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This paper is concerned with some non-linear propagation phenomena for reaction—
advection—diffusion equations with Kolmogrov—Petrovsky—Piskunov (KPP)-type non-
linearities in general periodic domains or in infinite cylinders with oscillating boundaries.
Having a variational formula for the minimal speed of propagation involving eigenvalue
problems (proved in Berestycki, H.,, Hamel, F. & Nadirashvili, N. (2005) The speed of
propagation for KPP type problems (periodic framework). J. Eur. Math. Soc. 7, 173-213), we
consider the minimal speed of propagation as a function of diffusion factors, reaction factors
and periodicity parameters. There we study the limits, the asymptotic behaviours and the
variations of the considered functions with respect to these parameters. One of the sections
deals with homogenization problem as an application of the results in the previous sections
in order to find the limit of the minimal speed when the periodicity cell is very small.

1 Introduction

This paper is a continuation in the study of the propagation phenomena of pulsating
travelling fronts in a periodic framework corresponding to reaction—advection—diffusion
equations with heterogenous KPP (Kolmogrov—Petrovsky—Piskunov) non-linearities. We
will precisely describe the heterogeneous-periodic setting, recall the extended notion of
pulsating travelling fronts and then we move to announce the main results. Let us first
recall some of the basic features of the homogeneous KPP equations.

Consider the Fisher—KPP equation:

U —Au = f(u) inRY. (1.1)

It was introduced in the celebrated papers of Fisher (1937) and in [19] originally motivated
by models in biology. Here, the main assumption is that f is, say, a C' function satisfying

f(0) = f(1)=0, f'(1) <0, f(0) >0, 12
£>0in(0,1), f <0in(1,+o0), '
£(s) < f'(0)s,¥s € [0, 1]. (1.3)

As examples of such non-linearities, we have f(s) = s(1 — s) and f(s) = s(1 — s?).
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394 M. El Smaily

The important feature in (1.1) is that this equation has a family of planar travelling
fronts. These are solutions of the form

{V(t,x) eR xRN, u(t,x) = ¢(x e+ ct), 14)

¢(—0) =0 and ¢P(4+0) =1,

where e € IRV is a fixed vector of unit norm which is the direction of propagation, and
¢ > 0 is the speed of the front. The function ¢ : R +— IR satisfies

{—4)” +co =f(9),

d(—0) =0 and ¢(+o0) = 1. (1.3)

In the original paper of Kolmogorov, Petrovsky and Piskunov, it was proved that, under
the above assumptions, there is a threshold value ¢ = 24/f'(0) > 0 for the speed c.
Namely, no fronts exist for ¢ < ¢*, and, for each ¢ > ¢”, there is a unique front of the
type (1.4 and 1.5). Uniqueness is up to shift in space or time variables.

Later, the homogeneous setting was extended to a general heterogeneous periodic one.
The heterogeneous character appeared both in the reaction—advection—diffusion equation
and in the underlying domain. The general form of these equations is

(1.6)

uy =V-(A(z)Vu) +q(z) - Vu+ f(z,u), t € R, z € Q,
v-AVu(t,z) =0,t € R, z € 0Q,

where v(z) is the unit outward normal on 0Q at the point z.

The propagation phenomena attached with equation (1.6) has been widely studied in
many papers. Several properties of pulsating fronts in periodic media and their speed of
propagation were given in several papers [2, 3, 5, 6, 36]. In Section 2, we will recall the
periodic framework and some known results which motivate our study. The main results
of this paper are presented in Sections 3—6.

2 The periodic framework
2.1 Pulsating travelling fronts in periodic domains

In this section, we introduce the general setting with the precise assumptions. Concerning
the domain, let N > 1 be the space dimension, and let d be an integer so that 1 < d < N.
For an element z = (x1,X2,..., X4 Xd+1,-..,xXy) € RN, we call x = (xq,X2,...,x4) and
y = (X4+1,...,XnN), SO that z = (x, y). Let Ly,..., Ly be d positive real numbers, and let Q
be a C3 non-empty connected open subset of RV satisfying

AR =0:V(x,y) € Q, [y| <R,

d
V(kl,...,kd) S leX"‘ XLdZ, Q = Q+Zkieia (21)
k=1

where (e;)i<i<y s the canonical basis of RY. In particular, since d > 1, the set Q is
unbounded.
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Pulsating travelling fronts 395

In this periodic situation, we give the following definitions:

Definition 2.1 (Periodicity cell) The set C = {(x,y) € Q; x; € (0,L1),...,xq € (0,Ly)} is
called the periodicity cell of Q.

Definition 2.2 (L-periodic flows) A field w : @ - R" is said to be L-periodic with respect
to x if w(xy + ki,..., x4 + kg, y) = w(x1,...,X4,y) almost everywhere in Q, and for all
k= (ki,... ko) € [T, LiZ.

Before going further, we point out that this framework includes several types of simpler
geometrical configurations. The case of the whole space RY corresponds to d = N, where
Li,...,Ly are any positive numbers. The case of the whole space RN with a periodic
array of holes can also be considered. The case d = 1 corresponds to domains which have
only one unbounded dimension, namely infinite cylinders which may be straight or have
oscillating periodic boundaries, and which may or may not have periodic holes. The case
2<d< N — 1 corresponds to infinite slabs.

We are concerned with propagation phenomena for the reaction—advection—diffusion
equation (1.6) set in the periodic domain Q. Such equations arise in combustion models
for flame propagation (see [27], [31] and [37]), as well as in models in biology and for
population dynamics of a species (see [14], [18], [20] and [28]). These equations are used
in modelling the propagation of a flame or of an epidemics in a periodic heterogeneous
medium. The passive quantity u typically stands for the temperature or a concentration
which diffuses in a periodic excitable medium. However, in some sections we will ignore
the advection and deal only with reaction—diffusion equations.

Let us now detail the assumptions concerning the coefficients in (1.6). First, the diffusion
matrix A(x,y) = (A;j(x,y)i<ijen is a symmetric C**(Q) (with § > 0) matrix field
satisfying

A is L-periodic with respect to Xx,

I0< oy <o, V(x,y) € Q,VE € RN,
P < ) Ai(xp)EE < mlél

I<i,j<N

The boundary condition v - AVu(x,y) =0 stands for 3, _; .y vi(x, y)Aij(x, y)dy;u(t, x, y),
and v stands for the unit outward normal on 0Q. We note that when A is the identity
matrix, then this boundary condition reduces to the usual Neumann condition 0,u =0.

The underlying advection g(x, y) = (q1(x, y),...,qn(x,y)) is a CH*(Q) (with > 0) vector
field satisfying

((q is L-periodic with respect to x,
Vg =0 in Q,

q-v=0 onoQ, (2.3)

V1i<i<d, /q,-dxdy=0.
c

\
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396 M. El Smaily

Concerning the non-linearity, let f = f(x,y,u) be a non-negative function defined in
Q x [0,1], such that

f >0, is L-periodic with respect to x, and of class C"°(Q x [0, 1]),

Vix,y) € Q f(x,,0 = f(x,y.1)=0,

Elp € (071)7 V(X,y) Eg) V1 —p SN SS/ < 13 f(x,y,s) = f(xayasl)a (24)
Vse (0,1), I(x,y) € Q such that f(x,y,s) > 0,

Yy € @ fix0) = lim 1000 S g

u— 0t u

with the additional assumption
V(x,p,5) € 2% (0,1), 0< f(x,y,5) < f(x,0)x s (2.5)

We denote by {(x,y) := fl(x,,0), for each (x,y) € Q.
The set of such non-linearities contains two particular types of functions:

e The homogeneous (KPP) type: f(x, y,u) = g(u), where g is a C' function that satisfies
g(0)=g(1)= 0, g>00n (0,1), g'(0) >0, g'(1) <0 and 0 < g(s) < g'(0)s in (0,1).

e Another type of such non-linearities consists of functions f(x, y,u) = h(x, y).f(u), such
that f is of the previous type, while & lies in C9(Q), L-periodic with respect to x, and
positive in Q.

Having this periodic framework, the notions of travelling fronts and propagation were
extended in [2, 3, 18, 26, 28, 29] and [34] as follows:

Definition 2.3 Let e = (e!,...,e%) be an arbitrarily given vector in R%. A function u =
u(t,x,y) is called a pulsating travelling front propagating in the direction of e with an
effective speed ¢ #+ 0, if u is a classical solution of

(4 =V (A(x, y)Vu) + q(x,y) - Vu+ f(x,p,u), t € R, (x,y) € 2,
v-AVu(t,x,y)=0,t € R, (x,y) € 0Q,

d
Vk e HL,-Z, Vit,x,y) € R x Q, u (t— kTe,x,y> = u(t,x+k,y), (2.6)
i=1

lim u(t,x,y) =0, and lim u(t,x,y) = 1,
X-e — —o0 X-e— 400

K0<u<1,

where the above limits hold locally in ¢ and uniformly in y and in the directions of IR¢
which are orthogonal to e.

2.2 Some important known results concerning the propagation phenomena
in a periodic framework

Under the assumptions (2.1), (2.2), (2.3), (2.4) and (2.5) set in the previous subsection,
Berestycki and Hamel [2] proved that having a pre-fixed unit vector e € IR¢, there exists
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Pulsating travelling fronts 397

c*(e) > 0 such that pulsating travelling fronts propagating in the direction e (i.e satisfying
(2.6)) with a speed of propagation ¢ exist if and only if ¢ > ¢*(e); moreover, the pulsating
fronts (within a speed ¢ > ¢"(e)) are increasing in the time ¢. The value ¢"(e) = cg 4, ¢(€)
is called the minimal speed of propagation in the direction of e. Other non-linearities have
been considered in the cases of the whole space RY or in the general periodic framework
(see [2, 28, 29, 32, 33, 34] and [35]).

Having the threshold value cp, 4, ((€), our paper aims to study the limits, the asymptotic
behaviours and the variations of some parametric quantities. These parametric quantities
involve the parametric speeds of propagation of different reaction—advection—diffusion
problems within a diffusion factor ¢ > 0, a reaction factor B >0 or a periodicity parameter
L. Thus, it is important to have a variational characterization which shows the dependance
of the minimal speed of propagation on the coefficients A, ¢ and f and on the geometry
of the domain Q. In this context, Berestycki, Hamel and Nadirashvili [3] gave such a
formulation for c;, 4 , ;(e) involving elliptic eigenvalue problems. We recall this variational
characterization in the following theorem:

Theorem 2.4 (Berestycki, Hamel and Nadirashvili [3]) Let e be a fixed unit vector in R
Let & = (e,0,...,0) € RN, Assume that Q, A and { satisfy (2.1), (2.2), (2.4) and (2.5). The
minimal speed c*(e) = CZ’A,q’f(e) of pulsating fronts solving (2.6) and propagating in the
direction of e is given by

k(2)
L

c"(e) = C;Z,A,q,f(e) = IP>1(I)1 (2.7)
where k() = kq e 44:(4) is the principal eigenvalue of the operator Lg . a4, Which is defined
by

Loeageow = V- (AVy) —24e-AVy +q-Vy 28)
+[222A2 — AV - (A8) — Aq e+ (Qyp '

acting on the set
E = {y € C}(Q),y is L-periodic with respect to x and v - AV = J(vA2yp) on dQ).

The proof of formula (2.7) is based on methods developed in [2, 7, 9]. These are
techniques of sub- and super-solutions, regularizing and approximations in bounded
domains.

We note that in formula (2.7), the value of the minimal speed c*(e) is given in terms
of the direction e, the domain Q and the coefficients 4,q and f,;(.,.,O). Moreover, it is
important to notice that the dependence of ¢*(e) on the non-linearity f is only through
the derivative of f with respect to u at u = 0.

Before going further, let us mention that formula (2.7) extends some earlier results
about front propagation. When Q@ = RN, 4 = Id and f = f(u) (with f(u) < f (O)u in
[0,1]), formula (2.7) then reduces to the well-known KPP formula c¢*(e¢) = 2+/f'(0). That
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is the value of the minimal speed of propagation of planar fronts for the homogeneous
reaction—diffusion equation: u, — Au = f(u) in RN .!

