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Abstract. Spectral properties of some integro-differential operators on R! are studied. Character-
ization of the principal eigenvalue is obtained in terms of the positive eigenfunction. These results
are used to prove local and global stability of travelling waves and to find their speed.
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1. Introduction
In this paper we shall study some spectral properties of the linear integro-differential operator
Lu=u"+cu + a(x)p * u+ b(x)u, (1.1)

acting from the Banach space £ = C3(R) into the Banach space F' = Cy(R). Here Cy(RR) denotes
the space of continuous functions from R into itself that tend to zero at x = +oo while £ is the
space of functions u of class C'* such that u, v’ and u” belong to F'. The functions * — a(z) and
x — b(z) are supposed to be bounded and continuous with the limits a* and b* when # — +o0,
respectively, while ¢ * u denotes the convolution product,

b % u(z) = / " (e — yuly)dy € R,

where ¢(z) is some integrable function.
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The spectrum of the operator L consists of its essential part and of eigenvalues. Here and in the
sequel, the essential spectrum is understood as the Fredholm spectrum, namely the set of complex
A for which the operator L — A\ does not satisfy the Fredholm property.

On the one hand, the location of the essential spectrum is an important point when dealing
with some nonlinear problems. Indeed, most of the tools of nonlinear analysis, such as the implicit
function theorem, bifurcation analysis or topological degree, are based on the Fredholm property
and on the related to it classical solvability conditions. Coming back to operator, the location of its
essential spectrum is related to the so-called limiting operators

LF¥u=u"+ct + a*¢ * u + btu,

which are obtained from the operator L if we replace the coefficients a(x) and b(x) by their limits
at infinity. The notion of limiting operators is well known in the context of elliptic operators. They
were introduced for elliptic problems in general unbounded domains in [19] where the assumption
that the coefficient have limits at infinity or that the domain has a special structure were not em-
ployed. In the particular situation considered in this work, the definition of the limiting operator
is simple and rather explicit. The relationship between the limiting operators and the Fredholm
spectrum was elucidated in [2, 3]. It was shown that the operators L* determine the set of A € C
such that the operator L — A is normally solvable, which is equivalent to the closeness of its image
with a finite dimensional kernel. Under some additional conditions, the codimension of the im-
age is also finite, leading to the Fredholm property. Hence we know the structure of the essential
spectrum o.s(L) of operator L.

On the other hand, similarly to elliptic operators in unbounded domains (see [20]), the spectrum
of the operator L lies in some left-half plane. The Fredholm property ensures that the set of
eigenvalues cannot have accumulation points in some finite part of the complex plane outside of the
essential spectrum. Therefore, for any oy > sup Re o.ss(L), there exists only a finite number of
eigenvalues of the operator L in the half-plane Re A > 0. Such a distribution of the eigenvalues of
the operator L allows us to define the principal eigenvalue, that is the eigenvalue with the maximal
real part. It plays an important role in the analysis of stability of solutions of nonlinear problems.
In the case of scalar second order elliptic problems in bounded domains, the Krein-Rutman type
theorems affirm that the principal eigenvalue is real, simple and the corresponding eigenfunction is
positive. These results use the cone preserving property as well as the compactness of the inverse
Laplace operator. The situation becomes more complex when dealing with unbounded domains
because of the lack of compactness for the resolvent of the Laplace operator. However, this Perron-
Frobenius like property of the principal eigenvalue remains valid (we refer to [17]).

The aim of this work is to study the properties of the principal eigenvalue of the integro-
differential operator L when functions a(x) and ¢(x) are non-negative. Then the corresponding
evolution equations satisfy the maximum and comparison principles. They will allow us to prove
that the principal eigenvalue of the operator is characterized by positiveness of the corresponding
eigenfunction. This is the main result of the work (see Theorem 8). Note that such a property does
not hold true without the conditions on the functions a and ¢. Indeed, otherwise nonmonotone
waves may exist and be numerically stable (see for instance [1, 4, 9, 11]) signifying that the eigen-
function corresponding to the principal eigenvalue, which is the first derivative of the wave, is not
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positive.

These spectral properties have strong implications in nonlinear analysis and more particularly
when looking at the stability of monotone travelling wave for some nonlocal parabolic problem of
the form

ou(x,t)  *u(x,t)
ot 022
wherein we have set

+ f (u(z,t), J(u)(x,t)), t >0, z €R, (1.2)

J(u)(z, 1) = / o — y)uly. t)dy,

and where f = f(u,v) is some regular map. This kind of equations arises in many applications
(see for instance [6, 14, 15] and the references cited therein).

Let us recall that a travelling wave for (1.2) is particular solution of the form u(x,t) = w(z—ct)
where ¢ € R is the wave speed, so that w is a stationary solution of the problem

u(x,t)  *u(x,t) N Ou(z,t)
o or T oa

+ f (u(x,t), J(u)(z,t)), t >0, x €R.

The linear stability of w is related to the spectral properties of operator L with

a(z) = 2 (w(w)é;](w)(x)), () = (w(xgj(w>($))'

If we assume that the map f : R? — R is of the class C'! and satisfies

% >0, V(u,v) € R?,

we obtain, as a consequence of the spectral theory developed in this work, that the wave solution w
is globally stability with shift in a scale of weighted spaces depending on the asymptotic behaviour
at z = +oo of the initial data as well as on the location of the essential spectrum of operator L. This
kind of result is well known for reaction-diffusion equations (see [18] and the references therein).
A result concerning the stability of waves for (1.2) was proved by Chen in [5] by using upper and
lower-solution method, also well known for the scalar reaction-diffusion equations (see [7]). The
advantage of the spectral method is that it provides a more precise stability result depending on
the properties of the initial data. It also provides a minimax representation of the wave speed. One
may also notice that this method applies in the multidimensional situation and has rather simple
extension to systems of equations. This point will be the aim of a forthcoming work. Let us
mention that these results may also apply to reaction-diffusion equations with delay.

The paper is organized as follow. In Section 2 we prove some comparison results. Section 3
investigates the location of the spectrum of operator L. Section 4 derives some consequences for
the local stability of waves for problem (1.2) while Section 5 provides global stability result and the
minimax representation of the wave speed. Finally Section 6 gives some examples of application
in the context of population dynamics and chemical kinetics.
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2. Positiveness and comparison theorems

2.1. Existence of solutions

Consider the equation involving a scalar function u = u(x,t),z € R, ¢t > 0

ou  0*u

— = J 2.1
together with the initial condition

u(z,0) = up(x),x € R. (2.2)

Here the function f is of class C! from R? into R with
|f(u,0)] < KL+ [ul + |v]), Y(u,v) € R?, (2.3)

where herefater x denotes some positive constant. The term J(v) acts on a bounded function
v =v(y),y € R and is defined by the convolution product

Je)a) = éxoe) = [ oo = iy, Vo R 4
where ¢(z) is a given integrable function.

