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This paper is concerned with radially symmetric solutions of parabolic
gradient systems of the form

u = —VV(u)+ Azu

where the space variable x and the state variable u are multidimensional,
and the potential V' is coercive at infinity. For such systems, under generic
assumptions on the potential, the asymptotic behaviour of solutions stable at
infinity, that is approaching a stable spatially homogeneous equilibrium as ||
goes to +oo, is investigated. It is proved that every such solution approaches
a pattern made of a stacked family of radially symmetric bistable fronts
travelling to infinity, and around the origin a (possibly non-homogeneous)
radially symmetric stationary solution. This behaviour is similar to that of
bistable solutions for gradient systems in one unbounded spatial dimension,
which is described in companion papers.
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1 Introduction

This paper deals with the global dynamics of radially symmetric solutions of nonlinear
parabolic systems of the form

(1.1) iy = —VV (i) + Ayl

where the time variable ¢ is real, the space variable x lies in the spatial domain R? with d
a positive integer, the function (z,t) +— i(x,t) takes its values in R%* with dg; a positive
integer, and the nonlinearity is the gradient of a scalar potential function V : R%t — R,
which is assumed to be regular (of class C?) and coercive at infinity (see hypothesis
(Heoere) in subsection 2.1 on page 5).

Notation. As the previous sentence shows, the state dimension is thus denoted by dgt
whereas the space dimension is simply denoted by d. The reason for this choice (and for
the absence of subscript in the notation for the space dimension) is that, by contrast with
the state dimension, the space dimension is ubiquitous in the computations throughout
the paper.

Radially symmetric solutions of system (1.1) are functions of the form
a(z,t) = u(r,t), where r = |z| (the euclidean norm of z in R?),

and (r,t) > u(r,t) is defined on [0, +00) x [0, +-00) with values in R%¢. For such functions,
system (1.1) takes the following form:

d —

(1.2)  uy=-VV(u)+ 1ur + uyr  with the boundary condition 0,u(0,t) =0,
and it this last system (1.2) that will be considered in this paper.

A fundamental feature of each of systems (1.1) and (1.2) is that they can be recast,
at least formally, as gradient flows of energy functionals. If (w,w’) is a pair of vectors
of R%¢ let w - w' and |w| = y/w - w denote the usual Euclidean scalar product and the
usual Euclidean norm, respectively, and let us simply write w? for |w|2.

For every function  + ¥(z) defined on R? with values in R%t, its energy (or Lagrangian
or action) with respect to system (1.1) is defined (at least formally) by

Elo] = /Rd(; V.5(2)|? + V(ﬁ(:p))) do

where
d dst

IVad(@)? =30 (0n,85(2))°

i=1j=1

Similarly, for every function r + v(r) defined on [0, +-00) with values in R%¢, its energy
(or Lagrangian or action) with respect to system (1.2) is defined (at least formally) by

(1.3) E] = /0+oo rd—1 (%UT(T)2 + V(v(r))) dr.



Note that if  : R? — R denotes a (radially symmetric) function defined as o(z) = v(|z|),
and if S;_; denotes the surface area of the d — 1-unit-sphere in R, then

(1.4) El7] = Sa_1 E[v].

Formally, the differential of the functional £ defined by (1.3) reads (skipping border
terms in the integration by parts):

dE[v] - dv = /0+OO r (v, - (60) + VV (v) - 6v) dr

oo d—1
= / T‘dil (_Urr - vy + VV(U)) ~dvdr.
0

r

In other words, the (formal) gradient of this functional with respect to the L2-scalar
product with weight 74~! on functions [0, +00) — R%* reads:

d—1

Viad€[v] = —vpp — v + VV(v),

thus system (1.2) can formally be rewritten under the form:
Ut = _vradg[u('a t)] ’

and if (r,t) — wu(r,t) is a solution of this system, then (formally)

d T 4 2
2 elul- 1) = —/ Py (r, 02 dr < 0.
dt 0

An additional and related feature of system (1.1) is that a formal gradient structure
exists not only in the laboratory frame, but also in every frame travelling at a constant
velocity, [55]. What about radially symmetric solutions of system (1.2) with respect to
the radial coordinate r? Let us see this now.

For every nonnegative quantity c, if (r,t) — u(r,t) and (p,t) — v(p, t) are two functions
related by

u(r,t) =v(p,t) for r=ct+p,

then u is a solution of (1.2) if and only if v is a solution of

d —

(15) Vt —C-Vp = —VV(’U) + m

Vp + Vpp -

Now, for every function w : p +— w(p) defined on [—ct, +00) with values in R%t its energy
functional with respect to system (1.5) may be defined, at least formally, as

(16) ) = [ (et 9 e (Gunlp + V(i) do.



Formally, the differential of this functional reads (skipping border terms in the integration
by parts)
“+o00o
dEepw] - ow = / (ct 4 p)4~1e® (w, - Sw, + VV (w) - dw) dp

—ct

Foo d—1
= t d=lecr(_q,, — -— \A% ~dwdp.
/—ct (ct+p)* e ( Wpp — CW) ct—l—pwp+ (w)) wdp
In other words, the (formal) gradient of this functional with respect to the L?-scalar
product with weight (ct + p)¢~'e® on functions [—ct, 400) — R%t reads:

-1
vrad,cgc,t[w] = —Wpp — CWp — ﬁwp + VV(U)) )

and system (1.5) can formally be rewritten under the form:
(1.7) Vg = _vrad,cgc,t[v('7t)] .
Now, if (p,t) — v(p,t) is a solution of system (1.5), then (formally):

+oo

GEalv( 0] = [ et +p)t e [—w, o+ ) (G2 + V(v))] .

What can be seen from these calculations is that, although system (1.5) is still formally
gradient, the time derivative of the energy (1.6) involves, in addition to the standard
dissipation term —v?, an additional term, that can be related to the time dependence of
the L2-scalar product defining the gradient Viad,e, or viewed as induced by the curvature
1/r =1/ct+ p. Only in the limit of large radii (or large positive times, or small curvature)
is the expression of the time derivative of energy always nonnegative. In short, the picture
is not hopeless, but not as nice as it would be in space dimension 1.

This gradient structure (“asymptotic” gradient structure in the case of system (1.5))
has been known for a long time [17], 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 [20, 21, 25, 36, 52]), 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, 6-12, 30, 37-39, 42—44].

Even more recently, the same ideas enabled the author ([53, 56]) to push one step
further (that is, extend to systems) the program initiated by P. C. Fife and J. McLeod
in the late seventies with the aim of describing the global asymptotic behaviour (when
space is one-dimensional) of every bistable solution, that is every solution close to stable
homogeneous equilibria at both ends of space ([17-19]). Under generic assumptions on
the potential V', these solutions approach a stacked (possibly empty) family of bistable
travelling fronts at both ends of space, and approach in between a pattern of stationary
solutions going slowly away from one another. These stacked families will be called



terraces (see sub-subsection 2.3.4 for comments and references on this terminology and a
precise definition in the framework of this paper).

The aim of this paper is to extend to the case of radially symmetric solutions in higher
space dimensions the results (description of the global asymptotic behaviour) obtained in
[53, 56] for bistable solutions when spatial domain is one-dimensional. Thus, the solutions
that will be considered are solutions of system (1.2) that approach a stable homogeneous
equilibrium as the radius r goes to +o0o (or equivalently radially symmetric solutions
of system (1.1) that are stable at infinity, in space). The goal is to prove that, under
generic assumptions on the potential, every such solution approaches a pattern made of
a stacked family of (radially symmetric) bistable front going to infinity (a “propagating
terrace”), and around the origin a radially symmetric stationary solution (which may or
not be spatially homogeneous).

In the scalar case dg equals 1, the behaviour of solutions stable at infinity of reaction-
diffusion equations in higher space dimension is the subject of a large amount of literature.
For extinction/invasion (threshold) results in relation with the initial condition and
the reaction term see for instance [3, 13, 40, 41, 61], for local convergence and quasi-
convergence results see for instance [13, 15, 24, 31, 33, 48], and for further estimates on
the location and shape at large positive times of the level sets see for instance [24, 28, 29,
58-60]. Recently, a result of global convergence towards a radial terrace of travelling fronts
was proved by Y. Du and H. Matano [14] (without any radial symmetry assumption on
the solutions), and a rather complementary result of convergence/quasi-convergence (in

> (R%t,R)) was proved by P. Pola¢ik [51] under very weak non-degeneracy assumptions
on the nonlinearity; see also [34, 35] for results similar to those of [14] when space is
anisotropic. The present paper extends some of those results (in particular some of the
results of [14, 51]) to the more general setting of systems, but for radially symmetric
solutions only.

The path of the proof is very similar to the one used in the spatial dimension one
case [53, 56]. It is based on a careful study of the relaxation properties of energy or L2
functionals (localized in space by adequate weight functions), both in the laboratory
frame and in frames travelling at various speeds. The differences are mainly of technical
nature due to specific features of the (reduced) system (1.2):

o the “curvature” term (d — 1)u,/r;

o the fact that space is reduced to the half-line [0, +00) (thus is in this sense less
“spatially homogeneous” than the full real line);

¢ the “no invasion implies relaxation” part of the argument, which does not call upon
the radial symmetry and is therefore processed in the companion paper [55];

e the convergence behind the terrace of travelling front, which differs from the space
dimension one case both regarding the arguments and the result (roughly speaking,
again due to the curvature term).



2 Assumptions, notation, and statement of the results

This section presents strong similarities with [53, section 2] and [56, section 2], where
more details and comments can be found.

For the remaining of the paper it will be assumed than the space dimension d is not
smaller than 2. Indeed the case d = 1 was already treated in [53, 56], and several defini-
tions, estimates, and statements will turn out to be irrelevant without this assumption
(see for instance the definition of the weight function T, in sub-subsection 4.4.1 on
page 22).

2.1 Semi-flow and coercivity hypothesis

Let us consider the following two Banach spaces of continuous and uniformly bounded
functions equipped with the uniform norm:

X = (CRY,R™), ... ||L°°(Rd,]Rdst)) 5

— (0 ds
and Y = (€)([0, +00), R™), ||... ||Lm([07+oo)’Rdst)) .
System (1.1) defines a local semi-flow in X (see for instance D. B. Henry’s book [26]).
As in [53, 56], let us assume that the potential function V' : R%t — R is of class C?
and that this potential function is strictly coercive at infinity in the following sense:

u-VV(u)
( coerc) RiToo \JI%R |U|2

>0

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

According to this hypothesis (Heoerc ), the semi-flow of system (1.1) on X is actually
global (see Proposition 3.1 on page 15). As a consequence, considering the restriction
of this semi-flow to radially symmetric functions, it follows that system (1.2) defines a
global semi-flow on Y. Let us denote by (S;);>o this last semi-flow on Y.

In the following, a solution of system (1.2) will refer to a function

[0, 400) x [0, +00) = Rt | (1) > u(r, t),
such that the function ug : 7 — u(r,t = 0) (initial condition) is in ¥ and u(-, ) equals
(Spug)(+) for every nonnegative time ¢.
2.2 Minimum points and solutions stable at infinity
2.2.1 Minimum points

Everywhere in this paper, the term “minimum point” denotes a point where a function —
namely the potential V' — reaches a local or global minimum. Let M denote the set of
nondegenerate minimum points:

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



2.2.2 Solutions stable at infinity

Definition 2.1 (solution stable at infinity). A solution (r,t) — u(r,t) of system (1.2) is
said to be stable at infinity if there exists a point m in M such that

limsup |[(u(r,t) —m| -0 as t— +oo.
r—+00

More precisely, such a solution is said to be stable close to m at infinity. A function
(initial condition) ug in Y is said to be stable (close to m) at infinity if the solution of
system (1.2) corresponding to this initial condition is stable (close to m) at infinity.

Notation. Let
}/stab—infty (m)

denote the subset of Y made of initial conditions that are stable close to m at infinity.

2.3 Stationary solutions, travelling fronts, terraces, and asymptotic pattern
2.3.1 Radially symmetric stationary solutions

A function
¢ [0,400) = R%, 7 ¢(r)

is a stationary solution of system (1.2) if ¢ is a solution of the differential system

-1
(2.1) "+ quS' =VV(¢), with the boundary condition ¢'(0)=0.

Notation. If m is in M, let ®g centre(m) denote the set of solutions of system (2.1)
approaching m at infinity. With symbols,

Do centre(m) = {¢ : [0, 400) = R%* : ¢ is a solution of system (2.1)

(2.2) and  ¢(r) " m}.

In this notation,

e the index “0” refers to the “zero speed” of these solutions, by contrast with the
nonzero speed of the travelling fronts considered below,

e the symbols ® and ¢ have been chosen for homogeneity with the notation introduced
below for travelling fronts,

e and the index “centre” refers to the fact that these solutions are stationary for
system (1.2) (with the curvature term) and not for system (2.4) introduced below.

This set ®g centre(m) comprises the constant solution ¢ = m, by contrast with the sets
introduced in the next two sub-subsections 2.3.3 and 2.4.2.

A function ¢ belonging to ®g centre(m) for some m in M is said to be stable at infinity.



Definition 2.2 (energy of a stationary solution stable at infinity). If m is a point in M
and ¢ is a function in ®g centre(m), let us call energy of ¢, and let us denote by £[¢], the

quantity
Hoo d—1 1 ()2
el = [ (GO0 + V() ~ Vi) dr
Since ¢(r) goes to m at an exponential rate as r goes to 400, this integral converges.

It follows from Pokhozhaev’s identity ([4, 46]) that

(23) el =7 [ R,

and this shows that £[®] is nonnegative (and even positive if ¢ is not identically equal to
m). It turns out that the results of the companion paper [55] provide another justification
of the nonnegativity of this energy (see conclusion 1 of Proposition 5.1).

Remark. Let us denote by~Sd_1 the surface area 9f the d — 1-unit sphere in R%, and let
us introduce the function ¢ : R — R defined as ¢(z) = ¢(|x|); then,

Si1€6)= [ (5]Vo@[ +V(@@) - Vi) do
(compare with equality (1.4) in introduction).

2.3.2 Large radius asymptotic form of the system governing radially symmetric
solutions

When the radius r goes to +o00, system (1.2) governing radially symmetric solutions takes
the following asymptotic form:

(2.4) U = —VV(U) + Upr

on functions (r,t) — u(r,t) defined on R x [0, +00) (here the radius r is defined on the
whole real line), with values in R%t,

2.3.3 Radially symmetric travelling fronts for the large radius limit
Let ¢ be a positive quantity. A function
¢:R—R5,  pis¢(p)

is the profile of a wave travelling at the speed ¢ for system (2.4) if the function (r,t) —
¢(r — ct) is a solution of this system, that is if ¢ is a solution of the differential system

(2.5) "= —cg' +VV(9).



Notation. If m_ and m are two points of M and ¢ is a positive quantity, let ®.(m_,m)
denote the set of nonconstant global solutions of system (2.5) connecting m_ to m..
With symbols,

D.(m_,my) ={¢p:R— R%t : ¢ is a nonconstant global solution of system (2.5)
and  ¢(p) oo M- and o(p) P~ my}.

If ¢ is an element of some set ®.(m_, m) for some positive quantity ¢, then it follows
from system (2.5) that

(2.6) Vime) = Vim) = c [ g(¢)2ds.
so that V(m_) is less than V(m.) and m_ and m differ; in this case the function ¢ is
thus the profile of a travelling front. Since its asymptotic values m_ and m belong to

M, this front is qualified as bistable.

2.3.4 Propagating terraces of bistable travelling fronts

Figure 2.1: Propagating terrace of (bistable) fronts (travelling to the right).

