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Abstract We investigate prototypical profiles of point defects in two-dimensional
liquid crystals within the framework of Landau—de Gennes theory. Using boundary
conditions characteristic of defects of index k/2, we find a critical point of the Landau—
de Gennes energy that is characterised by a system of ordinary differential equations.
In the deep nematic regime, b> small, we prove that this critical point is the unique
global minimiser of the Landau—de Gennes energy. For the case b* = 0, we investigate
in greater detail the regime of vanishing elastic constant L — 0, where we obtain three
explicit point defect profiles, including the global minimiser.

Keywords Nonlinear elliptic PDE system - Singular ODE system - Stability -
Vortex - Liquid crystal defects

1 Introduction

Defect structures are among the most important and visually striking patterns asso-
ciated with nematic liquid crystals. These are observed when passing polarised light
through a liquid crystal sample and are characterised by sudden, localised changes
in the intensity and/or polarisation of the light (Chandrasekhar and Ranganath 1986;
Gennes 1974). Understanding the mechanism that generates defects and predicting
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their appearance and stability is one of the central objectives of any liquid crystal
theory.

The mathematical characterisation of defects depends on the underlying model
(Ericksen 1990; Gennes 1974; Kléman 1983; Virga 1994). In the Oseen—Frank theory,
nematic liquid crystals are described by a vector field n defined on a domain Q C R
taking values in sa-1 (d = 2, 3), which describes the mean local orientation of the
constituent particles. Defects correspond to discontinuities in n Chandrasekhar and
Ranganath (1986), Kléman and Lavrentovich (2006), Virga (1994) and may be classi-
fied topologically. For example, for planar vector fields in two-dimensional domains
(i.e., d = 2 above), point defects may be characterised by the number of times n
rotates through 27 as an oriented circuit around the defect is traversed. For nonpolar
nematic liquid crystals, n and —n are physically equivalent; in this case, it is more
appropriate to regard n as taking values in RP~! rather than S¢~!. The classification
of point defects in two dimensions then allows for both integer and half-integer indices
k/2, k € Z (Ball and Zarnescu 2011; Chandrasekhar and Ranganath 1986; Kléman
and Lavrentovich 2006), as n is constrained to turn through a multiple of 7 rather
than 27 on traversing a circuit. Prototypical examples of such defects are shown in
Figs. 1, 2, 3 and 4.
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Fig. 1 Defects of index J (lefr) and — 1 (right)
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Fig. 2 Defects of index 1 (left) and —1 (right)
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Fig. 3 Defects of index 3 (leff) and —3 (right)
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Fig. 4 Defects of index 2 (left) and —2 (right)

A deficiency of the Oseen—Frank theory is that point defects in two dimensions,
which are observed experimentally, are predicted to have infinite energy; moreover, the
theory does not allow for half-integer indices [see Ball and Zarnescu (2011), Gennes
(1974)]. These shortcomings are addressed by the more comprehensive Landau—de
Gennes Q-tensor theory Gennes (1974). In this theory, the order parameter describing
the liquid crystal system takes values in the space of Q-tensors (or 3 x 3 traceless
symmetric matrices),

def

A &[0 er™, 0=0" (@) =0}

Equilibrium configurations of liquid crystals correspond to local minimisers of the
Landau—de Gennes energy, which in its simplest form is given by

def

et L ) (12 5 b2 3 C2 5 2
f[Q]—/Q[EIVQ(X)I - S0 - Su(@) + o (@) }dx. (LD

Here Q € %, L > 0 is the elastic constant, and a?,¢? > 0, b? > 0 are material
parameters which may depend on temperature [for more details see Gennes (1974)].
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Fig. 6 Q-tensor defect of index 1 (left) and —1 (right)

One can visualise Q-tensors as parallelepipeds whose axes are parallel to the eigen-
vectors of Q(x) with lengths given by the eigenvalues (Copara et al. 2013).! Figure 5
displays defects of index :I:% using this representation, and Fig. 6 displays defects of
index +1.?

This paper is a rigorous study of point defects in liquid crystals in two-dimensional
domains using Landau—de Gennes theory. We investigate equilibrium configurations
inthedisc @ = {(x,y) : x2+y% <R} subject to boundary conditions characteristic
of prototypical defects, namely that on 92 = {(R cos ¢, R sin ¢)}, Q is proportional
to

1
Qi = ( ®n— 3’) . n = (cos(5¢). sin(5¢). 0).

We first introduce an ansatz

Y =u(r)v2 (n(w) ®n(p) — %Iz) + v(r)\/g (63 Qe3— %1) . (12

! The careful reader will note that tr(Q) = 0 implies that the eigenvalues cannot all be positive. In order
to obtain positive lengths for the axes, we add to each eigenvalue a sufficiently large positive constant (we
assume the eigenvalues of Q are bounded).

2 The figures represent the numerically computed solutions of (3.7), (3.8) for k = £1, £2.

@ Springer



J Nonlinear Sci (2016) 26:121-140 125

and note that Y satisfies the Euler-Lagrange equations (2.6) for the Landau—de Gennes
energy (1.1) provided that (u, v) satisfies a system of ODEs given by (3.7), (3.8). It
follows that for all parameters L, a, b, c, the ansatz Y is a critical point of the energy.

