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This paper is concerned with parabolic gradient systems of the form
ug = —VV(u) + ugy ,

where the spatial domain is the whole real line, the state variable u is
multidimensional, and the potential V' is coercive at infinity. For such systems,
under generic assumptions on the potential, the asymptotic behaviour of
every bistable solution — that is, every solution close at both ends of space to
spatially homogeneous stable equilibria — is described. Every such solution
approaches, far to the left in space a stacked family of bistable fronts travelling
to the left, far to the right in space a stacked family of bistable fronts travelling
to the right, and in between a pattern of profiles of stationary solutions
homoclinic or heteroclinic to homogeneous stable equilibria, going slowly away
from one another. This result pushes one step further the program initiated in
the late seventies by Fife and McLeod about the global asymptotic behaviour
of bistable solutions, by extending their results to the case of systems. In the
absence of maximum principle, the arguments are purely variational, and call
upon previous results obtained in companion papers.
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1 Introduction
This paper deals with the global dynamics of nonlinear parabolic systems of the form
(1.1) Uy = —VV(’U,) + Ugy

where the time variable ¢ and the space variable x are real, the spatial domain is the
whole real line, the function (x,t) — wu(x,t) takes its values in R? with d a positive
integer, and the nonlinearity is the gradient of a potential function V : R* — R, which is
assumed to be regular (of class C?) and coercive at infinity (see hypothesis (Heoere) in
subsection 2.1 on page 3).

The main feature of system (1.1) is that it can be recast, at least formally, as the
gradient flow of an energy functional. If (w,w’) is a pair of vectors of R%, let w - w’ and
|w| = v/w - w denote the usual Euclidean scalar product and the usual Euclidean norm,
respectively, and let us write simply w? for |w|?. For every function v : 2 — v(z) defined
on R with values in R?, its energy (or Lagrangian or action) with respect to system (1.1)
is defined (at least formally) by

(1.2) E] = A(;vx(x)Z + V(U(fc))) dx .

Formally, the differential of this functional reads (skipping border terms in the integration
by parts)

dEv] - bv = /R (vg - (60)s + VV (v) - 60) da

= /R(—ym + VV(v)) - dvdx.

In other words, the (formal) gradient of this functional with respect to the L?(R, RY)-scalar
product reads
VEW] = VV(v) — vgy,

and system (1.1) can formally be rewritten under the form
up = —=VE[u(-1t)].
Accordingly, if (x,t) — u(x,t) is a solution of this system, then (formally)

2 elu(, )] = dE[u(-1)] - (-, 1)

dt
= <V€[u(, t)]? ut(': t)>L2(]R,]Rd)

= —/ ug(x,t)* dr < 0.
R

If system (1.1) is considered on a bounded spatial domain with boundary conditions
that preserve this gradient structure, then the integrals above (on this spatial domain)
converge, thus the system really — and not only formally — is of gradient type. In this
case the dynamics is (at least from a qualitative point of view) fairly well understood, up



to a fine description of the global attractor that is compact and made of the unstable
manifolds of stationary solutions [20, 46]. According to LaSalle’s principle, every solution
approaches the set of stationary solutions, and even a single stationary solution under
rather general additional hypotheses [45].

If space is the whole real line and the solutions under consideration are only assumed
to be bounded, then the gradient structure above is only formal and allows a much
richer phenomenology (the full attractor is by the way far from being fully understood in
this case, see the introduction of [17] and references therein). A salient feature is the
occurrence of travelling fronts, that is travelling waves connecting homogeneous equilibria
at both ends of space. These solutions are known to play a major role in the asymptotic
behaviour for “many” initial conditions.

This crucial role of travelling fronts can be viewed, abstractly, as a consequence of
another fundamental feature of system (1.1): the fact that a formal gradient structure
exists not only in the laboratory frame, but also in every frame travelling at a constant
speed. Indeed, for every real quantity c, if a function (x,t) — wu(x,t) is a solution of
system (1.1), then the function (§,t) — v(&,t) defined as

v(&,t) =u(x,t) for z=ct+¢
is a solution of
(1.3) v — cvg = —VV () + vge .

Now, for every function w : £ — w(€) defined on R with values in R?, let us define (at
least formally) the energy of w with respect to system (1.3) by

(1.4) ol = [ e (Gue@? + V(w()) de.

Formally, the differential of &[] reads (skipping border terms in the integration by parts)

déc[w] - dw = /Recg (we - (dw)e + VV (w) - dw) d

= /Recg(—wgg — cwg + VV(w)) - dw d§ .

In other words, the (formal) gradient of this functional with respect to the L2-scalar
product with weight e on functions: R — R? reads

Ve€elw] = —wg — cwg + VV(w),
and system (1.3) can formally be rewritten as
(15) o= —VEL(1)].
Accordingly, if (£,t) — v(&,t) is a solution of system (1.3), then (formally)

d

(1.6) =

Efu(-,1)] = —/Recfvt(g,t)?dg.



This gradient structure has been known for a long time [12], but it is only more recently
that it received a more detailed attention from several authors (among which S. Heinze,
C. B. Muratov, Th. Gallay, R. Joly, and the author [15, 16, 21, 27, 39]), and that is was
shown that this structure is sufficient (in itself, that is without the use of the maximum
principle) to prove results of global convergence towards travelling fronts. These ideas
have been applied since in different contexts, to prove either global convergence or just
existence results, see for instance [1, 2, 4-10, 24, 28-30, 32-34].

A reasonably wide class of solutions of system (1.1), large enough to capture the
convergence to travelling fronts while limiting the complexity of the dynamics encountered
is made of solutions that are close to homogeneous equilibria at both ends of space, at
least for large positive times. Among such solutions the simplest case is that of bistable
solutions, when these equilibria at both ends of space are stable. In the late seventies,
substantial breakthroughs have been achieved by P. C. Fife and J. B. McLeod about the
global behaviour of such bistable solutions in the scalar case (d equals 1). Their results
comprise global convergence towards a bistable travelling front [12], global convergence
towards a “stacked family of bistable travelling fronts” [13], and finally, in the case of a
bistable potential, a rather complete description of the global asymptotic behaviour of
all solutions that are close enough, at infinity in space,to the local (non global) minimum
point [14]. Many extensions and generalizations of these results have been achieved
since, but mostly for monotone systems or in the scalar case d equals 1 (using maximum
principles and order-preserving properties of the solutions), see [11, 38, 44] and references
therein.

The aim of this paper, completing the companion papers [39, 43], is to make a step
further in this program, by extending these results to the case of systems of the form (1.1),
and by providing for such systems a complete description of the asymptotic behaviour of
every bistable solution (Theorem 1 below).

2 Assumptions, notation, and statement of the results

This section presents strong similarities with [43, section 2], where more details and
comments can be found.

2.1 Semi-flow in uniformly local Sobolev space and coercivity hypothesis

Let us denote by X the uniformly local Sobolev space H} (R, ]Rd). System (1.1) defines
a local semi-flow in X (see for instance D. B. Henry’s book [22]).

As in [43], let us assume that the potential function V : R? — R is of class C2 and
strictly coercive at infinity in the following sense:

u-VV(u)

>0

H l inf
( coerC) R%HEOO \J&R |’LL|

(or in other words there exists a positive quantity e such that the quantity v - VV'(u) is
greater than or equal to e |u|? as soon as |u| is large enough).



According to this hypothesis (Heoere), the semi-flow of system (1.1) is actually global
(see Proposition 3.1 on page 18). Let us denote by (St)¢>0 this semi-flow.
In the following, a solution of system (1.1) will refer to a function

R x [0,400) = RY,  (z,t) = u(x, 1),

such that the function wg : z — u(z,t = 0) (initial condition) is in X and u(-,?) equals
(Stug)(-) for every nonnegative time t.

2.2 Minimum points and bistable solutions

2.2.1 Minimum points

Everywhere in this paper, the expression “minimum point” denotes a point where a
function — namely the potential V' — reaches a local or global minimum value.

Notation. Let M denote the set of nondegenerate (local or global) minimum points of V:

M={ueR:VV(u)=0 and D?V(u) is positive definite} .

2.2.2 Bistable solutions

Let us recall the following definition, already stated in [43].

Definition 2.1 (bistable solution). A solution (z,t) — u(x,t) of system (1.1) is called
a bistable solution if there are two (possibly equal) points m_ and m4 in M such that
both quantities:

limsup |u(x,t) —m_| and limsup |u(x,t) —m4]|
T——00 T—+00

go to 0 as time goes to +o0o0. More precisely, such a solution is called a bistable solution
connecting m—_ to my (see figure 2.1). A function ug in X is called a bistable initial

Figure 2.1: A bistable solution connecting m_ to m_.

condition (connecting m_ to my ) if the solution of system (1.1) corresponding to this
initial condition is a bistable solution (connecting m_ to m).

Let m_ and m denote two (possibly equal) points in M.



Notation. Let
Xpist(m—, m4.)

denote the subset of X made of bistable initial conditions connecting m_ to m..

By construction, this set is positively invariant under the semi-flow of system (1.1); it
is in addition nonempty and open in X (for the usual norm on this function space), and
contains all functions close enough to m_ and m at the ends of space (for proofs see for
instance [39, 43]).

The aim of this paper is to study the asymptotic behaviour of solutions belonging to
the sets Xypist(m—, my). The description of this asymptotic behaviour involves two kinds
of particular solutions: stationary solutions connecting (stable) equilibria and (bistable)
fronts travelling at a constant speed.

2.3 Stationary solutions, travelling fronts, terraces, asymptotic pattern
2.3.1 Stationary solutions and travelling fronts

Let ¢ be a real quantity. A function

¢ R—-RY & ¢

is the profile of a wave travelling at the speed ¢ (or of a standing wave if ¢ vanishes) for
system (1.1) if the function (x,t) — ¢(x — ct) is a solution of this system, that is if ¢ is a
solution of the differential system

(2.1) ¢" = —cd' +VV ().

This system can be viewed as a damped oscillator (or a conservative oscillator if ¢
vanishes) in the potential —V, the speed ¢ playing the role of the damping coefficient.
Its solutions may blow up in finite time, but only global solutions will be considered or
encountered along the paper.

Notation. If m_ and m4 are two points of M and c is a real quantity, let ®.(m_,m)
denote the set of nonconstant global solutions of system (2.1) connecting m_ to m..
With symbols,

P.(m_,my)={¢:R— R? : ¢ is a nonconstant global solution of system (2.1)
and  ¢(&) o M- and  ¢(&) o my}.
——00

—+00
And, if the quantity c is positive, let ®.(m) denote the set of nonconstant global and
bounded solutions of system (2.1) converging to m at the right end of space (in other

words, the set of profiles of bounded waves travelling at the speed ¢ and “invading” my.).
With symbols,

®.(my)={¢:R—R?: ¢ is a nonconstant global solution of system (2.1)

and sup|p(§)| < +oo and @) —— m4}.
¢eR £—+o0



Let us make some comments about these sets and this notation.
e The notation “¢” and “®” refers to the concept of “front”.

o If ¢ is positive, then according to LaSalle’s principle every function £ — ¢(§)
belonging to ®.(m4) must approach the set of critical points (but not necessarily a
single critical point) of V as £ goes to —oo (see assertion 6 of Lemma 7.1).

o If ¢ is an element of some set ®.(m_,m4 ), then it follows from system (2.1) that

(22) Vimy) = Vim_) =c /IR o/(6)* de,

so that if ¢ is nonzero then m_ and m. differ, and in this case ¢ is indeed the
profile of a travelling front. Since its asymptotic values m_ and m.y belong to M,
this front is qualified as bistable.

o If conversely ¢ is an element of some set ®o(m_,m4) (for a null speed), then
V(m_-) equals V(my) and m_ and m4 may be equal; in such a case, ¢ should
rather be called a “pulse” than a “front”, but for convenience and homogeneity
purposes, the notation ®g(m_,my) and ¢ will be maintained also in this case.

2.3.2 Propagating terrace of bistable travelling fronts

This sub-subsection and the two next ones are devoted to several definitions. Their
purpose is to enable a compact formulation of the main result of this paper (Theorem 1
below). Some comments on the terminology and related references are given at the end
of sub-subsection 2.3.3.

mo = My

Figure 2.2: Propagating terrace of (bistable) fronts travelling to the right.

Definition 2.2 (propagating terrace of bistable travelling fronts, figure 2.2). Let m_
and m.y be two points of M (satisfying V(m_) < V(my)). A function

T:Rx[0,+00) = RY  (z,t) = T(x,t)

is called a propagating terrace of bistable fronts travelling to the right, connecting m_ to
mo., if there exists a nonnegative integer ¢ such that:



1. if g equals 0, then m_ = m and, for every real quantity x and every nonnegative
time ¢,
T($7t) =M—_ =My
2. if ¢ equals 1, then there exist:
e a positive quantity cy,

o and a function ¢; in ®.(m_,my) (that is, the profile of a bistable front
travelling at the speed ¢; and connecting m_ to my.),

o and a C!-function ¢ + 1 (t), defined on [0, +00), and satisfying 2 (t) — c¢1 as
time goes to +oo0,

such that, for every real quantity x and every nonnegative time t,

T(x,t) = ¢1(z —z1(t)) ;

3. if g is not smaller than 2, then there exists ¢—1 points my, ..., mq—1 in M, satisfying
(if m4 is denoted by mgy and m_ by my)

V(mg) > V(my) > --- > V(myg),

and there exist ¢ positive quantities ci, ..., ¢, satisfying
€122 Cq,
and for each integer i in {1,...,q}, there exist:

o a function ¢; in ®.,(m;, m;—1) (that is, the profile of a bistable front travelling
at the speed ¢; and connecting m; to m;_1),

o and a C!'-function t — x;(t), defined on [0, +00), and satisfying (t) — ¢; as
time goes to 400,

such that, for every integer ¢ in {1,...,q — 1},
zit1(t) — zi(t) » +o0 as t— 400,

and such that, for every real quantity x and every nonnegative time t,

T(x,t) =mo + 2‘1: [qﬁi (2 —x4(t)) — mi_l} :
i=1

Remark. Ttem 2 may have been omitted in this definition, since it boils down to item 3
with ¢ equals 1.

A propagating terrace of bistable fronts travelling to the left may be defined similarly.
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Figure 2.3: Standing terrace (with four items, g = 4).

2.3.3 Standing terrace of bistable stationary solutions

The next three definitions deal with stationary solutions. They are identical to those of
[43].

Definition 2.3 (standing terrace of bistable stationary solutions, figure 2.3). Let v be a
real quantity and let m_ and m4 be two points of M such that V(m_) =V (my) = v.
A function

T:Rx[0,+00) = RY  (z,t) = T(x,t)
is called a standing terrace of bistable stationary solutions, connecting m_ to my, if there

exists a nonnegative integer ¢ such that:

1. if g equals 0, then m_ = m and, for every real quantity x and every nonnegative
time ¢,
T(:C,t) =MmM—_ =My
2. if ¢ = 1, then there exist:
« a bistable stationary solution ¢; connecting m_ to m,

o and a C!-function t + () defined on [0, +00) and satisfying o () — 0 as
time goes to 400,

such that, for every real quantity x and every nonnegative time t,

T(z,t) = ¢1(z — 21(t)) ;

3. if ¢ is not smaller than 2, then there exist ¢ — 1 (not necessarily distinct) points
mi,...,mg—1 in M, all in the level set V—1({v}), and if m_ is denoted by mg and
m4 by myg, then for each integer i in {1,..., ¢}, there exist:

e a bistable stationary solution ¢; connecting m;_; to m;,

o and a C!-function t +— z;(¢) defined on [0, +oc) and satisfying %(t) — 0 as
time goes to 400,



such that, for every integer i in {1,...,q¢ — 1},
zit1(t) — zi(t) » +o00 as t— 400,

and such that, for every real quantity x and every nonnegative time t,

T(l’, t) =mg + zq: [(ﬁz (IE — xz(t)) — mi_d .
=1

Remark. Once again item 2 may have been omitted in this definition, since it boils down
to item 3 with ¢ equals 1.

The terminology “propagating terrace” was introduced by A. Ducrot, T. Giletti, and
H. Matano in [11] (and subsequently used by several other authors [18, 19, 26, 35-38]) to
denote a stacked family of travelling fronts in a (scalar) reaction-diffusion equation. This
led the author to keep the same terminology in the present context, and to introduce the
term “standing terrace” for sake of homogeneity. Those terminologies are convenient to
denote objects that would otherwise require a long description. They are also used in the
companion papers [40, 41].

The author hopes that these advantages balance some drawbacks of this terminological
choice. Like the fact that the word “terrace” is probably more relevant in the scalar
case d equals 1 (see the pictures in [11, 38]) than in the more general case of systems
considered here. Or the fact that the definitions above and in [43] are different from the
original definition of [11] in that they involve not only the profiles of particular (standing
or travelling) solutions, but also their positions (denoted above by z;(t)).

To finish, observe that in the present context terraces are only made of bistable
solutions, by contrast with the propagating terraces introduced and used by the authors
cited above; that (still in the present context) terraces are approached by solutions but
are (in general) not solutions themselves; and that a (standing or propagating) terrace
may be nothing but a single stable homogeneous equilibrium (if ¢ equals 0) or may involve
a single travelling front or a single inhomogeneous stationary solution (if ¢ equals 1).

2.3.4 Energy of a bistable stationary solution and of a standing terrace

Definition 2.4 (energy of a bistable stationary solution). If x — u(z) is a bistable
stationary solution connecting two points m_ and m4 of M (in this case V(m_) must
equal V(my)), let us call energy of u, and let us denote by £[u], the quantity:

Elu] = /R(; (@) 4+ V (u(x)) - V(ms)) da.

Observe that this integral converges, since u(z) approaches its limits m_ and m at both
ends of space at an exponential rate.

Definition 2.5 (energy of a standing terrace). For every standing terrace T of bistable
stationary solutions, let us call energy of T, and let us denote by E[T], the quantity
defined (with the notation of the two definitions above) as follows:



1. if ¢ equals 0, then E[T] =0,
2. if g equals 1, then E[T] = E[¢1],
3. if ¢ is not smaller than 2, then £[T] = Y7, E[¢i].

2.3.5 Bistable asymptotic pattern

u u
[_ -1 Meright

Mieft ¢-- —ﬂﬂe& Tignt |

\ 7;entre /

Mecentre-left ¢----------2 N Mcentre-right

T

Figure 2.4: Bistable asymptotic pattern.

Definition 2.6 (bistable asymptotic pattern, figure 2.4). Let miegy and myight be two
points of M. A function

P:R x [0,400) = RY  (z,t) = P(x,1)
is called a bistable asymptotic pattern connecting mief; 1o Myight if there exist:

e two points Meentre-lefs a0d Mcentre-right i M, belonging to the same level set of V/,

e and a propagating terrace T of bistable fronts travelling to the left, connecting

Mieft 1O Mecentre-left s

e and a standing terrace Teentre Of bistable stationary solutions, connecting Mmeentre-loft

t0 Mecentre-right s

 and a propagating terrace Tygn; of bistable fronts travelling to the right, connecting

Meentre-right 1O Mright,

such that, for every real quantity x and for every nonnegative time ¢,
P(ZL‘, t) = [ﬂeft (:E, t) - mcentre—left] + Teentre ({L‘, t) + [ﬁight (5137 t) - mcentre—right] .

The main result of this paper (Theorem 1 below) states that, under some generic
assumptions on the potential V', every bistable solution approaches such a bistable
asymptotic pattern. Results of the the same flavour have recently been obtained by H.
Matano and P. Polacik in the scalar case d equals 1 (under weaker assumptions otherwise,
and by completely different methods specific to the scalar case), [26, 38] (compare [26,
Figure 1] and [38, Figure 1.1] with figure 2.4 above).
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2.4 Generic hypotheses on the potential
2.4.1 Escape distance of a minimum point

Notation. For every u in R%, let o(D?V (u)) denote the spectrum (the set of eigenvalues)
of the Hessian matrix of V' at u, and let Apin(u) denote the minimum of this spectrum:

(2.3) Ain (1) = min(o/( D2V (w)))

Definition 2.7 (Escape distance of a nondegenerate minimum point). For every m in
M, let us call Escape distance of m, and let us denote by dgs.(m), the supremum of the
set

(2.4) {5 €[0,1] : for all u in R? satisfying |u —m| <6, Amin(u) > )\min(m)} :

N =

Since the quantity Amin(u) varies continuously with w, this Escape distance dgsc(m) is
positive (thus in (0,1]). In addition, for all u in R? such that |u — m/| is not larger than
dpsc(m), the following inequality holds:

1
(25) Amin(u) > iAmin(m) ]
This “Escape” distance will be used in two different ways.

1. To “track” the position in space where a solution “escapes” a neighbourhood of
m (this position is called “leading edge” by Muratov in a framework including
monostable invasion [27, 30, 31]). The reason for the capital letter “E” in “Esc” is
to make a difference with another escape distance “desc(m)” that will be required
later (see definition (4.18) on page 27).

2. To normalize the bistable stationary solutions with respect to translation invariance
(in the next sub-subsection).

2.4.2 Breakup of space translation invariance for stationary solutions and travelling
fronts

For every real quantity c, for every ordered pair (m_,m4) of points of M, and for every
function ¢ in ®.(m_, my),

sup |¢(§) — m—| > dpsc(m—) and sup|p(&) — my| > Opsc(my)
EER £eR

(assertion 4 of Lemma 7.1 on page 96). See figure 2.5. This provides a way to pick
a representative among the family of all translates of ¢, by demanding that, say, the
translate be exactly at distance dggc(m) of his right-end limit m at £ = 0, and closer for
every positive £ (see figure 2.6). Here is a more formal definition. For ¢ in R and (m_,m)

11



0

Figure 2.5: Every function in ®.(m_,m.) escapes at least at distance dgsc(m—) of m_ and
at distance 0gg.(m4) of m4; every function in ®g(m4,m4) escapes at least at distance
OEsc(m+) of m.

¢ S (I)c,norm<m—7 m+) ~~
5Esc(m+)_I_'m__\

0 £

Figure 2.6: Normalized (standing or travelling) bistable front.
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in M2, let us introduce the set of normalized profiles of bistable fronts/stationary solutions
connecting m_ to m.:

Denorm(m—,my) = {p € @c(m_,my) : |¢p(0) —my| = Opsc(my) and

(2.6) () — my| < Opse(my) forall & in (0,+00)} .

And if ¢ is positive, let us introduce the set of normalized profiles of bounded waves
travelling at the speed ¢ and “invading” m.:

q)C,HOFm(m-F) = {¢ € (I)C(m+) : |¢(0) - m+| = 5Esc(m+) and
|p(&) — my| < Opse(my) forall € in (0,400)}.

2.4.3 Statement of the generic hypotheses

The main result stated in the next subsection 2.5 requires a number of generic hypotheses
on the potential V', that will now be stated. A formal proof of the genericity of these
hypotheses is provided in [23].

(Honly_bist) Every nonconstant bounded wave travelling at a nonzero speed and invading
a stable equilibrium (a point of M) is a bistable travelling front. With symbols,
for every my in M and every positive quantity c,

do(my)= | Bolm_.m.),
m_eM

or equivalently ®¢norm(m4) = U D norm(m—,my) .
m_eM

In the next two hypotheses, the subscript “disc” refers to the concept of “discontinuity”

or “discreteness”.
(Hyjsee) For every my in M, the set:
{c¢in (0,400) : Dc(my) #0}
has an empty interior.

(Hyse.p) For every point m, in M and every real quantity c, the set

{(£(0),6'(0)) : ¢ € Pe.norm(m+)}

is totally discontinuous — if not empty — in R2¢. That is, its connected components
are singletons. Equivalently, the set ®.pnorm(m4) is totally disconnected for the
topology of compact convergence (uniform convergence on compact subsets of R).

The next hypothesis will be required to ensure that the number of travelling fronts
involved in the asymptotic behaviour of a bistable solution is finite:

13



(H The set of critical values of V', that is the set

crit—val)
{(V(u):u € R and VV (u) = 0},
is finite.

The next hypothesis will be required in order to apply the relaxation results of [43] (for
the relaxation of the solution behind the travelling fronts).

(Honly_min) Every critical point of V' that belongs to the same level set as a point of M

is itself in M.

In other words, for all points u; and us in R?,
[VV(u1) = VV(u5) = 0 and V(u1) = V(us) and D*V(u1) > 0] = DV (uz) > 0.
Finally, let us us call (G) the union of these five generic hypotheses:

(G) (Honly—bist) and (Hdisc—c) and (Hdisc—fb) and (Hcrit—val) and (Honly—min)-

2.5 Main result: global asymptotic behaviour

Theorem 1 (global asymptotic behaviour). Let V' denote a function in C?(R?,R) satis-
fying the coercivity hypothesis (Heoere) and the generic hypotheses (G). Then, for every
bistable solution (x,t) — u(x,t) of system (1.1), there exists a bistable asymptotic pattern
P such that

sup |u(z,t) — P(z,t)] =0 as t— +o0.
zeR

2.6 Additional results
2.6.1 Residual asymptotic energy

Here is an additional conclusion to Theorem 1.

