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Abstract: Continuing the program initiated in [17], we analyze a model problem based on highly
disparate elastic constants that we propose in order to understand corners and cusps that form on
the boundary between the nematic and isotropic phases in a liquid crystal. For a bounded planar
domain Q we investigate the £ — 0 asymptotics of the variational problem
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inf = f (—W(u) + &|Vul? + L.(div u)z) dx
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within various parameter regimes for L, > 0. Here u : Q — R? and W is a potential vanishing on
the unit circle and at the origin. When &€ <« L, — 0, we show that these functionals I'—converge
to a constant multiple of the perimeter of the phase boundary and the divergence penalty is not
felt. However, when L, = L > 0, we find that a tangency requirement along the phase boundary
for competitors in the conjectured I'-limit becomes a mechanism for development of singulari-
ties. We establish criticality conditions for this limit and under a non-degeneracy assumption on
the potential we prove compactness of energy bounded sequences in L2. The role played by this
tangency condition on the formation of interfacial singularities is investigated through several
examples: each of these examples involves analytically rigorous reasoning motivated by numer-
ical experiments. We argue that generically, “wall” singularities between S !-valued states of the
kind analyzed in [17] are expected near the defects along the phase boundary.

1 Introduction

Our purpose in this article is to propose and then initiate an analysis of a family of models
inspired by phase transitions in liquid crystals. We have in mind the islands of phase known as
tactoids, whose singular phase boundaries separate a locally well-ordered state of nematic liquid
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crystals from a disordered isotropic state. Our models should be relevant more generally to other
phase transition problems for which large disparity in the elastic constants is a salient feature.
Our analysis is mainly rigorous, but also includes formal calculations as well as computational
experiments.

Many models, of course, exist for nematic liquid crystals, including the Oseen-Frank energy,
based on the elastic deformations of an S!- or S2-valued director n, and the Q-tensor based
Landau-de Gennes model, whose energy density consists of a bulk potential favoring either a
uniaxial nematic state, an isotropic state, or both, depending on temperature. What distinguishes
our effort here is the attempt to capture the often singular structure of nematic/isotropic phase
boundaries using a model reminiscent of Landau-de Gennes.

The modeling of phase transitions in thin liquid crystalline films has attracted the attention of
materials scientists and physicists for some time, [13, 21, 35, 39]. In experiments, one observes
thin liquid crystal samples separated into nematic and isotropic phases. The islands of phase,
i.e. the “tactoids,” appear as planar regions, with boundaries consisting of two or more smooth
curves. Depending on temperature and on the type of liquid crystals, these smooth boundary
curves may meet each other at singular points, known as “boojums,” forming angles or perhaps
even cusps.

Regarding the significance of tactoids as an object of study, we quote from the recent compu-
tational study of tactoids [11], “Tactoid structures have been shown to act as sensors via chirality
amplification and can be used to guide motile bacteria. They are also valuable architectural ele-
ments of self assembly, for example providing nucleation sites for growth of the smectic phase.”

In modeling these regions, the typical approach found in the materials science literature is
to use a director theory and to postulate a surface energy that depends on the angle the director
n makes with the normal v to the phase boundary. Calling the region occupied by the phase
of uniaxial nematic say Qy, and writing n = (cos 6,sin6) and v = (cos ¢, sin ¢), this leads to
minimization of a surface energy of the form

Fy(n) :=f o0 - ¢)ds (1.1)
oQy

where a typical choice for the function o : R — R, based on symmetries (and simplicity), is
given by
(@ —¢)=c1 +crcos2(0—¢),

a form referred to as a Rapini-Papoular type surface density, (see e.g. [28], section 3.4). In some
studies within the physics literature the phase domain Qy is taken as a given region having a sim-
ple geometry such as a disk and then the minimization, taken over director fields n : Qy — S!,
may involve coupling the surface term above to an elastic term such as fQN |Vn|* dx, correspond-
ing to the so-called ‘equal constants’ form of elastic energy, see e.g. [39]. In other studies, the
shape itself is an unknown, but then, due to the difficulty of the analysis, the director field is of-
ten ‘frozen,” that is, taken to be a constant so that there is no elastic energy contribution and one
minimizes (1.1) alone. Then the problem resembles somewhat the Wulff shape problem arising
in the classical study of crystal morphology, see e.g. [14, 35].

Rather than postulating a specific surface energy, here we seek a model based on an order
parameter, u : Q — R? defined on a planar domain Q in which the singularities of the phase
boundary emerge as a result of large disparity between the values of the elastic constants. We are



not alone in taking this viewpoint; see for example, [11], where the authors write “It is clear that
significant shape deformation is only achieved with the introduction of elastic anisotropy.”

In [17], our first endeavor in this direction, we propose a model problem coupling the Ginzburg-
Landau potential to an elastic energy density with large elastic disparity, namely
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The minimization is taken over competitors satisfying an S'-valued Dirichlet condition on 9Q
o as to avoid a trivial minimizer. Here one might view the positive constant £ < 1 as being
comparable in size to the elastic constant L; in say a Landau-de Gennes elastic energy density
while the positive constant L, independent of &, is playing the role of L,, the coefficient of squared
divergence in more standard elastic energy densities.

This choice of potential clearly favors S'-valued states, which are a stand-in in our mod-
els for uniaxial nematic states. As such, the model (1.2) precludes any phase transitions be-
tween S'-valued states and the isotropic state u = 0, and corresponds to the situation where the
temperature—and therefore the potential- favor only the nematic state. Analysis of (1.2) in the
& — 0 limit involves a ‘wall energy’ along a jump set J, penalizing jumps of any S'-valued
competitor u, and bulk elastic energy favoring low divergence. The conjectured I'-limit of (1.2)
is

L 1
—f(divu)zdx+—f iy —u_|> dH', (1.3)
2 Jo 6 J.nQ

where u, and u_ are the one-sided traces of u along J,,. The natural space for competitors for
this limit should be some subset of Hgy (Q;S!), the Hilbert space of L? vector fields having I?
divergence. In order to make sense of the jump set we make the additional assumption in [17]
that u € BV(Q; '), though this is surely not optimal. As a simple consequence of the Divergence
Theorem, it follows that allowable jumps for an Hg;, vector field must satisfy continuity of the
normal component

u,-v=u_-v alongdJ,, (1.4)

where v denotes the normal to J,. Hence the cubic jump cost is penalizing the jump in the
tangential component only.

In the present paper, we allow for co-existence of both nematic and isotropic phases by
replacing the Ginzburg-Landau potential in (1.2) with a potential W : R?> — [0, co) that still
depends radially on u but that instead vanishes on S' U {0}. This is reminiscent of the zero set of
the Landau-de Gennes potential in the critical temperature regime within the thin film context,
see e.g. [7]. A prototype for what we have in mind is a potential of the form W(u) = Wesy(u) =
Iul2 ( Iul2 - 1)2, or what is known in other physical contexts as the Chern-Simons-Higgs potential,
see e.g. [23].

We thus arrive at two models based on this potential. In the first model, analyzed in Section
2, we examine the asymptotic limit in & of the energy

F.(u) := % fg (éW(u) + &lVul? + Lo(div u)z) dx,

where we assume &€ < L, — 0. Our main result for this model is Theorem 2.1, which states that
in the L'-topology, this sequence of energies I'-converges to a perimeter functional, measuring



the arclength of the phase boundary between the S!-valued phase and the zero phase. In short,
despite the much stronger penalty on divergence—think of say L, = @—this amount of ‘elastic
disparity’ is too weak to be felt in the limit. In particular, minimizers of the limit, even under
a boundary condition or area constraint to induce co-existence of S'-valued and 0 phases, will
have smooth phase boundaries. We mention that in [23], the authors study the I'-convergence of
éFE for L, = 0. In that scaling, vortices rather than perimeter contributes at leading order.

Our second model, and the main focus of our paper, involves the same type of potential W as
in F, but now we ‘ramp up’ the cost of divergence still further, leading us to the energy

E.(u) := % L (éW(u) + &|Vul* + L(div u)z) dx, (1.5)

where L is a positive constant independent of €. As € — 0 in this model, the jump set J,, features
two distinct types of discontinuities: as in (1.3), there are what we will call ‘walls’ involving a
jump discontinuity between two S'-valued states that respect (1.4), and there are what we will
call ‘interfaces’ involving a jump between an S'-valued state and the isotropic 0 phase.

We mention that one can consider minimization of E. subject to a Dirichlet condition g :
9Q — R2, or a constraint such as fg Iul2 = const, or both in order to induce the co-existence
of phases. The weak Hg;, convergence of energy bounded sequences, however, implies that the
appropriate condition for the limiting functional E is that it inherits only the condition

u-ngo =g nyo along oQ, (1.6)

or simply meas({u = 0}) = const in the case of the constraint.

In any event, it is the interfaces that represent the nematic/isotropic phase boundary and in
light of the requirement (1.4), one sees that whatever form the I'-limit takes, the competitors,
being in Hg;, , must have S'-valued traces that are tangent to the phase boundaries. As we will
demonstrate through examples and numerics in Section 4, it is this tangency requirement that
may induce singularities in the phase boundary. On this point, we mention that in this article
we chose to penalize divergence more than other elastic energy terms, but had we replaced the
term L f (divu)? in (1.5) by L f (div Rgu)*> where Ry is any rotation matrix, we would arrive at
a limiting requirement on the nematic/isotropic interface in which tangency is replaced by u
making some non-zero angle with the tangent to the phase boundary. In particular, for 8 = 7/2
one penalizes the curl rather than the divergence and the resulting interface requirement is that
the trace is orthogonal to the boundary.

In Fig. 1, we present an example of experimental nematic/isotropic configuration obtained in
the laboratory of Oleg Lavrentovich along with a figure showing a numerically generated phase
boundary based on gradient flow for E.. Both figures represent transient states but we point out
the similar nature of the singular phase boundaries. Note that in the experimental picture, the
phase boundary is singular only for the isotropic island whose surrounding nematic phase has
degree 0 on the boundary of the isotropic tactoid, not for the island where the degree is 1. This
distinction will come up frequently in our analysis.

Regarding a rigorous identification of the I'-limit of E,, we only have partial results at this
point. We present rigorous compactness results in L>(Q; R?) in Theorem 3.4 based on an adapta-
tion of [12], but roughly put, it is easy to verify that any limit # of an energy bounded sequence,
i.e. {uz) such that E.(u;) < C, is a vector field u € Hy, (;S' U {0}) such that the isotropic
phase {x : u(x) = 0} is a set of finite perimeter. Then making the extra assumption that u is of
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Figure 1: Tactoids observed in simulations (left) and the experiments (right). The figure on the
right is courtesy of O. D. Lavrentovich.

bounded variation in the nematic phase where u(x) € S', one can invoke a combination of known
techniques [17, 34] to establish a lower bound on the limit of the form

Eo(u) = % L (div u)* dx + co Perg({lu| = 0}) + f Ku-v)dH', (1.7)
Ju

N{lul=1}

where ¢y is the standard Modica-Mortola cost of an interface, cf. (2.3), and K : R — [0, c0) is
a wall cost, arising through an abstractly defined solution to a certain cell problem. We wish to
emphasize that, unlike for example (1.1), the limiting problem that arises involves both interfacial
energy terms and a bulk term.

We strongly suspect that this wall cost K is in fact the cost associated with the heteroclinic
connection between the states (—u - 7,u - v) and (u - 7, u - v) where 7 is the approximate tangent
to the jump set, see (3.8) and (3.9). The upper bound based on a recovery sequence for such a
“one-dimensional” wall where only the tangential component varies across the boundary layer is
the content of Theorem 3.1.

The optimality of one-dimensional walls is a delicate point that turns out to hold in the anal-
ysis of (1.2)-(1.3), cf. [17], as well as in the analysis of the divergence-free, or equivalently
L = oo, versions of these problems known as the Aviles-Giga problem, see e.g. [3, 5, 9, 12, 18,
25, 26, 33, 34]. However, for Aviles-Giga and in [17], the matching of lower bound to upper
bound is achieved through the somewhat miraculous Jin-Kohn entropy, cf. [20] and (3.13). The
divergence of this vector field on the one hand bounds the Aviles-Giga energy from below but at
the same time yields a value for the cost of a wall that coincides with the one-dimensional upper
bound construction described above. As far as we can tell, there is no analogous entropy that
works similarly for (1.5).

In Section 3.3, in contrast to the partial results from Section 3.1, we establish a complete
I'-convergence analysis along with optimal compactness, in the case where Q is an interval.

In Section 3.4, we turn to the derivation of criticality conditions for the proposed I'-limit, Ej.
Asin [17], we find that in the S'-valued phase, away from walls, we can phrase criticality in terms
of a system of conservation laws sharing characteristics, cf. Corollary 3.11. Characteristics turn
out to be circular arcs along which divergence is constant with the curvature of the arc being given
by the value of the divergence. We also explore criticality conditions for the wall and interface in
Theorems 3.9 and 3.12, as well as for possible junctions between walls and interfaces in Theorem



3.13, whose somewhat technical proof we delay until the appendix.

Section 4 is crucial to our paper in that we explore the possible morphology of vortices,
interfaces and walls through a series of examples. We focus on constructing critical points to
the formal L — oo limit of Ej which one might describe as the Aviles-Giga I'-limit augmented
by isotropic regions, see (4.1). These constructions are in particular divergence-free competitors
for Ey for L finite that should be close to optimal for L large. One might expect that when no
area constraint on the size of the isotropic phase is imposed and S!-valued Dirichlet data g is
specified in (1.6) for Ey, then only critical points that are nematic—i.e. S'-valued— would emerge,
with perhaps a certain number of defects in order to accommodate the degree of g, as in [8].
However, in Example 4.3, we take Q to be the unit disk and g to have negative degree, and we
show that, somewhat surprisingly, an O(1) isotropic region opens up. We provide a possible
explanation for this phenomenon in Theorem 4.1.

In Section 4.4, we construct a divergence-free example in all of R? in which a singular phase
boundary encloses an isotropic island and in which the infinite nematic complement of this island
obeys a trivial degree zero condition at infinity, i.e. ¥ — &) as |x| — oco. Unlike in the first
example, this island is induced through an area constraint. This somewhat delicate calculation
involves construction of both interfaces and walls with proper junction conditions holding at their
intersection.

In this section we also comment on the following crucial feature of the model observed in
several of our examples. At defects on the phase boundary, the director u often switches the sense
of tangency. If a defect is a corner in the interior of the domain and a change in tangency occurs,
then walls necessarily emanate from the defect in order to avoid infinite energy from the bulk
divergence term; see Fig. 7 and the discussions at the end of Section 4.2 and preceding Example
44.

Needless to say, this article represents just the initial investigation of a problem which holds
within it a rich array of phenomena yet to be understood and questions to be pursued. We also
mention that upgrading this model to the setting of O-tensors should not pose significant obsta-
cles.

2 First try: A model whose elastic disparity is weak

In this section, we begin our examination of the effect of disparity in elastic energy. Throughout
this section, we will consider a continuous potential W : R? — [0, co) which vanishes on S' U{0}.
We assume that for some continuous function V : R — [0, o), one has W(u) = V(|u|) with then
V() = V(1) = 0 and V > 0 elsewhere. The prototype for what we have in mind is the Chern-
Simons-Higgs potential

Wesn(u) = ul® (uf* = 1)%, 2.1)

Then for a sequence of positive numbers L. | 0, we consider the sequence of functionals

1 1
3 f (—W(u) + &|Vul® + L(div u)z) dx ifue HY(Q;R?),
o\€

Fo(u) := 2.2)

+00 otherwise.



Though the I'-convergence result below holds for any sequence {L.} approaching zero, we
are especially interested in the situation where

= Swase—0,

&
so that the divergence term in the elastic energy is heavily emphasized. Our goal is to explore
whether or not this disparity can produce a I'-limit whose minimizers possess the types of phase
boundary singularities reminiscent of isotropic-nematic interfaces as described in the introduc-
tion. What we shall find is that this level of elastic disparity is in fact not sufficiently strong to
achieve this goal.

To this end, we define our candidate for the I'-limit:

coPera({lul = 0}) if |u| € BV(Q;{0,1}),
F()(u) =
+00 otherwise.

