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1 Introduction

Phase field models are widely used in various physical contexts in which a
material exhibits two distinct phases. This is the case for solid-liquid mix-
tures (e.g. ice-water or alloys during solidification) or for liquid-vapor mix-
tures (e.g. boiling water), but also for elastic materials subject to martensitic
transformations. The phase field approach is of special interest, in particular
for numerical purposes, when interfaces between the two phases are expected
to show complex geometries and topological changes. In phase field models,
the ‘interfaces’ are actually viewed as diffuse interfaces (see for instance the
famous review paper [1]), i.e. transition regions of nonzero thickness across
which a so-called order parameter varies smoothly from one to the other of
its values in the distinguished phases. Here we are interested in a phase
field model designed for solid-liquid mixtures at rest, which consists of an
Allen-Cahn type equation for the order parameter coupled with a modified
heat equation taking into account both the latent heat and the increase of
entropy due to the non-equilibrium situation inside phase-transition regions.
This model turns out to be a refined version - in a nontrivial way - of what is
known as the Caginalp model [3], and it can also be viewed as a special case
of another one designed by Ruyer [12] for moving liquid-vapor mixtures.

The aim of this paper is twofold: 1) by formal asymptotic analysis, we
show that in the sharp interface limit our model yields a Stefan-like model
with a (generalized) Gibbs-Thomson relation telling how much the interface
temperature differs from the equilibrium temperature when the interface is
moving or/and is curved with surface tension, together with a jump condition
for the heat flux, which turns out to depend on the latent heat and the
velocity of the interface with a new, nonlinear term compared to standard
models; 2) from the PDE analysis point of view, we prove the local well-
posedness of the Cauchy problem and initial-boundary value problems for
smooth data. Given that our model displays nonclassical features - it may
be seen as a degenerate reaction-diffusion system with nonlinear diffusion -
global well-posedness or rough data are not addressed here.

The mathematical literature on phase-fields equation is extremely vast.
In particular, there exist many extensions of the original Caginalp model
developed in [3]. Let us in particular refer to [9, 2, 6, 10, 5, 8, 11], which are
quite recent papers, and to references therein. We will not attempt to give
a minute comparison between these references and our work: let us simply
emphasize that, up to our knowledge, the model we consider here is distinct



from all the models considered so far, mainly by the occurrence of the second
order quadratic term Agdyp (¢ being the order parameter) in the equation
for the temperature, cf. the second equation in (16).

The paper is organized as follows. In Section 2 we derive the model and
its six-parameters nondimensionalized version. The sharp interface limit is
investigated in Section 3. Local well-posedness is shown in Section 4.

2 Phase field equations

2.1 Derivation and basic properties

The model we are going to consider pertains to the so-called second gradient
theory. We assume that the physical state of a solid-liquid mixture is de-
scribed by an order parameter ¢ and its temperature 7" in such a way that
its free specific energy f depends on T', ¢ and also V¢ in the following way

W 1T e =1 (W) + gAvek) - [stnpar,

where p is the density of the mixture, which will be assumed to be homo-
geneous and constant, T, is the equilibrium temperature, A is a positive pa-
rameter that is supposed to govern the width of solidification/melting fronts,
W is a double-well potential, and s is the specific entropy of the mixture.
More specifically, the order parameter is chosen so that in the pure phases
we have either ¢ = 1 (liquid) or ¢ = 0 (solid), and W is supposed to achieve
its global minimum at both 0 and 1 and nowhere else. Furthermore, s is
taken to be a convex combination of the entropy in the phases, depending
nonlinearly on the order parameter in the following way

(2) S(T, 90) = V(90>Sliq<T) + (1 - V((p))ssol(T) )

where v : [0,1] — [0, 1] is monotonically increasing. Typical graphs of the

functions W’ and v/ are represented on Fig. 2.1. By contrast, in the phase

field model of Caginalp [3], ¥ would be the identity function (hence v’ = 1).
The latent heat of the phase change is by definition

(3) L(T) = T (51q(T) = 5a(T)) -



Figure 1: Derivatives of the double-well potential W and of the entropy
coefficient v.

So another way of writing the free energy is

4) (T, ¢, Vo)
=2 (e + pet) - [saar o) [ A ar,

T

e

and thus the (standard) chemical potential of the mixture is

1 T
) W) =50 = Swie) — i) [ e,
Since W has wells at 0 and 1, we see that © = 0 in both phases whatever
the temperature, provided that v/ vanishes at 0 and 1 (as on Fig. 2.1): this
would obviously not be the case for a linear v, as in standard phase field
models.

The heat capacity of the mixture is

ds
(6) Cp=Tor = v(@)Cpiia(T) + (1= 1(¢))Cpsol(T).
To simplify the analysis, we shall assume that the heat capacities of the
liquid Cp1q = T'081q/0T and of the solid C) s = T'05s1/0T have the same
constant value Cy, so that C, is also equal to Cy. In other words, we shall
concentrate on the special case

T L. T
) Co=Co, L) =L, 5= s+ +Coln <T) |



Regardless of that simplifying assumption, we consider the following equa-
tions for the evolution of the mixture:

Oip = — Ky,

(8) Oty )

pCLoT + p | pg — TO_T Op = div(kVT),

where k > 0 denotes the heat conductivity, x > 0 denotes the so-called
mobility, and i, is a ‘generalized chemical potential’, which merely differs
from the standard chemical potential by a second order term:

Sf 1
S — IV - (\V0).
50 (T, ) p (AVy)

(9) 1g[ T, ]
Observe in particular that g, = 0 in the phases (¢ = 0 or ¢ = 1), as for
p. The first equation in (8) is the building block of phase field models, in
which 1/k is presumably proportional to a relaxation time for the mixture
to return to equilibrium. Taking into account that

0s %_%_ 0s

“=Tor ar ~ar - Sy’

the equations in (8) ensure that (for smooth solutions)

. (EVT VT|? K
(10) pOis = div (T) + k‘| T2| + p? 12,

which (formally) means that the growth of total entropy [ s(t,z)dz is gov-
erned by both the conductivity (k) and the mobility (k).

In fact, (8) is specifically designed to have (10) as well as the (formal)
conservation of total energy. More precisely, the specific energy e = f + sT
is conserved along solutions of (8) in any domain  C R such that

(11) /AVg0~n8tg0:Oand/ EVT-n =0,
o0 o0

where n denotes the normal to 9€2. Indeed, recalling that s = —0f /9T, the
first equation in (11) enables us to write

i edx:/gﬁt@dx%—/T@tsdx,
dt Jq o 0p Q
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where, by definition of p, and by the first equation in (8), the first integral
equals — [ kg dz, which obviously cancels out with the integral coming
from the last term in Eq. (10). To conclude that [, e(t,2)dz is constant, we
observe that by the condition on 7" in (11),

_ (kVT VT2 B

To finish with these general observations, we point out that the equali-
ties in (11) are easily achieved by means of standard boundary conditions.
Namely, the second equality will be implied by a homogeneous Neumann
boundary condition on T, i.e. VT -n = 0 (meaning zero heat flux at the
boundary: incidentally, one may note that for a nonzero heat flux the total
energy will either decrease, due to cooling, or increase, due to heating), and
either a homogeneous Neumann boundary condition or a Dirichlet condition
@jpo = 0 or 1 (both values implying i, = 0, as already noticed) will ensure
the first one. The appropriate choice of a boundary condition for ¢ is related
to the moving contact line problem, which we shall not discuss here.