The above variational characterization of the minimal speed of propagation of pulsat-
ing fronts in general periodic excitable media will play the main role in studying the
dependence of the minimal speed ¢*(e) = ¢q A’q,f(e) on the coefficients of reaction, diffu-
sion, advection and on the geometry of the domain. In this context, we have the following
theorem.

Theorem 2.5 (Berestycki, Hamel, Nadirashvili [3]) Under the assumptions (2.1), (2.2) and
(2.3) on 2, A and q, let f=f(x,y,u) [respectively g = g(x,y,u)] be a non-negative non-
linearity satisfying (2.4) and (2.5). Let e be a fixed unit vector in R?, where 1 < d < N,

(@) If fu(x,3,0) < g,(x,,0) for all (x,y) € Q, then
C;,A,q,f(e) < C;Z,A,q,g(e)'

Moreover, if f;(x,y, 0) <, £ gl;(x,y, 0) in Q, then cE’A’q,f(e) < CE’A’q’g(e).
(b) The map B cq 4, p(e) is increasing in B > 0 and

cr (e
lim sup —2A44:81 2" ©)

B -+ \/E

Furthermore, if @ = RN or if vAz = 0 on 0Q, then liminfg_, ., 2429 5 0,

JB
(c)

< +o0

Congs(©) < (g2 Il + 2¢ max _{(x,y), | max_2A(x,y)2, (29)
(x,y)eQ (x,y)eQ
where [|(q.8)"[|oc = max,,)cqa(q(x,y).&" and s~ = max(—s,0) for each s € R. Further-
more, the equality holds in (2.9) if and only if €A and { are constant, g.¢ =V .(A¢) = 0
in Q and v.A¢ = 0 on 0Q (in the case when 0Q + 0).

(d) Assume furthermore that f = f(u) and q = 0 in Q, then the map p — C;z,ﬁA,O,f(e) is
increasing in f§ > 0.

g,%( )
constant. Furthermore, part (d) implies that a larger diffusion speeds up the propagation
in the absence of the advection field.

We mention that the existence of pulsating travelling fronts in space-time periodic
media was proved in [23-25] and recently in [21, 22]. In [22], Nadin characterized the
minimal speed of propagation and he studied the influence of the diffusion, the amplitude
of the reaction term and the drift on the characterized speed.

As a corollary of (2.9), we see that limsupy,_,,

< C where C is a positive

! In fact, the uniqueness, up to multiplication by a non-zero real number, of the first eigenvalue
function of Lgy af o = k(4)y together with this particular situation, yield that the principal
eigenfunction y is constant and k(4) = J2 4+ f'(0) for all 2 > 0. Therefore by (2.7), we have

¢'(e) = minyeo (7 + L9 = 2,/7770).
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After reviewing some results in the study of the KPP propagation phenomena in
a periodic framework, we pass now to announce new results concerning the limiting
behaviour of the minimal speed of propagation within a small (resp. large) diffusion and
reaction coefficients (in some particular situations of the general periodic framework) and
we will study the minimal speed as a function of the period of the coefficients in the KPP
reaction—diffusion-advection (or reaction—diffusion) equation in the case where Q =R".
The proofs will be shown in details in Section 7. The announced results will be applied
to find the homogenization limit of the minimal speeds of propagation. We believe that
this limit might help to find the homogenized equation in the “KPP” periodic framework
(see Section 8 for more details).

3 The minimal speed within small diffusion factors or within large
period coefficients

In this section, our problem is a reaction—diffusion equation with absence of advection
terms

{u[ = BV - (A(x,y)Vu) + f(x,y,u), t € R, (x,y) € Q, G1)

v-AVu(t,x,y)=0,t € R, (x,y) € 00,

where > 0.

We mention that (3.1) is a reaction—diffusion problem within a diffusion matrix fA. Let
e be a unit direction in RY. Under the assumptions (2.1), (2.2), (2.4) and (2.5), for each
B > 0, there corresponds a minimal speed of propagation cp g, (e) so that a pulsating
front with a speed ¢ and satisfying (3.1) exists if and only if ¢ = ¢p g4 ¢(€)-

Referring to part (c) of Theorem 2.5, one gets 0 < c¢p 45,4 (€e) < 2/B/MoM, for any
B >0, where My = max ,cp ((x,y) and M = max g A(x,y)2.

Consequently, there exists C > 0 and independent of  such that

pa0s(€)

o
VB >00< —= < C. (3.2)
JP

The inequality (3.2) leads us to investigate the limits of ATVIC f — 0 and as

fp — +oo. The following theorem gives the precise limit when the diffusion factor tends
to zero. However, it will not be announced in the most general periodic setting. We will
describe the situation before the statement of the theorem.

The domain will be in the form Q@ =R x o = RN, where @ = RY x RN=4~! (d > 0).
If d =0, then @ is a C3 connected, open bounded subset of RN~!. While, in the case
where 1 <d< N—1, wisa (Li,...,Ly)-periodic open domain of R¥~! which satisfies
(2.1); and hence, Q is a (I, Ly, ..., Ly)-periodic subset of RN that satisfies (2.1) with [ > 0
and arbitrary. An element of Q = R X o will be represented as z = (x,y) where x € R
and y € w < RY x RN~-14,
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The non-linearity f = f(x,y,u), in this section, is a KPP non-linearity defined on
Q x [0,1] that satisfies

(f >0, and of class C9(R x @ x [0,1]),
fis(l,Ly,...,Ly)-periodic with respect to (x, y1,...,Vq), when d > 1,
f is [-periodic in x, when d = 0,

V(x,y) € Q=R x o, f(x,y,0) = f(x,y,1) = 0, (3.3)

Ipe (0,1), V(x,y) €2, V1—p< s <5 <1, f(x,9,5) = f(x,9,5),
(Vs e (0,1), 3(x,y) € Q such that f(x,y,s) > 0,

together with the assumptions

f/(x,y,0) depends only on y; we denote by {(y) = fl(x,y,0), V(x,y) € Q.
V(x,y) € Q=R x®, f(x,y,0) = {(y) >0, (3.4)
V(x,y,8) € Q x (0,1), 0 < f(x,y,5) < {(y)s.

Notice that f,(x, y,u) is assumed to depend only on y, but f(x,y,u) may depend on x.
Lastly, concerning the diffusion matrix, A(x,y) = A(y) = (4;j(y))1<ijen is @ C*(Q)
(with 6 > 0) symmetric matrix field whose entries are depending only on y, and satisfying

Ais (Ly,..., Ly)-periodic with respect to (yi,..., Vq),
I0<oy <o, Vyew,VE € RV, (3.5)
o |EF < 0 Ai(p)Eg; < oléf

Theorem 3.1 Let e = (1,0,...,0) € RN and ¢ > 0. Let @ = R x w = RN satisfy the
form described in the previous page. Under the assumptions (3.3), (3.4), and (3.5), consider
the reaction—diffusion equation

u(t,x,y) = eV - (AY)Vu)(t, x, ) + f(x,y,u), for (t,x,y) € RxQ, (3.6)
v-AVu=0 on R xR x0w. '
Assume, furthermore, that A and f satisfy one of the following two alternatives:
do >0, Vy € o, A(y)e = ae,
, y ,(y) B (3.7)
fu(x,9,0) = L(y), for all (x,y) € 2,
or
f;(x,y,O) = { is constant,
Vy € w, A(y)e = a(y)e, where (3.8)

y+— a(y) is a positive, (Ly,..., Lg)-periodic function over ~@.
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Pulsating travelling fronts 401

Then,

Cy
lim M = 2\/max C\/max eAe. (3.9)

e—0*t

Before going further, we mention that the family of domains for which Theorem 3.1
holds is wide. An infinite cylinder R x Br~-1(y9, R) (where R > 0, and Brx~-1()o, R) is
the Euclidian ball of center yo and radius R) is an archetype of such domains. In these
cylinders, @ = Bgn-1(y9,R), [ is any positive real number, and d = 0. The whole space
IRY is another archetype of the domain Q whered = N —1, w = RN~ and {l, Ly,...,Lq}
is any family of positive real numbers.

Remark 3.2 In Theorem 3.1, the domain Q@ = IR x w is invariant in the direction of

= (1,0,...,0) which is parallel to Ae ( in both cases (3.7) and (3.8)). Also, the assumption
that the entries of A do not depend on x, yields that V.(4e) = 0 over Q. On the other
hand, it is easy to find a diffusion matrix 4 and a non-linearity f which satisfy, together,
the assumptions of Theorem 3.1 while one of eAe(y) and {(y) is not constant. Referring
to part (c) of Theorem 2.5, one obtains

c
Ve > 0, O<M 2 maxC max ede(y).
v v

NG

However, Theorem 3.1 implies that

¢ e
lim M = 2 /max {(y), /max ede(y).
e—0" NG yewo yew

On the other hand, if Q@ =R X w as in Theorem 3.1, A = Id and f = f(u), Theorem 2.5
yields that ¢} (e) = 2,/ /f'(0), for all ¢ > 0. O

In the same context, one can also find the limit when the diffusion factor goes to zero,
but in the presence of an advection field in the form of shear flows.

Theorem 3.3 Assume that e = (1,0,...,0) € RN, the domain Q@ = R x w has the same form
as in Theorem 3.1, and the coefficients f and A satisfy (3.3 and 3.4) and (3.5), respectively.
Assume, furthermore, that for all y € @, there exists o(y) positive so that A(y)e = a(y)e
in ®. Consider, in addition, an advective shear flow q = (q,(y),0,...,0) (y € @) which is
(L1,..., Lqg)-periodic with respect to y. Assume that ¢ is a positive parameter and consider
the parametric reaction—advection—diffusion problem

up = eV (A)Vu) + ¢,(y) 0xu(t,x,y) + f(x,y,u), t € R, (x,y) € Q, (3.10)
v-AVu(t,x,y) =0, te R, (x,y) € 0Q, .
where q £ 0 over R X @ and q has a zero average. Then,
lim g o44(€) = r}neg(— q,(y)) = max(—q.e). (3.11)
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The situation in this result is more general than that considered in part (b) of Corol-
lary 4.5 in [4]. In details, the coefficients A and f can be both non-constant. Meanwhile,
in the result of [4], the coefficients considered were assumed to satisfy the alternative (3.7).

After having the exact value of lim, .o+ ¢, A’O,f(e) / \/E, we move now to investigate the
limit of the minimal speed of propagation, considered as a function of the period of
the coefficients of the reaction—diffusion equation set in the whole space RN, when the
periodicity parameter tends to +oco. By making some change in variables, we will find a
link between this problem and Theorem 3.1.

Theorem 3.4 Let e = (1,0,...,0) € RN, An element z € RY is represented as z = (x,y) €
R x RN=! Assume that f = f(x,y,u) and A = A(y) satisfy (3.3), (3.4) and (3.5) with
o =RVN"'d=N—1land | =L = = Ly_; = 1. (That is, the domain and the
coefficients of the equation are (1,1,...,1) periodic with respect to y.) Assume furthermore,
that A and f satisfy either (3.7) or (3. 8) For each L >0, and (x,y) € RY, let A, (y) = A($)

L
and f,(x,y,u) = f(L, .U ) Consider the reaction—diffusion problem

ut,x,y) =V- (A, Vu)(t,x,y) + f,(x,y,u), (t,x,y) € R x RN

(3.12)
—v-(4(L)vu (t,x,y) + f Y (t,x,yx) € R x RY
L L L b b b b
whose coefficients are (L, ..., L)-periodic with respect to (x,y) € RY. Then,
Jim e g og 0= 2\/} max {(y >\/yr€nﬂg,3<1 e.Ae(y). (3.13)

The above theorem gives the limit of the minimal speed of propagation in the direction
of e = (1,0,...,0) as the periodicity parameter L. — +oco0. The domain is the whole space

RN which is (L,..., L)-periodic whatever the positive number L be. However, one can
find

Ll—l}i—loo C]RN AL:LCIL,]CL (e)
whenever ¢ is a shear flow advection. Namely, in the same manner that Theorem 3.1
implies Theorem 3.4, one can prove that Theorem 3.3 implies Theorem 3.5.