We first investigate the existence of solutions of this problem.

Theorem 1. Under the above assumptions, let uy € L (R). Then there exists a unique solution
u of the Cauchy problem (2.1)-(2.2) that satisfies u € L*(R x [0,T]) for all T > 0. The function
w is continuous with respect to both variables (x,t) on R x [0, +o0[ and possesses a continuous
second derivative with respect to x € R and first derivative with respect to t on Rx]0, +o0l.

Proof. Let us denote by ||.||s the supremum norm on L>(R). For v € L>=(R) we set

w(z) = f (vm, | ot y>v<y>dy> |

Clearly w € L>*(R) and let F' denote the mapping v — w.

Lemma 2. The mapping F' is Lipschitz continuous on the bounded sets of L>°(R). Furthermore
there exists a constant k such that ||F(v)||o < K||V||oo for all v € L>®(R).

Next let S(t) denote the semi-group associated to the heat equation. It is well known that the
following estimate holds :

1S (t)uolloo < ||uolloo, VE > 0 and ug € L=(R).

For u = u(x,t), let u(t) be the function z — w(x,t). Then the solution u of (2.1), (2.2) reads
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u(t) = S(t)uo + /Ot S(t — s)F(u(s))ds. (2.5)

By looking for fixed points of the operator given by the right hand-side of (2.5) in the space

L>*(R x [0, 7)) with T' > 0, we easily conclude that such a fixed point exists first for sufficiently

small 7" and then for all 7" > 0. This provides the existence and uniqueness result in Theorem 1.
]

Corollary 3. Under the assumptions of Theorem 1, assume furthermore that the initial data pos-
sesses limits at infinity
u) = m1—1>1inoo up(z).
Then the following limits
us(t) = lim u(z,t)

r—F00

also exist and satisfy the equation

2all) _ g (ui 0} ( /R ¢) ui(w) - 2.6)

Proof. It consists in taking the limits © — o0 in the iterative procedure in the proof of Theorem
1. For example we have

St — . [ 86— ) FSpua)ds — [ ([ ot )| as

The details are left to the reader. ]

2.2. Maximum and comparison principle

This section is devoted to some comparison results for (2.1)-(2.2) as well as for some corresponding
linear equations.
Let us introduce the operator

Pu  Ou ou
Llu] = pye + o + f(u, J(u)) — 5 (2.7)
where ¢ € R is given. In addition to (2.3) we will assume that
supp ¢ C [—N, N|, for some given N > 0, ¢(x) >0, (2.8)
of ((9“’“) >0, V(u,v) € R2. 2.9)
v

Then the following comparison result holds :
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Theorem 4. Under assumptions (2.3), (2.8) and (2.9), let T' > 0 be given and let u and v be two
functions in C°(R x [0, T]) (N C**(R x (0,T]) (| L=(R x [0, T]) satisfying

u(z,0) <ov(z,0), Vr eR,

Llu)(z,t) > L[v](z,t) ¥t € (0,T), Yz € R. (2.10)

Then we have u(z,t) < v(x,t) forany x € Randt € [0, 7).

In order to prove this comparison result, we first investigate some associated linear equation.
For that purpose we are given 7" > 0 and three functions a = a(z,t), b = b(z,t) and ¢ = ¢(z, 1)
defined on R x [0, T']. We consider the operator

2
L[u]:%ch( )§Z+a(x,t)J( )+ b(x, t)u—% (2.11)

We will assume that

The functions a, b and ¢ are continuous and bounded on R x [0, T,

2.12
a(xz,t) >0, Vte (0,T), Vo € R. (2.12)

Then the following positiveness result holds:

Theorem 5. Let assumption (2.12) be satisfied. Let u € C°(R x [0,T]) N C*'(R x (0,T)) satis-
Jying
L[u]( 1) <0, Vte (0,7], Vo € R,
>0, Vx e R, (2.13)
u( )2 —B, Vte[0,T], Vx € R,
for some constant B > 0. Then we have u(x,t) > 0 for any (x,t) € R x [0, 7.

Furthermore the following alternative holds : either u(z,t) = 0 for any (x,t) € R x [0,T] or
u(z,t) > 0 forany (z,t) € R x (0, 7).

Proof. Let us consider the function
v(z,t) = u(x,t)exp(—V1+ 22 — vt) (2.14)

defined forx € Rand 0 < ¢ < T where v is some positive constant to be specified later. Obviously,
we have :

v(z,t) > —Bexp(—V1+ a22).

Therefore the following inequality holds

liminfv(z,t) >0

|| —+oo
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uniformly with respect to ¢ € [0, 7] and v > 0. For convenience let us set
O(x) =vV1+a%and h(z,t) = exp(f(z) + vt).

It follows easily from (2.13) and (2.14) that the function v satisfies the differential inequality

L[] :%+c%+%J(vh)+bv—% <0 (2.15)
where
é(z,t) = c(x, t) + 260/ (x),
b(x,t) = b(z,t) + 0" (x) + 0'(2)* + 0'(2)c(x, 1) — v. (2.16)
We claim that we can choose v sufficiently large so that
L[] = %J(h) +b<0on Rx[0,7], (2.17)

Indeed, in view of the estimate

N

T(h) (. £) < a(, 1)]¢]] / exp 0z — y) — 0(x)) dy

—N

a(x,t)
(z,1)
the function ¢.J(h) is bounded on R x [0, T]. Since a, b, c, ¢’ and §" are also bounded the above

property easily follows.
Next, for € > 0, the function w = v + ¢ satisfies

>

liminf w(x,t) > €
|z]—+o0

uniformly with respect to ¢ € [0, T'|. Therefore there exists R > 0 such that
w(z,t) >0, for |z| > Rand 0 <t <T. (2.18)

We aim to derive the positivity of w on [—R, R| x [0, T|. Note that, thanks to (2.15) and (2.17), w
satisfies the differential inequality

L{w] = L[v] + eL[1] < 0on R x (0,T]. (2.19)

Since w(z,0) = u(x,0) exp(—v1 + 2%) + € > 0 we necessarily have w(x,t) > 0 on [-R, R] X
[0, ¢*] for some t* > 0. Let tV denotes the supremum of the ¢* > 0 having this property. If t° < T
the function w(., t°) is positive and vanishes at some point z. Due to (2.18) we have 2y €] — R, R|

and
. 0w a(zo, to) Ow

L[UJ] (l’o,to) = %(Zﬁg,to) + h(l‘o, to) J(Wh)(l'o,to) — E(zg,to) 2 0.

This inequality contradicts (2.19). Hence t° = T and w > 0 on [—R, R] x [0, T].

