\: Author manuscript, published in "European Journal of Applied Mathematics 19, 04 (2008) 393-434"

Pulsating travelling fronts:
Asymptotics and homogenization regimes

Mohammad El Smaily*
Université Aix-Marseille I1I, LATP, Faculté des Sciences et Techniques,
Avenue Escadrille Normandie-Niemen, F-13397 Marseille Cedex 20, France.

28 March 2008

Abstract. This paper is concerned with some nonlinear propagation phenomena for reaction-
advection-diffusion equations with Kolmogrov-Petrovsky-Piskunov (KPP) type nonlinearities 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,
Hamel and Nadirashvili [3]), 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
behaviors and the variations of the considered functions with respect to these parameters. Section
8 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 het-
erogenous KPP (Kolmogrov, Petrovsky and Piskunov) nonlinearities. We will precisely describe
the heterogenous-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
homogenous KPP equations.

Consider the Fisher-KPP equation:
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up — 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, (1.2)
f>0in(0,1), f <0in(1,4+00), ’

f(s) < f'(0)s,Vs € [0,1]. (1.3)

As examples of such nonlinearities, we have: f(s) = s(1 — s) and f(s) = s(1 — s2).
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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,z) € Rx RN, u(t,z) = ¢(z-e+ct), (1.4)
B(—00) =0 and  ¢(+0c) = 1, '
where e € RY is a fixed vector of unit norm which is the direction of propagation, and ¢ > 0 is
the speed of the front. The function ¢ : R — R satisfies

—¢" +co = f(9),
{ ¢(—00) =0 and ¢(+00) = 1. (1.5)

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 (1.4-1.5). Uniqueness is up to
shift in space or time variables.

Later, the homogenous setting was extended to a general heterogenous periodic one. The
heterogenous character appeared both in the reaction-advection-diffusion equation and in the un-
derlying domain. The general form of these equations is

{ up =V - (A(2)Vu) +q(2)-Vu+ f(z,u), t € R, 2z € Q, (1.6)

v-AVu(t,z) =0,t € R, z € 99,

where v(z) is the unit outward normal on 99 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 ( Berestycki, Hamel [2], Berestycki, Hamel, Nadirashvili [3], and
Berestycki, Hamel, Roques [5, 6] and Xin [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 to 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 = (z1,72, - ,24,%q1, - ,2n) € RY, we call z = (21,29, -- ,24) and y =
(Tgi1, -+ ,xn) so that z = (z,y). Let Ly,---, Lg be d positive real numbers, and let Q be a C3
nonempty connected open subset of RY satisfying

AR >0:V(z,y) € Q, Jy| < R,

d
\V/(kjl’---’kd) EleX“‘XLdZ, Q:Q+Zkzez; (21)
k=1

where (e;)1<i<n is the canonical basis of R In particular, since d > 1, the set  is unbounded.
In this periodic situation, we give the following definitions:
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Definition 2.1 (Periodicity cell) The set C = {(x,y) € Q; x1 € (0,L1),--- ,24 € (0,Lq)} is
called the periodicity cell of €.

Definition 2.2 (L-periodic flows ) A field w : Q — R is said to be L-periodic with re-
spect to x if w(xy + k1, ,xq + kq,y) = w(z1, - ,xq,y) almost everywhere in Q, and for all

d
k= (ki kq) € [ [ LiZ.
i=1

Before going further on, we point out that this framework includes several types of simpler
geometrical configurations. The case of the whole space RN corresponds tod = N, where L1, ..., Ly
are any positive numbers. The case of the whole space RY 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 2. 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 modeling the propagation of a flame or of
an epidemics in a periodic heterogenous 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
Az, y) = (Aij(z,9))1<ij<n is a symmetric C*9(Q) (with § > 0) matrix field satisfying

A is L-periodic with respect to x,
dJ0< g < ag,V(ﬂ:,y) e QV¢ € RN,
e < D Ayl ) < sl

1<i,j<N

(2.2)

The boundary condition v - AVu(z,y) = 0 stands for Z vi(z,y)Aij (7, y)0z;u(t, v, y), and v
1<i,j<N
stands for the unit outward normal on 9. We note that then A is the identity matrix, then this
boundary condition reduces to the usual Neumann condition d,u = 0.
The underlying advection q(z,y) = (q1(2,y),--- , qn(z,y)) is a C12(Q) (with § > 0) vector field
satisfying
q is L— periodic with respect to =,
V.g=0 in Q,
g-v =0 ondf, (2.3)

V1< < d, /qid:cdy:().
C
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Concerning the nonlinearity, let f = f(x,y,u) be a nonnegative function defined in Q x [0, 1],
such that

(>0, fis L-periodic with respect to 2, and of class C1°(Q x [0, 1]),
V(z,y) € Q, f(z,9,0) = f(z,y,1) = 0,
Elpe ( ) (CE y) EQ V1_p< $ <S 1 f(x’y’s) Z f(x’y,sl)a (24)
Vse(,) (xy)Equchthatf(xy,)>0
[y,
0) =1 0
V(z,y) € 2 filz,y,0) = lim —=== >0,

with the additional assumption

V(z,y,8) € Q2 x(0,1), 0< f(x,y,5) < fi(z,y,0) x s. (2.5)

We denote by ((z,y) := f.(z,y,0), for each (z,y) € Q.
The set of such nonlinearities 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>0o0n (0,1), ¢(0) >0, ¢'(1) <0 and 0 < g(s) < ¢'(0)s in (0,1).

e Another type of such nonlinearities consists of functions f(x,y,u) = h(z,y).f(u), such that
f is of the previous type, while A lies in Cb 9(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,z,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

Ut = V- (A(I’,y)VU) + q(.%',y) -Vu + f(.’L',y,’LL), t e Ra (.’L’,y) € Qa
v-AVu(t,z,y) =0, t € R, (z,y) € 09,
d
_ k -
Vk e HL,Z, V(t,z,y) € R x Q, wu(t— Te,x,y) = u(t,z + k,y), (2.6)
i=1
x_elgnioou(t,x,y) =0, and melgr}roou(t z,y) =1,
0<u<,

where the above limits hold locally in t and uniformly in y and in the directions of R% 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 € R?, there exists ¢*(e) > 0 such
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that pulsating travelling fronts propagating in the direction e (i.e satisfying (2.6)) with a speed of
propagation c exist if and only if ¢ > ¢*(e); moreover, the pulsating fronts (within a speed ¢ > ¢*(e))
are increasing in the time ¢. The value c*(e) = ¢ 4, ¢(€) is called the minimal speed of propagation
in the direction of e. Other nonlinearities have been considered in the cases of the whole space R
or in the general periodic framework (see [2], [28], [29], [32], [33], [34], [35]).

Having the threshold value ca Ag, f(e), our paper aims to study the limits, the asymptotic
behaviors, 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 €2. In this context, Berestycki,
Hamel, and Nadirashvili [3] gave such a formulation for cg, 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 fized unit vector in R
Let € = (e,0,...,0) € RN, Assume that Q, A and f satisfy (2.1),(2.2), (2.4), and (2.5). The
minimal speed c*(e) = c§ 4 q f(e) of pulsating fronts solving (2.6) and propagating in the direction

of e is given by £
c*(e) = cq a,45(€) = min B (2.7)

where k(\) = kQ7e,A7q7C()\) is the principal eigenvalue of the operator Lo e aq.¢c x which is defined by

LQ7E’A7q7C7)\¢ = V. (AV?,Z)) —2X\é - AV(ﬁ +q- V¢

FA2EAE — AV - (48) — Aq- &+ (Jp (2.8)

acting on the set
E = {4 € C?*Q),v is L-periodic with respect to x and v - AV = N\(vA&p) on 0N }.

The proof of formula (2.7) is based on methods developed in [2], [7] and [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 ¢*(e) is given in terms of the
direction e, the domain €2, and the coefficients A,q and f;(, .,0). Moreover, it is important to
notice that the dependence of ¢*(e) on the nonlinearity f is only through the derivative of f with
respect to u at u = 0.

Before going further on, let us mention that formula (2.7) extends some earlier results about
front propagation. When @ = RN, A = Id and f = f(u) (with f(u) < f (0)u in [0,1]), formula
(2.7) then reduces to the well-known KPP formula c¢*(e) = 24/f'(0). That is the value of the
minimal speed of propagation of planar fronts for the homogenous reaction-diffusion equation:
up — Au = f(u) in RV.1

The above variational characterization of the minimal speed of propagation of pulsating fronts in
general periodic excitable media will play the main role in studying the dependence of the minimal
speed c*(e) = cg 4, ¢(€) on the coefficients of reaction, diffusion, advection and on the geometry
of the domain. In this context, we have:

n fact, the uniqueness, up to multiplication by a non-zero real number, of the first eigenvalue function of
L]RN,e,Id,f/(O),Aw = k(M) together with this particular situation, yield that the principal eigenfunction v is constant

and k(\) = A2+ f'(0) for all A > 0. Therefore by (2.7), we have ¢*(¢) = min </\ + fT(O)> = 24/17(0).

A>0
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Theorem 2.5 (Berestycki, Hamel, Nadirashvili [3]) Under the assumptions (2.1), (2.2), and
(2.3) on Q, A, and q, let f = f(x,y,u) [respectively g = g(xz,y,u)] be a nonnegative nonlinearity
satisfying (2.4) and (2.5). Let e be a fized unit vector in R%, where 1 < d < N,

a) If fo(x,y,0) < g.(x,y,0) for all (z,y) € Q, then
congr(e) < chagqle).

Moreover if — fo(x,y,0) <, # g.(x,y,0) in Q, then Qg€ < & aq4(€)
b) The map B v ¢, 4, ps(€) is increasing in B > 0 and

c¢ e
limsupM < +o0.

