Chin. Ann. of Math.
22B: 3(2001),343-360.

EVANS FUNCTIONS AND ASYMPTOTIC
STABILITY OF TRAVELING WAVE SOLUTIONS

ZHANG LINGHAT*

Abstract

This paper studies the asymptotic stability of traveling wave solutions of nonlinear systems
of integral-differential equations. It has been established that linear stability of traveling waves
is equivalent to nonlinear stability and some “nice structure” of the spectrum of an associated
operator implies the linear stability. By using the method of variation of parameter, the author
defines some complex analytic function, called the Evans function. The zeros of the Evans
function corresponds to the eigenvalues of the associated linear operator. By calculating the
zeros of the Evans function, the asymptotic stability of the travling wave solutions is established.
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¢1. Introduction

Stability of traveling wave solutions has been one of the main issues in applied mathe-
matics. In this paper, we are concerned with asymptotic stability of traveling wave solutions
of the nonlinear system of integral-differential equations

Ou; e )
8; :fi(u)—i—ai/ Ki(x —y)H (u;(y,t) — 0;)dy, i =1,2,--- ,n. (1.1)
—0o0
The nonlinear systems are derived from neuronal networks!”—'%/. The nonlocal integral terms
often represent interactions between neurons. These systems also arise from other interesting

backgrounds, such as phase transitions('®). In the system (1.1), z € (—o0, 00) denotes the
spatial variable and ¢ € (0, 00) denotes the temporal variable, u = (uy,ug, -+ ,uy,)? is a real
vector-valued function of z and t. The functions f1, fa, - , fn are assumed to be sufficiently

smooth. Moreover each kernel function K; is nonnegative, even, piecewisely smooth, such
that

/ Ki(z)dx =1, / |K!(z)|dz < oo.

We also assume that there are positive constants C; and p; such that K;(z) < C; exp(—p;|z|),
forall z € R and i = 1,2,--- ,n. This should include functions with compact support, e.g.
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K(z) =11if |[z] <1/2; and K(x) = 0 if |z| > 1/2. The function H is the Heaviside step
function, H(z) = 1if > 0; and H(x) =0 if < 0. In addition the system fi(u) = fo(u) =
-+« = fp(u) = 0 has a unique solution u = ¢g. We further assume that a;; > 0 and 6; > 0
are suitable parameters such that the nonlinear integral differential system (1.1) supports
a traveling wave. Each component ¢; of the traveling wave ¢ = (¢1, 2, -+ ,¢,)T crosess
its threshold 60; properly if o; > 0, namely there are finitely many points z;; such that
¢i(zij) = 0; and ¢(z;;) # 0, where j = 1,2,--- ,m; and i = 1,2,--- ,n. We require that
> m; = n. Interesting cases include m; =1 for all t = 1,2,--- ,n and mo;—1 = 2,m9; =0
i=1
foralli=1,2,---,[n/2].

The traveling wave solutions ¢ = ¢(z), with z = « + vt, for some constant v, satisfy

o *

= ho)ai [ Kile - 9H(G) - 0

bi(2i5) = 0, ¢i(zi5) # 0,
lim ¢(Z) :(b()v .7: 1727"' s T, 1= 1727"' s 1.

|z|—o0

v

The real equations describing the neuronal networks would consist of billions of equations,
involving both nonlocal integral terms and differential terms. Certainly these equations
contain more parameters and possibly more thresholds. Moreover these equations may
support multipulse solutions. For brevity, we assume that the existence of traveling wave
solutions have been solved. Thus we will only be concerned with the stability of the traveling
wave solutions.

§2. Preliminary Results

In this section we list relevant results from ordinary differential equations.

Theorem 2.1. If A = (a;;) is an n X n constant matriz, then the fundamental matriz of
the linear homogeneous system 1, = A1) is exp(Az), and the general solutions are given by
¥(z) = exp(Az)ec, where ¢ = (c1,ca,¢3,+++ ,cn)T is an arbitrary constant vector, or is given
by ¥(z) = exp(Az)&, where X is an eigenvalue of A and & is a corresponding eigenvector. Let
f be a vector-valued function defined on R, then the general solution of the nonhomogeneous
system ¥, = A + f(2) is given by ¥(z) = exp(Az)(0) + foz exp[A(z — s)]f(s)ds. Suppose
that A has r eigenvalues with positive real parts and s eigenvalues with negative real parts,
such that r + s = n, and suppose that Py are the matrix projections corresponding to the
eigenvalues with positive and negative real parts. If f is a vector-valued bounded continuous
function on R, then the unique bounded continuous solution of the nonhomogeneous system

Vo= v+ f is
P(z) = / P_exp[A(z — 2)] f(x)dx — / P, exp|A(z — 2)] f(z)dx.

