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Quenching and propagation in KPP reaction-diffusion equations
with a heat loss

Henri Berestycki* Francois Hamel' Alexander Kiselev? Lenya Ryzhik®

April 13, 2004

Abstract

We consider a reaction-diffusion system of the KPP type in a shear flow and with a non-zero
heat loss parameter. We establish criteria for the flame blow-off and propagation, and identify
the propagation speed in terms of the exponential decay of the initial data. We prove existence
of traveling fronts for all speeds ¢ > max(0, ¢*) in the case Le = 1, where ¢* € R. That seems
to be one of the first non-perturbative results on the existence of fronts for the thermo-diffusive
system in higher dimensions.

1 Introduction

There has been a lot of interest recently in the effect of flows on the qualitative and quantitative
behavior of solutions of reaction-diffusion equations, such as existence of travelling fronts [5, 6, 8, 23,
25, 26, 27, 28], speed-up of propagation [3, 4, 10, 14, 18, 21, 29], and flame quenching [11, 24], see
[8, 28] for recent reviews of the mathematical results in the area. This problem has also attracted a
significant attention in the physical literature, we mention [1, 2, 15, 16, 17] among the recent papers
and refer to [22] as a general reference. However, most of the rigorous mathematical analysis have
dealt so far almost exclusively with the flow effect for a single reaction-diffusion equation, or for a
system close to a scalar equation with the Lewis number close to unity [7].

The purpose of this paper is to analyze the behavior of the solutions of a reaction-diffusion system
of KPP type

oT orT
Y )4 1
o AW, =AY - TY

with a non-trivial shear flow u(y). Here T is the temperature of the reactant, Y its concentration,
and the parameter A measures the flow amplitude. The Lewis number Le is the ratio of the thermal
and material diffusivities.

We assume that the initial profiles Ty and Y are bounded and satisfy

Ty =0 <e_)‘r> , Yo—1 asx — +o0 (1.2)
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so that it is physically reasonable to expect that solution would propagate to the right where the
fresh mixture is available for chemical reaction.

The system (1.1) is considered in a cylindrical domain D = R, x €,,, with the heat-loss boundary
conditions:

oT oY
an +q 0, o 0, yeo (1.3)

Here g > 0 is the heat loss parameter, and Q € RV~ is a smooth bounded domain with the outward
unit normal denoted by n. The flow u(y) is continuous in {2 with mean zero:

/ u(y)dy = 0. (1.4)
Q

The situation when the mean flow is not zero can be reduced to this case by a change of coordinates.
In the particular case when the heat-loss parameter ¢ = 0, Le = 1 and we have initially Ty + Yy =
1, the system (1.1) reduces to a single KPP equation

aT ar
S+ Auly) 5 = AT+ T(1-T). (1.5)

It is well known [20] that in this case, provided that Ty ~ e™** as x — 400 and

liminf Toy(z,y) >0,
r——00, YN

solution propagates with the speed c[\]. The latter is determined by the decay rate A of the initial
data as follows. Let pn(X) be the first eigenvalue of the following problem in 2

—AYy — Adu(y)Yy = pn(N)Yn, y€Q (1.6)

with the Neumann boundary condition

N

— =0 of. 1.7
Then the speed c is determined by

A=A =1—pun(\). (1.8)

Furthermore, as un(\) is a concave function [8], if one views (1.8) as an equation for A, solutions
exist for all ¢ > ¢*, where ¢* is a threshold parameter. It has been shown in [8] that whatever the
fluid flow u(y) is and for all A, travelling front solutions of (1.5) also exist if and only if ¢ > ¢*(A4, u).
Solutions with the initial data that decay faster than the critical exponential rate \,, propagate with
the minimal speed c*.

We show in this paper that the presence of heat-loss, that is, a non-zero heat-loss parameter ¢ > 0
in the boundary conditions (1.3), changes the qualitative behavior of solutions of (1.1). Depending
on the shear flow profile u(y) and its amplitude A, solution with a given initial data may either
propagate, become extinct or be blown-off. We say that the flame becomes eztinct if | T(t)||z~ — 0
as t — +oo. The flame is blown-off if there exists a function ®(§) so that ®(§) — 0 as { — +o0,
and T'(t, z,y) < ®(xz + ct) with ¢ > 0. Note that the extinction is a stronger property than blow-off.
We will see that there are situations where the flame is blown off but does not become extinct.



Qualitatively our results are as follows. First, provided that the initial data satisfies (1.2), the
behavior of the solution is completely determined by the decay rate A and the leading eigenvalue
() of problem (1.6) with the heat loss (Robin type) boundary conditions

—A¢ — Adu(y)¢ = p(A)¢, y€Q

((Lgb +qp=0, yeonN.

on
First, we will show that if 4(0) > 1 then solution becomes extinct for large times. Furthermore,
under the general condition that there exists A\g > 0 so that u(Ag) > 1 we show that a sufficiently
strong advection A > Ay(A) blows the flame off. Otherwise, if none of the above occur, solution to
(1.1) propagates to the right with the speed ¢(\) determined by (1.8) with py replaced by p(X). Note
that the speed c(A) is independent of the Lewis number. This is a special feature of the KPP type
systems that does not generalize to other types of nonlinearities. We should mention that Billingham
and Needham [9] showed that the minimal speed for (1.1) is independent of the Lewis number, but
in the absence of flow or heat loss and in one dimension. A uniform upper bound for the burning
rate that is independent of the Lewis number in the presence of a periodic flow but with no heat loss
has been obtained in [19]. Finally, we show that a pulse shape travelling front exists when Le = 1
and the heat loss parameter satisfies ¢ > 0. We emphasize that this is still a genuine system despite
the assumption Le = 1 since (1.1) does not reduce to a single equation as long as ¢ > 0. Our results
agree qualitatively with the numerical studies of the heat-loss effect for systems of reaction-diffusion
equations, albeit with the Arrhenius nonlinearity, in [12, 13]. Our method applies only to the KPP
type of reaction term and treatment of other reaction types remains an open problem.

This paper is organized as follows. Front blow-off and extinction are discussed in Section 2. The
results on the asymptotic speed of propagation are presented in Section 3, while Section 4 is devoted
to the existence of travelling waves and their qualitative properties.

Acknowledgement. AK and LR were supported by NSF grants DMS-0321952 and DMS-
0314129, and DMS-0203537, and by Alfred P. Sloan fellowships. They also are grateful to the
program “Dynamique des fronts réactifs” at Institut Henri Poincaré, where this work has been
initiated, for hospitality.

