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Abstract

We consider travelling waves for a nonlinear diffusion equation with a bistable or
multistable nonlinearity. The goal is to study how a planar travelling front interacts
with a compact obstacle that is placed in the middle of the space RYN. As a first step
we prove the existence and uniqueness of an entire solution that behaves like a planar
wave front approaching from infinity and eventually reaching the obstacle. This causes
disturbance on the shape of the front, but we show that the solution will gradually
recover its planar wave profile and continue to propagate in the same direction, leaving
the obstacle behind. Whether the recovery is uniform in space or not is shown to
depend on the shape of the obstacle.
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1 Introduction and main results

This work is concerned with semi-linear parabolic problems

(1.1)

uw = Au+ f(u) for z€ Q=RN\K CRY,
v-Vu = 0 for x € 002 = 0K

set in exterior domains. Here, K is a compact set which is the closure of an open set with
smooth boundary and f is a bistable or a multistable type nonlinearity. Our goal is to study
how a propagating planar wave front interacts with the obstacle K. In order to formulate
this as a proper mathematical question, we have to start with showing that such an object
really exists. This amounts to constructing entire, i.e. time global, solutions of problem
(1.1) that are asymptotic to classical planar travelling front solutions for large negative time,
when the front is far away from the obstacle. Once this is done, we then study how the front
approaches the obstacle, goes past it and eventually recovers the shape of a planar travelling
front for large positive time, far behind the obstacle.

The solutions we study here can be viewed as generalized travelling front solutions — or
transition waves — for reaction-diffusion equations in exterior domains. Exterior domains
represent a class of heterogeneous media for which such generalized travelling front solutions
have been hitherto unknown. We also show that the actual long time behaviour — locally in
space — is influenced by the geometry of the obstacle.

Travelling front solutions for homogeneous equations

uy = Au+ f(u) in RY



have long been studied since the seminal article of Kolmogorov, Petrovsky and Piskunov [14].
More recently, front propagation in spatially varying environments has been receiving grow-
ing attention because of its relevance in various fields of science. Much work has been devoted
to extending the classical notions of travelling fronts to those in inhomogeneous media where
the coefficients of the equation or the underlying domain have a spatial dependence. For
instance, in the case of problems of the type (1.1), as soon as € is not the whole space (or a
straight cylinder) classical travelling fronts do not exist any more. A typical — and so far the
best-understood — case is when 2 is periodic in the direction of propagation. There, one can
naturally extend the notion of travelling front to that of pulsating (or periodic) travelling
front. Definitions and results about this case can be found in [3], [5], [6], [7], [19], [20] and
[21]. In particular, we refer to [7] for an exhaustive discussion of the nature such travelling
fronts and their extensions.

Beyond the periodic case, one is required to consider further generalizations of the notion
of travelling front. Such extensions have been introduced by Matano for the almost periodic
as well as recurrent frameworks [17] and by Shen [18] for random one-dimensional media.
A fully general notion of travelling front for non homogeneous settings has been recently
introduced by Berestycki and Hamel in [4], [5] and [6]. These are called Transition Waves.
In particular, it is shown that while covering the classical cases, this definition allows one to
consider many new situations within a unified framework. One important case, in particular,
that fits into this general framework (but not into the previous ones), is that of local pertur-
bations of the homogeneous case. In this paper, we construct for the first time generalized
transition waves for a problem precisely of this kind. More detailed description of this object
will be given in the theorem below. Its characterization as the generalized transition wave
as defined in [5] is indicated in the theorem at the end of the section.

Let us now formulate our problem more precisely. As mentioned before, we are consider-
ing an exterior domain 2 = RV \ K, where K is a compact set with smooth boundary. On
the boundary 0 (= 0K ), the Neumann boundary condition is imposed. We assume that
f is of class C*1([0,1]) and is such that

f0)=f(1)=0,  f(0)<0, f/(1)<0. (1.2)
Furthermore, we suppose that there exists a solution ¢ of

¢"(z) — cd'(2) + f(¢(2)) =0 (2 € R),
¢(—00) =0, ¢(+o0) =1, (1.3)
0<o(z) <1l (z€R),

with ¢ > 0. It follows from (1.2) and (1.3) that ¢ is unique up to shifts, and that ¢ > 0 in
R. The existence of a solution (¢, ¢) of (1.3) with ¢ > 0 implies that

1
/ f(r)dr >0 forall 0<s<1, (1.4)

as is easily seen by multiplying the equation (1.3) by ¢’ and integrating it over [z, +00). But
the condition (1.4) is not sufficient to guarantee the existence of (¢, ¢) in general. However,



if f is of the bistable type with positive mass, namely if there exists 6 € (0,1) such that
(1.2) holds and

f<0 on(0,0), f>0 on (6,1), /1 f(r)dr >0, (1.5)
0

then the condition (1.3) with ¢ > 0, as well as (1.4), is automatically fulfilled.
Our goal is to prove the existence of an entire solution that behaves like

u(z,t) ~ ¢(x; + ct) as t — +oo.

The results differ in some details depending on the shape of the obstacle K. For some of the
results, we consider two types of geometrical shapes as described in the following definitions:

O X

Figure 1: Two examples of star-shaped obstacles

Definition 1.1 By a star-shaped obstacle, we mean that either K = (), or there is x € [O(

such that, for all y € 0K and t € [0, 1), the point z+t(y — ) lies in K and vi(y)-(y—x) >0,
where vk (y) denotes the outward unit normal to K at y.

K=K UK,

Figure 2: A directionally convex obstacle



Definition 1.2 K is called directionally convex with respect to a hyperplane P, if there exists
a hyperplane P = {z € RY,| 2z -e = a}, where e is a unit vector and a is some real number,
such that

e for every line X parallel to e, the set K N X is either a single line segment or empty,
e KNP =mn(K), where n(K) is the orthogonal projection of K onto P.

Note that the above condition is slightly more stringent than the usual notion of “direc-
tional convexity” because of the second condition K N P = 7(K).

If the obstacle belongs to either one of these classes, we can construct generalized tran-
sition waves connecting 1 and 0, as stated in the following theorem:

Theorem 1 Assume f satisfies (1.2) and that (1.3) holds with ¢ > 0. Let the obstacle K be
compact and be either star-shaped or directionally convex with respect to some heyperplane P.
Then there exists an entire solution u(t,x) of (1.1) in Q = RN\ K, such that 0 < u(t,z) < 1

and uy(t,x) > 0 for all (t,z) € R x Q and
u(t,z) — ¢(xy +ct) — 0
as t — oo uniformly in v € Q, and as |v| — +oo uniformly in t € R.

In this theorem, one has wu(t,z) — 1 (resp. 0) uniformly as z; + ¢t — +oo (resp. as
x1+ct — —00) (see Theorem 3 below). The solution w is thus a generalized transition front
between 1 and 0 with (global mean) speed ¢ in the sense of the definitions given in [4], [5]
and [6]. Furthermore, in the terminology of these articles, it is an almost-planar invasion
front in the direction —e;. In other words, the level sets of u for a given level value A € (0, 1)
stay within a finite distance from the hyperplanes {z; + ¢t = 0}, uniformly in time (precise
statements are given in Theorem 3 below). In particular, u(¢, z) converges to 1 as t — +oo for
each x € (). In the general case when the obstacle may not be star-shaped or directionally
convex, the following theorem still establishes the existence of a generalized front, which
connects 0 to a stationary solution ue(z) > 0, which may now be less than 1.

Theorem 2 (general case) Assume f satisfies (1.2) and that (1.3) holds with ¢ > 0. Let
the obstacle K be compact. Then there exists an entire solution u(t, z) of (1.1) in Q2 = RM\K,
such that 0 < u(t,x) < 1 and u(t,x) > 0 for all (t,z) € R x Q and

u(t,z) — ¢(zy +ct) — 0 as t — —oo  uniformly in x € Q, (1.6)
and as |x| — 400 uniformly in t € R. Furthermore, there exists a classical solution us of

Atug + f(us) = 0 in €,

v-Vu, = 0 on 09,
0 < ux(z) < 1 foral €9, (1.7)
lim wue(z) = 1
el —+oo
such that
u(t,z) — d(x1 + ct)use(x) — 0 as t — +oo  uniformly in x € Q. (1.8)

In particular, u(t,x) — us(x) as t — +oo locally uniformly in x € Q.
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Remark 1.3 As we will see in Theorem 2.1 below, the entire solution 0 < wu(t,x) < 1
satisfying the condition (1.6) is unique.

Note that if the obstacle K is either star-shaped or directionally convex, then u,, = 1
(see Section 6), hence Theorem 2 reduces to Theorem 1 in this case.

The following theorem, which easily follows from Theorem 2, states that the solution u
is a generalized transition front between u,, and 0 in the sense of [5].

Theorem 3 The solution u(t,x) given in Theorems 2 is a generalized transition almost-
planar invasion front between us, and 0 with (global mean) speed c, in the sense that

sup lu(t,z) — us(z)] — 0 and sup u(t,z) — 0. (1.9)
(t,2)ERXQ, z14+ct>A A—+oo (t,2)ERXQ, z1+ct<—A A—+oo

2 Time before reaching the obstacle

In this section, as a preparation for Theorems 1 and 2, we prove the existence of an entire
solution of (1.1) that is monotone increasing in ¢ and converges to the planar wave solution
é(xy + ct) as t — —oo uniformly in z € RV \ K. We also show in the next section that it is
uniquely determined from the condition as ¢ — —oo - a kind of initial value problem at —oo.

For this result, we assume that f satisfies (1.2) and ¢ satisfies (1.3) with ¢ > 0, but we
do not need to assume the compactness of K. Instead, we simply assume that K is a closed
set with uniformly smooth boundary satisfying

Kc{zeR" |2, <0}. (2.1)

This entire solution satisfies u(x,t) &~ ¢(x1 + ct) until its wave front comes close to the
obstacle K. Then a significant disturbance occurs when the front hits K. What happens
afterwards depends on the nature of the obstacle K.

For example, if K is compact, as assumed in the present paper except in this section,
then the incidental disturbance caused by the collision will die out eventually, as stated
in Theorems 1 and 2. On the other hand, if K is a perforated wall stretching over the
region {x € RY|a < x; < b}, then the effect of collision may remain forever after the front
penetrates through the wall. This latter case will be studied in our forthcoming paper [8].

In what follows, we denote by 6y the largest positive constant such that

f(r) <0 for 0 <71 <6 (2.2)
By the assumption (1.2), we have 0 < 6y < 1. We normalize the function ¢ in (1.3) by
6(0) = 6. (2.3)

This condition and (1.3) determines ¢ uniquely.
The main result of this section is the following:



Theorem 2.1 Let K satisfy (2.1). Then there exists an entire solution u(t,r) of (1.1) in
Q=RN\ K, such that 0 < @(t,z) < 1 and @,(t,z) > 0 for all (t,z) € R x Q and that

u(t,z) —p(xy +ct) -0  as t — —o0 uniformly in z € Q. (2.4)
Furthermore, condition (2.4) determines a unique entire solution of (1.1).

Uniqueness will be proved in Section 3 below. The rest of the present section is devoted to
the proof of the existence part in the above theorem. The general procedure is inspired from
the construction of new entire solutions of the KPP equation by Hamel and Nadirashvili [12].
The method involves in a crucial way the construction of suitable super- and subsolutions.
For the supersolution, we rely in part on a technique of Guo and Morita [11], in which they

used a similar supersolution to study an entire solution having a pair of mutually annihilating
fronts.

2.1 Super- and subsolutions before the encounter

The supersolution w™(x,t) we will use is defined by

oy | ST ED) T kA ED) (20 s
2¢(ct + £(1)) (r1 <0),
while the subsolution w™(z,t) is given by
o (2.8) = { $(ar+ct — () — p(—a1 +ct —E(t) (21 > 0) (26)
Here £(t) is a solution of the following ordinary differentail equation:
E=MeMNTD (1< -T),  ¢(—o0) =0, (2.7)

where M, T" are positive constants to be specified later, and A is the positive root of the
equation
A — X+ f/(0) = 0.
More precisely,
1
>\:§(0+ 2 —4f(0)) (2.8)

and
1 1

t)=—1 .
) =38 T 7o
In order for the above function to be defined, one must have 1 — ¢ M e*¢t > 0. We also

impose that

(2.9)

cd+&t) <0 for —oco<t<T.

Thus we set
1 c

T:=—o .
Ac & c+ M
The main ingredient in the proof of the existence theorem lies in the property of w™ and
w~ being a super- and a sub-solution which we state next.
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Lemma 2.2 For M > 0 sufficiently large, w™ and w™ are, respectively, a supersolution and
a subsolution of (1.1) in the time range —oo <t < T for some Ty € (—o0,T].

The proof of this lemma will be given in Subsection 2.3.

2.2 Basic estimates

As is shown in [9, 11], it is easily seen that ¢(z) satisfies

ap e < d(2) < Byer? z <0
0e’* < ¢(2) < B (2 <0) (2.10)
e <1 —¢(z) < fre ™ (2>0),
where ag, ay, (o, /1 are some positive constants, A is as in (2.8) and p is defined by
1
uzi(—cjt 2 —4f(1)). (2.11)

The derivative ¢'(z) satisfies the following estimates for some constants g, 71, dg, 01 > 0:

e < @ (2) < §pet? z <0),
7o < ¢'(2) < do (2 <0) (2.12)
me < @(z) <de**  (2>0)
The following estimate will also be useful later:
|flutv) = flu) = fo)| < Luv (0 <w,v<1), (2.13)

where L is some constant. (Here the Ct! character of f is used.)

2.3 Proof of Lemma 2.2

First, we observe that since K C {x; < 0} and both w™ and w~ have been constructed, so
that they are independent of x in the region {z; < 0}, w™ and w™ satisfy

v-Vwt=v-Vw =0 on 0f.

Therefore, it is enough to show that Lw™ > 0 and £Lw~ < 0 where L is the operator defined
by
Lw:=w— Aw — f(w).

This is carried out in the next computations.

2.3.1 Supersolution

A straightforward computation shows that

ot { 2c+€) ¢'(ct +&(1) — Fo(ct +£(1) (a1 <0),
£(t) (¢'(24) + ¢'(22)) + G(t, 21) (1 > 0),
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where zy =21 +ct +£(t), 2. = —x1 + ct + £(t) and

G(t, 1) = f(D(z4)) + f(D(2-)) = [(@(24) + o(2-)).

Using (2.7), this can be rewritten as

o [ e M) et 6(0) - FRAct+E@) (a1 <0)
w =
M MO (¢ (z1) + ¢/ (22)) + G(t, 21) (x1 > 0),
Since wt is C? for z; # 0 and C! for z; € R, in order to show that w™ is a supersolution, it
suffices to check that Lw™ > 0 both for z; < 0 and for z; > 0.