Theorem 3.5 Let e = (1,0,...,0) € RN, Assume that f = f(x,y,u) and A = A(y) satisfy

(3.3), (3.4) and (3.5) with o =RN"', d=N—-1and | =L; =+ = Ly_ = 1. (That
is, the domain and the coefficients of the equation are (1,1,...,1)-periodic with respect to
y in RN=1) Assume, furthermore, that for all y € RN™L there exists a(y) positive so that
A(y)e = a(y)e in RN=L. Let g = (¢,(»),0,...,0) for all y € RN~ such that q; % 0 over
RN g is (1,...,1)-periodic with respect to y and qy has a zero average. Then,

Jim cpn g rg,, 1, @)= max, (—4,(y)) = max(—gq.e). (3.14)

In the proof of Theorem 3.3 (which implies Theorem 3.5), the assumption that
the advection ¢ is in the form of shear flows plays an important role in reducing
the elliptic equation involved by the variational formula (7.13) below. Namely, since
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Pulsating travelling fronts 403

q = (q1(),0,...,0) and since e = (1,0,...,0), then the terms g(x,y)-V.,p and q(x,y)-e (in
the general elliptic equation) become equal to ¢;(y)0,yp and q;(y), respectively. As a con-
sequence, and due to the uniqueness of the principal eigenfunction y up to multiplication
by a constant, we are able to choose y independent of x, and hence, obtain a symmetric
elliptic operator (without drift) whose principal eigenvalue was given by the variational
formula (7.15) below (see Section 7 for more details).

Remark 3.6 After the above explanations, we find that the techniques used to prove
Theorem 3.3 which implies 3.5, will no longer work in the presence of a general periodic
advection field satisfying (2.3).

Concerning the influence of advection, we mention that the limit of ¢ 4 p q’f(e) /B as
B — +oo (in the general periodic setting) is not yet given explicitly as a function of the
direction e and the coefficients A, ¢ and f. For more details one can see Theorem 4.1 in
[4]. However, the problem of front propagation in an infinite cylinder with an underlying
shear flow was widely studied in [1, 8]. In the case of strong advection, assume that
Q =R x o, where o is a bounded smooth subset of RN~! g = (q,(»),0,...,0), y € o,
and f = f(u) is a (KPP) non-linearity. It was proved, in [16], that

N (e)
lim —2A4Bel

Jim 22 : (3.15)

where

7y = sup / q,(y)w*dy,
w

weD

D— {w e H'(w), /|V1p2dy < f'(0) and / prdy = 1}.

4 Minimal speed within large diffusion factors or within small period coefficients

After having the limit of ¢p, 4 ¢ ((€)/ Jease— 0%, and after knowing that this limit depends
on max,cw ((y) and max,cw ede(y), we investigate now the limit of c;}’MA,q’f(e)/\/M
as the diffusion factor M tends to +oo, and we try to answer this question in a situation
which is more general than that we considered in the previous section (in the case where
the diffusion factor was going to 0%). That is in the presence of an advection field and
in a domain Q which satisfies (2.1) and which may take more forms other than those
of Section 3. We will find that in the case of large diffusion, the limit will depend
on

][C(x,y)dx dy = L / {(x,y)dxdy and ][éAé(x,y)dx dy = L / eAe(x,y)dxdy,
c ICl Je c ICl Je
where C denotes the periodicity cell of the domain Q.

Theorem 4.1 Under the assumptions (2.1) for Q, (2.3) for the advection q, (2.4) and (2.5) for
the non-linearity f = f(x, y,u), let e be any unit direction of IR¢. Assume that the diffusion
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matrix A = A(x,y) satisfies (2.2) together with V- A2 = 0 over Q, and v - Ae¢ = 0 over
0Q. For each M > 0 and 0 <y < 1/2, consider the following reaction—advection—diffusion
equation

u =MV (A(x,y)Vu) + M7 q(x,y) - Vu + f(x,y,u), t € R, (x,y) € Q,
v-AVu(t,x,y)=0,t € R, (x,y) € 0Q.

Then

¢t , .(e)
. omMa M q, 7 o i
Mlirgrloo R = 2\/]€eAe(x, y)dx dy \/]fé(x, y)dxdy,

where C is the periodicity cell of Q.
Remark 4.2

e The setting in Theorem 4.1 is more general than that in Theorem 3.1, where Q =
R x w, e = (1,0,...,0) and 4¢ = a(y)e. Under the assumptions of Theorem 3.1, the
domain € is invariant in the direction of A2, which is that of &. Consequently, if v
denotes the outward normal on 0Q = IR X 0w, one gets v - A2 = a(y)v - & = 0 over 00,
while V - (4¢) = 0/0xa(y) = 0 over 2. Moreover, in Theorem 3.1, we have only reaction
and diffusion terms. That is ¢ = 0. Therefore, considering the setting of Theorem 3.1,
and taking fA as a parametric diffusion matrix, one consequently knows the limits of

€y puo;(€)/ /B as p— 07 (Theorem 3.1) and as f — 400 (Theorem 4.1).

e The other observation in Theorem 4.1 is that the limit does not depend on the advection
field ¢q. This may play an important role in drawing counter examples to answer many
different questions. For example, the variation of the minimal speed of propagation
with respect to the diffusion factor and with respect to diffusion matrices which are
symmetric positive definite.

e Another important feature, in Theorem 4.1, is that the order of M in the denominator
of the ratio ¢g 4 v q’f(e)/\/M is equal to 1/2. Itisindependent of y. Consequently, the
case where the advection is null and there is only a reaction—diffusion equation follows,
in particular, from the previous theorem. That is

c (e
MIEEOO %}\;) = 2\/]£éAé(x,y) dx dy \/]él(x,y) dxdy.

e The previous point leads us to conclude that the presence of an advection with a factor
M7, where 0 < y < 1/2, will have no more effect on the ratio ¢ ;4 up q,f(e)/«/M as soon
as the diffusion factor M gets very large.

As far as the limit of the minimal speed of propagation within small periodic coefficients
in the reaction—diffusion equation is concerned, the following theorem, which mainly
depends on Theorem 4.1, treats this problem:

Theorem 4.3 Let Q = RN, Assume that A = A(x,y), q = q(x,y) and f = f(x,y,u)
are (1,...,1)-periodic with respect to (x,y) € RN, and that they satisfy (2.2), (2.3), (2.4)
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and (2.5) with Ly = --- = Ly = 1. Let e be any unit direction of RN, such that V -
A2 = 0 over RN, For each L > 0, let A,(x,y) = A(x/L,y/L), q,(x,y) = q(x/L,y/L) and
f.(x,y,u) = f(x/L,y/L,u), where (x,y) € RN. Consider the problem

u(t,x,y) =V-(A4,Vu)t,x,y) + g, Vult,x,p) + f,(x, p,u), (t,x,y) x RN,

. (4.1)
=v-<A<L L>Vu>(txy)+q<L L> Vu(t, x, y) +f< )

whose coefficients are (L, ..., L)-periodic with respect to (x,y) € RN. Then,

=
h|‘<

Lll}ng+ C]RN A, qL’fL(e) = 2\/][eAe(x y)dxdy\/ {(x,y)dxdy,
where, in this setting, C = [0,1] x --- x [0,1] =« RV,

The above result gives the limit in any space dimension. It depends on the assumption
V- (42) = 0 in RN, However, if one takes N = 1, and denotes the diffusion coefficient
by a = a(x), x € R, then the previous result holds under the assumptions that a satisfies
(2.2) and da/dx =0 in R. In other words, it holds when a is a positive constant. Thus,
it is interesting to mention that, in the one-dimensional case, the above limit was given
in [13] and [17] within a general diffusion coefficient (which may not be constant over
R). In details, assume that f = f(x,u) = ({(x) — u)u is a 1-periodic (KPP) non-linearity
satisfying (2.4) with (2.5), and R > x +— a(x) is a 1-periodic function which satisfies
0 <o <alx) <o, for all x € R, where o; and o, are two positive constants. For each
L > 0, consider the reaction—diffusion equation

0 u(t, x) = % <a <Z> 2;‘) (t,x) + [g (%) —ult, x)} u(t,x) for (t,x) € RxR. (4.2)

It was derived in [13] and, formally, in [17] that

L11r13+ c]R a,, 0, fL(e) =2 \/< a>, / {(x), (4.3)

where < a >, denotes the harmonic mean of the map x — a(x) over [0, 1].

5 Minimal speed within small or large reaction coefficients

In this section, the parameter of the reaction—advection—diffusion problem is the coefficient
B multiplied by the non-linearity f. In fact, it follows from Theorem 2.6 in [3] (recalled
via Theorem 2.5 in the present paper) that the map B cg 4, p¢(€)/ /B remains, with
the assumption v.4¢2 = 0 on 0L, bounded by two positive constants as B gets very
large. Therefore, it is interesting to find the limit of ¢ 4, 57(€)/ JB as B — 4+ even
in some particular situations. Moreover, it is important to find the limit of the same
quantity as B — 0". We start with the case where B — 400 and then we move to that
where B — 0.
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Theorem 5.1 Let e = (1,0,...,0) € RN and B > 0. Assume that Q = R xw < RY, 4 and
f satisfy the same assumptions of Theorem 3.1. That is, f and A satisfy (3.3), (3.4) and (3.5),
and one of the two alternatives (3.7) and (3.8). Consider the reaction—diffusion equation

u(t,x,y) = V- (A(y)Vu)(t,x,y) + B f(x,y,u), for (t,x,y) € R X Q, (5.0)
v-AVu=0 on R xR xdw. '
Then,
lim “oa081(®) _ 2 [max {(y). /max ede(y) (5.2)
B—+wx \/E \/yew y \/yew ). ’

We mention that one can find the coefficients A and f, and the domain Q of the problem
(5.1) satisfying all the assumptions of Theorem 5.1, which are the same of Theorem 3.1,
including one of the alternatives (3.7) and (3.8) while one of { and ede is not constant.
Owing to Theorem 1.10 in [3], it follows that

VB >0, cpopr(e) S 2VB \/r?éi%‘ L(y) \/rgeag ede(y),

which is equivalent to saying that

cq (e
Cau05(®) = 2, /max {(y), /max ede(y).

/B yE® yE®

Therefore, there are heterogeneous settings in which the result found in Theorem 5.1
does not follow trivially.

We move now to study the limit when the reaction factor B tends to 0". However, the
situation will be more general than that in Theorem 5.1 because it will consider reaction—
advection—diffusion equations rather than considering reaction—diffusion equations
only.

Theorem 5.2 Under the assumptions (2.1) for Q, (2.3) for the advection q, (2.4) and (2.5)
for the non-linearity f = f(x,y,u), let e be any unit direction of RY. Assume that the
diffusion matrix A = A(x, y) satisfies (2.2) together with V- Ae¢ =0 over Q, and v - A2 =0
over 0Q. For each B > 0 and y > 1/2, consider the following reaction—advection—diffusion
equation

ug =V (Ax,y)Vu) + B q(x,y) Vu + Bf(x,y,u), t € R, (x,y) € Q,
v-AVu(t,x,y) =0, te€ R, (x,y) € 0Q.

Then

¢, (e)
: QA B"q,Bf*7 o
Jim JB = 2\/ ]éeAe(x, y)dxdy \/ ]f {(x,y)dxdy,

where C is the periodicity cell of (2.
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Having the above result one can mark a sample of notes:
The order of B in the denominator of the ratio ¢p 4., ps(€)/ \/E is independent of y
(it is equal to 1/2). Thus, whenever the advection is null, one gets

. CEAO,Bf(e) o i
lim =5~ =2 7[ Ae(x,y)dxd ,y)dxdy.
B—0+ \/E \/Ce &(x,y)dxdy CC(X y)dxdy

Therefore, one concludes that the presence of an advection with a factor B”, where
7 = 1/2, will have no more effect on the limit of the ratio ¢j, 4 g, ps(€)/ /B as the reaction
factor B gets very small.

On the other hand, it is easy to check that the assumptions in Theorem 5.2 are more

general than those in Theorem 5.1. Consequently, once we are in the more strict setting,
which is that of Theorem 5.1, we are able to know both limits of ¢, A’()’Bf(e)/ \/E as
B — +o0 and as B — 07.

