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Abstract. We study a two-phase modified Stefan problem modeling solid com-
bustion and nonequilibrium phase transitions. The problem is known to exhibit a
variety of non-trivial dynamical scenarios. In the presense of heat losses we develop
a priori estimates and establish well-posedness of the problem in weighted spaces of
continuous functions. The estimates secure sufficient decay of solutions that allows
us to carry out analysis in Hilbert spaces. We demonstrate existence of a compact
attractor in the weighted spaces and prove that the attractor consist of sufficiently
regular functions. We show that the Hausdorff dimension of the attractor is finite.

1. Introduction. The subject of this paper is a study of dynamics of a nonequi-
librium two-phase Stefan problem modeling condensed phase combustion and some
phase transition processes. It was demonstrated numerically [9] that the sharp inter-
face model of the condensed phase combustion also known as Self-propagating High-
temperature Synthesis (SHS) generates a remarkable variety of complex thermoki-
netic oscillations. In addition to its theoretical interest SHS finds technological ap-
plications as a method of synthesizing certain technologically advanced materials,
see [21], [26] and also [27] for a popular exposition. The process is characterized by
highly exothermic reactions propagating through mixtures of fine elemental reactant
powders, resulting in the synthesis of compounds. The propagation can be thought
of as a traveling wave, whose velocity and shape change during the evolution. The
best representation of dynamical changes in the wave shape are clearly obtained
in the coordinate frame traveling with the velocity of the wave. Depending on pa-
rameters of the model, dynamical scenarios exhibited by the model include a Hopf
bifurcation, period doubling cascades leading to chaotic pulsations, a Shilnikov-
Hopf bifurcation etc. These scenarios are well-known for the finite-dimensional
dynamical systems and suggest a possibility that the essential dynamics of the free-
interface problem may be finite-dimensional as well. Indeed, we have been able
to prove [12, 13] that compactness and finite dimensionality of the attractor take
place for a simpler one-phase problem.
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However, the methods of the papers dealing with the one-phase problem are not
directly applicable to the sharp interface problem of the condensed phase combus-
tion which is the subject of the present paper. The principal difficulty that arises
here as compared to the one-phase problem is that the presence of the additional
temperature field behind the propagating interface (in the product phase) creates
an additional degree of freedom that is not easily controllable. This difficulty is
overcome in the present paper; we show that Hausdorff dimension of the attractor
is finite. The paper draws on the approach of our previous work [14] discussing com-
pactness of the attractor; in addition to the dimension estimate, results presented
in this paper clarify structure and regularity properties of the attractor.

There is a substantial literature that treats analytical aspects of the initial-
boundary value problem for different sharp-interface models with kinetics, related
to the problem (1.1-1.4) below, see [19, 22, 3, 6]. These works are concerned with
basic issues of mostly local in time existence. We also note recent papers by Brauner
et al. and Lorenzi, [1, 2, 18], which study weakly-nonlinear dynamical behavior of
solutions of related problems. In particular they consider perturbations of traveling-
wave initial data and investigate their instability and bifurcations. In contrast, the
principal focus of the present paper is in strongly nonlinear asymptotic dynamics
for a wide range of initial data and parametric regimes.

The free-interface problem is formulated as follows: find s(¢) and u(x,t) such
that

Ut = Ugg — YU, xFs(t), t>0, (1.1)

u(x,0) = up(x) >0, (1.2)

glu(s(t),1)] = v(t), (1.3)

[tz (s(1), )] = ug (s(t),1) — ug (s(t),8) = v(t) (1.4)

where v(t) is the interface velocity, s(t) fo T)d7 is its position, u is the temper-

ature, and the derivatives u} and u, are taken from right side and left side of the

free mterface respectively. The last term in the heat equation (1.1) is due to the

heat losses into the medium surrounding the combustible or solidifying substance
via Newton’s cooling law with a non-dimensional coefficient v > 0.

Dynamics of the physical system is determined by the feedback mechanism be-
tween the heat release due to the kinetics g(u|,—4¢)) and the heat dissipation by
the medium. The second interface condition (1.4) (the Stefan boundary condi-
tion) expresses the balance between the heat produced at the free boundary and
its diffusion by the adjacent medium. As the problem describes, generally speak-
ing, propagation of a phase transition front, the first interface condition (1.3) is
a manifestation of the nonequilibrium nature of the transition; its analog for the
classical Stefan problem is just u|,—st) = 0. We should mention that in contrast
with the nonequilibrium problem, the dynamics of the classical Stefan problem is
relatively trivial. The surrounding matter is assumed to be at the temperature of
the fresh combustible mixture at —oo (the original phase in the phase transition
interpretation). By the same token the heat loss will reduce the temperature in the
product phase to that of the medium. Thus the behavior of the solution at infinity
should satisfy lim,_,4 o u(x,t) = 0.

In order to estimate the Hausdorff dimension of the attractor we need to develop
some additional technical tools. We first develop a priori estimates and establish
well-posedness of the problem in weighted spaces of continuous functions, which
are introduced for the statement of the problem in the coordinate frame moving
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with the interface (i.e., where the interface is fixed at zero). These estimates, which
constitute the analytical core of the paper, secure sufficient decay of solutions that
allows us to carry out analysis in a Hilbert space.

It should be noted that volume estimates, which are the basis for the Hausdorff
dimension bound, require a Hilbert structure in the underlying space. Next we are
able to extend our results on existence of compact attractors [14] to the weighted
spaces. After that we study the evolution on the attractor and prove that the semi-
group on the attractor is onto and one-to-one: it yields that the attractor consists
of sufficiently regular functions. As a consequence we are able to demonstrate that
problem is well-posed and its attractor is precompact in a Hilbert space.

This allows us to estimate the Hausdorff dimension of the attractor based on the
techniques described for instance in [24]. We study evolution of the infinitesimal
volume along the trajectories in the attractor and demonstrate that for sufficiently
large m that is defined solely by the physical properties of the problem, the m-
dimensional volume decays exponentially. After that we prove that the semigroup
is uniformly differentiable which, combined with the estimate for the linearized
evolution of the infinitesimal volume leads to the conclusion that the Hausdorff
dimension of the attractor is finite.

2. Properties of solutions: Previous results. In this section we present some
pertinent background information from [7] (certain statements are slightly modified
and clarified). The following theorem summarizes existence results:

Theorem 2.1. Suppose that the kinetic functions g satisfies the following assump-
tions:

(A1) g(u) is a continuously differentiable, monotone decreasing, negative function
on (0,00) with g(0) = —vg for some velocity —vy < 0;

(A2) g(u) is sublinear: lim,_,oog(u)/u = 0;

and that the initial data up(z) > 0, ug(z) € C(—o00,00). Then there exists one and
only one classical solution of the free interface problem (1.1)-(1.4). The solution is
uniformly bounded and positive for all t > 0.

The proof is based on the reduction to an integral equation for the interface
velocity

o) =g ( | ctstneomeie- [ Qs 507, T>e”<”>v<7>d7) |

(2.1)
which arises from the interface condition and the single layer potential representa-
tion for the solution operator:

(Tup)(x,t) := u(x,t)

0o t
=t / G(z,t, €, 0)uo(§)dE — / Gla,t,5(r),m)e T u(r)dr,  (2.2)
—o 0

where )

Glat.6.7) = exp{ (e — 7)) (2.3
is the heat kernel and s(t) = fg v(T)dr.
Remark. The evolution described in the theorem takes place in the cone of positive
functions, given ug > 0. This fact easily follows either form the integral represen-
tation (2.2) or from a comparison principle for parabolic equations.
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In the sequel we replace the sublinearity condition (A2) by a stronger condition.
We assume that g(u) is a monotonically decreasing differentiable function on [0, 00]
with |¢’| < C and satisfying

—V? < g(u) < —vp for some V? vy > 0. (2.4)
These conditions are satisfied, for instance, for the standard Arrhenius kinetics
where v = VO exp(—A/(u — uso))-

Under some additional conditions the following smoothness result holds [7]:

Theorem 2.2. Let the initial data ug be twice differentiable in x < 0 and x > 0
with bounded derivatives and satisfy the matching condition:
_ Oug gy _ Ouy.