In the range z; < 0, we clearly have Lwt > 0 so long as 77 € (—o0,T] is chosen
sufficiently negative so that

bo

ot +&(t)) < B) for —oo<t <1, (2.14)

where 6y is as in (2.2). In the range 0 < z; < —(ct + £(t)), the inequality (2.13) and the
estimates (2.10), (2.12) yield

Lwt > MeNHO (¢ (2,) + ¢(22)) — Lo(24)p(2-)
> Mny o) () A (a1 +ct+E) _ Lﬂg e (@1et+€) oA (—a1+et+)

— 62)\(ct+§) (Mfyo e Lﬁg)
Thus we have Lw™ > 0 provided that
M~ > L33 (2.15)

It remains to prove Lw*t > 0 in the range x; > —(ct +&(t)) ( >0 > ct +£(t) ). Observe

that
Lwt > MMTO(§ (20) + ¢ (22)) = Lo(z1)¢(2-)

> My e (et+8) g—p (Tr1tct+8) _ LB, e (—z1tcttE) (2.16)
> eMct+€) (M’)/l e~ H(m1tct+£) _ LﬂO 6_)‘:01).

Here we consider the case A > p and the case A < u separately. First, in the case A > pu,
from the above inequalities one gets £Lw™ > 0 provided that

M~y > Lfo. (2.17)
In the case where A\ < p, we have
mo = —f'(0) < —f(1) = my.
In this case we remark that

fuw)+ f(v) = flu+v) = (mg —mg) v+ 0(112) + O(\v(l — u)|) (2.18)
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for u &~ 1 and v = 0; hence G(t,z1) > 0if z, > 1 and z_ < —1. Consequently, there exists
a constant L; > 0 such that (recall that ct + £(t) < 0)

Lwh >0 if €[~ (ct+&(t) + Ly, 00).
Finally, in the range z1 € [—(ct +&(t)), —(ct + &(t)) + L1], we see from (2.16) that
Lwt > eAlet+8) (Mfyl e—m@1tct+§) _ LB e—)\xl)
> 6)\(ct+§) (M’Yl e—uLl _ LﬁO 6—)\901).

Thus we have Lw™t > 0 if
M~y e > L3, (2.19)

Combining these, we see that w™ is a supersolution of (1.1) provided that the constant
M >0 and T} € (—o0,T] are chosen so that (2.15), (2.17), (2.19) and (2.14) hold.
2.3.2 Subsolution

Next we show that w™ is a subsolution. Most of the argument here goes in parallel with the
previous argument for w™, but some details are different.
A straightforward computation and (2.7) show

e { 0 (v1 < 0),
| M (G () - @ (y)) + Ht ) (a1 >0),

where y, =1 + ct — £(t), y- = —x1 + ct — £(t) and

H(t, 1) = f(o(y+) — F(@(y-)) — flo(ys) — o(y-)).

Note that w~ is C? except at z; = 0 and that w~ has a positive derivative gap at z; = 0.

Therefore, in order to show that w™ is a subsolution, it suffices to check that Lw™ < 0 both

for 1 < 0 and for xy > 0. Since the range x; < 0 is trivial, we consider the range x; > 0.
First, in the range 0 < 27 < —(ct — £(t)), we note that

Olys) — ) = / " §(2)dz = / " e (2) - F6(2)))de.

Since y_ < y4 < 0 in this range, we have ¢(z) < 6y/2 for z € [y_,y;] by virtue of (2.2).
This implies f(¢(z)) < 0. Hence

¢'(y+) — ¢'(y-) > c(dy+) — d(y-))- (2.20)

By (2.13), we have
[H (¢, 21)] < Lo(y-) (o(y+) — ¢y-))-

10



Combining these, we obtain

Lw™ < —cM A (g(y,) — oly-)) + L¢ (@yr) — 6(y-)
< (= eMeMtO + Lo(y-)) (oly o(y-))
< (= MMt 4 [y mmtet= g(t )(¢ L) —o(y-))

(y
(= eMeX + LAeNm=€0)) (¢(y,) — d(y_)).

Therefore £Lw™ < 0 in this range provided that
cM > LB. (2.21)

Next we prove Lw~ < 0 in the range x1 > —(ct —&(t)) ( > 0> ct —£(t) ). We consider
the case A > p and the case A < pu separately. First, in the case A > u, we have

Lw™ <=M (¢ (yy) = ¢'(y-)) + Lly-) ($lys) — 0(5-)
S _Me)\ (ct+€) (%e—u (z1+ct—€) _ 5 6)‘ (—:c1+ct—§)) + Lﬂo e>\(—m+ct—§)
= —Me)\(_SC1+Ct+£) (f)/ e —p(ct=E)+(A—p)z 5 6 (ct—¢) _1L60€_2)‘§) (222)
< —Me* (m@1tet+) ('716_“ (et=8) _ 506)\ (ct=¢&) _ _lLﬁO)~

Thus we have Lw™ < 0 provided that T} € (—oo, T is chosen sufficiently negative so that
e P8 _ gt = _ ML LB > 0. (2.23)
In the case where A < u, we again use the estimate (2.18). Then we see that
H(t, 1) = —(m1 — mo)p(y-) + O(¢*(y-)) + O(é(y-)(1 = ¢(y+))) < —ne(y-)

for some constant p > 0, provided that y. > 1 and y_ < —1. Consequently, there exists a
constant Ly > 0 such that

H(t, 1) < —pufoe=51Fe=8 if g € [—(ct — (1)) + Lo, 00).

Hence
L~ < Me)\(ct+§)¢/(y_) + H(t,$1) < eMN=z1tet=E) (MéoeA(ct—l—E) _ Mﬁo)-

It follows that Lw~ < 0 provided that 77 € (—oo, T is chosen sufficiently negative so that
Mbget () < why  for —oo <t <T. (2.24)

Finally, in the range z1 € [—(ct — &(t)), —(ct — £(t)) + Lo, we see from the third line in
(2.22) that

Lw < —Me> (—z1+ct+§) (,yle—A(ct—g)—(p—)\)Lg _ 506)‘ (ct—&) _ M_lLﬁ06_2>‘5)

Thus we have Lw~ < 0 in this range provided that 77 € (—oo,T] is chosen sufficiently
negative so that

716_’\(“_5)_(“_”132 — 60 MGy >0 for —oo<t<T. (2.25)

Combining these, we see that w™ is a subsolution of (1.1) provided that the constant M > 0
and T; € (—oo, T are chosen so that (2.21), (2.23), (2.24) and (2.25) hold.
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2.4 Construction of the entire solution

This can be done by constructing a sequence of solutions defined for —n <t < oo and letting
n — o0o. Let u,(z,t) be the solution of (1.1) for t > —n with initial data

Up(—n,x) = w™ (—n, ).

Observe that w~ < w™. Then, since w™(—n,x) = u,(—n,z) < w*(—n,x), the comparison
principle implies

w(t,z) <up(t,r) <wt(t,z) for te[-n,Ti], x €. (2.26)
Setting t = —(n — 1) in the above inequality yields
up(—n+1,2) >w (—n+1,2) = up_1(—n+1,2).
Applying again the comparison principle, we obtain
Un(t,x) > up_y(t,z) for t€[-n+1,T], v €. (2.27)

Hence the sequence u,(t, ) is monotone increasing in n. Letting n — oo and using parabolic
estimates, we see that this sequence converges to an entire solution defined for ¢t € R, x € Q,
which we denote by u(z,t). Letting n — oo in (2.26) gives

w(t,z) <au(t,z) <w'(t,z) for t € (—oo0,Ti], x € Q. (2.28)

Next we show that
>0 for teR, xe€. (2.29)

First, we note that w™ (¢, ) is monotone increasing in t for ¢ sufficiently negative. In fact,

wi (t,2) = (e = £(0) (¢ (y+) — @' (y-))-

Since £(t) — 0 as t — —o0, we have c—&(t) > 0 for ¢ sufficiently negative. The monotonicity
of ¢ and the inequality y, > y_ then imply w, > 0. This and (2.26) shows (u,):(—n,z) >0
for all sufficiently large n. Applying the maximum principle to u; then yields that

(un)e(t,x) >0  for t € (—n,+00), €.

Letting n — oo, we get
u(t,z) >0 for teR, z €.

Since w; is clearly not identially equal to 0, the strong maximum principle implies (2.29).
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3 Uniqueness of the entire solution

In this section we prove the uniqueness of the entire solution under the condition (2.4). Let
us first introduce some notation. Given n € (0, %], we define, for each t € R,

Q,(t) := {z € Q|0 < alt,a) < 1 —n}. (3.1)

Roughly speaking, €, () denotes the region where the ‘front’ of @ is located at time ¢. By
the condition (2.4), for any n € (0,3] we can find 7,, € R and M,, > 0 such that

Q) c{zeQllct+m|<M}c{zeRY |z, >1} for —oco<t<T, (3.2)
Lemma 3.1 For any n € (0,1], there exists 6 > 0 such that
u(t,x) >0 for t e (—oo,T,], € Q,t). (3.3)

Proof. Suppose that (3.3) does not hold. Then there exists a sequence t;, € (—o0,T;] and
Tg = (T,1, Th2y -+ T,n) € Q,(t) such that

y(ty, r) — 0  as k — oo.

Without loss of generality, we may assume that either ¢, converges to some t* € (—oo,T,] or
ty — —oo as k — oo. In the former case, by (3.2), z;; remains bounded, so we may assume
that x;1 — 27 as k — oo. In this case, we set

ug(t, ) == u(t,r + xy).

Then, by (2.1) and (3.2), each @y is defined for all (¢,z) € (—o0,T}] x {1y > —1} and, by
parabolic estimates, we can choose a subsequence — again denoted by {ux} — such that
a(t,x) — @*(t,x) in CL2((—o0, Ty x {x; > —1}).

loc

The limit function u* satisfies the equation (1.1) on (—o0,T;] x {z; > —1} and, by (2.29)
and the above convergence, we have

uy (t*,0) =0, @/(t,x) >0 for (t,x)€ (—o0,T,] x {1 > —1}

Applying the strong maximum principle to @;, we obtain u;y = 0 for ¢ < ¢*, but this is
impossible since (2.4) implies

u*(t,x) —p(xy + 2] +ct) -0 as t — —o0 uniformly in x € {21 > —1}.
Next, in the case where t, — —o0 as k — 00, we set
ﬂk(t, [L’) = ﬂ(t + g, x + [L’k)

Then by a similar argument, we can find a convergent subsequence u, — u*, where u*
satisfies u;(0,0) = 0, hence u;(¢,x) = 0 for ¢ <0, but this is impossible because

u*(t,z) = (a1 + ct + «)

13



for some o € [-M,, M,]. This contradiction proves the lemma. O

Now let us prove the uniqueness of the entire solution. Suppose there exists another
entire solution v of (1.1) satisfying (2.4). Choose n > 0 sufficiently small so that

f'(s) <=3 for se€[=2n,2n Ul —2n,1+ 27 (3.4)
for some 3 > 0. Then for any ¢ € (0,71) we can find t. € R such that
v(t, ) —a(t, )||Le@ <e for —oo<t<t,. (3.5)

Modifying the idea of [9], for each ¢y € (—o0, T}, — oc| we define
WH(t,z) = a(to+t+os(1—e ™) 2)dee™P, W (t,z) = a(to+t—oc(1—e ), z)—ce ™,
where the constant o > 0 is to be specified later. Then, by (3.5),

W=(0,2) <wv(tg,x) <WT(0,z) for z €. (3.6)

Next we show that W+ and W~ are a super- and a subsolution in the time range ¢ €
[0,7% —'h)—-08}

LWT =W —AWT — f(WT)
= oefle P, — efe Pt + f(u) — f(u+ ee™)
=ece P (ofu, — B — f'(u+ b)),
where 6 = (¢, x) is some function satisfying 0 < 0 < 1 and @ = u(ty +t + oe(1 — e™P), x),
Uy = Uy(to +t + oe(l — e ), 2). If @ € Q,(t + tg + oe(1 — e7')), then by (3.3),
LWT >ce (086 — 8 — max f'(s)).

0<s<1

Therefore LW™* > 0 if ¢ is chosen sufficiently large, independently of € > 0. On the other
hand, if z & Q,(t + to + oe(1 — e77")), then

a+ e P 0,20 Ul —n,1+7n)].
Consequently, by (3.4), one sees that f'(# + e P') < —3; hence
LWT >ee P (—3+ ) =0.

Combining these, we see that LW > 0 for all t € [0,T,, — to — o¢], € Q. Similarly, we
have LW~ <0 in this region. In view of this and (3.6), we see that

W= (t,z) <v(to+t,x) <WT'(t,z) for t€[0,T,—ty— oc], = €.
Rewriting tg + t by ¢, respectively, we can rewrite this inequality as
U(t — oe(1 — e P10 gy — e PlU=t) <yt 2) < At + oe(1 — e PU0)) g) 4 geAlt-t0),
for ¢t € [ty, T, — o¢] and ty € (—o0, T, — o¢]. Letting ty — —o0, we obtain
u(t —oe,x) <v(t,z) < u(t+ oe,x) (3.7)

for all t € (—o0,T), — o¢], x € 2. Hence, by the comparison principle, the above inequalities
hold for all t € R, x € Q). Letting ¢ — 0, we get v = @. This proves the uniqueness of the
entire solution satisfying (2.4).
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4 Intermediate time: behaviour near the horizon

In this section, we are concerned with the behaviour near the horizon of a time-global solution
of (1.1) which behaves like a planar front for very negative time. What we mean by the
horizon is the limit as |2/| — +oo when x; stays bounded, where 2/ = (z2,...,xy) denotes
the variables which are orthogonal to the direction x.

