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Stability of travelling waves for a damped hyperbolic
equation

Th. Gallay and G. Raugel

Abstract. We consider a nonlinear damped hyperbolic equation in R™, 1 < n < 4, depending on
a positive parameter €. If € = 0, this equation reduces to the well-known parabolic KPP equation.
We remark that, after a change of variables, the hyperbolic equation has the same family of one-
dimensional travelling waves (or fronts) as the KPP equation. Using various energy functionals,
we show that these fronts are locally stable under perturbations in appropriate weighted Sobolev
spaces. Moreover, the decay rate in time of the perturbed solutions towards the front of minimal
speed ¢ = 2 is shown to be polynomial. In the one-dimensional case, if € < 1/4, we can apply a
Maximum Principle for hyperbolic equations and prove a global stability result. We also prove
that the decay rate of the perturbed solutions towards the fronts is polynomial, for all ¢ > 2.
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1. Introduction

We consider the damped hyperbolic equation

Eutt(fat)"_ut(fat) = Afu(fat)—l_f(u(fat)) ; (11)
where £ = (£1,82,...,&,) € R*", t € R4, € > 0, and f : R — R is a nonlinear
map.

When € = 0, Eq.(1.1) reduces to a semilinear parabolic equation, usually asso-
ciated to the names of Fisher [Fi] or Kolmogorov, Petrovsky and Piskunov [KPP],
which arose in the context of a genetic model for the spread of an advantegeous
gene through a population. This equation also occurs in McKean’s model for
particles that undergo a branching process and perform Brownian motion [McK].
In particular if the branching mechanism is binary, the nonlinearity is given by
flu)=u— u2. More generally, reaction-diffusion equations of this type have been
commonly used as mathematical models describing the motion and interaction of
different types or species in chemistry or biology [Fife]. In particular, for appro-
priate nonlinearities f(u), these equations have a continuous family of travelling
waves (or fronts) describing the invasion of one species by another [AW].
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However, modelling the spatial spread of particles by a diffusion process is
not completely satisfactory. Indeed, in Brownian motion particles can move with
arbitrarily high speed, and the directions of motion at successive times are uncor-
related. A more realistic model is obtained by replacing the diffusion process with
a velocity jump process, see [Ha2] for a detailed discussion and an extensive bibli-
ography. In the one-dimensional case, this model leads to the damped hyperbolic
equation (1.1), where € > 0 is a parameter related to the “turning rate” of the par-
ticles. In the same spirit, in carrying over to correlated random walks McKean’s
idea of connecting a branching process to a process for spatial spread, Dunbar and
Othmer [DO] obtain the hyperbolic equation (1.1), in the one-dimensional case,
where € is a parameter of the correlated random walk. Finally, equations of the
form (1.1) also arise as mathematical models for the propagation of voltage along
a nonlinear transmission line [DO].

In this paper, we study (1.1) in the multi-dimensional case. For convenience,
we restrict ourselves to the KPP nonlinearity f(u) = u — u2, but more general
cases can be treated by the same methods [Ci]. Our aim is to show that (1.1)
has a family of stable travelling waves, as it is well-known when e = 0. Existence
of uniformly translating front solutions to damped hyperbolic equations has been
proved by Hadeler [Hal] in a more general context. In our case, this is simply
done by setting

u(ét) = g(V1+ ey —ct) (1.2)

and inserting into (1.1). One obtains for g the differential equation

g"(x) + g (@) + g(w) — g(x)* = 0. (1.3)

It is well-known [AW] that, for all ¢ > 2, this equation has a front-like solution
g(x) satisfying ¢'(z) < 0 for all z € R, lim,—,_ oo g(z) = 1, limz 4o g(z) = 0,
and g(z) is unique up to a translation in the variable z. Therefore, for all € > 0,
Eq.(1.1) has a continuous family of travelling waves of the form (1.2) indexed by
the parameter ¢ > 2. It should be noted that the speed of such a wave is no longer
¢, but ¢(1 + ec?)~1/2 a quantity which is bounded by 1/./€ as ¢ — oco.

The stability of travelling waves for KPP and similar nonlinear parabolic equa-
tions has been intensively studied over many years. Early results have been ob-
tained using comparison theorems based on the Maximum Principle, see [KPP],
[Fi], [AW]. When combined with probabilistic techniques, these methods give a
very detailed description of the basin of attraction of the wave [Bn]. In parallel, a
local stability analysis of the front in suitable weighted spaces has been initiated by
Sattinger [Sa] and extended recently by Kirchgassner [Ki], Kapitula [Ka], Bricmont
and Kupiainen [BK], Gallay [Ga], Eckmann and Wayne [EW], using functional-
analytic techniques, renormalization group methods, or energy functionals. In
particular, the decay rate in time of the perturbations in the critical case ¢ = 2
has been investigated [Ki], [BK], [Ga]. Similar results have also been obtained for
higher dimensional equations [MJ], and for systems of parabolic equations [KR],
[RK].
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The aim of this paper is to extend part of the stability results available for
the KPP equation to the hyperbolic equation (1.1). In particular, using energy
functionals, we shall show that the travelling waves (1.2) are locally stable in
appropriate function spaces for all ¢ > 2 and all ¢ > 0. Moreover, using the
Maximum Principle for hyperbolic equations, we shall prove a global stability
result in the one-dimensional case, provided e is sufficiently small. Finally, a decay
rate as t — 400 of the perturbations will be obtained if ¢ = 2, or if n = 1 and
e<1/4.

We now proceed to state our results in a more precise way. Given € > 0, ¢ > 2,
we go to a moving frame using the change of variables

w(é, t) = v(V1+ec2éy —ct, &, ..., 6n,t) = v(z,y,t), (1.4)
where = V1 + ec2§; —ct and, if n > 1, y = (&, ...,&,). The equation for v is
€Uy + Vg — 26CUz¢ = Vga + AyV + cUp + v — v? , (1.5)

and by construction v(z,y,t) = g(z) is a stationary solution of (1.5). As in
the parabolic case, this solution can only be stable if we restrict ourselves to
perturbations which decay to zero sufficiently fast as x — 4o00. To achieve this
decay, we look for solutions of the form v(z,y,t) = g(x) + a(x)w(z,y,t), where
a(x) = e~ for some v > 0 which will be fixed later. Then w(x,y,t) satisfies the
equation
ewys + (14 2ecy)wi —2ecwyr = Wea +Ayw+ (c—27)w, +(1— C"/+’72 —2g)w— aw? .
(1.6)
In the sequel, we shall rewrite in the usual way this second order equation as a
first order system for the pair (w, w;), and we shall study the stability of the origin
(w,w;) = (0,0) for this system in a space Z! which we now describe.

Function spaces. For all j € N, we denote by H = H’/(R") the usual (real)
Sobolev space of order j over R", with HO(R™) = L?(R"). Similarly, we denote by
HJ = HJ(R™) the weighted Sobolev space defined by the norm lwll g = llawl| -
We also set L2 = H?. We write X7 for the intersection H’ N HJ equipped with
the norm ||wl|3; = ||w|/%; + Hw||?{7, and Z7 for the product X7 x X7~! equipped
with the (e-dependent) norm :

2 2 2
(w1, w2) |75 = llwill%s + ellwallxs-1 - (1.7)

Finally, we define Y; = H' x L? and Y., = H}! x L2, equipped with the (e-
dependent) norms

lwr, w)l¥, = llwrll3p +ellwallz, [[(wr, wa)lly., = (awr, aws)lly, -
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Remark that ZE1 =Y.NY,.

