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Traveling fronts in space-time periodic media

Grégoire Nadin*

Abstract: This paper is concerned with the existence of pulsating traveling fronts for the
equation:

where the diffusion matrix A, the advection term ¢ and the reaction term f are periodic in
t and z. We prove that there exist some speeds ¢* and ¢** such that there exists a pulsating
traveling front of speed c for all ¢ > ¢** and that there exists no such front of speed ¢ < ¢*.
We also give some spreading properties for front-like initial data. In the case of a KPP-type
reaction term, we prove that ¢* = ¢** and we characterize this speed with the help of a family
of eigenvalues associated with the equation. If f is concave with respect to u, we prove some
Lipschitz continuity for the profile of the pulsating traveling front.

Résumé : Cet article étudie l'existence de fronts pulsatoires pour I’équation :

ou la matrice de diffusion A, le terme d’advection ¢ et le terme de réaction f sont périodiques
en t et en x. Nous prouvons l'existence de deux vitesses ¢* et ¢** telles qu’il existe un front
pulsatoire de vitesse ¢ pour tout ¢ > ¢** et qu’il n’existe pas de tel front de vitesse ¢ < ¢*.
Nous donnons également des propriétés de spreading pour des données initiales ressemblant
a des fronts. Dans le cas d’un terme de réaction de type KPP, nous prouvons que ¢* = ¢** et
nous caractérisons cette vitesse a I'aide d’une famille de valeurs propres associée a 1’équation.
Si f est concave en u, nous montrons que le profil du front pulsatoire construit est lipschitzien.

Key-words: Reaction-diffusion equations; Pulsating traveling fronts; Parabolic periodic
operators; Maximum principles.

AMS subject classification: 35P15; 35B40; 35B50; 35B65; 35K57; 35K65.

1 Introduction and preliminaries

1.1 Introduction
This paper investigates the equation:

Ou—V - (A(t,x)Vu) + q(t,z) - Vu = f(t,z,u) (3)

*Département de Mathématiques et Applications, Ecole Normale Supérieure, CNRS UMRRS553 , 45 rue
d’Ulm, F 75230 Paris cedex 05, France ; e-mail: nadin@dma.ens.fr



where the coefficients are periodic in ¢ and in x. This is a generalization of the homogeneous
reaction-diffusion equation: dyu — Au = u(1 — u), which has been first investigated in the
pioneering articles of Kolmogorov, Petrovsky and Piskunov [25] and Fisher [13].

The behaviour of the solutions of the homogeneous equation is interesting. First, there
exist planar fronts, that is, solutions of the form u(t,z) = U(x - e + ct), where e is a unit
vector and c is the speed of propagation in the direction —e. Next, beginning with a positive
initial datum wy # 0 with compact support, we get u(t,z) — 1 when ¢ — +o0, locally in z,
moreover, the set where u is close to 1 spreads with a speed which is equal to the minimal
speed of the planar fronts (see [2]) in dimension 1.

The equation (3) arises in population genetics, combustion and population dynamics
models. The existence of fronts and the spreading properties have useful interpretations.
In population dynamics models, it is very relevant to consider heterogeneous environments
and to study the effect of the heterogeneity on the propagation properties. The homoge-
neous equation has been fully investigated, but the study of propagation phenomenas for
heterogeneous equations is quite recent. It has started with the articles of Freidlin and
Gartner [15] and Freidlin [14], who have investigated propagation phenomenas in space pe-
riodic environments. They used a stochastic method and avoided the proof of the existence
of fronts.

Next, in [42, 43], Shigesada, Kawasaki and Teramoto defined the notion of pulsating
traveling fronts, which is a generalization of the notion of planar fronts to space periodic
environments. Namely, a solution of equation (3), where A, ¢ and f do not depend on ¢ and
are L;-periodic with respect to x;, is a pulsating traveling front if u satisfies:

Ve € Rt € Ryu(t + L 2) = u(t,x + L),
u(t,z) - 0asx-e — —oo and u(t,z) - 1 as x - e — +o0,

(4)

where L = (L1, ..., Ly), c is the speed of propagation and 0 and 1 are the unique zeros of the
reaction term f(x,-) for all z. They did not prove any analytical result but carried out numer-
ical approximations and heuristic computations. One can easily remark that it is equivalent
to say that u is a pulsating traveling front if it can be written u(t,z) = ¢(z-e+ct, x), where:

()

(z,x) — ¢(z,x) is periodic in x,
¢(z,x) > 0as z — —oo and ¢(z,z) — 1 as z — +o0.

Berestycki and Nirenberg [11] and Berestycki and Larrouturou and Lions [10] have proved
the existence of traveling fronts for heterogeneous advection which does not depend on the
variable of the direction of propagation. This result has been generalized, using the notion
of pulsating traveling fronts, to the case of a space periodic advection in [45] and, next, to
the case of a fully space periodic environment with positive nonlinearity in [4, 8]. It is now
being extended to almost periodic environments (see [34]).

The existence of fronts has also been proved in the case of a time periodic environment
with positive nonlinearity by Fréjacques in [16]. In this case, the definition of a pulsating
traveling front can be easily extended, namely, a solution wu is a pulsating traveling front in
t if it satisfies:

Vi, € RN t e Ryu(t+ T, x) = u(t,x + cTe),
u(t,z) > 0asx-e — —oo and u(t,r) - lasz-e — —o0,

(6)
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where T is the period of the coefficients. The existence of time-periodic pulsating traveling
front has also been proved in the case of a bistable nonlinearity in [1]. In the case of an almost
periodic environment with bistable nonlinearity, Shen has defined a pulsating traveling front
in [40, 41], the speed of propagation is then almost periodic and not constant.

Let us mention the most recent breakthroughs on this topic to conclude this introduction.
Two definitions for a notion of fronts in general media have been given by Berestycki and
Hamel [3, 5] and by Matano [27]. Using Matano’s definition, Shen has proved the existence
of such fronts in time general media with bistable nonlinearity [39]. Using Berestycki and
Hamel’s definition, it has been proved in a parallel way by Nolen and Ryzhik [36] and
Mellet and Roquejoffre [28] that such fronts exist in space general media with ignition type
nonlinearity.

1.2 Notion of fronts in space-time periodic media

The investigation of space-time periodic reaction-diffusion equation is very recent. In 2002,
Weinberger has proved the existence of pulsating traveling fronts in this case in a discrete
context [44]. In 2006, Nolen, Rudd and Xin investigated the case of an incompressible
periodic drift in [35, 37], with a positive homogeneous nonlinearity f(u).

In order to define a notion of front in space-time periodic media, one can first try to
extend Definition 4 and say that a pulsating traveling front will be a solution of (3) which

satisfies some equality

L

u(t + iy x) = u(t,z + pL)

¢
for all (¢,7) € R x RY and for some p € Z since pL is a space period of the medium. But
it has been proved in [35] that this necessarily implies the existence of some ¢ € Z\{0} such
that ¢ = Z—;, which is not satisfactory since we expect to find a half-line of speeds associated
with fronts and not only a sequence, like in space periodic or time periodic media.

One can then try to extend definition (5) and say that a front is a solution of (3) which

can be written u(t,x) = ¢(x - e + ct,t, x), where (z,t,x) — ¢(z,t,z) is periodic in ¢t and x
and converges to 1 as z — 400 and to 0 as z — —oo. Such a function ¢ has to satisfy:

0o — V- (A(t,2)Vo) — eA(t, x)ed. ¢ — 2eA(t, )0,V (7)
+Q(t7 l‘) ’ ng + Q(tv :L‘) ’ eaz¢ + Casz = f(tv Z, ¢)>

over the hyperplane z = x - e 4+ c¢t. Thus, in order to prove the existence of such fronts,
one can try to find a solution of this equation over the whole space R x R x RY and to set
u(t,x) = ¢p(x - e+ ct,t, ). But then some difficulties arise.

Actually, equation (7) is degenerate and thus it is not easy to construct a regular solution
of (7). If one defines v(y,t,x) = ¢(x - e+ ct +y,t,x), then ¢ has the same regularity as v
and this function satisfies:

O —V - (A(t,2)Vv) + q(t,x) - Vo = f(t,2,v) in D'(R x R x RY).

As this equation does not depend on y, one cannot expect to get some regularity in y from
it. For example the Hormander-Kohn conditions (see [22, 24]) do not hold here. Thus ¢ may



only be measurable and not continuous. In this case, setting u(t,x) = ¢(x - e+ ct,t, z) is not
relevant since the hyperplane z = x - e + ¢t is of measure zero and thus many functions u
may be written in this form.

We underline that this kind of issue does not arise in space periodic or time periodic
media since in these cases, we do not add an extra-variable z. Thus we can go from ¢ to u,
which satisfies the regularizing equation (3), and then go back to ¢ which then has the same
regularity as u.

Because of this issue, Nolen, Rudd and Xin gave a weakened definition of pulsating
traveling fronts. This definition was stated in [35] in the case of a space-time periodic
incompressible advection, with homogeneous A and f, but it can be naturally extended to
equation (3):

Definition 1.1 [35] Assume that equation (3) admits two space-time periodic solutions p~
and p* such that p~(t,z) < p*(t,x) for all (t,x) € RxRY. Then a front traveling at speed c
is a function ¢(z,t,x) € L (RxRxRYN) whose directional derivatives 0;¢+cd,p, Vo+ed,
and (V + €d.)*¢ are continuous and satisfy the equation:

0o — V- (A(t,z)Vo) — eA(t, x)ed,,¢ — V - (A(t, x)ed, o)
(8)
such that ¢ is periodic in t and x and
(2, t,2) —p(t,x) = 0 as z — —oo uniformly in (t,z) € R x RN, (9)
(2, t,x) — pT(t,x) = 0 as z — +oo uniformly in (t,z) € R x RY.

The difficulty with this definition is that it is not clear if it has a direct link with the
parabolic equation (3) since the profile ¢ is only measurable and thus u(t, z) = ¢(z-e+ct, t, x)
does not really make sense. This is why we now give the following equivalent definition:

Definition 1.2 We say that a function u is a pulsating traveling front of speed c¢ in
the direction —e that connects p~ to p™ if it can be written u(t,x) = ¢(x - e + ct, t, x),
where ¢ € L®(R x R x RY) is such that for almost every y € R, the function
(t,z) — oy + = - e+ ct,t,x) satisfies equation (3). We ask the function ¢ to be periodic in
its second and third variables and to satisfy:
(2, t,x) —p~(t,x) = 0 as z — —oo uniformly in (t,z) € R x RY, 10
(2, t,x) — pT(t,x) = 0 as z — +oo uniformly in (t,z) € R x RY. (10)

Remark: The equivalence between the two definitions is not obvious and will be proved
later.

Of course these definitions are not very convenient and we would like to construct pul-
sating traveling fronts that are at least continuous. We will prove in this article that this is
possible under some KPP-type assumption.



Definition 1.3 We say that a solution u of (3) is a Lipschitz continuous pulsating trav-
eling front of speed ¢ in the direction —e that connects p~ to p* if it can be written
u(t,r) = ¢(x - e+ ct,t,x), where ¢ € WH(R x R x RY) is periodic in its second and
third variables and satisfies:

d(z,t,x) —p~(t,x) = 0 as z — —oo uniformly in (t,z) € R x RY,
(2, t,x) — pT(t,x) = 0 as z — +oo uniformly in (t,z) € R x RY.

One can check that Definition 1.3 fits with the definition of a generalized almost planar
traveling wave of speed ¢ that has been given by H. Berestycki and F. Hamel in [3, 5] with,
using the notations of this reference, I'(t) = {x € RN,z - e + ct = 0}.

(11)

1.3 Framework
In [35], Nolen, Rudd and Xin proved the following results:

Theorem 1.4 [35] Assume that f and A do not depend on (t,x), that V - q = 0, that
f(O,T)qu =0 and that f(0) = f(1) =0, f'(0) >0, f'(1) <0 and for all s € (0,1), f(s) > 0.
Then:

1) there exists a speed ¢* such that there exists a pulsating traveling front of speed c*,

2) if f is of KPP type, that is, f(s) < f'(0)s for all s > 0, then there exists no pulsating
traveling fronts of speed ¢ < c¢*. Furthermore, the speed c¢* can be characterized with the help
of some space-time periodic principal eigenvalues associated with the problem.

