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Introduction

This paper is concerned with the following one-dimensional one-phase
Stefan problems with the unilateral boundary condition on the fixed boundary:
Given the data, / and ¢(x), find two functions s=s(#) and u=u(x, t) such that the
pair (s, ©) satisfies

(S)

0.1) u,,—u; =0 0<x<s(t), £>0),
0.2) u,(0, HEv®(0, t))  (t>0),
0.3) u(s(t), t) =0 (t>0),

04) u(x,0)=$(x)=0  (0sx<l), s0)=I=0,

L (0.5) $(t) = —us(t), £)  (£>0).

Here 7 is a maximal monotone graph in R? such that ¥=}(0) N[0, co[ is not an
empty set. We put this assumption from the physical reasoning, that is, there
is a kind of heater at the fixed boundary x=0. The physical meaning of this
equation is explained in [6].

In the previous paper [6], the author proved the existence and uniqueness
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of the classical solution of (S). Left unanswered however were several questions
as to the existence of the solution in the case where /=0 and ¥(0) is an empty
set, and the asymptotic behavior of the solution. The present paper resolves
these problems. Cannon & Hill [3] and Cannon & Primicerio [5] investigated
the asymptotic behaviour of the solutions of one-phase Stefan problems with the
linear boundary condition on the fixed boundary in detail. We will use these
results efficiently for our problems. The main difficulties concerning our pro-
blems arise from the fact that the informations about %(0, ¢) or u,(0, ¢) are not
given different from the usual Stefan problems considered in [3] and [5].

The plan of the paper is as follows. In §1 we state main results. §2
collects several results concerning the moving boundary problem which is
auxiliary for the original one. §3 collects properties of the solutions of the
Stefan problem (S). In §4 we give the proof of Theorem 1 and Theorem 2.
§5 collects several properties of the unilateral problems. §6 investigates the
Stefan problem with Signorini boundary condition on the fixed boundary. In
§7 we give the proof of Theorem 3. In §8 we give the proof of Theorem 4.

The author would like to express his gratitude to Professor H. Tanabe for
his useful advice and encouragements.

1. Statements of main results

The assumptions required on the Stefan data are as follows.
(A) ¢(x) is non-negative, bounded and continuous for a.e. x&<[0, /].

RemARk 1.1. The assumption ¢=0 results from the physical background.
Remark 1.2. If /=0 there is no ¢. We do not need (A).
We introduce the notations,

D = {(x, t); O<x<s(t), t>0},
D = {(x, 1); 0=x<s(t), t=0},
D = {(x, t); O<x=s(¢), t>0},
Z = {x€]0, I]; x» is a discontinuous point of ¢} X {0}.

DEerINITION 1.1.  The pair (s, ) is a solution of the Stefan problem (S) if
i) $(0)=1, s(t)>0 for £>0, s& C([0, co[) N C=(]0, o),
ii) u is bounded on D, uC(D—Z)N C=(D"),

T (s(t)
S g u,(x, t)’dxdt<< oo for each O0<o<T'<<oo,
o JO0

ii1) (0.1), (0.3), (0.4) and (0.5) hold,
iv) for a.e. t>0, u,(0, t) exists and satisfies (0.2).
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Remark 1.3.  If /=0, we omit (0.4).

We put H=Projy-1) O, that is, H is the element of ¥~%(0) which has the
minimum absolute value.
This is well-defined and

H=0

by the assumption that 7 is the maximal monotone graph in R? such that
v7}0) N[0, o[ is not an empty set.

We will use the notations of the spaces of functions introduced in [6], if
necessary.

We can now state existence and uniqueness theorems.

Theorem 1. Let [>0 and ¢(x) satisfies (A). Then there exists the unique
solution (s, u) of (S) satisfying

(1.1) s€C([0, =[)NC=(]0, oo[), s(t) s non-decreasing in t.
(1.2) 0<u< max (||pll;=0p, H) on D,
(1.3) lu(x’, t)—u(x, t)| <C,|x'—x| on DN {t=o},

where C, is a positive constant depending on o

Theorem 2. Let [=0. Suppose that v satisfies the following assumption
(T) in addition to the original one,

() 7(0)C]—o0, O[ .

Then there exists the unique solution (s, u) of (S) satisfying (1.1), (1.2) and (1.3),
where we define ||| .= 0»=0.

RemMARK 1.4. We needed that D(v)=>0 and ¥(0)C]—oo, O] in [6, Theorem
3 and theorem 4]. However we do not need the assumption D(v)>0 in Theo-
rem 2. In particular we may suppose that ¥(0) is an empty set. Hence
Theorem 2 is an improvement of [6, Theorem 3 and Theorem 4].

