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Spreading and vanishing for a monostable reaction-diffusion
equation with forced speed

Juliette Bouhours*, Thomas Gilettif

Abstract

Invasion phenomena for heterogeneous reaction-diffusion equations are contemporary and challenging
questions in applied mathematics. In this paper we are interested in the question of spreading for a
reaction-diffusion equation when the subdomain where the reaction term is positive is shifting/contracting
at a given speed c. This problem arises in particular in the modelling of the impact of climate change on
population dynamics. By placing ourselves in the appropriate moving frame, this leads us to consider a
reaction-diffusion-advection equation with a heterogeneous in space reaction term, in dimension N > 1.
We investigate the behaviour of the solution u depending on the value of the advection constant ¢, which
typically stands for the velocity of climate change. We find that, when the initial datum is compactly
supported, there exists precisely three ranges for ¢ leading to drastically different situations. In the lower
speed range the solution always spreads, while in the upper range it always vanishes. More surprisingly,
we find that that both spreading and vanishing may occur in an intermediate speed range. The threshold
between those two outcomes is always sharp, both with respect to ¢ and to the initial condition. We also
briefly consider the case of an exponentially decreasing initial condition, where we relate the decreasing
rate of the initial condition with the range of values of ¢ such that spreading occurs.

2010 Mathematics Subject Classification: 35B40, 35C07, 35K15, 85K57, 92D25
Keywords: Reaction-diffusion equations, climate change, travelling waves, long time behaviour, sharp
threshold phenomena.

1 Introduction

In this paper we consider the following reaction-advection-diffusion problem, motivated by the modelling of

climate change:
Opu — Au — cOpu = f(z,y,u), t>0, (r,y) € Q=R xw, (1.1)

where w C RV~1 with N > 1, and ¢ > 0. Our purpose is the mathematical study of the large time behaviour
of solutions of this problem, and in particular to determine whether the solution goes to 0 or not as ¢t — +oo.

1.1 Motivation
By the simple change of variable u(t, z,y) = u(t, z + ct,y), this problem is equivalent to the following:

ot — Au = f(x —ct,y,w), t>0, (z,y) € R X w. (1.2)

This latter equation is motivated by the study of the effect of climate change on population persistence.
In [18, 30], the different authors point out that global warming induces a shift of the climate envelope
of some species toward higher altitude or latitude. Therefore, these species need to keep pace with their
moving favourable habitat in order to survive. In such a framework, u stands for the density of an ecological
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population, which spatially disperses according to a diffusion process, and the reaction term f is its growth
rate. The dependence of f on the moving variable z — ¢t means that the environment is moving in the
z-direction, due to the climate change phenomenon whose speed is the parameter c. It is typically assumed
that f is negative in the region —x + ¢t >> 1, so that the population habitat drifts to the right. We also
refer to ¢ as the forced speed because the population is forced to move at least with speed ¢ to the right in
order to survive.

More precisely, while the growth term is negative in the unfavourable zone far to the left, we will assume
that it is increasing with respect to the variable x — ct and that it converges to a monostable growth term
far to the right (as it will be stated below). We already highlight here that by monostable, we only mean
(see Definition 1.3) that the growth rate of a population is positive when u € (0,1) (after renormalization,
the constant 1 stands for the carrying capacity in the climate envelope). However, we do not assume that
the per capita growth rate is maximal at u = 0, that is the population may be subjected to a weak Allee
effect, which is a common feature of ecological species arising for instance from cooperative behaviours such
as defense against predation [1].

Such shifting range models were introduced in several papers to study similar ecological problems. In [24]
and [4], the effect of climate change and shifting habitat on invasiveness properties is studied for a system of
reaction-diffusion equations. In [5, 6, 7, 17, 29], the authors deal with persistence properties under a shifting
climate for a scalar reaction-diffusion equation in dimension 1 and higher, and exhibit a critical threshold
for the shifting speed below which the species survives and above which it goes extinct. This problem has
also been studied in the framework of integrodifference equations, where time is assumed to be discrete and
dispersion is nonlocal [15, 31, 32]. However, all the aforementioned papers hold under KPP type assumptions
whose ecological meaning is that there is no Allee effect and which mathematically imply that the behaviour
of solutions is dictated by a linearized problem around the invaded unstable state. In the context of (1.2),
the KPP assumption typically writes as f(z,s) < 0sf(z,0)s for all z € R and s > 0.

On the other hand a few papers investigate the case when no KPP assumption is made. In [26], the
authors analyse numerically the effect of climate change and the geometry of the habitat in dimension 2,
again in the framework of reaction-diffusion equations, with or without Allee effect. In [8], Bouhours and
Nadin consider (1.2) when the size of the favourable zone is bounded under rather general assumptions on
the reaction f in the favourable zone (including the classical monostable and bistable cases). More precisely,
they have shown the existence of two speeds ¢ < ¢ such that the population persists for large enough initial
data when ¢ < ¢ and goes extinct when ¢ > ¢ However, for a fixed initial datum, it is not known in
general whether there exists a sharp threshold speed delimiting persistence and extinction. We will prove
here that, when f satisfies the Hypotheses A, that is when the favorable habitat is contracting but its size
is not bounded, the answer is positive but also that, unlike in the KPP case [5, 6, 7, 17, 29], the threshold
speed depends non trivially on the initial datum.

In this paper we are interested in the asymptotic behaviour of the solution u(t,z,y) of (1.2) as time
goes to infinity, and in particular whether the solution goes extinct or spreads, in the sense of Definition 1.4
below. To do so we will study the problem in the moving frame and consider u to be the solution of
Problem (1.1), where now « stands for the moving variable and wu for the density of the population in the
moving environment.

1.2 Assumptions
As far as the cross section w is concerned, we will focus on the two particular cases
w=RN"1

or
w is an open, smooth and bounded subset of RV 1.

In this latter case, equation (1.1) is supplemented with a Neumann boundary condition

Opu=0, t>0, (r,y) € R X dw,



where n denotes the outward unit normal vector at the boundary. However, up to some slight modifications,
other types of boundary conditions such as Dirichlet or Robin boundary conditions may be considered, as
discussed in Remark 1.1 below.

Most of our results, and in particular the existence of a threshold speed, hold in both those cases. However,
a situation where the cross section is bounded is more prone to mathematical analysis, which allows us to
prove that the threshold between extinction or spreading of the solution is also sharp with respect to the
initial data. Lastly, we recall that N > 1, and therefore the bounded cross section case also include the one
dimensional case, i.e. w = {0} = RY.
Remark 1.1. Our results remain valid up to relatively minor changes when considering other types of bound-
ary conditions, such as Dirichlet or Robin. The main change is that the value of the linear (resp. nonlinear)
speed 2,/ (0) (resp. c*) introduced below should be modified accordingly with the boundary condition.
In particular, both speeds may then depend on the shape of the spatial domain €2, and one may need to
assume that the cross section w is large enough in order to avoid a situation where extinction always occurs.
For the sake of convenience, we restrict ourselves to the Neumann case.

Let us now turn to our assumptions on the reaction term f:
Hypotheses A. (1) The function x € R f(x,y,s) is nondecreasing for all s > 0 and y € w.

(2) The function s — f(x,y,s) is CY" where 0 < r < 1, and its C*" norm on any bounded interval is
uniformly bounded with respect to x € R and y € w.

(3) There exist C"(R,R) functions g_ and g, such that

lim f(z,y,s) =g+(s) , lim Osf(z,y,s) = g4(s),

r—+o0 z—+to0
where the convergences hold in the C%" (R, R)-topology, uniformly with respect to y. Moreover

(3") g-(0) =0 and g_(s) < —s for all s > 0;

(3") gy is of the monostable type, in the sense of Definition 1.3 below.
Remark 1.2. One may in fact weaken our regularity assumptions on f. In particular, the s-derivative of f
needs only be Holder in a neighborhood of 0. We state our assumptions in such a way for simplicity.

In our proofs, we will make an extensive use of comparison arguments and sliding methods, which can be
performed thanks to part (1) of Hypotheses A. We complete part (3) by specifying exactly what we mean
throughout this paper by monostable.

Definition 1.3. We say that the C*" function g, is monostable if
g+(s) >0 ifs€(0,1) and g4+(s) <0 if s € (—o0,0) U (1, +00),

9,:(0) > 0> g/ (1).

Note that this definition includes but is not restricted to the so-called Fisher-KPP case, where also
g+ (u) < ¢/, (0)u for all u > 0.

Under the above assumptions, it is clear that f(x,y,0) =0 for all x € R and y € w, hence 0 is a trivial
steady state of (1.1). In a similar fashion, it is clear that any constant M > 1 is a supersolution of (1.1),
which means that in large time the density u should not exceed 1, the constant 1 being the stable state of
the limiting equation far to the right.

Lastly, we add the initial conditon
w(0,z,y) = up(z,y) where 0 <# ug € L>*(R) and support(ug) C (—o0, X| X w, (1.3)

for some X > 0. We will also briefly discuss some other types of initial data which decay exponentially or
slowly to the right. From a modelling point of view, it may indeed seem natural to assume that the initial
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population is already established in the whole favourable zone, which in our framework means the right half
of the spatial domain. However, we chose to focus on the case when the initial support, or in other words the
initial habitat, is bounded to the right. This means that we study spatial invasions into unoccupied regions
and thus we mostly deal with invasive species which are initially introduced in a new region, but this as-
sumption also accounts for native species whose distribution are not at equilibrium with current climate [2].
Moreover, this is when our model exhibits the most interesting phenomena, and in particular our analysis
highlights the determining role of the initial size of the population. This is to be expected in an ecological
setting, as well as in the mathematical model when the favourable zone is bounded. We refer again to [8]
for partial results as well as remaining open problems in such a framework.

Before stating our main results, we recall some properties of the usual monostable homogeneous equation

pa— _= N
{8{0 Av g+(U)7 t> 07 z€R ’ (14)

v(0, 2) = vo(2z) compactly supported, nonnegative and nontrivial.

It is well-known that the parabolic equation admits planar travelling wave solutions, i.e positive solutions
of the form v(t,z) = V(z - v — ct) where v is an arbitrary unit vector in RY, and V satisfies the limits
V(—o0) = 1 and V(400) = 0. More precisely, such a travelling wave exists if and only if ¢ > ¢*, where
c* > 2,/g(0). In particular, we often refer to ¢* as the minimal speed. Moreover, c¢* is the asymptotic
speed of propagation of solutions of Problem (1.4).

Under the additional KPP hypothesis, i.e. gy(u) < ¢/, (0)u for all u > 0, then ¢* = 2,/¢/, (0) which
corresponds to the minimal speed of the linearized problem at 0. However, as mentioned above, we consider
the general monostable case so that the nonlinear speed ¢* may be strictly larger than 2,/¢’ (0). Our main
results will show that both the linear and nonlinear speed play an important role in the behaviour of solutions
of (1.1).

1.3 Main results

Let us now turn to the study of the large time behaviour of u, the solution of Problem (1.1). Under our
assumptions and because we assume little regularity with respect to space variables in the reaction term,
solutions are to be understood in a weak sense. Still, solutions satisfy local VVpl’2 (p > 1) estimates which is
enough to perform comparison principles. In particular the well-posedness as well as the nonnegativity and
boundedness of solutions for all positive times follows.

We will exhibit different possible behaviours, which we define below respectively as spreading, vanishing
and grounding.

Definition 1.4. Let u(t,z,y) be the solution of (1.1). We say that:

e spreading occurs if limy_, oo u(t,-) — pt locally uniformly in space, where p}(z,y) is a positive and
bounded steady state which tends to 0 (resp. 1) as © — —oo (resp. x — +00) uniformly with respect
to y;

e vanishing, or extinction, occurs if lim;_, o u(t, ) — 0 uniformly in space;

e grounding occurs if for any (x,y) € Q, we have ltim_&nfu(t,x,y) > 0, but for any € > 0 there exists
— T 00

X. > 0 such that

limsup sup u(t,z,y) <e.
=400 |z|>X.

We will show in Section 2 that for any ¢ > 0 there exists a unique such steady state pJ, and moreover
it is the maximal positive and bounded steady state; see Propositions 2.1 and 2.2. Note that, from the
asymptotics of pI as z — 4oo, it may be more accurate to say that the solution only spreads in the
favourable zone: far into the unfavourable zone the solution actually decreases to 0, as one should naturally
expect.

{pb:homomono}
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Let us also mention that, in the grounding case, the number X. only depends on ¢ and € but not on
the specific choice of the initial datum. Biologically, this means that the number X, would act as un upper
bound on the width of the habitat. However, the main point of our results is that the grounding phenomenon
is highly unstable, and therefore we will not go into such details.

We now proceed to the statement of our main results. Our first theorem exhibits three speed ranges
leading to quite different situations:

Theorem 1.5. Assume that Hypotheses A hold, and let u(t,x,y) be the solution of (1.1) together with the
initial condition (1.3).

(i) If 0 < ¢ < 24/9¢(0), then spreading occurs.

1) If24/¢".(0) < ¢ < ¢* (provided such c exists), then both spreading and vanishing may occur depending
Jr
on the choice of ug. To be more precise, there exist initial data uo1 > uo2 as in (1.3) such that
spreading occurs for ug,1, and vanishing occurs for ug 2.

(#it) If ¢ > c*, then vanishing occurs.