—00

d
one eigenvalue with positive real part and one eigenvalue with negative real part. Let f(z)
and ¢(z) be bounded continuous functions. Then the unique bounded solution to the linear

differential equations
Ao\ _(a b\ (e\_(f
dz \ ¥ c dJ\v) \g)’

Probably the most interesting case is n = 2. Let the constant matrix (i b) have
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is given by

g
) (a—;)2+4bc <)\+c_d )\+b_a) /:Oexp[k+(z—x)] (ch((g

Theorem 2.2. If A is an n X n matriz-valued function and X(z) is a fundamental
matrixz of the system 1, = A(z)v, then the general solutions of the nonhomogeneous system

b. = AC)o+ F(z) are
() = X(2) (X(orlw(m - X(s>-1f<s>ds) |

Suppose that there exist r linearly independent solutions v;(z),i = 1,--- ,r, such that
they approach zero exponentially fast as z — —oo and there exist s = n — r linearly
independent solutions v;(z),7 = r+1,--- ,n, such that they approach zero exponentially fast

as z — +00. We define X (z) = (¢1(2),%2(2), -+ ,¥n(2)). Suppose that det X (z) # 0, for all
z € R. Then X (z) is a fundamental matrix. Let f be a vector-valued bounded continuous
function on R. Then the unique bounded continuous solution of the nonhomogeneous system

c1(\ e, 2)
BE) = (e oM ), Ua(he ) | EN S
en(N g, 2)
=c1(\ g, 2)1( N\ g, 2) + ca( N g, 2)ha( N, e, 2) + - - + cn(A €, 2)Un (A €, 2),
where
ci(\ e z) = —m /:O exp [— /OS TTA()\,E,T)CZT} D;(\ e,s)ds fori <,

ci(A e 2) = —l—ﬁ /_OO exp [—/O TrA()\7E,T)dT] D;(\ e, s)ds fori>r,

Di(A,e,5) =det (Y1(A€,5), - ¥i1(A€,5), f(s5), Yit1(N,€,5), -, ¥n(A €, 9)),
E(\e) = exp {— /0 TrA(\, e, s)ds] det X (A, ¢, 2).
Moreover
F(f) = exp [—/OZ’IYA()\,E,S)CZS Di(\ e, 2)

is a continuous linear functional on C™. By Riesz representation theorem, there exists
a unique function @;(A,¢, z), such that for all point f € C™, the above linear functional
F(f)=(f,pi(\e,2)). A simple calculation with (J) shows that

(fipiz) = (frpi): = —(Af i) = (. *AT%')-
Because f is an arbitrary vector in O™, we must have ;. + A% p; = 0, namely ¢; is the solu-
tion of the adjoint system ¢, +AT4 = 0, where i = 1,2, --- ,n. Moreover, we have (¢, ¢;) =
E(X\¢e) and (¢;,¢;) = 0, for all j # . In addition, ¢;(z) = —ﬁ [ (f(s), @i(s))ds for
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i <rand¢(z) = ﬁ JZ (f(s),¢i(s))ds for i > r, and all the products ¢;(2)¢;(z),1 <
i < n, are bounded on R.

Theorem 2.3. Let A be an n xn constant matriz and let B(z) be an n X n matriz-valued
function satisfying ||B(z)|| < Cexp(—p|z|), for some positive constants C' and p. Suppose
that p; < -+ < pipr <0 < pipy1 < -+ < p are the distinct real parts of all the eigenvalues
of A and that ny is the number of eigenvalues counting algebraic multiplicities with real part

tk, for all1 <k <m. Then > pr =n.
k=1

We will first consider solutions to the systems of ordinary differential equations

o 90
— —AYp=0, —+A"Yp=0.
0z v=0 0z Ay
Then we will construct related solutions to the perturbed systems of ordinary differential
equations
N o T
—Z _[A+B =0, —+[A+B =0.
A+ BENW =0, 5+ [A+ BRI ¢ =0
Finally we will use the method of variation of parameter to construct all bounded solutions
to the nonhomogeneous systems of ordinary differential equations
9 oY
- —[A+ B = f(2), 5 +[A+ B)]"¥ = g(2),
0z 0z
where f and g are bounded uniformly continuous functions defined on R.