This theorem leaves some open questions. First of all, does it exist a pulsating traveling
front for all ¢ > ¢*, which is the classical result for monostable nonlinearities in space
periodic or time periodic media (see [4, 8, 16])7 Secondly, is this possible to construct
regular profiles that are associated with solutions of the parabolic equation (3)? And lastly,
one can wonder if these results can be extended to the case of a heterogeneous diffusion
matrix A and reaction term f.

In the present paper, we prove the existence of such pulsating traveling fronts when not
only ¢, but also A and f are periodic in ¢ and z, with different methods as that of [35]. These
new methods enable us to prove that there exists a half-line of speeds [¢**, +00) associated
with pulsating traveling fronts, which is a stronger result than the result of [35]. We also
prove that there exists some speed ¢* associated with some pulsating traveling front such
that there exists no pulsating traveling front of speed ¢ < ¢*, even if f is not of KPP type.
If f satisfies a KPP type assumption, then ¢* = ¢** and we characterize the minimal speed
c*.

In addition, we investigate new questions in this article. We prove in particular that
if s — f(t,z,s)/s is nonincreasing, then there exist some Lipschitz continuous pulsating
traveling fronts of speed c if and only if ¢ > ¢*.

Except in [8, 44], all the preceding papers, including [35], only considered the case of
positive nonlinearities. This case makes sense in the case of a combustion model, but not
in populations dynamics models. Usually, in this kind of models, the reaction term has the
form f(t,z,u) = u(u(t,x) — u), where p is the difference between a birth rate and a death
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rate when the population is small, which both depend on the environment. In unfavourable
areas, this term may be negative. Moreover, such a reaction term often leads to heterogeneous
asymptotic states. In the present paper, we do not necessarily assume that the reaction term
f is positive.

Lastly, all the previous papers were only considering incompressible drifts of null-average.
As such drifts do not exist in dimension 1, it was previously impossible to study the effect
of the advection on the propagation of the fronts in dimension 1. In the sequel, we will not
make any such assumption on the drift term ¢. The dependence between the spreading speed
and a compressible advection term has been investigated by Nolen and Xin in [38] and the
author in [33], who proved that such an advection term may decrease the spreading speed.

To sum up, we are going to prove the existence of pulsating traveling fronts in space-time
periodic environments under very weak hypotheses that only rely on the stability of the
steady state 0 and on the uniqueness of the space-time periodic asymptotic state p. Hence,
this paper gives new results even in space periodic or time periodic environments.

These results are summarized in the note [32].

1.4 Hypotheses

We will need some regularity assumptions on f, A, q. The function f : R x RY x Rt — R is
supposed to be of class O3 in (t,z) locally in u for a given 0 < § < 1 and of class C1" in
uon R x RY x [0, 8] for some given 8 > 0 and r > 0. We also assume that 0 is a state of
equilibrium, that is, Va, V¢, f(t, z,0) = 0.

The matrix field A : R x RY — Sy(R) is supposed to be of class 3145, We suppose
furthermore that A is uniformly elliptic and continuous: there exist some positive constants
v and T such that for all £ € RV (¢,x) € R x RY one has:

VEP< D aiyt,2)6 < T¢I, (12)

1<i,j<N

where [|€]]* =& + ... + &

The drift term ¢ : R x RY — R" is supposed to be of class C 39 and we assume that
V-qg€ LR xRY).

Moreover, we assume that f, A and ¢ are periodic in ¢t and x. That is, there exist
some positive constant T and some vectors L, ..., Ly, where L; is colinear to the axis of
coordinates e;, for all (¢,z,s) € R x RY x RT and for all i € [1, N], one has:

Alt+T,x) = A(t,x), qt+T,z) = q(t,x) and [f{t+T,x,s) = f(t z,5),
Alt,z+ L;) = A(t,x), qt, e+ L;) = q(t,z) and f(t,z+ L;;s) = f(t,z,s).

We define the periodicity cell C' =TI, (0, |L;|).
The only strong hypothesis that we need is the following one:

Hypothesis 1 Equation (3) admits a positive continuous space-time periodic solution p.
Furthermore, if w is a space periodic solution of equation (3) such that u < p and
inf(; ;yerxry u(t, r) > 0, then u = p.



It is not easy to check that this hypothesis is true. This condition is investigated in
section 1.5. If the solution p is the unique space periodic uniformly positive solution of (3),
then this hypothesis is satisfied. But we do not need a general uniqueness hypothesis.

We now define the generalized principal eigenvalue associated with equation (3) in the
neighborhood of the steady states 0:

N =inf {AeR, 3¢ € CLHR x RY) N WL>(R x RY), ¢ > 0, ¢ is T-periodic,

(—L+XN)¢>0in R xRV} (13)

where L is the linearized operator associated with equation (3) in the neighborhood of 0:

The properties of this eigenvalue and its link with equation (3) has been investigated in
[30, 31]. We will assume that \] < 0, that is, the steady state 0 is linearly unstable. If f
does not depend on t and x, then this hypothesis is equivalent to f/(0) > 0.

The hypothesis A} < 0 is optimal if we want to state a result for general f, otherwise, if
A} > 0, Hypothesis 1 may be contradicted. In [30], we proved the following theorem:

Theorem 1.5 [30] If X} > 0 and if for all (t,x) € R x RY | the growth rate s — f(t,z,s)/s
is decreasing, then there is no nonnegative bounded continuous entire solution of equation
(3) except 0.

In the previous papers that were considering heterogeneous reaction terms, like [4, 8], the
authors used some assumption in the neighborhood of p like: s+ f(t,x,s) is decreasing in
the neighborhood of p. In this article, we managed to get rid of this hypothesis.

Lastly, let us underline that, as all these hypotheses are related to local properties of
equation (3) we can consider other kinds of equations. For example, the next results are true
for the reaction-diffusion equation associated with some stochastic differential equation:

Oru — i (t, )0 u + Bi(t, x)0u = f(t, x,u), (14)

where (oy;);; is an elliptic matrix field, that is, it satisfies (12) and (/53;); is general vector
field. Setting ¢;(t,x) = 5;(t,z) — Oiv;(t, ) and A = «, one is back to equation (3). This
change of variables was impossible with the hypotheses of the previous papers since it does
not necessarily give a divergence-free vector field ¢. Similarly, one can consider

Ou—V - (A(t,x)Vu) + V- (q(t, z)u) = g(t, z,u), (15)

by doing the change of variables f(t,z,s) = g(t,z,s) — (V- q)(t, x)s.

1.5 Examples

Hypothesis 1 is far from being easy to check and we now give two classical examples for
which this uniqueness hypothesis holds. Our first example is related to biological models
and has been investigated in details in a previous article:
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Theorem 1.6 [30] If N| < 0 and if f satisfies:

t
V(t,z) € R x RY s+ Stz 9) is decreasing, (16)
s
M > 0,Vz € RV, Vt € R,Vs > M, f(t,z,s) <0, (17)

then Hypothesis 1 is satisfied.

The two hypotheses on the reaction term f both have a biological meaning (see [7, 8]). The
first hypothesis means that the intrinsic growth rate s — f(¢,z, s)/s is decreasing when the
population density is increasing. This is due to the intraspecific competition for resources.
The second hypothesis means that there is a saturation density: when the population is
very important, the death rate is higher than the birth rate and the population decreases
uniformly. We remark that hypothesis (16) implies that f is of KPP type, that is, for all
(t,z,s) € R x RY x R*, one has f(t,z,s) < f.(t,z,0)s. The reader will find more precise
existence and uniqueness results for reaction-diffusion equation in space-time periodic media
under the hypotheses of Theorem 1.6 in [29, 30].

Our second example is related to combustion models.

Proposition 1.7 Assume that:
i) f(t,z,1) =0 for all (t,x) € R x RY,
i) for all (t,z) € R x RN, if s € (0,1) then one has f(t,z,s) > 0.
Then p =1 is the only entire bounded solution of equation (3) such that

0< inf p< sup p<1.
RxRN RxRN

Thus Hypothesis 1 is satisfied.

Proof. Assume that u is some uniformly positive continuous entire solution of equation (3).
Set m = infg, gy u > 0 and consider a sequence (t,,z,) € R x RY such that u(t,,z,) — m.
For all n, there exist some (s,,y,) € [0, 7] x C such that t, —s, € TZ and x, —y, € HﬁilLiZ.
Up to extraction, one can assume that s, — S and y, — Yoo Set u,(t, z) = u(t+t,, r+x,).
This function satisfies:

Oy, — V- (At + Spy @ 4+ yn)Vuy) + qt + Sp, 2+ Yn) - Vi = f(E+ Sp, T+ Y, Up).

The Schauder parabolic estimates and the periodicity of the coefficients yield that one can
extract a subsequence that converges to some function u, in C.;>(R x RY) that satisfies:

Optioe — V + (At + Soo, T+ Yoo ) Vo) + Gt + Soos T+ Yoo) * Voo = [t + Soo, T+ Yoo, Uso)-

Furthermore, one has u.(0,0) = m and uy, > m. As f is nonnegative in R x RY x [0, 1],
the strong parabolic maximum principle and the periodicity give us = m. If u Z 1, then
m < 1, which would contradict the previous equation since f(t,z,m) > 0. Thus m > 1 and
u=1.0



These two examples prove that our hypotheses are very weak and include the classical
hypotheses that were usually used in space periodic or time periodic media. It enables us to
tconsider more general coefficients. For example, we can consider very general drifts, even
compressible ones which is totally new: the only previous papers that where considering
compressible drifts were dealing with spreading properties or qualitative properties of the
traveling fronts (see [19, 38]). We can also consider oscillating reaction terms, that admit
several ordered steady states. These hypotheses are hardly optimal and the only open
problem that remains is the case where there are two space-time periodic solutions of equation
(3) that cross each other. We underline that the existence of pulsating traveling fronts in
space periodic media for general f with ¢ = 0 has been proved at the same time, with the
same kind of method, by Guo and Hamel in [17].

One can also notice that it is easily possible to treat the case where the homogeneous
solution 0 is replaced by some space-time periodic solution p~. In this case, the uniqueness
Hypothesis 1 is replaced by the following one:

Hypothesis 2 Fquation (3) admits two positive continuous space-time periodic solutions p~
and p*. Furthermore, if u is a space periodic solution of equation (3) such that u < p* and
infg, gn(u—p~) >0, then u=p™.

Setting g(t,z,s) = f(t,x,s+p (t,z)) — f(t,z,s), one can easily get back to the case p~ =0
and all the results of this paper can easily be generalized using similar changes of variables.

1.6 The associated eigenvalue problem

This section deals with the eigenvalues of the operator:
Ly =00p —V - (AVY) =2 AVY +q - Vi — AAN+V - (AN) + o —q - N, (18)

where A € RY and ¢ € CH?(RxRY). We assume that A and ¢ satisfy the same hypotheses as
in the previous part and p € C% M(R x RY) is a space-time periodic function. The example
we will keep in mind is p(t, z) = f!(t, z,0).

Definition 1.8 A space — time periodic principal eigenfunction of the operator Ly is a
function ¢ € CY*(R x RY) such that there exists a constant k so that:

Lyp = ki inRxRY,
P > 0inRxRY,
v is T — periodic
v is L; — periodic fori=1,...,N.

(19)

Such a k is called a space-time periodic principal eigenvalue.

This family of eigenvalues has been widely investigated in [31]. The following theorem
states the existence and the uniqueness of the eigenelements:

Theorem 1.9 [31] For all p, A, q, \, there exists a couple (k,v) that satisfies (19). Further-
more, k is unique and 1 is unique up to multiplication by a positive constant.



We define ky(A,q, ) = k the space-time periodic principal eigenvalue associated with
Ly. The generalized principal eigenvalue is characterized by:

Proposition 1.10 [31] One has: N| = ky.
For all A,q, ;v and e € SV, we define:
c;(A,q,p) = min{c € R, there exists A > 0 such that ky.(A,q, p) + Ac = 0}.

We will denote ¢*(u) = (A, g, 1) in the sequel when there is no ambiguity. This quantity
arises when one is searching for exponentially decreasing solutions of (3). We will see in
the sequel that if f is of KPP-type, the minimal speed of the pulsating traveling fronts in
direction —e equals (A, ¢, p), where u(t, x) = fl(t,x,0). If fis not of KPP-type, this is not
true anymore, but one can get some estimates for the minimal speed of propagation using
c:(A, q,p) and (A, ¢, n), where 1(t, ¥) = SuPgsp(re) f(t: @, 8)/s.

