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Transition waves for Fisher-KPP equations with general
time-heterogeneous and space-periodic coefficients

Grégoire Nadin *1 Luca Rossi

March 1, 2016

Abstract

This paper is devoted to existence and non-existence results for generalized tran-
sition waves solutions of space-time heterogeneous Fisher-KPP equations. When the
coefficients of the equation are periodic in space but otherwise depend in a fairly gen-
eral fashion on time, we prove that such waves exist as soon as their speed is sufficiently
large in a sense. When this speed is too small, transition waves do not exist anymore,
this result holds without assuming periodicity in space. These necessary and sufficient
conditions are proved to be optimal when the coefficients are periodic both in space
and time. Our method is quite robust and extends to general non-periodic space-time
heterogeneous coefficients, showing that transition waves solutions of the nonlinear
equation exist as soon as one can construct appropriate solutions of a given linearized
equation.

Key words: Fisher-KPP equation, reaction-diffusion, travelling waves, generalized
transition waves, generalized principal eigenvalues.
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1 Introduction

We are concerned with transition waves solutions of the space-time heterogeneous reaction-
diffusion equation

Ou — Tr(A(x, t)D*u) + q(z,t) - Du = f(x,t,u), xR, tecR. (1)
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Here D and D? denote respectively the gradient and the Hessian with respect to the space
variables. We assume that the terms in the equation are periodic in z, with the same period.
The matrix field A is uniformly elliptic and the nonlinearity f(x,t,-) vanishes at 0 and 1.
The steady states 0 and 1 are respectively unstable and stable.

When the coefficients do not depend on (z,t), equation () becomes a classical homo-
geneous monostable reaction-diffusion equation. The pioneering works on such equations
are due to Kolmogorov, Petrovski and Piskunov [12] and Fisher [II] in the 30’s, when
f(u) = uw(l —w). They investigated the existence of travelling wave solutions, that is,
solutions of the form wu(z,t) = ¢(z - e — ct), with ¢(—o0) = 1, ¢(+00) = 0, ¢ > 0. The
quantity ¢ € R is the speed of the wave and e € S¥~! is its direction. Kolmogorov, Petrovski
and Piskunov [12] proved that when A = Iy, ¢ = 0 and f = u(1—u), there exists ¢* > 0 such
that (II) admits travelling waves of speed ¢ if and only if ¢ > ¢*. This property was extended
to more general monostable nonlinearities by Aronson and Weinberger [2]. The properties
(uniqueness, stability, attractivity, decay at infinity) of these waves have been extensively
studied since then.

An increasing attention has been paid to heterogeneous reaction-diffusion since the 2000’s.
In particular, the existence of appropriate generalizations of travelling waves solutions has
been proved for various classes of heterogeneities such as shear [9], time periodic [I], space
periodic [3] [7, 29], space-time periodic [20), [16], time almost periodic [24] and time uniquely
ergodic [26] ones, under several types of hypotheses on the nonlinearity. Now, the topical
question is to understand whether reaction-diffusion equations with general heterogeneous
coefficients admit wave-like solutions or not. A generalization of the notion of travelling
waves has been given by Berestycki and Hamel [4] [5].

Definition 1.1. [4, 5] A generalized transition wave (in the direction e € SV~1) is a positive
time-global solution w of ([IJ) such that there exists a function ¢ € L*(R) satisfying

lim u(az + e/ot c(s)ds,t) =1, lim u(:v + e/ot c(s)ds,t) =0, (2)

T-e——00 T-e—+400

uniformly with respect to t € R [. The function c is called the speed of the generalized
transition wave u, and ¢(x,t) == u(z + e f(f c(s)ds,t) is the associated profile.

The profile of a generalized transition wave satisfies

lim ¢(z,t) =1, lim ¢(z,t) =0, uniformly with respect to t € R.

T-e——00 x-e——+400

It is clear that any perturbation of ¢ obtained by adding a function with bounded integral is
still a speed of u, with a different profile. Reciprocally, if ¢ is another speed associated with

! For a given function g = g(x,t), the condition lim,.. ,+00 g(z,t) = [ uniformly with respect to t € R
means that

lim sup g(z,t) =1 =0.
T+ ty.e>r, teR | ( ) |



u, then it is easy to check that ¢ — fg (¢ — ¢) is bounded. Obviously, all the notions of waves
used previously when the coefficients belong to particular classes of heterogeneities can be
viewed as transition waves.

The existence of such waves have been proved for one-dimensional space heterogeneous
reaction-diffusion with ignition-type nonlinearities (that is, f(x,u) = 0if u € [0,0)U{1} and
f(z,u) > 0if u € (0,1)) in parallel ways by Nolen and Ryzhik [2I] and Mellet, Roquejoffre
and Sire [15], and their stability was proved in [I4]. For space heterogeneous monostable
nonlinearities, when f(z,u) > 0 when u € (0,1) and f(2,0) = f(z,1) = 0, transition
waves might not exist [19] in general. Let mention that this justified the introduction of the
alternative notion of critical travelling wave by the first author in [17] for one-dimensional
equations. Some existence results have also been obtained by Zlatos for partially periodic
multi-dimensional equations of ignition-type [30].

When the coefficients only depend on ¢ in a general way, the existence of transition waves
was first proved by Shen for bistable nonlinearities [25] (that is, nonlinearities vanishing at
u =0 and u = 1 but negative near these two equilibria) and for monostable equations with
time uniquely ergodic coefficients [26]. The case of general time heterogeneous monostable
equations was investigated by the two authors in [I8]. As observed in [I8], the notions of
least and upper mean play a crucial role in such frameworks.

Definition 1.2. The least mean (resp. the upper mean) over R of a function g € L*(R) is
given by

1 t+T 1 t+T
lg] ;== lim inf—/ g(s)ds, <resp. [g] :== lim sup—/ g(s)ds).
t T t

T—+oo teR T’ T—400 R

As shown in Proposition 3.1 of [I8], the definitions of |g|, [¢g] do not change if one
replaces limp_, o, with sup;., and infyo respectively in the above expressions; this shows
that | g, [g] are well defined for any g € L>*(R). Notice that g admits a uniform mean (g),
that is (g) := limr4e0 7 ftt+T g(s)ds exists uniformly with respect to ¢ € R, if and only if
lg] = [g] = (g9). This is the case in particular when the coefficients are uniquely ergodic.

Note that if ¢ and ¢ are two speeds associated with the same wave u, then ¢ — ¢ has a
bounded integral and thus |[c| = |¢].

The two authors proved in [I§] that when A = Iy, ¢ = 0 and f only depends on (¢, u)
and is concave and positive with respect to u € (0, 1), there exists a speed ¢, > 0 such that
for all v > ¢, and |e|] = 1, equation (1l admits a generalized transition wave with speed
¢ = ¢(t) in the direction e such that |c| = 7, while no such waves exist when v < c,.

When the coefficients not only depend on ¢ in a general way but also on x periodically,
some of the above results have been extended. Assuming in addition that the coefficients
are uniquely ergodic and recurrent with respect to ¢ and that A = Iy, Shen [28] proved the
existence of a speed ¢, such that for all v > c,, there exists a generalized transition waves
for monostable equations with speed ¢

The case of space periodic and time general monostable equations was first studied by
the second author and Ryzhik [23], under the additional assumption that the dependences
in ¢ and = are separated, in the sense that A and ¢ only depend on z, periodically, while f



only depends on (¢,u). They proved both the existence of generalized transition waves of
speed ¢ such that |¢| > ¢, and the non-existence of such waves with |¢| < ¢,. Moreover,
they provided a more general non-existence result, without assuming that the dependence
on x of A and ¢ is periodic.

The aim of the present paper is to consider the general case of coefficients depending on
both z and t. As in [23], we assume the periodicity in z only for the existence result.

2 Hypotheses and results

2.1 Statement of the main results

Throughout the paper, the terms in (I]) will always be assumed to satisfy the following
(classical) regularity hypotheses:

(3)

A is symmetric, uniformly continuous,
J0<a<a, V(rt)eRNTL ol <A(z,t) <al,

q is bounded and uniformly continuous on R, (4)

{f is a Caratheodory function on RY¥*! x [0, 1], (5)

36 >0, f(z,t,-) € Wheo([0,1]) N C*([0,6)), uniformly in (x,t) € RNV*+L

The assumption that ¢ is uniformly continuous is a technical hypothesis used in the proofs
to pass to the limit in sequences of translations of the equation. It could be replaced by
divg = 0. We further assume that f is of monostable type, 0 being the unstable equilibrium
and 1 being the stable one. Namely,

Y(z,t) € RN f(x,t,0) =0, (6)
V(x,t) e RV f(2,t,1) =0, (7)
Vu € (0,1), (x,t)iélRfNH f(z,t,u) > 0. (8)

In order to derive the existence result, we need some additional hypotheses. The first one is
the standard KPP condition:

V(z,t) e RN we[0,1], fla,t,u) < p(z, t)u, 9)
where, here and in the sequel, @ denotes the function defined as follows:
pu(x,t) == 0, f(x,t,0).
Conditions (§), (@) imply that inf 4 > 0. The second condition is

3C >0, 5,r€(0,1], Ve eRY teR, ue(0,6), f(zx,t,u)> pu(z,t)u—Cu'™. (10)



Note that a sufficient condition for (IQ) to hold is f(z,t,-) € C*™([0,4]), uniformly with
respect to x,t. The last condition for the existence result is

A= (ly,...,ly) € Rf, VteR, ue (0,1), A, q, f arel-periodic in z, (11)
where a function g is said to be [-periodic in x if it satisfies
Vi€ {l,...,N}, Vo e RN, g(x +le;) = g(w),

(e1,...,en) being the canonical basis of RY.

