Copyright
by
Nestor Daniel Guillen

2010



The Dissertation Committee for Nestor Daniel Guillen
certifies that this is the approved version of the following dissertation:

Regularization in phase transitions with

Gibbs-Thomson law

Committee:

Luis Caffarelli, Supervisor

Irene Gamba

Rafael De La Llave

Panagiotis Souganidis

Bjorn Engquist

Alexis Vasseur



Regularization in phase transitions with

Gibbs-Thomson law

by

Nestor Daniel Guillen, B.S.

DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN
December 2010



Acknowledgments

I would like to say thanks to the faculty and students at Austin for their
teaching and support, and generally for making my graduate school day some
of the happiest times of my life. I am grateful in particular to two people: My
doctoral advisor Luis Caffarelli, for his always cheerful mentorship, guidance
and support in all these years, and also for being patient at times when I
felt my research flaked. Secondly, my undergraduate advisor Lazaro Recht at
Universidad Simén Bolivar in Venezuela, for teaching me mathematics for the

first time, quite literally (and patiently) from scratch.

I would like to express my gratitude to Takis Souganidis not only for his
teaching but specially for thoughtful advice and encouragement given during
(and after) some stressful times. I would also like to thank Rafael de La Llave,
Luis Silvestre, Alessio Figalli, Ray Yang, Hector Chang, Carl Mautner and
many others for the many mathematical discussions, support and friendship.
I am also grateful to Lucia Simonelli and Russell Schwab for their invaluable

friendship and for giving me sometimes tough but much needed advice.

Finally, I am grateful to my parents Nestor L. and Dora and my sister Vanessa
who are an important part of my life even when they are far away, I thank
them for their unconditional support and for putting up with my often math-

induced absentmindedness.

v



Regularization in phase transitions with
Gibbs-Thomson law

Publication No.

Nestor Daniel Guillen, Ph.D.
The University of Texas at Austin, 2010

Supervisor: Luis Caffarelli
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Chapter 1

Introduction

The Stefan problem is a well known model for phase transitions of materials
whose temperature is undergoing diffusion. It says that if u(x,t) is the tem-
perature of a material with two different phases (say liquid and solid) in some
container €2, then

(u+x)t=Au in
where y = characteristic function of the solid phase

Usually, one assumes that u = 0 along the solid-liquid interface. The Gibbs-
Thomson law is a correction to this model which makes it more accurate
at smaller scales. It says that the the temperature of the interface is not
constant but proportional to the mean curvature of the interface. There is a
vast literature considering the heuristics and rigorous justification of this law

[10].

In this work we study the smoothness of u and of the solid-liquid interface for
this model, we require the interface to be a Lipschitz hypersurface in space
and time. Additionally, we review the existence theory for weak solutions
developed by Luckhaus [14] and apply his method to a new modification of

the Stefan problem.



The main results can be summarized informally as follows. See section 2 for

detalils.

Any weak solution of the Stefan or Hele-Shaw problems with Gibbs-Thomson
law is automatically C** in space whenever its interface is Lipschitz in space
and time. In the case of the Signorini-Gibbs-Thomson law one gets CY' in

space.

The Gibbs-Thomson law is actually used indirectly in this result. What will
actually be shown is that in general any weak solution to the “Stefan condi-
tion” is Holder continuous, as long as the free boundary (0{x = 1}) is given
locally by a Lipschitz graph in space and time. This is true independently
of what other condition might be imposed on u (in particular, it gives a new
Holder continuity estimate for u for the classical Stefan problem). In the case
of the Gibbs-Thomson law we get that the mean curvature of the free bound-
ary is Holder continuous, thus one has a Lipschitz surface with a continuous

curvature to which the well known elliptic regulariy estimates can be applied.

For the classical case where u = 0 on the interface, one can use comparison
principles and viscosity solutions and a greater deal is known. In terms of
regularity of weak (viscosity) solutions a lot of progress has taken place since
the the work of Athanasopoulos, Caffarelli and Salsa [3-5] for the parabolic
case and Caffarelli [6-8] for the elliptic case. Drawing inspiration from the
theory of minimal surfaces, these works have brought forward a paradigm

for the study of regularity of (parabolic/elliptic) free boundary problems: free



boundaries which are either Lipschitz or very flat* ought to be smooth. As can
be expected, proving the smoothness result under the Lipschitz assumption
tends to be easier, and is often a first step in developing the machinery to

address the more general and harder case of free boundaries that are a priori

only flat.

Instead, when one includes the effects of the Gibbs-Thomson law the compar-
ison principle and viscosity solution approach no longer works. Heuristically,
this is because the free boundary velocity is of the same order as (—AS)%R,
where A, denotes the Laplace-Beltrami operator on the interface. This is a
non-local, third order operator (as the mean curvature is already of order 2)
acting on the free boundary. In particular, as it has greater than 2 one can-
not expect anything like a comparison principle. More concretely, most of
the arguments in the works of Athanasopoulos et al cited above break down
when the temperature is not constant along the interface, such as Harnack-like

principles or the Alt-Caffarelli-Friedman monotonicity formula.

However, the free boundary regularity is now more directly connected to the
function wu: if the temperature were bounded or have enough integrability in
space then the interface would be? C'1® in space. As mentioned in a previous
paragraph, under the Lipschitz assumption it will be shown that a solution to

the Stefan condition (regardless of the values of u along the interface) becomes

Lthis means the free boundary is trapped between two parallel planes that are close
together.
Zthat this is so follows from the regularity of almost minimal boundaries (cf. Section 4)



Holder continuous for all positive times, thus proving for the Gibbs-Thomson

law that Lipschitz free boundaries become C** in space instantaneously.

The Hoélder continuity of u (in space and time) will be proved pushing the De
Giorgi-Nash-Moser regularity theory for linear parabolic equations so that it
can handle singular right hand sides, namely the distribution y;, which under
the Lipschitz assumption lives in H~!. This will be proven in two ways: first
by a modification of the usual iterations that will lead to a non linear and
homogeneous estimate and secondly by a maximum principle related to that
proven by Stampacchia, which will give a linear but non-homogeneous esti-
mate. These estimates are proven for weak solutions in the sense of Luckhaus,
but they can also be seen as a priori estimates for classical solutions and from
that perspective a corollary of these results is that whenever singularities form,
they must be felt at least at the level of Lipschitz regularity, one could hope
that similar estimates might help understand the formation of singularities, as

it has been done for geometric flows.

Besides reviewing Luckhaus’ method, we also modify it to treat a new toy
problem motivated by porous flow through semipermeable walls and the Sig-
norini problem, the original model is discussed in [11]. The problem is similar
to Hele-Shaw or Stefan with Gibbs-Thomson law, except that instead of the
asking © = mean curvature on the interface, we ask only that v < mean
curvature and that it be the largest subharmonic (resp. subcaloric) function

satisfying that property, which gives a time-dependent Signorini problem.



The organization of the paper is as follows: in Section 2 we state the main
results in detail; in Section 3 we review Luckhaus’ construction of weak solu-
tions, almost minimal surfaces and adapt these ideas to the Stefan-Signorini
problem; sections 4 and 5 deal with the regularity of Lipschitz free boundaries.
Finally, the appendix contains a review of the linear the parabolic De Giorgi -
Nash - Moser theory, where we prove the oscillation lemma adapting an esti-
mate from the work of Caffarelli-Vasseur [9] on the quasigeostrophic equation,
with this lemma in hand one can prove continuity without using a covering

argument as it is usually done [15].



Chapter 2

Main results

2.1 Definitions and notation

To state the main results it will be helpful to fix some notation.

We will denote by €2 a generic bounded domain of R™ with a Lipschitz bound-

ary. If T > 0 we shall also write Q7 for the product Q x (0,7).