B — +00 \/E

c;l,A,q,Bf(e)

Furthermore, if Q@ = RN orif vAé = 0 on 0N, then grginog NG > 0.
¢)
co,a45(€) < [1(¢-6) |loo +2 | max ((z,y) | max eA(z,y)é, (2.9)
where ||(¢.€)” ||oo = max (q(x,y).€)” and s~ = max(—s,0) for each s € R. Furthermore, the

z,y)EQ
equality holds in (2.9) if and only if €Aé and ¢ are constant, q.6 = V.(4&) = 0 in Q and
v.Aé = 0 on O (in the case when 0Q # ().

d) Assume furthermore that f = f(u) and ¢ = 0 in Q, then the map B+ c& 540 ¢(€) is
increasing in 3 > 0.

c¢ e
As a corollary of (2.9), we see that lim sup M

M —+o00 vV M

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 Nolen, Xin [23, 24], Nolen, Rudd, Xin [25] and recently in Nadin [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.

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 behavior of the mini-
mal 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 ) = RN. 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).

< C' where C is a positive constant.
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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:

(3.1)
v-AVu(t,z,y) =0, t € R, (x,y) € 09,

{ up = BV - (Alz,y)Vu) + f(z,y,u), t € R, (z,y) € Q,
where 5 > 0.
We mention that (3.1) is a reaction-diffusion problem within a diffusion matrix SA. Let e be
a unit direction in R%. Under the assumptions (2.1), (2.2), (2.4) and (2.5), for each 3 > 0, there
corresponds a minimal speed of propagation 6575A70,f(6) so that a pulsating front with a speed c
and satisfying (3.1) exists if and only if ¢ > ¢q 54 ¢ £(€).-
Referring to part c) of Theorem 2.5, one gets 0 < ¢ 540 (€) < 2v/B\/MoM, for any > 0,

where My = max ((z,y) and M = max éA(z,y)e.
(x,y) € Q (x,y) (S Q
Consequently, there exists C' > 0 and independent of 5 such that

C*Q’L\/%f(e) < C. (3.2)

0,84,0,5(¢)

V3 >0,0<

The inequality (3.2) leads us to investigate the limits of as f — 0 and as 8 — +o0.

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 w € R, where w C R?% x RVN—d-1 (d > 0).
If d = 0, then w is a C3 connected, open bounded subset of R¥~!. While, in the case where
1<d< N-1, wisa (Li,...,Lg)-periodic open domain of RN~! which satisfies (2.1); and
hence, Qis a (I, Ly, ..., Lg)—periodic subset of RY that satisfies (2.1) with [ > 0 and arbitrary. An
element of Q = R x w will be represented as z = (,y) where 2 € R and y € w C R? x RN—1-4,

The nonlinearity f = f(z,y,u), in this section, is a KPP nonlinearity defined on  x [0, 1] that
satisfies

(£ >0, and of class CH9(R x @ x [0,1]),

fis (I,Ly,...,Ly)-periodic with respect to (z,y1,...,%4), when d > 1,
f is l-periodic in x, when d = 0,

V(r,y) € Q=R xw, f(z,y,0) = f(x,y,1) = 0,

dpe (0,1), V(z,y) € V1-p< s <s <1, flw,y,s) > f(z,9,5),
Vse (0,1), 3I(z,y) € Qsuch that f(z,y,s) > 0,

together with the assumptions
f!(z,y,0) depends only on y; we denote by ((y) = f..(z,y,0), ¥(z,y) € Q.

V(Cﬂ,y) € Q=R X w, f;(:c,y,()) = C(y) > 0, (34)
V(z,y,8) € 2 x (0,1), 0 < f(z,y,s) < ((y)s.
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Notice that f/(x,y,u) is assumed to depend only on y, but f(z,y,u) may depend on x. B
Lastly, concerning the diffusion matrix, A(z,y) = A(y) = (Ai;(y))1<ij<n is a C*9(Q) (with
d > 0) symmetric matrix field whose entries are depending only on y, and satisfying
Ais (Ly,..., Lg)-periodic with respect to (y1,...,Yaq),
J0<a; <ag, Vyew,VE € RY, (3.5)
alé? < 3 Ay()&i&; < aolél.

Theorem 3.1 Lete = (1,0,...,0) € RY ande > 0. Let Q = Rxw C RY satisfy the form described
in the previous page. Under the assumptions (3.3), (3.4), and (3.5), consider the reaction-diffusion
equation

{ w(t,x,y) = eV-(Aly)Vu)(t,z,y) + f(z,y,u), for (t,z,y) € RxQ, (3.6)
v-AVu= 0 on R xR X Jw.
Assume, furthermore, that A and f satisfy one of the following two alternatives:
{ 3/04 >0, Yy € w, A(y)e = ae, B 3.7)
fu(@,y,0) = ((y), for all (z,y) € €,
or
fulx,y,0) = C is constant,
Vy € w, A(y)e = a(y)e, where (3.8)
y — a(y) is a positive, (L1,...,Lqg)—periodic function over w.
Then,
Elir(r)l+ C*QL\/OE’JC(B) = 2\/mwax C\/mwax eAe. (3.9)

Before going further on, we mention that the family of domains for which Theorem 3.1 holds is
wide. An infinite cylinder R x Brn-1(yo, R) (where R > 0, and Bgn-1(yo, R) is the Euclidian ball
of center yy and radius R) is an archetype of such domains. In these cylinders, w = Bgrn-1(y0, R), (
is any positive real number, and d = 0. The whole space RY is another archetype of the domain
where d = N — 1, w =R " and {I, L1,...,Lq} is any family of positive real numbers.

Remark 3.2 In Theorem 3.1, the domain 2 = R X w is invariant in the direction of e = (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 z, yields that V.(Ae) = 0 over Q. On the other hand, it is easy to find a diffusion
matrix A and a nonlinearity 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:

ce e
Deans®) <o [T o edely).

v 0, O
e=>b, < NG yEW YEW

N

However, Theorem 3.1 implies that

. cgk) €A,0 f(e)
lim ——2> - = 2 /ma max eAe(y).
e—0t \/E ye% C(y) ye%( (y)

On the other hand, if Q2 =R x w as in Theorem 3.1, A = Id and f = f(u), Theorem 2.5 yields
that c;dd’w (€) = 2v/e\/f/(0), for all € > 0. O
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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 (3.3-3.4) and (3.5) respectively. Assume,
furthermore, that for all y € @, there exists a(y) positive so that A(y)e = a(y)e in w. Consider, in
addition, an advective shear flow ¢ = (q,(y),0,...,0) (y € @) which is (Ly,--- , Lqg)—periodic with
respect to y. Assume that € is a positive parameter and consider the parametric reaction-advection-
diffusion problem

u=¢eV- (A(y)vu) + ¢ (y) amu(t’x’y) + f(xayau)’ t € Ra ('Iay) € Q’ (3 10)
v-AVu(t,z,y) =0, teR, (r,y) € 09, .
where ¢ £ 0 over R X W and q has a zero average. Then,
m, €6 4,q,5(€) = max (—q,(y)) = max(—g.c). (3.11)

The situation in this result is more general than that considered in part b) of Corollary 4.5 in
[4]. In details, the coefficients A and f can be both non-constant. Meanwhile, in the result of [4],
the coeflicients considered were assumed to satisfy the alternative (3.7).

After having the exact value of lim , we move now to investigate the limit of the

e—=0t
minimal speed of propagation, considered as a function of the period of the coefficients of the

reaction-diffusion equation set in the whole space RY, when the periodicity parameter tends to
+00. 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=L Assume that f = f(z,y,u) and A = A(y) satisfy (3.3), (3.4) and (3.5) with w =
RVN=1 d=N-1, and | =Ly =...= Ly_1 = 1. (That is, the domain and the coefficients of the
equation are (1,1, ...,1) periodic with respect toy). Assume furthermore, that A and f satisfy either

(3.7) or (8.8). For each L >0, and (z,y) € RN, let A, (y) = A(%) and f,(xz,y,u) = f(%, %,u)
Consider the reaction-diffusion problem

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

N (3.12)
=V (ATt wy) + f(F S u), (42,y) ER X RY,
whose coefficients are (L, ..., L) periodic with respect to (x,y) € RY. Then,
LETOO RN, A, L0, fL e —2\/yér[1Ra}3cl C(y) yéI[l@\}[{_I 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 — +oo. The domain is the whole space RN which
is (L,--- , L)—periodic whatever the positive number L. However, one can find

li *
L~1>I£oo CRNv ALa LqL’ fL (6)

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
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Theorem 3.5 Let e = (1,0,...,0) € RY. Assume that f = f(z,y,u) and A = A(y) satisfy (3.3),
(3.4) and (3.5) with w =RN"1,. d=N—1, and | = Ly = ... = Ly_1 = 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=1 there exists a(y) positive so that A(y)e = a(y)e in RN7L. Let
q = (¢,(y),0,...,0) for all y € RN~ such that ¢ # 0 over RVN=1, q is (1,---,1)—periodic with
respect to y and q1 has a zero average. Then,
JIm Gen A Lg,,f, (@)= nax (—a.(y) = Hr@fg(— q.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 ¢ = (¢1(y),0,--- ,0) and since e = (1,0, - ,0), then
the terms ¢(x,y) - Vz 0 and ¢(z,y) - e (in the general elliptic equation) become equal to gi ()0,
and ¢ (y) respectively. As a consequence, and due the uniqueness of the principal eigenfunction v
up to multiplication by a constant, we are able to choose 1 independent of =, 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 a general periodic advection field satisfying

(2.3).

