Frank constants) and qo > 0 is the preferred pitch for the cholesteric. K1, K>,
K3, and K4 are referred to as the splay, twist, bend, and saddle-splay constants, respec-
tively. Note here Vn is matrix-valued and (Vn)? denotes the matrix multiplication of
the matrix Vn and itself.

If K1 = Ko = K3 = K > 0and K4 = 0, the energy density (2.2) reduces to the
so-called equal-constant approximation, with energy density

W(n)—E |Vn|? + 2gon - (V 2
—2[ gon - ( xn)+t]o],

which is a useful simplification to help us gain qualitative insight into more complex
situations.

Remark 2.1 When ¢g¢ = 0, the energy density (2.2) corresponds to the nematic case.
Furthermore, when combined with the equal-constant approximation, (2.2) reduces to

K 2
Wn) = 5|Vn| . 2.3)

! The following theory also applies with mixed periodic and Dirichlet boundary conditions [2,6], which
we shall use in some numerical examples.
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With this free energy density, the solution to the minimization problem (2.1) is unique
and is known as the harmonic map from a two- or three-dimensional compact manifold
to S2 [36]. Some fast numerical algorithms for (2.3) have been proposed and tested in
[32].

The last term (the saddle-splay term or the null Lagrangian) in (2.2) can be dropped
as its integral reduces to a surface integral, which is essentially a constant if applying
Dirichlet boundary conditions to the model, via the divergence theorem. For mixed
periodic and Dirichlet boundary conditions considered in Sect. 6.2.1, we can verify
directly that this saddle-splay energy vanishes. Hence, for simplicity, it suffices to
consider the following Frank energy density

K 5 K> 2 K3 2
W(n)=7(V~n) +7(n-(Vxn)+qo) +7|nx(Vxn)| .

In this paper, we use a more compact form of the free energy (2.1) as in [2,3] by
introducing a symmetric dimensionless tensor

Z=kn®n+I—-—n®@n=I4+k—-—1)n®n,
where k = K> /K3 and I is the second-order identity tensor. By the classical equality
IVxn)?=m-(Vxn)>+|nx (Vxn) (2.4)

the original energy functional J (n) can be written as

1
J(n):E[Kl(V~n,V~n)0+K3(ZVxn,Vxn)o 2.5)

+2K32q0(n, V x m)o + K2(q0. q0)0] .

Here and throughout this work, (-, -)o denotes the inner product in L%(£2) with its
induced norm || - [|o. It can be observed that the auxiliary tensor Z contributes to the
nonlinearity of J(n) in (2.5).

Remark 2.2 There is another widely used simplification of the energy density (2.2),

where g0 = 0 and K = K3 = K| + K, K4 = —K [29,37]. In this case, (2.2)
becomes

1
W) = Sk IVn|?> + K|V x n|?],

and it is expected that as K — oo, the asymptotic behavior of minimizers provides a
description of the phase transition process of LC from the nematic to the smectic-A
phases [29,37,38].

Furthermore, it is proven in [2, Section 2.3] that Z is uniformly (with respect to
X € §2) symmetric positive definite (USPD) as long as sufficient control is maintained
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onn-n— 1. This property of Z plays an essential role in proving the well-posedness of
the saddle-point problem in the nematic case. We restate the result of Z being USPD
in the following, as it is important later:

Lemma 2.1 [2, Section 2.3] Assume a < |n|2 <BVxeQwith)<a <1=<8.If
k > 1, then Z is USPD on $2; for 0 < k < 1, then Z is USPD on 2 if B < 1i

P

Remark 2.3 Notice that the regularity of n € H'(£2) is enough for the functional J (n)
of (2.5) to be well defined. In fact, n € H' (£2) implies V -n and V x n in L2(£2). By
(24),n - (V x n) € L*(£2). This ensures that the term (go,m - (V x m))gin (2.5) is
defined. Furthermore, Lemma 2.1 gives the boundedness of Z, which guarantees the
L?-regularity of the term ZV x n in (2.5).

Naturally, the values of elastic constants and the cholesteric pitch will be an impor-
tant factor in determining the minimizers. In order to satisfy non-negativity of the
energy density, i.e.,

Wm) >0 VneHy(),

we need additional assumptions on those constants. This gives rise to Ericksen’s
inequalities (see [5,6] and references therein):

Ki,K2,K3>0,Ky+K4=0 ifgo #0,
2K1 > Ky + K4, Kr > |K4|, K3 >0 ifgg =0.

Remark 2.4 We have included the inequalities with regard to constant K4 here for
generality, though they are not necessary in our work as we have eliminated the Kj-
related term in the free energy. In this paper, we will simply consider K; > 0 (i =
1, 2, 3) to avoid any technical issues.

For the minimization problem (2.1) arising in (nematic or cholesteric) liquid crys-
tals, it has been proven in [36, Theorem 2.1] that there exists a solution.

Theorem 2.1 [36, Theorem 2.1] Let §2 be a bounded Lipschitz domain and assume
the Dirichlet boundary data g € Hl/Z(B.Q; SZ). If K1, K2, K3 > 0, then there exists
ann € H; (2;$%) :={ne H'(2;S?) : n = g on 382} such that

Jm)= inf  J(u).
ueH} (2:5?)

The main difficulty in solving the Oseen—Frank model (2.1) is the enforcement of the
unit-length constraint. There are several existing approaches to handling constraints,
e.g., projection [38], Lagrange multipliers, and penalty methods [39, Section 12.3 &
17].

The projection method is numerically simple but the value of the energy functional
may go up and down dramatically after each projection, making it difficult to control
in the optimization procedure [38]. A Lagrange multiplier is often used to replace

@ Springer



Augmented Lagrangian preconditioners for the Oseen—Frank... 613

constrained optimization problems with unconstrained ones, but an important disad-
vantage of this approach is that it introduces another unknown (i.e., the Lagrange
multiplier) and leads to a saddle-point structure which can be difficult to solve [10].
On the other hand, the penalty method has the favorable property that the resulting
system has an energy decay property [37] which may result in an easier theoretical
and numerical study of the solution. However, the penalty parameter has to be very
large for the accuracy of approximating the constraints, leading to an ill-conditioned
system. Some works based on either projection or pure penalty methods for nematic
phases can be found in [28,29,37] and the references therein.

Fortunately, it is possible to amend the ill-conditioning effects with large penalty
parameters that are inherent in the pure penalty method by combining it with a
Lagrange multiplier. This is the augmented Lagrangian (AL) algorithm [23]. This
strategy combines the advantages of both schemes: the penalty parameter can be rela-
tively small due to the presence of the Lagrange multiplier, and the Schur complement
of the saddle-point system is easier to solve due to the presence of the penalty term
[11,21,28,29,40].

We first consider the method of Lagrange multipliers. We then add the augmented
Lagrangian term to control the Schur complement of the system.

2.1 Lagrange multiplier and Newton linearization

By introducing the Lagrange multiplier A € L?(£2), the associated Lagrangian of the
minimization problem (2.1) is then defined as

Zm,A) =Jm)+ (A, n-n— ), (2.6)
and its first-order optimality conditions are: find (n, 1) € Hi,(.Q) x L2(£2) such that

LVl = Jalv] + (A, 20 - V)
=Ki(V-n,V-v)g+ K3(ZV x n, V x v)g
+ (K — K3)(n-V xn,v-V xn)y
+ K>2qo(v, V x n)g + Kogo(n, V X v)g + (A, 2n - v)o
=0 VveH\ (),
Ll = (p,m-n—1)=0 VueL*2).

2.7)

As (2.7) is nonlinear, Newton linearization is employed. Let ng and A be the current
approximations for n and A, respectively, and denote the corresponding updates to these
approximations as 6n = ng| — ng and §A = Agy1 — Ar. Then the Newton iteration
at (ng, Ax) in block form is given by: find (8n, §1) € H}(£2) x L*(£2) such that

“Zam  Zn||6n _ “n
Z l--[2] e
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614 J. Xiaetal.

where
Zanlv, én] = Jpnlv, én] + (A, 26m - v)g
= Ki(V:-én,V . -v)g+ K3(Z(ng)V x én, V x v)g
+(K2—K3)((8n-Vxnk,nk~Vxv)0+(nk~Vxnk,6n-va)o
+(v-Vxng,ng-Vxdén)g+ (ng-V xng, vV xdn)
+(8n~Vxnk,v~Vxnk)0)

+ K2qo(v, V x én)o + K2qo(dn, V X v)o + (Ag, 261 - V)o,

2.9)
and

gﬂ)\,[v’ 8)"] = (8)‘5 2nk ° V)O»
ZLinli, dn] = (i, 20, - Sn)o.