When we say that a function is a (sub, super) solution of () we always mean that it
is between 0 and 1. We deal with strong solutions whose derivatives 0;, D, D? belong to
some LP(RN*T1) p € (1,00). Many of our statements and equations, such as (), are under-
stood to hold a.e., even if we omit to specify it, and inf, sup are used in place of essinf, esssup.

The main results of this paper consist in a sufficient and a necessary conditions for the
existence of generalized transition waves, expressed in terms of their speeds.

Theorem 2.1. Under the assumptions @)-(), for all e € S¥~1, there exists ¢, € R such
that for every v > c,, there is a generalized transition wave in the direction e with a speed ¢
such that |c| = .

The minimal speed ¢, we construct is explicitly given by (29), (34) and (37). A natural
question is to determine whether our construction gives an optimal speed or not, that is,
do generalized transition waves with speed ¢ such that |¢] < ¢, exist? One naturally starts
with checking if our ¢, coincides with the optimal speed known to exist in some particular
cases, such as space-time periodic or space independent. In Section we show that this is
the case. The answer in the general, non space-periodic, case is only partial. It is contained
in the next theorem, where, however, we can relax the monostability hypotheses (])-(@) by

Lieng ul(z, -)J >0, (12)

and we can drop (@), (I0) as well as ([Il). We actually need an extra regularity assumption
on A:

A is uniformly Hélder-continuous in x, uniformly with respect to t. (13)

This ensures the validity of some a priori Lipschitz estimates quoted from [22], that will be
needed in the sequel. It is not clear to us if such estimates hold without (I3]).

Theorem 2.2. Under the assumptions B)-@), (2)-@3), for all e € SN7, there exists
c* € R such that if c is the speed of a generalized transition wave in the direction e then
lc] > c*.

We point out that no spatial-periodicity condition is assumed in the previous statement.
In order to prove Theorem 2.2l we derive a characterization of the least mean - Proposition [4.]]

below - that we believe being of independent interest. The definition of ¢* is given in Section
4l Of course, ¢* < ¢, if the hypotheses of both Theorems 2.1l and are fulfilled. We do not



know if, in general, ¢, = ¢*, that is, if the speed c, is minimal, in the sense that there does not
exist any wave with a speed having a smaller least mean. When the coefficients are periodic
in space and time or only depend on time, we could identify the speed ¢, more explicitly
(see Section 23] below). Indeed, we recover in these frameworks some characterizations of
the speeds identified in earlier papers [16, [I8] 23], which were proved to be minimal. In the
general framework, we leave this question open.

Finally, we leave as an open problem the case |c| = c,, for which we believe that gener-
alized transition waves still exist.

2.2 Optimality of the monostability assumption

The assumption () implies that 0 and 1 are respectively unstable and stable. Let us discuss
the meaning and the optimality of this hypothesis, which might seem strong. Actually, as
we do not make any additional assumption on the coefficients, we can consider much more
general asymptotic states p_ = p_(z,t) < p» = py(z,t) in place of 0 and 1, and try to
construct generalized transition waves v connecting p_ to p,. Indeed, if pL are solutions to
(@), with p, — p_ bounded and having positive infimum, then the change of variables

() = p_(x,t)
u(z, 1) = pi(z,t) — p_(2,t)

leads to an equation of the same form, with reaction term

f(x’t u) = flz,t,upy + (1 —w)p_) —uf(x,t,py) — (1 —u) f(z, t,p,).
P+ —D-

The new equation admits the steady states 0 and 1. Moreover, assuming that v — f(z,t,u)
is strictly concave, then f satisfies conditions (), (@), the latter following from the inequality

Vu € <07 1)7 u(er _p*>auf<x7 f},p,) > f(l’,t, up4 + (1 - u)p,) - f(l’,t,p,).

This shows that, somehow, the concavity hypothesis of the nonlinearity with respect to u is
stronger, up to some change of variables, than the positivity hypothesis of the nonlinearity.
Let us illustrate the above procedure with an explicit example where p_ = 0. Consider

the equation
o =Av+plx, th—v?, zeRY, teR, (14)

with p periodic in x, bounded and such that inf 4 > 0. The later condition implies that the
solution 0 is linearly unstable (actually, it can be relaxed by (IZ), see the discussion below).
Then one can check that there is a time-global solution p = p(x,t) which is bounded, has a
positive infimum and is periodic in x. Let u := v/p. This function satisfies

\%
Oyu = Au + 2L vy + p(z, Hu(l — u),
p
which is an equation of the form (II) for which (@))-(II) hold, at least if, for instance, u is

uniformly Hoélder-continuous, since then Vp is bounded by Schauder’s parabolic estimates,
and infp > 0.



Following this example, one can wonder whether (8] is an optimal condition (up to some
change of variables) for the existence of transition waves. It is well-known that other classes
of nonlinearities, such as bistable or ignition ones, could still give rise to transition waves
(see for instance [3]). Thus, this question only makes sense if one reduces to the class of
nonlinearities which are monostable, in a sense. Let us assume that f satisfies (@), (7)) and
that 0 is linearly unstable, in the weak sense that (I2]) holds. Then, using the properties
of the least mean derived in [I8], one can construct arbitrarily small subsolutions u = u(t)
and thus, as 1 is a positive solution, there exists a minimal solution p of (Il) in the class of
bounded solutions with positive infimum. One could then check that our proof still works
and gives rise to generalized transition waves connecting 0 to p. Indeed, condition (8] only
ensures that p = 1. As a conclusion, the positivity hypothesis (§) is not optimal: one could
replace it by (I2) but then the generalized transition waves we construct connect 0 to the
minimal time-global solution, which might not be 1.

Since for the existence of positive solutions it is sufficient to require (I2) rather than
inf 4 > 0, one may argue that, in order to guarantee that 1 is the minimal time-global
solution with positive infimum, hypothesis (8) could be relaxed by

Vu € (0,1), Lmin f(z, ,u)J > 0. (15)
TERN
This is not true, as shown by the following example. Let p € C*(R) be a strictly decreasing
function such that p(+oo) € (0,1). Let f satisfy f(¢,p(t)) = p/(t). It is clear that f can be
extended in such a way that (IH) holds; however p is a time-global solution of dyu = f(t,u)
with positive infimum which is smaller than 1.
Finally, if 0 is linearly stable, in the sense that

{sup p(z, )-‘ <0 (16)
z€RN

holds, and () is satisfied, then there do not exist generalized transition waves at all, and,
more generally, solutions to the Cauchy problem with bounded initial data converge uni-
formly to 0 as t — oo. Indeed, as an easy application of the property of the least (and
upper) mean (B9), one can construct a supersolution 7 = ¢’®~% for some o € WH*(R)
and € > 0. The convergence to 0 of bounded solutions then follows from the comparison
principle.

2.3 Description of the method and application to particular cases

The starting point of the construction of generalized transition waves consists in finding an
explicit expression for the speed. This is not a trivial task in the case of mixed space-time
dependence considered in this paper. We achieve it by an heuristic argument, that we now
illustrate.

Suppose that u is a generalized transition wave in a direction e € SV~1. Its tail at large
x - e is close from being a solution of the linearized equation around 0:

O — Tr(A(z,t)D*u) + q(x,t) - Du = pu(z, t)u. (17)

7



It is natural to expect the tail of u to decays exponentially. Thus, since the equation is
spatially periodic, we look for (the tail of) u under the form

—Az-e

u(z,t) =e na(z,t),  with n positive and [-periodic in z. (18)

Rewriting this expression as

(@, t) = exp (—A (x e ilnm(x,t))) ,

shows that the speed of u, namely, a function ¢ for which (2)) holds, should satisfy

t 1
/ c(s)ds — X lnn)\(x,t)’ <,
0

for some C independent of (z,t) € RY x R. Clearly, this can hold true only if the ratio
between maximum and minimum of 7,(+, ¢) is bounded uniformly on ¢. This property follows
from a Harnack-type inequality, Lemma [3.1] below, which is the keystone of our proof and
actually the only step where the periodicity in z really plays a role. It would be then natural
to define ¢(t) := + < In [|nr(-, ¢)||(r). The problem is that we do not know if this function is
bounded, since it is not clear whether 9;ny € L>®°(RN*1) or not. We overcome this difficulty
by showing that there exists a Lipschitz continuous function Sy such that

1
36>0, VEeR, |S\(t) = ynfm(t)llromm| < B. (19)

We deduce that the function ¢ defined (almost everywhere) by ¢ := S} is bounded and it is an
admissible speed for the wave u. The method described above provides, for any given A > 0,
a wave with speed ¢ = ¢, for the linearized equation which decays with exponential rate .
It is known -for instance in the case of constant coefficients- that only decaying rates which
are “not too fast” are admissible for waves of the nonlinear reaction-diffusion equation. In
Section [3.3] we identify a threshold rate A,. In the following section we construct generalized
transition waves for any A < \,, recovering with the least mean of their speeds the whole
interval ([cy,|,+00). We do not know if the critical speed ¢, := |c,, | is optimal, nor if
an optimal speed does exist. However, we show below that this is the case if one applies
the above procedure to some particular classes of heterogeneities already investigated in the
literature.

