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Abstract

We consider an Allen-Cahn type equation of the form u; = Au +
e~ 2f%(x,t,u), where ¢ is a small parameter and f&(x,t,u) = f(u) —
eg®(x,t,u) a bistable nonlinearity associated with a double-well po-
tential whose well-depths can be slightly unbalanced. Given a rather
general initial data ug that is independent of &, we perform a rigor-
ous analysis of both the generation and the motion of interface. More
precisely we show that the solution develops a steep transition layer
within the time scale of order £?|In¢|, and that the layer obeys the
law of motion that coincides with the formal asymptotic limit within
an error margin of order . This is an optimal estimate that has not
been known before for solutions with general initial data, even in the
case where ¢°¢ =

Next we consider systems of reaction-diffusion equations of the form

up = Au+e72 f¢(u,v)
vy = DAv + h(u,v),

which include the FitzHugh-Nagumo system as a special case. Given
a rather general initial data (ug,vp), we show that the component u
develops a steep transition layer and that all the above-mentioned re-
sults remain true for the u-component of these systems.
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1 Introduction

1.1 Perturbed Allen-Cahn equation

In some classes of nonlinear diffusion equations, solutions often develop in-
ternal transition layers — or “interfaces”— that separate the spatial domain
into different phase regions. This happens, in particular, when the diffusion
coefficient is very small or the reaction term is very large. The motion of
such interfaces is often driven by their curvature. A typical example is the
Allen-Cahn equation u; = Au + e~ 2f(u), where € > 0 is a small parameter
and f(u) is a bistable nonlinearity, whose meaning will be explained below.
A usual strategy for studying such phenomena is to first derive the “sharp
interface limit” as € — 0 by a formal analysis, then to check if this limit
gives good approximation of the behavior of actual layers.

In this paper we study a perturbed Allen-Cahn type equation of the form

up = Au + 6%(f(u) —eg°(z,t,u)) in Q x (0,4+00)

€ ou
P = =
(P9) £y 0 on 9N x (0,400)
u(z,0) = up(x) in €,

and study the behavior of layers near the sharp interface limit as e — 0. Here
Q is a smooth bounded domain in RY (N > 2) and v is the Euclidian unit
normal vector exterior to 9. The nonlinearity is given by f(u) := —W'(u),
where W(u) is a double-well potential with equal well-depth, taking its
global minimum value at u = a. More precisely we assume that f is C?
and has exactly three zeros a_ < a < a such that

f'(ax) <0, f'(a) >0 (bistable nonlinearity), (1.1)

and that o
f(u)du = 0. (1.2)
o
The condition ([L.1]) implies that the potential W (u) attains its local minima
at u = a_,a,, and ([LJ) implies that W(a_) = W(ay). In other words,
the two stable zeros of f, namely a_ and a., have “balanced” stability. A
typical example is the cubic nonlinearity f(u) = u(1 — u?).

The term e¢° represents a small perturbation, where ¢°(x, t,u) is a func-
tion defined on Q x [0, +00) x R. This has the role of breaking the balance
of the two stable zeros slightly. In the special case where ¢ = 0, problem
(P?) reduces to the usual Allen-Cahn equation. As we will explain later,
our main results are new even for this special case.

We assume that ¢° is C? in 2 and C' in t, u, and that, for any 7" > 0
there exist ¥ € (0,1) and C' > 0 such that, for all (z,t,u) € Q x [0,T] x R,

AL (x,t,u)| < Ce ! and lg; (z,t,u)| < Ce 1, (1.3)



gz, t,u)| < C, (1.4)

ng(" " u)

Moreover, we assume that there exists a function g(z,¢,u) and a constant,
which we denote again by C, such that

g0, 42 oy < (1.5

\ga(m,t,u) - g(.%',t,U)’ < 087 (16)

for all small € > 0. Note that the estimate ([LH) and the pointwise conver-

gence ¢° — ¢ (as € — 0) imply that g satisfies the same estimate as ([[.F).
For technical reasons we also assume that

dg9°
ov

which, in turn, implies the same boundary condition for g. Apart from these
bounds and regularity requirements, we do not make any specific assump-
tions on the perturbation term g°.

0 ondQx[0,T] xR, (1.7)

Remark 1.1. Since we will consider only bounded solutions in this paper, it is
sufficient to assume ([.3)—([[.5) to hold in some bounded interval —M < u <
M. Note that if g¢ does not depend on ¢, then the assumptions ([.3)-(L.5)
are automatically satisfied on any interval —M < u < M. O

Remark 1.2. The reason why we do not assume more smoothness on ¢ is that
we will later apply our results to systems of equations including FitzHugh-
Nagumo system, in which ¢° loses C*!-smoothness as ¢ — 0. U

As for the initial data ug(z), we assume ug € C?(Q2). Throughout the
present paper the constant Cy will stand for the following quantity:

Co = HUOH(;O@) + ||VU0H00(5) + HAUOH(jO(ﬁ)- (1.8)
Furthermore we define the “initial interface” I'y by
Ip:={x€Q, u(z)=a}, (1.9)

and suppose that 'y is a C3T7 hypersurface without boundary such that, n
being the outward unit normal vector to Iy,

I'yccQ and Vu(x) -n(x)#0 ifzely, (1.10)

ug >a in QSF, up < a in Qg (1.11)

where ), denotes the region enclosed by I'g and Qg the region enclosed
between 02 and I'y.



It is standard that problem (P°€) has a unique smooth solution, which we
denote by u®. As e — 0, a formal asymptotic analysis shows the following:
in the very early stage, the diffusion term Aw is negligible compared with
the reaction term = 2(f(u) — eg®(x,t,u)) so that, in the rescaled time scale
T = t/e2, the equation is well approximated by the ordinary differential
equation u, = f(u)+O(e). Hence, in view of the profile of f, the value of u®
quickly becomes close to either oy or a— in most part of €2, creating a steep
interface (transition layer) between the regions {u® ~ a_} and {u® =~ ay}.
Once such an interface develops, the diffusion term becomes large near the
interface, and comes to balance with the reaction term. As a result, the
interface ceases rapid development and starts to propagate in a much slower
time scale.

To study such interfacial behavior, it is useful to consider a formal asymp-
totic limit of (P¢) as e — 0. Then the limit solution a(x,t) will be a step
function taking the value a; on one side of the interface, and a_ on the
other side. This sharp interface, which we will denote by I';, obeys a certain
law of motion, which is expressed as follows (see Section [ for details):

(") { Vo=—=(N—-1)k+co(G(z,t,as) — G(z,t,a—)) on Ty
Ft‘tzo =T,

where V,, is the normal velocity of I'; in the exterior direction, x the mean
curvature at each point of I'y,

co = [\/i/oiJr(W(s) — W(a_))1/2ds} _1, (1.12)

W(s)=— /: f(r)dr, G(z,t,s) = /as g(x,t,r)dr.

It is well known that problem (P°) possesses locally in time a unique smooth
solution. Let 0 <t < T™ T™% ¢ (0,400], be the maximal time interval
for the existence of the solution of (P?) and denote this solution by I' =
Uo<tcqman (I'e x {t}). Hereafter, we fix T" such that 0 < T" < T"™** and work
on [0,7]. More precisely, so as ¢g(-,-,u), the function G(-,-,u) is of class
C’H'ﬁ’#, which implies, by the standard theory of parabolic equations,
that T is of class C3*%*%". For more details, we refer to [ff], Lemma 2.1.
Next we set

QT = x (O,T),

and, for each t € [0,7], we denote by Q, the region enclosed by the hyper-
surface I'y, and by Q?‘ the region enclosed between 02 and I';. We define a
step function u(x,t) by

. QJ,»
(x,t) = {O‘+ B for e 0,17, (1.13)

a_ in Q
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which represents the formal asymptotic limit of u® (or the sharp interface
limit) as € — 0.

The aim of the present paper is to make a detailed study of the limiting
behavior of the solution u® of problem (P¢) as ¢ — 0. Our first main result,
Theorem [[.J, describes the profile of the solution after a very short initial
period. It asserts that: given a virtually arbitrary initial data wug, the solu-
tion u® quickly becomes close to a4, except in a small neighborhood of the
initial interface Iy, creating a steep transition layer around I'y (generation
of interface). The time needed to develop such a transition layer, which
we will denote by t¢, is of order £2|Ine|. The theorem then states that the
solution uf remains close to the step function @ on the time interval [t¢, T']
(motion of interface); in other words, the motion of the transition layer is
well approximated by the limit interface equation (P?).

Theorem 1.3 (Generation and motion of interface). Let n be an ar-
bitrary constant satisfying 0 < n < min(a — a_,a; —a) and set

= f'(a).
Then there exist positive constants €y and C such that, for all € € (0,e0)

and for all ¢ <t < T, where t° := p~'e?|Ine|, we have

[ —n,aq +n] if @€ Nee(Ty)
u(x,t) € § [am —m,a_+n] if zeQ \ Nee(Iy) (1.14)
[y —nyoq +n) if e Qf \ Nee(Ty),

where N,.(T'y) := {x € Q,dist(x,T;) < r} denotes the r-neighborhood of T';.

Corollary 1.4 (Convergence). As ¢ — 0, u® converges to . everywhere
. +
m UO<t§T(Qt x {t}).

The next theorem is concerned with the relation between the actual
interface I'; := {z € Q, u®(x,t) = a} and the formal asymptotic limit I';,
which is given as the solution of (P?).

Theorem 1.5 (Error estimate). There exists C > 0 such that
I CNee(Ty)  for 0<t<T. (1.15)
Corollary 1.6 (Convergence of interface). There ezists C > 0 such that

dp(T5,Ty) < Ce  for 0<t<T, (1.16)

where dy (A, B) := max{sup,c 4 d(a, B), supycp d(b, A)} denotes the Haus-
dorff distance between two compact sets A and B. Consequently, I'; — T’
as € — 0 uniformly in 0 <t < T, in the sense of Hausdorff distance.



Note that the estimates ([L.1§) and ([.L1) follow from Theorem in
the range t* < t < T, but the range 0 < ¢t < ¢ has to be treated by a
separate argument since the behavior of the solution in this time range is
quite different from that of the later stage.

The estimate ([.14) in our Theorem [[.3 implies that, once a transition
layer is formed, its thickness remains within order e for the rest of time.
Here, by “thickness of interface” we mean the smallest » > 0 satisfying

{z e v(z,t) &la- —n am +n Uy —n, ar +1]} C N(T).

Naturally this quantity depends on 7, but the estimates ([.14) and ([.16)
assert that it is bounded by 2Ce (with the constant C' depending on 7)
regardless of the choice of n > 0.

Remark 1.7 (Optimality of the thickness estimate). The above O(e) estimate
is optimal, i.e. the interface cannot be thinner than this order. In fact,
rescaling time and space as 7 :=t/e%, y := x /e, we get

ur = Ayu+ f(u) —eg®.

Thus, by the uniform boundedness of u and by standard parabolic estimates,
we have |V u| < M for some constant M > 0, which implies

|Vau(z,t)] < %

€
From this bound it is clear that the thickness of interface cannot be smaller
than M ~!(a; —a_)e, hence, by ([[L14), it has to be exactly of order ¢. Intu-
itively, this O(e) estimate follows also from the formal asymptotic expansion
(B-3), but the validity of such an expansion is far from obvious for solutions
with arbitrary initial data. O

Our O(e) estimate is new, even in the special case where ¢ = 0, pro-
vided that N > 2. Previously, the best thickness estimate in the literature
was of order ¢|lne| (see [{f]), except that X. Chen has recently obtained
an O(e) estimate for the case N = 1 by a different argument (private
communication). We also refer to the forthcoming papers [B(] and [I9],
in which the same O(e) estimate is established for different but related
problems. The paper R(] is concerned with a “balanced type” Allen-Cahn
equation with large spatial inhomogeneity, namely an equation of the form
ug = V(k(x)Vu) +e2h(x) f(u), and [[9] is concerned with a Lotka-Volterra
competition-diffusion system with large spatial inhomogeneity whose non-
linearity is of the balanced bistable type.

Remark 1.8 (Optimality of the generation time). The estimate ([[.14) also
implies that the generation of interface takes place within the time span
of t¢. This estimate is optimal. In other words, a well-developed interface
cannot appear much earlier; see Proposition for details. O



The singular limit of the Allen-Cahn equation was first studied in the
pioneering work of Allen and Cahn [[] and, slightly later, in Kawasaki and
Ohta [ from the point of view of physicists. They derived the interface
equation by formal asymptotic analysis, thereby revealing that the interface
moves by the mean curvature. These early observations triggered a flow of
mathematical studies aiming at rigorous justification of the above limiting
procedure; see, for example, [[], [[], § and B4, RJ] for results in the frame-
work of classical solutions, and [[§], [l, ] and [J)] for the case where I'; is
a viscosity solution of the interface equation.

As for problem (P¢), whose nonlinearity is slightly unbalanced, the limit
interface equation involves a pressure term as well as the curvature term as
indicated in (PY). This fact has been long known on a formal level; see e.g.
[B7. Ei, Iida and Yanagida [[4] proved rigorously that the motion of the
layers of (P¢) is well approximated by the limit interface equation (P?), on
the condition that the initial data has already a well developed transition
layer. In other words, they studied the motion of interface, but not the
generation of interface.

1.2 Singular limit of reaction-diffusion systems

Our results can be extended to reaction-diffusion systems of the form

(

up = Au + E%fa(u,v) in Q x (0,+00)

vy = DAv + h(u,v) in Q x (0,+00)
(RD?) % = % =0 on 9Q x (0,400)

u(z,0) = up(x) in Q

v(x,0) = vo(x) in Q,

where D is a positive constant, and f, h are C? functions such that
(F) there exist C? functions fi(u,v), f§(u,v) such that
Fo(u,v) = fu) +efi(u,v) + 5 (u,0), (1.17)
where f(u) is a bistable nonlinearity satisfying ([.1), (I.9), and fs,

along with its derivatives in u, v, remain bounded as € — 0;
(H) for any constant L, M > 0 there exists a constant M; > M such that
h(u,—My) >0 > h(u, M) for |u| < L. (1.18)

The conditions (F) and (H) imply that the ODE system

= éfe(u,v), 0 = h(u,v)
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has a family of invariant rectangles of the form {|u| < L, |v| < M}, provided
that ¢ is sufficiently small. The maximum principle and standard parabolic
estimates then guarantee that every solution of (RD°€) exists globally for
t > 0 and remains bounded as t — oo (see Proposition [7.1]). Apart from
(IL.1§), we do not make any specific assumptions on the function h.