9(u0(0)) = Z2(0) = F(0) (25)

in addition, let the derivative of the kinetics function ¢’ be Lipschitz continuous.
Then the velocity v is differentiable.

3. A priori estimates in weighted spaces. For our purposes we need to estab-
lish certain a priori bounds on the solution in appropriate weighted spaces that are
introduced next. Let w, be the weight wy(z) = e®*l; we define

| fla = sup(wa(z)|f(2)]), Ca ={f € C(=00,00) : | f]a < o0}

We will demonstrate that the global existence results can be can be extended to C,,
(note the obvious imbedding, if 5 > a > 0 then Cs C C, C C(—00,00)). Similarly
we define Hilbert versions of weighted spaces:

1 lla = llwaf Ly (—oo00) s Ha ={f: IIf o < o0}
It is easy to see that if 8 < a then C,, C Hg, and for any f € C,

oo 1/2 o) 2 1/2
1= ([ ohra) —(/ zgwiﬂdﬂc> <l G

To follow the evolution in weighted spaces we recast the problem in the interface-
attached coordinate frame. We introduce ¢ = = — s(t), then the dependent variable
becomes u((,t) = u(¢ + s(t), t); with the customary abuse of notation we still use
u(¢,t) = u(¢ + s(t),t). Then the problem takes the form:

up =uee +v(t)uc —yu, (#0, t>0, (3.2)
u(¢,0) = uo(¢) 20,
g[u(0,)] = v(t),
[uc(0,8)] := uf (0,¢) —ug (0,) = v(t)

The representation formula (2.2) can be rewritten in new variables

(Tu)(G) = uc.) = e [ TG+ s(0), 1,0 un(€)de

t

— | G+ s(t),t,s(r), T)e " y(r)dr,
0

It is convenient to split the representation formula (2.2) for the semigroup oper-
ator T into two operators: the contribution of the free boundary

Ty (tuo(C) = — / e IG(C 5(t), 1, 5(r),7) [o(r)] dr
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and that of the initial data Th(t)uo(¢) = e [0 G(C + s(t),t,&,0)up(£)dg All
the norm estimates in the subsequent sections should be understood in the (t-
coordinates. Alternatively the estimates can be carried out in the original coordi-
nates, with the shifted weight function w(xz — s(t)). In our estimates in the sequel
we consistently follow the latter approach. Thus, everywhere for any function F

[E()|a o= sup |F(¢; t)wa(Q)]) = sup [F(C+5(t), hwa()]) = Sup |F (2, t)wa(z — s())|

b2

(Here and below we use a convenient notation ” :=” which always means ”equals
by definition”).

Below we will frequently encounter integrals of the error-function type. To esti-
mate them we employ the following simple result.

Lemma 3.1. Fora,b>0

o0 g \[exp( a?), fora >1/vb
/a exp(—bn )dn<{ zﬂ, Jor0< a <15

Proof. 1f avb > 1 then

oo o0 1
ex ex d < exp(—=bn?}dn = —— exp(—ba®
/a p(=b =7 / p(—n")dn < / nexp(—bn~}dn i p(—ba®)
On the other hand

/:oexp(—bn2)dn</oooexp( i)y = Y

2v/b

3.1. Estimates for the solution: Contribution from initial data.

Proposition 3.2. For sufficiently small o (if o satisfies a® +aV9 — v < 0) the
contribution from the initial data in the C,-norm decays exponentially in time:

uz (-, )] < 2exp[(— + o® + aV?)t] Juola

Proof. For the contribution from the initial data, us(.,t) = Ta(t)ug, we have:

sup (G 1) = 0 {wa@: s [ e Gl 0l |
:sup{e—wtwa )] [ gt e 0@ (el

< £ huolasupfun(a = s(0)] [ eenp(- T g

; / et exp(- T yag)

Each of the integrals should be estimated separately for x < 0 and > 0 with the
maximum of the estimates chosen for the estimate of the norm. At the same time
it is easy to see that the two integrals can be transformed into each other through
the change of variables x — —ux, therefore it suffices to estimate only one of them
and double the result.

We proceed as follows

($—§)2 _ a?*t_—ax > 2
o o= U e — et [ e PPN
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For = > 0 the above expression

eaztefaw/ exp(inZ}dnéﬁea%ef(xm

_ (z—2ta)

and therefore

et 2
oo SUP Wo (T — S(t))\/;rea e

Vs

10| o SUp exp(—vt + ot — ax) exp(afzr — s(t)]) < |uola exp(a® — v + aVO)t
>0

where we have used the bound —s(t) < V¢
To estimate the integral

o
ot —ax 2
ewtee [ exploaphdy

2T

for x < 0, we apply Lemma 3.1. If the lower limit is larger than unity then

e8] 2

o’t —ax 2 1 2, _ (2t0é B .Z‘) 1

e“ e [sz@ exp(—n°}tdn < 3 exp(a“t — ax T) 5 exp
2Vt

If the lower limit is smaller than unity then

e tean /(2 : exp(—n?}dn < g exp(a®t — ax)
T (2ta — x)? ef
= 5 exp(——p——) exp( 4t) 5 exp(= 4t)
Thus, for x < 0, we get
2
e x
n f|uo|asupexp<a|x—s<t> 7)<

2
Ee_%\uda max| sup exp{—ax + as(t) —
2 x<s(t) 4¢ s(t)<x<0

e
= 56_7t|u0|u max[exp(a’t — avgt), exp(Vta)]
In the above estimate we used the elementary inequality:

x2

—az +as(t) - = ,(T+\ﬁ) +a’t +as(t) <

ot + as(t) < ot — awpt

(note that s(t) < —wvpt).
Collecting the estimates for all the cases (x < 0, and z > 0)

[ua (., 1) = |uglae™ " max[g exp(a’t — awpt), g exp(VOta), exp(a® 4+ aVO)t]

e
< —exp[(—y + o+ aVO)t] |ugla < 2exp[(—7y + a? + aVo)t] [uola

2

Thus, for any « we have obtained an a priori estimate on the contribution from the

x—}, sup exp{az —as(t) —

2

X

$2

4t

)

]

initial data valid for all time. If « is sufficiently small, o2 + aV? — v < 0, then the

norm of the contribution is exponentially decaying. We also note that for « — 0

the estimate has a limit and takes the form

(&
lua (., t)]o < B exp(—t) |uolo

(3.3)
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3.2. Estimates for the solution: Contribution from the free interface.

Proposition 3.3. The C,-norm of the contribution from the free interface is uni-
formly bounded for all time:

|(Tyuo) (- t)la < VO/ /7,
provided o < Qgpace 1= min(vy/4,7v/(2V0)).

Proof. To estimate the free-interface contribution to the solution T; (t)ug behind the
interface x > s(t) we split the interval of integration into two subsets: x; = {7 €
[0,t] : s(T) < (s(t)4x)/2} and its complement x5 = {7 € [0,¢] : s(7) > (s(t)+x)/2}.

t
T3 (Huo| < [ Glast,s(7),m)e™ " Ju(r)|dr = /+/ =I+ I,
0

X1 X2
For the first integral we have
exp[—(z — 5(1))? 0]
I :/ A7) o= (=) |o(T)|dT
2/m(t—7)
X1
Vo L 1
<X | 1e (i — (1)) _Te—(t=T)g
<5 [ =) Y el - () e
X1
VO

(t— 7')_1/2 exp[—(z — s(t))%o]e_"*(t_ﬂdT

< -
N
X1
o (o=s()/(200)
<gmena—s)Rl [ ey
0

_ Vot v s) exp[—(z —s(t))—] <

2/ 2vg 4°7 2\ /y

The following inequalities
1 < (T s(t) 1 < (x —23(15))2

(t—7) — (t—7) —

have been used to replace the exponent in the Gaussian kernel, which after that
gave the exponential decay factor. We note that the estimate has a regular behavior
at the limit v — 0 giving the bound

2’1)()

x — s(7))?
(o = s(r)) P

VO /z — s(t)
V2vom
It is a manifestation of the fact that the heat loss is immaterial in the vicinity of

the interface (cf. the next estimate which shows that the presence of heat losses is
essential for decay at large distances from the interface).

