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Abstract. We study a one-dimensional one-phase Stefan problem with
a Neumann boundary condition on the fixed part of the boundary. We
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1. Introduction

1.1. On the content of the paper

The Stefan problem has been extensively studied in the past decades. Despite
the number of articles and books published on this topic, [8-11], there are still
open problems left, see for instance [1,3]. One of the questions which requires
further attention is the long time behavior of the one-phase Stefan problem,
where the heat flux is specified at the fixed boundary, namely the Neumann
problem:

(1) up(x,t) — upy(x,t) =0, t>0, 0<a<s(t),
. h
(19) —uy(0,t) = T u(s(t),t) =0,t >0, (1)
(137) 5(t) = —ux(s(t),t), t>0,
(ZU) U(SE,O) = UO(I)a D<o < S(O) = bo,

where we assume that h > 0.

We stress that this type of boundary condition is reasonable from the
modeling view point. Namely, the choice of h means that the water in the
container is heated at z = 0 that leads to ice melting at = = s(t). We choose
(1—i%), because it simple, yet it leads to non-trivial behavior of solutions.
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The decay of data presented in (1—ii) is consistent with the parabolic

scaling, i.e. when we change variables by introducing n = \/%7 then the first

condition in (1—i¢) will be transformed to a constant in time, see the first
condition in (3—éi). Note that we have shifted the initial time by 1, in order
to avoid an artificial singularity at the initial time ¢ = 0. Let us note that the
existence of a unique smooth solution (u, s) to Problem (1) has already been
established. We recall the assumptions of this result in Subsection 1.2. Here u
may be called the temperature and s is the position of the interface.

Our approach to study the long time behavior of Problem (1) follows
a general heuristics saying that the time asymptotics is determined by the
steady states (there is none for (1)) or special solutions such as self-similar
solutions or travelling waves. In fact, we show in Corollary 1 that there is

Vi
and o(t) = wy/t + 1 for some constant w and a profile function U. Our main
result states that the self-similar solution is attracting.

exactly one self-similar solution (v, o), which has the form, v(z,t) = U ( L )

Theorem 1. Suppose that (ug,bo) satisfies the conditions
0 <ug € WH*(0,400), 0 < ug(0) and up(x) = 0in [by,00). (2)
Let (u, s) be the corresponding solution of Problem (1). Then,

1) Jim s(t)/ViFT = w;
u(m,t)—U<¢%)‘ —0

Our method of proof is based upon recent results obtained by [3,4], who
use the comparison principle in an essential way. The argument dwells on the
possibility of trapping a given solution to (1) between two solutions with known
time asymptotic behavior. In order to make this method work we transform
(1) to a problem on a bounded domain with the help of similarity variables.
The self-similar solution of (1) corresponds to the steady state solution of the
transformed system. Its uniqueness is of crucial importance for the proof.

Let us stress the main difference between [3,4] and the present article.
The authors of [3,4] present a quite technical proof to show that the space
derivative of the solution uniformly converges to its limit as t — co. Here, we
completely avoid such a claim, so that our proof is simpler and more direct,
which would make our method easier to adapt to a different setting.

We should point out that there are a number of results dealing with the
asymptotic behavior of solutions of Stefan problems, mainly in the case of
Dirichlet data on the fixed boundary. However, even for Dirichlet data, there
are not so many articles besides [3,4] simultaneously addressing the behavior
of the temperature profile u and the shape of the interface s.

2) lim sup
t—o0 z//T+1€[0,w]

1.2. Existence and uniqueness of the solution

Let us stress that (2) is our standing set of assumptions on the initial condi-
tions. Moreover, the condition uy(0) > 0 is necessary to construct proper lower
solutions, but is not needed in the Proposition below:
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Proposition 1. Assume that the initial condition ug satisfies (2) and that h >
0. Then, there exists a unique classical solution (u,s) of Problem (1) for all
t > 0, in the following sense:

s € CH(0,00)NC([0,00)), ue€ CP {(z,t):t>0,0<z<s(t)}),
u€ C{(x,t) : t>0,0<2x<s(t)}),us € C({(z,t): t >0,0<z<s(t)}).

