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Abstract

We study the qualitative behavior of a thermodynamically consistent two-phase
Stefan problem with surface tension and with or without kinetic undercooling. It
is shown that these problems generate local semiflows in well-defined state man-
ifolds. If a solution does not exhibit singularities in a sense made precise herein,
it is proved that it exists globally in time and its orbit is relatively compact. In
addition, stability and instability of equilibria are studied. In particular, it is shown
that multiple spheres of the same radius are unstable, reminiscent of the onset of
Ostwald ripening.

1. Introduction

The Stefan problem is a model for phase transitions in liquid—solid systems
that accounts for heat diffusion and exchange of latent heat in a homogeneous
medium. The strong formulation of this model corresponds to a free boundary
problem involving a parabolic diffusion equation for each phase and transmission
conditions prescribed at the interface separating the phases.

(1) In order to describe the physical situation, let us consider a domain €2 that
is occupied by a liquid and a solid phase, say water and ice, that are separated by
an interface I'. Due to melting or freezing, the corresponding regions occupied by
water and ice will change and, consequently, the interface I" will also change its
position and shape. This leads to a free boundary problem.

The basic physical law governing this process is conservation of energy. The
unknowns are the temperatures v;, i = 1, 2, of the two phases, and the position of
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the interface I" separating the phases. The conservation laws can then be expressed
by a diffusion equation for v; in the respective regions €2; occupied by the differ-
ent phases, and by the so-called Stefan condition which accounts for the exchange
of latent heat due to melting or solidifying. In the classical Stefan problem one
assumes, in addition, that the temperatures v; coincide with the melting tempera-
ture at the interface I' (where the two phases are in contact), that is, one requires

vp=v2=0 on T, (L.1)

where 0 is the (properly scaled) melting temperature. Molecular considerations
suggest that the condition (1.1) on the free boundary I" be replaced by the Gibbs—
Thomson correction

vp=vp=—-0H on T, (1.2)

where o is a positive constant, called surface tension, and where H denotes the
mean curvature of I'. We will occasionally refer to the Stefan problem with condi-
tion (1.2) as the classical Stefan problem with surface tension.

It should be emphasized that the Stefan problem with Gibbs—Thomson correc-
tion (1.2) differs from the classical Stefan problem in a much more fundamental
way than just in the modification of an interface condition. This becomes evident,
for instance, by the fact that the classical Stefan problem allows for a comparison
principle, a property that is no longer shared by the Stefan problem with surface
tension. A striking difference is also provided by the fact that in the classical Stefan
model, the temperature completely determines the phases, that is, the liquid region
can be characterized by the condition v > 0, whereas v < 0 characterizes the solid
region. The inclusion of surface tension will no longer allow us to determine the
phases merely by the sign of v.

The main reason for introducing the Gibbs—Thomson correction (1.2) stems
from the need to account for so-called supercooling, in which a fluid supports
temperatures below its freezing point, or superheating, the analogous phenomena
for solids; or dendrite formation, in which simple shapes evolve into complicated
tree-like structures. The effect of supercooling can be on the order of hundreds
of degrees for certain materials, see [15, Chapter 1] and [95]. We also refer to
[14,15,32,36-38,42,52,63,64,94] for additional information.

The Stefan problem has been studied in the mathematical literature for over
a century, see [58,87] and [95, pp. 117-120] for a historic account. The classical
Stefan problem is known to admit unique long time weak solutions, see for instance
[29,30,45] and [S1, pp. 496-503]. It is important to point out that the existence of
weak solutions is closely tied to the maximum principle.

Important results concerning the regularity of weak solutions for the multidi-
mensional classical one-phase Stefan problem were established in [10,11,13,31,
46,47,62], and regularity results for the classical two-phase Stefan problem are
contained in [7,8,12,22,23,73,88,96], to list only a few references. We remark
that classical solutions for the Stefan problem with condition (1.1) were first estab-
lished in [41,57]. We also refer to [75] for a more detailed account of the literature
concerning the classical Stefan problem. Although the Stefan problem with the
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Gibbs—Thomson correction (1.2) has been around for many decades, only few ana-
Iytical results concerning existence, regularity and qualitative properties of solu-
tions are known. The authors in [32] consider the case with small surface tension
0 < 0 < 1 and linearize the problem about o = 0. Assuming the existence of
smooth solutions for the case o = 0, that is, for the classical Stefan problem, the
authors prove existence and uniqueness of a weak solution for the linearized prob-
lem and then investigate the effect of small surface tension on the shape of I'(z).
Existence of long time weak solutions is established in [5,54,85]. A more detailed
discussion will be given below. A proof for existence—without uniqueness—of
local time classical solutions is obtained in [83,84]. In [59], the way in which a
spherical ball of ice in a supercooled fluid melts down is investigated. The case of
a strip-like geometry, where the free surface I' is given as the graph of a function,
is considered in [28], and existence as well as uniqueness of local time classical
solutions is established. Moreover, it is shown that solutions instantaneously regu-
larize to become analytic in space and time. The approach is based on the theory of
maximal regularity, which also forms the basis for the local existence theory in the
current paper. In [79] linearized stability and instability of equilibria are studied.
Finally, the authors in [39] consider a strip-like geometry over a torus and establish
asymptotic stability of flat surfaces.

If the diffusion equation 9, v; — Av; = 01in £2; isreplaced by the elliptic equation
Av; = 0, then the resulting problem is the quasi-stationary Stefan problem with sur-
face tension, which has also been termed the Mullins—Sekerka problem (or the Hele—
Shaw problem with surface tension). Existence, uniqueness, regularity (and global
existence in some cases) of classical solutions for the quasi-stationary approxi-
mation has recently been investigated in [9,16,17,24-27,33]. Global existence of
weak solutions has been established in [86], see also [34,56] for related results.

The challenge of developing efficient and accurate numerical methods for free
boundary problems arising from sharp-interface theories has recently driven the
development of regularized diffuse-interface, or phase field, theories. It is of utmost
importance to have a through understanding of the sharp-interface models in order
to evaluate the quality of predictions of the associated phase field models. As
remarked in [6], a phase field theory may, in general, possess a variety of sharp-
interface limits, and in the absence of a sound sharp-interface theory to serve as a
target, the problem of developing a physically meaningful diffuse-interface theory
is ill-posed.

(ii) In this paper we consider a general model for phase transitions that is ther-
modynamically consistent, following the ideas in [6] and [44], see also [36-38]
for earlier work. It involves the thermodynamic quantities of absolute tempera-
ture, free energy, internal energy, and entropy, and is complemented by constitutive
equations for the free energies and the heat fluxes in the bulk regions. An important
assumption is that there be no entropy production on the interface. In particular,
the interface is assumed to carry no mass and no energy except surface tension.

To be more precise, let 2 C R"” be a bounded domain of class C%n = 2.
Q2 is occupied by a material that can undergo phase changes: at time ¢, phase i
occupies the subdomain €2; () of €2, respectively, with i = 1,2. We assume that
021(t) N 02 = ; this means that no boundary contact can occur. The closed
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compact hypersurface I'(¢) := 921 (¢) C 2 forms the interface between the phases.
By the Stefan problem with surface tension we mean the following problem: find
a family of closed compact hypersurfaces {I"(#)},> contained in €2 and an appro-

priately smooth function  : Ry x € — R such that

[k (1)d;u — div(d(u)Vu) =0 in Q\I(@)
dyqu =0 on J0Q
[u]l =0 on I'(?)
v@)l+ocH=ywm)V on I'(¢) (1.3)
[d)oyull = (I(u) —y@)V)V on I'(r)
u(0) = uo

| (0) = T,

Here u(z) denotes the (absolute) temperature, v(¢) the outer normal field of
Q1 (1), V(¢) the normal velocity of I'(¢), H(t) = H(I'(t)) = —divpv()/(n —1)
the mean curvature of I'(¢), and [v]] = v2|r¢) — vilr() the jump of a quantity v
across I'(¢). The sign of the mean curvature 7 is chosen to be negative at a point
x € T'if Q1 N B, (x) is convex for some sufficiently small » > 0. Thus if Q1 is a
ball of radius R then H = —1/R for its boundary I'.

Several quantities are derived from the free energies ¥; (1) as follows:

&i(u) = ¥i(u) + un; (u), the internal energy in phase i,
ni(u) = —y/(u), the entropy,

ki(u) = €;(u) = —uy (u) > 0, the heat capacity,

I(u) = ul[¥' ()] = —ul[n(u)], the latent heat.

Furthermore, d; (1) > 0 denotes the coefficient of heat conduction in Fourier’s
law, y (u) = 0 the coefficient of kinetic undercooling, and o > 0 the coefficient
of surface tension. As is commonly done, we assume that there exists a unique
(constant) melting temperature un, characterized by the equation [ (um)] = O.
Finally, system (1.3) is to be completed by constitutive equations for the free ener-
gies ¥; in the bulk phases 2; (¢).

In the sequel we drop the index i, as there is no danger of confusion; we just keep
in mind that the coefficients depend on the phases. The temperature is assumed to
be continuous across the interface, as indicated by the condition [u]] = O in (1.3).
However, the free energy and the conductivities depend on the respective phases,
and hence the jumps [ (u)], [« (@)1, [n@)]1, [d(u)] are, in general, non-zero at
the interface. In this paper we assume that the coefficient of surface tension is
constant.

Next we show that the model (1.3) is consistent with the first and second laws of
thermodynamics, postulating conservation of energy and growth of entropy. Indeed,
the total energy of the system is given by

1
Ew,I') = / e(w)dx + —— | ods, (1.4)
o\l n—1Jr
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and by the transport and surface transport theorem we have for smooth solutions
d
aE(u(z‘), rae) = —/{[[d(u)avu]] + [e)|V +ocHV}ds
r

_ /F ([d@)aul — () — y@ V) V}ds = 0,

and thus, energy is conserved.

Let us point out that it is essential that ¢ > 0 is constant, that is, is independent
of temperature. The reason for this lies in the fact that in case ¢ = o (#) depends on
the temperature, the surface energy will be fr er(u) ds instead of fr o ds, where
er(u) = o(u) + unr(u), nr(u) = —o’(u), and one has to take into account the
surface entropy fr nr ds as well as the balance of surface energy. This means that
the Stefan law needs to be replaced by a dynamic boundary condition of the form

k0 ()3 pu— dive (dr ) Vru) = [doyull — (I(u) — y @)V +Ir(u)H)V, (1.5)

where 9; , denotes the time derivative in the normal direction, xr (1) = 8’r(u) and
Ir (u) = uo’(u). We intend to study such complex problems elsewhere and restrict
our attention here to the case of constant o.

The fifth equation in (1.3) is usually called the Stefan law. It shows that energy
is conserved across the interface. The fourth equation is the Gibbs—Thomson law
(with kinetic undercooling if y (1) > 0) which implies, together with Stefan’s law,
that entropy production on the interface is nonnegative if y = 0. In the case where
y = 0, that is, in the absence of kinetic undercooling, there is no entropy production
on the interface. In fact, the total entropy of the system, given by

o) = [ (16)
o\
satisfies
d 1 ’ 1
—Pu@®),I'®)= | —dw)|Vul"dx — [ —{[d@)dvull + uln@)]V}ds
dr Qu ru
1 1
= / —d(@)|Vul* dx + / —yW)V?ds > 0.
QU ru
In particular, the negative total entropy is a Lyapunov functional for problem (1.3).
Even more, —® is a strict Lyapunov functional in the sense that it is strictly decreas-

ing along smooth solutions which are non-constant in time. Indeed, if at some time
to = 0 we have

d 1 2 1 5
—dD(u(to),F(to)):/ —2d(u)|Vu| dx+/ —yw)V-ds =0,
dr Qu ru

then Vu(ty) = 01in Q and y (u(f9)) V (tp) = 0 on I"(#p). This implies u(#g) = const
in 2, hence H(fy) = —[[¥ (u(t9))]/o = const. Since 2 is bounded, we may con-
clude that I' (zp) is a union of finitely many, say m, disjoint spheres of equal radius,
that is, (u (o), I'(#9)) is an equilibrium. Therefore, the limit sets of solutions in the
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state manifold SM,,, see (3.8)—(3.9) for a definition, are contained in the (mn + 1)
dimensional manifold of equilibria

& = {(1e Vi1 Sr.0) : 1 > 0, Ry = 0/[¥ ()], Br.(v) € 2,
Sk.() N Sg. () = B, [ # k}, (1.7)

where Sg, (x;) and Bg, (x;) denote the sphere and the ball with radius R, and center
X1, respectively.

(iii) Another interesting observation is the following. Consider the critical points
of the functional ® (u, I") with constraint E(u, I') = Eo, say on C() x MH*(R),
see Section 3.1 for the definition of M7?(2). Then by the method of Lagrange
multipliers, there is i € R such that at a critical point (u4, ') we have

@' (s, To) + UE (s, T) = 0. (1.8)
The derivatives of the functionals are given by

(@' (u, D)I(v, b)) = (' W) o) — [T Ly(r)s

and

(E'(u, D)|(v, ) = (&' @)|v) 1, @) — [e@)T + o HD) ) 1)

By first setting 2 = 0 and varying v in (1.8) we obtain 1’ (us) + ue’(ux) = 0in ,
and then varying 1 we get

[l + pw(le@)l+ oH(Ty) =0 onT,.

The relations () = —v'(u) and e () = ¥ () —uy’(u) imply 0 = —v" (uy) (1 +
ity ), which shows that u, = —1/u is constant in 2, since « (u) = —uy” (u) > 0
for all u > 0 by assumption. This further implies [ (u.)]] + o H(T"x) = 0, that is,
the Gibbs—Thomson relation. Since u, is constant we see that H(I",) is constant,
hence I'y is a sphere whenever connected, and a union of finitely many disjoint
spheres of equal size otherwise. Thus the critical points of the entropy functional
for prescribed energy are precisely the equilibria of the problem.

Going further, suppose we have an equilibrium e, := (u,, I'yx) where the total
entropy has a local maximum with respect to the constraint E = E( constant. Then
D = [® + uE]"(ey) is negative semi-definite on the kernel of E’(e,), where u
is the fixed Lagrange multiplier found above. The kernel of E’(e) is given by the
identity

/ K (u)vdx —/ (ﬂs(u)]] + oH(F))h ds =0,
Q r

which at equilibrium yields

/K*vdx+/ lyhds =0, 1.9)
Q Iy
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where k. := k(uy) and I, := [(u,). On the other hand, a straightforward calcula-
tion, with z = (v, h), yields

1[1

—(Dzl|z) = — [—/ ks dx — a/ h-H (Twh ds] . (1.10)
Us L Ux JQ N

As k4 and o are positive, we see that the form (Dz|z) is negative semi-definite as

soon as H'(T') is negative semi-definite. We have

H'(Ty) = 1/R2+ (1/(n — 1))Ar,,

where Ar, denotes the Laplace—Beltrami operator on I'y. and R, means the radius
of the equilibrium sphere. To derive necessary conditions for an equilibrium e, to
be a local maximum of entropy, we consider two cases.

1. Suppose that I, is not connected, that is, I'y is a union of m disjoint spheres
Ik Setv = 0, and let & = hy # 0 be constant on T'* with > hx = 0. Then
the constraint (1.9) holds, and

m
(Dzlz) = (0/usRZ)(ITs|/m) D hi >0,
k=1
hence D cannot be negative semi-definite in this case. Thus if e, is an equilib-
rium with maximal total entropy, then I'y must be connected, and hence both
phases are connected.

2. Assume that 'y is connected. Setting v = [./(k«|1)qg and h = —1/|[|, we
see that the property that D is negative semi-definite on the kernel of E’(e,)
implies

ous(kx|Dg <

< 1.11
PRI, = (L1

Cs 1=

This is exactly the stability condition found in Theorem 4.5.
In summary, we obtain:

e The equilibria of (1.3) are precisely the critical points of the entropy functional
with prescribed energy.

e The entropy functional with prescribed energy does not have a local maximum
ey = (uy, I'y) in the case in which I', is not connected.

e A necessary condition for a critical point e, = (uy, ['x) to be a local maximum
of the entropy functional with prescribed energy is that ', is connected and that
inequality (1.11) holds.