2.2 Nondimensionalization

The total number of independent physical units used to describe all depen-
dent variables and independent variables in (8)—(9) is ten (those of z, t, k,
W, p, T, L, \ Cp, k, and of course ¢ and v do not count because they are
already nondimensional), and the number of fundamental physical units is
four (kg, m, s, K). So by elementary dimensional analysis (Buckingham 7
theorem), a nondimensionalized version of (5)—(8)—(9) requires 10 — 4 = 6
nondimensional parameters. Below is a possible choice for these parameters,
expressed in terms of

e the density p,

the equilibrium temperature 7, together with a characteristic temper-
ature difference 67,

a length scale L,

a characteristic interface thickness h,

a time scale tg,



the surface tension o,

the latent heat £, at T,

e a reference heat capacity C,

e a reference mobility coefficient kg,
e a reference heat conductivity k.

Introducing the parameters

L? t T, oT
é?::ﬁ,Pe::pC0 ,a::KOOJ,O::—e,ﬁzz ? ,St::CO ,
L koto ph oT pCOh(ST Ee

together with the rescaled variables

T o~ t P W~ T-T, =~ L ~ A
~_:— —_ — ~:— = —_— — ¢ = — )\:_
* L’t to’,i ﬁO’W o/h’ oT £ L.’ oh’

~ C, ~ k
= .-
Cp 007 k’o’
we may rewrite (8)—(9) as
a{@:_a”’%ﬁg7
(12) ~ o~ ~ ~ O 1 -
CooiT + 5 (7~ O+ %2 ) 0p = .V (R,

13) el = W) - 300 | bdr = &V (Wap),

If x is supposed to be constant, or similarly if £ is constant, we may assume
without loss of generality that K = 1, respectively &k = 1, in (12). The case
of A in (13) is more subtle because it depends on the parameters h and A,
the former being arbitrary and the latter not being accessible to physical
measurements. Nevertheless, we choose to set A = 1. In addition, under the
simplifying assumptions in (7), we have in the rescaled variables



so that in this case the nondimensionalized version (12)—(13) of (8)—(9) reads,
dropping the tildes for simplicity,

at@ = —Qlg,
(14) Opg 1
(15) T.6] = Wg) — == v(9) 5 — A
/‘Lg 7(l0 - 90 ﬁSt v SO 0 € SD .

Plugging (15) into (14) we get the system

o T
Op = —aW'(p) + @’/(@)5 + ae®Ayp,

1
o,T + (6 W)+ S v

(16 1

This resembles the system considered by Caginalp in his seminal paper [3],
except for two important differences. The first one is that the coefficient of
T depends on ¢ in the first equation. The other one lies in the complicated,
second order and nonlinear coefficient of 0, in the second equation, which
is — up to the authors knowledge —, always supposed to be a constant (latent
heat) in Caginalp-like models.

For completeness, let us now derive the nondimensional versions of the
entropy equation (10) and of the local conservation law for the energy. Re-
defining s as the nondimensional entropy s/Cjy, we have from (7) that

s (p) + In(T +6)

=—v

Std
up to a harmless additive constant. Then the nondimensionalized version of
the entropy equation (10) is

B 1 . vT 1 ’VT‘Q I} 9
(1) s = o div (T+9) T re mroe om0

Regarding the nondimensionalized energy

ei= [+ (T+0)s = T + BW() + 5 M) + 5 8" |Vl

St
we easily find the conservation law

(18) de — PieAT + B2V - (9) Vo).



3 Sharp interface limit

Our aim here to derive at least formally a physically realistic, asymptotic
limit of the system (16) when the width of interfaces tends to zero, either
because of a physical scaling or for other reasons related to the actual values
of the six nondimensional parameters «, 3, €, 6, Pe, and St. More precisely,
we are going to show in what follows that for suitable relationships between
those parameters, the system (16) formally tends to the Stefan-like model
(31) (see p. 17 hereafter) when € goes to zero. (Recall that ¢ is the parameter
governing the typical width of interfaces.) Before entering into details, let us
emphasize that the sharp interface model in (31) naturally involves the heat
equation in the phases, and two sorts of conditions at interfaces, namely

e a (generalized) Gibbs-Thomson relation giving the interface tempera-
ture in terms of the surface tension, the mean curvature and the velocity
of the interface,

e a jump condition for the heat flux across the interface, in terms of the
latent heat and of the velocity of the interface, the later dependence
being nonlinear (quadratic).

This should be of interest to discuss the physical validity of (16).

3.1 Formal asymptotics

For convenience, we rewrite (16) as

(1) { Qo = Ap — W'(p) + 7V (9) T,

BOT = §AT — v(T +6)0w(p) + a(dp)?,
with

N _ 1 1
(20) Gi=—, ﬁ.—ﬁ, 7.—681:0, 5'_5Pe'

The six nondimensional parameters in (19) are now &, 3, 7, 6, e, and 6. If
we go back to the original definitions of a, 3, St, 6, and Pe, we see from (20)
that &, 3, «, § are all proportional to the ratio h/c of the interface width



and the surface tension, and each of them has its own a physical significance
according to the following relationships

& < 1/ko (relaxation time),

B Cy  (heat capacity),

vox Le  (latent heat),

d o ko (thermal conductivity) .

As regards the sharp interface limit ¢ = h/L — 0 at fixed surface tension o,
by the observation above it is rather natural to let the four parameters &, B ,
v, and & go to zero at least like €. If in addition we let the relaxation time
go to zero like e, we are led to consider

= afe?, Bi:=LF)e, Fi=n/)e, 6:=6/¢
as being fixed. With these definitions, (19) becomes

ac’op = Ap — W(p) +7e/ ()T,
BOT = AT — 7(T +0)dw(p) + ac(Dw)?,

]

(21)

The formal limit of the first equation in (21) as e — 0 gives W/(¢) = 0,
which imposes that ¢ takes only the values 0 (solid phase), 1 (liquid phase),
or a (‘metastable’ state), while the formal limit of the second equation is

(22) BOT = AT — 5 (T +6)ow(yp).

Assume that T is a continuous solution of (22), in which ¢ represents a sharp
interface, that is, ¢ is constant and equal to 0 or 1 on either side a smooth,
moving surface I'(¢) as on Fig. 3.1. Then by integration by parts in the
neighborhood of any point (x,t) € ¥ := {(x,t) e RE xR, x € ['(t)} we find
that the gradient of T' experiences a discontinuity across ['(t) according to
the following relation

(23) (T +0)v =6 [VT - N|

where N denotes the unit normal to I" pointing to the liquid phase (¢ = 1)
and v denotes the speed of I' in the direction N. A linear relation between
v and [VT - N] as in Equation (23) is a classical building block in Stefan
models for sharp interfaces, see for instance Fig. 1 in [4].

