On a variational problem for soap films

with gravity and partially free boundary

By Miyuki Koiso and Bennett PALMER

Abstract

We pose a variational problem for surfaces whose solutions are a geometric model
for thin films with gravity which is partially supported by a given contour. The en-
ergy functional contains surface tension, a gravitational energy and a wetting energy,
and the Euler-Lagrange equation can be expressed in terms of the mean curvature
of the surface, the curvatures of the free boundary and a few other geometric quan-
tities. Especially, we study in detail a simple case where the solutions are vertical
planar surfaces bounded by two vertical lines. We determine the stability or insta-

bility of each solution.

1 Introduction

We study a variational problem whose solutions are a geometric model for thin films
subject to a vertical gravitational force.

We will consider immersed surfaces F in the three-dimensional Euclidean space
which are partially supported by a given curve I'. We represent F as an immersion
X = (24,2223 : ¥ — R? of a two-dimensional orientable compact connected
C® manifold ¥ into R3. Our problem is to investigate critical points of an energy

functional which is the sum of three terms:
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e The length of the free boundary of F. This can be considered as a type of
adhesion energy for the film to air interface. We assume that this energy is
proportional to the arc length of the free boundary and normalize the constant

of proportionality to be one.

e A “gravitational potential energy” for F which arises from a vertical gravita-

tional force. We consider the acceleration due to gravity to be constant.

e A “wetting energy” for F which is proportional to the length of the part of

the fixed boundary which comes into contact with the film.

We also impose the realistic assumption that the area of F is preserved under

deformations. Thus, our energy functional can be expressed as,
£(X) = L(X) + G- (X) + Ws(X) = / dX]| +’y/2x3d2 +5/ x|,
P o

where d¥ is the volume element of 3 induced by X, 0¥ = o Up, X(o) C T, pis
the free boundary of X, v and 3 are given constants which depend on the material
of the film and the surrounding media. Our objective is to study the geometry and
stability of equilibria for the functional £. For additional explanation about the
components of the energy functional, we refer the reader to [3].

Let us denote by v = (v',v2,13) the Gauss map of X. The Euler-Lagrange
equation for the energy yields that the mean curvature H of X satisfies the equation
2H (ya3+c)—~v?® = 0 for some constant ¢, the normal curvature of the free boundary
p vanishes, the geodesic curvature of p is the linear function ya> + ¢ of the vertical
coordinate z® and that the free boundary intersects I' in complementary angles at
its endpoints.

In this paper, we concentrate on the simplest case where I" consists of two vertical
rays and the horizontal segment connecting them. We assume from the outset that
the surface is planar when it is in equilibrium and the free boundary component
consists of a smooth embedded curve C' whose two endpoints are constrained to
lie on each of the vertical lines (see Figure 1 on page 8). Clearly the configuration
of the surface is completely determined by the curve C. In this case, the Euler-
Lagrange equation for the energy yields that the curvature of C' is a linear function
of the vertical coordinate in the interior of C' and that C' intersects the each of
the vertical lines in complementary angles. The problem that we consider is to
determine all stable configurations which can occur. The critical curves C' are found
explicitly in terms of elliptic functions and the stability of each type is analyzed.
Conceptually, this simple problem is a one-dimensional version of the type of free
boundary problem considered in [6], [8], [7] with the addition to the energy of the

gravitational term.



The paper is organized as follows. In the second section, we will formulate the
variational problem and derive first variation formulas for the general setting. In the
remainder of the paper, we will restrict our attention to the simple case of a planar
film mentioned above. In the third section, we derive the Euler-Lagrange equation
which characterizes critica of the variational problem. In the fourth section, we
derive the second variation of the energy functional and define the notion of stability.
In the fifth section, by studying the ordinary differential equation comes from the
Euler-Lagrange equation, we derive some geometric properties of the critical curves.
We also show that the Euler-Lagrange equation for the critical curve is equivalent
to the pendulum equation. The main results of the paper are in the sixth section
where we determine the stability or instability of each critical point. At the end of
the paper, we will give some pictures of examples of critical curves (Figure 2).

We wish to thank Professor Oscar Garay for pointing out to us that the critical
curves which we study as the simplest case are exactly the elastic curves in the
plane. We note however that the variational problem we study is very different
from the one for elastica and that, in particular, the stability analysis differs greatly

for the two problems.

2 Formulation of problem and first variation
formulas

Let T' be a piecewise-smooth closed curve without self-intersections in R3. Also let
3 be a two-dimensional orientable compact connected C*° manifold with boundary

0% which is homeomorphic to S*. We divide 9% into two connected parts as follows.
0¥ = o Up,
where o N p consists of two points:

oNp=1{C,G}

Consider a smooth immersion
X =(z',2%2%):2 - R3

whose restriction X|, to o is an injection into I'. Denote by v = (v!,1%,13) : ¥ — §?

the Gauss map of X. We assign to X the following four quantities:

A(X) ::/EdE, L(X) ::/p|dX|,



Gy(X) = fy/ z3dy,
by

Wj(X) = 8 / x|,

where dY is the volume element of ¥ induced by X, and v and 3 are constants. Then
A(X) represents the area of X, L(X) represents the length of the free boundary
C:=X(p), G4(X) and Wpz(X) represents the (gravitational) potential energy and
the wetting energy of X respectively. (One can find physical examples corresponding
to v, B with any sign. For example, when we think of soap film F partially supported
by such a special I" as in §3, it is natural to assume that v > 0 and 5 < 0 hold.)