Here, 1
Co :=f VV(s)ds. 2.3)
0

The reader may well recognize this I'-limit as precisely the well-known limit of the Modica-
Mortola energies, an indication that to leading order in the energy, the divergence term has no
effect on the asymptotic behavior of minimizers.

Our main result for this section is:

Theorem 2.1. The sequence {F.} T-converges to Fy in the topology induced by the L' norm of
the modulus | - |. That is,

() for any u € L'(Q;R?) and for any sequence {u.} in L'(Q;R?),

lug] = |ul in L'(Q) implies liminf F (u,) > Fo(u), (2.4)
E—00

and
(i) for each u € L'(Q,R?) there exists a recovery sequence {wg} in LY(Q, R?) satisfying

wel = [ulin L"(Q;R?*)  and  limsup Fo(wg) < Fo(u). (2.5)

E—00
In fact, we can construct the sequence {w,} so that w, — u in L.

Remark 2.2. Regarding the asymptotic behavior of global minimizers, this result does not seem
to address the possibility of a phase transition since there is no ‘incentive’ for a minimizer of F
to take on both 0 and S' values. To encourage a phase transition for a minimizer, one could, for
example, impose a mass constraint such as

f Iu‘,,;l2 dx=m or f lusldx =m where m € (0,|Q) with |Q| = Lebesgue measure of Q.
Q Q

Alternatively, one could impose a Dirichlet condition on 0Q such as u, = g, where g, is S'-
valued on one portion of the boundary and then transitions smoothly down to O on the rest of



the boundary. Either of these alterations in the problem can be easily accommodated using what
are by now standard techniques in I'-convergence, see e.g. [27, 32, 37]. However, in order to
present the main ideas without excessive technicalities, we formulate and prove a I'-convergence
theorem without either of these conditions, and merely remark that they could be incorporated if
desired.

Though as indicated below (2.5), we can in fact establish I'-convergence in the stronger topol-
ogy L'(Q), it is not possible to obtain L!-compactness for an arbitrary energy bounded sequence
due to the degeneracy of the well S!. However, L'-compactness of {|u,|} follows by a standard
argument, cf. e.g. [37, Proposition 3].

Proposition 2.3. Let {u,} be a sequence of maps from Q to R* and assume that the sequence of
energies F(ug) is uniformly bounded. Then there exists a subsequence {u;;} and u € L' s'u
{0}) such that lu)| — |ul in LY(Q).

As observed in [31], this rather weak form of compactness is nonetheless sufficient to imply
the existence of local minimizers of F, given a local minimizer of Fy which is isolated in this
weaker topology, by modifying an argument of [22]. For example, on a “dumbbell”-type domain,
there always exist local minimizers of F, for & sufficiently small, cf. [31, Theorems 4.2, 5.1].

Proof of the lower semi-continuity condition (2.4). Lower semi-continuity follows as in the Modica-
Mortola setting since one simply ignores the divergence term. Since the argument is short, how-
ever, we present it here. The cases in which liminf,_y Fo(u;) = oo or W(u) # 0 on a set of
positive measure are trivial. We therefore assume that liminf,_,o F.(u;) = C < oo, and suppose
that |u,| — |u| in L'(Q). Suppose also for now that |u,| < 1, an assertion we will justify later
by means of a truncation procedure. In the argument below, we will make use of the function

D) =[5 VV(s)ds. As L, > 0, we have

Fo(u,) = % fg (};W(ug)+sIVug|2+Lg(div uE)Z) dx > fQ VV(lus)|Vius|| dx

> f V() dx.
Q

By the assumption that liminf F.(u;) = C < oo, we obtain a uniform bound on {®(|u.|)}e0 in
BV(Q), implying the existence of a subsequence converging in L' to ®(|u|). Therefore, by lower
semi-continuity in BV,

lim iglf Fe(ug) > lim iglff [VO(Jug))| dx
E— E Q

> f IVO(|uf)| dx
Q
= coPera({lul = 1}).

This then completes the proof of (2.4) under the assumption that |u.| < 1.
If it does not hold that |u.| < 1 then we define

ug(x) if lu () < 1,

uy(x) = .
(0 {—lgzggl if [us(x)] > 1.



We compute that

1

1 1 1
Fe(ue) > = f —W(ue) + &lVu,[* | dx > = f —W(u) + Vil | dx. (2.6)
2 o\€ 2 o\€

Finally, we have that
ezl = lul 121 @) < IHuel = lulllzq) — 0,

so that we can combine the previous arguments with (2.6) to obtain lower semi-continuity for the
original sequence {u.}. O

Proof of the recovery sequence condition (2.5). Suppose we are given u : Q — S' U {0} with
lul € BV(Q;{0,1}). We will construct a sequence w, C H'(Q;R?) with w, — u in L'(Q;R?)
such that lim sup,_,, Fe(w;) < Fo(u). We first briefly discuss the main idea, in order to motivate
the construction that follows. Suppose that « is smooth on the set, say N, where it is S'-valued,
except for finitely many singular points a;, and suppose u carries degree d; around each “vortex”
a;. Suppose also that N is smooth. We would like to define w, using a boundary layer near ON
which bridges the values of u|y near N to 0 outside. In order to recover the correct I'-limit with
constant 2¢y, we must define w, on a neighborhoods N, of N so that

1

1
3 f (;W(wg) + &lVwel* + Le(div wa)z) dx — co Perq({lul = 1}).
Ne

As this is the least upper bound we could achieve even if L, = 0, we must therefore construct w,
on N; so that

f Lo(divwg)*dx — 0

and so that the gradient squared and potential terms give the correct asymptotic limit. Since there
is no assumption on how fast the sequence {L.} approaches zero, a natural construction to try is
to define w, on N, so that it is divergence-free there. This can be done by setting

we = fe(d))(Vd)(x), 2.7

where d(x) is the distance function to N and f; is a suitably defined scalar function bridging the
values 0 and 1. Then

divw, = f/(d)(Vd) - V*d + f.(d)div (V*d) = 0. (2.8)

&

It is easy to check that if w, is a smooth, non-zero vector field tangent to level sets of d, as above,
then its degree restricted to such a level setis 1. If, however, }'; d; # 1, then degree considerations
imply that it is impossible to define smooth w, which are non-zero and tangent to dN but equal
to u in the interior of N away from the boundary. In addition, even if ) d; = 1, defining w, inside
N by mollifying u could yield vortices which result in unbounded energy as € — 0; see Theorem
4.1.

To address these issues, it is instructive to consider the case in which Q is the ball of radius
2 centered at the origin, N := {Ju| = 1} is the unit disk with u = &, there and u vanishes on the
annulus {1 < |x| < 2}. As explained above, there is no smooth field tangent to the boundary of the



disk and equal to u inside the disk. However, suppose we alter the boundary of the disk by adding
two small cusps. Then we can define a continuous vector field tangent to the modified boundary,
except at the cusps, which has degree zero. This tangent vector field allows for the construction
of a boundary layer similar to (2.7) which contributes a perimeter term differing from Fo(u)
by a negligible amount, and a second, S'-valued boundary layer inside the disk which bridges
the degree zero tangent field to the constant &,. The energetic contribution of this second layer
vanishes in the limit.

Our general construction utilizes this basic idea. Given any component of the nematic region
N, we first approximate u there by a map with degree zero around any closed curve lying in
that component. This allows us to avoid the creation of vortices which are energetically too
expensive for the divergence term. Then, we add two cusps to the boundary components of the
nematic regions; and finally, we use two boundary layers to bridge O to the values in the nematic
regions. We should emphasize that the approximations will be close to the original function u in
L' but of course will not be close in a stronger topology as that would violate basic properties of
degree.

We now fix any u : Q — S' U {0} such that |u| € BV(€;{0, 1}) and begin our construction
of the recovery sequence. We first approximate u by vector fields u,, then construct a recovery
sequence for any u,. A standard diagonal procedure will then imply the existence of a recovery
sequence for u. We begin by showing that there exists an intermediate sequence of vector fields
{va} : R = S' U {0} such that

(i) {{va| = 1} =: A, has C? boundary,
(ii) v, is smooth restricted to A,
(iii) for each n, there exists a non-empty arc I, C S! such that v,(x) ¢ I, for all x € A,
(iv) H'(OA, N Q) = 0 where H' denotes one-dimensional Hausdorff measure,
(v) v, = uin L', and
(vi) Perg(A, N Q) — Pera({|ul = 1)).

It is standard that there exist A, such that (i), (iv), and (vi) hold and x5, — x{u=1) in L', see e.g.
[16, Theorem 1.24]. Next, we define a sequence ¥, by

u(x) ifxed,n{ul =1},
Vu =48 ifXEAil\{|u|:1}7
0 ifxgA,.
The choice of ) is arbitrary, since any unit vector would suffice. From the convergence of y; to
Xiu=1) and the dominated convergence theorem, it follows that, up to a subsequence, ¥, — u in

L'(Q;R?). The sequence {¥,} satisfies properties (i) and (iv)—(vi), so it remains to argue we can
modify it so that (if) and (iif) hold as well. For each n, we define for 1 < j <n

C;’» ={x e Q:V,(x) € (cos([2n(j — 1)/n,2xj/n)), sin([27(j — 1)/n, 27 j/n)))},

and observe that for some j,, ICZI < |Q| /n, since }; IC;’I < |Q|. Then for x € C;.‘n, we redefine
7,(x) to be identically (cos(2n(j, — 1)/n), sin(2x(j, — 1)/n)), so that the ¥, now avoids an arc

10



I, c St of length 27/n. Now we can mollify 7, to obtain smooth v, which also avoid 7, and
satisfy (i)—(vi). Indeed, this can be done by choosing an interval [a,, b,] in which to define the
values of the phase of v, and mollifying the phase function itself. We also point out that inside
A, the degree of v, around any simple, closed curve is zero, since v, cannot take values in 7,,.

Next, for each n, we add small cusps to the sets A, and modify v, to obtain u,. For each
connected component of dA,,, we add two cusps pointing into the isotropic region, which change
the perimeter of A, by at most 1/n. We denote the resulting modification of A, by A,, and
smoothly alter the values of the function v,, yielding u,. This procedure can be carried out in
such a fashion so that properties (ii)—(vi) above still hold for the sequence {u,}, and property
(i), the smoothness of dA,, holds except at the cusps. This completes the construction of the
sequence {u,}.

For each n, we now construct a recovery sequence {u.}, suppressing the dependence of {u.}
on n for ease of notation. Away from 0A,, u. will be identically equal to u,. Near 0A,, we
will use a boundary layer of the form f,#, where 7’is a unit vector field tangent to level sets of
the signed distance function d to A, and where f, solves a certain ODE. Away from the cusps,
the level sets of the d are smooth, which will be enough for our purposes. For each connected
component of JA,, we define 7 there by choosing a unit vector field tangent to that component
and continuous on all of that component; see Fig. 2 below.

The fact that each component contains two cusps implies that for the field 7'to be continuous,
it must change the sense of tangency at every cusp. Thus on dA,, 7 is always equal to +V*d.
From these observations it follows that the degree of # around any connected component of A,
is zero. We then extend 7'to a continuous, unit vector field tangent to level sets of d for x such that
d(x) is small and positive and the nearest point projection x onto dA, is not contained in any one
of a union of rectangles near each cusp; see Fig. 3 below. To bridge the divergence free field f.7
to the values of u, inside A, there is a second boundary layer, which is defined via an S'-valued
homotopy between 7 and the values of u, inside A,. This is only possible because 7 has degree
zero around 0A,, as does u, around any simple, closed curve in A,. The energy contribution from
this layer in the limit will be zero, since W (i) = O there.

We now specify u, in the first boundary layer, which contributes the perimeter term in the
asymptotic limit. In the interior of A, and in A{ at sufficient distances away from JA, to be
specified shortly, we set u, equal to u,.

First, for some fixed 6 > 0, we consider the following ODE, similar to [6, Equation 3.2]:

d 25+ V(f(s)
(%fg(s)) O

As argued in [6], there exists a constant C, depending on ¢, such that for every &, there exist
positive numbers C, and strictly decreasing solutions f; : [0, Cc] — [0, 1] of this ODE such that

C.<Cs (2.9

and
£:(0) =1 and £,(C,) = 0.

Each f; in fact depends on d, but we suppress this dependence. Next, we excise a small rectangle
at each cusp. Let
m, := max{g, L.}. (2.10)
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{un =0}

Figure 2: The Lipschitz vector field 7'is tangent to this connected component of JA, and has
degree zero around it.

For each cusp c;, consider a rectangle R with one side of length 2Cy, centered at ¢;, and perpen-
dicular to the one-sided tangents at c;, such that R protrudes mZ? into the isotropic set {u = 0} in

the other direction; see Fig. 3 below. We denote by R the union of all R?’s and then we define

h() o= U () if C, < d(x) or d(x) < -m>">,
ST £ d)lx) if0 < d(x) < Cp and x ¢ R,

In the definition above and in the remainder of the argument, we take d to denote the signed
distance function to dA, which is negative inside A,. We will deal with u, on {x : —mi/ 3 <
d(x) < 0} and on R, at the end. It can be shown, by calculations similar to those preceding [31,

Equation 3.33] that

=0

1 1
lim sup — f (—W(ug) + &|Vu,|* + L(div ug)z) dx < coPerg(A,) + O( \/(_5), 2.11)
{0<d(x)<C,) \ €

observing in the process the crucial fact that the divergence of u, on this set is zero, cf. (2.8).
Furthermore,

1 1
— f (—W(us) + 8|VI/£5|2 + Ls(dIV ua)z) dx (212)
2 Jic.<d) or dy<-m*) \ €

1 1
=5 f (—W(u,,) + &lVu,|* + Lo(div un)z) dx — 0,
2 Jic.<d@xy or d(x)<-m2Py\ € £—0

since W(u,) = 0 and |Vu,|*> and (div u,)? are bounded functions independent of & away from
0A,.
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Figure 3: Each rectangle R? has length m?? and height 2C, and is perpendicular to the one-sided
tangent vectors at the cusp ¢;. For x near the interface and not in R?, we can extend the tangent
field #'to be unit valued and tangent to level sets of the distance function to the interface.

It remains to define u, on the second boundary layer, {x : —mﬁ/ 3 < d(x) < 0}, and on R,.
Let us first consider the second boundary layer. Because of the fact that u, defined thus far
has degree zero around dA, and {d(x) = —mi/ 3}, there exist Lipschitz phases ¢ : 04, — R,
Yy i {d(x) = —m§/3} — R such that u, = (cos(i1), sin(y1)) on dA, and u, = (cos(¥»), sin(¥,)) on
{d(x) = —mi/ 3}. Then we can interpolate on the intermediate region using convex combinations
of ¥ and Y, so that [Vu.|> and (div u,)?* are both O(m:” 3). Since u, is a unit vector field here,
W(u,) is 0. Hence we can calculate

1 1
- f (—W(ug) + &|Vug? + Lo(div ug)z) dx < [{(-m2 < d(x) < O}[(em;* + Lom;*3)
2 Jr-m?B <d(v)<0) \E

< O(mlP3). (2.13)

So u. on the second boundary layer contributes nothing to the asymptotic limit.

Finally, we treat u, on the union R, of rectangles R?. It suffices to demonstrate the construc-
tion on a single R? such that the cusp ¢; contained on one of its sides is the origin and the isotropic
phase is to the right of the x,-axis. Up to a translation, this is the situation depicted in Fig. 3 with
R5. In these coordinates we may describe R as the rectangle [0, mz/ 3] X [-Cg, Cg]. We set

us(x1, x2) = fo(lx2l)(1 = m;*x)R0)

on R?, which ensures compatibility with u, as previously defined. We remark that f0) is either
plus or minus &,. Then on R?, (div u,)* ~ O(m;*"?), and |Vu.* ~ O(72). Since the area of Reis
2C.m>"? < 2Cem? by (2.9) and (2.10), we have for small &

1

1
3 f (EW(ME) + &Vu,|* + Lo(div ug)z) dx < Om>"?). (2.14)
R?
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Combining (2.11)—(2.14), we obtain
Fe(ug) = Foluy) + O V.