Concerning the influence of advection, we mention that the limit of as B — 400

(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
Berestycki [1], Berestycki and Nirenberg [8]. In the case of strong advection, assume that Q = R xw,
where w is a bounded smooth subset of RN~ ¢ = (¢,(y),0,---,0), y € w, and f = f(u) is a
(KPP) nonlinearity. It was proved, in Heinze [16], that

. €A, B f(e)
lim —2A00 3.15
Bﬂlr}rloo B v ( )

where

v = sup/ @, (y) ¥* dy,

ve D

D:{weﬂ%w), [190Ray < £ @) and | wzdyzl}.

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

After having the limit of 657€A70,f(e)/\/5 as ¢ — 07, and after knowing that this limit depends on
max ((y) and max eAe(y), we investigate now the limit of ¢ yr4 , ¢(€)/V M as the diffusion fac-
yew yew ) 4,

tor M tends to +oo, and we try to answer this question in a situation which is more general than that

10
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we considered in the previous section (in the case where the diffusion factor was going to 01). That
is in the presence of an advection field and in a domain € 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)d:U dy := |—é| /CC(x,y)dx dy and ][éAé(x,y)dx dy := |—é| /C e¢Aé(x,y)dx dy,
C

where C degotes the periodicity cell of the domain 2.
Theorem 4.1 Under the assumptions (2.1) for Q, (2.3) for the advection q, (2.4) and (2.5) for
the nonlinearity f = f(x,y,u), let e be any unit direction of RY. Assume that the diffusion matriz

A = A(z,y) satisfies (2.2) together with V - Aé = 0 over Q, and v - Aé = 0 over 0. For each
M >0 and 0 <~ < 1/2, consider the following reaction-advection-diffusion equation

ut:MV(A(m,y)Vu) + M7 (1’, ) Vu + f(mayau)7 l e Ra (1’,:1/) < Q7
v-AVu(t,z,y) =0, t € R, (x,y) € 09.

Then

Y
lim ‘14 M q’ :2\/][6Aexydxdy\/][<xydxdy,
M—+o0 c

where C' is the periodicity cell of €.
Remarks 4.2

e The setting in Theorem 4.1 is more general than that in Theorem 3.1, where: @ = R xw, € =
(1,0,...,0), and Aé = a(y)é. Under the assumptions of Theorem 3.1, the domain € is
invariant in the direction of Aé, which is that of é. Consequently, if v denotes the outward

normal on 92 = R x Jw, one gets v- Aé = a(y)v-é = 0 over I, while V - (Aé) = %a(y) =0

over ). 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 SA as a parametric diffusion

: ()
matrix, one consequently knows the limits of —224%" " 45 3 — 0t (Theorem 3.1) and as

VB

B — 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
£

vM
where the advection is null and there is only a reaction-diffusion equation follows, in

particular, from the previous theorem. That is

< (e)
lim —2MA%L 2\/][6145(36, y)dz dy \/ ((z,y)dx dy.
M—+o0 v M c c

the ratio is equal to 1/2. It is independent of . Consequently, the case

11



hal-00172332, version 5 - 21 Nov 2010

e The previous point leads us to conclude that the presence of an advection with a factor M7,
*

VM

where 0 <y < 1/2, will have no more effect on the ratio 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 Theo-
rem 4.1, treats this problem:

Theorem 4.3 Let Q = RY. Assume that A = A(z,y), q¢ = q(z,y) and f = f(z,y,u) are
(1,...,1)—periodic with respect to (z,y) € RN, and that they satisfy (2.2), (2.3), (2.4),and (2.5)

with Ly = ... = Ly = 1. Let e be any unit direction of R, such that V - Aé = 0 over RY.
For each L > 0, let A, (z,y) = A(%, %), q,(z,y) = q(%, %), and f, (z,y,u) = f(%, %,u), where

(z,y) € RN. Consider the problem
ut(t,x,y) =V (ALVU)(t,,I,y) + q - Vu(t,x,y) + fL(xayau), (t,%y) €Rx RN,
(4.1)

Ty x

=V (AG DVata,y) + a(F. 1) Vulbe,y) + F(7 70,

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

A gy o4 g g (€)= 2\/]£5Aé(x,y)dfv dy \/]iC(w,y)dw dy,

where, in this setting, C' = [0,1] x --- x [0,1] ¢ R¥.

The above result gives the limit in any space dimension. It depends on the assumption V-(A4¢é) =
0 in RY. However, if one takes N = 1, and denotes the diffusion coefficient by a = a(z), = € R,
then the previous result holds under the assumptions that a satisfies (2.2) and da/dz =0 in R.
In other words, it holds when a is a positive constant. Thus, it is be 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 be not constant over R). In details, assume that f = f(z,u) = ({(z) — u)u
is a 1-periodic (KPP) nonlinearity satisfying (2.4) with (2.5), and R 5 z — a(z) is a 1—periodic
function which satisfies 0 < a1 < a(z) < ag, for all x € R, where a; and g are two positive
constants. For each L > 0, consider the reaction-diffusion equation
Opu(t,x) = 9 <a(%)%

97 > (t,z) + [C(E) — u(t,m)] u(t,z) for (t,z) e RxR. (4.2)

L

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

1
lim g g () =2 \/ <a>,. /0 ((a), (4.3)

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

12
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5 The minimal speed within small or large reaction coefficients

In this section, the parameter of the reaction-advection-diffusion problem is the coefficient B mul-
tiplied by the nonlinearity f. In fact, it follows from Theorem 1.6 in Berestycki, Hamel and Nadi-
rashvili [3] (recalled via Theorem 2.5 in the present paper) that the map B — ¢ 4, pr(e)/ VB
remains, with the assumption v.Aé = 0 on 02, bounded by two positive constants as B gets very
large. Therefore, it is interesting to find the limit of ¢§, 4 , pr(e)/ VB as B — +00 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 — +00 and then we move to that where B — 0.

Theorem 5.1 Let e = (1,0,...,0) € RY and B > 0. Assume that Q@ =R x w C RN, A, 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)-(3.8). Consider the reaction-diffusion equation

u(t,z,y) = V- (Aly)Vu)t,2,y) + B f(x,y,u), for (t,2,y) € RxQ, (5.1)
v-AVu= 0 on RxRxow. '
Then,
lim M = 2, /max ((y), /max eAe(y). (5.2)
Bstoo /B yew yew

We mention that one can find the coefficients A, and f and the domain 2 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)-(3.8) while one of ¢ and eAe is not constant. Owing to Theorem 1.10 in
[3], it follows that

VB >0, caAOBﬂe);NWmax C(y) , [max eAe(y),
e YEW YyEWw

which is equivalent to saying that

¢0,4,0,57(€)
Tf S 2, /max ((y), /max eAe(y).

YyeEw YyeEw
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 nonlinearity f = f(x,y,u), let e be any unit direction of RY. Assume that the diffusion matriz
A = A(z,y) satisfies (2.2) together with V - Aé = 0 over Q, and v - Aé = 0 over 0. For each
B >0 and v > 1/2, consider the following reaction-advection-diffusion equation

Ut ZV(A(,I,y)VU) + BVQ(x’y)vu + Bf(xayau)’ t € R? (x’y) € Q’
v-AVu(t,z,y) =0, teR, (z,y)€ 0N

13
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Then

o v (e)
i AT 0B :2\/]£ £ A& (z, y)dz dy \/f ((w,y)d dy,

where C' is the periodicity cell of €.

Having the above result one can mark a sample of notes:
The order of B in the denominator of the ratio ca A B'q B f(e) /VB is independent of 7 (it

is equal to 1/2). Thus, whenever the advection is null, one gets

ce e
Blin&+ Q’A%Zf() = 2\/]£6Aé(3:, y)dx dy \/]ig“(:c, y)dx dy.

Therefore, one concludes that the presence of an advection with a factor BY, where v > 1/2,
will have no more effect on the limit of the ratio cg A, B7q, B f(e) / V/B as the reaction factor B gets
34 ly )

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 C?Z,A70,Bf(6)/\/g as B — +oo and as B — 0.

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 behaviors of the of the functions & ¢, .4 f(€)/ Ve,

M — C;lMA MY q’f(e)/\/M (for very large M and for 0 <~y < 1/2), B~ CE,ABV(],Bf(e)/\/E

(v>1/2) and L — CE%N,AL,qL,fL (e),
gate 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 C RY is assumed to be in the form R x w which was
taken in section 3. As a review, Q = R x w C R, where w C R? x RN-d-1 (d>0). Ifd=0,
the subset w is a bounded open subset of RN~ While, in the case where 1 <d < N —1, wisa
(Ly, ..., Lg)-periodic open domain of RV ~! which satisfies (2.1); and hence, Q is a (I, L1, ..., Lg)—
periodic subset of RV that satisfies (2.1) with [ > 0. An element of Q = R x w will be represented
as z = (z,y) where y € w C R? x RN~1=4, With a domain of such form, we have:

where L is a periodicity parameter, we move now to investi-

Theorem 6.1 Let e = (1,0,...,0) € RYN. 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(z,y)e = A(y)e = a(y)e, for all (z,y) € R X w; (6.1)

where y — a(y) is a positive (Lq,. .., Lq)— periodic function defined over @. The nonlinearity f is
assumed to satisfy (3.3) and (3.4). Moreover, one assumes that, at least, one of é- Aé and ¢ is not
constant. Besides, the advection field q (when it exists) is in the form q(x,y) = (q,(y),0,...,0)

14
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where q, has a zero average over C, the periodicity cell of w. For each 8 > 0 consider the reaction-
advection-diffusion problem

{ Ut :,BV (A(y)vu) + \/Bch(y)a:vu + f(x’y’u)a t € R’ (x’y) € RXW’
v-AVu(t,z,y) =0, t e R, (z,y) € IN.