Proposition 4.1 Let f be a C*(]0,1]) function satisfying (1.2) and assume that there exists
a solution (c,¢) of (1.3). Let Q be a smooth domain of RN (with N > 2) with outward unit
normal v, and assume that K = RN\Q is compact. Let u = u(t,z) be a classical solution of

w = Au+ f(u), z€Q, teR,
v-Vu = 0, xed, teR, (4.1)
0 < wu(t,x) <1, z€Q, teR,
such that
sup |u(t, z) — ¢(z1 + ct)] — 0 as t — —oc. (4.2)

zeQ
Then, for any sequence (x)))nen € RY™Y such that |z),| — +00 as n — +oo, there holds

u(t,ry, 2’ + ) — @z +ct), locally uniformly in (t,z) = (t,21,2") € R x RV,

n—-40o0

Proof. Under the assumptions of Proposition 4.1, let (2/),en € RY™! be a sequence such
that |z/,| — 400 as n — 400, and call

un(t,r) = u(t, 1,2 + )

for each t € R and z = (z1,2') € Q — (0,2],). Since 0 < u < 1 and RY\Q is compact,
it follows from standard parabolic estimates that, up to extraction of a subsequence, the
functions u, converge as n — oo, locally uniformly in (¢,2) € R x RY, to a solution
U(t,x) of

U=AU+fU), teR, z € RY
with 0 < U(t,z) < 1 for all (¢t,z) € RY. Furthermore, since u(t,z) — ¢(x; + ct) — 0 as

t — —oo uniformly in z € €2, the function U satisfies

sup |U(t,x) — ¢(x1 4+ ct)] — 0 as t — —o0.

zeRN

The remaining part of the proof is inspired from the seminal paper by Fife and McLeod [9].
Extend the function f by

f(s) = f'(0)s for s <0, and f(s) = f'(1)(s — 1) for s > 1. (4.3)
D £ 1)
w = min ( 5 o ) >0



and let p > 0 be such that f/(s) < —w for all s € (—o0,2p] U [l —2p,4+00). Let A > 0 be
chosen so that ¢(§) < p for all ¢ < —A, and ¢(§) > 1 — p for all £ > A. It follows from the
sliding method that the (continuous) function ¢’ is positive in R, whence

0= mln gb(f) > 0.

gel-A
Fix now any arbitrary € such that ¢ € (0, p), and let 7" € R be such that
\U(t, ) — ¢p(x1 + ct)| < e for all t < T and for all z € RY. (4.4)

Let ty be any time such that tq < T, and define
u(t,z) = ¢(&(t, x)) — ee ") for all t >t and z € RY,
where
E(t,x) = z1 + ct — 2| f']|0ed lw (1 — e7@ 1)),
It follows from (4.4) that
u(ty, z) < Ul(ty, x) for all z € RY.
Furthermore, for all ¢t > ¢, and z € RV,
—Au—f(u) = cd(§(t, 7)) — 2| /|l e TG (E(E, 2)) + ewe 70
—¢"(§(t, @) — flu(t, x))
= f(o&(t, @ )))) flu(t,z)) = 2¢|[ f'l|oc0~ e =10/ (E(t, 7))
to

+€we‘°’(t
£ (1) < —A, then u(t,z) = 9(&(t, ) — 2e™0=) < 6(¢(t,2)) < p, whence
flo(&(t, ) — flu(t,z)) < —wee w(t=to)

and
—Au— f(u) <0

since ¢’ > 0. If&(t,x) > A, then ¢(£(t, z)) > 1—pand u(t,x) > ¢(£(t, x))—e > 1—2p, whence
— Au — f(u) < 0 as in the above case. Lastly, if (t,x) € [—A, A], then ¢'(£(t, x)) > 0,
whence

— Bt F(1) < | oozt ) — ] e 4 e <

since w < || f']| co-
The maximum principle then yields

U(t,r) > u(t,z) for all t > ¢, and 2 € R".
Fixing (¢,7) € R x RY and passing to the limit as ¢y, — —oo in the above inequality leads to
U(t,z) > ¢(x1 + ct — 2| f]| s w™),

and then U(t,z) > ¢(z1 + ct) since € was arbitrary in (0, p).

Similarly, by constructing suitable super-solutions, one can prove that U(t, x) < ¢(x1+ct)
for all (t,2) € R x RY. As a conclusion, U(t,z) = ¢(x1 + ct) and, since the limit is uniquely
determined, the whole sequence (u,(t,x)),en converges to ¢(xq + ct) locally in (t,z) as
n — +o0o. The proof of Proposition 4.1 is complete. O
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Remark 4.2 Notice that no assumption on the sign of the speed ¢ of the planar front ¢ is
made in Proposition 4.1.

5 Large time: convergence to 1 far away from the ob-
stacle

In this section, we are concerned with the large time behaviour far away from the obstacle,
for a time-global solution u(t, ) of (1.1) which behaves like a planar front for very negative
time. By using spherically symmetric sub-solutions which expand at about the speed ¢, we
prove that, for any € > 0, the region where u > 1 — ¢ can completely surround the obstacle.

Proposition 5.1 Let f be a C*(]0,1]) function satisfying (1.2) and assume that there exists
a solution (c,®) of (1.3) with ¢ > 0. Let Q be a smooth domain of RN (with N > 2) with
outward unit normal v, and assume that K = RV\Q is compact. Let u = u(t, z) be a classical
solution of (4.1) satisfying (4.2) and u(t,z) > 0 for all (t,z) € R x Q. Then there exists a
classical solution u., of

At + flus) = 0 in S,
v-Viue = 0 on 0, (5.1)
0 < us(z) < 1 forallz €Q

such that u(t, ) — us(z) ast — +oo, locally uniformly in x € Q, and
Uso(x) — 1 as |z| — +o0.

The above result is based on an auxiliary lemma, the proof of which is postponed at the
end of this section. In the sequel, for any R > 0 and z € RY, we define

Br(z)={y e RY, |y —z| < R}

the open euclidean ball of centre z and radius R. Since f(1) =0 and f'(1) < 0, there exists
6 € (0,1) such that
f>0on (6,1). (5.2)

Lemma 5.2 Under the assumptions of Proposition 5.1, for any n € (0,1), there exist four
positive real numbers Ry = Ri(n), Ry = Ry(n), Rs = Rs(n) and T = T(n) such that
Rs > Ry > R; > 0,

cr

Ry — Ry > I (53)

and, if Br,(zo) C 2 and u(ty,x) > n for all x € Bg, (), for some xo € 2 and ty € R, then

u(to+T,x) >n for all x € B, (o).

17



Proof of Proposition 5.1. Since u; > 0 and 0 < u < 1, one has that u(t,z) — us(x) €
[0,1] ast — +oo, for all € Q. Because of (4.2) and the strong parabolic maximum principle,
0 < u(t,r) < 1forall (t,z) € RxQ, whence uy(z) > 0 for all # € Q. Furthermore, standard
parabolic estimates imply that the convergence is (at least) locally uniform, and that u, is
a classical solution of (5.1).

Let us now prove that us(z) — 1 as |r|] — +oo. First, let Ry > 0 be such that
K C Bg,(0). Fix any € € (0,1 —6), where § € (0,1) is given in (5.2). From (4.2) and the
limit ¢(+o00) = 1, there exist Ty € R and &, € R such that

H={zcRY z,>¢&} CcQand u(Tp,:) >1—¢in H. (5.4)

Let Ry = Ri(1 —¢), Ry = Ry(1 —¢), R3 = R3(1 —¢) and T'=T(1 — €) be the four positive
real numbers given in Lemma 5.2 with the parameter n = 1 —¢ € (0,1). Let now z € RY
be any point such that |x| > Ry + R3 — Ry (in particular, x € ). It is straigthforward to

see that there exist then an integer k¥ > 1 and k points z', ..., 2" in R such that
BR1 (S(Zl) C H,
Bp,(z") C Q for 1 <i <k,
Bg, (x'™!) C Bp,(2') for 1 <i<k-—1,
T € BR2 (ZL’k)

From (5.4) and Lemma 5.2, it follows that
u(Ty+T,-) > 1 —ein Bg,(z").

Since Bpg, (2?) C Bg,(z') and Bg,(2?) C 2, another application of Lemma 5.2 yields
u(Ty + 2T,-) > 1 — ¢ in Bg,(z?).

By immediate induction, there holds u(Ty+kT,-) > 1—¢ in By, (2*), whence u(Ty+kT, x) >
1 —cand ux(x) >1—c.
One has shown that

Uoo(x) > 1 — ¢ for all z € RY such that |z| > Ry + Rs — Ry.

Since us < 1 in €, the proof of Proposition 5.1 is complete. O

Proof of Lemma 5.2. Let n € (6,1) be fixed. As usual, extend the function f by (4.3).
For 0 < 6 < min(1/2,1 —0), let fs be the function defined in R by

£(5) x 8;55 ifs<o
fs(s) =19 [f(s) s if§ <s<1-—26,
F1—20)x — 277 ifs>1- 25

J

It is immediate to check that for 6 > 0 small enough, the function f5 has two stable zeroes at
—o0 and 1 — ¢, namely f5(—d) = fs(1—06) =0, f'(0) < f{(—=0) <0 and f5(1—0) < f'(1) <O0.
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Furthermore, for § > 0 small enough, fs < f on R and there exists a unique (up to shifts)
solution (cs, ¢5) of (1.3) with the nonlinearity fs and the conditions

—0 = ¢5(—OO) < s < ¢5(+OO) =1-0.

It is also known that ¢s — ¢ (> 0) as 6 — 0. One can then fix a positive ¢ such that

C
65>§>0

and all above conditions are fulfilled. One can also assume without loss of generality that
0<1—m.

It follows then from Aronson and Weinberger [1] that there exists R; > 0 such that the
solution u of the Cauchy problem

u, = Au+ fs(u), t >0, € RY,
. n ifz e BRl(O),
u(0,7) = { _§ itz € RN\ By (0)

satisfies u(t,x) — 1 — 6 as t — 400 locally uniformly in z € RY, and moreover

lim min u(t,z) =1—0 for all ¢ € [0, ¢s).
t—+o0 |z|<ct

Therefore, there exist Ry > Ry and T > 0 such that

Rg — Rl Cs
> —
T 2

>

=0

and
u(T,-) > n in Bg,(0). (5.5)

Fix R, > Ry > 0, T > 0 and u as above. Let now & € R and R3 > R, be chosen so that
¢s(—Ry + &) > n and ¢s(— Rz + ¢sT + &) < 0. Therefore, for all unit vector e and for all
x € Bg,(0), one has

w(0,2) =1 < ¢s(—Ry + &) < d5(x - e + &)

since ¢ is increasing. The comparison u(0,z) < ¢s(z - e+ &p) is also true by construction for
all z € RV\ Bg,(0). The maximum principle implies that u(t,z) < ¢s(x - e + cst + &) for all
t >0, 2z € RV and |e| = 1. In particular, since ¢; is increasing, there holds

Vtel0,T], Vaoe R \Bg(0), u(t,z)<ds(—Rs+csT + &) <0. (5.6)

Under the assumptions of Lemma 5.2, u is such that u(ty, -) > nin Bg, (x¢) and Bg,(z) C
Q for some t5 € R and xy € RY. One shall compare u(t, ) with

w(t, z) = u(t — to, x — x0)
for tg <t <ty+ T and = € Bg,(xy). Observe first that
>

u(to, x) > w(to, x) for all x € Bg,(xo).
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This is indeed true in Bg, (zg) since u(ty,-) > n = w(ty, ) in Bg,(xp), and also in
Br,(29)\Bg, (x¢) since u(to,-) > 0> —0 = w(ty, ) in Bgr,(xo)\Bg, (xo). Furthermore,

Vitg<t<ty+T, VaecdBgr(ry), w(t,z)<0<utuz)
from (5.6). Lastly,
wy = Aw + fs(w) < Aw+ f(w), to <t <ty+ T, x € Br,(zo)
from the choice of §. One concludes from the parabolic maximum principle that
u(t,x) > w(t,z) for all tg <t <ty + 7T and x € Bg,(x0).

In particular,
u(to+T,2z) > u(T,x — x9) > n for all 2 € Bg,(xo)

from (5.5). The proof of Lemma 5.2 is now complete. O

Remark 5.3 The above arguments imply that, in the statement of Lemma 5.2, given any
e € (0,¢), the real numbers R; = R;(n,e) and T' = T(n,e) can be chosen so that Ry — Ry >
(¢ —e)T, instead of (5.3).

6 The stationary problem

This section is concerned with the study of the stationary solutions 0 < u(z) <1 of (5.1) (or
(6.2) below), which converge to 1 as |x| — +o0. First, we prove two Liouville type results,
that is u = 1, when the obstacle K is compact and either star-shaped or directionally convex.
Then we construct explicit counter-examples to this property for some obstacles K which
are neither star-shaped nor directionally convex.

6.1 Star-shaped obstacles

The following result, which is of independent interest, is slightly more general than what we
really need, and it uses the fact that the obstacle K is star-shaped.

Theorem 6.1 Let [ be a Lipschitz-continuous function in [0, 1] such that f(0) = f(1) =0
and f is nonincreasing in [1 — 0, 1] for some 6 > 0. Assume that f satisfies (1.4), that is

VO<s<l, /lf(T)dT>0. (6.1)

Let Q be a smooth open connected subset of RN (with N > 2) with outward unit normal v,
and assume that K = RN\Q is compact. Let 0 < u <1 be a classical solution of

—Au = f(u) in £,

v-Vu = 0 on 09, (6.2)
w(z) — 1 as |x| — +o0.
If K s star-shaped, then B
u=11in Q. (6.3)
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Remark 6.2 Condition (6.1) is equivalent to the existence of a function U € C?*(R,) such
that

UW0)=0, U(+oo)=1, U"(&)+ f(UE))=0and U'(§) >0 for all £ > 0. (6.4)

These two equivalent properties are satisfied under assumption (1.2) for f and if there exists
a planar front ¢ solving (1.3) with ¢ > 0. They are also guaranteed in the important bistable
case with positive mass, that is when f satisfies (1.2) and there is # € (0, 1) such that (1.5)
holds (see [9]).

Proof of Theorem 6.1. Let us first extend f by 0 in [1,+00). The function f is then
Lipschitz-continuous in [0, +00). Up to a shift of the origin, one can assume without loss
of generality that K —if not empty— is star-shaped with respect to 0. In what follows, B,
denotes the open Euclidean ball of center 0 and radius r > 0.

Let us first observe that u > 0 in © from the strong maximum principle and Hopf lemma.

Next, let g > 0 be such that K C B,, (i.e. RM\B,, C Q) and
u(z) > 1— 4§ for all x| > ro.

We claim that
u(z) > U(|z] — 1) for all |x| > 7o, (6.5)

where U solves (6.4). Let
e* =inf {e > 0; v’(z) :=w(x) + & > U(|z| — o) for all |z| > ro}.
Since v and U are bounded, €* is a nonnegative real number, and one has
u® (z) = u(x) +* > U(|z| — ro) for all |z| > ro. (6.6)

One shall prove that ¢* = 0. Assume that ¢* > 0. There exist then a sequence (&,)nen Of
positive numbers and a sequence (z,)nen in RY such that €, — ¢* as n — 400 and

|zn| > 1o,  u(x,)+ e, < U(|x,] —19) for all n € N.

Since both u(z) and U(|z| — ry) converge to 1 as |z| — o0, it follows that the sequence
(Zn)nen is bounded, and one can then assume, up to extraction of some subsequence, that
T, — T € Q asn — +oo, where |[T| > ro. Thus, u(T) + * < U(|Z| — 1) and then

u(T) + " = U(|7] = ro)
because of (6.6). But
ut (x) — U(|z| —1o) = u(x) +&* — U(|z] — 7o) > u(z) — U(|z| —r0) > 0 on 0B,
since u > 0 in Q and U(0) = 0. Hence, |Z| > ro. Observe now that
AuT + f(u”) = fu+e") = f(u) <0 in RM\B,, (C Q)
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because u > 1 — ¢ in this set, and f is nonincreasing in [1 — 4§, +00). On the other hand, the
function U(z) = U(|x| — ro) satisfies

AU() + () = U"(Jal = o) + U] = ro) + F(U(Ja] = 7o)

|z]
N-1

= WU/OLU‘ —7"0) > 0in RN\BTO

because U is increasing in R, . Notice actually that the above calculations imply that the
function U(|-| —r) is a strict sub-solution of (1.1) in {z, |z[ > max(r,0)} for all 7 € R. The
function z := u® — U then satisfies

Az +b(x)z < 0 in R\ B,

for some globally bounded function b, because f is Lipschitz-continuous in [0, +00). But
z is nonnegative in R¥\ B,, and it vanishes at the interior point Z. The strong maximum
principle implies that z(z) = 0, namely u(x) + ¢* = U(|z| — 1¢), for all |x| > ro. This is
impossible for |z| = ro, as already underlined.
Thus e* = 0 and the claim (6.5) follows. Actually, since U is increasing in R, one gets
that
u(x) > U(|z| —r) for all » > rg and |z| > r.