2 Flame extinction and blow-off

We investigate in this section the possibility of blow-off or extinction of solutions of the reaction-
diffusion system (1.1). As mentioned in the introduction, this system is considered in a domain
D =R, x Q,, with the heat-loss boundary conditions (1.3). We assume that the initial data Tp, Yo
is non-negative, satisfies 0 < Ty, Yy < 1, and, moreover, Ty(z,y) < Ce™** with some X > 0. The
flow u(y) is continuous in £ with mean zero (1.4).

Let us denote by us and ¢4(y) the principal eigenvalue and eigenfunction, respectively, of the
following problem defined in the cross-section 2 with Robin boundary conditions:

_Ay¢s — su(y)ps = Nq(s)(bs in €2, (2.1)

s +qps =0, y on 09.
on

The eigenfunction ¢s(y) is positive, and is normalized so that

/ 62 (y)dy = 1. (2.2)
Q



Moreover, with this normalization one gets

1o(s) = /Q Vsl2dy + g /a ks, s /Q u(y) ¢ (y)dy.

In particular, for any ¢ > 0 we have p,(0) > 0 in contrast with the adiabatic case ¢ = 0, where
to(0) = 0. The variational principle

- . 2 2 _ 2
()=t ( [ivebarea [ was,—s [t <y>dy) (2.3)

implies that the function p,(s) is concave as an infimum of a family of affine functions. This may
also be seen by a formal differentiation (which can be made rigorous) with respect to s. Indeed,
differentiating (2.1) with respect to s we obtain

_AQS; - su(y)¢’s —u(y)ps = M;(5)¢s + Mq(3)¢;7 (2.4)

where the prime denotes derivative with respect to s. We multiply (2.1) by ¢., and (2.4) by ¢s,
integrate and subtract one equation from the other. Using the fact that

[ esmin=o. (25)
and the L?-normalization of ¢, we obtain
' dpig 2
Ho(s) = —=(s) = — | u(y)¢;(y)dy (2.6)
S Q
so that
d*pig

(s) = —2 /Q u() b (1) (v)dy.

Multiplying (2.4) by ¢, and integrating we obtain using the above expressions

ds?

N2 2 12 1d?pq _ 1\2
0 [ (@Ras, + [ [Voiy—s [ aeray+ 555 = e [ (@ra

d2
The variational principle (2.3), with 1) = d¢s/ds used as a test function, implies then that d/éq (s) <
s
0 so that fi4 is concave.

The following result shows that extinction and blow-off are controlled by the behavior of ji4(s).

Theorem 1 1. Blow-off. Let us assume that there exists sg so that jiq(so) > 1. Then there exists
Ag € [0, max(so/, s0/+/1tq(50) — 1)] s0 that for all A > Ay we have T(t,z,y) < Ce "+ for all
t > 0. The positive constants n and v depend on A, and there exists a constant C' > 0 so that the
blow-off speed satisfies v(A) > CA for all A > Ay.

2. Eatinction. If pg(0) > 1, then T(t,z,y) < Ce= ! for all A with vo > 0 independent of A.

Remark. A natural question is whether the blow-off described in the first part of the theorem is
different from complete extinction. In the discussion after the proof, we show that if 114(0) < 1, then
we have blow-off but not extinction for appropriate initial data.



Proof. We observe first that 0 < Y (¢, z,y) < 1 for all ¢ > 0 as follows from the maximum principle.
Therefore 0 < T'(t,z,y) < ¥(t,x,y), where 1 is any solution of

0 0
% b ) 0L > A1, (@9) €0 2.7
9y

+qp =0, ye o,

on
provided that Tp(z,y) < ¥(0,z,y). Let us look for the super-solution ¢ in the form ¥ (t,z,y) =
Ce 1M ¢ (y) with s = nA. Insert this expression into (2.7) and obtain that we need

—1yds — NAU(Y)Ps > 12 bs + Dy + bs.

This is true provided that
7y < pg(nA) —1—1°.
Therefore such a super-solution exists if we may find a constant 7 such that u,(nA) — 1 —n? > 0

and 0 < n < A. This indeed holds for n = so/A as long as A > Ay = max(so/\, so/+/q(s0) — 1).
The blow-off speed v then may be chosen as

= (uq(SO) -1- jé) : (2.8)

This proves the first part of the theorem.

The second (extinction) part of Theorem 1 is proved similarly: if p,(0) > 1 then the function
U(t,y) = Ce WaO=Dlgpo(y) is a super-solution of (2.7) which proves the second statement in the
theorem. Notice that for this part of the theorem, it is not necessary to assume that 7 decays as
x — +o0. [

An interesting observation is that it is possible that in the absence of the flow the front will
propagate, while a sufficiently strong flow will blow it off. This happens for flows u(y) and heat-loss
parameters ¢ > 0 such that p,(0) < 1 while there exists so > 0 so that p4(so) > 1. An example of
such a flow may be constructed as follows. We observe that at s = 0 fixed we have 14(0) — pp,
as ¢ — +o0o, where pp is the first Dirichlet eigenvalue for the domain €. Let us choose a domain
Q2 so that up > 1 so that there exists a heat-loss parameter go > 0 such that pg,(0) = 1, as 14,(0)
is a continuous increasing function of ¢ (as follows from (2.3)) and pp(0) = 0. We also choose a
mean-zero flow u(y) so that

duq

100) = = [ uéis )y >0, (29)

This is possible since ¢y (y; qo) is not constant and is independent of the flow u(y). Then there exists
sp > 0 so that pg(so) > 1. Continuity and monotonicity of p,(s) as a function of ¢ imply that
there exists q; < go so that p4, (0) < 1 while 14, (sp) > 1 so that a flame with a heat-loss parameter
q1 propagates when the flow is absent (we will see below in Section 3 that condition p4(0) < 1 is
sufficient for propagation at A = 0), but is blown-off when the flow amplitude A is sufficiently large.

Condition (2.9) is quite natural for a blow-off. Let us explain roughly the intuition behind it.
Due to the heat loss, the function ¢(y;qo) is smaller near the boundary of Q. Therefore, in order
to satisfy both (2.9) and the mean-zero assumption (1.4) the flow u should be directed against the
flame in the middle of the cross-section {2 and push the flame forward near the walls. However, the
flame is cooled by the heat-losses near the boundary balancing the push forward effect of the flow
so that the counter-flow effect in the middle dominates and the flame is blown-off. This scenario
agrees with the numerical observations of [12, 13] for the Arrhenius nonlinearity.



