CAPILLARY DROPS: CONTACT ANGLE HYSTERESIS
AND STICKING DROPS

L. A. CAFFARELLI AND A. MELLET

ABSTRACT. This paper is concerned with the homogenization of a cap-
illary equation for liquid drops lying on an inhomogeneous solid plane.
We show in particular that the homogenization of the Young-Laplace
law leads to a contact angle condition of the form cos~y € [31, B2], which
justifies the so-called contact angle hysteresis phenomenon.

1. INTRODUCTION

A liquid drop is resting on a plane II. We introduce a coordinate system
such that IT is the (z,y)-plane. The energy of a drop described by the set
E is given by (up to a multiplicative constant)

1
J(E) 2// |Dop| — ﬂ(w,y)soE(w,y,O)dxder/ Lpppdx dydz,
2>0 2=0 0 Jz>0

where ¢ is the characteristic function of E, o denotes the surface tension,
0 is the relative adhesion coefficient between the fluid and the solid, I" de-
notes the gravitational potential and p is the local density of the fluid. The
Euler-Lagrange equation for the minimization with volume constrain is the
following equation

r
(1.1) p) &
o
where H denotes the mean-curvature of the free surface 0F, and a contact

angle condition, known as Young-Laplace’s law, which reads:

(1.2) cosy = B(x,y),

where v denotes the angle between the free surface OF and the support
plane {z = 0} along the contact line 0(E' N {z = 0}) (measured within the
fluid). The coefficient [ is determined experimentally, and depends on the
properties of the materials (solid and liquid). It is often assumed to be
constant, but it is very sensitive to small perturbations in the properties of
the solid plane (chemical contamination or roughness). A real solid surface
is extremely hard to clean and is never ideal; it always has a small roughness
or small spatial inhomogeneities.

These inhomogeneities are responsible for many interesting phenomena,
the most spectacular being the contact angle hysteresis (see [JG], [LJ]): In

Date: September 9, 2005.



2 L. A. CAFFARELLI AND A. MELLET

the experiments, one almost never measures the equilibrium contact angle
given by Young-Laplace’s law. Instead, the measured static angle depends
on the way in which the drop was formed on the solid. If the equilibrium was
reached by advancing the liquid (for example by spreading or condensation),
the contact angle has value 7, larger than the equilibrium value. If on the
contrary, the liquid interface was obtained by receding the liquid (evapora-
tion or aspiration of a drop for example), then the contact angle has value -,
smaller than the equilibrium value (see L. Hocking [H1], [H2]). In extreme
situations (typically when the liquid is not a simple liquid, but a solution),
differences of the order of 100 degrees between v, and v, have been observed
(see [LJ]). In [HM], C. Huh and S. G. Mason solve the Young-Laplace equa-
tion for some particular type of periodic roughness and explicitly compute
the contact angle hysteresis in that case.

Contact angle hysteresis also explains some simple phenomena observed
in everyday life, such as the sticking drop on an inclined plane:

If the support plane II is inclined at angle 6 to the horizontal in the
y-direction, the potential I' can be written

(1.3) I' = g(zcosf + ysin @)

When (3 is constant and ¢,6 > 0, no minimizer to (2.4) can exist since any
translation in the y < 0 direction will strictly decrease the total energy.
It can also be shown (see [F2]) that (1.1-1.2) has no solutions when £ is
constant and k,0 # 0. This means that on a perfect surface, the drop
should always slide down the plane, no matter how small the inclination.
However, a water drop resting on a plane that we slowly inclined will first
change shape without sliding, and will only start sliding when the inclination
angle reaches a critical value: in the lower parts of the drop, the liquid has
a tendency to advance and the contact angle increases until it reaches the
advancing contact angle, in the upper parts of the drop, the liquid has
a tendency to recede and the contact angle decreases until it reaches the
receding contact angle (see [DC]).

In this paper, we address those two issues (contact angle hysteresis and
sticking drops) in the case of periodic inhomogeneities, that is when the
relative adhesion coefficient reads

B = 6(:c/£,y/£),

with (z,y) — B(x,y) Z>-periodic. Naturally, we will need a condition on 3
to ensure that 3 is not too close to being a constant in the y direction.

In a previous paper (see [CM]), we investigated the properties of capillary
drop for vanishing gravity (I' = 0). We showed the existence of global
minimizers for € > 0 and proved that when € goes to zero, those minimizers
converge uniformly to minimizers corresponding to the averaged relative



CAPILLARY DROPS 3

adhesion coefficient
(B) = B(z,y) dx dy.
[0,1]2

Those minimizers are the intersection of a ball B, (2,) in R® with the upper
half-plane {z > 0}. This result is recalled in detail in the next section since
it will be used throughout the present paper.

