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Abstract

We give a variational proof of global stability for bistable travelling waves of
scalar reaction-diffusion equations on the real line. In particular, we recover some
of the classical results by P. Fife and J.B. McLeod (1977) without any use of the
maximum principle. The method that is illustrated here in the simplest possi-
ble setting has been successfully applied to more general parabolic or hyperbolic
gradient-like systems.

1 Introduction

The purpose of this work is to revisit the stability theory for travelling waves of reaction-
diffusion systems on the real line. We are mainly interested in global stability results
which assert that, for a wide class of initial data with a specified behavior at infinity, the
solutions approach for large times a travelling wave with nonzero velocity. In the case of
scalar reaction-diffusion equations, such properties have been established by Kolmogorov,
Petrovski & Piskunov [11], by Kanel [9, 10], and by Fife & McLeod [4, 5] under various
assumptions on the nonlinearity. The proofs of all these results use a priori estimates and
comparison theorems based on the parabolic maximum principle. Therefore they cannot
be extended to general reaction-diffusion systems nor to scalar equations of a different
type, such as damped hyperbolic equations or higher-order parabolic equations, for which
no maximum principle is available. However, these methods have been successfully applied
to monotone reaction-diffusion systems [15, 18], as well as to scalar equations on infinite
cylinders [14, 16].

Recently, a different approach to the global stability of bistable travelling waves has
been developped by the second author [13]. The new method is of variational nature and
is therefore restricted to systems which admit a gradient structure, but it does not make
any use of the maximum principle and is therefore potentially applicable to a wide class
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of problems. The goal of this paper is to explain how this method works in the simplest
possible case, namely the scalar parabolic equation

Up = Ugy — F'(u) (1)

where v = u(z,t) € R, x € R, and ¢t > 0. We shall thus recover the main result of
Fife & McLeod [4] under slightly different assumptions on the nonlinearity F, with a
completely different proof. The present article can also serve as an introduction to the
more elaborate work [13], where the method is developped in its full generality and applied
to the important case of gradient reaction-diffusion systems of the form u; = u,, — V'V (1),
with v € R” and V' : R — R. A further application of our techniques is given in [7],
where the global stability of travelling waves is established for the damped hyperbolic
equation gy + up = Uy, — F'(u), with a > 0.

We thus consider the scalar parabolic equation (1), which models the propagation of
fronts in chemical reactions [2], in combustion theory [9, 10], and in population dynamics
[1, 6]. We suppose that the “potential” F': R — R is a smooth, coercive function with
a unique global minimum and at least one additional local minimum. More precisely, we
assume that F' € C?(R) satisfies

liminf uF'(u) > 0. (2)

|u|l—o0

In particular, F'(u) — +oo as |u| — oco. We also assume that F' reaches its global
minimum at v = 1:

F(1) = -A<0, F(1)=0, F'(1)>0, (3)
and has in addition a local minimum at u = 0:
F(0) = F'(0) =0, F"(0)=p>0. (4)
Finally, we suppose that all the other critical values of F' are positive, namely
{ueR‘F’(u):O,F(u)go}:{0;1}. (5)

A typical potential satisfying the above requirements is represented in Fig. 1.

Under assumptions (3)-(5), it is well-known that Eq.(1) has a family of travelling waves
of the form u(x,t) = h(x — c.t) connecting the stable equilibria u = 1 and u = 0. More
precisely, there exists a unique speed ¢, > 0 such that the boundary value problem

{ W'(y) + e/ (y) = F'(h(y)) =0, yeR, (6)
h(—o0) =1, h(+00)=0,

has a solution h : R — (0, 1), in which case the profile h itself is unique up to a translation.
Moreover h € C3(R), I/(y) < 0 for all y € R, and h(y) converges exponentially to its limits
as y — +oo.

This family of travelling waves plays a major role in the dynamics of Eq.(1), as is
shown by the following global convergence result:
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AL
Fig. 1: The simplest example of a nonlinearity F' satisfying assumptions (2)—(5).

Theorem 1.1 Let F € C*(R) satisfy assumptions (2)-(5). Then there exist 6 > 0 and
v > 0 such that, for all initial data ug € CO(R) with

limsup |up(x) — 1| < §, limsup|ug(x)] < 0, (7)
T——00 r——+00

Eq.(1) has a unique global bounded solution satisfying u(x,0) = ug(x) for all x € R. In
addition, there exists xo € R such that

sup |u(z,t) — h(z — et —20)| = O(e™), ast— +oo . (8)
z€R

Theorem 1.1 was first proved by Fife & McLeod [4, 5] under the additional assumption
that 0 < wp(z) < 1 for all x € R. In that case u(x,t) € [0,1] for all z € R and all t > 0
by the maximum principle, so that the coercivity assumption (2) is not needed. As is
mentioned in [3], the results of [4] can be extended to arbitrary initial data satisfying (7)
provided that uF”(u) > 0 for all w ¢ [0, 1], a condition that is more restrictive than (2)
in the sense that I is not allowed to have critical points outside the interval [0, 1]. The
simplest case considered in [4] is when F' has exactly one critical point in the open interval
(0,1), a situation in which condition (5) is clearly met. However, Fife & McLeod also
study the case where F' has three critical points in the open interval, including a local
minimum at v = u, € (0,1). In this situation there exists a travelling wave solution of
(1) with speed ¢; > 0 connecting u = 1 to u = u,, and also a travelling wave with speed
¢y € R connecting u = u, to u = 0. If ¢; > ¢y, which is always the case if (5) holds,
there exists ¢, € (0,1) such that (6) has a solution i : R — (0, 1), and the conclusion of
Theorem 1.1 is still valid. If ¢; < ¢o, there exists no travelling wave connecting u = 1 to
u = 0, and the solution of (1) with initial data satisfying (7) converges as t — oo to a
superposition of two travelling waves [4].