In addition, the u, converge in L' to u, by virtue of the dominated convergence theorem, since
they are bounded and the set where they differ from u, has measure going to zero. Therefore,
recalling that {u.} depends on ¢ as well, we diagonalize over € and ¢ to obtain a recovery sequence
for u,. Since u, converge in L' to u and Fy(u,) — Fo(u), a second diagonalization argument over
n and ¢ yields a recovery sequence for u. O

3 A model with large elastic disparity and singular phase
boundaries

In the previous section we saw that disparity in the elastic energy density of the form
e|Vul® + Lo(divu)*> withe < L, —> 0

is insufficient to induce a singular phase boundary between the isotropic state 0 and an S'-valued
nematic state in minimizers of the I'-limit. We now introduce a model with still larger disparity,
and it is this model we will work with for the remainder of the article.

To this end, for a positive constant L independent of &£ we define

E.(u) := % fg (éW(u) + &|Vul> + L(div u)z) dx, (3.1

where W(u) = V(|u|) for some continuous V : [0, c0) — [0, o) that vanishes only at 0 and 1. As

2
always, our prototype is the potential given by Wesy(u) = |u|2 (|u|2 - 1) , but in what follows we
can allow for more general potentials vanishing at O and 1, provided that for some constant ¢ > 0
one has the condition

H() := min(%, |1 — £2) < ¢V (3.2)

for any 7 € [0, ).

In light of the divergence term in E,, it is clear that energy-bounded sequences {u.} will
have divergences that converge weakly in L?(Q). As we will discuss in Section 3.3, under the
assumption (3.2), an adaptation of the compactness techniques of [12] allows us to also establish
that a subsequence of {u,} will converge strongly in L*() to a limit taking values in S! U{0}. We
will write 1, — u when both div u, — divu weakly in L*(Q) and u, — u strongly in L*(Q; R?).
See Theorem 3.4.

These compactness results naturally lead us to consider the Hilbert space Hg, (Q;R?) of L?
vector fields having L? divergence, and more specifically Hg, (Q; S'U{0}), in light of the assumed
zero set of the potential W.

A vector field u € Hgy, (Q; S'U{0}) that additionally lies in the space BV(Q; S'u{0}) is known
to have a countably 1-rectifiable jump set J,, off of which u is approximately continuous. In our
pursuit of a possible candidate for the limit of the sequence {E.} we will focus on functions lying
in the intersection of these two spaces.

14



Mappings in BV have well-defined traces, say u, and u_ on either side of J, and an easy
application of the Divergence Theorem reveals that when Hy;, vector fields have jump disconti-
nuities across J,, then necessarily the normal component is continuous, i.e.

uy-v=u_-v H' ae. onl, (3.3)

where v is the (approximate) normal to J,,.

This brings us to a crucial distinction when attempting to identify a limiting energy for the
sequence {E,} —a mapping u € (Hg, N BV)(€;S' U {0}) may undergo a jump between two
S'-valued states, in which case (3.3) is supplemented by the additional requirement that

uy-7=—(u_-71) alongJ,, 34

where 7 is the approximate tangent to J,. We will refer to any component of J, bridging two
S'-valued states as a wall. On the other hand, ¥ may jump between an S'-valued state, say u..,
and u_ = 0, in which case (3.3) implies that u, must coincide with +7. We will refer to any
such component of J, as an interface. It is this tangency requirement along an interface that can
induce singularities in the isotropic-nematic phase boundary.

3.1 A conjecture for the I'-limit of E,

Our goal in this section is to make the case for a proposed I'-limit of the sequence {E.} defined
in (3.1). While we do not at present have matching upper and lower asymptotic bounds for this
sequence, we do have a construction leading to an asymptotic upper bound which we strongly
suspect is sharp. We will begin with a description of this construction and then discuss various
strategies for lower bounds, why the analogue of what works for the Ginzburg-Landau potential,
cf. [17], apparently fails here and what the evidence is to support our conjecture on the sharpness
of the upper bound.

We should say at the outset that our pursuit of the I'-limit Ey(u) begins with the assumption
that u € (BV N Hg, )(€;S' U {0}). While this is not the natural space from the standpoint of
compactness, the identification of the correct limiting space is non-trivial and we do not attempt
to address it here. We refer the reader to [3, 10, 24] for more discussion of this issue. We make
the BV assumption here in order to speak sensibly about the 1-rectifiability of the jump set J,,
though for that part of J,, corresponding to interfaces, i.e. to d{|u| = 1}, as we will note below,
this rectifiability comes easily from the fact that limits u of energy-bounded sequences satisfy
|ul € BV(Q).

As noted above, for such a vector-valued function u, the jump set naturally splits into two
types: walls and interfaces, though these two types of singular curves may well meet in junc-
tions, see e.g. Theorem 3.13 and Fig. 4. An upper bound construction then rests on efficiently
smoothing out these jump discontinuities, and in both cases, we rely on a one-dimensional type of
resolution described formally below. The rigorous execution of these ideas follows the approach
of [9] as adapted in [17].

To resolve an interface separating an isotropic region where # = 0 from a nematic region
where u € S! we invoke a by-now standard Modica-Mortola type of heteroclinic connection
in the modulus. More precisely, after mollifying the interface to smoothen it if necessary, we
mollify u in the nematic region and make a boundary layer construction, say {w,}, of the form

(dist (;c, Ju))

we(x) = h u(x) 3.5)
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where dist (x, J,,) denotes the signed distance function to J,, and where 4 : R — R minimizes the
1d energy

f V() +

This leads to the same ‘interfacial cost’ encountered in Section 2, namely

1
C():f VV(s)ds,
0

multiplying the perimeter of the interface. Since

> dr taken over f € H'(R) such that f(—c0) = 0, f(c0) = 1. (3.6)

f/

divwg(x) = h

( w ) Vdist (x, J,,) - u(x),

div u(x) + 1h’(—dis‘t (*x J”))
€ &

the term L f (div w,)? in E,(w,) will contribute nothing to such a boundary layer construction in
the limit € — O since the first term is controlled by the fact that u € Hy;, and the second term is
negligible due to the required tangency of u and J, along an interface. We note that the ansatz
(3.5) would fail for the sequence of functionals F, analyzed in Section 2 since there u is not
required to lie in Hg;y and so the term Vdist (x, J,,) - u(x) will in general not vanish.

With appropriate care taken to treat issues of regularity, this can be made rigorous. What is
more, this construction, based only on appropriate interpolation of the modulus between 0 and 1,
gives a sharp upper bound on the interfacial energy, in light of the inequality

1 (1
E.(u) > (E f ~V(ul) + €|V |ul |2) dx forany u € H'(Q;R?). (3.7)
o€

Since this is the classical scalar Modica-Mortola functional in terms of the function |u|, when
applied in a neighborhood of the interface it yields the matching lower bound of ¢ Perq({|lu| =
1}).

Our boundary layer construction in a neighborhood of a wall separating two S'-valued states,
say u, and u_, is one-dimensional in a different sense. In light of the continuity of the normal
component of u across a wall, cf. (3.3), a natural choice is to fix the value of u - v across the
boundary layer and use a heteroclinic connection to bridge the value of u_ - 7 to u, - 7, that is, to
bridge — /1 = (u - v)> to /1 — (u - v)? in light of (3.4).

At a point on the wall, such a choice leads to a cost per unit length given by the minimum of
a heteroclinic connection problem that is a bit different from (3.6), namely

zdtzil}fI:V(,/f2+(u.v)2)+

! £,

il}ffoo W(ft+ @-v)y)+

taken over f € H'(R) such that

f(=o0)=(u_-1)= =1 —=(@-v)®2 and f(o0) = (uy -7) = V1 —(u-v)

One easily checks that this infimum is given by K(u - v) where we define

Vi—22
K(z) := ‘/‘7(\/22 + yz) dy, (3.8)

NI—Z
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which in the prototypical case of Wesg(u) 1= |u|? (Iul2 — 1)? takes the form

\m
K(z) = j—‘«ﬁ; N +y2(l -7 —yz) dy. (3.9)

We point out that ¢y = @ and also note that K is not a monotone function of z on [0, 1], but

rather increases to a unique maximum and then decreases down to zero at z = 1.
Such an upper bound construction leads us to our conjectured I'-limit when u € (Hgy N
BV)(Q;S! U {0}), namely E, given by

K(

Eo(u)z%fﬂ(divu)zdwr )Perg({lulz 1})+f Ku-v)dH'. (3.10)

Jun{lul=1}

One should also impose upon competitors in the minimization of E( a boundary condition of
the form (1.6) if one imposes the Dirichlet condition u,, = g for E, or an area constraint on the
measure of the isotropic or nematic region within Q if an integral constraint has been imposed
on E,.

In particular, we can rigorously assert:

Theorem 3.1. For any u € (Hgy, N BV)(Q, S! U {0)), there exists a sequence {w;} € H'(Q;R?)

. A
with we — u such that

limsup E.(w,) = Eo(u). (3.11)

e—0

Furthermore, we state a conjecture:

Conjecture : Suppose W satisfies (3.2). Then for any u € (Hg, N BV)(Q,S' U {0}) and any

sequence ug A u we have
lim inf E.(u;) > Eo(u). (3.12)

Proof. The proof of (3.11) is similar to the proof of [17, Theorem 3.2(ii)], which itself is an
adaptation of the techniques laid out in [9] for Aviles-Giga recovery sequences, so we omit the
details. The only difference between the arugment here and the argument in [17] is that, as
discussed above, in addition to walls, there are also interfaces now in which u jumps from a
tangent S!-valued state to 0. However, this does not pose a serious obstacle to the construction,
as the important technical components are the rectifiability of the jump set J, and the condition
(3.3) satisfied along J, at either a wall or interface, which goes to guarantee that the boundary
layer constructions do not contribute asymptotically to the L>-norm of the divergence. O

Remark 3.2. We have not addressed in (3.10) or in Theorem 3.1 the issue of boundary con-
ditions, so we describe now how to incorporate them. Suppose one were to fix Dirichlet data
ge € HY2(0Q; R?) for admissible functions in E,. The functions g, could be S'-valued, or could
transition smoothly between S' and {0} if we are trying to induce a phase transition. Let us as-
sume that g, — g in L>(0Q;R?) for some g : 0Q — S' N {0}. We observe that for a sequence
{u.) € H'(Q;R?) satisfying ue = ge on 0Q and so in particular ug - v = g - vq, under the
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convergence U, A w with u € (BV N Hg, (; S' N {0)), it follows from the divergence theorem
and the convergence of g. to g that

u-vo =§g-vq.

In this case, the limiting energy Eo would also contain integrals around the portion of 02 where
u-Tq #* g To, and the cost along these portions would either be given by K(0)/2 or K(u - vg).

Remark 3.3. An a priori sharper upper bound for the wall cost K could be obtained for these
energies using the techniques of [33]. There, the author obtains an upper bound without assum-
ing that the optimal profile is one-dimensional. Instead, the cost is defined via a cell problem.
As the class of admissible functions for the cell problem is strictly larger than the class of 1d
competitors, the cell problem yields what could in theory be a sharper upper bound. However,
since we conjecture that the one-dimensional profile is optimal and since at present we see no
way to analyze the abstract cell problem to make this comparison, we do not pursue the strategy
from [33].

Given the presence of arguments leading to matching lower bounds for one-dimensional
constructions in the Aviles-Giga problem [5] and for the energy E, with the potential replaced
by a Ginzburg-Landau potential Wg(v) := (1 — [v[%)2, in [17], it behooves us to comment on why,
at present, we have no such argument here. In [5] and in [17], the authors employ the celebrated
Jin-Kohn entropy [20]. Defining

1 1
(v, ) = 2(5@ + vzv% -V, gv? + vlvg -, (3.13)

the version of these entropies well-suited to the situation where the jump set is parallel to one of
the coordinate axes, one can then calculate
div E(vq, ) = 2(|v|2 = 1)(0x,v2 + 0x,v1) + 4vivadivv. (3.14)

In the divergence-free Aviles-Giga setting of [20], the last term drops out and an application of
the inequality a® + b*> > 2ab allows one to bound the Aviles-Giga energy density from below by
div Z(v1, v2). When the divergence is possibly non-zero, as in [17], a slight modification yields

1
divE(v;, v) < (8|Vv|2 + =(v? = 1) + L(div v)z) + error terms,
&

which is the crux of the argument.
Unfortunately, for most radial potentials that are not the Ginzburg-Landau potential W, , this
technique does not seem to work. First, we note that

%) V1
E(vi,v) = (f v+ 5% - 1)ds,f (s*+v3 - 1)ds),
—V2 -V

where the integrands are, up to signs, given by +Wg,. Therefore, to obtain a version of (3.14)
with Wg replaced by VW, where W is our potential vanishing on S' U {0}, the natural choice
for the vector field to replace E would be

1%) V1
Ew(vi,va) = ( f W(v1, 5)ds, f W(s, V2)ds)~
-V -V
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When we calculate the divergence of Zy (v, v2), we get

divE(vq, v2)
Vo V1
=2WO)(0y,v2 + 0x,v1) + 0y, V1 f Oy, VW(v1, 8))ds + 0x,v2 f 0y, VW (12, 5)) ds.
-y -V

The only way for div v to factor out of the last two terms is if

f Oy, AWy, 8)ds = f Oy, VW (12, 8)ds,

which holds for radial W when VW is linear in [v[>. This cannot hold for any W that vanishes
only at S' and {0}.

We point out that a related problem that has resisted resolution for several decades is the
determination of a sharp lower bound for the sequence of energies

1
f ;(|u|2 —- 1P +¢|Vu* with p<2 (3.15)
Q

where competitors u : Q@ — R? must be divergence-free. Here too it is conjectured that the
optimal lower bound for the wall cost is based on a one-dimensional ansatz, [3], but a proof has
not been found, and in particular, no version of the Jin-Kohn entropy is evident. An abstract
lower bound involving a cell problem for functionals of this type has been derived in [34], but
has not yet to our knowledge been matched by a corresponding upper bound. The strategy in
this and other papers involving a lower bound phrased in terms of a cell problem is based on a
blow up procedure introduced in [15]. Such a lower bound of the form f] K(@u-v)dH'" for some

K : [0, 00) — [0, o) defined as the solution to a cell problem could be derived for our wall energy
as well, but we do not include the argument since it does not provide much insight here.

On the other hand, for p > 2 in (3.15), as shown in [3], the one-dimensional ansatz is not
optimal, with an oscillatory construction, often referred to as ‘microstructure,” whose modulus
hews close to S', yielding a lower asymptotic energy.

So what is the rationale behind our conjecture (3.12)? One key point is that for W given by
Wesm or more generally by a potential satisfying (3.2), the level of degeneracy of the S! potential
well is no flatter than that of W, where again it is known that walls follow a one-dimensional
profile asymptotically. Thus, it seems unlikely that microstructure of the type emerging, for
example, in (3.15) for p > 2 would appear here since for our model it is no more beneficial
energetically to abandon one-dimensionality in order to be nearer to S' across a wall than it was
in (1.2).

Other evidence for our conjecture is numerical. Repeated numerical experiments in the form
of gradient flow for E, with £ small in a variety of domains, for a variety of boundary conditions
and for a wide range of L values have not indicated any lack of one-dimensionality in the wall
structure. Were the transition to be truly 2d, one might expect the wall to exhibit some oscillation
or other instability. For example, in [17] while we prove that for (1.2)-(1.3) the wall cost is based
on a one-dimensional construction, we also find that when minimizing (1.2) in a rectangle with
S'-valued Dirichlet data given by (+a, V1 — a2) for a € [0, 1) on the top and bottom respectively
and periodic boundary conditions on the sides, there exists a parameter regime in L and in the
box dimensions where the minimizer is not one-dimensional, cf. [17], Thm. 6.6. Indeed this
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theorem is supported by numerics revealing the eventual instability of a horizontal wall and the
emergence of so-called ‘cross-ties’ commonly arising in studies of micromagnetics such as [2].
On the other hand, as we discuss in Section 4.1, numerically we detect no such instability of a
horizontal wall for E, under these boundary conditions. Then a numerical examination in Section
4.3 of wall structure for a version of our problem posed in a disk also indicates a one-dimensional
heteroclinic connection for the wall structure. This gives us further confidence in the conjectured
one-dimensionality of the wall cost.