2 Statement of the main results

2.1 Existence of KPP traveling fronts
Our first result holds in the KPP case:

Theorem 2.1 1) Assume that N} < 0, that Hypothesis 1 is satisfied and that
f(t,z,s) < p(t,x)s for all (t,r,s) € R x RY x RT,

where u(t,z) = fi(t,x,0). Then for all unit vector e, there exists a minimal speed ¢ such
that for all speed c > ¢, there exists a pulsating traveling front u of speed c in direction —e
that links O to p. This speed can be characterized:

c;=ci(A q,p) =min{c € R, there exists A > 0 such that kx.(A, q, ) + e =0}.  (20)

2) Moreover, for all ¢ > ¢, the profile ¢ of the pulsating traveling front u of speed ¢ we

construct is nondecreasing almost everywhere in z, that is, for almost every (z1,29) € R?
such that zy > zo, one has ¢(z1,t,2) > ¢(z,t, 1) for all (t,x) € R x RY. Lastly, for all
c > ¢, the function ¢ satisfies:

B(z,t, 1) ~ Py (t, x)erW* a5 2 — —o0, (21)

uniformly in (t,x) € R x RN, where Y.y 15 some principal eigenfunction associated with
k)\c(u)e<A7 q, :u) .

Remark: The quantity \.(x) will be defined in Definition 3.2. It is roughly the smallest
A > 0 such that ky.(A, q, 1) + e = 0.

In the other hand, the following proposition gives a lower bound for the speeds which are
associated with pulsating traveling fronts:

10



Proposition 2.2 If \] <0 and Hypothesis 1 is satisfied, then for all ¢ < ¢t(A,q,p), where
wu(t,x) = fl(t,x,0), there exists no pulsating traveling front of speed c.

This proposition is true even if f is not of KPP type. It is in fact the corollary of some
spreading properties for front-like initial data. These spreading properties will be stated
later.

The existence of pulsating traveling fronts with prescribed exponential behaviour has
been obtained by Bages in [12] in space periodic media. The method used by Bages is close
to our method and he also managed to construct a profile of speed ¢ = ¢} which satisfies
(2, t,7) ~ —zihy. (¢, z)eW? as 2 — —o0o. We did not manage to consider the critical case
¢ = ¢ here because of technical issues that we will emphasize later.

It has recently been proved by Hamel in [20] that in space periodic media, any pulsating
traveling front of speed ¢ > ¢! satisfies (21). In the present paper, we only prove that there
exist some pulsating traveling fronts which satisfy this property if f is of KPP type.

2.2 Existence of traveling fronts for general reaction terms

If f is not of KPP type, then our results are a little bit weaker:

Theorem 2.3 Assume that N < 0 and that Hypothesis 1 is satisfied. Then for all unit
vector e, for all speed ¢ > ci(A,q,n), where n(t,x) = SUPycscp(ta) f(t’:’s), there exists a
pulsating traveling front u of speed c in direction —e that links 0 to p. Moreover, the profile
¢ is nondecreasing almost everywhere in z, that is, for almost every (z1,20) € R? such that
21 > 29, one has ¢(z1,t,1) > ¢(22,t,2) for all (t,x) € R x RY.

Ife < ci(A,q, 1), where u(t,z) = fl(t,x,0), then there exists no pulsating traveling fronts
of speed c.

The non-existence result is a direct consequence of Proposition 2.2. Thus, in order
to get the result that is announced in the abstract, one only sets ¢* = c(A,q, ) and
= ci(A q,n).

In this case we do not manage to prove estimate (21) but it should be underlined that
such an estimate holds in space periodic media (see [19]) or when the heterogeneity does not
depend on the direction of propagation (see [11]).

One can wonder where does this 7 come from. In fact, if f is not of KPP type, one can

define: t
g(t,z,s) = ssup M

r>s r

One has ¢ > f, s +— g¢g(t,z,s)/s is nonincreasing for all (t,z) € R x RY and
gl (t,z,0) = n(t,z). Thus g is somehow the lowest KPP nonlinearity which lies above f.
As it is a KPP nonlinearity, its associated minimal speed is ¢(g) = ¢(A,q,n) and thus
Theorem 2.1 holds for all ¢ > ¢%(g). This is one way to understand where does the threshold
ct(A,q,m) comes from.
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For positive reaction terms, one has A} < 0 but not necessarily \] < 0. It is possible
to prove that the previous result is still true when \; = 0, which is new even if only the
advection is heterogeneous.

Theorem 2.4 Assume that f(t,z,0) = f(t,x,1) = 0, that f(t,z,s) > 0 for all s € (0,1)
and that f(t,xz,s) <0 if s > 1. Then for all unit vector e, for all speed ¢ > ci(A, q,n), where
n(t,z) = SUDo<s<p(t,2) f(t’x’s), there exists a pulsating traveling front u of speed ¢ in direction
—e that links 0 to 1. The profile ¢ is nondecreasing almost everywhere in z.

Ifc < ci(A,q, 1), where u(t,z) = f.(t,x,0), then there exists no pulsating traveling fronts
of speed c.

This kind of existence result for flat nonlinearity has been proved before in the case
of cylinders with orthogonal heterogeneity by Berestycki and Nirenberg [11] and in space
periodic environments by Berestycki and Hamel [4].

This proves that our hypothesis \] < 0 is not optimal for some particular f. But there
exists a threshold for the non-existence of pulsating traveling front for general f:

Proposition 2.5 If ko(A,q,n) > 0, then there exists no bounded positive entire solution of
equation (3). In particular, there exists no pulsating traveling front.

It is not clear what happens between the thresholds k¢(A, ¢, 1) < 0 and ko(A, q,n) > 0.

We can now define the minimal speed of the pulsating traveling fronts for general non-
linearities:

Theorem 2.6 Assume that N} < 0 and that Hypothesis 1 is satisfied. Then for all unit
vector e, there exists a minimal speed c; such that there exists a pulsating traveling front u of
speed ¢ in direction —e that links 0 to p, while no such front exists if ¢ < ci. This minimal
speed satisfies:

co(A,q ) < e < (A, q,m), (22)

where 77@7 .T) = Sup0<s<p(t,x) @ and M<t7 .T) = f;(t z, O)

The classical result for homogeneous environments is that for all ¢ > ¢}, there exists a
pulsating traveling front. This result has been extended to space periodic environment in
[8]. If f is of KPP type, then Theorem 2.1 yields that this is true since ¢ = ¢(A, ¢, p). This
is not clear if this result still holds if f is not of KPP type

If f is not of KPP type, set

C = {c € R, there exists some pulsating traveling front of speed c}.

We do not know if C is a half-line, like in the homogeneous case, but we still know from
Theorem 2.1 that there exists at least a half line [¢}(A, g,7n), +00) included in C and a half-
line (—o0, (A, q,n)) in its complementary. Moreover, Theorem 2.6 is in fact a corollary of
the following proposition:

Proposition 2.7 Assume that Hypothesis 1 is satisfied and that C is not empty. Then the
set C 1s closed.
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2.3 Regularity of the fronts

The next theorem is the most complete theorem of this paper and it answers to all the
open questions we pointed out in the introduction. Namely, it states that one can get
Lipschitz continuous pulsating traveling fronts (and not only measurable ones) for all
c > c;. But one particular hypothesis is needed, which is somehow a strong global version
of the classical KPP hypothesis: s — f(¢,x,s)/s is nonincreasing. The previous theorems
gave partial answers to the open questions, but under weaker hypotheses.

Theorem 2.8 Assume that N} < 0, that Hypothesis 1 is satisfied and that s — f(t,z,s)/s is
nonincreasing for all (t,z) € RxRY. Then for allc > ¢, there exists a Lipschitz continuous
pulsating traveling front of speed c, while there exists no such front for ¢ < c}.

Remark: The reader may remark that the hypotheses of this theorem are satisfied in
particular if A} < 0 and (16) and (17) are satisfied. Furthermore, as s — f(t,z,s)/s is
nonincreasing, then f is of KPP type and ¢ = ¢(A, q, ).

If f does not satisfy the hypotheses of Theorem 2.8, the method that is used in the
proof of this theorem fails, even when ¢ > ¢ (A, ¢,n). There is no particular heuristic reason
why this theorem might be false if these hypotheses are not satisfied and it only seems to
be a technical issue. Anyway, we can notice that a pulsating traveling front v = v(y, ¢, x)
in the sense of Definition 1.2 only admits a countable number of points of discontinuity
in y. Namely, one can assume, up to some modifications on a set of measure 0, that v is
nondecreasing in z. Thus v admits a limit on its left and on its right everywhere, which
yields that the discontinuity points are isolated and thus their set is countable.

2.4 Spreading properties

It is not possible to prove that there exists no pulsating traveling fronts for small speeds
using the classical methods. Thus, we had to prove spreading properties for front-like initial
data in order to get the non-existence result. We used the same method as Mallordy and
Roquejofire [26] and Nolen, Rudd and Xin [35].

The following results have already been proved by Weinberger [44] in a time and space
discrete context. Considering the Poincaré map of time 7" that is associated with equation
(3), the following results are then consequences of the results of Weinberger. In [9], we used
this method in order to investigate the case of compactly supported initial data and to give
an alternative and independent proof to that of Weinberger. Furthermore, we managed to
use this method in a general heterogeneous media and to prove the existence of a positive
spreading speed when f is positive and ¢ = 0.

Proposition 2.9 Assume that \| < 0 and that Hypothesis 1 is satisfied. Take ug < p a
nonnegative continuous initial datum and an interval [ay, as] C R such that:

inf uo(x) > 0.

2€RN e-x€[a1,a2]
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Then for all ¢ < ci(A, q, 1), the solution u of equation (3) associated with the initial datum
ug satisfies:
u(t,x — cte) — p(t,z — cte) = 0 as t — +o0,

locally uniformly in v € RYN.
If the speed c is larger than the speed ¢ (A, q,n), we get the opposite spreading property:

Proposition 2.10 Assume that \| < 0, that Hypothesis 1 is satisfied and that the growth
rate ) : s — f(t,x,s)/s is bounded from above for all (t,z) € R x RY. Take ug a non-
negative continuous bounded initial datum and assume that ug(z) = Og.cey_o0o(e*) for all
0 < X< Aeey(n). Under these hypotheses, for all ¢ > ci(A,q,n), the solution u of equation
(3) associated with the initial datum wug satisfies:

u(t,x — cte) = 0 as t — +o0,
uniformly in x € {x € RN, x-e < B} for all B € R.

Remark: The quantity A (n) will be defined in section 3.2, but one may already remark
that any initial datum with compact support satisfies the hypotheses of this proposition.

3 Preliminaries

This section is devoted to the proof of the equivalence between Definitions 1.1 and 1.2 and
to some technical results on the family of periodic principal eigenvalues (k).

3.1 Equivalence of the definitions

We first prove that the two Definitions 1.1 and 1.2 are equivalent.
Assume first that ¢ satisfies the properties of Definition 1.1 and set:

v(y,t,x) = ply +a-e+ctt ).
This function satisfies:
O —V - (AV) 4+ q- Vo = f(t,z,v) in D'(R x R x RY). (23)

Take 6 € W2?(R x RY) a compactly supported function that only depends on ¢ and z.
Set:
90(y) = < 0w —V-(AVv)+q- Vv = f(t,2,0),0 >p/@RxrN)xDERXEN)
(24)
Jemy (V00 =V - (AVO) + V - (¢0)) — f(t, z,v)0)dtdx.

This function belongs to L} (R) since v € L®(R x R x RY). Moreover, equation (23) yields

loc

that for all compactly supported function x € L>®(R), one has:

/R 9o (9)x(y)dy = 0.
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Thus, there exists some set Ny of null measure such that for all y ¢ N, one has gy(y) = 0.
In the other hand, set:

H = {h € W**(R x RY), h is compactly supported}.