The functional spaces we will work with are: the Sobolev space Hg () of func-
tions with square-summable gradients and vanishing on the boundary and the
space BV () of functions with finite perimeter (see [12] for properties of BV
functions). We are restricting ourselves to the case of zero Dirichlet bound-
ary conditions for simplicity, although our methods allow to handle generic
prescribed boundary values.

Definition 2.1.1. A pair (u,x) of functions
w € 130, T3 HY(Q)) 1 L=(0,T; L)
X € L=(0,T; BV(Q)), x€{0,1} a.e.

are called a weak solution to the Stefan problem with Gibbs-Thomson law in

Qr if they satisfy 1) The weak Stefan condition

/OT/Q(U‘FX)@dxdt—I—/OT/QVu-Vqﬁdxdt:O Yo € C=(Qr)



and 2) The Gibbs-Thomson law in the BV sense: for a.e. t € (0,T) and every
Y € C(Q;R™) we have

Vx(1)
IVx(t)]

[ i) = v DY@)ITx@ = [ ue)y vVl v =
Q Q
Definition 2.1.2. A pair (u,x) of functions

u € L*(0,T; Hy(Q))

X € L*(0,T;BV(Q)), x€{0,1} a.e.

are called a weak solution to Hele-Shaw with Gibbs-Thomson law in Qr if they
satisfy the same condition 2) above and instead of the weak Stefan condition

we have

T T
/ / xOedzdt + / / Vu-Vodxdt =0 V¢ € C(Qr)
0o Ja o Jao

2.1.1 Additional conventions

Throughout this work we will refer to the Stefan problem with Gibbs-Thomson
law simply as (SGT) and to the Hele-Shaw problem with Gibbs-Thomson law
as (HS). Whenever we talk about a solution to (SGT) or (HS) we will mean
it in the sense of Definitions 2.1.1 and 2.1.2. When we say that they have
an initial condition (ug, xo) we will mean it in the usual sense obtained by

integrating by parts and allowing test functions to be non-zero at ¢t = 0.

As it is standard we will work with the parabolic cylinders

Qr(x,t):{(y,S) e —yl < t—r2<5<t}



By @, we will mean simply @,.(0,0). All of our estimates are interior estimates

so we may assume we are always working at (say) Qs.

2.2 Main results

Now we can state the two main results concerning Lipschitz free boundaries:
Theorem 2.2.1. Let (u,x) solve (SGT) in Q2 and such that its free boundary

15 a special Lipschitz domain of the form:
{2, 2n,t) € Qa : xy = f(2', 1)}, f Lipschitz in both ¥’ and t

If L and V' denote respectively the Lipschitz constants of f in x' and t, we

have for every o € (0,1) that

ullz~@n) < 9 (1ullr2@y)  Nullco@) < Crma (llullr2gq + V)

where g(t) is the inverse to the function

2+6
t—C, ! =5 0= 2
(12 +CLV?) 2 n

The result for Hele-Shaw is very similar, except we get no further regularity
in time.

Theorem 2.2.2. Let (u,x) solve (HS) in Q2 and such that its free boundary
1s a special Lipschitz domain as above. If L and V denote respectively the
Lipschitz constants of f in 2’ and t, we have for each a € (0,1) and each

t e (—2,0) that

lu@) ez < g (lu@®)llz2s)  u®)lloo@) < Crma (lu@)llzas) +V)



where g(t) is of the same form as in the previous theorem.

The third result deals with the existence of weak solutions for the Stefan-
Signorini problem (explained in the introduction), the Stefan condition is to
be understood in the same sense as in Definition 2.1.1, and the Signorini
condition is also understood in the BV sense.

Theorem 2.2.3. Let Q C R" (n < 3) be bounded with Lipschitz boundary.
Given ug € HY(Q) and xo = x5, € BV(Q) there exits a weak solution to the
Stefan-Signorini problem defined for all positive times. M oreover, ast — +o0
the free boundary converges uniformly to the boundary of the smallest domain

with positive mean curvature containing Ejy.



Chapter 3

Luckhaus Theorem revisited and the mixed
Stefan-Signorini problem

In this chapter we shall review the Luckhaus existence theorem for (SGT) and
apply the same ideas to the Stefan-Signorini problem. We start by introducing
discrete solutions and reviewing their basic properties, that is done in the next
section. We shall make a parenthesis to talk about almost minimal surfaces,
which have an important role in Luckhaus’ proof, once is done we will continue
to prove the existence theorems. The result on long time behavior is proved

at the end.

3.1 Luckhaus discrete solutions

As discussed in the introduction, the nature of the Gibbs-Thomson law is such
that one cannot exploit the known methods for building weak solutions (as one
can in the classical Stefan problem, Porous medium equation, etc). On the
other hand, as was first pointed out by Visintin and Gurtin (cf. Section 2 of

[14]), for smooth solutions one has the inequality

%{Per(l“(t)) +% / u(t)zd“% /0 t / |Vu<t)12da:dt} <0 (3.1)

10



This Lyapunov functional points to an intrinsic gradient flow structure. In-
spired by this fact Luckhaus [14] developed a scheme to built weak solutions
starting from arbitrary initial data and defined for all times. The main idea
was to discretize time and solve an elliptic variational problem at each dis-
crete time step, the functional being determined by the Lyapunov functional
above. Given the Gibbs-Thomson law relating u and the mean curvature of
the interface, is not surprising that this minimization problem falls under the
scope of the regularity theory of almost minimal surfaces. Thanks to this, and
estimates for the velocity obtained by Luckhaus one has enough compactness
to guarantee the existence of a limit as the time step goes to zero. This limit
is then shown easily to be a solution in a weak sense that will be explained

below.

A closely related result is that of Almgren and Wang [2], where time is also
discretized. Their approximations are built in a somewhat different manner,
in particular their idea involves the use of the Wasserstein distance. Both of
these works just predate the emergence of gradient flows in Wasserstein space
as a robust approach to many non-linear evolution problems. An entirely
different approach we won’t discuss here is that of phase fields, with it, Soner
[16] managed to prove existence of weak solutions for large times.

Definition 3.1.1. Let €2 be a domain with Lipschitz boundary and T > 0.

Given N > 0, we fiz a time step h = 27NT. By a discrete solution to

11



(SGT) with time step h > 0 we will mean a pair of functions

uw:Qr — R
x: Qr — {0,1}

Which are piece-wise constant in time
} ift € [(k—1)h,kh)
where the sequence {uy, xx x>0 satisfies the following

® uy, Xo are given initial conditions with

up € Hy(Q), x = xm € BV(Q)

e For any k > 0 the pair (ugs1, Xp+1) achieves the minimum of the func-

tional

h 1
Fin(u, x) :/\Vx\—l——/ |Vu\2dx+—/u(u—uk)da:
Q 2 Ja 2 Jq

among all pairs (u,x) with uw € HY(Q) and x : Q@ — {0,1} € BV(Q) that

satisfy the constraint

u—uk+ X — Xk = hAu in H™!

Remark. It will be convenient to take the following convention: we will

denote with the latin letter ¢ a generic time in (0,7"), we will use the greek

letter 7 to refer to a time 7 € (0,7") which happens to be a multiple of the time

step h. Moreover, we will denote by F or F' the solid phase, i.e. E = {y = 1}.

12



When shall also write sometimes yg or xg for the characteristic function of

the solid phase F or F'.

Remark. By standard methods from calculus of variations one can show that
for each h > 0,7 > 0 and any initial data (ug, xo) one can build a discrete
weak solution with time step h in (0,7"). The challenge is to get an actual

weak solution when h — 0.

Remark. The minimization condition on Fy, j, is a way to force the Lyapunov

condition (3.1) on the weak solutions. This will be seen in Proposition 3.3.3.

3.2 Almost minimal surfaces

Heuristically speaking, an almost minimal boundary F is a set whose perimeter
cannot decrease too much by perturbations at a small scale, so in some sense
it is close to a minimal surface in a neighborhood of each point. One might
expect that if this closeness happens in a strong enough sense then such a set
must be smooth, this is the content of the Almgren-Tamanini theory. Let us
make some concrete definitions.