It will be shown in Theorems 4.5 and 5.2 below that

o (uy,T'y) € & isstable if T'y is connected and ¢, < 1.
e The latter is exactly the case if the reduced energy functional,

[u — @) = EQu, Sru(xo)],  R(u) = o/l @],

has a strictly negative derivative at u,.
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e Any solution starting in a neighborhood of a stable equilibrium exists globally
and converges to another stable equilibrium exponentially fast.
o (uy, I'y) € & is always unstable if I, is disconnected, or if {, > 1.

Hence multiple spheres (of the same radius) are always unstable for (1.3). This
situation is reminiscent of the onset of Ostwald ripening, a process that manifests
itself in the way that larger structures grow while smaller ones shrink and disappear.
Here we refer to [1-4,35,43,65-72], and the references therein for various aspects
and results on Ostwald ripening. In particular, we mention that the authors in [1-4]
use the quasi-stationary Stefan problem with surface tension (that is, the Mullins—
Sekerka problem) to model Ostwald ripening. Under proper scaling assumptions,
the way sphere-like particles evolve is analyzed. Interesting and illuminat-
ing connections between various versions of the Stefan problem (mostly the
Mullins—Sekerka problem) and Ostwald ripening are givenin [43,65-67,69,70,72].
It would be of considerable interest to also pursue the effect of coarsening in the
framework of the Stefan problem (1.3).

(iv) Now we want to relate problem (1.3) to the pertinent Stefan problems that
have been studied in the mathematical literature so far. For this purpose we linearize
h(u) := [[¥ (u)] near the melting temperature ur,, defined by h(upy) = 0. Then
for the relative temperature v = u — up we have h(u) ~ h'(um)v, hence with
Im = l(um) and Yy, = y (um), the Gibbs—Thomson law becomes approximately

(Im/um)v+0oH = ymV. (1.12)

This is the classical Gibbs—Thomson law (with kinetic undercooling in case yp, > 0).
Similarly, assuming that u is close to uy, and V is small, the Stefan law becomes
approximately

[do,v] = ImV. (1.13)

As mentioned above, existence results for the Stefan problem with the classical
Gibbs-Thomson law v = —a’H and the classical Stefan law (1.13) in the case
where k1 = k7 can be found in [5,28,32,39,54,59,83-85]. The Stefan problem
with the linearized transmission conditions (1.12)—(1.13) in case k| = k» has been
studied in [19,83,84,91], see also [48] for the one-phase case.

In the recent publication [40] the author also obtains nonlinear stability of single
spheres for the Stefan problem with the linearized transmission conditions (1.12)-
(1.13) in the case in which all physical constants are taken to be 1, yp, = 0, and
the (appropriately modified) stability condition ¢, < 1 is satisfied. The method
relies on higher order energy estimates and requires higher order regularity and
compatibility conditions for the initial data, see also the remarks in (v).

Our results go beyond the results in [40] in several significant ways: we obtain
existence and uniqueness results for arbitrary initial configurations with only min-
imal regularity assumptions on the data. We also provide instability results, either
in the case of connected equilibria with ¢, > 1, or in the case of multiple spheres.
It should be mentioned that the linearized stability analysis of multiple spheres is
considerably more involved than the case of a single sphere. Moreover, we allow
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for general material laws and we include kinetic undercooling. Lastly, our setting
allows for an interpretation of the equilibria in terms of the entropy functional.

It should also be noted that the results and methods of our paper are not restricted
to the thermodynamically consistent Stefan problem, but also apply to the case with
linearized transmission conditions. In fact, the essential mathematical difficulties
encountered in the stability-instability analysis of equilibria are already present in
the latter situation.

Linear instability has been observed before in [18] for the particular case in
which Q = R?, where suitable boundary conditions for the temperature at infinity
are imposed. It is then shown in [18] that equilibria are linearly unstable. This set-
ting formally implies ¢, = oo, which is in agreement with the instability condition
¢« > 1 of this paper.

If k1 = k» = 0, then we obtain a thermodynamically consistent quasi-stationary
approximation of the Stefan problem with surface tension (and kinetic undercool-
ing). Existence and global existence of classical solutions for the quasi-stationary
approximation with (1.12) with y, # 0 and the classical Stefan law (1.13) have
been investigated in [48,97].

As mentioned before, we assume that the behavior in the bulk phases is described
by constitutive equations for the free energies ¥; (#). A common assumption is that
the heat capacities be constant and equal in the respective phases. Then we neces-
sarily have 0 = [«] = [¢'(w)] = —ul[¥" ()], which implies that the function
h(u) = [¥ ()] is linear, that is h(u) = ho + hju, and then [(#) = hiu. The
melting temperature is given here by 0 < uy, = —ho/ h;.

If the heat capacities «; are constant in the phases but not necessarily equal,
the internal energies depend linearly on the temperature, and the free and the inner
energies are of the form

Yi(u) =a; +bju —kjulnu, &) =a; + «u,

hence h(u) = o + Bu — Su Inu, with constants «, 8, § € R. Concerning existence
of equilibria, these special cases will be discussed in more detail in Section 4.

In [55] the author considers a Stefan problem based on thermodynamical prin-
ciples for the case where the internal energy is given by

e=w+¢ with w=/un— 1/u),

where the phase function ¢ : Q\ ' — {0, 1} assumes the distinct values 0 and 1 in
the respective bulk phases, and where u and u,, denote the absolute and the melting
temperature. In this situation, the free energy of the system can be described by

Vi) = 1/um —1/Qu) + o1 — u/um).

Setting d; (u) = 1/u?, the diffusion equation in the bulk phases, expressed for the
new variable w, becomes d,e = Aw. The total energy and total entropy are then
given by

o|l'|

E(W,F)z/ (w+e)dx+—, O(w, )= [___|_ —
Q\r n—1 arl 2 um  2u

where |I"| denotes the surface area of I'. Therefore, the function
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w? o[l Ew,T) |9
L(w,I) := —dx+—=_q>(w,[‘)+—__2’
o\r 2 (n— Dup Um 2u,

termed total entropy in [55], is a Lyapunov functional for the system.

On a more elementary and ad-hoc level, assuming equal and constant heat
capacities k = k;, constant latent heat /,,, and constant heat conductivity coeffi-
cients d;, one can assign to the Stefan problem subject to the classical conditions
(1.12)—(1.13) an energy and a Lyapunov functional through the relations

E(v,l"):/ (kv + Ime) dx, L(v,F):/ Kv2/2dx—|—oum|l"|/(n—1),
Q\I' Q\I'

where v = u — up denotes the relative temperature, and where the function ¢
has the same meaning as above, see also [79] for the case k| # k». The Lyapunov
functional L plays an important role in the construction of long time weak solutions
in [54,55], see also [85]. The authors in [54,55,85] consider the Stefan problem
subject to the linearized transmission conditions (1.12)—(1.13) with y, = 0, and
they assume equal and constant heat capacities k;, constant latent heat, and constant
heat conduction coefficients. The weak solutions obtained exist on any given, fixed
time interval (0, 7') and have the feature that they lead to a sharp interface I'(¢), in
contrast to the weak solutions previously obtained in [92,93]. A serious drawback
of the results in [54,55,85,92,93] is caused by the lack of uniqueness of solutions.
This renders further assertions concerning asymptotic properties of solutions rather
difficult, if not impossible.

(v) The novelty of our contribution lies in the fact that we consider rather gen-
eral phase transition models that are thermodynamically consistent. In particular,
we allow for different heat capacities, and kinetic undercooling can be included
in the model. In the mathematical literature it is commonly assumed that the heat
capacities «; are equal. However, this assumption is somewhat questionable, as it
implies that the internal energies ¢; can differ only by a constant.

We obtain unique strong solutions, but existence is only guaranteed for short
time intervals. This, however, is to be expected, as solutions can develop singular-
ities in finite time, say in the way that topological changes in the geometry may
occur. We give a complete analysis for the equilibrium states of (1.3), and we inves-
tigate the asymptotic behavior of solutions that start out close to equilibria. It is
of significant interest to note that the equilibrium states can be characterized as
the critical points of the total entropy subject to the constraint that the total energy
be conserved. Moreover, we obtain that the equilibrium case where the dispersed
phase consists of multiple balls (necessarily of the same radius) always leads to an
unstable configuration. As already mentioned, this is reminiscent of the onset of
Ostwald ripening. Additionally, we prove that solutions exist globally and have rel-
atively compact orbits, provided they do not exhibit singularities, see Theorem 5.3.
It appears that this manuscript is the first work to provide such qualitative results
for a thermodynamically consistent Stefan problem.

A major difficulty in the mathematical treatment of the Stefan problem (1.3) is
due to the fact that the boundary I'(¢), and thus the geometry, is unknown and ever
changing. A widely used method to overcome this inherent difficulty is to choose a
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fixed reference surface X and then represent the moving surface I'(¢) as the graph
of a function in normal direction of X. This way, one obtains a time-dependent
(unknown) diffeomorphism from ¥ onto I'(¢), and in a next step this diffeomor-
phism is extended to a diffeomorphism of fixed reference regions QIE onto the
unknown domains €2; (¢). The treatment of the free boundary problem (1.3) then
proceeds by transforming the equations into a new system of equations defined
on the fixed domain Q2 \ X from which both the solution and the parameterizing
function have to be determined. In the context of the Stefan problem this approach
was first used by HANzAwA [41]. This step in carried out in Section 2.

Section 3 is devoted to results on local well-posedness for problem (1.3), based
on the approach in [28] and [21]. We show that solutions do not lose regularity.
Thus, solutions give rise to a semiflow in the state manifold SM,,, and this property
allows us to use methods from the theory of dynamical systems to further investi-
gate geometric properties of solutions, such as the structure of the w-limit set, and
convergence results for global solutions, see for instance Theorem 5.3.

In Section 4 we discuss equilibria and their linear stability properties.
Here we rely on previous work in [79]. However, we should like to point
out that the stability results given here are considerably more general than
those in [79], where we considered only the situation of a connected disperse
phase.

In Section 5 we establish the corresponding stability properties for the nonlin-
ear problem, employing the generalized principle of linearized stability, extending
the results of [81] to the situation considered here. The main result of this sec-
tion shows convergence of solutions to an equilibrium which start out near sta-
ble equilibria. Moreover, we give a rigorous proof of the instability result. The
main difficulty in proving the stability result lies in the fact that equilibria are
not isolated, but rather form a manifold, caused by the fact that the equilibrium
problem is invariant under translations and scaling. This implies that the stan-
dard approach of linearized stability cannot be applied directly; for this reason
we need to apply ideas developed in [81]. We emphasize, however, that the situa-
tion considered here is much more complicated than in [81], as the compatibility
conditions implied by line 4 of Equation (1.3) force us to work in a nonlinear
manifold (the state manifold SAM,, ), rather than in an open subset of a vector
space.

In order to prove the stability/instability results, we parametrize SM,, locally
over the tangent space Z}, in a neighborhood of (0, 0). The flow is then decom-
posed into a part z evolving in the tangent space Zy, and a small component Z
that corresponds to the image of Z under the parametrization of SM,,. The flow
of Z is driven by the linearized operator L, and the right-hand side of (5.11),
which couples the dynamics of Z and z. The part of the flow in the tangent
space Zy is then further decomposed into a part X, corresponding to the finite
dimensional projection of Z onto the kernel N(L,) of L,, and a part y in the
stable subspace, which basically measures the deviation of z from the manifold
of equilibria £ in the stable direction. It is important to note that N(L,) coin-
cides with the tangent space of the manifold £ of equilibria at a fixed equilib-
rium e,. All the equations are coupled, and a contraction mapping argument is
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employed to obtain the existence of global in time, exponentially decreasing solu-
tions.

The stability result in [40] has been obtained using the method of higher energy
estimates as well as suitable orthogonality conditions to deal with the nontrivial
kernel N (L, ) of the linearization. A related idea of flow decomposition is used: the
flow is decomposed into a finite-dimensional component and a remaining infinite
dimensional component which, in a suitable sense, is transversal to the equilibrium
manifold £. Related ideas have also been used in the study of long-time asymp-
totics for the Mullins—Sekerka model [1,27], or in the long-time analysis of some
curvature driven flows [89], and of solitons, see for instance the review in [90].

Of ultimate importance is the Lyapunov functional for (1.3), which is given by
the negative total entropy —® (u, I'). It takes bounded global-in-time solutions to the
set of equilibria, and then by the results of Section 5 and relative compactness of
the orbits, any such solution must converge towards an equilibrium in the topology
of the state manifold SM,,, provided it comes close to a stable equilibrium.

Our analysis is carried out in the framework of L ,-spaces, withn+2 < p < oo.
We expect that it would be enough to require (n+2)/2 < p < oo (so unfortunately
p > 2 even in two dimensions!), but for the sake of simplicity we restrict ourselves
here to the stronger assumption p > n + 2. We also expect that a similar analysis
can be obtained in the framework of the little Holder spaces 2%, which would,
though, require higher order compatibility conditions.

(vi) Finally, we would like to address open problems and directions of future
research. We are confident that our approach based on maximal regularity is flexi-
ble and general enough to also investigate more complex models that take surface
energy into consideration. In fact, the case where the surface tension depends on
the temperature has recently been considered in [80]. Of considerable interest, also,
is the case where the Gibbs—Thomson law is replaced by

V@l +oH=ywV —divrla@)Vr(V/u)] —udivp[f(u)Vr V],

with «, B > 0, see [6] for more background information. The modified Stefan law
then reads

[d@ull = (1) = y @V + divrla@)Vr(V /)] + udive [B) Vr V1)V,

and the resulting entropy production becomes
—®u(), ') = | —=dw)|Vuldx+ | —y@)V-ds
dt Q u? ru
+ [ aIVr(vf + i VPl s 20,
r

Another direction concerns the situation where the densities of the respective
phases are different. This case results in the occurrence of so-called Stefan currents,
and the corresponding models need to also involve the equations of fluid dynamics,
see for instance [6]. Additional very interesting problems concern phase transitions
in moving viscous fluids, in which case the motion can be modeled by a thermo-
dynamically consistent Stefan problem coupled to the Navier—Stokes equations,
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see [6,44]. First results in this direction are contained in [76,77]. Of even greater
challenge is the case where one fluid is evaporating, leading to a phase-transition
model which couples the equations of phase transitions to the equations of fluid
dynamics with a compressible fluid phase.

As mentioned above, it would be interesting to link the thermodynamically
consistent Stefan problem (1.3) to the occurrence of Ostwald ripening.

Of considerable interest, also, is a better understanding of the occurrence of
singularities for solutions of (1.3). A preliminary result ensuring global existence
is contained in Theorem 5.3 under rather restrictive assumptions. We conjecture
that the only obstruction against global existence is related to the breakdown of the
geometry: if no topological changes take place and the curvatures stay bounded,
then the solution exists globally. More specifically, we conjecture that assumptions
(1), (i1) and (iii) in Theorem 5.3 follow from (iv), provided that at time r = 0 we
have ug > 0, and /(up) # 0 in Q in case y =0.

An additional direction that is of great relevance concerns triple junctions, for
instance the case when the free surface I"(¢) is in contact with the solid container
wall. While the situation where I'(f) meets the container wall orthogonally can
likely be handled with the methods developed in this paper (by reflection argu-
ments), the case of arbitrary contact angles remains a significant challenge. For
progress in the case of the Hele—Shaw problem with surface tension we refer to
[49,50].

