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Small deformations of Helfrich energy minimising surfaces with

applications to biomembranes

Charles M. Elliott, Hans Fritz, Graham Hobbs

Abstract

In this paper we introduce a mathematical model for small deformations induced by
external forces of closed surfaces that are minimisers of Helfrich-type energies. Our model
is suitable for the study of deformations of cell membranes induced by the cytoskeleton.
We describe the deformation of the surface as a graph over the undeformed surface. A new
Lagrangian and the associated Euler-Lagrange equations for the height function of the graph
are derived. This is the natural generalisation of the well known linearisation in the Monge
gauge for initially flat surfaces. We discuss energy perturbations of point constraints and
point forces acting on the surface. We establish existence and uniqueness results for weak
solutions on spheres and on tori. Algorithms for the computation of numerical solutions
in the general setting are provided. We present numerical examples which highlight the
behaviour of the surface deformations in different settings at the end of the paper.

Key words. Surface deformations, Helfrich energy, point forces, PDEs on surfaces, ex-
istence and uniqueness of weak solutions, discretization, surface finite element method.
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1 Introduction

Motivation

In this paper, we study small deformations of closed surfaces described by Helfrich-type
energies. The surface deformations are assumed to be induced by external forces that lead to
small displacements. The deformed surface will be described as a graph over the surface that
minimizes the associated energy without any external forces. We will simplify the problem
to determine the shape of the deformed surface by introducing a quadratic approximation
of the original energy. This will lead to solving a linear elliptic PDE of fourth order for
the height function instead of solving a non-linear PDE. We will then consider point forces
and point constraints acting on the surface. In particular, we will show the existence and
uniqueness of solutions to the associated Euler-Lagrange equations in each case. The main
purpose of the paper is to establish a rigorously derived, simplified model for the description
of deformations of surfaces, which can be applied in different settings. In particular we
obtain well posed PDEs on known simple surfaces viz. the sphere and Clifford torus. This
will partially extend the results of [5], which studies similar deformations in the Monge
gauge of an initially flat surface, to some specific closed surfaces. Furthermore the approach
we take in formulating the simplified model could be generalised to other energy functionals
and appropriate surfaces.

Before we introduce the energy functional, which we aim to study in this context, we will
first give a short explanation of why our approach might be interesting in the modelling of
cell morphology. Biomembranes are thin bilayers which surround cells and some organelles
creating a barrier between their interior and exterior. They are principally composed of
a lipid bilayer and a large number of protein molecules. In Biophysics, the mechanical
properties of lipid bilayers are usually described in terms of the Helfrich energy (see below).



Membrane proteins have a great variety of forms and purposes. They may be attached to a
surface of the bilayer, embedded into it or span the entire bilayer. The proteins interact with
the membrane and cause local deformations. Due to the great variety of proteins and their
possible interactions with the membrane there are many models for membrane deformation;
see, for example, in |14] for a discussion of the main mechanisms of membrane deformation.
A large area of study is the effect of embedded inclusions which deform the membrane by
their shape, see [3,|19]. The cross section of membrane proteins and the membrane surface
usually differ dramatically in scale. In this paper, we will therefore totally neglect the finite
size of membrane proteins, although our model could, in principle, be extended into the
direction of finite size particles. This means that we will here only consider effects that
can be modelled by point forces and point constraints; for more general force distributions
see [6].

Another important mechanism for membrane deformations involves the cytoskeleton
of the cell. The cytoskeleton is a dynamic intracellular structure which defines the cell’s
shape. Actin filaments [8/22] are one part of the cytoskeleton. Their polymerisation can
induce forces on the cell membrane leading to filopodia formation [1,/12,/16]. In fact, the
actin polymerisation is a dynamic process involving the movement of activators through the
membrane; see [8,/22]. In this paper, we consider the specific case when point-like forces are
applied to a surface. We think that this is indeed a good model for the interaction of the
cytoskeleton with the membrane. We will also introduce point constraints for the surface
position to model filaments which are bound to the membrane. An interesting question is to
study the membrane mediated interactions between filaments and to determine the optimal
placement of the forces with respect to an appropriate membrane energy. Such interactions
were not included in the model used in [8]. Their study can be regarded as a first application
of the presented approach. If one is interested in long range interactions, the Monge gauge
setting (see below) is not suitable any more. Instead, a global analysis on closed surfaces
becomes necessary. Our approach is therefore of particular interest for the study of global
membrane behaviour.

Mathematical model

To model the mechanical properties of the membrane its thickness is negated and it is
regarded as a single elastic sheet which occupies some two dimensional hypersurface I' C R3.
We measure its elastic energy by the Helfrich energy [9], accounting for possible surface

tension, that is
1

Eyelfrien(T') 1= /F §H(H —¢0)? + kK + o do. (1.1)
Here, H denotes the mean curvature and K the Gaussian curvature. The constants k, kg > 0
and ¢ > 0 measure the bending rigidity and the surface tension of the membrane, respec-
tively. The remaining parameter ¢y is the spontaneous curvature, that is the preferred
curvature of the membrane. This may be due to asymmetry in the configuration of the
lipid bilayer. We will here assume that ¢y = 0, although a generalization to non-vanishing
spontaneous curvatures is straightforward. This produces a functional closely related to the
Willmore energy [24]. Since we do not consider any topological changes of the membrane, the
Gaussian curvature term, which is associated to the Euler characteristic, is a constant, and
can therefore be neglected. That is we assume that the undeformed membrane is described
by a surface that minimizes the energy functional

w(T) IZ/F%KHQ—FUdO (1.2)

subject to some constraints introduced below.



Related work

The Helfrich energy functional is often studied in the Monge gauge, when I" may be para-
metrised as a graph
I:= {(zl,xg,u(xl,xg)) | (z1,29) € Q}

Here, Q C R? is some flat reference domain and u is the displacement function. Within this
approach u is usually supposed to be suitably small. The Monge gauge was recently studied
in [5]. The authors introduced a general mathematical framework for deformations of flat
surfaces. In particular, the behaviour of point forces and point constraints was completely
characterised. Moreover, the authors proved well-posedness for models related to embedded
inclusions and examined their interactions. These effects were illustrated in numerical results
obtained from finite element methods introduced to solve the related PDEs.

In this paper, we will study small displacements from closed surfaces. The main appli-
cation will be spheres and tori, although the results are more general. We will derive an
energy functional which is a second order approximation of the Helfrich energy . In
the case of a sphere such an approximation has been computed directly in [10,|18] in order
to study shape fluctuations of approximately spherical vesicles and microemulsion droplets,
respectively. Certainly, the advantage of our derivation is that it can also be applied to
study deformations from other surfaces, for example, from tori. Once we have derived an
appropriate energy functional, we may use the same theory developed in [5], which was done
in a general Hilbert space setting.

The effects of point forces on the membrane have been studied in Biophysics literature
[8422]. These papers study a dynamical problem related to the diffusion of activator proteins
which induce actin polymerisation. This work is done in the Monge gauge and also accounts
for spontaneous curvature of the embedded activator proteins. In [8] it is observed that
the membrane motion can be wave like or lead to filipodia formation, depending on the
sign of the spontaneous curvature. In [22] it is observed that clusters of curvature-inducing
activator proteins undergo a phase separation (aggregation to one region). This causes
the formation of filipodia (membrane protrusions) as the activator proteins induce actin
polymerisation. Our work will differ from this in a number of key respects. The primary
difference is we do not work in the Monge gauge but instead on closed surfaces. Secondly,
we will consider individual point couplings with the membrane, rather than accounting for a
density of couplings. We do this as we aim to describe the membrane mediated interactions
between the couplings rather than a more macro level study of the entire membrane. One
of our primary objectives is to establish a mathematical framework in which we can apply
abstract results for well-posedness and produce numerical computations based on surface
finite elements.

Outline of the Paper

We begin by introducing the appropriate notation for the formulation of surface PDEs in
Section We recapitulate surface calculus, the definition of tangential derivatives and of
the Laplace-Beltrami operator. This allows us to define the Sobolev spaces on which we will
pose our minimisation problems. In Section [3] we introduce an energy which is based on the
Helfrich functional and the work done by forces applied to the surface in the zero surface
tension case. We also discuss certain deformations that we will not permit. Apart from
physical reasons this will ensure that the mathematical problems in Sections [5| and [6] are
well-posed. In Section [4] our approach is extended in order to incorporate positive surface
tension on a spherical surface. In Section [5] we will formulate energy minimisation problems
associated with the energy in such a way that we may apply general Hilbert space theory for
their well-posedness. In particular, we will focus on point forces and point displacements.
We conclude by discussing the surface finite element methods used to numerically solve the
related surface PDEs in Section[f] We present numerical simulations detailing the membrane
mediated interactions between point forces and examining the effect of point constraints.



2 Notation and preliminaries

In the following we consider an embedding = : M — R? of a two-dimensional connected,
closed (that is compact and without boundary), orientable manifold (that is a topological
space which is locally homeomorphic to open subsets ; of R? via the so-called coordinate
charts C; : U; C M — Q; C R?). In the following we assume that M and x are as regular
as needed, but at most of class C*. The image I' := x(M) of M is a two-dimensional
connected, closed, orientable hypersurface embedded into R3.