Consider a smooth variation X, : ¥ — R? of X satisfying the boundary condition
Xe(o) CT.

We will call such a variation X, an admissible variation of X.

For simplicity, we will write X instead of X.. We will often denote by ¢’ ’ the
partial derivative with respect to €. Denote by n the exterior normal of X along
0%. Let p : [a1, ag] — p be a parametrization of p such that p(a;) = ¢;, @ = 1,2,
and X x v = | X|n hold, where

S 9(X|p0p)
X =X|,:= 8pt )
and ¢ is the parameter in [ag,a] C R. Similarly, let & : [01,02] — o be a
parametrization of o such that ¢(d1) = (2, 6(d2) = (1, and X xv= \X\n hold,
where (X, 0 5)

X =Xls:= 6075 )
and t is the parameter in [0, d3] C R. In general, we will denote by ¢’ the partial

derivative with respect to t. We set

0X
§ - E? f - <€7 V>7
v = (&n) on 0%,
where ( , ) is the usual Euclidean inner product in R3.
We will denote by H the mean curvature of X. Also, we will denote by k,, Ky
the normal curvature and the geodesic curvature of X|syx, respectively.

Notice that for any admissible variation,
p=0and f=0 ono (1)

holds.



Proposition 2.1 (First variation formula) For each admissible variation, the

following first variation formulas hold.

A= —2/2Hfd2+/pwds, 2)
G, = 7/2(—2Hx3—|—1/3)fd2—|—7/px31/1d8, (3)
L' = &Gl coswn — [€(G1)] coswn — / (X, 0)f + (X, nyw) [ X|2ds  (4)

= [6(Ca)| coswn — [€(C1)] coswr — / (knf + g ds (5)

Wi = B(I&(C)] cosm — [§(C2)] cosm),

where w; denotes the angle between X]p(oci) and £((;), 1 = 1, 2, m1 denotes the
angle between X|,(61) and £(C2), and 1y denotes the angle between X|4(03) and
£(¢1). Consequently,

cosm; € {1,—-1} i=1,2,

holds since X|,(81) (resp. X|5(02)) is proportional to £(C2) (resp. £((1)).

The proof of Proposition 2.1 will be given after Proposition 2.2.

By virtue of Proposition 2.1, we immediately observe the following:

Proposition 2.2 (Euler-Lagrange equation) Denote by 01,02 the angles from
X|p(82) to X|p(ar), from X|,(aa) to X|s(61), respectively. Then, (L + G~ +

W3)'(0) = 0 for all area-preserving admissible variations if and only if
2H(ya® +¢) —y* =0 on X,

kn =0 and ng:'yx?’—l—c on p,

and

cosb; =cosby =3

for some constant ¢ € R.

Proof of Proposition 2.1. (2) is derived directly from the well-known first variation
formula for the area functional.

Let us prove (3). Let(u!,u?) be local coordinates in X. Set

0X

Xi=Ga0

etc,

E=T+ fu=VX + VX + fr.



Denote by (, )4 the Riemannian inner product in the metric induced by X.
Gy = [L@*ds +y [ atax), (6)
by by

/ 3(dx) = / 3(—2H f + diveT)dx. (7)
% %

By using the divergence theorem, we see that
/ 2Adiveldy = / div(z3¢T)dy — / (Va3 1) d%
by s by
= [ @ myds— [ (V4" €T)yds
) s
— [ @ends— [ (2" €T)gax
) b
= [aPemds — [ (Val €T, a5, (8)
p %
where we have used (£, n)|, = 0. On the other hand, since
=VX1+ VX =£6— (v,
we obtain
(Va? 1) = VI + V2 (a®)e = € = (& v
Therefore,
(vt €N,z = [ (€~ (6 vas. (9)
b b
From (6), (7), (8), and (9), we get (3).

Next, we will derive the formula for L'. We see that
LX) = /ds:/ © X |dt,
a1
;o o2 o /90X a2x>
b= /a gelXldt = /a X1 <8t’6t66 dat
=[x Gar
a1
e as @2 /0 o1
— WXl - (G € e
a2
— l€Gleoswn — (el coswr = [ (UK.

1£(C2)| coswa — [€(C1)| coswr — <—\X\2<X,X>X + X, §>X\2ds

/
= [€(C2)| coswn — JE(C1)] coswr — / (X, €)d
p

which implies (4) and (5).
The derivation of the formula for Wé can be handled similarly and will be omit-
ted. O



3 Euler-Lagrange equation for the simplest case

In the following, we will consider the special case depicted in Figure 1. We will

write (z,y, z) instead of (z', 22, 23). Let a,xo, 21 (79 < 71) be constants. Set

i = {(z0,0,2)[z < a},

b o= {(@0,a)n<s<n}
ls = {(21,0,2)|z < a},

I' = LulaUls.

