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REND. SEM. MAT. UNIv. PADOVA, Vol. 104 (2000)

Regularity of the Free Boundary for non Degenerate
Phase Transition Problems of Parabolic Type.

L. FORNARI (*)

ABSTRACT - In this work we give results on the regularity of viscosity solutions
and of their free boundaries for a class of parabolic phase transition in which
the dependence on the point (x, ¢) of free boundary is introduced in the phase
transition relation.

1. Introduction.

Recently, some geometrical ideas of the minimal surface theory (see
[3], [4]) and general results on the positive solutions of the heat equation
by Harnack inequality (see [7], [8]) made a satisfactory improvement in
the understanding of evolution free boundary problem with two phases.
In the papers [3] and [4] Caffarelli considers elliptic free boundary prob-
lems, but the main strategy used is adaptable to the parabolic case even
if the duality between the parabolicity of heat equation and the hyper-
bolicity of the free boundary condition produces some difficulties in
studying this kind of problems. Therefore, in general, the regularity re-
sults in the parabolic case are weaker than the corresponding elliptic
ones. In the paper [2] the authors consider viscosity solutions of a class
of evolutionary free boundary problems (including the classical Stefan
problem). One of the main results is that under suitable non-degeneracy
conditions, Lipschitz free boundary regularize instantaneously and that
viscosity solutions are indeed classical ones.

The condition on the free boundary expresses the fact that its speed
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28 L. Fornari

depends on the heat fluxes and on the normal unit vector on the free
boundary itself. We consider the situation in which the speed depends
also on the point (x, t) of the free boundary.

In this case extracare in the scaling properties of the problem is re-
quired. The notion of viscosity solution, considered in this paper, have
been used also in other important situations. In particular, in the works
[9], [11], where free boundary problems arising in combustion theory are
treated, and in [6], in which the regularity for the free boundary in the
porus media equation is dealt with. The existence of viscosity solutions
for these free boundary problems is an interesting open problem since
the presence of free boundaries makes it impossible to use the standard
approach with respect to the usual viscosity theory for second—order el-
liptic and parabolic equations.

2. Definitions, preliminary results.

Let us now introduce the class of free boundary problems with which
we are going to deal with and the concept of viscosity solution. Let @, =
=B,(0) X (=1, 1), where B;(0) is the unit ball in R", centered at 0.

First of all we give the definition of classical solution.

DEFINITION 1. Let u be a continuous function in ;. Then % is
called a classical subsolution (supersolution) to a free boundary problem
if, for a;>0, a;>0, we have: Au—a;%;=0 (<0) in Q* :=Q,N{u>0};
Au—ayu, 20 (<0)in Q7 =@, N{u<0}; ue C@Q7)NC(Q); for
any (x,t)ed2*NQ;, V,ut(x,t) =0 and

ut+ (xr t)

(2-1) _Vv = — s G((xy t): V(x; t)v uv+ (xa t)7 uv_ (wy t)) (2)
u, (2, t)
where V, is the speed of the surface F, :=3Q2 " N {t} in the direction
yi= Igzuil . Moreover, there exist two real constants a e ¢* with 0 <
U

<a<1 and c* > 0 such that:

1) G=G((x, t),v,d,e): R""1 X B; x R*—R be a function Hél-
der continuous of esponent a, with Holder constant H > 0 respect to
(x,t) and L >0 respect to the other three arguments;

2) G((xy t)’ v, dly 6) - G((x, t)y v, d27 e) > C*(dl - dZ)a lf dl > d27
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3) G((x,1),v,d,e) — G((x, 1), v,d, 65) < —c *(e; —ex)* if €;>e,.

If u is both classical subsolution and classical supersolution, then u is
called a classical solution to a free boundary problem. The set F =
=0RQ " NQ, is called the free boundary.

DEFINITION 2. A function % continuous in €, is called a viscosity
subsolution (supersolution) to a free boundary problem if, for any sub-
cylinder @ of Q, and for every classical supersolution (subsolution) v in
Q, u<v (u=v) on 3,Q implies that u<v (u=v) in Q.

We say that u is a viscosity solution if it is both a viscosity subsolution
and a viseosity supersolution.

It is easy to show that classical solutions are viscosity solutions.