Definition 2.3 (propagating terrace of bistable travelling fronts, figure 2.1). Let mcjose
and mg,, be two points of M (satisfying V(meciose) < V(miar)). A function

T :Rx[0,400) = RE (1) — T(r,t)

is called a propagating terrace of bistable fronts travelling to the right, connecting mciose
to me,y, if there exists a nonnegative integer ¢ such that:

1. if ¢ equals 0, then mjose = Moy and, for every real quantity r» and every nonnegative
time £,
T(Tv t) = Mclose = Mfar ;
2. if g equals 1, then there exist

e a positive quantity c;



o and a function ¢ in P.(Mclose; Mear) (that is, the profile of a bistable front
travelling at the speed ¢; and connecting mcjose tO Mfar)

o and a C!-function [0, +00) — [0, +00), t > r1(t), satisfying 7} (t) — ¢ as time
goes to +00

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

T(r,t)=¢1(r —ri(t));

3. if ¢ is not smaller than 2, then there exists ¢g—1 points m1, ..., mg_1 of M, satisfying
(if may is denoted by mgp and meiose by mg)

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

and there exist ¢ positive quantities c1, ..., ¢, satisfying:
€122 Cq,s
and for every integer ¢ 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 [0, +00) — [0, +00), t = 7;(t), satisfying r!(t) — ¢; as time
goes to +00

such that, for every integer ¢ in {1,...,q — 1},
rit1(t) —ri(t) — +o0 as ¢t — 400,

and such that, for every real quantity » and every nonnegative time ¢,

T(r,t) =mg+ Zq: [dh’ (r—mri(t)) — mi,l] .

i=1

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

2. It would be interesting to investigate whether Theorem 1 (the main result of this
paper, stated below) still holds with more refined estimates on the positions of
the travelling fronts involved in Definition 2.3 above. In particular, beyond the
convergence “ri(t) — ¢;” stated in this definition, taking into account the curvature
term in the differential system (1.2) should lead to asymptotics of the form:

d—1
Tz‘(t) = Cit —

log(t) + ...,

&

see for instance [14, Theorem 1.1] in the scalar case dg equals 1.



The terminology “propagating terrace” was introduced by A. Ducrot, T. Giletti, and
H. Matano in [16] (and subsequently used by several other authors [22, 23, 33, 45, 47, 49,
50]) to denote a stacked family (a layer) of travelling fronts in a (scalar) reaction-diffusion
equation. This led the author to keep the same terminology in the present context.
This terminology is convenient to denote objects that would otherwise require a long
description. It is also used in the companion papers [53, 54, 56]. Additional comments
on this terminological choice are provided in [53].

2.3.5 Asymptotic pattern stable at infinity

u u

[— - Miar

Meclose 7 Mclose

>

0 r
Figure 2.2: Asymptotic pattern stable at infinity.

Definition 2.4 (asymptotic pattern stable at infinity, figure 2.2). Let myg,, be a point of
M. A function
P :]0,400) x [0, +00) — R%t (r,t) = P(r,t)

is called an asymptotic pattern stable close to me,y at infinity if there exists:
e a point Mmelese i M,

e and a propagating terrace T of bistable fronts travelling to the right, connecting
Meclose O Miar,

« and a stationary solution ¢ in ®g centre(Mclose)s

such that, for every nonnegative quantity r and for every nonnegative time ¢,
P(T’ t) = (250(7‘) + (T(T, t) - mclose) .

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:

(2.7) Amin(1) = min (o (D2V (u)) )

10



Definition 2.5 (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

1
(2.8) {(5 € [0,1] : for all u in R satisfying |u —m|p <6, Amin(u) > §Amin(m)} .

Since the quantity Apin(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|y is not larger than
dEsc(m), the following inequality holds:

(2.9) Amin(1) > = Amin(m) .

1
2
Remark. This notation dgsc(m) refers to the word “distance” (and “Escape”) and should
not be mingled with the space dimension d.

2.4.2 Breakup of space translation invariance for travelling fronts

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

sup |¢>(p) - m,| > 5Esc(m*) and  sup |¢(p) - m+| > 5Esc(m+) )
pER pER

see figure 2.3. For a proof of this standard result, see for instance [53, Lemma 7.1]. Thus,

0

Figure 2.3: Every function in ®.(m_, my) escapes at least at distance dgg.(m—_) of m_
and at distance dggc(m4) of m.

for every positive quantity ¢ and every ordered pair (m_,m4) of points of M, let us
introduce the set of normalized bistable fronts (travelling at the speed c) connecting m_
to m4., defined as

P norm(m—,my) = {¢p € ®c(m_,m4) : |p(0) — my| = dpsc(my) and

(2.10) - .
|p(p) — m4| < dpsc(my) for every positive quantity p},

see figure 2.4.
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Qb S (I)c,norm(m—a m+)"
5Esc (m+)I7n_\

0 p

Figure 2.4: Normalized bistable travelling front.

2.4.3 Statement of the generic hypotheses

The results of this paper require a number of generic hypotheses on the potential V', that
will now be stated.

Notation. If m4 is a point in M and ¢ is a positive quantity, let ®.(m4.) denote the set
of bounded (thus globally defined) profiles of nonconstant waves travelling at the speed ¢
and “invading” the homogeneous equilibrium m.; with symbols,

D.(my)={¢p:R— R? : ¢ is a nonconstant global solution of system (2.5)

and sup|¢(p)| < +oo and ¢(p) ——— my},
pER p—+00

and let

Penorm(m+) = {¢ € Be(my) 1 |¢(0) — my| = dgse(my) and
|p(p) — m4| < Opsc(my) forall pin (0,+00)}.

Here are the six generic hypotheses that will be required.

(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 ®cnorm(m4) = U D norm(m—,my).
m_eM

(Hyis.) For every m4 in M, the set:
{ein [0,+00) : Bo(my) # 0}

has an empty interior.
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(Hyee.p) For every point m, in M and every positive quantity ¢, the set

{(¢(0), ¢/(O)> 1P € (I)c,norm(m—&-)}

is totally discontinuous — if not empty — in R2%t. That is, its connected compo-
nents are singletons. Equivalently, the set ®¢ norm(m+4) is totally disconnected for
the topology of compact convergence (uniform convergence on compact subsets of
R).

In these two last definitions, the subscript “disc” refers to the concept of “discontinuity”
or “discreteness”. The following hypothesis will be required to ensure that the number of
travelling fronts involved in the asymptotic behaviour of a radially symmetric solution

stable at infinity is finite:

(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 is the analogue of (Hgisc.q) for radially symmetric stationary solu-
tions.

(Hdisc—stat) For every point m in M, the set

{¢(O) : (b € cI)O,celm;re(7n)}

is totally discontinuous in R%t. That is, its connected components are singletons.
Equivalently, the set ®q centre(1m) is totally disconnected for the topology of compact
convergence (uniform convergence on compact subsets of [0, +00)).

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 (Hdisc-stat)-

A formal proof of the genericity of these hypotheses is provided in [27] (for (Honiy-bist),
(Hdis(:—c)7 (Hdisc—Cb)a and (Hcrit—val)) and in [57] (fOI" (Hdisc—stat))-

2.5 Main result

Theorem 1 (global asymptotic behaviour). Let V denote a function in C*(R%* R)
satisfying the coercivity hypothesis (Heoerc) and the generic hypotheses (G). Then, for
every solution stable at infinity (r,t) — u(r,t) of system (1.2), there exists an asymptotic
pattern P stable at infinity such that

sup |u(r,t) —P(r,t)] =0 as t— +oo.
r€[0,+00)
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2.6 Additional results
2.6.1 Residual asymptotic energy

Here is an additional conclusion to Theorem 1.

Proposition 2.6 (residual asymptotic energy). Assume that the assumptions of Theo-
rem 1 hold. With the notation of this theorem, if Mcose and My, denote the two points of
M such that the propagating terrace T involved in the asymptotic pattern of the solution
connects Melose 10 May, and if ¢pg denotes the function of Po centre(Melose) involved in this
asymptotic pattern, then, for every small enough positive quantity €,

et 1
/ -1 <§ur(7“, )%+ V(u(r,t) - V(mclose)) dr — E[po] as t— +oo.
0
The quantity &[¢p] may be called the residual asymptotic energy of the solution.

2.6.2 “Mountain pass” existence of a “ground state”

Assume that V satisfies hypothesis (Heoerc)-

Notation. If m is a point in M, let Byit(m) denote the basin of attraction (for the
semi-flow of system (1.2)) of the homogeneous equilibrium m:

Batt(m) = {ug € Y : (Spup)(r) — m , uniformly with respect to r, as t — +oo},

and let OB, (m) denote the topological border, in Y, of Byt (m).

The following statement can be seen as the “semi-flow” version of a standard result
ensuring the existence of a “ground state” for system (2.1). Variants of this existence
result have been established in numerous references, for instance in [5] (by a direct
“shooting” method probably specific to the scalar case where dg is equal to 1), and in [4]
(by a more general variational method).

Proposition 2.7 (“mountain pass” existence of a “ground state” and attractor of the
border of the basin of attraction of a stable homogeneous equilibrium). Assume that V'
satisfies hypothesis (Heoere) and let m be a point in M which is not a global minimum
point of V. Then the following conclusions hold.

1. There exists at least one nonconstant function in Pg centre(m).
2. The set OBatt(m) N Ystab-ingty (M) is nonempty.

3. For every solution (r,t) — u(r,t) of system (1.2) in this set OBatt(m) N Ystab-infey (M),
there exists a function ¢ in g centre(Mm) such that ¢ is not identically equal to m
and such that

lu(r,t) —o(r)] =0 as t— +oo,

uniformly with respect to r in [0, +00).
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3 Preliminaries

As everywhere else, let us consider a function V in C?(R%t, R) satisfying the coercivity
hypothesis (Heoere)-

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

Proposition 3.1 (global existence of solutions and attracting ball). For every function
ug in'Y, system (1.2) has a unique globally defined solution t — Syug in C°([0, +00),Y)
with initial condition ug. In addition, there exist a positive quantity Ratt oo (Tadius of
attracting ball for the L*°-norm), depending only on V', such that, for every large enough
positive time t,

[l = (Stuo)(r)

HLOO ([01+00),Rdst) S Ratmoo 5

and —|[r = (Stuo)(r) ) < Rttt

HH‘h ([Q—i—oo),Rdst

Proof. For a proof of this rather standard result, see for instance [55, Proposition 3.1],
which provides identical conclusions for system (1.1) (without the radial symmetry
hypothesis). O

In addition, system (1.2) has smoothing properties (Henry [26]). Due to these properties,
since V is of class C2, for every quantity « in the interval (0, 1), every solution ¢ — Syug
in C°([0, +00),Y) actually belongs to

€ ((0, +00),Co ([0, +00), R*) ) N € (0, +00), Cy ([0, +00), R™) )

and, for every positive quantity e, the quantities

d(Syuo)
dt

(t)

o and su
€2 ([0, o0) Rt 2o

(3.1) sup || Syuol| .
t>e 2 ([0,+00),Rdst )

are finite.

3.2 Asymptotic compactness of solutions
The next two lemmas will be used in the proofs of Propositions 4.1 and 6.1.

Lemma 3.2 (asymptotic compactness in the infinite radius limit). For every solution
(r,t) = u(r,t) of system (1.2), and for every sequence (Tp,tn)nen in [0,4+00)? such that
Tn and t, go to +00 as n goes to +0o, there exists a entire solution  of system (2.4) in

c” (&, C2 (R, R™)) nc* (R, CH(R,R%))
such that, up to replacing the sequence (rp,tn)nen by a subsequence,
(3.2) D*Yu(ry + -ty +-) = D> as n — 4o,

uniformly on every compact subset of R?, where the symbol D*'v stands for (v, vy, Uy, v¢)
(for v equal to u or ).
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Lemma 3.3 (asymptotic compactness close to the origin). For every solution (r,t) —
u(r,t) of system (1.2), and for every sequence (tn)nen in [0, +00) such that t, — +0o as
n — +o00, there exists a entire solution u of system (1.2) in

C” (&, C2([0, +00), R*) ) Nt (R,C1([0, +00), R*))
such that, up to replacing the sequence (ty)nen by a subsequence,
(3.3) D*Yu(xy + -ty +-) = D*'a as n— +oo,
uniformly on every compact subset of [0,+00) x R

Proofs of Lemmas 3.2 and 3.3. See [32, p. 1963] or the proof of [56, Lemma 3.2]. O

3.3 Time derivative of (localized) energy and L?-norm of a solution

Let (r,t) — u(r,t) be a solution of system (1.2) and m be a point of M. Let us assume,
in the next calculations, that t is positive, so that according to (3.1) the regularities of u
and u; ensure that all integrals converge.

3.3.1 Standing frame

Let 7 + 9(r) denote a function in the space Wh1([0,+00),R) (that is a function
belonging to L' ([0, 4+00)) together with its first derivative), and let us introduce the
energy (Lagrangian) and the L2-norm of the distance to m, localized by the weight
function :

—+00 —+00

1#(7“)(%%1(1", )2 + V(u(r,t) — V(m))) dr and w(r)%(u(r, t) — m)2 dr .

0 0

Let us assume that ¢(0) = 0, and, to simplify the presentation, let us assume that
m = Opa,, and V(m) =V (0gay)=0.

Then the time derivatives of the two integrals above read:

(3.4) 4 /0%0 w(lu2 + V(u)) dr = /OJFOO [—wuf + (?@/} - w')ut . u,«} dr,

dt 2
and
(3.5) % /Om @b%vf dr = /;OO [w(—u VYV (u) —u?) + (?w - w’)u : u] dr.

In both expressions, the border term at r equals 0 coming from the integration by parts
vanishes since ¥(0) = 0. In both expressions again, the last term disappears on every
domain where 1)(r) is proportional to r¢~! (this corresponds to a uniform weight for the
Lebesgue measure on RY).

More comments on these expressions are provided in [56]. The sole difference with
the one-dimensional space case treated in [56] is the “(d — 1)/r” curvature terms on the
right-hand side of these expressions. Fortunately, this additional term will not induce
many changes with respect to the arguments developed in [56], since:
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o close to the origin = 0, the weight function ¥ can be chosen proportional to r¢1,

o far away from the origin r = 0, this curvature term is just small.