Next, we show that for every k € Z, the critical point Y is actually the unique global
minimiser of the energy (1.1) in the low-temperature regime, i.e. for b? sufficiently
small. Equivalently, in this regime, Y describes the unique ground-state configuration
for a two-dimensional index-k point defect. In general, it is very difficult to find a
global minimiser of a nonconvex energy. In this case we can deal with the nonlinearity
using properties of the defect profile («, v) and the Hardy decomposition trick Ignat
et al. (2013). Similar ideas to prove global minimality are used in Shirokoff et al.
(2015) for a problem in diblock copolymers.

In the case b*> = 0, we also study the regime of vanishing elastic constant L — 0
[see the appendix of Nguyen and Zarnescu (2013) for a discussion of the physical
relevance of this regime] and show that it leads to a harmonic map problem for Y.
We find three explicit solutions—two biaxial and, for even k, one uniaxial—and show
that one of the biaxial solutions is the unique global minimiser of (1.1). The uniaxial
critical point is analogous to the celebrated “escape in third dimension” solution of
Cladis and Kléman (1992, 1972).

The profile and stability of liquid crystal defects have been extensively studied in
the mathematics literature (Bauman et al. 2012; Bethuel et al. 1992; Biscari and Virga
1997; Canevari 2015; Fatkullin and Slastikov 2009; Golovaty and Montero 2013;
Henao and Majumdar 2012; Ignat et al. 2014, 2015, 2013; Kralj et al. 1999; Gartland
and Mkaddem 1999). Let us briefly mention a few papers which bear directly on the
present work. In Kralj et al. (1999) the problem of investigating equilibria of liquid
crystal systems in cylindrical domains (effectively 2D discs) was studied numerically
for the Landau—de Gennes model under homeotropic boundary conditions (i.e. k = 2
above), subject to the so-called Lyuksyutov constraint tr(Q?) = a?/c?. The authors
compare three different solutions of this model corresponding to “planar positive”,
“planar negative” and “escape in third dimension”. They numerically explore the
energies of these solutions and find a crossover between the “planar negative” and
“escape in third dimension” solutions depending on the parameters b and L. For
b = 0, the “planar negative” solution is found to have lower energy than the other two.

In recent papers Ignat et al. (2013, 2014, 2015) the radially symmetric 3D point
defect, the so-called melting hedgehog, was studied within the framework of Landau—
de Gennes theory. The authors investigate the profile and stability of the defect as a
function of the material constants a2, b2, ¢2. In particular, it is shown that for a? small
enough the melting hedgehog is locally stable, while for 5> small enough it is unstable.
We utilise some ideas introduced in the liquid crystal context in these papers to derive
our present results.

The paper is organised as follows: The mathematical formulation of the problem is
given in Sect. 2. In Sect. 3 we introduce an ansatz Y satisfying boundary conditions
characteristic of a point defect of index k/2, and show that Euler—Lagrange equations
simplify from a system of PDEs to a system of two ODEs. We establish the existence
of a solution of this system of ODEs, and thereby prove the existence of a critical point
of the Landau—de Gennes energy.
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In Sect. 4 we study qualitative properties of the solution in the infinitely low-
temperature regime, i.e. for b> = 0. We study separately the case of fixed L > 0 and
the limit L — 0. The main result for fixed L is that for all k € Z, Y is the unique
global minimiser of the Landau—de Gennes energy over H'($2,.%). Thus, for b?
sufficiently small, ¥ describes the unique ground state for point defects in 2D liquid
crystals. In the limit L — 0, we derive the corresponding harmonic map problem and
explicitly find three solutions—two biaxial and, for even k, one uniaxial. We show
that one of the biaxial solutions, Y_, is the unique global minimiser of the Dirichlet
energy. Section 5 contains a discussion of the results and an outlook on further work.

2 Mathematical Formulation of the Problem

We consider the following Landau—de Gennes energy functional on a two-dimensional
domain Q C R?,

def

1 1
f[Q]Z/QEIVQ(X)IvaZf(Q)de Q € H'(Q: 7). 2.1

Here L > 0 is a positive elastic constant, . denotes the set of Q-tensors defined
by
def

A ={Q eR3, 0 =0, r(Q) =0}

and the bulk energy density f(Q) is given by
2 2 2
a 2 b 3 C 4
[ p— — —1] — N
1(Q) 2IQI 3 r(Q)+4|QI

where a2, ¢ > 0 and b*> > 0 are material parameters and |Q|? “ tr(Q?).