RemMark 1.5. The assumption (T") is equivalent to the assumption H>0.

ReEMRAK 1.6. The assumption (T") guarantees that the solid melts. For
example, if ¥=0, then the solid could not melt.

We describe the asymptotic behavior, as #—>oco, of the solution (s, %) of
(S). We suppose that the assumptions of Theorem 1 and Theorem 2 are sat-
isfied for ¢ and the data ¢.

Theorem 3. Let H>0 (I=0). Then we have
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(1.4) lim w(x, t) = H uniformly on any compact subset of [0, oo[ ,
(L5)  lims@)VTE =8,

where B is given by the unique solution of
(1.6) X1 [n!/(2m)!)B** = H .

Theorem 4. Let H=0(I>0). Then it follows that
(1.7) }LT w(x, t) =0 wuniformly on [0, s*],

(1.8) s* = lim s(¢) exusts,

tpo0

1
(1.9) lgs*gprg $(x)dx .
0
ReMARK 1.7. We define u(x, t)=0 for x=s(z), 1=0.

Remark 1.8. We see also that the condition (T") (i.e. H>0) is necessary
for us to guarantee the melting of the solid in case /=0 from Theorem 4. In
fact, we can not expect that s(#)>0 for >0 if H=0 and /=0 by (1.9).

2. Moving boundary problems

We investigate the moving boundary problems which are auxiliary for the
Stefan problems.

Consider the following moving boundary problem: Given the data ¢(x)
and the given non-decreasing function s(#)&C([0, co[) N C*'(]0, oo[), that is
positive for £>0, find a function u=u(x, #) such that

2.1) u,,—1u,=0 (O<x<s(t), t>0),
oD (2.2) u,(0, )ev@(©, 1))  (t>0),

(2.3) u(s(t), t) =0 (>0),

(2.4) u(x, 0) = H(x) 0<x<s0)=1).

Here is v a maximal monotone graph in R? such that ¥~?(0) is not an empty set.
We put H=Profy-14 0.

RemARK 2.1.  If /=0, we omit (2.4).

DErFINITION 2.1.  u=u(x, t) is the solution of the moving boundary problem
(M) if
i) uis bounded on D. ueC(D—Z)NC=(D),

T (s@)
2.5) S S w(x, tfdxdt< oo for each O<g<T<oo,
o Jo
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where D, D and Z are the sets defined in §1,
ii) (2.1), (2.3) and (2.4) hold,
iii) for a.e. >0, u,(0, £) exists and satisfies (2.2).

REMARK 2.2. The above definition is slightly different from [6, Definition
9.1] (see (2.5)). However it is easily seen that [6, Proposition 10.1] and [6, Pro-
position 10.2] hold in this case.

Proposition 2.1. Let [>0 with ¢(x) which is bounded and continuous for
a.e. (0, 1], or I=0. Then there exists the unique solution of the moving boundary
problem (M). In addition

(2.6) lu(x, 2)| < max (||l 20,0 |H]) on D,
(2.7) lu(x’, £)—u(x, t)| <C,|x'—x|¥? on DN {t=s},

where C, is a constant depending on o, and we define ||¢p|| = n=0 when I=0.

Proof. We get the uniqueness by [6, Proposition 10.1]. We know the
existence when />0 from [6, Proposition 9.1]. We shall show the existence
when [=0. We put s"(¢#)=s(f)+1/m. Hence the sequence {s"},, is a mono-
tonically decreasing one of increasing continuous functions in ¢, and s"(¢)—>s(z)
uniformly on any compact subset of [0, co[ as m—oco. Let u” be the solution
of (M) corresponding to the initial data 0 and the moving boundary s”. Thus
each u™ is constructed by the finite difference method stated in [6, §9]. Hence
we have

28)  |u"w f)ISIH|  (0sa=s"(#), t20),
using the proof of [6, Lemma 5.1].