It follows from these definitions that (w,w;) € Z! if and only if (aw, aw;)(1 +
e’) € H' x L2. Therefore, our perturbation space {(aw,aw;)|(w,w;) € Z}
depends on v and becomes smaller when - is increased. On the other hand, using
a direct calculation in Fourier space, one can verify that the origin in (1.6) is
linearly stable in Z, 61 only if 1 — ey ++2 < 0. In fact, this condition can be inferred
from the coefficient of w in (1.6). As a consequence, the biggest perturbation space
in which we can hope for stability of the wave is obtained by taking

2
C C
Y 1.
7= 3 1 (1.8)

Note that this value corresponds to the exponential decay rate of g(z) as x — +o0,
since g(z) ~ e 7 if ¢ > 2 and g(z) ~ xze™? if ¢ = 2 [AW]. In the sequel, we shall
always assume that (1.8) holds, so that (1.6) becomes

ewy + (1 + 2ecy)wp — 26cWyy = Wy + Ayw + V2 — 4w, — 29w — aw? . (1.9)

Furthermore, we shall assume without loss of generality that g(0) = 1 —o for some
o < 1/8, and that g(x) > 2a(x)/3 for all x > 0. This can always be achieved by
replacing g(z) with g(x — zg) for some sufficiently large xg > 0.

Remark. As in the parabolic case, one can show that the origin in (1.6) is ex-
ponentially stable in ZE1 if c>2and 1 —cy+~2 < 0. The fastest decay rate is

obtained for v = 4(¢), where
c [1+4e
j = —\/— . 1.1
(o) 2V 14 ec? (1.10)

Since this result can be proved using the same spectral estimates as in the parabolic
case [Sa], we shall focus here on the marginal choice (1.8) for which no exponential
decay is expected.

Using these definitions, we can state our first result, which shows that the
travelling waves are locally stable.

Theorem 1.1. Assume that n < 4, and let g > 0, ¢ > 2. Then there exist
constants 6o > 0 and Kg > 1 such that, for all 0 < € < €q, the following holds :
for all (po,p1) € ZL such that (0 p1)llz2 < o, there ezists a unique solu-
tion (w,w;) € CY([0,00), ZL) of (1.9) with initial data (w(0),w(0)) = (po, 1)
Moreover, one has

[(w(t), we®)z2 < Koll(wo, p1)llz1 (1.11)

for allt >0, and

Jim ([9w()xo + llee®) o + [w®)lzz) =0 (112)
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In addition, if c =2, one has

Jim VIVl xo + we@®llxo +lw@)lz) =0 (113)

Remarks. 1) By a solution of (1.9), we always mean a mild solution, that is a
solution of the integral equation associated with (1.9), see the proof of Proposi-
tion 2.1 below. In general, such solutions satisfy (1.9) in a distributional sense
only, see Lions [Li], Section 1.1. However, if (g, 1) € Z2, then the solution
(w, w;) belongs to C'1([0,00), Z1) N CY(]0, 00), Z2) and satisfies (1.9) in a classical
sense. In (1.11) and in the sequel, we use the short notation w(t) for w(-,,t),
when no confusion is possible.
2) The restriction n < 4 arises because we control the nonlinearity aw? in (1.9)
in the energy space Z!, using the Sobolev embedding of H'(R") into L*(R™).
More generally, if f(u) in (1.1) is a polynomial of degree p > 1, we assume that
n < 2p/(p —1). This bound could be improved up to 2(p + 1)/(p — 1) using the
more sophisticated L, — L,y estimates of Strichartz [St], [Br].
3) If n > 3, it follows from (1.11), (1.12) and the Sobolev embedding theorem that

lim (o) + Jlaw(®)z) = 0, 2<q<—2. (1.14)

t—+o0 ’ “n-—2
If n = 2, then (1.14) is valid for all ¢ > 2 and even for ¢ = oo if n = 1. In the case
where ¢ = 2, (1.11) and (1.13) imply that
. n 1/2 _ _n(g—2)
Jim (@l £ faw@le) =0, =02

for the same values of q.

In Theorem 1.1, the size of the basin of attraction of the wave, in particular
its possible dependence on the parameter € > 0, is not specified. However, in the
parabolic limit € — 0, it is known [KR] that the travelling fronts are stable with
respect to large positive perturbations, and a similar property is expected to hold
for (1.5) if e is sufficiently small. To investigate this point, we restrict ourselves
for convenience to one space dimension, and we apply the Maximum Principle for
hyperbolic equations, which is briefly recalled in Appendix A. Our second result
reads:

Theorem 1.2. Assume that n = 1, and let g > 0, ¢ > 2, d € (0,1]. Then
there exists a constant C = C(eg,c,d) such that, for any 0 < € < eg and for any
constant K > 0 such that

1—4e(d+K) > 0, (1.15)

21 < K* where

the following holds: for any (¢o, 1) € ZL satisfying ||(¢o, 1)
K*=CK(1+ K)~Y3 and such that, for (almost) every x € R,

po(a) > —(1—da(z) 'g(x) , (1.16)
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ep1(x) > 66906(33)—%(<p0+(1—d)a’lg)(x)+66(—7soo+(1—d)a’1g’)(33) , (1.17)

there exists a unique solution (w,w;) € CO([0,00), Z1) of (1.9) with initial data
(00, %1). Moreover, one has

I(w(®),we @)z < K, w(z,t) > —(1—d)a"" (2)g(x) , (1.18)
forallz e R, t € Ry, and (1.12), (1.13) hold.

Remarks. 1) In the proof, the constant K* will actually appear as the solution
of the equation KgK™*(1+ K*)1/2 = K, for some constant Kg(eg,c,d) > 1. This
precise form is due to our choice of the nonlinearity f(u) =u —u? in (1.1). If for
example f(u) = u—u™, m > 2, the exponent 1/2 in the above relation is replaced
by (m — 1)/2. Note that, if € is small, K (hence K*) can be chosen very big by
(1.15), and Theorem 1.2 shows in this case that the travelling wave is stable with
respect to large perturbations, provided they satisfy the “positivity conditions”
(1.16), (1.17). Conversely, if € is large, then K (hence K*) has to be very small,
and Theorem 1.2 reduces to a local stability result similar to Theorem 1.1.

2) The conditions (1.16), (1.17) appear when applying the Maximum Principle to
the equation (1.5), see Appendix A. The first one simply says that v(z,0) > dg(x)
for all z € R. The second one is not very restrictive if € is small, and disappears
in the limit € — 0.

The previous results are still incomplete for at least two reasons. First, they
fail to give a decay rate for the perturbations when ¢ > 2. Next, it would be very
natural to have a global existence result if d = 0. Indeed, it is known that, if
0 < v(z,0) < g(z), the solution v(x,t) of the parabolic equation (1.5) with e =0
exists for all times and satisfies 0 < v(z,t) < g(z) (in terms of the variable w, this
corresponds to —a~(z)g(z) < w(x,t) <0.)

We shall give a partial answer to both questions when € < 1/4. Indeed, in this
case the Maximum Principle allows us to compare the solution w(x, t) of (1.9) with
solutions of linear equations, whose initial data are the “positive” and “negative”
parts (w(ﬂ)t, @i:) of (o, ®1), in the sense of Appendix A. They are given by

vy () = sup(0, o(x)) , (1.19)

o1 (2) = el (@)~ (5 + en)ig (@) + sup(0, (1 — e+ (5 + 7)) (@),
and

o (x) = nf (0, po (), (1.20)

1

@1 (x) = c(pg)' (x) — (5 +ewg (2) + inf(0, (o1 — o + (2% + ¢7)0)(2)) .
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Remark that (o7, gali) belong to Z! and that ; = ;" +¢; for i = 0,1. Although
the norms of 7" seem to depend strongly on ¢, it is actually not the case: the
reader may check that |7 ()] < |¢1(2)| + c|@h(z)| ae. in R.

With these definitions, we can state the last result:

Theorem 1.3. Assume that n = 1, and let € € (0,1/4], ¢ > 2, d € [0,1].
Then there exists a constant N(c) > 1 such that, for any nonnegative constant K
satisfying

1-4¢(1+K) >0,

the following holds: for any (o, 1) € Z} satisfying (1.16), (1.17) and such that

inf (I, o022 165 el ) < 75

where (cpar, gof) is given by (1.19), there exists a unique solution
(w,w;) € CV([0,00), ZL) of (1.9) with initial data (@g,e1). Moreover, one has

~(1 - dygla) < al@)u(nt) < K, (1.21)
forallz e R, t € Ry. Finally, if d >0 and e < 1/4, one has

im % (Jw (@)l + ([ (w(t), we (1))

v.e) = 0.

