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Abstract

In this article, we establish spreading properties for heterogeneous Fisher-KPP
reaction-diffusion equations:

N N
O — Z a; j(t, z)0ju — Z qi(t, )0 = f(t,x,u), (1)
ij=1 i=1

for initial data with compact support, where the nonlinearity f admits 0 as an unstable
steady state and 1 as a globally attractive one. Here, the coefficients a; ;, ¢;, f are only
assumed to be uniformly elliptic, continuous and bounded in (t,z). We construct
two non-empty star-shaped compact sets S C S C RY such that for all compact set
K C int(S) (resp. all closed set FF C RV\S), one has limg_, 4 oo SUP, ey [u(t, 7) — 1| =0
(resp. limy 400 SUPesr |u(t, z)| = 0).

The characterization of these sets involve two new notions of generalized principal
eigenvalues for linear parabolic operators in unbounded domains. It gives in particular
an exact asymptotic speed of propagation for almost periodic, asymptotically almost
periodic, uniquely ergodic and radially periodic equations (where S = S) and explicit
bounds on the location of the transition between 0 and 1 in spatially homogeneous
equations. In dimension N, if the coefficients converge in radial segments, then S = S
and this set is characterized using some geometric optics minimization problem, which
may give rise to non-convex expansion sets.

Key-words: Propagation and spreading properties, Heterogeneous reaction-diffusion equa-
tions, Principal eigenvalues, Linear parabolic operator, Hamilton-Jacobi equations, Homog-
enization, Almost periodicity, Unique ergodicity.
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1 Introduction and statement of the results

This paper is devoted to the large time behaviour of the solutions of the Cauchy problem:

ou — nyjzl a; (t,x)0;u — ZlNzl qi(t,2)0mu = f(t,z,u) in (0,00) x RV, @)
uw(0,2) = wp(x) for all x € RY.

where the coefficients (a;;);;, (¢:); and f are only assumed to be uniformly continuous,
bounded in (¢, z) and the matrix field (a; ;); ; is uniformly elliptic. In the sequel we will often
use the Einstein convention: the sums Z;,Vjﬂ and S°Y | will be implicit. The reaction term
f is supposed to be monostable and of KPP type, meaning that it admits two steady states
0 and 1, 0 being unstable and 1 being globally attractive, and that it is below its tangent at
the unstable steady state 0. This will be made more precise later in a general framework.
A typical example of such nonlinearity is f(t,z,s) = b(t,x)s(1 — s) with b bounded and
infp,rnv b > 0. Lastly, we consider compactly supported initial data ug with 0 < ug < 1.

This equation arises in many contexts of biology, physics and population ecology (for
the original motivation in population genetics, see [4, 30, 44]). The goal of this paper is to
study spreading properties for this problem. That is, we want to characterize two non-empty
compact sets S C S C RN as sharply as possible so that

for all compact set K C intS,  limyjo0 { Sup,ep [u(t,z) — 1]} = 0, (3)
for all closed set F' C RV\S, My 4 o0 { SUPeep [u(t, z)]} = 0.

1.1 Setting of the problem

The main purpose of the present paper is to prove spreading properties in general hetero-
geneous media. Heterogeneity can arise for different reasons, owing to the geometry or to
the coefficients in the equation. Regarding geometry, the first author together with Hamel
and Nadirashvili [15] have studied spreading properties for the homogeneous equation in
general unbounded domains (these include spirals, complementaries of infinite combs, cusps,
etc.) with Neumann boundary conditions. In these geometries, linear spreading speeds do
not always exist. Furthermore, several examples are constructed in [15] where the spreading
speed is either infinite or null.

The present paper deals with heterogeneous media for problems set in R but in which
the terms in the equation are allowed to depend on space and time in a fairly general fashion.
As in [15], given any compactly supported initial datum wy and the corresponding solution



u of (2), we introduce two speeds:
w.(e) :==sup{ w>0, forall w €[0,w], limy, o u(t,z+w'te)=1 1loc. z € RN},

w*(e) :=inf{ w >0, forall w > w, limg oo u(t,r +w'te) =0 loc. x € RV},

(4)
We could reformulate the goal of this paper in the following way: we want to get accurate es-
timates on w,(e) and w*(e) and to try to identify classes of equations for which w*(e) = w(e)
(and is independent of wug). This last equality does not always hold, which justifies the in-
troduction of two speeds rather than a single one. Indeed, Garnier, Giletti and the second
author [35] exhibited an example of space heterogeneous equation in dimension 1 for which
there exists a range of speeds w such that the w—limit set of ¢ — w(t,wt) is [0, 1]. In this
case the location of the transition between 0 and 1 oscillates within the interval (w.,t, w*t)
at large time t.

Together with Hamel, the authors have proved in a previous paper [12] that under a
natural positivity assumption, but otherwise in a general framework, there is at least a
positive linear spreading speed, which means with the above definition that w.(e) > 0
for any e € SV~ More precisely, we proved! in [12] that if q(t,z) = V - A(t, ), where
A(t,x) = (am-(t,x))ij (hence we assume a divergence form operator), and f!(¢t,z,0) > 0
uniformly when |z| is large, the following inequality holds:

wy(e) > wp = 2\/liminf inf ~(t,z)f!(t,,0), (5)
|z| =400 teRT
where y(t,z) is the smallest eigenvalue of the matrix A(t,z). We also established upper
estimates on w*(e), which ensure that sup,cgv-1 w*(€) < 400, under mild hypotheses on A,
q and f.
We point out a corollary of this result. Assume that ¢ =0 and

ft, 2, 5) = (bo — b(x))s(L — s)

with by > 0,0 > 0 and b = b(z) as well as A(z) — Iy are smooth compactly supported
perturbations of the homogeneous equation. Then the result of [12] gives w,(e) > wy = 2v/bo.
It is also easy to check that w*(e) < 24/by since f(t,,s) < bys(1 — s). Thus, in this case

w*(e) = w(e) = 2/ bo.

This result was also derived by Kong and Shen in [45], who considered other types of dis-
persion rules as well. This simple observation shows that, in a sense, only what happens at
infinity plays a role in the computation of w*(e) and w;(e).

On the other hand, when the coefficients are space-time periodic, the expansion set could
be characterized through periodic principal eigenvalues [12, 33, 81]. We will recall these
results in details in Section 3.2 below and show that it could be recovered as corollaries of

! Actually, the result we obtained in [12] is a little more accurate and the hypotheses are somewhat more
general, we refer the reader to [12] for the precise assumptions.



our main result. In this framework, estimate (5) is not optimal in general: one needs to take
into account the whole structure of equation (2) through the periodic principal eigenvalues
of the linearized equation in the neighbourhood of u = 0 to get an accurate result.

Summarizing the indications from periodic and compactly supported heterogeneities, to
estimate w*(e) and w,(e), we see that we need to take into account:

e the behaviour of the operator when |¢t| — 400 and |z| — +00, and
e some notion of “principal eigenvalue” of the linearized parabolic operator near u = 0.

Therefore, we are led to extend the notion of principal eigenvalues to linear parabolic
operators in unbounded domains. We will define these generalized principal eigenvalues
through the existence of sub or supersolutions of the linear equation (see the definitions
in Section 1.3 below). This definition is similar, but different from, the definition of the
generalized principal eigenvalue of an elliptic operator introduced by Berestycki, Nirenberg
and Varadhan [19] for bounded domains and extended to unbounded ones by Berestycki,
Hamel and Rossi [17]. Some important properties of classical principal eigenvalues are not
satisfied by generalized principal eigenvalues and thus the classical techniques that have
been used to prove spreading properties in periodic media in [12, 32, 33, 81] are no longer
available here. This is why we use homogenization techniques. In Section 5, we describe the
link between homogenization problems and asymptotic spreading.

1.2 Notations and hypotheses

We will use the following notations in the whole paper. We denote the Euclidian norm in
RN by | -], that is, for all z € RY, |22 := SN, 22. The set C(R x RY) is the set of the
continuous functions over R x RY equipped with the topology of locally uniform convergence.
For all § € (0,1), the set Cfo/f’é(R x R™M) is the set of functions ¢ such that for all compact
set K C R x R, there exists a constant C' = C(g, K) > 0 such that

V(t,x) € K7 (S7y) € Ku |g(87y) - g(tvx)l < C<|S - t|5/2 + ’y - x|6)

We shall require some regularity assumptions on f, A, q throughout the paper. First, we
assume that A, ¢ and f(-,-, s) are uniformly continuous and uniformly bounded with respect
to (t,z) € R x RN, uniformly with respect to s € [0, 1]. The function f : Rx R x [0,1] - R

is assumed to be of class C’lgof(R x RY) in (t,z), locally in s, for a given 0 < § < 1. We
also assume that f is locally Lipschitz-continuous in s and of class C'*7 in s for s € [0, 3]
uniformly with respect to (t,z) € R x RY with 8 > 0 and 0 < v < 1. We assume that for
all (t,r) € R x RY:

f(t,z,0)= f(t,z,1) =0 and inf  f(t,z,s) >0if s € (0,1), (6)

(t,z) ERXRN
and that f is of KPP type, that is,

ft,z,s) < fi(t,2,0)s for all (t,z,5s) € R x RY x [0,1]. (7)
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)
The matrix field A = (a;;);; : R x RY — Sy(R) belongs to Cfo’j(R x RY). We assume
furthermore that A is a uniformly elliptic and continuous matrix field: there exist some
positive constants v and T' such that for all £ € RV, (t,x) € R x RY, one has:

’7|§|2 < Z1§z‘,jg]v a; ;(t, 2)&&; < F|§|2' (8)

)
The drift term ¢ : R x RV — R" is in c2’

2 (R x RY) and we assume that it is not too
large at infinity, in the following sense:

sup inf (4f{L(t, x,0) min (eA(t,x)e) — |q(t,z) + V - A(t,x)|2> > 0. (9)
R>0t>R,|z|>R ecSN-1
It has been proved in [17, 12] that this hypothesis, together with (6), implies that any
solution u of (2) associated with a non-null initial datum ug such that 0 < ug < 1 satisfies
lim; oo u(t, ) = 1 locally in z € RY.
In order to sum up the heuristical meaning of these hypotheses:

e we consider smooth coefficients and the diffusion term is elliptic (8),

e hypotheses (6) and (9) mean that 0 and 1 are two steady states and that 1 is globally
attractive (and thus 0 is unstable),

e the nonlinearity is of KPP-type (7): it is below its tangent at u = 0.

A typical equation satisfying our hypotheses is:
du =V - (A(t,z)Vu) + c(t,z)u(l —u) in (0,00) x RY,

where A is an elliptic matrix field and ¢, A and VA are uniformly positive, bounded and
uniformly continuous with respect to (¢, z).

Lastly, let us mention the case where one considers two time global heterogeneous so-
lutions of (2), p- = p_(t,x) and p; = pi(t,x) instead of 0 and 1. Then as soon as
inf ¢ 1) erxmNy (p+ — p_)(t,x) > 0 and p, — p_ is bounded, one could perform the change
of variables u(t,z) = (u(t,z) — p_(t,x))/(p+(t,x) — p_(t,x)) in order to turn (2) into an
equation with steady states 0 and 1. Thus there is no loss of generality in assuming p_ =0
and p; = 1 as soon as inf(, ,)crxry (p+ — p_) (t,z) > 0 and p, — p_ is bounded.

1.3 The main tool: generalized principal eigenvalues

In this Section we define the notion of generalized principal eigenvalues that will be needed

in the statement of spreading properties. Consider the parabolic operator defined for all
¢ € CH*(R x RY) by

£¢ = _at¢ + ai,j(ta X al](b + q$’<t7 :c)&(é + f{t(t7 Z, 0)¢7
= =00+ tr(A(t,x)V?®) + q(t,z) - Vo + fl.(t,2,0)¢.



Definition 1.1 The generalized principal eigenvalues associated with operator L in a
smooth open set Q C R x RN are:

M(L, Q) :=sup{\ | 3p € C*(Q) N WH>(Q), igf(b >0 and Lo > A in Q}. (10)
M(L,Q) :==1inf{\ | ¢ € C*(Q) N WH>(Q), igfqb >0 and Lo < \¢ in Q}. (11)

Actually, this definition is the first instance where generalized principal eigenvalues are
defined for linear parabolic operators with general space-time heterogeneous coefficients.

For elliptic operators, similar quantities have been introduced by Berestycki, Nirenberg
and Varadhan [19] for bounded domains with a non-smooth boundary and by Berestycki,
Hamel and Rossi in [17] in unbounded domains (see also [22]). These quantities are involved
in the statement of many properties of parabolic and elliptic equations in unbounded do-
mains, such as maximum principles, existence and uniqueness results. The main difference
with [17, 19, 22] is that here we both impose infg¢ > 0 and ¢ € WH®(Q). As already
observed in [18, 22], the conditions we require on the test-functions in the definitions of gen-
eralized principal eigenvalues are very important and might give very different quantities.

In our previous work [18] dealing with dimension 1, we required different conditions on the
test-functions. Namely, we just imposed lim, ;o £ In () = 0 instead of the boundedness
and the uniform positivity of ¢. This milder condition enabled us to prove that \; = A
almost surely when the coefficients are random stationary ergodic in x € R. In the present
paper, we explain after the statement of Proposition 6.1 below what was the difficulty we were
not able to overcome in order to consider such mild conditions on the test-functions. Indeed,
we had to require the test-functions ¢ involved in the definitions of the generalized principal
eigenvalues to be bounded and uniformly positive, and we cannot hope to prove that the two
generalized principal eigenvalues are equal in multidimensional random stationary ergodic
media under such conditions on the test-functions. The expected asymptotic behaviour for
test-functions in such media is the subexponential, but unbounded, growth.

We will prove in Section 6 several properties of these generalized principal eigenvalues.
If the operator £ admits a classical eigenvalue associated with an eigenfunction lying in the
appropriate class of test-functions, that is, if there exist A € R and ¢ € C12(Q) N W1*°(Q),
with infg ¢ > 0, such that L = A¢ over ), where () is an open set containing balls of
arbitrary radii, then \(£,Q) = A\(£,Q) = A. In other words, if there exists a classical
eigenvalue, then the two generalized eigenvalues equal this classical eigenvalue. This ensures
that our generalization is meaningful. We will also prove that when the coefficients are almost
periodic in (¢,z), then A\ = A1, although almost periodic operators do not always admit a
classical eigenvalue. When the coefficients do not depend on space, it is possible to compute
explicitly these quantities. Lastly, we give, in a general framework, some comparison and
continuity results for A; and AL

1.4 Statement of the main result

We are now in position to state spreading properties for fully general heterogeneous coef-
ficients, only satisfying boundedness and uniform continuity assumptions (see Section 1.2).
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In such media, we know from earlier works [12] on compactly supported heterogeneities that
only what happens when ¢ and x are large should play a role in the construction of w(e) and
w(e). In dimension 1, we thus only considered the generalized eigenvalues in the half-spaces
(R, ), with R large [18]. In multi-dimensional media, we need to take into account the
direction of the propagation and the situation becomes much more involved. We will indeed
restrict ourselves to the cones of angle o in the direction of propagation e and to ¢ > R and
|z| > R, where o will be small and R will be large:

Crale) = {(t,x) eRxRY, t>R, |z|>R, )Ii_\ - e( < a}. (12)

Figure 1: The projection of the set Cr,(€e1) on the z-plane.
Let us introduce the operators L, associated with exponential solutions of the linearized
equation near u = 0, defined for all p € R and ¢ € C**(R x RY) by L,¢ := e P*L(eP™¢).
More explicitly:

Ly = —0ip+tr(A(t, 2)V?¢) + (q(t, x) +2A(t, x)p) -V o+ (f1(t, 2,0) +p-q(t, ©) +pA(t, )p) b

(13)
For all p € RY and e € S, we let
H(e,p):= inf M(L,,Crale)) and H(e,p) := sup  Ai(Lp, Crale)). (14)
R>0,a€(0,1)

R>0,a€(0,1)

It is easy to see that \;(L,, Cr(e)) is nonincreasing in R and nondecreasing in  and that
A1(Lp, Crale)) is nondecreasing in R and nonincreasing in «. Thus, the infimum and the
supremum in (14) can be replaced by limits as R — 400 and «a — 0.

The properties of these Hamiltonians are given in the following Proposition:

Proposition 1.2 1. The functions p — H(e,p) and p — H(e,p) are locally Lipschitz-

continuous, uniformly with respect to e € SN~ and p — H(e,p) is convex for all
ec SN

2. For all p € RN, e v H(e,p) is lower semicontinuous and e — H(e,p) is upper
S$emMicontinuous.

3. There exist C > ¢ > 0 such that for all (e,p) € SN71 x RV:

c(1+ |p|*) < H(e,p) < H(e,p) < C(1+ [p|?).



We underline that the Hamiltonians H and H are not continuous with respect to e in
general (see the example of Proposition 2.10 below). This is the source of serious difficulties.

Using these Hamiltonians, we will now define two functions from which we derive the
expansion sets. Define the convex conjugates with respect to p:

H*(e,q) == sup (p-q— H(e,p)) and H (e,q) = sup (p-q— H(e,p)),
pERN pERN

which are well-defined thanks to Proposition 1.2. Let

U() := inf maxepo,y {j;tl HA (25, —/(s))ds, v € H'([0,1]), 7(0) =0, +(1) ==,
Vs € (0,1), 7(s) £ 0}
Ule) = fmasieo { [ I (24). ~v(9))ds, 5 € H([0,1]), 7(0) =0, 4(1) = .
Vs € (0,1), 7(s) #0}.

B (15)

We will show in Lemma 7.7 below that U is indeed a minimum, in other words, for all

x, there exists an admissible path v from 0 to z minimizing the maximum over ¢ € [0, 1] of

the integral.
We define our expansion sets in general heterogeneous media as

S:=c{U=0} and S:={U =0} (16)

The reader might distinguish here representations formulas for the solutions of Hamilton-
Jacobi equations. Indeed, the sets S and S are related to the zero sets of the solutions of
such equations. Such representations formulas are well-known for Hamilton-Jacobi equations
with continuous coefficients (see for example [28, 54]). This link will be described in Section
7 below. We will make use of these formulas in order to derive properties of the expansion
sets.

We are now in position to state our main result.

Theorem 1 Take ug a measurable and compactly supported function such that 0 < ug < 1
and ug Z 0 and let u the solution of the associated Cauchy problem (2). One has

for all compact set K C intS,  limy_,yo0 { SUpeii |ult,z) — 1|} = 0, (17)
for all closed set F C RN\S,  limy_, o0 { SUp,eep [u(t, )| } = 0.
In order to state this result in terms of speeds, define for all e € SV1:
w(e) =sup{w >0, we €S} and wW(e) = sup{w > 0, we € S}. (18)

Then it follows from Theorem 1 that



In dimension 1, one could check that the path 7 involved in the definition of U
is necessarily vy(s) = szr. We thus recover the results of our earlier paper [18]:
w(er) = min,so H(e;, —p)/p and w(e;) = min,so H(e;, —p)/p in dimension 1 This is quite
similar to the so-called Wulff-type characterization (19), where the expansion set could be
written as the polar set of the eigenvalues. We will indeed prove that such a Wulff-type char-
acterization holds for recurrent media (which include periodic and almost periodic media).