Since .Z(n, A) is linear in A, %, = 0. This results in (2.8) being a saddle-point
problem.

With a suitable spatial discretization (we only consider conforming finite elements
in this work, i.e., Vj, C H(l)(.Q), On C L3(£2)),a symmetric saddle-point system must
be solved at each Newton iteration:

A BT|[U f
| 210
where U and P represent the coefficient vectors of én and 6\ in terms of the basis

functions of V}, and Qj, respectively.

We can accordingly write the discrete variational problem as: find dn; € Vj and
8\, € Qy, such that

a(ény, vy) + b(vy, Ap) = F(vp) Vv, €V,

2.11)
b(dny, up) = G(up) Yun € O,

where a(-, -) and b(-, -) are bilinear forms given by

a(a,v) =K1(V-u,V-v)y+ K3(Z(m;)V xu, V X v)y
+(K2—K3)((u~Vxnk,nk-va)o+(nk-Vxnk,u-va)o
+(v-Vxngn-Vxuypg+ng-Vxn,v-V xu)
+(u-Vxnk,v-Vxnk)0)

+ K2qo(v, V x u)o + Kago{u, V X v)o + (Ag, 2u - v)o,

and
b(v, p) = (p, 20 - v)o,
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and F and G are linear functionals in the forms of

F(v) = — (K1<v.nk, V- v)o 4+ K3(Zmp)V x ng, V x v)o

+ (K2 — K3)(ng -V x g, v-V-ng)o
+ Kogo(v, V x mg)o + Kago(ng, V X V)

+ (A, 2ny - V)o),
and

G(n) = —{u, ng - mg — 1)o.

Remark 2.5 The well-posedness of the continuous and discretized Newton system
(with the ([Q,,]¢ ® Br)-Qy finite element pair, m > 1) for a generalized nematic LC
problem is discussed in [2], where B denotes the space of quadratic bubbles and Q
represents tensor product piecewise C” polynomials of degree k > 0 on a quadrilateral
mesh. Moreover, the authors of [3] considered the pure penalty approach for nematic
LC and obtained a well-posedness result of the penalized Newton iteration through
similar techniques. We will follow these analysis strategies in this section.

In our work, we will denote by PP; the set of piecewise C° polynomials of degree
k > 0 on a mesh of triangles or tetrahedra.

It is straightforward to deduce the well-posedness of the discrete Newton iteration
(2.11) for cholesteric problems under some proper assumptions on the problem-
dependent constants. In fact, two additional gg-related terms in %, from (2.9)
compared to the nematic energy density from [2] are simply L? inner products, which
can be easily bounded using the Cauchy—Schwarz and triangle inequalities. We state
the results without proof in the following and start with some assumptions.

Assumption 2.1 Assume that there exist constants 0 < o < 1 < f such that ¢ <
|nk|2 < B.For 0 < k < 1, assume further that 8 < ﬁ By Lemma 2.1, Z(ny)
remains USPD with lower bound 7 and upper bound A, i.e.,

x| Z(ny)x

— <A Vx e R)\{0}.
X'X

n=

Note that here and hereafter, || - ||; denotes the H'! norm: ||w||f = ||w||(2) + ||Vw||(%.

Lemma 2.2 (Continuous coercivity) With Assumption 2.1, we assume further that the
current Lagrange multiplier approximation ,i. is pointwise non-negative almost every-
where. Let K1 > KyqoCa and K3n > K2qo(Ca+ 1) with C4 to be defined. Then there
exists an ag > 0 such that

aollvli < a(v,v) Vv e H)(2). (2.12)

Moreover, when k = 1, i.e., K = K3, if K1 > K2qoCq and 1 > qo(Cs + 1), then the
coercivity result (2.12) also holds.
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616 J. Xiaetal.

Proof With the lower bound 1 of Z, we compute the bilinear form:

a(v,v) = Kil|V - v+ K3nllV x v[[§ + 2K2g0(v, V X ¥)o + 2{h, V- ¥)o
= KillV - vI[g + K3nllV x vIIg — 2K2gol (v, V x V)0l
> KilIV - vIi§ + K3nllV x vIig — 2KaqolIvlo |V x vllo
> KilIV - VI + K3nllV x vIi§ = Kago(IVIG + 1V x VI[p),
where the first inequality comes from the assumption that A, is non-negative pointwise
and the last two inequalities are derived by Cauchy—Schwarz and Holder inequalities,
respectively.
By Remark 2.7 of [27], for a bounded Lipschitz domain, there exists C; > 0 such

that
IVVIZ < Ci(IV - VI3 + IV x VI,

for all v e Hy(div, £2) N Hy(curl, £2).2 Here, we denote

Hy(div, 2) = {ve L*(2):V-ve L*(2),v-v=0o0n9d2},

Ho(curl, 2) = {ve L*(2) : Vx ve L2(2), v x v=00n 92},
where v is the outward unit normal on the boundary d£2. Then using the classical
Poincaré inequality, ||V||(2) < C3||Vv||(2) forallv e H(l)(Q), and defining C4 = C1C3 >

0, we have
VI3 < CaIV - VI3 + IV x v]13).

Furthermore, there exists C» = C4 + C; > 0 such that
IVIF < 2V - VIG+ IV x V).

It follows that
a(v,v) = Ki||V - VI + K2V x VI3 — Kago [Ca (IV - VIE + IV x VI§) — IV x V3]
= (K1 — K2goC)|IV - VI + (K31 — K2g0Cs — K2g) IV x V|3
Choosing ¢ = min{K| — K2g9Ca, K31 — K2q0Cs— K2qo} > 0 (the positivity follows
from the assumptions) and «g = ¢/C3, we find that the coercivity (2.12) holds.
In particular, when « = 1 (i.e., K» = K3), we have Z = I and thus n = 1. Then,
the bilinear form becomes
a(v,v) = K1 |V - V[I§ + K2V x VII§ + 2K2q0(v, V x V)0 + 2(he, V - V)o
> K1V - VI3 + K2V x V|13 = 2K2q0l(v, V x V)|
> K1 IV - VI + K20V x VIIE = 2Kaq0lIVIolIV x Vi
> K[|V - VI3 + K2V x VI3 — Kago(IVIIE + IV x vI13).

2 In fact, H(l) (£2) = Hy(div, £2) N Hp(curl, £2) holds for any bounded Lipschitz domain §2 [27, Lemma
2.5].
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By choosing C = min{K| — K2qoC4, K2(1 —goCs — qo)} > O (the positivity comes
from the assumptions) and o9 = C/C3, we obtain the desired coercivity

a(v,v) = aollvl} Vv e Hj(£2),
as stated in (2.12). O

So far, the coercivity of the bilinear form a(-, -) has been shown for all functions in
Hé(.Q). The discrete coercivity follows if a conforming finite element for the director
space is chosen.

The boundedness of the bilinear form a(-, -) and the right hand side functionals
F(-) and G(-) can be obtained directly by following the proofs in [2]. Hence, we omit
the details here.

It remains to consider the discrete inf-sup condition of the bilinear form b(-, -) for
a finite element pair Vj,-Qy, i.e. whether there exists a constant ¢ such that

b(ay, pp)

= cllpnll Yun € Qn.
wevinop Mzl

The continuous inf-sup condition was shown in [17, Appendix B] and [32, Theorem
3.1]. However, the discrete inf-sup condition is not inherited from the continuous
problem. Some previous works have succeeded in obtaining a discrete inf-sup condi-
tion for some specific discretizations. A discrete inf-sup condition was proven for the
([Qn1¢ ® Br)-Qp element on quadrilaterals in [17, Lemma 2.5.14] and [2, Lemma
3.12]. The discrete inf-sup condition for the [[P;13-P; discretization is shown in [32,
Theorem 4.5], where the analysis is only valid for the two-dimensional case due to
the use of some special inverse inequalities. It is straightforward to deduce that an
enrichment of Vj, still guarantees the stability of the discretization, and thus [P2]3-P;
is inf-sup stable under the same conditions.