We are interested in studying critical points and local minimisers of the energy
(2.1) for 2 = Bpg, where B C R is the disc of radius R < oo centred at 0, such
that Q satisfies boundary conditions corresponding to a point defect at O of index k /2.
Specifically, we define

1
Or(p) = (n(w) ® n(p) — 51) ; (2.2)
where

n(p) = (cos (gw) , sin (gq)) , 0) , keZ\{0}, 2.3)

and 7 is the 3 x 3 identity matrix. The boundary condition is then taken to be

QO(x) = 5+ Qx(p) forall x € dBg, 2.4)
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where x = (R cos ¢, R sin ¢) and

b2+ Vbt + 24022

4¢2

Sy (2.5

The value of s is chosen so that s; Q; minimises f(Q). Critical points of the
energy functional satisfy the Euler—Lagrange equation:

LAQ = —a*Q — b? [QZ - %IQIZI} +c*Q|Q% in B, Q = 5.0 ondBg,
(2.6)

where the term b? % | Q|1 accounts for the constraint tr(Q) = 0.

3 Existence of Special Solutions

In general, it is difficult to find critical points of the Landau—de Gennes energy.
However, due to symmetry we are able to find a special class of solutions of the
Euler—Lagrange Eq. (2.6).

We consider the following ansatz, expressed in polar coordinates (r, ¢) € (0, R) X
[0, 27 ]:

Y(r,9) = u(r)Fu(p) +v(r)F3, (3.1

where

e 1 o 1
Fu(p) £ ﬁ(n(go) ® n(p) — 512) , F3 2\@(63 ® ez — 51), (3.2)

n(e)is given by (2.3) and I, = e]1 ® e] + €2 ® e2 (e; denotes the standard basis vectors
in R3). It is straightforward to check that |Fo|2 = |F3)?> = 1 and tr(F, F3) = 0, so
that Oy may be expressed as

1 1
= —F,(¢) — —=F;.
Ok(p) 7 (¢) NG 3

It follows that Y (r, ¢) satisfies the boundary conditions (2.4) provided

1 1
u(R) = —s4, v(R)=—-——

VA N

Remark 3.1 For k = 2, Y (r, ¢) satisfies hedgehog boundary conditions (see Fig. 6,
left), while for k = =+1, Y satisfies boundary conditions corresponding to a defect
of index :I:% (Chandrasekhar and Ranganath 1986; Kléman and Lavrentovich 2006).

The —%-defect is also called a Y -defect because of its shape (see Fig. 5, right).

(3.3)
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We would like to show that the ansatz (3.1) satisfies the Euler—Lagrange Eq. (2.6)
provided u(r) and v (r) satisfy a certain system of ODEs. It is straightforward to check
that

B W'(r)  ku(r) "
AY:(M )+ ——=—— )Fn<<p>+(v r) +

v'(r)

r

) F3 (3.4)
and

2 1 1
Y2 = —\Equn(m % (—u2 + vz) Fy+ ZIYPL VP =u? 4207 (35)

Substituting (3.1), (3.4) and (3.5) into (2.6) we obtain

U 2 ’
(ver+ =2 =S5 R+ (v + 20

r r
1 2
=7 (—azu + \/gbzuv +cPu (u2 + vz)) F(p)
1 ) Voo o\, 2 (2, .2
+L(av \/gb(u+v)+cv(u +v) F3. (3.6)

Taking into account that the matrices Fy(¢), F3 are linearly independent for any
¢ € [0, 21r], we obtain the following coupled system of ODEs for u(r) and v(r):

|:—a2 + \/gbzv +c? (u2 + vz):| ,

v 1
o Y= [_az__b2v+cz(u2+v2)
r J6

, u o kKu
Wt e T
r r

N~ =

b*u?, r e (0, R).
(3.7)

N~ e

[+

Boundary conditions at » = 0 follow from requiring ¥ to be a smooth solution of
(2.6), while boundary conditions at r = R are given by (3.3), as follows:

1 1
u(0)=0, vV(0)=0, u(R) = ESJF, v(R) = —%er. (3.8)
In order to show the existence of a solution Y of (2.6) of the form (3.1), we need
to establish the existence of a solution of the system of ODEs (3.7)—(3.8). We do this
using methods of calculus of variations. Substituting the ansatz (3.1) into the Landau—
de Gennes energy (2.1), we obtain a reduced 1D energy functional corresponding to
the system (3.7),
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kT "2 "2 k22 a22 2 c? 2 2\?
5(14,1)):/0 [E((u) + () +r—2u)—ﬁ(u +v)+ﬁ(u +v):|rdr

b2 R 5 )
- v(v® — 3u”) rdr. 3.9)
3L«/5/o

The energy & is defined on the admissible set

S = i(u, v) : [0, R] - R? ‘ Jru', % Jrv e L*(0, R), u(R) = %
(R) = —S—+] (3.10)
=% .

Theorem 3.2 For every L > 0 and 0 < R < oo, there exists a global minimiser
(u(r), v(r)) € [C(0, R) N C([0, RD] x [C*(0, R) N C'([0, R])] of the reduced
energy (3.9) on S, which satisfies the system of ODEs (3.7) — (3.8).