Let us fix 0<<o <T'<<co. We can regard «” as the solution of the moving
boundary problem (M) with the initial time o, the initial data ¥™(+, o) and the
moving boundaty s"(f) (¢ =<¢t<T). Therefore we have

s™t)
0

ST ssm‘” (t—o) (ul)? dxdt-—(1/2)(1—o) S @ ur(x, ty'dx=C(, T, (o))
o Jo
(e=t=T)
using (2.8), s"(¢)=$(c)>0 and [6, Lemma 9.2], where C(q, T, s(c)) is a positive

constant depending only on o, T and s(c). Hence we have

T (s™(t)
29 | S (Wl dedt<C, ,
o Jo

(2.10) S()u;"(x, 1pdx<C,, (cSt=T)
0

for any 0<e =T <oco. Thus we have easily
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[u™(x', t")—u"(x, t) | SCJ o[ |x"—x V24|t —1t|¥4]
0=x'sx<oo, o=t'=t=T)

using (2.9), (2.10) and [6, Lemma 16.4], where we define u™(x, £)=0 (x=s"(t),
t=0). Consequently there exists a subsequence of {#"}, (which we denote
again by the same symbol), and a function uC(G), G=[0, o[ x]0, o[ such
that

u” — u uniformly on any compact subset of G

by Ascoli-Arzeld’s theorem. We shall examine that |5 is the solution of (M).
We get (2.3) using u™(s"(¢),t)=0(2>0). We note u},—u¥=0(0<<x<s"(t),t>0).
Thus it is easily seen that u,—u, =0 (0<x<s(¢), t>>0) in the distribution’s
sense. Hence we have ucC=(D)NC(DN {t>0}) and (2.1) in view of the
well-known result concerning the heat equation. We get also easily

T (s(t)
[ [Purawesc,, (©O<o<r<co).

o Jo

We shall show (2.2). Let us fix 0<o<<T'<<co. It follows from [6, (8.10)] that

§T Ss’"(:) m T T m
W w—u™), dxdt—l—S a(n)dz—g 8(u"(0, t))dt
o B ST Ss"'(t) i . o o
) ur(w—u")dxdt .

v =

where »&D(0), 6 is a lower semicontinuous convex @ function from R into
]—o0, oo] such that §= + oo, §20, §(H)=0 and 9f=", and

2(1—2x/s(a)) for 0=x=s(o),
0 for x>s(o).

ats) = |
Hence it is easily seen from ul,=u?, u"—u as m— oo, (2.9) and (2.10) that

(05w, asar+ " ocmpar— [ oo, mar
- ST g:m U, (w—u)dxdt .

o

vV s

Therefore we get (2.2) by the arguments used in the last part of the proof of [6,
Lemma 8.4]. Consequently we have shown that u is the solution of (M).

We shall show (2.6) and (2.7). We get (2.6) noting [6, Lemma 9.1 and
5.1] if >0, and (2.8) if [=0. Let us fix ¢>0. Then s(¢)>0. We regard
u as the solution of the moving boundary problem with the initial time & and
the initial data wu(x, o). Thus u(x, t) (1 = o) is constructed by the finite dif-
ference method stated in [6, §9]. Hence it follows from [6, Lemma 9.2, 7.4]
and (2.6) that for t=o
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s(t
[4}

)
(t—ao) S u (%, t)’dx
<(t—o) S:m o (xPde+ S:m (u(x, o)—o(x))dx
s

<(t—0) |7 widet [ IHI+1llm0n+ ol o

where o(x) is a linear function such that v(0)=H and (s(c))=0. Con-
sequently we have

s(t)
g ¢ u,(x, tyYdx<C, (t=o0),
0

where C/ is a constant depending on o. Thus we get (2.7) using the Schwarz’s
inequality. g.e.d.

We shall state the comparison theorems. We introduce the following

- notations.

v*(v) = max {z; 2€7(v)}, v (v) = min {z; 2E7(v)} if veD(v),
YH(v) =7 (v) = +oo if veE(y) and v=sup D(v),
YH(v) = v (v) = —c0 if v&ED(y) and o= inf D(7).

Proposition 2.2. For i=1,2, let u; be the solution of the moving boundary
problem (M) corresponding to the moving boundary s(t), the initial condition
¢i(x) and the boundary condition

(2.11) u:,(0, )7 (%0, t)) (t>0).
Suppose that

212)  OSst)  (20), $@DSe)  (0<x<D),
(2.13) uy(5,(2), t)=Suy(sy, (2), t) (t>0),
(2.14) Y1 (v)=77(v) forany vER.

Then we have
(2.15) wy(x, 1) Suy(x, t) 0=x=s(2), t=0).
Proof. We get

(2.16) (410, 1) —u(0, 1))(((0, 1)) —1(0, 2))*
= (77 (@(0, £))— 73 (ux(0, 1)) (wy(0, £)—uy(0, £))*=0  (a.e. t>0).

