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Introduction

These notes cover a portion of a course of the Doctorate Modelli e metodi mate-
matici per la tecnologia e la societa, given in 2001 in Rome. The title of the course
was ‘Evolution equations and free boundary problems’ and its topics included,
essentially, an introduction to Stefan and Hele-Shaw problems.

Here only the material concerning the Stefan problem is partially reproduced.
The present notes assume the reader has some knowledge of the elementary theory
of LP and Sobolev spaces, as well as of the basic results of existence and regularity
of solutions to smooth parabolic equations.

The bibliography is minimal; only books and articles quoted in the text are
referenced. See [12], [18] and [20] for further references.

I thank the audience of the course for many stimulating comments and questions,
and prof. R. Ricci for interesting discussions on the subject of these notes.

Rome, January 2002

Revised version: Rome, January 2004

iii






Notation

The notation employed here is essentially standard.
Appendix D contains a list of the main symbols used in the text.
Constants denoted by v, C, Cys, ... may change fom line to line.
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CHAPTER 1

The classical formulation

In this chapter we consider the formulation of the Stefan problem as a classical
initial boundary value problem for a parabolic partial differential equation. A
portion of the boundary of the domain is a priori unknown (the free boundary),
and therefore two boundary conditions must be prescribed on it, instead than
only one, to obtain a well posed problem.

1. The Stefan condition

The Stefan problem ([17]) is probably the simplest mathematical model of a
phenomenon of change of phase. When a change of phase takes place, a latent
heat is either absorbed or released, while the temperature of the material changing
its phase remains constant. In the following we denote by L > 0 the latent heat
per unit of volume (p.u.v.), and neglect for the sake of simplicity any volume
change in the material undergoing the change of phase. We also assume the
critical temperature of change of phase to be a constant, 6.

To be specific, consider at time t = ¢ty a domain A divided by the plane x1 = sg
into two subdomains. At time t = ¢y the sub-domain Ay = AN {x; < sp} is
filled by water, while Ao = AN {x; > so} is filled by ice. In the terminology of
problems of change of phase, Ay is the liquid phase and As is the solid phase.
The surface separating the two phases is referred to as the interface. Assume also
the setting is plane symmetric, that is the temperature 6 is a function of x; only,
besides the time ¢, and the interface is a plane at all times. Denote by z1 = s(t)
the position of the interface at time ¢. Note that, due to the natural assumption
that temperature is continuous,

O(s(t)+,t) = 6(s(t)—,t) = 0o, for all ¢. (1.1)

Assume ice is changing its phase, that is the interface is advancing into the solid
phase. Due to the symmetry assumption we stipulate, we may confine ourselves
to consider any portion D, say a disk, of the interface at time tg. At a later
time t; > to the interface occupies a position s(t1) > s(tg) = so. The cylinder
D x (s(t1),s(tp)) has been melted over the time interval (to,t1) (see Figure 1).
The change of phase has therefore absorbed a quantity of heat

volume of the melted cylinder x latent heat p.u.v. = area(D)(s(t1) — s(to))L .
(1.2)
The heat must be provided by diffusion, as we assume that no heat source or sink
is present. We adopt for heat diffusion Fourier’s law

heat flux = —k; D0, (1.3)

where k1 > 0 is the diffusivity coefficient in water, and ko > 0 is the diffusivity
coefficient in ice (in principle k; # k2). Thus, the quantity of heat in (1.2) must

1
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water : ice

€1

FIGURE 1. Melting ice

/ / lee ) €1 —nge( ( ) ) (—el)] dxg d:Cg dt =

t1

area(D) / [ B0y, (5(8)— £) + ko, (s()+, B)] dE . (1.4)

to

Equating the two quantities, dividing the equation by ¢; — tg and letting t; — o,
we finally find

—k10z, (5(t) =, 1) + kb, (s(t)+, 1) = L5(t), (1.5)
where we have substituted tg with the general time ¢, as the same procedure can
be obviously carried out at any time. This is called the Stefan condition on the
free boundary. We stress the fact that the Stefan condition is merely a law of
energetical balance.

Several remarks are in order.

REMARK 1.1. Note that, although we did not assume anything on the values of
O(x1,t) inside each one of the two phases, on physical grounds we should expect

0> 6y, in water, i.e., in Ay; f <6y, inice,i.e.,in As. (1.6)

The equality 6 = 6 in either one of the two phases (or in both) can not be ruled
out in the model. Rather, it corresponds to the case when a whole phase is at
critical temperature. Diffusion of heat, according to (1.3), can not take place in
that phase, as 6, = 0 there. Thus (1.5) reduces to, e.g., if the solid phase is at
constant temperature,

—k104, (s(t)—,t) = Ls(t) . (1.7)
Note that if & > 6y in water, (1.7) predicts that $(¢) > 0. In other words,
melting of ice is predicted by the model, instead of solidification of water. This
is consistent with obvious physical considerations.
Problems where one of the two phases is everywhere at the critical temperature
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are usually referred to (somehow misleadingly) as one phase problems, while the
general case where (1.5) is prescribed is the two phases problem. In the latter
case, the sign of $(t), and therefore the physical behaviour of the system water/ice
predicted by the mathematical model, depends on the relative magnitude of the
two heat fluxes at the interface.

REMARK 1.2. On the interface, which is also known as the free boundary two
conditions are therefore prescribed: (1.1) and (1.5).

In the case of a one phase problem, this fact has the following meaningful inter-
pretation in terms of the general theory of parabolic PDE: The boundary of the
domain where the heat equation (a parabolic equation based on (1.3)) is posed,
contains an a priori unknown portion, corresponding to the interface separat-
ing the liquid phase from the solid one. Clearly, if only the Dirichlet boundary
condition (1.1) was imposed on it, we could choose arbitrarily this part of the
boundary, and solve the corresponding initial value boundary problem. Appar-
ently the solution would not, in general, satisfy (1.7). A similar remark applies
to solutions found imposing just (1.7) (where now the functional form of the ar-
bitrarily given boundary x1 = s(t) is explicitly taken into account).

It is therefore evident that on the free boundary both conditions (1.1) and (1.7)
should be prescribed in order to have a well posed problem. (Or, anyway, in more
general free boundary problems, two different boundary conditions are required.)
Incidentally, this circle of ideas provides the basic ingredient of a possible proof
of the existence of solutions: we assign arbitrarily a ‘candidate’ free boundary s*
and consider the solution # to the problem, say, corresponding to the data (1.1).
Then we define a transformed boundary s** exploiting (1.7), i.e.,

—k104, (s*(t)—,t) = L§™(¢t) .
A fixed point of this transform corresponds to a solution of the complete problem.

REMARK 1.3. The meaning of conditions (1.1) and (1.5) in the context of two
phases problems is probably better understood in terms of the weak formulation
of the Stefan problem, which is discussed below in Chapter 2. We remark here
that, actually, one phase problems are just two phases problems with one phase
at constant temperature, so that the discussion in Chapter 2 applies to them too.

REMARK 1.4. Problems where the temperature restriction (1.6) is not fulfilled,
are sometimes called undercooled Stefan problems. We do not treat them here,
albeit their mathematical and physical interest (see however Subsection 2.4 of
Chapter 2); let us only recall that they are, in some sense, ill posed.

1.1. Exercises.

1.1. Write the analogs of Stefan condition (1.5) in the cases of cylindrical and
spherical symmetry in R>.

1.2. Note that if we assume, in (1.5), 6 < 6y in A; and 6 = 6y in Ag, we find
5(t) < 0. This appears to be inconsistent with physical intuition: a phase of
ice at sub critical temperature should grow into a phase of water at identically
critical temperature. Indeed, (1.5) is not a suitable model for the physical setting
considered here. In other words, the Stefan condition in the form given above
keeps memory of which side of the interface is occupied by which phase. Find
out where we implicitly took into account this piece of information and write the
Stefan condition when ice and water switch places.
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1.3. Prove that Stefan condition (1.5) does not change its form if bounded volu-
metric heat sources are present (i.e., if the heat equation is not homogeneous).

2. The free boundary problem

Keeping the plane symmetry setting considered above, we may of course assume
the problem is one dimensional. Denoting by x the space variable, the complete
two phases problem can be written as

c10; — k10, =0, in Q1, (2.1)

c20; — kol =0, in Qo2, (2.2)

Ck0,(0,8) = hi(t), 0<it<T, (2.3)

Coby(d,t) = ho(t), 0<t<T), (2.4)

0(2,0)= O(z), O<uz<d, (2.5)

RO (s(t) =€) + ko (s()+,6) = Lé(t), O0<t<T, (2.6)
B(s(t)— ) = O(s(t)+. ) = b, 0<t<T, (2.7)

s(0) =b. (2.8)

Here 0 < b < d, T and ¢y, co, k1, ko are given positive numbers. The ¢; represent
the thermal capacities in the two phases. The liquid phase occupies at the initial
time ¢ = 0 the interval (0, b), while the solid phase occupies (b, d). The problem
is posed in the time interval (0,7"). Moreover we have set

Qr={(z,t) | 0<x<s(t),0<t< T},
Qo ={(z,t) | s(t) <z <d,0<t<T}.

We are assuming that 0 < s(¢t) < d for all 0 < ¢t < T. If the free boundary
hits one of the two fixed boundaries x = 0 and x = d, say at time t*, of course
the formulation above should be changed. In practice, one of the two phases
disappears at t = t*. We leave to the reader the simple task of writing the
mathematical model for ¢ > t*.

One could impose other types of boundary data, instead of (2.3), (2.4), e.g.,
Dirichlet data.

If we are to attach the physical meaning of a change of phase model to the problem
above, the data must satisfy suitable conditions. At any rate

O(z) > 6y, 0<z<b; Oxr)<by, b<zx<d.

Essentially, we need 6 > 6y in Q1 and 0 < 0y in Q2.

Actually, we will deal mainly with the one phase version of (2.1)—(2.8) where
the solid phase is at constant temperature. Namely, after adimensionalization,
we look at

Up — Ugy = 0, in Qs 1, (2.9)
—u,(0,t) = h(t) >0, 0<t<T, (2.10)
u(z,0) = up(z) >0, 0<z<b, (2.11)
—uy(s(t),t) = s(t), 0<t<T, (2.12)
u(s(t),t) =0, 0<t<T, (2.13)
s(0)=b. (2.14)
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(We have kept the old names for all variables excepting the unknown u.) Here
we denote for each positive function s € C(]0,7T]), such s(0) = b,

Qs ={(z,t) |0<z<s(t),0<t<T}.

We regard the rescaled temperature u as a function defined in Qs 7. The solid
phase therefore does not appear explicitly in the problem. As a matter of fact
we assume it to be unbounded in the positive x direction (i.e., d = +00), so that
no upper limit has to be imposed on the growth of the free boundary s. The
sign restrictions in (2.10) and in (2.11) are imposed so that « > 0 in Qs 7, see
Proposition 4.1 below.

DEFINITION 2.1. A solution to problem (2.9)—(2.14) is a pair (u, s) with
se CH(0, 7)) nC([0,T]), s(0)=b, s(t)>0,0<t<T;
uwe C@Qsr)NC* (Qsr),  uz € C(Qur — {t=0}),
and such that (2.9)—(2.14) are satisfied in a classical pointwise sense.

We prove a theorem of existence and uniqueness of solutions to (2.9)—(2.14),
under the assumptions

h e C(]0,T7), h(t)>0,0<t<T,; (2.15)

up € C([0,8]), 0<up(z) <Hb-—z),0<z<b. (2.16)

We also study some qualitative behaviour of the solution. The adimensionaliza-

tion of the problem does not play a substantial role in the mathematical theory
we develop here.

For further reading on the one-phase Stefan problem, we refer the reader to [5],
[3]; we employ in this chapter the techniques found there, with some changes.

REMARK 2.1. The free boundary problem (2.9)—(2.14) is strongly non linear, in
spite of the linearity of the PDE and of the boundary conditions there. Indeed,
recall that the free boundary s itself is an unknown of the problem; its dependence
on the data is not linear (as, e.g., the explicit examples of Section 3 show).

2.1. Exercises.
2.1. Prove that the change of variables
O— au+60y, xw— B, t—nT,

allows one to write the one phase problem in the adimensionalized form (2.9)-
(2.14), for a suitable choice of the constants «, (3, .
Also note that adimensionalizing the complete two phases problem similarly is in
general impossible.

3. Explicit examples of solutions

EXAMPLE 1. An explicit solution of the heat equation (2.9) is given by
:(:/2\/f

T 2 2
t)y=erf | — | = — —*d t
v(z,t) = er <2\/Z> Nz / e Z, x,t>0,
0
v(z,0) =1, x>0.
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Here erf denotes the well known ‘error function’. Fix C' > 0 arbitrarily, and set,
for a a > 0 to be chosen presently,

u(z,t) = 0{ erfa — erf (%) } .

