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SMOOTH SOLUTIONS TO A CLASS
OF FREE BOUNDARY PARABOLIC PROBLEMS

OLIVIER BACONNEAU AND ALESSANDRA LUNARDI

ABSTRACT. We establish existence, uniqueness, and regularity results for solu-
tions to a class of free boundary parabolic problems, including the free bound-
ary heat equation which arises in the so-called “focusing problem” in the math-
ematical theory of combustion. Such solutions are proved to be smooth with
respect to time for positive ¢, if the data are smooth.

1. INTRODUCTION

In this paper we consider the initial value problem for a class of free boundary
parabolic equations,

ue(t,x) = Lu(t, z) + f(t, x,u(t,z), Du(t,x)), t >0, x € O,

u(t,z) = go(t,z), t >0, x € Oy,

(1.1) o

5, L) =q1t.x), t20, 2 €0,

u(0,x) = uo(z), x € Qo,

where the family of open sets {€; : ¢t > 0} C RY and the function u : {(t,z) : t >
0, * € O} — R are the unknowns. By n = n(t,z) we denote the exterior unit
normal vector to 9Q; at x € 9.

The data are: the second order elliptic operator £ = 2%:1 a;;(t,z)D;j, the
functions f : [0,7] x RN x R x RYN — R, go, g1 : [0,7] x RY +— R, the (possibly
unbounded) initial set Qo C RY . and the initial function ug : Qo — R. All of
them are assumed to be regular enough. Moreover, ug satisfies the compatibility
conditions

ou
(1.2) up(2) = go(x), 5 2(x) = g1(2), « € O,
and gg, g1 satisfy the transversality condition
(1.3) %(O,x) £ g1(0,2), € 0.
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In space dimension N = 1 this problem has been well understood for a long time,
see e.g. the review paper [I6]. Here we are interested in the multidimensional case
N > 2, where only a few results are available at present.

The simplest and most popular example of (L)) is the free boundary heat equa-
tion,

up=Auin Q;, u=0 and %:Conaﬂt,
(1.4) on

u(0,-) = up in Qo,

with C' # 0, motivated by models in combustion theory ([6l [I8]) for equidiffusional
premixed flames. It can be seen as the high activation energy limit of the regulariz-
ing problems u; = Au — B(u) in [0,T] x RY, where 3.(s) = 31(s/€) /e has support
in a small interval [—¢, 0]. In [7], Caffarelli and Vazquez used this regularization to
prove existence of global weak solutions to (L)) for C? initial data (Qo,uo), under
suitable geometric assumptions on ug. Such solutions may not be unique, and enjoy
some regularity properties: the free boundary is locally Lipschitz continuous, and
w is 1/2-Holder continuous with respect to time, Lipschitz continuous with respect
to the space variables. The same approach was used in [12] to prove uniqueness of
the classical solution to (L) in a cylinder for initial data which are monotonic in
the direction of the cylinder axis.

In this paper we follow a completely different approach, which leads to exis-
tence, uniqueness, and time smoothness for ¢ > 0 of local regular solutions (with «
bounded, in the case of unbounded domains) to problem (). Concerning unique-
ness, we prove uniqueness of the solution belonging to a suitable parabolic Hélder
space and such that the transversality condition %(f,x) # g1(t,x), x € Oy, is
preserved throughout the interval of existence.

Our approach consists in transforming problem (L)) into a fully nonlinear par-
abolic problem in the fixed domain €y for an auxiliary unknown w, for which the
usual techniques of fully nonlinear parabolic problems in Hélder spaces (see e.g.
[14, Ch. 8]) give a local existence and uniqueness result. Coming back to (LI, for
Qo with C3+2+* boundary and ug € C3+*+#(Qy) we obtain a local solution with
00 € C*retk and w(t,-) in C?*T+*(Q,), k = 0,1. So, we share with [7] the un-
pleasant fact that we lose one degree of space regularity for ¢ > 0. Although this is
natural for global weak solutions, as simple examples described in [[7] show, it is not
wholly satisfactory for local classical solutions. One could expect that in a small
time interval the solution remains at least as regular as the initial datum: this is
what happens in other free boundary problems of parabolic type (see e.g. [8 0] for
boundary conditions of Stefan type), and in problem (1)) for special initial data.
Thus, our main results are uniqueness and time smoothness, and we consider our
existence theorem just as a tool to prove the other results.

A noteworthy situation in which there is no loss of regularity, at least in small
time intervals, is the case of initial data near special smooth solutions, such as sta-
tionary solutions, self-similar solutions, travelling waves. In particular, C?* initial
data near any regular stationary solution (2, U) with bounded 2 were considered
in the paper [3], where we studied stability of regular stationary solutions, estab-
lishing a linearized stability principle for (L) in the time-independent case. Since
self-similar solutions to (I4]) become stationary solutions to a problem of the type
() after a suitable change of coordinates, we could also consider initial data for
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(C4) near self-similar solutions. In the unbounded domain case, C?¢ initial data
near a planar travelling wave solution of (I.4)) have been considered in [5]. The
wave turns out to be orbitally stable, but the discussion is not trivial, because in
dimension N > 2 this is a very critical case of stability.

Another example without loss of regularity was considered in [1], where a two-
phase version of was studied in a cylinder for C?* initial data far from
special solutions but satisfying suitable monotonicity conditions: ug is assumed to
be strictly monotonic in the direction orthogonal to the cylinder axis. This allows
one to take u as a new independent variable for small ¢, an old trick already used by
Meirmanov in the Stefan problem and also in a two-dimensional version of problem
([T, see [15].

Together with loss of regularity, the other big question about problem (IZ1]) is
uniqueness of the classical solution. Indeed, the uniqueness results available up
to now concern only particular situations, such as radially symmetric solutions of
(T4), studied in [10], and solutions in cylinders, for initial data which are monotonic
in the direction of the axis of the cylinder (see [15] in dimension N = 2 and [12]
in any dimension), or in the direction orthogonal to the axis of the cylinder (see
[, for the two-phase case). Moreover, the above mentioned papers [3], [5] also give
uniqueness results in parabolic Holder spaces, but only for solutions close to the
special solutions considered.