In fact, if u,>u,, let u;,>E>u,. Then we have

Yi(w)ZvT(E)=v7(E) =73 (uy) .
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Hence we have (2.15) from (2.12), (2.13), (2.16) and [6, Lemma 10.1]. q.e.d.
Proposition 2.3. Let u be the solution of (M). Suppose that H=0 and
u(x, 0) = ¢p(x)=0  (O<x<<s(0) =)
especially when [>0. Then we have
0=u< max (H, |l$llz=0,) om D,
where we define ||p|| =q,n=0 when [=0.
Proof. See [6, Proposition 10.2]. q.e.d.

We consider the following moving boundary problem (Mj) with Dirichlet
boundary condition on the fixed boundary.

217) u,—u, =0 O<x<s(t), t>0),
(M) (2.18) «(0, t) :i(t) (t>0),

(2.19) u(s(t),t)=20 (t>0),

(2.20) u(x, 0) = ¢p(x) (O<x<s(0)=)),
where f(t) = C(]0, oo[).

ReMARK 2.3. The solution of (M,) is defined by the way analogous to
Definition 2.1.

Proposition 2.4. For i=1, 2, let u; be the solution of (M)) corresponding
to the moving boundary s,(t), the initial condition ¢,(x) and the boundary condition

(2.21)  ul(0, t) = f(¥).
Suppose that

(222)  s(OSs) (20), @S¢ (O0<x<l),
223)  w(s(), DSulsit), ) (¢>0),
224)  fOSHEY  (@>0).

Then we have
(2.25)  wy(x, t)Suy(x, t) 0=x=s(t), t>0).
Proof. We get

(2.26)  (w1(0, £)—13,(0, £))(us(0, £)— (0, £))*
= (w0, ) —u(0, DN(AL(D—fAH)" = (a.e. £>0).

Hence we have (2.25) from (2.22), (2.23), (2.26) and [6, Lemma 10.1].  q.e.d.
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3. Properties of the solutions of (S)

We return to the general situations of the Stefan problem (S). First we
state useful results concerning the reformations of the Stefan’s condition.

Proposition 3.1. Let (s, u) be a solution of (S). Then it follows that for
any o, t£]0, oof
5(%) st :
B.1) st = s(o)+ S u(z, o)dx— § u(, fdx— ' u,(0, 1),
0 0 L3

st
0

$(9) ) t
(B2) sty = s(c)+2 go wu(x, o-)dx—ZS wu(, £)dx+-2 S, w(0, 7)dr .

Proof. See [6, Lemma 11.1 and 11.2]. q.e.d.

Consider two sets {/;, ¢;} (=1, 2) of Stefan data. If /;>0 we require
that ¢, satisfies (A), and if /;=0 there is no ¢,.

Proposition 3.2. For i=1,2, let (s;,u;) be solutions of (S) corresponding
to the data {l;, ¢;} and the boundary condition u, (0, t)sv,(u 0,t)). Suppose that
(3.3) O=L=l, g(%)Sohy(x) O<x<ly),

(3.4) Yi(@)=vz(v) forany vER.

Then we have ..

(3.5)  s=st) (>0,
(3.6) hm=u, 0=x=s(t), t>0).

Proof. We note that the existence of the solution of (S) under the assump-
tion /,>0 and (A) is shown by [6, Theorem 1]. Thence we can show the con-
clusion using Proposition 2.2, Proposition 2.3 and the proof of [6, Lemma 12.1].

q.e.d.

Proposition 3.3. The solution of (S) is uniquely determined.

Proof. If (s, ;) and (s, u,) are two solutions of the Stefan problem (S)
then s,=s, by Proposition 3.2. Hence #%,=u, by Proposition 2.2. q.e.d.

We state the results concerning the Stefan problem with the Drichlet
boundary condition on the fixed boundary. The following proposition is es-
sentially due to [2, Theorem 6] and [4, Result 2], so we omit the proof.

Proposition 3.4. Fori=1, 2, let (s;, u;) be the solution of the Stefan problem
corresponding to the data {l;, ¢;} and the Dirichlet boundary condition u;(0, t)=
fi(t), where fi(t)=0 and f,(t)eC(]0, o=[). Suppose that

B7)  O0SLSL, ¢®)S¢lx)  (0<x<l),
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(B38)  A=f(t) (>0).
Then we have
39 s@)=s(r) (>0),
B.10) u=u, (0=x=s(2), t>0).
In particular if ,(x)=d,(x)=0, fi(2)=fy(t), then we have
SO =s@)+(B—-15).
The following result is due to [2, p. 13].

Proposition 3.5. Let (s, u) be the unique solution of the Stefan problem cor-
responding to the data 1=0 and the Dirichlet boundary conditoin u(0,t)=p>0

(t>0). Then

s(2) = B2,
where B is the unique solution of p=> ‘a1 (Zn ') ' s .
n)!