Problem (RD¢) represents a large class of important reaction-diffusion
systems including the FitzHugh-Nagumo system

1
u = Au+ = (f(u) - ev) (1.19)

vy = DAv + au — P,

which is a simplified model for nervous transmission, and the following type
of prey-predator system:

1
wp = Aut 5 ((1=u)(u—1/2) - v)u (1.20)

vy = DAv + (au — [o)v.

Remark 1.9. In some equations such as the prey-predator system (|l.20),
only nonnegative solutions are to be considered. In such a case, we replace

the condition ([.1§) by
h(u,0) >0 > h(u, My) for 0<u<L,
and assume f€(0,v) > 0. The rest of the argument remains the same. [

Now the same formal analysis as is used to derive (P°) shows that the
singular limit of (RD?) as € — 0 is the following moving boundary problem:

(

Vo, =—=(N = 1)k — co F1(0(x, 1)) on T

~t = v ~7 )
Uy = DAY+ h(a,0) in 2 x (0,+00)
(RD®) { Tef,_g=To
%:0 on 0 x (0,400)
0(x,0) = vo(x) in Q,

\

where 4 is the step function defined in ([.13) and

Fi(v) = " fi(r,v)dr.

[

This is a system consisting of an equation of surface motion and a partial
differential equation. Since 4 is determined straightforwardly from I';, in



what follows, by a solution of (RD?) we mean the pair (I',0) := (I'y, 9(x,t)).
In the case of the FitzHugh-Nagumo system ([L.19), (RD°) reduces to

Vi, =—=(N = 1)k +co (g — a_)v(z,t)
U = DAV 4+ au — (7,
while in the prey-predator system ([.20), (RD") reduces to
Vo=—(N—1)k+co0(x,t)/2
¥, = DAD + (aii — B)i.

Note that the positive sign in front of the term cov(z,t) in the interface
equation implies an inhibitory effect on 4, since the velocity V, is measured
in the exterior normal direction, toward which @ decreases.

Lemma 1.10 (Local existence). Assume that vg € C?(Q) and that T'g is
a C? hypersurface which is the boundary of a domain Dy CC Q. Then there
exists T € (0, +oo] such that the limit free boundary problem (RDY) has
a unique solution (I',0) in the interval [0, ™).

This existence result was established in [[[J]. The uniqueness can be
obtained by using the estimates in [f].

Hereafter, we fix 7' such that 0 < 7" < T and work on [0,7]. Our
main results for the system (RD¢®) are the following:

Theorem 1.11 (Thickness of interface). Let ([.17) and ([.1I§) hold (or
let the assumptions in Remark [1. hold). Assume also that ug satisfies ([L10)
and (L.11)). Then the same conclusion as in Theorem [[. holds for (RD*®).

Corollary 1.12 (Convergence). Under the assumptions of Theorem [1.11,
the same conclusion as in Corollary holds for (RDF®).

Theorem 1.13 (Error estimate). Let the assumptions of Theorem
hold. Then the same conclusion as in Theorem holds for (RD¢®). More-
over, there exists a constant C > 0 such that

[v° = 0| oo (@x(0,1)) < Ce.

Corollary 1.14 (Convergence of interface). Under the assumptions of
Theorem [1.11, the same conclusion as in Corollary [I.& holds for (RD?).

The organization of this paper is as follows. In Section fl, we derive the
interface equation (PY) from (P¢) by formal asymptotic expansions which
involve the so-called signed distance function.

In Sections fand [, we present basic estimates concerning the generation
of interface for (P¢). For the clarity of underlying ideas, we first consider



the special case where ¢g° = 0 in Section f], and deal with the general case in
Section fi.

In Section | we prove a preliminary result on the motion of interface
(Lemma [.1]), which implies that if the initial data has already a well-
developed transition layer, then the layer remains to exist for 0 < ¢t < T
and its motion is well approximated by the interface equation (P?).

Our approach in Sections f] to f| is based on the sub- and super-solution
method, but we use two completely different sets of sub- and super-solutions.
More precisely, the sub- and super-solutions for the motion of interface are
constructed by using the first two terms of the formal asymptotic expansion
(B-3), while those for the generation of interface are constructed by modifying
the solution of the equation in the absence of diffusion: u; = e=2f(u).

In Section i, we prove our main results for (P¢): Theorems [L.3, and
their respective corollaries.

In the final section, we study the reaction-diffusion system (RD¢) and
prove Theorems [[.11], and their corollaries. These results are obtained
by applying a slightly modified version of the results for (P¢). The strategy
is to regard f¢(u,v) as a perturbation of f(u). Indeed, the equation for u
in (RD°®) is identical to (P€) if we set ¢° = —f; — ef5. However, what
makes the analysis difficult is the fact that ¢° is no longer a given function
but a quantity that depends on the unknown function v®. In particular,
the existence of the limit ¢° — ¢ (¢ — 0) is not a priori guaranteed, and
the estimate ([[.]) is far from obvious. As it turns out, the standard LP or
Schauder estimates for v* would not yield ([.), because of the fact that u®
converges to a discontinuous function as € — 0. In order to overcome this
difficulty, we derive a fine estimate of v* that is based on estimates of the
heat kernel and the fact that «® remains uniformly smooth outside of an
O(e) neighborhood of the smooth hypersurface I'y.

2 Formal derivation of the interface motion equa-
tion

In this section we derive the equation of interface motion corresponding to
problem (P¢) by using a formal asymptotic expansion. The resulting inter-
face equation can be regarded as the singular limit of (P¢) as ¢ — 0. Our
argument is basically along the same lines with the formal derivation given
by Nakamura, Matano, Hilhorst and Schétzle [2F], who studied a similar
but slightly different type of spatially inhomogeneous equations by formal
analysis. Let us also mention some earlier papers [[I], [ and [7] involving
the method of matched asymptotic expansions for problems that are related
to ours.

As in [R], the first two terms of the asymptotic expansion determine
the interface equation. Though our analysis in this section is for the most

10



part formal, the observations we make here will help the rigorous analysis
in later sections.

Let u® be the solution of (P¢). We recall that I'; := {z € Q,u°(z,t) = a}
is the interface at time ¢ and call I'* := (J;5((I'f x {t}) the interface. Let
I' = Up<i<r(I't X {t}) be the unique solution of the limit geometric motion

problem (P°) and let d be the signed distance function to I' defined by:

(2.1)

~ dist(x,T;) for x € Qf
—dist(x,Iy) forz e Q,

where dist(x, ;) is the distance from x to the hypersurface I'; in Q. We
remark that d = 0 on I' and that |Vd| = 1 in a neighborhood of I'. We then

define
Qf = U @ x{h),  Qr= UJ @ x{th

0<t<T 0<t<T

We also assume that the solution u® has the expansions
uf(x,t) = g + euy (z,t) + 2ug(x,t) + - - (2.2)
away from the interface I" (the outer expansion), and
uf (x,t) = Up(x,t, &) + Uy (x,t, &) + 2Us(2,t,€) 4 - -- (2.3)

near I' (the inner expansion), where Uj(x,t,2), j = 0,1,2,-- -, are defined for
r €0, t>0,2€Rand £ :=d(z,t)/e. The stretched space variable ¢ gives
exactly the right spatial scaling to describe the rapid transition between the

regions {u ~ a_} and {u® =~ a4 }. We normalize Uy in such a way that
Uo(z,t,0) = a, U(x,t,0) =0,

for all k& > 1 (normalization conditions). To make the inner and outer
expansions consistent, we require that

Up(x,t,+00) = ay, Ug(z,t,+00) =0,

(2.4)
Up(x,t,—o0) = a_, Ug(z,t,—00) =0,

for all £ > 1 (matching conditions).
In what follows we will substitute the inner expansion (R.J) into the
parabolic equation of problem (P¢) and collect the e =2 and ¢! terms. To

11



that purpose we compute the needed terms and get

dy
= Uy + UOz +eUyy + Updy + -

vd ~
Vu® = VU, + U()z? +eVU, +U,Vd + -+

d Ad |Vd|2

Vvd
Aut = AU(] + 2_ VUOz + UOz_ + U(]zz + Ale

Vvd 2
+2Vd VUlz + Uled + Ulzz | |

f(w) = fF(Uo) + &' (Uo)Ur + O(e)
9 (z,t,u®) = g(x, t,u®) + O(e) ( «—— in view of (E) )
= g(=,t,Up) + O(e),

where the functions U; (i = 0,1), as well as their derivatives, are taken at
the point (z,t,d(x,t)/e). Note also that V and A stand for V, and A,
respectively. Collecting the £~2 terms yields

UOzz + f(UO) = 0.

In view of the normalization and matching conditions, we can now assert
that Up(z,t,z) = Up(z), where Up(z) is the unique solution of the stationary
problem

(2.5)

Uo" + f(Up) =0
Up(—o0) =a—, Uy(0) =a, Uy(+o)=a;.

This solution represents the first approximation of the profile of a transition
layer around the interface observed in the stretched coordinates. For exam-
ple, in the simple case where f(u) = u(1—u?), we have Up(z) = tanh(z/v/2).
In the general case, the following standard estimates hold:

Lemma 2.1. There exist positive constants C' and A such that

0<ay—U(z) <Ce M forz>0
0<Up(z) —a_ < Ce M forz<o.

In addition, Uy is a strictly increasing function and, for j = 1,2,
|D7U(2)] < Ce M2 for z e R. (2.6)

Proof. We only give an outline. Rewriting the equation in (R.§) as



we see that (Uy(z),Uj(z)) is a heteroclinic orbit of the above system con-
necting the equilibria (a—,0) and (a4, 0). These equilibria are saddle points,
with the linearized eigenvalues {A\_, —A_} and {A;, —A;}, respectively,

where
A= VT, A=),

Consequently, we have

a_ 4+ Crer* 4 o(e?-?) as z — —o00,

Uolz) = { ot + Cye M7 4 o(e %) as z — 400, (27)

for some constants C7,Cy. The desired estimates now follow by setting
A =min(Ap, A\_). O

Next we collect the e~! terms. Recalling that VU, = 0 and that |Vd| =
1 near I';, we get

Uiz: + f/(UO)Ul = UOI(Jt - AJ) + g(x7t7 UO) (28)

This equation can be seen as a linearized problem for (B.§) with an inho-
mogeneous term. As is well-known (see, for instance, [{]), the solvability
condition for the above equation plays the key role in determining the equa-
tion of interface motion. The following lemma is rather standard, but we
give an outline of the proof for the convenience of the reader.

Lemma 2.2 (Solvability condition). Let A(z) be a bounded function on
—00 < z < 00. Then the problem

{ Voo + 1 (Uo(2)Y = A(2), z€R 29)
¥(0) =0, e L>®R),
has a solution if and only if
/ A(2)Uy' (2)dz = 0. (2.10)
R
Moreover the solution, if it exists, is unique and satisfies
()] < C||Al[Le for z €R, (2.11)

for some constant C > 0.

Proof. Multiplying the equation by Uy’ and integrating it by parts, we
easily see that the condition (R.1() is necessary. Conversely, suppose that
this condition is satisfied. Then, since Uy’ is a bounded positive solution to
the homogeneous equation ., + f'(Uy(2))1 = 0, one can use the method of

13



variation of constants to find the above solution ¢ explicitly. More precisely,
z ¢
= -2 A d¢)d
v =l [ (0720 [ A de)ac
_ z Ly o) 1
o) [ (+720 [ M@0 de)ac

where ¢ := Uy’. The estimate (R.11)) now follows from the above expression

and (R.7). O

(2.12)

From the above lemma, the solvability condition for (B.§) is given by
/ |U2(2)(dr — Ad)(@,1) + gl, 1, Up(2))U0'(2)] d= = 0,
R

for all (z,t) € Q7. Hence we get

 Je 9@ t,Uo(2))U0 (2) dz

d; — Ad = >
fR Uy “(2)dz

)

which gives

G(.%'7 2 (X+) — G(.%'7 2 CY_)
fR Uo/Q(z) dz .

Moreover, multiplying equation (B.J) by Uy’ and integrating it from —oo to
z, we obtain

dy = Ad —

0 = /Z (U()"Uol—l—f(Uo)Uo')(s)ds

—00

_ %UO/Z(Z) — W(Uo(2)) + W(a),

where we have also used the fact that Uy(—oc0) = a— and Uy’ (—o0) = 0.
This implies that

Uy'(2) = V2(W (Un(2)) — W(a_))'/?,
and therefore

/UO/Q(z)dz = /UO'(Z)\/E(W(UO(;:)) ~W(a_))"?dz
R R

—va [ (Wls) - W(a))2as.

[

It then follows, in view of the definition of ¢q in (L12), that

dy = Ad — co(G(z,t,ay) — Gz, t,a)). (2.13)

14



We are now ready to derive the equation of interface motion. Since vd (=
V. d(z,t)) coincides with the outward normal unit vector to the hypersurface
Iy, we have di(x,t) = —V,,, where V,, is the normal velocity of the interface
I's. It is also known that the mean curvature  of the interface is equal to

Ad/(N —1). Thus the equation of interface motion is given by:
Vo =—(N =1k +co(G(x,t,ay) — G(z,t,a—)) on Iy (2.14)

Summarizing, under the assumption that the solution u® of problem (P¢)
satisfies
Ot
a in
T ) QT as € — 0,

a_ in Qp,
we have formally proved that the boundary I'; between 2; and €, moves
according to the law (R.14).