Define now
r* =inf {r € R; u(x) > U(|z| —r) for all z € Q and |z| > r}.

One has r* < 7 and our goal is to prove that 7* = —oo (which will then yield u = 1 in Q).
Assume that r* > —oo. One has

u(z) > U(|z| — r*) for all |z| > r* and z € Q

by continuity. Two cases may occur.
Case 1: assume here that

inf {u(z) —U(|lz| —r*); 2€Q, r* < |z| <re} > 0.

Since both Vu and U’ are globally bounded (in 2 and R, respectively), there exists r, <
r* (< 1) such that

u(x) > U(|z| —r,) forall z € Q and r, < |2| < 7.

Notice that this property holds whatever the sign of r* is. Since u(x) > 1—4 for all |x| > 7
and u(z) > U(|z| —r,) for all |z| = 7y, one concludes with the same arguments as above that

u(z) > U(|z| —r,) for all || > 7.

Therefore, u(x) > U(|x| —r,) for all x € Q and |z| > 7. That contradicts the minimality of
r* and case 1 is then ruled out.
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Case 2: one then has that
inf {u(z) —U(|lz| —7r*); 2 €Q, r* < |z| <re} =0.
By continuity, there exists then 7 € Q such that
w(®@) =U(|Z| — r*) and r* < |Z| < ro.

Moreover,
|Z| > r*
because of (6.4) and u > 0 in Q.
Assume first that 7 € Q and [Z] > 0. Observe that the set Q = QN {z; |z| > r*} is
connected because K —if not empty— is star-shaped with respect to 0. The strong maximum
principle implies that

u(r) = U(|z| —r*) for all x € Q and |z| > r*,
because u > U(]| - | — r*) in this set and
Uz) = U(|z| — ")

is a subsolution of (1.1) in Q\{0}. But since U is actually a strict subsolution of (1.1) in
this set, one has reached a contradiction.

Therefore, either T € 9Q or T = 0. In the latter case, then 7* < 0 and Q = RV
(remember that K —if not empty— is assumed to be star-shaped with respect to the origin).
Since u € C'(RV) satisfies u > U = U(] - | — r*) in RN (in this case) with U’(—r*) > 0, it
follows that u(0) > U(0), which is impossible.

As a consequence, T € J) (whence K # () and |[Z| > 0), and

u(x) > U(lz| —r*) for all x € Q and |z| > r.

Remember that u(Z) = U(|Z| — r*) and [Z| > 7*. The nonnegative function u — U satisfies
Alu—=U) +b(x)(u—U) <0in QN {|z| > r*}, for some globally bounded function b. Hopf
lemma then implies that

v(Z)-V(u—-U)(T) <0.

Hence,
0 < v(zT)-VU(Z) = (I/(T) : ‘%) x U'(|z| —r*).
But the last term of the inequality is nonpositive because U’ > 0 in R, and K is star-shaped
(notice indeed that v(T) = —vg(T), where vk (T) is the outward unit normal to K at the
point 7). Case 2 is then ruled out too. B
As a conclusion, r* = —o0, and then u(z) > U(|z| —r) for all r € R and x € 2 with
|z| > 7, because U is increasing in Ry. For each x € {2, one then has u(z) > U(|z| —r) for

all r < |z], whence u(x) > 1 by taking the limit as r — —oo. Since u < 1 in €2, one then
concludes that v = 1 in 2. That completes the proof of Theorem 6.1. O

Remark 6.3 In dimension N = 1 with {2 = R, the same arguments can be adapted straight-
forwardly, and the conclusion of Theorem 6.1 holds.
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6.2 Directionally convex obstacles

The following result is the analogue of Theorem 6.1 when the obstacle K is directionally
convex, in the sense of Definition 1.2.

Theorem 6.4 [fin Theorem 6.1 the obstacle K is assumed to be directionally convez instead
of star-shaped, then the conclusion (6.3) still holds.

Proof. First, there is 7o > 0 such that K C {x € RY, |z-e—a| < r¢} and u(x) > 1—4 for all
x such that |z-e—a| > ry. Notice that, here, for any r € R, the function x — U(|x-e—a|—1)
is a stationary solution of (1.1) in the domain {z € RY, |z -e — a| > max(r,0)}. As in the
proof of Theorem 6.1, one gets that

u(z) > U(|z - e —a| — o) for all z € RY such that |z -e — a| > 7o,

where U solves (6.4). Actually, this property holds good if we replace ry by any larger real
number.
Define now

r* =inf {r € R; u(x) > U(|z-e —a| —r) for all z € Q such that |z-e —al > r}.

One has r* < 7y and our goal is to prove that r* = —oo, which will then imply that u =1
in 2. Assume that * > —oo. By continuity, one has

uw(r) > U(|z - e —a| — r*) for all x € Q such that |z -e —a| > r*.

Two cases may occur.
Case 1: assume here that

inf {u(z) —U(|lz-e—a|—r*); 2€Q, r*<|z-e—a| <rg} > 0.

With similar arguments as in the proof of Theorem 6.1, there exists then r, < r* such that
u(z) > U(|r-e—a|—r,) for all x € Q with |z -e—a| > r,. That contradicts the minimality
of r* and case 1 is then ruled out.

Case 2: one then has that

inf {u(z) —U(|lzr-e—a|—7"); 2€Q, r* <|z-e—a| <ry} =0.
There exists then a sequence of points (2, )nen = (T1m, " TNn)nen of Q such that
u(z,) —U(|lzn-e—al|—1") = 0asn — 400, and r* < |z, - e —a| < g for all n € N.

Up to extraction of a subsequence, two cases may occur: either x, — T € Q or |7 (z,,)| — 400
as n — 400, where 7 denotes the orthogonal projection onto the hyperplane P.
Subcase 1: x, — T € ) as n — +oo. Therefore,

w@) =U(T-e—a|—r")and " < |[T-e—a| < ro.
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Moreover,
T-e—al>r"
because of (6.4) and u > 0 in .

Assume first that T € Q and [T - e —a| > 0 (that is T ¢ P). Observe that the sets
Qr = QN {z; £(z-e—a) > max(r*,0)} are connected because K is directionally convex
with respect to the direction e. Define €. € {Q,,Q_} the connected set containing Z. The
strong maximum principle implies that

u(r) =U(|z - e —a| — r*) for all x € Q, such that |z -e —a| > r*,
because u(x) > U(|z - e — a| — r*) in this set, with equality at the interior point T, and
Uz)=U(jx-e—al —r¥)

is a stationary solution of (1.1) in .. But since u(x) — 1 as |x| — 400 (thanks to (6.2))
and limsup U(|z - e —a| —r*) < 1 as |7(x)] — +oo0 and |z - e — a| — r* is fixed, one gets a
contradiction.

Therefore, either T € 92 and [T-e —a| > 0, or [T-e —a|l = 0. In the latter case, then
r* < 0 and since u € C1(Q) satisfies u(z) > U(z) = U(|z - € — a| — r*) for all z € Q (in this
case) with U’(—r*) > 0 and T + Re C Q (from Definition 1.2), it follows that u(Z) > U(%),
which is impossible.

As a consequence, T € ) (whence K # (), [T-e—a| > 0, and
u(x) >U(jJz-e—a|—7r") forall zx € Q and |z-e—a| > r".

Remember that u(7) = U(|Z-e —a|—r*) and [T-e—a| > r*. The nonnegative function u— U

satisfies A(u — U) + b(z)(u —U) = 0 in QN {|z - e —a|] > r*}, for some globally bounded
function b. Hopf lemma then implies that

V(@) - V(u—U)(T) < 0.

Hence,
T-e—a

0 < v(z)-VUZ) = (v(T) - €) xU'(|T-e—al —1r%).

w -7

|T-e—al
But the last term of the inequality is nonpositive because U’ > 0 in R, and K is directionally
convex in the direction e. Subcase 1 is then ruled out too.

Subcase 2: |m(x,)] — 400 as n — +oo. Then u(z,) — 1 because of (6.2), while
limsup,_, . U(|z, e —a] —7*) <1 since r* < |z, - e —a| < rg. One has then reached a
contradiction.

As a conclusion, r* = —o0o, whence u = 1 in . The proof of Theorem 6.4 is complete.[]

6.3 A counter-example to the Liouville result

Here, we construct a special domain which is neither star-shaped nor directionally convex
and for which the previous Liouville property fails for the exterior problem (6.2):

~Au = f(u) nRY\K=0Q,
—:=v-Vu = 0 on 0K = 012, (6.7)
1

u(zr) — as |x| — oo.
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We assume that f satisfies (1.2) and (6.1). Notice that, as in Theorems 6.1 and 6.4, we
do not need to assume the existence of a solution (¢, ¢) of (1.3).

We construct examples of compact obstacles K for which there exist solutions u of (6.7)
such that 0 < u < 1 in €. For this we consider a family of smooth almost annular regions
K. into which a small channel of width € > 0 is pierced as in the Figure below. Then we
prove the existence of a local minimizer of the associated energy functional in a suitable
functional space, when the width € of the channel is small enough. We refer to [16] and [2]
for other properties of non-trivial solutions of elliptic equations in convex or strongly non-
convex (dumbbell shaped) domains, and also to [13] for the construction of local minimizers
of a family of energy functionals which approximate an appropriate perimeter functional in
a fixed domain.

Ry

Figure 3: Obstacle K.

Theorem 6.5 For small enough e > 0, problem (6.7) with K = K. admits a solution u with
O<u<l.

It is enough to show that for any R such that B D K. (actually, R is otherwise arbitrary),
for small enough ¢, the following problem has a solution:

—Aw = f(w) in Bg\ K. =: Q,
v-Vw = 0 on 0K, (6.8)
w = 1 on 0Bg.

Indeed, then, w extended by 1 outside Bp is a supersolution. In the previous section, we
showed that U(|x| — R) is a subsolution where U : Rt — (0, 1) satisfies U” + f(U) = 0 in
€>0,U0)=0,U'(§) >0, VE>0,U(+oo) =1 (remember that the existence of such U
is equivalent to the condition (6.1)). Define ¢(x) = U(|x| — R) if |z| > R and 9(z) = 0 if
|z| < R. Then, 1 is a global subsolution. Since w = 1 on RY \ Bg, we know that ¢ < w.
Therefore, there exists a solution u of (6.7) such that ¢» < u < w. This implies that u #Z 1
and u # 0, whence, by the maximum principle, that 0 < u < 1.
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From now on we work with (6.8). Let v = 1 — u; it satisfies:

—Av = —f(1—wv)=:g(v) in Bg\ K.,
v-Vv = 0 on 0K, (6.9)
v = 0 on 0Bg.

and we look for a solution v such that v #Z 0. Extend f by values: f(s) > 0 for s < 0 and
f(s) <0 for s > 1. More precisely, we take f to be C! with f linear on s > 1 and on s < 0,
that is we extend f by (4.3).

By the maximum principle a solution is such that 0 < v < 1 and, if v ;{—é 0,then 0 < v < 1.

The function g(v) still satisfies (1.2), but its mass has opposite sign: / g(s)ds < 0.

Thus, our goal is to prove that for some classes of domains, solutimorls v # 0 of (6.9) can
be found.

We now indicate the type of domains we construct. Choose (arbitrarily) two radii Ry, Ry
such that 0 < Ry < R; < R. Let A denote the annular region corresponding to these two
radii: A = {z, Ry < |z| < Ry}. For small enough ¢, we consider a smooth subdomain K. of
A such that:

ANn{z;z; <0} C K,
AN{x;xy >0, 2| >2¢e} C K, (6.10)
K. Cc[An{z,zy > 0,|2'| >e}] U [AN{z, 2, <0}].

where 2/ = (23, ...,xy). Thus K. is the annulus 4 into which a channel of width between 2¢
and 4¢ has been pierced.
Let Dqy be the inner ball of radius Rjy:

Dy = B, C . V e > 0 sufficiently small.

For any domain D C )., let us consider the energy:

i) = [ {31k - G a

defined for functions of H'(D), where

We start with the following observation:

Proposition 6.6 In Dy, wy = 1 is a strict local minimum of Jp, in the space H'(Dy). More
precisely, there exist a« > 0 and 6 > 0 for which:

Tpe(w) > JTp,(wo) + ||w — wol[3p p,)
for allw € H'(Dy) such that ||w — wol|m1(py) < 6.
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Proof. Here, we use that G is C? (so f is assumed C! — but this argument could be made
more general). Expand G to get:

G(s) =G(1) + (s _2 D G"(1) +n(s—1)[s — 1]

where 7)(s) is continuous and (s — 1) — 0 as s — 1. From the construction of the extension
of f, it follows that G has quadratic growth at infinity. This implies that 7 is bounded:
In(t)] < C, ¥ teR, for some constant C' > 0. Then, recalling that wy = 1, we get:

Jpy(wo) = —=G(1)[ Do

and
o) = [ gl = Gl [ O{@“‘2—“’0’2@'<1>+n<w—w0><w—w0>2}.

Set w — wy = z so that:

o) = Ton(u) = [ {goae -ty [ RCR (6.11)

Now use that G”(1) < 0, that is, f/(0) < 0. Since 7 is bounded and 7n(s) — 0 as s — 0,
standard integration arguments and Sobolev embeddings yield the following lemma:

/D n(2)e

where £(2) — 0 as z — 0 in H'(Dy).

Lemma 6.7

< (@)l o)

Proof of Lemma 6.7. For any ¢ > 0, let 6(¢) > 0 be such that |n(t)| < e if [t] < (e).
Therefore:

In(t)] <e-+ t?, VteR.

C
(6(e))”

/ () < / s e [ e

By choosing p > 0 sufficiently small, Sobolev embedding theorem yields:

/ 2 < Ol

Hence,

Therefore,

/D O 1(2)z?