)

4]'

exp[—(z — s(t))
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For the integral I we use Lemma 3.1 to obtain

e~ v(t=7) x —s(7))?
b= [ el iy ar

(t—71) 4t =)
X2
oo 1 VO 0
<o Mgy =~ —~€2)d
< / N / exp(—7¢7)d¢
(@—s(t))/(2V0) (@=s(1)/2V9)

VO
exp(—y(z — s(1))/(2V?)), for y(z —s(t))/(2V°) > 1
2T (3.4)

for 0 < y(z —s(t))/(2VY) < 1

IN

2,7’
Thus for z > s(t) we obtain
0
57 ol (@ - s) )+
255 exp(—(z — s(1))/(2V?)), for y(z = s(1))/(2V°) > 1
T1(t)uo(z)| < Vo

exp[—(z — s(t)) 3]+

N
for 0 < ~v(z —s(t)/(2V°%) < 1

v
(3.5)

We note that upon multiplication by the weight exp(a(z — s(¢))) the right hand
sides of the estimate (3.5) are decaying exponentials, provided

a < Uspace ~— min(U0/47 7/(2V0))’ (36)
that attain their maximum V°/,/5 at « — s(t) = 0. Thus

Ty (t)uo(z)| < V°/\/y for x> s(t)

Ahead of the interface x < s(t) we have:

—(z—s(7))?/4(t—7)
[ e ()

VAr(t —1)
(=1 g L@ = 8(0) + (s(t) = s())]* Jv(r)ldr
3 P i) Va7
g2l 20) |x—4st<t>\ }
exp(— O =)y AT
72 [ et CE sy
= et 0|x58(t)“|x_ft 302 [ et -0 - =
0 volz — 8 z—s(t)?
g\/vg‘;ﬁexp{— o 5 o _| 4t(t)‘} (3.7)
Thus
[ T1(t)uo(z)| < L p{*w} for x < s(t)
vg + 4y
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Now it is easy to obtain the estimate for the norm:

|(1 UO)( t)|oé < ma::( sup [ ) e::p( (7‘; a)(s(t) ))] ) (3 8)
' v z<s(t) \/ Vg +4’}/ f f .
O

By combining the estimates for the contribution from initial data and that from
the free interface we arrive at the following result:

Theorem 3.4. For 0 < o < agpace

VO
[(Tuo) (- )] < Vi +2exp[(— + a® + aV°)t] |ug|a

If, in addition,
0

0 < Qgme = ‘%( 1547/ (VO)? — 1) (3.9)

(here Qgime is the positive root of o +aV° —~ = 0) then the contribution from the
inatial data decays exponentially.

For the future use we combine the bounds:
Omin = min(atimea aspace) (310)

Remark. We note that for realistic problems ~/ V9 <« 1 then agime ~ v/ VO, thus
both bounds are of the same order and in this case min = Cspace-

3.3. Estimates for the derivative: Contribution from initial data. We also
need estimates for the spatial derivative of the solution. We start with the contri-
bution from initial data.

Proposition 3.5. For a < atjme the C-norm of the derivative of the contribution
from the initial data decays exponentially in time:

2 «
[(Tow)a (s t)]a < IUOIa(ﬁ +5) expl(a® + aV? —)t].
Proof. First we split the integral

(ol =50 {uale —5(0) | / (o6 0ol |

—sup {e o = s(0)] [ S Gulont, & 0ol |

(z—¢)°
i

dg

©—fuola supfia(e — s(0)] / e | 2 oxp(-

T
(z—¢)?

+/0 eO¢5 g
oo ox 4t

Each of the integrals should be estimated separately for x < 0 and « > 0 and the
maximum of the estimates should be chosen for the estimate of the norm. At the
same time it is easy to see that the two integrals can be transformed to each other
through the change © — —ux, therefore it suffices to estimate only one of them and
double the result.

exp(— )| d€]}
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We proceed as follows. For « > 0 we integrate by parts

© ol @R [ |0 @—g)?
/Oe = ep(- >dsf/0e g exp(— ) de

_ Aaj 670&% eXp(f (.’E — 5)2 )df o /$00 67(16% exp(f ($ — 5)2 )d§

4t 4t
T )2 o'} _ )2
=a([ oo - [ e temp- I iy
0 T IZ
+2e " — exp(——t)

0 ,'72 0 ,'72
= {/ e~ @tn) exp(—E)dn - /0 e~ @tn) exp(—llt)dn}

—

+2e* — exp(—%)
< aexp(a’t — ax) /O eXp(—n2 + 40”3;;—’— do?t? )dn + 2e=*
< aexp(a’t — ax) /00 exp(—%)dn + 2e”
= aexp(a’t — az)Vim + 2e7F
For = < 0 we integrate by parts to obtain
/OO e 9 exp(— (- 5)2) d¢ = /00 e % | — exp(— (- f)2) d¢ =
0 Ox 4t 0 0¢ 4t

2

o ) _ 2 0o 2
-/ e‘aﬁagexp(—(x 2 Lie=—a [ e exp(= ) + exp( )

1,2

< eXp(—E)

Now we are ready to estimate the norm:

et
|(Tou)o (., t)|a < mmoh

max|[sup {wa(x — s(t))(avirexp(a®t — az) + 26_(“)} 7
>0

2

sup {na = s(0) exp(- )

<0 4t

For the term with x > 0 in the above estimate, we have

%Wo\a ili% {wa(:lc — s(t))[avtT exp(a®t — azx) + 26_‘”‘)]}

(—as(t))[2 + avtr exp(a®t)]

e
< ——u ex
> 2\/t>7'('| 0|a p

< fuola { = expl(@V = )0 + Fexpa? + av° — i}
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For z < 0, we have

(T2 (0l = 5ol sup faa(e — st)xn(- 50

et x? x?
\ﬁ|uo|,JZ max| sul(o) exp{—ax + as(t) — 4—t}, sup exp{azx — as(t) — —
r<s(t

s(t)<xz<0 4t ]

< ﬁ\uela max {exp[(a® — avy — 7)t], exp[(aV® — )]}

2
x
In the above estimate we have replaced ax — yr by its maximum «?t. We collect

the estimate for z > 0 and z < 0 to obtain

(Ta)a (Do < ol { = expll@V® =)0 + (= + 5 expl(a + av® )}
< wlo( = + §expl(a? + @V =) (3.11)

O

Thus, for any a we have obtained an a priori estimate on the derivative of the
contribution from initial data, valid for all time. If 0 < a < agime then the norm
of the contribution is exponentially decaying.