We remark that the blow-off described in the first part of the theorem, in general, does not lead
to extinction, and so is a different phenomenon. Indeed, denote by fi4(s) the eigenvalue defined by
(2.3) with the opposite sign of the advection term, that is, with u(y) replaced by —u(y). We have
1q(0) < 1 and pg(sp) > 1, which implies that dy,(0)/ds(0) > 0 because of the concavity property.
But dfiy/ds(0) = —dpuq/ds(0), and due to the concavity fiy(s) < 1 for all s > 0. Assume that the
initial data Tp, Yy satisfy appropriate bounds (see (3.13), (3.14)) for z < 0 as well as for > 0. Then
our results on the propagation of fronts which appear in the following section (Theorem 3) show
that a front propagating to the left will form, and thus there will be no complete extinction.

Note that in the adiabatic case the blow-off effect is impossible. Indeed, when g = 0, the function
s fiq(s) is strictly decreasing if u satisfies (1.4) and u # 0. Indeed, po(0) = 0 and dpg/ds(0) = 0 as
implied by (2.6) and the fact that ¢o(y) = 1 in the adiabatic case. Then concavity of yo(s) implies
that po(s) is indeed decreasing for s > 0 in the case ¢ = 0 (notice that ¢ is not constant for s > 0,
since u # 0) so that po(s) < 1 for all s > 0 and the flame blow-off is impossible (see the results of the
following section). One might expect this from physical considerations, as well as from a universal
positive lower bound on the burning rate obtained in [10] in the case Le = 1.

Finally, we observe that the critical blow-off amplitude Ay depends on the exponential decay
rate A of the initial data: Ag ~ so/\. It will be clear from our consideration of flame propagation
in the next section that it is indeed possible that at a fixed flow amplitude A the initial data with,
say, compact support is blown off while sufficiently slowly decaying fronts will propagate.

3 Flame propagation

We present in this section results on flame propagation and identify the speed of the flame in terms
of the rate of exponential decay of initial data. It is well known that the asymptotic speed of
propagation for a solution of a single KPP equation is determined by the rate of decay of the initial
data. This result has been generalized to a single KPP equation in a shear flow in [20]. We present in
this section a version of such a result for a reaction-diffusion system with an arbitrary Lewis number
and a non-zero heat loss parameter. The tools of analysis here are quite different from previous
works as we have to deal with a genuine system case that lacks a maximum principle. In particular
sub- and supersolutions techniques do not readily apply, and new ingredients are required. The idea
of the proof still involves finding sub- and supersolutions for temperature and concentration that
move with the same speed, but a new way of constructing them is required. They are constructed
by iteration, starting with a super-solution Y; = 1 for the concentration, that itself is in turn used
to produce a super-solution 7 of temperature, that is used to obtain a sub-solution Y';, which leads
to a sub-solution 7';. This process may be continued leading to improving upper and lower bounds
for the temperature and concentration but the key point is that, at the end of the day, the sub- and
super-solutions propagate with the same speed.

3.1 Flame propagation in a uniform medium

We consider first for simplicity the case when the flow is absent: u(y) = 0, and temperature 7" and
concentration Y satisfy the KPP system

oT

— =AT+TY Nl
5t + (3.1)
oY 1

2 AV —TY

ot LeA



with the boundary conditions (1.3) and with an arbitrary Lewis number Le > 0. Let us make precise
the assumptions on the asymptotic behavior of the initial conditions:

0<Ty, Tpisbounded, 0<Yy <1 (3.2)
0167/\33 < To(x,y) < CQ@fo, x>0, ye€ Q
1—Y0(:c,y)§Cge*)‘/z, x>0, y€Q, N>0

for some positive constants C1, C2, C3 and X'. In the following, let ¢(y) be the positive eigenfunction
of the Laplacian with the Robin boundary condition:

~A¢= o, yeQ (3.3)
%—i-qqﬁzo, y € 0N.
on

With the notation of (2.1), we have p1 = 14(0) and ¢ = ¢o (up to a normalization of ¢). We know
that u > 0. We assume here that u < 1 so that quenching does not happen and we choose the speed
¢ depending on the rate A so that

A=XN=1—p.

We will assume that 0 < A < Ay = /1 — p and thus ¢ > ¢, = 24/1 — u. We have the following
theorem.

Theorem 2 Let us assume that p < 1 and 0 < A < /T — p, then the solution of (3.1-3.2) moves
with speed c in the following sense: for any ¢ > ¢ and any (z,y) € RxQ we have T(t, z+c't,y) — 0 as
t — +oo, while for the speed c itself, one can find zo € R and a(xg,y) > 0 such that T(t,zo+ct,y) >
a(zo,y) for allt > 1 and y € Q. Moreover, there exists a nonnegative, not identically zero function
G(z,y) such that if To(z,y) > G(z,y), then T(t,x + ct,y) > G(x,y) for allt.

Proof. As explained in the beginning of this section we will construct sub- and super-solutions for
T(t,z,y) that both move with speed c¢. Recall that 0 < T'(t,z,y) and 0 < Y (¢,z,y) < 1 according
to the maximum principle. Thus, the function

T(t,z,y) = Me A= Dg(y)

satisfies the Robin boundary conditions g +¢T = 0 on 9Q and

for all M > 0, as follows from the definition of c¢. Therefore, we have T'(t,z,y) < T(t,x,y) when M
is large enough, because such an inequality holds at ¢ = 0.
We then have the exponential bound

T(t,2,y) < Me = Dg(y). (3.4)
This implies in particular that for (x9,y) € R x Q and ¢ > ¢ we have
T(t,xo + t,y) < Me AMazotct=ct) _, 0 a5 ¢ — 400

which proves the first part of the theorem.



Let us briefly consider the special case Le = 1. Here, assuming that Ty + Yy < 1, we have, in
addition to (3.4), that T'(¢,x,y) < 1. This is because the function Z =T + Y then satisfies

0z =AZ in Q
ot
A
a—:—qTSO, y on Of)
on
so that Z(t,x,y) < sup(Tp + Yp) < 1. Therefore, T satisfies
T
8825 <AT+T(1-T) in Q
or
— 4+ 4T =0, yon
on

so that indeed T' < 1. Therefore, if Le = 1, T'(t,x,y) < U(x — ct), with U(§) = min{l,Me_’\f}

provided we choose Ty such that

Me " ¢(y)
@10

The special properties available for Le = 1 case will be important in the Section 4, where we turn
to the construction of travelling fronts.