A famous example of evolution free boundary problem with two phas-
es is the Stefan problem which is a simplified model of phase transition
in solid-liquid systems (see [14], [15], [16]). In this case we have that the
general interface condition (2.1) is of the kind: G((«, ¢t), v, u,", u,”) =
= Z‘: =u,” —u, , and so the hypotheses 1), 2) and 3) are satisfied with
a=1.

In [12], it is proved existence of the classical solutions in a small time
intervall. The global-in—time existence of the classical solution may fail.
This leads us to construct for all times weak solutions [10] which are con-
tinuos [5]. Last result allow to show that weak solutions of the two—phase
Stefan problem are viscosity solutions, according to the above defini-
tion.

We recall that a point (xy, t;) € F is regular from the right (or from
the left) if there exists a (n + 1)-dimensional ball B®*Vc Q* (2 ~) such
that B"*V' N F = {(a,, to)}.

In this paper we consider viscosity solutions w of a free boundary
problem in a cylinder @, = B,(0) X (—2, 2), whose free boundary F is
given by the graph of a Lipschitz function.

Without essential changes in the proofs, most results proven in [1]
may be extended to our case where G depends on the point (x, t) e F'.
Now, we list in the Theorem below such regularity results. The symbol
(-, -y will denote the inner product in R* or R"*!,

THEOREM A ([1], Theorems 2, 3, 4 and Corollaries 4, 5). Suppose u
is a viscosity solution to a free boundary problem in Q,, whose free
boundary F', contains the origin and is given by the graph x, =f(x', t),
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(x',t)eR*" "X R, of the Lipschitz function f, with Lipschitz constant

L. Moreover M = supu and u (en, — %) =1, where e, is the unit vector
Q2
i the x, dirvection. Then, in @

i) there exists a (n + 1)-dimensional cone I(e,, 8), with axis e,
and opening 0 = 0(n, L, M, a,, ay), such that, along every direction v e
eIl(e,, 0), u is monotone increasing;

ii) there exists c=c(n, L, M, a,, as) such that:

) b , b
C_II_M$IVu(x,t)|$CI_u(x_)_I
dx,t dx,t

)

where d, ; denotes the distance between (x,?¢) and F, while V=
= (an Dt);

iii) u 1s Lipschitz continuous.

iv) (Asymptotic development near regular points from the right
or the left).

Let (xy, ty) € F be a regular point from the right, v the inward spa-
tial normal at (xy, to) of B"*V N {t =t,} and d(x, t) be the distance be-
tween (x, t) and (xy, ty). Then there exist numbers a ., a_,B ., _
such that near (xy, ty),

(@) u(e, t) = (a  (e—uxy, v)+ B, E—t; )T +

—(a _{x =1y, v) + B _(t — 1)) + o(d(x, t))
with a , >0, a _ =0 and equality holding on the hyperplane t=t,;
(b) ﬂ+ 2a+G((x0, tO), v, a4, a—)y ﬂ— Ba—G((xO’ tO)y vV, &4, a—)-

If B"*Vc Q™ ((x, ty) is a regular point from the left) the inequalities
m (a) and (b) are reversed, o . =0, a _ >0 and v is the outward spatial
normal.

v) (Asymptotic development at «good points»).
Near almost all points (xy, ty) of differentiability of F (with respect
to surface or caloric measures) u has the asymptotic behavior in (a)
with equality sign in both (a) and (b). In this case a . =0, a_ =0 and
v is the normal to the tangent plane to F,, at (x,, ty).

We note that in general the free boundary may not regularize instan-
taneously as the counterexample in the two-phase Stefan problem shows
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(see section 10 of [2]). Therefore we assume the following non-degenera-
cy condition which prevents simultaneous vanishing of the two fluxes
from both sides of the free boundary: there exists m >0 such that, if
(29, ty) € F is a regular point from the right or from the left, then, for any
small r,

_r
|Br(x0) |

Br(xO)

|u| =mr.

From global considerations (see [4]) it follows, in some cases, this
non-degeneracy condition, which allows us to conclude that Lipschitz
free boundary are actually @' graphs and therefore viscosity solutions
are indeed classical.

