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Abstract

We investigate the large time behavior of solutions of reaction-diffusion
equations with general reaction terms in periodic media. We first derive some
conditions which guarantee that solutions with compactly supported initial
data invade the domain. In particular, we relate such solutions with front-like
solutions such as pulsating traveling fronts. Next, we focus on the homogeneous
equation set in a domain with periodic holes, and specifically in the cases where
fronts are not known to exist. We show how the geometry of the domain can
block or allow invasion. We finally exhibit a periodic domain on which the
propagation takes place in an asymmetric fashion, in the sense that the invasion
occurs in a direction but is blocked in the opposite one.

1 Introduction

1.1 Large time behavior for the Cauchy problem

Reaction-diffusion equations classically arise in the study of biological phenomena
(propagation of genes, epidemics), in physics (combustion) and more recently in social
sciences (rioting models). They have been extensively studied since the seminal
papers of Fisher [I3] and Kolmogorov, Petrovski and Piskunov [I9] who dealt with
the homogeneous equation

ou=Au+ f(u), t>0 2R, (1.1)



A crucial progress in the study of (1.1 is due to Aronson and Weinberger [1]. The
basic assumption there is that f(0) = f(1) = 0. Then the authors consider three dif-
ferent sets of hypotheses. With the terminology commonly employed in the literature,
they are:

monostable  f >0 in (0,1);
combustion 30 € (0,1), f=0 in[0,0], f>0 in (6,1);
bistable 10 € (0,1), f<0 in(0,0), f>0 in (6,1).

The monostable case is the one considered in [13], [I9] and includes the logistic
equation f(u) = u(1—wu); the prototype of the bistable term is f(u) = u(1—u)(u—4§),
which reduces to the Allen-Cahn nonlinearity when 6 = 1/2.

Two key features of the equation are exhibited in [19[1]. First, the existence
of a special type of solutions named traveling fronts (or traveling waves). These are
solutions of the form wu(t,x) = ¢(x - e — ct), with e € S¥71, ¢ € R and ¢(2) — 1
as z — —oo and ¢(z) — 0 as z — 4o00. The second feature is the invasion prop-
erty: for any “large enough” compactly supported non-negative initial datum, the
solution of converges locally uniformly to 1 as time goes to infinity. This result
requires the hypothesis fol f > 0, which is automatically fulfilled in the monostable
and combustion cases. How large the initial datum needs to be depends on the type
of nonlinearity: in the monostable case it is sufficient to be larger than a positive
constant on a large ball, in the combustion or bistable case the constant needs to
be larger than 6. Actually, in the monostable case, there exists a critical exponent
B > 1 such that if f(u) > u” for u ~ 0 (hence in particular if f/(0) > 0) then all
solutions with non-negative, not identically equal to 0 initial data converge to 1 as
t goes to +o0o. This is known as the hair-trigger effect, c.f. [1]. Observe instead
that in the combustion case, if the initial datum lies below 6, then reduces to
the heat equation and thus the solution converges uniformly to 0 as ¢ — 4o00. In
the bistable case the situation is even worse; moreover if fol f = 0 then all solutions
with compactly supported initial data < 1 stay bounded away from 1, and they all
converge to 0 if fol f<o.

The aim of this paper is to investigate the question of invasion for reaction-
diffusion equations in periodic media. Specifically, we consider the problem

(1.2)

Ou=V - (A(x)Vu) +q(x) - Vu+ f(x,u), t>0, x€Q
v-Ax)Vu=0, t>0, x €0

Here Q C R¥ is an unbounded smooth domain which is periodic in the directions of
the canonical basis. Typical examples are domains with “holes” which are periodically
arranged, that is, {2 = (K + L7ZN )C (here and in the sequel, for a given subset A of
R, we denote its complement by A := R¥\ A) where K C R¥ is a compact set and
L > 0. In the case Q = R¥, we neglect the second equation in . The diffusion
matrix A, the drift term ¢ and the nonlinearity f are also assumed to be periodic
with respect to the x variable, with the same period as 2.

We will describe the large time behavior of solutions in terms of the following
properties.



Definition 1.1. We say that a solution u satisfies the properties of

blocking if lim sup (sup u(t,x)) <1;

t——+o0 e

persistence if liminf (min u(t, :L‘)) > 0 for all compact K C ;
t——+o00 zeK

invasion if u(t,r) — 1ast— +oo, locally uniformly in z € Q.

Persistence is compatible with both blocking and invasion, whereas the latter two
properties are mutually exclusive.
We shall say that a function w: Q — [0, 1] is front-like if

Jee SV lim w(x)=1, lim wu(z)=0. (1.3)
Taca” Ten”

The kind of questions we address here are:

e Does the validity of the invasion property for all front-like data implies that
the invasion property holds for some compactly supported data ?

e Does the validity of the invasion property for a single front-like datum implies
that the invasion property holds for some compactly supported data ?

We will show in Theorem [1.3|that the answer to the first question is yes, specifying
also how “large” the compactly supported data need to be. Then we will exhibit an
example providing a negative answer to the second question, see Theorem [1.10}

1.2 Statement of the main results

Throughout the paper, € is a domain with C® boundary, v : 9Q — S¥~1 denotes its
exterior normal field and 0, the associated directional derivative. We further assume
Q) to be periodic, i.e., there are Lq,..., Ly > 0 such that

Vk € LWZ x ---x LNZ, Q+{k} =S

We let C denote the periodicity cell:
N
c:=an]Jlo.L).
i=1

We assume, unless otherwise stated, that the coefficients are also periodic with respect
to x with the same periodicity as €2, i.e.,
Vk€ LW Zx - x LyZ, 1 €Q, Alx+k)=Ax), qlz+k)=q),
Vk€LWZx--x LyZ, v €Q, s€[0,1], flx+k,s)=f(z,s).

The following regularity and ellipticity hypotheses will always be understood in the
paper: A € C3(Q) is a symmetric, uniformly elliptic matrix field, ¢ € C1*(Q), for
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some a € (0,1) is a vector field and f : Qx[0, 1] — R is globally Lipschitz-continuous.
We shall denote 0 < A < A the ellipticity constants of the matrix field A, so that

Vo € ﬁ, )\IN S A(.’L‘) S AIN, (14)

where [y is the identity matrix and the order is the usual one on symmetric matrices.
In the whole paper, initial data and solutions are always understood to be bounded
in order to avoid non-uniqueness problems.

We shall further assume that f satisfies the following properties:

{ Vo € Q, f(z,0) = f(z,1) =0

35 € (0,1), Vo € Q, s+ f(x,s) is strictly decreasing for s € (S, 1). (1.5)

The first condition implies that the constant functions 0 and 1 are solutions of the
problem (1.2)). We extend f(z,s) by a negative function for s ¢ [0, 1] such that the
resulting function is globally Lipschitz-continuous. Thanks to (|1.5]), we can define

0 :=max{s€[0,1) : Fx€Q, f(z,s)=0}. (1.6)

Thus 6 € [0,1) is the smallest quantity for which f > 0in Q x (6, 1).

This paper deals with the phenomena of invasion, persistence and blocking -
formulated in Definition - for equation (|1.2), and is divided into two main parts.
In the first part, we give sufficient conditions for persistence and invasion to occur
for “large enough” compactly supported initial data. In a second part, we study how
the geometry of the domain 2 can influence the invasion in the bistable case.

1.2.1 Persistence and invasion

Our first result provides a sufficient condition for the persistence of solutions to (|1.2])
with “large enough” initial data, in the absence of the drift term gq.

Theorem 1.2. Assume that ¢ =0 and that f satisfies (1.5) together with

/C/O1 f(z,8)dsdz > 0. (1.7)

Then, for all n € (0,1), where 0 is defined by (1.6), there is r > 0 such that the
persistence property holds for every solution to arising from a non-negative
mnitial datum satisfying

up >n i QN B,.

Let us make one comment about the condition ¢ = 0. It comes from the fact that
our proof of Theorem [I.2 relies on an energy method. This condition is presumably
not optimal, but it guarantees some control on the drift : indeed, a drift that is “too
strong” would lead to extinction for all compactly supported initial data, no matter
how large they are.

Our second main result is the equivalence of the invasion property for initial
data which are “large enough on a large set” and for front-like initial data, i.e.,

satisfying ((1.3)).



Theorem 1.3. Assume that f satisfies (1.5)). Then, the following properties are
equivalent:

(1) Invasion occurs for all solutions of (1.2)) with non-negative front-like initial
data.

(17) Invasion occurs for “large enough” initial data, in the sense that for all
n € (6,1), where 0 is defined by , there is r > 0 such that the invasion
property holds for every solution to (1.2)) arising from a non-negative initial
datum satisfying

up >n i QN B,.

The fact that (¢¢) implies (7) in Theorem [1.3|is an immediate consequence of the
parabolic comparison principle. The interest is in the the other implication.

We mention that Weinberger derives in [27] a related result of invasion. Roughly
speaking, he shows that, if invasion occurs for an initial datum wuy whose support
is in a half-plane such that sup,.quo(x) < 1 (this is not front-like in the sense of
(1.3), and if this invasion occurs with a strictly positive speed, then invasion occurs
for “large enough” compactly supported initial data. We mention that, up to some
technicalities, our Theorem allows to recover this result. The proof of [27] uses
a discrete system approach. In particular, the rather involved argument that allows
the author to handle compactly supported initial data cannot be directly performed
in the continuous PDE setting.

As we mentioned already, it may be complicated to check that condition (i) of
Theorem [1.3] holds. Our next result - Theorem [1.5] - provides a sufficient condition
for the invasion property expressed in terms of pulsating traveling fronts. These are
particular entire solutions of satisfying some structural properties that generalize
to the periodic framework the notion of traveling front. They were first introduced
in dimension N = 1 by Shigesada, Kawasaki and Teramoto in [24].

Definition 1.4. A pulsating traveling front in the direction e € SV~! with speed

¢ € R\{0} connecting 1 to 0 is an entire (i.e., for all times) solution of (1.2) 0 < v < 1
such that

N
z-e
Vz € LZ, xe€Q, v(it+—,x)=v(t,x—=z2
E (t+ —2) = ) (18)
v(t,z) — 1 and o(t,z) — 0.

x-e——00 x-e——+00

A pulsating traveling front with speed ¢ = 0 is a front-like stationary solution of (|1.2)),

in the sense of (1.3)).

Observe that, if v is a pulsating traveling front, then x — v(¢, x) is front-like for
all t € R. The use of traveling fronts to study the large time behavior of solutions of
the Cauchy problem in the combustion and bistable cases is quite a natural approach,
already used in the pioneering paper [I] for the homogeneous equation (|1.1}).

SN—l

Hypothesis 1. For every direction e € , there is a pulsating traveling front

with speed ¢ > 0.



The requirement that the speeds of the fronts are positive in Hypothesis [1] is
necessary for the invasion property to hold, in the sense that, owing to the parabolic
comparison principle, the existence of — even a single — pulsating traveling front with
speed ¢ < 0 prevents the invasion of all solutions with compactly supported initial
data smaller than 1.

Theorem 1.5. Assume that f satisfies (1.5) and that there is 6 > 0 such that
s — f(x,s) is nonincreasing in some interval (0, 7).
Then, Hypothesis (1| implies that properties (i)-(i1) of Theorem hold.

The usefulness of this result lies in the fact that there is a huge literature about
pulsating traveling fronts. In particular, their existence and the positivity of their
speed is proved by Berestycki and Hamel in [3 Theorems 1.13 , 1.14] when f is of
the monostable or combustion type (cf. the definition given in Section in the
homogeneous case) under the following additional assumptions on ¢:

V.-g=0 in Q,
fcq:07 (19>
q-v=20 on Of).

Observe that in the monostable case the monotonicity hypothesis of Theorem
is not fulfilled, but since the larger the nonlinearity, the more luckily the invasion
property holds, the idea is to consider a term f < f of combustion type. This
allows to derive the following result concerning non-negative reaction terms, such as
monostable and combustion.