Such a characterization could not hold for general heterogeneous multi-dimensional equa-
tions. Indeed, in multidimensional media, the population might propagate faster by changing
its direction of propagation at some point, that is, the minimizing path v in the definition
of U is not necessarily a line. Several examples will be provided in Section 2.7. Hence,
the integral characterizations (15) are much more accurate than Wulff-type ones since they
enable multidimensional propagation strategies for the population.

1.5 Geometry of the expansion sets

When the expansion set is of Wulff-type (19), it immediately follows from this characteriza-
tion that it is convex. In more general frameworks, the convexity of the expansion sets is a
difficult problem. Indeed, the expansion sets could be non-convex, as shown in Proposition
2.12. However, when S = S and the Hamiltonian H is assumed to be quasiconcave w.r.t
x € RV, then the expansion set is convex.

Proposition 1.3 Assume that S = S and that the function v € RV\{0} — H(z/|z|,p),
extended to 0 by H(0,p) :=sup,csn—1 H(e,p), is quasiconcave over RY for allp € RY. Then
the set S = S is convex

Here, a function f : RY — R is said to be quasiconcave if {f > a} is a convex set for all
a e R.

This Proposition is certainly not optimal: one could construct Hamiltonians that are
not quasiconcave which give rise to convex expansion sets, as in Proposition 2.12 below.
However, we believe that it is optimal if one does not require any further conditions on the
coefficients, such as comparison between the Hamiltonians in their different level sets.

If H is concave with respect to x, then we are led to a Hamilton-Jacobi equation with a
Hamiltonian which is concave in z. It is well-known that for such equations, the solutions
associated with concave initial data are concave with respect to = [1, 37]. However, as the
function a is clearly 1—homogeneous with respect to z, if it were concave then it would
be constant. Moreover, we will exhibit several examples with discontinuous Hamiltonians,
for which the concavity is of course excluded. This is why the quasiconcavity hypothesis is
relevant for our problem.

The only works we know on Hamilton-Jacobi equations that are quasiconcave are [38, 39].
In these papers, Imbert and Monneau considered Hamiltonians that are quasiconcave with
respect to p, not z, and thus the issues they faced are different from ours.

Without any quasiconcavity assumption on the Hamiltonians, one can still prove that
the expansion sets are star-shaped and compact.



Proposition 1.4 The sets S and S are compact, star-shaped with respect to 0, and contain
an open ball centered at 0.

2 Applications

2.1 Recurrent media

When the coefficients are recurrent, our definition of expansion sets simplifies to a Wulff-
type construction, as in periodic media. However, in some situations exact spreading speeds
might not exist and § # S.

Definition 2.1 A uniformly continuous and bounded function g : R x RY — R is recur-
rent with respect to (t,x) € R x RY if for any sequence (t,,Tn)nen in R x RY such that
g*(t, ) = lim, oo g(t, +t, 2, + ) exists locally uniformly in (t,z) € R x RY, there exists a
sequence (Sn, Yn)nen in RXRY such that limy,_ o0 ¢*(t—8n, T —yn) = g(t, z) locally uniformly
in (t,r) € R x RV,

The heuristic meaning of this definition is that the patterns of the heterogeneities repeat
at infinity. It is easy to check that homogeneous, periodic and almost periodic functions
are recurrent. We thus expect similar phenomena as in periodic media to arise, even if
the recurrence property is much milder than periodicity. Indeed, some functions might be
recurrent without being almost periodic, such as the function (see [80])

() sint + sin /2t
g |14 eit 4 eiv2]

Proposition 2.2 Assume that A, q and f!(-,-,0) are recurrent with respect to (t,z) € RxRY.
Then

S={z, Vp e RV \(L_,, RxRY) > pa} and S={z, Vp € RY A\ (L_,,RxRY) > pa}.
(19)

Note that such a Wulff-type characterization of the expansion sets immediately implies
for all e € SV

M(L_,, R xRN M(L_,, R xRN
w(e) := min 1(Lp, R X ) and  w(e) := min MLy ), (20)
p-e>0 p-e p-e>0 p-e€

that is:

Vw € [0,w(e)), lim u(t,z+wte)=1 and VYw>w(e), lim u(t,z+ wte) =0,
t—+o00 t—+o00
locally uniformly with respect to x € R™. Hence, this result exactly means that the transition
between 0 and 1, that is, the level sets of u(¢, -) are contained in [w(e)t,w(e)t] along direction
e at sufficiently large time t. Such a characterization of the spreading speeds is very close to
the one holding in periodic media (see (33) below).
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We have constructed the two expansion sets S and S as precisely as possible. However,
these two sets might be different, that is, there does not necessarily exist an exact spreading
speed in recurrent media. For instance, in Example 2 below we exhibit a situation where
the advection term is recurrent with respect to time and for which there exists a range of
speeds (w,,w*) such that for all w € (w,,w*), if u is defined as in Theorem 2.2, then for all
e € SN the w-limit set of the function ¢ — wu(t,wte) is the full interval [0,1]. From this
one sees that one cannot expect to describe the invasion by a single expansion set, hence the
introduction here of two expansion sets S and S.

2.2 Almost periodic media

An important class of recurrent coefficients is that of almost periodic functions, for which
we will show that § = §. We will use Bochner’s definition of almost periodic functions:

Definition 2.3 [23] A function g : R x RN — R is almost periodic with respect to
(t,z) € R x RN if from any sequence (t,, Ty )nen i R X RN one can extract a subsequence
(tnys Tny wen such that g(t,, +t,x,, + x) converges uniformly in (t,z) € R x RV,

Theorem 2 Assume that A, q and f,(-,-,0) are almost periodic with respect to (t,x) € RxRY.
Then S =S and

y N M(L_,,R x RY
w(e) = w(e) = min MLy RXRT) min MLy, ) (21)
p-e>0 p-e p-e>0 p-e

This Theorem is an immediate corollary of Theorem 2.2 and the following result, which
is new and of independent interest. We will thus leave the proof of Theorem 2 to the reader.

Theorem 3 Assume that A, q and c are almost periodic, where ¢ € Cfo/f’a(R x RY) is a

given uniformly continuous function. Let L = —0; + tr(AV?) 4+ q -V +c. Then one has
ML,R xRY) =\ (L,R x RY).

This result is derived through exactly the same arguments as in the proof of Theorem
2.4 of our earlier one-dimensional paper [18]. We will thus omit its proof.

Let us also mention here the works of Shen, who proved these spreading properties in the
particular case ¢ = 0, A = A(z) is periodic in x and f is limit periodic in ¢ and periodic in
x (Theorem 4.1 in [75]).

2.3 Asymptotically almost periodic media

If A =1y, g = 0 and f/ (2,00 = fo + g(t,x), where g is a compactly supported
and continuous function, then the same arguments as in Section I1.D.3 of [18] show
that A\i(Ly,Cra) = M(Lp,Cra) = [p|* + fo for all @ when R is large enough. Hence
H(e,p) = H(e,p) = [p]* + fo and

Ve € SV w(e) =w(e) = wi(e) = w(e) = 2/ fo.
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This is consistent with the result we derived from [12] in the Introduction, and even slightly
more general since we make no negativity assumption on b.

This result can indeed be generalized to the case where the coefficients converge to almost
periodic functions at infinity thanks to Theorem 1.

Proposition 2.4 Assume that there exist space-time almost periodic functions A*, ¢* and
c* such that

lim  sup (JA(t ) — A(t2)| + |a(t.2) — ' (L0)] + |fL(t 2,0) — & (L)) = 0. (22)

R=+00 >R |z|>R
Then H(e,p) = H(e,p) = M (L;,R x RY) for all p € RN and

_ A(Lr, R x RY) _ A(Lr,, R x RY)
w(e) = w(e) = min = min — .
p-e>0 p-e p-e>0 p-e

where L* = =0, + tr(A*(t,x)V?) + ¢*(t, ) - V + ¢*(t,x) and L = e P*L*(eP ).

(23)

The proof of this Proposition is similar to that of Proposition 2.6 of our previous work
[18]. We will thus omit its proof.

2.4 Uniquely ergodic media

We now consider uniquely ergodic coefficients.

Definition 2.5 A uniformly continuous and bounded function f : RY — R™ is called
uniquely ergodic if there exists a unique invariant probability measure P on its hull
Hy = cl{r.f,a € RN}, where the closure is understood with respect to the locally uni-
form convergence, and where the invariance is understood with respect to the translations

Tof (@) == f(x +a) for all z € RV,

Periodic, almost periodic and compactly supported functions are particular sub classes
of the uniquely ergodic one. The Penrose tiling provides an example of a uniquely ergodic
function which is not almost periodic [68] (see [56] for other examples).

The notion of unique ergodicity is commonly used in dynamical system theory since it
provides a uniformity convergence in the Birkhoff ergodic theorem. This yields the following
equivalent characterization (which is proved for example in Proposition 2.7 of [56]).

Proposition 2.6 Let f : RN — R™ a uniformly continuous and bounded function. The
following assertions are equivalent:

o f is uniquely ergodic

o for any continuous function W : H; — R, the following limit exists uniformly with

respect to a € RN :

1
lim —— U(r, f)dy.
R—+o0 |BR((I>| Br(a) ( v )

12



Indeed, this limit is equal to P(WV).

The interest for reaction-diffusion equations with uniquely ergodic coefficients has raised
since the 2000’s, when the case of periodic ones was completely understood. Shen has
investigated the existence of generalized transition wave solutions of Fisher-KPP equations
with time uniquely ergodic coefficients [76] (see also [60]). Matano conjectured the existence
of generalized transition waves (see Section 3.4 below and [9, 55]) and of spreading properties
in Fisher-KPP equations with space uniquely ergodic coefficients in several conferences.

In the present paper, we show the existence of spreading properties for Fisher-KPP
equations with space uniquely ergodic coefficients.

Theorem 4 Assume that A, q and fL(-,0) only depend on x and are uniquely ergodic with
respect to v € RY. Then S = S and

M(L_,, R xRN M(L_,, R xRN
w(e) = w(e) = min Loy R X RT) = min 2L ) (24)
p-e>0 p-e p-e>0 p-e

Theorem 4 is an immediate corollary of Theorem 1 and the next result on the equality
generalized principal eigenvalues for elliptic operators with uniquely ergodic coefficients. We
will thus omit its proof and only prove Theorem 5, which is of independent interest.

Theorem 5 Assume that A, q and ¢ only depend on x and are uniquely ergodic, where
c € C(RN) is a given uniformly continuous and bounded function. Define the elliptic

operator: L =tr(AV?)+q -V +c. Then one has:
(L RY) = X (£, RY).

Uniquely ergodic coefficients could be viewed as random stationary ergodic ones, for
which the existence of spreading properties for almost every events is known. However, as
far as we know, in multi-dimensional media, spreading properties have only been derived for
random stationary ergodic advection terms (and homogeneous reaction terms) by Nolen and
Xin in [64], and serious difficulties arise when the reaction term is heterogeneous. Moreover,
it is not clear how to recover spreading properties for the given set of coefficients (A, g, f)
through this observation, as already explained in [18]. For example, in the case of the Penrose
tiling, knowing that there exists an exact spreading speed for almost every tiling, it is not
clear at all how to derive the existence of an exact spreading speed for a given one. We prove
in the present paper that an exact spreading speed does exist not only for almost every but
for that tiling. Lastly, the characterization in terms of generalized principal eigenvalues (24)
we derive in the present paper is quite different from the characterizations of the spreading
speeds in random stationary ergodic media, which involves Lyapounov exponents (see [64]
for instance).

13



2.5 Radially periodic media

We now consider coefficients that are periodic with respect to the radial coordinate r = |z|.
As far as we know, this class of heterogeneity has never been investigated before.

Proposition 2.7 Assume that one can write
At x) = ape,([2) Iy, q(t,x) =0 and  f,(t,2,0) = cper(|2])

where ape, and cper are periodic with respect to r = |x|: there exists L > 0 such that for all
r € (0,00):
Aper (T + L) = aper(r)  and  Cper (1 + L) = per (7).

For all p € R, let:

Ly ¢ = per (1)@ + 2payer ()¢’ + (pzaper (r) + Cper(r>)¢

and /\]17€T<L£er) the periodic principal eigenvalue associated with this operator.
Then w(e) and w(e) do not depend on e and

per /1 per
w(e) = w(e) = min M.
p>0 p
The proof of this result is non-trivial since classical eigenvalues do not exist in this
framework. Hence, one more time the notions of generalized principal eigenvalues will be
useful. Moreover, the fact that only the heterogeneity of the coefficients in the truncated
cones Cro(e) matters in the computation of these eigenvalues will also be needed.

2.6 Space independent media

When the coefficients only depend on ¢, the formulas for w(e) and w(e) are simpler. For
example, if the coefficients are periodic in ¢, then the spreading speed is that associated
with the average coefficients over the period. Our aim is to extend this property to general
time-heterogeneous coefficients.

Proposition 2.8 Assume that A= Iy, ¢ =0 and f(-,0) do not depend on x. Then for all
ec SN-L,

t—+o0 s>0

1 s+t
w(e) = liminf inf 2\/;/ fl(s',0)ds’ (25)

1 s+t
w(e) = lim sup sup 2\/¥ / fl(s',0)ds’. (26)

t—+oo s>0

The reader might easily check that the proof is also available when only ¢ or A depends
on t.

The existence of generalized transition waves in such media has been proved, under similar
hypotheses as in the present paper, by the second author and Rossi [60]. The speed of these
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fronts are determined through some upper and lower means of the coefficients that are very
similar to the averaging involved in the definitions of w(e) and w(e).

When the coefficients are periodic in T, we recover that w(e) = w(e) is the spreading
speed associated with the averaged reaction term. For general time-heterogeneous coeffi-
cients, it is not always true that w(e) = w(e). This is because one can consider several ways
of averaging. Indeed, our result is not optimal and it might be due to our choice of averaging
(see Section 4 below).

However, when the coefficients admits a uniform mean value over R, then a variant of
our result gives w(e) = w(e) for all e. We can thus handle uniquely ergodic coefficients for
example. No such result exists in the literature as far as we know.

Proposition 2.9 Assume that A, q¢ and f do not depend on x and that there exists
(A) € Sy(R), {q) € RY and (c) € R such that

a+t a+t a+t
lim 1/ A(s)ds = (A), lim 1/ q(s)ds = (q) and lim 1/ fi(s,0)ds = {c)

t—+oo { t—+oo t t—+oo t
(27)

uniformly with respect to a > 0. Then for all e € SN~1,

w*(e) = w.(e) = wle) = wle) = 2v/e{A)e(c) — (q).

2.7 Directionally homogeneous media

We investigate in this Section the case where the coefficients converge in radial segments
of R2. These types of heterogeneities give rise to very rich phenomena, such as non-convex
expansion sets.

We start with the case where the diffusion term converges in the half-spaces {x; < 0}
and {x; > 0}

Proposition 2.10 Assume that N = 2, q = 0, f does not depend on (t,x) and
A(z1,2) = a(x1)12 is a smooth function such that limg, 100 a(21) = ax, with ay >a_ > 0.
Then § = S and this set is the convexr envelope of

{r € R? |2| < 2¢/f"(0)ay, 1 >0} U {r € R? |2| < 2/f"(0)a_,x; <0}

It is easy to compute that

2 ! ]
— _ . aLp” + f (O) if ey > 0,
H(@,p) - ﬂ(@,p) - { aﬁpQ —+ f/(()) if e < 0.

Thus, when e; < 0 and e; # —1, the spreading speed w*(e) = w.(e) is not equal to

v(e) = min Hle, —p) =2+/f"(0)a_

p-e>0 p-e

and the expansion set is not obtained through a Wulff-type construction like (19). In other
words, the spreading speed in direction e does not only depend on what happens in direction

15



Figure 2: The expansion set S = S given by Proposition 2.10 for N = 2.

e. Heuristically, in the present example, in order to go as far as possible during a given time
t, an individual has to first go in direction ey at speed 24/ f/(0)ay and then to get into the
left medium at speed 24/ f’(0)a_. The notion hidden beyond this heuristic remark is that of
geodesics with respect to the riemannian metric associated with the speeds 24/ f’(0)a and

F(0)a.

This shows that there is a strong link between geometric optics and reaction-diffusion
equations, as already noticed by Freidlin [31, 32] and Evans and Souganidis [28]. Indeed,
Freidlin investigated in [31] the asymptotic behaviour as ¢ — 0 of the equation

{ Oy = ea(x)Av, + %f(vs) in (0, 00) x RV, (28)

v.(0,2) = vo(z) for all x € RV,

where (a;;);; and f are smooth and vy is a compactly supported function which does not
depend on €. He proved that

l_l_r}évg(t,x) = { 0 if V(ta) <0, locally in (t,z) € (0,00) x RY, (29)

where V (t,z) = 4f'(0)t — d*(z, Gy) /t, Gy is the support of v and d is the riemannian metric
associated with dx;dx;/a(z) (we refer to (64) below for a precise definition of this metric).
As we will see later along the proof of our main result, our problem is almost equivalent to
(28), but with coefficients depending on e: a(z/e) and vo(z/e) instead of a(x) and vy(x).
Indeed, the particular dependence of the diffusion term in Proposition 2.10 yields that a(x/¢)
is close to a4 if 1 > 0 and to a_ if ; < 0. This shrinked diffusion term is discontinuous

16



and, more important, the rescaled initial datum vg(x/c) becomes very singular when € — 0,
unlike the smooth one in Freidlin’s problem (28). Thus we could not directly apply Freidlin’s
result. However, we will find at an intermediate step a characterization of the expansion set
which is close to Freidlin’s (29), which is not surprising. We will then explicitly compute the
geodesics, which makes another difference with earlier papers on the link between geometric
optics and Hamilton-Jacobi equations. Computing these geodesics, we will recover some
Snell-Descartes law (see the Remark below the proof of Proposition 2.10).

In order to prove Theorem 1, we will determine the limit of the function u.(t, x) = u(t/e, xz/¢),
where u satisfies (2) (see below). The function u. satisfies an equation similar to (28) except
that the initial datum v.(z) = uo(z/c) depends on ¢ and that a(z) is replaced by a(z/e).
But the definition of a in Proposition 2.10 yields that a(z/¢) — a(x) — 0 as x; — +oo.
Hence, if a is very close to a step function x — a;1,,~0 + a_1,, <o, then u. and v. might be
close for all € > 0 and one could try to prove Proposition 2.10 using the same arguments as
in [31].

However, there are several important differences between [31] and our approach. First,
we use here a direct and general approach: Theorem 1 holds even when a(x) and a(z/e)
are not close (for example for periodic or almost periodic functions a). Next, the explicit
computation of the riemannian metric associated with dx;dx;/a(x) when a is a step function
is completely new as far as we know.

Next, let consider the same framework but with f depending on x; instead of a.

Proposition 2.11 Assume that N =2, q=0, A= 1y and f(t,z,s) = c(x1)s(1 — s), where
¢ is a smooth function such that limg, 4o c(x1) = pae, with py > p_ > 0.
Then § = S and this set is the convexr envelope of

{z e R? |z| < 2\/uy,m; > 0} U{x € R? |z| < 2y/pu_, 21 < 0}.