Proof 1t is straightforward to show that & (u, v) > —C for all (u, v) € S. Therefore,
there exists a minimising sequence (u,,, vy, ) such that

lim & (uy, vy,) = inf & (u, v).
m—00 S

Using the energy bound, we obtain that (u,,, v,;) — («, v) in [H! (0, R); rdryn
L2((0, R); d7’)] x HY((0, R); rdr) (perhaps up to a subsequence). Using the Rellich—
Kondrachov theorem and the weak lower semicontinuity of the Dirichlet energy term
in &, we obtain

liminf & (uy,, vy) > &(u, v),
m—00

which establishes the existence of a minimiser (u#, v) € S. Since (u, v) iS a minimiser
of & on S, it follows that (u, v) satisfies the Euler—Lagrange Eqs. (3.7). Then the
matrix-valued function Y : Bg(0) — ¥ defined as in (3.1) is a weak solution of the
PDE system (2.6), and thus is smooth and bounded on B, [see for instance Majumdar
and Zarnescu (2010)]. Since F3 is a constant matrix we have that v(r) = tr(Y F3) €
C°°(0, R) N L°°(0, R). Similarly F, is smooth on By \ {0} hence u(r) = tr(Y F,) €
C>(0, R) N L°°(0, R).

Furthermore, since u € H((0, R); r dr)NL2((0, R); %) we have for any [a, b] C
(0, R] that u € H'([a, b]) hence continuous. Moreover, we have:

b b % b ds %
u*(b) — u*(a) =2/ u'(SHu(s)ds < (/ |u’(s)|2sds) (/ lu(s)|? ?)

Hence, taking into account that the right-hand side of the above tends to O as
|b —al — 0 we get that u is continuous up to 0 so u € C([0, R]) N L?((0, R); dr—’)
and therefore u(0) = 0.
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Using the Euler-Lagrange equations for v, we obtain
1 r
V() = —/ g, v)sds,r >0
rJo

where g(u,v) = 7 [—a2 — \/Lgbzv + ¢? (u2 + v2)] + ﬁbzuz. It follows that

lim,_.¢ v/(r) = 0. Using again the equation for v atr = R, we getthatv € clqo, rRY)).
O

Remark 3.3 Using maximum principle arguments, it is possible to show [see Majum-
dar and Zarnescu (2010)]

2 2
S+.

W

Y]P =u®+ 0% <

4 The Case b = 0: Properties of Y

In this section we concentrate on the problem (3.7) for the case b? = 0. In this case,
the bulk energy f(Q) becomes the standard Ginzburg-Landau potential (that is, a
double well potential in |Q|%). We are then able to show that there is a unique global
minimiser (u, v) of the energy (3.9) and that this minimiser satisfiesu > O and v < 0
on (0, R].

Lemmad. Let L > 0,0 < R < oo, b> = 0. Let (u, v) be a global minimiser of
(3.9) over the set S defined in (3.10). Then:

1. u>0on (0, R]
2. v<0andv' > 0on[0, R)].

Proof We define it := |u| and ¥ := —|v|. We note that since b> = 0, (i, ) is a global
minimiser of & on S. It follows from Theorem 3.2 that u € C*°(0, R) N C([0, R]),
v € C®(0, R) N C!([0, R]) and that (ii, 7) satisfies the Euler-Lagrange Eqgs. (3.7)
and boundary conditions (3.8) with b2 =0.

Suppose for contradiction that i(r9) = 0 for some rp € (0, R). Since & is smooth
and nonnegative, it follows that &z’ (rg) = 0. On the other hand, the unique solution of
the initial-value problem for the second-order regular ODE satisfied by i (for given,
fixed v):

~/ k2~ ~
W+ —ZM -2 [—a2+62 (ﬁ2+62)]
r r L

on (rg, R) with initial conditions u(r¢) = u’(r9) = 0 is given by i = 0 identically.

But this contradicts the fact that i(R) = % > 0. Therefore, z > 0 on (0, R), and
since u(R) > 0, it follows that # > 0 on (0, R].
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A similar argument shows that v < 0 on (0, R], which then allows us to establish
that v' > 0 on (0, R). Indeed, from the Euler-Lagrange equation for v, it follows that

1 Mo
oL ftvro 5 a0 o
v(r)—r/o L[ @+ A +v)]sds.

From Remark 3.3, we get that u*> 4+ v* < i‘,—;, which together with the preceding
yields

v/ > 0on|0, R].

Since v(R) < 0, it follows that v(0) < 0, so that v < 0 on [0, R]. O

Proposition 4.2 Let L > 0,0 < R < oo, b* = 0. There exists a unique solution of
(3.7), (3.8) in the class of solutions satisfying u > 0, v < 0 on (0, R).

Proof Existence follows from Theorem 3.2 and Lemma 4.1. To prove uniqueness, we
use the approach of Brezis and Oswald Brezis and Oswald (1986). Suppose that (u, v)
and (&, n) satisfy (3.7) withu, & > Oand v, n < O on (0, R).

