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Abstract

We develop a framework for a unified treatment of well-posedness for the Stefan
problem with or without surface tension. In the absence of surface tension, we
establish well-posedness in Sobolev spaces for the classical Stefan problem. We
introduce a new velocity variable which extends the velocity of the moving free-
boundary into the interior domain. The equation satisfied by this velocity is used
for the analysis in place of the heat equation satisfied by the temperature. Solutions
to the classical Stefan problem are then constructed as the limit of solutions to a
carefully chosen sequence of approximations to the velocity equation, in which the
moving free-boundary is regularized and the boundary condition is modified in a
such a way as to preserve the basic nonlinear structure of the original problem. With
our methodology, we simultaneously find the required stability condition for well-
posedness and obtain new estimates for the regularity of the moving free-boundary.
Finally, we prove that solutions of the Stefan problem with positive surface tension
o converge to solutions of the classical Stefan problem as ¢ — 0.

1. Introduction

1.1. The Problem Formulation

We consider the local well-posedness and boundary regularity of solutions to
the classical one-phase Stefan problem, describing the evolving phase boundary of
a freezing liquid. We also establish the limit of zero surface tension.

The temperature p(z, x) of a liquid inside of a time-dependent domain €2 (#)
and an a priori unknown moving boundary I"(¢) satisfies the following system of
equations:
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Fig. 1. The one-phase Stefan problem. Displayed on the left side of the figure is the reference
domain €2 and reference boundary I'. The time-dependent domain €2 (¢) and the moving free-
boundary I'(¢) is shown on the right side of the figure.

pi—Ap=0 in Q@), (1.1a)
Op="Vre on (), (1.1b)
p=okr on I'(r), (1.1¢c)

p0,) =po, I'(0) =Ty . (1.1d)

The domain €2 (¢) is an evolving open subset of R? withd > 2. The set I'(¢) denotes
the moving boundary (which may be a connected subset of d<2(¢) if a part of the
boundary of () is fixed). See Fig. 1.

Equation (1.1a) expresses the fact that heat diffuses in the bulk €2 (), while the
boundary condition (1.1b) states that the heat flux across the boundary governs the
boundary evolution; that is, d,p = Vp - n is the normal derivative of p on I'(¢)
where n stands for the outward pointing unit normal, and V() denotes the speed
or the normal velocity of the hypersurface I'(¢). In the case that o = 0, (1.1c)
is termed the classical Stefan condition and problem (1.1) is called the classical
Stefan problem. In this case, freezing of the liquid occurs at a constant temperature
p = 0. On the other hand, if & > 0 in (1.1c) then the boundary condition is called
the Gibbs—Thomson correction to the classical Stefan condition, and the system
(1.1) is then termed the Stefan problem with surface tension, whereby ¢ > 0
is a given coefficient of surface tension and «r(;) stands for the mean curvature
of the moving boundary I'(¢). Finally, we equip the problem with suitable initial
conditions (1.1d): pg : 2(0) — R and I'y are the prescribed initial temperature
and boundary, respectively.

Problem (1.1) is an example of a free-boundary partial differential equation
which requires the initial data to satisfy a stability condition in order to ensure
well-posedness in Sobolev spaces; specifically, we shall require that

—dypo >0 on I'(0),

which, by analogy to fluid dynamics, we shall refer to as the Taylor sign condition
or the Rayleigh—Taylor sign condition. Below, we will explain how this Taylor sign
condition naturally appears from our analysis.
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1.2. The Reference Domain 2 and the Initial Domain 2

We will begin the analysis with motion in R?, and then describe the minor
modifications needed to study motion in R3. To simplify our presentation, we will
parameterize our initial free-boundary I'g as a graph over the one-dimensional torus
T! which we identify with [0, 277 ]; we define

o= {xeT xR, x= (', ho(x")}, ho e H*T"). (1.2)

Without loss of generality we shall further assume that I'g is a small perturbation
of the manifold T! x {x2 = 0} in the sense that

lholl gy < €0 < 1, (1.3)

for some sufficiently small €p. In Appendix A, we shall explain how to remove
the assumption (1.3). The only reason for making this smallness assumption is
that (1.3) and (1.2) allow us to to use one global Cartesian coordinate system
(rather than a collection of local coordinate charts). This is ideal for describing new
identities that provide very natural estimates for the second-fundamental form of the
evolving free-boundary I' (7). All of our results apply to general domains; however,
in a general setting, we must employ a finite covering of €2 by local coordinate
charts, together with a partition-of-unity subordinate to that cover. In particular, the
Stefan problem /ocalizes to each chart and effectively reduces to the analysis on

Q=T"x(0,1).

Again, we emphasize that the assumption (1.3) is not essential to our proof, and in
Appendix A, we explain how to treat general H* initial geometries.
We define the initial domain

Qo = {(x1,x2) € T! x R| ho(x') < x% <1},
while the reference domain is Q2 = T' x (0, 1). The set
=T x {x* =0}

is the reference boundary on which our parameterization (x’, h(z, x’)) will be de-
fined. The fop boundary 02op = T' x {x* = 1} is fixed in time, and

0p=0 on 9Qup. (1.4)

1.3. Notation
For any s > 0 and given functions f : @ - R, ¢ : ' = R we set

1 flls == fllasys  lels == llellasT)-

In particular, when s is not an integer, the corresponding fractional Sobolev space is
defined by interpolation in a standard way. If f: [0, T]xQ — R, ¢: [0, T]xT —
R are given time-dependent functions, then for any 1 < p < oo we set

WAL gy = Wf e qorrms @5 1@lLr gy = ll@lleqo.r1: 15 ry)-
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Ifi = 1,2 then f,;:= 9, f is the partial derivative of f with respect to the x’
coordinate. Similarly, f,;; :== 9,:0,, f and so on. When differentiating with respect
to the time variable 7, we set f; = f,; = 0; f. For horizontal derivatives, we write

of = fu., df=0dr

We use C to denote a universal constant that may vary from line to line. In numerous
estimates the sign < is used; by definition, X < Y if and only if there exists
a universal constant C such that X < CY. We use P to denote a generic real
polynomial with positive coefficients that can similarly vary from line to line. We
always sum over repeated indices.

1.4. Fixing the Domain

In order to obtain a priori estimates, and to facilitate the construction of solu-
tions, we transform the Stefan problem to an equivalent problem on a fixed domain.
To this end, we shall view I'(¢) as a graph over T! given by the height function
ht,):I' > R

I(t) ;= v, ).

In other words, the moving surface I'(¢) is parameterized as the graph of a signed
height function & (z, x), so that I'(f) = {x € T! x R| x = (x/, h(z, x'))}. With this
parameterization, the outward unit normal n(z, x’) to I' (¢) at the point (x’, h(z, x'))
is given by

(0h, —1)
V143012

Assuming that A (z, -) is sufficiently regular and remains a graph, we can define a
diffeomorphism W (z, ) : @ — Q(#) as an harmonic extension of the boundary
diffeomorphism (x’, i) by solving the elliptic equation

n(t, x") = (1.5)

AV(t,)=0 in 2, (1.6a)
Wt x',0) = (', ht,x)) x' el (1.6b)
W) =1d on 8ep. (1.6¢)

where Id denotes the identity map. The mapping W (¢, -) is indeed a diffeomorphism;
note that the map ® := ¥ — Id solves the problem

AD(t,)=0 in Q, (1.7a)
®(t,x',0) = (0, h(t,x")) x' €T, (1.7b)
O, )=0 on 9Qqop , (1.7¢)

so that by elliptic estimates, we may conclude that [[\W(z,-) — Id||y45q) <
[, ) ey < €p, using assumption (1.3), and the continuity of the map ¢ —
h(t, ) in H*(I"), which will be proved below. By the inverse function theorem we

infer that W (¢, -) is a diffeomorphism.
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As a consequence of (1.6),
1Wlas @ < ClIYI gs-osry (1.8)

and thus W (¢, -) gains a half-derivative of regularity in €2 with respect to the height
function i(t, -) on I.

1.5. Reference Unit Normal, Unit Tangent, Line Element, and the Jacobian
We let
N=(©,-1, T=(,0)

denote the outward pointing unit normal and tangent vectors to I' = T'! x {x; = 0},
respectively. The time-dependent unit normal n(z, -) and tangent 7 (¢, -) vectors to
['(t) are given by

n=Jg 'ATN, t=Jg 'ATT, (1.9)

where
J(,X) :=detVW¥(t,x), x €, (1.10)

denotes the Jacobian determinant of VW, and

g(t,x) :=+/1+ (3h(t,x))?, xeT!, (1.11)

where g2 dx is the line element associated with the metric induced on I'. Together
with (1.9) we obtain the relationship

A2 .= J Y @hn, -1), 1A% =J"g. (1.12)

The vector A2 (¢, -) will play an important role in the derivation of energy identities
as it is parallel to n(t, -).

1.5.1. The Change of Variables On the reference domain €2, we set
g:=poW, A:=[VU]', w:=V, vi=-VpoWw. (1.13)
Note that, by the chain-rule, the relation v = —V p o W can be written as
v+ Afg =0 in Q. (1.14)

We also express p; o W in terms of ¢, v, w. Again, by the chain rule, p; = ¢; o
W4 Vgow . w ! Since W, = —AoW W, 0w andw = W, using (1.14)
we obtain that

proV¥V =g¢q; —q,kAfw’ =qr+v-w.
The transformed Laplacian Ayq := Ap o W is defined as
Awg = A (A{q.k)s + (1.15)
and we define

Vug = A¥q = VpoWw. (1.16)



218 MAHIR HADZIC¢, STEVE SHKOLLER

Remark 1. (Differentiation rules) When differentiating the matrix A = [V\I/]_] R
for a given i, k € {1, 2},

8"Af'< = _Alpfwruv A,S'§ 5Af{ = —Aljé\pr,s Aj

In particular, a simple application of the above identities, together with the product
rule, show that for any given a, b € N:

3990 AR = — ARGt AT 4 (390, AK);
"oy, Ay = D" ayd Ll (Akasyamtorwr 1.17)
[+'>1
where the term {-, -} is the commutator error. Here the constants a; ; are some

universal constants, depending only onm, n,l and!’ (where 0 <1 < m,0 <[’ < n).

1.5.2. Classical Stefan Problem in the New Variables Using the family of
diffeomorphisms W (z, -), the classical Stefan problem (i.e. problem (1.1) with o =
0) on the fixed reference domain €2 is given by

—Agyg=—v-w in Q x (0,77, (1.18a)

v+ Afg =0 in Qx (0, 7], (1.18b)
q=0 on I'x [0, 7], (1.18¢)

AV =0 on Q2 x[0,T], (1.18d)
=Id+hN on I' x [0,T], (1.18e)

v =1d on 9Q0p x [0,T], (1.18f)

W, -n(t) = —v-n(t) on I' x (0,T], (1.18g)
v-N=0 on 9Qp x [0, T], (1.18h)

W (0,) =W q(0,) =q0=poo Vo, (1.181)

where Ay q is defined in (1.15) and N = (0, 1) is the outward-pointing unit normal
t0 dQ2¢op. Problem (1.18) is a reformulation of problem (1.1). Condition (1.18g) is
equivalent to the evolution equation for the height function A (¢, -) which is given
by

hy(t,x) = —g(t, x)Vyq(t, x) - n(t, x), x €T, (1.19)
where the quantity g is defined in (1.11) and Vyq is defined in (1.16). The time-
evolution of the map W (z, -) is, in turn, coupled to the evolution of g (¢, -) via (1.18a).

1.5.3. The Higher-Order Energy Function £(r) We define the higher-order
energy function as

E0) = E@q. @)= 3 1390 vl7,,+ D 1390 vlig

a+2b<4 a+2b<3

+Z||a qlg0 i +Z||a q172 52
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1

2

by 2 by |2

+> |a,h|cpﬂé,2b+b§ 10 e 2 2 (1.20)
b=0 =0

where the time integrals in the L2-norms above are over the time-interval [0, #]. We

will show that £(¢) remains bounded on [0, T'].

1.5.4. The Taylor Sign Condition Inorderto obtain alocally well-posed problem
for arbitrarily large initial data, we must impose the Taylor sign condition on the
initial data as follows:

—d,p0 >0 on I'(0). (1.21)
Expressed in terms of ¢ (0, -), (1.21) is written as
40,2 l;—g >0onT. (1.22)
The condition (1.22) ensures that

inf g, (t,x',0) >0, te[0,T], (1.23)
x'el’

if T > 0 is taken sufficiently small. As mentioned in Sect. 1.1, we shall refer
to (1.22) as the Taylor sign condition in analogy to the terminology used in the
well-posedness theory in fluid mechanics [44,46]. The Taylor sign condition will
provide positivity of the natural energy functional.