Henceforward, the Euclidean scalar product is denoted by v - w := v,w,, where we have
made use of the convention to sum over repeated indices. For matrices A, B € R3*3 we
define the scalar product A : B := A,3Bag.

According to the Jordan-Brouwer separation theorem, see [13], there exists a bounded
domain D which has I' as its point set boundary. The unit normal v to I" that points away
from this domain is called the outward unit normal. We define P := 1 — v ® v on I to be,
at each point of I', the projection onto the corresponding tangent space. Here 1 denotes the
identity matrix in R3. For a differentiable function f on I' we define the tangential gradient
by

VI“f = PVf,

where f is a differentiable extension of f to an open neighbourhood of I' C R3. Here, V
denotes the usual gradient in R3. The above definition only depends on the values of f on T.
In particular, it does not dependent on the extension f, see Lemma 2.4 in [4] for more details.
The components of the tangential gradient are denoted by (D, f, Do f, D53f)T := Vrf. For
a twice differentiable function the Laplace-Beltrami operator is defined by

Arf :=Vr - Vrf.

The extended Weingarten map H := Vv is symmetric and has zero eigenvalue in the
normal direction. The eigenvalues k;, ¢ = 1,2, belonging to the tangential eigenvectors are
the principal curvatures of I'. The mean curvature H is the sum of the principal curvatures,
that is H := Z _, ki = trace (H) = Vr - v. Note that our definition differs from the more
common one by a factor of 2. We will denote the identity function on I" by idr, that is
idr(p) = p for all p € T'. The mean curvature vector Hv satisfies Hv = —Aridr, see Section
2.3 in [2]. Tangential gradients satisfy the following commutator rule, see Lemma 2.6 in [4],

D,Dyf —=DgD,f = (HVrf)sva = (HVrf),vs. (2.1
The Sobolev spaces H(T') and H?(I") on the hypersurface I' are defined by

H'(T') := {f € L*(T) | f has weak derivatives D, f € L*(T'), a = 1,2, 3}
H?*(T) := {f € H'(T) | all weak derivatives DgD,f € L*T), a,=1,2,3 exist},

where D, f := v, € L*(T') is said to be the weak derivative of f if

/FanqS do = f/rvaqﬁ do+/rf¢Hua do

for all smooth test functions ¢ on T', see also Definition 2.11 in [4]. Here, the integrals
are taken with respect to the two-dimensional Hausdorff measure on I'. The Sobolev space
HY(T) is a Hilbert space when endowed with the standard H' inner product and induced
norm,

(u, v) g1 (ry == / Vru-Vrv+uvdo and |ullgiry := 4/ (u,u) g1y
r

Similarly, H?(T) is a Hilbert space when endowed with the following inner product and
induced norm

(u,v) 521y = / ArulArv + Vru-Vev +uv do  and  ul| g2y := 4/ (v, u) g2(ry.
r
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Observe we are not using the standard inner product and induced norm on H?(T') which
contains mixed second order derivatives. On a closed surface however the norm we defined
above is equivalent to the standard H?(I') norm, see [4] for details.

We next assume that I'y; := x,(M) depends on a parameter s € (—4,d), 6 > 0. The
material derivative f of a function f : Use(zs,6 I's x {s} = R is then defined by

;. O(fomws)
f= — 5. o L (2.2)

We will also use the notation df to denote the material derivative. The transport formula,
see Theorem 5.1 in [4], states that

i/ fdos:/f+vas'Vdos> (23)
dS T T,

where the vector field V on Ty is given by V oz := %xs. If X (0) is a local parametrization
of T, see [4] section 2, the first fundamental form G(0) := (g;;(0)); j=1,2 has entries

(o) = 2X X
Gl = 90, 06,

The matrix G is invertible and we denote the entries of G~! by ¢%.

3 Modelling of small surface deformations without sur-
face tension

3.1 Deformations due to small external forces

We begin by considering surfaces without tension, that is we model their energy by the
functional W in with o = 0. We will fix the constant x = 1 since its only effect is to
rescale the energy in this case. The resulting energy functional is the Willmore functional
and here we denote it by W, that is

W(T) ::/F%H2 do. (3.1)

In the following we will consider surfaces which are critical points for the energy W, we
will denote these by I'g. This means that I'y satisfies

d

= =0, Yu € C*(Ty). (3.2)

s=0

W(Ts)

where I'y := {p + su(p)vo(p) | p € Tv}. We will refer to I'g as an undeformed surface. We
now discuss how small deformations that are due to some small external forces can be
incorporated into this model by perturbing the energy functional.

The undeformed membrane I'g is now exposed to some external forces. Since the exact
form of the forces is negligible in this section, we describe them by some arbitrary (non-
linear) energy functional F(T'). In Section [5| we will discuss point forces in detail. Such
forces can indeed be regarded as a model for forces acting on biomembranes in living cells.
We say that a force is small if the associated energy functional is small compared to the
change in the bending energy. In this case we rescale the functional F by a small parameter
e > 0, that is F := F /e, such that the rescaled energy F is of the same order as the change
in the bending energy. For such forces the total energy of the membrane is given by

Je) :=W({I) —eF(T) (3.3)

We are motivated by attempting to minimise this energy. Since the energy associated to
the external forces is of order € we regard this as a perturbation of the Willmore energy W.



It is then reasonable to assume that the deformation is also of order ¢ and that a deformed
surface I' can be described as a graph over 'y, explicitly deformed surfaces are of the form

Ie:={p+e(ur)(p) | peTo}, (3.4)

where the height function u € C?(I'g) is defined on the undeformed membrane Ty. It
describes the deformations of I' in the normal direction that are induced by the external
forces. We wish to find the deformed surface I'. for which the energy is least. In
the following we aim to find a good approximation for the above energy which will simplify
energy minimisation to a linear PDE. We first note that the energy 7. can be interpreted
as a functional for the height function u which depends on a scale parameter €. With a
slight abuse of notation, we therefore write J:(u) instead of J.(Ic) in the following. We
now treat J.(u) as a function of a single variable ¢ and produce the following second order
Taylor expansion

dJ-(u) e2 d2 7. (u) 3
de + 5? - + O(E ) (35)

J=(u) = Jo(u) + ¢
e=0
We observe that the first term Jy(u) = W(T'g) does not depend on u. Since I'y is assumed
to be a critical point of W, the second term reduces to —F(I'g) and thus does not depend
on u. The second order term is therefore the lowest order term that depends on u. The
Taylor expansion hence can be written as

T=(u) = W(Tg) — eF(To) + % J(u) + O(e?).

with dzj( )
1 =(u
T =542

The approximate energy J(u) is the sum of variations of the functionals W and F. To
derive an explicit formula for J(u) will be part of the next section. Instead of determining
minimisers of the original energy in , we aim to approximate them by considering the
novel energy J.

. (3.6)
e=0

3.2 Derivation of an energy functional for the height function

In this section we discuss the first and second variations of W (I"). We first consider variations
I'. :={p+e(uv)(p) | p € T'} on arbitrary surfaces I" before we restrict the results to I'y. We
will then use these results in to obtain an explicit formula for J(w). In the next sections
we will discuss the application of this result to the deformation of spheres and Clifford tori.

First and second variations

In the following we will usually state the results of the first and second variations without
using integration by parts and we will note it explicitly if a formula is based on integration
by parts. Whilst this distinction is minor in the present paper, there are several reasons
why it is quite useful to separate these results from each other:

1. Using integration by parts requires higher regularity of the surface I' or of the embed-
ding x, respectively.

2. The approach presented here could be extended to surfaces with boundary, in which
case boundary conditions have to be taken into account. To consider surfaces with
boundary might indeed be interesting in order to model finite size inclusions in biomem-
branes.

3. On piecewise linear interpolations of the surface I, see Section [f] integration by parts
would lead to additional terms depending on the discontinuous co-normals of the mesh
simplices. This means that the discretization of formulas, which are equivalent in
the smooth case, usually leads to different algorithms. Therefore, one has to be very
careful in Numerics, which formula one chooses for the discretization.



To compute the required derivatives of W we use the following formulae relating them to
variations of W.

W ()] = T -
2
W (T)[uv, uw] := o T;I/;(QFE) »

Remark 3.1. In the following we assume sufficient smoothness of u and I, however we
require at most C* reqularity. The functionals, which we will obtain below from the second
variation, can then be extended to u € H? (') using density arguments.