3.2 Compactness

In this section we establish a compactness result for energy-bounded sequences. Recalling the
assumption (3.2), we begin by observing that

1 1
E.(u)> = f — H?(lul) + &|Vul* + L(div u)*| dx. (3.16)
2 Jo\ec?

Both the Ginzburg-Landau and the Chern-Simons-Higgs potentials satisfy this inequality and in
[17] it is shown that for W given by the Ginzburg-Landau potential, the compactness result of
[12] generalizes to E.. In this section, we show that this compactness approach generalizes to
potentials also vanishing at the origin provided we assume (3.2).

Theorem 3.4. Let {u.},-0 € H' (Q;R?) be a sequence such E.(u;) < C, with C independent of
&. Then there exists a subsequence (still denoted here by u.) and a function u € Hgy, (€; stu{oh
with |u| € BV(Q; {0, 1}) such that

us — u in Hgy (Q;R?), (3.17)
us — u in LH(Q;R?). (3.18)

The fact that for a subsequence of {u,}, one has |u,| — |u| in L'(Q) where |u| € BV(Q; {0, 1})
follows from inequality (3.7) via the standard Modica-Mortola approach, cf. [27] or [37]. The
proof of (3.17) follows immediately from the uniform bound on the L? norm of the divergences,
so we turn to the proof of (3.18). The proof follows closely the proof in [12, Proposition 1.2],
with the details suitably modified to account for the fact that the potential may now possibly
vanish at 0 in addition to S!. Below we outline the procedure and indicate which portions require
changes from [12].

The proof relies on compensated compactness and a careful analysis of the Young measure
{1} req generated by the sequence {u.}. One of the key tools in this analysis is the concept of an
entropy, defined here as a mapping ® € C;*(R*; R?) such that

®0)=0, D®O)=0 and forall zeR?onehasz-DD(z)z" =0,

where 7+ = (—22,21), cf. [12, Definition 2.1]. A crucial property of any such entropy is that ®
satisfies a certain equation relating V - [®(u)] and V(1 — |u[?) for any u € H'(Q; R?). We state this
equation precisely in (3.27), and refer the reader to [12, Lemmas 2.2, 2.3] for the proof, which is
a straightforward calculation. In Lemma 3.5, we prove that the class of entropies is large enough
for our purposes. Next, in Proposition 3.7, we prove the requisite compactness for the sequence
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{us}. We achieve this by first adapting the proof of [12, Proposition 1.2] using the aforementioned
equation (3.27) to show that for any entropy @,

(V- [®(u,)]} is compact in H™1(Q).

This compactness then allows us to use the div-curl lemma of Murat and Tartar [29, 38] and the
result of Lemma 3.5 to conclude that each y, is a Dirac measure. One can then quickly deduce,
in the same fashion as in [12, page 843], that the sequence {u,} is precompact is L>. We begin
the proof with

Lemma 3.5. (¢f [12, Lemma 2.2]) Let u be a probability measure on R? supported on S' U {0}.
Suppose it has the property

fCD -t du = fd)d,u . fcbl du for all entropies @, ®. (3.19)

Then u is a Dirac measure.

Remark 3.6. We point out that the proof of this lemma does not generalize to the case where the
potential vanishes on a pair of circles that both have non-zero radius. As a consequence, this
proof of Theorem 3.4 does not generalize to such situations.

Proof. We begin by recalling the definition of “generalized entropy” from [12, Lemma 2.5].
These are functions @ defined by

_ lz?¢ forz-e>0
(D(Z)_{ 0 forz-e<O

for any fixed e € S'. Any such ® can be approximated closely enough by entropies @, such that
(3.19) holds for @ as well. Using the fact that these generalized entropies vanish at the origin,

we have
fd)'(i)Ldyzf(I)du-fd)Ldu.
st st st

e-etu(z-e>0ln{z-e>0nSH=e-e u(z-e>0)NSHu(lz-2>0yns") forall e,z € S

‘We rewrite this as

or

ulz-e>0in{z-e2>0inSH =pu((z-e >0} NSHu({z-& > 0} N st

foralle € '\ {e,~e}and all e € S'.
Letting & approach e, we obtain
ulz-e>0NSH<ulz-e>0NSHu(fz-e>0NS") foralle € S'
or

u(z-e>0NSH =0oru(fz-e>0yNS) > 1forallee S’ (3.20)
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If u({0}) > O then it cannot be that u({z - e > 0} N'S') > 1 for any e € S'. In this case
u({z-e>0}N'S') = 0 for all S'-valued e, and  is clearly a Dirac measure concentrated at zero.
So we may assume that ¢({0}) = 0, implying that yu is a probability measure on S'. In this case,
we deduce from (3.20) that

suppu C {z-e<0}NS'or suppu c{z-e>0}NS' foralle e S'.
As u is a probability measure on S, this implies that g is concentrated on a single point. O

We can now prove the main result.

Proposition 3.7. (cf [12, Proposition 1.2]) Let Q c R? be open and bounded. Let {u,} C
H'(Q;R?) be such that

V - u, are uniformly bounded in L?, 3.21)
1H (et Dl 2 () 0 0, (3.22)
and
[|Vug|l2||H(Jug))l| 2 are uniformly bounded. (3.23)
Then
{us} € L*(Q; R?) is relatively compact. (3.24)

Proof. First, we modify our sequence slightly for convenience. By choosing real numbers r,
close enough to 1 and considering the sequence {r.u.}, we can without loss of generality assume
that for each &,

{x €Q: ()| = %}' = 0. (3.25)

In addition, we can choose r, so that {r.u.} has uniformly bounded energies and is precompact in
L*(Q;R?) if and only if {u.} is as well. Henceforth we refer to the modified sequence as simply
{u.} and assume that these conditions hold for u,.

We aim to show for any entropy @ that

{V - [D(ug)]} is compact in H’I(Q). (3.26)

Utilizing (3.21), (3.25) and [12, Lemmas 2.2, 2.3], we see that there exists ¥ € Cg*(R*)? and
a € C(‘;"(RZ) such that at a.e. point in Q one has

—au)divus + V- [Oue)] = Pue) - V(A = Ju?) = —P(ue) - V(lue*)
= sgn (Juo| - 1/ V2) W(u,) - VH(lu)).

Before proceeding, we let s : R — R denote a smooth, increasing, bounded function with

bounded derivative such that s(z) = —1 for z < 2+5 and s(z) = 1 for z > 2+5 We will utilize
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the sequence s(|u.|), and we remark that *@ could readily be replaced by any number less than

%. Replacing sgn(Ju.| — 1/ V2) by s(lus|) as such allows us to maintain L' control on Vs(|u|) as
opposed to having to analyze the distributional gradient of a sgn function, as will be necessary in
a step at the end of the proof. Continuing from (3.27), we find that

—a(ug)divus + V- [O(ug)] = slu )Y (ue) - VH(|uel) + R, (3.27)
R := (sgn (jusl — 1/ V2) = s(ue))) W(us) - VH(lus). (3.28)

We claim the remainder terms R, are bounded uniformly in L'. Noticing that s(|u,|) = sgn(|u, —
1/V2)) if ||ug| -1/ \/El > *ﬁ’ we have

L'REKCL'X{

Continuing now using Holder’s inequality and the bound fQ W(u,) < Ce, we have

f IRe| < CIV]uglll2 -meaS{
Q

1
< C— Ve
wAC

<C.

[Viugl| dx.

1 1
luel= 35 <Txﬁ}

lute| —

1 ‘ 1 }”2
R <_
V2l 242

To prove (3.26), we will prove that the sequence
(V- [®(us) — s(lus))H(Jus))¥(us)]} is compact in H'(Q). (3.29)

Since the energy bound implies that s(|u.|)H(|ug|)¥(us) converges to 0 in L2, the divergence of
this sequence converges to 0 in H~!. Thus (3.29) implies (3.26). Thanks to (3.27), we have that

V- [O(u,) = sH(Ju )Y (u)] = V- [O(u)] = V - [s¥(ue)1H(|us]) — s¥ () - VIH(|ug))]
=R + a(ug)divu, — V - [s¥(ug)|H(|ug|)

We will show the desired compactness by appealing to a lemma of [30], cf. [12, Lemma 3.1].
This entails verifying the following two claims:
(1) The sequence {V - [®(u,) — sH(|uz|)¥(u,)]} is uniformly bounded in L!(Q).
(2) The sequence {|D(u,) — s(|ug|)H(|u8|)‘I’(us)|2}g>0 is uniformly integrable.
Proof of (1): We have shown that the R, are uniformly bounded in L', and the boundedness of
the function « along with the L bound on div u, yield that a(u,)div u, is uniformly bounded in
L'. It remains to show that the last term, namely V - [s(juz))¥(uz)1H(|ueg|), is bounded in L'. We
have

H(lu )V - [sPu:)] = H(lug) (8" (ugl) Vgl - P(ug) + s(lug)div P(uy)) .

The desired L' bound follows from Cauchy-Schwarz along with the energy bound.
Proof of (2): This is clear from the fact that @, s, H, and ¥ are bounded functions.

We have now proved that {V - [®(u,)]} is compact in H~'(Q). The rest of the proof follows
as in the second step of [12, Propositon 1.2]. O
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3.3 The I'-limit of £, among 1d competitors

In this section we analyze I'-convergence of E. where competitors u, = (uf,;l), ug)) are defined on

an interval [—H, H] for some H > 0 and are required to satisfy S'-valued boundary conditions of
the form
w(xH) = (£ V1 —a?,a) forsomea € [0,1). (3.30)

Under the one-dimensional assumption, E. takes the form

1 71
5 f (—W(u)+g|u'|2+L(u<2>')2 dx, ifue H'((-H, H);R?),
_H\E

EP) = (3.31)

+00 otherwise .

In a manner similar to [17], Section 6, within this one-dimensional ansatz we can obtain a
sharp compactness theorem for energy bounded sequences, a complete ['—convergence result of
the E, functionals and a complete characterization of minimizers of the I'-limit. Since the proofs
of the results in this section are completely analogous to those in [17, Section 6], we only sketch
the arguments highlighting differences.

In Section 4.1, we present results of numerical simulations obtained via gradient flow for E,
with € > 0 for the two-dimensional problem in a rectangle Q = (-1/2,1/2) x (—H, H), subject
to the boundary conditions (3.30) on the top and bottom and periodic boundary conditions on
the left and right sides. These computations suggest convergence in large time to configurations
that resemble the one-dimensional minimizers of this section, lending further evidence to our
conjecture (3.12). We emphasize that the initial data for these numerics were not restricted to be
one-dimensional.

We continue making the assumption (3.2) on our potentials. Recall that we are writing
W(u) = V(Ju|). We begin with a compactness result.

Theorem 3.8. Let u, = (u(gl),uf)) € H'((-H, H);R?) with E;D(ug) < C. Then there exists

u = (uy, up) with
Puy) = fm «/V(,/s2 +1- u%) ds € BV((-H, H); [0, 1])

up

such that up to a subsequence, ugl) — wy in L*(-H,H). In addition, u, € H'((-H, H);R),
u® > uy in COY(—H, H) for all y < 1/2, and |(u1,u)] = 1 or 0 a.e.

Proof. Throughout the course of the proof, we repeatedly pass to further and further subse-
quences of & converging to zero but suppress this from our notation. We notice that thanks to the
uniform L* bound from (3.2), after passing to a subsequence,

us — u = (uy, up) in L*. (3.32)
Furthermore, this bound, along with the uniform L? bound on (uf))’ yields after passing to a

further subsequence that

(2)

u? —uyinH' and u® — uy in C*([-H, H]) forevery y < 1/2. (3.33)
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Finally, from the bound on the potential, there exists p € L*((-H, H); {0, 1}) such that

|ug| — pin L2. (3.34)

It remains to upgrade the convergence of ug) from weak to strong convergence. An algebraic
identity is used in the proof of [17, Theorem 6.1] to obtain strong convergence. Here, without an
explicit expression for W, we proceed differently. As in [17], we utilize the “entropy ”  defined
by

el

! 1
Ylug) = f N \/V(|(s, uf))|) ds = ug) fl W(|(uf€l)t, ugz))|) dt. (3.35)

1
We set J, = f \/\_/(i(ué')t, uf))|) dt, so that
-1

uMJ, = yluy). (3.36)

On the one hand,

1
Jo = f W ( Vel - @@ + (uf))Z) dr;
-1

thus (3.33)-(3.34) yield that

1
Je — f \/V(\/(pz—(u(z))z)t2+(u(2))2) dt=:J ae.in(-H, H). (3.37)
-1

On the other hand, using (3.2) and a Cauchy-Schwarz argument completely analogous to that
found in [17], we note that ¥(u.) is bounded in BV. Upon passing to a subsequence, we con-
clude that {¥(u.)} converges in L', and upon passing to a further subsequence, {¥/(u.)} converges
almost everywhere. Consequently, using (3.36) and (3.37), we find that ug) converges almost
everywhere as well.

Finally, since Iu(gl)l < |ug| and |us| — p strongly in L?, we can apply the Lebesgue dominated
convergence theorem to conclude that u(gl) converges strongly in L? to some limit. From (3.32),
this limit is u;, and it follows that |(u;, u;)| = 0 or 1 a.e. and that the limit of y/(u,) is Y(u, up) €
BV. Since ¢ is 0 when u; = 0, we see that Y'(u;) = ¥(u), which concludes the proof. |

We turn next to I'-convergence in this one-dimensional setting. The analogue of Ej from
(3.10) is the energy

L H
E’(w) = 5 I H(u<2>’)2dxz+ D K@) + cHY O = 1)), (3.38)

sz.lM(l)ﬁHM:l]

One can establish the I'-convergence of E!” to EéD in a completely analogous manner to the
proof of Theorem 6.2 in [17], so we omit the details.

Finally, as in Theorem 6.4 of [17], and with identical proofs, one can characterize the min-
imizers of (3.38) explicitly. When the boundary conditions (3.30) are different from (+1, 0) the
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minimizer is unique and consists of a single wall occuring at y = 0, no interfaces and bulk con-
tribution in the regions {y > 0} U {y < 0}: the function u‘® is piecewise linear and u" jumps
from /1 — (u@)2 to —4/1 — (u®)? across y = 0. The optimal jump value is easily determined
by optimizing over the bulk and jump contributions. Finally when the Dirichlet boundary con-
ditions on the top and the bottom are given by (+1,0), we find two parameter regimes similar to
the situation in [17]. When L/H is smaller than a certain threshold, the minimizer is unique and
has both bulk divergence and jump contributions. However for larger L/H values, the minimizer
only has perimeter contribution, along with two interfaces, one connecting (-1, 0) to (0,0) and
the other connecting (0, 0) to (1, 0). These interfaces divide the interval into subintervals in each
of which the minimizer is a constant. See Section 4.1 for numerical simulations.

3.4 Criticality conditions for E

In this section we will describe criticality conditions associated with critical points u of the
conjectured I-limit Ey given by (3.10). For u € (Hg, N BV)(Q; S' U {0}), we recall the notation
K(u - v), with K given by (3.8) or (3.9) in the case of the Chern-Simons-Higgs potential, for the
cost per arclength of a jump from one S'-valued state, say u; to another one, say u, across a jump
set J,,, with v denoting the unit normal pointing from the 1 side of a wall to the 2 side. We recall
that for such a jump, an Hg;, vector field must satisfy the requirement

uy-v=u-v alongthe jump set J,. (3.39)

In light of (3.39), we will sometimes write just u - v when evaluating the normal component of u
along J,.

We also recall that for portions of J, corresponding to a jump from the isotropic state O to
an S'-valued state u, the cost per unit arclength is given by @ and condition (3.39) becomes
simply u - v = 0.

Parts of the argument follow the same lines as in the proof of Theorem 4.1 in [17] except that
the cost in that paper is the one associated with a Ginzburg-Landau potential, namely Kgz(u - v)
where

Vi-Z2
Kgi(z) := f (1 -7 - yz) dy,

1-72

which can also be written as % (1 —(u- 1/)2)3/2 or equivalently % lu_ —u,f .