The aymptotic behavior of the solution of the Stefan problem with the
Dirichlet boundary condition is shown in [3]. We state [3, Theorem 7].

Proposition 3.6. Let (s, u) be the solution of the Stefan problem correspond-
ing to the data {l, ¢} and the Dirichlet boundary condition u(0, t)=f(t), where
f(£)=0 and f(t) C(]0, o=[). Suppose that

lim f() = p>0.
t-poo

Then we have

lims()/v/ 7 = 8,

where B3 1s the unique solution of p=2 Yru1 (;!) ' B .
n)!
4, Proof of Theorem 1 and Theorem 2

In this section we give the proof of Theorem 1 and Theorem 2.

Proof of Theorem 1. We can get the existence and the uniqueness of the
solution of (S) from [6, Theorem 1 and Theorem 2]. We have (1.1) and (1.2)
using (0.5) and Proposition 2.3.  We shall show (1.3). Let us fix ¢>0. Since
uesC=(D’) and

T s(t)
S g @ (x, dxdt< oo |

0

a/2

there exists a time 4 E ]o/2, o] such that (-, 7,) satisfies the assumption (A.2)
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and (H.1) introduced in [6, §6 and §8]. We regard (s, u) as the solution of
(S) with the initial time #, and the initial data {s(z,), (-, #,)}. Thus (s, u) is
constructed by the finite difference method stated in [6, §2]. Hence we see that
there exists a constant C} depending on ¢, such that

lu(x, £)—u(x’, t)| =Ci, |x—x'| (t=1t,)
from [6, Lemma 6.2]. Therefore we get (1.3). q.e.d.

We shall prove Theorem 2. We note that we know the existence of the
solution of (S) under the assumption that /=0, D(v)D[0, H] and v(0)C]— oo, O]
by [6, Theorem 3]. Hence we may treat the case D(v)30.

We define a maimxal monotone graph ¢ in R? by

{max (2, —1); z€7(v)} for veD(y),

(4.1) ?(v)={_1 for o< inf D(7).

Hence D($)2[0, H], §(0)C]— o0, O] and $*(v)=v () for any vER. Let (p,v)
be the solution of (S) with the initial data p(0)=0 and the boundary condition
v,(0, £) €9(v(0, t)). This is well-defined, and we get p(¢) & C*Y([0, co[)N
C=(]0, c=[), p(0)=0 and p(t)>0 for t>>0 by [6, Theorem 3].

Consider the sequence {(s”, #™)},, of the solution of the Stefan problem (S)
corresponding to the data {(1/m, 0)},. The sequence {s"} is a monotonically
decreasing one of increasing functions in ¢ by Proposition 3.2 and Theorem 1.
The sequence {#"} is a monotonically decreasing sequence of continuous func-
tions by Proposition 3.2. Set s(t)= ’1"1_{2 s"(t) and wu(x, )= lim u”(x, ). We

shall show that (s, ) is the solution of (S).
Lemma 4.1. For any me N we have

(42)  0su"(x,)<H (0=x=s"(t), t20),
(43)  pO)=SO=BIPEmTE  (£20)

where (3 is the unique solution of > \r.: (27;!)' Br=H

Proof. We have (4.2) by Theorem 1 easily. We get p<s" by Proposi-
tion 3.2. We shall show the right side of (4.3). Let (p,,v,) be the solution
of the Stefan problem with the initial condition {1/m, 0} and the Dirichlet bound-
ary condition v,(0, {)=H. Then we have s"(¢t)=<p,(t) using (4.2) and Proposi-
tion 3.4. On the other hand we get p,(2)</B#/*4+m~"* by Proposition 3.4 and
3.5. Hnece we complete the proof. q.e.d.

Lemma 4.2. s&C([0, «o[) N C*Y(]0, oo[), s(2)>0 for t>0, and as m— oo
(44) s"(t)—>s(t) uniformly on any compact subset of 10, oof.
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Proof. We have by (4.3)
PSSP (120).

Hence s(¢) is continuous at t=0 and s(#)>0 for t>0. It follows from s"=p,
u" < H, Proposition 2.3 and Proposition 2.4 arguing as in §13 of [6] that

0=u"(x, )S K (s"(t)—x) (0=x=s"(¥), t=0),
where K,=H/p(s). Since u"(s"(¢), £)=0, we have
0= —ui(s"(t), ) =K, (t=0).
Hence we have for all me N,
0=$"(t) =K, (t=o0).
Consequently we get s& C*}(]0, oo[) and (4.4) using Ascoli-Arzela’s theorem.

q.e.d.
Lemma 4.3. (s, u) is the solution of (S).