3.3.2 Travelling frame

Now let us introduce nonnegative quantities ¢ and tin;; and riyie (the speed, origin of
time, and initial origin of space for the travelling frame respectively, see figure 4.8 on
page 30). For every nonnegative quantity s, let us introduce the interval:

I(s) = [—rinit — ¢s,+00),
and, for every p in I(s), let
v(p,s) =wu(r,t) where r=rp+cs+p and t =t + S

denote the same solution viewed in a referential travelling at the speed c¢. This function
(p,s) — v(p, s) is a solution of the system:

d—1

—cv,=—-VV _—
o )+ Tinit + €S+ p

Up + Vpp -

This time, let us assume that the weight function ¢ is a function of the two variables p
and s, defined on the domain

{(p,s) €Rx [0,+00) : p€I(s)}

and such that, for all s in [0, +00), the function p — 1(p, s) belongs to W2!(I(s),R)
and the time derivative p — 9s(p, s) is defined and belongs to L!(I(s),R). Again, let
us introduce the energy (Lagrangian) and the L?-norm of the solution, localized by the
weight function :

1 1
tﬁ@)¢%ﬁ¢ﬂ(2vp0%8V-+VTUO%S»)dp and tﬁ@)¢0%3)200%@2dp-

Let us assume in addition that, for all s in [—ti,i, +00), the functions p — ¥(p, s) and
p > ,(p,s) vanish at p = —rinis — s (at the left end of its domain of definition). Then
the time derivatives of these two quantities read:

d% /I(S) w(%vg + V(v)) dp = /1(5) {—wvf + ws(%vﬁ 4 V(v))

d—1
(st e =)o do.
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and

d Lo, o 2 1,
ds/I(s)wQU dp—/ [w( v-VV(v) vp)+¢s2v

I(s)

+(7d_1 w+cw—¢p)v-0p} dp

init + CS +
(3.7) Tinit + €S+ p .
= —v-VV(v) —v?) + =0
IR ORI R
1 2, (d=1)¢ }
= — — - dp .
* 2(7/),0,0 o)+ Tinit + €S + ,OU R
In these expressions again, the integration by part border terms at p = —riniy — ¢s vanish,
and some terms simplify where the quantity
d—1
3.8 — Y +cp —
(3:8) Tinit+C$+,0¢ V=Y

vanishes, that is where ) is proportional to the expression
(Pinit + s+ p)* L exp(cp)

(combining the Lebesgue measure and the exponential weight exp(cp)). For the time
derivative of the L2-functional, a second expression (after integrating by parts the factor
cp —1),) is given (it is actually this second expression that will turn out to be the most
appropriate for the calculations and estimates to come).

More comments on these expressions are provided in [53]. As in the laboratory
frame case, the sole difference with the one-dimensional space case treated in [53] is the
“(d = 1)/(rinit + cs + p)” curvature terms on the right-hand side of these expressions.
Fortunately, this additional term does not induce many changes with respect to the
arguments of [53], since:

e close to the “origin” p = —rini — ¢s, the weight function can be chosen in such a
way that the quantity (3.8) (involving this curvature term) vanishes or remains
small,

o far away from the origin, this curvature term is just small.

3.4 Miscellanea
3.4.1 Second order estimates for the potential around a minimum point

Lemma 3.4 (second order estimates for the potential around a minimum point). For
every m in M and every u in R%t satisfying |[u —m| < Sgsc(m), the following estimates
hold:

(3.9) V() - Vm) > 20 2,
(3.10) and (u—m)-VVu) > )\mlz(m)(u —m)?,
(3.11) and (u—m)-VV(u) >V(u)—V(m).
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Proof. The three inequalities follow from inequality (2.9) on page 11 defining dpsc(m)
and from three variants of Taylor’s Theorem with Lagrange remainder applied to the
function f defined on [0,1] by f(#) = V(m + 6(u —m)) (see [56, Lemma 3.3]). O

3.4.2 Lower quadratic hulls of the potential at minimum points

As in [53, 56], let

low-hull = INin inf
Qlow-hu meM ueRdst\{m} (U — m)

see figure 3.1. and let

,,",' Qlow-hull (U - m>2

m

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

1

max(1, —4 qiow-hull)

(312) Wen,0 =

It follows from this definition that, for every m in the set M and for all u in R%:t,

1
(3.13) Wen,0 V (u) + Z(u —m)*>0.

4 Invasion implies convergence

4.1 Definitions and hypotheses

As everywhere else, let us consider a function V in C?(R%t, R) satisfying the coercivity
hypothesis (Heperc). Let us consider a point m in M, a function (initial condition) wug in
Y, and the corresponding solution (r,t) — u(r,t) = (Syug)(r) defined on [0, +00)?.

It will not be assumed that this solution is stable at infinity, but instead, as stated by
the next hypothesis (Hyopm ), 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.

(Hy,,) There exists a positive quantity chom and a C'-function
Thom : [0, +00) — R, satisfying 7, (t) = Chom as t— +o00,
such that, for every positive quantity L,

sup  |u(rhom(t) + p,t) —m| =0 as t— +oo.
pE[—L,L]
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Figure 4.1: Hllustration of hypotheses (Hyop) and (Hipny).

For every ¢ in [0 + 00), let us denote by rgs(t) the supremum of the set:
{r € [0, rhom(®)] : Ju(r, 1) = m| = dmec(m) }

with the convention that rgs.(t) equals —oo if this set is empty. In other words, rgs.(t)
is the first point at the left of rpom () where the solution “Escapes” at the distance rggc
from the stable homogeneous equilibrium m. This point will be referred to the “Escape
point” (with an upper-case “E”, by contrast with another “escape point” that will be
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——4o00

and let us make the following hypothesis, stating that the area around rpop, () 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.

L LR ~N\

CEsc

Chom

E
;
7
/
Y3

| Thom—n:ext (t) T'Esc (t) Thom (t)

Figure 4.2: Tllustration of Proposition 4.1.
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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 (Hyom) and (Hiny) hold. Then the following conclusions hold.

e Fort large enough positive, the function t — rgs.(t) is of class C' and

Theo(t) = CEse a8 t— +00.

o There exist:
— a point Mpext in M satisfying V(mnpext) < V(m),
— a profile of travelling front ¢ in ey norm(Mnext, M),
— a C'-function [0, +00) — R, t — Thomenext(t),
such that, as time goes to +0o, the following limits hold:
TEsc(t) — Thomonext (t) = +00  and 7o next (t) = CEsc

and
sup lu(r,t) — ¢(r — rese(t))| — 0

re [Thom—next (t) > Thom (t)]

and, for every positive quantity L,

sup ’u(rhom-next (t) + p, t) - mnext] — 0.
pE[—L,L]

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
hypotheses (Heoere) and (Honly-bist) and (Hgise-c) and (Hgise-o) and (Hpom) and (Hiyy) 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.

o According to Proposition 3.1 on page 15 (“global existence of solutions and attracting
ball”), it may be assumed that, for all ¢ in [0, +00),

(41) sup |u(r, t)| S Ratt,oo .
r€[0,400)

o According to the bounds (3.1) on page 15, it may be assumed that

— u(r,t <
212110) ||7° u(r )HCE([O,-i-OO)7RdSt) +OO

(4.2)

< +00.

and igg Hr — Ut('f’, t)HCg([O,-i-OO),RdSt)

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

(4.3) Thom(t) > 0.
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4.3.2 Normalized potential and corresponding solution

For notational convenience, let us introduce the “normalized potential” V1 and the
“normalized solution” u! defined as

(4.4) Viw)=V(m+v)—V(m) and u'(r,t)=u(rt) —m.

Thus the origin Oga of R? is to VT what m is to V, it is a nondegenerate minimum point
for VT (with VT(0ga) = 0), and u' is a solution of system (1.2) with potential VT instead
of V; and, for all (r,t) in [0, +00)?,

VIi(ul(r,t)) = V(u(r,t)) — V(m).

It follows from inequality (3.13) satisfied by wen o that, for all v in R?,

(4.5) Wen,0 VT(U) + ZUQ >0,

and it follows from inequalities (3.9) to (3.11) that, for all v in R? satisfying |v| < dgsc(m),

(4.6) v-VViw) > /\mh;(m)vz ,
(4.7) and  v-VVi@w)>Vi(v).

4.4 Firewall function in the laboratory frame
4.4.1 Definition

Let k¢ and r¢. denote two positive quantities, with kg small enough and rg_ large enough
so that
d—1 )\min(m)

1
< — d <
4 Ts-c + + 4\ rec + HO) -2 an Tsc Tho s 8

(4.8) M(d—l HQ)Q 1(d—1

(those properties will be used to prove inequality (4.20) below). Since according to its
definition (3.12) on page 19 the quantity wen o is not larger than 1, these quantities may
be chosen as

(4.9) Ko = min(% , Amlfém)>
and
(4.10) roe = max(2(d - 1), m)

Let us consider the weight function 1y defined as

(4.11) Yo(r) = exp(—ko|r]),
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and, for every quantity r greater than or equal to rs., let Tr1yy denote the function
[0, +00) — R defined as

r

@bo(rff)(r )dil if 0<r<rg,

vo(r —7) if r>rec,

(4.12) Tiado(r) =

see figure 4.3.

Tw1o (7")

0 | T's-c

Figure 4.3: Graph of the weight function r — T51o(r) used to define the firewall function
Fo(r,t). The quantity rg. is large, and, according to the definition of kg, the slope is
small.

A

ﬁ|o------

As the following computations will show, for r greater than this quantity rg.c, the
“curvature terms” that take place in the time derivatives of energy and L? functionals
(see expressions (3.4) and (3.5) on page 16) will be small enough for the desired estimates
to hold. The subscript “s-c¢” thus refers to “small curvature” (or equivalently, “large
radius”).

Thus, the function Tr1pg defined above is:

o a translate of the function 1y far from the origin (for r greater than r4.),

e the same translate multiplied by a factor proportional to the “Lebesgue measure”
weight 7971 close to the origin (for r smaller than r...), this factor being equal to 1
at r = rq to ensure the continuity of the function.

One purpose of this definition is to control the last terms in the expressions (3.4)
and (3.5) for the time derivatives of the energy and L? functionals. For all nonnegative
quantities © and r with 7 not smaller than rq.c,

— koTFo(r) if r<rge,

d—1
T o) — Tl = § (5 = o) Trtolr) i rue < <7
;
($+HO)TF¢O(T) it F<r,

thus, in all three cases,
d—

(4.13) 71 #o(r) — Tiao(r)

< (d_ ! + K0>Tf¢0(7“)-

s-C

For all nonnegative quantities r and ¢, let us introduce the quantities

1 1
(4.14) Ef(r,t) = §u1(r, 2+ VIi(u'(r,t)) and Fi(r,t) = wenoE(r,t) + 5uT(r, t)?,
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and, for all nonnegative quantities 7 and ¢ with 7 not smaller than rq, let us introduce
the “firewall” Fy(7,t) defined as

(4.15) Folit) = /0 T Lo () F (1) dr

4.4.2 Coercivity

Lemma 4.2 (firewall coercivity). For every nonnegative time t and nonnegative radius
T?

Wen,0 1
"4

(4.16) FT(r,t) > min ( ) (ul(r, 1) + ul(r, 1)?),

so that, for every r greater than or equal to rs.c,

(4.17) Fo(7,t) > min (wen,o , i) /RTqﬂbo(T) (ul(r, )2 +ul(r, t)?) dr .

2
Proof. Inequality (4.16) follows from inequality (4.5) on page 22 satisfied by wen o, and
(4.17) follows from (4.16). O
4.4.3 Linear decrease up to pollution

For every nonnegative time ¢, let us introduce the following set (the set of radii where
the solution “Escapes” at a certain distance from Opay, ):

(4.18) Skse0(t) = {r € [0,+00) : ]uf(r,t)( > Ogse(m)}

Lemma 4.3 (firewall linear decrease up to pollution). There exist positive quantities
vy, and Kr,, depending only on V, such that, for all nonnegative quantities v and t,

(4.19) 0, Fo(F,t) < —vr, Folirt) + K, / , Trvolr)dr.
ZEsc,O t

Proof. Tt follows from expressions (3.4) and (3.5) on page 16 for the time derivatives of
localized energy and L?-functionals that

Oy Fo(r,t) = /0+oo (Tf%(—wen,o (u))? —ut - vVt — (u])?)

d—1
+ (7 by — Tﬂb()) (Wen,0 u;r . ui +ul- ui)) dr .

r

Thus, according to the upper bound (4.13),

+o0
aFmt < [ T (—wen,o (u)? — ut - OV (ul) = (ul)?
0

+ (d_ ! + f£0> (wen,O ‘ului )) dr,

Ts-c

+‘uT~u1
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thus, using the inequalities

d—1
( -l-/i())’ul-ul

Ts-c

and ‘uz : ui

it follows that

_ +oo Wenyo (d — 1 2 1,d-1 2
8,5]:0(7",75) S 0 TT¢0[<4( oo +Ii0) +1< T ‘l‘KJO) —1)(ur)

d—1

Ts-c

—ul - VVT(ul) + ( + no)(uT)Q] dr

and according to inequalities (4.8) satisfied by the quantities ko and 74,

(4.20)  9F(Ft) < 0+°° wao(—%@i)? —ut vVl + Ami‘ém)(un?) dr .

Let vz, be a positive quantity to be chosen below. It follows from the previous inequality
and from the definition (4.15) of Fo(7,t) that

(4.21)
+oo 1
O Fo (T, t) + vr, Fo(r,t) < 5 Triho [ - 5(1 — VR Wen0) (u})? — ul - VVT(uh)
Amin (M v
+ I/}‘OwemoVT(UT) + (8() + %) (uT)Q} dr .

In view of this inequality and inequalities (4.6) and (4.7) on page 22, let us assume that
vr, is small enough so that

1 )\min
(4.22) VF, Weno <1 and vr, Weno < 3 and % < 8(m) :
the quantity vz, may be chosen as
i 1 Amin(m)
4.23 = .
(4.23) vz, = min (2%0, ]

Then, it follows from (4.21) and (4.22) that
(4.24)

; . " fovvid) + L vt
OuFo (7, t) + vr, Fo(T,t) S/ Tio [—U VVIul) + 5 ’V (u )‘ +
0

According to (4.6) and (4.7), the integrand of the integral at the right-hand side of this
inequality is nonpositive as long as r is not in Xgg o(t). Therefore this inequality still
holds if the domain of integration of this integral is changed from [0, +00) to Xgsc,0(t).
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Besides, observe that, in terms of the “initial” potential V' and solution w(r,t), the factor
of Tz under the integral of the right-hand side of this last inequality reads

1 )\min(m)

—(u—m) - VV(u)+ i(V(u) —V(m)) + 1 2

(u—m)~.

Thus, if K7, denotes the maximum of this expression over all possible values for m and
u, that is the (positive) quantity
(4.25)

Kr, = max —(u—m)-VV(U)—I—%H/(U)—V(m)H—i

UGRdSt» |'U‘§Ratt,oo

then inequality (4.19) follows from inequality (4.24) (with the domain of integration of
the integral on the right-hand side restricted to Xgso(t)). Observe that Kz, depends
only on V. This finishes the proof of Lemma 4.3. O

4.5 Upper bound on the invasion speed

Let

(4.26) 5esc(m) = Osc (m)

As the quantity dpg.(m) defined in sub-subsection 2.4.2 on page 11, this quantity desc(m)
will provide a way to measure the vicinity of the solution u to the point m, this time in
terms of the firewall function Fy. The value chosen for des.(m) depends only on V' and
ensures the validity of the following lemma.

Lemma 4.4 (escape/Escape). For all (7,t) in [rs.c, +00) %[0, +00), the following assertion
holds:

(4.27) FolF,1) < Gese(m)? = [ul (7, )| < Gmee(m) .

Proof. Let v be a function Y, and assume in addition that v is of class C! and that its
derivative is uniformly bounded on [0, +00). Then, for all 7 in [ry., +00),

v(F)? = Trapo (F)v(F)?
+oo
S/F d (Trpo(r)v(r)?)

— dr
dr
< [T w0 + 2T (r) o) - ()

</ T To(r) (R0 + D) + o/ () dr
+

<(ro+D) [ T T (r) (0(r)? + o/ (1)) dr
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Thus it follows from inequality (4.17) on the coercivity of Fy(-,-) that, for all 7 in
[Fs-c, +00) and ¢ in [0, +00),

Ko+ 1

UT(ﬂ t)2 < m

.7:0(?7, t),

2 04
and this ensures the validity of implication (4.27) with the value of desc(m) chosen in
definition (4.26). O

Let L be a positive quantity, large enough so that
exp(—rolL) Sesc(m)?