However, in the present context, we will need to distinguish between variations of the ‘walls’
separating two S'-valued states and ‘interfaces’ separating the isotropic state from an S'-valued
state. We will also examine criticality conditions at a junction corresponding to the intersection
of these two kinds of curves. We begin with:

Theorem 3.9. (Variations that fix the jump set)

Consider any u € BV(Q, S'U{0}) N Hgi (R, ST U{0}) such that usa - v = g-vaa on 0Q. Denote by
Jy its jump set. Then if the first variation of Ey evaluated at u vanishes when taken with respect
to perturbations compactly supported in Q \ J,, one has the condition

ut - Vdivu = 0 holding weakly on Q\J,,, (3.40)

where ut = (—uy, uy).
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Now assume the first variation vanishes at u when taken with respect to perturbations that
fix J, and are supported within any ball B(p, R) centered at a smooth point of p € J, N Q. If J,
separates the ball B(p, R) into two regions where u is given by S'-valued states u, and u, and if
the traces div u; and div u, are sufficiently smooth, then one has the condition

K'(u-v) = L[divu] on J, N Q, (3.41)

where [divu] = divuy — divu; represents the jump in divergence across J, and v is the unit
normal to J, pointing from region 1 to region 2.

Remark 3.10. There is no natural boundary condition analogous to (3.41) for such variations
taken about a point of J, where J, separates an isotropic state 0 from an S'-valued state since
the requirement of tangency in such a configuration is too rigid to allow for a rich enough class
of perturbations.

Proof. To derive conditions (3.40) and (3.41) we assume that for some point p € Q and for some
R > 0, either B(p,R) N J, = 0 or else p € J, and the following conditions hold B(p, R):
(i) The set B(p,R) N J, is a smooth curve, which we denote by I" and which admits a smooth
parametrization by arclength, which we denote by r : [—sp, so] — Q for some sy > 0 with
r(0) = p.
(ii) On either side of I' the critical point u and divu possess smooth traces on J,. We will
denote the two components of B(p,R) \ I by Q; and Q, and we denote u on these two sets by
uj:Q; — st, for j=1,2.

We will present the argument for case (ii), indicating how the easier case (i) follows from the
same analysis.

To define an allowable perturbation u’ of the critical point u given by u; and u,, we must
maintain the property of being S'-valued, so to that end we introduce smooth functions ¢; :
B(p,R) x (-T,T) — R for some T > 0 such that the perturbations of u; and u, take the form

u(x) 1= uj(x)e" 0, (3.42)

shifting just for the moment to complex notation. Introducing ¢ ;(x) := ¢;(x, 0), expanding (3.42)
and reverting back to an R2-valued description of u’J we find that for x € Q; one has

u;(x) ~uj(x) + t¢j(x)uj(x)L. (3.43)
Along J,, we must also be sure to preserve to O(f) the Hg;, condition (3.39), namely
uy-v=ub-v alongT. (3.44)

Invoking (3.39) for the unperturbed critical point, along with (3.43) we find that u} - v = u} - v to
O(t) provided
ruy v = gouy - v.

Howeyver, since
wi-v=uj-t and wu-T=-uy-7#0 (3.45)

along the jump set J, bridging S'-valued states, it follows that we must require

d1(x) = pa(x) forxel. (3.46)
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For later use, we also record that from (3.43) and (3.45) one has along I" the expansion
u' v ~u v+t (ug - 1)+ o(f). (3.47)

Now we calculate

dillfn O(I)_Ero{ f(d1vu)dx}+dlt0f[((u V) ds
d,| {Z f (div (MJ(X)+t¢j(x)uj(x)J-)) dx}+

d fK(ul v +1d1(u - 1)) ds
r

d_t It:f)

Taking the 7-derivatives and evaluating at = 0 we obtain

d 2
7 Eo(u') = {LZf (div u;)(div (¢juj+)) dx}
li=0 =1V

fK'(u V)(uy - 7)ds.
r

Integrating by parts, a vanishing first variation of this type leads to the condition
2
—LZf V(div u;) - pju;)) dx + Lf{(div uy)pruy - v — (div uz)gous - v} ds
=YY r

+ fK’(u W (uy -1)ds = 0. (3.48)
r

Now by taking the functions ¢; to be supported off of J,, we arrive at condition (3.40). This
also handles case (i) where B(p, R)NJ,, = 0. Then, in light of (3.40), along with (3.45) and (3.46)
we find that

f{K'(u V) - 1)+ L(div uy — div ua)} (g - 1)1 ds =0
r
Since u; - T # 0 along the jump set and ¢, is arbitrary, we arrive at (3.41). O

Corollary 3.11. (c¢f. [17], Cor. 4.2). Suppose u is smooth and critical for Ey in the sense
of (3.40). Then writing u locally in terms of a lifting as u(x) = €™ and defining the scalar
v := div u one has that (3.40) is equivalent to the following system for the two scalars 6 and v:

—sinf6,, +cosfb,, =v (3.49)
—sin@v,, +cosfv,, =0. (3.50)
Consequently, starting from any initial curve in Q parametrized via s — (x?(s), xg(s)) along

which 6 and v take values 6y(s) and vy(s) respectively, the characteristic curves, say
t - (x1(s, 1), x2(s,1)), are given by

x1(s,1) = [cos (vo($)t + Bo(s)) — cos By(s)] + xI(s), (3.51)

1
vo(s)
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[sin (vo($) + Gp(s)) — sinGy(s)] + xg(s), (3.52)

x(s,1) =

1
vo(s)

whenever vo(s) # 0. The corresponding solutions 6(s,t) and v(s, t) are given by
0(s, 1) = vo($)t + bo(s),  v(s,1) = vo(s), (3.53)

so that the characteristics are circular arcs of curvature vo(s) and carry constant values of the
divergence. In case the divergence vanishes somewhere along the initial curve, i.e. vo(s) = 0,
then the characteristic is a straight line.

We also consider the implications of criticality with respect to perturbations of the jump set
itself.

Theorem 3.12. (Variations of the jump set)
Under the same assumptions on u as in the previous theorem, suppose in addition to the criticality
with respect to perturbations that fix the location of J,, one also assumes the vanishing of the
first variation of Ey, evaluated at u, allowing for local perturbations of the jump set J,, N Q itself.
Then along any points of J, where u jumps between two S'-valued maps u, and u,, a vanishing
first variation leads to the condition
L . 2 . 2 . . , . . ’
5 ((le up)” — (div up) )—L(le up +div up) (uy - 7)— L(div uy +div up) (g -7) = K(u-v)x = 0,
(3.54)

at any point p € J, such that J,, u; and u, are sufficiently smooth in some ball centered at p .
Here k denotes the curvature of J,, T denotes the unit tangent to J, and v is the unit normal to J,
pointing from the u; side of J, to the u, side. The notation (-)' refers to the tangential derivative
along the jump set.

For portions of J, separating an S'-valued state u* from the isotropic state 0, criticality takes

the form
K(0)
2

L ,

7 (div Y = L(divuy - 7) + K= A, (3.55)
where A is a Lagrange multiplier that is present only if Ey is considered subject to an area
constraint on the measure of the isotropic phase 0. Also, since u € Hgy (QQ) requires that u*-v = 0
along such a portion of J,, we note that in (3.55) one either hasu* -t =1 oru* - 7= —1.

Proof. To derive condition (3.54) assume that for some point p € J, the following conditions
hold in a ball B(p, R) for some radius R:
(i) The set B(p,R) N J, is a smooth curve, which we denote by I" and which admits a smooth
parametrization by arclength, which we denote by r : [—sg, s0] — Q for some sy > 0 with
r(0) = p.
(i) On either side of T the critical point u is C?> with C' traces on J,. We will denote the two
components of B(p, R) \ I by Q; and €, and we denote u on these two sets by u; : Q; — St, for
Jj = 1,2. Again, our convention for the unit normal v is that it points out of Q; into Q.

For the calculation it will be convenient to assume that for j = 1,2, u; has been smoothly
extended so as to be defined in an open neighborhood of I'. We take this extension to be executed
so that u; is constant along v and so that u, is constant along —v.
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In order to effect a smooth perturbation of I', #; and u, we now introduce a vector field
Xe C(l)(B(p, R); R?). For convenience we will assume that X(x) is parallel to v(x) for x € I' and
so we introduce the scalar function 4 : [—sg, o] — R such that

X(r(s)) = h(s)v(s) fors € [—so, o], (3.56)

where h(+sg) = 0. Here we have written v(s) for the composition v(r(s)). Then let ¥ : B(p, R) X

(=T, T) — Q solve

58_3’ S XW)  W0) = x, (3.57)

for some T > 0. Expanding in 7 we find that
DY(-,t) ~ I + tVX + o(1), (3.58)
so that in particular one has the identity
JP(x, 1) :=detDY ~ 1 + rdiv X(x) + o(1). (3.59)

Throughout this proof, the symbol ~ refers to an equivalence up to terms that are o(¢).
Now we define the evolution of the curve I via the vector field X by I'" := W(I, ) with
corresponding parametrization

() := P(r(s), 1) ~ r(s) + X(r(s)t ~ r(s) + th(s)v(s), (3.60)
in light of (3.56). A simple calculation goes to show that the normal v to I'" takes the form
VI(s) ~ v(s) — th' (s)T(s), (3.61)

where we have introduce the notation 7 for the unit tangent r’(s) to I. 'We caution that the
parameter s used to parametrize I is not an arclength parametrization on this deformed curve.
Indeed one finds through an application of the Frenet equation that

r(s) = ' (s) + th (s)v(s) + thV' (s) = (1 — th(s)k(s))7(s) + th' (s)v(s)
where « denotes the curvature of I, so that
/()| ~ 1 = th(s)(s). (3.62)
Similarly, we define the deformation of the two sets Q; and Q, via
Q; =Y, forj=1,2. (3.63)

To define the allowable evolution of the critical point u given by u; and u, requires a little more
care. Firstly, we must maintain the property of being S'-valued, so to that end we introduce
smooth functions ¢; : B(p,R) X (-7,7) — R such that the perturbations of u; and u, take the
form .

u(x) 1= uj(x)e" 0, (3.64)

shifting just for the moment to complex notation. Introducing ¢;(x) := ¢;(x, 0), expanding (3.64)
and reverting back to an R?-valued description of u’] we find that for x € QZ one has

u;(x) ~ uj(x) + t(x)u(x)". (3.65)
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As before (a, b)* = (=b, a).
Secondly, we must preserve to O(f) the Hy;, condition (3.39), namely

uy v =uy v along I'. (3.66)
To this end, we observe that along I'" one has

u}(r’(s)) ~ u;-(r(s) + th(s)v(s)) + 1¢(r(s) + th(s)v(s))u]*(r(s) + th(s)v(s))
~ ui(r(s) + t¢j(r(s))uj+(r(s)). (3.67)

It is here that we require the slight extensions of the original functions u; that are constant along
the normal direction of v to make (3.65) well-defined in Q; \ Q; and to make (3.67) correct to
o(1).
Then once we apply (3.61) and (3.67) to (3.66) we arrive at the requirement that
(uy + tduy) - (v — th't) ~ (up + touy) - (v — th't) along I (3.68)

Equating terms at O(¢) and using (3.45), we find that necessarily,
, 1
n(s) = §(¢1(F(S)) +¢a2(r(s)))  for s € [=50, 50]. (3.69)
For later use we also record that fact, based on expanding the left hand side of (3.68), that

Uy (r'(8)) - V() ~ u(r(s)) - v(s) + t(¢1(r(s)) — h'(s))(uy - 7)  for s € [—s0, So]. (3.70)

With these preliminaries taken care of, we are now ready to proceed with the calculation of

the first variation %I UEo(u’). We begin with the variation of the divergence term in the energy
=

taken over Q;. for j = 1,2. We observe that
f (div u;)2 dx ~ f (div u; + tdiv (¢juj-))2 dx
Q' o2
~ fg [div ui(P(y, 1) + tdiv ¢;(P(y, t))uj(‘l’(y, t))]2 (1 + tdiv X(y)) dy,

where we have utilized the change of variables x = ¥(y,#) and invoked (3.59) to obtain the
leading order behavior of the Jacobian of the change of variables. Then, since ¥ ~ y + tX(y) we
find

[(div ;) div X +2div u;(n)div (¢;0)ut () + (% (div ;v + tX(y))2] dy =
|(div ;())*div X + 2 div u;()div (&)t () +2div u;()Vdiv u;(y) - X()| dy =
f [div ((div u;)°X) + 2div u;()div (@;0)uf ()] dy

Q;
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(3.71)

Applying the divergence theorem, and invoking (3.40) along with the compact support of X
within the ball B(p, R), we conclude that

d L f o,
= 21| @ivd) dx+f
dtt()z[ Qt] ! Q

L f{((div ) = (div up)?) b+ 2 (div un)giut - v =2 (div w)gouz - v} ds =
T

(div uh)? dx) =

5
2

% fr {((iv ur)? = (div up)?) b+ 2 ($1div uy + godiv ) (uy - 7)) ds, (3.72)

where in the last line we used (3.45).
We turn now to the variation of the jump energy. By (3.70) we have

KW' (r'(5)) - V'(5)) ~ K(u(r(s)) - v(s) + t(¢1(r(s)) — I’ ())(u1 (r(s) - 7(s)))
~K@-v)+tK'(u-v) (¢ — ) - 1),

where all terms in the last line are evaluated along I, that is, evaluated at x = r(s). Then we can
appeal to (3.62) to calculate that

d t 1 _
Eh:o j;; K@ -v)ds =
d S0
i f {(K(u(r(s)) V() + LK W(r()) - V()1 (r(5)) — B () (r(s) - r(s))}{l - rh<s)K(s>} ds
= fl(’(u V(P — W) uy -7)— K(u-v)hkds
I

= fL(div uy — div uy)(¢y — A )(uy - 7) — K(u - v) hk dss,
r
(3.73)

where in the last line we have used the criticality condition (3.41).
Combining (3.72) and (3.73) we obtain

d o
d_t|,:0EO(u) =
L, . 2 . 2
f{i ((le uy)” = (div u) )— K(u- V)K} hds
r
+Lf{(¢| + ¢2)dIV Uy + (le uy — div Mz)h/} (Lt] . T)ds
r
L
= [ {Z(iv u))* = div u2)*) = K(u-v)k{ hd
fr{z (( iv up)” — (div up) ) (u V)K} s

+Lf(div wy +div up) (uy - T ds,
r
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in light of (3.69). Integrating by parts in the last integrals, and using that h(—sg) = h(sg) = 0 we
finally obtain

d
— E i) =
10 o(u')

f{% ((div ) = (div uz)z) — L(div uy + div up) (uq - 7) — L(div uy +div u2) (ug -7 — K(u - v) K} hds.
r

Since criticality implies that this last integral must vanish for all /, we obtain (3.54).

The derivation of (3.55) follows along similar lines so we omit the details. One difference to
note, however, is that in the presence of an area constraint on the measure of {u = 0}, the normal
component £ of the vector field X along I' must additionally satisfy the requirement

50
f h(s)ds =0
—so

so that the perturbed jump set preserves area to O(¢). This condition leads to the appearance of
the Lagrange multiplier in (3.55). O

Our last consequence of criticality for a vector field u with respect to the functional Ey con-
cerns the possible presence in Q of a junction point P such that for some R > 0, the set B(p, R)NJ,
consists of four curves meeting at p. We wish to focus on the configuration where two of these
curves, which we label as I'g; and I'o3, are interfaces separating an isotropic region, which we
label as €, from two disjoint regions, Q; and Qj, where u is given by u; : Q; — S! and
uz : Q3 — St respectively. Wedged between Q) and Q3 we assume there exists a set (), where
u takes on another S'-valued state u,. The dashed curve separating Q; from Q,, representing the
wall across which u jumps from u; to u, we denote by I'1,, and the dashed curve separating Q,
from Qj3, representing the wall across which u jumps from u; to u3 we denote by I'j,. We write
7;; and v;; for the unit tangent and unit normal to the curve I';; where each 7;; points away from
the junction P and v;; points from the region €; into the region Q;. See Fig. 4.