One knows that there exists a sequence (6,,), € H which is dense in H. The set N' = U,,en N,
is of null measure.
As for all y ¢ N and for all n, one has gy, (y) = 0, one gets for all R > 0:

/ |90, |dy = 0.
BrNN¢e

Next, one can remark that the linear function # € H — gy € L
for all R > 0 and for all § € H:

1

1e(R) is continuous and thus

lgody = 0,
BrnNNc©

which means that there exists some null measure set M such that for all y ¢ M UN, for all
0 € H, one has go(y) = 0, which means that gy = 0 almost everywhere.
Thus for almost every y € R, the function v(y, -, -) is a weak solution of:

O —V - (AVv) 4+ q- Vv = f(t,z,v) in R x RY. (25)

The Schauder parabolic estimates give that w : (t,z) — v(0,t, x) satisfies the hypotheses of
Definition 1.2.

In the other hand, assume that u satisfies the hypotheses of Definition 1.2 and set
v(y,t,x) = ¢y + x - e + ct,t,x). Take any family of compactly supported functions
(Xk)kepn € L¥(R) and (0y)ke(1,n € D(R x RY). One has for almost every y € R:

Xk(y)ek(t,x)(ﬁtv — V- (AVv) +q-Vv— f(t,z,v)) = 0.
Thus, integrating over R x R x RY, one gets:

<O =V - (AVV) 4+ q- Vv — f(t,z,v), > p_; XeOk > xD
=3t Jaemary 0, 6 2) (Oxnbr — V- (AVxibi) + V - (qbkxi))

- ZZ=1 foRxRN Xkekf<t7 Z, U)
=0.

As the regular functions with separated variables span a dense subset of the compactly
supported L (R, W22(R x RY)) functions, one finally gets

O — V- (AV) + q- Vo — f(t,z,v) in D'(R x R x RY).

Thus the function ¢(z,t,z) = v(z — x - e — ct,t,z) satisfies the hypotheses of Definition
(1.1).0
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3.2 More properties of the eigenvalue family

In order to build an invariant domain, we first need to prove or recall some more precise
properties for the family of eigenvalues (kye)rso-

Proposition 3.1 [31] Set F' the map:

RY xC2 (RY xR) — R

per

(A ) = k()
Then:
L L

DE\ p) = max <ﬁ> = min max <L¢)

¢ is periodic in (t,x), ¢p>0. RxRN (]5 ¢ is periodic in (t,x), $>0. RxRN (b
2) F is concave and continuous.
3) There exists 3 € R such that for all A € RV :

~lltlloe = BIAN = TN < k() < Nlaalloo + BIA = [N (26)

where v and I' have been defined in (12).
4) For all p, F(., 1) reaches its mazimum on RN,

These properties enable us to define and characterize a quantity that we will use to get
good bounds for the propagation speed. Namely, for all (A,q,p), e € SV~ and for all
v >¢e >0, we set:

¢ (A, q, 1) = min{c € R, there exists A\ > 0 such that kx.(A, g, 1) + Ac — eA* = 0}.
In the sequel, A, ¢ and e will be fixed and we will denote c(u) = ¢} (A, q, ).

Proposition 3.2 Take v > ¢ > 0.
1) For ¢ = ci(u), there exists exactly one solution \i(p) > 0 to equation

Exe(A, q, 1) + Ac —eX? = 0.

2) For all ¢ > ct(u), there exist exactly two X > 0 that satisfy kx.(A, q, ) + Ac —er? = 0.
We denote Xs(p) < As(u) those two solutions .
3) One has the characterization:

C*( ) — min _k)\e<A7 qnu) + 8)\2
s\ = A>0 A .

Proof. 1) Set G(c) = maxyso(kae(A, g, 1) + Ac — eX?). This maximum is reached be-
cause of estimate 2) of Proposition 3.1 and thus this function is increasing in c. If

¢ < minys M, one easily gets G(c¢) < 0. In the other hand, (26) yields that:

G(0) 2 s+ max((c — 9N = V(T +9) = il + S
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if ¢ > [, which gives G(¢) — +oo as ¢ — +oo. Thus, ¢ = ¢(u) is the only solution to
equation F'(c) =0

Next, fix ¢ = ¢f(u). The Kato-Rellich perturbation theorem (see [23]) yields that the
function \ — ky.(A, ¢, 1) is analytic with respect to A, locally uniformly in (A, ¢, u). Thus, if
there exist two solutions A; < Ay of equation ky.(A4, q, 1) + Ac —eA? = 0, then we know from
the definition of ¢*(u) and the concavity of A — kye(A, q, ) that kye(A, q, 1) + Ac—eX? =0
for all A € [A;, \s]. The isolated zeros principle would give ky.(4,q, i) + Ac —eA? = 0 for
all A € R in this case. As ko(A, q, 1) = N(A4, ¢, 1) < 0, this gives a contradiction. Thus for
¢ = ¢i(p), there exists a unique A:(p) such that ky (e (A, ¢, 1) + Ae(p)c —eX* = 0.

2) If ¢ > ci(n), the previous step yields that the maximum of the function
A = kxe(A,q, 1) + e — €X? is positive. As this function is concave, negative for A = 0
and goes to —oo as A — 400, one easily concludes.

3) This easily follows from the characterization G(c}(p)) = 0. O

Lastly, we need a continuity property for € — A¢:
Proposition 3.3 Ife, — ¢ > 0, where ¢ > c., for all n, then one has:
AL = AL and A7 — AL
as n — +0o0.

Proof. Using estimate 1) of Proposition 3.1, one knows that the sequences (A ), and (A¢ )
are bounded. One can extract two converging subsequences A7 = — A3, and A | — AS,. The
continuity of A — ky.(A, q, 1) yields that:

Face(A, 4, 1) + Ao = e(A%)” = 0, kg e (A, g, 1) + ASee — £(AS)* = 0 and A, < AL

The previous proposition thus gives XS, = A¢ and AS = AS. [

4 The KPP case

This section is devoted to the proof of Theorem 2.1 and characterization (20). We will
directly prove that there exists a pulsating traveling front of speed ¢ for all ¢ > (A, q, 1)
and a result that will be proved later will give the existence of a pulsating traveling front of
speed ci(A, g, 1v). We use the same kind of invariant domains as in [6, 18, 21].

4.1 Study of the regularized problem in finite cylinders

In all this section, we fix ¢ > ¢*(u). Equation (7) exhibits two main issues. First of all, it is
defined in an infinite domain in z. Secondly, it is a degenerate parabolic equation. We will
first solve a modified regular parabolic equation in a finite domain. Then, we will pass to
the limit.

Let ¥, be the domain (—a,a) x R x RY. We first investigate the equation:

{ L6¢ = f(tv z, ¢) n Zaa (27)

¢ is periodic in t,
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where L. is the regular parabolic operator defined by:

Lo = 00—V -(At,x)Vo) — (eA(t,x)e 4+ €)0,.¢0 — V - (A(t, x)ed, o)

—0.(cA(L, 1)) + qlt, 7) - Vo + q(t,7) - €0, + 0.0, (28)

The condition in z = +a will be fixed later.

We first construct a subsolution which does not depend on a. This kind of subsolution
has first been used in [6]. This gives some lower bound for the solution of (27) that enables
us to easily pass to the limit a — 4o00. This lemma is one of the main point of our proof:
as it is available for all ¢ > ¢*(u), it directly proves in the KPP case that the speed we will
finally obtain is minimal.

In [35], the authors used a different approach. They first proved the existence of pulsating
traveling fronts for ignition type nonlinearities, that is, there exists some 6 € (0, 1) such that
f(s)=0if s € (0,0), f(s) >0if s € (0,1) and f(1) = 0. In this case, there exists a unique
speed associated with some pulsating traveling front. Then, they let € go to zero and get
some pulsating traveling front for one speed ¢*, which is the limit of the previous speeds.
The hard part is then to prove that there exists a pulsating traveling front for all ¢ > ¢*.
In the present paper, we overcome this issue by directly proving this existence result for a
half-line of speeds.

This subsolution exists if f satisfies the following hypothesis: there exists some 3 > 0,
p >0 and r > 0 such that

YO <u< B, Vtx, pt,z)u < pu'™ + f(t,z,u). (29)

This is true in particular if f € C"(R x RY x [0, 8]), which is one of our hypotheses, but the
reader can check that the results of this article hold if only (29) is satisfied. This condition
is a little bit sharper than the C! regularity for f. A linear coupled equation was considered
in [6] and this kind of condition has first been stated for a nonlinear equation in [18]. It has
also been used by Bages [12] to prove that, in space periodic media, one can construct some
pulsating traveling front with a given exponential decay at infinity.

Bages also managed to construct a subsolution in the critical case ¢ = ¢}. The kind of
subsolution he constructed cannot be used here since we consider a regularized problem.
The subsolution available for ¢ = ¢} is not a subsolution of the regularized problem anymore.
Thus we will first consider the case ¢ > ¢ and then we will pass to the limit ¢ — ¢}.

Lemma 4.1 For all ¢ > c¢(u), set
90,6(’27 t7 .T) = w,u,)\i <t7 x)eAEZ - A’l/}u,)\g+’y<t7 x)e()\i-i_’\/)z (30)

where the functions 1,  are eigenfunctions associated with Ly and normalized by ||, x]|0 = 1.
Then there exist vy, A which do not depend on ¢ such that the function 6. = max{6y.,0} sat-
isfies 0. < p and:

L.0. <0 in the sense of distribution. (31)

Proof. Set oy = k(1) + Ac —eA?. As ¢ > ¢(u), one knows from Proposition 3.2 that the
equation ay° = 0 only admits one or two solutions \Z < A foralle > 0. Ase > 0+ AS— ¢
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is continuous, it admits a positive infimum h > 0. As A — af° is concave, one gets that
ai’;ﬂ > 0 if v < h. We also choose 7 independent of € such that A5 4+ v < (1 4 r)AZ.
We know from (29) that:

VO<u<pB, Yo, plt,z)u < pu't + f(t,2,u).
We can fix A independent of ¢ such that:

ma 0o.-(z,t,7) < min
(Z,t,m)eRxXRxRN 0c(2: 1) < {8, p},

V(t, l‘) € R x RN? ngr(ta l‘) S Aai%irfyw)\i—l—’ya

and such that for all (z,¢,z) € RT™ x R x RY, one has 0y .(z,t,z) <0.

Now that it is proved that A and ~ can be chosen independent of &, we forget
the dependence in e in the notations in order to make the proof easier to read. Set:
O ={(z,t,7) e Rx R x RY;0y(z,t,z) > 0}. We compute for all (z,¢,x) € QT:

LE(QO) = ”(ta x)eo - Aai%iuyw)\i-i—’y(ta x)e()\ijuﬂz

< f(ta z, 90) + peéJrr — Aai’;yq/;)\ﬁ,ye(/\?rv)z

< flt@,80) + pulTeNITT — AaSE . ePE):
< f(ta,00) + (pUad" — AaSE, g q) eV

S f(t, x, 90)

Thus, 6y is a subsolution of equation (27) over Q*. As 0 is a solution of equation (27),
the Hopf lemma gives that # = max{f,0} is a subsolution of equation (27) in the sense of
distributions. UJ

Lemma 4.2 For all ¢ € (0,¢), the function

g(zv t) $) — min{o, ¢“7Ai(ﬂ) (t’ l‘)e)‘i(ﬂ)z}
is a supersolution of equation (27) in the sense of distributions.

Proof. One easily computes:

L€ (z/o\ge)‘iz) = {8{(#)@ — V . (AV’I/})\Z) — 2)\E€Avw)\g + q- V'l/})\g
—(AV - (Ae) + (14 €)(X2)* + Xee + Mg - e)ys, pee (32)
- M(tax),@z))@e)\iz Z f(ta xaw)\ie)\gz)
As the minimum of two supersolutions is a supersolution in the sense of distributions,
this gives the conclusion. []

19



We are now able to define the boundary conditions associated with equation (27). Namely,

we solve:
L. = f(t,z,¢) in X,
¢ is periodic in t, z,
é(—a,t,r) = 0.(—a,t,z) for all (t,z) € R x RV,
é(a,t,z) = ((t,z) for all (t,z) € R x RY.
The boundary condition used in —a may seem odd and one can wonder why we use this

complicated condition instead of 0 for example, like in [8]. In fact, this condition will enable
us to put the subsolution . under the solution of equation (33).

(33)

Lemma 4.3 For alle > 0, there exists a strong solution ¢5 of (33) in C*V2(X,) that satisfies
V(z,t,x) € X, 0:(2,t,2) < (2, t,2) < ((z,t, ).

