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1. INTRODUCTION

Liquid crystals are an intermediate phase of matter between solid and fluid states which possess pecu-
liar optical properties and are controllable through electric and magnetic fields. As a result, they play a
fundamental role in the development of many scientific applications and in the design of new generation
technologies.
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A nematic shell is a thin film of nematic liquid crystal coating a rigid and curved substrate ¥ which is
typically represented as a two-dimensional surface. The basic mathematical description of these shells is
given in terms of a unit vector field constrained to be tangent to the substrate X. This vector field will be
called the director, analogous to the nomenclature for liquid crystals in domains. The rigorous mathematical
treatment of nematic shells is intriguing since it combines tools from diverse fields such as the calculus of
variations, partial differential equations, topology, differential geometry and numerical analysis. Our study
is further motivated by the vast technological applications of nematic shells, as discussed in [32]. To the best
of our knowledge, the study of these structures has been mostly confined to the physical literature (see, e.g.,
[20, 25], 1], 411, [44]) with the sole exception of [39].

The form of the elastic energy for nematics is well established, both in the framework of director theory
which is based on the works of Oseen, Zocher, and Frank, and in the framework of the order-tensor theory
introduced by de Gennes (see, e.g., [12, 43]). On the other hand, when dealing with nematic shells, there is
no universal agreement on the form of a two-dimensional free energy. The differences between the various
approaches arise in the choice of the local distortion element of the substrate, i.e., the effect of the substrate’s
extrinsic geometry on the elastic energy of the nematics. Indeed, as observed in [4, [44], the liquid crystal
ground state (and all its stable configurations, in general) is determined by two competing, driving principles:
on one hand the minimization of the “curvature of the texture” penalized by the elastic energy, and on the
other the frustration due to constraints of geometrical and topological nature, imposed by anchoring the
nematic to the surface of the underlying particle. A new energy model proposed by Napoli and Vergori in
[30, BI] affects these two aspects, leading to different results with respect to the classical models [19, 25] 4T].
It is interesting to note that a definitive microscopic justification of these energies is still to be found.

The aim of this paper is to analyze the new surface energy for liquid crystal shells proposed in [30, BT].
To describe our results and to highlight some of the related difficulties, let us consider at first the simplest
one-constant approzimation of the surface energy on a two-dimensional surface ¥ C R3:

Wy(n) := g/2|Dn\2+ |Bn|* dVol, (1.1)

where n is a unit norm and tangent vector field on ¥ representing, for any point on X, the mean orientation
of the nematic molecules; here k is a positive constant, the symbol D denotes the covariant derivative on X,
and B is the shape operator (see Section [2f for all the details and definitions). Our results address

(a) the relation between the topology of the surface and the functional setting,
(b) the minimization of ((1.1]) and the well posedness of its gradient flow on a general genus one surface,
(c) the precise structure of local minimizers on a particular surface: the axisymmetric torus.

We pay particular attention to the gradient flow of the energy because, aside from being an interesting
mathematical object on its own, it provides an efficient tool for numerical approximations of minimizers.
Furthermore, it can be seen as a first step towards the evolutionary study of liquid crystals on surfaces.
While Step (a) is necessary to give a rigorous formulation to the problem, Steps (b) and (c) complement each
other: The general analysis in (b) has the advantage of being applicable to any two-dimensional topologically
admissible surface and even, up to some technical obstacles, to (N — 1)-dimensional compact and smooth
hypersurfaces embedded in RY. In (c) we sacrifice generality in order to obtain more precise analytical and
numerical information on the solutions. In particular, the regularity issue and the existence of solutions
with prescribed winding number, which seem difficult to be obtained by working directly on , are more
transparent.

(a) Topological constraints. Given the form of , it would be natural to set its analysis in the ambient
space of tangent vector fields such that |n| and |Dn| belong to L*(X). We refer to the quantity [; [Dn|? as
the Dirichlet energy of n. However, the topology of the surface may force the subset of vector fields with
In| = 1, which would represent our directors, to be empty. This could be heuristically explained as follows.
Let v be a smooth tangent vector field on ¥, with finitely many zeroes. The index m € Z of a zero T € X is,
intuitively, the number of counterclockwise rotations that the vector completes around a small circle around
Z. So, if m # 0, the corresponding unit-length vector field v/|v| has a discontinuity at Z (see Figure . By
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the Poincaré-Hopf index Theorem [I5, Chapter 3|, the global sum of the indices of the zeroes of v equals
the Euler characteristic x(X) and therefore it is possible to find a smooth field n with [n| = 1 on ¥ if and
only if x(X) = 0, i.e. if ¥ is a genus-1 surface (“hairy ball Theorem”). Moreover, a direct computation
(say for m = 1) shows that the Dirichlet energy of v/|v| in any small enough annulus centered at Z, with
internal radius p, scales like | log(p)| as p — 0. Therefore, one would expect the topological constraint of the
hairy ball Theorem to hold also for H'-regular vector fields. Indeed, in Theorem [1| we generalize the hairy

FIGURE 1. Examples of unitary vector fields on a disc in R?, showing topological defects
with index 1.

ball Theorem to H'-regular vector fields. Our proof is by contradiction. First, using variational methods
we show that if the set of H'-regular tangent unitary fields on ¥ is not empty, then it includes a minimizer
of the Dirichlet energy on ¥. Then, using the local representation we study in Section [6] and regularity
theory for elliptic PDEs, we show that this minimizer is continuous, contradicting the classical hairy ball
Theorem. Note that the exponent 2 in is a limit-case, as it is possible to construct unitary fields
such that |Dv| € LP(X) for any p € [1,2), on any smooth compact surface ¥. In view of Theorem [I} we
restrict our study to genus-1 surfaces, where the underlying geometry of the substrate does not force the
creation of defects. A rigorous analysis of the distribution and evolution of defects on nematic surfaces is an
interesting problem which is beyond the scope of this paper. Due to its large potential impact on the design
of new generation metamaterial structures (see [32], [45]), this question has garnered a good deal of interest
within the physics community (see [20, B5] B8], [33] [44]). To the best of our knowledge it still lacks a rigorous
mathematical treatment. A different approach to defects, following an approximation of Ginzburg-Landau
type, was studied in [I].

(b) Well-posedness on general surfaces. The general form of the surface energy (1.1, introduced in
[30], is the surface analogue of the well-studied Oseen, Zocher and Frank model (see, e.g., [43]) and is defined
as

1
W(n) := 3 /Z Ky (divgn)? 4+ Ks(n - curlyn)? 4 K3|n x curly n|? dVol. (1.2)

In the above display, the subscript s denotes surface operators (see Section [2)) and K7, K, K3 are positive
constants known respectively as the splay, twist and bend moduli. Using the direct method of the calculus of
variations, in Proposition [5.2| we prove existence of a minimizer of (1.2). We then focus on the L2-gradient
flow of , in the case of k := K7 = Ko = K3. The study of the gradient flow for the energy could
be seen as a starting point for the analysis of an Ericksen-Leslie type model for nematic shells. This problem
has already been addressed in [39] where various wellposedness and long time behavior results have been
obtained for an Ericksen-Leslie type model on Riemannian manifolds. However, it should be pointed out
that the model in [39] is purely intrinsic and does not take into account the way the substrate on which the
nematic is deposited sits in the three-dimensional space.

In Theorem [2| we prove the well-posedness of the L?-gradient flow of (1.1]), i.e.
om — Ayn+ B%n = |Dn/*’n+ [Bn|’n  in ¥ x (0, +o0). (1.3)

Here A, is the rough Laplacian, D is the covariant derivative and B is the shape operator on ¥ (see Section

2). The right-hand side of is a result of the unit-norm constraint on the director n. A proof of the

existence relying on i) discretization, ii) a priori estimates, i) convergence of discrete solutions, would

encounter a difficulty here, as the nonlinear term |Dn|? in the right-hand side of is not continuous

with respect to the weak-H' convergence expected from the a priori estimates. We overcome this problem
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with techniques employed in the study of the heat flow for harmonic maps (see [I0, [I1]): we first relax the
unit-norm constraint with a Ginzburg-Landau approximation, i.e., we allow for vectors n with |n| # 1, but
we penalize deviations from unitary length at the order 1/¢2, for a small parameter ¢ > 0. In this way, it
is possible to build a sequence of fields n®, with [n°| — 1 as e — 0, which solve an approximation of ,
with zero right-hand side. The crucial remark, in order to recover in the limit, is that for a smooth
unit-norm field n, is equivalent to

om—A,n+%B%n) xn=0.
( g

When passing to the limit, the non-trivial term is Ayn x n, which can be treated by a careful surface
integration by parts.

(c) Parametric representation on a torus. A common way to study unit-norm tangent vector fields on
a surface X is to introduce a scalar parameter o which measures the rotation of n with respect to a given
orthonormal frame {eq,es}, i.e. n = e cos(a) + ez sin(a). The local existence of such a representation is
straightforward, but since a global one on ¥ is in general not possible (even when the topology of ¥ allows
for H'-fields), we first prove that for every H'-regular unit-norm vector field n there exists a representation
a € HﬂOC(RQ) defined on the universal covering of ¥ (Proposition [6.1). Then, we express the energies
and , and the relative Euler-Lagrange equations, in terms of a. With this representation in hand, we
focus on a specific parametrization of the axisymmetric torus in R3. The main advantages are that we now
deal with the scalar quantity «, instead of the vector n, that through the parametrization we can reduce to
work on a flat domain, e.g. @ = [0, 27] x [0, 27|, and that the unit-norm constraint does not appear explicitly.
The disadvantages are that the representation is not unique (as a and a + 2kw yield the same field n) and
that the parametrization introduces an unusual condition of “periodicity modulo 27” on the boundary of Q.

In [37] we used this approach to explicitly calculate the value of the energy on constant deviations
a. The interest lies in understanding the dependence of the energy on the mechanical parameters K; and on
the aspect ratio of the torus, even on a special set of configurations. The constant configurations a,,, := 0
and «, := 7/2 (see Figure [2) are of particular interest, as, up to an additive constant, the a-representation

of is
Wila) = 5 / {IV.af? + 1cos(2a)} dVol, (1.4)
Q

where 7 is a function which depends only on the geometry of the torus. This structure, a Dirichlet energy
plus a double (modulo 27) well potential, is well-studied in the context of Cahn-Hilliard phase transitions.
Depending on the torus aspect ratio, the sign of  may not be constant on @, thus forcing a smooth transition
between the states «,, where n < 0, and «), where n > 0.

FIGURE 2. The constant states c.,, = 0 (director oriented along the meridians of the torus),
ap = /2 (director oriented along the parallels of the torus) and their respective energy
densities.

In Subsection we show a correspondence between elements of the fundamental group of the torus
(Z x Z), classes of functions « with the same boundary conditions, and classes of vector fields n with the
same winding number. In view of this decomposition, in Theorem [3| we prove that the Euler-Lagrange
equation of has a solution for every element of Z x Z, and that for every (regular enough) initial datum
ap in a class with fixed boundary conditions, the L?-gradient flow of has a unique classical solution,
which converges to a solution of the E.-L. equation as t — oo.
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1.1. Structure of the paper. In Section [2] we introduce the differential geometry notation and tools that
we need for our study. In Section |3 we describe and contextualize the energies and . In Section
we set up the functional framework and we state the H!-version of the hairy ball Theorem (Theorem
). The existence of minimizers (Proposition and the gradient flow dynamics (Theorem [2)) on general
two-dimensional embedded surfaces are proved in Section[5} Section[f]is devoted to the existence of global H'-
representations o (Proposition, which we use in Subsection to express the energies in terms of a and
in Subsection to prove Theorem 2] In Section [7] we concentrate on the particular case of an axisymmetric
parametrised torus. After a short revision of the minimization problem on constant deviations a (Subsection
, we state and prove the results concerning the correspondence between homotopy classes of the torus,
solutions of the Euler-Lagrange equations, and gradient flows (Theorem . Numerical approximations of
these solutions, obtained by evolving the discretized gradient flow, are presented in Section[§] The appendices
contain the computations regarding the explicit parametrization of the torus and the derivation of the Euler-
Lagrange equation for the full energy 7 in terms of a.

2. DIFFERENTIAL GEOMETRY PRELIMINARIES

We refer the reader to, e.g., [22], for all the material regarding Riemannian geometry. Let ¥ C R? be
an embedded regular surface of R3. We assume that ¥ is compact, connected and smooth. For any point
xz € X, let T, X and N,¥ denote the tangent and the normal space to X in the point x, respectively. Let T
denote the tangent bundle of ¥, i.e. the (disjoint) union over ¥ of the tangent planes T, %. Let 7 : TS — X
be the (smooth) map that assigns to any tangent vector its application point on X. A vector field n on a
open neighbourhood A C X, is a section of 7%, i.e. a map n: A — TY for which 7 o n is the identity on
Y. We denote by T(X) the space of all the smooth sections of TY. For any point z € X let )Y = (T, X)*
be the dual space of T,.X, also named cotangent space. Its elements are called covectors. The disjoint union
over % of the cotangent spaces 7;% is T*3. As we did for vector fields, we introduce the space of smooth
sections of T*X. We denote this space by ¥*(X), its elements are the covector fields. We denote by g
the metric induced on X by the embedding, i.e. the restriction of the metric of R to tangent vectors to
3. As a consequence, we can unambiguously use the inner product notation (u,v)gs instead of g(u,v) for
u,v € T,X, x € X. Similarly, we write |u| = \/(u, u)gs to denote the norm of a tangent vector u to ¥. For
a two-tensor A = {a/} we adopt the norm |A[? := tr(ATA) = Zij(aj)Q, which is invariant under change of

K3
coordinates. If {e1,es} is any local frame for T'Y, we denote by g;; = g(e;, e;) = (e;, e;)rs the components
of the metric tensor with respect to {e;,e2}. By g% and g we denote the components of the inverse g—!
and the determinant of g, respectively. As it is customary, if (z!,2?) is a coordinate system for ¥, then
( %, %) is the corresponding local basis for TS and (da!,dz?) is the dual basis. Given a vector X, we

denote by X° the covector such that X°(v) = g(X,v). In coordinates,

X" = XPda', with X! = g; X7
Being the flat ” operator invertible, we denote by the sharp ¥ symbol its inverse, which acts in the following
way: Given a covector w, let w# be the vector such that w(v) = g(w*,v). In coordinates, we have

wf = (wh) with  (wh)’ = g¥w;.

ii
oxt’
In the formulae above and in the rest of the paper we use Einstein summation convention: repeated upper
and lower indices will automatically be summed unless otherwise specified. In particular, indices with greek
letters are summed from 1 to 3, while latin ones are summed from 1 to 2.