For the reader’s convenience, we state:

THEOREM B ([2], Main Theorem). Let u be a viscosity solution of a
free boundary problem in Q,, whose free boundary, F, is given by the
graph x, =f(x', t), (x', t) e R" ! X R, of the Lipschitz function f, with

3

Lipschitz constant L. Assume that M = supu, 4 (en, — E) =1,(0,0)e

e F, the non-degeneracy condition holds cgzzd that G =G(v, d, e): OB; X
X R2— R is a Lipschitz function in all its arguments, with Lipschitz con-
stant Lg and, for some ¢* > 0: DgG=c*, D,G < —c*. Then, the follow-
ing conclusions hold:

i) in Q, the free boundary is a C' graph in space and time.
Moreover, for any n >0, there exists a positive constant C,=
=Cy(n,Lg,M,L,c*, m,a,,ay,nm) such that, for every (x',ux,,1),
(?/ s Ynr S YeF

3
|erf(x',t)—erf(y’,t)|$Cl(—log|x’—y'|)_'z°+”
1
|D, f(x', t) — Dif(x’, 8)| < Cy(—log|t—s|) 2" .
W) wec@INe (@) and on FNQ, u, =C,>0,

with Cy = Cy(n, Lg, M, L, c*, m, ay, ag, n). Therefore u is a classical
solution.

The purpose of this article is to prove a generalization of the Theorem
B in the case in which the function G depends on the point (x, t), and can
be stated in the following way:
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THEOREM 1. Let u be a viscosity solution of a free boundary prob-
lem in Q,, whose free boundary, F, is given by the graph x, = f(x', 1),
(x',t)eR""Ix R, of the Lipschitz function (in space and time) f, with

Lipschitz constant L. Assume that M = supu, u(en, —g) =1,(0,0)e

Q
e F and that the hypotheses 1), 2), 3) of pagzes 2 and 3 are satisfied by the
Sfunction G. Moreover we suppose that non-degeneracy condition holds.
Then:

a) in Q the free boundary is a C' graph in space and time.
Moreover, ¥Vn>0, there exists a positive constant C;=
=C(n,L,M,H,L, c*, m, ay, as, 1, a) such that, for every (x', x,, t),
(Y', Yun, 8) € F we have:

3
|Vofe', ) = Vo f(y', t)| SCi(—log|a' —y'|) 5"
D, f(a’, t) = Dy fl', 8)| < Ci(=log |t —s|) 3=« "";

b) ue @I Nel (@) and on FNQ, u, =C,>0,

with Co=Cy(n, L, M, H,L, c*, m, a,, as, 1, a). Therefore u is a clas-
stcal solution.

To prove the Theorem 1 we adopt the strategy of the Theorem B. We
recall that « is monotone increasing along any direction v in a cone
e, 0) :={v: |v| =1, e-v=cos 0}, with |e| =1, is equivalent to saying
that for any small ¢ >0

u(x) = sup  wW(y).

Y € Beging(x — ee)

If u(x)= sup u(y), then the level surfaces of % are hyper-
planes. VU

Furthermore, v(x) = sup u(y) for any £, 6 small enough, is a
yeBs(x — ce)

subsolution of the same free boundary problem as . Using such re-
marks, the regularity results will be achieved by improving the opening
0 of the cone of monotonicity, that is by showing that 6 converges to 71/2
on a sequence of dyadically contracting cylinders around a free bound-
ary point. The starting point is the existence of a monotonicity cone
I'(e, 0) in space and time, such that in a neighborhood of F', D,u = 0 for
each reI(e, 6) (Theorem A i)). The next step consists in increasing the
opening of cone of monotonicity in space and in time away from the free
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boundary. Then we carry such interior gain to the free boundary in a
small cylinder. Finally, an appropriate rescaling and iteration of the
above steps gives the results. In this final iteration the opening in space
and time behave differently so that it is convenient to introduce the fol-
lowing angles: 6 = /2 — 6 (defect angle in space) and u = /2 — 6' (de-
fect angle in time), where 6 is the opening of the spatial section of the
monotonicity cone I',(e,, 6), while 6 is the opening of the section of the
cone of monotonicity in the (e,, e;)-plane. To get an enlargement of the
cone in space away from the free boundary, we may use the techniques
contained in the sections 2 and 4 of [2] that exploit Harnack’s inequality.
In fact some of the Lemmas in that paper hold also in our situation, in
particular all the results obtained away from free boundary in which the
free boundary condition does not enter. Therefore to prove the Theorem
1, we must show that, in this new situation, it is again possible to have an
interior gain process in time (section 3), the propagation to the free
boundary by Propagation Lemma (section 4), the regularization in space
and in space-time (section 5).