Recall from [3] that the minimal wave speed of (1.4) is also the spreading speed of solutions of the Cauchy
problem with nonnegative compactly supported initial data. Therefore, the third statement of Theorem 1.5
simply means that, when the climate shifts faster than the species spreads in a favourable environment, then
the species cannot keep pace with its climate envelope and goes extinct as time goes to infinity. On the
other hand, when c is less than 24/¢’(0) (statement (i) of Theorem 1.5) which is the speed associated with
the linearized problem around w = 0, then any small population is able to follow its habitat and ultimately
thrive. In particular, when ¢* = 24/¢’(0), we retrieve a sharp threshold speed between persistence and
extinction, which as in the KPP framework of [5, 6, 7, 17, 29] does not depend on the initial datum. Let us
note here that, while the KPP assumption implies that ¢* = 2/¢’(0), the converse does not hold [13].

Nonetheless, a striking feature of Theorem 1.5 is the fact that when ¢ € [24/¢'(0), ¢*), whether the solu-
tion persists or not depends on the initial datum; see statement (ii) above. This is in sharp contrast with
the so-called ‘hair-trigger effect’ for the classical homogeneous monostable equation (1.4), whose solution
spreads as soon as the initial datum is nontrivial and nonnegative. This result also highlights qualitative
differences with the KPP framework of [5, 6, 7, 17, 29], where the persistence of the population depends
only on the value of ¢. The biological implication is that under the combination of a weak Allee effect and
a shifting climate, the size and the position of the initial population become crucial for the survival of the
species.

Our two next results aim at showing that the transition from spreading to vanishing is always sharp.
First we fix the initial datum and vary the parameter c:

Theorem 1.6. Assume that Hypotheses A hold, and let u(t,x,y) be the solution of (1.1) together with the
ingtial condition (1.3).

(i) There exists a threshold speed c(ug) € [24/4/.(0),c*] such that, if ¢ < c(ug) spreading occurs and if
¢ > c(ug) vanishing occurs (in the sense of Definition 1.4 above).

(i¢) If moreover one of the following two conditions holds:

(a) w is bounded (including the case N =1);
(b) f(x,s) does not depend on y and support(ug) C (—oo, X|x [=Y,YIN=L for some X >0 and Y > 0;

then at the threshold speed ¢ = c(ug):
o cither c(ug) € (24/4/,(0),c*) and grounding occurs;

o orc(ug) =24/4/.(0) and then both vanishing and grounding may occur.

th:regime
g
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In particular, the situation c(ug) = c* > 2,/g', (0) never occurs.

The main point of Theorem 1.6 is its first statement, which shows that there still exists, in the general
monostable framework, a threshold forced speed below which spreading occurs and above which the solution
goes extinct. As mentioned above, the existence of such a threshold for persistence was already known in
the KPP framework. However, Theorem 1.6 together with Theorem 1.5 clearly imply that ¢(ug) depends in
a nontrivial way on the initial datum as soon as ¢* > 24/¢’(0). From an ecological point of view, this means
that the persistence of the population is determined by the value of the climate shift speed with respect
to this threshold. When the per capita growth rate of the population is optimal at zero density (no Allee
effect), this threshold speed is independent of the initial datum, whereas in the presence of a weak Allee
effect, this threshold depends on the size of the initial datum. Furthermore, statement (ii) of Theorem 1.6
also provides a more precise picture of the behaviour of the solution in the threshold case. While our results
suggest that grounding should not be biologically observed (this is in fact related to our assumption that the
favourable zone is unbounded), this notion will play an important role in the proofs of both statements (7)
and (i7) of Theorem 1.6.

In our second sharp threshold type result, we instead fix the speed parameter ¢ and consider a family of
initial data. We then investigate the sharpness of the threshold from spreading to vanishing behaviours, in
the same spirit as the results of [10, 11, 21, 23, 33] in the spatially homogeneous framework. In our situation,
this issue is rather complicated because we cannot use symmetrization techniques as in [11, 23] in order to
deal with the case of a multidimensional domain with an unbounded cross section w. This leads us to restrict
ourselves to a bounded cross section w, including the one dimensional case.

Theorem 1.7. Let Hypotheses A be satisfied, and assume also that w is bounded and 2./g/ (0) < c*.
Consider ¢ € [2,/¢/,(0),c¢*) and a continuous (in the L*(R x w)-topology) family (vo,s)o>0 of nonnegative,
compactly supported and continous initial data, ordered in the following way:

Vo1 < o2, Upe < Upg, in the support of ug,q, -

Then there exists o, € [0,400] such that the corresponding solution uy(t,x,y) spreads if o > o, vanishes if
o < 0, and is grounded for o = o, (whenever o, € (0,+00)).

Theorem 1.7 again highlights how the outcome depends on the initial datum. It shows that extinction
and spreading are the two reasonable outcomes, while grounding is a rather unstable phenomenon. Indeed,
while there exist initial data such that grounding occurs, any mild increase (resp. decrease) of such a datum
will lead to spreading (resp. extinction) of the solution. In particular, a larger initial population is more
likely to survive despite the shift of the favourable zone. Note that, recalling that the support of a function
is the closure of the set where it is positive, the assumptions of Theorem 1.7 also imply that the support of
U, strictly increases when o increases. The proof that we use relies on this hypothesis but we believe that
it is not necessary and that it is enough to assume that ug 5, ># uo,0, -

All our results above deal with initial data whose support is bounded in the right direction, see (1.3). As
we mentioned before, the biological interpretation of this hypothesis is that the initial population is not at
equilibrium with climate. On the other hand, if the initial population already inhabits the whole favourable
zone, i.e. it does not decay to the right, then the situation is rather different and the population always
persists, regardless of the climate change speed ¢ and the specific choice of uyg.

This leads us to consider the intermediate situation of exponentially decaying initial data. In our last
result, we are able to find precisely when the survival of the species depends on the size of the initial datum,
and when it depends only on its decay as x — +o0.

K [aw 2 /
Theorem 1.8. Let Hypotheses A be satisfied and define a* := M. Let also u(t,z,y) be the
solution of (1.1) with an initial condition ug which is bounded, nonnegative, and such that

—Qax

Uo(xa y) ~ Ae

{th:threshold
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as x — +o0o where a > 0 and A > 0. Define also

2 /
+ 0
Cop 1= o +4,.(0) > 2,/ (0).
e
(i) If « > /¢’ (0), then spreading occurs for all ¢ < 2,/g',(0) and vanishing occurs for all ¢ > c¢*. In the
speed range (21/9.(0), c¢*), both spreading and vanishing may occur depending on the initial datum wug.

(i1) If o € (a*,/g/1(0)), then 2,/g/ (0) < co < ¢, spreading occurs for all ¢ < c, and vanishing occurs
for all ¢ > c¢*. In the speed Tange (cq,c*), both spreading and vanishing may occur depending on the
nitial datum ug.

(#it) If a < «*, then cq > c*, spreading occurs for all ¢ < ¢ and vanishing occurs for all ¢ > cq,.

Theorem 1.8 shows how the dynamics remarkably changes with the decay rate parameter a. First, when «a
is large enough, the situation is the same as in Theorem 1.5. However, as one reduces «, the intermediate
speed range where both spreading and vanishing occur starts shrinking, and eventually disappears at a = o*.
Then, when o < o, the threshold speed ¢, no longer depends on the specific choice of the initial datum.
Finally, the threshold speed ¢, clearly tends to 400 as aw — 0, which implies that spreading always occurs
when the initial datum does not decay, or decays slower than any exponential, as x — +o0.

Naturally, the fact that the outcome is so sensitive to the decay of the initial datum is related to the
unboundedness of the favourable zone as well as our choice of a monostable nonlinearity. Though our
arguments could be extended to the bistable (strong Allee effect) case, handling a bounded favourable zone
is in fact much more complicated. Indeed, while some of our results remain valid, in particular the existence
of an intermediate range speed where the outcome depends on the initial datum, some new phenomena are
also expected due to the lack of monotonicity with respect to the climate shift speed. We hope to investigate
this issue in a future work.

Organisation of the paper

In Section 2 we study the stationary problem corresponding to (1.1) and prove that there exists a
(unique) maximal stationary solution that does not decay to 0 as * — +o00. In Section 3 we examine the
different speed ranges and prove Theorem 1.5. In particular we show that the hair-trigger effect does not
hold in the intermediate speed range ¢ € [24/¢'(0),c*). In Section 4, we investigate the existence of sharp
threshold phenomena either with respect to the speed ¢ or with respect to the initial datum ug. A key step
is some uniform in time exponential estimates on any solution with a compactly supported initial datum,
see Proposition 4.1. Then Section 4.2 and Section 4.3 are devoted respectively to the proofs of Theorems 1.6
and 1.7. Our last Theorem 1.8 on the behaviour of solutions of (1.1) with exponentially decaying initial
conditions is dealt with in Section 5. Finally, we include in an Appendix A two maximum principles (elliptic
and parabolic) that will be used throughout different proofs in the paper.

2 Classification of the stationary solutions

This section is devoted to stationary solutions of (1.1). First, we prove the existence of a maximal positive
and bounded steady state p which is involved in the spreading notion that we introduced in Definition 1.4;
see Proposition 2.1. Then we will show that pI is the unique (positive and bounded) stationary solution
which does not decay as * — +o00. Among the stationary solutions which decay as x — 400, some have a
faster exponential decay (we will refer to them as ground states) and will play an important role in the proof
of our sharp threshold results. Proposition 2.6 states that, at least when w is bounded, the set of ground
states cannot be ordered. This will in turn guarantee, in a later section, that grounding phenomena (in the
sense of Definition 1.4) are unstable with respect to perturbations of the initial datum.

{sec:classSta



2.1 The maximal steady state

The first property we prove is the existence of a maximal positive stationary solution p. We recall that
large time convergence to this maximal steady state is referred to as spreading.

Proposition 2.1. For any ¢ > 0, there exists a positive steady state pf(x,y) such that p}(—o0,-) = 0,
pF(+00,+) =1 (both convergences are understood to be uniform with respect to the second variable).

Moreover, it is increasing with respect to x, and it is mazximal among positive and bounded steady states,
i.e. any other such steady state p satisfy p < pT.

Proof. We first construct pJ. Choose any constant M > 1, and note that M is a supersolution of (1.1).
Recall also that 0 is a trivial solution. Thus the solution u™ of (1.1) with initial condition ug = M is
decreasing in time and, by standard parabolic estimates, it converges locally uniformly to a nonnegative and
bounded stationary solution. Denote this stationary solution by p¥ and prove that it satisfies the required
properties.

Claim 1. The function x — pf(z,-) is increasing and pS(—o0,-) = 0 and p}(+o0,-) = 1, uniformly with
respect to the second variable.

First, by the monotonicity of f(x,y,s) with respect to x, it is clear that for any ' > 0 the function
uM(-+2',-,-) is a supersolution of (1.1) which coincides with u™ at time ¢t = 0. Therefore, by the comparison
principle and passing to the limit as ¢ — 400, we conclude that pI (x,y) is nondecreasing with respect to .

It now follows from the monotonicity and the boundedness of p}" that the limits p (400, y) exist and are
nonnegative. By standard estimates and passing to the limit in the equation, we get that these limits are at
least locally uniform with respect to y, and that

Apj(—oo, ) +g- (pj(—oo, )) =0,

as well as

On one hand, it easily follows from the first equation and the negativity of g_ that pf(—oo,:) = 0. In
the case when w = RN~ it remains to check that the convergence is uniform with respect to y, but
the argument is in fact very similar. Indeed, for any sequences z, — —oo and vy, € RY~! we consider
pr () = pT(z + xn,y + yn) and using standard elliptic estimates we can conclude that p; converges to pt
as n — +00, with pt, a bounded solution of Ap}, + cd.pt + g_(pL) =0, with g_(s) < —s for all s € RT.
This again implies that pf, = 0, and because of our arbitrary choice of sequences, the uniform convergence
of pf(z,-) to 0 as  — —oco follows.

On the other hand, the second equation is of the monostable type and admits two nonnegative stationary
states, namely 0 and 1. Proceeding as above, we reach the conclusion that

lim sup sup pf (z,y) < 1, (2.1)

r——+00 YEw

which in particular, together with a strong maximum principle and the monotonicity of p} with respect to
r € R, implies that
pi <L

However we need to rule out the possibility that p}(+oco, -) may be 0. To do so, we go back to our construction
of p above and introduce some subsolutions, using the fact that the limit equation as z — +oco admits
travelling waves with positive speed. For any small § > 0, one can find a function gs and a positive real
number X such that, for all > X, y € w and s € [0, M], we have

f(z,y,8) > gs(s),

{p+c_exists}

{claim1}

{lemlingi}



and moreover g¢s is an ignition type function, namely gs(s) = 0 if s € [=6,0] U {1 — 4}, and gs(s) > O if
s € (0,1 —4). This is another standard case (see [3]) in which the corresponding reaction-diffusion equation

O — Av = gs(v),

which here we pose in the spatial domain R X w (with a Neumann boundary condition if w is bounded) again
admits travelling wave solutions. More precisely, there exists ¢s > 0 and a global in time solution Vi, (x — cst),
satisfying the limits V,(—o0) = 1 — 4 and V,(4+00) = —J. Rewriting the above equation in the moving frame
with speed c¢s in the x-direction, one gets as usual the following ordinary differential equation:

V! + eV + g5(Vi) = 0.
Furthermore, it is known that Vi, is a decreasing function [3]. Up to some shift, we can then assume that
Vi(0) =0 and Vi < 0in (0, 400).