We assume that X (3) is contained in the zz plane. Moreover, we will assume that
the endpoints of the curve C(s) = (x(s), z(s)) are constrained to lie on distinct
vertical rays ly, [3. For the boundary curve C(s) = (z(s), 2(s)), s = arc length,
we let: L = L[C] = length of C, x(0) = x0, and (L) = z;. Note that C has
no self-intersections and zg < x(s) < 1 holds for all s € (0,L). Set E3 = (0,1).
Since div(zE3) = 1 and div((2%2/2)E3) = z, we can write the area, gravitational and

wetting energies as

AlCl = AX) = —/Czd:p—i—cl, c1 = (r1 — x90)a,
GolC] = G (X) = (=/2) [ Fdotes, eri= (/2@ — o)
WHlC] = Ws(X) = Bl(a— 2(0)) + (a — 2(L)) + (a1 — wo))-

For a function f on [0, L], set [[f]] = f(L) — f(0).

We consider a variation C; : [0, L] — R? of C with variation vector field §C(s) =
((0z)(s),(02)(s)) := (0Cc(s)/0¢€)|e=0, where € is the variation parameter and Cp =

C. Because the endpoints stay on the vertical lines, we have:

(62)(0) = 0 = (3)(L). (10)

In this case, these variation comprise the admissible ones.

Denote by n the unit normal to C' which points out of the surface X (3), and by
% the curvature of C' with respect to n. We remark that this is not the usual sign
convention for the curvature.

For any admissible variation C¢ of C, we get the following first variation formulas.

— OL[C{] = —/ k{(6C,n) ds + [[(62)7']],
e=0 ¢

OL[C] : e

7



SA[C] = / (5C,n) ds,

C
0G,[C]l =~ Cz(éC, n) ds,
SW5[C] = —=B((62)(L) + (62)(0)).

We are using “prime” here to denote differentiation with respect to s which is a
departure from its usage in section 2. These formulas are obtained from Proposition

2.1 by letting f = 0. Consequently, we get
Proposition 3.1 (Euler-Lagrange equation) Assume that |3| < 1. Then,
M(L+Gy+Wg)=0
holds for all area-preserving admissible variations if and only if
Kk =7z + Ko (11)
holds for some constant kg € R and
—2/(0) = cosy = = cosfy = 2'(L) (12)
holds, where 0y is the angle from —E3 to C'(0), 02 is the angle from C'(L) to Es.
The Euler-Lagrange equation implies that
B8] <1

necessarily holds for all critical points, so from now on we will only consider values
of B in this range.
From (12), it follows that

|91| = ‘92| (mod 271‘).

Since C' has no self-intersections and zp < z(s) < x; holds for all s € (0,L),
2/(0) > 0, 2/(L) > 0 holds. Therefore, we may set

0:=6, =0y €0,7],

and we have
2'(0) = /(L) = sinf > 0. (13)
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4 Second variation and definition of stability

From now on, we assume that the curve C satisfies the Euler-Lagrange equations
(11) and (12). We will derive the second variation

2
(L + G+ Wp) = 8662 :o(L[CE] + G4 [Cc] + W5[Ce])

for any area-preserving admissible variation
Ce(s) := Cle, 5) = O(s) + e(p(s)n(s) + q(s)C"(s)) + O(?).

For simplicity, we suppress the subscript € although all quantities below are assumed
to depend on it.
At € =0, by using (11) and (12), we see that

6HL + Gy + Wp) = 0*(L + G + W5 + KoA)

= di / (=K + vz + ko) {(6C,n)ds + [[(6C, C]] — B((62)(L) + (6z)(0))}
€le=0 L/C
0 d / -
=[G crrrzn0) - temas+ T J6c.cn) - slee. o))
= I+1I,

where
C'(L) .= E3=(0,1), C'(0):=—FE3=(0,-1).

First we observe
Lemma 4.1 Ate=0,
I= / {—p" = (k*+ 2" )p}pds
C

holds.

Proof. Elementary calculations give at € =0

6k = k2p+p" + ¢, dz=—pa' +q¢, (6C,n)=np.

On the other hand, we see

10



Lemma 4.2 Ate=0,
1T = [[p(p’ + xq)]]
holds. If |B| < 1, then

_ KB
1=

1T = [[p(p’ - Zp)ll = [[p(p" — kot 6 - Z'p)]],

where

Proof. At e =0, by using (12), we see that

11

S[[(0C, C" = BC"]] = [[{6C, 6C" — C(C",6C"))]]
= [[(6C, (6C", n)n)]] = [[(6C, (¥ + Kq)n)]]
= [p( + kq)]].

Assume that |3] < 1. Since
0= dz = p2’ + g2/,

we observe that

q=—pz /2’ = —pcoth-7.

From Lemmas 4.1, 4.2, we get the following

Proposition 4.1 (Second variation formula) Assume that the curve C satis-
fies the Euler-Lagrange equations (11), (12). Set 6 := 61 = 03. The second vari-
ation §%(L + G + Wp) for any area-preserving admissible variation of C' depends
only on the normal component pn of the variation vector field, and it is given by the
following formulas.