6 Variations of the minimal speed with respect to diffusion and reaction factors and with
respect to periodicity parameters

After having studied the limits and the asymptotic behaviours of the functions
e Coeaos(e)/ e Mi— CZQMAqu (e)//M (for very large M and for 0 < y < 1/2),
B— ¢ p 0Bf (e)/\/_ >1/2) and L — c]RNA " (e) where L is a periodicity para-
meter, we move now to investigate the variations of ‘these functions with respect to the
diffusion and reaction factors and with respect the periodicity parameter L. The present
section will be devoted to discuss and answer these questions.

We sketch first the form of the domain. Q = RN is assumed to be in the form R x o
which was taken in Section 3. As a review, Q@ =R x w = RN, where w < IR x RN—4-1
(d = 0). If d = 0, the subset w is a bounded open subset of IRN~!. While, in the case
where 1 <d < N—1, wisa (Ly,...,Ly)-periodic open domain of R~! which satisfies
(2.1); and hence, Q is a (I, Ly,..., Ly)-periodic subset of R that satisfies (2.1) with [ > 0.
An element of Q = R x o will be represented as z = (x,y) where y € o < R? x RN=1=4,
With a domain of such form, we have:

Theorem 6.1 Let e = (1,0,...,0) € RN. Assume that Q has the form R x w which is
described above, and that the diffusion matrix A = A(y) satisfies (3.5) together with the
assumption

A(x,y)e = A(y)e = a(y)e, for all (x,y) € R X @, (6.1)

where y +— a(y) is a positive (L1, ..., Lg)-periodic function defined over @. The non-linearity
f is assumed to satisfy (3.3) and (3.4). Moreover, one assumes that, at least, one of - A¢é
and { is not constant. Besides, the advection field q (when it exists) is in the form q(x,y) =
(q,(»),0,...,0) where q, has a zero average over C, the periodicity cell of w. For each § >0
consider the reaction—advection—diffusion problem

uy = V- (AQy)\Vu) + B q,(y)du+ f(x,y,u), t € R, (x,y) € R x w,
v-AVu(t,x,y) =0, t € R, (x,y) € 0Q.
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Then the map B+ c,, ﬂA\/qu(e)/\/ﬁ is decreasing in § > 0, and by Theorem 4.1, one
has

lim %fﬁ%@ = 2\/ ][éAé(y) dy ¢ ][C(y) dy,

B—+o0

where C is the periodicity cell of w.

Remark 6.2 In the same setting of Theorem 6.1 but with no advection, that is g, = 0,
we still have f— cg 540 ,(e)/ JP as a decreasing map in f > 0. Moreover, if one of the
alternatives (3.7) and (3.8) holds and there is no advection, Theorem 3.1 yields that

Jim T =2, [ ARG | T

The preceding result yields another one concerned in the variation of the minimal speeds
with respect to the periodicity parameter L. In the following, the domain will be the whole
space RN, We choose the diffusion matrix A(x,y) = A(y), the shear flow ¢ and reaction
term f to be (1,..., 1)-periodic and to satisfy some restrictions. For each L > 0, we assign
the diffusion matrix Ay (x,y) = A(x/L,y/L), the advection field ¢, (x, y) = q(x/L,y/L) and
the non-linearity f;, = f(x/L,y/L,u) and we are going to study the variation, with respect
to the periodicity parameter L, of the minimal speed c]*kN, e fL(e), which corresponds to
the reaction—advection—diffusion equation within the (L,..., LL)—periodic coefficients A4, ¢q,
and f,:

Theorem 6.3 Let e = (1,0,...,0) € RN, An element z € RN is represented as z =
(x,y) € R x RN~ Assume that A(x,y) = A(y) (for all (x,y) € RN) and f(x,y,u) satisfy

(3.3), (3.4) and (3.5) with o = R, d = N—1land |l = L; = -+ = Ly_; = 1.
Assume furthermore, that for all y € RN71 A(x,y)e = A(y)e = a(y)e, where y — a(y)
is a positive (1,...,1)-periodic function defined over RN~! and that, at least, one of &- A&

and { is not constant. Let q be an advection field satisfying (2.3) and having the form
q(x,y) = (q,(»),0,...,0) for each (x,y) € RN. Consider the reaction—advection—diffusion
problem,

V(t,x,y) € R x RV,

6.2
u(t,x,y) = V- (A, (»)Vu)(t,x, ) + (q,), (y)0xu(t,x,y) + f,(x, y,u), (62)

whose coefficients are (L, ..., L)-periodic with respect to (x,y) € RV,
Then, the map L+ cgpy 4 (e) is increasing in L > 0.
A f,

Remark 6.4 The assumptions of Theorem 6.3 cannot be fulfilled whenever N = 1. How-
ever, assuming that N = 1 and that the function

4 <a>g
<{>y4 a

is not identically equal to 2 (where a(x) is the diffusion factor, < a >y and < { >4 are,
respectively, the harmonic mean of x — a(x) and arithmetic mean of x — {(x) over [0, 1]),
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it was proved, in [13], that L+ cpy i f (e) is increasing in L when L is close to 0. In
. . . . LY ALY L . . .
particular, if a is constant and { is not constant, or if u is constant and a is not constant,
then L — cpy (e) is increasing when L is close to 0.
RYa;.q,.f,

Concerning now the variation with respect to the reaction factor B, we have the
following:

Theorem 6.5 Assume that Q = R x w and the coefficients A, q and f satisfy the same
assumptions of Theorem 6.1. Let e = (1,0,...,0) and for each B > 0, consider the reaction—
advection—diffusion problem

ug =V - (A(y)Vu) + /Bq,(y)0u + Bf(x,y,u), t € R, (x,y) € R x o,
v-AVu(t,x,y) =0, t e, (x,y) € 0Q.

*

CQ,A. /B q,Bf(e)

Then, the map B +— is increasing in B > 0.

As a first note, we mention that Theorem 6.5 holds also in the case where there is no
advection. On the other hand, Berestycki, Hamel and Nadirashvili [3] proved that the map
B+— cZQ,A’q,Bf(e) is increasing in B > 0 under the assumptions (2.1), (2.2), (2.3), (2.4) and
(2.5) which are less strict than the assumptions considered in our present theorem. How-
ever, the present theorem is concerned in the variation of the map B +— c;’ A JBaB f(e) /B

rather than that of B cj 4, ps(e).

Remark 6.6 Owing to the same justifications given after Theorem 3.5, one concludes the
importance of taking, in Section 6, an advection in the form of shear flows. To study the
variations of the minimal speeds as in Theorems 6.1, 6.3 and 6.5, but in a more general
framework (general advection fields, general diffusion, etc..... ), formula 2.7 remains an
important tool. However, we will no longer have variational formulations as (7.62) below.
These problems remain open in the general periodic framework.

7 Proofs of the announced results

In this section, we are going to demonstrate the theorems announced in Sections 3, 4, 5
and 6. We will proceed in four subsections, each devoted to proving the results announced
in a corresponding section.

7.1 Proofs of Theorems 3.1, 3.3 and 3.4

Proof of Theorem 3.1. Under the assumptions of Theorem 3.1, we can apply the varia-
tional formula (2.7) of the minimal speed. Consequently,

koe ea, 0,7 (4)

C?),sA,O,f(e) = min 7 , (7.1)

where kq..40:(4) is the first eigenvalue (for each 4, ¢ > 0) of the eigenvalue problem

nge’ ¢A, 0,0, W= kQ,e, eA, O,C(i) p(x,y) over R X w; 72
v-AVp =0 onR X dw,
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and

Lo, ¢4, 0,0, .%(x,0) = eV - (A)Vy(x, ) —2e2de- Vi(x, )

+[e2%eA(y)e — 28V - (A(y)e) + L)y (x, y),

for all (x,y) € R X w.

Initially, the boundary condition in (7.2) is v- AVy = Av-Ae on 0Q2 = R X 0w; where
v(x,y) is the unit outward normal at (x,y) € 0Q. However, 2 = R X o is invariant in
the direction of e which is that of Ae in both alternatives (3.7) and (3.8). Consequently,
v-Ae =0 on 0Q.

We recall that for all A > 0, and for all ¢ > 0, we have kg, :4.07(4) > 0. Also, the first
eigenfunction of (7.2) is positive over @ = R x @, and it is unique up to multiplication
by a non-zero constant.

In our present setting, whether in (3.7) or (3.8) and due to the assumption (3.4), one
concludes that the coefficients in Lo, 4,07, are independent of x. Moreover, in both
alternatives (3.7) and (3.8), the direction of Ae is the same of e = (1,0,...,0). On the other
hand, since Q = R X w, then for each (x,y) € 02, we have v(x,y) = (0;v,(y)), where
Ve () 1s the outward unit normal on dw at y. Consequently, the first eigenfunction of (7.2)
is independent of x and the eigenvalue problem (7.2) is reduced to

Lo, ea,0,,7¢ 0 =&V (AW)Ve(y)) + e eA(y)e + L(y)d(y)
= kQ,e, ¢A, 0, g(i) ¢ over w; (7.3)
v(x,y) - AYIVo(y) = (0;v4(y)) - A(y)VP(y) =0 on R X dw,

where ¢ = ¢(y) is positive over @, L-periodic (since the domain « and the coefficients
of Lo :40.., are L-periodic), unique up to multiplication by a constant, and belongs to
C*(®).

In the case where d > 1, let C = RN~! denote the periodicity cell of w. Otherwise,
d = 0 and one takes C = w. In both cases, C is bounded. Multiplying the first line of
(7.3) by ¢, and integrating by parts over C, one gets

¢ / Vo - A(y)Vo dy — / [e2eA(y)e + ((»)] ¢*(y)dy
~kg, g4, 0,0(2) = =€ € . (14)

/C $(y) dy

One also notes that, in this present setting, the operator Lo, .40, 1S self-adjoint and its
coefficients are (Ly, ..., Ly)-periodic with respect (yi,...,yq). Consequently, —ko, :4.0:(4)
has the following variational characterisation:

¢ / Vo - A(y)Vody — / [s72eA()e + ()] @) dy
—kge ¢4, 0.¢())= _min ¢ &

peH! (C)\{0} /C o2() dy

. (1.5)
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Pulsating travelling fronts 411

In what follows, we will assume that (3.7) is the alternative that holds. That is, ede = o
is constant. The proof can be imitated easily whenever we assume that (3.8) holds.

The function y — {(y) is continuous and (Li,..., Ly)-periodic over @, whose periodicity
cell C is a bounded subset of RN~! (whether d =0 or d > 1). Let yo € C < @ such that
max,ew ((y) = {(yo) (trivially, this also holds when { is constant). Consequently, we have

s/c Vo - Ach—/C(fzod2 + L(y)ep?

/C @*(y)dy

Ve>0,Y2>0,—kg, o4 0,0(4) > —[ear? + (o). (7.6)

Ve H(C)\ {0}, > —[ead? + L(yo)]-

This yields that

Consequently,

ko e, 0,0(%) L {0o)

——2 2> < dae .
A )

However, the function 1 — Aae + {(yo)//4 attains its minimum, over R™, at i(¢) =

V/{(y0)/ee. This minimum is equal to 2,/{(yo) x \/xe. From (7.7), we conclude that

kg, (Ale))
Qe, 8A;1(2’)C < 2 /oe/ (o).

