LARGE-TIME BEHAVIOR OF ONE-PHASE STEFAN-TYPE
PROBLEMS WITH ANISOTROPIC DIFFUSION IN PERIODIC
MEDIA

NORBERT POZAR AND GIANG THI THU VU

ABSTRACT. We study the large-time behavior of solutions of a one-phase
Stefan-type problem with anisotropic diffusion in periodic media on an ex-
terior domain in a dimension n > 3. By a rescaling transformation that
matches the expansion of the free boundary, we deduce the homogenization of
the free boundary velocity together with the homogenization of the anisotropic
operator. Moreover, we obtain the convergence of the rescaled solution to the
solution of the homogenized Hele-Shaw-type problem with a point source and
the convergence of the rescaled free boundary to a self-similar profile with
respect to the Hausdorff distance.

1. INTRODUCTION

We analyze the behavior of an anisotropic one-phase Stefan-type problem with
periodic coefficients on an exterior domain in a dimension n > 3. Our purpose is to
investigate the asymptotic behavior of the solution of the problem (1.1) below and
its free boundary as time ¢ — co. The results in this paper are the generalizations
of our previous work in [38] for the isotropic case.

We consider a compact set K C R” that represents a source. We assume that
0 € int K and K has a sufficiently regular boundary, 0K € C%! for example.
The one-phase Stefan-type problem with anisotropic diffusion is to find a function
v(z,t) : R™ x (0,00) — [0, 00) satisfying

vy — D;(a;;Djv) =0 in {v>0}\K,
v=1 on K,
(1.1) & =ga;j Djvy;  on 9{v > 0},

v(x,0) = v on R",

where D is the space gradient, D; is the partial derivative with respect to z;, v;
is the partial derivative of v with respect to time variable ¢t and v = v(z,t) is the
inward spatial unit normal vector of 9{v > 0} at a point (x,t). Here we use the
Einstein summation convention.

The Stefan problem is a free boundary problem of parabolic type for phase
transitions, typically describing the melting of ice in contact with a region of water.
Here we consider the one-phase problem, where the temperature is assumed to be
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maintained at 0 in one of the phases. We prescribe the Dirichlet boundary data
1 on the fixed source K and an initial temperature distribution vg. Note that
the results in this paper apply to a more general time-independent positive fixed
boundary data, the constant function 1 is taken only to simplify the notation. We
also specify an inhomogeneous medium with the latent heat of phase transition
L(z) = ﬁ and an anisotropic diffusion with the thermal conductivity coefficients
given by a;;(z). The unknowns here are the temperature distribution v and the
phase interface O{v > 0}, which is the so-called free boundary. Since the free
boundary is a level set of v, the outward normal velocity of the moving interface
is given by I gﬂ' The free boundary condition thus says that the interface moves

outward with the velocity ga;; D;vv; in the normal direction. Note that we can also
rewrite the free boundary condition as

(1.2) vy = ga;; DjvD;v.

Throughout this paper, we will consider the problem under the following as-
sumptions. The matrix A(z) = (a;;(z)) is assumed to be symmetric, bounded, and
uniformly elliptic, i.e., there exits some positive constants « and g such that

(1.3) alé? < a;j(x) &€ < BIE)* for all 2 € R™ and € € R™.

Moreover, we are interested in the problems with highly oscillating coefficients
that guarantee an averaging behavior in the scaling limit, in particular,
a;; and g are Z"-periodic Lipschitz functions in R",

1.4
(1.4) m < g < M for some positive constants m and M.

From the ellipticity (1.3) and the boundedness of g, we also have
(1.5) malé)? < g(z)ai;(2)&€ < MBIE|? for all z € R™ and & € R™.

Furthermore, during almost the whole paper, the initial data is assumed to satisfy

vg € C%(Q \ K),vp > 0 in Qp,v9 = 0 on Qf := R™\ Qp, and vo = 1 on K,

1.6
(16) | Dvg| # 0 on 98, for some bounded domain Qy D K.

Here we use a stronger regularity of the initial data than the general requirement
to guarantee the well-posedness of the Stefan problem (1.1) (see [19,28]) and the
coincidence of weak and viscosity solutions used in our work (see [30]). However, our
convergence results rely on a crucial weak monotonicity (4.5) which holds provided
the initial data satisfies (1.6). Nevertheless, the asymptotic limit in Theorem 1.1
is independent of the initial data. Therefore we are able to apply the results for
more general initial data. In particular, it is sufficient if the initial data guarantees
the existence of the (weak) solution satisfying the comparison principle, and we can
approximate the initial data from below and from above by regular data satisfying
(1.6). As the classical problem [38], vg € C(R™),v9 = 1on K,vg > 0,supp vy
compact is enough.

A global classical solution of the Stefan problem (1.1) is not expected to exist
due to the singularities of the free boundary, which might occur in finite time. This
motivated the introduction of a generalized solution of this problem. In this paper,
we will use the notions of weak solutions and viscosity solutions. The notion of weak
solutions is more classical, defined by taking the integral in time of the classical
solution v and looking at the equation that the new function u(z,t) := fg v(z, s)ds



LARGE-TIME BEHAVIOR OF ONE-PHASE STEFAN-TYPE PROBLEMS 3

satisfies. It turns out that if v is sufficiently regular, then u(-, ) solves the obstacle
problem (see [4,13,19,14,41,43,42])

L u(-,t) € K(t),
(1.7) (ut — Di(a;jDju)) (o —u) > f(p — u) a.e (z,t) for any ¢ € K(¢),

where KC(t) is a suitable admissible functional space (see Section 2.1.1) and f is

vo(2), vo(z) > 0,
(19 M= L o

This formulation interprets the Stefan problem as a fixed domain problem and al-
lows us to apply the well-known results in the general variational inequality theory.
Indeed, the obstacle problem (1.7) has a global unique solution u for the initial data
(1.6). If the corresponding time derivative v = wu; exists, it is called a weak solution
of the Stefan problem (1.1). Moreover, the homogenization of this problem was also
studied using the homogenization theory of variational inequalities, see [40,29, 30].
In a different approach based on the comparison principle structure, Kim intro-
duced the notion of viscosity solutions of the Stefan problem as well as proved
the global existence and uniqueness results in [28], which were later generalized to
the two-phase Stefan problem in [31]. The analysis of viscosity solutions relies on
the comparison principle and pointwise arguments, which are more suitable for the
study of the behavior of the free boundaries. The notions of weak and viscosity so-
lutions were first introduced for the classical homogeneous isotropic Stefan problem
where g(z) = 1 and the parabolic operator is the simple heat operator, however,
it is natural to define the same notions for the Stefan problem (1.1) and obtain
the analogous results as observed in [40,30]. Moreover, the notion of viscosity so-
lutions is also applicable for more general, fully nonlinear parabolic operators and
boundary velocity laws since it does not require the variational structure. In [30],
Kim and Mellet showed that the weak and the viscosity solutions of (1.1) coincide
whenever the weak solution exists. We will use the strengths of both weak and
viscosity solutions to study (1.1).

Among the first results on the asymptotic and large time behavior of solutions of
the one-phase Stefan problem on an exterior domain was the work of Matano [33]
for the classical homogeneous isotropic Stefan problem in dimensions n > 3. He
showed that in this setting, any weak solution eventually becomes classical after a
finite time and that the shape of the free boundary approaches a sphere of radius
Ctw as t — co. Note that in our case of an inhomogeneous free boundary velocity
we cannot expect the solution to become classical even for large times. In [39],
Quirés and Viazques extended the results of [33] to the case n = 2 and showed
the large-time convergence of the rescaled weak solution of the one-phase Stefan
problem to the self-similar solution of the Hele-Shaw problem with a point source.
The related Hele-Shaw problem is also called the quasi-stationary Stefan problem,
where the heat operator is replaced by the Laplace operator. It typically models
the flow of a viscous fluid injected in between two parallel plates which form the
so-called Hele-Shaw cell, or the flow in porous media. The global stability of steady
solutions of the classical Stefan problem on the full space was established in the
recent work of Hadzi¢ and Shkoller [24,25], and further developed for the two-phase
Stefan problem in [23].
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The homogenization of the one-phase Stefan problem (1.1) and the Hele-Shaw
problem in both periodic and random media was obtained by Rodrigues in [40] and
later by Kim and Mellet in [29,30]. See also the work on the homogenization of the
two-phase Stefan problem by Bossavit and Damlamian [6]. Dealing directly with
the large-time behavior of the solutions on an exterior domain in inhomogeneous
media, the work of the first author in [36], and then the joint work of both authors
in [38] showed the convergence of an appropriate rescaling of solutions of both
models to the self-similar solution of the Hele-Shaw problem with a point source.
The rescaled free boundary was shown to uniformly approach a sphere.