10
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Figure 2: Sharp interface configuration

Of course the formal limits above are not valid in regions where (¢, T)
experience large variations, and to describe exact solutions of (21) we need
internal layers for diffuse interfaces. In what follows we adopt the same,
multiscale approach as in [4], where the sharp interface limit was obtained for
the usual Caginalp model. Consider a (smooth) solution (¢, 7°¢) of (21) and
let I'*(t) be the level surface {z € R?; ©°(z,t) = b} (the b where 1/ attains its
maximum, which is supposed to best describe the location of the ‘interface’).
We assume that I'*(¢) is smooth, not self-intersecting, and depends smoothly
on t and ¢ in such a way that the signed distance d*(z,t) of x to I'°(¢) is
well-defined for ¢ € [0,7], € € [0,¢0], and x in some neighborhood ¥'(¢) of
Ueejo,c0)° (). By definition of d*,

Neé(z,t) == Vd°(x,t)

is a unit normal vector to I'*(%),
v (z,t) == =0 d(x, t)

is the normal speed of I'*(¢) in the direction N¢, and
He(z,t) := —Ad*(x,t)

is the sum of principal curvatures of I'°(¢) at x. Assume that the functions

11



d®, ¢°, and T° admit asymptotic expansions of the form

d*(z,t) ~ Y £ dil, ),
=0
o (x,t) ~ Z€i pi(z,t,d"(z,t)/e),
=0

T(x,t) ~ > &' Ti(w,t,d(z,)/e)
=0

as € — 0, for x € ¥(t). We recall that the notation d* ~ > £'d; means
that for all I € N, & — 3.7 e'd; = o(e™*!). We shall denote by z =
d*(z,t)/e the rescaled variable in the normal direction to I'*(¢). For any
smooth function (z,t,z) — F(,t,z), the derivatives of the function F* :
(2,t) — F(x,t,d°(z,t)/¢) are given by

OF° = O,F + 1 (0,F) ,d°
VF*=VF +¢ ' (0.F)Vd
AF = AF 47! ((azﬁ) Ad + 2VdE - vaf) + 2 9%F,
where the differential operators V and A concern only the variable x. Hence
the system (21) for (p,T) = (¢°,7°¢) is equivalent to the following one,
evaluated at z = d°(x,t)/e:
(24)
(26 — W) = ¢ ((aatds — Ad)D.F — 2V - VG — TV () f)
+e2 (@0 — AY),
50T = « ((Batda AT — 20Vd -V, T
(T + 0 ()(0d)0.5 — 20 (9)(0:)°)
+22 (BoT = 8T +7(T + 0)0(3) — (Dhd)(9:2)0.7)

\ —63@(@@)2 .

We expect that I'°(t) converges to I'°(t), the level set {x € R?; dy(z,t) = 0}.
Off T9(¢), d°(-, t)/e tends to oo as e — 0, so that we shall need extensions of

12



(p,T) for all values of z € (—o0, +00). However, the only constraint is that
(24) holds at z = d°(x,t)/e, which means that we can add to the equations
any ‘reasonable’ function of (z,t,d*(x,t) — €z) that vanishes when its last
variable equals zero. This observation will be used in a crucial way to deal
with the equation on T

Retaining only the £” terms in the first equation of (24) we get

(25) D200 — W'(po) = 0,

which is the standard equation for a stationary diffuse interface connecting
0at z = —oo to 1 at z = +oo (or vice-versa). A straightforward phase
portrait analysis shows that there is unique such g satisfying o(0) = b. In
particular, there is no degree of freedom for ¢q to depend on (z,t).

To the next order, using that ¢, is independent of x, we obtain from the
factors of ! the equation

(26) (02 —=W"(go)) 1 = (@dy — Ady) D00 — 7' (00) T -

Since ¢ tends to its endstates exponentially fast, the right-hand side of
(26) tends to zero exponentially fast provided that Ty is bounded, or has at
most polynomial growth in z. In this case, since by differentiation of (25) the
derivative of the interface profile 0,y belongs to the kernel of the self-adjoint
operator 92 — W”(¢g) in L*(R) (with domain H?(R)), a necessary condition
for (26) to have a solution ¢ (z,t,-) € H*(R) is

“+o0o +oo
(aatdo — Adg) / (8Zg00)2 dz = 7/ TO azl/((po) dz.
Defining the ‘interface temperature’ by
+oo Ty 0.0(p0) dz
(To) = / Ty 0.v(po)dz = £ fo.ioo ,
. 27 0.v(po) dz

and the (nondimensional) surface tension by o¢ := fj;o (0.¢0)* dz, the previ-
ous relation may be seen as a (nondimensional) generalized Gibbs-Thomson
condition:

(27) oy (@E)tdo - Ado) = :|:7<T0> .

Here above the = sign is merely a shorthand for [v(pg)]T%, which equals +1
if N%x,t) := Vdy(z,t) points to the liquid phase (or —1 of N points to

13



the solid phase). Recalling that vy := —d;dy is the normal speed of T'° and

Hy := —Ad is the sum of principal curvatures of I'’, we can indeed identify
(27) with the usual condition in generalized Stefan models (see again Fig. 1
in [4]).

As regards the second equation in (24), the only term of order zero in
is 0 0?°T. Nevertheless, we may add to that equation a function of the form
he(x,t) p(2) (d°(z,t) — ez), which obviously vanishes at z = d°(x,t) /e, with p
smooth and compactly supported in z (so that the term ez is at most of the
order of &) and he(z,t) ~ Y ooy e hi(x,t). More precisely, we shall assume,
similarly as in [4], that p = 9?n with 5 such that n = 0 on (—oo,—1], n = 1
on [1,+00), and 7 > 0 on (—1,1). Then the zeroth order equation becomes

SagTO = ho(l‘, t) do(fL’, t) 6,377 )
which necessarily yields, if T} is sought bounded in z, that
0To(w,t,2) — ho(z,t) do(x, t)n(2) =: 0Ty (z,t),

a function of (z,t) alone. Since n(z) = 0 for z < —1, this is a consistent
notation in that 7, (z,t) = lim,__ To(x,t, 2). Moreover, since n(z) = 1 for
z > 1, we have

h0($’t) do(l‘,t) = S(TJ(x7t> - T()_($,t)),

where T, (x,t) := lim, .o To(z,t,2). This shows in particular that for hg
to be smooth, T," and T, must coincide on the zero level set of dy, namely
on I'%. Conversely, if T;" and T, are smooth functions coinciding on I'°, we
can define

_T(T<x7t) B T()_(xvt> 0
G 2 1),

ho(I,t) =
0 [VTy - N (,t), r € TO(t),

where N° = Vd, (as before) and the ‘jump’ notation [VTj - N°] merely stands
for VI - N — VT, - N°. Then,

To(w,t,2) =8 hola,t) dolw, ) (=) + Ty (x,0)
is independent of z for z € T'%(t), and more precisely,

To(x,t,2) = Ty (z,t) = Tot(x,t) = £ (Tp)(x,t),

14



where again + = [v(pg)] =2,

Now, the next order terms in the asymptotic expansion of the second
equation in (24) supplemented with the term he(x,t) (d°(z,t) — z) 0*n(z)
will enable us to find a necessary relation between the heat flux [VTj - NV,
the interface temperature (Tp) + 6, and the velocity v¥ = —0;dy of TY. As a
matter of fact, retaining only the terms of order one, we get

38§T1 = (hl d() -+ ho dl) 637] — h() z 8227]
+ (BOydy — 6Ady)0, Ty — 20Vdy - VO, T,

+7(Ty + 6) (9rddo) D:v/(po) — 2 (Drddo)*(D:p0)?

A necessary condition for 77 to be bounded in z is that the integral from z =
—00 to z = 400 of the right-hand side above equals zero. The contribution
of the first row to the integral is just hg, because [ 92n =0 and [ z07n = —1
by definition of 1. The next term does not contribute if we restrict to x €
I'°(t) because then Ty (x,t) = Ty (x,t). Recalling that hy = 6 [VTy - N°],
Ty = +(Ty) on T'%, and that we have defined

(28) = [ @l

[e.9]

we finally arrive at
(29) 5 [VTy - N°| = £7((To) +0) (0edo) — 2@ 0 (dp)* .

Observe that the roughly obtained relation (23) may be seen as an approxi-
mation of (29) when the velocity v° = —d;dy of T is small enough.

To summarize, the sharp interface limit of (21) is expected to be (rig-
orous justification will addressed elsewhere) the generalized Stefan problem
consisting of the heat equation for T" outside I'° together with the conditions
(27), (29) on T If for instance N = N° points to the liquid phase, this
problem reads

Bo,T = §AT outside I',
(30) oo(H —av) =7T onT',
0[VT-N] = =5 (T+0)v — 2a0pv> onT,

with o defined in (28) where ¢y is solution of (25) and tends to 0 at —oco
and 1 at +oo, v the normal velocity of I' = I'’, and H the sum of principal
curvatures of I'.