(i) If |B| < 1, then

L+ G+ Wy) = [ (=0 = (62 4 5 phpds + [~ neot§-p)p)

holds, where

(i) If |B] = 1, then
XL+ Gy +Wp) = /C {—p" — (K* +~2)p}p ds
holds.

11



The following lemma is proved by a modification of the proof of the existence of

volume-preserving variations fixing the boundary given by Barbosa-do Carmo [1].

Lemma 4.3 Suppose that a curve C : [0,L] — R? satisfies the BEuler-Lagrange
equations (11), (12).

(i) Assume that |5| < 1. Let p : [0,L] — R be a C* function with fOLp ds =
0. Then, there exists an area-preserving admissible variation C. of C such that
(0C,n) = p.

(ii) Assume that |3| = 1. Let p:[0,L] — R be a C*° function with fOLp ds =0
and p’B[O,L} = 0. Then, there exists an area-preserving admissible variation C. of C
such that (0C,n) = p.

In view of the above lemma, we define function spaces Fy, F' for a curve C
satisfying (11), (12) as follows.

o { ([0, L]), 18] <1,
{p € C>=([0,L})|p(0) = p(L) =0}, |8 =1,

L
/ pd:s:O}.
0

| S A" = (R4 )plpds + [[(p) — kot 8- Zp)p]], |B] < 1,
I(p) T 1 2 / .
Jo{—1" = (k* +~2")p}p ds, 18] = 1.

We define the stability as follows:

F o= {pEF()

Set

Definition (Stability). Suppose that the boundary C : [0, L] — R? of a film F
satisfies the Euler-Lagrange equations (11), (12). Then, F will be called stable if
Z(p) > 0 holds for all p € F, and F will be called unstable otherwise. F is said to
be strongly stable if Z(p) > 0 holds for all p € Fj.

5 Some geometry of critical curves

In this section, we study geometry of critical curves and their global extensions.

Integrating =" = kz’ over C and using (11) and (13), gives

0 = [[2']) = 2[1=*]] + mo[l=]]

Therefore, we have the following;:

12



Lemma 5.1 In the case of a critical curve, at least one of the following holds:

z(L) = z(0) (14)
and/or
V(2(L) + 2(0)) = —2r0 (15)
Moreover, (14) is equivalent to
#(L) = £(0),

and (15) is equivalent to
k(L) + k(0) = 0.

Next, we will study the shapes of the global extensions of critical curves. The
equation (11) can be integrated explicitly. The explicit representation of the critical
curves appears to be well-known and classical. We will include the computation
for the reader’s convenience. It will turn out that in almost all cases, the solutions
are periodic curves which, except for circles and a particular other one-parameter
family of curves, are invariant under certain parallel translations in the z direction.

Let C = (x,2) : I — R2%, I C R, be a solution of (11) which is parametrized by
the arc-length. Here we will take I to be the largest possible interval.

When v = 0, the curve is a horizontal straight line or a circle. So, we will assume

that v # 0. The equation C” = kn gives

2 = k2, 2= —ra'. (16)

By setting coso := 2/, sino = 2/, we have a solution to the system:
' =sino, o =—k=—(yz+ ko).

These equations can be combined to show that o satisfies the pendulum equation

7

o' = —ysino. (17)

Conversely, it is easy to show that a solution of this equation generates a solution

of (16) with k = vz + constant.

Define
‘ | 0-7 ’7 > 0’
= |y, w =
P 7 o+m, v<O.

Then in either case, we obtain a solution of the pendulum equation

"

W' = —psinw (18)

13



with p > 0.
Each solution of (18) admits a first integral

(w')? — 2pcosw = constant =: a. (19)
The geometric meaning of a is given by
L
a= (1/L)(/ k% ds — 2y(z(L) — x(0))) (20)
0

for all L > 0.

We may rewrite (19) as

ar-(45) ()

In the case where w = 0, the solution curve is a horizontal straight line. Excluding

this case, we have

a—+2
p::XQ, x > 0.
4p

By replacing the parameter s by s 4 constant if necessary, the solutions of (19) are

0<

expressed as follows (cf. Lawden[5, Chapter 5]).

Lemma 5.2 Case(i) x? < 1. The solution can be expressed in terms of elliptic

functions:
sin(w/2) = xsn(vps,x),  cos(@/2) = dn(y/ps, x).
Case(ii) x> > 1. The solution can be expressed in terms of elliptic functions:

sin(w/2) = sn(\/ps/x, X)s cos(w/2) = en(y/ps/x, X)-

Note that, a > 2p holds, so by (19) w' never vanishes and so the curve C' has
nowhere vanishing curvature and is therefore convew.

Case(iii) x? = 1. The solutions are expressed as
sin(w/2) = tanh(y/ps), cos(w/2) = sech(/ps).
Remark 5.1 Since p = |v|, using (20), we have

Jo K% ds — 2y(x(L) — 2(0) + L), ~>0,

(a—2p)L = { OLR2 ds —2y(z(L) — z(0) — L), ~<0.

Therefore, if v < 0, then (a — 2p)L > 0 holds. Hence, in this case x> > 1 holds,

which corresponds to case(ii) above. On the other hand, for v > 0, all cases(i) ~

(iii) can occur.