Remark 2. Note that ¢,» = gJ~'v - n on I, with v defined by (1.13). By (2.12),
we conclude that i, = J¢q,7 at time ¢ = 0. Since the Jacobian remains positive on
a short interval of time the Taylor sign condition (1.21) shows that %, (0, x) < O for
all x € T!. Thus, the domain (t) expands on a short interval of time.

1.5.5. Compatibility Conditions To ensure that the solution is continuously
differentiable with respect to ¢, at + = 0, we must impose compatibility conditions
on the initial data. In particular, restricting (1.18a) to I and evaluating at time ¢ = 0,
for H* initial data, we find that

qgo=0on T, (1.24a)
Awyqo + Jg *88(q0).3 =0 on T. (1.24b)
In the derivation of (1.24b) we have crucially, used (1.9) and the identity
v(0, ) - w(0, )| = —AFqoxd, W] (0, ) = —go2AFN 1 W[ (0, )
= J5 "85 q02%:(0, ) - no = Jy "5 7q0,2v(0, -) - ng
= 0_2g(%(q0)7% .

Here Jy, go are the initial values of J, g defined in (1.10) and (1.11), respec-
tively. Conditions (1.24) are satisfied for a large class of functions. Consider, simply,
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a function gg independent of xi in the slab 7, = T! x [0, €] for some € > 0, and
of the form

2
qo(x1, x2) = —az% + ax; (1.25)

in T, for some a > 0. Condition (1.24a) is obviously satisfied, while (1.24b)
reduces to the requirement that

0= —Agqo0 + J2%(q0).3 = —1A21%(q0).22 +J "2&%(q0).3
=J%g? ((qo),zz +(610),%) )

where we have used (1.12). It is easily checked that for such gy,

(40),22+(q0).3=0 on T,

and therefore the condition (1.24b) is satisfied. Note that the assumption ¢ > 0
ensures the validity of the Taylor sign condition (ggp),2 > O.

Since we imposed the homogeneous Neumann condition (1.18h) on the top
boundary 0Q2p, we impose the compatibility condition

(90),2lt=0 =0 on  9Qop. (1.26)

By employing a partition-of-unity of 2, we can now easily construct a gg € H*(S)
such that the compatibility conditions (1.24) and (1.26) are simultaneously satisfied.

Remark 3. The quadratic function g defined in (1.25) satisfies the compatibility
conditions. This is one of many possible constructions of initial data satisfying the
corresponding regularity and compatibility conditions.

1.6. Local-in-time Well-Posedness for the Classical Stefan Problem
We define
S@) ={(g.h): &g, h)) < oo}. (1.27)
Our first result is a well-posedness statement for the classical Stefan problem.

Theorem 1.1. (Well-posedness of the classical Stefan problem) Given initial con-
ditions (qo, ho) € S(0) with qq satisfying the Taylor sign condition (1.22) and the
compatibility conditions (1.24)—(1.26), the problem (1.18) is locally-in-time well-
posed, i.e. there is a T > 0 such that and a unique solution (q, h) on the time
interval [0, T with initial data (qo, ho), such that

sup E(q, h) <2&(qo, ho).
1€[0,T]

Remark 4. The definition of our higher-order energy function £ restricted to time
t = 0 requires an explanation of time-derivates of ¢ and & at r = 0. Specifically,
the values g;|;—0, g+t 1t=0, h¢|r=0 and h;|;—¢ are defined via space-derivatives using
equations (1.18a) and (1.18g).
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1.7. The Vanishing Surface Tension Limit

Our second main result establishes the vanishing surface tension limit. Denot-
ing by H the mean curvature of the free-boundary, in the W-parametrization, the
boundary condition (1.18c¢) is replaced with

W -n 3°h
0 — =—0 = ;
192w 2 (14 9R[%)3/2

qg=H= (1.28)
then, the problem (1.18), with the boundary condition (1.28) replacing (1.18¢), is
the Stefan problem with surface tension formulated in harmonic coordinates. The
high-order energy function adapted for the presence of surface tension is given by

2
E7 =E%(q,h) = EW@. W) +0 D 107hI20 52
b=0 t X
1 2
+o > 107175 a2 + 07 > |8tbh|i§,oH4_2,,, o >0, (1.29)
b=0 * b=0

1.7.1. Compatibility Conditions For the Stefan Problem with Surface Tension

To ensure the spatial continuity of the temperature function g and its first time
derivative g; at time t = 0, we must impose two sets of compatibility conditions.
The first condition is

qo =oHp = —ago_352ho on T, (1.30)

where Hg denotes the mean curvature of the initial free surface I'g, and go =
V1 4 (3ho)?. To obtain the second compatibility condition, we note that g; |r

—0 8tH| +—o- From the boundary condition (1.18g) we can evaluate /i, attime t = 0
as

hel,_y = —80Vwyqo - no, (1.31)

where the subscript O refers to the initial values of the quantities g, W, ¢, and n
defined above. Therefore,

—332 —532; 7 3
IH|,_y=—80"0"hi|,_y + 385 0" hodh:|,_,0ho
= g5°9%(20Vwyqo - 10) + 39085 20(80Vwoqo - n0)dho,  (1.32)

where we have used (1.30) and (1.31) in the last line. After restricting (1.18a) to '
at time 1 = 0 and using (1.32), we find that

~0 (858280 Vwed0 - n0) + 30085 2 (20 Va0 - n0) o)
—Ayyq0 = —go (Vwqo - n0) (A0)3qo.x-

In particular, the right-hand side can be separated into the o -depenendent and o -
independent contributions, so that
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—20 (Vg0 - no) Asqox = 10_28(2)(610),% +0dHo (go (Vg0 - no) (Ao)}
+80 (A0} - m0) 43(q0).2 ) -

Combining the two previous identities, we find the second compatibility condition
to be

Awyqo + I *85(90).3 = oC(qo, ho), (133)
where
C(qo. ho) == — [g0_352(govwoqo -n0) + 39085 *9(80 Ve 4o - no)ého]
—0Ho [go (Vaoqo - n0) (A0)3 + g0 ((Ao)l : no) (Ao)%(CIo),z] .
(1.34)

1.7.2. Initial Data Satisfying Compatibility Conditions When ¥ = Id (and
therefore ho(x) = 0, go = Jo = 1) the compatibility conditions (1.30) and (1.33)—
(1.36) simplify significantly and take the form

go =0 and (g0),22 +(¢0).3 = 0(q0),211 on T (1.35)
(90),222 (q0),211 € CO(I). (1.36)

It is easy to check that the function g constructed in Section 1.5.5 satisfies (1.35)—
(1.36). For general h satisfying |h|4 < 1 we can construct the initial temperature
qo satisfying (1.30) and (1.33)—(1.36) by perturbative methods, using, for instance,
the implicit function theorem.

1.7.3. Well-Prepared Initial Data To obtain the vanishing surface tension limit,
we need to define a suitable class of initial data (g, h), o > 0.

Definition 1. (Well-prepared data) A family of initial data (g, 4§ )s>0 such that
E(qf ., h§) < oo is well-prepared if it satisfies (1) compatibility conditions (1.30),
(1.33)—(1.36) associated to the Stefan problem with surface tension, (2) the Taylor
sign condition (1.22), and (3) £(¢§ — qo, h§ — ho) — Oaso — 0.

We now demonstrate that the class of well-prepared initial data is non-empty.
Let us assume for simplicity that Wy = Id and therefore the initial hypersurface
I is flat. For ¢ > 0 we have 2% (x’) = 0, x’ € T'. Let b : T' — R be a given
smooth function and o > 0 a given positive real number. Consider a function g§
independent of x| in the slab T, = T! x [0, €] for some 0 < € < 1 and of the form

X
2
It is straightforward to check that conditions (1.35)—(1.36) are both satisfied with
this choice of g . Moreover, The Taylor sign condition holds since g3 , = « > 0 for
any o > 0 and the convergence requirement (3) in Definition 1 is clearly satisfied.
Outside the slab 7. we can extend the function g smoothly so that the Neumann

boundary condition dygg is satisfied on dQop.

g8 (x1,x2) = —a® =2 + axy + ob(x1)x3, (x1,x2) € Te.
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1.7.4. The Vanishing Surface Tension Limit For a given T > 0 let

clchnclc? :={(q, h): qeCl(0,T];C%) N Co(0, T1; C*()),

hec'qo. T COm) N . T CAr) ) (137)
with the associated norm:
1@ Wlcieoncocs =, max _ (a(t 01+ 10q(t, 0]

+1Vq (1, )| +1V2q (1, %))

+  max (|, x| + 19k, x|
t€l0,T],x'el’

13k, X)) + 132ht, x’)|) . (1.38)

Theorem 1.2. (The limit of zero surface tension) Let (¢q( , h§)o>0 be a sequence
of well-prepared initial conditions in the sense of Definition 1 such that

E(q§ —qo, h§ —ho) > O0aso — 0.

Let (q°(t,-), h° (¢, -))o>0 denote the corresponding sequence of solutions to
the Stefan problem with surface tension, such that (g° (0, -), h? (0, -)) = (g , h{).
Then, there exists a o-independent time T > 0 and a constant C depending only
on (qo, ho) such that

E°@Qq°, h°)T)<C 6=>0

forallo > 0.

Furthermore, the sequence (q°, h®) converges in the C}C% N C2C2-norm to
the unique solution (g, h) of the classical Stefan problem (1.18) with o = 0 and
the initial data (q(0), h(0)) = (qo, ho).

1.8. Prior Results and a Motivation For the Current Treatment

There is a large literature on the classical one-phase Stefan problem. For a com-
prehensive overview, we refer the reader to MEIRMANOV [40] and VISINTIN [49]. The
first weak solutions were defined by KAMENOMOSTSKAYA [35], LADYZHENSKAYA,
SoLoNNIKOV and URALCEVA [38]. These weak solutions were analyzed by FRIED-
MAN, KINDERLEHRER [24-26], CAFARELLI, EVANS [6,7], wherein the regularity of
weak solutions was established. Since the problem satisfies a maximum principle, it
is ideally suited to the so-called viscosity solutions approach. The existence and reg-
ularity of viscosity solutions was established by ATHANASOPOULOS, CAFFARELLI,
AND SALsA in [4,5]. The existence of viscosity solutions in the one-phase case was
proven by Kim [36] and in the two-phase case by Kim AND PoZar [37]. A local-in
time regularity theorem was proven in [13] which in particular shows that initially
Lipschitz free-boundaries become C! over a possibly smaller spatial region. For an
exhaustive overview and introduction to the regularity theory of such solutions we
refer the reader to CAFFARELLI AND SALSA [8], see also more recent results [12,13].
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The local existence of classical solutions for the classical Stefan problem was
shown by MEIRMANOV (see [40] and references therein) and HANzZAWA [34]. In
the first approach, the author regularizes the problem by adding artificial viscosity
to (1.1b) and fixes the moving domain by switching to so-called von Mises vari-
ables. The obtained solutions however, lose derivatives with respect to the assumed
regularity on the initial data. Similarly, in [34] the author uses Nash—-Moser itera-
tion to obtain a local-in-time solution, however again with a significant derivative
loss with respect to the initial data. A local existence result for the one-phase n-
dimensional Stefan problem is proved in [28], where the required regularity class
for the temperature function is Wﬁ’l with p > n + 2. For the two-phase Stefan
problem a local existence result is presented in [41] in the framework of L? maxi-
mal regularity, where the corresponding functional spaces of Sobolev-type require
p > n + 3, where n is the dimension of the ambient space.

In related work, local and global existence for the one-phase and two-phase
Muskat problems has been established in [10,14-16]. For the local and global
well-posedness of the one-phase Hele-Shaw problem and optimal decay rates of
the solutions, see [9] and the references therein.

As to the Stefan problem with surface tension (also known as the Stefan prob-
lem with Gibbs—Thomson correction), a global weak existence theory (without
uniqueness) is given in [1,39,45]. In [27] the authors consider the Stefan problem
with small surface tension i.e. 0 < 1 whereby (1.1c) is replaced by v = o«. The
local existence of classical solutions is studied in [43]. In [23], the authors prove
a local existence and uniqueness result for classical solutions under a smallness
assumption on the initial datum close to flat hypersurfaces. The global existence
close to flat hyper-surfaces is proved in [30] and close to stationary spheres for the
two-phase problem in [29] and later in [42].

With the Gibbs—Thomson correction, problem (1.1) can account for phenom-
ena such as phase nucleation and undercooling (superheating); it is also used in
modeling crystal growth [49]. This is a small-scale model as opposed to the macro-
scale classical Stefan problem. In this sense, there is a fundamental importance in
rigorously understanding the link between the two models. As explained in [48,49],
one can associate a free energy to the Stefan problem with surface tension defined
by

Fy(p,T) =/ pdx + ol
Q

where p, I are time-independent. Then, in the the sense of I"-convergence of De
Giorgi [22], the free energy F, (j, I') converges to the free energy for the classical
Stefan problem, see [49]. This is, however, a completely time-independent consid-
eration and does not address the vanishing o -limit of time-dependent solutions to
the full non-linear problem (1.1). In the context of the water wave problem, the van-
ishing surface tension limit in two and three dimensions has been studied in [2,3];
for the full Euler equations, see [17].