Therefore, the problem of wellposedness for general initial data in dimension
bigger than 1 still remains open, even in the simplest case (L4).

Below we briefly describe our approach, which is similar to the approach of [3].

We look for 09 as the range of the function £ — & + s(¢,£)v(§), defined for
& € 9Qp, where v(€) is the exterior unit normal vector to 9 at &, and the unknown
s(t,€) is the signed distance of the point © = £ + s(t,&)v(§) from 9. Then by
a natural change of coordinates we transform €; into €2y, at least for small time,
and denoting by u the unknown u expressed in the new coordinates, we get a fixed
boundary system for (s, %), in the domain [0,d] x Qg with small §. The change
of coordinates is defined by £ — £ + s(t,&)v(§) for £ € 09y, and it is extended
smoothly to a C?T¢ diffeomorphism & +— & + ®(t,€) in the whole of €.

The main step is now the introduction of a new unknown w defined by

(1.5) u(t, §) = uo(€) + (Duo (&), (¢, €)) + w(t, §),

which allows us to decouple the system using the boundary condition u = gg at
0. In the case go =0, g1 = C we get simply

s(t, &) = —%, t>0, &€ 0.

In the general case the formula is a bit more complicated. It comes out

w(t,§)
s(t,€) = + R(t, &, w(t, §)),
o (. — 9010,
where the remainder R(t, ¢, u) vanishes at (0,&,0) together with R,. It is here that
we need the transversality assumption (I3)).
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In any case, we can go through, and we get a final problem for the only unknown
w7

wy = Aw + F(t,w), t>0, £ € Qo,
(1.6) Bw = G(t,w), t >0, € N,

QU(O, ) = 07 5 € ﬁ07

where A, B are linear differential operators and F', G are nonlinear functions. Prob-
lem (@) is fully nonlinear, because F' depends on w and on its space derivatives
up to the second order, and G depends on w and on its first order space derivatives.
Moreover, F' is nonlocal in the second order derivatives of w. However, both F' and
G are smooth enough, and F,,, G, vanish at t = 0, w = 0. The boundary operator
B is obtained from the Neumann boundary condition g—z = g1 after the change of
coordinates and unknowns; in the case gg =0, g1 = C' we get
By — ov 1 82u0
YT car”

The second order linear operator A is the sum of £ plus a nonlocal operator, acting
only on w and on the first order space derivatives of w at t = 0. This is crucial
for our analysis: since the principal part of A coincides with the principal part of
L at t = 0, the linearized problem near t = 0, wy = 0 is a good linear parabolic
problem, for which optimal Holder regularity results and estimates are available;
we need such estimates to solve the nonlinear problem in a standard way, using the
contraction theorem in a ball of the parabolic Holder space C1+e/2:2+e ([0, §] x Qg),
with § > 0 suitably small, or else in a ball of C3/2+a/23+a([0 4] x Q) if the data
are more regular.

It is clear now why we lose regularity: not only because of the change of coordi-
nates, but also because w has the same space regularity of Dug, due to the splitting
(CH). This problem may be avoided for initial data near smooth (at least C3+%)
stationary solutions, where it is possible to linearize around the stationary solution
itself; see [3].

However, it is easy to see that uniqueness of w implies uniqueness of (s, u), and
hence uniqueness of the regular solution to the original problem (LIJ). Moreover,
using standard techniques of fully nonlinear problems, it is possible to prove that
t +— w(t,-) is analytic with values in C?(Qg) in the interval (0,) if the data are
analytic. It follows that both the free boundary and w are analytic with respect to
time for ¢ in (0, 9).

By a covering argument we get eventually that the free boundary of any suffi-
ciently smooth solution defined in an interval [0, a] is time analytic in (0, a], provided
%irf(t,x) # g1(t,z) for 0 <t <a, x € .

2. TRANSFORMATION TO A FULLY NONLINEAR FIXED BOUNDARY PROBLEM

We write below the precise regularity assumption on the data. We fix once and
for all a number a € (0,1).

(a) The initial data. The initial data are couples (o, up), where Qo C RY
is a nonempty open set with C3+* boundary 0Qy. If Qg is unbounded, we need
that the boundary is uniformly C3+®, in the sense that the diffeomorphisms which
locally straighten the boundary and their inverses have C®*® norms bounded by a
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constant. Moreover, ug € C3T%(Q). In particular, ug and all its partial derivatives
up to the third order are bounded.
(b) The other data. We have

Lv = a;j(t, x)D;jv,

where the coeflicients a;; and their first order space derivatives belong to the space
C/2(10,T] xRY), and satisfy a uniform ellipticity condition: there is v > 0 such
that a;; (¢, 2)&& > v|¢)? for all ¢, z, €.

The function f = f(t,x,u,p) is once differentiable with respect to x, twice dif-
ferentiable with respect to (u,p). f and its derivatives are continuous in (¢, z,u, p),
and C*/2% in (t, ), locally uniformly with respect to (u,p).

Moreover, go and g; are differentiable with respect to the space variables, and
go, Digo € CY/22+e([0.T] x RN), g1, Dig1 € CV/2Ha/21+e([0, T] x RYN) for
i=1,...,N.

(c) Compatibility and transversality conditions. Since we deal with regular solu-
tions up to t = 0, we have to assume that (L2)) holds. We assume furthermore that
(L3) holds. This is a condition on the structure of the problem; it says that ours
is not an obstacle-like problem. However, it is necessary for our approach to work.