2. Transformation to a Fixed Interface

Let @ C R” be a bounded domain with boundary <2 of class C?, and suppose
I' C Qs a closed hypersurface of class C 2. that is, a C?-manifold which is the
boundary of a bounded domain Q; C . We then set Q, = Q \ €. Note that
while €2, is connected, €21 may be disconnected. However, €21 consists of finitely
many components only, as €27 = I" by assumption is a manifold, at least of class
C?. Recall that the second order bundle of T is given by

N2T = {(p,vr(p), Lr(p)) : p €T}

Note that the Weingarten map L (also called the shape operator, or the second
fundamental tensor) is defined by

Lr(p) =—=Vrvr(p), peT,
where Vr denotes the surface gradient on I'. The eigenvalues «; (p) of Lr(p) are

the principal curvatures of I' at p € I', and we have |Lr(p)| = max; |«;(p)|. The
mean curvature Hr(p) is given by

n—1
(n = DHr(p) = D_«j(p) = rLr(p) = —divrvr(p),
j=1
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where divr means surface divergence. Recall also that the Hausdorff distance dy
between the two closed subsets A, B C R™ is defined by

dy(A, B) := max [sup dist(a, B), supdist(b, A) ¢ .
acA beB

Then we may approximate I" by a real analytic hypersurface ¥ (or merely ¥ € C3),
in the sense that the Hausdorff distance of the second order bundles of I" and X is
as small as we want. More precisely, for each n > 0 there is a real analytic closed
hypersurface such that dy(N2X, N2T') < 5. If n > 0 is small enough, then &

bounds a domain le with Q% C €, and we set QF = Q \ le
It is well known that such a hypersurface ¥ admits a tubular neighborhood,

which means that there is a > 0 such that the map

A: ¥ x(—a,a) - R"

A(p.r) = p+rvs(p)
is a diffeomorphism from ¥ x (—a, a) onto R(A). The inverse

ATV R(A) > X (—a,a)
of this map is conveniently decomposed as
AT = (M), dx (1)), x € R(A).

Here IT(x) means the nonlinear orthogonal projection of x to ¥ and dx(x) the
signed distance from x to ¥; so |dx (x)| = dist(x, X) and dx(x) < 0 iff x € Qf
In particular we have R(A) = {x € R" : dist(x, X) < a}.

On the one hand, a is determined by the curvatures of X, that is, we must have

O<a<min{1/|fcj(p)|:j:l,...,n—l, peE},

where « ; (p) means the principal curvatures of ¥ at p € X. But on the other hand,
a is also connected to the topology of X, which can be expressed as follows. Since
% is a compact (smooth) manifold of dimension n — 1, it satisfies an (interior and
exterior) ball condition, which means that there is a radius ry > 0 such that for
each point p € X there are x; € Q;: J = 1,2, such that B, (x;) C Q]);, and
Brz (x;) NX = {p}. Choosing ryx maximal, we then must also have a < ryx. In the
sequel we fix

a = —min

. 1 .
ry, ———, J
2 [ lxcj(p)]

For later use we note that the derivatives of I1(x) and dx (x) are given by

=1,...,n—1, peE].

Vds (x) = ve(TI(x)), IT'(x) = Mo(ds (x), I1(x)) Px (T1(x)),

where Px(p) = I — vs(p) ® vy (p) denotes the orthogonal projection onto the
tangent space 7, X of ¥ at p € X, and Mo(r, p) = (I — rLg(p))’l. Note that
|Mo(r, p)l = 1/(1 —r|Ls(p)|) = 2forall |r| = aand p € 2.
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Setting I' = I'(z), we may use the map A to parametrize the unknown free
boundary I'(¢) over ¥ by means of a height function p(z, p) via

F@®:lp—>p+pt,prs(p)l, peX, t20,
for small 1 > 0, at least. Extend this diffeomorphism to all of € by means of
Ep(t,x) =x + x(ds(x)/a)p(t, TT(x))vs (TT(x)) =t x + 6,(7, x).

Here x denotes a suitable cut-off function; more precisely, x € D(R),0 < x <1,
x(r) =1for|r| < 1/3,and x(r) = 0 for |r| > 2/3. Note that E,(¢, x) = x for
|ds (x)| > 2a/3, and

E;l(t, x)=x —p(t, I(x))vs(Il(x)) for |ds(x)| < a/3.
In particular,
2,1 (t,x) = x — p(t, x)vz(x) for x € X.
Setting v(t, x) = u(t, E,(t, x)), or u(t, x) = v(t, E;l(t, x)) we have thus trans-
formed the time varying regions 2 \ I'(¢) to the fixed domain 2 \ X. This is the

direct mapping method, also called Hanzawa transformation.
By means of this transformation, we obtain the following transformed problem.

k(v)o;v + A(v, p)v = k(V)R(p)v in Q\ZX

v =0 on 0%

[vl =0 on o1
[¥ )1+ oH(p) = y(v)B(p)p on

{{(w) =y )B(P)p}B(p)0:p + B(v,p)u=0 on X

v(0) = vo, p(0) = po.

Here A(v, p) and B(v, p) denote the transformations of —div(dV) and —[[dd,]],
respectively. Moreover, H(p) represents the mean curvature of I, B(p) =
(vs|vr(p)), the term B(p)d; p represents the normal velocity V, and

R(p)v = v — du o Ep.

The system (2.1) is a quasi-linear parabolic problem on the domain 2 with fixed
interface ¥ C 2 with a dynamic boundary condition, namely the fifth equation
which describes the evolution of the interface I"(¢).

To elaborate on the structure of this problem in more detail, we calculate
=1+0 E

— -1
. B =1 +0)170, =1—M(p)

and

VuoZ,=[E,") o&Vv=(—-M(p)Vv,
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and for a vector field ¢ = g o &,

(VId) 0 By = ((E;" T 0 E,1VIg) = (I — My (0))VIg).

Further, we have

- - - 1T o -
duo Ep =0,v— (Vuo Eplo,Ep) = 0v — ([(cpl) 0 E,]Vv|o,E)p)

= 80 — (VoL + 6,17 9,6,),
hence
R(p)v = (VollI + 6,1 9,6,).
With the Weingarten map Ly = —Vyxvy, we have

vr(p) = B(p)(vs —a(p)), a(p) = My(p)Vsp,
Mo(p) = (I — pLx)™", B(p) = (1 +la(p)»H)~/2,
and
V = (Elvr) = wslvr(p)dp = B(0)d;p.

Employing this notation leads to 9[’) = 0 for |dx (x)| > 2a/3 and

0,(t,x) = [llx’(dz(x)/a)p(t, I(0)vs (IT(x)) & vs (T1(x))
+ x(ds(x)/a)[vs(I1(x)) @ Mo(ds (x)) Vs p(t, I1(x))]
= x(dx(x)/a)p(t, T1(x)) Lx (IT(x))Mo(dx (x)) Pz (T1(x))
for 0 < |dy (x)| < 2a/3. In particular, for x € ¥ we have
0,(1,x) = vs(x) ® Vxp(t, x) — p(t, X)Lz (x) P2 (x),
and
(%)T(L x) = Vsp(t,x) @vs(x) — p(t, x)Lz(x),

since Ly (x) is symmetric and has range in 7y X. Therefore, [1 + 9/’)] is boundedly
invertible, if p and Vy p are sufficiently small, and

1
41X oo /@ + 2 max; [k;])’

1 +6,7' 1£2 for |ple < :

0| —

|V2p|oo §

For the mean curvature H(p) we have

(n — DHH(p) = B(p){tr[Mo(p)(Ls + Vsa(p))]
—B%(p)(Mo(p)a(p)|[Vsa(p)]a(p))},

an expression involving second order derivatives of p only linearly. Its linearization
at p = 0 is given by

(n—1DH0) =tr L% + Ay,
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Here Ay denotes the Laplace—Beltrami operator on X. The operator B(v, p)
becomes

B(v, p)v = —[dw)dyull o E, = —=([d(w)(I — Mi(p))Vv]vr)
= —p(p)([[dW)(I — M1 (p)Vvlllvs — a(p))
= —B(PId®)dyy V] + B(p) (AW VI = Mi(p) e (p)),

since M;r(,())l)z = 0, and finally

A, p)v = — div(d@) Vi) o E, = —((I — My (p)VId@)(I — My (p))Vv)
= —d(v)Av + dV)[M;(p) + M{ (p) — Mi(p)M{ (p)] : V*v
—d' )| = My (p))Vu[> +d@)((I — My (p)) : VM (p)|Vv).

We recall that for matrices A, B € R"™*" A : B = >
denotes the inner product.

Obviously, the leading part of A(v, p)v is —d(v)Av, while the leading part
of B(v, p)v is —B(p)[d(v)dyyv]l, as M1(0) = 0 and «(0) = O; recall that we
may assume p small in the C?-norm. It is important to recognize the quasilinear
structure of (2.1): derivatives of highest order only appear linearly in each of the
equations.

1aijbij = tr (ABT)

n
1, ]=

3. Local Well-Posedness

The basic result for local well-posedness in the absence of kinetic undercooling
in an L ,-setting is the following.

Theorem 3.1. (y = 0).Let p > n+2,y = 0,0 > 0. Suppose y € C3(0, 0),d €
C%(0, 00) such that

k() =—uy" () >0, du) >0, ue(0,o0).
Assume the regularity conditions
wo € Wy P(Q\To) N C(Q), up>0, ToeWy 7,
the compatibility conditions
duguo =0, [ o)+ oH(To) =0, [d(u0)dys,uoll € Wy~ *' (o),
and the well-posedness condition
l(ug) #0 on I'p.

Then there exists a unique L ,-solution for the Stefan problem with surface tension
(1.3) on some possibly small but nontrivial time interval J = [0, t].
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/p means that ['g is a C?-manifold, such that its

Here the notation Iy € W;_3
(outer) normal field vr is of class W§73/ P(T¢). Therefore, the Weingarten tensor
Lr, = —Vr,vr, of I'g belongs to W§_3/p (o), which embeds into C!+(I'y) with
a=1—(m+2)/p > 0,since p > n + 2 by assumption. For the same reason, we
also have ug € C'*(Q), and Vy € C?*(I'g). The notion L p-solution means that
(u, I') is obtained as the push-forward of an L ,-solution (v, p) of the transformed
problem (2.1). This class will be discussed below.

There is an analogous result in the presence of kinetic undercooling which reads
as follows.

Theorem 3.2. (y > 0). Let p > n+2, 0 > 0, and suppose , y € C3(0, 0),d €
C?(0, 00) such that

kW) =—uy”" () >0, du) >0, yw) >0, uec/(,o0).
Assume the regularity conditions
wo € Wy P(Q\To) N C(R), ug>0, ToeW, ',
and the compatibility conditions
douo=0, ([¥ (o)l + oH(T0))(I(uo)— [V (uo)l—oH(T o)) =y (uo)lld (u0)dyuo]l.

Then there exists a unique L ,-solution of the Stefan problem with surface ten-
sion and kinetic undercooling (1.3) on some possibly small but nontrivial time
interval J = [0, t].

Proof of Theorems 3.1 and 3.2. (i) Direct mapping method: Hanzawa transfor-
mation.

As explained in the previous section, we employ a Hanzawa transformation and
study the resulting problem (2.1) on the domain €2 with fixed interface X.

In the case where y = 0, for the L ,-theory, the solution of the transformed
problem will belong to the class

ve HY U Ly(@) NLy(J: HA(Q\ D) > C(Us Wy P\ 2)),

pew, PP HAE) N Ly Wy (D) > C( Wy P (E),
dhp € Wy VPP (I Ly (ENNL, (1 Wy P (2)) > C(J; W P (2)). 3.1)
See [28] for a proof of the last two embeddings in the case where ¥ = R”.

If y > 0 we have, moreover,

pe W, PP L (E) N L, Wy () — (s Wi P ().

Note that in both cases, v € C(J x S_Z), vIQj e C(J; Cl(S_Zj)),j =1, 2. Moreover,
p e C(J;C3(X)) and

op e C(J;C(X)) incasey =0, a,peC(J;Cl(Z)) incase y > 0.
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We set

Ei(J) == {v e Hy(J; Ly(2) N Ly(J: HY(Q\ D) : [v] =0, dyqv =0},
Ex(J) =W, 2 V2P (i Ly 0wy, PP BX() N Ly (s Wy P (),
y =0,

Eo(J) := Wy PP (I Ly (E) N L, Wy P (D)), y >0,

E(/) =E(J) x E2(J),

that is, IE(J) denotes the solution space.
Similarly, we define

Fi(J) i= Lp(J; Lp(R),

Fo(J) = W, PP(J5 Ly(S) N Ly W~ P (2)),
F(J) == W, Ly (2) N Ly Wy~ VP (2)),
F(J) :=TFi(J) x F2(J) x F3(J),

that is, [F(J) represents the space of data. A left subscript zero means vanishing
time trace at t = 0, whenever it exists. So, for example

0E2(J) = {p € E2(J) : p(0) = 9,p(0) = 0}

whenever p > 3.
Employing the calculations in Section 2 and splitting into the principal linear
part and a nonlinear part, we arrive at the following formulation of problem (2.1).

[ ko(x)d;v — do(x)Av = F (v, p) in Q\X
v =0 on 0%

| [v] =0, on X (32)
Li(t, x)v+o0Asp —yi(t,x)0,0 = G(v,p) on X
lo(x)d;p — ldo(x)dyv]l = H (v, p) on X
v(0) = vo, p(0) = po.

Here,
ko(x) =k (o(x)), do(x) =dwo(x)). lo(x) =I(wo(x)). o0="— i T

Li(t,) = [¥' @ vos)l, i, ) =yE*=vx),

where vgy means the restriction of vy to X. Note that kg, dy € Wﬁ_z/ P \ 2),
hence these functions are in C'! (Q i), J =1, 2.Recall that d and ¥ may be different
in different phases. Further, we have [y € W;_y P(%) which implies Iy € C L.
This is good enough for the space F3(J), as C'-functions are pointwise multipliers
for F3(J), but it is not good enough for IF,(J). For this reason, we need to define
the extension vp, := e®=’vyy. This function, as well as /; and 1, belong to F2(J),
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hence are pointwise multipliers for this space, as F»(J) and F3(J) are Banach
algebras with respect to pointwise multiplication, as p > n + 2.
The nonlinearities /', G, and H are defined as follows.

F(v, p) = (ko — k(v))3v + (d(v) — do) Av — d(v)Ma(p) : V*v
+d' ()| = M1(p)Vv]? = d(v)(M3(p)|Vv) 4+ k (V)R(p)v,
G, p)=—lYv@WI +oH(p) +lv+ooAgp+ (y(W)B(p) — v1)op,
H(v, p) = [(d(v) — dp)oyv]l + (lp — [(v))9;p — ([d(v)VV]|M4(p) Vs 0)
+ 7B ()3 p)* (3.3)
Here we have set
Ma(p) = Mi(p) + M{ (p) — Mi(p)M] (p),
M3(p) = (I — Mi(p)) : VM (p),
Ma(p) = (I — M1(p))" Mo(p).

(i) Maximal regularity of the principal linearized problem.
First we consider the linear problem defined by the left-hand side of (3.2).

ko(x)orv —do(x)Av = f in Q\X

Oy =0 on 90Q2

[vl =0 on (3.4)
Li(t, x)v+o0Asp —yi(t,x)0p=¢ on X

lo(x)9:p — [ldo(x)dyv]l = h on %

v(0) = vo, p(0) = po.

This inhomogeneous problem can be solved with maximal regularity; see ESCHER
ET AL. [28] for the constant coefficient half-space case with y = 0, and DENK ET
AL. [21] for the general one-phase case.