Differential Operators. Let V be the connection with respect to the standard metric of R?, i.e., given two

smooth vector fields Y and X in R?® (identified with its tangent space), the vector field VxY is the vector

field whose components are the directional derivatives of the components of Y in the direction X. When e,

(e =1,...,3) is a basis of R? we will set V,Y := V,_ Y. Given u and v in T(X), we denote with Dyu the

covariant derivative of w in the direction v, with respect to the Levi Civita (or Riemannian) connection D
5



of the metric g on ¥. Now, if w and v are extended arbitrarily to smooth vector fields on RY, we have the
Gauss Formula along X:

Voyu = Dyu + h(u,v)v. (2.1)
In the relation above, the symmetric bilinear form h : T(X) x T(X) — R is the scalar second fundamental
form of ¥. Associated to h, there is a linear self adjoint operator, called shape operator and denoted with
B T(X) — T(X), such that Bv = —Vyv for any v € T(X). We recall that the operator B satisfies the
Weingarten relation

(Bu,v)ps = h(u,v) Yu,v € I(X).

Beside the covariant derivative, we introduce another differential operator for vector fields on X, which takes
into account also the way that ¥ embeds in R?. Let u € T(X) and extend it smoothly to a vector field @ on
R3; denote its standard gradient by V& on R3. For x € X, define the surface gradient of u

Vsu(x) := Va(z)P(x), (2.2)

where P(x) := (Id—v ®v)(x) is the orthogonal projection on T,;3. Note that V,u is well-defined, as it does
not depend on the particular extension . The object just defined is a smooth mapping V,u : ¥ — R3*3, or
equivalently Vg u : 3 — L(R3,R?) (the space of linear continuous operators on R?), such that ker V u(z) =
N3, for all x € X. In general, V,u # Du = P(Vu) since the matrix product is non commutative. Using
the decomposition , it is immediate to get

Vsu[v] = Vyu = Dyu + h(u,v)v, Yv e T, X Va e X,
which gives, recalling that the decomposition is orthogonal,
|Vsul? = |Dul® + |Bul?>, Yuc T, VzcX. (2.3)

Having defined V u, we can introduce the related notions of divergence and curl

0

1 =
ﬁ@(\@“)

trgVsu = trgDu =: divsu, in coordinates, divsu =

and curls u := —eVu, where € is the Ricci alternator:

0 if any of «, 3, are the same,
€apy = +1 if (o, 8,7) is a cyclic permutation of (1,2,3),
—1 otherwise.

Note that the trace operator in the definition of the divergence acts only on tangential directions. Moreover,
note that, contrary to the so-called covariant curl (denoted with curly, see [22]) the surface curly defined
above has, unless the surface ¥ is a plane, also in-plane components. To see this, we introduce the Darboux
orthonormal frame (or Darboux trihedron) (n,t,v), where t = v X n. Let kn, k¢ be the geodesic curvatures
of the flux lines of n and t, defined as ky, := (Dypn, t)gs, £t ;= —(Dyt, n)gs, respectively; let ¢, := (Bn, n)gs
be the normal curvature and let 7, = —(Bn, t)rs be the geodesic torsion of the flux lines of n (see, e.g.,
[13]). The surface gradient of n, with respect to the Darboux frame, has the simple expression (see, e.g.,
1341)

0 0 0
Vsin=|kn kKt 0],
Cn —Tn O
from which we read
divin =kt and curlin= —myn —cuyt+ Kuv. (2.4)

On the other hand, also the norm of the covariant derivative Dn can be expressed in terms of the geodesic
curvatures kg and Ky as |[Dn|? = kf + k2. As a result, we have the following useful expression

(divsn)? + (n - curlyn)? 4 |n x curlyn|? = (divyn)? + |curlyn|? = k2 + k2 + 72 + 2 = |V n|%. (2.5)
For a smooth scalar function f : ¥ — R, with differential application df, : T3 — Ty R ~ R, we
introduce its gradient as grad, f = df¥, that is, the vector field such that

df(X) = g(gradg f,X) forall X € TX.
6



Since for scalar functions the expressions of grad, f and V,f coincide, in what follows we replace grad, with

the more common notation Vf. In coordinates, denoting X = X i%, the above relation means

i OfF 0
OxJ Oxt

1 0 0
— Gaii 2
T (V39" 50):
We denote with dVol the volume form of ¥ (see, e.g., [22]). We recall the following integration by parts
formula (f and h are smooth functions on X)

—/Asftholz/g(st,Vsh) dVol — [ hdf(N)dS’, (2.6)
b b ox

where f and h are smooth functions on ¥ and d.S” is the element of length of the induced metric on 9X. For
a smooth vector field n € T(X), we denote with D?n the double covariant derivative of n, i.e. the following
tensor field

vsf =g

The Laplace Beltrami operator on ¥ is given by

A, :=divgoV, =

D?n(X,Y) := Dx(Dyn) — Dp,yn for X,Y € I(%).
If X = 8‘21_ and Y = %, we set Dim := D2n(8%i7 %). Then, we denote with Agn the rough laplacian of
n, namely the vector field defined as

Agn:= g7(D¥n) = g” Dy(Djn) — ¢ Dp_o n.
J

In particular, in a local orthonormal frame {e1, e2}, we have that
Agn = §7D;(Djn) — 6 Dp,e,n.

Note that Ay can be expressed in divergence form as Ayn = div,Dn. In the flat case, the rough laplacian
reduces to the componentwise laplacian of n.

3. ENERGETICS

Let © C R? be the volume occupied by the crystal and let S C R3 be the unit sphere. In the framework
of the director theory for nematic liquid crystals, the configurations of the crystal may be described in terms
of the optical axis, a unit vector field n : Q — S?. A widely used model for nematic liquid crystals is the
Oseen, Zocher and Frank (OZF) model (see, e.g., [43]), which is based on the energy

WOZ%F (n, Q) := 1/ [K:1(+n)? + K3(n - curln)® + K3|n x curln|?
2 Jq (3.1)

(K + Kag) + [(V)n — (<n)n]] dz,

where K7, Ko, K3 and Ky, are positive constants called the splay, twist, bend and saddle-splay moduli,
respectively. In what follows, we generally omit the dependence of the energy on the domain. A well-studied
case is the so-called one-constant approzimation, obtained when the three constants K; are equal. In this

case (3.1) reduces to
WO (m) = & / Vn[? dz. (3.2)
Q

This model (both in the general case and the one-constant approximation) has received considerable attention
from the mathematical community. Among the others, we refer to [0], [I7]. As it is apparent from the energy
, the analysis of liquid crystals shares some difficulties with the theory of harmonic maps into spheres
(see, e.g., [6]). More precisely, the study of and has to face possible topological obstructions coming
from the choice of the boundary conditions. In particular, choices of the boundary data not satisfying proper
topological constraint lead to the formation of singularities, named defects, in the director (see [17]).

In this paper, we study nematic liquid crystals which are constrained on a surface ¥ C R3. We describe
their behaviour via a unit norm vector field n tangent to 3, that is n(z) € T, %, for z € ¥. As in the three-
dimensional theory of Oseen, Zocher, and Frank (OZF), the director n describes the preferred direction of

7



the molecular alignment (which coincides with the optical axis of the molecule). In all classical models of
surface free energy for nematics, the derivatives in are replaced by the covariant derivative Dn of the
surface ¥ (see |25, 4T}, [42] [44], and [39], where the full hydrodynamic model is considered). Consequently,
the surface energy in the one-constant approximation is

Win(n) = f/ | Dn? dVol (3.3)
2 /s
and the surface energy in its full generality is
. 1
W) = / K (diven)? + K| curly n|*dVol, (3.4)
b

where curly, is the covariant curl (see [22]). We adopt the superscript ‘en’ in (3.3]) and (3.4)), referring to the
intrinsic character of this energy. A recent approach [30, 1] takes into account also the effects of extrinsic
curvature in the deviations of the director. The energy in this case is

1
W(n) := 3 /2 K1(divgn)? 4+ Ks(n - curlyn)? 4+ K3|n x curly n|? dVol. (3.5)

To have a better insight on the extrinsic/intrinsic character of this energy, let us focus on the one-constant
approximation of (3.5)), which is given by

Wen) := / V.2 dVol, (3.6)
b
where V is the operator introduced in . Now, thanks to (2.3)) we have
W,(n) = g/ Dn[? 4 [Bn|? dVol (3.7)
b

which shows a striking difference between the classical energy and the newly proposed , namely
the presence of the extrinsic term Bn. This term takes into account how the surface ¥, which models the
thin substrate on which the liquid crystal is smeared, is embedded into the three-dimensional space. The
energy has been derived in [30, [31] starting from the well established Oseen and Frank’s energy W94
. More precisely, starting from a tubular neighborhood ¥, of thickness h (satisfying a suitable constraint
related to the curvature of ), Napoli and Vergori in [30, BI] obtain that W(n) in is given by

1o ozr
W(n) = lim 5 W= (0, 2n)
The limit above holds for any fixed and sufficiently smooth field n with the property of being independent of
the thickness direction and tangent to any inner surface of the foliation ¥;,. As a result, the null lagrangian
related to the coefficient (Ko + Ka4) in disappears in the limit procedure and hence it is not considered
in . It is an open and interesting problem to rigorously justify this formal limit, for example via Gamma
convergence (in the spirit of [21]).

4. FUNCTIONAL FRAMEWORK

In this Section we introduce the functional framework where to set the problem. As it will be clear in a
moment (see Theorem , the choice of our functional setting reflects the topology of the shell. In particular,
we will restrict to surfaces for which the Poincaré - Hopf index Theorem does not force the vector field to
have defects.

Here integration is always with respect to the area form of the metric g induced on ¥ by the euclidean
metric of R3. Let L?(X) and L?(X;R3) be the standard Lebesgue spaces of square-integrable scalar functions
and vector fields, respectively. Define the spaces of tangent vector fields

L},(2) ={ue L*(%R% u(z) €eT,Y ae.} and H},,(Y):={ue€ L}, (2):|Du| € L*(X)}.

tan tan tan
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The latter, endowed with the scalar product

ol = (/2 {tr(Du Do) + (“av)m}dvd)l/z

is a separable Hilbert space. Let ||u|| g1 := \/(u,u) 1. We can define another norm by

1/2
fullny = ([ (9. + ) aver)
)

Let A\ps denote the maximum value attained by the eigenvalues of the shape operator % on X. Since
[Dul? + (A3 + Duf® > [Dul® + [Buf* + [ul* > |Dul” + |uf?,
by the two norms are equivalent:
M+ DYl > (ullay > ulla
Finally, the ambient space for the directors n is defined as
H (58 ={ue H,,(2): [ul=1ae.}.

Since for u € H},,(2;S?)

2
lulls = = Wi(w) + Vol(2),

it will often be useful to adopt || - ||z instead of || - |[g1. Note that Hf,,
embedding, and thus H},, (3;S?) is a weakly closed subset of H} . (¥). Note also that H}

tan
linear structure, while H},, (3) is a linear space.

There are two major problems to address before discussing the existence of minimizers of (3.5):

¥:8?) ¢ L3(T; R?) with compact
(% ; p
(2;S?) lacks a

e Choice of the topology of the surface 3. This is related to the choice of the functional space thanks
to the H'-version of the hairy ball Theorem giving that there are no global vector fields with unit
length on a compact two-dimensional surface without boundary and with H' regularity unless the
Euler Characteristic x(3) = 0 (see the next Theorem [I).

e Choice of the boundary conditions. Given a boundary datum n; in some functional class. then we
have to show that the set of competitors A(n;) is not empty, where

A(ny) = {u € H.,,(£;S*) : u=n, on 9L} .

tan

This fact is related to some precise topological properties of n, (see [17]).

For the time being, we prefer not to tackle the intriguing and difficult problem of the choice of the boundary
conditions demanding to a future paper its analysis (see [7]). Thus, we restrict to the case of a smooth surface
without boundary. In this context, the following H! form of the classical hairy ball Theorem, clarifies the
situation.

Theorem 1. Let 3 be a compact smooth surface without boundary, embedded in R3. Let x(3) be the Euler
characteristic of .. Then
Hiy(558%) #0 & x(2) = 0.
According to the above Theorem, in Section [5| we will make this basic topological assumption:
¥ is a compact and smooth two-dimensional surface without boundary, with x(X3) = 0. (4.1)
We postpone the proof of the above result to the end of Section [f] In particular, we have that the two-
dimensional sphere cannot be combed with H'-regular vector fields. On the other hand, the above Theorem

(as well as its smooth classical counterpart) does not hold for odd-dimensional spheres as the following
example shows. Take x = (1, ...,7on) € S*V "1, The vector field u given by

w(x) = (T2, —T1,. .., T2, —T2—1,. .., TaN, —TaN-1)

is smooth, tangent, and with unit norm.