When we want to emphasize the dependence of (u, s) on the initial con-
ditions we will write u = u(, -, (ug, $0)), s = (-, (ug, S0))-

We refer to [7, Chapter 8, Theorem 2] for the proof of this proposition.

Strictly speaking, the original statement in [7] required ug to be of class
C'; however, we may relax this assumption in view of [2, Theorem 5.1].

The organization of this paper is as follows. In Sect. 2.1 we discuss the
existence and uniqueness of the self-similar solution. Subsection 2.2 is devoted
to the study of upper and lower solutions as well as to estimates following
from monotonicity. In the last Section, Section 3, we present the proof of the
convergence result which is based on the comparison principle.

2. Self-similar, lower and upper solutions

2.1. Self-similar solution

We start by re-expressing Problem (1) in terms of the self-similar variables. In
other words, we set

W(n,7) = u(z,t) and b(T):\/‘Z(’%,

where 1 = and 7 = In(¢ + 1), to obtain the problem

x
Vi+1
. n
(@) Wr(n,7) = Win(n,7) = 5Wy(n,7) =07 >0, 0.<n < b(r),
(i) =Wy(0,7) =h, W(b(t),7) =0 T >0, )
. b

(i) b(T) + % =W, (b(r),7) T >0,

(iv) b(0) = by >0, W(n,0) =uo(n) 0 <n<bo.
Let us remark that the existence and uniqueness of the stationary solution of
problem (3) were given in [12].
Lemma 1. The associated stationary problem to (3), which is given by

() W)+ 5Wy(m) =0, 0<n<w,

(ir) =Wy(0) =h, W(w)=0, (4)
Lo W
(4i7) 3= Wy (w).
admits a unique solution given by the pair (U,w) such that
w
U =h[ e ds yelow (5)
n

M)

and w is the unique positive solution of the equation h = =e'T .

|8
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We immediately conclude from this result that

> and o = w\/t + 1, then (u,0) is

Corollary 1. If we set u(x,t) = U (
a solution to (1—i)—(1—1iii).

x
Vi+1

2.2. Lower and upper solutions
Similarly as in [3] we define notions of lower and upper solutions of (3).
Definition 1. We say that a pair of smooth functions (W,b) (resp. (W,b)) is
a lower (resp. upper) solution of Problem (3) if

(&) Wr(n,7) = Way(n, 7) — an(n,T) <0 (resp.>0), 7>0, 0<n<b(r),
(t4) —=Wy(0,7) < h (resp. > h), T >0,

(1) W(b(1),7) =0 T >0,

b(t
(iv) b(T) + <2) < =W, (b(r, 7)) (resp. > =W, (b(r,7))) T >0,
(v) b(0) < by (resp. b(0) = by)
(vi) W(n,0) <uo(n) (resp. W(n,0) = uo(n)) 0 <7 <b(0).
(6)

The following comparison principle is a fundamental tool in our article.

Theorem 2. Let (W, (n,7),by (7)) (respectively, (Wa(n,T),b2(7))) be the exten-
sions by zero of the lower (respectively, upper solutions) of (3) corresponding
to the data (hi,ug1,b01) (respectively, (ha,ugg,bos)). If h1 < ha, up; < wugs
and byy < boy, then by (7) < ba(T) for every T > 0 and W, (n,7) < Wa(n,7)
for everyn >0 and 7 > 0.

Proof. The proof is rather similar to those presented by [6, Lemma 2.2 and Re-
mark 2.3] and [5, Lemma 3.5]. We omit it here. O

In fact, we will construct lower and upper solutions, which are indepen-
dent of time. For this purpose, we present the perturbed stationary problem

(Z) Wnn(n) + %j\an(n) =00<n<by,

(@) ~17,(0) . W(b) = 0. -
(Z“) ?)\ = _Wn(bk)a
whose solution is given by the pair (U, by), where Uy(n) = hfbA —As?/4qs,

for given A, and b, is the unique solution to

B _ % )\b2/4 (8)

Remark 1. It is easy to see that for every A > 0 and 7 in (0,by), Uy > 0,
(Ux)n < 0 and (Uy)yy, > 0. In particular, Uy is a linear function for A = 0, and
it is a strictly convex function if A > 0.