In the case where the coefficients are periodic in time too, the class of admissible
speeds has been characterized by the first author in [16] (see also [6]). Following the
method described above, we see that an entire solution of (I7)) in the form (I8]) is given
by ma(z,t) = e* M, (z,t), where (k()), ¢)) are the principal eigenelements of the problen?

Orox — Tr(AD?py) + (q + 2AAe) Dy — (1 + N2eAe + Mg - e)ox + k(A oy = 0 in RY x R,
px >0,
©, is periodic in ¢ and .

(20)

2 The properties of these eigenelements, which are unique (up to a multiplicative constant in the case of
) are described in [16] for instance.



Actually, the uniqueness up to a multiplicative constant of solutions of (IT7) in the form (IS,
provided by Lemma B (proved without assuming the time-periodicity), implies that 7, has
necessarily this form. Thus, Sy(¢) := @t satisfies ([[9), whence the speed of the wave for the
linearized equation with decaying rate A is ¢y = k(A)/A. Since the ¢, are constant (and then
they have uniform mean), it turns out that the threshold A\, we obtain for the decaying rates
coincides with the minimum point of A — ¢, (see Remark [Il below). We eventually derive
the existence of a generalized transition wave for any speed larger than c, := minyso k(A)/A,
which is exactly the sharp critical speed for pulsating travelling fronts obtained in [16]. To
sum up, our construction of the minimal speed c, is optimal in the space-time periodic
framework. On the other hand, the definition of ¢* in Section (] below could also easily be
identified to this speed and thus Theorem implies that there do not exist generalized
transition waves with a speed ¢ such that |¢] < miny~qk(\)/\. We therefore recover also
the non-existence result for pulsating travelling fronts. Only the existence of fronts with
critical speed is not recovered.

In the case investigated by the authors in [I8], namely, when A = Iy, ¢ = 0 and f does
not depend on z, one can easily check that ny(t) = el #®)ds+X3  Ag a function S, we can
simply take +1n ||[nz(-, ¢)|| pe@y) = + [y 1(s)ds + At, which is Lipschitz continuous. Whence
ex(t) ==+ @ is a speed of a wave with decaying rate A. In this case the critical decaying

rate A\, is equal to \/m (see again Remark [I) and thus we have ¢, = ZM . This is the
same speed ¢, as in [I8], which was proved to be minimal.

Under the assumptions made by Ryzhik and the second author in [23], that is, A and ¢
only depend on z (periodically) and f only depend on (t,u), the speeds ¢, derived in the
present paper and in [23] coincide, and thus it is minimal, in the sense that there do not
exist any generalized transition wave with a lower speed.

When A = Iy and ¢, f are periodic in x and uniquely ergodic in ¢, then one can prove
that the same holds true for the function d;n,/n, by uniqueness, and thus « |c,] could be
identified with the Lyapounov exponent A(«, §) used by Shen in [28], where ¢ is the direction
of propagation. We thus recover the same speed c, as in [2§] in this framework, which was
not proved to be minimal since Shen did not investigate the nonexistence of transition waves
with lower speed in [28]. Note that this identification is not completely obvious. However, as
the formalism of the present paper and [28] are very different, we leave these computations
to the reader.

Lastly, let consider the following example, where one could indeed construct directly the
generalized transition waves:

0w — Opzt — q(t)0pu = pou(l — u), (21)

with ¢ bounded and uniformly continuous and pg > 0. This equation satisfies assumptions
@B)-(12)). The change of variables v(x,t) := u(x — fot q,t) leads to the classical homogeneous
Fisher-KPP equation 0,v —0,,v = pov(1—wv). This equation admits travelling wave solutions
of the form v(z,t) = ¢c(x — ct), with ¢.(—00) = 1 and ¢.(+o0) = 0, for all ¢ > 2,/p.
Hence, equation (2I)) admits generalized transition waves u(x,t) = ¢.(z — ct + fot q,t) of
speed ¢ — ¢(t) if and only if ¢ > 2,/p9. That is, the set of least mean of admissible speeds is

9



[24/10 — [q] , +00). Computing ¢, in this case, one easily gets

m=m(t) = A a(s)dstpot () =A—q(t)+ /X and ¢, =2y/uo — [q].

One could check that ¢* coincides with this value too, meaning that Theorems 2.1l and
fully characterize the possible least means for admissible speeds, except for the critical one.

3 Existence result

Throughout this section, we fix e € SV~ and we assume that conditions (B])-(II]) hold.
Actually, condition (§]) could be weakened by (I2]), except for the arguments in the very
last part of the proof in Section [3.4l As already mentioned in Section 2.2 these arguments
could be easily adapted to the case where (§)) is replaced by (I2)), leading to transition waves
connecting 0 to the minimal solution with positive infimum.

3.1 Solving the linearized equation

We focus on solutions with prescribed spatial exponential decay.

Lemma 3.1. For all A > 0, the equation (I7)) admits a time-global solution of the form (I8]).
Moreover, ny is unique up to a multiplicative constant and satisfies, for allt € R, T > 0,

t+T
max ) (x,t +T) < max n(x,t) exp ((a/\ + sup |q|))\T+/ max pu(z, s)ds) . (22)
zeRN zeRN ¢ zeRN

RN‘H

t+T

min ny(z,t +7T) > C max ny(z,t) exp ((g)\ — sup |¢))AT —i—/ min p(x, s)ds) , (23)
zeRN zeRN RN+1 ¢ RN

with C' > 0 only depending on a constant bounding ||, |l|, ™', @, N and the L™ norms of

1 and q.

The function (z,t) — e **°ny(z,t) is a solution of the linearization of () near the
unstable equilibrium. We will show in the next section that it is somehow a transition
wave solution of the linearized equation, in the sense that it moves in the direction e with
a certain speed. Due to hypothesis (@), we could use it as a supersolution of the nonlinear
equation. Then, in Section B.3] in order to construct an appropriate subsolution, we will
need to restrict to exponents A less than some threshold \,. We will eventually derive the
existence of transition waves in Section [3.4]

As mentioned in Section 2.3 Lemma [B.1] is the only point where the spatial periodicity
hypothesis (1)) is used. If the coefficients were depending in a general way on both x and ¢
and if one was able to construct a solution 7, of equation (25) for which there exists C' > 0
such that for all T > 0, (z,t) € R¥*! one has:

1 _
Sl Olleeme™ " <m(e,t+T) < Cllna( )z @n)e, (24)

10



then the forthcoming other steps of the proof still apply and it is possible to construct a
generalized transition wave solution of the nonlinear equation (). We describe this exten-
sion in Section below. It would be very useful to determine optimal conditions on the
coefficients enabling the derivation of a global Harnack-type inequality (24)) for the linearized
equation. We leave this question as an open problem.

Proof of Lemma[31. The problem for 7, is
Oy = Tr(AD? ) — (g +2XAe) - Dy + (u+ AN2eAe+Ag-e)ny, xRN, tc R, (25)

We find a positive, [-periodic solution to (25]) as the locally uniform limit of (a subsequence
of ) solutions n™ of the problem in RY x (—n, +00), with initial datum n"(—n, -) = m,,, where
my, is a positive constant chosen in such a way that, say, sup,cp~ 7"(0, ) = 1.

Let us show that any [-periodic solution 7, to (23] satisfies (22)) and (23). For given
to € R, the function

max 1y (x, ty) exp ((oz)\ + sup |g|A)(t — to) / max ju(z, s) s)
xRN rERN

RN+1

is a supersolution of (28] larger than 7, at time ty. Since 7, is bounded, we can apply the
parabolic comparison principle and derive (22)). Let C denote the periodicity cell H;VZI[O, L.
By parabolic Harnack’s inequality (see, e.g., Corollary 7.42 in [13]), we have that

Vit € R, mag('r],\(:c,t —-1)< C’mi(rzl m(z, t), (26)
TE €
for some C' > 0 depending on a constant bounding |\, ||, a~!, @, N and the L* norms of

1 and ¢, and not on t. On the other hand, the comparison prmmple yields, for T" > 0,

t+T
min ny(x,t +7T) > min ny(x,t) exp ((QAZ — sup |¢|\)T —i—/ min p(z, s)ds) :
RN z€RN RN+1 ¢ z€RN

Combining this inequality with (26) we eventually derive

t+T
min (2, t +T) > C ' maxny(x,t — 1) exp ((g)\Z — sup |q|)\)T+/ min ,u(:p,s)ds) ,
t z€R

zeRN zeRN RN+1

from which (23]) follows by (22]).