As a consequence of this result, there exist viscosity solutions of the free
boundary problem (1.1)-(1.2) the limit of which (when ¢ — 0) satisfies the
following homogenized Young-Laplace law:

cosy = (f).
This behavior was expected from global minimizers, and it seems to exclude
contact angle hysteresis phenomenon. However, in the present paper, we
will look for local minimizers of the energy functional. Those minimizers
will provide viscosity solutions of the free boundary problem (1.1)-(1.2) for
which the homogenized free boundary condition reads

cosy € [v1,72]

(with non trivial interval).

Finally, we point out that when the surface of the drop is a graph z =
u(x,y), (1.1)-(1.2) can be rewritten as

(14) i () =2 >0l
\/ﬁ v =_p(z/e,y/e) on d{u>0}.

In this case, our result provides viscosity solutions u® of (1.4) such that u®
converges, when € — 0, to a solution of

D
div [ =% ) = A in {u> o0},
1+ |Dul?

Du

V14 |Dul?
with strict inequality on part of the free boundary. This result has to be
compared with that of [CLM] in which we constructed particular solutions
of the elliptic free boundary problem

Au=0 in {u > 0}
{ |Dul? = f(z/e,y/e) on d{u >0},

and proved that the homogenized free boundary condition in that case read

satisfying
v <{(B) on d{u>0}

(1.5)

’Du|2 € [/Vminv 7max]~

We stress out the fact, however, that solutions of (1.5) were constructed by
studying a singular nonlinear equation rather than by minimizing a func-
tional.
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The article is organized as follows: In Section 2, we precise our framework,
which is that of sets with finite perimeter (or Caccioppoli sets) and recall
some results concerning the gravity-free capillary surface. We then state
our main results in Section 3. Section 4 is devoted to the construction of
constrained minimizers.

In Section 5, we adress the question of the sticking drops and show the
existence of local minimizers on an inclined plane for small gravity and small
e (or given gravity and small volume).

Finally, in Section 6, we justify the contact angle hysteresis phenomenon
in the gravity-free case.

2. NOTATION

2.1. Sets of finite perimeter. We recall here the main facts about sets of
finite perimeter and BV functions. The standard reference for BV theory is
Giusti [Gi]. Let © be an open subset of R"1; BV(Q) denotes the set of all
functions in L'()) with bounded variation:

BV(9) = {f er'@: [ Ipsl< +oo} ,
where
[ 1ps1 =su { [ s@nivglayis s g € @l < 1} |

If E is a Borel set, and  is an open set in Rt we recall that the perimeter
of E in § is defined by

P(E,Q) = /Q D,

A Caccioppoli set is a Borel set E that has locally finite perimeter (i.e.
P(E, B) < oo for every bounded open subset B of 2).

Note that sets of finite perimeter are defined only up to sets of measure
0. We shall henceforth normalize E (as in [Gi]) so that

0 < |EN B(z,p)| < |B(x,p)| for all z € OF and all p > 0.

Furthermore, we recall that if the boundary 02 of Q is locally Lipschitz,
then each function f € BV(Q) has a trace f+ in L'(99) (see Giusti [Gi]).

From now on, we denote by € the upper half space in R3:
Q =R? x (0, +00),

and we denote by & (V') the class of closed Caccioppoli sets in 2 with total
volume V' > 0:

E(V) = {ECQ: /Q\DQDE\ < 400, |E| :v},
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where |E| = fQ ppdrdydz. Since Caccioppoli sets have a trace on 9§} =
R? x {z = 0}, we can define the following functional for every set F € &(V):

TrB) = [[ Derl= | s/en/oen(e.y0)dzdy
z> z=
+/<c/(zcosc9+ysin¢9)g0dedydz

where ((z,y) is a continuous function satisfying:
-1 < fB(z,y) <1, for all z,y,
and
(2,9) — B(x,y) [0, 1]*periodic.
We denote by (3) the average of 3
(B) = Bz, y) dx dy.
[0,1]2

The crucial assumption concerning 3 is the following:

(2.1) m;nm:?xﬂ(x,y) < (B).

This condition says that there exists a horizontal line (y = y,) along which
0 is always strictly less than its average. It is trivially satisfied, for example
if 4 is a function of y only (and 3 non constant).

In this framework, equilibrium liquid drops are solutions of the minimiza-
tion problem:

(2.2) Ton(B) = ot Ton(F) Ee&).