Definition 3.2.1. Fix a modulus of continuity p(r). A set E of finite perime-
ter is said to be almost minimal in Q with respect to p(r) if Id > 0 such

that
/ Vxs| < / Ve| + plry
Q Q

for any F such that FAE C Q has diamater smaller than 2r, r < d.

It turns out that the solid phases Ey = {x; = 1} from the discrete solutions

13



have such a property. In fact, pick & € N and let be (@ Y) a competing function

for the variational problem (3.2) solved by (u, x) = (ug+1, Xx+1), then
Fion(u, x) < Fip(t, X)

~ h ~12 2 1 ~ o~

= [ |VxI < | |IVxI+= [ |Va]” = |Vul“de + = | a(t— ug) — u(u — ug)de
Q Q 2 Ja 2 Ja
S T
— [1vd -5 [ati-w - ulx- s

Q Q

We rewrite the above inequality:

L= [1951+5 [ ue=0 - @0 - s

Observe that w = @ — u satisfies w — hAw = x — x, by performing a few

integrations it can be shown that

[ tulds <2 [ 3= xjds
Q Q

This allows to bound the second term and conclude that

. 1 . .
/|VX|S/|VX|+§/U(X—X)d$+/|X—X|de
Q Q Q Q

What does this say?, applying Hoélder inequality with p > n to the term

containing u we get further

L9 < [ 1931+ Coltaay ([ 1= tide) ™+ [ 15~ xda
Q Q Q Q

Since [, [x — X|dz = |[EAF| and |[EAF| < ¢,r™ this implies (o =1 — 2) that
[ 19 < [ 19714 Co s +7) 57
Q Q

14



If n < 3 then 2* > n, so plugging above the Sobolev embedding |lu| 2+ <
C||Vul||gr. Since we can pick any set of finite perimeter to play the role of
the solid phase, we above inequality holds with y = yr for any F. We have
proven the following proposition:

Proposition 3.2.2. Suppose the space dimension is n < 3, and let (u,x) be
a discrete solution to the Stefan problem. Then each set E(t) = {x = 1} is an

almost minimal set with respect to p,(r), where

n
pr(r) = Cop (IVu®l e +7), =1

Remark. Note that the estimate above is independent of the time-step h.
If anything, as h — 0 the only thing that deteriorates in the estimate is the

supremum in time of H! norm of the discretized temperature.

This fact is key in the existence result of Luckhaus (discussed in the next sec-
tion), thanks to the regularity theory of F. Almgren and I. Tamanini, which
extends the regularity theory of minimal surfaces of E. De Giorgi. We sum-
marize the facts we need from this theory as a single result

Theorem 3.2.3 (Almgren-Tamanini). Let E be almost minimal in some do-
main Q with respect to p(r) = Ar® and let n < 7. Then there exists ro =

ro(A, ) such that if o € OE NQ and d(xg, Q%) > 1o we have
EN By (xo) ={(2',2,) : x, < f(2')} N B(x0)

(after possibly rotating the coordinate system)

15



Here f(2') is a function defined in B.(x{) such that

IFllcrs < C(A @)

The theory behind the above result can be found for example in [1]. Before
we go back to the Stefan problem we will prove a stability property of almost
minimal surfaces which will be useful in the future.

Lemma 3.2.4 (Stability of almost minimal surfaces). Assume n < 7. Let
{Ek}ren be a sequence of sets each of which are almost minimal in 0 with
respect to some pr(r), s.t. pr(r) < po(r) and po(r) = Cr®. If pp — p uniformly
and Ey, — E uniformly (i.e. in the Haussdorff metric) then E is also almost

minimal in Q with respect to p(r).

Proof. Let F be such that EAF C B,(x) CC Q and let us write Ey = {xx =
1}, E={x=1}and F = {x = 1}. We may assume without loss of generality
that F' has a smooth boundary, thus we may pick another sequence Fj, with

smooth boundary and such that F,AFE} has radius less than r + ¢, ¢, — 0.

Using a covering argument and the Almgren-Tamanini theorem to control the

oscillation of the normals we may also assume that

/|ka|ﬁ/|w, /|V>zk|e/|vx|
Q Q Q Q

For each k, we have by assumption

/ Vil < / V] + e+ ) (r + o)™
Q Q

16



Taking k — +00 we obtain

/ V| < / VR + o)
Q Q

which finishes the proof. O

3.3 Existence of weak solutions

The goal of this section is to review the following theorem of Luckhaus (see
[14]) which is the base for Theorem 2.2.3.

Theorem 3.3.1. [14] Given ug and xo there is a sequence of discrete solutions
(u™), XN with time step hy — 0 that converges in L'(Qr) to a pair (u,x)
with the following properties:

we L?(0,T; HY(Q)) N L>(0,T; L*(Q))
X € L* (0,T; BV ()

(u+x)e € L2(0, T3 H7(Q))

u(0) = uo, x(0) = xo

Moreover, for almost every time t € (0,T) we have
i) (u+x)¢ = Au in the H™' sense.

i) The set E(t) has a C* boundary and its mean curvature in the BV sense

agrees with the trace of u on OE(t).

To start the proof we will collect some basic facts about discrete solutions that
follow easily from their definition.

Proposition 3.3.2. Let (u, x) be a discrete solution with time step h. Then:

17



(Discrete Stefan condition) For any ¢ € C°(Q2r) we have
T
/ /(u + x) (0! p)dxdt + /(uo + x0)o(z,0)dz = / Vu-Ve¢dxdt (3.4)
o Jo Q Qr
(Discrete Gibbs-Thomson Law) For any t € (0,T), Y € C*(Q;R™) we have

/Q(div(Y) . DY ()| V()] = /Qu(t)Y-V]VX(t)|, Y= (3.5)

Proof. We omit the details as the proof is standard. For condition (3.4) one
only needs to test against the constraint (3.3) which is satisfied by (u, xx).
So testing (in space) against an arbitrary test function ¢(x,t) for each k and
adding up the resulting integral equation over k we get (3.4). The (discrete)
Gibbs-Thomson condition (3.5) is nothing but the Euler-Lagrange equation

associated to the functional Fj defined in (3.2). O

Proposition 3.3.3. Let (u,x) be again a discrete solution with time step

h > 0. For any pair 7y < 15 we have the estimates:

/!VX )| < / [Vx(71) (3.6)
Tf&lﬂ)b /Q (r)2d } / / V2 dudt (3.7)

< Per(E(m)) — Per(E(m2)) < Per(E(0))

le(72) = e(m)ll -1 () < (r2 = 70)'2(2Per(Eo))' 2, e(t) = x(8) +u(t) (3.8)

Proof. Inequalities (3.6) and (3.7) wil follow from the fact that (0, x;) is itself

an admissible pair for the variational problem solved by (41, Xx+1). In other

18



words, we have

h 1
/ |VX]§+1’ + —/ |Vuk+1|2dx + = / uk+1(uk+1 - uk)dx
Q 2 Q 2 Q

= Fp(ups1, Xav1) < Fr(0,xx) = / A\
Q

Adding these inequalities for each k with 74 in (77, 72) one gets the first esti-
mate. For the second inequality, let v = Xpmak — Xm + Umir — Uy and let ¢ be

an arbitrary function in HJ(f2), then

k k
/U¢d$:/Z(Xm+i—Xm+z‘—1+Um+z‘—Um+i—1)¢d$:/Z(hAUme‘)Ude
Q @ im1 € =1

(m+k)h
:_/ /Vu-dexdt
mh Q

then by Holder inequality

/ vwdx
Q

From the first estimate, the right hand side is bounded by (kh)"/2(2 Per(Ep))*/?|Jw|,

1/2
<o) ([ (vurdadt) " iolly
T

and since w was arbitrary this gives the estimate for e(7). O]

Observe that equation (3.8) gives a (discrete) Holder estimate on u + y over
time. Since one would not think that the discontinuities of u and x cancel
each other, we may expect to derive continuity for v and y individually from
the estimate for u + y. This is done in the following lemma, particularly, in

the first step of the proof.