First of all, there exists an invertible matrix 7" such that

J 0 - 0
Ay=Tar=| o 0
0 0 Im
where
Ui + vk * 0 0 0
0 Lk 4 1Vk2 * 0 0
0 0 Wi +ivgs - 0 0
Jk: ... .. ... ... . .
0 0 0 Nk+iyknk—1 *
0 0 0 0 Mk + Wk,

is an ng X ng matrix with Re(ug + ivg) = pg and each of the x = 0 or 1. Moreover

exp(+J12) 0 B 0
ettt = | ORER )
0 0 exp(+Jmz2)
exp(—Ji'2) 0 0
exp(—ATz) = 0 exp(—J] 2) 0
0 0 exp(—J;2)

If one of the Jordan blocks in A, takes the form J = ul, then exp(Jz) = exp(uz)l and
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exp(—J7Tz) = exp(—pz)I. Suppose that one of the Jordan blocks in Ay takes the form

I 1 o --- 0 0 0 1 o --- 0 0
0 I T -0 0 0 0 1 -0 0
sep 0 D e 200 D D = e
0 0 0 - u 1 0 0 o --- 0 1
0 0 o --- 0 o 0 0 o --- 0 0

Then C? # 0 but CP*! = 0, for some unique integer p > 1, and

1 1
exp(Jz) = exp(uz) exp(Cz) = exp(uz) (I +Cz+ 50222 +--+ —'szp)
! p!
1 z %22 (p_l)!zp’1 I%zp
1 - 1 _
A Z CRUE ;
=exp(uz) | O 0 b G e
0 0 0o .- 1 z
0 0 0o .- 0 1
Then the original systems of ordinary differential equations are reduced to
0 0
% _ A =0, 224 aTy =0,

0z
The fundamental matrices for these systems are exp(+Agz) and exp(—AZ2). The following
linearly independent solutions are basis of the general solution spaces of the above systems,
respectively
exp(+A4pz)er, exp(+Apz)es, exp(+Apz)es, - - ,exp(+Apz)en,
exp(— AL 2)er, exp(— Al 2)eq, exp(— AL 2)es, - -+ exp(— Al 2)e,,.
There exist solutions {Y}*(2) = exp(+4pz)ef : 1 <1 <ny and 1 <k < m} to the system of
ordinary differential equations ‘g—f — Apyp = 0 with the limit
. 1
lim —In||Y,*(2)]| =+,
|z| =00 Z
and solutions {Zg(z) = eXp(—AOTz)eg :1<g<mny,and1<p<m} tothe adjoint system of
ordinary differential equations g—f + Ay = 0 with the limit
1
lim =Inl||Z8(2)| = —pp-
Pt LG

If (k,1) = (p, q), then (Y}(z), ZF(2)) = 1, for all z € R. If (k, 1) # (p,q), then (Y}*(2), ZE(2))

q
=0, for all z € R. Define m matrices by using the solutions of both systems

X¥(z2) = (YF(), - YE(2) (ZE (), ZE ()"

0 0 O
=exp(+4p2) | 0 I, 0 |exp(—Apz)
0 0 O
0 0 0 0 00
=10 exp[Jp(z—a)] 0] =explu(z—a)]| 0 = 0
0 0 0 0 0 O
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for all 1 < k < m, where * = I,,, or * = exp[Ci(z — z)] is an ny X nj matrix, and * = I, if
z = x. Then

X*(z,2) = X¥(2 — ,0), exp[Ao(z — z)] = ZXk(z,x).
k=1
All the linearly independent solutions of the ordinary differential equations g—f — Ay =0
and g—f + ATy = 0 are given by TY,*(z) and (T7) ' ZF(z), respectively. Without loss of
generality, denote these solutions also by ¥}*(z) and Z2(z). These solutions satisfy the same
conditions as above, i.e.,

(YF(2), ZE(2)) = 1 for (k,1) = (p,q); (YV*(2), ZE(2)) =0 for (k1) # (p.q),
XF(z,2) = X*(2 — 2,0), exp[A(z —2)] = ZXk(z,a:).
k=1

Consider the perturbed differential equations

9
5 A+ BEw =0,

There exist linearly independent solutions ¥ (z) and ¢#(z) to these ordinary differential
equations, such that for some constant p > 0, one has the asymptotic behaviors

i PR =Y )
z=-+oo exp|(+ik — p)7]

g—f +[A+ B(2)"y =0.