C
2
< ellllinon + 5 Il < {2+ 5005 el | 1ol o,
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Since this holds for all € > 0, it implies the lemma. O
Inequality (6.11) then yields:
Tpu() = Ipy(w0) > allw = wol Bpgpyy i llw — wllir oy < 5 (6.12)

The proof of Proposition 6.6 is complete. O

Let us now look at the domain €. = Bg\ K. for ¢ > 0 sufficiently small. First, we extend
wq as follows: we set

( 2
wo(z) =1if x € Bg,\K. N 55;$1§M}’
3 [Ro+2R . R 4R R
wo<x>:R1—R0< 03 1_5171) lfLL’EBRl\Keﬂ{x;%leg%}’
2
'lUQ(ZL’) =0ifz € [BR\BRl] U |iBR1\KE N {l’;l'l > M}} .
\

Proposition 6.8 There exist 3 > 0 and €9 > 0 such that for all 0 < € < g9, and w €
H'(Q.)n{w =0 on 0Bg} =: E. such that ||w — wo|| g1,y = 0, then:

JQE('UJO) < Jgg(w) — /6

Proof. Define C. := Q. N {x; Ry < |z| < R}, D. := DoUC, and F := Q.\ D. = Bg\ Bg,-
Consider now w € H'(§2.) with w = 0 on 9Bg and such that ||w — wol| (., = J. Since
||w — wol| g1 (pyy <0 (as Dy C ), we know that:

Tpo(w) = Jp,(wo) + al[w — woll(py) = Ty (wo)-

From the conditions f(1) =0, f’(1) < 0, and (6.1), it follows that there exists a constant
x > 0 such that:
G(s) < —ks?, ¥ s5>0.

Hence, for any domain D,
Ip(w) > vlfw||fp)

where v = min{1/2,x} > 0.
Therefore, we derive the following lower bounds

Je.(w) 2 vllwllipc.).  Jr(w) = vlwl|lip g (6.13)
Since |Vwy| < C (for some generic constant C' > 0) and wy < 1, we have:
Jo.(wy) < OlC.| < CeNT1

Lastly, we know that Jg(wg) = 0 as wy = 0 outside Dy U C.. Splitting the energy in ).
into the pieces in Dy, C. and Q. \ D. = F respectively, we get:

JQs = JDO + JCE + Jp.
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From the previous estimates, we thus infer that:

Jo.(w) = Jo.(wo) = allw—wol|}p,y — Ce¥ '+

1% _
+§||w—wo\@11(cs) — CeV 1+V\\w—wo||12r{1(F)-

Hence,
Jo.(w) = Jo,(w0) > fllw — w| g,y — CV

for some constants 3, C' > 0. Indeed, notice that the square of the H'(£2.) norm breaks into
three pieces as well, in Dy, C, and F'.
From this, the proposition follows. U

Conclusion: proof of Theorem 6.5. The functional Jg, admits a local minimum in the
ball of radius ¢ about wy in E.. This yields a (stable) solution v of (6.9) for small enough
e > 0. Furthermore, provided 0 is chosen small enough, this solution does not coincide
neither with 1 nor with 0, hence 0 < v < 1 in .. The proof of the theorem is thereby
complete. O

7 Large time behaviour for star-shaped or directionally
convex obstacles

In this section, we prove that, at large time, the generalized front converges to the planar
front uniformly in £ when the obstacle K is star-shaped or directionally convex.

First, we prove a result of independent interest, about the uniform convergence of some
solutions u(t, x) of (1.1) to the planar front ¢(z1+ct) as t — +o0. The solutions are assumed
to be close to the planar front for large |z| at some time, and to converge to 1 locally in x
as t — +o0.

Then, assuming that the obstacle is star-shaped or directionally convex, we complete the
proof of Theorem 1.

7.1 Uniform convergence to the flat front when lim; ., u(t,z) =1

Theorem 7.1 Let f be a C'([0,1]) function satisfying (1.2), and assume that there exists
a solution (c,®) of (1.3) with ¢ > 0. Let Q be a smooth domain of RN (with N > 2) with
outward unit normal v, and assume that K = RN\Q is compact. Let tg € R and u = u(t, z)
be a classical solution of

uw = Au+ f(u), v€Q, telty,+00),
v-Vu = 0, x €0, tEeE ty,+0), (7.1)
0 < wu(t,z) < 1, x€Q, tE [ty,+00).

Assume that, for any e > 0, there exist t. > to and a compact set C. C ) such that

lu(te, z) — ¢y +ct.)| < e for all z € Q\C., (7.2)
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and
u(t,x) >1—¢ forallt >t. and x € 02 = OK. (7.3)

Then

sup |u(t,z) — ¢(z1 +ct)] — 0 as t — +o0.

€
Proof. The proof is divided into several steps. Some technical lemmas will be used in the
proof. In order to keep the arguments clear for the reader’s convenience, we postpone the
proofs of these lemmas to an Appendix in Section 10 at the end of the paper.

The main idea of the proof of Theorem 7.1 is to construct suitable sub- and super-

solutions which strongly diffuse, with slow decay rates, in the directions x»,...,zy. Let us
first define some auxiliary constants and functions.

Step 1: Some preliminary notations. First, up to a shift in x;, one can assume that
K c{z eRY, 2, <0} and that ¢(0) = 1/2. Set

L= max (max |xi|) (7.4)

x=(x1,.,en)EK \1SISN

if K#(,and set L =0 if K =0 (that is, Q = RY).
Next, observe that the function ¢ is (at least) of class C* and ¢’ satisfies

(¢/)// _ C(¢/)/ + f/(¢)¢/ — 0

and ¢’ > 0 in R. Since the function z — f’(¢(z)) is itself bounded, it follows then from
standard interior estimates and Harnack inequality that the function ¢”/¢’ is bounded.
Namely, there exists C; > 0 such that

0" (2)] < C1¢'(2) for all z € R. (7.5)

Even if it means increasing '}, one can assume without loss of generality that

N—-1)L? (N—-1)L?
Clzmax<1,( 40) ,( 1 ) ) (7.6)
Furthermore, it is known that there exists C5 > 0 such that
1-6() o Cu et JETIFD
z—+00 3 —
{ () ~ Cphe s with A\ = 5 > 0. (7.7)
Set
Cg =2\ Cy > 0.
It follows immediately that there exists 0 < kg < 1/2 such that
[¢(2)>1—r>1—ky| = [¢(2) < Csv/r e/?]. (7.8)
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Set

_ (O )] Ae
w-mm( T 1 o > 0. (7.9)
Let us now extend f by (4.3). The function f is now of class C*(R). Let p > 0 be such that
|f (3) ( )| S w for all s S P, (7 10)
If'(s)— f'(1)] < w foralls>1-—p, '
and let A > 0 be such that
p
> 1-F >
o(z) > 1 5 for all z > A, (7.11)
o(z) < p for all z < —A.
Since ¢’ is continuous and positive in R, one has
§:= min ¢'(2) > 0. (7.12)

z€[—A,A]

In the case when () # RV, let C be a function of class CQ(Q), with compact support in
0, and such that v - V{ = 1 on 9. The functions A and ¢ are continuous and compactly
supported in  and they are then bounded. There exists then a constant Cy > 0 such that

(=(+Cy>1in 0

and Ac

) 7.13
I =

In the case when 0 = R, we define ¢ = 1 in RY, and (7.13) obviously holds.

Lastly, set
N-1)L
_ A(L+2)/2 (

C5 03 e (1 + 1 > 0, (714)

Co = (2+w)(48+20w) Wi fIZICIZ NS >0,

where the notation || F'|| stands for the L norm of a function F' on its domain of definition.

Step 2: Some other coefficients and functions depending on 7. Our goal is to prove that
u(t, x) is uniformly bounded from below, as close as we want, by the planar front ¢(x; + ct)
for large time (we shall also show later the boundedness from above). To do so, we fix an
arbitrary positive real number

n >0

and we will prove that

liminf |inf (u(t, x) — ¢(xy + ct)) | > —n.

t—+oo |z2eQ)
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In this step, we define some auxiliary coefficients and functions depending on 7, which
will be used in Step 3 when we construct a sub-solution.
Even if it means decreasing 1, one can assume that

. p ko (2+ w)20§4)
< min N oo, , , =, 7.15

o< min (16l e ey (719)
where ¢ = min, g ((z) > 0 and ko, w, p, ¢, Cs and Cg are given in (7.8), (7.9), (7.10), (7.13)
and (7.14). Then, denote

{4 = min (ﬁ, C}m) = Cen > 0, (7.16)

and
e = min (ko, u¢, 4 (2 + w) 2Cy %) = 4P (2 + w) 2Cy? = 405 (2 +w) 2C5 2 > 0. (7.17)

The explicit calculation of € in the right-hand side of (7.17) is a consequence of (7.15) and
(7.16).

Apply now the main assumption of Theorem 7.1 with the positive number € /2 > 0. There
exist then ?./» >ty and a compact set C,/» C €2 such that

for all z € 5\05/2,
% (>1—¢) forallt>t. and x € K.

\u(tesa, v) — ¢(z1 + ctepa)|

< £
2 (7.18)
u(t,z) > 1-—

Since both u and ¢(x; + ct) are bounded and satisfy (1.1) in €2, there exist a time ¢, > t./o
and a compact set C. C 2 such that (7.18) holds with ¢ instead of £/2. Define
U(t,x) = u(t — 1 +to, x) and ¢(t, ) = ¢(zy + c(t — 1+ 1.)).
Thus, } B
lu(1,z) — ¢(1,x)| <e for all z € Q\C. (7.19)

and
u(t,x) >1—¢ forallt>1 and x € 0K. (7.20)

By assumption, u is not identically equal to 0 or 1 in [tg, +00) x Q. Thus, 0 < u(t,z) < 1
for all ¢t > to and x € Q from the strong maximum principle and Hopf lemma. In particular,
ming, (1, ) = ming. u(t.,-) > 0 because C. is compact and t. > t;. Furthermore, since
¢(—00) = 0, there exists 5 > 0 such that

10) (l’l + ct. — ﬁe"mlp) <a(l,x) forall z € C,, (7.21)

where 2/ = (z3,...,2y) and |2/|?> = 23+ - - +2%. Since ¢ is increasing, § can also be chosen
large enough (even if it means increasing () so that

N-1 %
> Sl
ﬁ_max( TRRETeR ),
_(N—1L?
C(lf6 + 2+ Qw_l) — ﬂ(B + 2&1_1)_16 20T < (),

(7.22)
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where v > 0 is such that

N —1)L? 2(N —1)L?
exp (—%) >1-— % for all s > . (7.23)
Define
_ N-1 50
C T 408 ’ (7.24)

v = max(7,8,8C15,28(N —1)L*c 1, 28(N —1)L?) = 8C,3 > 1

The calculation of v follows from (7.6) and (7.22). From (7.6) and (7.22), one also has
O<a<l.
Let g be the function defined by

(N—1)L2
g(t) =c(t —1+t)—pt % 7 fort>1. (7.25)
From the choice of v, one obtains, for all ¢ > 1,

)L?

(N—1
+ gt le” = (a— (N —=1)L*>y 11

— BN =LA = 2

Since 3>0,0<a<1,+v>1and 3+ 2w > 1, it follows that

g(t) =

2 (7.26)

C
c

_ (v—pL?
gB+2w™) = c(t. +2+2wl) — B33+ 2w G+2Th
N-1)L?

)"
(
< clte +2+ 2w — B3+ 2w ) Tlem s T,
(

Therefore, g(3 +2w™') < 0 because of the second inequality in (7.22). On the other hand, g
is continuous in [1,4+o00) and ¢’ > ¢/2 > 0 because of (7.26). There exists then a unique

t; > 3+ 2w ! such that g(t;) = 0. (7.27)
Define
h=t=2- oo ey € (=227 h - 2) (7.28)
and

o, = u)2(0551/2 +Me2w+2—w(t1—1)) > O,
gy = Chel/2petot2-elti=1) 5 (.
where w, Cs, 1 and € where defined in (7.9), (7.14), (7.16) and (7.17).
Let now v be function defined for all t > 1 by

( jee(t=1) fort e [1,t; —2 —2w™],
Cae'2 4 Tt =) = (=2 — 1)) fortelt—2- 207"t 2]
v(t) = Cywel/?
Coell? + 2 —[1— (b=t + 1) forte [t —2,t),
0561/26—w(t—t1) for ¢t > 1.
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It is straightforward to check that the function v is of class C' on [1,+00) and that it is
decreasing on [1,t,], increasing on [to,t; — 1] and decreasing on [t; — 1, +00). Furthermore,
v > 0on [t;,+00) and

min v(t) = v(ts) = Cse/2 — TLt, — 2 — )2 = wioyot > 0.
te1,t1] 4

Hence, v > 0 on [1, +00). On the other hand, v(1) = g and v(t; — 1) = Cse"/?(1 +w/2) = u
because of (7.17). Therefore,

max v(t) = p. (7.29)
Lemma 7.2 The function v satisfies
—'(t) < 2wu(t) for allt > 1. (7.30)

The proof of this lemma is postponed to the Appendix, Section 10. We continue with
the proof of Theorem 7.1.
Let now V' be the function defined in [1, +00) by

V(t)=4||C||oo||f'||oo5_1/t oov(f)df- (7.31)

Then, V is decreasing in [1, +00) and V(+00) = 0. Let us now estimate V' (1). Owing to the
definition of v, one has

t1—2—2w—1 t1
A ool llocd ™ o™ 4+ (2 + 20~ + Cse'/?w™1]  (because of (7.29))
A F oo llCllae0 ™t w ™ (5 + Cse'/?)  (because 0 < w < 1)
4| fllsolI¢ locd ™ w ™ (5C6 + 2(2 + w) ™' Ce)n.

V) = 4 fsollCllod™ [/1_ - U(T)dH/l U(T)dw/ mv(f)dT]

[ IAIA

Thus,
V(1) < ll¢'ll<'n, (7.32)

because of the definition of Cy in (7.14).

Step 3: Construction of a sub-solution. Let us now define the function u by

u(t,r) = ¢(¢) —v(t)((x) for all t > 1 and x € Q,

where ,
\

E=¢(t,x) =z +c(t—1+1t)— [t % 7 +V(t)—V(1),

and let us check that this function is a sub-solution of (1.1), for ¢ > 1.
First, compare u(1,-) and @(1,-) in . If z € C., then

|2’
>

/2
[=]

u(l,z) < ¢ (:c1 +ot. — B ) < (21 + et = ) < a1, @) = ulte, @)
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because ¢’ >0, 3 > 0, v > 1 and because of (7.21). If z € Q\C., then
u(l,2) < ¢(x1 +cte) — p¢ < (o1 + cte) — e < a(l, @) = ulte, )
because v(1) = > 0, ¢ > 0 and because of (7.17) and (7.19). As a consequence,
VeeQ, u(l,x)<a(l,z).

Set
Lu=u, —Au— f(u).

Lemma 7.3 The function u satisfies
Lu(t,x) <0 forallt>1 and x € Q.

Let us now check the boundary conditions on 02 = 0K. Remember first that a(t,z) >
l—¢forallt>1and x € 0K from (7.20). Therefore, if u(t,x) < 1—¢, with ¢ > 1 and
x € 0K, then u(t,x) < a(t,x). Furthermore, the following lemma holds.