Theorem 3.3. (y =0). Let p > n+2,0 > 0,y = 0. Suppose kg € C(S_Zj) and
doe CY(Q)),j=1,2,k0,do>00n Q1o € Wy P(X), and let

e Wy, PP L) N LT Wy P (D))

such that Il > 0on J x X, where J = [0, ty] is a finite time interval. Then there
is a unique solution 7 := (v, p) € E(J) of (3.4) if and only if the data (f, g, h)
and zg := (vo, po) satisfy

(f.g.h) €F(), zo €W, 7@\ )N C@] x W, /7 (),
and the compatibility conditions
dugo = 0. 11(0)vo +00Axpo = g(0). h(0) + [dodyvoll € Wy /7 ().

The solution map [(f, g, h, z0) +— z = (v, p)] is continuous between the corre-
sponding spaces.
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Proof. In the one-phase case this result is proved in [21, Example 3.4]. Therefore,
we indicate only the necessary modifications for the two-phase case. The local-
ization procedure can be carried out in the same way as in the one-phase case
[21], hence we need to consider only the following model problem with constant
coefficients where the interface is flat:

[ kodv —dAv = f in R"
[v] =0 on R"!
hv+opAp =g on R"!

lodip — [do,v]=h  on R*!
| v(0) = vo, p(0) = po.

Here R" = R"~! x (R {0}), and R"~! is identified with R"~! x {0}. Reflecting
the lower half-plane to the upper, this becomes a problem of the form studied in
[21]. As in Example 3.4 of that paper, it is not difficult to verify the necessary Lop-
atinskii—Shapiro conditions. Then Theorems 2.1 and 2.2 of [21] can be applied,
proving the assertion for the model problem. O

Remark 3.4. One might wonder where the somewhat unexpected compatibility
condition 2(0) + [[dgdyvol € W§76/ P(£) in the case y = 0 comes from. To
illuminate this, note that

(h(0) + [dodvvolD /1o = 8:p(0)

is the trace of d;p at time t = 0. But by the embedding (3.1) this implies that
(h(0)+[dod,voll)/Io € Wy~ ®? (), which in turn enforces /(0) + [dod, o] €
w; o (x).

The main result for problem (3.4) for y > 0 is the following theorem.

The(_)rem 35.(y > 0). Let p >n+ 2,0 > 0. Suppose kg € C(S_Zj) and dy €
Cl(Q)),j=1,2,k0,do > 00nQ,1ly € C'(X), and let

vl e Wy PP(T L, N L, (T Wy P (R)),

such that y1 > 0on J x X, where J = [0, ty] is a finite time interval. Then there is
a unique solution 7 := (v, p) € E(J) of (3.4) if and only if the data (f, g, h) and
20 := (vo, po) satisfy

(f.8.h) €F(), z0 € W, @\ 2)nC@]x W, /" (%),
and the compatibility conditions
duqvo =0, (lol1(0)voj + loooAspo — y1(0)[ddyvoll = y1(0)A(0) + lpg(0).

The solution map [(f, g, h, z0) — z = (v, p)] is continuous between the corre-
sponding spaces.
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Proof. The proof of this result is much simpler than for the case y = 0. We could
follow the strategy in the proof of Theorem 3.3, employing the methods in [21]
once more. However, here we want to give a more direct argument that uses the
fact that the term /[y, p is of lower order in the case where y; > 0. For this purpose,
suppose vy := v} is known. Consider the problem

v10:0 —opAsp =lhivs —g, teJ, p(0)=pp.

Since the Laplace—Beltrami operator is strongly elliptic, we can solve this problem
with maximal regularity to obtain p in the proper regularity class. Then we solve
the transmission problem

kod;v — doAv = f in Q\X
v =0 on 0%
[vl=0 on X

— [ldpd,v]l = h — o, p on X
v(0) = vo.

Finally, we take the trace of v to obtain an equation for vy, of the form
vy = Tvy +w,

where w is determined by the data alone, and 7 is a compact operator from [, (J)
into itself. Here compactness follows from the compact embedding F,(J) —
F3(J), that is, from the regularity of d;p which is higher than needed to solve
the transmission problem. Thus I — T is a Fredholm operator with index zero,
hence invertible since it is injective by causality. This proves the sufficiency of the
conditions on the data. Necessity is a consequence of trace theory. O

Remark 3.6. It is interesting to take a look at the boundary symbol of the linear
problem; it is of the form

s(h, E) = M2 + (hy + 00lE PVt +di €2+ hier + da|E[?).

Here A € C denotes the covariable of time 7, and £ € R"~! that of the tangential
space variable x” € R"~!, This symbol is invertible for large A, provided y > 0 or
[ # 0. Note that in the case y > 0 this is a parabolic symbol of order 3/2 in time ¢
and of order 3 in the space variables x. The term Al” is of lower order, thus / does
not affect well-posedness. On the other hand, for / = 0 and y = 0 the boundary
symbol is ill-posed, since it admits the zeros (A, 0) with arbitrarily large Re A. If
y = 0 and [/ # 0, then it is well-posed. Note that in this case we have order 1 in
time, 3 in space, but also the mixed regularity 1/2 in time and 2 in space.

(iii) Reduction to zero initial values.

It is convenient to reduce the problem to zero initial data and inhomogeneities
with vanishing time trace. This can be achieved as follows. We solve the linear
problem (3.4) with initial data vg, pgp and inhomogenities

F=0, gt)=e="Gvy, po), h(t) =e"*"p; with p = H(vo, po).
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Since the Laplace—Beltrami operator Ay has maximal L ,-regularity, the fact that
G(vo, po) € W, /P () implies g € F2(J). Similarly, & € F3(J) since p; €
W;_yp(fl). The compatibility conditions yield [dod,voll + p1 € W§_6/p(2).
Therefore, the linear problem has a unique solution z, := (v, ps) With maximal
regularity z, € E(J). Thenwe setv = v—vy, 0 = p — px, and obtain the following
problem for z = (v, p).

[ k0 (x)3;0 — do(x) AV = F (U + vy, p + px) in Q\Z
OV =0 on 0%
[v] =0 on
_ _ _ o= 3.5)
Li(t, )V +00Axp — y1(t,x)9;p = G(V, 0; Vx, p5) ON
lo(x)0;p — [ldo(x)d, 0]l = H(D, p; v, ps) on ¥
v(0) =0, p(0) = 0.

Here we have set
G (U, f; Vi, pi) = G(U + vy, p + px) — €= G (vg, po),
H(©, p; vy, ps) = H@ 4 vs, p 4 px) — 2= H (v, po).

Note that G (0, 0; vy, po) = H (0, 0; vo, po) = 0 by construction, which ensures
time trace zero at t = 0.

(iv) Solution of the nonlinear problem.

We first concentrate on the case y = 0, and rewrite problem (3.5) in abstract
form as

Lz = N(z, z4),
where L : ¢E(0, t9) — oF(0, tp), defined by
Lz = (k030 — doAD, 110 + 00 Az p, lod: p — [dody 1),
is an isomorphism by Theorem 3.3. The nonlinearity
N : oE(0, 19) x E(0, 19) — oF(0, 1),

given by the right-hand side of (3.5), is of class C', since the coefficient functions
satisfy k € C!,d, 1 € C?, ¢ € C3, and by virtue of the embeddings

Ei(J) = C(J x Q)N CJ; CH(Q))), E2(J) = C(J; C*(2) N C'(J; C(D)).

Observe that the constants in these embeddings blow up as 79 — 0; however, they
are uniform in fy if one considers the space gE(J)!

We want to apply the contraction mapping principle. For this purpose we con-
sider a closed ball Bg(0) C o¢E(O, t), where the radius R > 0 and the final time
T € (0, tp] are at our disposal. We rewrite the abstract equation Lz = N(Z, z,) as
the fixed point equation

7=L7'N@E, z4) = T(Z), 7 eBgr(0).
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Since we are working in an L ,-setting, by choosing t = 7(R) small enough we
can assure that

ITO)IE©.r) = IL™'NO, )£, ) < R/2

On the other hand, we have

IT(z1) — Tz2)IE©.0) < 1L B0F©O.0).0E0.1))

x sup  IN'GZ, z0)lBEO,1),0F0, 1) 121 — 221 E0,7)s
IZllyE 0. o=R

hence T(Bg(0)) C Bg(0) and T is a strict contraction, provided we have

-1 _
IL™ BEFO.0).0E0.2)  sup  IN'(Z, 2)1BEWO,),0F0.1) = 1/2.
IZlgE©.0) SR

For this we observe that

—1 —1
L™ BF©,1),0E0,7) = IL™ 1B(FO,0),0E0.4) =: Cu < 00

isuniformin t € (0, ty), since we have vanishing time traces at ¢ = 0. So it remains
to estimate the Frechét-derivative of N on the ball Bz (0) C ¢E(0, t). This is the
content of the next proposition, which also covers the case y > 0.

Proposition 3.7. Let p > n + 2,0 € R, and suppose ¥,y € C3(0,00) and
d € C%(0, o).

Then N : gE(0, f9) x E(0, o) — oF(0, t9) is continuously Fréchet- diﬁerentia-
ble. There is n > 0 such that for a given z, € E(0, tg) with |,00|Cz(2) < n, there
are continuous functions «(R) > 0 and f(t) > 0 with a(0) = B(0) = 0, such that

IN'(Z + ) BE©,7).0F0.1) = @(R) + B(1), Z € Br CoE(Q, 7).

Proof. We may proceed in a way similar to [28, Section 7], where the interface
is a graph over R"~!. The additional terms which arise by considering a general
geometry are either of lower order or of the form M (v, p)Vx p, where M (v, p) is
of highest order (see (3.3)), but can be controlled by ensuring that Vy p is suffi-
ciently small. The additional terms due to the presence of y are of highest order,
but small. O

Thus, choosing first R > 0 and then t > 0 small enough, T will be a self-map
and a strict contraction on Bg(0). Concluding, the contraction mapping principle
yields a unique fixed point 7 = 7(zx) € Br(0) C oE(0, t), hence z = z4 + 7(z«)
is the unique solution of (3.2), that is, of (2.1).

The proof in case y > 0 is similar, employing now Theorem 3.5.

Remark 3.8. The assumption p > n + 2 simplifies many arguments, since 2 (J)
as well as F3(J) are Banach algebras and Vv € BC(J x €2). If we merely assume
p > (n+ 2)/2, then Fy(J) is still a Banach algebra, but F3(J) is not, and Vv
may not be bounded anymore. This leads to much more involved estimates for the
nonlinearities.
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3.1. Local Semiflows

We denote by MH?(£2) the closed C2-hypersurfaces contained in €. It can be
shown that MH2(2) is a C2-manifold: the charts are the parameterizations over a
given hypersurface ¥ according to Section 2, and the tangent space consists of the
normal vector fields on X. We define a metric on MHZ(Q) by means of

dygp2(1, B2) i= du(N? 21, N7 %)),

where dy denotes the Hausdorff metric on the compact subsets of R” introduced
in Section 2. In this way MH?(S2) becomes a Banach manifold of class C2.

Let dx (x) denote the signed distance for X as in Section 2. We may then define
the level function ¢y by means of

¢z (x) = ¢pdx(x)), xeR",

where
¢(s) = (1 — x(s/a))sgns +sx(s/a), seR.

Then it is easy to see that ¥ = q); (0), and Vgyx (x) = vy (x), for x € X. More-
over, 0 is an eigenvalue of Vzgog (x), and the remaining eigenvalues of Vz(pz (x)
are the principal curvatures of X at x € X.

If we consider the subset MH> (2, r) of MH?(Q2), which consists of all closed
hypersurfaces I' € MH?(2) such that I' C Q satisfies a (interior and exterior)
ball condition with fixed radius r > 0, then the map

T: MHXQ, r) = CHQ), YTT):=gr, (3.6)

is an isomorphism of the metric space MH>(Q, ryonto Y (MH*(22, 7)) C C3(K).
Lets — (n — 1)/p > 2. Then we define

W3(Q.r) == {I' € MH*(Q.7) : or € W3 (Q)}. (3.7)

In this case the local charts for I" can be chosen of class W;,, as well. A subset
AC WIS,(Q, r) is said to be (relatively) compact if T (A) C W;(Q) is (relatively)
compact.

As an ambient space for the state manifold SM,, of the Stefan problem with
surface tension, we consider the product space C(G) x M™H?2, due to continuity of
temperature and curvature.

We define the state manifolds SM,,, y = 0, for the Stefan problem (1.3) as
follows. For y = 0 we set

SMo = {(u,T) e C(Q) x MH> :u e W, /P(Q\T), T e W, /7,
u>0inQ, [Y@)HoH=0, I(u) #0on T, [dd,u] € W2 (1)),
(3.8)
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and fory > 0

SMy :={,T) € C(Q) x MH? :u e W, /P(Q\T), T e Wy /7,
u>0inQ, (w)—Iywl—oH) ¥ w)HoH)=y w)[dd,u] on T'}.
(3.9)
Charts for these manifolds are obtained by the charts induced by MH?*(S), fol-
lowed by a Hanzawa transformation.

Applying Theorem 3.1 or Theorem 3.2, respectively, and re-parametrizing the
interface repeatedly, we see that (1.3) yields a local semiflow on SM,,.

Theorem 3.9. Let p > n+ 2,0 > 0 and y = 0. Then problem (1.3) generates
a local semiflow on the state manifold SM,,. Each solution (u,T") exists on a
maximal time interval [0, ty), where t, = t.(ug, I'o).

Time weights. For later use we need an extension of the local existence results
to spaces with time weights. In particular, we need this extension for a compact-
ness argument in the proof of Theorem 5.3. Given a UMD-Banach space Y and
w € (1/p, 1], we define, for J = (0, tp),

K (J:Y) = {u € Lpoc(J: Y): t' 7 u € K3(J: Y},
where s = 0 and K € {H, W}. It has been shown in [78] that the operator d/d¢ in
Ly . (J;Y) with domain

D(d/dt) = oH), ,(J:Y)={u € H) ,(J;Y): u(0) =0}

is sectorial and admits an H*°-calculus with angle 7 /2. However, it does not gen-
erate a Cp-semigroup unless ;o = 1. This is the main tool for extending the results
for the linear problem, that is, Theorems 3.3 and 3.5, to the time weighted setting,
where the solution space E(J) is replaced by

By (J) = Eu1(J) x By o)),

with

Eua(J)={ve H) ,(J; Ly(2) N Ly, (J: HH(Q\ D) : [v]=0, d,,u=0},

Euo(D =Wyl 2P (s Ly(ENnW, P (1 HAE)N Ly u(J: Wy~ P (2)),
y =0,

2

—12 41
Euo(0) = Wi PP (T Ly(2) N Ly (J; Wy P(S)), v > 0.

In a similar way, the space of data is defined by
Fu1(J) = Lp u(J; Lp(R2)),
1-1/2 2—1
Frua()) = Wy 2P (s Lp(2) N Ly u (5 Wy /P (2)),

1/2—-1/2 1-1
Fu3(J) =Wy i PP (1 L, (2) N Ly (T Wy P (),
FM(J) = Fﬂ,l(J) X FM,Q(J) X Fu,g(J).
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The trace spaces for v and p for p > 3 are then given by

2u-2 242u—3 4p—2—6
vo € Wi HP(@Q\ D), poe WptHTIP(sy, o e Wt (w,
(3.10)

where for the last trace - which is of relevance only in case y = 0—we need, in
addition, > 1/2 + 3/2p. Note that the embeddings

E,1(J) = C(J x QNCWJ;CHRQ))), Eua(d) = C(J; C3(2))

require 4 > 1/24(n+2)/2p, whichis feasible since p > n+2 by assumption. This
restriction is needed for the estimation of the nonlinearities, that is, Proposition 3.7
remains valid for u € (1/2+ (n +2)/2p, 1).

The assertions for the linear problem remain valid for this p, replacing E(J)
by E,(J),F(J) by F,(J), for initial data subject to (3.10). This relies on the fact
mentioned above that d/dr admits a bounded H *°-calculus with angle /2 in the
spaces L) ,(J; Y). Therefore the main results in DENK ET AL. [21] remain valid
for uw € (1/p, 1). This has recently been established in [60,61]. As a consequence
of these considerations we have the following result.

