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ANALYSIS AND SIMULATIONS OF THE CHEN-LUBENSKY
ENERGY FOR SMECTIC LIQUID CRYSTALS: ONSET OF
UNDULATIONS*

CARLOS J. GARCiA-CERVERAT AND SOOKYUNG JOO?!

Abstract. We study the Chen-Lubensky energy to investigate layer undulations in smectic
liquid crystals in response to an applied magnetic field. In earlier work [C.J. Garcia-Cervera and
S. Joo, Arch. Rat. Mech. Anal., 203(1), 1-43, 2012], the authors obtained an asymptotic expression
of the unstable modes and a sharp estimate of the critical field using the Landau-de Gennes model
for smectic A liquid crystals. In this paper, we extend our theory to the Chen-Lubensky energy,
which includes a second order smectic order parameter gradient. Analysis based on I'-convergence
theory and bifurcation theory provide the estimate of the critical field and frequency of the undu-
lations. Furthermore, we present a new numerical formulation of fourth order partial differential
equations. With this formulation, the fourth order system reduces to a second order equation with
a constraint, which resembles the incompressible Navier-Stokes equations from fluid dynamics. We
use this method to illustrate the presence of layer undulations near the critical field and to confirm
that the results from our analysis agree with these numerical simulations. We also use asymptotic
analysis to determine the structure of the domain wall at high fields under the assumption that the
layer density is constant.
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1. Introduction

We study the formation of undulations under an applied magnetic field in smectic
liquid crystals using the Chen-Lubensky energy functional. We consider a smectic
liquid crystal confined between two flat plates and uniformly aligned in a way that
the smectic layers are parallel to the bounding plates. The external magnetic field is
applied in the direction parallel to the smectic layers. If the field reaches the critical
threshold, the layers undulate. This phenomenon is called the Helfrich-Hurault effect
(see [18] and [20]). In our previous work [15], we studied this phenomenon analytically
by considering the minimizer of the second variation of the Landau-de Gennes free
energy ([7]) at the undeformed state and by carrying out a bifurcation analysis of
the nontrivial solution curve. In this paper we study undulation phenomena with
the modified Chen-Lubensky energy that includes the second order gradient term.
This energy can describe both smectic A and smectic C phases depending on the
temperature-dependent material parameter.

The classic Helfrich-Hurault theories assume that the layers are fixed at the cell
boundaries, i.e., that the undulations vanish at the boundaries and a specific form of an
ansatz is made. However, experimental studies of undulations ([21, 28]) showed a lower
critical field and larger layer displacement than the ones expected from the Helfrich-
Hurault theory. Furthermore, the displacement of the layer undulations immediately
adjacent to the bounding plates was not zero. In [15], we analyzed the de Gennes free
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energy with and without fixing the layers on the boundaries. In this paper, we extend
the analysis used in [15] to the Chen-Lubensky functional for smectic A liquid crystals
and find that the same critical fields and undulation descriptions are obtained with
both boundary conditions. Thus without the assumption that the layers are fixed at
the boundaries, a lower critical field and a description of the undulations consistent
with experiments are successfully achieved.

We apply I'-convergence theory to a one dimensional energy that characterizes
the critical field, and consider both Dirichlet and Natural boundary conditions on the
layer variable. For this, we identify a small parameter while performing nondimen-
sionalization of the energy. The same I'-limit in [15] is given with the Chen-Lubensky
energy. We also study the Euler-Lagrange equations of the Chen-Lubensky energy via
bifurcation theory. We prove that there is a pitchfork bifurcating curve of nontrivial
solutions above the critical magnetic field. The stability of the undeformed state is
lost at the bifurcation point. Furthermore, a sharp estimate of the critical field and a
description of the undulation phenomena are given analytically for smectic A liquid
crystals.

In sections 2 and 3, we present the modified Chen-Lubensky model and introduce
an efficient numerical method for the gradient flow of the Chen-Lubensky functional
and study the Helfrich-Hurault effect in smectic liquid crystals. The numerical method
is based on a new formulation of the resulting fourth order partial differential equa-
tions. With this formulation, the system reduces to second order equations with a
constraint, which resembles the Navier-Stokes equations from fluid dynamics.

To illustrate the new approach, consider a functional of the form

Fp) = / F(V, V24) d.

Its gradient flow results in a fourth order partial differential equation. Instead, we
define m = Vv, and rewrite the energy in terms of m:

F(m):/gf(m,Vm)dx.

The corresponding gradient flow equation becomes

om o 0f _0f o
ot OVm Om

where the last term V4p = (—9,p,d,p) appears as a Lagrange multiplier for the

constraint V x m = 0, in a similar way as the pressure plays the role of a Lagrange

multiplier for the incompressibility constraint in the Navier-Stokes equations. In fact,

if we define u = m* = (—my, m;), then the same argument leads to the equation

m_ooof of o
ot oVu Ou

which shows more clearly the resemblance with the Navier-Stokes equations of fluid
dynamics. A large number of numerical methodologies have been developed for this
equation, and we adapt here the Gauge method, introduced in [9] to solve the Navier-
Stokes equations, which allows for an efficient treatment of the pressure term.

We illustrate the layer undulation patterns numerically by solving the gradient
flow of smectic A liquid crystals. We find good agreement with the estimate of the
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critical field and the frequencies of layer undulation obtained in sections 5 and 6.
Numerical simulations and analysis for undulations in smectic A liquid crystals are
presented in [15] when D = 0 in the Chen-Lubenksy energy. The influence of an
applied magnetic field in smectic C liquid crystals in a two dimensional domain is
illustrated as well. When the directors at the cell boundaries are tilted with a fixed
angle «, the director tends to align with the magnetic field as expected. However,
the simulation shows that the layers are not disturbed regardless of the strength of
the magnetic field. When the director is arranged with a tilt angle a at the top and
—a at the bottom of the cell, the layers are uniformly aligned at a moderate field and
start to undulate at a higher field.

In Section 4, we study the stability of the undeformed state of smectic A liquid
crystals. We use a simplified model of constant layer density. The case of variable layer
density was considered for the de Gennes energy in [15]. We define the critical field
H_. above which the undeformed state is unstable and below which the undeformed
state is stable. In order to study the limiting problem with the help of I'-convergence
theory, we reformulate the problem by taking the small parameter € = h~!, where h
is the ratio of the layer thickness to the cell thickness.

In sections 5 and 6, we extend our study in [15] to the Chen-Lubensky functional
and obtain the same results in terms of the critical field and undulation pattern. For
the case where the layers are fixed at the boundary, we prove that if 2d is the cell
thickness, then the critical field H,. is estimated by

1
K \2
H,. ~ <X d)\) . (1.1)

where K, x,, and \ are material constants which will be discussed in the Section
2. This estimate is consistent with the result found in the classical Helfrich-Hurault
theory (see [8, p. 363] and [20]) and numerical simulation in figure 3.1 of Section 3.
Furthermore, we prove that the maximum undulation occurs in the middle of the cell
and the displacement amplitude decreases near the boundary. These are consistent
with the result found in classic Helfrich-Hurault theory in an infinite sample. The
theory also provides the period of the oscillation in the x axis. The frequency of the
oscillation is proportional to d—1/2.

For the general case where the Dirichlet boundary condition for the layer function
is eliminated, the critical threshold is lower than H, in (1.1) by a factor of 1//7.
Instead of the periodic profile as in the Dirichlet case, the director has boundary
layers at both endpoints (y = +d). The frequency of the oscillation is no longer
proportional to d~1/2; in fact, the frequency is of the order of d—1.

In Section 6, we find a first eigenvalue and corresponding eigenfunctions in order
to study the discrete spectrum of the linearized operator. We show that the kernel of
the linearized operator at the first eigenvalue is one-dimensional for both Dirichlet and
natural boundary conditions. This allows us to analyze the undulation phenomena as
a bifurcation from the uniform solution. We prove that for x > k., the undeformed
state loses its stability and bifurcation occurs, generating a nontrivial solution curve
which is stable.