We now consider the matrix form of the saddle-point system (2.10). The coercivity
of the bilinear form a(-, -) implies the invertibility of the coefficient matrix A and the
discrete inf-sup condition indicates that B has full row rank. We use the full block
factorization preconditioner

o1 _ |1 —A7IBTI[A™Y 0 I 0
—lo I 0 S '||-BA°l 1

with approximate inner solves A~! and S~! for the director block and the Schur com-
plement S = —BA~!'BT, respectively, for solving the saddle-point problem (2.10).
With exact inner solves, this is an exact inverse. With this strategy, solving the original
saddle-point problem (2.10) reduces to solving two smaller linear systems involving
A and S. Even though A is sparse, its inverse is generally dense, making it impractical
to store S explicitly. In this situation, developing a fast solver for A is tractable while
approximating S becomes difficult. We will return to this issue in Sects. 3 and 5.
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618 J. Xiaetal.

2.2 Augmented Lagrangian form

Now, we employ the AL stabilization strategy and modify the linearized saddle point
system to control its Schur complement S.

2.2.1 Penalizing the constraint

We penalize the continuous form of the nonlinear constraint n - n = 1 in the AL
algorithm and obtain the Lagrangian

j(n,k)=$(n,k)+%(n-n—1,n-n—1)o (2.13)

for y > 0. The weak form of the associated first-order optimality conditions is to find
(n, ) € Hy(£2) x L*(£2) such that

Zalvl = Zvl+2ym-n—1,n-v)p=0 VveH (),

LIl = Llul = (un-n—1)o =0 Vue L*(Q).

The Newton linearization at a given approximation (ng, A) yields a system of the

form:
jnn gn)\, dn _ jn
%n 0 SA| 7NN

Thus, we have to solve the augmented discrete variational problem:

a‘(@ny, vp) + b(vp, 8Ap) = FC(v) Yvy € Vp,

(2.14)
by, up) = G(up) Yup € O,

where
a®(u,v) =a(u,v) +4ymg -u,ng - v)g +2y(ng -ng — 1, u- v,

and
FC(v) = F(v) =2y (ng -mg — 1,y - v)o.

Comparing (2.14) to the original system (2.11), only the bilinear form a(-, -) and
the right hand side functional F(-) have changed. The boundedness of F€(-) follows
straightforwardly via the Cauchy—Schwarz inequality. As for the coercivity of a“(-, -),
an additional assumption on the penalty parameter y is needed.

Lemma 2.3 (Continuous coercivity) Let g > 0 be the coercivity constant of a(-, -). If
ap > 2yla — 1| with0 < a < 1 < B satisfying o < |ng|> < B, there exists a By > 0
such that

a(v,v) = Bollvlli ¥v e Hy(2).
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Proof Note that

a“(v,v) = a(v,v) + 4y ling - vII§ + 2y (g -mg — 1,v-v)o
>a(v,v)+2y(ng -ng —1,v-v).

By the assumption that a(v, v) > a0||v||f for some ay > 0, we have
a‘(v,v) = aoIVII} +2y (g - mg — 1, v - v)o.
Moreover, since ng - n;y > o and @ — 1 < 0, we get
2y (g — 1,v - v)o = 2y (@ — DIIVI[§ = 2y (@ — Dv]].

Thus, by taking By = ap — 2y | — 1| > 0, we obtain the desired coercivity property.
O

The condition @g > 2y|a — 1| in Lemma 2.3 indicates a limit on the value of y
to ensure the solvability of the augmented system (2.14). However, it is desirable to
use large values of y to achieve better control of the Schur complement. We therefore
choose to employ a Picard iteration to solve the nonlinear problem, omitting the term
2y (ng -ng — 1, v-v)( from the linearized equations. This yields the linearized problem:
find (dny,, SA,) € V, x Qp such that

a™ (8np, vi) + b(Vy, 8Ay) = FC(v) Yvy € Vp,

(2.15)
by, up) = G(un) Yun € Qp,

with the modified bilinear form
a™(u,v) =a(u,v)+4yn;-u,ng - v (2.16)

to be solved at each nonlinear iteration. This ensures that the (1, 1)-block is coercive
with a coercivity constant independent of y. Moreover, in contrast to the situation
with the Navier—Stokes equations, numerical experiments indicate that the use of this
Picard requires fewer nonlinear iterations to converge to a given tolerance than using
the full Newton linearization (see Sect. 6.2.1).

The corresponding matrix form of the variational problem (2.14) becomes

A+yA, BU|[U] _[f+vl
e ) e

where A, is the assembly of 4(ny - u, ng - v)o and / denotes the assembly of —2(ny -
n; — 1, ng - v)o. Note that compared to the non-augmented version (2.10), the (1, 1)
block in (2.17) has an additional semi-definite term y A, with a large coefficient y .
Its sparsity pattern remains unchanged. We will construct a robust multigrid method
to solve this top-left block in Sect. 5.
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Since the unit-length constraint is enforced exactly in (2.13), the continuous solu-
tions to minimizing both (2.13) and (2.6) are the same. However, the unit-length
constraint is not enforced exactly in our finite element discretization, and hence this
stabilization does change the computed discrete solution.

Remark 2.6 When applying the augmented Lagrangian strategy, one can apply it before
discretization or afterwards. In this work we apply the continuous penalization, as it
improves the enforcement of the nonlinear constraint, as shown later in Sect. 4. This
is different to the approach considered in [11,21] for the stationary Navier—Stokes
equations, where the discrete AL stabilization was used to yield a system that has the
same solution but a better Schur complement.

3 Approximation to the Schur complement
The Schur complement of the augmented director block in (2.17) is given by
Sy =—BA,'BT =—B(A+yA)'B".

We now proceed to analyze this Schur complement by following similar techniques
to those of [31, §4]. We will show that A, is equal to the matrix arising from the
discrete AL stabilization (which controls the Schur complement) plus a perturbation
that vanishes as the mesh is refined.

Let ITp, : O — Qj, be the orthogonal L? projection operator, i.e.,

(p—Hg,p.q)0=0 Vg € Q.

We define the fluctuation operator « := I — I1g, where I : Q — Q is the identity
mapping. Therefore, one has

(k(p)yq)o =0 Vq € Q.

For uy,, v, € V), one can split the term 4(ng - uy, ng - v)o into the following terms
using the properties of x and ITg,:

4(nk - u, Ny - V)() = (HQh (an . n), 2nk . V)o + (K(2nk . u), 2nk . V)()
= (ITg, 20y - m), (ITg, + «)(2ng - V))o
+ (k2ng - ), (Mg, +1)(2ng - v))o
= <HQh 2ng - u), HQh 2ng - v))o + (k2ng - 1), k(2ng - V))o.

Note here that the assembly of the first term is B™M 5\ ! B, where M, is the mass matrix
associated with the finite element space for the multiplier Q. This can then be readily
used with the Sherman—Morrison—Woodbury formula to derive an approximation of
the Schur complement. The second term (k (2ny - w), k (2ng - v))o characterizes the
difference between A, and BT M . ' B. The next result shows that it vanishes as the
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mesh size h — 0 (see Theorem 3.1) and thus, in this limit, the tractable term B™M 5\ 'p
dominates A.

Theorem 3.1 Let (6my, 8Ap) € Vi, X Qy be the solution of the augmented discrete
system (2.15) with corresponding degrees of freedom (U, P) € R" x R™. Then, for
the Newton linearization at a given approximation (ng, i) satisfying o < [ng|*> < B
with) < o <1 < B and |Vng| bounded pointwise a.e., we have

[(4. =BT B) U] < et Epsmi,

where || - ||gn denotes the Euclidean norm.

Proof Assuming v, € Vj, and using the basis representations in V;, = span{¢;} for

ény, and vy:
n n
Sy =Y Uigi, ww=)_ Yigi,
i=1 i=1
we obtain

(- 8)0]

= sup YT (A, - BTM'B)U

Ry ge=1
= sup (k(2ng-d6ny), k(2ng - vpy))o
1Y [gn=1
< sup |lk@ng-8np)llolle(Zng - vi))ollo
1Y [lpn =1
< llcll sup 120k - villo lx 20y - 6np)llo
Y |gn=1 —_—
G Gs3
Go

by applying the Cauchy—Schwarz inequality.
One readily sees that G; < C; for a certain constant C; from the continuity of «.