Proof. We see that uC(D— {0, 0}) N C=(D) and u satisfies (0.1), (0.2),
(0.3) using Lemma 4.2 and the proof of Proposition 2.1. We can investigate
the Stefan’s condition (0.5) and #=C=(D’) using the arguments of the last
part of [6, §13]. q.e.d.

Consequently we have shown the existence of the solution of (S) when
I=0. We can show (1.1), (1.2), (1.3) easily. The uniqueness is obtained from
Proposition 3.3. Thus we complete the proof of Theorem 2.

5. TUnilateral problem

We investigate the asymptotic behavior of the solution of a parabolic uni-
lateral problem (P,) which are useful to get the several estimates for the solu-
tion of (S).

V—0, =0 O<x<k, t>0),
0,0, DEV@O, )  (1>0),
vk, t)=0 (t>0),

o(x, 0) = Yr(x) O<x<k).

(Br)

Here v is a maximal monotone graph in R? such that v~'(0) is not the empty set,
and & is a positive parameter. We put H=Projy-14, 0.

Lemma 5.1. Let « be bounded and continuous for a.e. x&[0, k). Then
there exists a unique solution v*(x, 1) of (P,). In addition
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(6.1 M= max(|HI, Wll=ewp)  (0=x=k, t>0),
(5.2) |oh(a!, t)—v*(x, £) | SChola'—x|? (0Sx'Sx=<k, t20),
where C, , is a constant depending on k and o.

Proof. It is obvious from Proposition 2.1. q.e.d.

We introduce an elliptic unilateral problem (E,) corresponding to (P,),

(5.3) w,,=0 O<x<k),
(Ew) (54) w(0)Ev((0),
L (5.5) w(k)=0.

Lemma 5.2. There exists a unique solution w*(x) of (E;) such that w'(x)=
ay(1—x/k), where a,=(I+kv)~Y(0).

Proof. w*(x) is a linear function by (5.3). Hence we can put w!(x)=
ay(1— x[k). Substituting @* in (5.4), we have —a/ke€v(a;). Hence a,=
(I+k7)7Y0). q.e.d.

The following result is essentially due to [1, Theorem 3.9]. However we
give the proof of it for the sake of completeness.

Proposition 5.1. Let v*(x,t) and w*(x) be the solution of (P,) and (Ej)
respectively. Then we have

lim v*(x, ) = wk(x)  uniformly on [0, k] .
tpoo .
Proof. We put &'=k—d, a=2k7?, u=u* and v=0v*. We have

214
at

’

S: (0(x, )—w(x))dx = S., (0—w) (v, —w,)dx
— [ (v ) @
= (o) (o)l — | (o—w)ids

by v,=2, and w,=w, (=0). Hence we get

4 g2 [ (ol O—wl)yds}
= e*[(v—w)(v,—w,)J¢
—e SZ (v,—w,)dx+e"27'a sd (v—w)%dx .

Integrate over [o, t] and let d—0, then we have
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et27! S: (v(%, t)—w(x))?dx— 7271 S: (v(%, o)—w(x))?dx=0,

where we used v(k, t)=w(k)=0, v,(0, 2)e7(v(0, 2)) (a.c. t), w(0)=v(w(0)), the
monotonicity of 7, (1.3) and the Poincare’s inequality Sk (v, —w,)dx =
[

k
a g (v—w)’dx. Letting o—0, we obtain
0

S: (0(x, t)—w(x)fdx<eot S: (Wr(x) —0(%))dx .

Thus o(+, f)—>w(+) in L¥0, k) as t—co. Hence we get the conclusion using (5.1),
(5.2) and Ascoli-Arzela’s theorem. q.e.d.

We prepare a simple lemma concerning the maximal monotone graph and
state a useful proposition.

Lemma 5.3. lkim (I+ky) Y(0)=H

Proof. We put a,=(I+ky~*)(0). It follows from ¥(a;)> —ay/k, Y(H)>0
and the monotonicity of ¥ that
(5.6) aya,—H)=0.

Hence we get |a,| =< |H|. Thus there exists a real number a* and the sub-
sequence {a}; such that a,,—>a* as j—>co. Therefore we have 7(a*)>0 using
7v(ay) D —au/k and the closedness of v. Consequently a*=v~%(0) and |a*| < |H]|.
Thus a*=H by the definition of H. Hence we get a,—H without taking the
subsequence. q.e.d.