Surprisingly, the functions U and U are quite different from the ones arising along the
proof of Proposition 2.10. However, their level-sets S = {U = 0} and § = cl{U = 0} are
very similar to that of Proposition 2.10 and we find the same type of picture as Figure 2.7.

If A(t,z) = a(xy)Iy and if there exist two periodic functions x; — a4(z1) and
x1 — a_(xy) such that a(x;) —ay(z1) — 0 as x; — oo, then it does not seem possi-
ble to write the expansion set as the convex hull of two half-circles as in Proposition 2.10
holds in general. Indeed, the proof of Proposition 2.10 relies on the particular structure of
the Hamiltons H (e, p) and H (e, p), which are quadratic polynoms with respect to p for all e.

We also mention here the recent work of Roquejoffre, Rossi and the first author [20] on a
coupled reaction-diffusion modeling the diffusion of a species along a line. Computing their
expansion set, the authors faced similar problems but found a picture quite different from
Figure 2.7.

If a converges to a_ in a smaller part of R? than a half-space, then the expansion set is
not as in Proposition 2.10.
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Proposition 2.12 Assume that N = 2, ¢ = 0, f does not depend on (t,z) and
A(z) = a(z)lz is a smooth function such that

{a+ if ol <o

lim a(zy,0m) = o if || >

xr1—+00

where ay >a_ >0 and 0 <rg<r:= ,/aff“_ Then S = S and this set is:

1 —ror 24/ (0)ay (1 +7r2
{‘.’L” < 2\/f/(0)(l+, ’1'2’ 2 7"[).1'1} U {1'1 < ﬁ‘l@’ =+ \/f( ) +< 0>, |x2’ S TO$1}'
0

1+7”0/7“

This expansion set is non-convex if ror < 1, as displayed in the Figure illustrating Propo-
sition 2.12.

2/ O

2/F(0)ar (1 +13)

I
I
:
i -
\i/ ,/’\)arctanro 14 ro/r

Figure 3: The non-convex expansion set S = S given by Proposition 2.12.

This is the first time, as far as we know, that a reaction-diffusion giving rise to a non-
convex expansion set is exhibited. Indeed, for all the classes of heterogeneities previously
investigated in the literature, the expansion sets were characterized through a Wulff-type
construction (35), which is clearly convex. Thus the investigation of more general types of
heterogeneities was needed in order to find non-convex expansion sets.

As a conclusion, if N =2, ¢ =0, f does not depend on (¢, z) and A(z) = a(x)Iy, where a
converges to some limit function a. () in a finite number of radial segments, then Proposition
11.1 below yields that S = S. Hence, if in addition as is assumed to be quasiconcave, then
the reader can check that Proposition 1.3 yields that S is convex. However, this result is
not optimal since, for example, under the assumptions of Proposition 2.12, one would obtain
the function ax(x) = ay if || > rox1, ax(x) = ay if |xe| < 1oz, which is not quasiconcave
since rg > 0, however the expansion set is convex if ror > 1.
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3 Earlier works in the homogeneous, periodic and ran-
dom stationary ergodic cases

We recall in this Section some earlier works and show that in homogeneous and periodic
frameworks, these results could be recovered through Theorem 1. As we have already de-
scribed in details how to carry out such a verification in dimension 1 (see Sections II.D.1
and 3 in [18]), we leave the proofs to the reader in the present article. We also mention the
case of random stationary ergodic coefficients, for which the existence of an exact spreading
speed has been proved in various particular contexts in earlier works, but for which it is not
clear whether our method is close from an optimal result or not in multi-dimensional media.

3.1 Homogeneous equation

Let first recall some well-known results in the case where the coefficients do not depend on
(t,z). In this case, equation (2) is indeed the the classical homogeneous equation

O — Au = f(u), (30)

where f(0) = f(1) = 0 and f(s) > 0 if s € (0,1), which has been widely studied. When
liminf,_o+ f(5)/s'**N > 0, a classical result due to Aronson and Weinberger [4] yields that
there exists w* > 0 such that the solution u of the Cauchy problem associated with a given
non-null compactly supported initial datum satisfies

liminf inf w(t,z)=1 if0<w <w?,

t—+oo |z|<wt
(31)

lim sup u(t,z) =0 if w > w*.
t——+o0 z|>wt ( )

In other words S = S = {z, || < w*}. Moreover, w* is also characterized as the minimal
speed of travelling fronts solutions, defined in [4, 44], and this speed is exactly w* = 2/ f(0)
for KPP nonlinearities, that is, for nonlinearities f satisfying f(s) < f’(0)s for all s > 0 (see
[4])-

When the nonlinearity is of KPP type, these results could be derived from Theorem 1
and Proposition 2.2. Indeed, homogeneous coefficients are obviously recurrent and one has
A (Lp, RY) = X (L, RY) = /(0) + |p|*. Hence, (19) reads S = S = {x, |z| < w*}.

3.2 Periodic media

Let us consider the case where all the coefficients a;;, ¢; and f are space-time periodic
coefficients. A function h = h(t,z) is called space-time periodic if there exist some positive
constants T', Ly, ..., Ly so that

h(t,z) = h(t,z + Lig;) = h(t + T, x)

for all (¢,z) € R x RY, where (g;); is a given orthonormal basis of RY. The periods
T,Lq,...,Ly will be fixed in the sequel. Periodicity is understood to mean the same pe-
riod(s) for all the terms.
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The spreading properties in space periodic media have first been proved using probabilis-
tic tools by Freidlin and Gértner [33] in 1979 and Freidlin [32] in 1984, when the coefficients
only depend on x. These properties have been extended to space-time periodic media by
Weinberger in 2002 [81], using a rather elaborate discrete formalism. Two alternative proofs
of spreading properties in multidimensional space-time periodic media have been given by
the authors of the present paper, together with Hamel, in [12] (see also [59, 62]). These
methods both use accurate properties of the periodic principal eigenvalues associated with
the linearized equation at 0. Lastly, Majda and Souganidis [54] proved some homogenization
results that are very close, but different, from spreading properties in the space-time periodic
setting (we make this connection clear in Section 5).

In periodic media, the asymptotic spreading speed depends on the direction of propaga-
tion. Thus, the property proved in [12, 32, 33, 81] is the existence of an asymptotic directional
spreading speed w*(e) > 0 in each direction e € SV~ so that for all initial datum wug 2 0,
0 < up <1 with compact support, one has

liminf u(t,x +wte) =1 if 0 <w < w*(e),
t—+oo <32)
lim u(t,z + wte) =0 if w > w*(e),

t——+o00
locally in x € R™. It is possible to characterize w*(e) in terms of periodic principal eigen-
values in the KPP case, that is, when f(t,z,s) < f(t,z,0)s for all (t,z,s) € R x RY x RT.

Namely, let £ the parabolic operator associated with the linearized equation near 0:

L= =010+ a;;(t,x)0;;0 + ¢;(t, ©)0ip + f,(t,,0)0,

and let L,¢ := e P7L(eP*¢) for all p € RY. We know from the Krein-Rutman theory that
the operator L, admits a unique periodic principal eigenvalue k0", that is, an eigenvalue
associated with a periodic and positive eigenfunction. Then the characterization proved by
Freidlin and Géartner [32, 33| in the space periodic framework and extended to space-time
periodic frameworks in [12, 81] reads
kper
w*(e) = min —=. (33)
p-e>0 p-e
This quantity can also be written using the minimal speed of existence of pulsating travelling
fronts (defined and investigated in [8, 14, 16, 29, 59, 62, 81]), which is indeed the appropriate
characterization when f is not of KPP type [81].
Lastly, Weinberger [81] proved that the convergence (32) is uniform in all directions,
meaning that

for all compact set K C intS,  limy o0 { SUp,esx [u(t, ) — 1
for all closed set FF C RM\S, limy oo { SUP,eep u(t, 7))

{ -0

with
S={z, VpeRY K'Y >p-a}. (35)
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Of course, as for all e € S¥~! and w > 0, we € S if and only if w < w*(e), we recover (32)

as a corollary of (34). This set is the polar set of A = {p/k”,, p € RN} and, by analogy
with crystallography?, the set S is sometimes called the Wulff shape of equation (2).

In this framework, the same type of arguments as in our previous one-dimensional paper
[18] yield that Ay(L,, RY) = X{(L,, RY) = kr*". Hence, as periodicity implies recurrency,
Proposition 2.2 leads to (35).

3.3 Random stationary ergodic framework

The first proof of the existence of an exact spreading speed in random stationary ergodic
media goes back to the pioneering papers of Freidlin and Gértner [33] and Freidlin [32], who
considered time-independent reaction terms in dimension 1 using large deviation techniques.
In multi-dimensional media, the existence of an exact spreading speed has been proved by
Nolen and Xin for space-time heterogeneous advection terms and homogeneous reaction
terms [64, 65, 66]. As they claimed in [64], their approach should work when the diffusion
term is also space-time random stationary ergodic.

In these cases, the exact asymptotic spreading speed is characterized through some Lya-
pounov exponents associated with the underlying Brownian process. Similar quantities ap-
pear in related problems such as homogenization of reaction-diffusion equations (see [52] and
the references therein). The connections between these various approaches will be discussed
in details in Section 5.

In our earlier paper [18], we have exhibited an alternative definition in dimension 1,
close from an alternative one-dimensional characterization due to Freidlin [32] but involving
generalized principal eigenvalues, and we have proved the existence of an exact spreading
speed for random stationary ergodic diffusion and reaction terms. We used in our earlier
one-dimensional paper [18] a different definitions for the generalized principal eigenvalues.
Namely, in [18] we only asked the test-functions defining the generalized principal eigenvalues
in Definition 1.1 to satisfy a sub-exponential growth at infinity limj, 4 ‘%ln o(x) =0,
which is of course less restrictive than asking ¢ € L*™ and inf ¢ > 0. This relaxed definition
enabled us to construct exact eigenfunctions associated with our generalized eigenvalues in
the random stationary ergodic framework, from which the existence of an exact spreading
speed followed. Unfortunately, in the present paper we were not able to construct exact
eigenfunctions with sub-exponential growth at infinity in dimension N, since the method we
used in [18] relied on one-dimensional arguments.

The introduction of a “metric problem” formulation by Armstrong and co-authors [2, 3]
allowed for a new approach in homogenization theory. This “metric problem” provides an
exact corrector in R™V\ B;. Our point of view bear some similarities with this approach in
that our approximate correctors are only required to satisfy the equation in truncated cones
Cr.(€e). The methods developed in [2, 3] might provide a path towards the construction of
exact correctors. We leave these possible extensions as open problems.

We underline that all these earlier papers made some stationarity hypothesis on the ran-
dom heterogeneity, which means that the statistical properties of the medium do not depend

2In [82], Wulff proved that for a given crystal volume, the set that minimizes the surface energy is
W ={x,z-e < o(e) for all e € S¥~1}, where o is the surface tension.
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on time and space. Many classes of deterministic coefficients could indeed be turned into a
random stationary ergodic setting so that the orginal deterministic media is a given event.
This a well-known fact for periodic, almost periodic (see [67]) and uniquely ergodic deter-
ministic coefficients. In such setting, one could thus derive spreading properties for almost
every event. However, it is not always clear whether these spreading properties hold for the
original deterministic equation or not. Indeed, if the deterministic coefficients have a com-
pactly supported heterogeneity (see below for a precise definition), then this approach gives
a trivial result: the homogeneous equation associated with translations at infinity verifies a
spreading property. But it does not give any result concerning the original heterogeneous
equation. Hence, even if one can transform deterministic heterogeneous equations into ran-
dom stationary ergodic ones, it might be difficult to check that this probabilistic setting is
useful to prove spreading properties for the original deterministic equation.

3.4 The link between travelling waves and spreading properties

Let us conclude this Introduction with a few words about travelling waves. We have re-
called above that in homogeneous and periodic media, there is an explicit link between the
asymptotic spreading speed and the minimal speed of existence of travelling waves. For
example, these two quantities are equal in dimension 1. This is why most of the papers
address propagation problems using both notions indistinctly.

In general heterogeneous media, the first author and Hamel [9, 10] and Matano [55]
have introduced two generalizations of the notion of travelling wave. Several recent papers
9, 10, 11, 57, 58, 63, 74, 85] investigate the existence, uniqueness and stability of such waves
in the case when the nonlinearity is bistable or of ignition type and in dimension 1. In
higher dimensions, for the same types of nonlinearities, Zlatos has found new existence and
non existence results (see [86] and references therein).

When the nonlinearity is monostable and time-heterogenous, the existence of generalized
transition waves has been proved by the second author and Rossi [60]. It is not true in
general that such waves exist for space-heterogeneous monostable equations. In fact, Nolen,
Roquejoffre, Ryzhik and Zlatos [61] construct a counter-example for a compactly supported
heterogeneity. Zlatos further provided conditions in this framework ensuring the existence
of generalized transition waves [84].

Hence, for some classes of heterogeneities, there exists an exact asymptotic spreading
speed but generalized transition waves do not exist. This emphasizes that one needs to be
careful and to distinguish between the two approaches in general heterogeneous media.

4 Further examples and discussion

In order to conclude the statement of the results, we discuss their optimality analyzing in
detail various examples.
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4.1 An example of recurrent media which does not admit an exact
spreading speed

We have described in Section 2.1 how the results simplify when the coefficients are recurrent.
Then we applied these results to various classes of recurrent media, such as homogeneous,
periodic and almost periodic ones, for which we have proved that w(e) = w(e), showing
that there exists an exact asymptotic spreading speed in every directions. It could thus
be tempting to conjecture that any equation with recurrent coefficients admits an exact
asymptotic spreading speed in every directions. We will indeed construct a counter-example
to this conjecture.

The next Proposition gives a generic way to construct examples for which w,(e) < w*(e).
We recall here that another such example was provided by the second author, together with
Garnier and Giletti [35], for an equation with a non-recurrent reaction term depending on z
(but not on t). Proposition 4.1 is proved in Section 10 below.

Proposition 4.1 Consider a uniformly continuous and bounded function w € C}, (R) and
let
I I
w = limsup — / w(t)dt and w=liminf — [ w(t)dt.
T—+00 0 T—+oo T Jo
Let e € SN=1, consider a bounded, nonnegative, mesurable and compactly supported function

ug Z 0 and let u the solution of the Cauchy problem

{ O — Au — w(t)e - Vu = u(l —u) in (0,00) x RV,

u(0,z) = ug(z) in RN, (36)

Then if w —w < 4, one has

wi(e) =2+w and w*(e) =2+ w.

Moreover, if w € (wi(e),w*(e)), then for all s € [0, 1], there exists a sequence t, — +00
such that u(t,, wt,e) — s as n — +0o0.

Example 1. Let first construct an explicit example of non-recurrent coefficients for
which w,(e) < w*(e). Consider the same equation as in Proposition 4.1 with

sy = @ i el Tt
S wr i tety 154,

where (s,)n>1 and (t,),>1 are two sequences of R* such that ¢, — s,, = n and s,.1 —t, = n,
0 <w; <wy <4+ w, wissmooth and w(t) € [wy,ws] for all ¢ € R. Then it follows from
Proposition 4.1 that w.(e) = 2 + w; and w*(e) = 2 + wy. Moreover, one easily computes
using the Remark below Proposition 2.8 that w(e) = 2 + w; and w(e) = 2 + wy. Thus, in
this case, w.(e) < w*(e) but our result is optimal since w(e) = w,(e) and W(e) = w*(e).

Example 2. Let now construct a similar example but with recurrent coefficients. It
has long been known that recurrent functions do not necessarily admit a mean value, but
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there does not exist many explicit examples in the literature. One was exhibited by Lewin
and Lewitan in 1939 [49]. Let w such a function: w is uniformly continuous, bounded and
depends recurrently on ¢, and one has

I I

liminf — w(t)dt < limsup —/ w(t)dt.
T—+oo T Jo T—+o0 0

Under the same hypotheses as in Proposition 4.1, one then immediatley gets w,(e) < w*(e),

that is, equation (36) does not admit an exact spreading speed in direction e, despite it has

recurrent coefficients.

In these Examples, as in [35], the spreading is not linear: the level lines of u(t,-) do not
move with a given speed but oscillate between two speeds. Hence, instead of considering
the limit of ¢ — wu(t, wte) with w € RT, one should try to localize the level sets of u(t,-)
by computing the limit of ¢ — u(t,e f; w(s)ds), with w € C°(RT, RT). We introduced with
Hamel some notions that are useful when one tries to identify such “nonlinear” spreading
properties in [12]. The method we present in this paper only fits to the investigation of
“linear” spreading properties. We hope to be able to prove the existence of spreading surfaces
(see [12]) involving generalized principal eigenvalues in a forthcoming work.

4.2 A time-heterogeneous example where our construction is not
optimal

In the next example, Proposition 4.1 shows that w*(e) = w.(e), that is, there exists an exact
spreading speed, but the speeds we construct through Theorem 1 are not equal: w(e) < w(e).
Thus, Theorem 1 do not give optimal bounds on the level sets of u(t,-) in this case.

Example 3. Consider the same w as in Example 1 but with s,,; — ¢, = n%2. Then on
one hand, Proposition 4.1 gives

1 t
wi(e) =w*(e) =2+ w; since Z/ w(s)ds = wy as t — +o0.
0

On the other hand, one can easily prove that

1 s+t 1 s+t
lim sup sup — / w=uws and liminfinf - / W= wi.

t——+oo s>0 t—+o0 >0 1

The Remark below Proposition 2.8 gives

w(e) =24+ w; =wi(e) and wW(e) =2+ wy > w(e).

4.3 A multi-dimensional example where our construction is not
optimal

We conclude with an example showing that our construction of w(e) might not be optimal
in dimension N. In this example a direct approach, through sub and supersolutions, gives
more accurate results.
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Proposition 4.2 Assume that u satisfies
O — a(r)Au = u(l —u), in (0,00) x R?,
where ug Z 0 is compactly supported, nonnegative and continuous, a is smooth and

a(z) = a; if x12x§+1,
as if xlgx%,

with a; > aq > 0. B
Then, S = {z € RY, |z| < 2/a1} and S is the closed conver envelope of

However, for all compact subset K C intS, one has

lim sup |u(t,z) — 1| =0.

l=+00 petk

Figure 4: The set S of Proposition 4.2.

This example indicates that considering what happens in the full truncated cones Cr ,(€)
in the computations of the Hamiltonians might not be optimal. As already observed in our
previous paper with Hamel [12], only the value of the coefficients at finite distance from
the propagation paths should matter. The present Hamilton-Jacobi approach requires us to
consider what happens in the truncated cones Cg,(€), which is sub-optimal. We hope to
provide a unified approach giving optimal results in a future work.

5 The link between asymptotic spreading and homog-
enization

It has long been known that there is a strong link between homogenization problems and
spreading properties, that is, the investigation of sets S and S satisfying (3). However, to
our knowledge, this link has never been fully established in a general framework. Xin in [83]
provides mostly heuristic computations showing this link in the periodic setting. Actually,
one of our aims in the present paper is to establish this link rigorously and in a general
framework. Indeed, along the way in our proofs, we realized that heuristic arguments and
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homogenization methods need to be supplemented in order to derive the actual spreading
properties for reaction-diffusion equations.