=0 forall 1 <I<ng,1<k<r,

of generality, suppose that

(Wr(2), ¢h(2)) = 1, if (k1) = (p,q),

(U (2), ¢8(2)) = 0, if (k,1) # (p,q)-
Otherwise we can use Gram-Schmidt method to modify ¢ so that {¢f} and {¢?} are
mutually orthogonal. Define Y*(z,2) = (¢f(2), -+ 9k (2)) (¥ (), -, ¢k, (x))T We

have

%yk(z, z) — [A+ B(2)]Y*(z,2) = 0,

k(2 a) + Yz 2)[A + B =0

By orthogonality, we have Y*(z,2)Y*(z,2) = Y*(z,2), 50 £Y*(2, 2) = 0. Therefore Y*(z, 2)
is a constant matrix. By the asymptotic analysis we see that Y*(z,2) = X*(z, 2), for all

m
z € (—00,00). Hence Y Y*(z,2) = I. Now it is easy to see that

m [o'e)

k=1
D(z) = Z/Z Y*(z,2) f(z)dx — Z Y* (2, 2) f(z)dx
k=17

k=r+1“%
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is a bounded solution on (—oo,00) to the nonhomogeneous differential equation

0
% A+ BEN = 1)
Any other solution v of the nonhomogeneous equation can be written as
m  ng
b(z) =)+ Y > cfUf(2)
k=11=1

where cf are constants. It is easy to show that 1 is bounded as z — oo if and only if c{“ =0,

for all 1 <1 < ng,r < k < m. Therefore the solution 1 is bounded as z — +4o0 if and

only if ligr_l (¥(2),9(2)) = 0, where p(z) is any bounded solution as z — oo of the adjoint
Z—r+00

system g—f + [A+ B(2)]T¢ = 0. Similarly the solution 1 is bounded as z — —oo if and only
if ZLirEloo(w(z),ap(z)) = 0, where ¢(z) is any bounded solution as z — —oo of the adjoint
system

9

0z
Moreover, if the solution 1(z) of the nonhomogeneous equations ¢, — [A+ B(z)] = f(z) is
unbounded, then ¥(z) = exp(pz)O(1) as z — +o0o or as z — —oo, for some positive constant
p>0.

+[A+ B(2) e = 0.

§3. The Eigenvalue Problems

We will define a linear operator and then write out the eigenvalue problem. In moving
coordinates, i.e. z = xz+vt and U(z,t) = u(z,t) = u(z—vt,t), where U = (U, Us, - -- ,U,)7,
the nonlinear system of integral differential equations (1.1) can be written as

856 8U L = LU +az/ Ki(z —y)H(Ui(y, t) — 0;)dy. (3.1)

Clearly the traveling wave is a stationary solution of this system. The linearization of (2.1)
about the wave solution ¢ is given by

oU; , OU; _ §~ Of — Ki(z—25),..
ot +v 92 8 (¢)U +QZ;WU1(Z”J). (3.2)

Seeking for particular solutions of the form U(z,t) = exp(Az)¥(A, z) of system (4.2) leads
to the eigenvalue problem

. Y ) fl o= Ki(z — 2ij)
A+ v @y = (zy), (3-3)
Z < u; 2 FIEn I
where A\ € C is the eigenvalue parameter and we allow some singular perturbation parameter
0 < € < 1 to implicitly appear in this problem. Moreover z € R is a real variable, ¢ =
WL\ e,2),%(\ e, 2), -, (\ 6, 2))T € C™ is a complex vector-valued function of the
variables A, e, z.