Let us now introduce
u(x) := max{0, Vi(—z + X;5)}},

and show that this is a subsolution of (1.1). To check this claim, we only need to consider the half-space
{z > X5} where u > 0. We compute

atu_ aiﬂ_caév@_ f($7y?@) _V*H +CV*/ —g(;(V*)
(C-+>05)VZ

0,

IAINCIA

where the last inequality follows from the monotonicity of V,. We conclude that we have indeeed constructed
a subsolution u < M and, by comparison, we get that u < pf. In particular,

liminf inf p? (z,y) = Vi(-oc) = 1-4.
As § could be chosen arbitrarily small and recalling also (2.1), this proves that pt(4o00,y) = 1, uniformly
with respect to y.
To complete the proof of Claim 1, it only remains to see that p¥ is not only nondecreasing but also
increasing with respect to x, which simply follows from the strong maximum principle. The next claim
concludes the proof of Proposition 2.1.

Claim 2. The steady state pT is mazimal among positive and bounded steady states, i.e. any other such
steady state p satisfy p < pT in Q.

Before proving this second claim, let us first observe that the construction of p! above actually did not
depend on the choice of the constant M > 1. Indeed, choose two constants M7 > Ms > 1 and let py, ps be
the limits as ¢ — 400 of the corresponding solutions. The comparison principle immediately implies that
p1 > p2. But also, My > 1 > p; and hence ps > p;. Therefore p; = ps and, as announced, the state p
constructed above does not depend on the choice of M > 1.

Claim 2 easily follows. For any bounded steady state p, we can choose M large enough so that p < M
and p < pI by the comparison principle. Then, by the strong maximum principle, either p = pf or p < pf.
This also ends the proof of Proposition 2.1. O

2.2 Stationary solutions and ground states

We now prove that pl is the unique positive and bounded state which converges to 1 as z — +o00, and other
such states actually converge to 0. We will then also prove that, when w is bounded, steady states which
have a fast enough decay as x — 400 (in a sense to be made precise below) cannot be ordered.

{claim2}



Proposition 2.2. Any other positive and bounded stationary solution p(x,y) converges to 0 as x — +00
locally uniformly with respect to y.

Note that this property implies that, if f(z, s) does not depend on y, then neither does p, as the problem
is “independent of y” and p} is the unique steady state that does not converges to 0 as * — +o0. In a
similar fashion, if f(z,y, s) is periodic with respect to y, then so is p. Those facts actually easily follow from
the above construction, where p! was obtained as the limit of the Cauchy problem with a (large) constant
initial datum.

While Proposition 2.2 will be enough for our purpose, one may still wonder if we can prove more than
that. In fact, it is clear from our first main Theorem 1.5 that, when ¢ < 2,/g/, (0), then there does not exist
any positive and bounded steady state other than pl. Note also that when ¢ < ¢*, by a combination of the
argument below and the next section, the convergence to 0 in the above proposition is also uniform with
respect to y. Indeed, if the convergence to 0 is not uniform with respect to y, then one can show that p(x,y)
converges locally uniformly to 1 along some sequence (x,,, y,) with x,, = 400 and |y, | — +00. In particular,
one can put below p a compactly supported subsolution as in the spreading scenario of Section 3.2, which
in turn implies that p = p}. However, when ¢ > ¢*, we expect that there exist conical wave solutions, which
converge locally uniformly to 0 as * — 400 but not uniformly; see for instance [14, 22] for details on conical
waves.

Proof. Let us consider a stationary solution p(x,y), positive and bounded, and assume also that it does not
converge (locally uniformly in y) to 0 as © — +oo, i.e. there exists a sequence (Zn,yn)n C @ with (yn)n
bounded and such that

lim =z, =+oco0 lim p(zn,yn) > 0.

n—-+oo n—-+oo

Up to extraction, we assume that y,, — Yoo € W as n — +00, and by standard elliptic estimates the function
Pr(2,y) = pn(x + ,,y) converges locally uniformly to a solution of

Apoo + Cawpoo + g+(p00) = 0,

in Q. Since poo (0, Yoo) > 0, we get by the strong maximum principle (together with Hopf lemma in the case
when w is bounded) that ps, > 0 in Q. Therefore, for any R > 0, there exists ¢ € (0,1) and n large such
that

Vn' >n, Y(2,y) € Br(tn,Yoo) N Q,  plz,y) >, (2.2)

where Bgr(z,,Yoo) denotes the ball of radius R centered at (2, Yoo )-
Let us now construct a subsolution lying below the steady state p.

Remark 2.3. We only write the details in the case w = R¥~!. The case when w is bounded is in fact
simpler, as it is sufficient to construct a subsolution which depends only on x and thus satisfies the Neumann
boundary condition automatically.

Define A and ¢ respectively the principal eigenvalue and principal eigenfunction of the Laplacian with
Dirichlet boundary condition in Br(0) the ball of radius R > 0 centered at 0, i.e.:

A¢r = Ar¢r in Br(0),
6r =0 on dBr(0), ér>0 in Br(0).

Up to some normalization, we assume that ||¢pr|/cc = 1, and moreover we extend it by 0 outside Br(0). It
is well-known that Agp — 0 as R — 4+00. We can let R large enough so that

9:(0)

Ap + >0,

and then £ > 0 such that (2.2) holds. In particular p(-) > £dr(x — ),y — Yoo) for any n > n'.
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Up to decreasing £, there exists X¢ such that, for all z > X¢, y € RY=! and s € [0,&], we have

g%.(0)
2

f(z,y,8) > s. (2.3)

One can check that pr(z — 2, + ¢t, y — Yoo) is a subsolution of (1.1) up to the time T,, = m, which

c

is simply the time at which the support of ¢ first intersect the zone where (2.3) may no longer hold. Note
that T, > 0 provided that n is large enough.

Now take any x > X¢+ R and y € Br/2(Yoo). Choose n large enough so that x, >z, and t = (v, —x)/c €
(0,T,,). Applying the comparison principle one can get that

p(x,y) > §¢R($ —Tptcty— yoo) = gd)R(Oa Yy— yoo)'

In particular,

inf plr,y) > inf  &dr(0,y —ys) > 0. (2.4)
T2 Xe+R,|y—yoo | < F ly—yoo|<E

As mentioned above, the same approach can be used and leads to a similar inequality when w is bounded.
We are now in a position to make the following claim.

Claim 3. It holds true that
lim p(x,y) =1,

T—r+0o0
locally uniformly with respect to y € w.
First, we know that limsup,_,, . p(z,y) < 1, as follows from p < p} by Proposition 2.1. Then let

Zn — 400, and as before up to extraction of a subsequence p(x + x,,,y) converges locally uniformly to a
solution ps, of

Apos + cOzPoo + g+ (Poo) = 0. (2.5)

However, now we know not only that p, is positive, but also from (2.4) that

Remark 2.4. In the case when w is bounded, one may use the strong maximum principle to conclude that
inf poo > 0. By a simple comparison with solutions of the underlying ODE, it immediately follows that
Poo = 1, hence po = 1.

Let us again focus on the case when w = R¥~!. By the classical results of Aronson and Weinberger [3],
the solution of
0w = 851) + g4+ (v)

with initial datum 7. Xjy—yoo|< B CONVErges locally uniformly to 1. Here x denotes a characteristic function.
As the function v does not depend on =z, it also satisfies

0w — Av — cO,v = g4 (v)

in RY, with v(0, z,9) < poo(z,y) and, by the parabolic comparison principle, we conclude again that p,, = 1.
The above claim is proved.

Claim 4. The convergence of p to 1 as x — +00 is also uniform with respect to y.

Remark 2.5. Obviously this part can be skipped when w is bounded.
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The argument is quite similar to the proof of (2.4). Let 6 > 0 be arbitrarily small, and X be such that
z > X; and y € RV~ imply that f(z,y,s) > g5 (s) where g} is a monostable type function, whose zeros
are 0 and 1 — 6. Then there exists a subsolution v of

Avg + g% (vR) >0
in RN with compact support Br(0) and such that
max vy = v%(0,0) = 1 — 2.

We refer again to Aronson and Weinberger [3] for such a construction and omit the details. Proceeding as
above, for any yo € RV™L, we define w(t,z,y) := v%(x — n + ct,y — yo) and observe that w is a subsolution
of (1.1) for all ¢ € (0, LC*XU, assuming n large enough (depending a priori on yp). Thanks to Claim 3

and by the comparison principle, we can compare p with w for any n large enough, on the interval of

time [0, n=itmas RC ‘{‘5]. This leads to the inequality, for any yg € RN 1,
inf T >1-—290. 2.
I>IX5 RP( ,Y0) > J (2.6)

Noting that X5 and R do not depend on yg, and that § can be chosen arbitrarily small, we conclude as
claimed that p(x,y) converges to 1 as  — +oo uniformly with respect to y € RV-1.
Furthermore, the above inequality also implies that, for any L > 0, then

inf y) > 0. 2.7
xe(_L,lLr){yeRNflp(w y) (2.7)

Indeed, if there exists sequences z,, € (=L, L) and %, € RV~! such that p(x,,y,) — 0 as n — +o0, then by
a strong maximum principle argument, the sequence p(x,, + x, y, + y) also converges locally uniformly to 0,
which contradicts the inequality (2.6).

Finally let us prove the following claim, using a sliding argument.

Claim 5. We have that p = p} the mazimal steady state.
First we will find X > 0 such that, for all (z,y) € €,

pd (@ =X, y) < p(,y). (2.8)
To do so, let § > 0 and L > 0 be respectively small and large enough so that:
Ve>L, Vy€w, p(r,y)>1-6 and Vr<-—L,, pl(r,y) <4,

94 (1)
2
9~ (0)
Vo < —L, Vy € w, Vs <6, Osf(z,y,s) < 5 < 0.
Since pF (z,y) converges to 0 as x — —oo uniformly with respect to y, and using also (2.7), clearly we can
find X large enough so that the inequality (2.8) holds strictly for any (z,y) € [-L, L] X w.
Let us now prove that the inequality also holds when = > L, using a weak maximum principle. Indeed,
on this part of the domain the function q(z,y) = pf(z — X, y) — p(z,y) satisfies

Vo> L, Vy€ew, Vs>1-96, 0sf(x,y,s) < <0,

o
Il

Aq + cOpq + flz =Xy, pt(x - Xa;/;) - f(w,y,p(x,y))q

q(x,
[y, pt(z—X,y) — f(z,p(z,y))
q.
q(z,y)

< Aq+co.q+
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Note that f(z’y’pj(mfyq‘é);f(z’y’p(x’y)) can be extended by 9 f(x,p) when ¢ = 0 so that it is in L>(Q).

Moreover, whenever ¢ > 0, then from our choice of L:

f@ypi(@—Xy) = f@yp@y) _ 9 (1)
q(z,y) -2

< 0.

Because ¢(x = L) < 0 and lim,_, o, g(x,y) = 0 uniformly with respect to y (see Proposition 2.1 and Claim 4),
it easily follows from the weak maximum principle that ¢ may not reach a positive value, hence (2.8) holds
for all x > L and y € w. The same argument as above applies when x < —L, so that we omit the details
and (2.8) is proved.
Now define
X =mf{X >0 pf(z—X,y) —p(z,y) <0 V(z,y) € Q}.

By the continuity of p} and the definition of X*, we know that pf (- — X*,-) —p(-) < 0 and that there exists
(Zn, Yn)n such that
lim pf (2 — X*, yn) = (20, yn) = 0. (2.9)

n—-+4oo
We either have |z,| < +00 and it converges to some constant zo, € R (up to a subsequence) or |x,| — +o0.
In the first case considering q,(z,y) = pF(x — X*,y + yn) — p(z,y + yn), we know from parabolic estimates
that ¢, — ¢oo as n — 400 where similarly as above g, is a subsolution of a linear elliptic equation with
bounded coefficients. Moreover, by construction we have that ¢, < 0 and ¢(z,0) = 0. By the strong
maximum principle we get that g,, = 0 and thus

i (.o X*.. = [ -

Jm pg (- — X7 4 yn) = lim p(, -+ yn).

The right-hand side (resp. left-hand side) is a stationary solution (resp. a subsolution) of Problem (1.1)
where f is replaced by

n—-+oo

this limit being understood in the LS -weak star topology, up to extraction of another subsequence. This

is only possible if X* = 0, otherwise the left-hand side does not satisfy the equation: indeed one can check
that f still satisfies Hypotheses A, and in particular it is monotonic with respect to the space variable x and
converges to g+ as r — +o0o. Note that in the case when y,, is bounded, in particular when w is bounded,
it is not needed to shift in the y direction which makes this part of the argument simpler. Nevertheless, in
the case when |z,,| < +00 we have proved that pf < p, hence p = p.

Next consider the case when |x,| — +00 as n — +o0o. Assume by contradiction that X* > 0, and note
that thanks to the above we know that

inf Tz — X*,y) —p(z,y) < 0.
pepnf P (z y) —p(x,y)

By standard estimates, the first derivative of p} with respect to x is uniformly bounded, so that there exists
£ > 0 small enough such that pt(z — (X* —¢),y) — p(z,y) < 0 for all x € [-L, L] and y € w. Proceeding
as before, we can show by a weak maximum principle that pf(z — (X* —¢),y) < p(z,y) for all z € R and
Y € w, which contradicts the definition of X*. Again we conclude that X* = 0, therefore p} = p. Claim 5
as well as Proposition 2.2 is proved. O

Now using Lemma A.1 from the Appendix, we can reduce the number of steady states satisfying some
specific exponential bound at +oco. It will turn out in Section 4 that the solution of equation (1.1) either
spreads or satisfies a similar exponential bound. This is why it is useful to study such steady states.
Proposition 2.6 below shows that these fast decaying (or ground) states cannot be ordered. If it weren’t true,
then some localized perturbation of a ground state would still be grounded (in the sense of Definition 1.4).
Thus, Proposition 2.6 can formally be understood as a necessary condition for the sharp threshold phenomena
which our main results exhibit.
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Proposition 2.6. Assume that ¢ > 2,/g’, (0). Then there does not exist py <# p2 with
inf pa(0,y) — p1(0,y) >0
Yyew
and p1, pe are two positive ground states, i.e. steady states of (1.1) satisfying the exponential estimates

o5 (if e>2,/g,(0)),

o((1+va)e ) (ife=2y/g,(0)),

as x — 400 uniformly with respect to y € w.
If ¢ > c*, then there exist no positive ground steady state p, i.e. satisfying the above exponential bound.