Theorem 1.1 is a particular case of the general results obtained in [13], see Theorem 4
in Section 9.6 of that reference. Therefore, there is no need to give here a complete proof.
Instead we shall prove the convergence result (8) under the additional assumption that
the initial data ug(z) decay rapidly to zero as x — +oo. It is intuitively clear that the
precise behavior of ug(x) near x = 400 should not play an important role, because the
equilibrium u = 0 ahead of the front is stable (this is in sharp contrast with the case of a
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monostable front invading an unstable equilibrium, where the behavior ahead of the front
is of crucial importance). However, this restriction allows to shortcut many technicalities
and to give a much simpler proof in which the essence of the argument can be easily
understood.

Our approach is based on the fact that Eq.(1) possesses (at least formally) a gradient
structure, not only in the laboratory frame but also in any frame moving to the right with
a positive velocity. To see this, we introduce the following notation. If u(z,t) is a solution
of (1), we define for any ¢ > 0

v(y,t) = u(y +ct,t), orequivalently wu(z,t) = v(z —ct,t) . 9)
Setting y = x — ct we see that the new function v(y, t) satisfies
U = Uyy + v, — F'(v) . (10)

We now introduce the energy functional

Efv] = /Recy<% vl + F(v)) dy , (11)

and the corresponding energy dissipation functional

2

D.Jv] = / e (vyy + cv, — F’(v)) dy . (12)
R
We also denote by H!(R) the Banach space

HYR) = {v e L®(R)

/2y € Hl(R)} , (13)

equipped with the norm [|v|z: = |[v]|z + ||e®¥/?v|| . Note that any v € H}(R) decays
to zero faster than e~%/2 as y — 4o0. Since F(v) ~ Bv?/2 as v — 0 by (4), it follows
that &.[v] < oo for all v € H!(R). Conversely, any v € L*(R) such that v(y) — 0 as
y — +00 belongs to H!(R) as soon as E.[v] < cc.

If v(y, t) is a solution of (10) with initial data vg € H!(R), then v(-,t) € H}(R) for all
t > 0 and a direct calculation shows that

Egc[v(-,t)] = —D.v(-,t)] <0, t>0. (14)
In other words, the energy &, is a Lyapunov function of system (10) in H!(R). This
observation is of course not new: in their original proof, Fife & McLeod [4] already used
a suitable truncation of the functional &, for the particular value ¢ = ¢, to show that the
solution v(y,t) of (10) approaches a travelling wave for a sequence of times. However,
the fact that Eq.(1) has a whole family of (nonequivalent) Lyapunov functions has not
been fully exploited until recently. The only reference we know where the implications
of this rich Lyapunov structure are really discussed is a recent paper by Muratov [12],
which contains a lot of interesting observations and a few general results concerning a
wider class of systems than Eq.(1), but fails to prove the convergence to travelling waves.
The goal of the present article is to show that, in the simple case of Eq.(1), the gradient
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structure alone is sufficient to establish convergence, at least if we restrict ourselves to
solutions which decay to zero rapidly enough as x — +o0 so that the energy functionals
are properly defined.

The main difficulty of this purely variational approach is that we do not have good a
priori estimates on the solution v(y,t) = u(y + ct, t) in a moving frame with speed ¢ > 0.
First of all, it is not clear a priori that the energy &.[v(+,t)] is bounded from below (this
will not be the case typically if ¢ is too small), and without this information it is difficult
to really exploit the dissipation relation (14). Next, if we have a lower bound on E.[v(-, t)],
we can deduce from (14) that the solution v(y,t) converges uniformly on compact sets,
at least for a sequence of times, towards a stationary solution of (10), but we cannot
exclude a priori that this limit is just the trivial equilibrium v = 0 (this will be the case
typically if ¢ is too large). To overcome these difficulties, the main idea is to track the
position of the front interface in the following way. We fix positive constants [3;, G2 such
that £, < F"(0) < (s, and we choose ¢ > 0 small enough so that

By < F'(u) < By, forallue[—2¢,2¢]. (15)
Given a continuous solution of (1) satisfying the boundary conditions

lim w(z,t) =1, liIP u(z,t) =0, t>0, (16)
we define the invasion point x(t) as the first point starting from the right where the
solution u(z,t) leaves an e-neighborhood of the equilibrium u = 0:

#(t) = max{x eR ) u(z, )| > g} . (17)

In view of (16), it is clear that —oco < Z(t) < oo for all £ > 0, and that |u(Z(t),t)| =¢. A
quantity similar to Z(t) was also introduced in [12], where it is called the “leading edge”.

The strategy of the proof is to show that the solution u(z,t) converges uniformly on
compact sets around the invasion point Z(t) towards a suitable translate of the travelling
wave (6). Using only the gradient structure, we can prove the following result:

Proposition 1.2 Let F' € C*(R) satisfy assumptions (2)-(5). If ug € H(R) for some
sufficiently large ¢ > 0 and uop — 1 € HY(R_), then the solution u(z,t) of Eq.(1) with
wiatial data ug satisfies, for all L > 0,

sup  |u(z(t) + z,t) — he(z2)] — 0, (18)

2€[—L,+o0) t—oo

where Z(t) is the invasion point (17) and h. is the travelling wave (6) normalized so that
h.(0) = e. Moreover the map t — Z(t) is C' for t sufficiently large and T'(t) — c. as
t — 00.

As is explained above, the assumption uy € H(R) is needed in order to use the energy
functional &, without truncating the unbounded exponential factor e?. The proof will
show that is it sufficient to take here ¢ > v/2A/e, where A is defined in (3) and ¢ in (15).
On the other hand, the assumption ug—1 € H*(R_) is just a convenient way to guarantee
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that the first condition in (16) is satisfied, but with minor modifications we can treat the
more general case where |ug(x) — 1| is assumed to be small for large x < 0, as in (7).