1 16 Kr,
2K < ly L=—1 —_ 0
Fo Ko < Vr 3 ,  nhamely o og<y}_0 5esc(m)2 Fﬂo)

(this quantity depends only on V), let npo-esc : R = R U {+00} (“no-escape hull”) be the
function defined as

+ 00 for p<O0,
5esc(m)2 Y
(428) nno-esc(p) = 2 (1 - ﬁ) for 0 < P < L’
2
568051?”) for p > L,
see figure 4.4; and let cpoese (“no-escape speed”) be a positive quantity, large enough so
77no—esc
2
Jesc(m)* /2
N
Oesc(m)” /4 o
0 L P
Figure 4.4: Graph of the hull function 7y esc-
that S ()2
esc\T K]-'o 8 K]:O L
no- > 2 , 1 oese = ——— 0
Cno-esc AL = . namely  Cno-esc 0 5esc(m)2

(this quantity depends only on V' and m). The following lemma, illustrated by figure 4.5,
is a variant of [56, Lemma 4.6].

Lemma 4.5 (bound on invasion speed). For every ordered pair (riefs, Tright) of points in
the interval [rs.c, +00) and every nonnegative time ty, if

-FO(T7 tl) < max (nno—esc (T - Tleft)7 nno—esc('rright - T)) fOT' all v in [Ts—m +OO) ,
then, for every time t greater than or equal to t; and all v in [re.c,+00),
Fo (Tu t) < max (nno-esc (Tleft — Cno-esc (t - tl)),nno-esc (Tright + Cno-esc (t - tl) - 7“)) .
Proof. See [56, Lemma 4.6]. O
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Tho-esc (Tright - T)

Tho-esc (T’ - Tleft)

—Cno-esc

CIIO-ESC

0 Tsc Tleft Tieft + L Tright — L Tright r

Figure 4.5: Illustration of Lemma 4.5; if the firewall function is below the maximum of
two mirror hulls at a certain time tg 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

According to hypothesis (Hpom) and to the bounds (4.2) on the solution, it may be
assumed, up to changing the origin of time, that, for all ¢ in [0, +00) and for all r in

[TS-Cv +OO)7
Toe < rhom(t) -1,

(4'29> and ]—-'O(r7 t) < max (nno-esc (7“ — (Thom(t) - 1)) » Tlno-esc (Thom(t) - T)) :

As a consequence, for all ¢ in [0, +00), the set

Lo (t) = {rg € [Fscs Thom(t)] = for all 7 in [re., +00),
Fo (Ty t) < max (nno-esc (T - T@)a Tho-esc (Thom (t) - T))}

is a nonempty interval (containing [rpom(t) — 1,7hom(t)]), see figure 4.6. For all ¢ in

fo(T' t) "Tno-esc (7’ B resc<t)) Tho-esc (T — Thom (t) - 1) Tno-esc (rhom (t) - T)

0 Tee  Teselt) fo(t)  Thom(®) =1 Thom(t)

Figure 4.6: Interval Ijom(t) and definition of 7esc ().

[0, +00), let

(4.30) Tesc(t) = Inf (Inom(t))  (thus resc(t) € [Fs-cs Thom (t) — 1] ).
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Somehow like rgg(t), this point represents the first point at the left of rpom () where
the solution u (respectively u) “escapes” (in a sense defined by the firewall function JFy
and the no-escape hull 7,0.esc) at a certain distance from m (respectively from Oga,, ) —
except if Ihom(t) is the whole interval [rg.c, Thom (t)], in this case this “escape” does not
occur. In the following, this point resc(t) will be called the “escape point” (by contrast
with the “Escape point” rge(t) defined before). According to the “hull inequality” (4.29)
and Lemma 4.4 (“escape/Escape”), for all ¢ in [0, +00),

(431) TEsc(t) S resc(t) S Thom(t) —1 and EEsc,()(t) N [TESC(t)a rhom(t)] = ®7
and, according to hypothesis (Hyom) and to the bounds (4.2) on the solution,
(4.32) Thom () — Tesc(t) = +00 as ¢t — +00.

The big advantage of 7esc(-) with respect to rgsc(+) is that, according to Lemma 4.5
(“bound on invasion speed”), the growth of 7eg(-) is more under control. More precisely,
according to this lemma, for all nonnegative quantities ¢ and s,

(433) Tesc (t + 5) < Tesc (t) + Cno-esc S -

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

) 4 Fult—ty) T Telte) F ol =)

r= resc(tl) + Cno'esc(t o tl) r = T'esc(tQ) + fesc(t - t2)

A !

r= Tcsc(t2> + Eesc(t o tQ)
resc(tZ) ________________

Tesc (tl)

! r= lrieSC(tl) + Eesc(t o tl)
t to t

Figure 4.7: Illustration of the bounds (4.34).
Tesc(s) = t [%uf )resc(t +8) —Tesc(t) and T (s) = te[(i)nf )resc(t +5) — Tesc(t)
€10,4+00 ;100

see figure 4.7. According to these definitions and to inequality (4.33) above, for all ¢ and
s in [0, +00),

(434) —o0o < Zesc(s) < resc(t + 5) - 7"esc(t) < fesc(s) < Cno-esc S -
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Let us consider the four limit mean speeds:

— liminf Tesc (t) d — 1 Tesc (t)
Cesc-inf = LI 111 an Cesc-sup — 1M1 SUD
t—+400 t t——+o00
and
. . T (S) . 'Fesc(s)
Coseoing = liminf =22 and  Cegesup = lim su )
Lesc-inf S—+00 s esc-sup sﬁ+oop s

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

—o00 < Cesc-inf < Cesc-inf < Cesc-sup < 6esc-sup < Cno-esc and 0< CEse < Cesc-sup -

The four limit mean speeds defined just above will turn out to be equal. The proof of
this equality is based of the “relaxation scheme” set up in the next subsection.
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 on page 16 will be put in practice.

4.7.1 Preliminary definitions

Let us introduce the following real quantities that will play the role of “parameters” for
the relaxation scheme below (see figure 4.8):

t I: S Ir ,l Ir
4 4 1
—Tinit —CS K y ‘> T ="Tmit TCS+p
/ / 0 / 7 s

/ / / / -
’ /7 / 4

/ 7 7 /

’ 1 /

linit + S ¢------- »
, P
T'init / Aol
4 / 7
' /7 / /7
binig §--- -~ 0" * 7
X p cut-init
1
0 | Tsc Tinit T

Figure 4.8: Space coordinate p and time coordinate s in the travelling frame, and
parameters tini and 7ipie and ¢ and peut-init -

e the “initial time” tj,;; of the time interval of the relaxation;

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

e the speed c of the travelling frame;
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e a quantity peut-init that will be the the position of the maximum point of the weight
function p — x(p, tinit) localizing energy at initial time ¢ = t;,j¢ (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 +oo.
Thus the maximum point is in some sense the point “where the cut-off begins”.

Let us make on these parameters the following hypotheses:
(4.35) 0<tnt and 0<c<cpoese and 0 < peutinit and  Tipig > s -
For all p in [—rini — ¢s, +00) and s in [0, +00), let

v(p,s) = uT(r, t) where =17t +cs+p and t =t +S.

This function satisfies the differential system

d—1

4.36 s—cv,=-VViw)  —
(4.36) Ve T e (v) Tinit + €S + p

Vp + Vpp -

Let x (rate of decrease of the weight functions), ¢y (speed of the cutoff point in the
travelling frame), and we, (coefficient of energy in the “firewall” function) be three
positive quantities, small enough so that

+r+3)% _ 1 !

wen(ccut(c+ H) + (C K 2) ) < - and wenccut(c+ H) <

(4.37) 2 N \ '
and (Ccut + ';)(C + ’%) < )\mlilém)

(these conditions will be used to prove inequality (4.55) on page 40), and so that
(438) Wen < Wen,0 -

These quantities may be chosen as follows (first choose k and ccy so that the third
inequality of (4.37) be fulfilled, and then choose wey, according to the first two inequalities
of (4.37) and to (4.38)):

. Amin (m) )\min(m) /\min(m)
pr— d L
K mln( 32 ) 32Cn0_esc> an Ccut 16 (Cno_esc T /a) >
and w min( 1 ! w, )
n — ? ’ H,O :
¢ 2¢cut (Cno-esc + K) + (Cno-esc + K + 1/2)2 4ccut(Cno-esc + K) °

Conditions (4.37) and (4.38) are very similar to those stated in [53], although slightly
more stringent due to the curvature terms.
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4.7.2 Localized energy

For every nonnegative quantity s, let us introduce the intervals
Tief(8) = [~Tinit — €8, —Tinit — €5 + T'sec] ,

—Tinit — €S + T'scs Peut-init + Ccuts] )

and Iain(s) =
and Iright(s) = [,Ocut—init + Ceut S, +OO) >
(s

and Lot ) = [_rinit — CS, +OO) = Ileft(s) U Irnain(s) U Iright(s) s

see figure 4.9. Observe that, since according to hypotheses (4.35) the quantity riyi is

- x(p,s)
— - V(P 8) | Con
_|¢_>

- ¢(07 S)

--ammoTT X IQ
—Tinit — CS —Tinit —CS+7Tsc 0 Peut-init T CeutS
E‘ [left(s) ‘E‘ [main(s) ‘:‘ [right(s)
: : . C : c+ Ccut
: : —> ; r
. . . o >
0 Ts-c Tinit +cs Tinit + Pcut-init + (C + Ccut)s

Figure 4.9: Intervals lie(s) and Iain(s) and Ligne(s) and graphs of the weight functions

x(y, s) and ¥(y, s).

greater than or equal to 74, the interval I,y (s) is nonempty. Let us introduce the

function x(p, s) (weight function for the localized energy) defined as
Tinit +CS+P>d*1 i

explc

p( p)( -

X(p,8) = exp(cp) if
exXp [c(pcut-init + ccuts) - K(p - (pcut-init + ccutS))} if

For all s in [0, +00), let us define the “energy function” £(s) by

€)= [ xto5)(Gunlo )+ VI (0(0.9)) do.
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4.7.3 Time derivative of the localized energy

For every nonnegative quantity s, let
Dis) = [ X(p.9)valp.s)dop.
Tiot (s)

The aim of this sub-subsection is to prove the following lemma.

Lemma 4.6 (upper bound on time derivative of energy, first version). There exist
positive quantities Kg lef; and Kg main, depending only on V' and d, such that, for every
nonnegative quantity s, the following inequality holds:

1
5/(5) <- 577(3) + Ke left eXp(—CTmit)

(4.39) + K¢ main <eXp(—cri2nit> +

exp(c(peut-init + Ccuts)))

1/2 + ¢+ k)?
Utern? ) g,

Tinit

L 5
+ cout(¢ + &) (202 + V() +
L@A@X(Ct( )5+ V')

Proof. Tt follows from expression (3.6) on page 17 for the derivative of a localized energy
that !
E'(s) =—D(s) + 024 Vi) d
(s) () Im(s)xs(z 2+ VW) dp
d—1
+ ——————X "+ X — Xp)Vs -V, dp.
Am(®(rmn‘+084-px X Xp) sty
It follows from the definition of y that, for every real quantity p,
c(d—1)

Tinit + CS + p
Xs(ﬂ, 3) = 0

x(p,s) if  p € Dew(s),

if p € Inain(s),
caut(c+K)X(p,s)  if p € Ligni(s),

and

ex(p,s) + ”r’imtci-ci—i-pX(p’ s) if p € Der(s),
Xp(p:s) = ex(p, 8) if p € Lnain(s),
— rx(p, s) if p € Lignt(s).
thus
(4.40)

d—1
EEE— ,S) t+exlp,s) — ,S8) =
MWHHWMP) x(p,5) = Xp(p: 5)
0 if pejleft(s)a
d—1

_ , if € Imai ,
Tinit+C$+PX(p 5) i p main ()

d—1

@+m+4——————
Tinit + €5+ p

)X(p, s) if  p € Lignt(s)-
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As a consequence,

E'(s) = —D(s)
c(d—1) 1 .2
" ‘/Ileft(S) Xm (2 p T VT( )) dp
_ 4=l  ud
" Imain(s) X?“init + cs + pvs Vp ap
" X(C t(c+’€)(lv2+vT(U))+($+c+/€)v -v>dp.
Light (s cu 2°°F o o5 T p .U,

Polarizing the scalar products v, - v, it follows that
(4.41)

, 1
£'(s) <~ 5D(s)

=1 (1,
+ R — +V d
Tiets (s Xrln1t+cs+p<2 P ( )) P
d—1 9
d
+ /mam 7alIllt + (& + p> Up p
1 d—1 2
+ (c c+r) =+ Vi) + 2 (————— t etk v2>d.
Liight (s x{ el )(2 P ()> 2<7“init—|—cs+0 ) v)

Let us make a brief comment on this inequality, in comparison with the (simpler) case
d =1 (see [53, sub-subsection 4.7.5]).

Observe that the last term of this inequality (the integral over Lignt(s)) is very similar
to the d = 1 case. As in the d = 1 case, its control will require the definition of a “firewall
function” that will be defined in the next sub-subsection 4.7.4. Thus the main novelty
with respect to the d = 1 case is the existence of the two other integrals over Ijeg(s) and
Inain(8) (according to the calculations above, the integral over [ieg(s) follows from the
fact that xs(p, s) is positive when p belongs to this interval, and the integral over Ipain(s)
comes from the curvature term in system (4.36)).

Unfortunately, the firewall function that will be defined in the next sub-subsection will
be of no help to control these two terms, since the weight function ¥ (p, s) involved in its
definition will have to be chosen much smaller than x(p, s) on both intervals Ije(s) and
Imain(s). As a consequence, these two terms need to be treated separately. The aim of
the following two lemmas is to do this job, that is to provide appropriate upper bounds
for these two terms (proof Lemma 4.6 will follow afterwards). The sole required feature
of these bounds is that they should be small if the positive quantity 7, is large.

Lemma 4.7 (upper bound for curvature term on I (s)). There exists a positive quantity
Kg 1efs, depending only on 'V and d, such that, for every nonnegative quantity s, the
following estimate holds:

cd—1) /1 2
(442 Ilefc(s)XTinit+cs+p(2 P ()) p < K¢ et €xp(—Crinit)
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Proof of Lemma 4.7. For every nonnegative quantity s and every p in Ieg(s),

cld—1 c(d — 1) exp(cp) /Tinit + €5 + p\9—2
X(p7 S) ( ) — ( ) ( p) ( init p)
Tinit T CS + p Ts-c Ts-c
_ eld—1)exp(ep)
Ts-c

(this inequality still holds if d = 1, however recall that for clarity the d equals 1 case was
excluded, thus d is assumed to be not smaller than 2). Thus,

d—1 d—1
/1 " Xu dp < exp(c(—Tinit — €8 + Tsc)
left (S

Tinit + €S + P Ts-c
< (d ! eXP(“’s—c)) exp(—CTinit) ,
Ts-c
thus inequality (4.42) follows from the bound (4.35) on the speed ¢ and the bounds (4.1)
on page 21 for the solution. Lemma 4.7 is proved. O

Let us make the following additional hypothesis on the parameter rji:
(443) Tinit Z QT‘S_C .

Lemma 4.8 (upper bound for curvature term on Iain(s)). There exists a positive
quantity Kg main, depending only on 'V and d, such that, for every nonnegative quantity
s, the following estimate holds:

1 d—1 2,
—|— ) vy;dp <
/Imain(s) X2 <Tinit +cs + p) p P=
CTini
K¢ main (eXp<_ 12n1t) n

Proof of Lemma 4.8. Let us introduce the integral:

7=/ >
Imain(S) (rinit tes+ p)
Pcut-init T+ Ccut S eXp(C p)
—rinit—cs+ree (Pinit 1 €5 4 p)?
B 5 Tinit +Pcut-init+(C+Ceut ) s exp(cr)
= exp(—Crinit — €°5) o2

2
Ts-c

(4.44)

exp(c(pcut-init + CcutS))> .

