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PREFACE

The present issue of the Pacific Journal consists of invited research articles on
mathematical problems of capillarity.

A capillary surface is the interface separating two fluids that lie adjacent to each
other and do not mix. In conjunction with boundary conditions imposed by rigid
“supporting walls”, such interfaces can exhibit remarkable geometric properties
and seemingly strange behavior, occasionally confounding intuition. The earli-
est known writing on the topic, due to Aristoteles, comains basic misconceptions
that apparently went unchallenged for almost 2000 years, when Galileo addressed
them in his Discorsi. Quantitative progress had to await the later discovery of the
Calculus. The characterization of rise height in a circular cylindrical glass “cap-
illary tube” dipped into a reservoir of liquid became a major scientific challenge
of the eighteenth century, and was not achieved during that period. Initial break-
throughs came in 1805 and 1806 with insights of Thomas Young and Pierre-Simon
de Laplace. Young professed to scorn the mathematical method but nevertheless
introduced the mathematical concept of mean curvature that now underlies the en-
tire theory. The framework for the theory achieved a clear definitive form with the
1830 paper of Gauss, who gained conceptual advantage by basing his study on an
energy principle, in preference to the force balance conceived by his predecessors.
Even so, the Gauss framework still leaves room for more inclusive discussion, as
is pointed out in the initial article of the present volume.

During almost a century and a half following the Gauss paper interest for the
topic declined, although the physical foundations continued to be studied on a
molecular level by van der Waals and by his successors. With regard to global
macroscopic problems, those studies led to no changes in the equations or bound-
ary conditions, which present nonlinearities that initially defied analysis. Achieve-
ments during that time period were limited to some isolated striking insights due
to Kelvin, Rayleigh and a few others, and some of the explicit unsolved problems
of the time served as an impetus toward development of modern numerical meth-
ods. For the equations that apply in a gravity field, only a single nontrivial closed
form solution has as yet been discovered, and classical linearizing procedures have
provided little substantive information.

Inspired perhaps by the needs of space technology and of medicine, and utilizing
new insights appearing in geometric measure theory, an explosion of activity has
occurred during the past thirty-five years, in many directions. New problems have
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been attacked, new methods introduced, and discoveries of basically new nature
have appeared. Already during the initial ten years of that explosion, enough sub-
stantive new material had appeared to justify an entire issue (88:2) of this journal
devoted exclusively to capillarity theory and related problems. The present issue,
about a quarter century later and somewhat more restrictive as to topics addressed,
is intended as a sequel to that initial one. It will be apparent to those familiar
with the earlier collection that some perspectives and also some participants have
changed, but that the level of activity and the interest in the problems and in the
methods have not lessened. Nor have the individual results and the new insights
become less striking. That point is of course best made by the papers themselves,
which present their own messages. Unfortunately space and time limitations have
forced us to restrict the number of papers included here; the present collection
should be regarded as an effort to make accessible in a single location a represen-
tative section of the (considerable) current activity, in the context of its varying
methods and perspectives.

Much of the impetus for this volume developed at the First International Sum-
mer School on Capillarity, held at the Max-Planck-Institut fiir Mathematik in den
Naturwissenschaften, in Leipzig, Germany, 2003. A number of the papers that
follow had their origins in intense discussions held during that gathering, as did
early scientific training for several students who have since continued to successful
graduate degrees.

The reader will perceive that the fortress guarding the inner mysteries of capil-
larity is under heavy siege but has not yet succumbed. We trust that the materials
joined together here will serve as a stimulus leading ultimately to completion of
the conquest.

Robert Finn
V. S. Varadarajan
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COMPRESSIBLE FLUIDS IN A CAPILLARY TUBE

MARIA ATHANASSENAS AND ROBERT FINN

We study a mathematical model for a compressible liquid in a capillary
tube. We establish necessary and sufficient conditions for existence and for
uniqueness or near uniqueness of solutions, and we provide general height
estimates for solutions, depending on the geometrical structure of the def-
inition domain. We show that solutions exhibit discontinuous dependence
properties in domains with corners, analogous to those that are known for
the classical capillarity equation.

1. Introduction

The mathematical theory of capillary surfaces was founded by Young [1805], by
Laplace [1805-1806] and by Gauss [1830]. The profound investigations of these
authors led to the equation

Du

V1+|Duf?

for the rise height u(x, y) in a vertical cylindrical capillary tube of general section
Q C R2. Here k = pg/o, with p the density change across the surface, g the grav-
itational acceleration, o the interfacial tension, and A a constant to be determined
by an eventual volume constraint. On the boundary ¥ = 9€2, and with v the outer
unit normal to X, the condition

(1) divTu=«xu+i, Tu=

) v-Tu=cosy

is imposed, which asserts that the free surface S meets the bounding cylinder sur-
face in the (prescribed) angle y. These relations were established by Young and
by Laplace using force balance reasoning that was not clearly defined and in some
respects incorrect (see [Finn 2006]), then later obtained independently by Gauss
using Johann Bernoulli’s “principle of virtual work”, under the hypothesis that
position variations internal to the bulk fluid do not affect the mechanical energy of
the system. That was certainly reasonable to suppose at the time, but nevertheless
may now be appropriate to question.

MSC2000: 76B45, 35]20, 53A10.
Keywords: capillary surfaces, capillary tube, mean curvature, compressible fluid, elliptic nonlinear
second-order PDE.
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202 MARIA ATHANASSENAS AND ROBERT FINN

Figure 1. Profiles of static equilibrium surfaces in an “exotic container”.

The equations (1)+(2) have served for two centuries, though perhaps not as
well as might initially have been hoped, in view of their seemingly intractable
nonlinearities. During the initial century, some isolated particular solutions were
found by essentially numerical procedures [Bashforth and Adams 1883], and many
attempts were made to obtain general information via linearization procedures;
these latter attempts led to little information of substantive interest, and in fact to
some misconceptions as to the behavior of the solutions. (See also [Finn 1986;
1999] for an overview.)

During the past half century, the problems were attacked anew on the basis of
the full nonlinearity of the equations, yielding unexpected predictions of discontin-
uous behavior; some of these predictions were since verified by experiment; see,
for example, [Concus et al. 2000; 1999; Finn 1999, p. 773]. The first existence
proofs for (1)+(2) appeared in [Emmer 1973; Ural’tseva 1973; 1975], followed by
a number of others under varying conditions.

In this sense, the qualitative validity of (1)+(2) as descriptions of reality was
clearly established. Nevertheless, there remain significant questions as to their
correctness in quantitative detail. Figure 1 displays profile curves of seven of the
continuum of rotationally symmetric equilibrium surfaces in an “exotic container”
[Concus et al. 1999]; all of these surfaces bound the same volume of fluid below
them, all provide identical mechanical energies in the sense of Gauss, and all of
them meet the boundary walls in the same contact angle y .

Neither the system (1)+(2) nor the variational procedure of Gauss can distin-
guish among these formal solutions. Nevertheless, there are significant distinctions
among the surfaces relative to the physical criteria that underlie those procedures.
According to a discovery of Young, there is a pressure jump across each surface
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S of magnitude ép = 20 H, where H is the scalar mean curvature of S. We may
assume vacuum (p = 0) above each surface in the family. Since H varies widely
among the surfaces, so will the fluid pressures, and one must expect corresponding
changes in the internal energy of the fluid.

Finn [2001] took an initial step to account for such energy changes, by assuming
a slightly compressible fluid, with a phenomenological pressure/density relation
o = po+ x(p — po). By taking account of the thus induced effects of gravity on
density, he was led to the equation

3) diVTu:pO—gu—xgcosa)—i—k,
o

where w is the angle between the upward directed surface normal and the vertical,
and A is a Lagrange parameter, depending on an eventual mass constraint. For
the problem of a prescribed mass M in a tube closed at the bottom, Finn found a
necessary condition

“4) M < pol2/xg

on M for existence of a solution, and he showed that for a circular tube (4) also
suffices for existence of a uniquely determined solution.

In the present work we study (3) for domains €2 of general shape in the absence
of a mass constraint, and we also consider the equation that arises on taking account
of the expansion energy in fluid elements, resulting from density changes. In both
cases, although mass is not prescribed, (4) will appear as a general bound for the
mass lifted above the rest level u = 0; see the discussion in [Finn 2001], which
applies to all cases considered here.

The energy released in the expansion of a unit mass of compressible liquid on
being raised from the base level O to level 4 is

p(h) h p(h) 4
(5) 51Ee=_/ pd(l/p):@_&Jr/ ap.
Po po  p(h) o 0

We consider a thin tube of sectional area 62 extending from the base level to
the surface u(x). At the height 2 we focus attention on an element of the tube of
height 4. If this element is to be in equilibrium, the pressure change from the
bottom to the top must be

Sp = —pg dh,
and thus

ph) g
©) / Lo _en.
Po Y
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We assume a relation p = ¢ (p; pg) > 0. We can then solve (6) for p = P (h; po).
From this we obtain p = ¢ (P (h; po); po) = ©(h; po). Note that the expansion
energy doesn’t enter here.

Returning to (5) and using (6), we find that the energy released by the indicated
element of mass p 6k 6€2 is

SE, = pShsQS'E, = (%CD . CDgh) 5h 82,
0

and thus

u
Ee:/dQ/ (@cD—P—cbgh)dh.
Q 0 ‘Ao

We add this energy to those previously introduced in [Finn 2001]. From established
procedures of the calculus of variations, we obtain the equation

P po

@) diVTu—&cosw—E@—H\
o d o o o

in 2, with the boundary condition (2) unchanged.
In the special case p = po+ x (p — po), (6) yields p = ppe %", and (7) becomes

Po — XPo (exgu
X0

(8) divTu = —1)—chosa)+)L@.

o
We address here the classical problem of a cylindrical tube open at both ends,
dipped into an unbounded reservoir of liquid. In this case, A =0, and (8) becomes

9) div Tu = 22— XP0 (gxsu _ 1) _ yecosw

Xo
in 2. We seek conditions under which there will be a solution of (9) in €2 subject
to (2) on X. In the interest of obtaining well behaved solutions, we are driven to
the further hypothesis

po— Xpo > 0.

In the limit as x — 0, we obtain the classical Young—Laplace—Gauss equation
(1), as is to be expected. However, the limiting procedure is not uniform in the
height u. Note that despite the absence of mass constraint, (9) is not satisfied by
the function u = 0 when y = 7r/2. That is a consequence of the imposed variation
of density with height. The fluid rises in the tube as consequence of the decreasing
density, until the effect is compensated by the weight of the lifted fluid. The rest
level for this trivial solution is the constant height

_ X9

L0

(10) Ue
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for (3) with A =0, or

1 2
(11 uc=—ln<1+x—ag)
X8 Lo — XPo

for (9). This reference value will appear in Theorem 2.8 as a universal upper bound
when /2 <y <, and also implicitly in other contexts.

We will establish varying existence and uniqueness properties, for solutions of
(3)+(2) or of (8)+(2), in domains of general shape; additionally we will establish
a priori bounds on solutions of (3) or (8), irrespective of boundary conditions.
Some of these bounds are idiosyncratic to the particular kinds of nonlinearities
considered, and have no counterparts in classical theory of elliptic equations. In
configurations for which uniqueness cannot be established by methods at our dis-
posal, we obtain instead comparison theorems, estimating a priori the difference
between possible solutions. We will establish growth and comparison properties
and discontinuous behavior of solutions in particular domains, depending on in-
equalities for boundary data. The remainder of the paper is organized as follows:

In Section 2 we present a priori estimates on solution heights, in a somewhat
more general context than the particular cases (3) and (8).

In Section 3 we give the gradient estimates up to the boundary for C%>* domains
2, adapting a procedure introduced by Ural’tseva [1973; 1975].

In Section 4 we provide the existence and uniqueness assertions, for C>* do-
mains.

In Section 5 we adapt a procedure used in [Finn and Gerhardt 1977] to prove
the existence of “variational solutions” in piecewise smooth domains. Limited
knowledge of boundary behavior at corner points is available for such solutions;
however, boundedness or growth properties can be established, depending on local
geometry, and “near-uniqueness” properties are obtained.

Finally, we note that the height estimates obtained by comparison to hemispheres
trivially extend to hold for domains in any dimension, 2 C R". We prove the gradi-
ent estimates in # dimensions. Our results for domains with corners are formulated
forn =2.

2. A priori height estimates

We consider generally solutions u(x) of
a® Du

(12) diviu=——o- + Fu), Tu=——,
V14 |Dul? V1+|Dul?

in a bounded, piecewise smooth domain €2. It is assumed that F(«) is monotone
increasing, with F(0) = 0, and that a is a constant.
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For the following definition, let us note that every f € H'!(Q) has a trace
fle L'(82), which we will denote by f. We call u(x) a variational solution of
(12) in €, corresponding to a boundary contact angle y, if u € C*(RQ), if F(u) is
integrable over €2, and if

2
a
(13) /[Dn-Tu—}-nf(u)]dx:/n—dx—l—/ ncosyds,
Q Q@ +/1+|Dul? IQ

for every n € Q(Q) := L*® N H"!(Q). We note in (13) that even though the
nominal boundary condition involves derivatives of u, neither the derivatives nor
the function itself occurs in the boundary integral. We assume y to be piecewise
continuous on 92, with 0 <y <.

The following lemma extends slightly Lemma 3 in [Finn and Gerhardt 1977].

Lemma 2.1. Let F(u) be nondecreasing. Let Q2 be a piecewise smooth domain
exhausted by smooth domains Q/ C Q. Let u, v be functions in Hlé’cl(Q), such that

(14) lim supf (Dn-(Tv—Tu)+n (F() — Fu)))dx =0
QJ

j—o00

for every n € Qoc(R2) := L*®N Hlf)’cl (2) with n > 0. If F(u) is strictly increasing,
there follows v > u almost everywhere in Q. Otherwise either v > u in Q or else
v = u + ¢, ¢ constant, throughout Q. If strict inequality holds in (14), then the

inequalities v > u can be replaced by v > u.

We will apply this lemma in varying contexts to the particular cases

pog

(15) Flw) ==—"u, a* = xg,

(16) Fluy=L"EP0 prsu_yy g2 = g, 0<x <2
X0 Po

The first case corresponds to the situation studied in [Finn 2001], with uncon-
strained total mass, with k = ppg/o, and with a®> = xg; the case of prescribed
mass, subject to the (necessary) condition xgM < pg|€2|, is retrieved by adding a
constant to u, see the discussion in [Finn 2001, p. 147]. The second case yields
the more exact equation introduced in this paper, again with unconstrained mass.
The same necessary condition applies; however a prescribed mass can no longer
be achieved by a rigid vertical translation of the surface.

In view of the first term on the right in (12), it is not immediately clear whether
the solutions are unique or satisfy a maximum principle. We do obtain that the
difference of two solutions satisfies an elliptic equation for which a maximum
principle holds, and we can use that information for the following result:
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Theorem 2.2. Suppose that Q is a C' domain, satisfying an internal sphere con-
dition, and that u, v are C? solutions of (12) in 2, both Clon Q. IfTu-v<Tv-v
on X = 02, then either u < vin Q, orelse u =v in Q.

By an internal sphere condition (ISC) we mean that every boundary point can
be contacted from within Q by a disk contained in .

Proof. Let w = u — v denote the difference of the two solutions, and assume w has
a maximum M at a point p € Q. If p € X, then at p the tangential derivative along
Y. vanishes, wy = 0. Thus the exterior normal derivative w, = dw/dv satisfies
w, > 0. In view of the internal sphere condition, we may apply the boundary
point lemma, obtaining that either w = M or else w, > 0. In the former case we
conclude M = 0 since F (u) is strictly increasing; the latter case conflicts with the
hypothesis, and we may thus assume that p € Q.

We can exclude an interior positive maximum for w by using the maximum
principle as noted; however, we present here a geometric argument.

Since w attains a maximum at p, we remark that the values of the angle w are
equal for both surfaces at the point. Were u(p) > v(p), we would have div Tu(p) >
divTv(p) by (12). Since these expressions are twice the mean curvature of the
respective surfaces, we conclude that at least one of the principal curvatures of the
surface S, = graph u would exceed that for the surface S, = graph v, contradicting
that w has a maximum at p. ([

If less smoothness is known for 2 or for the solution, one nevertheless has:

Theorem 2.3. Let u', u> be variational solutions in a piecewise smooth Q of
(12)+(15), corresponding to data B! = cos y! < B> =cosy? on X = Q. Then

o
ul < u2+X—.
£0

2

If instead u', u? are variational solutions of (12)+(16), for which u', u> > —A >

—00, then

1

X0
' < w4 L oxsA

PO — XPo
Proof. To prove the first assertion, we observe that in view of (13) we have, for
positive 7,

/ (Dn-(Tu2 — Tul)—l—n M(u2 —ul)) dx
Qi o

1 1
>xg/ n - dx
Q <\/1+|Du2|2 \/1+|Du1|2>

> —ng ndx.
Q
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Writing u' = w! + xo/po, we find

/ (Dn (Tu*>=Tw"H+n /O((;_g (u* — w1)> dx > 0,

Q

for all n € Q10c(£2), n > 0. By Lemma 2.1 we have w>w'=u - X0/ po, which
completes the proof of the initial assertion. The second assertion follows similarly,
using the estimate

w'4c
. 1 L
eX8W T _ pX8W =)(g/l X8t dt > ygeX$" ¢ if ¢ > 0. O
w

We may apply a variant of the method to obtain universal bounds, above and
below, on solutions of (12)+(15) interior to a given domain €2; with regard to
(12)+(16) we find a universal bound above, and a universal bound below for solu-
tions over a sufficiently large disk:

Theorem 2.4. Let u be a variational solution of (12)+(15) interior to a ball Bg.
Then

20 X0 20
(17) ———f<u<=—+—+456
p0gs po  Pogd
throughout Bs. If u is a variational solution of (12)+(16) in Bs, then
1
(18) u<8+—ln<1+L<Xg+z>>
X8 £0 — XPo 8
throughout Bs. In this case, if in addition § > 2x o /(po — XPo), then
1
(19) u>—ln(1—2x—0)—8.
X8 (Po—xPo)é

Proof. We compare the given solution u of (12) with a lower hemisphere v(x) of
radius § and projecting into Bs. This function has constant mean curvature 1/§ and
thus satisfies the auxiliary equation

divTv =2/8

over Bs. We verify the relation

(20) (Dn-(Tv—Tu)+n (F() — F(u))) dx
Bs

X8 2
= n(l—cosy)ds—i—/ nlFw)— ———————- ) dx
/335 ' 5 JI+1DufP 8

Here cos ys = v - Tu evaluated on d Bs, and we have used that v- Tv =1 on 9 Bs,
since the hemisphere is vertical on that arc.



COMPRESSIBLE FLUIDS IN A CAPILLARY TUBE 209

We position the hemisphere so that F(v) = xg 4+ 2/§ at its lowest point. By
the monotonicity of F, the right side of (20) will then be positive for any positive
n € Qoc(Bs). Thus, the left side will also be positive, and we conclude from
Lemma 2.1 that u < v in Bs. Since the total height change of v from the center to
the edge of B;s is §, this inequality establishes (18) and the right-hand side of (17).

The left side of (17) and also (19) follow similarly, using an upper hemisphere
as comparison surface. The restriction § > 2xo/(pg — xpo) must be imposed, as
the inverse function for () in (16) is not defined for F < —(po — xpo)/o x. U

This result can be sharpened significantly in the particular case where By is the
definition domain €2, with a constant contact angle y;s achieved in the variational
sense on dBs. Then we may choose v to be a spherical cap meeting the cylinder
wall r = ¢ in the angle ys. The boundary integral in (20) then vanishes, and we find

1) (Dn-(Tv—Tu)+n (F(v) — F(u))) dx =
B;s

X8 2

/;3577(}—(1)) ﬁ-l—lDuP Scosyg) dx.

We distinguish four cases, according to whether ys < 7 /2 or y5s > m /2, and
whether we seek upper or lower bounds. If ys < /2 and we seek an upper bound,
we position the cap so that F(v) = xg + 2(cos y5)/§ at the point of symmetry.
Then both sides of (21) will be positive for all positive 5, and we conclude u < v.
If we seek a lower bound, we position the cap so that F(v) = 2(cos ys)/d at the
point r = §. Then both sides of (21) will be negative for positive 1, from which
follows u > v. Analogous reasoning applies when y5 > 7 /2. We are led to:

Corollary 2.5. Suppose 2 = Bs and 0 <y <m.
(a) If u(x) is a variational solution of (12)+(15) in 2, there holds

22) 2_acosy_‘1—siny‘8<u<2_ocosy ﬂ_i_‘l—siny‘(s‘
pog 8 cosy pog 8 £0 cos y
(b) If u(x) is a variational solution of (12)+(16) in 2 then
1 2 1 —si
23) —ln(l+ X0 COS)/)_‘ smy‘(S
X8 (po— xpo) 8 cosy
1 2 1 —si
<u<—1n(1+ X9 ( COSV—I—)(g))—i—‘ﬂ 5.
X8 (po—xpo) \ & cos y

In these last relations, the logarithmic terms must be replaced by —oo if the
arguments are nonpositive. This is not an accident of the method; we return to
this point below, where we will show that if the argument on the right side is
nonpositive, then no solution of (12)+(16) can exist in the disk. (See also the
remark on nonexistence on page 221.)
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These bounds can be improved in some respects by relaxing the boundary con-
dition for v; compare the proof of Theorem 2.8.

The hypotheses of Theorem 2.4 clearly apply to configurations in which u(x)
is defined as a solution in a domain €2 containing Bj; more generally if Bs does
not lie entirely interior to €2 but if # assumes (in a variational sense) data y on
BsN %, it suffices to focus attention on a component of Bs M <2 for which the hemi-
spheres introduced in the proof meet the vertical walls of ¥ in angles majorizing
y. Specifically, we obtain:

Theorem 2.6. Let u be a variational solution of (12)+(15) or of (12)+(16) interior
to a component Zs of Bs N Q. If on Zs N X the lower hemisphere under Bs meets
the vertical walls under X in angles y° <y, then the right side of (22) holds in Zs
for the system (12)+(15) and the right side of (23) holds for (12)+(16). If y° > y,
then the remaining inequalities apply in the respective cases.

Further, using the definition for an internal sphere condition ISC; s as given in
[Finn and Gerhardt 1977, pp. 15-16], we may state:

Corollary 2.7. If Q can be covered by disks of radius & for some fixed § > 0, then
(17) and (18) hold throughout Q2. If that can be done with 6 > 2xo/(po — X Po),
then (19) also holds throughout Q2. More generally, if Q2 satisfies an internal sphere
condition 1SC; s, with y® <y, then the right sides of (22) and (23) hold in the
respective cases. If a condition ISCs ;s holds, with T — y? > m —y, then the
remaining statements of Corollary 2.5 apply.

In general, if some a priori information is known on boundary behavior of the
solution u, then the bounds in (17) and (18) can to some extent be sharpened.
Assume first that y < yp < /2. We take as comparison surface v a lower hemi-
sphere whose center projects to a point of €2, and of radius R large enough that the
projection covers 2 and such that the contact angle y¥ > y,. We obtain now the
relation

f (Dn - (Tu—Tv)+n (Fu) — F(v))dx
Q

2
=/ n(cosy—cosy”)ds—l—/ 17(—+L—.7:(v))dx,
BT e \R 1+ |Du|?

and it thus suffices to choose v such that F(v) < 2/R. R will in general not be
known explicitly, however a universal choice, suitable both for (15) and for (16),
is provided by the function v = 0; that yields F(v) = 0 in both cases, from which
u > 0 follows by Lemma 2.1. In the other direction, we introduce for v an upper
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hemisphere, and are led to the relation

/ (Dn (Tv=Tu)+n(F)— ]-"(u))) dx
Q

2
=f n(cosy”—cosy)ds—l—f n(——L—i-]-"(v))dx,
Blo} o \R 1+ [Dul?

and we see that it suffices in general to have F (v) > x g. Again we may let R — oo,
leading to the choice

X0 1 x’og
v==— for(15) and v=const=—In|1+———] for (16).
L0 X8 Lo — XPo

We have proved:

Theorem 2.8. Let u be a variational solution of either (12)+(15) or (12)+(16) in a
piecewise smooth domain Q. If 0 <y < /2, there holds u > 0 in 2 in both cases
(15) and (16). If /2 < y < m, there holds in 2

2
U< xg in case (15) and u < Lln (1 + &> in case (16).
£0 X8 Po — XPo

The material above provides global estimates for solutions over a prescribed
domain €2. We turn our attention now to behavior near corner points of 2. For
simplicity, we assume that the boundary consists locally at the corner P of two
line segments, intersecting in an angle 2« < 7, measured interior to 2. We assume
that |y — /2| > « — and thus that |cos y| > sin & — in a neighborhood of P on 92.
(If |y — /2| < « in such a neighborhood, the bounds indicated in Theorem 2.6
apply.) We assume first that 0 < y < /2, and observe that then any point p € Q
of (sufficiently small) distance r from P lies in a disk of radius r sin«/ cos y that
meets the boundary segments X at an angle y, as in the figure:

Figure 2. Construction for bounding solution below, in a wedge domain.



212 MARIA ATHANASSENAS AND ROBERT FINN

The lower hemisphere v(x) with X as equatorial circle meets the vertical walls
through X in that same angle . By Theorem 2.6, we find in the case of (12)+(15),
setting k = sin &/ cos y,

200 1
(24) u(x)<—a——|—x—g—|—kr
pog kr — po

and in the case (12)+(16)

1 2x0 1 x’og
(25) ux) < —h|l+ ——+——"— | +kr.
X8 po— xpokr — po—xpo

To obtain appropriate lower bounds, we adapt a procedure introduced by Ko-
revaar [1980], and use the upper inner side of a torus as a comparison surface.
Corresponding to points at distance not exceeding r from the vertex, we consider
the torus v(x), x = (x, y, z) defined in terms of parameters ¢, ¥ relative to the
vertex as coordinate origin by

x=(A—acosy)cos¢p, y=asiny, z=(A—acosy) sing,

with a =rsina /(cosy —sina). Here A > a, and the parameters satisfy —ig <
Y <, 0< ¢ <o, with ¢y, Yo < 7 /2 fixed but arbitrary. The general appearance
is that of a Japanese footbridge, drawn here in perspective:

Figure 3. Construction for bounding solution above at a corner point.

The crucial observation is that v- Tv = —1 on the curve C = {¢) = 0}, v being
the exterior unit normal, and thus the boundary condition on that curve minorizes
that of any solution u in a common domain of definition.

For small a, the torus cuts off a small piece of the corner, as indicated in the
figure, with the curve C meeting the bounding segments at an angle . We observe
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that v satisfies

i 1 1 1—-k /1 k
divTv=2H(x) > — — =—-—— .
a A-—a k r (1—k)A—kr

If r is small enough, this expression will be positive. Since the unit normal to the
torus is continuous and is directed horizontally toward the vertex at the symmetry
point of C, there will hold for small enough » that v- Tv < sin« + ¢ on both the
segments cut off at the corner, with sin + & < cos y on these segments.

Following the procedure of Theorem 2.6, we find for the case (12)+(15) that
u > v in the domain cut off at the vertex, provided that v can be chosen so that

P8y g A (Ao
o L X8 T (—kA—kr )

We may translate v vertically so that this inequality holds at a particular point of
the domain; we then find on the basis of the construction that

008 11—k /(1 k
o U THET TR (r 1—A—k)

with lim,_, g w(e) =0.

We now wish to let » — 0. A convenient way to do that is by a similarity
transformation, which leaves all boundary angles and the geometric configuration
unchanged. We obtain the result that for sufficiently small r, there holds at all
points (x, y) of distance r from the vertex the inequality

o 1—k
(26) ux,y)> ——+0C,
pog kr
for a fixed constant C independent of r. Together with (24), this result implies that
every solution of (12)+(15) in a wedge domain with & + ¢ < 7 /2 is unbounded at
the corner, with a growth rate O(1/r).

In the case (12)+(16) an analogous reasoning yields, observing that the choice

of A > a is arbitrary,

1 xo 1—kl-—¢
227 ulx,y)>—In(1+ —C(e)
X8 po—xpo k 1

asymptotically as r — 0, for any ¢ > 0 and fixed C(¢) independent of r.

We turn our attention now to the case /2 < y < m. A procedure analogous to
that yielding (24) (and resuming the notation x € 2) leads now, for solutions of
(12)+(15), to

20 1

(28) ux) > —————kr
pog kr
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and a procedure analogous to that yielding (26) now yields

(29) ue) < -2 1=k

+C
pog kr

in the case (12)+(15).
With regard to solutions of (12)+(16) the situation is now simpler. We investigate
(12) over a wedge triangle:

Figure 4. Wedge domain.

In view of the boundary condition, we obtain

2|E|cosy+/u-Tuds:f(— X8 +'00_Xp0(e2“—1))dx,
r e\ 1+ |Dul? xXo

from which, since |v - Tu| < 1, we conclude that
2|%|cosy + || > —(xg—i—w)KZl.
X0
Thus, since y > 7 /2 and |y — /2| > « so that |cos y| > sin«, we find
(30) 0 <2(Jcosy| —sina) < (Xg+ M) |2| cosasina,
Xo

and we obtain a contradiction by letting I' move in parallel translation toward the
vertex.

Gathering the material above, we have proved:

Theorem 2.9. Suppose that y is constant in a neighborhood of a corner point of
opening 2a. If |y —m /2| <« then the estimates of Theorem 2.6 apply. If a+y < /2
then the estimates (24) and (26) hold for the case (12)+(15), and the estimates (25)
and (27) hold for the case (12)+(16). If y > o + 7 /2 then (28) and (29) apply for
the case (12)+(15); however for the case of (12)+(16) no solution can exist in such
a wedge.

If the boundary of Q2 is not rectilinear at the corner point, we still obtain the
same results as above, but under the stronger condition |y — /2| < a.

Finally, we remark an immediate consequence of Theorem 2.4:
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Theorem 2.10. Any solution of (12)+(15) is bounded at any isolated singular
point. Any solution of (12)+(16) is bounded above at an isolated singular point.

In [Finn 1963] it is proved that the “classical” capillary equation

divTu= 'O—gu
o

admits only removable isolated singularities. We do not know to what extent that
theorem extends to the more general configurations considered in this paper.

3. Gradient estimates

We study the case of equation (8). We derive the gradient estimate following tech-
niques introduced by Ural’tseva [1973; 1975] and used in [Gerhardt 1976; Huisken
1985].

We follow closely the procedure in [Huisken 1985]. For the convenience of the
reader we state here the results of that paper which we use.

We consider the equation

Du a’
diy ——==F(u) - —= 1in Q,
(31) V14 |Dul? Vv 1+ |Dul?
Tu-v=_g on X,

with a® = xo /po and the function (1) defined either as in (15) or as in (16). The
main assumption on F needed for the gradient estimate is that 7' > 0. For the
present considerations we assume 3 € C 0.1(%) to satisfy

(32) 1Bl <1—a, a > 0.

As above, we denote by T the operator defined by
Du

J1+|Du?

Tu=

We also introduce the notations
. i B 9 i
d(p)= e, a =",
VitipP p;
for p € R", and denote by H (x, u, Du) the right-hand side of (31):
2

J1+|Dul?

Given ¥ € C%*, we can extend B and v to the interior of €2, in such a way that
B € C%1(Q) still satisfies (32) and v is uniformly Lipschitz continuous in €2, with
lv] < 1.

(33) H(x,u, Du) =Fu) —
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We denote by S = graphu the liquid-air interface and by V5f the tangential
gradient on S of a function f € C'(Q):

V3f = Df — (Df - vs) vs,

with vg the unit normal to the interface S.
The main idea is to work with the function

v=+1+|Dul>+ B(Du-v)=W+ B(Du-v)

as in [Ural’tseva 1973; Gerhardt 1976], and to prove that v is uniformly bounded
in 2. This in turn gives the gradient estimate, since

|[Dul <1+ |Dul> =W < —v.

Q| —

We will bound the function
w =logv

instead of v; we can follow all the steps as in [Huisken 1985, (2.12)—(2.30)], with
the first real difference being the derivative Dy H needed in (2.25) of that paper,
which is computed in (2.31). In our case, we find
, 1

(34) / a"’ (DjU—Dj(,BUk) Dku) Di?’]+ 2—|H|217dx

Q n

k k vsv n—1
<— | DiH (@ +Bv)ndx+ c; 1+—— ) ndx+c3 | ndH"".
Q Q w s

Inequality (34) is almost identical with [Huisken 1985, (2.32)], except that we
want to explicitly calculate the first term on the right-hand side, since our problem
only differs in the form of the prescribed mean curvature function H. In view of
(33) we have

(35) — / Dy H (a* + Bv¥) ndx
Q
=— / (f/(u)Dku + iDluDleu) (a* + vy ndx.
Q w3
The first term on the right-hand side of (35) is negative, since F'(«) > 0 and
Dyu (a* + gy =v—w=!>0.

Therefore it can be ignored. For the second term on the right in (35), we can use
the equality

Dyu (D Dyu (a* + pv¥)) = Dyu (Djv — Dy(BV¥) D),
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which follows from [Huisken 1985, (2.26)]. In view of this equality, (35) becomes
—/ DyH (a* + pv*y ndx

Q
< —a2/ LDlu Djvndx +a2f LDl(,ka) Dju Dyundx
- Q W3 Q W3 ’

Denote the integrals on the right-hand side by /; and I,. They can be estimated by

5 |Du|?
(36) I <a“cy - ndx <pcy | ndx,
o W Q
1 | Du|? g [ |Dv|?
37 L <—a* | =——ndx+- d
7 T N R LRIl M TR

1 = vS 2
< —~a4/ na’x—l—ﬁf Vol ndx.
2e Q 2 Q w

Here c4 depends on the Lipschitz constant of Sv and we have used the inequalities
|Dul?/W? < 1 and |Dv|?/W? < |VSv|?, the latter being proved as follows:

1D < [V = |99 (Vg wg
(Dv, 0) - (=Du, 1) 2, |Dvi® [ Dul?
w w2 ’
Both the first term on the right-hand side of (37) and the estimate (36) for I, are
of the same form and can be incorporated into the second term on the right-hand

side of (34) with a new constant ¢s5 = ¢, + jcs4 + a*/& replacing c,. Using the
above considerations, we conclude that (34) gives

— |VSU|2+

2
2 s
‘ lvs]” =V ]

ij k 1 2
(38) [ a” (Djv—D;(Bv*) Dyu) Din+ o |HI ndx
Q

nax + C + nax C n .
- 2 Q W > Q W 3 >

As a test function n we choose

n=vmax(w —k,0) = vz
for positive k, and define
Ak)={p=(x,u(x)) e S:wx) >k}, [AKI|=H"(AK)).

For the first term on the right-hand side of (38) we note that n W~! < 2z, since
v <2W and we have

= VS 2
39) f/ Vool ndx < E‘/ |VSv|? zdx.
2 Ja Q

w
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This term will then be taken to the left-hand side of the inequality (38).
We next show that (38) is equivalent to

1
(40) / IVSv|2dH"+ —/ |lede" < cl|Ak)|+ c/ zdH",
A(k) n JAaw) A(k)

where ¢ = c(&, n, |Dv|gq, |D,B|Q). For this, we estimate each term separately,
starting with the first term on the left; we use [Huisken 1985, (2.27)—(2.30)] and
the equalities w =logv, D;n = (z+ 1) D;v. Setting 2, = Q N suppn, we get

/ a'l (Djv — Dj(,ka) Dku) Dindx

U

> / (aVDjv Div —|a" (D;(Bv*) Dyu) Div|) (z + 1) dx

£y

2/ WVSUR (2 4+ 1) dx
QU

_/Qn

1
(1_5)/ W_]WS”'z(Z“)dx——/ WS (B0 P Dul(z+ 1) dx
2 Qn 2¢e QW

[T k k € ij
—a"’ (D;(Bv") Dyu) (D;(Bv )Dku)—i-za DivDjv

d
e (z+1)dx

v

v

|
(1—5>/ W—1v2|v5z|2dx——|0(5u)|§2/ (z+ W dx
2 Q, 2¢e Q,

IV
j=q

2 € / S 2 gam 1 2/ n
1—= V2z|*dH" — —|D(Bv +1)dH".
(1-3) ], 17 2 DBV | @D

For the second term on the left-hand side of (38), we find using [Huisken 1985,
(2.29)] that

1 &
—/ |H|> ndx > — |H|? zdH".
271 Q’I 21’1 A(k)

For the second term on the right-hand side of (38), and again by [Huisken 1985,
(2.29)], we estimate

Al VS
/ <1+| Ul)ndxf/ vzW_ldH”—l-f | v'vzdx
Q, w Ak) Q W

n
VS 2 1 2
§2f cdH" + / Vool zdx—i——:f Y zdx
A Q W 28 Jo, W
VSu|? 1
ng de"+—/ VO e L[ zawe.
Adk) 2Jq, W 28 Jaw)

M N mn

n
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For the third term on the right-hand side of (38), and in view of [Huisken 1985,
(2.20)], we have

/nczH”—lzf vzdH"!
D) D)

5/ |Vsz|dH"+/ (H|+ |V5v]) zdH"
A(k) A(k)

& 1
< f[ VSZPdH" + — | dH'+ 06/ ZdH",
2 Jaw 28 Jaw Ak)
with c6 = c6(|H|q, |DVv]a).

Taking into consideration all the estimates following (40), we can easiliy obtain
(40) from (38).

Inequality (40) is exactly of the same form as [Huisken 1985, (2.34)], and the
subsequent procedure in that paper is independent of the choice of the function H
prescribing the mean curvature of the surface S. Therefore, we can conclude in the
same manner that

w =logv < ko+ c|A(ko)|,
where ko = ko(@, n) and ¢ = c(n, &, Q, |DBlq, |Dvlg).

This concludes the gradient estimate in a neighborhood of the boundary ¥ =92,
which we state in Theorem 3.1 below.

Definition. We call a domain admissible if it is open, bounded, simply connected,
and of class C>*.

This definition is such that we are able to obtain uniform height bounds as in
Section 2. The following theorem would still be true if we just assumed these
uniform bounds instead. (For the notation ISC; ,_, see [Finn and Gerhardt 1977,

pp. 15-16].)

Theorem 3.1. Let Q be an admissible domain. Assume u to be a C*(2) solution of
(31), with the function F (u) defined either as in (15), or as in (16), in which case
we also require an internal sphere condition 1SCs ,_,, with § > 2x0o/(po — xpo)
when y > 1 /2 (for the uniform height estimates to hold). We denote by B, v the
Lipschitz extensions into the interior of Q of B and vy, and assume B to satisfy
(32); that is, |B| < 1 —a with & > 0, and |v| < 1. Then there exists a constant
C =C(n,a, Q,|DBlga, |Dvlg) such that

|Du| < C

in a neighborhood of the boundary X.



220 MARIA ATHANASSENAS AND ROBERT FINN

The interior gradient estimate in admissible domains can be obtained by means
of the maximum principle:

Theorem 3.2. Assume 2 and u satisfy the assumptions of Theorem 3.1. Then
|Du| < C
in Q, with C the constant of Theorem 3.1.

Proof. We rearrange the equation (31), satisfied by u in €2, to find

(41) a;jD;iDju — F(u)y/1+|Du|? +a* =0,
where
. DuDju
1 3 1+ |DI/£|2 .
By general elliptic theory we can assume the local existence of derivatives of all
orders for u. We differentiate (41) with respect to xx, for any k € {1, ..., n}, and

set Dyu = v to obtain
a,-jD,-Djv—l-b,-Div +cv=0

in Q, with ¢ = —F'(u)/1 + |Du|* < 0. The equation satisfied by v is elliptic, and
we can apply the maximum or minimum principle to deduce the claimed interior
gradient bound. U

With Theorems 3.1 and 3.2, we have the main result of this section:

Theorem 3.3. Under the assumptions of Theorem 3.1, there is a constant M > 0,
such that for any solution u of (31) we have

|Du| < M.

4. Existence in smooth domains, uniqueness of solutions
and nonexistence results

The following result is contained in Theorem 2.2.

Theorem 4.1 (Uniqueness). Suppose F' > 0, and let u(x), v(x) be solutions of
(12) in a domain Q with boundary ¥ = 3K of class C', which satisfies an internal
sphere condition. We suppose u, v € C*(2) N C'(Q). We suppose further that on
Y there holdsv-Tu =v-Tv. Then u(x) = v(x) in Q.

For the case of domains with corner points, we refer to Theorem 2.9 above.

The gradient estimates enable us now to prove existence in domains with C>#
boundary using a continuity method.
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Theorem 4.2. Assume Q2 to be an admissible domain, and consider the problem
(31), with H defined as in (33), F given by either (15) or (16), 0 <y < and B
taken to be C1* in its arguments. If F is as in (16), and if y > 7 /2, we assume in
addition an internal sphere condition ISCs _,, with § > 2o /(po — X po)-

Then the problem (31) has a unique solution u € C>"*(2), where the exponent
w, 0 < u < 1 depends on the above quantities.

Remark. If 0 < y < 7/2 we have uniform height estimates from above and
below for both cases (15) and (16), as shown by Corollary 2.7 and Theorem 2.8.
For 7/2 < y < m and for F is as in (15), the height estimates also hold, but for
case (16) an additional internal sphere condition is needed in the statement of the
theorem in order for the uniform lower height estimate to hold. The condition on
4 is optimal as discussed in the remark on nonexistence following the proof.

The cases y = 0 and y = m are not considered due to assumption (32), which
is essential for the gradient estimate.