Furthermore, we write

120y - villo
G = sup —— 120
vi MY llre

Note that [34, Theorem 3.43] as used in [31] gives the relation between the discrete
vector Y and its associated continuous function vy,:

_d
IYlrr = Crh™ 2 [ Vallo,

for some C, > 0. Then with the fact that n; is bounded we have

2n; - v,
Gy < sup 1204 - vallo < ot

4 =
Vi Crh™2lvpllo

Moreover, [14, Theorem 1] implies
lc(p)llo = lp — Mg, plo < Cahlliply for p € H'($2),
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we deduce the following L2-projection error estimate
G3 = [k (@ng - dmp)[lo < Cahl2ny - dmy ]Iy < C3hl|émplly.

Note here we have used the pointwise boundedness of nx, Vny a.e. and the fact that
smy € Vy € HY ().
Combining these estimates regarding G, G2, G3, we find

H (A* - BTM;‘B) UHRn < Ch'*S|sny ]l — O ash — 0.

This result suggests the use of the algebraic approximation
-1
Sy~-B(A+yB M 'B) BT, 3.1

The reason for doing so is that we can straightforwardly calculate the inverse of this
approximation (3.1) by the Sherman—Morrison—Woodbury formula as follows:

St =—BA'BT —yM; ' =57 —ym .

The solver requires the action of S’ I i.e., solving linear systems involving S, . For
large y, a simple and effective approach is to employ the approximation

St~ —ym (3.2)

On the infinite-dimensional level, the effect of the augmented Lagrangian term is to
make —y ~!7 (I the identity operator on the multiplier space) an effective approxima-
tion for the Schur complement [43, Lemma 3]. When discretized, this indicates that
the weighted multiplier mass matrix —y ~' M;, will be an effective approximation for
S, , with the approximation improving as y — oo.

In fact, the approximation of the inverse of the discretely augmented Schur comple-
ment (3.2) can be improved further by combining —y M,~ ' witha good approximation
of the unaugmented Schur complement S [30]. Given an approximation Sof S , We
employ ~ ~

St~ S =85 -y (3.3)

It is therefore of interest to consider the Schur complement of the unaugmented
problem. In the context of the Stokes equations, the Schur complement is spec-
trally equivalent to the viscosity-weighted pressure mass matrix [16,51,54]. Following
similar techniques, an approximation can be obtained by proving that BA~!BT is
spectrally equivalent to M, for the equal-constant nematic case. This gives us good
insight into the choice of S~
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Theorem 3.2 Forequal-constant nematic LC problems without augmented Lagrangian
stabilization, the matrix BA~'B T arising from the Newton-linearized system is spec-
trally equivalent to the multiplier mass matrix M), under the same assumptions as in
Lemma 2.2.

Proof For the equal-constant model with Dirichlet boundary conditions n = g €
H'/2(32; S?), its corresponding Lagrangian is

K
Zm, ) = E(VH’ Vn)g + (A, n-n— 1)g.

After Newton linearization and introducing conforming finite dimensional spaces
Vi C H(l) (£2) and Q) C L*(£2), the discrete variational problem is to find ény, € Vj,,
SAn € Qp satistying

K(Vény, Vvp)o + 2{Ag, 60y - Vi )o + 2(8Ap, Mg - Vi )o
= —K(Vng - Vvp)o — 2(Ag, g - V)0 Vv, €V,
2(fp, Mg - 00p)o = —{wp, N -mg — L)o Yy € Oy,

where n; and Aj represent the current approximations to n and A, respectively. This
can be rewritten in block matrix form as

-1
P B 0 P g

where as before U € R"” and P € R™ are the unknown coefficients of the dis-
crete director update and the discrete Lagrange multiplier update with respect to the
basis functions in Vj, and Qj, and A denotes the symmetric form K (Vény, Vvy)o +
2(Ak, 6ny, - vi)o. The coercivity property of the bilinear form from Lemma 2.2 ensures
that A is positive definite.

The coefficient matrix .27 is symmetric and indefinite (resulting in <7 possessing
both positive and negative eigenvalues). Moreover, .7 is non-singular if and only if B

has full row rank, which can be deduced from the discrete inf-sup condition.

Denote 5
gl = K{Vuy, Vug)o + (A, 2uy - up)o,

lwnlld = (ten, iendo-

Notice that the validity of the first norm follows from the assumed pointwise non-
negativity of ig.

For a stable mixed finite element, from the inf-sup condition, there exists a positive
constant ¢ independent of the mesh size 4 such that

(i, 20y - uy)o

> cllunllo Yun € Qn,
w,eVy\ {0} gl
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leading to its matrix form

PTBU T 1
max ————— > c[P" M, P]"/* VP e R™.
UGR"i({O}[UTAU]l/Z =zl »P]

Thus, we have

PTBU
max ———+=
UeRM\{0} [UT AU]/?
PTBA~1/2;
max —_—
=al2uz0  [z27z]/?

=(P"BAT'B"P)!/? vpP e R™,

c[P"M, P]'? <

where the maximum is attained at z = (P T BA~'/2)T It yields

,PTM; P - P"BAT'BTP
PTP PTP

VP e R™\{0}. 3.4

Regardless of the stability of the finite element pair, we can deduce from the bound-
edness of B that there exists a positive constant ¢| such that

PTBU < ci[P"M, P1Y?[UT AUY? YU e R", VP € R™.

Hence,
PTBU
cl[PTM,\P]l/QZ max —————
UeRN\{0}[UTAU]/?
PTBA1/?;

max —_—
=Al2uz0  [z7z]Y/2

=(P"BAT'BTP)!/?2 vp e R™,

where again the maximum is attained at 7 = (PTBA~Y2)T  This gives rise to

PTBAT'BTP "
— T =¢ VP e R™\{0}. (3.5)

Therefore for inf-sup stable finite element pairs, we have by (3.4) and (3.5)

PTBA-'BTP
2o T T T <2 VP e RM\|0).
C="pPmp -9 \O)

This indicates that BA~! BT is spectrally equivalent to M;. O
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Remark 3.1 It follows from Theorem 3.2 that y = 0 should show mesh-independence
(i.e., the average number of FGMRES iterations per Newton iteration does not dete-
riorate as one refines the mesh) in the case of equal-constant nematic LC. This can
be observed in subsequent numerical experiments reported in Table 6 (see the column
where y = 0). One should also notice that such mesh-independence for y = 0 is also
shown in Table 2 for the non-equal-constant case, suggesting it has use outside the
context of augmented Lagrangian methods also.

Combining Theorem 3.2 with (3.3), our final approximation for S’ I'is given by

PR S =+ )My (3.6)

4 Improvement of the constraint

We have now observed that the continuous AL form introduced in Sect. 2.2.1 can help
control the Schur complement. Another contribution of this AL stabilization is that it
improves the discrete constraint as we increase the value of the penalty parameter y .
An example of improving the linear divergence-free constraint in the Stokes system
can be found in [33, Section 5.1]. In this section, we will use a similar strategy to show
the improvement of the discrete constraint as y increases.

We restrict ourselves to the equal-constant case with constant Dirichlet boundary
conditions. That s to say, we consider the Oseen—Frank model with Dirichlet boundary
condition n|y = g, where g is a nonzero constant vector satisfying |g| = 1. We use
the [IP1]-P; finite element pair in this section, so both the director n and the Lagrange
multiplier A are approximated by continuous piecewise-linear polynomials. For this
section, we denote finite element spaces for the director and the Lagrange multiplier by
Vi == Vi ﬂH;,(.Q) and Q;, C LZ(Q), respectively, and denote Vj, o = Vj ﬂH(l)(.Q).