Lemma 2. Let (Uy,by) be a solution of (7). If b < h, then for all A > 1 (Uy, by)
is an independent of time lower solution to (3).
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Proof. First we show that if A > 1 is sufficiently large, then solutions of (7)
are lower solutions. Indeed

- {(Uk)nn + g(UA)n} =— {(Ux)nn + /\g(UA)n} . _2 (Ux)n
nA—1)

= T2 ), <. ©)

for all n € (0,by). Now, from (8) and the inequality e® > z for all > 0, it

~ 8h
holds that 0 < by = 2he MNA/4 < R which implies that by — 0 as A — o0;

thus we can choose A large enough so that by < by.
Next we show that we can choose A such that Uy < ug. On the one hand
we have that

U
ug(n) = up(0) Jr/ ug(s) ds > ug(0) — Mn, for all 0 <n < by.
0

On the other hand, for every 0 < n < by, we deduce from the strict convexity
of Uy discussed in Remark 1 that

Ux(bx) — U/\(O)n Ux(0)

Ux(n) < Ux(0) + =Ux(0) = == (10)

b)\ bA

Also we remark that
Ux(0) = h/ e Ads < hby — 0, A — o0, (11)
0

and recall that by the hypothesis (2) ug(0) > 0. Thus, if we choose A large

enough so that by < u(])\(;)) and Uy (0) < ug(0), it follows that
Ux(n) < wug(n) for all n € [0,by]. (12)
We conclude that (Ux,by) is a lower solution according to Definition 1. O

Now, we define the pair (W, b,) by

13
0 if n > by. (13)

by=by and W,(n):= {

Next we propose an upper solution which is a straight line on its support. It
is easy to verify that the pair (W,b) defined by

b | _
B> b with 5>2h and W(p) =420~ HO=m=b gy
0 ifn>»b

is an upper solution. Next, we give an additional condition in order to ensure
that W > ug on the interval [0, bo]. Since

u0(77> S M(bo - 77) for all n € (07 bO)a
we deduce that if b > /2Mby, then
W(n) > uo(n) for all n € (0,bo).
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FIGURE 1. Lower and upper solutions

3. Convergence

Problems (1) and (3) are equivalent, because they are related by a non-singular
change of variables. Hence, we automatically have solutions to (3). In this
section the dependence of solutions on their data, (Wp, by), plays an important
role. Thus, we will write (W,b) = (W(-,-, (Wo,bo)), b(-, (Wo,bp))) to emphasize
this dependence.

In this section, the pair (W ,,b,) is the lower solution for a fixed A given
by (13) and (W, b) is the upper solution given in (14). We shall write

W(n,7) = Wn,m,(Wy, b)), b(1) = b(7, (W, b)) (15)
and
W(n,7) =W(n,7,(W,b), b(r)=b(r,(W,b)) (16)
to denote solutions of (3) with initial conditions (W ,,b,) and (W,b).

Lemma 3. POSITIVITY AND BOUNDEDNESS
There holds:

]

0< I3 (0) < W(n,7) < W07 (wo, b)) < W, 7) < W) <
and
0 < by < b(7, (uo, bo)) < b.
Proof. Repeatedly apply the comparison principle Theorem 2. O

Lemma 4. [3] MONOTONICITY IN TIME

(a) The functions W.(n,) and b(t), are non-decreasing in time.
(b) The functions W(n,7) and b(T), are non-increasing in time.
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Proof. We only prove part a). From Theorem 2 we deduce that
W(n,s,(W,,0\)) = W,(n) and  b(s,(W,,b,)) > by, forall s=>0. (17)
Now, for a fixed s = o, we consider the pair (WW7,b%) where
Wg(ﬂ) = W(’?a g, (Emb)\)) and b7 := b(07 (Exabx))- (18>
In particular we have W7(n) > W,(n) and b > b,. Then we apply again
Theorem 2 to deduce that for every 7 > 0
W(n’ T, (WU, bg) > W(nv T, (w)\vb)\)) and b(Tv (WJ’ ba)) 2 b(Ta (wz\vb/\))'
(19)
Returning to (17), now consider s = 7 4+ o for 7 > 0. It holds that the pair
(Wn, 74+ 0,(W,,by)),b(T + o,(W,,by))) is a solution to problem (3) for the

initial conditions (18) for every 7 > 0. From the uniqueness of the solution we
deduce that for all 7 > 0 we have