Finally, (2.7) implies that ¢4 ((€) = min;~okgeca,0:(4)/2 < 2 JoueJl(yo), or equi-

valently
Ve >0, Q“i;.f( ) < 22V E(00). (7.8)

We pass now to prove the other sense of the inequality for liminf, .o+ ¢, 0 (€)/ NG
We will consider formula (7.5), and then organize a suitable function y which leads us to
a lower bound of liminf, o+ cg 40 (€)/ /5

We have {(yg) > 0. Let 6 be such that 0 < 0 < {(yg). Thus 0 < {(y9) — ¢ < maxg {(y).
The continuity of {, over C < @, yields that there exists an open and bounded set U = C
such that

Ve>0,V1>0,

(7.7)

Vye U, {y) — 0 <L(y) (7.9)

Designate by p, a function in Z(C) (a C*(C) function whose support is compact), with
suppy < U, and [, y? = 1. One will have,

Vi>0,Ve >0,
—kge ¢4, 0,04 / Vi - A(y)Vyp dy — /U [eA’eA(y)e + L]y (y)dy

< /U Vi - AV dy — [6225 + L(y0) — 9] / P20 dy

U

<: / 2Vl — [e2%% + L(vo) — 81, by (3.5),
U
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or equivalently

ko, (4)
foeth 088 5 s+ L g (7.10)
A

where B(g) = {(yo) — 6 — ¢ [, 2| V|2 Choosing 0 < & < {(yo) — /2 [i; IVy|* (this is
possible), we get f(g) > 0.
The map A+ Aae + 1/ B(e) attains its minimum, over R*, at A(¢) = /B(e)/ea. This

minimum is equal to 2. /ea./f(¢).

Now, referring to formula (7.10), one gets

k
For ¢ small enough, % 2 Jex~/B(e) for all 2> 0.

Together with (2.7), we conclude that

e e
for ¢ small enough, %g() > 2+/PB(e) /o (7.11)

Consequently,
. Cou0y(€)
hg(l“fT 11m1nf2\/[3(8 Jo
= 2+/C(y) — 5\/5 (since y is independent of ¢),

and this holds for all 0 < § < {(y). Therefore, one can conclude that

C
lim inf Q”‘\O/‘() 2o/ (o). (7.12)
QrAOf()

Finally, the inequalities (7.8) and (7.12) imply that lim,_,o+ SV exists, and it is equal
to

2o/ L(yo) = 2\/mgx eA(y)e\/mgx L(y).

We note that the same ideas of this proof can be easily applied in the case where the
assumption (3.8) holds. In (3.8), we have { is constant; however, ede is not in general.
Meanwhile the converse is true in the case (3.7). The little difference is that, in the case of
(3.8), we choose the subset U (of the proof done above) around the point yy where eAde
attains its maximum and then we continue by the same way used above. O

Proof of Theorem 3.3 We have

k (4)
* . Q.e, SA, ,
Coenp(€) = min +C, (7.13)

A>0
where (due to the facts that g is a shear flow, e = (1,0,...,0) and e is an cigenvector of

the matrix A(y) for all y € @) kg, :4,4,(4) 1s the principal eigenvalue of the problem

LQ,e, 8A,q,C,ﬂP(xa y) = kQ,e, eA, q,C(}L) w(X, J/) over R x ;
v-AVy =0 onR x Jw,
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Pulsating travelling fronts 413
with
Loesaqrip = eV (A(y)Vy) — 2ela(y) Oxp + q,(y)0xyp

(7.14)
+ [eA%eA(y)e — Aq,(y) + {(y)]y over R x o.

The uniqueness of the principal eigenfunction yp up to multiplication by a constant,
yields that one can choose y independent of x. Hence, the elliptic operator L4, 4, can
be reduced to the symmetric operator

Locsa g =V (A(Y)Vy) + e 22eA(y)e — 2q,(y) + L(0)]w.
Consequently,

VAi>0,Ye>0, —koeeaqr(2)

: / Vo Ay)Vody + / 4 ()¢? — / [2eeA(y)e + (0] 92(0) dy
= min ¢ ¢ ¢
peH! (C)\{0} / o) dy
C

Formula (7.15) yields that

(7.15)

Vi>0,Ve>0, —koe o q:(4) = —Amax (—qi(y)) — e max eA(y)e — max {(y),
YE® YE® YE®D

or equivalently

koo oaqc(2) max{(y)
V>0, Ve >0, —20488 < max (—qi(y)) + Aemax ed(y)e + -

}, yew yew A

Putting 4 = A(e) = fj’n—j“(”) > 0 into the last inequality yields that

k (4)
. Mae €A, q,C B :
min —=——"=— < max (—qi() + 2\/5\/%%((: A(y)e\/r?eawx {(y),
and hence,
lim sup ¢ 11 4,1(¢) < max (=41 (). (7.16)

e—0t yeaw

Now, we take yo € C (C is the periodicity cell of w) such that max,cs (—q1(y)) =
—q1(y0) > 0 (since ¢ is periodic with respect to y, g; £ 0 and ¢; has a zero average) and
we take 0 > 0 such —q(y9) — 0 > 0. It follows, from the continuity of ¢;, that there exists
an open subset U < C such that yy € U and

Vy e U, —qi(y) = r;lg(—ql(y)) — 9.

Let y be a function in Z(C) with suppy < U, and Ju y? = 1. Referring to (7.15), it
follows that

Koo eA, q,( (4)

Vi >0,Ve >0, ;

1
> —qi1(yo) — 0 + e rréille - Ae + 7 be), (7.17)
yE®D
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414 M. El Smaily

where B(¢) = min,cs {(y) — ng a|Vip|> > 0 for a small enough ¢ > 0 (op > 0 is the
constant appearing in (3.5)).
It follows from (7.17) that

kQ,e, A, q, Cu)

VA > 0,Ve > 0, > > —q1(yo) — 9 + 2¢5¢mme - Aer/B(e).
yew

Together with (7.13), and since ¢ > 0 is arbitrary, one gets

lim inf Coagr(€) = —qi(yo) = I}}eawx(—%(y))- (7.18)
Finally, (7.16) and (7.18) complete the proof of Theorem 3.3. O

Proof of Theorem 3.4 Consider the change of variables
u(t,x,y) = u(t,Lx,Ly), (t,x,y) e R x R x RN~

The function u satisfies (3.12) if and only if v satisfies

1
v(t, x,y) = 7 V- (A(y)Vo)(t,x,y) + f(x, y,v) over R x R x R¥~!, (7.19)
Consequently,
VL > 0, C]}N,AL,O,fL (e) = Lc]}N,L%A,O,f(e) (720)
Taking e =1/ L’, and applying Theorem 3.1 to problem (7.19), one then has
Crov 1 404(€) c: (e)
. 7 A0 T RN :4,07\¢)
Jim, —E e = Jim SRR =2, [ may (), may ede. (721
L
Finally, (7.20) together with (7.21) complete the proof of Theorem 3.4. (]

7.2 Proofs of Theorems 4.1 and 4.3

Proof of Theorem 4.1 The proof will be divided into three steps:
Step 1. According to Theorem 2.4, and since v - 4¢ = 0 on 0, the minimal speeds

* : .
Comamqs(e) are given by:

k 1 g ¢ (4)
« _ . Q.e, MA, M q,c
VM >0, Co M7 g, (€)= TR ) ’

where ko, va,mv q¢(2) and p*M denote the unique eigenvalue and the positive L-periodic
eigenfunction of the problem

MV - (AVyp* M) —2M )& - AVp*M + M7q - V™M + [2M 242 — IMq - & + (™M
M
= kQ,e, MA, M’ q’C(/l)lp n Q,

with v - AVyp*M =0 on 0Q.
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Pulsating travelling fronts 415

For each , > 0 and M > 0, let 2 = i\/ﬁ, and let koo ma miqr(4) = ,u(i/,M).
Consequently,

C !
VM >0, —= = min ————, (7.22)

where u(2', M) and uﬂ/’M are the first eigenvalue and the unique, positive L-periodic (with
respect to x) eigenfunction of

MV - (AVyp* M) — 2}/ /Me - AV M + M7 q - Vip? M

2. ) . ay ) S (7.23)
+ |4 eAe—Fq-e+C p* " = (A, M)y M in Q,

with v - AVyp* M = 0 on 3Q.

Owing to the uniqueness, up to multiplication by positive constants, of the first eigen-
function of (7.23), one may assume that

V2 >0,V M >0, |[p" M| = 1. (7.24)

pi M)

'
A

Moreover, for each M > 0, min,_,, is attained at 4,; > 0. Thus,

C* 74,1 VM) (i, M
oma, M’ q, f =min'u(A’ )=,U( M> ).

\/M 2'>0 /’L/ iM

The above characterization of cg 4 v ¢(€)/+/M Will be used in the next steps in order
to prove that iminfy4o0 € prg a4 (€)//M (resp. imsupy o o pran 4 1(€)/ /M) is
greater than (resp. less than) 2\/3% eAe(x,y)dxdy \/JCC {(x,y)dxdy; and hence, complete
the proof.

YM > 0,

(7.25)

Step 2. Fix 2" > 0 and M > 0. We divide (7.23) by uJ)'/’M then, using the facts V.42 =0
in Q and v - 42 = 0 on 0L, we integrate by parts over the periodicity cell C. It follows
from (2.3) and the L-periodicity of 4, { and y*M that

Vi M. AVpA M ,
/ u - ;P +4 /?A?+/C=u(i,M)IC|, (7.26)
C (lpmM) C c

where |C| denotes the Lebesgue measure of C. Let
N T o
mo =][eAe = — / A(x,y)edxdy and m =][C(x,y)dx dy.
c ICl Jc c
One concludes that

V2 > 0,YM>0, wi, M) > A’z][éAa +][c =2 %mo+m,
C C
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416 M. El Smaily

whence

’

A, M )

HEM) oy + (7.27)
) A

The right side of (7.27) attains its minimum over R at 2, = , /- This minimum is

equal to 2 _/mom.

V. >0, VM >0,

Consequently, for any M > 0, %\/ﬁ"f@) =min, _, “();{;M) > 2 /mom. This yields that
CQ MA, M7 f
11\i4m grnf q \/][eAe(x y)dxdy \/ {(x,y)dxdy. (7.28)

Step 3. Fix 2’ > 0 and M > 0. Multiply (7.23) by/ 1p’1,7M and integrate by parts
over C. Owing to the L-periodicity of @, 4, { and y*-™, and due to the facts that

;o2
fc (p*M) =1,V-A42=0in Q, and that v - 42 = 0 on 0Q, together with (2.3), one gets
N ’ / N 2 ! 2
_M/VwA,MAvwl,M_i_/lz/éAé(w/L,M) _’_/C(wﬂ,M)
c c

2 ,
- / g e’ M) = (i M), (7.29)
MZ

whence

V2 > 0,YM >0, 0 < (i ,M)< 2 ot

(q ’ E)_ ||DO:
where o = max, cq 2428(x,y) and f = max g ((x,). Together with (7.27), one gets

’

, p
V>0, VM >0,0< 2 my+m<u( M)y < at B+ ——11(q 2 |l (7.30)
M

Ifyzé, then #H(q-é) l.o = 21| (g * )™ ||so. On the other hand, if 0 <y < i, then

!

A
—— (@& |lo—>0 as M — +o0.
M?*

Consequently, the right side of (7.30) is bounded above by a positive constant B which
does not depend on M and 7. This yields that

V. >0, 0<limsupu(X,M)< +oo.
M—+w

On the other hand, it follows from (2.2) and (7.29) that VA" > 0,YM > 0,
o< [ 19 NP < [ vy avyd
c c

, 2 Y 2 ' 2 )»/ N N 2
[—uu,M)H /eAe(w My +/z<w*’M) - T/q-e(wﬂ’M)}
c c M7 Jc

<

w2/~
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Pulsating travelling fronts 417

Meanwhile, limp;_, 14 % = 0, one then gets

Vi >0, lim /|WM
M—+oc0

(7.31)

Vi >0,YM >0, /(w My _ g,
C

Fix 2 > 0, and let (M,), be a sequence converging to +c0 as n — +00 and such
that u(Z', M,) - 1*M) as n — +oo. It follows, from (7.31), that ||p* Mr||gic) — 1 as

n — +oo. Thus, the sequence (w;'/’M")n is bounded in H!(C). Therefore, there exists a
function tp’l/oo € H'(C) such that, up to extraction of some subsequence, the functions
(w”’ " converge in L*(C) strong, H'(C) weak and almost everywhere in C, to the
function w) ®, Consequently, and owing to (7.31), tp‘ % satisfies

, 2
/(wl’w) =1, and (7.32)
C

(/C|w’-'=°0|2> < lim inf (/ Vip? M) ) = 0. (7.33)

From (7.33), it follows that for all ' > 0, the function w‘ * is almost everywhere
constant over C. On the other hand, the elliptic regularity applied on equation (7.23) for
M = M,, implies that VA > 0, the function yp*-® is continuous over C. Consequently,
referring to (7.32), one gets

’ ! 1 —
VA >0, p~*= over C. (7.34)

Vil

Consider now equation (7.23). Fix A, take M = M,, and integrate by parts over C. It
follows, from (2.2), (2.3) and the assumptions V.Ae = 0 over Q with v.4¢ = 0 on 04, that
Je M, V- (AVy? M) = 0, Jo =22 M2 - AVyp? M =0, and Jea- Vi’ M = 0, Hence,

’

)
—— /q eu)) My ) /e Aetp’1 M"+/Cw ”—,u(A M)/ M:  (7.35)
M, C

Meanwhile, the functions w’ ‘Mu converge to the constant function p” - in L?(C) strong;

and hence, in L'(C) strong (C is bounded, so L?*(C) is embedded in L'(C)). Let M,, — +o0
in (7.35):
In case y = 1/2, one has

j,’ ’ 4
/q 2y’ "—i/q-éwﬂ' "—>w“°/q~é=0,
M, Je c c

as n — +oo (from (2.3)). Also, in the case 0 <7y < 1/2, one trivially has

!