For our convenience we define the n x n matrix A(e,z) = — (31{ (q’))) , which
J

is independent of A. Suppose that the real-valued matrix defined by A(e) = lim A(e,2)
Z|—00
possesses n eigenvalues w; (€) with positive real parts, the smallest eigenvalue being of order e.

Moreover suppose that there exists an unbounded, open, simply connected region () in the
complex plane such that Re[A + w;(g)] > 0, for all A € Q(e). To study the above eigenvalues
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and eigenfunctions, we define a bounded linear differential operator L(¢) : BC'(R,C") —
BC°(R,C™) by
N
L) = —v(e) 22 —
(€0 = —0(0) 5.
where N(\, &,2) = (N1(\,&,2), Na(A, €, 2), -+, Nou(), €, 2))T is a complex vector-valued func-
tion of A, &,z and each N;(\ ¢,2) = o Z Mz{;i()\,s,zij) foralli=1,2,---,n. The
j=1

Ale, 2)Y + N(\ ¢, 2),

[¢7(zi5)1

eigenvalue problem under consideration can then be written in a compact form L(g)y =
M. There is a subtle difference between this operator and regular differential opera-
tors. The explicit adjoint operator of regular operators are usually easy to find. But
the adjoint operator of our operator is very hard to find explicitly. To deal with the
parts corresponding to the nonlocal integral terms in problem (3.3), we arrange the com-
plex numbers 1*()\,¢,z;) in a scientific way. First we arrange each block B;(\,e) =
(N €, 2i1), V(A €, 2i2), -+ V(N €, Zim, ) for all i = 1,2,--+ | n. Recall that some B;(),€)
does not appear if a; = 0. Then we arrange

B()‘7‘€) = (Bl()‘7€)7 e 7Bn()\78))T = ¢1()\757211)> e uwn()HEa ann))T-

Clearly the vector B(\, &) € C™. Moreover, we define
Qj . .
9ij(2) = ———Ki(z — 2i5), j=1,2,--- ;my, i=1,2,--- ,n.
9= g ) l

Then each component of N is given by
Ni(>\78a Z) = Zglj(z)wl(kyga Zij) = (07 to ,0,gi1(2’),gi2(2’), to 7gimi(z)? 0--- 70) B(A,E)
j=1

We then define an n X n matrix with each row being (0, -0, ¢;1(2), gi2(2), -+ , gim, (2),0

: 70)7

g11 (z) . 0

0 o Gnm, (2)
The matrix G converges to the zero matrix exponentially fast as z — Fo00, since each entry
has a similar asymptotic behavior as z — +o0o. The second part on the right hand side of
(3.3) can be written as G(z)B(\, ). Therefore the eigenvalue problem can also be expressed
as L(e)yp = —v(e)yp, — A(g, 2)¢ + G(2)B(\, e) = M. Tt is very difficult to directly find the
solutions of the eigenvalue problem. However we can find the solutions of an intermediate
problem, namely, we will first drop the terms involving ¥(\, €, z;;). It is therefore necessary
to introduce an intermediate operator Lg(g) : BCY(R,C™) — BC°(R,C™) by

Lo(e)y = —v(a)g—f — A(e, 2)1.

If the complex number A € Q(¢) is an eigenvalue of the operator L() or the operator Lo(e)
associated with the eigenfunction (), ¢, 2), then X is also an eigenvalue of L(g) or Lo(¢)
associated with the eigenfunction (), ¢, 2), where A stands for the conjugate of the complex
number A\. However we will show that in some right half plane {A: ReA > —k}, where k is
a positive constant, there is no eigenvalue of L(e) other than the neutral eigenvalue A = 0.

The stability of the traveling wave solutions is determined completely by the structure
of the spectrum of the operator L(¢). The spectrum is divided into two parts: the essential
spectrum, consisting of distinct smooth curves, and the normal spectrum, consisting of a
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few isolated eigenvalues with finite algebraic multiplicities. The essential spectrum consists
of those complex numbers A such that certain matrix A(A,¢) defined below has a purely
imaginary eigenvalue €. To guarantee the resting state ¢ = ¢ of the traveling wave
equations to be stable, the essential spectrum must be in some left half plane Q(g)¢ and
be uniformly bounded away from the imaginary axis. Then inside this region Q(¢), all the
spectrum of L(e) are eigenvalues with finite algebraic multiplicity. The normal spectrum
is not an empty set because A = 0 is an eigenvalue of L(e) inside Q(e). If this neutral
eigenvalue A = 0 is simple and if there exists no other eigenvalue of L(e) inside the region
ReX > 0, then the traveling wave solution is exponentially stable. In general the normal
spectrum is hard to analyse and need more advanced tools to detect. We will define and use
some Evans function to achieve the stability result.