Coming back to the general case Le > 0, the previous consideration and the maximum principle
imply that Y (¢t,z,y) > ?(t, x,y), where the function Y solves

To(z,y) < (3.5)

oy 1

a = feAi} — Me_)\(z_Ct)? (36)
oy =0, yeo
on

Y(O,l’,y) = Yv()(l'ay)

It is clear that Y is non-negative. We look for a sub-solution for (3.6) in the form Q(z — ct) =
1 — Be "= with 3,4 > 0. The function Q(t,z,y) is a sub-solution for Y if

2
—Byce ¢ < —%e*% — Me (1 = pe %), (3.7)

For this to hold when & > 0 it suffices that the following conditions are met: 0 < v < X and

2
—Byc < T
Le

They are satisfied if v > 0 is sufficiently small: v < ¢ Le, and

2\ —1
B>M <'yc . ze> . (3.8)

In order for (3.7) to hold for ¢ < 0 it suffices to require

2
_B’Yc < _ﬂLi _i_ﬁMe—A& _ M€_>\£+’y£-
€

This holds provided that 3 > 1 and 0 < v < ¢ Le. Therefore, for 8 > 0 large enough and v > 0
small enough, R(x — ct) = max{0,Q(x — ct)} provides a sub-solution for Y (¢, z,y) and hence for
Y (t,x,y), so that Y(t,z,y) > R(xz — ct) provided that

Yo(z,y) > 1 — pe 7", (3.9)



Note that both (3.5) and (3.9) hold if we choose M and [ sufficiently large and v > 0 sufficiently
small, because of our assumptions (3.2) on the rate at which 7y and Yy approach zero and one,
respectively.

Lastly, we observe that T(t,z,y) > T(t,z,y), where

oT

T .
or +4qT' =0, ye o
on

T(O,az,y) = To(x, y) < To(z,y).

We look for T'(t,z,y) = g(x — ct)é(y), where ¢ is the eigenfunction defined by (3.3) and get an
equation for the function g(&):

—cg' =g¢" — pg + R(€)g.
It has two fundamental solutions G and G, that are equal to e7-2¢ for € < v~ 'n 8 (where R(¢) = 0),

respectively, with 7; > 0 and 72 < 0 being the solutions of
—cn =" — .
The function G behaves as e™7* as x — +00, where 7 is a solution of
_ .2
—cy=7v"—pu+1

This equation has two solutions: 73 = A and 72 > A (recall that A is such that A < /1 — p). Therefore
G is a sub-solution for 7" and, moreover, with an appropriate constant B we have Ty(z,y) >
BGi(x)¢(y). Therefore we have for all ¢ > 0:

BG:(z — ct)p(y) < T(t,z,y) < Me A=)

and hence T moves with the speed ¢ in the sense of the theorem. [J

3.2 Flame propagation in a shear flow

Now we consider the KPP reaction-diffusion system (1.1) with a non-zero flow u with the boundary
conditions (1.3)

8;; +u(y)T, =AT+TY (3.11)
)% 1

We have also set the amplitude A = 1 to simplify the notation. The initial conditions Ty and Yy are
as in (3.2):

0<Tp, Tpis bounded, 0<Yy<1 (3.12)
Cre M < To(z,y) < Coe™ 2>0,yeQ (3.13)
1—Yy(z,y) < Cae ™ N%,  2>0, yeQ, N>0 (3.14)

for some positive constants C1, Cz, C3 and X'. In the sequel, we let ¢ (y) be the positive eigenfunction
of the eigenvalue problem (2.1) with the normalization (2.2) and with s = A, while ¢(y) = ¢o(y) is
the eigenfunction of (3.3), as in the previous section.



We assume here, as we did in the uniform case, that u(\) < 1 to avoid the flame blow-off (at the
fixed amplitude A = 1). In this section, we will often suppress in notation the dependence of u on
q, as we just did above. We choose ¢[A] > 0 so that

A= =1—pu(\). (3.15)

We recall that () has a variational representation (2.3) and is a concave function of A as a minimum
of affine functions of A\. Therefore there exists a critical value ¢, so that (3.15), when interpreted
as an equation for \ with a given ¢, has no positive solutions for ¢ < ¢y, one positive solution A, for
¢ = ¢, and two positive solutions for ¢ > c,. We will assume that A < A,. Note also that, as follows
from (2.6)

* _7:“ — " 2
> - /Q (1) () dy,

where ¢ is the first eigenfunction of (3.3), which does not depend on u(y) and is normalized so that

[6]l2 = 1.
We denote by ' (\) the principal eigenvalue of the Neumann problem

1
— AW = M)W = N (N, y €Q (3.16)
oV,
Note that ' (\) < 0 since
W)= min (1 [ 1wvpay - [ u(y)«zﬂ(y)dy) <o, (3.17)
YeH (Q),|lv],2=1 \ Le Jq Q

The inequality (3.17) is obtained using ¢ = |Q|~'/2 as a test function as well as taking the mean
zero condition (1.4) into account. Furthermore, ¥ () < 0 for all A # 0 as soon as u satisfies (1.4)
and u #Z 0.

We now prove the following theorem, which is an extension of Theorem 2 to the shear flow case.

Theorem 3 Assume that p(0) < 1, u(A) < 1 and X < X*. Let ¢ > 0 be defined by (3.15). The
solution of (3.11-3.12) moves with the speed ¢ in the following sense. For any ¢ > ¢ and any (z,y) €
R x Q we have T(t,x + c't,y) — 0 as t — +oco. On the other hand, there exists a nonnegative, not
identically equal to zero function G(z,y) such that if To(z,y) > G(x,y), then T(t,x+ct,y) > G(x,y)
for all t.

Proof. Once again we will iteratively construct sub- and super-solutions for T'(¢,z,y) that both
move with the same speed c[A]. As before, we have that T'(¢,z,y) > 0 and 0 < Y'(¢,z,y) < 1 from the
maximum principle so that the function T(t, z,y) = Me ==, (y) satisfies the Robin boundary
conditions and o

oT — S — S —
for all M. Therefore, we have T(t,z,y) < T(t,z,y) < Uz — ct), U(€) = M|dxr]lcce™, for a
sufficiently large M. This implies in particular that for (z,y) € R x Q and ¢’ > ¢ we have

T(t,x+cty) < M|pafloce =N — 0 ast — +oo

and the first statement of the theorem follows.
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The previous argument implies that Y (¢, 2,y) > Y (¢, 2,y) > 0 with the function Y that solves

oY N 1 - 3

Sy Tu@Ye =AY ~ Ul — )Y (3.18)
oY

= 0, yeoN

Y(07 Z, y) = YE)(.’E,y)

We construct a sub-solution for (3.18) in the form Q(x — ct,y) = 1 — B, (y)e 7@~ where W, (y)
is the eigenfunction of (3.16) with v sufficiently small to be determined. The function Q(z — ct,y)
is a sub-solution for Y if