Define also s(t) = 2a+/t; note that s(0) = 0. Thus u > 0 in Qs 7, and (2.9) as
well as (2.13) are satisfied. By direct calculation

Ug(X, 1) = ———=€e 4t .
(z,t) e
Hence,
C 2 o
ug(s(t),t) = up(2aVt,t) = ———e™ = —§(t) = ——,

(5(0).0) = ws(20VE 1) = ——= 0=-"

if and only if
C= ﬁaea2 .
Note that on the fixed boundary = = 0 we may select either one of the conditions
uz(0,t) = ¢ or u(0,t) =Cerfa.

Vvt ’

We have proven that, when « is chosen as above,

u(z,t) = 20e®” / e % dz (3.1)
x/2\/i

solves the problem sketched in Figure 2. Note however that u is not continuous
at (0,0); the notion of solution in this connection should be suitably redefined.

s(t) = 20/t

Up = 7C/\/ﬁ
or

u = Cerfa

FIGURE 2. The Stefan problem solved by u in (3.1)

EXAMPLE 2. It is obvious by direct inspection that the function
u(z,t) =" —1, (3.2)

solves the Stefan problem in Figure 3, corresponding to the free boundary s(t) = t.
Note that we are forced to prescribe an exponentially increasing flux on x = 0 in
order to obtain a linear growth for s(¢).
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t S(t):t
Uy = —et
or Ut — Uge =0 u=20
u=et—1 up = —$(t) = -1

FIGURE 3. The Stefan problem solved by w in (3.2)

3.1. Exercises.

3.1. Convince yourself that the solutions corresponding to u,(0,t) = —2C/+/=t,
in the case of Example 1, and to u,(0,t) = —2¢! in the case of Example 2, can
not be obtained by linearity from the ones given above.

4. Basic estimates
PROPOSITION 4.1. If (u,s) is a solution to (2.9)—(2.14), then

u(z,t) >0, in Qs1; (4.1)
5(t) >0, for allt > 0. (4.2)

PROOF. By virtue of the weak maximum principle, © must attain its maximum
on the parabolic boundary of Q,r, i.e., on

Qs —{(x,t) | t=T,0<z<s(T)}.

The data h being positive, the maximum is attained on t = 0 or on = = s().
Therefore u > 0 (remember that ug > 0). If we had u(Z,t) = 0 in some (Z,t) €
Qs 1, invoking the strong maximum principle we would obtain u = 0 in Qs 7N {t <
t}. This is again inconsistent with & > 0. Thus (4.1) is proven.

Then, the value v = 0 attained on the free boundary is a minimum for u. Re-
calling the parabolic version of Hopf’s lemma, we infer

5(t) = —ug(s(t),t) >0, for all ¢t > 0.
]

REMARK 4.1. The proof of estimate (4.1) does not make use of the Stefan condi-
tion (2.12). In the same spirit, we consider in the following results solutions to the
initial value boundary problem obtained removing Stefan condition from the for-
mulation. The rationale for this approach is that we want to apply those results
to ‘approximating’ solutions constructed according to the ideas of Remark 1.2.

LEMMA 4.1. Let u be a solution of (2.9), (2.10), (2.11), (2.13), where s is assumed
to be a positive non decreasing Lipschitz continuous function in [0,T], such that
s(0) =b. Let (2.15) and (2.16) be in force. Then u, is continuous up to all the
points of the boundary of Qs of the form (0,t), (s(t),t), with T >t > 0.
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The regularity of u, up to x = 0 is classical; the proof of this result will be
completed in Section 7, see Lemma 7.1.
PROPOSITION 4.2. Let u, s be as in Lemma 4.1. Then

0 <wu(z,t) < M(s(t) —x), in Qs1, (4.3)
where M = max(||h||co, H).
PROOF. Define v(x,t) = M(s(t) — x). It follows immediately

Vg — Vg = M5(t) >0, in Qs,1;

v(s(t),t) = u(s(t),t) =0, 0<t<T,
vz(0,t) = =M < —h = u,(0,t), 0<t<T,
v(z,0) = M(b—x) > up(x) = u(z,0), 0<xz<hb.
Therefore, taking into account the results of Appendix A,
v(z,t) > u(x,t), in Qs 7.

O

COROLLARY 4.1. If u, s are as in Proposition 4.2, then

0> ug(s(t),t) > —-M, 0<t<T, (4.4)
where M is the constant defined in Proposition 4.2.
PROOF. A trivial consequence of Proposition 4.1 and of Proposition 4.2, as well

as of Lemma 4.1. We also keep in mind Remark 4.1, and of course make use of
Hopf’s lemma for the strict inequality in (4.4). O

REMARK 4.2. We stress the fact that the barrier construction of Proposition 4.2
is made possible by the fact that § > 0. In turn, this is for solutions of the Stefan
problem a consequence of the positivity of u. Thus, such a barrier function, and in
general any similar barrier function, does not exist in the case of the undercooled
Stefan problem.

4.1. Exercises.

4.1. Note that the function v defined in the proof of Proposition 4.2 is just
Lipschitz continuous in ¢. In spite of this fact, one may apply to v — u the weak
maximum principle in the form given in Section 4 of Appendix A. Carry out the
proof in detail.

5. Existence and uniqueness of the solution
We prove here

THEOREM 5.1. Assume (2.15), (2.16). Then there exists a unique solution to
(2.9)—(2.14).
Let u, s be as in Proposition 4.2. Moreover assume that
se€ XY :={ocelLip([0,T]))|0<o <M, c(0)=>b}.
Here M is the constant defined in Proposition 4.2. The set X is a convex compact

subset of the Banach space C([0,T1]), equipped with the max norm. A useful
property of all s € X' is

b+ Mt>s(t)>b, 0<t<T,.
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Define the transform 7 (s) by
¢
T(s)(t):b—/ux(s(r),r)dT, T>t>0.
0

Note that, as a consequence of Lemma 4.1 and of Corollary 4.1,
7 (s) € Lip([0, T]) n C*((0,T)),

and
d

M > ET(S)(t) = —ug(s(t),t) >0, t>0.
Then 7 : X — X. Also note that a fixed point of 7 corresponds to a solution of
our Stefan problem.
We use the divergence theorem to transform the boundary flux integral defining
7 (s). Namely we write

Ie

s(T) b

— Ugy) dadr = — /W m—jmm%mﬁmT
0

\

0
s(t)

—i—/um t dl’—/ux(S(T),T)dT—/th(T)dT.
0 0

Therefore

b+/m@®%]MﬂM—7Q%WMAF@—7QLWM.@D
0 0 0 0

Note that this equality allows us to express 7 (s) in terms of more regular func-
tions than the flux wu,(s(t),t), which appeared in its original definition. We are
now in a position to prove that 7 is continuous in the max norm.

Let sy, s € Y. Let us define

a(t) = min(s1(t), s2(t)),  B(t) = max(s1(t), s2(t)) ,
i=1, if 5(t) = s1(t), i =2, otherwise.

(The number i is a function of time; this will not have any specific relevance.)
Let us also define

v(z,t) =uy(z,t) — uz(z,t).

Then v satisfies

Vt — Ugpe = 0, in Qa,Ta (52)

v(0,¢) =0, 0<t<T, (5.3)

v(z,0) =0, 0<z<b, (5.4)

[v(a(t), )] = [uila(t), )] < M(B(t) —aft)), 0<t<T. (5:5)
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Therefore, we may invoke the maximum principle to obtain

[0] oo, := max|v| < M[s1 — safloo,t , (5.6)

a,t

where we also denote
|51 — 82/|oot = Ongggt!&(ﬂ — 52(7)] .

On the other hand, we have

Therefore

T (51)(t) = T (s2)(0)] < |e(®)[[[v]] oo + M(B(t) — a(t))?
< (b—i—MT)MHSl —SQHOO,t—i-MHsl —82H2 (57)

oo,t ?

and the continuity of 7 : Y — X is proven. By Schauder’s theorem, it fol-
lows that a fixed point of 7 exists, and thus existence of a solution. Uniqueness
might be proven invoking the monotone dependence result given below (see The-
orem 6.1).

However, mainly with the purpose of elucidating the role played in the theory of
free boundary problems by local integral estimates, we proceed to give a direct
proof of uniqueness of solutions. More explicitly, we prove the contractive char-
acter (for small t) of 7, thereby obtaining existence and uniqueness of a fixed
point.

5.1. Local estimates vs the maximum principle. Estimates like (5.6), ob-
tained through the maximum principle, have the advantage of providing an im-
mediate sup estimate of the solution in the whole domain of definition. However,
the bound they give may be too rough, at least in some regions of the domain.
Consider for example, in the setting above, a point (b/2,¢), with ¢ < 1. The
maximum principle predicts for v(b/2,e) a bound of order M||s; — $2|/oc ¢, that
is, obviously, the same bound satisfied by the boundary data for v. On the other
hand, taking into account (5.3), (5.4) one might expect v(b/2,e) to be much
smaller than v(a(e),¢).

This is indeed the case, as we show below. In order to do so, we exploit local
integral estimates of the solution, that is, estimates involving only values of v in
the region of interest, in this case, away from the boundary. We aim at proving
that 7 is a contraction, that is,

17 (s1) = T (52)[loo < dlls1 — 52|00t 5 (5.8)

with d < 1 for small enough ¢. A quick glance at (5.7) shows that (5.8) does not,
indeed, follow from there (unless bM < 1). This failure is due only to the term
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originating from the estimate of
a(t)

/ v(z,t)dx.

0

Thus, a better estimate of this integral is needed.

A key step in any local estimation is a good choice of cut off functions. These
are, typically, non negative smooth functions equal to 1 in the region we want to
single out, and identically vanishing away from it.

Let b/2 > 6 > 0, and define the cut off function ((x), such that

((z)=1, 0<w<b-25, ((@)=0, b-d<u, —éﬁ@(@ﬁo

Multiply (5.2) by v¢? and integrate by parts in Qp; = [0,b] x [0,t]. We get

0= //(’UT’UCQ — vmvCQ) dzdr

Qb,¢
v(x,1)%¢(x)? d:c—l—//vgc2 dz dT+2// v (¢ dzdr, (5.9)
Qb,t Qb,t

1
2

o —

whence (using the inequality 2ab < ca? + b2 /e, € > 0)

b

%/v(w,t)QC(x)de+//U§C2dxd7§2/ vl 0] [GolC dz dr
0

Qb,t Qb,t
1
< 2//v2g§dxdr+ 5//U§C2dxdr.
Qb,t Qb,t

By absorbing the last integral into the left hand side, we find

b

2de+ [ [ Wi dadr <4 [ [ v*¢Cdxdr
vt Il Il

0 Qb Qb
t b—0

1 1
1 [ [ v¢avar < Geslol = Sl (610)
0 b—26

Let us now go back to

b—26 a(t) B(t)

/v(az,t)daz—I— / v(x,t)dx-l—(—l)i/ui(x,t)dx.

b—26 a(t)

[e=]
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Use Holder’s inequality and (5.10) to bound the integral over (0,b — 26) (recall
that ¢ = 1 there), and find

b—26

1/2
T(s1)(t) — T(s2)(0)] < ( / v(w,w?dx) Vo4 (0(t) — b+ 26) oo
0

+M(B(t) — a(t))? < \/B%\/Zuv”oo,t + (Mt + 28)[v]loos + M(B(1) — a(t))?.

Take now & = v/t (t is fixed in this argument), and apply again the sup estimate
(5.6), finally obtaining

1T (s1) — T(52)]loot < {AMVOVE + M(Mt + 2Vt) + M?t}||s1 — 520y -

Clearly, for t = to(M,b), T is a contractive mapping.
5.2. Exercises.

5.1. In Subsection 5.1 we proved existence and uniqueness of a fixed point of
7 in a small time interval (locally in time). Show how the argument can be
completed to give existence and uniqueness of a fixed point in any time interval
(global existence).

5.2. Why uniqueness of solutions (u, s) with s € X' is equivalent to uniqueness of
solutions in the class of Definition 2.1, without further restrictions?

5.3. Give an interpretation of (5.1) as an energetical balance.
5.4. Prove that 7 has the property (see also Figure 4)
s1(t) < s2(t), 0<t<T = T(s1)(t) >T(s2)(t), 0<t<T.