Corollary 1.6. Assume that q satisfies (1.9)) and that f satisfies (1.5)) together with
VeeQ, Vse (0,1), f(x,s)>0. (1.10)
Then, properties (i)-(ii) of Theorem[1.5 hold.

We point out that Corollary could be also derived by combining the results
of [3] with those of Weinberger [27] mentioned above.

Under the generality of our assumptions , which include the bistable case,
the question of the existence of fronts is still widely open, in particular if the domain
Q) is not RY. We are not aware of any result in such case. If the equation is set
on RY | then Xin [30, 29] and Ducrot [I1] derive the existence of fronts with positive
speed under some conditions on the coefficients. Theorem then yields the invasion
result in such cases, see Corollaries [3.2] below.

One may wonder if the Hypothesis [I] is necessary in Theorem [I.5] This is not
the case. Indeed Zlatos exhibits in [31] a bistable periodic nonlinearity such that the
1-dimensional equation

Ou = Oz + f(x,u), t>0, z€R,

admits no pulsating traveling fronts (actually, he shows that there are no transition
fronts, a notion generalizing pulsating traveling fronts), but such that the invasion
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property holds for sufficiently large compactly supported initial data. On the other
hand, we exhibit in Theorem below a situation were there are no fronts at all,
and were invasion does not occur. We mention that other exemples of reaction-
diffusion equations that do not admit fronts are known in dimension 1, see [28] and
in cylindrical domains (with drift-term), see [4].

Once we know that invasion occurs for a solution with compactly supported initial
datum, it is not hard to see that this happens with a strictly positive speed, see
Remark [1| below. In all the situations where Hypothesis [1| holds, we can actually
compute this speed. Indeed, a formula analogous to the one derived by Freidlin and
Gértner in [15, 14] in the KPP case holds in our case. This was first proved by the
second author in [23] when © = R and then by the first author in [10] for periodic
domains 2. We mention that Weinberger also derives a similar formula in [27].

Our next result applies to equations with non-negatives nonlinearities — such as
monostable or combustion — set in the whole space. It provides an explicit sufficient
condition for invasion to occur, as well as a lower bound on the asymptotic speed at
which this takes place. This is expressed in terms of the following quantity:

O<K<H<1 zEe)
s€[K,H]

R(f):=  sup ((H—K) i f(x,s>),

which is the area of the largest rectangle one can fit under the graph of s +—
inf g f(x,s) in the upper half-plane. For this result, it is convenient to consider
equations in non-divergence form, that is,

o = Tr(A(x)D*u) + q(z) - Vu + f(z,u), Vt>0, Vo € RY, (1.11)
under the usual standing assumption of Section [I.2] on the terms A4, ¢, f.

Theorem 1.7. Assume that f satisfies (1.5)), (1.10), that q is continuous and satisfies

T A
limsup ¢q(z) - — < —=+/R(f),
|z|—>+£ 1) || \/K ()

where A\, A are given by (L4). Then, properties (i)-(it) of Theorem [1.5 hold for the

equation (1.11)).
Moreover, calling w* := \%A\/R(f) — Hmsup, 400 () - fa» there holds

Ve <w*, inf u(t,z) — 1.
|z|<ct t—+o0
Let us state make some comments about this result. First, we point out that it
holds without any assumption on ¢ besides boundedness, unlike Corollary which
requires . Next, the theorem holds true without the periodicity assumption,
provided , (1.10) are fulfilled by the function inf,cg~ f(z,-). This is a non-
degeneracy hypothesis, without which the result could not hold (if f(z,-) = 0 for z
large for instance, there is no way invasion could occur). The proof will actually use
only this non-degeneracy hypothesis, which is guaranteed by the periodicity. Finally,

one can observe that the more negative ¢(x) - Tal is, the larger w* becomes. This is a
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bit counter-intuitive because ¢(x) - |§—| < 0 roughly means that the drift “gathers the
mass” instead of scattering it. Hence, such a drift should slow down the invasion.
This suggests that our bound w* on the invasion speed may not be optimal in general.
On the other hand, because this drift prevents the mass to scatter, it is natural that
the more negative ¢(z) - |§—| is, the more likely invasion should occur. In any case,
though probably not optimal, our estimate on the invasion speed has the advantage
of being explicit and easy to compute. While an estimate in the same spirit is derived
in [7] under the assumption J;f(-,0) > 0, we are not aware of analogous results of
this type in the combustion case.

The proof of Theorem [1.2]is carried out in Section [2, Theorem [I.3] and Theorem
[1.5) are derived in Section [3] In Section [3.2] we derive Corollary Theorem [L.7] is
proved in Section [

1.2.2 Influence of the geometry of the domain

The results presented above guarantee some sufficient conditions ensuring the per-
sistence or invasion property. It is known that, if f is of the bistable type, the
geometry of the domain can produce “obstacles” which may prevent propagation.
This is observed by Berestycki, Hamel and Matano in [5] for an exterior domain (i.e.,
the complement of a compact set) and by Berestycki, Bouhours and Chapuisat in [2]
for a cylindrical-type domain with a bottleneck. If such obstacles repeat periodically
in the domain, one could expect that the blocking property holds. We will show that
this is actually the case, but also that other scenarios are possible.
We consider the simplest problem set in a periodic domain:

Ou=Au+ f(u), t>0, ze€, (112)
o,u =0, t>0, ze€ o, '
where f is an unbalanced bistable nonlinearity, i.e.,
1
e (0,1), f<0 in(0,0), f>0 in(61), / f(s)ds > 0. (1.13)
0

Notice that, under the assumptions and , Theorem ensures that the
persistence property for “large enough” initial data holds for problem , what-
ever the domain €2 is. Actually our results could be carried out for the more general
equation , but we have chosen to emphasize here the role of the geometry of the
domain. We shall show that the latter can affect the propagation in three different
ways. Namely, we construct three periodic domains €2y, €25, 23 that exhibit, respec-
tively, invasion, blocking (in the sense of Definition and a new phenomenon that
we call oriented invasion.

The domain €2 is given by the whole space with a star-shaped hole K repeated
periodically, with a period L sufficiently large.

Theorem 1.8. Let f satisfy (1.5), (1.13) and let K C RY be a star-shaped compact
set. Then, for L > 0 sufficiently large, properties (i)-(i1) of Theorem[1.3 hold for the

problem set on
Oy = (K + LZN)".
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Next, building on the result of [5], we exhibit a domain €25 where the propagation
is always blocked.

Theorem 1.9. Let f satisfy (1.9), (1.13)). There ezists a periodic domain Qs such
that the problem (1.12)) set on Qo satisfies the following:

(1) Any solution arising from a compactly supported initial datum ug < 1 is blocked
in the sense of Definition (1.1,

(17) There ezists a solution with compactly supported initial datum which converges
(increasingly) to a periodic non-constant stationary solution as t goes to +oo.

(1ii) Invasion fails for every front like initial datum and moreover there exist no
pulsating traveling fronts.

The lack of the invasion property is in strong contrast with the homogeneous case
Q = RY, where such property is guaranteed by the condition fol f(s)ds > 0, at least
for large enough initial data. We point out that Theorem [1.9| part (i) implies the
existence of an intermediate periodic steady state between 0 and 1 which is stable
from below. So, it turns out that the geometry of ()5 alters the bistable character of
the nonlinearity f making some non-trivial stable steady states appear. This is the
reason for which there are no fronts in such case, but one should rather expect the
existence of propagating terraces instead, see [11], [1§].

We finally construct a domain €23 which exhibits a new phenomenon that we call
oriented invasion. Namely, invasion occurs in a direction e, with a positive linear
speed, whereas the propagation is blocked in the opposite direction —e. We state
and prove the theorem in R?, but it can be easily generalized to higher dimensions.
We denote by e, es the unit vectors of the canonical basis of R2.

Theorem 1.10. Let [ satisfy , . There exists a periodic domain Q3 C R?
and a positive constant w such that, for every n > 6, there is r > 0 for which
the following properties hold for every solution to arising from a compactly
supported initial datum satisfying

0<ug <1, up >n i QN B,.

(7) Invasion in the direction e;:

VO <c<d <w, Ya>0, min  |u(t,x) — 1] — 0.
$€§3 t—+4o00
ct<z-e1<c't
|z-e2|<a

(77) Blocking in the direction —ey:

u(t,x) — 0 wniformly int > 0.

T-e1——00



Theorem [1.10] provides an example of a periodic domain on which invasion takes
place in an asymmetric way. In the KPP case, it is known that the speed of invasion
in a given direction and in the opposite one coincide. The validity of such property
for other reaction terms was an open question. Our result provides a counter-example
in the bistable case.

From Theorem [1.10] it is easy to see that the invasion property is verified for the
front-like initial datum wy(x) := H(xy), where H(z) is the Heaviside function equal
to 1 if z > 0 and equal to 0 if z > 0. Hence, this shows that it is not enough to
have invasion for a single front-like initial datum to have invasion for every “large
enough” compactly supported non-negative initial datum. Theorem [1.3| states that,
if we have invasion for every font-like initial datum, then we have invasion for large
enough compactly supported initial datum. It is natural to wonder if it is sufficient to
have invasion for at least one pleating-front initial datum in each direction to ensure
invasion for “large enough” compactly supported initial datum. We leave it as an
open question.

The proofs of Theorems [I.§ and [L.9)are given in Sections [5.1] and [5.2] respectively.
Section [6] is dedicated to the proof of Theorem [I.10}

2 Persistence

This section is devoted to the proof of the persistence result, Theorem In this

whole section, we assume that ¢ = 0 and that f satisfies (1.5) and (1.7)). The proof
relies on the study of the stationary problem

(2.14)

V- (A(x)Vu) + f(z,u) =0, x €
v-A(x)Vu =0, x € 0N0.

The main tool is the construction of a family of solutions in truncated domains. This
will be achieved using an energy method, in the same spirit of Berestycki, Lions [§],
where the authors study the existence of positive solutions for homogeneous bistable
equations in the whole space RY.

We consider the primitive of f, defined by

F(z,s) = /0 f(z, 0)do.

For r > 0, we introduce the energy functional &, associated with (2.14]) in the trun-
cated domain Q2 N B,:

E.(0) = L A@)V6, V) — F(z,8) )
[ )

acting on the space H} (2N B,). We study the existence of minimizers for this energy.
In order to do so, we first derive a geometrical lemma ensuring that 2 and B, are not
tangent for a.e. 7 > 0. We recall that v(z) stands for the exterior normal derivative
at point z € 0f).
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Lemma 2.1. For a.e. r > 0, there holds

X

Vo € (00) N OB, v(z)#+ (2.15)

x|
Proof. Let d be a regularised signed distance from 02, that is, a smooth function on
RY coinciding with the signed distance from 9¢) in a neighbourhood of 9, positive
inside €2. Consider the pair of functions

p+(z) = |z| £ d(z).

This functions are smooth outside the origin. It follows from the Morse-Sard the-
orem [22] that the inverse images pL'(r) do not contain any critical points of p.,
except for r belonging respectively to some sets R. with zero Lebesgue measure.
Hence, for r € Rt \ (R_UR,), that is, for a.e. r > 0, any = € 9Q N OB, satisfies
p+(z) = |x| = r and thus, for such x, we have

0 # Vps(r) = —| + v().

]

For all r for which (2.15)) holds, the set 2 N B, satisfies an interior and exterior
cone condition. Also, it is not hard to check that, for all r for which (2.15) holds, the
set 2 N B, has a finite number of connected components

Proposition 2.2. For all r > 0 such that (2.15) holds, the functional &, admits a
global minimiser u, € HY(Q N B,) such that 0 < u, <1 a.e. in QN B,.