The various constant c’s, which will appear in the sequel, may vary
from formula to formula and, unless explicitly stated, will depend on
some or all of the relevant constants n, L, M, H, L, c*, m, a,, as, n, a.

3. Interior gain process in time.

We suppose that e, was the projection in space of the axis of the
monotonicity cone, whose defect angle in time is u = /2 — 6. This
means that, there exist A, BeR, A<B with B—A=u and A<
< -Du " (x, t)( —Dyu (x, t)

D,u*(x,t) \ Dyu(z,t)
boundary F' and almost everywhere on #'. The enlargement of the mono-
tonicity cone in time away from and in both sides the free boundary, that
is equivalent to increase A or lower B, requires the following re-
sult:

)SB for (x,t) everywhere not on the free

LEMMA 2. Let u be a viscosity solution to a free boundary problem
m

@=Bx(-1,1), (0,0)eF(u),

G((07 0)7 €py A 4, A ~)2 _(A+B)/2 (G((O: 0)7 Cpy O 4, A —)s _(A+B)/2)a
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|G((x, t), v, d, e) —G((y, s),v,d,e)| <

sa%. [(®,t)— (y,s)|* V(v,d,e)edB;x R2.

Then t!wre exists ¢;, C>0 and cye (0, 1) such that if 6 is small, 6 <
<cu e, we have

_ D,u
D,u

D,u

SB—clu (‘— 2A+CIIM

V(x, t) e (Bys(3e,/4) U By g(—3e,/4)) x (—Cd/u, Co/u).
Proor. For almost every («, ty) € F with respect to surface mea-
sure, we have

Dgu+(x0, to) _ Dtu+(x0’ t)
D,u™ (x5, 8)  D,u™ (a, ty)

(1+0()) =

= G((2y, to), (2, ty), Dyu ™ (a0, ty), D, u ~ (29, t9))-(1 + 0(3)) .
By Lemma 7 in [2], with . =Dnu*(t%em 0) and R, = Q* N (—a, +
+t, t), it follows that for every te (—Cd/u, Co/u):

1
|Fy N Byg(0) |

FyN By(0)

|Dyu* —a,|?ds<a®-0(S/u).

~ _ 1 1
Let S,={peFNE;:a.(1-kd3)<Dyu*(p)Sa.(1+k6%)}, then
|51 2 IFNR,| Vte(~Colu, Colu).
Now, for each (z, t) e 3, , with te (—Co/u, Cé/u), we deduce

|G((, t), v(x, t), D,u ™" (x, t), D,u " (x, t)) — G((0,0), e, a,,a_)| <
<6% |, 0)|*+I v, t) — e, |* +
+L|D,u* (@, t)—a, |*+L|Du"(x,t)—a_|*<
<OT{r+IIV2+ (c*+ck+kD)-(a +a)]} =67 1,

where I =7+ L[V2 + (¢*+ ¢k + k%) a% +a®)).
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By G((0,0), e,, a,, a_)= —(A+ B)/2 we obtain
G((x, t)v V(xy t)y Dvu * (xy t)7 Dvu - (x7 t)) = G((O’ 0)’ Cpy A 4, A 7) - la 3 =

> _(A+B)2-107= -B+cu—165= -B+c*u (c*>0).

Since the rest of the proof is the same as that of Lemma 8 in [2], the
Lemma is proved. =

4. Propagation to the free boundary.

In this section we use the Lemmas 9, 10, 11 in [2], that hold in our
situation, to obtain the Propagation Lemma. These Lemmas exploit a
powerful topological method introduced by Caffarelli in [3]. In the next
Lemma we carry to the free boundary the interior gain in the aperture of
the monotonicity cone using a family of subsolutions able to «measure»
this opening. This is one of the most delicate points where we use hy-
potheses 2) and 3) satisfied by G. We observe that first, we must prove
regularity in space and then in time because in Lemma 2 we require that
defect angle was much smaller in space than in time.