Moreover, there exists some ag such that for all a > ag, the function ¢S is nondecreasing
with respect to z.

Proof. We know that 6. and (. are sub and supersolutions of equation (33). Let r be the
function defined by:

zZ+a Z—a
r(z,ta) = Gt ) 5 + b (2t 1) 5.

We make the change of variable u = ¢ — r. Then ¢ satisfies (33) if and only if u satisfies:

Lou = g(t,x,u) in 3,
wis T, Ly, ..., Ly — periodic, (34)
u(—a,.,.) =0, u(a,.,.) =0,

where:
g(t,z,u) = f(t,x,u+r)— L. (35)

This function is locally Lipschitz continuous with respect to u.

As 0. — r is a subsolution and (. — r is a supersolution of equation (34), in order to
conclude using an iteration procedure, we need to prove that for g sufficiently large, the
operator L. + f3 is invertible. Take some 3 > ||V - ¢||o and set g = 3 — 1|V - ¢||-

Take some g € C°(%,) such that g is periodic in ¢ and x and

g(—a,t,r) = g(a,t,z) = 0 for all (t,z) € R x R,

Set L = {ug € L*((—a,a) x C,u is L-periodic, u(—a,z) = u(a,z) = 0)} (this set is in fact
the closure of the set of the continuous functions that satisfy the boundary conditions with
respect to the L? norm). For all ug € £, we define (2,¢,z) — u(z,t,z) € C*(R', L) the
solution of
Lou+ fu = 9,
L0y S, 30)

and we investigate the map

{G:E — L (37)

uy +— u(T).
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Take uy,us € £ and set U(z, t,2) = (u1(z, ¢, 2) — ua(z,t,z))e. This function satisfies:

U —V - (A(t,x)VU) — (eA(t,x)e +€)0.,U — V - (A(t, x)ed.U) — 0,(eA(t,z)VU)
+q(t,z) - VU +q(t,x) - €0.U 4 c0,U + (B — u)U = 0.

Multiplying this equation by U and integrating by parts over 3, gives:

%(f(—a,a)xc’ U2<Z7 T7 l’)dZd.ﬁL’ - f(—a,a)XC U2<Z, 0, l’)dZd.ﬁL’)
= f(_a,a)xc (= (ed.U + VU)A(ed.U + VU) — e0,UAD.U + 1V - qU* + (. — B)U?).

Thus, the choice of § yields that:

/ U?(z,T,z)dzdx §/ U?(z,0, r)dzdx,
(—a,a)xC (—a,a)xC
and thus:

[us(T) = ur (Tl < €™ lua(0) — w1 (0) ]l

This means that G is a contraction. The Picard fixed point theorem yields that it admits a
unique fixed point u, that is, a space-time periodic function u such that L.u + fu = ¢g. The
Schauder parabolic estimates give the pointwise boundary conditions:

u(—a,t,r) = u(a,t,z) =0 for all (t,2) € R x RV,

Since (. > 6. in Y,, one can now carry out some iteration procedure. As g is locally Lip-
shitz continuous, one can take 3 large enough so that for all (t,z) € RxRY, s+ f(t,z,s)+ s
is increasing. We define the sequence (¢,,), by:

o = Cz—:a
Legbn—kl + ngn—kl = f(tv L, ¢n) + 6¢n7 (38)
On(—a,t,z) = 6O.(—a,t ),
(bn(avtv .T) = Cz—:(avtv .T)

One can easily prove that the sequence (¢, ), is nonincreasing with respect to n and that for
all n, one has 0. < ¢, < (.. Thus this sequence converges to some ¢ which is a solution of
(33).

It is only left to prove that for all n, ¢,, is nondecreasing with respect to z. We prove this
property by iteration. It is clear for n = 0. Assume that ¢, is nondecreasing with respect
to z, set ¥2 = (—a,—a+ \) x (0,T) x C and

gbf‘L(z, t,x) = ou(z+ N\ t, ),

<bf;+1(z, t,x) = Ppy1(z + A\ t, z),

for all A € (0,2a). In order to show that ¢, is nondecreasing in z in Y4, one only has to
show that ¢,41 < @), in X7 for A > 0 sufficiently small.
One can remark that

(LE + ﬁ)<¢2+1 - ¢n+1) = f(twrv (bﬁ) + ﬁ(bﬁ - f(t7x7¢n> - ﬁ(bn Z 0
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since s — f(t,x,s) + Bs is increasing and ¢} > ¢,,.

In the other hand, there exists some aq such that for all a > ay, the function z — 0.(z, t, z)
is increasing in z € (—oo, —ag) for all (t,z) € RxRY. Fixa > ag and X € (0,a—ag). One has
bni1(—a+ M\ t,x)—0.(—a,t,r) >0 for all (t,2) € R x RY. Similarly, as (. is nondecreasing,
one has (.(a,t,2) — ¢ni1(a — A\, t,z) > 0. This finally gives

7A7,+1<_a’7 t7 .T) - (anrl(_CL,t, .T) = ¢n+1<_a’ + )\7 t7 .T) - 9€<_a7 t7 .T) > 07
¢2+1(a - )\,t,l’) - ¢n+1(a’ - )\,t,l’) = Ce(&,t,l‘) - ¢n+1<a - A,t,l’) > 0.

Thus, as 8 > 0, the strong maximum principle yields that ¢ 41 2= Pngr in Z_é Thus ¢,41 is
nondecreasing for all n. [J

4.2 Passage to the limit in infinite cylinders

Let a,, — 400 be any sequence that goes to infinity. From standard parabolic estimates and
Sobolev’s injections, the functions ¢, ,, converge (up to the extraction of a subsequence) in

C2+B’1+6/2’2+5(]R x R x RY) for all 0 < 8 < 6, to a function ¢. that satisfies:

loc

Leg. = f(t,z,0.) in R x R x RV,
¢. is periodic in t and x, (39)
¢. is nondecreasing in z,
with 0.(z,t,2) < ¢.(z,t,x) < ((z,t,x) for all (z,¢,7) € R x R x RV,
Proposition 4.4 The function ¢. has the following asymptotic behaviours:

{ ¢e(z,t,2) = 0 as z — —o0

(be(Z,t,SU) _p<t7 .T) —0asz— 4+ <40)

in C2(R x RN in the both cases.

loc

Proof. From standard parabolic estimates, from the monotonicity of ¢. in z and from the
periodicity in ¢ and z, it follows that:

be(z,t,2) = do(t,x) in CX(R x RY) as 2z — +oo0,

loc
where each function ¢ satisfies:
8t¢i —-V- (A(t, x)VqSi) + Q(t, SL’) . V(b:t = f(t, xZ, ¢:l:)7
¢+ is periodic in t and x,
0<¢sr<p

Hypothesis 1 yields that either ¢+ = 0 or ¢ = p. Because of the monotonicity of ¢. in

z, the inequalities
O§¢— §¢E(Z"7’) S Cb-i- Sp
hold for all z.

If , = 0, then ¢.(z,t,2) = 0 for all (2,t,7) € R x R x RY. This contradicts the
inequality ¢. > 6. since 6. is not uniformly nonpositive. This shows that ¢.(z, ¢, x) — p(t, x)
as z — +00.

Similarly, if ¢_ = p then ¢. = p. This contradicts the inequality ¢.(z,¢,z) < (. when z
goes to —oo since p is periodic and positive. This shows that ¢.(z,¢,2) — 0 as z — —o0. [
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4.3 Removal of the regularization

In this section, our aim is to let ¢ — 0. The following result is true even if f is not of KPP
type.

Proposition 4.5 Assume that p is a space-time periodic positive solution of equation (3).
Consider (¢:)ece a family of solutions of equation (39), where € is a subset of RT, such that
for all e € €, ¢. is nondecreasing with respect to z. Then, the family (0,¢:)cce is uniformly
bounded in L}OC(R x R x RY) and the families (V. + €0.¢.)cce and (Osp. + cO.¢.)-ce are

uniformly bounded in L7, (R x R x RY). Furthermore, these bounds are locally uniform with
respect to c.

Proof. First of all, as ¢. is nondecreasing in z, for all R > 0,e € £, we have:

0, ¢ |dzdtdr = dzdtdx

‘f(fR,R)X(O,T)XC | f(fR,R )x (0,T)xC 2¢5

= f(O,T)XC ¢ (R, t, x)dtdr — f(O,T)XC ¢-(—R, t, z)dtdr — f(O,T)XCp<t’ x)dtdr as R — +oo
(41)
which proves that d,¢. is uniformly bounded in L} (R x R x RY). Multiplying equation
(39) by ¢. and integrating, we get for all R > 0,¢ € &:

f(-Rﬁ)x(o,T)xc(vﬁbe + €0.¢:)A(t, 2) (Ve + €0.¢.)dzdtdxr + é?f CRR)X(0.T) o (0-0.)*dzdtdx

+ f(—R,R)x(O,T)xC<C +q- €)az(%)dzdtdx 2 f( R,R)x(0,T) Xc(v Q)¢2d2dtd37

= [ rrxor)xc =f(t, 2, ¢ )dzdtdx
(42)

Using the ellipticity property of the matrix A and the inequality 0 < ¢. < p, we get:

v f(fR,R)X(O,T)xC V. + ed,d.|*dzdtdx

IN

f( R,R)x (0, T)><C(¢6f(t z, ¢) + V'q¢2)dzdtdx

+ fomeolct a- (G (—Rt,2) — $(R,t,2))dtdx (43)

< (M + %Hv ’ QHOO) f(—R,R)X(O,T)xC |gb€|2dzdtd:p + f(oj)x(j |C +q- 6|p2(t, l‘)dtdl‘
f(t7 ‘/'E’ S)

where (¢, 2) = SUPgs<p(1.0)

C!. Finally, this gives:

and M = sup, ;) erxry [1(t, 7)| < 0o since f is of class

1 1 1/2
IV e + €0:0c| 12 (- R R)x (0,7)x0) < ﬁ(2R(HnHoo+§HV-QHoo)+ lel + llalle) " lIpll 220, x ) -

It follows that V. + €d, . is uniformly bounded in L?((—R, R) x (0,T) x C) for all positive
R.
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Similarly, multiplying equation (39) by J;¢. + c0,¢. and integrating, we get for all
R>0¢e€&:

f(—R,R)X(QT)xC |0 + €O, |*dzdtdx
= i nmomyec @ (V6: + ¢0.0.) (9. + cd.0.)dzdtdz

+ J rmxoxcl(€0: + V)AL 2)ed:de + Alt, 2) V) (O1de + D:be)dzdidr |
+e [ _rpxom)xe Oz2 0 (010 + 0.¢.)dzdtdx

+ f(—R,R)x(O,T)XC’ f(t7 €, ¢8)(at¢e + c@ngg)dzdtdx

< lqllze Vo 4 €0 0c || L2((—r, Ry (0,1)x ) |04 @ + CO-Pel| L2 (= r,R)x (0,1) %)
+ Jiomxc(€0:0- + Vo) Ae(D6. + ¢0.0.) (R, t, x)dtdx
— Jiomxc(€0:0- + Vo) Ae(Dr. + ¢d.0.) (=R, t, x)dtdx
— [ rmyxomryc (€0:0c + Vo) A(t 2)(0; + c0:) (Do - + V .)dzdtda .
+e Jomxe (0:0:0i0-(R, t, x) — 0.¢.0,0-(— R, t, ) dtdx
+% [omyxe ((0:0)% (R, t, x) — (0:0:)*(~ R, t, x)) dtdx

Jr(f(—RR)x(O,T)xC f(t, z, ¢8)2dzdtdx)1/2||8t¢6 + Caz¢a||L2((—R,R)X(O,T)Xc)-

S ||Q||L°° ||V¢e + eazﬁba||L2((_R,R)X(07T)><C) ||8t¢5 + Canga||L2((_R7R)X(O’T)XC)
_'_% L/‘(—R,R)X(O7T)><C(eaz¢€ + V(bE)atA(eaz(bs + V(bg)dZdtd.T (46)

\ 2RHWHOOHPHLQ((QT)xC) ”at¢e + Caz¢eHL2((—R7R)><(07T)><0),

S (”qHLw”V(bE + eaz(bEHLQ + \% QRHT]”OO”pHLQ((O,T)XC))”at(bg + Caz(bf”LQ((*R,R)X(O,T)XC)

+510:A| o [l €00 + V¢5||%2((—R,R)><R><RN)
(47)
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Thus, as the previous estimates yield that V¢. + ed.¢. is uniformly bounded in
L*((=R,R) x (0,T) x C) for all positive R, this computation proves that d;¢. + c0.¢.
is uniformly bounded in L*((—R, R) x R x RY) for all positive R. [

We now apply this theorem and pass to the limit ¢ — 0.
Proof of Theorem 2.1 in the case ¢ > ¢i. As L} (R x R x RY) is embedded in

L} (R x R x RY), Proposition 4.5 applied to & = R™ and the diagonal extraction process
yield that there exists a sequence (g,,) that converges to 0 and a limit function ¢ such that:

¢., — ¢ in L. (R x R x RY) and almost everywhere.