Remark. The case K = 0 corresponds to nonpositive initial data : (goa', goi") =0.
Then (1.21) shows that the solution w(z,t) remains nonpositive for all times.

An outline of the paper is as follows. In Section 2 we introduce energy func-
tionals which allow us to derive a priori estimates for the solutions w(z,t) of (1.9)
under the assumption that either ||w(¢)|| xo is sufficiently small or w(x,t) satisfies
the lower bound in (1.18) on some time interval. Using these energy estimates, we
prove Theorem 1.1 in Section 3. Section 4 is devoted to the one-dimensional case
n = 1. Combining the Maximum Principle with the estimates of Section 2, we
derive Theorem 1.2. Furthermore, when € < 1/4, we obtain linear bounds for the
solutions of (1.9) which allow us to prove Theorem 1.3. In Section 5, we consider
the limiting parabolic equation (1.1) when € = 0. Noting that all the estimates
made in Section 2 are uniform in € when 0 < € < ¢g, and using the Maximum
Principle for parabolic equations, we obtain analogues of Theorem 1.1 and Theo-
rem 1.3. Thereby we recover some known stability results for the KPP equation.
Finally, in Appendix A, we recall the Maximum Principle for hyperbolic equations
[PW] in a version adapted to our purposes.
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2. Energy estimates

In this section, we derive some a priori estimates for the solutions of (1.9) which
will be needed in the proofs of Theorem 1.1 and Theorem 1.2. We begin with a
standard local existence result.

Proposition 2.1. Let € > 0, ¢ > 2, and let (¢, 1) € ZX. Then there exists
a time T = T(e,c,00,91) > 0 such that (1.9) has a unique solution (w,w;) €

CY([0,T], Z1) satisfying (w(0), w(0)) = (0, ¢1)-

Remark. In fact, the proof gives a lower bound on the existence time which
depends only on €, ¢ and ||(¢g, ¢1)| z1. Moreover, the energy estimates below will
show that this time is independent of € if € € (0, eg].

Proof. Setting W = (w, w;)" (where * denotes the transposition), we rewrite (1.9)
into the “abstract form”

W = AW + F(W) , (2.1)

where A is the linear operator

0 1
4= (e—l(af + Ay + V2 =40, —29) —e P +2c(0, - 7)) ’

and F(W) = (0, —e~taw?)*. Tt is not difficult to show that the operator A, defined
on the domain D(A) = Z2, is the generator of a C-semigroup [Pa] of bounded
linear operators in Z 61 Indeed, A can be written as the sum of a bounded operator
(depending on € R through the function g) and an unbounded operator with
constant coefficients, for which the property of being a generator can be verified
by a direct calculation (using Fourier transforms). Therefore, it follows from a
classical stability theorem ([Pa], Theorem 3.1.1) that A is the generator of a C°-
semigroup et in Z1.

On the other hand, it is easy to verify that F' : Ze1 — Ze1 is a C! map. In-
deed, if w € X! = H' N H}, then by the Sobolev embedding theorem Hw||%4 <
KSHwH?{l and Haw||%4 < KSHwH?{l for some Kg > 0. Therefore, HanH%2 <

law|2alfwl2s < K3lwl 2wy and flaw?|2, = faw|t, < K2 [uwl|t,. Combin-

2
x1»

maps Z 61 into itself. Since F' is quadratic, the differentiability follows by the same
estimates.

In view of these properties, a standard result in semigroup theory ([Pa], The-
orem 6.1.4) implies that, for all ® = (g, 1)t € Z1, the integral equation

ing these inequalities, we find that |law?| xo < Ks|w|| which proves that F

t
W(t) = eMd + / AT P(W (1)) dr |
0
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has a unique solution W € C9([0,T],Z}) for some T > 0. This is what we
call a (mild) solution of (2.1), hence of (1.9). Moreover, if ® € Z2, then W €
C([0,T], 2z} N CO([0,T), Z?) and satisfies (2.1) in a classical sense ([Pa], Theo-
rem 6.1.5). O

In the sequel, we fix €9 > 0, ¢ > 2, and for some € € (0, 9] we assume that we
are given a solution W = (w,w;) of (1.9) defined on some time interval [0, 7] and
satisfying one of the following two assumptions:

Hypothesis H1:
[[w(t)]| xo < § for all ¢t € [0,T], for some sufficiently small § > 0,
Hypothesis H2:
w(z,y,t) > —(1 —d)a(z) 1 g(z) a.e.(z,y), vt € [0,T], for some d € (0,1].

These two cases are adapted to the purposes of the proofs of Theorem 1.1
and Theorem 1.2 respectively. To be specific, we assume in the first case that
§ < 1/(8Kg), where K is the constant of the Sobolev embedding of H' into L4
(as in the proof of Proposition 2.1).

Under these assumptions, we shall study two families of energy functionals:
unweighted and weighted ones, which control the size of the solution w(z,y,t) in
the spaces Y, and Y, respectively. We shall derive differential inequalities for these
functionals, which will show that the solution w(x,y,t) is bounded uniformly in
time by a quantity depending only on the initial data.

2.1. Unweighted functionals

Given w(z,y,t) as above, we define

1 1
Ep(t) = / (%wg + §|Vzw|2 + gw? + gawg) dz ,
R»

1+2
Eq(t) = / (%uﬁ —l—ewwt) dz (2.2)

Eb(t) = akEp(t) + Er(t) ,

where o = max(2¢,1/(2¢?)). Here and in the sequel, we set z = (z,y) € R" and
dz = dxdy.

Lemma 2.2. Assume that H1 or H2 holds. Then
€ 9 1 2 , 1 9
Ey(t) > —w; + = |Vw|* + -gw’ | dz , (2.3)
R \2 4 2

for all t € [0,T). Moreover, Eg € C1([0,T]) and

Eo(t) < (¢~ 4)Eo(t) . (2.4)
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Proof. We first control the cubic term in (2.2). Using the Cauchy-Schwarz and

Sobolev inequalities, we have
1/2 1/2
(/ a*w? dz) (/ w? dz)
<0 <0

/ aw® dz
<0
Kslulxo [ (w? 4 V.ul?) d: (2.5)
<0

IN

IN

IN

1
2K5||w|\Xo/ (gw2 + —|Vzw|2> dz ,
<0 2

since g(z) > 1 — o0 > 1/2 for x < 0. Similarly,

1/2 1/2
/ aw’ dz (/ w? dz) (/ auw? dz)
>0 >0 >0

KSHwHXO/ (aw2 + |Vz(a1/2w)|2) dz .
>0

IN

IN

The integral of |V, (a'/?w)|? is equal to

2
/ alVowl? + T aw? - yaww, | dz < / §'yQan + §a|VZw|2 dz .
>0 4 >0 4 2

Since 42 < 1 and 2a(z)/3 < g(z) < 1 for z > 0, we thus have

/ aw? dz| < K5||w|\Xo/ (2aw2 + §a|VZw|2> dz
x>0 x>0 2
) (2.6)
< 3K5||w|\xo/ (gw2 + —|Vzw|2> dz .
z>0 2
Combining (2.5) and (2.6), we conclude
1
'/ aw® dz| < 3K5||w|\Xo/ (gw2+ §|Vzw|2) dz . (2.7)
R~

If H1 holds, one has Kg|lw| yo < Kgd < 1/2, and (2.3) follows immediately. If
H2 holds, then aw? > —gw? a.e.(z,y) and (2.3) is obvious.