Tinit

5 dp

dr .
r

To bound from above this expression, the integral may be cut into two pieces, namely:
rinit/2 ex cr 7’init+Pcut—init+(c+ccut)5 ex cr
)y | Per) ).
T

J = exp(—crinit — 023) (/ 5
Ts-c r

observe that according to hypothesis (4.43) the quantity rinit/2 is not smaller than 7.
Thus, bounding from above the two quantities exp(cr) in this expression (by replacing
the quantity r by the upper bound of the respective integration domain), it follows that

2
init /2 r

exp(—crinit/Q — 023) 9
J < + €xp (C(pcut-init + Ccuts)) )
Ts-c Tinit
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and since according to its definition (4.10) on page 22 the quantity 74 is not smaller
than 1, it follows that

CTini
J < exp(— Ith) + eXP(C(pcut-init + Ccuts)) .

Tinit

Thus inequality (4.44) follows from the bounds (4.1) on page 21 for the solution.
Lemma 4.8 is proved. O

End of the proof of Lemma 4.6. Observe that, according to the definition (4.10) on
page 22 of 7y, the quantity (d — 1)/(rnit + ¢s + p) is not larger than 1/2 as soon
as p is in Lght(s) (actually even in Inmain(s)). Thus inequality (4.39) of Lemma 4.6 follows
from inequality (4.41) and from Lemmas 4.7 and 4.8. Lemma 4.6 is proved. O

4.7.4 Firewall function

A second function (the “firewall”) will now be defined, to get some control over the
last term of the right-hand side of inequality (4.41). Let us introduce the function
¥ (y, s) (weight function for the firewall function) defined as follows (for every nonnegative
quantity s and every quantity p in lio(s)):

w( ) { €Xp {H(P - (pcut—init + Ccuts))}X(pa 3) if pe Ileft(s) U Imain(s) s
p,s) =
x(p, s) it pe Iright(s) )
see figure 4.9; and, for every nonnegative quantity s, let us define the “firewall” function

by

@a5)  F) = [ lo5) (a9 + VI 000, 50) + 0005 ) -

4.7.5 Energy decrease up to firewall
Lemma 4.9 (energy decrease up to firewall). There exists a positive quantity Kg right,

depending only on V, such that for every nonnegative quantity s,

1
E'(s) < _§D(3) + K¢ left €XP(—CTinit)
(4.46)

it 2

+ K¢ main <exp(— 9

r €xp (C(pcut—init + Ccuts))> + Kc‘,’,right]:(s) .
init

Proof. Let us introduce the following positive quantity (depending only on V):

Ccut (cno—esc + "?) + (1/2 + Cno-esc 5)2

K¢ right = ”
en

Inequality (4.46) follows Lemma 4.6 (upper bound (4.39) on &£'(s)). For a detailed
justification, see [53, sub-subsection 4.7.6]. O
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4.7.6 Relaxation scheme inequality, 1

Let s, be a nonnegative quantity (denoting the length of the time interval on which the
relaxation scheme will be applied), and let us introduce the expression:

Ké’,curv(rv S, C) :KS,left S eXP(—CT)

cr 2
+ Kg,main S (GXP(—Z) + , eXp(C(pcut-init + Ccuts))> .
init

It follows from the previous inequality that

1 Sfin Sfin
(4.47) 5/0 D(s)ds < £(0) — E(sfin) + K¢ curv(Tinit, Sfin, €) + Kg,right/o F(s)ds.

This “relaxation scheme inequality” is the core of the arguments carried out through
this section 4 to prove Proposition 4.1. The crucial property of the “curvature term”
K¢ curv(r, 8, ¢) is that this quantity goes to 0 as r goes to +oo, uniformly with respect to
s bounded and ¢ bounded away from 0 and 4+oc0. The next goal is to gain some control
over the firewall function (and as a consequence over the last term of this inequality).

4.7.7 Firewall linear decrease up to pollution

For every nonnegative quantity s, let us introduce the set (the domain of space where
v(-, s) “Escapes” at distance dgsc(m) from Oga,, ) defined as

Yisc(8) = {p € Imain(8) U Liignt (s) : [v(p, 8)| > Opsc(m)} .

To make the connection with definition (4.18) on page 24 of the related set Xggco(t),
observe that, for every quantity p in Iiu(s),

pE EESC(S) < Tiit T ¢S+ p € EESC,O(tinit + S) .

The next step is the following lemma (observe the strong similarity with Lemma 4.3 on
page 24).

Lemma 4.10 (firewall linear decrease up to pollution). There ezist positive quantities
vr and Kr and Kr et such that, for every nonnegative quantity s,

(448) f’(S) < _V]:f(s) + K}'/ w(ﬂ S) dp + K]:,left eXp(_CTinit) .

Z:Esc (S)

The quantities vy and Kx depend only on V' and m, whereas K r e, depends additionally
on d.

Proof. According to expressions (3.6) and (3.7) on page 17 and on page 18 for the time
derivatives of a localized energy and a localized L? functional, for all s in [0, +00),

FO = [y [Pt =0 V10 <12) v (G V) 4 )
(4.49)

d—1
e R R L | 1
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(this makes use of the “first” version of the time derivative of the L2-functional written
in (3.7), without the additional integration by parts of ci) —1,). The aim of the next
calculations is to control the two last terms below this integral.

It follows from the definition of ¢ that, for every nonnegative quantity s,

(_,iccut + 7%)@&(@ s) if p € Lew(s),
(4.50) Vs(P18) =\ contb(p, 5) if  p € Imain(s),
ol + K)(p, 5) i p € Tga(s).
and d—1
(m +c+ /ﬁ)w(p, s) if p € Deg(s),
YolP8) =4 (e m)(p,5) it p € Lnain(s),
— kb(p, 9) if p€ Lignt(s),
thus
d—1
mw(% s)+ci(p,s) = hp(p,s) =
— k¥(p, 5) if p € hew(s),
(4.51) (rlmt‘iciﬂj _ H)¢(P7 s) if p € Inain(s),
(L +etr)(p,s) i p € Lign(s).
Tinit + €S + p

As in the case d = 1 (see [53]), the sole problematic term in the right-hand side of
expression (4.49) (with respect to the conclusions of Lemma 4.10) is the product

(cyp — ¢p)” “Up

on the interval Lign(s). As in [53], this term can be integrated by parts one more time
to take advantage of the smallness of 1,, — ¢}, on ILign(s). There are several ways to
proceed, since the integration by parts may be performed either only on Inain(s) U Lright(s)
or on the whole interval Iio(s). Since the first option would create a border term at the
left of Inain(s) let us go on with the second option. Doing so, it follows from (4.49) that

P [t =00 ) 4 el ) + 3

d—1 d—1
4.52 n| ——— — . —Yv -
(4.52) + we (Tinit +C$+pw+cw wp)fus v, + p— +Cs+pwv v

o,

It follows from the expression of v, above that, for every nonnegative quantity s,

(4'53) wpp(pa 3) - C¢p(pa S) < H(P, 8) for all pE Itot(s) )
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where

(c+2r)(d-1) (d—1)(d-2) _
0(p,s) = (n(c + k) + ot cstp | Tmmtost p)Q)w(p, s) if p€ Len(s),
H(C + ’?)1/1(% S) lf p g Ileft(s) )

Indeed, v,, — ctp, equals 6 plus two Dirac masses of negative weight (one at the junction
between [ieg(s) and Imain(s), and one at the junction between Iain(s) and Iright(s)).

Observe that for every p in the interval Iiain(s) U Light (), the quantity rini +cs + p
is not smaller than rg.. As a consequence, it follows from equality (4.52) that, for every
nonnegative quantity s,

(4.54)
F(s) < /Im(s) ¥ l—wenvi —v-VVT(0) = 02 + cout(c + #) (wen(;vﬁ + VT(v)) + ;;2)
+wen<drs_cl +c+ n) Vs - Vp| + drscl lv-v,| + F”(C;L'i)y?] dp
+ Fres, left ()
where

d—1
Jrres,left(s) :/ 7¢

Legi(s) Tinit + €S+ p

1 1
c(wen(sz + VT(U)) + 2v2>

1 (d 2) 2
. Z - 7 .
+v-v,+ ((C+2H)+ N )v]dp

The following lemma deals with the “residual” term Freg 1eft($)-

Lemma 4.11 (control on the residual integral over g (s)). There exists a positive
quantity K 1oy, depending only on V' and d, such that, for every nonnegative quantity s,
the following estimate holds:

]:res, left(s) < K]:,left eXp(_crinit) .

Proof of Lemma 4.11. Since v is smaller than x on the interval . (s), the proof is
identical to that of Lemma 4.7 on page 34 (observe the vanishing term in Fieg lef(s) if
d=2). O

End of the proof of Lemma 4.10. Using the inequalities

41 2
(d_1+c+/€)|vs'vp‘§11§ +<Ts—c +4C+H) Ug

Ts-c

[

1
and |v-v,| < 51)2 + fvg,

\]
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it follows from inequality (4.54) and from Lemma 4.11 that, for every nonnegative quantity
87

d—112
Ccut(C+H) (C—I_K;—"—fr_ ) d_1> 2
_1 en S-C
tot(3)¢[< M ( 2 * 4 >+ 2rs.c Ve

F(s) < /

I

— v VVT(0) + WenCeut (¢ + ) ’VT(U)’ + (d ! + (Ccus + £)(c + K))U2] dp

2rs ¢ 2
+ Kr lefs exp(—Crinit) -

Since according to the definition (4.10) on page 22 for 74 the quantity (d —1)/rsc is
smaller than 1/2 and than Ayni,(m)/8, it follows that

B cat(c+r)  (c+r+1)? 1> 9
Ot(s)wK 1+wen( 2 + 4 )+4 Yo

F(s) < /

Iy

— - VVT(0) + wenCeut (¢ + #) ‘VT(’U)‘ + ()\min(m) + (Cout + F) e+ H))UQ] dp

16 2
+ K]:,left eXP(—CTinit) s

and according to the properties (4.37) on page 31 satisfied by the quantities k and ceyt
and Wep, it follows that

]:/(S)S/Imt()dJ(—;vp—v Vi ‘VT )| +

+ K7 1eft €XP(—CTinit) -

(4.55)

Let v be a positive quantity to be chosen below. It follows from the previous inequality
and from the definition (4.45) of F(s) that
(4.56)

1
]:/(S) + VJ'—]:(S) - K}—,left eXp( Crlnlt I *) |: 5 1 —VF wen)vfy —vU- VVT( )
tot
1 min
+(3 +”f“fen) Vi) + (P 4 502 do.

In view of this inequality and of inequalities (4.6) and (4.7) on page 22, let us assume
that v is small enough so that

)\min(m) .

< ’
- 8

1
(4.57) VFWen <1 and vrwe, < 1 and %E

the quantity v may be chosen as

1 )\min (m) ) .

1% :min(
F dwen 4
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Then, it follows from (4.56) and (4.57) that
(4.58)
F'(8)+vrF(s)—KFjett exp(—crinit) < /
Tiot (s)
According to (4.6) and (4.7), the integrand of the integral at the right-hand side of this
inequality is nonpositive as long as p is not in ¥ (s). Therefore this inequality still
holds if the domain of integration of this integral is changed from I (s) to Xgsc(s). Thus,
introducing the quantity

)\min (m)

w[ v-VVT(w (VT ‘ .

02} dp.

Kr=  max  [(u—m) V) + J V(w) ~ Vm)| + 22

u€RYst, |u|<Ratt,co
(which is positive and depends only on V' and m), inequality (4.48) follows from inequality
(4.58). Lemma 4.10 is proved. O
4.7.8 Nonnegativity of the firewall
For all s in [0, 400),
(4.59) F(s)>0.

Indeed, in view of the property (3.13) on page 19 concerning wen,o and since wey is not
larger than wey o, for all s in [0, 400) the following stronger coercivity property holds:

Wen 1 2 2
.F( ) >H11n( 2 4) /Imt(s)w(pwg)(vp(pws) +U(p7$) )d/)
4.7.9 Relaxation scheme inequality, 2

For every nonnegative quantity s, let
G(s) = [ b(p.5)dp.
EESC(S)

Integrating inequality (4.48) between 0 and a nonnegative quantity sg, yields, since
according to (4.59) .F(Sﬁn) is nonnegative,

Sfin
/ F(s)ds < — (.7-"(0) + K;/O G(s)ds 4+ Kr et Sin €xp(—c Tinit)) .

Thus, introducing the expression

Keg right K F 1eft Stin

K&curv(Ty S, C) = KS,curv(Tv S, C) +
VF

exp(—cTinit) ,
the “relaxation scheme” inequality (4.47) on page 37 becomes
2 / ds <€( ) g(sﬁn) + R&',curv (rinita Sfin, C)

n KSV,;i—ght (f(()) +Kr /OSﬁn G(s) dS) .

(4.60)
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Observe that, as was the case for K¢ curv(7, s, ¢), the “curvature term” f{g,wrv(r, s,¢)
(still) goes to 0 as r goes to +oo, uniformly with respect to s bounded and ¢ bounded
away from 0 and +o0o. The next step is to gain some control over the quantity G(s).
4.7.10 Control over pollution in the time derivative of the firewall function

For every nonnegative quantity s let

hom (finit + ) — Tinit — €S,

esc(tinit + S) — Tinit — CS .

phom(s)

=r
and  pesc(s) =7

According to properties (4.31) on page 29 for the set Xgg (),

ZESC(S) C (—OO, pesc(s)] U [phom(s)? +OO> .

Let us introduce the quantities
Pesc(s) 400
gback(s) = / Qb(Pa S) dP and gfront(s) = / ¢(Pa S) dp;

—Tinit —CS Phom (S)

observe that, by definition — see (4.30) on page 28 — the quantity pesc(s) is greater
than or equal to 7¢.c — rinit — ¢s, and is therefore greater than —ry,;x — ¢s. Then,

g(s) < gback(s) + gfront(s) :

Let us make the following hypothesis (required for the next lemma to hold):

RCcut

4

(4.61) (¢ + K)(Cesc-sup — €) <

(this hypothesis is satisfied as soon as c is close enough to Cesc-sup)-

Lemma 4.12 (upper bounds on pollution terms in the derivative of the firewall). There
exists

a positive quantity K|ug], depending only on V' and on the initial condition ug (but not
on the parameters tiniy and rinit and ¢ and peus-init 0f the relaxation scheme) such that,

for every nonnegative quantity s,
(4.62)

Oback(s) < K[ug] exp(—~ peut-init) €XP ( -
1
K

R Ccut )
S

2
exp((cno—esc + 1) pcut—init) exp((cno—esc + ’i) (Ccut + FC)S) eXp<_’€phom(0)) .

Proof. The proof is identical to that of [53, Lemma 4.10]. O
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4.7.11 Relaxation scheme inequality, final

Let us introduce the quantity

2 K¢ right Kr Klug
K¢ pack[uo] = ’Vg;’{c - [uo] ,
cu

and, for every nonnegative quantity s, the quantity

KS,right Kr
V]-— K (CIIO-GSC + 1)(Ccut + ]')

Kg,front(s) = exp((cno-esc + 1)(ccut + 1)8) .