This convergence yields that ¢ solves the degenerate equation (7) in the sense of distributions
and is nondecreasing almost everywhere in z, that is, for almost every (z,20) € R? and
(t,z) € R x RY, one has ¢(21,t,2) < ¢d(20,t, 7). As ¢. < p for all € > 0, one has ¢ < p
almost everywhere and thus ¢ € L°(R x R x RY). Furthermore, one has

90<Z7 tu SL’) S (b(Z, tv ZL’) S w,u)\g(ﬂ) (tv x)ekg(u)z (48)

for almost every (z,¢,7) € R x R x RN, This gives (21). It is only left to prove that the
asymptotic conditions are satisfied.

Proposition 4.6 Consider a solution ¢ € W5 (R x R x RY) of equation (7) in the sense
of distributions, which is nondecreasing almost everywhere in z. Assume that this function
1s not uniformly equal to 0 or to p. Then it satisfies the following limits as z — +o0:

o(z,t,x) = 0 as z - —oo and ¢(z,t,x) — p(t,x) = 0 as z — 400
mn LS

loc

(R x RY).

This proposition concludes the proof of Theorem 2.1 in the case ¢ > (A, ¢, 1) since our
function ¢ is not uniformly equal to 0 or p thanks to (48). We will conclude this proof in
the case ¢ = (A, q, p) later using Proposition 2.7.

Proof. As ¢ is nondecreasing almost everywhere in z and bounded, one can assume, up
to some change of this function on a null-measure set, that ¢ is nondecreasing. Then there
exist two periodic functions ¢ such that:

o(z,t,x) = ¢+(t,x) as z — £oo,

for almost every (t,z) € R x RY. It is left to prove that ¢_ = 0 and ¢, = p.
Take h a smooth function periodic in ¢ and x. Take & € C*°(R) a nonnegative bounded
function that satisfies:

&(z) =01if |z2|] <1 and /fo(z)dz =1,
R
and for all n € N; set £,(2) = &o(z — n).
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As ¢ is a weak solution of (7), multiplying (7) by &,(z)h(t,x) and integrating over
R x (0,T) x C gives:

fo(O,T)x(j f(t,z, ¢)h(t, x)&n (2)dzdtd

- fo(o,T)xc(8t¢ — V- (AV¢) —2eAV0.¢ — eAed..¢)h(t, x),(2)dzdtdx
+ fo(O,T)XC q-Vo+c0.0+q-ed.p)h(t,x)&(2)dzdtdr

= f(OT wo(=0h =V - (AVh) — N(Jg &z, t, )& (2)dz)dtd
+ fo 0,T) ><C(2€Av¢h’(t SL’)fl ( ) - eAe(bég(Z)h(tv .T) —q- e‘bh(tv :L’)f,’l(z))dzdtdx

One can compute:

fRX(O,T)xC eAeph&ldzdtde = f(O,T)XC eA(t,z
= f(O,T)XC eAlt, x)
— f(O,T)XC eA(t, )

("b

Jeh(t fR z,t,x)&(2)dz)dtdx
h(t )(f L O(z +n,t,2)§)(2)dz)dtd
Bt 2) ([ 64 (1, )€ (2)dz)dtda

Y

Y

(50)
as n — +oo, and thus:

/ eAephl!dzdtdx — eA(t,x)eh(t, x)d, (t,x /§ )dz)dtdz = 0.
(0,1)xC

(0,T)yxC
Computing each term of equation (49) in a similar way, one gets:

fo(o 1yxc(010 =V - (AV)) — 2eAVO.¢p — eAed.0 + q - Vo + 0.0 + q - €0.¢)dzdtdx
— f(OT o(=0h =V - (AVh) =V - (qh))p dtdx as n — +o0

(51)

fo(o,T)xC flt,x, )h(t, x)&n(2)dzdtde — f(O,T)XC ft,x, ¢ 4)h(t, x)dtdx (52)

as n — +o00. This yields that ¢, is a weak solution of the equation:

and

The regularity theorem for parabolic equations yields that this is a strong periodic so-
lution of this equation. Hypothesis 1 yields that there only exist two periodic nonnegative
solutions of this equation: 0 and p. As ¢ is nondecreasing almost everywhere, one has:
0< ¢ (t,x) <d(z2,t,x) < b (t,x) < p(t,x) for almost every (z,t,2) € R x R x RY.

Assume that ¢, = 0, then one has ¢(z,.,.) = 0 for almost every z. This contradicts the
estimate (48). Thus, ¢, = p. Similarly, one can prove that ¢_ = 0.

The Dini’s lemma and the periodicity give that the previous convergence as z — +oo
is uniform in (£,2) € R x RY. Similarly, one can prove that ¢(z,t,7) — 0 as 2 — —o0
uniformly in (¢,z) € R x RY. O
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5 The general case

5.1 Proof of the existence result

Proof of Theorem 2.3 in the case ¢ > ¢f. We fix ¢ > (A, ¢,n) and ¢ such that for all
0 < € < gg, one has ¢ > ¢i(n). Hence A\:(n) is well-defined by Proposition 3.2 and one can
set

(2, t,2) = inf{p(t, @), Yy re () (t, )7},

where 1), 5 is the unique space-time periodic principal eigenfunction defined by (19) but with
the zero order term n(t, r) = SUPysp(r.0) f(t, 7, 5)/s and normalized by [|¢h,x[|c = 1.

Asn < pandn # p,one has ky(A, q, 1) < kxe(A4, g, n) and thus ¢ (1) < ¢f(n) < c¢. Hence
the function 6. that was used in the previous section (see Lemma 4.1 for the definition) is
still well-defined. Up to some translation, we assume that

max min  6.(z,t,x) = min 6.(0,¢,x).
z2€R (t,z)eERXRN (t,z)ERXRN

Thus z — 0.(z,t, ) is increasing for all (¢,2) € R x RY over z € R™.

The function (. decreases to 0 with the rate A%(n) and the function 6. decreases with the
rate A\S(u). As p <, it is possible to prove that AS(u) < A5(n) and thus one cannot expect
to get 0. < (. in R. Anyway, it is still possible to get such a comparison on finite intervals

(_aa (l) .
We thus investigate the approximated problem:

Lo = f(tv Z, (b)u
¢ is periodic in t,x,
d(—a,t,x) = 0.(—a+mu(7),t,2) for all (t,7) € R x RV,
dla, t,r) = C(a+7,t 2) forall (t,2) € R x RV,

where m,(7) is defined by

As(n)
AS()

Asn > u, one has A\S(n) > AS(u). Thus (. increases faster than 6.. As m,(7) has been chosen
so that for all (¢,7) € R x RY:

me(7) = min {0, (1 —a)+a}.

C(—a+T1,t,x) > 0.(—a+mg(7),t,x),
one finally gets
C(z+T7,t,2) > 0.(2 + ma(7),t,2) for all (z,t,2) € (—a,+00) x R x RV,

Thus one can use the same method as in the proof of Lemma 4.3 with the subsolution
(z,t,x2) = 0-(2 + my(7),t,z) and the supersolution (z,t,x) — ((z + 7,t,x) to prove the
existence of a solution ¢, of equation (53) that satisfies

0-(2 + ma(7),t,2) <@L (2,8, 2) < (2 + 7,8, 2)
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for all (z,t,z) € ¥,. Moreover, as (z,t,z) — 0.(z+m.(7),t, ) is increasing in the neighbor-
hood of —a < 0 since 6. is increasing with respect to z € R~ and m,(7) < 0, it is possible
to choose some ¢ , which is nondecreasing with respect to z.

As the boundary conditions are continuous with respect to 7, the Schauder interior
estimates give that ¢, is continuous with respect to 7. Similarly, the boundary conditions
are nondecreasing with respect to 7 since 6. is nondecreasing with respect to z € R~ and
mq(7) < 0. Thus, using a sliding method as in the proof of the monotonicity in Lemma
4.3, one gets that 7 — ¢ ,(z,t,x) is nondecreasing for all (z,t,z) € (—a,a) x R x RV, As
(-(—00,t,x) = 0, the function ¢ , uniformly converges to 0 as 7 — —oo in (—a,a) x R xRV,
For all 7 > 0 and z > 0, one has

Ta(zt,2) > ¢ (0., x) > ¢2 (0,t,2) > 6.(0,¢,2) for all (t,z) € R x RY.
Set 07 = min( u)crxr™ -0 0= (0,2, 7). One can fix some 7 = 7. , such that:

1 0~
Tzt x)dzdtde = —.
T|C‘ (0,1)x(0,T)xC = 2

As a — +00, one may assume, up to extraction, that ¢25" converges to some function ¢,
in C>*(R x R x RY). This function is periodic in (t,z), nondecreasing in z and satisfies:

L.ge = f(t, €, ¢€)7
¢e is periodic in (t, ),
¢ is increasing in z,
1 _ 0=
el f(o,l)x(QT)xC Ge(2,t, x)dzdtdr = 5.
Define ¢*(t, ) = lim, 1o ¢-(2,t,2). Using Hypothesis 1, one can prove that ¢™ = p and
¢~ =0.
All the hypotheses of Proposition 4.5 are now satisfied and thus one can assume, up to
extraction, that ¢. converges to some function ¢ in L}, (R x R x RY) such that:

00—V - (A(t,x)V) — eA(t,x)ed,.¢ — V - (A(t, x)ed, o)

—0; (eA(t SL’)V(b) (tv SL’) ’ V(b + Q(tv SL’) ' 662(25 + Caz(b = f<t7 Z, (b)a

¢ is periodic in (t, ), (54)
¢ is increasing in z,

1 _ 0
el f(o,l)x(QT)xC P(2,t, v)dzdtdr = 5.

Proposition 4.6 gives that:

o(z,t,z) — 0asz— —oo,
o(z,t,z) —p(t,x) — 0asz— +o0.

Thus ¢ is the profile of a pulsating traveling front of speed ¢ and the proof is done for all
¢ > ci(A,q,m). The proof will be completed later in the case ¢ = ¢(A, ¢,n) (see Proposition
2.7). O
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5.2 The case \| =0

In this section we prove Theorem 2.3 and Proposition 2.5.

Proof of Theorem 2.3. Fix ¢ > ¢*(n). Take x some smooth function such that x(s) =1
if s <0, x(s)=0if s >1and x(s) >0if s € (0,1). Set f.(t,x,s) = f(t,z,s) +ex(s)s and
Ne(t, x) = SuPgegeq fs(tf’s). As (f.).(t,x,0) = fl(t,x,0) + &, one gets

Ni(A, q, (f.),(t,7,0)) = —e < 0.

For € > 0 small enough, 7. is close to n and thus ¢*(n.) is close to ¢*(n). Notice that this
quantity is finite since, as ko(A, q,17) = A (A, ¢,n) = 0, one has:
—kx  kx—ko
A A

using the concavity of A +— ky. This gives ¢*(n) > —0xko(A4, ¢, 7).

Lastly, for all € > 0, the function f. satisfies the hypotheses of Proposition 1.7. Thus it
satisfies Hypothesis 1.