Lemma 7.4 If (t,x) is such that
t>1, ze€dK and u(t,z)>1—c¢, (7.33)
then v(zx) - Vu(t,x) < 0.
It then follows from the parabolic maximum principle that
u(t,r) < a(t,z) forallt>1and x € Q.
Therefore, for all t > t.,

i% [u(t, z) — ¢(xq + ct)]

= in% [a(t +1—t.,x) — ¢(x1 + ct)]
zggwwu+1—uw»—va+1—ax@»—wm+wm

> —[lt+1—-1t)+ V(1) =V({E+1=t)] [|¢llc —v(t+ 1= t)[IC]loc

But the right-hand side converges, as t — 400, to =V (1)||¢'||cc > —n by (7.32).
Since n > 0 was arbitrary, one concludes that

lim inf{inf [u(t,z) — P(xy + ct)]} > 0.
t—+oo | zeQ

Step 4: Construction of a super-solution. It is a bit simpler than for the sub-solution.
We define L as in (7.4), and then C} such that (7.5) holds and

N —1
Cl Z max (1, T) . (734)
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From (7.7), there exists a constant C > 0 such that
¢'(2) < Che™* for all z € R. (7.35)
Let w > 0 and p > 0 be as in (7.9) and (7.10), and let A’ > 0 be such that

¢(z) > 1—p forall z> A,
g for all z < —A’

and define ¢’ > 0 by

= min &' (2).
zqﬂiﬂq¢(@

Choose ( as in Step 1 and let

5/ /|—1 -1 /1|—1
WAL

Let 7 > 0 be any positive number such that

Ch =

p

O<n< —ob .
2C1IC |

Let ¢/ > 0 and ¢’ > 0 be defined by
p' = min <L,C’én) =Cin >0
2[|¢ 1 oo

and
e =p'¢=Cin¢ > 0.
Apply the main assumption of Theorem 7.1 with the positive number e'/2 > 0. As in
Step 2, there exist then t.. > t; and a compact set C., C €2 such that

|u(te, x) — @1 + ctor)| < & forall z € Q\C..
Since ¢(+00) = 1 and maxc, u(te,-) < 1 (C is compact), there exists 3’ > 0 such that
1) (ml + cto + ﬁ/e"mlp) > u(te,x) forall z € Cu.

Since ¢ is increasing, 3’ can also be chosen large enough (even if it means increasing (') so

that
’ 4 ’ 401

c (1 + M) oA=Lt~ (N-DI2) <. (7.36)

and

4
Now define the super-solution @ by, for t > 1 and z € ©,

u(t,x) = o(E(t,x)) + o(t)¢ (),
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where

- - L. -
E = ftx)y=m+ct—1+ts)+ [t %e 7t + V(1) —V(¢),
M’e_w(t_l)’ (737)

BILf oo 1€ o8~ e e = ]| et

<t
—~
<~
S—
|

and
, N-1

o =
4G5
This function 7 is of the same type as u in step 3, but with some opposite signs and simpler

definitions for v and V.
With these choices of parameters and functions, it is then straightforward to check that

€ (0,1], + =max(8,8C,3)=8C,5 > 1.

u(l,z) > u(te,z) forall z € Q.

Furthermore, with the same calculations as in Step 3 (see the proof of Lemma 7.3), one
gets that

Lu > f(6(€)) — fF((€) + 0(t)¢(x)) + ' (1)¢(x) — DAL () — V' (1) (£),
and then £u > 0 in each of the cases £ < —A’, € > A’ and |§| < A
Lemma 7.5 For allt > 1 and x € 052, one has v(z) - Vu(t,z) > 0.
The parabolic maximum principle yields
u(t,z) > u(t —1+to,x) forallt>1and z € Q.
Therefore, for all t > .,

sup [u(t,z) — ¢(x1 + ct)]

€

< sup [Pt +1 —ter, ) +0(E + 1 — ter)((2) — P21 + ct)]

SBU+1—t) @ +VA) = V(E+1—t2) |9l + 5t + 1 = to)[ICllo

But the right-hand side converges, as t — 400, to V(1)||¢/||ec = 1 by (7.37).
Since n > 0 was arbitrary, one concludes that

t——4o00 zeQ

lim sup {sup [u(t,z) — oz + ct)]} <0.

Step 5: Conclusion. It follows from Step 3 and Step 4 that

sup |u(t,x) — ¢(z1 +ct)| — 0 as t — +oo.
zeQ

That completes the proof of Theorem 7.1. U
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Remark 7.6 The above proof is valid when there is no obstacle, that is when Q = R,
and in that case, the condition (7.3) is not needed. When Q = RY  assumption (7.2) is
satisfied in particular if u(ty,z) — ¢(x1 + cty) — 0 as |x| — +oo. Moreover, even without
obstacle, Theorem 7.1 can be viewed as a generalization of some earlier results (see for
instance Levermore and Xin [15]). Paper [15] was concerned with the stability of the planar
front ¢(x;, + ct) for the Cauchy problem (1.1) in RY under the assumption that the initial
condition is a localized and small perturbation of ¢. This assumption is not satisfied in
Theorem 7.1 (even in the case Q = RY) since, in any bounded region, the difference between
u and ¢ may be large at initial time. As already emphasized, one of the basic ideas was to
construct explicit sub- and super-solutions v and @ such that the phase shifts in ¢ diffuse
strongly in the variables 2’ and relax weakly in time. In such a way, the initial perturbations
diffuse and become negligible at large time.

7.2 Proof of the main convergence result when K is star-shaped
or directionally convex

By means of Theorem 7.1 and of the results of the previous sections, we are now able to
complete the proof of the main Theorem 1 which corresponds to the propagation around a
star-shaped or directionally convex obstacle.

Proof of Theorem 1. Assume that the function f € C'([0,1]) satisfies (1.2), that there
is a solution (¢, ¢) of (1.3) with ¢ > 0, and that the compact obstacle K is star-shaped or
directionally convex. From Section 2, there exists a time-global solution u of (4.1) such that
us(t,x) > 0 for all (t,2) € R x Q, and which satisfies:

u(t,z) — ¢(x; +ct) — 0 as t — —oo, uniformly in z € Q, (7.38)

where ¢ is the unique solution of (1.3) (with, say, the normalization condition ¢(0) = 1/2).
The strong maximum principle also implies that 0 < u(t,z) < 1 for all (¢,7) € R x Q.
From Proposition 5.1,
u(t, r) — uxo(x) as t — +o0,

locally uniformly in z € Q, and us(z) — 1 as |#| — +o0. The function us, is a classical
solution of (5.1). Since the obstacle K is assumed to be star-shaped or directionally convex,
it follows then from Theorems 6.1, 6.4 and Remark 6.2 that

Us = 1 in Q.

We are going to check the assumptions of Theorem 7.1, with say, to = 0. Let ¢ > 0 be
an arbitrary positive real number. Since u(t,z) — u(z) = 1 as t — 400 locally uniformly
in z € Q, there is a time t. > 0 such that (7.3) holds.

Let us now deal with property (7.2). From (7.38), there exists a time 77 < 0 such that
\u(Ty, ) — ¢(x1 + )| < €/2 for all z € Q. Since ¢(+00) = 1, there is then &, > 0 such
that

H o ={zcR", z;,>&}cCQ
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and 1 —e <wu(Ty,z) <1 for all x € Hy, whence

l—e<u(t.,z) <lforall z € Hy

since t, > 0 > T} and w; > 0. Similarly, since ¢ > 0 and ¢’ > 0, there holds:

1—¢/2<¢(x1+ D) <¢p(r1+ct.) <1 foral ze€ H,.

As a consequence,
|u(te, ) — ¢z + ct.)| < eforall z € H,.

For 0 < § < min(1/2,¢/2), call g5 the function defined in R by

s—90

f(260) x 5 if s <26
gs(s) =< f(s) if 20 < s <1—9,
f(1—5)x$ ifs>1—06

(7.39)

It is immediate to check that for 6 > 0 small enough, the function gs has two stable zeroes
at ¢ and 14 J, namely g5(0) = gs(1 +6) = 0, g5(5) < f(0) <0, f'(1) < g5(1 +6) < 0.
Furthermore, for § > 0 small enough, gs > f on R (f is assumed to be extended in R by
(4.3), as usual) and there exists a unique (up to shifts) solution (vs,ws) of (1.3) with the

nonlinearity gs and the conditions

0 = ws(—00) < ws < ws(+00) =1+ 0.

It is also known that vs > ¢, whence 75 > 0. Let T5 < 0 be such that |[u(T3, x) —¢(z1+cT3)| <

§/2 for all z € Q. Since ¢(—o0) = 0, there exists £ < 0 such that
H ={zeR" <} cQ

and .
0 <u(Ty,x)<oforalxe H_.

Since ws(+00) = 1 + 4, there is & € R such that ws(E_ + 75Th + o) > 1 for all 71 > .

One shall compare u(t,z) with W(t,x) = ws(zy + Y5t + &) in H- for t > Tp.

First,

u(Ty,x) <6 < W(Ty,x) for all z € H_. Observe also that, for all t > T, and z € OH_ (that

iS, Ty = 5—))

W (t,z) = ws(z1 + Yt + &) > ws(E + 15Th + &) > 1> u(t, ).

Lastly,
Wy = AW + gs(W) > AW + f(W)

from the choice of §. The parabolic maximum principle yields

0 <u(t,z) < ws(xy + st + &) for all t > Ty and x € H_.
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In particular, 0 < u(t., x) < ws(x; + yste + &) for all x € H_, whence

limsup  wu(t.,z) <<

x1——00, /€RN-1

c

5’

since ws(—o0) = 0 < €/2. Since ¢(—o0) = 0, there exists then {_ < 0 such that
H ={zeR" 2, <} CQ

and

lu(te, x) — ¢z + ct.)| < e forall x € H_. (7.40)

Notice also that, since § can be chosen arbitrarily small, the above arguments imply that,
for all 7 > 0,

sup u(t,z) — 0 as A — o0, (7.41)
z€Q, |t|<T, 11<-A

and this property holds even if the obstacle K is not star-shaped or directionally convezr. On
the other hand, it follows from Proposition 4.1 that there exists B > 0 such that
E={zecRY ¢ <z, <¢, |2|>BycQ
and
lu(te,x) — @(x1 + ct.)| < e forall x € E. (7.42)

We now set B

C=C.={zeRY, ¢ < <&, [7|<B}NT
The set C. is a compact subset of Q and

lu(te, z) — ¢(ay + ct.)| < e for all x € Q\C.

from (7.39), (7.40) and (7.42). In other words, property (7.2) is fulfilled.
Theorem 7.1 then implies that

u(t,z) — ¢(xy +ct) — 0as t — +o0

uniformly in z € Q.

Lastly, let us show that u(t,z) — ¢(z1 + ct) — 0 as || — 400, uniformly in ¢t € R. Let
e > 0 be an arbitrary positive real number. Since u(t,z) — ¢(z; + ct) — 0 as t — £oo
uniformly in @ € , there exists 7 > 0 such that |u(t,z) — ¢(z; + ct)| < e for all [t| > 7
and for all z € Q. On the other hand, the same arguments as above yield the existence of a
compact set D. C Q such that

lu(t,z) — ¢(z1 + ct)| < e for all [t| < 7 and for all z € Q\D..

Indeed, this is exactly what we just proved when t = t. was fixed, but the arguments
immediately work locally in time.
As a conclusion,
u(t,x) — ¢(xy + ct) — 0 as |z| — +o0

uniformly in ¢ € R. The proof of Theorem 1 is complete. O
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8 Large time behaviour for a general compact obstacle

In this section, we deal with the general case, that is when the compact obstacle K is not
assumed to be star-shaped or directionally convex anymore. The convergence of the solution
u(t, x) to the planar front ¢(x1 + ct) as t — +oo only takes place in half-spaces {z1 < ((t)},
provided that lim; ;. ((t) = —oc.

Proof of Theorem 2. First, as in the beginning of the proof of Theorem 1, there exists a
time-global solution u(t, z) of (1.1) such that 0 < u(t,z) < 1, u(t,z) > 0 for all (t,z) € RxQ
and such that the limit (7.38) holds uniformly in z € Q. Furthermore, u(t, ) — us(z) as
t — +oo0 locally uniformly in x € €, where 0 < u,, < 1 is a solution of (5.1) such that
Uso(z) — 1 as |x| — +00.

Let us now fix an arbitrary map t — ((¢) such that lim, .., ((f) = —oo and let us prove
that
sup  |u(t,z) — P(xy + ct)| — 0 as t — +o0. (8.1)
z€Q, x1<((t)

The proof has some similarities with the one of Theorem 7.1, but the fact that, in general,
u(t,x) /1 as t — +oo introduces new difficulties.

Step 1 : Some constants which depend on f and ¢ only. First fix a positive real number
o > 0 such that

2£(0)] 3\f’(1)|) . (82)

max (2(|¢']|sc0 + 07, co) <min( 3 2

Extend f by (4.3), set

w =7 (<min(f O 1)) (8.3)

and choose 0 < p < 1/2 so that (7.10) holds. Let A > 0 be such that

=
&
\Y

l—g for all z > A,

) (8.4)

o(z) < forall z < —A

and let § > 0 be defined as in (7.12). Lastly, fix a constant x > 0 such that

max 1]+ 31 [l + 2/|¢ [l oc0 + 0% + 2w < KOWO (< Kéw), (8.5)

where 6 € (0,1) is chosen so that
f>0on (0,1).

All above constants are fixed throughout the proof. They will be used in the construction of
lower and upper functions in Step 3 and 4.

Step 2 : Expansion of the set where u(t,z) > 1 — ¢ in the —z;-direction. Let £ be any
positive real number such that

0 < e < min(l—6,p/8). (8.6)
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Let R. > 0 be such that
K C BRE (O)

and .
Uso(T) > 1 — 3 for all |z| > R.. (8.7)

Let now Ry = Ri(1 —¢), Ry = Ry(1 —¢), R3 = R3(1 —¢) and T' = T(1 — ¢) be as in
Lemma 5.2. Let 5 > 0 be such that

S(—R. — Ry — Ry +ctg) > 1 — % (8.8)

From Proposition 4.1, there holds

U(to, 1, l’,) — ¢($1 + Ct()) uniformly n xr1 € [—RE - Rl - Rg, —Ra].

@ | oo
Since ¢ is increasing, there exists then R. > 0 such that
u(to,x1,2") > 1—¢ for all x; € [-R. — Ry — R3, —R.] and |2/| > R.. (8.9)

On the other hand, it follows from the definition of u., and (8.7) that there exists ¢. such
that
t. >t (8.10)

and
u(te,z1,2") > 1—¢ for all ; € [-R. — Ry — R3,—R.] and |2/| < RL.

Together with (8.9) and the time-monotonicity of u, one gets that
u(t,zy,2’) >1—cforallt >t,, v, €[~R. — Ry — Rs, —R.] and 2/ € RV . (8.11)

Remember that the half-space {r € RY, x; < —R.} is included in Q. For all 2/ € RV-1,
it follows from (8.11) and Lemma 5.2 that

u(t+T,y) >1—¢forall t >t and for all y € Bg,(—R. — R3,2).
Therefore,

u(t,ry,2') >1—¢ forallt >t +T, 2’ € RVN-!
and z; € [—RE — Rs — Rg, —Ra] = [—Ra — Ry — Ry — (Rg — Rl), —Ra].