We immediately note that, thanks to the strong maximum principle, the condition infyec., p2(0,y) —
p1(0,y) > 0 can be removed when w is bounded. The second part of Proposition 2.6 will also be useful in
order to study the large time behaviour of solutions of (1.1) when ¢ = ¢*, regardless of the choice of the
cross section w.

Proof. We prove the first statement and consider p; < ps to be two such steady states. It is straightforward
to prove that, for any X > 0, then

inf z,y) —pi(x,y) > 0.
mE[—X,X],yEpr( y) pl( y)

In particular, one can find some small n > 0 such that
v(xay) € [_X7X] X w, pl(x_nay) Sp?(x?y)

Choosing X large enough and since any shift to the right of p; is a subsolution of (1.1), it follows from
Lemma A.1 that pi(z —n,y) < pa(x,y) for any 2 > X and y € w. In a similar fashion, since any steady state
converges to 0 as z — —oo uniformly with respect to y (recall that p} lies above any other stationary state)
and since f has a negative derivative with respect to s far to the left, one can also show that pi(z —n,y) <
pa(z,y) for any x < —X and y € w. Indeed, if we assume that there exists (xg,yo) € Q such that zg < —X
and p1(xo — 1,%0) — p2(T0,y0) > 0, we can assume without loss of generality that it achieves a positive
maximum (up to convergence via a subsequence if needed) and we reach a contradiction.
Now define
n" :=max{n >0 [ pi(-—n,-) <p2(")}-

It is clear that n* is finite as p; is positive and ps decays to 0 as © — +o0o. Then there exists some sequence
(Tn,yn) such that p1(z, — 0%, yn) — P2(Tn,yn) — 0 as n — 4o0o. If this sequence is bounded, then we get
some (Too, Yoo) € 2 such that p1(2eo — N, Y0o) = P2(Too, Yoo), Which by the maximum principle implies
0 < p1(-—n*,-) = p2(-). Together with the monotonicity of f in the space variable and the fact that n* > 0,
this is a contradiction.

Next, assume that the sequence x, is bounded but not y, (in the case w = R¥~1). Thanks to the
boundedness of f and parabolic estimates, one can define the functions p; oo = lim, p1(- — n*, - + y,) and
P2,00 = limy, pa(-, - + yp) and check that

Apl,oo + Campl,oo + f(.’ﬂ - n*ayaplyoo) = 0’

Apl,oo + Caa;p2,oo + f(x_a y7p2,oo) =0,

where f is the limit as n — 400 of f(-,-+yn, ) in the LS -weak star topology. Now by the strong maximum

principle we get that p1,cc = P2,00. Note that here, the monotonicity of f (hence of f ) and the positivity
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of n* does not immediately give a contradiction, as a priori pj s = p2,006 = 0 may occur. However, this is
ruled out from our assumption that inf p(0,-) > 0, thus ps  cannot be trivial.

It remains to consider the case when |z,| = +00 and inf ¢/ x x]yew P2(7,y) — p1(z —1*,y) > 0 for any
X > 0. Choose € > 0 small enough so that

inf pa(X,y) = pr(X —n" —£,9) > 0.
YyeEw
Using Lemma A.1, we get that
pi(-=n"—g) <p2() infr>X}xw

On the other hand, p; and ps both converge to 0 as * — —oo (they are bounded from above by p), and
lim, o Osf(2,8) = ¢g’_(s) which is negative in a neighborhood of 0. Therefore, up to increasing X, the
usual weak maximum principle can be used to infer also that

pi(-—n"—e) <p() infr<-X}xow.

Finally we contradicted the definition of n*. Such a pair of steady states does not exist.

Let us now prove the second statement. Assume that ¢ > ¢* and, proceeding by contradiction, let p be a
positive steady state satisfying the appropriate exponential bound. From standard phase plane analysis, it
is well-known (see Aronson and Weinberger [3], Prop 4.1 and Prop 4.4) that the equation

v+’ +g4(v) =0 (2.10)

admits a unique (up to shift) decreasing stationary solution v decaying to 0 as x — 400 and whose associated
trajectory in the phase plane is extremal, in the sense that any other trajectory going through (0,0) must
lie above it. Moreover, it is also known by standard ODE technics [9] that v has the asymptotics

et Ve =44, (0) .
2

v(z) ~ Ae ,

where A > 0. By construction, the trajectory associated with v must be below the trajectory associated
with the travelling wave with speed c. Thus the solution v may either coincide with this travelling wave
(this can only occur if ¢ = ¢*), in which case v(—o0) = 1, or satisfy v(—o0) = +o0.

Let us now note that the real number X in Lemma A.1 only depends on the function f, and on the
decay of the sub and supersolutions ¢, ¢ to 0 as  — +o00. Indeed, this can easily be seen from the proof of
Lemma A.1. In particular, we can choose X so that Lemma A.1 can be applied for any supersolution ¢ < p
and subsolution ¢ < p.

From the exponential bound on p and the fact that p < p;t, it is straightforward that ||p||eo < 1. Then,
we can shift the function v without loss of generality so that

v(z) = p(z,y)
for all x < X and y € w, as well as, using the fact that p > 0,

m§££ew(v —p)=0. (2.11)

We now define

¢ := min{v, p} < p,
which from the above satisfies that

o(z,y) = p(z,9)
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for all z < X and y € w. Clearly ¢ is a (generalised) supersolution of (1.1). Letting also ¢ = p and applying
Lemma A.1, we conclude that

¢ =p.
In other words, p < v in the whole domain.

However, p is a subsolution of (2.10). Therefore, if the infimum in (2.11) is reached at some point
(z0,y0) € Q, then the strong maximum principle implies that p = v, which is clearly impossible. Up to
some appropriate shift, the same argument applies even if the infimum in (2.11) is not reached. Indeed, let a
sequence (T, Yn)n be such that v(z,, yn) — p(Tn,yn) — 0 as n — 400. Due to the asymptotics of v and p as
& — —o0, we have that z,, must remain bounded. By standard parabolic estimates, the sequence p(-, - + y»)
converges and, by the strong maximum principle, the limit must be identically equal to v. This is again an
obvious contradiction. We conclude that such a positive steady state p does not exist. The proposition is
proved. O

3 Large time behaviour: three speed ranges

In this section, we prove Theorem 1.5 and highlight the existence of three different regimes for the speed ¢
which will determine the large time behaviour of the solutions of (1.1)-(1.3).

For convenience, we start with a preliminary lemma which shows that as time goes to infinity any bounded
solution of (1.1) must lie below the maximal steady steate pl, which we defined rigorously in Section 2.

Lemma 3.1. Let ug be a bounded nonnegative initial datum, and u be the corresponding solution of (1.1).
Then

lim  su u(t, z,y) — pl(x, =0.
HMZERE@( (t,2,y) = pi (2,9))
Proof. According to the proof of Proposition 2.1, for any M > max{1, ||ug||}, the solution of (1.1) with
initial datum M is decreasing with respect to time and converges locally uniformly to pt ast — +oo. It
immediately follows by comparison that, for any compact set K C €2,

limsup sup (u(t,x,y) —pi’(m,y)) <0. (3.1)
t—+oo (z,y)eK

We need to improve this estimate and prove that this inequality still holds when replacing K by Q.

Proceed by contradiction and assume that there exist some € > 0 and some sequences t, — 400 and
(Zn,Yn) € Q such that

u(tn, TnyYn) > pj(xn, Yn) + €. (3.2)

Assume first that (z,), is bounded. Up to extraction of a subsequence, u(t, + t,x, + x,y, + y) and
pF (zp+x, Y +y) converge t0 us and p, respectively an entire and a stationary solution of (1.1), where f and
w are replaced by some f and w which satisfy the same assumptions. Moreover, it follows from Proposition 2.1
that peo(400,-) = 1, hence it is a maximal steady state. By (3.2) we also get that «(0,0,0) > ps(0,0) + ¢
and, repeating the argument above, we reach a contradiction.

Next, assume that x,, — +00. We again extract a converging subsequence from u(t, +t, 2, + Z,Yn + v)
and obtain in the limit an entire solution u,, of the monostable equation

Do = Ao + Cllog + g4 (Uoo)

satisfying uo(0,0,0) > 1 because of (3.2). This is also a contradiction.
Similarly, if x,, — —oo one gets a positive and bounded entire solution u., of the equation

Optioo = Ao + Clice + g— (Uoo)-

We have reached a contradiction in all cases, thus (3.1) holds when the set K is replaced by the whole
domain Q. Finally, since p} — 0 as 2 — —oo0, it is clear that sup, ,)cq u(t,z,y) —pf (z,y) > 0 for all ¢ > 0,
and therefore Lemma 3.1 is proved. O
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3.1 Spreading when ¢ < 2,/¢/,(0)

In this first speed range, we construct an arbitrarily small compactly supported subsolution of Problem (1.1),
from which spreading will follow for any nontrivial initial datum. Knowing that ¢ < 2,/g/, (0), there exist
0 > 0 small and X5 > 0 large enough such that

f(x,y,8) > gs(s) Vo>Xs,ycw,seR,

dsf(x,y,5) > g5(0) Va>Xs, yecw, sel0,d],

where g5 is a monostable function whose zeros are 0 and 1 — 4, and such that ¢ < 2,/¢5(0). In the case when
w =RN~1, we consider the principal eigenvalue problem

Apr.c + cOr0r.c + g5(0)pr,c = AR cPR, in Bg,
¢r,.e >0 in Bpg, (3.3)
¢R,c =0 on GBR

where R > 0 and Br denotes the ball of radius R centered at 0.

Remark 3.2. For the case w bounded we instead consider the principal eigenvalue problem

/1,3,0 + Cam¢R,c + QS(O)QSR,C = AR,C¢R,C in (*Ra R)7
ORr,c >0 in (—R, R), (3.4)
drc=0 on {—R, R}.

Then the proof below applies to the letter.
Computing that 1) = e3%¢p .. satisfies

2

Ay = (AR,C +5- 93(0)) v

one can deduce that Ar . > 0 for R large enough. Then, extending ¢r . by 0 outside of the ball, one can
check that for any x > 0 small enough, the function k¢pr.(x — X5 — R,y) is a subsolution of (1.1). In
particular, the solution u of (1.1) with initial datum u(t = 0) = k¢g, is increasing in time. As it is also
bounded by some constant M > 1, it converges locally uniformly to some positive and bounded stationary
state p as t — 4-o00.

Let us prove that p = pF. By Proposition 2.2 it is enough to show that p does not converge to 0 as
x — 400 locally uniformly with respect to y. We proceed by contradiction. If p converges to 0, and since
by construction p > k¢g,., clearly there exists some spatial shift X > 0 such that

(7, y) > koRr.(r — X,y)

for all (z,y) € RY, and the equality holds at some point (zg,yo). Here we also used the fact that ¢r . is
compactly supported. As any shift to the right of kK¢ . is again a subsolution of (1.1), a strong maximum
principle implies that p(-) = k¢pr.(- — X, ), which of course is impossible. We conclude that p = p/.

Remark 3.3. We note here that the argument in the last paragraph also proves that 0 and pI are the only
two nonnegative and bounded steady states of (1.1), as was announced in the previous section.

Finally, for any nonnegative and nontrivial initial datum ug, by the parabolic strong maximum principle
we have that u(1,-) > 0. In particular, one can choose x small enough so that u(1,-) > k¢r,, and it easily
follows by comparison that for any compact set K C €2, one has

1. . f . f t — + > O-
t1£)n-&}£l<; (x,lyr;EK u( ,-’L',y) Pe (a:,y) =

Putting this together with Lemma 3.1, we conclude that u(¢, -) converges locally uniformly to pF as ¢ — +oo,
i.e. spreading occurs.
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3.2 Vanishing and spreading when c € [2,/¢/.(0), c")

We begin by proving that spreading can occur in this intermediate speed range. As in the previous subsection,
we let some small § > 0 and large X5 > 0 be such that, for all z > X5, y € w and s > 0, one has
f(z,y,8) > gs(s) where g5 is a monostable type function whose zeros are 0 and 1 — ¢, and whose minimal
wave speed cj is close enough to ¢* so that ¢ > c.

Then it is well known that there exists a compactly supported subsolution v° of

Av® + cd,0° + gs(v?) > 0.

Such a subsolution can be constructed by phase plane analysis, as we do below. The subsolution we use
here is adapted to our situation where the favourable zone is receding as time increases; however it is quite
similar to the one in [3] and therefore we omit some details. Let p and ¢; be two positive constants such
that ¢+ (n—1)/p < ¢1 < ¢§ and ¢ be the solution of

"+ c1qd +95(q) =0, ¢0) =n<1-4, ¢'(0)=0.