Let m > 1 be an integer. Define a Banach space BC™(R,C"™) = {4 : ¢ is a complex
vector-valued function defined on R, such that all its derivatives up to order m are bounded
and uniformly continuous on R}. Let us give the rigorous definitions for nonlinear and linear
stabilities of the traveling waves (see also [1, 14, 18, 25]).

Definition. The traveling wave solution ¢ = (¢1, ¢, -+ ,¢,)T is exponentially sta-
ble relative to the full nonlinear system (4.1), if there exist positive constants C, M and
a such that for any solution U = (Uy,Us,--- ,Up)T to (4.1) with the initial data Uy =
(Ur0,Uso,- -+ ,Upo) € BCH(R,R") and ||Uy — ¢|loc < C, there exists a constant h with
|h| < M||Uy — ¢||oo, such that [|U(t) — énllec < M||Uo — @]l exp(—at) for all t > 0, where
on(z) = d(z+ h). Let ||¢2]|lco < 00. The first order derivative ¢, = (1,022, , dnz) of
the traveling wave solution is exponentially stable relative to the linear system (4.2) if there
exist positive constants M and « such that for any solution V = (Vy,Va,--- V)T to (4.2)
with the initial data v = (Y1,¢2,- - Y")T € BOY(R, R"), there exists a constant h with
|h] < M||¢]|oo, such that

IV (t) — hopzlloo < M|9)||co exp(—at) for all t > 0.

Remark. A necessary condition for exponential stability of traveling wave solutions is
that the essential spectrum of the bounded linear differential operator L(e) defined below is
located in a left half plane, uniformly bounded away from the imaginary axis.

To conclude this section, let us give the following propositions without proving them.
Please see [25] for detailed proofs.

Proposition 3.1. The linear stability of the traveling wave solution is equivalent to the
nonlinear stability.

Proposition 3.2. If there exists a positive constant o > 0, such that all the spectrum,
except for A = 0, of the operator L(e) satisfy the estimate Re A < —«, and the eigenvalue
A =0 is algebraically simple, then the traveling wave solution is exponentially stable.

The proofs of these results are similar to those given by Evans!'* and Alexander, Gardner
and Jones!!. With these results, to establish the asymptotic stability of the wave solutions,
we only need to study the spectrum of the operator L(e).

¢4. Intermediate Evans Function

We will define some analytic function to study the normal spectrum of the linear operator
defined in Section 3. Before that we need to define some intermediate analytic function
associated with the auxiliary eigenvalue problem Lg(e)iy = Aip. Rewrite the eigenvalue
problem L(g)y = A\ as a first order linear nonhomogeneous system of differential equations

9y

’U(E)E + M+ A(e, 2)]t = N(A, ¢, 2). (4.1)
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We will also consider the following homogeneous auxiliary system

U(S)%f + [M + A(g, 2)]y = 0, (4.2)
corresponding to the intermediate eigenvalue problem Lg(g) = Ay. The asymptotic system
of both (4.1) and (4.2), as |z| — oo, is
o
v(e) 5, + M+ AR =0. (4.3)
A careful observation tells us that each of the above matrices in (4.1), (4.2), (4.3) can be
written as the sum of Al and some A-independent matrix. This will simplify our calculation,
the reason is that the eigenvectors of A(e) and thus A(\, &) = Al 4+ A(e) are independent of
A and hence one can find certain relationship between the solutions for the case A # 0 and
the case A = 0. As a result, the intermediate Evans function would be independent of \.
Additionally, the eigenvalues of the matrix A(A, ) are p;(A &) = A + w;(e).