Then the map (5 — is decreasing in > 0, and by Theorem 4.1, one has

Jim %@”” — 2\/ ]1 EAE(y)dy \/ ]1 ¢(y)dy,

where C' is the periodicity cell of w.

664,vFq.f(¢)
VB

Remark 6.2 In the same setting of Theorem 6.1 but with no advection, that is q, = 0, we still have
ce e
5 ’_> Q7ﬁA707f( )

holds and there is no advection, Theorem 3.1 yields that

as a decreasing map in B > 0. Moreover, if one of the alternatives (3.7)-(3.8)

e e
lim M =2 /maxéAé(y) , /max((y).

B—0+ \/B YyEW YyEW

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(z,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

T x x

Ap(z,y) = A(z, %), the advection field ¢, (z,y) = q(f, %) and the nonlinearity f; = f(f’ g,u)
and we are going to study the variation, with respect to the periodicity parameter L, of the minimal
speed cpy AL o (e), which corresponds to the reaction-advection-diffusion equation within the
’ Ay

(L,- -+, L)—periodic coefficients A, , ¢, and f, :

Theorem 6.3 Let e = (1,0,...,0) € RN, An element z € RY is represented as z = (r,y) € R x
RN=1 Assume that A(z,y) = A(y) (for all (z,y) € RY) and f(z,y,u) satisfy ( (3.3), (3.4) and
3.5) withw =RN"1, d=N—-1,andl = L1 = ... = Ly_1 = 1. Assume furthermore, that for
all y € RN=L A(x,y)e = A(y)e = a(y)e, where y — a(y) is a positive (1,...,1)-periodic function
defined over RN™1 and that, at least, one of & - Aé and ¢ is not constant. Let q be an advection
field satisfying (2.3) and having the form q(z,y) = (q,(y),0...,0) for each (x,y) € RYN. Consider
the reaction-advection-diffusion problem,

V(t,z,y) € R x RY,

wilt,z,y) = V - (A, )Va) (t.2,9) + (@), (9)Oultsz,y) + f, (2,9.1), (62)

whose coefficients are (L, ..., L)—periodic with respect to (x,y) € RV,
Then, the map L — cpn 4 s, (€) s increasing in L > 0.
A dyp s,
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Remark 6.4 The assumptions of Theorem 6.3 can not be fulfilled whenever N = 1. Howewver,
assuming that N = 1 and that the function

¢ <a>p
<(>a a

is not identically equal to 2 (where a(x) is the diffusion factor, < a >p and < { >4 are, respectively,

the harmonic mean of x — a(x) and arithmetic mean of x — ((x) over [0,1]), it was proved, in [13],

that L — cpn , 0 f (e) is increasing in L when L is close to 0. In particular, if a is constant and
MroYrHJ

*

e) 1s increasin
RN7QL7QL7fL( ) g

¢ is not constant, or if u is constant and a is not constant, then L — ¢

when L is close to 0.

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

Theorem 6.5 Assume that Q = R xw 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

uw =V (A@Yy)Vu) + VBq,(y) dyu + Bf(z,y,u), t€R, (z,y) € Rxuw,
v-AVu(t,z,y) =0, t e R, (z,y) € IN.

€ A/Ba,Bs )

VB

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+ cg 4 , p(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. However, the present theorem is

Then, the map B — 1s increasing in B > 0.

o, 4B q,570)

VB

Remark 6.6 Owing to the same justifications given after Theorem 3.5, one concludes the impor-
tance 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 remains open in the
general periodic framework.

concerned in the variation of the map B rather than that of B+ cg, 4 , py(e)-

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 4 subsections, each devoted to proving the results announced in a corresponding
section.

16



hal-00172332, version 5 - 21 Nov 2010

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 variational
formula (2.7) of the minimal speed. Consequently,

kQ,e, EA, 0, C()\)

¢ = 7.1
Coea0(e) = min 3 : (7.1)
where kq e ca,0,c(A) is the first eigenvalue (for each A, ¢ > 0) of the eigenvalue problem
Lae, cA, 0,(, A v =kq, eA, 0, g(A) ¥(z,y) over R x w; (79)
v- AV =0 onR x Juw,

and

Lo, eA, 0, \0(@y) = V- (Aly)Vi(z,y)) —2eXde - Vip(z,y) +
[e NeA(y)e — AeV - (A(y)e) + C(y)] (x,y),

for all (z,y) € R x w.

Initially, the boundary condition in (7.2) is v+ AVyY = Av - Ae on 092 = R x Jw; where v(z,y)
is the unit outward normal at (z,y) € 0f2. However, ! = R x w 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 9.

We recall that for all A > 0, and for all € > 0, we have kQ,e, cA, O,C()‘) > 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 Lg. eA, 0,¢, )\ 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 2 = R X w,
then for each (x,y) € 99, we have v(z,y) = (0;v,(y)), where v,(y) is the outward unit normal
on Jw at y. Consequently, the first eigenfunction of (7.2) is independent of z and the eigenvalue
problem (7.2) is reduced to

Lo, cA,0,c,08 = V- (AW)Ve(y)) + [eNeAy)e + ()] o(y)
= er, A, 0, C()\) ¢ over w; (7.3)

v(z,y)- A(y)Vo(y) = (0;10(y)) - A(y)Veé(y) =0 on R x dw,

where ¢ = ¢(y) is positive over w, L—periodic (since the domain w and the coefficients of
LQ’Q £A,0,¢, )\ are L—periodic), unique up to multiplication by a constant, and belongs to C ?(@).

In the case where d > 1, let C 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

e / Vo Ay)Vody — / [eAZeA(y)e + C(v)] 6 () dy
) — C

- kQ,e, €A, 0, C()\ (74)

C
¢ (y) dy
C
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One also notes that, in this present setting, the operator Lo c4,0,c,x is self-adjoint and its
coefficients are (L1,..., Lqg)—periodic with respect (y1,...,yq). Consequently, —k, . -4 o C()\)
has the following variational characterization:

6/ V@-A(y)dey—/ [eX2eA(y)e + ((y)] ¢*(y) dy
_ : C C
~ Koy ed, 0,cN) = min

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

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 (L1, ..., Ly)—periodic over &, whose periodicity cell C
is a bounded subset of RV~! (whether d = 0 or d > 1). Let yo € C' C @ such that r;lea% C(y) = C(yo)

(7.5)

(trivially, this also holds when ( is constant). Consequently, we have

el Ve AV@D—/C(HMZ + ((y)¥”

Ve HY(C)\{0}, =< > — [eaX? + ¢(yo)] -

/ ¥*(y) dy
C
This yields that
Ve>0,YA>0, kg, o4 0cN) >~ [eaX? + ((yo)] - (7.6)
Consequently,
kg (A)
Ves0,VA>0, Q”eAA’O’C < )\aa—i—C(io). (7.7)
However, the function A — Aas + C(i\JO) attains its minimum, over R, at A\(e) = C(aygo).
This minimum is equal to 24/¢(yo) X v/ae. From (7.7), we conclude that
k (Ae))
Q.e, €A, 0,
)\(S)C < 2v/ae\/((yo)-
k (A)
Finally, (2.7) implies that cg, .4 f(€) = g\nir(l] e, gA)’\ 0.¢ < 2v/ae/((yo), or equivalently
e >
C*Q,EA,O,f(e)
Ve >0, RV < 2v/a/C(yo)- (7.8)

. . a . C;l,eA,O,f(e) .
We pass now to prove the other sense of the inequality for liminf ———2—-. We will con-

e—0t €
sider formula (7.5), and then organize a suitable function ¢ which leads us to a lower bound of

ce e
i A 0.0(6)

e—0t \/E

We have ((yp) > 0. Let § be such that 0 < 0 < ((y0). Thus 0 < ((yo) — 6 < max ((y). The
continuity of ¢, over C' C @, yields that there exists an open and bounded set U C C such that

Vye U, C(yo) — 0 <((y). (7.9)
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Designate by v, a function in D(C) (a C*°(C) function whose support is compact), with
suppvy C U, and / 1? = 1. One will have,
U

VYA >0,Ve >0,

hoza 0N <[ Vo AwVedy - [ [N edte + )] ) dy
< /w YV dy — [eXa + Clyo) — /¢2
<e /U sV — [23% + C(yo) — 8], by (3.5),

or equivalently

kq.e (A) 1
2064, 0.6 5 yae + 2 B(e), (7.10)
A A
_ 2 y C(yo) — 6 . )
where B(e) = ((yo) —0 — e | ao|V¥|*. Choosing 0 < ¢ < ——=~——— (this is possible), we get
v ca [ [V0f
U
B(e) > 0.
1
The map A — Aae + X B(e) attains its minimum, over RT, at A\(¢) = @. This minimum
eQ
is equal to 2v/e an/5(e).

Now, referring to formula (7.10), one gets

ko e ()
For € small enough, e 6A)’\ 0.6 > 2y/ea/PB(e) for all A > 0.

Together with (2.7), we conclude that

for € small enough, QEATOJC > 24/B(e)Va. (7.11)
Consequently,
(¢)
li f% >  liminf?2
minf =" 2 Imbi2veEve

= 2v/C(yo) — 6v/a (since 9 is independent of ¢),

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

hmlnfEAiof( > 2v/av/C(yo)- (7.12)
e—0+ Ve
?2,5A,07f(e) . .
Finally, the inequalities (7.8) and (7.12) imply that lim ———2—— exists, and it is equal to
e—0t \/E

2v/a\/C(yo) —2\/maX6A \/maxC
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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, eAe 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 eAe attains its maximum and then we continue
by the same way used above. O

Proof of Theorem 3.3. We have

kaev 8"47 q, C()\)

: = mi ) 7.13
CQ,EA,o,f(e) £n>1% \ ( )
where (due to the facts that ¢ is a shear flow, e = (1,0,--- ,0) and e is an eigenvector of the matrix

Ay) forally € W) kg, . -4 q C()\) is the principal eigenvalue of the problem

LQ,e,eA,q,(,)\w(xa y) = kQ,e,z—:A,q,C()‘) ¢(9€, y) over R x ws
v- AV =0 onR x Juw,

with
LQ,e,z—:A,q,C,)\ ¢ = eV (A(y)wb) - 25)\04(y) 3x¢ + 4, (y)axw

+ [5 NeA(y)e — Mg, (y) + C(y)] W over R x w.