We obtain
Bt B = L(PWP 40D - 2E + ), .1
S = Sl = 1 (PP ) = P E 4 ), 4.2)

where Ayu = u” + ”7/ Multiplying the first equation by &2 — u? and the second
equation by > — v2, and then adding the two, we obtain

2
(Am_%) E2—u?) + (% B %) P — %) = — %(u2+v2 _ 22,

u 3

Multiplying by r, integrating over [0, R] and taking into account that u(R) = &£(R),
v(R) = n(R), we obtain

R 772 /712 /72 .12
/0 {[wer s + [€wrul® + [@/mn] + /oy o]} rar
R C2
+/ — W+ v =& —pP’rdr=0.
o L

This implies u(r) = k1&(r) and v(r) = kpn(r) for some ki, ko € R and every
r € [0, R]. Therefore, due to the boundary conditions, we obtain k; = kp = 1, and
the proof is finished. O

Now we are ready to investigate the minimality of the solution of the Euler—
Lagrange Eq. (2.6) introduced in Sect. 3 with respect to variations P € Hé (Bg, S).
We show that for b> = 0, the solution Y given by (3.1) is the unique global minimiser
of energy (2.1).
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Theorem 4.3 Let b> = 0 and let Y be given by (3.1) with (u, v) the unique global
minimiser of the reduced energy (3.9) in the set S (defined in (3.10)). Then Y is the
unique global minimiser of the Landau—de Gennes energy (2.1) in H' (Bg; ).

Proof Wetake P € HO1 (Br; %) and compute the difference in energy between Y + P
and Y,

F(Y +P)—FY)=TI[YI(P,P)+ 1 s, §(|P|2 +2tr(Y P))?, 4.3)
where i 1
_ 2 2, - 2( 2, 2iy2
T[Y (P, P)_Z/BR VPP + 5 /BR|P| ( a*+e |Y|) (4.4)

, and we have used the fact that Y satisfies (2.6) in order to eliminate the first-order
terms in P. Thus, it is sufficient to prove that Z[Y](P, P) = C| P|;2 for every
P € H} (Bg(0), ).

To investigate (4.4) we use a Hardy trick (see, for instance Ignat et al. (2013)). From
Lemma 4.1, we have that v < 0 on [0, R]. Therefore, any P € H(} (BRr, %) can be
written in the form P(x) = v(r)U(x), where U € HO1 (Bg, £)- Using Eq. (3.7) for
v, we have the following identity

38

v
vAv = A (—a2 + 02|Y|2)

and therefore
1
I[Y|(P, P) = 3 Z/B IV (Ix)Usj (x) + v(Ix)VU;; ()] + Av(le)v(IXI)U,%(X)-
i,j VPR
4.5)

Integrating by parts in the second term above, we obtain

Z/ Avv U} = —Z/ IVo|*UJ +2Vv - VU;j v Uyj.
17 Br TRAL
It follows that

I[Y\(P, P) = %/ 2 VU,
B

Using the fact that 0 < ¢1 < v?

we obtain

< ¢; (see Lemma 4.1) and the Poincaré inequality,

I[YI(P, P) > c/ |P|?.
Bgr
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From (4.3), it follows that
F(Y 4+ P)—F(Y) = C|IP|7.. (4.6)

therefore Y is the unique global minimiser of the energy F. O

Remark 4.4 1t is straightforward to use the continuity of the solutions (u, v) with
respect to the parameter b? to show that for b small enough, the solution (up, vp) of
(3.7)—(3.8) found in Theorem 3.2 generates a global minimiser Y of the energy (2.1).

4.1 Limiting Case L — 0

Next we consider the limit L — 0. We define the energy

& R e K, C222_“22d
L(”’”)_/o z((u)+(v)+r—2u)+ﬁ((u ) c—z) rdr.

For b = 0, &7, coincides with the reduced energy (3.9) up to an additive constant.
We also define the following space:

%,\/;v e L2(0, R)].

Lemma 4.5 In the limit L — 0 the following statements hold:

H = I(u, v) : [0, R] — R? [ /ru', 1V,

1. If (ug,vr) € S (see (3.10)) and &1 (ug,vy) < C, then (ur,vy) — (u,v) in H
(perhaps up to a subsequence). Moreover, (u, v) € S and W2 (r) +03(r) = ‘;—Z a.e.
r € (0, R).

2. &, T-converges to & in S , where

OR 3 ((u’)2 + ()2 + lr‘—;uz) rdr ifu’* +0? = Z_;’

4.7)
00 otherwise.

So(u, v) = [

Proof The first statement follows from the energy estimate &7 (uy, vy) < C.
Next we show the I'-convergence result. To do this we must check the following:

e forany (ur,vr) € Ssuchthat (ur, vr) — (u,v) in S, we have that

liminf & (uz, vr) > &o(u, v);
L—0

e for any (u, v) € S, there exists a sequence (#r1, vz) € S such that

limsup &7 (ur, vy) = &y(u, v).
L—0
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The first part of the I'-convergence result follows from the lower semicontinuity
of the Dirichlet term in the energy &7 and the penalisation of the potential. To prove
the second part, we note that for any (4, v) € S, we may take the recovery sequence
(ur, vr) = (u, v), for which the lim sup equality is clearly satisfied. O

Next we show that the global minimiser of & defines the unique global minimiser
of a certain harmonic map problem.