LeEMMA 3. (Propagation Lemma). Let u; <u, be two viscosity sol-
utions of the free boundary problem in Q= B; X (—2, 2), with F(usy)
Lipschitz continuous and (0, 0) e F. Assume that:

1) ve(x,t):= sup wy<ug(x,t) if (x,)eB, x(-T,T)
B (g, t)
and, for some h small:

(li) u2(xy t) - v(1+h0)s(x, t) 2I)(j"(f"1'412(3en/4v 0)
V(x, t) € Bys(3e,/4) x (=T, T)C {uy> 0}

(i) us(x, t) — V(1 + hoye (2, t) = — Poeug(—3e, /4, 0)
V(x, t) € Bys(—3e,/4) X (=T, T)c {uy <0}

) |G((x, 1), v,d, e) —G((y, s),v,d,e)| <H|(x, ) - (y, 8)|*

Y(v, d, e) € 3B, X R? where H< C*0*m®c*. Then, if e >0and h >0
are small enough, there exists ce (0, 1) such that in By x (=T1/2, T/2)
it results

V1 + choye (€, 1) S up (2, 1)
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ProoF. We construct a continuous family of function v, = v, + Poew
such that v, <u, Vnel[0, 1], with ¥, 2 v 4 aeye in Byp X (- 172, T/2),

where v,(x, t) ;== sup wu; and w is a continuous function non negative
in B D@, t)
3 3 9T 9T
D:={Bgo(0)\|Big| —€,|UBigl ——e,||[} x| ——, —
[ oo )\[ 1/8(4 ) 1/8( 1 )]] ( 0’ 10 )
such that

r Aw—a,Daw=0 in DN {uy>0}
Aw—a,Daw=0 in DN {u, <0}
w=0 on DN {uy=0}

w=u2(§en,0) on aBl/g(Een)x(—g—T,ﬂ)
4 4 10 10

X

3 3 9T 9T
W= — Uy —Zen,O on 9B, —Zen ——16,—13

|
w=0 on apD\la[Bl/s(gen)UBl/g(—%en)]x(—?—g,%)].

Now, we show that S:= {ne[0, 1]1:7,(x, t) S us(x, t), V(x, t) e Byp X
x (=T/2, T/2)} is both open and closed in [0, 1]. Exploiting hypotheses,
maximum principle and the continuity of the functions considered, we
deduce that 0 €S, so S= @, and S is closed.

We show that S is open. We assume that v, < u, for some ,€ [0, 1].
Supposing that there exists (x, ty) such that us (2, ty) = ,,(x,, t,) =0
(%1 (Yo, S9) =0), by Lemma 10 in [2] we get that

Vyo (X, tg) Z a (X —xp, v*)" —a* (x —xy, v*)” +o(|x—1x,]),
where a* =a'V |t* |, a* =a® |v* |, v*=1*/|7*|,

2
1)+ € (p(ﬂ[o(xo’ tO)

|?/0—900|

Yo — %o

¥ =l , and
| %o — |

Vx(pano(xm t())r v(l)z

So—to _ Y

IEh) s G((y()! 80)9 v(l)a a(-il—)y a(—l))-
|?/0‘900| ay
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Now, by Theorem A, we deduce:
Ug (2, ty) = aB{x —xp, vPY + a®B(x —xy, v®) +o(|x —2]),

ﬁ(?)
+

v@ =p* and G((x, ty), v?, a?, a®) < —5 =
a'?

2@ oo (X0, L)

So—to E Doy Lo, o

|y0—xo| |?/0_900|

=|r* |_1' Dy @ 5, (2, 1) |-

By Corollary 1 in [1], since F = F(u,) is Lipschitz, we obtain
w/|uz | =N in {u, # 0} strictly away from the parabolic boundary of D.
Near x,, for t =t,, we have:

Uy, (@, to) Z A (X — 29, v*)T —a_(®— X, v*) +0o(|x—12])

where @, = a* + Coea'®, a_ =a* — Coea'® and C = PN is the con-
stant that appears in the hypothesis (iv).
Again by Theorem A we obtain:

@) 1 5
G((xg, ), v?, a®, a®) < % < (ﬁ(+1) + Coeh) (1+Cosch) <
a'f a'y

< G((Yo, 80), vV, aP, a) + Roeh .