Corollary 3.10. Let p > n+2,u € (1/2+ (n+2)/2p, 1], 0 > 0, and suppose
that ¥,y € C3(0,00),d € C*(0, 00) such that y = 0 or y(u) > 0,u € (0, c0),
and

k() =—uy" () >0, du) >0, ue(0,o0).
Assume the regularity conditions
wo € Wy P (@Q\To) N C(Q), ug>0, Toe W7
and the compatibility conditions 0,,u¢ = 0 and
(@) [¥ (o)l + oH(To) = 0, [d(ug)dyuol € Wgu_z_é/p(l"o), as well as the
well-posedness condition [(ug) # 0 on Iy, in case y = 0.
(b) ([¥ o)1 + o H(T0)) (I (uo) — [ (o) — o H(To)) = ¥ (uo)lld (10)dyuoll in
case y > 0,

Then the transformed problem (2.1) admits a unique solution z = (v, p) € E, (0, 1)

for some nontrivial time interval J = [0, t]. The solution depends continuously
on the data. For each § > 0 the solution belongs to £(8, ), that is, it regularizes
instantly.

4. Equilibria

Suppose (i, I'y) is an equilibrium for (1.3). Then d;u, = 0 as well as V,, =0,
and we obtain

div(d(us)Vu,) =0 in Q\T
s =0 on 0%
[ =0 on I 4.1)

[V ()l +0H(T) =0 on T,
[d(us)dpusll =0 on [,
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This yields u, = const, hence H(I'y) = —[[¥ (u44)]/o is constant, as well. If Ty is
connected (and €2 is bounded), this implies that I is a sphere Sg, (xo) with radius
R, = o/[[¥ (us)]. Thus there is an (n + 1)-parameter family of equilibria

& = {(us, Sk, (x0)) : s > 0, 0 < Ry = /[ ()], Br,(x0) C Q).

Otherwise, I is the union of finitely many, say m, nonintersecting spheres of equal
radius. It will be shown in the proof of Theorem 4.5(vii) that £ is a C'!-manifold of
dimension (mn + 1) in W2(Q\ T') x W, /7 (T',).

4.1. Conservation of Energy

As we have just seen, the equilibria of (1.3) are constant temperature, and
the dispersed phase consists of finitely many non-intersecting balls with the same
radius. To determine # and R, taking into account conservation of energy, we have
to solve the system

o
E(u, R) := [Qile1(u) + [22]e2(u) + T El= Eo,

[¥@l+oH=0.

In order not to overburden the notation, we use (u, R) instead of (uy, Ry). The
constant Eg means the initial total energy in the system. Since H = —o /R we may
eliminate R by the second equation R = o /[[{(u)], and we are left with a single
equation for the temperature u:

m
@(u) =E(u, R(u)) =1R2e2(u)—

On omwy, .4
R'"We@)|+——R"" (W) =¢o, (42)
n n—1

with g9 = Eo. Note that only the temperature range [y (u)]] > O is relevant due to
the requirement R > 0, and with

Ry = sup{R > 0: Q contains m disjoint balls of radius R}

we must also have R < Ry, that is, with 2(u) = [¢ ()]

o
h —.
(u) > R

With e(u) = ¥ (u) — uy’'(u), that is, [e(u)] = h(u) — uh’(u), we may rewrite
o(u) as

Fon - ),

1

where we have set ¢;, = m—22—o".
nn—1)

Next, with

oh'(u) W @)R*u)

R =S50 = o



Qualitative Behavior of Stefan Problems 639

we obtain

@' (1) = |20y w) — [/ WIS | + mw,(—— — [e@) R @) R ()

R()
= QK2 (u) — [k @) 21| + mwpuh’ () R" ™ ()R’ ()
h (1) R?
— (@)D e — thmw

B Hau(x(u)|1)L2<m | PoRwz|
| PwR2w)|T| ou ’

with I(«) = uh’(u). It will turn out that in the case of connected phases the term in
the parentheses determines whether an equilibrium is stable: it is stable if ¢’ (u) < 0
and unstable if ¢’ (u) > 0; see Theorem 5.2 below.

In general it is not a simple task to analyze the equation for the temperature,

h' (u)
pu) = [Qlea(u) + ¢p ( +(n— 1)”—) = ¢o,

1
h(u)r—! h(u)"
unless more properties of the functions &, (1), and in particular of 4 (u), are known.

A natural assumption is that 4 has exactly one positive zero uy, > 0, the melting
temperature. Therefore we look at two examples.

Example 4.1. Suppose that the heat capacities are identical, that is, [« ]] = 0. This
implies

uh” (u) = ully" @) = -k @)] =0,

which means that #(u) = hg + hju is linear. The melting temperature, then, is
0 < um = —ho/ h1, hence we have two cases.

Case 1. hy < 0, h1 > 0O; this means [ (uy,) > 0. In this case, the relevant tempera-
ture range is u > unp, as h is positive there. We assume now that ¢, is increasing and
convex. As u — um+ we have h(u) — 0, hence ¢(u) — o0, and also ¢(u) — oo
for u — oo since €3 (u) is increasing and convex. Further, we have

h%u
(ho + hyu)" 1"
—ho + nhju
(ho + hyu)"+2

¢'(u) = |Qle5w) —n(n — ey

¢ () = |2y () + n(n — e h? >0,

which shows that ¢(u) is strictly convex for u > up,. Thus ¢(u) has a unique
minimum u#g > upy, ¢(u) is decreasing for uy, < u < wug and increasing for
u > ug. Thus there are precisely two equilibrium temperatures u} € (up, 00)
and u, € (um, uo), provided ¢o > ¢(up), and none if ¢y < ¢(up). The smaller
temperature leads to stable equilibria while the larger leads to unstable ones.
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Case 2. hg > 0, hy < 0; this means [(upy) < 0. In this case, the relevant temper-
ature range is u < upy, as h is positive there. As u — uy,— we have h(u) — 0T
hence ¢(u) — —oo,andasu — 01 wehave p(u) — ¢(0) = |Q|£2(0)+cn/hg_l,
assuming that €7 (0) := lim,_, o+ &2(u) exists. Further, for u sufficiently close to
zero, ¢'(u) is positive, since k2 = &5, > 0, and ¢'(u) - —oo as u — uy—.
Therefore, ¢’ (1) admits at least one zero in (0, uy,). But there may be more than
one unless &, (u) is concave, so let us assume this. Let ug € (0, uy,) denote the
absolute maximum of ¢(u) in (0, uy,). Then there is exactly one equilibrium tem-
perature u,. € (ug, um) if oo < ¢(0) and it is stable; there are exactly two equilibria
u; € (0,up) and u; € (uo, um) if (0) < o < @(uo), the first one is unstable,
the second is stable. If g9 > ¢(u0), there are no equilibria.

Note that in both cases these equilibrium temperatures give rise to equilibria
only if the corresponding radius R(u) is smaller than R,.

Example 4.2. Suppose that the internal energies ¢; (1) are linearly increasing, that
is,

gWw) =a; +xju, i=1,2,
where k; > 0, and now [«] # 0. The identity ¢; = v; — uwi’ then leads to
Yi(w) =a; +biu —kjiulnu, i=1,2,
where the constants b; are arbitrary. This yields with « = [a]l, 8 = [b] and
S = [«]
h(u) = o+ Bu — Sulnu.
Scaling the temperature by u = uow with § — § Inug = 0 and scaling &, we may

assume § = 0 and 6 = 1. Then we have to investigate the equation ¢(w) = ¢,
where

1 h(w)
——— 4+ m—- 1w
A=t (w) h"(w)
with ¢ > 0 and «, ¢; € R. The requirement of existence of a melting temperature
wm > 0, that is, a zero of h(w) leads to the restriction @ < 1/e.

Actually, the requirement that the melting temperature be unique, that is, that
h have exactly one positive zero, implies « < 0. Indeed, for & € (0, 1/e) there is a
second zero w_ > 0 of &, and £ is positive in (0, w_). Equilibrium temperatures
in this range would not make sense physically.

Here, also, we have to distinguish between two cases: that of a plus-sign where
the relevant temperature range is w > wp, and that of a minus-sign where the
range is (0, wy). Note that / is convex in the first case and concave in the second.

o(w) =cw + { b, h(w) = +(a + winw),

Case 1. For the derivatives, in the first case we get

h(w) — nw(h'(w))? ]

h”"‘l(w)

§0/(w)=C+(n—1)[

h' (w)

¢ (w) = n(r = Dy

[+ Dw @)? = hw) G + K wy).
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We have ¢(w) — oo for w — oo and for w — wp+, hence ¢(w) has a global

minimum ug in (upy, 00). Further, ¢” (w) > 0 in (wy, 00), hence the minimum is

unique and there are precisely two equilibrium temperatures w, € (wm, wo) and

w:‘ € (wop, 00), provided @1 > @(wy), the first one is stable, the second unstable.
To prove convexity of ¢ we write

4+ Dw k' W)* = k)3 + 1 (w)) = (n — Dw(h' W) + f(w),
where
f)=2w(h' w))* —h(w)(3+h'(w)) =2w(l+Inw)*— (a+wInw)(4+Inw).
We then have f(wm) = 2wn(1 + Inwy)? > 0, and
fwy=0+hw’?+1—-a/w>1—a/w =0,

fora < 1/e < wy < w. Let us illustrate the sign in & with the water-ice sys-
tem, ignoring the density jump of water at freezing temperature. Suppose that 2,
consists of ice and ©2; of water. In this case we have x; > k», hence § < O,
which implies the plus-sign for 4. Here we obtain w*i > wp, that is, the ice is
overheated. Equilibria exist only if ¢; is large enough, which means that there is
enough energy in the system. If the energy in the system is very large then the
stable equilibrium temperature w, comes close to the melting temperature wp;
then R(w) will become large, eventually larger than R*. This excludes equilibria in
2; the physical interpretation is that everything will eventually melt. On the other
hand, if €2 consists of ice and €2, of water, we have the minus sign, which we
want to consider next. Here we expect under-cooling of the water-phase, existence
of equilibria only for low values of energy, and if the energy in the system is too
small, everything will freeze.

Case 2. Assume the minus-sign for /& and let @« < 0. Then the relevant tempera-
ture range is (0, wy). Here we have ¢(w) — —oo as w — wp— and p(w) —
/|| ' >0asw — 0.

To investigate concavity of ¢ in the interval (0, wy,), we recompute the deriv-
atives of ¢:

Lo 1 w(h (w))?
w(w)—c—(n—l)[hn(w) nhn+1(w)],
n(w)

¢"(w) =n(n — l)h"T(w)

{(n + Dw® (w))? + h(w)(3 — h’(w))} .

Setting w4 = 1/e, for w € (w4, wy) we have A(w) > 0 and A'(w) < 0, hence
¢”(w) < 0. On the other hand, for w € (0, w4), both 2(w) and h’(w) are positive.
Then we rewrite

(n + Dw(h' (w))? 4 3h(w) — h(w)h' (w) = (n — Dw(l + Inw)* + £(w),



642 JAN PrUsS, GIERI SIMONETT & RicO ZACHER

where

fw) = 2wk (w)* + h(w)(3 — 1’ (w))
=2w(l +lnw)> — (¢ + winw)@ + Inw),
flw)y=1+nw)?+1—a/w >0,

provided o < 0. This shows that f is increasing, f(w) — —oo as w — 0T, and
f(1/e3) = 11/e3 —a > 0. On the other hand, the function w (1 +In w)? is increas-
ing in (0, 1/e3), hence ¢” (w) has a unique zero w_ € (0, 1/e). Therefore, ¢ is
concave in (0, w_) U (w4, wy) and convex in (w_, w4 ), and ¢’ has a minimum at
w_ and a maximum at w . Observe that ¢’ (w) < ¢, ¢'(w) — —oo forw — wy—
and ¢'(0) = ¢ — (n — 1)/|a|" < ¢'(w4). Therefore, ¢’ may have no, one, two,
or three zeros in (0, wp,), depending on the value of ¢ > 0. However, if ¢ > 0 is
large enough, then ¢’ has only one zero, wy, which lies in (w, wy,). In this case ¢
is increasing in (0, w1) and decreasing in (w1, wn), hence for ¢ € (¢(0), p(w1))
there are precisely two equilibrium temperatures: the smaller leads to unstable, the
larger to a stable equilibrium. If ¢; < ¢(0), there is a unique equilibrium which is
stable, and in the case where ¢; > @(w) there is none. However, in general, there
may be up to four equilibrium temperatures.

4.2. Linearization at Equilibria

The linearization at an equilibrium (u,, I'y) with R, = o/[[¥ (u.)]], reads

[ K.0;v —dyAv = f in Q\ T
o =0 on 9%
[v] =0 on I 43)
(s/u)v+0Awp —ys0p =g on Ty
140 p — [dy0yv] = h in T
[ v(0) = vo, p(0) = po.

Here

1 n—1
Ky = k(Us), dy = dWy), Ly = 1(uy), Y« = V(“*), Ay = —— Q7 + Ay,
n—1\ R;

where A, denotes the Laplace—Beltrami operator on [,,.

We note that if /, = 0 and y,. = 0, then the problem is not well-posed. On the
other hand, if [, # 0 and y, = 0, then the operator — L defined by

D(Lo) = {(v. p) € [HX(Q\T) N C(1x W, /P (1) :
dugv = 0. (lu/u)v+0Awp =0, [dudyvl € Wy 7Ty}, 44
Lo(u, p) = ((=ds /i) Av, —[[(ds/ L5) 9, v]D,
generates an analytic Cp-semigroup with maximal regularity in
Xo:=L,(Q) x Wy 2/P(T,).

More precisely, we have the following result.
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Theorem 4.3. Let 3 < p < 00,0 > 0, suppose vy, = 0 and let I, # 0. Then for
each finite interval J = [0, ty), there is a unique solution z = (v, p) € E(J) of
(4.3) if and only if the data (f, g, h) and zo = (vo, po) satisfy

(f. g h) € F(J), z0 €W, P (Q\TW)NCEQ)] x Wy /7 (T,)
and the compatibility conditions
oo =0, (Le/tx)vo + 0 Aspo = g(0), h(0) + [didyvoll € Wy P (T,).

The operator — L defined above generates an analytic Co-semigroup in X with
maximal regularity of type L p.

In case y; > 0, similar assertions are valid for L,, in
2-1
X, = Lp(@) x W, /7(ry),
where

D(Ly) = {(v. p) € [HAQ\T) N C)] x W, /7(T,) :
dov =0, (2/u)v+ Lo Awp = yulldidyvll}, 4.5)
Ly(vv p) = ((—ds/k) Av, —(0/ V) Asxp — (Ls/usyi)v).

The main result on the problem (4.3) for y, > 0 is the following.

Theorem 4.4. Let 3 < p < 00, and suppose o, ys > 0. Then for each finite inter-
val J = [0, ty], there is a unique solution z = (v, p) € E(J) of (4.3) if and only if
the data (f, g, h) and zo = (vo, po) satisfy

(f.g.h) € F(J), z0 € W, P Q\TW)NCE@] x W, /P (')
and the compatibility condition
o =0, (I3 /u)v0 + 10 Awpo — y4[dd,v0]l = Lg(0) + 4 (0).

The operator —L,, defined above generates an analytic Cy-semigroup in X,, with
maximal regularity of type L .