Since ¢; < ¢, we know from [3] that if 7 is close enough to 1 — 0, then there exists b > 0 such that ¢(b) =0
and ¢ > 0, ¢ <0 1in (0,b). We then define

U Vl(z, )l < p
W (2,) = L all(@ )|l =) VI, y)ll € [, p+ ],
0 VI, y)ll > p+ .

for all (x,y) = RY. One can check that, for any X > 0 large enough, the function v°(z — X, y) is a subsolution
of (1.1).
Remark 3.4. For the case w bounded then replace q(||(x, )| — p) by q(|z| — p) in the definition of v° above,
so that v° no longer depends on y and clearly satisfies the Neumann boundary condition.

Note also that in the case w = RN~1 any shift of v° in the y-direction is also a subsolution of (1.1). This
will prove useful later on.

It follows from the parabolic maximum principle that the solution with initial datum v°(- — X,-) is
increasing in time. It is also uniformly bounded by the constant max{|[v°||, 1} and therefore, by standard
parabolic estimates it converges locally uniformly to some steady state p. Let us prove that p = pf. If
not, then p converges as x — 400 to 0 locally uniformly with respect to y, due to Proposition 2.2. Since
v?(- — X,-) < p(+) by construction, it is straightforward that there exists

X* =sup{X' > X | v5(~ - X' <p()} < +oo.

By continuity and the fact that v° is compactly supported, we get that v°(- — X*,-) < p(-), and the equality
holds for some (zg,%0) € Q. Using the strong maximum principle, we reach a contradiction, hence p = p7.
We have proved that spreading occurs for the particular initial datum v°. By comparison and thanks to
Lemma 3.1, it easily follows that spreading also occurs for any uy > v°.

We next turn to the vanishing scenario and construct a supersolution. Assuming first that ¢ > 2,/g, (0),
we define the function v(z) = e~ (5497 Then
2

8tv - 89:361] - cazv - f(.]?, ZU,U) = (c4

> (4 —52) v e (v)

—52> v— f(z,y,v)
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for some s € (0,v). Up to increasing X we know that v(z) < e for all x > X, thus choosing § > 0
small enough such that % — 6% > g/ (s) for all s € (0,¢), we conclude that v is a supersolution of (1.1) in
[X, +00) X w. ‘

When ¢ = 2,/¢/, (0), we define v(z) = (1 + 2”)e~2%, where 0 < 8 < 1. Then we can choose X large
enough so that

0,v(X) <0
and
c C2
8tv - 8IIU - Cam’l} - f(fﬂ, y,U) = 76(5 - 1){5'872675I + ZU - f(l',y,v)

—B(B = 1)aP 7275 + (¢, (0) — g/ (5))v
—B(B —1)zP2e 2% — CottT

Y

(AVARYS
o

)

in [X,400) X w. As above, in the first inequality s € (0,v) depends on the value of v at the corresponding
point. In the second inequality, the constant C, comes from the C*" regularity of g, around 0, and from
the fact that v(xz) — 0 as z — 4o0.

Now in both cases, choosing A = v(X), the function

o (z) = A if v < —X,
YOV wet2x) ifx> X,

is a generalised supersolution of (1.1) with Neumann boundary condition when €2 has a boundary, up to
increasing X again and thanks to the fact that f is negative far to the left. Therefore the solution @ of (1.1)
with initial datum %y is nonincreasing in time and, by standard parabolic estimates, it converges locally
uniformly to some nonnegative stationary state p as t — +o0.

Let us check that p = 0. We follow the same argument as in the proof of Proposition 2.6 (choosing
B < 1/2 when ¢ = 2,/¢’.(0)). The main idea here is to observe that the first conclusion of Proposition 2.6
still holds when po is no longer a steady state but a stationary supersolution of (1.1). Note first that ug
satisfies the appropriate exponential bound and does not depend on y € w, and therefore p is a ground state
of (1.1) in the sense we introduced in Proposition 2.6. Proceed by contradiction and assume that p is not
identically equal to 0. Since p < Ty, then there exists

n* =max{n >0 | p(- —n,-) <To()}.

Because Ty is a supersolution of (1.1) and satisfies, as we mentioned above, the same exponential bound as
in Proposition 2.6, the strong maximum principle and Lemma A.1 lead to a contradiction.

It only remains to show that the convergence of w to 0 as t — +oo is also uniform with respect to the
space variables. Assume that this is not true, so that there exist € > 0 and some sequences t,, — +oco and
(T, yn) € Q such that

U(tn, TnyYn) > €

for all n € N. Moreover, the sequence (z,), must be bounded. This follows on one hand from the fact that
Up(x) converges to 0 as * — 400, and on the other hand from Lemma 3.1 where p (z,y) — 0 as * — —oo0.
When w is bounded, we have already reached a contradiction since we have shown that @ converges locally
uniformly in space to 0 as t — +00. When w = RV~ then up to extraction of a subsequence, we have that
T, — Tso € R and E(t + i, x,y + yn) converges to an entire solution u., of some equation

Oplhoe = AU+ cOptine + f(x,y, Uoo ) (3.5)

where f satisfies Hypotheses A. Note that to obtain (3.5), one must appropriately shift the equation (1.1)
and pass to the limit first in the L7 -weak star topology. In any case, we then repeat the same argument
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as above. First, u., still lies below wy. Because ug is also a supersolution of this shifted equation, one gets
that us, < p where p is a (possibly trivial) ground state of equation (3.5). Using again Lemma A.1, one can
infer that p = 0, which contradicts the fact that us (0, 2s,0) > €. We conclude that vanishing occurs for
the initial datum ug. This immediately extends to any initial datum below wg.

3.3 Vanishing when ¢ > c¢*

We now deal with the higher speed range [¢*,+00). First assume that ¢ > ¢*, where the proof naturally
follows from the fact that the solution v(t, z,y) of the homogeneous monostable problem

ov — Av = g4 (v)
with initial datum ug spreads with speed c¢*. More precisely, it is known that for any X € R,

limsup sup w(t,z+ct,y) =0,
t—+oo z>X,yEw

This was proved in the celebrated work of Aronson and Weinberger [3] when the initial datum is less than 1.
Nevertheless, it is standard to extend this result to general initial data when g1 (s) < 0 for all s > 1, using
for instance a supersolution of the type of (3.7) below.

Since f(x,y,s) < g4(s) for all x € R, y € w and s > 0, it immediately follows by comparison that the
solution u converges to 0 as ¢ — +oo, uniformly in any set {x > —X} x w. Putting this together with
Lemma 3.1 and the fact that pf(z,y) — 0 as  — —oc uniformly with respect to y € w, we conclude that u
converges uniformly to 0 in large time, i.e. it vanishes in the sense of Definition 1.4.

The case ¢ = ¢* is slightly more complicated since the solution v of the monostable homogeneous equation
may actually persist in the moving frame with speed ¢* when ¢* > 2,/¢/, (0) (see [27]). However vanishing
again occurs for solutions of (1.1), which follows from Proposition 2.6 as we will see below.

As we mentioned in Section 2, for any ¢ > 2,/¢’, (0), the monostable equation

v+’ +gi(v) =0 (3.6)

admits a unique (up to shift) solution behaving as

c+/c? — 44 (0)
- z
v(z) ~ Ae 2

as © — +oo, where A > 0. Moreover, since ¢ = ¢*, there exists a travelling wave connecting 1 to 0, and
the trajectory in the phase plane of (3.6) associated with this travelling wave must be above the trajectory
associated with v. In other words, either v coincides with the travelling wave with minimal speed, or v
converges to +o0o as ¥ — —oo.

In the latter case, we consider @ the solution of (1.1) with initial datum

gy = min{||ugl|co, v}

Since v is positive and satisfies v(—o0) = 400, then for any initial datum wo as in (1.3) we can shift v
(without loss of generality) so that ug < Ug. As g is a supersolution, we know that @ is decreasing in time
and therefore it converges (at least) locally uniformly to a nonnegative stationary state p < v. In particular,
p is a ground state and, by Proposition 2.6, we have that p = 0. By the comparison principle, the solution u
of (1.1) with initial datum wug also converges locally uniformly to 0. Proceeding as in the vanishing scenario
of the previous subsection, this convergence is in fact uniform. In other words, vanishing always occurs.
Assume now that v is the travelling wave with minimal speed (this may only happen when ¢ = ¢* =
2,/9/.(0)). Up to some shift we assume that v(0) = 1 — 3 where > 0 is small enough so that < —g’, (1)/4
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and ¢/ (s) < ¢, (1)/2 < 0 for all s € (1 —n,1+7). As we do not assume that uy < 1, we cannot directly
compare the solution with v. Instead, we introduce

B(t,x) = vz — c*t —y(1 — e ")) +ne Mp(x — 't — (1 —e™™)), (3.7)

with ¢ a smooth and nonincreasing function equal to 1 on (—oo, —1] and to 0 on [0,+00), and v > 0 a
positive constant such that ymin_1<s<o(—v'(s)) > ||¢"||c. Clearly T is a supersolution of (1.4) for all t > 0
and x > c*t + v(1 — e™ ). On the other hand for any ¢ > 0 and z < ¢*t + (1 — e"), we have that
o(t,z) € (1 —n,1+n) and therefore

/I S0// _ 9;2(1) 90>

O — AT — gy (V) > e ™ (—w’ —np =g — ey

_ g4 (1)
> e (vv’ —¢" - +T<P ~

If o — c*t —v(1 — e ") < —1 it follows from ¢/, (1) < 0 and v" < 0 that
00 — AU — g4 (T) > 0.

If -1 <z —c*t—~(1—e ™) <0, the same inequality follows from ymin_j<s<o(—0'(s)) > ||¢”||oc. Thus v
is a supersolution of (1.4) in £, together with the Neumann boundary condition when w is bounded.
Let us now check that the solution u lies below v after some finite time. First, it follows from Lemma 3.1
and the fact that p! < 1 that
limsup sup wu(t,z,y) <1. (3.8)
t—+oo (z,y)eRN

Moreover, because we assume that the support of the initial datum wug is bounded in the right z-direction,
. 1 — lotct—z|2 L. .
we can compare the solution with Ty(t, z) := Z—:z fR maxye, Uo(z,y)e” =5 dz, which is a supersolution

of (1.1) as soon as A > sup g4 (u)/u. We get that u(t,z,y) decays faster than any exponential as x — +o0,
in a uniform way with respect to y € w. Together with (3.8), this implies that one can find 7' > 0 and some
X > 0 such that

U(T7$,y) S f(07 T — X)a

for all z € R and y € w. Proceeding as above, the solution associated with the initial datum (0, -) converges
to 0 as time goes to +00, and by a comparison principle the solution w vanishes.

4 Sharp threshold phenomena

We are now in a position to prove Theorems 1.6 and 1.7. Our method relies on the fact that, when the
solution does not spread, then it satisfies some uniform in time exponential estimates which allow us to apply
Lemma A.1 and Proposition 2.6; see Proposition 4.1 below.

4.1 Uniform in time exponential estimates
Here we prove the following proposition on the asymptotic behaviour of u(t, x,y) as  — +o0.

Proposition 4.1. Let ug be as in (1.3), i.e. it is bounded, nonnegative and has finite support in the right x-
direction. Assume that the corresponding solution u of (1.1) does not spread (in the sense of Definition 1.4).

o Ifce (24/4,(0),c), then for all v > 0 such that ¢ > 2,/g’ (0) + 1, there exist ¢ > 0 and X. > 0 such
that for any t € (0,+00), y € w and x > X,

u(t, X, y) < EG_AW(C)(QC—XE)’

ct+y/c?—4(g! (0)+~)

where Ay(c) := 5 .
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o If c =2,/¢,(0) < c*, then for all B € (0,1), there exist X} > X2 > 0 such that for all t € (0,+00),
yE€wand x> X},

ut,z,y) < (1+ (z — X2)P)e s@=XD),

The above proposition only deals with the case when ¢ € [24/¢/ (0),c¢*). The reason is that other
speed ranges have already been dealt with in the previous section. However, one may easily check that
Proposition 4.1 also holds true for any speed ¢ > ¢*.

Notice that the above Proposition 4.1 is closely related to the energy approach introduced in [16] and
used in several papers to prove convergence to travelling wave solutions [12, 19, 20, 21, 25]. We also refer
to [8] where the energy approach was used in the context of climate change models. Indeed, consider the

functional )
\%
Eo[w] ::/ ew{| wl —F(z,w)},
Rxw 2

with F(z,y,w fo (z,y, s)ds, and which is well-defined for any function w in the weighted Sobolev space
H'(wxR em"dxdy) The functlonal E. is the natural energy associated with (1.1) in the sense that (1.1) is
a gradient flow generated by E..

Then, when ¢ > 24/¢’(0) and w is bounded, Proposition 4.1 implies that the energy FE.[u(t, )] of the
solution remains bounded uniformly in time. Using the energy functional as a Lyapunov function, one can
then prove the large time convergence (at least up to a time sequence) to some stationary state. Such
an approach has been used especially in [21] where the authors also obtained sharp dichotomy results by
observing that the energy remains bounded as time goes to infinity if and only if spreading does not occur.

Note however that if either ¢ = 24/¢’(0) or w = R¥~! Proposition 4.1 does not guarantee the bounded-
ness of the energy, which is why we will use a different approach to prove our main results.

Proof. We begin the proof by noting that there does not exist any sequence of times ¢,, such that w(¢,,-)
converges (locally uniformly) to p}. Indeed, if such a sequence of times exists, then one can find some n large
enough so that u(t,,-) lies above the compactly supported subsolution v® (up to some shift to the right, so
that it remains a subsolution) constructed in subsection 3.2. Hence spreading occurs, which contradicts our
assumptions.