2.2. Gravity-free minimizers. If we neglect gravity effects, the energy
functional becomes:

2.3)  J(B) = / / _1Des| /  Bla/eu/e)pea.0)da,
We also denote by
(2.4) )= [ [ _1Desl - /:0<ﬁ>soE<x,o>dm,

the energy functional associated with the average value of the relative ad-
hesion coefficient.
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2.2.1. Constant adhesion coefficient. The Schwartz symmetrization of F,
defined by

B = ((0,2) € 0 ()] < p(2))
(2.5) plz) = <7r_1 /(PE(%y7 2)dz dy) :

is a Caccioppoli set with volume V satisfying
Jo(E®) < Jo(E)

with equality if and only if ¥ was already axially symmetric. This shows
that the minimizer must be axially symmetric and that the wetting surface
En{z =0} is a disk.

Considering B,(z) with p and z such that

By(:)n{z>0}|=|Bl, B,n{z=0}=En{z=0},

and comparing the perimeter of B, with that of E U (B, N {z < 0}), the
isoperimetric inequality immediately implies that the unique minimizer for
Jo in &(V) is a spherical cap

Bf (20) = By, (0,2,) N {z > 0}.

Morever, a simple computation (see [CM]) shows that among the spherical
cap, the minimum of 7, is achieved when Young-Laplace’s law is satisfied:
po and z, are such that:

Zo

Po
(2.6) ©p [T

2.2.2. Periodic adhesion coefficient. When (3 depends on (x,y) the method
fails, since the rearrangement (2.5) could increase the wetting energy

/ﬁ(l‘/‘ga y/€)¢E($7 Y, 0) dx dy
In [CM] we proved:

Theorem 2.1. For any volume V > 0 and for all € > 0, there exists a
minimizer of Jz in &(V).

Moreover, for all n > 0, there exists €, such that if € < e,, then any
minimizer E. satisfies:

B-‘r

(1—77)/)0(20) CE.C B )Po (20)-

(147

where B (2,) = By,(20) N§Y is a spherical cap with volume V' and contact
angle cos™H{3).
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In particular, when ¢ is small, the apparent contact angle for the equilib-
rium drop resting on a inhomogeneous surface satisfies Young-Laplace’s law
with (3).

We recall that in the proof of Theorem 2.1 a crucial step is to prove that
Jo(E:) < J=(E:) + Ce < Jo(By,) + Ce.
The result then follows from the stability result (see [CM] for details):

Theorem 2.2. Let E be such that

(2.7) E e &(V), FE liesin a bounded subset Br of Q,
(2.8) 30 >0 st T(E) < Jo(F)+0 VF e &V).

Then there ezists a universal o > 0 and a constant C' (depending on R)
such that
|[EAB] | < C§.

3. MAIN RESULTS

3.1. Contact angle hysteresis. Our first result concerns the contact an-
gle hysteresis. We restrict ourself to the gravity-free case. In view of Theo-
rem 2.1, it is clear that the apparent contact angle of global minimizers of
J- satisfies Young-Laplace’s law with (3). However, we will show that the
oscillations of (x,y) allows for local minimizers with larger contact angle
in some directions.

To that purpose, we recall that the wetting surface corresponding to the
asymptotic minimizer B;; has radius

R, = po V 1- </3>2

So we introduce
S = {(z,y) €R*; 0 <y < 2R, — t},

and look for minimizers of J. whose wetting area stays within the region
Y. Clearly, for t > 0, E. (or B;;) is not a candidate anymore. We prove
the following:

Theorem 3.1. Assume that the relative adhesion coefficient 3(x,y) satisfies
(3.1) min max 3(x,y) < (8).
Yy x

Then, for all V, there exists €, and t, such that if ¢ < &, and t < t,, then
J= has a local minimizer EE whose wetting area EE N{z =0} lies in ;.
When € goes to zero, E. converges to some set E € E(V). The free
surface OF satisfies
2H = -\
cosy < (B),



8 L. A. CAFFARELLI AND A. MELLET

and the contact angle ofE is strickly greater than cos™(3) on parts of the
contact line.

Note that (‘3E€ is a viscocity solution of

2H = —\
cosy = f(z/e,y/e).

The last part of Theorem 3.1 says that the apparent contact angle (or homog-
enized contact angle) is indeed larger than cos™!(3) in some directions. Note
that if condition (3.1) is satisfied in other directions, we will observe hys-
teresis phenomenon in those directions as well. One can actually construct
functions  such that (2.1) is satisfied for any finite number of directions. To
get infinitely many directions, one would probably have to consider random
inhomogeneities.