2.1. The change of coordinates. For every & € 9Qg let v(§) = n(0,£) be the
unit exterior normal vector to 9Qg. There is a neighborhood A of 9 such that
each x € N may be written in a unique way as x = £ + sv(€) with £ € 9Qg and
s € R. The number s is called the signed distance of x from 9, and it is a regular
function of . As we consider local regular solutions, for ¢ small enough 9Q; C N;
we shall represent 0€); as

(2.1) O = {&+ s(t,§r(8); € € 9},

where s(t,€) is an unknown regular function. The function £ — & + s(¢,&)v(€) is
a diffeomorphism from 0y to 92, and it may be extended in a standard way to
a diffeomorphism from Qg to €, as follows. First we extend the normal field: for
every £ € N we denote by & the point of 9Qg closest to &, and then for every
£ € RN we set

O(Ew(E) ifEeN,
(2.2) v(§) =

0 otherwise,

where 6 is a C*° function with support contained in A, such that # = 1 in a
neighborhood of 9y and 6 = 0 outside a bigger neighborhood of 9.
Then we set

0(§)s(t, () ifEeN,
(2.3) D(t,€) =

0 otherwise.

To simplify formulas, with a slight abuse of notation we shall write

O(t, &) = s(t, & )V(8)-

More generally, if a is a function defined in [0,7] x A" N Qo and b is a function
defined in g, with support contained in_./\/ N, we shall write a - b to denote the
function (¢, &) — a(t,£)b(€) for £ € NN Qo, (t,£) — 0if £ € Qp \ N.
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For t small, the mapping
(2.4) E a(t,§) =€+ 0(L,€), E€RY,

is then a C?*@ diffeomorphism from RY to itself, which maps Qg onto €.
Let w denote the unknown wu in the variables (¢, ), i.e

(2.5) a(t,&) = u(t,&+ ®(t,€)), t>0,&€ Q.
Similarly, we set @;;(t,£) = ai; (¢, + ®(¢,€)).
With the change of variables (¢,z) — (t, &), the equation u; = Lu + f is trans-
formed to
(2.6)
— (D17, (I+tD<I>) ®,) = LU+ f(t,E+D(t,), 0, ([ +D®)"1Du), t>0, ¢ €y,

where [D®];; = ag L(t,£), the superscript ¢ denotes the transposed matrix, and L
is the new expression of the operator L, i.e.
N N
> ~ 08 O&h ~ 0%
L= J —Djp, D;.
D Fwgg Dt D g G
i,3,h,k=1 i,5,k=1
Here for each ¢ the function £(¢,z) is the inverse of ([2.4)), so that the matrix with
components gL’; is nothing but (I + D®(t,&))~!

X

2.2. The splitting. To decouple problem (Z6]) we introduce a new unknown w
defined by

(27) ﬂ(tvf) = Uo(f) + <DUO(£), @(t7£)> + w(t,{), t> 07 5 € §0~
Accordingly, we rewrite (Z0]) as
(2.8)

(Dug, ®;) + w; — (D(ug + (Dug, @) +w), (I +' D)1 ;)
= L(ug + (Dug, ) + w)
+ f(t, €+ ®,ug + (Dug, ®) + w, (I +'D®) " D(ug + (Dug, ®) + w)),
t>0, £€Qo,

The decomposition (Z7) may look a bit strange; it is similar to the decompo-
sitions used in the papers [3, 4, 5] and in others to study stability problems. It
is crucial in our analysis because it lets us decouple system (2.8), expressing s in
terms of w. Indeed, the boundary condition u — gg = 0 on 9€; is rewritten as

that is, F'(t, &, s,w) = 0, with Fy(t,&,s,w) = ¢1(0,§) — 890 (t &) # 0 for ¢ small, due
to the transversality assumption (I.3). By the impli(nt functlon theorem we get s
as a function of (¢, &, w) for small w; more precisely,

(210) S(tvf) = fo(tang(tvf))a t> Oa f € aQOv
so that
(2.11) D(t, &) = Folt, &, wt,&))v(E), t>0, £ €.

Note that in the free boundary heat equation formula (2.I0) reduces to

s(t, &) = —%, t>0, £€Qp.
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It is clear now why we need the transversality assumption (1.3); it is used to get
the unknown s in terms of w, decoupling the system.

For future use we remark here that for each £ € 9Qy we have
(2.12)

_ w(taf) — gO(taf) +90(0a€) w _
fO(tafvw(tvg)) - %(f,f) — g1(0,£) + Q(t7§7 (taf) gO(taf) +90(0a€))7

where Q(%,€,0) = Qu(t,£,0) = 0.
Substituting (217]) in 28], we get

(2.13) wy = Fi(t, &, w, Dw, D*w) + Fa(t, &, w, Dw)s;, t >0, & € Q,

where F7, F» are obtained respectively from
(2.14)

L(uo+(Dug, ®)+w)+ f(t, 4+, ug+(Dug, ®)+w, (I+D®) ' D(ug+(Dug, ®)+w))
and from
(2.15) —(Dug — (I + D®) "' D(ug + (Dug, ®) + w), v),

substituting ® = Fo(t, &', w(t,&))v(E).
Equation (ZI3) still contains s;; to eliminate it we again use the identity (23,
which gives, after differentiation with respect to time,

Wy = %(t,f"‘ Sl/) + (<Dg0(t7£ + SV)7V> - 91(075))8ta t> Oa 5 € aQO

Substituting in @I3) for £ € 9Qy, we get
St(<D90(t7£ + -/TO(t7£7w)I/)a V> - gl(oag) - f2(t7£7w7Dw))

+ 20 64 Rt € w)
= Fi(t, &, w, Dw, D*w), t>0, & € 09y,
so that, at least for ¢ small, it is possible to get s; as a function of w,
Fi— %ito(t,f + Fov)
(Dgo(t, €+ Fov),v) — 91(0,€) — Fo’
which, substituted in (ZI3), gives the final equation for w,

(2.17) wy = F(t,w)(€), t>0, &€,

(2.16) sy = F3(t, &, w, Dw, D*w) =

where
(218) f(ta U))(g) = J:l(t7§7w7Dwa DQU}) + fQ(tafvwa Dw)f3(t7§7w7Dwa DQw)

Although the explicit expression of F is rather complicated, we may note imme-
diately that for £ in Qg \ N, that is far from the boundary, we have

F(t,w)(&) = Lw + Lug + f(t,&,w + ug, Dw + Duy).
This is due to the fact that our change of coordinates reduces to the identity far
from the boundary. Moreover, even near the boundary we have

N

(219)  F(0,00(&) = > aij(0,£)Dijuo(€) + £(0,€,uo(€), Duo(£)).

ij=1
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For £ near the boundary, the function 7 (t,v) is defined for ¢ small and for v €
C?(Qp) with small C! norm. More precisely, let 5y € (0, 7] be such that
0
S2(t,6) = 1(0,€) £0, 0 ¢ <o, § € 0.
The function F(t,v) is defined for t € [0, do], and for v € C?(Qp) with [|v]|c: <7, in
such a way that both Fo(t, &, v(€)) and F3(t, &, v(€), Du(€), D?v(€)) are well defined

for £ € 09 and for £ € g, respectively.