15



3.2 Back to physical variables

The sharp interface model (30) is non-dimensional. It is of course important
from the physical point of view to go back to physical quantities.

Let us start with the first equation in (30), which by definition of 3 and
¢ also reads

Pe atT == VT .
Remembering that 7', ¢, and x respectively stand for
~ T-T, ~ t x
T = S, t=—,and T="=
or to’ me =1

(where the tilda are those of Section 2.2 and not those of Section 3.1) by
definition of the Peclet number Pe = pC,L?/(kt,) we recover the expected

heat equation

As to the last equation in (30), it actually reads

1 [ ~ 1 ~  _Boy,
— VLT N] - —— (T _ g%
Pe [V StH( +6) ae |

with v = 0yd/L = (to/L)v if v denotes the physical velocity of the interface.

Before going further, let us comment on oy = fj;o (0.p0)? dz, where g is by

definition (see Eq. (25), having in mind that W stands for W = (h/o) W)
solution of the differential equation

—~

9200 = W'(go) .
An obvious integrating factor is 9,0, and since W (pg) vanishes at +o00, we
have (9,p0)* = 2(h/o) W (o). This implies that
2 [te°
g = — W(@o)hdz
o — 0o
Recalling the meaning of the z variable, which scales as the actual distance to
the interface over eL = h, we can identify the integral 2 fj;o W (po) hdz with
the physical surface tension o, and therefore set og = 1. Substituting all the
other non-dimensional parameters Pe, St, 6, 3, a and £ by their expressions
in terms of physical quantities, we get in turn the physical jump condition
k 2

v
YNVTN = —£v—22
p[ ] Lv —

16



(Recall from (7) that £ = £.T/T,.) This is to be compared with the usual
jump condition in Stefan models:

S[VT-N] = —Lv.

In particular, we observe that the quadratic correction in the velocity v is
negligible if the velocity v is small compared to £ x h (which is indeed homo-
geneous to a velocity).

We finish with the derivation of the generalized Gibbs-Thomson relation.
Recalling that we have set o9 = 1, that v stands for v = (fo/L)v and noting
that H stands for H = Azd = LAd, we can rewrite the second equation in
(30) as

a %O v—LH = —-% T
where H := Ad is the actual sum of principal curvatures (homogeneous to
the inverse of a distance). Substituting @ and 7 for their expressions, this

eventually gives
P vt ol = pZer—T).
——v+oH =
Kk h P T.

Therefore, in physical variables the (generalized Stefan) sharp interface
model (30) reads

( pCp 0T = kAT outside I,
Le p
(31) pT(T T)__EU+0H on I,
k 2
— [VT - N] - Lv-2" onI'.
\ P Kk h

4 Well-posedness

We now turn to the mathematical analysis of the (non-standard) PDEs sys-
tem (19), which we equivalently rewrite as

{ GO — Ao+ W'(p) =71 ()T,

32 .
(32) BOT +~0v/(9) dup — SAT — F(i, Mg, T),
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with

(38)  Flp,Ap,T) = 2(0p ~ W(g)] + 100~ W)W ()T,

In this system, &, ﬁ, v, 0, €, and @ are fixed, positive parameters, and the
functions W, v are supposed to be nonnegative and to belong to €2(R) (the
space of €3 functions that are bounded as well as their derivatives up to
order 3). We are going to show that the Initial Boundary Value Problem for
(32) with suitable initial and boundary data is locally well-posed both in two
and three space dimensions.

4.1 Functional framework and main results

In what follows, €2 is an open, bounded, and regular subset of R, d € {2, 3}.
As boundary conditions on 02 we consider a homogeneous Neumann con-
dition for the order parameter ¢, and a mixed constant Neumann-Dirichlet
boundary condition for the temperature:

8_902001189’ a—T:qbonF, T =T,on00\T,

on on

where I is a given, relatively open subset of 02, and n denotes the unit out-
ward normal to 0€2. We suppose that ¢, and T}, are constants, corresponding
respectively to the heat flux and to the temperature imposed on the bound-
ary of the domain. Given ¢, T}, we know from [7, Notes of chapter 8] that

there exists 7 € H() solution of

(34)

AT =0 in ),
T
(35) a—:qb on I
on
T=T, onoQ\T,

in the sense that T — Tj, € HY(Q UT), the closure of €1(QUT) in H(Q),
and

/VT-Vde—/qudel(a:)
Q r

for all 7 € HY(QUT). Two solutions T} and Tj of the first two equations

in (35) differ by a constant, so that 7" is unique if [0Q \ I'| > 0, and unique
up to constant in the case of a pure Neumann condition.

18



For s > 0, we denote by HZ(2) the closure of
— Op
eD@): & :0}
{(p & on log

in H%(Q). In particular, H2(Q) is merely the set of functions ¢ € H?*()
that satisfy the homogeneous Neumann boundary condition 0, = 0 on 0.
When no confusion can occur we shall just write L? for L?(Q2), HE for H:(Q),
and H} for H}(QUT).

Definition 1 (Weak solution) For ¢y € H2, Ty € Hy, and t* € (0, 400],
we say that (p,T') is a weak solution of (32) on [0,t*) with initial data @o,
To, and boundary conditions (34), if

€ G([0,7); Hy) N Lige (0,17 H),
T —T € %(0,t*):; L*) N L2 (0,t*; H)
with ¢ and T satisfying g0|t _o = ¥0; T}t o = Lo, and

e the first equation in (32) in the sense that

0 [ [ [ [ o [ o

for all ¢ € €, ((0,t%); L?),

e the second equation in (32) in the sense that

(37)
/OZ(BTMQV(@))@T _ 5/:/0 VT Vr — /Ot/Q Fo, Ap, T) 7

for allT € €1 ((0,t*); LYYNE((0,t*); H}), where F is defined as in (33).

Note that, according to this definition and by the Sobolev embeddings
2 — ¢° and H' — L°® (both valid in space dimension d < 3), a weak
solution (p,T) is such that ¢ € €,([0,t*) X ), and Ay € L°(Q) at almost
all times in [0,¢*). This gives sense in particular to the last integral in (37)
if we also note that 7 € L%(Q) at all times in (0,t*) if 7 € €((0,t*); Hp):
indeed, examining all the terms in the product F(p, Ap,T) T we see, using
that W’ and v/ are bounded, that we ‘only’ need 7, T'7, ApT 7, Ap T, and
(Ap)? 7 being integrable, which is certainly the case on a bounded domain
when T € L? 7 € L5 and Ay € LS.
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Theorem 1 (Existence of weak solutions) For all po € H2, T, € H},
there exist t* > 0 and a weak solution (p,T) of (32) on [0,t*) with initial
data @o, Ty, and boundary conditions (34), in the sense of Definition 1.

Theorem 2 (Continuous dependence on the data) 1. Given ¢y €
H2?, Ty € H}, there exists at most one weak solution (¢, T) to (32)—(34)
with initial datum (o, To).

2. If (i, Ty), i € {1,2}, are two weak solutions to (32)—(34) both defined
on [0,t*], and with initial data (@i0,Ti0), @ = 1,2, respectively, then
there exists a constant C' > 0 depending only on the norms

| Til| oo o511 ), 1 Till22(0,6%:22(02))

i€ {l1,2}
HSOZ'HLOQ(O,t*;HQ(Q))a H%OiHLQ(O,t*;H%Q))?

such that, for 0 <t <t*,

(38) Tu(t) — o)1 72 + o1 (t) = @2(t) |32y
< O (ITh0 = Taollfae + oo = ¢2lli ) -

In particular, the weak solution to (32)—(34) depends continuously on
the data.