Let us now describe this more precisely. Consider a solution u of the nonlinear reaction-
diffusion equation (2). In order to locate its level sets, following the homogenization ap-
proach, one lets Z.(t,x) := elnu(t/e,x/c). The aim is then to compute its limit when it
exists. This function satisfies

OZ: — ¢ 25\3:1 aij(t/e,x/e)0yZ. — H(t/e,xv/e,V Z,)
- if(t/&,x/g,vs) — fl(t/e,x/e,0) in (0,00) x RN,
Z:(0,z) = { elnuo(w/e) if uo(z/) #0,

—00 otherwise,
with
H(s,y.p) == pA(s,y)p +a(s,y) - p+ f.(s,9,0).
If one replaces the initial datum by a function which does not depend on ¢ and if the

right-hand side cancels, that is, if f = f(¢,z,u) is linear with respect to u, then this equation
reduces to the following typical equation considered in the homogenization literature:

017 — kea; j(t)e,x)e)0; ; Z. — H(t)e,x/e,VZ.) =0 in (0,00) x RY, (37)
Z:(0,z) = Zy(x) otherwise,
with x = 1 here. Such problems are usually investigated in the framework where

Zy € Co(RY), k > 0 and H is continuous in (¢, z,p), convex in p and H(t,z,p)/|p| — +o0 as
Ip| = 400 uniformly in (¢,2) € R x RY (see for instance [52]).

Consider first the case when H is periodic in x and does not depend on ¢. The heuristics
that give the characterization of the effective Hamiltonian H"*™ are the following (we refer
to [52] for a complete review on this topic). First, one looks for an approximation of the
form

Z(t,x) ~ Z(t,x) + Y (t,z,x/e),

where Y is periodic in x/e. Then, in order to separate the two scales x and x /e, a straight-
forward computation shows that Y has to satisfy an equation of the form

—kA)Y + H(y,V,Z +V,Y) = H""(V,2)

for some function H"™. 1In other words, choosing (t,z) and letting p = V,Z(t,z) and
v,(y) = Y (t,z,y), one needs to find for all p € RY a solution (vp, H’wm(p)), with v, periodic,
of

—kAv, + H(y,p+ Vyu,) = H™(p)  in RY. (38)

This equation is called the cell problem associated with (37) and v, is called an ezact corrector
associated with this cell problem. If H(y,p) = |p|*+c(y) and k = 1, which is the Hamiltonian
that comes from a linear elliptic equation equation, using the WKB change of variable
¢p = e, we see that the existence of an exact corrector is equivalent to the existence of a
periodic solution (¢,, H"™(p)) of

Aygp+2p- Vo, + (|p\2 +c(y))pp = Hhom(p)% in RY. (39)
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In other words, as ¢, > 0, in this case H"™(p) is the periodic principal eigenvalue associated
with the operator L, = A + 2p -V + (|p|* + ¢(y)). Indeed, it is always possible to find a
solution (v,, H"™(p)) of the more general cell problem (38) when the Hamiltonian H(y,p)
is periodic in y. Then, a classical machinery yields that lim. o Z.(¢,2) = Z(t, ) locally in
(t,x), where Z is the unique solution of the homogenized equation

{ 8tZ — Hhom(VZ) = 0 iIl (0,00) X RN, (40)

Z(0,z) = Zy(x) otherwise.

When H is almost periodic, it is not always true that there exists a principal eigenvalue,
and thus an exact corrector, associated with L,. This problem was solved by Ishii [43] when
k = 0 and by Lions and Souganidis [51] for fully nonlinear almost periodic equations. They
introduced the notion of approrimate correctors. Namely, they proved the existence of a
constant H"™(p) such that for all § > 0, there exist two bounded functions v and v, 5 that
satisfy in RY:

—kAy s+ H(y,p+Vyv,5) < H™™(p)+6  and —/{Ayvg+H(y,p+Vyvg) > H"™(p) 0.

(41)
The existence of approximate correctors is sufficient in order to homogenize equation (37),
as proved in [43, 51]. Now, if H(y,p) = |p|* + c(y) and k = 1, letting ¢, s = exp(—v,s) and
qbg = exp(—vg), the existence of approximate correctors is equivalent to the existence of ¢y, s
and (bg such that

Lybps > (H™™(p) — 6)¢ps and  Lyg) < (H"™(p) + )¢5 in RV,

where ¢, s and qbg are bounded and have a positive infimum. In other words, in terms of the
generalized principal eigenvalues we have defined here, there exist approximate correctors if

and only if o
M (L, R x RY) = A ((L,,R x RY).

Ishii [43] and Lions and Souganidis [51] obtained such approximate correctors in the
space almost periodic framework using Evan’s perturbed test function method, that was
first introduced in a periodic framework [27]. We also made use of this method to prove the
equality of the two generalized principal eigenvalues in space-time almost periodic media in
[18].

When H is random stationary ergodic with respect to z, it has been proved independently
by Lions and Souganidis [52] and by Kosygina, Rezakhanlou and Varadhan [46] that it is
possible to homogenize (37), that is, Z.(t,z) — Z(t,z) as € — 0 locally uniformly in (¢, x)
almost surely and the limit Z satisfies a deterministic equation of the form (40). This
result has been extended to space-time random stationary ergodic equations by Kosygina
and Varadhan [47] (see also [70] when x = 0).

It is not always true that there exist approximate correctors in random stationary er-
godic media. Lions and Souganidis [52] proved that there exists a global subsolution v of
—kAv + H(z,p + Vo) < H"@"(p) in RY almost surely, where Vo is a random stationary
ergodic function with mean 0. It is well-known that such a function needs not necessarily
be bounded nor stationary anymore but that it is sub-linear at infinity: v(z)/|z| — 0 as

27



|z| — 400 almost surely. Hence, one needs to extend the notion of approximate correctors
to sublinear functions at infinity. Moreover, even with this extended notion, it is not always
true that there exists an upper approximate corrector. Indeed, Lions and Souganidis pro-
vided a counter-example in [50]. This is why they proposed a new notion of correctors (see
Proposition 7.3 in [52]), which is tailored for homogenization problems of random stationary
ergodic equations.

However, in dimension 1, for second order linear elliptic equations, we have proved in our
earlier paper [18] that there exists an approximate corrector almost surely (see also [26] for
a similar result concerning 1D first order nonlinear Hamilton-Jacobi equations). We thus
derived the equality of the two generalized principal eigenvalues, providing we relax their
definitions in order to only require a sublinear growth at infinity of the test-functions, and the
existence of an exact asymptotic spreading speed. We were not able to extend this result to
multi-dimensional equations and leave such a generalization as an important open problem.

As far as we know, homogenization results for (37) have never been investigated when
the dependence of H with respect to x is general. Indeed, it is not possible to prove that
the family (Z.).s¢ converges in general (see Proposition 4.1 above for example). The recent
papers [46, 47, 52, 70] addressing this question focused on random stationary ergodic Hamil-
tonians H, but not all deterministic equations could be transformed into a relevant random
stationary ergodic one, as already described in Section 3.3.

Thus, it is only possible to obtain bounds on the spreading speeds w,(e) and w*(e) for
a general heterogeneous equation. Of course, we aim at constructing bounds as precisely
as possible. In particular we identify some classes of equations where our bounds give
wy(e) = w*(e). Indeed, we show that this identity holds when the coefficients are periodic,
almost periodic, asymptotically almost periodic and radially periodic. In these cases, the
notions of generalized principal eigenvalues and approximate correctors are exactly the same
since then we show that A\, (£, R x RY) = X\ (£, R x RY). But for other types of media, the
two notions may differ.

Second, trying to find optimal bounds on the spreading speeds, we prove in the present
paper that only what happens in the truncated cones Cr,(e) enters into account in the
computations of the propagation sets S and S which give our bounds on the spreading speeds.
These types of properties cannot be obtained using former homogenization techniques since
the approximate correctors are global over R x RY and do not take into account the direction
of propagation. This enables us to handle the case of directionally homogeneous coefficients.
Indeed, this very simple example lead us to a striking phenomenon: the expansion set we
construct is not obtained through a Wulff-type construction like (35). Indeed, it is even
possible to construct non-convex expansion sets as we have observed above (see the discussion
following Proposition 2.12).

6 Properties of the generalized principal eigenvalues

The aim of this Section is to state some basic properties of the generalized principal eigen-
values and to prove Proposition 1.2. In all the Section, we let an operator £ defined for all
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¢ € CH*(R x RY) by
Lo = —0ud+ a;;(t, x)0i;¢ + ¢;(t, )0;¢ + c(t, 7),

where A and ¢ satisfy the hypotheses of Section 1.2 and ¢ € Cé/z’é(R x RN) N Le(R x RY)

loc
is a given uniformly continuous function. Recall that, for all p € RV,

Lyp = e PIL(ET6) = —00 -+ (AL 2)V6) + WALV +a(t.0)-To 4
+(pA(t,x)p+ q(t,x) - p+ c(t, x))o.

Therefore, by proving some properties for A;(£, Q) and A (£, Q) with general A, ¢ and ¢, we
immediately derive properties regarding A;(L,, Q) and A (Lp, Q).

6.1 Comparison between )\, and A

We begin with an inequality between \; and AL

Proposition 6.1 Consider an open set Q C R x RN that contains balls of arbitrary radii.
Then

M(L,Q) > M(L,Q).

Remark: By “Q) contains balls of arbitrary radii”, we mean that for all R > 0, there exists
(tr,7r) € R x RY such that {(t,z) € R x RN |t —tg| < R, |x — zr| < R} C Q. When this
property is not satisfied, for example when () is bounded, then the inequality of Proposition
6.1 may fail (see Proposition 6.5 below).

This is where we need a stronger hypothesis on the behaviour of the test-functions at in-
finity than in [18]. In this previous paper investigating space heterogeneous one-dimensional
Fisher-KPP equations, we defined the generalized principal eigenvalues by requiring the test-
functions to be positive and smooth enough over (R, c0) and sub-exponential at infinity (that
is, lim, o % In¢(xz) = 0). The tricky part in the proof of the comparison between the two
generalized principal eigenvalues was that we do not prescribe any given behaviour at the
boundary z = R. However, we managed to overcome this difficulty through one-dimensional
arguments.

In the present paper, the boundary of Cr,(e) is quite larger and we do not know if such a
comparison holds. We thus impose a stronger hypothesis on the test-functions: boundedness
and uniform positivity. By proving some comparison between the eigenvalues over () and
over R x RY we will be able to assume that @ = R x R", which has no boundary.

We first need to prove Proposition 6.1 when Q = R x RY in a general framework, when
the coefficients are only assumed to be continuous and bounded, and we indeed prove a
more accurate inequality. Such a comparison was proved in [22] for elliptic operators with
space heterogeneous coefficients. We extend it here to parabolic operator with space-time
heterogeneous coefficients.
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Lemma 6.2 Assume that A, q and c are continuous and uniformly bounded over R x RN,

Then
sup{\ | 3¢ € WH2(R x RY) and Lo > \¢ in R x RV}

<inf{\ | 3¢ € C(R x RY), infrypy ¢ >0 and Lo < X¢ in R x RV},

where the inequalities hold in the sense of wviscosity solutions. — As a consequence,
M(L,RxRY) > X\ (L, R x RY).
Proof. Define

(L, R x RY) =sup{A | 3¢ € WH*(R x RY) and L¢ > A¢ in R x RV}

(L, R x RY) =inf{\ | 3y € C(R x RY), infp, gy >0 and L1 < \p in R x RV},
Assume that 7i7(£,R x RY) <y (£, R x RY). Take p/, ji" such that

(L, RXRY) >y > p" > (L, R x RY).

There exist ¢,1 € C(R x RY) such that ¢ € WH(R x RY), infggnv ¢ > 0, L& > p'¢p and
L) < /"7 in R x RY in the sense of viscosity solutions. Let 7 := infp g~ % and z := ) —v¢.
The function z is nonnegative and infp, gy 2 = 0. Moreover, it satisfies

Lz <p"p —yp'¢ = p'z+ (W' — p') in R x RY,
Let e = (' — p”) infry gy ¢ > 0, then
—(L — )z > e in R x R" in the sense of viscosity solutions.

It now follows from the strong maximum principle for parabolic operators in unbounded
domains proved in Lemma 3.4 of [12] that infg, g~ z > 0, which contradicts the definition of
z. Thus,

(L, R x RY) > 1y (L£,R x RY).

Obviously, A (£, R x RY) < 4y (£,R x RY) and 7i7(£,R x RY) < A(£,R x RY). O
Proof of Proposition 6.1. Assume that A\ (£, Q) > M (£, Q) and take
M(L,Q) >N >\"> N\ (L,Q).

There exists ¢ € C*(Q) x WH>(Q) such that infg¢ > 0 and L& > N¢ in Q. Take
(tr, TRr)R>0 as in the Remark below Proposition 6.1 and let ¢g(t,z) = ¢(t+tr,x+2r). The
family (¢r)r is equicontinuous and uniformly bounded since ¢ € Wh*(Q). By the Ascoli
theorem, there exist a sequence R,, — +0o as n — +o0o and ¢, € WH(R x RY) such
that ¢r, — ¢ as n — +oo locally uniformly in R x RY. One has infg,gny ¢oo > infg ¢
and supg, gy Poo < SUPg ¢. Similarly, as the coefficients A, g and ¢ are uniformly continuous
and bounded, one can assume, up to extraction, that there exist A, ¢ and ¢, such that
A(t+tg,,x+zRr,) = Ac(t,x), ¢(t+tg,, v+2R,) = Go(t, ) and c(t+tg,, 2+2xR,) = Cxo(t, x)
as n — +oo locally uniformly in R x R¥. Define

L= =0+ tr(As(t, 2)V?) + goo(t, ) - V + oo (t, 7).
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Then the stability theorem for Hamilton-Jacobi equations (see Remark 6.2 in [24]) gives
L0 > N in R x RY in the sense of viscosity solutions.

Similarly, as A’ > A\ (£, Q), one can construct a function ¢o, € WH*(R x RY) such that
infp gy se > 0 and, up to one more extraction, £*,, < N1 in R x RY in the sense of
viscosity solutions.

The definitions of 1 (£*, R x RY) and fir(£*, R x RY) in Lemma 6.2 above yield

pa (LR x RY) > N and (£, R x RY) < A"

But Lemma 6.2 gives p1(£*, R x RY) <77 (L£*, R x RY), which contradicts \” < X. O

6.2 Continuity with respect to the coefficients and properties of
H and H

We will require in the sequel the continuity of the generalized principal eigenvalues associated
with L, with respect to p. This smoothness will indeed be derived from the continuity of the
eigenvalues associated with £ with respect to the first order term ¢ and the zero order term
c. The uniform Lipschitz-continuity with respect to c is easy to derive from the maximum
principle. The continuity in ¢ is indeed trickier and is stated in the next Proposition. It is
an open problem to prove the continuity with respect to the diffusion term A.

Proposition 6.3 Consider two operators £ and L' defined for all ¢ € C*? by

Lo = —0ip+aij(t,x)0;6+ q(t, x)0ip + c(t, z)o,
L' = =019+ a;(t,x)0i;¢ +ri(t, )0 + d(t, )9,
where ¢, d € C(S/z’é(R x RMYN LR x RY) and A, q and r satisfy the hypotheses of Section

loc

1.2. Then, for all open set Q C R x RV,

A(LQ) = M(L, Q) < Cllg =7l + e = dllow + 25 la = 7ll2
M(L,Q) = ML, Q) < Cllg = rlloe + lle = dlle + 55 llg — 7l

where 7 is given by (8) and C = %max{d”c”oo, \/||d||oo}.

Proof. This could be proved exactly as Proposition 3.3 in [18]. Obviously the dimension
N and the different behaviour of the test-functions at infinity do not play a key-role in this
earlier proof. O

and

Proof of Proposition 1.2. The convexity and the upper and lower bounds on H and H
follow from exactly the same arguments as that of Proposition 2.3 in [18], using Proposition
6.1 and Hypothesis 9. The local Lipschitz-continuity with respect to p, with a constant
independent of e, also immediately follows from Proposition 6.3 and (42).

Let now check the upper semicontinuity of H (the proof for H being similar, we will omit
it). Let e € S p e RN, o > 0 and R > 0. Consider some ¢ € S¥~! close to e. The
geometry of Cr,(e) yields that for |¢/ —e| < a, Cra(€) C Crale), with o/ = o — |e — ¢].
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Hence, a test-function ¢ associated with A;(L,,Cra(e)) through (10) is admissible as a
test-function for A\ (L,, Cr«(€’)), and it easily follows from the definition of A that

ﬁ(L}% CR,a(e)) S ﬁ([/py OR,O/(e/)) S ﬂ(elap> if |6 - 6/’ <.

The definition of H yields that for all ¢ > 0, there exist ay > 0 and Ry > 0 such
that H(e,p) < A (Lyp,Crale)) + ¢ for all a € (0,a0] and R > Ry;. We conclude that
H(e,p) < H(¢,p) + ¢ if |e — €/| < ap, which concludes the proof. O

6.3 Comparisons with other notions of eigenvalues

We conclude this Section with some comparisons with other notions of principal eigenvalues.
These results help to understand the notion of generalized principal eigenvalue and to com-
pare our results with earlier works. First, when the coefficients are periodic, then \; = n
equals the classical notion of periodic principal eigenvalue. More generally, when there exists
an exact eigenfunction which is W1°°(R x R") and uniformly positive, then the associated
eigenvalue equals the generalized principal eigenvalues.

Proposition 6.4 Consider an open set Q C R x RN that contains balls of arbitrary radii.
Assume that there exist A € R and ¢ € C**(Q) such that infg ¢ > 0, ¢ € WH>(Q) and
Lo =Xpin Q. Then

In particular, if the coefficients are space-time periodic, using the same notations as in Sec-

tion 3.2, one has o
KB = M (L, R x RY) = M\ (L,R x RY).

Remark. The converse assertion is not necessarily true: it may happen that A\; = A1 while
there exists no classical eigenvalue. For example, the two generalized principal eigenvalues
are equal if the coefficients are almost periodic in (¢,x) (see Theorem 3 below) but it is
well-known that almost periodic operators do not admit classical eigenvalues in general [69].

Proof. Using ¢ as a test-function in the definitions (10) of A\(£, Q) and (11) of A\(L, Q),
one gets \i(£,Q) > X and A\(£,Q) < X As M(£,Q) < Ai(£,Q) from Proposition 6.1, this
gives the conclusion.

If the coefficients are periodic, then there exists a space-time periodic principal eigenfunc-
tion ¢ such that Lo = k5 (L£)¢ and ¢ > 0. As ¢ is periodic, it is bounded and infg, gy ¢ > 0.
Thus k5 (L) = M (L,R x RY) = A\ (L, R x RY). O

When the coefficients do not depend on ¢ and ) = R x w, with w bounded and smooth,
then A\ (£,R X w) is infinite and A;(£,R x w) is the classical Dirichlet principal eigenvalue
Ap(L,w), defined by the existence of some ¢p € C*(w) N C%(w) such that

Lép = Ap(L,w)ép in w,
¢p > 0in w, (43)
¢p = 0 over Ow.