The local convergence established in Proposition 1.2 is the key step in proof of The-
orem 1.1. Once (18) is known, it remains to show that the solution u(x,t) converges
uniformly to 1 in the region far behind the invasion point Z(¢). Such a “repair” is cer-
tainly expected because u = 1 is the point where the potential F' reaches its global
minimum. A convenient way to prove this is to use a truncated version of the functional

Elu] = /R(% w2+ F(u)) da (19)

where F(u) = F(u) — F(1) > 0. In this way, we can show that the solution w(x,t)
approaches uniformly on R a travelling wave (at least for a sequence of times), and using
in addition the local stability results established in [17] we obtain (8). We thus have:

Corollary 1.3 Under the assumptions of Proposition 1.2, there exist xo € R and v > 0
such that (8) holds.

We conclude this introduction with a few comments on the scope of our method.
First, it is clear that the assumptions (2)—(5) are not the weakest ones under which
Proposition 1.2 holds. A careful examination of the proof reveals that the only hypotheses
that we really use are:

H1: For all bounded initial data ug, Eq.(1) has a (unique) global bounded solution. This
is certainly true if (2) holds, but it is sufficient to assume, for instance, that F'(u) —
+o0 as |u| — oo, or that uF’(u) > 0 whenever |u| is sufficiently large.

H2: F(0) = F'(0) = 0, and there exists € > 0 such that F"(u) > 0 for all u € [—¢,¢].
This is automatically true if (4) holds, but u = 0 need not be a strict local minimum
of F. In particular Proposition 1.2 holds for the nonlinearities of combustion type
considered in [9, 10].

H3: There ezists a unique ¢ > 0 such that the differential equation vy, + cv, — F'(v) =0
has a bounded solution satisfying |v(0)| = ¢, |v(y)| < e for ally >0, and v(y) — 0
as y — +oo; furthermore, this solution is unique. Under assumptions (3)—(5), we
have ¢ = ¢, and v = h.. In general, we can assume without loss of generality that v
is positive and converges to 1 as y — —o0, so that F'(1) < 0 and F’(1) = 0. It also
follows that F'(u) > 0 for all v < 0 and that F' has no critical point u, < 1 with
F(u,) < 0.

On the other hand, to prove that the solution of (1) given by Proposition 1.2 converges
uniformly on R to a travelling wave we need the additional assumption:

H4: There exists ¢’ > 0 such that the only bounded solution of the differential equation
Uge — F'(u) = 0 with |u(0) — 1| < &’ is uw = 1. This requires that F' attains its global
minimum at v = 1, and nowhere else.
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Finally, if we want the convergence to be exponential in time as in (8), we need to assume
that F(1) > 0.

Another comment concerns the variational structure of Eq.(1). Due to the exponential
weight e® | it is clear that the energy functional &, is not translation invariant. In fact, for
any v € H!(R) and any ¢ € R, we have the relation E.[v(- — ¢)] = e®&.[v]. This implies
that the infimum of &,[v] is either 0 or —oo. Under our assumptions on F, the transition
between both regimes occurs precisely at the critical speed c, for which travelling waves
exist:

inf E[v] =

veHL(R)

0 if ¢>e¢,,
-0 if e<e, .

Indeed, as was observed by Muratov [12], for any ¢ < ¢, + y/c? +4F"(0) we have the
identity

CENH] = (c—e) /R eI (y)2 dy |

where h is the solution of (6). This shows in particular that £.[h] < 0 when ¢ < ¢, hence
inf £, = —oo in that case. The fact that £ > 0 when ¢ > ¢, is not obvious a priori, and
will be established in the course of the proof of Proposition 1.2, see Corollary 4.3. Note
also that &, [h] =0, so that inf ., = min&,, = 0.

The rest of the paper is organized as follows. In Section 2, we establish the basic
inequalities relating the energy &,., the dissipation D.., and the invasion point. Using these
relations, we prove in Section 3 that the average speed of the invasion point Z(¢) has a
limit ¢, > 0 as t — oo. The core of the paper is Section 4, where we show that c,, = ¢,
and prove Proposition 1.2. The proof of Corollary 1.3 is then performed in the final
Section 5.

Acknowledgements. The authors are indebted to S. Heinze, R. Joly, and C.B. Muratov
for fruitful discussions.

2 Preliminary estimates

As the potential F' is smooth and coercive, it is well-known that the Cauchy problem for
the semilinear equation (1) is globally well-posed in the space of bounded functions, see
e.g. [8]. Due to parabolic regularization, the solutions are smooth for ¢ > 0 and satisfy
(1) in the classical sense. Under assumption (2), one can also show that our system has
a bounded absorbing set in the following sense:

Lemma 2.1 There exists a constant B > 0 depending only on F' such that, for all initial
data uy € L®(R), the (unique) solution u(z,t) of (1) satisfies, for all sufficiently large
t>0,

sup(|u(m,t)| + g, t)] +\um(m,t)|) <B. (20)

zeR
Moreover, u(-,t) is bounded in H{ (R) for some s >5/2 and all t > 1.
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The uniform bound on |u(z,t)| follows easily from the maximum principle, but it can
also be established using localized energy estimates, see [13, Section 9.1]. The bounds on
the derivatives are then obtained in a standard way using parabolic regularization.

From now on, we suppose that uy € H} (R) for some ¢y > 0 (which will be specified
later) and that ug — 1 € H'(R_). Then the solution of (1) with initial data uy satisfies
u(-,t) € H, (R) and u(-,t) — 1 € H'(R_) for all t+ > 0, because u = 0 and v = 1 are
(stable) equilibria of (1). In particular, the boundary conditions (16) hold for all times,
so that one can define the invasion point z(¢) by (17). Also, since we are interested in the
long-time behavior of u(x,t), we can assume without loss of generality that estimate (20)
is valid for all ¢ > 0.