By immediate induction, we get that, for all k¥ € N,
u(t,x,2') > 1—e forall t > t.+kT, 2’ € RV and 2, € [-R.—R3— R, —k(Ry,—R,), —R.].
In particular,

u(t,r) >1—¢ forallt>t., 2/ € RN-!

and 7, € —Rg—Rg—R1+R2—R1—R2_R1

x (t—t.),—R| .
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Let Ry = R. + R3 — Ry + 2R, and observe that
—R.— Rs — R < —Ry < —R.. (812)
Since Ry — Ry > ¢T'/4 from (5.3), it follows in particular that

t— 1.
u(t,z) > 1—¢ forall t > t., 2 e RV"! and —R4—C( )

Denote B
H={zecRY 2, <-R,j}CcQ.

As in the proof of Theorem 1, there exists a compact set
C.CH

such that
lu(te, x) — ¢z + ct.)| < e for all x € H\C-.. (8.14)

Since C. is compact, one has 0 < ming, u(t., ) < maxc, u(te, ) < 1 and there is a constant
6 = . > 0 such that

b1 + cte — Be 1) <ulte, z) < ¢(x1 + et + Be ) for all z € C., (8.15)
because ¢(—o0) = 0 and ¢(+00) = 1. Let
v = max(8,83C) and a = 2(N — 1)y, (8.16)
where the constant C} is given by (7.5).

Step 3 : Construction of a lower function u. For t > 1 and x € H, define

a(t,x) =u(t —1+t., x)

and
u(t, z) = ¢(&)w(xy) — 2ee™7Y,

where
||

§= f(t, ZL’) = 21+ C(t -1+ ta) — [ft=% T + ree—w(t=1) _ Ke,

w(zy) = 1—egeo@tha)

and the constants w, k and o were chosen in Step 1.
If x € H\C., then

u(l,z) < ¢p(xq + ct.) —2e <wufte,z) —e=u(l,z) — ¢
because of (8.14). On the other hand, since v > 1 and ¢’ > 0, it follows that if =z € C., then
u(l,2) < ¢(a1 + cte — Be ) — 26 < w(te, x) — 26 = a(1,2) — 2
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from (8.15). As a consequence,
u(l,x) <a(l,z) —e for all x € H. (8.17)

Our goal here is to prove that u(t,x) < a(t,z) for all t > 1 and x € H. Actually, it is
not clear that u is a sub-solution of (1.1) in [1, +00) x H, but this property shall at least be
true in the set where u(t,x) > (¢, ). This will be enough to get the desired result. Define

E={(t,z) € [1,400) x H, u(t,x) > u(t,x)} (8.18)
and assume that E is not empty. Then, set
t=inf {t >1, 3oz € H, (t,z) € E}.

Then ¢ € [1,400) and there exists a sequence (t,, Zp)nen = (tn, T1n, T} )nen in [1,4+00) X H
such that ¢, — t as n — +00, and

u(tn, xn) > U(ty, z,) for all n € N. (8.19)

We claim that the sequence (z,)nen is bounded. If x;, — —oo as n — +oo (up to
extraction of a subsequence), then

W(ty, xn) = u(t, — 14+t x,) — 0asn — 400

from property (7.41). But limsup, . u(t,, v,) < —2ee =Y < 0 by definition of u
and since ¢(—oo) = 0. This contradicts (8.19) and therefore x;,, — z; € (—oo0,—Ry] as
n — +oo (for a subsequence). Now, if |2/,| — 400 as n — +oo (up to extraction of another
subsequence), then

Wty xn) = u(ty — 1+t x,) — Oz + et —14+1t.)) asn — +oo
from Proposition 4.1. But

limsup w(ty, #n) < ¢z, + et — 1 +t.)) — 2ee D < @(a; + et — 1+ 1))

n—-4oo

and one has reached a contradiction too. As a consequence, one can also assume that
=2 e RV asn — +oo.
Set x = (x,,2') € H. Passing to the limit as n — 400 in (8.19) yields u(t,z > u(t, ).
In particular, ¢ > 1 from (8.17). Therefore, u(t,z) < a(t,z) for all 1 <t <t and xz € H,
whence
u(t,z) = u(t, x)

and
Uy (ta l) Z ,at (ta l)

Furthermore, for all 2/ € RV~

u(t,—Ry,2') <1—e—2ee ™t <1 —e<u(t—1+t., —Ry, ') = u(t,— Ry, 2)
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from (8.13). As a consequence, z; < — R4, whence
Au(t, z) < Aa(t, z).
Finally,
u,(t,z) — Au(t, z) — flult, z)) = Gt z) — Ault, z) — f(a(t, z)) = 0. (8.20)

Let
Eﬂ(t> I) = ﬂt(ta ZL") - Aﬂ(t> I) - f(ﬂ(ta [L’))

forall ¢t > 1 and z € H. One has
Lu(t,x) = Ly + Ly + L3 + Ly,

where

(L = Qo) — ¢ ule) + 26(E)0 + p(E)o%eertr
—f (o(&w(zy) — 2ee(71)

Ly, = 2wee w1 —w/iéqb’(g)w(xl)é_“(t_l),

Ly = Bla—2N — )y )ree 5 d(€uen),
| Li = By - D2 2o @ (w(ar) — 4822 P g (€ (ay).
Notice first that L3 = 0 because of (8.16). Moreover, Ly < 0 from (7.5), (8.16) and since
t>1,¢ >0and w > 0. Therefore,

Lu(t,z) < [f(o(€))w(xr) — f (d(&)w(xy) — 2ee V) 821
+(2[|¢/l|oo0 + 0?)ee”@HR) 4 [2 — k¢! (§)w(wy)]wee ) :

forallt > 1 and z € Q.
Lemma 8.1 One actually has Lu(t,z) < 0.

The proof is postponed to the Appendix in Section 11. From Lemma 8.1, one gets a
contradiction with (8.20). As a conclusion, the set E defined in (8.18) is empty, whence

u(t,z) <a(t,xr) =u(t—1+t.,z) forallt > 1 and z € H.
Therefore, for all t > t.,

inf [u(t, 2) — ¢(21 + ct)]
> igg[y(t +1—t.,2) — Pp(ay + ct)]

72
[=”]

= jnf [Cb <951 +t — Bt +1—t.) e 0 4 e — /4;5)
BAS

X (1 — 56—0(901+R4)) — Qpewlt—ts) _ ¢(l’1 i Ct)}
> _||¢/||oo (ﬁ(t +1- ta)_a + /{g) — & — Qgewlt—te)
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since 0 < ¢ < 1. As a consequence,

lim inf { inf [u(t, z) — ¢(x1 + ct)]} > —(k|¢]|oo + 1)e.

t——4o00 zeH

Since this is true for all € small enough, since the constant x does not depend on ¢, and since
¢(t) — —o0 as t — 400, one concludes that

lim inf{ inf  [u(t,z) — ¢(z1 + ct)]} > 0. (8.22)

t=too (2€9, z1<((t)

Step 4 : Construction of an upper function w. For t > 1 and x € H, set

U(t,z) = ¢p(€)w(xy) + 2ce ),

where

!
2’12

E=Et,x) = z+c(t—1+1t)+ Pt % 7t + ke — kee @1,

W(x,) = 14 cer@tha)

and the constants w, x and o (resp. «, § and 7) were chosen in Step 1 (resp. Step 2).
From (8.14), (8.15), and since v > 1 and ¢’ > 0, it follows as in Step 3 that

u(l,z) > a(l,z)+¢c forall z € H.
Observe also that, for all t > 1 and 2’/ € R¥~1,
U(t,—Ru,2') > d(—Ri+c(t —14t)) x (1+¢) > (1 - %) x (1+¢€)>1>a(t,—Ry, ).

The inequality ¢(—Ry +c(t —1+1t.)) > 1 —¢/2 indeed follows from the positivity of ¢’ and
from (8.8), (8.10), (8.12). Let

E={(t,z) € [1,400) x H, U(t,z) < a(t,z)} (8.23)

and assume that E is not empty. As in Step 3, it follows from the above observations that
there exists a point (¢,7) = (¢,71,7) such that ¢ > 1, T; < —Ry,

u(t,T) = u(t, =)

and
Lu(t,T) <O0. (8.24)

On the other hand, the following lemma holds

Lemma 8.2 One actually has Lu(t,T) > 0.
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Therefore, one has reached a contradiction. As a consequence, the set E defined in (8.23)
is empty, whence u(t, ) > u(t,x) = u(t — 1 +t.,z) for all £ > 1 and x € H. One concludes
as in Step 3 that

lim inf { inf [¢(a1 + ct) — ult, x)]} > — (k¢ ]| + 1)

t——+o00 zeH

and then that
lim inf{ inf  [p(x1 + ct) — u(t, x)]} > 0.

t—F00 | 2€Q, z1<((t)

Together with (8.22), we get the claim (8.1).

Let us finally prove that
u(t,z) — ¢(xy + ct) — 0 as |z| — 400, uniformly in ¢ € R. (8.25)
Fix any arbitrary positive real number e. From (7.38), there exists t; < 0 such that

lu(t, z) — ¢p(x1 + ct)| < % for all t < t; and for all z € Q. (8.26)

Since ¢’ > 0 and ¢(+o0) = 1, there exists r; > 0 such that
le{l’lzrl}Cﬁ

and ¢(ry + ct1) > 1 —¢/2, whence 1 > ¢(z1 +ct) > 1 —¢/2 for all &y > r and t > ;.
As a consequence of (8.26), it follows that (1 >) u(ty,z) > 1 — ¢ for all ; > 71, whence
1>wu(t,x) >1—cforall t >t; and z; > ry since u; > 0. Therefore,

lu(t,z) — ¢p(xq + ct)] < e forall t € R and z1 > 4.
From the arguments of the proof of (8.1), there exist to > 0 and ry < 0 such that
HQI{LL’l STQ} Cﬁ

and |u(t,x) — ¢(xy + ct)| < e for all t > ty and x € Hy. From (7.41) and ¢(—o0) = 0,
there is 73 < 79 such that 0 < ¢(rs3 + cty) < e and 0 < u(ty,z) < e for all x; < r3. Since
¢ >0, u >0 and u > 0, it follows that |u(t,z) — ¢(x1 + ct)| < e for all t <ty and 21 < 3.
Therefore,

lu(t, =) — ¢(xq + ct)| < e for all t € R and for all x; < r3.

On the other hand, there is t3 > 0 such that ¢(r3 + ct3) > 1 — &/2, whence
o(ry+ct) > 1— % for all t > t3 and z1 > rs. (8.27)
From Proposition 4.1, there exists 7’ > 0 such that K C B,.(0) and

lu(t, z) — ¢(a1 + ct)| < % for all ¢; <t < ty, 3 <21 <r and |2/ > 7. (8.28)
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This holds also for all ¢ < ¢; because of (8.26). Lastly, for all t > ¢3 and r3 < x; < 714,
one has that 1 > ¢(xy + ct) > 1 — ¢/2. Together with (8.28) and u < 1, it follows that
1—e<u(ts,x) <1 forall r3 <y <ryand |2'| > 7. Finally, since u; > 0, one gets that
lu(t,z) — ¢(xy + ct)| < e forall t > t3, r3 <z <y and |2/| > 1.

One concludes that |u(t,z) — ¢(z; + ct)] < e for all t € R and for all x € Q such that
either 1 > ry, or 7 < 73, or r3 < z; < 7y and |z/| > 7. Since € > 0 was arbitrary, we
have shown (8.25). Property (1.8) follows from (8.25) and Proposition 5.1. The proof of
Theorem 2 is complete. U

9 The solutions u(t, ) are generalized fronts

This section is devoted to the proof of Theorem 3. One shall prove that the limits (1.9) hold
uniformly in (¢,z) as x; + ¢t — £00, where uy, solves (1.7).

If the obstacle is star-shaped or directionally convex, then u,, = 1 from Theorems 6.1
or 6.4. In these cases, one still has that u(t,z) — us, = 1 at t — 400 locally in z,
because ¢(+00) = 1 and sup,q |u(t,z) — ¢(z1 + ct)| — 0 as t — +o00. Actually, the limit
lim; ., o u(t, z) = 1 then holds uniformly in any family of half-spaces {x; > £(¢)} such that
E(t) +ct — +oo0 as t — +oo.

The proof of (1.9) is done below in the general case of a compact obstacle, which may or
may not be star-shaped or directionally convex.

Assume that the first limit in (1.9) does not hold. Then, there exist € > 0 and a sequence
of points (t,, Zn)nen = (tn, T1ims - - - TN )men in Rx Q such that z, ,+ct,, — +00 asn — +00
and

VneN, ux(r,)—ult,,z,) > ¢ (9.1)

We here used the fact |uq(z) — u(t, z)| = us(z) — u(t,z), since u; > 0 in R x Q. Up to
extraction of a subsequence, two cases may occur: either x,, — r,, € Q or \xn\ — 400 as
n — +00.

Case 1: x, — 7o € Q asn — +oo. Then t, — 400, u(ty,,) — Us(Ts) and
Uso () — Uso(Too) a8 M — 400, which is impossible due to (9.1).

Case 2: |z,| — 400 as n — 400. Then

Uso(Ty) — 1 as n — +oo. (9.2)

Up to extraction of another subsequence, three subcases may occur.

Subcase 2.1: t,, — —oo as n — +oo. Then u(t,, x,) — ¢(x1, + ct,) — 0 from (1.6). But
T1, + ct, — +oo, whence ¢(z1, + ct,) — 1 and u(t,,z,) — 1. Together with (9.1) and
(9.2), one gets a contradiction.

Subcase 2.2: t, — too € R as n — +oo. Thus, 1, — +oo. Let T" < 0 be such that
sup,eqn |u(T, 2) — ¢(a1 + cT)| < e/2,and T < t,, for all n € N. Since u, > 0, one gets

Vne N’ 1> u(tna xn) > U(T, xn) > QS(zl,n + CT) - %,

whence liminf, ;o u(t,,z,) > 1 — /2. Therefore, limsup,,_,, o Uso(zs) — u(tn, z,) < /2,
which contradicts (9.1).
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Subcase 2.3: t, — +oo0 as n — +oo. If, up to extraction of another subsequence,
x1, — —o00, then u(t,,z,) — ¢(x1, + ct,) — 0 from (8.1) and one reaches a contradiction
as in Subcase 2.1. If z1,, — 21 € R, then, for any 7" € R, one has, for n large enough,

1> u(tn, z,) > u(T, x,).

But u(T, x,,) — ¢(x1 00+cT") as n — +o0 because of Proposition 4.1, and ¢(z1 o +¢T") — 1 as
T — +o0o. Hence u(t,, x,) — 1 as n — +oo and a contradiction is reached as in Subcase 2.1.
Lastly, if 27, — 400, then argue as in Subcase 2.2 to get a contradiction.

As a conclusion, the first limit in (1.9) has been proved.