To conclude this section, we give basic estimates for Uy (x, t, z), which we
will need in Section [J to study the motion of interface. Substituting (R.13)

into (B.§) gives

{ Uizx + f(Uo(2))Ur = gz, t,Up(2)) — y(z, t) Uy’ (2),
(2.15)
Uy (z,t,0) =0, Ui(z,t,-) € L®(R),
where
Y(z,t) = co(G(z,t,a4) — Gz, t,a)). (2.16)
Thus Uy (,t,2) is a solution of (R.9) with
A= Ag(z,t,2) = g(x,t,Up(2)) — v(z,)Uy' (2), (2.17)

where the variables x,t are considered parameters. The problem () has a
unique solution by virtue of Lemma P.3. Moreover, since Ag(z,t, z) remains
bounded as (z,t, z) varies in Q x [0,T] x R, the estimate (R.11) implies

\Ui(z,t,2)| <M for x €9, te€(0,T], 2z €R, (2.18)
for some constant M > 0. Similarly, since VU; is a solution of (2.9) with
A=V, Ag(@,t,2) (= V(g t,Uo(2)) = 1(x, )0 (2)) ),
and since g is assumed to be C! in z, we obtain
VUi (2, t,2) <M for 2€Q, t€[0,T], 2 €R, (2.19)

for some constant M > 0.
To obtain estimates as z — 400, we first observe that (.7) implies

Ag(x,t,2) — g(x,t, 0z ) = O(eN?) as z — 00, (2.20)
uniformly in € , ¢t € [0,T]. We then apply the following general esti-

mates:

15



Lemma 2.3. Let the assumptions of Lemma B3 hold, and assume further
that A(z) — A* = O(e *l) as = — +oo for some constants A, A~ and
0 > 0. Then there exists a constant X > 0 such that
A:t —A|Z —A|Z
() = e = 0, W)+ ()] =0, (221)
f'laz)

as z — +o00o.

Proof. We only state the outline. To derive the former estimate, we need
a slightly more elaborate version of (2.7). Since f(u) is C?, we have f(u) =
(u—ax)f(ax) + O((u— ax)?). Consequently,

Us(2) = a_ 4+ Crer=*+0(e?-7?) as z — —00,
N7 ag 4+ Che M2 4+ 0(em 2 +2) as z — +00.

Using the expression (B.12) along with the estimate A(z) — A* = O(e~1)
and (2.23), we see that
A* ;
P(z) = oo T O(|zle 1) 4 O (e mmGAl)  ag 2 s 40,
+

This implies the former estimate in (R.21), where A can be any constant sat-
isfying 0 < A < min(A_, Ay,d). Substituting this into equation (R.9) gives
the estimate for 1,,. Finally, the estimate for 1, follows by integrating .,
from +oo to z. O

(2.22)

From the above lemma and (R.2() we obtain the estimate
U1, (2,8, 2)| + |Uz. (2, t, 2)| < Ce M2, (2.23)
for z € Q, t € [0,T)], z € R. Similarly, since (R.§) implies
(VAo (z,t, 2) — (Vag) (2, t, ax) = O(e ) as z — +oo,
we can apply Lemma to ¢ = V, U, to obtain
VU (2,8, 2)| + |VaUlzs (2,1, 2)] < Ce M2l

forx € Q,t € [0,7], 2 € R. As a consequence, there is a constant, which we
denote again by M, such that

IV, Ui, (2,8, 2)] < M. (2.24)
Next we consider the boundary condition. Note that ([.7) implies
0 0 p
SoAo= o [g(x,t, Uo(2)) — (2, )Up (z)] =0 on dQ. (2.25)

Consequently, from the expression (P.13), or equivalently the expression

et =0 [ (0302 [ antotup@rac)ac

we see that oU
a—; =0 on 0N (2.26)
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3 Generation of interface: the case ¢° =

This section deals with the generation of interface, namely the rapid for-
mation of internal layers that takes place in a neighborhood of Ty = {x €
Q, ug(r) = a} within the time span of order £2|Ine¢|. For the time being we
focus on the special case where g = 0. We will discuss the general case in
Section fl. In the sequel, 1y will stand for the following quantity:

Mo := min(a — a_, a4 — a).
Our main result in this section is the following:

Theorem 3.1. Let n € (0,19) be arbitrary and define u as the derivative of
f(u) at the unstable zero u = a, that is

1= f'(a). (3.1)
Then there exist positive constants €g and My such that, for all € € (0,¢¢),
(i) for all z € Q,
a_ —n <uf(z, pte?|lnel) < oy + 1, (3.2)
(i) for all x € Q such that |up(xz) — a| > Moe, we have that
if uo(x) > a+ Moe then uf(z,p 'e?|lne|) >ay —n, (3.3)

if uo(x) <a— Moe then uf(z,p'e?|lne) <a_+7n.  (3.4)

The above theorem will be proved by constructing a suitable pair of sub-
and super-solutions.
3.1 The bistable ordinary differential equation

As mentioned in Section [, the above sub- and super-solutions are con-
structed by modifying the solution of the problem without diffusion:

1
wo= 5 @), 6(0) = u()
This solution is written in the form
t
U ) t)=Y (_7 > 9
(e, 1) = ¥ (., wol)
where Y (7,£) denotes the solution of the ordinary differential equation

{ Y, (r,€) = f(Y(r,§) forT>0 35)

Here ¢ ranges over the interval (—2Cy,2C)), with Cy being the constant
defined in ([L.§). We first study basic properties of Y.

17



Lemma 3.2. We have Ye > 0, for all§ ¢ {a_,a,a4}, 7 > 0. Furthermore,

Yeir.g) = {28,

Proof. First, differentiating equation (8.5) by &, we obtain

Y—&_ = }/%f/(y)
}2(075) =1,

which is integrated as follows:
Ye(7,§) = exp [/ f/(Y(8,§))ds] > 0.
0
We then differentiate equation (B.H) by 7 and obtain

YTT = YTf,(Y)
Y2(0,8) = f(6),

which in turn implies
Vr9) = s@e | [ ro)]
= [(E)Ye(r,©).

(3.6)

This last equality, in view of (B.5), completes the proof of Lemma .3. O

For £ ¢ {a_,a, a4}, we define a function A(7,§) by

f'Y(r,8) — ')
f(&) '
Lemma 3.3. We have, for all § ¢ {a_,a,a;}, 7 >0,

A(T7 5) -

A€ = [ 105, )Yl s
Proof. Differentiating by ¢ the equality of Lemma B.9 leads to
Yee = A(T,§)Ye,
whereas differentiating (B.€]) by ¢ yields
Ve =Y [ PO (5.€)Yi(s. s

These two last results complete the proof of Lemma [B.3.

(3.7)

O

Next we need some estimates on Y and its derivatives. First, we estimate
the speed of the evolution of Y when the initial value & lies between a_ +n

and ay — 1.

18



Lemma 3.4. Letn € (0,70) be arbitrary. Then there exist positive constants

C1 = C1(n), Cy = Ca(n) and C3 = C3(n) such that

(i) if € € (a,ay —n) then, for every T > 0 such that Y (1,§) remains in

the interval (a, ay —n), we have

Crel™ < Ye(7,€6) < Coeh™,

[A(7, )] < C3(e” = 1),
where i is the constant defined in (B.1]);

(3.9)

(3.10)

(i) if € € (a— + n,a) then, for every T > 0 such that Y (7,€) remains in

the interval (a— +n,a), we have (B.9) and (B-10).

Proof. We take ¢ € (a,ay — 1) and suppose that, for s € (0,7), Y(s,¢)

remains in the interval (a,ay — n). Integrating the equality

YT(saf)

f(Y(5,6))

T Yi(s,6)
ds =r.
/0 f(Y(5,€))
Hence by the change of variable ¢ = Y (s, ) we get

Y(m8) g B
IR

Moreover, the equality of Lemma B.3 leads to

Y{(1,8) 1
T
YO f'a) | f'(q)
/5 o T 7

from 0 to 7 yields

_)f/(a)]dq

(¢

Y (r.€)
= pT + /5 h(q)dq,

(3.11)

(3.12)

(3.13)

where h(q) = (f'(q) — 1)/ f(q). As h(q) tends to f”(a)/f’(a) when ¢ tends

to a, h is continuous on [a,ay — n]. Hence we can define

H = H(U) = HhHL(’O(a,a_an)-

Since |Y (1, &) — £| takes its value in the interval [0, vy —a —n] C [0, a4 —al,

it follows from (B.13) that
w7 — Hlay —a) < InYe(r,€) <+ H{ay — ),
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which, in turn, proves (B.9). Next Lemma B.3 and (B.9) yield

AT < 1 oo ) /0 Cocheds
< C3(6MT - 1)’

which completes the proof of (B.10). The case where & and Y (7,&) are in
(a— + n,a) is similar and omitted. O

Corollary 3.5. Let n € (0,m9) be arbitrary. Then there exist positive con-
stants Ch = C1(n) and Cy = Ca(n) such that

(i) if € € (a,ay —n) then, for every T > 0 such that Y (1,§) remains in
the interval (a, ay —n), we have

Cret(§ —a) SY(1,€) — a < Coe™(§ - a); (3.14)

(ii) if £ € (a— +m,a) then, for every T > 0 such that Y (7,§) remains in
the interval (a— + n,a), we have

Coet™ (€ —a) <Y(1,6) —a < Cie' (€ — a). (3.15)

Proof. We can find B; = Bi(n) > 0 and By = By(n) > 0 such that, for all

qc (a7 ay — 77)7
Bi(q—a) < f(q) < Ba(q — a). (3.16)

We use this inequality for a < Y (7,&) < ay — 1 to obtain
Bi(Y(7,§) —a) < f(Y(7,£)) < Ba(Y(7,£) — a).

We also use this inequality for a < £ < ay — n to obtain

Bi(€ —a) < f(§) < B2(§ —a).
Next we use the equality Y = f(Y)/f(£) of Lemma B.9 to deduce that

B B
(7.6 —0) € (€ - ¥(r§) < YV (r8) — a),
which, in view of (B.9), implies that

g;;am —a) <Y (r€) —a< %jéze% —a).

This proves (B.14). The proof of (B.1H) is similar and is omitted. O

We now present estimates in the case where the initial value £ is smaller
than a_ + 7 or larger than ay — 7.
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Lemma 3.6. Let n € (0,19) and M > 0 be arbitrary. Then there exists a
positive constant Cy = Cy(n, M) such that

(i) if € € [ay — n,aq + M], then, for all T > 0, Y(7,§) remains in the
interval [ay —n, aq + M] and

|A(T,8)| < Cur for 7> 0; (3.17)

(i) if € € [a — M,a— + 1), then, for all 7 > 0, Y(7,&) remains in the
interval [a— — M,a_ +n] and (B.17) holds.

Proof. Since statement (i) and statement (ii) can be treated in the same
way, we will only prove the former. The fact that Y (7,£) remains in the
interval [aey — 1, ay + M| directly follows from the bistable properties of f,
or, more precisely, from the sign conditions f(ay —n) > 0, f(ay + M) < 0.

To prove (B.17), suppose first that £ € [ay, ay + M]. In view of (1), f/
is strictly negative in an interval of the form [a;, a4 +¢| and f is negative in
[ay,00). We denote by —m < 0 the maximum of f on [a4 +¢, M]. Then, as
long as Y (7,£) remains in the interval [ay + ¢, M], the ordinary differential
equation (B.§) implies

YT S —m.
This means that, for any & € [ay, aq + M], we have
M —
Y{(7,§) € [ay,aq + ¢ for 7>7:= C.
m

In view of this, and considering that f/(Y) < 0 for Y € [ay, ay + ¢], we see
from the expression (B.f) that

T T

Yer,&) =exp| [ f0V(s€)ds| ep| | V(5,5
<o | [ 7 (s.0)as]
-JO
< exp /0 ey |f (Z)IdS} =: Cy,

for all 7 > 7. It is clear from the same estimate (B.6) that Yz < Cy holds
also for 0 < 7 < 7. We can then use Lemma @ to deduce that

A(r,€)| < Gy /0 1Y (5,0)ds < Cur.

The case £ € [ay — 1, 4] can be treated in the same way. This completes
the proof of the lemma. O

Now we choose the constant M in the above lemma sufficiently large so
that [—2Cy,2Cy] C [a— — M,y + M], and fix M hereafter. Then Cy only
depends on 7. Using the fact that 7 = O(e#” — 1) for 7 > 0, one can easily
deduce from (B.10) and (B.17) the following general estimate.
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Lemma 3.7. Let n € (0,10) be arbitrary and let Cy be the constant defined
in ([LY). Then there exists a positive constant Cs = Cs(n) such that, for all
7> 0 and all § € (—2C),2C)),

[A(T,€)] < C5(eHT = 1).

3.2 Construction of sub- and super-solutions

We are now ready to construct the sub- and super-solutions for the study
of generation of interface. For simplicity, we first consider the case where

0
% =0 on 09. (3.18)
In this case, our sub- and super-solutions are given by

wf@ﬁ)zY(éwmﬂ@ie%%@ka—lw. (3.19)

In the general case where (B.1§) does not necessarily hold, we have to slightly
modify wejE (z,t) near the boundary 02. This will be discussed later.