Turning our attention to the Stefan problem, we can observe that there are two
parallel developments in the existence theory for weak solutions briefly mentioned
above. The first one applies to the classical Stefan problem and is motivated by the
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validity of maximum principle; suitable notions of weak and viscosity solutions
have been established [4-6,26,38]. The second development refers to the problem
with surface tension, wherein the weak solution existence results are in BV-type
spaces, and rely upon the gradient-flow structure of the problem. From the point of
view of the vanishing surface tension, it is natural to ask whether the two concepts
are compatible in any rigorous mathematical manner. The answer is inconclusive
due to a lack compactness. While the control of solutions constructed in [1,39] is
strong enough to pass to some limit as o — 0, it is too weak to guarantee a sharp
interface in the limit. In other words, it is not clear how to preclude the formation
of so-called mushy regions [49].

We develop a new energy method for the Stefan problem with and without
surface tension and prove the vanishing surface tension limit. The well-posedness
is established in H* Sobolev spaces using a combination of energy estimates for
tangential derivatives and elliptic-type estimates for added parabolic-type regular-
ity. Our framework is motivated by the analysis of the free-surface incompressible
Euler equations of COUTAND AND SHKOLLER [19,20].

Precise statements of our results are given in Theorems 1.1 and 1.2. The esti-
mates that we use are nonlinear in nature and they fundamentally exploit the intricate
energy structure of the problem. In particular, no derivative loss occurs with respect
to the regularity of the initial data. This framework is particularly convenient, as
it allows us to rigorously establish the vanishing surface tension limit locally-in-
time, as formulated in Theorem 1.2. In this way, we link two fundamental models
of phase transitions that are valid on different spatial scales, thus answering the
open question explained above. In forthcoming work, we shall extend our results to
the two-phase Stefan problem, providing the analog of Theorem 1.1 [33], while the
question of global-in-time stability of steady states using this functional-analytic
framework has been addressed in [31,32].

1.9. Methodology and Outline of the Paper

There are three main ingredients in our approach to the Stefan problem. First,
we replace the study of the heat equation for temperature with the equation for
a velocity field u(f, x) which satisfies the equation u + Vp = 0. Second, we
introduce the so-called Arbitrary Lagrange-Eulerian (ALE) variables, in which we
introduce a family of diffeomorphisms W (z, -) : & — (#) which fix the moving
domain. With respect to this change-of-variables, we define, respectively, the new
velocity and temperature fields v = u o W and ¢ = p o W; in these variables, the
velocity equation becomes v + Vp o W = 0. This equation contains the geometry
of the evolving free-boundary, and by the use of energy estimates for tangential
derivatives, we are able to naturally estimate the second-fundamental form as

/q,zlék\IJ~A%|2dx/%/q,2|5kh|2dx/, (1.39)
r r

for k some positive integer. In the original Eulerian framework (1.1), the energy
dissipation law is given by
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1d

—— p(t,x)zdx—i—/ |V p(r, x)|>dx = 0.
2 dt Q@)

Q(1)

This basic energy law is too weak to control the regularity of the evolving free-
boundary. Observe that our higher-order control of the free-boundary given by
(1.39) naturally produces the stability condition; in particular, the Taylor sign con-
dition (1.22) arises as a coefficient to the second-fundamental form, and its sign
determines either the control or growth of the curvature and its derivatives via a
Gronwall-type inequality.

A further subtlety consists in the discovery of another coercive energy term
which is defined on the whole domain 2 (phase), displayed in the fourth line
of (2.24). It contains terms of the general form

1390 + 307 - vl o and 13°97q, + 300, - v}
for a, b as in (2.24). They are intrinsically linked to the problem and contain infor-
mation about the regularity of the divergence of the velocity v. Taking ¢ = 0 and
b = 1, the first term above becomes the norm of the ALE-divergence of v, as it is
easily seen from (1.18a):

lge + v wll e p2 = Idivavl 2.

The gauge condition (1.6) allows us to get optimal Sobolev regularity for ¥ and
hence for the temperature function ¢. This allows us to prove that the energy &
defined in (2.16) is in fact bounded by the coercive quadratic form (the “natural
energy”’) F (2.24) dictated by the Stefan problem.

Condition (1.21) is the exact equivalent of the Taylor sign condition, necessary
for well-posedness of free-surface incompressible Euler equations without surface
tension [19] or the water wave problem [50]. If the initial temperature gg is non-
negative, it is implied by Hopf’s lemma, at least over a short period of time. In a
short time regime, we prove a uniform lower bound on A [cf. (1.23)], thus enabling
us to close the estimates.

In many free-boundary problems, constructing the solution is, in general, a
challenging problem, despite the (possible) availability of good a-priori estimates.
Our main technical idea, to make the construction as straightforward as possible, is
to regularize the problem via horizontal convolution by layers as introduced in [19]
in the study of well-posedness of the incompressible Euler equation on a moving
domain. In addition to that, we also regularize the Stefan condition p = 0 on I'(¢)
by modifying it into a Robin-type condition. If « > 0 is a suitable regularization
parameter, to each k we shall associate an energy functional £, which will be shown
to satisfy the following energy inequality:

Ec(t) < CEN0) + C(t + VD P(E),

where P is something with the leading order cubic contribution. Such a polynomial
inequality, through a continuity argument, leads to uniform-in-x time of existence
[0, T'] and the bound

&) =2CE(0).
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Passing to the limit as k — 0, we recover the solution of the Stefan problem (1.18).
Our regularization is intrinsic to the problem and it does not rely on formulating a
sequence of iterated linear problems.

The second part of this work focuses on the problem of the vanishing surface
tension limit. Once the well-posedness framework of Theorem 1.1 is set-up, the
idea is rather straightforward. Namely, at the level of energy, the presence of sur-
face tension simply augments the high-order energy functional by a o-dependent
contribution coming from the boundary I', so as to obtain (1.29). The goal is to
prove a uniform-in-o upper bound on £ on a o-independent time interval [0, T'].
This is made possible by one fundamental property of £ it distinguishes between
two boundary energy contributions of general forms

1/3:20%8° 1|3 and o|39T' 92 n 3

for suitable a, b € Ny. Since the error terms are at least of cubic order, we can afford
to estimate all lower order terms in terms of the o -independent energy term, while
the two terms with highest number of derivatives get bounded via the o -dependent
energy contribution. With uniform estimates in hand, we can pass to the limit as
o — 0.

The plan of the paper is as follows. In Sect. 2.1 we introduce the «-regularized
problem and the associated high-order energy &, . We then state the energy identities
(Lemma 2.2), prove that &, is controlled by the natural energy F, (Proposition 2.5)
and finally prove Lemma 2.2. In Sect. 2.7, we provide the energy estimates for the
error terms. Passage to the vanishing surface tension limit is explained in Sect. 3.
In Sect. 4 we explain how to extend our results to the three dimensional setting.

2. Local Well-Posedness For the Classical Stefan Problem

2.1. A Nonlinear Regularization of the Stefan Problem: the k-Problem

We regularize the problem by using the horizontal convolution by layers, intro-
duced in [19] in the study of well-posedness of the incompressible Euler equation
on a moving domain.

Definition 2. (Horizontal convolution-by-layers) Let p, be a C°°(R)-bump func-
tion supported in a ball of radius « defined through: p, (x) := %p(;—‘), where

cee V=P y) < 1,

2.1
0 |x|>1 @D

px) = [

and constant ¢, is such that [ p(x") dx’ = 1. For any given g : @ — R we define
the horizontal convolution by layers of g via

Acgx!, x?) = / g, ) pe(x! = xydx'.
r
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We also define the standard 2-D sequence of mollifiers: 1, (x) = K2 (x /K)
where n(x) = c*e’]/“"x'z) for x| < 1 and n(x) = Ofor |x| > 1, and ¢, is chosen
so that f]RZ n(x)dx = 0. To formulate the regularized problem, we introduce the
following quantities:

W (t,x") = (X, he(t, x)) with he(t,x) = AcAch(t,x)), x' €T,

and we define W, on 2 as a harmonic extension of its boundary value on I' as
in (1.6). Analogously to (1.8), the following trace estimate is true:

107 Well s @) < 107 Wi ll gs—osry, s > 0.5, a € N. (2.2)
We also denote J, := det VW, .. Furthermore,
A= (VU] =8,
In analogy to (1.12), we introduce

942 .= M; t=J7'4, (2.3)
Jic
For k > 0, we now define a nonlinear regularization of the Stefan problem,
which we call the k-problem (1.18), in which the coefficients are smoothed by use
of the horizontal convolution operator A, . On a time interval [0, T} ], the k-problem
is given as

g —Ay.g=—-v-+o in [0, T, ] x 2, (2.4a)

v+ Ak =0 in [0, T,] x Q, (2.4b)

g =—Kk>v-824+Kk*B(t,x") on [0, T, ] x T, (2.4¢)

W, -1, = —V -1y on [0, T ] xTI, (2.4d)

v-N=0 on [0, Te] X 8Sop , (2.4¢)

v(0,) =¥ ¢(0,-) = Qp, (2.41)
where

AW (t,)=0 in Q, (2.52)

We(t,x',0) = (X', he(t,x) x' €T, (2.5b)

W (t,) =1d on 3Qep, (2.5¢)

Ay, q = 54[ (%fq k ),A/, and the time-independent forcing function «/(x) is given
by

@ = J5 282102 P = Je(0, )28, (0, )[go,2 1 (2.6)

Here

gK(t’x) = V 1 + (éhk(tvx))z ’
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and B(t, x’) is defined as

2

k

B3y =Y Lok Bl @7
k=0

Note that we use the subscript and superscript « on dependent variables in which

there is explicit use of the horizontal convolution operator A, ; of course, all of the

q, h, and ¥ implicitly depend on « as well, but for notational convenience, we do

not indicate this implicit dependence on «.

The presence of the horizontal mollification operator A, in the approximate k-
problem changes the compatibility conditions on the the initial data. The addition
of the forcing functions «(x) and B(z, x") ensure that the compatibility conditions
(1.24) are modified to be

Q;=0 on I, (2.8a)
Ays O = —J; *g5lg0.21* on T, (2.8b)

where W§ = W, (0, -). The approximated initial temperature function Qy is then
defined as the solution of the fourth-order elliptic equation

Avg Aws 0 = ne * E(AgyAuygo) in 2, (2.92)
0y =0 on I', (2.9b)
Ags Of = —J; *g5lgo2 1> on T, 2.9¢)

where E continuously maps H k(Q) to H¥ (RZ) for all k& > 0. The fourth-order
elliptic equation (2.9) can be written as a system of second-order equations given
by

Ays O = R} in Q, (2.10a)
Ay R = 1 % E(AyyAgygo) in Q. (2.10b)
05=0 on I', (2.10¢)
RS = —J;%g3lq0.21>  on T. (2.10d)

According to the basic elliptic regularity theorem with Sobolev class coefficients,
Theorem 3.6 in [11], we obtain estimates for RS and then QS which show that

10812 < CE(qo, ho)

the constant C being independent of «. Thus we see that Q5 — go in H*(2), s €
[0, 4), and so we have an approximated initial temperature function Q’é e HY(Q),
which satisfies the compatibility conditions (2.8). Again, from the elliptic system
(2.10) and the Sobolev embedding theorem, Q5 — gop in C 1(Q), and hence the
Taylor sign condition (1.22) remains valid for Qg, so that

(002 o 0 for sufficiently small ¥ > 0. 2.11)



230 MAHIR HADZIC¢, STEVE SHKOLLER

In equation (2.4d), n, denotes the outer unit normal with respect to the regu-
larized surface 'y, i.e. in the coordinate representation

Qh,, —1) -
ne = ————— =g ' (dh,, —1).

V14 |0k, 2

Note that the corresponding unit tangent to I is given via

oW 1,0h _
Sy Y =g (1, dhy).

T = — = -
W 11 [Bh?

In analogy to (2.12), equation (2.4d) can be reformulated as an evolution equation
for h, given by

hi(t,x) = ge(t, X)v - ne(t,x), x €T, (2.12)

Remark 5. (The regularization (2.4c)) The approximate k -problem uses horizontal
convolution by layers together with carefully chosen artificial viscosity terms. This
approximation scheme provides a simple existence theory for the x-problem while
maintaining the nonlinear energy structure.