Hence, A\ (£, R x w) < A{(£,R X w) is not true anymore if w is bounded and smooth.
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Proposition 6.5 Assume that A, q and ¢ do not depend on t and that Q = R X w, with w
bounded and smooth. Then

MLRxw)=Ap(L,w) and M(L,RXw)=400.

Proof. For all ¢ > 0, we define w, = {x € RV d(x,w) < €} and y. the principal eigen-
function associated with A. = Ap(L,w.). It is well-known (see [19] for example) that
Ae \( Ap(L,w).

On one hand, as inf,x. > 0 for all € > 0, one can take Y. as a test-function in
the definition of A;(£,R x w), which gives \(£,R x w) < A for all ¢ > 0. Thus,
M(L,R x w) < Ap(L,w).

On the other hand, assume that this inequality is strict and take A" such that

ML, R xw) <N < Ap(L,w).

There exists 1 € CH?(R x w) N WH*(R x w) such that infgy, ¥ > 0 and L1 < N1, Let

Kk =inf( oyerxw gg—eg < oo and z =1 — kpp. Then infry, z = 0 and
Lz < (N =Ap)Y+ Ap(L,w)z.

Thus, there exists ¢ > 0 such that —(£ — Ap(£,w))z > e. Lemma 3.4 of [12] then gives
infgy,, z > 0, which is the required contradiction. Hence A\ (£, R X w) > Ap(L,w).
Lastly, for all k € R, let 1, (t,x) := e"*. As w is bounded, infgy, ¥, > 0. A straight-

forward computation gives infg,, % — +o00 as K — +oo. Thus \(L,R x w) = +o0.
O

Other notions of generalized principal eigenvalues exist in the litterature. In particular,
one can get rid of the conditions infg ¢ > 0 and ¢ € W*°(Q) in the definition of A and
A1. This gives an other quantity, called Ay in [17, 19, 22]. This is the most known notion
of generalized eigenvalue. This notion is not well-fitted to our problem since it does not
measure the exponential growth of the test-functions.

7 Proof of the spreading property

7.1 The WKB change of variables

We will now reformulate our problem by using the link between asymptotic spreading and
homogenization described in Section 5. Define v.(t,x) := u(t/e, /). In order to investigate
the behaviour of this function as € — 0, let introduce the WKB change of variables

Z. =¢clnw,. (44)

The first step of our proof relies on the classical half-limits method, developed in [6, 7, 42, 54].
Define

Z(t,x) == liminf Z.(y,s) and Z*(t,x):= limsup Z.(y,s) (45)

(s,y)—(t,z),e—0 (s,y)—(t,z),e—0
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and let show that these functions are respectively super and subsolutions of some Hamilton-
Jacobi equations.

Of course the general heterogeneity of the coefficients generates many new difficulties.
As Z. satisfies an equation with oscillating coefficients depending on (¢/e, x/¢), we need to
identify approximate correctors, which will indeed be constructed through general principal
eigenvalues. We refer to our previous one-dimensional work [18] (Section B) for a review
on these difficulties and on the ways to overcome them. Moreover, we have to deal with
dimension N in the present paper, unlike in [18]. The main change it induces is that we
cannot always explicitly solve the upcoming Hamilton-Jacobi equations satisfied by Z, and
Z*, unlike in dimension 1. This is why integral minimization problems will come up in
the definitions of the expansion sets. This is not only a technical difficulty: this reflects,
somehow, new multi-dimensional strategies of propagation for the population u, as observed

in Propositions 2.10, 2.11 and 2.12.
Lemma 7.1 The family (Z.).>o satisfies the following properties:

1. For all compact set Q C (0,00) x RY there exist a constant C' = C(Q) and gy = &4(Q)
such that |Z.(t,z)| < C for all 0 < e < gy and (t,z) € Q.

2. For allt > 0, one has Z*(t,0) = Z,.(t,0) = 0.
3. Z, 1s lower semicontinous and Z* is upper semicontinuous.
Remark. Note that assertion 1. yields that Z* and Z, are well-defined on (0, 00) x RY.

Proof. This Lemma is proved exactly as Lemma 4.1 of [18], using Theorem 1.5 of [12] to
prove 2., and the Harnack inequality to prove 1., which both hold in dimension N. Assertion
3. is straightforward. O

Similarly, the extension to dimension N of the following lemma, which gives the link
between the sign of Z,, Z* and the convergence of v. as ¢ — 0, is straightforward.

Lemma 7.2 The following convergence holds as € — 0:

1 : : int{Z, = 0},
ve(t, x) — { 0 locally uniformly in { (7" <0}, (46)

Proof. The reader can easily check that the dimension is not involved in the arguments of
the proof of Lemma 4.2 in [18]. d

7.2 The equations on Z, and Z*
We will now pass to the limit ¢ — 0 in the equation satisfied by Z.:

O Z. —etr(Alt)e,x/e)V?Z.) =V Z.A(t)e,x/e)V Z. — q(t/e,x/e) - VZ.
= o f(t/e,x/e,v.) in (0,00) x RY,

Z.(0,x) =elnug(z/e) if x € € int(Suppuy),

limy o+ Z(t,x) = —o0  if & ¢ ¢ int(Suppuy).

(47)
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Proposition 7.3 The functions Z* and Z, are discontinuous viscosity solutions of

ol
max{9,2° — H(%,VZ*), Z*} < 0 in (0,00) x R¥\{0},

Z*(t,0) = Z(t,0) =0 for all t > 0,

limg o+ Zi(t, ) = limy o+ Z*(t,x) =0 if £ =0, —o0 if x # 0, unif. with respect to |x|.

(48)
The initial condition at ¢ = 0 means that for all » > 0, one has

lim sup Z,(t,x) = lim sup Z*(t,z) = —o0.

t—0t |z|=r t—0t |z|=r

The proof will follow the same lines as that of Proposition 4.3 in [18] (which was itself
inspired by [28, 54]). We underline that in [18], we were only dealing with Z,, since w was
constructed through direct arguments (see Section IV.A in [18]). Here we expect a more
involved characterization of S (16) and thus a direct proof as in [18] is unlikely. We thus
have to work on Z*. Indeed, the derivation of the equations on Z* and Z, are not similar,
due in particular to the singular initial datum, and we thus need to provide some extra-
arguments with respect to [18]. Moreover, we need to check that only what happens in the
truncated cones Cg,(€) needs to be taken into account, which is a new difficulty compared
with our previous one-dimensional paper [18].

Proof.

1. We already know that Z*(t,z) < 0 for all (t,z). Fix T'> 0 and a smooth test function
x and assume that Z* —y admits a strict maximum at some point (¢g, o) € (0, 7] x (R¥\{0})
over the ball B, := {(t,x) € (0,T] x (RV\{0}), |t — to| + |z — wo| < r}. Define e = x4/ ||
and p = Vx(to, zo).

Take R > 0 and a € (0,1). Consider a function ¢ € C**(Cra(e)) "W (Cra(e)) such
that infe, ()1 > 0 and <Lp — i (L, C’R,a(e))>w < utp. Let w = Inp, this function satisfies

over Crq(e):
8tw — ai,j (@Jw -+ (alw +pz)(8]w —|—pj)) — ql(&w +p1> Z f{t(t, X, 0) —)\_1(Lp, CR@(G)) — M. (49)

Moreover, one has cw(t/e,z/c) — 0 as € — 0 locally in (¢,2) € Cr(e) since w is bounded.

Take a sequence (g,), such that lim, ., &, = 0. Using the same arguments as in [18],
one can prove that the definition of Z* yields the existence of two sequences (t,), and (x,),
such that

ZE"(tn, l'n) — Z*(to, [L’()),
(tn, Tn) — (to, o) as n — 400, (50)
ZF — x — eqw(-/en, - /en) reaches a local maximum at (t,, ;).

As tg # 0 and g # 0, one has t, /e, — +oo and |x,|/e, — +00. Moreover, f;—"| —e—0as
n — +00.
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2. Take n large enough so that (t,/c,, x,/e,) € Crale). As Zn — (X + 5nw(;, a))
reaches a local maximum in (t,, z,), we get:

Ox + 0w — 01 Z., — entr(A(V2ix + e, V2w — V2Z_ )

—(Vx+Vw—-VZ )ANVx+Vw+VZ, )—q- (Vx+Vw-VZ, ) <0, (51)

where the derivatives of x and Z. are evaluated at (¢,,x,), A, ¢ and the derivatives of w are
evaluated at (t,/en, x,/e,). Using our KPP hypothesis (7) and the equation (47) satisfied
by Z., we get

Ox + 0w — tr(A(e,Vix + V2w)) — (Vx + Vw)A(Vx + Vw) — q - (Vx + Vw)
S f;(tn/€n7 xn/gna 0)7

where the derivatives of x are evaluated at (¢,,z,) and A, ¢ and the derivatives of w are
evaluated at (t,/e,,z,/e,). Using (49) and the ellipticity property (8), this gives

Ox — Ai(Ly, Cral€))
< pentr(AVAX) +q - (Vx —p) + TIVx — p|* + 20|V — p||Vw + p),

where we remind to the reader that p = Vx(to, o). Letting n — +oo and p — 0, this leads
to atX(to,ZL'o) - )\1(Lp, C’Rﬂ(e)) S 0.

Finally, letting R — +00 and a — 0, the stability theorem for Hamilton-Jacobi equations
(see for example Remark 6.2 in [24]) yields that:

max{0,Z* — H(e,VZ*),Z*} < 0in (0,00) x (RV\{0}) (52)

in the sense of viscosity solutions.

3. We next verify that the initial condition is satisfied. We first claim that if p € C*°(R")
is such that p(x) =0 if z = 0 and p(x) > 0 if z # 0, then

min {,2° - ﬁ(ﬁ’ VZ), 2"+ p} <0 in {0} x (RM\{0}). (53)
x
In order to prove this variational inequality, consider some smooth test function y
such that Z* — y admits a strict local maximum at some point (0,zg). If xy = 0, then
limy o+ Z*(t, z0) + p(x9) = 0 is clearly true by Lemma 7.1.
Assume that xy # 0 and that lim, o+ Z*(t,20) > —p(z0). We need to prove that

—, T
9x(0,z0) = H (77, Vx(0,0)) <0
0
This can be done as previously by noting that since Z¢"(0, ) = —oo for all z near zy when

g, is small enough, the points (¢,, z,,) above lie in (0, 00) x RY. Then the maximum principle
argument leading to (51) is valid and (53) follows.

4. Clearly Z%(0,0) = £Inu(0) converges to 0 as £ goes to 0 and thus lim, ,o+ Z*(¢,0) = 0.
Assume now that there exists r > 0 such that lim sup,_,o+ sup|, -, Z*(t,z) > —oc0. Take § > 0
and define

ot z) =67 z| —r)? + X,
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where A will be fixed later. As Z* is upper semicontinuous and bounded from above, we
know that Z* — x° admits a maximum at a point (t5,z5) € [0,00) x RY and that x5 # 0
when ¢ is sufficiently small.

Assume that t5 > 0. Then we know from (52) that
Ts

s w7 L -1
Vx (t(;,x(;)) A H(|x5|725 (|s] T)|ZL'5|> <0

On the other hand, one has for all z so that |z| =r,

T
EZ1N

0’ (ts, x5) — F(

limsup Z*(¢, z) = limsup (Z*(t,z) — X°(t,2)) < (Z* — X°)(ts, ws) < =6 (Jas| — 7). (54)

t—0t t—0t

Thus we get from Proposition 1.2 that

A< ﬁ(ﬁ 25*1(|x5\_r)ﬁ) < C(1+4572 (5] —1)?) < C(1—46 " limsup Z* (¢, ). (55)
[

|$5|’ |$ | t—0+

This contradicts lim sup, o+ supj,—, Z*(t,r) > —oo by taking A > 0 large enough. Thus
ts = 0.

Consider a smooth radial function p = p(|z|) so that p(0) = 0 and p(r) > 0 if r > 0. If
limy o+ supy,—, Z*(t,r) > —p(r), then we know from (54) that one can find § small enough
so that Z*(0,x5) > —p(zs). But then (53) would lead to (55) and give a contradiction.

Thus limy o+ supy,—, Z*(t,z) < —p(r). But as p is arbitrary in r > 0, this gives a
contradiction.

5. The equation on Z, could be derived from the same arguments as in the proof of
Proposition 4.3 in [18], the arguments above ensuring that only what happens in Cg,(e) is
involved and thus that the corrector H (e, p) naturally emerges in the inequation on Z,. O

7.3 Estimates on Z, and Z* through some integral minimization
problem

We first obtain comparisons with the solutions of Hamilton-Jacobi equations with continuous
Hamiltonians H.

Proposition 7.4 Assume that H = H(z,p) is a Lipschitz-continuous function over
RY xRY | convez in p, such thatH(‘%',p) < H(z,p) < C(A+|p|?) for all (x,p) € (RV\{0})xRY

and for some given C' > 0. Then

—Z*(t,x) > inf max { /Oa H*(7(s),7'(s))ds, ~(0) =z, ~(t) = O}. (56)

a€[0,t]

The two difficulties here are the unboundedness of the domain R" and the singular initial
datum. For all ¢ > 0, the functions Z(t,-) and Z(t,-) stay unbounded and thus one cannot
directly apply classical doubling of variables method. We will thus compare the solutions with
solutions of problems in bounded domains with smooth initial data, for which comparison
results have been proved by Evans and Souganidis in [28§].
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Proof. We use the same approach as in Lemma 3.1 of [28] to prove this result. Hence we
will just sketch the proof and focus on the differences with [28].

Consider a smooth function 7 such that 7(0) = 0 and 0 > n(z) > —1 for all z # 0. Let
Z, the solution of

{ max{0,Z% — H(z,VZ¥),Z*} =0 in (0,00) x RY, (57)

Z*(0,2) = kn(x) for all z € RV,

which is a bounded and uniformly continuous function. Clearly, Z* is a subsolution of
equation (57).

Let u5 the solution of the Cauchy problem (2) with initial datum g (0, 2) = ug(z)4-e*n(=2)/z,
The parabolic maximum principle yields u(t,z) < u(t,z) for all (¢,z) € (0,00) x RY and
thus Z.(t,z) < elnui(t/e,x/e). We could thus pass to the upper half-limit in this inequality:
Z*(t,x) <Y (t,x), where

Y (t,z) ;== limsup elnug(t/e, x/e). (58)

(s,y)—(t,z),e—0
The same arguments as in the proof of Proposition 7.3 yield that Y;* satisfies

max{0,Y; — H(z,VY}), Y} <0in (0,00) x (R¥\{0},
Y 5(t,0) =0 forallt >0, (59)
Y7(0,2) = kn(z) for all z € RY.

As H < H, Y;* is a subsolution of (57). Moreover, as n > —1, one has u(0,7) > e */¢ and
thus us (¢, z) > e /¢ for all (t,7) € [0,00) x RY for £ > 0 small enough since the positivity of
f (6) implies that constants are subsolutions of (2). This eventually implies Y;*(¢,2) > —k
for all (t,z) € [0,00) x RY. Hence, as Y;* and Z* are bounded, we can adapt the doubling of
variables argument of Theorem B.1 of [28] in order to obtain the comparison Y;* < Z*. We
have thus proved Z*(t,z) < Z*(t, z) for all (¢,7) € [0,00) x RY. The representation formula
proved in Theorem D.1 of [28] yields

tAO[v(-)]
_Zk(t, x) = 21618 inf {/0 H*(v(s), 7’(3))ds - 19[7(.)]2tk77(7(t)), ~v(0) = $},

where © is the set of all stopping times (see [28]) and v € H'(0,t). In fact, the arguments
of Lemma 2.4 in [34] yield that one can replace this expression by

—Z*(t,x) > —Z"(t,z) = inf max { /Oa H*(7(5),7'(s))ds—Lazekn(y(t)), ~(0) = w} (60)

a€[0,t]

Let now pass to the limit k& — +oo. The right hand-side in (60) is clearly nondecreasing
since 7 < 0. Take a sequence () in H*(0,¢) such that v;,(0) = z for all k£ and

—Z*(t,x) > max { /Oa H* ((s), v4(s))ds — 1a:tk7]('7k<t>)} — 1/k.

a€l0,t]
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As H(x,p) < C(1 + |p?) for all z,p € RY, one has H*(z,q) > % — C, and we get
Va <t, [ |7(s)]*ds < 4C(Ct — Z*(t,x) + 1/k). Hence, as v,(0) = z for all k, (i) is
bounded in H'(0,t) and we can assume that this sequence converges weakly to a function
7 such that 7(0) = z. It follows from the estimates above that kn(7x(t)) is bounded from
below by a constant independent of &, which implies that () = 0. We could thus pass to
the limit in (60) and obtain (56). O

Proposition 7 5 Assume that H = H(x,p) is a Lipschitz-continuous function over RN xRN
such that H ( > H(x,p) > c(1+ |p|?) for all (z,p) € (R¥\{0}) x RN and for some
gien ¢ > 0. T)zen

~Z.(t.2) < inf e / H*(3(s).7/())ds, () =z, +(t) = 0}. (61)
Proof. Take T" > 0 and k large enough so that 1/k < T. The same arguments as in the
second part of the proof of Lemma 2.1 in [28] yield that Z, is Lipschitz-continuous over
(1/k,T) x By, where By, is the open ball of center 0, since the estimates in [28] only depend
on L and ellipticity bounds on the coefficients. Let my, := ming .ye1/k,7)xB, and M the
Lipschitz constant of Z, on (1/k,T) x By.

Consider the equation:

max{0;Z — H(x,VZ),Z} =01in (1/k,T) x By,
Z(t,x) = min{my, — Mk} forallt € (1/k,T),z € OBy, (62)
Z(1/k,x) = —=My|x| for all x € By.

We know (see [25]) that this equation admits a unique bounded Lipschitz-continuous solution
Z. Moreover, as H is above its convex envelope, Z, is a supersolution of the equation
associated with the convex envelope of H instead of H. Hence, Theorem D.2 of [28] applies:

Zy(t,) = = suppeg inf { [T g (3 (5), o/ (5)) ds
—La-1/0) 02ty 2 (E = 1y, 7 (25))
iz pZe(1/(E = 1/R), 5(0) =},

where t, := inf{s > 0,7(s) € 0By} is the exit time from Bj;. Moreover, as
ﬂ(é—‘,p) > H(x,p) for all (z,p) and due to our choice of my and My, Z, is a superso-
lution of (62) and thus Z, > Z;.