In this paper, we extend the previous results in [38] to the anisotropic case,
where the heat operator is replaced by a more general linear parabolic operator
of divergence form. This was indeed the setting considered in [40,30] for the ho-
mogenization problems. In this setting, the variational structure is preserved, thus
we are still able to use the notions of weak solutions as well as viscosity solutions
and their coincidence. However, the main difficulties come from the loss of radi-
ally symmetric solutions which were used as barriers in the isotropic case and the
homogenization problems appear not only for the velocity law but also for the el-
liptic operators. To overcome the first difficulty, we will construct barriers for our
problem from the fundamental solution of the corresponding elliptic equation in a
divergence form. Unfortunately, even though the unique fundamental solution of
this elliptic equation exists for n > 2, its asymptotic behavior in dimension n = 2
and dimensions n > 3 are significantly different. Moreover, we need to use the
gradient estimate (2.7) for the fundamental solution, which only holds for the pe-
riodic structure. Therefore, we will limit our consideration to periodic media and
dimension n > 3. Following [39, 36, 38], we use the rescaling of solutions as

Mz, t) = )\%v()\%x,)\t), u(z,t) == )\_%u()\%x, At), A>0.

Using this rescaling we can deduce the uniform convergence of the rescaled solution
to a limit function away from the origin. In the limit, the fixed domain K shrinks
to the origin due to the rescaling, and the rescaled solutions develop a singularity
at the origin as A — oo. Moreover, in a periodic setting, the elliptic operator and
velocity law should homogenize as A — oo, and therefore heuristically the limit
function should be the self-similar solution of the Hele-Shaw-type problem with a
point source

—¢ijDijv = C6 in {v > 0},
1
(1.9) Uy = <1>Qz‘jDi’UDjv on o{v > 0},
g
U('ﬂ 0) = 07

where ¢ is the Dirac d-function, (g;;) is a constant symmetric positive definite ma-
trix depending only on a;;, C' is a constant depending on K, n, ¢;; and the boundary

data 1, and the constant <%> is the average value of the latent heat L(x) = ﬁ.

Similarly, the limit variational solution should satisfy the corresponding limit ob-
stacle problem.

The first main result of this paper, Theorem 3.1, is the locally uniform con-
vergence of the rescaled variational solution to the solution of the limit obstacle
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problem. Using the constructed barriers, we are able to prove that the limit func-
tion has the correct singularity as |x| — 0. Moreover, the barriers also give the same
growth rate for the free boundary as in the isotropic case. That is, the free bound-
ary expands with the rate t+ when ¢ is large enough. The aim is then to prove the
homogenization effects of the rescaling to our problem. The shrinking of the fixed
domain K in the rescaling also makes our current situation slightly different from
the standard classical homogenization problem of variational inequalities, where the
domain and the boundary condition are usually fixed. In addition, we also need to
show that the rescaled parabolic operator becomes elliptic when A — 0. We will use
the notion of the I'-convergence introduced by De Giorgi and homogenization tech-
niques developed by Dal Maso and Modica in [9,10,11]. The issue here is that we
need to modify the I'-convergence sequence in order to use the integration by parts
formula for the variational inequality. This will be done with the help of a cut-off
function and the fundamental estimate, Definition 3.6, for the I'-convergence. Note
that these techniques are applicable not only for the periodic case but also for the
random case, thus we expect to extend our results to the problem in random media
in the future.

As the last step, we will use the coincidence of the weak and viscosity solution of
the problem (1.1) and the viscosity arguments to obtain the uniform convergence
of the rescaled viscosity solution and its free boundary to the asymptotic profile in
the second main result, Theorem 4.1. Fortunately, all the viscosity arguments of
the isotropic case can be adapted for the anisotropic case. Therefore the proof is
similar to the proof of [38, Theorem 4.2], where we make use of a weak monotonicity
(4.5) together with the comparison principle. An important point in the proof
of [38, Theorem 4.2] is that we need to apply Harnack’s inequality for a parabolic
equation which becomes elliptic in the limit. Here we can proceed as in the isotropic
case since the rescaled elliptic operator does not change the constant in Harnack’s
inequality. As the arguments require only simple modifications, we will skip the
proofs of some lemmas and refer to [38] for more details.

In summary, we will show the following theorem.

Theorem 1.1. The rescaled viscosity solution v of the Stefan-type problem (1.1)
converges locally uniformly to the unique self-similar solution V' of the Hele-Shaw
type problem (1.9) in (R™ \ {0}) x [0,00) as A — oo, where (¢;;) is a constant
symmetric positive definite matriz depending only on a;5, C' depends only on g;5,n,
the set K and the boundary data 1. Moreover, the rescaled free boundary O{(z,t) :
v (w,t) > 0} converges to 0{(z,t) : V(x,t) > 0} locally uniformly with respect to
the Hausdorff distance.

As mentioned above, almost all of the arguments in our recent work hold for
stationary ergodic random case. However, in this situation, we lose a very important
pointwise gradient estimate (2.7) for the fundamental solution of the corresponding
elliptic equation to construct the barriers. In fact, for non-periodic coefficients,
even though the optimal bounds for the gradient continue to hold for a bounded
domain, they cannot hold in the large scale when |z — y| — co. The results in [34,
22] tell us that for random stationary coefficients satisfying a logarithmic Sobolev
inequality we have similar bounds for the gradient in local square average forms.
This result cannot be upgraded to the pointwise bounds since there is no regularity
to control the square average integral as in [22, Remark 3.7]. However, it suggests
the possibility to modify our approach to the random case. Another question is the
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extension of the present results to the dimension n = 2. Since the unique (up to an
addition of a constant) fundamental solution of the corresponding elliptic equation
exists and the gradient estimates also hold in the two-dimensional case, we expect
to obtain analogous results as in this paper. The essential reason that it remains
open is the lack of a homogenization result for the fundamental solution (Green’s
function) in two dimensions, which is of an independent interest. This issue is under
investigation by the authors.

The structure of the paper is as follows: The definitions and the well-known
results for weak and viscosity solutions are recalled in Section 2. We also review
some basic known facts about the fundamental solution of the corresponding el-
liptic equation. The rescaling is introduced and we discuss the convergence of the
fundamental solution in the rescaling limit. The core of this section is the construc-
tion of a subsolution and a supersolution of the Stefan problem (1.1) in Section 2.4.
Moreover, we formulate the limit problems before giving the proofs of the main
results in the later sections. Section 3 is our main contribution, where we prove
the locally uniform convergence of the rescaled variational solutions. In Section 4,
we deal with the locally uniform convergence of the rescaled viscosity solutions and
their free boundaries.

Notation. We will use the following notations throughout this paper. For a set A,
A€ is its complement. Given a nonnegative function v, we will denote its positive
set and free boundary as

Qv) == {(x,t) : v(x,t) > 0}, ['(v) := 992(v),
and for a fixed time t,
O (v) :={z : v(z,t) > 0}, Ti(v) := 0Q(v).
We will denote the elliptic operator of divergence form and its rescaling as
(1.10) Lu = D;(a;; Diu), LM = D (aij(/\%x)Diu), A>0.

We will also make use of the bilinear forms in H*(£2) and the inner product in
L?(Q) as

aQ(u,v)z/aijDiuDjvdx, aé(u,v)z/aij()\%x)DiuDjvdx, A>0
Q Q
QQ(va):/QijDiUDjUdza <va>Q=/1wd17,

Q Q

where ¢;; are the constant coefficients of the homogenized operator. We omit the
set € in the notation if 2 = R".

2. PRELIMINARIES

2.1. Notion of solutions.
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2.1.1. Weak solutions. As for the classical one-phase Stefan problem, we will define
the weak solutions of (1.1) using the corresponding variational problem given in
[19,30]. Let B = Br(0), D = B\K for some fixed R > 1. Findu € L*(0,T; H?(D))
such that u; € L*(0,T; L?(D)) and

u(-,t) € K(¢), 0<t<T,
(2.1) (ug — Lu)(p —u) > f(op—u), ae(x,t)€ Dx(0,T) for any ¢ € K(t),
u(z,0) =0in D,
where the admissible set K(t) is
Kt)={pec H(D),p>0,0=00ndB,p=ton K}

and
vo(x) for x € Qy,

J@i=y oL for z € Qf.

g(x)

We use the standard notation H* and W*P for Sobolev spaces.

Following [19], if v(x,t) is a classical solution of the Stefan problem (1.1) in
D x (0,T) and R is sufficiently large depending on T, then the function u(z,t) :=
fotv(x,s) ds solves (2.1). On the other hand, it was shown in [19,41] that the
variational problem (2.1) is well-posed for initial data vy satisfying (1.6).

Theorem 2.1 (Existence and uniqueness for the variational problem). If vy satis-
fies (1.6), then the problem (2.1) has a unique solution satisfying

uELOO(O,T;WQ’p(D))a 1< p<oo,
uy € L=(D x (0,7T)),

ur — Lu>f, u>0,
( Cu—f)=0 a.e in D x (0, 00).