Proof of Theorem 4.2. The proof follows exactly the steps in [Gerhardt 1976, proof
of Theorem 2.1]; we only outline it here.
For r e R, 0 < t < 1, consider the problem

. Ur
div

42) 1+ Du.p

+tH(x,u;, Du;) =0 in Q,
Tu,-v=1tB on X.
One then proves that the set
T = {z : there exists a solution u; € C*(Q)}

is open and closed.

The idea is to look at a uniformly elliptic operator that coincides with the given
one in (42) whenever |Du.|q < K for some constant K. This allows us to apply
[Ladyzhenskaya and Ural’tseva 1968, Chapter 10, Theorem 2.2]; the change from
the equation considered in [Gerhardt 1976], namely that the H term is different,
does not interfere. Everything else follows verbatim. ([l

Remark on nonexistence. If y > /2, then in the case (16) existence can fail if
8 <2x0/po— xpo - To see that, we integrate (12) over €2, obtaining

/ (w(e”” — 1)+ xg(1 —cos a))) dx =27 |X|cosy
Q X0
from which it follows that

w|g| > —|%|cos y,
o
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which leads to a contradiction if the domain is scaled to be small enough. For the
special case of a disk Bs, we obtain
2xo

§>—————cosy
PO — XPo

providing a slight improvement over the criterion yielded by Theorem 2.3.

This last result applies to the “unconstrained” case of an open circular tube
dipped into an infinite reservoir of fluid. Physically, it signifies that if the tube is
too narrow, the fluid will disappear down the tube to negative infinity. Finn and
Luli [> 2007] studied the “constrained” case of a circular tube closed at the bottom
and filled with a prescribed mass of fluid. For that problem they were able to show
that for any y with 0 <y < 7, and for any prescribed total mass M, there is at least
one symmetric solution of the problem, and that the height for this solution will
lie over any prescribed level if M is sufficiently large. If y < /2, the solution is
unique among symmetric solutions with the prescribed mass. From Theorem 2.2
then follows that the solution is unique among all solutions with the same Lagrange
parameter.

5. Existence of solutions in domains with corners

For this section we need Theorem 4 of [Ladyzhenskaya and Ural’tseva 1970],
which adapted to our situation yields:

Theorem 5.1. Let u be a classical solution of

Du a?

= FW - ———,
J1+ [Dul? J1+ [Dul?

in a bounded domain 2, with F as defined in (15) or (16). Assume supg, |u| < M.
Then for any strictly interior subdomain Q' of Q with d := dist(Q/, 9Q),

div

ng}XIDM(X)I <C,

with C = C(n, M, d). (Compare also [Simon 1977, Theorem 2"].)

For the existence result in this section, we assume the domain €2 to be open and
bounded, with piecewise C'** boundary ¥ and to have a finite number of “well-
behaved” corners. By this we mean that if a corner is located at the point O, we
can parametrize the arcs on either side of O by smooth functions c;(s), 0 < s < sg,
i =1, 2, such that lim¢;(s) = O, as s — 0, with an angle 0 < 2« < 7 formed by
limei(s) as s — 0.

Q can be exhausted by an expanding sequence of admissible domains Q/ C Q,
whose boundaries ¥/ converge uniformly in C! in any neighborhood U,, of a
boundary point xo € =, whose closure U,, N X lies in the smooth portion of X.
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With similar arguments as in [Finn and Gerhardt 1977, Theorem 1], we can
prove the following existence result:

Theorem 5.2. Let 2 be as described above. Let y be constant and 0 < y < .
In the case of F being given by (16) and if y > m/2 we also require an internal
sphere condition 1SCs 5 _,, with 6 > 2x o /(po — x po) to hold for Q.
Then there exists a variational solution u of (13). If |y —7 /2| <« then u € Q(S2).
If u, v are two variational solutions of (12)+(15), there holds

o
Iu—v|<X—;

L0

for variational solutions of (12)+(16) such that u, v > —A > —o0, there holds

o
u—v| < —2X7__pxea.
£0— XPo

Proof. In view of the conditions on Q/, we can obtain a solution u/ € C>%(Q/) of

(12

; J— o 2
43) divTu’ =Fw’) Wi
in each Q/, with fixed boundary data y on £/, as in Theorem 4.2 above. They will
satisfy the corresponding weak form; i.e., they will be variational solutions, each
u/ satisfying (13) in Q/:

_ Tu i a_z)
(44) ‘/;l_ncosyds /;y(Dn Tu! +nFw’) nm dx
for every n € Q(Q)).

In view of the assumption on the contact angle y and the additional ISCs ,_,
condition on ©/ in case (16), the height and gradient estimates (Theorems 2.6 and
3.3) and the existence results hold for u/ in Q/ without any additional restrictions
being needed. As the height estimates depend on the distance of £/ to a corner,
and the gradient estimates depend on the Lipschitz extension of the normal to the
boundary, these estimates are not uniform in j. To overcome this obstacle, for any
fixed jo we consider a fixed ji, and solutions u/ in Q/, where j > N(ji) > ji > Jjo,
such that the distance from Q7 to /! and from Q/! to dQ/ is strictly positive.
These u/ will satisfy (43) in /' and ©/°. The height bounds in Q/! are uniform, as
shown in Theorems 2.6 and 2.9, and by Theorem 5.1 we obtain uniform gradient
bounds in /0. Therefore, in /0 we have uniform height and gradient bounds.

Using general results on elliptic equations [Ladyzhenskaya and Ural’tseva 1968,
Chapter 10, Theorem 2.2], we can extend the uniform height and gradient estimates
to higher regularity of the solutions u/ (j > N(jp)) of (43) in Q/, for every j.
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Using the Arzela—Ascoli theorem we can find a subsequence (not relabeled), con-
verging uniformly together with all its derivatives in any ©/°, to a solution u(x) of
(43).

We choose n € Q(2), so that in particular n € Q(2/). We remark that €
H1(Q) has a well-defined trace function in L'(3€), which we denote again by 7.
We also note that n € H'*!(2) can be approximated in the H''! norm by uniformly
continuous functions in 2. Their boundary values approximate the trace of n on
32 in the L'(9$2) norm; see [Giusti 1984, Theorem 2.11].

We consider (44). Regarding the convergence of the right-hand side of (44), we
again fix jo, and note that |Tu’/| < 1 and a’/\/1+|Du/|? < a®in Q. We have

2
: a
Dn-Tu’ — n—_)dx‘ <c,
/QJ'O( V14 |Dui|?
with ¢ depending on |01 (@), |DnlL1(q), and the size of €2, but independent of jo.
Also, given the uniform convergence of u’/ and Du’/ in /°, we have

. az
(45) lim (Dn -Tu’ — n+> dx
Jj—>o0 Joio /1—|—|Du1|2

2
a
= Dn-Tu— n—) dx
/QJ'O( Vv 1+ |Dul?
Now we can let jy vary, and conclude that the first and third terms on the right-
hand side of (44) converge to

a2
Dy-Tu— n—) dx.
A( Vv 1+ |Dul?

To see this we consider

. a? a2
Dn-Tu! ——— )dx—/ (Dn-Tu—n—)dx
/m( J1+|Dul|? Q J1+|Dul?

<

2 2
. a a
Dn-TuJ—n+>dx—/ (Dn-Tu—n—)dx
/Q.fo< V1+|Dul? Qo V1+|Dul?

2
, a
+ / (Dn-Tuf—n+) dx
QJ —Qio V1+|Du/|?
a2
+/ (Dn-Tu—r;—)dx.
Q-Qi Vv 1+ |Dul?

By (45) the first term on the right-hand side is less than /3 for j > J, for large
enough J. The second and third terms on the right-hand side can be estimated by

C(|77|L1(Q)’ |Dn|L1(Q))|Qj_QjO| <é¢/3 and C(l’ﬂLl(Q)v |D77|L1(Q))|Q—Qj°| <e/3,
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respectively, due to the convergence of 2/ to 2, for j > J and appropriately large
Jo-

For the left-hand side of (44), we remark that |5 cos y| is bounded. Therefore
(46) / ncosyds — 0 forr — 0, uniformly in j,
£iNB,(0)
where B, (O) denotes a ball of small radius » centered at a corner O. We also have

@7 / ncosyds — 0 forr — 0.
£NB,(0)

In what follows it suffices to assume €2 to have only one corner, O.
In the following estimate we split integrals into their parts over B,(O) and its
complement, By (O).

/ ncosyds—/ ncosyds

£INBR(0) £NBr(0)

f ncosyds| + / ncosyds
TiNB,(0) £NB,(0)

+ / ncosyds—/ ncosyds
/NBE(0) £NBE(0)

We choose r sufficiently small to ensure that the first and second summands on the
right are each less than /3, by (46) and (47) respectively.

By the assumptions on the convergence of ¥/ in neighborhoods of ¥ not con-
taining corners, the last summand |f2m35(0) ncosy ds — fEﬂBf(O) ncosy ds| is
also less than ¢/3 for any j > J, with J large enough. We thus obtain from (48)

/ ncosyds—/ ncosyds
£iNBg(0) £NBg(0)

and the convergence of the boundary integral in (44) to . s 1 cosy ds is proved.

(48)

<

<e,

Having shown the convergence of all terms of (44) except fQ_, n Ful)dx, we
conclude that this term converges too. We will show it converges to fQ nFu)dx.
We know that u/ satisfies (44) in €/, which we rewrite as

2
. . a
nFw)dx= | [Dn-Tu —n———=]dx — ncosy ds.
/szi Qi Vv 1+ |Dul|? s

The right-hand side here converges; therefore

=c,

/ nFu')dx
QJ

with a constant ¢ depending on 7, but independent of j.
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We consider two cases:

(i) The angle y satisfies |y —m /2| <. In view of Theorem 2.9 we have uniform
height bounds on u/, independent of j, since they are independent of the distance
of 7 to the corner O, and the same bounds hold for the limit function u. We fix
jo as before, and with the continuity of F, we have F(u/) converging to F(u) in
any 7, and the corresponding uniform bounds for F(u). So

lim nf(u‘/)dx=/ nF(u)dx
J—=>00 JQlo QJo

and, using the uniform bounds on F(u) over all of 2, we can let jo — oo and

obtain the result as in the previous considerations.

(ii) The angle y satisfies |y — m/2| > «. In this case the height estimates will
depend on the distance of X/ to the corner, u/ becoming unbounded as we approach
O. However the growth of |u/| means that | F (/)| is proportional to r~1, as proved
in Theorem 2.9.

Again, it suffices to assume €2 to have only one corner, O. We estimate, after
adding and subtracting the terms [, n F(u’/) dx and [, n F(u) dx,

(49)

/ nf(u-’)dx—/r]}"(u)dx
Qi Q

J
/ nFu!)dx
QJ—QJo

<

+

/ - nFu)dx
Q-QJo

+ /_(nf(uf)—nf(u))dx
QJ0

The last summand on the right is less than £ /4 for all j > J, with J large enough;
to see this, use the continuity of F and the uniform bounds in /0.
The second summand on the right can be estimated by

f nFw dx
Q—QJ0
ssup|n|/ IF )] dx
Q-0

J0

SSUP|U|<f | F (u)] dx+f | F ()] dx>,
(Q-Q70)NB,(0) (2—Q/0)NBE(0)

where By (O) denotes the complement in R? of the disk B,(0).
In (2 — Q)N By (0), we are at a positive distance from O, and have bounds
for F(u), so

sup [7] | F )| dx < ¢/4,
(Q-Q/0)NB:(0)



COMPRESSIBLE FLUIDS IN A CAPILLARY TUBE 227

due to the convergence of Q/ to Q, for large jo, after possibly adjusting the previous
choice of J.

For the integral over (2 — Q/°) N B, (0) we introduce polar coordinates and can
show, using the inequality |F(u)| < Cr~!, that

sup [n] _ |F(u)| dx < sup 7] |F )| dx
(Q2-Q10)NB,(0) B, (0)

r p2nw
§sup|n|// CcosOdOdr <e/4,
0Jo

after choosing r appropriately small.

The first summand on the right in (49) can be dealt with in a similar way, but
more easily, since Q' N B,(0) = @ for small r.

Returning to (49), we have shown that f oinF (u’)dx converges to f oNF(u)dx
as j — oo.

We had approximated n € H'-!(2) and worked with uniformly continuous func-
tions. We have shown that u satisfies

2
a
Dn.Tu—l—n]:(u)—r]—)dx:/ ncosyds
/sz( V14 |Dul? by

for such n. Going over to n € Q(£2), we conclude in both cases that u is a variational
solution in €.
By Theorem 2.9, u is bounded if |y — 7 /2| < « and therefore u € Q(L2).

We also remark that if we have different limits # and v obtained by two different
subsequences, we still know that they are not “too far apart”, in the sense of the
estimate given in Theorem 2.3. We emphasize that this is true even though the
solution might become unbounded when approaching a corner. U

Remark 1. Theorem 5.2 is the best possible result one can obtain for this problem.
As observed in Section 4, existence fails in small domains in the case (16) and
y > m/2. This is taken care of by the internal sphere condition ISCs ,_, with

8 >2x0/(po— xpo) for Q7.
Remark 2. We obtain a variational solution for our problem in both cases (15) and
(16) after imposing the additional ISCs ,_,,, for general 0 < y < 7, despite the

fact that the values for any solution become unbounded in a narrow corner, when
|y — /2| > «, as stated in Theorem 2.9.
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BEHAVIOR OF SOME CMC CAPILLARY SURFACES
AT CONVEX CORNERS

JULIE CRENSHAW AND KIRK LANCASTER

We construct examples of nonparametric surfaces z = h(x, y) of zero mean
curvature which satisfy contact angle boundary conditions in a cylinder in
R3 over a convex domain € with corners. When the contact angles for two
adjacent walls of the cylinder differ by more than 7 —2«, where 2« is the
opening angle between the walls, the (bounded) solution #/ is shown to be
discontinuous at the corresponding corner. This is exactly the behavior
predicted by the Concus-Finn conjecture. These examples currently con-
stitute the largest collection of capillary surfaces for which the validity of
the Concus-Finn conjecture is known and, in particular, provide examples
for all contact angle data satisfying the condition above for opening angles
200 € (L /2, ).

1. Introduction

Let €2 be an open set in the plane whose boundary is smooth except at a number
of corner points. Assume that near each such corner point P € 92, the boundary
consists of two curves, o' and w™~, meeting at P at an angle 2o € (0, 7); this
condition characterizes a convex corner. Let y : 92 — [0, w] be continuous on
each smooth piece of 92, and assume that at each corner the limits

lim y(Q)=:y1 and lim y(Q) =y

Qew™ Qew™

0—P 0—P
both exist. Also let A = 2 x R be the cylinder over 2. We ask about the existence
of a capillary graph over 2 with contact angle data y; that is, does there exist a
surface z = h(x, y) defined over Q \ {corners}, satisfying the physical conditions
that characterize a liquid interface for prescribed values of gravity and density, and
meeting the walls of A at the prescribed angle y? (See Equation (2) for a formal
statement.)

This question has received considerable interest. The local question of the ex-

istence and boundedness of a capillary graph near a corner P has been solved by

MSC2000: primary 76D45; secondary 35J67, 53A10.
Keywords: capillary graph, minimal surface, Concus—Finn conjecture, Riemann—Hilbert problem.

231



232 JULIE CRENSHAW AND KIRK LANCASTER

D, 2a)
D5 (2a)

20

Y RQu)

D, 2a)
D 2w)

7 T

Figure 1. The Concus—Finn rectangle

Paul Concus and Robert Finn in all but one case. The current state of knowledge
[Concus and Finn 1991; 1994; 1996; Finn 1986; 1996; Simon 1980; Tam 1986]
is summarized by referring to Figure 1, in which the horizontal variable is yy, the
vertical variable is ), and the corner opening angle is 2«:

(i) A solution z = h(x, y) will be continuous at P if (y1, y2) € RQax).

(i) There is no solution if k =0 and (yy, y») € Dli(Zoz).
(iii) There is no solution which is bounded at P if (yy, y») € Df(Zoz).
(iv) There can exist a bounded solution z = h(x, y) if (y1, y») € D;E Q).

In case (iv), the continuity of the solution at P is unknown, but we have:

Conjecture [Concus and Finn 1996; Finn 1996]. A local capillary graph at a
corner P with data from a D, (2a) domain has a jump discontinuity at P, whether
in zero gravity or not.

Fix 8 € (0, w/4) and consider the diamond-shaped region Q@ C R? symmetric
with respect to the coordinate axes and having vertices (0, =1) and (Ztan 4, 0).
Label the vertices as in Figure 2, so the convex angle O A B has measure § and the
convex angle ABC has measure 2o = 7w —2§. As before, set A = Q2 x R.

Let y1, y» € (0, ) satisfy

(D lyi+y2—m| <2« and |y; — 2l > 7 —20;
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A=1(0,1)
B O D = (tan g, 0)
C

Figure 2. The quadrilateral domain 2 with OAB =§.

this is equivalent to saying that (y, y») € D; (2a) U D, (2a). Define the function
y :0Q2 — Rby
y if (x,y) € AB,
vy if (x,y) € BC,
n—y, if (x,y) €eCD,
m—y; if (x,y) € DA.

y(x,y) =

We now formally define the capillary problem in the cylinder A with contact
angle boundary data y, gravitational constant x > 0 and Lagrange multiplier A. By
a solution of this problem, we mean a function £ : 2 — R with

heC*Q)NCYQ\{A, B,C, D))
which satisfies
div(Th) =xh 4+ inQ,
Th-v=cosy on Q2 \ {A, B, C, D},

2

where v is the outer unit normal to 02 and
Vh
1+ [Vh)?

as in [Finn 1986]. We are interested in the behavior of the solution in zero gravity,
k = 0. In this case the divergence theorem together with (2) implies

Th=

MR = /diV(Th) dA =/ cosy ds.
Q El9;
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Since cos y (x, y) is an odd function of x, we see that A = 0. This means a solution
h will be a minimal surface. The contact angles from each side at B are y; and y»
and at D are m—y, and 7w —yj. Our principal interest is in the behavior of solutions
at B and D and our proof will focus on the behavior of solutions at B.

Theorem 1.1. Suppose y1, y» € (0, i) satisfy (1). Let Q2 and y be as defined above.
There exists a unique solution h € CH(Q)NCUQ\{A, B, C, D}) of the boundary
value problem (2) with k = X = 0 which satisfies h(0,0) = 0. This solution is
discontinuous at B and D, continuous at A if and only if |y1 — /2| <m/2—4, and
continuous at C if and only if |y, — /2| <mw/2 —6.

To prove this theorem, we first isolate and prove the most difficult case:

Lemma 1.2. Suppose y| € [, w/2] and y, € [ /2, m—§] satisfy (1). Let Q and y
be as above. There exists a unique solution

hecC’(Q)nc’Q\{B, D))

of the boundary value problem (2) with k = A = 0 which satisfies h(0, 0) = 0. This
solution h is discontinuous at B and D.

One accomplishment in this paper is that it provides an example of a capillary
surface for each corner angle 2o =7 —26 € (7 /2, ) and each pair of contact angles
in the regions D2jE (mr—24) in which the validity of the Concus—Finn conjecture is
unknown. The Concus—Finn conjecture is the principal outstanding open problem
in the mathematical theory of capillarity. To the best of our knowledge, there is only
one paper [Huff and McCuan 2006] that provides examples of capillary surfaces
with data in the D;E regions and in which the continuity of the nonparametric
capillary surface at the corner is determined; it considers contact angle data only
along the line y; + y» = m. We give here, then, the first collection of examples
corresponding to all of the contact angle pairs in D;E (;r —26) in which the continuity
at the corner is determined, and in these examples the Concus—Finn conjecture
correctly predicts the behavior at B and D of these capillary surfaces.

2. Proof of Lemma 1.2

Assume the hypotheses of Lemma 1.2 hold. We then know from (1) that y, —y; >
28. We begin by assuming

Y1 <Tm/2 <y, thatis, i,y #7/2.

Let €2 be the portion of €2 in {x < 0}, so that 92 is the triangle with successive
vertices A, Band C. Let By ={w € C : |w| < 1} and set

Ey={we B :Imw >0, |[w—w;| >tanyy, |w — w3| > tan(w —y»)},
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where
w| =uj;+ivy = —cosdsecy; +1isindsecy,

w3 =u3z+ivy= cosdsec(m—yy)+isindsec(m—ys).

Also set r{ =tany; and r3 =tan(wr—y,). Let £ = Eo (Figure 3). We remark that
E will eventually be shown to be the image of the stereographic projection of the
Gauss map to the (closure of the) graph of the nonparametric solution 4 over €
when this graph is given a downward orientation. Now FE is a connected, simply
connected subset of the closed unit disk which is star-like with respect to the origin.
The boundary of E consists of portions of the circles

C1={w : |w—w1|=tany1} and C3={w : |w—w3|=tan(7r—y2)}

(which are orthogonal to the unit circle d B;), the real axis (v = 0) and the unit
half-circle {w € dB; : Imw > 0}. The condition y, — y; > 2§ implies (and is
actually equivalent to) C1 N C3 = &.
Write
o =d0ENCy, ozz{weaE:Irn(w)zo},

o3=0ENC3;, o04=0ENJB;.

We denote the corners of 0 E (in counterclockwise order) as #;, f», t3 and 4, with
H,hh oy, 3,14 €03, 1,14 €dB; and Im ) =Im 13 = 0. Notice that 1 = eT—8=y1)i
and t4 = e+

Our numbering scheme, associating center w3 and circle C3 with the cylinder
side BC whose prescribed contact angle is y», is chosen because it provides a
clearer and more consistent notation for the Riemann—Hilbert problem we will
consider later. There is no “second” circle C, (unless one wishes to consider the

Figure 3. The region E.
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line v = 0 to be a circle with infinite radius) and no “second” center w,. If we
wished to introduce a fourth circle, we would set C4 = 0 B| and w4 = 0.

Define g : E — E by g(w) = w. Our goal is to find f € CO(E\ {1, ..., 1})
with, at worst, integrable singularities at #1, f,, t3, and 4 which is analytic in Eg
and to define X € CO(E : R®) N C?(E, : R?) with

3) X(u+iv) = (xu,v), y(u, v), z(u, v))
and K (4 +iv) = (x(u, v), y(u, v)) for u +iv € E, satisfying certain conditions:

(i) The analytic functions (f, g) form the Weierstrass representation of X (see
[Osserman 1969], for instance, or [Huff 2006] in this volume).

(i) K is a homeomorphism between o and the line segment A B, between o, and
AC, and between o3 and BC.

(iii)) K is constant on oy.

Here we say f has an integrable singularity at #; if and only if | f(w)| < Clw —#]*
with —1 < s < 0 and C > 0 for w near #;. Notice that f = 0 corresponds to a
“surface” consisting of a single point, as in (5) below, and therefore does not yield
a solution of (2).

We now formulate the Riemann—Hilbert problem which we will solve by tem-
porarily assuming the existence of a suitable function f.

The boundary requirements (ii) imply

y(u,v) =cotdx(u,v)+1 for u+iv e€oy,
4) x(u,v)=0 and 0 <y(u,v) <1 for u-+iveon,
y(u,v) =—cotdx(u,v)—1 for u+iv e oj.

Write f(u+iv) = fi(u, v) +ifo(u, v), where fi and f, are real-valued.
Now (i) implies

xw = fw)(1—w?)/2,
) yw = if (w)(1 +w?)/2,
lw = wf(w),

for w € FE; see [Elcrat and Lancaster 1989, p. 1061], for example. Since d/dw =
%(8/ ou —id/dv), the equations above yield

X, (u,v) = Re(f(w)(1—w?) =1 —u?+v>)fi +2uvf,

©) 2 2 2
Xpy(u,v) =—Im(f(w)(1 —w)) =2uvfi — (1 —u”+v°)fo,
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Yu(u,v) = Re(if (w)(1+w?) =—2uvfi — (1 +u>—v*) fr,

(N . 2 2_ 2
yo(u, v) = —ImGf(w)(1 +w?)) = —(1 +u” —v7) fi + 2uvfs,
and
® zu(,v) = ReQuwf(w)) =2ufi —vf),
Z(u, v) = —ImQuf (w)) =2(=vfi —uf2),
where we use the notation w = u + iv. If we parametrize o, k =1, ...,4, as

ok = {wi (1) = u(t) +ive (1)},

we find that the equalities (4) imply, respectively,

yully + ypv] = cot§ (x,uy + xyv7),

xu(u2(1), 0) =0,

Yully + ypv5 = — cot§ (x,us + xyv5),
and that condition (iii) of the previous page implies

Xyt + xyvy = 0.
Now (u; (1) —u1)* + (v1(t) — v1)? = r{ implies

wm@® _ v@-—w Imwi @) —w)
v (1) ur(t) —uy Re(w;(t) —wy)

and similarly for u(¢)/v5(¢). Recall that

Re Re
cotd = — el R andcotd = wS:E.
Im w; U] Imws v
If we rewrite x,, ..., z, in terms of f, u and v, we obtain
) Re ((ax(u, v) +ibg(u, v)) f(u +iv)) =0

when (i, v) € o3, which we could also write as
ar(u, v) f1(u, v) — b (u, v) f2(u, v) =0,
fork=1,...,4, where
ay(u, v) +iby(u, v) =i (w—w)) (e —w?) if w=u+iveoy,
a(u, v) +iby(u,v) =—1 if u+iveoy,
az(u, v) +ibs(u, v) =ie P (w—w3)(e® —w?) if w=u+iveos,

a4(u,v)—l—ib4(u,v)=(u—i—iv)2 if w=u+iveoy.



238 JULIE CRENSHAW AND KIRK LANCASTER

We now define @, b: 0E — Rby a(u+iv) =ar(u, v) and b(u +iv) = by (u, v) if
u+iveoy, forke{l,..., 4}, and define G : 0E — C by

G(w) =a(w)+ib(w).

We wish to find a function f € CYE \ {t1, ..., t4}) which is analytic in Ey and
satisfies

Re(G(w) f(w))=0 for wedE\{t,...,14}.

This is a Riemann-Hilbert problem with discontinuous coefficients G; in the
notation of [Monakhov 1983, Chapter 1, §4], this is a “Hilbert problem with
piecewise Holder coefficients” (see also [Athanassenas and Lancaster 2004]). In
order to use the results in [Monakhov 1983], we need to compute the index of this
Hilbert problem in an appropriate function class O (m) = O(t,, ..., t,, ) for some
m € {0, ...,4}. Define G| : 0E — C by

G(w)
G =——,
1(w) Gw)
Notice that G;(w) = —1 for w € 05 and G (w) = —(w/|w|)4 = —w* for w € o4.

Set w = ¢'%. Moreover
2)2

Gi(w) =|Gw)| e (@ - w)* (o’ — B
= |G(w)|_ze_23i (w— El)z(a) — w)2(a)+ E)z for w € o,

G1(w) = |G(w)|2e? (i — w3)*(@—w) (@+w)° forw eos.

Fork e{l,...,4}, set

1
0, = g(argGl(tk —0) —arg G (1 +0)),

where arg G (f; —0) means the limit at #; of the argument of G along the arc oy
(with o here being o4) and arg G (f; +0) means the limit at #;, of the argument of
G along the arc 0. The argument is taken to be continuous along each component
of each set o;,. We have

arg G (t; — 0) = —m + 4y +44, arg G (t; +0) =4y + 48 — 2,
argGl(t2—0)=—2(5+T13 -H»lB), arg G (1 +0) =m,

arg G (13— 0) =7, arg G1(t3+0) =28 —2(12p + A2p),
arg G (t4 — 0) = 4w —4y, — 46, arg G (t4 +0) = 3w —4y, —46.

Here t, = w; + r1e'™® for some 11 € [—7/2, —=8), t3 = wy + r2e' ™8 for some
T € 8 —m, —m/2], @* — 13 = |@* — 17| €*1® for some A € [—7/2 — 8, —20)
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and ? + 15 = |w* + 15| *2# for some Ay € (28, /2 + 8. This implies

1 I 25 1 1 28 1 1
O==, Op==, ——=—<bh<- and ——=-<O3<—.

2 2 T 2 2 T 2 2
We set vi = v = v3 = vy = 0. Consider k € {2, 3}. If 6, € (—1, 0), the solution
f of our Hilbert problem will be unbounded and have an integrable singularity at
1, while if 6; € (0, 1), f will be continuous and vanish at #; if 6, = 0, f will be
continuous and nonzero at #;. Let n € {0, 1, 2} be the sum of the greatest integer
function of 8, and of 03 and set m =4 —n. A function in the function class O (m) is
an analytic function in Eq which is continuous at each point of E except possibly at
the corners {t1, ..., t4} of dE, does not vanish on E \ {1, ..., 4}, is continuous at
m of the corners and vanishes at some or all of these corners and has an integrable
singularity at the remaining 4 — m corners. The index of our Hilbert problem in
O(m)isk =v;+---+v4 =0 [Monakhov 1983, page 49] and our problem has a
“canonical” solution F in O(m) which is continuous at #; and #; and possibly at
ty or t3 [Monakhov 1983, pp. 42-53]. The general form of any solution (in O (m))
is co F (w) for any cg € R. Equation (9) with kK = 2 implies Re F = 0 on o»; since
F is nonvanishing on E \ {11, 12, t3, 14}, Im F is either strictly positive or strictly
negative on the entire open interval o, \ {2, 13}. Let us select ¢ by requiring

(10) 1 / 3 A+ u®>)Im F(u)du = -2

(recall that Im#, = Im 3 = 0). We now define f(u +iv) = fi(u, v) +ifo(u, v) to
be ci F(u +iv).

Any two (complex) functions analytic on and without common zeros in the same
simply connected domain in C can be used to form a (parametric) minimal surface
whose components will satisfy (5). Let X € CY(E) N C?(Ey) be the minimal
surface with Weierstrass representation ( f, g) which satisfies X (0) = (0, yop, 0) for
some Yo to be determined. Let us use the notation in (3) and define K (u +iv) =
(x(u, v), y(u, v)). Recall that the image E of g is star-like with respect to the
origin. Using, for example, [Nitsche 1989], we see that X is strictly monotonic on
oE.

If u+iveoy thenv=0and u € [, 13]. For u € [y, 3], (7) implies

Y0 == [ 1+ fa0)ds
0
and (10) yields y(z3, 0) — y(t2, 0) = —2. Now set yp = —1 — (;3 (14 52) fo(s) ds,

so that y(t3,0) = —1 and therefore y(t,,0) = 1. From (9) with k = 2, we have
(=1 fi(u, v) + (0) fo(u,v) = 0 and so fi(u,v) =0 for u + iv € 0. Now (6)
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and (8) imply x,(u, 0) =0 and z,(#, 0) =0, so x and z are constant on o,. Since
x(0,0) =z(0, 0) =0, we see that X and K map o, strictly monotonically onto AC.

If u+iv € oy, then u+iv = e'? for some 6 € (0, ). Writing u = u () = cos 6
and v = v(0) = cosf, we have

j—@(x(u(@), v(®))) = —vx, (u, v) + ux, (u, v)
= Zv((u2 — vz)fl (u, v) —2uvfr(u, v)) =0,

Y (®), v(6))) = —vyu(u, v) +uy, (u, v)
= —2u((u2 —v?) fi(u, v) — 2uvfr(u, v)) =0,

since a4 f1 — bs f> = 0 on 04. This implies x and y are constant on o4. Thus K is
constant on oy.
Consider the behavior of K on o7. Writing u = u;(¢t) and v = v (¢), we have

d
-

d
E(y(um, vi (1) — cot x (uy (1), vi (1))
v} (1)

= Yty (8) + yuv (1) = cot (xwuaty (0) 0y (1) =

(a1fi —b1f2) =0,

S0 y — cotd x is constant on o;. Since y(tp,0) = 1 and x(#, 0) = 0, we see that
y—cotdx =1ono; and K (1) = A.
Now consider the behavior of K on 03. Writing u = u3(¢) and v = v3(¢), we get

d
— (3 (1), v3(1)) + cot8 x (u3(1), v3(1)))

dt
/ / / !/ vg(t)
= yuut3(t) + yyv3(1) — cot § (x,u3(1) + x,v3(1)) = p— (asfi — b3 f2) =0,
—us3
S0 y +cotd x is constant on 03. Since y(f3,0) = —1 and x(#3, 0) = 0, we see that

y+cotdx=—1ono;zand K(t3) =C.

Since K € C°(3E) and K is constant on o4, K (t;) = K (t4). Now K (¢;) lies
on the line y = cotdx + 1 and K (#4) lies on the line y = —cotéx — 1; hence
K (t;) = K(t4) must lie on the intersection of these lines, which is the point B.
Therefore K (¢;) = K(t4) = B, K maps o1 onto AB, and K maps o3 onto BC. Set

I={(x@,v), yu,v),z(u,v)) : u+ivedE}.

Since I" projects onto the convex triangle ABC and this projection is a bijection
from X (0E \ 04) onto 029\ {B}, X (E \ 04) is the graph of a function

heC*)NC%Q\ (B,

K maps E onto Qo and h(x(u, v), y(u, v)) = z(u, v) for u +iv € E \ o4; in fact,
heC 1(E_Z()\{B}); see, for example, [Nitsche 1989, §400, p. 349; Finn 1986]. Since
z(u,v)=0ifu+iveoy, h=0o0n AC.
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We wish to demonstrate that the contact angle condition T/ -v = cos y from (2)
is satisfied on A B; the demonstration that it is satisfied on BC is similar. Now the
exterior unit normal v € R? to AB is (— cos 8, sin8) and the corresponding hori-
zontal unit normal in R? is n = (—cos 8, sin g, 0). Set S = X (E). The downward
unit normal (in R3) to S at (x, y, h(x, y)) is

> _ (hx(x,y),hy(xa)’)’—l)

N,
= A VhG P

and the Gauss map G:E— Sof Xis given by é(u +iv) = ﬁ(x(u, v), y(u, v))
for u+iv € E \ 04 and G(e'?) = (cos @, sin8, 0) for ¢® € o4. Recall that g is the
stereographic projection of G and C is the stereographic projection of the circle
{(u,v,0)eS? : u—u))*+@wW—v)>+12= rlz}, which can also be described as
the intersection of the unit sphere with the cone {Y € R3:Y-n=|Y|cosy}. We
see therefore that é(w) -n =cos y; for w € o1 and so

Th(x,y)-v=N(x,y) n=Gw) n=cosy,

where w = u +iv € o satisfies (x(u, v), y(u, v)) = (x, y). Thus the contact angle
condition is satisfied on the (open) interval AB.

We claim that /4 is discontinuous at B and, in fact, has a jump discontinuity at
B. Using either [Lancaster and Siegel 1996] or the general maximum principle for
minimal surfaces together with standard comparison surfaces, such as planes, we
see that

min{z(t1), z(t4)} < liminf A(x, y) < limsup h(x, y) < max{z(t;), z(t4)},
(x.y)—B (x,y)—>B
where we have abused notation by, for example, writing z(¢;) for z(Ret;, Im#).
Since

lim h(x,y)=z() and lim  h(x,y) =z(ta),
(x,y)—> BT (x,y)— B~

where the first limit means approaching B along AB and the second limit means

approaching B along BC, establishing this claim only requires us to prove that
z(t1) # z(14). Now

% z(cos 0, sin0) = —2 Im(w? f (w)),

and, from (9) with k =4, we have Re (wzf(w)) =0, where u =cos 8, v=sin6 and
w =u—+1iv. Since f does not vanish on a4 \ {1, #4} and w does not vanish on oy,
the derivative (d/d6)z(cos 6, sin8) cannot vanish for any 6 € (6 + y», 1—8 — y1).
Therefore z(cos 6, sin0) is either strictly increasing or strictly decreasing in 6 for
0 € [8+y2, m—8 — 1], s0 z(t) # z(1s).
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We now define / on by extending the minimal surface z=/h(x, y) by reflection
across the line segment {(0, y, 0) : |y| <1}, so that h € C°(Q\{B, D}) and h(x, y)
is an odd function of x. Then the condition T/ -v = cos y is satisfied at each point
of 92\ {A, B, C, D}. Since h is discontinuous at B, it is also discontinuous at D.

Suppose that z=h1 (x, y) is any solution of the capillary problem with %1 (0, 0) =
0. Using the comparison principle for capillary surfaces [Finn 1986; Finn and
Hwang 1989], we see that h; = h + C for some constant C. Since /1(0,0) =0=
h(0, 0), we see that i; = h. Notice that 2 has the boundary behavior described in
Theorem 1.1.

Suppose that y; < /2 and y» = /2. The arguments above continue to hold,
but now E = E,, with

Ey={weB;:Imw >0, |[w—w;|>tany;, Reow <0},
as in Figure 4; recall that w = ¢%. The case in which y; = /2 and y; > /2 is
similar.
3. Proof of Theorem 1.1

Consider y; € (0, /2] and y» € [/2, ) satisfying (1) and such that one of the
following cases holds:

(1D y1 € (0,9) and y, €[m/2, m—48];
(12) y1 €[6,m/2] and 1y € (wm—48,m);
(13) y1 € (0, 9) and y, e (w48, 7).

Together with the results of Lemma 1.2, the proof that our stated conclusions hold
in these three cases will complete the proof of Theorem 1.1 when y; € (0, 7 /2]

t 71

Figure 4. The domain E in the case y, = 7 /2.
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Figure 5. The domain E in the case y; € (0, 8), y» € [7/2, 1—6].

and y, € [ /2, ). By reflecting 2 about the y—axis (or by considering the contact
angles near D), we see that the situation where y, € (0, 7/2] and y; € [7/2, )
will also be covered.

We begin by assuming that (11) holds. Then o4 has two components and E,
which is illustrated in Figure 5, has an extra corner at ts = —1. We will continue
to use the notation introduced in the proof of Lemma 1.2. Then

= eT—=8=ri (r=8+y1i

h=e
and 73 and #4 are the same as in the previous section (see Figure 3). That we know
t; explicitly makes our work here easier. The functions G (w) and G (w) remain
the same and we wish to find f € CE \{t1, ..., ts}) analytic in Eq and satisfying
Re(G(w) f(w)) = 0 for w € {¢1, ..., t5}. A little work shows that 9y, 63 and 6,
remain as before and

argGi(tr —0) =2 +45 — 4y, argG(tp+0) = —37 446 — 4y,
arg G1(ts —0) = —3m, argGi(t5 +0) = m,

so@zzgand95=—2. Setv;=0,v=2,v3=0,v4=0vs=—2and oy =6 — vy,
1 <k <5. If we select ¢; € R such that

13
1 / (14 u®>)Im F(u) du = -2,
-1

where F(w) is a “canonical solution” as in Section 2, the argument used there
shows that there is a unique solution i € CX(Q)NC%Q\{A, B, D}) of (2) and
this solution is discontinuous at A, B and D. If y, = /2, then E is modified as
in the previous section (see Figure 4) and this conclusion continues to be valid.
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Case (12) is similar to case (11), with corners at t1, 15, 13, t4 and ts = 1. Here 6y,
6, and 6, are as in Section 2 and 03 = %, O = % We leave this case as an exercise
for the reader.

Suppose case (13) holds. Then E has six corners (with t5 = —1 and ts = 1) and

91:%, 92:%, 03 = 5, 94:%, 05 = —2, 96:%

I—

If wesetvi =0,vy=2,v3=0, v4 =0, v5 = —2 and vg = 0, then our conclusions
follow as in case (a).

It remains to show that our claims are true when (1) hold and y; and y, are both
in (0, w/2) (or both are in (7/2, w) ). Let us assume yy, y» € (0, w/2) satisfy (1)
with y; — v > 25. We redefine w3 and r3 by

w3 =u3+ivi=—cosdsecy, —isindsecy, and r3=tanys.
We set E = E, where
Eoz{weBl:Imw<0, lw—wi| <ryq, |w—w3|<r3}.
Let C3 denote the circle |w — w3| = r3 and set
or=0ENC|, opy={wedE :Imw =0},
03=0ENC,, o04=0ENJB.

We have two cases to consider: y, < § and y, > §. The situation can then be
taken to be as in the left and right panels, respectively, of Figure 6. For if we can
obtain our desired conclusions in these two situations, we will have proved that
Theorem 1.1 is valid in one of the four triangular regions remaining where (1) is

Figure 6. The domain E in the case y; € (0,6), y» € (m—§, 7).
Left: y» < §; right: 3, > 6.
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satisfied. The validity of Theorem 1.1 in the other three regions will then follow
by symmetry and/or the interchange of y; and y».

Suppose y» < 8, and refer to Figure 6, left. Denote the corners of E by 71, . . ., s,
where

f = e(ﬂ—8+yu)i’ (ﬂ+8—yz)i’ ty = e(7r+5+yz)i’ ts=—1

3=e

and 7, € o1 with Im#, = 0. The functions G(w) and G (w) remain the same as in
Section 2 (using our redefined wj and r3). Then

arg G () — 0) = =371 +4(5 — y1), arg G1(t; +0) =371 +4(8 — 1),
argGi(, —0)= -2+ 11+ A1), argGi(2+0)=m,

argG1(3—0) = =37 — 4 — ), arg G1(3+0) =4(y2 —9),

arg G (14 —0) =21 —4(y2 +9), arg G (14 +0) = =37 — 4(y2 +9),
argG(ts —0) =m, arg Gi(t5 +0) = —3m,

where 1, = w; + r1€/™# for some 115 € [—7/2, —8) and w? — 1} = |w? — t3|e'*1®
for some Ajp € [—7/2 — 8, —28) as in Section 2. Then

1 S+tp+ris 3 5
Oh=-3, bh=—————""———  OB3=—=, O4=—=, 0O4=2.
1 2 ) T 3 ) 4 ) 4
Setvi=-3,v,=0,v3=—1,v4=2,vs=2and oy =6 — v, 1 <k <5. Since

V1 + 12 + v3 4+ v4 4+ v5 = 0, we may argue as before and obtain a unique solution
heC’(Q)NC%Q\{B, C, D}) of (2); this solution is discontinuous at B, C, D.