W(n,,(W?,67) =W(n, 7 + 0, (W, by)) and

b, (W7,57) =b(r + 0, (W, ). 2
Substituting (20) in (19) we deduce that
W, 7+ 0,(Wy,by)) 2W(n, 7, (W,,by)) and (21)
b(1 + 0, (W, by)) =b(7, (W, b,)),
which completes the proof of part a). O

We remark that if (W,b) (resp. (W,b)) is defined in (15) (resp. (16)),
then the Lemmas 3 and 4 imply that for every A > 0

0 <by < lim b(r) =b> < lim b(r) =5 <b.

T—00

In addition, the Lemmas 3 and 4 imply the convergence of W and W, namely

N

b
0< lim Wiy 7) = W) < o for all n € [0,67]; (22)
and
b .
0< lim W(n,7)=W"(n) < 5} for all € [0,b7). (23)
T—00

Finally we state and prove the main result of this paper, which in turn implies
the result of Theorem 1.

Theorem 3. Let (W (n, T, (ug,bo)), b(7, (uo, bo))) be the solution to the free bound-
ary problem (3) associated to the initial data (ug,bo). If (U,w) is the unique
steady state of (3) given by Lemma 1, then

(a) TILH;O b(1) = w,

(b) W (-, 7) converges to U uniformly on [0, 3] for any 8 € (0,w), when T — oo.
(c) At each time 7 let us extend W to (0,00) by the formula

T _ W( ’T) € [Ovb(T)L
W("’T)—{o B (b). o0,
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Then, W (-,7) converges uniformly to W on [0, 00), where

= U,nel0,w]
(o's) _ 9 9 ’
W (77)—{07 n € (w,00).
Proof. Step 1. We have to identify the limits W __ and W™, and improve the
convergence. For this purpose, we shall show the estimate,

T+1 pb(7)
/T ; W2 (n,7)dndr < M, (24)

where W = W or W = W are the functions defined in (15) and (16), respec-
tively.

Proposition 1 ensures existence and uniqueness of classical solutions.
When we want to restrict our attention to Qr1 := {(n,7) : n € (0,b(7)), 7 €
(T, T+1)}, then these solutions are understood as continous up the boundary
of Q7 1 with the additional following properties W,, € C (QTJ) and W., W, €
C(Qr,1), but this does not guarentee that W,, and W, are square integrable
over Qr 1. This is why we set ¢° € W1 ({(n,7) : n € (0,b(7)), T € (0,00)})

<)
I
(«%)
~
3
m

1/16 (777 T) =

|

(n—"b(r)+25§)n e
n e

O = o= O

[0,0)
[, 26
n € [20,b(T) — 26),
[b(T)
[b(T)

and ¢° € WH*°((0,0)), where

0 7 €[0,T+96),
Hr=T=96) Te[T+0,T+ 20),

P(r)=41 T [T+25T+1-26)),
1—3(r—=(T+1-20)7€[T+1-25,T+1-9),
0 Te[T+1-90,00).