19



Lemma 3.3.4 (Luckhaus time estimates). Given a discrete solution with time
step h, the following integral time-continuity estimates hold (recall T is a mul-
tiple of h):
T—1
/ / Ix(z,t £7) — x(z,t)|dxdt < CT”
T Q
T—1
/ / (e, t £ 7) — ulz, b)|dedt < Cr
T Q
Where C' depends on the initial data (ug, xo) and ~y is a small dimensional

constant.

Proof. Step 1. For any given f € H' and g € BV satisfying ¢(Q) C {-2,0, 2},
it can be shown that

n

/mwxsg/u+mmHm%</uw@ux)_rWﬂml (3.9)
Q Q Q

One only needs to apply the Sobolev inequality to h = min{(f —3)+,1} € H'

and use the fact that since g can only take the values 0 and £2 then

{9#0, rf|<§}c{|f+g|>§}

5 [1alao < 151> 3} 2 [ 17+ glas

and then the estimate follows.

Therefore

Step 2. Next we show that for a discrete solution u, y we have with 7 = |13 — 7|
/ e(m) —e(m)lde < Co (1+ A+ 73 le(n) = e(ra)llg) Bln =/t (3.10)
Q

20



Where A = [, |V(x(m1) — x(72))| and B*> = ||V (u(r1) — u(72)) || 12(n). This
is a standard interpolation estimate. To obtain it let ¢. = ¢ "¢ (e 'x) be an

approximation to the identity, then

/ e(m) — e(r)|dz < / (e(n) — e(r2)) * b — (e(m) — e(m))| da
Q Q

+ [ felm) = e(m)) v o] da
Q
Thinking of ¢, as a function in H' (and assuming ¢; is supported in B;) we

see that the second integral is bounded by

C,
—lle(r) — e(r2)ll 1) +/ le(1) — e(72)|dx
€ {d(z,00)<e}NQ

For the first integral, we obtain via the triangle inequality
/Q (e(T1) — e(72)) * e — (e(T1) — e(72))| dw < €C (1 + /Q IV(x(m) = X(Tz))|>

+eCy [ [V(u(n) = u(r)lda
Q
We bound the L' norm of the gradient of u(ry) — u(72) in terms of its L?

norm, and take € = hl;%z‘ to get the estimate, after using inequality (3.8)

from Proposition 3.3.3.

Step 3. We derive first the estimate for y:

T—1
/ /|X(tir)—x(t)|d:cdt§/ /|X(ti7)—x(t)]dxdt
. Q {EIVu)2,>K} /o

+/ / Ix(t £ 7)— x(t)|dedt =1 + I
{r<t<T—r|Vu(t)|2 <K} JQ
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We proceed to bound each integral, the first can be controlled via Tchebyschev’s

inequality

20
L < — Vul?dzdt
B

To bound I, we apply for each ¢ inequality (3.9) from step 1 with
g=x(t+x7)—x@), [ =ult£7)—u(t)
Then
T—T T—T ﬁ
I, < 4/ le(t £ 7) — e(t)|dx + C’n/ (K/ le(t£71)— e(t)|dm) dt
T T Q

We now want to apply inequality (3.10) from step 2. First, we use the basic
estimates from the previous lemma to see that for some Cy = Cy(ug, xo) we
have

1+ A+72|let£7) —e(®)||n1 < Co

Then plugging in the inequality we arrive at
I, < CQCO4TK‘T|i + CQTK%CFTﬁ

We still have the freedom to chose K, if we take K = 77, with v small enough

(depending only on the n), we get
]1 + -[2 S C(u()y X0, &—Z)Zﬁ,r’y

Which is the desired estimate for x(¢). For u(t), now we only need to use the

triangle inequality:
T—1 T—1
/ / lulz, £+ 7) — uz, )|dedt < / / (4 7) — ()|t
T Q T Q
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T—1
—|—/ / le(t £ 7) — e(t)|dxdt < C(ug, x0, )TT” + C(uo, Xo, Q)TTi
T Q

This finishes the proof. O

Now we are ready to prove existence of solutions in the sense of Definition

2.1.1.

Proof of Theorem 3.3.1. The proof will consist in taking a converging sequence
of discrete solutions as h — 0. After that, one must show that the limiting
solutions satisfy both the Stefan condition (weakly) and the Gibbs-Thomson

law (in the sense of sets of finite perimeter). This we do step by step.

Convergence: The velocity estimates of Luckhaus and a compactness theorem
of Kolmogorov tells us that the sequence {x"} and {u"} has a converging
subsequence in L'(Q7). Thus there is a pair of functions x and u that are
both the L'(Qr) and pointwise a.e. limit of a subsequence of {x"}; and

{u"},, respectively.

Stefan condition: By the basic estimates for discrete solutions we also con-
clude that x € L>(0,7;BV()) and that x = 0,1 almost everywhere. By
the same reasoning we conclude that u € L*(0,T; H'(2)) N L>(0,T; L*()).
Moreover, using test functions we can use the “Discrete Stefan condition”
along the subsequence to get (in the limit) for any ¢ € C°(Qr) the weak
Stefan condition

/ (u+ x)Prdadt + / ¢(x,0)(uo + xo)dzr = Vo - Vu dxdt
Qr

Q Qr
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This, and the fact that u € L*((0,T); H'(Q)) imply that (u+yx), € L*((0,T); H™).

Gibbs-Thomson Law: Observe that {u’* },cy lies in a bounded set of L2 (0, T’; H*(9))
and additionally fOT Jo |VulPdzdt < oco. Therefore, for some M C (0,T) of
measure zero we know that if ¢ ¢ M then there is some positive number C(t)
such that

/Q\Vu(t)Ide ,/Q]Vuh"'(t)IQd:c <C(t) Yk €N (3.11)

Additionally, we can prove the time estimate (see first part of Proposition

3.3.3)
/Q VX (1)) < Clxo) Vi€ (0,7)

Therefore, for any ¢t ¢ M we have

{u") ()}, is bounded in HY(Q), x")(t) — x(t) in L'(Q)

Now, recall' that n < 3. Then inequalities in (3.11) together with 3.2.3
(Almgren-Tamanini) guarantee that whenever ¢t ¢ M then along another sub-
sequence (that now may depend on t) we have JE(t) — OE(t) in the C!
topology. Where E(t) is some set with C2 boundary. This convergence
allows us to (fixing a text function £ € C2°(Q2,R™) to the pass discrete Gibbs-
Thomson Law (3.5) to the limit and conclude that the mean curvature OF (in
the BV sense, cf Definition 2.1.1) is given by w(t), with this we have finished

the proof of Theorem 3.3.1. O

! This is the only step in the proof where the dimensional restriction n < 3 is used
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3.4 Handling the Stefan-Signorini problem

The goal of this section is to adapt the Luckhaus argument to the case of the

Stefan-Signorini problem.

Following Luckhaus, we consider discrete approximations to our potential so-
lutions. How do we do that? The Stefan condition should be obtained in the
same way, that is by an implicit discretization in time. The Signorini condition
for the mean curvature will need some modifications.
Definition 3.4.1. Let €2 be a domain with Lipschitz boundary and T > 0.
Given N > 0, we fiz a time step h = 27NT. By a discrete solution to the
Stefan-Signorini problem with time step h we will mean a pair of functions
u:Qr - R
X:Qr —{0,1}
Which are piece-wise constant in time

u(z,t) = uk(x)

x@i):xawj}”tGKk—Dmkm

where the sequence {uy, xx}x>o0 satisfies the following
® uy, Xo are given initial conditions with

uo € Hy(Q), x = xm, € BV(Q)

o For any k > 0 the pair (ugi1, Xxr1) Solves the following obstacle prob-

lem, that is, it minimizes the functional
h 9 1
Fen(u,x)= [ |Vx|+ = [ |[Vul*de + = | w(u—w)dz
Q 2 Jo 2 Jao
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among all pairs (u,x) withu € H3(Q) and x : Q — {0,1} € BV(2) that

satisfy the constraint

u—up + X — Xk = hAu in H!

and such that the new solid phase contains the previous one, that is
{xv=1c{x=1}

Remark. The added constraint makes the variational problem considered at
each time step a parametric obstacle problem. As before, usual calculus of
variations methods guarantee existence of discrete solutions for all times and

all time steps A > 0.