We restate the associated nonlinear discrete variational problem as follows: find
(g, Ap) € Vi g x Qp such that

K(Vny, Vvi)o + Kqo(vi, V x np)o + Kqo(n,, V X vp)o
F2(Ap,ny Vo + 2y omy — 1,y - V)0 =0 Vv, € Vo, (4.1a)
(wp,mp-my — 1o =0 VY, € Op. (4.1b)

Take the test function v, = n, — g € Vj 0 in (4.1a) to obtain

K|V, (1§ + 2K qo(m. V x my)o + 2k, my 1y )o + 2 (mp - my — 1y, - mp)o
= Kqo(g. V xnp)o + 2(Ap, np - 8o + 2y (0 -1y — 1, 0y, - g)o.
4.2)
Note that in this step we have used the fact that since g is a constant vector, its derivative
is zero.
As (4.1b) is valid for arbitrary u, € Qp and one can easily verify thatny, - g € Oy,
we have

(n, -g,n, -n, — 1) =0.
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Then taking u, = 1 and puj;, = A, leads to
(1,ny -my — 1)o =0 and (A, mp -1y, — 1) =0,
respectively. Thus, (4.2) collapses to

KV, (1§ + 2K qo(mi, V x mp)o + 20k, Do + 2y [y, - my — 1[5

(4.3)
= Kqo(g, V xny)o + 2(Ap, my - 8)o.

By the Cauchy—Schwarz and Holder inequalities, we observe an upper bound for the
right hand side of (4.3):

Kqo(g, V xny)o +2(Ap,ny, - 8)o < KqollV x nyllo + 2l Az llollngllo

Kqo Kqo

— -+ IV x 0,13+ (Anll3 + [y )13
“4.4)

Meanwhile, the left hand side of (4.3) can be bounded from below:

K|V, |13 + 2K qo(my, V x my)o + 20, 1o + 2y [y, -1y — 113
> K|Vapll3 — 2K qol(np, V x my)ol — 2| (A, Dol 4 2y Iy -y, — 113
> K[IVy |3 —Kqolmull3—KqollV x ny |3 —1n 113 — 12142y [Iny, - 1y — 1113,

4.5)
where |§2]| denotes the measure of the domain £2.
Hence, by combining (4.4) and (4.5), we have
2 2 3 2
K|V |lg — (Kgo + Dl llg — EKCIOHV x 1y lg
4.6)

Kqo
— 1Al + 2y Iy - my — 1§ < — - +12l

Since the right hand side of (4.6) is a fixed constant independent of y, taking y larger
value forces the constraint approximation error ||ny - nj — 1| to become smaller. In
fact, (4.6) implies that [ny, -n, — 1]l < O(y~1/?).

Remark 4.1 The technique shown in this section can be extended in a similar way to
the multi-constant case; we omit the details here for brevity.

5 A robust multigrid method for A,

As discussed in Sect. 3, the addition of the augmented Lagrangian term has the effect
of controlling the Schur complement of the matrix in (2.17). However, the tradeoff is
that it complicates the solution of the top-left block A, , as it adds a semi-definite term
with a large coefficient. For the augmented Lagrangian strategy to be successful, we
require a y-robust solver for the top-left block. Fortunately, a rich literature is available
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to guide the development of multigrid solvers for nearly singular systems [35,49,50].
In this section we develop a parameter-robust multigrid method for A,,.

Schoberl’s seminal paper on the construction of parameter-robust multigrid schemes
[49] lists two requirements that must be satisfied for robustness. The first require-
ment is a parameter-robust relaxation method; this is achieved by developing a space
decomposition that stably captures the kernel of the semi-definite terms. The second
requirement is a parameter-robust prolongation operator, i.e. one whose continuity
constant is independent of the parameters. This is achieved by (approximately) map-
ping kernel functions on coarse grids to kernel functions on fine grids. We discuss
both of these requirements below.

For ease of notation, we consider the two-grid method applied to the equal-
constant nematic case, and use subscripts # and H to distinguish fine and coarse
levels respectively. That is to say, Vg represents the coarse-grid function space and
Agy Vg — V;; corresponds to the partial differential equations (PDEs) on V.

For the domain §2, we consider a non-overlapping triangulation .Z4, i.e.,

Ure, T = £ and int(T) Nint(T)) =@ VT; # Tj, T, Tj € My.

The fine grid .#), with h = H /2 is obtained by a regular refinement of the simplices
in .#y . In what follows we consider both the [IP; ]d-IP’l and []P’g]d-IP’] discretizations.

5.1 Relaxation

After applying the AL method introduced in Sect. 2.2.1, the discrete linear variational
form corresponding to the top-left block A, = A + y A, is given by

a™ (up, vi) = K{(Vuy, Vvi)o + 2(At, Uy - Vi )o

5.1
+ 4y (g - up, ng - Vi o,
withuy, € V, C H(l) (£2) being the trial function and v, € Vj, the test function. Note that
n; and Ay are the current approximations to the director n and the Lagrange multiplier
A, respectively, in the Newton iteration. The first two terms of a” are symmetric
and coercive because of the uniform non-negativity of A in the assumption of our
well-posedness result. The kernel of the semi-definite term involving y is

N =1{u, €V :ng-u, =0ae.}. 5.2)

In the case of y being very large, the variational problem involving (5.1) is nearly
singular and common relaxation methods like Jacobi and Gauss—Seidel will not yield
effective multigrid cycles, as we explain below.

Relaxation schemes can be devised in a generic way by considering space decom-
positions

M
V=) Vi (5.3)

i=1
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where the sum of vector spaces on the right is not necessarily a direct sum [56].
This space decomposition induces a relaxation method by (approximately) solving
the Galerkin projection of the error equation onto each subspace V;, and combining
the resulting estimates of the error. This can be done in an additive or multiplicative
way. For example, if Vj, = span(¢y, ..., ¢n), Jacobi and Gauss—Seidel are induced
by the space decomposition

Vi = span(¢;), (5.4)

where the updates are performed additively for Jacobi and multiplicatively for Gauss—
Seidel. One of the key insights of [35,49] was that the key requirement for parameter-
robustness when applied to nearly singular problems is that the space decomposition
must satisfy the kernel-capturing property

M
My =Y (Vi M), (5.5)

i=1

that is, any kernel function can be written as a sum of kernel functions drawn from
the subspaces. In particular, each subspace V; must be rich enough to support kernel
functions; in our context, this is not satisfied by the choice (5.4), accounting for its
poor behaviour as y — oo.

In the mesh triangulation .#},, we denote the star of a vertex v; as the patch of
elements sharing v;, i.e.,

star(v;) := U T.

TeMyvieT

This induces an associated space decomposition, called the star patch, by
Vi :=A{uy € Vj, : supp(uy,) C star(v;)}.

This isillustrated in Fig. 1 (left). We call the induced relaxation method a star iteration.
In effect, each subspace solve solves for the degrees of freedom in the interior of the
patch of cells, with homogeneous Dirichlet conditions on the boundary of the patch.
Given a vertex or edge midpoint v;, we denote the point-block patch V; as the span of
the basis functions associated with degrees of freedom that evaluate a function at v;
(see Fig. 1, middle). The induced relaxation method solves for all colocated degrees of
freedom simultaneously. These two space decompositions coincide for the [Py]¢-P;
discretization.

We now briefly explain why these two decompositions approximately satisfy the
kernel-capturing condition (5.5) for the finite element pair [P 119-P; . First, we define
an approximate kernel

Jﬁl = {u; € Vj : ng - u, = 0 on each vertex}. 5.6)
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Fig. 1 Illustrations of the star patch of the center vertex (left) and the point-block patch (middle) for the
finite element pair [P2]2-P;. Note that these two patches (right) are the same for [P112-P; discretization.
Here, black dots represent the degrees of freedom, and the blue lines gather degrees of freedom solved for
simultaneously in the relaxation

Since ny is the current approximation to the director n, we have ny € V), = Zi Vi. We
are therefore able to express ng asng = ), n, where n}{ € V; describes the function
at the vertex v;. Similarly, we split uy intou, =), “2 with uZ € V;. For each vertex
v;, the requirement u;, € .4}, yields

ni-u, =0 Vi (5.7)

The definition of V; ensures that uﬁl and n}; are only supported on the interior of the
star of v;. We deduce that on each vertex

n ou, =0 Vi#j,

which yields ) j n,i . u;'l = ng - “Z = 0. Hence, “Z € %Vi and we obtain the
kernel-capturing condition (5.5) for the approximate kernel M.

For the [IP2]¢-P; finite element pair, the satisfaction of the kernel-capturing property
for the approximate kernel follows along similar lines. For the point-block patch, (5.7)
still holds. The star patch uses larger subspaces, each one including multiple point-
block patches, but it can be easily verified that (5.7) is still fulfilled.