2
(= + 2Bu(y)) T ()e ™ < T (y)e S~ U1~ e "W, 1) — e ST (),

or, equivalently,

By 1 -
—Bye—pN (B < S —U ()t [ —— — B¢ ). 3.19
)8 < ~F5 -V (G (3.19)
The above holds with U (&) = M||¢x]lece™¢, 0 < v < A and & > 0, provided that
2
M o
—Bye— N (7)B < —6; _ Miéallee
e My

where m., = inf, W, (y) > 0. Therefore, we may choose /3 so that

2

1
52 Mlorls (o= L +¥)) (3.20)

2
Note that if we choose ~ sufficiently small, then 8 > 0. Indeed, let s(v) = ¢y — % + 1N (7). Then
e

we have s(0) =0 and s'(0) = ¢+ d,ufyv(O)/d’y. However, (2.6) taken with ¢ = 0, and ¥} = 1/|Q|'/2,
together with the mean-zero condition (1.4) on u(y) show that du®™ (y)/dy = 0 and hence the right
side in (3.20) is positive for a sufficiently small v > 0. In order for (3.19) to hold when & < 0, it is
sufficient that

2 1
e = )8 < =51 < Mlonlle 08 (- ). 3.21)
Le M
However, with § as in (3.20) condition (3.21) is satisfied if
1
M| éx||oo > MH(b)\HOOe—)\E—w& < _ ﬁe_%) ,
My My

which is true if we take M (and hence () large enough so that the right side above is negative.
Therefore R(x — ct,y) = max {0, Q(x — ct,y)} provides a sub-solution for Y (¢, z,y) and Y (¢, z,y) >
R(z — ct,y) provided that

Yo(z,y) > 1 — fe~ "0, (y).

This in turn implies that Y (¢, z,y) > R(x — ct), where R(£) = max {0,1 — ae™} with a sufficiently
large a and a sufficiently small ~.
We look now for a sub-solution for 7" in the form

I(t,lﬂ, y) — ¢)\(y)e—>\(a:—ct) _ k¢>\+n(y)e—(/\+n)(m—ct)

11



with the constant k > 0 sufficiently large, and 0 < n < « sufficiently small. For the function T to be
a sub-solution for 7" in the region where ae™ @) < 1, we should have

T, +u(y)T, < AT + (1 — ae /=T

A direct calculation shows that this condition is satisfied provided that a > 1,
pn) =1 —c(n+A) = puln+X) +(n+X1)?*<0

and k is chosen so large that
k> —am(n)/p(n), (3:22)

where m(n) = sup, (¢x(y)/dna(y)). Hence we need to find 0 < 1 < so that p(n) defined above is
negative. One observes that p(0) = 0, hence it is enough to prove that p’(0) < 0. We have

dp
'(0) =2\ —c— —(A
POy =22 e~ P
and the function p(\) is concave (as has been shown in Section 2). Moreover, A is the smallest
solution of the equation A% + 1 = ¢\ + u(\). Therefore we have 2\ < ¢ + %f()\) and hence p/(0) is
negative, so that there exists 0 < 1 < v so that p(n) < 0.
Next we note that for T to be a sub-solution on the set ae~V(@=ct) > 1 we should have

T, +u(y)T, < AT.
A similar calculation shows that a sufficient condition is
k=1 + p(n)] < —m(n)e™. (3.23)

However, we have ™ < /v < « in this region provided that o > 1. This implies that (3.22) is
sufficient for (3.23) to hold and hence T is a global sub-solution.

It follows in particular that there exists zp € R and m(y) > 0 such that T'(¢,z9 + ct,y) > m(y)
for all t > 0 and y € 2. The last conclusion of Theorem 3 follows then from the a priori bounds for
T and Y and from standard parabolic estimates and the strong parabolic maximum principle. [J

4 Existence and qualitative properties of fronts

This section is devoted to the problem of existence and qualitative properties of travelling fronts
for the reaction-diffusion system (3.11) with the heat-loss boundary conditions (1.3). A travelling
front is a pair of solutions of (3.11) of the type (T'(x — ct,y), Y (z — ct, y)) satisfying the asymptotic
conditions

{ T(+o0,:) =0, Y(+o0) =1, (4.1)

Ty(—00,) =0, Yy(—o00,) =0

together with the boundary conditions (1.3).
We pass to the moving frame coordinates: 2’ = z — ct, and drop the primes to simplify the
notation. Then a travelling front for (3.11) is a pair (7'(z,y), Y (z,y)) of functions solving

{ AT + (c—u(y) I, +TY = 0
inR x 0 (4.2)

1
EAY +(c—u(y)Y —TY =

together with the boundary and asymptotic conditions above. The speed c¢ is an unknown of the
problem. The limits in (4.1) are understood to be uniform with respect to y € €. We also assume that

12



T and Y are bounded, that 77> 0 and 0 <Y < 1, and that (7,Y) # (0, 1) is not a trivial solution.
The functions T' and Y stand for the temperature and concentration profiles of the travelling front
moving with speed ¢ to the right.

We recall that in the case of Le = 1 and no heat-losses (¢ = 0), when the reaction-diffusion
system (4.2) reduces to a single equation and Y = 1 — T, there exist traveling fronts that move with
all speeds ¢ > ¢, [8]. The speed c is then related to the exponential decay of the traveling front by
(3.15), with p(\) being the eigenvalue of (2.1) with ¢ = 0 that corresponds to the adiabatic case.
The second part of the next theorem shows that this result may be extended to the heat-loss case
and Le = 1 with pu(\) being the eigenvalue of (2.1) with the heat-loss parameter ¢ # 0. The first
part of the theorem presents some necessary conditions for the existence of a front in the general
case Le # 1, as well as some properties of such fronts. While these results are similar in spirit to
those in [4, 8] obtained for a single reaction-diffusion equation in a shear flow, the method of the
proof is based on the strategy developed in Section 3.

Theorem 4 a) If there exists a travelling front, namely a bounded solution (¢, T,Y) of (4.1-4.2)
with the boundary conditions (1.8), then T > 0, 0 <Y < 1, T(—o00,-) = 0 and Y(—o0,-) is a
constant Yoo < 1. Furthermore, pu(0) < 1 (where u(0) is the first eigenvalue of (2.1) with s = 0),
¢ >0 and ¢ > c¢*, where c* is the unique speed for which (3.15) has a single positive solution A*.

b) If Le = 1, u(0) < 1 and ¢ > max(0,c*), then there exists a bounded nonnegative solution
(T,Y) of (4.1-4.2) with the boundary conditions (1.3) that moves with the speed c.

We point out that, even if Le = 1 in Part b) of Theorem 4, the system (4.2) does not reduce to
a single equation. Part b) is then not a perturbative result and seems to be one of the first results
on the existence of fronts for such a multidimensional thermo-diffusive system.