Thus we define the weak solution of the Stefan problem (1.1) as the time deriv-
ative u; of the solution u of (2.1). Note that as in [30, Lemma 3.6], the solution
does not depend on the choice of R if R is sufficiently large.

We list here some useful properties of the weak solutions for later use, see [19,
41, 30].

and

Proposition 2.2. The unique solution u of (2.1) satisfies uy € C(D x [0,T]) and
0<u <C a.e. D x (0,T),

where C' is a constant depending on f. In particular, u is Lipschitz with respect to t
and u is C*(D) with respect to x for all a € (0,1). Furthermore, if 0 <t <s<T,
then u(-,t) < u(-,s) in Qs(u) and also Qy C U (u) C Qs(u).

Proof. Let us only give a remark on u; € C(Dx [0, T]), the rest is standard following
the arguments in the cited papers and the elliptic regularity theory. The regularity
of weak solutions and their free boundaries was studied by many authors, see [7,8,
27,12,48,44]. If a;; = 6;5, the temperature u; is continuous in R™ x [0, c0) due to the
result of Caffarelli and Friedman [8]. By a change of coordinates, the continuity of u;
can also be obtained when the coefficients are constants. Using a different approach
for more general singular parabolic equations, Di Benedetto [12], Ziemer [48] and
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Sacks [44] showed that the continuity also holds in the case a;; = a;;(z) satisfying
(1.3). Note that the assumptions on the L*>-bound of the weak solution v = u; and
the L?-bounds of its derivatives as in [48,12,44] are guaranteed by Proposition 2.2
above and [19, Theorem 3] or [17, Corollary 2, Theorem 4]. O

Lemma 2.3 (Comparison principle for weak solutions). Suppose that f < f Let
u, i be solutions of (2.1) for respective f, f. Then u < 4 and

v=u < Uy = 0.

2.1.2. Viscosity solutions. Generalized solutions of the Stefan problem (1.1) can
also be defined via the comparison principle, leading to the viscosity solutions
introduced in [28]. In the following, @ is the space-time cylinder @ := (R™ \
K) x [0,00).
Definition 2.4. A nonnegative upper semicontinuous function v = v(x,t) defined
in @ is a viscosity subsolution of (1.1) if:
a) Forall T € (0,00), Qu)N{t <T}NQ C Q) N{t <T}.
b) For every ¢ € C’i:g(Q) such that v — ¢ has a local maximum in Q(v) N {t <
to} NQ at (zo,t0), the following holds:
1) If U(xo,to) > 0, then (¢t - ﬁd))(il?o,to) <0.
ii) If (xo,t0) € I'(v), | De(xo,to)| # 0 and (¢ — L) (x0,t0) > 0, then

(2.2) (¢t — gaijDjdvi| D|)(zo,t0) <0,

where v is inward spatial unit normal vector of 8{v > 0}.

Analogously, a nonnegative lower semicontinuous function v(z,t) defined in @ is a
viscosity supersolution if (b) holds with maximum replaced by minimum, and with
inequalities reversed in the tests for ¢ in (i-ii). We do not need to require (a).

Remark 2.5. As in [37, Remark 2.4], the condition a) guarantees the continuous
expansion of the support of the subsolution v, which prevents “bubbles” closing up,
that is, it prevents v becoming instantly positive in the whole space or in an open
set surrounded by a positive phase.

Definition 2.6. A viscosity subsolution of (1.1) in @ is a viscosity subsolution of
(1.1) in @ with initial data vy and boundary data 1 if:

a) v is upper semicontinuous in Qu=wvatt=0andv<1lonT,

b) Q)N {t=0}={z:ve(zx) > 0} x {0}.
A viscosity supersolution is defined analogously by requiring (a) with v lower semi-
continuous and v > 1 on I'. We do not need to require (b).

A viscosity solution is both a subsolution and a supersolution:

Definition 2.7. The function v(z,t) is a viscosity solution of (1.1) in @ (with
initial data vg and boundary data 1) if v is a viscosity supersolution and v* is a
viscosity subsolution of (1.1) in @ (with initial data vy and boundary data 1). Here
v* is the upper semicontinuous envelopes of v define by
w*(z,t) ;== limsup w(y,s).
(y,8) = (1)
The notion of viscosity solutions of the classical Stefan problem was first intro-
duced in [28]. It was generalized to the problem (1.1) in [30] including a comparison
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principle for “strictly separated” initial data. More importantly, in [30] the authors
proved the coincidence of weak and viscosity solutions which will be used as a
crucial tool in our work.

Theorem 2.8 (cf. [30, Theorem 3.1]). Assume that vy satisfies (1.6). Let u(z,t)
be the unique solution of (2.1) in B x [0,T] and let v(z,t) be the solution of

v —Lv=0 in Qu) \ K,
53 v=0 on T'(u),
(2:3) v=1 in K,

v(x,0) = vo(z).
Then v(x,t) is a viscosity solution of (1.1) in B x [0,T] with initial data v(z,0) =
vo(z), and u(x,t) = f(f v(z, s)ds.

By the coincidence of weak and viscosity solutions, we have a more general
comparison principle as follows.

Lemma 2.9 (cf. [30, Corollary 3.12]). Let v' and v? be, respectively, a viscosity
subsolution and supersolution of the Stefan problem (1.1) with continuous initial
data v} < v3 and boundary data 1. In addition, suppose that v} (or v3) satisfies
condition (1.6). Then v} <v? and v! < (v¥)* in R*\ K x [0, 00).

Remark 2.10. We first note that a classical subsolution (supersolution) of (1.1) is
also a viscosity subsolution (supersolution) of (1.1) in @ with initial data vg and
boundary data 1 by standard arguments.

Moreover, if Q(u) is not smooth, we need to understand the solution of (2.3) as
the one given by Perron’s method as

v=sup{w | wy — Aw < 0 in Qu),w <0 on I'(u),w <1 in K,w(x,0) < wvy(z)},
which allows v to be discontinuous on I'(u).
2.2. The fundamental solution of a linear elliptic equation. In this section,

we will recall some important facts about the fundamental solution of the self-
adjoint uniformly elliptic second order linear equation of divergence form

(2.4) — Lu=0,

in dimension n > 3, where £ was defined in (1.10) and a;;(x) satisfy (1.3) and
(1.4). This fundamental solution will be used to construct barriers for the Stefan
problem (1.1).

We define the fundamental solution of (2.4) as Green’s function in the whole
space following [32,1].

Definition 2.11. We say that G : R" x R® — R is the fundamental solution
(Green’s function) of (2.4) if G(-,y) is the weak (distributional) solution of —LG(-,y)
dy, where 0, is the Dirac measure at y, i.e.,

/ a;;DjG (- y)Dipdr = ¢(y), VyeR",  Vpe Cg°(R"),

and lim|,_y| 00 G(2,y) = 0.

The existence and uniqueness of the fundamental solution were given by the
remark following [32, Corollary 7.1] or more precisely by [1, Theorem 1].
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Theorem 2.12 (cf. [1, Theorem 1]). Assume that n > 3, a;;(x) satisfy (1.3)
and (1.4). Then, there exists a unique fundamental solution G of (2.4) such that
G(y) € HL (R™\ {y}) N W P(R™),p < =, and for some constant C' > 0 we
have

(2.5) Cle—y* " <G(r,y) <Clz —y* ", Vr,y€R"

Remark 2.13. Note that in any bounded domain U of R™ \ {0}, G(-,y) satisfies all
the properties of a weak solution of a uniformly elliptic equation. The fundamental
solution of (2.4) also has the following properties (for more details, see [32,35,21]):
b G(x,y) = G(y7$)
o G(-,y) € CH*(U) for some a > 0.
e The function u(z) = [, G(z,y)f(y) dy is a weak solution in Hj (R") of
the equation —Lu = f for any f € C§°(R"™).
e When the coefficients a;; are constants, the fundamental solution can be
given explicitly as

2—n
n

Z(Ail)z‘j (i —yi)(zj — ;) )

j

1
(n —2)ay,Vdet A

where (A71);; are the elements of the inverse matrix of (a;;), det A is the
determinant of (a;;) and a, is the volume of the unit ball in R™.

(2.6) GO(z,y) :=

Moreover, in a periodic setting, the results in [1, Proposition 5] gives the bounds
on the gradient of the fundamental solution.

Lemma 2.14 (cf. [1, Proposition 5]). If n > 2 and A is periodic then the funda-
mental solution G of (2.4) satisfies the following gradient estimates:

Using the technique of G-convergence, the authors in [47] established the results
on the homogenization and the asymptotic behavior of the fundamental solution of
(2.4). We refer to [47,11] for the definition of G-convergence and more details of
the homogenization problems.

Lemma 2.15 (cf. [47, Chapter III, Theorem 2]). Let n > 3, A satisfy (1.3), (1.4)
and G°¢ be the fundamental solution of

(2.9) — LU = —Di (aij (g) DJU) =0.