Lemma 3.8. Assume (B.18). Then there exist positive constants ey and
Cs such that, for all € € (0,e0), (w:,w)) is a pair of sub- and super-
solutions for problem (P¢€), in the domain Q x [0,u 'e?|Inel|], satisfying
wZ (2,0) = wh (2,0) = up(x). Consequently

wZ (z,t) <u(z,t) <wl(z,t)  forzeQ, 0<t < pute?|lnegl.  (3.20)

Proof. The assumption (B.1§) implies

+
(9;1); =0 on JN2 x (0,+00).
Now we define an operator Ly by
Lou :=up — Au — s (u),

and prove that LowX > 0 . Straightforward computations yield
1 2 1
ij:§n+%#wﬁQ—A%n—wwﬁk—gﬂm,
therefore, in view of the ordinary differential equation (B.5),
Y

Low] = [CG ue“t/€2 — Aug — YL; |Vu0|2]Y§.
We note that, in the range 0 < t < p~'e?|Ine|, we have, for ¢ sufficiently
small,

0 < e2Ce(e""/*" — 1) < 2Ce(e ™' —1) < G,
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where Cj is the constant defined in ([.§). Hence
¢ = ug(z) + Cs(e"/= — 1) € (—2Cy, 2Cy),

and it follows from the estimate of A = Yg¢/Y; in Lemma B.7, with the
choice 7 := t/e?, that

Lowt > [06 pett= — | Aug| — C(ert/* — 1)|VU0|Q]Y§
> [(Co = C5[Fuo?)ertl=* — || + 5| Vuo 2] e.
Since Y¢ > 0, this inequality implies that, for Cs large enough,
Low? > [CG,U — C5C9? — Co]Yg > 0.

Hence w? is a super-solution for problem (P¢). Similarly w> is a sub-
solution. Obviously w2 (z,0) = w*(x,0) = ug(x). Lemma B.§is proved. O

In the more general case where (B.1§) is not necessarily valid, one can
proceed as follows: in view of ([[.1() and ([.T]) there exist positive constants
dy, p such that ug(z) > a + p if d(z,0Q) < d;. Let x be a smooth cut-off
function defined on [0,400) such that 0 < x < 1, x(0) = x/(0) = 0 and
X(z) =1 for z > d;. Then we define

ug (z) = x(d(z,00)) uo(z) + [1 — x(d(z,09))] Iarcleaf}; up(x
ugy (x) = x(d(z,00)) up(x) + [1 — x(d(z,00))](a + p).

Clearly, uy; < ug < ug, and both ug and ug satisfy (B.1§). Now we set
t
wE(z,t) = Y(—2, ug () + EQCG(e“t/€2 - 1))
€

Then the same argument as in Lemma B.§ shows that (w;, @) is a pair of
sub- and super—solutions for problem (P¢). Furthermore, since w; (z,0) =
ug (r) < up(x) < uf (r) = wS (z,0), the comparison principle asserts that

W (z,t) <uf(z,t) <wf(z,t) forzeQ, 0<t<pu'e?lne. (3.21)

3.3 Proof of Theorem B.]]

In order to prove Theorem B.1] we first present basic estimates of the function
Y after a time of order 7 ~ |Ineg|.

Lemma 3.9. Let n € (0,19) be arbitrary; there exist positive constants eg
and C7 such that, for all € € (0,eq),
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(i) for all £ € (—2Cy,2C)),

a- —n <Y (p el ) < ay +; (3.22)

(i) for all & € (—2C,2Cy) such that |€ — a| > Cre, we have that

if €>a+Cre then Y(u Y Inel, &) > ay —1n, (3.23)
if €<a—Cre then Y(u YInel,€) <a_+1. (3.24)

Proof. We first prove (B.23). For ¢ > a + Cye, as long as Y (7,£) has not
reached a — 7, we can use (B.14) to deduce that

Y(r,€) =a+Crem (€ —a)
>a+ C1C7ete
2 o =1,
provided that 7 satisfies

oy —a—n

>7 =4 'n
T=T H C1Cre

Choosing
Cn = max(a — (LC,,IOUF —a)— 77,

we see that p~!|Ine| > 7¢, which completes the proof of (B-23). Using
(B-13), one easily proves (B.24).

Next we prove (B:29). First, in view of the profile of f, if we leave from a
€ € l[a—n, a4 +n| then Y (7, ) will remain in [a— —n, ay +n]. Now suppose
that oy +7 < € < 2Cy. We check below that Y (= !|Ing|,€) < oy +1n. First,
in view of ([L.1)), we can find p > 0 such that

it ap <u<20) then  f(u) < p(ay —u)

<
- 3.25
if —2C)<u<a_ then f(u)>—plu—a_). (8.25)

We then use the ordinary differential equation to obtain, as long as a +n <
Y < 2C), the inequality Y, < p(as —Y). It follows that

Y,
Y—C!+

< —p.

Integrating this inequality from 0 to 7 leads to

Y(1,8) <oy +(§—ag)e?
<oy +(2C) — aq)e P,
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One easily checks that, for e € (0,g¢), with g9 = £9(n) small enough, we
have Y (u~!Ine|, &) < oy + n, which completes the proof of (B.29). O

We are now ready to prove Theorem B.1 By setting t = p~1e?|Ing| in
(B.21)), we obtain
Y(/fl] Inel, ug (x) — (Cee — 0682))
<wuf(z,pte? nel) <Y (p HInel,uf () + Coe — Coe?).  (3.26)
Furthermore, by the definition of Cy in ([.g), we have, for ¢y small enough,

—2Cy < uF () £ (Coe — Coe?) < 20, for z € Q.

Thus the assertion (B.2) of Theorem is a direct consequence of (B.29)

and (B20).
Next we prove (B.3). We choose My large enough so that Mye — Cge +
Cse? > Cre. Then, for any z € Q such that ug () > a + Moe, we have

ug () — (Cee — Cse?) > a + Mye — Cge + Cge® > a + Cre.

Combining this, (B-2) and (B-23), we see that
u(z, p e Ine) > ay 1,

for any x € Q with w; () > a + Moe. From the definition of u, it is clear
that ug () > a + Moe if and only if ug(z) > a + Moe, provided that ¢ is
small enough. This proves (B.3). The inequality (B:4) can be shown the
same way. This completes the proof of Theorem B.1] O

3.4 Optimality of the generation time

To conclude this section we show that the generation time t° := p=1e?|Ine|
that appears in Theorem B.]| is optimal. In other words, the interface will
not be fully developed until ¢ comes close to €.

Proposition 3.10. Denote by t5,. the smallest time such that ([L.14) holds

man

forallt € [t5. . T'|. Then there exists a constant b= b(C) such that

bin > 1 €% (| Inel = b),

for all € € (0,¢0).

Proof. For simplicity, we deal with the case where (B.1§) is valid. In that
case, (B.2() holds for all small € > 0. For each b > 0, we put

{5(b) == i 'eX(| Ine| — b),
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and evaluate uf(x,t°(b)) at a point z € Qf where dist(z,To) = Ce. Since
ug = a on Ty and since |Vug| < Cy by ([L.g), we have

up(x) < a+ CoCe. (3.27)
It follows from this and (B.14) that
w(z,45(b) = y(ﬂ—lq Ine| — b), uo(x) + eCoe — 5206)
<a-+ C’Qe“n’f‘_b(uo(:c) +eCse™ — €2C5 — a)
< a+ Cye e (CyCe + eChe™?)
= a + Cre ?(CyC + Cge™).
Now we choose b to be sufficiently large, so that
a+ Che ’(CoC + Cse™®) < ay — .
Then the above estimate and (B.20) yield
w2, 5(6)) < wl (2, 8(8)) < oy — 1

This implies that ([.L14) does not hold at ¢ = ¢°(b), hence t*(b) < t5, . The

min®
lemma is proved. O

4 Generation of interface in the general case

In this section we extend Theorem B.1] to the case where ¢° # 0. The proof is
more technical than the case g = 0, but the underlying ideas are the same.
Hence we will basically follow the argument of Section P, simply pointing
out the main differences.

4.1 The perturbed ordinary differential equation

We first consider a slightly perturbed nonlinearity:

f5(u) = f(u) + 4,

where § is any constant. For |4| small enough, this function is still bistable.
More precisely, fs has the following properties, whose proof is omitted:

Lemma 4.1. Let §y be small enough. Then for any § € (—do, o),

(i) f5 has exactly three zeros, namely a_(§) < a(d) < ay(d), and there
exists a positive constant C' such that

la-(8) — a| +|a(d) — a| + oy (6) — ay | < I8l (4.1)
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(ii) We have

fs>0 in (=00,a_(8)) U (a(d),y(9)),

4.2
fs <0 in (a_(d),a(0)) U (ay(d),400). (42)

(iii) There exists a positive constant, denoted again by C, such that
u(0) — pul < €16l (4.3)

where

n(d) := f5(a(d)) = f'(a(d)).

Now for each § € (—dp,d0), we define Y (7,£;0) as the solution of the
following ordinary differential equation:

Yi(7,&0) = f5(Y(7,€0)) for7>0
Y(0,&6) =&,

where ¢ varies in (—2Cy,2Cy), with Cj being the constant defined in ([[.§).

To prove Theorem B.1, we will construct a pair of sub- and super-
solutions for (P¢) by simply replacing the function Y (7,¢) in (B.I9) by
Y (1,£;6), with an appropriate choice of §. For this strategy to work, we
have to check that the basic properties of Y (7,&) in Subsection B.1] carry
over to Y(7,&;0).

First, it is clear that all the differential and integral identities in Subsec-
tion B.J] that follow directly from (B-) are still valid for (.4). In particular,
Lemmas B.9 and B.d remain to hold if we replace Y (7,¢) by Y (7,£;6), f by
fs and A(7,€) by A(T,&;6), where

i ) = BCED 10

Next let us show that the basic estimates which we have established in
Subsection B.1 are also valid for Y (7,&;d). The following lemma, which is
an analogue of Lemma B.4, is fundamental.

(4.4)

Lemma 4.2. Letn € (0, 770) be arbitrary. Then there exist positive constants
do = do(n), C1 = C1(n), C2 = Ca(n) and C3 = Cs(n) such that, for any
o€ [—50,50],

(i) if € € (a(d), ar —n) then, for every T > 0 such that Y (7,§;9) remains
in the interval (a(9), ay — 1), we have

CretOT < Ye(1,860) < Toelt T, (4.5)

A(7,6;6)| < Gy —1); (4.6)
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(ii) the same estimates as above hold if the interval (a(d), ay —m) is re-
placed by (a— +n, a(d)) .

Proof. In view of (1)), we can choose a small constant dy = &y(n) > 0
such that (a(d),a+ —n) C (a(d), a4 (0)), for every & € [—dp, dg]. Therefore
fs(q) does not change sign in the interval (a(d),ay — n). Thus, in order
to prove the lemma, we just have to write again the proof of Lemma .4,
simply replacing Y (7,£) by Y (7,£;0). We do not repeat the entire proof
here. Instead, let us explain why C1, Cy and C5 can be chosen independent
of §. In view of the proof of Lemma B.4, it is sufficient to estimate, for
q € (a(d), ay — n], the modulus of the quantity

f'(q) = f'(a(9))
fs(q)

by a constant depending on 7, but not on § € [—dp, dg]. Since

f5(a(0)) _ f"(a(9))
— 7 — 7

f5(a(d)) — f'(a(9))
we see that the function (g,0) — hs(q) is continuous in the compact region

{19] < dg, a(d) < q < a;y —n}. It follows that |hs(q)| is bounded as (g, 9)
varies in this region. This completes the proof of Lemma [£.3. O

hs(q) =

hs(q)

as q — a(d),

Corollary 4.3. Let n € (0,m9) be arbitrary. Then there exist positive
constants 09 = oo(n), C1 = C1(n) and Co = Co(n) such that, for any
6 € [—do, do],
(i) if & € (a(0), ay —n) then, for every 7 > 0 such that Y (7,§;9) remains
in the interval (a(d), ay —n), we have

Cre 07 (€ — a(8)) S Y(7,6:68) — a(6) < CoeP7(€ —a(9));  (4.7)

(i) if &€ € (a— +mn,a(d)) then, for every T > 0 such that Y (7,&; ) remains
in the interval (a— +n,a(d)), we have

CoetOT (& —a(0)) <Y (7,606) — a(d) < C1et D7 (¢ —a(d)).  (4.8)

Proof. We can simply follow the proof of Corollary B.§. In order to prove
that C7 and Cy are independent of 4, all we have to do is to find constants
By = Bi(n) > 0 and By = Bs(n) > 0 such that, for all § € [—dp, dp] and all

q € (a(9), ey =),

Bi(g = a(9)) < f5(q) < Ba(g — a(9)). (4.9)
This can be easily done, since (q,d) — fs5(q)/(q — a()) is a positive contin-
uous function on the compact region { |0| < dy, a(d) < ¢ < ay —n}. O

Now, it is no trouble to establish an analogue of Lemmas B.§ and B.j
with constants independent of . We claim, without proof, that:
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Lemma 4.4. Let n € (0,1m9) and M > 0 be arbitrary. Then there exist
positive constants 69 = do(n, M) and Cy = Cy(n, M) such that, for any
o€ [—50,50],

(i) if € € [ay — a4 + M|, then, for all T > 0, Y (7,£;0) remains in the
interval [ay —n, aq + M] and

|A(T,&;0)| < Cyr for 7> 0; (4.10)
(ii) if € € [a— — M, — + 1], then, for all T > 0, Y(7,£;6) remains in the
interval [o— — M,a_ +n] and (E1Q) holds.

Lemma 4.5. Let n € (0,10) be arbitrary and let Cy be the constant defined
in ([[.§). Then there exist positive constants 5o = do(n), Cs = Cs(n) such
that, for all § € [—dy, o], for all T >0 and all § € (—2Cy,2CY),

|A(7, & 0)| < Cs(eHO7 —1).

4.2 Construction of sub- and super-solutions
We now construct a pair of sub- and super-solutions by modifying the defi-
nition (B.19). We set
wt(z,t) = Y(é,uo(;ﬂ) + 2 (+eG, 5%); j:eg)
where the function 7 (9, 7) is given by
r(6,7) = Co(e"®7 — 1),
and the constant G is chosen such that, for all small € > 0,
lg°(x, t,u)| <G for (x,t,u) € Q x[0,T] x R,
which, in view of ([L.), is clearly possible.

Lemma 4.6. There exist positive constants €9 and Cg such that for all
e € (0,e0), (wo,wl) is a pair of sub- and super-solutions for problem (P¥¢),
in the domain Q x [0, u~'e?|In¢l], satisfying wZ (z,0) = wt (z,0) = ug(z).