3.4. Estimates for the derivative: Contribution from the interface.

Proposition 3.6. The C,-norm of the derivative of the contribution from the free
interface is uniformly bounded for all time:
|(T1’LL) ( )|o¢ <M(U0,V07OZ,’7)
provided that 0 < o < min(2, 5t0) = Wiy
Proof. (Ahead of the interface). The estimate ahead of the front z < s(t) is
treated as follows. We consider separately two cases: |s(t)—z| > 1 and |s(t)—z| < 1.
For the case |s(t) —z| > 1

2
|(Tiw)e(z,t)| = ‘/ ey @ — () e” (T s)7/AlT)
2t — 1) 4 (t —7)

2
|/ @ = 8())” —ams?/800-7) ¢ o= (os(r))?/s0e-r) VDT

v(T)d|

2t —7)(@ — (7)) =)
sfe o lo—s) + (s() s, v(r)dr
=), sw—sm ot St—7) Vel
4vo ot _3/9 (x —s(t)? v v}
<o [e=n exp[—m—fm—s(m—§0<t—7>]d7

4V 0% —volz—s(t)|/4
~ ey/mugls(t) — x| / I5(
\/fvo —vo|z— st)|/4/
<
S T e/mul® =2 e vols(®) — 2l

In the last estimate we used the following simple observations: £e~¢ < 1/e, for

£ = w >0, |s(1) — x| > [s(t) — x|, [s(T) — x| > |s(t) — s(T)| > volt — 7|

4(t — 1)

and substitution 1 = |s(t) — z|(t — 7)~/? to obtain the error function integral.

) 0,—volz—s(t)|/4
e Mdn < §—V ¢
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For the less involved case |s(t) — 2| < 1 we proceed as follows

s(7) e~ @=s(r)?/4(t=r)

L e

— —(z—s(7))?/4(t—7)
<|/\x SO+ () ot o
2(t—1) 4 (t — 1)
[s(t —$|t—T) o (z — s(t))?
— d
/ exp| =) JdT+
(V0)2 6 —(s(t)—s(1))%/4(t— ‘r)d Vo OOe 2 dn+ (VO)Q 7vo(t T)/4
4/m Jo \/t—T _\f aWm Jo Jlt—T1)
VO Vo Vo
e von?/4 < -
2f 0 d (1 + Vo )

Thus for z < s(t) we obtain
8V exp(—vo|x — 5(t)|/4)

for s(t) —x >1

(Tyu)s (2. 1)] < grols(t) - (3.12)
—((14+ —)for0<s(t)—z<1
2 Vo
O

Remark. The proof above shows that if |s(t) — s(7)| > vo|t — 7| which holds if the
basic assumption on the kinetics in (2.4) is satisfied, then the derivative ahead of
the interface = < s(t) decays exponentially
Ce—vola—s(t)]/4
[(Tyu)a(w,t)] < NIOEE 1oll o, (3.13)
The exponent —vg/4 can be improved to —vg/(2+¢) (at the price of increasing C).

Proof. (Behind the interface). Now we consider the domain behind the interface,
x > s(t). We split the interval of integration into two subsets: x1 = {7 € [0,1] :
s(7) < (s(t) + x)/2} and its compliment x2 = {7 € [0,¢] : s(7) > (s(t) + x)/2}.

(Tyu),(z,t)] g/o We(x,t,sm,f)ev(”) |U(T)|dT:/+/:11+12,

X1 X2

For the first integral we have

V° |z — s()]

[_M]e—v(t—f)dT

= 4\F (t— )32 P60 — 1)
s L T
xr— S xr— S
< _ Yt q(t —
= 4/m =z P g e (t=7)
0

o0

Vo 2
_ e~ /16d77
v
\ (z—s(t))2vo
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where n = (z — s(t)) /vt — 1.

To estimate the last integral we apply Lemma 3.1 to obtain

n<! 7= exp(—(x — s(t))vo/8), for (x — s(t))2vg > 1
2V, for 0 < (z — s(t))2vp < 1
For the estimate on the C,-norm, the function will be multiplied by the weight. We
note that upon multiplication by exp(a(z — s(t))) the right hand sides of the top
estimate is a decaying exponential, provided o < v/8, that attain its maximum
2VY/\/m at & —s(t) = 0, while the bottom term is bounded by 2V exp(a/(v/8)) <
2eV 0. Therefore the contribution of I; into the norm is bounded above, for example,
by 6V0: I, < 6V,
For the integral I
(z —s(7))*
@ — s(r) “P g =)
20t—71) 2wt —71)

Iy =

X2

e V) () |dr

we use simple geometric considerations that show that in the domain y» if s(7) > x
then

[z —s(r)| _ [s(t) —s()] _ V°
20t —7) = 20t — 1) =5
while for s(7) <z
[z —s(7)] _ s(t) + s(t) + _w
) = *| 5 (Is(t) — 5 |/VO) = 5

Therefore the estimate for the derivative in this case reduces to the estimate for
the function itself (3. 4) and yields:

I, < ve 2\/'Tfr exp(—y(z — s(t))/(2V?)), for v(z —s(t))/(2V°) > 1
2 | 355, for 0 <oz —s(1)/(2V°) < 1
Similarly to the argument for I, one can see that if o < v/ (2V0) then the contri-

bution of I5 into the Cy-norm is bounded by V%/(2,/7).
Thus for z > s(t) we obtain

sup |(Tyu).(z,t) exp(afz — s(t))| < VOe/(2y7) +6V° < VO(2//7+6) (3.14)

z>s(t)

if o <min(%, 5¢0)-
Similarly, if @ < vp/4 then by employing (3.12) we see that

g0 vo Vo
sup |(Tyu)q(z,t) exp(—a(z — s(t))| < max[—— —(1+ —)e]
z<s(t) €Vp 2 Vo
Finally, for the norm we get
0 8 1 VO 0
(Tr)a(s )l < VOmax o, 514 2206 2/V7 + 6] i= M, VY, 007) (3.15)
The estimate holds if
vo Y ’
0 < o < min(— 3 2VO) Oin (3.16)

(Recall that Tyu is the contribution from the free interface and therefore the abso-
lute bound on its derivative is independent of the initial data). O
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Remark. The choice of the factor 1/2 for the split of the domain of integration
into two parts above is rather arbitrary; by choosing a factor approaching 1 we
can improve the exponent of decay in the subsequent result, the corresponding
coefficient though will increase. Consequently, the value %0 in the definition of

/
min

o . can be improved to become

Yo
4+¢
3.5. A priori estimates in C} and H!. We use Proposition 3.6 and the estimate
in (3.11) to obtain the following result:

Theorem 3.7.

2 «

|(Tuo)a (- )], < M+ |Uo|a(ﬁ Ty

Remark. It is easy to demonstrate via integration by parts that if the initial data

up € Cl and satisfy the compatibility condition [(ug)s]z=0 = g(uo(0)) then the

1/+/t singularity in the above estimate will not take place. The estimate in this

case reduces to the estimate for the solution through the derivative of the initial
conditions.

We note that a weaker result holds for Hilbert norms.

Yexp[(aV? 4 o — )]

Theorem 3.8. Let ug € Co, then the solution satisfies u(.,t) € C((0,00), Hj) where
0 < «a and

(T} B)ll3 < (M + il =

’ tm

Va—0
Vo 2 0
+ — 4+ 2 |ug|aexp[(—y + o + aV7)t
7 |uol [( )t}
Proof. The proof is very simple since both Tug (., t) and (Tu)4(.,t) € Hg by virtue
of the imbedding estimate (3.1). O

+ ) expl(@V® +a? — 7)1

4. Well-posedness. In this section we prove that solutions of the free boundary
problem in the front-attached coordinate system depend continuously on initial
data. This result is used in the sequel to demonstrate smoothness of the elements
of the attractor.

Theorem 4.1. In Cy, 0 < & < @space, Solutions of the problem (1.1)-(1.4) depend
on initial conditions uniformly continuously. More precisely, if {u(x,t),s(t)} and
{a(x,t),3(t)}, 0 < t < o, are solutions with initial data u°,7° € C,, where ¢ > 0
depends only on the norm |u°|, and |@°|,, then for 0 <t <o

Sup V()= V()| < cJu’ — @4, (4.1)
lu(. — s(t),t) — a(. — 5(t),t)|a < c|u’ — @), (4.2)

Remark. We state and prove continuous dependence on initial conditions only
locally in time. The argument extending this result to any fixed time is based on
the a priori estimates and follows closely the proof of global existence.