We comment on the relation between the necessary condition ¢ > 0 and the flame blow-off
phenomenon described in Section 2 that seemingly corresponds to negative speeds. The restriction
¢ > 0 comes from the boundary condition ¥ — 1 as  — +o0o which is incompatible with a non-
trivial left-moving temperature front as the latter would have to consume some of the concentration
on the right end of the domain. Left-moving fronts would have the boundary condition Y — 1 as
T — —00.

Furthermore, we note that there is an interesting difference between the adiabatic and heat-loss
cases even when Le = 1. Theorem 4 implies the existence of traveling fronts for all ¢ > max(0, ¢*).
In the adiabatic case ¢ = 0 we have ¢* > 0 and, moreover, ¢* itself is an admissible speed [8]. On
the other hand, when the heat-loss parameter ¢ is positive, it is possible that equation (3.15) has
two positive solutions A for ¢ = 0. Indeed, under the notation of Section 2, let 2, go > 0 and u(y) be
such that gy (0) = 1 and dpg,/ds(0) > 0. Let A > 0 and ¢y < 0 be such that coX + pge (A) > 14 A2
By continuity with respect to g, there exists g1 < go such that pg, (0) < 1 and coX + pg, (A) > 1+ A2
Therefore, equation (3.15) with ¢g has at least one root, which implies that ¢* is negative. This
implies that ¢* < 0 but ¢ = 0 is the infimum speed of propagation, but not a minimal speed. This
corresponds to a blow-off situation.

The condition 1(0) < 1 is a necessary condition for the existence of fronts, and it is also sufficient
for the existence of bounded fronts in the case Le = 1. Note that this condition depends only on ¢
and on the domain 2, but not on the flow u(y). However, the fastest possible decay rate A that is
capable to keep the flame from being blown-off does depend on the flow u(y). Furthermore, since
1(0) is less than the first eigenvalue pu? of —A in Q with Dirichlet boundary conditions on 9%, it
follows that u(0) < 1 if, for example, 2 contains a large ball, no matter how large ¢ is. On the
other hand, when  is narrow enough so that u” > 1, then (0) > 1 for large heat loss rates ¢ and
flame extinction occurs (see Theorem 1). This agrees qualitatively with the numerical observations
in [12, 13].
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We also recall that ;(0) = p4(0) is an increasing function of g. Since 1o(0) = 0 < 1, fronts exist
if and only if ¢ < ¢*, for some 0 < ¢* < +o00, while there are no fronts and quenching occurs for
q>q* (if ¢* < +00).

Finally we comment on the case Le # 1. One may generalize Theorem 4 to this case as well
constructing travelling fronts for ¢ > ¢* (recall that ¢* is independent of the Lewis number). However,
at the moment a uniform upper bound for 7" in that case is not known so that one would have to
deal solutions for 7' that might grow exponentially as z — —oo.

Proof of part a). Let us assume here that (¢, T,Y") solves (4.1-4.2) with the boundary conditions
(1.3). As already underlined, we assume that 7" and Y are bounded, 7" > 0, 0 <Y < 1, and that
(T,Y) # (0,1).

First, it follows from the maximum principle applied to Y that ¥ > 0. Let us then integrate the
equation satisfied by Y over a finite cylinder Cy = (=N, N) x Q. One gets

Lel/ (Yz(N,y) = Yo(=N,y))dy + / (c—u(y))(Y(N,y) =Y (=N,y))dy — / TY dxdy = 0. (4.3)
Q Q Cn

The first integral above goes to 0 as N — +00, as Y;(—o0, ) = 0 by assumption while Y, (400,-) =0
from Y (400, ) = 1 and from standard elliptic estimates, as T'(+00, -) = 0, and the second integral in
(4.3) is bounded. Therefore, since TY is nonnegative, one concludes that the integral fo o I'Y dzdy
converges.

We now multiply the equation for Y by Y and integrate by parts over Cy. One gets

Le1/9(YYz(N,y)—YYx(—N,y))dy—Le1/C VY [*dxdy

y (4.4)
+;/Q(C —u(y)(Y*(N,y) = Y*(=N,y))dy - /CNTYZd:de = 0.

The first integral above goes to 0 as N — 400, for the same reason as in (4.3), the third one is
bounded and the fourth one converges (since 0 < TY? < TY||Y ||z and [, o, TY dody converges).
Therefore, the integral [, |[VY|?dzdy converges.

Similarly, integrating the equation for T' yields the convergence of fo oo T'dxdy. Further-
more, multiplying the equation for 1" by T and integrating by parts leads to the convergence of
S |VT|?dzdy.

For each n € N we denote the shifted functions T,,(x,y) = T(x —n,y) and Y, (z,y) = Y(x —n,y),
and recall that the functions 7" and Y are globally bounded. Since (75, Y,,) satisfy the same equations
as (T,Y), standard elliptic estimates imply that, along a subsequence n’ — +o0, (T, Yy) —
(Tso, Yoo) in, at least, CL (R x Q) as ' — 4o00. Moreover, since [p. o |[VT|* + |[VY]? < 400, it
follows that T, and Y., are two constants. Since %T—;" 4+¢Ts = 0 on R x 052, one has T, = 0. Notice
that Too = 0 does not depend on any subsequence, whence T'(x,y) — 0 as * — —oo uniformly in
y € Q.

Taking N = n' in (4.3) and passing to the limit n’ — +oo leads to

c(1-Yo)|Q = / TY dzdy, (4.5)
Rx$2
where |Q| denotes the Lebesgue measure of 2. One here uses (1.4), and the fact that Y, (+n',y) — 0
uniformly in y.
If T were identically equal to 0, then ¢(1 — Yy) = 0. On the other hand, it would then follow
from (4.4), by passing to the limit N =n’ — +oo, that Le ™" [, |VY [*dzdy = c(1-Y2)|Q|/2 = 0,
whence Y =1 from (4.1).
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Therefore, T' # 0, whence T > 0 from the strong maximum principle. Hence, it follows from
(4.5) that ¢(1 — Yy ) > 0 and that Y, does not depend on any subsequence. As a consequence, we
conclude that Y (z,y) — Yo # 1 as * — —oo uniformly in y € . Furthermore, since Y < 1, we
have Y, < 1 and thus ¢ > 0. The strong maximum principle then yields Y < 1 in R x €.