Our reason for focusing on this particular configuration is predicated on the belief that it is
somehow quite generic behavior in a neighborhood of a singular point on the isotropic-nematic
phase boundary; see the discussion in Section 4.4. This belief is grounded in the findings of
numerous numerical experiments we have conducted and examples we have constructed for this
model, some of which appear in the last section of this article. Our hope is that the condition
derived in Theorem 3.13 below will be of use in constructing particular candidates for minimizers
of Ey as well as perhaps being of use in ruling out certain junction configurations that are found
to violate (5.19).

To state the next result we must introduce the notation 7;; for the unit tangent on I';; oriented
so as to point away from P, and v;; for the unit normal to I';;, pointing from region €; into Q;.

Theorem 3.13. (Criticality conditions at a junction). Assume a configuration in a neighborhood
of a point P € Q as described above and as depicted in Fig. 4. Assume that in a neighborhood of
P the functions u; and their divergences div u; for j = 1,2, 3 are all smooth in the closure of Q;
including at the junction point P. Assume further that the four curves I'g1,1'12,123 and T3 are
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Figure 4: A configuration with a junction point P at which two components of the interface, I'y;
and ['p3 meet two components of the wall I'j; and I'3.

all smooth near P. Then criticality of Eq with respect to variations of P, the four curves I';; and
the three functions u; leads to the condition

K(0)
2
- L{(div )y - To)von + (div u3)(n3 'Toa)Voa}

(to1 + 703) + K(u1 - vi)Ti2 + K(u - v23)723

—L{(diV up + div uz)(ul . T12)V12 + (diV uy + div M3)(M2 . T23)V23} (374)

where all quantities above are evaluated at P.

The proof of Theorem 3.13 can be found in the appendix.

4 Examples: Analytical constructions for large L and some
numerics

We conclude with an exploration of possible morphologies for our limiting energy Ey, which we
recall is given by

Eo(u) = gjg;(divu)z dx + %O)Perg(ﬂm = 1})+f K(u-v)dH',

Junf{lul=1}
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with the cost K given by (3.8). After describing in Section 4.1 some numerics that complement
our rigorous work in Section 3.3 for the case where Q is a rectangle, we will focus on two main
settings: (i) the case where Q is a disk and competitors must satisfy a boundary condition in
the sense of (1.6) where g has degree k € Z; and (ii) the case of an island of isotropic phase,
generated by an area constraint, lying inside a nematic whose far field is given by &.

For both settings (i) and (ii) we will not work directly with E, but rather with a problem that
at least formally can be viewed as the large L limit of Ej, namely

K
E(u) := QPerg({Iul =1}) +f K@u-v)dH', “.1)
2 JuN{ul=1}
defined for u € (BV N Hgy, )(Q, S' U {0}) such that
divu=0 inQ, 4.2)

and perhaps supplemented by the condition ugq - vao = g - vao on 0Q if one wishes to specify
Dirichlet data g : Q — S'U{0}, or such that |[{u = 0}| = const or |{|u| = 1}| = const if one wishes
to specify an area constraint. We also note that the Hg;, requirement still enforces the condition
that competitors have trace from the nematic side that is tangent to any interface, i.e. (3.4) where
u-=0.

We will construct critical points for E7’ that we expect to be local or even globally minimal
and we observe that these divergence-free vector fields are competitors in the minimization of
E, for finite L. Thus, we expect that they may well be close to critical points or perhaps even
minimizers of Ey when L is large. As we shall see, this expectation is supported by simulations
on the gradient flow for E, where L is large but fixed and then ¢ is taken to be small.

Regarding all simulations in this section, we obtain critical points for the energy E. by simu-
lating gradient flow for E, using the software package COMSOL [1]. Unless specified otherwise,
we do not claim that solutions that we obtain are minimizers of E, or prove that these solutions
converge to critical points of the limiting energy. We will infer such convergence in cases where
we are able to show via an analytical construction that a similar looking critical point of Ej does
exist.

We consider Ej rather than Eg here in part because, as we will describe below, the divergence-
free condition (4.2) provides a rigidity that simplifies the search for critical points. We hasten
to add, however, that to us minimization of Ej’ is a fascinating and nontrivial problem in its
own right that one might view as a version of the Aviles-Giga limiting problem which allows for
phase transitions, i.e. isotropic regions, as well as walls. Of course this entire project represents
just an initial investigation of E, and E that we hope will generate interest in future analysis of
critical points and minimization of these functionals for L finite. In that vein, we hope the work
in this section provides intuition and techniques that can be generalized, and that the criticality
conditions derived in Section 3.4 provide some tools.

So what does criticality mean for E7? Within the nematic region where |u| = 1, but away
from the jump set J,, if we locally describe a competitor u via u(x) = (cos 6(x), sin 8(x)), then
(4.2) implies that

VO - (—sin6,cosf) = 0.

Defining the characteristic direction via x; = —sinf, x), = cos@ we see that 6 and therefore
u is constant along characteristics and further that u is orthogonal to characteristics and so one
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Figure 5: Critical points of E, in the rectangle. Here & = 0.001.

concludes in particular that:
Characteristics for E;’ must be straight lines along which « is orthogonal and constant. (4.3)

This rigidity, familiar to those who work on Aviles-Giga, is what will allow us to carry out some
of the analytical constructions in this section.

On the other hand, this amount of rigidity limits one’s ability build a rich class of variations
of E;° and so we will not attempt to directly compute L = oo analogues of the ODE’s (3.54) or
(3.55) or the junction condition (3.74).

4.1 Ciritical points of E, in a rectangle.

Here we assume that Q = (—0.2,0.2) x (0.5, 0.5) is a rectangle and we seek critical points of the
energy E( which satisfy the boundary conditions u (-, £1/2) = +&, = (£1, 0) and satisfy periodic
boundary conditions on the sides x = J_r%.

As discussed in Section 3.3, when restricting minimization of E, to one-dimensional com-
petitors which in this case are functions of y, we obtain full I'-convergence of the one-dimensional
analog of E to that of Ey. Further, the behavior of minimizers of E, among one-dimensional
competitors is determined by the value of L. When L exceeds a certain threshold, the bulk di-
vergence contribution vanishes and the energy of a critical point is associated solely with a wall
along the x-axis that separates the regions of zero divergence. When L falls below the threshold
value, the bulk divergence contribution is present along with a cost of the wall associated with the
jump set of the minimizer. When L tends to zero, the wall disappears and the energy minimizing
vector field is essentially a linear interpolation of the boundary data.
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Figs. 5-6 present the results of simulations for the gradient flow for E, in the rectangle. It is
evident that, even though the simulations are fully two-dimensional, the critical points obtained
in this way are one-dimensional and conform to the picture described in the previous paragraph.
Two main observations follow from these figures. First, the results seem to indicate that the wall
cost is indeed one-dimensional as we conjectured earlier in the paper. Second, in all simulations
done in the rectangle, the critical points we observe are always one-dimensional, even for large
values of L. This is in contrast to the results in [17] for the version of the problem with the
Ginzburg-Landau instead of the Chern-Simons-Higgs potential. In that work, one-dimensional
critical points are found to be unstable with respect to formation of cross-tie configurations for
large L—such instability does not seem to be present here, at least numerically.

I e e — —
0.9 '
0.8}
0.7
0.6/
5> 05}
0.4t
0.3}
0.2f|—L=0.1
oaf| L0 -
oL — _
-0.02 0 0.02

Figure 6: Cross-section of the wall for a critical point of E, in the rectangle. The y-axis is as
shown in Fig. 5 and & = 0.001. When L > 0.5, the profile is independent of L (not shown).

4.2 Degrees other than O or 1 are too costly

Before we begin the constructions and numerics pertaining to E7°, we first present a theorem
which will elucidate the behavior of certain critical points for E( and provide an explanation for
some of the morphology to come. The theorem yields a lower bound for the L?-norm of the
divergence, in the spirit of analogous lower bound results of Jerrard [19] and Sandier [36] for the
Ginzburg-Landau energy. The proofs of the Jerrard/Sandier results rely crucially on the fact that
the square of the gradient of a function is a sum of squares of its components, a feature that is not
shared by the square of the divergence of a vector field. We overcome this difficulty by working
in Fourier space.

Theorem 4.1. Fix0 < p < p’ < 1, set A := {x € R? 1 p < |xl < p'} and let C; be a circle
of radius t centered at the origin. Suppose that u € C'(A;R?) is such that lu| > 1/2 on A and
deg(u,C) =d # 0,1 foranyt € [p,p’]. Then

f (div u)* dx > |nd log(p’ /p) + 4, d <0, 4.4
A

37



f (div u)* dx > |n(d - 1) log(p’ /p) — 4|, d>1. 4.5)
A

Remark 4.2. By majorizing fA(diV u)> by fA [Vul? in (4.4)-(4.5), it follows from results for |Vu|2
that the scaling in p’/p is optimal. Note that there is no similar lower bound when d = 1 due to
existence of the divergence-free vector field é,.

Proof. The proof of this result proceeds using Fourier series.
1. Developing u in a Fourier series, given by

u -~ Z U (r)e™,

nez

we first derive a formula for the degree of u in terms of its Fourier coefficients. Denoting by u'’
the restriction of u to Cy, and writing u, = f, + ig,, we compute

d := deg(u', C,)_ifu X ! dH'

Z fucosnf — g, sinnd v —fu sinnf — g, cos né
: fusinnf + g, cos nd fucosnf — g, sinnd

= Zn (I£,0F +124(0)P) (4.6)
nez

= > nlw )P, 4.7
nez

where in the last line we have used orthogonality.
2. As in the proof of Thm. 5.1 in [17], we find

divu = Z divV,,

nez

in L2, where we have

divV, = (fl()+f1(r))

divV, = (f( p)+ T ))COS(n— 1) - ( () + M8 ))Sm(n_ VR
It follows that
%fA(divu)Z: f (fl +_) rd”;f [( ' @)2+(g;+ng%(r))z]rdr
> f Y sz% s nz(fn(r)z: gn<r)2)} .,
p n#l

dr

y
v [T anonos Y, o5+ s0go)
o

nezZ.n#1
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=1+1I.

We estimate the integrals I and /] separately as follows, beginning with //. From Eqn. (4.6) and
the assumption that deg(u, C;) = d for each ¢ € [p, p’], we obtain that for each r

szp §{2f12+ a2+ gd)|dr
P r nezZ.n#1
v
:f E[flz—g%+2n(fn2+gi) dr
P nez
v
=f o |t =gl vdar
P
= fi)* - filp)* + g1(p)* — g1(0)*. 4.8)

Using now the definition of fi, g;, and the fact that |u| < 1, we find that ||fi|le, llg1lle < 1. It
follows that

1] < 4. 4.9)

We next turn to estimating /. Let us first suppose d > 1. We have

r r
nez,n#1

Is fp UL nz(fn<r>2+gn(r)2>] "
P

- fpl fi(r)? N Z (% = m)(fu(r)* + gn(r)?) . n(fu(r)* + gn(r)?) dr
P

r nezZ.n#l r r
P nezZ.n#l r
g2
:fp d-&) @.11)
o r
>fp d;ldr 4.12)
P
= (d - 1)log(o’/p). (4.13)

In going from (4.10) to (4.11) we have used (4.13) while in going from (4.11) to (4.12) we have
used that g% < 1. This completes the proof of the theorem when d > 1, so we turn our attention
to when d < 0. In this case, we have

A fir)? n2(fu(r)? + ga(r)?)
1> f — 4 d
(2 > :

r r
nezZ.n#l

r r r
nezZ.n#l

_ fﬁ' {fl OF 57 2GR ) P SR ),
P
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Figure 7: Corner on an interface at which u changes tangency: If there are no walls, a Ginzburg-
Landau vortex forms in one of two ways, resulting in infinite E, energy. The dotted lines rep-
resent characteristics, and the arrows represent the S'-valued director, which is perpendicular to
the characteristics.

v 2 + gX(r)
> —-n——="Cdr
>

r
nez

q

|
Z—df —dr
b T
= —dlog(p’/p) = |d|log(p’/p).

O

It also is worth mentioning that among degree 1 singularities, the Z>-norm of the divergence
can vary greatly and may or may not satisfy a lower bound of the type in the previous theorem.
For example, for a Ginzburg-Landau vortex ﬁ the L?-norm of the divergence taken over an
annulus centered at the origin blows up logarithmically as the inner radius approaches 0. How-
ever, an &y vortex, given by f—:‘, is divergence free. This observation is relevant to our model,
especially at corner-type defects on the phase boundary. In many of our examples, the director
u, which must be tangent to the phase boundary, switches the sense of tangency at a corner. If
such a switch occurs at a corner of the phase boundary in the interior of the domain, then walls
must intersect the defect in order to avoid infinite energy from the bulk divergence term; see Fig.
7. Conversely, if u does not change its sense of tangency at a corner on the interface, then the
singularity can be locally resolved by the formation of a partial &, vortex in which an infinite
family of characteristics emanate from the defect.
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4.3 Critical points of E, and £} in a disk.

In this section we consider critical points of the energy E in the disk Q of radius R among
competitors satisfying the boundary condition

u(R cos %,R sin %) Voo = (cos(ks + @), sin(ks + @) - vao  for s € [0,27R),  (4.14)

where k € Z, @ € R, and the boundary is parametrized with respect to arc-length.
The simplest cases to consider are (k, @) = (1, 7/2) and when k = 0 for which minimizers of
Ey are the divergence-free vortex

uy = &y = Y X
0= € = , ,
\/x2+y2 \/x2+y2

and the constant state
ug = (cos a, sin @),

respectively. Indeed, trivially, in both cases Ey(uo) = min Ey = 0. Hence our principal interest in
this section will be to understand the behavior of critical points for other choices of (k, @).

We begin by considering the case where k is a negative integer and @ = n. To gain some
insight into how these boundary conditions influence the morphology of interfaces and walls,
we present in Figure 8 the large-time asymptotics for gradient flow dynamics for the energy
E. with boundary conditions ulgo = —(cosks,sinks) for two values of L. Then in Figure 9
we present simulations for data with degrees —2 and —3. Although we do not impose an area
constraint in these simulations in order to induce a phase transition, these numerics nonetheless
indicate a substantial presence of the isotropic phase in the form of an island with 2 |k| + 2
boundary singularities. Generally speaking, these islands appear to grow in size as |k| grows,
and for k < —1, both configurations with a single or multiple vortices are possible. Studies on
vortices using the Ginzburg-Landau potential such as [8] or—more appropriately to this study—
the Chern-Simons-Higgs potential with L = 0 in the elastic energy [23] tempt one to think
of these islands for & > 0 as “defects” arising from the negative degree boundary condition.
Howeyver, the numerics and Theorem 4.1 indicate that the cores of the defects do not shrink in
the € — 0 limit. Indeed, from Theorem 4.1 it follows that a defect with a negative degree must
either be inside an isotropic region or have walls originating from the defect. The latter situation
was, in fact, observed in [17] for the degree —1 defects while the Ginzburg-Landau potential
considered in [17] did not allow for presence of interfaces.

We now provide some analytical evidence that supports the observations in Figs. 8-9. Moti-
vated by the gradient flow simulations, we construct critical points for £ and so divergence-free
competitors for Ey. These constructions will have only interface, but no walls, with singular
points of the interface always touching the boundary of the disk, though of course the numerics
suggest that for L finite, there should exist walls branching off the phase boundary singularities
and attaching to 0Q2.

Example 4.3. In this example, Q = B(0, 1), and we are interested in competitors which exhibit
the symmetry
u (e"i/(k+l)x) = ¢+ D (%) for k € N. (4.15)

This is the symmetry exhibited by the configurations in Figs. 8-9. The construction will proceed
by issuing characteristics off dQ and by adhering to the condition (4.3).
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Figure 8: Critical points of E, for (k,@) = (—1,m). The red curves represent level sets of divu
while || = 0.5 on the black curves that enclose the isotropic phase.
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Figure 9: Critical points of E, for (a-c): (k,a) = (=2,n) and (d): (k,@) = (=3,7). The red
curves represent level sets of divu while |u| = 0.5 on the black curves that enclose the isotropic
phase. The configurations (b) and (c) are obtained starting from different initial conditions.
Configuration (b) has slightly lower energy in E,.
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Owing to the condition (4.15), we construct a critical point of E° in the sector S correspond-
ing to [0,7/(k + 1)] and then extend the construction to the rest of the domain by symmetry.
Shifting out of complex notation and parametrizing QNS by (cos s, sin s) for s € [0, 7/(k+1)],
we will insist that u},, = (—cos ks, sin ks), rather than just having agreement between the normal
component of u and that of the data.