Considering only paths vy such that y(t —1/k) = 0 and |y(s)| < k for all s € (0,t —1/k),
with k large enough so that |z| < k, as Z,(t,0) = 0 for all t > 0, we get

(t=1/k)AO[v(-)]
Zuft.) 2 ~supint { [ H*(+(3),7/(5)) s, 4(0) =, 7(1=1/k) =0, ]r| < k}.
S 0

The alternative formulation derived from [34] reads

Z(t,x) > Z(t,x) > —inf max }{/Oa H*(7(s),7'(s))ds, ~(0) ==z, y(t—=1/k) =0, |y| < k}

a€l0,t—1/k
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For a given path v € H'(0,t) such that v(0) = z and ~(¢) = 0, taking k large enough so
that ||v]|c < k and defining i (s) := v(ﬁ), we get

Zita) = = s [ H 0946 ds = =7 e [ H (3660 1= 9) .

a€l0,t—1/k] t a€l0,t]

We conclude by letting & — 4o00. O

Proposition 7.6 For all x # 0, one has

I
o o

Z*(1,2) < —inf § maxyepo [, H ((s), =(s)), v € HY([0,1]), 7(0)
Z.(1,2) > —inf { maxepy [, H* (v(s), =7 (s)), v € H([0,1]), (0)

where we recall to the reader that U and U were introduced in (15).

Proof. We will extend in the sequel the Hamiltonians H and H by 1—homogeneity: for
all v # 0 and p € RN, H(x,p) := H(x/|z|,p) and H(x,p) := H(x/|z|,p). We also define
H(0,p) :=20(1+|p|?) and H(0,p) := c¢/2(1+ |p|?), where ¢ and C are given by Proposition
1.2, so that H (resp. H) is upper (resp. lower) semicontinuous over RY.

1. For all n, consider the sup-convolution of H:

H,(r,p) = sup {H(z'.p) —nla' —z’}.

' eRN

The semicontinuity of H in z, its continuity and convexity in p, and its coercivity yields that
H,, is well-defined, convex in p and locally Lipschitz-continuous in (z, p). Hence, Proposition
7.4 applies and gives (up to the change of variables s =1 — s and 7(s) = v(1 — s)):

2(1.2) < =) = o in { [ (29— (6))ds, 10 =0, 2() =z} (61)

te(0,1]
where FZ is the convex conjugate of H,, and v € H'(0,1).

2. We now take z € RY and let n — +o0. For all n, let v, an admissible test-function
such that

~T,(e) < min /t 1 —ﬁ;(%(s),—%(s)))dwg (65)

te[0,1
We know from Proposition 1.2 that
V(z,p) € RY x RY, (1 + [p*) < H(z,p) < C(1+[p[*),
from which we easily derive the same estimate for H,,, and thus

lq? 7 lq?

— —-C<H < = —

o CsHumg < -
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for all (z,q) € RN x RY. Together with (65), this leads to

1 | / 2 2
. Tn(5)] 77 1 jzF 1
C—”—)d > Tpla)—~>c— 20 2
trer[lég]/t < 4C o= (z) n ¢ 4e¢  n

In particular, taking ¢t = 0, (/) is bounded in L?([0,1]). As 7,(0) = 0 and ~,(1) = z for
all n, we get that (7,), is bounded in H'(0,1) and thus one can assume that it converges
weakly in H'([0,1]) and locally uniformly to a function ~. It is a well-known property of
sup-convolutions that, as lim,, ;. Y. (s) = (s), one has for all p € R and s € [0, 1]:

limsup H,, (%(s), p) < ﬁ(w(s),p).

n—-+00

On the other hand, for all s € [0, 1], take p(s) € RY such that

—H' (1), =7 (5) = inf (H(1(5),p) +p-7(5)) = H(2(5),p(5)) +pls) - 7'(s).

pERN

It follows from Proposition 1.2 that

' (s)”

L4 e+ p(s)P)

—H" (1), =7 (5)) Z pls) - 7/() + (1 + Ip(s)?) = =5 |p(s)* -

and thus as 4" € L?(0, 1) this implies that p € L?(0,1). We thus get
1

lim_ [ 209 ps)ds = [ 2(m(s)ds

n—-+0o ¢

for all ¢ € [0,1]. Hence, one has

i (O )0069) + p(6) - /(5)) s

> [Mimsup, o (Ha((s), p(5)) + pls) - 74(5) ) ds
> Timsup, oo J;! (Fa(90(),p(5)) + p(s) - 74 (5))ds by Fatows lemma
> limsup,,_,, o ftl -H, (Va(s), =74(s))ds by definition of H,,

> limsup,,_, ., minep,j ftl —ﬁ; (%(3)7 —%(S)MS
> limsup,,_,, . —Un(z) > Z*(1,2) by (64) and (65).
As t € [0, 1] is arbitrary and « is admissible, one gets

Z*(1,2) < —liminf, o Uy, ()
< _infmaXtG[O,l] { Ll ﬁ*(V(S)a _’7/(5))d57 7(0) = 07 7(1) =T, 7€ Hl(()? 1)} = —U(.I')

41



3. It is left to prove that one can assume that the test-functions satisfy v(s) # 0 for all
€ (0,1]. Consider a test-function v € H'(0, 1) such that v(0) = 0 and v(1) = x. Assume
that there exists sy € (0, 1) such that v(so) = 0. We can assume that y(s) # 0 in (s, 1]. Let

Y(s) :=(so + (1 — s0)s).

This function is an admissible path from 0 to x, such that J(s) # 0 for all s € (0, 1). For all
t € [0, 1], one has

[ TG F@as= [ G~ ) 1

o+ (1—s0)t 1- S0
On the other hand, as H" is convex, one has for all 7 € (0,1) and sy € (0,1):

—H (y(7), =(1 = 50)7'(7)) + H (7(7),0) > —H (y(1),=7/(1)) + H (3(7),0).

1-— So
It follows that:
! —k o ~ 1 —% ’ So 1 —
[Tz [ E e [ S .0
t SO+(1730)t — S0 80+(1780)t

But Proposition 1.2 yields

—ﬁ*<’7(7'),0) = inf E(V(T),p) >c>0,

peERN

which leads to

| EGE A [ G, )
t so+(1—s0)t

for all t € [0,1]. Hence,

min/t —H (3(s), =7'(s))ds > min /t’ —H (y(7), =9 (7))dr.

te[0,1] t'€[0,1]

Thus in order to maximize this quantity, replacing v by 7, one can always assume that
v(s) # 0 for all s € (0,50). The proof for the test-functions associated with H is similar.

4. Next, consider the inf-convolution of H:

H = inf (H(2/ )},
H,(v,p) = inf (H(a',p)+nla’—af?)
This function is well-defined since H(z,p) > c¢(1+|p|?) for all (z,p) € RY x RN and thus the
set over which we take the supremum is non-empty. Moreover, for all z € RY if p, — p as
n — +o00, one has liminf, . H,, (z,p,) > (H*)*(z,p) since the double convex-conjugate of
H is the largest convex function below H.
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As H,, is Lipschitz-continuous and H, < H, Proposition 7.5 yields

1
Z.(1,2) 2 —U,(w) = sup min, {/ —H;, (7(8), —7’(8)>d8, v e H'([0,1]), 7(0) =0, 4(1) = w}
telo, ‘
(66)
Let v an arbitrary admissible test-function and ¢,, € [0, 1] such that

min /tl —H (7(5), —7'(3))ds = /t: —H <7(5), —M(s))ds.

te(0,1]

We can assume, up to extraction, that (t¢,), converges to t, € [0, 1].
For all n and for all s € [0, 1], let p,(s) € RY such that

—H;,(7(5),=7(5)) = inf (p-7/(5) + H, (1(5),p) ) = puls) - 7'(5) + H,(5(5), pu(s)).

peERN

With the same arguments as above, we could prove that (p,), is bounded uniformly in
L?([0,1]), we can thus assume that it converges to a limit p,, € L*([0,1]) for the weak
topology. Mazur’s theorem yields that there exists a family (p,), of convex combination of
the (p,)n, that we write

Nn, N,
o= Mpg, ViE[LNJ K >n A0, Soar=1,
=1 1

and which converges to p., almost everywhere and strongly in L?([0,1]). One has

ft;(ﬂ*)*(fy(s),poo(s))ds < ft;liminf,HJrooﬂn(”y(s),ﬁn(s))ds

< liminf, fti H, (7(s),pn(s))ds by Fatou’s lemma
< liminf, fti SV NRH (v(s), pan (s))ds by convexity of H,
. N 1 ;
< lminfyieo Do AP [, Hyn ((s), pie(s))ds — as ki > n and H,,
K, ¢ v
< S imsup, o [y Hy (7(5), e () ds
< limsup,_,, o fti H,, (7(s),pa(s))ds.
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Gathering all the previous inequalities, we eventually get

Z.(1,z) > —liminf, .o U, ()
> Tmsup, o mitieo ;' — 5 (7(s), =7 (5) ) ds
= limsup,_,, ftl (pn =Y + H, (v, pn))
> [ (oo + (H)(7,pe0))
> ft; —H*(y,—7') > minep,1] ftl —H* (v, —)

We have thus proved that

Z.(1,z) > —liminf, ,, U, (x)
> —inf maxejo 1) { — ftl ﬂ*(fy(s), —7’(5)), v e HY([0,1]), v(0) =0, (1) = x} = —-U(x),

and we show that one can assume 7(s) # 0 for all s € (0, 1) as above. O

It is easy to check that similar arguments as in the previous proof yield that U is indeed
a minimum. That is, considering a minimizing sequence of admissible paths (v, ),, one can
extract a converging subsequence which minimizes the associated maximum of integrals over
t € [0,1]. We thus leave the complete proof of this result to the reader.

Lemma 7.7 For all x # 0, the infimum defining U is indeed a minimum.:

U(x) = min { max/t H' (1(s). (). v € HX[0.1]), %(0) = 0, 7(1) == }.

te(0,1]
As H is not upper semicontinuous in general, we do not expect such a result to hold for

U.

7.4 Conclusion of the proof of Theorem 1

Proof of Theorem 1. Gathering Lemma 7.2, Proposition 7.6 and the definition of v., we
immediately get that

0 if ze{U>0} : N
u(l/e,x/e)—>{1 if e int{U = 0} as € — 0 loc. unif. x € RY.

Consider u, K and F as in the statement of the Theorem. As K C intS = int{U = 0}, the
previous convergence immediately implies:

sup |u(t,x) — 1| = sup |v1(1,2) = 1| =1 — inf w(1/t,x) = 0 as t — 4o0.
zE€tK zEK zeK
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Similarly, if F' is a compact set, then the local convergence above and the fact that

F c RM\{U =0} = {U > 0} yields

sup |u(t,z)| = sup |u(1/t,z)| — 0 as t — +oc.
rELF zeF

Consider a closed set F© C RM\S. We have proved in [12], together with Hamel, that
there exists a speed w* > 0 such that

‘I‘nax u(t,z) — 0 as t — +o0.

z|>w*t

Define F; = Fn{lz] < w'} and F,, = F N {jz] > w*}. We know that
limy o max,ep, u(t,z) = 0. On the other hand, as F is closed, F} is compact and thus
limy 1 o max e p u(t, ) = 0. Thus

lim maxu(t,z) = 0.
t—+o0 zetF

7.5 The recurrent case

Let now check that the two definitions (19) and (16) of the expansion sets S and S are
equivalent when the coefficients are recurrent.

Proof of Proposition 2.2. Let a« > 0, R > 0, p € RY and e € SV°!. Take
¢ € Wh*(Crale)) and X such that infe, (¢ > 0 and L, > A¢ in Crq(e). Define
On(t, ) = @(t +n,z + ne) for all n. The sequence (¢,,),~r is equicontinuous and uniformly
bounded since ¢ € Wh*(Cr(e)). We can assume that this sequence converges locally
uniformly as n — +o0o to a function ¢o, € WH®(R x RY) such that infp gy oo > 0.
Similarly, one can assume, up to extraction, that there exist A, ¢ and c, such that
At +n,x +ne) = Ax(t,x), ¢(t +n,x 4+ ne) — qo(t,z) and f(t +n,z +ne,0) = cx(t, x)
as n — +oo locally uniformly in R x R¥. Define

L= =0+ tr(AxsV?) + (2pAc + go) - V 4 (PAscP + oo - P + Co0).

Then Li¢os > Apo in R x RY, which give A < A (L;,R x RY), and thus letting
A = M(Ly, Crale)), one gets
)‘1<LP> CR,Ot<€)) < ﬁ(L;aR X RN)

Next, as A, ¢ and f/(-,-,0) are recurrent with respect to (¢,z), there exists a se-
quence (sn,yn) such that A (t — sn, & — yn) = A(t,2), oot — Spyx — yn) — ¢q(t,x) and
Coo(t = Spy T — ypn) — f1(t,2,0) as n — 400 locally uniformly in R x RY. Hence, the same
arguments as above give

ML R x RY) < A (L, R x RY).
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As M (Ly, Crale)) > A (L, RXRY) by (10), one eventually gets Ai (L, Cra(€)) = Ai(Ly, RXRY)
for all R > 0, a > 0 and e € S¥~!. This leads to

H{e,p) = M(Ly, R X RY).

Similarly, one can prove that H(e,p) = M(L,,R x RY). In other words, H = H(p) and
H = H(p) do not depend on e.
It follows from the Jensen inequality that for all v € H'([0,1]), with 4(0) = 0 and

(1) = @
1 1 1
/ H*(v(s), ='(s))ds = / H*(—+/(s))ds > ﬁ*( —/ 7’(8)d8> = H"(-x).
0 0 0
Hence, on one hand, taking ¢t = 0 and ¢t = 1 leads to:

inf maxee(o, ) { JLH (=(s)), v € H'([0,1]), 7(0) =0, (1) = :v}
> maX{O,inf { fol H*(=+(s)), v€ H([0,1]), v(0) =0, (1) = a:}} > max{0, H*(—z)}.

On the other hand, taking v(s) = sx, one gets:

inf max { /tlﬁ*(—v'(s)), v € H'([0,1]), v(0) =0, v(1) = a:} < max /tlﬂ*(—x) = max{0, H*(—z)}.

te[0,1] T tefo,1]

We thus conclude that
S={zeRY, H(-z)>0}={zeRY, JpeRY| —p-z+\(L_,,RxRY) <0}

from which the conclusion immediately follows. The identification of S is similar. U

7.6 Geometry of the expansion sets

Proposition 7.8 Under the assumptions and notations of Proposition 7.5, assuming in
addition that x — H(x,p) is quasiconcave for all p € RN, then the function Zy, is concave
with respect to (t,z) € (1/k,00) X By.

Proof. Take an arbitrary 7" > 1/k. We use the same approach as in [1], but we need to
check that the quasiconcavity of the Hamiltonian is sufficient in order to get the concavity of
the function. Let Z; the concave envelope of Z, that is, the smallest concave function w.r.t
(t,x) above Zy in (1/k,T) x By. We need to prove that Z; < Zj in order to conclude. We
will prove that Zj, is a subsolution of (62), which is enough in order to derive the conclusion
since (62) admits a comparison principle (see [25]). First note that Zj, < 0 is obvious since
Zy, < 0. B

Let (¢t,x) € (1/k,T) x By and consider a smooth function x such that Z, — x admits
a strict local maximum (¢,x). As in [1], we know that there exist | < N + 2, t;,...,¢; in
(1/k,T), x1,...,x; in By and Aq, ..., \; in [0, 1] such that

l

l l
=1 =1

i=1 1<i<l
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It is then standard that for all i =1, ..., [,

(sivy2) = NiZ(si,ys) = X (D Ajty + Aisiy Y N + Aig)
J#i Jj#i

reaches a local maximum at (¢;, z;). It follows from (62) that for all i =1, ..., [:
Ox(t,x) — H(xi, Vx(t,ac)) <0.
We now check that the quasiconcavity is sufficient in order to conclude:

Ox(t,z) — H(x, Vx(t, x)) Ox(t,x) — H( > i<ict AiTi; VX(E, x))

< Ox(t,x) —infi<i< H (25, Vx(t,z))  (by quasiconcavity)
< 0.
Next, if ¢ = 1/k, then necessarily t;, = ... = ¢, = 1/k. As Zy(1/k,x) = —My|z| is concave

over By, one gets:

Zi(L/k,x) < Zi(L/k,x) = > NZi(1/k, ) < Zi(1/k, ).

1<i<1

Similarly, if |z| = k, then 21 = .. = m; by strict convexity of the ball By and thus
Zi(t, ©) = min{my,, —C|k|}, which is concave, from which we get Z;, = Zy in (1/k,T) x OB

We have thus proved that Zk is a subsolution of (62) and thus Zk < Z, leading to
Zk = 7. Hence Z; is concave with respect to (¢, z). 0

Proof of Proposition 1.3. The inf-convolution of H:

H (z,p):= inf (H(z',p)+nlz —2|?) = inf (H(z+ X,p)+n|X?).
H(wp) = nf (H(e'p)+nle—«'F) = inf (H(x+ X,p) +nlXP)
is clearly quasiconcave in x as the infimum of a family of quasiconcave functions is quasicon-
cave.

For all n and k, we let Zj,, the function constructed in Proposition 7.5 with Hamiltonian
H = H,,, which is concave over (1/k,oc0) x By by Proposition 7.8. We also define

2,

I
8

te(0,1]

0y =k s { [ 22 (300,76 s, 7 € 10,10, 2(0) =0, 70

U,(z) := inf max { /t1 ~-H, (7(5), —7'(s)>ds, v € H([0,1]), v(0) =0, v(1)

te[0,1]
so that, we know from the proofs of Propositions 7.5 and 7.6 that for all x € RV:
Zyn(1,x) < Z,(1,2) < Z*(1,2) < =U(x),

Zrn(l,2) > =U, (z) when k is large enough,
liminf U, (z) < U(x), liminfﬁn(:v) > U(x).
n—-+0o0

n—-+00
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~ Let V(z) := —limsup,_,, . liminfz o Zj (1, 2). This function is convex and one has
U<V<U.
Take now xg, 21 such that U(xy) = U(z1) =0 and 7 € [0,1]. One gets:

U((1=7)xo+7x1) < V((1=7)x0+721) < (1—=7)V(20)+7V (21) < (1—=7)U(20)+7U(21) = 0.

Moreover, this inequality holds for all zg, z; € cl{U = 0} by continuity of the convex function
V. As U > 0, this implies

(1—7)rg+701 €S=8={U=0}=cl{U = 0}.
Hence, this set is convex. ]

Proof of Proposition 1.4. Let o € [0,1], + € S, that is, U(x) = 0, and take
v € H'(0,1) such that v(0) = 0, ¥(1) = 2 and ~(s) # 0 for all s € (0,1). We recall
that H (e,0) = — inf,cpny H(e,p) < —c for all e € SN~1. Consider the path

[ ooy(s/o) if se]0,0],
Yols) = { 7cr.tE it selol1].

As it connects 0 to ox, we could use it as a test-function in the definition of U:

1 57*% o(s
maXieo,1] ft H (gggs;'?—%’,(s))ds

- (maxte[oﬂ] SE (29 —7(’,(5))ds>+ since H (z/|z],0) < 0

= (maxicna 7 H (£~ (s/0))ds + (1= o) (x/[2].0)) by definition of 7,

= (0 maXeo1] ftlﬁ*(%, —'(1))dr + (1 — o)H (2/|2], 0))+ letting 7 := s/c

= <(1 — 0)H (z/|z], O)>+ =0 by definition of .