Remark 3.2. By definition the first and second variation of a functional F at the point p
in the direction of v is
_ d*¢(e)

, and F"(p)[v,v] := :
e=0 de? e=0

where ¢(e) := F(p + ev), see, for example, page 688 ff. in [26]. However, note that the
second variations presented below and in the Appendix are based on the variation of the first
variation, that is on

dep(p)

Ty with o (p) := (F'[]) (p + pw).

pn=0
So, the question is whether this gives the correct expression for the second variation of the
considered functionals. In general this is not quite clear since () # % —p This condition
will hold for each of our applications however. For example, for the functional F = W, we
have
_ ! L dd) _ / Iy
o(p) =W'(T'L)[u"v"], whereas e =W/ (T,)[uv].

e=p

Here, T'), == {cu(p) | p € T} is the deformed surface with outward unit normal v*, where
¢, is defined by c, = idr + puv, and uf = uo c;l is the lift of u onto I';,. Note that
vi=vo c;l is the lift of the outward unit normal v to I' onto I',. Using the embedding
z: M =T forI', an embedding x,, for I, is given by x,, := c, ox. The material derivative
with respect to x,, of ub and V' is, in fact, zero. On the other hand, the material

derivative of v* usually does not vanish. We therefore find that

d*¢(e) di(p)

de? |._,  dp

= W' (1) [udv)].
n=0

Since the material derivative Ov is a tangent vector field to T, it follows from the invariance
of W(T') under diffeomorphisms, that the first variation of W(T') in the direction of Ov
vanishes. We hence obtain that

d*¢(e)

de?

_ de(p)

e=0 d/u‘

The same applies to the other functionals considered in the text.

n=0

The following results hold on arbitrary (sufficiently smooth) surfaces I' (with or without
boundary).

W (T)[uv] = / -H <Apu+ |H|*u — ;H2u> do, (3.7)
I
WD) uv, gv] = /(Apg 1M 2g) (Aru + [H[20) + 2HH : (9VrVru + uVrVig)
r
+2HHVru - Vrg + HgVru-VrH — H*Viu - Vig — gH2uApg — H?*gAru  (3.8)

+ (2HTT(7-L3) - gHQ|’H|2 + ;H4> gu do



This follows from (A.1) and Theorem in the appendix. In order to derive the above
formula we have not used integration by parts. It might therefore also be applied to surfaces
with boundary. We here restrict to closed surfaces. Integration by parts then gives, see also

Remark [AT]
W (D) uv, gv] = /F (Arg + [H[29) (Aru + [H|2u) + 2HH : (gVrVru + uVrVig)
+2HHVru - Vg — §H2vpu -Vrg — gHz(uApg + gAru) (3.9)
+ (2HT7"(7-L3) - gH2|’H|2 + ;H4> gu do

The first variation of the Willmore energy can be found in [25]. The formula for the second
variation was obtained in [7]. For the sake of completeness, we also present its derivation in
the Appendix, since it is indeed a crucial part of this paper. Recall that we assume Iy is
chosen so that the first variation term vanishes, see (3.2)).
To complete the calculation of J(u), defined in we require the second derivative of
the force term.
d?(eF(T.))
de?
Here we have applied the definition of the first variation given in Remark[3.2} The functional

J is a novel quadratic energy with which we will formulate the variational problems related
to the surface displacement.

= 2F'(To)[uv]
e=0

Definition 3.1. Given a surface Ty C R3, we define the quadratic surface energy J :
H?(Ty) — R by

VA
)i = %%;() =0 B %WH(FO)[UV(MUVO} — F'(To)[ul.

Under the assumption I'g is chosen such that the first variation W’(I'y) vanishes, by the
Taylor expansion (3.5), J(u) is an O(g3) order approximation of J.(u), up to an additive
constant.

Lemma 3.1. For an undeformed surface Ty C R® chosen such that W'(T'g) vanishes we
have

Te(u) = W (Ty) — eF(Tg) + 2T (u) + O(?).

Henceforward, we will neglect the constant and the O(e3) terms. We interpret J as a
new energy. We aim to minimize this energy in the next sections. This is of course only
possible if the total energy is bounded from below. Since we want to determine minimizers
by considering the associated variational problems, and in particular, compute numerical
approximations, we limit the space of admissible variations so that the bilinear form corre-
sponding to the second variation term W (T)[-v, V] is coercive in the H?(Tg)-norm over
this space. Note that in [21], it was recently proved that Willmore immersions are local
minimizers if the second variation of the Willmore functional is positive semi-definite with
kernel equal to the sum of the space of infinitesimal Mo6bius transformations and of the
space of tangential variations. In our setting I'y is a sphere or a Clifford torus and the
latter condition is satisfied. Furthermore we only consider normal variations, thus there is
a space of admissible variations with finite codimension over which we are able to formulate
well-posed problems.

3.3 The kernel of W”(I'y) in the cases of a sphere and a Clifford
torus

We now examine the undeformed surfaces I'y = S(0, R), a sphere with radius R centred at
the origin and Ty = T(R, Rv/2), a Clifford torus with tube radius R centred at the origin.



Both of these surfaces are Willmore surfaces, that is W’(I'g) vanishes. The quadratic surface
energy is given by

1
J(u, p) = §a(u7u) - -F,(FO)[UL
where we have introduced the bilinear form a : H?(T') x H(I') — R defined by
a(u,v) == W"(To)[uv,vv]. (3.10)

The bilinear form is bounded, symmetric and positive semi-definite, for the sphere this
is immediate from Corollary in the appendix, for the Clifford torus see [15,[23]. As
remarked above, to formulate well-posed problems we will work in a subspace of H?(I") over
which a(-,-) is coercive. To find such a subspace one must first identify the kernel of a, that
is the set

Ker(a) == {v € H*(Ty) | a(v,w) =0Vw € H*(To)} .

For both the sphere and Clifford torus the kernel is finite dimensional, we will identify a
basis in each case, that is we will write the kernel in the form

Ker(a) = sp{fi,.., fm},

for some M := dim(Ker(a)) > 1. This is done in the following lemma.

Lemma 3.2. Let v1,v9,v3 : I'g = R denote the components of the outward normal vector
field vp, .

o [f Ty is a sphere or a Clifford torus then
Ker(a) = Moeb(R*)-vr, := {u € H*(Iy) | u(z) = f(z) - vr,(z) for some f € Moeb(R®)}.

e [fTy is a sphere then
Ker(a) = sp{l,v1,va,v3}.

o IfTy is a Clifford torus then
Ker(a) = sp{v1,va,vs, fa(x) := x311 — 2103, f5(T) := 2300 — Ta13, f6(2) =2 - 1,
fr(@) =221 (x - v) — |z]Pvr, fs(@) = 22a(z - v) — |z[Pva}.
o If T is a sphere or Clifford torus then there exists C'(T'g) > 0 such that
a(v,v) > C(To)|[v|l 2y Yo € Ker(a)*,
where | denotes orthogonality with respect to the H*(Tg) inner product.

Here Moeb(R3) denotes the set of infinitesimal M&bius transformations on R3. For an
abstract definition of this set see [17], here we will use an equivalent characterisation, also
presented in [17].

Proof. We begin with Ty = S(0, R), a sphere. The bilinear form « is explicitly calculated in
the appendix as Corollary [A72] Here we consider n = 2, hence the bilinear form is given by

2
a(u,v) = /F Ap,ulAr,v — ﬁvpou - Vr,v do
0

Note that 1 € Ker(a) and that, on a sphere, each component of the normal v; is an eigen-
function of —Ar, with eigenvalue 2/R?, hence

Sp{l,v1,v,v3} C Ker(a). (3.11)

To obtain equality in this inclusion and prove the coercivity statement for a sphere we will
use the following Poincaré inequality.

R? RY
/ u? do < — [Vrgu> do < == [ (Apyu)®>do Yu € Sp{l,v1,va,5}",  (3.12)
To 6 Jr, 36 Jp,



where again | denotes orthogonality with respect to the H?(I') inner product. To prove
this, note for a sphere of radius R the negative Laplace-Beltrami operator, —Ar, has eigen-
values (k1 .
Ao = % with multiplicities Ny, = ( ; ) ke NU{0}.

See [20] for a proof on the unit sphere, from which we deduce the above. It follows that
Ao = 0 and Ny = 1, thus the zero eigenfunctions are simply constant functions. The next
eigenvalue \; = 2/R? has multiplicity N; = 3. We then see the \;-eigenfunctions are
spanned by {v1,v2,v3}. Thus the optimal Poincaré constant over Sp {1, V171/2,V3}J‘, Cp,

satisfies

uf fr |Vro|? do _

Cp2=1i =\

ves  [Lv? do
where S := {u € H(Ty) | 0 = [udo= [ uv; do, i =1,2,3} and Az is the second non-zero
eigenvalue for the negative Laplace-Beltrami operator. The validity of the inequality used
above relies upon the fact that H2(Do)NS = Sp {1, v1,va,v3} ", that is for H2(Ty) functions,
membership of S encodes both L? and H? orthogonality to Ker(a). To see this, a simple
calculation shows

(u, 1)H2(1"0) = (u, 1)L2(1"0) and  (u, Vi)HZ(l"O) = (% + % + 1) (u, Vi)L2(1"0) Yu € HQ((FO))
3.13

For a sphere Ay = 6/R?, proving the first inequality in . The second inequality
then follows by integration by parts and the Holder inequality. Coercivity of a(-,-) over
Sp{1,v1,va, Vg}J_ follows from . From this we deduce equality in and coercivity
of a(-,-) over Ker(a)* for a sphere.