5.1.1 Robustness analysis of the approximate kernel

While we are not able to prove the kernel capturing property for the kernel (5.2), we
can still obtain the spectral inequalities

¢c1Dp,y < Ap,y < 2Dy y, (5.8)

when using the approximate kernel (5.6). Here, Dy, ), is the preconditioner to be spec-
ified later for the operator Ay, and C < D represents |ullc < |[u]/p for all u. We
prove that ¢; depends on y, but the dependence can be well controlled so that the
preconditioner is not badly affected by varying y, while ¢, is always independent
of y. For simplicity, we prove the case for the equal-constant nematic case with the
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[P;1¢-P; discretization; extensions to the non-equal-constant cholesteric case and to
the [IP,]¢-P discretization are possible.
We define the operator associated to a™, Ay, : V), — V,5, by

(Ap,yan, Vi)o == a" (uy, vp).

For the space decomposition V;, = ), V;, we denote the lifting operator (the natural
inclusion) by 7; : V; — V}, and choose the Galerkin subspace operator A; : V; — V;
to satisfy

(Ajw;, vi)o := (Apy liwg, Iivi)o Yu;,v; € V.

This implies that A; = I*Aj , 1;.
The additive Schwarz preconditioner Dy, ,, for a problem Ay, , w;, = dj, associated
with the space decomposition (5.3) is defined by the action of its inverse [56]:

wy = Dh_j/dh
given by

M
wp, = Zliwi,

i=1

with w; € V; being the unique solution of
(Ajwi, vi)o = {(dn, livi)o Vv € V;.

Hence, we can rewrite the preconditioning operator D;L in operator form as

M
—1 -1
D, = le-Al. I
i=1

We now state for completeness a classical result in the analysis of additive Schwarz
preconditioners, see e.g. [50, Theorem 3.1] and the references therein.

Theorem 5.1 Define the splitting norm foruy, € Vj, as

M
2. : 2
llupll® == inf > gl
=3y i

i v
w;eV;

This splitting norm is equal to the norm ||y | p, ,, = (Dp yap, uh)(l)/

the additive Schwarz preconditioner, i.e. it holds that

2 generated by

2 2
s ll? = w3, Yoy € Vi
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To build intuition, let us examine why Jacobi relaxation defined by the space decompo-
sition (5.4) is not robust as y — oo. With (5.4), the decomposition u;, = Zi u;,u; €
Vi is unique. It yields that

2 2
gl = uall® =Y (A, ui)o = D (Apyui, wi)o

i

i
14+y I+y
<0+ Y Il = =5 Y Iwlg = ——lwlg  6.9)
i i
1+y 5
= TIIU/@IIA,,,V,

where a < b means that there exists a constant ¢ independent of a and b such that
a < cb. Note that the bound in (5.9) is parameter-dependent and deteriorates as
y —>ooorh — 0.

In order to deduce the robustness result for our approximate kernel (5.6), we first
derive the following lemma.

Lemma5.1 Letug =), u6 € JV;l and assume ny, € [P114. Then it holds that

[ 2 2 2 2
Dl gl o) < AP e ) 100172 )

l
where Dny denotes the Jacobian matrix of ny.

Proof Consider the vertex v; on the boundary of an element 7. As n; € [P, 14, we
have

() - mp) (x) = uh(x) - g (v;) + wl(x) - [Dg (v;) (x —v;)] Vx eT.

Note that uf) - ny vanishes at the vertex v; as ug € ,/ﬁl Moreover, we know that
uf) x)/ ||u6 (x)] is constant on the interior of the patch around v;, and uf) (x) is zero on
the boundary of the patch, since we can write u6 (x) = ug(vi)¥;(x) with ¥; denoting
the scalar piecewise linear basis function (vanishing outside the patch) associated
with v;. Therefore, we can deduce uf)(x) -ng(v;) = 0 on T. In addition, we have
lx — v;|| < h on the element 7. We thus conclude that

g - mell 27y = AIDDE | Loy bl 227y

From this we are able to show that for both the star and point-block patches around
Vi,
i 2 2 2 i)2
200 Ml oy = 2 DM et 19012ty
i i
2 2 i 12
< WDl e ) D 51175 )
i

< W2 IDNg |7 oo ) 10172 -
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Therefore, with the local support of uf) we have

i 2 ] 2 2 2 2
Do g mel o) = D g 0l T ey = A7 IDMKI e ) 101172 -
i

i
(]

We now derive the general form of the spectral bounds in (5.8). This follows a
similar approach to [50, Theorem 4.1], but with a different assumption on the splitting
approximation, to allow for a dependence on y . For brevity of notation, we respectively
denote the standard L2, H! and L™ norms by Il - llo, Il - II1 and || - ||ec- Given a space
decomposition V), = Zi Vi, we define its overlap N as

= max
]<1<M§ 8ijs

where
1 if3v; € Vi, v; € V; : [supp(v;) Nsupp(v;)| > 0,

8ij = 0 otherwise

measures the interaction between each subspace.

Theorem 5.2 Let {V;} be a subspace decomposition of Vy, with overlap No. Assume
that the finite element pair Vy,-Qy, is inf-sup stable for the mixed problem

B((u, 1); (v, ) := K(Vu, Vv)g + 2(x, ng - v)o + 2(u, ng - u)g
= f(v,u) Y(v,u) € Vi x Op,

where f is a known functional. Furthermore, assume that the function u, € Vj, and
the kernel function uy € A}, can be split locally with estimates depending on the mesh
size h and possibly on y if the kernel-capturing property is not satisfied:

inf Y ) I1F < co(h) w5,
u,= Zluh ;
uheV,

Do lugl,, < (ath) + 3, ) luoll.

uo—z u0 ;
uoeV

Then the additive Schwarz preconditioner Dy, ,, built on the decomposition {V;} sat-
isfies
(c1(h) + c2(h) + ¢3(h, ¥)) ™' Dy < Apy < NoDpy, (5.10)

with constants c1 and c; independent of y.

Proof The upper bound can be directly given by [50, Lemma 3.2] independent of the
form of partial differential equations.
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For the lower bound, choose u;, € Vj, and split it into u, = ug + uy, by solving

B((uy, A1), (v, o)) = 2{pn, ng - up)o YV, ) € Vi X Q. (5.11)

Testing with v;, = 0 in (5.11), we obtain that

(p, g -ap)o = (p, Mg -0p)o Y € QOp.

Hence, ng - ug = 0 a.e., that is to say ug € .4;.
By stability of the finite element pair Vj-Q}, we have

B((ay, A1), (i, 1n))
luglly < sup

vy eV), ||(Vh, Mh)”
UhEQh

g - wpllollwnllo

eV Vs wp) |l
Hh€Qhn

[y - g lo.

IA

It implies further that
arlli < llugllo

by the boundedness of n; and

—1/2
il <y~ 2uplla,,

by the form of the operator Ay, , respectively. Usingug = u;, —uy, we have in addition
that

luollr = [lwplly.

We now calculate

2 2
lusll3,, = lluall

. i 2 . i 12
inf E [lu] Ia,, + inf E ||u6||AM
w=)u Y up=3uy !

u’l eV; uf)e Vi

(L+y) inf i + (200 + 3, v)) luoll
iU

u=y

IA

IA

(5.12)

u’ieV,-
< (1 +permlurl + (cah) + c3(h, ) lluo 1}
< (A +permlar? + (c2(h) + c3(h, v)) |
< (1) + ea(h) + c3(h ) Nwal, s

completing the proof of the spectral estimates (5.10). O
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Remark 5.1 Note thatin Theorem 5.2, if the kernel-capturing property (5.5) is satisfied,
then ¢3 will be zero. Hence, we will instead get a parameter-independent result.

Corollary 5.1 In Theorem 5.2, if we take Vy-Qy, to be constructed by the [P1]¢-P;
element, it holds that

-1
(100 + () + yRID0GIL) Dy = Any = NoDiy,

with constants c1(h), ca(h) ~ O(h™2).

Proof We follow the main argument of Theorem 5.2. We have only proven the kernel-
capturing property for the approximate kernel (5.6) rather than (5.2), and need to
account for this in the estimates. From Lemma 5.1 we have that

c3(h, y) = yh? | Dngl|2.

With the choice of Vj, = [P1]9, we will use the so-called inverse inequality (its
proof can be found in any finite element book, e.g., [13]) which states that

-1
Ivalli =A™ lIVallo VYVi € V.