14



Lemma 5.3 If C is a solution curve, then

(i) I=R.

(ii) The function z is bounded.

(iii) Except in case (i) of the previous lemma, the curve C is periodic. More

precisely, there exists some dg > 0, such that
x(s+do) =x(s) +ao, =z(s+dy) =z2(s), VseR

holds, where
ap := x(do) — z(0).

(iv) Z'(s1) =0 for some s1.
(v) If 2/ (s1) = 0 holds for some s1, then C' is symmetric with respect to {x = x(s1)}.
(vi) If k(s2) =0 holds for some sa, then C is symmetric with respect to C(s2).

Proof. The statement (i) follows since the explicit values of cosw = cos?(w/2) —
sin?(w/2) and sinw = 2 cos(w/2) sin(w/2) given above are defined for all values of
s.

The boundedness of z follows since (19) can be written as (yz-+#0)? = 2|7y| cos w+

In cases (i) and (ii) of Lemma 5.2, the periodicity of 2’ = coso and 2’ = sinco
follow from the periodicity of the elliptic functions sn, cn and dn. In fact, the period
for these functions is given by 4K, where sn(K) = 1. Since vz = z”/2’ holds, the
periodicity of z follows from that of ' and 2’. The periodicity of z as described
above follows from the periodicity of x’.

In cases (i) and (ii) of the previous lemma, the statement (iv) follows immediately

from the periodicity. In case (iii), it follows since
|2/ (0)| = | sin(a(0))| = 2| sin(c(0)/2) cos(a(0)/2)| = 2[tanh(0)sech(0)| = 0.

Next we prove (v). By a translation of the parameter s and coordinates, we may
assume that

s1=0, z(0)=0, K=~z

hold. Set
C = (&%), &(s):=—x(—s), Z(s):=z(—s).

Then, in view of (16), we get
i =(2)7, ' =—(12)F.

Moreover, we see



C'(0) = (1,0) = C'(0), C"(0) = (=2"(0),2"(0)) = (0,2"(0)) = C"(0).

Therefore, C and C satisfy the same ordinary differential equations and have the
same initial values, which implies that C'= C and we have proved (v).
We prove (vi). By a translation of the parameter s and coordinates, we may
assume that
s9 =0, C(0)=(0,0), K=~z

hold. Set
C:= (&%), i(s):=—x(—s), Z(s):=—z(—s).

By a similar argument to the above, we see that C' = C holds and we get (vi). O

6 Stability of critical points

Assume that the curve C satisfies the Euler-Lagrange equations (11), (12), and set
0 := 01 = 0>. We define the Jacobi and boundary operators by

Jp] = p" + (k* + v2')p,

{ P —keot(0)z'p, 8] <1,
D, Bl = 1.

Then, by Proposition 4.1, the second variation §?(L + G, + W) for any area-

Blp] =

preserving admissible variation of C' can be expressed as

RMZ—AgﬂM%+WrBME p = (0C,n).

Here we remark that if |3| = 1, then, from the boundary condition (10), p(0) =
p(L) = 0 holds.
Recall that C” = kn gives

1 / " /
x' =k, 2" = —kKx'.

From this and the boundary values (12), (13) for 2’ and 2/, we obtain

Je)=~  Blalloc =0, -
—K 132
=0 Bl ={ VI

Since J is a Sturm-Liouville operator, the eigenvalue problem
J[p] =—Ap in [07 L]7 B[p] =0 on 8[07L] (22)

16



has a discrete spectrum, all eigenvalues are real, and the multiplicity of each eigen-
value is one. We denote these eigenvalues by A1 < Ao < Az < ---. We remark that
each eigenfunction belonging to A; has a definite sign. Denote by FE; the eigenspace
belonging to \;, and by E;* the orthogonal complement of E; in L([0, L]). We can
choose eigenfunctions ¢; € E; so that {p;}; is an orthonormal basis in L?([0, L]).

By a standard method, we see that
M =T(p1) = min{Z(p)| pe C=(0,L)). [ p*ds =1},
A= T(p0) = min{Z(p)| pe C(0, L)), [ pds =1,
Lpesds=0(G=1,i-1)}

(cf. [2]). From these properties, the following lemma is proved by a modification of
the proof of Theorem 1.3 in [4].

Lemma 6.1 (I) If \y >0, then F is strongly stable.
(IT) If My < 0 < Ao, then there exists a uniquely determined function u € C*°([0, L])
satisfying J[u] = 1 and Blu]lac = 0, and the following (II-1) and (II-2) hold.

(II-1) If [suds > 0, then F is stable.

(II-2) If [ouds <0, then F is unstable.

(II1) If Ao = 0, then the following (I1I-A) and (III-B) hold:

(III-A) If [ g2 ds # 0, then F is unstable.

(III-B) If [~ @2 ds = 0, then there exists a uniquely determined function u €
Ef nC°°([0, L)) satisfying Jlu] = 1 and Blu]lspc = 0, and the following (I11-B1)
and (I11I-B2) hold.