Then, for every nonnegative quantity sgy,, according to inequalities (4.62), the “relaxation
scheme” inequality (4.60) can be rewritten as

1 [ofin Ke i
5/0 D(s)ds <E(0) — E(sfin) + %}"(O) + K¢ back[to] €Xp(—K peut-init )

+ Kg front (8in) €xXP((Cno-esc + 1) peut-init) €XP(—+ Phom (0))
+ Kg,curv (rinita Sfin, C) .

(4.63)

Recall that the “curvature term” Kg curv(7, 5, ) goes to 0 as r goes to 400, uniformly
with respect to s bounded and ¢ bounded away from 0 and +oco. Recall by the way that
this last inequality requires the additional hypothesis (4.43) on page 35 made on the
quantity 7 (namely, riyi¢ should not be smaller than 2rg..).

4.8 Convergence of the mean invasion speed

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

Proposition 4.13 (mean invasion speed). The following equalities hold:

Cesc-inf = Cesc-sup = Cesc-sup -

Proof. Let us proceed by contradiction and assume that

Cesc-inf < Cesc-sup -

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

KCcut

Homae ¥y 04 Belm) =0

(4-64) Cesc-inf < € < Cesc-sup <c+
The first condition is satisfied as soon as ¢ is smaller than and close enough to Cesc-sup, thus
existence of a quantity c¢ 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 ¢. This is stated by the
following lemma.
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Lemma 4.14 (nonzero dissipation in the absence of travelling front). There exist positive
quantities L and eqissip such that, for every t in [0,400), if the quantity res(t) is greater
than or equal to L, then the following inequality holds:

Hp — ut(resc(t) + p, t) + cuy (Tesc(t) + p, t) ||L2([—L,L],]Rdst) > Edissip -

Proof of Lemma 4.1/. Let us proceed by contradiction and assume that the converse is
true. Then, for every positive integer n, there exists ¢, in [0, 4+00) such that the quantity
Tesc(tn) is greater than or equal to n and such that

1
(465) H,O = Ut (Tesc(tn) + p, tn) + cuy (Tesc(tn) +p, tn) HLQ([fp,p],Rdst) < ﬁ

By compactness (Lemma 3.2), up to replacing the sequence (¢,),cn by a subsequence,
there exists an entire solution @ of system (2.4) in

¢ (R, C2(R,R™)) nC* (R, CH(R,R%))
such that, with the notation of (3.2),
D2’1u(resc(tn) + oty +) = D*'Y as n— 400,

uniformly on every compact subset of R?. According to inequality (4.65), the function
p — G(p,0) + ctiy(p, 0) vanishes identically, so that the function p — @(p, 0) is a solution
of system (2.5) governing the profiles of waves travelling at the speed ¢ for system (2.4).
According to the properties of the escape point (4.31) and (4.32) on page 29,

sup |p(p) — m| < gsc(m),
pE[0,+00)

thus it follows from [53, Lemma 7.1] that ¢(p) goes to m as p goes to +oo. On the other
hand, according to the bound (4.1) on the solution, |¢(-)| is bounded (by Ratt,~c), and
since ®.(m) is empty, it follows from [53, Lemma 7.1] that ¢(-) is identically equal to m,
a contradiction with the definition of res(). a

The remaining of the proof of Proposition 4.13 is identical to that of [53, Proposi-
tion 4.11], therefore it will not be reproduced here. ]

According to Proposition 4.13, the three quantities Cege-inf and Cesc-sup aNd Cese-sup are
equal; let
Cesc

denote their common value.

4.9 Further control on the escape point

Proposition 4.15 (mean invasion speed, further control). The following equality holds:

Cesc-inf = Cesc -

Proof. The proof is identical to that of [53, Proposition 4.17]. O
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4.10 Dissipation approaches zero at regularly spaced times
For every t in [1,4+00), the following set
] +1/e 2
€1n (07 +OO) : /1/ (Ut (resc(t) + p, t) + CescUyr (resc(t) + p, t)) dp <e
—1/e

is (according to the bounds (4.1) on page 21 for the solution) a nonempty interval (which
by the way is unbounded from above). Let

5dissip (t)

denote the infimum of this interval. This quantity measures to what extent the solution is,
at time ¢ and around the escape point 7es(t), close to be stationary in a frame travelling
at the speed cesc. The next goal is to prove that

5dissip(t) —0 as t— +oo.

Proposition 4.16 below can be viewed as a first step towards this goal.

Proposition 4.16 (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 ') <e.
et iy daimin () < €

Proof. The proof is identical to that of [53, Proposition 4.19]. O

4.11 Relaxation

Proposition 4.17 (relaxation). The following assertion holds:
ddissip(t) = 0 as t— +o0.

Proof. The proof is identical to that of [53, Proposition 4.21]. O

4.12 Convergence

The end of the proof of Proposition 4.1 on page 21 (“invasion implies convergence”) is
a straightforward consequence of Proposition 4.17, and is identical to the case of space
dimension one treated in [53, subsection 4.12 and subsection 4.13]. As mentioned above,
the definition of the quantity daissip(t) is slightly different from that of [53], however since
this quantity goes to 0 as time goes to 400, limits of the profiles of the solution around
the escape point 7esc(t) must (still with this new definition of dgissip(t)) necessarily be
solutions of system (2.5) satisfied by the profiles of travelling fronts. Thus all arguments
remain the same, and details will not be reproduced here. Proposition 4.1 is proved.
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5 No invasion implies relaxation

5.1 Definitions and hypotheses

As everywhere else, let us consider a function V in C?(R%t, R) satisfying the coercivity
hypothesis (Heoerc). As in section 4, let us consider a point m in M and a solution
(ryt) — u(r,t) of system (1.2), and let us make the following hypothesis (which is identical
to the one made in subsection 4.1):

(Hpom) There exists a positive quantity chom and a C'-function
Thom : [0, +00) — R, satisfying 7, (t) = Chom as t— +o00,
such that, for every positive quantity L,

sup  |u(rhom(t) + p,t) —m| =0 as t— +oo.
pE[—L,L]

Let us define the function ¢ — rgs.(t) and the quantity cpg. exactly as in subsection 4.1.
By contrast with subsection 4.1 and the hypothesis (Hj,,) made there, let us introduce
the following (converse) hypothesis.

(Hno—inv) The quantity cge. is nonpositive.

5.2 Statement and proof

Proposition 5.1 (no invasion implies relaxation). Assume that V' satisfies the coercivity
hypothesis (Heoerc) and, keeping the definitions and notation above, let us assume that
the solution under consideration satisfies hypotheses (Hpom) and (Hyoiny). Then the
following conclusions hold.

1. There exists a nonnegative quantity Eres-asympt (U] (“residual asymptotic energy”)
such that, for every quantity c¢ in the interval (0, Chom),

ct 1
/ rd <2ur<r,t>2 +V (u(r,t)) —V(m>) dr — Eresasympt[u] a5t — +00.
0

2. The quantity

sup |u(r, t)]
7€[0,7hom (1))

goes to 0 as time goes to +oo.

3. For every quantity c in the interval (0, chom), the function
ct
t r—>/ rd_lut(r, t)% dr
0

is integrable on a neighbourhood of +oo.

Proof. [55, Theorem 2] states the same conclusions as Proposition 5.1 but in a broader
setting, that is for solutions of system (1.1) without the hypothesis of radial symmetry.
The reader is therefore referred to the proof provided in this reference. O
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6 Relaxation implies convergence

6.1 Statement

As everywhere else, let us consider a function V in C?(R%t, R) satisfying the coercivity
hypothesis (Heoerc). As in the previous section, let us consider a point m in M and a
solution (r,t) — wu(r,t) of system (1.2), and let us assume again that the same hypotheses
(Hhom) and (Hpoiny) hold. Thus the conclusions of Proposition 5.1 hold. Let us keep all
the notation introduced in the previous section, and let us make the following additional
(generic) assumption.

(Hdisc—stat—m) The set

{¢(0) : ¢ € (I)O,centre(m)}

is totally discontinuous in R%t. That is, its connected components are singletons.
Equivalently, the set ®g centre(m) is totally disconnected for the topology of compact
convergence (uniform convergence on compact subsets of [0, +00)).

Note that hypothesis (Hgjscstat) Stated in sub-subsection 2.4.3 is identical except that it
concerns all elements of M instead of the single point m as in (Hgisc-stat-m)- The aim of
this section is to prove the additional conclusion provided by the following proposition.

Proposition 6.1 (relaxation implies convergence). The following conclusions hold.

1. There exists a stationary solution ¢ in ®g centre(m) such that

(6.1) sup  |u(r,t) —¢(r)] -0 as t— +oo.
r€[0,7hom ()]

2. The residual asymptotic energy Eres-asympt || of the solution is equal to the energy
E[@] of this stationary solution.
6.2 Properties of the Escape radius
Recall that, for every nonnegative time ¢, the escape radius rgg.(t) is, according to its
definition (see subsection 4.1), either equal to —oo or nonnegative.
6.2.1 Transversality

Lemma 6.2 (transversality at Escape radius). There exists a positive time tgsetransv
and a positive quantity €gse-transy Such that, for every time t greater than or equal to
tEsctransvs of TEsc(t) s not equal to —oo, then

(62) (’LL (TESC (t>7 t) - m) c Uy (TESC(t)7 t) S —EEsc-transv -
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Proof. Let us proceed by contradiction and assume that there exists a sequence (ty,)nen
such that t,, goes to +00 as n goes to +o0o and such that, for every positive integer n,

(6.3) —00 < TEse(tn) and (U(TEsc(tn),tn) — m) Uy (TEsc(tn), tn) > -

Up to extracting a subsequence from the sequence (t,),en, it may be assumed that one
among the following two assertions holds:

1. rpsc(tn) goes to +oo as t goes to +o0;

2. there exists a nonnegative (finite) quantity rgsc.oo such that rgse(t,) goes to rese.co
as t goes to 4o00.

If assertion 1 holds, then, according to Lemma 3.2 and to conclusion 1 of Proposition 5.1,
up to extracting again a subsequence from the sequence (t,),en, it may be assumed that
the functions p — u(rgsc(tn) + p, tn) converge, uniformly on every compact subset of R,
towards a C2-function ¢ : R — R%:t satisfying the system

(6.4) " =VV(e);

If assertion 2 holds, then, according to Lemma 3.3 and to conclusion 1 of Proposition 5.1,
up to extracting again a subsequence from the sequence (¢, ),en, the functions r — wu(r, t,)
converge, uniformly on every compact subset of the interval [0, +00), towards a C2-function
qg such that the function

~

¢ [~TEsc00, +00) — R%t | p = O(TEsc-00 + p)
satisfies the system

d—1
(6.5) ¢" + pT(;S’ = VV(¢) with the boundary condition ¢’ (—rgsc.co) = 0;
Esc-o00

In both cases, it follows from assumptions (Hyop) and (Hye-iny) and from the definition
of rgsc(t) that

sup  [9(p)| < Opsc(m),
pE[0,+00)

and it follows from assumption (6.3) that

(6.6) (6(0) —m) - /(0) > 0.

In both cases, Lemma 8.1 on page 64 applies to the function ¢, and inequality (6.6)
conflicts conclusion 2 of this lemma, a contradiction. Lemma 6.2 is proved. ]
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6.2.2 Finiteness/infiniteness of Escape radius

Corollary 6.3. One of the following two (mutually exclusive) alternatives occurs:
1. for every time t greater than or equal to tpsctransv, the quantity rps.(t) equals —oo,

2. (or) for every time t greater than or equal to tgsctransv, the quantity rgsc(t) is
positive.

In addition, if the second alternative occurs, then the function t v rpe.(t) is of class C*
on the interval [tEsctransv, +00) and

(6.7) The(t) =0 as t— +00.

Proof. Let us introduce the function
S0, 400) x [0,400) > R, () = o ((u(r,t) = m)” = dpsc(m)?).

According to the smoothness properties of the solution recalled in subsection 3.1, this
function f is of class C! on [0, 4+00) x (0, +00). For every (r,t) in [0, +00) x [0, +00), if
rEsc(t) is not equal to —oo then it is nonnegative and f(rgsc(t),t) vanishes. If in addition
t is greater than or equal to the (positive) quantity tgpsc transy defined in Lemma 6.2, then,
according to inequality (6.2),

(68) an(TESC(t)at) = (u(rEsC(t)vt) - m) * Uy (TEsc(t)>t) < —EEBsc-transy < 0.

In this case, since according to the border condition in system (1.2) the quantity u, (0, ?)
vanishes, the quantity rps(t) is necessarily positive. Let us introduce the set

T = {t € [tEsc—transv, +OO) : TEsc(t) > —OO} .

It follows from inequality (6.8), from the fact that rgs.(t) is positive if ¢ is in 7, and
from the Implicit Function Theorem that T is open in [tgsctransv, +00). And it follows
from the definition of rgg.(¢) that this set is closed in [tgsc-transv, +00). As a consequence,
the set T is either empty or equal to [tEsc-transv, +00), and this proves the alternative
(the first assertion of the lemma).

If 7 equals [tgse-transvs +00), then it again follows from the Implicit Function Theorem
that t +— rge(t) is of class C!, and for every time ¢ in this interval,

w _ (u(TESC (t)’ t) - m) s U (rEsc(t)v t)

_8rf(rEsc(t)7 t) a (u(rESC (t), t) - m) s Up (TESC (t)a t) .

Ti’ESC (t) =

According to conclusion 2 of Proposition 5.1, the numerator of this expression goes to
0 as time goes to +o0o, while according to inequality (6.8) the absolute value of the
denominator remains not smaller than egge-transyv; it follows that T{ESC(t) goes to 0 as time
goes to +oo. Corollary 6.3 is proved. O
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6.2.3 Infiniteness alternative for the Escape radius

Lemma 6.4 (infiniteness alternative for the Escape radius). Assume that the first
alternative of Corollary 6.3 occurs (that is, rgsc(t) equals —oo for every time t greater
than or equal to tgsctransv). Then,

sup  |u(r,t) —m|—0 as t— +oo.
r€[0,7hom (1))
Proof. Let us proceed by contradiction and assume that the converse holds. Then there
exists a positive quantity ¢ and a sequence (t,, 7, )nen in R? such that ¢, goes to +oo as
t goes to +o0o and, for every nonnegative integer n,

tn Z tEsc-transv and Tn € [07 7ahom(tn)] and |U<Tn, tn) - m‘ Z €.

Up to extracting a subsequence, it may be assumed that one among the following two
assertions holds:

1. 7, goes to +00 as t goes to +o0;

2. there exists a nonnegative quantity ro, such that r, goes to ro, as n goes to +o0.

If assertion 1 holds, then, according to Lemma 3.2 and to conclusion 1 of Proposition 5.1,
up to extracting again a subsequence, it may be assumed that the functions p —
u(ry + p,t,) converge, uniformly on every compact subset of R, towards a C?-function
¢ : R — R%t satisfying system (6.4), and satisfying

sup |¢p(p) — m| < dgse(m) and [p(0) —m| >¢e, thus ¢ #m,
pER

a contradiction with conclusion 4 of Lemma 8.1.