Formal asymptotic analysis is used in Section 7 to study the limiting profile of
the transition wall as k — oo, which gives a result consistent with the numerical
simulations presented in Section 3. Well above the critical field, experiment shows
that the layer density is no longer uniform, and therefore a more complex model with
variable layer density needs to be used, which will be the subject of future publications.
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2. Model
The total free energy density for liquid crystals consists of a nematic f, and a
smectic fs; part. The Oseen-Frank energy density for a nematic is given by

D)

(V.n)Q—l—%(n.Vx n)z—&—%\nx (V xn),

In
where K7, Ks, and K3 are the splay, twist, and bend elastic constants, respectively.
We consider the energy with one constant approximation case, K1 = Ky = K3 =
% > 0 and K4 = 0. Then the nematic energy density becomes

fn= %\Vnﬁ.

The smectic energy density can be expressed in terms of the nematic director n and
the smectic order parameter

W(x) = p(x)ei ),
where the molecular mass density is given by

1 *
3(x) = po(x) + 5 (W(x) + ¥*(x)) = po(x) + p(x) cos giy(x)
and py is a locally uniform mass density, p(x) is the mass density of the smectic layers,
and 1 parametrizes the layers so that V) is the direction of the layer normal. Now
the smectic energy density is given by

D C C
fo = 5 DU + == Du ¥ + —ln- D, P,

where D,, = V —ign, D2 = D,, - Dy, and D, O, and C) are positive constants.
The original model for smectic C energy was proposed by Chen and Lubensky in [2].
However, because their model has an anisotropic second order gradient term, we use
the modified model, introduced by Luk’yanchuk [27] and analyzed in [22]. The energy
3§ is designed to describe nematic to smectic C' transitions if C'; < 0 and to smectic
A if C; > 0. With this modified model, when C; < 0, the same tilt angle and layer
thickness are obtained from the original Chen-Lubensky model [22],

_CJ_ 2 2 _CJ_
tan® o = —— =) =¢+—== 2.1
wta= 2L, (d) ik (2.1)

where « is the tilt angle between the director and the layer normal and d is the layer
thickness. Because we investigate the smectic structure far from the nematic—smectic
transition, we may assume that the magnitude of the smectic order parameter is a
constant, i.e., p is a constant. Then f; becomes

D2 Do2a? C' a2 02 Cia?p?
fo = 2L Ty —nlt+ L Ay - V)4 S Va2 AT (0 v - 1)2,
We consider a smectic liquid crystal confined between two flat plates (y = —d and

y = d) and a magnetic field applied in the z direction.
The magnetic energy is given by ([8, 29])

fm = =% H)? = =X’ (h-n)?,
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where x, is the magnetic anisotropy, H = ch, h = (1,0), and ¢ = |H|. We assume
that x, > 0. Then the director prefers to be parallel to the direction of the applied
magnetic field. Collecting all contributions to the free energy, the free energy density
is

f:fn+fs+fm~

We consider a rectangular domain
Q=(-L,L) x (—d,d),

where L = rd for some constant r > 0. We also assume that h = (1,0) so that the
magnetic field tends to make the director orient along the x direction. We impose
periodic boundary conditions for ¢ and n in the x direction, while we assume strong
anchoring conditions for n on the boundary plates:

n(z,+d) = (0,1) for all z € [-L, L]. (2.2)
We make the problem dimensionless by introducing new variables

)= (LY) _Y
($,y)—<)\,>\ a‘nd 410_)\)
where A = (/% is of the order of the smectic layer thickness and B = Cjp?¢? is

the de Gennes compressibility constant. Then we have a non-dimensionalized energy,
dropping the tilde notation,

BN 2 2 Do 4 2
5= > |- (\Vn| +D1(Ap—V -n) +7|Vg07n| +¢|Ve —n|
@ (2.3)
+(n Ve —1)? — k*(n- h)g) dx,
where
~ ~ ~ d ~ L
Q=(-L,L —h,h h=—, L=—.
(-LI)x(-hh), h=%5 LI=%
The dimensionless parameters used are given by
Dp*q? 2D¢? CL 2 XaO®
1 K ) 2 C” ) c C” ) K B

For smectic C liquid crystals (C| < 0), we use the following set of parameters:

Dp%q? 3.8x9 2Dq? Cy
D = = D = = —-—_ — .1'
! K 472 x 100’ 2 C” C” 0

=076, ¢

Then the tilt angle equation (2.1) becomes tan? a = —c/D5. This set of model pa-
rameters was used in [32] and this choice was made so that o = 20° in the tilt angle
equation. The first term of the second line in (2.3) often can be omitted in the de-
scription of smectic A liquid crystals where C; > 0. Nondimensionalization in this
case leads to the dimensionless parameters

D 2 2 2D 2
D =2P9T o001, Dy= Cq — 76, c=1,
1
ao? (2.4)
k2=22"" B=0Cp*¢ a=0"

B
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3. Description of numerical scheme

One can see that the Chen-Lubensky free energy gives rise to a fourth order
partial differential equation. In fact, the gradient flow equations associated with the
energy (2.3) are given by

% =—nxnx (An—D1V(Acp—V~n)+D2\ch—n|2(V<p—n)

+c(V<p—n)—(n-ch—l)V(p—i—nz(n-h)h), (3.1)
5 :
5o == DiA(Ap — V-m) +2D2(9;0 — )iy — Omy)(Dhp — i)

+(D3|[Ve —n]* +¢)(Ap =V -n) + V- [(n- Vg — 1n].

The expression —n X n x () on the right hand side of the first equation results from

the constraint n| = 1. In fact, accounting for this constraint we may introduce the
Lagrange multiplier X so that the gradient flow equation for n is
v
n, = —— + An. 3.2
t 5 + (3.2)
Taking the inner product with n in both sides gives, and by using |n|] = 1 and

A= (n, %), (3.2) becomes

’ on
OF
n; = Hl’l ((51’1) 5 (33)

where IT,(v) = v — (n,v)n is the projection of v onto the tangent plane to the unit
sphere at n. Equation (3.3) can be seen equivalent to the first equation of (3.1) as a
consequence of the vector identity u x (v x w) = (u,w)v — (u,v)w. Note also that
the first equation of (3.1) resembles the Landau-Lifshitz equation of micromagnetics
in the high damping limit [10], and the heat-flow of harmonic maps [30].

In this section, we introduce the new formulation for the numerical simulations
of Helfrich-Hurault effect for smectic liquid crystals using the Chen-Lubensky func-
tional.Setting u = Vi, the energy becomes

§= g/ (\Vn|2+D1(V-u—V-n)2+%\u—n|4+c|u—n|2
& (3.4)
+(m-u—1)?—-x%*(n- h)2) dx,

with the constraint V x u = 0.

Now the energy has only first derivatives and hence the corresponding Ginzburg-
Landau equations are second order partial differential equations. We consider the
gradient flow of the energy

%%—? =—nxnx (An—D1V(V-u—V-n)+(D2|u—n|2+c)(u—n)
—(m-u-1)u+r3(n- h)h), (3.5)
'yuaa—? =D,V(V-u—V-n)— (Dyju—n?+¢)(u—n)—(n-u—1)n—Vtp,

where 7, and +, are appropriate constants. The last term V-+p from the second
equation arises from the constraint V x u = 0, and plays a similar role to the one
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played by the pressure in the Navier-Stokes equations. From the identity
V(V-u)=Au+V xV xu,

and the constraint V x u = 0, we can see that V(V -u) = Au. This gives a system of
parabolic equations, which resembles the Navier-Stokes equations from fluid dynamics,
for which a large number of numerical techniques are available [1, 3, 9, 16, 17, 26].
The layer structure can be recovered by solving

Ap =V -u,

with appropriate boundary conditions, and plays a role similar to the stream function
in fluid dynamics. The contour map of ¢ describes the layer undulation patterns.