To prove (2.4), we first assume that (g, ¢1) = (w(0),w;(0)) € Z2. In this case,
one has (w,w;) € C1([0,T], Z}), so that Ey € C'([0,T]), and a direct calculation
shows that

Eo(t) = —(1+ 266’)/)/ w?dz 4+ /2 —4 wyw dz (2.8)

n R~
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In the general case where (¢g, 1) € ZL, we use the fact that the solution (w,w;) €
Ze1 depends continuously on the initial data (pq, 1), uniformly in ¢ € [0,T].
Therefore, if G(t) denotes the right-hand side of (2.8), we see that (for fixed t)

both Ey(t) and Eg (O)—i—féf G(s) ds are continuous functions of (g, p1) € Z!. Since

they coincide on a dense subset (namely, Z?2), they must be equal everywhere. This
proves that Eg € C1([0,T]) and satisfies (2.8). Finally, since

o A -4 2
02_4'/ Wewy dz §/ (wt—i— 1 |Vzw|>dz,

we see that (2.4) follows from (2.3) and (2.8). O

Lemma 2.3. Assume that H1 or H2 holds. Then there exist positive constants
K1, Ko depending only on €g, c such that
Kq1[|[W(t)

V. < Ea(t) < KalW@)IIS, (1+ [[w(®)llxo) (2.9)

for all t € [0,T). Moreover, Fa(t) > aEy(t)/2, B> € C*([0,T]) and

(1) <~ Bot) (2.10)

Remark. We recall that W = (w,w;). The fact that K7, Ko are independent of
e will be very important in Section 5, where the limiting case € = 0 is considered.
Note that the standard choice a@ = 2¢ in (2.2) would lead to a constant K7 of order
€, see the proof below.

Proof. Since o > 2¢, we have

1 3 3
leww| < ng + ZGthQ < Zw? + Saew? . (2.11)

Therefore, using (2.3), we obtain

Qe « a 1
Ex(t) > / i <§wt2 + Z|Vzw|2 + §gw2 + 6w2) dz .

Furthermore, using (2.7), we find
Es(t) < / (ozewt2 + %|Vzw|2 + agw? 4+ (14 ecy)w? + %aw?’) dz

a
< (1+ Kg||wHXo)/ (ozewt2 + §|Vzw|2 + agw?® + (1+ e(:'y)w2) dz .

R~
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Since 0 < g < 1, € < ¢, and 1/(2¢?) < a < max(2¢, 1/(2¢?)), we obtain (2.9),
with K1, Ko independent of €. Similarly, since |eww;| < w?/2 + aew? /4, it follows
from (2.2), (2.3) that
Ei(t) > -2 | widz > —SE(1),
1 Jge 2

hence Es(t) > aEqy(t)/2.
To prove (2.10), we proceed along the same lines as in the preceding lemma.
Using a direct calculation and a density argument, we show that

E(t) = / (ew,? — 2ecwpw; — |Vaow|? — 2gw? — aw3) dz ,
hence

Es(t) = (e —a(l+ 2667))/

- / (|Vzw|2 + 2guw? —|—aw3) dz .

w? dz + (av/ ¢ — 4 — 2ec) / wywy dz

n n

If a = 2¢, then avc? — 4 — 2ec = —4ey, and

r —

1
deylwawy| < 4e2eyw? + Tw? < Qeacyw? + §|Vzw|2 ,
c
since y/c < 1/2 by (1.8). If a = 1/(2¢?) > 2¢, then |aV/c2 — 4 — 2¢c| < ac and

o o 1
aclwyw| < Zw% + actw? = wa + §|V2w|2 .

In both cases, we find

. 1
Eq(t) < —/ <§w§+§|vzw|2+2gw2+aw3) dz.

If H1 holds, then by (2.2), (2.7)

1 1
Es(t) + §E0(t) < —/ (Z|Vzw|2 + gng + gaw?’) dz

IN

1 1
—(1— 5K5Hw||xo)/ (—|Vzw|2 + —gw2> dz < 0.
R \ 4 2
If H2 holds, then we simply have
. 2 1
Eq(t)+ Ep(t) < —/ (gw2+§aw3) dz < —g/ guwdz < 0.
In both cases, we obtain (2.10). O
Remark. Up to now, we did not use the fact that d > 0. Therefore, Lemma 2.2

and Lemma 2.3 are still valid if H2 holds with d = 0, and the constants K71, Ko
are independent of d.
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2.2. Weighted functionals

Under the same assumptions as above, we define the weighted functionals
Fy(t) = / (; a’w? + a2|V w|? + a?guw? + 3a w3) dz ,

1-2
Fi(t) = / (726(7y 2w? + ea® wwt) dz , (2.12)

Fy(t) = aFo(t) + F1(t) + BEo(t) ,

where & = max(2¢,d/(2¢?)) and 8 = 3. In the case where H1 holds, we set d = 1,
so that & = a.

Remark. The additional term SEy(t) in (2.12) guarantees that F»(t) > 0. How-
ever, if e is sufficiently small, then &Fy(t) + F1(t) is already positive, so we may
set B = 0. This possibility will be used in Section 4.3 below.

Lemma 2.4. Assume that H1 or H2 holds. Then there exist positive constants
K3, K4, K5 such that

Ks|W@)IIF,, < B(t) < KW@, 1+ [wt)lxo) + BEo(t) ,  (2.13)

for all t € [0,T). Moreover, Fy € C*([0,T]) and satisfies
Ey(t) + wFa(t) < KsEo(t) (2.14)

where k = d/(8(1 + &)).

Remark. Here and in the sequel, K3, K4, ... denote positive constants depending
only on €q, ¢ and, if H2 holds, on d > 0.

Proof. Using the identity
/ a?|V.w?dz = / (|Vz(aw)|2 72a2w2) dz , (2.15)
n Rn

together with the relation 1 — ey + 2 = 0, we write Fa(t) as

F(t) = / (7a2wt2 |V (aw)]?® + ey(d/2 — €)a’w? + 2(2g— 1)a?w?

1
+ 3a3w3 + 2@ w? + ea wwt> dz+ BEy(t) . (2.16)
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To prove (2.13), we first note that cy(&/2 —€) < ¢ya/2 < & and g < 1. Using
(2.11), we thus find

F(t) < / (&ea2wt2 + %|Vz(aw)|2 + (14 a)a’w? + %a3w3) dz + BEy(t) .

(2.17)
Furthermore, in analogy with (2.5), we have

‘/ aw3 dz

Therefore, combining (2.17) and (2.18), we easily obtain the upper bound in (2.13).
To prove the lower bound, we first use (2.11) and the fact that & > 2e. We find

< K5||wHXo/R (a2w2 + |Vz(aw)|2) dz . (2.18)

A A A A 1
Fy(t) > / %awa + g|Vz(aw)|2 + g(2g —1)a’w? + LaBuwd + ~a2uw? ) dz
n\ 8 2 2 3 6
+ BEo(t) .

If H1 holds, we apply (2.18). Since Kg||w| yo < 3/4, we obtain

(2.19)

By(t) > / (%aQw% + %|Vz(aw)|2 + a(g — 3/4)a*w? + éaQwQ) dz + BEy(t) .

If x <0, then g(z) —3/4 > 1—0—3/4 > 0, since ¢ < 1/8. If x > 0, then
g(x) —3/4> —1 and a(z)? < a(z) < 3g(x)/2, so that

3
/ a?w?dz < —/ gw2 dz < 3Ey(t) , (2.20)
>0 2 >0
by (2.3). Therefore, since § = 3&, we have
A A 1
Fa(t) > / (%awa + %|Vz(aw)|2 + 6a2w2> dz . (2.21)

If H2 holds, we observe that

ag —1/2)aw? + %a3w3 > @(29/3 —1/2)a*w?  ae.(z,y) .

Again, we have 2¢g(z)/3—1/2 > (1—40)/6 > 0if z <0, and 2¢(x)/3—1/2 > —1if
x > 0. Therefore, using (2.19) and proceeding as above, we again arrive at (2.21).
This proves the lower bound in (2.13).

To prove (2.14), we proceed along the same lines as in the preceding lemmas.
Using a direct calculation and a density argument, we first show that

n

By(t) = (e — &) / a?w? dz + c(& — 2€) / a?wywy dz
" (2.22)
— / (|Vz(aw)|2 + (29 — 1a’w? + a3w3) dz + BEq(t) .
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If & = d/(2¢?) > 2¢, then

A . a d
le(@ — 26€)wpwe| < chlwzpwy] < Zw? + §|Vzw|2 .