A
1

/q'étp’v’M"ﬁO as n — +oo.
c
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Moreover, 242 and { are in L*(C). Thus, as M, — +o0 in (7.35), we get
/1/211?1/’”3/ eqe -|—1p;“,’°o/é’ — 4y wi/,t;o|c|'
¢ c

One concludes that

l; (M) ][C / m
V. >0, 7 —i][eAe + C, —}tmo+7. (7.36)
Whence for ' = 1, = , [, one gets L OJ(M”) 2 /mom.
0
On the other hand, for all M,,
¢, v, (e X '
Q,MHA,Mn qaf — lnf l’t(/“ :Mn) < M(imMn) (737)

I ~ ’
JM, >0 A A

. . < ;. () (M)
Passing M,, — —+co, one gets limsupy, ., Q‘M”:‘/‘%"‘f <L oo _ = 2_/mom, and this holds

for all sequences {M,}, converging to +oo. Thus,

c;MA M’ q f(e)
limsup ——= : < 2 ][EAé(x,y)dxdy ][C(x,y)dxdy. (7.38)
C C

M ——+c0 \/M

Having (7.28) together with (7.38), the proof of Theorem 4.1 is complete. O

Proof of Theorem 4.3 We will consider the change of variables similar to that made in
the proof of Theorem 3.4:

v(t,x,y) = u(t,Lx,Ly), (t,x,y) € R xR,

After the same calculations done there, one gets that u satisfies (4.1) if and only if v
satisfies

1 1
Ut(ta X, J/) = ?V ’ (A(.XZ, y)VU)(ta X, y) + Z q- VU(t, X, Y) + f(xs yav) over IR x ]RN' (739)

Consequently,

VL >0, cpy (e) = Lcg (7.40)

A.q,.f, RN, 4.7 qf( )

On the other hand, the coefficients and the domain of problem (7.39) satisfy all the
assumptions of Theorem 4.1. Taking M = 1 /L’ and y = 1/2, then (7.39) can be rewritten
as

vi(t, %, y) = MV - (A(x, )Vo)(t, X, y) + M? q - Vo(t,x,y) + f(x, y,v) over R x RY.
In this situation, the periodicity cell of the whole space RN is C = [0,1] x --- x [0, 1].

Downloaded from https://www.cambridge.org/core. YBP Library Services, on 14 Aug 2018 at 13:01:06, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0956792508007511



Pulsating travelling fronts 419

It follows, from Theorem 4.1, that

cr e *
i R G o
L0+ 1 M=+ \/M
L
(7.41)
=2 \/][éAé(x,y) dx dy \/][C(x,y) dxdy.
C C
Having (7.40) together with (7.41), the proof of Theorem 4.3 is complete. 0

7.3 Proofs of Theorems 5.1 and 5.2

Proof of Theorem 5.1 The main ideas of this proof are similar to those in the demon-
stration of Theorem 3.1. Applying the variational formula (2.7) of the minimal speed, one
gets
* . kQ,e,A,O, V(}“)
Coa0,5(€) = min —SE2ot = ey (7.42)
where kg, 40.8:(4) is the first eigenvalue (for each A, B > 0) of the eigenvalue problem:

(7.43)

LQ,e,A,O,BC,ﬂ U’(Xa y) = kg,e,A_o,Bg (/1) W(X, y) over ]R X @,
v AVy =0 onR x dw,

and

Loe a.08:w(x,y) = V- (A(y)Vy(x,y)) —2ide - Vy(x, y)
+ [A2eA(y)e — AV - (A(y)e) + BL(Iw(x, ),

for each (x,y) € R X w.

We recall that for all 4 > 0, and for all B > 0, we have kg, 4.05:(4) > 0. Also, the first
eigenfunction of (7.43) is positive over @ = R x @, and it is unique up to multiplication
by a non-zero constant.

Moreover, whether in (3.7) or (3.8) and due to (3.4), one concludes that the coefficients
in Lo, 4.0p¢; are independent of x. Hence, the first eigenfunction of (7.43) is independent
of x and the eigenvalue problem (7.43) is reduced to

Ly, a0.Bl 20 = V- (A0)V()) + [PeA(y)e + BL(1)]d()
= kqe 4,08((4) ¢ over w; (7.44)

v(x,y) - AYIVo(y) = (05v4(y)) - A(y)VP(y) =0 on R X dw,

where ¢ = ¢(y) is positive over @, L-periodic (since the domain w and the coefficients
of Ly, 40. B¢, ) are L-periodic), unique up to multiplication by a constant, and belongs
to C (o).

In the case where d > 1, let C < IRN~! denote the periodicity cell of w. Otherwise,
d = 0 and one takes C = w. In both cases, C is bounded. Multiplying the first line of
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(7.44) by ¢, and integrating by parts over C, one gets

/ Vo - A(y)Vo dy — / [2%eA(y)e + BL(y)] $*(y)dy
C C

/ $(v)dy

C

—koea0Br(4) = (7.45)

One also notes that, in this present setting, the operator Lq, 40,5, 1s self-adjoint and its
coefficients are (Li,..., Lq)-periodic with respect (yi,...,yq). Consequently, —ko, 4 0,5:(4)
has the following variational characterisation:

[ Ve atody— [ Pedie + BLI G0 dy
“HoeaoBCW = s / @*(y)d

(7.46)

In what follows, we will assume that (3.7) is the alternative that holds. That is,

eAe = a is constant. The proof can be imitated easily whenever we assume that (3.8)
holds.

The function y — {(y) is continuous and (Li, ..., Ly)-periodic over @, whose periodicity

cell C is a bounded subset of R¥N~! (whether d = 0 or d > 1). Let yo € C = @ such

that r?gwx {(y) = L(yo) (trivially, this also holds when ( is constant). Consequently, we

have

/ Vo AV — / @ + BL(1)@’

/Cco (y)dy

Vo € H'(C)\{0}, > —[0* + B {(yo)]-

This yields that

VB>0,Y2>0,—ko, 0 B¢ = —[al? + B ()] (7.47)
Consequently,
k., (2) B
v3>0,w1>0,% <o+ g/(ly"). (7.48)

However, the function 2 — Ao + (B {(y9)/A) attains its minimum, over R", at A(B) =

\/ 2222 This minimum is equal to 2,/Bl(yo) X \/a.

From (7.48), we conclude that M < 2B aJl(yo).
Finally, (2.7) implies that

_kgea0B
CQ,A,O,Bf(e) = mln—g A(; C < 2+/Bar/L(yo),

>0

or equivalently

VB >0, L\/Ef(e 2. /2/C(yo). (7.49)
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Pulsating travelling fronts 421
We pass now to prove the other sense of the inequality for liminfg_, “aa08/(¢)
will consider formula (7.5), and then organize a suitable function y which leac?r sustoa
lower bound of liminfp_, “aon(®)
We have {(y9) > 0. Let  be such that 0 < 0 < {(y9). Thus 0 < {(y9) — 6 < maxg {(y).
The continuity of {, over C < @, yields that there exists an open and bounded set U = C

such that

{(yo) =0 <{(y) Vye U. (7.50)

Designate by p, a functlon in 2(C) (a C*(C) function whose support is compact), with
suppy < U, and Ju p? = 1. One will have,

Yi>0,VB >0,
koo 08D < [ Vi ApWpdy = [ UPedte + BEI 0Ny

< /U Vi - A(y)Vyp dy — [2%a + B ({(yo0) — 8)] (by (7.50))
< / wlVipl2 — 122 + B(L(y0) — 8)] by (3.5).
U

or equivalently

B{(4 B
k.Q,e,A7 3’ C( ) 2 /10( + 7 p(B), (7.51)
where p(B) = {(yo) =0 — 3 fU a>|Vip|?. Choosing B large enough, we get p(B) > 0 (this is

possible since {(yg) — 5 > 0 and also fU o2|Vip|> > 0). The map A— o + 2 p(B) attains

its minimum, over IR*, at A(¢) = 4/ B?Tlg). This minimum is equal to 2/B o /p(B).
Now, referring to formula (7.51), one gets,

k
for B large enough, %BCM) = 24/Ba+/p(B) forall 2>0.

Together with (2.7), we conclude that

for B large enough, M > 2+/p(B) /. (7.52)

JB
Consequently,
iming 24087 liminf 2+/p(B) /2
B+ JB Z ot “VP
= 2/{(yo) — 6. Ju (since y is independent of B),

and this holds for all 0 < ¢ < {(yg). Therefore, one can conclude that

lim inf % 22/ L(vo). (7.53)
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C;z,A‘O,Bf(e)

Finally, the inequalities (7.49) and (7.53) imply that limp_, . e exists, and it is
equal to 2, /o, /{(yo) = 2,/maxg eA(y)e/maxg {()).

The above proof was done while assuming that the alternative (3.7) holds. The same
ideas of this proof can be easily applied in the case where alternative (3.8) holds. In (3.8),
we have { as constant; however, ede is not in general. Meanwhile the converse is true in
the case (3.7). The little difference is that, in the case of (3.8), we choose the subset U (of
the proof done above) around the point yy where ede attains its maximum and then we
continue by the same way used above. ]

Proof of Theorem 5.2 According to Theorem 2.4, and since v - 42 = 0 on 0€2, the minimal
speeds ¢q 4 s, pr(€) are given by

b

k (4)
. . "“aea B"q, B{
VB> 0o prg, pyle) =10 2

where ko, 4 B4 B:(4) and p”B denote the unique eigenvalue and the positive L-periodic
eigenfunction of the problem
V- (AVyp*P) — 242 - AVy*P + B'q - Vy*B + [22 842 — iB'q - ¢+ B{] y*®

=ko, 4 B g, B¢ W in @ withv-AVy =v - AVp*P =0 on 3Q.

For each A > 0 and B > 0, let A = A/\/E, and let ko, 4 B ¢ Br(4) = W4,B).
Consequently,
00 B"g, Bf) _ . u(.B)
= min ———,
\/E />0 j, B
where u(4', B) and w)'/’B are the first eigenvalue and the unique, positive L-periodic (with
respect to x) eigenfunction of

VB > 0,

(7.54)

V- (AVy' ) — 2]/ JBe - AV B 4 Bq - Vit B

' !

’ ’ 7 L 5 1 .
+ 2 Bede— B g e+ By P = w(d,Byy’ P in Q, (7.55)
with v - AVip* B = 0 on 0Q.