Remark 6. We introduce the regularization (2.4c) to circumvent a technical diffi-
culty of closing the energy estimates at the level of highest-in-time differentiated
problem. The problem arises from the commutation of the horizontal convolution
operator appearing in the terms of the following schematic form:

/ N AWy - Yigy de/,
r

where 7 is a lower order term. Of course, when performing a-priori estimates (i.e.
assuming that the solutions to the original problem are smooth enough to justify
all the integrations by parts), such an issue does not arise.

2.1.1. Solutions to the «-Problem

Theorem 2.1. Let k > 0 be fixed. Let (Qf, ho) € H*(Q) x H*(I") be given initial
data satisfying the compatibility conditions (2.8). Then there is a time T, depending
on k, such that there exists a unique solution (g, h) = (q(k), h(k)) to (2.4) on the
time interval [0, T,.]. The solution satisfies

2
a a
> (1041 o a0 + 17412 y5-20 + e 21
a=0

1
HO 2 gy ) + D 105 ] o g3 < 00, (2.13)
a=0

where H' ()’ denotes the dual space of H'(S2).
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Proof. We briefly sketch the proof. For 7, fixed (and taken sufficiently small) and
for K > 0, we define the closed set

T = {h [0, T1x T — R, [3% € C([0, T,
H*29() N L([0, T, ], H72¢(), a =0, 1,2,

2
2 2
z (latah|C;)H4—2a + |8fah|Lt2H5_2”) = K’
a=0

ho and Qj satisfy compatibility conditions (2.8)} . (2.14)

Givenh € Zg,wedefine h, = A,%h, and then we define its harmonic extension
W, by solving (2.5). We then define the corresponding 4, &, and J,., and consider
the weak formulation of the parabolic problem (2.4a)—(2.4c): for all test functions
¢ € H' (Q)andae.r €0, T],

; 1
(@it &)+ | g AFA]d.; Jedx + = | g pdxi
Q 2 Jr
=/ q,k5§q>§¢dx+/a¢Jde+/ﬂ¢dx1, (2.15)
Q Q r
together with the initial condition

q(0,x) = Qf(x).

Since A, &, and J,, are in C°°, and since ﬂf‘ ’Al’ > ) for A > 0, and the compatibility
conditions are satisfied, standard parabolic theory provides the existence of a unique
solution on a short time-interval [0, 7, ] with the desired regularity properties. In
particular, it is a standard argument to establish the existence of a unique solution
ing € L%(0, T; H>(S2)) which satisfies the estimate (2.13).

Using a Galerkin scheme on (2.15), we obtain unique solutions in LZ(O, Ty;
H'(Q)) forq, q,,and g;; and also find that g;;; € L*(0, T.; H'(2)), where H'(Q)’
denotes the dual space of H'!(). Standard parabolic regularity theory, as in [47],
shows that g € L>(0, T,;; H>(R)) and that ¢, € L*(0, T.; H3(Q)).

With the solution ¢, we define the associated velocity field v using (2.4b). We
then update the height function % as

t
D (h)(t) == ho +/ ge()v-n(r)dr, t €[0,T].
0

Choosing 7 sufficiently small, it can be shown that ® maps Z into itself, and that
@ is a contraction map. The fixed-point of @ is then a solution to the «-problem
24). O

Remark 7. A priori, the time of existence 7, may converge to 0 as x — 0. By
obtaining k-independent bounds on solutions to (2.4), we will prove that, in fact,
the time of existence is independent of « and given by T > 0.
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2.2. The Higher-Order Energy Function Compatible with the k — 0 Asymptotics

The asymptotically consistent higher-order energy function associated to our
sequence of regularized k-problems is given by

Ee=Eclg )= 2 1390, + 2 13997030,
a+2b<4 a+2b<3

K2 > 0% L2+K2 > |8“8h|C0L2

a+2b<4 a+2b<3

+ Z 10710 a2 + Z 1079172 520

1

+ l; |Achlgo s + ; 190 AhI 2 (2.16)

As a consequence of Theorem 2.1 the map # +— &, (¢) is continuous on [0, T} ].

2.3. Bounds on Lower-Order Norms
Let
Acwy = D0 189l + D 189l e

a+2b<2 a+2b<1

2 aaqby (2 2 aaqby (2
+2 D10 0/ hilja s + K D 109 hil7 2
a+2b<2 a+2b<1

+ Z 10717 o -2 + Z 1074172 220

b=0

+Z|abA Bl e -+ 1Ak 2

We then assume that
A (1) < &)+ 1, 1 €[0, Tl (2.17)
By the fundamental theorem of calculus it is easy to see that

A (1) < A (0) + 1 sup E(t) < E(0)+1 sup &E(@).
0<s<t 0<s<t
In Sect. 2.8 we will prove an a priori bound for &, independent of x and show that
the time of existence 7 is independent of k. The bound (2.17) will then be justified
a posteriori using the fundamental theorem of calculus, smallness of T}, and the
definition of & . By choosing T, possibly smaller we assume that for certain § > 0,

mi?q,z (t,x'y>8 and |dh.(t, )% <1/2, t €0, Ty, (2.18)
x'e
where (g, h) is the solution of the «x-problem (2.4). The first inequality is true by

continuity-in-time of the energy & and the Taylor sign condition (2.11). The second
inequality follows from the continuity-in-time and smallness of |d/¢|3 (1.3).
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2.4. The Energy Identities

In this section we collect the high-order energy identities in two lemmas stated
below. We use the notation 7 for those error terms which in a straightforward way
are seen to satisfy the energy bound of the form:

t
/ [T (s)lds S 1P(E);
0

this bound will then always follow from the standard L — L2 — L? type estimates.
Here and in the rest of the paper P(-) stands for a generic polynomial satisfying
P(0)=0.

Lemma 2.2. Assume that (q, h) is a solution to the regularized Stefan problem (2.4)
given by Theorem 2.1. Then the following identities hold:

()
_ 1d _ 2 1d - = 2
P+ = — [ (—g2)|0*Ac W -2 f—/ 3*qg + 3*w, -
/QI o+ S o /( q.2)|0* AW - 8| 53 Q( g+, -v)
+ & / J7N%h, ) = /R1+/R2+T (2.19)
1d _
/|a 8,v|2—|—7—/( 4.2)|3%0, AW -2 +55 /(azatq+aza,\yk.v)2
+x /J; 1820, 1, |> =/R3+/R4+T; (2.20)
r
2.2 2 2 ld 2 2 2
|a vl +f— ( g7 AW - 54| +2d (37q + 0/ W, - v)
« /J; O 2 =/ R5+/R6+T, 2.21)
r Q r
where R;, i = 1,...6, are error terms given below respectively by (2.41),
(2.42), (2.43), (2.44), (2.45) and (2.46).
(ii)
1d - _ _ _
5—/ |a3v|2+/(—q,2)|a3AK%-%3|2+/(a3qt+a3fu~v)2
+—— |8h| /Sl+/82+7 (2.22)
—/ |5v,| +/(—q,z)|éAKwn-f4E| +/(5qn+ém~v>2
K2
+—— JNoh,)? = /S3+/S4+T (2.23)
where S;, i = 1,...4, are error terms given below respectively by (2.51),

(2.52), (2.53), (2.54).

We postpone the proof of Lemma 2.2 to Sect. 2.6.
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2.5. Equivalence of the Higher-Order Norm &, and the Natural Energy Function
Fie

By summing the left-hand sides of the identities (2.19)—(2.23) from Lemma 2.2,
the natural coercive quadratic form F, that arises as the energy takes the form

_ 1 _
Fe= 20 1%l +5 20 18907 vlZ0

a+2b<4 a+2b<3
2
_125 K =

+xr > 1/2a“al”h,|itzL%+7 D e

a+2b=<4 ’ a+2b<3

1 s
to 2 WaRI P Al

a+2b<4; )
+ Z |Vq,21,(_1/25“8,bAKh,|i%L%

a+2b<3

1 _ _
+5 2 19997q + 8707 W vl

a+2b<4;
> 1897 qr 80 W - vl (2.24)
a+2b<3;

The mathematical reason for imposing the Taylor sign condition (1.23) now be-
comes apparent. In order for the second line in the definition of F, (2.24) above to
make sense we must have

min(g,2)(, x',0) > 0,
x'ell

as was assumed in (1.23) for the (unregularized) classical Stefan problem. In order
to perform the estimates in the next section, it is crucial to show that the energy &, is
bounded by F, . To prove this statement we first establish the following temperature
estimate.

Lemma 2.3. Let (¢, h) be a solution of the regularized problem (2.4) given by
Theorem 2.1. Assume that the a priori assumption (2.17) holds on [0, T, ]. Then:

®

2
D3I} e pana S Fie on [0, T, (2.25)
a=0 P
(ii)
2
19132 yas + 2 107q1172 5 20 < Fe on [0, Tl (2.26)

a=1
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Proof. We use elliptic regularity theory and the a priori assumption (2.17) to
show that g |l 00 2 S Fesince Ag,.g = gr+v -+, gillpecre S Fes
ol g2 lwllzoer2 < Mollepa il o S Feo and llaliery S Fe®) S Fe.
Differentiating (2.4a) with respect to x/ (j = 1,2), we obtain that Ay, q,j=
(ATAT), j gomn +(gq; + v - ), ; +a, ;. Furthermore, since g, ; = W, j - v we have
that

g I S MW jellzore N0l o2 + 1%l goree lvrll oo 2

S |ht|L,°CHXZ||U||Lt°°L§ + ”V\IIIC”L?QHU“UZHL?CL% S Fes

where we have used the trace bound (2.2) and the a priori assumption (2.17). Note
that

I 0). e S N0l 10l zeree + 0l oo g2 10, llzgopse
<Nl el o + gl el oz S Fee

where we have used the bound (2.17) in the last estimate. It is easy to see that
| (ATAY), i Gomn ||LlocL§ S Fe (14 P(Ay)) < Fi, where P stands for a generic
polynomial. Finally, ||Va|| e L2 < Fk. Thus, by the elliptic theory again, we
conclude

”q”LOOHS Nfl('

Differentiating (2.4a) withrespecttot, we obtain Ay, g = —(A7"A}),1 q,mn +V1+
(v - ), (since « is independent of 7.). Again, using ||v; ||LOQL2 < Fi, the previous

estimates and the bound |/, ;|2 < Fu, elliptic regularity implies ||g;|| LoH2 S <

LooHZ ~
Fr. Burthermore llgu|2.c,o S i+t vl3ops + 100 - I3 o S Fi The

last equality follows from the third line on the definition (2.16) of .7-" “and a simple
bound on the L{°L{°-norm of v, which follows from Sobolev embedding. Finally,
chooseany j, k € {1, 2}. Applying 9, 0.« to (2.4a), we arrive at the elliptic equation

A\I/,(q1jk = _(%:n%ln)’/ qsmnk _(%;n%,n)»k qsmnj
—(A"AN), ik Gumn (g +v - ), i+, i

By the estimates already derived above, (2.16), (2.6), and (2.17), the right-hand side
is bounded by F; (1 + P(A,)) < Fi in L;’OLi-norm. Thus, by elliptic regularity,
we finally conclude ||g||; g4 < Fi, concluding the proof of (2.25).

To prove (2.26) we start with the easiest case b = 2. For j = 1, 2, we have

qrjir= W, j - Vs = Y jrr -V +2W jr -V + Wi j - Vyy

From the above we easily infer that

t t
/OHann%drs/O (V@ B00% + 1o 1 0 + 195 1 o)

S P(Fo). (2.27)
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We have thereby used the trace estimate (2.2) to obtain
IV il < Vicailgs S Fe

where we have used the definition (2.24) in the last bound above. On the other
hand, using the a priori bound (2.17) and the Sobolev embedding we conclude that
vlloo Sl S llgll2 < E(0)+1 < 1. The remaining two terms on the right-hand

side of (2.27) are estimated in a similar fashion. If b = 1, we apply the same ideas

using (2.25), (2.17), and the Sobolev embeddings. To prove ||q||L2H45 S Fie we

need to use an interpolation estimate. The strategy consists of estimating | ¢/ 1215

and ||q|| 28 separately and then interpolating between the two estimates. The
reader may consult [31] for the details. 0O

Remark 8. The regularity of g € L%H ;‘ < can in fact be improved.

Lemma 2.4. (Optimal regularity for WV, and q) Suppose that the pair (g, h) is a
solution of the k-problem (2.4) given by Theorem 2.1, and that the basic assump-
tion (2.17) holds on [0, T, ]. Then fOTK (1% N2 + llql12) dt < CE@).