It remains to prove the uniqueness result. Assume that (I7]) admits two positive, I-
periodic in x solutions 7', 7% As shown before, we know that they both satisfy ([22) and
([23). We first claim that there exists K > 1 such that

VteR, v € RY, K 'n%(x,t) <n'(x,t) < Kn’(x,t). (27)

Let h > 0 be such that nt < hnp? at t = 0. It follows that, for ¢ < 0,
min, gy 7' (z,t) < hmax,crn n%(z,t), because otherwise the parabolic strong maximum

11



principle would imply n' > hn? at t = 0. Whence, applying (23) with 7" = 0 to both n' and
n?, we find a positive constant K such that

Vt <0, maxn'(z,t) <K min n’(z,t).

’ xeR)I\%TI(’)_ a:eRNn<’)

This proves the second inequality in (27), for ¢ < 0, whence for all ¢ € R by the maximum
principle. The first inequality, with a possibly larger K, is obtained by exchanging the roles
of n! and n?. Now, call

1
t

k := lim sup max n(z, )
t—s—o0 eRN 1%(x,1)

We know from (27)) that k € [K~!, K]. Consider a sequence (t,)nen such that

1
n

lim ¢, = —o0, lim max M =k.

n—00 n—00 xRN 7]2 (.T, f}n)

Define the sequences of functions (n}),en, (72)nen as follows:

n'(z,t +t,)

vie{l,2}, neN, n(xt):= max, gy (Y, tn)
ye o

We deduce from ([22) and (23) that the (nl),en are uniformly bounded from above and
uniformly bounded from below away from 0 in, say, RY x [~2, 2]. The same is true for (n?),ex
by 7). Thus, by parabolic estimates and periodicity in x, the sequences (1.)n, (9n’)n,
(Dn),, and (D?n?,),, converge, up to subsequences, in L (RN*!). Morrey’s inequality yields
that the sequences (n!), and (n?), converge locally uniformly to some functions 7' and 7
respectively.

Call A4, := A(-,- +tn), gn == q(-,- + tn), pn == p(-,- +tn). As A and ¢ are uniformly
continuous, (A,), and (g,), converge (up to subsequences) to some functions A and § in
L2 (RVTY) | whereas (u,), converges to some ji in the L>®(RYT!) weak-x topology. Hence,

loc ’
passing to the weak L7 (RN*!) limit in the equations satisfied by the (7} )nen, we get

O = Tr(AD*7) — (G + 20\ Ae) D' + (ji+ N2ede + \j-e)ii', zeRY, teR.

Clearly, these equations hold almost everywhere because all the terms are measurable func-
tions. That is, the 7' are strong solutions. Moreover,
7'(z,0)

i< ki LRSI
R N A0

The strong maximum principle then yields 77! = k2. As a consequence, for any € > 0, we
can find n. € N such that, for n > n., (k—¢e)n? < n! < (k+e)n? at t = 0. These inequalities
hold for all ¢ > 0, again by the maximum principle. Reverting to the original functions we

obtain (k —e)n* < n' < (k+e¢e)n? for t > t, and n > n., from which, letting n — oo and
e — 07, we eventually infer that ' = kn? for all t € R. O

12



In the particular case T' = 0, the inequality (23) reads

min Ny (z,t) > C max n,(x,t). (28)

xRN z€RN

Notice that, in contrast with standard parabolic Harnack’s inequality, the two sides are
evaluated at the same time. This particular instance of (23) will be sometimes used in the
sequel.

Until the end of the proof of Theorem 2.1 for A > 0, 1, stands for the (unique up to a
multiplicative constant) function given by Lemma Bl

3.2 The speeds of the waves
Lemma 3.2. There is a uniformly Lipschitz-continuous function Sy : R — R satisfying (I9]).

Proof. Properties (22)-(23) yield the existence of a constant § > 0 such that
VEeR, T>0, [Infm(,t+T)|re@yy —InlInn(, )| ie@y| < B1+N)T.
For all n € N, we define Sy on [n,n + 1] as the affine function satisfying
1 1
Sa(n) = TG n)llze@y),  Sx(n+1) = Snflna(,n+ 1l e@my).

Then for all t € (n,n + 1),

1 1 14+ A2
S50 = |3 s+ Dllwiemy = 5 I mllmeom | < 5252

Hence, Sy is uniformly Lipschitz-continuous over R. Moreover, if ¢ € [n,n + 1], one has

1
< |Sa(t) — Sa(n)| + X‘ In f|a(, 8) || ooy — In[ma(, )| poo () |

14+ 22

1
SA(8) = S fIma (s ) e )

<28

Hence, ¢t — S\(t) — 5+ In |[nx(+,¢)|| g @) is uniformly bounded over R. O

Owing to Lemma B.2] the function ¢, defined for (a.e.) t € R by
ex(t) == S4(), (29)

belongs to L>°(R). We will use it as a possible speed for a transition wave to be constructed.

Let us investigate the properties of the least mean of the (cy)xso. It follows from (I9)

that "
! 1 A4 T) e
lex] = = lim inf =In 7 1Y (RN)
T—+ooteR T’ HnA(.7t)|’LOO(RN)

(30)
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Hence, by (22]) and (23]), we derive

1 . _ 1
gA—HS}VJR lal + iy p(a, )| < lea] < O‘AJFHSER lal + 5 | max ple, ) (31)

Analogous bounds hold for the upper mean:

1 . _ 1
gA—HS}VJR lal + 5 | min p(z, )| < el < O‘AJFHSER ol + 5 | max p(z, )| (32)

We have seen in Section that, when the coefficients are periodic in ¢, one can take
Sx(t) := (k(X)/A)t, whence ¢y = k(X)/A. Tt follows that Acy = k()A), and we know from
the arguments in the proof of Proposition 5.7 part (iii) in [3] that the function k is convex.
In the general heterogeneous framework considered in the present paper, we use the same
arguments as in [3] to derive the Lipschitz continuity of the function A — X |cy]. If the
functions ¢, admit a uniform mean then these arguments actually imply that A — A |cy] is
convex, but we do not know if this is true in general.

Lemma 3.3. The functions A — |cx| and XA — [cy] are locally uniformly Lipschitz contin-
uous on (0, 400).

Proof. Fix A > 0 and —A < Ay < A. Let A\; be such that |\ — Ao| = 2A. For j =0, 1, the
function v;(z,t) := e~ "y, (x,t) satisfies (7). Hence, setting v; = "7, we find that

dww; — Tr(AD*w;) + q - Dw; = p+ Tr(ADw; ® Dw;), =z €RY, teR.
For 7 € (0,1), the function w := (1 — 7)wy + 7w, satisfies, for x € RN, t € R,

ow — Tr(AD*w) +q- Dw = p + Tr (A((l — 7)Dwy ® Dwy + 1Dwy ® le))
>+ Tr(ADw ® Dw).
As a consequence, e is a supersolution of ([I7) and then, since

€w(x’t) _ e—((177—))\0+T)\1):1:-677}\;7—(aj7 t)rn;:l (.ZL’, t),

the function 7}, "7}, is a supersolution of [25) with A = A\, := (1 — 7)A¢ + 7A;. We can
therefore apply the comparison principle between this function and 7, and derive, for ¢ € R,
T >0,

In, (ot 4 D)y _ lImag ™05, ot + T)llpoeey

HTD\T ('7 t) HL‘X’(RN) - minmeRN 77;0_”7;1 (l‘, t)

1-7 T
< <HTIA0('7 t+ T)HL°°(]RN)) (H'fhl(" t+ T)”LOO(RN))

mingern 1, (T, t) mingegn My, (7, 1)

Whence, using the inequality (28)) for 1, and 7,, (with the same C' depending on A), we
obtain

1—7 T
”7})\7_<.7t+T)”Loo(RN) < Cil (H’]?)\O(’t‘i‘T)”Loo(RN)) (”n)\1<,t+T)”LOO(RN)) (33)
Ia, G Ol poemry  — 1720 (5 )] oo )y 177 (5 )| oo vy
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Consider the function I' defined by I'(\) := A |¢,]. It follows from (B0) and (33)) that

||77>\0('7 t+ T)HLOO(]RN) . ||n)\1('7 t+ T)HLOO(RN))
1750 (5 ) || oo 770 (5 )| oo (m)

1
I'(A\;) < lim inf — ((1 —7)In

T To+4ooteR T

If the (c))x>o0 admit uniform mean, the above inequality and (B0) imply that I' is convex.
Otherwise, we can only infer that

CA) < (1 =7)T(Ng) +TA[en |-
We have therefore shown that
Vr e (0,1), T'(A\)—=T(N\o) <7(Mer ] — Aolern )
Thus, by (31 and ([B2) there exists a constant K > 0, depending on A, ¢, p, such that
vr e (0,1), T(\) —T(N) < K(A*+1)T.