Remark. For simplicity of presentation we include the proof only for the uniform
norm « = 0. The modifications for the case o > 0 are rather routine but somewhat
lengthy and follow along the similar lines. Everywhere in the proof below we use
the notation ||.|| = |.|o
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Proof. The proof consists of two parts. First we establish continuity of the interface
velocity. We will establish first the estimate in (4.1) and then use it to derive (4.2).
Let v and ¥ be solutions of the integral equation in (2.1) with initial data u° and

@° respectively.

lo — o]l

— Hg (e” /OO G(s(t),t,&,0)ug(&)dE — / ), t,s(7), T)e’y(tT)’U(T)dT>

— 00

—g (e”t /Oo G(3(t),t,€,0)iio(€)dE — / ,T)e YETg(7) dT)H

o] / O; G(s(t), €, 0)uo (€)d€ — [ ) G(é(t),t,g,omo(s)de

/ G(s(t),t,s(r),7)e " "o(r)dr — / G(3(t),t,5(7), 7)e " 5(1)dr
0

0

< Le 7t

+1]

To continue the estimate we employ a ”coordinate descent”:

<zt | [ (G060 - G0 e 0))Uo(§)de
L / " G6(0), ., 0)(uo €) — ao@))dgH
+L ,T)e Y= T)( (1) —o(r))dr

+L’

/0 (G(s(t), 1, 5(r),7) — G(E(t), 1, 5(7), 7)]e D (r)dr
= Le_’ytDl + Le_'yth + LDg + LD4

To estimate the first summand
Dy = / (G(s(t),,£,0) — G(3(1),t,€,0))up(§)dE == / §GuodE

we note that by the mean value theorem,

/

2t

5G:(S—§)%(S/—£vt,0,0):(8—§)s G(sl_gvta()?())

where
s'=5'(t,6), s(t) <s <5(t).
Thus

|s' — €|G(s' = £,1,0,0) = (2y/m) " L|s' — €[t~/ 2 (" -O/4

= (2v/m) L (80)/2 '(58 5 Elo-te/=e 191 /2( )1/ 2= -0 o

< AM20,G(s" — €,2t,0,0) < 4yt 2G(s — €,2t,0,0)
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2
where ¢; = (2¢/7m) ! max(ze~®" ). Therefore

e / G(s — £,2t,0,0)[u’(€)|de

S

|Dy| = |/ sGulde| <

1 t [e’e)
<2 [ slar [ 6o~ €,20,0,00(ldE < 2018 sup () 0~ 8]
0

— 00

Obviously,
Dol < [ G0, 0)unl) = a0(©)1ds < uo ~
For the estimate of D3 we replace the exponentials by 1 and integrate to obtain:
1
|Ds| < ﬁtl/QHU — 1|

Finally, for Dy

/0 (G(s(t), £, 5(7), 7) — G(3(t), £, 5(7), )]e= = Dis(r)dr

t
< \|@||/ |AG|e™ " o(7)dro(r)
0

The estimations are quite elementary and are based on the mean value theorem.
First we note that

|AG| = |G(s(t),t,s(T),7) — G(5(t),t,8(T), T)]
=|G(s(t) — s(7),t = 7,0,0) — G(3(t) — 3(7),t — 7,0,0)|
oG
5,

= [s(t) = s(r) = (5(t) — 5(7)) (s',t = 7,0,0)]

S(t) — §(t) — (8(7’) - 5(7')) | |SIG(S’71§ o 7_’070)‘

2(t — 1)
1 ds ds
= 1%~ S )15 als! 1~ 7,0,0)

IN

%Hv —o|||[§'G(s',t — 7,0,0)|
where 7 < 7/ <t and & is between 3(¢) — §(7) and s(¢) — s(7). Since
|s'| < max {|5(t) — 5(7)|, [s(t) — s(7)|} < Vo(t — 7).
and |G| < Co(t — 7)~Y/2 we get the estimate
|AG| < CoVillv — o||(t — 7)/2
Thus, for D, we get
|Da| < Cyllo —5[|t*/
We collect the estimates for Dq- D4 to obtain
o= 3l < lluo — ol + Crt/2 [ flo — 3] + Callo — 5[1£%2 + CotV2jw — ]

From this inequality we see that for ¢ < o, where o is small enough

. [[uo — o _
— < <2 —
b=l T —Gar ) — e =gy < 2o~ ol
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We note that the value of o depends only on H'LLOH therefore this result can be
interpreted as uniformly continuous dependence of v on the initial data on any ball
o] < .
Thus, the estimate (4.1) has been demonstrated. Next we note that
u(z —s(t),t) — u(z — 5(t), 1)) (4.3)
< u(e = 5(t), 1) — a(z — 5(2),8)] + |u(z — s(t),t) — u(z — 5(2), 1)
The second term in the inequality above can be estimated via the mean value
theorem:

u(z = 5(t),1) — u(w = 5(t), )] = |ua(z — 5", )[s(t) = 5(1)]]
< Jue(z — 8" 1)t v — ]

where s’ is the intermediate value between s(t) and 35(¢).

The estimates for the first term in (4.3) are based on the maximum principle.
After the free interfaces are determined, both v and @ solve the heat equation off
their respective boundaries. Their difference w = u — u satisfies the heat equation
in each of the three domains

x < s(7), s(t) <z <3(r), (1) <z, 7<0o

here we assumed that s(7) < §(7) and that o is such that the inequality holds for
all 7 < o. It is easy to estimate the boundary values of the difference

lw((s(t),t)| = |u(s(t),t) —u(s(t),t)]
= g7 (v(t) — g7 (B(t)) — aa(s’,1)[s(t) — 3(1)]|
< Llv(t) — o(t)| + |ug (s, t)| t||v — 9]

where again s’ is the intermediate value between s(t) and 3(¢). Because of the a
priori estimate on the derivative

(s’ 8)] < M+ Jig] -5
(8", t)| < \o\ﬁ

(see Theorem 3.7) we obtain
w((s(t), )] < llv = Bll (L + Mt + eVt |[ao])).

A similar estimate holds for the other interface. Of course the initial data for w is
equal to ug — 9. From the maximum principle for each of the three domains we
obtain that

lu(-,t) = a(.,t)] < Crflo =0l + C [lug — ol
O

5. Absorbing set and attractor. In this section we use the estimates obtained
above to establish existence of bounded absorbing sets and of the attractor which
is compact in the weighted space of continuous functions. In order to establish
compactness of the attractor we need to make use of the heat losses. It can be
verified that most of the estimates and analytical properties of the solutions can
be obtained without the heat losses. The presence of heat losses only improves the
estimates. On the other hand the problem with the heat losses exhibits uniform
exponential decay in time of the contribution of initial data which is utilized in the
proof of compactness of the attractor. We remind that the semigroups discussed
below are defined for the problem in the interface-attached coordinate system.
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For our purposes we rephrase Theorem 3.4 in the following form:

Proposition 5.1. Let 0 < a < agime (Where Qgime is defined in (3.9)), then:
(i) The semigroup Ty is uniformly exponentially contracting in Cy:

rx(t) = sup |To(t)u’|, < Cexp(—k(y,a)t)N, k>0
udeX

where k(y,a) =~ —a? —aV® >0 for any ball
X={uely |u.<N}

VO
(it) For any € > 0, the ball By := {u € Cy : |ula < — + &} is an absorbing
v

set for bounded subsets of C,. Here the radius a of the absorbing ball reflects the
contribution of the free interface alone.

Next we prove that the boundary contribution to the evolution, i.e. the operators
T, (t) are uniformly compact. Namely, the following proposition holds:
Proposition 5.2. If o < aspece = rnin(%o7 #) then for any ty > 0 the orbit of

the ball Uy>4, Th (t) X is relatively compact in Cl.