Then G¢ converges locally uniformly to G° in R*"\ {z = y} as ¢ — 0, where G is
the fundamental solution of

(2.10) - Eou = —qijDiju = 0,

and (gi;) is a constant symmetric positive definite matriz depending only on a;;.
Moreover, if we denote G as the fundamental solution of (2.4), then we will have
the asymptotic expression

(2.11) G(z,y) = Go(z,y) + |z — y|*7"0(z,y),
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where 0(z,y) — 0 as |x — y| — oo uniformly on the set {|z| + |y| < a|z — y|}, a is
any fixed positive constant.

2.3. Rescaling. Recall that we use the notations £, £* for the operators as defined
in (1.10). Following [39,36,38], for A > 0 and n > 3 we rescale the solution v of the
problem (1.1) as

vz, t) = )\WT_QU(/\%J;, At).
Clearly v* is a solution of

2—n

A in Qo) \ K,
v = A on K*,
(2.12) "
= P@al@D o ),
VM-, 0) = vp in R",
where K* := K/A7, 0 := Qo/A7, g*(@) = (A5 @), ay () = ai; (A7 z) and v (x) =
)\ngzvo()\%r).

The corresponding rescaling of the weak solution w of the variational problem
(2.1) can be shown to be (see [39,36,38])

uMz,t) = )\_%u(/\%x, At),
which solves the rescaled obstacle problem
u(,t) € KMNt), 0<t< oo,
AT u) — LM (o — ) > ) (e —ud) ae. (z,t) € R™ x (0, 00)
for any ¢ € K (t),

(2.13)

u(x,0) =0,
where KX (1) = {¢ € HY(R™), 0 >0, = A" t on K*} and f(z) = f(A7 ).

Remark 2.16. The admissible set *(¢) can be defined in this way due to [38,
Remark 2.13]. Note that for any fixed time ¢, the admissible set K*(¢) depends on
A

2.3.1. Convergence of the rescaled fundamental solution. By Lemma 2.15, we have
the following convergence result on the rescaled fundamental solution.

Lemma 2.17. Let G be the fundamental solution of (2.4) in dimension n > 3 and
G? be its rescaling as
Gz, y) = A" G\, Any).
Then G is the fundamental solution of
(2.14) — LM =0,

and |G (x,y) — GO(z,y)| — 0 uniformly on every compact subset of R*™\ {(z, ) €
R?"} where GO is the fundamental solution of (2.10).

Proof. We will show that G* is the fundamental solution of (2.14), then the result

1

follows directly from Lemma 2.15 with e = A7 =.
For simplicity, we will check that G* satisfies the definition of the fundamental
solution of (2.14) for fixed y = 0, F(z) = G(z,0) and F>(z) := A"+ F(Awz).
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n

Indeed, we have D;F*(z) = A ﬁleF()\%x). Take a function ¢ € C§°(R"™),
then

/a;\j(x)DjF)‘(x)Digo(x)dm:/ )\n;laij()\%x)DjF()\%x)Diap(x)dm

n

=/ A" % ai; (y) D F (y) Dip(A~ 7 y) dy

_ / _aii(y)D;F(4)Dig(y) dy

= #(0) = ¢(0),
where @(y) = @(A~#y). Moreover, F* satisfy the estimate (2.5) since F has this
property. Hence, by definition, F* is the fundamental solution of (2.14). O

Remark 2.18. The rate of this convergence as well as the rate of convergence for
derivatives were also derived in [3].

2.4. Construction of barriers from a fundamental solution. The main goal
of this section is to construct a subsolution and a supersolution of (1.1) from a
fundamental solution of the elliptic equation (2.4) so that we can use them as
barriers to track the behavior of the support of a solution of (1.1).

From now on, we will let £° be the limit of the operators of £* as in Lemma 2.15
and consider the fundamental solutions of (2.4), (2.14) and (2.10) with a pole at
the origin as

F(x) := G(2,0), F*x):=Gx,0) = )\%F()\%x), FO(z) := G%x,0).
Note that F is preserved under the rescaling by (2.6).

2.4.1. Construction of a supersolution. Define

H(x,t) = [ClF(QJ) - Cgt

2-n
" }Jra

where [s]; := max(s,0) denotes the positive part of s and Cy,Cy are non-negative
constants to be chosen later. It easily follows that in {6 > 0} \ {z = 0},

Co(n —2) 2-20

O¢(z,t) = Tt >0,
DO = C,DF,
L0 =0,

6, — L6 > 0.

Due to the estimates (2.5) and (2.7), there exists a constant C' such that
C7z|>™™ < F(x) < Cla*™,

|DF(z)| < Cla|' ™"
Then for (z,t) € {6 > 0} we have

2—n

Cot 7

(2.15)

= ClF(.’E) > 010_1|$|2_",
which yields
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Thus on 9{6 > 0},

oy a m g fONER .
o, 1) = 222 5 1 (Ol) Cyr

m|272n'

n n

C
Fix any tg > 0. We can choose C; large enough and C3 small enough such that
0;(z,t) > MBCFC?|x[**" > MB|DO(x,t)|* on d{6 > 0},
0 >1on K and 0(x,tg) > v(z,to),

where «, 8 are the elliptic constants from (1.3). By (1.5), 6; > ga;; D;0D;0 on
0{60 > 0} and by (1.2), 0 is a supersolution of (1.1) in R™ X [tg, 00).

2.4.2. Construction of a subsolution. Let h be the function constructed in [30, Ap-
pendix A] with Lh = n, Dh(z) = (A(z)) 'x and let ¢,é > 0 be constants such
that

(2.16) clz|* < h(x) < é&lz)?.

Consider the function

h —n
c2h(z) — 03t2n xe(x,t)
+

with non-negative constants ci, co, c3 to be chosen later, where

(2.17) O(z,t) = |1 F(x) +

colr? 2-mn

—Cgt L

E = {(z,t): 92 (|z],t) < 0,t > 0}, Fy(r,t) = Corr® " +

C, ¢ are constants as in (2.15), (2.16). We claim that we can choose constants
c1, ¢, €3, to such that 6 is a subsolution of (1.1) for ¢ € [tg, 00). The differentiation
of 6 on the set {# > 0} \ {z = 0} yields
A —1
DO(z,t) = e, DF(z) + CQ(#

can
(218)  LO(x.t) = ==,
_coh(2) N 03(n—2)tw 2-2n [03(11—2) CQh(fL‘):|

n p— n
12 n

Gt(x,t) =

2
n tn

and thus

2 2n —9
0,(z,t) — LO(z,t) =t 7 C3(”ﬂ ) _ ‘32;‘2(”) _ cfiﬁ} <0 fort>> 1.
n t==

Thus, we can choose ty large enough such that 6; — £8 < 0 for ¢t > ty.
Now we will prove the continuity of . We have

(2.19) 0<0(x,t) < [Fp(|2], )] xp(2,t) = F (1),
and hence Q;(0) C Q(F,") for all t. We see that

OF,
or
and hence E = {(x,t) : || < ro(t),t > 0}. Clearly 6 is continuous in the set
{6 > 0} \ {# = 0}. Furthermore, 0 is continuous in E \ {z = 0} and § = 0 on E*°.

We will show that we can choose the constants such that 6 is continuous through
boundary of E. Indeed, for (z¢,t) € OF, t > 0,
2-n

Fb(|l’0|,t) - Fb(TO(t)at) = CFbt "oy

2¢oC —2 Q 1
(2.20) (r,t) = Ccl(2—n)r1_”+$ <0sr< (Ccl(n)> tn =:71o(t)

202&
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n— 2
where Cp, = (C’cl) (coC) 2 [("7*2)" #} — c3 . We can choose c1, cg, c3 such

that Cr, < 0. Then Fy(|zgl,t) < 0 for all (zg,t) € OFE, t > 0. Since (z,t) —
Fy(|x|,t) is continuous in a neighborhood of OF, we deduce by (2.19) that § = 0 in
a neighborhood of OF and therefore it is continuous across 0E. Note that Cr, < 0
if and only if
n—2

(2.21) cs > Coler) ™ (e2) 7,
where C is a constant depending only on n, C, ¢.

We finally need to show that we can choose suitable constants such that 6 satisfies
the subsolution condition on the free boundary.

We first note that 6(x,t) > 6(x,t) = [Ccl|;v|2*" Then Q(f) C

(6), or more precisely, there exists a constant C such that
(2.22) lz| > Ctx for all (z,t) € {6 > 0}.
By (2.18) we have
Oi(z,t) < st

20162

|DO(z,t)|> = E|DF(2)|* + DF( )-A” x—|— \A La)?,

26162

DF(z)- A~ x—|— \A La)2.

Since A is a symmetrlc bounded matrix satlsfying the ellipticity (1.3), then
these properties also hold for A~! and A~2 with appropriate constants. Hence, for

(z,t) € 9{0 > 0},

2
2
1DO(z, 1) > tgw 2 - 2220, DF(2)]|2| for some &, Cy > 0
3 20 c n
> 2afa? - 200l (by (2.15))
> (cgd(jﬂ - 2clczccAc2*”) 55 (by (2.22)).