For Ty a Clifford torus the first and final statements in this lemma are proven in [15[21].
For the remaining two statements we use the characterisation of Moeb(R?) given in [17].

f € Moeb(R?) if and only if f(z) = a + (K + al)z + 2(b- x)z — |z|%b

where a € R, a,b € R3, 1 € R3*3 is the identity matrix and K € R3*3 is a skew-symmetric
matrix. We may regard Moeb(R?) as a 10 dimensional subspace of C*°(R3) and can thus
determine Moeb(R?) - vr, for each of our choices of I'y, using a suitable parametrisation of
each surface. O

Note that the kernel is not 10 dimensional in either case. This is due to the fact that for
some infinitesimal Mébius transformations f, f(z) lies in the tangent plane to T'y for each
x € I'y. Working over Ker(a)* we are able to formulate well posed mathematical problems.
One can justify this step physically as non admissible variations are those which alter the
surface but do not change the Willmore energy W up to second order.

As we will work with Ker(a)* frequently it is useful to detail three methods by which
this set can be characterised. Firstly, the standard definition gives

Ker(a)t = {ve H*(Ty) | a(v,w) =0Vw € Ker(a)} .
Secondly, by writing Ker(a) = sp{fi,..., fam}, it follows
Ker(a)t = {ve H?(Ty) | (v, fi)r2(re) =0V1 < i < M},
Finally, it follows from our choice of H?(I'g) inner product that
Ker(a)® = {ve H*To) | (v,gi)r2r) =0V1 <i < M},

where g; := (Af, — Ar, + 1)fi. This characterisation follows by integrating the H?(To)
inner product by parts, notice each f; is sufficiently regular to permit this.
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4 A spherical membrane under tension

We now consider a spherical membrane, I'g = S(0, R), with positive surface tension o > 0,
with the surface energy functional W given in . Note that we will only consider spherical
membranes when considering a positve surface tension. To formulate relevant minimisation
problems we also introduce a fixed volume constraint. This is required as W, the Willmore
energy, is scale invariant but the surface tension term proportional to ¢ is not.

The fixed volume constraint is physically reasonable. Biological membranes are usu-
ally semipermeable, which means that certain molecules or ions cannot diffuse through the
membrane, whereas this is possible for other molecules like for water. If such a membrane
is contained in an isotonic environment, that is a solvent which has the same effective so-
lute concentration as the solution enclosed by the membrane, the volume enclosed by this
membrane does not change.

We therefore here assume that the volume enclosed by our deformed hypersurface I is a
constant given by ¥y > 0. Let D C R? denote the bounded domain which has I as its point
boundary set. Then the volume of D is given by

1 1 1
|D|::/1dac:f/v-xdm:f/ x-VdOZ*/idF'VdO.
D 3Jp 3 Jap 3 Jr

The assumption of a fixed enclosed volume can hence be written as V(I') = V), where

1
V() =< / idr - v do.
3Jr
We introduce this constraint into the energy functional via a Lagrange multiplier. This
yields to the following Lagrangian functional which will be the principal object of our study

in this section

L(T,\) = /F %nHz +odo+\(V(D)—Vp). (4.1)

Remark 4.1. In the variational formulation the term associated with the Lagrange multi-
plier A corresponds to a constraining force, which in the above case can be interpreted as a
hydrostatic pressure maintaining the volume constant.

In this section we will consider a critical point for the Lagrangian £, which we will denote
by (Tg, Ag). This means that (T'g, \) satisfies

d

£E(F0, Ao + sp) =0, Vi e R,
(A1) p =0

—L(Ts,N)| =0, YueC*Iy),

ds 5=0

where T's := {p + s(uvp)(p) | p € To}. We will refer to I'y as an undeformed surface. As for
the tensionless membrane we will consider small deformations that are due to some small
external forces. They will be incorporated into this model by perturbing the Lagrangian.

4.1 Deformations due to small external forces

As for the tensionless membrane we consider arbitrary small forces eF which give rise to
deformed surfaces of the form I'. as given in . We also assume it is possible to write
the Lagrange multiplier associated with the deformed membrane as A = Ag + e for some
1 € R. The perturbed Lagrangian is hence given by

Lo(To, M) = W) + A(V(I2) — V(To)) — eF (). (4.2)

We are motivated by attempting to find critical points of this energy. The rationale for
this is that if I'c minimises the perturbed Helfrich energy

W(T.) —eF(T.),
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subject to the volume constraint V(I'.) = V(I'g), then there exists a A. € R such that
(T'e, Ac) is a critical point for £.. Similarly to the construction of J in the tensionless case,
we aim to find a good approximation for this Lagrangian for which the determination of
critical points reduces to a linear PDE. To do so we perform a second order Taylor expansion
in €, using a slight abuse of notation L. (u, u) = L.(Te, Ac).

dle(u,p)| | € d*Le(u,p)

3
. 4.
de o 2 de? =0 +0() (43)

£E(U, /’L) = LO(U, /'l/) +e
We observe that the first term Lo(u, 1) = W(Tg) does not depend on w or p. Since (T'g, Ag)
is assumed to be a critical point of £, the second term reduces to —F(I'g) and thus does
not depend on u or u. We therefore see that the lowest order term that depends on w or p
is the second order term. The Taylor expansion hence can be written as

L(u, ) = W(To) = eF(To) + &’ L(u, u) + O(e’),

with 2L 1)
1d°Le(u, p
Lu,p) = - ————= . 4.4
() = 5 g | (44)
The approximate Lagrangian L(u, u) is the sum of variations of the functionals W, V' and
F. To derive an explicit formula for L(u,u) will be part of the next section. Instead of
determining critical points of the original Lagrangian in (4.2)), we aim to approximate them
by considering the novel Lagrangian L.

4.2 Derivation of a Lagrangian for the height function

Similarly to the treatment of J in the tensionless case we calculate L in terms of variations
of its constituent functionals. The second variation of W is calculated by combining the
second variations of the Willmore functional W and the area functional A, both given
in the appendix. We take derivatives of the force term involving F as previously and also
require variations of the volume functional V' which are also computed in the appendix. The
functional L is a novel quadratic Lagrangian with which we will formulate the variational
problems related to surface displacement.

Definition 4.1. For the surface Ty C R with associated Lagrange multiplier Ao € R, the
quadratic surface Lagrangian L : H*(Tg) x R — R is given by

1 d2L.(u)

Ll p) = = 2 de?

e=0

= %W”(Fo)[UVo,UVo} + %)\OVN(FO)[UVOaUVO] + pV'(To) [urg] — F'(To) [ul.

Under the assumption (Tg, \g) is chosen such that the first variation £'(Tg, Ag) vanishes,
by the Taylor expansion (4.3)), L(u,u) is an O(g3) order approximation of L. (u,u), up to
an additive constant. Henceforward, we will neglect the terms which do not depend on u or
p and the O(e3) terms. In this case the only undeformed surface we consider is a sphere,
'y = S(0, R). Fixing the Lagrange multiplier A\ = —cH = —20/R ensures that (Al) is
satisfied. The linearised Lagrangian is given explicitly by

1 2K 20
L) = 5 [ wargu? + (o= 22) (Ve = 2o+ 2 do — (Tl

Similarly to the tensionless case, it is important to identify a subspace of H?(T) over
which the bilinear form corresponding to the quadratic part of the Lagrangian is coercive.
In this case the appropriate bilinear form is given by

2K

R?

2
ay (U, v) := / KAp uAr,v + (0’ ) Vot - Vv — R—Zuv do (4.5)
To
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Notice that a, is coercive over Ker(a)*, where Ker(a) = sp{1,v1,v2,v3}, again we refer
to orthogonality with respect to the H?(I'g) inner product but recall this is equivalent to
orthogonality with respect to the L?(I'g) inner product in this case (see (3.13)). Furthermore,
Ker(a)* is the largest subspace of H?(I'g) over which it is coercive. Notice also that on
such a subspace the term associated with the linearised Lagrange multiplier vanishes

/ 2uudo=0 for all (u,p) € Ker(a)® x R.
Lo

We can thus pose variational problems in precisely the same manner for the tensionless case
and for membranes under tension, simply by using the bilinear form a or a, as appropriate
and working over the space Ker(a)*. Studying such variational problems will be the subject
of the next section.

5 Minimising the linearised Willmore functional with
point force loading and point displacement constraints

In this section we will take the undeformed surface to be a sphere, I = S(0, R), or a Clifford
torus I' = T(R, R\/Q) However, we will only consider problems involving surface tension,
that is ¢ > 0, on a sphere I' = S(0, R). Note we drop the subscript for the undeformed
surfaces, simply referring to them as I'. As done for the flat case, see [5] Section 7, we may
study the interactions of the membrane with thin filaments. These filaments are anchored
to the cytoskeleton. Their effects are modelled by applying a point force or point constraint
to the membrane. We begin with point forces.