Since a'V <@, — Coea® + Coeh, aP =a_ + Coca® — Coch, consid-
ering the initial hypotheses satisfied by G, and a® + a® =m >0, we
get

G((4o, s0), vV, @, aV) <
< G((yo, So), vV, @, — Coea® + Coch, @ _ + Coea® — Coeh) <
< G((xy, ty), v®, a4, a_) + H|(yo, s0) — (29, 1) |* +Z|v(1) —p® |+
+L(Coeh)* — ¢ *(Coca®)* + L(Coeh)* — ¢ *(Coea®)* <

< G((xo, ty), v®,a,,a_)+ He*— C*0%%c*m*+ (H+ C) 6% h.

Cto%*m*—H

But H<C%0*m“c* by hypothesis, thus, choosing #* < _
o“(H+C+R)

we have

b

(41) G((xm tO)a V(Z)’ a(-%)y a(_2)) < G((xO, tO); V(Z)r a+ ’ a—)
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Since u; — v,, = 0 and it is a supercaloric function in {7,,> 0}, it follows
that a® < @_. By Hopf maximum principle we have a‘?>a, and so

G((xO) tO), V(Z)y a(-s‘z-)y a<—2)) > G((%y tO); v(Z)y a+ ’ a_ )

This inequality and (4.1) give us a contradiction, and so the Theorem is
proved. =

Now, we show the regularization in space that is the defect angle in
space is as small as we prefer and so the free boundary is a ' domain in
space. Operating as in the Lemma 13 in [2], and supposing that H; <
s(C%*m®c* to may apply the Lemma 3, we have the following:

LEMMA 4. Let u be a viscosity solution to a free boundary problem
in By X (—1, 1), monotone increasing in every direction te I(e,, 6, 6")
(elliptic cone with axis e, and aperture 6 in space and 0, in time) where
0<0,<6'<6<mn/2. Then there exist c, ¢ > 0 and a unit vector v, such
that in BypXx (—=1,1), if Hi<C®%am“c*, the function u,(x,t):=
=u(x,c6%t) 1is monotone increasing along every direction Te
el(v,, 6, 6) with

01:=m/2-0,<6—c6% and 6,=0,.

We note that H; is the Hélder constant of G,((x, t), v(x, t), u,’ (x, t),
u, (x, 1)) =¢d®G((w,cd%t), v(x,c62t), u,’ (x,cd2t), u, (x,co2t)).
Applying Lemma 4 inductively to the function

Up (@, 8) 1= u (272, €27 52¢)-2%, k=1 with u,(x, t) =w(x, ¢o2t),
(¢ and 9 like in the previous Lemma), we obtain:

THEOREM 5. Let u be a viscosity solution in By X (—1, 1). Then for
each time level te (—1, 1), the surface Fy=F N {t} is a C' surface.

5. Regularization in space-time.

The results of previous section, in particular the fact that the defect
angle in space can be made as small as we want, permit us to exploit the
Lemma 2 and to obtain the regularization in space-time.

LEMMA 6. Let u be a viscosity solution in By x (—1,1) of a free
boundary problem such that:
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i) u is monotone increasing in any direction of a space cone
I',(e,, 0), with 0 <,<6< %
ii) There exist constants ¢; >0 and A, B such that u is monotone

increasing along the directions e, + Be, and —e;— Ae, with 0 <B —
- A < 61 Uu.

Then, if 6 = % -0 << pu® and H<min (093, c*6% 'm*C*u), exist

constants c,, ¢, C positive and A,, B; depending only on 0, and n, and
a spatial unit vector v, such that, in By X (—C6/2u, C6/2u)

a) u is monotone increasing in any direction tel (v, 6,), with
61 :=.7[/2_01S(§“Cl(§2/ﬂ .
b) u is monotone increasing along the directions e;+ B;v, and
—e,—Ayv, with

O<B1—A1S51,u1 and ,uISIu—CZ(S.