This approach can have broad applicability, and can be very efficient for any
functional of the form

F(V, V) dx,
Q

where 0 C R?, and f is smooth. Moreover, this formulation also can be used for any
functional of the form

/Q 0, Vb, V24) dx.

In this case, the term 1) can be obtained from u by solving Ay = V-u with appropriate
boundary conditions, where u = V1. A similar situation occurs in the context of the
Landau-Lifshitz equation for micromagnetics [23, 19, 13], where the stray field can be
computed by solving a Poisson equation.

This approach can be extended to three dimensions also, where the Lagrange
multiplier p in (3.5) is replaced by a term of the form V x A. The equation can be
solved using the projection method [3, 16], for example, via a Hodge decomposition
[31].

We use periodic boundary conditions on each end of the cell for n and u, and
we assume strong surface anchoring on the plate for the director n and Dirichlet
boundary condition for u, assuming that the layers on the boundary are fixed:

n|y—+, = (sin e, cos o),

uly_in = (0,1), (3.6)

where h = %, A= \/% is the characteristic length of the material, and d is the
thickness of the sample. With this boundary condition, the energy is minimized when
the layers are parallel to the plates if K = 0.

We use the Gauge method [9] to solve the system (3.5) with boundary condition
(3.6). Introducing two auxiliary variables, a vector field a and a gauge variable ¢

which satisfy a = u — V¢, (3.5) becomes

88—? =-nxnx (An+D1V(V~n)—D1Au
+(D3lu —n* 4 ¢)(u —n) —I—HQn-el), (3.7)
Oa = DiAa— D1V(V-n)+ (DsJu—n|* + ¢)(n — u), (3.8)

at
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Ap =V x a, (3.9)
u=a— Vg, (3.10)

with boundary conditions

n|y—15 = (sina, cos a),

a|y:ih = (Sil’la,COS Oé) + (Oa ¢I)7 (311)
9¢
@|y:ih =0.

A general form for this boundary condition is

%207 a-T=u-T, a-z/:u-z/—i—%.

3.1. Smectic A liquid crystals. For smectic A liquid crystals, we set « =0
in (3.11) and ¢ = 1. As described in Section 2, we impose strong anchoring conditions
for the director field, and Dirichlet boundary condition on ¢ at the top and the bottom
plates, (3.11). Periodic boundary conditions are imposed for both n and ¢ on each
side of the domain. For the time discretization of (3.7) we use a projection method,
similar to the one introduced for micromagnetics in [10]. We write n = (n1,n2)
and u = (u1,us). To update the solution, we use a fractional step approach. First,
assuming that (n*~1 u*~1 ¢*=1) and (n*,u*, ¢*) are known, we solve for n*:

* k *
n —n — An* + D, ((n}k)acx + (ng)xy> _DlAuk
At (nl)ry + (nz)yy
k k2 k k 2 (3.12)
+(D2|u® —n”* +1)(u” — n”) + kK n* - ey,
where At is the time step size, with the boundary condition
n*|,=+p = (0,1).
Then we project n* onto S? to obtain n*+1,
1
n*t! = —n* (3.13)
¥
For equation (3.8), we write
akt+l _ pk nF Y. (k)
A DyAa*tt — Dy (Eniﬂg n EH%H; y)
1 y 2 Jyy (3.14)

+(Dy|u® — n* 12 4 1)(nf ! — uh)
with boundary condition
a"y—in = (0,14 @) ly=tn-
Then we obtain the gauge field (3.9) by solving

A@FTl =V x akt! (3.15)
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with homogeneous Neumann boundary condition ¢’y“+1|y=ih = 0 and then update u,

¢k+1
WL — ghtl _glghtl gkt <_£k+1> ) (3.16)

Periodic boundary conditions are imposed for both n and ¢ on each side of the
domain. We use a Fourier spectral discretization in the x direction, and second order
finite differences in the y direction. The fast Fourier transform is computed using the
FFTW libraries [11].

The method (3.12)-(3.16) is second order accurate in space, and first order accu-
rate in time due to the first order accuracy of the projection method (3.12)-(3.13). One
can improve this to second order accuracy by employing the method also introduced
in [10], however, this is not pursued in this paper. The consistency and convergence of
the projection and gauge methods are given in [10] and [33], respectively. Our system
contains additional nonlinear terms, but they are only lower order terms, and they
are treated explicitly. Hence the consistency of our scheme can be shown in exactly
the same way as in [10] and [33].

We try to find the maximum At corresponding to the various Az by reducing Az
from Az = 0.625 to A = 0.02. In all cases, the table 3.1 shows that the maximum At
is 0.4, which gives unconditional stability for the scheme (3.12)-(3.16). For the table
below, we use a domain size 20 x 5 and Ay = 0.5 - Ax.

Ax 0.02 0.039 0.078 0.156 0.3125 0.625

Max At 0.4 0.4 0.4 0.4 0.4 0.4

TABLE 3.1. Stability constraint of At with various Ax.

For the initial condition, we consider a small perturbation from the undeformed
state. More precisely, for all (z,y) € Q,

(en1,1 4+ eng)
b) 70 = —7
n(z,y,0) |(eny, 1+ eng)|

Sp(xvy’ 0) =Y + €00,

where a small number € = 0.01 and n;, ng, and ¢ are arbitrarily chosen.

We take the domain size L = 50 and h = 12.5. A more physically related value
for h in smectic A liquid crystals is 5 x 10°. However, the layer undulations can be
observed if A > 1. In fact, the undulations in cholesteric liquid crystals occur with
h =5 ([28]). The numbers of grid points in the x and y directions are both 1024 and
512, respectively.

In figure 3.1 we show the layer structures obtained in response to the various
magnetic field strengths . The figures are contour maps of ¢ because the level sets
of ¢ represent the layer. Omne can see that the undeformed state is stable before
the magnetic field k reaches the threshold k. (figure 3.1 (a)). If k increases and
reaches k., the layer undulations occur (figure 3.1 (b)). As x increases beyond k.,
the displacement amplitude increases as in the figure 3.1. The maximum undulation
occurs in the middle of the cell (y = 0) and the displacement amplitude decreases
when approaching the boundary (y = +h).
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K =0.25 k%=0.26

Fic. 3.1. Smectic A undulations: Contour plots of ¢, the solution of the system (8.5).

Figure 3.1 (b) shows that x2 is between 0.25 and 0.26. In fact, k2 ~ m/h will
be proved in the sections 5 and 6. This estimate from our analysis predicts the
undulations at k2 ~ m/12.5 ~ 0.2513, which is a good agreement with our simulations.

In [15], the simulation using de Gennes energy shows that the undulation period
decreases as the applied field increases. However, the period increases when we use
the Chen-Lubensky functional as in figure 3.1. This is expected because the Chen-
Lubensky functional includes the second order derivative term, which penalizes the
changes of the gradients.

Physically relevant undulation patterns at a higher field can also be observed
with this model without the assumption that the layer density is constant. This will
appear in a future publication.

3.2. Smectic C liquid crystals. = We consider a two dimensional domain for
undulations in smectic C liquid crystals by taking ¢ = —0.1. The undeformed state is
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K=2

25 K2=2
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N
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F1G. 3.2. No smectic C undulations: Contour plots of ¢, the solution of the system (3.5) with
the same boundary condition at the top and the bottom of the cell. The first and the second column
depict the layer and director, respectively.

given by
Yo = my, and 0y = a,

where m = ,/1+ DL2 is the layer thickness and « is the tilt angle given by the

equation tan? o = —c/Dy. We find that the layer undulation does not occur when we
perform the numerical simulations with the same boundary condition at the top and
the bottom of the cell (3.2). Up to k? = 5, one can see that the director is horizontal
in most of the cell except at the boundary, but the layer is in the unperturbed state.
Instead, we proceed with the skew boundary condition,

n(z, —h) = (sinq, cos @) and n(x,h) = (—sinq, cos ). (3.17)

This means that the c director is in the positive x direction at the top and is in the
negative x direction at the bottom of the sample cells. The numerical result obtained
when k2 = 0 is applied was used as an initial state for numerical simulations with
other values of k2. The initial state is illustrated in the first row of figure 3.3. The
director changes its direction gradually to satisfy the boundary values of the top and
the bottom plates. Between 2 = 0.1 and % = 0.3, the simulations for layers illustrate
the undeformed state. As k increases further, one can see periodic layer oscillations
as in the last row of figure 3.3.
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Contour plots of ¢, the solution of the system (3.5) with

the boundary condition (3.17). The first and the second column depict the layer and director,

Fic. 3.3. Smectic C undulations:
respectively.