We want to choose c1, ¢z, c3 such that ; < ma|D@|? on {6 > 0}, which will hold
if
(2.23) c3 < mo (03&52 — 2810200,46’27") =: C’écg — C’gclcg,

where C§,CZ are fixed positive constants. Then by (2.9), 6; < ga;; D;6D;0 on
0{6 > 0}.

The conditions (2.21) and (2.23) hold if we choose some suitable ¢y, ¢a,c3. For
example, fix any ¢; > 0, choose ¢y large enough such that

Coler)™ ()™ < CA2 — C2eycn.

Note that the above inequality holds for ¢, large enough since for a fixed ¢; > 0,
the right hand side tends to oo as ¢co — oo faster than the left hand side. Then
(2.21) and (2.23) hold for any c3 which is between these two numbers. Fix t
such that 6; — £6 < 0 in {6 > 0} for chosen ca,c3 and t > t;. Choosing a
smaller ¢; if it is needed, we can assume that the support of 8(-,¢g) is contained in
Qo (v),0(z,t0) < v(z,tp) and € < 1 on K. Thus, with the help of (1.2), we see
that 6 is a subsolution of the Stefan problem (1.1) for that choice of constants.
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2.4.3. Some results on the barriers for the Stefan problem (1.1). Due to the con-
struction above, we can use the functions of the form

(2.24) 0(x,t) == [CLF(z) — Cat = )¢

with C1,Cy > 0 as barriers for the Stefan problem (1.1). Since our purpose is
to study the asymptotic behavior, we first observe the convergence of the rescaled
barriers.

Lemma 2.19. Let § be a function of the form (2.24) and 0* := /\HTQQ(A%I,)\t).
Then 6> — 0° locally uniformly in (R™ \ {0}) x [0, ), where

(2.25) 0°(z,t) := [C1F°(z) — Cot =]
Proof. We have

0N (a,t) = [CLF &) — Oat 7 4,

where FA(z) = e F(Awz) . By Lemma 2.17, F* — F° locally uniformly in
R™\ {0} and the lemma follows. O

Moreover we will also need to know the integral of the barriers in time to analyze
the weak solution of the Stefan problem (1.1).

Lemma 2.20. Let O(x,t) fo x,8)ds. Then ©(x,t) has the form

(2.26) O, 1) = Oy F )t — £2742

(F(z)), as |z| — 0.

Proof. We can derive (2.26) simply by integrating the function 6 of the form (2.24).
Since 6 has the form (2.24), we see that

0>0 ift> s(x),

Cl 2271
h =|=F .
0=0 ift<s(), where s(z) ( (x))

C

Thus,
07 t < S(x)7

@ t = ¢ 2—n
(1 / (C1F(z) — Cas™m )ds, t> s(x).
s(z)

When t > s(z),

O, 1) = CrP ()t — 2h — O P (@)s(a) + 2 (s(a))
o Con 2 n—2(01)ﬁ ZEn
= O\ F(a)t = ——t7 + — (Cpy == L@)
= Ry~ R 4 o)

Since F(x) has a singularity at z = 0 by (2.5) then s(z) — 0 and C(F(l‘))ﬁ =
o(F(z)) as |z| — 0, which completes the proof. O

From these barriers, we can obtain the rate of expansion of the support for
viscosity solutions.
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Lemma 2.21. Let n > 3 and v be a viscosity solution of (1.1). There exists tg > 0
and constants C,C1,Cy > 0 such that for t > to,

C’lt% < min |z| < max |z| < Cgt%
T (v) T (v)

and for 0 <t < ty,

max |z| < Cs.
T (v)

Moreover,
0 <w(x,t) <Claf.

Proof. We deduce the bound for v(x,t) first. Let F'(z) be the fundamental solution
of the elliptic equation (2.4) as in Section 2.4. Then § = CF(z) is a stationary
solution of the equation v; — Lv = 0. Its integral in time is also a solution of the
variational inequality problem with f = CF(z). If we take C large enough then
f > f and 6 >1onK. Applying the comparison principle for the variational
problem, [39, Proposition 2.2], we have v(z,t) < CF(z) < C|z|>~" by (2.5).

The bound on the support of v(+, t) at all times has been proved in [30, Lemma 3.6].]j

Now consider 67,6 that are respectively a subsolution and a supersolution of
the Stefan problem (1.1) for ¢t > t as constructed in Section 2.4.1 and 2.4.2. The
bounds on the support of v for ¢ > ¢ty follow directly from the behavior of the
supports of 1, 65. |

2.5. Limit problems. The expected limit problem is the corresponding Hele-Shaw
type problem with a point source.

2.5.1. Limit problem for v». We expect v to converge to a solution of

L£9% =0 in {v > 0},
V¢ 1
o]~ fqiijvyi on 0{v > 0},
(2.27) [Do
lim — = C
|o|—0 FO ’
'U(m, O) = O in Rn \ {0}7

where C, L are positive constants, g;; are constants of the operator L% and FY is
the fundamental solution of (2.10).

Since @ := (gi;) is symmetric and positive definite, we can write @ = P?, where
P is also a symmetric positive definite matrix. Let o(x,t) := v(Px,t). A direct
computation then shows that the problem (2.27) becomes the classical Hele-Shaw
problem with a point source for function o,

AD =0 in {5 > 0},
1
0 = Z\D17|2 on 0{v > 0},
(2.28) 5
lim —— =C,
|z|—0 |z|2=n
(z,0) =0 in R™\ {0}.

The problem (2.28) has a unique classical solution V which is given explicitly
(see [36,38], for instance). Thus (2.27) has unique classical solution V(z,t) :=

V(P~1z,t), which is continuous in (R™\ {0}) x [0, c0).
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2.5.2. Limit problem for u*. Suppose that V = Ve 1 is the classical solution of
(2.27) above and set

(2.29) U(z,t) ::/O V(z,s)ds.

It is known that the time integral of the solution of the classical Hele-Shaw problem
with a point source (2.28) satisfies an obstacle problem derived in [36]. Follow-
ing [36] and using a change of variables again, we see that U uniquely solves the
following problem, which is our limit variational problem:

w e ’Ct,
(230) q(wv (j)) Z <_La ¢> ) v¢ S Wl,
Q(w7¢w) = <_L,QZ}U)> ) v¢ S W2a

where

e {“"G M H'(R"\ B) N CR"\ B.): ¢ >0, lim 2 Ct},

1 |z|—0 FO(z)
(2.31) Wy = {¢ € H'(R"\ B.) : ¢ > 0,6 = 0 on B, for some & > O},
(2.32) Wy = Wy N CHR™).

2.5.3. Near-field limit. Using the boundedness provided by Lemma 2.21, we have
the following general near-field limit result similar to [39].

Theorem 2.22 (Near-field limit). The viscosity solution v of the Stefan problem
(1.1) converges to the unique solution P = P(x) of the exterior Dirichlet problem
LP=0, zeR"\K,
(2.33) P=1 =zekK,
lim P(z) =0,

|z|—o00
as t — oo uniformly on compact subsets of K¢.

Proof. Follow the arguments in proof of [39, Lemma 8.4] and note that by Lemma 2.21]]
the support of v expands to the whole space as time t — oo. [l

The results on the isolated singularity of solutions of linear elliptic equations
in [46] allow us to deduce the asymptotic behavior of P as |z| — cc.

Lemma 2.23. There exists a constant C, = Cy(K,n) such that the solution P of
the problem (2.33) satisfies

lim Plz)

where F(x) is the fundamental solution of the elliptic equation —Lv = 0 in R™.

:C*v

Proof. Lemma 2.23 is a direct corollary of [46, Theorem 5]. The arguments follow
the same techniques as in [39, Lemma 4.3] using a general Kelvin transform and
Green’s function for linear elliptic equations. Following [39, Lemma 4.3], it can
also be shown that the constant C, depends continuously on the data of the fixed
boundary I' = K. (]
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3. UNIFORM CONVERGENCE OF THE RESCALED VARIATIONAL SOLUTIONS

The purpose of this section is to show the first main result on the uniform
convergence of the rescaled variational solutions, which is similar to [38, Theorem
3.1].

Theorem 3.1. Let u be the unique solution of variational problem (2.1) and u> be
its rescaling. Let Ua, 1, be the unique solution of limit problem (2.30) where A = C,

as in Lemma 2.23, and L = <%> as in Lemma 3.2. Then the functions u™ converge

locally uniformly to U 1, as A — oo on (R™\ {0}) x [0, 00).

The classical homogenization results of variational inequalities are usually stated
for a fixed bounded domain. Since our admissible set K*(¢) defined in Section 2.3
changes with A\, we will need to refine the proof. We will use the techniques of
the T'-convergence introduced in [11] and [30]. Note that these techniques can be
applied not only for the periodic case but also for stationary ergodic coefficients
over a probability space (4, F, P).