Proposition 2.8 (residual asymptotic energy). Assume that the assumptions of The-
orem 1 hold. With the notation of this theorem, if Teentre denotes the standing terrace
involved in P and if Ocentre denotes the value taken by V' at each of the two points of M
connected by Teentre, then, for every small enough positive quantity €,

et 1
/ (5%(1:, t)? + V(u(x,t)) — Ucentre) dr — E[Teentre] as t— +00.
et

The quantity &[Teentre] may be called the residual asymptotic energy of the solution.
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2.6.2 Regularity of the correspondence between a solution and its asymptotic
pattern

Notation. Let
Xpist (M) = | ] Xpist (m—,m4) .

(m—,m4)eEM?

For up in Xpist (M), if (x,t) — u(z,t) denotes the corresponding solution, using the
notation of Theorem 1 and of Definition 2.6 (definition of a bistable asymptotic pattern),
let:

e glery denote the number of items involved in the left-propagating terrace Tieft,
* (right denote the number of items involved in the right-propagating terrace 7yighs,

e cqlefy denote the real quantity defined as
— if qrer equals 0 then ¢ jef = 0,

— if qiefs is not smaller than 1 then ¢y ef; is the speed of the “first” travelling
front involved in the left-propagating terrace Tiey (the one invading m_), with
the convention that cj ey is positive (the velocity of the front is —cLleft),

e Ciright denote the real quantity defined as
— if gright equals 0 then ¢ right = 0,

— if gright is not smaller than 1 then c¢; yigns is the (positive) speed of the “first”
travelling front involved in the right-propagating terrace Tyight (the one invading

m+>7

* Yeentre denote the quantity V(meentre-left) = V (Mecentre-right ),
o & denote the energy of the centre standing terrace Teentre-
This defines maps:
Qright - Xpist(M) = N,
Qeft, * Xbist (M) — N,
Deentre * Xbist(M) = R,
& Xpist(M) — [0, +00),
c1,left © Xbist (M)
C1 right @ Xbist (M)
Finally, let
Kbist, no-inv (M) = Xpise (M) N giof ({0}) N qgglht({o}) :

In this notation the subscript "no-inv" refers to the fact that these solutions are those for
which none of the two stable equilibria at both ends of space is “invaded” by a travelling
front. Note that for every solution in Xpis, no-inv(/M), the equilibria approached by the
solution at both ends of spatial domain must belong to the same level set of V' (this
follows from Theorem 1).
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The following proposition states some regularity properties (upper or lower semi-
continuity) of the “correspondences” between a solution and its asymptotic pattern
defined above. The underlying phenomenon is in essence nothing else than the standard
upper semi-continuity with respect to initial condition of the asymptotic level set of a
(descendent) gradient flow (of say a Morse function on a finite-dimensional manifold).
All the assertions stand with respect to the topology induced by |||y (for the domain
spaces) and the topology induced by the usual distance on R (for the arrival spaces).

Proposition 2.9 (continuity properties of the asymptotic pattern with respect to initial
condition). The following assertions hold:

1. the maps c1 ey and c1 right are lower semi-continuous;
2. the restriction of the function £ to the set Xpjist, no-inv(M) is upper semi-continuous.
Proof. The fist assertion is proved in [39]. The second assertion is proved in [43]. O

There are many other natural questions concerning the regularity of those correspon-
dences. For instance it seems likely that the asymptotic potential level (the function
Ucentre|:]) 1S upper semi-continuous on Xyt (M). And it would be nice to equip the “space
of asymptotic patterns” with a topological structure ensuring similar semi-continuity
properties for other (all?) features of the asymptotic pattern (speeds of the travelling
fronts, values of the potential at minimum points connected by these travelling fronts,
energies of the components of the centre standing terrace). This question goes beyond
the scope of this paper; it is discussed in more details (in a more restricted case) in [43].

2.7 Additional questions and extensions
2.7.1 Additional questions

Besides the questions concerning the regularity of the correspondence between a solution
and its asymptotic pattern mentioned above, here are some other natural questions
(either that I have not been able to solve, or that are beyond the scope of this paper).

o Does Theorem 1 hold without hypothesis (Hgisc.c)? The question is legitimate since
this hypothesis is not required to prove convergence towards the “first travelling
fronts” (those called ¢ and ¢ — in the statement of Theorem 1); indeed no
hypothesis of this kind is made in [39]. However, I have not been able to get rid
of that hypothesis to prove convergence towards a travelling front “following” a
previous one. For additional comments and details see subsection 4.8.

e Does Theorem 1 hold without hypothesis (Honly_min)? This question is discussed in
[43].

o All the convergence results stated in this paper are purely qualitative (there is
no quantitative estimate about the rate of convergence of a solution towards its
asymptotic pattern). F. Béthuel, G. Orlandi and D. Smets [3] have obtained such
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quantitative estimates for the same gradient systems but in a different setting
(they do not consider convergence towards travelling fronts but only relaxation
towards stationary solutions connecting global minimum points of V'). It would
be interesting to see if the same approach can yield similar quantitative estimates
but for general bistable solutions (and asymptotic behaviour involving travelling
fronts).

o Concerning the existence of travelling fronts, the results obtained by Alikakos—
Katzourakis and the author ([2, 39]) have been recently extended (by a calculus of
variations approach) to the settings of degenerate stable states [32] and parabolic
systems in space dimension two [10, 33]. It would be interesting to know if global
convergence results as those of the present paper can also be obtained in these
settings.

2.7.2 Extensions

Results similar to Theorem 1 hold in the following two cases that are considered in the
companion papers [40, 41].

e Damped hyperbolic systems of the form
auy +up = —VV(u) + gy

obtained by adding an inertial term cuy (where o is a positive non necessarily small
quantity) to the parabolic system (1.1) considered here. Note that this extension
was already achieved by Gallay and Joly in the scalar case d equals 1 (for a bistable
potential) using the gradient structure in every travelling frame (1.6), see [15].

e Radially symmetric solutions in higher space dimension dg,, governed by systems
of the form

dsp — 1
Uy = —VV<U) + pTu'r + Upp

where the nonnegative quantity r denotes the radius (distance to the origin) in
R,

2.8 Organization of the paper

The next section 3 is devoted to some preliminaries (existence of solutions, preliminary
computations on spatially localized functionals, notation).

Proof of Theorem 1 is essentially based on two propositions: Propositions 4.1 and 5.1,
together with the results of the companion paper [43]. Sections 4 and 5 are devoted to
these two propositions.

Proposition 4.1 is the main step and is proved in section 4 on page 22. It is an extension
of the main result of global convergence towards travelling fronts proved in the previous
paper [39]. As in [39], the proof is based on estimates about the time derivatives of energy
functionals of the form (1.4), with the exponential weight replaced by an integrable one.
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By contrast with the situation investigated in [39], the hypotheses of Proposition 4.1
cope with the case where the solution is not necessarily close to a single point of M in
the whole domain ahead of the “next” travelling front, but may already behave in this
domain as a propagating terrace of bistable travelling fronts. With respect to [39], the
main difficulty is that an additional term appears in the time derivatives of the localized
energy functionals in this case. For this reason, the relaxation scheme requires more care.

Proposition 5.1 is easier and is proved in section 5 on page 78. It follows from
Proposition 5.8, which states that, if a solution is close to stable homogeneous equilibria
in large spatial domains on the left and on the right, and if these domains are not invaded
(at a nonzero mean speed) from the “centre” area in between, then the energy of the
solution (in a standing frame) between these two areas remains nonnegative. Again, the
proof is based on estimates for localized energy functionals in a travelling frame — this
time at zero or small nonzero speed.

The proof of Theorem 1 is completed in section 6 on page 95, by combining Proposi-
tion 4.1, Proposition 5.1, and the results of [43].

Finally, elementary properties of the profiles of travelling fronts are recalled in section 7
on page 96.

3 Preliminaries

As everywhere else, let us introduce a function V' in C2(R? R) satisfying the coercivity
hypothesis (Heoere)-

3.1 Global existence of solutions and attracting ball for the semi-flow

The following proposition follows from general existence results and the assumption
(Heoere). For the proof see for instance [39, 43]. Its two conclusions are somehow
redundant, since an upper bound for the H&l—norm immediately yields an upper bound
for the L°°-norm, and the converse is also true since the flow is regularizing. The reason
for this redundant statement is that both quantities Ratt o and Rag, x used to express
these bounds will be explicitly used at some places.

Proposition 3.1 (global existence of solutions and attracting ball). For every function
ug in X, system (1.1) has a unique globally defined solution t + Syug in C°([0, +00), X)
with initial condition ug. In addition, there exist positive quantities Rat oo and Rag x
(radius of attracting ball for the L*°-norm and the H&l—norm, respectively), depending
only on the potential V', such that, for every large enough positive time t,

e = (Seu0) (@) o (g o) < Rattoo  and o= (Spuo)(2)llx < Rase,x -

In addition, system (1.1) has smoothing properties (Henry [22]). Due to these properties,
since V is of class C? and thus the nonlinearity VV is of class C!, for every quantity o in
the interval (0, 1), every solution ¢ + Syug in C°([0, +00), X) actually belongs to

€ ((0,+00), o (R, R) ) N C* ((0, +00), € (R, RY) ),

18



and, for every positive quantity &, the quantities

d(StUO)

Q)

3.1 sup ||.Siu o and su
(3.1) tzlg” ttoll 2.0 (i za) p

t>e et (R,R9)

are finite.

3.2 Asymptotic compactness of solutions

The following compactness property will be called upon several times (at the ends of the
proofs of Propositions 4.1 and 5.1).

Lemma 3.2 (asymptotic compactness). For every solution (z,t) — u(z,t) of system
(1.1), and for every sequence (Zp,tn)nen in R x [0, +00) such that t, — +00 asn — +oo,
there exists a entire solution @ of system (1.1) in

o (]R, c2 (R,Rd)) nct (R,cg (R,Rd)) :
such that, up to replacing the sequence (xy,tn)nen by a subsequence,
(3.2) D> u(zy 4 -ty +-) = D> as n — 400,

uniformly on every compact subset of R?, where the symbol D*'v stands for (v, vy, Veg, Vt)
(for v equal to u or ).

Proof. See [25, p. 1963] or [43, proof of Lemma 3.2]. O
3.3 Time derivative of (localized) energy and L?-norm of a solution in a
travelling frame

Let (z,t) — u(z,t) be a solution of system (1.1), and let m be a point of M. Let ¢ be a
real quantity, and let us consider the same solution viewed in a frame travelling at the
speed ¢, that is the function (,t) — v(&,t) defined as

v(&,t) =u(x,t) for x=ct+¢.
As mentioned in introduction, this function is a solution of the system
(3.3) v — cvg = =V V(v) + vge

that can be formally rewritten as the (descendent) gradient of the following energy
(Lagrangian, action) functional:

[ e (Guete.? + Vol 0) ~ vim) de.

The key ingredients of the proofs rely on appropriate combinations of this functional
with the other most natural functional to consider, namely the L?-norm of the distance
to m (with the same exponential weight):

/ ecfé(v(g,t) - m)2 dé .
R
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To simplify the presentation, let us assume (only in this subsection) that
m=0gpe and V(m)="V(0pa)=0.

In order to ensure the convergence of those last two integrals, it is necessary to localize
the integrands. Let (&,t) — ¢ (&,t) be a function defined on R x [0, +00) and such that,
for all ¢ in (0, +00), the function ¢ — (&, t) belongs to W2(R, R) and its time derivative
€+ YPy(€,t) is defined and belongs to L'(R,R). Then, the time derivatives of the two
aforementioned functionals — localized by the “weight” function ¥(&,t) — read:

(3.4) jt/Rszvg + V(v)) d¢ = /R[—q/) v? 4 wt(%vg + V(v)) + (e —abe) ve - vt} dg,

and
d
(3.5) dt/RdJ;vQ d¢ = /R[w(—v -VV(v) — vg) + %(wt + e — 01/15)7)2} dg .

Here are some basic observations about these expressions.

o The time derivative of the (localized) energy is the sum of a (nonpositive) “dissipa-
tion” term and two additional “flux” terms.

« The time derivative of the (localized) L?-norm is similarly made of two “main”
terms and an additional “flux” term. Among the two main terms, the second is
nonpositive, and so is the first if |v| is small.

e The flux terms involving 1, are small if i varies slowly with respect to time.

« The other flux term in the time derivative of energy is small if the quantity ci) — ¢
is small, that is if ¥ (&, t) behaves nearly as exp(c§) (up to a positive multiplicative
constant). But this cannot hold for all ¢ in R since & + (¢, t) must be in L'(R, R).
As a consequence, it will not be possible to avoid that this second flux term be
weighted by a “non small” weight of the order of ¢, at least somewhere in space.

« Hopefully, the remaining flux term in the time derivative of the L?-norm is “nicer”,
in the sense that it is small under any of two conditions instead of a single one:

— either if ¥(, t) is close to behave like exp(c€) (up to a positive multiplicative
constant, like the previous flux term),

— or if ¥(,t) varies slowly with &.

e Finally, the “tricky” flux term in the time derivative of energy can be balanced
by the other terms of those expressions by considering a linear combination (with
positive coefficients) of energy and L?-norm with a large enough coefficient of the
L?-norm with respect to the coefficient of energy.

These observations will be put in practice several times along the following pages.
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3.4 Miscellanea
3.4.1 Second order estimates for the potential around a minimum point

Lemma 3.3 (second order estimates for the potential around a minimum point). For
every m in M and every u in R? satisfying |u — m| < dgsc(m), the following estimates
hold:

(3.6) V(u) = V(m) > =2 (u—m)?,
(3.7) and (u—m)-VV(u) > /\mlz(m)(u —m)?,
(3.8) and (u—m)-VV(u) >V(u)—V(m).

Proof. The three inequalities follow from inequality (2.5) on page 11 ensured by the
definition of dgg.(m) and from three variants of Taylor’s Theorem with Lagrange remainder
applied to the function f defined on [0, 1] by f(0) = V (m+60(u—m)) (see [43, Lemma 3.3]).

O

3.4.2 Lower quadratic hulls of the potential at minimum points

For the computations carried in subsection 4.4 below, it will be convenient to introduce
the quantity giow-nun defined as the minimum of the convexities of the negative quadratic
hulls of V' at the points of M (see figure 3.1). With symbols:

Qow-hull (U - m)2

m

U

Figure 3.1: Lower quadratic hull of the potential at a minimum point (definition of the
quantity Giow-hul)-

V(u) = V(m)

Qlow-hull = Min inf 2

meM ueRd\{m}  (u—m)
(a similar quantity was defined in [43]). This definition ensures (as displayed by figure 3.1)
that, for every point m of M and for every u in R¢,

V(u) = V(m) > qow-nan(u — m)?.

Let us introduce the following quantity (it will be used to define the coefficient of the
energy in the firewall functions defined in subsection 4.4 and sub-subsection 4.7.6 on
page 26 and on page 35):

1

max(1, —4 qiow-hull)

Wen,0 =
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It follows from this definition that, for every m in M and for all v in R¢,

(3.9) Wen o (V(u) —V(m)) + ~(u—m)? >0.

4 Invasion implies convergence

4.1 Definitions and hypotheses

As everywhere else, let us consider a function V' in C?(R%, R) satisfying the coercivity
hypothesis (Heperc). Let us consider a point m in M, a function (initial condition) wug in
X, and the solution (z,t) — u(z,t) of system (1.1) for this initial condition.

It will not be assumed that this solution is bistable, but instead, as stated by the next
hypothesis (Hpom-right), that there exists a growing interval, travelling at a positive speed,
where the solution is close to m (the subscript “hom” in the definitions below refers to
this “homogeneous” area), see figure 4.1.

Figure 4.1: Illustration of hypotheses (Hpom-right) and (Hiny).

(Hhom_right) There exists a positive quantity chom and a C'-function
Thom : [0, +00) — R, satisfying a},,,(t) = Chom as t— +oo,
such that, for every positive quantity L,

sup  |u(Thom(t) +&,t) —m| =0 as t— +oc.
fE[—L,L}

For every ¢ in [0 + 00), let us denote by xgs(t) the supremum of the set:

{x € (—00, Thom(t)] : |u(z,t) —m| = 5Esc(m)},
with the convention that zgg.(t) equals —oo if this set is empty. In other words, xpg.(t) is
the first point at the left of xpom(t) where the solution “escapes” at the distance dggc(m)

from the stable homogeneous equilibrium m. This point will be referred to as the “Escape
point” (with an upper-case “E”, by contrast with another “escape point” that will be
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introduced later, with a lower-case “e” and a slightly different definition). Let us consider
the upper limit of the mean speeds between 0 and t of this Escape point:
TEsc (t)

CEsc = lim sup ,
t——+o00

and let us make the following hypothesis, stating that the area around xpon, () where the
solution is close to m is “invaded” from the left at a nonzero (mean) speed.

(H,,,) The quantity cgs is positive.

4.2 Statement

The aim of section 4 is to prove the following proposition, which is the main step in the
proof of Theorem 1. The proposition is illustrated by figure 4.2.

S ’_ZL_(_Q_T; _t_) ________ CEsc \/\

Chom

3
.
/

T

| xhom,;lext (t) xESC (t) xhom (t)

Figure 4.2: Illustration of Proposition 4.1.

Proposition 4.1 (invasion implies convergence). Assume that V' satisfies the coercivity
hypothesis (Heoere) and the generic hypotheses (Honly-bist) and (Haise-c) and (Haise-a),
and, keeping the definitions and notation above, let us assume that for the solution under
consideration hypotheses (Hnomright) and (Hiny) hold. Then the following conclusions
hold.

1. The function t — xgs(t) s of class C' as soon as t is large enough and
Thee(t) = CRse a8 t— +00.
2. There exist:
o a point Myext in M satisfying V(mpext) < V(m),
e a profile of travelling front ¢ in Pcy_ . norm (Mnext, M),

e a Cl-function [0,+00) = R, t = Thom-next(t),

such that, as time goes to +00, the following limits hold:

TEsc(t) — Thomenext (t) = +00  and T}y next (t) — CEse
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and
sup |u(z,t) — ¢(z — xpse(t))| = 0

Tre [xhom—next (t) > Thom (t)]

and, for every positive quantity L,

sup |u(xh0m—next (t) +¢, t) - mnext| — 0.
e[-L,L]

In this statement, the very last conclusion is actually redundant with the previous one.
The reason why this last conclusion is stated this way is that it emphasizes the fact that
a property similar to (Hhom-right) is recovered “behind” the travelling front. As can be
expected this will be used to prove Theorem 1 by re-applying Proposition 4.1 as many
times as required (to the left and to the right), as long as “invasion of the equilibria
behind the last front” occurs.

4.3 Set-up for the proof, 1

Let us keep the notation and assumptions of subsection 4.1, and let us assume that the
hYPOtheSGS (Hcoerc) and (Honly—bist) and (Hdisc—c) and (Hdisc—q?') and (Hhom—right) and (Hinv)
of Proposition 4.1 hold.

4.3.1 Assumptions holding up to changing the origin of time

Without loss of generality, up to changing the origin of time, it may be assumed that the
following properties hold.

e According to Proposition 3.1, it may be assumed that, for every nonnegative time ¢,

(41) ||I' = U(CL‘, t)HLoo (R,Rd) < Ratt,oo

(4.2) and |z = u(z,t)|| y < Ratt,x -

o According to the bounds (3.1) on page 19, it may be assumed that

(4.3) iL>110) |z — u(x, t)| ) < 400 and iglg ||z — ut(x,t)Hcg(RRd) < +00.

c2(rrd

o According to (Hhom-right), it may be assumed that, for all ¢ in [0, +00),

(4.4) Thom(t) > 0.

o According to (Hi,y), it may be assumed that, for all ¢ in [0, +00),

(4.5) —00 < TEse(t).
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4.3.2 Normalized potential and corresponding solution
For notational convenience, let us introduce:
« a new “normalized” potential V1 :R? - R, v — VT(v),
« and the corresponding solution u! : R x [0, +00) — R, (x,t) — ul(x,1),

defined as
Viw)=V(m+v)—=V(m) and uf(z,t)=u(z,t)—m.

Thus the origin Oga of R? is to VT what m is to V, it is a nondegenerate minimum point
for V1 (with VT(0ga) = 0), and u' is a solution of system (1.1) with potential V' instead
of V; and, for all (z,t) in R x [0, +00),

Vil(z, 1) = V(u(e, 1) - V(m).
It follows from inequality (3.9) satisfied by wen o that, for all v in RY,

L,

(4.6) Wen,0 VT(U) + 17 >0,

and it follows from inequalities (3.7) and (3.8) that, for all v in RY satisfying |v| < dgsc(m),

(4.7) v-VVTi(v) > Am“;(m)v?,
(4.8) and v-VVIiw) >Viw).

This notation VT and u! will be used up to subsection 4.7. From subsection 4.8 on, the
notation V' and u denoting the initial potential and solution will be used again, instead.

4.3.3 Looking for another definition of the escape point

Unfortunately, the Escape point xps.(f) presents a significant drawback: there is no
reason why it should display any form of continuity (it may jump back and forth while
time increases). This lack of control is problematic with respect to the purpose of writing
down a dissipation argument precisely around the position in space where the solution
escapes from m.

The answer to this difficulty will be to define another “escape point” (this one will be
denoted by “Zesc(t)” — with a lower-case “e” — instead of xgg(t)). This second definition
is a bit more involved than that of xggs.(t), but the resulting escape point will have the
significant advantage of growing at a finite (and even bounded) rate (Lemma 4.5 below).
The material required to define this escape point is introduced in the next subsection.
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4.4 Firewall functions in the laboratory frame
4.4.1 Definition

The content of this subsection and of the next one is almost identical to that of [43,
section 4], where details, proofs, and comments can be found (the sole difference in [43] is
the existence of a positive definite “diffusion matrix” — whereas in the present paper this
diffusion matrix equals identity). Only the minimum required definitions and statements
are provided below.

The notation is the same as in [43, section 4] with an additional “0” subscript to
point out that all these objects are defined in the standing frame. Similar objects will
be defined in the next subsection 4.7 but this time in a travelling referential (this time
without the “0” subscript).

Let

(49) o= min( L, )

Weno 4

and let us introduce the weight function ¢y defined as
Yo(z) = exp(—ro |z]).

For z in R, let T%1y denote the translate of 1y by Z, that is the function defined as
Titpo(z) = o(z — ),

see figure 4.3. For all ¢ in [0, +00) and Z in R, let us introduce the “firewall” Fy(z,t)

T o(x)

X

Figure 4.3: Graph of the weight function z — Tz (z) used to define the firewall function
Fo(z,t). The slope is small, according to the definition of &.

defined as
1 1
(4.10)  Fo(z,t) = / Tzipo(x) <w6n70<2ul(gj7t)2 + Vi (uT(;c,t))) + QuT(a:,t)2> dr,
R
(the quantity wen,o0 was defined in sub-subsection 3.4.2).

4.4.2 Coercivity

Lemma 4.2 (coercivity of firewall function in the laboratory frame). For allt in [0, 4+00)
and T in R,

(4.11) Fol,t) zmin(wezn’o,i) /R Tetpo(x) (ul (2,) + ul (2,1)?) dz .

Proof. Inequality (4.11) follows from inequality (4.6). O
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4.4.3 Linear decrease up to pollution
Let
(4.12) Smseo(t) = {& € R: [ul(@,1)| > dmee(m)}

Lemma 4.3 (firewall linear decrease up to pollution). There exist positive quantities vr,
and Kr,, both depending only on V' and m, such that, for all T in R and t in [0,400),

(4.13) 0,F0(7,1) < —vr, Fol#,t) + Kr, /E , Tbole) o
Esc,0 t

Proof. See [43, Lemma 4.2]. The quantities vz, and Kz, may be chosen as follows:

1 )\min (m) ) :

(4.14) VE, = min(4w o
en,

and, according to the uniform bound (4.1) on page 24 for the solution,

)\min (m)

2
1 .

(v—m)

(415) K, =  max [—(v—m).VV(v)+;\V(v)—V(m)H

’UeRd, |'U|§Ratt,oo

O]

Remark. In order the proof of [43, Lemma 4.2] to apply, the quantities ko and vz, should
fulfill the following inequalities:

2 2
Wen,0 Ko 1 0 Amin (m)
4.1 U g d 0 Zmmir
(4.16) L P Py
1 )\min m
(4.17) and vz weno < 5 and % < 8()

(compare with, respectively, the inequalities [43, (4.5) and (4.18)]), out of which the
“natural” values for, respectively, ko and vz, would be:

mln . 1 )\min (m)
1 / d .
min wen 0 an mln<2wen’0 y 1 )

The reason for the (slightly more stringent) expressions (4.9) and (4.14) is that they are
convenient to be used again in section 5.