Proposition 5.2. lim w*(x)=H (0<<x<oo)
koo
Proof. It is obvious from w*(x)=a,—(a,/k)x (0=x=k) and lim q,=H.
koo

q.e.d.
We state a simple lemma related to Lemma 5.3.

Lemma 5.4. Let H>0. Then for k>0
O0<(I+kY) (0)=H.

Proof. we put a,=(I+kv)™(0). We can get (5.6). Hence we have
0=<a,<H. Assume that q,=0. Then we get 7(0)=0, which is in contradiction
to H>0. q.e.d.

Lemma 5.5. Let H=0. Then for k>0
I+kY)™0)=0
Proof. It is obvious from (0)=0. q.ed.
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6. Signorini type’s problem

We investigate the asymptotic behavior of the solution of a Stefan problem
with a Signorini type’s boundary condition on the fixed boundary.

Let us fix H>0. We introduce a maximal monotone graph 7 in R? such
that 4(v)=]— oo, 0] for v=H, =0 for v>>H. We call the boundary condition
u,(0, £)Evy4(u(0, t)) of Signorini type. We shall show the following proposition.

Proposition 6.1. Let (s7, u") be the solution of the Stefan problem (S) with
Y=%y. Then there exists t* =0 such that

ul(x, ) =H  (t=t*).

We give several lemmas to prove the proposition above. We put I'=/+1
and J'(x)=—M(x—1) (0=x=["), where M=max (|||l =¢ pn, H). Let (s, u) be
the solution of the Stefan problem (S) with v=1v, corresponding to the initial
data {/', v'}. We get the following lemma by Proposition 3.2.

Lemma 6.1. s<s. ui=<u.
Lemma 6.2. lim s#(f) = lim s(¢) = oo.
tpoo t-poo

Proof. We get u#(0, #)=H (¢>0) from uf(0, t)Ev,(u#(0, t)). Hence we
have the conclusion using Proposition 3.4, Proposition 3.6 and Lemma 6.1.
q.e.d.

We estimate u instead of u¥, since we can get several estimates of the former
owing to the simplicity of the initial data.

Lemma 6.3. u(x, $)<0 (O<x<s(t), t=0).

Proof. We note that the initial data {I}, '} satisfies the condition (H.1)
in [6, §8]. Hence (s, u) is constructed as the limit of the solutions {(s,, #})} of
the difference equation introduced in [6, §2]." Consequently we shall show
u},=0 to get the conclusion. It is easily seen that (u}’).;—(u}:)i=0, u),=
—M=0, us(E7y(us)) <0, and v _, ,=u7 ;<0 by [6, Lemma 5.2]. Hence we
have 7, <0(0=j< J,, n=0) using the maximum principle. q.e.d.

Lemma 6.4. There exists t* =0 such that

u(0, t*) = H .
Proof. We note that (0, 2)=H (¢>0) by u,(0, t)v4(u(0, t)), Assume
that #(0, )>H (for any #>0). Then #,(0,#)=0 (a.e. t>>0). Thus we get
sO=I'+ S: Yr(x)dx (t=0) using (3.1). This is in contradiction to Lemma 6.2.

q.ed.
Lemma 6.5. u(x,t)<H  (t=t*).
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Proof. We get u(x, t*)<H by Lemma 6.3 and 6.4. We regard (s, u) as
the solution of (S) with =1 corresponding to the initial time #* and the initial
data {s(#*), u(-, t*)}. Hence we have the conclusion by u(+, t*)<H and (1.2).

q.e.d.

Thus we complete the proof of Proposition 6.1 by Lemma 6.1 and 6.5.

7. Proof of Theorem 3

We shall show the proof of Theorem 3. We assume that H>0 in this
section.
Let (s, u) be the solution of (S).

Lemma 7.1. lim s(t)=o0

tpo0

Proof. Let us fix 0>0. Then we have
5(t)=s(o)=k>0 (t=o0).

We regard u(x, t) (=) as the solution of the moving boundary problem (M)
with the moving boundary s() (=) corresponding to the initial time o and the
initial data u(-, o). Let v*(x, #) (0=<x=<s(c), t= o) be the solution of the
parabolic unilateral problem (P,) corresponding to the initial time o and the
initial data u(+, o). Thus it follows from Proposition 2.2 that

(7.1)  w(x, t)y=ov*(x,t) (0=<x=<k, t=0).