As is explained in the introduction, we shall use the energy functionals &, (for various
values of ¢ > 0) to prove that the solution u(x,t) converges to a travelling wave h locally
around the invasion point Z(t). A technical problem we shall encounter is that the invasion
point, as defined in (17), need not be a continuous function of time and can therefore jump
back and forth in an uncontrolled way. It is possible to avoid this difficulty using a more
clever definition than (17), see [13], but we follow here another approach and just introduce
a second invasion point defined by

X(t) = max{:c eR ‘ u(z, t)| > 25} . (21)
Clearly, —co < X(t) < Z(t) < +oo for all t > 0. The important point is that an

information on Z at a given time provides an upper bound on X at later times:

Lemma 2.2 There exists Ty > 0 and Cy > 0 such that, for all to > 0, one has

X(t) < Z(tg) + Co  for all t € [to, to + Ty - (22)

Proof: Fix ¢y > 0. The solution of (1) satisfies

t

u(t) = S(t —to)u(ty) — / St —s)F'(u(s))ds = ui(t) +us(t), t>to,
to

where S(t) = €% is the heat semigroup. Take K > 0 such that |F'(u)| < K whenever

lu| < B, where B is as in (20). Then ||ug(t)||z~ < K(t —ty). On the other hand, by

definition of z, we have |u(z, )| < e if z > Z(ty) and |u(z,ty)| < B if © < Z(ty). Using

the explicit form of the heat kernel, we deduce that

_(z=p)? B — Z(t
/e 0 |u(y, )| dy < & + gerfc(xix(o)) ,
R

1
)| S \/47T(t—t0) \/4(t—t0)

where erfe(z) = (2/y/m) [° e~*" dz. We first choose Ty > 0 such that KT, < £/2, and
then Cp > 0 such that Berfc(Cyo/v/41p) < e. Then, for all t € [to,to + To] and all
x > Z(tg) + Cop we have |u(z,t)| < 2¢, which implies that X () < z(t) + Cp. O

|U1(l’,t

We now derive the basic estimates on the energy (11) and the energy dissipation (12)
which will be used throughout the proof. Given ¢ € (0, ¢y), we define v(y,t) = u(y + ct, t)
as in (9), and we set

Ec(t) = Elv(- )], De(t) = Defo(- )], =0, (23)
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Of course, v(y, t) depends also on the speed parameter ¢, but to simplify the notations this
dependence will not be indicated explicitly. We also denote by 9.(t), Y.(t) the invasion
points in the moving frame:

Ue(t) = z(t) —ct Yo(t) = X(t) —ct . (24)
By construction, |v(g.(t),t)| = €, [v(y,t)| < e for y > 3.(t) and |v(y, t)| < 2¢ for y > Y.(1).
Remark that, by (15), the following inequalities hold whenever |v| < 2e:

%vz < F(v) < %v . Bt < uF'(v) < B, B < F'(v) < By (25)

Lower bound on E.: Using (11), (25), and the fact that F(u) > —A for all u € R, we
find

g = [ (R Fewe) d+ [ e (e + Fo.o)) ay
2 g

—00 Pe(t
Fe(t) o0 1 By

> [ e [ (S B ) dy. (26)
—0 gc(t)

To estimate the last integral in (26) we recall that v(7.(t),t)* = €2, so that

o0

eCUe(t) 2 — _/ 0, (ecyv (v, )) dy = —/ e <21)(y,t)vy(y,t) —|—cv2(y,t)> dy .
Ye(t) e(t)

y

Given d > —c, we have |2vv,| < (c+d)v* 4 (c+d) "o, hence

RO </;)€cy< 1d W3y, 1) + Py, 1)) dy (27)

If we choose d such that d(c+ d) = (; and insert the resulting inequality into (26), we
obtain

_ A 1
E.(t) > e¥® <—— +/<J52> , where 0 <k < 1(c+ 2+4p6) . (28)
c

This estimate shows in particular that the energy FE.(t) is bounded from below as long
as the invasion point g.(t) is bounded from above. Moreover, the lower bound is close to
zero if y.(t) is large and negative.

Variation of D.: It follows from (10) and (12) that D.(t) = [ e“vi(y,t) dy. Differen-
tiating this relation with respect to ¢ and integrating by parts we find

1
) Dé(t) = /ecy(vtvtt)<yut) dy = /ecyvt(vtyy + CUy — F”(U)Ut) dy
R R

= = [eninay = [P w00 d .

Take C} > 0 such that F”(u) > —C7/2 whenever |u| < B, where B is as in (20). Then
the above relation shows that

Di(t) < CiD.(t), t>0. (29)
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This differential inequality implies that, if D, € L'(R,), then D.(t) — 0 as t — co. Since
El(t) = —D.(t) by (14), this will be the case as soon as E,. is bounded from below.

Lower bound on D,: Using (12) again and integrating by parts, we find

D) = / € (v, + cv, — F'(0))*(y, 1) dy

_ / e (12, + 2F" ()02 + F (o)) (y.1) dy
R

We split the integration domain into (—oo, Y.(t)) and (Y.(t), +o0). Using (20), (25) and
the lower bound F"(v) > —C/2, we obtain

B
_OB v

D.(t) > .

+ () #2800 + 61y
e(t
Observe that, for any y € R,
o] C2 [e’¢) o] C2 o]
/ ecyvj dy > Z/ eYv?dy , and / ecyvjy dy > Z/ ecyvs dy . (30)
Yo Yo Yo Yo
Indeed the first inequality is just (27) with e = 0, d = —¢/2, and y.(t) replaced by ypo,
and the second inequality is similar. Thus, for any d > 0 we have

C B2 _ [e%¢) 2 d 2
D,(t) > ——= el +/ )ecy { (261 + CZ — d)vi + (612 + i)zﬂ} (y,t)dy . (31)

In an analogous way we find

E(t) = m)ecy 1vj(y,ﬂ+F(v(y,t)> dy +
2

— 00

o0

1
e (5 v2(9,1) + Flo(y, 1)) dy
Y.(0) 2

Vo (t

K 5 > 1
< e [ en(Godtn + 2en) dy 2
C

)

where K = (B?/2)+ K’ and K’ = sup{F(u) | |u| < B}. If we now combine (31), (32) and
choose the particular value d = B, — (82 — $1)?/(B2 + ¢*/4) > 0, we arrive at