Suppose y» > 8, and refer to Figure 6, right. Let the corners of E be denoted by
1, ..., ta, where t1, t, and t4 are as in the previous case and 3 € o3 with Im#3 = 0.
If we write 13 = w3 4 r3¢' 28 for some o5 € (8, /2] and w? — t32 = |w?— t32|e“23
for some App € (28, m/2 4+ 6], then we find

1 6 A 1 Mp—296 5
0, = -3, 92=___M’ 93=—+M, 04 = —.

2 T 2 T 2
Setvi=—-3,v=0,v3s=1,v4s=2and oy =6y —vi, 1 <k <4. Then there is a

unique solution 2 € C2(2)NCY(Q\{B, D}) of (2) and this solution is discontinuous
at B and D.
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MINIMAL SOLUTIONS TO THE LOCAL
CAPILLARY WEDGE PROBLEM

ROBERT HUFF

We give sufficient conditions for the existence of minimal capillary graphs
over quadrilaterals symmetric with respect to a diagonal. The proof is con-
structive, making use of the Weierstrass representation theorem for mini-
mal surfaces. In the process, we construct minimal solutions to the local
capillary wedge problem for any wedge angle 0 < ¢ < & and contact angles
71, 72 € (0, ) such that |y; — y2| <7 —¢. When |y — 2| < & — ¢, the
solution presented here has a jump discontinuity at the wedge corner.

1. Introduction and statement of results

Given a convex quadrilateral Q (each interior angle strictly less than ) with edges
{sk}izl, and given contact angles {yk}zzl, we ask under what conditions there
exists a corresponding capillary graph, that is, a minimal surface that is a graph
over Q (except perhaps at the vertices) and that meets each wall s; x R at a constant
angle y,. We will give sufficient conditions in the case where Q is symmetric with
respect to a diagonal.

Physically, a capillary graph models the behavior of a surface formed by a liquid
in a container, which in our case is a cylinder with quadrilateral cross section. In
the absence of gravity any such graph given by u satisfies

d
grad u _x in 0.

ST+ |gradu?
< grad u

J1+ |gradu|?’

where v is the outward pointing unit normal to s; and H is a constant. The first
equation means the graph has constant mean curvature H, and the second is just
the contact angle condition along the edges.

div

vk> =cosy, along sg,

MSC2000: primary 76B45; secondary 53A10.
Keywords: capillary graph, contact angle, minimal surface, Weierstrass representation,
quadrilateral.
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The wedge problem. A necessary condition for the existence of a capillary graph
over a convex quadrilateral comes from the local capillary wedge problem, which
deals with the existence of capillary graphs defined locally in a neighborhood of
a wedge vertex. In this setting, Concus and Finn [1996] have shown it is not
possible for a capillary graph with constant mean curvature to exist if the contact
angles (y1, y») along the two sides of the wedge are such that

lyi+y—m| > ¢.

where ¢ € (0, ) is the wedge angle. The forbidden region thus defined is the union
QDT U, in Figure 1. Thus, a minimal capillary graph over a convex quadrilateral
can exist only if

Vk» Yi+1) ¢§Z§T U%, withrespectto oy, k=1,2,3,4,

where o is the interior angle between s; and si4+; and kK = 4 implies k +1 = 1.
Also labeled in Figure 1 are the regions

R={(r1,y2): ln+r—nl<¢and |y —yl| <7 —¢},
Dy UD; ={(y1,v2) : In — vl > 7 — ).

By considering portions of planes and spheres over linear wedges, one can see that
a solution to the local capillary problem (in zero gravity) exists for any (y1, y2) € R
and any mean curvature value H. According to a conjecture by Concus and Finn
[1996], existence for any H should also hold in the closure of Qbéc. Here, we make
progress towards this conjecture by proving the following theorem, establishing

V2

T—¢ T 4!

Figure 1. Contact angle diagram.
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existence in the closure of Qbéc minus the points where either y; or y, equals 0
or w. Because of the geometric nature of our construction, we are also able to
determine the behavior of the solutions at the wedge corner.

Theorem 1. There is a minimal solution to the local capillary wedge problem for
any wedge angle 0 < ¢ <  and contact angle pair

(1, v2) €5

with respect to ¢ such that 0 < y1, v» < m. Moreover, if (y1, v») lies in the interior
@;ﬁ of DE, a solution exists with a finite jump discontinuity.

Finn [1996] showed existence for any H # 0 in 95;5 - Q_DT—L so long as the wedge
angle is less than 31.5°. Combining this with the theorem, we obtain:

Corollary. There is a solution to the local capillary wedge problem for any mean
curvature value H and any (y1, y2) € Q_Z);E such that 0 < y1, y» < 1 so long as the
wedge angle is less than 31.5°.

Note. Crenshaw and Lancaster [2006] have proved Theorem 1 for wedge angles
/2 < ¢ < and contact angles (y1, y») € @f, by solving an appropriate Riemann—
Hilbert problem.

Statement of the global existence theorem. Theorem 1 will arise as a corollary of
Theorem 2 below, concerning the global existence of minimal capillary graphs over
convex quadrilaterals. Unfortunately, it is too ambitious at this point to consider
general convex quadrilaterals; instead, we restrict our attention to those that are
symmetric with respect to a diagonal. To prove Theorem 2, we use the Weierstrass
representation theorem for minimal surfaces to construct the graph; the sufficient
conditions we derive for global existence result from studying the Gauss map on
the graph.

Let Q be a convex quadrilateral that is symmetric with respect to a diagonal.
Orient Q in the xy-plane so that the line of symmetry is the x-axis, and label the
edges s1, 52, 53, 54 along with the wedge angle ¢ between s; and s, as shown in
Figure 2. Next, assume the existence of a minimal capillary graph over Q having
contact angle y; along the edge s;. Furthermore, assume that the portion of the
x-axis contained in @, labeled b in Figure 2, is contained in the graph. By the
Schwarz reflection principle for minimal surfaces, this last assumption implies the
graph is symmetric with respect to 180° rotation around b, and this symmetry of
the graph results in a symmetry of the contact angles:

(1 yy=rn—y1 and y=1w—y.
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Qu
y
52 S1
¢
o) o]
b X
S4 ¢ 53

Figure 2. The quadrilateral Q oriented in the xy-plane.

Theorem 2. Let Q, oriented and labeled as in Figure 2, be any convex quadrilat-
eral symmetric with respect to the x-axis. Let 0 < y1, y» < 7 and set y3 =71 — y1,
y4 = T — V2. Suppose further that

1, y2) € Dy

with respect to the wedge angle ¢ between s| and sy. Then there exists a mini-
mal capillary graph over Q with contact angle yy on the edge sy, k = 1,2,3,4.
Furthermore, if

(y1, v2) € 97,

a solution exists with a finite jump discontinuity at the vertices s; N sy and s3 M s4.

Note that under the hypotheses of the theorem, we also have (y3, y4) € Q_Déc with
respect to ¢, by symmetry.

Before proving Theorem 2, we recall the Weierstrass representation theorem for
minimal surfaces.

2. Background

The Weierstrass representation. Given a domain Q C C, the Weierstrass represen-
tation theorem says that any (orientation preserving) conformal minimal immersion

X =(X1, X2, X3): 2> R

can be expressed, up to translation, in terms of a meromorphic function g and a
holomorphic one-form dh by the formula

2) X(z) = Re/ (%(gl —g)dh, %(gi1 +g)dh, dh) ,
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where g is the stereographic projection of the Gauss map and

is called the complex height differential (note that Re dh = d X3). Conversely, the
theorem states that if g is a meromorphic function and dh a holomorphic one-
form on 2 such that dh has a zero of order n at z if and only if g has a zero or
pole of order n at z, then (2) gives an (orientation preserving) conformal minimal
immersion on €2 that is well-defined provided that

| .
Re/<§(g—1 —g)dh, %(g_l +g)dh, dh) =0

for every simple closed curve ¢ C 2. (This condition is satisfied automatically if
Q is simply connected.)

Determining dh via the second fundamental form. For a minimal surface given
by Weierstrass data g and dh, we have, for tangent vectors v and w,

HOLLIC J Y

where II is the second fundamental form on the surface (see [Hoffman and Karcher
1997] for details). Therefore:

dg(¢) dh(c) cR

3) ¢ is a principal curve <= ;
8
, . dg(¢)dh(¢) .
(@) c 1s an asymptotic curve <— ——— € iR.
8

We see from (3) and (4) that the function ¢ given by

Z |ldgdh
(5) C(Z)=/ g_
. 8

maps principal curves into vertical or horizontal lines and asymptotic curves into
lines of slope 1. The map ¢ is called the developing map of the one-form
Jdgdh/g. 1t is a local isometry between the minimal surface equipped with the
conformal cone metric |dg dh/g| and the Euclidean plane.

Each surface considered will have boundary consisting of principal and asymp-
totic curves, which will allow us to determine the function ¢. Once this is done,
we can use (5) to conclude that

g(d¢)?

dh = .
dg
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3. Proof of Theorem 2

Determining the image of the Gauss map. To construct the desired capillary graph
in R3, we will find a parametrization of its image  under the Gauss map. Because
of symmetry it is sufficient to consider the graph over the triangle Q, with base b
and base angles o) and oy (see Figure 2). From now on we assume without loss
of generality, thanks to (1), that y; < y, and y; < /2. It will be convenient to
distinguish two cases:

(C1) O<ypi=m/2=y<m,
(C2) O<yi=yn=m/2
We can also exclude the situation y; = y» = /2, since then the desired graph is
just part of a horizontal plane.

Because of the contact angle conditions, the Gauss map takes the interior of an
edge sy into (part of) a circle Cy on the sphere. Under stereographic projection, Cy

is described as follows:
If yx # 7 /2, the circle Cy, is the boundary of the disk

(7) Dy = D(sec y €', |tan yi|)
of radius [tan y;| and center sec y; e'%, where
(8) Oh=n/2—ay, O=n/24 ;.

If yx = /2, then Cy is the line through the origin in the direction of s; and we
define Dy as one of the half-planes bounded by this line: in case (C1),

D= |J D(secye®, |tany])
O<y<m/2
or
D= |J D(secye®, |tany));
T/2<y<m
in case (C2),

Dy= |J D(secye®, |tany]).
O<y<m/2

Finally, we note that the Gauss map takes the edge b into a segment of the imaginary
axis, which we again label b.

In case (C1) we take the Gauss image 2 to be the region common to C — D1,
C — D», the half-plane {x > 0}, and the unit disk D(0, 1), while in case (C2) we
take 2 to be the region common to the exterior of the smaller disk D, the interior
of the larger disk D,, the half-plane {x > 0}, and the unit disk. We now show that
these descriptions make sense under the hypotheses of Theorem 2. The circle Cy,
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PUCIE )]
el 01—y
el 62+y2) )
e O2—12)
el O2—72)
2l (Orty2)

Figure 3. Intersections of C; and C, with the unit circle. The
solid-line C; corresponds to case (C1), while the dashed-line C,
corresponds to case (C2).

k =1, 2, intersects the unit circle at ¢! @7, Referring to Figure 3, we see that

v1, v2) EQ_D;: with respecttop <= y—y1 > a1+ =7 —¢
= al2+a—y<t/2—a;—y
= h—n=<06i—n
DiNDy;=2 incase (Cl),
Cy C D, in case (C2),

as required. Thus the Gauss image €2 is the stated intersection. More explicitly,
2 is the region bounded by a curvilinear polygon consisting of the contact-angle
arcs Cp, Cy, the segment b of the imaginary axis, and up to three arcs of the unit
circle, labeled ay, a;, az in the order shown in Figure 4, left. Each a; present on
d£2 comes from a finite jump discontinuity (a vertical line segment) over a vertex.
Arc a, is present if and only if (y1, y») € szi with respect to ¢; the arc (a; or as)
connecting Cy, to b is present if and only if (yx, 7—x) € Qbéc with respect to 2.
Note that from now on we use C; and C; to refer to arcs on the boundary of €2,
rather than whole circles.

Since €2 only depends on the contact angles and the interior angles of the triangle
Q.. we will construct graphs over one triangle per similarity class. To deal with
other triangles in a congruence class, we simply apply a homothety of R? to the
graph, which changes the edge lengths of the triangle but preserves minimality and
contact angles.
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C>
ap as
;a,l" ; Cl
b
ai
case (C1)
aj C2
Cl a
b a2 é-ot,l“
% Cy b
Cs case (C2) a

Figure 4. The developing map &y 1.

We now seek to parametrize the capillary graph via the inverse of its Gauss map.
The stereographic projection of the Gauss map of a minimal surface is conformal
and orientation preserving, so its inverse can be expressed in terms of Weierstrass
data g and dh using formula (2) above, where in our case g(z) = z by construction.
Hence, it remains to determine d/, which we will do in terms of the developing
map of the complexified second fundamental form. Thus we need to investigate
what properties this map should satisfy. It will sometimes be convenient to write
Qq.r instead of €2, where we have set

F'=(,y) and o= (a1, ay).

Existence of the developing map. Consider the function { = o on 2, given
by (5). Each edge a; corresponds to an asymptotic curve, because ¢ maps it into
a vertical line over a vertex of Q,. It follows from (4) that the image of each such
edge under ¢ is a segment of slope £1. Edges C; and C; correspond to the contact
curves, which are planar curves along which the graph meets the plane of the curve
at a constant angle. By Joachimstahl’s Theorem, these are principal curves, so it
follows from (3) that they are mapped by ¢ into horizontal or vertical lines. We
conclude that ¢ maps Q, r conformally onto a Euclidean polygon P, . Diagrams
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of this map when €2, r contains the maximum number of edges — six in case (C1)
and five in case (C2)— are shown in Figure 4. Thus we have reduced our task to
proving that such a map always exists, for an appropriate choice of the Euclidean
polygon Py .

We do this using a continuity argument and certain properties of extremal length,
which we record here in the context of interest; for more generality and proofs, see
[Ahlfors 1973]. Given a curvilinear polygon A, a Borel-measurable function p > 0
on A defines a conformal metric p(dx* + dy?). The extremal length between two
edges A and B of A, or (A, B)-extremal length, is defined as

inf,, p-length of y)?
Exts p(A) :=sup (infy p-leng v)
0 p-area of A

’

where the infimum is over all curves y : [0, 1] — A such that y(0) € A, y(1) € B,
and y(¢) C A fort e (0, 1). Extremal length is invariant under biholomorphisms
and has the following properties:

(1) If A and B are adjacent, Ext4 p(A) =0.
(ii) If B is degenerate (a point) and dist(A, B) > 0, then Ext4 p(A) = oo.
(iii) If A is a Euclidean rectangle with edges {B;}, k =1, 2, 3, 4,
1B
Extp, 5,(A)  |Bi|’

EXtBl,B3 (A) =

where the bars denote Euclidean length.

(iv) If Ay C A, are such that edges Ay, By C Ag, k =1, 2, satisfy A} C A and
B; C B», then
Exta, B,(A2) < Exty, g, (Ay),

and the inequality is strict if A} # Ay or By # B».
(v) Exts p(A) depends continuously on the edge lengths of A.

We will prove the existence of P, r and the required biholomorphic map ¢ in
case (C1), assuming that a;, a,, asz are nondegenerate, as in Figure 4 (top). The
proofs of the remaining cases are similar and simpler.

Consider the space P¢ of Euclidean hexagons P as in Figure 4, normalized so
that CyNa; =0€ C and |C{| = 1. Any polygon P € P is uniquely determined by
the three (Euclidean) edge lengths |a;|, |az|, |C2|. This allows us to parametrize
P using (|ai], laz|, |C2|) as coordinates:

P = P(lal, |azl, |C2)).

Choose any |ay |, |ay| that are the first two coordinates of some P € Pg. Allowing
|C3| to vary, we see that as |C,| approaches its lower limit (which is zero), the
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edges a3 and a; become adjacent. By property (i) above, the (a;, az)-extremal
length tends to 0. Inversely, as |C»| approaches its upper limit, a3 degenerates to a
point and property (ii) says that Ext,, 4,(P) — oo. By the continuity property (v),
there exists an intermediate |é‘2| = f1(Ja1|, |az|) such that

€) Exta, a3 (R0,1) = Exta oy (P (a1l la2l, fi(la1l, la2l))) -

Claim 1. The function f is continuous.

Proof. Suppose f; is not continuous at some point a = (|a;|, |az]). Then we can
find a subsequence a;y — a such that fj(ax) converges to some |C§| # fi(a).
Since extremal length depends continuously on edge lengths (property (v) above),
it follows that Ext,, 4, (P(ak, fi (ak))) converges to Ext,, 4, (P(a, |Cé |)), and equa-
tion (9) tells us that Ext,, 4, (P (a, |C5])) =Exty, 4,(Qa,r) = Exta, o, (P (a, f1(a))).
However, since |C}| # fi(a), property (iv) implies that Extazm(P(a, |C§|)) *
Exty, a5 (P(a, fi (a))), a contradiction. U

Continuing, fix a length |a;| and consider P = P(|ai1|, |az|, fi(la1l, |az])). As
|az| approaches its lower limit of zero, property (ii) on the previous page says that

EXtaz’b(P) — 00.

As |ay| approaches its upper limit of infinity, it is also true that |b| approaches
infinity. Therefore, consider a rectangle R = R(|a,|, |a2|) with opposite sides e; C
ap and ey C b such that |ey| — oo (k = 1,2) as |ap| — 00. Then property (iii)
implies that Ext,, .,(R) — 0 as |az| approaches infinity, and property (iv) shows
that

Exty, »(P) — 0

as |ap| approaches infinity. By the continuity of fi, there exists an intermediate
|az| = f>(lay|) such that

(10) Exty, 5(Qe,r) = Exte, o (P(la1l, f2(la1]), fillail, fa(lai]))))-

The continuity of f> is crucial to the remainder of the proof, and we prove it now.
Claim 2. The function f, is continuous.

Proof. As in the proof of Claim 1, we assume f; is discontinuous at some point
|ai]. We can find a subsequence |a'l‘| — |aq| such that f2(|a'f|) converges to some
lay| # f2(lar]).

Let P and P’ be the hexagons corresponding to f>(|a;|) and |aj|, respectively.
If the jump from f>(|ai|) to |a)| is a decrease, there are two possibilities: Either
P’ is strictly contained in P, or P’ is such that there is a jump increase in |b|.

In the first case, it follows from property (iv) that Ext,, »(P’) > Extg, »(P), so
that equation (10) does not hold at P’, a contradiction.
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In the second case, we first decrease P’ to a hexagon P” by shortening the edges
C, and b so that the edge a3 of P” is contained in the edge a3 of P. By property
(iv), we have Ext,, 4,(P’) > Ext,, 4,(P”). Another application of (iv) shows that
Exta, a; (P") > Ext4, 4, (P), and hence that Ext,, 4, (P’) > ExXt,, 4,(P). This implies
that (9) is not satisfied at P’, a contradiction.

Similarly, we reach contradictions if the jump from f>(|a;|) to @} is an increase.
Thus, we have shown that f; is continuous. [l

Finally, we let |a;| vary within the family of polygons

P=P(lail, (a1, fillail, f2(0a1]))).

As |a;| approaches its lower limit of zero, it follows from (9) and (10) that P
approaches a pentagon with |a{| = 0 and all other lengths nonzero. Thus,

Exty c,(P)— 0

as |a;| approaches zero.
As |a;| approaches infinity, consider the renormalized hexagon

P'=la||"' P(larl, fo(lar]), fillail, fo(la1]))),

which has the properties that |a;| = 1 and |C1| approaches zero as |a;| approaches
infinity. Since extremal length is a conformal invariant, equations (9) and (10) also
hold in P’. Now, if |b| in P’ approaches infinity as |a;| approaches infinity, it
follows from the geometry of the hexagons that |a;| must also approach infinity.
In such a case, we can apply properties (iii) and (iv) from page 255 to show that
Ext,, »(P’) approaches zero as |a; | approaches infinity, violating the condition that
equation (10) be satisfied. Thus, |b| must be bounded in the family { P}, and hence

Exty,c,(P") = Exty ¢, (P(lail, f2(la1]), fillail, f2(la1])))) — oo

as |ay| approaches infinity. By the continuity of f; and f,, there is an intermediate
lai| such that P := P(la1|, f2(la1l), fi(lail, f2(la1l))) satisfies

(11) Exty. ¢, (Qa.r) = Exty.¢, (P) .

From the Riemann mapping theorem and the fact that d€2, r and 3P are simple
closed curves, it follows that there is a biholomorphic map ¢ between 2, r and P,
and we can normalize so that

(12) ¢(@anCy)) =axNCy, (@anNCy)=aNC and ¢(azNC2) =azNCs.

Since (9) is satisfied and extremal length is invariant under biholomorphisms, prop-
erty (iv) implies that
C(azNb)=a3zNb.
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Given this and the equality Ext,, ,(2,,1) = Extaz,b(ﬁ) arising from (10), we get
C(aiNb)y=a Nb,
which in turn, together with Ext,, 4, (Q.r) = Extazm(ﬁ) from (11), shows that
¢(aNCy)=a NCy.
Thus, the function ¢ is the desired ¢,  and the polygon P is the desired Pyr.

Verification of the parametrizations. With the existence of the map ¢ = ¢y, we
obtain a parametrization on 2 = 2, of a minimal surface given by Weierstrass

data

2
g(z)=z and dh= g(Z{) .

8
It now needs to be checked this surface is indeed a graph with the desired properties.

Choosing a base point zo € €2 and using the formulas immediately above, the
parametrization (2) takes the form

d¢)?

Z
X)) = Re/ 1-7%i(1+275,22)
20 2dz

So that the resulting quadrilateral will be oriented and labeled as in Figure 2, we
choose zg =aj; Nb or zg = C; N b if a; is not present in 2.

Now, the map X is continuous on Q. To see this, take a vertex v of Q2 and denote
the angle at v, ¢ (v), by ¢, ¥, respectively. Then, near v we have

£(2) =)+ (2 — )" (2),

where ¢ is holomorphic and nonzero at v. Thus, '(2)? = (z—v)* Y D (2),
where ¢ is holomorphic and nonzero at v. It is easily verified that {/¢ > % Hence,

¥ _ _
2((p 1) > 1,
and it follows that )
(d¢) ,
2 _ (s
dz

is integrable on Qr. Therefore,
X is continuous on Q.
To analyze X on 02, we parametrize Cy counterclockwise by
2 (1) = sec(yie'™ + [tanye| e if yi #7/2,

and by
() =+ %Dt iy £7/2,
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where the sign factor is negative if k = 2 in case (C1), and positive otherwise
(compare the definition of Dy on page 252). Since ¢ maps C; into a vertical line
and C, into a horizontal line, we have

(13) (—D¥*dz(z)* > 0.
If y; # /2, then dz (%) =i |tan yi|e'’ and we have
[tan | = (—1)]‘_l tan y,in case (C1).

Thus, in this case we compute

(14)
: d§(Z'k)2>
dX(zx) =Re 1— zz -
1(2k) <( k)de(Zk)
d((ik)zR 1 —sec2(yp)e' 2 — 2 sec y | tan e @) — tan? y e/
2 i |tan yi|e!!
de(z)? . . . '
= _2 |i2(1flk))/k| Re(ie_” —isec? Vi 201 _ ;9 gec Yeltan Vk|€l€k — jtan2 ” elt)
IO 2 i sin(26) 2 ing 2
=3 an ] (sint + sec” yx sin(26x—t) + 2 sec yi | tan yk| sin O 4 tan” yj sint)

_(=Drde(z)?
© 2sin yx cos yi
_ (=Drde ()2
" sin g cos y

(sint +sin(26; — 1) + (—1)* 2 sin ; sin 6y)
. k—1 T

sin 6 (cos(@k —1t)4+(—=1)"""cos <yk - 5)) .

Similarly, we have

(=D ldg@)?

dX>(2k) = —
sin yy cos yi

cos 6 <cos(9k — 1)+ (=D*cos <yk - %)) .

In case (C2), we have
|tan yi| = tan y%.

Hence, we compute as above to obtain

d¢(zx)?

dX () =———————sinb; (cos(@k — 1) +cos (Vk — £>> ,
sin yx cos yx )
(15) )
de(;
AXoG = & e (cos(ek — 1)+ cos (Vk _ 1)) .
sin y Cos Y 2
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Thus, in both cases we have

dX>(zx) _
dX1(zx)

(16) — cot 6.

Hence, the curve X (Cy) is contained in a plane parallel to the vertical plane V =
{(x1, x2, x3) | xo = —x1 cotB}. That X (Cy) is a contact curve of contact angle y;
follows immediately from the fact that g(z) = z.

Moreover, we will show that

dX(z1) <0on € in both cases,
(17) dXi(z2) <0Oon Co‘z in case (C1),

dX(z2) > 0 on C, in case (C2).
To see this, consider again the points ¢! %) and ¢/~ on the unit circle (see
Figure 3), assume for the moment that y;, y» # 7/2, and define ¢, = +1 or —1

according to whether tan y; is positive or negative — explicitly, €, = 1 except for
k =2 in case (C1). Then

e OtV — gac Vi el |tan yk|ei(9ki7ki€k77/2)’

so that z; is defined for ¢ in an interval [ay, by ], where

ap > O+ ey +m/2, bp <6 —eryr+3m/2.
Hence, for z; we have w/2 + €, yx <t — 6 <3m/2 — €Yk, SO that
(18) cos(Ox — 1) +€x cos (r/2 — ) <0 on Cy.

The inequalities (17) follow from (13), (14), (15), and (18). The computations
when y, = /2 for some k are similar to those above and are therefore omitted.
If some ay, is present as an edge of 2, we parametrize it counterclockwise by
wy (1) = e, so that dz (i) =ie'. Recall that { maps gy into a line of slope —1 for
k =1, 3 and slope 1 for k = 2 (see Figure 4). Thus, d¢ (iy)? = (—1)*i |d¢ ()%,
so that
d X, () = (=1)*|d¢ )* 3Re(e™" =€) =0,

dX> () = (—D*|dg (i) [* S Re(i(e™ + ")) =0,
d X3 (i) = (= D¥|dg (i) %

Thus X maps a; monotonically onto a vertical line segment in R3.
Finally, parametrize b from bottom to top by z,(z) = it. Then dz(z,) =i, and
since ¢ maps b into a line of slope 1, we have d¢(2,)*> =i |d¢(2)|>. Computing,
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we have
dX1(zp) = 1d¢(zp)1* A (141) > 0,

dX(2p) = |dg (2p)1* 3 (1 — *) Re(i) =0,

dX3(2p) = 1d¢(2)]” 1 Re(i) = 0.

Thus, b is mapped monotonically by ¢ onto a line segment in the x-direction.

Summing up, we see that X (0€2) projects onto the boundary of a triangle with
interior angles o, o, ¢ = m — @ — ap and edges s;, 52, b such that oy is the
interior angle of the triangle between s; and b. The projection is one-to-one except
for vertical line segments that may lie over the vertices. A sharpened version of
Radd’s Theorem (see [Dierkes et al. 1992]) then implies that X (Q)isa graph over
the interior of the triangle, and we have finished the proof of Theorem 2.
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MINIMAL CAPILLARY GRAPHS OVER REGULAR 2r-GONS

ROBERT HUFF

This paper follows previous work by Huff and McCuan, who provided for
0 < y < m a geometric construction of minimal capillary graphs over a
square with constant contact angles on the edges alternating between y and
7 — y. Here the result is extended to regular 2n-gons. Regularity results
are obtained for these graphs, and explicit, conformal parametrizations are
given for the Jenkins—Serrin graphs corresponding to y € {0, x}.

Introduction

In this paper, we prove the following theorem, where the uniqueness statement
follows from [Finn and Lu 1998, Theorem 3.1].

Theorem 1. Let Q, be a regular 2n-gon and 0 < y < w. There is a unique (up

to vertical translation) minimal graph over Q,, with constant contact angles on the

edges alternating between y and w — y. If

n—m n+rm
2n 2n

then there is a finite jump discontinuity over each vertex. If y € {0, m}, then the

O<y< <y <m,

corresponding graph is a Jenkins—Serrin graph.

The case n =2 and 0 < y < 7 has previously been studied in [Huff and McCuan
2006], and by Concus, Finn, and McCuan in [Concus et al. 2001]. Existence was
proved in the latter paper, while regularity and existence of the jump discontinuity
was shown in the former. To prove existence here, we assume symmetries and
then determine the image under the Gauss map, which is conformal on a min-
imal surface, of our fundamental piece. Next, we determine the image of the
conformal map developing the (square root of) the complexified second funda-
mental form on the graph. As a result, we obtain conformal parametrizations of
the graphs, and those corresponding to y € {0, 7} (Jenkins—Serrin graphs [1966])
and (n—1)w/(2n) <y <(n+1)m/(2n) can be made explicit. Another consequence
of the construction is that Sobolev embedding theorems can be used to compute
appropriate regularity properties of the graphs.

MSC2000: primary 76B45; secondary 53A10.
Keywords: capillarity, contact angle, minimal surface, Weierstrass representation.
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1. Background

The Weierstrass representation. Given a domain Q C C, the Weierstrass represen-
tation theorem says that any orientation-preserving conformal minimal immersion

X=Xy, X2, X3): Q2> R

can be expressed, up to translation, in terms of a meromorphic function g and a
holomorphic one-form dh by the formula

n x@=Re [ (5 = @dh. S +o)dh. dh).

where g is the stereographic projection of the Gauss map and

is called the complex height differential (note that Re dh = d X3). Conversely, the
theorem states that if g is a meromorphic function and d/ a holomorphic one-form
on €2 such that dh has a zero of order n at z if and only if g has a zero or pole of
order n at z, then (1) gives an orientation-preserving conformal minimal immersion
on 2 that is well-defined, provided that

Re/(lcgl —g)dh, (g7 +g) dh, dh) ~0
\2 2

for every simple closed curve ¢ C €2; this condition is satisfied automatically if €2
is simply connected.

Determining dh via the second fundamental form. For a minimal surface given
by Weierstrass data g and dh, we have, for tangent vectors v and w,

W) sy 1o, .

where I1 is the second fundamental form on the surface (for details, see [Hoffman
and Karcher 1997]). It follows that

dg(@) dh(@) _
g

) c is a principal curve <= R

and

dg(&)dh(c

g(0) (C)ei[R
8

3) ¢ is an asymptotic curve <=
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We see from these two equivalences that the function ¢ given by

< Idedh
) ;<z)=/ ,/gT

maps principal curves into vertical or horizontal lines and asymptotic curves into
lines in one of the directions e*/7/4,

The map ¢ is called the developing map of the one-form /dg dh/g. It is alocal
isometry between the minimal surface equipped with the conformal cone metric
|dg dh/g| and R? equipped with the Euclidean metric.

Each surface considered in this paper will have boundary consisting of principal
and asymptotic curves, which will allow us to determine the function ¢. Once this
is done, we can use (4) to conclude that

_g(de)?
(5) dh ==

Extremal length. To prove the existence of an appropriate ¢, we will need to show
the existence of a biholomorphic, edge-preserving map between two curvilinear
polygons (polygons whose edges are arcs of circles or Euclidean line segments).
To do this, we will need some properties of the conformal invariant extremal length.
We will restrict our attention to curvilinear polygons, although in general extremal
length is defined on arbitrary domains.
Given a curvilinear polygon A, a Borel measurable function p > 0 on A defines
a conformal metric p(dx? + dy?). The length of a curve ¥ C A with respect to
p is denoted £,(y) (with |y| denoting Euclidean length), and the p-area of A is
denoted by A,. With this notation, we define the extremal length between edges
A and B by
: 2
Exta (A, B) =sup M
p Ap
where the infimum is taken over all curves y : [0, 1] — A such that y (0) € A, y (1) €
B,and y(¢) C Afort e (0, 1). Extremal length is invariant under biholomorphisms
and has the following properties, which we record here (see [Ahlfors 1973] for
details).

Proposition. (i) If A and B are adjacent, then Exta(A, B) = 0.
(i1) If B is degenerate (a point) and dist(A, B) > 0, then Exta(A, B) = oo.

(iii) If A1 C Ay are such that edges Ay, By C Ay, k = 1,2, satisfy Ay C A, and
B C B>, then

’

Exta, (A2, By) < Exta, (A1, By),
where the inequality is strict if Ay # Ay or By # Bs.
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2. Construction

Determining the image of the Gauss map. Given 0 < y < m and a regular 2n-
gon Q, centered at the origin, let’s assume the existence of a minimal graph M, ,
over 0, with constant contact angles on the edges alternating between y and 7w —
y. Such a graph, should it exist, is unique up to vertical translation, and so we
normalize so that 0 € M,, .

By the symmetry of the contact angle condition, it is sufficient to consider only
0 <y <m/2 (Note that My > , = Q,), and we can simplify the problem further if
we assume the following additional symmetries:

(S1) M, , is symmetric with respect to reflection through any vertical plane con-
taining a bisector of two opposite edges of Q,,.

(S2) M, , is symmetric with respect to 180 degree rotation around any line con-
necting two opposite vertices of Q,,.

If we take the quotient by the symmetries (S1) and (S2), we are left with a
fundamental piece My,n that is a graph over a triangle 7, (see Figure 1) which
is the quotient of Q, by its symmetry group. For computational purposes, we
rotate Q,, if necessary so that the edge s; of 7;, connecting the center of Q, to the
midpoint of one of its edges lies on the positive x;-axis (again, see Figure 1).

X2

S1

T,
52 0,

v

Figure 1. The fundamental triangle 7.

We now wish to determine the image of the (downward pointing) Gauss map N
on 8]\2),,,, under the stereographic projection o that takes the south pole (0, 0, —1)
of 8% to 0 € C, the north pole to 0o, and the equator to the unit circle. Beginning
with 51, we assume the corresponding curve of 8]\;[%,, given by f(x1) is such that
f” > 0. Then it follows from the symmetries (S1) that the image of o o N along
this curve is contained in the positive x-axis. Continuing, from the symmetries
(S2) we have

sy C 31(4},7,1,

and hence it follows that o o N (s7) is contained in the line

L,= Re'%,
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where
_ (n—Dm

2n
For s3, we have from the contact angle condition that o o N is contained in the

On

circle
C, = 0B(secy,tany),

where B(secy, tany) is the disk centered at sec y with radius tan . Note that if
y =0, then C, is just a point. In this case, as we will see below, the (Jenkins—
Serrin) graph My , is infinite over the edges of Q.

To conclude our analysis of N on 81\;1},,,1, we consider the behavior of the graph
at the vertex v labeled in Figure 1. This behavior, which depends on the relation of
the contact angle y to the wedge angle 20, falls into one of the three cases below,
as illustrated by Figure 2. (In the first two cases, we denote both the vertex and the
jump discontinuity over the vertex by v.)

(C1) y = 0: We assume there is an infinite jump discontinuity at v. That is, the
vertical line in R? passing through v is contained in dMy ,. Since o o N
along a vertical line is contained in the unit circle S I we conclude Qo 1s the
curvilinear triangle shown in Figure 2 bounded by a segment of the positive
real axis, a segment of L,, and an arc of § L

(C2) 0 < y < 6,: We assume there is a finite jump discontinuity at v. That is, a
vertical line segment passing through v is contained in dM,, ,. Here @2, , is a
curvilinear quadrilateral, as shown in Figure 2, bounded by a segment of the
positive real axis, a segment of L,, an arc of C,,, and an arc of S L

(C3) 6, <y < m/2: In this case, Concus and Finn [Concus and Finn 1996] have
shown u,, , must be continuous at v if y # 6,, where Graph(u, ,) = M, p,
and we assume continuity for the case y = 6,. Thus, we conclude 2, , is a
curvilinear triangle as shown in Figure 2 bounded by a segment of the positive
real axis, a segment of L,,, and an arc of C,,.

Determining the developed image of \/dg dh/g. We wish to parametrize I\;I},’n
on 2, , by finding the appropriate Weierstrass data g and dh. Since 2, , is the
image of A;I},,n under stereographic projection of the Gauss map, we take

g(@)=z

for our first piece of data. For the second piece of data, we determine the conformal
map { ={, , on 2, , given by (4). Then we solve for dh in terms of ¢, , and obtain
equation (5).

To determine ¢, ,, we first note that each curve in aM y.n 1s €ither an asymptotic
curve or a principal curve. Indeed, since s, and v are straight lines or straight
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Figure 2. The image €2, , corresponding to cases (C1)—(C3).

segments, it follows immediately that they are asymptotic. For s; and s3, we have
that each is a planar curve along which the surface meets the plane of the curve
at a constant angle. By Joachimstahl’s theorem, such curves are principal. Thus,
by (3), the curves s, and v are mapped by ¢ into lines in one of the directions
eT7/4 while s; and s3 are mapped into horizontal or vertical lines. Based on this
information, we conclude the image of ¢ is a Euclidean polygon P, , with edges
oriented and labeled as in Figure 3, where the number of edges and the labeling of
the edges depend on the cases (C1), (C2), and (C3). Now, scaling P, , by a real
number A > O results in scaling dh, and thus A;Iy, ns DY A2. Therefore, we can select
one graph from each homothety class by normalizing P, , so that [s;| = 1. Note
that with this normalization, there is only one P, , corresponding to case (C1) and
only one P, , corresponding to case (C3). In case (C2), the space {P, ,} is one-
dimensional. This space can be parametrized by the length of the edge s3, where
0<|s3| <1.
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v
v 52 52 s
P,, P, :
y7 y’ s3
S1 S1 S1
(CDh (C2) (C3)

Figure 3. The developed image of ¢ corresponding to cases (C1)—(C3).

Therefore, the map ¢, , is an edge-preserving biholomorphism between 2, ,
and some P, ,. Since each of the two domains is simply connected and bounded
by a simple closed curve, it follows that there exists a biholomorphism between
them. Furthermore, we are allowed to specify the images of three points on the
boundary. Thus, if in cases (C1) and (C3) we specify that the vertices of €2, , are
mapped to the corresponding vertices of P, ,, then the edge-preserving property
follows immediately.

For case (C2), the two domains are quadrilaterals, and so the result is not im-
mediate. Here we normalize by specifying the images of three vertices of €2, , so
that the edges s; and s are preserved. What remains is a one-parameter family of
biholomorphisms, and we aim to show there exists a map within this family that
preserves all four edges. To prove this, we consider the quantity

Extp, , (52, 53).
First of all, it follows from part (i) of the Proposition (page 265) that

Extp,,(s2,53) = 0 as [s3] > 1.

Then, by part (ii), it follows that
Extp, ,(s2,53) — 00 as [s3] — 0.

Hence, it follows by continuity that there is some intermediate |$3| and correspond-
ing P, , such that

Extq, (52, 53) = Extp (52, 53).
. »

Using part (iii) of the Proposition and the conformal invariance of extremal length,
we see that the fourth vertex v M s3 must also be preserved. Thus, the normalized
conformal biholomorphism

A

Cym i Qyn—> Pyp
14 12 Y

is the desired edge-preserving map.



270 ROBERT HUFF

3. Verification of parametrizations

Let X, , on €2, , have the form (1), where

g(dgyn)’
dz
Here we choose the base point of integration to be 0 = s; N s, so that

g(z)=z and dh=

X,n(0)=0.

We seek to verify that the image of X, ,, gives a surface in R3 that can be extended
by symmetry to the desired capillary graph over a regular 2n-gon Q,. By con-
struction, we know X, , is a minimal immersion. What remains is to verify its
image is also a graph over 7,, that has the desired properties. To accomplish this,
we investigate X, , along d$2, ,, and we separate this investigation into the three
cases (C1)—(C3).

Case (C3). The first observation is that
(6) X, is continuous on S_Zy,n.

To see this, let ¢; denote the angle between any two adjacent edges e and e, on
2, , and let ¥; denote the angle between the corresponding edges on P, ,. Then
we have

Ey.n(2) = Eyne1Ner) + (z — e1Ne2) "% §o(2)
in an 2, ,-neighborhood of e; Ne;, where ¢ is holomorphic and nonzero at e; Ne,.
Hence, it follows that

¢, ()7 = (z—e1Nex)* VD5 (2),

where ¢, is holomorphic and nonzero at e; N e,. Clearly, from the geometry of
Q2 , and Py, we have ¥ /¢; > %, SO

v )
21—+ —-1) > —1.
(3
Thus, it follows that
d 2
dh = M =z¢'(2)%dz
dg

is integrable on S_Z,/,n, proving (6).
Beginning our analysis on d€2, ,, we parametrize s; from 0 to sec y— tany by

z1(t)=t, O<t<secy—tany.

Then
dz(z1) =1,
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and from the geometry of ¢, , it follows that
Aty n(21)* > 0.
Using this information, we compute

d( ) (Zl)_Re( (l_t )dé‘y n(Zl) )
(7) d (Xyn), (z1) =Re(5(1+12)dg, n(21)? ):
d (Xy.n), (21) =Re(tdZyn(21)%) > 0.

Thus, the computations above show that
(8) X, n(s1) C {x2 =0} is a curve of mirror symmetry,

where the statement about mirror symmetry follows from the fact that g(z) = z.
Moreover, the equations (7) yield

(X},,n)1 and (Xy,,,)3 increase as t increases,
so that
) X, n(s1) is a graph over it projection into the xx-plane.
Continuing, we parametrize s, from 0 to ¢'% by

i,

22(t) =te'™, O0<t<p, wherep<l1.