Proof. Step 1. We will first prove that fOTK |, ||§dt < C&(t).Sinceq =0onT it
follows that

v(x,t) -7(x,t) =0on T, (2.28)

where we recall that 7 is the unit tangent vector to W, (7, I'). Applymgthe horizontal
derivative 9 to (2.28), and using the fact that 9t = 8 192w, - n, n, and that
W, - ne = —g7'98h,, we find that

.
_ v -
32h, = S0V T (2.29)

V-

The dominator in (2.32) is strictly positive for T, small enough by the Taylor sign
condition (2.11). For any W : Q — R? we define

curly W = ¢ jl-A;Wi,S (2.30)
where ey = —e12 = 1, €11 = €23 = 0. By the tangential trace inequality (see [11]),
|3%o - fK|H7%(F> < lleurlyd vl 12y + 13* 01l L2 - (2.31)

We observe that

3
curlyd’v = 32 (curlyv) — &ji Z cmémA‘]‘.53_mvj,s
m=1
3
=—eji »_ cmd" AP

m=1
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where we have used the identity curlyv = (curlVp) o ¥ = 0. Using the Cauchy—
Schwarz inequality and the definition of &, we obtain

leurly 3 vllo < V.
From (2.31) and the definition (2.16) of &, we obtain

t
= 2
/0 ]841) . TK}H_%(I‘) do S E(@1), 0<t<T,. (2.32)

Using (2.32) and (2.31) it follows easily that fot |h,(|i5 do <&:(1), 0<t<T,.
Recalling that W, is the harmonic extension of (x', i, (x")), x' € T the optimal
trace inequality (1.8) implies that fé |V ||§da < C&(t) forany ¢t € [0, T, ].
Step 2. The fact that fOTK ||q||§dt < C&(t) follows from Step 1 and the elliptic
regularity result in Theorem 3.6 in [11]. O

As a consequence of Lemmas 2.3 and 2.4 we obtain the following key bound
between the norm &, and the energy F.

Proposition 2.5. (Norm-energy equivalence) Let (g, h) be a solution of the k-
problem (2.4) given by Theorem 2.1. Assume that the a priori assumption (2.17)
holds on [0, Ty ]. Then & < Fy on [0, T, ].

Proof. Due to the Taylor sign condition (2.18), the boundary integrals in £.and
Fi satisfy

2 1
2 2
DAk iz + D Al o
b=0 b=0
aaqab 2 aaqab 2
S 2 Wa2d O kil + D IW=q20°0 Achly .
a+2b<4; a+2b<3

The remaining estimates now follow directly from Lemmas 2.3 and 2.4.

2.6. Proof of Lemma 2.2
Proof of part (i) of Lemma 2.2. Applying the tangential differential operator 3 to
the equation (2.4b), multiplying it by 8*v’ and integrating over $2, we obtain
(0% + 0*fqu + A0 u, M) 0 = D" (8850 g, 0%) . (233)
=1
where ¢; = (?) Recalling (1.17), we write
gtk = —mrgtwr k4 (54, Ak, (2.34)

where {9%, ﬂf.‘} stands for the lower order commutator defined in (1.17). With this
identity, we obtain
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N4y k a4 i s a4 k a4 i a4 Kk a4 i
(3 Aqr. 0 Ul)LZ(Q) = —(54;8 Ve Arqx, 0 v’)Lz(Q) + ({8 JA gk, 0 v’)LZ(Q)
S /r q AWkt NG 4 /Q A5t wrakg ot + T
- /F q A3 WAkt NG — /Q A5t + T,
(2.35)

where we have used (47),; = 0 and the identity v" = —’f‘\’r‘q,;c to write the last line
more concisely. Furthermore, integrating by parts with respect to x*,

(45544, 3%, = /Q k3t 3% = /F kG54 . NE — /Q #4543,
(2.36)

Note that the the boundary contribution coming from the fixed boundary 92
vanishes due to the boundary condition (2.4e), which further reduces to v2 =0on
0Q0p. Summing (2.35) and (2.36), we obtain

(0*afq +053%qx, 54vi)L2(Q) = —/ qAs 9t kgt N
r
+/f4§‘a4qa4v"-N" —/ Ak’ (0%q + 3%, -v) + 7. (237)
r Q

The first three terms on the right-hand side of (2.37) will be the source of positive
definite quadratic contributions to the energy. To extract the quadratic coercive
contribution from the first integral on the right-hand side of (2.37), we simplify it
to

- /F ATk N = /F g2 TWT2TH 4 /F g AT Gy

Z/q,z 54%-54354v-’543+/q,154\y;74}54v-’542.
r r

We rewrite the expression 3*v - 42 and thereby use the boundary condition (2.4d):

-2 =5tw - A2+ 5w+ w) -2
4
=0%w -2+ 54((1) +w) - 'A%) - Za15471(v +w) -2
4
= 3w ’54% — Za154_l(v + w) - 5154%.
I=1
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Due to the above identity and recalling ¥, = A, A, WV, we obtain
/ g2 0%, -n 0ty 82 = / G2 A AW - A25% -2
r r
4
— Zaz/ G2 W 4254w+ w) - 3142,
_ r
(2.38)

The first term on the right-hand side of (2.38) is rewritten in the following way:

/q,254A,{AK\II~§4%54w-’543:/q,zAK54\II-’f4%AKE_)4\IIt~74%
r r
4 / 3 Ac0[Ac[g2 (340, 92)92] - g, (*A W, - 2)52]
r
= lat/q,2|54AK\Il-’f4%|2— l/q,2,|é4AKxIJ-743|2
2 r 2 r
—/ g2 AW A2 W2
r
+/AK54\I/[A (9.2 (%W, - 92)82] — g.2 (AD*w; - )2
r
= %8;/q,2|54AK\IJ-§42|2+/AK54\II[AK[q,2 (3%w, -a7)az]
r r
— g (A, - 743)743] 4T (2.39)

The second term on the right-hand side of (2.37) turns into
/ 4kGqdt . Nk = — / §gdty -2
r r
/ 9%, (9% (v -A2) — Z ard'va*1%2)

=0

+K2/ﬂ(t,x’)54v~74%
r
2 o4 2 247 Al Fd—lig2
=k 3 h; | al/ 9%h,0'vo" AL
[ z
+/c2/ 54,3(t,x’)54v~'f4%,
r

where we have used the boundary condition (2.4c) in the second equality above
(recall v - &% =w- ﬁ% = hy). As to the third term on the right-hand side of (2.37),
note that
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4
'Aﬁ-{54vi,k = 54('.545{1)’.,]() — 26151%5;54711)1"](
=1

4
=—0*g +v-f)— chélﬂ;‘é‘t*lvi,k ,
=1

where %fvi,k = —divy, v = —(q; + v - @) + « by the parabolic equation (2.4a).
Thus

—/ ’54{-‘54vi,k (5461 + 3%y, v)
Q
= / 54(% + W v — oz)(54q + 0w, - v)
Q
4 .
+ ch/ 3"k (9% + MW - v)
=1 7
1 4 a4 2
=0 [ (3% +3"W, - v)
2 Ja

4
4 [ di 3= 5, (% + 50 )
Q
=1

4
—i—Zc;/ E_)l’f4f53_lvi,k (5461 + 3%, - v) +/ 5404(5461 + 3%y, - v).
=1 79 £
(2.40)

Combining (2.37), (2.38), (2.39) and (2.40) we obtain the identity (2.19) with the
error terms R and R, given by:

3 4
R1 :=Zc15[’f4f5471q,k54vl — (chélﬂff_)‘Flvl,k
=1 =1

4
+ Zdléz‘fl‘&) oty — 3%y, vl) (5461 + 0w, - v)
=1
+ 3% (3% + 3w, - v); (2.41)

Ry = = A W[ Af(=q.2) (04w - 9282 = (—q.2) (3* A v - 122

4
+ > a(=g.0)8 W, 125 0 4 w) - 52
=1
3
g B WAL 824 k2D @B th 8 bt 2
=0
— k23 By - 54% (2.42)
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Applying the tangential differential operator 829, to the equation (2.4b), multiplying
it by 29,0’ and integrating over €2, we obtain, in a completely analogous fashion,
identity (2.20), claimed in Lemma 2.2 with error terms R3 and R4 given by:

R3 = Z cmnémafﬂféz—’"a)—"q,kézatu"
I<m+n<2
_( Z Cmnématnﬂi;émeatlfnvi’k
1<m+n<2
+ D A d" O W 0P T — 87 vy
0<m+n<2
x(8%q; + 97 Wes - v); (2.43)

Ry = — AW Ac[g2 (300, - 92)02] = g0 (%0 A0, - 9202

+ D] a”//qzaallll 92527191 (v + w) - 92

1+1'>1
—q.10%0,97"418%9,v - 42 4 «? z 523zht518,1/v-52_18}"/’,(43
0<I+l'<3
_’(2523t,35231” ’jq% (2.44)

Finally, applying d;; to the equation (2.4b), multiplying it by ;v and integrating
over €2, the last identity (2.21) of Lemma 2.2 follows with error terms Rs and Rg
given by

Rs = —(II(‘\{‘(»U Ui,k +21f45'(,t Ui,kt +2v; o, + vy - o
Wiy Ut)(qn + Wit - v); (2.45)
Re := =AYy I:AK[Q12 (‘I’m A )A ] q,2 (attA v, - )%2]

2
+ Zalz/rq,z W, - A2077 (v 4 w) - 9142 — g1 8,9 A 9,0 -2

1
+ I(2 Z 8”h,8tl/v8t2_l/'f4%
I'=0
— k20, By v - A2, (2.46)

Proof of part (ii) of Lemma 2.2. Applying the tangential operator 3°9; to the equa-
tion (2.4b), multiplying by 3>v’ and integrating over Q we obtain

(@907, 3°v) » + (38 (Alq.r). '), =0,
implying
1 s _ _ s
Eaf/ 0% P + (079,47 . +A70%0r gk, 370')
Q
= D> (@ ofaldtofan, 370 . (2.47)

[+1=3, k+k=1
O<l+k<4
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Recalling (1.17), we write
3ok = ke ras 4 (5%, aky. (2.48)
Using this decomposition we have
(33088 q +945%0,0,1, 3%01) 2 = —/S274’;53ﬁ;,gﬂfq,k53vi
+/974§‘53atq,k P+ T, (249)

where the commutator term has been absorbed in the error 7. Integrating by parts
with respect to s and k in the first two integrals on the right-hand side above
respectively, we obtain analogously to the proof of Lemma 2.2:

_/974’553@,;'54§q,ké3vf+/Qf4§53a,q,ké3v"

:/q’253{u'%%53w'%%_/5331@531)-11(4%4‘/6]»1//(4;53'{“531)-%%
r r r
—_ —_ 3 _ _
+/(33Qz+83%-v)2+/ (> did* -0
@ S

3
+> ad AT ) (07 + P - v) + T (2.50)
=1

Note further that the first term on the right-hand side above can be, similarly
to (2.39), further written as

/q,253ﬁ1~'f4%53w~’f43 =/q,2|53AKw~’f4%|2
r T
+/ AcdPw - [Aclgn (3Pw - 42)42)
I
—q,2 (53AKw : %E)’Ag]

The second term on the right-hand side of (2.50) reads, using the boundary condi-
tion (2.4¢)

2
/ 538,q53v . ’2\3 = /c2/ 330,h, (53(11 . ’543) - ZCZZ_)ZU . 53_1’54%)
r r

=0
+K2/F538,ﬁ53v-74%
= 2 d I Nk, - K222:c,/53a,h,é’v-é3—1742
2dt Jr* " Jr ’

—|—/<2/ 538,ﬂ53v . '54% + 7,
r
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where the error term 7 denotes the lower order terms containing the time derivative
of J,. We also used the regularized boundary condition (2.4c) in the first equality
above. Combining (2.47)—(2.50) and the last identity we obtain the identity (2.22)
with error terms Sy and S given by

81 = Z Cl’kj’,;f_)latk%fél_afq,k

1+1=3, k+k=1
O<l+k<4

3 3
— (Zd153“&) olv + Zelélﬂféylvi,s ) (53% + 3% - U) ; (2.51)
=1 =1
Sy = = Acdw - [Aclg.2 (0w - ADAT] — g2 (3 Acw - AHAT]
3
+ > a(—g.2)8 - ALZ@ T v+ w) - 8"82) — .1 A8 05 - A2
=1
2
+ k2 Z c1930,h,30v - 33712 — k2338, 800 - 2. (2.52)
=0
Applying the tangential operator 58,2 to the equation (2.4b), multiplying by 89, v’
and integrating over €2 we obtain the identity (2.23) in an analogous way, with error
terms Sz and S4 given by

83 = (U,S 'é\IJKttﬁf — {5812, %{c}q,k)évi
+ Z Cmnéaa[bﬂi'cél_aatz_hq’k évit

I<m+n<2
+ ( Z dmnéaatbx l;él—aatl—bvi’s
1<m+n<2
_(\I}[[ . 51) + 5\1’[ - Uy =+ \IJ,Z_?U,)) (5q” =+ é\IJK!” . U) N (253)

Su =g, 0%, - AL[B +B) - A2) + (B, +v,) - 94T+ (B +v) - 982 ]
— 39 Acw - ’A%[AK((—q,z )A250,w - 42) — q.2 éa,AKw%E]

—q.14180,%"30,v - A2 + k298,h; (00, (v - 42) — B,V -A2)
— k230, 0DV - A2, (2.54)

2.7. Nonlinear Energy Estimates

The following proposition states the desired energy bound for the classical
Stefan problem (with ¢ = 0), will subsequently lead to a uniform-in-« time of
existence for our family solutions to the regularized «-problems (2.4).