Therefore, using (2.15) together with d < 1, 42 < 1, we find

. 1 :
F(t) < —/ (%awa + §|Vz(aw)|2 + (29 — 1 —d/2)a*w? + a3w3) dz+BEp(t) .

(2.23)
If & = 2¢, then (2.23) follows immediately from (2.22).

We now combine (2.17) and (2.23). Using (2.4) and the fact that k& < 1/2,
we easily find

Bo(t) + kB (t) < —/ Gwz(aw)ﬁ b (20— 1—d/2—r(1+ d))a2w2> i

—(1- m/s)/ adwd dz + BEy(t) ,
| (2.24)
with 3 = B(x 4 ¢ — 4). If H1 holds, we use (2.18) and obtain

Ey(t) + Fy(t) < —/ (29 — 3/2 — k(1 + &) — Kslw||xo)a*w?® dz + BEo(t) .

If £ <0, then 2g(z) —3/2—k(14+ &) — Kg|lw|| xo > 1/2—20—k(1+ &) — Kgd > 0,
by assumptions on 0,6, k. If z > 0, the same quantity is bounded from below by
—2. Therefore, using (2.20), we find Fy + kFy < (6 + B)Eo, which is (2.14).

If H2 holds, we infer from (2.24)

Ey(t) + rFa(t) < —/n((1+d)g—1—d/2—f-@(1+d))a2w2 dz + BEo(t) .

Since g(z) — 1 as  — —oo, there exists x4 < 0 such that g(x) > 1 — d/8 for
all x < z4. Therefore, if x < x4, one has (1 +d)g —1—d/2 — k(1 + &) >
(3d — d?)/8 — k(1 + &) > 0 by assumptions on d, k. If x > x4, the same quantity
is bounded from below by —2, and

9 9
/ a?w?dz < —6727“/ guw?dz < Z e 2TaEy(t)
T>Tq 4 T>Tq 2

since 3g(x) > 3g(x — xq) > 2a(x — xq) = 2e74a(x) for all x > z4. Combining
these inequalities, we find Fy +kFy < (9e~27%¢ + 3) Ey, which is the desired result.
0
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Corollary 2.5. Assume that H1 or H2 holds. Then there exists a constant Kg > 1

such that
W ()71 < KellW(0)]l 51 (1 + [[w(0)]x0)'/?, (2.25)

for all t €10,T).
Proof. According to Lemma 2.3, we have
Ko
w3, < ElIW(O)lli(l + lw(0)] xo) (2.26)
for allt € [0,T1], since Ea is a decreasing function of ¢. On the other hand, it follows
from (2.14) and Lemma 2.3 that F»(t) + kFa(t) < KsEa(t), where K5 = 2K5/ .
Integrating this inequality, we find

t
F(t) < e " (0) + Ks / e "N Ey(r)dr < F(0) + — B(0) .
0

hence

%) (L Jw(0) 1 x0) |
(2.27)
by (2.9), (2.13). Combining (2.26) and (2.27), the result follows. O
If H2 holds with d = 0, it is no longer possible to bound W (¢) uniformly in
time as in Corollary 2.5, but the energy estimates above still imply that |W (¢)|| 51
cannot grow faster than an exponential. This result will be useful in Section 4. ‘

WO, < 7 (KAWO)IR, + 6+ Ks/r) Ke|W(0)

Corollary 2.6. Assume that H2 holds with d = 0. Then there exist constants
p >0 and K7 > 1 such that

IW(@)llzr < Kr(1+e”) W)l 7 (1 + [[w(0)l|x0) (2.28)
for all t €10,T).

Proof. We recall that Lemma 2.2 and Lemma 2.3 still hold if d = 0, see the
remark at the end of Section 2.1. Furthermore, if we define Fa(t) by (2.12) with
& = a = max(2¢,1/(2¢?)) and = 3a, then it is easily verified that (2.13) is still
valid. However, (2.23) has to be replaced by

By(t) < —/ ) (%awa + %|Vz(aw)|2 + (g—3/2)a2w2> dz + BEy(t) .

Therefore, using (2.4), (2.21), we obtain
Fy(t) < 9Fy(t) + B(c* — 4)Eo(t)

which replaces (2.14). Integrating this inequality and proceeding as in the proof
of Corollary 2.5, we obtain (2.28), with p = 9/2. O
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3. Local stability

In this section, we prove Theorem 1.1 using the energy estimates of Section 2.
Proof of Theorem 1.1. Given ¢y > 0, ¢ > 2, we define dg, Ky by the relations
Kgdo(1460)"% = 6/2, Ko = Ke(1+3d0)"/?,

where Kg(ep,c) > 1 is given in Corollary 2.5 and § = 1/(8Kg) in the hypothesis
H1, Section 2. Then, for all ® = (g, 1) € Z! such that @[ z1 < o, Eq.(1.9) has
a unique global solution W (t) = (w(t),w(t)) € Z! satistying W (0) = ®. Indeed,
in view of the local existence result (Proposition 2.1), it is sufficient to show that
W ()|l z1 < & whenever W (t) exists. Assume on the contrary that there exists
a time T > 0 such that |[W(T)||;1 = 6 and [|[W(t)||,n < 6 for all ¢ € [0,T).
Then [|w(t)||xo < W)z <6 for all ¢ € [0,T7], so ‘that H1 holds on [0, T7.
By Corollary 2.5, it follows that ||[W(T)||,1 < Kgdo(1 + 80)'/2 = §/2, which is
a contradiction. Therefore, W (t) exists for all times and the assumption H1 is
always satisfied. By Corollary 2.5 again, we conclude that ||W ()| ;1 < Kol||®|| 51
for all ¢ > 0, which proves (1.11). ‘ ‘

To prove (1.12), (1.13), we use the differential inequalities satisfied by the
functionals Eq, Fo, F5 defined in Section 2. The following arguments are standard
(see for example [EW]) and will be reproduced here for the sake of completeness.
First, since E» is a positive, decreasing function of ¢ by Lemma 2.3, E5(t) converges
to a nonnegative limit as t — +o0o. By (2.4), (2.10), so does Eg + 2(c? — 4)Fs.
Therefore, Eg(t) converges as t — +o00, and since Ey(t) > 0 it follows from (2.10)
that the integral

+oo
/0 Eo(1)dr < 2(E3(0) — Ez(400))

is finite. Thus Ey(t) converges to zero as t — +o0o. Moreover, integrating the
differential inequality (2.14), we find

Fy(1)

IN

t
e " Fy(0) + K / e Ey(7) dr
0

t/2

IN

Eo(r)dr + /t

t/2

e " Fy(0) + K5 (.e“t/?
0

ef“(th)Eo(T) dT) (3.1)

K
< efm‘//Q(FQ(O) +2K5E2(O)) + =9 sup EO(T) )
a? Te[t/Qvt}

hence F»(t) converges to zero as t — 4o0o. Therefore, using the lower bounds in
(2.3), (2.13), we obtain (1.12).

In the case where ¢ = 2, Ej itself is a decreasing function of ¢ by (2.4), hence
tEo(t) <2 ftt/Q Eo(r)dr. Thus tEy(t) converges to zero as t — 400, and by (3.1)
the same is true for tF»(t). Therefore, using again (2.3), (2.13), we obtain (1.13).
This concludes the proof of Theorem 1.1. |
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4. Global stability results in the one-dimensional case

Throughout this section, we assume that n = 1. First, we prove Theorem 1.2
using the results of Section 2 and the Maximum Principle for hyperbolic equations.
Then, we study in more details the case € < 1/4; in particular, we give linear upper
and lower bounds for the solutions of (1.9). Finally, using these linear bounds, we
prove Theorem 1.3.

4.1. Global stability for arbitrary e

We first show that the hypothesis H2 (see Section 2) holds if the solution w(z,t)
of (1.9) is bounded from above and if the initial data satisfy (1.16), (1.17).