C.J. GARCIA-CERVERA AND S. JOO 1167

4. Critical field for smectic a liquid crystals

We derive here a one-dimensional energy that characterizes the critical field, in a
similar way to the procedure described in Section 3 of [15]. For sections 4-6, we only
consider smectic A liquid crystals. From |n| = 1, we can introduce the scalar variable
0, with 0 < 6 < 27, such that

n = (sinf, cosb).

Then the free energy (2.3) becomes, omitting the first term of the second line in (2.3),
using (2.4), and writing simply & for x2,

5(0,9) = / (Dl(Agp — cos 00, + sin 06,))?
Q

+% ((pz —sin@)? + (¢, — cos 9)2)2 + (pz —sin0)? (4.1

+(ipy — cos0)? +|VO|* — ksin® 9) dy dz,

and the corresponding boundary condition on @ is the homogeneous Dirichlet bound-
ary condition on the top and the bottom of the plate. This energy (4.1) has a trivial
critical point, 8§ = 0, ¢ = y, which describes the undeformed state where the layers are
parallel to the boundary plates, the directors are aligned in the y direction, and the
magnetic filed is applied in the direction perpendicular to the director. The second
variation of the energy at the undeformed state, ¢y = y, and 6y = 0, gives

1D2$(0 + 160, po + tp) == L& F (00 + 16, oo + tp)

2 0 » 0 w) = 2 dt2 =0 0 » PO ®

(4.2)
_ /Q(Dl(Ago — 0,2+ (90 — 0)2 + 92 + |VO]? — k|0]2) dady.

The undeformed state, (6g,®g), is stable if the second variation is nonnegative at
(6o, Po). We set

G0, ) = /Q (Di(Dp — 0,)% + (pr — 0 + 62 4 |VO2) dudy — (43)

and consider two admissible sets, A, and A, defined by
A={(0,p) € H\(U) x H*(U) : ||0|]2 = 1, 6(z,+h) = 0 for all 2}.
and
Ao ={(0,¢) € A: ¢o(x,£h) =0 for all z},

respectively, where U = R/(—L 4 2LZ) x (—h,h). Note that because ¢ is the layer
perturbation, when D; = Dy = 0, the set Ay corresponds to the setting in the classic
Helfrich-Hurault theory, where the layers are fixed at the cell boundaries.

One can see from (4.2) that the critical field in the Neumann and Dirichlet case,
ke and k0, is defined by, respectively,

Fe = iang(G,gp) and K2 inf  G(0,p). (4.4)

(0.9)€ ¢~ (0,0)E€Ag
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Thus, the undeformed state, (6o, ¢o), is stable if kK < HEO) and unstable if x > /{EO). In

addition, we show that when x = H&O), a stable bifurcation is possible.

The periodic boundary conditions allow us to use the Fourier series representation,

oo oo
Oz, y) = > Ou(y)e™™ and  o(x,y) = Y ealy)e™,
where p1,, = 7n/L. Then (4.3) becomes
-~ h ad 1"
60.9) =2L [ (32 (0L + 2I0nf? + il = o = b
S (4.5)
00— ittnpal® + 160/ ) dy,
and the critical field can be obtained by
h
© = inf inf / 02+ 1210 + Dilg, — 120 — ifin0n]*
rel =inf b 7h(| "+ w710 1 = pin® — ifinOn]
+0 —ingel? + ' P) dy (4.6)
=inf inf  F(0,0,pu),
mf e (0,9, 1)
where
h
B={(0,¢) € Wy*(=h,h) x W**(=h,h) : / 0(y)I* dy = 13,
- (47)

B° ={(0,¢) € B: p(+h) = 0},

and here we let pu = p,, for simplicity.
In the case of Dy = Dy = 0, we showed in [14] that if L > h > 1 then there exist
universal constants ¢; and ¢ such that

Tn <2 (4.8)

For the general case with arbitrary material constants, the lower bound can follow
exactly from the Lemma 3.2 from [14]. Also, the test functions for the upper bound
in [14] can be applied for the general setting as well. Thus we have the same estimate
(4.8) on the critical field.

Introducing the transformations, * = Z/h,y = g/h, and u = ¢/h, the energy in
(4.1) becomes

eF(0,u) = / (Dlg(Au — cos 00, + sin 00,
D

—|—§—€2 ((uw —sin#)? + (uy — cos 9)2)2 (4.9)

1 1
—l—g(uw —sinf)? + g(uy —cos0)? + ¢|V0|? — o sin® 9) dx dy
where D = (—r,7) x (—=1,1), r = L/h, and ¢ = hx. As in (4.2), one can see that the
critical field o, is defined by

o.= inf J(0,u), (4.10)
(O,u)eA
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where

J(0,u) = / (Dls(Au —0.)* + é(uJL —0)* + %uz + 6|V9|2) dz dy (4.11)
D

and A is a corresponding admissible set after the transformation. It follows from (4.8)
that there exist universal constants ¢; and cg such that

¢ < oe < Cp. (4.12)
Using notations
9 ™m )
d=0(e) =ep®, p=p,= T P =ik, and I=(-1,1), (4.13)
we define
o —inf inf /(g|e’|2 461012 + D16|S0 — o+ 02
" (0,0)€BO@ J d
1 1
+g|9 —ol*+ EWF) dy (4.14)
=inf inf F.(0,p,0),
" (0.0)€BO)
where

B={(0,0) € WEAI) x W22(1) / 6(y) > dy = 1},

-1

B° = {(0,¢) € B: p(+1) = 0}.
From (4.12), we can see that the infimum of F; is of order 1 in €.

5. I'-convergence _ _
In this section, we look for a minimizer of F. in two function spaces, B and B°,
with the constraint

/1 10(2)*dz = 1, (5.1)

via T'-convergence theory [6]. We recall the definition of T-limit of a family of func-
tionals.

DEFINITION 5.1. Let (X, T) be a topological space, and let Fy, a family of functionals
parametrized by h. A functional Fy is the I'-limit of Fy, as h — 0 in T if and only if
the two following conditions are satisfied:
(1) If up, = ug in T, then Uminfy_,o Fy(up) > Fo(uo).
(ii) For all ug € X, there exists a sequence up, € X such that up, — ug in T, and
1imh*>0 Fh(uh) = Fo(uo).

Condition (4) is related to lower-semicontinuity, while for Condition (i7) a specific
construction for the converging sequence is typically required.

Notice that if (6, ¢) is a minimizer of F, then so is (—0, —p). Thus we consider
the following spaces to identify these minimizers. We let

X,=B/~ and X;=B°/~,
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where (61,¢1) ~ (02, ¢2) if and only if (02,p2) = (=01, —¢1). We also define the
following function spaces for the I'-limit with each boundary condition,

XD ={(0,0) e W"(I) x W*(I) : ||0||p2(r) = 1}/ ~,
X9 ={(0,0) € Wo(I) x W (1) « 0] 21y = 1}/ ~ -

First we consider the minimizing sequences with the Dirichlet boundary condition.
Let

[l + 6101 + D185 — o+ 012+ 110 — |2 + Lo/ [?) dy,
F.(0,0,9) := if (0,0,0) € Xg xRT, (5.2)

400, else.