Proposition 2.6. (Main energy inequality) There exists a constant C independent
of k and a generic polynomial function P such that for any t € [0, T*] we have
the following bound.:

Ec(t) < CEN0) + C(t + VD P(E). (2.55)
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The proof of the proposition proceeds by systematically estimating error terms
in the energy identities from Section 2.4. We shall implicitly use the a priori
bound (2.17) freely throughout the proof without explicitly making reference to
it.

Step 1. Estimates for fot Jo R defined by (2.41) We start by estimating the integral

> fot Jq "534 g ;3% [the first term appearing in (2.41).] If [ = 1, we
have

t t
\ / / a%fa3q,ka4v’( < 98N | oo o0 / 19%qok 2 018%" 112
0 JQ 0
<1 [ 30,685,151 5y
S 0  ( i)”Hl-S” q;k ”L,ZL}” v ”L,ZL)ZC

_ s
< Viloll 235 18°q ok N 22 18%07 1 22 S VEP(E.

For [ = 2, 3 we have

t
[ [ ettty
0 JQ

13
SN0 oo o5 19% 7 gk [ o /0 19%" 112
S VIV = 1) 25119 o 35140 1 22
SVEPE).

We proceed to estimate the integral 3 ¢/ fo [, 3"4K34v i (3%q + 8% W, - v)
[the second term appearing in (2.41)]. Only cases [ = 1 and [ = 4 deserve special
attention, while the cases / = 2 and / = 3 are estimated by a routine application of
the Cauchy—Schwarz inequality and the Sobolev embedding. When / = 1, we can
use Lemma B.2 to conclude that

t
(/ / PALB k(3% + 3%, )|
0 JQ
t
< / 1945 llo.sllv" ok 12.513% + 8* W, - vllo
0
aky k ! [ a4 a4
1A oo /0 1 125 (13% 0 + 1G4, - v)llos)
! 2 k ! a4 a4
S /0 V20, (ANl oo 2 /0 lqllas(13*qllo.s + 13* %, - vlo.s)
t_ « t )
+1l / 30 (A 1 s / lq 135
0 0
t
IVl ool 192l [ Tl
t
SV 231172 s + VO 23 1V Wil o 2 /O lglla.s

!
OV [ gl

+ CVIIV W o s IV Wl oo 25 gl 2 gas S VEPE).
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As for the case [ = 4, we use Lemma B.2 again and obtain
t
[ fwoates o
0 Jg
t
< [ [ ihasivl (3t + 340, o)l
0 Ja
! 2 i a4 4
S/ V=W ll2slv"k llyos.ce107g 4+ 07 W, - vllo.s
0

t
< IVl o251l Lo 35 / (lgllas + I1V> W ll2.5)
0

< VIVl ozl e s lall 2 ges + 1190 oo s 1V Wil o 2
S WE+DPE.

The next error term to estimate is Z?:l d fé Jo 941ty . 5lv(54q + 04w, - v) [the
third term appearing in (2.41)]. If I = 4, we estimate

‘/OI/Q‘&) 9% (d%g + 9w, - v)‘ < /Ot Il 301034 + 34, - vllo
< \/;||ﬂ)||LgoHX1,5||é4q + 34w, . v||L,°°L§||é4U||L[2L)2C < ViPE):
and analogously for/ = 3
‘/01/95‘&) . 53v(54q + 4w, - v)‘ < \/;”ﬁ}”L;’OH345||54q
+ 00 vl 2130022 S VEP(E),

Forl =1, 2, we have

t
‘/ / 3 - 50 (5% + 840, )|
0 JQ
t
< / 19" ll0l18* " vlloo19%g + 8 W, - w0
0
< VillWll e g2 19%q + 8 Wi - vl r2llgll 2 as S VTP EQ.
The next-to-last term on the right-hand side of (2.41) is estimated as follows:
3 - (3 + 300, v)| = VEI ez 1%
+é4lIJK . U”L;’OL_% ”vt”LtzHle N \/ZP(&()-

Finally, to bound [ [, 3% (3%q +3*W, - v) [the last term appearing in (2.41)] we
integrate by parts and use the Cauchy—Schwarz inequality to obtain

t
| / / 8a (8 + 5 W - v)| < 10l 2 V1185 + B )22
0 JQ ) x

S E(0) + & (1).
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Note that we used Lemma 2.4 and a priori bound (2.17).
Estimates for the error term f(; Jr R2 defined by (2.42). For any i, j € {1,2} set
=g, ’f42’542 = 9V and apply Lemma B.1 to conclude

[

t
5/0 |472%% : %%ﬁ/‘/loo(r)'AKw'%

Aclg.2 (31, -A0)A7] — g2 (AP, - 5’42)%2

< sup |g,042: A2|2/ 1Acwl} S P&,

0<s<t

where we estimate |A'<w|L,2H3 using (2.12):

V|72 ~/ [P+ 10k 2w 8D S PEC )/ lgli3s < P(Eo)-

(2.56)
Note that we bounded |v|3 by relating it to its norm over €2 via the trace estimate
02 S M0 s S P& )/ lal2s < PED. 2.57)

Thus,
‘/ /A 54 qz e[ (34w, - 42)42] — g0 (3*A, W, - 542)542]

SP(&)”Z(/ [ 1wy ? s epe,
0Jr

Finally, we treat the last term on the right-hand side of (2.42). For 1 <1 < 2, we
have

t
/ / 02 3, 9254 (0 1 1) - 512
0 r

t
= |q723’743|L,°°L2°/ 34w, - 421013 (0 + )]0

0
S 1452 1o 1983 Lo 1 194 Wi - A1 o 12 Vi (0] 2413 + (0] 253)
SVIP(E,

where estimates (2.56) and (2.57) were used in _the last inequality. If / = 3, we apply
a similar estimate, bounding the term 3"2 = 5342 in L?-norm and 9*~! (v + 1) =
d(v + ) via L*° norm and Sobolev embedding leading to:

t
‘/ /q,254\11,(-'f4%5(v+ﬁ))-53'f43 < ViP(E).
0 r

Case [ = 4 is the trickiest error term as four derivatives fall on 42, thus creating
a term that at highest order contains five derivatives of W, which is more than the
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number of derivatives allowed by our energy &,. However, we have the following
identity:

iy - _
(34w, - 42)
|07 |

.1 _ _
+/q,2 TGy, 254, . 592
r [T

_ _ 1 _
/q,234‘I’K 420+ ) - 0% = —/ 3g.2
r 2 Jr

+/ g2 04, - A2E, (2.58)
r

where E is the lower order error term given by

3 3
E=% 7Y ed 037007 A2+ D et 100"t 0487
=1 =1
(2.59)

To prove (2.58) we first note that
v+t =W+ nene + W+t = W+ W) - etk
where we have used the boundary condition (2.4d). Therefore, we have the equality

(U +ﬁ}) : 54ﬂ3 = (U +ﬁ)) c T Ty 54%3 =f- T T * 54’1(43
3
-7t AL+ Zel‘fv 10l 0t a2,
=1

where we first used the identity v - 7, = 0 and in the last line we used the product
rule expansion of the identity 0 = 3*(z, - 54%) with e; the corresponding binomial
coefficients. Since 7, = %, we have

- 93 v,
347, 4% =
|3‘I’ |

a2 4 Ze I (1w, 7Y - 82
=1

+ W, 3*(|0W, |—1).542

Y,

G

%%Ze I (1w a2,
=1

where we simply used the product rule to expand 34( ——) and the orthogonality of

low|
dW, and 42 in the last line. Combining the previous two identities, we may write

B\Il

42 .1 + E,
aw,|

(v +1) - 0%42 =
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where the error term E is given by (2.59). We thus obtain

_ i f -
/q,z 3w, A2+ ) - 0M2 = / L gty 253w, .42
r IENJ |
+/q,254wK-§43E
r

Note that first integral on the right-hand side has a symmetry allowing us to extract
a full tangential derivative at the level of highest order terms:

—/q, b Lot 255w, 42

|07 |

1 -t
- “a[(a*w, -2 /
2/612|aTK| [( )]+
f -
/ dlg. 2 1(3* @, A2) /rq,z 3

where we have used integration by parts in the second equation. Finally, summing
the previous two identities we arrive at (2.58).

Note that W, enters the right-hand side of the above identity at most with 4
derivatives. By standard L>® — L?> — L? type estimates and identity (2.58), we
finally arrive at

t
)/ /q,254\1-’,(-'f4%(v+‘ﬁ))~54§4% <
0 r

TG4y, 4254, . 542
AT

54y, 254, - 592,

Tk

(2.60)

Before we estimate the third term on the right-hand side of (2.42), we first rewrite:

3
-2 = 3% a2 — Za,a’ 32 = — g 15%,, — Za,a’ 312,
1=0 1=0
where a;, [ = 0, ..., 3 are the corresponding binomial coefficients. As a conse-

quence, we have
t _ _ t _ _
‘/O /Fq,la“xp;%}a“v-%f‘ 5;(2‘/0 /r(u-&E+ﬁ),la4\pmﬁjgla4ht
3 l‘ _ _ _
+K22az)/ /(u.&2+ﬂ),la4w;%}a’va4*’%%‘. 2.61)
1=0 0 JI'

The first term on the right-hand side above is easily bounded as follows:

‘//(v 82+ B),1 3wl y=15%,

< VK| 82+ B AT 1o 1o |0 e 26180y 22
,S \/;KP(EK)'
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The second term on the right-hand side of (2.61) is a sum, and the hardest summand
to bound is created when / = 0. In this case, roughly speaking we bound |3*42|o
by k" '|A,W¥|4 trading one tangential derivative on 3*A, A, VW for a bound on
AV in H3, at the expense of a factor of x ~!. Using this observation we obtain

t
Kz\/ /<v 62+ ) P a2
0 Jr
SNV AT+ B A e pe e 8 Al oo 2

S \/;KP(‘SK)~

The next-to-last term on the right-hand side of (2.42) is again a sum and the hardest
term to estimate is created again when / = 0. We use the same idea as in the
previous estimate to obtain

1
’Kz/ /54h,v-54§4%
0.Jr

Note that we exploited the presence of the x-dependent energy term in our energy
&y, using the bound K|84hf | 1212 < V& In an analogous manner, we conclude

SVl ) 22 vl e ook T AW o2 S VEP(E).

(/R3+R5dx\+\/7e4+7e6dx’ <+ VDPE.
Q r

where we note that the commutator term, i.e. the first term on the right-hand side
of (2.46) deserves special attention. Due to the absence of spatial derivatives in the
term Wy, in

— AWy [AK [4,2 (‘I'ttt : '1(43)%3] — g2 (al‘tAK v, - 543)543],

we cannot apply the commutator bound from Lemma B.1 in the form stated. Here,
we crucially exploit the x-dependent term in the energy &, . Note that

t
‘/ / AWy [AK [q,z (‘I'ttt '1(4%)%3] —4q,2 (3nAK‘IJt '1(43)542]
0 Jr
= \/;|AK\I"II|L$CL)2(||5]»2%E : %%|L?OW):YOOK|\IJIH|LY2L)2(

<ViP(&), (2.62)

where we gain one power of « in the second line above from the commutator es-
timate and then absorb it into the energy contribution x| Wy | L2102 The last term
on the right-hand side of (2.42) contains the S-contribution from the regularized
Dirichlet condition (2.4c). It is easily estimated using the Cauchy-Schwarz inequal-
ity by a term of the form Ctmg + Ct/c2|54h,|%2L2 which in turn is smaller than a
constant multiple of tmg 4 t&,. Here my is a constant, which depends only on the
initial data.
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Estimates for [o, Sy and .. S>. In the first term on the right-hand side of (2.51), the

har(_ie§t terms to estimate correspond to the cases (k)= @2, Dand (I, k) = (2, 1).
If (I, k) = (2, 1), then

t
‘/ /a%{?azatq,k 53
0 JQ
t [ — —_ . —_
< [ [ 1a@iaing..|
0 JQ
t
< [ 1A 18 030 i o
0
g k a4 i a
+/ 1904 1o l18* " l01139: 4.4 llo
0
S VAN Loy 51970 e 2 1le 2 412
t
+1 /O ORF () dsll s 19% N 22 el 12 2
S VIVl oo 25 1870l e 210 2.2

=4
+t||vw”1‘[21-1x1 llo Ul”LtzL%”‘It”L[ZH%

S+ VOPE).