Unsurprisingly, the proof of Theorems 1 and 2 relies on a priori estimates.
It is to be noted though that we shall use other quantities than the total
energy

E(T.¢) = / (BT + 100(0) + W(p) + L2 |Vyl?).

Indeed, if we do have the conservation of £, thanks to (18) (where e = SE),
at least when T satisfies a homogeneous Neumann condition on the whole
boundary 99 (that is, for ¢, = 0 and I" = 99Q), this is obviously not enough
to control the L? norm of T'. Rather, we shall use
(39) Eo(T,p) := / (% T? + W(p) + 3°|Ve]?).
Q

Compared to E, the interest of Ej is that it is quadratic in T, and it satisfies
the identity

d

0 G E0(T.0) + SIVTIE + 610wl = [ Plode. DT
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along solutions of (32) (and (34) with ¢, = 0, T}, = 0). Of course, because of
the right-hand side, this is not fully satisfactory and we shall need another
quantity to control the L? norm of Aep.

Remark 1 If we replace F' by zero in (32), we are left with the Caginalp-like
model

a0y — 2 Ao+ W' (o) =~V ()T,
(40) { o @ (¢) =7V (9)

BOT +~01 ()8 —6 AT =0,

for which we have the much nicer identity

d .
0 ZEo(T¢) + SIVTIlL2 + adplz2 = 0.
Remark 2 By an adaptation of our a priori estimates, we can show in ad-
dition that, among the stationary solutions to (32), those corresponding to
single-phase states, i.e. with p =0 or p =1 and T =T, are stable.

Remark 3 Since we are interested in asymptotic models, we have chosen on
purpose to keep track of the nondimensionalized numbers &, B, v, 0, €, and
0 in our a priori estimates. We shall also pay attention to the occurrence of
Tz, and of the bounds for W, v, and their derivatives.

Further notations. All constants depending only on the dimension d and
on €2 will be considered harmless, and we shall denote by

A S Ay

any inequality A; < C'Ay where C is such a constant (depending only on d
and ). As already mentioned, W and v are supposed to belong to €(R).
For simplicity, we introduce the notations

v :=sup ||, W. :=sup|W|,
R R

o0

and similarly for their second and third order derivatives.
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4.2 Existence of solutions

In this section, we prove Theorem 1 by means of a Galerkin approximation.

Let {®;}ien+ be a set of eigen-functions of the Laplacian operator —A
with Neumann boundary condition, {p;}ien< being a complete orthonormal
system in H'. Let {T;};en- be a set of eigen-functions of —A in  with the
boundary conditions

oT;

o =0onTl, T;=00ndQ\T,

with {T';}ien+ being a complete orthonormal set in H}. We seek approximate
solutions of (32) - (34) of the form

S =Y altyes, T :=T'(1)+T, T'(t)=Y b(t)T
i=1 i=1
where a; and b; are €, real-valued functions. Defining

V, = Span{¢1, -+ ,on}, Z,= Span{Tl, e ,Tn},

we require that for all ( € V,,

wy  [aaenc=- [wiecey [venrere [ ag
Q Q Q Q

and for all 7 € Z,,,

(42) / BoT" T = —(5/ vT" V7 — 79/ V(Mo T + / F'r,
Q Q Q Q

where

]_ / n n n
" = —(EA¢" = W/(9")” + L(EA0" = W (") (¢")T™,

together with the initial conditions

©"(0) =Py, (go), T (0)="Pz, (To—T),

where for any subspace Y, Py denotes the orthogonal projection onto Y.
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Denoting by a and b the vector-valued functions of components a; and
b; respectively, taking ¢ = ¢; in (41) and 7 =T in (42) fori =1,...,n, we
obtain ordinary differential equations of the form
da db

== ®(a,b), =T (a,b,®(a,b)),

(43) T

with ® and 7 at least 4% on R?" and R®" respectively (since W and v are
%3). Therefore, the Cauchy-Lipschitz theorem ensures the existence and
uniqueness on some maximal time interval [0,%,), ¢, € (0, +oc], of a solution
(a,b) with prescribed initial data.

The next step is to derive some estimates in order to show that the
times sequence (t,) is bounded from below by a positive time and that the
sequences (¢"), (T") are bounded in the appropriate functional spaces. To
simplify the notations we will drop the superscript n.

Energy estimate. Recalling the definition of Ey in (39), and taking a
combination of (41) with ¢ = ¢,, and (42) with 7 = T',, we get the identity

d . - - . - , -
(44) 0 5T + 6 IVTIE: + a0l = [ FT+90 [ Ve T

By the elementary inequality

b2
(45) abg)\a2+ﬁ, VYa,be R, YA >0,

we have
/ ~ _ 2 72 11212
v [ V()T < L ll0wplze + — lve” | T1L:.
Q (6%

Recalling that the notation & actually means 1/«, and introducing the new
simplifying notation

(46) =2 V)P,

we thus obtain from (44) that

d L A R _ -
@7) G Eo(T0) + 80 VT + 36 0l <6 | FT 4TI,
Q
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where we have used the notation 6 for 1 /6. We shall use the same convention
repeatedly for other positive parameters in what follows.

The integral of FT in (47) involves trilinear terms in Ay and 7. We can
get an estimate on them by using the following, higher order estimate.

Lemma 1 (second order estimate) Let us define the modified energy
BA(T,¢) = BT, ) + 420 | 80P,
and (to enforce estimates of powers of E;)
EY(T, ) = max(1, Ey(T', ).
Let the constants A°, B®, C°, D° be given by

A® = dwife®,  D°:= max(1,008) 08 (1 + pabd) yuét (1 + wué?),
B :=B0|T|7., C°:= (na+0)|T|5n,

where
"2

Voo

/
(e.¢]

Then the first n modes (T = T + T,¢) = (T" = T" + T,¢") solutions
to (41)-(42) satisfy the refined energy estimate

wi= WL, p=~"W?, =

d = _ L X .
(48) BT, ) + 00|V T2 + &l 0upll7z + 006 |V A7

- é/ Flp,Ap, T)T S A°E\(T, ) + D°(B° + E{(T, ¢))* + C°,
Q
for all t € (0,t,).

Proof: Let us first write

E\(T,¢) = Eo(T, o) +207/ |Ap|?,
Q

with the constant z to be determined in the course of the proof. We apply (41)
with A2%p as a test function. Since we use a Galerkin approximation built on
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the eigen-functions of the operator —A with Neumann boundary condition,
there is no boundary term in the next integrations by parts. We obtain

(19) 36 lAplE + 2 [VAGIE = - / W (9)A% + 4 / v (o)T A%

—~ ~

J1 J2

Using an integration by parts, we get an estimate on .J; because

W// ’2

2
1 €
[wove-vag| - S ivaci s

IVellz:
thanks to the inequality in (45). Another integration by parts gives

Jy = —7/ V(p)VT - VAp — 7/ V()T Vg - VAp.
Q Q
By the Cauchy-Schwarz inequality, we thus have
| Jo| < WNVT |22l VAQ L2 + AT || 221Vl [V A 2,

hence by using (45) again,

g2 W |?
1l = 5 IV Al < \—\ 1T + /T2l Vol [V Al

To control the L*> norm of Vi, we can apply to u := V¢ Agmon’s inequality
(50) lullZee < Nulla [ullae .

which is valid in dimension d < 3 - in the two dimensional case, it just follows
from the Sobolev embedding H%? < L* and the interpolation between H'
and H?, showing that H*? = [H', H%;,. Using that |ullgz < [juz +
I|Awl|zz2, this gives

IVele S IVl (IVells + VAL,
from which we deduce that

TN 2|Vl e VAl 22 STl 2 (IVellin [V A@|l 2 + [Vl eIV Ap|35).