Proof. First, the same cut-off argument as in Subsection 3.2 enables us

to assume (B.1§) for simplicity. Hence wZ satisfy the Neumann boundary
conditions. We define an operator £ by

Lu = uy — Au — 572(.]0(“) - ge(x,t,u)),

and prove below that Lw} > 0 by slightly modifying the argument which
we have used to prove LowZ? > 0 in Section B. A straightforward calculation
yields

1 t Y,
Lwl = = [YT—f(Y)+eg€(x,t,Y)] +Ye [Cﬁu(sg)e“(eg)f2 —Auo—yijwuoﬁ]-
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If ¢ is sufficiently small, we note that £eG € (—dp,dp) and that, in the
range 0 < t < p~'e?|In¢|,

‘8206(eu(i€g)t/52 —1)|< 5206(&.7#&59)/“ —1) < Cy,
which implies that
wo () + 2 (+<G, Eiz) € (=2Cy, 2C0).
These observations allow us to use the results of the previous subsection with
the choices 7 := t/e2, € := ug(z) + ?r(eG,t/e?) and 6 := £G. In particular,

the ordinary differential equation ([.4) yields Y; = f(Y)+ G, which implies
that

1 Y.
Cut = 1[0+ 0,03 + Y [Conte0)e e — g - JE o]

By the choice of G the first term of the right-hand side member is positive.
Using the estimate of A = Y¢¢/Ye in Lemma [, we obtain, for a constant
(5 that is independent of ¢,

Lut > Ve | Copl(eG)e = — | Aug| — Cs(erDV=" 1) Tuy 2]

> Ye[(CopleG) — Cs[Vuo e =" — | Aug| + Cs[Tuo ?).

In view of (), this inequality implies that, for € € (0,&q), with &g small
enough, and for Cg large enough,

Lwt > [Cﬁéu — 0502 — CO] > 0.

This completes the proof of the lemma. O

Hence, as in Section f], the comparison principle can be applied to deduce

wo (z,t) <uf(z,t) <wl(z,t) forzeQ, 0<t<p e lne. (4.11)

4.3 Proof of Theorem B.1] for the general case

As in Subsection 3.3, we first present a key estimate of the function Y after
a time interval of order 7 ~ |Ine|. Roughly speaking, a perturbation § of
order ¢ does not affect the result of Lemma B.9.

Lemma 4.7. Letn € (0,19) be arbitrary. Then there exist positive constants
eo and Cr7 such that, for all e € (0,¢eq),
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(i) for all £ € (—2Cy,2C)),

am —n <Y (u | Inel, & +eG) < ap 4, (4.12)

(i) for all & € (—2Cy,2Ch) such that |€ — a| > Cre, we have that

if €>a+4Cre then Y(u YIne|,&+eG) > ay —1n, (4.13)
if €<a—Cre then Y(p Ylne|,&+eG) <a_ +n. (4.14)

Proof. In the sequel, by ¢ we always mean ¢ € (0,e¢), with g9 = go(n)
small enough. In view of ([L1)), we have, for C7 large enough, a + Cre >
a(+eG) + %076. Hence for £ > a + Cre, as long as Y (7,§; £¢G) has not
reached oy — 7, we can use ([7) to deduce, as in Section [}, that ({13) is
valid provided that

T > 1 In mo —n + CGe

I E=4 %016’75

= e)|Ing,

where mo = max(a — a_,a; —a). To complete the proof of (f:13) we must
choose C7 so that g~ !|Ing|—p~1(e)|Ing| > 0. A simple computation shows
that

— 1
E=an nEG) 100

pne] - (@) Ine| =
The first term, thanks to ([.d), is of order €| In ¢|. Hence, for C7 large enough,
the upper quantity can be made positive for all e. The proof of (§.14) is
similar and omitted.

Next we prove (4.12). First, we can assume that the stable zeros of
fteg, a—(£eG) and a4 (+eG), are in [a— — 1, a4 +1n]. Hence, in view of the
profile of fi.g, if we leave from a € [a— — n, a4 + 1| then Y (7,&; ££G)
will remain in [a— — 7, a; + n]. Now suppose that ay +1n < & < 2C). We
check below that Y (u~!|Ine|,&;+eG) < ay +7. As in Section fl, as long as
ay +1n <Y <20, (B:2]) leads to the inequality Y, < p(ay —Y) +¢eG. It

follows that
Y,

Y—C!+

< -p+ Eg,
n
which implies, by integration from 0 to 7, that
ey
Y (1,8 +eG) < ay + (2C — Oz+)e( pte) .

One easily checks that, for €, we have Y (u~!|In¢|, & £eG) < oy + 7, which
completes the proof of ([.19). O
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We are now ready to prove Theorem B.1] in the general case. By setting

t=p'e?|Ine| in (L), we get

Y</~6_1! Inel,up(z) — *r(—eG, u Ine|); _€g>

<uf(x, p % Ingl) < Y(,u*1| Inel,ug(x) + e%r(eG, p~tInel); +eg>.

(4.15)
The point will be that, in view of ({.J),
— u(x
lim 22D g, (4.16)
e—0 )2

It follows that
1 3
e?r(xeG, ! Inel) = Coe(eWHEN/M _¢) ¢ (5C%6e, 5C62)-

Hence, as in Section ], the result (B.9) of Theorem B.1]is a direct consequence

of (.12 and (E.17).
Next we prove (B.J). We take z € Q such that ug(z) > a + Moe; then

ug(z) — 62r(—6g,p—1(5)| Inel) >a+ My — 3065

> a+ Cre,
if we choose My large enough. Using (f.15) and ([.13) we obtain (B.J) which
completes the proof of Theorem B.1. O

5 Motion of interface

In Sections ] and [, we have proved that the solution u° develops a clear
transition layer within a very short time. The aim of the present section is
to show that, once such a clear transition layer is formed, it persists for the
rest of time and that its law of motion is well approximated by the interface
equation (P?).

Let us formulate the above assertion more clearly. By taking the first
two terms of the formal asymptotic expansion (R.3), we get a formal approx-
imation of a solution up to order ¢:

W (1) ~ @ (1) = U0<d(i’t)) + el (x,t, g(i’t)). (5.1)

Here Uy, U; are as defined in (P-§) and (R.1§). The right-hand side has a
clear transition layer which lies exactly on I't. Our goal is to show that this
function is a good approximation of a real solution; more precisely:

If u® becomes close to u° at some t = tg, then it stays close to
u® for the rest of time. Consequently, I'; evolves roughly like I';.
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In order to prove this assertion, we will construct a pair of sub- and
super-solutions uZ and uZ for problem (P¢) by slightly modifying the above
function @f. It then follows that, if the solution u® satisfies

uz (z,t0) < u(x,to) < ul (x,to),
for some tg > 0, then
uZ (z,t) < us(x,t) < ul(z,t),

for tg <t < T, which implies that the solution u® stays close to u°.
The rest of this section is devoted to the construction of these sub- and
super-solutions. We begin with some preparations.

5.1 A modified signed distance function

For our later analysis, it is convenient to introduce a “cut-off signed distance
function” d, which is defined as follows. First, choose dp > 0 small enough so
that the signed distance function d defined in (P.1) is smooth in the following
tubular neighborhood of I':

{(z,1) € Qr, |d(2,1)] < 3do},

and that
dist(I'y,00) > 3dy  for all ¢t € [0,T]. (5.2)

Next let ((s) be a smooth increasing function on R such that
s if |s| <dp
C(s)=«¢ —2dy if s < —2dy
2d0 if s > Qdo.

We then define the cut-off signed distance function d by

d(z,t) = ¢(d(z,1)). (5.3)

Note that |Vd| = 1 in the region {(x,t) € Qr, |d(z,t)| < do} and that, in
view of (b.2), Vd = 0 in a neighborhood of 992. Note also that the equation
of motion (P?), which is equivalent to (P.1J), is now written as

dy = Ad —y(z,t) on Ty, (5.4)

(]

where y(x,t) is the function defined in (R.14).
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5.2 Construction of sub- and super-solutions

As we stated earlier, we now construct sub- and super-solutions by modifying
the function @° in (p.1). Concerning the second term Uy, which is defined
in (), the terms AU; and Uy, do not make sense as we only assume
that g(-,-,u) € CH5" I order to cope with this lack of smoothness, we
replace U; by a smooth function Uj, which is defined by

{ UlEZZ + f,(UO(Z))Ul6 = ge(x’ t UO(Z)) - WE(x’ t)UOI(Z)? (5 5)
Us(x,t,0) =0, Us(z,t,-) € L(R), '
where

¥ (x,t) = co(G*(z,t, a0y ) — G (2, t, ), (5.6)

with G*(z,t,s) = [ g°(x,t,r)dr. Thus Uf(z,t,z) is a solution of (R.9) with

A= Af(z,t,2) := g°(z,t,Up(2)) — ¥ (z,)Uo'(2), (5.7)

where the variables x,t,e are considered parameters. Using ([.J) and the
same arguments as in the end of Section [l, we obtain estimates analogous
to (B.1§) and (P.19), with a constant M independent of &:

|Ui (z,t,2)| < M, |V,Ui(x,t,z)| <M. (5.8)

Moreover, g° being C? in z and C! in t, A,Uf and U, are solutions of 9
with A = A, A§ and A = A, respectively. Thus, in view of (.J), we obtain
’AJCUf(xvt? Z)‘ < C/é‘, ‘Ulet(x7t7 Z)’ < 0/87 (5'9)

with some constant C' independent of e. Similarly, ([.) and Lemma .3 yield
estimates analogous to (2.23) and (R.24) for U$, with C' and M independent
of e:

US, (2,8, 2)| + |US,. (2, ¢, 2)| < Ce A, (5.10)

IVLUS, (2,1, 2)] < M. (5.11)

In the rest of this section, C' and M will stand for the constants that ap-
pear in inequalities (f-§)—(p-11)). Note also that ([.7) implies the Neumann
boundary conditions (R.26)) for Us.

We look for a pair of sub- and super-solutions uX for (P¢) of the form

wE(z,t) = Uy (w) +eUs (m t, w) +q(t), (5.12)

€

where )
p(t) = —e P e 4 K,

q(t) = J(ﬂe_ﬁt/e2 + e?Lelt).
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Note that ¢ = ge? py. It is clear from the definition of uF that

« for all (z,t) € QF
i(:ﬂ,t):{ + ( ) QT

lim u
: a_  for all (z,t) € Q.

E—

(5.13)

The main result of this section is the following:

Lemma 5.1. Choose 3, o > 0 appropriately. Then for any K > 1, there ex-

ist constants g9, L > 0 such that, for any e € (0,g0), the functions (uZ,ul)

are a pair of sub- and super-solutions for (P€) in the domain Q x [0,T).
5.3 Proof of lemma [.1|
By virtue of (2.2¢) and the fact that Vd = 0 near 92, we have

our
v

=0 on 0 x [0,T].
What we have to show is

1
ﬁu;_ = (u;_)t - Au: - E_Q(f(u;_) - €g€(x7t7u:)) > 07

and that LuZ < 0. We will prove only the former inequality for u}, since
the latter follows by the same argument.

5.3.1 Computation of Lul

Straightforward computations yield
+ / dy € €
(u)e = Uo'(— +pe) + eUfy + UL (di + epe) + @

vd
Vut = Up'— + VUi + Uf,Vd

A Ad d?
Aug_ _ UO/I ‘v ‘ + UO/? + 6AU§ + 2VU{:Z -Vd+ Ulszz ’v ’

= + U, Ad,

€
where the function Uy, as well as its derivatives, are evaluated at z =
(d(z,t) + ep(t)) /e, whereas the function Uf, as well as its derivatives, are

evaluated at (x,t, (d(z,t) + ap(t))/a). Note that V and A stand for V,
and A, respectively. We also have

F(ut) = F(U0) + (€UF + )f (Uo) + 5(UF + )2 f"(6)
g(xv t, u;r) = g(x, t, UO) + (gUIE + q)gu(xv t7w)7
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where 6(x,t) and w(z,t) are some functions satisfying Uy < 0 < ut, Uy <
w < utf. Writing ¢° = g + ¢° — g and combining the above expressions with

(BH) and (F.5), we obtain
Luf = Ey+ -+ B,
where:
1 / 1 " /
By =-734 (f (Uo) + 5af (9)> +Udpe +

UO/I ngz
B = (G )0 v

Uy

By = (< + UL ) (d = Ad +9)

1
Ey=cUi,pt + gq (gu(xataw) - Uff”(e))

1
By = =y UL, = 5 (UD)*f"(0) + Ui gu(a, t,w) = 2VUE, - Vd

Eg = cUj, — eAUT
1

T e (3 — ) U

1
(ge - g)(x7t7 UO) + g

Br -
€

(ge - g)(x,t,ugL)

Before starting to estimate each of the above terms, let us present some
useful inequalities. First, by assumption ([[.1]), there exist positive constants
b, m such that

f'(Uo(2) < —m if Up(z) € [a—, a— +b] U [ag — b, ay]. (5.14)

On the other hand, since the region {z € R|Uy(z) € [a— + b, ay —b] } is
compact and since Uy’ > 0 on R, there exists a constant a; > 0 such that

U (2) > ay it Up(z) € [a— + b, oy — . (5.15)

We set
=, (5.16)

and choose o that satisfies

0 < o < min (09,01, 09), (5.17)
where
aq 1 4ﬁ
0gi=——, 0] =——, Ogi= ——0\
TR VT B+ P R(B+))
Fr = | f'll Lo (o ap) Fy = | f" |l Loo (o —2,04 +2)-



Combining (p.14) and (f.17), and considering that o < o, we obtain
Uy(z) — o f'(Up(2)) > om for —oo0 <z < 0. (5.18)

Now let K > 1 be arbitrary. In what follows we will show that Lul > 0
provided that the constants €y and L are appropriately chosen. We recall
that a_ < Uy < a. We go on under the following assumption

oM <1, LT < 1. (5.19)

Then, given any € € (0,e9), we have ¢|Uf(z,t,2)| < 1 and, since o < o7,
0 <g¢(t) <1, so that

a_ —2<ul(z,t) <ay+2. (5.20)

5.3.2 The term FE;

Direct computation gives

E, = % e PV (I — oB) + Le™ (I + 20 L),
g

where )
o

[=Uj~of (h) - 5 F1(0)(Be P 4 2 Lel).