Proof. First, observe that, because we have extended f(x,s) by a negative function
for s > 1, we have

min{s,1}
Ve Q, Vs >0, F(x,s) < / f(z,0)do < max f.
0 Qx[0,1]
We deduce that
87‘ 2 — Inax f‘Br‘a
Qx10,1]

that is, &. is bounded from below. Consider a minimizing sequence (u,)nen of ele-
ments of H}(Q N B,). We can assume without loss of generality that esssupu, <1,
because, defining v,, = min(u,, 1), we have that v,, € H}(QNB,) and &,(v,) < &, (uy)
again because f(z,s) < 0 for s > 1. Likewise, we can take essinfwu, > 0. Let us
check that the sequence (u,),ey is bounded in H' (2N B,). Indeed, on the one hand,
the sequence is bounded in L*(2N B,), and on the other hand, remembering that A
denote the ellipticity constant of A,

1
SAVnlizang,) — max fIB.] < & (un).
Qx[0,1]

Now, we cannot directly apply the Rellich-Kondrachov theorem to the sequence
(un)nen because € N B, is not necessarily smooth. However, it is a Lipschitz do-
main thanks to (2.15)), hence we can apply the usual Sobolev extension theorem (see
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[26, Section 6] or [9]) for (u,)neny and then apply the Rellich-Kondrachov theorem
to the sequence of extended functions, getting then that, up to extraction, (u,)nen
converges in the L? norm (up to subsequences) to some u € L*(2N B,).

Let us show that the convergence actually holds in H}(Q2 N B,). To do so, we
show that (u,)nen is a Cauchy sequence in this space. For m,n € N, we have

Um+Un
2

= %&(Um) + %&(u”) - %HV@M - um)“%Q(QQBr)
+% fQﬂBT <F(x7um> + F(i[),un) — 2F<x’ um;un)>

iané(ﬁﬁBr) gr S Er<

Using the fact that s — F(z,s) is Lipschitz-continuous, uniformly in z, and that
(tn)nen is a Cauchy sequence in L*(Q2 N B,.), and therefore in L'(Q N B,), we see
that the above integral goes to 0 as m,n go to +o00. On the other hand, %Sr(um) +

%&(um) — ian(}(ﬁﬂBr) E- as m,n go to +o0o. It follows that (Vu,),en is a Cauchy

sequence in L?(2 N B,). Now, by the continuity of & in H}(Q2 N B,), we conclude
that the limit u is a global minimiser for &.. Finall, the fact that 0 < u < 1 a.e.
follows from the same argument as before. O]

We know that u, satisfies the Euler-Lagrange equation associated with &,, together
with mixed boundary conditions. Namely, it is a solution of the problem inside
B, and vanishes on 2 N 0B, in the sense of the trace. However, at this stage, we
cannot exclude that the minimizer u, is the trivial solution identically equal to zero.
Owing to Lemma , we can infer that u, is continuous on 2N B,, as shown in the
following.

Lemma 2.3. If (2.15) holds then u, € C°(QN B,) and maxgg u, < 1.
Proof. Let r be such that (2.15]) holds. Then, the weak bounded solution w, is actually

continuous up to the boundary of Q@ N B,, see [25, Theorem 14.5]. Because w, is
continuous and vanishes on QNOB,, it attains its maximum M < 1 at some Z € QNB,.
Assume by contradiction that M = 1. The function v := M — u, is non-negative,
vanishes at T and satisfies V(A(z)Vv) = f(x, M —v) in QN B,. Because s — f(z, s)
is Lipschitz-continuous uniformly in z, we see that V - (A(x)Vv) = f(z, M — v) can
be rewritten as a linear equation with bounded coefficients. It follows from Hopf’s
lemma and vAVv = 0 on (092) N B, that £ ¢ 0. Thus, the strong maximum
principle implies that v = 0 on the connected component O of {2 N B, containing
Z. Observe that O N 0B, # () because ) is connected. As a consequence, since v is
continuous up to the boundary, there exists € Q2 N 9B, such that v(z) = 0, i.e.,
u,(z) = M. We have reached a contradiction because u, = 0 on N 0B,. O

The next lemma states that u, # 0, provided r > 0 is large enough. That is, we
have built non-trivial solutions of (2.14)) set on truncated domains.

Lemma 2.4. Assume that [ satisfies (1.7)). Then, there is R* such that, for r > R*,
there holds

u, # 0.
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Proof. Since u, minimises &,, we can get an upper bound for £,(u,) by estimating
E.(¢,) on a suitable function ¢, € H}(QN B,). For r > 1, we define ¢, : QN B, -+ R

as follows:
1 if |z] <r—1,
r\ L) =
¢r(@) {7’—|x! ifr—1<|z| <

Observe that |V¢,| < 1. We compute
1
&)= [ (54v6)- o - Flaon)
QNB,

< SAIBA Bl - [

QNB,_1

F(z,1) — (min F) |B, \ B,_1],
Qx[0,1]

where A is given by ((1.4). We eventually infer the existence of a constant C' indepen-
dent of r such that

Vr>1, &E(u,) < CrN! —/ F(z,1).

QNBr_1

Observing that, for any measurable periodic function g in L. _(RY), we have fBr g—

f[o Lo, 9 @8 T goes to +00, where f stands for the integral average, we have

€|
r—-+00 H L'L

€|
I1L:

QN B,| ~ |B,| = 1By |V,

and then . |C|
— F 1) — B F 1).
S @D o B f (z,1)

Then, because the latter term is positive by hypothesis ((1.7)), we have

1 1
lim sup ST(]%T> < lim sup (C’— - — F(z, 1)) <0,

T—+00 r T—+00 r TN QNB,_1

whence &, (u,) < 0 if > 0 is sufficiently large. Therefore, u, # 0 because &,(0) = 0,
and the result follows. O

Now, we can prove Theorem

Proof of Theorem[1.4 Thanks to Lemma [2.4, we can take r > 0 such that u, # 0.
This function, extended by 0 on Q\B,, is a generalized subsolution of . Let
u denote the solution of arising from such initial datum. Using the parabolic
comparison principle, it is classical to get that (¢, z) is increasing with respect to t
and converges locally uniformly in ) to a stationary solution of as t goes to +o0.
This stationary solution is strictly positive, thanks to the elliptic strong maximum
principle and Hopf principle, and then (¢, x) satisfies the persistence property. By
the parabolic comparison principle, we can infer that every solution of with
initial datum wug satisfying uy > u, satisfies the persistence property.

13



Now, take n € (0, 1), and, for n € N, let u{ be a function with compact support
in 2N B,, such that ug < n and

ul =n in QN B, ;.

Then, we have that v-(A(x)Vug) = 0, Vo € 0QN B, _1, i.e., uf satisfies the boundary
conditions of . This is necessary to have the usual parabolic estimates up to
time ¢ = 0, see, for instance [20, Theorems 5.2, 5.3]. Let u™(t, z) denote the solution
of arising from the initial datum (. By the parabolic estimates, u" converges
locally uniformly in [0, +00) x €2 to the solution v of with constant initial datum
v(0,-) = n. Because n > 0, v(t, x) converges uniformly to 1 as t goes to +o0o : indeed,
we can define z(t) to be the solution of the ODE £(t) = min, g f(z, 2(t)) with initial
value z(0) = 7. It is easy to see that z(t) is a subsolution of (1.2)), and the parabolic
comparison principle yields z(t) < v(t,z), ¥Vt > 0, Vz € Q. Observe that z(t) goes to
1 as t goes to 400, because z(0) > 6 and @ is defined by as the largest s € [0,1)
such that f(z,s) vanishes. Combining this with the fact that v < 1, we obtain the
uniform convergence of v(t,-) to 1 as ¢ goes to +00. Because u, < 1 and is compactly
supported in 2 N B,., there exists T > 0 such that v(7,-) > u,. We can then find n
so that

Ve e QN B, u"(T,z) > u,(z).

The parabolic comparison principle implies that «™(T + t,-) > u(t,-) and therefore
u™ satisfies the persistence property. By comparison, the same holds true for any
solution of with initial datum ug larger than uj, and in particular if ug > n on
QN By, hence the result. O

Now that Theorem is proved, and before turning to the proof of Theorem
we show that, under an additional assumption on f, we have “almost invasion”.

Proposition 2.5. Assume that f satisfies (1.5), (1.7) and that

Ve Q, Vs€[0,1), F(x,s8) < F(x,1). (2.16)

Then, for every compact K C Q, for every e > 0 and n > 0, where 0 is defined by
, there is r > 0 such that any solution to with a non-negative initial datum
ug satisfying

u>n im QNB,

satisfies

lim inf (min u(t,a:)) >1—e.

t——+o00 zeK

Proof. The proof is divided into five steps.

Step 1. Estimate on E,(u,). B
Recalling that u, minimises &,, we have that &,(u,) < &.(¢), for any ¢ € Hy(QN B,).
As in the proof of Lemma , for r > 1, we define ¢, : 2N B, — R as follows:

¢r(x) = Jr 2l ¢
v ifr—r<lz|<r
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We have |V¢,| < %, and then

E.(6,) = /Q . (%(Awr) V- Fla, @))

1
< 5AyB,ﬂ\B,,_ﬁ\r*l —/

F(z,1) — ( min F) 1B\ B,_ 7l
QﬂBT,_\/;

Qx[0,1]

where A is given by ((1.4). We eventually infer the existence of a constant C' indepen-
dent of r such that

vr>1, E(u,) < CrVNY2 o / F(z,1). (2.17)
QﬂBri\/*

T

Step 2. Lower bound for the average of F(x,u,).
First, observe that we have

&u) 2~ [ Flww) = |B\ By sl max f
QNB,_ 5 2x[0,1]

Combining this with (2.17)), we get

Qx1[0,1]

r

/ (F(z,1) = F(z,u,)) — |By \ B,_ | max f < CrN-12, (2.18)
QNB,_

The inequality (2.18)) holds for all » > 1, hence, using the fact that |Q N B,| ~
]1%|BT| = %|Bl|rN as r — o0, dividing (2.18)) by |2 N B,_ ;| and taking the
imit as r — +o00, we eventually infer that

lim inf ][ (F(z,u) — F(z,1)) > 0. (2.19)
r—-+00 QﬂBr,ﬁ

Step 3. Convergence of the maxima to 1.
We show now that (2.19)) implies that

sup u, —> 1. (2.20)

9037.7\% r—-+00

We proceed by contradiction : assume that there is a diverging sequence (7, )nen such
that (we recall that u, satisfies maxu, < 1)

M = sup  u, (r) <1
neN
ermBrn—\/ﬁ

Then, ([2.19) implies that

0< liminfji (F(x,u, )— F(z,1)) < max (F(z,s)— F(z,1)).
): N

) = —
n—+o0 " Qx[0,M]
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This contradicts the hypothesis (2.16]).

Step 4. u, is large on a large set.
Consider a sequence of radii (r,)n,eny diverging to +o0o and satisfying (2.15)). For

n €N, let z, € QN B, _ 5 be such that u, (z,) = maxgap, — —u,,. Then let

2y € Hf\;l L;Z be such that x,, — z, € C. Finally, define v"(z) := u, (v + z,). For
any compact set K C €, these functions are well defined in K, for n large enough,
because 7, —|2n| > \/Tn—1/ Zfil L?. Hence, owing to the partial boundary estimates
(see, e.g., [I7, Theorem 6.30]) they converge (up to subsequences) locally uniformly
in Q to a solution u* < 1 of . Furthermore, by the choice of z, and , we
have that maxzu* = 1. Proceeding exactly as in the proof of Lemma [2.3 by means

of Hopt’s lemma and strong maximum principle, we eventually infer that v* = 1.
This shows that w, (- + 2,) converges to 1 locally uniformly in €2 as n goes to +o0.

Step 5. Conclusion.
We are now in position to conclude the proof. Take a compact set K C Q and € > 0
and n > 6. First, owing to the fourth step, we can find 7 > 0 and z € Hi\il L;Z, such
that
Vee K, u(r+2z)>1—¢.