Owing to the uniqueness, up to multiplication by positive constants, of the first eigen-
function of (7.55), one may assume that

V2 >0, VB >0, [p" B =1 (7.56)

Moreover, for each B > 0, min,'_,, “(f/ if ) is attained at 1 > 0. Thus,

o4 B q, Bf© '\B) _ u(iy,B
VB > 0’ .Q,A,B q, Bf — mln lu( /7 ) — :u( B:/ )' (7'57)
\/E V>0 A B By
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Pulsating travelling fronts 423

Having the above characterisation, one can now imitate the steps 2 and 3 in the proof
of Theorem 4.1 to prove that

liminfc;, , g, prle) /B

(resp. limsupp_,o+ Co 4 p: 0 Bf(e)/ \/F ) is greater than (resp. less than)

2\/][5Aé(x,y)dx dy \/][C(x,y) dxdy;

and hence, complete the proof of Theorem 5.2. O

7.4 Proofs of Theorems 6.1, 6.3 and 6.5

Proof of Theorem 6.1 Referring to Theorem 2.4, it follows that for each f > 0, we have

opapasr® _ . Koepa pac?)
\/B >0 i\/ﬁ ’

where ko, g4, jpqr(4) is the first eigenvalue of the problem

LQ,e,BA,\/Fq,l,},W(an) = kQ,e,ﬁA,\/Bq,g(;v)w(XaY) over R x w;
(7.58)

v.AVyp =0on R x 0w,

where
Lo,paypaca =BV - (AW)Vy) =2 a(y) 0y + VB 4,(»)dxy

+[B 22eA(y)e — 2v/B 4,(y) + {(»)]w over R x w.

The boundary condition follows so from the facts that @ =R x w, e = (1,0,...,0) and
that A(y)e = a(y)e over w. These yield that v - Ae = 0 over 0Q and V - Ae = 0. Moreover,
for each (x,y) € 0Q, we have v(x,y) = (0;v,(y)), where v,(y) is the outward unit normal
on Ow at y.

On the other hand, the function vy is positive, (L1,..., L;)-periodic with respect to y,
and unique up to multiplication by non-zero constants. Meanwhile, the coefficients A, ¢
and { are independent of x. Thus the eigenfunction y will be independent of x and our
eigenvalue problem is reduced to

BV - (A)\V(y)) + [B 22eA(y)e — i/Ba,(y) + ()] w(»)
= Ko pa, Jpac(Dp() for all y € o, (7.59)
v(x,y) - AY)Vp(y) = (05v4(y)) - A(y)Vyp(y) = 0 on R X dw.
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For each A >0 and f > 0, let 1 = i\/ﬁ, and let kQ,e’ﬂA,ﬁq’Z(l) = u(/, p). Since for

each f > 0, min;~q ]L/’AAM is attained at A(p), it follows that

c* (e) 12
VB0, ebapart® L HEB) (7.60)
JP J>0 A

where u(2, B) is the first eigenvalue of the problem

Lhp = BV - (AW)Vw) + [ eA(v)e — X q,(y) + L0y = w2, By in o,
v-AVy =0 on dw.

(7.61)

The elliptic operator Lf, in (7.61) is self-adjoint. Consequently, the first eigenvalue
w(2, B) has the following characterisation?:

V2 >0,¥8>0, —uli,p)
ﬁ/V¢AWWww+I/qmwf—/uﬂMWk+awm%w@
— min C C C

HY(C)\{0}
peH (C)\{0} /C(PZ(y)dy

= min R(,B,0). (7.62)
peH(C)\{0}

For each /" and > 0, ¢ — R(X,f8, ) attains its minimum over H'(C)\ {0} at s
the eigenfunction of the problem (7.61). On the other hand, f — R(1,f, @) is increasing
as an affine function in f. Consequently, fixing ' > 0 and taking S > f > 0 we get

—u(Z,B) = R(Z, B,w* ) > R(A, B, yp*F)
> min R, B,0)=—ul,p). 7.63
o mn UL, B ) =—u(,B) (7.63)

In other words, for all 2 > 0, the function f — u(/, f) is decreasing. Concerning now
the function f+— ¢, oy ﬂqf(e)/\/ﬁ, one takes randomly > f > 0, hence

c;,ﬁ’A,\/Fq,f(e) _ w2 (B, B) . W (B, B)
VE 2 (B) A(B)
> min ,u(/l’,ﬁ) — C;Z,ﬁA, ﬁq,f(e)

>0 A \/F ’

which means that the function 8 — ¢, pAJBa f(e) / \/F is decreasing.

2 To have an idea, multiply (7.61) by the positive, (Ly,..., Ly)-periodic function 1 and integrate
by parts over the periodicity cell C of the the domain w.
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Pulsating travelling fronts 425

Finally, when f — 400, one can easily check that the hypothesis of Theorem 4.1
are satisfied; hence, one has the limit at +oo, and that completes the proof of
Theorem 6.1. O

Proof of Theorem 6.3 Consider the change of variables v(t,x,y) = u(t, Lx, Ly), for any
(t,x,y) € R x RY. One consequently has,

VL >0, ey g 4 1 (0) = Lc;{N’L%A’%q’f(e). (7.64)

Taking § = 1/L’, then

vi(t,x,y) = BV - (A(W)Vo)(t, x,¥) + /B q,(y) 0 v(t, x,¥) + f(x,y,v) over R x RY.

Owing to Theorem 6.1, the function f +— cpy T f(e / /P is decreasing in f > 0.

Besides, L — 1/L? is decreasing in L > 0. Together with (7.64), one obtains that the

function L+ cpy 0 f (e) 1is increasing in L > 0 which completes the proof of Theo-
PrLALYY L

rem 6.3. u

Proof of Theorem 6.5 Referring to Theorem 2.4, it follows that for each B > 0, we have:

C;,A,ﬁq,Bf(e) — min kQ,e,A,ﬁq,Baj(;“)
\/E >0 ! \/E )
Owing to the same justifications explained in the proof of Theorem 6.1, kg, , , ﬁq,BC(i)
is the first eigenvalue of the problem

{V (AW)Vy(y) + [Pe- de — A/Bq,(y) + BLWIw(Y) = kg s 5e5:(Aw in o,
v(x,y) - AW)Vy(y) = (0;v6(y)) - A(y)Vy(y) =0 on R X dow.

For each A > 0 and B > 0, let 1 = i/\/ﬁ and kQ’e’A’\/Eq’BC(/AL) = w(2,B). The first
eigenvalue u(2, B) has the following characterisation:

(%, B)
2B

(7.65)

V) >0,VB >0, —

/ Vo - A(y)Vedy

/C(y)w (y)d
= min ¢ , + / q,9> — 2 / edeqp® — (7.66)
lgll > . =1 /B c

On the other hand, B +— R(1, B, @) is decreasing in B > 0. Consequently, fixing /' > 0
and taking 0 < B < B/,

}u/ B ’ ’ ’ ’ / . ’ ’ A ,B’
_HEB) R By > RGLB P> min R(LB.g)=—MEB)
4B ol 2,1 /B

peH (C)\{0};
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In other words, for all A > 0, the function B — u(2,B)/A B is increasing in B > 0.
Now, we take randomly 0 < B < B'. Thus,

Conwons® L wOLB) _ piy.B)
VB’ />0 AB Jy X B
2., B ) B c; (e)
- “(, 5> B) > min #(f/, ) _ “0.A./BqBf ,
/IB/ X B }~/>0 A B \/E
which means that B — C;,A,ﬁq,Bf(e)/\/E is increasing in B > 0. O

8 Applications to homogenisation problems

The reaction—advection—diffusion problem set in a heterogeneous periodic domain
satisfying (2.1) generates a homogenization problem:

Let e € R? be a vector of unit norm. Assume that Q, 4, g and f are (L4, ..., Ly)-periodic
and that they satisfy (2.1), (2.2), (2.3), (2.4) and (2.5).

For each ¢ > 0, let Q° =¢Q and consider the following re-scales:

Yy €@ Aoy =A(22) g0 =q(32) and feen =1 (Z.2).

b
& & & &

The coeflicients A4,, g, and f, together with the domain Q% are (¢ Li,..., ¢ Ly)-periodic,
and they satisfy properties similar to those of 4, ¢, f and Q.
Consider the parametric reaction—advection—diffusion problem

(o) {630 =V AT %) + 0 Vi fis i), 1€ R, () €€
MR A, Vub(t,x,y) =0, t € R, (x,y) € 0Q°,

where v¥(x, y) denotes the outward unit normal on 0Q¢ at the point (x, y).

Owing to the results found by Berestycki and Hamel in Section 6 of [2], and since
the coefficients 4., f, and g, together with the domain Q° satisfy all the necessary
assumptions, it follows that the problem (P;) admits a minimal speed of propagation
Car.a,.q.5,(€) > 0 such that (P;) has a solution u* in the form of a pulsating front within
a speed ¢ if and only if ¢ = cg. 4, 1.(€) > 0.

In this section, we investigate the limit of the parametric minimal speeds c¢p. 4 , . (€)
(whose parameter is ¢) of the problems (P;),~o as ¢ — 0. In other words, we search the
limit of these minimal speeds as the periodicity cell C® =¢C becomes a very small size.
On the other hand, we study although not the most general setting, the variation of the
map & Co. 4, (€) ine>0.

Theorem 8.1 Let e € R? be a unit vector, and let Q@ < RN be a domain which is L-
periodic and satisfying (2.1). Assume that A = A(x,y), q = q(x,y) and f = f(x,y,u) are
L-periodic and that they satisfy (2.2), (2.3), (2.4) and (2.5) together with the assumptions
V.A2=00nQ and v.A¢ =0 on 0Q. For each ¢ > 0, consider the problem

{u'f(t, x,y) = V- (A V)t x,y) + q. - Vu' + fo(x,y,u°), t €R, (x,y) € Q°, 8.1)

vi-A, Vui(t,x,y) =0, t € R, (x,y) € 0Q°,
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Pulsating travelling fronts 427

where A, f, and q, are the coefficients defined in the beginning of this section. Then, the
minimal speed cz)g’Amqua(e) of pulsating travelling fronts propagating in the direction of e
and solving (8.1) satisfies

gl_i)r(% Cbs, A, Qa,fa(e) = 2\/]€éAé(x,y)dx dy \/]éé(x,y) dxdy, (8.2)
where C is the periodicity cell of Q and & = (e,0,...,0) € RV,

Proof As a first notice, we mention that the domain Q° is the image of Q by a dilation
whose center is the origin O(0,...,0) and whose scale factor is equal to ¢. Consequently,

for each ¢ > 0, (ex, ey) € Q° if and only if (x,y) € Q, and

(ex, ey) € 0Q° if and only if (x,y) € 0Q.
Moreover,
Ve >0, V(x,y) € 0Q, vi(ex, ey) = v(x, y).

Consider now, for each ¢ > 0, the following change of variables:
vi(t,x,y) = u'(t,ex,ey); (t,x,y) € R x Q.
One gets

V(t,x,y) € R X Q, vi(t, x,y) = u(t, €, £y),
Vx,y : (A(xa y)VUE)(t’ X, J’) = Vx,y ’ (ASVME)(ta 8x7 8)’) = 82 V : (ASVLtS)(t: SX, Sy):

and
vi(ex.ay) - [AVE] (v ey) = v(xp) A (5, 2) Var(nex.y)
(8.3)

1 ,
= —v(x,y) - A(x, y)Vvi(t,x,y) on R x 0Q.
€

The boundary condition in (8.1) yields that v.(ex,ey) - [4.Vu®] (t,ex,ey) = 0, for all
(t,x,y) € R x 0Q (which is equivalent to say, for all (t,ex,ey) € R x 0Q°¢). It follows from
(8.3) that

V(t,x,y) e R x 0Q, v-AVv(t,x,y)=0.

One can now conclude that for each ¢ > 0, u® satisfies (8.1) if and only if v® satisfies

1 1 . .
vi(t, X, y) = 2V (AVY)(t, x,y) + Sa Vo' + f(x,p,0°), t €R, (x,y) € Q,
v-AV(t,x,y) =0,t € R, (x,y) € 0Q.

(8.4)

Having the assumptions (2.1), (2.2), (2.3), (2.4) and (2.5) on Q, 4, g and f, one gets
that problem (8.4) admits, for each ¢ > 0, a minimal speed of propagation denoted by

c (e).