5.1 Point forces

We begin by studying the effect of point forces applied in the normal direction to I'. Con-
sidering N point forces at locations Xi,..., Xy € I', which we will henceforth denote by
X = (X1,...,Xn) € I'N. We consider a functional Fx in (3.3)) giving rise to F4(I'), such
that

N
Fr(D)fu] =3 Biu(Xi). (5.1)

Here 8; € R\ {0} are constants related to the magnitudes of the forces, hence the force
term measures the work done by the point forces. To emphasise the dependence of the
resulting quadratic energy functional J upon the locations of the point forces X we will use
the notation £ : H2(T') x I'V — R defined by

£, X) = Sap(u,u) — F (D)l

Here a, is the bilinear functional defined in (4.5) for o > 0 and the second variation of the
Willmore functional, defined in (3.10)), for 0 = 0. In light of the previous two sections, to
formulate a well posed minimisation for £(-, X) problem we work over the linear space

V= Ker(a)t = {ve H*I) | (v, w)g2(ry = 0 Yw € Ker(a)} .

Here Ker(a), which depends upon the choice of undeformed surface T', is constructed as in
Lemma [3:2] Note that we could attempt to pose a minimisation problem over the whole
space H%(T') but this would need a compatibility condition on the linear functional FY%
for existence and constraints on u for uniqueness. We now state the energy minimisation
problem and give an equivalent variational form.

Problem 5.1 (Point forces at fixed locations).
For given X € T'V find ux €V satisfying the two equivalent properties

(a) ux minimises E(-,X) on V,
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(b) ay(u,v) = Z,ivzl Brv(Xy) for allv e V.

Existence and uniqueness of a solution to this problem follows from the Lax-Milgram theo-
rem. Note, for a sphere the projection out of Ker(a) can be justified physically. The min-
imisation problem above has a corresponding PDE representation involving four Lagrange
multipliers, as Ker(a) = Sp{l,v1,v2,v3} is four dimensional for a sphere. The Lagrange
multiplier associated with the constant function 1 corresponds to a linearised hydrostatic
pressure which enforces the volume constraint. Each of the three remaining Lagrange mul-
tipliers is associated with one of the components of the normal v;. It can be shown that
these multipliers correspond to linearised reaction forces which prevent O(e) translations of
the centre of mass of the domain D enclosed by T'.

We also consider varying the locations X € I'V, this problem can be stated in two
equivalent forms.

Problem 5.2 (Point forces with varying locations).
(a) Find (u,X) € V x I'N minimising the energy £(-,-) on V x I'VN.
(b) Find X € TN minimising the energy X — E(ux, X) on TN,
Existence of solutions for @ follows by the same general theory that was applied in the
flat case, see [5] Proposition 9.6. Note @ and @ are equivalent in the sense that (u, X)

solves @ if and only if X solves and v = uyx. We will thus refer to these equivalent
minimisation problems simply as Problem

Proposition 5.1. Without loss of generality assume 1 < B2 < ... < BN

Suppose f; > 0 or fn < 0.
X e TV solves Problem if and only if X; = Xo for alli=1,..., N where Xo € T" is
a solution to Problem with parameters N =1 and 1 = 1.

Suppose Pk < 0 and fky1 > 0 for some 1 <k <N — 1.
X TN solves Problem if and only if both of the following hold.

1. X;=X" foralli=1,...k and X; = XT foralli=k+1,...,N.
2. (XT,X7) €T? solves Problem with parameters N = 2 and

B= (X 8o Xl ).

Proof. For y € I', let ¢, denote the solution to Problem with N = 1, X = (y) and
B1 = 1. By linearity it follows, for any X € I'",

N
ux =Y Bidx,.
i=1

To prove the first statement, suppose X € I' is a solution to Problem with parameters
N =1 and 5 = 1. Note that we have assumed sign(f;) = ... = sign(8n), hence for any
X eV,

N
E(ux, X) = —% > BiBjas(¢x,, éx,)

ig=1
i
Z _5 Z BiﬁjaU((bXﬁ¢Xi)1/2aa(¢Xj7¢Xj>1/2
ij=1
1 y i
2 _5 Z 5iﬁjaa(¢X07¢Xo) = 5(HX,X)

4,j=1

where X = (Xo, ..., Xo). The first inequality used is the Cauchy Schwarz inequality and
the second inequality follows from the definition of Xj. As these inequalities hold for any
X € I'V we have proven the backwards implication.
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Now suppose X € I''V solves Problem then in addition to the inequalities derived
above it holds R
E(ug, X) > E(ux, X),

hence equality holds at each step. Then, as we have equality in the Cauchy Schwarz inequal-
ities used, ¢x, and ¢x, are linearly dependent for each i, j. It follows X; = Xo = ... = Xy
and for any y € ', set Y = (y,v,...,y) € 'YV then

1 1 o
—3 > BiBjac(dy, by) = E(uy,Y) > E(ux, X) = 3 > BiBjac(dx,, dx,)-

i,j=1 t,j=1

Hence X; € T is a solution to Problem With parameters N = 1 and 51 = 1 and we have
proven the forwards implication.
For the second statement observe, for any Y, Z € I'N,

1
E(uy,Y)=E(uz, Z) — ag(uy —uz,uz) — iaa(uY —uz,uy —uz),

N
= 5(UZ, Z) — Zﬁz(uz(Yz) — UZ(Zi)) — %GU(UY — Uz, uy — UZ)-

Now suppose X € I'V solves Problemand there exists 1 <14 < j < k such that X; # X;.
Without loss of generality assume ux (X;) < ux(X;). Let X’ € I'V be given by X] = X
for I # ¢ and X/ = X;. Then using the above calculation we obtain

1
E(ux, X') = E(ux, X) — Bi(ux (X;) —ux(X;)) — 5%(UX/ —Ux,Ux — UX). (5.2)
As X # X' it follows ux # uys and hence a,(ux, — ux,ux —uyx) > 0. Thus
S(UX/,X/) <5(uX7X)

which is a contradiction, hence X; = X5 = ... = X} =: X~. An identical argument shows
Xiy1 = Xpgo = ... = Xy =: XT. It follows

k N
ux =Y Bivx-+ Y, Bibx+

=1 I=k+1

Now for any (YT, Y ") €T?let Y € 'V besuchthat Y, =Y~ for1 <l <kand Y, = Y™ for
k+1 <1< N. Then &(ux,X) < E(uy,Y) and using the above expression for ux we deduce

that (X, X ™) solves Problem with parameters N = 2 and 8 = (Zle Bi, Zilikﬂ 5i>.

For the reverse implication in the second statement, suppose Y € I'V. Using the same
technique as in (5.2) we may form Y’ € 'V such that Y{ = ... =Y/, Y/, = ... = Y} and
E(uy,Y'") < E(uy,Y). Then, using the fact that (X, X ) solves the N = 2 problem,

E(UX,X) < 5(UY/,Y/) < 5(UY,Y)
Hence X solves Problem (.21 O
Note there is no uniqueness for this problem in general. Indeed, for the problem on a

sphere with N =1, every X € S(0, R) solves Problem due to rotational symmetry.

5.2 Point value constraints

We will now consider filaments which fix the location of the membrane at a point. To do so
we consider the following perturbed energy functional, for a general surface I'.



Here 6 > 0 is a small penalty parameter, d denotes the signed distance to the surface I and
Y1,...,yn € R3 are the locations fixed by the filaments. Similarly to the point forces, we
assume the additional term is a small perturbation to the Willmore functional so that the
resulting deformed surface may be expressed in the form I', a graph over the undeformed
surface I', which is chosen to be a sphere or Clifford torus here. In this case the small
perturbation assumption is justified when the locations y; can be expressed in the form

Y = X, +eav(X;), (5.3)

for some X € I'N and a; € RY. As v is determined by the choice of undeformed surface
I' and of unit length, it is equivalent to see this as a penalty method for w, the height
function. Note that we could also formulate a similar problem without the penalty method
by applying point constraints to the displacement wu.

The first problem we consider is for fixed locations. We begin by stating the general,
non-linear problem which we aim to approximate.

Problem 5.3 (Point value constraints for W).
Given X € TN and a € RY and 6§ > 0, find u € H?(T') minimising Ws(Tc(u)).

That is we wish to find the surface of the form I'.(u) = {p + e(uv)(p) | p € I'} which
minimises the penalised Willmore energy Wjs. For a surface of the form I'., with the small
perturbation assumption (5.3)), this energy reads

N
W5(r5) = W(FE) + i Zd(FE,XZ + €OéiV(Xi))2.

i=1

We will use (¢2/2)a, (-, ), the previously defined second order approximation to W(I'.). We
require a similar approximation of the distance function term. First notice

d(Te, Xi + eaiv(X;y))|._, = d(T, X;) = 0.
Secondly, the first derivative with respect to ¢ is given by

id(l_‘g,)(i + €C¥il/(Xi)) = Vd(F,Xl) . i(XZ + EO@V(X,‘)) + 6d(F5,Xi),
de e=0 de e=0

= a; —u(X;).

The final line holds as Vd(T, X;) = v(X;) and dd(T'., X;) = —u(X;), see [11]. It follows,
expanding in € as previously,

d(Te, X + caiv(X;))? = 2 (u(X;) — aq)? + O(e?).