4.5 Upper bound on the invasion speed

Let

2 min(w‘g"o , %)
(418) 5esc(m) = 6Esc(m)\l T

As the quantity dgsc(m) defined in sub-subsection 2.4.2, this quantity desc(m) will provide
a way to measure the vicinity of the solution u! to the minimum point Oga of V', this
time in terms of the firewall function Fy. The value chosen for dese(m) ensures the validity
of the following lemma.
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Lemma 4.4 (escape/Escape). For all x in R and t in [0,+00), the following assertion
holds:

(4.19) Fol,1) < Sese(m)* = [ul (2, )] < dpee(m) .
Proof. See [43, Corollary 4.5]. O
Let L be a positive quantity, large enough so that
exp(—koL) esc(m)? 1 16 Kr,
2Kr, —————+ < _ ly L=—log|———F———
.FO 0 — V]:O 8 Y name y /{O Og(l/fo 6esc(m)2 K)O) )

let Mno-esc : R = R U {400} (“no-escape hull”) be the function defined as

+ 00 for £€<0,
5esc(m)2 §
(4.20) To-esc(§) = 9 (1 B ﬁ) for 0<E<L,
2
M for ¢€>1L,
4
see figure 4.4, and let cpoese (“no-escape speed”) be a positive quantity, large enough so
T]l’lO—eSC
2
Jesc(m)/ 2\
2
5esc(m) /4 ~
0 L ¢

Figure 4.4: Graph of the hull function 7y esc-

that

5050(7”)2 Kr, 8Kr, L
g > 2 | e = ————2
Cno-esc Al = Ko , Nlamely  Cpo-esc K0 Oone (m)2

As for the quantities kg and vr, and Kr,, the quantities L and cpoesc and the function
Tno-esc depend on V' and m. The following lemma, illustrated by figure 4.5, is a variant
of [43, Lemma 4.6].

Lemma 4.5 (bound on invasion speed). For all real quantities xieg, and Tright and
nonnegative time t1, if

fO(x7 tl) < max(nno—esc@: - xleft)a 77n0—esc<1'right - JJ)) fOT allz in R,
then, for every time t greater than or equal to t1 and every real quantity x,
]:0 ($, t) < max (nno—esc ($1eft — Cno-esc (t - tl))anno—esc (wright + Cno-esc (t - tl) - l’)) .

Proof. See [43, Lemma 4.6]. O
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nnO-eSC(x -z left) Tho-esc (xright - )

Cno-esc —Cno-esc

T
Y - -

T1eft Tieft + L Tright — L Tright T

Figure 4.5: llustration of Lemma 4.5; if the firewall function is below the maximum of
two mirror hulls at a certain time ¢; and if these two hulls travel at opposite speeds
+Cno-esc, then the firewall will remain below the maximum of those travelling hulls in the
future (note that after they cross this maximum equals +oo thus the assertion of being
“below” is empty).

4.6 Set-up for the proof, 2: escape point and associated speeds

With the notation and results of the previous subsections 4.4 and 4.5 at hand, let us pursue
the set-up for the proof of Proposition 4.1 “invasion implies convergence”. According to
hypothesis (Hhom-right) and to the bounds (4.3) on the solution, it may be assumed, up
to changing the origin of time, that, for all ¢ in [0, +00) and for all z in R,

(4.21) Fo(z,t) < max <nno_esc (a: — (Zhom () — 1)),77110_65C (hom (t) — :U)) )
As a consequence, for all ¢ in [0, +00), the set
Ihom(t) = {;Ug < ZThom(t) : for all z in R,
Fo(z,t) < max (nno_esc(a: — Z¢), Tho-ese (Thom (t) — x))}

is a nonempty interval (containing [Zhom(t) — 1, Zhom(t)]) that must be bounded from
below (see figure 4.6). Indeed, if at a certain time it was not bounded from below — in

fo(x’ t) Tho-esc (fL' — -’L'esc(t)) Mho-esc (.ZU — Nno-esc (xhom(t> — 5(3)

0 )Pl 1 )

Figure 4.6: Interval Ipon(t) and definition of xege(t).
other words if it was equal to (—00, Thom (t)] — then according to Lemma 4.5 this would

remain unchanged in the future, thus according to Lemma 4.4 the point zps.(t) would
remain equal to —oo in the future, a contradiction with hypothesis (Hipy ).
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For every nonnegative time ¢, let
(4.22) Tesc(t) = inf (Inom(t))  (thus Zesc(t) > —00).

Somehow like zgs.(t), this point represents the first point at the left of xpom(t) where
the solution u(x,t) “escapes” (in a sense defined by the firewall function Fy and the
no-escape hull 7,0.esc) at a certain distance from m. In the following, this point xes(t)
will be called the “escape point” (by contrast with the “Escape point” xps.(t) defined
before). According to assumption (4.5) and to the “hull inequality” (4.21) and Lemma 4.4
(“escape/Escape”), for every nonnegative time ¢,

(4.23) —00 < ZRse(t) < Tesc(t) < Thom(t) —1 and  Xgseo(t) N [TEse(t), Thom (t)] =0,
and, according to hypothesis (Hpom-right) and to the bounds (4.3) on the solution,
(4.24) Thom () — Tesc(t) = 400 as ¢ — 4o00.

The big advantage of Zesc(-) with respect to xgsc(+) is that, according to Lemma 4.5, the
growth of Zesc(+) is more under control. More precisely, according to this lemma, for all
nonnegative quantities ¢ and s,

(4.25) Zese(t +8) < Tese(t) + Cno-esc S -

For every s in [0, 400), let us consider the “upper and lower bounds of the variations of
Zesc(+) over all time intervals of length s”:

xr = xcsc(h) + fesc(t - tl) = xesc(tQ) + Cno-esc(t N t2)

xTr = xesc(h) + Cno-esc(t _ tl) T =17 (tQ) + (t — tQ)

T = ineSC(tQ) + gesc<t - t2)

T = xeSC(t1> + zesc(t - tl)
t ts t
Figure 4.7: Illustration of the bounds (4.27).

(4.26) Tesc(8) = SUP  Tesc(t+8) —Tesc(t) and Zoo(s) =  inf  Zesc(t+5) —Tese(t)
te[0,+00) t€[0,4-00)

see figure 4.7. According to these definitions and to inequality (4.25) above, for all ¢ and
s in [0, 400),

(427) —o00 < gesc(s) < xesc(t + 5) - xesc(t) < jesc(s) < Cno-esc S -
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Let us consider the four limit mean speeds:

Tesc(t . Tescllt
Cesc-inf = lim inf esel(?) and  Cescsup = lim sup esc(t)
t——+o00 b oo
and
5 . Tesc(S
Cesc-inf = = lim inf L() and éesc-sup = lim sup &() .
S§——+00 S oo s

The following inequalities follow from these definitions and from hypothesis (Hi,y):

—00 < Cogeninf < Cesc-inf < Cesc-sup < Cesc-sup < Cno-ese  and 0 < cgge < Cesc-sup -

The four limit mean speeds defined above will turn out to be equal. The proof of this
equality is based of the “relaxation scheme” set up in the next subsection.

Remark. In the previous paper [39] where convergence towards a single travelling front
was proved, no object similar to the lower bound z..(-) or the quantity Cee.inf Was
defined. Here those objects will be specifically required to prove convergence towards the
travelling fronts “following” the “first” ones (in the statement of Theorem 1, the “first”
ones are ¢1 4 and ¢1 _, and the “following” ones are the ¢; y and ¢; — with 7 larger than
1). Indeed, for those “following” travelling fronts, a tighter control over the escape point
will be required.

4.7 Relaxation scheme in a travelling frame

The aim of this subsection is to set up an appropriate relaxation scheme in a travelling
frame. This means defining an appropriate localized energy and controlling the “flux”
terms occurring in the time derivative of this localized energy. The considerations made
in subsection 3.3 will be put in practice.

4.7.1 Notation for the travelling frame

Let us keep the notation and hypotheses introduced above (since the beginning of
subsection 4.3), and let us introduce the following real quantities that will play the role
of “parameters” for the relaxation scheme below (see figure 4.8):

/ >x—xlnlt+cs+£

gcut—init T

Iy

Y

tlnl T
‘ 0

- - -

0l Tinit

Figure 4.8: Space coordinate ¢ and time coordinate s in the travelling frame, and
parameters iy and xini and ¢ and Ecyginit-
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e the “initial time” tjn;; of the time interval of the relaxation;

o the position xiyit of the origin of the travelling frame at initial time ¢ = tin;; (in
practice it will be chosen equal to Zesc(tinit));

e the speed c of the travelling frame;

e a quantity &cut-init that will be the the position of the maximum point of the weight
function & — x(&, tinit) localizing energy at initial time ¢ = ¢;,i¢ (this weight function
is defined below); the subscript “cut” refers to the fact that this weight function
displays a kind of “cut-off” on the interval between this maximum point and +o0.
Thus the maximum point is in some sense the point “where the cut-off begins”.

Let us make on these parameters the following hypotheses:
(428) 0<tinit and 0<c<cpoese and 0 < Eeuteinit -

The relaxation scheme will be applied several time in the next pages, for various choices
of these three parameters.
For all £ in R and s in [0, +00), let

v(&,s) = UT(ZL‘,t) where x = apnig +¢cs+& and t=tpng+S.

This function (&, s) +— v(€, s) is thus defined from (x,t) — uf(z,t) by considering this
solution in a frame travelling at the speed ¢, with ti,;t as the origin of times and xin;t as
the origin of space. It satisfies the differential system already written in (1.3) on page 2
and (3.3) on page 19 (with VT instead of V), that is:

(4.29) vs — cvg = —VVT(0) + vge .

4.7.2 Principle of the relaxation scheme
Two functions will now be defined, each with its own weight function:
o a localized energy s — E(s);

« a localized “firewall” function s — F(s), that will be a linear combination of the
energy and the L?-norm with appropriate coefficients.

Here are the constraints that have to be faced in the choice of these definitions. Some of
them have already been mentioned in subsection 3.3. Note that these constraints are
slightly more involved than in a standing frame (this latter case is easier and treated in
details in [43]).

1. Both weight functions should vary slowly with time.

2. The weight function for the energy should be equal — or at least close — to exp(c§)
(up to a positive multiplicative constant) in a subset of the space real line “as large
as possible” since such a subset does not “contribute” to the flux terms in the time
derivative of localized energy.
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3. The weight function for the firewall functional should either be equal — or at least
close — to exp(c) (up to a positive multiplicative constant), or vary slowly with
respect to space and time, since each of these conditions ensures the smallness of
the flux term of the L?-norm.

4. The (positive) coefficients of the energy and of the L?-norm in the definition of
the firewall functional should face two independent constraints, both in favour of a
larger coefficient for the L?-norm:

e the firewall should be coercive;

e in the time derivative of the firewall, the “non small” flux terms of the derivative
of energy (where the weight function of energy is not close to exp(c€)) should be
balanced by the “main” (nonpositive) terms in the derivative of the L2-norm.

5. Finally, in order the positive part of the total contribution of the flux terms of the
energy to be small (and not only bounded), as will be required to prove convergence
towards stationary solutions in a travelling referential, the initial weight function
for the energy will have to be chosen equal to exp(c€) up to far to the right, and it
is the parameter &.ut.init that will enable this “tuning”.

4.7.3 Choice of the parameters s and c¢yt and wey

Let k (rate of decrease of the weight functions), ceyt (speed of the cut-off point in the
travelling frame), and wey, (coefficient of energy in the firewall function) be three positive
quantities, small enough so that

1
Cout + et R) < 5 and wenccut(c+ /‘i) <

Wen (¢ + H)( 5

4
(Ccut + H)(C + H) < Amin(m)
5 =

=

(4.30)

and

8
(compare with conditions (4.16) on page 27) and
(431) Wen S Wen,0

(the quantity wen o was defined in sub-subsection 3.4.2 on page 21). Conditions (4.30)
will be used to prove inequality (4.42) on page 38. Condition (4.31) will be used in the
proofs of Lemma 4.7 (energy decrease up to firewall) and Lemma 4.9 (nonnegativity of
firewall). These quantities may be chosen as follows (k and ¢y are chosen so that the
third inequality of (4.30) be fulfilled, and then wey is chosen according to the first two
inequalities of (4.30) and to (4.31)):

V >\min min min
K= min( (m), A (m)> and cut = —A (m) ,
4 16¢no-esc 8(Cno-esc + K')
2 1

and Wep = Min , , W .
o ((Cno—esc + /43) (Cno—esc + K+ 2Ccut) 4Ccut(cno—esc + /43) en,O)

These three quantities depend on V' and m.
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4.7.4 Localized energy
For every real quantity s, let us introduce the two intervals
Imain(s) = (_007 fcut—init + Ccuts] s
and Iright(s) = [é.cut—init + CcutS, +OO) 5

and let us introduce the function x(&, s) (weight function for the localized energy) defined

as

exp(ct) if €€ Imain(s),
X(& V= exp |:C(§cut—init + Ccuts) - H(é - (gcut—init + Ccuts))} if 5 € Iright(s) )

see figure 4.9; and, for all s in [0, +00), let us define the “energy” £(s) by

exp(cf)

Ceut

e > _
0 fcut—init + CeutS
Imain(s) o [right(s)
C c+c¢
. - - cut :13
0 Linit +cs Linit + gcut—init + (C + Ccut)s

Figure 4.9: Graphs of the functions £ — x(&,s) and & — (&, s).

£(s) = [ x(€.) (qrelecs? + V(i€ ) ) de.

Note that the choice of the decrease rate of (-, s) on the interval [Ecut init + Ceut S, +00)
is not crucial (it might have been chosen equal to 1, for instance). The sole advantage
of this choice is that the weight functions x and v (the latter one defined below) are
identical on this interval, which is convenient for the estimates below.

4.7.5 Time derivative of localized energy

For all s in [0,4+00), let us define the “dissipation” function by

(4.32) D(s) = /R (€, 8) vs(E, 8) dE .
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Lemma 4.6 (time derivative of localized energy). For all s in [0,400),

4.33)  £(s) < —%D(s) F(c+r) / U2 eV T0)) de.

Iright (s

)X(C+Ccut+:‘€ 2

Proof. For all s in [0, +00), it follows from expression (3.4) on page 20 for the derivative
of a localized energy that

1
E'(s) = —D(s) + /R<xs(2vg + VT(’U)) + (ex — xe)ve - vs> d¢ .
It follows from the definition of x that:

{0 if 5 € Imain(8)7

Xs(fv 3) = Ccut(c 4 H,) X(g’ 5) if €€ Iright(s) »

and

B 0 if € € Imain(s),
(CX - Xf)(gﬁs) - {(C"‘ F\Z) X(§78> if £ e Iright(s)'

Thus it follows from these expressions that

£(s) = ~Dls) + (e + ) [

]right

1
. X(Ccut (51}? + VT(U)) + v - vs) dg .

Using the inequality

1 + K)?
(c+ Rr)ve -vs < 51}3 + (c 2%6) vz,
inequality (4.33) follows. Lemma 4.6 is proved. O

4.7.6 Firewall function

A second function (the “firewall”) will now be defined, to get some control over the
second term of the right-hand side of inequality (4.33). Let us introduce the function
P(&, s) defined as

7/1(5, S) _ { exp {K(f - (gcut-init + Ccuts))]x(f, 5) if €€ Imain(s) ’
X(é, 8) it e Iright(s) )

see figure 4.9; and, for all s in [0, +00), let us define the “firewall” F(s) by

@3 F) = [ ues) (wen (Gre6.s + VIt s ) + gute s)2> e
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4.7.7 Energy decrease up to firewall
Lemma 4.7 (energy decrease up to firewall). There ezists a positive quantiy Kg r,
depending (only) on 'V and m, such that for every nonnegative quantity s,

(4.35) £'(s) < —%D(s) + Ke 7 F(s).

Proof. Inequality (4.33) of Lemma 4.6 can be rewritten (without changing the value of
the right-hand side) as follows (note the substitution of x by 1, which is allowed since
these two functions are equal on Iyight(s)):

1 cu
£/(s) < —5Dls) + (e + ) /I . (C*C;”vg + ccuth(v)> de
right (S
1 c+ Ceut + K 9 t 1 5 )
<= ch e T — ,
< 2D(s) + (¢ + k) /Iﬂght(s) ( 5 Vg + Ceut (V (v) + 2wenv ) d¢

Since according to inequality (4.31) on page 33 the quantity wen is not larger than wen,,
it follows from inequality (4.6) on page 25 that the quantity

1 1 1
vi 2 _ v 02
(v) + 2wenv e (wen (v) + 5 )
is nonnegative, and as a consequence the previous inequality still holds if the factor ccut
of this quantity is replaced by the larger factor ccyt + ¢ + k. After this replacement, the
inequality reads

/ 1 (C+I€)(C+Ccut+/‘i) 1 2 1 1 2
(436) &'(s) < 5 D(s) + — /1 . w(wen(st FVIw)) 450 ) dc .

Again according to (4.6) and (4.31), this inequality (4.36) still holds if the domain of
integration is extended to the whole real line; after this extension, this inequality (4.36)

reads:
(C + K)(C + Ceut + /{)

Wen

£(s) < —%D(s) + Fs).

Finally, introducing the (positive) quantity K¢  (depending only on V') defined as

K o (Cno-esc + /{)(Cno-esc + ceut + ’{)
EF — )
Wen

inequality (4.35) follows from the last inequality above. Lemma 4.7 is proved. O

4.7.8 Relaxation scheme inequality, 1

Let sg, be a nonnegative quantity (denoting the length of the time interval on which the
relaxation scheme will be applied). It follows from the previous inequality that

Sfin

(4.37) ;/{)Sﬁn D(s)ds < E(0) — E(sn) + Ke 7 ; F(s)ds.
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The approximate decrease of of the localized energy (up to a remaining term controlled
by the firewall function) above, and more specifically the integrated form (4.37) are the
core of the relaxation scheme that is set up. Indeed, if some control can be obtained over
the right-hand side (upper bound on the firewall function, upper bound on the initial
localized energy, lower bound on the final localized energy), then it will provide some
control on the integral of the dissipation, an information related to the vicinity of the
solution to travelling fronts. The next goal (in the next sub-subsection) is to gain some
control over the firewall function.

4.7.9 Firewall linear decrease up to pollution

For every s in [0, +00), let us introduce the set — the domain of space where the solution
v (resp. u) “Escapes” at distance dgs.(m) from Oga (resp. from m):

YEsc(s) ={£ €R: |v(& s)| > opsc(m)}.

To make the connection with the definition (4.12) on page 27 of the related set Xgsco(?),
observe that, for all s in [0, +00) and £ in R,

§ c EESC(S) < Tinit + €S + § S Z:ESC,O(tinit + 3) .

The next step is the following lemma (observe the strong similarity with Lemma 4.3 on
page 27).

Lemma 4.8 (firewall linear decrease up to pollution). There exist positive quantities vr
and Kg, both depending (only) on V and m, such that, for all s in [0, +00),

(4.38) Fs) < —vrF(s) + Kr [ wlgs)de.

EEsc(s)

Proof. According to expressions (3.4) and (3.5) on page 20 for the time derivatives of a
localized energy and a localized L? functional, for all s in [0, +00),

F(s) = /Rl¢(—wenv§ —v-VViw) - vg) + Wents (%Ug + VT(U))

N s + 1#5; - Ci/)gvz

+ wen(cw — 1/)5)1)5 * Vg ‘| d§ .

According to the definition of 1,

— /{Ccutw(ga 5) if 6 € Imain(s) s

Vs(§,8) = {(c + K)cen (€, 8) i € € Ligne(s),

and

— k(& ) if &€ Inpain(s),

(4.39) (&, 5) — el s) = {(H R)U(E,s) if € € Lign(s),
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and? for a'll € ln R? lf 5£cut—init+ccut8(.) denOteS the Dira'c mass at 5 = gCut—init + cCut‘S?
(4.40)

¢§§(€7 5) - wa(fv 8) = /i(C + HW(& 3) - (C + 2’%> €xp [C(gcut—init + Ccuts)} 5§cut—init+ccuts(€) .

As a consequence, the following inequalities hold for all values of the arguments:

W}s| < Ccut(c + H) ¢7
(4.41) and e — el < (c+ ),
and g — e < K(c+R)Y.

Thus, for all s in [0, +00),

1
F(s) < /Rw — Wen¥? — v - VVT(v) — vg + Wen Ceut (€ + K)(§U§ + ‘VT(U)‘)

+ Wen(c + K) |ve - vg] +

(Ccut + H) (C + /i)
5 v2] dg .

Using the inequality

(c+r)? ,
1 e

Wen (¢ + K) |vg - vg| < wenvz + Wen

it follows that

F'(s) S/Rwl(wen(cjtn)(c‘;t + 25 —1>v§—v-VVT(v)

(Ccut + K)(C + /‘i)
2

+ Wen Ccut(c + ’Q) ’VT (’U)‘ + ’U2‘| dg,
and according to the conditions (4.30) on page 33 satisfied by k and ccy; and wey, it
follows that

1 1 >\min
(4.42) F(s) < / v[-50E —v- V@) + 3 Vi) + wvﬂ de
R 2 4 8
(compare with [43, inequality (4.17)] in a standing frame; the additional term ‘VT(U)‘ /4
comes from the time dependence of the weight ).

Let vx be a positive quantity to be chosen below. It follows from the previous inequality
and from the definition (4.34) of F(s) that

F'(s) +vrF(s) < / v — %(1 — V;wen)vg —v-VVi)

R

(4.43)
+ (i + l/]-'wen> ‘VT(U)‘ + (Amlré(m) + V;)UQ} dg .
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In view of this expression and of inequalities (4.7) and (4.8) on page 25, let us assume
that v is small enough so that

1 )\min
(4.44) VFWen <1 and vy wen < 1 and I%E < S(m)
(compare with conditions (4.17) on page 27 satisfied by the quantity vx,); this quantity
vr may be chosen as

1 )\mjn (m) )
AWen, 4 '
Then, it follows from (4.43) and (4.44) that

VF = min(

>\min (m)
4

According to (4.7) and (4.8), the integrand of the integral at the right-hand side of this
inequality is nonpositive as long as & is not in Xpgg.(s). Therefore this inequality still
holds if the domain of integration of this integral is changed from R to Xpgg.(s). Besides,
observe that, in terms of the “initial” potential V' and solution u(z,t), the factor of
under the integral of the right-hand side of this last inequality reads

)\min (m)
4

where u denotes u(z,t) with ¢ = tinit + s and = xinit + ¢s + . Thus, according to the
L*> bound (4.1) on page 24 for the solution, if Kr denotes the quantity Kz, already
defined in (4.15) on page 27, then inequality (4.38) follows from (4.45) (with the domain
of integration of the integral on the right-hand side restricted to Xgsc(s)). This finishes
the proof of Lemma 4.8. O

(4.45) F(s) + vrF(s) < /

Rzp[—v-va(v) +%’VT(U>‘ +

fuﬂ d€ .

(= m) - V() + 5 V() = V)| + (u—m)?,

Remark. Because of the term c1) in the expression (4.39) of ci) — )¢ when & is in Ligne(s),
there is no hope to obtain an inequality like (4.42) without a condition involving ¢po-esc
on wWen; similarly, because of the term ¢y in the expression (4.40) of g — cife, there is
no more hope to obtain this kind of inequality without a condition involving cpgp.esc On K.
This is the reason why the quantities wen 0 and kg of subsection 5.3 could not be reused
in this subsection 4.7, and why the quantities we, and s had to be introduced instead.

4.7.10 Nonnegativity of firewall
Lemma 4.9 (nonnegativity of firewall). For all s in [0, +00),
(4.46) F(s) > 0.

Proof. Since according to inequality (4.31) on page 33 the quantity wey is not larger than
Wen 0, it follows from inequality (4.6) on page 25 that the quantity

0(69)?

is nonnegative, and this proves Lemma 4.9. O

wenVT(v(f, s)) + %v(f, 5)? >
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Remark. As for the firewall Fy(¢) in the laboratory frame (Lemma 4.2), inequalities (4.6)
and (4.31) actually yield the stronger coercivity property:

w

Fl) = min( 5, 1) [ (6 9) (0el6 9 + (6. 5)?)

however, by contrast with Fy(¢), only the fact that F(s) is nonnegative will be used in
the following (see the next sub-subsection).

4.7.11 Relaxation scheme inequality, 2
For all s in [0, 400), let
G(s) = [ ules)de.
ZEs,c(s)

According to Lemma 4.9 on the previous page, the quantity F(sg,) is nonnegative. As
a consequence, integrating inequality (4.38) between 0 and a nonnegative quantity sgy
yields:

Osﬁ“ F(s)ds < Vlf(}'(()) b Ky /0 " g(s)ds).

and the “relaxation scheme” inequality (4.37) becomes:

(4.47) % /O " D(s)ds < E(0) — E(san) + ijf (FO) + K7 /O " G(s)ds)

The next step is to gain some control over the quantity G(s).

4.7.12 Control over the pollution in the time derivative of the firewall function

Let us assume that the parameter iy is equal to Zesc(tinit), and, for every nonnegative
quantity s, let
§h0m(s) = xhom(tinit + S) — Zinit — CS,
and  esc(5) = Tesc(tinit + 5) — Tinit — €S,

see figures 4.10 and 4.11. According to properties (4.23) on page 30 for the set Xggco(t),
EESC(S) C (—00,5650(8)] U [ghom(s)a +OO) ’

thus, introducing the quantities

Eesc(s) +00
%m@z/ ¢@$%am.%m@=/ (€, s) de,

—o0 ghom(s)

the following inequality holds:

Q(s) < gback(s) + gfront(s) .
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ghom(s)
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T
1
;
0 ! Tinit = wesc(tinit) Lesc (tinit + S) mhom(tinit + S)

Figure 4.10: Definitions of the “escape” point £esc(s) and the point {hom(s) marking the
“homogeneous” area in the travelling frame.