5. EXISTENCE OF MINIMIZERS AND GRADIENT FLOW OF THE ENERGY

Now, we come to the question of existence of minimizers of the energy (3.5). Choosing ¥ satisfying (4.1)),
namely in such a way that H}, (3;S?) # (), we have the following (see [L7] for the flat case)

Proposition 5.1. Let X be a smooth, compact surface in R, without boundary, satisfying (4.1)) and let
W : H},(3;S?) — R be the energy functional defined in (3.5)). Set K. := min{Ky, Ka, K3} and K* :=
3(K1 + Ky + K3). We have that
K
2

I;* /z (|Du(z)|* + |Bu(z)|*)dVol.

u / (|Du(z)|* + |Bu(z)|*)dVol < W(u) <
b
Moreover, the energy W is lower semicontinuous with respect to the weak convergence of H*(X;R3).

Proof. The upper and the lower bound follow by the one-constant approzimation (see (2.3))) and the equality
(2.5). The lower semicontinuity can be proved by noting that all the terms in (3.5)) are indeed weakly lower
semicontinuous in H'(3;R?) and are multiplied by the positive constants Ki, Ky and Kj. (]

Thus, the existence of a minimizer of the energy W follows from the direct method of calculus of variations

(3;S?) such that W (n) = infyens (ms2) W)
Proof. Let u,, be a minimizing sequence uniformly bounded in H},,, (32;S?). This means that |u,| = 1 and
that {u,} is uniformly bounded in H},,, (¥). Thus, up to a not relabeled subsequence of n, we have that
there exists a vector field n € H}

£n(2) with |n| = 1 such that

Proposition 5.2. There exists n € H}

tan

Uy, L weakly in H}

£ (2:8%) and strongly in L*(X).
Thus, the lower semicontinuity of W gives that infyec4 W(u) = liminf,, »yo W(uy,) > W(n) which means

that n is a minimizer for W.
O

Now, in the case of the one-constant approximation, we compute, the Euler Lagrange equation associated
to the minimization of (3.7)) (see also). Incidentally, note that up to technical modifications, the same
computations are valid for an (n — 1)-hypersurface in R*. Thus, let n € H},,(2;S?) be a minimizer for (3.7).

Take a smooth v € H},, (2;S?) and consider the family of deformations ¢(t) := ﬁi%l, for t € (0,1). Note

that |p| = 1 by construction and that ¢ € H} , (3;S?). Moreover, »(0) = n and ¢(0) = v — (v,n)n and

tan
thus Wy (¢(t)) has a minimum at ¢t = 0. Hence, we have

= o Welolt) = [ (Del0). D0Vl + [ (Bo(0), BE(0) ot Vol

0
= /{/(Dn, Dv)RadVOI—l—/i/(%n,%v)Rngol
by by

—/{/ |Dn|2(n,v)R3dVol—/i/ |B1|%(n, v)gsdVol,
b )

where we have used that, being |n| = 1, there holds that (Dn,n)gs = 0, and the fact that B[n(n,v)gs] =
—Vamuv),V = —(n,v)gaVyav = (n,v)gsBn. Now, since the shape operator % is self-adjoint, we may
introduce the operator B2 given by
(B2u, v)gs := (Bu,Bv)gs for any u,v € T(L).
Thus, collecting all the computations, we obtain that a minimizer n of W, is a solution of the following
system of nonlinear partial differential equations
- Agn+ %B%n = |Dn|[?n + |Bn/*n in X. (5.1)

Since the equations do not depend on &, in the remainder of this section we take x = 1, but we still write
W, to tell the one-constant energy from the general W with three constants.
10



Remark 5.1. As it happens for harmonic maps, a vector field n solving (5.1)) is parallel to —Ayn + B2n.
Viceversa, if —Agn + B2n is parallel to n, then there exists a function X\ on ¥ (the Lagrange multiplier)
such that
—Agn + %2n = An,
from which it follows that (recall that |n| =1)
A= )\(H,H)RS = (_A.l]nv n)R3 + (EBZHa n)R3 = |D1’1|2 + |§Bl’l‘2’
where we have used the general identity

|n|=1

0" = Ag|n|2 =2 {|Dn|2 + (Ayn, n)Rs} , (5.2)

holding for any smooth vector field n on 3. Therefore, a smooth unitary vector field n € T(X) is a solution

of (5.1) if and only if it solves
(=Ayn+B%n) x n = 0. (5.3)

Evolution of the energy (IlavTa pet). In this paragraph, we study the L? gradient flow of the
energy (3.6)), namely the following evolution
Omn—Ayn+B2n=|Dnl’n+ [Bn|’n ae. in ¥ x (0, +00), (5.4)
n(0) =ng a.e. in X, (5.5)
We make precise the definition of weak solution to .
Definition n is a global weak solution to if
n € L>®(0,4o00; HE, (2;S%), 9mn € L*(0,+o0; L7, (%)),
n weakly solves , that is

/(@n, p)radVol + / (Dn, Dp)gsdVol + / (B%n — |[Dn|?n — |Bn|*n, p)gsdVol = 0, (5.6)
5 5 b

for all ¢ € HY,,,(2).

We are going to prove the following Theorem.

Theorem 2. Let X be a two-dimensional surface satisfying [A.1). Given ng € H}, (3;S?) there exists a
global weak solution to (5.4) with n(-,0) =ng(-) in .

Note that equation has some similarities with the heat flow for harmonic maps and it offers similar
difficulties. In particular, the treatment of the quadratic terms in the right hand side requires some care.
Note that these terms are related to the constraint n(x) € S? for a.a. € ¥. As it happens in the study
of the heat flow for harmonic maps (see [10, [I1]), we relax this constraint with a Ginzburg-Landau type
approximation, i.e., we allow for vectors n with |n| # 1, but we penalise deviations from unitary length. The
approximating equation is then obtained as the Euler-Lagrange equation of the unconstrained functional

£ HL (5) SR, E.(v):=W(v) + 4%_2 /E(Mz _12, (5.7)

Thus, we approximate the solutions to (5.4))-(5.5) with solutions of (¢ is a small parameter intended to go
to zero)

gn® — Agn® +B°n° + L(In°> = 1)n° =0 a.e. in X x (0, +00), (5.8)
n°(0) =ng a.e. inX. (5.9)
Existence of a global solution to (5.8)-(5.9), with all the terms in L?(0,00; L?,, (X)) follows from the time

discretization procedure we are going to briefly outline. Owing to the decomposition described in Remark
the nonlinear terms (|Dn|? + |Bn|?)n are eventually recovered, in the limit as e — 0, by showing ([5.3)).

First of all we introduce a uniform partition P of (0, 4+00), i.e.

P={0=tg<ti1 <ta<...<tp<...}, 7T:=t;—t;_1, lim ¢, = +oo.
k,+oo

11



Now, starting from the initial value ng, we find an approximate solution Ny = n®(¢x), k = 1,..., by solving
iteratively the following problem in the unknown Nj (for notational simplicity, we skip for a while the
dependence)

Find Ny with Ng(x) € T, X for a.a. z € ¥ such that
w — AyNy + BN}, + E%(\Nkﬁ —1)Nj, =0 for a.a. x € %. (5.10)
The existence of a solution to the above problem follows by minimization. More precisely, given , it is
not difficult to show that the solution of the iterative minimization problem
|lv — Np_1)?

Given Ny_; € HL,(¥), find Ny, € argminge g1 (x) { .

+ 55(1))} : (5.11)

is a solution to (5.10). Problem (5.11]) can be easily solved using the direct method of calculus of variations as
we did in Proposition Subsequently, we introduce the piecewise linear (N, ) and the piecewise constant
(N,) interpolants of the discrete values {Nj},~,. Namely, given ng, Nq,..., N, ..., we set

NT(O) = 1o, NT(t) = ak(t)Nk + (1 - ak(t>)Nk,1,

N.(0) := ny, N.(t):= N forte ((k—1)7 k7], k>1,
where ai(t) :== (t — (k—1)7)/7 for t € ((k — 1)7, k7], E > 1. Note that, for almost any (z,t) € X x (0, +00),
we have that N, € T, and N, € T,%, being T, 3 a linear space for any fixed x € 3. Hence, we can rewrite

(5.10) in the form
O . = 1 - _
O N, — AgN; + BN, + ;2(|NT|2 —1)N, =0 for a.a. (z,t) € X x (0,400). (5.12)

Once we have , we can obtain in a standard way some uniform (with respect to 7) a priori estimates
and we can pass to the limit as 7 \, 0. As a consequence, we obtain a solution to (5.8)). Note that this
procedure provides a map n® which, besides solving pointwise, is a tangent vector field, namely for a.a.
2 € ¥ there holds n°(z) € T, X. This property follows from the fact that Ni(z) € T, X and from the fact
that the convergence of the discrete solutions to n® is strong enough.

The question is clearly to pass to the limit as € \, 0 and to recover a solution of ([5.4)-(5.5)). To this end,
we perform some a priori estimates on the solutions to (5.8) that are independent of £. We take the scalar
product of R3 between the approximate equation and d;n° and then we integrate over . We have

1 d 5 2 2 _

(3;S?), we get the following estimate

ot ()] + SE.(m(1)) = om* ()P + S Wm* (1)) +

Thus, integrating on (0,7), T > 0, and using that ng € H}

tan

2 2 2
10071720, 7:22, 2y T 1P e 0,1,22, 2y T 1Bz 0,722, , ()

tan tan

1
+ sup — / (In®(t)|* — 1)2dVol < 3&.(ng) = 3W,(ng). (5.14)
te(o,1) 4% Jx

Now, the estimate above gives the existence of a vector field n € H'(0,T; L?,,(X))NL>(0,T; HL,,, (X)) with

n(0) = np and of a not relabeled subsequence of € such that
n® % weakly star in L>(0,T; H.,,,(¥)) and strongly in L?(0,T; L%, (X)), (5.15)
9m % 9n weakly in L2(0,T; L2, (%)), (5.16)
B2n° % B2y strongly in L*(0,T; L%, (%)), (5.17)

where the last convergence follows directly from the continuity of the shape operator with respect to the
strong convergence in L? and from the definition of the operator B2. Moreover, from ((5.14) we have that

/(\nf(t)P —1)2dVol < 12W,.(ng)e? Ve >0, Vt € (0,T),
b

12



which implies that (up to subsequences)

2 eN\0

[n°|* —= 1 ae. on X x (0,7). (5.18)
As a consequence, we have that [n| = 1 a.e. in ¥ for any time interval (0, T'), and hence n € L>(0, +-o0; H},,,
Moreover, integrating (5.13]) between 0 and +oco, we have 9;n € L?(0, +o0; L7,,,(X)). To conclude, we have

to prove that n solves (5.4)). We have the following result which is reminiscent of the approach used in [I0].
Lemma 5.1. Let n be a smooth vector field on 3. Then there holds
Agn x n = tr,V(Vn x n) + §(n, Vn), (5.19)

with the trace operator try taken only in tangent directions and

F(n,Vn) := —g"V;[h(ej,n)v] x n — g h(e;, Djn)v — (97 Vp,e,n) x n — g”h(D;e;,n)v x n. (5.20)
Proof. Let {e1, ez} be a local frame for TY. First of all we extend n to be a smooth vector field on R? and
we still denote (with some abuse of notation) this extension with n. We recall the Gauss relation

Din=V,n—h(e;,n)v, Vre X i=1,2,
where V is the connection of R3. Then, using the definition of A,, we compute
Amxn=g'D;Dinxn = ¢“D;(Dn) xn— (¢”Dp,e;n) xn
= ¢”Vi(V,n) xn— gYV,[h(ej,n)v] x n
g’h(e;, Din)v — (¢ Vp,e;n) x n — g”h(D;e;,n)v x n,

where the summations above run for 7,5 = 1,2. Now, by the symmetry of the metric tensor and the skew
symmetry of the cross product, we have that ¢’V ;n x V;n = 0 and thus

g¥V;(V;n) x n = g7V,;(V;n x n),
from which the thesis follows. (]

Note that, when n is just a map n : ¥ — S? without the constraint of being a tangent vector field to 3
(hence A, is the Laplace Beltrami operator), then (5.19) reduces to the formula proven in [10, Lemma 2.2]

It is important to note that the term § in (5.19) is a combination of products of n and its first derivatives
Vn. Moreover, note that the local expression of § in a point T simplifies if we use normal coordinates
centered in Z. In fact, since for these coordinates the Christoffel’s symbols of the metric vanish, we have that

F(n,Vn) = —¢"V,[h(e;,n)v] x n — g’ h(e;, Djn)v.

The importance of this Lemma becomes more evident when we analyze the behaviour of Ayn® x n® with
respect to the typical weak convergence (5.15) we have for the sequence n® (see Lemma [5.4)).