Hence, it follows that

dz(2p) = e'0n
and since
1
?dgy,n(iz)z >0,
we have
: ! 126, Ay n(22)?
d(Xyn), (22) =Re (5(1_;26 29n)76i—9n2>
d n Z 2 . ) d " . 2
_ Lorn G pe et —g2eitny) = Lrn 2 (1 2y ing, » o,
21 >
2 i n\Z
d (Xyn), (2) =Re < (e )s“y_g(z))
M M

Re —i0, l i6,
2 (—(e™ """ +t7e'™)) = 2

d (Xyn), (22) =Re(tdly (32)*) =0

(1+t )cosd, <0,
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It follows that )
d(Xyn)2(22)

d(Xy,n)l(é2) B
and since d (Xy.,), (22) =0,

—cotb,,

(10) X, , maps s, monotonically onto a straight segment contained
12
in the ray Rg, = {(x1,x2,0) | x; > 0 and xp = —(cot6,)x;}.

Finally, we parametrize the contact curve s3 from s, N s3 to s; N s3 by
z3(t) =secy +tany e, T,,<t<m.

Now, the value T, , is greatest in the borderline case y = 6,. Here the circle C,,

intersects the line L, tangentially at z = ¢'%, and a simple calculation yields
T
TG,,,n = E - V.
Thus, we have
T
Iyn=—+-—v, 9n§y<§,
so that
. g
(11) cosT, , < —siny, 9,,§y<5.

Continuing, we have dz(Z3) =i tany €'’ and dg“},,n(i3)2 < 0, so that

. 1 2 it 2 i Ay (23)°
d(Xy,,)](z3)=Re —~(1—sec"y —2secytany e’ —tan“y e~ ) ———
' 2 i tan y e’

= 1d¢y n(23)*Re(ie " (tany +2secy €'’ +tany €'*)) =0,

d(Xy.n), (z3) =Re L1 +sec?y +2secy tany e’ +tan® y e’”)M
’ 2 itany e’
d 73)2 . ‘ :
= MRC (e7"(1+sec’ y +2secy tany e’ +tan® y €/?"))
2tany
d 23)?
(12) = M(eostﬂiny} >0
siny cos y

— the inequality being due to (11) —and
dgy,n (23)2 )

-\ it
d (XV,,,)3 (z3) =Re ((sec y+tanye') Ttany e

d : N2 ) ] d N2
I 1C Ve Re(ie "' (secy+tany ') = ——CV’,"(&)
tan y siny

sint > 0.
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Therefore, from our computations on s3 and the fact that g(z) = z, we conclude
that

(13) X, , maps s3 onto a contact curve of angle y
contained in a plane parallel to the xyx3-plane.

Moreover, from (12) we get that
(14) X, 1 (s3) is a graph over its projection into the x1x-plane.

So, from (6), (8), (9), (10), (13) and (14) it follows that Xy,,,(ﬁy,n) is com-
pact and X, ,(0€2, ) projects into the xjx;-plane in a one-to-one fashion onto
the boundary of 7,,. Using a theorem of Rado, it then follows that X (€2, ,) is a
projection over 7.

Case (C2). This case differs from case (C3) by the addition of the edge v into
Q, , and P, ,. Clearly, statements (6), (8), (9), (10) and (13) still hold. To show
(14) is also true, we write

b4

Ty,n=5—y, 0<y<6b,.

Thus, inequality (11) holds, and this implies (14). So, it remains to check X, ,
along v.
Parameterizing v from s3 Nv to s, Nv by
it

y=e', y<t<b,,

we have
dz(z,) =ie"
and >
dé-y,n(zv)
—— <
i

0.

Computing, we obtain

Re(e " —¢'") =0,

o Ay n(Zy 2 dc, , (2, 2
d(Xy’n)1 (zy) =Re <%(1_812t) Eyn(2v) >: &y, gz )

ielt 2i
: iy o @y @)\ dgya @)
d(Xy,,,)z(zv)=Re<§(1+e2f) Vl_eit" = Vzi “Re(i(e™" +¢") =0,

. 4Gy n(20)?
d (Xy,n)3 (zv) =Re (e”% <0.
Thus, it follows that X, , maps v monotonically onto a vertical line segment.
Fortunately, the theorem of Radé used in case (C3) can be generalized to allow
for vertical line segments in the boundary. Hence, it follows that in case (C2)

X, 1 (82, ) is also a graph over T,,.
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Case (C1). If y =0, we cannot use Radd’s theorem to show X , (€20 ) is a graph
over some T, because XO,,,(S_ZO,H) may no longer be compact. In particular, we
can argue as above to show that X , is continuous on S_Zo,n\{sl N v}, so that only
neighborhoods of s; N v may fail to be compact.

To show the surface X ,(€20 ) is a graph over some 7,, we consider it as
a limit of graphs X, ,(£2, ,) corresponding to (C2). Indeed, in 8_2),,,, it follows
immediately that

(15) siNs3, s3sNv—>s;Nuvasy — 0.
Furthermore, we have

Extg,, (s2,83) > o0asy — 0,
which implies
(16) |S53] > 0as y — 0.

At this point, we consider the map 2X,, , obtained by extending the parametriza-
tion through reflection across s;. From (15) and (16) it follows that the domains
282, , and Zf’y’n converge to 282y, and 2P ,, respectively, as y approaches O.
Thus, we can use results from [Pommerenke 1992] to conclude that

(28y.n) 0 2 fyn) = 250 asy — 0,
where f, , maps €2, conformally onto €2, , in such a way that
fyn(0) =0, f,.(s2Nv)=sNv and f) ,(s1Nv) =151 Ns3.
Moreover, the convergence is uniform on compact subsets of
2Q0.\{s1 N},

and so we have that on this set (2X, ,) o (2f,,,) converges to 2X ,.
Because of the convergence we can compute
XO,n(SZ Nv) — XO,n(§2 Nv) — lim Xy,n(SZ Nv) — X)/,n(EZ Nv)
| X0,n(s2NV) — XO,n(EZ Nov)|  y—0 |Xy,n(52 Nv) — Xy,n(EZ No)|

=(0,1,0),

where, for example, the notation s, refers to the image of s, under reflection across
s1. Therefore, we know the projection of 2X¢ ,(2€2 ) into the xjx-plane is con-
tained in some triangle 27;,. To show that this surface is actually a graph over 27,,,
assume the contrary. That is, suppose there is a vertical line L, over some point
x € 2T, such that L, intersects 2X¢ ,(2€2p,) more than once or not at all. Then
there must be some point y € 27, such that L, is tangent to the surface. At such
a point, the Gauss map must be horizontal, and this is a contradiction since no
interior points of 29 , lie in the unit circle S'.
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4. Explicit parametrizations and regularity

The parametrizations of the Jenkins—Serrin graphs of case (C1) can be made ex-
plicit. To see this, we first conformally change coordinates to the upper half-plane
H via the conformal map
S=0,:H—> Q,,,
normalized so that
d(—1)=0, ®0)=1, P(c0)=-¢".

Then the Weierstrass data on H is given by

O (dW)?
17 =& dh= ,
(17) 8 10
where
V:H— f’,,,n

is the conformal map normalized so that

1 in/4
v(-1)=0, ¥0)=1, W¥(co)=-—7e"".

/2

To determine @ explicitly, we map H to the first quadrant by the map ,/z, where
we assume here and in what follows that any map z¢ for ¢ € R is defined for

0<6 <2m by

i6

re'? s r4e?,

Then we compose with the Mobius transformation
—z+i
24i’

taking the first quadrant onto the upper hemisphere of the unit disk. Finally, we
map this upper hemisphere onto Q,, ,, via the map z%/™ = z("=1/C@")_ Thus

e\ b

For W, we can use the Schwarz—Christoffel formula to conclude that

>

(18) g2)=P(2) = (

Z
\Il(z):%f (w+ ) *w34dz,
-1

where € is determined by the fact that ¥ (0) = 1. In particular, we have
1
€=— ,
S (w4 D)3 Aw=34d
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and if we parametrize the interval (—1, 0) by w = ¢ — 1, this expression takes the
form

ol G /4)
= A y
where
L |
A= | ————dt.
/(; (t _ t2)3/4
Thus

@) =€ (z + 1) 3247 = _%(Z F 132732,
and from (18) we can compute
il
do n—1
Therefore, it follows from (17) that

2n 1
dh:—( ) .
AN (n—1)) z/7+1

Similarly, one can find explicit parametrizations for the graphs of case (C3).
Here the map W is a Schwarz—Christoffel map to the triangle P, , corresponding
to (C3), and the Gauss map ® = ®,, , is given in terms of hypergeometric func-
tions. The procedure for finding the parametrization is similar for each n, and the
interested reader is referred to [Huff and McCuan 2006] to see the result when
n =2. Also, the reference [Carathéodory 1954] will prove useful in calculating the

(z+ Dz

constants appearing in the hypergeometric functions. For the case (C2), the map
W =V, , is again a Schwarz—Christoffel map onto the quadrilateral ﬁy’n, and the
Gauss map @, , is given in terms of hypergeometric functions. However, we can
not determine W explicitly as the exact locations of the vertices s3 N v and s, Nv
are unknown. Additionally, the fact that €2, , is four-sided makes it difficult to
determine the coefficients of & explicitly.

We can investigate the regularity of the graphs in the cases (C2) and (C3). The
proofs are similar for each n; for the case n = 2, see [Huff and McCuan 2006]
(where the notation for our Q5 is €2). To begin with, we have a statement about the
subcase of (C3) defined by 6, < y < m /2. The dependency of the Holder exponent
on y and n comes from the changing value of the angle between s> and s3 of 2, ,,
and the fact that ¢, , always maps this angle to an angle of 7/4 on 13),7,,.

Theorem 2. For 6, <y < /2, the graphing function u,, , satisfies

iy, € CP=E(Q\CPH(0,)

for small €, where 0 < B < 1 depends on y and n.
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In the boundary case y = 6, the unit normal is horizontal at v, and so u,, ,
cannot be C!. However, we can measure the continuity of u,, , as recorded in the
following theorem. In the conformal category, this case is distinguished by the fact
that €2, , has an outward pointing cusp at s, N s3. This means ¢, ,, vanishes to all
orders at this vertex, and it is this property that determines the range of the Holder
exponent.

Theorem 3. [f y = 6, then u,, , € C*P(Q,) forany 0 < B < 1.

Functions u, , corresponding to (C2) are discontinuous at the vertices of Q,,
but we can investigate the regularity of the trace of u, , over an edge of Q. The
crucial property from which the theorem below follows is that the function ¢, , can
be expressed in a neighborhood AU of the vertex v, = vNs3 of 2, , by the formula

Eyn(2) = Eyn(¥2) + (2 — v2)* %40 (2),
where ¢ is holomorphic and nonzero on AU.

Theorem 4. If 0 < y < 0,, and f, , is the restriction of u, , to the interior of an
edge S of Q,, then

fym € C?3(S)\ CP3F(S).
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ON TOROIDAL ROTATING DROPS

RYAN HYND AND JOHN MCCUAN

The existence of toroidal rotating drops was observed experimentally by
Plateau in 1841. In 1983 Gulliver rigorously showed that toroidal solutions
of the governing equilibrium equations do indeed exist. In this short note,
we settle two questions posed by Gulliver concerning the existence of addi-
tional toroidal solutions. We use a general assertion concerning rotationally
symmetric surfaces whose meridian curves have inclination angle given as a
function of distance from the axis along with explicit estimates for rotating
drops.

In 1843 Joseph Plateau challenged geometricians to find rotationally symmetric
tori whose mean curvature is an even quadratic function of distance to the axis of
rotation:

I think it very probable that if calculation could approach the general
solution of this great problem, and lead directly to the determination of all
the possible figures of equilibrium, the annular figure would be included
among them.

The figures of equilibrium to which Plateau refers are those of rotationally sym-
metric rotating liquid drops removed from the influence of gravity. Elementary
considerations lead one to ordinary differential equations for the meridian curve of
such an equilibrium, and solutions of these equations may be understood by con-
sidering only portions of meridian which are expressible as graphs u = u(r) with
respect to the radial variable r. For these portions, the prescribed mean curvature
equation becomes

u// 1 u/

1 - = —dar® + 24,

(D (1+u’2)3/2+r NwTE ar” +
where a = pw?/(80) and A are constants depending on the physical parameters
density, angular velocity, surface tension, and enclosed volume. It follows that the
solutions form a two-parameter family (up to scaling and rigid motion). Scaling
so that @ = 1, we will take A and ¢ as the two parameters where ¢ is a constant

MSC2000: 49J05, 76B45.
Keywords: rotating drops, mean curvature, Plateau, Delaunay.
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of integration appearing below. For a more detailed discussion, see [Elms et al.
2003].

Except for certain well defined curves in the (A, ¢) parameter space, solutions
of equation (1) may be expressed, up to a constant of integration, as

r —at* +r>+c¢
re 12— (—at* + 12 +¢)?

on a suitable interval [r, R.], and the question of existence of toroidal solutions is
reduced to finding A and ¢ for which u(R,) = 0. (If this condition holds, the merid-
ian of the torus is described by joining the graphs of u and —u. We are assuming
here, of course, that the constant of integration u(r,) = 0; this normalization will
be employed throughout this paper, though we note that, due to nonintegrability at
1, the same normalization is not always possible in [Elms et al. 2003].)

R. Gulliver [1984] showed:

u(r) =

For each ¢ > 13_6’ there is some A = A(c) for which the corresponding

solution is a torus with convex cross section.
There is some interval ¢ € (0, €) and a smooth function . = A(c) for
which the corresponding solution is a (nonconvex) torus.

He went on to conjecture that there were toroidal parameter values (A, c) for every
¢ > 0. He also pointed out that only immersed toroidal solutions were possible for
¢ < 0 but was unable to verify their existence. We prove the existence of toroidal
solutions in both cases, that is, for all ¢ # 0. In order to state our result precisely
(and prove it), we must first discuss the limits of integration r, and R, and their
dependence on the parameters A and c.

Remark. Gulliver, in his paper, formulates equation (1) as

d
a+br2=2H=—v+B,
dr r

where v = sinyy = du/ds, ¥ is the inclination angle of the meridian, and s is
an arclength parameter along the meridian. He does not explicitly specify the
orientation of his arclength parameterization nor his choice of normal (into the
drop or out of it) with respect to which he calculates the mean curvature, but by
his specification » > 0, one can deduce that his formulation is consistent only if
the mean curvature is calculated with respect to the inward normal and, hence, if
the parameterization is “counterclockwise.”

Since some formal solutions of the equations do not enclose a volume, and
hence their meridians do not enclose an area, the notion of “counter-clockwise”
does not always make sense. In order to avoid this ambiguity, we have formulated
our equation for portions of the meridian on which the normal points upward and,
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hence, the rotating drop is formally below the meridian locally. It is easily verified
that any portions of meridian for which the rotating drop is formally above the
meridian are geometric reflections across the line u = 0 of those we consider.

For convenience of the reader, a loose translation between Gulliver’s parameter
notation and ours is as follows:

(1) Due to the reversal of the normal, Gulliver’s H is our —H.

(2) Gulliver’s rotation parameter b > 0 is for us 4a.

(3) Gulliver’s Lagrange parameter a € R is our —2A.

(4) Gulliver’s constant of integration C is the same as —c.

(5) Having made these replacements and setting, without loss of generality, v =
u'/v/1+u'?, Gulliver’s equation (1) translates directly into our equation (1).

(6) Gulliver subsequently rescales his rotation parameter b to 4/3 and gives C the
new name —y* (in harmony with his restriction C < 0). We rescale so that
the rotation parameter a takes the value 1. Comparison leads to the translation

formulae

A=—a3 ,

c=—C/V3=—y*/3,
with our scaled parameters on the left and Gulliver’s on the right. In particular,
one sees that the y > (%) '3 of Gulliver’s Theorem 2 corresponds precisely to
our ¢ > %.

(7) The A, ¢ (or a, C) parameter space has been antipodally reflected through the

origin and scaled according to the formulas in the previous item.

Inclination angle and the other toroidal solutions. We may rewrite (1) as

< ru’ ! 3
— | = —4r’ 4+ 2xr
A1 +u’2)

and integrate once to obtain

/

Vi4u'?

where ¥ is the inclination angle of the graph of u with respect to the positive r-axis.
For ¢ # 0, the values r, and R, are solutions of the algebraic equations

v=siny = =—r3+kr+§,

2) |Sinw(r)|=‘—r3+kr+§‘:1

(ro =0 for c =0).
In general, if we think of A and ¢ as fixed, we may consider the algebraic ex-
pression v(r) = P4 ar+ c¢/r also for values of r for which |v(r)| > 1. In this
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A=21(c)
A=2xr_1(c)

Figure 1. Left: Locus in parameter space where [sin | = 1 has a
double root. Right: Numerically computed torus curve and region
of parameter values possibly corresponding to tori (see page 288).

way, the equation |v(r)| = 1 appearing in (2) is evidently equivalent to a pair of
(quartic) polynomial equations. This guarantees that there are only finitely many
cases to consider. One must take into account however that the resulting intervals
of definition (determined by roots r, = r.(A, ¢) and R, = R,(A, ¢)) may depend
discontinuously on A and c. Let us begin, however, with the assumption that A and
c are fixed, and denote by & = R, . the collection of positive roots of |[v(r)| =1,
counted with multiplicities.

Lemma 1. Given r, < R, in R such that |v(r)| < 1 for r, <r < Ry, there is a
rotationally symmetric surface whose inclination angle \r(r) satisfies

) siny(r) = v(r) = —r’ + Ar +§

forry <r < R,. The surface is unique up to translation in the u direction.

Conversely, each complete rotationally symmetric surface that does not intersect
r =0 and whose inclination angle satisfies (3) projects onto an annulus r, <r < R,
with |siny (r)| < 1 forr, <r < R,.

Each double root r, = R, corresponds to a cylinder. The parameter values
for which this is possible lie along three curves in the (X, ¢) parameter plane as
depicted in Figure 1, left.

One can verify the following behavior in the neighborhood of the real roots of
lv(r)| = 1:
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Lemma 2. Let r, be a real number. If v € C2[ry, ry + €] with lv(ry)| = 1 and
lv(r)| < 1 forr, <r <ry+e€, the improper integral

ryt€ v

—dr
T'x vl—vz

is finite if and only if V' (ry) # 0. A similar statement holds on intervals of the form
[R« — €, Ry].

Remark. In this result, v may be any function satisfying the hypotheses of the
lemma, though we are only interested in applications in which v = —r>+Ar +c¢/r
as in (2).

The full significance of the curves in Figure 1, left, is explained in [Elms et al.
2003], but for our present purposes we need only verify some isolated facts about
two of them. We start with a continuity assertion that was already observed by

3

Gulliver as important for the case ¢ > 1¢.
3

Lemma 3. For each » € R and ¢ > 16>
positive roots r, = ry(A, c) and R, = R(A, ¢) with r, < R,. In this region of the

the set R = R, . consists of exactly two

(A, ¢)-plane r, and R, depend smoothly on A and c. Consequently, we find that the

quantity
Ry

v
—=dr
s WV 1— U2
depends smoothly on ) and ¢ > 13—6. In particular, u(R,) is a continuous function
of A for fixed ¢ > 13_6'

u(Ry) =

Proof. We consider
c
v(r) = a4+ -
,

3

% The assertion of the lemma follows from the fact that

for r > 0 and fixed ¢ >
the equations

c
4) v(re) = =12+ A+ — =1
Fx
and
’; C
5 v(R*):—R;—I—)»R*—i—R—:—l

*

have unique solutions r, < R, with v’ < 0 on [ry, R,].

First note that lim,_,g v(r) = +00 and lim,_, o v(r) = —oo. Therefore, (4)
and (5) have at least one solution each. It will be observed that v has a unique
inflection point (and v’ a unique maximum) at fn. = /c/3. If A < 24/3c, then
v < 0 with equality only possible at r = fma When A = 2+/3¢. In this case,
V(tmax) = 8(c/ 3)3/4 > 1. Therefore, our assertions concerning (4) and (5) hold.
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If & > 24/3c, then v has two zeros; the smaller, which corresponds to a local
minimum of v, is given by

A—+VA2—12¢

Fmin = 6

Elementary computations show that

dTmin _ Tmin <0
dx 2402 —12¢
and
(6) — V("min) = min > 0.

dx

In this case,

lim  v(rmin) = 8(c/3)%* > 1.
AN2V3¢

In light of (6), we see that v(r) > 1 for r < ry.x, where

A+VAZ—12¢

(N Fmax = 6
is the larger zero of v’. In this case too, therefore, our assertions concerning (4)
and (5) hold. U

The situation for ¢ < % is somewhat more complicated. Nevertheless, we find:

Lemma 4. For each fixed ¢ < <, there is a unique value . = A (c) determined by

16°
the equation
U(rmax) =1,
where rmax is given by (7) (see Figure 1, left).
Forc € (0, %] and . < A1, the equation

®) lv(r)| =1

has exactly two positive solutions r, < Ry. For c =0, there is one solution R,, and
we may take ry, = 0.
For ¢ <0, there is a unique value »._1 = A_1(c) < A| determined by the equation

V(rmax) = —1

(considered as an equation for . = A_1). For c <0 and h._1 < A < Ap there are
again exactly two positive solutions r, < Ry of (8).
For c € [O, 116]’ the expression

R, v

M(R*) = ﬁdi’
Ty —V
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defines is a continuous function of A on (—00, A1); the same function is continuous
oni_1 <A< forc<QO. Inall cases,

9) lim u(R,) = +oo.
e

Proof. We observe that (7) is only real-valued for 0 < ¢ < % if A > 2+/3c. For this
range of parameters, a calculation similar to that leading to (6) yields

(10) av(rmax) = Fmax > 0.
Furthermore,
Hm_ v(rmax) =8(c/3)* < 1
AN2V3¢
and
(1) Iim v(rmax) = +00.
A/ +o00

Therefore A; is well defined for 0 < ¢ < 2. For ¢ < 0, conditions (10) and (11)

16
still hold. Furthermore,

Iim v(rmax) = —00.
)\.\_OO

Therefore, both A_; and A; are well defined.

Considerations similar to those in the proof of Lemma 1 yield the uniqueness and
continuity of r, and R, as functions of A. The continuity of u(R,) follows as before.
It remains to establish (9). To avoid certain technicalities, we restrict to the case
c< %, but the case ¢ = 13—6 may be handled similarly. For ¢ < % and A sufficiently
close to A1, we know that r.x is well defined as described above with ry.x and
v(rmax) increasing as functions of A; see Figure 2. We set Ry =1im;_»;, rmax. Since

sin Y

N

(a) (b) (©)

Figure 2. Profiles of v = sin ¢ (r) for ¢ = 3% (thick curves). The
values of A are (a) 1, (b) 1.5, (c) 1.65. The corresponding anti-
nodoid solutions u () are superimposed (thin curves).

T
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v’ is nonvanishing at r, and R, (except in the case ¢ =0 in which r, =0 =sin ¥ (r,)
which causes no problem), we find from Lemma 2, that for all € small enough and
fixed, the integrals

Fmax —€

R
v * v
——=dr and / dr
T v1-— v2 Tmax+€ V 1- U2

are finite and may be bounded uniformly in A as A  A;. Thus,

R, v F'max 1€ )
u(Ry) = / —dr > /
: Ts A/ 1—1)2 Fmax —€ vl—vz
for some constant M,.
Expanding v(r) in a power series about (A, r) = (A1, R;) on the other hand,

dr — M,

v=1+Ri( =)+ A =A)@ = R) +d(r = R))* +o(r — Ry)
where d = v”(R1)/2 < 0. Therefore, we may fix € small enough so that
v>1+4 %(Rl(k — M) +d(r — R1)2) > % for rmax —€ <r <rmax+¢€
uniformly in A. Thus,

1—v2 < —Rl(k—kl)—d(r—Rl)z—Rf—( 1) —Rld—( D D
/,2 (r_Rl)4

) 4
< —Ri(A—=Ay) —d(r—Ry)",

and

v

T'max+€ v 1 Fmax+€ 1
/ dr —/ dr
ra—e V1 —v? 2 Jrmw—e /—Ri(A—11) —d(r — R))?

1 o d B
RN (S“‘h (\/ RiG—hp) ™ R1+€))
oo f ] d
— sinh ( m (l"max— Rl —6))) .

Since rmax " Ry as A /' A and € > 0, we see that

Fmax+€

lim dr = +00. O

Ak 'max—€ 'V 11— U2
It remains to obtain a value A < A (in the region of continuity) for which u(R,) <
0. For this we use a general relation between the convexity of v = siny and the
height u(R,). A special case of this result was used implicitly by Gulliver in the

3
case ¢ > 16"



ON TOROIDAL ROTATING DROPS 287

Lemma 5 (Convexity and height for rotational surfaces). Given 0 < r, < R, and
any v decreasing from 1 to —1 on [ry, R,], if v is convex, then

R, v
u(Ry) = ———dr <0.

I« v 1— U2
Similarly, if v is concave (V" < 0), then u(Ry) > 0.

This result is true for any real numbers r, < R, and any function v satisfying
the hypotheses stated in the lemma. We have used derivatives of v up to order two
freely in the proof below, but the continuity of v resulting from convexity/concavity
is adequate to obtain the result.

Remark. In the convex case, we say that the resulting surface is of nodoid type;
in the concave case, of antinodoid type.

Proof of Lemma 5. Assume v is convex. The other case is handled similarly. There
is a unique r = reit € (7%, Ry) such that v(ry) = 0.

Ferit v R, v
—dr +/ —dr.
e A1 —102 reit V1 — 02

Again according to the monotonicity, the relation v(r) = —v(¢) defines a change
of variables, and we obtain

_ Ferit _ ﬂ )
u(Ry) = /r* (1 v/(r)> —mdt < 0.

Notice that over the interval of integration, the second factor is positive; the first is
negative by convexity. ([

u(Ry) =

Referring back to the proofs of Lemma 3 and Lemma 4, one finds that for ¢ > 0
and A << 0, we have v'(r) < 0 on [ry, R.] and v(fmax) < —1 where fax = (‘/c/_3
is the unique inflection point. It follows that v = sin ¢ is convex on [r,, R,] and
u(R,) < 0by Lemma 5. Thus, by the intermediate value theorem, there is some A
for which u(R,) =0.

For c =0and A <0, we have v <0 and u(R,) < 0 so that the same conclusion
holds. Technically, the resulting surface of rotation is not a torus in this case, since
r« = 0. However, one does obtain a pinched spheroid which encloses a volume.

For ¢ < 0, the function v = sin ¢ has a unique global maximum at the value
rmax given in (7) and

lim v(7max) = —00.
AN(—00

As mentioned above, the monotonicity condition (10) holds, and it is clear that all
values of A in the interval for which —1 < sin ¥ (ryax) < 0 correspond to solutions
with u(R,) < 0.
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Following through carefully the indicated calculations and applying Lemma 5
in situations similar to those above yields the following bounds for the parameters
(X, ¢) corresponding to toroidal solutions; see Figure 1, right.

Theorem. For each fixed c there is at least one A corresponding to a toroidal

solution. If ¢ > ., then

16°
4/3 c 4/3 c
—\/:—2\/g<)\.< \/:—2\/g.
—C/E—Z\/E<A<M(c).
c 3

27/ —=c < & < A (0).

No toroidal solutions can correspond to parameters outside the region defined by

3
If0<cfﬁ,then

Ifc <0, then

these inequalities.

A useful alternative characterization of A; is given in [Elms et al. 2003]. We
state it here for convenience.

() =32+ 5,
,
where r = r(c) is the larger positive solution of 2r* — r 4+ 2¢ = 0.

As a final remark, we conjecture that there is exactly one value A, = A;(c)
corresponding to a toroidal solution. These values form a smooth curve in the

Figure 3. Toroidal surfaces: clockwise from top left, embedded
torus (c > 0), pinched spheroid (¢ =0), and immersed torus (c < 0).
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interior of the region described in the Theorem; see Figure 1, right, where the
thick gray curve is the numerically calculated curve of toroidal solutions.
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THE ASCENT OF A LIQUID ON A CIRCULAR NEEDLE
ERICH MIERSEMANN

Dedicated to the memory of Herbert Beckert

It is shown that there exists an asymptotic expansion of the ascent of a liq-
uid on a circular needle if the radius of the cross section tends to zero. In
particular, a formula derived formally by Derjaguin in 1945 is confirmed.

1. Introduction

We consider the following nonparametric capillary problem in the presence of
gravity (see [Finn 1986, Chapter 1]). We seek a function U = U (x), x = (x, x2),
defined over the base domain € := R? \m, where B, (0) is a disk with (small)
radius a and center at x = 0, and satisfying the nonlinear elliptic boundary value
problem

(D) divTU=xU inQ,
) v-TU =cosf on d€2,
where
vU
TU =

J1+ VU
k and 6 are constants with 0 <6 <, and v is the exterior unit normal on €2 (equiv-
alently, the interior normal on d B,(0)). The graph of U describes the capillarity-
driven equilibrium interface in the exterior of a vertical cylinder (the needle) with
cross section B, (0), in the presence of a constant gravity field directed downward;
6 is the constant contact angle between the capillary surface and the tube and « is
the (positive) capillary constant, given by k = pg /o, where p is the density change
across the interface, g is the acceleration of gravity, and o is the surface tension.
No explicit solution of (1)—(2) is known. It was shown by Johnson and Perko
[1968] that there exists a radially symmetric solution. From a maximum principle
of Finn and Hwang [1989] for unbounded domains it follows that this symmetric
solution is the only one.

MSC2000: primary 76B45; secondary 41A60, 35J70.
Keywords: capillarity, ascent on a needle, circular tube, asymptotic expansion.
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Set

3) u(r)=U(x), r:,/x12+x%.

We will prove that there is an asymptotic expansion for the ascent u(a) of the liquid
in this problem. More precisely:

Theorem 1.1. Set B = ka” and let y = 0.5772. .. be Euler’s constant. Then the
ascent u(a) of a liquid on a circular needle with radius a satisfies

u(a)

a

= —cosf (%lnB—i—y —2In2+In(1+sinf) + O(Bl/sln2 B))

as B — 0, uniformly in 0 € [0, 7].

Uniformly means that the remainder satisfies |O(B'/3 In? B)| < ¢B'/? |1n2 B|
for all 0 < B < By, if By is sufficiently small, where the constant ¢ depends only
on By and not on the contact angle 6.

It is noteworthy that the special nonlinearity of the problem implies that the
expansion is uniform with respect to 6 € [0, 7] although |Du| tends to infinity as
6 — 0 or 8 — 7 and therefore the differential equation (1) will be singular on 9€2.
Moreover, as a further consequence of the strong nonlinearity of the problem, we
do not need any growth assumption at infinity.

In the case of complete wetting, that is, if 6 = 0, the formula

u(@)~—a (3B —0809...)

as a — 0 was derived formally by Derjaguin [1946] by expansion matching. We
recall that B = «xa®. Higher-order approximations where obtained formally by
James [1974] and Lo [1983], also by matching arguments.

(Matching means that some free constants which occur in two asymptotic ex-
pansions with an overlapping domain of their definition will be determined in an
appropriate way; see [Van Dyke 1964; Fraenkel 1969], for example.)

Turkington [1980] proved that u(a) ~ —% cosfaln B as a — 0 under an ad-
ditional growth assumption at infinity. This assumption is superfluous because of
the comparison principle of Finn and Hwang [1989].

The proof of the existence of the asymptotic expansion is based on a construction
of an upper and a lower C!-solution of (1)—(2) and on the maximum principle of
Finn and Hwang for unbounded domains. We obtain the lower and the upper
solution by gluing together a boundary layer expansion near the needle with a
second expansion far from the needle such that the resulting function is in C!.
This method of composing of functions on different annular domains was used in
[Miersemann 1996], where a numerical method for the circular tube was proposed.

Theorem 1.1 and the calculations of the appendix, together with those of [Lo
1983], suggest:
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Conjecture. For given N € NU {0} the ascent u(a) satisfies

u(a) N M(k)
= —cos® (Z > cu®)B (in BY +0(BN)>

a k=0 [=0

as B — 0, uniformly in 6 € [0, «].

2. Expansion near the needle

Since U (x) is rotationally symmetric, the boundary value problem (1)—(2) reads,
with the notation (3),

1( r @) )/ (r) in <r<oo
| ——) =«ku(r a<r ,
r\V 14 @' (r))?
im0 ose

a0 I @ r)?
Set

1
r=as, v(s)=—-u(as), B= Ka’.
a

Then the problem becomes

1 sv(s) :
(4) ;(m) —BU(S) in 1<s<oo,
®)) lim LS) = —cos0.

s7IH0 /T + (v/(5))?

For a fixed ¢, 1 < g < 00, by := —cos8, 6 € [0, 7] and by € [—1, 1] let
v1(s) =v1(B, q, by, b1; 5)

be the solution of

1 sv'(s) '
(6) ;(m) =BU(S) f0r1<s<q,
7 fim —— 2 g fim U8y

s=140 /1 4 (v/(5))2 s—=>q—0 1—|—(v’(s))2_

Set

div T 1( rv’ )’
ivTv=—( ——|.
r\V1+ )2
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It was shown in [Miersemann 1993; 1994] that for fixed g there exists a complete
asymptotic expansion of v; as B — 0, uniformly in by, b € [—1, 1]:

c u k m+1
v=2+ gmsw +O0(B™,

here @i (s) = @i (q, bo, b1; s) and

2(gby — bo)

C=C(qg,by, b)) =
(g, bo, by) o

The function ¢y is a solution of a boundary value problem for a nonlinear second
order ordinary differential equation and the ¢y, for k > 1, are solutions of linear
boundary value problems.

It turns out that we have to change ¢ if B — 0. More precisely, ¢ = B~7, for
7 > 0 small, will be an appropriate choice. Therefore, we need some information
about how the functions, for example ¢, depend on g.

Set

b
by = —O(l—i—e), 0<le|l <ey <1,
q

B($) = 2@ bo. € 9) = (q. o, %(1 +o):5)

and form >0

(8) Vi,m () =v1,m(B,q,bo, €;5) :=

2eby = L
—+ B*.
B =D gm(s)

Assume that

A:=Bg’Ing < Ao
for a sufficiently small positive g, independent of B and g. We will choose ¢ =
B Tfort e (0, %)
Proposition 2.1. Suppose g > 3. For a given m € N U {0} there exist functions
o (8) = @i (q, by, by; s) fork=0,1, ..., m, analyticin 1 <s < g and continuous
inl <s <gq, as well as functions ¢r(s) = ¢r(q, bo, €; 5), continuous in |€| < ‘l‘,
such that for |e| < %f and s € (1, q) we have

N
$i(s) =Y bri(q. bo: s)e' + Ry 1M,
=0

where

|61.1(q. bo; )| < clbol Ing) g™, |Rys1] < clbol (Ing)+'g*
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and
©9) |div Tvim — Bopm| < clbol (Ing)"*'g*" B+,

here vy, is the sum (8). The constants ¢ depend only on Ly and on k, N, m, and
noton by € [—1, 1].
In particular,

$00(¢, bos 1) = —bo(Ing +1n2 L ~In(1 +v1=5) + 0(gIng))
as g — oo.

The proof is given in Section A.1 of the Appendix.

3. Expansion far from the needle

Let va(s) = v2(B, g, b1; s) be the solution of

1 sves) Y .
(10 E<m> =Bv(s) in g <s <00,
. Vi)
(11) lim =b.

s—=q+0 /1 4 v/(s)2

In contrast to the earlier expansion with respect to B near the needle, we expand
vy with respect to b, for fixed Bond number 0 < B < 1.
For small |b;| we have

’ b - _% 2\k
V(g)= =b12< k)(—bl) .
,/l—b% k=0

We make the following ansatz for a solution of the differential equation (10), where
neNU{0}, p R, |p| small:

n
(12) V2(8) = v2n(B.q. pi8) =Y Yi(B.q:5) p**!
k=0

with unknown functions ¥ (s) := ¥ (B, g; s) such that

_1
(13) Vi(q) = (—1>k( 1?)

Since

"oyl
=Y () (o)
k
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it follows that v, , satisfies the boundary condition (11) at s =g if

n 1
_1 by
14 k(T2 p2 ‘
(14) ;( ) ( k)p —ﬁ
= 1
Thus, since by = bo(1 +€)/q,

b b 2n+43
p:b1+0<b%"+3)=—°+e—°+o((@) )
q q q

as bg/qg — 0.

Definition 3.1. We write w(§) = P (8, Ind), where 0 < § < §y, if for given N € N

we have
N M)

w@) =) ) capd®(Ind)’ + Ry(8).
a=1 =0
where cog € R, Ry (8) is continuous in 0 < § < &, limy_. oo Ry (8) =0 for fixed §
and Ry (8) =o0(8"V) as § — 0.

Proposition 3.2. Assume that0 < B <1,g =B, 1€ (0, 1],0 <1 < % and

lp| < po, for po sufficiently small. For a given n € NU {0} there exist functions

Y (s) =Y(B,q;5), k=0, ...,n,analytic on g <s < 00, such that the sum v; ,
of (12) satisfies
(15) |div Ty, — Bvgu| < clp|™"

on s € [q, 00), where the constant ¢ depends only on t|, py and n. Further, for
8= «/Eq there are functions wi(8) = P (8, In§) such that

1
16 B, q; q) = —=wi(3).
(16) Vi(B,q: q) ﬁwk()
In particular,
Yo(B, q; q) = 1 Ko(®)
O ’q’q /JEK(/)(S)’

where K(8) is a modified Bessel function of second kind and of order zero.

The proof is given in Section A.2 of the Appendix.

Siegel [1980] observed that the function v := cKo(~/Bs), where ¢ is a positive
constant, defines for a fixed ¢ > 1 a supersolution of the differential equation (10)
on (g, 00). We will show that there is a positive constant A such that vy, = A
defines a supersolution and a subsolution, respectively, on (g, 0o) if ¢ := B~ for
appropriate T satisfying 0 <t <11 < % and if p is defined by (14). In particular,

vro— Mp
" VBK{(WBg)'
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4. Composing of the inner and outer solutions

By the inner solution we mean the expansion v; , near the needle and the outer
solution is v, ,, the expansion far from the needle.
We glue together these two expansions at s = ¢ in such a way that the composite
function is in C!(1, 00).
Set
vim(B, q,bo, €;5) forl=s=<gq,
Ve,mn(8) := ’
v.(B,q, p;s) for g <s < o0.
This composite function is in C (1, 00) if and only if p satisfies (14) and vy, V2.,
coincide at s = ¢, that is, if

17 vi.m(B, q, bo, €; q) = v2.,(B, q, p; q),
where p = p(by, g, €) is defined by (14). Now set
§:= «/Eq.

We choose ¢ = B~ " for afixed T € (O, %), then § — 0if B — 0.

Proposition 4.1. Assume that ¢ = B™" for a fixed t € (0, }

, 5). Then there is a
solution € of equation (17). In particular, we have

e=18"In8+1(y —In2—1)8%+ R(bo, B, B77)8>
with

R(by, B, B™") = O(B¥(In B)'"*"Y+ 0(B'~?" 1n’ B)
uniformly in by € [—1, 1] as B — 0, where | € NU {0} and

m

_ 1
1% .=m1me<Z . —lnm) =0.5772...

k=1
is Euler’s constant.
The proof is given in Section A.3 of the Appendix.
Assume that g := B " forO <7 <71 < % Then, since
b
by == (1+0(B"nB),
q

it follows from the three propositions above that the C'(1, oo) function Ve.m.n Sat-
isfies, for 0 < B < By < 1 with By sufficiently small,

c|bo| (—In By" 1 BU=20m+1  for | <5 <g,

|d1V Tvc,m,n - Bvc,m,n| f
c|bg| BT forg <s < oo.

The constant ¢ depends only on m, n, By and 7.
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5. Asymptotic expansion
Let A be a positive constant. Set

vl = Ve + A

c,m,n

This function v;fm’n isin C'(1, 0o) and satisfies the boundary condition (5) ats =1.

From the above estimate it follows
diVTv;fm’n — Bv:fm’n =div Tvemn— BVemn—AB
c|bol (—In BY"H1BUI=20m _ A for1<s <gq,

c|bo| BT _ 4 forg < s < oco.

The constant ¢ depends only on m, n, By and 7.
Fort e (0, %) and m, n € NU {0}, set

pm,n; ) :=min{(1 —2t)m, 2n+3)r — 1}

and let tg = 19(m, n) be the solution of (1 —27)m = (2n + 3)T — 1, that is,

_ m+1
S 2m+1D)+2n+ 1

7o

Thus 7y is the solution of

max p(m,n; 1).
O<t<l1/2

Set po = po(m, n) := p(m, n; 19); that is,

2mn+m
P o +3
Choose
(18) A :=c|bo| (= In B)"T! BPo;
then the preceding inequality implies
div Tvim’n - Bv:fm’n <0

for all B such that 0 < B < By and for all s in (1, g] U (g, 00). The maximum
principle of Finn and Hwang [1989] yields

v(s) < v, ()
on (1, co0). By the same reasoning it follows that

vc,m,n = UVemn — A’

satisfies v(s) > v, ,

(s) on (1, 0o), where A is given by (18).
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Summarizing, we have shown that |v(s) — V¢ . (s)] < c|bo|(—In B)"tipro,
We can choose pg arbitrarily large provided m and n are large enough; see the
definition of pg above.