Proposition 4.1. Let € > 0, d € [0,1] and let K be a nonnegative constant such
that
1—4e(d+K)>0. (4.1)

For some T > 0, assume that (w,w;) € C°([0,T], ZL) is a solution of (1.9) with
ingtial data (o, 1) satisfying (1.16), (1.17), namely

po(x) > —(1—d)aH(2)g() , (4.2)
ep1(x) > ecpp(x) — % (o+(1— d)a_lg) (z) +ec(—ypo+ (1 — d)a_lg’) (z), (4.3)

for (almost) every x € R. Suppose moreover that
a(z)w(z,t) <K, V(z,t) e Rx[0,T]. (4.4)

Then
w(z,t) > —(1—d)ja  z)g(x) , V(x,t) e Rx[0,T]. (4.5)

Proof. We recall that the inequality (4.5) is equivalent to v(z,t) > dg(x), where
v(z,t) = g(x) + a(x)w(z,t) is the solution of (1.5). Also, we remark that dg — v
belongs to the space CY([0,T], H} (R)) N C*([0,T], L2 ,(R)) and satisfies

L(dg —v) = L(dg —v) + h(z,t)(dg —v) = g?d(1 —d) ,

where lf(v) = Vpp+2€CVUpt — €Uy + Uy — v and B(x, t) = 1—v(z,t)—dg(z). There-
fore, to prove (4.5), we are led to apply the Maximum Principle (Theorem A.1,
Appendix A) to the function dg — v and to the operator L. The condition (A1)
is obviously satisfied. Due to (4.4), the condition (A.2) holds, i.e.,

hz,t)>1—-(1+d)g(z) - K >—-K—d.
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This estimate and (4.1) imply that (A.3) also holds. Moreover, since 0 < d < 1,
we have L(dg — v)(z,t) > 0 a.e.(z,t) € R x [0,T], which is (A.4). Finally, the
conditions (A.5) and (A.6) required on dg — v are nothing else but the hypotheses
(4.2) and (4.3). Therefore, it follows from Theorem A.1 that (dg — v)(x,t) < 0,
that is, w(z,t) > —(1 — d)a(z) " Lg(z), for all (z,t) € R x [0, T]. O

Using Proposition 4.1 and Corollary 2.5, we now prove the first global stability
result.

Proof of Theorem 1.2. The proof is very similar to the one of Theorem 1.1
given in Section 3. Let u be a real number, 0 < u < 1. Given € € (0, ¢g], d € (0,1]
and K > 0 satisfying (4.1), we define K* by the relation

KeK"(1+ K% = (1- wEK |

where Kg(eg, ¢, d) > 1 has been introduced in Corollary 2.5. According to Proposi-
tion 2.1, for any (g, 1) € Z! satisfying (4.2), (4.3) and such that ||(¢o, ¢1)|| 51 <

K*, there exist a time T > 0 and a unique solution W (t) = (w,w;) € C°([0,T), Z})
of (1.9) with initial data (¢o,¢1) such that [|[W(t)||z1 < K for all ¢ € [0,T) and,
if T < oo, W(t) € C°[0,T],Z}) and [W(T)|z1 = K. We show by contradiction
that T = co. If T' < oo, we have )

a(z)w(z,t) < law(t)l|ze < faw®)m < [WEz2 < K,

for all t € [0,T]. Thus, by Proposition 4.1, w(z,t) > —(1 — d)a(z)"'g(z) for
all (z,t) € R x [0,7T], i.e. the hypothesis H2 of Section 2 holds on [0,7]. By
Corollary 2.5, it follows that |[W(T)|| ;1 < Kg(1+K*)Y/2K* = (1 — u) K, which is
a contradiction. Therefore T = oo, and the inequalities (1.18) hold for all times.
The decay properties (1.12), (1.13) are proved like in Section 3. O

4.2. Linear bounds in the case ¢ <1/4

From now on, we assume that ¢ < 1/4. In this case, the range of application
of the Maximum Principle is much wider, and we can show that the solution
w(x,t) of (1.9) is bounded from above and from below by solutions of suitable
linear equations. These linear bounds will be crucial for the proof of Theorem 1.3.
Before stating the results, we introduce some additional notation.

For all d € [—1,1], we denote by S4(t) € £L(Z}, Z}) the linear group associated
with the equation (Lqw)(x,t) =0, where

Low = —ewy — (1 + 2ecy)wy + 2ecwyy + Wez + V2 — 4w, — (1 4+ d)gw . (4.6)
For (o, 1) € ZL, we set

Sa(t) (o, p1) = (Wa(t), War(t)) - (4.7)



470 Th. Gallay and G. Raugel ZAMP

In (1.19), (1.20), we have defined the positive and negative parts (go(j)t,cpit) of
(p0,1). In analogy with (4.7), we set

Sa(t) (e, e1) = (@ (1), wy (1)) - (4.8)

We now show the existence of a linear upper bound.

Lemma 4.2. Let e < 1/4. For any (¢o,¢1) € Z1, the solution (w,w;) €
CO([0, T, Z}) of (1.9), with initial data (pg, 1), satisfies for any d € [—1,1],

w(z,t) < wp(z,t) < @f(z,t), Y(x,t) € Rx[0,T], (4.9)

where 1, 117;' have been defined in (4.7) and (4.8) respectively.

Proof. We first prove the inequality w(z,t) < @p(z,t). The function w — wy
satisfies the equation Ly (w — 1) = aw? > 0, where L; has been defined in (4.6).
Thus, we can apply the Maximum Principle to the function w — Wy and to the
operator L. Indeed the conditions (A.1), (A.2), (A.4) are satisfied, and, since the
initial data for w, w coincide, (A.5) and (A.6) obviously hold. Since —2¢g(x) > —2,
the condition (A.3) with h = —2 becomes (1 —4¢)(e+€2c?) > 0, which is satisfied
because € < 1/4. Therefore, Theorem A.1. implies that w(x,t) — @1 (z,t) <0 for
all (z,t) e R x [0,T].

We next show that @ (z,t) > 0. Since Ly(—w}) = 0, we can apply the
Maximum Principle to the function —u?;l" and to the operator Ly. In view of
the first part of the proof, the conditions (A.1) to (A.4) hold. Due to the choice
of (goar,gof) made in (1.19), the hypotheses (A.5) and (A.6) are also satisfied.
Therefore, by Theorem A.1, @] (z,t) > 0 for all (z,t) € R x Ry.

Finally, we show that @ (z,t) < wj(x,t) for all d € [-1,1], by applying
the Maximum Principle to the function wy — u?j and to the operator Li. As
we have already remarked, the hypotheses (A.1), (A.2), (A.3) are satisfied. The
condition (A.4) holds, since L1 (1 — @) = (1 —d)gw] and @} > 0. The choice of
(goar, @f) in (1.19) also implies that (A.5) and (A.6) hold. Hence, by Theorem A.1,
Wy (x,t) < W) (x,t) for all (z,t) € R x [0,T]. 0

In a similar way, we obtain linear lower bounds for w(z,t).

Lemma 4.3. Let ¢ < 1/4, d € [0,1], and let K be a nonnegative constant such
that
1-4¢(1+K) > 0. (4.10)

For some T > 0, assume that (w,w;) € C°([0,T], ZL) is a solution of (1.9) with
initial data (@g, 1) € Z) satisfying (4.2) and (4.3). Suppose moreover that (4.4)
holds. Then

Wy (2,t) < Wy (x,t) Sw(x,t), V(x,t) e Rx[0,T7], (4.11)
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where W, W, have been defined in (4.8).

Proof. As in the proof of Lemma 4.2, we show that @, (x,t) < 0 by applying the
Maximum Principle to the function w; and to the operator Ly. To show that
w4 (z,t) <y (x,t), we apply the Maximum Principle to the function @~ — @,
and to the operator L_y. Since L_1(0~; —w, ) = —(1+d)gw, and @, <0, the
hypothesis (A.4) holds. The other conditions are obvious or have been verified in
the proof of Lemma 4.2.