7
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Thanks to (2.18), we conclude that w > 0 on R x [0, 7. Since € > 0 is arbitrary the positivity
of w yields the one of v by taking the limit ¢ — 0. By (2.14), the positivity of « follows readily.
Finally note that u satisfies the differential inequality
0? 0 0
guy c(x,t)a—z + bz, t)u — a—? < —a(z,t)J(u) <0,
together with u(z,0) > 0. Hence classical properties of parabolic operators yield the alternative
in Theorem 5 whose proof is now complete.

]
We now aim to complete the proof of Theorem 4.
Proof of Theorem 4. The function w = v — u satisfies
Pw  Ow ow
a2 T Tt [, J() = fu, J(u) — o = 0, (2.20)

together with w(z,0) > 0. Then f(v,J(v)) — f(u, J(u)) = b(z,t)w + a(x,t)J(w) for some
bounded functions a and b and a(z,t) > 0 due to (2.9). Therefore Theorem 5 applies and provides
the positivity of w.

]

Next let us investigate the maximum principle for some corresponding elliptic operator. In
order to state our result, let us introduce two functions a = a(z), b = b(x), a real number ¢ € R
and the one-dimensional elliptic operator

Lu=1u"~+ cu' + a(z)d * u + b(z)u. (2.21)
Besides (2.8) let us also assume that

the functions ¢ and b are continuous and bounded on R,

a(x) >0 Vo € R, (/ gb(t)dt) a(z) + b(z) < 0 V|z| > N. (2.22)

Then we have the following elliptic comparison result:

Lemma 6. Let conditions (2.8) and (2.22) be satisfied. Let u € C?*(R)(L>®(R) be a given
function such that uw > 0 on [—N, N|, Lu < 0 on R and

lim inf u(z) > 0. (2.23)

|z|—o0

Then we have © > 0 on R.
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Proof. Let us assume that there exists 7o € R with |xy| > N such that u(zy) < 0. In view of
(2.23), one may assume that the function u realizes its minimum value at zy. Then, for any y € R,
we have u(zo — y) > u(x), so that ¢ = u(zo) — ( [, ¢(t)dt) u(xo) > 0. On the other hand we have
u'(xg) = 0, u"(x9) > 0. Thus we get

u”(xo) + (b(xg) + (/R gb(t)dt) a(mo)) u(zo) + alxg) (¢ * U — </R ¢>(t)dt> u) (xo) > 0.

This contradicts Lu(xg) < 0. Thus u(z) > 0 for any x € R and the result follows. O

Lemma 7. Let conditions (2.8) and (2.22) be satisfied. Let u € C*(R) (| L=(R) satisfy u > 0 and
Lu < 0. Then either u =0 oru > 0on R.

Proof. Let us first note that since v > 0 and @ > 0 one has a(z)¢ *u(z) > 0, Vz € R. Hence the
inequality Lu < 0 implies that
"+ cu' + b(x)u <0,

and the result follows from classical properties of elliptic operators. [

3. Spectral properties

The aim of this section is to study some spectral properties of a linear elliptic operator with a
nonlocal term. The operator reads

Lu=1u"~+ cu' + a(x)d * u + b(z)u, (3.1)

and it is considered as acting from the Banach space F = CZ(R) into the Banach space F' =

Co(R). Here Cy(R) denotes the space of continuous functions from R into itself that tend to zero

at x = 0o while F is the space of functions v of class C? such that u, v’ and u” belong to F.
Here ¢ € R is some given constant while a and b are functions from R into itself satisfying

a and b are continuous and bounded on R,

the following limits a* = lim a(x), b = lim b(7) exist, (3.2)

r—F00 r—=F00

at + b <0, a(r) >0 Vo €R.

Also

¢(z) >0, Ve € R, Supp ¢ C [-N, N| for some given N > 0,/ ¢(x)dx = 1. (3.3)

In this section we shall assume that the operator L has the zero eigenvalue associated with a
positive eigenvector uy and we shall show a Perron-Frobenius like result for L. The precise result
is the following:
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Theorem 8. Let assumptions (3.2)-(3.3) be satisfied. Furthermore suppose that there exists some
ug € E with ug > 0 solution of the equation

LUO =0.

Then zero is a simple eigenvalue of the operator L while all the other eigenvalues lie in the left
half-plane {z € C: Rz < 0}.

Remark 9. A similar result also holds true when the operator L is considered as acting on some
Sobolev spaces. The proof in that case can be obtained by a slight modification of the one given
below.

We start by deriving some asymptotic properties of the eigenvector ug(x) as *+ — +oo. For
that purpose let us introduce the so-called limiting operators defined by

Lru ="+ cu/ 4+ at¢  u + bru,

where the coefficients a(x) and b(z) have been replaced by their limits at £00. The maps © —
exp(—ayx) are solutions of the equations L*u = ( provided that

at? —cat + a*/ B(z)e* *dz +bT =0

~ (3.4)
a*+ca +a” / d(z)e™ *dz+ b = 0.
The existence of such solutions will be guaranteed by the following lemma :
Lemma 10. Under assumption (3.3), let § and ~y be two given real numbers with
0>0, d+v<0.
Then the equations
o + ca + 5/ d(z)eT*dz+~v =0, (3.5)
have respectively a unique solution a® > 0. Moreover we have
244
0<at< T c2+ aly (3.6)
Proof. We shall only consider the equation
a? —ca+ 6/ d(2)e**dz + v = 0. (3.7)

Let h : [0,00) — R be defined by
h(a) = a* — ca + 5/ d(z)eYdz + 7.

10
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In view of (3.3), & is of class C*° with h(0) = 6+~ < 0 and h(c) > v —ca+ o?. These properties
guarantee the existence of @™ > 0 such that h(a™) = 0 and provide the upper bound (3.6). Finally,
due to

h'(a) =2 + 5/ 2(2)e*dz > 0,

[e.9]

the function h is convex. Consequently, since h(0) < 0, the equation h(a) = 0 has a unique
positive solution. This completes the proof of the lemma. [

Choosing § = a® and v = b*, Lemma 10 applies thanks to assumption (3.2) and provides the
existence of the two unique numbers o™ > 0 satisfying (3.4).
We can now state the following result on .

Lemma 11. Under assumptions (3.2)-(3.3), let £g > 0 such that
(a — o))" 4+ bF — gy < 0, with (a* — g9)T = max(a® — &, 0).

Then for each ¢ € (0, g) there exists a unique pair (o, a7 ) € (0, 00)? satisfying the equations

af? — cat + ( / o(z agzdz—i—bJ“—a—O
= (3.8)
2+ ca + ( / p(2)e " *dz+b" —e =0.
Moreover we have
hm+(ofr a) = (at,a7), (3.9)
e—0
and for each € € (0,¢q) there exists m. > 0 such that
lim inf eajxuo(:c) > me, liminfe™ “ug(x) > m.. (3.10)

r—00 T——00

Proof. Note that the existence of £y > 0 follows from (3.2). For ¢ € (0, g¢), we have (a* — )" +
b* — ¢ < 0 and there exists N. > N such that

a(z) > (at —¢e)*, b(x) >b" —e Vo > N..
Let L. be the operator defined by
Lu=u"+cu + (at —e)"¢pxu+ (b —e)u, ue k.