In [15], the I'-convergence method was used to understand the minimizer of the
linearized functional, F., when D; = 0. For Dirichlet boundary condition case, the
I'-limit obtained in [15] is

J,(00% + 202 dz, if 0 = o € Wy P(I),

5.3
+-00, else. (5:3)

F(0.0,6) == {

One can find that this is also the I'-limit of F. for arbitrary D;. Because the com-
pactness property and lower bound inequality follow from the case D; = 0 in [15], we
only need to establish the construction of a minimizing sequence.

LEMMA 5.2. (Construction,). For any (0,¢,0) € X x RT with 6 = ¢ and
J; 102 dz = 1, there exists a sequence (0;,¢;,0;) € Xq x RT with [,[0;]*dz = 1,
converging in [L*(I)]?> x R as j — oo, to (0, p,6), and such that

limsup F, (6;, ¢;,0;) = F§(0,¢,0).

Jj—oo
Proof.  For simplicity, we will prove limsup;_, ., F.;(0;,9;,0;) < Fo(0,9,0).
First we suppose that ¢ € C°(I). We take §; = 6, 6; = 6 for all j > 1 and let

©j = ¢n; = @*pp, be a regularization of ¢ where p is a mollifier. We can take h small
such that ¢;(4+1) = 0. Note that

1" C
o = @nll2 < Chll¢'[l2 and @]l < gllw’l\z (5.4)

for some constant C. To see this, we find

(@) — (a)] = ‘ /| _ Pl — ol — )iz

1
< h/ p(z)/ |Do(x — thz)|dtdz,
|2]<1 0
and hence we find |¢n — ¢, < hl|De||p. Also,

" C
lenllz = l'll2llpnll < 5[l ll2-
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/3

Using these estimates with h; = s? , we have

2D15§ ar 1 2 /2 2 1 p
5 |(P]| +<g+2D15)(§D—<pj) +€j9 + 66 +5S0J)

st(ej,wj,éj)g/(
I

2/3 1/3 1
< O + Y11 + 31613 + 51613 + 57
and we arrive at the conclusion. For ¢ € WO1 2 (I), we use a density argument. O
PROPOSITION 5.3. The variational problem in (0,p,6) € X4 x RT of minimiz-

ing F.(0,¢,8) T-converges in [L*(I)]> x R as € — 0, to the variational problem in
(0,¢,0) € X9 x RT of minimizing F&(0,¢,6), where F§ is defined in (5.3).

The T-limit F; has a unique minimizer (up to a sign) (cos Zy,cos Iy, %) in
X9 x RT and if the I-limit F¢ has a unique minimizer, then it follows from the
I'-convergence theory that the sequence of minimizers of F. converges to the mini-
mizer of F§ [6]. Thus, with (5.2), we have the following result.

THEOREM 5.4.  Let (0c,¢c,0) € Xq x RY be a minimizer of F.. Fore=1/h < 1,
we have

™
6//['2 ~ 57 FE(987§0676) ~ 777 (55)

J

We look for a minimizer of F. without imposing the Dirichlet boundary condition
on layers. We claim that the T-limit is (5.7), which is the same as the one in [15].
Again the lower bound inequality can be inherited from the case D; = 0, so one only
needs to regularize the minimizing sequence obtained in [15]. In order to obtain the
estimate such as (5.4), we can use an extension operator, i.e., for any J O I and
for o € WH2(I), one can find an extension ¢ € Wy'?(J) such that ¢ = ¢ in I and
l@llwr2sy < Cllellwr2(ry. Then we employ (5.4) to @. Now we have the following.

and

2
e (y) — cos gy dy < 1. (5.6)

PROPOSITION 5.5. The wvariational problem in (6,¢,0) € X, x R" of minimiz-
ing F.(0,¢,8) T-converges in [L*(I)]> x R as ¢ — 0, to the variational problem in

(0,0,0) € X, x RY U{0} of minimizing F(0,¢,d), where
Jr 010 + 510"1%) d= + 0(1)* + 0(=1)%, if5£0, 0 =4,
F(0,¢,0) =< 0(1)% + 6(—1)2, if 6 =0, 0 = o = constant,
00, else.

(5.7)
Analogous to Theorem 5.4, we have the following result.

THEOREM 5.6. Let (0.,¢0-,6.) € X,, x RY be a minimizer of F. constrained by
[;101?dz=1. Fore =1/h < 1, we have

ep® =0, F. ~1, (5.8)

and

J

12
e (2) — ﬁ‘ dz < 1. (5.9)
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By the virtue of Theorem 5.4 and 5.6, the descriptions of the director and layer
perturbations at the critical field are consistent with the result from [15] and experi-
mental results from [28].

6. Bifurcation

We find an eigenfunction and an eigenvalue for the Euler-Lagrange equation of the
functional F. and use formal asymptotic expansions to solve the algebraic equation
that occurs in the process. Furthermore, we show that the kernel of the linearized
operator at the first eigenvalue is one dimensional. We also find the first eigenvalue
and the corresponding eigenfunction explicitly for bifurcation study.

6.1. Linearized functional. In order to carry out a bifurcation analysis for
the onset of the undulations, we find the basis of the kernel of the linearized operator
at the undeformed state in this section for both boundary conditions on the layer.

6.1.1. Dirichlet boundary condition.
LEMMA 6.1. Let (0,,¢n) € X4 be a global minimizer of F. in Xq. Then (6, n)
satisfies the Fuler-Lagrange equations

D(;na?w;;u <2D16 + 51 )gon + Dlsﬂ (Dlén + é) (on —6,) =0, o
—£0,, + 6,0, + Dicg), + (g + D16, ) (0 = 90) = 0ubhn, |
with boundary conditions
O,(£1) =0, and on(£1) = (%(p;; o+ 9) (£1) = 0. (6.2)

There exists a discrete set ? C R such that for any e € R\H and o9 = min F.(0n, ¢n)
in B, the space of solutions to the system of equations (6.1) is one-dimensional, and
is spanned by the functions

B(y) = C cos —y,

2 VI )7+ 46 (0:3)
1—o0,e+ 1 —0,8)%+ 40,6
p(y) = 5 0(y), 6.4
for some constant C. Furthermore, 0 = inf,, 00 =

o0
Proof. The system of Euler-Lagrange equations (6.1) can be written as
6
D1 D*p + Dgp D,6DO — ~0=0,
DO — DDy + — (9 ) = (0 — D16)0,

where D = —e-25 d s + 01. Applying D to the second equation and combining it with
the first equatlon we obtain a fourth order differential equation for 6,

D20+(1—J)D0—é070

which is

e20" + (=266 +0e —1)0 +6(6 —0)0 = 0. (6.5)
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One can check that the following functions are solutions to this equation that are
linearly independent:

01(y) = sinh(Va(y — 1)),  62(y) = sinh(/a(y + 1)),
03(y) =sin(y/7(y — 1)),  Oa(y) =sin(y/7(y +1)).

Here we use

ed+ B —ed+ A
a=——a— 1=——F and a=1-o0¢, (6.6)
when
—a ++Va? + 4ed a+ Va2 + 4ed
A= T8 and B= T

Therefore the general solution to (6.5) is

4

0(x) = dib(=). (6.7)

i=1

From (4.15), one can see that o > § and it is equivalent to v > 0 and thus A > €6 > 0
and B > a. Using (6.7), the second equation of (6.1) becomes

" 1 1
Diep — <€ + D15> p= <O(€ +A—0— g — D1(5> (d191 + dgeg)
6.8
1 69
+ | —ye+ A—0— g — D16 (d393 + d494)

Then one can find the general solution to (6.8),

@ =bysinh(B(y — 1)) + basinh(B(y + 1)) — A(d101 + da2b2) + B(dsbs + dsb4), (6.9)

B_l /1—|—D1(5€
_5 D1 '

Using the boundary condition (6.2) and setting

s1 =sinh(2y/a), s2 =sin(2y/), and s3 =sinh(23),

where

we have
S1 0 So 0 0 0
0 S1 0 S92 0 0
As; 0 —Bsg 0 —cS3 0
0 As; 0 —Bsq 0 —cs3 |’ (6.10)
1151 0 1252 0 7[383 0
0 1181 0 1282 0 71383
where
EQ
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ly = —B(%+1)+1,

o= (1),

Computing this with (6.6), we find

1
lh=1l= d I3 = .
1 2 0 aln 3 D16€ >0
Thus this matrix is equivalent to
s1 0 S2 0 0 0
0 S1 0 S9 0 0
0 0 (A+B)ss 0 0 0
0 0 0 (A+B)ss 0 0 (6.11)
0 0 0 0 1 0
0 0 0 0 0 1

Because A + B = Va2 + 48e > 0 and s; > 0, we must have so = 0, which is identical
to the formula with Dirichlet boundary condition in [15]. This implies dy = dy = by =
by = 0 and /¥ = nm/2 for some integer n # 0. Solving (6.6) for o, we have

46 + en?n? n2n?
o= + .
4 46 + en?m?