In virtue of (§.1§) and (f.20), we have

2
I>om-— %Fg(ﬁ + &2 LelT).

Combining this, (5.19) and the inequality o < o9, we obtain I > 200.
Consequently, we have

2
E > %e_ﬁt/g + 203Le™.
€

5.3.3 The term FE,

First, in the region where |d| < dy, we have |Vd| = 1, hence Es = 0. Next
we consider the region where |d| > dy. We deduce from Lemma R.1 and from

(EI0) that :
| E| < C(i2 4+ Lyedlatenl/e < %eﬂ(do/e—\pn,
- e

€ €
We remark that 0 < K —1 < p < T + K. Consequently, if we assume
do

LT
K< 2 5.21
e+ K< (5.21)

d d
then — — Ip| > 2 5o that
€ 2e

32C
(6)\d0)2 '

3
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5.3.4 The term Fj
By (b.4) and (R.16), we have
(dt—Ad—F’)’)(l’,t):o on Ft:{x€Q7 d(mat)zo}

9
Since 1 is of class C' L+, 5% by virtue of ([LH), we see that the interface T is

9
of class O3+%%5"  Therefore both Ad and d; are Lipschitz continuous near

I';. It follows that there exists a constant N > 0 such that:
|(d¢ — Ad + ) (z,t)| < N|d(z,t)] for all (z,t) € Q.
Applying Lemma P.1] and the estimate (5.10) we deduce that
) <avoldewe

< 2NC maxgeg |¢]e N

< 2NC max(|p|, %)
Thus, recalling that [p| < e’* + K, we obtain

|Bs| < Cs(e™ + K) + Cy',

where C5 := 2NC and C3' :=2NC/\.

5.3.5 The term E,
In view of ([.4) and (f.10), both g, and |U§,| are bounded by some constant

C. Hence, substituting the expression for p; and ¢, we obtain
1
|Ey| < (Z’;;(—Be*ﬁt/":2 + aLeLt),
€
where Cy := C + o(C + M F).

5.3.6 The term FEj

In view of (R-16), the term |v| is bounded by co(ay — a—)C on Q x [0, 7.
Using ([L4) and (b.11)), we easily obtain |E5| < C5, where C5 depends only
on C, M, F.

5.3.7 The term Ej
We use (b.9) to deduce that |Eg| < 2C =: Cs.
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5.3.8 Finally the term FE-,

We recall that |¢g° — g| < Ce so that |y —v| < ¢o(ay — a—)Ce. It then
follows that
|E7| < 2C + CC()(Oé+ - Oé,) = C7.

5.3.9 Completion of the proof

Collecting all these estimates gives

o Cif

e ; )e PUE 4 (20BL — Cy — eCyL)e™ — Cs,  (5.22)

Lul > (

where Cg := Cy + KC5 + C3' 4+ C5 + Cg + C7. Now we set
1 d

L= -2
T "4z,

which, for gy small enough, validates assumptions (p.19) and (.21)). For
g small enough, the first term of the right-hand side of (5.22) is positive,
hence

1
Lu} > [opL — Calelt — Cg > §UﬁL - Cs > 0.

The proof of Lemma [p.]] is now complete, with the choice of the constants

B,0 as in (b.16), (5.17). O

6 Proof of the main results

6.1 Proof of Theorem [I.3

Let n € (0,70) be arbitrary. Choose 3 and ¢ that satisfy (5.16), (5.17) and

0B < g (6.1)
By Theorem B.1, there exist positive constants eg and My such that (B.9),
(B-3) and (B4) hold with the constant 7 replaced by o/3/2. Since Vug - n #
0 everywhere on I'g = {z € Q, wug(xr) = a} and since I'y is a compact
hypersurface, we can find a positive constant M7 such that

if do(x)> Mpe  then wug(z)>a+ Moe

6.2
if do(x) < —Me then wup(z)<a— Mpe. (6.2)

Here dy(z) := d(z,0) denotes the signed distance function associated with
the hypersurface I'g. Now we define functions H*(z), H™ (z) by

[ ay+08/2 if do(x) > —Me
H*(z) = { O: +03/2 if do(x) < —Mie,
[ ap—oB)2 if do(x) > Me
H™(z) _{ ai——aﬁ/Q if do(x) < Me
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Then from the above observation we see that
H (z) < u(z,p *e?|lne|) < H(2) for = € Q. (6.3)

Next we fix a sufficiently large constant K > 0 such that

Uo(—M1 + K) > oy — ? and UO(Ml — K) <a_+ ? (6.4)

For this K, we choose ¢y and L as in Lemma f.1 We claim that
uZ (2,0) < H (z), H(x) <ul(x,0) for z € Q. (6.5)

We only prove the former inequality, as the proof of the latter is virtually
the same. Then it amounts to showing that

u_ (x,0) = Uo(@ — K) +eU;i (z,0, doizc)

—K)—o(B+¢e’L) < H (z).

(6.6)
By (b.8) we have |U| < M. Therefore, by choosing ¢ small enough so that
eoM < 03/6, we see that

do()
g

uz (2,0) < Up( — K)+eM —o(B+e°L)

IN

do(z)

U ( ~K) - %aﬁ.

In the range where dy(x) < Mie, the second inequality in (p.4) and the fact
that Up is an increasing function imply

do()
g

—K)—%Uﬁ < oa_—? = H (z).

Uo (

On the other hand, in the range where dy(z) > Mje, we have

do(7)
g

This proves (B.6)), hence (B.H) is established.
Combining (p.J) and (p.5), we obtain

Uo(

—K)—%aﬁ < a+—gaﬁ < H (x).

uZ (z,0) < uf(z, p1e?|Ine|) < ul(z,0).

Since u_ and ul" are sub- and super-solutions of (P¢) thanks to Lemma[5]],
the comparison principle yields

uZ (z,t) < u(z,t +1°) <ul(w,t) for0<t < T —1t°, (6.7)

where t* = 12| Ine|. Note that, in view of (f.13J), this is enough to prove
Corollary [.4. Now let C be a positive constant such that

Up(C — e —K) > ay — g and  Up(—C+eT + K)<a_ + g (6.8)
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One then easily checks, using (f.7) and (f.1), that, for g small enough, for
0<t<T-—1% we have

if d(z,t)> Ce  then u(z,t+1t°)>ay—n (6.9)
if d(z,t) < —-Ce then u(z,t+1°)<a_+n, '
and
ut(x, t+1%) € [a —n, o0 + 1),
which completes the proof of Theorem [[.3. O

6.2 Proof of Theorem [.§

In the case where ,u*152\ Ineg| <t < T, the assertion of the theorem is a
direct consequence of Theorem [[.3. Thus, all we have to consider is the case
where 0 < t < p~'e?[Ine|. We first need the following lemma concerning
Y, the solution of the perturbed ordinary differential equation ([.4)).

Lemma 6.1. There exists a constant Cg > 0 such that

if &€>a+Cge then Y(1,&4eG) >a for 0<7<pu Ynel,
if ¢€<a—Cge then Y(1,&4eG) <a for 0<7<pu Ylnel
(6.10)

Proof. We only prove the first inequality. In view of estimates ({.7) and
(E.1)), we obtain, for &€ > a + Cse,

V(1,6 +eG) > a(£eG) + C1etF9)7 (0 + Cge — a(+eG))
> a— CGe + C1(—CGe + Cse)
>a+¢e(CiCs—CG(C + 1))
> a,
if we choose Cy large enough, 0

Now we turn to the proof of Theorem [L.J. We first claim that there
exists a positive constant My such that for all ¢ € [0, u~'e?|Ine]],

% € Nape(To). (6.11)

To see this, we choose My large enough, so that My > Cg + 2Cs holds in
addition to (B.2), (B.3J) and (B-4). We then choose My > Mj, where M; is
as defined in (.9). In view of this last condition, we see that if gy is small
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enough and if do(x) > Mae, then for 0 <t < p~1e?|Ine|,

up(x) — 82r(—5g, 8%) > a+ Mye — £2C; [eu(fG)\lnE\/u _ 1]
> a+e[My — CoehHEI/1 4 (]
> a+e(Mp — 2Cs) ( « thanks to ([.16) )

> a+Cg€.

This inequality and Lemma [.]] imply w_ (z,t) > a, where w is the sub-
solution defined in (B.19). Consequently, by (B.20),

u(z,t) > a if do(x) > Mae.

In the case where dyg(x) < —Mase, similar arguments lead to u®(x,t) < a.
This completes the proof of (p.11)). Note that we have proved that, for all
0<t<pu'e?lnel,

uf(z,t) >a if z€Qf \ Npe(To),

6.12
uf(z,t) <a if € Qy \ Nape(To). (6.12)

Since I'; depends on ¢ smoothly, there is a constant C' > 0 such that, for all
t€[0,u~ e Inel],

FO CN@52\1n6|(Ft)’ (6.13)
and
QF \ N (Te) € Qf \ Nagpe(To), (6.14)
Q7 \Ne () € Q \ Nagye(To).
As a consequence of (p.11) and (p.19) we get
Ff - NM2€+é€2| Ing| (Ft) - NCE(Ft)’
which completes the proof of Theorem [L.3. O

Proof of Corollary [I.6. In view of Theorem and the definition of the
Hausdorff distance, to prove this corollary we only need to show that

Ft C NC’E(Fi) for 0 S t S jﬂ7 (615)

for some constant ¢’ > 0. To that purpose let C’ be a constant satisfying
C’ > max(C, C), where C is as in Theorem [L.J and C as in (6.14). Choose
t € [0,T] and zy € Ty arbitrarily and, n being the Euclidian normal vector
exterior to I'y at point x(, define a pair of points:

2t =290+ C'en and z~ :=z9— C'en.
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Since C’ > C and since the curvature of I'; is uniformly bounded as ¢ varies
over [0,77], we see that

zT € QP \ Nee(Ty) and 27 € Q7 \ Nee(Ty),

if ¢ is sufficiently small. Therefore, if ¢ € [z~ 'e?|In¢l, T], then, by Theorem
.3, we have

ut(z7,t) <a<u(at,t). (6.16)
On the other hand, if t € [0, *e?|Ineg], then from (b.19), (b.14) and the
fact that C’ > C, we again obtain (f.16). Thus (p.1G) holds for all ¢ € [0, T].
Now, by the mean value theorem, we see that for each ¢ € [0, 7] there exists
a point z1 on the line segment [z, 2] such that u®(x1,t) = a. This implies
x1 € T§. Furthermore we have d(xg,z1) < C’e, since z7 lies on the line
segment [z, zT]. This proves (6.15). O

7 Application to reaction-diffusion systems

In this section we discuss the singular limit of the reaction-diffusion system
(RD*?) and prove Theorems [[.11], and their corollaries. Our strategy is
to regard the first equation of (RD¥®) as a perturbed Allen-Cahn equation
and apply what we have already proved for this equation.

7.1 Preliminaries: global existence

Before studying the singular limit of (RD?), we first show that the solution
of this system exists globally for ¢ > 0, provided that ¢ is sufficiently small.
Recall that the system (RD°®) is written in the form

up = Au+ %2 (f(u) + ¢ fi(u,v) + 0(52)),
vy = DAv + h(u,v),

where h(u,v) satisfies the hypothesis (H). The standard parabolic theory
guarantees the existence of local solutions for (RD¢). In order to prove that
the solution exists globally for ¢ > 0, it suffices to show that the solution
remains uniformly bounded. This will be done by using the well-known
method of invariant rectangles.

Given arbitrary ug, vg € C(Q), we choose a constant L > 0 such that

f(=L) > 0> f(L), —L<up(z) <L for zeQ. (7.1)

Such a constant L exists since f(u) > 0 for u < a_ and f(u) < 0 for u > o.
By hypothesis (H), we can choose a constant M satisfying

My > |lvol[ Lo ()
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along with the condition ([.1§), namely
h(u,—My) > 0 > h(u, M) for |u| < L. (7.2)
Now we consider the rectangle
R = { (u,v) € R? |lul < L, [v| < My}
It follows from ([7.]) that, for all sufficiently small & > 0,
fe(=L,v) > 0> f5(L,v) for |v| < M. (7.3)

The inequalities (7.9) and ([.J) imply that the rectangle R is a positively
invariant region for the system of ordinary differential equations

1
Ut = 8—2f6(u,’0),

UVt = h(uv U)a

since the vector field (62 f%(u,v), h(u,v)) points inwards everywhere on the
boundary of R. The maximum principle then implies that R is also posi-
tively invariant for the system (RD°®). Consequently, since (ug(z),vo(z)) €
R for x € Q, we have

(u(z,t),v(x,t)) € R for x €Q, t>0,

so long as the solution is defined. This uniform bound then implies that the
solution exists globally for ¢ > 0.

In the case of equations for which only nonnegative solutions are to be
considered (see Remark [.g), we can argue just similarly, by replacing R by
the rectangle Ry = {(u,v) |0 < u < L,0 < v < M;}. Summarizing, we
have proved the following proposition:

Proposition 7.1. Let (ug,vg) € C(2) x C(Q2). In the case where the condi-
tions of Remark [[. apply, assume further that ug,vy > 0. Then there exists
g0 > 0 such that for any e € (0,2¢), the solution of (RD®) exists globally for
t > 0 and is uniformly bounded.

Remark 7.2. For the details of the method of invariant rectangles, we refer
the reader to the book [R§, Chapter 14, Corollary 14.8]. See also [[2] and
0. It should be noted that [PJ] makes a much earlier study of invariant
rectangles for a finite-difference scheme for reaction diffusion systems.
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7.2 Proof of the main results

Now we turn to the reaction-diffusion system (RD¢) and explain our strategy
for proving Theorems [[.11], and their corollaries.