Remark. The obstacle constraint forces the inclusion F (1) C E(73) whenever
T1 < Ty, so that the free boundary is always expanding. It also will guarantee
that the free boundary does not move at those points where its mean curvature

is positive.

For this notion of weak solution, one can prove easily corresponding estimates
as for the Stefan problem:

Proposition 3.4.2. Let (u, x) be a discrete solution with time step h.Then:

(Discrete Stefan condition) For any ¢ € C°(Qr) we have

/OT/Q(U—i-X)(ath¢)dxdt+ /Q(uo + Xo0)o(x,0)dz :/ V-V dedt

Qr
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(Discrete Signorini condition) For anyt € (0,T), Y € C°(£; R™) we have the

following two conditions: If Y - Vx(t) > 0 almost everywhere with respect to

|V x(t)| then
' —v- v u "V v= T
L@y =v-pyyer> [ uy el v = S
Plus, if supp Y is a positive distance away from E(t — h) then
j —v- v = [ u v V= AR
[ @) =v- DY@)IVxO] = [ uy - dxiol. v = S

Proof. Again we omit the proof since it is standard, the conditions on the
Signorini condition represent nothing but the standard variational inequality

satisfied by the solution of a parametric obstacle problem. O

Remark. Heuristically, the Signorini condition is saying nothing else but the
fact that u|sg is not larger than the mean curvature of OF, and that it agrees
with it at those points where OF is moving, which is exactly what we want to

have in the limit.

The basic energy and time estimates and the more delicate Luckhaus velocity
estimates carry through to the Stefan-Signorini case. This we state without
proof as the details are similar.

Claim. For discrete solutions to the Stefan-Signorini problem there are anal-
ogous estimates corresponding to the basic estimates and the Luckhaus time

estimates from the previous section.
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We are now ready to prove the existence result for the Stefan-Signorini prob-

lem.

Proof of Theorem 2.2.3. As for the Stefan case, proving the existence of a
solution requires three steps: showing there is convergence, proving the Stefan
condition holds and proving that the Signorini condition holds. We focus only

on the last one.

Signorint condition. The main obstacle is getting in a situation where one can
use the Almgren-Tamanini theorem. We overcome it by making the following

observation

Claim . Suppose the space dimension is n < 3, and let (u,x) be a discrete
solution. Then each set E(t) = {x = 1} is an almost minimal set with respect

to p(r), where

n
pu(r) = Cog (max{ [ Vu(®) s, [ Vol b +7) o = 1= 2

Moreover: If F' is another set containing F(t) and x denotes the characteristic

function of F' we have

Lwxns [1vx+ [ uor- v

Let us take the claim granted for a second and prove the statement of the
theorem. Just as for the Gibbs-Thomson case we can now prove that there
exists a set of measure zero M C (0,7) such that: ¢ ¢ M implies there

exists some subsequence (u(t), x"*(¢)) such that |Ju"(t)|| ;1 < C(t) Vk, thus
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the Almgren-Tamanini theorem guarantees that the boundaries of the sets
{Ex(t)}1, are uniformly bounded in the C** norm. This allows to pass the

discrete Signorini condition to the limit.

It only remains to prove the claim. Let F' C € such that E(t)AF C B,(xy) CC
Q, for some zy and r > 0 small enough. It is enough to consider the special
cases E(t) C F and F' C FE (for a general I’ we can decompose it in two pieces

with the corresponding properties).

If E(t) C F then F' D E(t—h), so F itself is an candidate admissible candidate
for the variational problem solved by (u(t), x(t)). In this case we can use the

same inequality F'(u,x) < (up, xr) as for the Gibbs-Thomson law to get
L 19 < [ 1930+ G (17utt) i +7)
Q Q

The difference arises when F' C E(t). In this case, let F' = F} U F;, where

F, C E(t — h)°. Then one can show easily by induction that with x; := xp,

3

we have

/Q V| < / V5] + Cop (IV(0)] |27 + 1)

/Q Vx| < / Vel + Cop (IVa(t)]| 27 + 1)

Which proves the claim.

Long time behavior. The remaining issue is the behavior of x(¢) as t — +oc.

We also divide this proof in a series of observations.
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Step 1. Existence of a limit E.,. From the previous theorem we have that any

global weak solution (u, x) satisfies the estimate

—+o00
/ IVu(t) |2 oyt < +00
0

In particular, we may pick a sequence {ty}x, tx — +00 along which the Gibbs-
Thomson condition holds and such that u(t;) — 0 in H*(Q2). Since n < 3
the Almgren-Tamanini theorem tells us that {E(¢;)}, has a boundary which
is uniformly C'*® in k and thus along some subsequence F(t;) converges (in

the C! topology) to a set E,, with a C* boundary.

Step 2. E4 has positive mean curvature in the weak sense. We can now apply

the stability lemma to conclude that F., is almost minimal with respect to

p(r) = lim {Cupy (max{[Vu(ti) 1, | Vet 1} + 7))

n
= Cnp (IVuollgir® +7), a =1~ o

so again by the Almgren-Tamanini £ has a C"2 boundary. Moreover, if we
restrict to those sets such that F., C F we can remove the ||Vug| and r terms
above (due to the second half of the Signorini condition) . In that case we

may conclude, with an argument similar to Proposition 3.2.2 that

/\m\ g/\Vch\
Q Q

since F' can be any set containing E,, we have proven that 0F,, has positive

mean curvature in the weak sense.
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Step 3. E lies inside any positive mean curvature domain containing E(0).
This can be seen even at the level of the discrete solutions. Let h > 0, if F'is
a set with positive mean curvature containing £(0) and F intersects F° in a
set of positive volume one readily sees that 1) the pair £ N F' has perimeter
no larger than F and 2) ug\p has a strictly smaller H ! norm in comparison
to that of ug. Thus the pair (xg,ug) cannot be minimal, this means for each
time step h > 0 the solid phases corresponding to the minimizers {xy }, must
lie inside F'. We conclude that E(t) lies inside F' for every ¢ > 0 and the

assertion for E., follows.

With steps 2 and 3 we have proved that E. is the smallest domain with

positive mean curvature containing the initial data E£(0).

Step 4. Uniform convergence: since E(t) is a domain increasing with ¢, we
conclude from the previous 3 steps that as t — +oo the set E(t) converges
uniformly to the smallest domain with positive mean curvature containing

E(0), and that finishes the proof. O
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Chapter 4

Stefan: Lipschitz free boundaries

In this chapter we observe how the De Giorgi - Nash - Moser theory allows us
to prove continuity of the temperature in the Stefan and Hele-Shaw problems
whenever the free boundary is Lipschitz in space and time. Moreover, we prove
an estimate that doesn’t require Lipschitz in time but only some integrability
of the free boundary velocity. In the first section we prove an interpolation
lemma at the trace that will lead to an energy inequality with a non-linearity

which will help redo de L* bound.

From now on, whenever we speak of a solution we will assume it has a Lipschitz
free boundary in space and time. The constants L and V' will always denote
the Lispchitz norm of the hypersurface with respect to space and time (cf

statement of Theorem 2.2.1)

4.1 L* bound

The first lemma uses the Lipschitz assumption on the free boundary to show
how the Stefan condition holds in a stronger sense.