(III-B1) If [puds >0, then F is stable.
(III-B2) If [puds <0, then F is unstable.
(IV) If A2 <0, then F is unstable.

Theorem 6.1 If v =0, then C is a part of a round circle or a horizontal straight

line segment, A1 = 0, and so the film F is strongly stable.

Proof. If v = 0, then it is clear that C is a part of a round circle or a horizontal
straight line. Hence, from assumption (13), C'is a graph and 2’ > 0 in the interior
of C. Therefore, from (21), 2’ is an eigenfunction belonging to the first eigenvalue

Zero. O

Proposition 6.1 If Ay < 0 < A9 holds and F s stable, then v > 0 holds. Con-
versely, if A1 <0 < Ao and v > 0 hold, then F 1is stable.
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Proof. If v = 0, then, from Theorem 6.1, it follows that Ay = 0. Therefore, if
A1 < 0, then v # 0. Set u := a’/~. Then, by (21), we have J[u] = 1, Blu]|gc = 0.

Moreover, we see that
/ uds = ’y*l/ 2’ ds =~y (x(L) — x(0) =y (z1 — x0)-
C C

By these observations and Lemma 6.1, we get the desired result. |

Theorem 6.2 Let F be a film bounded by a horizontal line segment C'.
(i) If v <0, then F is strongly stable.
(i) If v > 0, then

F is stable. <= Ay > 0. <= L < 7/\/7.

Proof. We have already considered the case where v = 0 in Theorem 6.1. So we
assume that v # 0. We have

0=kK=rvyz+ Ko,

so that
z = —Ko/7.

The second variation of the energy for this film is given by

L
I(p) = /0 (7' (@))? — 1(p(x))? da,

so that F is strongly stable for v < 0.
Next, assume that v > 0 holds. The n’th eigenvalue A, of the problem

Jpl==Xp in [0, L], Blp]=p' =0 on 90, L]

is given by {(n — 1)7/L}? — v, and the corresponding eigenfunctions are ccos((n —
1)ws/L). Note that J[1] = v, B[1]|gjo,zj = 0. Now we see that, by Lemma 6.1, the
film F is stable if and only if Ay > 0 holds, and we have

Ay >0.<= L<7m/\/v.

a

Theorem 6.3 Assume that the free boundary C of a film F is not a straight line
segment, and v < 0. Then

(i) & has a definite sign on C.

(ii) C' is a graph over an interval of the x-axis.

(i13) F is strongly stable.
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Proof. First we prove (i) and (ii). As in Section 5, we set coso := 2/, sino = 2/.

From (12), (13), and the embeddedness of C', we may assume that
—7m/2<0(0)<7/2, —7w/2<0o(L)<w/2, o(L)=—0(0). (23)

Moreover, from (12), there exists some so € (0,L) such that z takes either its
maximum or its minimum value at s = s9. First, assume that z(s2) is the maximum
of z. Then, n(s2) = (0,—1) and k(s2) > 0 hold. Therefore, if v < 0, then

K=7vz+kKy>0

on [0, L]. Since ¢/ = —& holds, o is strictly decreasing on [0, L]. Hence, from (23),
it follows that

—m/2<o(L) <o(s)<o(0) <m/2, Vse(0,L).
Consequently, we have
7'(s) = cosa(s) >0, Vse(0,L),

which implies that C' is a graph over an interval of the z-axis. Also in the case
where z(s2) is the minimum of z, by a similar argument, we can show (i) and (ii).
Next, we prove (iii). Suppose |5] < 1. If C is given by z = z(z), then ds =

1+ (dz/dz)? dx and so

1

holds.
Note that for sufficiently smooth functions ,q on C, we have
- [ casiéal s+ llcaBical ] = — [ Cadla)+ ¢+ 26a'd ds
+[[Ca(¢Bla] + q¢")]]

_ / qJlq ds + / )2 ds + [[CgBlq] ]I

Note that since 2’ > 0 holds, we can write an arbitrary smooth function on C' as

¢x'. Applying the previous formula with ¢ = 2/, gives

/Cz'yx ds+/ 2ds >0,

which implies that F is strongly stable. For the case |3| = 1, a similar proof with

a little modification derives the desired result. O
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We have determined all cases for v < 0. So, from now on, we will assume that
~ > 0 holds.

Let C' be the boundary curve of a film F. For the case where C is a straight line
segment, we have already observed its stability (Theorem 6.2). So, we will assume

that C' is not a straight line segment.

Lemma 6.2 Assume that C is not a straight line segment. Then, the situation is
divided into the following five cases.

Case(I) C has no inflection point.

Case(II) C has only one inflection point.

Case(III) Both endpoints of C are inflection points, and C has no inflection
point in its interior.

Case(1V) C has exactly two inflection points and only one zero of 2’ in its inte-
riorT.

Case(V) C has at least three zeros of 2z’ in its interior.
Before proving the above lemma, we prepare another lemma.

Lemma 6.3 Assume that C is not a straight line segment. Then 2"(s) = 2/(s) =0

does not hold for any s.