Next we prove the following lemma.

Lemma 4.2. Under the assumptions of Proposition 4.1, for all € > 0, there exists X. € R such that
V>0, Vo > X, Yy €w, ult,z,y)<e

Proof. We proceed by contradiction and let € > 0, ¢, > 0 and (z,,y,) € 2 with z,, — +o0 be such that
W(ty, T, Yn) > €.
Moreover, by boundedness of u and hence of its spatial derivatives, we find > 0 such that for all n,

U(tn, T,Y) = EXB, (@n,yn) (T Y) =1 V(T — Tn, Y — Yn),

where x denotes the characteristic function and By (xy,yy) the ball of radius 1 centered at (x,,yy).

As we already did several times, choose § > 0 small and Xj large so that, when =z > X5, y € w,
f(z,y,-) > gs(-) with g5 a monostable type nonlinearity, whose zeros are 0 and 1 —¢§ and minimal wave speed
is ¢§ > c¢. We consider v the solution of the monostable equation

O = Av + g5(v)

in RY, together with the initial datum v,(x,y). In the case when w is bounded one may instead define
V0 = EX{|z—xn|<n} SO that v does not depend on y. As mentioned before, the solution spreads with speed
c; according to the seminal results of Aronson and Weinberger [3]. In particular, up to decreasing d, there
exists some T' > 0 such that v(T},-) lies above the compactly supported subsolution v° from subsection 3.2.
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Unfortunately we cannot directly compare u with v, so we instead consider v the solution of

ol = AvP + gs(vP),
P (t=0) = v,

in the truncated domain {z > —D} with D > 0, and a Dirichlet boundary condition v”(z = D) = 0. Clearly

vP converges (locally uniformly in time and space) to v as D — +o00, and thus we can choose D large enough

so that v (T, ) again lies above v°.

Furthermore, we have that v (z — x,, +ct, y +y,) is a subsolution of (1.1) as long as —D 4 x,, —ct > X,
which includes the interval of time [0, 7] provided n is large enough. Applying the comparison principle, we
get that

ulty +t,2,9) > 00 (T — Zp,y — Yn)
for large enough n, which implies that u spreads (see also Remark 3.4), a contradiction. O
Remark 4.3. In some sense, the proof of the lemma above completes what we have shown in subsection 3.2.
Indeed, we had shown that if the initial datum is large enough, then spreading occurs. Here we see that

spreading also occurs for small initial data, provided their support is far enough to the right. This is to be
expected considering that c is less than the spreading speed of the limiting equation as x — 4oc0.

We go back to the proof of Proposition 4.1. Let us first assume that ¢ € (21/¢/.(0),c*), and choose any

v > 0 such that ¢ > 2,/¢/_(0) + 7. Let then £ > 0 be small enough so that g/, (s) < g/, (0)+~ for all s € [0,¢].

Define

v(z) = 56*/\7(6)(%&),

where X, > 0 comes from Lemma 4.2 and A, (c) was defined in Proposition 4.1. Noting that A,(c) is the
largest root of A\? — e + g, (0) + v and from our choice of €, we get that for all z > X,

v — 020 — cOyv — g4+ (V) = =X\ (¢)?v + X (e)v — gy (v) > 0.

Moroever, up to increasing X. and without loss of generality, we have that ug = 0 < v in [X., +00) X w.
Using Lemma 4.2, we also know that u(t, X.,y) < e = v(X,), for all ¢ > 0 and y € w. Therefore, applying
the parabolic maximum principle we conclude as wanted that

V(z,y) € [Xe,+00) X w, t >0, wu(t,z,y) < v(x).
We now consider the case ¢ = QW and define, for all 0 < 8 < 1, x > 0,
v(@) = (1 +2%)e 57,
Thanks to the C1" regularity of g, one may find X > 0 large enough so that v(x) again satisfies
v — 020 — cOpv — g1 (v) >0

for all z > X. We refer to the vanishing scenario of subsection 3.2 where the same computation is performed.
On the other hand, since v(X) > 0, it follows from Lemma 4.2 that there exists X’ > 0 such that, for all
t>0andy € w,
u(t, X', y) < v(X).

Up to increasing X’ and since ug has compact support on the right x-direction, we can also assume that
ug(z) =0 < wv(x — X'+ X) for all x € [X',+00). Therefore, we apply the comparison principle again and
conclude that for all t > 0, x > X’ and y € w,

u(t,z,y) <vlex - X'+ X) = ((1 +vVr—X'+ X) e~ 5= XHX)

Letting X! = X’ and X2 = X’ — X, we reach the wanted inequality and the proposition is proved. O
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4.2 Sharp threshold for the speed

Let us now turn to the existence of a threshold speed when the initial datum is fixed. In this section, we
will make a slight change in our notations and define u®(t, z,y) the solution of (1.1), in order to highlight
the dependence on the speed parameter c.

We already observe that, thanks to the monotonicity of f(z,y,s) with respect to z, for any ¢; < co the
function u° (¢, + (c2 — ¢1)t,y) is a supersolution of (1.1) with ¢ = co. Therefore, by comparison, we get
that

u®(t,z,y) <u(t,z+ (c2 — c1)t,y) (4.1)

for all t > 0 and (z,y) € Q. It immediately follows that, if u°* (¢, z,y) vanishes in the sense of Definition 1.4,
i.e. it converges uniformly to 0 as t — 400, then u®2 (¢, z, y) also vanishes. Similarly, if u®* (¢, z, y) is grounded,
or more generally if it decays to 0 as  — 400 uniformly with respect to y € w, then the above inequality
implies that u®2(t, z) converges to 0 uniformly in any set [X, +00) X w with X € R. Thanks to Lemma 3.1
and since pjz (—00,-) = 0, one can actually show that the convergence to 0 is uniform in space, i.e. vanishing
occurs at the forced speed cs.

Next we define

¢ = max{c>0|V0<¢ <c, u(t,z,y) — ph(x) as t — 400 locally uniformly, i.e. spreading occurs},
¢ = min{c>0|V >¢, u(t,z,y) — 0 as t — +oo uniformly, i.e. vanishing occurs}.

From Section 3, it is clear that both ¢ and ¢ are well defined and belong to the interval [24/¢’(0), ¢*]. More-
over, it follows from the discussion above on the monotonicity with respect to ¢, and the fact that the solution

may either spread or satisfy the exponential bounds of Proposition 4.1, that ¢ = ¢. From now on, we denote
this speed by c(up). We have already proved Theorem 1.6(7).

It only remains to investigate how the solution of (1.1) behaves when ¢ = ¢(ug), that is to prove The-
orem 1.6(47). We will first show that, under the assumptions of Theorem 1.6(i7), if the solution does not
vanish then it remains positive in large time locally in space. This leads to the following proposition:

Proposition 4.4. Under the assumptions of Theorem 1.6(ii) and if ¢ € [24/9.(0),c*), then the solution u®
of (1.1)-(1.3) either spreads, vanishes, or is grounded in the sense of Definition 1.4.

In order to prove Proposition 4.4 when w = RY !, we will need the following lemma about the behaviour
of the solution of Problem (1.1) when |y| is large.

Lemma 4.5. Under the assumptions of Theorem 1.6(ii —b), i.e. the reaction term f does not depend on y
and
support(ug) C [-X, X] x [-Y, Y]V 71,

then for alli € {1,...,N — 1}, t > 0 and (z,y) = (z,y1,---,yn—1) € RN, we have

¥ =Y = 0Oyu <0,
Y < =Y = 0y,u’>0.

Proof. This follows from a standard reflection method, as it is done for instance in [10]. Consider any
YY) < =Y and define

U)i(t,x, y) = uc(t"r7y) - uc(taxa Yi,-o oy 2y'? —Yiye-- 7?JN—1>-
Then one can check that w; satisfies

Oyw; — Aw; — cOpw; = b(t, x,y)w;, V>0, (z,y) € RN, y; < o2,
wl(twray) =0, Vi> 0, (%Zl) € RNa Yi = y107 (42)
wl(07x7y) S;—é 07 V(.’L‘,y) € RNv Yi < y'?7
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where the function b is bounded, using Hypothesis A(2) and the assumptions of Theorem 1.6(i¢ — b). Then
by the strong maximum principle we know that w;(t,z,y) < 0 for all t > 0, (z,y) € RV, y; < y? and using
the Hopf lemma we also know that

8yiw(t>x7y17 s 79?3 s 7yN71) = 23yiuc(t7337y17 s ay?a s 7yN71) > 0.
The case y) > Y can be argued similarly. O
Now let us prove Proposition 4.4.

Proof. Let us assume that spreading does not occur. In particular, the exponential bounds of Proposition 4.1
hold. We will prove that, if there exist (zg,y0) € 2 and a sequence t,, — +oo such that u(t,, zo,yo) — 0,
then the solution vanishes. More precisely, we will show that there exists n large enough such that

u(tn,+) <o (4.3)

in , where 7y denotes the supersolution constructed in the vanishing scenario of subsection 3.2.

Recalling Lemma 3.1, the supremum limit of u as time goes to infinity is less than the maximal steady
state p. Since p}(—o0,-) =0, one can find X_ > 0 such that u®(¢,z,y) < up(z) for all z < X_ and y € w.
Moreover, thanks to Proposition 4.1 and by construction of %y in subsection 3.2, there also exists X large
enough such that, for allt > 0,z > X, and y € w,

ul(t,z,y) < up(x).

Note that when ¢ = 2,/¢/, (0), this requires to apply Proposition 4.1 with some 3’ chosen to be smaller than
the g involved in the construction of .

Next, it follows from our choice of the sequence ¢, that u¢(t,,-) converges locally uniformly to 0 as
n — 4o00. In particular, for any Y > 0, we can find n large enough such that

sup u(tn, 2, y) < U(x).
z€[X_, X ],ycewn[-Y,Y]N -1

Using Lemma 4.5 in the case w = RV~ | we obtain that

sup u(tn, z,y) < (x),
IG[X7 ’X+]’y€w

for large enough n. Together with previous inequalities, that means that (4.3) holds in the whole domain €.
By comparison, the solution vanishes.

We have just proved that if the solution neither spreads nor vanishes, then for any (z,y) € €, one
has liminf;, oo u(¢, z,y) > 0. Grounding in the sense of Definition 1.4 immediately follows from another
application of Proposition 4.1. O

Now we use Proposition 4.4 to investigate more precisely the behaviour of the solution at the threshold
speed, that is when ¢ = ¢(ug). Let us first prove the following claim.

Claim 6. When ¢ = c(ug), then spreading does not occur.

Proceed by contradiction and assume that u®(0) (¢, z,) the solution of (1.1) with ¢ = c(ug) converges
locally uniformly to p:(u(]). As we already dealt with the case ¢ = ¢* where vanishing necessarily occurs, we

only need to consider ¢ € [24/¢'(0), ¢*). Using the fact that pj(uo)(ac7 y) = 1 as & — 400, uniformly in y € w,
then for any R > 0 and € > 0, one can find some X > 0 and 7" > 0 large enough such that

u (T 2, y) > (1 - €)XBa(o) (@ — X, ),
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in R x w. By standard estimates, one can show that the solution of (1.1) depends continuously, in the locally
uniform topology, on the parameter c. In particular, for £’ > 0 small enough and any ¢ € [¢(ug), c(ug) + &',
the solution u® of (1.1) also satisfies u*(T, z,y) > (1 — 2¢)xB(0)(z — X,y) forall z € R and y € w.
Now choose R > 0 and € > 0 so that (1 —2¢)xp,(0)(z,y) > v (x,y), where v°
c(ug)+c”
2

is a subsolution of (1.1)

with ¢ = € (c(up),c*), as we constructed in subsection 3.2 so that the associated solution spreads.
According to the discussion above on the monotonicity of solutions with respect to ¢, as well as the mono-

tonicity of f with respect to z, it is clear that the solution of (1.1) with initial datum v°(- — X, -) also spreads

c(u02)+c )

for any ¢ € (c(up), . Since

UC(T,J)7y) > (1 - 2E)XBR(O)(‘]: - X) y) > U(S(x - X7 y)a
we conclude by comparison that u¢ spreads for all ¢ € [c(ug), c(ug) + €’]. This contradicts the definition of
¢(up) and proves Claim 6.

It remains to show the following claim.
Claim 7. When ¢ = c(ug) > 21/¢,(0), then vanishing does not occur.

In particular, it is impossible that c(ug) = ¢* if ¢* > 2,/¢/, (0). To prove this claim, we again proceed
by contradiction and assume that uc(uﬂ)(t, -) converges uniformly to 0 as t — +o00. We will then show that
vanishing also occurs when ¢ is close to ¢(ug), contradicting the definition of ¢(ug).