. 4 2
O gesc(5> -i'esc<8) —Cs gcut—init + CeutS fhom(o) —CS ghom(s) g

Figure 4.11: Typical relative positions of the points &esc($), &cut-init + CeutS; Ehom (0) — s,
and &pom(s) in the travelling referential, and graph of & — (&, s).

The aim of this sub-subsection is to prove the bounds on Ghack(s) and Geont(s) provided
by the next lemma. The following additional technical hypothesis will be required for
the bound on Gpack($):

_ RCcut
4.48 Coscosup — —————— < C.
( ) esc-sup 4(Cn0_esc T /i) >
This hypothesis is satisfied as soon as the speed is close enough to Cesc-sup- It ensures
that the escape point £esc(s) remains “more and more far away to the left” with respect

to the position &cut-init + Ceut S Of the cut-off, as s increases.

Lemma 4.10 (upper bounds on pollution terms in the derivative of the firewall). There
exists a positive quantity K [ug], depending on V' and m and the initial condition uy under
consideration, such that for every nonnegative quantity s the following estimates hold:

(449) gback(s) < K[UO] exp(_ﬁfcut—init) €xp ( - @5) 5

2
1
(450) gfront(s) < E €Xp [(Cno-esc + ’i) fcut-init + (Cno-esc + ’i) (Ccut + K')S - K&hom(o)] .

Proof. First here are some considerations about the way the various parameters will be
chosen for the relaxation scheme; according to these considerations, figure 4.11 displays
the expected positions of the various relevant points in the travelling frame.

e The position xj,it of the origin of the travelling frame at time ti,;x will always be
chosen equal to the position Teg(tinit) of the escape point at this time.
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o The time tin;; will be chosen large, so that &om(0) is large positive, and &pom(s) >
€hom (0) — ¢s remains large positive for the values of s under consideration.

e The initial position &.utinit Of the cut-off will be chosen either equal to 0, or large
positive (thus in both cases nonnegative).

o The speed ¢ will be chosen close in the interval (0, Gesc-sup) and very close to the
upper bound of this interval. As a consequence, the point &es(s) (the “escape
point” viewed in the travelling frame) is expected to remain, for most of values of
s, and for sure for s large positive, at the left of the “cut-off” point &cut-init + CeutS,
since this cut-off point travels to the right at a definite nonzero speed c.yt in the
travelling frame.

These considerations lead us to bound from above the integrand (¢, s) in the expression
of Gpack($) and Gront(s) by the following quantity:

exp((c + ﬁ) § - ’i(gcut—init + Ccut 3)) for gback(s) 5
and  exp((c + K)(Eeuteinit + Ceut 8) — KE)  for  Gaont(s) -

First let us consider the quantity Gpack(s). By explicit calculation,

gback (3) <

c+ kK eXp((C + H)fese(s) - Hgcut—init - Hccuts)

<- exp((¢ + k) Eesc(8) — K Eeuteinit — K CeutS) -

According to the definition of £esc(-) and Zesc(-) and provided that Zinit = Tesc(tinit), for
all s in [0, 400),

gesc(s) < «fesc(s) —CS.

It follows that

A

gback(s) > % eXp(—/'i gcut—init) eXp((C + /f) (jesc(s) - CS) — R Ccut3>

1 KcC K
(4.51) < - exp(—k Eeut-init) exp((c + K) (Tesc(s) — ¢s) — 2<3ut s) exp ( B Tcuts> )

Let us us denote by 3(s) the argument of the second exponential of the right-hand side
of this last inequality:

B(s) = (¢ + k) (Tesc(s) — c8) — %s

= (C + ’i) (jesc(s) — Cesc-sup S) + ((C + K’) (6eSC-SUP - C) -

R Ccut )
S
2

According to hypothesis (4.48) above, the following inequality holds:

R Ccut
4 )

(C + /i) (éesc—sup - C) <
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thus, for all s in [0, +00),

Kc
5(5) < (C + /{) (fesc(s) - Eesc—sup 5) - Tcutsv

and thus, according to the definition of Cesc-sup this quantity [(s) goes to —oo as s goes to
+o00. It follows from the definition of Zesc(-) that 5(0) equals 0, and, for all s in (0, +00),

it follows from the last inequality that
B(s) >0 = Tesc(S) — Cescsup § > 0.

Thus, the following (nonnegative) quantity:

- K C,
/B[UO] = sup (cno—esc + FC) (jesc(s) - éesc—sup 3) - cut S,
s>0 4

is an upper bound for all the values of §(s), for all s in [0, 4+00). This quantity depends
on V and on the function z + Zesc(s), in other words on the initial condition wg, but not
on the parameters tiyiy and ¢ and Eytoinit Of the relaxation scheme. Let

Kluo) =  exp(Bluo])

with this notation, the upper bound (4.49) on Gpack(s) follows from inequality (4.51).

Now let us consider the second quantity Ggont(s). The control that will be required
on this quantity is simpler, since it only relies on the value of &0 (0), which can be
assumed to be arbitrarily large positive if tiy;; is large enough positive. Since zj (+) is
nonnegative (see (4.4) on page 24), for all s in [0, 400),

‘E{mm(s) > —c thus fhom(s) > ghom(o) —CS.

By explicit calculation, it follows from the upper bound on the integrand of Ggont(s) that

gfront(s) < % GXP((C + K) gcut-init) eXP(((C + /‘?) Ceut + K C) 3) GXP(—“ghom(O)) s

and inequality (4.50) on Ggont(s) follows. Lemma 4.10 is proved. O

4.7.13 Relaxation scheme inequality, final

Let us introduce the quantity

2 Ke r K7 Klug
Kg pack[uo] = ’Vf ” t[ ],
cu

and, for every nonnegative quantity s, the quantity

Ker Kr

K TON =
Gfro t(S) VFR (Cno—esc + /'43) (Ccut + K

) eXp((Cno—esc + H) (Ccut + K)S) .
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)

Then, according to inequalities (4.49) and (4.50) of Lemma 4.10, the “relaxation scheme’
inequality (4.47) on page 40 can be rewritten under the following (final) form:

1 Sfin KS F
. /0 D(s) ds < £(0) = E(sin) + =7 F(0) + K mauo] exp(—5 Eonrine)

+ Kg,front<3ﬁn) eXp(<Cno—esc + "'f) fcut—init) eXp(—KV fhom(o)) .
In order to derive from this estimate useful information (a nice upper bound on the

dissipation integral, stating that this dissipation integral is bounded or even small), the
following conditions should be fulfilled:

(4.52

o the “initial” value £(0) of the localized energy should be bounded from above;

o the “final” value £(sgy) of the localized energy should be bounded from below (or,
better, close to £(0));

o the “initial” value F(0) of the firewall function should be small (or at least
bounded);

e the “initial” position &cutinit Of the “cut-off point” should be large positive;

o the “initial” position &nem(0) of the “homogeneous point” should be large positive,
the condition on its side depending on &cyt-init and Sgn.

4.8 Convergence of the mean invasion speed

Remark. For the remaining of this section, the notation V1 and u' introduced in sub-
subsection 4.3.2 does not provide any clear benefit with respect to the initial potential V'
and initial solution u. As a consequence, only the objects V and u will be considered.

4.8.1 Statement and set-up of the proof

The aim of this subsection is to prove the following proposition.

Proposition 4.11 (mean invasion speed). The following equalities hold:

Cesc-inf = Cesc-sup — éesv:—sup .

Set-up for the proof of Proposition 4.11. Let us proceed by contradiction and assume
that
Cesc-inf < éesc—sup .
Then, let us take and fix a positive quantity c satisfying the following conditions:
KRCcut

oo T 1) and ®.(m)=10.
The first condition is satisfied as soon as ¢ is smaller than and close enough to Cesc-sup, thus
existence of a quantity ¢ satisfying the two conditions follows from hypothesis (Hgisc.c)-

The contradiction will follow from the relaxation scheme set up in subsection 4.7. The
main ingredient is: since the set ®.(m) is empty, some dissipation must occur permanently
around the escape point in a referential travelling at the speed c. This is stated by the
following lemma.

(4'53) Cesc-inf < € < Cescsup < C+
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4.8.2 Nonzero dissipation around escape point

Lemma 4.12 (nonzero dissipation around escape point due to the absence of travelling
front). There exist positive quantities L and eqissip such that, for every large enough
positive time t,

(4-54) H£ = Uy ($esc(t) +¢, t) + cuy (xesc(t) +¢, t) HLQ([—L,L],Rd) > Edissip -

Remark. This statement is actually still true without the condition “¢ large enough
positive”, which is assumed only to fit with Lemma 3.2 (compactness).

Proof of Lemma 4.12. Let us proceed by contradiction and assume that the converse
is true. Then, there exists a sequence (t,)nen of positive quantities going to 400 as
n — 400 such that, for every positive integer n,

1
(4'55) Hf — ut(xesc(tn) + 57 tn) + cuy (xesc(tn) + 57 tn) HLQ([—n,n},Rd) < ﬁ .

By compactness (Lemma 3.2), up to replacing the sequence (¢,)nen by a subsequence,
there exists an entire solution @ of system (1.1) such that, with the notation of (3.2),

D2’1u(:cesc(tn) +tn+) = D> as n— 400,

uniformly on every compact subset of R?. According to hypothesis (4.55), the function
& — 1 (€,0) + cuy (€, 0) vanishes identically, so that the function £ — @(&,0) is a solution
of system (2.1) on page 5 governing the profiles of waves travelling at the speed ¢ for
system (1.1). According to the properties of the escape point (4.23) and (4.24) on page 30,
sup  [@(&,0) —m| < dpse(m),
£€[0,400)
thus it follows from assertion 1 of Lemma 7.1 on page 96 that @(§,0) goes to m as &
goes to +00. On the other hand, according to the bound (4.1) on the solution, |a(-,0)| is
bounded (by Ratt,00), and since ®.(m) is empty, it follows from hypothesis (Honly-bist) that
a(-,0) must be identically equal to m, a contradiction with the definition of Zesc(-). O

4.8.3 Time interval and origin of space for the relaxation scheme

The next step is the choice of the time interval and the travelling frame (at the speed c)
where the relaxation scheme will be applied. Those should display the following features:

1. the escape point should not go far to the left (or else, due to the exponential weight,
no lower bound on the dissipation would hold);

2. at the end of the time interval the escape point should not be far to the right, so
that the final value of the localized energy be bounded from below;

3. the length of the time interval should be large enough so that a sufficient dissipation
to occur;

4. for a given length of that time interval, its lower bound should be chosen arbitrarily
large positive, in order to control the “front” flux term involving the quantity
KG front in the relaxation scheme final inequality (4.52) on the preceding page.
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Large excursions to the right and returns for the escape point. The following lemma
is a first attempt to find such a time interval (see figure 4.12).

‘\ T / xr = $esc(t)
. T = Tose(tn) + c(t —tn)
xesc(tn) S E E "
ol ¢+  t,+s, t,+35, j

Figure 4.12: Ilustration of Lemma 4.13.

Lemma 4.13 (large excursions to the right and returns for the escape point in travelling
frame). There exist sequences (tn)nen and (sp)nen and (Sp)nen of real quantities such
that the following properties hold.

1. For every n in N, the following inequalities hold: 0 < t, and 0 < s, < 5y, ;
2. 8y — +00 and Tesc(tn + Sn) — Tesc(tn) — cSp — +00 as n goes to +00 ;
3. For every n in N, the following inequality holds: Tesc(tn + Sn) — Tesc(tn) —c5n < 0.

Proof of Lemma 4.15. According to the definition of Cesc-sup, there exists a sequence
(sn)nen of positive real quantities, satisfying

TesclS _
Sn — 400 and Tese(5n) — Cosc-sup @S N — +00.
Sn

Then, according to the definition (4.26) on page 30 of Zes(-), for every n in N there exists
a nonnegative quantity ¢, such that

xesc(tn + Sn) - xesc(tn) > fesc(sn) —-1.
Then,

:L‘esc(tn + Sn) - xesc(tn) — CSp, > jesc(sn) —1—csp

Cesc-sup — C > 0
Sn Sn n—-+o0o

thus
Tese(tn + Sn) — Tese(tn) — €Sy — +00  as n — 400,

which proves property 2. On the other hand, for every n in N,

xesc<tn + 3) - wesc@n) —CS

lim inf = Cesc.inf — € < 0,
S—-+00 S
thus
lHminf Zese(ty, + ) — Tese(tn) — cs = —00,
s—400
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and thus there exists s, greater than s, such that
xesc(tn + gn) - xesc(tn) - an S 07

which proves property 3. According to how ¢, and s, and s, where chosen, property 1
also holds. Lemma 4.13 is proved. O

Time intervals of controlled length. Intervals [t,,t, + s,] defined by the previous
lemma are not convenient to apply the relaxation scheme because their length is arbitrary
large (thus the “front” flux term involving the quantity K¢ fgont in the relaxation scheme
final inequality (4.52) on page 44 cannot be controlled on such time intervals). The
following lemma provides another sequence of intervals (derived from the sequences
defined in Lemma 4.13) without this drawback (see figure 4.13).

“x & T = xesc(t)
\ ‘\:\I — xesc(tn) + C<IL - tn)
xesc(tn) . X i E E ¢
ol ¢, ¢ ¢ +r U 427 .

Figure 4.13: Tllustration of Lemma 4.14.

Let 7 denote a (large) positive quantity to be chosen below. This quantity will
determine the length of the time intervals where the relaxation scheme will be applied
(more precisely that length will be between 7 and 27). The value of 7 will be chosen large
enough so that a sufficient amount of dissipation occurs during the relaxation scheme.

Lemma 4.14 (escape point remains to the right and ends up to the left in travelling
frame, controlled duration). There exist sequences (t))nen and (s))nen such that, for
every n in N the following properties hold:

1. 0< ¢, and 7 < s, <21,
2. for all s in [0, 7], the following inequality holds: Xesc(t), + 8) — Tesc(t),) —cs >0,
3. xESC(tln + S;L) - xesc(t%) - CS/n < 1 s

and such that
th — +o00 as n— +oo.

Proof of Lemma 4.14. For every n in N let us introduce the set:

{A €]0,+00) : there exists ¢ in [t,, tn + Sp] such that, for all s in [0, 7],
Tesc(t + 8) — Tesc(tn) — c(t + s —tn) > A},
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and let us denote by A, (7) the supremum of this set (with the convention that A, (1)
equals —oo if this set is empty).

First let us prove that A, (7) goes to 400 as n goes to +oo. For this purpose, observe
that, according to the control on the growth of xes(:) (4.25) on page 30, for every
nonnegative integer n and for all s in [0, 7],

xesc(tn + 85, — T+ 5) > xesc(tn + Sn) - cno-esc(T - S) s
and as a consequence,

Tesc(tn + Sn — T+ 8) — Tesc(tn) — c(sn — T + 5)
> mesc(tn + Sn) - xesc(tn) — CSp — (Cno—esc - C) (T - 5)

2 xesc(tn + Sn) - xesc(tn) — CSp — (Cno—esc - C)T,

and according to Lemma 4.13 this last quantity goes to +00 as n goes to +o0o. This shows
that A, (7) goes to +00 as n goes to +00. Up to replacing the sequence (t,, Sy, Sn)neN
by a subsequence, let us assume that, for every nonnegative integer n the quantity A, (7)
is not smaller than 1.

Then, for every nonnegative integer n, according to the definition of A, (7), the set

1

{t € [tn,tn + 5p| : for all s in [0, 7], Tesc(t + 5) — Tese(tn) — c(t + 5 — ) > Ap(T) — 5}
is nonempty. Let ¢/, denote the infimum of this set. Then ¢/, is greater than t,, and,
according to the control on the growth of e (+) (4.25) on page 30,

1
(4.56) Tese(th,) — Tese(tn) — c(th, —tn) = Ap(7) — 3
and, for all s in [0, 7],
1
(4.57) Tesc(th +8) — Tese(tn) — c(th, + 5 —t,) > An(T) — 3

Since t], is less than or equal to ¢, + §,, and according to the last assertion of Lemma 4.13,
and since A, (7) — 1/2 is positive, this shows that

th+ 7 <tp+ 3.

As a consequence, according to the definition of A,,(7), there exists s/, in [r, 27| such that

(4.58) ety + ) = Teseltn) — elthy + 51y — 1) < An(r) + 2

Finally, it follows from equality (4.56) and inequality (4.57) that, for all all s in [0, 7],
Tese(th, + 8) — Tesc(t],) —cs >0,

which proves property 2, and it follows from inequalities (4.57) and (4.58) that

Tesc(t), + 8),) — Tesc(t),) —csh, < 1,
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which proves property 3. According to how ¢/, and s/, where chosen, property 1 also holds.
In addition, according to equality (4.56) and to the control on the growth of Tes(-) (4.25)
on page 30, since A, (7) goes to +00 as n goes to +0o,

th —tn — 400 as n— +oo thus ¢, — +oo as n — +00.

Lemma 4.14 is proved. O

Since t], — +00 as t — +00, we may assume, up to dropping the first terms of the
sequence (t), s) )nen, that, for every n in N and for every time ¢ greater than or equal to

t!., inequality (4.54) of Lemma 4.12 holds.

4.8.4 Relaxation scheme

1t + s suitable to apply the relaxation scheme set
up in subsection 4.7. For every nonnegative integer n this relaxation scheme is going to
be applied for the following parameters:

Lemma 4.14 provides intervals [t , ¢!

/
tinit =1, and Tinit = Tesc(tinit) and ¢ as chosen above, and  Ecytoinit = 0

(the relaxation scheme thus depends on n). Observe that, according to hypothesis (4.53)
on page 44 for the speed ¢, both hypotheses (4.28) on page 32 and (4.48) on page 41
(required to apply this relaxation scheme) hold. Let us denote by

o™ () and EM() and DM™() and F™() and ™ () and  Enom™ ()

the objects defined in subsection 4.7 (with the same notation except the “(n)” superscript
that is here to remind that all these objects depend on the integer n). By definition the
quantity fesc(")(O) equals 0, and according to the conclusions of Lemma 4.14,

fesc™(s) >0 for all s in [0,7] and Eeee™(s)) < 1.

The next two lemmas will be shown to be in contradiction with the relaxation scheme
final inequality (4.52) on page 44 (see inequality (4.60) below), and this will complete
the proof of Proposition 4.11.

Bounds on energy and firewall at the ends of the relaxation scheme.

Lemma 4.15 (bounds on energy and firewall at the ends of the relaxation scheme).
The quantities £™(0) and F™(0) are bounded from above and the quantity £™(s)) is
bounded from below, and these bounds are uniform with respect to T and n.

Proof. The fact that £ (0) and F(0) are bounded from above follows from the fact
that Eeut-init equals 0 and from the bounds (4.1) and (4.2) on page 24 for the solution.
The fact that £ (s,) is bounded from below follows from the fact that ™ (s],) <1

and from the fact that, according to hypothesis (Heoerc), V' is bounded from below. [
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Large dissipation integral.

Lemma 4.16 (large dissipation integral). The quantity

Sh
/ D™ (s)ds
0
goes to +00 as T goes to +oo, uniformly with respect to n.

Proof. By definition of D (.), for all s in [0, s/,],

DM (s) > /

—0o0

Ccut S

e (M (&, 5)7 de .
thus, for all s in [0, 7], since €esc™(s) > 0 (performing the change of variables £ =
éeSC(n) (S) + 6)’

Ccutsfgcsc(n) (S) ~ - 9 =~

D (s) > / e 0{™ (ese™ (5) + &, 8)" dE.

For all s in [0, 4+00) and € in R,
0l (€esc ™ (8) + €, 8) = e (wesc(ty, + 5) + &ty + 8) + cua(Tesclty, + 8) + € 1+ 5).

thus, according to inequality (4.54) of Lemma 4.12 on page 45, there exist positive
quantities L and eqjssip such that, uniformly with respect to n in N and s in [0, +00),

L ~ ~
(4'59) LL Ugn) (gesc(n)(s) + fa 5)2 dg Z EdiSSip .

Observe that the condition (4.53) on page 44 satisfied by ¢ implies that Cesc-sup — € is less
than or equal to ccyt/4. Thus, since

Eese ™ (8) < Tese(s) — s for all s in [0, +00),

there exists a positive quantity sg, depending only on L and on the function Zes(-) such
that, for every s in [sg, +00),

CeutS — gesc(n)(s) > L.
It follows from inequality (4.59) that, for all s in [sg, 7],
D(n) (5) > eicLEdissipv

and finally,
sy,
/ D(”)(s) ds > (1 — so)e_CLsdissip ,
0

and this finishes the proof of Lemma 4.16. O
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4.8.5 Contradiction and end of the proof of Proposition 4.11

End of the proof of Proposition 4.11. For every nonnegative integer n, the relaxation
scheme final inequality (4.52) on page 44 yields (since &eyg-init €quals 0):

;/ "D (s)ds < £M(0) — €M (s, + ?f "(0) + Kgbac[uo]
0 F

+ Kg,front (27_) exp (_K' éhom(n) (O)) .

(4.60)

Since t], goes to +00 as n goes to +00o, the quantity §h0m(")(0) also goes to +0co as n
goes to +00. Thus, according to Lemma 4.15, the right-hand side of inequality (4.60) is
bounded, uniformly with respect to 7, provided that n (depending on 7) is large enough.
This is contradictory to Lemma 4.16, and completes the proof of Proposition 4.11 on
page 44. O

4.8.6 Definition of escape speed cesc

According to Proposition 4.11, the three quantities cesc-inf and cCesc-sup and Cesc-sup are
equal; let
Cesc

denote their common value.

4.9 Further control on the escape point
At this stage two cases can be distinguished.

1. Either cegc is less than cpom, and in this case the end of the proof of Proposition 4.1
“invasion implies convergence” is very similar to the end of the proof of the main
result of [39]. The sole difference is the presence of the additional “front” flux term
coming from Gont(+). But if cese < Chom this term can be easily handled provided
that the parameter ¢ involved in the relaxation scheme and the quantity ccy are
chosen in such a way that

€+ Ceut < Chom

(this is possible since cegc is less than cpem). Then the flux terms due to Gront(-)
decrease at an exponential rate, and can be made arbitrarily small provided that
tinit is large enough. The details are skipped since this approach is anyway not
sufficient in the case where cesc equals cpom.

2. The other case cesc equals cpom is slightly more delicate, and taking this case into
account will require the more precise control on the invasion point provided by
Proposition 4.17 below.

The remaining of the proof of Proposition 4.1 covers both cases above, but is specifically
designed to take into account the (more difficult) second case (again, in the first case
Cesc less than cpep, adapting the proof of [39] as sketched above would lead to a simpler
proof).
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The aim of this subsection is to prove the following proposition that enforces the
control on the behaviour of the “escape” point Zesc(+) (this will be used for the additional
relaxation arguments carried on in the next subsections).

Proposition 4.17 (mean invasion speed, further control). The following equality holds:

Cesc-inf = Cesc -

Proof. The proof is rather similar to that of Proposition 4.11. Recall that the quantity

Cesc-int 1S less than or equal to cesc. Let us proceed by contradiction and assume that

Lesc-
Cesc-inf < Cesc -

Then, let us take and fix a positive quantity ¢ satisfying the following conditions:

RCcut

L — Do(m) = 0.
oo T 1) and (m)=10

Coscinf < € < Cegc < C+ Coyt and € > Cese —
The two first conditions are satisfied as soon as c is smaller than and close enough to
Cesc, thus existence of a quantity c satisfying the three conditions follows from hypothesis
(Haisc-c). The following lemma is identical to Lemma 4.13 on page 46 (but the proof will
be slightly different, see figure 4.14).

esc (tln + S;L) + C(TL - (t/n + S’/n,))

Figure 4.14: Illustration of the proof of Lemma 4.18.

Lemma 4.18 (large excursions to the right and returns for escape point in travelling
frame). There exist sequences (tn)nen and (Sp)nen and (Sp)nen of real quantities such
that the following properties hold.

1. For every nonnegative integer n the following inequalities hold: 0 < t, and 0 <
Sp < Sy

2. Tese(tn + Sn) — Tese(tn) — cSp — +00 as n goes to +00 ;

3. For every nonnegative integer n the following inequality holds: Zesc(tn + Sn) —
Tese(tn) — sy < 0.
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Proof of Lemma 4.18. According to the definition of c.. i, there exists a sequence
(s) )nen of positive real quantities satisfying
/
Zese (S
s) — 400 and LI(”) — Coscinf @S N — F00.
STL
In addition, up to replacing the sequence (s} ),en by a subsequence, it may be assumed
that
Teo(s)) > —oo forall pin N.