. (LYalqs
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Moreover, due to the change of variables between u® and v?, it follows that for each
¢ > 0, u® is a pulsating travelling front propagating in the direction of e within a speed
¢ and solving (8.1) if and only if v* is a pulsating travelling front propagating in the
direction of e within a speed ¢ and solving (8.4). This yields that

Ve > 0> C*QS’ Ag, qs,fg(e) = Sc;’(%)ZA, % q,f(e) = C;’ MA,\/Mq,f(e)/\/M’ (85)

where M = (1/¢)>.
As ¢ — 0T, the variable M — +o0. Applying Theorem 4.1, with y = %, one gets that

c (e)
lim -2MAMaS — _ 5 ][?zA?z(x,y)dxdy ][C(x,y)dxdy.
M—+w0 /M c c

Therefore, lim; o+ ¢ s 4, s.(€) = 2\/3% eAe(x,y)dxdy \/3% {(x,y)dxdy, and the proof
of Theorem 8.1 is complete. (]

Remark 8.2 It is worth noticing that, in formula 8.2, the homogenized speed depends on
the averages of the diffusion and reaction coefficients, but it does not depend on the
advection.

We move now to study the variation of the map e ¢ . 4 4.1,(€) with respect to ¢ > 0.
In other words, we want to check the monotonicity behaviour of the parametric minimal
speed of propagation, whose parameter ¢ > 0, as the periodicity cell of the domain of
propagation shrinks or enlarges within a ratio ¢. In this study, we will consider the same
situation of Theorem 6.1 and also the same notations introduced in the beginning of
Section 8.

Theorem 8.3 Let e =(1,0,...,0). Assume that Q has the form R x w where w may or may
not be bounded (precisely described in Section 3) and that the diffusion matrix A = A(y)
satisfies (3.5) together with the assumption that e is an eigenvector of A(y) for all y € o,
that is

A(x,y)e = A(y)e = a(y)e, for all (x,y) € R X @; (8.6)

where y — a(y) is a positive (Ly,..., Lg)-periodic function defined over @. The non-linearity
f is assumed to satisfy (3.3) and (3.4). Assume further more that the advection field q (when
it exists) is in the form q(x,y) = (q,(¥),0,...,0) where q, has a zero average over C, the
periodicity cell of w. For ¢ > 0 consider the reaction—advection—diffusion problem

VteR, V(x,y) € Q=R X cw,
u(t,x,y) = V- (A Vu')(t,x,y) + g - Vu' + fo(x, y,u); (8.7)
vi- A, Vil(t,x,y) =0, t e R, (x,y) € 0Q°.

Then, the map e¢+— c . 4 4.1, (€) is increasing in ¢ > 0.
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Proof of Theorem 8.3 For each ¢ > 0, we consider the change of variables
vi(t,x,y) = u'(t,ex,ey); (t,x,y) € R x Q.
Owing to the justifications shown in the proof of Theorem 8.1, one consequently obtains
Ve > 0, C*Qg, A, Qg,fa(e) = 8c;,(%)2A’%q,f(e) = c;,ﬁA,\/ﬁqu(e)/\/ﬁ, (8.8)

where f(e) = (1/¢)>.

Applying Theorem 6.1, it follows that the map n, : f+— c;’ pa. JFa. f(e) / \/F is decreasing
in f > 0. On the other hand, the map #, : ¢+ f(¢) is also decreasing in ¢ > 0. Therefore,
€ Coi g, qa’fﬁ(e), which is the composition #, o ,, is increasing in ¢ > 0 and this completes
our proof. O

Other homogenization results, concerning reaction—advection—diffusion problems, were
given in the case of a combustion-type non-linearity f = f(u) satisfying

30 € (0,1), f(s)=0for alls € [0,0], f(s) >O0forallse(0,1), f(1)=0, (89)
dp € (0,1 —0), fis non-increasing on [1 —p,1]. '
Consider the equation
w(t,x) = V- (A x)Vu®) + e lq(e x)- Vit + f(u®) inIRY, (8.10)

where the non-linearity f satisfies (8.9), and the drift and diffusion coefficients ¢ and A4
satisfy the general assumptions (2.2) and (2.3), with periodicity 1 in all variables xi,..., xy.
Fix a unit vector e of RYN. From Berestycki and Hamel [2], it follows that for each & > 0,
problem (8.10) admits a unique pulsating front (c,, u®) such that

u'(t,x) = ¢(x - e+ ct, X)

where ¢“(s,x) is (¢,...,¢)-periodic in x that satisfies ¢°(—o0,.) = 0 and ¢*(4o0,.) = 1.
The functions u® are actually unique up to shifts in time, and one can assume that
maxgny ¢%(0,.) = 0.

Concerning problem (8.10), Heinze [15] proved that

as ¢ = 0", ¢, = co > 0 and u’(t, x) — up(x - e + cot) weakly in Hlloc,

where (co, tp) is the unique solution of the one-dimensional homogenised equation

{a uy — couy + f(up) = 0 in IR, 8.11)

up(—o0) =0 < up < up(+0) =1in R, up(0) =0

and a” is a positive constant determined in [15].

In Theorem 1 of [10], the homogenization limit was combined with the singular high
activation limit for the reaction (one can also see [11] in this context) while the diffusion
matrix was taken A = Idg~. More precisely, the non-linearity had the form f.(u) = % B(3)
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with f(s) a Lipschitz function satisfying
p(s) >0in(0,1) and f(s) =0 otherwise.

These non-linearities approach a Dirac mass at u = 1.

9 Open problems

In all the results of this paper, we deal with non-linearities of the “KPP” type. In the
periodic framework of this paper, pulsating travelling fronts exist also with other types of
non-linearities (see Theorems 2.13 and 2.14 in [2]). Namely, they exist when f = f(x, y, u)
is of the “combustion”-type satisfying

f is globally Lipschitz-continuous in Q x IR,
V(x,y) € ,Vs e (—o0,0] U [l,40), f(5,x,y) =0, 0.1
3pe (0,1), Y(x,y) €2, V1 —p<s <5 < 1,f(x,0,5) = f(x,),5),

and

f is L-periodic with respect to x,
30 € (0,1), V(x,y) € Q, Vs € [0,0], f(x,y,5) =0, 92)
Vse (0,1), 3(x,y) € Q such that f(x,y,s) > 0,

or when f = f(x, y,u) is of the “ZFK” (for Zeldovich—-Frank—Kamenetskii)-type satisfying
(9.1) and

f is L-periodic with respect to Xx,
36 > 0, the restriction of f to @ x [0,1] is of class C!?, (9.3)
Vse (0,1), I(x,y) € Q such that f(x,y,s) > O.

In particular, the “KPP” non-linearities are of the “ZFK” type.

Recently, El Smaily [12] gave min—max and max-min formulae for the speeds of
propagation of problem (2.6) taken with a “ZFK” or a “combustion” non-linearity. These
formulae, together with the results of this paper, can give important estimates for the
parametric minimal speeds of the problem (2.6) when f is a “ZFK” non-linearity which
is not of the “KPP” type. Indeed, if f is a “ZFK” non-linearity, one can find a “KPP”
function h = h(x, y, u) such that

V(x,y,u) € @ xR, f(x,y,u) < h(x, y,u).
Referring to formula (1.17) in El Smaily [12], one can conclude that
VM > 0,VB >0, ¥y € R, Conia M q,Bf(e) < Cona M q,Bh(e)'
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Moreover, if f is a “ZFK” non-linearity satisfying the additional assumption
V(x,y) € Q, f,(x,»,0)>0, (94)
then one can find a “KPP” function g = g(x, y,u) such that g < f in Q x R, and thus
VM > 0,VB >0, ¥y € R,
Coma M7 q,Bg(e) S Coma, MY q,Bf(e) S Coma, MY q,Bh(e)'

As a consequence, under the assumptions that 0 < y < 1/2, v- 42 = 0 on 0%, and
V-4¢ =0 in Q, Theorem 4.1 implies that

e
limsup ———— QMAqu \/][eAex y)dx dy \/][gu x,y,0)dxdy, (9.6)
M-+

and

.. CE,MA,M";q,f(e) _ - ,
ljbnlgg —\/M =2 CeAe(x,y)dx dy Chu(x, ¥,0)dxdy > 0. (9.7)

If f is a “combustion” non-linearity, then problem (2.6) admits a solution (c,u) where
ouqs(€) >0 is unique and u = u(t,x, y) is increasing in ¢ and it is unique up to a
translation in t. Taking g as a “KPP” non-linearity such that g > f in Q x R and using
Theorem 4.1, it follows that

lim sup 24 el -~ Comasr ” \/][eAe(x y)dx dy \/][gu(x y,0) dx dy
M-+

(e)

. co s Q,MA.M‘/ q.f
together with 1]%411_1) Eg T > 0.

Similarly, one can get several estimates concerning the case of a small diffusion factors,
small (resp. large) reaction factors, or small (resp. large) periodicity parameters.

The above motivation gives several upper and lower estimates for the parametric speeds
of propagation. However, the exact limits are not known. This leads us to ask about the
asymptotics of the minimal speeds of propagation with respect to diffusion, reaction and
periodicity factors in the “ZFK” case and about the asymptotics of the unique parametric
speed of propagation in the “combustion” case. These studies should help, as it was done
in Section 8§, in solving some homogenisation problems in the “ZFK” case.

Besides, Theorem 8.1 gives the limit of c¢g. 4 , (e) as & — 0F. However, finding the
homogenised equation of (8.1) in the “KPP” remains an open problem.

c=2¢

(9.8)

10 Conclusions

As we mentioned in the beginning of this paper, our first aim was to give a complete and
rigorous analysis of the minimal speed of propagation of pulsating travelling fronts solving
parametric heterogeneous reaction—advection—diffusion equations in a periodic framework.
In the paper of Berestycki, Hamel and Nadirashvili [3], several upper and lower estimates
for the parametric minimal speed of propagation were given (see Theorems 2.6 and 2.10
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in [3]). However, the exact asymptotic behaviours of the minimal speed with respect to
diffusion and reaction factors and with respect to the periodicity parameter L were not
given there. In this paper, we determined the exact asymptotes of the minimal speed
in the “KPP” periodic framework. In Sections 3, 4 and 5, we proved that (under some
assumptions on 4, ¢, f and Q) the asymptotes of the parametric minimal speed are either

2\/maax C\/mwax ede or 2\/][5Aé(x,y) dxdy \/][C(x,y) dxdy.

(see Theorems 3.1, 3.4, 4.1, 4.3, 5.1 and 5.2 above). Moreover, we found in Section 3 that
the presence of an advection field, in the general form or in the form of shear flows,
changes the asymptotic behaviour of the minimal speed within a small diffusion (see
Theorem 3.3 and Remark 3.6). Conversely, we proved in Section 4 that the presence
of a general advection field M"q (where ¢ satisfies (2.3)) has no effect on

limps— 4o % whenever 0 < y < 1/2 (see Theorem 4.1). Furthermore, we stud-

ied, in a particular periodic framework, the variations of the maps f— Cepnger® ong
N

L+— c]*RN’ 4.q,d, (e) and B +— with respect to the positive variables , L and B,
respectively. lRoughly speaking, we found that the first and the third maps have opposite
senses of variations (see Theorems 6.1 and 6.5). On the other hand, Theorems 6.3 and
8.3 yield that the minimal speed increases when the medium undergoes a dilation whose
scale factor is greater than 1.

The second aim was to find the homogenized “KPP” minimal speed. We achieved this
goal in Section 8 (Theorem 8.1) under the assumptions of free divergence on A(x, y)2 and
invariance of the domain in the direction A(x, y)e. This was an application to the results
obtained in Section 4. The found homogenized speed should play an important role in
finding the homogenized reaction—advection—diffusion equation in the “KPP” case. In a
forthcoming paper [13], we find also the homogenised speed in the one-dimensional case
but in a more general setting (in fact, the assumption of divergence free is equivalent
to the assumption that the diffusion term x — a(x) is constant over R in the case
N=1).

All the mathematical results obtained in this paper can be applied to study some
spreading phenomena. Referring to the results of Weinberger [30], one can conclude that
the spreading speed is equal to the “KPP” minimal speed of propagation in the periodic
framework under some assumptions on the initial data uy = up(x, y) = u(0,x,y) which
is defined on a periodic domain @ of RY™. In such a setting, all our results can be
applied to give rigorous answers on the asymptotic behaviour of the parametric spreading
speed with respect to diffusion and reaction factors and with respect to the periodicity
parameter.

CQ,A, 'EqAB[(e)
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