Since ug > 0, we have
L.oug < Lug =0, V> N..

Next, Lemma 10 provides the existence of a unique number o > 0 such that
an—coa + ( / o(z a”dz—l—b*—s—o (3.11)

11
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The function v.(z) = uo(Ng)e_agL(x—NE) satisfies the equality L.v. = 0 together with v.(NN.) =
Uo(Ng).
Now since ug(x) is a positive function, there exists v > 0 such that

vue(z) <wp(x), N.— N <z < N..

We aim to show that
voe(x) < wg(x), Vo> N.. (3.12)

Let us consider the function w(z) = uy(z) — vv.(z). It satisfies L.w < 0, Vx > N, together with
w(x) >0, Vz e [N.—N,N.]. Suppose that w(z) < 0 forsome x > N.. Since lim,_, w(z) = 0,
the function w attains its minimum on [V, +oo] at some o > N and w(zy) < 0. Setting
w(z) = w(xr) — w(xp), we have

Low = L.b + Low(zg) = Lo + ((at — )" + b7 — &) w(zg) <0, Vo> N..

Let us check that the left hand-side of this inequality is strictly positive at x+ = x,. This contra-
diction will prove (3.12). Indeed, the last expression in the left-hand side is strictly positive. It
remains to verify that L.w(xy) > 0. This follows from

N
@"(20) > 0, @(x0) =0, (o) =0, ¢xb(zn) = / ()i (a0 — )y >0

Here the last inequality holds true since ¢ > 0 and w(x) > 0 forz > N, — N.

Thus, (3.12) is proved and yields the first inequality in (3.10). The second one can be proved
similarly.

There remains to check that o — o+ when ¢ — 0. In view of (3.6), the family o is bounded.
Let 5 > 0 be the limit of some converging subsequence o . Taking the limit n — oo in (3.11) we
conclude that 5 > 0 satisfies the equation

B2 —ch+at /00 d(2)e%dz 4+ bT = 0.

Therefore due to the uniqueness result in Lemma 10 we conclude that 5 = o so that af — ot
when € — (. The same proof holds for o_. This completes the proof of the lemma.
N

Next we aim to investigate the location as well as some geometrical properties of the essential
spectrum of L under suitable transformation in some exponential weighted spaces. For that pur-
pose, let us recall that some bounded linear operator A : F — F is said to be normally solvable
(or a semi-Fredholm operator) if it has a finite dimensional kernel and a closed range. A linear
operator A satisfies the Fredholm property if it is normally solvable and has a finite codimen-
sional space. Then we can introduce the two following sets, the semi-Fredholm spectrum and the
Fredholm spectrum:

ons(A) ={A e C: (A—))isnotnormally solvable},

12
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Oess(A) ={A € C: A — Xisnot Fredholm}.

Coming back to the operator L, by using some results proved by Apreutesei et al. in [2, 3], the
location of the semi-Fredholm spectrum can be characterized in terms of the limiting operators
L*:

Lemma 12. For each \ € C, the operator L — \ has a closed range and a finite dimensional kernel
if and only if the equations (L= — \)u = 0 have no bounded and nontrivial solution.

From this lemma we can derive the following useful characterization :

Lemma 13. The semi-Fredholm spectrum of operator L : E — F' is given by
ons(L) = {—& +ifc+ b + ai/ P(2)e ®*dz; € € R}. (3.13)
Then we have the following link between the semi-Fredholm spectrum and the Fredholm spec-
trum:
Lemma 14. The following holds:
(i) ons(L) C 0ess(L).

(ii) Let A € C be given. If for any p > 0 the operator L — (X + p) is normally sovable then
(L — \) satisfies the Fredholm property.

The proof of this lemma can be found in Theorem 3.2 [2] and in [3].
We will investigate the operator L as acting in some exponential weighted spaces. We consider
two regular functions 6,6, : R — R such that

rzifz>1
91($)={ ~

Oifz <0
(3.14)
rifex < —1
0 = .
2(o) {0 ifz >0
and the weighted function, foreach 7 € R :
wr(z) =e™@ 1 e R, withf(z) = at0;(z) — o 0y(z). (3.15)
where o™ and o~ are given by (3.4). It satisfies
e ify > 1
w,(z) = .
e T Tifxr < —1.
Next we introduce the operator L, : I — F' defined by
v
L.v=w.L (—) . (3.16)

13
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The explicit form of L, reads
Lo =v" + (¢ — 270 (2))v" + {b(z) — cr8' (x) + 720 (2)* — 70" () }v

+ a(x) /Oo B (y)em OO =0@=v) gy (3 — y)dy. (3.17)

The essential spectrum of operator L, can easily be computed.

Lemma 15. For each 7 € R, the essential spectrum of the operator L. is given by

ons(Ly) ={®" (¢, 7a™), E€eRYU{D ({,7a7), £ € R},

wherein we have set
¢F (€, 7at) =~ +if(c - 2rat) + (ra*)’ —cra’ + a+/ (2)e™ T 4 bt
O(§,ma7) = —& +if(c+2ra”) + (ra7)  +era” +a” / $(2)e T8 4 b
(3.18)

Moreover for each X € C if for each p > 0 we have A\ + p & ons(L;) then X & 0ess(L;).

In particular recalling (3.4), we have
d*(0,0F) = 0. (3.19)

so that 0 € onys(L1).
We shall now prove some suitable geometrical continuation property for the essential spectrum.

Proposition 16. Under assumptions (3.2)-(3.3), the following properties hold true:

(i) ForeachT € [0,1),
Oess(Ly) C{z€C: Rz <0}

(ii) ForeachA € {z€ C: Rz>0, z#0}andeachT € [0,1],
0 ¢ Oess(Lr — A).
Remark 17. Foreach A € {z € C: Rz > 0} let the number T7(\) > 0 be defined by
T(\) =inf{r >0: 0 € ous(Lr — \)}.

Then 7(0) = 1 while T(\) > 1 foreach A € {z € C: Rz >0, =z # 0}. Indeed the map
T — L, is continuous from C into L(E, F') while the set of Fredholm operators is an open subset
of L(E,F).

14
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From a geometrical point of view, (i) and (i) in Proposition 16 (for 7 = 0) means that the
essential spectrum of the operator L is in the left half plane. When it is shifted according to the
parameter 7, that corresponds to increase the weighted function at infinity, the first imaginary point
of the essential spectrum that is reached is the origin and it is obtained for 7 = 1. It follows from
(3.19) that A = 0 belongs to the essential spectrum when 7 = 1.