This proves the Lipschitz continuity of T' on [—A, A], because |\, — Ag| = 2A7, concluding
the proof of the lemma.
The same arguments lead to the local Lipschitz continuity of A — [cy].

O
3.3 Definition of the critical speed
In order to define the critical speed c,, we introduce the following set:
A={A>0:3k>0 VO<k<Ek, [cx—crex] >0} (34)

Lemma 3.4. There exists A« > 0 such that A = (0, \,). Moreover, the function A — |cy] is
decreasing on A.

Proof. Fix X\, A1 > 0. For 7 € (0,1), we set A\, := (1 — 7)Ao + 7A;. Taking the In in (33,
and recalling that ¢y = S} with S) satisfying (I9) yields

t+T
/ [(1—7)Aocr, + TA1CA, — Aren.| > InC — 4N 5.
t
Whence,
t+T t+T
)\T/ (Crg —Cr,) > 7')\1/ (Crg —Cry) +InC — 4N 5.
t t

Dividing both sides by T, taking the inf on ¢ € R and then the lim as T — 400, we derive
A

vr € (0,1), [ex,—on] = T)\—l Lexo — en] - (35)
If, instead, we divide by —T', we get
A
VT €(0,1), [exn, —on] < T)\—l Loa = ex - (36)

T

15



Analogous estimates hold of course for the upper mean. The characterization of A follows
from these inequalities, by suitable choices of A\g, A\; and 7. We prove it in four steps.

Step 1. A # (.
The first inequality in (B1]), together with (I2), yield

Jim Lex ) 2 i o] = ] = 4o

There exists then 0 < A < 1 such that [¢y — ¢;] > 0. Applying (B5) with \g = A\, A\ = 1, we
eventually infer that [cy — cyx| > 0, for all 0 < k < 1 — A, that is, A € A.

Step 2. A is bounded from above.
By (B1)) we obtain

i la - el <lal -l lo) = oo

There exists then X' > 1 such that, for A > X, |¢; — ¢y] < 0. Hence, for k& > 0, applying
@B6) with \g =A+k, Ay =1and 7 =k/(k+ XA — 1), we derive

k

m LCI — C)\JrkJ < 0.

lex — eagr) <

Namely, A ¢ A and thus A is bounded from above by X
Step 3. If X\ € A then (0,\] C A.
Let 0 < X < X and k > 0. Using first (B5) and then (B€) we get

k Ak A+EN A
lex — evgr) > <k+)\—)\’) (X+k) lex — k] = (m) v Lex — eapl -

Thus, A\ € A implies X € A.
Step 4. sup A ¢ A.
Let \* := supA and k&
LC)\*—i—l/n — CA*+1/n+knJ <

by (B33,

kn A+ k
0> LCA*+1/n - C)\*+1/n+knJ > (/{3 — 1/71) ()\* T l/n I k‘n) LCA*-H/n — C)\*—I—kJ .

Whence,

> 0. For all n € N, there exists 0 < k, < 1/n such that
0. For n large enough, we have that 1/n + k, < k and then,

Lexs — exir) < lexgam — ovgn] + [o — exqam | < [exs — exegaym] -
Using the the analogue of ([36]) for the upper mean, we can control the latter term as follows:

1/n 1/n
[ex — eargiyn] < >\*+2/n [ex2 = expyn] < )\*+/72/n (Texs2] = [ex-siym])

which goes to 0 as n — oo (recall that A — |c, | is continuous by Lemma [3.3)). We eventually
infer that [cy« — cxqx| <0, that is, \* ¢ A.

It remains to show that A — [c,] is decreasing on A. Assume by contradiction that
there are 0 < A\ < A2 < A* such that [cy\, ] < |ey,]. The function A — |cy], being
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continuous, attains its minimum on [A;, Ao} at some A. Since [cy, ]| < |¢y, ], we can assume
that A € [A;,A2). The definition of A implies that there exists A € (A, A2) such that
lex — ex ] > 0. Whence

Lex] < lex] +exv —enl = len] = lex —en] < [ea].
This is impossible. ]

We are now in position to define the critical speed c,:

Cy 1= LCA*J s (37)
where ), is given in Lemma B.4]

Remark 1. When the terms in ({Il) are periodic in time, resuming from Section 2.3], we know
that the speeds (cy)aso are constant and satisfy ¢y = k(\)/A, where k(\) is the principal
eigenvalue of problem (20). Hence,

RN kOt 5)
LCA _C)\+KJ - \ - P .

As A — k()) is strictly convex (see [16]) and, by (31,

lim ——= = +o0, lim k(A\) = lim Acy, > {min w(x, )J > 0,

A—foo A A—0+ A—0t xeRN

straightforward convexity arguments yield that A, given by Lemma [B.4 is the unique min-
imizer of A — k(A)/A. Therefore, ¢, = miny~gk(A)/A, which is known to be the minimal
speed for pulsating travelling fronts (see [16]).

3.4 Construction of a subsolution and conclusion of the proof

In order to prove Theorem 21, we introduce a family of functions (¢,)x~o which play the
role of the spatial periodic principal eigenfunctions in the time-independent case. For A > 0,
let 75 be the function given by Lemma B.I}, normalized by [|nx(+, 0)|| pec(mry = 1. We define

e~ M)

or(x,t) = m(z,t).

By ([[9) and (28)), there exist two positive constants C, § such that
Ve eRY, teR, O, <oa(z,t) <eM. (38)

We will make use of the following key property of the least mean, provided by Lemma 3.2
of [18]:

Vge L*(R), [g]= sup inf(o'+g)(D). (39)
ceW Lo (R) teR
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Proof of Theorem[21. Fix v > c,. Since the function A — |c, | is continuous by Lemma [B.3]
and tends to +0o as A — 07 by (3I), and A = (0, \.) by Lemma [3.4] there exists A € A such
that |cy] = . The function w defined by

w(z,t) == min (e Mny(z,1), 1)

is a generalized supersolution of ().

In order to construct a subsolution, consider the constant v in (). By the defi-
nition of A, there exists A < X < (1 4+ v)A such that [cy —cy] > 0. We then set
U(x,t) = e?W-N@e=HO+S W, (z,t) | where 0 € WH*(R) will be chosen later. We
have that

Ocb — Te(A(w, ) D*Y) + q(x,) - DY — pu(, )y = [0 (t) + N (ea(t) — e (1)] .

Since |N(cx —cyv)] = N [ex — x| > 0, by ([B9) we can choose o € WH(R) in such a way
that K := infg(¢’ + N (cy — ¢x)) > 0. Hence,

b — Tr(A(z, t)D*)) + q(x,t) - DY > (u(x,t) + K)y, xRN teR.
We define:

v(x,t) = ey (z,t) — map(x, t),

where m is a positive constant to be chosen. By computation,
G—Am.en)\(x’ t) _ m@/}(x, t) — e—A(me—SA(t)) (go)\(x,t) . mgox(x, t)eo'(t)—()\’_)\)($~e—5’/\(t))> )

Since @y, @y satisfy (B8) and o € L>*(R), it follows that, choosing m large enough, v(z,t) <0
if x-e— Sy(t) <0, and that v is less than § € (0,1] from (I0) everywhere. If v(z,t) > 0,
and then z - e — S)(t) > 0, we see that

O — Tr(A(z,t)D*) + q(z,t) - Dv — p(z,t)v < —mK1

’U1+V

—(1+u)>\a:-en;\+l/

< —mKvy
e

—m Kyt ‘Pli o (D= =(1+1)N)(@-e—Sx (1)
A
< —mEKv T Ch e TN inf ()
seR

where, for the last inequality, we have used (B8) and the fact that ' < (1 + v)A. As a
consequence, by hypothesis (I0), for m sufficiently large, v is a subsolution of () in the set
where it is positive.

Using again (38)), one computes:

v(z+ Sa(t)e,t) = e pa(z + Si(t)e,t) — mpy(z + Si(t)e, t)e"(t)*(’\/*)‘)x'e>

> e ey - mCA,eNmnauoo—(A’—A)w).
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Hence, taking R large enough, one has:

inf v(z + Sy(t)e, t) > e M (C’,\ — mC’,\/e)‘,BH'”""O_()‘,_/\)R) =we (0,1).
teR

Consequently, the function v defined by

ey={ vEn i we= S0 +R
vz, T max (w, U(Jf, f;)) if r-e< SA@) + R7

is continuous and, because of (§), it is a generalized subsolution of (). Moreover, since
v < w and w(x + Sy(t)e,t) > e MC\ > wif x-e < R, one sees that v < w. A solution
v < u < w can therefore be obtained as the limit of (a subsequence of) the solutions (u,)nen
of the problems

Oy, — Tr(A(z,t) D*uy) + q(z,t) - Du, = f(z,t,u,), z€RYN, t>-—n
un(z,—n) = w(z,—n), xRN,

The strong maximum principle yields v > 0. One further sees that

t t
lim  u(x + e/ ex(s)ds, t) < lim w(x + e/ ex(s)ds,t) < lim e e, (a,t) =0,
0 0

T-e—+400 T-e—+00 T-e—+00

uniformly with respect to t € R. It remains to prove that

Tre——0o0

t
lim  u(x + e/ ea(s)ds, t) =1
0

holds uniformly with respect to t € R. Set

t
¥ := lim inf u(a:+e/ ca(s)ds, t).
ey :

Our aim is to show that ¥ = 1. We know that ¥ > w > 0, because u(z,t) > v(z,t) > w if
r-e < S\(t)+ R. Let (z,)neny in RY and (#,)nen in R be such that

n—oo n—o0

tn
lim z, - e = —o0, lim u(:cn + e/ c,\(s)ds,tn) = 9.
0
For n € N, let k,, € vazl l;Z be such that y,, == z, + ef(f" ca(s)ds — ky, € Hj»V:l[O,lj) and
define v, (z,t) := u(x + k,,t + t,,). The functions (v, ),en are solutions of
Opvn — Tr(A(z, t + t,)D*v,) + q(x,t +t,) - Dv, = f(2,t +tn,v,), z€RY teR.