Lemma 4.1.1. Let (u, x) be a weak solution to (SGT) in Q2 such that ' N Qs
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is a special Lipschitz hypersurface of the form
{(2',2p,t) € Qa : x, = f(2!,8)}, f Lipschitz in both x’ and t
Then:
Xt is a measure and it equals v|Vx(t)|, for some bounded function v :I' — R.

In particular, x, € L°H™' and u, € L*H~*.

Proof. The assumption says E(t) = {z : x(z,t) > 0} is a Lipschitz domain
changing in a Lipschitz manner over time, thus for every ¢ € C'°(Q)) and a.e.

t € (—2,0) we have

%/(bxdx_/wlvx(t)\ +/X¢tda¢

where v is the normal speed of I' which is a bounded function defined on I'; a
direct consequence of Rademacher’s theorem. Integrating the above identity

with respect to ¢t € (—2,0) we get

0= [ sonoir— [ s-2ni-21= [ 4 ( [ oir)a
:>/Qvgz5|vx|dt:—/qubtdxdt

Given that ¢ was an arbitrary test function, we conclude that for almost every
time we have x; = v|Vx(t)|. The Sobolev trace theorem for Lipschitz domains
(see lemma below) then says the measures v|Vx(¢)| lie in a bounded set of

H™' so x; € L°H~'. By definition (y +u); € L2H !, thus u; € L*H~!. O
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The next tool we need uses the arithmetic-geometric mean inequality to bound
traces of u. This we will need in order to control terms involving integrals of the
temperature along the free boundary in terms of the L? norm of u and a small
enough multiple of the norm of its gradient. The Lipschitz assumption will
be key as we will use the Sobolev trace theorem for boundaries of (Lipschitz)
domains.

Lemma 4.1.2 (Trace Lemma). Let Q be an open domain in R™ and ¥ a
hypersurface such that XN is given by the graph of a Lipschitz function with
Lipschitz constant L. Then there exists C = C(L) > 0 such that for every

€ >0 and every ¢ € H}(Q2) we have

1
/E¢2do <c (E/ngﬂdx+e/g|v¢|2dx> (4.1)

Proof. By a density argument we may assume ¢ € H}(Q) N C(Q) without
losing generality. If ¥ N € is given by the graph of a Lipschitz function then
we can find a bi-Lipschitz diffeomorphism 7' that flattens ¥ into (say) the
hyperplane IT = {x,, = 0}. Thus if ¢ = ¢ o T' we know that

CHllze < 1¥lle < Cllebll
CHIVY L2 < [IVol2 < ClIVY| 2

For C' = C(L). Because of this we only need to prove the estimate for ¢*,

namely

/ Y(a',0)%dx’ < C <l Yidx + € \V¢|2dx)
I 4e Q* Q*
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If we denote by y the coordinate corresponding to the axis orthogonal to II,

we have

(¥?)y = 20,

so that

b y)? — (e 0) = / (e, syl 5)ds

if for each 2’ we take y = y(z’) so that (z,y’) lies in Q* \ suppvy we get
(2’ y) = 0. Therefore

y(z')
W0 == [T e e s)ds
0
= [ opr == [ o< [ Juiis
I QN {y>0} QO
Now we finish via Cauchy-Schwartz, for each € > 0 we have
1
/ (', 0)%dx’ < —? + ep?dx

O* 4e

#/1# 2',0)%de’ < — [ Ydw +e |V |*dax

]

Now we are ready to prove the energy inequality for Lipschitz solutions of
(SGT).
Lemma 4.1.3 (Energy inequality). There ezists a constant Cp, = C(L) such

that for a.e. t € (—=2,0), any m > 0 and n € C°(By) we have

(g, N /]V Ny P dz < /|V77\2u2 d:r;—i-C'L—/ (tn)?

where upy,(z,t) = max{u(z,t), m}.
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Proof. By the previous proposition, for a.e. t € (—2,0) and any ¢ € H}(Bs)

we have (omitting ¢ to simplify notation)
() + [ Vu-Vodo = [ulvy

Fix an arbitrary n € C°(By) and take ¢ = n’u,, € H}(Q). Using this test

function in the equation above we get
(g, 7 U) + /nQVu -Vu,,dr + /277umVu -Vndr = — / N Umv| Vx|
= () + [ [V 00) P = [ Ve~ [ el 9]
Since u,, > m have 1 < %= a.e. with respect to |Vx/|, so that

[ e VIox® < m [l vy

Applying the previous lemma with ¢ = n?u,, and ¥ = I'(t) we get
cLv
[PV < S (0 [omnao e [ [90m,)¢a)

Taking € = ﬁ so that % <

% we obtain
1 V2
() + 5 [ V0 Pde < [ 190 dn + o [ do
[

We remark further: by integrating this inequality in time, we may rewrite the

energy inequality as a time average:

[ (@~ [T+ 5 [ JECBRE
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T2 V2 [T
S/ /|V77|2u3ndmdt+C’L—2 /n2ufnda7dt
T1 m Tl

VT, Ty: —2<T1<Ty <0

The energy inequality together with the Sobolev embedding theorem allows us
to show via modified De Giorgi-Nash-Moser iterations that the temperature
becomes bounded in the interior (and by the scale invariance of the estimate, it
does so instantaneously), similar to Evans and Caffarelli’s work on the standard
Stefan problem. Here we will omit the details of this proof as the L> bound
will already be implied by the estimates of the next section, which follow a

classical extension of Stampacchia of work De Giorgi.

4.2 Holder continuity

Next we prove that the temperature is even Holder continuous (and thus the
free boundary is C%*® for some «). For this, we prove a second L* bound for
our solutions using ideas of Stampacchia ([13]).

Lemma 4.2.1 (Non-homogenous bound). Let w solve (with x; as in the pre-

vious lemmas)
wy —Aw = —x; Qs
w =0 on 0,Q)2

Then for any p > n — 1 we have

1 1

n—-1_ p
lollogn < CLmllollrnan ( /Q IVXI>
2
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Proof. Step 1. (Energy inequality) Let wy = (w — \); € HJ(By), then for

almost every time we have

(wy, wy) + /Vw -Vwydr = /wAv\Vx\
r

We now bound the right hand side. For every ¢ > 0 we have

/ WV < e / V] + e / 2|y
r r IN{w>A}

< CLe/ |VwA|2das+e_1/ v?| Vx|
rn{w>A\}

Where in the second inequality we used the Sobolev trace theorem and Poincare’s

_L

inequality. Taking € = 507

we have the energy inequality

1
(we, wy) + 5 / |Vw, *dr < ZCL/ v?| Vx|

'n{w>A}

Step 2. (Iteration) Fix M > 0 and for each k € N let

1
)\k = M(l — §), Wp = (w—)\k)+

Integrating the previous energy inequality from —2 to 0 (recall that w(—2) = 0)

we have

1 1 0 T
—/wk(O)Qd:E—I——/ /|Vwk|2dmdt§ ZCL/ / V2|V x(t)|dt
2 2 —2 —2 JIN{w>X;}

0
= | |Vw|?dvdt < 40 / / v?|Vx(t)|dt
Q2 -2 JIN{w>Ag}

38



We now apply Holder’s inequality on the right hand side with £, we get

/‘Z /Fﬂ{w»k}?]zm(t)‘dt = ( o ‘Ulp‘VXIdtf (/_Z IVx()(C N {w > Ak})\dt)l_;

Since wy_; > 0 = wy, > 27*M, we have the relation for any ¢ > 1

22k

vxorn o>l < 35 ([ wz_lwx(tnf

Moreover, taking! ¢ = 1 + —%5 > 2 one can apply the Sobolev trace inequality

and get the bound

2 22k
VBTN {w> AP < / Vo [2dz

Integrating this relation and applying the energy inequaliy as above, we reach

the relation

1—2
P

[ v i< act (2) 1z ([ oo ws o)

Finally, since 2 < ¢, we can apply Jensen’s inequality to the left side of the

inequality and get

(/ V(O N {w > Ak}ndt)3

1—2
P

<act (Z) i ([ oxomn > e pie)

Lif n = 2 we may pick any g > 2
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Define Ay, = fEQ IVx()(I'N{w > A\})|dt, the last inequality can be rewritten

as

9k ¢ _2)g
Apq <21C7 (M) HU”ZAIS W

0 N 0 (1-2)4
o > i< 2e; ($) 1ol ([ aomn o> xe)

2 .
Note that (1 — ;) 2> 1iff p > n —1, then we can apply to our sequence

Ay the same argument we used to get the first L> bound. This way we may

check that Ay — oo and thus u < M a.e. in Q7 as long as
1
M = C(Lnlolna (| 1931)
2

similarly we may prove the lower bound for v and we are done.