In order to explain this result, let us consider the following example. If the function ¢ in the
definition of the operator L is the Dirac -function, then the integral disappears and we obtain
a second order ordinary differential operator. Its essential spectrum is given by the parabolas
AE(E) = dF(&,0). Assume that they are in the left-half plane of the complex plane. We move
these curves to the right while their vertices come to the origin. In this case we obtain the curves
MNE(€) = E(&, 7at). Then, the above result follows from the convexity of the essential spectrum
for “local” operators.

The proof of Proposition 16 follows from Lemma 15 together with the following result:

Lemma 18. Under assumptions (3.2)-(3.3), the following properties hold true:

(i) Foreacht € [0,1),
ons(L;) C{z€C: Rz<0}.

(ii) ForeachA € {z€ C: Rz >0, z#0}andeacht € |0,1],
O¢0N5<LT—/\).

Proof. Coming back to relations (3.18), for any 7 > 0 and £ € R we have

ROY (¢, Ta™) = ht(ra™) — <§2 +a* / Z P(2)e™ (1 — cos(gz))dz) :

o0 (3.20)
RO~ ({,7a”) =h" (ta”) — (52 + a_/ o(z)e ™ A1 — Cos(fz))dz) ,
wherein the maps h* are defined by
ht(a) =a® —ca+a® /OO é(2)e™dz + b*
—oo (3.21)

h(B)=03*+cB+a” /OO P(2)e Pdz + b~

According to the proof of Lemma 10, the maps h* are convex while by (3.19) we see that
h*(a*) = RPT(0,at) = 0. Consequently the first term in (3.20) satisfies

Bt (ra) < Owhent €0,1)
> 0Owhen7 >1

Since the other term in (3.20) is negative, we conclude that

ROE(E, 7a™) <0 VEER, Vre(0,1), (3.22)

15
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that completes the proof of (7).

Let us now derive (i7). Let A € {z € C: Rz >0, z # 0} be given. By the above inequality
we have
R (PE(E, Tat) —\) < —R\, VEER, Vre[0,1].

This yields (ii) if R\ > 0.

Let us now assume that A = iy for some given 1o € R\ {0}. We claim that the equation
OE(¢, 7ar) = iuo with € € Rand 7 € [0, 1] has no solution. We will only investigate the equation
with the + signs. The other one can be held similarly. The equation ®* (&, Ta™) = iy re-writes
as

ht(rat) — (52 +at /_ : d(2)e™ #(1 — cos(gz))dz) 0

(c—21a™) —a” /00 B(2)e™ #sin(€2)dz = po.

Here since 7 € [0, 1] we have ™ (7a™) < 0. Therefore the first equation implies that £ = 0. Then
the second equation yields i = 0, whence a contradiction. This shows (ii) and concludes the
proof of Lemma 18. [

Lemma 19. Under assumptions (3.2)-(3.3), let A\ € C with R\ > 0 and A # 0 be given. Then
there exists T > 1 such that the number of linearly independent solutions of the equation

(L, — Nu =0, (3.23)
does not depend on T € [0, T|. Moreover if u is a solution of (L — \)u = 0 then wsu € E and

lim ws(x)u(x) = 0.

|x|—00
The proof of this result relies on a fundamental result for Fredholm operators [10] :

Lemma 20. Let £ and F' be two Banach spaces. Let O be a domain in C and H : O —
L(E, F) be an holomorphic map. Let G be a connected component of the set {T € O : H(T)
is a Fredholm operator}. Then the index x(H (7)) is constant on G while the quantities dim ker
H(7) and codim ker H(7) are also constant on G except for some possible isolated points T where
they have greater values.

Proof. We first extend the definition of the operator L, for 7 € C by (3.17). Note that for any
T € Cwehave L, = L + 7K (1) where K(7) : E — F is a bounded linear operator defined by

© 0@ty _
K(t)v= —20’(:6)1/—1—{—06'(:1:)+7'9'(1:)2—6”(:(:)}11—1—(1(:(:)/_ o(y) v(z—y)dy.

T

Then this operator can be extended into series power (converging for the topology of L(E, F))
with respect to 7 € C by

K(r) =Ko+ Y 7Ky,

n=1

16
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with
Kov = b(z / By —0(z —y))v(z — y)dy — 20’ (z)v" — {cb'(x) + 0" (z)}v,
Ky =0(x)* + bz / o(y (z) _Z(x_y))Qv(x—y)dy,
/ oy _nefl_). ))Ml”(ﬂf —y)dy, n>2.

Thus the map H : C — L(E, F') defined by H(7) = L, — X is holomorphic on C.

In view of Proposition 16 (7i) and Remark 17, there exists 7 > 1 such that [0, 7] is a subset of
some connected component G of {7 € C: (L, — \) is a Fredholm operator}. Lemma 20 yields
that the quantity dim ker L, is constant on GG except for some possible isolated points 7 where it
takes a greater value. Let us check that such points can not exist. Indeed arguing by contradiction
assume that 7y € G is such an isolated point with 7 = dimker H(my) > 1. For § > 0 small
enough we have 1) — 6 € G and

dimker H(m9 — d) < m. (3.24)

Let v1,..., vy in E be linearly independent solutions of the equation H(7p)u = 0. Then the func-
tions v; = vyws € E are linearly independent. Furthermore since w,,_5 = w,,w_s they satisfy

Wry—6

H(TQ — 5)’(71 = H(To)’Ui =0.

70
This contradicts (3.24) and provides that m = dimker(L, — \) does not depend on 7 € [0, 7].
Actually this proof shows that for each 7y € G, the map & — dimker H(1y — §) is decreasing on
theset {0 >0: 70 —d € G}.
Let 01,...,0,, denote some basis of ker(Lz — ). Then for any ¢ = 1, .., m the functions w; =
0;/ws € E satisfy (L — X\)w; = 0 and constitute a basis of ker(L — ). Therefore any v satisfying
(L — X)u = 0 is a linear combination of the w;’s and the result follows. U

Lemma 21. Under assumptions (3.2)-(3.3), let A € C with R\ > 0 and X # 0 be given and let u
be a solution of (L — \)u = 0. Then

|u(z)| = o(ug(x)) z — +oo.
Proof. We will only prove that

im u(z)
A8 uo(a)

= 0. (3.25)

The proof of the analog limit as ©+ — —oo is similar. Recall that Lemma 11 guarantees the
existence of m. > 0 such that )
lim inf ug(x)e* * > me,

r—00
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where o — ot when ¢ — 0. Next Lemma 19 enables to say that |u(z)| = o (e*?“”) when

x — oo with 7 > 1. For ¢ > 0 small enough so that

alf <7a’t,

by combining the above properties we conclude that

[u(z)] =0 (e(o‘?—?aﬂr) when z — 0.