In particular, the height rise at s = 1 satisfies

[u(1) — vy, ()] < elbo| (—In B)" T BP0,
Thus
C(q, bo, by)

m
_ . k +1
”m‘_ﬁr—+;w@mMAw+0%Nmme

where by = bo(1 +€)/q, ¢ = B~ ™ and € is the solution of (17); see Proposition
4.1.
Thus, we consider

C(qv bOv bl)

m
. k
=+ 2 (g, bo.bis DB

k=0

vim (L) i=

as an approximation of order pg of the value v(1).
Then, since B = ka? and u(a) = av(l), we have
u(a)

a

(19) = v (1) + O(bgB” In" ! B)

as B =«ka? — 0.

Proof of Theorem 1.1. Setm =1 andn=0. Thentg=2, pg=1,g=B""=B"?/°

and § = +/Bg = B'/'0. We obtain from Proposition 4.1
€=18"Ins+1(y —In2— 182+ 0(8?B'°In’ B)
and Proposition 2.1 yields
do(1) = —bo<lnq +In2— L —In(1+v1- bg)) + ObhyB/51n® B)

and ¢, (1)B = O(byB'/° 1n® B).

Thus
2eby 1/5 1,2
via() = —=——=+¢o(1) +¢:1(1)B+ O(byB " In" B)
B(g*—1) 1
[\~
=bo(ln8—ln2—%—i—V—I—O(Bl/SanB))(1——2)
q

—bo(lng +n2— 1 —In(1+v1-b3) + ObeB* In® B)
=bo(LInB—2In2+y +In(1++/1— b)) + O (b B/ In’ B).
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The theorem follows from formula (19) for u(a)/a. U

Appendix: Proof of the propositions

Here we prove the propositions of the previous sections. The argument concerns
mainly expansions of nonlinear expressions with respect to appropriate parameters.
In the expansion near the needle the special nonlinearity of the problem is exploited.
The expansion far from the needle ensues by linearization of the problem with
respect to the zero solution.

A.l. Expansion near the needle. Set for 0 < B < By

C m
U = B + ;‘Pk(s)Bk,

where C is a constant and ¢ are functions in C2(1,¢q), 1 < g < oo.
The sum v, is said to be an approximate solution of (6)—(7) if v, satisfies the
boundary conditions (7) and if

|div Tvy, — By | < cB™H!

on (1, g), where ¢ = c¢(m, g) and c is independent on by, b; € [—1, 1].

In the following we will define C and ¢y so that v,, is an approximate solution. It
turns out that C is given explicitely, ¢y is the solution of a nonlinear boundary value
problem for a second order differential equation and ¢, for k£ > 1, are solutions of
linear boundary value problems of second order, defined iteratively. The main idea
here is to preserve the properties of the special nonlinearity also in the expansions.

In

div Tv,, =

© | =

!/
( sv, )
V14,2
there appears the quotient v/, /,/1+ v/,2. We now derive some expansions in B
related to this quotient.

Definition of C and ¢i. Since

m 2
e 0
=0

m / m / 2
@) % i ? i
=(1+¢52)<1+2 > B+<§ —B) )
V1t 15 V14¢y =1 V149
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it follows that

/

U

1+ ~1/2
B U,/n < m / )2)
\/1+g0(’)2( \/I—HO'Z Z +g00 ; 1+<p

Set, forl=1,...,m,
/
d[ = —(P[
1+¢p?
and assume that
(A-1) sup |d| < i (q) < 0.

se(l,q)

Then for M € N, provided 0 < B < By(g) with By sufficiently small, we have

/

v f/)o ’ k = M+1
(A-2) m___ + > fur(oy o 0 ) B+ frum 1 BT,
Vitu?  Vitg) ;; e " m

where f, r and fm m+1 are defined as follows. Set g,,(B) :==v,, /\/1+ v, 2, then

fok=80©)/k! and fo,xi=g®B)/k! for0O<t<I.
From assumption (A-1) on go,’C we obtain

|fm,k| = Cm,k(Q) <oo and |fm,M—H| = 5m,M+l(Q) < O0.

We have, from (A-2), for =0 and ﬁ),k =0 forall k e N.
This argument exploits the special nonlinearity of the problem. More precisely,
we have used that
oo
1+
remains bounded even if |g0(’)(s)| —ooifs—>lors—gq.
We obtain from (A-2) the expansion

’ / M
(A-3)  div Tvm=§<¢> 3 ) B+ (5 ) BY

We next need some information on how the derivatives (fy, x)" and ( fm,l)/ de-
pend on by, b; and q.
Since v}, = >")", B’ and

(A-4) divTv= %U/(l L)V Ly (1 402y 32
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it follows under assumption (A—1) that for 0 < B < By = By(q), with By sufficiently
small,

div T,

1 v,

m o S\ —1/2
L P ( )
5/ 1+¢)? ( \/1+¢622\/1+¢62 ;vl—l—%z )

4

—3/2

v /
i () )
(1+¢62)3/2( \/1+<o/2 Z +¢o ; 1+</’ )

Thus
. 1 590 / M1
(A-5) div Tvy = | ——=; +2ka3 + Fpp+1B
Vite k=1

where F, x and ﬁ'm, m+1 are defined as follows. Set

/
1 vm 4

)

Then Fyx = h& (0)/k! and F = h'Y(tB)/k! for 0 <t < 1. We have Fy; =0
and Fox =0 for all k e N.

hwm(B) :=

Setforl=1,...,m
1
= (piz 32
(1+<,00 )
and assume
(A-6) sup e/ < ¢ (q) < o0.
se(l,q)

Then the functions F,, ; and ﬁmy M+1 are bounded.
Since

1 1, = ~
E(Sfm,k)/ = Foux, E(Sfm,k)/ = Fuk,

it follows, under assumptions (A—1) and (A-6), that the derivatives ( f,, ), ( fm &)
are bounded.

In the following considerations we derive boundary value problems which de-
fine the functions ¢g, ¢1, ..., ¢,. Then we prove that these functions ¢; satisfy
inequalities (A—1) and (A-6) uniformly in ¢ > 3 and in by € [—1, 1], where

=bo(1+¢€)/q, with |e| < 1.

The following lemma is useful in order to iteratively find the appropriate bound-
ary value problem which defines ¢,,+1 for given ¢y, ..., @n-
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Lemma A.1.1. Let assumption (A-1) on ¢y, for [ = 1,...,m + 1, be satisfied.
Then

!/ / /
U1 _ U Pm+1 m+1 +R

Vi+v, 2 Jitu? A+
where |R| < c¢(q)B"%,0 < B < By(q), By sufficiently small.

Proof.

/
- —-1/2
m+l (V) + Prr Bm+1)(1 220l BT q)r/n_HZBZm—O—Z) /

\% 1 + vf/n-‘rl2
= (v, + @ B") (14},

2 —1/2
. (1 o v Pni1 Bl L ((pl/ﬂ-i-l/)z Bzm+2) /
V142 1402 1+,

_ < U;n i (p,/n-l,-l Bm+1) (1 _ m(pm-‘rl Bm—H +R1>
N T+u,2

2
_ Uy +<_ U Pt n Pt Bm+1)—|—R2

/1+U;n2 (]_|_U;n2)3/2 /1+Ul/’n2

/ /
U gDm—i-l

= \/W—i_ (1_"_,‘)’/”2)3/2

The remainders above satisfy |R;|, |R2| < c(q)B2m+2. Since

2)—1/2

Bm+1 + RZ-

Dot
(1 + v;nZ)S/Z
, m o —-3/2
- oz >y )
(1+(/’62)3/2 \/1+(p/2 \/H—(p - 1—|—g0
Pt
= mtl R,
(g T
where |R3| < c(q) B, the expansion of the lemma is shown. O

Lemma A.1.2. Suppose assumptions (A—1) and (A-6) are satisfied. Then

) . 1 SOt ' m+1 m+2
_ 1 _%mi\p O(B
div Tv,41 =div Tv, + . <(1+‘P62)3/2 + O( )

as B — 0, uniformly in s € (1, q).
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Proof. We conclude from (A—4) and Lemma A.1.1 that

/ 4

div Tv S + Umet1
m+1 = s /1 +U;n2 (14 v}/ﬂ2)3/2
v, / v//
_1 m 1 (pm/-i—213 . ml g r/n+12 — 0(B" ).
s T+v,2 s (g (A +v,,,2Y

Since
U1 _ Uy ( Pt _ 30000 Pmi1 )Bm+1+0(3m+2)
(1+ v’/11+12)3/2 (1+ U’/112)3/2 (1 +(p62)3/2 (1 +¢62)5/2 s

which follows by similar calculations as in the proof of Lemma A.1.1, we obtain

divT 1 U;n + v;r/l + 1 S(pl{l’l-i-l /Bm-i-l + O(Bm+2)
IV L Uyl = P \/W (1+v;n2)3/2 s (1+(P62)3/2 .

O

Lemma A.1.2 implies

div Tvp41 — Bumyr
1 ( SPpii

=divT N\ — =
iv Um+s (149|232

!/
)Bm+1_(C+B(pO++Bm+1(pm)+0(8m+2)-

Then from expansion (A-3) for div T'v,,, with M :=m + 1, and from the condition
div Tvmi1 — Bupsr = O(B™?) as B— 0,

there follows for m > 0 the differential equation

/
1 SO 1 .
(A-T7) 5 <W + E(Sfm,m-i-l) = Pm

onl <s <gq. Werecall that fy ms1 = g P (0)/(m + 1)!, where g (B) =

v /T2

We conclude from div Tvg — Bvg = O (B) that

(A-8) div Tep = %<&> —cC

V1+¢)?

onl <s<g.
From the assumptions

!/ /
. v . v
lim —2— =by, lim "

= —=bl
s—140 /1+U,/112 s—>q—0 /1_|_v;nz
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for fixed ¢ and 0 < B < By(q), and from the expansion (A-2), we get

% 2

A-9 lim ———— = by, lim ———— =b;.
( ) s—140 1+90(/)2 0 s—>q—0 /1+¢6 1
Further, we obtain from Lemma A.1.1 that for m > 1
. Dot : Dot
A-10 1 — T __ =0, 1 — .,
(A-10) =110 (I+ g 2)32 a0 (14 )22
and (A-2) implies the boundary conditions
(A-11) im  fox(@y, .. 0,) =0,  Lim fo (@), ....0,)=0
s— 140 s—>q—0

fork>1and m > 0.
After integration of the differential equation from 1 to g it follows from the
boundary conditions (A-11) and (A—12) that, for m > 0,

(A-12) /q s@m(s)ds =0.
1

Applying the differential equation (A-S8) for ¢y and the boundary conditions (A-9),
we find

2(gby — b
(A-13) C = M.
qg-—1
Set
(A-14) f ()= f(q, bo, by1; 5) := bo fo+ b1 f1,
where
P e Gt RPN (Gt )
YT sy T sy
Then it follows from (A—8) and the formula (A-13) for C that
(A-15) O
V1 (gp())?
or, equivalently,
/ (s)
(A-16) o) = —=2.

VI=f2s)
Setforl <s <g
EAC?)

A-17 ) = L
(A-17) 0(s) —
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then @o(s) = @o(s) + K, where the constant K will be determined by the side
condition (A—12). That is, ¢o(s) = @o(q, bo, b1; 5) is given by

. 2
(A-18) Po(s) = @o(s) — 7

q
/r@o(t)dt.
—1),

Then we obtain ¢;(s) = ¢;(q, by, b1; s) for [ > 1, by the iterative application of
(A-T7), (A-9), (A-10) and (A-11). That is,

(A-19) P141(5) = @r41(s) — qzz_ 1 /lq T@14+1(7) dr,
where
(A-20) Pr1(s) == /ls g1 (D dt
and
(A-21) @l (9) = (+ph)*? <—fz,l+1 -! /1 m(r)dr) :
Set for the unknown b
(A-22) by = @(1 +€),
q
where
(A-23) le] <1 and ¢ >3.

We will determine € in Section A.3 by gluing together two expansions at s = g,
where ¢ = B~ for t > 0 small.

Expansions with respect to €. In this section we expand related functions with
respect to €.

Definition. Let 1 =h(q, by, €; s), where 1 <s <g,q >3, |e| < % and by e[—1, 1].
We will write 7 = O(e; K) if for any fixed M € NU {0}

M
h= Z hie' + hpgyr€
1=0

where i, = y(q, bo; 5), hy1 = hars1(q. bo. €; 5), and |y |, |Ay41] < eyl K|. The
constant ¢y, is independent on ¢, by, s, € and K, it can depend on g, by and s but
not on €.

From formula (A-14) for f and from (A-22) it follows thaton 1 < s <g¢q

bo s2—1
(A-24) f=—(14+e= .
s g*—1
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Then
2 bo\? 2
(A-25) |- f2= 1—(?) (1 4+ Cre + Cré?),
where
Ci=Ci(q. by s) = —2b%— s -1
= 2 bo; §) = =2by——————,
1 14, Do 0q2_1s2_b(2)
1 (s2=1)?
_ . _ 12 _
C2=C2(Q»b0» S)_ b0q2_1 s2—b(2) .
Using (A-23), it follows that |C1e + C2€?| < 1.

Set

Bu(s) = dulg. bo. <5 5) = (g, bo. 21+ €):5).

Then we obtain from formula (A-16) for (p6

bo s2—1 b2\ _
B r_ (o 2y—1/2
(A-26)  ¢p=—" <1+eq2_1)(1 (—S ) > (14 Cre+ Cre?)

— D (1406 1),

Formula (A—17) implies

$0(s) = do,0(s) +€0(e; by Ins),
where

B0.0(s) = bo(In(s + /52 = b3 ) — In(1 + V1= }) ).

Finally, it follows from (A—18) that

$o(s) = ¢o,0(s) +€0(¢; boIng),
where
B0,0(8) = bo(In(s + Vs> = b3 ) ~In(1 +v1 = 13))
+ bo (C—I qz—bg—k%%ln(q%—\/M) @—%ﬁln(l—i—\/@)).

g*—1\2

1
2
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Using (A-24), (A-25) and (A-26), we immediately obtain

2

_ Ky
(A-27) T+6? == )7 =5 (1+€0 1),
: b 21
(A-28) Lsfz—o 14el :
V1+¢}2 s q*—1
by . bo s2+1
A-29 — 0= _Z1- .
(A=29) aropr = =2\l
Lemma A.1.3. The functions ¢;, | > 1 are continuous in €, €| < L and satisfy
(A-30) ¢1(s) =0 (e; bo(Ing)'q*),
_ ¢l/ 1 21-1
(A-31) d = =0(e; bo(lng)'¢” "),
V1+ )2
_ ¢l// [ 21-2
(A-32) e = =0(e; bong)'qg” 7).

We will prove this lemma by induction based on formulas (A-15)—(A-17) and
on the next lemma.

Lemma A.1.4. Assume that equations (A-30)—(A-32) hold for 1 <1 < m. Then
Funmi1 =0 (€ bo(Ing)"*'q*")

and, if . := Bq®Ing < Ao, for Ao > O sufficiently small, then

| Fyms1] < cmlbol (Ing)™ g™,

where ¢, = ¢, (M) is independent on by and q.

Proof. Set
h,,(B) = %(do + P)F(dy, P) + (e + Q)G(co, P).

where F = (1 +2doP + P12, G = (1+2dyP + P*)732, P =Y dB
Q=% B

From assumption (A—1) on d; it follows [2doP + P?| < 4 prov1ded Ao 1s suffi-
ciently small. Since

hr(nm+1)(0) . hf:ln—l—l)(tB)
F, =— d F =—, for0O<t<l,
m,m+1 (m + 1)‘ an m,m+1 (m + 1)' orv<r<

the lemma is a consequence of the Leibniz rule and the chain rule. We find from
these rules for @« = (ay,...,a,), 0y e Nand t = (¢1,...,t,), ; € NU {0} and
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0 <k <m that
(A-33) A"TD(B) = Z %Cm,a,t(P(al))tl (Pl
Z;":loqt[:m—i-l
+ Z Dm,k,a,tQ(k)(P(al))tl o (P(am))tm’
k+Y auti=m+1
where

Cm,oz,t = Cm,oz,t(dOa €0, P)v Dm,k,a,t == Dk,a,t(dOa P)

and

A A

Cm,a,t = Cm,oc,t(sa dOa €0, 0) == @(E; 1)’ Dm,a,t = Dm,k,a,t(dOa 0) — @(6; 1)

We recall that dy = O(¢e; bg/s) and ey = O(e; bo/sz). From (A-33) it follows that
1~
byt = Y < Cnai(da)" . (da,)"
Z;”=l atj=m+1 .
+ Z Dm,k,a,tek(dal)tl ce (dam)tm-
k+z;n=1 ati=m+1

Using the assumptions on d; and ¢; (Lemma A.1.3), we have
1
i (0)
— @ (6, bo(lnq)zyn aitiqZ;n(Zalt]—l)) + @ (6, bo(lnq)k—l-Z;n a,-z,-q2k—22f”(2a,tl—l)) ,

where in the first term on the right we have Y )", oyt =m+1,and k+ > /., oyt; =
m + 1 in the second term. Hence, since in the first term Z;": 1 1 = 2 holds because
of Y /L, aut; > 2, 0y > 1 and #; > 0, it follows that

R (0) = O(e; bo(ng)™ ' g™™).
The estimate of hf,'l"H)(tB), 0 <t < 1, is a consequence of (A—33) since
POl <ci(ldi +1dip1 B+ -+ dp—t| B" ). O
We recall that A := Bg®Ing < Ag.
Corollary A.1.5.  f, i1 = O(e; bo(Ing)" g™ (s — 1)).

Proof. Since Fj = (1/5)(sfi.x)’, it follows from the boundary condition f; 4 (1) =0
(see (A—11)) that

1
(A-34) Smm+1 = 5 fls TFnm+1(T) dr. O
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Proof. Proof of Lemma A.1.3 Assume that the lemma holds for 1 </ <m. Then

S
(A-35) ! [ tonmrar =0(e: tngrng s - 1),
1
Using formula (A-21) for ¢, +1» Corollary A.1.5, (A-35) and the formula (A-27)
for 1 + ¢? we conclude that

/
d)m—',-l

= 0(e; bo(Ing)"+g>*h)

and

32
o . +1 2m+1_ S
bpy1 =0 (6, bo(Ing)" " g™ m) :

Thus, it follows from (A-19) and (A-20) that
$mr1 = 0(e; by(Ing)" ' q>" ).

Formula (A—17) implies

¢;’/l ’ o 1 [
W = 3¢9y (_fm,m-i-l + E/; TP (T) d‘[)

1 N
) = 55 [ On@ AT+ 6
1
Since, by (A-34),
1
fr;,m-l,-l = Fm,m—',—l - Efm,m—',—l,

it follows from formulas (A-27)-(A-29) for ¢, and ¢, Lemma A.1.4, Corollary

A.1.5, (A-35) and (A-30) that
Pt

(1+¢»)3?

It remains to show Lemma A.1.3 in the case [ = 1. Since fy,1 =0, we find from
(A-21) that

— @(6; bo(lnq)m+1q2(m+l)_2).

o) = (1+¢p2)3? % /1 T¢o(T) dT.

This equation implies Lemma A.1.3 in the case [ = 1 by using the properties of ¢y,
see the formulas (A-27)-(A-29).

The continuity of ¢; in € follows from formula (A-26) for qﬁ() iteratively from
(A-21), (A-20) and (A-19). O

Proof of Proposition 2.1. Because of Lemma A.1.3 it remains to show inequality
(9) of Proposition 2.1, where vy ,, = v,. From Lemma A.1.4, (A-30) and the
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differential equations (A-8) for ¢y and (A7) for ¢;, where m :=1[1— 1 in (A-7), it
follows that

s / / m ~
div Tv,, — Bv,, = %(i) + Z FiB* + Fp i1 B™!

\% 1 + ¢(/)2 k=1 C
—B(G g0+ +ouB")
= (Fpmt1 — Gm)B™ !
= (0(bo(Ing)"'g*) + O (bo(Ing)" ¢*"™)) B!
— O(bo(lnq)m+1q2m)Bm+l. D

A.2. Expansion far from the needle. Set, for 0 < B <1, g > 3 and |p| < po,

n
ve =Y Yi(s)p*
k=0

where the Y (s) = Y (B, ¢q; s) are twice continuously differentiable functions in
g <s < oo. Suppose that ¥, (¢) satisfies the condition (13) and that p is a solution
of (14) for a given b;. We will set by = by(1 + €)/q, where |e| is small and ¢ is
large. Thus, p will be small. Then v, satisfies the boundary condition (11).

The sum v, is said to be an approximate solution of (10)-(11) if v, satisfies the
boundary condition (11) and if

|div Tv, — Bv,| < c|p|*"

on [g, 00), where the constant ¢ = c(n, pg) is independent on B, p and s. We will
see that v satisfies a linear second order boundary value problem, provided v, is
an approximate solution. In particular, v is a solution of the linearized equation
to (10) about the zero solution.

Definition of ;.. Assume for k € NU {0} that

(A-36) sup [y (s)| < o0,

s€(g,00)

uniformly in0 < B < 1 and g > 3.
Then, for given N € N and |p| < pg with pg sufficiently small, we have

\/%—%2 (ZW 2k+1)<1+(2¢/ 2k+1) >1/2

_'OWO+Zf" K(Wgs - Yo HHy v p?N
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Set gn(p) := v}, /4/1+v,2. Then

fok =gy /2k+1)! and  f, 4 =gH Do)/ 2k +1)! for0 <1< 1.

n n

From assumption (A—36) on v, it follows that

| fukl < cni(q) <00 and | fun+1l < Ennt1(g) < oo

Above we have used that v, (1 + (v;)z)*l/ 2 is an odd function in p.
Thus

N
. 1 1 1.z
(A=37)  div Tuy = 690) p+ - D (6fui) 0™ 4 S o) 02V,
k=1

As in the previous section we need estimates on the derivatives (f,, ) and
(fn.n+1)'- Assume for k € NU {0} that

(A-38) sup [y ()] < o0,

se(q,00)

uniformly in 0 < B < 1 and ¢ > 3.
Applying identity (A—4) and the assumptions (A-36) and (A—38) on v, and
we get

N
. 1 ~
div v, = ~(svg) p+ ) Fuap™ '+ By v p?
k=1

and Fj, x, F, y+1 are bounded on [g, 00). Set

1 p 1 2\=3/2
i) = s (47
Then
/’l,(12k+1) (O) N hr(12N+3) (t,O)
Foo==t 2 and Foypi=— P for0<r<l.
A S e Y)Y B

Lemma A.2.6. Assume that 1/// ,1=0,...,n+ 1 satisfies (A-36). Then

v !
n+1 v / 2(n+1)+1
¥ + R,

\/1+v;+12 V1+v)2 n

2(n+1)+3

where |R| < c(q)p and 0 < p < po(q) for po sufficiently small.
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Proof.

/
vn—i—l

N

—1/2
— (v’/l + W,/,+1P2(n+l)+l)(1 4 U;ZZ + 2v;lwr/l+1p2(n+l)+2 4 (K//,/1+1)2,04(n+1)+2)

_ (v,; + w’;+1p2(n+1)+1)(1 + v;z)fl/Z

/

‘/// (‘/// )2 —1/2
. (1 42 v, n+1 2(n+1)+1 4+ n+1 p4(n+1)+2
J1+v2 JT+v?2 1+ v,

v _

/ n
I+ Un + 0(p4(n+1)+2)

/
v, Vil aiiyel 1 0(p*rh2)

Jiror arun’

/

n / 2(n+1)+1 + O(pZ(n+1)+3)-

= ——=— 1P
1+v,,12 n+1

The last line follows since 1+ v;lz =14 0(p). [l

Lemma A.2.7. Suppose the assumptions (A-36) and (A-38) on . and | are
satisfied. Then

div Tl)n_;’_] = div Tvn + %(S.(//r/l_i_l)/pZ(ﬂ-‘rl)-‘rl 4 0(,02(n+1)+3)

as p — 0, uniformly in s € [q, 00).

Proof. From (A—4) and Lemma A.2.6 it follows that

/ "

. 1 Yyp Unt1
div Tvp4 = - +
" s /14,2 (1+v;,2)3/2
_1 v, +1 1L 2D Vi1 n 0(p2(n+1)+3).
s J/T+v2 s n+l (1 +v,,,2)3?
Since
Vi1 " 2(nt+1)+1 2m+1)43
n n 4 n+1)+ n+1)+
= + Y10 +0(p
(1+ Ul/1+12)3/2 (14 022)3/2 n+1 ( )
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(see the proof of Lemma A.2.6), we find that

,U/ ,U//

div Tvyq = 1 n 4= (s1//n+ Y o 2(n+1)+1 +0(p2(n+1)+3)

s /T +F/2 (I +v,2)?

=div Tv, + — (SW Do 2(n+1)+1+0( 2(n+1)+3)_

Lemma A.2.7 implies

div Tv,+1 — Bugy

—div T, + %(W’;H)/pz(nﬁ)ﬁ — B(0n + Y1 2D 4 0 (p20DH3)
=div Tv, — Bv, + (é(sx/f,/lﬂ)/ — B%H) p* O L 0 (p*r D),
Then from the expansion (A-37) of div Tv,, with N :=n + 1, and the condition
div Tv,y1 — Bv,y1 = O (,02("+1)+3)

as p — 0, it follows on ¢ < s < oo that
(A-39) L)~ Bo =0
and forn > 0

1 / 1
E(Sv/,/ﬁ_l) - BW}H—I = _E(sfn,n—',-l)/-

Thus (see Section 3) we define ¥, k € N, iteratively by the boundary value problem

A-40) Loy e =Lk u)) on .00,
1
(A1) it = 0¥ 13) tim sup [(s)] < oo. 0

Boundary value problem for ;. The solution of the homogeneous equation (A—39)
that satisfies the boundary conditions (A—41) is given by

1 Ko(+/Bs)
VB K{)(«/Eq)'
We obtain vy, V¥, .. . iteratively from the boundary value problem (A—40)—(A—41).
The estimates (A-36), (A-38) on v, V¥, and formula (16) of Y (B, q; q), see

Proposition 3.2, follow iteratively from a formula for the solution ¥ by using the
properties of fy_1 k(¥ ..., ¥;_,). Once we have shown (A-36) and (A-38), we

Yo(s) =
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arrive at the estimate (15) of Proposition 3.2, since

n
. 1 1 .
div Tvy,p = Bgw = —(s90)'p+ > (5 fu) 07 + Fyny1 p™

k=1
— B(Yop +-- -+ p™th
2n+3

= ~n,n+1p

The proof of Theorem 1.1 requires Proposition 3.2 in the case n = 0 only. That

is, we have to confirm the estimates (A-36), (A-38) for v/, v and the property
(16) of Proposition 3.2. Since

I Ko(v/Bs)
T =" ./ o\ 8:\/5 ’
NGO, 7

the expansion of wg(8) (see Proposition 3.2) follows from the expansions of K (5)
and K)(8) as 6 — 0. Since lim,_, o ¥(s) = 0, where B > 0 is fixed, and since
K{(z) > 0 for, z > 0, it follows that [/;(s)| < 1 on [g, 00). From the differential
equation (A-39) we conclude that

Yo(B,q;s) =

| KoWB) _1 Ko(®)
1 _+ B S — _— B 9
WowI=Z+vEB s o =g K9]

where we have used that K{)(z) < 0, where z > 0. Thus

1
sup [ (s)| < ——++/B O@Ins) ass— 0.
q

se(q,00)

We will now prove iteratively the existence of ¥, the estimates (A-36) and
(A-38), and the formula (16) for ¥ if k > 1.

Let Ko(z) and Iy(z) be the modified Bessel functions of second kind of or-
der zero. Concerning properties of the Bessel functions Ko(z) and Ip(z), see
[Abramowitz and Stegun 1964] and the considerations in [Siegel 1980].

For k € N, set

_1
f= femrk W, o Vi), F::_%(Sf)/’ n::(_l)k( ;)

Any solution of the differential equation (A—40) can be written as
(A—42) ¥(s) = (q — f tIo(v' B F (1) dt) Ko(+v/Bs)
q
+ (c2+ / rKO(JEz)F(z)dr> Io(v/Bs),

q
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where ¢, ¢; € R. From the boundary conditions (A—41) it follows that

(A—43) cr = —/OOIKQ(\/Et)F(t) dt,

q

1 o0
A—44 - «/EI/S/ Ko(~/Bt)F d).
( ) c1 ﬁKé(a) (17+ 0(8) ; tKo(VBt)F(t)dt
Since

3 1 -3 3
foag) = 3(¥50)" = 5 (Ko@)~ (Kp(VBn)™,
we expect that fy_; x is a sum of such products too.
Definition. A function f(¢) is said to be of type (SP) if

(i) there exists an M € N such that f can be written as

M
f@&)=>" Ai®)B/(VBr),

=1
where A;, By € C*°(0, 00),

(ii) there is a k; € NU{0} such that A;(8) = 8% P(8,1n8), B;(8) =8 % P(8,1né)
as 6 — 0, where the expression P (8, Ind) is explained in Definition 3.1, and

(iii) B;(u) = O(e ) as u — oo.

Suppose f is of type (SP). Applying (A—42)—-(A—44), we find

(A—45) ¥ (s) = %(Fl (8, V/Bs)Ko(V/Bs) + F2(8, VBs)Io(v/Bs)),

where

I'(§
F: n 0()

= st (LA [ ki du+ Koo A(&B(&)
K, (3) Ko(5)<;l 5 HE MBI 0 ;l :

VBs
=>4 / wlj(u) By (u) du +~Bs Io(v'Bs) Y A1(8)Bi(vBs)
! 8 I

—810(8) ) Ai(8) Bi(8)
l

and

Fyi=—Y" A5 /ﬁ uK((u)By(u) du —~/Bs Ko(v'Bs) Y A/(8) Bi(v/Bs).
! § l

The derivative ¥’ is given by

(A-46) ¥'(s) = Fi (8, VBs)K{(v/Bs) + F2(8, v/ Bs)I)(v/Bs).
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We conclude from (A—46) that v is of type (SP), provided the function f :=
St - -, W;i_ 1) is of type (SP). Property (i) of the definition follows imme-
diately from formula (A—46). We omit here the considerations that (ii) and (iii) are
also satisfied. Then fi x41 (¥, . .. ;) is of type (SP) since

1 d2k+3gk

Fude1 W Y1) = (2k +3)! dp2*+3
= D W) W,

S Qo+ y=2k+3

©0)

where o = (g, ..., o), t=(to, ..., %), o, 1 € NU{0} and ry o, € R. We recall
that g (p) = v,/,/1+ (v})2 and v}, = 3 5_, W} p?+.

Finally, we find iteratively from (A-45), (A—46) and the differential equation
(A—40) that the estimates (A-36), (A-38) for v/, v,/ hold and that

VBYw(B.¢;q) = P(5,1nd)
(see Proposition 3.2).

A.3. Composing of the inner and outer solutions. Set g := B~ " for some t €
(0, %). Then we will show that there is a solution € € (—%, 4—1‘) of equation (17),
that is of G(¢) = 0, where

2eb =
GO 1= gy + ) dula. b ) B -
k=0

n
- =7 lUk((S)ka+l.

1
VB &
Here is § = «/Eq, by = bo(1 +¢€)/q and p = p(by, q, €) is given by (14). In

particular,
2n+3 0 0
,O_b1+0(b1n )——+0(2n 3)

as ¢ — 00. The existence of a zero of the continuous function G (¢) follows from
the intermediate value theorem. Propositions 2.1 and 3.2 imply

Gb()

B —1) + po(q, bo, €; ) + O(bog*(Ing)*B)

! 5 b0 510 8!
_ﬁ(’”“( ”*0(673 i >))

for some / € NU{0}. Since, by Proposition 2.1 and the formula for ¢¢ ¢ (page 307),
we have

G(e) =

do(q, bo, €; q) = ¢0,0(q, bo; g) + O (boe Inq)

| Ing
=5bo+ O bo? + O(boe Ing)
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and
Ko(®)

wo(8) = K0 -

3(In8+y —In2+ 0(8*(In5)*))

as § — 0, it follows that

2e b() b()

G(e) + 20 _pons+y—1 2)+0(b6 1>+O(b 1nq)+0(b clng)
€)= — —bo(In —In -— —
52 ) 0 Y 0(qu oq2 0 q

+ O(bog*(Inq)*B) + O(hps2(In 8)%) + O (bye In 8) + O(bo(ln 3)’%).

For R real, |R| <1, set
€(R) =388+ 3(y —In2— 3)8% + Ré>.

then |e| < % if § < 8y, for &g sufficiently small. We have G(e(1)) > 0 and
G(e(—1)) <0if 0 < & < dy, for &y sufficiently small.
Finally, we obtain from G (e(R)) = 0 an estimate of R. Since

B 1 Ing 2 2 2 1 l
R=0(5ms)+0(—)+0@Emslng)+0@E>8)?)+0 (s ),
q q q

we find

R=R(bo, B,B™") =0 (InB)*"'B>")+ 0 ((In B)*B' ")

uniformly in by € [—1, 1]. Thus, Proposition 4.1 is shown.
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CAPILLARY SURFACES AT A REENTRANT CORNER

DANZHU SHI

A capillary surface expressible as a graph over a domain containing a pro-
truding corner can exhibit strikingly varying behavior, with discontinuous
transitions, depending on local boundary conditions. Korevaar in 1980
showed that very different kinds of behavior must be expected when the
corner opening exceeds i, and later Lancaster and Siegel extended that re-
sult to indicate a remarkable range in the Kkinds of behavior that can occur.
This work characterizes all possible modes of behavior for this case, subject
to a conjecture of Concus and Finn for the protruding angle case.

1. Introduction

A capillary surface S is the interface separating two immiscible fluids adjacent
to each other. In this work we discuss interfaces that are ideally thin and can be
represented as graphs f(x, y) over a base domain 2. We only consider equilib-
rium configurations. As shown initially by Laplace, for incompressible fluids in
a vertical cylinder (a capillary tube), the shape of the surface is governed by the
equation

Q8 V- Tf=«xf+Ar inQ,
2) Tf-v=cosy on 0€2,

where T f is defined as Vf/(y/1+ |Vf|?) and k = pg /o is the capillarity constant,
with p the density change across the surface, g the gravitational attraction, and
o the surface tension of the interface. The constant A is a Lagrange parameter
arising from a possible volume constraint, v is the exterior normal vector on 9€2,
and y = y(s) is a function of position on 92, satisfying 0 < y(s) < w. The
surface z = f (x, y) describes the shape of the static liquid-gas interface in a vertical
cylindrical tube of bounded cross-section 2. In this paper, we assume « > 0,
corresponding to the case of a vertically downward gravity field, with the denser
fluid below the surface.

MSC2000: primary 76B45; secondary 35J65, 53A10.
Keywords: capillary surfaces, reentrant corner, corner behavior, Concus—Finn conjecture.
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Figure 1. Reentrant wedge domain.

I will address the particular case in which €2 is a wedge domain with a reentrant
corner. Specifically, I will assume that the corner of the wedge is the origin O of
coordinates, and 02 consists of three smooth portions:

I' ={(cosg,sing): —a < ¢ <a},
Y1 ={(pcosa, psina) : 0 < p < 1},
Yo ={(pcosa, —psina):0 < p < 1}.

See Figure 1. X; and X, can be relaxed to only asymptotic straight lines when
approaching the origin. Let y equal y;(s), y»2(s) along the sides X, and X, re-
spectively, where s = 0 corresponds to the point O.

Capillary surfaces can exhibit strikingly idiosyncratic behavior at corner points
of the domain €2 of definition, as a consequence of the characteristic nonlinearities
in Equation (1). This was initially observed by Concus and Finn [1974b; 1974a;
1974]. Later this behavior was further delineated in [Simon 1980; Tam 1986a;
1986b; Lieberman 1988; Miersemann 1985; Concus and Finn 1994; 1996; Finn
1986; Lancaster and Siegel 1996; Shi and Finn 2004].

We take [Lancaster and Siegel 1996] as the starting point for this work. There
the authors considered the limiting values Rf of f along radial approaches within
Q to the vertex O. They showed that under very general hypotheses this limit
always exists, and they delineated various possibilities for its behavior in terms of
direction of approach to O. For protruding corners (opening angle 2« < 1), their
results can be considered close to definitive, subject to a conjecture of Concus and
Finn. The present work addresses the complementary case of reentrant corners
(opening angle 2« > 1), for which the behavior can be very different.

We will proceed by indirect reasoning using methods of geometric measure
theory. In Section 3 we will introduce the concept of a generalized solution of the
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Figure 2. The Concus—Finn rectangle: regions in parameter space
corresponding to different behaviors at a convex corner of angle
2¢. In regions lei there is no bounded graph.

minimal surface equations in the sense of Miranda [1964]. In Section 4 we adapt
Giusti’s minimal cone theory [1977]. These two sections, together with some other
earlier results, will play an essential role later on in the proof of the main result.

At the end of this work, we distinguish various cases, according to the contact
angles y1, y» on the two sides of the wedge domain formed near O. These cases
can be characterized geometrically, using a diagram analogous to one introduced
by Concus and Finn [1996] for the protruding angle case. We show the Concus—
Finn diagram in Figure 2. The central rectangle R is uniquely determined by the
angle 2«e. Its vertices along the coordinate axes have coordinate m — 2« (in the
reentrant case the corresponding value will be 2o — 7; see Figure 3). The four
triangular regions are denoted @7, 97, 93, %7

A central new result of this paper is that, assuming the truth of the Concus—Finn
conjecture for the protruding angle case, any solution arising from data outside the
rectangle R is necessarily discontinuous at O for the reentrant angle case as well,
in the sense that different limit values must occur for different radial directions of
approach. We will completely characterize the ways in which the discontinuous
behavior can be manifested. This can change according to the particular domain
of the diagram where (y1, ) lies.
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For a reentrant corner, data within & can lead to a discontinuous solution; this
contrasts with the protruding angle case, for which all solutions arising from such
data are known to be not only continuous but Holder differentiable up to O.

2. The Concus-Finn diagram

We start by reviewing results and notation from [Lancaster and Siegel 1996], and
categorizing them using the Concus—Finn diagram.

Protruding wedge domains. Solutions can exist at corners for any data (y1, y»);
but for any transition from R to QDT across a common boundary point (", ¥5),
there is a discontinuous change in behavior, from uniform boundedness at O of the
solution for all data up to and including (y;", y;°), to unboundedness for all data in
lei, with asymptotic behavior depending only on the local geometry.

The radial limits of f at the vertex of the corner will be denoted by Rf () =
lim, o4 f(rcos®,rsinf), —a <6 < o and Rf (fa) =lim, y_.o f(x,y) where
(x, y) € Xy 2, which are the limits of the boundary values of f on the two sides of
the corner.

Theorem 2.1 [Lancaster and Siegel 1996]. Let f be a bounded solution to (1)
satisfying the boundary condition (2) on 3*Q \ O, discontinuous at O, with 0 <
Yo <yt(s) <y <m. Ifa>m/2, then Rf(0) exists forall 0 € [—a, a]. Ifoa <m/2
and there exist constants y* and y* satisfying

O<y*<m/2, n2<y5<m yt+y >m-20, 7F+7 <20+m,

so that Zi < yE(s) < y* forall s € (0, so) for some sg, then again Rf (9) exists
forall 0 € [—a, a). Furthermore, in either case Rf (0) is a continuous function on
[—a, a] behaving in one of the following ways:

(i) There exist oy and ap so that —a < oy < ap < « and Rf is constant on
[—a, a1] and [an, @] and strictly increasing or strictly decreasing on [a, ).
Label these cases (I) and (D), respectively.

(i1) There exist oy, oy, g, @p sothat —a < ] < ap < ap < o,0r = ay + 7,
and Rf is constant on [—«, a1], [ar, ar], and [e, ] and either increasing on

[o1, o] and decreasing on [ag, oz] or decreasing on [y, oz ] and increasing
on [ag, ap]. Label these cases (ID) and (DI), respectively.

Corollary 2.2 [Lancaster and Siegel 1996]. Let f be a bounded solution to (1)
satisfying

Tf-v cosy, on Xj,

3) Tf-v = cosy, on 3o,



CAPILLARY SURFACES AT A REENTRANT CORNER 325

with constant yy, y» € (0, ). For o < 1w /2, assume in addition
T-20<y+y,<m+ 2.
Then
Case (1) cannot hold if y; — y» <7 —2a.
Case (D) cannot hold if y» — y; < 7w —2¢.
For o > /2, case (ID) cannot hold if y; 4+ y, < 37 — 2«.
For o > 7/2, case (DI) cannot hold if y; + y» > 20 — 7.

Corollary 2.3 [Lancaster and Siegel 1996]. Let f be a bounded solution to (1)
satisfying (3), with y1,y» € (0, 1), @ < /2, and (y1,y») € R, then f must be
continuous at Q.

Concus and Finn have conjectured that for data from 92);‘, there could only be
discontinuous solutions.

Conjecture 2.4 (Concus—Finn). Suppose o < 7 /2, and (y1, y») € @;(201), then
the solution f has a discontinuity at the vertex O.

In this paper, everything is based on the assumption that Conjecture 2.4 is true.
First, as indicated in Figure 2, we can summarize the situation for a protruding
wedge domain in terms of the regions R, 9, Qb;cz

e The pair (yy, y») lies in R(2a) if and only if both f and its outward unit
normal are continuous up to O.

o For (y1, »») € @;(201), f must be a (D) case.

o For (y1, y2) € 9, (2a), f must be an (I) case.

e For (y, y») € lei(Zoz), f is no longer a bounded graph near O.

Hence with this conjecture, we have completed categorizing the continuity of

the solutions at the corner of the domain in terms of the Concus—Finn diagram.

Reentrant wedge domains. We now develop parallel results for reentrant wedge
domains. When 2«0 = 7, the boundary is smooth, which is not a case considered
in this paper.