5.5. Extend the proof of existence and uniqueness of solutions to the case when
h > 0. What happens if h =0, ug = 07

5.6. To carry out rigorously the calculations in (5.9) actually we need an ap-
proximation procedure: i.e., we need first perform integration in a smaller 2-
dimensional domain, bounded away from the boundaries z = 0, t = 0. Recognize
the need of this approach, and go over the (easy) details.

6. Qualitative behaviour of the solution

THEOREM 6.1. (MONOTONE DEPENDENCE) Let (u;,s;) be solutions of (2.9)-
(2.14), i = 1, 2, respectively corresponding to data h = h;, b = b;, ug = ug;.
Assume both sets of data satisfy (2.15), (2.16). If

hi(t) < hgo(t), 0<t<T; by <by; wupi(z)<wugzr), 0<z<b; (6.1

then
s1(t) < so(t), O<t<T. (6.2)

PROOF. 1) Let us assume first b; < be. Reasoning by contradiction, assume
t =1inf{t | s1(t) = s2(t)} € (0,T).
Then the function v = ug — uy is strictly positive in

{0<t<t,0<z<si(t)},
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T(s)=s

FIGURE 4. Behaviour of the transform 7

by virtue of the strong maximum principle and Hopf’s lemma. Indeed,
v(s1(t),t) >0, 0<t<t.
Then v attains a minimum at (s1(¢),%) = (s2(¢),t), where
’U(Sl(f)7 Z) =0.
Thus, due to Hopf’s lemma,
U:c(sl(B,t_) <0.
But we compute
vz(81(t),1) = u2a(s2(t), 1) — wra(s1(t), 1) = —52(¢) + 51(¢).-
Hence $2(t) > $1(¢), which is not consistent with the definition of ¢.
2) Assume now b; = by. Let us extend the data ugpy to zero over (b,b + 9),
where 0 < § < 1 is arbitrary. Let (us, ss) be the solution of problem (2.9)—(2.14)
corresponding to the data h = ho, b = b + 0, ug = ug2. Then, by the first part
of the proof, s < s5, 51 < s5, and for all 0 <t < T
t) s5(t)
[us — uo)(x,t) dz — ug(x,t)de < 4.

s2(t)

—~

52

s5(t) — sa(t) =0 —

o

Therefore s5 < so + 9, so that s1 < s5 < s9 + d. On letting § — 0 we recover
S1 § 59. O

Let us investigate the behaviour of the solution of the Stefan problem for large
times. In doing so, we of course assume that T = oco. Note that the result
of existence and uniqueness applies over each finite time interval; a standard
extension technique allows us to prove existence and uniqueness of a solution
defined for all positive times.

Owing to Proposition 4.2, we have

s(t)<S, 0<t<oo = u(z,t) < MS, in Qs co- (6.3)



14 DANIELE ANDREUCCI

Moreover, s being monotonic, certainly there exists

Soo = tlim s(t). (6.4)
THEOREM 6.2. Let (u,s) be the solution of Theorem 5.1. Then
b oo
Soo = hm s(t) = b—l—/uo(ac) d:c+/h(t) dt. (6.5)
0 0
PROOF. 1) Assume first
/ h(t) dt = +o0. (6.6)
0
We only need show s is unbounded. Let us recall that, for all ¢ > 0,
b t s(t)
s(t) = b+ /uo(x) dz + / h(r)dr — / w(z, £) da (6.7)
0 0 0

From (6.3), it follows that, if s is bounded over (0, c0), then u is also bounded
over (0,00). This is clearly inconsistent with (6.7), when we keep in mind (6.6).

2) Assume
o0

/ h(t) dt < +o0. (6.8)
0
The balance law (6.7), together with u > 0, immediately yields

b
s(t) <b+ [ wo(x)dx + [ h(t)dt < +o0. (6.9)
Fuii ]

Then we have s(t) — Soo < 00; it is only left to identify s, as the quantity
indicated above. Owing to (6.7) again, we only need show
s(t)
lim [ u(z,t)dz=0. (6.10)

t—o00

0
On multiplying (2.9) by u and integrating by parts in Qs , we get
s(t)

/ u(x,t) dx+//u dedr = —/ (x)2dx+0/u(0,7)h(7')d7'. (6.11)

Qs t
Recalling (6.3) and (6.9), the last integral in (6.11) is majorised by

/Msooh(T) dr < 0.

Thus a consequence of (6.11) is

//um z,t)>drdt < +o0. (6.12)
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Elementary calculus then shows that

s(t)

//u(x,t)dedt—//[/ug(f,t)dgrdxdt
Qs Qoo

s(t)
< SOO///US(f,t)2d§ dz dt < sgo//ug(f,t)Qd{dt < 0.
Qs,oo z Qs,oo

Then there exists a sequence {t,}, t, — oo, such that
s(tn)

/ u(z,t,)*de — 0.

0
But the function

s(t)
t— / u(z,t)?dz,
0

when we take into account (6.11), is easily seen to have limit as t — oo, so that
this limit is 0. By Hoélder’s inequality,

s(¢) s(t)

1/2
/u(a:,t)dargx/soo[/u(:v,t)Qda;] —0, t— o0,
0

0

completing the proof of (6.10). O

6.1. Exercises.
6.1. Find conditions ensuring that the inequality in (6.2) is strict.

6.2. Discuss the necessity of assumptions (2.15), (2.16) in Theorem 6.1.

7. Regularity of the free boundary

The approach in this Section is taken from [16], and provides an example of
‘bootstrap’ argument, i.e., of an inductive proof where any given smoothness of
the solution allows us to prove even more regularity for it. Our first result will
become the first step in the induction procedure, and is however required to prove
Lemma 4.1.

LEMMA 7.1. Let u € C*Y(Qs1) N C(Qs.1), where s € Lip([0,T]), and s(t) > 0
for0 <t <T. Assume u fulfils

Ut — Uge = 0, in Qs,1, (7.1)
u(s(t),t) =0, 0<t<T.

Then for each small enough &€ > 0, u, is continuous in P., where P. = {(z,t) |
e<x<s(t),e<t<T}.
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PRrROOF. The proof is based on standard local regularity estimates for solutions
of parabolic equations. Introduce the following change of variables

{yzﬁ? o(y,7) = ulys(r), 7).

T=1;

The set Qs 1 is mapped onto R = (0,1) x (0,7, where v solves

1 $(7) .
vy — S(T)vay - S(T)yvy =0, in R, (7.3)
v(l,7) =0, 0<7<T. (7.4)

More explicitly, (7.3) is solved a.e. in R, as v is locally a Sobolev function in R.
Classical results, see [11] Chapter IV, Section 10, imply that for any fixed £ > 0,

Ur, Uy, Uy € LU((g,1) x (¢,T)),

for all ¢ > 1. Then we use the embedding Lemma 3.3 of [11] Chapter II, to infer
that, for ¢ > 3,

vy € HY2 ([e, 1] x [¢, 7)), (7.5)
where o = 1—3/¢q (see also Remark 11.2 of [11], p. 218; the space H®7% is defined
in Appendix C). Since

1 T
(T, 1) = —= N0 t 5
U ('1: ) S(t) Uy(s(t) )
the result follows. ]

Our next result implies that the free boundary in the Stefan problem (2.9)-(2.14)
is of class C*°(0,T).

THEOREM 7.1. Assume u and s are as in Lemma 7.1, and moreover
ug(s(t),t) = cs(t), 0<t<T, (7.6)
where ¢ # 0 is a given constant. Then s € C*°(0,T).

PROOF. For v defined as in the proof of Lemma 7.1, we rewrite (7.6) as

) 1
S(T) = m?}y(l,T) s O<7T<T. (77)
Choose a € (0,1). Then (7.5) and (7.7) yield at once
$€ H"2([e,1] x [¢,T]),  for each fixed £ > 0. (7.8)

Next we make use of the following classical result:

If the coefficients in (7.3) (i.e., $), are of class
Hm+a’mT+a([5, 1] x [e,T]), then v is of class (7.9)
HEme B (o0 1) x [2¢, T)).
Here m > 0 is any integer. We prove by induction that for all m > 0
s€ H™ro"s% (e, 1] x [6,T)), for each fixed ¢ > 0. (7.10)

We already know this is the case when m = 0, from (7.8). Assume then (7.10) is
in force for a given m > 0. Then, owing to (7.9),

24+m+a

v e H2Hmta =g ([e,1] x [e,T7]), for each fixed € > 0. (7.11)
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Therefore, by the definition of the spaces H A3 (see Appendix C), we have that

1+m+a

vy € H =257 ([e,1] x [6, 7)), for each fixed € > 0. (7.12)
Thus, taking (7.7) into account,
§ € fltmto, gt ([e, 1] x [e,T7]), for each fixed £ > 0 (7.13)

(we have used also (1.1) of Appendix C). The induction step, and the proof, are
completed. O






CHAPTER 2

Weak formulation of the Stefan problem

In this chapter we consider the weak formulation of the Stefan problem. As in
other PDE problems, the weak formulation actually takes the form of an integral
equality. It is to be noted that any explicit reference to the free boundary is
dropped from the weak formulation.

We’ll comment on the modeling differences between the classical and the weak
formulations, and give the basic mathematical results for the latter.

We work in the multi-dimensional case of a spatial domain 2 ¢ RY. We still
denote the temperature by w in this chapter.

1. From the energy balance to the weak formulation

The heat equation

up = div(Du) + f, (1.1)
amounts to an energy balance equating the local change in time of ‘energy’ (ex-
pressed by wuy; various physical constants are normalized to 1 here), to the diver-
gence of the ‘energy flux’, plus the contribution of volumetric sources, represented
by f.
The weak formulation is based on the extension of this idea to the case where the
energy exhibits a jump at the critical temperature, due to the change of phase,
as shown in Figure 1. Then we write (formally)

%v — div(Du) + f, (1.2)

where the ‘energy’ (more exactly, the enthalpy) v jumps at the change of phase.

/ E(u) 9(v)

u (%

FiGURE 1. Enthalpy v as a graph of temperature u, and viceversa.

orresponds to v = 0, while

Specifically, solid at the critical temperature u = 0 ¢
= 1 (we assume the latent heat

liquid at temperature v = 0 corresponds to v

19
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is normalized to unity). Where 0 < v < 1, therefore, change of phase is taking
place, and the corresponding region is filled with a material whose state is neither
pure solid nor pure liquid. Such regions are usually called mushy regions.

The standard heat equation is assumed to hold in the pure phases (i.e., where
v > 1 or v <0). This essentially amounts to

0
v=4" = (1.3)
u+1, u>0.

Where 0 < v < 1, u must equal the critical temperature © = 0. It is therefore
convenient to express the relation between v and u as follows

v(z,t), v(z,t) <0,
u(z, t) =<0, 0<v(z,t)<1, (1.4)
v(x,t) -1, v(x,t) > 1.

Note that v (not u) carries all the information on the state of the material. We
can rephrase (1.4) in the language of graphs:

ve Eu), (1.5)
where FE is the graph defined by
s, s<0,
E(s) =< [0,1], s=0, (1.6)
s+ 1, s>0.

When v, u satisfy (1.5), we say that v is an admissible enthalpy for u, or that u
is an admissible temperature for v.

Obviously, (1.2) can not be given a classical pointwise interpretation, since v
is general not continuous (see (1.5)). Following an usual procedure, we obtain the
weak formulation of (1.2) on multiplying both sides of it by a testing function
¢ € C§°(Qr), and integrating (formally) by parts. In this way some of the
derivatives appearing in (1.2) are unloaded on the smooth testing function. We

obtain
//{—vtpt—i—Du-Dtp}dxdt—//f(pdxdt. (1.7)
Qr Qr

Note that this formulation requires only we give a meaning to the first spatial
derivatives of u (for example, u may be a Sobolev function). The complete
formulation of the Stefan problem will be given below (see Section 3).

The notion of weak solutions to the Stefan problem was introduced in [14], [9].

2. Comparing the weak and the classical formulations

2.1. The spatial normal. Let S be a smooth surface of RV*!

assume for our purposes to be locally represented in the form
&(x,t) =0, (2.1)
with @ € CY(RN*1), and D® # 0 everywhere. Here we denote by D@ the

gradient of @ with respect to x, and by V@ = (D@, ®;) the complete gradient of
& with respect to (z,t).