From formulas 2.10), (214), 2I5), 2.I6) we see that F(¢,v)(¢) depends on
v, Dv, D?v and their traces at the boundary through functions which are at least
C/%* with respect to (t,€) and at least C?T with respect to v and to its space
derivatives of the first and second orders. Therefore, for 0 < t < §p, the function
v — F(t,v) is continuously differentiable from {v € C%(Qo) : |[v]c1r < 7} to C(Qo),
and from {v € C?T%(Qq) : |[v]|cr < 7} to C*(Qp).

In the next lemma we describe the linear part of F with respect to v near v = 0.
We recall that for every £ € N, ¢ denotes the point of 9 closest to &.

Lemma 2.1. For every t € [0,00] we have F,(t,0) = A(t, D), where
(A(t, 9)v)(§) = Z (v (t,€) Dijv(§) + 5 (t,€) Diju(£))
(220) + 3 (i1 D sulE) + (1, €)Din(€))

i=1
+(tv(E) +7/(t,v(E’), 0<t <T, € € Q.

The coefficients vz, Bi, 7, oz, Bi, 7' are in C/2:2([0, 5o] x Qo). i, Bi, o vanish
in Qo \ N, and

@ij(0,€) = ai;(0,€), aj;(0,6) =0, &€ Q.

Proof. It is clear from the expression of F that the linear part of v — F(t,v)
near v = 0 is a nonlocal second order linear differential operator A(t,d) of the
type ([2:20)). To identify its principal part at ¢ = 0, it is sufficient to consider Fj.
Indeed, the product F»(0,&, v, Dv)F3(0, €, v, Dv, D?v) does not contribute to the
principal part, because F» does not depend on the second order derivatives of v,
and it vanishes at t =0, v = 0.

Using (ZI4), we see that only the term £(ug + (Dug, ®) 4+ w) in Fy contributes
to the principal part of A(0,0). Its explicit expression is

N
, 0% 9
Z aix (0,6 + @) dx; dxy,

ik h,j=1

€+ @) == (€ + P) Djn(uo + (Duo, ) +v)

N

+ > ain(0,6+ )

ik,j=1

&(ﬁ—i—@)D-(u + (Dug, ®) + )
0x; 0z g0 0
- ‘CO(’U7 ¢) + ‘Cl (Ua (I>)7

where the matrix M with entries mp, = 0&p,/0zy is equal to (I +D®)~1. We recall

that ® depends on v through (ZI0) and Z3)), i.e. ®(¢, & v) = Folt, &, v(E)v(€)
and ®(0,¢£,0) = 0.
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At t=0,v =0, ® =0, the linear part of Ly with respect to (v, ®) is
N
Z air(0,€)(D;rv + Dix{Dug, ®)) + lower order terms.
i,k=1
From the developement
(2.21) (I+D®) ' =1-D®+ (D®)*(I+ Dd)~!
we get that the linear part of £; with respect to (v, ®) is

al 029,
- Z aix(0,€) J Djug + lower order terms.
i,k,j=1
Therefore the second order derivatives of ® cancel in the sum; what remains is
N
A(0,0) = aix(0,€) Dy + lower order terms,
i k=1

and the statement follows. O
Lemma 2Tl implies that equation ([ZI7)) is parabolic near ¢ = 0.
Equation (ZI7) has to be supported with an initial and a boundary condition.
The initial condition comes from the splitting (Z7T); it is simply
W(O,f) = 07 5 € §0~
The boundary condition arises from du/0n = g;. Since
(I +'D2)""v()
|(I +'D®) = v(¢)]

n(t, &+ ®) =

and
Du(t, & + @) = (I +'D®) ' Du(t, €),
from Qu/On = g1 we get
(2.22)
(I +'D®)~ v, (I +'D®) "' D(ug + (Dug, ®) +w)) — g1(t, & + ®)|(I +'D®)"v| =0,

which gives a new boundary condition for w,

(2.23) G(t, & w(t,€), Dw(t,§)) =0, t =0, § € 0,
as soon as we substitute ® = Fy (¢, &', w(t, &))v(€) in 2:2F). The function G(¢, &, u, p)
and its first and second order derivatives with respect to u and p;, i = 1,..., N,

are continuous in (¢,€,u, p) and C/2+e/21+a in (¢ €). Moreover, G(0,&,0,0) = 0.

In the next lemma we identify the linear part of G with respect to (u,p) at
(0,£,0,0).
Lemma 2.2. We have

g(t7 5’ w’ Dw) = Bw - G(t7 5’ w? Dw)(£)7
where B is the linear differential operator defined by
82u0 _ % 0
B’U:@—F’U gu2 (E) ay( af)
v %(075) - 91(075)

_ Dtang _ v ’Dtang 0, ,
< (%(o,@—gl(o,f)) ol g)>

(2.24)
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and for every € € 0,
G(07£’07 0) = Gu(07£,07 0) = sz (075707 O)’ i = 1’ A '7N7

Gi(0,€,0,0) = <D“’”g (ago (é) 29)0(0 5)( @) ,D“mggo(o,f)>

56 — F0.9)
50,6~ 0n00.6)
Proof. Taking ([2:21) into account, we rewrite the first addendum of ([2:22) as
(I +'D®)" v, (I +'D®) "' D(ug + (Dug, ®) + w))
Oug 0 ow

_Oup O ow
=5 +5‘ (Dug, ®) + oy ((*D®)v, Dug)