(3;$?)) with &yn € L?(0,+00; L2, (X)). Then n solves (5.4)

tan

Lemma 5.2. Let be given n € L>(0,+o0; H},,,
if and only if n solves

om xn—tr,V(Vn x n) + §(n,Vn) + B?n x n =0 in X x (0, +00). (5.21)
Proof. If n is a weak solution of (5.4) with the above regularity, then we can take the cross product of (5.4))

with n and get ((5.21)) using Lemma On the other hand, if (5.21)) holds, then (yn—A,n+%%n) xn =0,
which means that there exists a function A such that

Om—Agn + BZn = An a.e. in X x (0,400).
Hence, being |n| = 1 almost everywhere in ¥ x (0, +00), we get that 0 = 9;|n|?> = 20;n - n and
A= (An,n)gs = (On — Ayn + B?n, n)ps |Dn|? 4+ |Bn|*> a.e. in ¥ x (0, 400),

which means that n solves (5.4]). |
13
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Lemma 5.3. Let n be a smooth vector field on ¥. Then, for any smooth normal vector field p with compact
support on X there holds the following integration by parts formula

/ tre(V(Vn x n), ¢)gsdVol = —/ tre(Vn x n, Vy)gsdVol. (5.22)
b )

Proof. In the support of ¢ we choose isothermal coordinates & = (x1,x2), which always exist for two-
dimensional regular surfaces (see [13]), in such a way that the metric tensor is locally conformal to the flat
metric, i.e. g has the form g;; = fd;; (and thus g¥ = %5”' ) for some strictly positive and smooth real
function f. As a consequence, the volume form in this coordinates becomes dVol = fdz' A dz?. Now, we
introduce the 1-form w defined, for any tangent vector v, as w(v) = (V,xvn, p)rs. The Stokes Theorem
(see [22] Theorem 16.11]) gives that
/ dw = 0.
b

dw = hdz' Adz? = ﬁ dVol

The differential of w can be computed as

f
where the function h has the form
0 0
"= gaT2 T gt
with w; := w(a‘zi) for i = 1,2. We have
0 0 B
@wg = —@(Vln xn,prs = —(V1(Vin xn),¢)rs — (Vin x n, Vip)gs
and
0

@wl = @(Vgl’l x n,0)rs = (Va(Van x n), )gs + (Van X n, Vap)gs.

Thus, we conclude

h
0= / dw = / —dVol = —/ try(V(Vn x n), ¢)gsdVol — / trg(Vn x n, Vy)gsdVol.
by s f ) by

O

Now, we proceed with the passage to the limit € \, 0 in (5.8)-(5.9)). Take the cross product of (5.8)) with
n®. We get
om® x n° — Ay n® x n° +B%n° x n° =0 for a.a. (z,t) € X x (0, +00). (5.23)

Note that all the terms in the equation above belong, for any (z,t) € X x (0, +00), to the normal space N,X.
Then, test (5.23) with a smooth normal vector field ¢ and integrate on X x (0,7), T' > 0. We obtain

T
/ /(Btn5 x n° — A,n° x n° + B?n® x n°, p)gsdVol dt = 0.
0o Js

Let n denote the limit in (5.15])-(5.18)). Recall that we have that n € H} (0, +o0; L?(2))NL>®(0, 4-00; H},, (X;S?))
and thus d;n x n + B%n x n € L?(0,T; L*(3;R3)). Moreover, using the convergences ([5.15)-(5.18)) we have

T T
lim/ /(atn": x n° + Bn® x n, p)gsdVol dt = / /(@n x n+ B2n x n, p)rsd Vol dt.
N0 Jo Jx 0 Jz
Thus, it remains to identify the weak limit of Ayn® x n°. For this, we use the following Lemma (in the spirit
of the general results in [I8]) which gives, for sequences of solutions to (5.8, a sort of weak continuity for
the nonlinear term Agyn x n.

14



Lemma 5.4. Given a sequence n° os solutions to (5.8)) such that n® 0y weakly star in L>=(0,T; HL,,, (X))
and strongly in L?(0,T; L3, (X)), then for any smooth vector field o in R® there holds

tan

T T
1im/ /(Aqn5 x n°, p)rsdVoldt = —/ / tre(Vn x n, Vi)gsdVol dt
NOJo Jmo 0o Jz

T
. /O /E (§(n, Vn), 0)gsdVol dt. (5.24)

Proof. First note that for any £ > 0 fixed, Ayn® x n° € L!'(X) and thus the integral in the left hand side
of makes sense. Now, we come to the proof of the convergence. Using Lemma we rewrite the left
hand side of in the form (5.19). A closer inspection of the term §(n®, Vn?) in reveals that it is
weakly continuous with respect to the convergence of the statement, since it contains only products between
n® and its first derivatives. Regarding the first term, we use the integration by parts of Lemma [5.3| and we
obtain

T T
lim/ /(trgV(VnE x n%), p)gsdVoldt = — lim/ /(trg(Vne x n%), Vp)rsdVol dt
8\(0 0 > 8\0 0 b

T
= [ [ trg(¥nx ), TVl ar
0 =

and the thesis follows. O

Thus, Lemma [5.4] implies that n solves for any smooth normal vector field ¢,

T T T
/ /(&n x n, p)gsd Vol dt—|—/ / (trg(Vnxmn), Vi)gsdVol dt+/ / (F(n, Vn) +B%n, p)gsdVol dt = 0,
0o Jz 0o Js 0o Jx

which gives (5.21). Hence, Theorem [2| follows from Lemma

6. REPRESENTATION OF VECTOR FIELDS n VIA LOCAL DEVIATION «

A reference textbook to the material covered in this Section is [22]. Let ¥ C R3 be a regular orientable
compact surface (with or without boundary) with a maximal system of coordinates (V;,z;), z; : V; C R? —
Y. Aset U C X is said to be open in X if a:j_l(U Nz;(V;)) is open in R? for all j. For any open set U C X,
let {e1, e} be a smooth local orthonormal frame, i.e. a pair of smooth sections of the tangent bundle 7%
such that {e;(p),e2(p)} is an orthonormal basis for T,X, for all p € U.

Degree. Suppose now that > and N are compact, connected, oriented, smooth manifolds of dimension n. If
®: ¥ — N is a smooth mapping, a point p € ¥ is said to be a regular point of ® if d®, : T,¥ — Tg(,) N is
surjective. A point ¢ € N is said to be a regular value of ® if every point of the level set ®~1(c) is a regular
point of ®. If ¢ € N is a regular value of ®, then the degree of ®, denoted by deg(®,X, N), is defined as the
integer k such that

k= Z sgn(det(d®,)),
pED~1(c)
or, equivalently, such that for every smooth n-form w on N

/Zfb*o.):k/Nw, (6.1)

where ®*w is the pullback of w via ®. If the set of regular values of ® is empty, it is consistent to set
deg(®,%,N) = 0.
Lemma 6.1. Two useful properties of the degree:

(1) If @y, @1 : ¥ — N are homotopic, then they have the same degree.
(2) If ®: ¥ — N is not surjective, then deg(®, X, N) = 0.
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More generally, if either 3 or N are manifolds with boundary, it holds

/Z P*w = /N > sgn(det(dd,)) | w. (6.2)

pEP~1(c)

(Note that the integral in the left-hand side is well defined since by Sard’s Lemma the set of singular values
of ® has volume measure zero in N.)

Winding number. Define the 1-form

 xwdy—ydz 9
W= W on R*\ {0}. (6.3)
Given an oriented curve v in R?\ {0}, the line integral f“/ w measures the winding of « around 0 in coun-
terclockwise direction. The winding number of a closed curve v with respect to 0 is the integer # () :=
(2m)~1 f,y w. Given a regular parametrization v : [0,1] — R?\ {0} with components y(t) = (y1(t),72(t)), its
winding number can be computed via the pullback of w:

Y R0 - P00
[0,1]

2m 2m Jo (@)

Y (7)

The relation between degree and winding number for a regular simple closed curve v : [0,1] — R? \ {0} is
then # () = deg(v/|v|, S, S!) (after identifying the endpoints {0} and {1} in [0, 1]).

Let now v : U C R? — R? be a smooth vector field v = (v!,v?). If yNv~1(0) = 0, it is natural to
measure the winding of v along v by

() = / vie. (6.4)

To illustrate the meaning of this definition we provide several examples which exhaust all possibilities for
one-dimensional manifolds, up to homeomorphism. We restrict to nowhere vanishing smooth fields v which
are the ones relevant to the study of director fields.

Ezamples.

1. (7 ~ [07 1] ~ V(’Y))' Let v(x,y) = (Cos(y),sin(y)), 0 € (0327)7 and 7 : [079_] - RZa ’Y(t) = (07t) (See
Figure [3]). Then, we can compute directly

6 6
10 = [vie= [ 0dem) -0 () = [ oo +sint@]d =0, (65
¥ 0 0
This can also be seen from formula (6.2): denoting 3 =+, N = v(v), p = 7¥(t), and choosing e>(p) = (0,1)
as basis for T,,% and 7(t) = (—sin(t), cos(t)) as basis for Ty, N, we have
dvp(es) = 7(t) = det(d(v},),) =1 (6.6)

(Le., identifying 77, and Ty(,) N with R, then dvy, is the identity mapping.) Collecting these computations
we see

0_ %(V) i / w,
v(v)

which is not surprising, as v(v) is just an arc of the unitary circle of length 6.
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FI1GURE 3. The vector field v of Examples 1-4, on the left. In Example 1 v maps a vertical

side of the rectangle to an arc in S!'; in Example 3 the whole boundary of the rectangle is
mapped to the same arc.

2. (v ~[0,1],v(y) ~S'). Let v and  be as above, let m € N, v : [0,2mn + 0] — R2, 4(¢) := (0,t). Since v
is 2m-periodic and v(v) = S!, following the same computations as the previous example, we find

%(V):/ (m—l—l)w—i—/ mw
v([0,0]) v([0,27])

=m w + / w
st v([0,0])

= 2mm + 6.

3 (v~ St v(y) ~[0,1]). Let v be as above, let v;, i = 1,2,3,4 be the four sides of a rectangle R of height
6 € (0,27), as in Figure[3| Denote v = OR. Since dv’ = 0 on 7; and 73, we have

Wy(v)= [ vViu=[ viu+ [ viw= 0[cos2(t)+sin2(t)] dt + 70 [cos?(t) + sin®(t)] dt = 0.
ol Y2 Ya 0 0

For all p € 72, q € 74, such that v(p) = v(g), we have
det(d(vyy,)p) +det(d(v}y,)q) =1 —-1=0,

while the line integral is fv(aR) w =0, as above. In conclusion, #5r(v) = 0.

4. (v ~ Stv(y) ~ SY). If v is as above and 9Q is the boundary of a square of side larger or equal than
27, we can repeat the computations of the last example. Moreover, since domain and codomain of v oy are
closed smooth loops, i.e., compact one-dimensional manifolds, we can connect the winding to the degree via

(6.1), and find

0= Fao(v) = deg(viag. 0Q.5") [ w
Sl
Winding of fields on surfaces. Assume that T admits a global orthonormal frame {e;, e}, it is defined a
smooth diffeomorphism
L:TY — ¥ x R?, (p,v) = (p, (v}, v?))

for all p € £, v = vle; € T,X (see, e.g., [22, Corollary 10.20]). We can then extend the winding % (v) to
sections of the tangent bundle TY, i.e., to smooth vector fields ¥ > p — v(p) € T,X. For every smooth
curve v on ¥ such that v N (tov)~1(0) = @, we define the winding of v along v, with respect to {e;,es}, by

W (v) = /(Lov)*w, (6.7)

where w is the angle 1-form defined in (6.3)).
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Proposition 6.1. Let & be a smooth surface embedded in R3. Assume that there exist:

_ a smooth global orthonormal frame {ej,es} on 3,
_ a smooth covering map T, : RZ = %,
_ a vector field n € H}, (3%;S?).

tan

Then there exists a € H}, (R?) such that

loc
no 7y = cos(a)(e; o ws) + sin(a)(ez o ) a.e. in R?. (6.8)

Moreover, « is unique modulo 2r. Conversely, for all « € H} (R?) such that a(z) = a(y) & ws(x) =
m(y), defines a vector field n € H},, (3;S?). As a particular case, if ¥ is simply connected, or if
deg(ny,,v,n(y)) =0 for all closed loops v C ¥, then there exists « € H'(X) such that

n = cos(a)e; + sin(a)esq a.e. in X. (6.9)

This lemma applies, in particular, to the cases where ¥ is diffeomorphic to a torus or to a disc. It is a
common notation, which we adopt in the following sections, to drop “omy”. It will be clear from the context
whether «, n, e; are defined on ¥ or parametrized on R2.

Proof. Assume first that n is Cl-regular and let v : [0,1] — X be a simple, parametrized, C! curve. Let
n(t),e;(t) denote n(v(t)), e;(v(t)), respectively. Since {ei(t), ez(t)} is an orthonormal positive basis of T, ;)2
for all ¢ € [0,1], n(t) may be expressed as

n(t) = a(t)er(t) + b(t)ex(t)

for some functions a,b € C1([0,1]) satisfying a® + > = 1. Let ap € R be such that a(0) = cos(ap),
b(0) = sin(ap). Denote a = %a. Then

a, () = ag + o o () = ag + /0 {a(s)b(s) - b(s)a(s)} ds (6.10)

is Cl-regular and it satisfies n = cos(a)e; + sin(a)ey on [0,1] ([I3, Lemma 1, Section 4-4]). In order
to show that a, depends only on the point y(t) € ¥ and not on the curve v, let 4 : [0,1] — X be a
simple, parametrized, C* curve such that 7(0) = ~(0), 7(1) = (1), and such that the loop I' obtained by
concatenating v and ¥ is simple. If n is constant on I', then #,, = 0 = #5 and (1) = a5(1). Otherwise
(see also Example 4 above) it holds

ay(1) — a5 (1) = #5,(n) — #5(n) = #i(n) = /

(Lon)*w:deg((aon)‘p,F,(Lon)(F))/ w. (6.11)
r

(ton)(T)
Since I is homeomorphic to St, and (ton)(I') C S', if I' is homotopic to a constant path, e.g., if T'(t) ~ ~(0),
then I' cannot be surjective onto S!, and by Lemma

deg ((tom)r, T, (tom)(I)) = 0. (6.12)

If ¥ is simply connected, then every closed loop is homotopic to a constant path, so that and
show that the angle o, defined in is independent of the path . To define a on X it is then sufficient
to fix a base point pp € X, a base value ag € R such that n(py) = cos(ag)er(po) + sin(agp)ea(po) (the latter
is unique modulo 27), and define

a(p) = a,(1), forallpe X, foranyye C([0,1];%):4(0) = po, (1) = p. (6.13)
Regarding regularity of «, choose a path + such that v(t) = p € X, and 4(t) = e;(p). In components, we
may write n = n’e;. Then, by (6.10),
dia(p) = a(t)b(t) — b(t)a(t) = n' (p)dm*(p) — n*(p)din' (p).
Since the components n/ are Cl-regular, we deduce that « is C''-regular. Moreover, since |n/| < 1,
Veal> <2) |0, (6.14)

.7
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This construction yields in the case of a C'-regular field n. If ¥ is not simply connected, we consider
the covering 7x; : R? — X. Since R? is simply connected, we can choose paths v, in R? and apply the same

construction of (6.10)—(6.13) to no 7y and e; o 7y, to obtain (6.8).