We now complete the proof of Theorem 8.

Proof of Theorem 8. Let us argue by contradiction and assume that there exists an eigenvalue N =
k +ip # 0 of L with & > 0. Let u = u' + iu? be an associated eigenvector with u', u?> € E. We
may assume that g > 0 and u' is not identically equal to zero. Indeed if u' = 0 then p = 0 and
u? # 0 is an eigenvector associated with x > (. More precisely without loss of generality we may
assume that

Jzg €R u'(mg) < 0. (3.26)

Let us introduce the function v : R x [0, 00) — R defined by
v(z,t) = e (u'(z) cos pt — u’(z) sin ut) , (3.27)
that satisfies the parabolic equation

@:Lv, t>0, zeR,
ot
v(x,0) = u'(x), Vz €R,
Then we introduce the set
A={y>0; yu'(z)+ug(x) >0,Vz € R}.

This set is not empty since 0 € 4. Furthermore it is bounded since due to (3.26) for sufficiently
large ~y, we have yu'(zg) + uo(zo) < 0, so that v ¢ A. Let us consider

Y = sup A € [0, 00).
we can deduce from the definition of 7, that there exists ; € R such that
You' (1) + uo(z1) = 0. (3.28)

Indeed in view of Lemma 21, we have |u'(x)| = o(uo(z)) as  — oo so that yu'(x) + ug(z) > 0
for large enough = and v € [y9,70 + 1]. Thus a straightforward contradiction argument readily
yields (3.28).

18
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We now consider the map w : R x [0,00) — R given by
w(x,t) = yov(x,t) + up(x), (3.29)

that satisfies

O Ly t>0, z€R
ot

w(x,0) = you' (z) + up(x) >0, = €R.

Theorem 5 provides that w(z,¢) > 0 for all (x,t) € R x [0,T]. Furthermore either w(x,t) = 0
for any (z,t) € R x [0, 7] or w(z,t) > 0 for any (x,t) € Rx]0,T].

Let us check that w cannot have these properties. We first consider the case ;¢ > 0. Then in
view of definitions (3.29) and (3.27) we have

27T Prus
wln, =7) = you (z1)e" % + up(xy). (3.30)

Now if k > 0, since u'(z;) < 0, (3.30) provides w(z1, 27”) < you'(z1) + up(z1) = 0, that
contradicts w > 0. If k = 0, (3.30) gives w(z, 27”) = 0 so that w(z,t) = 0 for any (z,t) €
R x [0, 7). This implies & = 0, whence a contradiction.

We now assume p = 0 and x > 0. Then for any ¢ > 0 we have w(z1,t) = yoe™u (1) +
up(w1) < youl(x1) + ug(x1) = 0, that is impossible

Therefore the operator L has no eigenvalue with non-negative real part except the zero eigen-
value.

It remains to prove that zero is a simple eigenvalue (here simple is understood in the sense of
the dimension of its generalized eigenspace). We first show that ker L = span wu,. Indeed let us

consider the equation
Lu=0, uek.

Let us consider 7 € R, the infimum value of v € R such that u + yuy > 0 on [N, N]. Then the
function w = u + Fuy satisfies the equation

Lw=0, w>0on|[—-N,N]and 37 € [-N, N] w(z) = 0.

Therefore, thanks to Lemmas 6 and 7, we obtain that w > 0 on R and either w > Oon R or w = 0.
Due to the definition of 7 € [— N, N|, we have z = 0 so that u = —Jug and ker L = span uo.
Let us show that ker L? = {0}. Arguing by contradiction let us assume that there exists u € F
such that
Lu = —uy.

Let us consider 7 € R, the infimum value of v € R such that u + yuy > 0 on [— N, N]. Then the
function z = u + yuy satisfies the equation

Lz+uy=0, and 37 € [-N, N] z(z) = 0.

19



Stability of Waves for a Nonlocal Reaction-Diffusion Equation

Thus Lz = —ug < 0 on R while z > 0 on [—N, N]. Therefore, thanks to Lemmas 6 and 7, we
obtain that z > 0 and either z > 0 on R or z = 0. Due to the definition of € [— N, N|, we have
z = 0 so that u = —~vug. Hence Lu = 0, that contradicts Lu = —uy < 0. This completes the

proof of the theorem.
]

We conclude this section by giving a corollary of Theorem 8. For any 7 > 0 we consider the
Banach spaces
E.={veFE: wwekFk}, F,={veF: wwelF},

and the operator L,v = Lv, where L is defined in (3.1). The operator Lis acting from £ into F.
Then we have the following result:

Corollary 22. Let assumptions (3.2)-(3.3) hold. Let us assume that there exists T € [0,1) and
ug € B such that R
ug > 0and Lyug = 0.

Then zero is a simple eigenvalue of the operator ZT : E. — F. while the remainder of its spectrum
is strictly contained in the left half plane.

Proof. Let us first notice that ZT : B, — F and L, are related to each other through (3.16). Hence
the resolvent sets of these two operators coincide as well as the complementary of their essential
spectrum. Due to Proposition 16, since 7 € [0, 1), the essential spectrum of L, : E, — F;
is strictly contained in the left half plane. Moreover it is easily checked that any eigenvalue of
the operator L. is also an eigenvalue of the operator L. Therefore Theorem 8 applies and this
completes the proof of the result. O

4. Linear stability of travelling wave solutions

The aim of this section is to study the local stability of monotonic wave solution of problem (2.1).
For that purpose we shall assume that (3.3) holds, that the function f is of class C' on R? and that
there exist two real numbers w~ < w™ such that

fw®, w*) =0. (4.1)

A travelling wave solution of problem (2.1) consists in a bounded function wy : R — R of class
C? and areal ¢ € R the wave speed such that the function

u(z,t) = wo(x —ct), v€R, t >0,

is a solution of (2.1) together with

lim wo(z) = w*.
z—Fo0
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It is easily seen that such a travelling wave solution (wy, ¢) satisfies

wy + cwly + f (wg, J(wy)) =0
g cuwl + f o, T o) s
lim w(z) = w™.

z—+00
Our aim is to investigate the local stability with shift of such a wave solution. We do not address
the problem of existence of such a solution. This problem has been investigated for instance in
[2, 3, 6].

The stability result is related to some spectral properties of the linearized operator around the
wave solution wy, that reads

Lw =w" 4+ cw' + a(x)¢ * w + b(z)w, (4.3)

wherein we have set

a(x) = 5 , b(z) = 9 , v €R 4.4)

Let us also set

= 4.5

“ v ’ ou (4.5)
Let us assume that the following assumptions hold:

The maps f : R* — R is of the class C",

0

% >0, Y(u,v)e€w,wt]? (4.6)

o + + o + +

St wt) ofwtut) o
ou ov
In addition, let us assume that
Problem (4.2) has a solution (wy, ¢) such that wy(x) > 0 Vz € R. 4.7)

In view of definitions (4.4) and (4.5), one can notice that the last inequality in (4.6) re-writes
as a* + b* < 0.