]

The above estimate together with the regularity for the homogenous linear
case (see Appendix) grant us the second L* bound for the temperature.
Proposition 4.2.2. (Second L* bound) For a solution u in Q3 andp > n—1

we have

[ul| oo @) < C(L,n) ([lull2(gy) + C(P,p, )0l Lrrngs))
_2(n—=1)

where P = st Vx| and C(P,p,n) = P'~ " w + Py,

Proof. Decompose u in ()2 as wy + wy, where
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{ (w1)r —Aw; =0 in @y

wy =u on 0,Qs

(w2>t — Awy = —X¢ in Qs
wy =0 on d,Q3

Therefore

sup |u| < sup [wi| + sup |ws|
1 1 1

From the theory for linear parabolic equations (see appendix) we know that

sup |wi| < Cllwy||r2(g,), and

Q1

lwillzz @y < llullz2@y) + Cull Vull 2@y

Moreover, by the energy inequality we know that for any p > n —1 (n > 2)

we have

_2(n—-1)

1
IVulZaay < Cllulaiay + Colloloras ( / ) IVXI)
NQs3

Finally, from the non-homogeneous bound we know that for p >n — 1

1 1
n—1 p
sup ] < O [0]L oo ( / |Vx|)
: Q3

Qs

Putting all the estimates together we get the bound
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SSPIUI < C(L,n) (lullz2igm) + (P 4+ P)||v|l orrgs))

2(n — 1) 1

P:/ Vx|, B=1- V= "
I'nQs np n—1 p

]

To finish this chapter (and thus the proof of Theorem 2.2.1) we use again
the estimates for the linear case and the non-homogenous bound to show u is

continuous.
Lemma 4.2.3 (Continuity of the temperature). Let (u,x) be a weak solution
with a Lipschitz free boundary in Qs, there exists a universal o« = (L, V,n) €

(0,1) such that

[u]ca(Ql/zL) <C

Proof. Fix p € (0,1), let us decompose u as w; + wsy, each given by

{ (w1)r —Aw; =0 inQ,

w; =u on d,Q,

(we)r — Awy = —x¢  in @,
wy =0 on J,Q,

Interior regularity for caloric functions tells us that

0SCQ, W1 < [LOSCQy, W
4 2
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and the non-homogeneous bound says that (with p = co)

1

0scq, wp < 2sup lwy| < C(L,n)V </ |VX|>
4

P

Ks 4

Since now we may assume I is at least C!, we have

/ Vx| < Crp"
Q

P
4
We have obtained

0SCQ, U < j108Cq, Wy + C(L, n)VpHﬁ

Given the interior estimates for w; in terms of ||u||z2, we can conclude via a

standard argument that there exists a universal & = a(V, L, n) such that

[U]cag,) < o0

1
4

with a corresponding estimate in terms of the L? norm of u. O]
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Chapter 5

Hele-Shaw: Lipschitz free boundaries

This chapter is very similar to the previous one, except that the estimates are
more “elliptic”. The organization is the same and in many points where the

arguments are similar we refer to the previous chapter.

5.1 L bound

Lemma 5.1.1. Let (u, x) be a weak solution to (HS) in Qa such that I' N Qs

15 a Lipschitz hypersurface of the form

{2, 2p,t) € Qy:wy, = f(2!, 1)}, [ Lipschitz in both x’ and t
Then x; is a measure of the form v|Vx| for some bounded function v : ' — R.
Moreover, we have x; € L°H ™1

The proof is exactly the same as for the Stefan problem.
Lemma 5.1.2 (Energy inequality). There exists a constant C, = C(L) such

that for a.e. t € (—=2,0), any m > 0 and n € C°(By) we have

1 2 2, 2 v 2 2

5 |V (nuy)|*dz < [ |Vn umdaﬁtCLW N () dx
where up,(z,t) = max{u(z,t), m}.
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Proof. By the previous proposition, for a.e. t € (—2,0) and any ¢ € H}(Bs)

we have (again we omit ¢ to simplify the formulas)
/Vu Vo dr = —/qﬁv\V;d

Pick any n € C°(By) and take ¢ = n’u,, € H}(Q), plugging this test function

in the equation above we get

/T)QVu - Vupdr + /QT]UmVU -Vndr = — /nzumv|VX]

:>/|V(17um)\2dx: /ufn|V77|2d:E—/772umv]VX|
Since u,, > m have 1 < *= a.e. with respect to |[Vx|, so that

[V < mt [ v

Applying the previous lemma with ¢ = n?u,, and ¥ = I'(t) we get
1 CLV
o o 2elvnd < L (e [+ [ 190000 P

Taking € = 30,7 SO that % < % we obtain

1 2
— [ |V (nup)|Pdz < |V77|2u72nd$ + C’LV— (Nt )2 da
2 m2
O

As we said for the Stefan problem, this energy inequality allows one to get L™

bounds in the interior, since there is “diffusion” in u for Hele-Shaw it should
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not be surprising that the space L? norm of the temperature for a given time
controls the pointwise values of u (for that time). Also as done for the Stefan
problem, we give a detailed proof of the L bound (and continuity in space)

following ideas of Stampacchia.

5.2 Holder continuity in space

The continuity proof follows the same approach as the Stefan case: we prove
an Stampacchia-like maximum principle and apply the estimates for the linear
theory. This will be done in a few lemmas.

Lemma 5.2.1 (Non-homogenous bound). Let w € H'(By) solve for some

t e (—2,0)
—Aw = —x; 1in By
w =0 on 0B,

Then for any p > n — 1 we have

1 1

ol ey < CCLom)ollmrnmy ( / rwm)
2

Proposition 5.2.2. (Second L™ bound) Let p > n — 1, and u,x a solution

with Lipschitz free boundary in Q3. Then for a.e. t we have

lu@®)llz= ) < CL;n) ([u)llz2ss) + C@p,n)lvllrwenss)

_2(n-1)

where P = [, |Vx(t)| and C(P,p,n) = P 4 P

Proof. Fix t, decompose v = u(t) in By as wy + we, where

—Awl =0 in BQ
w; =u on 0By
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Aws = x; in Bs
wy =0 on 0B85

Therefore

sup |u| < sup |wi| 4 sup |ws|
By By 1

From the theory for linear parabolic equations (see appendix) we know that
sup |wi| < Cllwi||2(p,), and

By

w228y < lullz2(sy) + Cull V|| 128,

Moreover, by the energy inequality we know that for any p > n —1 (n > 2)

we have

1— 2(n—1)

IVl < Ol + Culllrons ([ 191)
I'(t)NB3
Finally, from the non-homogeneous bound we know that for p > n — 1

1
n—1_ p
sup ] < Coollir s ( IVX(L‘)I)
B3

Bs

Putting all the estimates together we get the bound
sup [ul < C(L,n) ([[ullz2(s,) + (P74 PY)[v]| orionns))
1
with the desired 3 and ~. O

We now state without proof the lemma for the continuity of the temperature,

the proof is done mutatis mutandis the proof of Lemma 4.2.3 at the end of
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the previous chapter. The same observation made before the proof of Lemma
7?7 explains why we should not be surprised that we have an estimate for each
fixed time.