Proof. For the version of Arzela-Ascoli theorem appropriate for C,, it is sufficient
to have uniform boundedness for the derivative and uniform decay of the family
of functions as |z'| — oo which is faster than the decay prescribed by the weight.
From the estimate (3.8) we see that the contributions from the interface decay as
exp(—(space +€)|x|) which can be made faster than any exp(—a|z|) for & < aspace-
On the other hand, the weighted estimate (3.15) (cf. also Remark after Proposition
3.6) demonstrate that the spatial derivative is uniformly bounded. Then it is easy
to construct a finite e-net by choosing a finite interval beyond which the functions
of the family are smaller than € and extending the elements of the e-net from this
interval by zero. O

The properties of the evolution operator T'(¢) described in the above propositions
allow us to apply the abstract general result (see, for example, [24, Chap. 1]) that
in our situation can be stated as follows:

Theorem 5.3. The w-limit set A, of the absorbing set B, is a global compact
attractor for the metric space Cy; A, is the mazimal attractor in C, and it is
connected.

In order to demonstrate extra regularity of the elements of the attractor, we shall
need a general fact concerning compact attractors (cf. [5]).

Theorem 5.4. Let X be a Banach space and B C X be a ball. Let S : B — B be
a uniformly continuous mapping and C C B a compact attractor for the iteration
semigroup S™. Then on the attractor S is a mapping onto SC = C.

The theorem holds for either continuous or discrete time. For the simplicity of
presentation we consider only the discrete case here.

Proof. Suppose SC # C, then there exists g € C and xg ¢ SC. In this case there
exists a whole ball B,(xg) = {z € C : ||x — x0|| < r} such that B.(z9) N SC =
(). Indeed, since the attractor is compact, its continuous image is compact and
therefore the distance to xg, being a continuous function on a compact, attains its
nonzero minimum 7 on SC.
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We know that S is uniformly continuous, therefore for any e there exists d(¢) so
that ||Sz — Sy| < e if ||z — y|| < 6.

Since xg € C for any e there exists n so that ||S™z — z¢| < e for some = € B,
simultaneously we can always select n so large that dist(S""!1B,C) < §. Now take
y=S""trand a € C, ||y —al| <, then ||Sa — xo| < ||Sa— Sy|| + [|Sy — zo|| <
€ + €. By selecting € < /2 we come to a contradiction. O

As an immediate application of the above theorem we obtain the following reg-
ularity result:

Theorem 5.5. For 0 < a < al;, (where o, is defined in (3.16)) the semigroup
on the attractor A, in the space Cy is onto; A, consists of differentiable functions
that satisfy the estimates
VO
|¢|a < 77 |¢z|a SM(U(),VO,CV7’7) SM(U(),VO7OZ;H1H7’7)

which yields that all A, C C}; for0<a<pfB=d_ —e.

Proof. The theorem follows from the previous one if we note that the required
uniform continuity follows from the well-posedness Theorem 4.1. Since the mapping
is onto, given ¢ € A, for any t there exist ¢ € A,, so that ¢ = T'(t)y. By using
estimates (3.8)-(3.15) and taking into account exponential decay of the contribution
from initial data as t — oo (3.3)-(3.11) we obtain the result. O

Remark. Since any function in the attractor can be viewed as a result of evolution
by the semigroup, it therefore locally satisfies the heat equation and consequently
it is locally C*°. In addition we can show that due to the differentiability of the
velocity of the interface, functions in the attractor are C2 up to the interface.

In addition to being onto, the semigroup T'(t) is also one-to-one on the attractor:

Proposition 5.6. The semigroup T(t) is one-to-one on the attractor A,.

Proof. Let T(t)u; = T(t)us. Denote to = inf{t : (T'(t)u1)(z) = (T'(t)uz)(z)}; obvi-
ously tgp > 0. Then the difference w = T'(t)uy — T'(t)uz is identically 0 for ¢t > t,.
Let t; < to then there exists xy such that w(xzg) # 0. next we select the parabolic
neighborhood (a cup) U(zg) = {(x,t) : t1 <t < to+e, xo—0—k(t—1t) <
x < xg— 0+ k(t —t1)} where ¢, and § and k are selected in such a way that the
neighborhood does not intersect the free interface. Since w is a solution of the
heat equation in U(xg) it is real analytic in ¢ and therefore should be identically 0
in U(xzg) in contradiction with the assumption w(zg) # 0. O

Computations for the volume evolution and the Hausdorff dimension below are
implemented in a Hilbert space. It is easy to see that the exponential spatial decay
implies the inclusion C, C Hp see (3.1). Consequently, the compactness result
holds for Hy as well:

Theorem 5.7. Let 0 < a < ain. Then:
The semigroup Ts is uniformly exponentially contracting in the Hy-norm:

rx() = sup [To(0e0],, < Cexpl—r(m,))N/va, r>0
udeX 0

where k(y,a) =~ —a? —aV® >0 for any ball
X={uelCy |uloa <N}
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For any to > 0 the orbit of the ball Uy>,T1(t)X is relatively compact in Hy.
0

\%
The w-limit set A, of the absorbing set B, := {u € Cy :  |ulo < \F +e}isa

relatively compact set in the Ho-metric.

Proof. The only additional ingredient of the proof, as compared to the C, case is
provided by the imbedding estimate (3.1), which yields that the e-net generated
for a set in the C,-norm is automatically an (¢/+/a)-net in the Hyp-norm. Since the
imbedding estimate implies continuity of the imbedding, the above proof essentially
repeats the proof of the fact that a continuous image of a compact set is compact.

O

6. Evolution of the volume elements on the attractor. In this section we
present the main result of the paper which is a proof that the Hausdorff dimension
of the attractor is finite (for definiteness we consider A, i.e. a = 0). The proof is
based on a study of evolution of the infinitesimal volume along the trajectories in
the attractor. We demonstrate that for sufficiently large m that is defined solely by
the physical parameters of the problem the m-dimensional volume decays exponen-
tially. This property combined with the compactness suggests that the Hausdorff
dimension of the attractor for the solutions of the free boundary problem is no larger
than m. In the arguments regarding the Hausdorff dimension of the attractor we
follow quite closely the ideas outlined in [24].

We treat the problem in the interface-attached coordinate frame , £ = = — s(t)
as a nonlinear evolution problem,

Up = Ugy +V(D)Uy —yu = F(u), —oco<z<oo, z#0
9(ulz=0) = v(t), [Ou/z]ls=0 = v(D), (6.1)
u(z,0) = u’(z).
(Tildes have been omitted.)

Let {U(.,t),V(¢)} be an orbit in the attractor. Let us consider the formal lin-
earization of the problem (6.1) about {U,V}:

2t = Zgw + 2.V —yw — 2(0,)U, /v(V(t)) := F'(U,V)z (6.2)

2(0,t) + v(V(t))[z:(0,¢)] = 0, (6.3)

z(x,0) = zo(x) (6.4)

where v(V) = —(¢7 1) (V). We require v(V) to be positive and bounded from

below; v(V) > 1. This condition again mimics the behavior of the Arrhenius
kinetics. We have eliminated the velocity perturbation v(¢) in the term wv(¢)U,
of the linearization through replacing it by the perturbation of the temperature
z(0,t)/v(V(t)) that arises from the linearization of the kinetic boundary condition
in (6.1). The linearized problem represents the first variation of problem (6.1).

It is possible to show that the linearized problem is well-posed in the following
sense:
Theorem 6.1. For any zg € H there exists a unique solution z of (6.2-6.4) such
that z € L*(0,T;Z())NC([0,T); H) where Z(t) = {f € H, f(0)+[f:(0)]Jv(V(t)) =
0}
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Proof. This linear problem is somewhat nonstandard as it contains a nonlocal term
(projection) z(0,t). Nonetheless it can be handled as follows. Consider first the
problem (6.2-6.4) with a source, and zero initial conditions
Wy = Way + W,V — vy + F(x,t)
w(0,t) + [w,(0,)]w(V(t)) =0, w(x,0) =0,

and let £ be its solution operator: w = L£F(x,t). Existence of unique global
solutions for such problems is guaranteed by the general theory of linear parabolic
equations.