Before stating our main result, let us introduce some notations and definitions. Let us first recall
that due to Assumption (4.6) operator L defined in (3.1) satisfies Assumption (3.2). Therefore one
may define the quantities o > 0 by using (3.19) as well as the map w, in (3.15) for any 7 € C.
Together with these notations, let us introduce the Banach space X = C,(R,R), the space of
bounded and continuous map from R into R. Moreover, for any 7 € R we consider the weighted
space C'; defined by

Cr ={u e CGy(R) : xkrinoo wr(z)u(x) = 0}. (4.8)

We shall also consider the space

C?={ueC,NnC*R,R): «, v €C,}. (4.9)
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The space X is endowed with the usual supremum norm denoted by || || while the spaces C'; and
C? are endowed with the weighted norms

lull; = llwr(Julloo, Yu€ Cry ullor = llully + [|W/]l + [lu"]l;, Vu € CF. (4.10)
Then we have the following definition (see [18])

Definition 23. (Asymptotic stability with shift) Let (Y, || ||y) be a Banach space contained in X.
Let (wp, c¢) € X x R be a solution of (4.2). Then (wo, ¢) is said to be asymptotically stable with
shift with respect to (Y, || ||y ) if there exists € > 0 such that for any uy € X such that

up —wo € Y and ||ug — wolly <,

then the solution of the evolution problem

ou  0%u ou
E_@—kc%—i—f(u,{](u)), reR, t>0,
u(.,0) = uo,

exists for all t > 0, is unique and satisfies that

u(.,t)—wp €Y Vt>0
lu(.,t) —wo(. + R)||y < Me™® Yt >0

where h € R depends on ug, M > 0 and b > 0 are independent of t > 0, ug and h.
We are now able to state our main result:

Theorem 24. Let Assumptions (4.6) and (4.7) be satisfied. Let us assume that wj, € C. for some
7 € [0,1). Then (wy, c) is asymptotically stable with shift with respect to the space (C., || ||+)-

If we recall definition (4.8), we obtain that

Co={ue GR): lim u(x)=0}.

r—1+00
Therefore Theorem 24 re-writes as follows with 7 = 0.

Corollary 25. Let Assumptions (4.6) and (4.7) be satisfied. Let us assume that

. ! o
i wolw) = 0.

Then (wy, ¢) is asymptotically stable with shift with respect to the space (Cy, || ||o)-

The proof of this result relies on the application of a general result that will be exposed in the
next subsection, while the proof of Theorem 24 will be given in Section 4.2.
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4.1. A general stability result

In this section, for the sake of completeness, we recall a general result concerning stability of a
one dimensional manifold of equilibria for an abstract Cauchy problem. For that purpose let us
consider a Banach space (X, || ||), a linear operator A : D(A) C X — X and a continuous map
h : X — X. Then we can consider the following Cauchy problem

{ ) — Au(t) + h(u(t), t>0 (4.11)

U(O) =ug € X.
Then let us assume that the corresponding stationary equation
Au+ h(u) =0, ue D(A),

has a one-parameter family of solutions ¢, € D(A) for any o € [ where I is some bounded
interval, I C R.

The aim of this section is to recall some local stability result for these family of equilibria
with respect to small perturbations in some Banach space. For that purpose we introduce (Y, || ||)
a Banach space such that Y C X. Then let us introduce some assumptions upon the family of
equilibria {p, }aer as well as upon A and h in (4.11).

e Assumption (H1)

— (a) Themap a € I — ¢, € X is differentiable and ¢!, € Y for any « € 1.
— (b) The map o € I — ., € Y is Lipschitz continuous from [ into (Y, || ||y).

e Assumption (H2)

— (a) The map h : X — X is of the class C'! on X.

— (b) For any o € [ and any v € Y the map h/(¢], + v) belongs to L(Y'), the space of
bounded linear operators from Y into itself. Moreover for each a € [ the map v €
Y — h'(¢l,+v) € L(Y) is Lipschitz continuous on By (0,1) = {v € Y : |jv||y < 1}.

e Assumption (H3)
— (a) The part of A in Y denoted by Ay and defined by

DAy)={ue DA)NY: AuecY}
Ayu = Au Yu € D(Ay),

is the generator of an analytic semigroup on Y. It follows from Assumption (H2) (b)
that the operator L : D(Ay) C Y — Y defined by

Lu = Ayu+ W (po)u, Yu € D(Ay),

is also the generator of an analytic semigroup on Y.
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— (b) The spectrum of operator L has the following structure: zero is a simple eigenvalue
while all the remainder of the spectrum is contained in a closed angle lying in the left
complex half plane. This condition re-writes as there exists a; > 0 and b; > 0 such
that

Then we have the following result:

Theorem 26. Let assumptions (HI)-(H3) be satisfied. Then there exists € > 0, such that for any
ug € X satisfying
up — o € Y and |lug — polly <e,

the abstract Cauchy problem (4.11) has a unique and globally defined solution t — u(t) € X that
satisfies
u(t) = ¢ally < Me™™ ¥t >0,

for some o € I depending on uy, while the constant M > 0 and b > 0 are independent of ug, «
andt > 0.

The proof of this result can be found in the monograph of Volpert et al [18].

4.2. Proof of Theorem 24
Let us consider the linear operator A : D(A) C X — X defined by

DA)={ue X: u" v e X}

" /
Au=u" + cu’,

as well as the map h : X — X defined by

hw)() = f (u<x>, | ot y)u(y)dy) |

We also denote ¢, = wo(. + «) € X for any o € R. Let us introduce 7 € [0, 1) such that w(, € C;
and let us set Y = C; endowed with the norm || ||,. Then since w(, € C; and ¢ is compactly
supported, we can easily check that o — ¢,, satisfies Assumption (H1) while the map h : X — X
satisfies Assumption (H2). It remains to check the operator A satisfies Assumption (H3). To do
that, let us first introduce the operator Ay  defined by

D(Ay) = C?

Ayvu =u" + cu'.
Then we have the following lemma:

Lemma 27. The linear operator Ay : C? C C, — C, is the infinitesimal generator of an analytic
semigroup.
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Proof. Let us first notice that C? is dense in (C., || ||+). The proof of this result is similar to the
one given in the proof of Lemma 2.1 Chapter 5 in [18]. To complete the proof we shall show that
L is a sectorial operator on C'. (see for instance [13, 16] for details about sectorial operators and
their links together with analytic semigroups). To do that let us introduce the operator

T:C,— Cy, Tv=uwv.