For € small enough, one has ¢ > ¢*(A4, ¢,n.) and thus there exists a pulsating traveling
front associated with (A, ¢, f.) using Theorem 2.1. Take ¢, a profile normalized by

c|T
/ / ¢:(2,t, x)dzdtdr = L
2¢(0,1) J(0,1)xC 2

The estimates that were used in the proof of Proposition 4.5 were locally uniform in f and
then the sequence (¢,) is uniformly bounded in W2 (R x R x RY). Thus one can assume,
up to extraction, that this sequence converges almost everywhere and in L} (R x R x RY)
to a function ¢. This function is a weak solution of equation (7). Using a similar method
as in the proof of Proposition 4.6, we can prove that the good asymptotic behaviours hold
when z — Fo0. U

In order to prove Proposition 2.5, we begin with the following lemma, which is an exten-
sion of Proposition 2.13 of [31]:

Lemma 5.1 For all (A, q,p), one has:

ko(A, g, 1) = inf{\ | 3p € C*R x RY) N W'*(R x RY), ¢ > 0 and Lo < \¢ in R x RV}
(55)

Proof. We forget the dependence in (A, ¢, ) to simplify the notations and we set A] the
rightmember of (55). Taking ¢y a periodic principal eigenfunction associated with kg and
using it as a test-function in (55), one immediately gets A/ < ky. Next, take A < ko and
assume that there exists a function ¢ € CH?(R x RY)NW1°°(R x RY) such that ¢ is positive
and satisfies Lo < Ap. We now search for a contradiction in order to prove that such a A
does not exist and that A7 > k.

Set v = SUpg g~ %, where ¢, is some space-time periodic eigenfunction associated with
ko. Then 0 < 7 < oo and one can define z = y¢y — ¢. This function is nonnegative and
inf z = 0. Set ¢ = (kg — A\) mingy > 0. One has (£ — \)(z) > ve.
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Consider a nonnegative function 6 € C*(R x RY) that satisfies:

0(0,0) =0, lim O(tz)=1,[|0]c < oo.

||+ |z —+o00
There exists xk > 0 sufficiently large such that:
V(S7y) € R x RNu (‘C - )\)<Ts,y9> > _578/27

where we denote 7,,0 =60(. —s,. —y).
Since inf z = 0, one can find some (ty,7y) € R x RY such that:

1 e
k20l

}

2(to, xo) < min{

where ||jt]|co = +o0 if p = 0. Since limyy4|z— 400 0(t, ) = 1, there exists a positive constant
R such that 7, ,,0(t,x)/k > z(to,x0) if |t — to| + |z — x| > R. Consequently, setting
Z =2+ Ty, 4,0(t, ) /K, one finds for all |t —to| + |z — 29| > R, that:

Z(t,x) > Ty 0, 0(t, ) [ > 2(to, x0) = Z(to, 20).

Hence, if a = infg, g~ Z, this infimum is reached in Bg(tg, z). Moreover:

e
2/lplloo

a < z(to,l'o) = Z(tQ,ZL'Q) <

One can compute:

(L=NE=a) = (L=XN)(2)+ (L =N (Tt2,0(t, 7)) — p(t, )a + Aa
> e =% —[ln— Mo
> 0

for all (¢,x2) € Bgr(zo). Thus, the strong maximum principle yields that z(¢,z) = « for all
t > to and z € RY, which contradicts (£ — \)(Z — a) > 0. O

Proof of Proposition 2.5. Assume that u is a bounded positive continuous and entire
solution of (3). Then as f(t,z,s) < n(t,x)s for all (t,z,s) € R x RY x RT, one has:

Ou—V - (AVu) 4+ q¢-Vu = f(t,z,u) < n(t, z)u.

As w is positive and bounded, one can use u as a test function in (55). This gives
A1 (A4, ¢,m) <0, which is a contradiction. [

5.3 Existence of a minimal speed

We now investigate the set

C = {c € R, there exists some pulsating traveling front of speed c}.
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In order to end the proof of Theorems 2.1 and 2.3 and to prove the existence of a minimal
speed, it is only left to prove Proposition 2.7, which yields that C is closed.

Proof of Proposition 2.7. Consider a sequence ¢,, € C which converges to some speed .
For all n, there exists a profile ¢,, that satisfies equation (7) associated with the speed c,,.
Up to some translation in z, one can assume that for all n,

Ming g~y P

/ On(z,t, x)dzdtdr =
(0,1)x(0,T) xC 2

Proposition 4.5 yields that the sequence (¢,,) is uniformly bounded in I/Vllgc1 (R x R x RY).
Thus one can assume, up to extraction, that this sequence converges almost everywhere and
in L1 (R x R x RY) to a function ¢. This function is a weak solution of equation (7) with
€ = Cs. Using a similar method as in the proof of Proposition 4.6, we can prove that the

good asymptotic behaviours hold when z — +o0. [J

End of the proofs of Theorems 2.1 and 2.3. Under the hypotheses of Theorems 2.1 or
2.3, Proposition 2.7 can be applied and thus the set C is closed. We also know that C contains
the half-line (¢}(A, ¢,n), +00). This gives the existence of a pulsating traveling front of speed
¢ =ci(A,q,p) in Theorem 2.1 and of a pulsating traveling front of speed ¢ = (A4, ¢,n) in
Theorem 2.3.0J

We also easily get Theorem 2.6 from this proposition:
Proof of Theorem 2.6.

We set ¢ = inf C. Theorem 2.3 yields that this set is not empty and contains the half-line
(c:(A, q,m),+00). Proposition 2.2, which will be proved in section 7, gives that it is bounded
from below by ¢i(A, ¢, ). Thus the infimum is well-defined and

ce(A,qp) <c; <ci(Aq,n).

Proposition 2.7 yields that C is closed and thus this infimum is in fact a minimum, that
is, there exists a pulsating traveling front of speed c}. This ends the proof.[]

6 Regularity of the pulsating traveling fronts

This section is devoted to the proof of Theorem 2.8. We assume that f satisfies the hy-
potheses of Theorem 2.6, in particular that s — f(¢,z,s)/s is nonincreasing, and we prove
some uniform estimates in W* which guarantee that the profile ¢ we construct is Lipschitz
continuous in z. We begin with the following lemma, which is of independent interest and
which is true even if f is not of KPP type:

Lemma 6.1 Assume that ¢ > c¢i(u) and consider ¢. a solution of (39). Then

I 0. 9.
im sup
z——00,(t,z) ERXRN (be

__ ¢ c
= X or AL
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- e

£

Proof. Set v = . The Harnack inequality yields that v is a bounded function. Further-

more, it satisfies:

8251} _ 8tz¢s _ at‘bz-:v
e e
Vo Vo,
Vo = - v
e e
8ZZ¢€ aZ(bE
v = —— —v 56
o o %6)
V. (AVU) _ 0.V - (Av¢e) N V- (Av¢€>v N 2V¢EAVU
Pe ¢e Pe
8ZZZ ¢8 aZZ ¢E 82’ ¢8
azzv = - v—2 @v.
e e e
This computations yield that:
O — V- (AVv) — 2eAVO,v — eAe(l +€)0,.v + ¢ - Vv + cd,v
+2 Vo AVo+2(1+¢) 0:0- Aed,v + 2V¢5 Aed,v + Zaz(be eAVu
e e e e
57
— az(f<t7x7¢€)) _ f(t7x7¢€)v ( )
e ®e
t? x? €
= (o) - L0 <
: 0. ¢. ,
Next, set m = lmsup,_,_ o ( 2)crxr™ re and consider a sequence (zy, t,, x,) such that

v(zn, tn, x,) — m and z, — —oo. For all n, there exists some t, € TZ and 7, € 11, L;Z
such that s, = t, — ¢, € [0,7] and y,, = x, — T, € C. Up to extraction, we assume that
_ Ge(2 4 2, L, 1)

= . This function satisfies:
(bE(Zn? tn7 xn)

Sp = Soo and Y, — Yoo. Set gn(t, x)

Lo = Ft, 2, dnde(zn, tn, ). (58)

¢€(Zn7 tna xn)

The Schauder estimates yield that one may assume, up to extraction, that ggn converges
to some function ¢o, in Ci2?(R x R x RY) as n — 400, which is a solution of the linear
equation:

Laggoo = :u(t’x);gooa (59)
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where pu(t,z) = f1(t, 2,0) since ¢(zn, tn, Tn) — 0 as 1 — +00. AS (oo (0, Soo; Yoo) = 1 and doo
is nonnegative, the strong maximum principle and the periodicity yield that 500 is positive.

Next, define v,(z,t,z) = v(z + z,,t,x), this function satisfies equation (57), where
¢e(z,t,x) is replaced by ¢.(z + z,,t,2). Thus the Schauder estimates yield that the se-
quence (vy,), converges, up to extraction, to a function v, that satisfies:

0w —V - (AVv) — 2eAVI,v — eAe(1 +€)0.,v + q - Vv + cO,v

Vf‘? AV +2(1 +¢) 8;¢8 Aed,v + 2V¢¢>5 Aed,v + 26;%

Furthermore, we know from the definition of m that v, > m and that v5,(0, Seo, Yoo) = M.
Thus the strong parabolic maximum principle and the periodicity yield that v, = m on
R x R x RN,

(60)

+2 eAVv =0

az n 8zNoo 7 .
As &;b = v, for all n, one has g; = m and thus ¢, can be written
5oo(z,t,x) = (t,z)e™*, where ¢ is periodic in ¢ and = and positive. Reporting this in

(59), one gets:
Ly 4+ mep — em?o = 0.

Thus ¢ is some space-time periodic principal eigenfunction associated with k,, and
km + mc —em? = 0. Thus we proved in Proposition 3.2 that this implies m = A5(u) or
m = AZ(p). O

Proposition 6.2 If s € RT — f(t,x,s)/s is nonincreasing for all (t,z) € R x RN and
c > c*(u), then the derivatives (0,¢.).-0 are uniformly bounded in L®(R x R x RY).

Remark. This proof is not available if s — f(t,x,s)/s is not nondecreasing. Actually, we
need a sign for the zero order term of equation (57). For example, taking ¢ large does not
help.

0. ¢-

sat-

Proof. We now from the proof of the previous lemma that the function v =

isfies (57). As fl(t,z,0.(2,t,2))p < f(t, 2, d:(z,t,x)) for all (2,t,2) € R x R x RY since
s — f(t,z,s)/s is nonincreasing, the weak maximum principle and the periodicity yield that:

0 <w(ztx) < (t7$?é]%§RN{v( a,t,z),v(a,t,x)}. (61)

As ¢. is nondecreasing to p as z — +oo and as it satisfies a parabolic equation,

the Schauder estimates yield that 0,¢. — 0 as z — 4o0o. Thus v(a,t,x) — 0 as

a — +oo uniformly with respect to (£,7) € R x RY. Furthermore, Lemma 6.1 gives that

Hmsup, 4 oo (1.2)erxry v(—a,t,2) < A7 and this quantity is uniformly bounded by some con-
stant R, which does not depend on ¢ from Lemma 3.3.
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Thus the right-hand side of (61) is uniformly bounded with respect to € and a by a
positive constant R,. Finally, for all (2,¢,7) € R x R x R, we have:

O S az¢€<z7tax> S Rch”oo

We are now able to prove Theorem 2.8.

Proof of Theorem 2.8. It is only left to prove that one can modify the proof of Theorem
2.1 in order to get a Lipschitz continuous profile ¢. First, assume that ¢ > ¢*(u). Fix a
compact set K C R and let

per

> ((t,x) > gba(z,t,x))

where LIQM(R x RY) is the space of the functions that are space-time periodic and that belong
to L2 (R x RY). Propositions 6.2 and 4.5 yield that for all z € K, the family (®.(2)).0 is
uniformly bounded in H,,, (R x RY). Hence (®.(z))-5 is relatively compact in L2, (R x R")
for all z € K.

Moreover, Proposition 6.2 yields that the family (®.).~q is equicontinuous. The Ascoli
theorem gives that it is a relatively compact family and thus we can assume that it converges
to some ® € C° (K, L2 (R x RN)) as ¢ — 0. Using a diagonal extraction process , we can

per

assume that ¢. — ¢ in C) (R, L2, (R x RY)) as ¢ — 0, where ¢(z,-,-) = ®(2). As the

per

®. : K — L2 (RxRY)
z

estimate given by Proposition 6.2 is uniform in z € R, ¢ belongs to W'>(R, L2, (R x RY)).
Setting u(y,t,x) = ¢p(y+x-e+ct,t,x) € WHe(R, L2, (RxRY)), one gets a parametrized

family of functions w, : (t,z) — u(y,t,x) such that for all y, u, satisfies (3) in the sense of
distribution since ¢ satisfies (7) and y + u, is continuous. Thus for all y, u, € C'*(R x RY)
from the Schauder parabolic estimates. Thus ¢ is Lipschitz continuous with respect to
(z,t,2) € R x R x RY.