Hence we get by Proposition 5.1

(7.2) lir'r_x’ inf u(x, t)2w*(x) 0=x=k),

where w*(x) is the solution of the elliptic unilateral problem (E,). In particular
we have

(7.3) lirrtl_i‘nf u(0, t)=w*(0) = (I+ky)~}(0)>0

by Lemma 5.2 and Lemma 5.4. Consequently we obtain the conclusion using
(7.3) and Proposition 3.4 and 3.5.

Lemma 7.2. liminfu(x, )=H  (0<x<<oo).

t-po0

Proof. It follows from Lemma 7.1 that for any k>/ there exists o>0
such that s(o)=k. Thus we get by repeating the proof of Lemma 7.1,

(7.2) lim inf u(x, t)=w*(x) (0=<x=<k).
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Hence we get the conclusion by Proposition 5.2. q.e.d.
We shall show the estimate from above.
Lemma 7.3. limsup u(x, t)=H  (0<x<<oo).
Proof. Let (s%, u¥) be the solution of the Stefan problem (S) with y=",

where 7, is the maximal monotone graph defined in §6. It follows from Pro-
position 3.2 and the definition of v, that

u(x, t)ySuf(x, 1) 0=x=s(t), t=0).
Hence we get the conlcusion by Proposition 6.1. q.e.d.

Consequently we get (1.4) using Lemma 7.2, Lemma 7.3, (1.2), (1.3) and
Ascoli-Arzela’s theorem. We obtain (1.5) from (1.4) and Proposition 3.6.
Thus we complete the proof of Theorem 3.

8. Proof of Theorem 4

We shall show the proof of Theorem 4. We assume that H=0 in this
section.

Let (s, ) be the solution of (S).
Lemma8.1l. s0)si+ | ‘o@)dx (620).
0

Proof. We shall show
(8.1) 1,(0, t)=0 (a.e. £>0).

We note =0 by (1.2). Consider the case u(0, t)>>0. We have (8.1) by virtue
of (0.2) and H=0. For the case u(0, £)=0, we get (8.1) by u(x, £)=0 (x>0).
Thus we obtain the conclusion using #=0, (8.1) and (3.1). q.e.d.

Lemma 8.2. There exists s* such that

lim s(t) = s*,

1y
i
Iss*<i+ | p(a)ds.
vo
Proof. Since s(¢) is increasing in #, we get the conclusion by Lemma
8.1. q.e.d.

Lemma 8.3.

lim u(x, £) = 0 uniformly on [0, s*],
tpoo
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where we define u=0 (s(t) =x=s*, t>0).

Proof. We put k=s*. Let v* be the solution of the parabolic unilateral
problem (P,) corresponding to the initial data ¢(x). Then it follows from
Lemma 8.2 and Proposition 2.2 that

(8.2) O0=u(x, )Soh(w, t) (0=x=s%).

On the other hand it follows from Proposition 5.1 that

(8.3)  limv*(w, ) = w*(x)  uniformly on [0, &],

where w*(x) is the solution of the elliptic unilateral problem (E;). We see that

w!(x)=0, since (/4+kv)™(0)=0 holds by Lemma 5.5. Consequently we get
the conclusion from (8.2) and (8.3). q.e.d.

Thus we complete the proof of Theorem 4 by Lemma 8.2 and 8.3.

References

[1] H. Brézis: Operateurs maximaux monotones et semigroupes de contractions dans
les espaces de Hilbert, Math. Studies, 5, North Holland, 1973.

[2] J.R. Cannon and C.D. Hill: Existence, uniqueness, stability, and monotone depend-
ence in a Stefan problem for the heat equation, J. Math. Mech. 17 (1967), 1-20.

[31 J.R. Cannon and C.D. Hill: Remarks on a Stefan problem, J. Math. Mech. 17
(1967), 433—442.

[4] J.R. Cannon, C.D. Hill and M. Primicerio: The one-phase Stefan problem for
the heat equation with boundary temperature specification, Arch. Rational Mech.
Anal. 39 (1970), 270-274.

[5] J.R. Cannon and M. Primicerio: Remarks on the one-phase Stefan problem for
the heat equation with the flux prescribed on the fixed boundary, J. Math. Anal. Appl.
35 (1971), 361-373.

[6] S. Yotsutani: Stefan problems with the unilateral boundary condition on the fixed
boundary 1, Osaka J. Math. 19 (1982), 365—403.

[71 S. Yotsutani: Stefan problems with the unilateral boundary condition on the fixed
boundary 11, Osaka J. Math. 20 (1983), 803-844.

Department of Applied Science
Faculty of Engineering
Miyazaki University

Miyazaki 880

Japan