Assume now that the second limit in (1.9) does not hold. Then, there exist ¢ > 0 and a
sequence of points (., Zn)nen = (tns Tins -+ TN )nen in R X Q such that xq, + ct,, — —o0
as n — +00 and

VneN, wu(t,z,) >¢ (9.3)

(remember that u > 0). Up to extraction of a subsequence, three cases may occur.

Case 1: t,, — —oo0 as n — +oo. Then u(t,, z,) — ¢(x1, + ct,) — 0 because of (1.6). But
T, + ct, — —00, whence ¢(xy, + ct,,) — 0 and u(t,, z,,) — 0, which contradicts (9.3).

Case 2: t, — too € Ras n — 4oo0. Then z;,, — —oo and u(t,,z,) — 0 because
of property (7.41), which holds for general compact obstacles which may or may not be
star-shaped or directionally convex. Case 2 is then ruled out too.

Case 3: t,, — 400 as n — +oo. Then x;,, — —oco and u(t,, x,) — ¢(x1, + ct,) — 0 from
(8.1) and one gets a contradiction as in Case 1.

Therefore, the second limit in (1.9) has been checked and the proof of Theorem 3 is
complete. O

10 Appendix A: proofs of Lemmas 7.2—-7.5

Proof of Lemma 7.2. On the interval [t5,¢; — 1], the function v is increasing and (always)
positive, whence —v'(t) < 0 < 2wo(t) for all ¢ € [to,t; — 1]. By definition of v, one has
—v'(t) = wo(t) < 2wo(t) for all t € [1,¢; — 2 — 2w U [t;, +00). For all t € [t; — 1,,], one
has

'(t t—t+1
PO wl—tt)

v(t) L+ 2 (1= (b=t +1))
Hence, it only remains to prove that —v'(t) = |v/(t)| < 2wv(t) forallt € I = [t; —2—2w™!, t5],
where ¢t was defined in (7.28). Define

nit) = — 2O _WOF ey

One has o
W(t) = —Elv(t)_%'(t) for all t € I,
where o o
i(t) = Cset/? — Zl(t — 1) — Zl(tl —2—ty)2
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The function 4, which can be defined in R, is such that i(ty) = v(ts) = w?o907 " > 0, whence

i(t) = 0if and only if t =t =ty & (i(ty)doy V2 =t + QwU;/Qafl.

Ift <t;—2—2w™! theni(t) > 0and A'(t) < 0 on I, whence h(t) < h(t;—2—2w™) = w < 2w
on I. Otherwise, t_ >t —2 — 2w™!, that is

2w—10561/2_'_2w—1\/0561/2M62w+2—w(t1—1)
0561/2 _|_Iue2w+2—w(t1—1) )

th—2—920w <t =t —2—

whence pe?~+?=wti=1) > C.c1/2 and
oy? > Cse?. (10.1)
Furthermore, // > 0 on [t; —2 — 2w~ ' ¢_], ' <0 on [t_,,] and then

Ulw—102—1/2 - w(C5€1/2_|_,u62w+2—w(t1—1))

max; h = h(t_) = 5 < STeRsTE
w Wi w  w2+w)
< Ly _ X 2T o9
S 9t Tyt T =

because of (7.9), (7.16), (7.17), (7.27) and (10.1).
As a conclusion, inequality (7.30) always holds and the proof of Lemma 7.2 is complete.[]

Proof of Lemma 7.3. One has
Lu= Ly + Lo+ L3 + Ly,

where

Ly = cd'(§) = ¢"(&) = f(¢(E) — v(t)((x))
Ly = = (t)C(x) +v()Al(x) + V(1) (€)

72
[=7]

Ly = Bla—2(N =1y hele 5 g/(g) )
Ly = By (g = Dol Pe ot ¢(€) — 457y 2o e g ().

Notice first that L1 = f(¢(€)) — f(¢(€) —v(t)((x)) by definition of ¢. Next, Ly = 0 because
of (7.24). Furthermore, since t > 1 and ¢’ > 0, it follows from (7.5), (7.6), (7.22) and (7.24)
that

Li < By t(4y~" — 14+ 487202/ 2e™ 5t (€) < 0.
Therefore,
Lu < f(0(&)) = f(o(&) —v(t)((x)) = v (t)¢(x) + v(t)Al(x) + V()¢ (§) (10.2)

for all t > 1 and = € Q.
Let A > 0 be given as in (7.11). One shall consider three cases : £(t,z) < —A, {(t,x) > A
and —A <{(t,z) < A,
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First case : £ = &(t,x) < —A. Then

¢(§) —v(t)C(x) < ¢(§) < p

(remember that v and { are positive functions). Hence

[&(t,2) < —A]T= [ f((£)) = f((&) = v(t)¢(x)) < (f'(0) + w)u(t)¢(x) ]

because of (7.9) and (7.10). Furthermore, ¢’ > 0, and V' < 0 owing to the definition of V
in (7.31). Therefore,

[{ta)<—A]=[Lu < (f(0)+w)(t)((z)
< x

( ()¢ (x) + v(t)A(x)
(f/(0) + 4w)v(t)¢(

—v
)<0]
because of (7.9), (7.13) and (7.30).

Second case : £ = &(t,x) > A. Then

3(€) > d(€) —v(t)((z) > 1 — g — pll¢lloe > 1= p

because of (7.11), (7.16) and (7.29). Using again (7.9), (7.10), (7.13) and (7.30), one con-
cludes as above that Lu < 0.

Third case : —A < & = &(t,z) < A. Then ¢'(§) > 6 > 0 by (7.12). Since V'(t) <0, it
then follows from (10.2) that

Lu < || fllecv(t)¢(2) = ' (£)¢(x) + v(H) AC(x) + 6V (1).

Using again (7.13) and (7.30), together with the fact that w < || f'||, from (7.9), one gets
that
Lu < (I lloo + 3w)v(t)¢(2) + V(1) < A f Nl lI¢llocv(t) + 0V (£) =0

from the definition of V' in (7.31). O

Proof of Lemma 7.4. From (7.33) and (7.17), one has
B(€) = ult, 1) + o()C(x) > 1~ > 1— o,
Thus, (7.8) yields
§(6) < Cacll2e R, (103

Furthermore, ro was chosen so that kg < 1/2, whence ¢(§{) > 1 — kg > 1/2. Since ¢ is
increasing and ¢(0) = 1/2 (by normalization), one gets that £ > 0. On the other hand, since
x1 <0 on 0K and since V(t) < V(1), it follows from the definition of L in (7.4), that

(N—1)L2

=&t x) Sc(t—1+41t) =t % 7 =g(1),

where g was defined in (7.25). Thus, g(¢) > 0. But ¢’ > ¢/2 > 0 by (7.26), and ¢; > 1 was
chosen in (7.27) so that g(t;) = 0. Hence, t > t;. Define the function j by

j(r)=—-L+c(r—1+t)—pr*=V(1) foralr>1,
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where L > 0 is such that x; > —L on 0K, by (7.4). The function j is such that
J(r)=c+aBr ! >c

and then
§>—L+c(t—1+1t)— Bt =V(1)=j(t) = j(t1) +c(t — t1). (10.4)

On the other hand,

i) = jt) —gt) .
— LV s (e 1

—L—-V(1)+ gty e (because t; > 1)
—L—V(1)—=26t;%(N —1)L*y~"  (because of (7.23) and (7.24))
—L—V(1)—1 (because of (7.24) and t; > 1)

—L —2.

VIVIV IV

The last line follows from (7.15) and (7.32). Putting together with (10.3) and (10.4), one
obtains
<f>/(§) < CgeA(L+2)/261/26_)‘C(t_t1)/2. (105>

On 0K, the function ( satisfies v - V({ = 1, where v = (4, ..., vy) denotes the outward unit
normal on J€). Hence, still assuming (7.33), one has

N 72
v-Vu = <V1 + Z%ﬁfa_l?ffﬂ_le_T) ¢'(§) — ()

i=2
N —1)L

< (1+ % ¢'(&) —wv(t) (because ¢’ >0, t > 1 and v = 8C15 > 8(3)
N —1)L

< 1+ % CaeMIHD/221/2e=2elt=1)/2 _ 4(t)  (because of (10.5))

= (CgePeAet=t)/2 _ Cpel2e=wlt=t)  (because of (7.14) and t > t;)

< 0 (because of (7.9) and t > t).

That completes the proof of Lemma 7.4. 0

Proof of Lemma 7.5. For t > 1 and = € 052, one can check that

e EZGREU

v-Vu(t,x) > — <1+
> —C} (1 + w) e 4 5(t) (from (7.35)).

On the other hand, by definition of L in (7.4),

(N—1)L?

Vi>1,Vaeed, Etx)>—L+clt—14ts)+81 e 7 = k()
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and , N
/ _(N=DHLT _
Et)>c—opt e 7 >c—df =c—

c
>
4Cy T 2
by (7.34). Therefore, for all t > 1 and = € 02, one has
(t) 2 (1) 2 (1) + 5 X (6= 1) 2 =L+ ctor + Fe” OV 4 S (¢ = 1)

and

v-Vau(t,z) > —C (1 + & ?1 1)L) A Letor4Be (N D) xe(t-1)/2 et
>0

from (7.36) and because of the inequality w < Ac/2. O

11 Appendix B: proofs of Lemmas 8.1 and 8.2

Proof of Lemma 8.1. Set
§=¢&(t ).

One shall consider three cases : § < -4, —A<{ < A and §> A
First case : £ < —A. Thus, ¢(§) < p/2 < p <1 - ¢, whence

u(t— 1+t z) =a(t,z) =u(t,z) < (1 —e)(1 —ee?@FR)) _9ge 1) ] _ ¢
Therefore, z; < —Ry — (¢/4)(t — 1) from (8.13), and

60’(£1+R4) < e—%(i—l) — 6—“)@_1) (111)

from (8.3). Furthermore, ¢(&)w(x,) — 2ee™1 < ¢(€) < p/2 < p. It then follows from

(7.10), (8.21), (11.1) and the positivity of ¢’ and w that

Lu(t,z) < foE)w(zy) — (D) + f(#(E) — f (d(Ow(ay) — 2eeED)
+(2[|¢' || oo + 0F)ee™ED 4 2wee D)

< [1 — w(&l)] [_f/(O) + w] (b(é) + [f/(o) + w] {¢(§>[1 B w(&l)] N Qge—w(t—l)}
+(2[1¢/[|ooo + 0% + 2w)eewED)

< 2we(§ee” @R 4 2£(0) + 4w + 2[|¢/ || o0 + 0F|ee D

< [2£(0) + 6w + 2|/ [|oco + F|eem D,

Therefore,

3
Lu(t,z) < |2£(0) + 557 + 2] ¢/l + 0| 270 <0

from (8.2) and (8.3).

o4



Second case : —A < < A. Then, as previously,
Pp(§) <1-— g <1—¢ and e?@+R) < gwlt=1)

Furthermore, ¢/(§) > § from (7.12

~—

. It follows from (8.21) that

Lu(t,z) < f(e(O)w(zy) = f(#() + f((9)) — f (d(Ew(z;) — 2ee™V)

H(2]|¢ | 0o + 02)eeED 4 2ee D) — kww(z, )ee D)

= (T[%aﬁ( |f|) [1 o w(zl)] + ||f/||oo[1 - w(gl) + 256—“)@—1)]

H2[¢ [0 + 0% + 2w — Kdw w(z,)]ee D).

Since 1 — w(z;) = ee?@ ) < ge=t=D and w(z;) > 1 — € > 0 from (8.6), it follows that
Lu(t, z) < (rfgqf 1F1 4+ 301 lloe + 2[1¢'lsc0 + 07 + 2w — mswe) cewt1 <

from (8.5).
Third case : £ > A. Then ¢(§) > 1 — p/2 and

B(€) > p(Ow(zy) —ee ™ > (1 —e)p(€) —e > (&) —2e > 1~ g —2%>1—p

from (8.6). In particular, f(¢(£)) > 0 from (7.10) and (8.3), whence f(¢(&))[w(z;) —1] < 0.

As a consequence, it follows from (7.10), (8.21) and the positivity of ¢’ and w that

Lu(t,z) < f(e(O))w(zy) = f(9() + f(3(9)) — f(d(Ew(zy) — 2ee™EV)

+[2(|¢|| s + 0|ee” @R 4 2peewt=D)

< [P+l {1 — wlzy)] + 2ee <V}
+12/|¢' |0 + o]eec@HE) 4 2pgemw D)

< /) + w]o(§) +2|¢/||soo + o2 ee” @R 1 [2f/(1) + dw]ee w7,
Since f'(1) + w < 0 from (8.3) and ¢(&) > 1 — p/2 > 3/4, one gets that

(1
Lu(t,z) < %() + 310—60 + 2[|¢|| o0 + 02] ee?@ ) 19 4/(1) 4 colee ™D < 0

from (8.2). O

Proof of Lemma 8.2. The same calculations as in the proof of Lemma 8.1 yield

La(t,z) > f(o(€) @)~ f (Cb(g)@(@) _|_2Ee_w(z_1))
~(2]1¢/ [l + 02" 4 [—2 + k¢! () (T1)] wee ™Y,
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where L
& =¢(,T).
First case : £ < —A. Then 0 < ¢(€) < p/2 and

B(€) < B(E) (1 + ee”™@HRV) 4 9ge~(-) — (7, 7) < g + 2 <l isecp<tic

N

from (8.6). Consequently, u(t — 1 + t.,7) = a(t,7) = w(t,7) < 1 — ¢ and thus T; <
—Ry — (¢/4)(t — 1) from (8.13). Therefore, e?@1+F1) < ¢=«(=1)  With the same calculations
as in Step 3, one gets from (7.10) and the positivity of ¢ that

£a(t,z) > [21f/(0)] — 2[¢/ w0 — 0* — 6w] e > 0

from (8.2) and (8.3). ~
Second case : —A < & < A. Then, ¢(§) <1 — p/2 and

wf—1+1t.7) = a(f,7) = a?7) < (1—5) (1+5)+25§1—g+35<1—5

from (8.6). Therefore, e?@1+F4) < ¢=<(=1) and, as in Step 3, one gets that

Lu(t, ) > (’f&u - I[Tolai? 11 =3[f e = 2[1¢' |l oco — 0% — Qw) ge =D >
from (8.5). ~
Third case : £ > A. One then has
3 P z Vi (5 —w(i-1)
1 <1- 5 < @(§) < o(§)w(Ty) + 2¢e

and it follows from (7.10) and (8.3) that f(¢(£)) > 0, whence f(op(§))w(T1) > f(o(8)).
Together with the positivity of ¢’, one gets that

La,7) 2 [=f(1) = w] [$E)ee R 4 2cemD)]

—[2]|¢/[|oc 4 0?]ee”@1HE) 2o (t=1)

"1 B -
> {3‘]04( )| . %’u . 2||¢/||OOO_ i 0_2:| ceo@1+Ry) | [2|f/(1>| _ 4w]€e—w(t—l) >0

from (8.2) and (8.3). O
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