Hence, U(ox) = 0, that is, S is star-shaped. The star-shapedness of S is proved similarly.
Next, as ¢(1 + |p|?) < H(e,p) < H(e,p) < C(1 + [p|?) for all (e,p) € SV~ x RN by

Proposition 1.2, one has —H (e,q) < C — |¢|?/4C for all (e,q) and thus, as in the proof

of Proposition 2.2, Jensen inequality yields U(z) < C — |z|?/4C. Hence, S C {|z| < 2C}.

Similarly, U(z) > ¢ — |z|*/4c and {|z| < 2¢} C S. O

8 The uniquely ergodic case

Proof of Theorem 5. As in the proof of Theorem 2.4 in [18], we let u. the unique bounded
solution of

a; ;(2)0; jue + a; j(x)0u0;u. + ¢;(x)Oue + c(xr) = cu. in RN (67)
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and the conclusion follows as in [18] if we manage to prove that (cu.).-¢ converges uniformly
over RY to a constant A € R. N

First, let Q := Ha g and, for all w = (B,r,d) € Q = Hiage), Alr,w) = B(x),
¢(z,w) := r(x), and ¢(z,w) := d(z). This turns our problem into a random stationary
ergodic one. Indeed, the stationarity immediately follows from the invariance of the measure
[P with respect to translations. If M is a measurable subset of {2 such that 7,M = M for all
r € RY, then P(A) := P(ANM)/P(M) would provide another invariant probability measure
on 2, unless P(M) = 0 or P(M) = 1. Hence, PP is ergodic with respect to the translations
(TI)CEERN .

Under these hypotheses, Lions and Souganidis proved in [53] that there exists a constant
A € R such that

lIimP({w € Q, |eu.(0,w) —A| >0}) =0 forall § > 0.
e—0

Let As :={w € , |eu(0,w) —A| <6} and €5 > 0 such that P(As) > 1—4 for all € € (0, &5).
Let 6 € (0,1/3) and € € (0,&5). There exists a continuous function ¥ : Q = H4 4 — R
such that ||U — 14|z~ < 6. Proposition 2.6 yields that the following limit exists for all
w e
1

lim ——— U(r,w)dy = P(V) uniformly with respect to a € RY.
R—+o00 ’BR<CL>| Br(a) ( Y ) ( )

Hence:

Rgrfoo m e 14, (ryw)dy > P(¥)—6 > P(A5)—25 > 1-30 >0 uniformly w.r.t a € RY.
This implies in particular that there exists R > 0 such that, for all a € R”, there exists

y € Bgr(a) such that 7w € As. Applying this property to w = (A, ¢,c), we obtain in
particular that for all x € RY, there exists y € Bg(z) such that |eu.(y) — A\| < §. But we
also know that there exists a constant C, independent of €, such that |Vu.(z)| < C for all

z € RN, Hence:

leus(z) — Al < leuc(y) — A| +eClz —y| <+ eCR.

Decreasing es5 if necessary, this implies that for all ¢ > 0 small enough, one has
leu.(z) — A < 26 for all z € RY, from which the conclusion follows.
O

9 The radially periodic case

The proof of Proposition 2.7 of course relies on the radial change of variables. This gives
rise to some extra-terms which are indeed neglectible asymptotically, precisely because our
construction only takes into account the values of the coefficients in the truncated cones
Cra(e). We can thus construct approximated eigenvalues. This gives one more example
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where considering the generalized principal eigenvalues over the full space RY would have
given sub-optimal expansion sets.

Proof of Proposition 2.7. We will use the larger family of periodic operators for all
p€RN and e € SV

LpeTSO = apeT( )‘PN +2p-e aper(T)‘P/ + (mQaper(T) + Cpé?“(r))SO-
Let ¢ the periodic principal eigenfunction associated with Z’;@jﬁ and M (L, _5) the associated
eigenvalue: ¢ = ¢(r) is positive, L—periodic and one has z’:eiﬁgo — N"(L_5)p. Take

e €SV a >0, R >0 and define ¢(z) = ¢(|z[). Then ¢ € C*(Cra(e)) and for all p € RY,
coming back to our original operator L_j; defined by (13), one has over Cg(e):

Lyt = aper(|2)A¢ = 2ape,(|2)P - VO + ([P aper(12]) + cper(|2])) &

Gper (1) " + per (1) 50" = 20per (1) - €20 + ([P aper (1) + Gper(r))

/

= Lperp(p + aper( )Nr Ly (r)p- (e —e)p

= NI )+ aper ()5 (W5 420 (e~ ) o

= (M) +o(1/R) +of0) ) o

since r = |z| > R, |le —e,| = |e — &| < a and ¢'/p is bounded independently of R and

Ja
a. Hence, taking ¢ as a test-function in the definition of \; and A1 and letting R — 400,
a — 0, one gets H(e,p) = H(e,p) = N (L{7) for all p € RY and e € SV,

Next, noticing that Lpe% < Lper )& + maxg aper(]p\ —(p-e)? )¢ for all ¢, one gets

H(e,p) = H(e,p) = X" (L? L T5) <A pe’"( o) +mﬂgxaper(|ﬁ]2 —(p-e)?).

An easy computation yields

H'(e,d) = H'(e.d) > k(G- e) + T L 5 e

4 maxg Aper

where p — k(p) is the convex function k(p) := )\Zfer(Lge’") (as defined in the statement of the
Proposition). Moreover, one can easily check that

F(e, (q-e)e) = H*(e,(q- e)e) = k*(q - e).
It follows that for any admissible path v connecting 0 to a given x € R¥, one has
A
1) 76), g,
[7(s)l

17(8) -7'(5)

[v(s)l

> max {0, k*(—|z|)} (taking t =0or 1).

maxyepy [, H* (v(s), =7/ (s))ds > maxsepon [ k(=

> maxyepq)(1 — t)k*( -/, ) (by Holder inequality)
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Hence,

inf max/t H*((s), —7'(s)) = (k;*(—|$|))+

v t€0,1]

The reverse inequality is obtained with y(s) = sz. The conclusion follows from classical
arguments. 0

10 The space-independent case

The aim of this Section is to prove Propositions 2.8 and 4.1.

10.1 Proof of Proposition 2.8 and its corollaries

We first compute the two generalized principal eigenvalues when the coefficients do not
depend on .

Proposition 10.1 Consider an operator Lo = —0id + tr(A(t)V3¢) + q(t) - Vo + c(t)o,
where A and q are functions of t that satisfy the hypotheses of Section 1.2 and ¢ € Cé/Q(R)

loc
is uniformly continuous and bounded. Consider w C RY an open set that contains balls of

arbitrary radii and R € R. Then

1 s+t o 1 s+t
A (L‘, (R,00) X w) = liminf inf —/ ¢ and M\ (E, (R, 00) X w) = lim sup sup —/ c.

_ t—+oo s>R t—+oo s>R

In order to prove this Proposition, we first prove that we can restrict ourselves to test-
functions that only depend on ¢ in the definition of A; and A;:

Lemma 10.2 Under the same hypotheses as in Proposition 10.1, one has

M (L, (R,0) x w)
= sup{\ € R, 3¢ € WH*(R,00) NCH(R, 00),inf (g ooy ¢ > 0,—¢" + c(t)p > A in (R, 00)},

A (L, (R, 00) x w)
=inf{A e R, 3¢ € Wl"’o(R, 00) N CI(R, 00), inf(p o)y ® >0, —¢" + c(t)p < Ao in (R,00)}.
(68)
Proof. Define

1 =sup{A € R, 3¢ € W (R, 00) N CH(R, o), (]i%nf)¢ >0,—¢ +c(t)p > A\ for all t > R}.

(69)
Clearly, 11 < ;. Consider A € R such that there exists ¢ € C**((R, 00) X w) with inf ¢ > 0,
¢ € Wl’oo((R, o00) X w) and Lo > A¢. For all n € N, we know that there exists a ball of
radius n in w. Let z,, its center. We define

1

Pn(t) = m B(zn,n)

o(t, x)d.
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Clearly, inf(g o) on > inf(gooyxw @ > 0 for all n and ||én|lwie(re) < ||¢||W1v°°((Roo)><w>'

The Ascoli theorem yields that we can assume, up to extraction, the existence of a contin-
uous function ¢., such that ¢, — ¢ locally uniformly in (R,00) as n — +o00. One has
lnf(R,oo) Qboo > lnf(R,oo)Xw ¢ > 0 and ||¢OOHW1’°°(R,OO) < Hqﬁ”wl,oc ((R,oo)xw) :

On the other hand, integrating L¢ > ¢ over B(x,,n) C w, one gets
1

_ (A(t)Vo)d
|B(xy,n)| BB(xn,n)V( ()Vo)do+

|B(xy,n)| OB(zn,n) a(t) - vido +e(t)o ¢

for all t > R, where v is the outward unit normal to B(z,,n). Letting n — 400, we obtain
— @ (t) + c(t)Poo > APoo almost everywhere in (R, 00)

since ¢ € W ((R, 00) X w).

We just need to check that we can assume the test-function to be smooth in order to
conclude. Consider a convolution kernel K, that is, a smooth nonnegative function such that
Jo K =1. Set K,(t) = LK(t/0). Takee > 0 and let o small enough so that || Koxc—c[|s < e.
Define In¢ := K, x In¢o. Then ¢p € WH*(R,00) N CH(R,00), inf(r o)1 > 0 and for all
t> R:

() _ K, 5 % >\ — K, xc(t) > X —e —c(b).

() Poo
Thus, g3 > A —e. As this is true for all € > 0 and A < Ay, one finally gets p; > A; and thus
f1 = A1. The other equality is obtained similarly. O

Proof of Proposition 10.1.

1. Consider first some A such that there exists ¢ € W'*(R,00) N C'(R,o0) with
inf(g ooy @ > 0 and —¢' + ¢(t)¢ > Ao for all t > R. Dividing by ¢ and integrating between s
and s +t for s > R and t > 0, one gets

s+t
Ing(s+1t) —Ilng(s) < / c— At

Hence

1 1 s+t
—(In inf ¢ —1 < inf — .
At pln g - tn s o) <t [

Taking the liminf when ¢ — +00, one gets

1 s+t
A < liminf inf —/ c.
t—+oco s>R T s

Thus ﬁ(ﬁ, (R, 0) X w) < liminf, ,, inf,sp % f:ﬂ c using Lemma 10.2.

2. Next, consider any small ¢ > 0 and let A := liminf, , . inf,s g % ;+t c—2¢e < SUP(g,00) C-

In order to prove that \; > A, we need to construct an appropriate test-function ¢. Up to
some decreasing of €, we can define ¢ the solution of the Cauchy problem

¢ = (c(t) — N)é — ¢ in (R, 00),
{ 6(R) = oo, (70)
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with ¢ an arbitrary initial datum in (s,sup(Rm) c— /\). Clearly, —¢' + c(t)p > \¢ for all
t > R and as

¢' < (sup c—A\)¢ — ¢*,

(R,00)

one has 0 < ¢ < supg.yc — A. Hence, ¢ € Wb ((R,00)). It is left to prove that
inf(r o) @ > 0 in order to conclude that A\; > A.

3. The definition of A yields that
1 s+t
there exists 7" > 0 such that for all £ > 7" and s > R, one has ;/ c>A+e. (71

Moreover, it clearly follows from (70) that ¢’/¢ is bounded over (R, 0c0) by some constant
M > 0 (which depends on ¢ and \), which means that In ¢ is Lipschitz-continuous.

We will now prove that ¢(s) > ¢(R)e ™7 for all s > R and some M > 0. Assume that
there exists s > R such that ¢(s) < ¢ and let

se:=sup{t < s,0(t) > e} and T :=sup{t > s.,o(t) <e} € (s,00].

As ¢(R) = ¢9 > e, one has s. > R. Then ¢(t) < ¢ for all t € (s.,7.) and thus
() > (e(t) = A —e)o(t) for all t € (se,T.). Moreover, ¢(s.) = &, which gives for all
te (0, T: — s.):

P(se +1) > cexp (/;EH c(s)ds' — (N + 8)t>. (72)

If t > T, then (71) gives ¢(s: +t) > . Thus, T. < T + s.. On the other hand, as In ¢ is
Lipschitz-continuous for some constant M, one gets

P(s. +1) > (s )e ™M > ece™T forallt € (0,7, — s.).

Finally, this gives ¢(s) > ee=MT for all s > R.

4. Taking ¢ as a test-function in the definition of A;, we obtain
1 s+t
Ale—liminfinf—/ c— 2e.
- t—+4o00 s>R s

As this is true for all € > 0, we conclude that A\; > liminf, , . inf,. R% SSH c. Step 1. gives

the reverse inequality. The proof for A; is similar. O

Let us mention that, as soon as Lemma 10.2 is known, one could prove Proposition 10.1
in a different way by using Lemma 3.2 in [60].

Proof of Proposition 2.8. Using the same notations as in the Proposition, we notice that
Proposition 10.1 implies

1 s+t
H(e,p)= lim M\(L,,Cra(e)) = lim liminf inf ;/ (Ip|* + fi(s',0))ds".

R—+oo,a—0— R—+o00 t—+400 s>R
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Let [ f] = limp_joo liminf,, o infyop 1 (s, 0)ds’. Then,

H _ 2
p-e>0 p-e p-e>0 p-e
The computation of w(e) is similar. O

Proof of Proposition 2.9. We immediately get from Proposition 10.1 that

H(e,p) = H(e,p) = p(A)p — (¢)p + {c).

The conclusion follows. O

10.2 Proof of Proposition 4.1

Proof of Proposition 4.1. The proof relies on the change of variable

v(t,x) = u(t,x+e/0 w(s)ds).

This function satisfies

AU = (1 — ) N
{atv Av=v(l —v)in R xR"Y, (73)

v(0,2) = up(x) in RV,
Thus ming<w: v(t,x) = 1if 0 < w < 2 and maxy>u v(t, 2) — 0 if w > 2, leading to
we(e) >w+2 and w'(e) <w+2.

Now if w+2 >w and w € (2+ w, 2 +w), there exist two sequences (t,), and (t,), such
that

1 tn 1 tfn
w= lim —/ w(t)dt and w = lim 7/ w(t)dt.
0 0

n—+oo ¢, n—+oo {

One also has u(t,, wt,e) = v(t,, the(w fo ds)). But as —2 < w—w (since 4 > T—w)
and 2 > w — w, there exists some small posmve € such that

—2—|—€<w——/ s)ds <2 —¢

for n sufficiently large. Hence, one gets

u(tn, wtye) > min - u(t,,r) = 1 as n — +o0.
|z|<(2—&)tn

Similarly, one can prove that u(t,, wt!e) — 0 as n — +oc.
Define the w-limit set as ¢ — +o0 of the function ¢ — wu(t, wte):

Q={se€[0,1],3(tn)n, tn = +00, u(t,, wt,e) — s}.

As the function t — wu(t, cte) is continuous, this set is connected. Moreover, 0 and 1 both
belong to 2. Hence Q = [0, 1], which concludes the proof. O
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11 The directionally homogeneous case

We will start this section by addressing the issue of existence of exact asymptotic spreading
speeds for directionally homogeneous coefficients in R?. That is, when the coefficients are
close to constants in radial sectors of R? for sufficiently large |x|, we want to derive conditions
ensuring that S = S. Indeed, when there only exists a finite number of such segments, such
an equality holds.

It is well-known that discontinuous coefficients in Hamilton-Jacobi equations could cause
a lack of uniqueness for the solutions. Indeed, comparison principles may fail (see [77] for
such a counter-example). It is thus natural to try to identify conditions on the Hamiltonians
ensuring uniqueness, but there are not many works on this topic (see [7, 77, 79] and the
references therein). Another type of problems is to introduce additional properties on the
solutions ensuring uniqueness (see for example [5, 36]), which is not relevant in the present
framework since Z* and Z, are obtained as limits for which we do not have such properties.
None of these references was directly applicable to our present framework since we treat
here a highly nonlinear equation involving convex conjugates. We thus needed to adapt the
method developed in [77].

Proposition 11.1 Assume that N = 2 and let identify S* and R/Z. Assume that there exist
0=ey< e <..<e <1, and a family of functions Hy, ..., H,, such that for all p € RY,
for alli € [0,r —1]:

Ve € (ei,€iy1), Hle,p) = ﬁ(eap) = H,(p).

Assume furthermore that for all i € [0,r], one has either H;(p) > H;y1(p) for all p € RY o

H;(p) < Hii1(p) for all p € RN, where H,, := Hy by convention. Then S = S.

Proof. Consider an admissible path v, that is, a function of H'([0, 1], R?) such that v(0) = 0,
v(1) = z and 7(s) # 0 for all s € (0,1). We can construct a finite sequence of closed,
nonempty, consecutive intervals (I )rep,x) of [0, 1], which possibly intersect only at their
extrema, whose union is [0, 1] and such that for all k:

e either there exists j € [1,n] such that e; < v(s)/|v(s)| < e;j41 for all s in the interior
of ]k;

e or there exists j € [1,n] such that v(s)/|y(s)| = e; for all s € Ij.

We do not modify the path 7 in the intervals belonging to the first class. Consider an interval
It = [ty, tg+1] such that ¢(s)/|¢(s)| = e; for some j in I.
By hypothesis, one has

H(e,p) = H(e,p) = { Hﬁjég) i Z E EZ;E;,

where we let e_; := e, if needed, remembering that we have identified S! and R/Z.
Our hypotheses yield that one can assume H;_;(p) < H;(p) for all p, which implies
—H; 1(q) < —Hj(q) for all g.
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As H(e,p) is upper semicontinuous with respect to e, one gets H(e;,p) = H,(p) for all
p € RY and thus, as v/|y| = e; over I,

/tml 7(&3, ’ _7/(3)>d3 = /t% Hy((—+/(s))ds (74)

for all t € .
Let & the orthonormal vector to e; pointing in the radial segment where H = H; (see
Figure 11). Take ¢ > 0 small and define the modified path in I = [tg, tgy1]:

’}/(tk) + (8 — tk)f if tk S S S tk + 5,
vs(s) == 0§ + (s —9) if th+0<s<tpy—0,

%((tkﬂ — 5) (6 + 7(tes1 — 20)) + (5 — o1 + 5)7(tk+1)> if g1 — 0 <5 <tpyr.

The construction of s is illustrated in Figure 11.

Yo (tr+1 — 0)
H = H,;(p) P

€j-1

Figure 5: Construction of the modified path ;.

Taking § small enough, it is clear that e; < |3§8| < ejyr for all s € (g, tp1) and

thus ﬂ*(gzg‘ ,—75(s)) = Hj*( —75(s)). Moreover, as H; is Locally Lipschitz-continuous by
Proposition 1.2, one can easily show that there exists a constant C' > 0 such that:

’/ttm H; (= 5(s))ds — /tml Hi (- 7’(3))ds‘ <COV§ (75)

for all t € Iy. Combining (74) and (75), we get

[ e [T () - o

[7(s)] [75(s)]
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Repeating this construction on each such set I, we eventually obtain an admissible path s
for each § > 0 small enough and a constant C' > 0 such that for all ¢ € [0, 1]:

1 1
I7* 7(3) / / * 75(3) /
max H ,—7'(s) ]ds > max H ,—s(s ds — CV5.
te[O,l}/t (|7(s)| 7 )> = ieoa ), <|%(s)| % >>
The definition of U and U thus implies:

(z) — CV6

and thus U < U. On the other hand, H > H gives U < U. Hence U = U and thus S = S.
O

W%
IS

We are now in position to prove the results of Section 2.7.