We extend now this representation to H'-regular fields. Consider first the case of a simply connected
manifold. Define the operator ® : L?(X) — L%(%;S?) by

®[a] := cos(a) e1 + sin(a) es. (6.15)
Owing to the approximation result of [36, Proposition, Section 4], for any given n € H}

tan (2;S?), there exists
a sequence {n;} C CL, (3;S?) such that nj, — n, strongly in H},,(X;S?). Up to extracting a subsequence,

we can assume that ny is converging also almost everywhere. For a € C'(X) denote

1
fi=——— [ advol
“ f21dvol/20‘ ©

By construction (6.10)—(6.13]), for all & € N, there exists
ap € 7'y c CH(X),  satisfying 0 < a; < 27. (6.16)
By Poincaré-Wirtinger’s inequality, there exists a constant C; > 0, depending only on (X, g), such that
/ (s — ) 2dVol < 4 / IV s [2dVol. (6.17)
b b

By (6.14)),(6.16) and (6.17)), there exists a constant Co > 0 such that

okl (s :/Z{aﬁﬂvsakﬁ}d\fdgcg (||nk||§,t1m(2§2)+1).

Therefore, by compactness, there exists a subsequence of representatives {ay,} and a function «, with
ag,,a € H(X) such that

ar, — a weakly in HY(X) and ay,(p) — a(p) for ae. p € .

By (6.15) and pointwise convergence, we deduce that

n-e; = lim ng, - e; = lim cos(ay,) = cos(w), a.e. in X
l—o0 l—o0

and, in the same way, that n-e; = sin(«), a.e. in X. This concludes the proof of . The general case of
a covering 7y, : R? — ¥ follows replacing n by no s and ¥ by Br(0) C R?, for arbitrary R > 0. O

We notice that, if ¥ is not simply connected, it may not be possible to define a on the whole surface
Y. For example, given the standard parametrization of the torus X : [0,2x] x [0,27] — T , n(f,¢) :=
cos(0)eq (8, @) + sin(f)ex (8, ¢) defines a smooth vector field on ]0, 27[x]0, 27r[. The only possible « is clearly
a(f,9) = 6 + 2hrw, for h € Z, which cannot be continuously extended to [0,27n] x [0,27] since 2hm =

limt—>0+ Ck(t, ¢) 7& limt—>27r_ Oé(t, d)) = 27[-(1 + h)

6.1. Formulas for the deviation a. In this subsection, we perform the formal computations which lead
to the representation of Vsn, in terms of a.

First of all, we introduce the spin connection A, which, for a two-dimensional manifold ¥ embedded in
R3, can be expressed using the 1-form w defined as

w(v) = (e1, Dyea)rs Yv € T,%, (6.18)

where {eq, ez} is a local orthonormal frame for T. Deriving the relation (e;, e;)grs = d;; one obtains
0= Ok(e;,ej)rs = (Dre;,ej)rs + (€i, Dyej)rs, for k=1,2, (6.19)
which implies that w(v) = —(e2, Dye;)gs for any v tangent and that (eq, D;e1)rs = (e2, D;e2)rs = 0 for

i = 1,2. The spin connection A is the tangent vector field A := w¥, that is A® = g”w;. In what follows we
will unambiguously refer to A and to w as the spin connection. Let k1, ks be the geodesic curvatures of the
19



flux lines of e, eq, respectively. By the definition of geodesic curvature, (6.18)) and (6.19)), it is immediate
to see that
A= —HK1€1 — RKge€q. (620)

Now we show how the spin connection A and its related 1-form w change when we change the orthonormal
frame. In particular, it will be important to be able to choose a local orthonormal frame with divergence-
free spin connection (see [23, Lemma 3.2.9] for a similar result). Thus, let {f;,f>} be another smooth local
orthonormal frame centered U. We denote with /5 the angle that f; forms with e;. Thus, have

fi = cosfe; + sinfes,
f; = —sinfBe; + cos fes.

Lemma 6.2. Let w’ denote the spin connection in the frame {f1, f2}, namely the 1-form w'(v) = (f1, Dyfs)gs
for v tangent. Then there holds

W' (v) = w(v) — dB(v). (6.21)
Moreover, if A’ = (w')*, we have

div,A’ = diveA — AB. (6.22)
Proof. We have

W <aag> = (f1, Djf2)gs = (cos fe; + sin Beq, D;j(— sin ey + cos fez) )gs
x
= cos B(e1, Dj(—sin Beq))rs + sin B(eq, D;(cos fez))gs
+ cos B(e1, Dj(cos fes))gs + sin B(eq, D, (— sin feq))gs

IV _ os B0;(sin B) — sin2B (ez, Djer s + cos2A (er, Djex)ps + sin 9, (cos B)

6.18) 0 0

By linearity of w’,w, and df, we conclude (6.21). Now, to prove (6.22]), we notice that (6.21)) corresponds,
after the * isomorphism, to
A'=A- Vsﬂv

thus (6.22]) follows. O

We are going to prove the following

Lemma 6.3. Let U C ¥ be open and simply connected and let n € H},, (U;S?). Then, for a.a. x € U,
|Dn|? =|V,a — A% (6.23)
|V.n|? =|V.a — AP 4 |Be; |2 cos? a + |Bes|* sin? o + 2(Bey, Beo )gs sin a cos av. (6.24)

Proof. For a.a x € U, let {e1,es2} be a smooth local orthonormal frame for 7,3, Then n € H},,(U;S?) is
represented as in with a € H'(U) being the angle between n and e;. We have that, for a.a. z € U and
fori=1,2,
De,n = (cosa)De,e1 + (sina)De, €3 — (da(e;)) sin ey + (da(e;)) cos aes.

Thus, using again that e; and ey are orthonormal, we have that

| De,n|? jw(er) — da(er)?,

[De,n|* = |w(ez) — da(es)|?,
which implies (6.23]) by recalling again the orthonormality of e; and es. Once we have (6.23]), we can easily
obtain (6.24)) using the orthogonal decomposition (2.3) once we have written |Bn| in terms of o. We have

PBn = B(cos ae; + sin wey) = cos aBe; + sin aBey,

thus,
|Bn|? = cos? a|Be; |? + sin? a|Be; |* + 2(Bey, Bey)ps cos asin a,
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which, combined with (6.23)), gives (6.24). a

The expression (6.24]) further simplifies if we choose, for any point = € X, {e1,ea} to be the principal
directions of ¥ at x. In particular, {eq,es} are orthonormal eigenvectors of B. The relative eigenvalues ¢;
and ¢y are named principal curvatures of ¥ at x ([13]). As a result, we have

IVin|? =|Via — A + |Be; |* cos? a + |Bey | sin® a

(cf +¢3)

2 2
=|Vsa—AP> + w cos(2a) + 5

(6.25)

2 2
Note that W = (try®B)? = 2H, where H is the mean curvature of X.
Lemma 6.4. Let {e1,ex} be the orthonormal frame provided by the principal directions on ¥. Let ¢1,co be
the corresponding principal curvatures and let k1, ko be the corresponding geodesic curvatures. The energy

(13.5) of a director field n, in terms of the deviation angle o characterized by n = cos(a)e; + sin(a)es and of
the spin connection (6.20)) is

1
W(n) = 3 /2 {K1((Vsa = A) - £)* + Ka(c1 — ¢2)? sin? o cos® a

+K5((Vsa — A) -n)? + Ks(cy cos® o + co sin® )® } dVol. (6.26)
The corresponding one-constant approximation (k = K1 = Ky = K3) is
1
We(n) = g / {ci + 3} dVol + g / {|Vsoz — AP + i(c% —c3) cos(Qa)} dVol. (6.27)
b b

Proof. The expression in (6.27)) follows directly from (6.25). Regarding (6.26]), we use Liouville’s formula
[13, Proposition 4, Section 4-4] to compute

Kn = K1 cos(@) + ke sin(a) + da(n) = (Vsa — A) - n,
Kt = —Kq sin(a) + kg cos(a) + da(t) = (Vsa — A) - t.
Using the definitions of 7, and ¢, and the choice of e, e, as principal directions, we get

cn = (B, n)gs = ¢; cos?(a) + ¢ sin?(a),

Tn = —(Bn, t)gs = ¢ cos(a) sin(a) — o cos(a) sin(a).
The expression in ((6.26)) follows then by (2.4). O

6.2. Proof of Theorem [1l

Proof of Theorem [l Let ¥ be given, as in the hypothesis of Theorem [I] Referring to Section [d we consider
E = H},, (3;S?) as a subset of the Hilbert space X := H/,, (3). Assume that E # (), we need to prove that

tan tan

x(X) = 0. We study the minimization problem related to the energy
1
¢: X - R, E(u) := 5/ | Du|*dVol. (6.28)
b

Since the function f : ¥ x R3 = R, f(z,€) = go(§,€)\/Js is continuous and convex in ¢ for all z € X, the
energy € is weakly lower semicontinuous on X. As the constraint “ju| = 1 a.e. on ¥” is continuous with
respect to the L? convergence, we deduce that sublevel sets of & in F are sequentially weakly compact in X.
Hence, using the direct method of the calculus of variations we can find a field 4* € F which minimizes &
on E. We get a contradiction as soon as we prove that w* is actually more regular (say continuous) hence
violating the classical Poincaré-Hopf Theorem (see [28]). Now, thanks to the local representation of tangent
vectors in Proposition for any given point x € ¥ we can find an open neighbourhood U C ¥ and a real
function « : U — R such that any vector field u € E can be locally represented as u = cosae; + sinaes
a.e. in U. Here {e;,e3} is a smooth local orthonormal frame for T,,% for all x € U, and o € H*(U) is the
angle that u forms with e;. Owing to Lemma [6.2] it is not restrictive to assume that the spin connection
A corresponding to {e1,es} is divergence-free: indeed if divs A # 0, we can define a new orthonormal frame
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by rotating {e1, ez} of an angle 8 such that A;8 = divg A in U. The spin connection A’ in the new frame,
owing to ([6.22)), satisfies then divg A’ = divy A — A8 = 0.

Now, since u* minimizes (6.28)) on E, by Lemma any function a* € HY(U), such that u* := cosa* e; +
sina* es on U, minimizes

F:H'U) =R, Fla):= %/ |Vsa — A|2dVol, (6.29)
U

on the set {a € HY(U) : Xy = oy} As a result, a” is a stationary point of (6.29), with respect to
variations in H}(U), and hence it solves

Ao =0 inU.

As the Laplace Beltrami operator on a smooth compact manifold is an elliptic operator with smooth coeffi-
cients, we have that a*, hence v*, is smooth in U. Being the choice of the point x completely arbitrary, we
have proved that w* is a unit norm vector field which is smooth everywhere in 3. Thanks to the classical
Poincaré-Hopf Theorem, ¥ must be a genus-1 surface, i.e. x(3) = 0. The opposite implication is straight-
forward. More precisely, assuming that x(X) = 0, classical results give the existence of a smooth vector field

on ¥ with unit norm, which, in particular, belongs to H/,,, (3;S?).

O

7. ENERGY MINIMIZERS ON A TORUS

In this section we study the problem of minimizing the surface energy ([3.5)) and its one-constant approxi-
mation (3.6)) in the particular case of an axisymmetric torus T C R3. Given the radii 0 < r» < R (see Figure
[4), we consider the parametrization X : R? — R? defined by

(R+ rcosf)cosd
X(0,¢)=| (R+rcost)sing | . (7.1)

rsinf

Let {e1,e2} be the orthonormal frame associated to X (see Appendix A). By Proposition any vector

FIGURE 4. Schematic representation of the torus T parametrized by (7.1)).

field n € H}

4o (T;S?) can be represented by a scalar deviation «, with respect to e;, such that

no X = cos(a)e; + sin(a)es.

Moreover, since X is 27-periodic in both variables, we can assume that a € H(Q), for Q := [0,27] x [0, 27] C
R2. (Note that, since T is not simply connected, we cannot define « directly on T.)
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7.1. A toy-problem: constant deviation. In this section, with a slight abuse of notation, we let W («) :=
W (n), for n = cos ae; + sin aez. We study the simpler case of o = const, where the energy W) in (6.26)
reduces to

W(a) = 3 /Q {Kl cos? a (k2)” + Ka(cp — ¢2)?sin? o cos?

+Kssin® a (ky)? 4+ Ks(c; cos® o + ¢y sin® a)? } dVol.

Here K7, Ko, K5 are positive constants and (see Appendix A)

1 cosf sin 6
il = s dVol = r(R 0)dodo.
r2’ 2 R+ rcosf’ 2 R+ rcosf’ ol = (R +rcos0)dods

CcC1 =

Lemma 7.1. Let b:= R/r. In the case of constant deviation «, the energy W has the explicit expression

W(a) = 2 [(Kl + ) (b= V2 1) + K2;K3 <\/b2b2*—1>}

+ 72 cos(2a) |:(K1 — K3) (b— M) + K3 <2b— b)]

b2 —1
K3 — Ky b2
+ 72 cos?(2a [ ( )] .
(20) 5 o

The proof relies on algebraic manipulations and integration of trigonometric functions, which are detailed
in [37]. There are four parameters which influence the minimizers of W, that is R/r, K1, Ko, K3. In Figure
we plot the graph {(a, W(a)/7?} for some especially meaningful choices of these parameters. The rescaling
by 72 is just for plotting purposes.