Theorem 4.6 Let O < R < oo. There exist exactly two critical points of &y over the
set S defined in (3.10). These are explicitly given by the following formulae:

=22 R _ \/5 r2kl — 3 R2IK
M—(r) — S+ Vz‘k‘ ¥ 3R2|k‘ s v—(r) = §S+ —r2|k‘ n 3R2|k| s

RIKI 1K 2 R2IkI _ 3,2k
urr) =225 oo e ok =\ 35 am e @8)

with sy given by (2.5) with b> = 0. If we define
Yi =usFy +vi F3,

then Y_ is the unique global minimiser and Y, is a critical point of the following
harmonic map problem:

1 2
min {/B SIver \ Q € H'(Br, 70, Q(R) = Ok, |0 = 257 ae.in BR] :
4.9)

. 2 . o
Proof The constraint u? + v> = ‘Z—z may be incorporated through the substitution

2 2
u= \/;s+ siny, v= —\/;s+ cos ¥, (4.10)

where ¢ : (0, R] — R. In terms of i, the energy &p is given up to a multiplicative
constant by

&lv] = —/ (rw’ + —sin w) dr. 4.11)
2 0 r
Critical points of &) satisfy the Euler—Lagrange equation
;K
(ry) = —siny cos ¥ (4.12)
r

and therefore belong to C*°(0, R). From (3.3) and (4.10), ¥ satisfies the boundary
condition ¥ (R) = % +2mj for j € Z. Without loss of generality, we may take j = 0
[since ¢ and Y + 27 correspond to the same (u, v)]. Therefore, we may take the
boundary condition as

W (R) = % (4.13)
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The Euler-Lagrange Eq. (4.12) may be integrated to obtain the relation

k? k?
-3 sin? Y = -5 (4.14)

1 2,12

Y
for some constant ¢ < 1. We claim that « = 0. First, we note that « < 0 would
imply that 72’ % is bounded away from zero, which is incompatible with &y[v] being
finite. Next, « = 1 would imply that sin> ¢/ = 1 identically, which is incompatible
with the boundary condition (4.13). It follows that 0 < @ < 1. If « > 0, we may
define x(t) = Y (expt) for t € (—oo,InR). Then %> = % (sin?x — ). It is an
elementary result (the simple pendulum problem) that x(¢) is periodic with period
T (we omit the explicit expression for T'); this implies that ¢ (e77r) = ¥(r). In

addition, A := | "1 in2 x dt is strictly positive and independent of t; in terms of i,

T
R )
sin” i
dr =nA
e—nT R r

this implies that
for n € N. It follows that u?/r = %si sin? ¥ /r is not square-integrable, which is
incompatible with &y[¥/] being finite. Thus we may conclude that &« = 0.

We claim now that any solution of (4.12) satisfies either rv/'(r) = |k|siny or
ry'(r) = —|k|siny on the whole interval (0, R). For suppose x(r) is a smooth
solution of (4.12), and that for some point ro € (0, R) we have that rox'(rg) =
|k| sin x (ro). Then regarding (4.12) as a regular second-order ODE on (0, R), we have
that the initial-value problem (4.12) with initial conditions ¥ (rg) = x (ro), ¥’ (rg) =

M gin x (ro) has a unique smooth solution on (0, R), namely the one satisfying the

ro
first-order equation x'(r) = lf—‘ sin x (r) on (0, R), which proves our claim.

Solving the first-order separable ODEs and applying the boundary conditions
(4.13), we obtain exactly two solutions 14 satisfying

tan

B ™

These correspond via (4.10) to (4.8).
It is straightforward to check using the definition of Y4 and (3.4) that

__3 oyp 2_2, _
AYy = ———|VY[|"Yy, [Yi|" = 351, Yo (R, @) = Qi(9).
254 3
Therefore, Y are critical points of the harmonic map problem (4.9).
Next, we show that Y_ is the unique global minimiser of the harmonic map problem

(4.9). Take P € H{ (Bg; #) such that |Y_ + P|?> = %s2. Then

1/ 2 1 2 1 2
— IV(Y_ + P)| ——/ IVY_| =_/ [VP|*+2» V[Y_];i - VPi;.
2 /g, 2 /g 2 /g, Z Y Y

ij
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Integrating by parts and using the Euler—Lagrange equation for Y_, we obtain
2
—si/ Z VIY_1ij - VP = / IVY_|? tr(Y_P).
3 Br ij Br

Using the fact that |P|?2 = —2tr(Y_ P), we obtain

! 2 L[ gy el 2_ 3 vy 2ipp
IV(Y_ + P)| IVY_|* = VP 5 IVY_|7[P]".
2 /s, 2 /s, 2 /s, 257

The fact that Y_ is harmonic implies that

3 2
AU_:——2U_|Vy_| s
254

and we have that v_ < 0 on [0, R]. Therefore

1 1 1 Av_
—/ |V(Y,+P>|2——/ |VY7|2=—/ PR+ 2 pp
2 Br 2 Br 2 Br v_

Using the decomposition P = v(r)U and applying the Hardy decomposition trick
in exactly the same way as in the proof of Theorem 4.3, we obtain

1 2 1 2 2
|IV(Y_ + P)| IVY_|” = C||Pll}.
2 BR 2 BR

Therefore Y_ is unique global minimiser of harmonic map problem (4.9). O

Remark 4.7 1t is straightforward to check that in the limit L — 0, the I"-limit of the
Landau—de Gennes energy

1
%Q):E/

Br

vor+ < (1o - 22)
AL 3
is exactly the harmonic map problem (4.9).