If assertion 2 holds, then, according to Lemma 3.3 and to conclusion 1 of Proposition 5.1,
up to extracting again a subsequence, it may be assumed that the functions r — wu(r,t,)
converge, uniformly on every compact subset of the interval [0, +00), towards a C2-function
qg such that the function

~

¢+ [~7o0,+00) 2 R™, pi= §(roo + p)
satisfies system (6.5), and satisfies

sup |6(p) — m| < Opse(m) and |p(0) —m| >e, thus ¢ Zm,
pe[—"’oo7+00)

again a contradiction with conclusion 4 of Lemma 8.1. O

6.2.4 Non divergence towards infinity in the finiteness alternative for the Escape
radius

If the first alternative of Corollary 6.3 occurs, then it follows from Lemma 6.4 that the
conclusion of Proposition 6.1 holds. The following proposition is the main step towards
completing the proof of Proposition 6.1 when the second alternative of Corollary 6.3
occurs.
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Proposition 6.5 (non divergence towards infinity for the Escape radius). Assume that
the second alternative of Corollary 6.3 occurs, that is TEsc(t) is positive for all t in
[tEsc-transvs +00). Then the following inequality holds:

lggnﬁ&f TEsc(t) < +00.

Proof. Let us proceed by contradiction and assume that
(6.9) TEsc(t) — +00 as t— +oo.

Let ¢ be a time greater than or equal to tgsc.transy. Proceeding as in the proof of
Pokhozhaev’s identity (see for instance [4]), the equality obtained by integrating over
space the scalar product of system (1.2) by r%u, (that is, by ru, times the factor 74!
induced by the Lebesgue measure on R?) will be considered. The domain of integration
will be the interval [0, 2rge(¢)]. To simplify the writing, let us denote by R the quantity
2rpgc(t). This leads to the following three integrals:

i(t) = /OR rhup(r,t) - ug(r,t)

and Zo(t) = — /OR ru, (r,t) - VV (u(r,t)) dr,

and Z3(t) = /OR . (r,t) - ( up (1, 1) + Uy (1, t)) dr.

According to system (1.2),
(6.10) Ty (t) = Zo(t) + Zs(t) .

Let us introduce the “normalized” potential V¥ defined as

and let us introduce the additional notation:

R R
K(t) = / Td_léur(r, t)%dr, and V(t) = / r= W (u(r, b)) dr
0 0

(6.11) .
and E(t) = K(t) + V(t), and  D(t) = /0 g (r, t) 2 dre

and
H(t) = %U(R, 02 — Vi(u(R, 1)) .

Observe that K(t) and V(t) respectively denote the kinetic part and the potential part
of the energy €(t) and D(t) denotes its dissipation, while the expression of H*(t) is the
(normalized) Hamiltonian of the system governing stationary solutions of system (1.2) in
the large radius limit (in the notation €(t) and D(t), the “tilde” is here only to avoid
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any confusion with the quantities £(¢) and D(t) introduced in subsection 4.7). All this
notation naturally leads to rephrase equality (6.10), as the following calculation shows:

Ir(t) = - /OR r0, V3 (u(r,t)) dr
= —RWH(u(R,1)) _|_/ O (r )V (u(r, 1)) dr
= —RWH(u(R,t)) +d x V(1),

and

Ts(t) = /0 R((d = D)r ()2 4 1y (1) - e (7, 1) ) dre

=2(d +/ da( )>dr

dUr (R7 t)

= 2(d— DK() + R - dk()
(R, 1)?
— (d—2)K(t) + Rd“(};’).
Thus it follows from equality (6.10) that
~ R
(6.12) dx E(t) — 2 K(t) + RUHY(t) = / Py (1) - ug(r, ) dr
0

Observe that the first two terms of the left-hand side of this equality correspond to
Pokhozhaev’s identity (2.3). According to Cauchy—Schwarz inequality,

2

R R
/ . (r,t) - u(r, t) dr| < 2K(t) / r Ly (r, 1) dr
0 0

(6.13)
< 2K(t) R>D(t).

It follows from equality (6.12) and inequality (6.13) that

D(t) > QRQIC \2 K(t) — d x £(t) - RUE (1)
_ K|, _dxEwn RN ?
TORZ | 2K(t) 2K(t) |

provided that K(t) is positive, which is true at least for ¢ positive large enough according
to Lemma 6.7 below. Substituting the notation R with its value 2rpgs.(t), this last
inequality reads:

2
(6.14) D(t) > K@)

1 —
o 4TESC (t)2

dx &) (2rpse(t) HE(t)
O 2K (1)

A contradiction will follow from this inequality and the following four lemmas.
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Lemma 6.6. The function t — ﬁ(t) is integrable on the interval [tgsc-transv, +00)-
Proof of Lemma 6.6. This statement follows from conclusion 3 of Proposition 5.1. [

Lemma 6.7. The following inequality hold:

(6.15) lim inf k()

> 0.
t—+o0 TEsc (t)

Proof of Lemma 6.7. 1t is sufficient to prove the following inequality, which is stronger
than inequality (6.15) since d is not smaller than 2:
K(t

6.16 liminf ——-— > 0.

(6.16) P ()

To prove this stronger inequality (6.16), let us proceed by contradiction and assume that
there exists a sequence (t,)nen of times greater than or equal to tgsctransy and going to
400 as n goes to +oo, such that

K(tn)

—=— =0 as t— 400.
TEsc(tn)d_l

(6.17)

Observe that, for every large enough positive integer n, according to the assumption (6.9)
and to the definition (6.11) of X(+),

1
rd_lfur(r, tn)2 dr

Esc(tn)*l 2
)d*l

TEsc(tn)+1 9
— [ up(ry ) dr
TEsc(tn)—1

Kta) o 1 /TEsc(tn)H
"'Esc(tn)di1 o 7”Esc(7fn)d71 r

> (TEsc(tn) -1

2TEsc(tn)d_

thus it follows from assumption (6.17) that

rEsc(tn)“l‘l 9
/ up(r,ty)“dr -0 as t— +oo,
TEsc(tn)_]-

and as a consequence, it follows from the bounds (3.1) on the solution that
Uy (TEsc(tn),tn) —0 as t— +oo,

a contradiction with inequality (6.8). Lemma 6.7 is proved. O

Note that according to assumption (6.9), it follows from this inequality (6.15) that
K(t) goes to 400 as t goes to +00.

Lemma 6.8. The following inequality holds:

(6.18) limsup £(t) < +00.

t——+o0
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Proof of Lemma 6.8. For every quantity c in the interval (0, cpom), the quantity 2rgg.(t)
is less than ct as soon as t is large enough positive, and in this case it follows from the
definition of rgg(t) that the integrand

S (0 + V (u(r, 1) — V(m)

of the energy is nonnegative for r in the interval [2rgs(t),ct]. Thus inequality (6.18)
follows from conclusion 1 of Proposition 5.1. O

Lemma 6.9. The following limit holds:
(6.19) TEse()CH* (1) = 0 as t— +oo.

Proof of Lemma 6.9. Let us call upon the notation rs . and vy(-) and Fy(-,-) introduced
in sub-subsection 4.4.1. Let ¢; denote a time greater than or equal to tgsc-transy and
large enough so that, for every time ¢ greater than or equal to ¢1, the quantity 2rps.(t) is
greater than rq.. For every time t greater than or equal to %1, let

Fi (t) =k (QTESC(t), t) .
Then, for t greater than or equal to t1,
F1(t) = 0:Fo(2rmse(t), t) + 2 Thee(£)07F0 (2rmsc(t), 1) -

For every quantity 7 greater than or equal to rg, according to the definitions of y(-)
and Tribo(+),

|07 (Trpo) (r)| = KoTrtbo(r)
(except at the two points rg and 7 where this partial derivative is not defined). It follows
that

|0 Fo (7, t)| < koFo(T,t).

As a consequence, it follows from inequality (4.19) of Lemma 4.3 that, for every time ¢
greater than or equal to ¢1, with the notation of Lemma 4.3,

(6.20)  FL(t) < (—vr + 2k0rinee(8) Folt) + K7, /E o Boreto(r) dr.
Esc,0

Up to replacing the time ¢; by larger positive quantity, it may be assumed that, for every
time ¢t greater than or equal to t1,

<

QKOT%)SC (t)
so that, still for ¢ greater than or equal to 1,

EEsc,O(t) C [O, TESC(t)] U [37’ESC(t), +OO) ,
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thus

2
/ o y¥o(r) dr < — exp(—roTEsc(t))
ZESC,O t HO

so that it follows from inequality (6.20) that

3 2K
(6.21) Fi(t) < —%fl(t) + F; 0 exp(—rorese(t)) -

For every time t greater than or equal to ¢1, let
g1 (t) = TEsc(t)dfl (t) )

so that

/
(6.22) Gi(t) = rese(t)! (Fi(0) + a"Bell) 7, ).
TEsc(t)
Up to replacing the time t; by a larger positive quantity, it may be assumed that, for ¢
greater than or equal to t1,
Jse(t) v
TESC(t) - 4’

so that, introducing the function ¢ : [t1,+00) — R defined as

2K,
=

o(t)

rise(t)? exp(—rorese(t))
it follows from (6.21) and (6.22) that
Gi() < —32Gu () + (1)
and since ¢(t) goes to 0 as t goes to +oo, the same is true for G;(¢). Thus
e () F1(t) = 0 as t — 4o00.
Proceeding as in the proof of Lemma 4.4, it follows that

sup rese(H)(u(r,t) —m)> =0 as t— 400,
re [QTESC (t)—1,2rEsc (t)+1]

so that, according to the bounds (3.1) on the solution,

rESC(t)d<(u(27“ESC(t), t) — m)2 + Uy (2rEsc(t), t)2) —0 as t— +o0,

and inequality (6.19) follows. Lemma 6.9 is proved. O
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End of the proof of Proposition 6.5. It follows from inequalities (6.14), (6.15) and (6.18)
and from the limit (6.19) that

.. TEsc (t)Q
i nf =

so that, according to inequality (6.15),
ltlgn_&&f TEsc(t)D(t) > 0 thus ltlgl_#&f tD(t) >0,

a contradiction with the integrability of ¢t — D(t) stated in Lemma 6.6. Proposition 6.5
is proved. O

6.3 Convergence

Proof of conclusion 1 of Proposition 6.1. If the first alternative of Corollary 6.3 occurs
then the conclusion of Proposition 6.1 follows from Lemma 6.4. Thus it remains to deal
with the second alternative, that is the case where rgs.(t) is finite for ¢ greater than or
equal to tEsc-transy-

In this case, according to Proposition 6.5, there exists a sequence (t,)nen of positive
times going to +oo such that, for every nonnegative integer n, the quantity rgs(t,)
is finite (and positive according to conclusion 2 of Corollary 6.3) and smaller than a
positive quantity which does not depend on n. Up to extracting a subsequence, it may
be assumed that there exists a nonnegative quantity rgsc.oo such that rgs.(t,) goes to
TEsc-0o @S T goes to +00, and up to extracting again a subsequence, it may be assumed,
according to Lemma 3.3 and to conclusion 1 of Proposition 5.1, that the functions
r +— u(r, t,) converge, uniformly on every compact subset of the interval [0, +00), towards
a C2-function ¢ satisfying system (2.1) (including the boundary condition at the left end,
that is ¢’(0) vanishes). In addition, according to the definition of rgg.(+), the following
property holds for ¢:

(6.23) |0(TEsc-00) — M| = dpse(m)  and 7 > Tpsc.co = |0(r) — m| < dgsc(m)

so that, according to Lemma 8.1 applied to the function [—rgee.oo, +00) — R%t, p s
¢(TESC—OO + ,0)7

(6.24) 7> TEscoo = |B(r) —m| < Opse(m),

and the function ¢ actually belongs to the set ®g centre(m) (defined in (2.2)) of stationary
solutions approaching m at infinity. For every quantity ¢ greater than or equal to
tEsc-transv, let us introduce the quantity

0(t) = max(|u(0,£) = $(0)], [Ese(t) — risc-ool) -

According to the regularity of the solution (see subsection 3.1) and to Corollary 6.3, this
quantity 0(¢) depends continuously on ¢; and according to what precedes,

(6.25) 0(tn) >0 as n — +4oo.

The following lemma is the main step towards completing the proof of Proposition 6.1.
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Lemma 6.10 (convergence of rgs.(t) and of the solution at r equal to 0). The quantity
d(t) goes to 0 ast goes to +oo.

Proof. Let us proceed by contradiction and assume that the converse holds. Then there
exists a positive quantity € such that

(6.26) limsupd(t) > e.
t—+o00

According to hypothesis (Hgisc-stat-m) and up to replacing € by a smaller positive quantity,
it may be assumed that, for every function ¢ in the set ®g centre(m) \ {¢},

(6.27) p(0) = ¢(0)] > &.

Besides, according to the limit (6.25), it may be assumed, up to dropping enough terms
at the beginning of the sequence (t,),en, that for every nonnegative integer n,

(6.28) o(tn) <e.

For every n in N, it follows from assumption (6.26) that the set
{t € [tn, +00) : 6(t) > ¢}

is nonempty. Let £, denote the infimum of this set. It follows from inequality (6.28) and
from the continuity of the function t — 4(¢) that

(6.29) 5(fn) =¢.

In addition %, goes to +oo as n goes to +o0o. Thus, up to extracting again a subsequence,
it may be assumed that there exists a nonnegative quantity 7gsc.oo such that rgs(t),)
goes to TEsc.0o @S M goes to +00; and, up to extracting again a subsequence, according
to Lemma 3.3 and to conclusion 1 of Proposition 5.1, it may be assumed that the
functions r +— u(r,t,) converge, uniformly on every compact subset of [0, +00), towards
a C2-function ¢ satisfying system (2.1) (including the boundary condition at the left end
of [0,400)). In addition, according to the definition of rgs.(+), the same properties as
(6.23) and (6.24) must hold for ¢:

(630)  |0(Frscnc) = 1| = Omee(m) and 7> Fpsene = |0(r) = m| < dmsc(m),

S0 that, according to Lemma 8.1 applied to the function [—7ggc.o0, +00) — R%t p —
?(TEsc-00 + p), the function ¢ must again belong to the set D0 centre(m). Then, it follows
from (6.27) and (6.29) that ¢ is actually the same function as ¢. Thus it follows from

the definition of §(-) and from (6.29) that, for every large enough positive integer n,
’TESC(E?’L) - TEsc—oo’ =¢ so that ‘fEsc—oo - TESC-OO‘ =&,

and so that Fggc.co differs from rgge.o0, a contradiction with properties (6.23), (6.24)
and (6.30). Lemma 6.10 is proved. O
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End of the proof of conclusion 1 of Proposition 6.1. It follows from Lemma 6.10 that,
for every positive quantity L,

sup |u(r,t) —o(r)) -0 as t— +oo.
rel0,L]

Since in addition rgg.(t) converges towards the finite quantity rgsc.o0 at t goes to 400, it
follows (proceeding as in the proof of Lemma 6.4), that the stronger limit (6.1) actually
holds. Conclusion 1 of Proposition 6.1 is proved. O

Proof of conclusion 2 of Proposition 6.1. To complete the proof of Proposition 6.1, it
remains to prove that the residual asymptotic energy & es-asympt [u] of the solution equals
E[¢]. The arguments are similar to those of [56, subsection 9.2]|, and the notation
introduced below is similar to the one of this reference.

Let us assume that the second alternative of Corollary 6.3 occurs, and let us call upon
the notation VT introduced in (4.4) and the notation Ef(r,t) and FT(r,t) introduced in
(4.14). For every nonnegative quantity r, let us introduce the quantity Ey4(r) defined as

Byr) = 5/(rf + V() = 30/ + VI (6(r) — m).