3.1. The averaging property of media and the I'-convergence. We recall
the following lemma on the averaging property of periodic media, which also holds
for more general stationary ergodic media.

Lemma 3.2 (cf. [29, Section 4, Lemma 7], see also [36]). For a given g satisfying
(1.4), there exists a constant, denoted by <§>, such that if Q@ C R™ is a bounded
measurable set and if {uf}eso C L*(Q) is a family of functions such that u® — u
strongly in L*(Q) as € — 0, then

tim | g(lz,)ue(x) dz = /Q <;>u(x) dz.

The quantity <§> in periodic setting is the average ofé over one period.
We also need some basic concepts and results of the I'-convergence which are
taken from [11]. Let © be a bounded open set in R™. Consider the functional

ai-)\%x D,uD;udz if we HY(Q),
(3.1) JMu, Q) = /Q iAra) ! @)
o0 otherwise.

Definition 3.3 (cf. [11, Proposition 8.1]). Let X be a metric space. A sequence of
functionals F}, is said to I'(X)-converge to F' if the following conditions are satisfied:

(i) For every u € X and for every sequence (uy) converging to u in X, we have

F(u) < liminf Fp(up).
h—0

(ii) For every u € X, there exists a sequence (uy) converging to u in X, such
that

F(u) = ’lllir%)Fh(uh)

It is known that the I'(L?)-convergence of J* is equivalent to the G-convergence
of elliptic operator £* (see [11, Theorem 22.4] and [30, Theorem 4.3]) and we have
a crucial result on Gamma-convergence of J* as follows.
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Theorem 3.4 (cf. [30, Theorem 4.3]). The functionals J* T'(L?)-converge as A\ —
0o to a functional J°, where J° is a quadratic functional of the form

i DyuDsud fue HY(Q),
JO(’LL) = /qu u Ju £ qu ( )

00 otherwise.
Here the constants q;; are the coefficients of the limit operator L% as in Lemma 2.15.

To deal with the Dirichlet boundary condition, we need to use cut-off functions
and the fundamental estimate below. Here we denote as A the class of all open
subsets of Q.

Definition 3.5. [11, Definition 18.1] Let A’, A” € A with A’ € A”. We say that
a function ¢ : R™ — R is a cut-off function between A" and A" if p € CF5°(A"),0 <
@ <1onR" and ¢ =1 in a neighborhood of A’ .

Definition 3.6. [11, Definition 18.2] Let F': LP(Q) x.A — [0, oo] be a non-negative
functional. We say that F' satisfies the fundamental estimate if for every € > 0 and
for every A’, A", B € A, with A’ € A", there exists a constant M > 0 with the
following property: for very u,v € LP(2), there exists a cut-off function ¢ between
A’ and A”, such that

Flou+ (1—¢)v, A/UB) < (1+¢)(F(u,A") + F(v,B))

(3.2)
el sy + 100 s) + 1)+ Ml — o .

where S = (A" \ A’) N B. Moreover, if F is a class of non-negative functionals
on LP(Q2) x A, we say that the fundamental estimate holds uniformly in F if each
element F' of F satisfies the fundamental estimate with M depending only on
e, A’, A", B, while ¢ may depend also on F,u,v.

The result in [11, Theorem 19.1] provides a wide class of integral functionals
uniformly satisfying the fundamental estimate. In particular, the fundamental es-
timate holds uniformly in the class of all functionals of the form (3.1). Thus for
every J*, there exists a cut-off function ¢ such that (3.2) hold with F = J* and a
constant M independent of A.

3.2. Uniform convergence of rescaled variational solutions. Now we are
ready to prove Theorem 3.1.

Proof of Theorem 3.1. For a fixed T' > 0, we can bound €;(u*) by B(0, R) for some
R>0,forall 0 <t <T and A > 0 by Lemma 2.21. We will show the convergence

in Q¢ := (B(O,R) \B(O,s)) x [0, T] for some & > 0.

We argue the same way as in the proof of [38, Theorem 3.2]. Using the uniform
bound on u*,u;} from Lemma 2.21 and the standard regularity estimates for an
elliptic obstacle problem which hold uniformly in A, we obtain a uniform Hélder es-
timate for u*. Then by the Arzela-Ascoli theorem and a diagonalization argument,
we can find a function @ € C((R™ \ {0}) x [0, 00)) and a subsequence {u**} C {u*}
such that

u™ — @ locally uniformly on (R™\ {0}) x [0,00) as k — oo,
uM (-, 1) — (-, t) strongly in H'(Q,) for all t > 0,¢ > 0.
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In the rest of the proof we show that the function @ solves the limit problem
(2.30), whose uniqueness then implies the convergence of the full sequence. We
start with quantifying the singularity at the origin.

Lemma 3.7. We have
fim &Y
lz|—0 Uc, (2, t)

Proof. Let C, as in Lemma 2.23 and F be the fundamental solution of (2.4) as in
Section 2.4. Fix € > 0. By Lemma 2.23, there exists a large enough such that

P(z)
F(z)

3
27

(3.3) < in {|z| > a}

*

and K C {|z| < a}. In particular, (3.3) holds for every z, || = a.
The set {|z| = a} is a compact subset of R™ \ K. Then by Theorem 2.22, there
exists tg > 0 such that for all ¢ > t,

v(z,t)  P(x) €
— —, for all =a.
F)  F) <y fora z, |z =a
By triangle inequality we have for all ¢ > ¢, for all « such that |x| = a,
v(x,t)
— C. .
F(z) <e€

Let ®(x,t) be the fundamental solution of the parabolic equation
(3.4) uy — Lu = 0.

As shown in [16, 2], such unique fundamental solution exists and satisfies

N

lz]

|2 n
(3.5) N~ % e~ < @(x,t) < Nt 8e~ 7

o

for some N > 0. We consider 61, 05 as follows:

coh(x)

O1(z,1) = |[(C\ — &) F(x) + — et xm(a,t),

O2(z,t) := (Cu + €)F(z) + Co®(z, 1),

where E, h(z) were defined as in Section 2.4.2. We will show that we can choose
the coeflicients such that 6; is a subsolution and 65 is a supersolution of (1.1) in
{lz| > a} x {t > to} for some ty. Since we fix the first coefficient of 6, and 65, we
need to check the initial conditions carefully.

Note that on the set {|z| = a}, 61 — (Cx — &)F(z) and 6 — (C. + €)F(x)
uniformly as ¢ — oco. Thus we can choose a large time ty such that 6; < v < 65
on {|lz = al} x {t > to}. By (2.20), we can choose ¢y large enough such that
supp 01 (-, to) C {z : (x,t9) € E} C By(0) and then 6,(-,t9) < v(-,to) in {|z| > a}.
Following Section 2.4.2, by choosing larger cs, to if necessary and ¢ satisfying (2.21),
(2.23), 61 is a subsolution of (1.1) in {|z| > a} x {t > to}.

Fix the time ¢y such that 6, is a subsolution of (1.1) in {|z| > a} x {t > o}
as above. By (2.5) and (3.5), 2 > 0 in R™. Moreover, since F(x) and ®(z,t) are
the fundamental solutions of (2.4) and (3.4) respectively, clearly (02); — LO3 = 0
in R™\ {0}. If we choose C5 large enough then 05(-,tg) > v(-,t9) and 65 is a super
solution of (1.1) in {|z| > a} x {t > to}.
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By comparison principle, 6; < v < 6y in {|z| > a} x {t > tp}. Moreover, since
h(xz) > 0 then

Or(.1) 2 Oa(a 1) 1= [(C — )P (@) — eat =] .

Therefore 51\ <o < 95‘ for A is large enough.
Noting that <I>’\~(x,t) = )\%Q@(A%x, At) — 0 uniformly as A — oo by (3.5), then
by Lemma 2.19, 67,63 converge locally uniformly to 69,69 of the form

9(13(55,1?) . [(C* - 5)FO($) - 63t2;n}+a
03(x,t) = (Cu + &) F°(2),

where FO is the fundamental solution of —£% = 0, £° is the limit of the operators
L* as in Lemma 2.15. Applying the same method as in [36] we have

t t
(3.6) / 0% (x,s)ds < (x,t) < / 09(x, s) ds.
0 0
By Lemma 2.20 we obtain
(C, — &) FO(z)t — %t% +o(FO(z)) < T(x,t) < (Cy + ) FO ()t

as |r| — 0. Dividing both sides of by F°(z) and taking the limit as |z| — 0 we get

ezt u(z,t)
C, —e)t <liminf < limsu < (Cy +e)t.
( ) 2|0 FO(x) |a:|—>0p FO(z) ( )

Since € > 0 is arbitrary, we have the correct singularity by sending € to 0. ([l

Finally, we check that the limit function @ satisfies the inequality and equality
in (2.30).