Remark 4.8 For k even, there is another explicit solution of the harmonic map problem
(4.9). Let

1
U:s+(m®m—§l), 4.15)

where

o) QR3S ko\ 2R5r> . (k¢\ RF—rk
m@r,¢) = ——cos|{ — ), —sin{— |}, — }.
Rk + rk 2 Rk + rk 2 Rk + rk
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We note that U is uniaxial (i.e., two of its eigenvalues are equal). It is straightforward
to show that U is a critical point of the harmonic map problem (4.9). Computing
energies of Y, Y_ and U explicitly, we obtain

2
Ep(Yo) = SIklmsd < 2lk|mst = Ep(Yy) = Ep(U),

where &p(Q) = % /, Br |V Q|? is the Dirichlet energy.

Remark 4.9 The harmonic map (4.15) is an example of a more general construction.
Let¢ = x + iy, and let f(¢) be meromorphic. Let

(2Re f,2Im f, 1 — | )

)= 1+ 1/

Then it is straightforward to show that m defines an S?-valued harmonic map (note
that |m| = 1), and that U := \/3/2(m @ m — %I) defines an S*-valued harmonic
map. The example (4.15) is obtained by taking f = (¢/R)*/?, which corresponds to
the boundary conditions (2.4).

Remark 4.10 The results of (Bauman et al. 2012) imply that for |k| > 1 and b* > 0,
the global minimiser Y of a reduced energy in the limit L — 0 approaches a harmonic
map different from Y_. In that case, the limiting harmonic map has |k| isolated defects
of index sgn(k)/2.

5 Conclusions and Outlook

We have found a new highly symmetric equilibrium solution Y of the Landau—de
Gennes model, relevant for the study of liquid crystal defects of the form (3.1). This
solution is valid for all values of parameters a, b, c, elastic constant L and index k.
The properties of this solution can be explored by investigating the system of ordinary
differential Egs. (3.7) — (3.8).

We have provided a detailed study of solution Y in the deep nematic regime when the
material parameter b2 is small enough (see Kralj et al. 1999; Mkaddem and Gartland
2000) for a discussion on the physical relevance of this regime). In this case we have
shown that Y is a global minimiser of the Landau—de Gennes energy, provided (u, v)
is a global minimiser of the energy (3.9). In this sense, we have constructed the unique
ground state of the 2D point defect, and linked its study to analysing solutions of the
ordinary differential Eqs. (3.7) —(3.8).

In the limiting case L — 0 for b? = 0, we have obtained for all k two explicit
defect profiles Y_ and Y (see Fig. 7), defined in Theorem 4.6. The global minimiser
Y isequal to Y_. For even k, we obtain a third explicit profile U (see Fig. 9) defined in
Remark 4.8. It is straightforward to compute the eigenvalues of Y and U (see Fig. 8),
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Fig.7 Y_ (left) and Y4 (right) defects for of strength 1

Fig. 8 Eigenvalues of
1-strength defects: Y_ (solid),
Y4+ (dashed), U (dotted)

Fig. 9 Uniaxial defect of
strength 1

2 ut vE ut vE
+ + + +
) =\ﬁv r, No=———m——=, MN=———, (5.1)
! 3 2 NN NG} 6
1 2

U U U

= = ——-, = —. 52
A =N 3 M T3 (5.2)

It is clear that the global minimiser Y_(r) is always biaxial except for points » = 0
and r = R, while the critical point Y is uniaxial at 0, R and the point of intersection
of )\T and )\; . Moreover, it is clear that )3 is the smallest eigenvalue. The structure of
the defect profile Y bears a resemblance to the three-dimensional biaxial torus profile
(Mkaddem and Gartland 2000). However, whereas the biaxial torus is a candidate for
the ground state in three dimensions, in this two-dimensional setting Y has higher
energy than Y_, at least in the small-L regime. The profile U is always uniaxial and
its energy coincides with the energy of Y (Fig. 9).
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It is a very interesting and challenging task to find the ground state and universal
profile of the 2D defect for general parameters a, b, ¢, L. We are planning to tackle
this problem in the future.

Acknowledgments GDF, JMR, VS would like to acknowledge support from EPSRC Grant EP/
K02390X/1. VS also acknowledges support from EPSRC grant EP/1028714/1. AZ gratefully acknowl-
edges the hospitality of the Mathematics Department at the University of Bristol, through EPSRC grants
EP/1028714/1 and EP/K02390X/1.