Let us now prove that (0) < 1, where p(0) is the first eigenvalue of (2.1) with s = 0. Assume
by contradiction that u(0) > 1. The first eigenfunction ¢ = ¢ of (2.1) with s = 0 (¢ is the first
eigenfunction of (3.3)) satisfies in that case

{ Ap+¢ < 0 inQ

%-i-qd) = 0 on 09,
on

and ¢ > 0 in Q. Since T is bounded, one then has T'(z,y) < vé(y) in R x Q for all v > 0 large
enough. Since T" > 0 and T'(+o0,-) = 0, there exists then v* > 0 such that T'(x,y) < v*¢(y) in
R x Q with equality somewhere. But since T'> 0 and Y < 1, the function T satisfies

AT+ (c—uy)Tpy +T > AT+ (c—u(y)) T +TY =0 in R x Q.
Therefore, 2(z,y) = T(z,y) — v*¢(y) is non-positive in R x ), vanishes somewhere, and satisfies
Az+ (c—u(y))ze +2>0 in Rx Q

together with the Robin boundary conditions % +qz = 0on R x99. It follows then from the strong
maximum principle and Hopf lemma that z = 0, whence T'(z,y) = v*¢(y). The latter is impossible
since, say, T'(£00,-) = 0 and 7* > 0. This contradiction shows that p(0) < 1.

As noticed at the beginning of Section 3.2, there exists then ¢* € R which is the unique speed for
which (3.15) has a single positive solution A*. Let us now prove that ¢ > ¢*. We first observe that,
since both T" and Y are positive, bounded, and satisfy (4.2), it follows from the standard elliptic
estimates and the Harnack inequalities up to the boundary that the function |VT|/T is globally
bounded in R x Q. Let us introduce

T (z,
Ae— lminf  @&Y)
x——+00, YEN T($ay)

)

the “exponential rate” of decay of T' to zero at infinity. Since T'(+00,) =0 and 7" > 0 in R x Q,
one has A > 0. Let (x,yx) € R x £ be a sequence such that z; — 400 and

Tx(ajka yk)

— —)\ as k — +oo.
T(l”k,?/k)

We denote Ty (x,y) = T(z + xx,y)/T(x, yx). The functions T are locally bounded and satisfy

ATy + (e = uly)(Te)e + Tulw,y) Y(z +2,y) = 0 imnRx 0

T .
— 4+4q¢Try = 0 onR x 09Q.

on
On the other hand, the function Y is bounded and Y (+oc,-) = 1. It follows then from the standard
elliptic estimates up to the boundary that the functions T converge along a subsequence k' — 400
weakly in I/Vlif for all p > 1 and strongly in Cllo’? for all 0 < a < 1, to a function T, solving

AToo + (¢ —u(y)(Too)s + Too = 0 inRx Q
%+qfoo — 0 onR x9N
on
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Up to extraction of another subsequence, one can assume that v — Yoo € 2. Therefore, we have
T5(0,ys0) = 1, and the nonnegative function T, is positive in R x Q because of the strong maximum
principle.
On the other hand, it follows from the definitions of A and of the sequence (zy,yy) that

(T ) > X inRxQ andM:—)\.

Too 1o (0, Yoo)

Therefore, the function z = (T )s/Tno is such that z > —\, 2(0,9s0) = —\, and it satisfies

2VT,
Az +=—== -Vz+(c—u(y)z = 0 nRxQ
= B,
- 0 on R x 012.
on
It then follows from the strong maximum principle and Hopf lemma that z = —A. In other words,
-z

the positive function T, can be written as Tho(z,y) = ©(y), where the positive function ¢

satisfies
i

— +qp = 0 on 0.
on

By uniqueness of the positive eigenfunction, one concludes that ¢ is the first eigenfunction (up to
multiplication) for problem (2.1) with s = ), and that (3.15) is satisfied, namely cA — A2 = 1 — u(\).
Since A > 0 and the last equation cannot be satisfied for A = 0 (since u(0) < 1), one obtains A > 0.

From the characterization of c¢*, one concludes then that ¢ > ¢*. That completes the proof of
part a) of Theorem 4.

Proof of part b). We assume that Le = 1, 4(0) < 1 and fix ¢ > max(0,c¢*). The proof of
the existence of a nonnegative solution (7,Y") of (4.1-4.2) satisfying the boundary conditions (1.3)
is based on the choice of suitable sub- and super-solutions for both 7" and Y (from Section 3.2),
and on the construction of approximate solutions in bounded cylinders (the latter step is similar to
the methods that were used, for example, in [5, 8]) with the subsequent passage to the limit of an
infinite cylinder.

Let A be the smallest positive solution of (3.15), and let

T(z,y) := oa(y)e ™,

where ¢ is the first eigenfunction of (2.1) with s = A\. The function T satisfies

{A«p—)\(c—u(y))g0+()\2+1)<p = 0 inQ

AT—l—(c—u(y))T +T = 0 inRxQ
— +¢T = 0 onR x 0N.

On the other hand, it follows from the calculations in Section 3.2 that the function
Y(z,y) := max(0,1 — SU,(y)e ")

is a sub-solution of
{ AY +(c—u(y)Y,—-TY > 0 inRxQ

oY = 0 on R x 09,
n

in the sense of distributions, for 5 > 0 large enough and for v € (0, A) small enough. Here ¥, is the
first eigenfunction of problem (3.16) with parameter A = v and Le = 1.
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Finally, the calculations in Section 3.2 imply that the function

T(x,y) := max(0, gx(y)e ™ — H¢A+n(y)€_(>\+n)w) = max(0,T(x,y) — K¢A+n(y)e_(’\+’7)x)

satisfies

AT+ (c—u(y)L,+YT > 0 inRxQ
—+4+4qT = 0 onR x99Q,

in the sense of distributions, for 0 < n < ~ small enough and x > 0 large enough.

Lemma 1 There exists ag > 0 such that, for all a > ag, there exists a classical solution (T,Y) of

{ AY + (c—u(y)Y, —TY = 0 in ¥4 = (—a,a) x Q (4.6)
and -
%—FQT = 0 on (—a,a) x 00
g}; = 0 on (—a,a) x 02 (4.7)

T(+a,y) = L(+a,y), Y(£a,y) = Y(+a,y), ycQ
such that T and Y are nonnegative, continuous in X, and satisfy
T<T<T,Y<Y<1 ¥, (4.8)

together with
0<T+Y <1 in3%,.

Proof. Let us first fix a > ag large enough so that
T(a,y) +Y(a,y) <1 forally € Q. (4.9)

This is possible, owing to the definitions of T and Y, since 0 < v < A. Without loss of generality,
one can also assume that T'(—a,y) = Y (—a,y) = 0 and that Y (a,y) = 1 — U, (y)e %, T(a,y) =
T(a,y) — kdxiy(y)e” XM for all y € Q.

Let C(X,) denote the Banach space of continuous functions in 3, with the usual sup-norm.
Observe that 0 < T < T and 0 <Y < 1 in R x Q and denote by E the set

E={(T,Y)eC(3,) xC(3a), T<T<Tand Y <Y < 1inX,}.