Integrating the characteristic equations then yields

(x1(s,1), x2(s, 1)) = (cos s, sin s) — #(sin ks, cos ks) (4.16)
u(x1(s,1), x2(s,1)) = (—cosks, sinks), “4.17)

with s € [0, 7/(k + 1)], t > 0. We represent the interface in the form
(p(5), q(9)) := (x1(s, 1(5)), x2(s, 1(5)))

for an appropriate arrival time #(s) > 0. Here, for each s, a characteristic arrives at the interface
at the time #(s) and we require that « at the point of arrival is tangent to the interface, that is

(P'(5),4/(5)) = o (u(p(s)), u(q(s))) for some @ € R.
Using this expression in (4.16), we find that

xi(s,1(s)) = —sins — £'(s) sinks — kt(s) cos ks = —a cosks,
x5(s,1(s)) = cos s — 1'(s) cos ks + ki(s) sinks = a sinks.

Upon rearrangement, we have

—sins + acosks — kt(s)cos ks = '(s) sinks,
cos s — asinks + kt(s) sinks = ' (s) cos ks.

Multiplying these equations by sin ks and cos ks, respectively, and adding the results gives
¢ = —sin ssinks + cos scos ks = cos(k + 1)s.

Integration then yields

t(s) =

o1 sin(k + 1)s + c.
Motivated by numerics, we seek an interface that meets Q2 at (1, 0), so that #(0) = 0. Then ¢ = 0,
so that #(s) = ﬁ sin(k + 1)s. The parametric equation of the interface in the sector S is now
given by

1
p(s) = coss — Tl cos(2k + )s, (4.18)

1
sin(k + Dssinks = (1 T2+ 1))“)“ TSy

1 1
q(s) =sins — T sin(k + 1)scosks = (1 - )sins - ———sin(2k+ 1)s.  (4.19)

2(k+1) 2(k+1)

Extending the interface to all of Q via the symmetry condition (4.15), we obtain a closed curve
with 2(k + 1) evenly-spaced cusps. When k = 1 one checks that p(s) = cos® s and ¢(s) = sin® s
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Figure 10: Contour line |u| = 0.5 for the critical point with (k, @) = (-1, 7) obtained via gradient

flow (red) and the plot of xf/ Sy xg/ o (blue). Here L = 2 and & = 0.005.

and the interface satisfies the equation xf/ 4 xg/ P=1.In Fig. 10 we compare the graph of this

curve with the contour line |u| = 0.5 for the critical point obtained numerically via gradient flow
when L = 2. It is clear that the two curves are very close to each other, which is quite striking
since one might only expect a strong connection between the critical points of E and Ej° for L
large.

One can also check that for the construction obtained above, the area of the isotropic island
increases with |k|. In fact, a calculation that we omit goes to show that in the k — oo limit, the
isotropic region fills the entire disk!

The preceding calculation can also be used in the case of L < oo in order to reconstruct parts
of critical points of Ey. Recall that, in this case, by Corollary 3.11, the characteristics are circular
arcs of finite radii that may run directly from the interface to dQ2. In Fig. 8, for example, red
curves correspond to level sets of divu and thus the characteristics for # connect large portions
of the interface to the boundary. In order to fully reproduce the critical point of Ey completely,
however, one needs to allow for the presence of walls, as evidenced by the gradient flow numerics
in Fig. 8. Although a similar approach yielded critical points of (1.3) for degree —1 boundary
data in [17], such a construction will be more elaborate here and we do not pursue this issue
further in the present paper.

We conclude this section by considering the boundary data in (4.14) corresponding to k pos-
itive and @ = 0. The results of the gradient flow simulations are shown in Fig. 11. Not surpris-
ingly, when L is small for k£ = 2, the stable configuration consists of two degree one vortices
looking locally like &y, see Fig. 11a. As L increases, however, these vortices collapse onto and
spread along dQ while forming two walls along the upper and lower halves of the boundary,
respectively, cf. Fig. 11b. Indeed this simulation suggests that for E, with L large, the preferred
state is u = &). In fact, if one tries to construct a competitor u having a ‘boundary wall’ for this
boundary data, that is, a unit vector field such that the normal component of the data is met but
the tangential component switches sign, then one finds

u-vso = (cos2s,sin2s) - (cos s,sin s) = cos s = &; - (cos s, sin 5)

44



and
u-Too = —(cos2s,sin2s) - (—sin s, cos s) = —sin s = &; - (—sin s, cos ).

Thus such a competitor # must have trace €; along dQ and there is no need then to accumulate
divergence inside the disk by varying from constancy.

In the case of a degree 3 boundary data, cf. Figure 11c, the behavior is more complex—the
degree 3 vortex appears to split into four degree 1 vortices and one degree —1 vortex. The four +1
vortices approach the boundary of the domain with an increasing L while the degree —1 vortex
remains at the center of the disk.

We use the simulations in the case of (k,a) = (2,0) to test Conjecture (3.12) on the one-
dimensional character of the wall cost. The walls in this example turn out to be significantly
deeper than in other cases that we considered and it is therefore easier to compare the numerically
computed wall profiles with the corresponding heteroclinic connection. Consider the critical
point for E, depicted in Fig. 11b. For a large value of L the defects present inside € for small
& spread along the boundary to form two boundary walls. Due to symmetry, it is sufficient to
consider the wall in the first quadrant. Then along each ray emanating at angle 6 from the origin,
the wall connects the vector &, = (1,0) to the vector (cos 26, sin 26). Because the normal to the
boundary/interface is (cos 6, sin 8), the normal component of the vector field is continuous across
the wall, while the tangential component reverses sign. The jump in the tangential component
across the wall grows as 6 changes from O to /2. In Fig. 12a we plot cross-sections of |u| for
the critical point of E, shown in Fig. 11b, where the cross-sections are shown along several
rays 8 = const. In Fig. 12b, the same scaled and translated profiles are shown together with
the corresponding solutions of the ODE that describes a heteroclinic connection associated with
E., assuming one-dimensional cost. As Fig. 12b demonstrates, the graphs are close to each
other for all respective values of 6—this is in agreement with our conjecture that the cost is
one-dimensional.

4.4 Examples for Degree Zero Boundary Data

In this section, we analytically and numerically construct an example with an isotropic tactoid
which exhibits two defects on the phase boundary. Let us describe a key feature of this example.
Recall that at a nematic-isotropic interface for Ey, the trace of a BV N Hg;, competitor u from
the nematic region is tangent to the interface, cf. (3.4). If, for example, u is smooth and does
not change the sense of tangency along the interface, then the degree of u around any connected
component of the interface is 1. If we specify a degree 0 boundary condition around 92 or at
infinity, this mismatch can be rectified by the presence of two defects along the interface, similar
to the construction of the recovery sequence in Section 2. This is the effect we will see in the
following example.

We begin with some numerics. Fig. 15a shows the result of gradient flow simulation in a
large rectangular domain with constant boundary data €;. We observe in Fig. 15a that (i) the
interface surrounds a single isotropic island, (ii) there appear to be two walls which intersect the
two defects on the interface, and (iii) the solutions possess the symmetries

(u1(x1, x2), uz(x1, X2)) = (u1(x1, =x2), —uz(x1, —X2))

and
(u1(x1, x2), uz(x1, x2)) = (U1(=x1, X2), —uz(x1, —x2)).
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Figure 11: Critical points of E, for (a-b): (k,@) = (2,0) and (c): (k,a) = (3,0). The red curves
represent level sets of div u while |#| = 0.5 on the black curves that enclose the isotropic phase.
The wall adjacent to the boundary in plot (b) is indicated in yellow.
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Figure 12: Wall cost is one-dimensional for the critical point shown in Fig. 11b. (a) Cross-
sections of Fig. 11b in the direction of angle 6. Only parts of cross-sections closest to the bound-
ary are shown; (b) Comparison between the numerical and analytical wall profiles.

Furthermore, in Fig. 15a we see that (iv) the walls divide the plane into three regions, with
u = &) in the two regions not containing the isotropic tactoid. (4.20)

This simulation, though depicting transient behavior, leads us to seek a critical point of £’
satisying (i)-(iv) consisting of an isotropic tactoid in an infinite sea of nematic, where in the far
field, u — &;. To induce a static-and presumably stable—critical point having an isotropic phase,
we will enforce an area constraint of the form |{u# = 0}| = const.

The complication here—and it is a significant one—is that an interface and a wall are rigidly
linked via the straight-line characteristics lying in between them, and the requirement of tangency
of u along the interface and agreement of the normal component of u with that of &, along the
wall make the construction rather daunting.

Somewhat surprisingly, we are able to achieve this construction by deriving a formula of the
form

Ey(u) = f @) dH' (4.21)
Nul=1}

for an explicit f, for competitors u satisfying (i)—(iv), where 6 is the angle the tangent vector
to d{lu| = 1} makes with the horizontal. For such u, the energy E;° therefore only depends
on the interface, a reflection of the afore-mentioned rigidity of this problem. We then consider
variations of the interface to derive an ODE (4.45) for 8 along with the junction condition (4.46) at
the intersection of walls and interfaces. Numerically integrating this ODE yields a configuration
which closely resembles the results of the simulations shown in Figure 15a, cf. Figure 15b.

The Role of Walls: Before embarking on this construction, let us comment on the role of walls
in this example. A natural question is: given these conditions, namely an area constraint on the
isotropic region and the requirement that u = &; in the far field, is it necessary for a critical point
to have walls? While we do not as yet have a proof, we believe the answer is yes. Let us present
some heuristic arguments to this effect. Working within the symmetry assumption (iii), consider
the possibility of constructing a competitor without walls. Then one of the two configurations
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Figure 13: An isotropic island (marked in gray) surrounded by the nematic medium in R? with-
out wall singularities and satisfying u = &) at infinity. The vector field is tangent to the boundary
of the island and switches the sense of tangency at the boundary singularities. Left: the island
has a corner and thus an infinite energy E( due to the bulk divergence term—cf. Fig. 7. Right:
the island has a cusp—impossible without a wall since the characteristics will intersect. Charac-
teristics are indicated by the dashed lines.

depicted in Fig. 13 are possible where the isotropic island either has two corners and no walls
or it has two cusps and no walls. In the former case, one can show that partial vortices should
form near the corners in the nematic phase, causing the divergence contribution to the energy
to blow up; see Fig. 7 above. If there are two cusps and no walls, Fig. 13 demonstrates that
this is not possible as the characteristics emanating from the interface would have to intersect
non-tangentially. In light of these observations, junctions between interfaces and walls appear to
be fairly generic, making in particular the junction condition (3.74) potentially important when
analyzing candidates for possible critical points or minimizers when L is finite.

Example 4.4. For this calculation, by (iii), it suffices to consider the problem in the first quadrant
Q). Let us assume that dflul| = 1} N Q; is smooth and can be parametrized by r(o-) where
r : [0,L] — Q;, with (0) on the xj-axis and r(L) on the x,-axis; see Figure 14. We do not
assume that the interface is parametrized by the arclength variable s in this derivation. Then

r'(o)]Ir (o) = 7(0) = (cos (o), sin 8(0)) = —u(r(o)). 4.22)
Let us define
p(o) = |r' (o),

and the normal vector
v(o) = (sin6(o), — cos 6(0)).

We now deduce the location of the wall, which we will see is determined by the interface.
Recall that in light of (4.3), u is perpendicular to the straight characteristics, which themselves
intersect the interface perpendicularly, so we can parametrize the wall by shooting characteristics
off of the interface until they hit the wall. We can write a parametrized path 7 for the wall then as

(o) :=r(o) + t(o)v(o). 4.23)
Hence by (4.22) the trace of u on the wall from the left, denoted here by i, is given by
it(o) = —(cos 8(0), sin 6(0)). 4.24)
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Figure 14: The isotropic island is surrounded by the nematic region. The dotted line represents a
straight line characteristic, and the dashed line represents the wall.

We define a function y by the equation
(o) = ¥ (o)l(cos (o), siny()).
Then the tangent and normal vectors to the wall are given by
T = (cosy,siny) and ¥ = (siny, —cosy). (4.25)

Next, we collect some relations between several of the above quantities which will be useful
in the following calculations. From the continuity of the normal traces across a wall, we have

i-v=2e -9,
which we rewrite using (4.24), (4.25), and the angle subtraction identity for sin as

sin(6 — ¢) = siny. (4.26)

Similarly, the condition i - T = —&) - 7 for the tangential components across a wall, cf. (3.4), can
be expressed as
cos(f — ) = cos . “4.27)

From (4.26), (4.27) it follows that ¢ = 6/2 + kx for some integer k, and k is in fact O since at
o =0, y(0) < 6(0) < Y(0) + nr/2. Thus

v = 6)2. (4.28)

We can now write the energy Eo(u, Q) in the first quadrant as

KO
Eolu, 0) = 5 Perg, (1 = 1)+ f K- v)dH'
JuﬁHulzll
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L(K©O), , 5 e N[

= f (Tv ()] + K@, - Wo)F (a)|) do- (4.29)
0

One can use (4.23) and the orthogonality of T and v to easily calculate

1/2

71 = ((o+ 1) + (')?)
Substituting this and
é - v =siny = sin(4/2)
into (4.29) yields
L
Eo(u, 0y) = f (%O)M + K(sin(0/2)) (o + 107 + (/)" 2) dor
0

L
_ f KO g1 4 f (K(sin(e/z))((p+t9’)2+(z’)2)”2) do.  (430)
N|ul=1} 2 0

In order to obtain a formula for Ey depending only on the interface, it remains to simplify

1/2

((o+10) +(t')?)

We begin this simplification by finding an expression for ¢ in terms of € and p. Using the
definitions (4.22), (4.23), and (4.25) for r, 7, and ¥, respectively, along with (4.28), we calculate

431)

0=F-7
= +rv+v)-v
= [p(cos 0, sin 6) + ' (sin 6, — cos 0) + 10’ (cos 8, sin 0)] - (sin(6/2), — cos(8/2)). (4.32)

Expanding out (4.32) and using the angle subtraction formulae for sine and cosine eventually
gives
' cos(8/2) — (p + 18") sin(6/2) = 0. (4.33)
Now we observe from our symmetry assumption on u that u = &; on the x-axis, so that (L) = .
If we assume that 6(o") does not reach 7 until (L) = &, which in terms of the interface means
that
the tangent vector to the interface is not horizontal in the interior of Q1, (4.34)

then we can divide (4.33) by cos(6/2). This results in the following ODE for :

B sin(6/2)
cos(6/2)

’

0't = ptan(6/2). (4.35)

Multiplying both sides of (4.35) by the integrating factor

B B sin(6/2) 9_’ 3 s
M = exp( 2 f cos(0)2) 2) = exp (2 1n(cos(6/2))) = cos(8/2)

results in :
(1cos>(6/2)) = psin(8/2) cos(6/2) = 3P sin 6.
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Integrating both sides, dividing by cos?(6/2), and using the half angle formula for cosine, we

obtain ) - |
fm— in0(y)dy = ——— in6dy. 436
2cos2(9/2)f0 pOISINOO)dy = 12 foapsm Y (4.36)

Finally, let us record the identity
,cos(6/2)

sin(4/2)’

/

p+td =t

4.37)

which follows from rearranging (4.33).
We now use the formula (4.36) for 7 to calculate (4.31), the quantity we set out to simplify.
Let us assume that # > 0, which means that

the length of characteristics connecting the interface to the wall increases in o. (4.38)

Then plugging in (4.37) for (4.31) and using the assumptions (4.34) and (4.38), namely 6/2 < 7/2
and ¢ > 0, we write

o2 [ acos20/2) L\
((p+f0) +(t) ) _((t) Sln2(9/2) +(t) ) - s1n(0/2)

Utilizing the formula (4.36) to calculate ' and then a half angle formula for cosine and a double

angle formula for sine, we arrive at
in 6 @ sin@
psm + s j\a psin@dy
1+cosf (1+cosO)? J,

sin 6 N 4 f(r i 0d
= sin
25in(0/2)(1 +cos ) |F " T+cos6 Jy P57

_ 2sin(6/2) cos(6/2) I f‘f o4
= 2sin0/2)c0s2@0/2) | T T+cosa J, 0P

1 4
infdy|. 4.39
cos(6/2) [p T T+ cosd foa’osm y] (4.39)

Now we are ready to use the expression (4.39) for (4.31) in the Ej energy (4.30). We have

1
sin(6/2)

(o + 10 +@?)"