It remains to prove that w(x,t) > w, (z,t). We again apply the Maximum
Principle, but now to the function w; —w and to the operator L] = L_1+h", where
h*(z,t) = —(29(z) + a(x)w(z,t)). Since h*(x,t) > —2 — K, the condition (A.3)
becomes (1 —4e(1 + K))(e + €2¢?) > 0, which is nothing but (4.10). Moreover, we
have L} (w; —w) = =, (aw+ (1 —d)g) > 0, since w; (z,t) < 0 and a(z)w(z,t) >
—(1 = d)g(z) by Proposition 4.1. Thus (A.4) holds, and due to the choice of
(0o 1) in (1.20) the conditions (A.5) and (A.6) are also satisfied. Therefore
Wy (x,t) < w(z,t) by Theorem A.1, and Lemma 4.3 is proved. O

Since w1 (z,t) is a solution of the linear equation Lyw = 0, it is easy to bound
it in terms of the initial data (g, p1). We have the following result:

Lemma 4.4. Let € < 1/4. There exists a constant N = N(c) > 1 such that

151l z(z1,21) < N, Vie Ry . (4.12)

Proof. All we need is repeating the energy estimates of Section 2 for the linear
equation obtained by dropping the last term —aw? in (1.9). The functionals
Ey(t), Ea(t), Fo(t) are then replaced by the quadratic expressions

- € 1 - -
Eo(t) = /R <§wt2+§|wm|2+gw2> dv , Es(t) = aEo(t) + Ei(t)

- 1 -

Fy(t) = a/ (%awa + §a2|wgc|2 + a2gw2) de + Fi(t) + BEo(t) ,
R

where a, 3, E1(t), F1(t) are defined in (2.2), (2.12). Of course, the hypotheses H1,

H2 are not needed anymore, since they were used to control the cubic terms in

Es(t), F2(t). Following exactly the lines of the proof of Lemma 2.2, Lemma 2.3,

Lemma 2.4 (with obvious simplifications), we arrive at Corollary 2.5, which reduces
in this case to [W(t)[ z1 < N|[W(0)|z1 for some N(c) > 1. This proves (4.12). O
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4.3. Global stability and decay in the case ¢ < 1/4

Using the linear bounds of Section 4.2, we are now able to improve the global
stability results. Theorem 1.3 will be a direct consequence of the following two
propositions:

Proposition 4.5. Let e < 1/4, d € [0,1] and K be a nonnegative constant, such
that (4.10) holds. For any (¢o,e1) € Z} satisfying (4.2), (4.3) and

K

|(500 Sf’ii_)|z

inf (|| (w0, ¢1)l 21

where (QD(J)F,SO;F) is defined in (1.19) and N in Lemma 4.4, there exists a unique
global solution (w,w;) € C°([0,00), Z}) of (1.9) with initial data (o, p1). More-
over, we have

—(1-d)g(z) < a(x)w(z,t) < K, V(z,t)e RxR4, (4.14)
and
W (2,t) < wlz,t) < wn(a,t) < oy(r,t), Y(r,t) e RxRy. (4.15)

In addition, if d > 0, the properties (1.12) and (1.13) hold.

Remark. The case K = 0 is non trivial: it corresponds to (4,08', <p1") =0, i.e.

1

= +cy)po(w)

po(@) < 0, wi(z) < epplz) (5

In this case, (4.14) shows that w(x,t) stays nonpositive for all times.

Proof. According to Proposition 2.1, there exist a maximal time 7" > 0 and a
solution (w,w;) € C°([0,T), Z}) of (1.9) with initial data (¢, 1) such that either
T = oo, or T < co. In the latter case, there exists a sequence of positive times t,,,
t, < T, such that t, — T as n — +o0 and

[(w(tn), we(tn))ll 22 — o0, (4.16)
as n — +o00. By Lemma 4.2 and Lemma 4.4, we have

a(z)w(z,t) < inf(a(z)wy(z,t),as )@f(xat)) < inf([Jan (0| x1, @7 (¢)]]x1)

for all (x,t) € R x [0,T). Therefore, by Proposition 4.1,

w(z,t) > —(1—d)a(z) tglz), V(z,t)eRx[0,T),
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which allows us to apply Corollary 2.6. It follows that

J@w®w(@)llz < Kol +eM)leon o)l (1 + lipollx0) /2, Vee o1y
4.17

which contradicts (4.16). Thus T' = oo, and (4.14) holds. The estimate (4.15) is a
direct consequence of Lemma 4.2 and Lemma 4.3. Finally, if d > 0, the properties
(1.12), (1.13) are obtained like in the proof of Theorem 1.1 in Section 3. O

Remark. If d = 0, we can still show, by arguing as in the proof of Theorem 1.1
in Section 3, that
Jim (flwa (#)]22 + [ler®)]lz2) = 0,

and that this quantity is O(t~1/2) if ¢ = 2. However, since (2.14) no longer holds,
we cannot show that ||(w,w;)||y,, converges to zero in this case.

Proposition 4.6. Under the assumptions of Proposition 4.5, the solution (w,w;) €
CO([0,00), Z1) of (1.9) with initial data (po,p1) satisfies

lim Y4 w(t)|pe = 0. (4.18)

t——+oo

If, in addition, d > 0 and € < 1/4, then

im % (w (@)l + ([ (w(t), we (1))

v..) =0. (4.19)

Proof. We first prove (4.18). From (4.15), it follows that
[w®)][pe < sup([@fy ()L, |07 (8)][L=) , V€ Ry . (4.20)
Therefore, we need only show that (4.18) holds for any solution @ € C?([0, o0), X 1)N
C1(]0,00), X0) of the linear equation with constant coefficients L_110 = 0. Again,
this can be done using the energy estimates of Section 2. Indeed, setting w(x,t) =
w(x + vt,t), where v = V2 — 4/(1 + 2ecy), we see that w(x,t) satisfies
ewit + (1 + 2ecy)wr — 2Bwyr = Awgy (4.21)

where B > 0 and A = (1 + ec® + ecvV/c2 —4)/(1 + 2ecy) > 0. Remark that the
coefficient of w, vanishes in (4.21), like for the equation (1.9) in the case ¢ = 2.

Therefore, setting
1
Boft) = [ (§u?+ 3Aler) do
R \2 2

and modifying in the same way the definitions of E1(t) and Ea(t), we show like in
Section 2 that Ey(t) < 0 and that (2.9), (2.10) hold. Then arguing like in Section
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3, we find that [|w(t)| ;1 < Collw(0)|| g1, and limy 4o t1/2]|ws(t)|| 2 = 0. Since
()= < ()35 lwa(®)lI157, we see that lim, 4o t/4]|w(t)][ 1= = 0, which
together with (4.20) proves (4.18).
To prove (4.19), we recall that, if € < 1/4, we can define Fy(¢) by (2.12) with
B = 0. Indeed, if e = 1/4 — u for some p > 0, it is easy to verify that, under the
hypothesis H2,
B(t) > pKs(@IW@IZ., | (4.22)

for some constant K3(c) > 0. Proceeding again like in the proof of Lemma 2.4,
we show that

) +xRa(t) < G [ d@ut(ends < Gl 42)

where Cy = (C1/2v)e=27%¢, Integrating this differential inequality and using
(4.18) and (4.22), we obtain (4.19). The proof of Proposition 4.6, hence of Theo-
rem 1.3, is complete. O

Remark. Since L_1 is a linear operator with constant coefficients, it is possible
to obtain explicit expressions for the solutions of the equation L_1w = 0 in terms
of the initial data, see for example [Sm], chap. VIL.2.5, or [Ha2]. Therefore, (4.18)
could also be proved by a direct (but cumbersome) calculation.

5. The limiting case ¢ =0
5.1. Local stability

If we set € = 0 in (1.1), we obtain the well-known parabolic KPP equation, the
travelling wave solutions g(z) of which are given by (1.2) for ¢ > 2. To study
their stability, we can proceed like in the Introduction. First, using the change
of variables (1.4), we arrive at (1.5) with ¢ = 0. Then, we look for solutions of
the form v(z,y,t) = g(x) + a(z)w(x,y,t), where a(x) = e~7*, and we are led to
study the stability of the solution w = 0 of the parabolic equation (1.6) for e =0
in the Sobolev space X! = H' N H!. Again, linear stability holds if and only if
1 —ey+~2 <0, so the biggest perturbation space is obtained by choosing v as in
(1.8). Then, the equation (1.6) for ¢ = 0 becomes

W = Wy + Ayw + V2 — 4w, —ng—aw2 ) (5.1)

It is known in this case that the origin is stable in X!, with polynomial decay of
the perturbations as t — +o00.