The same construction as in [56, subsection 9.2] provides, for some time ¢y large enough
positive, a C!-function ey : [tg, +00) — [0, +-00) such that the following limits hold as t
goes to +oo:

T sc(t)“l""ex (t)
(6.31) rext(t) — +oc and 7. (t) — 0 and / i N (EY(r,t) — Eg(r)) dr — 0.
0

Let
(6.32) b(t) = TEsc(t) + Text(t) ,

see figure 6.1. Since b(t) goes to +00 as t goes to 00, it follows from the previous limit

u 00 1
.
0" rgee(t)  Bb(t) Teap(0) et ]
- Text (1)

46, 1)

Figure 6.1: Illustration of the notation for the proof of conclusion 2 of Proposition 6.1.
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that
b(t)
(6.33) / rA BT (r t)dr — E[¢] as t— +oo.
0

Let € denote a small positive quantity to be chosen below (the value of ¢ is provided in
(6.38) and depends only on ¢). According to conclusion 1 of Proposition 5.1,

et
(6.34) / rVE (1 t) di =5 Eresasympelt] 85 £ — 400,
0

As a consequence, conclusion 2 of Proposition 6.1 is a consequence of the following
lemma.

Lemma 6.11 (the energy over the interval [b(t), et] goes to 0). The following limit holds:
et

(6.35) / rf B (rt)dr -0 as t— +oo.
b(t)

Proof of Lemma 6.11. According to the limits (6.7) and (6.31), V'(t) goes to 0 as t goes
to +00. Thus there exists a time ¢{, greater than or equal to to such that, for every time
t greater than or equal to t(,, the quantity b(¢) is smaller than et. Let us call upon the
notation ko and Tt (r) and Fo(7,t) and e o(t) and vz, and Kz, introduced in (4.9),
(4.12), (4.15), (4.23) and (4.25) (for the minimum point m considered here), and let us
introduce the functions r4,, and G, defined on [0, 1] x [tf, +00) with values in [0, +00),
defined as

(6.36) Teap(0,t) = (1 — 0)b(t) + 0t and G(0,t) = Fo(rgap(0,t),t),
see figure 6.1. For every (6,t) in [0, 1] X [to, +00),
0:G(0,t) = 05 F0 (reap(0,t), ) Osraap (0, t) + 0 Fo (reap(0,t),t) .

According to inequality (4.19) of Lemma 4.3,

8,5]:0 (Tgap ((9, t), t) < —VF, .7:0 (Tgap(e, t), t) + K]:O /2 ® Trgap(ﬁ,t)wo (7") dr
Esc,0

2K
< —vr,Fo(reap(0,t),t) + KO}—O exp(—rod(6,1)),

where d(6,t) denotes the distance between rg,,(6,t) and the set Yggco(t) in R. Let us
assume that e is smaller than chom/2 and, up to increasing ¢, let us assume that, for
every time t greater than or equal to t(, the quantity rpom(t) is not smaller than 2et.
Then, for every time ¢ greater than or equal to ¢,

(6.37) d(0,t) = rgap(0,t) — TEsc (),

see figure 6.1, and it follows from the previous inequality that

2K
01 F0(reap(0,1),t) < —vr, Fo(rgap(0,t),t) + K;;:O exp(—kod(6,1)) .
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Besides, according to the definition (4.12) of the weight function TFig(-),
|07 F 0 (rgap (6, 1), 1) | < K00 (rgap (6, 1), )

It follows that, for every time t greater than or equal to t,

2K
8:G(0,1) < —(vr, — ek0)G(0, 1) + JO exp(—rod(6,1)) ,

so that if the quantity ¢ is chosen as

. Chom VF
(6.38) €= m1n< 5 16K0> ,

then the previous inequality yields

2K
(6.39) 81G(0,t) < f’;ﬂg(e,o + /fo exp(—rod(0,1)) .
0
The factor 16 in the denominator of the second quantity defining € will be useful for the
next lemma, which, together with the forthcoming corollary, will complete the proof of
Lemma 6.11.

Lemma 6.12 (upper bound on G(6,t) for ¢ large positive). There exists a time t{j greater
than or equal to t, such that, for every 6 in [0,1] and every time t greater than or equal
to t,

(6.40) G(6,1) < SEF0 xn(—rod(6,1)) .

ROV F,

Proof of Lemma 6.12. Let us introduce the function #(-,-) defined as

(6.41) H(0,t) =G(0,t) — K7, exp(—rod(,1)) .

KOVF,

It follows from inequality (6.39) that, for every 6 in [0, 1] and for every time ¢ greater
than or equal to t{,

K
OH(6,1) < ~"20G(60,1) + ﬂ,:f 2 exp(—rod(6, 1)) + SV 70 9,d(0, 1) exp(—rod(6, 1))
0 Fo

2K 4
< —%Q(@,t) + Kfo exp(—rod(0,1)) (1 + Vﬁoa’fd(g’t))
0

Fo
< ~T2034(0,1) — 2P0 exp(—rod(6.,1)) (1 - %@d(&t)) :
2 R0 VF,

According to the definitions (6.32), (6.36) and (6.37) of b(t) and rg.p(t) and d(6,t),

d(0,t) = (1=0)rex (£)+0(st—Tpsc(t)),  so that  0,d(0,t) = (1—0)rl (£)+0(e—rhe (1)) -

60



Since 7. (t) and . (t) go to 0 as t goes to +o00, there exists a time ¢’ greater than or
"

equal to t{, such that, if ¢ is greater than or equal to t’, then

)

4
9d(0,t) < 2c, thus —29,d(0,t) <
VF,

DO =

and as a consequence,

K
H(O,1) < —%H(a,t) - Tfo exp(—rod(6,1))
0

IN

P2 u(0,1) ~ TT0 exp(—rod(6, 1)) exp(~2erot ).
Ko

Let us introduce the function J(-,-) defined as
J(0,t) = H(0,t) exp(2ero(t — ty)) -

Then, if ¢ is greater than or equal to t{)’,

9T (0,1) < <<—V§O + 25%0)7'[(9775) _En exp(—rod(0,ty')) exp(—2eko(t — tg’)))

Ko

x exp(2eko(t — ty))

K
< ——VZO T0,) — /fo exp(—rod(6, 1))
0

K
< =TT (0,0) = = 2 exp(—mod(1, 1)

This last inequality shows that J(6,t) must eventually become negative (and remain
negative afterwards) as time increases. More precisely, since according to the bounds
(3.1) on the solution the quantity G(6,t)’) is bounded uniformly with respect to 6, the
same is true for the quantity J (G,tg’ ). As a consequence, there must exist a time tg
greater than or equal to ¢ such that, for every 6 in [0, 1] and every time ¢ greater than
or equal to t{,

J(6,t) <0, sothat H(,t) <0,

and in view of the definition (6.41) of #H(0,t), inequality (6.40) follows. Lemma 6.12 is
proved. O

For every time t greater than or equal to t{), let us write

et
7(t) = / P Fo (7o t) dr
b(t)

Corollary 6.13 (Z(t) goes to 0). The quantity Z(t) goes to 0 as t goes to +oo.
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Proof of Corollary 6.13. For every time ¢ greater than or equal to t{, it follows from
inequality (6.40) of Lemma 6.12 that, for every 7 in [b(t), et],

8K 5
Fo(r,t) < % exp(—ro(F — TEse(t
0(7s) < 2 exp (o7 — resc(t)))
so that - ,
Z(t) < Fo GXp(HoTESC(t))/ 741 exp(—koF) dr
KoV Fy b(t)
K 1 [too
< 8Kz exp(ﬂorESC(t))—d/ ré=le=" dr
ROVF, Ko Jkob(t)
8K d—1)!
< iexp(ﬂor]asc(t))( y ) exp(—rob(t))eq—1(kob(t)) ,
ROV F, K/O

where e4_1(+) denotes the exponential sum function defined as

d—1 Tk
eq—1(7) = Z E
k=0 """

Since according to Lemma 6.10 the quantity rgs.(t) converges as ¢ goes to +00, and since
b(t) goes to +o00 as t goes to 400, the intended limit follows. O

End of the proof of Lemma 6.11. Let us assume that ¢ is positive large enough so that
(6.42) b(t) —1>rs. and b(t)+1<et—1.
Then, according to the nonnegativity of Ff(r,t) (inequality (4.16)), for every 7 in [b(t), €t],
Pl
Fort)z [ T Firt)dr,
71
so that, according to the definition (4.11) of ¢y and the first of the conditions (6.42),
1
Fo(rt) > e~ / Fi(r,t)dr,
F—1

so that

= (b(:)(tj 1)d_1 /b:> </+11 Y dr) o

d—1 gt min (r+1,&(¢)
= 0 ( b(t) ) / rdilFT(T’, t) / ( ) dr | dr.
b(t) —1 b(t) max(r—l,b(t))

The quantity

min(r + 1,&(¢)) — max(r — 1,b(¢)) = 2 + min(r,(¢t) — 1) — max(r, b(t) + 1)
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is equal to
1 +r—0b(t) if bt)+1<r<et—1,
2 if bt)+1<r<et—-1,
l+et—r if et—1<r<et,

and is therefore never less than 1. It follows that

d—1 gt
(6.43) Z(t)>e "0 ( ; (f)(t) 1) /b o rd= Y (e t) dir

On the other hand, since the interval [b(t),et] does not intersect the set Ypgco(t), the
following inequalities hold:

et et
(6.44) / rd=YET (r, t) dr > / rAYEN(r t) dr > 0 :

b(t) b(t)
The intended limit (6.35) follows from Corollary 6.13 and inequalities (6.43) and (6.44).
Lemma 6.11 is proved. O

End of the proof of conclusion 2 of Proposition 6.1. In view of the limits (6.33) and
(6.34),conclusion 2 of Proposition 6.1 follows from Lemma 6.11 and is therefore proved.
Since conclusion 1 of Proposition 6.1 was proved in subsection 6.3, the proof of Proposi-
tion 6.1 is complete. O

7 Proofs of Theorem 1 and Propositions 2.6 and 2.7

Proof of Theorem 1. Convergence towards the propagating terrace of bistable travelling
fronts follows from Proposition 4.1, and the convergence towards a stationary solution
behind these fronts follows from Proposition 6.1. The proof is the same as that of [53,
Theorem 1] (see section 6 of this reference), thus details will not be reproduced here. [J

Proof of Proposition 2.6. This statement follows from conclusion 1 of Proposition 5.1
and from Proposition 6.1. O

Proof of Proposition 2.7. The proof is very similar to the proof of [56, Corollary 10.2
and Corollary 10.4], see subsection 10.4 of this reference for details. The proof relies
mainly on the upper semi-continuity of the asymptotic energy which is proved (in the
broader setting of system (1.1) without the radial symmetry hypothesis) in [55] (see
Proposition 2.9 of this reference). O
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8 Spatial asymptotics for stationary solutions stable at the right
end of space

Lemma 8.1 (spatial asymptotics for stationary solutions stable at the right end of
space). Let m be a point of M, let pieft-end be a quantity in {—oo} U (—o0,0], let

I — [Pleft—end7 +OO) Zf Pleft-end € (—OO, 0] )
(*OO, +OO) Zf Pleft-end = —OO,

and let ¢ : I — R%t p s ¢(p) denote a function which is a solution:

d—1
of system ¢+ ———¢' =VV(9)
P — Pleft-end

with the boundary condition ¢ (preft-end) =0  if  Plefr-ena € (—00,0],
and of system ¢" =VV(@) if Plefr-end = —00.

(8.1)

Assume that
(3.2) 16(0) — m| < Bise(m) for every p in [0, +00) and ¢ Zm.
Then the following conclusions hold.
1. Both quantities |¢p(p) —m| and |¢'(p)| go to 0 as p goes to +oo.
2. For every p in [0,400), the scalar product (¢(p) —m) - ¢'(p) is negative.
3. For every p in [0,400), the quantity |¢(p) — m| is smaller than dgs.(m).
4. The supremum sup ¢ |p(p) —m| is larger than dgsc(m).

Proof. If pregr-end equals —oo, then all conclusions follow from [53, Lemma 7.1]. Thus it
may be assumed that pieft-end is in (—00, 0]. Observe that the interval [0, +00) is included
in the interval I where the function ¢ is defined. For every p in I, let us introduce the
quantities

(83) Q) = 5(6(p) —m)* and H(p) = 26'(0)* ~V(8(p).

Then, for all p in I, it follows from system (8.1) that,
Q'(p) = (6(p) —m) - ¢'(p),
and - Q"(p) = ¢'(p)* + (¢(p) —m) - VV (¢(p)) — L@b(p) -m)-¢'(p),

P — Pleft-end
and thus, if p is nonnegative, it follows from assumption (8.2) and from inequality (3.10)
that
)\min (m) 2 d—1
5 (¢(p) =m)” = ———(b(p) —m) - ¢'(p)

2 P — Pleft-end

(8.4) Q"(p) > ¢'(p)* +
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Let us introduce the quantity

2
= Pleft-en d—1 N /N
PO = Pleft-end T+ ( ) o (1)
For every p greater than or equal to py,
d—1 ,‘1,21( d—1 )2 9
D E— —m)- <z +o|l— -m
P — Pleft-end p) ) ¢ (p) 2¢ (p) 2 P — Pleft-end (¢(p) )
1 )\min m 2
< 59(p)" + 4()(¢(p) —m)”,
so that, for every p greater than or equal to max(0, po), it follows from (8.4) that
1 Amin (M 2
(55) Qo) 2 5o + 2 (4 ) — ).
On the other hand, it again follows from system (8.1) that, for all p in I,
d—1
(8.6) H'(p) = ———¢'(p)?,
P — Pleft-end

thus the function H(-) is non-increasing and thus bounded from above on I, and it follows
from assumption (8.2) that V (¢(-)) is bounded on [0, +00). According to the expression
(8.3) of H(-), it follows that ¢/(-) is bounded on [0, +c0), so that Q'(+) is bounded on
I. Since according to inequality (8.5) the function @'(-) is non-decreasing (and even
strictly increasing since ¢ is not identically equal to m) on [max(0, pg), +0), it follows
that Q'(p) must converge towards a finite limit as p goes to +o00; and thus it follows from
inequality (8.5) that both functions ¢(-)2 and Q(-) are square-integrable on I. Since
Q'(+) is bounded, it follows that Q(p) must converge towards 0 as p goes to +oo. Thus
#(p) goes to m as p goes to +o00, and as a consequence V (¢(p)) goes to V(m) as p goes
to +o0. Thus, since the function H(-) must converge to a finite limit at +oo, it follows
that ¢'(p)? must also go to a finite limit when p goes to +o0o. Since ¢/(-)? is integrable
on I, its limit at +o0o0 must be 0. Assertion 1 is proved.

It follows from assertion 1 that Q’(-) converges towards 0 at +oo, thus since this
function is strictly increasing on [max(0, pg), +0), it follows that Q'(p) is negative for all
p in this interval. To prove assertion 2, let us proceed by contradiction and assume that
Q'(-) takes a nonnegative value somewhere in I. Then py must be larger than pieft_end,
and @’'(-) must takes a nonnegative value somewhere in [pleft-end, Po)- Let

p1 = max{p € [plefr-end; p0) : @ (p) > 0}.

Then Q'(+) is negative on (p1,+00) and it follows from (8.4) that Q”(+) is positive on
this interval, thus @Q'(+) is strictly increasing on this interval, and it follows that Q'(p;) is
negative, a contradiction with the definition of p;. Assertion 2 is proved, and assertion
3 follows from assertion 2. Since according to the boundary condition (8.1) the scalar
product (¢(piefr-end) — M) - @' (Plefi-end) must be equal to 0, it follows from assertion 2 that
Pleft-end cannot be equal to 0, or equivalently that assumption (8.2) cannot hold up to
Pleft-end, and this proves assertion 4. Lemma 8.1 is proved. ]
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