It is always easier to solve homogeneous equations than to solve nonhomogeneous equa-
tions. Let us now construct analytic solutions to the intermediate system (4.2). These
solutions make up of the fundamental matrix of that system. Thus they are candidate func-
tions to define the intermediate Evans functions. In the open, unbounded, simply connected
region (g), the matrix A(\, e) has n eigenvalues with positive real parts and no eigenvalue
with negative real part. The eigenvectors corresponding to these eigenvalues are independent
of . Alexander, Gardner and Jones!") and Evans!'¥ gave a general method to construct
solutions of the system (4.2). There are n linearly independent analytic solutions Y;(\, e, 2)
to the asymptotic system (4.3) with constant coefficients, such that they converge to zero
exponentially fast as z — oo.

Lemma 4.1. For each i = 1,2,--- ,n, there exists a unique complex vector-valued ana-
lytic function ¢; = @;(A\, €, 2) and a positive constant §; = 6;(\,€), such that as z — 400,
there holds the asymptotic behavior

(pi(A7€7z) - m(A,é‘,Z) = €exp | — 4 Z = . Z]O(l)

It is easy to see ®(\,g,2) = (p1(\ €, 2),02(A &,2), -+ ,on(A &, 2)) is a fundamental ma-
trix of the homogeneous system
oY

ve) 5 M+ Ale, 2)]¢ = 0.

Moreover, ® is analytic in A, for all fixed z and €, and 11141_1 ®(\, g, z) = 0, exponentially fast.
Z—r+00

In the same way, we can construct the solutions of the adjoint system of (4.2). Suppose that
S(A\e,2) = (S1(\ e, 2), 52N\, e,2), -+, Sn(\g,2)) is a fundamental matrix of the adjoint
system

oy

U(E)E = [M + A(e, 2)] ", (4.4)

such that S is analytic in A, for all fixed z and ¢, and that EEH S(\ g, z) = 0, exponentially

fast. Necessarily S;(\,e,2)T¢;()\ €,2) is independent of A and 2, for all 1 < i,j < n. We
could assume that S;(\, e, 2)Tp; (N e,2) = 0if i # j and S;(\, &, 2)Tp; (N, €, 2) = D(), ), for
some appropriate analytic function D(\,¢). Given any fundamental matrices ® of system
(4.2) and S of system (4.4), we can always use the Gram-Schmidt method to normalize S,
so that the above conditions hold. Suppose that there exists a nonzero complex analytic
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function D(), €), which we call the intermediate Evans function, such that
S\ e, 2)T®(\ e, 2) = D(\e)I.
An alternate way to handle D(\,e) and S is the following. By using ® we can directly

construct the intermediate Evans function D(A,¢) and then find S. In fact we define the
intermediate Evans function by

D(\e) = exp [% /OZ n\+ TrA(s,s)ds} det (p1(A,€,2), 02(\ g, 2), -+, on(N\ €, 2))

and then define a continuous linear functional
1 z
exp [—/ nA + TrA(e, s)ds}
v(e) Jo
X det((pl()\, g, Z)) R wi—l(A5 g, 2)7 f7 @i-‘rl()‘v g, Z)a B @n(A7 g, Z))
on C™. By Riesz representation theorem, there exists a unique function S;(\, e, z), such

that for all point f € C™, the above linear functional = (f, S;(\, ¢, 2)). A simple calculation
shows that
v(e)(f, Siz) = v(e)(f, Si)= = (M + A)f, Si) = (f, (AL + A)TS)).

Because f is an arbitrary vector in C™, we must have v(¢)S;, = [\ + A(e, 2)]7'S;, namely
S; is the solution of the adjoint system v(e)y, = [M + A(e, 2)]T4), where i = 1,2,--- n.
Moreover, we have ST (A, g, 2)p;(\, g, 2) = D(\,€) and ST (A, ¢, 2)p;j(A, &, 2) = 0, for all i # j.

Remark. Since the eigenvalues satisfy u;(\, ) = A + w;(¢), and the eigenvector is inde-
pendent of A, by uniqueness we must have the equation ¢;(\, ¢, 2) = ¢;(0,¢, z) exp[—%s)z],
forall z€ Rand i =1,2,--- ,n. One can easily prove ®(\, ¢, z) = exp}ﬁz]@(o,s,z) and
S\ e, z2) = exp[%z]S(O, g,z), for all A € Q(e) and all z € R. By virtue of these equations,
one can verify that D(\,e) = D(0,¢) # 0, for all A € Q(e).