Now, arguing as in the proof of Theorem [I.2] we can find © > 0 such that, if
u(t,z) is the solution if arising from an initial datum uy > 1 on QN B,, then
there is T" > 0 such that

u(T, ) = (- + 2).

Because u;(-+ 2) extended by 0 out of B,(—z) is a generalized stationary subsolution
of (|1.2), we have that w(T +t,-) > u:(- + z), for every t > 0. The result follows. [

3 Invasion

This section is dedicated to the proof of the invasion results Theorems [I.3], [I.5] and
their Corollaries [1.6] [3.2] and

3.1 Proofs of Theorems [I.3] and 1.5l
The idea to prove Theorem is mainly geometrical.

Proof of Theorem[1.3. 1t is straightforward to see that property (ii) implies (i): every
front-like datum (in the sense of (L.3)) is, up to a suitable translation, larger than
any 1 < 1 in any bounded subset of €. Let us show the reverse implication.

Using the fact that f(-,s) < 0 for s > 1, one readily infers that any solution to

(1.2) satisfies

t—+00 zeﬁ

lim sup (sup u(t,x)) <1. (3.21)

Indeed, set m := max{l,sup,cqu(0,z)} and let v(t) be the solution of the ODE
U = maxgcq f(x,v) with initial datum v(0) = m. From one hand, the function v
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satisfies v(4+00) = 1, and from the other it is a supersolution of (1.2)). Hence, (3.21])
follows from the parabolic comparison principle.
The rest of the proof of the invasion property (i) is split into four steps.

Step 1. Reducing to an equivalent property.
Take n, 7’ satisfying 6 < n/ < n < 1, where 6 is defined by (L.6). For n € N, n > 2,
we let ug denote a non-negative function compactly supported in QN B, such that
uy =non QN B, ;. We call u" the solution of arising from the initial datum
ug. We claim that there exists n > 0 such that

t——+o00 zeK

for every compact K C Q, lim inf (min u"(t, x)) > (3.22)

Before proving this claim, let us show how it entails property (ii). We argue by
contradiction, assuming that holds but the invasion property fails. By
and the uniform continuity of u™, we can find y € Q2 and a sequence (t;)ren diverging
to +oo and such that limg_, o u™(tg,y) < 1. Defining ay(t,z) = u"(t + tg, x),
we can use the usual parabolic estimates to deduce that (ty)ken converges (up to
subsequences) locally uniformly to an entire solution ., of such that (0, y) <
1. Moreover, by (3.22), @eo(t,z) > 7/ for all t € R and = € Q.
Let vy be to be the solution of the ODE

ar(t) = min f(z, va(t)),
z€e2

with initial datum vy (—M) = 7'. Because ' € (0,1) and min, g f(z,s) > 0 for s €
(0,1), we see that vy (t) — 1 as t goes to +00, or, equivalently, vas(t) = vo(t+M) — 1
as M goes to +oo for any ¢ € R. Since vy, is a subsolution of for t > —M,
with vy (—=M) =1 < inf i, (—M,-), the parabolic comparison principle implies that
v (t) < infreq oo (t, ) for t > —M. Letting M go to +oo yields @, > 1 everywhere.
This is a contradiction. We have then derived the invasion property for the initial
datum wug, provided holds, and then by comparison for all initial data larger
than wuy, that is property (i7).

It remains to prove that holds for n sufficiently large. We argue again by
contradiction, assuming that for any n > 2,

3K, compact subset of Q, lim inf <min u”(t,m)) <. (3.23)

t—+oo CEGKn

Step 2. Lower bound on the expansion of the level sets.
For n > 2 we define

Tn::inf{tZO cdx e QN B g, u”(t,x)gn’}.

Observe that (3.23)) implies that the above set is nonempty because K,, C QN B ;
for t large. We have that

Vte (0,T,), Ve € QN B4, u"(t,xz) > 1,
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and there exists x,, € QN B 7 such that u™ (T, z,) = 1'.

Let us show that T,, — +00 as n — o0o. Because the initial datum ug satisfies the
boundary condition of on QN B,_1, we can apply the parabolic estimates (see
[20, Theorems 5.2, 5.3]) to get that u" converges locally uniformly in [0, +00) x Q
to a solution v of satisfying v(0,2) > n for x € Q. In particular, v(t,z) > 7
for all t > 0 because n € (6,1) is a subsolution to by (L.6). This local uniform

convergence implies that, for every 7' > 0, we can find n large enough such that
Vi€ [0,T], Yo € QN B 7, u"(t,x) > 1.

Hence, T,, > T, for n large enough. This means that 7,, — 400 as n — 4o00.
Step 3. Reducing to a front-like entire solution.
Consider the sequence (z,)nen in Hfil L;7Z for which vy,, := x, — z, € C. Then define
wy(t,x) == u"(t+ Ty x + 2,).

By the periodicity of the problem, the functions w,, are solutions to (1.2} for ¢t > —T,
and satisfy

wn(0,yn) =1,
Vt € [-T,,0], Vo € QN B g7 (—2n), wa(t,z) > 7. (3.24)

Because T,, — +00 as n — 400 by the previous step, the sequence (wy, ),en converges
(up to subsequences) locally uniformly to an entire solution we, of , i.e., a solution
for all times ¢ € R. Observe that w,, satisfies ws(0,y) = n’, where y is the limit of
(a subsequence of) (y,)nen. Furthermore, defining for ¢t € R

H,:=Qn U ﬂ B (—2n)

M>1n>M
by convention, we set B_~ = () if 7 < 0) we see that

VT

Vit <0, Vo € Hy, wuo(t,z) >

Now, assume that (z,)nen is bounded independently of n. Then, so is (z,)neny and
thus B jr7- (—2,) invades RY as n goes to +00, which implies that H, = § for all ¢.
As a consequence,

Vi <0, Vo €Q, we(t,z) >n" and wy(0,y) =1

Arguing as in the step 1, the fact that ' > 6 implies that w,, > 1, whence a
contradiction.
We consider the remaining case:

|z, — +oo.
n—-+o0o

Let us show that there is e € S¥~1 such that

Vi<0, P:={xe€Q :z-e<y-e} CH.
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Let e € SV~ be such that, up to extraction, &, := s — e as n goes to +o0o. Take

||

t <0 and xz € P. Then, there is € > 0 such that x-e <y-e—¢. For n € N, we have

|z + 2, |? |2 — Y + 2 |?

|7 =yl + [ +2(x — y) - 20 +2(y — yn) - @0

|z — yn|2 + ’$n|2 — 2¢|zn| +2(z — y) - (2n — |znle) +2(y — yn) - 0
R P 2z —y) - (T, —e) + 2(y — yn) - :?;n> |Tn| + |72

|z—yn
E2%

IAN A

Because |z,| — +o00 and &, — e as n goes to +00, we have that

. |3j - yn|2 ~ S o
lim ﬁ—Qé—FZ(l‘—y)-(mn—e)+2(y—yn)-xn = —2¢.
T

Therefore, recalling that |z,| < /T, we derive for n large enough
2+ 2,2 < Ty — e/T,, < Tp, + 1.
This means that x € H;. Hence
Vi <0,V € P, wy(t,x) >n" and w(0,y) =17

Now, because i’ € (0,1), [10, Lemma 1] ensures that the functions w(t,-) are
actually front-like as x - e — —oo uniformly with respect to t < 0, in the sense that

lim (infwoo(t,x)> = 1. (3.25)

xr-e——0o0 \t<0

Step 4. Proof of the lower bound ({3.22]).

Here we use property (). Owing to the previous step, the function w, defined by
wola) = (o ) (e (t,2)).

with x smooth, decreasing and satisfying x(—o0) = 1, x(+o0) = 0, fulfils the front-
like condition (1.3]). Therefore, by property (i), invasion occurs for the solution w
of (|1.2)) with initial datum w,,. Now, for m > 0, there holds

V€ Qa QO(m) < wOO(_max)a

and then, by comparison, w(m,y) < ws(0,y) = n’. This contradicts the invasion
property of w. We have proved that (3.22)) holds for n large enough. m

We now prove our second main result about invasion.

Proof of Theorem[1.5. We prove the result by showing that property (i7) of Theo-
rem can still be derived by if one replaces property (i) with Hypothesis |1, Recall
that the only step of the previous proof which makes use of property (i) is step 4.
Let us check that it holds true under Hypothesis [I] Let v be a pulsating traveling
front in the direction e with a positive speed c¢. Using the fact that ¢ > 0 and that
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W satisfies (3.25)), together with the nonincreasing monotonicity of s — f(x,s) in
some neighbourhoods of 0 and 1, one can prove that

VteR, Ve € Q, ov(t,z) < ws(t,x).

This is classical in the homogeneous case, in our heterogeneous framework we can
invoke [10, Lemmas 1, 2]. Of course the function v(¢,z) can be replaced by any
temporal-translation v(t + 7, ), and thus, because v fulfils with ¢ # 0, we
can assume without loss of generality that v(0,y) > n/. This is impossible because
Weo(0,y) = 1. This proves (3.22), concluding the step 4. ]

Remark 1. The validity of the invasion property for a compactly supported non-
negative initial datum wug satisfying sup uy < 1 readily implies that the invasion takes
actually place with at least a linear speed. Indeed the associated solution u satisfies,
for some T" > 0,

N
Vo eQ, Vk e [[{-Li0. L}, w(T,z) > up(z + k),

=1

and thus, since the spatial translations of u by L4Z X --- x LyZ are still solutions
of ([1.2)), using the comparison principle we get, by iteration,

N
VneN, Vr e, Vk e H{—nLi, o 0,conL}, u(nT, ) > uo(z + k).

i=1

Now, owing to the invasion property, for any € > 0 we can find 7 > 0 such that
u(t,z) > 1 —¢ for t > 7 and x in the periodicity cell C. We eventually infer that
u(t,r) >1—¢efort >nT +7and v € QN ([-nLi,nly] X --- x [-nLy,nLy]). This
means that the upper level set {u > 1 — e} propagates with at least a linear speed.

3.2 Applications of the invasion result

In this section, we make use of Theorem to derive Corollary and two other
results that apply to the bistable case. This essentially reduces to check that Hy-
pothesis [T] holds.

Corollary applies to non-negative nonlinearities, i.e., satisfying , such as
the Fisher-KPP nonlinearity f(u) = u(1 — u) or the Arrhenius nonlinearity f(u) =
e’%u(l — u). To derive it, we shall need the following result from Berestycki and
Hamel.

Proposition 3.1 ([3, Theorem 1.13]). Assume that f satisfies (1.5)), (1.10) together
with

39 € (0,1), f(z,s)=0ifs <4,

Vs >, Jx € Q, such that f(z,s) >0,

and that q satisfies (1.9). Then, Hypothesis (1| holds for the problem ((1.2)).

(3.26)
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Proof of Corollary[1.6 Assume that g and f satisfy the hypotheses of Corollary [I.6]

f be a nonlinearity satisfying (1.5 and (1.10]). We cannot apply Theorem [1.5|directly
to f, because it may not be non-increasing in a neighbourhood of s = 0. To overcome

this, we take ¢ € (0,1 — #), with 6 given by (1.6), and we define a nonlinearity f
independent of x satisfying (|1.5]), together with

{f(S)ZO, for s€[0,0+ ¢,
0 < f(s) < min, g f(z, s), for s € (0+¢,1).