The so-constructed solution plays the role of barrier during the formation
of a liquid drop by slow spreading or condensation. This explains the so-
called stick-jump phenomenon: As the volume of the drop increases, the
contact line remains unchanged at first, while the contact angle increases.
Only when the contact angle reaches a critical value does the contact line
jump to the next equilibrium position (see [HM]).

3.2. Sticking drop on an inclined plane. Nest, we wish to justify the
existence of equilibrium liquid drops on an inclined plane. As we pointed out
in the introduction, (2.2) has no global minimizer when «,6 > 0. However,
we can look for local minimizers in the following sense:

Eerl

and
Tew(E) < Tew(F) for any F € &(V) with F C T’

where I' is an open subset of ). We prove the following result:

Theorem 3.2. Assume that the relative adhesion coefficient 3(x,y) satisfies
(2.1). Then, for all V. > 0, there exists an open subset I' of Q and two
constants K, and €, such that if € < g, and k < K, the minimizer of J: .. in
{Ee€&(V); ECT} s alocal minimizer for Je .

Note that such a minimizer gives a viscosity solution of Euler-Lagrange’s
equation:
2H = —\ + k(zcos O + ysinf)
cosy = fB(z/e,y/e).
We recall that R. Finn, [F], proved that this equation has no solutions when
0 is constant.
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4. CONSTRAINED MINIMIZER

4.1. Barrier. The proof of both Theorem 3.1 and 3.2 relies on the existence
of constrained minimizers that turn out to be unconstrained local minimiz-
ers for J. This section is devoted to the existence of those constrained
minimizers.

First, we need to construct an appropriate barrier. Since we later want
to prove that the minimizer stays away from the barrier, it should be a
supersolution for (1.1), (1.2), at least near the contact line.

Assume that the minimum value in (2.1) is achieved for y = 0, and let

a = max 3(z,0).
We have

(1+2n)a < (),
for some small 7. Let 41 < 2 be such that

cosy1 = (0), cosy2 = (14 2n)a.
We construct a barrier S as follows:
e For z < A, § is a portion of cylinder with mean curvature — 1+ 87
(radius m) which intersects the plane {z = 0} along the conpt(;ct

line y = 0 with an angle vs.
e For z > A\, S is a plane forming an angle of v; with the plane {z = 0}.

This leads to an equation y = S(z) with

o : 2
S(z) = 2(1’;877)(SIH’YQ—\/1—(2(1+87])z/p0+c0572) > 2 <\
(cotanyy)z + m [Sin Yo — siny; — C;;:Zl + COS;;?SS’YQ} 2>\

where \ = m&:os Y1 — CosYa).

Inclined plane: On the inclined plane, we want to use the barrier S to
prevent the drop from sliding down the slope (see figure (4.1)). This leads
to the domain

T ={(z,y,2) €R’; 2>0, y > 5(2)}.

Since I' is not bounded in the x and z direction, we will first prove the
existence of a minimizer in

(4.1) Trr = {(v,y,2) €R®; 2 € [0,T],z € [-R,R],S(2) <y < R+S(2)}.
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FIGURE 1. Barrier for the inclined plane

Contact angle hysteresis: We want to construct a local minimizer of 7
whose wetting surface stays within

Y= {(z,9); 0 <y <2R, —t},

where R, = po\/1 — (8)? is the radius of the wetting region B/ N {z = 0}.
To that purpose, we consider the domain (see figure (4.1)):

Iy ={(z,y,2) €R’; 2> 0, 8(2) <y < 2R, — S(2) — t}.

Since we want (3(z,y) to be greater than cos~y, along the contact line y =
2R, — S(z), we need to request that t be such that there exists n € N such
that
t =2R, — ne.

Since we aim at describing the behavior of the minimizers when € — 0, this
condition is not very restrictive and we shall not dwell on it any further.
Again, in order to get a bounded domain, we introduce

(4.2)

Trr ={(z,y,2) €R®; 2 € [0,T],x € [-R, R],S(2) <y < 2R, — S(z) — t}.