By parabolic estimates, one can show using the same types of arguments as in the proof of
Lemma B.J] that (v,)nen converges (up to subsequences) locally uniformly to some function
v satisfying

v — Tr(A(x, ) D*v) + G(x,t) - Dv = g(x,t) >0, zeRY, teR,
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where A and § are the strong limits in L2 (RV*+1) and g is the weak limit in L?, (RN xR) of (a

loc

subsequence of) A(x,t +t,), q(z,t+1,) and f(x,t+t,,v,(z,t)) respectively, the inequality
g > 0 coming from hypothesis (§). Furthermore, letting y be the limit of (a converging
subsequence of) (y,)nen, we find that v(y,0) = ¥ and

tn
Ve e RY, t € R, w(x,t)= lim u(az+xn+e/ ex(8)ds — yp, t +t,) > 0.
0

n—oo

As a consequence, the strong maximum principle yields v = 1 in RY x (—o0, 0]. In particular,
g = 0in RY x (—00,0). Using the Lipschitz continuity of f(z,t,-), we then derive for all
(z,t) € RN x (—00,0):

VI'>0, 0= lim f(z,t+1ty,v,(2z,t)) = lim f(x,t+t,,0)> inf f(x,t0).

N——400 n—+o00 (z,t)eRN+1

This, by (8]), implies that either ¥ = 0 or ¥ = 1, whence 9 = 1 because ¥ > w > 0. 0

3.5 A criterion for the existence of generalized transition waves
in space-time general heterogeneous media

As already emphasized above, our proof holds in more general media, without assuming that
the coefficients satisfy (II), that is, without the space periodicity assumption. We then need
to assume that the linearized equation admits a family of solutions satisfying some global
Harnack inequality. We conclude the existence part of the paper by stating such a result.
We omit its proof since one only needs to check that the previous arguments still work.

Theorem 3.5. In addition to [@)-(I0), assume that there exists X > 0 such that for all
A € (0,\), there exists a Lipschitz-continuous time-global solution ny of

Omx = Tr(AD?* ) — (g +2X\Ae) Dy + (p+ Nede + Ag-e)ny, z€RY teR
satisfying
s D lmeme " <l £+ T) < Ol 1) mnye ™
for some C' = C(X) > 0 and for all T >0, (z,t) € R¥*',

Then there exists A, € (0, \) such that for all v > ¢, := LS&J, where Sy is a Lipschitz
continuous function satisfying ([I9)), there exists a generalized transition wave with speed
cx = S such that [cn] = 7.

4 Non-existence result

Our aim is to find bounded subsolutions to the linearized problem

Ou —Tr(A(z,t)D*u) + q(z,t) - Du= p(z,t)u, = €RY, teR, (40)
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in order to get a lower bound for the speed of travelling wave solutions. We recall that
no spatial-periodic condition is now assumed. Looking for solutions of (@0) in the form
u(w,t) = e M@= (x ), with A and ¢ constant, leads to the equation

(Px+cNp=0, zcRY tcR, (41)
where P, is the linear parabolic operator defined by

Pw = Ow — Tr(A(z,t)D*w) + (q(x,t) — 2AA(x, t)e) - Dw
—(N%eA(z, t)e + Ag(z,t) - e + p(x, t))w.

We consider the generalized principal eigenvalue introduced in [§]:

K(A) == inf{k‘ €R : Jp, infp >0, supy < 0o, sup |Dy| < 0o, Prp < ky, in RY x R},
(42)
where the functions ¢ belong to L{X:l(RN +1), together with their derivatives 0;, D, D? (and
then the differential inequalities are understood to hold a.e.). This is the minimal regularity
required for the maximum principle to apply, see, e.g. [13].
Taking ¢ =1 in the above definition we get, for A € R,
5(N) < —ad? + sup [gl|]A — inf g (43)
RN+1 R

N+1

We now derive a lower bound for (). Assume by way of contradiction that there exists a
function ¢ as in the definition of x(\), associated with some k satisfying

k< —a)\ — sup |q||A\| — sup pu.
RN‘H

RN+1
For 8 > 0, the function ¥ (x,t) := e~#* satisfies

Py _
—= > —f—a\ — sup |q|[A] = sup p.
(0 RN+1 RN+1
Hence, 8 can be chosen small enough in such a way that the latter term is larger than k,
that is, Py > k1. The function ¢ is larger than ¢ for ¢ less than some ¢y, whence 1) > ¢
for all £ by the comparison principle. It follows that ¢ — 0 as t — +o0, which is impossible
since ¢ is bounded from below away from 0. This shows that x(\) > —oo.
We can now define ¢* by setting
A
¢* = —max M (44)
A>0

This definition is well posed if £(0) < 0 because k(\)/A — —o0 as A — 400 by [43]), and we
know from [§] that A — x(A) is Lipschitz-continuous B, Let us show that (I2) implies that

3 The coefficients are assumed to be Hélder continuous in [8], but one can check that it does not matter
in the proof of the continuity.
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k(0) < 0 and then that ¢* is well defined and finite. Writing a positive function ¢ in the
form (t) := e=7® we see that

Pup = ~(0'0) + o) < = (20 + inf o)) .

Thus, (39) implies that, for given € > 0, there exists o € WH*°(R) such that

Pop < — <Li£1v“(x’ -)J - 5) ¥

Therefore, if (I2)) holds, taking ¢ < |min,cgn~ p(z, )| we derive £(0) < 0.

The proof of Theorem proceeds in two steps. In the following section we show that
the average between 0 and +oo of the speed of a wave cannot be smaller than ¢*. More
precisely, we derive

Proposition 4.1. Assume that [B)-([6) hold and that k(0) < 0. Then, for any nonnegative
supersolution u of (1) such that there is ¢ € L™ (R) satisfying (2), there holds

1 t
lim inf —/ c(s)ds > ¢* := —max KQ\).
0

t—+oco t

In this statement, the notion of (sub, super) solution is understood as in the definition of
k(A\): u, Oyu, Du, D*u € L T (RN+1). Notice that the least mean of a function is in general
smaller than the average between 0 and +oo. In the last section, we establish a general
property of the least mean that allows us to deduce Theorem by applying Proposition

[4.1] to suitable time translations of the original problem.

4.1 Lower bound on the mean speed for positive times

We start with constructing subsolutions with a slightly varying exponential behaviour as
x-e — £oo. These will be then used to build a generalized subsolution with an arbitrary
modulation of the exponential behaviour. The term “generalized subsolution” refers to a
function that, in a neighbourhood of each point, is obtained as the supremum of some family
of subsolutions. Then, using the fact that the generalized subsolutions satisfy the maximum
principle, we will be able to prove Proposition [4.1]

Lemma 4.2. Let ¢, \ € R be such that k(\) + c\ < 0. There exists then € > 0 and M > 1
such that, for any z € R, [d0) admits a subsolution v satisfying

1
fo ce—ct >z, _6—()\+8)(m~e—ct) < Q(l‘, t) < Me—()\-l-.s)(x-e—ct)’

inf v(x,t) >0
z—1<x-e—ct<z_< ’ ) ’

1

ifr-e—ct < z—1, Me_()‘_a)(“*e_d) <w(z,t) < Me~A—e)(ze—ct)
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Proof. By the definition of x(\), there is a bounded function ¢ with positive infimum satis-
fying
P <kp, zeRY t>T,

for some k < —cA. It follows that v(x,t) := e M@=t (x 1) is a subsolution of [@0). Fix
z € R and consider a smooth function ¢ : R — R satisfying

(=A—¢ein (—o0,z—1], (=A+ein [z, +00), 0<{ <3, IC"| < he,

where € > 0 has to be chosen and h is a universal constant. We define the function v by
setting v(w, t) 1= e~ @e=D(e=e) (1 1), Calling p := x - e — ct, we find that

[0 — aij(z, )00 + qi(z, 1) 0w — p(w, t)ule” <(Pe + c()yp
+ O+ p+ pl¢] + p*ICDICT + oI,

where (, (', (" are evaluated at p and C' is a constant depending on NV, ¢ and the L* norms
of a;j,q, i, ¢, Dp. The second term of the above right-hand side is bounded by H(e), for
some continuous function H vanishing at 0. The first term satisfies

(Pe+cQ)p < (Pr+cNp + C((C =) +[¢% = X)) < (k+eN)p + Cle + 2| Me +£%).
We thus derive
v — ai;(z, )00 + qi(z, )0 — p(z, t)v < e’[(k+ cA)p + Ce(1+ 2|\ + ) + H(e)].