Theorem 2.5. Assume a > 7w /2. Let f be a solution to (1) satisfying (3), with
Y1, 2 € (0, ).

(1) For (y1,y2) € RQa), f can be continuous at O or in one of the cases (I) or
(D).

(1) For (y1, y») € @T(2a), f can be in one of the cases (DI), (I), or (D).
(iii) For (y1, y2) € 9| (2a), f can be in one of the cases (ID), (I), or (D).
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Figure 3. Analogue of the Concus—Finn rectangle for reentrant wedges.

@iv) For (y1, y») € @;(201), f must be in case (D).
(v) For (y1, v2) € 95 (2ar), f must be in case (I).

In Section 6 we construct examples showing that each of these cases actually
occurs.
By Corollaries 2.2 and 2.3 we deduce:

(i) For y1, v € R(20x), f can only be continuous up to O, or be in case (I) or
(D).
(ii") For yy, y» € @T(2a), f cannot be in case (ID).
(iii") For yi, y» € 9| (2a), f cannot be in case (DI).
(iv") For y1, y» € QD; (2a), f can be continuous up to O, or be in case (D).
(v') For y1, y2 € 9, (2a), f can be continuous up to O, or be in case (I).

In other words, all that is left to prove is that continuity is excluded from the
QDT, Qbéc regions, and that each of the cases can occur.

3. Generalized solutions

To discuss discontinuous capillary surfaces further, we introduce the definition
of generalized (or weak) solution of the minimal surface equations in the sense
of Miranda, and prove some results for capillary surfaces over a reentrant wedge
domain.
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Figure 4. The infinite domain.

Set Qo = {(pcose, psing) : —a < ¢ < a, p > 0}. We redefine the symbols
for the boundary pieces (see Figure 4):

Z1={p>0, p=0a},
2:2:{10>0’ (0:_05}

Definition 3.1. A function u : Q.. — [—00, 00] is called a generalized solution of
the equations

V.-Tu=0 in Qoo,
@ Tu-v=cosy; on X,
Tu-v=cosy, onXj
if the subgraph of u defined by
U={(x,y,2):(x,y) € Qoo,z <ulx, y}

minimizes the functional

/ |Doy| — cos Vl/ u dHp — cos Vz/ oy dH>,
Qoo xR 21 xR Yo xR

where ¢y is the characteristic function of U and H, is 2-dimensional Hausdorff
measure in R3. That means that for every Caccioppoli set (set of locally finite
perimeter) E C Q4 X R coinciding with U outside some compact set K C R* we
have

&) W(K,U)<W(K,E),

where

W(K,U)= IDwul—cosm/ <PUdH2—COSV2/ oy dH;
(Qoo xXR)NK (X1 xR)NK (X xR)NK

and likewise for W (K, E).
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A sequence of functions v, is said to converge locally to a function v in a domain
Q if the characteristic functions of the subgraphs of v, converge almost everywhere
to the characteristic function of the subgraph of v in  x R.

The function u is allowed to take the values +00. It follows from [Miranda 1964]
that every classical solution of equations (4) is a generalized solution; conversely,
every locally bounded generalized solution is a classical solution of equations (4).

We introduce the sets

Pu) ={(x,y) € Qu :u(x,y) =+00},
N@) ={(x,y) € Qe : u(x, y) = —00},
G) = Qoo — (P(u) UN(n)).

It follows that P minimizes the functional

cp(A):/f |D><A|—cosy1/ xAdHl—cosyzf sa dH)
o0 2 pI%3

= H] (Qoo N 8A) — COS )/1H1(21 N 8A) — COS j/zHl(Ez N BA)

in Q2+, Where H; is 1-dimensional Hausdorff measure in R;.
Similarly, N minimizes the functional

‘I‘(A)=// |DXA|+COSV1/ XAdH1+cosy2/ XA dH;
Q. o N

= H|(QooNOA)+cosyi H(Z1NAA)+cosy, H (X2 N0A)
After modification by a set of measure zero, the two sets
IPNQy and IN N

consist of straight lines that do not intersect inside of 2.,. Moreover:

Lemma 3.2. (i) Let L be the portion of 0 P which lies inside Q. Suppose L
is not empty, then L is a straight line which either meets ¥; in an angle y;,
or passes through the point O meeting the sides in angles f; with B; > v;,
i =1, 2. Here the angles B; are measured inside P.

(ii) Let L' be the portion of 9N which lies inside Qoo. Suppose L' is not empty,
then L' is a straight line which either meets X; in an angle & — y; provided
that £;NON # &, or passes point O in an angle v; with v, > mw —y;, i =1, 2.
Here the angles ¥; are measured inside N.

From now on consider specifically the reentrant corner domain. For this case
we can also say:
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Theorem 3.3. Suppose v is a generalized solution of (4) on Qo with o > 1 /2.
The P, N, G regions of v are as defined at the beginning of this section. Assume P
and N are nonempty.

(1) Each component of 0 P N Qoo and ON N Qo is infinite.

(i1) Suppose a component of P or N has two boundary lines inside Q. The lines
either meet on 02, or their extensions meet outside Q2~,, With an angle 1,
measured from the side containing P, or N respectively. Then n > m.

(iii) There are at most two components of 0 P N Qso, or IN N Qoe.

Proof. (i) No line segment inside €2, can meet both sides of a reentrant corner
domain.

(i) We work by contradiction. Suppose there is a component of P which has two
boundary lines inside Q. Their extension lines meet with an angle n < 7. See
Figure 5. Comparing P with P — OACDB, we get AC — OAcosy; + BD —
OB cos y, < CD. Hence, successively,

ACH+AE+BD+BE<CD+ OAcosy;+0OBcosy,+ AE + BE,
CE+DE—-CD<AE+BE+OAcosy; + OBcosy;.

Move C D to infinity, parallel to itself. Then CE + DE — CD — oo, while
AE + BE 4+ OAcos y; + O B cos y, remains fixed. Contradiction.

(iii) If 8 PNS2, has a whole line as a component, there must be no other component.
Because of (ii), it is easy to see d P N Q4 cannot contain three or more half-lines.
O

Figure 5. Proof of Theorem 3.3. Impossible case for P.
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proof of the theorem is similar to [Tam 1986a, Theorem 2.4].
Corollary 3.4. Under the assumptions of Theorem 3.3, the only possibilities for P

other than @, Qo are the ones shown in Figure 6, namely:
(1) P consists of a single component, which is bounded between ¥ and a line

Ly with an opening angle B1. L meets ¥, at point A. Either A € X1 and

The following theorem describes the structure of the infinite sets P and N, the

B1=yi,or A= 0O and B > y1.
(ii)

/\/—_~\\
7 ~
Ve \ N
/ P \

\ \
\ \
Y1
\ \
A \
|
o |
I
/
/
/
/
N 7
N 7
~ 7
\\__—/
(iii) (iv)
_5\ /—_-\
~ - ~
~ 7
N Ve
A 7/
\
\ P
\
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0 | 0
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\\\ /
\\/
7 N
7 N
~
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Figure 6. All possibilities for the region P.
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Figure 7. Impossible cases for the region P.

(ii) P consists of two components. On is bounded between | and a line Ly with
an opening angle B, and the other is bounded between X, and a line L, with
an opening angle B,. Fori = 1,2, suppose L; meets ¥; at point A;. Either
AjeXiand B =y, or A; = O and B; > ;.

(iii) P consists of a single component, which is bounded by ¥1, OB C X,, and
line Ly which meets X at point B with an opening angle y».

(iv) There is a whole line L which lies inside Q2o and P is either the region
bounded by 02, and L, or the half plane bounded by L.

Proof. Again we work by contradiction.

From Theorem 3.3 we obtain that P has at most two components. All the pos-
sibilities for the structure of P are indicated in Figures 6 and 7.

Next we prove that those cases in Figure 7 are impossible. Compare P with
P — ABDC in that figure. By definition,

®(P)<d(P—ABDC) and 2|AC|<2|AB|.

Moving C D to infinity, parallel to itself, we get co < |AB|. Contradiction. [

4. Radial linearity

In this section, we extend Giusti’s work on minimal graphs [1977] to general H-
graphs. We use the “blow-up” procedure to expand the capillary surface about 0
and show that the limit set C exists and that C is a minimal cone. Furthermore,
this limit cone is unique.

The results in this section apply for any n-dimensional space. However, for our
specific problem (1), we only need to consider n = 3.
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Definition 4.1. Suppose Q4 is the wedge domain in R? defined as before. Define
0=0x xR, 80=02xR.
Now suppose K is any open set in R®. Define
3K =80NK, §K=QNJiK.
Denote by BV(K) the space of functions of bounded variation on K.

Definition 4.2. If f € BV(K), set
FK(f>=/ IDfI—/ cosy - f dH
0Nk SK

¢(f, K) =inf{Fg(g) : g € BV(K), supp(g — f) C K},
v (f. K) = Fg(f) = ¢(f, K).

If f is the characteristic function of some set £ with finite perimeter, we shall
write Fg(E), v(E, K) and Y (E, K) instead of Fx(¢g), v(¢g, K) and ¥ (pg, K).

Definition 4.3. A set E is a minimal in K if ¥ (E, K) =0.
Definition 4.4. We call C a cone in R? if
C={t(x,y,2):t>0,(x,y,z) € A},
for some set A € R>.
This is the main theorem of this section.

Theorem 4.5. Suppose that E minimizes the functional

Fg, (W) +f How,
0ONB;

for some H uniformly bounded on By, such that 0 € 0E. Fort > 0, let
E, ={xeR®:tx e E}.

Then as t — 0, E; converges locally in R3 to a set C. Moreover, C is a minimal
cone.

In the rest of this section, we adopt the notation of trace in the sense of [Giusti
1977, Chapter 2]: f~ is the trace of f from above z =0, and f7 is the trace from
below.

To prove Theorem 4.5 we need some lemmas. The first is an adaptation of
[Giusti 1977, Lemma 5.3].
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Lemma 4.6. Let f € BV(Bg) and let 0 < p <r < R. Then

/ If(rx)—f(px)lde§/ a Df)].
§* B

Qﬂ(B,—Bp)KW’
Proof. If g € C'(A; R?), then / 4 1(g, Df)]|is the total variation in A of the measure
(g, Df); that is
Julg. DAY =sup{[ fV - (ug)dx: p € Cy(A), |ul < 1}.
Now set g(x) = x/|x|> and let & be any C! function. Define o by
a(x) = h(x/|x]).
Then (V - ag) =0 in R? — {0}, so from [Giusti 1977, 2.14] we have

X X
[ wtenn=[ arfe S)am- [ apt{e S)am,
0N(B,—B,) 5B, x| 5*B, |x]

+/ _of (g, n)dH,
8(B,—B,)
:r—Z/ af_ng—,o_Z/ aft dH,
8*B, "B,
:/B*B h(x)(f(rx)—f(,ox)) dH2?

where 7 is the outward unit normal of § (B, — B »)- (Recall that (x, ) =0 anywhere
ondkK.)

Next we restrict & so that |2(x)| <1 and hence |x(x)| < 1. By the definition of
[4 1(g, Df)I, we have

| hetseo - rreoiat < [ ol
8*B) ON(B-—By)
for any function /4 such that z is C Vand || < 1.
Now for almost all p < r we have fa*Bp IDf|=0and f* = f~ = f, by [Giusti
1977, Remark 2.13], so that

©) /S RIS = £ (o)) dHy < / (g, DS)|

ON(B,—B,)

for almost all p <r. Thus if we take any p <r, we can choose a sequence {p;} such
that p; — p, (6) holds for each p; and f~ (pjx) — f~(px) in L'(3By). Taking
the limit as j — oo we obtain (6) for every p < r. Now on taking the supremum
over all & with |h| <1 we arrive at the desired inequality. O

The next three results correspond to [Giusti 1977, Lemmas 5.5, 5.6, 5.8].
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Lemma 4.7. Suppose f € BV(Bg) and p < R. If {p;} is a sequence such that
pj < pandp;— p,then

lim £(f.B,)=¢(f.B,) and  lim Y(f.By) =V (f.By.

Proof. Given ¢ > 0, by the definition of {(f, B,) we can choose a function g €
BV(B,) such that supp(g — f) C B, and

Fp,(8) =¢(f, Bp) +e.

For j large enough we have supp(g — f) C B, and hence

Fp,(8) = Fp,, (g)—/

COSV'gdezC(f,Bpj)—/ cosy-gdH,.
5(B,~By,) 5

(By—B,))
Since ¢ > 0 is arbitrary,
é‘(f’ Bp) Z llmsup ;(f’ B,Dj)'
j—o00
On the other hand, for j € N, we can choose g; € BV(B)) such that g; — f is
supported in B, and 1
CF B+ = 2 i (8)).
Also notice that
Fp, (8j) = Fp,(8) — Fp,—p, (),
so we have 1
¢(f. Bp;) + G > ¢(f, Bp) — Fp,—s, (f)
and therefore
limsup é‘(f’ Bpj) Z ;(f’ Bp)'

j—o00o

Thus we have proved the first equation. The second follows immediately from
lim Fp, (f)=Fp,(f). O
j—o00 J

Lemma 4.8. Suppose f, g € BV(Bg) and p < R. Then

(f. By) — £(g. By)| < f \f~ — g | dH.

5B,

Proof. Since the equality to be proved is symmetric in f and g, it is sufficient to
show that

CC B e B < [ 1 =gl
5*B,
Given ¢ > 0, we can choose ¢ € BV(Bg) such that supp(¢ — f) C B, and

Fp,(p) <¢(f, By) +e.
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Let {p;} be a sequence such that p; < p, p; — p,
/ IDf|=/ |Dgl =0
3By, 3By,
and supp(f —¢) C B,,. For every j, define

¢ in B,
g]= . ! —
g inBrp—B,

e

Then, by [Giusti 1977, Proposition 2.8], we have g; € BV(Bg) and

¢(g, Bp)
< Fp,(g))

:f |ng|—/ cosy-g;dH,
0NB, 5B

o

2/ |D<o|+/ - IDg|+/ Iw—glde—/ cosy - gjdH,
ONB,, ON(B,~B,)) §*B

By, 8B,
< (/ |Dg| —/
QONB, SB

Cosy-dez>+/ - IDg|+/ lo—gl dH
oN(B,~B,)) 5By,

+f cosy(p—g;) dH,
B

8By

I3

= Fp,(¢) +/

) |Dg|+/ If—gIde+f cos y(p—g;) dH
0N(B,—B,,) 5By,

8B,

<¢(f, Bp>+s+/

|Dg|+/ If—gIde+/ cos y (p—g,) dH.
0N(B,~B,,) 5B,

5B,

As g > 0 is arbitrary and the terms me(Bp—B,,j) |Dg| and j;SBp cosy(p—g;)dH
vanish as j — oo, the lemma follows by taking the limit. (]

Lemma 4.9. Suppose f € BV(Br) and 0 < p <r < R. Then

o (f
o)

where Q), = QN (B, — B)).
Proof. Suppose first that f € C!(Bg) and then, for 0 <t < R, define

(= Df>()2§ (r2F3,<f>—p2FBp<f>+2 [ e B:)dz)
p

e
xzf x21DF).
0

P
P

f(x) fort < |x| < R,

f’(x):{f(rx/pcp for |x| < t.
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Then we have

1 (x, DfY?\'/?
IDfildx=> | IDfI[1- 23] di,
ONB, 2 Js+B, |x|*|Df|

t
f cosy—f,dez—/ cosy - fdH
5B, 2 Jswm)

which is to say

Fp (f1) = L(/ IDfI(I—M)UZdHQ —/ cosy -de]>
2\ s, x[2[Df 2 505 ’

and hence
¢(f, Br) = Fp,(f) =¥ (f, Br)
< Fp,(ft)

< ’</ \Df| dHy — - f (. Df) / cos de)
<= h— = ————dH, — Y- |
2\ JsB, 2 Jsp, 1x1?|Df| 8(3B))

1,2 M i -2 _3
2! /S*B, |X|2|Df| dH, = dt (t FBf(f))+2t Y (f, By).

Now integrating with respect to ¢ between p and r, we have

and

! / DIV 2y (F) = 2 F ()42 f (S By dr.
2 Jon,—8, XI*IDFI T T ' ! P

On the other hand, from the Schwarz inequality we have

(o b < e 00
onB,—B,) X[’ = Jons,-8,) 1xI? ons,—8,) XI*IDfI

so Equation (7) holds for f € C '(Bg).
Now suppose that f € BV(Bg). By [Giusti 1977, Remarks 2.12 and 2.13] we
can approximate f by C' functions f; such that

/ |ka|—>/ Df| and / \f = fildHy — 0
ONB, ONB, 9(QNBy)

for almost all . If we write (7) for f; and observe that, by Lemma 4.8, 1 (f¢, B;) —
¥ (f, By), we see that (7) holds for f € BV(Bg) and almost all p, r. Finally we
obtain (7) for every p and r by approximating with increasing sequences {p;} — p
and {r;} — r for which (7) holds. [l

Remark 4.10. By approximating at the final step with sequences decreasing to r
and p we obtain (7) with B,, B p instead of B, and B,,.
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Remark 4.11. From (7) it follows that, for every p < r,

®) p2Fy, (f) < rFs, (f) +2 / (S By dr.

p

In particular, ¥ (f, B,) =0 implies p*ZFBp(f) < r*ZFBr (f). Hence p*ZFBp is an
increasing function of p.

The next result is adapted from [Giusti 1977, Lemma 9.1].

Lemma 4.12. Let K be an open set in R3, and let {E i) be a sequence of Cacciop-
poli sets such that

jlir{:oW(Ej, A)=0 forall AEK.

Suppose that there exists a set E such that

@k, = @E in Lig(K).
Then E is a minimal set in K, that is,

Y(E,A)=0 forall AEK.

Moreover, if L € K is such that fB*L |Dopg| =0, we have

jlglolo FL(E}) = FL(E).
Proof. Let A € K. We may suppose that dA is smooth, so that for every j,

FA(Ej) =C(Ej, A)+ ¥ (Ej, A) S Fa(Ej — A°) + ¥ (E;, A)
<H(($"A)NE)) +Y(E;, A) < Hh(8"A) + ¥ (Ej, A).

By [Giusti 1977, Theorem 9.1],

FA(E) <liminf F4(E;) < Hy(§*A).
J—>00

For ¢ > 0, set

A;={x € K : dist(x, A) < t}.
We have

jli)rgo oo lpe;, —@Eeldx =0

so there exists a subsequence {Ey;} such that, for almost every 7 close to 0,

lim l¢E,, — el dHy = 0.

j—00 8*A,
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From Lemma 4.8 we have lim;, » ¢ (Ex;, A;) = ¢ (E, A;) for these values of 7,
and therefore from [Giusti 1977, Theorem 1.9] we get

Yv(E, Ay =0.

Now let L € K be such that

/ Dy| =0,
S*L

and let A be a smooth open set with L € A € K. Let {F;} be any subsequence of
{E;}. Reasoning as above we can find a set A; and a subsequence {Fj,} such that

Jim ¢ (Fy, A) = C(E. A).

Since lim;, o0 ¥ (Fk;, Ar) = Y (E, A;) =0 we have

lim Fyu, (Fy;) = Fa,(E),
J—>0

and hence from [Giusti 1977, Proposition 1.13]:

lim Fy(Fy,) = FL(E). O
j—o0

Proof of Theorem 4.5. We first prove the conclusion for every sequence {z;} tending
to zero; that is, for every sequence {z;} tending to zero there exists a subsequence
{s;} such that E;; converges locally in R? to a set C. Moreover C is a minimal
cone.

Then we will prove that this limit cone C does not depend on the specific se-
quence {s;}, and hence is the limit for E;.

Suppose ¢; — 0. We show that for every R > 0 there exists a subsequence {o;}
such that E;; converges in Bg. We have

1
FBR(EZ) = t_ZFBfR(E)’

so choosing ¢ sufficiently small (so that R < 1 and ¢t < 1), we guarantee that E;

minimizes

Fp.(E;)+t / Hog, < Hy(8*Bg) +tM - H3(Q N Bg) = 4aR*+ 1M - %aR3,
ONBg

where |H| < M.

Hence, by [Giusti 1977, Theorem 1.19] on compactness, a subsequence E,; will
converge to a set Cg in Bg. Taking a sequence R; — oo we obtain, by means of
a diagonal process, a set C C R’ and a sequence {s j} such that E5; — C locally.
Now applying Lemma 4.12, we see that C is minimal and it remains only to show
that C is a cone.
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Also by Lemma 4.12 we have
Fpy(Es;) — Fp,(C) for almostall R > 0.

Hence if we define

1 16 16
p) = t_ZFBl(E) + ?atM = Fp,(E))+ ?OUM,

we have, for almost all R > 0,
. 1
jl;nolop(sz) = EFBR(C).

Moreover,

V(E, B)) = Fp,(E)—¢(E, B;) = Fp(E) + Hyp — Hyp —¢(E, By).
ONB; ONB;

By the definition of ¢, we can say for all ¢ > 0, there is a Caccioppoli set E,
satisfying supp(¢e, —9g) C B; and 0 < Fg (E;) — ¢ (E, B;) < ¢. Hence,

V(E, By) < Fp,(E¢) +/

HGDEE—/ Hog —¢(E, By)
ONB, ONB;

S/ H(§0E£—<PE)+8§§0¢MI3+8-
0nB, 3
Then, by (8) and letting ¢ — 0, we get

p~Fp,(E)+ RaMp < r*Fp, (E) + LaMr,

so that p(¢) is increasing in ¢.
If p < R, there exists for every j an m; > 0 such that s;p > sj1,; R. Thus
P(Sjtm; R) < p(sjp) < p(s;R), so that

. ) 1
lim p(s;p)= lim p(s;R) = _ZFBR(C)‘
j—00 j—00 R

Thus we have proved that
1
e Fg,(C)

is independent of p and so, from Lemmas 4.6, 4.8 and 4.9, we conclude that
/ |oc(px) — ¢c(rx) | dHy = 0
§* B

for almost all p, r > 0. Hence the set C differs only on a set of measure zero from
a cone with vertex at the origin.
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Now suppose we have two sequences {s;} and {s}} that give us two minimal cones
in the limit, C and C’. Recall that p(¢) is increasing in z. Therefore R72F B (C)
is independent of both R and C; that is, for almost all R,
. 1 1 /
th_% pt) = FFBR(C) = FFBR(C ).

As on the previous page, we apply Lemmas 4.6, 4.8 and 4.9 to the set E and
get, for s; > s,

2
</ lpe(s;x) —<PE(S//¢X)|de>
5B,

D _ J
szf | *”f'(s;ZFBx.(m—s;{ 2FB_,<E>+2/
Qﬁ(st—le/() |x| J Sk /

Sk

[Dyg| 16

<2 / L Fiy(Ey)) — Fiy () + —aM (s —s)) ).
ons,; -5, X1 3

1Y (¢E, Br) dr)

Suppose j, k — co. We have
/ loE(sjx) — e (six)|dHy — 0;
5* By

that is,
/ o, (x) — ¢k, (X)|dHy — 0,
5By : %
which implies
/ lpc (x) — @c/(x)|dHy = 0.
5By

Hence C and C’ are almost equal, completing the proof of the theorem. ([

5. Continuity at a reentrant wedge

We now prove the well-definedness of a new boundary condition and we subdivide
the reentrant wedge domain along the new boundary to get two protruding wedge
domains, which enables us to apply Concus—Finn conjecture to prove the main
theorem.

First we introduce a uniformity lemma for P, N:

Lemma 5.1 [Finn 1986, Lemma 7.1]. Suppose we have a wedge domain Q2 with
20 > 1. A sequence of functions { f;} converges locally to a generalized solution of
the corresponding minimal surface problem, f. Denote their subgraphs as V; and
V, respectively. Then for some point (xo, yo) € 2, there exists ro > 0 and C > 0
not depending on j such that for all t € R, the following is true:
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If|ij’r(x0, Y0, t)|> 0 and |Vj7r(x0, Y0, t)| > 0 forallr > 0, then
3 3
|V.r(x0, yo, )| = Cr” and |V} (x0, yo,1)| = Cr
forall 0 <r <rgy, where

C,(x0, Y0, t0) = {(x, ¥, 1) € R* 1 dist((x, y), (x0,¥0)) <7, |t —to] <7},
V;,r(xo, yo, 1) = Cr(x0, yo, 1) — V.

Lemma 5.2 [Chen et al. 1998, Lemma 6.1]. If f is a classical minimal surface
over R? and is linear in every radial direction (that is, its restriction to each radial
direction is a linear function), then f is either a plane or a helicoid.

Lemma 5.3 [Chen et al. 1998, Lemma 6.2]. If G is a nonempty domain, the only
possibility that there is a classical minimal surface f defined on G which is linear
in every radial direction is that G = Qo and (v, y2) € R. Moreover, f is a plane.

Proof. 1t follows from Lemma 5.2 that f is a plane or a helicoid defined on G, say,
f =atan"!(y/x) for some constant a.

If P or N # &, then either 0P N0G # @ or N NdG # . Without loss of
generality, we may assume that L = dP NIG # &. It follows from Corollary 3.4
that L is either a line or a half-line in Q.

Let f, defined over G, be a helicoid or a plane and take xg € L distinct from
O. Then f € C'in GnN B,(x0), where B, (xo) is a small open disk with radius p
and center xg such that the disk belongs to the sector 2. The subgraph F of f
can not be a minimal surface in a small neighborhood of (xg, f(xg)) since F will
violate the inequality (5) if K is small enough so that K N (025, x R) = &; hence
P =N =@. To see that F violates (5) we will construct a “better”” comparison set
as follows.

Let Ty be the tangential plane to the surface S : z = f(x), x € G, at the point
(x0, f(x0)). Take a plane E parallel to the edge Tp N (L x R) which intersects the
vertical plane L x R and the plane 7y in a distance A from the edge Ty N (L x R).

Choose the plane that lies above of Ty N (L x R). Take two further planes
perpendicular to the edge 7o N (L x R) and with distances a from (xg, f(x0)).

This construction defines a prismatic set W. Set V.= FUW and h = a?, and let
o be the opening angle of the edge 7o N (L x R) as indicated in the figure. Then

/ |D¢F|—f |D<Pv|=4a3(1—sin%w)+0(a3) asa — 0.
Qoo xR)NK (Qeo xRINK
Thus G = Q4 and f satisfies equations (4). Since a helicoid f =a tan~! (y /X)

cannot make constant contact angles on X; and X,, the only possibility is that f
is a plane. The conclusion that & 4 (y» — y1) <6 < 7w + (2 + y1) then follows. [J
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Lemma 5.4. Suppose f € C*(Q) solves the problem
V- Tf=xf+r inQx,
Tf-vi=cosy, onX,
Tf-vy=cosy, on X,

where (y1, 12) & R, k >0 and f is bounded on Qso. Then there is a radial line L
and some curve 6, such that € is tangent to L when approaching the vertex and

lim Tf(x,y)=vg,

(x,y)e€
(x,y)—(0,0)

where vy is the unit normal vector of L pointing toward P.

Proof. Denote by E the subgraph of f, and set
E,={xeR’:tx € E}.

By Theorem 4.5 we see that as ¢t — 0, E, converges locally in R® to a minimal
cone C.
It is well known that the only minimal cone in R? is a plane. Thus C is a plane.
By the assumption that (y, y») ¢ % we see that C has to be a vertical plane
passing through z-axis. Let the line L be the projection of C onto the xy-plane.
To complete the proof of the lemma we just need to show the following:

Claim. There is a level curve € of f(0, 0) that reaches (0, 0) and is tangent to L.

Proof. The level set of f(0, 0) must lie within a cusp region with (0, 0) as its tip.
For assume to the contrary that there exists a sequence {(xx, y¢)} in the level set
with the property that

) <x*,y*>:=hm( SIS )¢L.
k=00 «/x,%—i—y,% «/x,f—i—y,%

Take the blow-up sequence
1
Si(x, y) = o (f (exx. &xy) — £(0,0)),

where g = Vv x,% + y,f. Then

fk(’gi, z—k) —0 forall k.
k k

By Lemma 5.1, then, the limit minimal cone must go through (x*, y*, 0), which
is impossible.
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Next we check that, in some neighborhood of the origin, there is no point of the
level set of (0, 0) where the gradient of f vanishes. For suppose to the contrary
that there exists a sequence {(xx, )} — (0, 0) of points in the level set satisfying

Vf(xg, yr) =0 for all k.

(Recall that f is C? in Qq and satisfies the problem in Lemma 5.4.) Construct
another blow-up sequence as above and let

filx, y) = —(f (exx, exy) — £(0,0)),

1
Ek
where ¢ = Vx,% + y,f. Then Vfi(xr/ek, yi/€k) = Vf (xx, yr) = 0 for all k. In the
notation of (9), we have

. Xk Yk
(x*, y*) = lim < , ) eL;
SNV ;. VXt
therefore [Massari and Pepe 1975, Theorem 3] yields
- Xk Yk - -
Vk( — = 2,0)—>UC(X*,y*,O)=VL,
\/xk + yk \/xk + yk
contradicting the equality

(e, 2 ,0):6 Xt v, 0) = (0,0, 1).
k(\/x]%+y]% \/x,%—i—y,f (XK, i, 0) = ( )

Thus we see that the level set of f(0, 0) is locally a union of unbranched level
curves, which do not stop at any interior point of Q.,; moreover (0, 0) is an ac-
cumulation point of this level set. To conclude the proof of the claim, assume to
the contrary that no one level curve approaches (0, 0); in other words, there is a
sequence of distinct level curves approaching the vertex. On each of them, choose
a point (xx, yx) nearest to (0, 0). Then ¥ (X, yi) - vy, — 0, which again contradicts
Massari’s theorem, which says that v (X, yi) - vy — 1. O

Now we exclude continuity from %-regions for reentrant corner domains, as-
suming Conjecture 2.4.

Theorem 5.5. Let f be a bounded solution to (1) satisfying (3), with (y1, v2) € R
and a > w /2. Under the assumption that Conjecture 2.4 is true, f must have
discontinuous radial limits at O.
Proof. Assume to the contrary that y;, y» € % and f has continuous radial limits
at (0, 0).

Denote by X, X} the lines extending X, X. Consider, for  — 0, the blow-up
functions

1
fi(x, y) = ;(f(l‘x, ty) — £(0,0))
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which converge locally to a generalized solution v(x, y) to the corresponding min-
imal surface problem defined in Q4.

By Lemma 5.3, the G region of v(x, y) must be empty. Hence v defines a
vertical plane, whose projection L onto the xy-plane equals dP N dN. By the

conclusion of the previous section, L must be either a half-line or a whole line
passing through the origin.

Assume L is a half-line; we claim that it must lie between X{ and X/, inclusive
(Figure 8, left). Otherwise either the P or the N region will cover a subdomain

which is again a reentrant wedge. This leads to a contradiction with Lemma 5.1
on uniformity.

By Lemma 5.4 we know that along any radial half-line approaching the origin,

lim 7 f - v is well defined. Therefore we can split the domain Q. from L, and get
two subproblems:

V-Tf=«xf+A between X and L,
Tf-v=cosy; on X,
Tf-v==I on L

and
V.- Tf=«xf+A between L and X,
Tf-v==Fl onL,
Tf-v=cosy, on X.

Both of them admit a continuous solution.

Figure 8. Proof of Theorem 5.5. Left: case where L is a half-line.
Right: case where L is a whole line.



CAPILLARY SURFACES AT A REENTRANT CORNER 345

By the Concus—Finn conjecture, the angle between X and L is either 7 — y; or
v1, while the angle between L and %, is correspondingly either y» or = — y,. This
leads to |y — y2| = 2a — 7, which is impossible.

Now assume instead that L is a whole line passing through the origin. Then
the region between X| and X, must lie on one side of L (see Figure 8, right). We
again split into two subproblems:

V-Tf =«f+ Abetween X and L,
Tf-v=cosy; on Xy,
Tf-v=+£1 onlL,

and
V.-Tf =«f + Abetween L, and X,
Tf-v==+1 on Lo,
Tf-v=cosy on X;.

Using a similar reasoning as in the previous case, we see that
Vi+y2=2a—m, oryi+y =31 —2a,

which is again impossible. U

6. Examples

We now construct explicit examples for some of the discontinuous cases given in
Theorem 2.5. The notation (D), (I), (DI) and (ID) is defined in Section 3.

Example 6.1. For any (y1, 1) € R(2a) U QD; U%, ", we have case (D).

Referring to Figures 9-11, consider the region €21 € €2 bounded by two (close)
parallel sides ¥, ¥, and two circular arcs C, C which are symmetric about a line
orthogonal to X, f]l.

The arcs are constrained to meet X in the angle y;, and f]l in the (fixed) angle
y1, which is chosen in the interval (0, # — y;). Thus each arc is part of a circle,
with radius ¢/a;, and with a; = cos y; + cos 1.

We distinguish two cases, according as y; < 2o — 7
or y; > 2o — m; they are indicated in Figures 9 and 10,
respectively. In the former case, we can position a disk of
radius 6 (independent of ¢) in €2 and tangent to X, at O.
Following a construction initiated by Korevaar [1980], we
next construct an upper half of the inner side of a torus
containing the (horizontal) arcs C, C (see figure on the
right). This has the appearance of a Japanese footbridge.
It can be represented as a function g(x, y) over 2, with
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Figure 9. Construction of example of case (D), with (y1, y2) €
QRU@;UQDI_ and y; <20 — .

Figure 10. Construction of example of case (D), with (y1, y») €
QRUQD; U%| and y; > 2a — .
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Figure 11. Detail of construction.

v-Tg=—1onC and C,v being unit exterior normal.On X and f]l, the torus
meets vertical walls over the sides in the constant angles y;, 71, so v-Tg = cos y;
onX;,v-Tg=cosy on 3.

We extend y;, y; smoothly to the remaining boundary of Q. By theorems of
Emmer [1973] and of Finn and Gerhardt [1977], a (unique) solution f(x,y) of
()+(@3) exists in , with v-Tf =cosy; on X1, v-Tf =cosy; on f)l. On C, C
there holds v- T'f > —1, since |T f| < 1 for any function f.

We adjust f by an additive constant so that max g = (1/K)(a;/e —1/R — ),
where R (the inner radius of the torus) is half the distance between C and C. The
mean curvature of the torus is given by %V -(Tg), and is minimized at the upper
symmetry point, at which V - (Tg) = (a;/¢ — 1/R). We thus find V - (Tg) >
kg + A. By the comparison principle of Concus and Finn [1996, Theorem 5.1],
we then obtain f > g > maxg — (R + ¢/a;) in 21, and thus lim,_o f = oo,
uniformly over €2, and in particular for any radial approach to O from within
Q1. On the other hand, we find using [Concus and Finn 1996, Theorem 5.2] that
f <2/(k8)+ 35+ X/k throughout the interior of the disk of radius &, and hence also
for any radial approach to O within that disk. We conclude that for small enough
&, the behavior at O must be either (D) or else (DI). However, (DI) is excluded by
[Lancaster and Siegel 1996, Corollary 3].

If 1 > 2a — 7 the construction above does not work, because with decreasing
¢ the segment ¥, would enter the 5-disk. We start instead by constructing that
disk to be tangent to C at O (Figure 10). We then have 1 = 7 — 2« + ;. But
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y1 — 2 < 2o — 7 by assumption, and thus 7 < y,. We now rotate the disk slightly
about O, so that its circumference meets C at a positive angle, but still maintaining
the condition T < y; (see Figure 11). From [Concus and Finn 1996, Theorem 5.3]
we now derive that again f < 2/(x8) 4 6 4+ A/« in the intersection of the disk with
Q. It remains to narrow the 2| region in a way ensuring that ¥; does not enter the
8-disk; but that again elevates the solution height unboundedly within that €2;.

We can do that simply by introducing a tangent line M to the §-disk at O. For
each choice of ¢ (tending to zero) we choose C to be the unique circular arc meeting
¥ at O in the angle y; and meeting ¥, at the intersection of % with M. The angle
y1 will not remain constant in this construction, but the radius of C tends to zero
with ¢, and thus the comparison principle can again be applied to show that the
solutions then uniformly to infinity throughout the domains €2;(¢). We are done.

Example 6.2. For any (y1, ) € R(2a) U Ebf U%, , we are in case (I).
Use the same construction of Example 6.1, interchanging the sides X1 and X.

Example 6.3. For any (y1, ) € R(2«), we have a capillary surface continuous up
to the vertex.

First we introduce a lemma on the general existence of a continuous solution of
the capillary equation

(10) V.- Tf=«f+X inQQ,

which, for rotationally symmetric solutions, becomes

(1D (rsiny), =«ru, u, =tany,

where ¥ is the inclination angle of the vertical surface section u(r) with the r-axis.

Lemma 6.4 [Johnson and Perko 1968]. Given ug > 0, there exists a unique
Ro(ug) > 0 and solution u(r; ug) of (11) in 0 < r < Rg such that

(1) u and  extend continuously to the closed interval 0 <r < Ry,

(2) u(0; up) = ug, ¥(0; ug) =0, ¥ (Ro; ¥) =m, and

(3) the functions u and \r both are monotone increasing on 0 <r < Ry.

This guarantees the existence of a convex rotation surface S with a single “bot-
tom” point, that become vertical on a horizontal circular ring, and for which the
height u(x, y) is a solution of (10).

Lemma 6.5 [Finn 1986, pp. 67-69]. Let ug > 0 and let T1 be any nonvertical

plane. There is a (unique) plane parallel to T1 and tangent to the solution surface
of Lemma 6.4.

Proof. First move I1 parallel to itself in a direction orthogonal to itself until it
doesn’t meet S. Then move IT parallel to itself toward S. If the first point of
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Vi

V2

Figure 12. Projection of the continuous capillary surface on the
xy-plane.

contact with S is an interior point of the surface, that gives us the plane we want.
If the first contact point is with the ring on which § is vertical, continue moving I1
until there is a last point of contact with S. That is then the plane we want. ¢

So any nonvertical plane can be realized up to rigid motion preserving the nor-
mal, as a tangent plane of S. But [Concus and Finn 1996, Theorem 1] characterizes
the interior of R as exactly the set of intersection angles (y1, y») with the wedge
planes, that arise from all possible nonvertical planes. Since we can get any non-
vertical plane as a tangent to S, we can get any point of R.

Now, by [Concus and Finn 1996, Theorem 1], starting from any point (y;, y2)
in R, a unique nonvertical plane is determined. There is a unique point p of the
plane that lies above the vertex of the wedge. Position S to be tangent to the plane
at p.

Then consider a neighborhood of p on S. Recall that (y, y») € R guarantees
that 20 — 7 < Y1 + ¥» < 37 — 2 and |y; — y»| < 20 — w. Therefore we can
always find suitable positions for sides X1, ¥,; see Figure 12 for the projection of
the surface onto the xy-plane. Now we have constructed a continuous solution to
the equation that also satisfies the boundary condition for the given (y1, y2) e R. [J

Example 6.6. For any given (y1, y») € @T(Za), we are in case (DI).

On each of the regions Q;,i = 1, 2, consider two circles which is symmetric
about the dashed line. Each circle has radius ¢;/a;, a; = cos y; + cos y;, where
0 < 75 < — y;, and meets side X; with an angle y; and side f],- with an angle
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Figure 13. Construction for case (DI) (Example 6.6): QDT and O
can be joined within €2 by a circle of fixed radius 8, independent
of 1 and &5.

;. Let g1, g» both be the portion of a torus obtained by rotating one of the circular
arcs above the xy-plane, like g; in Example 6.1.
Again it follows from the comparison principle that

1 /aq 1 > . .
>0.0> (% — R Q,i=1,2.
f_gl_ (81' R Sl' 1n lal ’

Since now (yi, y2) € QDT, which says that y; + y» < 2a — 7, we can construct
a ball Q¢ of radius 6 which is also contained in €2 not overlapping with €21 or €2;.
Thus

2
f<—+438 inQo.
Ké

By making &; sufficiently small we can make

2 1 /q; 1
S 5<_(_’_ >_R
K8+ “Kk\& R—g

fori =1, 2, forcing f to be in case (DI) at O.

Example 6.7. For any (y, y2) € 9| (2a), we are in case (ID).
Similar to Example 6.6. Consider — f.

Example 6.8. For any (y1, 1») € 925{“(20:), we are in case (D).
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Figure 14. Left: Construction for case (D) in region Qbf. Right:
Exclusion of central fan.

When (y1, y2) is in this region there are more possibilities of discontinuous so-
lutions. So when constructing a (D) case there is an additional complexity: differ
case (D) from case (DI).

We use a construction very similar to that given in Example 6.1.

Referring to Figure 14, left, consider the region €2; bounded by two parallel
straight sides, X1, %1, and two circular arcs which are symmetric about the dashed
line.

First choose an angle ) such that y; <0 <2« —m and 6 + y, > 2a — . Then
let each arc meet side ¥ with an angle 9; and side 3, with an angle 6,. Here 6;is
any value in (0, w — 61). Hence each arc is a part of a circle with radius €;/aj,
where a; = cos 6] + cos 51.

Region €2 contains a disk B with some radius §. X is a part of the boundary
0€2,. We fix 4, and make €2 and €2, not overlap each other for any ¢; > 0. Notice
that when (y1, y») € QDT this is always possible.

Construct the torus in region €2 and the lower hemisphere in region €2, the same
way as in Example 6.1. By making €, and ¢, sufficiently small we can force f to
have a jump discontinuity at O.

Now the only thing to do before we can say for sure this is a (D) case is to
eliminate the possibility of a (DI) case.