Then we see that o is minimized when n = 1. Hence we have

0(y) = (—ds + dg) cos gy,

e(y) = Bo(y), (6.12)
45 + em? 2
oc=0(d) = 1 +4(5—|—7T2e’:‘.

Differentiating o(4) with d, one can see that the minimum value of ¢ is obtained when

T Tee
0= — — —. 6.13
5 4 (6.13)
Then the minimum value of o is
T T3
=) — g 6.14
”(2 4 ) T (6.14)

We conclude that 6 and ¢ in (6.12) are eigenfunctions associated with the first eigen-
value o in (6.12). We need to recall that the choice of y is restricted by u = wn/r
for some integer n, where r = L /h. Following the same analysis in [15], we conclude
that the eigenvalue is simple for all ¢ except for a discrete set and there is an integer
m from (6.13) such that o,, = 0(8,,), where §,, = e(mm/r)? is the first eigenvalue
for the system (6.1). The corresponding eigenfunctions (6.3) are then obtained from
(6.12). We also note that ¢, — 0, = O(Ve). O
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6.1.2. Natural boundary condition on layers.
LEMMA 6.2. A minimizer of F. in X,, is taken by real valued functions (0, pn),
which satisfy the system (6.1) with the boundary condition

0, (£1) = 0,

(6.15)
E n _ - _ E " . ’ ’ } ’ .
(gson Pn + Gn) (*1) = ( Dlé‘(ason P + Gn) + 5%) (£1) =0.

Also, the minimizer of F. is obtained when §,, = §; = &(7)?+O(e?) and the minimum
value of the functional is

on =01 =14 (0.5+2/3(1)*)e + O(£?). (6.16)

For o, = minF.(0pn,pn) in 5’, the solution to the system is spanned by the one
element,

0,,(y) = — cos \/7 cosh v/ay + cosh v cos /7y,

6.17
©n(y) = Acos /v cosh Vay + B cosh /acos /7y, (6.17)

where a,y, A, and B are given in (6.6). Furthermore, any solution of (6.1, 6.15) is
of the form C(0,,¢n) for some constant C.

Proof.  As in the proof of Lemma 6.1, we have the general solutions (6.7) and
(6.9). Using the boundary condition (6.15), we have

S1 0 S9 0 0 0

0 S1 0 S9 0 0
~AJae, —Aya  JABe B 0 0 (6.18)

7A\/a 7A\/&Cl \/’7B \/’7B02 0 0

0 0 0 0 s3 0

0 0 0 0 0 s3

Here the same notations in Lemma 6.1 are used and

c1 = cosh(2y/a), ca = cos(2,/7), and ¢z = cosh(20).

We notice that the first 4 x4 matrix in (6.18) is identical to the coefficient matrix found
in the proof of Theorem 6 of [15] and hence the same eigenfunction and eigenvalue
are obtained, which are given in (6.17). ad

One can notice that the results obtained in Section 5 and this section are consis-
tent. Theorem 5.4 from the I'-convergence method and Lemma 6.1 from the eigenvalue
estimate give the same description of the director and layer undulations as well as the
estimate of the critical field for the case of homogeneous Dirichlet boundary condition
for the layer function. For natural boundary condition on the layer function, the same
results are obtained from Theorem 5.6 and Lemma 6.2.

6.2. Bifurcation curve. Setting ¢ = u — y in the energy (4.9), e§ becomes,
with D = (—r,7) x (=1,1),

F,p,0):= /D (Dla(Ago — cos 60, + sin 99y)2
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D

+TQ€((¢z —5in6)? + (py + 1 —cos6)?)? +¢|VO|? (6.19)
1 1

+=(pxr —sin)? + =(p, +1 — cos§)? — o sin? 09) dydx
€ €

and (0, ¢) = (0,0) corresponds to the flat layer state. We define the spaces
Z={z=(0,p):0,pcC*U),0(x,+1) = o(x,+1) = 0 for all x},
Y = C%U) x C°(U)

with the graph topology, where U = R/(—r + 2rZ) x (—1,1), having the periodic

boundary condition in the x direction. The Euler-Lagrange equations associated with
the energy (6.19) are, for z = (6, ¢),

Fi(z,0) := D1eV(Ap — cos 00, +sin 00, - (_Canee>

+D25((gaz —sinf)? + (p, + 1 — cos 9)2) (— cos B, + sin by, + sin )

1 (—cos6 1. o .
_€A9+g ( <in 0 >V<p+€sm0—251n29—0, (6.20)
Fy(z,0) := D1eA (Agp - <—C21Sn€9) ~V9>
_ . w02 o ep\2 py —sinf
DyeV (((%: sin0)” + (¢, + 1 — cos6)?) <pr 1~ cos 0) )
1 cos
—(ap- ( Sin9> Vo) = 0. (6.21)

We let F = (Fy, Fy) : Z x R — Y. Recall that 9 is the minimum of the linearized
functional at the undeformed state under the Dirichlet boundary conditions for both
6§ and ¢. From Lemma 6.1, we have for ¢ = 0¥, and except for a discrete set for ¢,
that the linearized problem

1
—D1e(Apy — O5) + g(s% —0)+eA0+ 00 =0,

1 1 (6.22)
has a solution set spanned by
z1 = (01, 1) 1= (Om(y) COS T, P (y) SIN firn ) (6.23)

for some m. Reformulating these equations in Fourier space and using (4.13) and
Lemma 6.1, one can find that

T
01 = cos Ey COS X,

(6.24)
1—0me+ /(1 —0pme)?+46me © .
= o CO8 Y SIn fim -

P1

As with the natural boundary condition (6.15) on ¢, for ¢ = o, the linearized problem
(6.22) has a solution set spanned by

v .
z1 = (61, 1) := (u(y) cos pr z, liyl) sin pi ), (6.25)
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where

u(y) = — cos /7 cosh v/ ay + cosh /a cos /7y,
v(y) = Acos /7 cosh vay + B cosh /o cos \/7y.
Then ¢? and o, are simple eigenvalues and the structure of the local solution curves

can be understood using the Crandall-Rabinowitz theory for bifurcations at simple
eigenvalues ([4]).

(6.26)

THEOREM 6.3. At o =00 and o, for each boundary condition, there is anr > 0 and
bifurcation curve of solutions to the system (6.20, 6.21) for s € (—r,r), satisfying

1. F(z(s),0(s)) =0,

2. (2(0),0(0)) = (0,02),

3. 2'(0) = (61, ¢1),

4. 0(s) = 861 + O(s?),0(s) = sp1 + O(s?) and o(s) = 0¥ + O(s?).

Furthermore, the system (6.20, 6.21) has only two solutions, (z(s),o(s)) and
z = 0, and the nontrivial solution is stable in a sufficiently small neighborhood of
(0,0%) and (0,0.).

Proof. We follow the proof given in Theorem 5 of [15] and thus here we
summarize the proof briefly. Following the Crandall-Rabinowitz theory, the existence
of such a bifurcation curve can be proved in exactly the same way as in [15]. Then
(0,07) is a bifurcation point and there is a one parameter family of nontrivial solutions
(0(5),9(s),0(s)) = (501 + Oa(s), sp1 + p2(s), 00 + s01).