4.2. Existence of constrained minimizers. We conclude this section by
recalling the main steps of the construction of a constrain minimizer. Here,
the bounded domain I'p 7 could be either (4.1) or (4.2) and we work with
Jer- The gravity-free functional J: is nothing but a particular case.
Let
Err(V)={Ec&(V); ECTrr}

Then we have:
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y=58(z)

y=2R —t-S(z)

FIGURE 2. Barrier for the contact angle hysteresis

Proposition 4.1. If R and T are such that there exists a ball B with volume
V in Trr, then there evists E € &1y, (V) satisfying

(4.3) Tew(Ee ) = P Tew(F)

Moreover, we have
(4.4) P(E..) <CVwi  and A™(E.xN{z=0}) < OV,

Proof: After rescaling, we may prove the result when |E| =V = 1. First,
we recall the following result for function with bounded variation (see [Gi]):

Lemma 4.2. Let Q C R" be an open set, and (f;) a sequence of functions
in BV (Q) which converges in L} () to a function f. Then

[ 1011 < timin [ D,
0 j—00
It follows (see [CM] for details) that:

Lemma 4.3. The functional J is lower continuous with respect to the L'
topology: If (Ej) is a sequence of Caccioppoli sets such that E; — E in Lt
then

ja,n (E) < lim inf \7&,,‘{ (Ej)
j—oo
Next, we recall the following compactness result for functions of bounded
variations:

Lemma 4.4. Let  be a bounded open set in R™ with Lipschitz boundary.
Then sets of functions uniformly bounded in BV -norm are relatively compact

in L' ().

Finally, the existence of a constrained minimizer is a consequence of the
following a priori estimates:
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Lemma 4.5. If —1 < 8 < 1, then

1 — Mmax 1 — Mmax
Tonl) = o [ Dpgl g [ ppdaay
z>0 2=0

+/£/(zc059 +ysinf)pp drdydz
for all E € &V). In particular
Ter(B) 2 -0 p( 1y )
for all E € &p(V).

Proof of Lemma 4.5: If g(z) is a non-negative function, then

[ swipest = [ gwopas

2=0

1+ B(x) 1+ 5(z)
[ R e

Hence

and therefore

/z>0 <1 - 12B(I)> D] 2 /Z:O <12ﬂ(x) +5($)> ¢rdr

It follows that
x Yy 1— 1-0
J10esl = [ 5E Dete 0= [ EDpul+ [ 2 Popds
z=0 e ¢ z>0 2 z=0 2
which gives the first inequality in Lemma 4.5. It remains to notice that the

gravitational energy is positive for F € (V) to get the second inequality.
O

Lemma 4.3, 4.4 and 4.5, together with the fact that &p(V) # 0 gives
Proposition 4.1. O

5. STICKING DROP ON AN INCLINED PLANE

This section is devoted to the proof of Theorem 3.2. We recall that
FR,T = {(.T,y,Z) € RS; S [O7T]7$ € [_Rv R],S(Z) S Yy S R+ S(Z)}a

and throughout this section, FE. , denotes a minimizer of 7., in I'r 7, as
constructed in Section 4. To prove Theorem 3.2, we only need to check that
E. . €I when € and k are small enough.

The proof is organized in three steps:

Step 1: We show that F. ,, converges uniformly to B;fo when € and k go
to zero. This implies that E. , stays away fromz = R, z =T,y = R+S5(y)
and from the linear part of the barrier S. We will also deduce that the mean
curvature of the unconstrained part of dE; , converges to 1/p,.
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Step 2: Next, we show that 0E; , stays away from the curved part of
the barrier S, using the fact that the mean-curvature is smaller than that
of E .. This is the object of Proposition 5.6.

Step 3: Finally, Proposition 5.8 shows that the contact line of E; ,; cannot
touch y = 0 thanks to the condition on (z,y) and the choice of the contact
angle of the barrier.

Note that Step 2 & 3 rely on the fact that the barrier S is a supersolution
for the Euler-Lagrange equation, and make use of a cutting argument first
introduced in [CC]. Alltogether, those three steps yield Theorem 3.2.

5.1. Stepl: Stability. The first step is a consequence of the following
result:

Proposition 5.1. The minimizer E. , of Tz in &y (V) satisfies
(5.1) Jo(Eer) < To(F)+Ce+ Ck

forall F € &(V)
In particular, Theorem 2.2 yields:

|E.x N Bf | < (Ce+ Ck)™.

Proof. We recall that E. denotes the minimizer of J.. Then we have
Te(Be) < Te(Eer) < Ten(Ee)
and since F. is uniformly bounded, we also have
Ten(EBe) < Je(Ee:) + Ck.
It follows that

js(Es,n) < \.7 ( s) + Ck.
Since we already know (see [CM]) th
(EE) S ( s) + C€,

and
jo(Ea) < ,_70<F) -+ Ce
for all F' € &(V'), we will prove Proposition 5.1 if we can prove that

(5-2) jo(Es,n> < js(Ee,n) + Ce

This amounts to showing that

[ or 00 3a/z,/e) - Bl dedy < C

Noticing that this integrale is zero over every cell of R?/Z? that is fully
contains in E. , or Ef ., this inequality will be satisfied if we can prove that

the number of cells (of size ¢) intersecting the contact line (O(E. ,N{z = 0})
is of order e~!. This amounts to showing
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Proposition 5.2. The contact line has finite 1-dimensional hausdorff mea-
sure in R?:
AN OEN{z =0}) < +o0.