— (v, ("D®)Dug) + R(&, Dw, ®, D®),

where R({,p,q,r) and its derivatives with respect to p;, ¢i, 7i;, 4,5 = 1,..., N,
vanish at (£,0,0,0).
In the above sum we have

0 9%uqg
v (Duo, ®) = ov?

where the last equality follows from (D®)r = 0. Substituting s = Fo(t, &, w) and
taking (ZI2)) into account, we get

(I +'D®) v, (I +'D®) "' D(ug + (Dug, ) + w))
5‘u0 4 ow ow n 0%y < w )
T v v ow? % — 91(0,)

Puo [ go(t,€) — go(0,€)
— { pteng w ,Dtanguo + 0 ) )
< <390(t & _ 91(0, ) o2 39%(575) — 31(0,¢)

0,&)
B <Dmg <go(t 6 — 90(88) ,DtanguO> + Ri(t, &, w, Dw),
(

(2.25)

_DtQO(OaE) ( ) + Dtgl(ovg)

s, ("D®)v = D""s, (v,("D®)Dug) = 0,

9g0(t,€) (

where Ry (t,&, u,p) vanishes at (0,£,0,0) as well as its derivatives with respect to
t,u, pi,i=1,...,N.

On the other hand, since {(*D®)v,v) = 0, we have
91(t, €+ ®)|(I +'DP)"'v| = gi(t,€) + (Dgu(t,€), 5v(€)) + Ra(t, &, @, D),

where Rs(t,£,p,q) and its derivatives with respect to ¢, p;, ¢j, 4,7 = 1,..., N,
vanish at (¢,&,0,0). Replacing s and ® and taking (ZIZ)) into account again, we
get

91(t, &+ ®)|(I +'D®) v

B dg1(t,€) [w+go(t, &) — go(0,§)
= gl(tag) + v < Bgo(t [3) 91(0 g)

where Ry(t,&, u,p) and its derivatives Wlth respect to (¢, u,p;) vanish at (0,&,0,0).
Summing up, we get the statement. O

> +R4(t,§,w,Dw),
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2.3. The problem for w. The final system for w is therefore
wy = A(t,0)w + F(t,w(t,")), t >0, £ € Qy,
(2.26) Bw = G(t,w(t,-)), t>0, e N,

’U)(O,f) = 07 5 € ﬁo;

where we have set

F(t,v)(§) = F(t,v)(§) — A(t, 9)v(S),
G(ta ’U)(f) = G(tv fa v(f)a DU(&))? 5 € 8QO
Problem (2:26)) will be solved by a fixed point theorem in a ball of the parabolic

Holder space C1+e/2:2+([0,6] x Qq), with § small. The main tool is the next
theorem about Holder regularity and estimates for solutions of linear problems.

Theorem 2.3. Let a € (0,1) and §o > 0. Let Q be an open set in RN with
uniformly C*T* boundary, and let i, Bi, 7, oy, B € C/22(]0, 60] x Q) be
such that

N

Z aij(taf)ﬂmj > V|77|27 5 € ﬁa 0 <t< 607

ij=1
for some v >0, and
Oé;j(oag) = Oa g € ﬁ
Moreover, let ¢;, ¢ € CV/2+e/21 ([0, 50] x 9Q) be such that

N
D it Ori(€) £0, £ €00, 0<t <.
=1

For every v € C?(Q) set

N

(A(t,0)v)(€) = Z (v (t,€) Dijv(§) + oy (t,€) Diju(E))
N

+ ) (Bi(t, ) Div(§) + Bi(t, ) Div(¢))

i=1
+ (8 o(€) + 7/ (1 Ev(E), 0<t <y, E€Q,
and
N
(B(t,0)v)(€) = ¥(t, )v(&) + Y _ ¢i(t, ) Div(€), 0<t < do, £ € O
=1

Then there is 81 € (0,80] such that for every f; € C/%%([0,5] x Q) and every g, €
C/24e/21ta ([0, 8] x9N) with 0 < § < 81, satisfying the compatibility condition

(2.27) 91(0,-) =0 in 09,
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the problem

vy =A(t,0)v+ f1, 0<t <6, £€Q,
(2.28) B(t,0)v=g1, t>0, &€ 09,

v(0,2) =0, £€Q,

has a unique solution v € C'T*/22+2([0,§] x Q). Moreover, there exists C' > 0,
independent of §, such that

(2.29) [Jvllgr+arz2ta(o,qxa) < C(HflnC“/?v“([O,é]xﬁ) + Hgl||Cl/2+ﬂ/2v1+u([0,6]xBQ))-

If in addition 2 has uniformly C3* boundary, and a;j, B, v, a;j, BL, v belong
to C1/2+e/214a ([0, 501 x Q), ¢4, 1 € CHH/22F2([0, 8] x OQ), then there is & < &
such that if fi € C1/2+e/214e((0, 6] x Q), g1 € C1F/22+2([0, 5] x 9Q) with 0 < § <
01 satisfy the compatibility condition Z27) and the further compatibility condition

(2.30) B0,0)110,) = F10,5) in 99,

then the solution v of problem (2.28) is in C3/2>T/2:3%2([0,§] x Q). Moreover, there

exists C > 0, independent of §, such that
(2.31)

[ollcarasarzasaosxay < C(Ifilloyasamusaqogxm + 91l oreaasaogxon )-

Proof. If the coefficients a;j, 3%, v vanish, the result is well known and we can take
d1 = do; see e.g. [11] for bounded Q, [17] for unbounded €. In the general case
the result follows by a (rather standard) perturbation argument, which we sketch
below.