We thus minimise the penalised quadratic energy functional

| =

1 N
Js(u) == iag(u,u) + 5 Z(U(Xz) — o).

(e %)

When ¢ > 0 this functional is minimised subject to the constraint fr u do = 0, which is the
linearised form of the fixed volume constraint.

Similarly to the point forces problem this minimisation is not well posed over H?(T)
and we must identify an appropriate subspace over which the problem is well posed. In
order to identify an appropriate subspace we first introduce the following notation for affine
subspaces.

Definition 5.1. Suppose Z C H?(T') is a linear subspace, X € TN and v € RN. We denote
by Zx ~ the affine space given as follows.

ZX,'y = {Z €z ‘ Z(XZ) =% Vi = 17...7N}

16



For the linearised problem we consider the space U, C H?(T') given by

. {(Hi,o(F) N Ker(a))™ it o =0,
7 {UG (H§(70(F)OK6r(a))l { frudo:O} if o > 0.

Here L again means orthogonality with respect to the H? inner product. In the o = 0 case,
the space U, is the largest subspace of H?(I") over which well-posedness is possible. If we
used a larger subspace Z D U, then there exist elements 0 # vg € Z N (H% ((T) N Ker(a)).
For such elements Js(u + vg) = Js(u) hence no uniqueness is possible. A similar argument
shows U, is the largest subspace of {u € H*(I') | [.u do =0} over which well-posedness is
possible in the o > 0 case.

Remark 5.1. Notice that Ker(a) is a finite dimensional space and u € H)2(70(F) satisfies
N conditions of the form u(X;) = 0. The generic case for N > dim(Ker(a)) is thus
H% o(D) N Ker(a) = {0} and Uy = H*(T) if 0 = 0 and Uy, = {u € H*(I') | [udo=0} if
o>0.

We now state the quadratic minimisation problem that will be studied.
Problem 5.4. Given X € I'N, a € RN and § > 0 find us € U, minimising Js over U,.
Proposition 5.2. For each § > 0 there exists a unique solution us to Problem[5.7)

Proof. Define a bilinear form a3 : U, x U, — R by

SN

al (u,v) := ag(u,v) +

N
> u(X)u(X5).
i=1

Notice a‘f, is bounded, symmetric and positive semi-definite, hence weak lower semi-continuous.
In fact it is also coercive, we prove this by contradiction. Assume a’ is not coercive over
U,, then there exists a sequence u,, € U, such that

1
[ tnll g2y = 1 and @l (up, up) < - for all n > 1.

Then we may find a subsequence u,,, — u for some u € U,, it follows

0 <al(u,u) < lim a(uy,uy) =0.
n’—oo

Thus v € U, N Ker(al) = Uy N (H% o(T) N Ker(a)) = {0}. Now for each n/, u,, may be
expressed uniquely in the form

Up = Pt + @nr With p, € Ker(a)t and g, € Ker(a).
The bilinear form a, is coercive over Ker(a)*, hence
C”pn’H%{?(F) < atf(pn’vpn’) = ao’(un’aun’) < ag(un"un') — 0,

thus p,» — 0. It follows that ¢,» — 0 and thus ¢,» — 0 as Ker(a) is finite dimensional. We
have reached a contradiction as now it holds that

1= ||Un’\|%{2(r) = ||Pn’||%12(r) + ||Qn'||§{2(r) — 0.
Hence there exists v > 0 such that
eulys ey < aB(w,u) Vu € U
Now write Js in the form

N
1 1 1
Js(u) = §ag(u,u) =3 Zaiu(Xi) + % Za?.
i=1

=1

The existence of a unique solution to Problem is then a consequence of the Lax-Milgram
theorem. 0
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We now state the limit problem which solutions to Problem ug, converge to as § | 0,
first we introduce the notion of prescribed point values.
Prescribed point values at distinct locations X = (X;) € T'V will be represented by the
constraints
Fx(u) =« (5.4)

with given a € RV and Fy defined by
Fx(u) = (u(X1), .., u(Xy)) € RV (5.5)

Note that this is well defined as the map u +— w(X;) € H?(T')" due to the continuous
embedding H?(T") € C(T'). With this concept of prescribed point values we can state the
limit problem.

Problem 5.5 (Point value constraints).
Find u € (Uy)x,a satisfying the following equivalent conditions.

1. u € (Uy)x,a minimises u — %ag(u,u) over (Us)x -

2. u € (Us)x,a is such that ay(u,v) =0 for all v € (Uy) x,0-

Existence and uniqueness of a solution to this problem follows from the fact that a. (-, )
is coercive over (U,)x.o, which is deduced from the observation al(v,v) = a,(v,v) for
v € (Us)x.0, as al is coercive over U,, shown in the proof of Proposition We now show
convergence for the penalty method.

Proposition 5.3. For 6 > 0 let us denote the unique solution of Problem and u the
unique solution of Problem then us — u in H?(T')-norm as § | 0.

For a proof see [5], Proposition 9.3.

A natural question to consider is minimising over the constraint locations X as well as
the displacement u, analogous to Problem m The general theory in [5, Proposition 9.4], is
used there to establish a minimum for this type of problem, when the constraint locations
X are allowed to vary in the planar case. This theory cannot be applied here however as
the underlying Hilbert space U, depends upon the locations X.

6 Numerical studies

6.1 Discretization

In this section we present some preliminary illustrative numerical results concerning prob-
lems formulated in Section [p] concerning the Willmore functional. Our numerical studies are
performed using surface finite elements, [4]. The underlying partial differential equations
are of fourth order. In order to avoid the use of H? conforming surface finite elements
we use second order splitting to obtain two coupled second order surface equations which
can be approximated by continuous piece-wise linear surface finite elements on triangulated
surfaces. The analysis of these schemes will be considered in a later work.

We now assume that the undeformed surface I'y is approximated by a polyhedral hyper-

surface
= J T
TETh

where 7, denotes the set of two-dimensional simplices in R3 which are supposed to form an
admissible triangulation. Recall that our problems are posed on either a sphere or a Clifford
torus. The approach is also applicable to similar PDEs on other closed surfaces. We assume
that T'y, is contained in a strip Ns of width é > 0 on which the decomposition

z=p+d(z)v(p), perl

is unique for all € Ns. Here, d(x) denotes the oriented distance function to I', see Section
2.2in [2|. This defines a map z — p(z) from Ns onto I'. We here assume that the restriction
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(a) Example triangulation for a sphere (b) Example triangulation for a torus

Figure 1: Example triangulations of surfaces.

pr,, of this map onto the polyhedral hypersurface I'y, is a bijective map between I'y, and T'.
In addition, the vertices of the simplices T' € T}, are supposed to sit on I'. The generation
of these triangulations for the sphere and torus is rather standard, see for example . In
Figure [T] we show typical triangulations.

The piecewise linear Lagrange finite element space on I'y, is

Sp={x € C(y) | xr € PL(T) VT € T},

where P1(T') denotes the set of polynomials of degree 1 on T. The Lagrange basis functions
; of this space are uniquely determined by their values at the so-called Lagrange nodes g;,

that is ¢;(g;) = 0;;. The associated Lagrange interpolations for a continuous function f on
I'j, are defined by

L1 =Y fa)en

6.1.1 Point forces on a sphere

We first look to solve Problem numerically, using a second order splitting method and
enforcing the constraint u € V = Ker(a)* via the addition of a new bilinear form and an
adjustment of the right hand side. For the numerical method we will express the condition
u € V via L?(I')-orthogonality. That is, for each basis function of Ker(a), fi, set

gi = (A} —Ar +1)fi € C>(T).

We can then characterise V' in terms of L?(T')-orthogonality with the g;, for 1 <i < M :=
dim(Ker(a)),
V={ve H*T) | (v,gi)r2ry =0 V1 <i < M}.

Using the basis functions given in Lemma [3.2] for a sphere the g; are given by

4 2
Llgitgetl

) Vi 7’:15273 )

in our applications we will neglect the multiplicative constant appearing in front of the v;.
For a Clifford torus the formulae are somewhat lengthier. We may assume, without loss of
generality, that the basis functions g; form an L?(T')-orthogonal set.
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In this section we will consider the case I' = S(0, R), a sphere of radius R, however the
Clifford torus problem can be treated in a similar manner. To formulate the splitting method
we first consider the Euler Lagrange equation associated to minimising the point forces
energy in Problem This energy minimisation is equivalent to the following variational
problem.

Problem 6.1. Find u € V' such that
N
ay(u,v) = ZBZU(XZ) YveV.
i=1

This variational problem is posed over V, a subspace of H2(T'). For ease of implemen-
tation, we wish to solve a problem posed over the full space H?(T'). To formulate such
a problem we introduce Lagrange multipliers, the resulting variational problem is shown
below.

Problem 6.2. Find (u,)\) € H*(T) x R* such that
N 3
ay(u,v) = Z,Bkv(Xk) - Xo / v do — Z/\i / vy; do Vv € HX(T),
k=1 r i=1 /T

/udOZ/ude:O fori=1,23.
r r

Here we can easily determine the Lagrange multipliers. Testing the first equation with a
component of the normal, v;, or the constant function 1 we obtain zero on the left hand side,
using fr u do = 0 for the latter case. The right hand side must likewise vanish, determining
the Lagrange multipliers

N N

1 3 .
Ao = I ];ﬂk and \; = IRk ];,BkVi(Xk) for i=1,2,3.