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

Loeca,gent =V - (Ay)VY) + [e NeA(y)e — Aq, (y) + C(y)] ¢

(7.14)

Consequently,
YA>0,Ve >0, —koeea qc(N) =

. c /C V- Aly)Vedy + A /C 0, (y)* — /C VeeAlle + Cw)] @*W)dy (75
peH(C)\{0} / 0 (y) dy |
C

Formula (7.15) yields that

VA>0,Ve >0, —kge ca,qc(A) > —Amax (—a1(y)) — A% max eA(y)e — mg}ﬁ(y),
ycw ycw ycw

or equivalently

b e e () max C(y)
YA >0, Ve > 0, —2etheC < ax (—qi(y)) + Ae max eA(y)e +
A YEW YyEW A

Putting A = A\(e) = w > 0 into the last inequality yields that
€ MaXyecwe A(y)e

k 0y
. Qe €A, q,¢
m <m — + m LA m
in h\ < max (~qi(y)) + 2V, fmaxe- Ay)e, max((y),
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and hence,
limsup ¢, o4 4 (€) < max (—q1(y)) - (7.16)

e—=0t yew

Now, we take yo € C' (C' is the periodicity cell of w) such that maxyez (—¢1(y)) = —q1(y0) > 0
(since ¢ is periodic with respect to y, ¢1 # 0 and ¢; has a zero average) and we take ¢ > 0 such
—q1(yo) — 0 > 0. It follows, from the continuity of ¢, that there exists an open subset U C C' such
that yo € U and

Yy €U, —a(y) 2 max (~qi(y)) - 4.

Let ¥ be a function in D(C) with supp+ C U, and / ¥? = 1. Referring to (7.15), it follows
U
that

kQ,e, €A, q, C()\)

YA > 0,Ve >0, 3

1
> ~qi(yo) — 0+ Aemine- Ae + + f(e), (7.17)
yeEw

where (e) = min((y) — 8/ az| V|2 > 0 for a small enough ¢ > 0 (g > 0 is the constant
Yyew U

appearing in (3.5)).
It follows from (7.17) that

kﬂ,@ €A, q, C()‘)
A

YA > 0,Ve > 0, > —qi(yo) — 0 + 2\/5\/meiye - Aev/B(e).
YEW

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

liminf et o 4(¢) 2 ~01(40) = max(-ai(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
o(t,x,y) = u(t, Lz, Ly), (t,z,y) € Rx R x RN7L,

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

V- (A(y)Vo)(t, z,y) + f(z,y,v) over R x R x RVN~L, (7.19)

1
vt(t’x’y) = F

Consequently,
VL > O, C]ENyALa(L fL (e) = LCIEN,L%A,O,f(e) (720)

Taking € = 1/L2, and applying Theorem 3.1 to problem (7.19), one then has

c (e) *
RN, L 4,0,f c (e)
lim — L = jm A0S g ax Y \/ max eA(y)e. (7.21)
L—+o0 1 0+ Ve y ERN-1 y ERN-1
r
Finally, (7.20) together with (7.21) complete the proof of Theorem 3.4. O
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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-Aé = 0 on 0f2, the minimal speeds ¢

oa Mg, £
are given by:
k (A)
X . Mae, MA, M7 q,C
M >0, ¢ rra b g, (€)= ) ’

where k¢, . arA. MY q C()\) and Y™ denote the unique eigenvalue and the positive L-periodic

eigenfunction of the problem

MV - (AVYMMY = 2MNe - AV 4 Mg - V™M 4+ N2 M EAE — AMq - & + (™M
= kQ,@, MA, M’y q C(}\)I/}A’M in Q,

with v - AVYMM =0 on 09.
For each A > 0 and M > 0, let A" = AWM, and let ko pra apg (D) = n(X, M).
Consequently,

cr ¥ (e) N M
YM >0, oMAMIg f 7 min rA L M) z ),
VM A'>0 A
where u()\/, M) and Y M are the first eigenvalue and the unique, positive L—periodic (with respect
to x ) eigenfunction of

(7.22)

MY - (AVN M) — oX' Ve - AV M 1 Mg - vy M

e N Vo / Vo (7.23)
+ [N eAe — —g—q-e+ (| YN = p(N, M)y M in Q,
M

with v - AVy* M =0 on 09.
Owing to the uniqueness, up to multiplication by positive constants, of the first eigenfunction
of (7.23), one may assume that:

YA >0, VM >0, [P M2y = 1. (7.24)
A, M ,
Moreover, for each M > 0, min L’/) is attained at A,, > 0. Thus,
A'>0
“oa, M7 g, £ pN M) (A, M)
VM >0, ——= ’ = min M (7.25)
VM A0 A Aur

The above characterization of cg’ Ma M g, f(e) /V' M will be used in the next steps in order
to prove that %}niinoi CE,MA,MV “ f(e)/vM (resp. l]\ldniiuolo) c;7MA7 M7 q. f(e)/\/M ) is greater than

(resp. less than) 2\/][ eAé(x,y)dx dy \/][C(x, y)dzx dy; and hence, complete the proof.
C C
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Step 2. Fix A" > 0 and M > 0. We divide (7.23) by Q,D)‘/’M then, using the facts V.Aé =0 in Q
and v - Aé = 0 on Jf2, we integrate by parts over the periodicity cell C. It follows from (2.3) and

the L—periodicity of A, ( and 1/1’\I’M that

/ Vw)\ M Avw)\ M

¢)\M

+A’2/ éAé+/ ¢ = u(\, M)C), (7.26)
C C
where |C| denotes the Lebesgue measure of C. Let
1
my = ][éAé = —/ eA(xz,y)éedxdy and m= ][C(x,y) dx dy.
o ICl Je o

One concludes that

YA > 0,YM >0, p(\,M) > A’z]léAéJr][g:A’Qmoer,
C

C
whence

P\, M)

YA >0, VM >0, X

> A'mo + T (7.27)

The right side of (7.27) attains its minimum over R at )\(; =4 /ﬁ. This minimum is equal to

mo
2 mom.
cr ¥ (e) "M
Consequently, for any M > 0, foa, M ¢.f = min M()\i) > 2./mgm. This yields that
vM Voo A

. QMA M7 q,
lim inf > 2 eAe (z,y)dz dy C x,y)dx dy. (7.28)
M—+o0

Step 3. Fix A" > 0 and M > 0. Multiply (7.23) by 1/1’\I’M and integrate by parts over C. Owing

’ ’ 2
to the L—periodicity of Q, A, ¢ and ¥ "M, and due to the facts that / <1/1A ’M) =1, V-4¢=0
C
in Q, and that v - Aé¢ = 0 on 01, together with (2.3), one gets

’ / , ’ 2 ’ 2
C C C
N oy (7.29)
- /q-é(W’M) = p(A, M),
M2 Je
whence /
i ! i A
WA > 0,YM >0,0<p(\, M) < A a5+ —2 (@) lloes
M*
where & = max éAé(z,y) and S = max ((z,y). Together with (7.27), one gets
(z,y)eR (z,y)€Q
WA S0, VM >0, 0< A mo+m < p(\ M) <A ot Bt - (@8 o (7.30)
M*
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/

1 A / 1
If v = 3 then — 7H(q-é)_ lloo = Al (¢-€)" ||oo- On the other hand, if 0 <y < 2’ then

M

/

A N
—1(q-€) ||loo > 0 as M — +oo.

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

VYA >0, 0< limsup ,u()\,,M) < 400.
M ——+o00

On the other hand, it follows from (2.2) and (7.29) that VA" > 0,YM > 0,

0 SOq/ |V¢A/,M|2 S/VT,Z))‘/’M'AVT,Z))‘/’M
c c

oan e [aae (@' o)’ 5 [ore(o ]

<

A
2w b

B
Meanwhile, lim — = 0, one then gets
M —+o0
VA'>0, lim / |Vyr M2 =0,
M—+oco C

/ o (7.31)
VA" >0, VM >0, /(W’M) — 1.
C

Fix A" > 0, and let (M,,), be a sequence converging to +o0o as n — +oo and such that
p(\, M,) — V01 ag +oo. It follows, from (7.31), that ||¢>‘/’M”||H1(C) — 1 as n — +oo.
Thus, the sequence (1//\/’M”)n is bounded in H'(C). Therefore, there exists a function w)‘/’w €
H'(C) such that, up to extraction of some subsequence, the functions (1/1>‘/ My converge in L2(C)
strong, H'(C) weak and almost everywhere in C, to the function ¢ **°. Consequently, and owing
to (7.31), w)‘,’w satisfies

’ 2
/(zpA v°°> ~1, and (7.32)
C
3 3
(/ |V va2> < liminf (/ |V anP) =0. (7.33)
C My, —+o00 C

From (7.33), it follows that for all A > 0, the function 1/1>‘l’°° 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 ¢ > is continuous over C. Consequently, referring to (7.32), one gets