We write A = Ay + Ay, where

n

(Ao(t,0)0)(€) = Y aij(t, &) Dijv(&) + Y Bilt, &) Div (&) + (1, v (€),

(A1(£0)0)(E) = D al(tODiy(E) + 3 Bt ODi(E) +7/ (1. (€,

and we consider the operator A as a perturbation of Ay. So, we look for a solution
of [Z28) as a fixed point of the operator A : X = {u € C1+2/2.2+(]0,§] x Q) :
u(0,-) = 0} — X, defined by Au = v, v being the solution of

v = Ao(t, 0w + Ay (t,0)u+ f1, 0<t<6 z€Q,

B(t,0)v=g1, t>0, x € 09,

v(0,2) =0, x€Q.
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We shall show that if ¢ is small enough, then A is a 1/2-contraction in X. If u;,
ug € X, then Auy — Aus is the solution v of

v = Ao(t,0)v + A1 (t,0)(u1 —uz), 0<t <4, z€Q,
B(t,0)v=0, t >0, x € 09,

v(0,2) =0, = €Q,
so that [[Aur — Auz|x < CllA1(¢,9)(u1 — u2)||casz.a(po,5)xm)- It i easy to see that
there is C' > 0 such that

Z BiDi(u1 — ug) +~'(u1 — ug)

i=1

< C5a/2||ul - u2||01+0/2v2+a([0,5]><§)'

Moreover, since «;;(0,-) = 0 and Djj(u; — u2)(0,-) = 0, we have [a};[|c <

50(/2[&;]']6"’/2‘*7 HDij(ul - U2)||oo < 5a/2[u1 - U2]01+a/2,2+a. Therefore,
llo; Dij (w1 = )| oo < C6%2Jur = wallgrvaszzva,
and
[ Dij(ur — uz)]car2.a
< e lloo[Dij(ur = u2)]carza + [af;]carza | Dij(ur — uz)|loo
é C(sa/2||u1 - u2||cl+“/2v2+a([075]xﬁ)~

Therefore, for § small enough, A is a 1/2-contraction, and the first part of the
statement follows. The proof of the second part is similar. O

Now we are ready to solve problem (226]).

Theorem 2.4. There is Ry > 0 such that for every R > Ry and for every suf-
ficiently small § > 0 problem (226)) has a unique solution in the ball B(0,R) C
Cl+a/2’2+a([0,(5] % QO)-

Proof. Let &y, 7 > 0 be such that F(t,v) is defined for ¢ € [0, 6] and for v € C?(Qp)
with ||v||c1 < 7. Fix R > 0 and define Y to be the space

Y = {’U € Cl+o{/272+a([076] X ﬁo), U(O, ) =0, HU||C1+Q/2,2+& < R}a

where § € (0, 6o] is so small that ||v||c1+a/2.24« < R implies ||v(t,-)||cr < r for every
t € [0,0]. Therefore F'(t,v(t,-)) is well defined for all ¢t € [0,6] and v € Y.
For any fixed v € Y, we introduce the linear problem

Wy = .A(t,@)w+F(t,v(t, ))a 0<t<é, ve ﬁ07
(2.32) Bw = G(t,u(t,"), 0<t<d, xed,

w(0,7) =0, x € o,

to which we apply Theorem [Z3] Since the compatibility condition G(0,v(0)) = 0
is satisfied, for § < §; ([Z32) has a unique solution w € C1+/2:2+ ([0, §] x Q).
We define I'(v) = w, w being the solution of ([Z32). Our aim is to find a local
solution to (ZZ6]) as a fixed point of T'.
We shall prove that for suitable § and R (roughly, R large and ¢ small), I' maps
Y into itself and is a contraction.
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For u, v € Y the function w = I'(v) — I'(u) is the solution of
wy = Aw +F(t,’l)(t, )) - F(tvu(ta ))a 0<t< 57 §e ﬁov

Bw = G(t,v(t,") — G(t,ult,")), 0<t<0, e,

w(0,€) =0, &€ Q.
We have therefore the estimate
[w]lcrrarzara < C([F(tv) = F(t,u)|garza + |G(Ev) = G(Eu)|g1/2+ar2ita)
with C independent of §. We claim now that
(2.33) [E(t,v) = F(t,u)llgarze + |G, 0) = Gt u)lgr/zrarzata
< K(R)O™|[u = vl garenae,

where K is an increasing function. The proof of (2.33) is straightforward although
lengthy; it may be found in [14, Ch. 8] in the case of a local F'.

Once (2:33) is established, we get immediately that I' is a 1/2-contraction pro-
vided

1
C K(R)§*? < 5

In this case, for each u € Y we have

IT@)llcrrearzara < TO)rrarzara + 3,
where I'(0) is the solution of
wy = A(t,0)w + F(t,0), 0<t <6, z €y,

Bw=G(t,0), 0<t<6, x e,

w(0,z) =0, x € Qo,
so that
ITO)l|g1+as22+0 < C([F(E,0)]
If R is so large that

carza +||G(t,0)||c1/240/2.100).

C(IF(t,0)]

SR

Corza(0,60]x%0) T G 0)[crr2tarzitao,50)x000)) <

then for every u € Y we have ||I'(u)|ci+asz2+0 < R, and I' maps Y into itself.
Therefore I" has a unique fixed point in Y. O

Since the problem for w is parabolic, it is natural to have further regularity re-
sults, depending on the regularity of the data. Here we prove two further regularity
theorems: a time-space regularity theorem up to ¢ = 0, which will be used later,
and a smoothness theorem for ¢ > 0.

The Holder time-space regularity theorem needs the following regularity and
compatibility assumptions:

(d) Further regularity assumptions. €y C RY is a nonempty open set with
uniformly C*t* boundary 990, and ug € C*+*(Qg). The coefficients a;; and their
first order space derivatives belong to C'/2+e/21+a ([0, T] xRN). The function
f = f(t,z,u,p) is differentiable with respect to z, twice differentiable with respect
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to (u,p); f and its derivatives are continuous in (t,x,u,p), and C'V/2+a/21+a iy
(t,x), locally uniformly with respect to (u, p). Moreover, go and g; are differentiable
with respect to the space variables, and go, D;go € C3/2te/23+e([0,T] x RY),
g1, Dig1 € CMe/224e ([0, T) x RN) for i = 1,..., N.