Proof. If 2"(s) = Z/(s) = 0 holds, then, from 2" = —k2’, k(s) = 0 must hold.
Now, by the symmetry (Lemma 5.3 (v), (vi)), C' must be a straight line, which is a

contradiction. O

Proof of Lemma 6.2. Since k' = 7z’ holds, there exists at least one zero of 2z’
between any two inflection points. Moreover, since z”(s) = 2'(s) = 0 does not hold
for any s, from (12), it follows that the number of zeros of 2’ is odd. From these

observations and Lemma 5.1, it is easy to see that the statement follows. ]

We will prove the following result.

Theorem 6.4 Assume that C is not a straight line segment, and v > 0. Then,
for each case mentioned in Lemma 6.2, the stability of the film F is determined as
follows.

Case(I) A2 >0 and F is stable.

Case(II) F is unstable.

Case(III) Ay =0 and F is stable.

Case(1V) F is unstable.

Case(V) F is unstable.
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Proof.  We will prove the result under the assumption that || < 1. Also for the
case || = 1, a similar argument works. As in the proof of Theorem 6.3, we set

coso =z’ sino = 2.
Case(I): Since ¢/ = —k # 0 holds on C, o(s) is monotone. From the embedded-
ness of C, as in the proof of Theorem 6.3, we may assume that
—m/2<o(s)<m/2, Vse(0,L).

Therefore, 2’ has a unique zero s; € (0,L). Hence, 2z assumes either its maximum
or minimum at s = s;. Remark that n(s;) = (0,—1) and o(s1) = 0 hold. If z(s;)
is the maximum of z, then k(s;) > 0, and therefore z/(0) > 0 holds. So we get
2'(0)k(0) > 0. By a similar argument, we can show, in both cases where z(s1) is

the maximum or the minimum, the following inequalities hold:
Z'(0)k(0) >0, 2'(L)x(L) <0. (24)
For 4 € (0, L), denote by A\{([0, 3]) the first eigenvalue of the problem
Jlpl == pin [0,8],  B[plls=0=0,  p(3)=0.
And denote by A\([3, L]) the first eigenvalue of the problem
Jlp] = =Apin [8, L], p(8) =0, Bp]|s=r = 0.

From the min-max principle, we have

00.3) =win (= [ o)) ([ )
i (- o) ([ )

p e C(10.3]) ~ {0}, Blpll.o = 0. p(3) =0}

p € C°([0,3)) — {0},
pis piecewise C'and piecewise C%on [0, 5],

Blpllsco = 0, p(5) = o} (25)

cf. [2]). From (25) and the corresponding result on A\Y, we can observe the mono-
p g 1>

tonicity of A} and A\l in the following sense.
Claim 1 If 0 < g9 < 01 < L, then

M ([0.00]) > AY([0,01]), (26)
)‘%([0’0711}) < )‘%([01711])

hold.
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On the other hand, on s1, we can show the following:
Claim 2

A([0,1]) > 0, (27)
M ([s1,L]) > 0. (28)

Proof of Claim 2. Let p € C*°([0, s1]) be a non-constant function satisfying

Blp]|s=0 = 0, p(s1) = 0.

Since z”(s1) # 0 (cf. Lemma 6.3), we can define a function ¢ = p/z’ on [0, s1].

Hence we can write p = pz’. We compute
o N2 2 N2, st
~[Mords = [T R s - (e
51
= [ @M+ (e o

Note that
0 = pB[p]|s—0 = (¢')%p¢'|s=0 + ¢*2' B[] s—0.

Therefore, we get, by using (24),
o N2 N2 2
= [T wamds = [T s - 6Bl
0 0

— Sl(z’) (©)2ds + @?2'k/\/1 — 52|50

Therefore, (27) holds. (28) is proved by a similar way. O

Suppose that Ao < 0 holds. We will derive a contradiction. Let e be an eigen-
function belonging to A, that is,

Jle] = —Xee, Ble]loc =0

hold. Then, e(sp) = 0 holds only for a unique sy € (0, L). Since e does not vanish
in (0, 50), €|[o,5] 15 an eigenfunction belonging to AY([0, so]). Therefore,

A([0, 50]) = A2 <0. (29)

Similarly,
M([s0, L]) = X2 < 0. (30)

Assume that so < s; holds. Then, from (27), (29) and (26), we get a contradic-
tion. Similarly, s9 > s does not hold. Therefore, sg = s1 holds. (27) ~ (30) leads
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to a contradiction, and we have proved that Ao > 0. Consequently, by Proposition
6.1, F is stable.

Case(II): From Lemma 6.3, 2”(s) = z/(s) = 0 does not hold. Therefore, since
k = vz + ko and z” = —ka’ hold, x is monotone near the inflection point. Hence,

from Lemma 5.1, it follows that
k(L) + x(0) =0, x(0) # 0. (31)
So, k has the unique zero at some sz € (0, L).

Claim 3

/ Z'ds # 0, / Z'K3ds = 0. (32)
C C

Proof of Claim 3. From Lemma 5.3 (vi) and z'(L) = —2'(0), One of the following
Case(II-1) ~ (II-3) holds.

Case(II-1) C(][0, s2]) and C([s2, L]) are symmetric to each other with respect to
the point C(s2).