, which we may
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We may think of S as of a moving surface in RY. More exactly, at each fixed
instant ¢ the surface takes the position
S(t) = {xr € RN | &(z,t) = 0}.
A moving point z(t) belongs to S(t) for all ¢ if and only if
&(x(t),t) =0, for all ¢,
which is equivalent, up to the choice of suitable initial data, to
D®(x(t),t) - ©(t) + Pe(z(t),t) =0, for all t.
Define the spatial normal on S by
_ Do(x(t), t)
| Do(2(t), )]
The spatial normal, of course, is defined up to a change in sign. We have for all
motions ¢ — z(t) as above

n (2.2)

_ Pu(x(t),1)
| DD (x(t), )|
This shows that, at a given position on S, the component of the velocity @ along

the spatial normal is independent of the motion x. This quantity is referred to
as the normal velocity V of S. Therefore, we have by definition

N Qst(x(t)7 t)
| DD(x(t), )]

Again, note that V is defined up to a change in sign.
The complete normal to S at (z,t) is clearly v = (v, 14), where

z(t) -n =

Vix,t) =

L, _ Do) _|DO(, 1)
TVe(x,t)| U |VE(x, )|’
- Dy (x,t)

FTV(x,t)]

2.2. Smooth weak solutions, with smooth interfaces, are classical so-
lutions. Let us assume that a function u satisfies

u >0, in A,
u <0, in B,

and that © = 0 on the common portion of the boundaries of the open sets A,
B ¢ RNt We assume this portion to be a smooth surface S, with complete
normal v = (v, ;) and spatial normal n, according to the notation above. Let
v be the outer normal to B. Moreover assume

u,f€CAUB), wyeC>A), upecC>(B).

Finally, assume v (defined as in (1.3)) is a weak solution of (1.7), for any smooth
¢ whose support is contained in the interior of AU B U S. It will be apparent
from our calculations that the definition of v at u = 0 is not relevant, in this case,
essentially because the N + 1-dimensional measure of the free boundary u = 0 is
ZETO.
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By direct calculation we have, owing to the regularity of v and of v,

//vgptd:cdt: —/goE(O—l—)tha—//vtgod:cdt,
A 5 A
//vtptd:):dt—/@E(O—)tha—//vttpdxdt.
B S B

On adding these two equalities we find, recalling the definition of F,

//vgptdazdt:—/gputda—//utgodxdt, (2.3)

AUB S AUB

since vy = u; both in A and in B. The space part of the differential operator in
(1.7) is treated similarly

/ Du~D<pdazdt:—/Du-uxda—//goAudxdt,

A s A

//Du-Dwdxdt—/Du-uwda—//goAudxdt.
S B

B
Again, on adding these two equalities we find

//Du-Dgpd:cdt:/[DuB—DuA]-uxdo—//goAuda:dt, (2.4)

AUB S AUB

where we denote by Du? [DuP] the trace on S of the spatial gradient of the
restriction of u to A [B]. Combining (2.3) with (2.4) we arrive at

//fgod:ndt://{—vgpt+Du-D<,0}dxdt:/go[ut—l—DuB'Vx—DuA-Vx]do—

AUB AUB

S

+ // of{us — Au}dadt. (2.5)
AUB

Taking an arbitrary smooth ¢ supported in A, we immediately find that in A

u—Au=f. (2.6)

Of course the same PDE holds in B, by the same token.
Hence, we may drop the last integral in (2.5). Then take ¢ = ¢., where for all
e>0

pes =¥ € C(8)s el <15 [supp el — 0, ase— 0.
Then, taking ¢ — 0 in (2.5) we get

/w[z/t—i—DuB-ux—DuA-l/x]da—().
S

As 1 is reasonably arbitrary, it follows that on S
DUB‘V;E—DUA-I/;E:—Vt.
This condition can be rewritten as

V=DuP -n—-Du' n, (2.7)
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and is the multi-dimensional equivalent of the Stefan condition (1.5) of Chapter 1.
In fact, it could be directly derived from an energetical balance argument, as we
did for (1.5) of Chapter 1. In this last approach, the weak formulation of the
Stefan problem follows from (2.7) and from the heat equation which we assume
to hold in A and in B separately: we only need go over our previous calculations
in reverse order.

The case where either v =11in A or v =0 in B can be treated similarly.

2.3. Some smooth weak solutions are not classical solutions. Let us con-
sider the following problem

U — Uy =1, in Qr = (0,1) x (0, +00), (2.8)
u(x,0) =—1, 0<z<l1, (2.9)
up(0,4) = 0, 0<t, (2.10)
up(1,8) =0, 0<t (2.11)

(see [15]). We perform only a local analyis of the problem in the interior of the
domain @, giving for granted the solutions below actually take the boundary
data (in a suitable sense).

If, instead of (2.8), the standard heat equation

Up — Uge = 1
was prescribed, clearly the solution to the initial value boundary problem would
be
u(z,t) = —1+t, O<zx<l1l,0<t.
Let us check that this function can not be a solution to the Stefan problem above.
Otherwise, we would have
v(z,t)=—-1+t, 0<t<l1; v(z,t)=t, 1<t.
Thus for every ¢ € C§°(Qr),

1
//{—vtpt—kux(px}dxdt:—//mptdaﬁdt://godxdt+/<p(a?,1)da:.
Qr Qr 0

Qr

The last integral in this equality is evidently spurious, on comparison with the
weak formulation (1.7).

Let us instead check that a solution (actually the unique solution, see Section 4)
to (2.8)—(2.11) is given by

14t, O0<t<l,
v(z,t)=—-1+t, 0<t; u(z,t) =<0, 1<t<?2,
24t,  2<t.

It is immediately checked that (1.7) is fulfilled. We still have to check that (1.5)
holds, that is that v is an admissible enthalpy for . Again, this follows immedi-
ately from the definitions.

The above can be interpreted as follows: the enthalpy v grows in time accordingly
to the prescribed volumetric source; the change of phase takes place over the time
interval 1 < t < 2, because this is the time interval where v € (0,1); over this
time interval, therefore, the temperature equals the critical temperature u = 0;
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for all other times, (2.8) coincides with the standard heat equation, and thus u
is simply the solution to a suitable problem for the heat equation.

Note that the set v = 0 has in this example positive measure, in contrast with the
classical formulation of Chapter 1. See also [8], [1] for a discussion of existence
and non existence of mushy regions in weak solutions to change of phase problems.

2.4. Without sign restrictions, classical solutions may not be weak
solutions. Let us go back to problem (2.9)—(2.14) of Chapter 1, where we now
assume ug € C*([0,b]), ug(b) = 0, ug(z) < 0 for 0 < x < b, and, e.g., h = 0. It
can be shown (see [6]) that this problem has a classical solution, in the sense of
Definition 2.1 of Chapter 1, at least for a small enough 7" > 0. Note that the
Stefan condition (2.12) of Chapter 1 has now the ‘wrong’ sign (cf. Exercise 1.2
of Chapter 1). Therefore the classical solution at hand is not a solution of the
weak formulation. Indeed, otherwise it would be a smooth weak solution with
a smooth free boundary, and we would be able to infer the Stefan condition as
above. However, as shown above, this condition would be the one ‘correctly’
corresponding to the actual sign of the solution, and therefore would be different
from the one we prescribed.

More generally, no undercooling is possible in the weak formulation introduced
here. In fact, the liquid and the solid phases are identified solely by the value of
v. Thus, whenever u changes its sign a change of phase must take place. This
is not the case in the classical formulation, where the liquid and solid phases are
essentially identified by a topological argument, as the two connected components
of the domain, separated by the special level surface which is defined as the free
boundary. Other level surfaces corresponding to the value u = 0 may exist inside
both phases.

2.5. Exercises.

2.1. Assume that the interior M of the region {u = 0} is non empty, where u is
given by (1.4), and v satisfies (1.7). Show that, in a suitable weak sense, vy = f
in M.

3. Definition of weak solution

Let us define the ‘inverse’ of the graph F in (1.6). This is the function ¥ given
by

r, r<0,
d(r)=<0, 0<r<l, (3.1)
r—1, 1<r.

Let Qr = 2 x (0,T), where 2 ¢ R” is a bounded open set with boundary of
class C°.
Let us consider the Stefan problem

v — AY(v) = f(v), in Qr, (3.2)
v(z,0) = vo(x), x €,
M =0, on 012 x (0,7), (3.4)

on
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where vg € L>®(£2) and f € L*°(R) N C*°(R) are given functions. We assume
that for a fixed p > 0

|f(v1) = f(v2)] < plvr — val, for all v, v2 € R. (3.5)
DEFINITION 3.1. A function v € L>®(Qr) is a weak solution to (3.2)—(3.4) if
u:=9(v) € L*(0,T; WE(12)), (3.6

and for all ¢ € W2(Qr) such that o(z, T) = 0 we have

//{ vy + Du - Do} dedt = / o(x)p(x,0) da:+/ fw)pdedt.  (3.7)

)

Note that equation (3.7) is obtained integrating formally by parts equation (3.2),
after multiplying it by a ¢ as above.

Of course the structure of the problem could be generalized; for example the
smoothness required of 0f2 can be reduced by approximating {2 with more regular
domains (but (3.5) is going to play an essential role). However we aim here at
showing some basic techniques in the simple setting above, which is suitable for
our purposes.

REMARK 3.1. Actually, if v is a weak solution to the Stefan problem (in a sense
similar to ours), the corresponding temperature u is continuous in Qp (see [4]),
a fact which however we won’t use here.

3.1. Exercises.

3.1. Assume u € C(Qr) (see also Remark 3.1). Show that u is of class C*° where
it is not zero.

4. Uniqueness of the weak solution
4.1. A different notion of weak solution. If we assume in (3.7) that
0
) eeWH(Qr); i) ¢@T)=0; i) a_:i =0, ondRx(0,T);
(4.1)

we immediately obtain, on integrating once by parts,

/{vgot—FuAgo}dxdt / () a:Od:c+/ f(v)pdzdt. (4.2)
Qr

We need drop the requirement ¢(z,T) = 0, for technical reasons. This can be
done as follows. Choose a ¢ satisfying i), iii) of (4.1), but not necessarily ii). Fix
€ (0,7, and define for 0 < € < ¢t (see Figure 2)

. 1
Xe(7) = min (1, g(t — T)+) i

The function @x. satisfies requirement (4.1) in full, so that it can be taken as a
testing function in (4.2). Let us rewrite it as

_//U[SOXE]TdJZdT: /vo(a:)go(:c,o) dx+/ {ul o+ f(v)p}xedzdr.
or @ Qr
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Xe(T)

FIGURE 2. The auxiliary function y..

The behaviour of the right hand side as ¢ — 0 is obvious. The left hand side

equals
//vcpTnga:dT—i— // z,T)p(x,7)dz dr.

t—e 2
On letting € — 0 in this quantity we get, for almost all t € (0,7)

—//wr d:vd7‘+/v(3:,t)<p(3:,t) dz.
Qt 2

Thus the definition of weak solution given above actually implies the new (and
weaker) one

DEFINITION 4.1. A function v € L®(Qr) is a weak solution of class L™ to
(3.2)-(3.4) if for all o € W3, (Qr) such that g—;’; =0 on 912 x (0,T) we have

/v(x,t)@(x,t) dx—/ {vor +ulAptdedr
2

Q¢
_/vo(:):)go(ac,O) dx—i—//f(v)@dxdﬂ (4.3)
Q¢

02
for almost all ¢ € (0,7). Here u = 9(v).

Note that we dropped in Definition 4.1 any regularity requirement for v (excepting
boundedness).

REMARK 4.1. It follows from (4.3) that the function

tr—>/ 3:75 ajt

is actually continuous over [0, 7], up to modification of v over sets of zero measure.
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4.2. Continuous dependence on the initial data. We are now in a position
to prove

THEOREM 4.1. (CONTINUOUS DEPENDENCE ON THE DATA) Let v1, v2 be two
weak solutions of class L™ to (3.2)—(3.4), in the sense of Definition 4.1 (or two
weak solutions in the sense of Definition 3.1), corresponding to bounded initial
data vo1, vo2 respectively. Then, for almost all 0 <t < T

/]vl(x,t) —vg(z,t)|da < e /|v01(az) — vo2(x)|dz. (4.4)
9} 2

COROLLARY 4.1. (UNIQUENESS) Let v1, va be two weak solutions of class L™ to
(3.2)~(3.4), in the sense of Definition 4.1 (or two weak solutions in the sense of
Definition 3.1), corresponding to the same bounded initial data. Then vy = vy in

Qr.

REMARK 4.2. (SOLUTIONS OF CLASS L') Both Theorem 4.1 and its immediate
Corollary 4.1 actually hold for a more general class of weak solutions, obtained
replacing the requirement v € L°°(Qr) in Definition 4.1 with v € L*(Qr). Also
the initial data may be selected out of L'(£2). In this connection, in order to
keep the integrals in (4.3) meaningful, we have to assume that ¢ is a Lipschitz
continuous function in Qr, with ¢z, € L>(Qr), i, j =1,...,N, and g—:’; =
on 012 x (0,T).