In what follows, we fix the initial data (ug, v9) and denote by (u®, v¢)
the solution of the system (RD¢®). The solution of the associated moving
boundary problem (RD) will be denoted by (T, 7).

Given a function v(x,t) on © x [0, 4+00), we set

ge[v](x7t7u) = —fl(u,v(x,?) - 5f2€(u,v(x,t)), (7.4)

glol(e,t,u) = —fi(u, v(z, 1))

where f1, f§ are as in ([.L17). The first equation of (RD¢) is then written
in the form

up = Au + eiz(f(u) —eg°[v](z, t,u)), (7.5)

so that u®(x,t) is the solution of (P¢) with the choice of the perturbation
term ¢°(z,t,u) = ¢°[v°](x,t,u). On the other hand, the equation of surface
motion in the limit problem (RD?) is written in the form

Vi=—(N-1)kr+co /a+ g[o](z,t,r)dr on T, (7.6)

so that I is the solution of (P?) with the choice g(z,t,u) = g[?](x,t,u).

Thus Theorems [.11], and their corollaries will follow from what we
have shown for the single equation (P¢). In order for Theorems [L.J and [.§
for (P¢) to be applicable to the present reaction-diffusion system (RD?), all
we have to do is to verify the conditions ([L.3) to ([L.g). More precisely, we
have to show that, for all small € > 0,

AL V] (x, t,u)| < Ce ' and |0 g [v°](x, t,u)| < Ce 1,
0w g°[v¥] (2, t,u)| < C,
£ £ ..
1971671 0l 242 g ) <

|67 (0] (2, £, w) — g[0](z, 8, )| < Ce.

9

Since g[v], ¢°[v] are defined by ([.4) and since fi, f5 are smooth, it suffices
to prove the following estimates for some C' > 0 and for all small € > 0:

A% (x,t)| < Ce™t  and  |9p0°(z,t)] < Cet, (7.7)
£

”U ”Cl-’_ﬂ’l_g_ﬂ(ﬁX[O,T}) S C7 (78)

[v°(x,t) — o(z,t)| < Ce. (7.9)
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The estimates (7.7) and ([.§) are elementary, but ([.9) requires far more
elaborate analysis. In this subsection we prove (1), (7.§) and give an
outline of the proof of ([.9). A full proof of (7.g) will be given later.

Proof of ([.§) and ([.7). Since v satisfies
v; = DAV + h(u®,0%) in Qx (0,7, (7.10)
along with the Neumann boundary conditions, it can be expressed as
vi(x,t) = I + Io, (7.11)

where

. /Q Gz, y, t)vo(y)dy,

I ::/0 /QG(:U,y,t—s)h(ue(y,s),ve(y,s))dyds,

with G(z,y,t) being the fundamental solution for equation vy = DAv under
the Neumann boundary conditions. Since h(u®,v®) is uniformly bounded,
standard estimates of G(x,y,t) imply (7.§) for any 9 € (0,1).

In the mean while, the same rescaling argument as in Remark [[.7 yields

5 —u
|| Hcﬁ’g(ﬁx[O,T]) < Ce™". (7.12)
Indeed, since Vyu, u, are bounded, where y = z/e, 7 = t/e?, we have
Veu = O(1/e), uy = O(1/£?). Consequently we have

lu(z,t) —u(z’,t")] - lu(z,t) —u(2,t)]  |u(a,t) —u(2, )]

|x_x/|19_|_|t_tl|79/2 - ’1’—.%'/’79 |t_tl|79/2
U
- lu(z, ) — (@', t)|
< ‘U(l',t) - ’LL(I'I’t)’ |£C — x/|19
/ _ 1oy 9/2
/ _ 1oy 1=19/2 ’u(x 7t) u(x it )’
+|u($,t) u(x’t)| |t_t/|79/2
_ — 9/2
< @fullz) 1 Vaul oo + (2llulloe) =272 | 722
< Ce Y.
Combining ([.13) and ([.§), we see that |h(u®,v)]| < Ce™,

c?E@x[0,1]) —
hence, by the Schauder estimate,

-
”IQ“CQ+79’1+%(§X[O,T}) < Ce "
Here the constant C' may depend on the choice of ¥ € (0,1). On the other
hand, I; is bounded in C%1(Q x [0,7]) since vy € C?(2). Combining these,
we obtain |A,v%(z,t)| = O(s~7), hence O(¢~!). Substituting this into ([-10)
yields the second inequality in (F.7). O
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Outline of the proof of (.9). We decouple the system (RD?) as follows.
As mentioned earlier, u®(x,t) is the solution of (P¢) with the choice of the
perturbation term ¢°(z,t,u) = ¢°[v°](x, t,u), that is,

u = Au + é(f(u) —eg°(z,t,u))
* $9u_y

u(z,0) = up(z).
Once the solution u® is determined, v® is the solution of the problem

vy = DAv + h(u,v)
ov

(%) EYi 0
v(e,0) = vo(),

with the choice v = u®. This means that v°(z,t) is a fixed point of the
following map ®° := ®9 0 ®7:

D5 via (x)

Do via (xx)
o° iy —— (

ut v°

where ®§ maps a function v(x,t) to the solution a®(x,t) of (x) for the choice
g (z,t,u) = g°[v](x,t,u), and P maps a function u(z,t) to the solution
v(x,t) of (%) for the choice u = a.

On the other hand, as for the limit problem (RD?), the solution o(z,t)
can be regarded as a fixed point of the map ®° := &5 0 ®Y:

DY via (xkx) Dy via (kx)

@03’[) U 67

where ® maps a function v(z,t) to the step function
in QF(T
IR Y IE)
a_ in Q7 (T[v]),

where I';[v] is the solution of the equation of surface motion
o

Vo=—(N—-1)k—cp fi(ryv(z,t))dr on I
(% % %) o

Til,_g = To,

and Q~(T') denotes the region enclosed by the hypersurface I' and QT (T")
the region between 0f) and I'.

In what follows we set

Q=0 x(0,t) for 0<t<T.
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Given §p > 0, we define tya0 = tmaz(d9) > 0 by
tmaz = max{t € [0, T], [|v° — 3| (q,) < do}- (7.13)
The key estimates for proving (7.9) are the following:

Claim 7.3. There exist constants g > 0 and C' > 0 such that, for any
t € (0, tyaz], we have

1
Vit—s
Claim 7.4. There exists a constant A > 0 such that, for any v satisfying

the estimates (7.7), (F.d) and the Neumann boundary conditions, and for
any t € (0,T], we have

t
12°(v%) — 2°(5) | () < C /0 [ = Bl m@uds.  (7.14)

| (v) — (bo(’l))”Loo(Qt) < Ae. (7.15)

The proof of these claims will be given later. For the moment, let us
simply mention that Claim [.4 can be shown by the following two-step ar-
gument: first, our results on the single equation (P¢) yields

5 (v) — P4 (v) = O(e),

in the sense that the transition layer of ®§(v) and that of ®{(v) are within
an O(e) distance; this observation and an estimate of the heat kernel yield
([13). To prove Claim [.3, we also use a similar estimate of the heat kernel,
see Lemma [I.q and Subsection [.7 for details.

Combining these estimates, we obtain, for any ¢ € (0, t42],

[0° = Bl Loy = 112°(v%) — 2%(0) |~ (o)
< [19°(v°) = @0(v%) [l Lo (@) + 19°(0°) — @0(0) | L (@)
t
1
<Ae+C ¢ — 0o (0.)ds.
< Ae + /0 m”’l) ’U”L (Qs) S

As we will see later in Lemma [7.7, this implies

[0° = 0l o) < Ack(t) (0 <t < tmaz), (7.16)
where k is the function determined by the integral equality:
-
- k
k(t)=1+C ) g, (7.17)
0 t—s

Since k(t) is bounded on any finite interval [0, 7], we obtain [V =0 oo (@y) =
O(e), for 0 <t < tyae. This implies, first of all, that ¢4, = T if € is small
enough, hence it proves (f.9), for 0 <t < T. O

The rest of this section gives a detailed account of the proof of (7.9). We
begin with some notations to clarify the statements of the above claims.
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7.3 Some notations

Given any function g(x,t,u) satisfying the conditions ([L.J) and ([L3), we
can define a classical solution of the interface equation (PY) on some time
interval 0 < ¢ < T™%*(g). We denote this solution by I';[g] in order to clarify
its dependence on g. More precisely, I';[g] is a solution of the problem

oy
Vo=—(N-1)k+ CQ/ g(z,t,r)dr on Ty
(PY) -

T¢|,_o = To.

Also, we denote by u[g](z,t) the solution of the problem

g = A+ g%(f(u) —ega,t,u)) in Q x (0, +00)

(7)o~
g ey 0 on 9 x (0, +00)
u(z,0) = up(z) in Q.

Once the interface I';[g] is given, we denote by ©; [g], ;" [g] the region en-
closed by I't[g] and the one enclosed between 02 and T'[g], respectively. As
in (.13), we define the step function [g](z,t) by

. Q+ —
ar R e o, g)). (7.18)
o i 9l

ulgl(z,t) = {

Next, given any function u(x,t) on Q x [0,7], we denote by V[u](z,t)
the solution of the problem

Vi = DAV + h(u(z,t),V) in Qx (0,7

v _, on 99 x (0, 7] (7.19)
v
V(z,0) = vo(x) in Q.

In view of ([7.4) and the above notations, the solution (u®,v?) of (RD¥?)

is expressed as

u =g 7], o = V]w)

On the other hand the solution (T, %) of (RD") is expressed as
Iy =Tiglo]], ©=V]al,
the step function @ in (RD) being given by
u = alg[o]].
Finally, the maps ®5, ®} and ®, are now written as

S v —uf[gt]], ®Y:v—alg]], Po:u— Vu.
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7.4 Interface motion under perturbation

In this subsection we show that the interface I't[g] depends continuously on
the pressure term induced by g. To this end, we first fix constants C,, T, > 0,
¥ € (0,1), and denote by ) the set of functions g(z,¢,u) on Q x [0, Ti] x R
satisfying

; (. <
SUD 190 wll a2 0 gy S O (7.20)

Proposition 7.5. Let g € Y. Let T € (0,77 (g)). Then there exist
positive constants §, K, M such that, for any g € Y satisfying

19 = 9ll L (@x (0,7 xR) < 65 (7.21)

it holds that T™%(g) > T, where we recall that T™**(g) is the mazimum
time of existence of a classical solution of Problem (Pgo). Furthermore, for
each t € [0,T7],

dr(T4[g],Te[g]) < K (M = 1) (|17 = gll zoo (x (0,6)xR) - (7.22)

Proof. First, the assertion that 7% (g) > T, for g sufficiently close to g,
follows from the standard local existence theory for quasi-linear parabolic
equations. In fact, by using appropriate parametrization, one can express
I't[g] and T'¢[g], as graphes over M, where M is a N —1 dimensional manifold
without boundary, and transfer the motion equations (P)) and (Pgo), into
quasi-linear parabolic equations on the manifold M, at least locally in time.
For more details we refer to [[J]. Since § and g satisfy (7.20), and since the
embedding

149 149’
C1+797T Cl+79/7T

—

is compact if 0 < ¢ < ¢, the assumption ||g — G|z < § implies
Hg(’ 'au) - g(a "u)HClﬂgl’%ﬁ’ < 6(6)a

where ¢(9) is a constant satisfying 0(5) — 0, as 6 — 0. Consequently, the
coefficients appearing in (P))) and (Py) satisfy

H/ r)dr — /:+ g, r)dr Hclw’,%@’ < (ar —a-)c(9).

Hence, the two solutions I'y[g] and T'4[g] stay close to each other, at least lo-
cally in time, and, by repeating this argument, one can prove that 7%*(g) >
T, for ¢ sufficiently small.

Next we prove the estimate ([[.29). This will be done by using the maxi-
mum principle. Let us introduce some notation. For each g € ), we denote
by d(z,t; g) the signed distance function associated with the interface I't[g].
By I'; < I'; we mean that I'; lies inside of Ft Clearly we have

Ii[g] = Ti[d) < d(x,t;9) > d(z,t;§) for z € Q. (7.23)
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Now we choose ty € [0, 7] arbitrarily and put
Mo := 1 — gll Lo (@ (0,t0) xR) -
Then
gz, t,u) —no < gz, t,u) < glo, t,u) +no for 0 <t <ty.
The comparison principle then yields
T4lg —mol < Telg) < Tilg+mo) for 0<t<t.

Thus, in order to prove (7.29), it suffices to show that there exist constants
K, M > 0 such that, for all small ng > 0,

{ dy((Te[g — o], Telg]) < Koo (eM* —1)

(7.24)
dy(Te[g + o), Te[g]) < Ko (eMt —1),

for 0 <t < tg. We will only show the latter inequality for I';[ g + 1] since
the former can be shown in the same manner.
Recall that d(z,t; g) satisfies the equation (p.4), namely

oy
dy = Ad — CQ/ g(x,t,r)dr on I'i[gl. (7.25)

Choose a constant dg > 0 such that d(z,t; ) is smooth — say, C? in  and
C3/? in t— in the neighborhood Ny, (I'¢[g]), 0 < t < T. By the smoothness
of d(z,t; ) and equality ([.25), there exists a constant N > 0 such that

ay
‘dt — Ad + co/ g(x,t,r)dr| < N|d| in Ndo/g(l“t[g]).