The proof of Proposition 5.2 follows essentially the same ideas as the proof
of a similar result established in [CM] for the gravity-free drop. We outline
the main step of the proof in Appendix A. O

The non-degeneracy lemma A.2 and the L! convergence given by Propo-
sition 5.1 implies uniform convergence:

Proposition 5.3. For all ' > 0, there exists €, and k, such that if € < g,
and Kk < Ko, then

B-‘r

(onype © Eew C B

(14+n")po

Clearly, Proposition 5.3 implies that if R and 7" are large enough, E. ,
stays away from z = T, and up to a translation with respect to z, it stays
also away from x = +R and y = R+ S(%).

Thus F , is a minimizer for J; . in the class

r(V)={Fe&V), ECT}.

Moreover, for an appropriate choice of  and A, E. ,; stays away from the
linear part of the barrier S.

The free surface OF; , can therefore only touch S in the part {0 < z < A},

14+n

that is in the region where & has mean curvature —=-. To prevent this

from happening, we need to characterize the mean-curvature of the dE:
Lemma 5.4. If n is small enough, the mean-curvature of E, . is such that
1+mn

Po

Proof. We first notice that if z, € OF; s, , € I', then for a small ball
B,.(x,) contained in I', E ,, minimizes the functional

}‘(F):/Q\Dgpﬂ+m/(zcos€+ysin9)cpp

among the Caccioppoli sets which coincide with E , on 0B, (z,) and satisfy
|F| = |E: x N By|. Hence, by E. Gonzalez et al. [GMT], OF is analytic in B,
(recall that n = 3 < 7), and we have the following lemma:

(5.3) H>—

Lemma 5.5. Away from S, the free surface is analytic, and satisfies

(5.4) 2H = k(zcosf + ysinf) — X
Next, if (5.3) does not hold at some point, (5.4) yields
H<_ 14+n/2

Po
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for k < K,, so that a ball with radius
Po
1+n/2

is a subsolution for the free surface (i.e. it cannot touch the free surface
from below). The fact that

OFex C B(1ty)p, \ Ba—i)p,

for small ¢ and « leads to a contradiction (for a suitable choice of 7). O

5.2. Step 2: E., stays away from S. We can now prove the following
proposition:

Proposition 5.6. For ¢ and k small enough, there exists § > 0 such that
EE,H - {(xaya Z) € Fa y Z S(Z) +5Z2}

Proof. Let M, = (Z,,Yo,20) be a point on & with 0 < z, < T. We

introduce a surface &’ with curvature —w in the y direction, and 27n/p,
in the z direction. More precisely, if z,1/, 2’ is a system of coordinates with

2’ normal to S at M, and 3y’ tangent to S, we define the surface S’ by
o — 1+ 71 y/2

+ 12
Po Po
Note that in the neighborhood of M,, 8’ has mean curvature close to —1;&.

Following [CC], we introduce d the distance function, from above to &' Then
one has the formula:

Adle) == 1= :jd(:c)

j=1
where x; is the j th-curvature of the surface at the point where z realizes
its distance. We deduce:

Lemma 5.7. Let U denotes the region enclosed by S and S'. If 6 < 4, for
some critical d,, then d is smooth in U and satisfies

1+4
Ad > A nlU.
Po
Together with Green’s formula, this lemma yields

144
hi n‘Eg,nmulg/ Ad:/ Vd~y,
pO Z,{QEE’N 8(UOE5,H)

where this inequality must be considered in the perimeter sense.
Since Vd-v = -1 on (QU)NE.p, =S NE;), and 0 < Vd-v <1 on
UNOE.,, we get

/ Ad < —#(OUNE. )+ P(E..,U).
UNE;
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Therefore, the set
F=E. .\U

satisfies
J(F) = J(E.w)— P(E:r,U)+ 7(0UNE,,)

—/{/ ysinf + zcosfdx dydz
UNE- .