VA >0, ¢V =~ over O. (7.34)
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Consider now equation (7.23). Fix )\/, take M = M,, and integrate by parts over C. It
follows, from (2.2), (2.3) and the assumptions V.Aé = 0 over Q with v.Aé = 0 on 09, that

/ M,V - (AV?,Z))‘,’M") =0, / —2X'\/M,é - AV¢>‘I’M" =0, and / q- V?/))‘,’M” = 0. Hence,
C C C

’

A / /2
- 1 /q'éw)\’Mn‘F)\
C

- é- Aey? 7Mn+/ ¢y Mn :M()\',Mn)/ P Mn o (7.35)
M c c

c

Meanwhile, the functions 1/1>‘I’M" converge to the constant function 1/1>‘l’°° in L?(C) strong; and
hence, in L!(C) strong ( C is bounded, so L?(C) is embedded in L'(C)). Let M,, — +oc0c in (7.35):
In case 7 = 1/2, one has

i

)\ ’ , ’ , /
— [areni o [ g X [ e,
Mf_” C C c

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

’

A ’
T /q-éi/))"M"—H) as n — 4o00.
M2 Jo

Moreover, €éAé and ( are in L*°(C). Thus, as M,, — +oo in (7.35), we get

)\/21[))\,700/ cAE +7;Z))\,’OO/ ¢ :l)\,,(Mn) ,IIZ))\,,OO|C|.
C C

AR

One concludes that

N (M)

YA >0 =\ {ede =\ = 7.36
>0, )\/ fc:e e+ )\/ mo + )\/ ( )
/ / m lA:)’(Mn)
Whence for A = \j =,/ —, one gets — = 2/mgm.
On the other hand, for all M,
oMy g £ a0 M) e M)
e on d = inf - < e TR (7.37)
vV My, N'>0 A )\0
c* (e) Aoy (M)
. . QM. A M) q, f [0 .
Passing M,, — 400, one gets lim su L < — = 2,/mgm, and this holds for
g g Mn~>+£)o A, ¥ 0
all sequences {M,, },, converging to +o00. Thus,
I ‘a2 g 1 2 ][~A~( ) dad ][g( ) dad (7.38)
im sup < eAé(x,y) dxdy z,y) dxdy. .
M—+o0 v M c e}
Having (7.28) together with (7.38), the proof of Theorem 4.1 is complete. O
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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,z,y) = u(t, Lz, Ly), (t,z,y) € R x RV,

After the same calculations done there, one gets that u satisfies (4.1) if and only if v satisfies
1 1 N
vt(t’x’y) = FV(A(:c,y)Vv)(t,ﬂ:,y)—i—EqVv(t,x,y)+f(ﬂ:,y,v) over R x R™. (739)

Consequently,

VL>0, C&N,A (e) = Lc (e). (7.40)

1 1
L7qL7fL RN,L—QA,Zq,f

On the other hand, the coefficients and the domain of problem (7.39) satisfy all the assumptions
of Theorem 4.1. Taking M = 1/L2 and v = 1/2, then (7.39) can be rewritten as

vi(t,x,y) = MV - (A(z,y)Vo)(t,z,y) + M2 g Vo(t,z,y) + f(z,y,v) over R x RV,

In this situation, the periodicity cell of the whole space RY is C' = [0,1] x --- x [0, 1].
It follows, from Theorem 4.1, that

% %
lim CRN,%A%QJ(G) = lim CRNyM AM3 q,f(e)
L—0+ 1 M—+o00 M
7 (7.41)
=2 ][éAé(:U,y)d:c dy ][C(:c,y)d:v dy.
C C
Having (7.40) together with (7.41), the proof of Theorem 4.3 is complete. O

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 demonstration
of Theorem 3.1. Applying the variational formula (2.7) of the minimal speed, one gets

kae. 4,050 (7.42)

)

ce e) = min
0,40,B7(€) un \

where kq e 4,0,8¢()) is the first eigenvalue (for each A\, B > 0) of the eigenvalue problem:

(7.43)

Lae, A,0,B¢,A U(z,y) = kQ,e,A,O,BC (A) ¥(z,y) over R x w;
v-AVY =0 onR x Jw,

and

Loe a0Bca¥(r,y) = V- (A[y)Vy(z,y)) — 2 Ae- Vip(z,y) +
[NeA(y)e — AV - (A(y)e) + BL(y)] v(x,y),

for each (z,y) € R X w.
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We recall that for all A > 0, and for all B > 0, we have kg, 4 BC()‘) > 0. Also, the first

eigenfunction of (7.43) is positive over Q = 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
Loe ao, B¢, \ are independent of x. Hence, the first eigenfunction of (7.43) is independent of x

and the eigenvalue problem (7.43) is reduced to

Lo, a0 Be, A = V- (AWVely)) + [NeAly)e + BC(y)] 6(y)

= kae a,08¢(A) ¢ over w; (7.44)
v(z,y)  AW)Vely) = (0m(y) - Ay)Ve(y) =0 onR x dw,
where ¢ = ¢(y) is positive over w, L—periodic (since the domain w and the coefficients of

Lﬂ,e A0, BC, )\ are L—periodic), unique up to multiplication by a constant, and belongs to C %(@).

In the case where d > 1, let C 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 (7.44) by ¢, and
integrating by parts over C, one gets

/V¢ VM//WMW+MM&@@
- kQ,e,A 0, BC < )
way

One also notes that, in this present setting, the operator LQ’& 4,0, BC, A is self-adjoint and its

(7.45)

coefficients are (L1, ..., Lg)—periodic with respect (y1,...,y4). Consequently, — kg, . 4 BC()‘) has
the following variational characterization:

/ Ve A(y)Vedy — / [(NeA(y)e + BC(y)] ©*(y) dy
— kqe a, o,Bg()‘) = min a3

1
e (C)\{0} /C 2(y) dy

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

The function y — ((y) is continuous and (L1, ..., Ly)—periodic over &, whose periodicity cell C
is a bounded subset of RV~! (whether d = 0 or d > 1). Let yo € C' C @ such that r;lea% C(y) = C(yo)

(7.46)

(trivially, this also holds when ( is constant). Consequently, we have

/Vso AV — /C(M2 + B((y)¢?

Yoe HYC)\ {0}, / 2 > — [aX® + B((yo)] -
©*(y) dy
C

This yields that

VB >0,YA>0, kg, 40 pc(N) 2 —[ad® + B((yo)] . (7.47)
Consequently,
Kae (A) B
v3>o,w>o,% < Aa+@. (7.48)
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B
However, the function A\ — Aa + (B ((yo)/\) attains its minimum, over R, at A\(B) = M.

This minimum is equal to 2,/B¢(yo) x va. !
From (7.48), we conclude that: o A’(;\’(B;C)()\(B)) < 2vVBa/C(yo).
Finally, (2.7) implies that
‘00870 = mkfw < 2VBav(w),
or equivalently
VB >0, “.40.5¢(¢) < 2va/C(wo)- (7.49)

VB

. . .. . COA0.B f(e)
We pass now to prove the other sense of the inequality for lim inf ———=———
B—+00 VB

sider formula (7.5), and then organize a suitable function ¢ which leads us to a lower bound of

. We will con-

.. CEAOBf(e
1 f2oh2) - 7
RS NG
We have ((yp) > 0. Let § be such that 0 < 0 < ((y0). Thus 0 < ((yo) — 6 < max ((y). The

continuity of ¢, over C' C @, yields that there exists an open and bounded set U C C such that
(o) =0 <((y), Vye U. (7.50)
Designate by 1, a function in D(C) (a C*°(C) function whose support is compact), with
suppy C U, and / ¥? = 1. One will have,
U
VA>0,VB >0,
~kge a0 BN < /U V- Aly) Vi dy — /U [NeA(y)e + B<(y)] ¢v*(y) dy
< [ Vo AwVedy - Vo + Bcu) - 5] Gy (7:50)

gLamwF—wa+B@%wwﬂw&m,

or equivalently
kq.e, 4, 0, B((N) B
[t > B . 1
3 _)\oz—i-)\p( ) (7.51)

1
where p(B) = ((yo) —d— B / | Vep|%. Choosing B large enough, we get p(B) > 0 (this is possible
U

B
since ((yo) — 0 > 0 and also / as|Vep? > 0). The map A — Ao + X p(B) attains its minimum,
U

Bp(B
over R, at A(e) =4/ L This minimum is equal to 2V B a+/p(B).
«

Now, referring to formula (7.51), one gets:

k
for B large enough, Q’E’A’O)’\BC()\) > 2VBa+/p(B) forall A > 0.
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Together with (2.7), we conclude that

e (e)
for B large enough, A0 BT > 2v/p(B)Va. (7.52)
vB
Consequently,

cr e
.. Q,A,O,Bf() ..

_— >
iU 2 imhlveBive

= 2v/¢(yo) — 0v/a (since 1 is independent of B),

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

ce e
?Ei‘éﬁ%?() > 2v/a/C(yo)- (7.53)

ce e
Finally, the inequalities (7.49) and (7.53) imply that lim M

B—+oc0 \/E
to 2v/ay/C(yo) = 2, /maxeA(y)e, /max ((y).

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 ( is
constant; however, eAe 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 chsose the subset U (of the proof done above) around
the point yg where eAe attains its maximum and then we continue by the same way used above. [

exists, and it is equal

Proof of Theorem 5.2. According to Theorem 2.4, and since v - Aé = 0 on 0f, the minimal
speeds C;A’B»y 7. Bf(e) are given by:

k (A)
* _ . Qvev A7 B’y q? BC
VB> 0. g, BfO) =R X ’

where ki, . 4 B ¢, B C()\) and Y denote the unique eigenvalue and the positive L-periodic eigen-
function of the problem
V- (AVYNE) —20é - AVYNE + BYg - VP 4 [N2éAé — ABYq - é+ B NP
=kg . 4 By BC()\) YN in Q, with v - AVY = v - AVYME =0 on 9.