Applying Proposition to f (with J = ¢ + ¢), we deduce that Hypothesis |1] is
verified for the problem (1.2]) with the nonlinearity f. Now, we can apply Theorem
to get that, for n € (6 + €, 1), there is r > 0 such that, if

up>n in € B,

then the solution a(t,z) of with nonlinearity f and initial datum uq satisfies
the invasion property. By comparison, the same holds true for the solution of
with initial datum uo but with nonlinearity f, because f < f. As e can be chosen
arbitrarily close to 0, this yields the result. O]

In the bistable case, some sufficient conditions for the existence of pulsating fronts
are provided in the whole space with 1-periodic terms (i.e., satisfying our usual defi-
nition of periodicity with Lq,..., Ly = 1) by Ducrot [I1), Corollary 1.12] and Xin [28],
Theorem 2.2]. These results, combined with Theorem directly yield the following.

Corollary 3.2. Consider the equation
Ou = dAu +r(z)u(u — a(z))(1 —u), t>0, z€R? (3.27)
where a,r € C*(R?), for some a € (0,1), are 1-periodic and satisfy
Ve eR? 0<a(r)<1 and r(x) >0,

and

G f[OJ]Q r(z)a(zr)dx
' f[071]2 r(x)dx

Then, there is dy > 1 large enough such that properties (i)-(ii) of Theorem hold
provided d > d.

<1
5

Corollary 3.3. Consider the equation
O = V(A(x)Vu) +q(z) - Vu+u(l —u)(u—0), t>0, xR, (3.28)

where A is a uniformly elliptic smooth matriz field and q is a smooth vector field

which are 1-periodic and 0 € (0, %) Then, there is 0 > 0 and s > N + 1, such that

properties (i)-(ii) of Theorem [1.5 hold provided

- [,
.17

<d0 and |q|
He([0,1])
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4 Estimates on the spreading speed

This section is devoted to the proof of Theorem[I.7} As already mentioned, this result
applies to equations set in the whole space RY with a nonlinearity that satisfies .
It provides a lower estimate on the speed of invasion.

The philosophy of this section differs from the previous one in that we shall build
“explicitly” a subsolution that invades the space with some given speed. We start
with a technical lemma.

Lemma 4.1. Assume that f is independent of x and satisfies (1.5)), (1.10)). Then,
for any 0 < X < A, there exist H € (0,1), L > 0 and a non-increasing function
h € W2>=(R) such that

{ h(z)=H in (—o0,0],
h 0

and

AW BN + f(h) >0 in [0,L], for A€\A] B< % RO, (430)

Before proving Lemma [£.1], we show how it yields Theorem [1.7]

Proof of Theorem[1.7]. First of all, up to replacing f(z,s) with min g f(z,s), it is
not restrictive to assume that f is independent of x (and still satisfies (L.5]), (1.10])).
We have that f(s) > 0 for s € (6,1).

By hypothesis, there holds

= i\/ ~limsup g(z) - —

|z| =400
Fix ¢ € (0,w*). Then take p > 0 in such a way that

X

Vx € By, NTf\ +c+q(z) — < %\/R(f).

]

Now, let H,L and h be the constants and the function provided by Lemma [4.1
associated with A, A given by ({1.4]). Consider the function

v(t,z) = h(|x| — ct — p).

We claim that v is a subsolution of (1.11)). Equation (1.11]) trivially holds outside
the region 0 < |z| — ¢ — p < L, where v is constant, hence it suffices to show that

Vt >0, Vo € Byiptat \ Borat, O — Tr(AD*v) —q-Vov — f(v) <0.
Direct computation shows that this is equivalent to have, for such ¢ and =,

AR (|z| = ¢t — p) + B (|z| — ¢t — p) + f(h(|x| — ¢t — p)) = 0,
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where

a- (4w L) = (TE L (4w D) ) D).

| |z || || |z|
Observing that A < A < A and that

NA T A
B§7+q(x)-m+k<ﬁ R(f)

because |z| > p, the above inequality holds thanks to (4.30)). This shows that v is a
subsolution of (L.11)).

Now, arguing as in the proof of Theorem [1.2] for any n > 6 we can find r,7 > 0
such that every solution u of with a non-negative initial datum uy > 7 in B,
satisfies u(T,x) > v(0, x) for x € RY. Hence, by comparison, u(t+ T, x) > v(t, x) for
t >0, z € RY. Consider such a solution u and take ¢ € (0,¢). We claim that

inf u(t,z) — 1.

|z|<ct t—+o0
We proceed by contradiction: assume that there is ¢ € (0,1), a diverging sequence
(tn)nen and a sequence (z,)neny in RY such that |z,| < ct, and u(t,,z,) < 1 —e.
We define the sequence of translations w,(t,z) = u(t + t,,x + 2,), with (z,)nen
in Hfil L;7 satistying x,, — 2z, € C = Hi]il[O,Li). This sequence converges (up to
extraction) to an entire solution us of (L.1I). It satisfies min g us(0,2) <1 —¢
and, for t € R and o € RY,

Uo(t+T,x) = lim u(t+T +ty,x+2,) > lim v(t+t,,x+ 2,)

n—-+o0o n—-+00
= nl_lffoo M|z + zo| — €t + tn) — p).

The latter term is equal to H because |z,| < |z,| + L1+ Ly < ct, ++Li---Ln
and ¢ < ¢. Hence uy is everywhere larger than H > 6. Therefore, again by the

same argument as in the proof of Theorem [I.2] we get uo, > 1, which contradicts
min, s ts0(0,2) < 1 —e. This yields the result. O

We now turn to the proof of Lemma [4.1}

Proof of Lemmal[{.1 By definition of R(f) and 6, there exist § < K < H < 1 such
that R(f) = (H — K)ming g f. For 0 < z; < 2, and 3,7, > 0 that will be chosen
later, we define the function h on each interval (—oo, 0], [0, z1], [21, 22] as follows:

h(z)=H for z € (—o0,0],
hz)=H —3z? for z €0, z1], (4.31)
h(z) = pu(zo — 2)° for z € [z, 29].

We want to find 21, 20, 8,7, so that h € W2>(R) and (4.30) holds. We further
impose h(z;) = K. We shall take 8 > 2. Then, to have h € W?* we need

K=H - %zf, K = p(z —2)°,
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yor = pf(ze — 21)P Kﬂ(zg—zl) L

NOW let us see what conditions are needed to have Call for short B :=

\F‘/ . On one hand, if z € [0, z;|, property (4.30 - holds as soon as
—yA — yBz + f(h(z)) > 0.
Then, using the fact that h(z) € [K, H| for z € [0, z1], it is sufficient to have
_ B i > ().
(A + Bz) + [r[glél]f >0

On the other hand, for z € [z, 25|, property (4.30]) holds as soon as (recall that f > 0)

For notational simplicity, we shall write A = 25 — z;. Summing up, h satisfies (4.30)

on R\ {z1, 25} provided we can find 2z, A, 8, i,y such that

A(B—1) = BA >0,
(A + Bz) < minj p f,

1:=H-K,
pA’ = K,
vz = KBAL

Let us show that this is solvable. We leave (§ as a free parameter and take

_ ( BAK )2
! MW2(H-K)(B-1))
and then

V2H-K) o BK _ (29(H - K))
VA nH-K) T PET

21 =

(4.32)

Direct computation shows that all the equations of (4.32) are satisfied, with the
possible exception of the second one. Let us show that the second equation holds as

well, provided g is sufficiently large. To do so, we observe that

_ 2
BK d . 2M(H — K)
and z _—

Ve \ N2 = F) (H—K) "po+0  BK

whence, recalling the expression of E
— K? 2AM(H — K)
A+ B — (A — 2 in f.
Y(A+Bx) — A(+ T )[IHK%f

Now, because K, H € [0,1] and A < A, we find that

K? OANH — K)\ _ 1
. o )< — .
i <A+ - )_QK(QH K)<1

It follows that, choosing /3 large, the second equation of (4.32)) is verified too.
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Now that we have given some sufficient conditions that ensure that invasion oc-
curs, we focus to the case where f is a bistable nonlinearity. In this case, Hypothesis
is not known to hold in general, thus we cannot apply Theorem In Section [5], we
show how the geometry of the domain can either totally block or allow the invasion.
In Section [6], we present a phenomenon that we call oriented invasion.

5 Invasion and blocking in domains with periodic
holes

5.1 Invasion

This section is dedicated to the proof of Theorem [1.8] In the whole section, f will
denote an unbalanced bistable nonlinearity, i.e, satisfying . Before turning to
the proof itself, let us make some remarks, that shall prove useful here and also in
Section [6. In order to derive the invasion property in a given domain 2, we shall
use “sliding-type” arguments. Such arguments rely on the existence of compactly
supported generalized subsolutions of the stationary problem associated with .
The latters are given by solutions of the following Dirichlet problem:

{ —Au = f(u), =z € Bg,

w =0,  w€0By (5.33)

If R > 0 is large enough, the existence of a positive solution of is classi-
cal. One could also reclaim the construction done in Section [2| for the more general
problem . In the following, such solutions are denoted by ugr. Thanks to the
celebrated result of Gidas, Ni and Nirenberg [16], ug is radially symmetric and de-
creasing. In the sequel, we shall use functions of the form ug(- — z) as stationary
subsolutions of . In this sense, ug will be understood to be extended by 0
outside Br. We also mention, for future use, that, applying Proposition we have

Vn e (6,1), Vr >0, 3R > 0, H]13inuR > 1. (5.34)

Proof of Theorem[1.§ By the previous considerations, we can take R > 0 large
enough so that the function ug is non-negative, radially symmetric and decreasing
and satisfies

M = maxugr = ug(0) > 6.

Moreover, M < 1 by Lemma . Let K C RY be a star-shaped compact set. Up to
a coordinate change, we can assume that it is star-shaped with respect to the origin.
Set

L :=2diam(K) + 2R+ 1,

where diam(K) stands for the diameter of K. We then define
Q= (K + LZM)e.

In order to fall into our standing assumptions, we require that K¢ has a C*® boundary.
Call z := (£,0,...,0). Let u be the solution of (T.12) on Q; with initial datum

92
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ugr(-—z). Notice that ug(-—2) is compactly supported in Q;, whence it is a generalized
stationary subsolution of . Classical arguments show that u(t, z) is increasing
with respect to ¢t and converges locally uniformly in = € ; to a stationary solution
Uso > Up(- — 2) of as t goes to +o00. In particular, us > 0 in Q; by the elliptic
strong maximum principle and the Hopf lemma. We claim that u.,, = 1. The proof
of this fact is divided into three steps.

Step 1. Lower bound “far from the boundary”.
Let us show that

Yy € ( U Bg(k;)) . U > ug(-—y). (5.35)

keLZN

Fix an arbitrary point y in the set (UkeLZN Bi (k’)) . This set is closed, path-

connected, contains the point z and its distance from €2{ is larger than or equal to
L/2 — diam(K) > R. We can then find a continuous path v : [0, 1] — €; such that

7(0) = 2z, ¥(1) =y, and Bg(y(s)) C £y, forall se[0,1].
Then, for s € [0, 1], define
s* = sup {s c [O, 1] - Vs e [0, 5], Uso > UR(' - V(S»}

Observe that the above set is non-empty because ugr(- — 2) < uso. If we show that
s* = 1 then (5.35)) is proved. Assume by contradiction that s* < 1. Then, the fact
that ug(z—-~y(s*)) is continuous with respect to s and x and it is compactly supported
implies that ug(- —v(s*)) touches u., from below, in the sense that min(ue, — ug(- —
v(s*))) = 0. The point(s) at which the minimum is attained necessarily belongs
to Br(v(s*)) C Q) because us > 0 in Q;. The elliptic strong maximum principle
eventually yields u., = ugr(- — v(s*)), which is impossible again because uy, > 0.

Step 2. Lower bound “near the boundary”.
We show now that

veen Br(k), te(r) > M. (5.36)

keLZN

To do this we use the same sliding method as before, but we need a refinement.
Namely, we need the support of the subsolution to cross the boundary of ;. This is
where the star-shaped condition comes into play.
For [ > 0, define the function
v = max ugp(- —le).

