Equilibria for anisotropic bending energies
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Abstract. We study a variational problem involving an anisotropic bending energy for surfaces.
Surfaces with boundary and closed equilibria are discussed.
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The interface between immiscible materials may be regarded as a surface. The surface
forms so as to minimize a free energy subject to whatever external forces, boundary
conditions and constraints are imposed by the environment. For a homogeneous material
in a disordered phase, the appropriate surface energy is isotropic; it is independent of the
direction of the surface. However, for materials in an ordered phase the surface energy
is anisotropic.

The classical bending energy has a long history which began with the Sophie Ger-
main’s investigation of the Chladni plates in the nineteenth century. More recently, the
bending energy has been extensively used to study the morphology of vesicles, [1]. The
aim of this paper is to discuss anisotropic versions of the bending energy of a smooth
surface in the Euclidean space. A different version of an anisotropic bending energy is
discussed in [2]. [3] Our current definition of anisotropic bending energy uses invariants
of a tensor whose trace (3) has already been employed in classical works to characterize
equilibria of anisotropic media [4], [5].

Our model for an anisotropic surface energy begins with a fixed smooth, closed,
convex surface, called a Wulff shape, which we denote by W. We recall that for such
a surface, the normal (Gauss) map, N : W — $2, defines a smooth bijection. If } denotes
the position vector of W, then the function Q := x - N is called the support function of
W. Its value at @ € W is the distance from the origin in R? to the tangent plane to W at
.

We let y be the function defined on S2 defined by, y=QoN ~1 For a smooth, oriented
surface X : ¥ — R3 with normal field v, we define its free energy to be

F[x] = /Ey(v)dZ. (1)

The fundamental fact relating the surface W to this free energy is known as Wulff’s
Theorem [6]: Among all closed surfaces enclosing the same volume as W, the absolute
minimum of ¥ is attained at the surface W. This means that W solves the isoperimetric
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problem for the anisotropic surface energy .# and so W plays the role that the sphere
plays for the area functional. We mention two other characterizations of the Wulff shape.
One, [7], is that W is (again, up to homothey and certain rigid motions) the only stable
equilibrium for the anisotropic free energy .% among all closed surfaces containing a
fixed volume. Another is a recent result, [8], that W is (again, up to homothey and certain
rigid motions) , the only closed embedded equilibrium of .% . Other characterizations can
be found in [9], [10].

If we impose the additional condition that W is invariant under the map y — —%,
then W is the unit sphere for a norm |- | on three dimensional space and, in this case, the
associated free energy can be written

9[2]:/2|v|*dz:.

Here | - |, denoted the dual norm defined by

lal. == max a-b.
|b|=1

It is usual in the literature to begin with the energy denisty ¥ in (1) defined on S? and
use it to produce the Wulff shape W. This process is known as the Wulff construction.
In the case where 7y is smooth, W is parameterized by the Cahn-Hoffman field

x=Dy+yv,ves?,

where DY is the gradient of ¥ on the two dimensional sphere. For a surface, this field
can be composed with the Gauss (normal) map to obtain a mapping of the surface into
the Wulff shape. For a point p in the surface, the tangent plane to X at p and the tangent
plane to W at y(p) are parallel.

The type of surface energy in (1) was developed by Wulff to model the equilibrium
shape of a small crystal and was used by Virga, [12], [13], to model the equilibrium shape
of a small nematic liquid crystal submersed in an isotropic environment. In particular,
the Rapini-Papouler functional

y:i=1+4evi, ec(-1,1)

is applied. Virga shows that as the size of the drop goes to zero, the director field tends to
a constant. Thus, the bulk energy vanishes and anchoring energy is of the form y(v - a)
for a fixed vector d.

Besides absolute minima, other stationary surfaces are also of interest. These are,
of course, characterized by the vanishing of the first variation. For a deformation X +
£8X + O(€?), we obtain

dX

Sﬁ:—/ASX-vdZJr?{ (5x x X

T ox ds

If we disregard for the moment whatever boundary conditions may be imposed, we

see that a necessary condition that the surface be in equilibrium for the free energy is
that

) (Dy+7yv)ds. (2)

A=0.



Since the first variation of volume is given by
5V = / 5X-vdy,
b

the equation A =constant describes critical equilibria of the free energy subject to a
volume constraint.