Lemma 3.8. For each 0 <t <T, w =u(-,t) satisfies

(37) q(@, ¢) > <_L’ ¢> ’ V(b € Wla
(38) q(wv 7?@) = <—L,’¢@> ’ Vi € W,

where L = <%> and W1, Wy were defined as in Section 2.5.2.

Proof. Fix t € [0,T] and take any ¢ € Wj. By continuity, we can choose ¢ with a
compact support contained in  := B(0,R) \ B(0,&¢) for some 0 < g9 < R. Let
wk(z) := w(z,t) and @ := W+ ¢ € H'(R"). By Theorem 3.4, there exists a
sequence {¢*} that converges strongly in L?(Q) to % such that

(3.9) JN (R, Q) = (%, Q).

We will show that we can modify ¢ into ¢* such that ¥ € K :(¢) and all the
convergences are preserved.

First, we see that J°(¢,Q) < oo since ¢ € H'(Q). By (3.9), JM(¢*,Q) <
and hence p* € H'(Q) when k is large enough.

Next, we need to modify ¢* so that the boundary condition on K** is satisfied.
Since p € H (), for every € > 0, there exists a compact set A(g) C Q such that
supp ¢ C A(e) and

(3.10) / DB de < .
2\ A(e)
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Let A’(e), A”(e) such that A(e) C A'(e) € A'(e) € Q and B(e) = Q\ A(e).
By [11, Theorem 19.1], the fundamental estimate (3.2) holds uniformly in the class
of all functionals of the form (3.1). Thus there exists a constant M/ > 0 independent
of A\ and a sequence of cut-off functions ¢¥ € C§°(A”(e)),0 < ¢F < 1,6F =1ina
neighborhood of A’(¢) such that
(3.11)

TA(EEQN + (1 =€) (" +¢), Q) <(1+e) (I (", A7(e)) + T (w* + ¢, B(e)))

+ ("7 ) + lw® + Bll72 ) + 1)
+ Mllg* — w* — ¢l|72 ()

Define

(z) e (@)ok (2) + (1 — €8 (2))(wh (z) + d(z))  ifz € Q,
905 - wk(l‘) lf X §é Q

Then ¢f € H'(R"), |l¢f — @llz2@) < l9* = @l + [w* + ¢ — @llL2@) — 0 as
k — oo and ¢* — w* has compact support in €.
By ellipticity (1.3) we have

(3.12) JN(wk + ¢, B(e)) < ,6/ |D(w" + ¢)|? dz.
B(e)

In view of (3.10), choose the sequence &, := + and denote ¥ := ©* . By (3.11),
(3.12), and the convergences pX — % in L%(Q) and w* — w in H}(Q) as k — oo,
for each n there exists kg(n) such that

(3.13)

1 1
1o — Bllza < mm{, }
n’ Mn

3

1 1\ 1 1 2
T (e 0) < (1 + ) (JO(% Q)+ 5*) i1 (2||¢||Lz<m 1y 1) +2
n n n n n

for every k > ko(n). We can choose ko(n) such that kg is an increasing function of
n and ko(n) — 0o as n — oco. We will form a new sequence {¢*} from the class of
sequences {¢F}. The idea is that for each k, we will choose an appropriate n(k) and
set ¢* := ). ;). We need to choose a suitable n(k) such that n(k) — co and (3.13)

holds for ‘/75 (k) when k is large enough. To this end we introduce an “inverse” of k
as

n(k) :=min{j e N: k < ko(j +1)}.

n(k) is well-defined, non-decreasing and tends to co as k — oo. From the definition
of n(k) we see that if k > ko(2) then n(k) > 2 and ko(n(k)) < k < ko(n(k) + 1)
(otherwise n(k) is not the minimum). Thus by (3.13) and definition of ¥ we have
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for all k& > ko(2),

8% — @l 12(0) < min SEIN
@ = n(k)’ Mn(k) |’
JAk (@kvg) = J)\k (<10’:L(k)79)

(o) (e 33

1 _ 1 2
st (2o + 5 1) + iy

Sending k — oo we get
lim [|¢" — @ =
Jim [18% = 2]l L2) =0,
limsup J* (¢, Q) < J°(g, Q).

k—oco

On the other hand, by Theorem 3.4,
J%(g, Q) < liminf J* (pF, Q)
k— o0

and thus we can conclude that ¥ — @ strongly in L?(Q) and Tk (pF
J%(5,9Q). Moreover, by the definitions of p¥, $*, we also have $p¥ € H(
¢F — wk has compact support in €.

Now set ¢* := |¢¥|. Then ¥ € H(Q),g* > 0,5F = w* in Q° D K** for k large
enough, and thus ¥ € K (t) for k large enough. Moreover, following the argument
in the proof of [30, Lemma 4.5], ¢* — @ in L2(Q) and J**($*, Q) — JO(p, Q).

Since w*, p¥ € K*(t) and supp(¢* — w*) C Q, by (2.13) and integration by
parts formula we have

by - 2;% A - 1 ~
ads (wh, gF — wh) > -, <utk’¢k _ wk>Q i <g/\k’<pk _ wk>Q'

and

Q) —
)

The inequality a**(u,v —u) < $J*(v) — %J)‘k (u) for any u,v implies
Loxeg sk A o k Lok
§J k( Q)> J k(w Q) <ut ;QS > —ng,qb Q7

where ¢F := @F — w* — ¢ in L?(Q). Taking liminf as k — oo and using the fact
that u;"“ is bounded give

(3.14) 5 7°@0) > LI 9) + (L, o)

This holds for any ¢ € W7 and therefore also for d¢, where 0 < § < 1. Replacing ¢
in (3.14) by d¢ we have

J(@ + 6¢,9Q) > =J%(w,Q) + (—L,56)

»—l[\D\»—t

& % [J0(w, Q) + 26g0(w, ) + 6> J°(¢)] > =J°(w,Q) + (—L,5¢) .

\}

Dividing both sides by ¢ and sending § — 0 we obtain

qﬂ(wa ¢) Z <_L7 ¢>Q
Since supp ¢ € 2, we conclude that (3.7) holds in R™.



24 NORBERT POZAR AND GIANG THI THU VU

Now take ¢ € Wy. As above, we assume that 1) has a compact support contained
in €, and without loss of generality we can also assume that 0 < ¢ < 1,9 =0 on
B.(0) (otherwise consider maxﬁn 7 instead). Since 1) € Wa then ¢w € Wi and (3.7)
holds for ¢w, we have ¢(w,vw) > (—L,yw). For the reverse inequality, define
®:= (1 —¢)w € H*(Q). Arguing as before, we can choose ¥ € K (¢) such that
¢F — @ in L2(Q), J M (3F, Q) — JO(p, Q). Again, since w*, gF € K = (1), by (2.13)
and the inequality a** (u,v — u) < 1J*(v) — 1J**(u) for any u,v we have

Lo/ =k Lok 2/ e sk k I k
§J k((AO)Q)ZiJ k(waQ)_/\k <utk7<p _w>Q+ _ngaQO —w Q'

Taking liminf as k — oo and arguing the same as in the proof of (3.7) we get
qQ(E7¢ - E) > <_L7¢ - E>Q
& —qo(w,yw) > — (=L, yw),
g QQ(E, ww) < <_L7 ¢W>Q .
Thus ¢(w,yw) = (—L,¢yw) for every ¢ € Ws.

This completes the proof of Theorem 3.1.

4. UNIFORM CONVERGENCE OF RESCALED VISCOSITY SOLUTIONS AND FREE
BOUNDARIES

In this final section, we establish the convergence of the rescaled viscosity solu-
tions v* of the Stefan problem (1.1) and their free boundaries. The proof is based
on viscosity arguments showing that the half-relaxed limits of v* in {|z| # 0,¢ > 0}
defined as

v*(z,t) = limsup v (y,s), ve(x,t) =  liminf v (y, s)
(y,8),A—=(z,t),00 (y,8),A—(x,t),00
coincide and are the viscosity solution of the limit problem with a point source. We
have the following result, which is similar to [38, Theorem 4.2].

Theorem 4.1. Let n > 3 and V = V¢, 1 be the solution of Hele-Shaw problem

with a point source (2.27) with the constant C, from Lemma 2.23 and L = <%>

as in Lemma 8.2. The rescaled viscosity solution v of the Stefan problem (1.1)
converges locally uniformly to V =V, (1) in (R™\ {0}) x [0,00) as A = oo and

vy =0 =V.

Moreover, the rescaled free boundary {T'(v*)}x converges to T'(V') locally uniformly
with respect to the Hausdorff distance.

All the viscosity arguments used in [38, Section 4] can be applied in our anisotropicj]
case with some minor adaptations. Therefore, we will omit some of the proofs and
refer to [29, 30,36, 38] for more details. Let us give a brief review of the ideas in the
spirit of [38, Section 4] as follows.