14 4n

o

IN

j(Ea I-C)

)

U N E; |

We use a similar method to increase the volume of F' away from S by
the same quantity |E., NU|: Let M be a point on OF away from S and
{z =0}. Let 2/,9/, 2/ be a system of local coordinate such that 2’ and y' are
the principale curvature direction (with principale curvature respectively a,
and «y) and 2’ is the outward normal to OF. Since E. , (and therefore F')
has mean curvature less than (1 + 71)/p, (in absolute value) away from S,
we have

1 1+m7
- >
9 (ax + Oéy) =~ o
Let 8” be the surface defined by the quadradic polynomial
1 n 1 n
2= (g — )+ Z(ay — )y 40
2 ( x Do ) 2 ( ) Po )y
If 0 is small enought, then §” and dF enclose a bounded subset V, and
142
Ad< =21 iy
Po
Hence
I1+n

|V| > P(E,V)—(0V\ E),

o
and we can always choose ¢ such that |V| = |E. , NU|. The resulting set
E = F UV therefore satisfies

2
JE) < J(E.x) — p—”\u NE: x|+ K,/ (ysinf + zcos ) dx dy dz
o Ee wNU

2
< j(EE,K) o ;n‘u N E€7ﬁ| + CH|E57” ﬂU|
(o]

and |E| = |E¢ x| = V. The minimality of E.  yields
lUNE. .| =0,

if k is small enough. Proposition 5.6 follows. U
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5.3. Step 3: The contact line stays away from y = 0. Finally, using
similar arguments (taking into account the wetting energy), we prove:

Proposition 5.8. For ¢ and k small enough, there exists T > 0 such that
Ee C{(z,y,2) €5 y > 7e + (cos y)z}
Proof. We recall that S intersects {z = 0} with an angle o satisfying
cosvyz > (14 2n)a > (1 + 2n)5(z,0)

for all x € R. Moreover, the continuity of 8 implies the existence of a 7 such
that

cosyy > (1+n)B(z,y) forallze R andy e [0,7],
so there exists v such that
v>v and cosy > B(x,y) forallz e Randye|0,7]

For any z, € R, let M, = (z,,7,0) and consider a system of local coor-
dinates (2/,y/, 2’) such that 2’ =  — x, and the 2/, y'—plane is inclined at
angle v with respect to the support plane II. The surface S’ defined by

147
o ny/2+ﬂm/27
Po Po
has mean curvature close to —@ in a neighborhood of M,, and intersect

IT with an angle v. Since 7 > 73, for 7 small enough, S, &’ and II enclose
a small region U, in a neighborhhod of M,. Proceeding as in the previous
section, we have:

1+14
pO umEa,n a(umEfﬁ)

We notice that Vd-v =—-1on 0UNE,, =S NE;,, and 0 <Vd-v <1
on U NOE, . Moreover, it is easy to check that d ~ (z'siny + y' cos~) in
the neighborhood of M,, and so

Vd- v~ —cosvy
along {z =0} N (UNE.,). We deduce

/ Ad < —H(S' N\ Ee) + P(Eep,U) — cosy A (E- . NTINT).
UNE: .
Therefore, the set

F=E. . \U

satisfies

TF) = T(Eer) — P(BorsU) + AU E-) + / Beor, . dedy
Un{z=0}

144n

o

IN

j(EE,n) - U N Ea,ﬁ| + / (B — cos ’Y)SOEE,K dx dy

Uun{z=0}



18 L. A. CAFFARELLI AND A. MELLET

Since cos~y > f[(x,y) in U, we deduce

1+4
TF) < J(Bey)— 1

o

U N E; .|

The rest of the proof is similar to that of the previous section, adding a
piece with volume |E;. , NU| to E., in a region where the mean curvature
is known. We deduce that

|Ee s NU| =0,
and the proof is complete. ([l

6. CONTACT ANGLE HYSTERESIS

We now turn to the proof of Theorem 3.1. Throughout this section, we
have

Ty ={(2,y,2) €ER’; 2> 0, S(2) <y < 2p/1 - (8)2 = S(2) — t},
and we denote by E.; the constrained minimizer for the gravity-free func-
tional 7z, as constructed in section 4.

The proof of Theorem 3.1 follows the same steps as the proof of Theo-
rem 3.2. The main difference is in Proposition 5.1, which becomes

Proposition 6.1. The minimizer E.; of J. in &y, (V) satisfies
(6.1) JTo(Eey) < To(F) + Ce + Ct
forall F € &V)
Therefore, Theorem 2.2 yields:
|E-+ N B;;y < (Ce + CtH)™.

This proposition allows us to prove, following the same three steps as in
the previous section, that E.; is indeed a local minimizer of J¢, that is
E., eI}y
if t <t, and ¢ < g,.