Now we have produced a problem for u which is posed over the full space H?(I'). We
could now discretise and solve this problem using H?(I')-conforming finite elements. This
approach will not be taken here however, instead we will formulate an equivalent problem
which can be solved using lower order finite elements. To do so we will split this fourth order
problem into a system of two second order equations. Such a splitting is best motivated by
considering the strong form of Problem|[6.2] produced by integrating the variational problem
by parts.

2 2 ~
HA%U— (0 - Rl;> Aru — R—UZU =Jx,

/udOZ/’U,VidOZO fori=1,2,3.
r r

This equation is meant only in the sense of distributions, here dx denotes

- al 1 2.3
6X = Zﬂk <6ch — W — Z WVi(Xk;)Vi)

k=1 i=1

(6.1)

where dx, is the Dirac delta distribution dx, : v — v(Xg). The PDE can also be given
meaning in the sense that both sides lie in H?(T")’, this leads to the variational problem
above.

To solve numerically we will use a splitting method to formulate this fourth order
problem as a pair of second order equations. The splitting occurs by introducing the new
variable w, which satisfies

2
w=—Aru — ﬁu,
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it is immediate that w must satisfy the constraints

/deZ/wdeZO fori=1,2,3.
r r

Using this splitting we are left with a decoupled system, given by

—kArw 4 ow = dx with constraints /

de:/UJVidOZO fori=1,2,3,
r r

2
—Aru — ﬁu = w with constraints /u do = / uv; do=0 fori=1,2,3.
r r

We wish to find a weak formulation for this decoupled system to base our numerical method
around. In addition, the implementation of the numerical method is much more straight-
forward if we can make the constraints a property of the equations we solve. We thus make
a modification to the decoupled system, the modified system reads

—Hpr—&—Uw—l—XU/w:SX,
r

4
2
—Aru—mu—i—T;(/Fugi) gi = w,

where 7 > (1/27R?*) and x, = 1 if ¢ = 0 and is zero otherwise. As u,w € V we have
actually added zero to both equations but in doing so we ensure that any solution to this
modified system must satisfy the required constraints. We now give an appropriate weak
formulation which will be discretised to produce the finite element method.

Problem 6.3. Fiz X € TV, p € (1,2) and q € (2,00) such that 1/p + 1/q = 1. Find
(u,w) € HY(T') x WYP(T') such that

/ kVrw - Vo + ocwv do + Xg(w, 1)L2(1") (U, 1)L2(F) = <Sx, ”U> Yv € Wl’q(l“),
I

4
2
/VFU'VPU— —puvdo+T E (u, 9:) 220y (v, 9i) £2(1) :/wv do Yve HYT).
r R r

i=1

This formulation is well posed and is equivalent to Problem in the sense that the
solution is given by (u, —Aru— (2/R?)u) where u is the solution to Problemm This result
and the numerical analysis of the method we now introduce will be the subject of a later
paper. We discretise the system using P' finite elements, the resulting equations for the
discrete system are as follows.

Problem 6.4. Find u,w € RV such that
(KSh +0Mp + XoAn) W = Fj,

2
<Sh — ﬁMh + TBh) u= M,w

Here M}, and S;, are the usual mass and stiffness matrices respectively,
(Mh)ij = (bquj dOh and (Sh)ij = th¢i . Vrh(bj dOh.
Fh Fh

The matrix Ay is given by

(An)ij = (96, D2y (95, Dz,
The matrix By, is given by

3

(Bn)ij == (i, 1) L2 (65, Drara) + D (96 vk 0 D) r2(r,) (955 Vi © D) L2(0) -
k=1
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The right hand side in the first equation results from approximating the linear functional
dx and is given by

N 3 3
Wii= Y B (@op—ﬁhm) = Rz(as“) S 4WR2ZVAX;C)(@,V,«op)Lz(rh)).
r=1

k=1

The convergence of this finite element method will not be addressed here, instead we will
introduce a similar method for the point constraints problem before producing some illus-
trative examples.

6.1.2 Point constraints for a Clifford torus

We also solve Problem 5.4 numerically, enforcing the constraint u € U = (H% o N K er(a))t
via a penalty method. As in the previous algorithm we will express the condition v € U via
L?(T)-orthogonality. That is, for each basis function of H (N Ker(a), f;, set

gi = (A% — Ap + 1) f; € C*(I).

We can then characterise U in terms of L?(T')-orthogonality with the g;, for 1 <i < L :=
dim(Hx o N Ker(a))

U={ve H*(T) | (v,9i)2ary =0V1 <i < L}

The resulting minimisation problem, which we will discretise, is given as follows.

Problem 6.5. Given X € I'V and 6,p > 0 find us, € H*(T') minimising & ,(-, X) over
H?(T), where

L

N
1
Z ) — i)+ %Z(%gi)%?(r)-

i=1

€5p(u X)

o,"—‘

Existence and uniqueness of a solution is a consequence of the Lax-Milgram theorem and
by standard techniques for penalty methods one can show |lus, — us||g2ry — 0 as p — 0,

where ug is the solution to Problem Here we will consider the case I' = T'(1, \/i), a
Clifford torus.

We discretise and solve the problem using the splitting w = —Arpu + u. The resulting
equations are as follows.

Problem 6.6. Find u,w € RN* such that

T+ 5Ch+ 5 Bn Sp+ My, ul)_ (1R,
Sh + My, — My, w - 0
Here M) and S} are the usual mass and stiffness matrices respectively. The matrix T}, is
induced by the inner product

t(u, v) :/eru. (BH? _oH)? - 2} 1- 2H’H> Vo
+ uv (-21{2%2 +2(VpVrH) : H 4+ |[VeH* + 2HTr(H3) + Ap|H|? + |H|* - 1) do.
This term in the equation results from the fact
a(u,v) = /F(pru + u)(—Arv 4 v) do + t(u,v),
as when we carry out the splitting w = —Arwu + u this becomes

a(u,v) = / Vrw - Vv 4+ wo do + t(u, v).
r
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For the discretised equations this contributes Sj, + M, to the upper right block of the system
matrix and the remainder T} to the upper left block.
The matrix By, results from the penalty terms for the elements of Ker(a),

L
(Br)ij = Z(Qﬁ}’gk o p)r2(r) (95, gk © D) L2(1)-
k=1

The matrix C}, results from the penalty terms for the point constraints,

N

(Ch)ij =Y &F o piph (Xk)dj 0 Pk (Xa)-
k=1

The first block of right hand side vector is given by

N
(Fn)i =Y axdj o pire (Xx).
k=1

The numerical analysis of these methods will be the subject of a later paper.

Remark 6.1. The point constraints problem may also be approached by adjusting the linear
functionals u — u(Xy) as was done for point forces in (6.1)). Similarly the point forces prob-
lem may be approached by a penalty method by penalising each of the integrals (u, g;)r2(ry.

6.2 Numerical results

6.2.1 Point forces on a sphere

As in the flat case [5] we investigate the membrane mediated interactions between point
forces. To do so we solve the discrete problem, Problem with R=1, N =2, X; =
(0,0,1) and and Xo = (sin(f),0,cos(d)), varying 6 € [0,7]. We take 8; = 5 and consider
each of the cases § = £5. As in the flat case, we fix kK = 1 but use varying values for the
surface tension o to explore how the ratio k/o affects the interactions.

Figure [2a] plots the energy of the discrete solution as a function of  for point forces with
the same sign, §; = f2 = 5. At small separations we observe a similar attractive interaction
as was observed in the flat case [5]. This agrees with the attractive interaction between
filopodia discussed in biophysics literature [1,/12]. However there is a critical separation
angle 6. beyond which the interaction is repulsive. This repulsion at larger separations
cannot be observed in the flat case as it occurs precisely when the membrane is no longer
well approximated by a planar graph. The global minimum is at § = 0, corresponding to
the two forces clustering to the same point as was observed in the flat case and proven by
the general theory. There is also a local minimum at 8 = m, corresponding to the forces
being located at opposite poles.

Figure plots the energy of the discrete solution as a function of 8 for point forces
with the opposite sign, f; = —f2 = 5. At small separations we observe a similar repulsive
interaction as was observed in the flat case. As for the previous example, the interaction
changes at the critical angle 6., in this case becoming attractive. This leads to the global
minimum occurring at § = 6,.

The existence of this critical angle and its dependence on o can be seen by studying Gy,
the solution for N = 1, X; = (0,0,1) and 8 = 1. The #-dependent part of the discrete
energy for the two examples above may be written as

En(0) = =p182Gn(X2(0)).

Thus when 3 and (2 have the same sign, the energy is least when Gj > 0 and when
they have opposite sign the energy is least when G, < 0. Moreover the critical angle 6, is
precisely the angle which minimises G, (X (0)). Figure [3a] plots G}, for ¢ = 0 and Figure
for o = 25. The red regions are areas where G}, is positive and the blue where it is negative.
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Figure 2: Energy plots for forces with identical and opposite orientations, varying ¢ from 0 to
25 (bottom to top).