Eo(u, Q1) = Eo(p, 0)

- KO 40 fL K(sin(6/2)) o f ‘
_faum:u 2y o \Tcos@2) [P T+coso psinfdy|| do.

We focus on the term

L (K(sin(0/2)) ¢ 7
in6dy| do. 4.40
fo ( cos(6/2) 1+c050f0‘ psim y) 7 ( )
Let us define the function H(v) by the equations
K@)
H'y)=—==, H(0)=0.
M=q HO
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It follows from (3.8) that H remains finite as v approaches 1 so long as V(#) approaches 0 as
t /1 at least as fast as ¢(1 — #2)” for some p > 1 and ¢ > 0, an assumption which is satisfied by
Wesy. A straightforward calculation, which we omit, using the chain rule, the definition of H’,
and some trigonometric identities yields

. K(sin(6/2))6’
H(sin(6/2)))" = . 4.41
(HEIO/2) = S 6721 + cos6) (41)
Inserting this expression into the last integral in (4.40), that term becomes
L o
f (H(sin(6/2))) ( f psinGdy) do, (4.42)
0 0

which we integrate by parts to obtain

o L L
[H(sin(9/2)) f psiné dy} - f H(sin(6/2))p sin6do-.
0 0 0

Note that by our symmetry assumptions, (L) = m, so that

L L
- f H(sin(6/2))p sin Odo
0 0

[H(sin(H/Z)) f”p sin dy]
0

L L
=H(1) f psinfdo - f H(sin(6/2))p sinfdo. (4.43)
0 0

We combine (4.41)—(4.43) to rewrite (4.40):

L(K(sin(6/2) ¢ T (" . .
j(; ( cos(0/2) 1+cos€£ psm@dy) dO'—j(; (H(1) — H(sin(6/2))psinfdo.  (4.44)

Using the right hand side of (4.44) for (4.40), we finally have

Eo(u, Q1) = Eo(p, 6)

_ K©) fL K(sin(6/2)) p f, .
_faum:l} 7 A 0 ( c0s@2) |° T T+cos0 J, psinfdy|| do

_ KO 1 fL K(sin(6/2)) e ,
_L|u|_1} 2 dH" + 5 ( c0s(0/2) + (H(1) H(sm(0/2))sm9)pd0'

: f F(O) dH'.
oflul=1}

Thus we arrive at (4.21).

We turn now to the criticality conditions for 6. For any u with smooth interface, we parametrize
the interface of length / by arclength s. Then the standard derivation [4] gives the following con-
dition on the interface

(f"O + f(0)8 +21=0. (4.45)
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Figure 15: Isotropic island in R? with # = &; at infinity: (a) Gradient flow simulation in a large
domain intended to represent R2. The isotropic region is shrinking and the solution shown is a
transient. Here L = 10, £ = 0.02; (b) Solution of (4.45)-(4.46) for A = 1.

along with the the junction condition
(@ sind— f(@)cosd =0 (4.46)

at s = 0, the intersection of 0{|u| = 1} with the x;-axis.
The solution of (4.45)-(4.46) for A = 1 is depicted in Fig. 15b and bears a strong resemblance
to a configuration observed in gradient flow dynamics shown in Fg. 15a.

S Appendix

We present here the proof of Theorem 3.13. See Fig. 4 for a guide to the notation.

Proof. The derivation of (5.19) follows the same general lines as those appearing in the proof of
Theorem 3.12. However, a major complicating consideration is that it is no longer possible to
assume that the deforming vector field X is normal to all four curves I';; since they all meet at p.
Instead we will have to incorporate tangential components of X along these four curves as well.

To this end, we assume simply that X € C(])(B(p, R); R?) and again introduce the map ¥
via (3.57). We assume that each I';; is smoothly parametrized by arclength through a map r;; :
[0, s0] — I';; for some 5o > 0 with ;;(0) = p. Then we replace (3.56) by

X(rij(s)) = hifj(s)‘r,-j(s) + h}’j(s)vij(s) for s € [0, so], 5.1
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where
hfj = X(rij(s)) - 7ij(s) and h}’j(s) = X(rij(8)) - vij(9).

As a consequence of the compact support of X, we have that
thj(sO) = h}’j(so) =0 for all functions hfj and h}'j 5.2)

but we stress that none of these functions is assumed to vanish at s = 0, namely at the location
of the junction P.

We now deform each region Q;, for j = 0,1,2,3 by the map ¥ to form four contiguous
regions Q; = ¥(Q),1) and we deform the four boundary curves I';; to form four new boundary
curves ng :=W(I';;, 7). Of course the junction point P is also carried along by this flow.

The four curves I}, are parametrized by s + ¥(r;;(s), t) which we denote by rfj(s) though s
no longer represents arclength. Indeed one calculates that

1 (x) ~ 1ij(s) + t(hi()Tij(5) + ] (5)vij(5)) (5.3)
from which it follows that
|74 ()] ~ 1+ 1(hT (5) = B (s)wij(5)), (5.4)

where «;;(s) denotes the curvature of I';; at r;;(s) (compare with (3.62)) and we have invoked the
Frenet relations 7i; = «;;v;; and v{; = —k;;7;j. A related calculation goes to show that the unit
normal vj; to I';  is given by
V;j ~ Vij— l(h},j "+ K,‘jh:j)‘[',‘j. 5.5
Now in the ball B(p, R) the unperturbed critical point is given by

0 for x € Qo,
ui(x) forxeQ,
up(x) for x € Qy,
uz(x) for x € Q3

u(x) =

and we wish to perturb it into a new function u’ given by

0 if x € Q,
ui(x) forxeQ,
us(x) forxeQf,”
uy(x)  for x € Qf

u'(x) =

To carry this out, as in the previous proof, we extend the domain of definition of u; to a neigh-
borhood of Q; in such a way that the extension is constant along the normals to the boundary of
its original domain of definition. Then we introduce three functions ¢;, ¢, and ¢3 such that

uly(x) ~ uj(x) + 1¢(x)u;(x)"  for x € Qf and for j = 1,2,3 (5.6)

so as to preserve the required S'-valued nature of u;
We must also take care to preserve the property u' € Hy;, in the sense of (3.39) and this
requires that the following four conditions hold to O(¢) along I'g;, I'12, 23 and Tz respectively:

Ul (ry; () - v, () = 0, ul (r5(8)) - Vip(8) = uh(r5(5)) - Vi, (),
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ub (s (5)) - Vhs () = u5(rh3(8)) - vhs(9), and us(ri(5)) - vz (s) = 0 for s € [0, so].
(5.7)

We note that the first and last of these conditions implies at ¢t = O that either u; = 7¢; or = —7¢;
along I'g; and likewise either us = 73 or = —7¢3 along I'ps.

Substituting (5.3) and (5.5) into the four conditions of (5.7), and expanding to O(¢), a tedious
but straight-forward calculation leads to the following requirements relating the traces of the ¢;
to h}’j "

¢1(ro1(s)) = hg, " (s), (5.8)
1
§(¢1(V12(S)) + ¢z(r12(S))) =hi,’(s), (5.9)
1
3(#205) + g302590) = 3 9), (5.10)
¢3(ro3(s)) = hys " (), (5.11)

for s € [0, so].

With the perturbations of the four curves I';; and three functions u; defined, we are ready
to compute the variation of Ej in a neighborhood of the junction point P. Carrying out the
calculation (3.71) in Q; for j = 1,2, 3 and then applying the divergence theorem we find with the

aid of (3.40) that
d 3
Z[ f (div u')? dx) =
J=1 j

(div u1)? By + 2(div uy)(uy - 7011 ) ds

Y
bg

1

(div up)* 1Y, + 2(div u)(u; - T12)¢1 ) ds

+

+

2

2

(div u2)? 155 + 2(div un)(ua - T23)2 | ds

23

( )
( )
((div ) 1, + 2(div )2 ~T]2)¢2)ds
( )
( )

(div u3)2 h§3 + 2(div us)(us - T23)¢3

23

((div ws) s+ 2(div u3)(us - T03)3, )ds.

Tos

where we have used the fact that uy - voy = uy - To1, uy - via = uy - 712, etc.
Now we appeal to the relations (5.8)—(5.11), along with the conditions u; - 71, = —u; - 71 and
us - To3 = —up - To3 and perform an integration by parts to find

3

d : \2 _
dt)=o JZ‘( Q;(dw “ dx] -
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J
J.
JA

f { — (div u3) + 2(div u3)' (us -roa)}hsg ds +

Tos

— (div uy)? + 2(div uy) (u -Tm)}h& ds +

=

1

o

—
8

+2 (div ui ()i (p) - T01(0)hg; (0) — 4 div uz(p)(ui (p) - T12(0)A},(0)

—4div uz(p)(ua(p) - 723(0))33(0) + 2 (div uz(p))(u3(p) - 703(0)h3(0).

We turn now to calculating the variations of the four jump energies. We begin by invoking
(5.4) to compute

i f 1ds+f lds)
dt‘z =0 rf FfB
S0
rh ' (s) ds+f rha () ds)
dt\, ()(f | 01 | o | 03 |

d S0 50
= — (f 1+ t(hg, '(s) = gy (ko1 (s)) ds + f 1+ t(his " (5) = hyz()ko3(s)) ds)
dt‘t:() 0 0

L (hoy " () = hyy (ko1 () ds + fo (his ' (s) = hiz(9)kos(s)) ds

Thus,

d K(©0)
dt|1 0 2

K
_ ;)(f Y Koy ds+f gk ds + 5, (0) + B, 0)). (5.13)
Lot Tos

(7{ T )+7{1(rg3)) -

To compute the variation in the jump energies over I'}, and Iy, requires an expansion to O(t) of
the quantities u' - v{, and u’ - v/,,. Substituting the expression for r{, from (5.3) into the formula
for u from (5.6) and Taylor expanding in 7 we find with the use of (5.5) that along I'{, we have

u' Vi ~ (ul(rlu(s)) + luf(rlz(s))@(rlz(s))) Vi~ (5.14)

(Ml(rlz + f[hszlz + h‘l’zvlz] )+ t¢1(’”12)141l(r12)) : (Vlz —t(h}," + KthTz)TIZ)

~up-vip+ f[ (¢1 —-h, - Klzhb) (uy - T12) + hi, (U] 'Vlz)], (5.15)
where u; and ¢; in the expression above are evaluated at x = r12(s) and u] = %ul(ru(s)). In the

last line we have also used that our extension of u; was constant along vy, to eliminate the term
Vu, - v, that would other have been present upon Taylor expanding.
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(le uz) - (le u3)2 4[(le u3)'(u2 . T23) + (diV u3)(u2 . 723)’])h;3 + 2(d1V Uy — div u3)(u2 . T23)¢2} ds

(5.12)



Similarly, we calculate that along I';3 we have

u' - Vt23 ~ Uy -Vy3 + l[ ((]52 - h§3 " — K23h;3) (Lt2 -Ty3) + /’63(1/2 . V23)]. (516)

From (5.15) and (5.16), along with (5.4) we can compute that

d t 3 t !
Elo(jl:u K@' -vi,)ds+ jr; K(u ~v23)ds)
d S0 S0
= ( f K(u'(F5(5)) - Vi5(9)) |1, ()| ds + f K(u'(h5(5)) - vh3()) [rhs " ()| ds)

dt li=0 0 0

= K(u1 . V12)(h71—2 ! - I’l‘ljzklz) ds +
T2

f K (u - V12)<(¢1 —hiy" = hiki2)(uy - Ti2) + hi, @] - V12))d5 +
'
f K(u, - V23)(h;3 ’— h;3K23) ds +
I3
f K (u; - st)((‘f’z —hyy " — hy3)(un - T23) + h, (1) - V23)) ds.
I3

Now since
d ’
a[[((ul Vi) = W) - vi2) — k(g - T12)

and

d ’
a[K(uz va3)] = (U - va3) — k3 (uz - T23),

we have that

- , . d ]
K(ui - vip)hiy" + K'(uy - vio)((u] - vi2) — kia(uy - T12))hij, = a[K(Ml - vi2)hi,]

and

’ 4 ’ T d T
K(uy - va3)hyy " + K'(u - va3)((u5 - v3) — kp3(ua - T23))h33 = %[K(Mz - va3)h3,].
Using these last two identities in (5.17) and integrating by parts implies that

d
— (f K(@u'-v),))ds + f K(u' - v’23)ds)
dt\o\ Jr I3

12

= —f K(uy - vio)hi k12 d5+f K'(uy - vi2) (@1 — b, Y uy - T12) ds

1"12 FIZ
- K(uy - va3)hyskoz ds + f K'(u - v23) (s — B33 )z - T23) ds

I3 I

—K(u1(p) - vi2(0)h},(0) = K(u2(p) - v23(0)h35(0). (5.17)

Then invoking the criticality condition (3.41) from Theorem 3.9 and integrating by parts we can

rewrite this identity as

d
— (f K(u’~v’12)ds+f K(ut-vrzg)ds)
dth:l) r T3 i

12
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= - f K(u1 . V12)h‘1/2K12 ds+ L (le Uy — div ul)(¢1 — h‘llz ')(Ml . T12) ds

F|2 l—‘12

- K(Ltz . V23)/’l53K23 ds+ L (le uz — div uz)(¢2 — h;3 ,)(Mg . T23)ds
I3 I3

—K(u1(p) - vi2(0)h,(0) = K(u2(p) - v23(0))h33(0)
= f {L(div uy — div uy) (uy - 12) + L(div up — div uy)(uy - 712)" — K(uy -1/12)/<12}hY2 ds

Iz

+L (div up — div uy)(uy - T12)¢y ds

Iz
f {L(div uz —div uy) (s - 123) + L(div uz — div uo)(us - 1723) — K(us - V23)K23}h§3 ds
I3
+Lf (diV uz — div uz)(uz . T23)¢2 ds
I3
—K(u1(p) - vi2(0)h1,(0) + L(div ua(p) — div ui(p))(u1(p) - T12(0)A},(0)
—K(u2(p) - v23(0)h33(0) + L(div u3(p) — div uz(p))(u2(p) - 723(0))A35(0). (5.18)

Now we can combine (5.12), (5.13) and (5.18), and through a use of the criticality conditions
(3.54) and (3.55) of Theorem 3.12 we find that all integrals over the four curves I';; drop, leaving
only

d
— Es) =
dl 10 o)

_K©
2

+L{div ()1 (p) - 701 (O (0) + div us(p)(u3(p) - T03(0))h63(0)}

(hg1(0) + h3(0)) = K(ur(p) - vi2(0))hi, = K(uz(p) - v23(0))h3,

~1{(div () + div w(p))a () - T2 (O, + (div 1(p) + div us(p) () rz3<0>)h;3}

Recall now that A, (0) = X(p) - 701(0), A, (0) = X(p) - v01(0), etc. Thus, the arbitrary value of
the vector X(p), implies that a vanishing first variation %I =0E0(ut) = 0 leads to the necessary
condition at a junction P of the form
K(0)
2

= L{le ul(ul . T()l)V()l + div u3(u3 . T03)V03}

(to1 + 703) + K(u1 - vi2)Ti2 + K(u - v23)723

—L{(le uy + div uz)(ul . T12)V12 + (le up + div u3)(u2 . T23)V23}

(5.19)

where all quantities above are evaluated at the junction P.
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