(1) We first prove the convergence of the rescaled viscosity solution and its free
boundary under the condition (1.6).

e By the regularity of the initial data vy as in (1.6), we deduce a weak
monotonicity of the solution v.
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e Using the weak monotonicity and pointwise comparison principle ar-
guments, we then show the convergence for regular initial data.
(2) For general initial data, we will find regular upper and lower approximations
of the initial data satisfying (1.6) and use the comparison principle together
with the uniqueness of the limit solution to reach the conclusion.

We will state the necessary results here with remarks on the adaptations for the
anisotropic case.

4.1. Some necessary technical results. First, we have the correct singularity of

v* and v, at the origin, which can be established similarly to the proof of Lemma 3.7.

Lemma 4.2 (cf. [38, Lemma 4.3], v* and v, behave as V at the origin). The
functions v*, v, have a singularity at 0 with

vy (2, 1) v*(x,t)

4.1 li =1, li =1, t>0.
(4.1) |x|gl(l)+ Vix,t) |x|l—r>%+ Vix,t) Jor
Proof. Argue as in the proof of Lemma 3.7. O

We will also make use of an uniform estimate on u* and the convergence of
boundary points deduced from the convergence of variational solutions.

Lemma 4.3 (cf. [29, Lemma 3.1]). There exists constant C > 0 independent of A

such that for every zo € Q4 (u?) and B,.(x9) N QY =0 for some r, we have

sup u(x,to) > Cr?
z€B,(z0)

for every A.

Proof. We will prove the statement for zo € 4, (u?) first, the results then follows
by continuity of u*. Since B,.(z¢) Ny = 0 then u* satisfies

2—n

1
Aou — LM = P in {u* > 0} N (B(z0) x {t =to}).

Since ui‘ >0 and —

{t=1t0}).
Define

% < —47 then =L < —L = —Cp in {u* > 0} N (B, (z0) x

w(z) = u(x, 1) — %h)‘(x — )

where h*(z) is the barrier with quadratic growth corresponding to elliptic operator
£ introduced in Section 2.4.2. We have {w* > 0} N B,.(z¢) C {u* >0} N{t =to}
and therefore, for all A,

— LM <0 in {w* > 0} N B,(x0).

We see that w?(zo) > 0. Hence the maximum of w* in B,(zg) is positive
and by the maximum principle, w* attains the maximum on the boundary {w* >
0} N 0B, (xg) and therefore

C
sup uM(z,tg) > sup wM(x,t) > inf  —2 hMa — o).
B, (z0) |o—ao|=r |z—zo|=r T
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By the quadratic growth of h*, where the coefficients on the growth rate only
depend on the elliptic constants, we have

sup_u(z,t9) > Cr?,
Br(ajg)

for some constant C' which does not depend on A. ([l

Lemma 4.4 (cf. [30, Lemma 5.4]). Suppose that (zy,ty) € {u™ =0} and (zg, ty, \r) —J}
(20, tg,00). Let U = Uc, 1 be the limit function as in Theorem 3.1. Then:

a) U(.’Eo,to) = 0,

b) If ) € Ty, (uP*) then zg € Ty, (U),
Proof. See the proof of [30, Lemma 5.4]. O

A weak monotonicity in time of the solution of the Stefan problem (1.1) is given
by the following lemma.

Lemma 4.5 (cf. [38, Lemma 4.7, Lemma 4.8], Weak monotonicity). Let u be the
solution of the variational problem (2.1), and v be the associated viscosity solution
of the Stefan problem. Suppose that vo satisfies (1.6). Then there exist C > 1
independent of x and t such that

(4.2) vo(x) < Co(z,t) and u(x,t) < Ctu(z,t) in R™ \ K x [0, 00).

Proof. Following the same arguments as in [38, Lemma 4.7, Lemma 4.8], we obtain
(4.2) simply by using elliptic operator £ instead of the Laplace operator. O

Lemma 4.3 and Lemma 4.5 automatically give us a crucial uniform lower estimate
on v* and allow us to show the relationship between v,,v* and V.

Corollary 4.6. There exists a constant Cy = Cy(n, M) such that if (zg,t9) € Q(v?)
and B,.(r9) N Q) = 0, we have

Cqr?
sup vz, tg) > ——.
B, (z0) to

Lemma 4.7. Let v be the viscosity solution of (1.1) and v* be its rescaling. Then
the following statements hold.
i) v*(-,t) is a subsolution of (2.10) in R™\ {0} and v.(-,t) is a supersolution
of (2.10) in Qu(vs) \ {0} in viscosity sense.
ii) QV) C Q(vs) and in particular v, > V.
iii) T(v*) C T(V).

Proof. i) follows from standard viscosity arguments with noting that we can take
a sequence of test functions for rescaled elliptic equation that converges to the test
function for (2.10) by classical homogenization results.
ii) See [30, Lemma 5.5], the conclusion holds by i), Lemma 4.2 and Lemma 4.5.
iii) See [30, Lemma 5.6 ii]. O

Proof of Theorem 4.1.

Proof. We follow the proof of [38, Theorem 4.2]; see [38] for more details.

Step 1. We first show the convergence results for the problem with the ini-
tial data satisfying (1.6) using the weak monotonicity in time of the solution,
Lemma 4.5, and its consequences.
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By Lemma 4.7, the correct singularity of v* from Lemma 4.2 and the comparison
principle for elliptic equation (2.10) we have

V(z,t) < wvi(z,t) <v*(x,t) < VC*+€7<%>(ac,t).

Let ¢ — 0 we obtain v, = v* = V by continuity and in particular, T'(v,) = ['(v*) =
L(v).

Now we show the locally uniform convergence of the free boundaries with respect
to the Hausdorff distance. To simplify the notation, we fix 0 < t; < t5 and define

I =T N{t; <t <t} I :=T(V)n{t; <t <t}
The result will follow if we show that for all § > 0, there exists Ay > 0 such that
for all A > Ag,
dist((zo, o), ) < & for all (zg,to) € I, and

(4.3) _ R N
dist((zo, to), ') < ¢ for all (zg,%0) € I'™°.

A contradiction argument as in the proofs of [36, Theorem 7.1] and [38, Theo-
rem 4.2], using Lemma 4.4 above yields the existence of \g for the first inequality.
Hence the main task now is to show the existence of A\g for the second inequality
in (4.3). Note that we only need to show this pointwise. The result then fol-
lows from the compactness of I'™°. Suppose that there exists 6 > 0, (zo,tg) € I'™®

)
and {\z}, \x — o0, such that dist((zo,to), T*) > 3 for all k. Then there exists

r > 0 such that after passing to a subsequence if necessary, we can assume that
D, (z0,t0) := B(zg, ) X [to — r,to + 7] satisfies either

(4.4) D, (o, to) C {v™ =0}, forall k
or,
(4.5) D, (z0,t0) C {v™ >0}, for all k.

But (4.4) clearly implies V = v, = 0 in D, (zo,%o), contradicting (xg,ty) € I'*°.
Thus we assume (4.5). Following [38], to handle Harnack’s inequality for a parabolic
equation that becomes elliptic in the limit, we rescale time as

2-n
wh (z,t) = oM (2, A7 1),

—2

n—2
Then w* > 0 in D¥ (zg,t0) := B(zo,7) % [A\," (to—7),A\," (to+7)] and w” satisfies
n—2
wy — L2w* = 0 in D¥ (29, tp). Since \," — oo as k — oo then for any fixed 7 > 0,
n—2
there exists Ao such that 7 < X\ ™ % for all Ay > Ao. Now applying Harnack’s

inequality for the parabolic equation w’ — £L*w* = 0 we have for a fixed 7 > 0,
there exists a constant C; > 0 such that for each ¢ € [t — 5,0+ 5] and all Ax such

n—2
that 7 < A, 7 we have
n—2 n—2
sup wh(, A" t—7) < Cy inf wh (N t).
B(o,3) B(wo,3)
As noted in [38, Theorem 4.2], for the isotropic case, the constant C; of Harnack’s

inequality can be taken not depending on Ag. For the anisotropic case, this constant
also depends on the elliptic constants of operator £*+. However the rescaling of the
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operator does not change the elliptic constants. Thus C; can be taken independent
of \;. By this inequality and Corollary 4.6 we have

027’2

2—n

—2—— < sup vM(t— )\]:THT) <Oy inf oM(-t)

t=A." 7 B(z0.5) B(z0,5)
for all t € [to — §,t0 + 5], Ak > Ao large enough, where C3 only depends on n, M.
In the limit A\, — oo, the uniform convergence of {v**} to V implies V' > 0 in
B(zo, §) x [to — &, to + 5], which contradicts the assumption (xo,t) € '™ C I'(V).
This concludes the proof of Theorem 4.1 when (4.2) holds.

Step 2. For general initial data, arguing as in step 2 of the proof of [38, Theorem
4.2], we are able to find upper and lower bounds for the initial data for which (4.2)
holds. The comparison principle for viscosity solution of the Stefan problem (1.1)
then yields the convergence since the limit function V' is unique and does not depend

on the initial data.
O
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