Since we are assuming that « = const, instead of the first variation of W we can just take the first
derivative with respect to a:

%W(a) = 27?2 sin(2a) [A(Kg - Ky)— CKg] + 2B(K3 — K3) cos(2a) sin(2«)

= 25in(2a) (A(Kg — K1) + Beos(2a) (K — K3) — CKg),

where ) )
b , C:=2b— b .
b2 —1 b2 —1

A=b—b2 -1, B :=

Therefore, W’(a) = 0 if and only if
CKj3 — A(K3 — Kq)

sin(2a) =0 or cos(2a) = ,
(3e) (20) B(K; — K3)
ie.
1 CKs — A(K; - K
o= mg or a = :i:§ arccos < 3B(K2(— ‘}{3) 1)> + mm,

for m € Z, provided the argument of the arccos function is in [—1, 1]. For short, we refer to the critical points
obtained via the arccos function as to points of the second type.

To check stability, we compute the second derivative of W
%%W(a) = 4cos(2a) (A(K3 ~ K)) + Beos(2a)(Ks — K3) — CK3> — 4Bsin®(2a)(Ky — K3)
=4A(K3 — K1) cos(2a) + 4B(Ky — K3) cos(4a) — 4C K35 cos(2ar).
Therefore,
e critical points of type a = mm are stable local minimizers if
A(Ks — K1)+ B(Ky — K3) —CKs3 >0
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FIGURE 5. Frank energy W (rescaled by 72) as a function of deviation a from e;, for
different choices of the parameters K;. The four colours represent four different choices
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Pure twist (K2 =1, K1 = K5 =0).

One-constant approximation
(Ki=K:=K3z=1).

of the ratio R/r, namely: R/r = 1.1 (orange), R/r = 2//3 (red), R/r = 1.25 (green),

R/r =1.6 (blue).

le. if

b2
K1(Vb2—1—b) + Ko——ee
i ) =1

s

— K3(VB2—141b) >0,

e critical points of type o = (2m + 1)Z are stable local minimizers if

2

7A(K3 — Kl) + B(Kz — Kg) + CK3 >0,

e critical points of the second type are (stable local) minimizers if K3 > Ko.

We make now a special choice of the parameters, in order to be able to plot a stability diagram for the

minimizers. Namely, we assume that K7 = K3, Ko # 0, and we introduce the variables

Ks c

A= — ni=—==

Ky’ B

so that second type minimizers take the form

a*ilarccos & *:I:larccos L
-5 B(K,—K3)) 2 ")
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Note that A > 0 and, since b= R/r > 1, then 5 € (—1,1) and 5 = 0 if and only if R/r = 2/v/3. A necessary
condition for o« = mm to be a stable local minimum for W is then
B 2b 1
= > A

B+C ViE—1 1+1

A necessary condition for a second type « to be a critical point of W is that

— | <

L=A]7 [n]
while a sufficient condition for a critical point to be a stable local minimum is that A > 1. Finally, A\; := ﬁ
is a bifurcation point for the unstable critical points of W, while Ay := ﬁ is a bifurcation point for the

stable global minimizers of W.

FIGURE 6. Bifurcation diagram for minimizers o of W as a function of A = Kj3/K5, for
A € (0,3.25). The other parameters are chosen as K1 = K3, R/r = 1.25. The diagram
shows the stable global minimizer (green continuous line), the stable local minimizer (green
dashed line) and the unstable critical points (red dotted lines).

FIGURE 7. Graphs of the energy W (rescaled by 72) as a function of «, for R/r = 1.25,
K, = K3 =1, and different choices of A = K3/K>.
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7.2. The one-constant approximation for the torus. Since not every function in H!(Q) corresponds
to a vector field on the torus, before proceeding with the analysis of energy , we study the structure of
the space of configurations «. This will enable us to study the gradient flow of the energy functional and to
give a geometrical interpretation to its solutions.

Let n € H},,, (T;S?) be fixed, and let us assume that n is also continuous. In general, we cannot expect
the corresponding « to be periodic on @ = [0, 27] x [0, 27]. We observe that the vector field n is continuous

if and only if there exist m,n € Z such that
a(2m,6) = a(0,0) + 2mm,  a(6,27) = a(6,0) + 2nm, Y (6,0) € Q.

By continuity of n, m and n do not depend on the choice of 6 and ¢. Moreover, since « is unique up to an
additive constant, m and n are also independent of the choice of a which represents n. Therefore, we define
the winding number of n on T as the couple of indices h(n) = (hg, hey) € Z X Z, given by

a(2m,0) — a(0,0) a(0,27) — a(0,0)
hg = s h¢ =

27 27
This definition is also consistent with that of winding of a vector field along a curve given in Section [6}
indeed, let 7 : [0, 27] — @ be given by () := (6,0), then

. (7.2)

27 2
#,(n) /(L on)*w = {cos(a)de{sin(c)} — sin(a)dp{cos(a)}} 4o db = Opar(0,0) df = 27hy,
vy 0 0

(T;S?), by the
trace theorem, njf4—gy, Njf9—0} € Hl/z(Sl; S') and the winding number is well-defined by an approximation
of the formula for continuous functions [3]. Moreover, by Lemma if n,v € H},,
then h(n) = h(v).

Let h = (hg, hg) € Z?, define

Gy = {Oé c HI(Q) DO {g=2r} = O{g;=0} T 27‘(’/’L3¢j7 for T = 9,(,25}, o = U 7 (73)
heZ?

that is, hg = deg(romn o X|4—,S',S'). An analogous computation holds for hg. For n € H,

tan

(T;S?) are homotopic,

where the equality is in the sense of traces of H!'-regular functions. Note that % and </ are linear vector
spaces, while each 7, is an affine space. Indeed, for h = (hg, hy), m = (mg,my) € Z*, o € o), and B € o,
the function u(x) := a(x) + B(x) € H'(Q) satisfies

Uj{a, =27} = Q|{a; =2} T O] {z; =27}
™3)

Va;=0} + 2mha; + B0y + 27,
= U {z;=0y + 27 (ha; +mn,)

in the sense of traces, which implies that u = a+ 8 € S ym, for h+m = (hg + mg, hg + mg). As norm we
choose

1
2
ol o := (/ {IVsaf* + o?} dVol) , (7.4)
Q
where dVol = /g dfd¢ = r(R + r cos)dfd¢ is the area element induced by the metric g (see Appendix A).

Remark 7.1. Ouwing to definition (7.3), this choice of norm yields (A, | - o) = Hpe,(Q; Vo). In the

remainder of this section, we will alternate between the notations <% and H;QT(Q), depending on the context.

Owing to Proposition the map ® : « — €1 cos a+eq sin a defines a bijection ® : 7 /27Z — H},,, (T;S?),
and by definition we have ®~![n] C o),(n).

The Euler-Lagrange equation for the one-constant approximation can be obtained, of course, by
setting K1 = Ko = K3 = & in the corresponding equation for the full energy (see Appendix C). We prefer,
though, to derive it from , which is shorter and more direct. The equations, in the case of the sphere
and the cylinder, were derived in [29] [30]. Since on T every geometric quantity can be computed explicitly
(see Appendix A), we first reduce to a simpler form.
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Lemma 7.2. The energy Wy, for ¥ =T has the explicit representation

1 212
Wi (a) = 3 /Q {k|Vsa|® +ncos(2a) } dVol + rm? < = +2b> , (7.5)

2 2
3 (0,¢) _ R?+42Rr cos § ._ R
where n(6, ¢) ==k 2 = K53 (Rtrcosd)?” and b := .

Proof. Let a € ), h = (hg, hg). Since A = Rfinczsee%

sin 0

mr(R —+ 7 cos 0) d9 d¢

2w 27
/ Vsa-AdVol = / 0s0(0, 9)
Q 0 0

27

2w 27
= / [ 0s0(0, 9) dgb] rsinfdf = 27TTh¢/ sinfdf = 0.
0 0 0
Thus, letting b = R/r,

/|Vsa—A\2dVolz/ |Vsa|2dVol+/ |A\2dVol—2/ Vo - AdVol
Q Q Q Q

2w 2
0 ;
:/ V.al2dVol + 20 [ =327 49 / V.al?dVol + 42 (b /B2~ 1).
Q o R+rcosb 0
(7.6)
Recall that (by Gauss-Bonnet Theorem or by direct computation)
/ K dVol = / c1c9 dVol = 0. (7.7)
T Q
Using the value of Willmore’s functional computed in Lemma we get
2 2 2 b2
/ At gyl / <W> dVol = 72 ( ) . (7.8)
@ 4 Q\ 2 Vb —1
Substituting (7.6)) and (7.8) into (6.27) we obtain
K 22 2
Wela) == Vga2+12c082a}d\/01+mr2( +2b—2 b21>,
@)= [ {170+ S5 e v R
using ((A.3]) and simplifying the last term, we get (7.5)). O
Lemma 7.3. The Euler-Lagrange equation of (7.5) is
1
Asa + 5(0? — ¢3)sin(2a) = 0. (7.9)

Proof. In order to find the Euler-Lagrange equation of (6.27)), we compute the first variation in the direction
w €

d d k 1
&Wﬁ(a + tw) 0" T2 /Q V(o +tw)|* + 5(6% — ¢3) cos(2a + 2tw) dVol o
1
= K,/ (Vsa) - Vsw — 5(0% — ¢3) sin(2a)w dVol
Q
1
= —H/ divs(Vsa)w — 5(0? — ¢2) sin(2a)w dVol,
Q
which, after integration by parts, yields (7.9). |
‘We compute also the second variation, in the direction w
d—QW (o + tw) =k | |Vsw]* = (¢ — c3) cos(2a)w? dVol (7.10)
dtz ® t=0 - Q s ! 2 ’ ’
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Proposition 7.1. Let b := R/r. There exists b* € (2/V/3,2] such that the constant values a = 7/2 + mm,
m € 7, are local minimizers for Wy in < if and only if b > b*. Moreover, if b > 2, there exists no
non-constant solution w to (7.9) such that

g+mw§w§g+(m+l)7ﬂ (7.11)

Proof. Owing to the periodicity of the functions involved, it is not restrictive to assume m = —1. By (7.10)),
the second variation of Wy, in @ = 7/2, in the direction w € &, is positive if and only if

/ IVswl]? + (2 — c)w? dVol > 0. (7.12)
Q
Let b= R/r > 1, since

2 2
€1 —Cy

1 cos? 6 B b

~ \r2 (R+rcosf)2)  7r2(b+cosb)
we see immediately that if b > 2 then ¢ — ¢3 > 0 everywhere in Q, and ¢? — ¢3 = 0 if and only if b = 2 and
6 = . Therefore, if b > 2, the integral in ([7.12]) is nonnegative for all w € % (equal to zero if and only if

w = 0) and we can conclude that the stationary point o = 7/2 is a local minimum. Restricting to constant
variations w, (|7.12)) is satisfied if and only if

5 (b +2cos ), (7.13)

2
0</(cffc§)d\/01:27rb/ b+ 20080 1o ymy <2b>
o o b+cosf b2 —1

(see Appendix B for the integration formula), that is, if and only if b > 2/v/3. If b = 2/4/3, then all
configurations with constant angle a(z) = @ have the same energy, while for b < 2/v/3, We(a = 0) <
W, (o = 7/2). The uniqueness of the bifurcation point b* follows from the monotonicity of (c? — c3) Vol with
respect to b:
0,5 o 9 (b*+ 2bcosb cos? 6
—(cf—c3)Vol= ¢ ——— =14+ ——= >0 Vo elo,2 Vb > 1.
8b(cl cz)Vo 6b{ b+ cos 6 * (b+cos0)?2 ~ 7 0, 2],
The proof of the last step of the statement of Proposition is inspired by [9, Theorem 2.4]. Assume that
b > 0 and let w be a solution to (7.9)), satisfying (|7.11)) for m = —1. Then v(x) := 7/2 — w(x) satisfies
1 1 1
Agv=—-Agw= 5(6% — c3)sin(2w) = i(c% — c3)sin(m — 2v) = 5(0? — ¢3)sin(2v). (7.14)

Multiplying the first and the last member of ([7.14) by v, and integrating on @ with respect to dVol, after
integration by parts we obtain

1 b(b—2
—/ |Vsv|* dVol = / —(c2 — c2)sin(2v)vdVol > ( ) / sin(2v)vdfdey > 0.
Q Q2 20b+1) Jo
Thus,
/ |Vsv[?dVol =0, and / sin(2v)v df d¢ = 0,
Q Q
implying v =0, v = —7/2 or v = 7/2, as we wanted to prove. O

In order to find a numerical minimizer of W, we study the L?-gradient flow of (6.27)), that is, we want to
find a € C°(]0, +00); &) such that

Ba = kAa + g(cf — 2)sin(2a), on R2 x (0, +00) (7.15)

with suitable initial data ag € «7. As above, denote ® : @ — n = e cosa + es sin «. Since the index of a
vector field h(®[a]) is invariant under homotopy, if ag € @7, then «(t) € %, for all ¢ > 0. The spaces 7,
(see ([7.3))) are constructed to take care of the correct boundary conditions, which require some attention,
since in general we cannot expect a periodic solution.
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Exploiting the affine structure of o7, for any h € Z?, for any fixed 1)), € 47,, it holds o, = 4% + ¥y, i.e.,
any « € o7, can be decomposed as

a(z) = u(z) + Yu(x), with u € .

Using the decomposition a(t,z) = u(t,z) + ¥n(z), we see that problem (7.15) is equivalent to finding
u € C°([0, +00); @) such that

Ou — KAgu = KAy + g(c% — ¢2)sin(2u + 2¢p,) on Q x (0, 4+00), (7.16)

with initial condition ug € <% and where h € Z? is the constant degree of the mappings ®[a(t)]. Equation
(7.16)) can be further simplified by choosing a As-harmonic function v, so that the term kA vy vanishes.