For each A > 0 and B > 0, let A" = \/V/B, and let Koe 4 Bq, BC()\) = u(\', B). Conse-
quently,
o 2l (e) '
vB >0, 2ABa Bl w4 B)
VB x>0 A B

where ,u()\/, B) and ¥* B are the first eigenvalue and the unique, positive L—periodic (with respect

(7.54)

to z) eigenfunction of
V- AV BY — 2NVBe - AV P 4 B v P

2 S ' , / (7.55)
+ N BéAé —\B *q-é+ B¢y B = u(\N,B)y* B in Q,
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with v - AVy* B =0 on 99.
Owing to the uniqueness, up to multiplication by positive constants, of the first eigenfunction
of (7.55), one may assume that:

YA >0, VB >0, [ Bl = 1. (7.56)
N\, B /
Moreover, for each B > 0, min M is attained at Az > 0. Thus,
A'>0
0,4, B7 g, Bf\®) p(\'.B)  pu(\g,B)
VB >0, —= ’ = min ——— = 2B (7.57)
VB x>0 A'B BXp

Having the above characterization, one can now imitate the steps 2 and 3 in the proof of
Theorem 4.1 to prove that
C e ok
it < 57 g, B (VD

(resp. limsup C;,A,BV 7 Bf(e)/\/ﬁ ) is greater than (resp. less than)

B—0t
2\/][ e¢Aé(x,y)dx dy \/][C(x, y)dx dy;

and hence, complete the proof of Theorem 5.2. U

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 8 > 0, we have:

“opaBas ) iy P84, vBac(Y)

VB A>0 B ’

where kg . g4 /54.c(A) is the first eigenvalue of the problem

{ LoegavBaca(@y) = ke pa yaecN) ¥(z,y) over R X w; (7.58)

v.AVYy =0onR x duw,

where

Loesaviacat = BV (A)VY) — 28 a(y) 0.0 + /B, (y)0rt)
+ |BNeA(y)e —AV/Ba,(y) + C(y)] 3 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 9 and V - Ae = 0. Moreover, for each
(z,y) € 09, we have v(z,y) = (0;v,(y)), where v, (y) is the outward unit normal on dw at y.

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

BY - (Aly)Vi(y)) + [BAeA(y)e — AWBa, (y) + C(v)] ¥ (y)
= ko e 5, Bgc(NP(y) for all y € w, (7.59)
viz,y) - A(y)Ve(y) = (0;00(y) - Ay)Ve(y) = 0 on R x dw.
For each A > 0 and 3 > 0, let A" = A/, and let kﬂ,e,ﬁA,x/Bq,C()‘) = ,u()\,,ﬂ). Since for each
koe pa, vBac(N)

B >0, min is attained at A(f3), it follows that
A>0 A
Qpavias® _ . p(\,p)
Vg >0, ——~—"— = min —, 7.60
’ VB N0 A ( )
where p(X, B) is the first eigenvalue of the problem:
12 ’ ’ .

LY =BV - (A(y)VY) + [N eA(y)e — Nq, (y) + C(y)] ¥ =p(\,B)¢Y inw, 761)

v-AVyYy =0 on dw.

The elliptic operator Lf, in (7.61) is self-adjoint. Consequently, the first eigenvalue ,u()\,, B) has

the following characterization:?

YA >0,V8>0, —u\,B) =
5/ Vw-A(y)WderX/ ql(y)<p2—/ [/\'QGA(y)eJrC(y) ©*(y)dy
min C C C
e (C)\{0} / () dy
C

= min R)\/,ﬁ, .
peH(C)\{0} ( 2

(7.62)

For each A" and 8 > 0, ¢ — R(X,,¢) attains its minimum over H'(C) \ {0} at 1/))‘/’6, the
eigenfunction of the problem (7.61). On the other hand, 8 — R(A/,ﬁ ,) is increasing as an affine
function in . Consequently, fixing A" > 0 and taking 8> 8 >0:

/

—p(X,B) =R, B4 P) > RN, B, 0N F)

> min R)\/, ,, =— )\l, .
Z e oy B B0) = —ul )

(7.63)

In other words, for all A" > 0, the function g — ,u()\/, B) is decreasing. Concerning now the
function § + ¢ 5ANBq f(e)/f, one takes randomly 8 > 8 > 0, hence

s AT as'D uN(B).8) _ u(N(8),B)

/B T NGE) NGB "
(N, B) _ c;k),ﬁA,\/Bq,f €
S e

2To have an idea, multiply (7.61) by the positive, (L1,..., Ls)—periodic function 1 and integrate by parts over
the periodicity cell C' of the the domain w.

31



hal-00172332, version 5 - 21 Nov 2010

which means that the function 8 cg 54 5, ¢(€)/ /B is decreasing,
Finally, when 8 — 400, one can easily check that the hypothesis of Theorem 4.1 are satisfied;
hence, one has the limit at +o0o0, and that completes the proof of Theorem 6.1. U

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

VL > O, C]ENyALqu,fL (6) = LC]%N LA,%q,f(e)' (764)

7L2
Taking 8 = 1/L27 then
vt z,y) = BY - (A(y)Vo)(t, z,y) + /B, () 0 v(t, z,y) + f(z,y,v) over R x RV,
Owing to Theorem 6.1, the function 8 — c* e B is decreasing in S > 0. Be-
& w4 VB, I VP &

sides, L ~ 1/L? is decreasing in L > 0. Together with (7.64), one obtains that the function
L— C]EN A g f (e) is increasing in L > 0 which completes the proof of Theorem 6.3. O
’ L>4LyJ L

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

*
chAv\/E(LBf(e) min kﬂvev Av\/E(LBC()\)

VB T B

Owing to the same justifications explained in the proof of Theorem 6.1, k, , 4 VBa BC()‘) is the
first eigenvalue of the problem

V- (A(y)Vi(y)) + [Ve - Ae = MW Bq, (y) + BCW) | $(y) = kg o 4 vBgpc WY inw,
v(z,y) - Aly)Vip(y) = (051 (y) - Aly)Vi(y) =0 on R x Ow.

For each A > 0 and B > 0, let \' = \/V'B and koe avBgpc(N) = 1(\', B). The first eigenvalue
(X', B) has the following characterization:

(7.65)

! :U’(A/’B)
B _——_— =
YA >0,VB > 0, VE
Ve Aw)Vedy . ; /CC(y)SDQ(y) dy
min ; +/q1gp —)\/eAego — ;
p e H'(C)\ {0}; AB c c A (7.66)
"(PHLQ(C):l
= 11rnin R\, B, o).
v € H(C)\ {0}
"(PHLQ(C):l

On the other hand, B — R()\/,B, ¢) is decreasing in B > 0. Consequently, fixing N >0 and
taking 0 < B < B,

/B , , , , ’ ! !
_%:R(A,B,zp)‘ﬁ)>R()\,B,1/1A’B) > min R\, BLg)
@€ H(C)\{0};
||%0||L2(c):1
__#N.B)
A/B/ *
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In other words, for all \ > 0, the function B ,u()\,,B)/)\,B is increasing in B > 0. Now, we
take randomly 0 < B < B'. Thus,

Cﬂ< e / ’ / /
Q7A7VB,qulf( ) :mmﬂ()‘aB) :M()‘BHB)
VB Ns0 ANB )\;B, x B’

> g B) > min p(X',B) — 0B g

T e v i

which means that B — ¢ (e)/VB is increasing in B > 0. O

0,AVBq,Bf

8 Applications to homogenization problems

The reaction-advection-diffusion problem set in a heterogenous periodic domain € satisfying (2.1)
generates a homogenization problem:
Let e € R? be a vector of unit norm. Assume that Q, A, ¢, and f are (L, ..., 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:
T

Y Ty Ty
v 9 6967 A 9 :A(_a_>7 ) = <_7_)7 d 9 = <_7_>'
(z,y) (7, y) =) te@y)=a(Z,2), and folz,y)=f(2 2
The coefficients A., ¢, and f. together with the domain Q° are (¢ L1, ... e Lg)—periodic, and
they satisfy similar properties to those of A, ¢, f and €.
Consider the parametric reaction-advection-diffusion problem

uf(t,x,y) =V (Aevue)(t’x,y) + ge * Vu* + fe(x’y,us)a te Ra (xay) € Qea
(Pe)
Ve A Vu'(t,z,y) =0, t € R, (x,y) € 00,

where 1°(z,y) denotes the outward unit normal on 9Q° at the point (z,y).

Owing to the results found by Berestycki and Hamel in section 6 of [2], and since the coefficients
Ae, fo and q. together with the domain Q° satisfy all the necessary assumptions, it follows that
the problem (F:) admits a minimal speed of propagation ¢ 4,  (€) >0 such that (F:) has a
solution v in the form of a pulsating front within a speed c if and only if ¢ > ¢ 4, 1 (e) > 0.

In this section, we investigate the limit of the parametric minimal speeds 0557 Aerge, fs(e) (whose
parameter is €) of the problems (P.).~g as ¢ — 0. In other words, we search the limit of these
minimal speeds as the periodicity cell C¢ = eC becomes a very small size. On the other hand,
we study although not the most general setting, the variation of the map € — cf,. Aclge, fs( e) in
e > 0.