Note that 7" is a bounded linear operator that is invertible and such that 7" maps C? onto C?.
Moreover we have T~ : Cy — C, with T~'u = u/w,. Next we introduce the operator A : C7 —
O, defined by A = T Ay T~. Moreover operator A reads as

Av =" + (c — 270 () + {720/ (2)? — 70/ (z) — 70" (z) }v.

It is clear that p(Ay) = p(A) and that
A= Ay) ' =T (A= A)7'T, VA € p(Ay).

To complete the proof it remains to show that A is a sectorial operator on Cj. To do so let us recall
that the operator A : C2 — Cj defined by Ay = " is a sectorial operator on Cj (see for instance
[12]). Moreover the operator B : D(B) C Cy — Cy definedby D(B) = {p € Cy : ¢ € Cp}
and

By = (c—270'(2))¢’ + {70 (2)* — c70'(x) — 70" (2) }o,
is a closed linear operator while for any v € (1/2,1) D(A”) C D(B). Thus by using Corollary
2.4 page 81 in Pazy [16] we get that A = A 4 B is a sectorial operator and the result follows. [

It remains to give some information about the location of the spectrum of the operator L :
C? — (, defined in (4.3). Now since problem (4.2) is invariant with respect to translation, the
map w,, € C, C Cj is an eigenvalue of operator L associated to the eigenvalue zero. Moreover
since wy is supposed to be monotonic, we have w(, > 0. Now due to Assumption (4.6), Corollary
22 applies and shows that zero corresponds to the principle eigenvalue of the operator L and it
is simple. Moreover, as explained in the proof of Corollary 22, its essential spectrum coincides
with the one of operator L. (see definition (3.17).) Now due to Assumption (4.6), Proposition 16
applies. Since 7 € [0, 1) it provides that o..(L) C {z € C: Rz < 0}. Due to the parabolic
asymptotic shape of the curves ®*(¢, 7a®), one may include these curves into a suitable angle
strictly contained in the left half plane. This means that there exist a; > 0 and b; such that

ons(L)CA={AeC: RA+a|SA\| + b, <0}

In addition, due to Lemma 15 one can derive that o.,((L) C A. Indeed for each A € C such that
R + a1 + b1|SA| > 0 we have

RA+ p+ a1|SA[+ b, >0, Vp>0.

Therefore A + p & ons(L) and A & 0e.,(L). In addition, outside of this angle there is only a
finite number of eigenvalues. Thus there exists an angle strictly contained in the left half plane
containing the whole spectrum of L except zero which is a simple eigenvalue. This prove that
Assumption (H3) holds true and complete the proof of Theorem 24 by applying Theorem 26.
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5. Additional results and minimax representation of the wave
speed

The aim of this section is to give some additional results that are a consequence of Theorem 24 as
well as the comparison principle given in Theorem 4. The details of the proofs will be omitted.
They directly follow the same steps as the one of Theorem 6.1 p. 250 and Theorem 7.1 page 255
in [18]. The first result is concerned with the asymptotic behaviour of the Cauchy problem

ou  O%*u ou

o - R

5 ag[:2—l—cag[/j—f(u,‘](u)), reR, t>0, 5.1)
u(.,0) = uo,

with monotonic initial condition. Recalling definitions (3.15), (4.8) and (4.10), the following result
holds:

Theorem 28. Let Assumptions (4.6) and (4.7) be satisfied and assume that w|, € C; for some
7 € [0,1). Let us assume that uy € Cy(R) is some given monotonic function such that

lirin luo(z) — w*|w, () = 0.

Then the solution u(x,t) of (5.1) is globally defined and converges (with shift) to wq in the
C.—norm, that is
lim ||u(.,t) — wo(. + x0)| =0,

t—o00

wherein xo € R depends on uy.

Next one can derive some minimax formula for the wave speed. To do so let us introduce for
each 7 € R, the set K, defined by

K,={peC¢R): p >0and liril Ip(z) — w¥|w,(z) = 0}.
Moreover let us set the map ¥ : K, — C(R, R) defined by

p'(x) + f (p(z), ¢ * p(z))
P

, Vr e R.
(z)

V(p)(z) = -

Then the following holds

Theorem 29. Let Assumptions (4.6) and (4.7) be satisfied. Let us assume that w;, € C. for some
7 € [0, 1). Then the wave speed c has the following representation:

¢ = inf sup ¥(p)(z) = sup inf ¥(p)(x).

PEKT 2R pc K, TER
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6. Some applications in biology and chemical Kkinetics

6.1. Population dynamics with nonlocal stimulation of reproduction

As an application of the results given in this paper we consider the equation

ou  O%*u
E=@+f(u,(](u)),t>0, r€eR, (6.1)
wherein -
Flu,v) = kuv(l = w) — ju, J(u) = / o(x — y)uly,1)dy. (62)
When ¢ = ¢ is a dirac delta function, then we obtain the local reaction-diffusion equation
ou  0*u 5
T 1—u) — .
% 922 + ku*(1 —u) — pu, (6.3)

where ku?(1 — u) describes bi-sexual reproduction of a population, v is the density of the popula-
tion, (1 — u) corresponds to available resources, pu is mortality.

In order to explain the appearance of the integral term in the equation, consider the example of
sexual plant reproduction with male and female plants. We assume that they have the same density
u due to the same proportion at birth and to the same diffusion. Since male plants distribute their
pollen in some area around their location, then 2 in the equation should be replaced by u (density
of female plants) times the integral (density of pollen).

Similar models can describe evolution of cell populations where cells can produce mitosis
factors diffusing in the extra-cellular matrix and stimulating proliferation of surrounding cells.
The existence of travelling waves for such integro-differential equations is proved in [2], [3] in the
case of functions ¢ with a small support and in [6] for an arbitrary support.

6.2. Nonlocal problems in chemical Kinetics

Distribution of concentrations in a chemically reacting medium can be described by the reaction-
diffusion system of equations

0A 0?A
ri dw + W(A),

where A = (Ay,..., A,,) is the vector of concentrations, W = (Wy,...,W,,) is the vector of
reaction rates, d is the diffusion matrix. Suppose that some of the species have fast reaction and
fast diffusion, that is instead of the previous systems we can write

0A; 0*A;

815 d’L 81‘2 +VV’L(A)7 ? ) 7k7
04; D*A; ,
GE_le—i_Wl(A)u Z—]{?—f—l,...,m,
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where € is a small parameter. Taking a formal limit as e — 0, we obtain the equation
AV + Wi (A) =0, i=k+1,..,m.

We can express the last variables A;,7 = k + 1, ..., m. This will give us integro-differential equa-
tions for the first variables A;,i =1, ..., k.
One of possible examples is given by the following systems written for travelling waves:

B"+¢B'+BC(1-B)—uB=0, C"—vC+kB=0.

We can express C' from the second equation and substitute in the first equation.
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