Finally, we set ©°(n,7) = ¢°(n,7)$°(7). Now, let us multiply the equation
(3)—(i) by W and integrate over Qr ;. We arrive at

LY(T) := WW,¢® dndr = /

(WWapy + 2W,W) & dndr = RY(T).
Q7.1 Q7.1 2

We first analyze the left-hand-side, we see that integration by parts yields,

2L3(T) = /Q (W), drdny = — /Q ©2 W2 drdn.
T,1

T,1

The boundary terms vanish, because the support of ¢° does not intersect
OQr,1. Now, we want to compute the limit Ly (T) = Jlim+ L3(T). We remark
—0
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that
T+1 (r)— 5
Li(T) = lim (— / S(rYW?2(n, T) dndr+
§—0+ b(r)—
1 T+1-6 (1) T+26
= / POW? dndr— = / POW?dndr | .
20 Jri1-26 T+5

For the limit in the first integral, note that from the continuity of the integrand,
we can apply the mean value property for integrals to obtain that

T+1 ) 1 T+1 . )
Jim 5 | / M @7y = 5 [ oW,

T

Applying the condition at the moving boundary, we deduce that

T+1 (r)— 6
w2 dndr = 0.
SJim, 25/ /(T) iy (T)W=(n, 7) dndr

As for the other terms, we proceed in a similar way to deduce that

THI=6 pb(r) BTty
lim — W=dndr = - W T+1)d
SJm o TH_%/ ¢ ndr 2/0 (n,T + 1) dn,
and that
T2 rb(r) 1 b
51E(r)l+ %/ / VW2 dndr = 3 ), W?2(n,T) dn.

Hence, we conclude that

1

(T+1) , 1 o ,
L1(T)=§/O W(n,T+1)dn—§/o W=(n,T) dn.

Next we consider the term RS(T). We integrate by parts to obtain
1
RI(T) = _/Q (W2 + Wy + W20 + 7)) dindr.
T,1

Again here, the boundary terms vanish, because the support of 9 is contained
in Q7 1. We remark that the same argument as above leads us to

51561+ - VVW,,%7 dndr
1 [T+ 265 b(r)—d
= lim = / WW,¢° dndr — / WW,¢° dndr
5—0t 6 Jp 5 b(r)—26

T+1
/T (—hW(0,7) — W(b(r), 7) W, (b(r), 7)) dndr

T+1
= —/ hW (0, 7) dndr,
T
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where we have also used the boundary condition (3—i4) as well as the condition
at the interface (3—i4¢). Similarly one can show that

1 1
lim W2ngh + %)) dndr = - [ W?(n,7) dndr.
§—0t Jor., 4 ! 4 Jor,
Hence, we conclude
Ri(T) = Jim RI(T)
T+1 1
=- W2 drdn + h W(0,7)dr — - W? drdn.
Qr1 T 4 Qr.1

In view of Lemma 3 a possible choice of the constant in (24) M; is given
by
2 -5
b b
My =h—+ —.
1Ty TR
Step 2. Applying the mean value theorem for integrals in (24) we deduce from

Step 1 that there exist two sequences of points 7,7/ € [n,n + 1) such that

n»'n

b(r),) B(rl!)
/O W2 (n, 7)) dn, /O W, (0, 75) dn < M. (25)

Since b < b(r7), it follows that (25) implies the bound

W )l 20,67y < VM

Moreover, if we fix any § € (0,0°), then for all sufficiently large n we have
b(7}) € (8,b™). Hence, (25) implies the bound

”Wn(’ n ||L2(Oﬁ < V

for all 8 € (0,b>). Hence, we can select subsequences (not relabelled) such
that

W, () =% in L2(0,8) and W,(,7/) = ¥in L*(0,b").

Due to (22) and (23) the limits of W (-, 7, ) and W (-, /) are uniquely defined,
so is the case for W, (-,7;) and W,(-,7//). Hence, we deduce that YP and
¥ do not depend on the choice of the sequence 7, and using (22) and (23)
we conclude that 1” is the weak derivative W.° in every interval (0, 3) and
that ¥ = W, . So that W>x (o5 € H'(0,3) for all # € (0,b>) and thus
W™ e HY(0,07). In fact, W™ e H'(0,b). Indeed, in view of Lebesgue
monotone convergence theorem we have

b>®

-
Jim [ e mdn = [ W@ < .