Case(II-2) There exists some sz € (0, s2) such that C([ss, s2]) and C([s2, L]) are
symmetric to each other with respect to C(s2).

Case(II-3) There exists some s3 € (s2, L) such that C([0, s2]) and C([s2, s3]) are

symmetric to each other with respect to C(s2).

First we assume that

2'(s)#0, Vse(0,L) (33)

holds. Then Case(II-1) must occur. In fact, if Case(II-2) occurs, then x(0) = k(s3)
holds. Therefore, since k = vz + ko, we have z(0) = z(s3). So 2/(s) = 0 holds for
some s € (0, s3), which contradicts the assumption (33). Similarly, Case(II-3) does
not occur. Therefore, Case(II-1) occurs, and therefore we obtain (32).

Next, we assume that 2’(s) = 0 holds for some s € (0, L). We observed that the
number of zeros of 2’ is odd in the proof of Lemma 6.2. Let s; be the middle zero
of 2. From (31), k(0) # (L), and so z(0) # z(L). Therefore, by Lemma 5.3 (v),
either the following (A) or (B) holds.

(A) There exists some s4 € (s1, L) such that C([0, s1]) and C([s1, s4]) are sym-
metric to each other with respect to the line {z = z(s1)}.
(B) There exists some s4 € (0, s1) such that C([s4, s1]) and C([s1, L]) are sym-

metric to each other with respect to the line {z = z(s1)}.
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Assume that (A) holds. Then x(s4) = —r(L) holds. Moreover, ' = vz’ does not
I-

vanish in (s4, L). Therefore, Case(I

L
/z’ds = / 2 ds #0,
C 54

S4 L
/ Zk3ds = / 2Kk ds + / Zk3ds=0+0=0.
C 0 84

2) holds and s4 = s3. Hence, we have

Similarly, in the case (B), we obtain (32). O
Note that
K" = —ykzx
Then, we get
J[Z1=0, Jk] =~k (34)
B[] = —r/2', Blk] =2 (v —k*/2') on 0[0.L]. (35)

Noting (32), we define a number a as
a= —(/ K;ds)(/ 2 ds)™,
C C

u:az/—i—/i.

and set

Then
/ uds = 0. (36)
C

We will compute Z(u). In view of (34), we get

—uJu] = —a2'k® — K.

Therefore, from (32), we have

_/CUJ[U] ds = — /C,# ds < 0. (37)

On the other hand,
uB[u] = (a2’ + k)(aB[Z'] + B[x]).

Since, from (12), (31) and (35), it follows that

(a2' + K)|s=0 = — (a2’ + K)|s=L,
Bl]|s=0 = =B[#']|ls=1,  Blk]|s=0 = —Blx]|s=1
we get
[[uBu]]] = 0. (38)
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From (37) and (38), we see
T[u) :—/ xtds < 0.
c

Recalling (36), we obtain the instability of the film.

Case (III): Since ' = vz’ holds, there exists at least one zero of 2’ in (0, L).
From the symmetry of C' (Lemma 5.3 (v)) and the assumption of Case (III), we
observe that 2’ has a unique zero at some s; € (0, L), and that C' is symmetric with

respect to {x = x(s1)}. Since
J[Z/] =0, B[ZI”aC =0

hold and 2’ vanishes at only one interior point of C, zero is the second eigenvalue
of the problem (22). Note that

J[z'] =~, Blz'l|lsc =0, /C(a?’/’y) ds > 0.

Recall that the multiplicity of each eigenvalue is one. Moreover, we have, by sym-
metry of C, fOL Z/ds = 0 and fOL x'2'ds = 0. Therefore, by Lemma 6.1, we see that
the film F is stable.

Case (IV): Let s1 be the unique zero of 2. From 2" = —ka/, 2/(0) > 0, 2/(L) > 0,
and Lemma 6.3, we observe that C' is symmetric with respect to {z = z(s1)}, and
Z(0)k(0) <0, 2'(L)x(L) >0

hold. Therefore,

and

/ Zds =0
C

hold, which implies that the film F is unstable.

Case (V): Let Cy CC C be a curve such that 2’ = 0 at both of the end points
and exactly one interior point of Cy. Then, 2’ is an eigenfunction belonging to the

second eigenvalue 0 for the Dirichlet boundary condition:

J[p] = —=Ap in Cy, plac, = 0.

Therefore, from the monotonicity of the eigenvalue with respect to the domain,
for the fixed boundary value problem, the second eigenvalue of C' is negative, and
therefore C is unstable. In particular, C is unstable for our free boundary variational

problem. O
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Remark 6.1 The stability results of this section can be applied to curves arising

from solutions of the pendulum equation as described in the previous section, as

follows.

Because of Remark 5.1, Theorem 6.3 can be applied to curves defined by solutions

of the pendulum equation as in (i) of Lemma 5.2. Lemma 6.2 (I) and Theorem 6.4

(1) may apply to solutions arising from any of the cases of Lemma 5.2. Lemma 6.2
(II)-(V) and Theorem 6.4 (I1I)-(V) may apply to solutions arising from case(i) of

Lemma 5.2.
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Examples with v < 0
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Examples with v > 0
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Figure 2. Examples of critical curves
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