Proof of Proposition 2.10. It is easy to see that

[ apPE ) i e >0
ﬁ(eap) - H(67p) — { a7|p|2 —+ f’(O) if er < 0

since the coefficients converge uniformly in the truncated cones Cpr,(e) when e; # 0
and « is small enough. The semicontinuity yields H(+es,p) = a_|p|* + f/(0) and

H(*£ez,p) = ay|p|> + f'(0).
Proposition 11.1 yields that we only need to compute
U(x) = inf { maxye(o,1] ftl ﬁ*(lzgz%, —7/(s))ds, ~(0) =0, v(1) ==z, y(s) # 0 for all s € (0, 1)}
:mquﬂmﬁfﬁ%w—fwu—m 9(0) =0, 3(1) =z, 9(s) £ 0 for all s € (0,1) |
alv(s
(76)
Such minimization problems are very close to other problems arising in geometric optics.
The function /
) 1/4ay if 2, >0
N(z) '_{ 1/da_ if 2, <0

can be viewed as a refraction index and the geodesics are the ray paths.
First notice that if x € R? satisfies x; > 0, then as ay > a_, the function v(s) = sz
minimizes (76) and thus

U(x) = (|g;y?/4a+ - f’(0)>+ if 7, > 0.

More generally, as a_ < a,, one always has U(x) > |z|*/d4ay — f'(0) and thus
|z| > 2y/ayf’(0) implies U(z) > 0. Consider now z € R? such that z; < 0 and

2] < 2¢/a; F0).

3. Next, Lemma 7.7 yields that U(z) is indeed a minimum. Take  an admissible path.
As ~ is a minimizer, we can extract some properties of v from the Euler-Lagrange equation
associated with the minimization problem. Let

7 =max{s € [0,1), 71(s) > 0},
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where 7, (s) is the first coordinate of y(s). As 7 is continuous, v(0) = 0 and 7;(1) = z; <0,
this maximum is well-defined. One has v,(7) = 0 and 7;(s) < 0 for all s € (7, 1].
Next, assume that 7 > 0 and define

H(s) = { Sn(r) if sel0,7],

= Iy(r) if se(r1].

One can take 7 as a test-function in (76), which gives

U(z) < maxieoy (ft '(5)|%ds — f'(0 )(1—t)>

[z =y P | =@,
- {O’ da_(1—7) FOA =), daT N da_(1—7) / (0)}

On the other hand, the Cauchy-Schwarz inequality yields

—)/ s)ds <7'/ 17/ (s)|*ds and

Zl1iﬁ da_ 1—7‘/ "%f[lyﬁ

and these inequalities are equalities if and only if 7’ is constant in (0,7) and (7,1). Hence,
the definition of U(z) yields that (77) is smaller than U(x) and thus ' is constant in (0, 7)
and in (7,1).

If 7 =0 then v(s) = sz and thus U(z) = ﬁ—‘i — f’(0) in this case.

4. Assume that 7 > 0 and let y = (7). We know that y; = 7,(7) = 0. We assume
that o > 0, the case x5 < 0 can be treated similarly. It is then easy to check that ys > 0,
otherwise ¢(s) = sz is a better minimizer of (76), which is impossible. Similarly, one can
prove that 7 > 0 implies x5 # 0 and ys # 0.

For all 0 € (0,1) and z € R, we define

Szey

— if sel0,0],
Poz(s) = (sa— o)r  (1—s)zes . (78)
1= o) o) if selo1],

where e, is the unit vector associated with the second coordinate axis. We have proved in
the previous step that v = ¢,,,. But as any function of the form (78) is an appropriate
test-function for the minimization problem (76), we get

22 |r— zeq)?

daro 4da_(1— o)

|z — ze5?

m—f/(o)(l—g)»

Ulx) :min{max{(), —f'(())}, o€ (0,1), ZER}

(79)
and this minimum is reached when ¢ = 7 and z = y,.

Take x € R? such that U(z) > 0. Assume first that |y| < 2+/f'(0)a;7. Then

lz —y|?

Ulz) = da_(1—1)

—f(O)1—7)
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and z = yo, 0 = 7 is a local minimizer of

|z — zeq]?

4017(1_0_) f/(O)(l _0)7

(z,7) —

which is a contradiction since this function is increasing with respect to o. Hence

ly| > 2y f'(0)ayT.

Next, assume that |y| = 24/ f'(0)ay7. Then 7 is a minimizer of

‘ZL’ B 2\/ a+f/<0)0|2 _ f/(O)(l

da_(1— o)

o€ (0,1)— —0).

Derivating this function and computing, one obtains:

|z = 2y/a, f/(0)* = 4f(0)(1 — 7)*(as — a_),

which gives, after some more computations:

ay f'(0)(z2 — 2¢/ay f(0))
da_ ‘

Ux) =

This yields a contradiction since xo < |z| < 24/a, f'(0) and thus U(z) < 0.
Lastly, if |y| > 24/ f'(0)a, 7, then as (7, ys) is a critical point for the right-hand side, one
has

v o le—yl
a, 72 a_(1—7)%
(80)
Y2 T2 Y2
a,T a(1—71)
Taking the square of the second line of (80) and multiplying by ay, one gets
ar(z2 —yp)* = a_fo —yf”. (81)

In other words, o — yo = r|z|, where

a_

ay —a—

and, as yo > 0, one gets x5 > r|z1|. Using the second line of (80) to compute 7, one gets

-1
Y (R (52)
a_  xo —r|ay|

Eventually, a straightforward computation gives

U(@) = g - ) = (e + 1Y = o),

da, T2 a,
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T2 =71 \

Figure 6: This figure represents the geodesics of the minimization problem (76). The darker
area corresponds to the case x1 > 0 and the lighter one to the case x; < 0 and |z1| > r|xs|.
The large arrows represent the ray paths in each of these areas.

Similarly, one can prove that if x5 < 0, then —x9 > 7|z1| and

1]

Ula) = 22 10 = (e B - o)

4a+7—

5. There only remains to identify the condition 7 > 0 in order to conclude. We have
already checked that 7 > 0 implies |zo| > r|z;|. On the other hand, if |z5| > r|x;|, then

letting
a, |y |7 >1 xo —rlxy] if x>0
= (14 & T dz— ! ,
o= (1+ = re]) T matrln] i <0

the same computations as above gives

1
1 ’.1’1’ 2
N(p,.. ! 2ds = — —)".
| ¥ a9 = o (faa] + 1)
On the other hand, we know that if 7 = 0, then (s) = sz and U(x) = Z—li — f’(0). But the
condition zy > rx; then yields
2 2
+ |$2| 1 1 1 i) 2 1 T 2 1 T1\2
oo BB () (2 ) L
(#)+110) da_ da, r2+ =] da, \'r o +a+ T2t r da, (x2+ r )
Hence, v is not a minimizer of (76), which is a contradiction. We derive a similar contradic-
tion if —x9 > r|z|. We conclude that 7 > 0 if and only if |za| > 7|z
Gathering all these facts, we have proved that

|z|? /4a_ if x; <0and |z1| < 7rlagl,
Ulz) + f/(0) = { |=|*/4ay if x>0,

(ool + 20?2y <0 and || > 7.
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Eventually, U(xz) = 0 is the equation of two circles of radii 2y/a f’(0) for ; > 0 and
2y/a_f'(0) for x; < 0 and |z1| < r|za]. For 1 < 0 and x5 > r|xy| or o < —7r|z4], it is the
equation of a line, which is the frontier of the convex hull of the two half-circles. This ends
the proof. 0

Remark: Note that the population leaves the set {x; > 0} with an angle 7/2 and enters

{z1 < 0} with an angle 6 given by tanf = T a—_, which also reads
|1 | a, —a_
tan 6 a_
sinf = cosf X tanf = — =, | —.
V1 + tan? 6 a
Hence, 6 is characterized by F sinf = \/%T sin /2, which is the classical Snell-Descartes law
for geometric optics, with refraction indexes \/%T:’ which is consistent with the local speeds

24/ f"(0)a+ in each half-space. It is the first time, as as we know, that such a characterization
is identified in a reaction-diffusion setting.

Proof of Proposition 2.11. As H(e,p) = H(e,p) for all e # ey and p € RV, by
Proposition 11.1 we only need to characterize the set {U > 0}, where

U(x) := min max,e[,] {ft ( u(y(s)))ds, v e HY([0,1]), v(0) =0, ~(1) =
v(s) # 0 for all s € (0, 1)},
(83)
where p(z) = py if 21 > 0, p(z) = p— if x; < 0. If 23 > 0, then (s) = sz minimizes (83)
and U(x) = (ﬁ - u+) Otherwise, the same arguments as above yield that there exists
a minimizer v = -y, of (83) defined by (78), with 7 € [0,1)and y = v(7), y1 = 0, and the
maximum with respect to ¢ € [0, 1] is reached when ¢t = 0,7 or 1.

If 7 =0, then U(z) = (% — ,u,)+. We will now compute U(z) when 7 > 0 and
characterize this situation. Assume that x5 > 0, the case x2 < 0 being treated similarly. If
x9 = 0, then it is easy to check that v(s) = sz minimizes (83), which contradicts 7 > 0.
Putting v =, and t = 0,0 or 1 in (83) gives

|z — zeq]? | 2|2 |z — zeq]?

U(x)= mi {0,—— (1-0), B - i - }
() = i max (0, gy ~#-(=0) g —mo+ gy —#-(1=0)

where 0 = 7 and z = y, minimizes this quantity.
Let z € R? such that U(x) > 0 and |z| < 2,/iy. Assume first that |y| > 2,/ 7. Then

22 [z — zesf?
Io fi“*zat;y‘”41‘®>

and this minimum is reached when o = 7 and z = y5. As y is a critical point of this function
to minimize, one has:

U(zr) = min (

c€(0,1),z€R

x JR—
2 _ 1 y27 leading to  ys = Txs.
T 1—71
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But as |y| > 2,/u 7, this implies |z| > |z2| > 2,/p1+, a contradiction.
Hence, |y| < 2,/ur7 and

|z — zeq|?

U(zr) = min (4(1_0)

0€(0,1),z€R

p(1-0)).

As the right hand-side is increasing with respect to o, we necessarily have 7 = % Thus,
in this case:

U(z) = min ('x = 2ypoesl’ po(1 - a))

+

o€(0,1) 41— o)
Then 7 is a critical point for the right-hand side and
|z — 2@7’62]2 To

— Y2
= —==2/u; =0.
-rz TV
Developing this expression, we find

|zg — 24/1i1 )% + 22
4(1 —71)2

— pit +p— = 0.

Putting back this expression in the computation of U(x), we find that

Ul) = (I-n{55=52vn —2n-}

= (2 —y2)yir —2p-(1-7)
= Toy/fix — 20— — 2(py — p)7T
= To\/fix — 20+ + /1y — p-|T — 2y /Iyes].
Hence, U(x) > 0 and |z| < 2,/p5 implies
(w2 — 210 < Gy — i) (w2 — 200 + a2),
which eventually yields
2\/py — 2 < Z—i — 1|ay].

It is easy to check that U(z) > 0 when |z| > 2, /1.
Reciprocally, one can check that if 2\/5i5 — x5 > | /% — 1|z1], then U(z) = 0. The case

oy < 0 is treated similarly.
These computations also yield that 7 > 0 implies |z — 2,/ es| < 24/ps — p—, which
reads on the frontier of the set {U = 0}:

21| = —21 < 2v/py —u—,/Z—_.
+
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The same comparison argument as in the proof of Proposition 2.10 yields that the recip-
rocal is true. We have thus proved that

|z|?/4 — p_ if 1z <0and |z > 2y — p— Z_;’
Ulz) = q la*/4— ps if 2 >0,

To/Iy — 214 + /1y — p—|x — 2\ /lres| if  x <0 and || < 2/puy — p— Z—;

The fact that {U = 0} is the convex envelope of the half-disk of radius 2,/u_ in the
half-plane {z; < 0} and 2,/py in the half-plane {z; > 0} easily follows, by noting that

x1 = —2y/p; — pu_, /= is the abscissa of the point of the circle of radius 2,/u_ from which

per

the tangent hits the point (0,2,/5).
U

Proof of Proposition 2.12. We will only sketch this proof since it is very similar to
that of Proposition 2.10. First, one has
2 1 :
_ 7 _Joawp®+ f1(0) if |ea] > roen,
H(e,p) = H(e,p) = { a_p? + F1(0) if |es| < roer.
Hence, S = S = {x € R%,U(z) = 0}, where U(z) is defined by the same minimization
problem as (76) except that now N(x) = 1/4a, if |xo| > rozy and 1/4a_ if |z < rox;.

Clearly, U(x) = |z|?/4a, — f'(0) if |x3| > rozi. If 0 < 29 < 1oz (the case 0 > xy > —ro1y
being treated similarly), the minimizer v associated with U can be written

[ 2y if se0,7],
7(s)_{y+i::<:r:—y) it selr1],

where 7 € [0,1) is the time when the geodesic leaves the set x9 > 7¢|z1| and y = (), which
imposes Yo = roY;.

Let X5 is the projection of x on the axis x9 = rgx; and X; is the projection of x on the
orthogonal axis. Let 6y := arctanrg and 6 := arctanr, where we remind to the reader that

r is defined by

a_
r=,/—-.
a, —a_
The inequality 7o < 1 reads § < 7/2 — 6. It is easy to check from this inequality that
if (z1,x9) belongs to the line Xy = rX;, with x; > 0, then one has x5 < 0. Thus, as we
are currently considering the case 0 < x5 < rgx1, we have proved that rry < 1 ensures that
X5 > rXy. This implies in particular that 7 > 0 is always satisfied in this area, as observed
in the proof of Proposition 2.10, from which it follows that
1 2
U(ZE) = _(X2 +X1/T) .
4a+
Hence, U(z) = 0 is the equation of a line when 0 < xy < roz;. Similarly, one can prove
that U(z) = 0 is the equation of another line when 0 > x5 > —roz1, and we have already
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shown that it is the equation of a circle when |z3] > roz1. It only remains to compute this
intersection point of the two lines.
If x5 = 0, one has X; = x;sinfy and X5 = x; cos . Hence,

1 r1sinfo\2 22 cos? b, 70\ 2 x? 70\ 2
70 ot SRR ey
(z) + 1(0) da, 1 cosbo + r da + r 4ay(1+1rd) * r

Finally, the intersection point is (2\/f’(0)a+(1 +72)/(1+ @), O). The equation of the two
r

lines in (x1,x2) can then easily be computed, leading to the conclusion. 0

Proof of Proposition 4.2. One easily computes H (e, p) = H(e,p) = as|p|>+1 if e # ey,
since a is close to as in the cones Cr,(e) if € # €1, R is large and « is small. Similarly, using
appropriate balls with increasing radii, one gets H(e;, p) = a1|p|>*+1 and H(e;, p) = aq|p|*>+1.
Hence, S = {w € R?, |z| < 2,/a;} and the same arguments as in the proof of Proposition
2.10 yield that S is the closed convex envelope of B(0,2,/az) and (2/ay, 0).

Next, let 0 < wy < 2y/a; and 0 < wy < 2y/az. For i = 1,2, let (\;, ¢;) the principal
eigenelements associated with the operator —a;A — 1+ w? /4a; in the ball of radius R;, with
Dirichlet boundary conditions. As 0 < w; < 2,/a;, there exist 6 > 0 and R; > R, large
enough such that \; < —¢ for ¢ = 1,2. Up to multiplication by a positive constant, we can
assume that ||¢;]|so < 0e®#/(2%) and that

P1(z)e 1 TG/20 > g (p)e w2 8/2a2in B(0, Ry). (84)

Define -
ui(t, ) = di(r — U)z‘lf&)eQTi(7“%1:_33{")7

where & = e and & # e; is a unit vector. These functions satisfy:

since u; < J, and vanish on the boundary of these balls. Moreover, this inequation stays true
if we multiply u; by any positive constant x € (0, 1).

Let T} > 0 large enough such that a(z) = a; in B(witey, Ry) for all t > Ty. Let k3 > 0
such that

Ty, z +wiTier) > kg () 2% > gy (Th, 2 + wiTier)  in B(0, Ry).
It follows from the parabolic maximum principle that for all ¢ > 0 and = € R?,
U(t + Tl, T+ wp (t + T1>€1) Z RiUq (t + Tl, T+ wl(t + Tl)el) = Ii1¢)1 (x)e‘wlm'elﬂal. (85)

Let Ty large enough such that a(x+wTieq +woTsEs) = as for all z € B(0, Ry). It follows
from the definition of a that a(x+w1(t +T1)er +wo(t+ Tg)f‘g) = ay in B(0, Ry) for all ¢ > 0.
Moreover, the parabolic Harnack inequality yields that there exists ko > 0, independent of
t, such that:

u(t + T1 + TQ,JZ + wl(t + T1)61 + IUQTgfg) Z ng(t + Tl, T+ wl(t + Tl)el) in B(O, Rl)
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This implies
U(t + T + T,z +w (t+Th)eg + w2T2€2) > K1Ka®1 (x)e_wwel/%l > Kikoug (T, x + wQTQSQ)a
by (84). The parabolic maximum principle gives, for all s > 0, ¢ > 0:

u(s+t+T + Do,z +wi(t+Th)er +wa(s + To)s) > Kikoua(s + Ty,x +wa(s + T»)&s)
= /€1I€2¢2(33)672Tliz-&.
(86)
Consider now a given w in the interior of the closed convex envelope of B(0,2,/a;) and
{(2{/a1,0)}. We could write w = (1 — T)wie; + 7wy, where 7 € (0,1), wy € [0,2,/a;) and
weés € B(0,24/a3), that is, 0 < w, < 2y/ag and || = 1.
We now apply the above results. First, if & = e;, then inequality (85) immediately
implies
lim infu(t, (1 —71)wyet + ngelt) = lgm inf u(t, tw) > k1¢1(0) > 0.

t—+oo ——+o00

Next, if & # ey, replacing t + T by (1 — 7)t and s+ T by 7¢ in (86), which is possible if ¢
is large enough since 7 € (0, 1), one gets

u(t, (1 — Twyest + ngfgt) = u(t, tw) > K1KkaP2(0).

Moreover, the reader could check that these estimates hold locally uniformly with respect to
7,&, w1, Wy, that is, locally uniformly with respect to w. It follows that

lim inf u(¢, tw) > 0,

t—+o00

and thus our hypotheses on f (6) and classical arguments (see for example Theorem 1.6 and
Proposition 1.8 of [12]) yield
lim infu(t,tw) =1.

t——+o0

Moreover, as this convergence is locally uniform around any w in the interior of the closed
convex envelope of B(0,2,/az) and {(2,/a1,0)}, it is also uniform in any of its compact
subset, which concludes the proof. O
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