The set E is a convex closed bounded subset of the Banach space C(3,) x C(3,). For any (Tp, Yy) €
E, let (T,Y) = ®(Tp,Yy) be the unique solution of

AT + (c—uy)T, = -ToYy inZ,
AY + (c—u(y)Y, —ToY = 0 in 3,

with the boundary conditions (4.7). Such a solution (7,Y) exists, belongs to C(3,) x C(X,) (see
[5, 8] for more details on similar problems) and is unique as follows from the maximum principle.
Furthermore, it follows from the definitions of E and T, T and Y, that

T<T<TandY <Y <1linX,.

Let us check for instance the first inequality : the function T satisfies AT + (¢ —u(y))L, > -Y T >
—TuYy in the sense of distributions in .. Furthermore, T" obviously satisfies the boundary conditions
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(4.7) for T. Therefore, T < T in Y,. The other inequalities T < T, Y <Y and Y < 1 can be
checked similarly. Therefore, one concludes that ®(E) C E.

Furthermore, let us denote (h1,k1) = ®(T,1) and (hg, k2) = ®(T,1). For any (Tp,Yy) € E and
(T,Y) = ®(Tp, Yp), one has

Ahl + (C — u(y))(hl)x = —T < —T[)Y() in Ea,

whence T < hy in 3, (recall that h; satisfies the same boundary conditions (4.7) as T'). Similarly,
one checks that
Aky + (C — u(y))(kz)w — Toks = (I - TQ)]{JQ <0 in X,

whence Y < ko in X,. Thus we obtain
T<T<h <T and Y<Y <k <1 in %, (4.10)

for all (Tp,Yy) € F and (T,Y) = ®(Ty, Vo).

Let now (T3, Y )nen be a sequence in E, and let (T",Y") = ®(T§,Yy"). As follows from
the standard elliptic estimates up to the boundary, the sequence (7T™,Y™) is bounded in C!(K)
norm, for any compact subset K C Y, \ {£a} x 9. Therefore, using the diagonal extraction
process, we conclude that there exists a subsequence, still denoted by (7™,Y™), which converges
locally uniformly in ¥, \ {£a} x 0 to a pair (T,Y) of continuous functions in ¥, \ {£a} x 9.
Since each (T™,Y™) satisfies (4.10) in 3, it follows that (T,Y") satisfies (4.10) in 3, \ {£a} x 9Q.
Since hi(%a,-) = T(+a,-), ka2(+a, ) = Y(+a,-), and both T, Y, hy and ko are continuous in X,

the functions (7,Y) can be extended in Y, to two continuous functions, still denoted by (7,Y),
satisfying (4.10) in X,. For any ¢ > 0, there exists § > 0 such that

0<h —T<e and 0<ko—Y <e in [~a,—a+6] xQU[a—6,a] x Q,

whence [T — T| < ¢ and |Y" — Y| < ¢ in the same sets, for all n. On the other hand, (T™,Y™)
converges uniformly in [—a + 6,a — 8] x Q to (T,Y). Therefore, (T™,Y™) converges uniformly to
(T,Y) in 3.

As a consequence, the set W is compact in E. One concludes from the Schauder fixed point
theorem that ® has a fixed point in E. Therefore, there exists a classical solution (T,Y") = (Tg, Ya)
of problem (4.6) satisfying (4.7-4.8). Note that in particular 7" and Y are nonnegative.

Finally, the continuous function Z = T +Y satisfies AZ + (¢ —u(y))Z, = 0 in X,, together with
the boundary condition

g—i =—qT <0 on (—a,a) x I
and Z(—a,y) = 0, Z(a,y) < 1 from (4.9). Therefore, Z < 1 in 3, and the proof of Lemma 1 is
complete. [

Let (ap)nen+ be an increasing sequence such that a, > ag for all n > 1. From Lemma 1, there
exists, for each n, a classical solution (7},,Y,,) of (4.6-4.8). Furthermore, T}, +Y,, < 1, whence T,, < 1
in 3,, (remember that Y, > 0). Therefore, the functions 7T}, and Y;, are uniformly bounded between
0 and 1. From the standard elliptic estimates, the functions (7),,Y,,) are then locally bounded in,
say, 0% for all 0 < a < 1. Up to extraction of some subsequence, the functions (7},,Y,) converge
locally to two C?(R x ) nonnegative solutions (7,Y) of

{ AT+ (c—u(y) T, +TY = MR xQ

0
AY + (c—u(y)Y—TY = 0
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with the boundary conditions

or Y
—+4¢I'=0, — =0 09.

In other words, (7,Y) solves (4.2) (with Le = 1) and (1.3). Furthermore, 0 <7 < T < min(7T,1)
and 0 <Y <Y < 1. Hence, T(+00,y) = 0 and Y (+0o0,y) = 1 uniformly in y € Q.

It only remains to check the limiting conditions (4.1) at —oo. Let us first notice that |VT| and
VY| are globally bounded in R x Q, from the standard elliptic estimates. Therefore, like in the
beginning of the proof of part a) of Theorem 4, it follows from (4.3) (with Le = 1) that the integral
Jrxq TY converges (absolutely). From (4.4) (with Le = 1), one deduces that the integral [ o |[VY|?
converges as well. Similarly, one gets the convergence of fo o IVT 2.

Furthermore, as in part a), there exists a sequence of integers m — oo such that the functions
Tn(z,y) = T(x — m,y) and Yy, (z,y) = Y(x — m,y) converge, at least in C}
Too = 0 and Y. Since T, does not depend on the sequence (m), one concludes that T'(z,y) — 0
and |VT'(x,y)| — 0 as z — —oo uniformly in y € Q. Notice that |VY (x — m,y)| — 0 as m — +oo
locally in (z,y) € R x €, and that |[VY (z,y)| — 0 as 2 — +oo uniformly in y €  (with the same
type of arguments). Therefore, putting N = m in (4.3) (with Le = 1) implies that

to two constants

c(1-Yy)|Q = / TY dxdy.
Rx
But since T' < T, one has T' > 0,# 0, whence T > 0 from the strong maximum principle. It also
follows that Y # 1, whence Y < 1 from the strong maximum principle. Furthermore, Y (4o00,-) = 1,
whence Y > 0 in R x Q. Therefore, the integral foQTY is positive. Hence, ¢ > 0, Y, < 1 and
Y. does not depend on the sequence (m). As a consequence, Y (z,y) — Yo and |VY (z,y)| — 0 as
x — —o0, uniformly in y € 2. That completes the proof of Theorem 4. [J
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