Assume now that (I, k) = (2, 1), then

t
‘/ /aza,%jfaq,k 53
0 JQ

The second error term is rather straightforward: for any [ = 2, 3,

t
‘/ / 3y - 5lv(2_33q, + 3% - v)‘
0 JQ

t
< 197l o 15 / 19" 1l0113°g: + ° - vllo
: 0

a3
SVl e 21970l oo 2 101112 g3 S VTP (E.

SVl 25180l oo 12 18%qs + 870 - vll 1212 S VEPE.

If/ = 1, then

t
‘/ / 82%-81)(83%—}—33‘&)-1))‘ < ||Dv||L§>oHX1.5||‘it)||L?oH3||83q,
0 JQ :
+3% - vl 210 S VIPEQ.

Similar analysis yields:

3 '
Z‘/O /5”;‘53*%1,3 (3% + 8% - v)| S VP,
=1 Q
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As for the error term (2.52), we start by applying Lemma B.1 to deal with the
commutator term. For any i, j € {1,2} set F = ¢, ’54[.2’542-, G = 3%w and apply
Lemma B.1 to obtain

t

/0
t

2 .52,2 2

5/ 282 822 w3

<tosup |g.0242 4213 sup w3 S P&, (2.63)

0<s<t 0<s<t

_ _ 2
Aclg2 @Pw - ADAT — g0 (P Acw - ADAT]

where, in order to bound |w| LoH2> We use the equation (2.4d) analogously to the
bound (2.56). Upon using the Cauchy Schwarz inequality we get

)/ /AK53w-[Ak[q,z(53w-%%)%%]—q,2(53Axw-%E>
0 r

As for the second term on the right-hand side of (2.52), we obtain

t
‘/ /q,2(53*’(v+w)-5154§)53@-%3‘
0 r

t
5/ 1.2 Loo (1012 4+ 1w[2)[3°8210) 15 A cwlo
0

<VtP(E).

t
S gl 2o (10l s + wl2) (3w —1d|3/ 157 Acwlo, S VEP(E),

where the term |w| L2 is bounded by P (&) for the same reason as in (2.63). The

last term on the rlght hand side of (2.52) is a sum, and the hardest term to bound
is created when / = 0. We must integrate by parts with respect to the time variable

to obtain
t
Kz//533thtv~é374%= /Bhv 33742 //8hv 332
0 JI'

—i? / / 33hv- 939,42, (2.64)
0 JI

Now observe that
'
2 a3 a3k 2
S kmo + k|9 htlL[ooLglvlL?’L;oKl/ 0,07 A oo 2
0

— _ t
K2/ v - 32
r 0
SVENEN I N 212 S VIPE),

where m depends only on the initial conditions. As for the remaining three terms on
the right-hand side of (2.64), they are straightforward to bound using the standard
energy estimates. We arrive at

t
KZ‘/ /533,;1,”.53543( < k*mo+ V1(1 + k) P(E).
0 JI

In an analogous manner we conclude

¢ t
‘/ /S3dx)+‘/ /S4dx/
0 JQ 0 JI
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2.8. Proof of Theorem 1.1

The polynomial inequality (2.55) replaces the typically used Gronwall inequal-
ity. Since the constants appearing in (2.55) are independent of « a standard con-
tinuity argument (see for instance Section 9 of [18]) yields the existence of a «-
independent time 7 such that

&) = C&(0) =CEO) + 1

for x small enough.
Since £(t) < E(t), t € [0, T] (recall the definitions (1.20) of £ and (2.16) of
&), we obtain the uniform bound

E(G", h*) = CEWO) + 1,

where (¢, h*), is a family of solutions to the k-regularized problem (2.4), 0 <
k < 1. Note that the assumptions (2.18) remain valid (on a possibly smaller) time
interval [0, T, as both |3/] Loree and § are easily controlled by the energy £. By
the fundamental theorem of calculus, it is clear that on a possibly smaller time
interval [0, T'] we have

sup A < EO)+T sup Ec(t) < Ec(0) + %

0=<t<T 0<r<T

thus justifying a posteriori the a priori assumption (2.17). Thus, passing to the weak
limit as k — 0 we obtain a solution on the time interval [0, 7'] which belongs to the
space S(T') defined in (1.27). Since S(T') embeds compactly into Ct1 C)(C) N Ct0 C )%
the solution is also classical.

Uniqueness. We only present a brief sketch of the uniqueness argument. A simple
application of the energy method also implies uniqueness of the solution. Assume
that (g, h) also solves (2.4) with the corresponding U, 9, w. Then the pair (r, p) 1=
(g — G, h — h) satisfies the following system of equations:

re— AL (AR ) = (Ay = Ag)g — (0 — D) w+ B(w —d) in Q; (2.652)

(v =) + A¥r g +q.4 (A — A5 =0 in @; (2.65b)
r=0onT; (2.65¢)

pt =—rp on I'; (2.65d)

dr =0 on 3Qop. (2.65¢)

Furthermore, initially (r (0, x), p(0, x")) = (0, 0). Applying  to the identity (2.65b),
multiplying by (3(v — 7))’ and integrating over €2, we derive the first identity in
analogy to the proof of Lemma 2.2. Similarly, applying 9, to (2.65b), multiply-
ing by (v — 7)' and integrating, we obtain the second energy identity. The natural
quadratic form that emerges is equivalent to

TP =2 2
E = 30 =91} + 10 = l3opz + 1713

2 2 2
+Ir + + .
Irell 32,2 + 10172 + 1r17 2,0
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Furthermore, we have an a-priori control of the high-order derivatives of the two
solutions, i.e. for some M > 0: £(q, h) + £(g, h) < M. From here, we can easily
prove the polynomial bound

E(1) <tP(E()),

which in particular, uses the fact that the initial values for p and r are 0. We infer
that £ = 0 and hence the uniqueness follows.

Continuity in Time. Since ¢ € L>H; and ¢, € L?H}, it follows that ¢ € C?H};
similarly, since q;; € L%H;’ , then ¢; € CtOHXz. Passing to the limit as k — 0 in
(2.32),

32h = . (2.66)

v-n

where v - n > 0 by the Taylor sign condition. By passing to the limit as k — 0 in
Lemma 2.4, we have that ¥ € L?H?, and we also have that W € L?H>, from
which it follows that W € CYHY. Since ¢ € COH and , and since v = —Vyq €
L2H}, it follows that v € L2H? N COH}; hence, dv - T € L2H*>(T). Then, since
g and n are in L?°H3(F), andv-n € LfOHZ'S(F), we see from (2.66) that

heL?H*T).
Since h; = gv - n on I', we then have that
hy € L?H>3(I),
from which it follows that
heCOHYI).

Since ; = gv - n on T, and since g and n are in C'H3(T") and v € CYH?>(T"),
then h;, € C,OHZ'S(F). Using that h;; = 0;[gv -n] on I" and the fact that v, €
CYHY3(I"), we also have that h,;, € COH(I").

It remains to show that ¢, € C{L3. From (1.18a),

qn = (Ag); — (v - w);.

Given the regularity already established for ¢, ¢g;, ¥, and ¥;, we need to establish
the regularity for w, = W,,. Since h,; € COH%>(T), then ¥, € COH'(Q), and
we find that g, € COL?(Q).

3. The Vanishing Surface Tension Limit

Local-in-time existence for the Stefan problem with surface tension has been
studied in a variety of papers; see, for example, [23,29,30,43]. For any (¢, hg) €
H*(Q) x H>(Q) there exists a local-in-time classical solution (g, h) to the Stefan
problem with surface tension in the harmonic gauge:

g — Ayg=—-v-w in Qx (0,7T], (3.1a)
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v+ Afg =0 in Qx (0, 7], (3.1b)
q = _0_32+h3 on I' x [0, T], (3.1¢c)

(14 [9h[?)2
AV =0 on 2 x[0,T], (3.1d)
UV=Id+hN on I' x [0, T], 3.1e)
v =1d on 9%,, x [0,T7, (3.1f)
W, -n(t) = —v-n() on I' x (0, T], 3.1g)
v-N=0 on 3Qp % [0, T, (3.1h)
v(0,) =¥ q(0,) =q35 =poo¥o,. (3.19)

With o > 0, we can prove the following energy identities in the same way as
Lemma 2.2.

Lemma 3.1. Let (q, h) be a local-in-time solution to (3.1) defined on the time
interval [0, Ty ]. Then we have the following energy identity:

t
F* (g, %)(1) =/ /{R1+R3+Rs+sl+83}
0 Q
t
+/ /{R2+R4+R6+52+54}
0 r

t
+/ /{R§+R2+Rg+S§+S§},
0 Jr

where

o _ _ 2
FO=F+2 3 ‘|8\D|_3/2J_1/28“+18,bh b
a+2b<4 P

2
A 1-3/2 7—1/25a+1 b
+o %3‘3% AT 3.2)
a+2b< ’

with the energy F and errorterms R;, i = 1,...,6,S;,i = 1,...,4givenby (2.24)
and Lemma 2.2 respectively, wherein we drop the k -dependent terms. Furthermore,

o 9 ézh a4 154 2
RS = —00 FE "W A9 - A]
+o{—3h-3(—3*h|dW| ) + 3 hh,|9W| )

0 55,2 -3 71 54 2| 54 9%h 567 1313
+ =10°h|9, (|a\y| J )+08 w- A2 94| = —3%n9v|
2 ELE

+o Z4:a154_1(w +v)- 9 A25% ( ?zh ) (3.3)
= © \lowp?

RS = —0o éz—h 320, W - Al5%6,0 - A2
4 = |é\IJ|3 s 1 1 ° 1 °
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o - - - —( 9h 33n,
+ —18%9,h|?0, (10w |2 J ! +aa3aw-A2[aa ( )— - }
S10%0h %0, (3w |77 , \5op) ~ Fop

325
+o > a i (IB‘W)B of (w+v) - 3o} AZ; (3.4)
[+1'>1

2
h
Rg =—0 (W) a1 Y Aiattv : A%

o - _ _ _ /-
+ 210k (19917207 = obhuhid (13w

9%h 9%h,;
+owy; |0 A= )
" ( " (WP) EME

—i—aZalan 8(w+ v)- 9771 A2 (3.5)
o 2 2321 1 2730 5 Oh
8§ =0 ad (w+v) 9'A%°0,0 [ =—
= 19
to > dtw- AZ5 obha 9} (|é\y|—1) (3.6)
a+b<4
a<3,b<l
Sy =0 > ard" o (w+v)- 0] AZ55,d (ﬂ)
4 “ s t t ‘le |8‘~I-’|
+1'<2
1<1
to > bdow - A5 0! nd' o2 (|é\p|*1) . 3.7)
[/+1/l<32
<1<

Remark 9. The higher-order energy function F° is obtained by proceeding in the
same way as in the derivation of the energy function F, in Sect. 2.6. The essential
difference is the nontrivial trace of the term 8*g on the boundary I'. Since ¢ = o'H
on I' an integration by parts with respect to x in the integral

/ Aff(’_i“q,k aty!
Q

leads to an additional o -dependent energy term in (3.2).

3.1. Nonlinear Energy Estimates

In the following proposition we prove the basic energy estimate in analogy to
Proposition 2.6. Most importantly, we establish a nonlinear polynomial inequality
for the energy &, with o-independent coefficients. As a consequence, we show that
under the assumptions of Theorem 1.2, the time interval T, is independent of o.

Proposition 3.2. Let (¢§ , h{)o>0 be a given family of well-prepared initial condi-
tions in the sense of Definition 1. There exists a constant C independent of o and a
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universal polynomial P such that for any t € [0, T?] the following bound holds:
E7(t) < CE7(0) + C(t + VD) P(E7). (3.8)

In particular, there exists a time T > 0 independent of o, a constant C* > 0 and
the solution (q° , V) to the Stefan problem with surface tension defined on [0, T ]
satisfying the bound

E%Nq%, ) (1) =C*, 0<o <1, t€[0,T]

Proof. In comparison to the estimates for the classical Stefan problem carried over
in Section 2.7 the only new error terms to estimate are the terms RS, RJ, R¢, S35,
&y given in the statement of Lemma 3.1.

Estimating fot Jr RS defined by (3.3) We start by bounding the first term on the
right-hand side of (3.3):

L, Oh - - ! -
0!/ /82(- = )84\11-Ai84v~A%]5/ P(IVGh19)|V/oW]s|v]3
o Jr |0Voh| 0

< P(VGOR| oo g ) INTY | oo s Vi) 23 S VIP(E D).