C, -

De(t) > yE.(t) — =20 | t>0, (33)

c
where L (4 45,)?
c’ 4+ 1 )
0<y < =~ d Cy=CB K .
V=5 e 0 M ey

Inequality (33) means that, if the invasion point Y,(¢) is large and negative, the energy dis-
sipation D, = —FE/ is essentially proportional to the energy itself. This gives a differential

inequality for E.(t) which, in view of Lemma 2.2, can be integrated as follows:
CyTy i
E(t) < e "0 B (1) + 2222 ec@elto)+C0) ¢ e (1 4o + Tp) . (34)
c

Remark 2.3 The constants Cy, Cy and Ty introduced in this section depend only on the
potential F. In particular, they are independent of the solution u(x,t) and of the speed
parameter c. Similarly, if we choose k = /B1/2 and v = 232 /32, then the constants k,y
and Cy depend only on F.
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3 Existence of the invasion speed

As in the previous section, we suppose that u(z,t) is a solution of (1) with initial data wg
satisfying the assumptions of Proposition 1.2. We also assume that the bounds (20) hold
for all t > 0. If Z(t) denotes the invasion point (17), we define
T(t T(t
c. = li{n infm , ¢y = lim supw : (35)
o0 t—o00

Our first result shows that the solution u(z,t) invades the stable equilibrium u = 0 at a
positive, but finite, speed.

Proposition 3.1 One has c_ >0 and ¢y < 0.

Proof: The proof relies on the lower bound (28). Assume that the initial data uy belong
to H} (R) for some ¢y > v2A/e, where A = —F(1) and ¢ is as in (15). Using (28) with
c=coand k = ¢/2, we find that E.(t) > ae?® for some a > 0. Since E.(t) < E.(0) for
all t > 0, it follows that y.(t) = Z(t) — ¢t is bounded from above, hence
it
Cy :c+limsupyT() <c<oo.
t—00

On the other hand, since ug —1 € H*(R_) and F(1) = —A < 0, it is easy to verify
that E.(0) = E.[ug] ~ —A/c as ¢ — 0. Thus if we take ¢ > 0 sufficiently small so that
E.(0) < 0, it follows from (28) that 0 > E.(0) > E.(t) > (=A/c) e¥® for all t > 0. This
implies that g.(t) = Z(t) — ct is bounded from below, hence

c_ :c+liminfycT(t) >c>0.

t—o0
This concludes the proof. O

We next prove that the average invasion speed Z(t)/t converges to a limit as ¢t — oo.
Proposition 3.2 One has c_ = cy.

Proof: We argue by contradiction. Assume that ¢_ < ¢y, and choose time sequences
{tn}nen, {t, }nen such that t,, — oo, t!, — oo and

z(t! tn
<t,n>_)c_’ i ) e

Kl

Due to Lemma 2.1, upon extracting a subsequence we can assume that u(z(t,) + z,t,)

converges in HZ _(R) to some limit w.,(z). More precisely, for any L > 0,

w(Z(tn) + 2,tn) — waol(z) in H*([~L, L)),

n—oo

ug(Z(tn) + 2,tn) — Woo(2) in L*([-L,L]),

n—oo

11
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where w., € H2 (R) N L®(R) and 1, € L>®(R) satisfy s = w”, — F'(w). Moreover,

by definition of the invasion point, we have |w.(0)| = €.

Now, we fix any ¢ € (c_, cy) and we observe that the invasion point y.(t) = z(t) — ct

satisfies g.(t,) — —oo and y.(t,) — +00 as n — oo. Using first the lower bound (28), we
find

A
E.(t) > —=e¥ltn) 0 (36)
C

hence (since E, is non-increasing) E.(t) > 0 for all t > 0. As E.(t) = —D.(t), we deduce
that

/ T Du)dt < E(0) < oo, (37)

and using in addition (29) we conclude that D.(t) — 0 as t — oc.
Next, we observe that, for all n € N,

D.(t,) = /Recyvtz(y,tn) dy = ecgc(t")Aeczvf(yc(tn)+z,tn) dz

= 6cgc(t") / 6cz(ut + Cux)2(j(tn) + z, tn) dz . (38)
R

Since D.(t,) — 0 as n — oo, the last integral in (38) converges to zero as n — oo, hence
the limits Wy, Weo satisfy Wy + cwl, = 0. Incidentally, this means that w” + cw! —
F'(ws) = 0, i.e. wy is a travelling wave solution of (1) with speed ¢. Now the crucial
point is that ¢ € (c_,cy) is arbitrary. Obviously, the relation Wy + cwl, = 0 can be
satisfied for two different values of ¢ only if w/ = 0, i.e. if wy is identically constant.
But then we must have F'(ws,) = 0, which is impossible in view of (25) since |weo| = €.
This contradicts the assumption c¢_ < ¢y and concludes the proof. O

Remark 3.3 Another way to obtain a contradiction in the proof of Proposition 3.2, which
works even if uw = 0 is not a strict local minimum of F (see hypothesis H2 in the intro-
duction), is to observe that the limiting function w..(z) converges to zero as z — +oo.

Indeed, proceeding as in (26), (38) and using (30) we find for all n € N:

_ 1
Eut)) = ¥l / (502 + F)) (0t) + 2, 1)
R

_ & A
> Uelln) / ecz(§ ul + %uz) (Z(ty) + 2,t,) dz — — eelin) (39)
0 c

B / 00 A
> eCUeltn) % / e (u2 +u?)(Z(tn) + 2,tp) dz — = eeltn)
0 c

where k' = min{1, (*+48;)(c*+4)7}. As E.(t,) < E.(0) and y.(t,) — +00 as n — oo,
we have by Fatou’s lemma:

/ e (W (2)? + weo(2)?) dz
0
n—oo CRKR

°° 2A
< timint [0 ) 00) + 2.0 e < 25 < oo
0

Thus ws € HYR), and in particular we(2) — 0 as z — +oo. This is clearly impossible
if wl, =0 and |ws(0)] = €.