If ¢ = ¢*(p), we consider a sequence (c,), as in the proof of Proposition 2.7. As the
estimates of Proposition 6.2 are uniform with respect to the sequence (c,),, the sequence
of profiles associated with the speeds (c,), is uniformly bounded in appropriate norms and
one can pass to the limit as previously. This gives a Lipschitz continuous pulsating traveling
front of speed ¢*(p). O

7 Spreading properties

We now prove the spreading properties for front-like initial data. The aim of this section is
also to get the nonexistence Theorem 2.2.

Lemma 7.1 There exists ¢ < ci(A,q,p) such that for all ¢ € (¢, c*(n)), there exists a
complex A € C\R and a solution ¢ € CH*(R,RY) of:

o) — V- (AVY) — 2XeAVY + q - Vb — (A2ede — Ac+ AV - (Ae) + pu — Mg - e) = 0,
W is periodic in (t, ),
Re(y) > 0.
(62)
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Proof. Set \* = Acx(a4,). The family of operators Ly depends analytically on A, in the
sense of Kato. From the Kato-Rellich theorem [23], there exists a neighborhood V' of \* in C,
such that there exists a simple eigenvalue E)\(M) continuing ky(u) on all V' analytically and
a family of eigenfunctions ¢, analytic in A, where - is the positive principal eigenfunction
associated with ¢f(A4, ¢, p).

Set F,(A) = kx(p) + Ac. This function is analytic in A and converges locally uniformly
to Fer(aqu 85 ¢ = Ch(A,q, ). As Freaq,)(A*) = 0, the Rouché theorem yields that there
exists some neighborhood V' of ¢(A, ¢, 1) such that for all ¢ € V| there exists some A, € C
such that F.(\.) =0 and A\, = \* as ¢ — (A, ¢, ).

Using the classical Schauder estimates, one can prove that 1), — ¥+ uniformly in ¢ and
x. Thus Re(,,) — ¥y > 0 and taking V' small enough, we can assume that Re(1,,) > 0
for all ¢ € V. Lastly, if ¢ < ¢(A, q, ), it is impossible to have A. € R. Otherwise, this would
contradict the definition of ¢f(A, g, 1). This ends the proof of the lemma.[]

Proof of Proposition 2.9. First, we assume that ¢ < ¢ < (A4, ¢, ). We know that
c*(u—9) = c*(n) as 6 — 0, so that one can fix § > 0 such that ¢ < ¢*(u—9) < ¢*(u). As f
is of class C! in R x RY x [0, 3] for a given positive 3, there exists a positive constant e such
that:

V(t,x,8) € R x RN x [0,¢], f(t,x,8) > (u(t,z) — 5)s.

We set ¢ associated with ¢ given by Lemma 7.1 and we consider the function:
wo(t, z) = Re(eX™tDy(t, x)). (63)
Next, one has:
wo(t, z) = @D cos(N(x - e + ct)) 4+ PYisin(\i(x - e + ct))] (64)

where v;, 1., \;, A\, denote the imaginary and real parts of A and ¢. For all n € Z, if
(e-x+ct) =2nmw/\;, then wy(t,x) > 0. Similarly, for all n € Z, if (e-z+ct) = 2n+ 1)/,
then wo(t,x) < 0. Thus, it follows from (64) that there exists an interval [b, by] C R and an
unbounded domain D C R x RY such that:

DcC{(t,x) eRxRN z-e+ct € [by,bo]},

0 < wy(t,z) < e, forall (t,x) € D, (65)

wy(t,z) =0, for (t,x) € OD.

Set w the function: (t.2) if (t.2)
| woelt, o) if (t,x) € D,
w(t,z) = { 0 otherwise. (66)

This function satisfies the inequation:
Ow —V - (AVw) +q-Vw = (up— 0)w < f(t,z,w) for all (¢t,z) € D.

Assume first that ug(x) = w(0,2). In this case the parabolic maximum principle yields
that u > w. Set v(t,z) = u(t,z — cte), B(t,z) = A(t,x — cte), r(t,x) = q(t,x — cte) and
g(t,z,s) = f(t,x — cte,s). The function v is the solution of

o —V - (B(t,r)Vv) —r(t,z) - Vo = g(t,z,v) in R x RY,
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Moreover, B, r and g are almost periodic in (¢, z) € RxRY. That is, for any sequence (¢, z,,)
in R x R, there exists a subsequence (t,/, z,,/) such that the sequences (B(t+t,, T+ Zp))w,
(r(t + tp, o+ 2))p and (g(t + tu, @ + ) converge uniformly in (£, z) € R x RY and
locally uniformly in s > 0.

Take an arbitrary sequence t, — 400 as n — +o00. Set v,(t,z) = v(t + t,,x), this
function satisfies:

Oy, — V- (B(t+ 5, ) V) +1(t + 8p, ) - Vo, —ce-Vu, = g(t+ s,, 2, v,) in[—t,, +00) x RY.

Up to extraction, one may assume that (B(t + t,,, z))n, (r(t + 5, ), and (g(t +t,, 7)),
converge uniformly in (¢, 7) € R x RY and locally uniformly in s > 0 to some By, re and gue
as n — 400. The classical Schauder estimates then yield that one may find a subsequence
(vy) that uniformly converges on any compact subset to a function v, in Cllo’f(]R x RY). The
function v, is nonnegative and satisfies:

Opvoe — V - (Boo(t, 2)VUse) 4 Too(t, ) - Vsg — €€ - Vs = goo(t, 7, Vs0) in R x RY.
Furthermore, for all n, one has:

vp(t,x) = u(t+ty,x —c(t +ty)e) > w(t+t,,x — c(t +t,)e)

> M@ o) (t 4t — c(t +tp)e)cos(N(z - €)) + Vit + t,, 1 — c(t +tp)e)sin(Ni(x - €))].
Thus, taking zo = Z;L—_’Te and using the positivity and the periodicity of 1., one gets
inf, e infier v, (1, 20) > 0, which yields that inf;cg voo(t,29) > 0. The Krylov-Safonov-
Harnack inequality yields that inf, ,)cp,gvoo(t,z) > 0. As v, is periodic in z for all n,
the function vy is also periodic in 2 and then inf; ,ycrxry Voo (t, 7) > 0. Hypothesis 1 then

yields that v (¢, ) = limy,y 4 o0 p(t + t, x — c(t + t,v)e) and thus
v (t, @) — p(t + tp,x — c(t + ty)e) = 0

as n’ — 400, uniformly on every compact subset. Finally, the classical procedure yields
that:
u(t,z — cte) — p(t,z — cte) — 0 as t — +oc. (67)

uniformly on any compact subset.

To sum up, we have constructed an initial datum w(0, .) with compact support such that
the solution u associated with this initial datum satisfies (67). Furthermore, multiplying
the function 1 by a positive constant, one can take an arbitrary small supremum norm for
w(0,-). Applying the maximum principle principle, we generalize this result to any initial
datum ug such that there exists (a1, as) € R? such that inf,.ccfa; 05 wo(z) > 0.0

Next, we prove the result for any speed —c* (A, q, 1) < ¢ < ci(A,q, p). Set:
Q={(t,z) eR" xR a; —c* (A, q, )t <z -e<ag+c(Aq uth

One has inf,, <;.e<a, uo(x) > 0. The previous case yields that u(t,z — cte) — p(t,z —cte) — 0
as t — +oo when c is close to ¢i(A, q, 1) and u(t, x 4 cte) — p(t,z + cte) — 0 as t — 400
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when c is close to —c* (A, ¢, i), where p is positive and periodic in ¢ and x. Thus there exists
some € > 0 such that for all (¢,z) € 9Q, u(t, ) > . We need a modified maximum principle
in order to get an estimate in the whole set 2. As € is not a cylinder, we cannot apply the
classical weak maximum principle. In fact, it is possible to extend this maximum principle
to the cone €2 and there is no particular issue but, by sake of completeness, we prove that
this extension works well here:

Lemma 7.2 Assume that z satisfies:

Oz —V - (AV2)+q-Vz+bz>0inQ
z >0 in 0N)

where b is a bounded continuous function. then one has z > 0 in ).

Proof.  Assume first that b > 0. Set Q, = QN {t<7} and assume that
there exists (t,z) € €, such that z(t,z) < 0. Take (to,z9) € £, such that
z(to, xo) = min ,yeq; 2(¢, ¥) < 0. One necessarily has (g, 7o) € €2, and thus:

VZ(to,ZL‘Q) = O, V- (AVZ)(to,ZL‘Q) > O, b(to,l‘o)Z(to,[L‘o) < 0.

This leads to:
3tz(t0,x0) > 0.

But the def intion of the minimum yields that for all 0 < t < tg, if (¢,29) € €2, one has
z(t,xg) > z(to,x0). As ty > 0, for £ small enough, one has (ty — ¢,29) € Q. Thus it is
possible to differentiate the inequality, which gives 0;z(tp, zo) < 0. This is a contradiction.
Thus for all 7 > 0, one has ming_z > 0 and then z > 0 in Q.

If b is not positive, set 2 (¢, z) = e~ (PblletDt2 (2 2) for all (¢, 2) € Q. This function satisfies:

D21 —V - (AV2) 4+ q- 21+ b+ |[D]|oe + 1)21 = (02 = V - (AV2) + q - 2 + bz)eIWl=+Dt >

and for all (¢t,z) € 0, one has 2z,(t,z) > 0. As b+ ||b||oc + 1 > 0, the first case yields that
z1 > 0 and then z > 0. This ends the proof.[]

In order to apply this lemma, take 1) = 1)y a periodic principal eigenfunction associated
with Lo such that ||¢||c < e. Set z =u — 1 and b(t,x) = %{M As f is Lipschitz
continuous in w uniformly in (¢, z), the function b is bounded. The function z satisfies the
equation:

Oz —V - (AVz2)+q-z—bz=0.

Thus, the hypothesis of the previous lemma are satisfied and one has z > 0, that is, u > ¢
in €.
Take now ¢ € (—c* (A, q, 1), (A, q, 1)), as (t,x — cte) € §2, one has

inf  wu(t,x —cte) > e.
teR+, zeRN

Take t, — oo and set v, (t,x) = u(t+t,, r—c(t+t,)e), up to extraction, one may assume that
v, converge to a function v, in C'l1 O’CZ(R x RY). The function v, is an entire bounded solution
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of an equation of type (3) and satisfies infr, gy Voo > € > 0. Furthermore, it is periodic in z.
Hypothesis 1 yields that v, = p. The classical extraction arguments concludes the proof.[]

Proof of Proposition 2.2. Assume that such a pulsating traveling front u of speed
¢ < c*(pu) does exists and set ¢ its profile. Up to some shift of ¢ in z, we can assume
that u satisfies (3). Then as ¢(x-e+ct,t,x) —p(t,x) — 0 uniformly in z as t — +oo and p is
a positive periodic function, u(t,z) = ¢(z - e+ ct, t, x) satisfies the hypothesis of Proposition
2.9. Thus, taking ¢ € (¢, ci(A, q, 1)) such that ¢ > ¢**(u), one gets:

u(t,x — dte) — p(t,x) = p(x - e — (' — c)te, t,x — te) — p(t,x) — 0 as t — +00

In the other hand, as ¢ — ¢ > 0, one has ¢(z - e — (¢ — ¢)te,t,x — d'te) — 0 as t — 400
uniformly in x. As p is positive, this gives a contradiction.[]

Proof of Proposition 2.10. Take ug an initial datum that satisfies the hypotheses and
d € (c(A,q,m),c). Set v(t,x) =y, (t,z)er M@t "where 1)y () is the periodic prin-
cipal eigenvalue normalized by ¢y, ||« = 1. Since ¢ > ¢*(n), one has A () < A ™ (n) and
then the hypotheses yield that there exist two positive constants A, C' such that:

up(z) < Cu(0,z) if v-e < —A.

Thus, as one can increase C, for all x € RY, one has ug(z) < Cv(0,z). The function Cv is a
subsolution of equation (3) and the maximum principle thus gives u(t,xz) < Cwv(t, z) for all
(t,x).

Finally, one has:

u(t,x — cte) < Cere M@=t (a5 ¢ — 400

uniformly in z - e < —B.[
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