Lemma 7.4. Let h := (hg,hy) € Z?, and let b = R/r, where R > r > 0 are the radii of the torus, as in
(7.1). Define

6
1
— hav/B2 — 1 - - . 1
hoV'b /0 b+ cos(s) ds + hgo (7.17)
Then 1 € C>(R?), Y@ € Fh, and Agp = 0.

Proof. Since b > 1, 1 € C°°(R?) and a simple check, using the explicit expression of the Laplace-Beltrami
operator on the torus (A.5) shows that Agy) = 0. In order to check that ¥ € 47, according to definition

(7.3), we use the 2m-periodicity of 1/(b+ cos(s)) and the explicit integration vb% — 1 = f 1/(b + cos(s))
(see Appendix B) to compute

(O + 27, ¢+ 21) = ho /b — / )
27 2m+0
ho /b2 — / b ao(s) 18 o2+ ho VB /
= hg2m + h¢27r + hgv/b% — / dS + h¢¢

= ho2m + hg2m + (6, ¢).

0427
ds + h¢((b + 271')

)ds + h¢¢

O

We now have all the ingredients to state and prove the result regarding solutions to the L?-gradient flow
of the one-constant approximation of the surface elastic energy W.

Theorem 3. Let X be the parametrization of the torus (7.1) with radii R,r, embedded in R®. Let <), o/ be
the spaces defined in (7.3]), endowed with the norm (7.4). Then

(0) For all h € Z* there exists a classical solution o € <, N C*°(Q) to the stationary problem

g(cf — ¢3)sin(20). (7.18)
Moreover, a is odd on any line passing through the origin.

(i) (Weak well-posedness) For any ag € o7, for all T > 0, there exists a unique mild solution o to (7.15))
and it satisfies

— KAz =

ac CY0,7T); o).
Moreover, if ag € <), then a(t) € o, for all t > 0.
(ii) (Strong well-posedness) For any m € N, for any ag € H?*™(Q) N, for all T > 0, the unique

solution « to (7.15)) satisfies
ae () CHo,1); H*™*(Q)). (7.19)
k=0,...,m

In particular, if ag € C(Q) N, then a € C=([0,T] x Q).
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(iii) (A maximum principle) Under the hypothesis of step (ii),
a € L(0,400;.%7) and O € L*(0,400; L*(Q)). (7.20)
(iv) (Long-time behaviour) Define the omega-limit set of a solution « to by
w(a) = {ao € o : there exists t, /400 with a(t,) = ae in L*(Q)} .

Under the hypothesis of Step (ii), the omega-limit set is nonempty and it is contained in the set of
solutions to (7.9), namely if aoo € w(a) then as is a solution of (7.9)).

Proof. The idea of the proof is that using the decomposition &, = @ + ¥y, we can reduce the problem
of finding a solution to (7.15) in C°([0,T7];<%,), with initial value ag, to the simpler problem of finding
u € C°([0,T]; ) such that

Oru — KAgu = g(cf — ¢2)sin(2u + 2¢p,) on Q x (0, +00), (7.21)
and u(0) = g — Y. The term A1, disappears by choosing the harmonic function v, defined in (7.17)).
Therefore, through the proof, let h € Z? be fixed, and let 1}, be given by (7.17). Moreover, in order to make

the symmetry properties of the involved functions more visible, we redefine @ := (—m, ) x (7, 7).
Step (0). Define the Hilbert space H := L*(Q), with the scalar product

(u,v) gy ::/ uv dVol, u,v € L*(Q),
Q

and denote the average of a function u € H by (u) = ;35 fQudVol Let V := {v € H),,.(Q) : (v) = 0},
then, by Wirtinger’s inequality, the bilinear form a : V x V — R

a(u,v) := :‘i/ Vsu - VsvdVol
Q

defines a scalar product on V, such that the induced norm is equivalent to the standard Sobolev norm of
H'(Q) defined in (7.4). By Riesz-Fréchet representation Theorem [5, Theorem 5.5], for all f € H there
exists a unique u € V such that

a(u,v) = (f,v)y VYoeV (7.22)
and there exists a constant C;, > 0, depending only on @, x, and on the ellipticity constant of a, such that
llul| oy < Callfll;- Moreover (see, e.g., [5; Section 9.6]), lf f € H!.(Q), then u € HJ?(Q); in particular, if

_ per
m > 1, then u € C?(Q). For f € V, the solution u to satisfies, for all w € H},,.(Q)
/ Vsu - Vs(w — (w))dVol = / flw ))dVol
Q

:/wadVol—@'/deol/deol

- / (f — {f))waVol,
Q

that is,

—Asu=f—{f) on Q.
Let n(z) := § (¢f — ¢3(«)), note that n € C55.(Q). Let f: H}, (Q) — H},.(Q) be defined by f(u)(x) :=
n(z) sln( u(x) + 2¢pp(x)), and consider the operator T : H,.,.(Q) = H,.,(Q) which maps v into the unique
solution u € V to

per

—Asu = f(v) = (f(v)).
By a standard bootstrapping argument (see, e.g., [5, Section 9.6]), u € C°(Q). In order to find a stationary
solution to (7:21)), we need to find a fixed point u* = T (u*), such that (f(u*)) = 0. We say that a function
F:Q — Ris 2-even if F(0,¢) = F(—0,—¢), and we say that it is 2-odd if F(0,¢) = —F(—0,—¢), for all
(0,9) € Q. Tt is immediate to check that

(1) if F € L'(Q) is 2-odd, then [, F(6,$)df d¢ = 0;
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(2) if F is 2-odd and G is 2-even, then F'G is 2-odd,;
(3) if F is 2-odd and ¢ : R — R is odd, then ¢ o F' is 2-0dd;
(4) if F € CY(Q) is 2-odd (even), then 9;F is 2-even (odd).

(To check the last property, note that a function is 2-odd (even) if and only if its restriction to a line passing
by the origin is odd (even). Denote x = (6,¢), v := z/|x|, then if F is odd VF(z) -v = —VF(-2) - v,
owing to the corresponding property for 1-d functions.) By the definitions of dVol , Up, , c1,Co
, and Ag , we see that n and dVol are 2-even, 9, is 2-odd, and if u is 2-odd, then f(u) and Agu
are 2-odd. Instead, if Agu is 2-odd, we cannot conclude that u is 2-odd. We resort to the projection P of a
function onto its 2-odd part

’PU(97¢) — u(97¢) _;(_67 _Qj))

Then, letting Id be the identity operator in H,

u(au ¢) + u(_97 _¢)
2
is 2-even. P is linear and continuous with respect to the topology of H:

(Id = P)u(0, ¢) =

|Pvi — Pually < |lvr — v2ll g, Yoy, ve € H.
Note that for allv e V

1/2
1f )l = (/Q(n sin(2v + 2¢h))2dVol) < lnlly =: M. (7.23)

Let C:={veV:|v|, <CyM}. The set K is a convex and nonempty subset of H, moreover, by Rellich-
Kondrachov Theorem [5, Theorem 9.16], it is compactly embedded in H. The operator 7 oP maps a function
v € K into the function v € H which is the unique solution (in V') to

—Asu = f(Pv) — (f(Pv)) = f(Pv).
Moreover, by (7.23)), v € K. The mapping 7 o P is also continuous, with respect to the topology of H:
[T oP(v1) =T oP(v2)ll 7 < Callf(Po1) = f(Pua)ll

1/2
=C, </ (nsin(2Pvy + 2¢p,) — nsin(2Pvg + Qwh))zd\/ol>
Q

1/2
< Culnl.. ( [ @Po+ 20 2P0, - mhmvol)
Q

< 2Ca|1nllollvr = vall -

By Schauder fixed point Theorem [46], p. 56], we conclude that there exists u* € K such that u* = T oP(u*),
that is

—Agu* = f(Pu").
Since A; and P commute (owing to the symmetry of Ay), we have

0=UId—-P)f(Pu*)=—-(Id—P)Asu* = —As(Id — P)u*,
that is, we can decompose u* into a 2-odd and a 2-even function
u* =Pu* + (Id — P)u”
such that
—AsPu* = f(Pu”), —As(Id—P)u* =0.
By the strong maximum principle [14] Section 6.4.2, Theorem 3] and the periodicity of v* on @, (Id — P)u*
is constant. Since
(Id=P)u*) = (u*) — (Pu") =0,

we conclude that (Id — P)u* = 0, hence Pu* = u*. We have thus proved that

—Agu* = f(u").
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The function oy, := u* +1, +kn € ), is a solution to the stationary problem for every k € Z. The regularity
of ay, follows directly from the C'*° regularity of «* and vy

Step (i). The Laplace-Beltrami operator on the torus, defined in , is a linear second order differential
operator, with C'"*°-regular and bounded coefficients. It is uniformly elliptic, with ellipticity constant p :=
min{1/r?,1/(R — r)?}. In order to prove existence and uniqueness of solutions to (7.2I), we exploit the
powerful machinery of analytic semigroups, developed in [26]. We only need to show that our problem fits
in the framework.

Let D(A) := H}.,.(Q). Note that D(A) is dense in H and in H}.(Q), and that the realization of the

Laplace-Beltrami operator A : D(A) — H, Au := kAu, is self-adjoint and dissipative. Therefore, (A, D(A))
is a sectorial operator ([24, Proposition 2.2.1]) and it generates the analytic semigroup ¢4 : H — H. For all

u,v € Hy, (Q)

1f(w) = F)ll g < Inllollu = vl < Cllu =2l (7.24)

For T > 0, a continuous function u : (0,T] — H,,,.(Q) such that ¢ — f(u(t)) € L'(0,T; H) is said to be a
mild solution of

Ou = Au+ f(u), u(0) =ug € H, on (0,7), (7.25)

if
u(t) = eug + / t et=3)4 f(u(s)) ds,
0

where integration is in the sense of Bochner (see, e.g. [40, Chapter 3]). By [26l Theorem 7.1.3 (i) and
Proposition 7.1.8], (7.23) and (7.24), for every initial datum uy € H},, (Q), for every T > 0, there exists

per

a unique mild solution v € C°([0,T]; H,,,.(Q)). The winding number of the vector field n(t) = cos(u(t) +

Yp)er + sin(u(t) + p)eq is then # (n(t)) = h along the flow.
Step (ii). If ug € D(A) and Aug + f(ug) € H, then

u € C°([0,T]; D(A)) N CY([0,T]; H) (7.26)

and u solves pointwise, for all ¢ € [0, T] [26, Proposition 7.1.10 (iii)].

More in general, parabolic equations governed by a strongly uniformly elliptic operator A with C°°-regular
coefficients obey the following maximal regularity principle: the terms dyu and Awu have independently the
same regularity as f(u), provided that the initial datum and the boundary conditions (if present) are smooth
enough, see, e.g., [I4, Theorem 6, Section 7.1], [B, p.341-343], or [8]. In our case, since f is Lipschitz-
continuous and bounded, from we read that f(u) € C°([0,T]; H2(Q)) N C*([0,T]; L*(Q)), and by the
maximal regularity principle we obtain that u € C°([0,T]; H*(Q))NC([0,T]; H*(Q)). Iterating this process
we obtain the regularity and eventually, provided we choose an initial datum ug € C*°(Q) N H;ET(Q),
for all T > 0 we obtain a @Q-periodic function u € C*°([0,T] x Q) (see, e.g., [14, Theorem 7, Section 7.1]).
Reconstruction of « is done as before by «(t, z) := u(t, z) + ¥n(z).

Step (iii). Let u € C%([0,T] x @) be a solution to (7.21]), as in the previous step. We prove the uniform
bound by showing that there exists a constant C' > 0, independent of time, such that

sup [w(T)loe <€ and  sup {100l 0, + V(D] } < C. (7.27)
T>0 >0

Note that, if u € @ N C?(Q) has a local maximum in zo € Q, then Vu(xg) = 0 and Au(xg) < 0. We
remark that the inequality is valid also in points belonging to 0@, owing to the periodicity of u. Since the
coefficients of the second-order derivatives of the Laplace-Beltrami operator are positive, Agu(zg) < 0.

Equipped with this regularity, we can use the maximum principle for parabolic semilinear problems [24],
Proposition 6.2.5] to establish boundedness of u. Let ug € C%(Q) be the initial datum for u. Let u* be a
solution to the stationary problem as in Step (0). Since ug and u* are bounded, there exist mi, mg € N
such that

u*(x) +mum < up(z) < u*(x) + mam, Vz € Q.
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Define v1(t, ) := u*(x) + mim, va(t, z) := u*(x) + mom. Then v; and vy satisfy
Oy = Avy + f(v1), Orvg = Avg + f(v2) vVt e [0,T].
By [24], Proposition 6.2.5],
v1(t, ) <u(t,r) <wvo(t,x)  forall t,x€[0,T]x Q.

Since the estimate does not depend on 7', we obtain the first half of (7.27)).
Regarding the second half, we take the scalar product (in H) of (7.21]) times Oyu, obtaining

/ (Opu(t))? dVol + a(u(t), dyu(t) / f(u(t))opu(t) dVol.
Q
By the linearity of a and the regularity of u, integrating in time between 0 and T we get
T 1 1
/ / (Opu(t))?* dVol dt + §a(u(T),u(T)) = §a / / f(u(t))d:u(t) dVol dt. (7.28)
0 JQ

Recalling the definition of f(u) and exploiting its regularity, we compute

/ / f(u(t))Opu(t) dVol dt = / / f(u(t))0pu(t) dt dVol

_ / . / sin(2u(t) + 20n)ru(t) dt dVol
Q Jo

= / n(cos(2u(0) + 2¢p,) — cos(2u(T) + 2¢,)) dVol
Q
and therefore

£))8yu(t) dVol dt| < /2|77|dVol§C.
Q

Using this estimate in ([7.28)), we get
2 2 2
2HatUHLZ(o,T;H) + &l Vsu(T) |7 < &l Vsuolly + 2C.