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

{ up(t,x,y) =V - (A VW)t 2,y) + ¢ Vu© + fe(z,y,07), t €R, (z,y) € €,

VoA V' (tz,y) =0, t € R, (x,y) € 997, (8.1)
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where A, fo and q. are the coefficients defined in the beginning of this section. Then, the minimal
speed c’bg A, g, f (e) of pulsating travelling fronts propagating in the direction of e and solving
I €y 4€r JE

(8.1) satisfies

61_1>r51+ CO° AL g, fe(e) :2\/]£eAe(ac, y)dz dy \/]ég(m, y)dz dy, (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 €2¢ is the image of 2 by the a dilation
whose center is the origin O(0,...,0) and whose scale factor is equal to . Consequently,

for each e > 0, (ex, ey) € Q° if and only if (z,y) € 2, and

(ex, ey) € 09° if and only if (z,y) € 0.

Moreover,
Ve >0, Y(z,y) € 0, v°(ex, ey) = v(z,y).

Consider now, for each € > 0, the following change of variables
v (t z,y) = u'(tex,ey);  (t,z,y) € R x Q.

One gets
V(t,z,y) € R x Q, vj(t,z,y) = ui(t,ex,ey),

Vay (Alz,y)Voo)(t,z,y) = Vay - (AVUE)(t, ex,ey) = 2V - (AcVu)(t,ex, ey),

and

(8.3)
The boundary condition in (8.1) yields that v.(ex,ey) - [A:Vu®] (¢t,ex,ey) = 0, for all (t,z,y) €
R x 09 (which is equivalent to say: for all (¢,ex,ecy) € R x 09°). It follows from (8.3) that
V(t,z,y) € Rx 9Q, v AV (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,z,y) = 8—2V (AVYE)(t, z,y) + gq -Vo© + f(x,y,0v%), t eR, (z,y) € Q,
v- AV (t,z,y) =0, t € R, (x,y) € 9N.

(8.4)

Having the assumptions (2.1), (2.2), (2.3), (2.4), and (2.5) on Q, A, ¢, and f, one gets that
problem (8.4) admits, for each £ > 0, a minimal speed of propagation denoted by c;z (1)24,2 f(e).
e ' q,

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)
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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

_ *
% (12 lg s

Ye>0, cge (€) = ¢ pia, vir g, p(€)/ VM, (8.5)

A, e, fe(e)

where M = (1/¢)%
1
As e — 0T, the variable M — +oo. Applying Theorem 4.1, with v = 50 one gets that

lim QMA\/_qf \/][eAexydxdy\/ C(x,y)dx dy.

M ——+00

e—0t

Therefore, lim ¢ Qg . f (e) = 2\/][ e¢Aé(x,y)dx dy \/][C(x, y)dzx dy, and the proof of The-
€y 1€y J E c c

orem 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 ¢ — cbg (e) with respect to € > 0.

Ac, e, f¢
In other words, we want to check the monotonicity behavior 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 matrizc A = A(y) satisfies (3.5)
together with the assumption that e is an eigenvector of A(y) for all y € @, that is

A(z,y)e = A(y)e = a(y)e, for all (z,y) € R X w; (8.6)

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

VteR, V(z,y) € X =R xew,
ui (t,z,y) = V- (A Vus)(t z,y) + g - Vu© + fo(x,y,u’); (8.7)
ve - A, Vu'(t,z,y) =0, t € R, (z,y) € 09°.

Then, the map & — ¢ e e fe(e) is increasing in € > 0.

Proof of Theorem 8.3. For each € > 0, we consider the change of variables

v (t z,y) = us(tex,ey);  (t,z,y) € R x Q.

35



hal-00172332, version 5 - 21 Nov 2010

Owing to the justifications shown in the proof of Theorem 8.1, one consequently obtains
20 e A g O TG (a0 s T R ma (VD (8:8)

2
where f(e) = (1/e)”.

Applying Theorem 6.1, it follows that the map n, : 5 CaﬁA7\/Bq7f(e)/\/B is decreasing
in 8 > 0. On the other hand, the map 7, : ¢+ f(¢) is also decreasing in € > 0. Therefore,
€ C*Qg A, g, f (e), which is the composition 7, on,, is increasing in € > 0 and this completes

9 €y 4€v JE

our proof. O

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

360 € (0,1), f(s)=0forall s €0,6], f(s)>0forallse(0,1), f(1) =0, (8.9)
dp e (0,1 —6), fisnon-increasing on [1 —p,1]. '
Consider the equation
Ui (t,z) = V- (Ale L 2)Vus) + e tgle ta)- Vit + f(u) inRY, (8.10)

where the nonlinearity f satisfies (8.9), and the drift and diffusion coefficients g and A satisfy the
general assumptions (2.2) and (2.3), with periodicity 1 in all variables z1, ...,z y. Fix a unit vector
e of RV, 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 + cet, x)

where ¢°(s,z) is (g,...,e)—periodic in = that satisfies ¢°(—00,.) = 0 and ¢°(+o0,.) = 1. The

functions u® are actually unique up to shifts in time, and one can assume that max ¢°(0,.) = 0.
R

Concerning problem (8.10), Heinze [15] proved that
as € = 0%, c. = ¢g >0, and u¥(t, ) — up(x - e + cot) weakly in HL

where (cg, up) is the unique solution of the one-dimensional homogenized equation

* 1" _ ! — .
{ a”uy — coug + f(ug) =0 in R, (8.11)

up(—00) =0 < up < up(+00) =1in R, up(0) =0
and a* is a positive constant determined in [15].

In Theorem 1 of Caffarelli, Lee, Mellet [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
1
diffusion matrix was taken A = I'dp~. More precisely, the nonlinearity had the form f.(u) = —p (E)
e €
with B(s) a Lipschitz fucntion satisfying
B(s) >01in (0,1) and S(s) = 0 otherwise.

These nonlinearities approach a Dirac mass at u = 1.
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9 Open problems

In all the results of this paper, we deal with nonlinearities of the “KPP” type. In the periodic
framework of this paper, pulsating travelling fronts exist also with other types of nonlinearities (see
Theorems 1.13 and 1.14 in [2]). Namely, they exist when f = f(z,y,u) is of the “combustion” type
satisfying:

f is globally Lipschitz-continuous in Q x R,
dpe (0,1), V(z,y) € V1i—p<s <s <1, f(z,y,s) > f(z,y,s),

and
f is L—periodic with respect to z,

36 € (0,1), ¥(z,y) € Q, Vs €[0,0], f(z,y,5) =0, (9-2)
Vse (0,1), 3(z,y) € Q such that f(z,y,s) > 0,

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

f is L—periodic with respect to x,
36 > 0, the restriction of f to Q x [0,1] is of class C'19, (9.3)
Vse (0,1), 3(z,y) € Q such that f(z,y,s) > 0.

In particular, the “KPP” nonlinearities are of the “ZFK” type.

Recently, El Smaily [12] gave min — max and max — min formule for the speeds of propagation
of problem (2.6) taken with a “ZFK” or a “combustion” nonlinearity. These formule, 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” nonlinearity which is not of the “KPP” type. Indeed, if f is
a “ZFK” nonlinearity, one can find a “KPP” function h = h(z,y,u) such that

Y(z,y,u) € A xR, f(z,y,u) < h(z,y,u).
Referring to formula (1.17) in El Smaily [12], one can conclude that
VM > 0,VB >0, Vv € R, caMA MY q,Bf(e) < C;lMA MY q,Bh(e)'
Moreover, if f is a “ZFK” nonlinearity satisfying the additional assumption
Y(z,y) € Q, f.(z,y,0) >0, (9.4)
then one can find a “KPP” function g = g(z,y,u) such that ¢ < f in Q x R, and thus
VM > 0,VB >0, Vy € R,

Coma, MY q, Bg(e) =Coma, MY q,Bf(e) = Conma MY q, Bh(e)'
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As a consequence, under the assumptions that 0 < v < 1/2, v-A4é =0 on 092, and V- Aé =0 in
), Theorem 4.1 implies that

) O, ma, Mg, £(€) ][~ . /
lim sup ————= <2 eAé(x,y)dx dy 9y (x,y,0)dx dy, (9.6)
VM c ¢

M—+o00

and

M—+o00

lim inf 0,114 Mﬂ/q (e = 2\/][6Ae x,y)dz dy \/][ (z,y,0)dxdy > 0. (9.7)

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

c (e)
lim sup MM/ 7 < 9 ][éAé(x, y)dx dy ][g;(:v, y,0)dz dy

together with liminf M > 0.
M—+o00 \/M

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
homogenization problems in the “ZFK” case.

Besides, Theorem 8.1 gives the limit of C*Qa

(9.8)

+ .
, Ag, q€7f6(€) as ¢ — 07. However, finding the

homogenized equation of (8.1) in the “KPP” remains an open problem.

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 hetero-
geneous 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 1.6 and 1.10 in [3]). However, the exact asymptotic be-
haviors 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 A, ¢, f and Q) the asymptotes of the parametric minimal speed are

either
2\/m_ax C\/m_axeAe or 2 ][éAé(x,y)dx dy ((x,y)dx dy.
w w c c

(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
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asymptotic behavior 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 M7q (where

C v, (€
q satisfies (2.3)) has no effect on lim Q.MA M7 q, f
M ——+oc0 /M

4.1). Furthermore, we studied, in a particular periodic framework, the variations of the maps

*
B 0,84/t (©)

whenever 0 < v < 1/2 (see Theorem

o, a/BaBf O
andLHc%N,AqufL QAVBeBf T
variables 8, L and B respectively. Roughly 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, Theorem 6.3
and Theorem 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(z,y)é and invariance of
the domain in the direction A(z,y)é. 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
homogenized 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 ug := ug(z,y) = u(0,z,y) which is defined on a periodic domain 2
of RY. In such a setting, all our results can be applied to give rigorous answers on the asymptotic
behavior of the parametric spreading speed with respect to diffusion and reaction factors and with
respect to the periodicity parameter.

(e) and B with respect to the positive
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