References

Ball, J.M., Zarnescu, A.: Orientability and energy minimization in liquid crystal models. Arch. Ration.
Mech. Anal. 202(2), 493-535 (2011)

Bauman, P, Park, J., Phillips, D.: Analysis of nematic liquid crystals with disclination lines. Arch. Ration.
Mech. Anal. 205(3), 795-826 (2012)

Bethuel, F., Brezis, H., Coleman, B.D., Hélein, F.: Bifurcation analysis of minimizing harmonic maps
describing the equilibrium of nematic phases between cylinders. Arch. Ration. Mech. Anal. 118(2),
149-168 (1992)

Brezis, H., Oswald, L.: Remarks on sublinear elliptic equations. Nonlinear Anal. 10, 55-64 (1986)

Biscari, P, Virga, E.: Local stability of biaxial nematic phases between two cylinders. Int. J. Nonlinear
Mech. 32(2), 337-351 (1997)

Canevari, G.: Biaxiality in the asymptotic analysis of a 2-D Landau-de Gennes model for liquid crystals.
ESAIM COCYV 21, 101-137 (2015)

Chandrasekhar, S., Ranganath, G.S.: The structure and energetics of defects in liquid crystals. Adv. Phys.
35, 507-596 (1986)

Cladis, PE., Kleman, M.: Non-singular disclinations of strength S =+ 1 in nematics. J. Phys. 33, 591-598
(1972). (Paris)

Copara, S., Porentab, T., Zumer, S.: Visualisation methods for complex nematic fields. Liq. Cryst. 40,
1759-1768 (2013)

De Gennes, P.G.: The Physics of Liquid Crystals. Clarendon Press, Oxford (1974)

Ericksen, J.L.: Liquid crystals with variable degree of orientation. Arch. Ration. Mech. Anal. 113(2), 97120
(1990)

Fatkullin, 1., Slastikov, V.: Vortices in two-dimensional nematics. Commun. Math. Sci 7, 917-938 (2009)

Gartland, E.C., Mkaddem, S.: Instability of radial hedgehog configurations in nematic liquid crystals under
Landaude Gennes free-energy models. Phys. Rev. E 59, 563-567 (1999)

Golovaty, D., Montero, A.: On minimizers of the Landau-de Gennes energy functional on planar domains.
arXiv:1307.4437 (2013)

Henao, D., Majumdar, A.: Symmetry of uniaxial global Landau-de Gennes minimizers in the theory of
nematic liquid crystals. SIAM J. Math. Anal. 44 3217-3241 (2012); 45 3872-3874 (2013) (corrigen-
dum)

Ignat, R., Nguyen, L., Slastikov, V., Zarnescu, A.: Uniqueness result for an ODE related to a generalized
Ginzburg-Landau model for liquid crystals. SIAM J. Math. Anal. 46(5), 3390-3425 (2014)

Ignat, R., Nguyen, L., Slastikov, V., Zarnescu, A.: Stability of the melting hedgehog in the Landau de
Gennes theory of nematic liquid crystals. Arch. Ration. Mech. Anal. 215, 633-673 (2015)

Ignat, R., Nguyen, L., Slastikov, V., Zarnescu, A.: Stability of the vortex defect in Landau-de Gennes theory
of nematic liquid crystals. C. R. Acad. Sci. Paris Ser. I 351, 533-535 (2013)

Ignat, R., Nguyen, L., Slastikov, V., Zarnescu, A.: Instability of point defects in a two-dimensional nematic
liquid crystal model, submitted

Kléman, M.: Points, Lines and Walls in Liquid Crystals, Magnetic Systems and Various Ordered Media.
Wiley, New York (1983)

Kléman, M., Lavrentovich, O.D.: Topological point defects in nematic liquid crystals. Philos. Mag. 86(25—
26), 4117-4137 (2006)

Kralj, S., Virga, E.G., Zumer, S.: Biaxial torus around nematic point defects. Phys. Rev. E 60, 1858 (1999)

Majumdar, A., Zarnescu, A.: Landau-de Gennes theory of nematic liquid crystals: the Oseen—Frank limit
and beyond. Arch. Ration. Mech. Anal. 196(1), 227-280 (2010)

@ Springer


http://arxiv.org/abs/1307.4437

140 J Nonlinear Sci (2016) 26:121-140

Mkaddem, S., Gartland, E.C.: Fine structure of defects in radial nematic droplets. Phys. Rev. E 62, 6694—
6705 (2000)

Nguyen, L., Zarnescu, A.: Refined approximation for a class of Landau-de Gennes energy minimizers. Calc.
Var. Partial Differ. Equ. 47(1), 383-432 (2013)

Shirokoff, D., Choksi, R., Nave, J.-C.: Sufficient conditions for global minimality of metastable states in
a class of non-convex functionals: a simple approach via quadratic lower bounds, J. Nonlinear Sci.
(2015). doi:10.1007/s00332-015-9234-0

Virga, E.G.: Variational Theories for Liquid Crystals. Chapman and Hall, London (1994)

@ Springer


http://dx.doi.org/10.1007/s00332-015-9234-0

	Half-Integer Point Defects in the Q-Tensor Theory  of Nematic Liquid Crystals
	Abstract
	1 Introduction
	2 Mathematical Formulation of the Problem
	3 Existence of Special Solutions
	4 The Case b=0: Properties of Y
	4.1 Limiting Case L to0

	5 Conclusions and Outlook
	Acknowledgments
	References