=esc

Then, by definition of z...(-), for every nonnegative integer n there exists a nonnegative
real quantity ¢, such that

(4.61) Tese(ty, + 57) < Tesc(th) + Lege(sh,) — 1.
Observe that ¢}, must go to 400 as n goes to +o0o, or else this last inequality would yield

lim inf 7%“(% + 55)

Coceoi < ¢
n—+00 t% + 341 = Lesc-inf €sc

and this would be contradictory to the definition of cegc.inf and Proposition 4.11. For
every nonnegative integer n and every time ¢ in [0, +00), let

An(t) = Teselt) = (Teselty, + 57,) + et = (), + 1)) )

Then A, (t, + s.,) = 0 and it follows from (4.61) that

An(t;z) _ 5UeSC(tln) - $e50(t;1 + S;L) +e> 1 _Qesc(sgz) +
s/ - s/ ¢z s/ €y
n n n
thus -
A, (t

lim inf M >c— Cesc-inf = 0 )

n—-+oo Sn
and finally
(4.62) An(th) = 400 as n— +oo.

On the other hand,

th + s, th,+ s,

and this quantity goes to the negative quantity ¢— cesc as n goes to +0o. As a consequence,

An(o) _ Tesc(0) — xeSC(tﬁz + S;L) T

Ap(0) - —0c0 as n — +o0.

Thus, up to replacing the sequence (tl,, s, )nen by a subsequence, it may be assumed that,
for every nonnegative integer n, A, (0) is negative. Then, for every nonnegative integer
n, let

tn =sup{t € [0,4,] : A,(t) <0} and s, =+, —t, and 5,=1t,+s, —tn.
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Property 1 follows from these definitions, and, according to the control on the growth of
Zese(+) (4.25) on page 30, the quantity A, (t,) must be equal to 0; or in other words,

(4.63) Tese(tn + Sn) = Tesc(tn) + €5, -

Property 3 follows from equality (4.63). It also follows from equality (4.63) that
An(til) = Zesc(tn + Sn) — Tesc(tn) — CSn, s

so that property 2 follows from the limit (4.62). Lemma 4.18 is proved. O

End of the proof of Proposition 4.17. Since the conclusions of Lemma 4.18 are identical
to those of Lemma 4.13 on page 46, the end of the proof of Proposition 4.17 (“mean
invasion speed, further control”) can be achieved exactly as for Proposition 4.11 (“mean
invasion speed”). O

4.10 Dissipation approaches zero at regularly spaced times

The key argument behind Propositions 4.11 and 4.17 on page 44 and on page 52 (“mean
invasion speed” and “.. further control”) is that a dissipation uniformly bounded
from below around the escape point cannot occur during large time intervals, since it is
forbidden by the relaxation scheme set up in subsection 4.7 (and in particular by the
relaxation scheme final inequality (4.52) on page 44). The aim of this subsection is to
state another result (Proposition 4.19 below) that just formalizes this argument, this time
considering the dissipation in a frame travelling precisely at the “sole relevant” speed
Cesc given by Propositions 4.11 and 4.17.

For all ¢ in [0, +00), the following set:

/e
{5 in (O, +OO) : /1 (Ut(l'esc(t) + f,t) + Cescu:r(l'esc(t) + £7t))2 dg < 5}

—1/e

is (according to the bounds (4.3) on page 24 for the solution) a nonempty (and unbounded
from above) interval. Let

(4.64) 5dissip (t)

denote the infimum of this interval. This quantity measures to what extent the solution is,
at time ¢t and around the escape point Zes.(t), close to be stationary in a frame travelling
at the speed cesc. The aim of the next subsection will be to prove that

ddissip(t) = 0 as t — +o00.
Proposition 4.19 below can be viewed as a first step towards this goal.

Proposition 4.19 (regular occurrence of small dissipation). For every positive quantity
g, there exists a positive quantity T'(e) such that, for every t in [0, +00),

inf 5issi t/ <e.
vetiiipey () < €
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Proof. Let us proceed by contradiction and assume that the converse holds. Then there
exist a positive quantity g and a sequence (/) en of nonnegative quantities such that,
for every t in [t) .t + n],

n»'n

/€0
(4'65) /_11/ (ut (-Tesc(t) + f, t) + CescUs ($esc(t) +¢, t)>2 dé > €0-

Up to replacing t, by th, + n, it may be assumed that t), goes to +00 as n goes to +oc.
As for the proof of Propositions 4.11 and 4.17, the strategy is to apply the relaxation
scheme in travelling frame where the escape point Zesc(+):

o remains around the origin or to the right during a significant time interval (to
recover enough dissipation);

o finishes around the origin or to the left (so that the final energy be bounded from
below).

In order these two conditions to hold simultaneously, the relaxation scheme will not be
applied on the whole intervals [t} ¢ + n|, but rather on smaller convenient intervals that
will be introduced. Because of the second of these conditions, the speed of the travelling

frame will be chosen slightly greater than cesc, more precisely equal to
Cesc + —
T

where 7 is a positive quantity to be chosen later (this quantity will play the same kind of
role as in the proof of Proposition 4.11). According to Proposition 4.11, there exists a
positive quantity 7 larger than 7 (thus depending on 7) such that

Tesc(T) 1

- < Cese + —
T T

(this will ensure that the second of the conditions above is satisfied on every interval
of length 7). Besides, according to hypothesis (4.65) and to the bounds (4.3) on the

solution, it may be assumed that 7 is large enough so that, for every ¢ in [t/ , ¢/, + n],

1/eo0 1 2 €0
/ (ut (Tesel®) + &) + (cesc + = )t (Tesclt) + g,t)) ¢ > 2.

—1/e0 T 2
The following lemma provides the initial times of the time intervals where the relaxation
scheme will be applied, ensuring that the first of the two conditions above is fulfilled
despite the fact that the travelling speed is slightly above cegc.

Lemma 4.20 (escape point remains to the right in travelling frame). For every large
enough positive integer n, there exists a time t,, in the interval [t),, ¢, +n — 7| such that,
for every s in [0, 7],

wesc(tn + 5) - wesc(tn) — Ceses > —1.
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Proof of Lemma 4.20. Let us proceed by contradiction and assume that the converse
holds. Then, there exists an arbitrarily large positive integer n such that, for every ¢ in

the interval [t/ ¢! 4+ n — 7], there exists s in (0, 7] such that

xesc(t + 3) - wesc(t) — Cescs < —1,

ensuring that the mean speed of zes.(-) on the interval [t,¢ + s] is less than cese — 1/7.
This shows that there exists ¢’ in the interval [t/, +n — 7, ¢/, + n] such that the interval
[t,t'] can be cut into a finite number of subintervals (defined one after another, starting
from ¢],) so that, on each of these subintervals, the mean speed of esc(-) is less than
Cesc — 1/7. As a consequence, the mean speed of Zes(-) on the whole interval [t ] is
less than cege — 1/7.

But on the other hand, according to Proposition 4.17, for every large enough positive
quantity s, the following inequality holds:

iesc(s) > (Cesc - %)S,

in other words the mean speed of Zesc(-) cannot not be less than cesc — 1/7 on a large
enough time interval, a contradiction with the previous assertion if n is large enough.
Lemma 4.20 is proved. 0

End of the proof of Proposition 4.19. Thus, according to this lemma, for every nonnega-
tive integer n, large enough so that ¢,, is defined, the following assertion holds: for every

s in [0, 7],
1
xesc<tn + 3) - xesc@n) - (Cesc + ;)3 > =2,

and

_ 1

mesc(tn + T) - xesc(tn) - (Cesc + *>5 <0.
T

These two last assertions are of the same nature as those of Lemma 4.13, and as a
consequence the end of the proof of Proposition 4.19 can be carried out along the same
lines as the proof of Proposition 4.11 (or Proposition 4.17). O
4.11 Relaxation

The aim of this subsection is to prove the following proposition.

Proposition 4.21 (relaxation). The following assertion holds:
5dissip(t) —0 as t— 4o00.

Proof. Let us proceed by contradiction and assume that the converse assertion holds.
Then there exists a positive quantity £y and a sequence (t,)nen of (positive) times such
that t,, goes to +00 as n goes to +0o and such that, for every nonnegative integer n,

(466) 6dissip(tn) > €0 -
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In other words, there is a “bump” of dissipation at each time t,. On the other hand,
according to Proposition 4.19 on page 54, on every large enough time interval, there
exist times where the dissipation around the escape point is low. Roughly speaking, the
strategy will be to apply the relaxation scheme set up in subsection 4.7 on a time interval
containing a dissipation bump (at a certain time ¢,) and bounded by two times where
the dissipation is low. At both ends of the intervals, it will follow from the smallness
of the dissipation that the solution is close to a front travelling at the speed cesc, and
therefore that its energy & . (properly localized) is close to 0. Provided that the energy
fluxes can be sufficiently controlled along the relaxation scheme on this time interval,
this will be in contradiction with the dissipation bump occurring at time ¢,.

In order to reach this contradiction, a number of conditions need to be fulfilled. Here
are three of them.

e The relaxation scheme will actually be applied twice, on each side of the dissipation
bump occurring at time ¢,. Indeed, as illustrated on figure 4.16, applying the
relaxation scheme only once on the whole interval may lead to a dissipation bump
occurring “far to the left” in the appropriate travelling frame, ending up with a
negligible influence on the (localized) energy &.... of the solution.

esc

ta=p=T(/p) 15 ta=p t. tatp L tatp+T(/p) 1
1 T 1
Small Dissipation Small
dissipation bump dissipation

Figure 4.15: Time of “dissipation bump” t,,, framed by two times where dissipation is
almost zero.

e The lengths of the two time intervals where the relaxation scheme will be applied
need to be large, in order the mean speed of the escape point on each of these
interval to be close to its asymptotic value cesc (indeed, it is for this speed cesc that
the dissipation will be close to 0 at the ends and that a dissipation bump occurs at
time t,,).

e Finally, depending on the length of the time intervals where the relaxation scheme
is applied, the integer n will have to be chosen large enough, in order the “front”
flux term (the last term in the right hand side of inequality (4.52) on page 44) to
be controlled.

The third of these conditions leads us to introduce a second integer parameter p that will
be related altogether to the length of these two time intervals and to the smallness of the
dissipation at both ends. Let us call upon the notation 7'(+) introduced in Proposition 4.19.
Up to replacing the sequence (t,)nen by a subsequence, it may be assumed that this
sequence is increasing. Then, since t,, goes to +00 as n goes to 400, for every positive
integer p there exists a nonnegative integer nyin(p) such that, for every integer n,

n > nmin(p) < tn >p+T(1/p).

o7



Note that nmin(p) goes to +00 as p goes to +00. According to Proposition 4.19, for every
positive integer p and every integer n greater than or equal to nmin(p), there exist (see
figure 4.15):

tz% in [t, —p—T(1/p),t, —p] and tzf;, in [t, +p,tn +p+T(1/p)]
such that

(467) 5dissip(t2,e1(£) < 1/]9 and (5dissip(t2f;;) < 1/]9-

?

The mentions “bef” and “aft” are reminders of the fact that these times occur “before’
or “after” the “dissipation bump time” ¢,. In those definitions, the significant features
are that both quantities

6dissip(t2?;£) and 6dissip(t%f;))

go to 0 as p goes to +oo (uniformly with respect to n greater than nmi,(p)), and both
quantities

th —th and 2% —t,
go to +00 as p goes to +00, while remaining bounded with respect to n for every fixed
positive integer p. According to inequality (4.25) (controlling the growth of the escape

A xesc(t)

bef aft
tn,p t” tn,p

K

Figure 4.16: Illustration of the reason why the relaxation scheme is applied separately on
two intervals: although the slopes on these two (sub)intervals are close to cesc, applying
the relaxation scheme on a single interval may lead to a dissipation bump occurring “far
to the left” of the origin in the moving frame.

point), both quantities

Lesc (tn) — Tesc (tq]i?zf;) d Lesc (t%f;)) — Tesc (tn)
t. — tbef an taft ¢
n n7p n7p n

(that is the mean speeds of the escape point on the two intervals surrounding the dissipation
bump time ¢,) are bounded from above by ¢poesc, and according to Propositions 4.11
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and 4.17, both quantities go to Cesc as p goes to +oo, uniformly with respect to n greater
than or equal to nyin(p)-

By compactness (Lemma 3.2), up to replacing the sequence (¢, )nen by a subsequence,
there exists an entire solution @ of system (1.1) such that, with the notation of (3.2),

(4.68) D2’1u(a:esc(tn) + ot + 1) = D*'% as n— 400,

uniformly on every compact subset of R2. Let us denote by u the function & — @(¢,0).

In the two next sub-subsections, the relaxation scheme set up in subsection 4.7 will
be applied to the two intervals [tg?;,tn] and [ty, t?f%] The following notation will be
extensively used.

Notation. For every nonnegative time t and every real quantity &, let
1 2
E(g) t) :iu:v (xesc(t) + fa t) + V(”(xesc(t) + fa t)) - V(m) s

F(€,1) = twen @u (tese(8) + €)% + V (u(zsc(t) + €,)) - V(m)>

+ %(U(inesc(t) +&,t) — m>2 :

and, for every function ¢ in C'(R,R%), let

Flg)(©) = 5/ (€ + V(9()) ~ Vim)

Fig(€) = wen (36/(€7 + V(6(6) ~ V() + 3 (6(6) — m)”,

4.11.1 Relaxation scheme to the left of the dissipation bump

The aim of this sub-subsection is to prove the following lemma, stating that the energy at

the right-end of the “left-hand” interval [t]gig, t,] is negative. To this end, the relaxation

scheme set up in subsection 4.7 will be applied to this interval.

Lemma 4.22 (negative energy at right-end of left-hand interval). The following inequality
holds (and the integral on the left hand side converges):

“+o00
(469) / exp(cescé) E[uoo] (5) d¢ <0.
—0o0
Proof of Lemma 4.22. Let us still consider two integers n and p with p positive and n
greater than or equal to npyin(p), and let
xesc(tn) — Lesc (tg?gg)

Sn,p

Spp =tn — tlﬁflﬁ and c¢pp =

Let us assume that p is large enough so that

RCcut

0<ey and Cese — ———— < ¢y
P 4(Cno—esc + /43) P
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and let £ denote a nonnegative quantity to be chosen below. The relaxation scheme set
up in subsection 4.7 will be applied with the following parameters:

__ 4bef _ _ _
tinit = tmp and Tinit = Lesc (tinit) and c= Cn,p and gcut—init =/.

Thus the relaxation scheme will depend on the three parameters (n,p, ). Observe that
both hypotheses (4.28) on page 32 and (4.48) on page 41 (required to apply the relaxation
scheme) hold. Let us denote by

U(n,p)(,’ ) and X(n,p,f)(.’ ) and g(n,p,f)(.) and D(n,p!)(.)

and ™PO( ) and FPO(.)
the objects defined in subsection 4.7 (with the same notation except the “(n,p)” or
“(n,p, )" superscripts to emphasize the dependency with respect to the parameters).

The proof is based on the relaxation scheme final inequality (4.52) on page 44 on the

s-time interval [0, s, ,], which will provide an upper bound on the quantity £ ("’p’e)(sn’p)
(the localized energy at the right end of this time interval). This will require a careful
choice of the three parameters n, p, and £ to control the various other quantities in this
inequality and the difference between £™P4) (s, ,) and the integral (4.69). Here are the
quantities that have to be controlled:

1. the dissipation term [;"” DP:0)(s) ds;

2. the initial value £™P9(0) of the localized energy;

3. the initial value F("?)(0) of the firewall function;

4. the “back flux” term (involving the factor Kg pack|uo]);

5. the “front flux” term (involving the factor Kg front);

6. the difference between the final energy €™ (s, ,) and the integral (4.69).

Those controls will be stated by a series of lemmas (Lemmas 4.23 to 4.28). Figure 4.17
summarizes the requirements on the three parameters n, p, and ¢, and the dependencies
between those parameters as well, in order all these controls to hold. As illustrated by
this figure, the final choice of those parameters, satisfying all these requirements, will be,
in short:

e a quantity ¢ large enough positive,
o an integer p large enough positive (depending on ¢),
 an integer n large enough positive (depending on ¢ and p).

The proof of Lemma 4.22 will be presented as a sequence of lemmas. Here is the first one.
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Inltlal ﬁrewall Imtlal energy
value value

Back ﬁrewall
: D1581pat10n

Front firewall
ﬂux

Figure 4.17: Hlustration of the constraints on parameters n, p and £ to ensure the estimates
required to use the relaxation scheme final inequality (4.52) on page 44.

Fmal energy

Lemma 4.23 (lower bound on dissipation). There exists a positive quantity eqissip and a
positive integer pmin dissip Such that, for every integer p greater than or equal to Pmin dissip
for every integer n greater than or equal to nmin(p), and for every nonnegative quantity
£, the following inequality holds:

L P NC )
5/0 D'"PY (s) ds > egissip -

Proof of Lemma 4.23. Indeed, if the converse was true, there would exist a sequence
(pj)jen of integers, going to +o0o as j goes to 4+00, and a sequence (n;);jen of integers
with n; greater than or equal to nmin(p;) for every nonnegative integer j (thus n; also
goes to +00 as j goes to +00), and a sequence ({;);cn of nonnegative quantities, such
that, if we consider the integral

Ij _ /Snjvpj D(nj7pj7€j)(s) ds,
0

then I; — 0 as j — +o0.
Observe that

Snps 0
I > /5 0 1 D(ﬂj,m,éj)(s) ds = / 1 D("j’pj’zf)(snj,pj + ) ds,
EE B

so that, according to the definition (4.32) of D(-),
0
= / (LA 50,1, 06,0, + 517 ) s

Z +Ccut5n
) / exp(cnj7pj§)y("jvpj)(§, Snjp; T 3)2 df) ds

| V

-1
O

| \%

S explen, 0, 002 € 0, + 97 ) ds
[

Ccutsn
/ exp(cnj 2;8) (Ut + Cnj pita) (Tese(tn) + Cnjp; s + &5 tn + 5)? df) ds

-1 o)
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and since sy, ,; goes to +00 as j goes to +oo, if j is large enough positive then [ is
greater than or equal to the quantity

0 2/£0+anvT-’j 2
/ / eXp(an,pjg) ((ut + an,pjua:) (mesc(tn) + Cn;,p;S + 5, tn + 5)) dﬁ ds,

—1 —2/e0

so that

2
Ijexp (EOCW ,pj)

0 2/€o+cnj,pj 2
> / / ((ut—i-cnj,pjur)(:cesc(tn) +cnj7pjs+§,tn+s)> dé | ds

-1 —2/eo

0 2/€0+an,pj(1+s) )
Z / / ((ut + an,pjuz)(xes(;(tn) + é.’ tn —+ s)) dé‘ ds

-1 —2/g0+cCn;,p; s

> /0 (/2/60 ((Ut + Cnypytiz) (Tese(tn) + &t + S))2 d§> -

-1 —2/eo

In view of the limit (4.68), is follows that

lim inf 7; exp (foc) > | ’ ( / 7 (6.5) + coeiale, s>)2d§> ds,

Jj—+oo -1 \/—2/eo

and since I; — 0 as j — 400, it follows that the function & — @ (&, 0) + CescUz (&, 0) must
vanish identically on the interval [—2/eg,2/£¢], a contradiction with inequality (4.66) and
the definition (4.64) of dgissip(+). Lemma 4.23 is proved. O

The conclusions of Lemma 4.22 will follow from the next five (independent) lemmas.

Lemma 4.24 (upper bound on initial energy). For every nonnegative quantity ¢, there
exists a positive integer Pmin init-en(£) such that, for every integer p greater than or equal
t0 Pmin,init-en(£) and every integer n greater than or equal to Nmin(p),

(n.,p,L) Edissip
& (0) < 3
Lemma 4.25 (lower bound on final energy). For every nonnegative quantity L, there
exists a positive integer Pmin fin-en(L) such that, for every integer p greater than or equal
to pmin’ﬁn_en(L), and for every nonnegative quantity £, there exists a nonnegative integer
Nomin fin-en (L, £, D) such that, for every integer n greater than or equal to Nmin fin-en(L, ¢, p)
and to Nmin(p),

L

Edissi
exp(Cescf) E[uoo] (f) dé — % .

(c/’(n,p,K) (Sn,p) Z /

Lemma 4.26 (upper bound on initial firewall). There exists a positive quantity £ min, init-fire
such that, for every quantity € greater than or equal to lyin init-fire, there exists a positive
integer Pmin,init-fire(£) such that, for every integer p greater than or equal to pmin init-fire (£),
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and for every integer n greater than or equal to nyin(p), the following inequality holds
(the constants Kg 5 and vr being those of inequality (4.52) on page 44):

Ber pnpa) gy < Sdissiv
vrE 8

Lemma 4.27 (upper bound on back flux for the firewall). There exists a nonnegative
quantity Cmin back-fire Such that, for every positive integer p and every integer n greater
than or equal to nuyin(p), the “back-flux” term in inequality (4.52) on page /4 is less than
or equal to Egissip/ 8.

Lemma 4.28 (upper bound on front flux for the firewall). For every nonnegative quantity
£ and for every positive integer p, there exists a nonnegative integer nmin,front_ﬁre(e,p)
such that, for every integer n greater than or equal to Nuin front-fire({, p) and greater than
or equal to nuyin(p), the “front flux” term in inequality (4.52) on page 44 is less than or
equal to Egissip/8-

Postponing the proofs of these five lemmas, let us first conclude with the proof of
Lemma 4.22. For every nonnegative quantity L, let:

{= max(gmin,init—ﬁrey Emin,back—ﬁre) s
p = max (pmin,dissip » Pmin,init-en (6) » Pmin, fin-en (L) » Pmin,init-fire (6)) ’
n = max (nmin (p)7 nmin,ﬁn-en(L7 ea p)7 Tmin, front-fire (67 p)) .

Then, according to Lemmas 4.23 to 4.28, it follows from inequality (4.52) on page 44 that

L 3
/ exp(cescg) E[uoo] (5) d§ < _ggdissip )
—00
and since the nonnegative quantity L is any, this finishes the proof of Lemma 4.22
(provided that Lemmas 4.24 to 4.28 hold). O

Proof of Lemma 4.24 (upper bound on initial energy). Let us proceed by contradiction
and assume that the converse holds. Then there exists a nonnegative quantity ¢y, a
sequence (p;);en of positive integers going to +oo as j goes to +oo, and a sequence
(n;)jen of integers such that n; is greater than or equal to nmin(p;) for all j in N (thus
n; goes to 400 as j goes to +00) and such that, for every j in N,

By compactness (Lemma 3.2), up to replacing the sequence ((n;,p;)) by a subse-

JEN
quence, there exists an entire solution @ of system (1.1) such that, with the notation of
(3.2),

(4.71) D> u(Tesc (b, ) + 5 tpet, +) = D as j — 400,

7 N,Pj
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uniformly on every compact subset of R2. According to the definition (4.67) on page 58

of tl’f;, for every nonnegative integer j,

Y

1
f
5dissip(tzjypj) S E
therefore the function

f = at(é-a 0) + Cescﬂa:(fv 0)

must be identically zero on R. Let us denote by ¢ the function & — 4.(§,0). It follows
that ¢ is a solution of system (2.1) on page 5 for the speed cesc, or in other words is the
profile of a wave travelling at the speed cesc for system (1.1). Since (as stated in (4.24) on
page 30) the difference Thom(t) — Tesc(t) goes to +00 as time goes to 400, the following
estimate holds:

(4.72) |6(&) — m| < dgse(m) for all ¢ in [0,400),
thus according to assertion 1 of Lemma 7.1 on page 96,
o) —m as & — +oo.

On the other hand, according to the bound (4.1) on page 24, the function |¢(-)| is bounded
on R, and according to the definition (4.22) on page 30 of Zes(-) the function |¢(-) — m)|
cannot vanish identically. In short, the function ¢ must belong to the set ®.._ (m) of
bounded profiles of waves travelling at the speed cesc and “invading” the equilibrium m.
As a consequence, according to Lemma 7.2 on page 99,

(4.73) /Rexp(cescf)E[qﬂ (&)de=0.
Recall that
o if £<4,
X520 (¢ 0) = {exp(c 256) it £<b
eXP(an,ijO - /1(5 - eo)) if f Z 607
and let
(4.74) X(OO’OO’ZO)(@ _ exp(Cesct) if £€<Y¥y,
eXP(Cescfo - "Q(f - 60)) if E > EO .

Since the convergence
xMPif)(€.0) 0 as & — oo

is uniform with respect to j provided that j is large enough, it follows that
x(MaPif) (L 0) — x (0t () in LY(R) as j— 4oo

and (according to the definition (4.71) of ¢ and the bounds (4.3) on page 24 for the
solution) that

€ s x P (¢ 0)E(E,t2 ) approaches € > X)) B (€) in L'(R,R)

7 NG ,Pj

64



as j goes to +00. As a consequence,
(4.75) £mapibo) (0) — / X (E) By (6)dE as j — +oo.
R

According to inequality (4.72) the quantity V(¢(£))) — V(m) is nonnegative (actually
positive) for all £ in [0, 400), therefore according to the identity (4.73),

(4.76) /[R X(50) () F g (€) dé < 0.