Proof. (Proof of Theorem 4.3 and Theorem 4.4) These results, up to the last
assertions, are special cases of Theorems 3.3 and 3.5, respectively, in Section 3. In
addition, since the Cauchy problem for L, has maximal L ,-regularity, we conclude
in both cases by [74, Proposition 1.2] that — L., generates an analytic Co-semigroup
in X, . Recall that the spaces E(J) are different fory =0andy > 0. O
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4.3. The Eigenvalue Problem

By compact embedding, the spectrum of L,, consists only of countably many
discrete eigenvalues of finite multiplicity and is independent of p. The eigenvalue
problem reads as follows

KAV — dyAv =0 in  Q\T,

v =0 on JR

[v] =0 on T 4.6)
(x/u)v+0Axp —ysrp =0 on Ty

Lidp — [[di0,v]] =0 on T[.

Assume, first, that ', is connected. As shownin [79], . = Ois always an eigenvalue,
and N (L, ) is independent of y, 2 0, k. and dy. We have

ouy
N(Ly)zspan[(@,—l),(o, Y1), ..., Q, Yn)], .7

where the functions Y; denote the spherical harmonics of degree one, normal-
ized by (Y;1Yx)r,r,) = 8jk- N(Ly) is isomorphic to the tangent space of £ at
(uy, Ty) € €.

Let A # 0 be an eigenvalue with eigenfunction (v, p) # 0. Then (4.6) yields

) 2
A [|«/K*U|L2(Q) - ou*(A*,ol,o)Lz(r*)} + ‘\/d*Vv‘LZ(Q) + V*u*lx|2|p|%2(r*) =0.

Since A is selfadjoint in L, (I'y.), this identity shows that all eigenvalues of L, are
real. Decomposing v = vo+v, p = po+ p, with (k«|vo) 1,(@) = (pol D, ,) =0,
this identity can be rewritten as

2 . 2 \/> 2
A |\/ K*U0|L2(Q) 0—u>i<(A>o<,00|)OO)L2(I‘*) + )\M*V*|)OO|L2(F*) + [v/d« Vg

+ [Aystts + 2T/ (el D 1y — 0tts/ REAHT4] = 0.

In the case in which I'y is connected, the bracket determines whether there is a
positive eigenvalue.
If Iy = U, <<, I'. consists of m > 1 spheres I', of equal radius, then

Lr(€2)

N(Ly)zspan[(%,—l),(o, Yh, ... 0.7 1§l§ml, (4.8)
Ak

where the functions Y Jl denote the spherical harmonics of degree one on ka (and
Y/l. =0on Ui# Fi), normalized by (Y;|Y,€)L2(Fi) = §k. N(Ly) is isomorphic to
the tangent space of £ at (u,, I'y) € &, as will be shown in Theorem 4.5, below.

Theorem 4.5. Leto > 0, y, = 0, I, # 0, and assume that the interface I consists
of m = 1 components. Let

ous(ke|1) 1, (0)
= T L@ 49

and let ¢ be defined as in (4.2). Then
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() @' (us) = (G — DIZRZ|T|/(01s).
(ii) O is an eigenvalue of — L, with geometric multiplicity (mn + 1).
(iii) O is semi-simple if ¢y # 1.
(@iv) If T is connected and ¢, < 1, then all eigenvalues of —L,, are negative,
except for Q.
(V) If &« > 1, then there are precisely m positive eigenvalues of —L,,,
(vi) If ¢« < 1 then —L,, has precisely m — 1 positive eigenvalues.
(vii) N(L,) is isomorphic to the tangent space T, r,)E of € at (us, T'y) € £.

Remark 4.6. (a) The resultis also true if [, = 0 and y, # 0. In this case ¢’ (uy) =
(ks|1) (@) > 0and ¢, = oo, hence the equilibrium is always unstable.

(b) Note that ¢, depends neither on d, nor on the undercooling coefficient y .

(c) For the Mullins—Sekerka problem, that is, for k = 0, we have ¢, = 0, in
accordance with the result obtained in [27].

(d) TItis shown in [79] that in case ¢, = 1 and I', connected, the eigenvalue O is
no longer semi-simple: its algebraic multiplicity rises by 1. This is also true if
Iy is disconnected.

Proof. (Proof of Theorem 4.5) For the case where I', is connected, this result is
proved in [79]. The assertions (i)—(iii) also remain valid in the disconnected case.
However, the proof of [79, Theorem 2.1(e)], addressing instability, is not com-
pletely correct, as it relies on the assertions [79, Proposition 3.2(b) and Proposition
5.1(c)] which are incorrect. (We remark, though, that the instability result of [79,
Theorem 1.3] is, indeed, valid.) Here we give a modified proof for [79, Theorem
2.1(e)] which also applies in the case where I, is not connected.

It thus remains to prove the assertions in (v), (vi), and (vii). If the stability con-
dition ¢, < 1 does not hold or if T is disconnected, then there is always a positive
eigenvalue. To prove this we proceed as follows. Suppose A > 0 is an eigenvalue,
and that p is known; solve the elliptic transmission problem

kel —deAv =0 in Q\T,
v =0 on 0d%2
vl =0 on T,
— ldsoyv]l =h on I

(4.10)

to get v = Sy h, with S being the solution operator. Then, taking the trace at I',, we
obtain v|r, = Njh, where N, denotes the Neumann-to-Dirichlet operator for the
transmission problem (4.10). Setting i = —Alp this implies, with the linearized
Gibbs—Thomson law, the equation

[(I2/u)AN; + ysrlp — 0 Axp = 0. (4.11)

A > 01is an eigenvalue of —L, if and only if (4.11) admits a nontrivial solution.
We consider this problem in L, (T"y). Then A, is selfadjoint and

>_% 1,2
_U(A*g|g)L2(l"*) = — R2 |g|L2(I‘*)'
*
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On the other hand, we will see below that N, is selfadjoint and positive semi-definite
on L(I"). Moreover, since A, has compact resolvent, the operator

B :=[(I2/us)ANy + yu)] — 0 Ay

has compact resolvent as well, for each A > 0. Therefore the spectrum of B; con-
sists only of eigenvalues which, in addition, are real. We intend to prove that in
cases where either I, is disconnected or the stability condition does not hold, Bj,,
has 0 as an eigenvalue, for some A9 > 0.

We will need the following result on the Neumann-to-Dirichlet operator Nj.
We denote by e the function which is identical to one on I'..

Proposition 4.7. The Neumann-to-Dirichlet operator N, for problem (4.10) has
the following properties in Ly (T'y).

(1) If v denotes the solution of (4.10), then

2
(NyhIh) Ly, = k! K*v’Lz(Q) + ‘\/ZVU , A>0, heLxyTy).

2
Ly ()

(ii) For each o € (0, 1/2) and 1y > 0, there is a constant C > 0 such that
(NAh|h)L2(l"*) 2 F|N)"h|L2(F*)’ h e Ly(Ty), A 2 Ao.

In particular, N, is injective, and

1\

C
INLIB(Ly(r)) = Tk A Z Ap.

(iii) On Ly o(I'y) = {0 € Lo(T'x) : (6]€),r,) = 0}, we even have

(14 2)*
C

(N2hI) Ly, 2 INWAIL, .y € Lao(Ty), >0,

and

C

) § —_— A > 0.
(I+1)

INAB(Ly, o), La(T

In particular, for A = 0, (4.10) is solvable if and only if (h|e)r, = 0, and then
the solution is unique up to a constant.

Proof. (Proof of Proposition 4.7) The first assertion follows from the divergence
theorem. The second and third assertions are consequences of trace theory, com-
bined with Poincaré’s inequality. The last assertion is a standard statement in the
theory of elliptic transmission problems. We refer to [79]. O
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Proof of Theorem 4.5, continued: (a) Suppose, first, that 'y is connected.
Consider & = e. Then with ¢, := lf/u* = 0, we have

o
(Brele)L,r.) = cxh(Nele)Lyr,) + Avelell,r,) — 2 leli, ).
*

We compute the limit limy o A(N;.€|€)1,(r,) as follows. First solve the problem

—dyAv = —k4ap in Q\ Ty
v =0 on 0%
[vl=0 on I
— [did,v] =e on I,

4.12)

where ap = |I'«|/(k«|1)1,(q), which is solvable since the necessary compatibil-
ity condition holds. Let vg denote the solution which satisfies the normalization
condition (kx|vp),(@) = 0. Then v;, := S)€ — vy — ap/A satisfies the problem

KelUy — dy Avy, = —kedvg in Q\ Ty

v =0 on 0%

(4.13)
[v,] =0 on Iy
— [dx0,vp ] =0 on [.

By the normalization (k.|vo),() = 0, we see that v, is bounded in WZZ(Q \ Ty)
as A — 0. Hence we have

Ali_%?»NAe = Ali_%[)nvxlr* + Avolr, +aol = ao = Tl / (kx| D Ly (@)-
This then implies

T o
e — [ <0,

(k| Dy R

if the stability condition does not hold, that is, if {, > 1.

(b) Next, suppose that I is disconnected. If ', consists of m components
Ffﬁ, k=1,...,m,wesete, = 1on F’,f and zero elsewhere. Let h = Zk arer =0
with >, ar = 0, hence Qoh = h, where Qg is the canonical projection onto
L o(T),

lim (B;ele =
Al_r)%( 2€1€) Ly,

_ (hle)ryry)

Ooh = h
0 Tl

Then
lim AN h = lim AN, Qoh =0,
Nim AN h = lim Qo

since N, Qg is bounded as A — 0. This implies

. _ 0 ky2
lim (Bl 1) =~ 2 Zk: IT¥la; < 0.



648 JAN PrUsS, GIERI SIMONETT & RicO ZACHER

(c) Next, we consider the behavior of (Byh|h)p,r,) as A — oo. We want to
show that B; is positive semi-definite for large A. For this purpose we introduce
the projections P and Q by

m
Ph=cy Y (hlen)ryre Q=1-P,
k=1

where ¢, = m/|I'«| in the case where I', has m components. Recall that |F>,’§ | =
ITs|/mfork =1,...,m. Then with hy = (hlex)r,r,)

[(NxPRIQR) Ly, < cm D il [(N2 Qhle) Lyr) |
k

< C O mlINLQhlLyr,) < CA/2
k

1/2

X Z |hi|(NxQhI1Qh),
X

k

<cne? {Z |hel> + m(N; QhIQh)sz*)}

g C)Lia/z ['Ph|iz(r*) + (NAQh|Qh)L2(F*):| s

for A > 0, and C standing for a generic positive constant, which may change from
line to line. Hence for A = Ag, with A¢ sufficiently large, we have

(N kW) Loy = (NLOQRIQh) Ly r,) + 2(N3L QhIPh) Ly T,y + (NAPh|Ph) L, (T,)

1 C
= E(N)»QMQh)Lz(F*) + (N PhIPR)Ly(r,) — Wlphliz(p*)-
0

This implies

(Bahlh)Lyry) = cxh(Nxh D) Ly, + vedlhIZ ) — 0 (Ashlh) Ly,
O (N QR QM) Ly + k(N3 PRIPR) Ly,
— 0 (A« Qh|OM) Lyr,) — c|PRIT,r,)-

=

Since N, is positive semi-definite and —A, Q also has this property, we need to
prove only A(N; Ph|Ph),r,) — 00 as A — 00.
To prove this, as before, we estimate

S —0)2 1/2
((N2&ile)Lyra| S CINseilLyr,) S Chg P (Naeilen) i -

and choosing XA sufficiently large, this yields

. C
(NLPgIPg) Ly, 2 Co |:rrliln(NAei|ei)L2(F*) - Wi| |Pg|%2(r*).
0
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Therefore, it is sufficient to show

lim A(N,ekler)r,or,) =00, k=1,...,m. 4.14)
r—00

So suppose, on the contrary, that A j (Ny; g18) L,(r,) is bounded, for some g = €y and
some sequence A ; — 00. Then the corresponding solution v; of (4.10) is such that
Ajvj is bounded in L2 (£2), hence has a weakly convergent subsequence. Without
loss of generality, A jv; — voo Weakly in L (€2). Fix a test function y € D(Q\Ty).
Then

Ajlesvj V) Ly@) = (delvj[¥) Ly = (jldc AY) Ly @)
= (Ljvlde DY) o) /1) = O

as j — 00, hence voo = 0 1in L2 (£2). On the other hand, we have

0< |F*|/m=/ gds:/ —[dsoyv;lds

=/d*Avjdx=kj/K*vjdx—>/lc*voodx,
Q Q Q

hence v, is nontrivial, a contradiction. This implies that (4.14) is valid, provided
I, > 0.

On the other hand, in the case where [, = 0 we have y, > 0, hence
AVl g|i2 T, — 00, S0, also, in this case B, is positive semi-definite for large

(d) Summarizing, we have shown that B;, is not positive semi-definite for small
A > 0 if either I is not connected or the stability condition does not hold, and B;,
is always positive semi-definite for large A. Set

Ag = sup{A > 0 : By, is not positive semi-definite for each u € (0, A]}.

Since Bj has compact resolvent, B, has a negative eigenvalue for each A < Ag.
This implies that 0 is an eigenvalue of Bj,, thereby proving that —L,, admits the
positive eigenvalue Ag.

Moreover, we have also shown that

Boh = lim e,AN;h — 0 Ah = ¢ [Tl /(s | (@ Poh — 0 Ash.

where Poh := (I — Qo)h = (hl€)r,r,)/II'«]. Therefore, By has the eigenvalue
x| Dyl / (ks | D Ly () —a/Rf with eigenfunction €, and incasem > 1italso possesses
the eigenvalue —o'/ R2 with precisely m — 1 linearly independent eigenfunctions of
the form >, axer with >, ar = 0. This implies that —L,, has exactly m positive
eigenvalues if the stability condition does not hold, and m — 1 otherwise.

(e) Itremains to show assertion (vii). Suppose for the moment that I',. consists
of a single sphere of radius R, = o/[[¥ (u4)]], centered at the origin of R”. Sup-
pose S C Q is a sphere that is sufficiently close to I'y.. Denote by (z1, ..., z,) the
coordinates of its center and let zo be such that o /[Y (14 + zo)]] corresponds to its
radius.
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Then, by [27, Section 6], the sphere S can be parametrized over 'y by the
distance function

2
n n n
P =2 7Y — Rt | [ D2 | + (@/D¥ (s + 20D = D 2.
j=1 j=1 j=1
Denoting by O a sufficiently small neighborhood of 0 in R"*!, the mapping
[z > W) == (s +20. p())] 1 O — W2Q) x W, /P (Ty)

is C! (in fact C* if ¢ is C*), and the derivative at 0 is given by

n
WOk = (1, —o [y @)/ Iy )l ho + [ 0. D hjY; |, heR™.
j=1

Noting that 6[[1//’(14*)]]/[[1p(u*)]]2 = Z*Rf/(au*), we can conclude that near
(uy, T'y) the set £ of equilibria is a C'-manifold in W,%(Q) X W;_l/p(f‘*) of
dimension n + 1, and that the tangent space T, r,)(€) coincides with N(L, ), see
(4.7). It is now easy to see that this result remains valid for the case of m spheres of
the same radius R,. The dimension of £ is then given by (mn + 1), as mn param-
eters are needed to locate their respective centers, and one additional parameter is
needed to track the temperature.

5. Nonlinear Stability and Instability of Equilibria

Before we discuss nonlinear stability of equilibria, we need to establish some
preliminaries. The first observation is that the equations near an equilibrium
(us, T'y) € £ can be restated as

[ k00 — dy Av = Fy(v, p) in Q\T,
v =0 on 0J%2
[vlI =0 on [, ’ 5.1
(/u v +0Axp — ys0rp = Gy(v, p) on Ty
140:p — [[ds0yv] = Hy (v, p) on I
[ v(0) =vo, p(0) = po.

where
Fi(v, p)= (ks —k (15 + 0))3v + (d (s + v) — d) Av + d (s + v)Ma(p) : Vv
—d'(uy + 0)|(I = Mi(p) VoI + d(uy + v)(M3(p)|Vv)
+ Kk (s + V)R(p)(ux +v),
Gi(v, p) = —([¥ (us + V)1 + 0 H(p)) + (L /us)v + 0 Ayp
+ (v (usx + v)B(P)—y4) 0P,
Hy (v, p) = [(d(us + v) — d)dyvll + (L — (s + )0 p
— ([d(us + V)VVIIMa(p) V5 ) + ¥ (s + v)B(0) (3 p)*,



Qualitative Behavior of Stefan Problems 651

see Sections 2 and 3 for the definition of M;(p), j = 1, ..., 4. Here we replace
¢ p in the nonlinearities G, (v, p) and H, (v, p) by the following expressions:

dp (I (s + v)3y 0] + ([d (s + V)VOIIMa(p) Vs p)) if y =0,

Iy +v)

dip (1Y (e + )1+ 0H(p)) i y > 0.