We regard a solution of (6.2-6.4) as a superposition of an appropriate w and of
W (z,t) which solves the homogeneous problem with the initial condition zo(z).Then,

with the nonlocal term viewed as a source, on the boundary one obtains an equation
for z(0,t):

L[—2(0,)Uy /v(V (1)) + W (x,t)]z=0 = 2(0,t) + W(0,1). (6.5)

It is not difficult to show that the above equation is uniquely solvable as an integral
equation with a sufficiently regular kernel. Thus, the source term is found and,
consequently the problem (6.2-6.4) can be solved. O

In order to estimate the evolution of the volume element we need an estimate for
[|Uz|r,- From now on, for brevity the Hp-norm will be denoted by ||.||. From the
imbedding estimate (3.1) and estimate (3.15) we obtain the following important
result:

Lemma 6.2. For U € Ao, ||U,|| < M/\/al,;, =N, where aj;, = min(%2, 5i7)

min

We are now ready to estimate the evolution of the volume element. To this end
we need to estimate the trace of the finite-dimensional projections of the generator
of the linear semigroup. Let {&1,...,&,,} be m elements of H and let {z1,...,2,}
be the corresponding solutions of the linearized problem. Then it can be shown that
the volume element spanned by {&1,...,&,} evolves accordingly to the formula

[z1(E) Ao oA zm(@®)] =160 A - A Em)| exp/o Tr[F'(U(T),V (7)) 0o Qum(7T)]dT,

where Q. (7) = Qu (7, U, V; &1, ..., &n) is the projector in H onto the space spanned
by 2(7) = {z1(7), ..., zm(7)}. In order to calculate the trace we need to choose a
basis in Z(7) orthogonal in the sense of H.

Evaluation of the inner product in H gives rise to sums of integrals over the
domain (—o0,0) U (0, 00). For brevity everywhere in the sequel we denote them by

0 oo
- f(z)dx = (/_Oo +/0 ) f(2)dx. (6.6)

Let ¢ be an element of Z(7). Consider the following inner product in H

(F'66) = —(d, ) + /R Guutda 4V /R a4 [6(0)] /R U

=—+hL+1+13 (6.7)
We integrate I; by parts,

I = 620, + dadl3 — /R Gz = [ 0)]6(0) - /R S

It is easily seen that
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/R outda =3 [ (@da o0

(F'é,¢) =~ — / P2dr + ¢ / U, da (6.8)

In the choice of the m-dimensional orthonormal set of functions we shall dis-
tinguish the two possibilities for the basis element ¢: ¢(0) = 0 (which defines an
(m — 1)-dimensional subspace), and otherwise. Since the trace of the operator is in-
dependent of the choice of an orthonormal basis, we can choose m —1 basis elements
satisfying the above condition. In the case ¢(0) = 0 we obtain

(F'é,8) = —y— /R Bdr < — (6.9)

Note that the terms with [¢/(0)] vanish since [¢/(0)] = —¢(0)/v = 0 in view of the
boundary condition.
For the basis element with ¢(0) # 0 the corresponding trace component,

¢(0
AT Ty
Rt v R*
is estimated from above as follows. First we estimate the last term:

$(0) 1 a ¢*(0) 2 a¢2()
T/RiUgmdxg%/RiUQd TS Ri¢d 7/ Uzde + 3

2
where a > 0 will be chosen later on.
Now we need the following interpolation result. By integrating from —oo to 0

we obtain:
0 2
2o = [ @) da:—z/ ¢¢mdx<2/m<“§ + )i

then

On the other hand,
9 o [e’) 9 o e’} o] C¢3; ¢2
20 == [ @z =2 [ go,ar <2 [+ ian

2c
¢2(0)</ (C¢g+¢2)dx—/ (‘3"530)cl334r—1
T Jre 2 2¢77 Jpe 2 2

In some sense, this estimate is a Sobolev trace theorem.
Finally we obtain
2 2
0) 1 a ¢*(0)

(F',9)
1
2 2 2
+55)3 / Pz d“ /R P2t 5 /R Vst
1

1 1 a
=y =+ Lyce 1 20z 4+ — 24
w+[<y0+2yg>2c ]/Ri¢zx+2a/R Ulds + (e + o)

Thus

IN

IN

1
2c

If @ and c are chosen so that the coefficient at the integral of ¢2 is nonpositive, say
if ¢ =412 /(2v0 + a) then

1 2vp +
(F'o.0) <+ 5, [ Vo ("
R

2
4vg

)2

for any a > 0.
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By Lemma 6.2 the norm ||U,|| < N where the bound depends only on the
kinetics. To optimize the estimate above we choose a that gives the minimum to
the expression (25%)2 + -=N? considered as a function of a. This results in the
estimate

(F'o,¢) < p= —7 + min ((

2v9 +a 219+ 1
4ug 41/3
The explicit form of p is not important for our purposes. Thus, employing the

above estimates for the trace entries (6.9), (6.10) we can complete the estimate for
the evolution of the volume element:

P geh?) < AR g (610)

m
Tr[F'(U(7), V(1)) 0 Qu(T)] = > (F'¢i, ¢i) < pu — mry (6.11)
i=1
Taking m > M = u/~ is sufficient for the trace to become negative. Note that M
depends on vg, v, Vo and vg.

7. Differentiability of the semigroup. To utilize the trace estimate developed
in the previous section we need to demonstrate that the nonlinear evolution of the
volume is well approximated by its linear counterpart. This will be ensured by the
differentiability of the semigroup solving the free-interface problem with respect to
the initial conditions, see [24].

For the purposes of this section we need to impose an additional condition on
the kinetics function: we will require both g and g—' to be twice differentiable. In
applications this condition is definitely satisfied for all realistic kinetics.

In Sec. 2 we cited the global existence result for the classical solutions of the
free interface problem (1.1)-(1.4). However, our trace estimates take place in the
geometry of a Hilbert space. Therefore we need to introduce weak solutions by
extending the existence theory to more general initial data that belong to a Hilbert
space. The scheme of introduction of weak solutions is based on the following
estimates:

Proposition 7.1. Let U and W be two orbits (i.e., two solutions of the problem
(6.1)) with initial data Uy, Wy in the attractor: U = T'(t)Uy, W = T(t)Wy. Then
foranyt >0

JU() = W)l < e U — Wol (7.1)

t
/W@fwwﬁmszwfmw
0

where C' is a uniform constant.

Remark. The above proposition allows us to obtain weak solutions with initial
data in the closure of A in the H-norm. Namely, in a standard fashion we select
a Cauchy sequence of initial conditions in 4 and define the solution as the corre-
sponding limit of smooth solutions. We note that it is not necessary to take initial
data from A; similarly it is possible to define a weak solution for the initial data in
the closure of a ball in C,.

Proof. Let U(x,t) and W(x,t) be two solutions of the free boundary problem (in
the frame attached to the free boundary)

Uy =Ugs + [Um(0>t)]Uz - ’}/U, g(U(Oat)) = [Uw(oat)]v U(Z’O) = Uo(ﬂ?),
Wt = W.LL + [W-L(O7t)]Wl - ’YW g(W(Ovt)) = [WL(Oa t)]) W(Jf, O) = WO(J:)
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The difference w = U — W solves the following problem

Wi = Wag + [Uz (0, t)|w, + [wy(0,8)]W,, — yw,
—[wz(0,4)] = g(W(0,%)) — g(U(0,1)) = —(9(6)) w(0, ),
w(z,0) = Up(z) — Wo ().
We also observe that —(g(#))" < const = C while U, W and their a-derivatives are
uniformly bounded on the attractor.