The contradiction with hypothesis (4.70) follows from (4.75) and (4.76). Lemma 4.24 is
proved. ]

Proof of Lemma 4.25 (lower bound on final energy). Recall that

£ (snp) = [ XD, 50) B ) d
R
and that

exp(cn,pf) if f S 14 + Ccutsn,p 9

(n,p,L) _
X (5, Sn, ) - .
P { exp (cn,p(f + CoutSnp) — k(€ — (L + ccutsn,p))> if &> 0+ coutSnp -

It follows from the definition of Zeg(-) that
V(u(mesc(tn) +&ty) — m) — V(m)>0 forall & in [0,Zpom(tn) — Tesc(tn)]-
Let L be a positive quantity, and let us assume that n is large enough so that
L < Znom(tn) — Tesc(tn)

(this is possible according to assertion (4.24) on page 30). Then,

PO (s, ) > / ’ X"PO(E, 8) E(E, 1) dE
(4.77) B
+ / NP (€, 50) E(E, ) de

hom (tn)fxesc (tn)

Recall that the choice of tg‘flﬁ ensures that s, , is greater than or equal to p, therefore as
soon as p is large enough (namely greater than or equal to L/ceyt), the first integral at
the right-hand of this last inequality (4.77) equals

L
(4.78) / exp(en) B(E, t) de .

—00

Since the convergence
exp(cppf) - 0 as & — —oo
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is uniform with respect to n and p provided that p is large enough, and according to the
bounds (4.3) on page 24,

f = exp(cn,pg) E(€7 tn) approaCheS g = eXp(Cescg) E[uoo] (5)

in L'((—o0, L], R), as both n and p go to +oo.
On the other hand, for ¢ and p fixed and n large enough (depending on the values of ¢
and p), the second integral of the right-hand of inequality (4.77) equals

+oo
(4.79) exp((cnp + K) (L + CeutSnp)) / e " B(E t,) dE .

Thom (tn) —Tesc(tn)
According to the bounds (4.3) and since according to the choice of tg?; the quantity s,
is less than or equal to p+T'(1/p) (it is thus bounded from above, uniformly with respect
to m), this last quantity (4.79) goes to 0 as n goes to +o0o and ¢ and p are fixed.
The desired lower bound of Lemma 4.25 thus follows from inequality (4.77). This
finishes the proof of Lemma 4.25. O

The next step is to prove Lemma 4.26. Let us first introduce some notation and state
an intermediate lemma, before actually proceeding to the proof. Let

(4.80) 17[)(0070073) (5) _ {exp((cesc + "Q)é - HE) if €</

eXp((Cesc + H)€ - /ﬁ?f) if € > .
Observe that, for every £ in R,
YO0 (g,0) 5 p=0(E) a5 p oo,

uniformly with respect to n greater than or equal to 1y (p). Let

c a VF Edissip
dissip,fire — .
’ 8Ke F

The aim of Lemma 4.26 is to prove, under suitable conditions on the integers n and
p and the quantity ¢, that F (”77”5)(0) is less than or equal to qissip,ire- The following
intermediate lemma provides a step towards this purpose.

Lemma 4.29 (smallness of firewall with a weight bulk far to the right for a travelling
front). There exists a positive quantity {1 such that, for every quantity ¢ greater than
or equal to £1, and for every function ¢ in the set O (m) of bounded profiles of waves
travelling at the speed cesc and invading m, such that |p(&) — m| is not larger than dgsc(m)
for every nonnegative quantity &, the following inequality holds:

(4:8) [ #==0(E) By () dg < “=pte
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Proof of Lemma 4.29. Observe that, for every real quantity £ in (—oo, ¢,

#=22016) = exp(= ) ex (e 490 (6~ 3" )

(Cesc + /f)
Thus, according to the bounds (4.3), there exists a (large) positive quantity ¢2 such that,
for every /¢ greater than or equal to /s,

I{Z/ (2(Cesc+'{)) Edissi re
[ (00 (€) Fy) (€) dg < ~Hnde

It follows that

(00,00,0) Edissip,fire oo

According to assertion 5 of Lemma 7.1 on page 96, the second term (the integral) in
the right-hand side of this inequality goes to 0 as £ goes to +o0o. In addition, according
to the Local Stable Manifold Theorem, this convergence is uniform with respect to the
profile ¢ belonging to @, (m) and satisfying |¢(§) — m| < dpsc(m) for every nonnegative
quantity . This proves Lemma 4.29. O

Proof of Lemma 4.26 (upper bound on initial firewall). Let us proceed by contradiction
and assume that the converse holds. Then, there exists a quantity /3 greater than or
equal to the quantity ¢; introduced in Lemma 4.29, a sequence (p;);jen of positive integers
going to 400, and a sequence (n;);jen of integers with n; greater than or equal to 7min(p;)
for all j (thus n; also goes to +00 as j goes to +00), such that, for every nonnegative
integer 7,

f(nj P 7e?’)(()) > Edissip,fire -

Up to replacing the sequence ((n;, pj))j N by a subsequence, and proceeding as in the

proof of Lemma 4.24, it may be assumed that there exists a function ¢ in the set ®.__(m)
of bounded profiles of waves travelling at the speed cesc and “invading” the equilibrium
m, such that, for every positive quantity L,

€ = m+vimpi(g,0) = 6(0)]

Cl([—L,L],Rd) —-0 as j— +o0.

Moreover, according to the definition of Zes(-) and to Lemma 4.4 on page 28 (escape /
Escape), the quantity |¢(£) — m| is not larger than dgs.(m) for every nonnegative quantity
. According to the bounds (4.3) on page 24, the function

(482) 5 — ¢(nj7pj753)(§7 0) F(f 75bef )

7 Ng,Pj

goes to 0 as £ goes to +00, and this convergence is uniform with respect to j (provided
that j is large enough). As a consequence, the function (4.82) above approaches

€ > poo3) () Fiy (€)
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in L'(R), as j goes to +oc. It follows that F(™i53)(0) goes to the quantity

/]R p(o02) (€) Fly (€) de

as j goes to +00, a contradiction with Lemma 4.29. Lemma 4.26 is proved. ]

Proof of Lemma 4.27 (upper bound on back fluzx for the firewall). The statement follows
from the expression of the back flux term in the relaxation scheme final inequality (4.52)
on page 44. U

Proof of Lemma 4.28 (upper bound on front flux for the firewall). The statement
follows from the expression of the front flux term in the relaxation scheme final inequality
(4.52) on page 44. O

The proof of Lemma 4.22 is complete.

4.11.2 Relaxation scheme to the right of the dissipation bump

The purpose of this sub-subsection is to apply once again the relaxation scheme set up
in subsection 4.7 to the “second” sub-interval (between ¢, and t';‘f";), see figure 4.16 on
page 58), in order to complete the proof of Proposition 4.21. The arguments are very
similar to those of the proof of Lemma 4.22 in the previous sub-subsection.

Let us introduce the positive quantity cenergy defined as

Eenergy — _/ReXp(Cescg)E[uoo](g) dg .

The same notation as in the previous sub-subsection will be used again to denote objects
that are defined similarly but with respect to the “second” subinterval [tn,tfffp] (by
contrast with the “first” one [tg‘flf,tn]). In other words, for notational simplicity, the
superscripts “aft” (versus “bef”) will be omitted for those objects. This begins with the
following notation.

For every positive integer p and every integer n greater than or equal to npyin(p), let

Lesc (t?if;tp) — Tesc (tn)

Sn,p

__ saft —
Snp =tnp —tn and cpp=

Let us assume that p is large enough so that

RCcut

0<cpp and cpp > Cesc—
’ ’ 4(Cn0-esc + "5)

Y

and let £ denote a nonnegative quantity to be chosen below. The relaxation scheme set
up in subsection 4.7 will be applied with the following parameters:

tinit = tp and  Tinit = Tesc (tinit) and c= Cn.p and  Eeut-init = £
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As in the previous sub-subsection, the relaxation scheme thus depends on the three
parameters n, p, and £. Observe that both hypotheses (4.28) on page 32 and (4.48) on
page 41 (required to apply the relaxation scheme) hold. Let us denote by

o™P) () and PO and EMPO() and DMPO(L)
and PO ) and  FOPO(L)

7

the objects defined in subsection 4.7 (with the same notation except the “(n,p)” or
“(n,p,£)” superscripts to emphasize the dependency with respect to the parameters).
The contradiction completing the proof of Proposition 4.21 will follow from the next five
lemmas.

Lemma 4.30 (upper bound on initial energy). For every nonnegative quantity ¢, there
exists a positive integer Pmin init-en(£) such that, for every integer p greater than or equal
t0 Pmin,init-en(£) and every integer n greater than or equal to Nmin(p),

gnp0) (0) < —£5energy-

Lemma 4.31 (lower bound on final energy). There exists a positive integer Prmin,fin-en
such that, for every integer p greater than or equal to Pmin fin-en and for every nonnegative
quantity €, there exists an nonnegative integer Nmin fin-en (¢,p) such that, for every integer
n greater than or equal to Nin fin-en (¢, p) and to Nmin(p),

g(n,p,f)(snvp) > _5en§rgy )

Lemma 4.32 (upper bound on initial firewall). There exists a positive quantity liin init-fire
such that, for every quantity £ greater than or equal to lin init-fire, there exists a positive
integer Pmin,init-fire(£) such that, for every integer p greater than or equal to pmin init-fire(£),

and for every integer n greater than or equal to nmin(p), the following inequality holds
(the constants K¢ r and vr being those of inequality (4.52) on page 44):

Kg,ff(n,p,é) (O) < €energy
VFE 8

Lemma 4.33 (upper bound on back flux for the firewall). There exists a nonnegative
quantity Lmin back-fire Such that, for every positive integer p and every integer n greater
than or equal to nmin(p), the “back-flux” term in inequality (4.52) on page 44 is less than
or equal to Ecnergy /8-

Lemma 4.34 (upper bound on front flux for the firewall). For every nonnegative quantity
¢ and for every positive integer p, there exists an integer Nmin front-fire (¢, p) such that, for
every integer n greater than or equal to Nmin front-fire(¢, p) and to nmin(p), the “front fluz”
term in inequality (4.52) on page 44 is less than or equal to Eenergy /8.
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Postponing the proofs of these five lemmas, let us first conclude with the proof of
Proposition 4.21. Let

{= max(gmin,init—ﬁrea émin,back—ﬁre) s
b= max(pmin,init-en (g)apmin,ﬁn—enapmin,init—ﬁre (6)) )
n = max(nmin (p)7 nmin,ﬁn—en(& p)7 nmin,front—ﬁre(fap)) .
Then, according to Lemmas 4.30 to 4.34, inequality (4.52) on page 44 leads to an

immediate contradiction. This finishes the proof of Proposition 4.21 (provided that
Lemmas 4.30 to 4.34 hold). O

Proof of Lemma 4.30 (upper bound on initial energy). Let ¢ denote a nonnegative quan-
tity, and let (as in the definition (4.74) on page 64)

eXp(Cescf) if £<7,
exp(Cescl — k(£ — 1)) if £€>1¢.
For every large enough positive integer p, and every integer n greater than or equal to

Nmin(P), the mean speed is close to cesc, thus (say) greater than cesc/2. As a consequence,
the convergence

00,00,{) (5 _

X(

KPO(E,0) = X©0(E) as € - oo

is uniform with respect to n and p (provided that p is large enough and that n is greater
than or equal to npyin(p) and that £ is fixed). It follows from the convergence above that

& X"PO(€,0) B¢, 1) approaches € = x*™0(€) By (€)

in L'(R,R) as p goes to +oo (uniformly with respect to n greater than or equal to
Nmin(p)). Thus

Emrh () — / X0 (&) By, j(6)de as p — +oo,
R

uniformly with respect to n greater than or equal to npin(p). Since the quantity
V (uso(€)) —V (m) is nonnegative for every nonnegative quantity &, the following inequality
holds:

[ X=0(6) B (€)d < [ explct) B (6 46 = ~onersy
and Lemma 4.30 follows. O

Proof of Lemma 4.31 (lower bound on final energy). According to

Lemma 7.2 on page 99, there exists a positive quantity L such that, for every function ¢
in the set ®.__ (m) of bounded profiles of waves travelling at the speed cege and “invading”
the equilibrium m, satisfying |¢(§) — m| < dgsc(m) for every nonnegative quantity &, the
following estimate holds:

I Eener
| expleesct) Big(€) de > ~ =25

70



As in the proof of Lemma 4.24, let us assume that n is a positive integer, large enough
so that
L< xhom(t;i{;) - xeso(tzf;g)

(this is possible according to assertion (4.24) on page 30). Then,

£02 05y 2 [ PO ) BLE 1) de
(4.83) . Z f
+ XPO(E, np) B(E 1) dE

ZThom (t;LL P ) —Tesc (taft

Recall that the choice of tif; ensures that s, , is greater than or equal to p, therefore
as soon as p is large enough (namely greater than or equal to L/ccy), the quantity
£+ ceutSn,p is greater than or equal to L, and therefore the first integral at the right-hand
of this last inequality (4.83) equals

L
(180 | explens) Blé. 85 de.

— 0o
The following lemma deals with this integral.

Lemma 4.35 (lower bound on final energy, integral between —oo and L). There exists a
positive integer Pmin fin-en Such that, for every integer p greater than or equal to pmin fin-en,
for every integer n greater than or equal to nmin(p), and for every nonnegative quantity ¢,

L Eener
| explens) (6 t30) de > — s

Proof of Lemma 4.35. Let us proceed by contradiction and assume that the converse
holds. Then there exist a sequence (p;);en of positive integers going to +o0c as j goes
to 4+00, a sequence (nj) jen of nonnegative integers such that n; is greater than or equal

to than nmin(p;) for every nonnegative integer j, and a sequence (¢;);en of nonnegative
quantities such that, for every nonnegative integer 7j,

L
£t Eenergy
(4.85) | explen, € Ble 138, de <~

Up to replacing the sequence ((nj,pj,ﬁj))j N by a subsequence, it may be assumed
(proceeding as in the proof of Lemma 4.24) that there exists a function ¢ in the set

... (m) of bounded profiles of waves travelling at the speed cese and “invading” the
equilibrium m, such that, for every positive quantity L,

(-1 L RY) —0 as j— 4o,

|6 = u(rese®,) + €88, = 6(6)]

and such that |¢(&) — m| < dgge(m) for all £ in [0,4+00). Since the convergence

exp(cn; p;€) =0 as & — —o0
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is uniform with respect to j (provided that j is large enough positive), it follows that

§ = exp(cn; p;€) E({,tifjt’pj) approaches & — exp(cescl) Ejg(€) in  L'((—o0, L], R)

as j goes to +00. According to Lemma 7.2 on page 99,

L

/R exp(Cosct) Figy (€) d€ =0 thus / exp(Cosc) By (€) dE < 0,

—0o0
a contradiction with hypothesis (4.85). Lemma 4.35 is proved. O

Let us pursue with the end of the proof of Lemma 4.31. Let us assume that p is greater
than pmin fin-en- For such fixed integer p and for every nonnegative fixed quantity ¢, since
Sn,p is bounded from above uniformly with respect to n, the following inequality holds
for every large enough positive integer n:

{4+ CcutSn,p > Thom (t?ffg) - xesc(tzf;)) .

Thus, the second integral of the right-hand side of inequality(4.83) reads

+oo
exp((enp + KL+ ccnsny) | exp(—r€) (€, t:5) €.
Ihom(t%f,%)fxesc(t%ffp)
According to the bounds (4.3), this last quantity goes to 0 as n goes to +oo and ¢ and p
are fixed. This finishes the proof of Lemma 4.31. O

The next step is to prove Lemma 4.32. Let us first state an intermediate result. For
every nonnegative quantity ¢, every nonnegative integer p, every integer n greater than
or equal t0 Tmin(p), let us define the function & — (20 (¢) as in (4.80). Let

N VE

Eenergy = @Eenergy .
Lemma 4.36 (small upper bound on the firewall with a weight bulk far to the right for
Uso). There exists a positive quantity L4 such that, for every quantity ¢ greater than or
equal to ¢y, the following inequality holds:

(4.86) [ =) B (6)dg < e

Proof of Lemma 4.36. Let us proceed like in the proof of Lemma 4.29. According to the
bounds (4.3), there exists a (large) positive quantity ¢5 such that, for every ¢ greater
than or equal to /5,

Kt/ (2 (Cesc ‘Hﬁ)) Eener
[ o) ) e <

It follows that

“+00

(00,00,0) éenerg
(487) /Rd) (&) Flus) (€) dE < 4 ok 18/ (2(cesc+r)) OPlCect) Fluaa)(8) 6.
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Besides, according to inequality (3.6) on page 21, for every nonnegative &,

4

2
(Uoo(§) —m)” < N ()

(V(ueel©) = V().

thus it follows from Lemma 4.22 on page 59 that the function § — exp(cesc§) Flu)(§) is
in L'(R,R). As a consequence the second term (the integral) on the right-hand side of
inequality (4.87) goes to 0 as ¢ goes to +oo. This proves Lemma 4.36. O

Proof of Lemma 4.32 (upper bound on initial firewall). Let us assume that ¢ is greater
than or equal to the quantity ¢4 introduced in Lemma 4.36 above. According to the
bounds (4.3), the function

(4.88) € pmPO(€,0) F(E, 1)

goes to 0 as £ goes to oo, and this convergence is uniform with respect to n and p
(provided that p is large enough and that n is greater than or equal to nyin(p)). As a
consequence, the function (4.88) above approaches the function

€ D) B, 1(€)

in L'(R, R) as p goes to +oo, uniformly with respect to n greater than or equal to nmin (p).
This proves Lemma, 4.32. O

Proof of Lemma 4.33 (upper bound on back fluzx for the firewall). As for Lemma 4.27 on
page 63, the statement follows from the expression of the back flux term in the relaxation
inequality (4.52) on page 44. O

Proof of Lemma 4.3/ (upper bound on front flux for the firewall). As for Lemma 4.28 on
page 63, the statement follows from the expression of the back flux term in the relaxation
inequality (4.52) on page 44. O

The proof of Proposition 4.21 on page 56 (“relaxation”) is complete. Note that, at this
stage, hypothesis (Hgisc.) has not been used yet.

4.12 Convergence

The end of the proof of Proposition 4.1 on page 23 (“invasion implies convergence”) is a
straightforward consequence of Proposition 4.21, and is very similar to the end of the
proof of the main result of [39] or of [43], thus this subsection is rather similar to the
corresponding sections of those papers.

Let us call upon the notation zps.(t) and Tesc(t) and xpom(t) introduced in subsec-
tions 4.1 and 4.6. Recall that, according to inequalities (4.5) and (4.23) and to the
hypotheses of Proposition 4.1, for every nonnegative time t,

—00 < TRse(t) < Tese(t) < Thom(t) < +00.
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Lemma 4.37 (existence of Escape point and transversality). The following inequalities
hold:

(4.89) lim sup Zege (t) — TEse(t) < +00,
t——+o00

(4.90) and limsup (U(ZEESC(t),t) - m) ug (zEse(t),t) < 0.
t—+o00

Proof. To prove inequality (4.89), let us proceed by contradiction and assume that the
converse holds. Then there exists a sequence (t,),en of nonnegative quantities going
to 400 such that Xesc(tn) — Trse(tn) goes to +00 as n goes to +00. Proceeding as in
the proof of Lemma 4.24 on page 62, it may be assumed, up to replacing the sequence
(tn)nen by a subsequence, that there exists a function ¢; in the set ®._ (m) of bounded
profiles of waves travelling at the speed cesc and “invading” the local minimum m such
that, for every positive quantity L,

1€ = u(@esc(tn) + &, tn) — ¢1(€)Hcg([_L7L]de) =0 as n— +o00.
In addition, it follows from the definition of xps.(-) that
|p1(£) — m| < Opse(m) forall £inR,

a contradiction with assertion 4 of Lemma 7.1 on page 96. Inequality (4.89) is proved.

The proof of inequality (4.90) is similar. Let us proceed by contradiction and assume
that the converse holds. Then there exists a sequence (], ),en of nonnegative quantities
going to +oo such that, for every positive integer n,

(4'91) (u(xESC(t;z)v t;L) - m) s Ug (xEsc(t,n)a t;’L) > —%,-

Proceeding as in the proof of Lemma 4.24 on page 62, may assume, up to replacing the
sequence (), )nen by a subsequence, that there exists a function ¢ in the set ®¢ . norm(m)
of (normalized) bounded profiles of waves travelling at the speed cesc and “invading” the
local minimum m such that, for every positive quantity L,

Hg = u(xEsc(tn) + f:tn) - ¢2(€)H62([_L7L]7Rd) —0 as n— +00.
It follows from inequality (4.91) that
(62(0) —m) - 5(0) = 0,

a contradiction with assertion 2 of Lemma 7.1 on page 96. Inequality (4.90) and
Lemma 4.37 are proved. ]

Lemma 4.38 (regularity of Escape point). The function t — xge.(t) is of class C' on a
neighbourhood of +00 and

Thee(t) = Cose  as t— +00.
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Proof. Let us introduce the function
1
FiRx[0,400) > R, (z,8) — 5(\(u(w,t) —mf* = dse(m)?) .

According to the regularity of the solution (see subsection 3.1), this function f is of class
C', and, for every nonnegative time ¢, the quantity f (zrsc(t),t) is equal to 0 and

Op [ (xpse(t), t) = (u(:UESC(t),t) — m) Uy (TEsc(t), ) -

Thus, according to inequality (4.90) of Lemma 4.37, for every large enough positive time
2
azf(xEsc(t)yt) <0.

Thus it follows from the Implicit Function Theorem that the function x — xpgs(t) is of
class C! on a neighbourhood of 400, and that, for every large enough positive time t,

8tf (xEsc (t), t) - (u (:CESC (t)v t) - m) Ut (xESC (t)v t)

B T D) T (ot 0) ) e )

According to inequality (4.90) of Lemma 4.37, the denominator of this expression remains
bounded away from 0 as time goes to plus infinity. On the other hand, according to
inequality (4.89) of the same lemma and to Proposition 4.21 on page 56 and to the
bounds (3.1) on page 19 for the solution,

ut (Tgse(t) + &, 1) + Cesclin (Trse(t) + &,1) = 0 as t— 4o0.

Thus it follows from (4.92) that zp (t) goes to cgsc as time goes to +00. Lemma 4.38 is
proved. ]

The next lemma is the only place throughout the proof of Proposition 4.1 where
hypothesis (Hgisc-a) is required.

Lemma 4.39 (convergence around Escape point). There exists a function ¢ in the set
Qc...norm(m) of (normalized) bounded profiles of waves travelling at the speed cesc and
tnvading the equilibrium m such that, for every positive quantity L,

sup lu(z,t) — ¢(z — zpse(t))| = 0 as ¢t — 4o0.
Te [xEsc(t)vaIEsc (t)+L]

In particular, the set .. norm(m) is nonempty.

Proof. Take a sequence (ty,)nen of positive times going to +0o as n goes to +0o0. Proceed-
ing as in the proof of Lemma 4.24 on page 62, it may be assumed, up to replacing the
sequence (t,)nen by a subsequence, that there exists a function ¢ in the set @, (m) of

Cesc
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bounded profiles of waves travelling at the speed cesc and “invading” the local minimum
m such that, for every positive quantity L,

Hg = u(zEsc(tn) + gatn) - ¢(£)||CQ([_L’L]’Rd) —0 as n— +o0.
According to the definition of zgg.(+),
|p(0) —m| = dpsc(m) and |p(§) —m| < dpsc(m) for all £ in [0,400),

thus according to assertion 3 of Lemma 7.1 on page 96, it follows that ¢ actually belongs
to the set ®c... norm(m) of “normalized” profiles.

Let £ denote the set of all possible limits (in the sense of uniform convergence on
compact subsets of R) of sequences of maps

£ u(l‘Esc(t;z) +&, tiz)

for all possible sequences (t],),en such that ¢, goes to 400 as n goes to +o0c. This set L is
included in the set .. norm(m), and, because the semi-flow of system (1.1) is continuous
on X, this set £ is a continuum (a compact connected subset) of X.

Since on the other hand — according to hypothesis (Hgisc-e) — the set @c... norm(m)
is totally disconnected in X, this set £ must actually be reduced to the singleton {¢}.
Lemma 4.39 is proved. O

Lemma 4.40 (convergence up to Zpom(t)). For every positive quantity L,

sup lu(z,t) — p(z — zEse(t))| = 0 as t— +o0.
wE[IEsc(t)szxhom(t)}

Proof. Let us proceed by contradiction and assume that the converse holds. Then,
according to Lemma 4.39 above, there exists a positive quantity e, and sequences (¢, )nen
and (&,)nen of real quantities both going to +o00 as n goes to +oo, such that, for every
positive integer n,

|U(xEsc<tn) + fn,tn) - ¢(§n>’ > e,
and thus, if n is large enough,

|u(xEsc(tn) + én,tn) — m| >ec.