By (s + )
From the equilibrium equation [y (u4)] + o H(0) = O follows that the nonlinear-
ities satisfy Fy(0,0) = G,(0,0) = H,(0,0) = 0. Moreover, we have F,(0,0) =
G,(0,0) = H,(0,0) = 0.

The state manifold for problem (5.1) near the equilibrium (u., I'x) can then be
described by
SMo = {(v, p) € Wy /P(Q\Ty) x Wy /() uqv =0, [v] =0,
(le/us)v+0 Asp = Go(v, p), [dedv]l + Hi(v, p)e W, P ()},

(5.2)

for y, = 0, in case I, # 0 (otherwise the linear problem is not well-posed), and

SM, ={(v, p) e Wy P(Q\T,) x Wy /() = dyqv =0, [v] =0,
(3 /1)v + 1,0 Ap — yulldsdyv]l = LG (v, p) + v2 Hu(v, p)},
(5.3)

in case Y, > 0.
We would like to parametrize these manifolds over their tangent spaces at (0, 0),
given by
5 ~ 2-2 = 4-3
Zo={(@, p) € (W, 7@\ ) N C@)] x W, /P () :
Bug? =0, (/u)¥ + 0 Aufp =0, [[dsd,d] € Wy P (T},

5.4
respectively, for y, > 0
Z, ={@ ) e W, P@\TonC@]x Wy /7T,
g0 =0, (I /u)0 + 1o Awp — y:lldid, 01 = 0}. (5.5)

Note that the norm in Zy for y = 01is given by
10, )17, = IPly2-2p + 11y s-3/0 + [1dxdu 0]y 2-6/p,

while for y > 0 it is given by | (v, ,5)|2V = |"D|W;—2/p + |,0~|W2—3/p.

Is should be observed that Z y is a linear space. The parametrization of SM,,

over the tangent space Z), will facilitate the use of maximal regularity results for
the stability/instability analysis.
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In order to determine a parameterization, we consider the linear problem

Ky — dy Av =0 in Q\T,

v =0 on 0%

[vlI =0 on I, (5.6)
(ls/us)v + 0Asxp —yxp =g on Ty

Lywp — [[dyoyv]] = h on [

We have the following result.
Proposition 5.1. Suppose p > 3,y = 0,1, # 0 in the case where y, = 0, and
w > 0is sufficiently large. Then problem (5.6) admits a unique solution (v, p) with
regularity
ve W, @\, pew, (T
if and only if the data (g, h) satisfy
2-3 1-3
g e W, (T, he W, P
The solution map [(g, h) — (v, p)] is continuous in the corresponding spaces.

Proof. This purely elliptic problem can be solved in the same way as the corre-
sponding linear parabolic problems, see Theorems 4.3 and 4.4. O

For the parametrization we pick w > 0 sufficiently large. Given 7 = (v, p) € ZV
sufficiently small, we can solve the auxiliary problem

ks —dy AV =0 in Q\T

O =0 on 0%

[v] =0 on [y 6.7
(le/us)v +0Axp — vs0p = G (0 + 0,0+ p) on Iy

Liwp — [dx0yv]l = He(v + v, 0 + p) on T

by means of the implicit function theorem, employing Proposition 5.1. This yields
a unique solution Z = (3, 5) = ¢(Z) € W, P(Q\ T,) x W, >/P(T',) with a
C!-function ¢ such that ¢(0) = 0 as well as ¢’(0) = 0. One readily verifies that
z=2+¢(2) € SM, . To prove surjectivity of this map, given (v, p) € SM,,, we
solve the linear problem

KU — d AV =0 in Q\T,

v =0 on 0%

[v]=0 on [y 5.8)
(s /u)v + 0 Asp — yewp = Gy (v, p) on Ty

Lywp — [[d«0,v]] = Hy (v, p) on [
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andset7 =z —z.Then 7 € Z,, and 7 = ¢(2), hence the map [z — Z + ¢(2)] is
also surjective near 0. We have thus obtained a local parametrization of SM,, near
zero over the tangent space Zy.

Next we derive a similar decomposition for the solutions of problem (5.1). Let
20 = (2o, ¢(20)) € SM,, be given and let z € E(a), where we set

E(a) := E([0, a]), (5.9)

to be the solution of (5.1) with initial value zo. Then we would like to devise a
decomposition z = zoo+ Z + Z, where Z(t) € Z,, for all ¢ € [0, a], and where
Zoo = Zoo+ @ (Zxo) is an equilibrium for (5.1). In order to achieve this, we consider

the coupled systems of equations

[ Ko + Ky 0;0 — Ay AV = Fy(Zoo + 2+ 2) — Fi(200)

v =0
5 =0
ol =0 ) o o (5.10)
(s /us)V +0Asp — Y5(0: 0 + wp) = G4 (Zoo + 2+ 2) — G4(20)
lywp + 1,00 — [ds 0y V]l = He(Zoo + 4+ 2) — Hi(zo0)
[ 2(0) = ¢(20) — P (Z0)s
and
K00 — dy AV = K4V
o0 =0
51 =0
[vl (5.11)

(/)0 + 0 Asp — Y40 p = —ys0p
140 p — [ds0, 0] = lywp
72(0) = 20 — Zco-

It should be mentioned that F,(z) = 0, as can be seen from the equilibrium
equation for (5.1) and the fact that vo, = constant for zoo = (Vso, Po)- For reasons
of symmetry and consistency we will, nevertheless, include this term.

Equations (5.10)—(5.11) can be rewritten in the more condensed form

LywZ=N@Ewti+2) —Niw)  2(0) =¢(20) — ¢ (o),

. ) B _ _ . (5.12)
I+ L, =wz, 2(0) = 20 — Zoo>

where we use the abbreviation L, ,, to denote the linear operator on the left-hand
side of (5.10), and N to denote the nonlinearities on the right-hand side of (5.10),
respectively.

We are now ready to formulate the main theorem of this section.

Theorem 5.2. Suppose 0 > 0, y, = v(uy) = 0 and l, = [(uy) # 0 in the case
where yy = 0. Then in the topology of the state manifold SM,,, we have:

(@) (us, T'y) € & is stable if Ty is connected and ¢y < 1.
Any solution starting in a neighborhood of such a stable equilibrium exists
globally and converges to another stable equilibrium exponentially fast.
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(b) (ux, T'y) € & is unstable if T is disconnected or if ¢, > 1.
Any solution starting and staying in a neighborhood of such an unstable equi-
librium converges to another unstable equilibrium exponentially fast.

Proof. (a) We begin with the case that (u., I'x) is linearly stable. Then according
to Theorem 4.5 we have X, = N(L,) @ R(L,). Let P¢ denote the projection
onto Xj, := N(Ly) along X}, := R(Ly) and P* = I — P* the complementary
projection onto R(L, ). We parametrize the set of equilibria & near 0 over N(L,)
via the C'-map [X = X + 9 (X) + ¢ (X + ¥ (X))] such that ¢ (0) = ¥'(0) = 0 and
¢(0) = ¢'(0) = 0. It follows from the equilibrium equation associated to (5.1)
(recall that F,(z.) vanishes for any equilibrium z.), and from the definition of ¢
that the mapping v is determined by the equation

L;w(x) = P'wp(X+ (X)), XE€ Bxe (r). (5.13)

Since L‘; is invertible on X‘;, /NS Cl(BX; (r), D(L‘;)) is well-defined by the
implicit function theorem and v (0) = v/(0) = 0.

Forx € X)C, sufficiently small we set Zoo := Xoo + ¥ (Xoo) + @ Xoo + ¥ (Xo0))-
Then z4 is an equilibrium for (5.1) and we will now consider the decomposition
7 = Zoo +z +z introduced in (5.10)—(5.11), or (5.12), respectively. With the ansatz

F=XA U (Koo +X) — YXoo) Y. (K Y)EXE X XS (5.14)

for X, Xoo € X ;, small enough, the second line in (5.12) becomes

X = P‘wz, X(0) = Xo — Xoo,
l “ (©) = X0 = Xe (5.15)

Y+ L)y =SXx,X2),  y(0)=yo,
where
S(Xeo, X, 2) = P 07 — ' (Xoo +X) P @7 — L}, [ (Xoo +X) — ¥ (Xo0)],
and
Z0=Xo+ ¥ (Xo) +Yo. (X0.Yo) € X5 x (X} NZ,). (5.16)

Next we show that the system of equations (5.15) admits a unique global solu-
tion (X0, X, ¥), where the functions (X, y) are exponentially decaying, provided
Z is exponentially decaying and (X, Yo) is sufficiently small. For this let us first
introduce some more notation. For § 2 0 we set

Ei(Ry,8) :={v:e’v e E;(Ry)), i=1,2,
FiRy,8):={v:e"v e F;(RY)), =123

endowed with the norms

B
lvlE ®,.5 = le” viE®,),

5
lr;®,.5 = le tUIIIF,-(R+)~
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The spaces E(R, §) and F(R,, §) are then defined analogously as in Section 3.
We also need the space

X(Ry,8) 1= H) (R4, 8: X)) N LRy, 8 D(Ly)), (5.17)

whereHé(RJr,S; E) denotes all functions v : R — E such that ev €
H}(Ry; E), with E a given Banach space. Finally, let

Bi(r,8) : = {(X0, 0. 2) € X5, x (X}, N Zy) x ER,8) : |(X0. Yo)| 7, <r}.

For given (Xo, Yo, 2) € B (ro, 6), with rg sufficiently small, we set
o0
Xoo 1= X +/ Pwz(t)dr,
0

X 1= —/ Pwz(t)dr, (5.18)

t

d -1
Yy = (E+L§/,tr) (S(XOO’ X, Z)’ YO)

Here we used the notation tr w := w(0). It should be observed that the functions
(X0, X) occurring in the third line of (5.18) are defined through the first two lines
in (5.18). We now set

S (X0, Y0, 2) := Xo0, X, Y), (X0, Yo, 2) € By (ro, 9), (5.19)

where rq is chosen sufficiently small.
Next we will show that there exists anumber g > O such that forany é € [0, do]
the mapping G has the following properties:

S € C(Bi(ro, ), X5 x XY(R4, 8) x X' (R4, §), 60)=0, (5.20)
where
XRy, 8):=H)(Ry,8: X5), X" (Ry, 8):=H) (R, 8: X3) N LRy, 8; D(LY)).
Writing & = (61, 63, G3) we readily observe that
&1 € C*Bi(r0,9), X;), ©&1(0) =0. (5.21)

Forg € L,(R4, §; X;), let (Kg)(¢t) := ftoo g(7) dt and note that

¢ (Kg)(t) = / % 0057 g (1 dr.

t

Young’s inequality for convolution integrals readily yields
K € B(Lp(Ry.8: X;), Hy(R+, 81 X3)),
and this shows that G, € X°(R., §). Hence we have

&, € C®(Bi(ro, 8), X°(Ry, 8)), S2(0) = 0. (5.22)
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Concerning the function G3, we know from Theorem 4.5(v) that s ( —L;), the spec-
tral bound of (—L‘;), is negative. Fixing 69 > 0 with s (—L‘;) < —do, it follows
from semigroup theory and the L ,-maximal regularity results stated in Theorem 4.3
and Theorem 4.4 that

d -1 .
(E—FL;,H) eB(L,(Ry,8; X3)x Zy, X (R, 8)), 8€l0,8], (523)

where Z]S/ = Xf, N Z),. This in conjunction with (5.21)—(5.22) and the definition
of § implies

&3 € C(Bi(r0.9). X’ (Ry. ). &3(0) =0. (5.24)
Combining (5.21)—(5.24) then yields (5.20).
For given (Xo, Yo, 2) € B (rg, 8) let X0, X, Y) = S(Xo, Yo, 7). Then we have

[o/e] o0 t
X(t) = —/ Pwz(t)dr = —/ Pwz(t)dt +/ Pwz(t)dt
t 0 0

t
= Xp — Xoo +/ P¢wz(7)dr,
0

thus showing that X solves the first equation in (5.15). In summary, we have shown
that (Xeo, X, ¥Y) = &(Xo, Yo, 2) is for every (Xo, Yo, z) € Bi(ro, §) the unique solu-
tion of (5.15) in X;, X X°(R4, §) x X¥(R4, 8), where § € [0, 8p].

Setting

Z=3(X0, Y0, 2) = X+ ¥ (Xoo +X) — ¥ (Xo0) + Y,

A (5.25)
Zoo = Joo (X0, Y05 2) 1= Xoo + ¥ (Xoo) + ¢ (Xeo + ¥ (Xoo))
for (Xeo, X, ¥) = &(Xo, Yo, z), we see that
3 € C(Bi(r0,8), X(R+, 8)), 3(0) =0,
and
300 € C(B1(r0,8), Zoo),  300(0) =0, (5.26)

where Zoo = [W;(Q \ ) N CQ)] x W,‘ﬁ‘””(r*). It then follows from the
derivation of (5.14)—(5.15) that

(z0o, 2) = (3(X0, Y0, 2), 3(X0, Y0, 2))

is, for every given (Xg, Yo, 2) € Bi(ro, §), the unique (global) solution of (5.11)
with 7 in the regularity class X(R, §). In a next step we shall show that z in fact
has better regularity properties, namely

3 € C(Bi(ro, 8), E(Ry, 8)), 3(0)=0. (5.27)

In order to see this, let us first consider the case y = 0 (which implies y, = 0).
From the fourth line of (5.11), the fact that 7 € X(R, 4), and

[v > vlr,] € B[Ry, 8), W) PRy, 8; L,(T,))),



Qualitative Behavior of Stefan Problems 657

follows
~ -1 ~ ~ 1-1/2p . g2
p=—=0A0)" ((Us/u)v + pnp) € W, Ry, 85 Hp(F*)),

where 1 is in the resolvent set of o A,. From the fifth line of (5.11), the fact that
(z,2) € X(R4, §) x E(R4, §), and trace theory for v follows

Ldip = [dud D1 + Lo € Wy * 712 (R, 81 Ly (),

implying that p € W;/2_1/ZP(R+, 8; L, (I'y)). Hence (5.27) holds for y = 0.
If y > 0 (and thus y, > 0), we use the embedding

HYRy 8 Wy P @)NL, Ry 8 Wy~ /P () W, 2P Ry, 81 HAT,))

and the fourth equation in (5.11) to conclude that p € W[%_lﬂp(]RJr, 8; Lp(Iy)).
Hence (5.27) holds in this case, as well.