Recalling that up is radially symmetric and decreasing, we see that v; is a radial func-
Eon with respect to the origin which is irEreasirg on B;\ B,_g (with the convention
B;_r = {0} if I < R) and decreasing on B, g \ B;. We know from the previous step
that us > vr /5. We define

L
I —mf{lZO : VZIE |:l,§} s UOOEUZ/}.
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Assume by contradiction that [* > 0. By continuity, v touches us from below at
some point Z € Q; N (Bi1r \ Bi_r) (the contact cannot happen on 0B,z U OB;_g
because v = 0 there if [ > R and v+ cannot be touched from above at 0 by a smooth
function if [ < R). We necessarily have that |z| < I*, because otherwise v;(Z) would
be larger than v (Z) = ue(Z) for I < I* close to I*, contradicting the definition of
[*. Tt is easy to check that v (Z) = ur(Z — l*e), with e = z/|Z|, whence ug(- — I*e)
touches u,, from below at the point z. If x € {2; then the elliptic strong maximum
principle implies that up(-—[*€) = us on Qy, which is not the case because ug(-—1*e)
is not everywhere positive on Q;. Hence, z € K. Recalling that |z| < [*, we find
that Vug (z — [*e) is positively collinear to e, whence

(e —z)-v(z) = (% - x) z-v(z) <0.
v(z) - Vug(z —l"e) = (v(z) - e) [Vugr (z — I"e) | <0,

the latter term is non-positive because K is star-shaped with respect to 0. But then
the Hopf lemma leads to the same contradiction ug(- — I*¢) = uy, as before. We have
reached a contradiction. This shows that {* = 0. In particular, we find that u,, > M
on ﬁl N EL/Q-

The above argument can be repeated with v; replaced by v;(-+k) for any k € LZY,
leading to the property .

Step 3. Conclusion.
On one hand, — yield uo, > M in the whole €2;. As seen in the first step of
the proof of Theorem [1.3] the fact that u is an entire (stationary) solution of
which is larger than M > 6 implies uo, > 1. On the other hand, because max ug(- —
z) = M < 1, the comparison principle yields u,, < 1. This means that the invasion
property holds for the initial datum ug(- — z). We eventually derive property (i) of
Theorem [I.3] by arguing as in the proof of Theorem [I.2]in Section O

5.2 Blocking

This section is dedicated to the proof of Theorem [I.9} Namely, we exhibit a smooth
periodic domain {2 where the blocking property holds for any compactly supported
data < 1. We use a result by Beresycki, Hamel and Matano, who construct a compact
set K C By, such that there is a classical solution to the problem

—Aw = f(w) in B\ K

d,w =0 oK

v on (5.37)
w=1 on 0By,
O<w<1 in By \ K,

see [5, Theorem 6.5 and (6.8)]. The function w will act as a barrier which prevents
invasion. Our domain €, is depicted in Figure [I}
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Figure 1: The domain €2,

Proof of Theorem[1.9 As at the beginning of the proof of Theorem|[I.§)in the previous
section, we start with taking R > 0 so that the solution ug to (5.33)) is nonnegative
and satisfies § < maxup < 1. Call L := 2R + 2 and define

Qy = (K + LZN)e.

We prove the three statements of the theorem separately.

Statement (i).
Let u be the solution of arising from a compactly supported initial datum
up < 1. Let M > 0 be large enough so that supp(ug) C Bys. Consider the solution
w of given by [5]. Define the function w as follows:

Vk € LZ" such that |[k| > M + 1, Vo € QN By,  w(k + ) = w(x),

then extended to 1 in the rest of Q,. This is a generalized stationary supersolution
of (1.12)). Hence, because ug < w, the parabolic comparison principle yields that

Vit >0, Vo € Qy, u(t,x) < w(z). (5.38)

This implies that u does not satisfy the invasion property. Let us see that u is actually
blocked in the sense of Definition [I.I} We argue by contradiction. If this were not the
case, we would be able to find a diverging sequence (,)nen and a sequence (Z,,)nen
in Q9 such that u(t,,z,) — 1 as n goes to +oo. Then, defining

Up, = u( + by - + k),

where k, € LZ" is such that z,, — k,, € C, the parabolic estimates would allow us to
extract a subsequence of (uy,)ney converging locally uniformly in Q, to some entire
solution ws, of such that maxu, = 1. The parabolic comparison principle
and the Hopf lemma would yield u,, = 1. Hence, from we would get that
w(-+k,) — 1 as n goes to +0o (up to subsequences), locally uniformly on €5, which
is impossible because infg,, , , w(-+ k) <infw < 1 for any k € LZ".

Statement (7).
Now, let @ be the solution of (|1.2) emerging from the initial datum ug(- — z), where
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z = (£,0,...,0). Observe that suppug(- — 2) = Bpr(z) C Q, whence ug(- — z)

(extended by 0 outside Bg(z)) is a stationary generalized subsolution of (L.12)). It
follows that, as t goes to +oo, u(t, x) converges increasingly to a stationary solution
p(z) of satisfying ug(- — z) < p < 1. We have proved above that p #Z 1. Let
us show that p is periodic.

Take k € LZY. We can find a continuous path v : [0,1] = Q5 such that

¥(0) =z, ¥(1) = z + k, and Bgr(y(s)) C Qy, for s €]0,1].
Then, we can argue as in the proof of Theorem [1.8 to get that
p=ur(-—2z—k).

Using ug(- — z — k) as an initial datum for ((1.12]), the parabolic comparison principle
yields

p=p(-—k).
This being true for all k € LZY, we have that p is indeed periodic, with the same

periodicity as 5. Finally, the fact that 1 > infp > ug(0) > 6 readily implies that p
cannot be constant.

Statement (iii).
Let us show that invasion fails for front-like initial data. Let vy be a front-like initial
datum in a direction e € S¥7!, in the sense of (L.3). Consider again the solution w
of , extended by 1 outside B;. Then, there is M > 0 such that

sup vp(x) < infw.
z-e>M
z€Qo

We take k € LZ" such that k-e > M + 1. It holds that w(- — k) > vg. Thus the
parabolic comparison principle yields that the solution of arising from v lies
below w(- — k), whence cannot converge locally uniformly to 1 as ¢ goes to +o00.
Suppose now that admits a pulsating front solution v (recall Definition
. On one hand, we have just shown that the invasion property fails for v, which
implies that its speed ¢ cannot be positive. On the other hand, statement (ii) provids
us with a solution with a compactly supported initial datum uy < 1 which converges
to a positive periodic steady state as t goes to +0co. Up to translation, uy can be
fit below v(0, -), and thus we deduce by comparison that the speed ¢ cannot be < 0
either. Hence, pulsating fronts do not exist for problem in O

6 Oriented invasion

In this section, we construct some domains which exhibit a new phenomenon, that
we call oriented invasion, which is between blocking and invasion. Namely, invasion
occurs in a direction but is blocked in the opposite one.

Throughout this section, the nonlinearity f is of the unbalanced bistable type
. As in Section , we shall use some “sliding-type” arguments to prove that
invasion occurs in some directions, and some “barriers” to get the blocking in other
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directions. Recall that these methods worked under suitable geometric conditions on
the domain. The whole issue here is to construct a periodic domain which roughly
satisfies one type of condition in some directions and the other type in other directions.

Let us make the geometric condition required in the sliding method explicit. We
will slide the same functions ur(- — 2) as in Section 5, extended by 0 outside Br(z)
and restricted to €2, which are generalized subsolutions of the first equation in ((1.12)).
We recall that for R large enough, ug is positive in Bg, with § < maxugr < 1. By [10],
we further know that up is radially symmetric and decreasing on Bp, whence

Z—XT

Vo € (02) N Bgr(z), v(z)- Vug(r —z2) =v(x) |Vug(x — z)|.

NERE

It follows that ug(- — z) is a stationary subsolution of ([1.12) if and only if Q fulfils
the following geometric condition:

VY € (02) N Br(2), (z—=x) -v(x) <0. (6.39)

6.1 Oriented invasion in a periodic cylinder

We start with showing that the oriented invasion occurs in cylindrical domains. We
consider problem ((1.12)) set in a periodic cylindrical domain, that is, of the form

Q= {(z1,22) ERXx R |zo| <w(z1)},

with w : R — (0, +00) periodic of class C®. Throughout this section, we will denote
the points in Q by (z1,75) € R x R¥~! and e; := (1,0,...,0) a unit vector in the
direction of the axis of the cylinder.

Theorem 6.1. There exists a periodic cylindrical domain ) and a positive constant w
such that, for every n > 6, there is r > 0 for which the following properties hold for
every solution to (1.12) arising from a compactly supported initial datum satisfying

0<uy<I, up >n i QN B,.

(7) Invasion to the right:

VO < e < e <w, min ‘u(t,xl,xg)—l{ — 1.
c1t<z1<cat t——+00
|z2|<w(z1)

(#7) Blocking to the left:

u(t, x1, o) - 0 wniformly int >0, |z < w(xy).
r1——00

The blocking result makes use of the results by Berestycki, Bouhours and Cha-
puisat [2], which are in turn inspired by [5, Theorem 6.5] by Berestycki, Hamel and
Matano, already used here in Section . In [2], the authors build an asymptotically
straight cylinder for which all solutions initially confined in the half space {z; < 0}
do not invade. The mechanism they exploit is that the propagation is hampered by
the presence of a “narrow passage” which suddenly widens. More precisely, we shall
need the following.
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Proposition 6.2. Let §2 be a periodic cylinder and let a < b be given. There is € > 0
depending on
{(x1,29) €Q : 71 € (a—1,a)}

such that, if
|{(ZE1,ZE2) e T € (CL, b)}| <&

then the following problem admits a positive solution:

—Aw = f(w), (x1,22) €Q, 1 < b
o,w =0, (x1,22) € 0, x1 < Db

(6.40)
w(b, x2) = 1, 72| < w(b)

w(xy, xa) Nl 0 uniformly in |za] < w(zy).

This proposition can be extracted from the proof of [2, Theorem 1.8]. We shall
not redo the proof here, but we mention the ideas for reader’s ease. They rely on
the same energy method used in Section [2 with the energy functional defined on the
truncated cylinders 2 N {—R < z; < b} with boundary conditions w(—R,-) = 0,
w(b,-) = 1. The idea is then to take the limit R — 400, and to hope that the
Dirichlet condition will translate at the limit into the last condition of . One
needs to be cautious there: it is crucial to have that the selected minimizers do not
converge to 1 as R goes to +00, which could happen if one takes global minimizers.
The authors take instead local minimizers in a suitable energy well which converge
to a solution of .

Propositionwill allow us to derive the “blocking” property (i) of Theorem
by considering a periodic cylindrical domain 2 containing narrow passages which
widen very suddenly in the leftward direction. Conversely, for the “invasion” prop-
erty (i), we need such passages to open slowly in the rightward direction; this will
allow us to construct a front-like subsolution by “bending” the level sets of a planar
front. The domain  is depicted in Figure

14
3_\

e
N

Figure 2: The periodic cylinder

Proof. The proof is divided into four steps.
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Step 1. Building the domain.
Let ¢ € (0,1 —6) to be chosen after. We define f, to be a Lipschitz-continuous
function on R such that f,(p) = f,(1—p) =0, f, <0in (—p,0), f, >0in (0,1 — p)
and f " fu(s)ds > 0. Then, f, is an unbalanced bistable nonlinearity. Moreover,
prov1ded 1 is small enough, we take it so that

fu < 1,
{(L+ML@)§f@)wmnf@)>g (6.41)

Let ¢ be the 1-dimensional bistable travelling front connecting 1 —u to —p with speed
¢y > 0 solution of

" + . + fu(o) = 0.
Now, we take R > 0 large enough such that there is a non-negative non-null solution
ug of (5.33). Owing to (5.34)), we increasse R so that there holds

UR(QTl,[L'Q) >1—pu for ($1,[L'2) S [0, 1] X [—3, 3] (642)
Now, for L > 0 to be chosen after, we define
Q= {(1:1,:1:2) ER xRV ¢ |ay| Sw(xl)},

where w is defined as follows. First, we define w on the interval [0, L] to be in
C>([0, L]) and positive, such that:

(

w =3, on [0,1],

W <0, on [1,2],

o<u St o ) .
(L) =0, for n > 1, '
( ) =3,

(w(z) = 1.