Once existence of solutions in the sense of Definition 4.1 has been obtained,
existence of solutions of class L' can be proven as follows. Assume vy € L!(12),
and v) — v in LY(§2), v§ € L®(£2). Note that the solutions v’ of class L*®
corresponding to the approximating initial data v} satisfy (4.4). Therefore {v'}
is a Cauchy sequence in L' (Qr), and we may assume it converges to a v € L*(Q7)
both in the sense of L'(Qr), and a.e. in Q7. It is now a trivial task to take the
limit in the weak formulation (4.3) satisfied by v® and obtain the corresponding
formulation for v.

Standard references for the material in this Section are [11], Chapter V, Section 9,
and [12], whose approach we follow, with some modifications.

4.3. Proof of Theorem 4.1. Fix t € (0,7). Subtract from each other the two

equations (4.3) written for the two solutions, and obtain

/[vl(x, t) — vo(x, t)]p(x, t)dz — //(01 —v2)er +a(z,t) Apldedr
9]

Qt
- / o1 () — v (@)oo (,0) d + / / ) — fo)pdadr, (45)
7} Qt

where we set

e

a(z,t) =0, vi(z,t) = vo(x,t) .

a(z,t) =

Due to the definition of ¥ we have

0<a(zt)<1, in Qr. (4.6)
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Next choose ¢ = ¢, where for each € > 0, ¢, is the solution of

Yer + (as(z,t) + ) Ape =0, in Q, (4.7)
o(z,t) = P(x), x €2, (4.8)
g—i =0, on 912 x (0,1). (4.9)
Here @ € C5°(2), |®(z)| < 1, and a. € C°(Q7) satisfies
0<a.<1, ae. inQr; las —all2 <e. (4.10)

Some relevant properties of . are collected in Lemma 4.1 below. Note that (4.8)
is the initial value for the ‘reverse’ parabolic problem solved by ¢.. By virtue of
(4.15) we have as e — 0

// i = (// carar) // agpasar)”

< V2te|DP|2.0|02Y? — 0,
as well as (using (4.10))

la. — a||A p| dzdr < lae—al® 4, 4 v Agp.)?ded v
- el dzdr < . zdr e(Ap:) daxdr
Q1 Q1 Qt

< V2¢||D®||3,0 — 0.
Moreover, using (4.7) in (4.5), and (4.16), we get

/[vl—vg]@dx—//a—ag—E]Acpa[vl—vg] da:dT—i—/[vm—vog]cpg(af 0)dz
2

// (v1) = f(v2)]pe dx dT < (J|v1]l0o + [[v2]|00) // la — ac| + €]|A ¢ | de dr

o

+/|1101—vogldx—i-,u//]vl—vg\dxdr
2 Qt

As € — 0 this yields

t
/ [v1 — vo]@dx < /|v01 — vp2| dz —I—,u/ / |v1 — vo| dzdT. (4.11)
() Q
Choose now @ = &,,, where for n — oo

P (z) — sign (vi(z,t) — va(z, 1)), a.e. ¢ € {2

On letting n — oo in (4.11) we obtain

/]vl—vgldx</|001—v02]dx+,u/ /]vl—vg\dxdr.

0 2(r

The statement now follows simply invoking Gronwall s lemma.
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LEMMA 4.1. Let o € C®(Qr), 0 < ¢ < a < ag, where € and g are_given
constants. Let & € C3°(12). Then there exists a unique solution ¢ € C*(Qr) of

pr—alAp=0, in Qr, (4.12)
o(z,0) = P(z), x €S2, (4.13)
g—fb =0, on 002 x (0,7T), (4.14)

such that for all 0 <t <T
//(gpz + (A p))) dzdr + / |Dyp|? dz < (ap + 1) /|D@|2daz. (4.15)

Qt Q(t) Q
Moreover

[elloo < 1[2]loo - (4.16)

PROOF. The existence of a unique solution ¢ € C®(Qr) to (4.12)-(4.14) is a
classical result. Let us multiply (4.12) by A ¢, and integrate by parts over Q,
for an arbitrarily fixed ¢t € (0,7"). We find

//a|Agp]2dxdT//tpTAgodxdT——/ Dy, - Dodxdr

— 5 [1De@0)ds = 5 [1Deta )P s
02 02
Using again (4.12) we obtain

//(pdedT—// ?|AplPdrdr < —/]Dcp z,0)|?dz .

Thus, ¢ satlsﬁes the 1ntegral estimate (4.15). The bound in (4.16) is an obvious
consequence of the maximum and boundary point principles of Appendix A. [

4.4. Exercises.
4.1. Prove that
&>0[<0]= p:>01[<0]
where ¢, is the solution to (4.7)—(4.9). Use this fact to prove the comparison
result
vo1 <vp2 in 2= v; <vp in Qr,
where v; and v are as in Theorem 4.1, provided f’' > 0.

4.2. @ € C°°(02), but & € C5°(£2), ¢ as in Lemma 4.1 need not be even C1(Qr).
Why?

5. Existence of weak solutions

We apply here the ideas of [8], though we approximate the Stefan problem with
smooth parabolic problems, rather than discretizing it in time.

THEOREM b5.1. There exists a weak solution v to (3.2)—(3.4), in the sense of
Definition 3.1, satisfying
[0]loo < flvolloo - (5.1)
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The proof of this existence result relies on an approximation procedure. Namely,
we approximate (3.2)—(3.4) with a sequence of smoothed problems; the solutions
to these problems in turn approach a solution to the original Stefan problem.

We need a sequence of smooth constitutive functions 9, € C*(RY) approximat-

ing 1, such that
1
- <V (s)<1, seR; YU, — ¢, uniformly in R. (5.2)

Clearly we may assume

Ficure 3. The approximating functions ¥,, and E,.

1
9(s) < On(s) <I(s)+ —, S€ R; I(s) =Un(s) =s, s<0. (5.3)
Define FE,, as the inverse function of 1,,. Then
E,.(s) < E(s), s€R; E(s)=E,(s)=s, s<0. (5.4)

Let us also introduce a sequence vy, € C§°(§2) approximating the initial data as
in

Von — Vo, a.e.in (2; llvonlleo < [lvollso - (5.5)

For each n there exists a unique solution v, € C*®°(Qr) to

Unt — A0 (vp) = f(vn)0n, in Qr, (5.6)
8"9572’") —0, on 802 x (0,T), (5.7)
vn(x,0) = von(z), in 2, (5.8)
where 7, € C§°(£2) is such that
Mu(z) =1, dist(x,89)>l; 0<n(z)<1l, xze€f2.
n

Let us denote u,, = ¥, (vy,), and rewrite (5.6) as

E,(up)t — Aup = f(op)nn, in Qr. (5.9)

Owing to the maximum principle (see Theorem 1.2 of Appendix A), we have

[tn]loo < llvnlloo < llvolloc + Tl|flloc =: M. (5.10)
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5.1. The energy inequality. Multiply (5.9) by u, and integrate by parts.
Note that

En(un)tun = %/E’;L(S)Sds7
0

and that, if £ > 0, taking into account (5.2),
k
kQ
L /E;(s)sds < By(b)k < (k+1)k.
0

If k£ < 0 we simply have

k
k‘2
/ —
/En(s)sds— 5
0

Therefore we obtain after standard calculations, for each ¢t € (0,7)

1
§/un(:c,t)2da:+/ |Duy,|* dz dr
n Q¢

< %/]ﬁn(vonﬂ(lﬁn(vonﬂ+1)d:c+//f(vn)nnundxd7'
N Qt

12|
< Sl (leollos + 1% + 1/l MI2IT.
Note that both terms on the leftmost side of this estimate are positive. Drop-
ping either one, taking the supremum in time, and collecting the two bounds so

obtained, we get

sup /un(:n,t)2 dx+/ |Duy,|*dzdr < C, (5.11)
0<t<T
[ Qr

where C > 0 is a constant depending on the data of the problem, but not on n.
It follows that we may extract a subsequence, still labelled by n, such that
Up — u, Duy — Du, weakly in L2(Qr). (5.12)

Moreover we have
ulloo < M, (5.13)
and

sup /u(:c,t)2 dz + //|Du|2d$d7' <C. (5.14)
Qr

0<t<T
2

We may as well assume
Up — U, weakly in L*(Qr), (5.15)

but note that, due to the nonlinear nature of our problem (i.e., the fact that E
and f are not linear functions), weak convergence is not enough to pass to the
limit in the weak formulation of the approximating problem, i.e., in

/ {=vnpt+Duy-Dp}dadt = /von(:c)cp(x,O) da?—l—//f(vn)nncpdafdt, (5.16)

Qr 2 Qr
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where ¢ is any function out of W2(Qr) with ¢(x,T) = 0. For example we do
not know that v is an admissible enthalpy for u. We must therefore obtain some
stronger kind of convergence for the sequence vy, so that, e.g., f(vy,) converges
to f(v).

However we do have some compactness in suitable integral norms for the sequence
Uy, due to (5.11). More specifically, let h € RY be any given vector with length
0 < |h| < 4, and let k = h/|h|. Setting

Qs = {z € 2| dist(z,002) > d},

we calculate, by a standard argument,

T T |h|
//]un(x—i—h,t)— (z,t)|dxdt = // /Dun(x—l-sk:)-k:ds dz dt
0 2 0 0
T bl T |h|
///|Dunx+5k |dsdxdt = ///|Dunaz—|—sk)|dxdsdt
0 2 0 0 0 0
T |h| T

§///|Dun(a:)|da:dsdt:|h|//]Dun x)|dzdt < C|h|. (5.17)
0 0 2 0

We have used the fact that x + sk € (2 for all x € 25 and all 0 < s < |h|, and
(5.11).

5.2. The BV estimate. Introduce a cut off function ¢ € C°°({2) such that
C(x)=1, dist(x,0802) >45; C(x) =0, dist(z,00) < 24;

2
’Dqégv ’AC’—527

where v does not depend on 6. We may also assume that n > 1/4, so that n,{ = ¢
in £2.

In this Subsection we drop the index n, for ease of notation. Therefore we write
Y for ¥y, v for v,, and so on. For a given h € RY define the testing function

o, 1) = sign, (9(o(x + h, 1) — Doz, 1))¢(2)
where sign. € C*°(R) is a smooth approximation of sign, such that
sign_(s) — sign(s), s€ R, sign. >0
(we set sign(0) = sign_(0) = 0). Let us denote
onlat) = p(w— h,t).

If |h| < §, which we assume from now on, both ¢ and ¢} vanish in a neighbour-
hood of 942 x (0, 7).
Multiply (5.6) by ¢ and integrate by parts, obtaining

// vrodrdr + // D¥(v) - Dodxdr :/ fw)pdzdr. (5.18)
Qt Q¢

Q1
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On performing the same operation with ¢y, we obtain

//UTa?T (:c—hT)dxdT—i—/ DI(v(z, 7)) - Dp(x — h,7)dzdr

//f (z,7))p(x — h,7)dzdr.

Let us change the integration variable in (5.19),
r—h—y.
The domain of integration stays the same (i.e., Q) because

supp ¢, C Q1 supp C Q.

Still denoting the new variable by x we obtain

//UTHhT) (=, T)dxdT—i—/ DO(u( + h, 7)) - Do, 7) dz dr

//f (x4 h,7))p(z,7)dzdr.

33

(5.19)

(5.20)

On subtracting (5.18) from (5.20), and explicitly calculating Dy, we arrive at

//[UT(JC +h,7) = vr (2, 7)]rp(z, 7) de dr
Q@

+/ \DY(o(z+ h, 7)) — DI(w(z, 7))[2sign’(... )¢ dzdr
Qt

+/ [DY(o(x + h, 7)) — DI(v(w,7))] - DCsign. (... ) dz dr
Qt

// v(@ +h, 7)) = flu(@,7)lp(z, 7) dedr.