The second and the third terms on the right-hand side of (3.3) are estimated anal-
ogously and rely on the standard L> — L% — L? estimates. As for the fourth term
on the right-hand side of (3.3), note that, due to (2.3),

a2 26
o‘/t/J_154h,(54( Oh y_ Ok )|
0 JI

FETENEE

r _, 3 30
< 0330, o/ o |84 (= -
N/OM ottt = o,

SWVEP(EY),

where the last estimate follows in the standard way; terms with less derivatives are
bounded in the L°°-norm and then by the Sobolev embedding theorem. In the last
term on the right-hand side of (3.3), the hardest case to deal with is [ = 4. Note that

1 a2 t
0/ /<v+w).54A354(?_h) :U/ /(v+w)-54A3(56h|5w|—3)
0 Jr oW 0o Jr

t 4
+0/ /(v+w).é4AE§ apd® " hd" (jow|7?) =: I +1I.
0 Jr
I'=1

The more challenging term to estimate is term /. Since A2 = J~'(3h, —1) we
have the identity

t
I:a/ /(u+w)-54 (J—l(éh,—l)) (3%n1aw| ™)
0 Jr

t
:a/ /J*l(v+w)~(55h,0) (56h|5\y|*3)
0 r
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3 t
+o Z cm/ / M (rl) (v+w) - 3" @h, —1)(3°n 18w )
m—=1 0o Jr
=:ls+1Ip

f_or some universal constants Cm € R. Note that when m = 4 term (v + w) -
g4—m (0h, —1) vanishes since (dh, —1) is paralleltor and v-n = —w -n by (3.1g).

t
|1,] =0’/ /J_l(vl —w1)85h86h|8\11|_3‘
0 JI
1/ . _
:—0’/ /J*la(|85h|2)(v1—w1)|aqf|*3(
2 1Jo Jr

:%a‘/ot/rm%ﬁé (r‘(vl —w‘)|é\p|f3) ‘ < tP(EY),

where we have used the parametric representation of W in terms of 4 and integrated
by parts. The last inequality is rather standard and follows by estimating 5((1)] -
w1)|5\1l|’3) in L* norm and further via Sobolev inequality, where we also use
o8| L2 < E7. Terms Ip and 11 are easily estimated via the standard energy
L% —L2—L? bounds and Sobolev imbedding, and the same applies to the remaining
cases [ = 1,2, 3. When estimating the fourth term on the right-hand side of (3.3)
first integrate by parts so to remove one d-derivative from 9°W term and then apply
the standard energy estimates.

Estimating f(; Jr R§ defined by (3.4) The estimates are completely analogous to
the ones for R .

Estimating fé Jr R¢ defined by (3.5) The first term on the right-hand side of (3.5)
is estimated analogously to the first term on the right-hand side of (3.3). Note that

o t _ _ _ _ _ _ _ ro_
\5/ /|ahn|2<|a\v| 70| S vy ‘),|ooo/ 19213
0 Jr 0
< 110kl Bt |ooE” < 1P(ET),

where we use Sobolev inequality and the definition of £ to infer
|93 S 10hl} S /F<—q,z>|52hm|2 SE°,
and similarly that
|0h13 < /F(—q,z)lézhlz se&. (3.9)

Space-time integrals of the third and fourth term on the right-hand side of (3.5) are

bounded in the usual way by P(E?). To bound the last term on the right-hand side

of (3.5) we distinguish the cases / = 0 and [ = 1. If [ = 1, by the Leibniz rule,
expand

] 9*h

it |5\.IJ|

= %hy 10w~ 42020, (10| 7Y, + 9%R(19W] ),
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For the first two terms above, integrate by parts to move one 9 derivative away from
92h,, and 92h,. Then use the standard L>® — L2 — .2 type estimates as well as the
bound [dv;| Ler2 < llgrll Lo p2s to get the desired estimate. For the third term on
right-hand side above we have

t
ay/./(a%mwwr4hgaxw4—m-&AE
0 Jr
< 18°hlooVTIVG (1891l 122100 (0 + W)l oo 218 ATl Lo Lo S VTP (E).

Estimating S5 and S; defined by (3.6) and (3.7) respectively The estimates are
straightforward and follow the same principle: terms with least amount of deriva-
tives are bounded via Sobolev embedding by the o -independent energy £(¢°, h?).

Summing up the above estimates we prove the first inequality in the proposition.
The existence of a o-independent time 7 follows from the standard continuity
argument and the fact that constant C in (3.8) is o-independent. Since £ (0) —
£(0) as 0 — 0, due to our assumption on initial data, the last statement of the
proposition follows. O

Proof of Theorem 1.2. Recall the definition (1.38) of ||(g, &) ||c,1 COnCOC? Assume

that || (¢°, h°) — (¢°, h°) ”Ct] concdc? does not converge to 0 as 0 — 0. Then there
X X
exists an € > 0 and a subsequence (0y,),¢cN, 0, — 0 as n — oo, such that

H@%ﬁ%y—QQﬁmq@mWEZeVneN (3.10)

Since £(q", h°") < C, there exists a subsequence of (¢, h"), (without loss of
generality indexed again by (0,,)) and (g, ) € S such that

(g, h°") — (q,h), weaklyin S,

where we recall that S is defined in (1.27). Note that the injection operator [ : § —

C!c% N cPc? is compact. Hence (¢%, h°") — (G, h) in C}C% N CYC? where

q.h) 0= (g0, ho) due to the property 3) in Definition 1 of the well-prepared
=

initial data. Since 0, — 0 asn — oo, (g, E) solves the classical Stefan prob-
lem with those initial conditions. From the uniqueness statement of Theorem 1.1,
we conclude that (7, 1) = (g, h). Thus (¢°", h°) — (g,h) in C}C? N CPC?
contradicting (3.10).

4. The Three-Dimensional Case

In this section, we briefly sketch how to adapt the analysis of the previous sec-
tions to prove theorems analogous to Theorem 1.1 and 1.2 in the three dimensional
setting. We assume now that €2 (¢) is an evolving phase inside the reference domain

Q:=T2 x (0, 1),
where T? is the 2-torus. Initially at 7 = 0 the moving boundary

Tp =T? x {x° = ho(x)}
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is parametrized as a graph over I' = T2 x {x3 = 0} by the height function A¢. The
top boundary 9Q2op = T? x {x3 = 1} is fixed and the temperature p satisfies the ho-
mogeneous Neumann boundary condition on 9€2 just like in (1.4). We parametrize
boundary as a graph over I" with the height function (z, x'), where x” := (x!, x?).
Using the harmonic coordinates we can change variables as in (1.13) to obtain a
fixed boundary problem given by (1.18). The associated energy is given by

_ 1 _
EPM =0 = > IV, s > IV,

lor|+2b<5 loe|+2b<4
1 - _
t5 2 WEaaV ket DL WV Ty
| +2b<5 |or|+2b<4
1 _ _
+5 2L IV + VP il
lee|+2b<5
D IVq VWil (4.1)
lee|+2b<4;
In the above definition, « = («p, ap) is a multi-index of order |¢| = o) + ap,

whereby a1, oy are non-negative integers. Symbol V refers to differentiation in
tangential directions, i.e. V¥ := 8)‘:1‘ 8)‘:22 The three-dimensional Taylor sign condi-
tion for a function g reads:

min(g,3)(, x",0) > 0. 4.2)
x'el’

The following theorem holds:

Theorem 4.1. Let the initial conditions (qo, ho) be such that E3P (qo, ho) < 0o and
let qo satisfy the Taylor sign condition (4.2). Then the three-dimensional one-phase
classical Stefan problem is locally-in-time well-posed, i.e. there is a T > 0 such
that there exists a unique solution (q, h) with the initial data (qo, ho) on the time
interval [0, T'). In addition it satisfies the bound:

&3P (q, h) < 283P (g0, ho).

Furthermore, let (q§ , Y )o>0 be a given family of well-prepared initial conditions
in the sense of Definition 1. Assume that it satisfies the Taylor sign condition (4.2)
and the corresponding compatibility conditions. By (g%, h?)s>0 we denote the
associated family of solutions to the problem (1.18). There exists a o -independent
time T > 0 and a constant C depending only on (qo, ho) such that

&3P0 (g h°NT)<C o >0

forallo > 0.As a consequence, sequence (q° , h®) converges to the unique solution
(q, h) of the classical Stefan problem (1.18) with o = 0 in C}C% N COC2-norm.

Remark 10. Note that the definition of 3P contains time derivatives. Thus, to
make sense out of the assumption £ 3D (g0, ho) < 0o, we express the time derivatives
d:qo and d;h¢ in terms of the spatial derivatives as explained in Remark 4.
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Appendix A. Modifications of Our Analysis For a More General Initial
Domain

In this section we explain how to construct a smooth reference interface for a
general graph I'g = {x |x = (x, hp(x))} C T! x [0, 1), where the size of |h|45 is
not necessarily small. For any ¢ > 0 we define

o) = /]I‘l h(y)pe(x = y), x € T, T = {x x = (x. h§(x))} € T' x [0, 1),
and set
§i={(x.y) €T x[0,1)|x T hf(x) <y <1}

Here p; is the the standard mollifier defined in Definition 2 and the domain g will
be our reference domain. Clearly hj € C°°(I") and for ¢ sufficiently small we can
parametrize the evolving surface I" (¢) as a graph over I using the outward-pointing
unit normal vector field N* to I'§ :

(0h8, —1)

NAERELHE

Note that |h, — hgl|s.s — 0 as ¢ — 0. The construction of the harmonic diffeor-
morphic extension ¥ : Q7 — (¢) of the boundary data

@) = {x [x= (x, h5(x)) + h(t, )N ()}, N°(x) =

W(t, x, hy(x)) = (x, hg(x)) + h(t, x)N(x), W(r,x,1)=(x,1)

is a simple consequence of the existence theory for the Dirichlet boundary value
problems for systems of elliptic partial differential equations, since for small & and
small times ¢ > 0 we have

W —Idlss Se < 1.

Using the argument in (1.7) the trace estimate (1.8) is true. Fixing an ¢ > 0
sufficiently small we drop the e-notation and refer to the reference curve I'j as I,
the reference domain Qg as 2, the reference unit normal N¢ as N, and the reference
height A as h. In the harmonic gauge, the Stefan problem takes nearly the same
form (1.18):

qr — A{(qu,k),j =—v-w in Q, (A.1a)
v+ Afg =0 in Q, (A.1b)

q=0 on I, (A.lIc)

U, -n(t) =—v-n@) on I', (A.1d)

v-N=0 on 9Qop , (A.le)

q(0,-) =qo=poo¥; ¥(, ) =Y, (A.1f)

where

[Wo —Idlls < &
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and the local coordinate realization of the unit normal n(z, x) takes the more general

form:
(1 — hH)\/1 4 (8h)2 N — dhT |
n(t,x) = , xeT,
O+ @R — hHo? + (Bh?
where

~%h _(1,0h)
(1+ @h)2)32 /1 + Gie

stand for the mean curvature and the unit tangent to the reference surface I', respec-
tively. The proof of Theorem 1.1 appliesto (A.1) in an analogous manner; it is simply
more technical. The main technical novelty is that the tangential vector-fields to the
reference surface I are not given by d = 9., as I may have a nontrivial curvature
in general. Therefore, in the neighborhood of I' for any C! function f : @ — R
we define the tangental derivative

of =Vf-T,

where T is a local extension of the unit tangent vector field 7 into the domain
2. Choosing a smooth cut-off function © : 2 — [0, 1] defined to be 1 in a
neighborhood of I' and 0 in a neighborhood of d€2(op, we can replace the operator
d in Lemma 2.2 by the operator

po + (1 —w)d;, i=12.

The ensuing energy identities, energy estimates, and the proof of Theorem 1.1
follow in an analogous way.

Appendix B. Auxiliary Lemmas

We collect some auxiliary estimates in this section that have been used in the
proof of the energy estimates. The following commutator estimate is used in the
proof of Proposition 2.6.

Lemma B.1. (Lemma 5.1 in [20]) For F € W“°(T") and G, dG € L*(T"), there
is a generic constant C independent of k such that

|Ac(FAG) — fAIG| < CIF|yieoy|Glo.

where Wl’_oo(l") denotes the Sobolev space of functions h € L (") with weak
derivative 9h € L (I").

Similarly, the following bound is used in estimating some top-order terms in
the energy estimates.
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Lemma B.2. (Lemma 8.5 in [20]) Ler H? ()’ denote the dual space of H? ().
Then there exists a positive constant C > 0 such that

l0F| 1+ <CIFl| 1 .
H2(Q) H2(Q)

Proof. The proof is a simple consequence of an interpolation estimate between
L2(2) and HY () -spaces. The details are given in [20]. O
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