The values are plotted onto a surface representative of the deformed surface Gj, produces
in each case. So that the deformations are visible, they have not been scaled by ¢ for these
plots. Also overlayed on each figure is the line along which the minimum occurs, that is the
line § = 6.. For 0 = 0 we have 0, ~ 83° and for ¢ = 25 we have 0, ~ 77°. One observes
that as o increases the effect of the force becomes more localised, shrinking the positive, red
region and decreasing the value of 6.

6.2.2 Point constraints for a Clifford torus

For the second algorithm we will simply provide some illustrative examples of numerical
solutions. Figure [fa] shows the deformed surface produced when minimising the linearised
energy under the point constraints u(Xy) = «; for k = 1,2, 3 with

X = (V24 1) cos((2 + k) /4), (V2 + 1) sin((2 + k)7 /4),0),
a=(=0.5,1,-0.5).

Figure[db]shows the deformed surface produced when minimising the linearised energy under
the point constraints u(Xy) = «; for k = 1,2,3 with

X, = (—(V2 + cos(2kx/3)), 0, sin(2km/3)),
o= (-0.5,-0.5,1).

In both cases there are deformations away from the point constraint locations. As for the
point forces on a sphere, this will give rise to longer distance interactions that are not
witnessed when the undeformed surface is planar. Note that the figures show the deformed
surface ', here we have chosen € = 0.2. In reality ¢ is a much smaller parameter but using
a relatively large value for € in these plots means the deformations are visible.
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(a) o=0

Figure 3: Plot of G}, values on I'y, for varying o.

(b) 0 =25

(a) Constraints around outer circle (b) Constraints around inner cricle

Figure 4: Examples of deformed Clifford tori subject to point constraints.

25



A Appendix

Derivation of the second variation of the Willmore functional

For the sake of completeness we present the derivation of the second variation, see also [7].
We will not integrate by parts in the formulas below — unless otherwise stated. This means
that our results can be more readily adapted to surfaces with boundary. This might be useful
for studying biomembranes with finite-size inclusions. The following calculations are valid
for n-dimensional hypersurfaces I' C R"*!. We begin by calculating the required material
derivatives, starting with the unit normal.

Lemma A.l. Suppose I' C R"™! is a parametrised n-dimensional hypersurface, T =
{X(0) |0 €Q}, let we CYT) and define T, := {X*(0) := X(0) + pa(0)v(0) | 0 € Q} where
w(0) := u(X(0)) and v :=v(X(0)). Then the material derivative of the normal is given by

((-9Z/M = —VFU.

Proof. We have _ )
0=20([v"]*) =2v-0(v")

thus (") € vt so let I(v*) o X = 37 | a; Xp,. Tt then follows

J

3 i = (8’(1/#) o X) Xy, = — (a'(Xg‘_)) D= =i (), = —ilg,.
i=1
We may then conclude

n n n
o) o X = Z%‘Xei = Z aigikgij()j = - Z g‘jkﬂekXej = —VruoX.
i=1 igk=1 k=1

O

Now we will calculate the material derivative for the entries of the inverse of the first
fundamental form.

Lemma A.2. Denote the entries of the inverse of the first fundamental form G* by g"¥.

WJ == E :u.gll kj ng vy, + Xo, - VGk)
k,l=1

Proof.

;m _ E Ww ull #

= Y ( ukj)(; +zn:(3gmi> 5+ zn: gk gl (3952)
=1

k=1 k=1

= 209" + Z ig" g"( Xy, - 7o, + X, - Do)
k,l=1

Next, we will derive the material derivative of the tangential gradient.

Lemma A.3. Suppose I',T', are as in Lemma[A.1] and let f*: T\, — R then

O (Vrw f) = —uHVrf + (Vrf - Vru)y + Vr (af“) .
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Proof.

O(Vruft)oX =0 | > ¢ f5 X},

Py
- Y g™ g" (X, - Do, + Xo, - 70,) fo, X0, +Z <gijf9i3X.§Lj+gin913<f”> )
i,7,k,l1=1 i,j=1 0i
n n+l
=— Z Zug fg Vg, VT Xy —a(HVrf)oX + Z g”f.g g,V + Ulp, ) + Vr (af“)
i,l=1~v=1 4,5=1

_ (—UHVFf + (Vrf . VFU)V + Vr (8f”)) oX

These three lemmas combined produce the following calculations.

Corollary A.1. The mean curvature H* = V. - v* satisfies
OH" = —Apu — |H/|?u.
The extended Weingarten map H* = Vpuv? satisfies
0 (1H"?) = —2uTr (H*) — 2H : VrVru.
We may now calculate the final material derivative required for the second variation.
Lemma A.4. For the material derivative of Aru f* we have
O (Apuf*) = —2uH : ViV f — 2HVrf - Vou —uVrf - Vo H
+ HVRf - Viu+ Ar (977)

Proof. Using the commutator rule in (2.1)), we obtain

n+1 n+1 n+1
O(Aruf") =3 ~uVrDof - Vrva+ Y. vaDsDofDyu+ Y D, (9D4f")
a=1 a,f=1 a=1

n+1 n+1
= —uH :VrVrf+ Z (VaDaDﬁfDﬁu + Z VaDgu (vgD v\ D, f — VQDBVWDWf)>

a,B=1 ~y=1
n+1 .
+ 3 =D, (uDsfDyva) + Do(vaDsfDyu) + Do, (1)
a,B=1

— _UH VoV — 2HV f - Vit — uVpf - VoH + HVEf - Viu 4+ Ap <8f“) :

where in the last step we have made use of the identity

n+1
> D.Dgve = DgH — [H|*vs.

a=1

O

We now use these results to calculate the second variation of the Willmore functional:

1
—f/HQdo
2 )r

which has first variation, via the transport formula (2.3]), given by

. 1 1
W'(T)[uv] = / HO(H*) + §H3u do = / —HAru — H|H|?u + §H3u do. (A1)
r r
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Theorem A.1l. The second variation of the Willmore functional W (T') is given by
W’ (T)[uv, gv] = /F(A[*g + | H|?9)(Aru + |H|*u) + 2HH : (9VrVru + uVrVrg)
+2HHVru - Vrg + HgVru - VrH — H*Viu - Vig — ;quApg — H?gAru
+ <2HTT(’H3) — gHQ\'H\Q + ;H4> gu do

Proof. We use the transport formula again and note that u is extended constantly in the
normal direction, in accordance with Remark [3.2]

W (D) [uv, gv] = / —(OH")(Apu + |H|>u) — HO(Apuu) — HO(|H*?)u + gH2(3H“)u
T
— H?*gAru — H*|H|?gu + %H‘lgu do

Using the results of the above lemmas to calculate the required material derivatives produces
the result. O

Remark A.1. Using integration by parts on closed surfaces for the term
1 1
/Hngu -VrH do = / Vru- Vi (2H2g> - 5H2vpu -Vrg do
T r

1 1
= | ——H?gAru— —H*Vru-Vrg do
2 2

leads to
W (1) [uw, gv] = / (Arg + [HPg)(Aru + [H[?u) + 2HH : (9VrViu + uVrVig)
r
+2HHVru-Vrg — ;szpu -Vrg — gHQ(uApg + gAru)

5 1
H?H|? + H4> gu do

+ <2HT7~(7-[3) -3 5

which unveils the symmetry of the second variation.

Corollary A.2. IfT = S(0,R), an n—sphere, then the second variation of the Willmore
functional W(T') is given by

3n 2 /n? 5n

n n
W) [uv, gv] = /FAFQAFU + <2 - 4) Vrg - Vru+ i (2 -5t 3> gu do.

Proof. Inserting H = %P and H = % into the second variation and using integration by
parts produces the result. O

Derivation of the second variation of the area and volume functionals

We also require the first and second variation of the area and volume functionals, which are

A(T) ::/Fldo and V(I‘):nil/ridpl/do.

Corollary A.3. The first and second variation of the area functional A(T) are given by

A'(T)[uv] :/uH do,

T

A"(T)[uv, gv] = / ugH? — u(Arg + |H|?9) do.
r
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Proof. The transport formula (2.3]) directly gives the first variation. The second variation
is then obtained from Corollary O

Using integration by parts, we obtain
A(T) v, gv] = / Vru- Vrg+ (H2 — [H])ug do.
r

Corollary A.4. The first and second variation of the volume functional V(T') are given by

1

V(D) [uv] = il

/u—idr -Vru + idr - vuH do,
r

V') [uv, gv] = gHVru - idr —idr - v(Vru - Vrg + ulArg) — Hidr - (uVrg + gVru)

n+1Jr
+ (2H — idr - v|H|* + H?idy - v) gu do.

Proof. The transport formula (2.3)) directly gives the first variation. The second variation
is then obtained from Corollary and Lemma O

Using integration by parts, we obtain

V(D) [uv] = / u do,

T

V"(T)[uv, gv] = / Hgu do.
r
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