Therefore, it is straightforward to obtain that ¢; and ¢, are actually & (h~2). Notice
here we have also used the form of || - | 4, ,, in estimating c2 (h).
Finally, substituting the form of c¢3 in (5.12), we derive

s, , < (q(h) +ea(h) + yhannknio) s, s

with constants ¢ (h), ca(h) ~ O(h~2). o

The above Corollary 5.1 implies that we cannot entirely get rid of parameter y in
the spectral estimates if the kernel-capturing property for the modified kernel (5.2) is
not satisfied and instead we get an additional factor of yh?||Dny ||C2>O. However, this
y-dependence can be well controlled and does not impinge on the effectiveness of
our smoother; the dependence improves as the mesh becomes finer or as n; becomes
smoother.

5.2 Prolongation

To construct a parameter-robust multigrid method, the prolongation operator is also
required to be continuous (in the energy norm associated with the PDE) with the
continuity constant independent of the penalty parameter y [50, Theorem 4.2]. In
the context of the Oseen, Navier—Stokes, and linear elasticity equations, the prolon-
gation operator was modified in order to guarantee that the continuity constant is
y-independent [11,21,50]. However, in our experiments with the Oseen—Frank sys-
tem, we observe robust convergence with respect to y, even when using the (cheaper)
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standard prolongation (see Sect. 6.2 for specific details). This can be seen in Tables 7
and 8 of Sect. 6, for example. Hence, we will use the standard prolongation with no
modification in this work.

Remark 5.2 Since both discretizations [P1]¢-P; and [P]¢-P; are nested, i.e., Vg C
Vi, the standard prolongation Py is actually a continuous (in the H'-norm) natural
inclusion.

6 Numerical experiments
6.1 Algorithm details

In the following numerical experiments, we use the [IP’2]3-]P’1 element pair and use
flexible GMRES [47] as the outermost linear solver, since GMRES [48] is applied
in the multigrid relaxation. An absolute tolerance of 10~8 was used for the nonlinear
solver, except for the convergence rate tests in Fig. 5, which used 10710, A relative tol-
erance of 10~ was used for the inner linear solver. We use the full block factorization
preconditioner

i-1pT1[ 4-1
i _[1 —AS'BT][AT 0 I 0
0 1 0 S| [-BAST 1)

where A;l represents solving the top-left block A, inexactly by our specialized multi-
grid algorithm and the Schur complement approximation S’; I'is given by (3.6). The
multiplier mass matrix inverse M, lis solved using Cholesky factorization.

For A; ! we perform a multigrid V-cycle, where the problem on the coarsest grid
is solved exactly by Cholesky decomposition. On each finer level, as relaxation we
perform 3 GMRES iterations preconditioned by the additive star (denoted as ALMG-
STAR) iteration or additive point-block Jacobi (denoted as ALMG-PBJ) iteration. In
order to achieve convergence results independent of the number of cores used in par-
allel, we only report iteration counts using additive relaxation, although multiplicative
ones generally give better convergence.

The solver described above is implemented in the Firedrake [45] library which
relies on PETSc [4] for solving linear systems. The star and Vanka relaxation methods
are implemented using the PCPATCH preconditioner recently included in PETSc [20].

6.2 Numerical results
All the tests are executed on a computer with an Intel(R) Xeon(R) Silver 4116

CPU@2.10GHz processor. We denote #refs and #dofs as the number of mesh refine-
ments and degrees of freedom, respectively, in the following experiments.
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Fig.2 A sample solution of the twist configuration. Colors represent the magnitude of directors

6.2.1 Periodic boundary condition in a square slab

Following the nematic benchmarks in [3], we consider a generalized twist equilibrium
configuration in a square £2 = [0, 1] x [0, 1], which is proven to have an analytical
solution [52]. We will investigate the robustness of the solver when applied to unequal
Frank constants and nonzero cholesteric pitch.

The problem has periodic boundary conditions in the x-direction and Dirichlet
boundary conditions in the y-direction, with values

n = [cos Gy, 0, — sin QO]T on y=0,

n = [cos 6y, 0, sinGo]T on y=1,

where 6y = /8.
We first consider parameter values K; = 1.0, K» = 1.2, K3 = 1.0, go = 0. The
exact solution is given by

n = [cos(Gp(2y — 1)), 0, sin(Gp(2y — 1)1,

with true free energy 2K20§ ~ 0.37011. An example of the pure twist configuration
is illustrated in Fig. 2.

We use an initial guess of ngp = [1, 0, 0]" in the Newton iteration and a 10 x 10
mesh of triangles of negative slope as the coarse grid.

We first compare in Table 1 the nonlinear convergence of the Newton linearization
(2.14) against that of the Picard iteration (2.15) we propose. For these experiments
we use the augmented Lagrangian preconditioner with ideal inner solvers (denoted as
ALLU), i.e. where the top-left block is solved exactly by LU factorization. The Picard
iteration requires substantially fewer nonlinear iterations for large y. We expect that
this relates to the degradation of the coercivity estimate given in Lemma 2.3, and will
be analyzed in future work. Similar results were obtained on other test cases and we
adopt the Picard iteration henceforth.

To see the efficiency of the Schur complement approximation (3.6) we used in Sect.
3, we give the number of Krylov iterations for ALLU in Table 2. It can be observed that
as y increases, the preconditioner becomes a better approximation to the real Jacobian
inverse and that the preconditioner is mesh-independent.
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Table 1 A comparison of the nonlinear convergence of the Newton linearization (2.14) and the Picard
iteration (2.15) using ideal inner solvers for a nematic LC problem in a square slab. The table shows the
average number of outer FGMRES iterations per nonlinear iteration and the total nonlinear iterations in
brackets

#refs #dofs y
103 104 10° 100
Newton 1 5340 2.20 (5) 1.14 (7) 1.00 (10) 1.00 (19)
2 21,080 3.20(5) 1.14 (7) 1.00 (12) 1.00 (15)
3 83,760 3.83 (6) 1.57 (7) 1.11 9) 1.00 (14)
4 333,920 4.67 (6) 2.14(7) 1.00 (7) 1.00 (11)
5 1,333,440 5.17 (6) 2.43(7) 1.57 (7) 1.00 (10)
Picard 1 5340 2.00 (5) 1.20 (5) 1.14 (7) 1.11 (9)
2 21,080 3.00 (5) 1.40 (5) 1.17 (6) 1.12(8)
3 83,760 3.83 (6) 2.00 (5) 1.17 (6) 1.14 (7)
4 333,920 4.67 (6) 2.29 (7) 1.14 (7) 1.17 (6)
5 1,333,440 5.17 (6) 2.57 (7) 1.50 (8) 1.17 (6)

Table2 ALLU: The average number of FGMRES iterations per Newton iteration for a nematic LC problem
in a square slab using []P’2]3—IP’1 discretization

#refs #dofs y

1 10 102 103 104 10 100
1 5340 1040 920  8.00 5.40 2.00 1.20 1.14 1.11
2 21,080 1420 1320  9.20 5.80 3.00 1.40 1.17 1.12
3 83,760 475 475 675 6.40 3.83 2.00 1.17 1.14
4 333,920 550 450 725 7.20 4.67 2.29 1.14 1.17
5 1,333,440 525 375 575 7.00 5.17 2.57 1.50 1.17
Table 3 ALMG-STAR: the srofs pdofs  y

average number of FGMRES
iterations per Newton iteration 10° 10* 10° 106
(total Newton iterations) for the
nematic LC problem in a square
slab

1 5340 2.60(5)  240(5) 229(7) 229 (7)
2 21,080  420(5)  220(5) 2.50(6)  3.29(7)
3 83,760  8.00(5)  3.00(5 233(6) 3.33(6)
4 333,920 11.60(5) 5.17(6) 2.17(6)  229(7)
5 1,333,440  1520(5) 843(7) 3.14(7) 1.78(9)

The performance of ALMG-STAR and ALMG-PBJ are illustrated in Tables 3 and
4, respectively, where both mesh-independence for y = 10° and y-robustness are
observed.