Proor. We recall that to apply Lemma 2, it is necessary that H <
<0 and 6 < u®“, and to apply Lemma 3 to the function w(x, t) =

=u|x, ét), one needs to have H < ¢* 6%~ !m*C*u. Then the proof is the
u
same as that of the Lemma 14 in [2]. =

u(Ax, At)

ProoF oF THEOREM 1. If A is very small, then u(x, t) = sat-

isfies the hypotheses of the Lemma 6. In fact, by Lemma 4 and Theorem
5 it is possible to obtain 0,=cu}® where ¢<< 1 is a constant such
that

3-a 3-a

(5.1) ¢ 3 pge K1

and Oy, uo are the defect anglsei in space and in time respectively. By

(5.1) we have that 6,<<u}®, 653 <1 and 6,< 1. Moreover, decreas-
ing A with 6, and u, fixed, if necessary, we obtain H,<
<min(8§3, ¢*0§ 'm*C®u,) where H, is the Hélder constant of the
function %u(x, t). We want to apply Lemma 6 inductively to the functions
up(x, t) ;=252 %2, 27%t) with keN. We need that for every
keN

(5.2) 0L uyle
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and
(5.3) H,<min (0%, c*6¢ 'm*C*uy)

where H,, is the Holder constant of the G, associates to the viscosity sol-
ution wu(x, t), 8, and u, are the defect angle in space and in time re-
spectively, to the step k.
We prove that (5.2) holds.
1-cx

We consider the function h(x) = ——————
(1 - (a/3) ¢, x)*

stant in the Lemma 6, such that 6, <0,(1 —¢;0¢/u,). We have 0 <
<h(x) <1 for each xe (0, 1/c;).

where c; is the con-

Since 6 (<< u¥/2, choosing ¢, < (¢, ¢;a/3) and p =pj_1— 20y _1, We
obtain
0 1
éﬂ«l = 1< =
Ko Ho €1

- 0, < 0o(1—0¢,00/10) < X «<1.

ude w1 —-600/ue)?  uie

Then proceeding in this way, for each k¥ >1 we have

Op_ O 1 o) o)
;‘/a‘«l kel o Z o 3’/‘as...sT‘/’a=c<<1.
Hi-1 Hi-1 € K Ko

Now we show (5.3).
We know that Hy< min (8§32, c*6¢ 1m*C%u,).
We suppose that H,_; <min (%2 ;, ¢*0¢-1m*C®uy_,); then to the
2
step k — 1, applying Lemma 6, we have 6, =6,_,—¢; Okt
Hi-1

Since 0,_;=c'u¥*,, where ¢’ <c <1, we get:

3-a 3-a
8p=0k-1(1—c1¢'*®6;31) pr=pr-1(1-Cc'®y31),
and so H,=2"°"H,_<27%0¢-lc*m*C%uj_1<27%6¢ Le*m*Cuy_y.

To obtain H,<c*6§ *m*C%u,, it is sufficient that 2 %u, _; < u,.
Since, by (5.1), we have

3-a 3-a
c'Bor3, <c®oy3 K1,
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then

3-a 3-a
¢'®orE; S(1-279)/C = 27°S(1-Cc'®O521) = 27 %4 1 S pye
Finally, we show that H, < 6{3.
We have: H,=2"%H,_,<27%0%, and

3-a 3-a
279 <O = 2701 —1c'%0,3;)? < '3, <(1-273e,.

By (5.1) last inequalities hold, in fact

3-a 3-a
c'Bor3, <cBoy3 K1.

Therefore (5.3) holds and so it is possible to apply Lemma 6 to the .

In such way we define the sequences {A;}, {Bx}, {01}, {ux} and

I',(vy, 6;) (spatial cones with axis v, and opening 6,) which satisfy in
Co, Co,

By X (— _—* ) the following properties:
2y 2y,

i) 4 is monotone increasing along the spatial directions te
el x(vky Gk);
ii) 4 is monotone increasing along the direction ¢, + B,v; and
— € —Aka where 0 <Bk _Ak < El#k;
ili) the sequences {0,} and {u;} are such that
0% _
Op+1=0p—C— Hpr1=Hp;—C0.
K

Then, from iii) we deduce

c1(n) ¢ (1)
Ui~ -

O~ n
k32" k327"

for every n > 0 small enough. This asymptotic behaviors correspond ex-
actly to the modulus of continuity of |V,.f| and D,f in Theorem 1. Now
applying the results of K. Widman [17], since u; is bounded and for each
te(—1,1)the set 2= N {t =t} is a Liapunov-Dini domain we obtain, at
each level time, that V,u * are continuous up to the free boundary.
Therefore, exploiting the free boundary condition the proof is easily
completed. =
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