We proceed to study the stability of the nontrivial solution curve. From Theorem
1.16 in [5] it follows that there are eigenvalues u(s) and v(o) with eigenvectors w(s)
and u(0), respectively, such that

Fz(2(s),0(s))w(s) = p(s)w(s), (6.27)
F2(0,0,0)u(0) = v(o)u(0), (6.28)

with 1(0) = v(0?) = 0 and w(0) = (01, p1) = u(c?). In order to show u(s) < 0, which
means stability of the nontrivial curve, we use the relation ([5])

(%) #0  and lim —s0(5)7'(2)

0 lim —= =1, (6.29)

if u(s) # 0 for s # 0. Because the codimension of the range of (F,(0,0,0?)) is 1, there
exists [ € Y* such that N(I) = R(F4(0,0,0)). Differentiating (6.28), we obtain that
(1, F40(0,0,09)21) = 7' (00)(l, 21). (6.30)
A direct computation gives
F.0(0,0,00) (01, 1) = (61,0), (6.31)
and hence
7' (a?) > 0. (6.32)

It is not surprising to see that ¢’(0) = 0 because the linearized operator is invariant
with respect to (0, @) — (=6, —p) transformation. The proof is below. Then o'(s) =
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o (0)s + O(s?) and hence the formula (6.29) gives pu(s) < 0 if ¢ (0) > 0. Thus,
Theorem 6.3 follows from the following lemma and this is a supercritical pitchfork
bifurcation. d

LEMMA 6.4. 0¢'(0) =0 and ¢ (0) > 0.

Proof. The derivative of o can be evaluated using the formula [24]

1 (F5(0,0,0¢)(21,21), (21))

"0) = — 6.33
o (0) 2 (Fzs(0,0,09)21,21) (6.33)
Differentiating (6.20) twice, we find
2
D, F\(zo,0)[z) = —D1e(20(—Apy + 20,y) + 20,0,) — —0¢,,
€ (6.34)

DaxFy(20,0)[z) = —2D12(30,0yy + sy + 20,0, + 000,) + 200,

Combining this with (6.33) and (6.31), we have

70 =5 [ (Dre[2HAG0), + 2000 + 200,00,
~2{3(01),(61)yy + (01)22(02), + 2(01)a (01)y + 0:18(61), Y1

F2 1)y~ b1 (01),)) dody

=0, (6.35)

because the integrand is an odd function in = from (6.24) and (6.26). Then the formula
for o (0) is given by [24]

" . 1 <Fzzz(0,O,US)(ZI7Z17Z1)7ZI>
7O EL 0.0 ma) (6:36)

From a direct computation, we have
DasaFi(20,0)[z] = —3D1201 [01 (= A(1)s +2(01)az — 2(01),) + 2001)2 = (01)2]
+6D2e((1)a — 01)(((91)2 — 61)* + (01)3)
FLO(-3(01)s + 1) — 4081,
Dyaa (20, 0)[z) = —3D1e[2((61)2 + (02)3)(61). + 67A(01).
£201(3(01)2 (01 ) + (02)2(01)yy + 2(01) (01)ar)|
+6Daz|(1)s + (01)y = 02)* (A1 — (61).)
+2((p1)e — 002 (P1)ea — (1)e) + 2212 (1)
+262(00).. (6.37)

Using this in (6.36), we obtain

1 1
o (0) = ~3 /D(—?)Dlsgl + 6Dsegs + 293~ 4007) dzdy, (6.38)
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where

g1 = 03 (= A1 +2(01) a0 — (61)yy) + 265 (61) — 63(61);
+201(61)2((61)2 + (91);2,) + 0701A(01) 2
+20101(3(61)2(01) 22 + (01)2(601)yy + 2(01)y (01)2y)

g2 = 01((#1)2 — 01)(((#1)2 — 01)% + (#1)?)
+((p1)a + (21)y — 01)*(Ap1 — (01)2) 1
+201((91)2 = 01)*((©1)z — (01)2) + 201 (21) 2 (1) yy>

g3 = (=307 (01)a + 07)01 + 307 (61) a1

Integrating by parts, we find

/ gada dy — / (=363 (01)a + 0F + 362(01) o1 )d dy
p b (6.39)

- / (0 — 46%(p1). ) de dy.
D

With the Dirichlet boundary condition, and using (6.24), (6.39) becomes

/D(l — 4A)01dx dy,

where A = 1 (1 — ome+ /(L= ome)? —|—45m5) — 1+ O(/7). Thus g < 0. With
the natural boundary condition, and using (6.26), (6.39) becomes

g3 = u3 cos® pyx(u — 4v)
= u® cos® 1z ((1 — 4B)u — 4(A + B) cos /7 cosh(vay)) .

From the estimate that A = O(e), B ~ ¢,v ~ 0, we have g3 < 0. Note that ¢g; and
g2 are O(e7!) because p2, = O(L). From (6.38) and the estimate 02 = O(1) and
00 = O(1), it is easy to see that o (0) > 0 as claimed. 0

7. Asymptotic analysis of a domain wall: smectic a energy

In this section, we consider one dimensional domain wall profile by using asymp-
totic analysis for the applied magnetic field x > 1. This process is motivated by the
work in [12]. From |n| = 1, we can introduce the scalar variable 8, with 0 < 6 < 2,
such that

n = (sin 6, cos ) (7.1)
and 0 = 6(z) and ¢ = ¢(z), 6 — £7/2 as © — +oo. Then the free energy (3.4)

becomes

30,0) = / (D1(¢” _ cosg0')? + 22 (¢ — sin6)* + cos? )
R 2

(7.2)
+((¢' — sin®)? 4 cos? ) + 0" — k2 sin? 9) dz

The energy is minimized if

¢ =sin6. (7.3)
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Then the Euler-Lagrange equation is
0" + (D3 cos® 0+ 1+ x?%)sinf cos§ = 0. (7.4)

As in [12], we write a unit vector n as n = (tanh ¢, sech() rather than (7.1) and then
find the equation for (. From sin f = tanh , we obtain

0" = sech¢(¢" — ¢"*tanh()

and the system (7.4) becomes

¢" + tanh (D sech®¢ — (") + (1 + £?) tanh ¢ = 0,

(7.5)
¢’ =tanh(.
By changing a variable, & = kz, {(z) = ¢(Z) and ¢(x) = n(Z), (7.5) becomes
cp” — tanh ¢’ + tanh ¢ + %(Dysechy + 1) tanh ¢ = 0, (7.6)

n’ = etanh g,

where € = 1/k. Assuming ¢ = g +ep1 +e2pa+---,and n =1 +en +ena + -+,
we obtain the O(1) system:
o + (1= (¢p)?) tanh po = 0, )
ny = 0. '

The first equation corresponds to the equation 95 +sin 0y cos§y = 0. It is known that
sinfy = tanhz is a solution, which describes the Landau-Lifshitz profile ([12, 25]).
Thus, the solution to (7.7) is pg = & and 1y = ¢o for some constant ¢g. Now the
system of the order O(g) is

01 — 20 tanh go — (¢h)2prsech®pg + pisech®py = 0,

7y = tanh ¢q. (7.8)
Because pg = &, (7.8) becomes
@) — 20 tanhZ =0 and 7, = tanhi. (7.9)
As in [12],
( @4 )' _ ¢y —2¢) tanh @ _
cosh’z) cosh? Z B
gives
¢1(2) = blsinh%# + ba.

We have by = 0 from the assumption that ¢ is odd and b; = 0 so that ¢y dominates
1. Thus, we have ¢; = 0. The solution 7 is given by

m = /tanh:%d:i = —In(cosh Z) + ¢1.
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The O(g?) system is
py — tanh o (2045 + @) — 2hpprsech’po
—(pasech®py — pisech® oy tanh o) + asech?pg

. \ (7.10)
—pisech”pg tanh g + (Dasech”pg + 1) tanh ¢ = 0.