Step 3. We claim that (W, 5>°) and (WOO,EOO) are both stationary solutions,
namely solutions of (4). Hence they are smooth and equal. Indeed, we multiply
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the equation (3—1) by ¢ € C°(R) such that ¢,(0) = 0 and we integrate on
Q7 1. Proceeding as in step 2 we set

Lo(T) = / W, dydr = / (Wm]@ + angp) dndr = Ry(T).
Qr1 Qr 1

Ly(T) = A W (n, 7)¢(n) dndr
: b(T)

b(T+1)
- / Wn T+ Ve(mdy— [ W T)e(n) dn,
0 0

where W = W or W = W. We then deduce from Lebesgue’s dominated
convergence theorem that limy_,o La(T) = 0.

Next, we investigate the right-hand-side Ry(T'). Integration by parts
yields

Ro(T) = / Wi dndr + / g e dndt
Qra Qr,1

[ w (m = 3o ) anar = [ (5+3) 010652 + ot

Now, we pass to the limit as T" — oo. It follows from Lebesgue’s dominated
convergence theorem that

i, [ W) (o swen) duir= [ W) (60 Sr0) o

T—o0 Qr

where (W°°,b°) is either (W>,b°) or (W ,b"). Let us denote by ® an
antiderivative of ¢. Then,

T+1
Tlim bp(b(7)) dr = Tlirn (DT + 1)) — 2(b(T))) = 0.
— 00 T — 00
In addition,
) T+1 b 1
A . 29 (b(7)) dr = b0 (b%).

Finally, we collect all the results concerning Ry (7T'), while keeping in mind that
limr_, o, Lo(T) = 0. This yields

1 b
0= hm Ro(T / W (n (sﬁm, (7190) > dn — 790(1700) + hp(0),

(26)
for all smooth functions ¢ in R such that ¢,(0) = 0. In particular W satisfies
the differential equation (4—i) in the sense of distributions.

Step 4. We recall that W € H'(0,b>). It is easy to infer from (26) that

Wee = —gw;;o € L*(0,5°), which in turn implies that W> € H2(0,b°).
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Next we search for the boundary condition and the conditions on the moving
boundary satisfied by W°. After integrating by parts twice in (26) we obtain,

bOO
00 N ixr00 %) =b> %) =bp>
0 :/0 (Wm7 + §Wn ) pdn+W>=pnliZo —WelhZg
bOC
= )W () + 1) + hip(0),
so that
0 =W*(b>)pn(b™) = W= (6%)p(b™) + W, (0)¢(0)
bDO

= T b)(W(6%) + 1) + hip(0), (27)

for all smooth functions ¢ on R such that ¢, (0) = 0. Now, if we additionally
choose ¢ such that p(b>) = ¢, (b>) = 0, then (27) reduces to

p(0)(W,=(0) + h) =0,
and since ¢(0) is arbitrary, we deduce that
Wye(0) +h=0.
Thus (27) becomes
0 = W=(b)pn(b>) = W (0)p(b%) — b;@(b“)(Wm(bw) +1). (28)
Next we suppose that p(b>) = 0, but ¢, (b>°) # 0. Then
W (0%)pn (%) = 0,

and hence
Wee(b>) = 0.
Then, (28) becomes
bOO
0= W (B)p () — 2 p(b®). (29)
Suppose that p(b>°) # 0. Then (29) implies that
o0 o0 boo

We deduce that the solution pair (W, b>°) coincides with the unique solution
of Problem (4), i.e. (W,b>*) = (U,w) or in other words with the unique
steady state solution of the time evolution problem, Problem (3).

Step 5. We recall that, in view of step 4, W € H2(0,b) c C12([0,b>]).
Moreover, the convergence of W to W (resp. W to W) is monotone on
[0,0°°]. Hence, we deduce with the help of Dini’s Theorem that this convergence
is uniform.

Finally, since by < by < b and since W, <wuy < W, the comparison
principle implies that b(7) < b(7) < b(1) and W (n,7) < W(n,7) < W(n,7) <
W(n, ) for all (n,7). We conclude that b(r) — b> and that W (r) converges
to W°° uniformly on compact sets of [0,00) as 7 — co. O

Now, Theorem 1 easily follows from Theorem 3.
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