25



Then, using once more (45) together with its more general version, Young’s
inequality

: b 1 1
(51) ab< A= + AP Vo, beR,YA>0, Vpg>0, -+-=1,
p q P q

with p = 4/3, we obtain

2
e R A N
ol = IVAQLe S e IV T4 I TR Vol +0° e TN a1V el

where we have used the announced shorthands

”no|2

o0

/
I/OO

=", =

Now, since W > 0 by assumption, we have

and Ey < EY, so that we can rewrite the estimate of J; as

2

€ A *
ol = 7 IVAQL: S nE VT + CEL(T, 9)°,

with
¢ :=max (1,203) 203 (28* + 2a) 1pue®(1 + 1p?) .

Recalling the estimate of J; obtained at the beginning, in which we can
bound ||Vel|3. by 262 E1(T, ¢), we find that

! . .
aaHAsﬁlliz + 2| VAg|7. S wé'E\(T, ¢) + pé®| VT3 + ¢ E; (T, ¢)?,
where we have used the other shorthand
w= WL,

Finally, noting that || 7|2 < |T||z2+ | 7|12, and similarly for the derivatives
of T', we obtain

(52) a4 HASOHLQ + &% VAl S p? VT |52 + || VT 22

3
+ w2 B(T,0) + ¢ (BT + E{(T.9))
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Multiplying this inequality by z and adding it with (47), we can absorb
|VT||3, on the left-hand side provided that zué? is small enough compared

to 80. Therefore, we eventually obtain (48) by substituting a numerical
constant times &2 for 2 in the definition of ¢ here above. a

The next step consists in expanding [, F'(y, Ap,T)T, the first term in

the right-hand side of (48), and estimating each term by a power of £} (7', ¢).
This is made in the following.

Lemma 2 (final a priori estimate) In addition to the notations introdu-
ced in Lemma 1 (see p. 24), let us define the constants A, B, C, D, by

A =A%+ Ba(l + p YW + ba?u3?,

€= OO B W T2 + Bl WP + G 2| T4,

D :=D" +£2(80)"*a%p (1 + o*6° i (80)/?)
+e0u(a%00) 21 + € (a26°9%) %)

Then the first n modes (T = T + T,¢) = (T" = T" + T,¢") solutions
to (41)-(42) satisfy the energy estimate

(53) LEIT, @)+ W00IVTIL: + allagls + 350V Ap.

S AE{(T,¢) + D(B + E{(T,¢)) + C,
for allt € (0,t,).
Proof: Recalling the definition of F' in (33) on p. 18, we have

|F(p, Ap, T)| < 20|WL|* + ay WL T| + 202 | Ap|* + ag’ v/ | Ayl |T] .

}: f2 f3

1. Since
AW 1T < |WL|*+ W. T  and 2|T|T < 3T + 12,
we readily have

6 / AT < Ba(1 + 4 YW |T|2 + B/ W | T2 + ol WP,
(9]
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hence
(54) QA/QﬁTSJalEf(T,gp)—l—a,
with
ay = Ba(l+ /)W, ¢ = Oay W ||T|%: + O] WL .

. By the Cauchy-Schwarz inequality, we have

/Q AT < I1A@|2 T

Using the interpolation inequality (due to Holder)
1/4) 13/4
lollze < ol 2" ol
and the Sobolev inequality

lWlizs < llvliZz + 1VollZs

(equivalent to the Sobolev embedding H' <« L°® already mentioned
before), we thus infer that

(55) / |AQPIT| S [|A@]22 T 22 + | Al Y2 T 21V A 22,

As a consequence of (55) and Young’s inequality (Eq. (51) with a factor
A to be determined afterwards, and again p = 4/3), we get

0 [ 1T Sboct | 8pla Tl + st (31 Agl5 Tl + AIVAIE:).
So, using that
(56)  ||Ap|l} S E%6apbEN(T, ), T3> < BOELT, ),
we arrive at
(57) 6 / 12T < 02e25(86) 2 By (T, )

Q

+ X326 u BP0 By (T, ¢)® + Maet |V Ap|[2.
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We can now choose A for the last term in (57) to be absorbed by
4610V Apl|2,, the last term on the left-hand side of (48) on p. 24:
it suffices to take A small enough compared to @dji. Hiding the multi-
plicative constant in the < sign, we thus get from (57) that

(58) b [ 1T = 4Vl S dEI (T )"

with R R
dy = £2(30)/2026p (1 + i (30)12).

. The way of estimating fﬂ fsT is very similar to the one for fQ foT.
Indeed, we have

2 / AQ||TIT < / Ag|[TP2 + / Al TP,
Q Q Q

/Q AT < Al ITI

by Cauchy-Schwarz and the Sobolev embedding H* «— L*, and

with

/Q AGITI SNA@lITIZ: + I Ael 2 T VT2,

by exchanging the role of Ag and T in (55). Therefore, using again
(51) we have

/Q|A80||T|T ST + A0z + 1 A¢]l T2
+ NN A2 lIT 17 + AIVTIZ:
for all positive A. Using again (56) we thus infer that
0 [ BT S b 2| Tl + 0P (T, )
Q

+ 5Bua3/2(59)1/2E1 (T, @3/2 + 5\3525043#5/20252E1 (77 90)3
(59) + Mg 2|V .
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Now, if we want to let the last term in (59) to be absorbed by the left-
hand side term §60||VT||7, in (48), we choose A small enough compared
to 6a€2 /2. This yields

é/ foT = 30|V T3 S fac | T + b’ n**EV(T, o)
Q

(60) +Bpa®?(00) 2 By (T, ¢)*
+ Bl 0?5 By (T, ¢)?,

hence
(61) 9/ fT — 360IIVT|32 S o5+ as By (T, ) + d; EY(T, )°,
Q

with . . ~
as 1= 5a2#3/27 C3 1= 95)‘52#1/2”TH%11 ’

and R R
ds == eBu(0®00)* (1 4 1 (a°6%5%)'/?) .

Finally, adding together the estimates in (54)-(58)-(61) and the energy esti-
mate in (48) gives (53) with

A=A"+a,4+a3, C:=C"4ci+c3, D:=D"+dy+ds.

O

Recall that T" and ¢ in (53) are actually 7™ and ™, and of course depend
on the rank n in the Galerkin approximation. However, their initial data
To € L? and ¢y € H? are independent of n, and so is the initial energy
E1(To, ¢0). By the energy estimate (53), there is a uniform time t* > 0 of
existence of 7™ and @™ - as solutions of the ODEs (43) - such that E(T", ¢") is
bounded in L>=(0,t*), while | VT"| 12, ||0:0"|| 12 and ||VA@"|| .2 are bounded
in L?(0,t*). Therefore, by the usual compactness theorems, up to extracting
subsequences we have

Pn — @
in L>(0,t*; H?) weak-*, in L?(0,t*; H3) weak, in L?(0,t*; L?) strong, and
also almost everywhere,
8159071 - 8%0
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in L>=(0,t*; L?) weak-*,

T,—T
in L>(0,t*; L?) weak-*, in L?(0,t*; H}) weak, in L*(0,t¢*; L?) strong, and
almost everywhere. Furthermore, since

Owp € L*(0,t*;L*) and o € L*(0,t*; H?),
we have by the Aubin-Simon lemma that
o € 60,1 HY).

Moreover, the definition of T" in (42) shows that the sequence (9,T") is
bounded in the dual of L?(0,t*; H}), which implies that

T € €(0,t*; L.