The quantity A will be called the anisotropic mean curvature. When y = 1 this
quantity reduces to twice the usual mean curvature. The Cahn-Hoffman field X, defines
a mapping of X into W. The tangent spaces to X at p and to W at y(p) are parallel.
Therefore, we can consider the differential dy/|, as a linear map from 7, into itself.
Although it is not self-adjoint, the differential is diagonalizable and we denote its
eigenvalues by {41, 4, }. The eigenvalues are called the anisotropic principal curvatures.
The local expression for A is

M+ =A. 3)

Besides the trace, we can form the determinant:
MA, =Ks/Kw ,

where Ky is the Gaussian curvature of X and Ky is the Gaussian curvature of W at the
point x(p).

By analogy with the usual bending energy, we define an anisotropic bending energy
by

b
Ea,b7c ZI/ZG—{-Z(A—Ao)Z—CKz/Kwdz, (4)

where a > 0,b, and A are constants. In (4) we have replaced the usual mean curvature
and Gauss curvature by their anisotropic versions. Such energies have been applied, [14]
to study surfactant laden liquid-liquid crystal interfaces.

We remark that for a closed , boundaryless surface, the integrand in the last term is a
topological invariant:

/KZ/KWdZ = degree(yx) - Area(W),
z

which is therefore unchanged under smooth deformations. For surfaces with boundary,
the integral of Ky /Ky is unchanged by deformations which keep the boundary fixed
to first order. In either case, the functional E, ;. is variationally equivalent to the
anisotropic Willmore functional

Ei00:= /2 A2ds. 5)

For this functional, the Wulff shape is again characterized by an extremizing property,
[11], [15] : among all closed genus zero surfaces, the anisotropic Willmore functional
attains its absolute minimum exactly when the surface is (up to homothey and certain
rigid motions) the Wulff shape. These rigid motions are the symmetries of W.



In order to discuss the Euler-Lagrange equation for the functional in (4), we write the
deformation field
SX=C+yv,

where & is a tangent field to the surface. The induced infinitesimal change in A is,[15],
OA=:Lly|+&-VA. (6)
Here, L is the self-adjoint linear operator defined by
Ly =divAVy + (A-dv,dv)y,

and
A:=D*y+1l,

were D’y denotes the second derivative of y on the two-sphere. Also, let . := L — HA.
A lengthy calculation gives

SEape = / w(gg[A—Ao]—zaﬂ) ds
)
b
+7{ (a+ (A= Ag)* — cKy/Kw)& - nds
ox 4
+f{; g((A—AO)AVI//-n—l//AVA~n)+c[AVI//,Adv(t),v]ds.
5

Here [-,-, -] is the vector triple product .

We will now assume that the free energy .# is rotationally invariant about a vertical
axis. Equivalently, we can assume that the Wulff shape W is axially symmetric.

In this case the operator A is diagonalized by the frame {ej,e;} where ¢ is a unit
vector pointing in the direction of the tangential component of the vertical vector E3 and
e» = vV X e1. The tensor A then has the form

1 1
A=—e1 Qe+ —erRer.
M1 H2

1 1 N 1
0 Y(v3) = vs¥(v3), I (1 V3)}/(V3)+u2‘ (7)

We also assume that the surface X has a free boundary component on a horizontal
plane, which we assume to be the plane x3 = 0, and that the rest of the surface lies
above this plane. The surface may or may not have other boundary components. Along
the boundary component in question, we have that the outward pointing normal to the
boundary curve is given by n = —e; and the unit tangent to the curve ist = vV X n = %e;.