Proof of Proposition 6.1. Let B;r be the spherical cap with volume V
and wetting area of radius R, — t. It is readily seen that B; C I'pr and
lp — po| < Ct. So

Jo(By) < Jo(B,) + Ct,
which implies

min  J.(F) < J(B)) < Jo(B]) + Ce 4 Ct.
FegFR,T

It remains to prove that
jO(EEt) S jE(E&‘,t) + 057

)
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but this is again a consequence of the following proposition, the proof of
which is similar to that of Proposition 5.2:

Proposition 6.2. The contact line has finite 1-dimensional hausdorff mea-
sure in R?:
HHO(E.y N{z=0}) < +o0

6.1. Apparent contact angle. It remains to show the last part of Theo-
rem 3.1, that is we have to prove that the apparent contact angle is indeed
greater than that of B+O, at least on part of the contact line.

We recall that the apparent contact angle is the measured contact angle
when € — 0. To characterize it, we first prove the following result:

Lemma 6.3. When € goes to zero E.; converges in L' and uniformly to E‘,

minimizer of J, in I'y.

Proof. Note that E. ; is bounded uniformly with respect to € in BV-norm.
Therefore, E.; converges in L' to a set E € &(V). Moreover

Jo(E) < lim i(l)’lf Jo(Eet)

Finally, if F' is a set in &(V') with F' C I';, then we have

Jo(E) < Je(Eep) + Ce < Je(F) + Ce.
It follows that
Jo(E) < liminf (J.(F) + Ce) = Jo(F)

for all F' C I'y, which prove that E is indeed the minimizer of Jo in T';. Non-
degeneracy inequalities for E.; then yields the uniform convergence. ([
We deduce:

Lemma 6.4. The free surface OF satisfies
2H = -\
cosy < (f)

Moreover, there exists at least one point along the contact line at which the
contact angle is strictly greater than cos™(3).

Proof. First of all, the previous lemma implies
Jo(E) < Jo(F) + Ct
for all ' € &(V). In particular, Theorem 2.2 gives
|[EAB}| < Ct°

and following Step 1 and 2 of Section 5, we can prove that E does not touch
the barrier 0I'y, except maybe along the contact line. We also deduce that
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OF has constant mean-curvature. Moreover, an argument similar to that of
Step 3 yields cosy < () along the contact line.

Next, if cosy = () everywhere along the contact line, then H. Wente [W]
proved that there is a vertical line about which E is axially symmetric. In
particular, the wetting surface is a disk, and proceeding as in section 2.2.1,
we easily prove that Eisa spherical cap. However, since the volume is the
same as B;ro but with a smaller wetting area, the contact angle must be
larger, which contradicts cosy = (). The lemma follows. O

APPENDIX A. PROOF OF PROPOSITION 5.2

In this appendix, we give the main steps of the proof of Proposition 5.2.
Details can be found in [CM] where similar results are proved for the gravity-
free case.

The key results are the following non-degeneracy lemmas:

Lemma A.1. Let I'y(z,,y,) denote the cylinder
Lr (%0, Yo) = Bl (20) x R = {(2,,2) € R™; |(2,9) — (%0, Yo)| < 7}

Then there exists c1, ¢, > 0 such that for any minimizer E of J in &Er(V),
if To,Yo lies in the projection of E onto {z = 0} (i.e. there exists z, such
that (xo, Yo, 20) € E) then

|[ENTy(x,)] > cor?,
for all v such that |E N Ty (20, Y0)| < c1|E|.
and

Lemma A.2. Let (x,,2,) € OF with z, > 0. There exists ¢, universal
constant, such that for all r < z, we have

|B, (20, 20) N E| > cr®
|B, (20, 20) \ E| > cr®
Lemma A.2 allows us to deduce uniform convergence from L' convergence
for any sequence of minimizers.
Lemma A.1 gives the non-degeneracy of the minimizers on the contact

line. It allows us to control the perimeter of E in the neighborhood of the
contact line:

Corollary A.3. If (z,,0) € OF, then for every r,
P(E, B, (x,,0)) > r*
Finally, by a cutting argument, we prove

Lemma A.4. There exists a constant C such that
P(E{0<z<t}) <OV +V3)
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Proposition 5.2 now follws: Let U; Bs(x;) be a covering of 0{ EN{z = 0}}
with finite overlapping. Then by Corollary A.3, we have

P(E, Bs(z;)) > 6%
But thanks to the finite overlapping property,

N P(E, Bs(z;)) < CP(E,{0 < 2 < §}) < CV3§,

and therefore the number of balls is less than C'V35 , hence the result. [
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