Passing to the limit in (41) and (42) we conclude that (T, ¢) is a weak solution
to (32) on [0, t%). O

Remark 4 (time of existence) By the energy estimate in (53) and an el-
ementary ODE arqgument we see that the time of existence t* is bounded
from below by ti := 1/(DE\(To, v0)?) (up to a multiplicative constant only
depending on ) and the dimension d). This yields two comments.

1. For fized parameters o, 3,7,0,¢€,0, by definition of Ey, t] tends to in-
finity when the initial data tend to a constant state (To = 0,y = 0) or
(To = 0,90 = 1). In other words, tt is all the more larger as the initial
state is close to a single phase.

2. We can also examine how t} varies with respect to the parameters o, 3,
v, 0, €, 0 for fixed initial data. By inspection of all coefficients in the
definition of D (p. 27) we see that is D is bounded on compact subsets

of
{(04,57%575,9); a > Oaﬁ > Oa7 > 075 > 075 > 079 > 0}7
and tends to zero in either one of the limits

B—0o0ry—00rf—0o0r)— 0.
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Note that, by definition of v and § (see Eq. (20) on p. 9), 1/St = (50,
1/Pe = (36, so that St tends to infinity in either one of the first three
limits, whereas Pe can tend to infinity (if 5 — 0 and § fized), tend to
zero (if 6 — 0o and (3 fized), or can be kept bounded and bounded away
from zero (if B — 0 and § — oo with 3 and 1/6 of the same order).
Unfortunately, it turns out that neither one of these limits is compatible
with keeping Ey(Ty, po) bounded (which would imply t* — oo), or at
least DE1(Ty, 00)? bounded (which would give a uniform lower bound
for t*), independently of || To||z2 and ||Agol|r2. Indeed, we have

280, (To,¢0) > |Toll72 . 2a7* [V ?0E1(To, o) > £°0|| Agol|72,

and looking closer at D we have

D= 082, D= 0(*). D= 0(5'?), D"="0(9").

So, the limit 3 — 0 penalizes | Tol|z2, while § — 0 penalizes both
| Tollz2 and ||Agollz2, and both v — 0 and § — oo penalize || Apq||p2.
Of course, if we restrict our initial data to Ty = 0, the limit 3 — 0 is
allowed and thus gives t* — oo. This is no surprise because in this case
we are basically left with the Allen-Cahn equation (the first equation in
(19) with T =T), for which global ezistence is well-known.

4.3 Continuous dependence on the data

This final section is devoted to the proof of Theorem 2, which gives both
uniqueness and continuous dependence of the initial data. The tools are
basically the same as in the existence proof (Theorem 1), namely, energy es-
timates and various inequalities of Sobolev and/or interpolation type. How-
ever, the details are longer and somehow more technical. To gain some sim-
plicity in the exposure we set all six parameters «, 3, 7, 9, €, and 0 equal to
1in (32), and the L*> norms of derivatives of W and v will be systematically
hidden in the < sign.

Step 1. We assume that (73, ¢;), i € {1,2} are two weak solutions to (32)
on [0,t*) for some positive t*. We are going to use repeatedly the notation

[G] — G2 - G1
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for the difference of any two quantities Gy and G;. The differences [T] and
[¢] then satisfy the system

Alp] — Algp] + W' ()] = [V'(9) T7,
(62) AT) + [V (p)de] — A[T] = [F],
Fyi= (Ap; — W'(9)? + (A — W (@) (@) T

By analogy with Ej defined in (39) we set

eo([T], [¢]) = /Q 3 [T1 + 3|Vl + [V ()

Similarly as the energy estimate (44) for Ey (except that the potential energy
has been discarded here), we derive the identity

63 eolTL 16D+ [ VTP + [ ol
- / V(OTIowe] — [/ ()0 )[T) + / Bl ()] + / F)T).

Using the formula of differentiation

(GH] = (G)[H] + [GI(H), (G):=
and the mean value theorem (for /) we obtain

(@) TN0ke] = [V (9) 0l [T] =[V' ()] (0o} [T] = (T) [Oep)])
(64) S1OITT + KDl 0]

In order to estimate the first term of the right-hand side in (64), we can use
the following inequality, whose proof is postponed to the appendix,

(65) / abe < €||Vb|[7> + e[| VellZz + Co(1 + llall2) (1BIIZ2 + llellZ).
Q

satisfied for all @ € L*(Q), b,c € H'(Q2), ¢ > 0. Here above and in what
follows, C. denotes a constant depending only on ¢, 2 and d. The inequal-
ity (65) gives

/{J@MHMH[T]I < e VITIIIZ: + £l VIRl
(66) + Ce(10w) 122 + DT + IV []lIZ2).
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To obtain a bound on the second term in the right-hand side of (64), we are
going to use Agmon’s inequality (50) under the form

(67) 617 < MIBIZ2 + VOl L2 ]| A e,

which implies (by Cauchy-Schwarz) that
(68) /Q jabe| < ellel|72 + CellallZ(IblIZ> + [IVB]IZ2 + | AD]|72).
We thus find that

/Q|<T>||[90]||[8tso]l < ell[oelliz>
(69) + Ce(T) L2 (eNllZ + IVl + 1 AL]IIZ2).

Together with (66), (69) gives

(70) /Q[’/(SD)T] [Op] — [V (0)0u][T] < el VITNIIZ> + el [0l 72
+ Ce(1+ [{0epd 22 + KT L) (TN + eIz + 1V IeIIZ + 1AL Z2)-

Let us introduce the shorthand zo := 1 + [[(0:p) |72 + [[{T)]|2., and

er([T1, [¢]) = eo([T], [¢]) + pllAlellZz . ex((T], []) = ex ([T [e]) + ]2z,

where p is a parameter that will be chosen later. The final estimate we are
aiming at reads

d
(71) g2 S7e e = oIl l4),
for some z € L'(0,t*) depending continuously on the norms of T; in L>(0, t*; H'),
L?(0,t*; L?) and the norms of ¢; in L>(0,t*; H?), L*(0,t*; H?), i € {1,2}'.
Once we have (71), the continuous dependence on the data as expressed
in (38) will be clear because, by straightforward integration

eo(t) < efotg(s)dseg(O),

1n particular, using the equation for ¢ in (32), Z may depend on the norm of d;¢ in
L>(0,t*; L?)
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and by definition ey controls ||[p]||| gz and [|[T]]| 2.

The first step in the derivation of (71) follows from the identity in (63)
and the inequality in (70), which together give

(12) Seo([T1,[el) + VT + [9ielliZ < <[ ITIIE: + lduel 2o

dt
+@ﬁm@“@+4@ﬂW@M+AmﬁL

where zo € L'(0,t*), and C., := max(1,1/u)C.. We will prove (71) by
using an additional energy estimate for [|A[¢]||7. and some estimates for the
remaining terms

[ o) ad | (F))
Q Q
in the right hand-side of (72).

Step 2. By (45),

(73) /Q[atsa] W' ()] < ell0wllizz + Zill[]lIZ--

Step 3. There are several factors in the expansion of the term [, [F][T]
that we bound successively and, to some extent, by decreasing order of dif-
ficulty.

By using the expansion formula

(GHI] = (G) (H)[I] +(G) () [H] + (HI) G,

we obtain
(74)
[Apr/ (p)TNT] = (Ap) (V' ()T + (Ap) (T) [V (9)][T] + (V' () T)[A][T].