Since the estimate does not depend on T', we obtain the second half of (7.27).

Step (iv). Now, we come to the issue of the long-time behaviour. First, note that the above regularity implies
that the set {a(t),t € (0,+00)} is bounded in H!(Q), hence compact in H. As a consequence, we have that
w(a) is a nonempty compact set of H. Moreover, since by interpolation, a € C°(0,+o00; H), a classical
dynamical systems argument (see, e.g., [16]) shows that w(«) is connected in H. Consider now an element
o € w(a) and a sequence of times ¢, such that ¢, /400 for n * +00 and a(t,) = as in H. For any
t >0, set ap(t) := a(t +t,). Note that [|Oanl|r2(0,7;m) < |0sal| 121, 100 m)- Hence, we have that VI > 0

n}gloo ([l — avosllco o,y + 10|l L20,7:0)) = 0.

Thus, passing to the limit with respect to n in (7.15)), written for c,,, we immediately conclude that o, is
a solution of ([7.9). O

7.3. Comparison with the classical energy. In view of the results of this Section, it is worthwile to
compare the predictions of the so called intrinsic energy with the ones of the Napoli-Vergori energy
on a torus. In particular, in [25] it is found that the Euler-Lagrange equation for on a torus is
Aga = 0 and simple explicit solutions are given by

a(l,¢) = m(¢ — do) + 0o
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for all constants 0y, pg € R, for all m € Z. The minimizer, in particular is obtained for m = 0. Note that
this set of solutions corresponds to winding numbers (0, m), we give the complete set of solutions in Lemma

The second variation of (3.3)) is

2
%Wm(a + tw)’t:O = Ii/z |V swl|? dS.

Since it is always nonnegative, and zero if and only if w is constant, the conclusion is that every constant
a =) € R is a global minimizer for VNVin, independently of the ratio R/r. The scenario depicted by the
Napoli-Vergori energy is quite different. In fact, the presence of the extrinsic term related to the shape
operator acts as a selection principle for equilibrium configurations. More precisely, when R/r is sufficiently
large (numerics indicate that the threshold ratio b* should be between 1.51 and 1.52) then (see Proposition
the only constant solution is & = 7/2 + mn (m € Z). Moreover, when R/r < b* a new class of non
constant solution appears (see Figures [8[ and E[) With respect to the heuristic principle expressed in [30],
that “the nematic elastic energy promotes the alignment of the flux lines of the nematic director towards
geodesics and/or lines of curvature of the surface”, we make the following observation: This new solution
tries to minimize the effect of the curvature by orienting the director field along the meridian lines (o = 0),
which are geodesics on the torus, near the hole of the torus, while near the external equator the director is
oriented along the parallel lines & = 7 /2, which are lines of curvature. A smooth transition occurs between
a =7/2 and a = 0. In this sense, the new solution can be understood as an interpolation between o = /2
and o = 0, which are the two constant stationary solutions of the system.

8. NUMERICAL EXPERIMENTS

In this section we report on some simple numerical experiments carried out to approximate minimizers of
the one-constant approximation energy on the axisymmetric torus with radii 0 < r < R parametrized
by . Regarding numerics, we note that Monte Carlo methods with simulated annealing were employed
in [27, B3], B8] and finite elements on surfaces were developed in [2], in order to study defects evolution and
variable surfaces. Since the problem we study is considerably easier, we can afford to use simpler methods.
The discussion in sections |§| and [7|shows that instead of studying the minimization on H},, (3), constrained
to the nonconvex subset H},, (3;S?), we can look at the simpler energy on HY(Q), with suitable
boundary conditions. Theorem in particular, shows that the L?-gradient flow of is well-posed and its
winding number is constant along the flow. Therefore, there exist infinite local minimizers of , at least
one for every element of the fundamental group of the torus 7(T) = Z x Z. We actually conjecture that, if
h # (0,0), there is a unique local minimizer for every h € Z x Z (uniqueness, up to the group of symmetries
of T, of course).

For sake of completeness, we detail the method we used in our experiments, but we remark that once the
original problem is reduced to the formulation , then any standard method would produce the same
results. We discretize the gradient flow with finite differences in space and the Euler forward method
in time, stopping the evolution when the difference between the (discrete) energy at two consecutive steps is
less than 10~* (the energy is of the order of 10). Convergence of this discretization scheme is classic, as long
as the time step is sufficiently fine with respect to the size of the space grid, according to Von Neumann’s
stability analysis. The scheme is implemented in Matlab and carried out on a standard laptop (Intel Core i7
® CPU @ 2.8 GHz). Figureshave relatively rough grids (40x40, 64x64) for graphical purposes, however,
refining up to 512x512 yields the same qualitative results. The CPU-time needed for the calculation of one
time step on a 256x256 grid, for example, is around 0.02 seconds.

I. Case h = (0,0). As expected from Proposition the numerical experiments indicate that for R/r > 2,
there is one constant global minimizer, given by a = 7/2 (Figure , i.e. n = tey. Numerically o = 7/2
remains a minimizer for R/r > 1.52, while for R/r < 1.51, the director field in the inner part of the cylinder
bends in order to follow the geodesics oriented like e1, and the bending becoming steeper and deeper as
the ratio R/r decreases (Figures right, E[) Numerical evidence thus suggests that the bifurcation point b*
considered in Proposition satisfies 1.51 < b* < 1.52.
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a=m7/2, W(a)=11.61-72 (left). When R/r = 1.33, W (a) = 9.95-72 < W (7 /2) = 10.22-7>
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vector field n.
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h || 0 | 1| 2 | 3
0 [[10.24 [ 12.71 | 16.47 | 22.40
1] 14.85 [ 16.42 | 20.03 | 25.93
2 [ 25.80 [ 27.04 | 30.57 | 36.44
3 [[ 43.33 | 44.54 | 48.06 | 53.93

TABLE 1. Values of the numerical minimum of the energy, R/r = 2. The i-th row and j-th

with dt =0.00025, on a 128x128 grid.

II. Case h # (0,0). When the initial datum g has nonzero winding number h on the torus (see Figure,
the whole evolution takes place in the same homotopy class, approximating a local minimizer with nontrivial
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column in the table correspond to index h = (j,4). Values obtained running 30k time-steps,
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winding. In Table[I]we collect the numerical values of the energy W, corresponding to minimizers in different
homotopy classes.
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APPENDIX A. GEOMETRIC QUANTITIES ON THE TORUS

Let Q := [0,27] x [0,27] C R? and let X : Q@ — R3 be the following parametrization of an embedded
torus T
(R+rcosf)cos¢
X(0,¢)=| (R+rcosf)sing | . (A1)
rsind
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Using parametrization (|A.1)), in the next paragraph we derive the main geometrical quantities, like tangent

and normal vectors, first and second fundamental form, in order to obtain an explicit expression for the
metric and the curvatures of T and for Vn.

Letting
1o} 0 Xo A X¢
Xpi==X Xy i=—X =
TN * T a5 VT XA Xy
we have
—7sin 6 cos ¢ —(R+ rcosf)sin ¢ cosf cos ¢
Xy —rsinfsing |, Xy (R+rcosf)cosd |, v=—|cosfsing |,
rcosf 0 sin 0
—7rcos 6 cos ¢ —(R+rcosf)cosd 7 sin 0 sin ¢
Xgg = | —rcosfsing |, Xpp=| —(R+rcosb)sing |, Xop = | —rsinfcos¢
—rsiné 0 0
The unit tangent vectors are
—sinfcos ¢ —sin¢
e sin X
e (0,9) := =9 —sinfsing |, ex(0,9) := o cos ¢
| Xl cos | X

0

Note that this choice of tangent vectors yields an inner unit normal v. The first and second fundamental
forms are

= ) = cos @ .
0 (R+rcosh)? 0 7reoss
We have /g = (R +rcosf), g := (g;;)"'. Thus, the shape operator 8 has the form

%el = %el
%92 cos 6

(A.2)
R-+7rcosf €2
from which we have that e; and e, are the principal directions. Then, the principal curvatures are
1 cos 6
1= -, C2

= . A3
T R+ 1rcost (4.3)
Now, we compute (Ve;)e;. Deriving the relation e; - €; = §;; we see that

(Vel)Tel = (Veg)Teg =0

and
To differentiate along ey, let

(ve1)T62 = —(Veg)Tel. (A4)

6(t) =L + 6o
o(t) = 9o ’

and set y(t) = X(0(¢), #(t)). We have v(0) = X (0, ¢o) and v/(0) = %Xg(ﬁmgbo) = e1(6o, o). Thus, the
directional derivatives of e; and es along e; are given by

1
(Vel)el

1 d
= — —Xg(0(t t) = =X \% = — o(t t)) =0.
@, v 0(0(t), (1)) —3Xo0, (Vez)e T ex(0(t), ¢())
To differentiate along es, we set

8(t) = 6
O(t) = Frrsesgs T %0
and take y(t) = X(0(t), $(t)), so that (0) = X (6o, ¢0) and v (0) = preesgn X (0o, do) = €2(fo, ¢o). Thus,

d 1 1
(Ver)ex = ! tZO;X9(9(t),¢(t)) = m)@(p,
d 1 1
(Vez)es = E t:OmX¢(9(t)a¢(t)) =

= Xps-
(R + rcosbp)? a4
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The geodesic curvatures k1 and ko of the principal lines of curvature can thus be obtained by
1 1

_ \VA = = X, -—Xpp=0
K1 = ex(Ver)e; R+ rcosd ¢ 200 ’
1 —sinf
Cey(Ver)ey = — X, x,, = om0
Ky = e3(Ver)ey "R+ rcos0)? ¢ 9 T Ry rcosh
By the definition of spin connection A in subsection we also read
e &) sin @
A = (e, De,€2)ps = —k1 =0, A? = (e1, De,e2)z0 = —hy = R+rcosf’

The explicit forms of the surface differential operators on the torus are

i = S
Vsa = g"0;a = 2 (Op) Xp + (R + rcos0)2 (6¢06)X¢
1

= ;(8904)61 + m(a¢a)e2>

A _La.(\f iﬂ'a)—L 0 fia + 0, féa

s—\/E i\V 39~ 0j —\/5 6 gr2 0 ¢ g(R+rcos€)2 ¢

1l sin 6 2
o2 4z r(R+ rcosf) %+ (R +rcos 9)28(”. )

For n = cos ae; + sin aes, the explicit expression of the surface gradient Vyn in terms of the deviation angle
a, with respect to the Darboux frame (n,t,v) is

0 0 0
Qg Qg _ sin 6 : 7. Qg _ sin 0
Vsn = r cosa + (RJrrcosﬂ R+rcost9) S ¢ r sina + (R+TC059 R+rcos€> cosa 0
1 2 cos 6 s 02 cos 0 1 :
p cos” o + Rtrcosd ST « Rtrcosd p SIn & COoS ¢« 0

APPENDIX B. SOME INTEGRATION FORMULAS

Let b > 1, it holds

27 2
sin“ 0
———df =27 (b— b2 -1 B.1
/0 b+ cosf ﬂ( )’ (B.1)

27 2
/ Mdg — orb
0

For § € [0,m),b>1

—

1 2 (b—1)sind
do = arctan +c
b+ cosd b2 —1 b2 — 1(1 + cosb)

Thus,
s 1 27

27
———df =2 1 do = .
/0 b+ cosf s—1>r7[rl+ o b+cosb 2 _1

APPENDIX C. THE GENERAL EULER-LAGRANGE EQUATION

The Euler-Lagrange equation of (6.26]) is

—Ky divg [((Vea — A) - t)t] — K3 divs [((Vea— A) -n)n| + (K5 — K1)((Vea — A) - t)((Vsa — A) - n)
—K;;@ sin(2a) + (K3 — Kg)% sin(4a)) = 0.
(C.1)
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Proof. Let § € C*(X), we study the first variation of (6.26) in the direction 3, i.e. %W(nt”t:o’ where

n; := cos(a + tf)e; + sin(a + t5)ea, t: := —sin(a + tf)ey + cos(a + t5)es.

It holds %nt = [ty, %tt = —fn;. We split the energy W into four terms
K
W) = 5 / ((Vy(a+18) — A) - £)2dS,
)
Ko 2.2 2
Wa(t) = < (c1 — c2)*sin®(a + tB) cos®(a+tB)dS,
)
K. in(20 + 2t)\ ?
b
K3 9
Wga(t) = 7 ((Vs(a + t/B) — A) . nt) dS,
)
K 2 -2 2
Wsp(t) = > (c1 cos®(a + tB) + casin”(a +tB3))° dS
)
2
= ﬁ/ <Cl +e T cos(2a + 2tﬂ)) ds.
2 S5\ 2 2

We compute the first variation of each term

d

S| =K1 [[(Vula8) = ) 6)(T5 -6+ (Tula-+ 19) — &) - (-Fm)as| _
t= 5 -
=K /E((Vsa —A)-t)(VsB-t—B(Vsa—A)-n)dS
— k1 [ {dv.[(Fea=4)- 6] + (Vsa = 4)- (Vo — 4) )} 345,
b
%Wg(t) o % /E(Cl — ¢g)*sin(4a) 8 dS,
%Wga(t) =K /,: { dive [(Vea — A) -n)n] = (Vea — A) - £)((Vaa — A) - n)}ﬁ ds,
%ng(t) T —% /2 {(C% — ¢2)sin(2a) + @ sin(4a)}b’ ds.
Collecting the four terms, we obtain O

(1]
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