12
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4 Local convergence to a travelling wave

This section is devoted to the proof of Proposition 1.2. Using the same notations as in the
previous sections, we first prove that the solution wu(z,t) of (1) converges for a sequence
of times towards a travelling wave, locally in space around the invasion point. On this
occasion we identify the invasion speed given by Proposition 3.2 with the unique speed c,
for which travelling waves exist.

Proposition 4.1 Let co, = ¢ = c.. There exists a sequence t, — oo such that, for all
L >0,
L
/ €% (Uy + Coolln)*(Z(tn) + 2, tn) dz —— 0 . (40)
L n—00

Proof: Since the left-hand side of (40) is a nondecreasing function of L, it is sufficient
to prove that, for any L > 0, there exists a sequence t,, — oo such that (40) holds. We
argue by contradiction and assume that there exist L > 0 and 6 > 0 such that

L
/ €% (Uy + Coglly)*(Z(t) + 2,t)dz > § , (41)
—L

for all sufficiently large ¢. In fact, upon changing the origin of time, we can assume that
(41) holds for all ¢ > 0. In analogy with (24), we denote 4(t) = Z(t) — cxt. Two situations
may occur:

by

) o) ) (c=coo)t

y(t)

Fig. 2: If there exists a sequence t,, — oo such that g(t,) is bounded from below, a contradiction is
obtained by considering the dissipation of the energy F. in a moving frame with speed ¢ > ¢ (¢ close
t0 Coo). I G(t,) > 1 for all n € N, the set S, consisting of all n such that §(t,) > (¢ — ¢ )ty increases as
¢ — Coo, and card(S.) — oo.

Case 1: There exists a time sequence t, — oo such that {g(t,)}nen is bounded from
below. Without loss of generality we can assume that ¢,,1 > ¢, + 1 and y(¢,) > 1 for all
n € N (the second condition is easily achieved by translating the origin).

Let K > 0 be such that E.(0) < K for all ¢ € [cw, ¢o], Wwhere ¢y > ¢ is as in the proof
of Proposition 3.1. Take ¢ € (¢, o) sufficiently close to ¢, so that

L
o
€(C_C°°)L < 2. and (C_COO)2B2/ e>?dz < Z ) (42)
—L

13
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where B is as in (20). Let y.(t) = Z(t) — ¢t = y(t) — (c—cx)t. Since y(t,) > 1 for all
n € N, it is clear that the cardinality of the set

Se = {n €N | gc(tn) > O} = {n eN | ?j(tn) > (C - COO)tn}

becomes arbitrarily large as ¢ — ¢4, see Fig. 2. On the other hand, y.(t,) — —o0 as
n — oo and this implies (as in the proof of Proposition 3.2) that E.(t) > 0 for all ¢t > 0.
But for all n € S., we have by (38), (41), (42)

Du(t,) = et / € (s + cun)2(F(t) + 2, 1) de
R

L
> / e (uy + cuy ) (T(t,) + 2, t,) dz > g ;
L

because € > 1% for 2| < L and (u;+ cug)? > 1 (us + coottz)? — (¢ — co0)2B%. Moreover,
it follows from (29) that D.(t) > D,.(t,) e~ for all t € [t,, — 1,t,], hence

tn
Eu(tn—1) — E.(t,) = D.(t)dt > ge_cl . nes..

tn—1

If we choose ¢ close enough to ¢4, so that card(S.) > 8 Ke®! /§, we obtain a contradiction
with the fact that E.(t) is positive, nonincreasing, and E.(0) < K.

Fig. 3: If y(t) — —oo a contradiction is obtained by considering the dissipation of the energy E. in a
moving frame with speed ¢, < co on the time interval [0,t,], where §(t,) = (¢n — Coo)tn. We choose
T > 1 and then n large enough so that (ceo — ¢,,)T < 1.

Case 2: y(t) — —oo as t — oo. In this case, there exists a sequence t,, — oo such that

y(t,) < inf gy(s)+1, forallne N, (43)

T 0<s<tn

see Fig. 3. Indeed the function pu(t) = inf{gy(s)|0 < s <t} is nonincreasing and p(t) —
—00 as t — oo. For each n € N, we choose t,, € [0,n] such that y(¢,) < pu(n) + 1. Then
w(n) < p(t,), hence (43) holds.

14
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Given some (large) n € N, we take ¢, < cs such that (¢, — cxo)tn = y(t,), or
equivalently g, (t,) = 0. Since ¢, — co as n — 00, we can assume that ¢, > ¢, /2 and

L
5
eleemen)l <9 (e —Cn)232/ e dz < 1 (44)
L

If t € [0,t,], we have by (43)
Yeo (1) = Y(t) + (Coo — )t = Y(tn) = 14 (Coo — Cu)t = (Cn — Coo)(tn —t) — 1.

Using (41), (44) and proceeding as in the previous case, we obtain
D, (t) = en¥enlt) / e (uy + ety )2 (Z(t) + 2,t) dz
R

L
> eonl(enmem)tat =) / € (g + Catta)*(T(tn) + 2, 1) dz
—L

0
> ecw((cvl_cw)(tn_t)_l) —
- 8
hence for all T < ¢,:

tn 5

D, (t)dt > T eceellen=coe)T=1) = (45)
tn—T 8

On the other hand, there exists K > 0 such that £, (0) < K for all n, and since g, (t,) = 0
we know from (28) that E., (t,) > —A/c,. Thus

b A 2A
/ De,()dt = E.,(0) = Eo,(tn) < K+ = < K+ (46)
0 n 00

If we now choose T > 0 large enough so that Te=%¢<§ > 8K + 16A4/cy,, and then n € N
large enough so that ¢, > T and (cs — ¢,)T < 1, we obtain the desired contradiction by

comparing (45) and (46). O
Corollary 4.2 One has c. = ¢y = c,, and there exists a sequence t, — oo such that, for
all L >0,

sup |u(Z(t,) + z,t,) — h(2)] — 0.