(5.21)

The second integral in (5.21) may be dropped, since it is non negative. Next note

> >
v(x + h,7)=v(x,7) <= (v(z + h,7))=0(v(z, 7)),
< <

as ¥ = v, is strictly increasing. Thus, as € — 0

sign, (J(v(z + h, 7)) — I(v(z,7))) — sign (V(v(z + h, 7)) — H(v(z,7)))

=sign (v(z + h,7) —v(z, 7)) = o(z, 7).
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Finally, we may take the limit € — 0 in (5.21), after dropping the second integral
as we said, to find

//[”T(x +h,7) = v (@, 7))o (x, 7)¢(x) dedr

+ / [DY(v(z+ h,T)) — DY(v(z,T))] - D{o(x,7)dxdr
Q¢

// (x+h,7)) — f(v(z,7))]o(x, 7)(dxdr. (5.22)
The first integral in (5.22) equals

// a%m(x +ho7) — v (2, 7)[C () da dr
Q¢

= /|v(x + h,t) —v(x,t)|¢(x) dz — /]vo(x + h) —vo(x)|¢(x) dx
2 2
The second integral in (5.22) equals

// DI(w(z + h, 7)) — 9(v(z, 7))| - D dar dr

— //|19(v(:c +h,7)) —d(v(z, 7)) Aldxdr,

so that, according to (5.17), its absolute value is majorised by
~y C
52 |[H(v(z+ h, 7)) — Fv(x,7))|dedr < ﬁ]hl
25 x(0,t)

The third and last integral in (5.22) is bounded simply by taking into account
the Lipschitz continuity of f. Collecting these estimates we find

/]v(m +hyt) — o(w, 8)[C(2) do < /|vo(x + 1) — vo(a)[¢(z) da
2

2

+ 592|h| —|—,u//|v(x + h,7) —v(x,7)|((x)dzdr. (5.23)
0

By Gronwall’s lemma we conclude that

/|v(:n b ht) — (e, b)|C(x) dx <
(]

m{!yvo(wh) — vo()[¢() der + 5—02|h|} (5.24)
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Assume now that the original initial data vg satisfies for all h € RY, |h| < 4,
>0,

/|v0($—|—h) — vo(x)] dz < Cylh|. (5.25)
25

We may therefore assume the approximating initial data wvg, satisfy a similar
inequality (see Lemma 1.1 of Appendix B). This and (5.24) allow us to conclude
that forall0 <t < T, he RV, n>1,

/|vn(x+h,t) —vn(a, 8)] dz < Cy|h|. (5.26)
25

Standard (and trivial) results in functional analysis imply that (5.26) is equiva-
lent, since v, € C*°(Qr), to

/]Dvn(x,tﬂ dz < Cs. (5.27)
s

Here and above, Cs denotes a constant depending on J, but not on n.

REMARK 5.1. In general, the L! estimate (5.26) does not imply for an integrable
function v the existence of the gradient Dv in the sense of Sobolev. This is a
marked difference with the case of similar LP estimates, with p > 1. Instead,
estimates like (5.26) imply that v is a function of bounded variation, or BV
function, whence the title of this subsection.

5.3. Compactness of v, in L'. In order to obtain the desired compactness
of the sequence {v,}, in L] (Qr), we still have to complement (5.26) with a
similar estimate involving translations in time rather than in space. This bound
will be achieved as a consequence of a theorem by Kruzhkov, which we state and
prove in Appendix B. Essentially, the result states that if we already know some
regularity of the solution to a parabolic equation at each time level, we may infer
some (lesser) regularity in the time variable. The regularity in space is in our
case guaranteed by (5.26). The remarkable input of the theorem is that strong
continuity in an integral norm is a consequence of a notion of weak continuity.
Let g = g(z), g € C}(£25). On multiplying (5.6) by g and integrating over {2
between t and t + s, 0 <t <t+ s < T, standard calculations give

/ 9(@)[vn(a,t + 5) — va(w, )] dz = - /+ / Dy D (v dudr
2 t 0

t+s

+//f(vn)nngd:cd7-. (5.28)

t
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Note that

t+s t+s

//Dg-Dz?n(vn)d:ch < //ﬁln(vn)]DgHDvddxdT
Q Q

t t

< [ llocllDglloos  sup /IDvn(N)Id:U < Gs[|Dglloos
t<T<t+s
25
owing to estimate (5.27). Clearly Cs does not depend on n. Therefore

/g(ﬂf)[vn(% t+s) —vn(2, )] dz| < Cs(llgllo + [1Dglloc) s, (5.29)
2

for all g € C}(£25). Then, Kruzhkov’s Theorem 2.1 of Appendix B (see also
Remark 2.1 there) implies that

/]vn(x,t b8) = on(@, ) dz < Csv/s,  0<s<o?, (5.30)
25

forall 0 <t <t+s < T, and for all § > 0. Combining (5.30) with (5.26) we
obtain that the sequence {v,} is pre-compact in L'(§2; x (0,T)). By means of
usual diagonal procedures, we may extract a subsequence (still labelled by n)
such that

Up — U, a.e. in Q7. (5.31)
It follows
Up = Op(vy) — Y(v) = u, a.e. in Qr, (5.32)

where clearly u must equal the weak limit in (5.12).

For any testing function ¢ as in Definition 3.1, we may therefore take the limit
n — oo in (5.16), and obtain (3.7). By construction, v and u satisfy the relevant
regularity requirements. By the same token, J(v) = u, i.e., v € E(u).

5.4. Removing the extra assumption on vy. We have so far proven exis-
tence of solutions under the extra regularity assumption (5.25), which is certainly
satisfied, for example, if the initial data are in C*(£2). To extend the proof to the
case when vy is merely assumed to be a bounded function (so that (5.25) does not
necessarily hold), consider first a sequence of smoothed initial data v} € C*(£2),
such that

v = o, L), [0l < [0l (5.33)

Consider the sequence v/ of weak solutions, corresponding to these initial data,
to the Stefan problem. These are therefore solutions in the sense of Definition 3.1.
Note that, perhaps extracting a subsequence we may still assume that v/, v/ =
Y9(v7), Du? converge weakly, because estimates (5.10), (5.11) are in force for them,
uniformly on j.

Due to Theorem 4.1, and to (5.33), the sequence v/ actually is a Cauchy sequence
in L'(Qr). Again, perhaps extracting a subsequence we may assume that

v — v, a.e. in Qr. (5.34)
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Hence, we may take the limit in the integral equation satisfied by v/, i.e.,

/ {—v/p; + D - Dgo}da:dt—/vo( (z,0) da?+/ f)pdadt,
Qr

finally proving that v solves the original Stefan problem.

5.5. Exercises.

5.1. Prove in detail that (5.14) follows from (5.11).

5.2. A much simpler proof of existence of weak solutions is available when f does
not depend on v (but, e.g., on u). In this case, indeed it is enough to prove strong
convergence for the sequence u,. To obtain the needed compactness estimate,
which actually amounts to a bound of ||uy||2 uniform in n, multiply (5.9) by wn,
and use the properties of F,. Go over the details of this approach; e.g., prove
that the weak limit v of v, is an admissible enthalpy for the strong limit u of w,,.

5.3. Assume that (5.25) is replaced by

/yvo(x +h) — vo(x)] de < Cw([h])
25

for a non decreasing non negative continuous function w : R — R, w(0) = 0,
such that w(s) > s, 0 < s < 1. Prove that the solution v satisfies for |h| < 6 < 1,

/]v(x + h,t) —v(z,t)|dx < Csw(|h]), a.e. t € (0,7).
025

6. A comparison result

THEOREM 6.1. Let v}, v3 € L>®(£2), and f!, f* € C*°(R) satisfy (3.5). Denote
by v, v? the corresponding weak solutions to the Stefan problem. If v} > v3 in
2, and f' > f? in R, then v* > v? in Q7.

PROOF. As we already know a result of uniqueness of the solution, we may prove
the statement by approximation. By the same token, we may assume the initial
data are smooth, e.g., in C*(£2). Let

{U n17 7:2172’

be the two sequences constructed in Section 5 as solutions to the problems (5.6)—
(5.8), with vg,, [f] replaced with vg,, [f?] respectively.
Subtract from each other the PDE solved by v} and v2, and multiply the resulting
equation by

Pe = Sign:(ﬁn(vg) - 1971(’0711)) )
where sign is a smooth approximation of the function sign™(s) = X(0,400)(5)5
with sign’ > 0. Integrating by parts over Q; we obtain

/ [ 1663, — vh e+ sign (2~ uh) ID(u — wh)?] dedr

_ / [F2(02) — f1 ()] e da dr
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On dropping the quadratic term above, and letting ¢ — 0 we get (recall that

sign™ (u2 — ul) = sign™ (v2 — v}), see the discussion in Subsection 5.2)

/(vg—v (x,t) d:c</ f2 )]nnsign (v2 —vl)dzdr.
0
We have performed an integration in time, and used vg, > U%n. But, since
fr>r
F2(02) — £ (o)) sign™ (02 — v)) = [2(2) — f2(0)] sign™ (v — v})
P2 — b)) sign™ (02 — vb) < ple? — v

/(%21 —vp)4 (2, t)de < u//(vz —ovl)ydedr.
£ Q¢

Finally, an application of Gronwall’s lemma concludes the proof. O

Therefore



APPENDIX A

Maximum principles for parabolic equations

1. The weak maximum principle
Let Qr be a bounded open set of RNt contained in RV x (0,T), where T > 0.
DEFINITION 1.1. We denote by ()7 the parabolic interior of Q)7, that is the set
of all points (z,t) with the property
Je>0: B(z,H)n{t<t} CQr.
Here B.(Z,t) denotes the (N +1)-dimensional ball with radius € and center (Z, t).
Define also the parabolic boundary 9,Qr of Qr, as
apQT = @ - Q;‘ .

The set 0,Q7 is the parabolic analogue of the boundary of @7, i.e., roughly
speaking, the region where initial and boundary data should be prescribed for
parabolic problems set in Q7 (see Figure 1).

For example, if Q7 = (0, L) x (0,T) then Q% = (0,L) x (0,T].
Obviously we have Q7 C Q% C Qr. In general 9,Qr is not a closed set.

F1GURE 1. The dashed lines and the point E belong to the para-
bolic interior, but the points A, B, C, D, as well as the solid lines,
belong to the parabolic boundary.

In the following we denote
Lu = up — ajj (@, 1)Uz, + bi(w, t)ug, +c(z,t)u,

Lou = uy — aij(z, t)uximj + bi(x, t)ug, .

39
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Throughout this Appendix we employ the summation convention, and assume
that

ue C*(Q)NCW@r), aij, bi, c € C(QT);
aij(z, )& > v|E?, for all € € RN, (z,t) € Q%

Here v > 0 is a given constant. We also assume

v,

N N
laijlloe =t A <00, > |Ibillec =t B <00, [ecfoo=:C<o0.
j=1 i=1

LEMMA 1.1. Assume that Lou(Z,t) < 0, where (Z,t) € Q%. Then u can not
attain a local mazimum at (Z,t).

PRrooF. Recalling the definition of ()7, we have, reasoning by contradiction,

‘COU(C@B = ut(j7£) - aij(fvauxixj (j7£) + bl(j7aum(j7a
= ut(j7£) - aij(fvf)uxixj (j7£) :

Note that, if (Z,t) is a point of local maximum, then u:(Z,#) > 0. By the same
token, ajjug.; < 0 at (Z,f), as we show below. This leads of course to an
inconsistency, as Lou(Z,t) < 0 by assumption.

To prove the assertion a;juz;.; < 0 at (Z,t), we change spatial coordinates defin-
ingy =z+I'(x—z), and v(y,t) = u(x(y),t), where I' = (7;;) is an N x N matrix
such that I'(a;;(Z,))I" coincides with the diagonal matrix diag (A1, ..., An) (we
may assume without loss of generality that (a;;) is symmetric). Then

AijUgix; = QijUypyp YhiVkj = )\hvyhyh ) at (jj)

Note that v(-,t) attains a local maximum at y = Z, so that vy,,, < 0 for all h.
We also take into account that Ap > 0 for all h, since (a;j) is positive definite.
The result immediately follows. O

THEOREM 1.1. (WEAK MAXIMUM PRINCIPLE) Let Lou < 0 in QF. Then

maxu = sup u. (1.1)
Qr QT
PROOF. Let us define
v=(u— M)e ", M = sup u, e>0.
OpQr

If w — M is positive at some (x,t) € QF, then v attains a positive maximum
somewhere in Q% say at (z,t). Indeed v < 0 on 9,Q7. We calculate

_ —et _ —et _ —et
Vg = U — —EV, Up = Ug€ ~,  Ugiz; = Uga, €

Therefore
Lov(z,1) = e Lou(E, T) — ev(z, 1) < —ev(z,1) < 0.

Upon recalling Lemma 1.1, this inconsistency concludes the proof. (Il
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1.1. More general operators. Let us consider here more general operators of
the form L.