(e) Further compatibility conditions. Let B be the operator defined in ([2:24). We
assume that for every £ € 99

g0 0 ([ 0go 0g1
B(L(0,0 0,- D =B—=—(0,-)— — —=-(0,- —(0,-).
(£0.0)u0-+ 0,10, D) = B0, = 2 (B00.9) + F0.)
This condition comes out from g—z — g1 = 0 on 09, differentiating with respect to
time and taking the trace on 9 at t = 0. It is necessary that %g—z be continuous

up to t =0.

Theorem 2.5. Let assumptions (a), (b), (c), (d), (e) hold, and let w : [0,6] x
Q0 — R be the solution to problem (Z20) given by Theorem[Z24. Then there exists
8" € (0,0) such that w belongs to C1/2+a/23+a ([0, §"] x Q).

Sketch of the proof. Let us go back to the proof of Theorem [Z4. Now we look for
a fixed point of I in the space

Y’ = {v e C3/?F/23%(]0 6] x D), v(0,-) =0, |[v(t, )||cs/24arzsra < R'}

which is closed in C*+2/2:2+2([0, 6] x Q). If we prove that I' maps Y into itself
for R’ large and § small, we are done, because from the proof of Theorem 24 we
already know that I" is a 1/2-contraction with respect to the C1te/2:24e Jistance.
To this aim we use the last part of Theorem 231 It yields that

Ty € C3/2+/23% ([0, 5] x Q)
provided
Pt €) = F(t,0(t,-))(€) € CVZF/21He([0, 6] x D),
D(t,€) = G(t,v(t,)(€) € C /224 ([0,8] x 99),
and that the compatibility condition
(2.34) BF(0,0) = %G(t, v(t)))e=0
holds. In this case, it gives also the estimate

||F’U||c3/2+a/2,3+u([o,5]xﬁo) < C(||50||Cl/2+‘1/211+ﬂ([0,5]xﬁo) + ”wHCH‘*/zv?“‘([O,é]XBQO))'

The compatibility condition (Z34) holds thanks to assumption (e). From the reg-
ularity assumptions (d) we get easily that ¢ € C1/2+e/2142 ([0, §] x ), and that
P € C1He/224a([0, 5] x 99p). A lengthy but elementary estimation shows that

(£, €) = ©(t,€) = (0,€) [l 17240210 (0,61 x00) < CL0Y 2|Vl g/2+ar284a((0.5)x0):

1(£,€) = (t, ) = (0, cr+arzara(o,5x000) < C26*?[[0]lca/2ta/2.54a (0.5 x50
for every v € Y. Tt follows that

1T g3 /24 072 34([0,5]x )
< C(”F(ta0)||Cl/2+u/2,1+a([0,6]xﬁo)
+ G, 0) |l grtarzeragosxaay + (C1 + C2)d*2R),
so that T" maps Y” into itself if R’ is large enough and § is small enough. O
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Now we prove local time smoothness of w. Of course we need some smoothness
assumptions on the data. Together with assumptions (a), (b), (c¢), we shall consider

(f) Smoothness assumptions. The coefficients a;j, b;, ¢, and the functions f, go,
g1 are C for t > 0.

Theorem 2.6. Let (a), (b), (c), (f) hold, and let w : [0,5] x Qo — R be the solution
to problem (2.26)) given by Theorem Then there exists &' € (0,8) such that the
function t — w(t,-) is in C*°((0,8"); C%(Qo)).

Proof. Let ¢’ € (0,0). For every n sufficiently close to 1 the function w,(¢,-) =
w(tn,-) is well defined for ¢ € [0, §], and it is a solution of

\11(77; ’U)(t) = (vt - nA(ta a)v - nF(tv U(t, )) ) Bv — G(tv v(tv ))) = (Oa 0)
¥ may be seen as a function from [I — 7,1+ 7] x {v € CTFH/2245([0,6'] x Qo) :
v(0,:) =0, |[v]| < p} to CB/2B([0,8"] x Q) x CH/2HB/21+8(]0,§"] x 9y), for every
B € (0,a], and for every small p > 0.

At (n,v) = (1, w) we have of course ¥(1,w) = (0,0). ¥ is smooth, and at (1, w)

the derivative of ¥ with respect to v is given by

(T, (1, w)v)(t) = (ve — A(t, 0)v — Fy(t,w(t,))v; Bv — Gy(t, w(t,))v).
By Theorem 23, it is an isomorphism between {v € C1+8/22+8([0,§'] x Q) :
v(0,:) = 0} and CP/28([0,6"] x Q) x CV/2HB/2145([0,6'] x 0Qp), provided &' is
small enough.

Therefore by the implicit function theorem there are r1, ro > 0 and a smooth
function

v:(1—r,14+7r)— Blw,re) C{ve C’1+6/2’2+6([0,5'] x Q) : v(0,-) = 0}

such that for n € (1 — 7,14 r1) and v € B(w, rg) with ¥U(n,v) = (0,0) we have
v =1(n).
Fix 8 € (0,«). Then we have

lim wy =w in C"2245((0,6') x Q).

so that w, belongs to B(w,rs) C C1+A/22+8([0, "] x Q) if n is sufficiently close
to 1. Since ¥(n,w,) = (0,0), then w, = ¥ (n). It follows that for n close to 1, the
function 7 — w(tn, £) is smooth with values in C12(]0, 6] x Q). This implies easily
that w and its first and second order space derivatives are smooth with respect to
time for 0 < t < ¢". O

The idea of introducing the parameter n to prove time regularity of the solution
is not new; see [2].