We also test the robustness of ALMG-STAR and ALMG-PBJ on other problem
parameters, the twist elastic constant K> > 0 and the cholesteric pitch gg. To this end,
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Table4 ALMG-PBIJ: the average number of FGMRES iterations per Newton iteration (total Newton iter-

ations) for the nematic LC problem in a square slab

#refs #dofs y
103 104 10 106
1 5340 3.20(5) 2.60 (5) 3.00 (6) 3.57 (7)
2 21,080 5.60 (5) 2.60 (5) 2.83 (6) 3.71(7)
3 83,760 10.00 (5) 3.80 (5) 2.80 (5) 3.00 (6)
4 333,920 15.40 (5) 7.00 (5) 2.50 (6) 2.83 (6)
5 1,333,440 >100 11.83 (6) 5.00 (5) 2.83 (6)
6 almg-star almg-pbj
—— Aver. KSP iter. —— Aver. KSP iter.
5 51
4 4
3 3
2 2
1 14
0 0
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
K K>

Fig. 3 Average number of FGMRES iterations per Newton iteration when continuing in K, for the LC
problem in a square slab

almg-star almg-pbj
6 6
—— Aver. KSP iter. —— Auver. KSP iter.
5 5
4 4
34 3
. . W\
1 1
0 0 T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
do o

Fig. 4 Average number of FGMRES iterations per Newton iteration when continuing in gq for the LC
problem in a square slab

we continue K> € [0.2, 8] and go € [0, 8] with step 0.1. We fix y = 10°, since it
gives the best performance in Tables 3 and 4. The numerical results of ALMG-STAR
and ALMG-PBJ in K- and gg-continuation are shown in Figs. 3 and 4, respectively.
Clearly, a stable number of linear iterations is shown for both continuation experiments.
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error
error

6x 107 102 2x102  3x10724x102 6x1072 10~ 2x102  3x1024x102
h h

h2
- h3
= lIn=nallo
= lIn—nyllx

error

6x1073 1072 2x1072 3x10724x1072
h

Fig. 5 The convergence of the computed director as the mesh is refined for the nematic LC problem in a
square slab

To examine the convergence order of the discretization as a function of y, we apply
the ALMG-PBIJ solver fory = 10%, 10° and 10°. Note that the convergence result does
not rely on the solver used. Figure 5 shows the L?- and H '-error between the computed
director and the known analytical solution. We observe third order convergence of the
director in the L norm and second order convergence in the H' norm for all values
of y considered.

To investigate the computational efficiency of the AL approach, we compare
our proposed AL-based solvers (ALMG-PBJ and ALMG-STAR) with a monolithic
multigrid preconditioner using Vanka relaxation [1,53] on each level (denoted as
MGVANKA) in Table 5. Essentially, MGVANKA applies multigrid to the coupled
director-multiplier problem, with an additive Schwarz relaxation organised around
gathering all director dofs coupled to a given multiplier dof. All results are computed
in serial. In our experiments, these two AL-based solvers outperform MGVANKA
even for small problems of about five thousand dofs. In particular, ALMG-PBJ is the
fastest method considered and is approximately five times faster than MGVANKA for
a problem with about five million dofs. We also notice that ALMG-STAR is slower
than ALMG-PBJ, which is caused by the size of the star patch being larger than that
of the point-block patch, requiring more work in the multigrid relaxation.
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Table5 The computing time of ALMG-PBJ, ALMG-STAR and MGVANKA as a function of mesh refine-
ment for the nematic LC problem in a square slab

Computing time (in min)

#refs 1 2 3 4 5 6

#dofs 5340 21,080 83,760 333,920 1,333,440 5,329,280
ALMG-PBJ 0.02 0.04 0.09 0.32 1.17 553
ALMG-STAR 0.02 0.07 0.23 0.79 2.95 12.86
MGVANKA 0.04 0.15 0.38 1.44 591 25.09

Fig.6 The coarse mesh of the
ellipse
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6.2.2 Equal-constant nematic case in an ellipse

Consider an ellipse of aspect ratio 3/2 with strong anchoring boundary condition n =
[0,0, 117 imposed on the entire boundary. We consider the equal-constant nematic
case K1 = K = K3 = 1, go = 0 to verify the theoretical results presented in
previous sections with corresponding discretizations. We use the initial guess ny =
[0,0,0.8]" in the nonlinear iteration. The coarsest triangulation, generated in Gmsh
[26], is illustrated in Fig. 6.

To verify our theoretical results on the improvement of the discrete enforcement
of the constraint in Sect. 4, we vary the penalty parameter y, use one refinement for
the fine mesh, and employ the [P1]3-P; element. The data is plotted in Fig. 7. The
L?-norm |In-n— 1|o of the residual of the constraint decreases as y grows, and scales
like 0 (y~1/?) as expected.

The efficiency of the Schur complement approximation of Sect. 3 for the [P2]3-P;
element can be observed in Table 6.

Tables 7 and 8 demonstrate the robustness of ALMG-STAR and ALMG-PBJ with
respect to ¥ and mesh refinement for the [P,13-P; element. It can be seen that both
solvers are robust with respect to the penalty parameter y, and with respect to the mesh
size h for y = 10°. The number of nonlinear iterations and the number of FGMRES
iterations per Newton step remain stable.

Code availability For reproducibility, both the solver code [55] and the exact version
of Firedrake used [22] to produce the numerical results of this paper have been archived
on Zenodo. An installation of Firedrake with components matching those used in this
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Fig. 7 Comparison of the computed constraint |n - n — 1| and the reference line ﬁ(y‘l/z) using the
[Py J3—]P’1 finite element pair for equal-constant nematic LC problems in an ellipse

Table 6 ALLU: The average number of FGMRES iterations per Newton iteration for an equal-constant
nematic problem in an ellipse using []P’2]3—]P’1 discretization

#refs #dofs y

0 1 10 102 103 104 10% 100
1 19,933 29.20 25.60 16.40 5.20 2.60 1.60 133 1.14
2 78,810 32.50 26.00 14.00 6.80 3.40 1.80 133 1.17
3 313,408 12.50 15.50 16.25 7.60 4.20 2.20 133 1.17
4 1,249,980 11.00 12.25 14.75 8.40 4.80 2.60 1.40 1.17
5 4,992,628 1233 13.33 11.75 8.00 5.20 3.00 1.50 1.14

Table7 ALMG-STAR: the
average number of FGMRES
iterations per Newton iteration 103 10* 10° 106
(total Newton iterations) for
equal-constant nematic problem
in an ellipse using [P2]°-IPy
discretization

#refs  #dofs y

19,933 260(5  1.60(5) 1.80(5) 1.67(6)
78,810  440(5)  1.80(5) 1.60(5)  1.50(6)
313,408  6.80(5)  320(5) 1.50(6) 1.50(6)
1,249,980  10.00(5) 4.67(6) 1.80(5)  1.50(6)
4,992,628  1440(5) 7.50(6) 420(5)  1.33(6)

TR W N =
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Table 8 ALMG-PBIJ: the average number of FGMRES iterations per Newton iteration (total Newton iter-
ations) for equal-constant nematic problem in an ellipse using [IP2]3-IP1 discretization

#refs #dofs y

103 104 10° 100
1 19,933 3.80 (5) 2.60 (5) 2.60 (5) 2.80 (5)
2 78,810 6.80 (5) 3.20 (5) 2.60 (5) 2.60 (5)
3 313,408 9.00 (5) 5.00 (5) 2.60 (5) 2.60 (5)
4 1,249,980 14.80 (5) 8.20 (5) 3.80 (5) 2.40 (5)
5 4,992,628 19.00 (5) 11.60 (5) 6.80 (5) 2.50 (6)

paper can be obtained by following the instructions at https://www.firedrakeproject.
org/download.html with

python3 firedrake-install---doi 10.5281/zenodo.4249051

7 Conclusions

The results in this paper divide into two categories: results about the Oseen—Frank
model and its discretization, and results about the augmented Lagrangian method for
solving it. For the former, we extended the well-posedness results of [2] for nematic
problems to the cholesteric case. We also showed that the Schur complement of the
discretized system is spectrally equivalent to the Lagrange multiplier mass matrix. For
the latter, we showed that the AL method improves the discrete enforcement of the con-
straint, and devised a parameter-robust multigrid scheme for the augmented director
block. The key point in this is to capture the kernel of the semi-definite augmenta-
tion term in the multigrid relaxation. Numerical experiments validate the results and
indicate that the proposed scheme outperforms existing monolithic multigrid methods.
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