THEOREM 1.2. Let Lu < f in Q%, f € C(Qr). Define

t
/Hf+(-,T)Hoodr _H(), 0<t<T. (1.2)
0
Then
max u4 < eC*T( sup uy + H(T)), (1.3)
Qr QT
where C_ = ||c_||c0,Qr -

PROOF. Define for a constant v > 0 to be chosen
w(z,t) = e Tu(x,t) —m — H(t),

where

m = Ssup U+ .
apQT

By definition of m, and since v > 0, we have w < 0 on 9,Q1. Moreover
Low = e " Lou —ye " — || f+(,1) ]|
< —ceMut e fr(at) = ye T u (| (1) lloo < —[e+le T

Therefore we have Low < 0 where w > 0 (and hence u > 0 too), provided we
select v = C_ + ¢ for any arbitrarily fixed € > 0. Thus, if w attains a positive
maximum in @7, we arrive at an inconsistency with Lemma 1.1. We conclude
that w <0 in Qr, and we recover (1.3) on letting € — 0. O

Note that according to our theorem above, if © < 0 on 9,Q7, and f <0 in Q7,
then v < 0 in @7, regardless of the sign of c.

REMARK 1.1. All the results of this section still hold if the parabolicity constant
v is equal to 0. This is not the case for the results in next two sections. See also
Section 4.

2. The strong maximum principle

Let (z,t) € Q%. Define the set S(z,t) as the set of all (z,t) € Q7 with the
property

(x,t) can be connected to (Z,t) by a polygonal contained in Qr,

along which ¢ is increasing, when going from (x,t) to (Z,1).
A polygonal is a connected curve made of a finite number of straight line seg-
ments. Essentially, the strong maximum principle asserts that if Lou < 0 in Qr,
and u attains its maximum at a point (Z,?) of @, then u is constant in S(z, ).
Our first result is a weaker version of this principle.
The proof we present here was taken from [2]1. The strong maximum principle
for parabolic equations was first proven in [13].

IThe author of [2] quotes a course of D. Aronson (Minneapolis) as source of the proof.
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(z,1)

FIGURE 2. The set S(Z,t) as defined in the text.

LEMMA 2.1. Let Lov < 0 in Pr = Bs(0) x (0,T), v € C*Y(P}) N C(Pr), where
6>0,T >0 and we assume

v(z,t) < M, x| =0,0<t<T, (2.1)
v(x,0) < M, x| <4,
for a given constant M. Then
v(z,T) < M, lz| < 0. (2.3)
Proor. We have by continuity
v(z,0) < M —ed*, lz| <9, (2.4)

for a suitable € > 0, which we fix from now on subject to this constraint.
Let us define, for a a > 0 to be chosen,

w(z,t) = M — (6 — |z[*)%e ™ —v(a,t).
Then
Low(z,t) = —Lole(6? — |2]*)%e™ ] — Lov(x, 1)

> Lole(8 — [af?)%e) = e—af{eaw? ~ Jof?)?

— 46(52 — |l’|2)a]’j + 85aij$i:cj — 46()1'131'(52 — |l’|2)} . (2.5)

Here we employ the summation convention even for the term a;; and we under-
stand the coefficient a;;, b; to be calculated at (x,t). We aim at proving that
the quantity {...} in last formula above is non negative, for a suitable choice of
a > 0. Introduce a parameter 7 € (0,1), and distinguish the cases:

(i) If |z| < 70, then
{...} >e(6® = |2 [ad?*(1 — 7%) — 44 — 4B76] > 0,

provided
ad®(1 —7%) —4A —4B76 > 0. (2.6)
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(ii) If § > |z| > 79, then
{...} >e[—4A45°(1 — 7°) + 8v|z|* — 4B&*(1 — 72)]
> de[ — AS*(1 — 72) + 20720 — B&*(1 — 77)]
=4ed*[2v7* — A(1 —7%) — B§(1 —7%)] > 0,

provided
2vr? — A(1 — 72) — B§(1 —1%) > 0. (2.7)
We may first select 7 so as (2.7) is satisfied, and then choose « so that (2.6) is

satisfied too. Having fixed in this fashion the values of 7 and «, we proceed to
observe that

Low >0, in Pr.
Moreover on the parabolic boundary of Pr we have
w(z,t) =M —v(x,t) >0, on |z| = 0;
w(z,0) = M — (6% — |z]?)* — v(z,0)
> M —e6* —v(z,0) >0, in |z| < §;

we have made use of (2.4). Therefore w > 0 in Pp owing to the weak maximum
principle.
Especially
w(z,T) = M — (6% — |z[*)?%e T —v(z,T) >0,
and we finally prove our claim, i.e., for |z| < 4,
v(x, T) < M — (0% — |z)?)%e T < M.
[l

THEOREM 2.1. (STRONG MAXIMUM PRINCIPLE) Let Lou < 0 in Q4. If (Z,t) €
QF, and

max u = u(Z, ﬂ )
Qr
then

u(z,t) = u(z,t), for all (z,t) € S(z,1t). (2.8)

PROOF. Let us proceed by contradiction. Assume a point (z1,t1) € S(Z,t) exists
such that u(z1,t1) < w(Z,t) =: M, and consider a polygonal (which must exist
by definition of S(z, 1))

Ui { (1 = A (@i, ) + M@igas i) | A € [0,1],

where (2,41, tn+1) = (Z,1), and t; < ti41, for i = 1, ...n. We are going to prove
that
u(mi,ti) <M= u(xi+1,ti+1) < M,

which obviously leads us to the contradiction
w(Z, t) = u(Tpt1,tne1) < M = u(z,1).

We may assume without loss of generality ¢ = 1, i + 1 = 2. Let us switch to
different space coordinates:

szzz:j—:njl—(x]z—:n{)tz_tl, j=1,...,N.
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Thus
(l‘l,tl) — (O,tl), (xQ,tg) — (O,tg).
Also define the function
v(&,1) = u(x(,1),t).
In the change to the new variables, the set Qr is transformed to an open set
which certainly contains the closure of the cylinder

E5:{(§7t)|‘€|<57t1<t<t2}7

provided § > 0 is suitably chosen. Possibly redefining § we may assume (by
continuity)

v(€7t1)<M7 |§’ Sda

From now on, let § be fixed in this way.
We have in Ej

E()’U(f, t) = Ut(§7 t) — Q4 (.’E(f, t)? t)v&fj (57 t) + Bl (57 t)vfi (gv t) <0. (29)

where ' ‘
5 zb gt
bi(€7t) :bi(x(&t)at)_ t2 tl :

2 — U1

Note that Lo is an operator satisfying the same assumptions as L. More specif-
ically

ZHBZHOO <B:= B—i—NM_
=1 (tQ _tl)
Finally,
'U(évt)SM; ’£|:6’t1<t<t27

follows from the definition of M. Therefore we may apply Lemma 2.1 to conclude
that
u(l'g,tg) = ’U(O,tQ) <M,

as claimed. O

2.1. More general operators. Lemma 2.1 and Theorem 2.1 still hold, if £y in
their statements is replaced with the more general operator £, provided c(z,t)M >
0 in Qr (here M = u(Z,t) in Theorem 2.1).

We sketch here the changes needed in the proof of the Lemma, the proof of the
Theorem being essentially the same:

The calculation in (2.5) should be replaced with

Lw(&,t) = LIM — (6% — [¢]*)?e™ )] = Lo(¢, 1)
> cM — 2[6(52 N ’5’2)26—(1(1&—751)] > _05(52 o ’5‘2)26—04(15—1&1) +F

=t et o) - gy
2 2 ah — 2 2
—4e(6” — [¢] )ajj + 8eaij&i&; — [bi - H]%&@ —[¢] )} )
where F denotes the the last term in the chain of inequalities in (2.5). Here we
used the fact that ¢cM > 0. It is clear that, additionally assuming e.g., a > 2C,

the proof can be continued as above, taking into account Theorem 1.2.
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3. Hopf’s lemma (the boundary point principle)

DEFINITION 3.1. We say that a point (Z,t) € 9,Qr has the property of the
spherical cap if there exists an open ball B, (x,ty) such that

(f,ﬂ € 3Br(.%'0,t0) , BT(xo,t()) N {t < ﬂ C Qr,
with xg # Z.

In the following we denote by C,(Z,t) a cap By(zo,to) N {t < t} as the one
appearing in Definition 3.1. Note that if (Z,¢) has the property of the spherical
cap, then there exist infinitely many such caps.

REMARK 3.1. If (Z,%) has the property of the spherical cap, the N-dimensional
open set G := Q% N {t = ¢} has the usual property of the sphere at Z. Indeed,
it contains the N-dimensional sphere B, (zo,to) N{t = t}, which however touches
the boundary of G at z.

On the other hand, examples can be easily given where (Z,?) € 9,Q7 has the
property of the spherical cap, but fails to have the property of the sphere; see
Figures 3 and 4.

FIGURE 3. Every point of 8,Q% N {t > 0} has the spherical cap
property. This fails for the points on the vertical edges of Qé.

A version of Hopf’s lemma for parabolic equations was first proven in [19], [7].

THEOREM 3.1. (HOPF’S LEMMA) Let Lou < 0 in Q%. Let (Z,t) € 0,Qr have the
property of the spherical cap. If

u(z, t) < u(z,t), for all (z,t) € Cy(z,1), (3.1)

then 3
u, _
%(1‘7{) <0, (32)
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where e € RNTY is any direction such that
(Z,t) + se € Cy (7, 1), for0< s < X(e), (3.3)
and we also assume that the derivative in (3.2) exists.

PROOF. First, let us invoke the strong maximum principle to prove that the
maximum value u(Z, t) may not be attained in the parabolic interior of C,(Z,t).
Namely, we obtain in this fashion the additional piece of information that

u(z,t) < u(z,t), for all (z,t) € B,(x0,t0)-

Then, f(£ each fixed e as in (3.3), we may find a spherical cap C’ such that its
closure C' is contained in C,(z,¢)* U {(z,?)} and

u(z,t) < u(z,t), for all (z,t) € C', (z,t) # (,1), (3.4)
(z,t) +se e ', for 0 < s < X'(e). (3.5)

We'll keep the notation C..(Z,t) in the following for a cap satisfying (3.4), (3.5).
Let us consider the barrier function

w(z,t) =exp{ — a(|lz — zo|* + [t — to|*)} — exp{—ar?},

where o > 0 is to be chosen, and (xg,tp), r are as in Definition 3.1. Thus
1>w > 0in By(zg,tp), w =0 on 0B, (xg,to), and

wy(z,t) = —2(t — to)aexp { — aflz — zo|* + [t — to]?)},
wg, (w,1) = =2(2" —ap)aexp { — allz — wol* + [t —to[*) },
We, (2, 1) = (= 205500 + 4(z' — b)) (z) — $j)042) exp{...}.
Therefore we have
Low(z,t) =2aexp{...}[— (t—to) +ay— 20a; (" — xh) (27 — ZE%) —bi(z' — x%))]
<2aexp{...}[(to —t) + A — 2av|z — zo|> 4+ Blz — zol] . (3.6)
Define
2= Co(@, ) N{lx—3| <<},
where the positive number ¢ is selected so as, for (z,t) € (2,

1
|z — 20| > |Z — 20| — |z —Z| > rsinh —e > §rsin9.

Here 6 is the angle between the ¢ axis and the straight line joining (xg, to), (T,1).
Note that # € (0,7/2] as a consequence of xg # Z, according to Definition 3.1;
see also Figure 4. Hence, in {2 we have

1
Low(z,t) < 2aexp{...}[r+A— 5041/7»25111294— Br] <0,

provided we finally choose a so that

2(A+r+ Br)
— <.
vr2sin®?g  ~
Define for a positive number p to be chosen presently,
ol t) = u(w,t) + pwlet),  (0.1) € Q.

Note that
GPQ:&USQ, S CaBr(xo,to), SQC{’.%’-.’E’ZE}HCT(@,Z).
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Cr(z,1)

8pQT

FIGURE 4. 2 and C,(Z,1), in the case tg > t.

Then, on S; w = 0 and thus
v(z,t) = u(x,t) < u(z,t).
On Ss, taking into account (3.4),
u(z,t) <u(z,t)—o,
for a suitable o > 0. It follows that on Sy too
v(z,t) = u(z,t) + pw(z,t) <u(z,t) — o+ p < u(z,t),

if we choose pu < o. Moreover

Lov = Lou+ plow < Lou <0, in {2.
The weak maximum principle yields
v(x,t) <u(z,t), in 0.
On the other hand, v(Z,t) = u(Z,t), so that
ov
—(z,t) <0.
Oe(x’ f) <

Therefore

%(w,ﬂ = %(w,ﬂ—y%—i(m,f} < 2ua(T — xg,t —tg) -eexp{...} <O0.
U

A typical application of Theorem 3.1 is the following: assume u satisfies Lou = 0
in @Qr and attains its maximum at a point (z,¢) € 9,Qr, having the spherical
cap property. Unless u is identically constant in a portion of Qr, by the strong
maximum principle, u is strictly less than its maximum value in Q. Therefore
we are in a position to apply Hopf’s lemma, and prove g—ﬁ > 0, if n is the spatial
outer normal to Qr at (7,t) (as defined in Subsection 2.1 of Chapter 2).
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3.1. More general operators. Theorem 3.1 still holds, if £y in the statement
is replaced with the more general operator £, provided c¢(x,t) > 0 in Qp, and
u(Z,t) > 0. We sketch here the changes needed in the proof:

The operator Lg is to be replaced everywhere with L.