Remark 2.7. Throughout the section we have considered only problems with initial
time ty = 0, but it is clear that the results of Theorems 24 B-H and P28 still hold
for the problem

Wy = A(tv a)w + Fo(t, w(ta ))a t>tg, £ € ﬁ07
(235) Bow = Go(t,w(t, )), t > 1o, f € 00y,

U)(to’f) = 07 5 € ﬁo;
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with initial time to € (0,7T), provided the due compatibility and transversality
conditions are satisfied at ¢ = tg. Here By, Fy and Gg are defined as B, F and G,
with go(0,&) and g1 (0, &) replaced by go(to,€) and g1 (to, &)

Once we have locally solved (2.26) we come back to the original problem (LI,
using (ZII) and (ZI) to define 9. Note that s has the same regularity as
w, ie. it is in C'F/22+F([0,§] x 9) under assumptions (a), (b), (c); it is in
C3/%a/23%a ([0, 5] x 99p) under assumptions (a), (b), (c), (d), (e); it is smooth
with respect to time for ¢ > 0 under assumptions (a), (b), (c), (f). Then we define
@ through (7)), where ® is given by (2.3). Again, @ has the same regularity as
w. As a last step we define u through the change of coordinates, u(t,z) = u(t, £),
where & = £ 4+ ®(t,£). We have thus proved the following existence and regularity
result.

Theorem 2.8. Let (a), (b), (¢c) hold. Then there is 6 > 0 such that problem (L)
has a solution (Q,u) such that the N + 1-dimensional hypersurface S = {(t,x) :
0<t<é6, € oV} and each O are of class C'T¥/22H and the function
w:{(t,z); 0<t <0, v € Y} R is of class C1Ho/2:2+a,

If also (d), (e) hold, then S and each S are of class C3/?te/23% and the
function u is of class C3/>+a/2:3+a

If (a), (b), (c), (f) hold, then the free boundary is C'*° with respect to time for
t >0, as well as u and its first and second order space derivatives.

3. UNIQUENESS AND TIME SMOOTHNESS

We say that a family of open sets {Q; : a <t < b} C RY is of class C'+/2:2+e
in the interval [a, b] if each boundary 0€2; and the (/N + 1)-dimensional hypersurface
{(t,x): a <t<bxecd} are of class C1T/22+a,

As a consequence of the uniqueness part of Theorem [Z4] we get uniqueness of
regular solutions to problems of the type (ILTI).

Corollary 3.1. Let assumptions (a), (b), (¢) hold, and let (le),u(l)(t,x)) and
(Q§2),u(2) (t,x)) be two solutions to () of class C* /22T jn an interval [0, a],
with space derivatives of class cl+a/224e [ Assume in addition that 0go/On(t,z) #
g1(t,z) for every t € [0,a], x € 8Q§1), where n(t,xz) is the exterior unit normal
vector to 8Q§1) at the point x. Then (le),u(l)(t, D)) = (Q§2),u(2)(t, 1)) for every
t €10,al.

Let assumption (f) hold in addition, and let (Qq,u(t, x)) be any solution to (L)
of class C1 /22 jin an interval [0, a], with space derivatives of class C*+e/2:2+e
and such that 0go/On(t,x) # g1(t,x) for every t € [0,a]. Then 0 and u are C™
with respect to t in (0,a).

Proof. Let us prove uniqueness. Let ty be the supremum of the numbers ¢ € [0, d]
such that le) = Qg) for 0 < s <t and u(l)(s,x) = u(2)(s,x) for 0 < s < ¢,
z €0 =Y. Then we have also Qg(l)) = Q§§> and uM (tg, z) = u®(to, ).

IThanks to Theorem [2.8] at least one solution with such regularity properties exists in a small
interval if also assumptions (d), (e) are satisfied.
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Assume for a contradiction that ¢y < a. Consider the initial value problem

u(t, ) = Lu(t,x) + f(t,z), t>ty, x € Qy,
u(t,x) = go(t,x), t>tg, x € O,

%(tw’ﬂ) =q(t,z), t>tg, v €00,

u(to, z) = uM(tg,z), z € QE;),

which can obviously be written as a problem with initial time 0, with data satisfying
all the assumptions (a), (b), (c) at the beginning of section 2. Following the con-
struction of section 2, we arrive at two solutions w), w(? of [237) in the interval
[to, a], belonging to C1+/2:2+a [ty a] x ﬁg)) and with the property that for each
§ € (0,a—to) the restrictions of w) and w® to [tg, tg+7] xﬁii) do not coincide. Let
R = maX{Rm ||w(1)||C1+u/212+4"([t0,a]Xﬁgé))’ ||w(2)||C1+u/212+4"([t0,a]Xﬁgé))}’ where RO
is given by Theorem 241 From Theorem 224 we know that if ¢ is sufficiently small,
then (2:26)) has a unique solution in the ball B(0, R) C C'+/2:2+e [ty t544] Xﬁg)),
and this is a contradiction.

Let us prove time smoothness. By Theorem [Z6, for every ¢ € [0, a] there are
r=r(t) > 0and § = §(f) > 0 such the solution to problem (Z33) is in the space
C>((to, to+9); C*(Q)) for any to € [0,a]N[f—7,t+7]. Fix any ¢ € (0,a). The union
of the intervals (¢,% + (%)) N[0, a] contains [e, a], and there are ty, ..., %, such that
the union (J;_, (£, % + 6(Z;)) N [0, a] still contains [, a]. In each of these intervals,
time smoothness of w implies time smoothness of s (hence, time smoothness of
0€Y;) and time smoothness of u and of its first and second order space derivatives.
The statement follows. O

Remark 3.2. Things may be considerably simplified if Qg is the graph of a regular
function, say Qo = {£ € RN : &n < ¢(&1,...,&n—1)} with ¢ € C3F(RN-1). In
this case we may look for ; of the form Q; = {¢ € RN : &y < @(&y,..., 60 1) +
s(t, &1,y &n—1)}, where the unknown s is not in general the signed distance from
09, but it works as well. The change of coordinates which transforms 2, into g
is now trivial,

§: (l‘la' sy Tp—1, TN — S(t,l‘l,.- 'axn—l))7 S Qt-

In addition to some simplifications in notation and formulas, the main advantage
of this change of coordinates is that the procedure of Theorem also gives time
analyticity (in the case of analytic data, of course) for ¢t > 0. See e.g. Lorenzi [13],
who used this method to get time analyticity in a system arising as a model in
Combustion Theory, for initial data close to a travelling wave solution. Note that
the map ¥ used in Theorem [2.6] is smooth but not analytic in general, because of
the change of coordinates (24]) which contains the cutoff function # introduced in
§2.1.
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