Let us now turn our attention to equation (5.10), or equivalently, the first line of
(5.12). In a similar way as in the proof of [53, Proposition 10] (extra consideration
is needed in order to deal with the additional terms involving z,) one verifies that
the mapping

[(ZOOﬂ Z) = N(Zoo + Z) — N(Zoo)] : U((S) — F(R+, 8)

is C! and vanishes together with its Fréchet derivative at (0, 0). Here U(§) denotes
an open neighborhood of (0, 0) in Zo, x E(R, §). Let

B(r, §) ={(X0, Yo, 2) € X, X(X;OZV)X]E(RJF, 8) 10, Yo, Dz e, .5) <70}
and letexts € B(W,%_Z/p(Q\F*)ﬂC(ﬁ)) x Wﬁ_yp(f‘*), E(R, 8)) be an appro-

priate extension operator with (extswg)(0) = wo.
For (Xo, Yo, 2) € B(rg, 8), with rg sufficiently small, we define

M (X0, Y0, 2) = N(zoo + Z + exts(¢(20) — #(Zoo) — 2(0)) +2) — N(zo0)-

It follows from (5.25)—(5.27) that M € C(B(rg, ), F(R4, §)), M(0,0,0) = 0,
and D3M (0, 0, 0) = 0. Moreover,

M (X0, ¥0,2)(0) = N(z0) — N(ze0), (X0, Y0,2) € B(ro, 8), (5.28)

where we recall that Z(0) = Zo — Zoo, 20 = Z0 + ¢ (20), and Zoo = Zoo + P (Zoo)-
Finally, for (Xo, Yo, 2) € B(ro, §) let

K (X0, ¥0,2) = (Ly.00, )" (M (X0, Y0, D), p (Z0) — p(Goc)).  (5.29)
It follows from (5.28) and the definition of ¢ that the functions
(M (X0, Yo, 2), $(Z0) — ¢ (Z0))

satisfy the necessary compatibility conditions, whenever (Xo, Yo,2) € B(ro, d).
Slight modifications of the results in [21] then imply that K : B(rg, §) — E(R4, §)
is well-defined, provided w is large enough (and § is in [0, 9] with §p as above).
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From the properties of the mappings N, ¥ and ¢, the definition of zZ and Z, (recall
that Zo = Xo + ¥ (X0) 4+ Y0, Zoo = X0 + ¥ (Xeo)), and the contraction mapping
theorem, it follows that K, defined in (5.29), has for each (X, Yo) sufficiently small
a unique fixed point

and that the mapping [(Xo, Yo) — z(Xo, Yo)] is continuous and vanishes at (0, 0).
By construction it follows that z = Z(Xo, Yo) solves

LywZz=NG@oo+Z4+2) —N@Ex), z(0)=0¢Z0) — ¢(Zo).
In summary, we have shown that for each zo € SM,, small enough, there exists
(Zoo, Z» Z) € Zoo X E(R+, 8) X ]E(R+, 5)

such that z = 7,427 is the unique global solution of (5.1). In particular, we have
shown that for every zo € SM,, small enough there exists a unique equilibrium
Zoo = Zoo(z0) such that the solution of (5.1) exists for all # = 0 and converges to
Zoo in SM,, at an exponential rate.

(b) Now we consider the linearly unstable case; we first show that the equilib-
rium O is unstable for the nonlinear equation (5.1). Using the same notation as in
part (i) we consider the system of equations

Lywz=NZ+2), 200 =¢ (o).

. . ~ B _ (5.30)
I+ LyZ=wz, 2(0) = Zo.

Given a € R, one verifies (by considerations similar to [53, Proposition 10]) that
there is a nondecreasing function n : Ry — R such that n(r) — Oasr — 0, and

1€ N@lF@ = n()le* zlpw), €'z € E(a), (5.31)

whenever [z(1)|z, < rfor0 <t < a. Here a > 0 is an arbitrary fixed number,
E(a) := E([0, a]) and F(a) := F([0, a]). For later use we note that

E(a) < L,([0,al; Xy), (5.32)

where the embedding constant is independent of a.

Let o be the collection of all positive eigenvalues of (—L, ) and let P be the
spectral projection related to the spectral set o ™. Additionally, let P~ := 1 — P™
and X f := PE(X,). Then X -+ is finite dimensional and we obtain the decompo-
sition

Xt x- T
X=X;®X,, L,=LaL,.
We note that o (—L}) = o and o(=L,) C [Rez = 0], where 0(—Lf)

denotes the spectrum of (—Lff), respectively. Let A, be the smallest positive eigen-

value of (—L;f) and choose positive numbers «, i suchthat [k —u, k+u] C (0, Ay).
We recall that the spectrum of (—L,,) consists of real eigenvalues, so that the strip
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[k —pu = Rez < k + ] does not contain any spectral values of (—L,,). Therefore,
there exists a constant M = 1 such that

el < Melmr el < pem et > 0, (5.33)

Suppose now, by contradiction, that the equilibrium O is stable for (5.1). Then
for every r > 0 there is a number 6 > 0 such that (5.1) admits a global solution
z € E(Ry) with |z(r)| < r forall t > 0 whenever zg € Bs(0).

In the following we will use the decomposition z = z + z, where (Z, z) is the
solution of the linear system (5.30). (The function z = Z + 7 is known, so that the
first equation has a unique solution z. With z determined, 7 = z — Z is the unique
solution of the second equation.) The functions P*Z satisfy

d .. 5 _ B 3
EPiz + LEPEE = PEwz, PEI(0) = PE. (5.34)

Next we shall show that P*7Z is given by the formula
e +
PTI() = — / e I pteyzdr, 120. (5.35)
t

Given any a > 0 it follows from |P“‘Z(t)|X;r < r that

a 1/p
™" PTENL qo.axh ST (/ o dt) =cenr o0
0
From the relation

d
ae—'”Psz = (—k — Lj)e—'”zﬂz +e ¥ ptwz, (5.37)

(5.36)—(5.37) and (5.32) follows
le™ P Zlx@) < Ci(r + le ™ Zlrw), (5.38)

with a universal constant C. Here X(a) is defined as in (5.17), with the difference
that R, is replaced by the interval [0, @] and § = 0. We also recall that X;j is
finite dimensional, so that the spaces X ;r and D(L;,r) coincide (and therefore carry
equivalent norms). From semigroup theory, maximal regularity, (5.33)—(5.34) and
(5.32), it follows that
le™ P~ Zlx@ < M(I1P ™20l + le™ P~ wZlL,(0.a1:x,))
S M(IP"Zol + Calle ™ Zlk (@) (5.39)

Combining (5.38)—(5.39) results in
le™Zlx@) < C3(r + 1P 20l + le ™ ZlEw@) (5.40)

where C3 is a universal constant. Similarly to part (a), we can infer from the equation
for 7 that

le™ ZIrw < clle™ ZlIxw + le ™ ZIEwW), (5.41)
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and this implies
le ™ ZlE@ < Ca(r + 1P~ Zol + le™'ZlEw)) (5.42)

with C4 = c(1 + C3).
On the other hand, we obtain from the equation for z and (5.31)

le ™ ZIEw) < C(lpGo)l + le ™ NG + 2)lgw)
< C(1¢ Go)l + 1) (e ™ Zlz) + le ™ Zlea)-

If r is chosen small enough such that Cn(r) £ 1/2 then
le™ ZlEw@) < 2C (19 G0l + n()le™ ZIEwW)- (5.43)
We can, at last, combine (5.42)—(5.43) to the result
le™ @) + le ™ ZIrw@ < Cs(r + 1P~ Zol + 16 (o)1), (5.44)

provided r is chosen small enough so that 2(1 + C4)Cn(r) < 1/2. Since all esti-
mates are independent of a we conclude that e’z € E(R.). From (5.44) and
Holder’s inequality it follows that

o +
e—KZ/ |efLy (tir)P+a)Z(T)|X;— dr
t
00 , 1/p'
<M ( / et 7 dr) le ™ wZlL, ®,:x,) < Cle™ZlE®,) < oo
t

. . _Lt— _ L
thus showing that the integral [* e~ """ P¥wz dr exists in X + forevery r 2 0.
Moreover, its norm in X ;‘ grows no faster than the exponential function e*’.

It follows from the variation of parameters formula that

o]

o0

elvt (P+Z(t)+/ e_L;(’_T)PJ“a)Z(T)dT) = P+Zo+/ el T Proi(r) dr,
P 0

and the estimate

LYt p+=~ OQ7L+(r7r) + =
e v (P z(t)+/ e 7 P wzdr)

t

< Me WHWI (- 4 Cey, 120,

+
Xy

then shows that Pz + fooo el T PTwzdr = 0. Thus the representation (5.35)
holds as claimed. With this established, we obtain from Young’s inequality for
convolution integrals

||67“P+Z(t)IIL],(R+,x;) <Mmp! ||€7K'P+wZIILP(R+;XV+)-
It then follows from (5.32) and (5.37) that

le™ P ZIx®,) < Cle ™ Zlg®,)- (5.45)
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We can now imitate the estimates in (5.39)—(5.43), with the interval [0, a] replaced
by R4, to conclude that

le ™ ZlE®,) + le ™' ZIE®,) < Co(IP~Z0l + | (Zo)I). (5.46)
This, in combination with (5.33), (5.35), and Holder’s inequality, yields the estimate
o
|P+Zolx; < M/0 e_‘”|e_’”P+a)Z|X; dr

s CllefKtP+wZ||Lp(R+;X;) S C(IP 2ol + 19 (0)l)-
By decreasing 8 if necessary, we can assume that C|¢ (Z9)| < 1/2(|PZo|+| P~ Zo))
for all Zg € Bs(0). (Recall that ¢ (0) = ¢'(0) = 0.) Hence

|P+Zolzy S C7IP 2013, 2o € Bs(0), (5.47)
with a uniform constant C7, and this shows that 0 cannot be stable for (5.1).

It remains to show the last assertion of Theorem 5.2(b). For this we consider
the projection P* = I — P — P*, which projects onto X7, the unstable subspace
of X, associated with the (finitely many) unstable eigenvalues. As in part (a) we
will show that there exists an equilibrium zs, such that any solution that stays in a
small neighborhood of 0 converges to zoo = Zx0(20) exponentially fast as t — oo.

Using the decomposition y = Yy, + Y,,, we obtain as in (a) the following system of
equations:

X = P‘wz, X(0) = Xo — Xoo,
Vs + L3 Ys = Ss(Xo0. X, D), Ys(0) =Yg, (5.48)
yu +L)u/ Yu = SuXoo, X, 2), yu(o) :y37
with
S;(Xoo, X, 2) = Pl7 — ¥ (Xoo+ X) P wZ — Lfy'[t/f,-(xoo+ X) — ¥ (Xe0)1,

where j € {s, u}, and where the functions v; are defined similarly as in (5.13).
Suppose we have a global solution z € E(R,) of (5.1) with z(0) = zg € SM,,
which satisfies |Z|ZV < r, where r > 0 is sufficiently small. By arguments sim-

ilar to those above (the presence of the function S, does not cause any principal
difficulties), we infer that

o0
Vu(t) = — / e B8, (Xeo, X, 2) dT, £ 20. (5.49)
t
For (Xo, ¥, 2) € By (ro, 8), with rg sufficiently small, we set

o0
Xoo 1= X0 +/ Pwz(t)dr,
0

X(t) = — /00 Pwz(t)dr,
! (5.50)

d —1
yS = (d_t + L;v tr) (SS (XOO’ X’ Z)’ yg))a

o
Yu(t) := _/ e 708, (Xoo, X, 2) d.

t
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As in part (a) we conclude that (5.50) admits for each (Xo, Yj, 2) € By (ro, §), with
ro sufficiently small, a unique solution

(X()Ov X, yS’ yu) = 6(X09 Y(), Z) € X; X XC(R+9 3) X XS(R+9 3) X XM(R+7 8)
Following the arguments of part (a) then renders a solution
3(X0,Yp) = Zoot X+ Y (X +Xoo) = ¥ (Xoo) + Y5 +Vu +2

of (5.1) with zo = Xo + ¥ (X0) +Yg + Y + ¢ (Xo + ¥ (X0) +Yg + Yp). where yg is
determined by

o0
vy = —/ el TS, (Xoo, X, 7) d. (5.51)
0

The solution 3(Xo, y;) converges exponentially fast toward the equilibrium zeo.
In addition, we have shown that the initial value zo necessarily lies on the stable
manifold belonging to z.,, determined by the relation (5.51).

Due to uniqueness of (local) solutions to (5.1), the solution 3 (X, yp) coincides
with the given global solution z, and the proof of part (b) is now complete. O

Global existence and convergence. There are several obstructions against
global existence for the Stefan problem (1.3):

e regularity: the norms of either u(¢), I'(¢), and, in addition, [[dd,u(¢)] in the case
where y = 0, become unbounded;

e well-posedness: in the case where y = 0 the well-posedness condition / (u) 7# 0
may become violated; or u may become 0;

e geometry: the topology of the interface changes;
or the interface touches the boundary of €2;
or the interface contracts to a point.

Note that the compatibility conditions [y (#)]] +o’H = 0 in the case where y = 0,
and

(@) =)l — o) @)l +oH) = y@)[do,ul

in the case where y > 0, are preserved by the semiflow.

Let (u, I') be a solution in the state manifold SM,, . By a uniform ball condi-
tion we mean the existence of a radius ryp > 0 such that for each ¢, at each point
x € I'(¢) there exist centers x; € $2;(¢) such that B, (x;) C €2; and F(t)ﬂéro (x;) =
{x},i = 1, 2. Note that this condition bounds the curvature of I" (), prevents it from
shrinking to a point, from touching the outer boundary 9€2, and from undergoing
topological changes.

With this property, combining the semiflow for (1.3) with the Lyapunov func-
tional and compactness, we obtain the following result.

Theorem 5.3. Let p > n+ 2,0 > 0, suppose ¥,y € C3(O, 00),d € CZ(O, 00)
such that either y = 0 or y (u) > 0 on (0, 00), and assume

k() = —uy" () >0, du) >0, ue(0,o0).

Suppose that (u, I") is a solution of (1.3) in the state manifold SM,, on its maximal
time interval [0, t..). Assume the following on [0, t,):
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() Iu(t)lwgfzm + IF(t)IW;—a/p S M < oo;

(ii) |[[d(u(t))8vu(t)]]|wl%76/p <M < ooincasey =0;
(iii) |l(u(2))| =2 1/M in case y = 0;

(v) u(t) = 1/M;

(v) T'(¢) satisfies a uniform ball condition.
Then t, = oo, that is, the solution exists globally. If its limit set contains a stable
equilibrium (s, o) € &, that is, ¢'(ux) < 0, then it converges in SM,, to this
equilibrium. On the contrary, if (u(t), I'(t)) is a global solution in SM,, which
converges to an equilibrium (uy, I'y) with [(uy) # 0 in case y = 0.in SM,, as
t — 00, then properties (i)-(v) are valid.

Proof. Assume that assertions (i)—(v) are valid. Then I' ([0, #,)) C Wf,_S/p(Q, r)
is bounded, hence relatively compact in W;,L%/ P78, r). (See (3.7) for the defi-
nition of W[S,(SZ, r).)

Thus we may cover this set by finitely many balls with centers X real analytic
in such a way that distW473/pfg(1"(t), ;) S 4 forsome j = j(1), 1 € [0, ). Let

P

Jy ={t €[0,1,) : j(t) = k}. Using for each k a Hanzawa-transformation Ey, we
see that the pull backs {u(z, ) o B¢ : t € Ji} are bounded in W,%‘z/”(sz \ 2k),
hence relatively compact in W,%fz/ P=#(Q\ ¢). Then, employing Corollary 3.10,
we obtain solutions (u!, ') with initial configurations (u(¢), '(z)) in the state
manifold on a common time interval, say (0, t], and by uniqueness we have

' @), T (@) = (u@ + 1), Tt + 1)).

Continuous dependence, then, implies relative compactness of (u(-), I'(-)) inSM,,.
In particular, t, = oo and the orbit (1, I')(Ry) C SM, is relatively compact.
The negative total entropy is a strict Lyapunov functional, hence the limit set
w(u,T') C SM, of a solution is contained in the set £ of equilibria. By com-
pactness, w(u, I') C SM,, is non-empty, hence the solution comes close to £ and
stays there; then we may apply the convergence result Theorem 5.2. The converse
is proved by a compactness argument. O

Remark 5.4. We believe that the extra assumption ¢'(us) < 0 in Theorem 5.3
can be replaced by ¢'(us) # 0. However, to prove this requires more technical
effort, and we refrain from doing this here.
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