Moreover, we take w such that
|{($1,$2> RIS [172]7 ‘x2’ < W(l’l)}‘ <e,

where ¢ is small enough so that we can apply Proposition to the cylinder €2 with
a =1 and b = 2. Observe that ¢ does not depend on L. Then, we can extend w to
be L-periodic. Observe that minw = w(2). Up to increasing L, we assume that the
following technical condition holds:

1 (= VI (6.44)

e
7 < w@min(g=,

Step 2. Building a subsolution.
This step is dedicated to the construction of a subsolution to (|1.12)) moving rightward,
that we shall use after to prove that invasion occurs in this direction. To do so, take
c € (0,¢,) and define

1/}<ta xlny) = ¢<I1 + 77’$2|2 - Ct)’
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with n = min(Q(c]‘\‘,:Cl), %ﬁ) Thanks to (6.44]), we can choose ¢ small enough so that

ﬁ < 2nw(2). (6.45)

Let us show that 1 is a subsolution of (1.12]). An easy computation gives us

Op) — Ap— f(¥) = (cu(1+4n*|af*) —c = 2n(N = 1)) + (1440 [a2|*) fu () — f ()
< ey —c—=2n(N = 1)¢' + (1 + 40| xa]*) fu(¥0) = f(¢). (6.46)
If ¢ < 6 we have (1 +4n*|xo|?) f.(¢) < f(¢). If ¢ > 6, thanks to our definition of f,

and 7, and because |z3] < maxw = 3, there holds

(L +4n?|2a*) fu () < (L4 p) fu(@) < f(2)).

Either case, and because ¢’ < 0, there holds
Vit eR, Y(xy,22) € Q, Op — Ay — f(¢) <0.

To conclude that v is indeed a subsolution, it remains to show that 0,7 < 0 on 0f2.
Observe that the unit exterior normal to Q at (x1,z5) € 92 is positively collinear to
(= (1), fr). Recalling that |zo| > w(2), it follows that, for ¢ € R and (xq,x9) € 012,

we have

(=o' (1), )10 (L, 1, 22) (—w'(z1) + 2n|z2]) ¢’
(=15 + 2nw(2))¢’
0,

the last inequality coming from (|6.45]). Hence, 1) is indeed a subsolution of (|1.12]).

VAVANI

Step 3. Invasion to the right.
We denote by u the solution of (1.12)) with initial datum ug(- — Ze;), restricted to
2, extended by zero outside of its support. First, let us observe that ug(- — %el) is a
generalized stationary subsolution of ((1.12)): indeed, for y := (y1,v2) € 0Q2NB R(%ﬁ),
we find that

the last inequality coming from the mean value theorem together with w(%) = 1.
Then, if L is large enough, (6.39) is verified and ug(-— Ze;) is a generalized stationary
subsolution of ((1.12)) in the cylinder Q. Hence, u(t,-, ) is increasing with respect to

t and, because of (6.42)), there holds

L L
YVt >0, V(zy,22) € Q, 71 € [5,5 —I—l] . u(t,ry,xe) > 1 — p.

b

Define
QJF = {(SL‘17$2> SV T >

no |
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We have ¢(t, £, 25) < u(t, £, 1,), for all t > 0, |z2] < w(%). Moreover, up to some

translation in time, we can assume that
V(r1,22) € QF, (0,21, 22) < u(0, 1, 25).

Hence, the parabolic comparison principle yields that ¢ (¢, x1, z9) < u(t, zq,25) for
t >0, (x1,22) € Qt. This implies that, for v € (0,¢) (c is from second step):

lim min  wu(t, 1, x2) | > 1— p.
t——+o00 0<z1<t
|z2|<w(z1)

Because 1 — p > 6, we easily infer that, for v € (0, ¢) and for h € (0,~), we have

min  u(t,zy,z2) — 1.
ht<zi <yt t—+o0
z2<w(z1)
This proves the “invasion” part of the theorem for initial datum ug(- — é) For more

general initial data, we can argue as in the proof of Theorem

Step 4. Blocking.
We use the result of [2], Proposition above, to prove that we have “blocking”.
Let w be the function given by Proposition [6.2| applied to 2 with ¢ = 1 and b = 2
(we recall that we chose € so that this were possible). Then, we can extend w by
setting w(xy,-) = 1 for 1 > 2. Then, w is a generalized supersolution of ,
and so is w(- + kL,-), where k € Z and L is the period of our cylinder. Then, if
up < 1 is compactly supported, we can find & € Z such that ug < w(- + kL, ).
The parabolic comparison principle yields that wu(t, x1,z2) < w(zy + kL, z3), for all

t >0, (x1,22) € Q. Because sup z,<m w(x; + kL, x5) — 0 as M goes to —oo, the
zo<w(z1)
result follows. N

6.2 Oriented invasion in a periodic domain

This section is dedicated to the proof of Theorem [I.1I0] In Section [6.2.1] we design
the periodic domain Q3 C R2. In Section [6.2.2] we state some preliminary lemmas,
used in Section to prove the oriented invasion property. In the whole section,
we denote e; := (1,0) and eq := (0, 1) the unit vectors of the canonical basis.

6.2.1 Designing the domain (3

In this section, we build a periodic domain 3. We construct it as the plane R? with
triangular-shaped holes. More specifically, we shall take L, Ly > 0 large enough and
a compact set K C R?, and we define Q3 to be the following domain:

Q= (K 4 L7 % LQZ)C. (6.47)

The domain 3 we have in mind is depicted in Figure 3]
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Figure 3: The periodic domain {23

The idea is to take this domain so that the narrow passages open “widely” to
the left, so that propagation will be blocked in this direction, but “slowly” to the
right, so that the solution will be able to pass, as in the case of the periodic cylinder
presented above.

Now, let us define K, L; and L,. First, we take R > 0 large enough so that there
is a positive solution ug of . thanks to we can choose R > 4 large enough
so that

M := min ug(x) > 6. (6.48)
x€EB>

We denote
M':= maxup = ur(0) > M > 0.

For € € (0, 1), to be chosen later, we define

2R L
K= — Ly:=2(R*+1) and L, :=2(k+8R+ 72 +1).

We shall build a function & € C([0, £]) N C2((0,£)) to parametrize the boundary
of K. We define K C [0, £] x (0, L) in such a way that

KN ({0} x R) = {0} x [2¢, Lo — 2],

OK N ((0%] x {O%D = {(s,h(s)) L s€ {O%H

and, in a symmetric way,

9K N <<o%] « [%LQD _ {<5,L2—h(5>> L se {o%”

Observe that, because we want {23 to be smooth, we need to have h'(07) = —oo and
W(& ") = +oo. Let us define h. First, we take » € C*°(R) to be a non-decreasing

and
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function such that

¢ =0 on (—o0,0,
¢ =1 on [1,+00), (6.49)
¢ <2 on R.
Now, we take h such that:
( h(0) =2,
h'(s) <0, for s € (0,1),
h(s) =c¢, for s € (1,4R),
Y Als) = (1—e)p(=2B)4e,  forse 4R, x +6R], (6.50)
P(s) <4, for s € [k + 6R, k + 8R],
\ h(%) = %

Moreover, we take h such that, for every z € (OK)N{(z1,22) € R? : z; € [k + 6R, 1]},
there is y € K such that

Bpre(y) C K and x € 0Bge(y). (6.51)

The reason why we do not simply take h so that Kﬂ{(:z:l, Ty) ER? : z; € [k +6R, %]}
is a half-ball is because h would not be C*°. For later use, we mention that (6.50)
together with the fact that ¢ < 1 yields

h(z) <2 for z€[2R,k+ TR]. (6.52)

The function h is depicted in Figure [6.2.1

A

ol

2e

1 4R K+ 4R k+6R g

Figure 4: Graph of the function h

The construction we made depends on ¢, we choose it now. Define the periodic
cylinder )
Q3 :={(x1,22) € Q3 : x5 €0, Lo]}.
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By construction, the portion of cylinder

{(ml,xg) €3 1 € (—1,0)} = [—1,0] x [2, Lo]

does not depend on e. We can then apply Proposition [6.2]to 23 with a =0 and b =1
to see that we can take £ small enough so that

H(ml,xg) €3 1 € (0,1)}‘

is small enough to have a solution of (6.40) in the cylinder Q3. Observe that this ¢
depends only on Lo, i.e., only on R. From now on, all the parameters are fixed. We
denote the periodicity cell

_ Ly Lo
C.—[O,Ll]X|: 2,2:|

The key result to prove Theorem [1.10]is the following:

Proposition 6.3. Let u be the solution of (1.12)), with domain Q3 given by (6.47)),
emerging from the initial datum ugr. Then, there is T > 0 such that, for any n € N*,
we have

u(t,x) > M for x € Q3N U (C+alyey +bLloes), t > nT.

6.2.2 Proof of Proposition 6.3

We recall that R, M’ and M are chosen in the previous section. We state here four
preliminary lemmas and prove Proposition [6.3]
For R > R, we denote by v the solution of the following parabolic problem

ow —Av = f(v), t>0, x € Bg
v 0, t>0, v € 0Bg (653)
v(0,2) =wugr(x), x € Bpg.

A standard sliding argument yields the following (we recall that M’ = maxugr =
ur(0)):

Lemma 6.4. Let R > R. Then, there is T > 0 such that
vpl(t,x) > M' for x € Bp_g, t >T.

Proof. Because the initial datum up is a generalized stationary subsolution for the
parabolic problem , v (t, x) is increasing with respect to t and converges locally
uniformly in x € Bg/ to a stationary solution of . We denote this stationary
solution by ve. Let z € Br_g. For X € [0,1], we define

uy = ug(- — A\z2)
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and
A i=max{A € [0,1] : u, <vy}.

Let us show that \* = 1. We argue by contradiction. Assume that \* < 1, then there
is a contact point between v, and u,., i.e.,

dx* € Br(\*z) C Br such that v (2¥) = uy. (2 — X*2).

The definition of \* yields that v, > u,.. Because v is a stationary solution and
u,~ s a stationary subsolution of , the strong elliptic maximum principle yields
Uso = Uy», Which is not possible, because u,. is compactly supported in Br/. Hence,
A* = 1. This implies that

Voo > ur(0) =M in Bp_g.

Moreover, this yields that v, > u;. The strong elliptic maximum implies that the
only possible contact points between v, and u, are on the boundary 0Bp/, hence

Voo > M in ER’—R'

Now, because vg/(t,z) converges locally uniformly to v, as ¢t goes to 4+o00, there is
T > 0 such that vg/(t,z) > M' for x € Bg_pand t > T. n

As we mentioned before, up is a radial decreasing function by [16]. The following
lemma states that this is still true for vg/ (¢, -), for all ¢ > 0.

Lemma 6.5. Let R' > R. Then, vg/(t,x) is radial decreasing for all t > 0.
The proof relies on the use of a moving plane technique.

Proof. First, because up is radial decreasing, the uniqueness of the solution of the
parabolic problem , yields that vg/(t,-) is also radial, for all ¢ > 0. Let us see
that it is also radial decreasing.

To do so, take H to be an affine hyperplane in RY intersecting Br/(0). Now, let
> denote the orthogonal symmetry with respect to the hyperplane H. We define

wr(t,z) == vr(t,Sx), for t >0, x € X(Br).
Then, wg is solution of (6.53) set on X (Bp/) arising from the initial datum ug (3-).
Now, consider the domain

U= {x €S(Bp) : z-%(0) < %HE(O)HQ}.