Using the notation Fy(-, -) of subsection 4.4, this yields the existence of a positive quantity
¢’ such that, if n is large enough,

(493) fO (xEsc(tn) + éna tn) > 5/ .
According to hypothesis (Hpom-right) and to the bounds (4.3) on the solution,

xhom(tn) - (xEsc(tn) + fn) — +00 as n — +o0o.
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According to inequality (4.13) on page 27 about the time derivative of Fy and to the
fact that both derivatives . (t) and zj,, (t) have finite limits as time goes to 400, this
shows that the function:

[07 tn] =R, s Fo (xEsc(tn) +&n,tn — 3)

is increasing at an exponential rate on an arbitrarily large interval starting from O,
provided that n is large enough. In view of (4.93) this contradicts the bounds (4.3) on
the solution. O

4.13 Homogeneous point behind the travelling front

According to hypothesis (Honly-bist), the function ¢ is actually the profile of a bistable
travelling front; in other words, there exists myext in M such that

(4.94) D(&) = Mpext as & — —o0.
The following lemma completes the proof of Proposition 4.1 (“invasion implies conver-
gence”).

Lemma 4.41 (“next” homogeneous point behind the front). There exists a R-valued
function Thomnext, defined and of class C* on a neighbourhood of +00, such that the
following limits hold as time goes to 4+o00:
TEsc(t) — Thommext (1) — 00 and  Tpom next (t) — Cesc
and sup lu(z,t) — ¢(z — zpse(t))| = 0,

xe [Ihom—next (t) > Lhom (t)]

and, for every positive quantity L,

sSup |u(xhom—next (t) + 5» t) - mnext‘ — 0.
fe[vaL]

Proof. Let us introduce the sequence of times (t,,),cn defined as follows: tg is positive
and large enough so that the function ¢t — xpg.(t) is defined and of class C* on [tg, +00),
and, for every positive integer n,

tn, = max (tn_1 + n, sup {t in [0,400): sup |u(zesc(t) +&,t) — P(E)] > 1})
£€[—2n,0] n

(the key point being that, according to Lemma 4.39 above, this quantity ¢, is finite). Let
x denote a smooth function R — R satisfying

x=0on (—00,0] and y=1lon[l,+00) and 0<x<1andy >0on|0,1],
see figure 4.18; and let us define the function zpom pext : [to, +00) — R by

t—tn—1

) for n in N* and ¢ in [ty—1, ).
tp —th_1

Zhom-next (t) = TEsc (t) —n—=X <

This function is of class C! on [ty, +00) and the other conclusions of Lemma 4.41 follow
from the limit (4.94) and the definition of Zpom next(*)- O

The proof of Proposition 4.1 is complete.
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—(n—1)¢- - hom-next
SR 0 JN Y . L

Y

—9n

Figure 4.18: Illustration of the definition of the function zpom-next(-)-

5 No invasion implies relaxation

As everywhere else, let us consider a function V' in C?(R%,R) satisfying the coercivity
hypothesis (Heoere)-

5.1 Definitions and hypotheses

Let us consider two points m_ and my in M and a solution (z,t) — u(x,t) of system
(1.1) defined on R x [0, +00). Without assuming that this solution is bistable, let us
make the following hypothesis (Hyom), which is similar to hypothesis (Hhom-right) made
in section 4 (“invasion implies convergence”), but this time both to the right and to the
left in space (see figure 5.1).

Cl—]s(‘,,+ Chom,+ ”

— =S m,

L/UES(:,+(1L’) thom.Jr(f)

Chom,— CEsc,—
~- -—

-rh()m,f ([) '/I:ES(Z,* (IL)

Figure 5.1: Ilustration of hypothesis (Hpom) and of Proposition 5.1.

(Hpom) There exist a positive quantity chom,+ and a negative quantity chom,— and
C'-functions

Thom,— : [0,+00) = R satisfying 2}, (t) = Chom,— as t — 400
and  Zypom,+ : [0, +00) = R satisfying  #},p, 1 (£) = Chom+ as t — +00
such that, for every positive quantity L,

sup  |u(Thom,—(t) +&t) —m—| =0 as t— +oo
ée[vaL]

and sup  |u(Thom,+(t) + &) —my| >0 as t— +oo.
£e[-L,L]
For every t in [0, +00), let us denote by xgsc,—(t) the infimum of the set

{z € R: Thom—(t) <2 < Thom+(t) and |u(z,t) —m_| = dgsc(m—)}
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(with the convention that xpe. —(t) equals +oo if this set is empty), and let us denote by
ZEsc,+ (t) the supremum of the set

{x €R: 2hom—(t) <2 < Thom+(t) and  |u(z,t) — my| = dpsc(ma)}

(with the convention that x4 (t) equals —oo if this set is empty). Let

Lo THse,— (1 . TE t
CEse.— = lim inf L() and  Cpge 4+ = limsup L() ’
7 froo ¢ t—+o00 t

see figure 5.1. It follows from the definitions of gsc — () and @gsc 4 (t) that, for all ¢ in
[0, +00),
Thom,— (t) < TEse,—(t) and  Zgse,+(t) < Thom,+(t)
thus
Chom,— < CEsc,— and  Cgse,+ < Chom,+ -

If the quantity cgsc+ was positive or if the quantity cgs.,— was negative, this would mean
that the corresponding equilibrium is “invaded” at a nonzero mean speed, a situation
already studied in section 4. Let us introduce the following (converse) “no invasion”
hypothesis:

(H The following inequalities hold:

no-inv)

0< CEsc,— and CBsc,+ < 0.

5.2 Statement
The aim of section 5 is to prove the following proposition.

Proposition 5.1 (no invasion implies relaxation). Assume that V' satisfies hypothesis
(Heoere) and that the solution (x,t) — u(x,t) under consideration satisfies hypotheses
(Hhom) and (Hyo.iny). Then the following conclusions hold.

1. The quantities V(m_) and V(m4) are equal.
2. There exists a nonnegative quantity Eres-asympt|t| (“residual asymptotic energy”)

such that, for all quantities c— in (Chom,—,0) and c1 in (0, Chom,+)s

C+t 1

(5.1) / (2%(3;,@2 +V (ula, ) —V(mi)> S Ernnsympelt] a5 — 400
c_t

3. The following limits hold as time goes to 4+00:

(5.2) sup lug(z,t)| — 0,
xe[xhom,— (t)vxhom,-&-(t)]

and, for every quantity € which is positive and smaller than min (|chom,—| ; Chom,+)s

(5.3) sup lu(z,t) —m_| —0 and sup lu(z,t) —my| — 0.
me[mhom,f(t)v_eﬂ we[etvxhom,+(tﬂ
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5.3 Relaxation scheme in a standing or almost standing frame
5.3.1 Principle

The aim of this subsection is to set up an appropriate relaxation scheme in a standing
or almost standing frame. This means defining an appropriate localized energy and
controlling the “flux” terms occurring in the time derivative of that localized energy.
The argument will be quite similar to that of subsection 4.7 (the relaxation scheme in
the travelling frame), the main difference being that ¢ is now either equal or close to 0,
and as a consequence the weight function for the localized energy will be defined with a
cut-off on the right and another on the left, instead of a single one; accordingly firewall
functions will be introduced to control the fluxes along each of these cutoffs.

Let us keep the notation and assumptions of subsection 5.1, and let us assume that
hypotheses (Heoere) and (Hpom) and (Hyeiny) of Proposition 5.1 hold. According to
Proposition 3.1 on page 18, it may be assumed (without loss of generality, up to changing
the origin of time) that, for all ¢ in [0, +00),

(54) HIB = U(.’L’,t)” ) S Ratt,oo

L= (RR?
(5.5) and |z = u(z, t)|| y < Rass,x -

5.3.2 Notation for the travelling frame

Let ¢ denote a real quantity. By contrast with subsection 4.7, the other parameters —
namely the initial time %, the initial position of origin of travelling frame iy, and the
initial position of the cut-off £ ut-init — are not required here; or in other words they are
chosen equal to 0). The relaxation scheme will be applied in the next subsection 5.4 for ¢
very close or equal to 0.

Let us introduce the function (§,t) — v(,t) defined on R x [0, +00) by

v(&,t) =u(x,t) for z=ct+¢.
This function is a solution of the differential system

v —cvg = =VV(v) + vge .

5.3.3 Choice of the parameters and conditions on the speed c

A localized energy and two firewall functions associated with this solution will now be
introduced. Let us call upon the quantity weno involved in (5.10), let us denote by
ko(m—) and by ko(m4) the quantities defined in (4.9) on page 26 for the two minimum
points m_ and m, and let

ko =min(ko(m-_),ko(m4)) and Amin = min(Amin(m-_), Amin(m4)) .

Let ceut,0 (speed of the cut-off point in the travelling frame) be a positive quantity, small
enough so that the following inequalities hold:
(5.6)

KO(Ccut,O + KO) < >\min
2 - 16

and

_|_7

Ccut,0 , KO
C;’ 4 ) < and Wen,0 Ccut,0 KO <

N =
=~ =

wen,O’QO(
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(compare with conditions (4.16) on page 27 on kg and (4.30) on page 33 on k). For
instance, the quantity ccut,0 may be chosen as

1 \/)\min Chom,+ |Ch0m,—|)
Lty 4 2 ' 2 )

Let us make on the parameter ¢ the following hypotheses (see comments below):

Ceut,0 = min(

Ccut,0

)\min
(5.7) e <20 and o < and || < =%

10 4
According to hypotheses (Hpom) and (Hyo-inv) and to the value of the quantity ccuto
chosen above, there exists a nonnegative time 7' such that, for every time ¢ greater than
or equal to T,

11 1
-rhom,—(t) < _Eccut,ot and _éccut,ot < xEsc,—(t)
(5'8) 1 11
and xEsc,—i—(t) < éccu‘c,ot and Eccut,ot < «'Bhom,-i-(t) .

Let us briefly comment hypotheses (5.7) and (5.8).

e The relaxation scheme below will be applied either for ¢ equals 0, or for ¢ very close
to 0.

 The choice of the value 1/10 as upper bound of the quotient |¢| /o in (5.7) will turn
out to be convenient to prove Lemma 5.5 on page 87 (that is, more precisely, to
control the pollution terms involved in the time derivative of the firewall functions
that will be defined below). The same is true concerning the choice of the factors
+1/6 and £11/6 in (5.8).
5.3.4 Notation “+”

Let us adopt, for the remaining of this section 5, the following convention: the symbol
“£” denotes one the the signs “+” and “—”, this sign remaining the same along a whole
expression, or an equality/inequality between two expressions, or a definition.

5.3.5 Normalized potential
Let us introduce the “normalized” potential Vi :R? — R, v — V¥(v) defined as
(5.9) Vi) = V(v) —max(V(m_),V(my)).

As a consequence max(V*(m_),V¥(my)) = 0, and VV and VV* are equal. With the
convention above, it follows from inequality (3.9) satisfied by wen,o that, for all v in R,

(5.10) Wen,o (V) — Vima)) + %(v —my)? >0,
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and it follows from inequalities (3.7) and (3.8) that, for all v in R? satisfying |[v — m| <
5Esc(mi)a

(5.11) (0= ma) - V@) > 200 () g2
(5.12) and (v —ms) - VViw) > Viw) — Viimy).

5.3.6 Localized energy
For every time ¢, let us introduce the three intervals
Ileft(t) = (—OO, _Ccut,Ot] 5

and Imain(t) = [_Ccut,0t7 Ccut,Ot] 5
and Iright(t) = [Ccut,Ota +OO) )

and let us introduce the functions xo(§,t) and x(§,t) (weight function for the localized
energy) defined on R x [0, +00) by

1 f Imain )
xO<§,t>:{ e D)4 (e t) = o).

exp(_’iﬂﬂf‘ - Ccut,Ot)) if f g Imain(t) s

see figures 5.2 and 5.3. For all ¢ in [0, +00), let us define the “energy” £(t) by

%,—(f',t) \ X0+(€,t) Yo+ (£,1)

Y/

______

]left<t) -[main(t> Iright (t)

Figure 5.2: Graphs of functions £ — xo(&,t) and £ — g 4 (€, ) and § — g (&, 1).

v_(e.t) X&D  y (g0

0
1
1
1
1
1
1
il I 7y

--" Cecut,0
«=Conpf Isaezt - §
_ccut,Ot 0 ccut,Ot
<= Ccut,0 +c -:-}C —— Ccut,0 +c Hy
(_Ccut,O + C)t 0 «ct (Ccut,O + C)t

Figure 5.3: Graphs of the weight functions  — x(&,t) and £ — ¥ (&, t) and £ — ¥_(&,t)
(case of a positive speed c).
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£t) = [ (et (Grele 1 + ViGui&n) ) de.

The notation x and & is the same as in sub-subsection 4.7.4 but the definitions above are
slightly different from those introduced in sub-subsection 4.7.4.

Remark. There is more than one possible choice (with equivalent outcomes) for the
expressions of x(&,t) and of the other weight functions 14 (&,t) that will be defined in
(5.17) below. The chosen expressions are closer to those of sub-subsection 4.4.1 on page 26
(laboratory frame) than to those of subsection 4.7 on page 31 (travelling frame). In the
context of this paper this is really a matter of taste. However, it seems that this choice
extends more naturally to higher space dimension, [42].

5.3.7 Time derivative of localized energy

For all ¢ in [0, 4+00), let us define the “dissipation” function by

(513) D(t) = [ (& uls 1.

Lemma 5.2 (time derivative of the localized energy). For allt in [0,+00),

Ccut,0 + Ko 2

(G14) €)= —5D0)+ro [ 0 + couoVH()) de

R\ Linain (£) X( 2

Proof. For all t in [0, +00), it follows from expression (3.4) on page 20 (time derivative
of a localized energy) that

(5.15) g'(t) = -D(t) + /R(Xt(;vg + VE©)) + (ex — xe)ve - vt> de |

It follows from the definition of x that:

0 if f € Imain(t) )
— o€ =
xt(§,t) = eSxo(&,t) = {/‘60 Ceut0 X(&,1) if & ¢& Inain(t),

and

0 it £e Imain(t) )
_ = —e% =
(ex — xe) (&, 1) = —eC0ex0(&,t) = {sgn(f) kox(&t)  if €& Inain(t),

where sgn(€) = £/ |£| denotes the sign of £&. Thus, it follows from (5.15) that

(5.16) E't)=-D(t)+ Ho/ X(ccut,()(lvg + Vi(v)) +sgn(&) ve - Ut) dg .

IR\Imain(t) 2
Using the inequality
1 K2
sgn(€) ko ve - v < 5?}3 + 301)2
inequality (5.14) follows from equality (5.16). Lemma 5.2 is proved. O
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5.3.8 Firewall functions

The next task is to define two firewall functions to control the two last terms of the
right-hand side of inequality (5.14) above. Let us introduce the functions 1y —(&,t) and
o+ (&, t) and _(&,t) and 14 (&,t) (weight functions for those firewall functions) defined
as (see figures 5.2 and 5.3 and the notation of (4.10) on page 26):

¢0,—(§7 t) = T—Ccut,Utwo(‘r? t) = eXp(—l-io ‘5 + Ccut,OtD )
and Yo 4 (§,1) = Tep ot¥0(2,t) = exp(—ro |§ — ceutot]) »

and

(5.17) P (&) = eSeho _(€,1) and P4 (&,1) = eSeho 4 (€,1);

observe that

(& t) =9p_(&t) for &€ Lew(t) and x(&t) =v(&,t) for &€ Ligne(t).

For every t in [0, +00), let us define the “firewalls” F_(t) and F(t) as
(5.18)

Fult) = /Rzpi(g, t) <wen7o<;v§(§,t)2 +VEu(E t) — VE(ma) ) + %(v(f, t) — mi)2> de |

5.3.9 Energy decrease up to firewalls

Lemma 5.3 (energy decrease up to firewalls). There exists a quantity K¢ r, depending
only on 'V and m_ and my., such that, for every nonnegative time t,

(5.19) /(1) < —5D(1) + Ke ro(F- (1) + Fi (1)

Proof. Tt follows from inequality (5.14) that (observe the substitution of x by ¢_ on
Lt (t) and by 94 on Light (t) and the added nonnegative terms ~V¥m_) and —V¥i(my))

£t < —%D(t) + ko / ) u(%@ T cauno(VH(w) = Vi(m_))) d

Dets

+/€0/
1,

right

Ceut,0 T K
o U (T o cano(Viw) = Vi) ) de

cu +
+ Ko / P [Wvg + Ceut,0 (Vi(v) —Vim_) +
Dert (1) 2

(v m_)?)] de

Wen,0

C + K
+ KJU/ o [Cut’oovg + Ceut.0 (Vi(v) —VHmy) +
Iright(t) 2 2
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According to inequalities (5.10) on page 81, the quantities

Wen,0 (U B mi)Q - ’LUeln,O (wen,O (Vi(v) B Vi(mi)) + %(U N mi)z)

Viw) = Viimy) +

are nonnegative. As a consequence the previous inequality still holds if the factor ccut,0 in
front of these quantities is replaced by the greater factor ccut,0 + ko and if the integration
domains of the two integrals are extended to the whole real line. After these changes the
inequality reads

1 Ko (Ceut,0 + Ko) (

&) < —§D(t) + 0o s F_(t) + F4 (1)) .

Thus if K¢ 7o denotes the quantity ko(ceut,0 + K0)/Wen,0, then inequality (5.19) and
Lemma 5.3 are proved. O
5.3.10 Firewalls linear decrease up to pollution

For all ¢ in [0, +00), let

Yise,—(t) ={§ eR:|v(€t) —m_| > dgsc(m-)}
and Ygge+(t) ={{ e R:|v(€,t) —my| > dpse(my)},
and let us denote by vr,(m—) and Kz ,(m_) (by vz, (m4) and Kx,(m+)) the quantities

denoted by vr, and Kz, in the proof of Lemma 4.3 on page 27, when the minimum point
m of Lemma 4.3 is replaced with m_ (with m.).

Lemma 5.4 (firewalls linear decrease up to pollution). For all t in [0, +00),
(5.20) FL(t) < —vry(ma) Fe(t) + Ky (me) /E REGOES
Esc,+

Proof. The proof is very similar to that of Lemma 4.8 on page 37 or to that of Lemma 4.3
(see [43, Lemma 4.2]); however, since the definitions of the various parameters and
functions are slightly different, the details of the calculations will be provided.

According to expressions (3.4) and (3.5) on page 20 for the time derivatives of a
localized energy and a localized L? functional, for all nonnegative time t,

FL(t) Z/R[wi (—wemgvf — (v—mg) - VVv) — U?)

1
+ Wen 004+ (51)? +VHw) - Vi(mi)) + Wen,0(c+ — gt )vg - vy

Opps + Ofps — Ot
+ 2

(v — mi)Ql d¢ .
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According to the definitions of ¢4 and ¢_, for all (&,¢) in R x [0, +00) (omitting the
arguments (£,t) of ¥+ and of their derivatives),

Oipx = e“Ophox  thus  [Ops| = KoCeur 0¥
s — Ohy = —e“Ocpo . thus  |cs — Oeths| = Kot
s — cOeths = Oc(e“Otbo,+)
= e“(cOeto s + OFto,) thus Oty — cOeths < kolko + |c])1hs

(compare with the bounds (4.41) on page 38). It follows that, for all nonnegative time ¢,
f:,t(t) < /Rwi [ - wen,(]'UtQ - (U - mi) : VVI(U) — Ug

1
+ Wen,0 Ko Ccut,o(§U§ + 'Vi(v) - Vi(mi)‘) + Wen,0 K0 \v§ - v

ko(Ceut,0 + Ko + |c|)
2

(v— miﬂ dg,,

thus, using the inequality

2 | W O’f% 2
en,
Wen,0 RO ‘Uf : Ut’ < Wen,0 UV + A Ve 5

it follows that

2 4

Fu®) < [ | (weno (S50 + %)~ 1)02 - (0= ma) - VVI0)

O(ccut,O + Ko + ’CD
2

K
+ Wen,0 KO Ceut,0 ‘Vi(v) - Vi (m:t)‘ + ('U - mi)2‘| d§ .

According to the conditions (5.6) and (5.7) on page 80 and on page 81 satisfied by wen o
and kg and ceut,0 and ¢, it follows that

FL(t) < /Rwi [—%vg — (v =) VVi(v) + % Vi) = Vme)| + %( —my)?] de,

and as a consequence,

PO+ vry(m) Fa®) < [ | =5 (1= vz () wenf = (0= m) - IV

+ (i + vy (M) weno ) V() = VE(ma)| + (A‘gi“ - ”fogmi))(v - mi)2] de .

Since the quantity vz, (m4) defined in (4.14) on page 27 is such that

1 VF, (mi) Amin(mi)

Vr,(Mm4) Weno <1 and vz, (M4 ) Weno < 2 and 5

<
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(compare with conditions (4.44) on page 39 on vr), it follows from the previous inequality
that

Fi(t) +vry(ma) Fe(t) <

(5.21) /R@Z)i [_(U ) VVi(U) + % ‘Vi(v) — Vi(mi)‘ + )\Izin (v— mi)ﬂ dg .

According to (5.11) and (5.12), the integrand of the integral at the right-hand side of this
inequality is nonpositive as long as x is not in Xgg +(t). Therefore this inequality still
holds if the domain of integration of this integral is changed from R to Xge +(¢). Finally,
according to the definition (4.15) on page 27 of the quantity Kr, and to the uniform
bound (5.4) on page 80 on the solution, inequality (5.20) follows from (5.21). Lemma 5.4
is proved. O

5.3.11 Control over the pollution in the time derivative of the firewalls

The following lemma calls upon the notation T introduced for inequalities (5.8).

Lemma 5.5 (firewalls linear decrease up to pollution, continuation). There exists a
positive quantity K-, depending only on 'V and m_ and m., such that, for every time t
greater than or equal to T,

(5.22) FL(t) < —vry(ms) FL(t) + Kx exp(— £0Ceut,0 t) :

Proof. For all t in [0, +00), let
623 G- [, g ends and G0 = /. e,

and
fhom,f(t) = xhom,f(t) —ct and gEsc,f(t) = mEsc,f(t) —ct

and  &pse,+(t) = TEse,+(t) —ct and  &hom,+ () = Thom + () — ct.

Assume that the time t is greater than or equal to T. Then it follows from hypotheses
(5.8) and from the last hypothesis of (5.7) that

5 1
éhom,—(t) < **Ccut,Ot and **Ccut,Ot < fEsc,—(t) s
3 3
(5.24) 1 5
and - {pse+ (1) < gCeut,of and 3 Ceut,0of < Ehom,+(t)

see figure 5.4. Besides, according to the definition of zggc +(t) and zgsc — (1),

EEsc,—(t) C (—OO, ghom,—(t)] U [EESC,— (t)> +oo)
and EEsc,—‘,—(t) C (—OO, gESC,-‘r(t)] U [ghom,—i- (t)> —|—OO) .
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Figure 5.4: Illustration of the notation and assumptions for the proof of Proposition 5.1.

Let us introduce the quantities

Shom, — (t)

Gtront,— (1) = /

—00

EBsc,+ ()

+o0
b (6,1 de migmmﬁzé REGLS

+o0
and oot ()= [ 060 and G0 = [ (e 0)dE.

—00 ghom,Jr(t)

Then, it follows from the definition (5.23) of G4 (¢) that

g—i—(t) S gfront,Jr(t) + gback,+(t) and g— (t) S gfront,f(t) + gback,f(t) .

According to the definition of ¥4 and ¢ and according to hypotheses (5.7) and inequal-
ities (5.24) on the preceding page it follows from explicit calculations that:

Gtront,— (1) < P, + - eXp (Ccut,OK/Ot + (ko + c)EhOm,_(t)) < ffol+ S ex (— ROC;‘“’O t) :
Gback,— (t) < fio — eXp( Ceut,0k0t — (Ko — ¢)&Esc, 7(75)) < Kol_ - exp(— HOC;‘“’O t) ’
Gback,+ (1) < o + C eXP( Ceut,0k0t + (Ko + c)fEsc,+(t)> < Kol_ . exp(— KOC;“’O t) :
Giront,+(t) < PR (Ccut okot — (Ko — €)€hom, +(t)> < Iiol+ - exp(— HOC;‘“’O t) _

It follows that

2kK0 KoCeut,0
G+(t) < 2= exp(——50)

and since according to the conditions (5.7) the quantity |c| is not larger than ko /10, it
follows that

5 KoCcut,0
Gi(t) < 5 — oxp(——5"0)

As a consequence, introducing the positive quantity K’ defined as

)
K;—' = 2kn maX(K}—O(m—)? K]'—o(m-i-)) )
Ko

inequality (5.22) follows from inequality (5.20). Lemma 5.5 is proved. O

88



5.3.12 Nonnegativity of firewalls
Lemma 5.6 (nonnegativity of firewalls). For every nonnegative time t,
(5.25) Fi(t) >0.

Proof. Inequality (5.25) follows from inequality (3.9) on page 22 and the definition (5.18)
on page 84 of Fi(t). O

5.3.13 Energy decrease up to pollution

Lemma 5.7 (energy decrease up to pollution). There exist positive quantities K¢ and
ve, depending only on V. and m_ and m4., such that, for every time t greater than or
equal to T,

(5.26) &) < —%D(t) + Kgexp(—vg(t—1T)).