Since k < —cA and infp > 0, € can be chosen small enough in such a way that v is a
subsolution of (40). O

Lemma 4.3. Let \, \,c € R satisfy A < X\ and

max (k(A) +cA) < 0.
AENA

Then there ezists a generalized, bounded subsolution v of (40) satisfying

lim  sup wv(z,t)ed@et) =, lim  sup wv(z,t)eM@et) = 0.
r—=+—=00 g.e—ct<r T—=+00 ge—ct>r
Vry < ra, inf  w(z,t) > 0. (45)

ri<z-e—ct<ro

Proof. For A € [\, \], let £y, My be the constants given by Lemma associated with ¢ and
A. Call Iy the interval (A —ey, A+¢y). The family (I,),.,.x is an open covering of [\, A]. Let
(I,)i=1...n be a finite subcovering and set for short ¢; := y,, M; := M,,. Up to rearranging
the indices and extracting another subcovering if need be, we can assume that

Vizl,...,n—l, )\i+1_5i+1<)\i_5i<)\i+1+gi+1<)\i+gi-

Let v; be the subsolution of ([40]) given by Lemma (.2 associated with A = \; and z = 0. Set
z1:=0, ky :=1 and
e(P2te2—(Ai—e1))(z1-1)

ko =
? M, M,
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Consider then the subsolution vy associated with A\ = Ay and z equal to some value z5 < z1—1
to be chosen. We have that

=

<

1([L‘, t)
vo(z, 1)

2

fr-e—ct=2z—1, >

)

|

kivy(z,t) < (M My)2ePete—Ouen)(za—z1+1)
]{ZQ’UQ (SL’, t) - '
Since Ay + 9 > A; — €1, we can choose 2z, in such a way that the latter term is
less than 1. By a recursive argument, we find some constants (z;);—i. ., satisfying
Zp < Zp1 — 1< --- <z —1 = —1, such that the family of subsolutions (v;);—1,._, given by
Lemmald2associated with the (X\;);=1, ., and (2;)i=1,.» satisfies, for some positive (k;)i1, . n,

ifx-e—ct= 2,

‘v’izl,...,n—l, ki+1vi+1 Sk’z’l}l ifx-e—ct:zi—l, ki—f—lvi—l—l Zk’ﬂ)z ifl"6—0t22i+1.

The function v, defined by

v1(z,t) ifrx-e—ct>z
Q($’, t) = max(k:ivi(x, t), ki+1’l}i+1(l‘, t)) if Zi+1 <z-e—ct<z
kv, (x,t) ifr-e—ct <z,
is a generalized subsolution of (0] satisfying the desired properties. O

Proof of Proposition[{.1. Let u, ¢ be as in the statement of the proposition, and call
oz, t) == u(r + efot c(s)ds,t). Since ¢(z,t) — 1 as x - e — —oo, uniformly with respect to
t € R, one can find p € R such that

inf ¢(x,t) > 0.

ey ot
We make now use of Lemma 3.1 in [23], which, under the above condition, establishes a lower
bound for the exponential decay of an entire supersolution ¢ of a linear parabolic equation
(notice that the differential inequality for ¢ can be written in linear form with a bounded
zero order term: f(x,t,¢) = [f(x,t,¢0)/P|p). The result of [23] implies the existence of a
positive constant Ay such that

inf ¢z, t)e e > 0.

ze>p—1
teR
By the definition of ¢*, the hypotheses of Lemma are fulfilled with A = 0, A = )\ and
¢ = c* —¢, for any given € > 0. This is also true if one penalizes the nonlinear term f(x,t, u)
by subtracting du, with ¢ small enough, since this just raises the principal eigenvalues k(\)
by . Therefore, Lemma provides a function v such that, for A > 0 small enough, hv
is a subsolution of (Il). We choose h in such a way that, together with the above property,
hv(z,0) < u(x,0). This can be done, due to the lower bounds of u(z,0) = ¢(x,0), because v
is bounded and decays faster than e=*%¢ as z-e — +0o0. Applying the parabolic comparison
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principle we eventually infer that hv < u for all z € RY, ¢t > 0. It follows that u satisfies
(@3) with ¢ = ¢* — ¢ for t > 0. We derive, in particular,

0< gl(f)u((c* —e)te,t) = infu( [(c* —e)t — /Ot c(s)ds} e+e /Ot c(s)ds, t),

t>0

which, in virtue of the second condition in (2]), implies that
t
lim sup ((c* —e)t — / c(s)ds) < +00.
t——+o0 0

This concludes the proof due to the arbitrariness of ¢. 0

4.2 Property of the least mean and proof of Theorem

Roughly speaking, the least mean of a function is the infimum of its averages in sufficiently
large intervals. We show that, in some sense, this infimum is achieved up to replacing the
function with an element of its w-limit set. The w-limit (in the L* weak- topology) of a
function g, denoted by wy, is the set of functions obtained as L> weak-x limits of translations
of g.

Proposition 4.4. Let g € L>®(R) and let w, denote its w-limit set (in the L™ weak-x

topology). Then
. 1t
Lg] = min (tggloo i /O 9(s) dS) :

Proof. We can assume without loss of generality that |g| = 0. Clearly, any § € w, satisfies
L9] = |g], whence

liminfl/otg(s) ds > |g] = [g] =0.

t—+oco t

Our aim is to find a function § € w, satisfying

1 t
lim sup —/ g(s)ds <0. (46)
0

t——+o0

We claim that, for any n € N, there exists t,, € N such that

tn+j
Vi=1,...,n, n/ g(s)ds < 7.
tn

Assume by way of contradiction that this property fails for some n € N. By the definition
of least mean, for K € N large enough, there is 7 € R such that

1 T+Kn 1
g/T g(s)ds < 5

On the other hand, there is 7 € {1,...,n} such that nfTT+j g(s)ds > j. Then, there is
h € {1,...,n} such that nf:r]ﬁhg(s) ds > h, hence nf:ﬂJrhg(s) ds > j + h. We repeat
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this argument until we find k£ € {1,...,n} such that nfTT+Kn+kg(5) ds > Kn+ k. From this
we deduce that

T+Kn L T+ Kn+k
/ g(s)dS>K+——/ g(s)ds > K — n||g|| o w)-
T n T+Kn

A contradiction follows taking K > 2n||g|| o). The claim is proved. The L* weak-x limit
g as n — oo of (a subsequence of) g(- + t,,) satisfies the desired property. Indeed,

tn+j

J
Vi e N, / g(s)ds = lim g(s)ds =0,
0

n—oo t
n

from which (6]) follows since g is bounded. O

Proof of Theorem[2.2. Let u be a generalized transition wave with speed c. Proposition 4]
yields that there exists ¢ € w,. such that

B
lc] = lim T/o é(s)ds. (47)

The definition of w. gives a sequence (¢,),ey in R such that ¢(- +¢,) — ¢ as n — +o0o for
the L> weak-x topology. For n € N, consider the functions

tn tn
Az, t) = A<:c + e/o c(s)ds,t+ tn>, qn(z,t) = q(g: - e/o c(s)ds,t+ tn),

(2, 1) := ,u(a: +e /tn c(s)ds,t+ tn), up(z,t) = u(a: +e /tn c(s)ds,t+ tn).
0 0
For any ¢ € (0, 1) there exists m € (0,1) such that
Y(z,t) e RV w e [0,1], f(a,t,u) > (u(z,t) — e)ulm — u).
It follows that the wu,, satisfy
Oty — Tr(An(x, ) D*up) + g (2, ) Dup > (pn(2,t) — )up(m —uy), = €RY, t€R.

On the other hand, the L? parabolic interior estimates ensure that the sequences (9yuy)nen;,
(Dtp)nen, (D*up)nen are bounded in LP(Q) for all p € (1,00) and Q € R¥*!. Hence, by
the embedding theorem, (u,),en converges (up to subsequences) locally uniformly in RV+?
to some function @, and the derivatives 9;, D, D? of the (u,),en Weakly converge to those
of &in L¥ (RN*Y). Therefore, letting A, § be the locally uniform limits of (subsequences of)
(An)nen, (Gn)neny and i be the L™ weak-x limit of (a subsequence of) (i, )nen, we infer that

Oyt — Tr(A(z, t)D*a) + G(z, t)Da > (ji(z,t) — e)a(m — @), z € RY, teR.