Lemma 5.2.3 (Continuity of the temperature in space). Let (u,x) be a weak
solution with a Lipschitz free boundary in QQs. Then for almost every t we have

with a universal o € (0,1)

[u®)]cas, < C
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Appendix A

Reviewing De Giorgi-Nash-Moser for
parabolic equations

For the sake of completeness, in this appendix we shall review some aspects of
the regularity theory of linear parabolic equations in divergence form. Namely,

we consider functions such that
uw— Lu=0 in @y, Lu=div(A(z,t)Vu)
we LPH'  w e LPH™ M < A(z) < Al ae. (z,t) € Qq

In the sense that for almost every ¢ € (—2,0) and every ¢ € H}(B;) we have
(:6) + [ (Al 0070 Vo) do =0

As it is now well known, to prove continuity of the solution one proceeds in
two stages: first one shows solutions are bounded pointwise (in the interior)
by their L? norms, the second stage consists in showing that the oscillation
of these (bounded) solutions decays geometrically as we look at a shrinking

sequence of dyadic parabolic cylinders.

The first part uses the Energy and Sobolev inequalities, we state the two key

lemmas used in this part. They are a special case of those proved in the section
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dealing with the Stefan problem. We only need to take in that case v = 0,
thus we will not write the proofs for the linear case.

Lemma A.0.4. There exists C = C(\, A) such that

(ut,um)+/|V(num)|2dxSC’/|Vn|2ugldx

Here u,, = (u—m),, m € R and n € C}(By) are arbitrary.

Lemma A.0.5. There exists C = C(\, A,n) such that if u is a solution then

[wmll 2@y < Cllumllzz(@a)

Where again we have u,, = (u—m).
Corollary A.0.6. Solutions are bounded in the interior. Moreover, we have

the following scale invariant estimate

lullz=@n) < Z llullz2@an

For the second part of the regularity theorem, we adapt a lemma from Caffarelli
& Vasseur [9] used in the study of the quasi geostrophic equation. It allows
one to do a complete analogue of De Giorgi’s elliptic proof in the parabolic
case. As opposed to Moser’s [15] original parabolic theory this does not rely
on a covering lemma.

Lemma A.0.7. There exists 6 = §(A\, A, n) such that if u is a subsolution such

that
a<u<bin Qo

(1) 0 < 29> 11
|{(I‘,t) : % <u< ZCL+ Zb}| < 5|Q2r|
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Then

1 7
u < ga—l— §b a.e. in Q,
Proof. Consider the sets (for each t € (—4,0))

Aty =  {z € By :u(z,t) <m}
B(t)=  {x € By :u(x,t) >m}

C(t)= {z € By :m<u(x,t) <m}

4 0
and K = —/ / |Vul*dzdt, €y > 0 to be chosen
€0 J—4Jow)

It is in our interest to bound |B(t)| from above for ¢ € (—1,0). Namely,

0 0
/ (u —m)? dxdt g/ / (b — a)*dwdt < (b—a)Q/ |B(t)|dt
1 —1 JBiNB(t) -1

Suppose that we had
0
/ B(#)|dt < C1872
—1
1 2
= [ (u—m)idxdt <C! (—(b - a))
Q1 8

by taking C' as in the previous Lemma, we get

u—m<-=(b—a)in Qi =u<m" in Q1

Note further that since a < u < b and u is a solution in ()3, that we can argue

as in the proof of the previous lemma to get the bound

< 4C (T, n)
€0

K (b—a)?
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The key tool to estimate |B(t)| is De Giorgi’s H'-isoperimetric inequality (see

Appendix) which guarantees that

|A(t)||B(t)| < KY*C(t)|Y? whenever / |Vu(z,t)*dz < K

C(t)

In other words, for such times ¢ we have the bound | B(t)| < |A(t)| 7' K/2|C(t)|'/2.
The times for which this estimate holds turn out to cover most of (—4,0), for

if we define

IT={te(-4,0):|CH"* <e, | |Vulz,t)ds <K}

B>
then (—4,0)\ I C {t: |C(t)["* > e} U{t: [ [Vu(z,t)]*de > K}, so that by

Tchebyschev’s inequality

(—4, 0\ ]| < e /|c Nt + K [ [VuPdedt < 751Qs] +
Q2

that is, by picking €g,e; and ¢ accordingly we can make I cover most of the
time interval. The last thing we need before we effectively use estimate (bla)
is the lower bound for |A(t)|, we claim that for any ¢t € I N (—1,0) we have
[A®)] = §|Bal.

Indeed, since |{(z,t) € Q2 : u < m} > 3|Qs| there is at least one t €

(—4,—1) N I such that

1
[{z € By : u(z,t) < m}| = 7| By

So that the H' isoperimetric inequality gives us

Bto §43271K1/2Ct0 1/2§4Bgfle_1/2C’F,n1/zb—ael
0
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On the other hand, since ty €

/B2 (u(w,to) —m)ide < /B(to)(b —m)?dr + / (7 — m)dx

C(to)
1 2 L, 2
< | [B(to)l + 71C (o)l ) (b —a)” < | [B(to)l + y¢i | (0 —a)
so (by the energy inequality) we have for any ¢ > tg

/ (u(z,t) —m)2de < /B (u(z, to) — m)%dz + C(T,n)(b— a)*(t — to)

< (1Bl +38) + cmmie - ) - o

Taking ¢, small enough and using Tchebyschev’s inequality, we see that for

| Ba|
4C(T')n)

any 9y < and any t € (to,to + o) the following inequality holds:

{z € B, ulet) >} < (b— a)2/ w2l £) — my)>.da

Bs

| Bo

DO | —

< (1Bl + 38) + cmie - ) <
and since |C(t)| < €@ < 1|Bs| we have come to
3 1
Note that ¢y is independent of § and ¢y, so we can choose them all so that
€26 + 47y < 2718, in which case any interval of lenght d, must contain at

least one t € I. Since ty < —r?, we conclude that the last inequality holds for

any t € (—r?,0) N I and we get the desired lower bound on |A(t)|.
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We use the H'! isoperimetric inequality one last time to get that

0
/ |B(t)|dt:/ |B(t)|dt+/ |B(#)]dt
1 (—1LO\I In(=1,0)

sm&mnﬂwﬂ+rWMKW/' C()2dt

In(-1,0)

< |By[2"? [<6f26|31] + %) + Ceren®(b— a)]

which can be made < C' by taking first ¢y and then ¢ universally small. n

Lemma A.0.8. There exists p = p(\, A,n) with 0 < p < 1 such that if u is
a solution then

0SCQ, U < [L0SCQ,, U

Proof. We may assume without loss of generality that

supu = 1, infu =0 = oscg,, u=1
Q2'r QQT

Moreover, we may also assume that
1 1
{(2,0) < 5} > 51Qu

Otherwise, we apply the argument below to v = 1 — u and reach a similar

conclusion. Consider then the sequence A\, =1 — 2% Suppose kg is such that

|{(ZL‘,t> : /\k—l <u< /\k}l > 5|Q27»|, Vk < k?o

Since these kg sets are disjoint all contained in ()s,, it must be that

§|Qarlko < |Qar| = ko < 671
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In other words, there is always some ky < 6! for which we have the inequality

{(@, 1) Ako1 < u < Ago}| < 0Qar|

Picking such a ky = [0] + 1, consider w = max{u, A\y,—2}, it is a subsolution
to which we can apply the previous lemma with a = Ay —2, b = 1, the lemma

tells us that

1 7
U S w S g)\k‘o—Q + g = A]ﬂ()-}—l in Q’r‘

Let pp = Ag,. Note that py < 1 is completely determined by ¢ and thus it is

a constant depend only on A\, A and n, moreover we have showed that

0sc, u = g — 0 < p1g 0SCQ,, U

and that proves the lemma. O

Corollary A.0.9. There exists C = C(A\,A,n) and o = (A, A, n) such that

any solution u is C'* in the interior. Specifically, we have the estimate

[ullea@n < Cllullrz@.)
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