Proof. Let
/QOCcut,O) '
4
According to Gronwall’s inequality, it follows from inequalities (5.22) of Lemma 5.5 that,
for every time ¢ greater than or equal to T,

Fi(t) < exp(—vr, (ms)(t = T)) Fu(T)

t
+ K}/ exp(—vg, (m+)(t — s)) exp(— f0Ceut,0 s) ds
T 2

Ve = min (V]:O (m_),vr,(my),

<exp(—veg(t—1T) <~7:i(T) + K}:exp(—@j’) y

texp(—(yj:o (my) —ve)(t — s)) exp —(M — Vg)(s —T))ds
T 2

< exp(—ve(t — T)) (]—“i(T) + Ky /Tt exp(—W(s - T)) ds)

(5.27) < (fi(T) + ARF ) exp(—veg(t—1T)).

R0Ccut,0

According to the H&l—bound (5.5) on page 80 for the solution, there exists a positive
quantity Fmax, depending only on V and m4 and m_, such that the following estimates
hold:

Fi(T) < Frnax and  F_(T) < Fmax -

Thus, introducing the positive quantity

4K}_— )

KoCcut,0

K = 2K¢ 50 Finax +

inequality (5.26) follows from inequalities (5.19) and (5.27) on page 84 and on the current
page. Lemma 5.7 is proved. O
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Inequality (5.26) is the key ingredient that will be applied in the next subsection 5.4.

5.4 Nonnegative asymptotic energy
5.4.1 Notation

Let us keep the notation and hypotheses of the previous subsection. For every quantity ¢
close enough to 0 so that conditions (5.7) on page 81 be satisfied, let us denote by

U(C)(.’.) and X(C)(7> and g(c)() and E](SCS)C’—F(.)
and S(E(:S)C7+(.) and 5}(1?m7+(.) and D(c)()

the objects that were defined in subsection 5.3 (with the same notation except the “(¢)”
superscript that is here to remind that these objects depend on the quantity ¢). For
every such ¢, let us introduce the quantity £(¢)(+o0) in {—oco} UR defined as

£ (+00) = ltim inf £€)(t),

—+00

and let us call “asymptotic energy at the speed ¢” this quantity. According to estimate
(5.26) above, for every such c,

(5.28) EOW) = £ (+0) as t — +o0.

5.4.2 Statement

The aim of this subsection is to prove the following proposition.

Proposition 5.8 (nonnegative asymptotic energy at zero speed). The quantity £©)(+o0)
(the asymptotic energy at speed zero) is nonnegative.

The proof proceeds through the following lemmas and corollaries, that are rather
direct consequences of the relaxation scheme set up in the previous subsection 5.3, and
in particular of the inequality (5.26) for the time derivative of the energy.

Since according to the definition (5.9) on page 81 of V* the maximum of V¥(m.) and
Vi(m_) is assumed to be equal to 0, it may be assumed (without loss of generality) that

(5.29) Vimy) =0.

5.4.3 Nonnegative asymptotic energy at small nonzero speeds

Lemma 5.9 (nonnegative asymptotic energy at small nonzero speeds). For every quantity
¢ close enough to 0 so that conditions (5.7) on page 81 be satisfied, if in addition c is
positive, then

£ (+00) > 0.
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Proof. Let ¢ be a positive quantity, close enough to 0 so that conditions (5.7) be satisfied.
With the notation of subsection 5.3 (for the relaxation scheme in a frame travelling at
the speed c), for all ¢ in [0, +00),

0 = [ X9t (0 (€17 + V396, 0)) e
> [ X960V v) de
> [ X9 OVIEIE ) de.

it follows that, for all ¢ in [0, +00),

OO > Vi [y Xt
z (t)

Esc,+

>@J/E* dst%+[@ et e

-0 hom +

According to the definition of x(?)(£,t) (see sub-subsection 5.3.6 on page 82), this yields:

e, (0
Q@) > Vi [/ T exp (c€) d¢ + /(C) exp(c§ — ko€ = Ceut,ot)) d&]

-0 hom +

1 c
— exp(roceutot = (Ko = jon, 1 (1)) |

= Vniun[ exXp (cfEsC +(t)) +

Ko
Let us consider the arguments of the two exponential functions in this last expression.

 Since ¢ is assumed to be positive and according to hypothesis (Hyo.inv ), the quantity
51(323 () = TEse 1 (t) — ct goes to —oc as time goes to +oo.

o If t is greater than or equal to T', then, according to inequality (5.24) on page 87
on fhom,Jr (t)7

c 5
KoCeut,0t — (Ko — C)fl(lo)m,Jr(t) < Ceut,0t (Ho - g(fio - C)) ,

and according to inequality (5.7) bounding from above the ratio ¢/kg, it follows
that the right-hand side of this inequality goes to —oo as time goes to +oo.

Thus £()(t) is bounded from below by a quantity which goes to 0 as time goes to +oc.
Lemma 5.9 is proved. O
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5.4.4 Almost nonnegative energy at small nonzero speeds

Corollary 5.10 (almost nonnegative energy at small nonzero speeds). For every quantity
¢ close enough to 0 so that conditions (5.7) on page 81 be satisfied, if in addition c is
positive, then, for every time t greater than or equal to T,

€ (t) > —Iy{; exp(—ve(t —T)).

Proof. The proof follows from previous Lemma 5.9 and inequality (5.26) of Lemma 5.7. [

5.4.5 Continuity of energy with respect to the speed at ¢ =0

Lemma 5.11 (continuity of energy with respect to the speed at ¢ = 0). For every t in
(0, +00),
EQW) = QM) as ¢—0.

Proof. For all t in (0, +00),

£Ot) :/Rx<0>(:c,t)(;ux(x,t)2+Vi(u(x,t)))dx,

and, for every quantity ¢ close enough to 0 so that hypotheses (5.7) on page 81 be satisfied
(substituting the notation £ used in subsection 5.3 with x),

£ (1) = /]RX(C) (ct + x,t) (%ux(ct + 2, )% + Vi{u(ct + z, t))) dx ,

and the result follows from the continuity of x(¢)(-,-) with respect to ¢, the exponential
decrease to 0 of x(°)(z,t) when x — 400, and the H}-bounds (5.5) on page 80 for the
solution. O
5.4.6 Almost nonnegative energy in a standing frame

Corollary 5.12 (almost nonnegative energy in a standing frame). For every time t

greater than or equal to T,

Q@) > —f; exp(—ve(t —T)).

Proof. This lower bound follows from Corollary 5.10 and Lemma 5.11. 0

Proposition 5.8 (“nonnegative asymptotic energy”) follows from Corollary 5.12.
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5.5 End of the proof of Proposition 5.1

Lemma 5.13 (integrability of dissipation in the standing frame). The map
t— DO (¢)

is integrable on [0, +00).

Proof. The statement follows from Proposition 5.8 (“nonnegative asymptotic energy”)
and from the upper bound (5.26) on the time derivative of energy. O

Lemma 5.14 (relaxation). The following limits hold:

(5.30) sup lug(x,t)] — 0

T€[Thom,— (t)sThom,+ (1)]

and, for every quantity € which is positive and smaller than |chom,—| and than chom +

(5.31) sup lu(x,t) —m_| =0 and sup |u(z,t) —my| —0
xe[xhom,f(t)vfst} me[stvxhorer(t)]

as time goes to +oo.

Proof. For every quantity € which is positive and smaller than |cpom, | and than chom,+,
according to hypothesis (Hyoiny) and proceeding as in the proof of Lemma 4.40 on
page 76, the limits (5.31) follow. In addition, according to the bounds (3.1) on the
solution, it follows from these limits that

(5.32) sup lug(z,t)] -0 as t— +oo.
TE[Thom,— (t),—et]U[et,Thom,+ (t)]

It remains to prove that

sup lug(x,t)] -0 as t— +oo.
TE€[—Ccut,0t,Ccut,0t]

Let us proceed by contradiction and assume that this limit doesn’t hold. Then, there
exist a positive quantity ¢ and a sequence (x,, ty)nen satisfying ¢, — +oo as n — 400,
such that, for every nonnegative integer n,

(5.33) |ut(zn, tn)| > €.

According (5.32), it may be assumed (up to dropping the first terms of the sequence
(n, tn)nen) that, for every n in N, x, belongs to the interval [—ceut,0tn; Ceut,0tn]. By
compactness (Lemma 3.2), there exists an entire solution @ of system (1.1) such that, up
to replacing (zn,tn)nen by a subsequence, with the notation of (3.2),

(5.34) D*Yu(xy 4ty +-) = D*'a as n — +oo,
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uniformly on every compact subset of R2. It follows from (5.33) and (5.34) that the
quantity |a;(0,0)| is positive, so that the quantity

/01 </R e olél |, (€, )2 d§> s

is also positive. This quantity is greater than or equal to the quantity

1
liminf [ DO (¢, + s)ds

n—+oo Jo

which is therefore also positive, a contradiction with the integrability of ¢t — D) (¢)
(Lemma 5.13). Lemma 5.14 is proved. O

Lemma 5.15 (V(m_) equals V(m4)). The following equalities hold:
Vim_)=Vimy) =0, orin other words: V(m_)=V(my).

Proof. Tt follows from the definition (5.9) of V¥ and from the assumption (5.29) that
Vi(m,) equals 0 and that V¥(m_) is nonpositive. If V¥(m_) was negative, then,
according to the assertions (5.30) and (5.31) above (and according to the bounds (3.1)
on page 19 for the solution), the following estimate would hold:

EO@) ~ VHm_ ) oot as t— +oo,
a contradiction with Proposition 5.8. Lemma 5.15 is proved. 0

Lemma 5.16 (convergence towards asymptotic energy). For all quantities c_ in
(Chom,—,0) and cy in (0, Chom +),

(5.35) / j(;u(x B2+ V (u(@,1) = V(m)) = EO(+00)

as time goes to +oo.

Proof. Tt follows from the limit (5.28) that the quantity
1
() = [ X0 (Jue (a0 + Vi{u(a, 1)) do
R

goes to 5(0)(+oo) as time goes to +o00, and according to Lemma 5.15 Vi(-) equals
V(-) = V(mg). The fact that the same asymptotic behaviour holds for the integral in
(5.35) (whatever the values of c_ and c; ) can thus (once again) be derived from inequality
(4.13) of Lemma 4.3 on page 27 (as in the proof of Lemma 4.40 on page 76). Lemma 5.16
is proved. ]
Proof of Proposition 5.1. All statements of Proposition 5.1 have been proved:

1. equality between V(m_) and V(m) is stated in Lemma 5.15;
2. limits (5.2) and (5.3) are stated in Lemma 5.14;

3. according to Proposition 5.8 the quantity £ (0)(—1—00) is nonnegative, and, denoting
by Eres-asympt[t] this quantity, the limit (5.1) is stated in Lemma 5.16.

Proposition 5.1 is proved. O
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6 Proof of Theorem 1 and Proposition 2.8

The aim of this section is to combine Propositions 4.1 and 5.1 (“invasion implies con-
vergence” and “no invasion implies relaxation”) to complete the proof of Theorem 1
and Proposition 2.8. Not much remains to be said.

As everywhere else, let us consider a function V' in C?(R? R) satisfying the coercivity
hypothesis (Heoerc). Let us assume in addition that the generic hypotheses (G) hold for
the potential V', and let us consider two points m_ and m_ in M and a bistable solution
(z,t) — u(z,t) of system (1.1) connecting m_ to m.

Let us introduce the following notation:

Chom,— = _(Cno—esc + 1) and mhom,—(t) = Chom,—t
and Chom,+ = Cno-esc T 1 and xhom,—l—(t) = Chom,—l—t-

According to the results of subsections 4.4 and 4.5 (namely Lemma 4.5 on page 28 and
inequality (4.13) on page 27), for every positive quantity L,

sup  |u(Zhom,—(t) +&) —m_| -0 as t— +o0
&E[*L,L}

and sup  |u(Thom,+(t) +&) —my| =0 as t— 4o,
56[_L7L]

in other words hypotheses (Hpom) of Proposition 5.1 and (Hpom-right) of Proposition 4.1
(and the symmetric hypothesis on the left) hold for these definitions. Thus, the two
points Zgsc 4 (t) and xgse,—(t) (for all ¢ in [0,4+00)) and the corresponding asymptotic
mean-sup speeds cgsc+ and cgse,— may be defined exactly as in subsection 5.1.

At this stage, two cases must be distinguished:

1. “invasion”: max(|cgsc,— |, CRsc,+) 1S positive;
2. “no invasion”: cggc,— is nonnegative and cgec + is nonpositive.

If the first case “invasion” occurs, then Proposition 4.1 can be applied (either to the
right, or to the left, or on both sides). According to the statements of this proposition,
behind the front(s) (to the right, or to the left, or on both sides) approached by the
solution, “new” points Thom,— next(t) and Thom, + next(t) and new speeds Chom,— next and
Chom,+next can be defined, for which hypothesis (Hyor,) is again satisfied. Thus the same
process (definition of new “Escape points” and definition of their asymptotic mean-sup
speeds and discussion at above about the signs of these speeds) can be repeated. And it
can be repeated again, as long as case 1 (invasion) occurs.

At each “invasion”, the new bistable front approached by the solution replaces a
stable homogeneous equilibrium by another one where (according to (2.2) on page 6) the
potential takes a lower value. Since according to hypothesis (Hcitva1) the set of critical
values of V is finite, case 2 (no invasion) must eventually occur.

When case 2 (no invasion) occurs, Proposition 5.1 applies: the time derivative u;(x,t)
of the solution goes to 0 uniformly in the “centre” area between the two propagating
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terraces of travelling fronts, as time goes to +00, and there exists a nonnegative quantity
Eres-asympt [U] (“residual asymptotic energy”) such that, for all quantities c_ in (chom,—,0)
and c4 in (0, Chom,+ ), the limit (5.1) holds. In this case, all the arguments of [43, sections 8
and 9] apply, up to the following minor changes: in [43, section 8] the quantity ¢ should
be chosen smaller than min (|¢hom,—| , Chom,+), and in [43, sections 8 and 9] the statements
should be restricted to the behaviour of the solution, at time ¢, in the space interval
[—ct,ct]. Those arguments show that the solution approaches, in this “centre area”,
a standing terrace Tcentre Of bistable stationary solutions (this completes the proof of
Theorem 1), and that the residual asymptotic energy Eres-asympt [u] of the solution is equal
to the energy &[Tcentre] Of this standing terrace (this proves Proposition 2.8). The proof
of Theorem 1 and Proposition 2.8 is complete.

7 Some properties of the profiles of stationary solutions and
travelling waves

As everywhere else, let us consider a function V' in C?(R%, R) satisfying the coercivity
hypothesis (Heoerc)-
7.1 Asymptotics at the two ends of space

Let ¢ denote a nonnegative quantity, and let us consider the differential system governing
the profiles of waves travelling at the speed ¢ (or “standing” if ¢ equals 0):

(7.1) "= —c¢' +VV(9).

If £ = ¢(€) is a global solution of system (7.1), recall that the a-limit set of ¢ is the set
lim ¢ defined as
(0%

limo = () T00@ €<,

¢eR

and that this a-limit set is a closed and connected subset of R?. The following lemma, is
called upon in this paper only for a positive quantity ¢, but the proof given below only
requires that ¢ be nonnegative (this allows to call upon this lemma in the case where ¢
equals zero in [43]).

Lemma 7.1 (spatial asymptotics of the profiles of travelling waves). Let m be a point of
M, and let £ — ¢(&) be a global solution of the differential system (7.1) satisfying

(7.2) |p(&) — m| < dpsc(m)  for every & in [0,400) and ¢(-) Zm.
Then the following assertions hold.
1. Both quantities |¢(&) — m| and |¢'(§)| go to 0 as & goes to +oc.

2. For all € in [0, +00), the scalar product (¢p(§) —m) - ¢'(§) is negative.
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3. For all § in (0,400), the quantity |p(&) —m| is smaller than dgsc(m).
4. The supremum supgcg |¢(§) — m| is larger than Jgs.(m).

5. In addition to assertion 1 above, the quantities

¢ |6(€) —m| and e*[¢/()]
go to 0 at an exponential rate when & goes to +oo.

6. If in addition ¢(-) is bounded on R and c is positive, then there exists a real quantity
V_o such that

) ——0 and lim¢ C {uecRY:V(u)=V_n and VV(u) =0},

E——o0 a

and such that

(7.3) V(m) — Vg =c /]R ¢(€)2de.

Proof. Let m be a point of M, and let £ — ¢(§) be a global solution of the differential
system (7.1) satisfying (7.2). For all £ in R, let us introduce the quantities

1

(7.4) oe(€) = 5 (6(6) —m)” and H(E) = 30/()* ~V(6(6)).

Then, it follows from system (7.1) that, for all £ in R,

Q{oc(g) = (¢(£) - m) ’ ¢/(§) and Q{gc(é) + CQ{oc(é) = ¢/(£)2 + (¢(§) - m) : VV((ﬁ(f)) )

and thus it follows from inequality (3.7) on page 21 that, for all £ in [0, +00),

(75) Qﬂ)c(g) + CQ{OC(é-) Z ¢/(€)2 + )‘min(m)QIoc (5) :
On the other hand, it again follows from system (7.1) that, for all £ in R,
(7.6) H'(€) = —c¢'(€)?,

thus the function H(-) is non-increasing and thus bounded from above on [0, +00).
Besides, it follows from the first assumption of (7.2) that V(¢(-)) is also bounded from
above on [0,+00). Thus, it follows from the expression (7.4) of H() that |¢/(-)| is
bounded on [0,+00), and as a consequence the same is true for ¢ .(-) and thus for
Qo (+) + €qioc(+). Since the quantity g¢j,.(§) + cqioc(€) is, according to inequality (7.5),
non decreasing with respect to & on [0, +00), it follows that this quantity must converge
towards a finite limit as £ goes to +oo; and thus it follows from inequality (7.5) that
both functions |¢/(-)|* and giec(-) are integrable on [0, +00). Since the derivative of the
function giec(+) is bounded on this interval, this function gjo¢(-) must converge towards 0
as £ goes to +oo. Thus ¢(§) goes to m as £ goes to +00, and as a consequence V (4(&))
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goes to V(m) as & goes to +00. Thus, since the function H(-) must converge to a finite
limit at +oo, it follows that ¢’(¢)? must also go to a finite limit when & goes to +oc.
Since ¢'(+)? is integrable on [0, +00), its limit at +oco must be 0. Assertion 1 is proved.

It follows from assertion 1 that the function ¢j,.(-) + cgioc(+) converges towards 0 at
+00, and according to inequality (7.5) (and since according to assumption (7.2) ¢(-) is not
identically equal to m) the derivative of this function is positive on [0, +00). It follows
that this function is negative on [0, +00), thus so is ¢j,.(-), which proves assertion 2. As
a consequence, gjoc(+) is strictly decreasing on [0, 4+00), which proves assertion 3.

To prove assertion 4, let us proceed by contradiction and assume that [¢(§) — m)|
remains not larger that dgsc(m) for all £ in R. It follows that the function gpqc(-) is
bounded on R. It also follows that inequality (7.5) holds for all £ in R, thus the function
Toc(+) + cqioc(+) is non-decreasing (and even, since ¢(-) is not identically equal to m,
strictly increasing) on R. This function ¢{,.(-) + ¢goc(-) cannot go to —oo as £ goes to
—00, or else (since ¢ is nonnegative) the same would be true for ¢ .(-), a contradiction
with the fact that gioc(-) is bounded. Thus ¢[,.(£) + cqioc () converges to a finite limit
as £ goes to —oo. Again, according to inequality (7.5), this shows that the functions
(ioc(+) and |¢/(-)|* are integrable, this time on R. It follows from the expression (7.6) of
H'(¢) that the function H(-) must converge towards a finite limit at —oo. Thus H(+)
is bounded on R, so that the same is true for ¢/(-). It follows that ¢ () is bounded
on R, so that gioc(£) must go to 0 as & goes to —oo. Thus V(4(€)) goes to V(m) as &
goes to —oo. As a consequence, since the function H(-) must converge towards a finite
limit at —oo, it follows that ¢'(¢)? must also go to a finite limit when £ goes to —oc.
Since ¢'(-)? is integrable on R, it must converge towards 0 at —oo. Finally the function
Qo (+) + cioc(+) converges towards the same limit (that is zero) at —co and at 400, a
contradiction with the fact that this function is strictly increasing on R.

To prove assertion 5, let us denote by D the Hessian matrix D?V(m). Then the
linearization at (m,0) of system (7.1) reads

y , s\ (0 1) (¢
o e (323 1)),

and the set of eigenvalues of this linear system is

{—c:l: V2 +4p
2

: p is an eigenvalue of D} .

Since every eigenvalue of D is positive, it follows that every nonpositive eigenvalue of
system (7.7) is less than —c¢, and assertion 5 follows.

It remains to prove assertion 6. Let us assume that ¢(-) is bounded on R and that
¢ is positive. Since H(-) is non-increasing and since H () goes to —V (m) as £ goes to
+00, there is a quantity H_ in [—V(m), +00) U {400} such that H (&) goes to H_ as
£ goes to —oo. For all € in R, let us introduce the quantity

Ggiob(§) = ().
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It follows from system (7.1) that, for all £ in R,

G1on (§) = 0(€) - ¢'(€)  and  op(€) + cgon(§) = ¢'(6)* + (&) - VV (4(€)) -

It follows from hypothesis (Hcoere) that there exist positive quantities ecoere and Keoerc
such that, for every u in R¢,

u - VV(U) > Ecoercu2 - KcoerC7

so that, for all £ in R,

qglob(f) + Cqélob(f) = ¢/(§)2 + gcoer0¢(§)2 — Keoerc -

For every negative quantity &, integrating this inequality between £ and 0 yields:

(7-8) q/glob(o) - qélob(g) =+ C(leob(o) - leob(f)) > /50 (¢,(C)2 + 5coerc¢(<)2 - Kcoerc) dC .

If the quantity H_o, was equal to +oo, then it would follow from the expression (7.4)
of H(-) that |¢'(§)| goes to +00 as £ goes to —oo, and it would follow from inequality
(7.8) that gy, (€) goes to —oo as € goes to —oo, a contradiction with the boundedness of
¢(-) and thus of ggon(-) on R. Thus H_ is finite. Then it follows from the expression
(7.6) of H'(-) and from the assumption that ¢ is positive that ¢/(-) is square integrable,
and it follows from the expression (7.4) of H(-) that ¢'(-) is bounded, and it follows from
system (7.1) that ¢”(+) is bounded (those two assertions hold in a neighbourhood of —oo,
thus also on R). Thus ¢/(§) goes to 0 as & goes to —oo, and if the quantity —H_ ., is
denoted by V_, it follows that V(4(€)) goes to V_o, as € goes to —oo. It follows that
the set lim ¢ must belong to the set of critical points of V' in the level set Vfl({V_oo}),

6
and equality (7.3) follows from multiplying system (7.1) by ¢'(£) and integrating over R.
Lemma 7.1 is proved. O

7.2 Vanishing energy of travelling waves invading a stable homogeneous
equilibrium

The following observation was, to the knowledge of the author, first made by Muratov
([27, Proposition 3.3]). For sake of completeness, a proof is given below.

Lemma 7.2 (the energy of a bounded travelling wave invading a stable equilibrium
vanishes). For every point m of M, every positive quantity c, and every function ¢ in
the set ®.(m) of bounded profiles of waves travelling at the speed ¢ and “invading” the
stable equilibrium m, the weighted energy

1 /
[ e (507 + V0(e) = Vm)) de.

is a convergent integral and its value is 0.
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Proof. Let us take a point m in M, a positive quantity ¢, and a function ¢ in the set
®.(m) of bounded profiles of waves travelling at the speed ¢ and “invading” the stable
equilibrium m, and let us consider the function

§ Eaol@) = [ O (FH€ +V(8(6) — V() dé = e FEup(0).

According to assertions 5 and 6 of Lemma 7.1 above this integral converges thus this
function is defined for all £ in R. Let us consider the derivative 8(’:’ ¢(£ ) of this function at

some quantity £. On the one hand,

(7.9) t6(6) = —cEe(€),

and on the other hand, since
3 (L 7 2 *
Eepl€) = | (50 E+ & +V(OE+€) ~V(m))de,
it follows, differentiating under the integral, that
Lol@) = [ eX6E+)- (#E+0) +VV(9(E+8) de
thus according to the differential system (7.1),

t0(6)

[ o €+0)- (26/€+6) + o/ (€ +0)) e
= e [ et () - (261(9) + 00/(9))
— et /R jﬁ(e%’(g)?) d .

Since ¢ is positive and according to assertion 6 of Lemma 7.1, the quantity e“¢’(£)? goes
to 0 as & goes to —oo, and according to assertion 5 of Lemma 7.1 the same quantity
also goes to 0 as & goes to +o00. It follows that E; ¢(§:) vanishes. Since c is nonzero, the
conclusion follows from (7.9). Lemma 7.2 is proved.
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