Lancaster and Siegel [1996, Theorem 2] proved that in a (DI) case, there exist
fans of constant radial limits adjacent to 3| and X,. And the size of the fan on side
¥; is no less than y; for i = 1, 2. This indicates a jump discontinuity of the radial
limits happens in radial directions away from X, by an angle at least y». On the
other hand, by the above construction we know another jump discontinuity happens



352 DANZHU SHI

in radial directions away from X; by an angle at least 6,. Since 0; + y» > 2« — 7,
between the two discontinuities there is no enough space for a half plane constant
radial limits to happen. Therefore a (DI) case is impossible.

Finally we proved that this construction gives us a (D) case.

Example 6.9. For any given (y1, y2) € 9| (2a), this is an example of case (I).
Similar configuration as in Example 6.8. Reverse the sides ¥ and X,.
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APPROXIMATING SYMMETRIC CAPILLARY SURFACES

DAVID SIEGEL

An iterative method is introduced for approximating symmetric capillary
surfaces which makes use of the known exact volume. For the interior and
annular problems this leads to upper and lower bounds at the center or
inner boundary and at the outer boundary, and to an asymptotic expansion
in powers of the Bond number. For the exterior problem we determine the
leading order asymptotics of the boundary height as the Bond number tends
to zero, obtaining a result first proved by B. Turkington.

1. Introduction

The study of capillary surfaces goes back to Laplace [1805—-1806]. The canonical
modern reference is [Finn 1986]. We will consider symmetric capillary surfaces
with gravity in one of three cases: interior, annular and exterior. A vertical circular
cylindrical tube immersed in an infinite reservoir of fluid will create an interior and
an exterior capillary surface. Two concentric circular tubes will create an annular
capillary surface between them.

Let r be the radial variable and let ¥ be the inclination angle of the surface
z=u(r). Then sinyy = u,/\/1+u? and Nu = (1/r)(r sinyr), is twice the mean
curvature of the surface. A capillary surface is determined by the capillary equation
Nu = Bu, where B is a positive constant, the Bond number, and by specifying the
contact angle y € [0, 7] on the boundary. The contact angle is the angle between the
interface cross—section and vertical, measured inside the fluid. Thus, the inclination
angle will be prescribed on the boundary. In order for the annular problem to be
similar to the interior problem we take the contact angle to be /2 on the inner
boundary and y on the outer boundary.

The interior and annular problems can be written

(1) Nu=Bu, a<r<l1, siny(a)=0, siny(l)=cosy,
where a = 0 for the interior problem and O < a < 1 for the annular problem.

MSC2000: 76B45, 34E05, 34B15, 34B40.

Keywords: capillarity, symmetric capillary surface, exterior problem, approximation, asymptotics.
This research is supported by a Natural Sciences and Engineering Research Council of Canada Dis-
covery Grant.
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The exterior problem is

2) Nu=Bu, r>1, siny(l)=-cosy, u—0asr— oo.
For all three problems we take

3) 0<y<m/2.

Ify=n/2thenu=0.If 7/2 <y <m then u = —u satisfies Nu = Bu with contact
angle y =m —y,s00 <y < m/2. Scaling allows us to take one boundary at r = 1.
It is known [Siegel 1980] that for a solution to (2), u and u, decay exponentially
fast as r — oo. Also, under (3), the solution u is positive in every case by the
Comparison Principle [Finn 1986, Theorem 5.1; Siegel 1980, Theorem 1].

The volume lifted can be determined for all three problems:

B/ru(r)dr:cos Vv,
I

where I = [a, 1] for (1) and I = [1, o) for (2).

We wish to employ approximate solutions that have the correct volume. The key
observation is that if v; is a nonnegative function with the correct volume then we
may define v, by Nv, = Bv; and v, will satisfy the correct boundary conditions.

Theorem 1.1. Let v| be a nonnegative continuous function on I which satisfies
B fl rvi(r) dr =cosy where I is [a, 1] or [1, 00). Assume that v; is nondecreasing
when I is [a, 1] and v (r) = O(r%) asr — oo when I =[1,00). Here B >0, 0 <
y < % and 0 < a < 1. Then there is a function v, defined and continuous on I,
satisfying Nvy = Buvy, given as a quadrature of vy, which satisfies the boundary
conditions of problem (1) or (2). Let Y, be the inclination angle of v, and let

sin lﬂz
J1—siny,

For I =|a, 1], letsinyrp(r)= (B/r)far sv1(s)ds and vy (r) = vz(a)—l—far ho(s)ds.
Then v, is nondecreasing, sin ¥ (a) = 0 and sin ¥ (1) = cos y.

For I =[1,00), letsin Yo (r)=—(B/r) [ svi(s)ds and v2(r) = — [ ha(s) ds.
Then v, is nonincreasing, sin Y»(1) = —cos y and va(r) = O (r~") and v,,(r) =
O asr — oco.

For I =[a, 1], by choosing

1 2cosy ! o, sinyn(r)
4) Uz(d)—l_a2<_3 _/Q(I_F)JTWW)’

vy will satisfy the volume condition B f ; rv2dr = cosy. With this choice vy will
be nonnegative when B < 6.

hy =
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Proof. First consider I = [a, 1]. Since v; is nonnegative we have sin ¥, > 0, which
implies that v, is nondecreasing. Since v; is nondecreasing we have

)
Bv (r-—a”) - Brv1.

1 <
sin Y, < > =
It follows that 5
sinwz) __<Brv1 e )
( r ror2 2 sinyz) =0

Thus, (siny;)/r < cosy orsinyp < rcosy <r. Since p/y/1 — p? is increasing
on [0, 1), we have
sin ) < r ’
V1—sin2y, ~ V/1—12
s0 v2(r) < va(a) ++/'1 —a? — /1 —r2. Thus v, is defined and continuous on .

Requiring B f ;T2 dr = cos y, after changing the order of integration, results in
(4). Now for B < 6, use

sin yrp r COoS r COoS
Yo _ Y . Y

V1=sin2yy, ~ /1—=r2cos2y ~ J/1—r2

in (4) to see that

va(a) > —F ( / rv1—r? dr) e (3 - l) > 0.

1— 1-a2\B 3

Thus v, is nonnegative.

Next consider I =[1, 00). Since v is nonnegative, sin ¥, <0, which implies that
vy is nonincreasing. From the volume condition on vy, sin ¥, (1) = — cos y. From
(sin ), = Bvy — (sinyp)/r > 0, we get sinyy, > —cos y. Since v; = O(r™?),
sin ¥y = o(r2), giving vy, = O(r~2) as r — oo. Since v, is nonincreasing and
tends to zero, v, is nonnegative. From the formula for v,, we see that v, = or—hH
as r — 00. As (siny),(1) = Bvi(1) +cosy > 0, the integral for v, (1) is finite.
Thus v, is continuous on /.

Finally, by the defining formulas, in all cases, Nv, = Bv; in the interior of /. [J

For interior or annular capillary surfaces and B < 6, Theorem 1.1 provides a
sequence of iterates {v,}, where Nv,y; = Bv, for n > 0. The simplest initial
function is the constant function satisfying the volume condition

2cos y

(5) Vo = m

The properties of this sequence are explored in Section 2. An asymptotic expan-
sion in powers of B is obtained. The theory is then applied to the interior problem
and a formula of Rayleigh for measuring surface tension is proved.
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The exterior problem is considered in Section 3. Two approximations are used
to prove a result of Bruce Turkington [1980] on the asymptotic boundary height as
B tends to zero.

An attractive feature of the method employed in this paper is its applicability to
capillary problems with y =0. The general asymptotic series result in [Miersemann
1993] excludes the case y = 0. However, for the interior problem, Miersemann
[1994] has established an asymptotic expansion with 0 < y < /2.

The annular problem certainly merits further work. A start on this has been
made by Alan Elcrat, Tae-Eun Kim and Ray Treinen [Elcrat et al. 2004].

2. Interior and annular capillary surfaces

The sequence of iterates {v,} for the interior and annular capillary problem (1)
introduced after Theorem 1.1 has the properties listed in Theorem 2.3 below. The
proof will make use of two lemmas whose proof is straightforward. Denote the
inclination angles of two functions v and w defined on [a, 1] by ¥, and ¥, re-
spectively.

Lemma 2.1. Leta <b < 1. If Nv < Nw fora <r < b and ¥,(a) = Yy (a) then
Yy < Yy, fora <r <b. If Nv < Nu for b <r <1 and ¥,(1) = ¥, (1), then
Yy <Yy, forb <r < 1.

Lemma 2.2. If ¥, < Y, on (a, 1) and fal rvdr = fal rwdr then there exists
b € (a, 1) such that v(b) = w(b) and w(r) < v(r) forr < b and v(r) < w(r) for
r > b.

Theorem 2.3. Let u be the solution to (1) and  its inclination angle. For B <
6, the iterates provided by Theorem 1.1 with vy given by (5) have the following
properties:

Vo<yp<-- <Y <---Y3<yy;
vi(a) <vi(a) <---<ula)<---<wva) <vy fora<r<l,
v<wm)<---<u(l)<---<v3(l) <v1(1),

V1 —=a?
1 +a?

V1 —a?cos?y —siny

cos y

n
|lu — vy, <C(y,a)<B ) , where C(y,a)=

Proof. From the defining equations, 1; > 0 and v; > 0 on (a, 1] and so sin y, > 0
on (a, 1].

Since u is positive, it follows that sin ¢y = gfar su(s)ds > 0 for r > a. Since
vg is constant, 9 = 0. Thus, ¥ < .

We proceed to prove a number of statements of a recursive nature, using Lemmas
2.1 and 2.2. First we show that {5 < ¥ implies that ¥ < Y4 for k > 0. By
Lemma 2.2 there exists by, € (a, 1) with vy (bor) = u(bay), u < vy for r < by
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and u > vy for r > byy. Since Nvy41 = Bvy, and Nu = Bu, we conclude that
Y < Yrors+1 by Lemma 2.1 by arguing on the intervals [a, by ] and [by, 1].

In a similar fashion, one proves that ¥ < ;4 implies that Y10 < ¥ for
k > 0. Combining statements, we have Yo < ¥ < ¥y for £ > 0.

We know that g < ¥, for r > a. Next we show that Y < ¥k implies that
Yok43 < Yogs1 for k > 0. By Lemma 2.2 there exists ¢ € (a, 1) with va(cy) =
v2k+2(ck), V2k+42 => Uk forr < Ck and Vk+2 < U2k forr > Ck. Using Nv2k+3 = BUZk
and Nvygy1 = Buyg, we get Yor43 < Yory1 by Lemma 2.1.

Likewise, one proves that V43 < ¥or41 implies that Yog44 > Yop4o for £ > 0.
Combing statements gives that {1} is increasing and {yrp;+1} is decreasing.

From v, < 1 it follows that u(a) < vy (a) and vy (1) < u(1) by Lemma 2.2.
From v < iy it follows that vyry1(a) < u(a) and u(1) < vyy1(1) again by
Lemma 2.2.

Similarly, ¥or < Yoo implies that vogo(a) < var(a) and vor (1) < vog4+2(1) for
k>0; and Yo +3 < Yor+1 implies that vy 1(a) < vary3(a) and vry3(1) < varg1(1)
for k > 0. Thus {vyry1(a)} is increasing, {vy4+1(1)} is decreasing, {vy(a)} is
decreasing and {vy, (1)} is increasing. The proof of the interleaving properties is
complete.

Finally, we establish the error bound. Since u(a) < vy and vy < u(1), and u is
increasing, we have |u — vg| < u(1) —u(a) < v1(1) — v (a). The latter expression
can be estimated. By the defining equations we have

! sin 1//1

—dr.
a +/1—sin?y

Using the inequality sin ¢r; < r cos y to estimate the integral, we get

cos y (r* —a?)
1—a?

siny = and vi(l) —vi(a) =

' rcosy

a J1—r2cos?y
Thus, |u —vg| < C(y, a). This is the case n = 0 of the bound to be established and
we proceed by induction. Assume

vi() —vi(a) < dr=C(y,a).

1+a?

VI—Z\"
lt —v,| < B, ::C(y,a)(B—a) .

From the defining equations for {v,} and the equation for u we have
) ] B r B 1
siny —sin Y41 = — s(u(s) —v,(s))ds or —— s(u(s) —v,(s))ds.
r Ja rJ,

This gives |siny — sin v, 11| < (B, B)/(2r) min{r>—a?, 1—r?}. Using the fact
that

- 2(r2 —a®>) (1 —r?)

) 2 2
min{r-—a“-, 1 —
{r a re} < TTa2
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we have

(6) Isiny —sin 41| < B ——r(l=r?).

1+a?

If m :=n+ 1 is even, then since v, < ¥ and v,,(a) > u(a), v, (1) <u(l),
lu — v | < max{vn(a) —u(a), u(l) —vp (D} < (1) —vu (1) — (@) —vm(a)).

Similarly, if m is odd, then |u — vml < (W (1) —u(l)) — (vu(a) — u(a)). Thus
lu—v,| < |f (U, — vy r) dr| < |u, Unm | dr. We use the Mean Value Theorem
to estimate the integrand, noting that

Sin ¥ and

ST —siny = sty

where & is between sin ¥ and sin ¥,,. Using & < sin y; <r, we have |u, — vy ,| <
| sin ¥ — sin ¥, | /(1 — r?)3/2. Combining this with previous bound (6), we have

sin ¥, sin Y — sin ¥,

Up = U — Upr = (1— -’;:2)3/2 s

V1—a?
et =< 2+1/ == B = B
This completes the induction argument. (]

The upper bound &, = C(y, a)(B\/l —a?/(1 + az))” is at most B”", so we
have an upper bound independent of ¢ and a. For the interior problem, the result
v1(0) <u(0) and u(1) < v; (1) was first proved in [Finn 1981] and the result ¢ < i
was first proved in [Siegel 1989]. For the interior problem with y =0, Theorem 2.3
gives |u — v(| < B, whereas [Siegel 1989] has the better estimate |u — vi| < B/3.

The iterates {v,} can be used to establish an asymptotic expansion for # in pow-
ers of B. Denote differentiation with respect to B by Dpg.

Theorem 2.4. Let 0 <y <nm/2 and 0 < B < 6. The solution u(r, B) to (1) has an
asymptotic expansion in powers of B,

u(r, B)=U0+M0(r)+u1(r)B+u2(r)B2_|_... ,

where u, (r) = Dpwy (r, 0)/n! with wy = vy —vg for k > n > 0. There are constants
C, such that ‘u — (vo +ug(r)y+---+ un(r)B”)‘ < C,B"t! forn > 0.

Proof. The idea is to show that the w,’s have Taylor expansions in powers of B
and combine that with Theorem 2.3. To do this we need to show that Dg wy exists
and is continuous for 0 < B <6, 0 <y < 7 and £ > 0, k > 0. The inclination
angle for wy is ¥ since wy differs by a constant from v;. The wy’s are generated
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recursively by

B [
Sin Yy =siny + — / swy(s)ds,
rJa

' sin Yy

————ds,
a 4/ 1 —sin? l/fk_H

l .
Sin
wk+1<a>=—f (1 -5ty —mVkrt
a V1 —=sin? Yy

@) Wi41(r) = wiy1(a) +

ds,

for k > 0. We have wy =0 and

cosy r?—a?

in =
sinyy 1—a%? r

From the volume condition for vy it follows that

1
(8) / rwydr =0.

We will show by induction on & that DZB wy and D% sin i are continuous for
¢>0and D§sinyy = O(1 —r) for £ > 1.

We will differentiate the recursion relation (7) repeatedly with respect to B, so
we need the equality

sin Iﬁk ¢ hg i
V1=sin?yy T (1—sin® )

where each hy ;, for £ > 0, is a homogeneous polynomial of degree 2j + 1 in
sin g, Dp sinyry, ..., Dg sin ¥, which is of degree at least j in Dp sin Y, ...,
DEB sin Y. This is seen by induction on €. Statement (9) is true for £ = 0. Assume
it is true for ¢; differentiation gives

. ¢ . . )
Dt sin Yy _Z Dphy ; (2j + Dhy,j sinyr D sin
5 _

VI—sin2yy o (1= sin® g) @/+D/2 (1 — sin ) 2IT3)/2

80 hyt1, j = Dghy,o,

’

hz+1,j = DBh&j +2j— l)hg,]’_l sinyyDpsinyy, forl <j<U{,

and hoy1, 041 = (2€+ 1)hy ¢ sin D sin ;. Since Dphy ;j is homogeneous of
degree 2j + 1 in sin vy, Dgsiniy, ..., Dg sin ¥, and of degree at least j in
Dgsinyy, ..., Dg sin Y, statement (9) holds with £ replaced by £ + 1.

Now, back to the induction argument on k. The case for k = 0 is true since
wo =0, sin g =0. Assume the statement is true for k. Taking ¢ derivatives of (7)
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with respect to B we obtain
B [ e ("
Dg sin Yy = ~ / sDeBwk(s) ds + - / ng_lwk(s) ds,
a a

" sin Y41
Dgwit1(r) = Dywip1(a) + [ D -

B —————ds,
a 1— Sll’lzwk_H

1 .
Sin
Dgwk+1(a):—f (1—sDY Vst 4

a vV 1 — sin2 Iﬂk_H

Differentiating the volume condition (8), we have fal ng wi dr = 0 for all £ >
0. Thus we see that Dg sin Y4+ is continuous and Dg sin Yx+1 = O(1 —r) for
¢ > 1. It follows that the integrals defining Dg Wg41 are convergent, so Dg Wyt 1S
continuous. The induction argument is complete.

Now, for a given positive n, take k > n. By Taylor’s Theorem, wy(r, B) =
wi (r, 0) + Dpwy(r, 0)B + - - - + Dy wy(r, 0)B" + O(B"*1), and by Theorem 2.3,
u(r, B) = vo+wi(r, B)+ O(B**1). Thus u = vo+wy (r, 0)+ Dpwyi(r, 0)B+-- -+
D wi(r, B)+ O(B"*!). By the uniqueness of asymptotic expansions, this may be
written u(r, B) = vo+uo(r) +u(r)B +ur(r)B*+-- -4+ u,(r)B"+ O(B"tH. O

Example 2.5. As an example of Theorem 2.4, consider the interior capillary prob-
lem (1) witha =0 and y =0. Then vo =2/B, siny; =r, w; = % —+/1=7r2,s0
U= 2/B+%—\/ 1 —r2+O(B). Similarly, sin vy, = r+%(B/r)((1 2322 1)
so that wy(r, 0) = 3 — /1 —r2 and Dpw,(r, 0) = —1 + 5 In(1++/1—7r2), giving
u(r, B) = 2.2 12y (—1+lln(1+\/1 —r2))B+ O(B?).
B 3 6 3

Setting r =0, we have (0, B) =2/B — 3 + 3(In2 — 3) B+ O(B?). Inverting
this relationship and setting ug = u(0, B), we obtain
2 2 i(n2-1)+3 1
B=— 3(#4-0(—) as ug — oo.

Ug 3u(2) uS ug

This is a formula due to Rayleigh [1915]. It is the basis for the technique of
measuring surface tension by means of the rise of liquid in a narrow tube.

3. Exterior capillary surface

In the exterior case, since the domain is unbounded, we must proceed differently
in finding an initial approximation v;.

Set vy = AK(r), where K (r) = (l/ﬁ)Ko(\/Er) (Ko being a modified Bessel
function of the second kind) and A is a positive constant. We will make use of
the fact [Siegel 1980] that vy, which satisfies vy, + vy, /r = Bvy forr > 0, is a
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supersolution: Nv; < Bv; for r > 0. The Bessel function K(r) has the following
properties [Lebedev 1965]:

—r

N2mr

We also need that (rK)" = rKq for r > 0 and K(r) ~ —r~lasr — 0. Now
choose A so that B floo rvy dr = cos y: namely, A = —(cos y)/K()(\/E).

Ko(r) >0, K(/)(r) <0, Ko@)~ asr > o0, Ko(r)~—Inrasr—0.

Theorem 3.1. Let vi(r) = AK(r) be as chosen above and let vy be determined
according to Theorem 1.1, so that Nvy = Bvy, vy(r), va,(r) — 0asr — oo. Then

(@) <Y @) forr > 1, Yyo(1) =y (1) =y —m/2 and vi(1) < u(l) < vy(1). It
follows that u(1) = —cosy InvB+ O()as B— 0.

Proof. By Theorem 1.1, Y» (1) =¥ (1) =y —n /2 and va(r), va,(r) > 0asr — oo.
If v1(1) > u(1), then v (r) > u(r) for r > 1 by the comparison principle. This
contradicts the volume condition. Thus v;(1) < u(1). Note that
KO(«/E) cosy
VBK{(~/B)

Also, because of the volume condition, there exists a b > 1 so that vy (b) = u(b).

(10) vi(1) = — =—cosyInvB+ O(1)as B— 0.

Since vy is a supersolution, vy (r) > u(r) for r > b and v;(r) < u(r) for r < b. This
implies that Nvy < Nu forr <b and Nv, > Nu for r > b. Using that ¥, (1) =¥ (1),
rsinyn(r), rsiny(r) — 0 as r — 0o and integrating on [1, b] and [b, co] gives
that sin ¥, (r) < siny(r) for r > 1. Thus ¥ (r) < ¥ (r) for r > 1 or, equivalently,
vy, < u, for r > 1. Using that u(r), vp(r) — 0 as r — 00, and integrating on
[1, 00), gives that u(1) < vo(1).

Finally, we have

rsinyn(r) =—~B /oosvl(s) ds = —rv;,(r),

SO sin Yy = AK(’)(\/Er). Using that vy, = siny;/4/1 — sin? v, and integrating on

[1, 00) gives

(11) ua(1) = 87 foo Ko(VBr) ar.
K,(WB) )i \/1 ( cos y KB ))
=
K\(VB)

We will show that there is an upper bound on v, (1) which is asymptotically the
same as (10). Change variables in the integral with the substitution s = v/Br and
write the integral as the sum of two terms, where § is an arbitrary fixed positive
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number: () =1+ 5L, I, = fj/EFds, L= faoo F ds, where

P cosy _F cosy
= 1= —F—
\/(ﬁKé(ﬁ))z o2 Vs> = Bcos’y
——— ") — Bcos
Ky(s) ’
and
cos y K (s) cos y K (s)
F= <F2= .
«/EK{)(«/E)\/ (cosyl(é(s))2 \/EK(/)(«/E)\/ (cosyl((/)(é))2
- (—= |- (=2
K{(v/B) K{(~/B)

The upper bound F; was obtained by using that (rK|})’ =r K¢ > 0, so that
|VBK{(VB)| > IsK{(s)|

for s > +/B. Using the upper bounds F; and F, for the integrals /; and I, we

obtain

I <cosy <ln(8 ++/8% — B cos? y) - ln(\/ﬁ(l + sin y)))

= —cosy InvB+0(1),
cosy Ky (5)
I =— =0().
\/EK/(\/F)/ (cos 1<’(5))2
0 Y&
1_ /—
K{(v'B)

Thus u(1) < va(1) = I + I, < —cos y In+/B + O(1). Combining this with the
lower bound (10), we have that u(1) = —cosy Inv/B + O(l)as B— 0. O

Translating [Turkington 1980, Theorem 3.3] to the notation of this paper gives
u(l) ~—cosyIn VB as B — 0. Theorem 3.1 gives a better estimate of the error.
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CONVEX, ROTATIONALLY SYMMETRIC LIQUID BRIDGES
BETWEEN SPHERES

THOMAS 1. VOGEL

A liquid bridge between two balls will have a free surface which has constant
mean curvature, and the angles of contact between the free surface and the
fixed surfaces of the balls will be constant (although there might be two
different contact angles: one for each ball). If we consider rotationally sym-
metric bridges, the free surface must be a Delaunay surface, which may be
classified as a unduloid, a nodoid, or a catenoid, with spheres and cylinders
as special cases. In this paper, it is shown that a convex unduloidal bridge
between two balls is a constrained local energy minimum for the capillary
problem, and a convex nodoidal bridge between two balls is unstable.

1. Introduction

The stability and energy minimality of a liquid bridge between parallel planes has
been well studied [Finn and Vogel 1992; Vogel 1987; 1989; 2002; Zhou 1997].
That of the related problem of a liquid bridge between fixed balls, as in the figure,
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has been studied less (but see [Basa et al. 1994; Vogel 2005; Vogel 1999]). We give
a simple way of determining if a convex, rotationally symmetric bridge between
fixed balls is an energy minimum. Namely, if a convex bridge between spheres is
a section of an unduloid, it is a constrained local energy minimum, and if it is a
section of a nodoid, it is unstable, and in particular not an energy minimum. (For

MSC2000: 53A10, 58E12, 76B45.
Keywords: capillarity, constant mean curvature, stability.
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368 THOMAS 1. VOGEL

rotationally symmetric bridges, we will use “convex” to mean that the profile curve
of the free surface is a convex function.)

Someone familiar with [Vogel 1989] might be suspicious of this claim, because
it is shown there that convex bridges between planes are always stable. How could
reducing the radius of the spheres from infinity to a finite amount change the be-
havior so drastically? The resolution of this apparent paradox is that in looking
at bridges between parallel planes, one deals with stability or energy minimality
modulo translations parallel to the planes: there are perturbations which are au-
tomatically energy neutral. Changing the fixed surfaces from planes to spheres
will change the boundary contribution of the relevant quadratic form J(, defined in
(1-2), and in particular the value of the quadratic form as applied to the perturba-
tions which were energy neutral for the bridge between planes. This is in fact the
key point of the paper. If the bridge is a section of a nodoid, then in changing the
fixed surfaces from planes to spheres, the energy neutral perturbations change to
energy reducing perturbations, causing instability. On the other hand, if the bridge
is a section of an unduloid, then in changing the fixed surfaces from planes to
spheres, the energy neutral perturbations change to energy increasing ones, which
we will show implies that the bridge is a constrained local energy minimum.

Definitions. In considering the stability and energy minimality of a liquid bridge
between solid balls, some concepts from the general theory of capillary surfaces
must be recalled [Finn 1986; Vogel 2000; Vogel 2002]. Suppose that I' is the
boundary of a fixed solid region in space, and that we put a drop of liquid in
contact with I". Let Q2 be the region in space occupied by the liquid, and X the
free boundary of Q2 (the part of 92 not contained in I'). In the absence of gravity
or other external potentials, the shape of the drop results from minimizing the
functional

(1-1) €(82) = [X] —c[Xul,

where | X| is the area of the free surface of the drop, | X ] is the area of the region on
" wetted by the drop, and ¢ € [—1, 1] is a material constant. The minimization is
under the constraint that the volume of the drop is fixed. The first-order necessary
conditions for a drop to minimize (1-1) are that the mean curvature of ¥ be a
constant H (this is a Lagrange multiplier arising from the volume constraint) and
that the angle between the normals to ¥ and to I' along the curve of contact be
constantly y = arccos ¢ (see [Finn 1986]).

A capillary surface X is a constrained local energy minimum if it is the free
boundary of a drop Q such that €(2) < €(2’) for any comparison drop €’ near
(but not equal to) €2 in an appropriate sense, and containing the same volume of
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liquid. The question of what sense of “nearness” is appropriate is a complex one,
but one approach is based on curvilinear coordinates [Vogel 2000].

In the common special case that there is a group of symmetries taking I" to
itself, we say that X is a constrained local energy minimum modulo symmetries
if €(Q) < €(Q') for comparison drops Q' that are near 2, and if €(Q2) = €(Q)
implies that Q" is obtained by applying an element of the symmetry group to .
The specific example that we will deal with in this paper is that of a liquid bridge
between parallel planes. No bridge could be a constrained local energy minimum,
since translations parallel to the planes leave energy unchanged. However, in
certain circumstances one can show that a given bridge is a minimum modulo
these translations: any nearby bridge with the same energy (and volume) will be a
translation of the original one [Vogel 2002].

Suppose that ¥ = 3 (0) is embedded in a smoothly parameterized family of
drops X (¢), all of which contain the same volume. If (d?/de®)€ (X (¢)) is negative
at ¢ = 0 for that family, X is said to be unstable. Otherwise, X is stable.

The quadratic form related to stability and energy minimality is
(1-2) 6. 0) = [[ 1962 = 15Pe*az + § o4 do.
z o

Here |S|? is the square of the norm of the second fundamental form of X. (In terms
of mean curvature H and Gaussian curvature K we have |S|> = 2(2H? — K), and
in terms of the principal curvatures, |S 1> = k% + k%.) We write o for dX. The
coefficient p is given by

(1-3) P =Kx COty —KrcsCy,

where «y is the curvature of the curve X N IT and «r is the curvature of I' N I1, if
[T is a plane normal to the contact curve dX. These planar curvatures are signed:
in Figure 2, left, both x5 and kr, are negative.

We will denote the subspace of H'(X) of all ¢ for which [[; ¢dT = 0 by
, since this subspace is the collection of functions which are perpendicular to
the constant function 1 in the H' inner product. The relationship between .l and
stability is that X is stable if and only if AL(¢, ¢) > O for all ¢ € 1+. If X is a local
energy minimum or a local energy minimum mod symmetries, then X is stable.
However, stability does not imply that ¥ is any sort of local energy minimum. It
is not known whether the stronger condition Jl(¢, ¢) > O for all nontrivial ¢ € 1+
is enough to imply that a capillary surface is some sort of energy minimum. (See
[Zhou 1997, Editorial comment] and [Vogel 2000] for a discussion of this point. If
the contact curves are “pinned” rather than free to move on I', the strengthened con-
dition will imply energy minimality; see [Grosse-Brauckmann 1996].) In [Vogel

1J_



370 THOMAS 1. VOGEL

20001, it was shown that if for some & > 0, we have .IL(¢, ¢) > ¢ ||¢||> holding on
1+, where ||| is the H'(X) norm, then ¥ is a volume constrained local minimum
for energy. If M(¢p, @) > ¢ ||@ I ona subspace for an & > 0, J is said to be strongly
positive on that subspace.

The quadratic form Jl is analyzed in [Vogel 2000; 2002] by considering an
eigenvalue problem arising from integration by parts. Define the differential oper-
ator & by

L) =—Ay — ISPy,
where A is the Laplace—Beltrami operator on X. The eigenvalue problem we study
is given by

L) = Ay on X,
b(y)=v1+pYy=0 ondk,

where 1] is the outward normal derivative of 1. If the eigenvalue problem has
no nonpositive eigenvalues, the bridge is stable, and in fact a constrained local
energy minimum. If there are two or more negative eigenvalues, then the bridge is
unstable. If there is one negative eigenvalue, and the rest are positive, then there
is a further condition which must be checked to see if the bridge is stable (see
[Vogel 2005; Vogel 1987]). In [Vogel 2002] it is shown that a bridge between
parallel planes must always have zero as a double eigenvalue, corresponding to
energy neutral translations. The relationship between the bilinear form Jt and the
operator & is that

(1-4)

(1-5) A, y) = / fz $L () dT +7§ by do

after an integration by parts.

This general theory must be modified when we consider bridges between fixed
balls, at least when we want to allow for different contact angles on the different
balls B; and B,. In that case, there will be two material constants ¢ and ¢;, and
the energy functional will be

E(2) = X[ —c1|Z1] — 2| X,

where X and X, are the wetted regions on B and B respectively. The contact an-
gles with the B; will be y; = arccos ¢;. The bilinear form Jl must also be modified.
If we write o; for the curve of contact of X with B;, we have

(1-6) M(¢,¢)=/f |V¢|2—|S|2¢2dz+f /01¢2da+?§ pr? do.
b (o] (op)

The boundary conditions for the eigenvalue problem for the operator & must sim-
ilarly be adjusted.
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2. Comparing bridges between planes and bridges between spheres

In the absence of gravity, a capillary surface is a surface X of constant mean curva-
ture which makes a constant contact angle y with a fixed surface I'. Suppose that
we have such a surface, and, while keeping ¥ and its boundary fixed, we replace I
by a new surface I'/, which still contains 3. Suppose this new surface I’ makes
a new constant contact angle ' with X. The general question is how this will
effect stability or energy minimality of X. At first glance, this question may seem
artificial. However, rotationally symmetric liquid bridges between solid spheres are
the same surfaces as those between parallel planes. Since much is known about
stability of bridges between planes, our hope is that from this knowledge we can
infer some information about stability of bridges between spheres.

From (1-2), we can conclude that changing the fixed surface I" may change
the value of p, but that the surface integral in Jl remains unchanged. It therefore
makes sense to compare p values for bridges between planes and bridges between
spheres. It is known (see [Vogel 1987]) that a bridge between parallel planes must
be a surface of revolution. (However, there are bridges between spheres which
are not surfaces of revolution. See Note 1.) Surfaces of revolution having constant
mean curvature are called Delaunay surfaces. Their profile curves may be obtained
by rolling a conic section along an axis and tracing the path of a focus. Rolling
an ellipse results in a curve called an undulary, and the resulting surface is an
unduloid. Rolling a hyperbola yields a nodary as a profile curve and a nodoid as
the surface. Parabolas give catenaries and catenoids, cylinders come from rolling
circles, and spheres come from “rolling” line segments. See [Kenmotsu 2003] for
more information about Delaunay surfaces.

To make things specific, consider the following situation. Suppose that we have
a Delaunay surface generated by a profile passing through the point (xg, yg), and
that the axis of rotation of the Delaunay surface is the x axis. Suppose that «y is
the curvature of the profile at the point (xg, yo) (this agrees with the terminology
in (1-3)). The bridge is only part of the Delaunay surface, so let’s assume that
the bridge lies to the left of the plane x = xg. The profile curves of one case is
illustrated in Figure 2, left, where the center of the sphere is to the right of I',. The
other case, where the center is to the left of I',, but the sphere still does not cross
the free surface X, is in Figure 2, right. The point of the following calculation is to
determine how the value of p along the curve of contact will change in going from
the Delaunay surface forming a bridge between planes to the Delaunay surface
forming a bridge between spheres.

Lemma 2.1. Suppose that the fixed surface that the bridge X contacts is the plane
X = xg, whose profile is labeled T, in Figure 2, and let y, be the contact angle
between the normals N and N, to ¥ and T, respectively. Let p, be the value of p
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Figure 2. Changing the fixed surface.

for this configuration. Now consider replacing the plane by a sphere going through

(x0, Yo), whose profile is labeled Iy, in Figure 2. (The subscripts o and n stand for
“old” and “new”.) Assume that this sphere has radius a and center on the x-axis.
The contact angle has changed to y,, and the value of p has changed to p,. Set
N="Yo— Vn Then

1 sin y,
2-1 Pn — Po = ) Ks + ,
(cotn —cot y,) sin” y, Yo

Proof. Case 1: We have p, = ky cot y,, since the curvature of the fixed surface is
zero. Now replace the plane by I'),. The contact angle is now the angle between N
and N,, and has changed to y,, = y, — n, where n = arcsin(yo/a). Therefore the
new value of p is

1
pn:KECOt(Vn_n)+;CSC(Vo_n),

since the sectional curvature of the fixed surface has decreased from 0 to —1/a.
Trigonometric identities for cot(A — B) and csc(A — B) give, as desired,

Pn — Po

coty,cotn+1 1 1
=kg| —————coty, | + — .
cotn —coty, asiny, sinn \ cotn —coty,

cot y, cot n+1— cot y, cot n+ cot? Yo . 1 1
=K
> cotn —coty, sin y, sin ) \ cot n— cot y,

1 1
= K};csczyo—i-*
cotn —coty, asmy, smmn

1 sin y,
= ) Ky + .
(cotn —coty,) sin” y, Yo




CONVEX LIQUID BRIDGES BETWEEN SPHERES 373

The calculation for case 2 is similar, except that now n = /2 — arcsin(yp/a),
and is omitted. U

Now, suppose that we have a bridge with a convex profile. In both case 1 and
case 2, one can show that 0 < n < y, < m, so that cotn — coty, > 0. Therefore,
the sign of kx + (sin y,)/yo will determine whether the value of p has increased
or decreased. From this we will be able to determine stability of convex bridges
between spheres. We first need to recall some facts about the profiles of Delaunay
surfaces.

If (x(s), y(s)) is an arclength parametrization of the profile of a Delaunay sur-
face, with inclination angle ¢ (s) (see Figure 2 for ¢) and mean curvature H, we
have the following system of ordinary differential equations (see [Vogel 1989]):

dp cos¢
ds y

d d
2-2) d—i: = cos ¢, d—i =sing,

From this system, it’s easy to see that

+2H.

d 2

n (ycos¢ + Hy”) =0,

so that y cos ¢+ H y? is constant along Delaunay profiles. The value of this constant
has a geometric meaning.

Lemma 2.2. Let the constant value of y cos ¢ + Hy?> on the profile of a Delaunay
surface be called c. If Hc > 0, the profile is a nodary, and if Hc < O the profile is
an undulary.

Proof. This is already known (see [Oprea 2000], for example), but I was not able
to locate a proof in the literature, and it is not hard to present one. It is easy to
check that ¢ = 0 for a sphere, so this case will not occur. Substitute the definition
of c into the last equation in (2-2) to see that
9 _ g, . °
ds y2
If H and c have the same signs, ¢ (s) is monotone on the profile. This rules out
undularies, and a catenary is not possible for H # 0, hence we must have a nodary.
On the other hand, suppose that H and ¢ have different signs. From the definition
of c it is clear that ¢ = /2 cannot be on the profile. The only possibility in this
case is an undulary (of which a circular cylinder is a special case). O

Lemma 2.3. Suppose that we have a rotationally symmetric bridge ¥ with a convex
profile contacting a plane as in Figure 2. Suppose that we replace the plane I, with
a sphere 'y, as in the figure. If X is a portion of an unduloid, then p, > p,, and
if X is a portion of a nodoid, then p, < p,. In particular, if we take a convex
bridge between parallel planes and replace the planes by spheres, both values of
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p in (1-6) will increase if ¥ is a portion of an unduloid, and decrease if ¥ is a
portion of a nodoid.

Proof. As noted before, the sign of the change of p is the same as the sign of
Ky + (siny,)/yo. But this last quantity will be equal to

d cos cos 2
an ¢"=2( ¢0+H>=—2(yoCOS¢O+Hy§),
ds Y0 Y0 Yo

where ¢, is the inclination angle of the profile at the right endpoint, so ¢, =7 /2 —
¥,. Thus
siny, _, % ’
Yo Yo
where ¢ has the same meaning as in Lemma 2.2. From the last equation in (2-2),
it is clear that for a convex profile we have H < 0, so ¢ > 0 for an undulary and
¢ < 0 for a nodary. O

Ky +

Theorem. Suppose that ¥ is a rotationally symmetric bridge between spheres,
whose profile is given as a solution to (2-2), and that d¢/ds < 0 and dx/ds > 0
on the bridge profile including the endpoints. If ¥ is a section of a nodoid, it is
unstable. If X is a section of an unduloid or a sphere, it is stable, and is in fact a
local constrained energy minimum. (We do not assume that the spheres have equal
radius or that the contact angles are equal.)

Proof. 1t is known that for bridges between parallel planes, a convex bridge is
a constrained local energy minimum modulo translations in directions parallel to
the planes [Vogel 2002; [1989]]. In the proof in [Vogel 2002], we considered the
quadratic form

. 0= [[ (V9P = 15702 az+ § pasdo+§ o2 do
z o] 02
We write p,; for the old value of p; as in Lemma 2.1. It was shown that this is
strongly positive (i.e., that there is an € > 0 so that /M, (¢, @) > ¢ ||¢>||2, where ||-|| is
the H'(X) norm) on the subspace of 1+ of ¢’s which are also orthogonal in H!(%)
to infinitesimal translations parallel to the fixed planes. This strong positivity leads
directly to the statement about energy minimality. However, if i corresponds to a
translation parallel to the fixed planes, we must have Jil, (., ©) =0, since J is the
second Fréchet derivative of energy, and energy is unchanged by translations. In
fact, the eigenvalue problem (1-4) will have a single negative eigenvalue, O as an
eigenvalue of multiplicity two, and all other eigenvalues positive. Using the same
notation as in [Vogel 2002], we let u; and w, span the subspace of infinitesimal
translations parallel to the fixed planes. With the parametrization of ¥ given in
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Section 5 of that paper, we have

CoS v sin v

(u,v) = ——= and U, v) = ———=
wi(u, v) man wo(u, v \/W

(the profile being given as the graph of r = f(u)). These functions also span the
kernel of the eigenvalue problem (1-4).

If the corresponding new values p,, ; satisfy p,.1 < p,.1 and p, 2 < p,.2, the bridge
is unstable for the new configuration of fixed surfaces, and hence not a constrained
local energy minimum. The reason is simple: we must have J,, (¢, ¢) < M, (P, )
for any ¢ which is nonzero on a set of positive measure on the boundary of X.
In particular, /M, (1, 1) < 0. But translations in the original configuration also
conserve volume, so f fz w1dX =0,1ie., u; € 1+. The second variation of energy
is negative for this infinitesimally volume-conserving perturbation, so we have in-
stability in the case that p, ; < p, ;. From Lemma 2.3, we therefore have instability
when the bridge is a portion of a nodoid.

If pni > po.i» SO the bridge is a portion of an unduloid, we expect the new
configuration to be more stable in some sense than the old one. In fact, we will
see that in this case .IL,, is strongly positive on all of 1. For suppose that this is
not the case. We certainly know that Ji(,, is nonnegative on this space, since Jl,
is nonnegative on this space and A, (¢, @) > M, (¢, ¢). So, if M, is not strongly
positive on 1+, there must exist a sequence {¢y} in 1+ for which ||¢x]| = 1 and
limy—, o0 My (¢, d1) = 0.