S = | w(gx[A—Ao]—zaH)dz
X

—bAy, o2
—f—j{ —cdi(—=))ds
62W( 2 ¢ t<ll1ﬂ2))




(a3 (A— Ro)? — cks /K )& nds

b(A—Ay)  ckn
+j{ . — ds.
ox Vil 21 Mluz)

The corresponding conditions for equilibrium in the free boundary problem are

gf[A—AO]—zaHzo,inz, (8)
b(A=1o) _ =0,o0ndX, 9)
21 Hi o
b bA, o12
a+—(A—Ag)*>—cKs/Kw)V-E3+ +cd n-E3=0,ondx. (10
(a+( 0) >/Kw)V-E3 (2“1 t(uluz)) 3 (10)

The Euler-Lagrange equation corresponding to the anisotropic Willmore functional
(5)is
divAVA+ ((Adv,dv) —AH)A =0. (11)

Making a one parameter family of vertical translations will clearly not affect the value
of the energy, although this variation does not preserve the boundary constraint. The
variational field is just the constant vertical unit vector E3 and we obtain,

bA, b
4o (22N By + (a+ 2(A—Ao)? — cKe/Kw))n-Esds.  (12)

0 — _
(2N1 L1 o 4

o
Note that in (10) we have a + g(A —Ag)? —cKs /Ky > 0 and E3 -n < 0 since the
surface is contained the upper half-space. It then follows from (10) that
bA, o2
+ ¢,
(2H1 Z<N1 2

must hold. But this means that both the terms in the integrand of (12) are non positive,
so they both must vanish,

))Vv-E3>0

bA, O12
+ ¢o, v-E3=0, 13
(2141 t(.ulli2>) 3 (13)
and b
(a+ Z(A—Ao)z —cKy /Kw)n-E3 =0, (14)

We now consider some special cases. First consider the case a =0 = ¢, b = 1. Then
it is clear that any surface with constant anisotropic mean curvature A = Ag is an



extremal. On the other hand, for an equilibrium surface, we obtain from (8), (9) and
(10), LIA—Ao)=0in X and A — Ayp =0 = [d,(A— Ag)|n- E3 on dX. From (14), we
obtain [d,(A — Ag)]v - E3 = 0 on the boundary. Since (n-E3)? + (v-E3)? = 1 on the
boundary, it follows that d,(A — Ag) vanishes on the boundary. However, .Z is a second
order linear elliptic differential operator and any solution which vanishes identically to
first order along the boundary must vanish identically. We can conclude that the surfaces
with A = Ay are the only equilibria.
Let Q:=a+ 2(A—Ag)? — cKx/Kw with,

c>0, 1>e>0, b=c(l-e)', a=

Note that 0 < (A; — A,)? implies that 0 < (A?/4) — Kz /Ky . Thus

2

Q> at Z((1 _ A2+ (1 — e 2)A)) — Ky /Ky = C<AT _ Ke/Kw) >0..

Since equality holds if and only if A = e 2A¢ and ATZ — Kx/Kw = 0, we find that the
functional attains its absolute minimum exactly when the surface is part of a rescaled
Waulff shape.

ANISOTROPIC WILLMORE SURFACES OF REVOLUTION.

In this section we will first repeat the derivation of the axially symmetric anisotropic
Willmore surfaces which was derived in [16]. The derivation in the isotropic case can
be found in [17]. By taking a slightly different approach we are able to produce closed
examples with toroidal topology.

We will now restrict to the case where a = 0 = Ay. As noted above, the variational
problem is then equivalent to E( o). We assume that the Wulff shape W is a surface of
revolution (with vertical axis) and look for another surface of revolution ¥ which satisfies
the Euler-Lagrange equation (11). For this we will use the boundary terms in the first
variation formula. We take the variation field 6X to be a symmetry of the Lagrangian,
Then if X is a part of a surface of revolution satisfying (11), we have

0=5E) 00 :72 2A(AVA) -1 — 20 (AVA) -n) + A2E -nds. (15)
X

Assuming that the boundary consists of two horizontal circles.. We take first, 6X =
E3 = EI 4+ v3v and then take 6X = X = XT +qv where ¢ is the support function. These
variations fields correspond to vertical translation and homothety which are symmetries
of E. For both these variational fields, the integrands in (15) are constant on each of
the boundary circles. The integrals are just a constant times the arc length 27x and the
results are the two equations given below:

2A ky k C
+zsA(2— 1>: L (16)
Hi M2 X

Xs



2Ag ky ki, G

—q +X -XA(———)=—. (17)
Hi Mo Mg X
Computing the determinant x,X - X; + gz, = x and inverting this system, yields
2A, 1
== (—-C CiX-X 18
m xz( 225 +C1X - X;) (18)
ky ki 1
AN———)==(Cx,+C4 (19)
(.uz H1> xz( ’ )
if we make a vertical translation of the generating curve (x,z) — (x,z+ ¢) changes the
support function g according to ¢ — g — cxg =: q1. Thus choosing cc; = —c; changes
(19) to the simpler
c
Al —h) = x—g : (20)

where we have renamed ¢ as ¢. In the isotropic case F' = 1, this equation occurs in [17].
Remarks. (1) In the case of a surface of revolution , the equation (11) becomes,

1,xA kK
() (L2 -
Xt M1 H2

It can be shown that, except for the case when the surface is a round cylinder, equations
(20) implies equation (21) . For this one needs the “Codazzi equation ™

szs = (xz(ll — lz))s.

AH)A =0. 1)

(i1) An anisotropic Willmore surface of revolution with zero or one boundary compo-
nent is, up to rescaling, the Wulf shape W or a flat disc. To see this, note that in either
of these cases we can let one of the boundary circles shrink to a point and we obtain in
(18) and (19) that the C;’s are both zero. Thus from (20) A(A; —A;) =0 holds. If A= 0,
is is easy to see that the surface must be a flat disc since the Gaussian curvature is non
positive everywhere. If A; = A,, then the surface is known, [18], to be homothetic to a
part of W.

In order to make these conclusions, it is essential that the surface be sufficiently
regular, i.e. of class C*. For example, one can invert the catenoid to get a closed surface
but this surface fails to have the required differentiability.

To construct axially symmetric solutions, we write

7 /

llzkl/ulzx,zm, lzzkz/uzz—x_jzz-

Making the substitutions x' = cos 6, 7/ = sin 0, leads to the following system:
X = cos6 (22)
7 = sin® (23)
0 = iﬂ.{sinze — c(xsin® —zcos 0)}1/2 (24)

x s



FIGURE 1. Wulff shape for y= 1 +0.5v3

We will produce examples of closed anisotropic Willmore surfaces which are axially
symmetric. Our examples will be obtained for the anisotropic surface energy derived
from the Rapini-Papouler funcitionals

y:i=1+4evj, ec(-1,1)

For this range of € the functional possesses the desired smoothness and convexity

assumptions.
The principal curvatures of the corresponding Wulff shape are given by
1/t =y(v3) —v3¥ (v3) = 1 —ev3, (25)
1 =(1=v3)yY' (v3)+1/up =2e(1—v3)+1—evi. (26)

Some examples of solutions for the energy whose Wulff shape is given in Figure (1) are
given in Figures (2) and (3).

ANOTHER POINT OF VIEW

Consider an oriented surface ¥ embedded in the Euclidean space R? and let v be its
normal map. The energy of this map is given by

E[V] :/gijV,iV,j\/§d2x:/4H2—2Kd):.
z )
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FIGURE 2. Toroidal anisotropic Willmore surface for the Wulff shape in Figure (1)

FIGURE 3. A catenoid-like anisotropic Willmore surface for the Wulff shape in Figure (1)

Note that for a fixed surface, the value of the energy differs from the four times the
Willmore functional by a fixed topological constant. However the usual variational
problem for the energy is not equivalent to the variational problem for the Willmore
functional, When we vary the energy, we usually only vary the map. If we want to use
E to study the Willmore functional, we need to vary both the map and the underlying
metric g;; in such a manner as would arise through a deformation of the surface.

Analogously, we consider the functional defined by the energy of the map y : ¥ — W.
Introduce the function I' := traceV y o J, where J denotes rotation by 90° in the tangent
space in the direction such thatJ = v x -.

We have

E[x]:/|dx|2d2:/A2+F2—2KE/KWdZ.
X X



Because A% — 4Ky /Ky = (A1 — A2)? > 0 holds, we have the inequality

E[x] >2 ﬁdZ = 2degree(y) - Area(W),
= Kw

for any closed, boundaryless surface X. In particular, this implies that the Wulff shape

is again, up to homothety and those rigid motions that are symmetries of the energy, the

unique absolute minimizer of the energy E among all genus zero surfaces.

It is well known that, in fact, the energy’s dependence on the metric g is unchanged
by the conformal rescalings g — e“g. When computing variations of this energy, we
will vary both the map ) and the metric as follows. Consider a variation of the surface
0X = & + yv, where & is a tangent field to the surface. The corresponding variations of
the map ) and the induced metric are

oy =A6v=A(—Vy+dvl),
0g=Leg—2yll.