Recall first that, by the maximum principle, we have for all ¢ > 0 that

||UC||L00(R+XQ) < maX{||u0||Loo(Q)7 1} =: M. (4.4)

Let € > 0 be small enough so that c(ug) — 3¢ > 2,/g/, (0) and § > 0 be small enough so that for all s € [0, ),

We introduce e(ug)—e
To(x) := min{M,de~— 2 @+X)},

where M was defined in (4.4) and X > 0 is chosen such that for all z < —X and s < M, f(z,y,s) < —1is.
Then one can prove that g satisfies

2o + (c(uo) — 2¢)0,o + f(,y, o) < 0,

in the sense of a generalised supersolution. As %y is a nonincreasing function, it immediately follows that it
is also a supersolution of (1.1) for any ¢’ € [¢(ug) — 2¢, c¢(ug)]-

Next, let X’ > 0 be such that the support of ug is included in (—oo, X'), that wy(z) > M for any z < — X’
as well as, by Proposition 4.1,

ﬂo(ﬂ?)
2

VE>0, Ve > Xy ew, u(txy) <

Because u®(“0) goes extinct as t — 400, there also exists 7 > 0 such that

Ug (.Z’)

Vjz| < X',y €w, u)(T,z,y) < 5

Up to reducing € and by continuity of solutions of (1.1) with respect to ¢ in the locally uniform topology,
we get for any ¢’ € [e(ug) — 2¢, ¢(up)] that, in the case when w is bounded,

VO<t<Tyew u(t,Xy) <up(X'),
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and )
VIJI| SX/7y€OJ, u’ (T,x,y) Sﬂo(.’l)).

When w = RV~ we only get that
VO§t§T7yE [_KY]N_lﬂ UCI(taXI7y) SEO(X/)v

and )
Vig| < X',y € [V, YN w (T, 2,y) < To(w).

However, thanks to Lemma 4.5, we again reach the conclusion that those inequalities hold for all y € w.
Applying a comparison principle on (0,7) x (X', +00) x w, and since g(x) > M > |[u || =&, xr) for
all z < —X’, one can check that for all ¢’ € [c(ug) — 2¢, ¢(uo)],

VIGR,ZI/GW, ’LLC/(T,I,y) SHO(I)

Let u be the solution of (1.1) with ¢ = ¢(ug) — 2¢ starting with the supersolution @Wy. Then we have that
uco)=25(t 4 T x,y) < T(t,x) for all z € R, y € w and t > 0. Moreover, the function % is decreasing
with respect to time and therefore it converges to a stationary solution as time goes to infinity. Because
ag(x) = o(e” C(u02)725) as ¢ — +o00, one can proceed in the same way than at the end of section 3.2, to con-
clude that @ actually converges (uniformly in space) to 0 as t — 4o00. This means that uc(0)=2¢ vanishes,

and so does u¢ for any ¢ € [c(ug) — 2¢, ¢(uo)] due to (4.1). We have reached a contradiction.

Putting together Proposition 4.4 and Claims 6 and 7, we conclude as announced that, when ¢ = ¢(ug) >
24/¢'(0), then grounding occurs. Theorem 1.6 is proved. O

4.3 Sharp threshold for the initial datum

In this section we assume that 2,/¢/, (0) < ¢*, ¢ € [24/¢/,(0),¢*) and w is bounded. We consider a family of
initial data (ug,¢ )0 satisfying the assumptions of Theorem 1.7 and denote by u, the corresponding solution
of Problem (1.1).

We first define the set X, respectively 21, of all o such that the solution u, of (1.1) with initial condition
up,, vanishes, respectively spreads. Then because of the monotonicity of the problem with respect to the
initial condition ug , there exist ¢ < @ such that

(0,0) C ¥ C (0,0]

and
(T,+00) C Xy C [7,+00).

We know from Proposition 4.4, that the solution either spreads, vanishes or is grounded. Thus if ¢ # & then
for all o € (¢,7), the solution u, is grounded, in the sense of Definition 1.4. We will start by the following
claim.

Claim 8. ¢ € ¥y and 7 & X;.

We argue by contradiction and first assume that @ € ¥;. Considering n > 0 small, then we can prove
that the solution uz_, again spreads using the same argument as in the proof of Claim 6. This contradicts
the fact that & is the infimum of ¥y, and thus ¥; = (7, +00). We omit the details.

Now assume that o € ¥, and again using similar arguments as before (see the proof of Claim 7) we can
show that u,4, vanishes for n > 0 small enough, leading to a contradiction. Because this part is slightly
different, here we give some details for the sake of clarity. We first deal with the case ¢ > 2,/¢’, (0). Choose
d > 0 and € > 0 small enough so that ¢ > 2,/¢/, (s) + &2 for all s € [0, 7], as well as X > 0 large enough so
that f(x,y,s) < —3 forall 2 < =X and s < ||ug41]/c. Then one can prove that the function

() == min{|[ug 1o, e~ F @+
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is a supersolution of (1.1). Then the proof proceeds as in Claim 7. Using Proposition 4.1, the fact that
u, vanishes and a comparison principle argument on a right half-space, one can find that there exists some
T > 0 such that, for all n € (0,1) small enough,

ue (T, z,y) < To(x).

Proceeding as in the end of section 3.2, it follows from the fact that %y(z) = o(e™2%) as  — +oo that the
solution of (1.1) with the initial datum 7, vanishes, and thus so does u,. We reached a contradiction.
Next, consider the case when ¢ = 2,/¢/, (0) < c¢*. Define

do(z) := M(1+ (z + X)?)e 2 (=)
where M > 0, 8 € (0, %) and X > 0. Define also X’ > 0 such that the support of ug ,+1 is included in
(=X’, X"), and such that for all z < —X’ and y € w, one has f(z,y,s) < 0. By the same computations as in
the vanishing scenario of section 3.2, we can choose X large enough (depending on M, 8 and ¢4 ) such that

() = do(—X')  ifx<—X,
o to(x) if x> X,

is a generalised supersolution of (1.1).
The proof then proceeds similarly as in Claim 7. There exists T > 0 and 1 > 0 such that for all
o€ (g, a+n),
Viz| < X', yew, u,(T,x,y) <up(x),

as well as
Vte (0,T), yew, us(t, X" y) <up(X").

Applying a parabolic comparison principle in (0,7) X (X', 400) X w, as well as in (0,7) X (—o0, X') X w
(which was not necessary in the proof of Claim 7), it is straightforward that the inequality uy(T,:) < g
holds in the whole spatial domain. Due to the fact that %g(z) = o((1++/Z)e™2%) as z — +00, one can again
infer than vanishing occurs for all o < g + 7, a contradiction.

Claim 8 is proved. We now know that 3¢ = (0,¢) and ¥; = (7, +00), and therefore (remember Propo-
sition 4.4) for all 0 € [g,7] the solution u, is grounded in the sense of Definition 1.4 . It only remains
to show that ¢ = &. This immediately follows from the next claim, which will thus conclude the proof of
Theorem 1.7:

Claim 9. Let 0 < 01 < 09 < +00 such that us, and us, are grounded. Then o1 = 03.

Let us first note that, when ¢ > 2,/¢/, (0), then Proposition 4.1 implies that both solutions u,, and u,
have bounded energy. By a classical argument, this guarantees that there exists a time sequence t,, — +00
such that us, (¢, ) and u,, (t,,-) converge to some positive stationary states p; and ps. Moreover, because
oo, < Up,ey, We have by the comparison principle that p; < ps. According to Proposition 2.6 and the strong
maximum principle, we get that p; = p». Now assume by contradiction that o1 < go. Then, the hypotheses
of Theorem 1.7 imply that there exists some small ¢ > 0 such that ug,q, (r — (,y) < uo,0,(x,y) for all z € R
and y € w. Because u,, (+,- — (,-) is a subsolution of (1.1), it follows that pi(- — ¢, ) < pa2(+) = p1(+). This is
clearly impossible since p; is positive and tends to 0 as z — +o0, thus o1 = 0.

Unfortunately, this argument fails in the critical case ¢ = 2,/¢, (0) because Proposition 4.1 is not sufficient
to bound the energy of the solution uniformly in time. Therefore, we are not able to prove that the solution
converges (even along a time sequence) to a stationary state and cannot apply Proposition 2.6. However, we
will use a similar argument which relies on the fact that Proposition 2.6 can be extended in some sense to
entire solutions of the evolution equation (1.1).

We again argue by contradiction and consider o7 < o9 such that grounding occurs. By parabolic es-
timates, one can find a sequence ¢, — +00 as n — +o0o such that us, (t + tn, z,y) and us, (t + tn, z,y)
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converge respectively to ug® (¢, z,y) and ugs (¢, 2,y) as n — 400, locally uniformly with respect to ¢, 2 and y.

Moreover, u3° and u3S are positive and bounded entire solutions of (1.1), which also satisfy

uge (t,x,y), ugy (t,2,y) — 0  as x — +oo uniformly in t € R and y € w (4.5)
and
inf o o0 . 4.
te]llg,IyEw ug (t,0,y),ug (t,0,y) >0 (4.6)

Using the assumptions of Theorem 1.7, there exists ¢ > 0 such that for all ¢ € [0,(), w0, (z — (,y) <
Uo,05 (¢, y) for all z € R, y € w. Due to the monotonicity of f with respect to  we know that us, (-,- — ¢,
is a subsolution of (1.1) for all ¢ > 0. Therefore, for all ( € [0,(), we get that u (- —¢,) L uge(-). W
can define (as in the proof of Proposition 2.6),

~—

@

¢ =max{( > 0wy (= ¢) Sug () = ¢ > 0.

By continuity, we have that u°(-,- —¢*,-) < ug () and infudS(-) —ug(-,- — ¢*,-) = 0. In particular, there
exists a sequence (tn, Tn,Yn) such that u (tn, Tn — ¢, yn) — ugS (tn, Tn, yn) — 0 as n — +o0.

Since we assume w to be bounded here, we have without loss of generality that vy, — ys € @ as
n — +o0o. Consider first the case when the sequence (t,,z,) is also bounded. Then there exists some point
(toos Toos Yoo) Where ugS (too, Too — (*5 Yoo) = Uge (toos Tooy Yoo ), and the strong maximum principle together
with Hopf lemma imply that ug°(-,- —¢*,-) = uS(-). Putting this together with (4.5) and (4.6) which show
that w7 non trivially depends on z, this contradicts the fact that ¢* > 0.

The case when x,, is bounded but [t,| — +00 can be dealt with similarly. Indeed, one can extract a
subsequence such that ug® (¢t + tn,x — ¢*,y) and ugS(t 4 t,, z,y) converge to some entire solutions of (1.1)
which again satisfy (4.5) and (4.6). With some slight abuse of notations, one may still denote those limits
by u3 (-,- — ¢*,-) and ug, and repeat the argument above to reach a contradiction.

g2
It remains to consider the situation when |z,| — +o00. From the above, we know that for any X > 0,

inf uX(t,z — (", y) —uX(t,z,y) > 0.
ek e X)L e o (tx = Cy) —ug (@, y)

As in the proof of Proposition 2.6, choose € > 0 small enough such that

teR, me[i_%g,x], yew g (b = —ey) —ug,(t2,9) > 0
By Proposition 4.1, we have that uy, satisfies the appropriate exponential bound in order to apply the
parabolic maximum principle Lemma A.2. Therefore, we get that ug® (¢, — ¢* —¢,y) < ugS(t,z,y) for all
t € R, x> X and y € w. Moreover, up to increasing X so that f(z,y,s) < =3 forallz < -X, y c w
and 5 < |[tg,[|oo, one can apply a classical maximum principle to conclude first that ug? (¢, —oo,y) = 0, and
then that u)° (t,z — (* —e,y) < u(t,z,y) also for all z < —X, ¢ € R and y € w. We have shown that
u (- — ¢* —&,-) —u(-) in the whole domain R x R x w. This contradicts the definition of ¢* and ends

g

the proof of Claim 9, as well as of Theorem 1.7.

5 The case of exponentially decaying initial data
In this last section, we consider an initial datum wug such that
ug(x, ) ~ Ae™ "

as r — +o0o, where A > 0 and « > 0.
As one may expect, Theorem 1.8 mostly follows from comparisons with the solution v of the homogeneous
monostable equation
v — Av —g4(v) =0,
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which we pose in R X w (with Neumann boundary condition if necessary) and supplement with the initial
datum ug. Note though that Theorem 1.8 does not address the sharpness of the thresholds between extinction
and spreading, which is why here we can avoid most of the technical difficulties of previous sections. Moreover,
we will only sketch the arguments, which indeed share similarities to those we used in the previous sections.

c"—4/c*—4g! (0) ( QQJFQLF(O)

It is well known that, if o < o* := resp. « > «*) then v spreads with speed ¢, = o

2
(resp. ¢*). We refer for instance to [27, 28]. In particular we have that

limsup sup w(t,z,y) =0

t—+oc0 x>ct,ycw
for any ¢ > ¢, (resp. ¢ > ¢*). In the case when a < o, this can be understood from the fact that the
travelling wave with speed ¢, also decays as the exponential function e~** as x — 400, and thus it can be
used as a supersolution. Note that in the literature, it is often assumed that ug < 1, but it is standard to
remove this assumption as we did for instance in Section 3.3. Since v(x + ct,y) is a supersolution of (1.1)
and using also Lemma 3.1, we infer that vanishing occurs when either o < o™ and ¢ > ¢4, or a > o* and
c>c*.

Next, let us note that if ¢ < 2,/¢/, (0), then spreading occurs as an immediate consequence of Theorem 1.5.
We now show that, if @ < /¢, (0) and c € [2,/g/,(0), ¢ ), then the solution also spreads.