We multiply the equation throughout by w and integrate to obtain the following
energy estimate for the H norm:

S

:/ Wegwdx + [Ux((),t)]/ wpwdz + [w,(0,t)] Wwdx — ’y/ w?dx
R* R* R* R*
—[wa]wlo — v wl* = [[ws|* + [Us (0, t)]/ wywdr + [we(0,1)] Wewdz
R* R*

(7.2)

We need to estimate different terms in (7.2). For the first term we get on respective
intervals

0
1w (0, )]w (0, £)] < Cw(0,8)% = C / (w?),dz < 2C / lwpw]da

[, (0, )]w(0, £)] < Cw(0, 1)? o/ oda < 20/ (o w|da
0

The sum of the above inequalities yields the estimate
1
|[we (0, )]w (0, )] < Cw(0,8)* < Cer [lw]* + o e ||) (7.3)

Next,

2
[z |

[U=(0,1)] /Ri wpwde| < |[U4(0,8)]|(e2 [[w]* + ) < Cilez Jwl* + é 1)

Also,

][wzw,t)] Wawdz| < Caluw(0,0)] Wl [le]

R*

1
2
< Calw(0,O] M flwll < Cales [l + - llwe 2lI*) 2 el

1 s 1
<c — w, — Cu(Ves — Jw,
< 4(\/?3||w||+\/§||w I wll = Ca(v/e3 ||w]| +\/§||w [ lw]])

2, 1 2
< Cales [Jw]|” + - lJwz (")
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Collecting the estimates for different terms we get

5wl < = > =y

2 1 2 2 1 2 2 1 2
+C (e [|w]|” + — llwa ") + Cr(e2 [|w]|” + — |lwa [7) + Cs(es [|w]|” + — [lwa ")
€1 €2 €4
1 2 2
<3 [|[waI” + Co [Jw]]
where on the last step we have chosen C/eq + Cy/es + Cs/e4 < 1/2. We rewrite

our last result as

d
7 ] + e |* < C flw]* (7.4)

From this inequality we get first that % w]]> < C||lw|® yielding, by Gronwall’s
inequality, that

[ || < Jlwo|* exp(C1);
at the same time by rearranging and integrating (7.4) we obtain

t

t
d
Sl ar < [(€ l® = S hwlPr < ol exp(Co).
0 0

O

If the initial data are in H! N C, then a similar argument yields the following
estimate analogous to (7.1):

U () = W), < e [|Uo = Woll, (7.5)

Next we prove the differentiability in H' that is sufficient for the validity of the
dimension estimate because it implies the differentiability on A C H'.

Theorem 7.2. Let U and W be two orbits U = T (t)Uy, W = T(t)Wy, Uy, Wy €
H'NC,. Then there exists z(t) such that

IU() = W(t) = 2(0)]| < const [|Uo — Wol
as W() — U().

In this case the Frechét differential of T'(¢t) at the point Uy is the mapping z(0) =
Uy — Wy — z(t), where z(t) solves the linearized problem.

Proof. The goal of the proof is to evaluate the difference between w = U — W
and its approximation by the differential. We define z(x,t) as a solution of the
free-interface problem linearized about the orbit U(z,t):

2t = Zgg + [22(0,8)|Uy + [Uz (0, )22 — v2, (7.6)
Z(Oat) - (gil),([Uf(Ovt)])[zm(oat)]v z(x,()) = Uo(.r) - Wo(aj),
(see Theorem 6.1). For the difference y = w — z we have the following equations
Yt = Yoz + [yx(ov t)]Uﬂi + [Ur(()» t)]yac - [wx(ov t)]wz - Y,
y(0,8) = (g7 ) ([Ux (0, )]) [y (0, )] + (g7)" (0) [w=(0,)]?/2,  y(z,0) =0,
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We multiply the equation throughout by y and integrate to obtain the following
identity for the H norm:

1d
a 14 ||yH2 = / ymwydx + [Uz(o>t)] / ymydx + [ym(out)]/ Umydm
2 dt Ri Ri Ri
—f/ m%x—/ (02 (0, 8)]wpyde (7.7)
Ri Ri
=4wm—mwﬂm@m/%mMMMﬁvlmm
Ri Ri
—f/ m%w—/ (02 (0, 8)]uwpyde
Rt R*

We need to estimate different terms in (7.7)

[y 0, 19(0,0)] < Co?(0,8) + Clava (0, ) [y(0,1)] < SC(0,0) + Ll 0, 1)
= BlyQ(O, t) + BQ[wwa)’ t)]4

0 0o
B B 1
si/ﬁm+¢/£M+&me+wwﬁ2
2 2 €1
) 0

2, 1 2 2, 1 2
< Bi(e |yl +a||ym|| ) + Bs(er |lw]| +g||wm|| )?

Next,

1 1
‘[Um(O,t)]/ yayde| < |[U(0,8)]] (e2 lyll* + — lyall”) < Calex llyll® + — llyell”)
R* €92 €9

Also,

20,01 [ Uspda] < (Caly(0.0)] + Bifun 0.0

></Ri |Usyldz < (Csly(0,)] + Balw(0,)]) Iyl Vs
1 1
< Ca(es [lyll”* + . lyal*)"? llyll + Bs(ex llw]” + o s |* + [lw]*) 1yl

1 2 1 2
< Cy(Ves |yl + NG lye ) [lyll + Bs(ea [Jw]|” + o llwz %) Iyl

VEs

1 2 4
< Cs(es lyl* + WG 1y I") + Bs([lw ")

VEs

where the constants Cy and Bs include the factor ||Uy|| .
Finally,

/Ri wy[wy(0,1)]ydz| < |[wy(0,)]] [lwe | [yl
= e | [ (0, )] + - IylI? < O Jfw, || (e [Jw]|? + = lwal[*) + - ly[I?
2 ’ 2e -2 €1 2¢

Here we used the inequality in (7.3) to estimate |[wg(0,%)]]*.
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Collecting the estimates for different terms we get
1d
2dt

1 1
2 2 2 2 2
—lyall” + Bilex [ly o 192[1") + Bs(ex [|w]| +o lwe )2

2 2
Iyll” < = llyl

2 1 2 2 1 2 4
+Ci(e2 [lyl|” + o™ lly=lI") + Cs(es |lylI” + NG llyzlI") + Bs(|lwz ")

VEs

Now we can select 1, e2, and 3 sufficiently large so that the coefficient by ||y,
is less than —1/2. We collect the like terms in the above inequality to obtain
1d
2 dt
We rewrite our last result as

d 2 2 2 4
7 1yll” + llyzll” < Cllyll” + B llwlly (7.8)

1
2 2 2 4
11" = =5 lly=l" + Cliyll” + B llwlly

from where it is clear that
d 2 2 4
2 1I” < Cllyll™ + Bl - (7.9)

By Gronwall’s inequality it yields
t
lyl* < Bexp(Ct) / [w][} exp(~Cr)dr < By exp(Ct) [[wolly
0

In the above estimate we utilized (7.5). O

Finally (see [24]), the estimate for the dimension of the linear volume element
and differentiability of the semigroup yield the estimate for the Hausdorff dimension
of the attractor:

Theorem 7.3. The Hausdorff dimension of the attractor A is no larger than

2V0+1 2 1 2
TR

M= [(

of. (6.11).

In conclusion it is worth mentioning that the estimate exhibits a transparent and
physically natural dependence of the dimension on the heat loss and characteristics
of the kinetics which are the defining factors of the dynamics. We note however
that numerical simulations [14] on (1.1)-(1.4) show that the behavior without heat
losses and with sufficiently low heat losses are qualitatively identical and exhibit
the same variety of complex dynamical patterns.

Acknowledgement. The authors would like to acknowledge referee’s construc-
tive criticisms, in particular the need to emphasize the role of the interface-attached
coordinate frame, that substantially improved clarity of presentation.
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