Then, because vg (t,-) is radial for all ¢ > 0, it is readily seen that
Vo € oU, Vt > 0, U]y(f,l‘) > wR/(t,x).

Moreover, if x € U, then d(x,0) < d(z,%(0)). Because ug is radial decreasing, we
have that up > ug/(X-) in U. The parabolic comparison principle then yields

VeeU, Vt >0, vgp(t,x)>wgr(t, x).

This being true for every hyperplane H, it follows that the radial function vg(t,-) is
radial decreasing, hence the result. O]
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We now state two geometrical lemmas on the shape of {23 that shall be employed
later in “sliding-type” arguments.

Lemma 6.6. Let A\ € 2R,k + TR]. Then property (6.39) holds with z = Xey, and
therefore ug(- — Aeq) is a generalized subsolution to ((1.12)).

Proof. We have already observed at the beginning of Section |§| that property
is equivalent to have that ug(- — z) is a generalized subsolution of (1.12).

Take A € 2R,k + TR]| and = € (0€3) N Br(Aey). Without loss of generality,
thanks to the symmetry of the domain, we assume that x - e; > 0. For such z, we
have R < x-e; < k+ 8R, and then, by definition of 2, h/(x - e;) < &. Because the
unit exterior normal at point z € 083 is positively collinear to (—h'(x - e1), 1), there
holds

lv(z)|(Aey — x) - v(x) —h'(z-e))(N—xz-e1) —h(x-e)
|z eg — A —¢

R—¢

VAVARVANI
| o 5|0

=

hence the result. O

Lemma 6.7. Let z € Q3 be such that z-e; € [k+TR, L1 —R) and d(z,0Q3) > 1, where
d(z,0903) denotes the distance between z and the boundary 0S2s3. Then property (6.39)

holds and therefore ug(- — z) is a generalized subsolution to (|1.12)).

Proof. Let z € Q3 be such that z-e; € [k + TR, L1 — R) and d(z,003) > 1. Take
z € (0K) N Br(z). Thanks to the hypotheses on h and K, we can find y € Q§ such
that

Br2(y) C 5 and z € 0Bg2(y).

Then, |z —y| = R?, |z — z| < R and |z — y| > R* 4+ 1. From that, we get

2=z +|z—y|>~[z—y|?
2|y—a|
R2+R4_(R2+1)2
2ly—z|
0,

hence the result. O

VANRVAN

These lemmas at hand, we can turn to the proof of Proposition 6.3

Proof of Proposition[6.3. The proof is divided into four steps. We denote by u the

solution of (1.12)) set on the domain €23 given by (6.47) emerging from the initial
datum wg := ug. Its support Bp intersects 23. However, because h(z) is decreasing
for x € [0, R], there holds:

—x-v(z) <0 for x € (0823)N Bg,
and then ug is a generalized stationary subsolution for (1.12)). Hence, u(t,z) is

increasing with respect to ¢ and converges uniformly in x € 23 to a stationary solution
of (1.12)), that we denote by u,,. We devote the steps 1,2 and 3 to prove that

U > M in Q3NC, (6.54)
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and

Uoo > uR(' — L1€1) + 'LLR(' — Lie; — L2€2) -+ UR(' — Lie + L2€2). (655)

Step 1. Estimate near the narrow passage.
In this step, we show that

Uoo > M/ in Qg N BSR' (656)

Let vyr denote the function given by Lemma with R' = 4R. Up to extending it
by 0 out of its support, we consider its restriction to €23. Because A is non-increasing
on [0,4R], we have that —x - v(z) < 0, for all x € (0€Q3) N Byr. Hence, as seen at the
beginning of Section |§|, the fact that vyg(t, ) is radially symmetric and decreasing for
every t > (0 implies that v, is a generalized subsolution to (|1.12)).

Now, because u,, > ug, the parabolic comparison principle yields that u,, >
vap(t,-) for all t > 0. Lemma [6.4] yields that there is T > 0 such that vsp(t,z) > M’
for x € Q3N B3p, t > T. Hence, holds.

Step 2. Estimate after the narrow passage.
This step is dedicated to show that (recall that M = ming, ug, see (6.48)):

U >M in {z€Q3 : z-e €[2R,L; — R|} NC. (6.57)
First, we define, for A € 2R,k + TR):
uy = ug(- — Aeq).

Lemma [6.6] implies that u, is a generalized subsolution of (1.12)) for all A € [2R, k +
7TR]. Moreover, the result of the first step ,(6.56)), yields (recall that M’ = maxug):

Uso > UR(- — 2Rey) = Uyp.
By the same token we used to prove Lemma (6.4, we have
Uso > uy, for A€ 2R, k+ TR (6.58)
Hence, if z € Q3 N C is such that z - e; € 2R, k + TR], we have
Uso(2) > up(z — (2-e1)er) > M,

the last inequality coming from the fact that |z — (2 - e1)e;| < h(k + 7R) < 2, thanks
to , together with the definition of M.

Now, take z € Q3 N C such that z-e; € [k + TR, L1 — R|. Because of , we
can find y € Q3 such that y-e; € [k + TR, L1 — R], |z — y| <1 and d(y,Q3) > 1 (we
possibly have y = z). Owing to Lemma and Lemma , we can find a continuous
path v : s € [0,1] — Q3 such that v(0) = 2Re;, v(1) = y and such that ug(- — y(s))
is a generalized subsolution of for all s € [0,1]. Using again the same token
we used to prove Lemma we have that us, > ug(- — y), and then

Uso(2) > ug(z —y) > M,
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this inequality coming from the fact that |z — y| < 1 together with the definition of
M. We can then infer (6.57)).

Step 3. FEstimate up to the next cell.
Let us show that
U >M in {2€Q3 : z-e;€[L1—R, L]} NC, (6.59)
and
Uso > UR(- — Lie1) + ur(- — Liey — Laes) + ug(- — Lieg + Laoes). (6.60)
First, we define, for A € [2R, L],
uy = ug(- — Aey).

Arguing as in the previous steps, Lemma [6.6, Lemma and the fact that h is
non-increasing on [0,4R] imply that u, is a generalized subsolution of (1.12]) for all
A € 2R, L4], and then we have that

Uoo > 'LLR(‘ — Llel).

Similar sliding arguments show .
Now, thanks to , and arguing as in the first step, we have that vyg(t, -— Lieq),

Var(t, - — Lie; — Loes) and vyg(t, - — Lie; + Laes) are generalized subsolutions of ((1.12))
and hence

Uoo > M, n BgR<L1€1) U BgR<L1€1 -+ L262) U BgR(Llel — Lgeg).

Take now z € Q3N C such that z-e; € [L; — R, L] and let us show that us(z) > M.
If z € BgR(Llel) U BgR(L161 + LQ@Q) U B3R(L1€1 - L262)7 we are done. Otherwise,
it is readily seen that holds, and we know that this implies that ugr(- — 2) is
a stationary subsolution of . Then, using Lemmas and , we can find a
continuous path v : [0,1] — 3, v(0) = 2Rey, y(1) = 2z such that ug(- — y(s)) is a
stationary subsolution of . Arguing as beore, this yields that u..(z) > M’ > M.

Gathering steps 1,2 and 3 we get (6.54)) and (6.55)).

Step 4. Conclusion.
Recalling that the convergence of u(t,x) to u is locally uniform in x as ¢ goes to
+o00 and that u(t, z) is increasing with respect to t, and yields that there
is T1 > 0 large enough such that:

Vit > Ty, Ve e Q3NC, wu(t,z) > M
and
Vit Z Tl, U(t, ) > UR(’ — Llel) -+ UR(' — L1€1 — L2€2) —+ UR<' — L1€1 + L2€2).

Now, define T' := 2T;. We can iterate the reasoning above, replacing ug by ug(-—Ley),
ugr(- — Ley — Leg) and ug(- — Le; + Ley) to get that

u(t,z) > M for z € Q3N U (C+aLyey +blaes), t >nT,

0<a<n
[bl<a

hence the result. O
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6.2.3 Proof of Theorem [1.10]

We first show the invasion property in the direction ey, and then the blocking in the
direction —e;.

Proof of Theorem[1.10. Let f be a bistable nonlinearity independent of z and take
23 the domain built in (6.47)).

Step 1. Invasion.
Let u be the solution of (|1.12)) arising from the initial datum ug, where R is given in
the construction of €25. Let us show that there is w > 0 such that

V0 <ce<d <w, Ya>0, min  |u(t,z) — 1] — 0. (6.61)
ze) t—+o0
ct<z-e1<c't
|z-e2|<a

First, because ug < M < 1, the parabolic comparison principle yields that v < 1.
Now, call w := Ly /T, where L; is given in the construction of Q3 and 7' is given by
Proposition [6.3] Take ¢, such that 0 < ¢ < ¢ < w. Consider a positive sequence
(tn)nen and a sequence (z,)nen in €2 such that

t, — 400, VneN, ct, <z, e <ct,, (% - €2)nen 18 bounded.

Consider then the sequence (my)peny in N for which 0 < z, - e; — m,L1 < Lj.
This sequence diverges to +oo because (x,, - €1),eny does. We define the sequence of
translated functions

Up = u(- + tp, - + mperLy).

The sequence of functions (u,)neny converges as n goes to +oo (up to extraction)
locally uniformly in ¢t € R, x € Q3, to a function u.,, entire solution of (1.12)). Now,
let us show that

VieR, x € Q3, ux(t,z) > M, (6.62)
where M is given by (6.48). Take ¢t € R, =z € Q3, and define k, := L%J (the
notation |-] stands for the integer part). Then, for n large enough,

rT-ea < x-e1+mylq
because m,, — +00. Moreover, because

- t+tn _ Tn-€l
kp —m, >=~—1 .

Wty Ctn 4t
= o tr— L

and because ¢ < w, we have that k, — m, — 400 as n goes to +00. Hence, for n
large enough we have
z-er+my,L <k,L.

So, for n large enough, we have

t+t, >k, T and x+m,Lie; € U (C+ aLe; + bLes) .

0<a<kn
lb|<a
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Hence, ((6.54) yields that u,(t,z) > M for n large enough, and passing to the limit
n — 400, we get (6.62]).

Then, because u < 1, arguing as in the first step of the proof of Theorem

(6.62]) yields that (6.61)) holds.

Now, arguing as in the proof of Theorem [1.2] we get that, for every n > 6, there
is r > 0 such that, if
Ug Z n n Q3 N B'I‘a

then (6.61) holds true for the solution of ([1.12]) arising from the initial datum wuy.
Hence, the property (i) of Theorem is proved.

Step 2. Blocking.
Let us prove the “blocking” part of Theorem [1.10, We define the cylinder

Qg = {LL’EQg DX e € [O,Lg]}

Because of the choice of ¢ in the construction of {23, we can apply Proposition to
this cylinder with @ = 0 and b = 1 to get a function p(z) solution of

—Ap = f(p), z€Qs z-e1 <1,
0,p =0, a:e@flg, x-e <1,
15(95) =1, r-e =1,
SUD,., <L PE)  — 0.

Now, we can extend p to the whole of {23 as follows : first, we extend it to the whole
of Qg by setting p(z) = 1 if x - e; > 1. Now, define

p(z) :=p(x) if x-e; €[0,Lo], p(x):=p(2Ly —x) if x-ey € [Lg,2Ls]
and p(- + 2Lokes) = p(+), for k€ Z. (6.63)

Then p is a generalized supersolution of , 2Lo-periodic in the direction ey, and
so is p(- + Likey), for all k € Z. Then, if uy < 1 is compactly supported, we can find
k € 7Z such that ug < p(- + Likey). The parabolic comparison principle yields that
u(t, ) < p(w 4 2L key), for all t > 0, x € Q3. Because sup,.., <y p(x + 2L ke;) — 0
as M goes to —oo, the result follows. - O
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