z€[—L,L] n—oo

Proof: We argue as in the proof of Proposition 3.2. If {¢,},en is the sequence given by
Proposition 4.1, we know that (upon extracting a subsequence) w(Z(t,) + z,t,) converges
in H2_(R) to a limit w.,(z) which satisfies

loc

Wi (2) + ety (2) — Fl(weo(2)) = 0, z€R.
Moreover, |wy(2)| < € for all z > 0, |we(2)| < B for all z <0, and |w(0)| = €. Arguing
as in Remark 3.3, one can also show that w(z) — 0 as z — 4o00. These properties
together imply that c,, = ¢, and that w,, = h., see hypothesis H3 in the introduction.
OJ

15
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Corollary 4.3 For all ¢ > ¢, and all w € HY(R), one has

EJw] = /ecx (% w'(z) + F(w(x))) dr > 0.
R

Proof: Assume first that w € HL(R) for all ¢ > 0, and that w — 1 € H'(R_). If u(z, t)
is the solution of (1) with initial data u(z,0) = w(x), we know from Proposition 3.2 and
Corollary 4.2 that the invasion point Z(t) defined by (17) satisfies Z(t)/t — ¢, as t — o0.
Thus, for any ¢ > c,, the quantity 3.(t) = Z(t) — ct converges to —oo as t — 00, so that
E.(t) > 0 for all £ > 0. In particular, E.(0) = & [w] > 0. Letting ¢ — ¢, we also obtain
E..[w] > 0.

Assume now that ¢ > ¢, and that w € H}(R). For any n > 1 we define
wy(z) = w(x)x(x—n) + (1 —w(x))x(z+n+l), zeR,

where y € C*(R), x(z) =1 for z < 0 and x(z) = 0 for x > 1. Clearly w,(z) = w(x)
for « € [—n,n], whereas w,(z) =0 for x > n+ 1 and w,(x) = 1 for < —n — 1. Thus
w, € HY(R) for all ¢ > 0 and w, — 1 € HY(R_), so that & [w,] > 0 for all n € N by
the preceding argument. Moreover it is straightforward to verify that &.[w,] — &.[w] as
n — 00, hence & [w] > 0. O

Equipped with these results, we are now able to prove that the solution wu(z,t) con-
verges for all times towards a travelling wave, locally in space around the invasion point.

Proposition 4.4 For all L > 0 we have

/_L e * (uy + coug )2 (Z(t) + 2,t)dz — 0. (47)

I t—o0

Proof: We argue by contradiction and assume that there exist L > 0, 6 > 0, and a
sequence t,, — oo such that

L
/ e (uy + coug)2(Z(tn) + 2,t,)dz > 6, (48)
-L

for all n € N. Let g(t) = Z(t) — c.t. If the sequence {y(t,)}nen has a subsequence that is
bounded from below, then we easily get a contradiction as in the proof of Proposition 4.1
(case 1). So it remains to consider the case where g(t,) — —oo, which requires a new
argument. Without loss of generality, we can suppose that ¢, > t,+71} for all € N, where
To > 01is as in Lemma 2.2, and that 4(t,) < —n — 1. Upon extracting a subsequence, we
can also assume that u(Z(t,) + z,t,) converges in H2_(R) towards a limit we(2).

Given some (large) n € N, we take ¢, < ¢, such that g(t,) = (¢, — ¢.)ty, see Fig. 4.
Since ¢, — ¢, as n — 0o, we can assume that ¢, > ¢./2. Let 7., (t) = 7(t) + (cx — cn)t,
so that g, (t,) = 0. For each £ =0,1,...,n we have by (34)

CoT _
Ee,(tir1) < Eo (e +Tp) < € VB, () + —0 enlen(t+C0)

n

16
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Fig. 4: If §(t,) — —oo a contradiction is obtained by considering the dissipation of the energy E., in a
moving frame with speed ¢, < ¢, on the time interval [0, ¢,], where §(t,) = (cn — ¢4 )tn.

hence

cnC k
(1) < e (1) + S YT e )

Jj=1

We now define k(n) as the largest integer k£ € N such that

Ee

n

(co —cn)t; < 1—1—1, forall j=0,1,...,k.

[\

Since ¢, — ¢, it is clear that k(n) — oo as n — oo. Moreover, k(n) < n as (¢, — c,)t, =
—1y(t,) > n+ 1 by assumption. For k = k(n) and j < k, we have

Yeu (te—j) = Y(tu—j) + (s — ca)li—j < —(k—=17)/2,
hence it follows from (49) that

C2 TO ecn Co

k —7*(k(n)—1)
L ke ,

Ecn(tn) < Ecn(tk(n)) < 6_k(n)7TOEcn(0) +

where v* = min(y7y, ¢, /4). Taking the limit n — oo and using the fact that E, (0) is
uniformly bounded, we conclude that

limsup E., (t,) < 0.

n—oo

Now, since ¥, (t,) = 0 by our choice of ¢,, we have

E.. (1)) = /R een @uw%—F( ))(i(tn)+z,tn) dz

hence taking the limit n — oo and using Fatou’s lemma we obtain

n—oo

Ee[Woo] = /Re(; W (2)2 + Flwao(z ))) dz < liminf B, (t,) < 0.

17
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In particular wy, € H} (R), hence it follows from Corollary 4.3 that &, [we] = 0. On the
other hand, in view of (48), we have

Dofun] = [ e (w(a) + cau(e) = Flunl=)) dz

L 2

> / e (wl(2) + el (2) — Fllung(2))) d
C

= lim e (up + coug )2 (Z(tn) + 2, 1) dz > 0 .