Because f converges to g, as z — -+oo in the C*"-topology, we can find a monostable function gs such
that g¢5(0) is smaller than but arbitrarily close to ¢/, (0), and f(z,y,s) > gs(s) for all > X5, y € w and
s > 0. In particular, ¢ > 2,/g}(0) and we can choose ¢ > 0 small enough so that the smallest solution ay(c’)
of

ai(¢)? = da(c) +g5(0) =0

satisfies ay(¢’) > « for any ¢’ € [¢, ¢+ €). Moreover, one can check that

a1 () (@z—Xs+(c—c)t) _p *(041(C')Jrn)(r*XH(C*C')t)}

u(t, x) = max{0,ae” e

is a subsolution of (1.1), where n > 0, @ > 0 and b > 0 have to be chosen small enough but independently
of ¢ € [¢,c+ ¢). In particular, we can assume without loss of generality that ug > u(t = 0). Thus, one gets
by comparison that the solution u of (1.1) with initial datum wp not only does not vanish, but also satisfies
that

liminf inf lim w(¢,x,y) > 0.
r—+00 yEw t—4o00

From this, we infer that spreading occurs. Indeed, the solution of (1.1) with initial datum u(t = 0) is
increasing in time, and since it is also bounded it must converge (locally uniformly) to a stationary state p.
According to Proposition 2.2, we have that p = p¥. By the comparison principle, it easily follows that u
also converges to p/.

We now investigate the intermediate speed ranges where both spreading and vanishing occur. First, it
follows from Theorem 1.5 that for any ¢ < ¢* and o > 0, one can find an initial datum up behaving as
Ae™*" as x — +o0 such that spreading occurs. It remains to show that, when either o € (a*, /¢’ (0))
and ¢ € (cq,c), or a > /¢’ (0) and ¢ € (24/¢/.(0),c*), one can also find an exponentially decaying initial
datum wug so that the solution vanishes.

The argument is similar to the one in section 3.2, hence we only sketch it. Consider the former case and
let ¢ € (ca,c). Then define

_ e X ifx <—-X,
W) = { coE2X) if 5> X,
One can check that, if X is chosen large enough, then @(z + (¢ — ¢’)t) is a supersolution of (1.1). Together

with Lemma 3.1, this implies that the corresponding solution vanishes. In the latter case a > /g, (0),
defining instead

e VEOx if z < —X,
u(r) = e VIEO@+2X) e s x
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and repeating the same argument also lead to a vanishing scenario for any ¢ > /g’ (0).
All the situations in Theorem 1.8 have been dealt with and the proof is finally complete.

A Maximum principle lemmas

A.1 An elliptic maximum principle

In our proofs, we use extensively the following lemma:

Lemma A.1. Assume that c > 2./g' (0). Let ¢(x,y) and o(z,y) be two nonnegative functions, respectively
a sub and a supersolution of (1.1), and assume that they both decay to 0 at © — +0co as

o(e=57) (zfc>2 g;(O)),

o((1+va)e i) (ife=2y/g,(0)),

where these estimates are understood to be uniform with respect to y € w. B 7
Then there exists X > 0 large enough such that, for any X' > X, if p(X',-) < $(X',-), then either ¢ = ¢

or ¢(z,y) < ¢(z,y) for all (z,y) € (X', +00) X w.

Note first that when ¢ < 2,/¢/, (0), then we prove in Section 3 that 0 is unstable with respect to compact
perturbations so that there does not exist any supersolution decaying to 0 at infinity. Therefore, it is
meaningful to only consider the case ¢ > 2,/¢, (0).

Moreover, if instead of our assumptions, one chooses f to have a negative derivative with respect to
its third variable, then the lemma reduces to the usual maximum principle. In particular, one can clearly
derive a similar property on the far left of our problem. Because df(x,y,0) > 0 for large positive = and all
Yy € w, the situation is rather different on the far right. However, it is still quite standard that the maximum
principle remains valid in an appropriate subspace of fast decaying functions, in which 0 is again stable. This
is exactly Lemma A.1, whose proof we include below for the sake of completeness.

Proof. Let us first assume that ¢ > 2,/¢/ (0). Let € > 0 be small so that ¢ > 2,/¢/, (0) + 2e. We consider
§ > 0 and X > 0 such that, for all z > X, y € w and s € [0, ], one has

Osf(x,y,5) < g4(0) +e,
and for all z > X and y € w, B
é(@,y), ¢(z,y) < 6.
Then ¢ := 3 (@ — 5) satisfies, when z > X:

2
AY = T 48 [f(@,y,0) - fla.y.9)] 2 0.

Proceed by contradiction and assume that ¢ > 0 at some point (xg, yo) with zg > X’ > X. From our choice
of X, we have wherever ¢ > 0 that

f(@,y,0) = f(z,y,6) < (94(0) +e)(0 —¢) < <C4 _ E) e~ 574,

hence Aty > €. Noting that lim,4c0 ¥(z,y) = 0 (uniformly with respect to y), we can assume without
loss of generality that

w(an yo) = zZI)I(l’a,‘;{Ew w(% y)a
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and thus Av(xg,y0) < 0, a contradiction. When w = RN_j, this may require passing to the limit in a
sequence of appropriate shifts of . We conclude that ¢ < ¢ in (X', +00) x w. By the strong maximum

principle, either ¢ = ¢ or this inequality is also strict.
The case ¢ = 2,/¢/, (0) can be dealt with similarly, by defining instead

e%‘” _
¢:: 1+ ((bfqb),

B

which satisfies

1 1 3 1 e2? -,

for all x > 0. Because of the critical choice of ¢, here we use the fact that d,f(x,y,s) converges not only
locally uniformly in s to ¢/, (s) as  — +o0, but also in the C°" topology where 0 < r < 1. Thus one can
find 6 > 0, X > 0 and 5 > 0 such that for all z > X, y € w and s € [0, ], one has

Osf(x,y,5) < g (0) +ns".

Then, when ¢ > 0 and z large enough, we get

Proceeding as above, we assume that there exists (zg,yo) € Q such that zo > X’ > X and ¥(z0,y0) > 0 as
well as lim,_, 1 o ¥(z,y) = 0 uniformly with respect to y. Then we apply the maximum principle to reach
the conclusion. O

The interest of this lemma is that a solution of (1.1) satisfies such exponential bounds when it does not
spread: see Proposition 4.1. As we cannot a priori exclude the possibilty that the solution converges to
nonstationary solutions as time goes to infinity, we also provide below a parabolic version of this maximum
principle.

A.2 A parabolic maximum principle

Lemma A.2. Assume c > 2,/g' (0). Assume that u is a global in time subsolution, and @ a global in time
supersolution, satisfying the exponential estimates from Lemma A.1 as x — 400, uniformly with respect to
teR andy € w.

Then there exists X > 0 large enough such that, for any X' > X, if u1(-, X',) <wus(-, X', ), thenu <7
in R x (X', +00) X w.

Note that the previous elliptic maximum principle lemma can be seen as a particular case. In fact the
proof is quite similar and therefore we only briefly sketch it.
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Proof. We start with the case ¢ > 2,/¢/, (0), and define € > 0 such that ¢ > 2,/¢/, (0) + . We use some
exponential lift as above, so that 1) = e2%(u — u) satisfies

2 _
6tw_Aw+cZ¢_f(x7y,@)
=

Proceeding as above, there exists X > 0 such that for allt >0, x > X, y € w,

f(x,y,ﬂﬁ):f(x,yaﬂ) <g;(0)_~_%

IS

Now choosing 0 < § < £/2 and v > 0, the function w := vye~% is a supersolution of the above linear parabolic

problem for all t € R, z > X, y € w. Noting that e2? x (u — @) is uniformly bounded in space and time,
one can choose v so that ¢ < v for all time, z > X and y € w, as well as (-, X’,-) > 0 (for some X’ > X
as assumed in Lemma A.2). By a comparison principle, we get that 1 (¢,-) < ve™% for all t € R, s > 0, all
y € w and x > X'. Therefore 1) < 0, and in other words,cﬂ —u > 0.

The case ¢ = 2,/¢/.(0) is similar. Posing now ¢ = %(g — @), one may find that v is a subsolution of

the heat equation on a half-space (X, +00) x w, for all times. It also satisfies ¢(-, +o0, -) and the conclusion
of Lemma A.2 follows. [

References

[1] W. C. Allee. The social life of animals. W. W. Norton and Co., New York., 1938.

[2] M. B. Araujo and R. G. Pearson. Equilibrium of species’ distributions with climate. Ecogeography, 28,
2005.

[3] D. G. Aronson and H. F. Weinberger. Multidimensional nonlinear diffusion arising in population genet-
ics. Adv. in Math., 30(1):33-76, 1978.

[4] H. Berestycki, L. Desvillettes, and O. Diekmann. Can climate change lead to gap formation? FEcological
Complexity, 20(S1):264-270, 2014.

[5] H. Berestycki, O. Diekmann, C. J. Nagelkerke, and P. A. Zegeling. Can a species keep pace with a
shifting climate? Bull. Math. Biol., 71(2):399-429, 2009.

[6] H. Berestycki and L. Rossi. Reaction-diffusion equations for population dynamics with forced speed. I.
The case of the whole space. Discrete Contin. Dyn. Syst., 21(1):41-67, 2008.

[7] H. Berestycki and L. Rossi. Reaction-diffusion equations for population dynamics with forced speed. II.
Cylindrical-type domains. Discrete Contin. Dyn. Syst., 25(1):19-61, 2009.

[8] J. Bouhours and G. Nadin. A variational approach to reaction-diffusion equations with forced speed in
dimension 1. Discrete Contin. Dyn. Syst., 35(5):1843-1872, 2015.

[9] E. A. Coddington and N. Levinson. Theory of Ordinary Differential Equations. McGraw-Hill Book
Company, Inc., New York-Toronto-London, 1955.

[10] Y. Du and H. Matano. Convergence and sharp thresholds for propagation in nonlinear diffusion prob-
lems. J. Eur. Math. Soc. (JEMS), 12(2):279-312, 2010.

[11] Y. Du and P. Polacik. Locally uniform convergence to an equilibrium for nonlinear parabolic equations
on R™. Indiana Univ. Math. J., 64, 2015.

[12] T. Gallay and E. Risler. A variational proof of global stability for bistable travelling waves. Differential
Integral Equations, 20(8):901-926, 2007.

33



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

K. Hadeler and F. Rothe. Travelling fronts in nonlinear diffusion equations. J. Math. Biol., 2:251-263,
1975.

F. Hamel and R. Monneau. Solutions of semilinear elliptic equations in RY with conical-shaped level
sets. Comm. Part. Diff. Equations, 25:769-819, 2000.

M. A. Harsch, Y. Zhou, J. Hille Ris Lambers, and M. Kot. Keeping Pace with Climate Change: Stage-
Structured Moving-Habitat Models. American Naturalist, 184(1):25-37, 2014.

S. Heinze. A variational approach to traveling waves. Technical Report 85, Max Planck Institute for
Mathematical Sciences, Leipzig, 2001.

B. Li, S. Bewick, J. Shang, and W. F. Fagan. Persistence and spread of a species with a shifting habitat
edge. SIAM J. Appl. Math., 74(5):1397-1417, 2014.

J. R. Malcolm and A. T. Markham. Global warming and terrestrial biodiversity decline. A Report
Prepared for World Wildlife Fund, 2000.

C. B. Muratov. A global variational structure and propagation of disturbances in reaction-diffusion
systems of gradient type. Discrete Contin. Dyn. Syst. Ser. B, 4(4):867-892, 2004.

C. B. Muratov and M. Novaga. Global exponential convergence to variational traveling waves in cylin-
ders. SIAM J. Math. Anal., 44(1):293-315, 2012.

C. B. Muratov and X. Zhong. Threshold phenomena for symmetric decreasing solutions of reaction-
diffusion equations. NoDEA Nonlinear Differential Equations Appl., 20(4):1519-1552, 2013.

H. Ninomiya and M. Taniguchi. Existence and global stability of traveling curved fronts in the Allen-
Cahn equations. J. Differential Equations, 213(1):204-233, 2005.

P. Polacik. Threshold solutions and sharp transitions for nonautonomous parabolic equations on RY.
Arch. Ration. Mech. Anal., 199(1):69-97, 2011.

A. B. Potapov and M. A. Lewis. Climate and competition: the effect of moving range boundaries on
habitat invasibility. Bull. Math. Biol., 66(5):975-1008, 2004.

E. Risler. Global convergence toward traveling fronts in nonlinear parabolic systems with a gradient
structure. Ann. I. H. Poincaré, 25:381-424, 2008.

L. Roques, A. Roques, H. Berestycki, and A. Kretzschmar. A population facing climate change: joint
influences of Allee effects and environmental boundary geometry. Population Ecology, 50:215-225, 2008.
10.1007/s10144-007-0073-1.

F. Rothe. Convergence to pushed fronts. Rocky Mountain J. Math., 11, 1981.

K. Uchiyama. The behavior of solutions of some non-linear diffusion equations for large time. J. Math.
Kyoto Univ., 18, 1978.

H.-H. Vo. Persistence versus extinction under a climate change in mixed environments. J. Differential
Equations, 259(10):4947-4988, 2015.

G. R. Walther, E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. C. Beebee, J. M. Fromentin, O. Hoegh-
Guldberg, and F. Bairlein. Ecological responses to recent climate change. Nature, 416(6879):389-395,
MAR 28 2002.

Y. Zhou and M. Kot. Discrete-time growth-dispersal models with shifting species ranges. Theor Ecol,
4:13-25, 2011.

34



[32] Y. Zhou and M. Kot. Life on the move: modeling the effects of climate-driven range shifts with
integrodifference equations. In Dispersal, individual movement and spatial ecology, volume 2071 of
Lecture Notes in Math., pages 263-292. Springer, Heidelberg, 2013.

[33] A. Zlatos. Sharp transition between extinction and propagation of reaction. J. Amer. Math. Soc.,
19(1):251-263 (electronic), 2006.

35