Estimate (3.6) is substituted with the relation

Lw(z,t) < 2aexp{...} [% —(t—to) +ai; —20a; (2" —xf) (27 —a:g)) —bi(:ci—a:é)}

1
§2aexp{...}[A+§—§ayr231n20+r+Br] <0,

which is valid in {2 as above, for a suitable selection of o > 1. The proof is
concluded as above.

3.2. Maximum estimates in problems with boundary conditions involv-
ing the spatial gradient. Assume u solves the problem, to be complemented
with initial and additional boundary data,

Lou =0, in G x (0,7), (3.7)
ou
a—n—O, on I' C 0G x (0,7T), (3.8)

where G C RY, and n denotes the outer spatial normal to G x (0,T). Then u
can not attain either its maximum or its minimum on I, owing to Hopf’s lemma
(unless it is identically constant in some open set).

Assume now (3.8) is replaced with

0
8—“ = —h(z,t)u+k(z,t), onI CIG x (0,T).
n
Here h > 0 and k are continuous functions. Assume (Z,t) € I' is a point of
maximum for u. Then

0< g—z(z,a bz Dul, B + k1),

implying

k(z,t)

hz,t) "

Note however that a similar, but not necessarily strict, inequality can be proven
trivially without invoking Hopf’s lemma. Analogous estimates hold at points of
minimum.

uw(Z,t) <

4. Maximum principle for weak solutions

In this section we proceed formally, with the purpose of exhibiting the ideas
behind a possible extension of the maximum principle to weak solutions of

up — diva(z,t,u, Du) <0, in Qr =G x (0,7), (4.1)
where
a(z,t,u,Du) - Du > 0.
Assume that 0G x (0,T) = S; U Sg, with
u(z,t) < M, on Si,
a(z,t,u,Du) -n <0, on Sy,
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in a sense suitable for the calculations showed below, and also that
u(z,0) < M, x€G.

Here n is, as above, the outer spatial normal.
Multiply (formally) (4.1) by (u — M)y, and integrate by parts, obtaining, on
dropping the non negative term involving a - Du,

/(u(x,t)—M)idxg2//(u—M)+a(x,t,u,Du)-ndadT
G 0 G
+/(u(w,0)—M)3de,
G

for all ¢t € (0,T). The last integral equals 0, because of the assumed bound on
the initial data. The surface integral is non positive: indeed, on S; we have
(u— M)4+ =0, while on S it holds

(u— M)ia(z,t,u,Du) -n<0.
Therefore we get
/(u(ar,t)—M)%rdeO, forall0 <t < T,

G
ie,u<Min G x (0,7T).






APPENDIX B

A theorem by Kruzhkov

We present here a result of [10], which is instrumental in our proof of existence
of weak solutions to the Stefan problem, in the modified version quoted in [8].

1. Mollifying kernels
Let ¢ be a mollifying kernel, i.e.,
peC°(R), suppp C [-1,1], ¢>0, ¢>0 on[-1/2,1/2]
Define

1 T
oelw) = (D), zer".
On multiplying, if required, ¢ by a positive constant, we may assume
/@E(x)dx— /@(]ac])dx—l, for all € > 0.
RN RN
Let v € L. _(RY). Define for all z € RY,

loc
wle) = [ oecte =)y = [ vla - ez dz. (1)
RN RN
Let 2 be a bounded open set of RY with a Lipschitz continuous boundary. Define
for1>0>0
Qs ={x € | dist(z,00) > §}.

In the following ws will denote a modulus of continuity, that is a continuous, non
decreasing, non negative function ws : R — R such that ws(0) = 0. The notation
emphasizes the possible dependence of this function on §.

Our first result is not actually needed in the proof of the main estimate Theo-
rem 2.1, but it was quoted in the proof of Theorem 5.1 of Chapter 2.

LEMMA 1.1. Letv € L'(2), and assume that for each0 < 6 <1, h € RN, |h| < §

/]v(w+h) — (@) de < wy(|h]). (1.2)
25
Then, for all 0 < e < 4, |h| <4,
/|v€(x+h) — v ()] dx < ws(|h]). (1.3)
235

Note that, to keep our notation formally coherent with (1.1), we extend in (1.3)
v to v = 0 outside of {2. However, the integrals defining v.(z+h) and v.(x) there
are actually calculated over {2 (check this).

51
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PrOOF. By definition of v,

/ 02 + ) — ve(2)| der = / / o(y) ez + h— ) — pe(z — y)] dy| dz

225 225

_/ /we(y)[v(x+h—y)—v(x—y)]dy dz

225 RN

< [ [0t tn=9) = vl -l ds] ay

RN 225
= o) [ et 0= via)laz] av

RN 25—y
Here we use the standard notation
G-—y={z]|2z+yeG}.

Recall that ¢.(y) = 0 if |y| > €. Therefore in last integral we may assume, as
€ < 0 by assumption,

(95 —y C (o5 C 25
Hence the last integral above is bounded by

/ e (y)ws(1h]) dy < ws(|h])

RN

Let us define the sign function

1, 5> 0,
sign(s) =<0, s=0,
-1, 5 <0.
Clearly, as ¢ — 0,
v(z)[sign(v(z))]e — v(z)sign(v(z)) = |v(z)], ae. z € RY.

Next lemma gives a measure of the speed of convergence in this limiting relation.

LEMMA 1.2. In the same assumptions of Lemma 1.1, for all 0 < e < 0,

/Hv(ﬂﬁ)l — v(z)[sign(v(z))]e| dz < 2ws(e) . (1.4)
25

PrOOF. For all z, y € RY

[lo(2)] = v(x) sign(v(y))] = [[lv(@)] = o] = [v(z) = v(y)]sign(v(y))]
< 2fv(z) —v(y)|
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Thus

/Ilv(fﬂ)l —v(z)[sign(v(z))| dz
025

- / / [[o(@)] — v(z) sign(v(v))] e (@ — ) dy| de

Qs RN
< / / 20o(z) — v(y)lpe(z — y) dyde = 2 / / [o(2) — v( — )| dz e (y) dy
25 RN RN 025

Since p.(y) = 0 for |y| > €, we may bound above last integral by

2 / /!v(a?) —v(z —y)|dz p:(y)dy < 2 / ws([yl)we(y) dy < 2ws(e) .

RN 25 RN

2. The main estimate

THEOREM 2.1. Let v € L>®(Qr), and assume that for all 1 > § > 0, |h| < § we
have

/\v(x Fht)— o) dz <ws(B]),  ae te(0,T). (2.1)
s

Assume moreover that for all g € C3(£2s), and a given Cs > 0,

/g(x)[v(x,t +5) —v(a,t)] dz| < Css([lgllos + [ Dyglloo) , (2.2)

)

ae. 0 <t <t+s<T. Then, we have a.e. 0 < t < t+s < T, and for all
0<e<d,

/|v(:17,t +3) —ov(z, t)|dx < 75(§ + e +ws(e)) . (2.3)
Qs

Here 5 depends on 2, Cs, ||v||cc and N.

PROOF. Choose in (2.2)

9(z) = fe() = / B)pe( — ) dy,
RN

where 0 < € < § and
B(z) = XQ2E+5($) sign(v(x,t + s) —v(z,t)).
Note that
(V)

IDg| < 22,
£

moreover g(z) =0 if = € 25 — {2.45. Finally,
Be(z) = [sign(v(z,t + s) —v(x, t))]e, T € 3c45.
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Thus, exploiting assumption (2.2),

/[v(x,t+s)—v(x,t)]ﬁ5(x)dx < /[U($,t+s)—v(:n,t)]ﬁs(:c)da:

3e+45 )

+ / [0(,t+5) = v, D]:(2) da| < Crr(N) + (D)ol

s—{23¢ 16

Therefore

/|v($, t+s)—v(x,t)|de < / lv(z,t+s) —v(z,t)| dz + 7(2)||v] 0ce
s

23045

< / (@, £+ ) — v(,8)| = [v(2, £ + 5) — v(z, )] (2)| dat

Q35+6

+ / [v(x,t+ s) — v(z,t)]Be(z) dz| + Y(02)||v]| ot < dws(e) + fyg + e,

where we used Lemma 1.2. Indeed, it is easily checked, with the help of (2.1)
that

/ llo(z + h,t+s) —v(z+ h,t)] — |v(z,t + s) —v(x,t)|] de < 2ws(|h]),
25
a.e. 0 <t<t+s<T, and for § and h as above.
The proof is concluded. O

REMARK 2.1. It is clear that estimate (2.3) implies continuity in ¢ of v in the
L(£25) norm. In the optimal case when ws(|h|) = Cs|h|, on choosing & = /s (for
s < 6%) we obtain

/|v(:17,t +8) —v(z,t)|de < y/s. (2.4)
25



APPENDIX C

The spaces H"t*"3* (Qr)

We define here a class of Banach spaces of standard use in the regularity theory
of parabolic equations (see [11]). Let Q7 = 2 x (0,T), where 2 ¢ RY is a
bounded open set.

Fix the integer m > 0, and « € (0,1). In the following we denote with D} D3 u,
for r, s € N, any derivative of u, taken r times with respect to the time variable,
and s times with respect to space variables. For a given function u : Q7 — R we
introduce the quantities

o ‘U(Z’, t) B u(‘r/7 t)‘ (m+a) (a)
(), = sup L (u)Tee) = (Dy D),
Qr (z,t) ,(z' t)EQT |Z’ - x/’a o 2r—l—§s:m ' @r
W = sup lu(z,t) — u(z,t')]
BOT Ly wineQr  E—t]2

(M) (m+a72r75)
(Wigy = . (DiDiu)g,’
2r+s=m—1,m
The sums above (and below) are extended to all the derivatives D] D3u with r,
s as indicated. If m = 0, the only such function is u itself.
Then we define the norm

+ + (75%)
ulgy"™ = 30 IDFDullsegr + ()G, + (), gy
2r4+s<m
The Banach space of the functions u whose norm ]u|g';+a) is finite is denoted by
e, e Q7).
1. Comments

The regularity ‘in time’ of u € Hm+ame(@) is ‘a half’ of the regularity ‘in

space’, in a sense made precise by the definition itself. To illustrate this point,
assume s € C([0,7]), and regard s as a function defined over Q7. Let us make
explicit the meaning of the statement

m+a
2

s€ H™ ™2 (Qr).
If m is even, m = 2k, this is equivalent to: s € C*([0,T]), and
sk () — sk ¢/
2
If instead m is odd, m = 2k — 1, we have: s € C*~1([0,T]), and
st D () — sB D)

sup
o<t t/<T ‘t — t’] =h

< 0.

< 0.
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Clearly, for all m > 0,
s€ Hmte

m-+4a
2

DANIELE ANDREUCCI

(Qr) = s € H>tmtae

24+mt+a ——

2

T)-

(1.1)



APPENDIX D

Symbols used in text

|| fllp.0 norm of f in LP(D), 1 < p < oo; often the indication of the domain
is omitted, when superfluous.
Q(t) the set {(z,t) | x € 2}.
12| the Lebesgue measure of the set (2.
dist(A, B) standard Euclidean distance between A and B.
B, (x) ball with center x and radius r.
T — So+ x goes to so from the right.
T — Sg— x goes to so from the left.
f(so+) denotes the limit of f(z) as © — so+.
f(so—) denotes the limit of f(z) as © — sg—.
Sy positive part of s € R, sy = max(s,0).
S_ negative part of s € R, s_ = max(—s,0).
0ii Kronecker’s symbol: 6;; = 1if i = j, 6;; = 0if i # j.
Df spatial gradient of the function f(z,t): Df = (;—i ey 82—];).
ek k-th unit vector of the standard basis in R™.
C(A) class of continuous functions in A. The same as C°(A).
C"(A) class of functions, continuous in A together with
their derivatives up to order n.
Cy(A) class of the functions in C™(A), whose support is
compact and contained in A.
C?1(A) class of functions f, such that f, %—{, g—i, and aizng
are continuous in A for all 4, j =1,..., N.
WE(G) Sobolev space of functions in L?(G) whose first derivatives are in L?(G).
W22,1(G) Sobolev space of functions f € W2(G) whose spatial derivatives
&Zg;j are in L?(G) for alli, j=1,...,N.
PDE Partial Differential Equation/Equations.
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