Thus, if u(x,t) is the solution of (1) with initial data u(z,0) = ws(x), then E. (0) =
E.[wse) = 0 and E! (0) = =D, [we] < —0, hence E, (t) < 0 for all ¢ > 0. This
contradicts the conclusion of Corollary 4.3. O

It is now a straightforward task to conclude the proof of Proposition 1.2. Using
Proposition 4.4 and proceeding as in Corollary 4.2, we see that u(Z(t) + z,t) converges to
Weo(2) = he(2) in H*([—L, L]) for any L > 0. On the other hand, arguing as in (39), we
find for any ¢ € (0, ¢,):

0 2A
limsup/ e (ul +u’)(Z(t) + 2,t)dz < = < .
e | CK

This implies in particular that w(z(t) 4+ z,t) converges to zero as z — 400 uniformly in
t > 0, hence u(Z(t) + z,t) converges as t — oo to h.(z) uniformly for all z € [—L, +00).
This proves (18).

It remains to verify that the map ¢ — Z(t) is C! for large ¢ and satisfies Z'(t) — c, as
t — oo. Using (18), (20), and an interpolation argument, we find for any L > 0:

sup |ug(Z(t) + 2,t) — hl(z)] — 0.
z€[-L,L) t—00

As RL(0) < 0, this implies in particular that w,(Z(t),t) is bounded away from zero for
t sufficiently large. Since u(Z(t),t) = € for t large, the Implicit Function Theorem then
asserts that Z(t) is differentiable with
T(t),t
() = _ wal2(t), t) , for all sufficiently large t > 0 .

U (Z(t), 1)
On the other hand supy, < [u(Z(t)+2,t) + caug(Z(t)+2,t)| — 0 as t — oo by (20) and
(47), hence 7'(t) — ¢, as t — oo. O

&I

5 Repair behind the front

This final section is devoted to the proof of Corollary 1.3. We follow closely the arguments
given in [13, Section 9.6], with a few simplifications.

Let u(x,t) be a solution of (1) with initial data wug satisfying the assumptions of
Proposition 1.2. According to (18), we can find a time sequence ¢, — oo such that

18
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thi1 >t,+n+1foralln eN, and

1
sup  |u(z(t) + 2,t) — he(2)] < , forallt>t, . (50)
z€[—2n,+00) n+1

Let 6 : R — [0, 1] be a smooth, nondecreasing function satisfying 6(z) = 0 for x < 0 and
O(z) =1 for x > 1. We define a map z : [0, +00) — R by imposing, for all n € N:

t_ tn
7> , foralltelt,, thi] .

tn—i—l — ln

#(t) = #(1) —n—9<

It is clear that z(t) —n — 1 < &(t) < Z(t) — n for all t € [t,, t,41]. Moreover, there exists
T > 0 such that Z(¢) is differentiable for ¢t > T, with #/(¢) < Z'(t) < ¢, + 1 for all ¢t > T.
For later use we observe that, for any L > 0,

sup <|u(i(t)+z,t)—1\+\uw(i(t)+z,t)|) 0. (51)

z€[—L,L] t—o0

Indeed, since z(t) ~ z(t) —n for t € [t,,t,+1], the estimate on |u — 1| is a consequence of
(50) and of the fact that h.(z) — 1 as 2 — —oo. The result for |u,| then follows from the
a priori bound (20) by interpolation.

We next consider the truncated energy function

/(j)xt 2(a,1) + F(ulx, )))dx,
where F(u) = F(u) — F(1) > 0 and

(),

i z(t) .

IV IA

ola.t) = 1 if =z
T = et-z §f o

Since u(-,t) — 1 € H'(R_) and u(-,t) € H'(R,), it is clear that E(¢) is well-defined and
finite for all ¢ > 0. Moreover, F(t) is differentiable for ¢ > T and a direct calculation
shows that

E'(t) = /qﬁxtutxtdzv+/ gb:vt A’ <u+F( )>+uxut}dx

< —= / o(z, t)ul(x,t) do + (cﬁ—l)/ e 7 (ul 4+ F(u))(&(t) + z,t) dz

0

In view of (20), (51), the last integral in the right-hand side converges to zero as t — 0.
Since E(t) > 0 for all t > 0, it follows that there exists a time sequence t/, — oo such that

[ ottty — 0. (52)
R n—oo
Now, we claim that
sup  |u(z,t)—1] — 0. (53)
x€(—00,2(t))] n—oo
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Indeed, if this is not the case, there exist a positive constant &', a subsequence {t!},cn
of {t! }nen, and a sequence {z,}neny C R such that z, < z(¢7) and |u(x,,t!) — 1| =€
for all n € N. Without loss of generality, we can assume that & > 0 is sufficiently small
so that the only bounded solution of the differential equation w,, — F'(w) = 0 with
lw(0) —1| < &’ is w = 1, see hypothesis H4 in the introduction. In view of (51), it is clear
that x,, — () — —oo as n — 0o. On the other hand, upon extracting a subsequence,
we can assume that, for all L > 0,

u(w, + 2,t") — wy(z) in H*([-L,L]),

n—~o0

uy(zy + 2,7) — Weo(2) in L*([-L, L)),

where wy, € H*(R) N L®(R) and 10, € L™®(R) satisfy wo(2) = w(2) — F'(weo(2)).
However, it follows from (52) that @, = 0, hence wy is a bounded solution of the
differential equation w” — F”(ws) = 0 which satisfies |we(0) — 1| = &’. This contradicts
the assumption above on €', hence (53) must hold.

Finally, if we combine (50) and (53), we obtain

sup [u(Z(t)) + 2, t,) — h(z)] — 0.

z€R n—oo
In other words, the solution u(z, t) approaches uniformly on R a translate of the travelling
wave h. for a sequence of times ¢/, — oo. On the other hand, the classical results of
Sattinger [17] show that, if assumptions (3), (4) are satisfied, the travelling wave h is
asymptotically stable with shift in the space L*(R). In other words, Eq.(8) holds for any
solution of (1) which is sufficiently close (uniformly on R) to a translate of h. This is the
case for u(-, ) if n is sufficiently large, hence Corollary 1.3 is proved. O
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