Remark. In the case ¢ > 2, it is also known that the origin is exponentially stable
in X! if 1 — ¢y + 42 < 0. The best decay rate is obtained for the value v = ¢/2
[Sal], which is precisely (1.10) for e = 0.
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In Section 2, we introduced various energy functionals for € > 0, which were
used to estimate the different norms of the solution (w,w;) of (1.9). These func-
tionals are all well defined for € = 0 and allow us to control the norm of the solution
w of (5.1). Since all the estimates are uniform in € as € goes to 0, we can follow
exactly the lines of the proof of Theorem 1.1, and we arrive at the following local
stability result:

Theorem 5.1. Assume that n < 4, and ¢ > 2. Then there exist constants ég > 0
and Ky > 0 such that the following holds: for all pg € X satisfying |0l x1 < do,
there exists a unique solution w € C°([0,00), X ) of (5.1) with initial condition
w(0) = . Moreover, one has ||w(t)|| x1 < Kollwollx1 for allt >0, and

Jim (IFw(®)xo + el zz) =0
—T 00
In addition, if c = 2, one has

Jim VE(IVw@llxo + w@)lz) = 0.

Remark. In contradistinction to the hyperbolic case, a decay rate in time of the
solution w(t) of (5.1) is easily obtained for all ¢ > 2. Indeed, following the ideas
of Nash, it is a classical task to estimate the LP-norm of solutions to parabolic
equations for p > 2. In our case, if we know an upper bound on ||w(t)|| s, then we
can show that ||w(t)|| 2, decays to zero (like some inverse power of t) as t — oo,
see [FS]. Thus, using the L2-bound of Theorem 5.1 and proceeding by recursion,
we can show that

lw(®)llze +lw®)es = O ("), t—+o0,

where n =n(g — 2)/(4¢) and ¢ > 2 is as in (1.14).

5.2. Global stability

Like in the hyperbolic case, we obtain a global stability result when n = 1. But here
we apply the Maximum Principle for parabolic equations on unbounded domains
as given in [PW], Section 3.6. Remark that it is required that w(x,t) does not
grow faster than exp(Cz?) as z goes to £00 (uniformly in t), a condition which is
clearly satisfied in our case. Like in Section 4.2, we denote by ¥4(t) € £(X 1, X1)
the linear semigroup associated with the equation

Wy = Wyz + V2 —4dw, — (1+d)gw , de[-1,1].

For g € X1, we set $q(t)po = wa(t), Ed(t)ap(j)[ = w;} (t), where go(j)t have been given
in (1.19), (1.20). Then, following the lines of the proofs contained in Section 4,
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we obtain the global stability result below, which has already been known, though
maybe not exactly in this form, see also [RK].

Theorem 5.2. Assume that n = 1, and let ¢ > 2, d € (0,1]. Then, for any
o € X1 satisfying (1.16), namely wo(z) > —(1 — d)a(z) " 1g(z) for all x € R,
there exists a unique solution w € C°([0,00), X1) of (5.1) with initial condition
w(0) = ¢g. Moreover, one has w(x,t) > —(1 — d)a"(z)g(x), and

W (x,t) < wlz,t) < wy(a,t) < o (2,t),

forallx € R, t € Ry. In particular, if d > 0,

Jim e ([w@ll + () ) = 0.

Appendix A. Maximum principle for a hyperbolic operator

We consider the following hyperbolic operator £ with constant real coefficients
L(u) = Augy + 2Bugt + Cug + Dugy + Euy

where

C <0, B*>-AC >0. (A1)
We introduce a function h € CO(R x [0, T]) satisfying

h(z,t) > h, for all (z,t) e R x[0,7T], (A.2)

where T is a positive number and h is a real number. We assume in addition, that
the condition
(E? —4Ch)(B%* — AC) > (BE —CD)? , (A.3)

holds. Finally, we set L = L + h(x,t). The following Maximum Principle is
a simple consequence of the one given by Protter and Weinberger (see [PW],
Chapter 4, Theorem 1).

Theorem A.1. Assume that the conditions (A.1), (A.2) and (A.3) hold. If the
function (u(x,t),u(x,t)) belongs to CO([0,T], HL (R) x L2 (R)), with Aug, +

2Bug + Cugy in L%OC(R x (0,T)), and satisfies the following properties,

L(u)(z,t) >0, ae.(z,t)€eRx[0,T], (A4)

u(z,0) <0, VzreR, (A.5)
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1
—Cu(x,0) — Bug(x,0) — §Eu(:1c,0) <0, ae., (A.6)
then u(z,t) <0 for all (z,t) € R x [0,T].

Proof. Protter and Weinberger proved their Maximum Principle under the stronger
assumption u(z,t) € C2(R x (0,T)) N CY(R x [0,T)), but their proof generalizes
easily to functions u satisfying the weaker regularity hypothesis (u(z,t), u:(z,t)) €
c([0,T), HL (R)x L2 (R)), with Ay, +2Bugi+Cuy in L2 (Rx (0,T)). Indeed
their key identity (see [PW], Equation (3), page 202) still holds under these weaker
regularity assumptions and is proved by a density argument.

If E =D =0, the result of Theorem A.1 is a direct consequence of the above
remark and of Theorem 1 of [PW]. Indeed, thanks to our assumptions (A.1),
(A.2), (A.3), the condition of [PW] on the operator L, that is h(z,t) > 0, is
clearly satisfied. Since E' = 0, the conditions required on u(z,t) are exactly the
hypotheses (A.4) to (A.6).

If E#0or D # 0, we reduce our problem to the previous case by introducing
the function

v(z,t) = e Py (a,t)
where
o — EA—- BD _ CD-EB

2(BZ— AC) ’ 2(B2 — AC)

A short computation shows that
L(u)(z,t) = e“TPTL(v)(x,t) ,
where E(v) = Avyy + 2Bvg + Cvgg + ho and

B 2
h(z,t) = _%{(EQ — ACh(z,t)) — M}

BZ - AC

Now, we can apply the previous Maximum Principle, where D = E = 0, to the
operator L and to the function v. Indeed, due to the hypotheses (A.1), (A.2), (A.3),
h(x,t) > 0 for all (z,t) € Rx[0,T]. Moreover, L(v)(z,t) > 0 a.e.(z,t) € Rx[0,T]
and v satisfies

v(z,0) <0, —Cuv(z,0)— Bvgy(z,0) <0,

which are exactly the required conditions. Thus, we have proved that v(z,t) <0,
hence u(z,t) <0 for all (z,t) € R x [0,T]. O

Remark. Theorem A.1 suggests the following definition of a partial order in
HL (R) x L? (R). We say that (o, 1) < (¥o,%1) if

loc
(,OO(LC) < 1[)0(%) ’ Vo e Rv

—Cyp1(z) — Byy(z) — %Ecpo(x) < —C(x) — Byp(z) — %Ewo(x) a.ce. ,
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see (A.5), (A.6). Then, if (©g,v1) < (¥, 1), the solution of the linear hyperbolic
equation L(u)(x,t) = 0 satisfying u(z,0) = @o(z), ui(z,0) = ¢p1(x) stays for all
t € R4 below the solution of the same equation with initial data (¢g,%1). An
important property of this order is that we can write any (¢q,p1) € H, lloc x L2

loc

as the sum of a “positive” part (gaa', Lpi") > 0 and a “negative” part (¢q, ;) <0.
This decomposition is unique if we impose that (cpar , Lpf) = 0 whenever (¢g, 1) <
0 and (¢, , ] ) = 0 whenever (¢g, 1) > 0. In the case of the operator Ly defined
in (4.6), for which C' = —e, B =ec, E = —(1 + 2ecy), the corresponding formulae
for (w(j]t,@it) are given in (1.19), (1.20).
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