Here L denotes the Lie derivative and I/ denotes the second fundamental form. If we
regard the energy E as depending on both the map ) and the metric, then the first
variation is

0E OFE
OF = ﬁ[&d + 6—g[58], (27)
where
a—E[&g]: = 2/Vx'V5de (28)
ax )
— —2/r[x]-5xdz+2f 5x- Vo ds, 29)
) E)
and SE
<159 = / W] Sgdx. (30)
g T

The field 7[y] is called the tension field of the map y and is given by the tangential
part of the Lapalcian V2. A calculation gives

t[x] = —~VA—JVI. 31)

The field W[x] is called the stress energy tensor and it is given by W[x] :=
(1/2)|dx|>g —dx(-) - dx(-). This is the trace-free part of minus the pull-back of
the metric on the Wulff shape W. If we restrict to a compactly supported, normal
variation 6X = yv, we obtain for the first variation

SE[y] — /E—ZT'SJH— (W[y],82) dx

. /Z—Z(VA+JVF) -AVY —2y(¥[y],II) dT

— 2 /Z w(div[A(VAJrJVF)]—(‘P[x],]l)) dx



The Euler-Lagrange equation is thus
div[A(VA+JVD)| — (Y[x],1I) =0. (32)
In the case where I = 0, the Euler-Lagrange equation agrees with the one given in (8)
with a = 0 = Ag. The condition I' = 0 will always hold, for example, when both W and

¥ are assumed to be axially symmetric.
For surfaces with non-empty boundary, we have for an arbitrary variation:

SE[y] = 2 /Z w(div[A(VAJrJVF)]—(‘P[x],ll)) dx
—ngZAVI;/-V,,x—FZI//A(VA—FJVF) n—|dy|*E -nds.

Let Hy denote the mean curvature of the Wulff spape at the point y(v). A calculation
gives that

2Hw AK:
~(P[x] 1) = H(P 4+ A%) = ===
Kw
so that (32) can be written,
2Hy AK;
div[A(VA+JVD)| + H (2 4+ A%) — % =0, (33)
w
Two interesting subcases of the Euler-Lagrange equation are
2Hw K;
r=0, div[AVA]+(HA—225A=0. (34)
Kw
A=0 div[AJVT' |+ (HT)T' =0. (35)

For an axially symmetric Wulff shape, examples of solutions of (34) are furnished by
the anisotropic Willmore surfaces considered above. To provide examples of solutions
of (35), we consider the helicoids

f:=(rcos@,rsinf,ar), a#0.

It was already shown, [16], that for any rotationally invariant functional, these surfaces
have zero anisotropic mean curvature. The induced metric is dr? 4 (r*> + o?)d6?. The
normal field for this surface is given by v = (> 4+ a?)~'/?(—osin 0, 0.cos 6, —r) and so
v, = —a(r? + a?)73/2 f. Therefore 6,9 = a(r> +a®) . A calculation shows that

['=—op(l/m—1/1m).

Since p;j, j = 1,2 are functions of vz = —r(r* + a?)~1/2, they are independent of 6.
Thus I is a function of r. This gives VI" =: ¢(r) f,, AVL =: ¢1(r) fr, AIVL =: ¢ (7) fo.
It follows that divAJ(VI") = 0. Since the helicoid is a minimal surface, H = 0 , equation
(35) follows.



CONCLUSIONS

We have considered two formulations of anisotropic bending energies for surfaces in
three dimensional space. The first is obtained by replacing the usual mean and Gaussian
curvature by their anisotropic analogues. For this version we have obtained strong
restrictions on solutions of certain free boundary problems. In the case of one axially
symmetric energy based on the Rapini-Papouler functional, we have produced graphics
of a solution with toroidal topology.

The second version of the anisotropic bending energy is given by the energy of an
anisotropic Gauss map which takes values in the Wulff shape. Under deformations, the
induced metric tensor is coupled to the map energy in a particular way. This energy
reduces to the previously defined case when both the surface and the Wulff shape are
axially symmetric. In general, the two formulations are, however, distinct.
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