Hence, @ is a supersolution of an equation of the type ({l) whose terms satisfy (3])-(&) and
[@). Moreover, it is easily derived from the definition of the speed ¢ and the L™ weak-
convergence to ¢, that @ satisfies (2)) with ¢ replaced by ¢, uniformly with respect to ¢t € R.
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In order to apply Proposition d.1] to the function @, we need to show that £(0) < 0, where
A — &()) is defined like A — x()), but with A, §, i — ¢ in place of A, ¢, u respectively.
Namely, the x(\) are the principal eigenvalues in the sense of ([@2]) for the operators Pa
defined as follows:

Pyw = Ow — TT(AZL‘tDQ) (G(x,t) — 22 A(x ))Dw
—(NeA(z,t)e + N\q(x,t) - e + ( t) —

This will be achieved by showing that
VYA >0, R(A) <k(N)+e, (48)

whence £(0) < 0 as soon as ¢ < —k(0) (recall that £(0) < 0 by (I2])). Let us postpone for a
moment the proof of (48]). Applying Proposition [4.1] to @ yields

1/t 5 R
liminf—/ é(s)ds > — maxw = —@,
t—-+o00 : A0 A A

for some A > 0. In virtue of (A7) and (@R), from this inequality we deduce

o) > AT
A
from which |¢] > ¢* follows by the arbitrariness of ¢.

It remains to prove ([48)). Let £ > x(\). By definition (43]) there exists ¢ such that
info > 0, ¢, Dp € L*°RY x R) and Pyp < ke in RY x R. We would like to perform
on ¢ the same limit of translations as done before to obtain @ from w. This would yield
a function @ satisfying Prg < (k + ¢)@. But this argument requires the L]  estimates of
the derivatives 9,, D, D? of the translated of ¢, which are not available because ¢ is a
subsolution and not a solution of an equation. However, it is possible to replace ¢ with a
solution of a semilinear equation of the type Pyw = g(w) in RY x R, with g smooth and
such that g(w) < (k 4 e)w, which satisfies the same properties as ¢, as well as the desired
additional regularity properties. This is done in the proof of Theorem A.1 of [23], whose
arguments can be exactly repeated here. We can therefore apply the translation argument
that provides a function % such that Pyg < (k 4+ €)@. Moreover, inf @ > 0 and sup ¢ < oco.
In order to be able to use ¢ in the definition of #(A) and derive £(\) < k+¢, we only need to
have that sup |D@| < oo. This property does not follow automatically from the L? estimates
and the embedding theorem as in the elliptic case treated in [23]. This is the reason why we
need the extra assumption (I3)) on A. Indeed, we use Theorem 1.4 of [22], with, using the
same notations as in [22], F' the nonlinear operator associated with equation Pyw = g(w),
Hypothesis 1.2 of [22] being satisfied since A satisfies (I3)), ¢ is bounded and f = f(z,t,u) is
bounded with respect to (z,t,u) € RY x R x [0,1], and Hypothesis 1.3 being satisfied with
o(z,t) == eMi(1 + |x|?) and M large enough. Hence, we get a uniform L*> bound on Duw,
where w is the solution of Pyw = g(w). Using w instead of ¢, we get that this bound is
inherited by ¢ and we therefore deduce #(\) < k+4¢. As k > k() is arbitrary, we eventually
get (48)).

O

27



References

[1] N. Alikakos, P. W. Bates, and X. Chen. Periodic traveling waves and locating oscillating
patterns in multidimensional domains. Trans. Amer. Math. Soc., 351:2777-2805, 1999.

2] D.G. Aronson, and H.F. Weinberger. Multidimensional nonlinear diffusions arising in
population genetics. Adv. Math., 30:33-76, 1978.

[3] H. Berestycki, and F. Hamel. Front propagation in periodic excitable media. Comm.
Pure Appl. Math., 55:949-1032, 2002.

[4] H. Berestycki, and F. Hamel. Generalized traveling waves for reaction-diffusion equations.
Perspectives in Nonlinear Partial Differential Equations. In honor of H. Brezis, Contemp.
Math. 446, Amer. Math. Soc., pages 101-123, 2007.

[5] H. Berestycki, and F. Hamel. Generalized transition waves and their properties. preprint.

[6] H. Berestycki, F. Hamel, and G. Nadin. Asymptotic spreading in heterogeneous diffusive
excitable media. J. Func. Anal., 255(9):2146-2189, 2008.

[7] H. Berestycki, F. Hamel, and L. Roques. Analysis of the periodically fragmented envi-
ronment model : II - biological invasions and pulsating traveling fronts. J. Math. Pures
Appl., 84:1101-1146, 2005.

[8] H. Berestycki, and G. Nadin. Asymptotic spreading for general heterogeneous Fisher-
KPP type equations. In preparation.

[9] H. Berestycki, and L. Nirenberg. Travelling fronts in cylinders. Ann. Inst. H. Poincaré
Anal. Non Linaire, 89(5):497-572, 1992.

[10] J.-M. Bony. Principe du maximum dans les espaces de Sobolev. C. R. Acad. Sci. Paris
Sér. A-B, 265:A333-A336, 1967.

[11] R. A. Fisher. The advance of advantageous genes. Ann. FEugenics, 7:335-369, 1937.

[12] A.N. Kolmogorov, I.G. Petrovsky, and N.S. Piskunov. Etude de I’équation de la diffusion
avec croissance de la quantité de matiere et son application a un probleme biologique.
Bulletin Université d’Etat a Moscou (Bjul. Moskowskogo Gos. Univ.), 1-26, 1937.

[13] G. M. Lieberman. Second order parabolic differential equations. World Scientific Pub-
lishing Co. Inc., River Edge, NJ, 1996.

[14] A. Mellet, J. Nolen, J.-M. Roquejoffre, and L. Ryzhik. Stability of generalized transitions
fronts. Comm. Partial Differential Equations, 34:521-552, 20009.

[15] A. Mellet, J.-M. Roquejoffre, and Y. Sire. Generalized fronts for one-dimensionnal
reaction-diffusion equations. Discrete Contin. Dyn. Syst., 26(1):303-312, 2009.

28



[16] G. Nadin. Traveling fronts in space-time periodic media. J. Math. Pures Appl., 92:232—
262, 2009.

[17] G. Nadin. Critical travelling waves for general heterogeneous reaction-diffusion equa-
tions. preprint.

[18] G. Nadin, and L. Rossi. Propagation phenomena for time heterogeneous KPP reaction-
diffusion equations. J. Math. Pures Appl. (9), 98(6):633-653, 2012.

[19] J. Nolen, J.-M. Roquejoffre, L. Ryzhik and A. Zlatos. Existence and non-existence of
Fisher-KPP transition fronts. preprint.

[20] J. Nolen, M. Rudd, and J. Xin. Existence of KPP fronts in spatially-temporally periodic
advection and variational principle for propagation speeds, Dynamics of PDE. 2(1):1-24,
2005.

[21] J. Nolen, and L. Ryzhik. Traveling waves in a one-dimensional heterogeneous medium.
Ann. Inst. H. Poincaré Anal. Non Linéaire, 26(3):1021-1047, 2009.

[22] Porretta, A.; Priola, E. Global Lipschitz regularizing effects for linear and nonlinear
parabolic equations. J. Math. Pures Appl. (9), 100(5):633-686, 2013.

[23] L. Rossi, and L. Ryzhik. Transition waves for a class of space-time dependent monostable
equations. Commun. Math. Sci., 12(5):879-900, 2014.

[24] W. Shen. Travelling waves in time almost periodic structures governed by bistable
nonlinearities. II. Existence. J. Differential Equations, 159(1):55-101, 1999.

[25] W. Shen. Traveling waves in time dependent bistable equations. Differential Integral
Equations, 19(3):241-278, 2006.

[26] W. Shen. Existence, uniqueness, and stability of generalized traveling waves in time
dependent monostable equations. J. Dynam. Differential Equations, 23(1):1-44, 2011.

[27] W. Shen. Existence of generalized traveling waves in time recurrent and space periodic
monostable equations. J. of Applied Analysis and Computation, 1(1):69-93, 2011.

[28] W. Shen. Existence of Generalized Traveling Waves in Time Recurrent and Space
Periodic Monostable Equations. Journal of Applied Mathematics and Computation, 1:69—
94, 2011.

[29] J. Xin. Existence of planar flame fronts in convective-diffusive periodic media. Arch.
Ration. Mech. Anal., 121:205-233, 1992.

[30] A. Zlatos. Generalized traveling waves in disordered media: existence, uniqueness, and
stability. Arch. Ration. Mech. Anal., 208(2):447-480, 2013.

29



	Introduction
	Hypotheses and results
	Statement of the main results
	Optimality of the monostability assumption
	Description of the method and application to particular cases

	Existence result
	Solving the linearized equation
	The speeds of the waves
	Definition of the critical speed
	Construction of a subsolution and conclusion of the proof
	A criterion for the existence of generalized transition waves in space-time general heterogeneous media

	Non-existence result
	Lower bound on the mean speed for positive times
	Property of the least mean and proof of Theorem 2.2