By the inequality in (65) we have

(75) /Q<A90> W (NI < el VITIIZ2 + Co(L+ (AR Iz NTTIIZ-

and similarly

/Q<V’(90)T>[A90][T] < e VITTIIZ: + el ALz
(76) + Co(1+ IKD22) (T2 + N [ell2)-
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To estimate the remaining term in (74), we apply the inequality (proved in
the appendix)

/ labed| <e||Vd|% + ]| Al
Q

(77) +Co(1+ Jlallze + 1Bl 22 + 01122 VOlIZ) (1 Vell72 + [ldl|72)
to a = (Ayp), b= (T), ¢ = [p], d=[T]. This gives

/\ (T < el VITIIZ: + el AlelllZ2

+ Ce(L+ (AR Iz + KDz + KDLV AT UV (22 + NT1Z2)-
With (75) and (76), we arrive at
(78) / [Aev/(@)TNT]| < e VITIIIZ: + Z2(l[#]l122 + €.

Replacing Ap by W’(p) in (78) and using the estimate |[W'(¢)]| < WZ|[¢ll,
we will obtain a similar estimate for the quadrilinear term |[W'(p)v/(¢)T][T].
For the trilinear term

[(Ap = W (@)?][T] = [[Ap][T] + W (@) P][T] = 2[Ae W' ()][T],
by proceeding as in Step 2, we also have an estimate as in (78). We thus
conclude with Step 2 that

/| 0. (¢ |+/| T)| < e[ VT2 + 2@l + e1).

Inserting (79) in (72) gives

d _
—eotIVITII+10[ell7e < ellVITTIZa+ellOuel I L2 +Za( [l 22 +er)-

(80) ”

d
To eventually obtain (71), we still have to estimate EHA[Q@]H%z

Step 4. Taking —A?[p] as a test function? in the equation satisfied by
[¢] in (62), we obtain
(81)

%||A[<P]I|iz+|IVA[¢]H%z S/QHV(V’(@)T)][VAsO]I+/Q|[VW’(¢)][VA¢]I-

2To be exact, we take —A?[p]™ as a test function, where [¢]™ := Y7 ([¢], ;)i is the
Galerkin approximation of rank n to [¢] and, in a final step, pass to the limit n — 400 in

the estimates obtained for [p]™.

36



We have
(82) /Q VW' (@)][VAg]| < ell[VAL[I72 + Cc|l[#]][72-

Besides, we have the expansion

(83) [V (@)T)] = V(D VTI+ (VD) [V (@) + (VY ( DT+ (T [V (¢)]
which has to be multiplied by [VAyp]. We have

(84) / [V (NIVTIIVAG] < ell[VAQ]IZ + CeITNZ
for the first term, and by (68)

/ (VDI NIVAG] < T -
+ CATT) B + IV + AL

for the second term. To estimate the third term, we apply the inequality
(proved in the appendix)

(86) /Q labe| < ellel|72 + Co[|VO|[72 + Co(1+ [ Val|z2 + lla]lz2) b 22
toa = (Vp), b=[T], c = [VAp]. We obtain
/Q (VY (DITIIVAG] < ell[VAQ]IIZ: + CIVIT]IZ

(87) +Ce(1+{IVellz2) + (1Al LNITTIZ-

Since [VV/'(p)] = (V"(©))[Ve] + (Vo) [V (¢)], the fourth term can be split
again. Similarly as in (85), we have

/ (T (@) TATA < VA
+ CADIEIE + 1716l + |ALAIE)

There remains to bound
/Q (T) (VA [V AL
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To this purpose, we apply the inequality (proved in the appendix)

/|abcd| < clld|%
Q
(89) + C.(|lallrz + IVall2)(I6l|72 + VO[|72)(lcll72 + [ Vell72 + | Acll72)

toa=(T), b= (Vy), c=[p], d=[VAp]. We then deduce from (81), (82),
(84), (85), (87), (88), taking € small enough, the estimate

d —
(90) AL + SIVAWRIIL: < CUVTIZ: + CZ ([Pl + en)-

Choosing p so that uC} is small enough, it then follows from (80) and (90)
that

d _
(91) Fer+IVITIIZ+olellze < elVITNZ:+elBulllze+Z6 (]Il +e)-

To conclude, we perform an energy estimate on [¢|. Multiplying the first
equation in (62) by [¢] we obtain

S+ VLI < € (Mo + 17 + [ KOt

< C (IlelllZe + NTIZ2) + KTz e I17)
< C(L+ KTz eIz + NTNZ2) + IV [elZ)-

Adding with (91) we get

L e+ I16IR) < Zrler + A1)

which is the claimed estimate (71). This completes the proof of Theorem 2
O

Appendix

We give here the proof of various functional inequalities used previously.

Proof of (65):
/Qabc < e[| Vollz: + el Vel + Co(1 + [lallz2) (1Bl 22 + llellZ2)
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for O c R?, d < 3. By Holder’s inequality,

[ abe < lallalblzs el

Q

In addition, we have the interpolation inequality ||c||zz < ||¢|| CH2/62, and
applying twice Young’s inequality (51) (once with p = 4/3, once with p =
3/2), we get

1/2H

1/2 1/2
1bllzs - llell5* - llallz2 lell 2 < ellbliFs + ellelfs + Cellalliz ell3-

We can conclude thanks to the Sobolev inequality ||b]|3s < [|b]|32 + || VD||3..

Proof of (77):

/ labed| <e||Vd|[2, + £]| Ac]|2

0
+Ce(1+ [lallze + [10lIz2 + [1Z:11V0lIZ2) (IVel 72 + [l Z2)
for O c R?, d < 3. By Holder’s inequality, we have
/QW?CC” < llallz2]lbllzs]lell o< || o

where we can apply Agmon’s inequality (67) to c:

lellzee < C(llellze + Vel 21 AL,

and the interpolation inequality ||b||zs < Hb||1/2||b||1/2

. This gives
/ labed| < C([lellz2 + Vel 5| Acl &) lall 2 b1 101 6l o
By the Sobolev inequality [|b]|zs < C(||b||z2 + ||Vb]|L2), it follows that
[ labed < Clela -+ 921l )

(92)  lall 2 16157 (015" + 1961555 (ldl] 2 + [ Vd]) z2).-
The term with the highest order derivatives in (92) is
Vel 2l Al lall 2 16151V b]5 V] 2 =

IVl 2 - | Acl}5 - 1IVell5 lall g2 |l]57 V0|5
< &||Vd|2: + el| Ac|e + Co||Ve|2a|al| L (16122 V0|2
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by Young’s inequality in the form already used above, namely
arapas < ead 4 eay + Coag .

We finally obtain (77) by using similar estimates for the lower order terms
in (92).

Proof of (86):
/ label < ellellz + ClIVOIIZ> + Co(1 + [ Val[72 + llall72) [B]]7
Q

for @ C RY, d < 3. As above, applying successively the Holder, Young,
interpolation, and Sobolev inequalities give

/Q\abCI < llellz=lbllzs llall o

< ellellzz + CellblZsllallZe

< ellellz> + Cellbllz2 bl sllallZe

< ellellzz + CellbllZs + Cellallz[1blI7

< ellellz> + CelIVolZ: + Co(1+ [IVallz> + llallz2) 1617

Proof of (89):

/ |labed| < e||d||3-
Q
+Ce(llallz2 + [Val 2) (1Bl 72 + [VOIIZ2) (el Z2 + [ VellZz + [[Ac]Z2)
for @ Cc RY, d < 3. Again, by the Holder, Young, interpolation, Sobolev, and
Agmon inequalities,
/Q|abcd| < ldllz2llall s 1Bl o [le oo

< elldllZ + CellallZs 1Bl[7s llelle
< elldlZ+Ce(llallz2 + IVall 2) (bl 22 + 1 VOIIZ2)
x (lellZz + Vel + 1 AclZ2)-
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