Now we put

dnew(x7t) = d(l’,t,g) - K770 (eQNt - 1)7
Ty = { € Q| d" (x,1) = 0},

where the constant K is to be determined later. If

e—ZNT dO

o < Mo ‘= TKﬁl,

then T lies within the neighborhood Ny, /2(T'¢[g]). Observe that
(d™%), — Ad™ = d; — 2N Knge*Nt — Ad

ay
< —co/ gz, t,r)dr + N|d| — 2N Kny e,
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Since d = Kng (e*Nt — 1) on Iy, we obtain

oy
(dnew)t — Ad™v < —CO/ g(x7 t, r)d?“ —NKmny on Iy
Now we set
K = (O[+ — C!,)CON_l-

Then it follows from the above inequality that

oy B
(@) < A~y [ glastr)dr — (ax —a)eom on Tt

This inequality and the fact that d"¢“(x,0) = d(x,0;g) imply that I'; satis-
fies

a4 ~
Vo, >—=(N-1)r+ co/ (g(x,t,r) + 770) dr on I,
Iyf,_, =To.
On the other hand, T';[g + 1] satisfies

at

Vo,=—(N-1)r+ co/ (g(m,t,r) + 770) dr on T'4[g+ nol,

o —

T4[g + m0]|,_o = To-
By the comparison principle, we obtain
[yfg] X Telg+mo] =Ty for 0<t <t
Consequently,
dy((Ts[g + o), Te[g]) < dp(Ty, T4[g)) < Ko (2N = 1),

for 0 <t < ty. The lemma is proved. O

7.5 Proof of Claim [T.4

For a function v(z,t) satisfying the estimates ([.7), (7.) and the Neu-
mann boundary conditions, we compare below ®°(v) = ®9 o ®f(v) and
®0(v) = ®y 0 DY (v).

Action of ® and ®. Let us compare ®5(v) = u°[¢°[v]] with the step
function ®Y(v) = a[g[v]]. By the definitions in (T:4) we have ¢°[v] = g[v] +
O(e), and all the conditions in ([.3)-([L.7) are satisfied. It follows that our
results for the single equation apply and, in particular,

uZ (z,t) < uflgf[])(w,t +1°) < uf(w,t) for 0 <t < T —t,
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where uF are as in (f.19), d being the signed distance function associated
with the interface Ty[g[v]]. Since the term e#%/* in ¢(t) — that appears in
(b-13)— quickly becomes small,

utlg[v]] — alglv]]

oIyl alglol] (1) < U (LYY o 0) im0y (o]

@.0) < o - 0 (MDY o) in af o]

for p1e2|Ine| <t < T, provided that we choose the constant 1 large enough.
Consequently, by Lemma P, there exist constants B, C' > 0 such that

d(z,t
|2 (v) — BY(v)| (2, £) < Bexp ( - A@) +Ck, (7.26)
for (z,t) € Q x [ue?|Inel, T7.
Action of ®,. Next we compare ®°(v) = V[®5(v)] and ®°(v) = V[®(v)].

Set w := ®°(v) — ®°(v). By subtracting the equations for V[®5(v)] and
V[®Y(v)], we obtain

wy = DAw + (h(@‘i (), ®°(v)) — h(®%(v), @0(0)))

Since |h(®5(v), ®°(v)) — h(®Y(v), ®°(v))| < Clw|+C|®5(v)— P} (v)| for some

constant C' > 0, the function w := e —Cty satisfies
Wy < DAG + Ce™ 105 (v)(x,t) — BY(v)(x, 8)] + C(|w] — ),

hence

W, < DAW 4 C|®5 (v)(x,t) — B(v) (2, t)| + C(|0] — b). (7.27)
Now let W (z,t) be the solution of the equation
Wi = DAW + C|®5(v)(z,t) — ®}(v)(x, 1) + C(IW| = W),

with initial data W (z,0) = 0. Then since ([.27) implies that w is a sub-
solution of the above equation, and since w(z,0) = 0, we have

w(z,t) < W(z,t) for # €Q, t>0. (7.28)
Moreover, since W > 0, the above equation for W can be reduced to
Wi = DAW + C|5 (v) (x, 1) — () (. )]

In view of this, we see that

W(a.t) c//ex% )[5 (0) (3, 5) — D) (v, 5)]| dy ds,
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G(z,y,t) being the fundamental solution that appears in ([-11]). This and
([:29) yield

t
lw(x,t)] < CeCt/ / G(x,y,t — 5)|®5(v)(y, s) — ®V(v)(y,s)| dyds. (7.29)
0 Jo
Combining this and ([.29), we obtain
o [ (g, )
lw(z,t)] < BCe / /G(m,y,t—s)exp (—)\T’>dyds+0(a). (7.30)
0 JQ

In order to estimate the above integral, we need the following lemma:

Lemma 7.6. Let I" be a smooth closed hypersurface in Q and denote by d(x)
the signed distance function associated with I'. Then there exist constants
C,ro > 0 such that for any function n(r) >0 on R, it holds that

/Z<mcxmy¢ﬁﬂﬂyndy5;5%)[znojmi for 0<t<T. (7.31)

The proof of this lemma will be given in the next subsection. As is
easily seen from its proof, the above estimate remains to hold if I' depends
on t smoothly; in other words, the constant C' can be chosen uniformly as
" varies. Applying the above estimate to I'y[g[v]], 0 < ¢t < T, we obtain

/QG(x,y,t — s)exp < — AM)dy

d(y, s
/ / G(z,y,t )@m(—kM)dy
d‘<7’0 d‘>7’0 €

O 7)\7'0/8
() o
=0 .
(=)
It follows from this and ([.30) that
¢
\m@m:o@/ ds) + 0(€) = 0() (7.32)
0 — S
which completes the proof of Claim [7-4. U
7.6 Proof of Lemma [.6
We first show that
/ G(x,y,t)dS, < < for z€Q, 0<t<T. (7.33)
r va
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It suffices to prove this estimate on a small interval [0,¢g], since the es-
timate for the remaining interval [tg,7] will follow by simply choosing a
large constant C'. Note also that, for ¢ sufficiently small, G(z,y,t) is well
approximated by the fundamental solution on the entire space RV :

GO(:C’ Y, t) =

exp (- | — ylz)
(47 Di)N/2 4Dt )’

In particular, there exists a constant C' > 0 such that
0 < G(z,y,t) < CGo(x,y,t) for z,y€Q, 0<t<ty,

(see, for example, [Lf, Section IV.2]). Thus it suffices to prove ([.33) for Gy
instead of G.

Given z € Q, let 2o be the point on I' that is closest to =, and let n(z¢)
be the outward normal to I' at zg. Then z — xg = d(z)n(zp). Define

Vi={yeRY, y-n(x) =0}, Yo=span(n(xo)),

where - denotes the Euclidean inner product in RY and span(w) the line
spanned by the vector w. This gives an orthogonal decomposition RN =
Y &Yy, and xg+ Y is the tangent hyperplane of I at xy. Since I' is smooth,
it is expressed locally as the graph of a map defined on a subset of Y. More
precisely, there exist a smooth map h : Y — Yy and a constant > 0 such
that h(0) =0, VA(0) =0, and that

S:={ao+ g+, geY,|j<s}CT,
dist(zg,I'\ ) > 6.

(7.34)

Now we decompose the integral ([33) for Gy as

1 |z — yl”
/FGO(x,y,t)dSy— (D12 (/S%-/F\Sexp(— 1Dt )dSy .

Since |z — y| > |d(z)| for every y € " and since

|z —y| = | o = zo| = |y — 2ol | = ||d(z)| = ly — 2ol |.

we have
|d(2)| + | |d(z)| — |y — ol | o 1y =
2 - 2

|z —y[ >
This and ([.39) yield

o
|x—y|2§ for yeI'\ S.
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Consequently,

|l y| 752/16Dt
/\ eXp< - 7>d5y (& ‘F‘, ( 3 )

where |I'| denotes the total area of T'.
On the other hand, for each y € S, we can express y — xg as

y—zo=7+h@)  HEY, hH) € Yy),

and Y can be identified with RN—!. Thus
|z — yl?
d
/SeXp ( 4Dt ) Sy
|z —x0— 9 — h(y
= exp< > 1+ |Vh(y)]? dy.
/. wr )Y

Since VAh(0) = 0, there exists a constant C; > 0 such that

IVh() < Cyl7] for |g] <é. (7.36)
Note also that the orthogonality (x — xg — h(y)) L g implies
v =20 =5 = B = |z =0 = @ + 7" > 9",

Combining these, we obtain

|z —y|? / 9%\ e
- s, < 14 C}ly|>dy
/SeXp< ADt )Sy = |g<56Xp< 4Dt> + Ll dy
:tuv—l)/z/ el PAD 14 1 022 dz,
l2|<vE '8
where z := §j/1/t. Observe that, as t — 0,

/ ekl 1 as — / e V2/D g — (4pm)N-D/2,
z|l<vVt s RN-1

\
Consequently,

1 |z — y|? 1 1
— — dS, < —— — ).
(47 Dt)N/2 /SeXp < 4Dt > vS Dt °<\/g >

Combining the estimate above and (F.3), we obtain

/FGo(x,y,t) ds, = o(%) + o((ﬁl)Ne—aQ/th) _ o(%).

Since I' is a smooth compact hypersurface, its curvature is bounded. There-
fore, the constants § and C; that appear in (7.35), ([7.36) can be chosen
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independent of the choice of zy € T'. Hence the above O(1/y/t) estimate
is uniform with respect to the choice of x € €. This proves the estimate

T39).

Now, choose a sufficiently small constant rg > 0 such that the signed
distance function d(x) is smooth in the region {d(z) < 2ry}. For each
r € [—7o,ro], we define a hypersurface I'(r) by

I(r)y={xzeQ, dlz)=r}.

Then the curvatures of I'(r) are uniformly bounded as r varies, which implies
that there exists some constant C' > 0 such that

G(:c,y,t)dSygg for 0<t<T, re€l-rgro.

I'(r) \/t_

The estimate (7.31) now follows by integrating in 7. O

7.7 Proof of Claim [7.3

We compare below ®°(v¢) = &5 0 ®9(v°) and ®°(7) = &5 0 ®I(7).

Action of ®). Let us compare the two step functions ®{(v¢) = a[g[v°]]
and ®9(9) = a[g[?]]. We want to apply Proposition ], with g[?] and g[v°],
playing the role of g and g, respectively. (Hence, the role of 7™ (g) is played
by T™% (g[]), which corresponds to 7™ in Lemma [[.1(). First, we choose
C, > 0 large enough so that both g[v¥](z,¢,u) and g[o](z, ¢, u) satisfy ([.20).
For T € (0,7™), we choose 6, K and M as in Proposition [{.§. Next, we
define K1 = max(, )er [0y f1(u,v)|, with R being the rectangle defined in
Subsection [.1, and 6y = §/K;. We observe that, using the definition of
tmaz 1IN ()7

1910°] = g[o)| oo (@x (0,tmae)xB) < K1llv® =Tl Lo (0,,,0) < K160 = 0.
By ([:29), it follows that, for any ¢ € [0, tyaq],
dy(Te[g[v®]], Telg[o]]) < K (M = 1) [lg[vf] — g[o]]| po-
Combining these, we obtain
dy(Te[g[v7]], Telg[o]]) < KKq(eM* = 1) [[o° = 0 1= (q,) - (7.37)

Action of ®3. Next we compare the two functions ®°(v°) = V[®{(v°)] =
Vialg[v?]]] and ®°(3) = V[®9(3)] = V[a[g[o]]]. Since

|afg[v°]] — alg[o]]] < oy —a,
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and since the two step functions differ only in the region enclosed between

the two surfaces I';[g[v®]] and Ty[g[?]], the estimates (7.29) and (F.31)) imply
that there exists a constant B; > 0 such that

IV {alglo® ) - Vialgloll =) < Bs /0 D Lelg ) LD 4,

Combining this and ([.37), we obtain, for any ¢ € [0, tyaz],

¢
- 1 .
10°(0%) — () 1) < c/o Sl — illmonds. (739
with C = B1 KK1(eMT —1). The proof of Claim [/ is complete. O

7.8 Estimate of k(t)

In this subsection we justify the estimate (7.16). Let k(¢) be the function
satisfying ([.17), namely,

-
k(t)y=1+C Mds for ¢ >0.

0 t—s

We will show below that k is given by

¢
k(t) = 602”t<1 + C/
0

The following lemma justifies ([7.16]):

2
e C

\/; ds). (7.39)

Lemma 7.7. Let k(t) be a continuous function satisfying

ng(t)gAJrC/t\/kt(s_)ds 0<t<T),
0 — S

for some constant A >0 and T > 0. Then
0<k(t)<Ak(t) for 0<t<T. (7.40)
Proof. Define B -
k-(t) := (1 4+ ¢)Ak(t).

Then this function satisfies

k<(s)
J—ds  (0<t=T). (7.41)

In particular, we have k.(0) = (1 +¢)A > A > k(0). Let us show that

kg(t):(1+s)A+C/t
0

k(t) < ke(t) for 0<t<T. (7.42)
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Suppose that ([7-49) does not hold. Then there exists ¢y € (0,77 such that
k(t) < ko(t) for 0<t < to, k(to) = k(to). (7.43)

Combining the first part of ([[.43) and ([7.41]), we get

ke (to) = (1+sA+c/t°m

but this contradicts the second part of ([.43), estabhshmg ([49). Letting
e — 0, we obtain ([7:40). O

Corollary 7.8. Let k(t) be a continuous function satisfying

0 < k(t A+C/ 0<t<T),

—S

for some constant A >0 and T > 0. Then k(t) = Ak(t). In particular, the
function k(t) is uniquely determined by the integral identity ([.17).

Proof. Define k(t) := A~'k(t). Then k(t) satisfies
. 2
k) =1+C ]z(s) ds  (0<t<T).
0 — S

By Lemma [.4 we have k(t) < k(t). _Exchanging the role of k and k, we
obtain the opposite inequality, hence k(t) = k(t). Thus k(t) = Ak(t). O

Now let us prove ([[.39). Integration by parts gives

k(t) = 1420Vt +2C /t Vit —s K (s)ds
0

Fit __+c/
t—s

Thus the function m( ) K'(t) — C//t satisfies
V)

Hence

m( t 1
=C / ds = C* / —_—
Vi—s 0 \/s(t—s)
Since the first integral on the right-hand side is equal to w, we obtain
m(t) =

It follows from Corollary [.§ that m(t) = C? l%( ), hence

C
K (t) = C’rk(t) + —
N
This and the equality k(0) = 1 yield ([7.39). O
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