Projecting this sequence onto the span of 1| and ), we write

¢k = arpr + b + @

Note that since ffz ni d% =0, we have ¢; € 1+, By going to a subsequence, we
may assume that {a;} and {b;} converge to a and b, respectively. Now,

My (i, Dic)
> Mo (Pic, Prc)
= Mo (arpr + brpz + ¢, agpr + brpo + ¢f)
= Mo (axpr + brpa, axpr + brpa) + 20, (axper + bpo, ¢5) + Mo (07, ¢5)
= Mo (97.97) = ¢ |0t
where the terms Jl, (ax 1 + brpo, agi1 + biitr) and AL, (ak,ul + by iz, qb;f) van-
ish by (1-5) and the fact that £(u;) =0on X, b(u;) =0ono.

From the inequality above and because JLl,, (¢r, ¢x) converges to 0, we conclude
that limy_, o {¢}} = 0 in H'(X); thus

lim ¢ =ap; +bus
k— 00
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in H'(Z). Animmediate consequence is that @ and b cannot both be zero, since all
of the ¢ ’s have length 1 in H!(X). This leads to a contradiction. Since ., (¢, ¢)
is continuous on H!(X),

My (apy +bpa, apr +bpz) = lim My, (dx, ¢i) = 0.
k— 00

However, a1 + b, is not identically zero on dX. The reason is that it represents
the component normal to X of a nontrivial translation parallel to the original fixed
planes. Therefore

My (apy +bpa, apy +bpr) > Mo(apy +bua, apy +bur) =0,

a contradiction. Thus .I(, is strongly positive on all of 1+, proving that a bridge
between spheres which is convex and part of an unduloid must be a local energy
minimum. ([

Note 1. No claim about energy minimality was made in the case that the bridge is
a section of a sphere. In this case, the spectrum of the eigenvalue problem (1-4)
remains the same as in the problem of a bridge between parallel planes, so that
0 is an eigenvalue of multiplicity two. What is happening at the symmetrically
placed spherical bridge is that there is a “wine cup” bifurcation. By shooting argu-
ments, one can show that this spherical bridge is embedded in a family of Delaunay
surfaces which form bridges between the balls. But by simple trigonometric argu-
ments, one can also construct a family of asymmetrically placed spherical bridges,
as in Figure 3. For every volume larger than the volume V| of the symmetrically
placed spherical bridge, there is a one-parameter family of asymmetric spherical
bridges, all of which rotate into each other. As the volume decreases to Vj, these
all collapse to the symmetrically placed spherical bridge, so that the symmetrically
placed spherical bridge is a limiting member of this family as well.

)y

TNRRRNANN

ERIANN

Figure 3. Asymmetrically placed spherical bridge.
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Note 2. A cylindrical bridge between spheres is a limiting case of unduloids.
Conditions under which the cylinder is a local energy minimum are derived in
[Vogel 1999].
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NEW EXOTIC CONTAINERS

HENRY C. WENTE

We describe the construction of new exotic containers in a gravitational
field. These are containers which, for certain volumes of fluid, possess a
continuum of noncongruent equilibrium configurations. Unlike the con-
structions of Gulliver and Hildebrandt (1986) and Concus and Finn (1991),
our containers need not be rotationally symmetric. One of their features is
that the equilibria seem likely to be local minimizers of energy, in contrast
to earlier constructions where the equilibria were always unstable.

1. Introduction

Consider a container X, partially filled with a fluid of density p, occupying a region
T, sitting in a gravitational field of intensity g. We denote the liquid-air interface
by A, enabling us to write down the potential energy of the configuration,

(1-1) E:0|A|+pg/zdv—or|2/|, IT| < 1.
T

Here |A| is the area of the free surface, |X’| is the wetted area of container wall,
and t is the wetting energy of the fluid in contact with the wall. In equilibrium the
configuration will be such that the potential energy is an extremum with respect
to the volume constraint, |T| = Vj. The case of positive g corresponds to the
gravitational force acting downward. However, the cases g =0 and g < O are also
of interest to us.

The Euler—Lagrange equations determine the following conditions for equilib-
rium. First, the mean curvature of the free surface satisfies 2H = kz + A, where
k = pg/o and A is a constant arising as a Lagrange multiplier. The sign of the mean
curvature is determined relative to the unit normal on A directed away from the
fluid T'. Secondly, the boundary conditions stipulate that the free surface meets the
container wall at a contact angle y where cos y = t. Here the angle y is measured
interior to the fluid.

An exotic container is a vessel with a smooth wall such that for some particular
volume of fluid there will exist a continuum of geometrically distinct equilibrium

MSC2000: primary 53A10; secondary 49Q10, 35F10.
Keywords: capillarity, prescribed mean curvature, exotic containers.
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configurations. In the published examples the exotic containers are always taken
to be rotationally symmetric about a vertical axis. The corresponding interfaces
are also rotationally symmetric and usually contain the flat surface u = 0 as one
member of the family. The first example appeared in the paper by R. Gulliver
and S. Hildebrandt [1986], who considered the case of zero gravity, g = 0, and
with wetting energy, T = 0, so that the contact angle was y = 7/2. In this case
the free surfaces are spherical caps and the construction of the container wall is
very geometric. The remaining cases where g > 0 and arbitrary contact angle y,
0 < y < m were studied in a series of papers by P. Concus and R. Finn.

It turns out that in all of these cases the rotationally symmetric equilibria are not
stable. This feature was first discussed in [Concus and Finn 1989]. A complete
proof was given in [Wente 1999]. This behavior was verified in a drop tower
experiment, discussed in a paper by Concus, Finn, and Weislogel [Concus et al.
1992]. The experiment was also reproduced later in gravity-free conditions in a
space lab mission.

This paper shows the construction of many new exotic containers. Consider,
first, a round spherical container containing some fluid, with the free surface being
a circular planar disk meeting the container wall with contact angle y. This is an
equilibrium configuration in gravity-free conditions with wetting energy T =cos y.
It is part of a two-parameter family of congruent configurations (not geometrically
distinct). They are minimizers of the appropriate energy. What happens if we add
gravity? Can we construct exotic containers whose extrema are local minimizers
of energy? This is our goal.

Our method of construction is as follows. Start with a one-parameter family
of extremal surfaces satisfying the Euler—Lagrange equation. (For the Gulliver—
Hildebrandt construction the family consisted of spherical caps symmetric about
the z-axis. The Concus—Finn examples use the rotationally symmetric solutions to
the sessile drop equation when g > 0.) The class of admissible surfaces we shall
use are those extrema of cylindrical type. Namely, they are ruled surfaces with a
generating curve lying in the xz-plane. The rulings are straight lines parallel to the
y-axis. Since at every point one of the two principle curvatures is zero, the surfaces
are metrically flat. For g = 0, the surfaces we shall use are tilted planes. For g # 0
the generating curves are determined by the condition that the signed curvature of
the generating curve is a linear function of height. Such curves have an interesting
history, having first been studied by Euler, and are called elastic curves. We shall
refer to the corresponding extremal surfaces as elastic surfaces.

Start with our family, {A,}, parametrized by ¢. The surface Ay will be the
horizontal plane. A, will be that elastic surface whose generating curve passes
through the origin, whose curvature k equals «z, and whose inclination angle at
(0, 0) is z. These curves will have an inflection point at the origin, bending one way
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when z is positive and the opposite way when z is negative. We must also allow
the surfaces A; to be transported vertically by an amount %(¢) to be determined.
Call this new family A,. Pick a region Xg C Ao with bounding curve I'g. One
now constructs the rigid bounding surface ¥ by analogy with the Monge cone
construction. ¥ will consist of the union of curves I'; lying in A,. The requirement
is that each elastic surface A, meet the rigid surface ¥ at a prescribed contact angle
y. It is still necessary that the volume enclosed by ¥ and A, remain fixed. This is
achieved by an appropriate choice of A (¢). For y = 90° the construction is easier.
The volume condition is satisfied by setting A (#) =0 and the surface X is generated
by taking orthogonal trajectories emanating from the base curve, I'g. Generally,
we shall assume that 'y is symmetric about the y-axis, but this is not a necessary
condition for our construction.

Consider the case g = 0, where A; is the family of tilted planes. If I'g C Ag
is a circle with center at the origin, our construction recovers the round sphere.
However, if 'y is some other closed curve, say an ellipse, we obtain some new
bounding surfaces which are not so easy to describe.

The construction of exotic containers is also of interest in one lower dimension.
This may be imagined as some fluid sitting between two vertical planes. In this
case the free surface is a narrow ribbon. We shall analyze this case as well. We
refer to this situation as the planar case.

In Section 2 we discuss elastic curves, those for which the signed curvature is a
linear function of height. Such curves will generate our elastic surfaces, A;. They
were studied by Euler and have other potential applications to capillary theory
besides the construction of exotic containers. They determine potential sessile or
pendant drops in one lower dimension. In Section 3 we carry out the construction
of the exotic containers. We shall analyze the planar case first and then the more
physical situation in dimension three.

In Section 4 we discuss the stability question. As mentioned above, for the
gravity-free case and where our initial curve I'y is a circle, the corresponding
container wall is a sphere. Here the configurations are all energy minimizers (all
congruent as well). We would like this to be true more generally. We do show that
in the planar case our construction does produce a container for which the initial
flat surface Ay is a strong local minimizer. It seems likely that this should be true
in the three-dimensional case as well assuming that Iy is chosen properly.

2. Elastic curves

In this section we construct a particular set of solutions z = u(x, y) for the free-
surface interface, namely those that depend only on one variable x, so z = u(x).
The solutions (regarded as curves in the xz-plane) are called elastic curves; the
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corresponding ruled surfaces in R> will be called elastic surfaces. By a vertical
translation we may set the Lagrange multiplier A to 0. By a rescaling we may
suppose that k = pg/o = 1. This gives us the differential equation

(2-1) W JA+ W) =u, z=uk).

The signed curvature is precisely u. It is a linear function of position. As noted in
the introduction, this is the governing equation for the equilibrium configuration of
a planar elastic rod. See [Giaquinta and Hildebrandt 1996] for a nice discussion.
Let the curve € be parametrized by arc length, (x(s), u(s)). If we let 8(s) be the
angle of inclination, the differential equation (2—1) can be rewritten as

2-2) 0'(s) =k(s) =u(s), k(s)=curvature.
Here are some elementary observations concerning solutions to (2-2).
— If (x(s), u(s)) solves (2-2) so does {x(s) + xg, u(s)).
— If (x(s), u(s)) solves (2-2) so does (x(s), —u(s)).

— If we reverse the orientation of the curve by setting o0 = —s, the new curve
satisfies the equation 6'(0) = —u (o).

— Suppose 0'(s) = u(s). If u(s) > 0 the curve is bending counterclockwise, if
u(s) < 0 it is bending in a clockwise manner, there is an inflection point as
the curve crosses the x-axis.

— For 0'(s) = u(s), pg/o =1 the fluid is taken to be on the right in the direction
of increasing s.

— The strong touching principle: Let €, ‘6, be oriented curves both satisfying
(2-2), with 0] (s) =u (s) and 0 (s) =u2(s). If 6} =6, at some level u = it, then
the two curves are congruent. If they touch at some point they are identical.

Upon differentiating (2-2) we have 6”(s) = u’(s) = sin6, which can be inte-

grated giving

(2-3) 10/(s)* +cosO =E,  u*(s) =2(E —cosb).
We analyze solutions to (2-3) via phase-plane analysis. Clearly the energy E is at
least —1. In fact:

(a) If E=—1, then ® = and u(s) =0. The solution is the horizontal line, u =0,
being traversed right to left so that the fluid lies above the z-axis.

(b) If E =1, there is the constant solution 6(s) = 0. Again u(s) =0 and the curve
is traversed left to right with the fluid below the z-axis.

Now consider the case —1 < E < 1. The phase portrait of (2-3) is shown in
Figure 1. The solution 6(s) will be oscillatory with a minimum value 6 (0) = 6,
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-1 <E=cos Oy< 1

Figure 1. Phase portrait of the solution (2-3).

where 0 < 6y < 7 and E = cos 0y. We have O, = 0p and Opax = 2r — 6. Since
E = cos 6y, the second equation in (2-3) becomes

u*(s) = 2(cos By — cos 0).

This expresses u as a function of 8. We can use 6 itself as a parameter, 6y < 8 <
2w — 0y. Since dx/dO = cos 6 one finds

6
d
(@) = / __cospdp
6, ~/Cosby—cosg

We have a parametrization (x(0), y(0)) valid for 6y < 0 < 2w — 6y with initial
condition (x(6p), u(6pg)) = (0, 0). Let this curve be expressed in terms of arc
length, 0 < s < ¢. It may be extended using (2-3) to the interval —¢ < s < £
with (x(—s), u(—s)) = —(x(s), u(s)). Finally the solution extends for all s by
setting x (s +2¢) = x(s) +x(2¢), and u(s +2¢) = u(s). The complete curve bends
to the left when u is positive and to the right when u is negative. A complete picture
is obtained by observing the curve (x(9), u(9)), 6p <0 <.

Theorem 2.1. Consider solutions to 0’ (s) = u(s) satisfying 2-3) with —1 < E < 1.
By setting E = cos b, 0 < 6y < m we have

u%(0) = 2(cos By — cos 0).

Consider that portion of the complete curve where 8y <0 < ; for 0 = 6y the curve
passes through the origin. One has three types of graphs, depending on whether
0<by<m/2,00=m/2,0orm/2 < By < m (Figure 2).
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Figure 2. Qualitative appearance of elastic curves.

We set (xpr, zm) = (x (), u(m)), and also (x4, z4) = (x(w/2), u(w/2)) in the
case 0 < 0y < /2. We identify zy with upy and za with u 4.
(1) We have ui = uz(n/Z) = 2FE; equivalently, us = ~v2E = y/2cosby. The
function u 4 is strictly increasing in E, for 0 < E <1, with range 0 < u 4 < /2.
(2) x4 is strictly increasing in E, for 0 < E < 1, with range 0 < x4 < 00, and x 4
becomes infinite as E approaches 1.
(3) We have uﬁ,[ =2(E +1), or equivalently, uy; = V2(E + 1), for -1 < E < 1.
Therefore uyy is strictly increasing in E, for —1 < E < 1, with range 0 <
uy < 2.
(4) xp is strictly increasing in E, for —1 < E < 1, with range —m < xp < Q.
Proof. We need only verify (2) and (4). Suppose €1 : (x1(0),u;(6)) and 6, :
(x2(0), u2(0)) are two solutions with initial inclination angles 0 < ap < o] < 7/2

so that 0 < cosa; = E; < Ey =cosap < 1. It follows that us, < uga, by (1).
Initially the curve %6, lies to the right of €. I claim that it does so for 0 <u <uy,.
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If this were not the case, the two curves would intersect at some smallest value i,
with O < &z < ua. At this level the inclination angles would satisfy 6, < 6,. With
equality we are done, since by the touching principle we would have €, = ;. But
01 < 6, is not possible either, for then at some smaller value i, 0 < &t < u, we would
have 6; = 0,. This would mean that 6, is a horizontal translate of 6;, which is
impossible. It follows that x4 is a strictly increasing function of £, 0 < E < 1.
The integral formula for x4 is

/”/2 cospdy /2 cospdy
XA = _— = .
4 06 ~2(E—cosg) 6  ~/2(cosby — cos @)

It follows that the range of values for x4, for 0 < 6y < /2, is 0 < x4 < +00.
Statement (2) follows.

We now consider statement (4).

First take the case 0 < 6y < /2 or 0 < E < 1. Here xj; = x (7). We find

/” cospdy f”/z cosyr dyy
Xy =Xxa+ ——————— =X — _
72 N 2(E —cos ) 0o ~/2(E+4cosy)

Thus, since x4 is strictly motonic in E, so is x;. Moreover, 8p — 0 and x; — +00
as E — 1.

We remark that x;; < 0 for 8y = /2. There is exactly one value 6, € (0, 7/2)
with xj; = 0. The corresponding complete curve is a closed curve in a figure eight
shape.

Now consider the case /2 < 6y < . Parametrizing by the arc length s, we have
a curve traced right to left starting at the origin with £ = cos 6y, and —1 < E < 0.
Consider the curve obtained by reflection about the z-axis. This will resemble a
sine curve traversed left to right satisfying the curvature equation 6’(s) = —u(s),
with 6(0) = Yo = m — 8y. The curve bends clockwise and the inclination angle
decreases from 1 to 0. For & = 0 the reflected curve has coordinates (xg, ug),

where ug = uy = 2(1 + E) and xg = —x is positive. One finds
Yo d Yo d
szf Eh s - PP o<y <n/2.
0 +/2(E +cos ) 0 +/2(cos ¢ — cos )

We claim that xp is a strictly decreasing function of E for —1 < E < 0; that is,
it is strictly increasing in ¥, 0 < ¥o < /2, and E = — cos Y.
We parametrize the curve as a function of u, getting

L)
du\\/T+x'w)?)
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This gives x"2/(1 +x"?) = (a4 u?)*/4 for 0 < u < uy;, where uﬁ,, =2—a? fora
positive constant a < /2. We obtain the integral formula

V2-a? (@®>+u?) du

XR = .
0 4 — (a% 4+ u?)?

Let u = +/2v and a = /2. Rewrite the integral and then change variables, setting
a?4+v? =1, tofind

1! tdt

Ay Sioagi=p

Finally, set = (1 — 8)x + f, obtaining

F ((1=B)x + ) dx
0 f\/l— (1= prx+p)

This integral is an increasing function of 8, 0 < § < 1. As one can see by differ-
entiation,

Xp = 0<pB=0a><l.

XR =

dxg _ (1=p)*2 (1 (1=x)*(2+((1 = B)x +p))

_ dx.
dp 22 Jo x(1— 1= px+ ) *

This is positive for 0 < 8 < 1.
For B =0, one has 6y = 7/2, uy = +/2 and

1 /”/2 1 Jxdx
XR=— Jeospdp = — —_ .
V2 Jo V2Jo V1=x2
For B~ 1, 6y ~ m and ¢ ~ 0 and we see that uy; — 0 and xg — 7/2; hence
Xy — —m/2. O

Figure 3 illustrates the family of curves just discussed: solutions (x(s), u(s)) of
0’(s) =u(s) going through (x(0), u(0)) = (0, 0) and satisfying 6(0) =6y, 0 <6y <1,
where s ranges from 0 to 57 (6o) with u(sy) =uy = ~/2(E +1), for =1 < E < 1.
These are the generating curves of the family of elastic surfaces we shall use to
construct our exotic containers. We see from our discussion that any two curves in
this family only intersect at the origin.

The family of curves where E > 1 are also interesting but are not relevant to our
discussion here. For E = 1 one also obtains the soliton solution, while for £ > 1
the curves remain away from the u-axis and always turn in one direction.
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Figure 3. The family of elastic curves, g > 0.

3. Construction of exotic containers

There are two theorems in this section. The first carries out the construction of
the exotic container in the planar case. Here the free surface is a curve, as is the
container wall. Physically, this amounts to the situation of a liquid held between
two parallel vertical plates. Though somewhat easier to handle, this construction is
worth a separate discussion. The second theorem treats the three-dimensional case.

We start with a one-parameter family A, of immersed surfaces in R3, each of
which has mean curvature 2H = xz with k = pg/o. Specifically we shall choose
the family of elastic surfaces described in Section 2, although other choices would
work equally well. In the planar case we use the corresponding elastic curves.

We have a map, Fy : Q x I into R? where Q = R? and 7 is an open interval
centered about = 0. Points in €2 are labeled (u, v), points in / by ¢, and the target
space is (x, y, z). We have

Fo(u,v,t) =(f(u,1),v, g(u,t)),

where the pair (f (u, t), g(u, t)), for a given value of ¢, describes the generating
curve of the elastic family parametrized by arc length with £(0,0) = g(0,0) =0
and such that the inclination angle at the origin is ¢. For each ¢, the map Fy(u, v, t)
is a flat isometric immersion of an elastic surface with

|(Fo)ul = [(Fo)o| =1 and  ((Fo)u - (Fo)u) =0.

We set ©;, = Q x {fo} and call A, = Fp(€2,), our immersed surface with
prescribed mean curvature 2H = kz. For k = 0, A, is a tilted plane containing
the y-axis with inclination angle ¢, while for ¥ > 0 we have the elastic surfaces
described in Section 2, where the fluid lies below the surface (sessile drop case).
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For any «, A is the horizontal plane and A _; is the reflection of A; in the xy-plane.
In particular, Fy(u, v, 0) = (u, v, 0).

We denote by &(u, v, t) = (Fy), A (Fp), the unit normal vector to A; pointing
out of the fluid.

Theorem 3.1 (two-dimensional case). Suppose given a one-parameter family of
oriented curves Fy(u,t) = (f(u, t), g(u,t)) satisfying

(1) 2H =«kz, where k = pg/o and 2H is the signed curvature;

(2) the curves are parametrized by arc length so that |(Fy),| = 1 with Fy(u, 0) =
(u, 0); and

(3) Fp(0,1) = (0,0) and (Fy),(0,1) = (cost,sint). (For x > 0 our curves
represent the free surface of sessile drops, for k = 0 we have Fy(u,t) =
(u cost, usint), while for k < 0 we have the pendant drop situation.)

Let initial values for u(t), ux(t) be given. We want ui(t) < uy(t). For this
reason we assume that u1(0) = uy, uy(0) = uy with up) = —u; > 0. There exist two
smooth functions u(t), uy(t) and a function h(t) with h(0) = 0, all defined in a
neighborhood of t = 0 with the following property. Let

F(u,t) = (f(u,1), g(u, 1)+h())
be our family of extremals, characterized by the following properties:

(a) F(Rx {t}) = A;, our immersed free curve.

(b) Xy is the left bounding wall, F(u(t), t), while X5 is the right bounding wall,
F(ux(1),1).

We have F(ui(t),t) € A, NX and F(uy(t),t) € A, NXy. The curve F(u,t), with
u1(t) <u <uy(t), is an extremal curve for the variational problem and each such
curve, N¢, will meet the container walls X1, Xy at an interior contact angle y , with
O<y<m.

Let V (t) be the “volume” enclosed by A, and the container walls ¥, ¥,. We
may suppose that the curves %1, %o are connected from below to form a closed
container.

The volume enclosed by the container and any free surface, A, is a constant.

Proof. Given h(t), a smooth function, we shall use the contact angle condition to
determine a first-order differential equation for u(¢), u,(¢) satisfying u1(0) = uy,
u>(0) = u,, where we shall assume that v, = —u; > 0. Then we use the fixed
volume condition to obtain an equation for 4’(¢) in terms of u;(t), u,(t). We
end up with a first-order system for the pair {u(¢), u»(¢)} with initial conditions
(u1(0), u2(0)) = (uy, uy). The existence theorem for ordinary differential equations
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gives us our solution (u;(t), u(¢)). We are then able to find /() where we set
(without loss of generality) 2(0) =0
We have the functions

Fo(u,t) = (f(u,1), g(u, 1)),

Flu, 1) = (fu,1), g(u, )+h()),
= (fu.gu) Wwith f7 +g2=1,
= (fr. &+ (1)),

E(u. 1) = (=8u: fu),

the latter being the unit normal vector. We set e; = F,, the unit tangent vector
to A, while e; = &(u, t) is the unit normal vector. We are to find u,(¢) so that
F(uy(t), t) will describe the right container wall, 3. The tangent vector to this
curve is to be parallel to w = (cos y)e; + (sin y)ey = (cos y) F, + (sin y)&. That
is: uy F, + F; = aw for some scalar «. We write this as

Fi=—uF,+ow.

Now F, and w are linearly independent, 0 < y < w. By taking the inner product
of the preceding equation with & and F,, successively we find

a=cscy (F;-§),
u=coty (F;-&)— (F; - Fy).

The second of these equations is our differential equation for u»(¢), which we can
rewrite more explicitly as

(3-1) ux(t)=F;-(coty & — F,) =coty (fug — f18u) +h/(l‘)(COt)/ Su—8u)-

The right-hand side is an “explicit” function of (u, t).

The differential equation for u;(¢) is almost identical. The only change is that
the outward unit tangent vector to A; is e; = —F,. We are led to the following
differential equation for u(¢):

(3-2) (1) =—coty (Fy-§) — (F; - Fy).

Given h(t) and initial data for u(¢) and u>(t), there exists a unique solution
(u1(t), ua(t)) such that the curves F(u(t),t), F(un(t), t) describing ¥, ¥, meet
the free surfaces A; : F(u,t), u1(t) <u < uy(t), with the desired interior contact
angle y.

We now use the conservation of volume condition to determine the function 4 (z).
For each ¢, the free surface A; is given by the map F(u, t), ui(t) <u <up(t). As
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we vary our family, the normal component of the variation is ¢ = (F; -£). The first
order variation of “volume” should be zero:

us(t)
V(;):/ (F,-&)du =0.
uy(t)

Substituting our formulae for F and & we get

uy(t) u (1)
(3-3) W) | fudu=— / (fugs — figu) du.
uy (1) uy (1)

(For t = 0 we have f,, = 1 so that the expression for 4'(¢) is well defined.)
Equation (3-3) determines A'(¢) as a function of (u1, u;). Substitute this expres-
sion for /’(¢) back into equations (3—1) and (3-2) to obtain a first order system
of differential equations for {u(¢), u>(t)}. Given initial conditions u;(0) = uy,
u3(0) = up with up = —u; > 0 we have solutions {u(¢), u>(¢)}. Setting h(0) =0
we obtain A (t) using (3-3). O

Remark. Given symmetric initial data, the generated solutions will have the fol-
lowing properties.

(1) h(t) is an even function of ¢.
(i) The boundary curves X, X, are symmetric about the z-axis.

(iii)) The free surface A; meet the container walls X, ¥, at an interior contact
angle y, 0 <y <m.

(iv) The “volume” enclosed by A, and X, X, is a constant independent of .
(v) Fort =0, A; is the horizontal line segment u| < u < u,.

(vi) For y =m/2 with cot y =0 we have h(#) =0 and the curves X, ¥, are simply
orthogonal trajectories of the family Fy(u, t), assuming u(0) = —u»(0).

We now consider the three-dimensional case. Our elastic surfaces are described
by functions Fo(u,v,t) = (f(u,t), v, g(u,t)) with Fy(u,v,0) = (u, v,0) and
(F0)yu (0, v,¢t) = (cost, 0, sint). For each ¢ the equilibrium surface Fy(2 x {t}) has
mean curvature 2H = «z. Now let 4(t) be a smooth function of ¢ with 4(0) =0
and set

34) Fu,v,t) =(f(u,t),v, glu, t)+h(@)).

For each ¢, F(2 x {t}) = A, is a potential equilibrium surface, where h(t) is
a Lagrange multiplier. Our parameter space has coordinates (u, v, t), while the
coodrdinates in the target space are labeled (x, y, z).

Our construction proceeds as follows. Start with a base curve Cy : (a(s), b(s), 0)
with u = a(s), v = b(s). We assume this is a smooth curve parametrized by arc
length. Let its length be L, so a(s), b(s) are periodic functions of period L defined
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on R. Assume also that Cy is a convex curve in the u-v plane, symmetric about
the v-axis. Since F'(u, v, 0) = (u, v, 0) we see that ') = F(Cy) is identical to Cy.
With Cy as our base curve, we form the cylinder Cy x R.

We will consider surfaces S in the parameter space which are normal graphs
over this cylinder. The unit normal vector to Cy x R is n(s) = (b'(s), —a’(s), 0).
Let ¢(s,t) be a smooth function that is periodic in s of period L and satisfies
¢(s,0)=0. Set

u(s, 1) = a(s) + (s, )b'(s)
v(s, 1) = b(s) — (s, )a'(s).
The surface, S, is then described by the map

(3-5)

(3-6) S:(uls, 1), v(s, 1), t).

We set ¥ = F(S). This is a parametric surface in the target space. We need
to determine h(t), ¢(s, t) so that X satisfies the contact angle condition with the
surfaces A;. We shall determine /(¢) so that the volume enclosed by the container
wall ¥ and any given free surface A; remains constant. Specifically:

Theorem 3.2 (the three-dimensional case). Let the base curve Cy : {a(s), b(s), 0)
be as described above. It is convex and symmetric about the v-axis, and periodic
with period L. There exist

(a) afunction ¢ (s, t) defined for t in an interval about 0 and for all s, periodic in
s of period L, satisfying ¢(s, 0) = 0; and

(b) a smooth function h(t) that is even in t and satisfies h(0) = 0;

the whole satisfying the following property.

Let S be the surface in the parameter space given as a normal graph over the
cylinder Co x R by (3-5), (3-6), and let X = F(S) be the image surface in the
target space under the map F. For each t, let A, be the equilibrium surface
F(Q x {t}). The wall ¥ and the equilibrium surface A, intersect along a curve
I''=F (u (s, 1), v(s, 1), t). The two surfaces intersect transversally with a contact
angle y, where 0 <y < .

Finally suppose that the container X is closed off from below so that ¥ and the
free surface A, enclose a volume V (t). We can choose h(t) so that the volume
remains constant.

Proof. Given the convex base curve Cy as described, we have the surface S as a
normal graph over the cylinder Cy x R given by (3-5) and (3-6) for any function
o(s,1). We want ¢(s, t) to be periodic in s of period L, defined in some interval
about ¢ = 0, and with ¢(s, 0) = 0. We designate

X =F(S), Tog=F(Cy) (the base curve), I, =F(C,).
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Here I'; is a curve lying on A; and on X. Given a smooth function 4 (¢) even in ¢
with 4 (0) = 0, we shall derive a first-order partial differential equation for ¢ (s, )
that can be solved by the method of characteristics. This will produce a surface
satisfying the correct contact angle condition with A; for any given contact angle
y in the interval 0 < y < . We then determine /4 (¢) so that the volume condition
is satisfied.

Let

F(s, 1) = F(u(s, 1), v(s, 1), t)

describe X, where u(s, t) and v(s, t) are given in (3-5). The vectors F, and F),
are unit tangent vectors to A; with (F, - F,) =0. Let §(u, v, t) = F, A F, be the
unit normal vector on A;. We observe that

Fs=usF,+vF, and F, =u,F,+ v F,

are tangent vectors to X, and %, is tangent to the curve I'; as well. We set

1 1
o=———=5%=——=usFyu +vF),

JiZ+or T Skl

the unit tangent vector to I'; = £ N A,. With § as unit normal vector to A; we
complete the orthonormal frame along I'; by setting

€1 = (vs Fy —usFy).

1
Jul+v?
This is a tangent vector on the surface A; which is a conormal along the bounding
curve I';. As in Theorem 3.1 we set

w=cosye;+sinyé&.

This vector is to be tangent to X. Since ¥F; and &, span the tangent space we may
write

3-7) aw = A% + F;

for suitable scalers v, A. Using our expressions above for & and %&; we rewrite
(3-7) to obtain

Fr=—Qug+u)F, — (Avg+v,) Fy + aw.

We obtain three equations by taking the inner product of F; with &, F,,, and F,
respectively. First,

(Fi-8§) =a(w-§) =siny a;
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hence o =csc y (F;-£). For the other two equations one uses the fact that (F; - F,) =
0 and (F, - F,) = 0. Taking the inner product of F; with F, leads to

(Aug +u;) = —(F; - F,) +coty <L(F, -";‘)).

Taking the inner product of F; with F, yields

(3-8) (Avs + v;) = coty (%(F, -g)).

Vug +v;

We use these two equations to eliminate A and find
(3-9) usv; — V5 = (F; - F)vs — (F -§) coty Vug +v7.

Using the expressions for u(s, t), v(s, t) in (3-5) gives us a first order PDE for
@(s, 1)

(3-10) (14 (@b —a"b)p)g: + (F,- )b —a'p; —a"p)
— (F;-&)(coty)WVu? +07 =0,

where u? +v2 =14 ¢? + (@ +b")p> + 2(a’b” — a"b" g +2(a’a” + b'b") pg;.

This is a first order PDE which we can solve by the method of characteristics
subject to the initial condition ¢(s, 0) = 0.

As in the two-dimensional case (Theorem 3.1), we use the conservation of vol-
ume condition to determine 4’(¢). Let V (¢) be the volume enclosed by the surface
A; and the container wall X. We may suppose that the bottom of the container is
closed off so that the computed volume is finite. The rate of change of volume is
obtained by integrating the normal variation over the part of A, that lies inside the
container.

(3-11) V(t):/f (F;-5)dS=0.
F(A;)

Here A; is the domain in the parameter space whose image under F is the desired
region. Now F(u,v,t) is given by (3—4). We have F; = (f;,0, g;(+h'(t)) and
E=F,ANF,=(—gu, 0, f,). Substitute these expressions into (3—11) and we find
(Fi-&) = (= figu~+ fug)) + ' fu,
(Fr - F) = (fufi + 8ug) +h'gu.

We use these expressions to rewrite (3—11) as

(3-12)

G-13) K f / Fududv+ / / (= figu+ fugr) dudv =0.
A; A
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Here F(A,) lies on the surface A,, with boundary I';. The identity (3—13) deter-
mines 4’ (¢) as the ratio of two integrals over the region A,, with known integrands.
The region A, in the parameter space is bounded by the curve (u(s, t), v(s, t)) as
given by (3-5), which is the normal graph over the base curve €y and depends
solely on the function ¢(s, ). We use (3—13) to substitute this integral expression
for A’ (¢) into the differential equations (3-9) or (3—10). This occurs in the expres-
sions for (F; - F,) and (F; - £) as in (3—12). Our differential equation (3—10) takes
the form

(3-14) o =G(s, 1,9, 95, 1),

where i’ is the ratio of two integrals depending only on ¢ (s, t). We can still use the
method of characteristics to obtain a solution ¢(s, t), defined in a neighborhood of
t =0, periodic in s and satisfying ¢(s, 0) = 0.

We can show existence of a solution using the Picard iteration process. In-
sert into (3—14) the expression for /4’ (¢) determined by the fixed volume condition
(3—13). The method of characteristics gives a system of differential equations for
s=s(0,1), p =¢(0,t), p(o,t) =¢s(o,t) and ¢, (0, t) = g (o, t), with initial data
when t =0 determined by the base curve I'g. One writes the differential equation, in
t, as an integral equation with the initial data built in. This allows us to set up an it-
eration process. Start with an initial function (so(o, t), @o(0o, t), po(o, t), qo(0, t)).
Use this input to calculate h()(t) using (3—14). The Picard process allows us to
compute (s1(o,t), ¢1(o,t), p1(o,t), q1(o, t)). The iteration continues, and con-
vergence to a unique solution follows. Having obtained the solution to (3—14)
we use (3—13) to find #'(¢) and h(r), setting #(0) = 0. Finally, we use the map
F(u, v, t) to obtain the exotic container X.

The solution might be implemented as follows. Let P be a partition of an inter-
val, [0, T]into 0 =1t <t <--- <ty =T. Construct a piecewise linear function
hy(t) by using (3-13) to compute 4y (#;) and extending Ay (¢) linearly over the
interval [#, tx+1]. Now use (3—-10) to evolve ¢(s, t) through this interval as well.

Our base curve I'y was symmetric about the y-axis. This implies that 42’(0) =0,
so h(t) =0 on the interval [0, #;]. At ¢ = t; we recompute /’(¢;) using (3—13) and
extend linearly onto the next subinterval, [#;, t>]. The process continues. O

Remarks. (1) If the base curve I'g is symmetric about the y-axis and if the contact
angle is y = 7 /2, then the volume condition is satisfied by setting A (¢) = 0. The
bounding surface X is generated by the set of orthogonal trajectories to the elastic
surfaces, Fy(u, v, t), which cut through the base curve I'y.

(2) One could set up the surface S in the parameter space as a normal graph over
the round cylinder €y x R, where €y = (cos s, sin s, 0). This somewhat simplifies
the differential equation (3—10), but the initial data ¢ (s, 0) will no longer be zero.
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§>0, y=n/2 §=0, O<y<m/2 /%

g>0, O<y<m/2

Yy}

Figure 4. Qualitative appearance of a few exotic containers,
showing the relationship of liquid surface and wall. Top row and
bottom left: planar case; bottom right: three-dimensional case.

(3) The surface X constructed in Theorem 3.2 needs to be filled out. This surface
is the union of boundary curves I';. This set of curves I'; has an envelope that
creates an edge for X. The curve I'; and the corresponding equilibrium surface A,
touch the envelope at points where the normal component of the variation F; - &
vanishes. The fixed volume condition (3—11) shows that A, is divided into two
regions determined by the sign of F; - £. The nodal curve on A, will touch the
envelope in two points. Consider the case g = 0, so that the extremals are tilted
planes. Let Iy be a circle centered at (0, 0). For y = 7 /2 the generated surface
is a pair of sections of a sphere resembling orange peels (as the referee astutely
remarked). In this case the envelope degenerates, becoming two points. To com-
plete the surface one must extend ¥ smoothly so that each curve I'; lies inside. By
continuity the contact angle condition will prevail at the envelope. For y # /2 the
envelope is a curve with each extremal touching the envelope in two points. Again
we can extend X smoothly so that each extremal surface satisfies the contact angle
condition everywhere.

The same discussion applies to the case when g # 0, with I'y other than a circle.
How one fills out the exotic container surface could affect the stability question.
Letting the new pieces of surface bulge out increases the chance for stability.
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4. Minimization

Given our family of elastic extrema for fixed ko = pg/o and contact angle yp, we
have shown how to construct an exotic container with the property that there exists
a one-parameter family of equilibria (including the horizontal plane, u = 0), each
of which meets the container wall at contact angle yy and encloses the same volume
Vo. It follows that each member of this family has the same potential energy. Are
these equilibria local minimizers of energy subject to the volume constraint? I now
outline an argument which indicates that this is the case in the planar case.

4.1. If ko = O the equilibria are tilted lines and the exotic container will be a
section of a circle. These are all minimizers.

4.2. Suppose k = kg = pg/o and T = 1y = cos yy. The corresponding exotic
container consists of two curves: X; on the left and £k on the right. Both are
symmetric about the z-axis. Let ¢ be a vertical codrdinate. Denote by p(¢) that
point on X at level ¢ and by g (¢) the corresponding point on Xg. For t = 0 we
set p(0) = po, g(0) = go with connecting extremal, ¥ = 0. By our exotic container
construction this is part of a one-parameter family of extremal curves connecting
Y to Xg, each enclosing volume Vj and making a contact angle y; at each end.
They are all extremals of the energy functional

4-1) E=|C|+Ko/zdv—ro|2/|zE0—ro|2/|.
T

Each of these extremals connect some point p € £ to some point g on Xg. As p
descends the corresponding g will rise.

4.3. There is a continuous map (p, q) — C(p, q) defined for p € X1, g € X
in a neighborhood of (py, go), where C(p, q) is an extremal for E( connecting p
to g, enclosing volume Vj, and with C(py, go) being the extremal u = 0. Each
C(p, g) will be a strong local minimizer of the energy E( for the fixed endpoint
problem and subject to the volume constraint.

This is because the solution u = 0, with contact angle yy, has the property that
for the free boundary problem, the second variation is nonnegative for all volume-
preserving perturbations with a one-dimensional kernel. The kernel of the corre-
sponding variational problem is our given one-parameter family. The boundary
values are not fixed here. For fixed boundary values, the extremal # =0 is a strong
local minimizer of energy, subject to the volume constraint. It follows that for any
pair of points p € X1, g € X close to pg, qo there will exist exactly one strong
local minimizer of energy for the fixed boundary problem and enclosed volume V.
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4.4. Let p € X1 be fixed and let C(t) = C(p, q(t)) be the extremal curve that
joins p to g(t). Let y(t) be the contact angle of C(¢) with X¥z. We claim that
y(t1) > y(t2) when t] < 1,.

Recall that for the extremal u = 0, the second variation of the energy was non-
negative with a one-dimensional kernel for the free endpoint problem and subject
to the volume constraint. Now fix the point pg € X but let ¢ € X g vary. This is
a semifree variational problem. The energy is E = Eo — cos yo | k|, where X} is
the wetted part of X . Because of the fixed point restriction the second variation
of this functional is positive definite for volume preserving perturbations.

By continuity the same remains true for nearby extremals C(p, g). Let the
contact angle of C(p, q) with X be y,. The relevant energy functional now is

E = Ey—cosy, |Zxl.

Let C(¢) be the extremal connecting p to g(¢). Each C(¢) is an extremal for its

energy
dE dEy d| 2|

Pl —cosy(t) e =0.
Now fix g¢; = ¢(#;) with extremal C(¢;). We compute the energy
E =Ey—cosy |2kl
along C(t). The energy functional will have a minimum for r = #1. Let
e(t) = Eg —cos y; | Tk

denote this energy. We have ¢/(7;) = 0, whereas ¢/(t) > 0 for t > ¢; and €/(r) <0
for t < t,. However,

| 2kl
dt

€' (t) = (cos y (t) —cos 1)
Since d|X}|/dt is positive, our assertion follows.

4.5. Let I' be any curve connecting p € Xy to g € X that encloses volume Vj
and is C°-close to the extremal u = 0. We claim that the energy E of (4—1) applied
to I is not less than the same energy for the curve, u = 0.

First, we may replace I by C(p, g). This decreases the energy E(, and thus
the energy E, since the wetted energy is unchanged. Now C(p, ¢) connects p to
q = ¢q(t) for some . Let * be that value such that the extremal C(p, ¢ (¢*)) meets
g at contact angle yp. Then the contact angle at p for C(¢*) is also y9. We apply
the discussion in the preceding section to conclude that E(C(t*)) < E(C(t)), with
E given by (4-1).

But C(#*) is part of our one-parameter family all having the same contact angle,
1. It follows that E(I") > E(C(t*)) = E(Cyp). This concludes the argument.
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