772 gplsech ©0-
Using ¢ = Z and ¢ = 0, (7.10) becomes
<p/2/ — 2¢, tanh Z 4 (Dysech?Z 4+ 1)tanhZ =0 and 7} = 0.

By following the calculation in [12], the solution can be found to be

N =

D
po = ftanh;ﬁ—i— - and 19 = co.

Thus, for e < 1,

p(T) =7+ %

n(Z) = co + £(—In(cosh(&)) + ¢1) + ¢y + O(e?),

(Dy tanh  + 22) + O(e?),

and then for x > 1,

((z) =k + — (D2 tanh(ka) + 2kx) + O(

Ar2 3
o(x) = —% In(cosh(kz)) + co + 4 —|— — —i— (9(

)
ig) (7.11)

Therefore, we have

= <tanh (mc + Ds tanh(se) + 2mc),sech(fm + D tanhi:g:) & 21%)) +0(k7?). (7.12)

4k2

Fi1G. 7.1. The first column depicts the profile of ¢ in the variation of k. The profile and abscissa
are scaled by k in the second column.

The profiles (7.11) of ¢ in the variation of x with ¢co = 1 and ¢1 = ¢2 = 0 are given in
figure 7.1. We also illustrate layers scaled by . This suggests the profile of the layer variable
when k > 1. The asymptotic solutions of n are depicted in the first column of figure 7.2 and



1182 LAYER UNDULATIONS IN SMECTIC LIQUID CRYSTALS

k“=5, Asymptotic Solution K2=5

Fi1G. 7.2. The asymptotic approzimation obtained in (7.12) and numerical solution profile in
the middle of the cell.

the director profiles in the middle of the cell (y = 0) numerically computed in the Section 3
are presented in the second column with x? = 5 and 25. Even though the description in
Section 3 is governed by the Dirichlet boundary condition on the top and bottom of the cell,
one can see that the domain wall profile is well approximated by the asymptotic solution
where we have an infinite one dimensional problem.

REFERENCES

[1] D.L. Brown, R. Cortez, and M.L. Minion, Accurate projection methods for the incompressible
Navier-Stokes equations, J. Comput. Phys., 168(2), 464-499, 2001.

[2] J. Chen and T.C. Lubensky, Landau-Ginzburg mean-field theory for the nematic to smectic-C
and nematic to smectic-A phase transitions, Phys. Rev. A, 14, 1202-1207, 1976.

[3] A.J. Chorin, Numerical solution of the Navier-Stokes equations, Math. Comput., 22, 745-762,
1968.

[4] M.G. Crandall and P.H. Rabinowitz, Bifurcation from simple eigenvalues, J. Funct. Anal., 8(2),
321-340, 1971.

[5] M.G. Crandall and P.H. Rabinowitz, Bifurcation, perturbation of simple eigenvalues, and lin-
earized stability, Arch. Rat. Mech. Anal., 52, 161-180, 1973. 10.1007/BF00282325.

[6] G. Dal Maso, Introduction to I'-Convergence, Progress in Nonlinear Differential Equations and
Their Applications, Birkhauser, 1993.

[7] P.G. de Gennes, An analogy between superconductors and smectics A, Solid State Commun.,
10(9), 753-756, 1972.

[8] P.G. de Gennes, The Physics of Liquid Crystals, International Series of Monographs on Physics,
Clarendon Press, 1974.

[9] W. E and J.G. Liu, Gauge method for viscous incompressible flows, Commun. Math. Sci., 1(2),
317-332, 2003.



[10]
[11]
[12
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

24]
(25]

[26]
27]

(28]

29]

(30]

(31]
(32]

(33]

C.J. GARCIA-CERVERA AND S. JOO 1183

W. E and X.P. Wang, Numerical methods for the Landau—Lifshitz equation, SIAM J. Numer.
Anal., 38(5), 1647-1665, 2000.

M. Frigo and S.G. Johnson, The design and implementation of FEFTWS3, Proc. IEEE, 93(2),
216-231, 2005.

C.J. Garcia-Cervera, Neel walls in low anisotropy symmetric double layers, SIAM J. Appl.
Math., 65(5), 1726-1747, 2005.

C.J. Garcia-Cervera, Numerical micromagnetics: A review, Bol. Soc. Esp. Mat. Apl. SEMA,
(39), 103-135, 2007.

C.J. Garcia-Cervera and S. Joo, Layer undulations in smectic A liquid crystals, J. Comput.
Theor. Nanoscience, 7(4), 795-801, 2010.

C.J. Garcia-Cervera and S. Joo, Analytic description of layer undulations in smectic A liquid
crystals, Arch. Rat. Mech. Anal., 203(1), 1-43, 2012.

J.L. Guermond, P. Minev, and J. Shen, An overview of projection methods for incompressible
flows, Comput. Meth. Appl. Mech. Engrg., 195(44-47), 6011-6045, 2006.

J.L. Guermond and J. Shen, A new class of truly consistent splitting schemes for incompressible
flows, J. Comput. Phys., 192(1), 262-276, 2003.

W. Helfrich, Electrohydrodynamic and dielectric instabilities of cholesteric liquid crystals, J.
Chemical Physics, 55(2), 839-842, 1971.

A. Hubert and R. Schéfer, Magnetic Domains: The Analysis of Magnetic Microstructures,
Springer-Verlag, Berlin-Heidelberg-New York, 1998.

J.P. Hurault, Static distortions of a cholesteric planar structure induced by magnetic or ac
electric fields, J. Chem. Phys., 59(4), 2068-2075, 1973.

T. Ishikawa and O.D. Lavrentovich, Undulations in a confined lamellar system with surface
anchoring, Phys. Rev. E, 63, 030501, 2001.

S. Joo and D. Phillips, The phase transitions from chiral nematic toward smectic liquid crystals,
Commun. Math. Phys., 269(2), 369-399, 2007.

W.F. Brown Jr, Micromagnetics, Interscience Tracts on Physics and Astronomy. Interscience
Publishers (John Wiley and Sons), New York - London, 1963.

H. Kielhofer, Bifurcation Theory, Appl. Math. Sci., Springer-Verlag, New York, 156, 2004.

L. Landau and E. Lifshita, On the theory of the dispersion of magnetic permeability in ferro-
magnetic bodies, Phys. Z. Sowjetunion, 8, 153—-169, 1935.

J.G. Liu, J. Liu, and R.L. Pego, Stability and convergence of efficient Navier-Stokes solvers via
a commutator estimate, Commun. Pure Appl. Math., 60(10), 1443-1487, 2007.

I. Luk’yanchuk, Phase transition between the cholesteric and twist grain boundary C phases,
Phys. Rev. E, 57, 574-581, 1998.

B.I. Senyuk, I.I. Smalyukh, and O.D. Lavrentovich, Undulations of lamellar liquid crystals in
cells with finite surface anchoring near and well above the threshold, Phys. Rev. E, 74,
011712, 2006.

I.W. Stewart, The Static and Dynamic Continuum Theory of Liquid Crystals, Taylor and
Francis, 2004.

M. Struwe, Heat-flow methods for harmonic maps of surfaces and applications to free boundary
problems, in Fernando Cardoso, Djairo G. Figueiredo, Rafael Irio, and Orlando Lopes,
editors, Part. Diff. Egs., Lecture Notes in Mathematics, Springer Berlin Heidelberg, 1324,
293-319, 1988.

R. Temam, Navier-Stokes Equations, Stud. Math. Appl., North-Holland Publishing Co., Ams-
terdam, Third Edition, 1984.

N. Vaupoti¢, V. Grubelnik, and M. Copié¢, Influence of an external electric field on structure
in surface-stabilized smectic-C' chevron cells, Phys. Rev. E, 62, 2317-2323, 2000.

C. Wang and J.-G. Liu, Convergence of gauge method for incompressible flow, Math. Comput.,
69(232), 1385-1407, 2000.