For convenience of later investigations, we need to refine the linearly independent solutions
w1(A g, 2), 02(N,€,2), -+, on(A, €, 2) of the intermediate system (4.2). Clearly

I(\e,s,2) = ®(\e, 2)S(\e,5)T
= (‘)01()\767 Z)? 902()‘757 Z)a e awn()\ﬂ?? Z)) (Sl()‘7€7 5)7 SQ()\,E, S)? e aSn(Aa€7 S))T

is also a fundamental matrix of the intermediate system (4.2). In other words, the function

Si(Ae, )
LN e,s,2) = (p1(N e, 2), p2(N, 8, 2), -+, on(A €, 2)) S%(’/\.’.E’S)
Si(\ e, 5)
is a solution of (4.2) and I1(\, e, s, 2), I2(X, &, 8,2), -+ , In(A, €, 8, 2) are linearly independent.

These solutions are analytic in A, for all fixed ¢ and z. Obviously I(\,¢,z,2) = D()\e)l.
We can use the new fundamental matrix I(\, e, s, z) to define intermediate Evans function
parameterized by z as follows

D()\e,s) =exp [% /0 nA+ TrA(e, T)dT:| det I(\, e, s, 2)

= exp [i / nA + TrA(e, T)dr} det S(\, g, s)det D(A ¢, 2)
v(e) Jo
= D(X\ e)det S(\, e, 5).

This is also independent of z and is analytic in A. The asymptotic behavior of I(\, e, s, z) as
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z — too is very similar to that of ®()\,e,z). On the other hand, the asymptotic behavior
of I(A,e,s,2) as s — oo is very similar to that of S(A, ¢, s).

§5. The Evans Function for the Eigenvalue Problem (3.3)

We now make use of the intermediate Evans function D(),e) to find solutions of the
original eigenvalue problem. First these solutions must be well defined. Each of them must
be unique, complex analytic. In addition, the asymptotic behavior as |z| — oo, as |A\| = 400
and as € — 0 must be clearly studied. By using the method of variation of parameter to
solve the nonhomogeneous differential equations, we can find linearly independent, complex
analytic solutions 1;(\, €, z), where i = 1,2, -- - n, such that zEI-Poo Yi(Ae,z) = 0.

All other complex analytic solutions can be written as the linear combination of these
analytic solutions. The details are given below.

For any smooth scalar function c¢(\, e, z) and i = 1,2,--- . n, c(\, &, 2)@; (A g, z) will not be
a solution of (3.3). One must use the method of variation of parameter, namely, employing
the fundamental matrix (p1(\,&,2),p2(A,€,2),-+,pn(N €, ,2)) to construct a solution of

(3.3). Suppose that
P(A g, 2) = c1(A g, 2)p1(N €, 2) + ca(N €, 2)p2(A €, 2) + -+ + en(N €, 2)on (A €, 2)

CI(A7 &, Z)
62(>‘7 g, Z)
:(901()‘76,2);@2()‘7672),"' a‘pn()‘ﬁ?,z))
en(A e, 2)
is a solution of the nonhomogeneous system (3.3). By product rule, we have
Cc1 &1
o | ¢ 0 c
U(E)(<)015<)027"' 7@%)@ 2 +U(€)£(<P1’g023"' a‘Pn) ”2.
Cn Cn
C1
c
+[)‘I+A(E»Z)](9017‘p27"' s Pn) g =N(\¢,2).
Cn

Notice that

)
v(e)&(cm,@a, oy on) + M+ Ale, 2)](p1, 02, 5 on) = 0.

Therefore we get

6]
0 c
U(E)(SDD@QV" 7@071)87 2 :N()\7E,Z).
z
Cn
This is a first order linear system of differential equations. We need to solve this system
for (c1(\e,2),ca(Ag,2), - ,cn(A &, 2)). By using the properties of the intermediate Evans
function D(\,¢) = S(\,,2)T®(\, g, 2), it is easy to get
C1
(9 Co ].

E - U(S)D()\,E) (Sl(A’E’Z%SQ()\?g,Z)ﬂ”' aSn(Aag)Z))TN()\,g,Z).

Cn
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Solving these equations yields

c1(\ g, 2) c1(Ae)
C2()\7E7Z) — 02(/\v€)
cn(A g, 2) cn(A€)

1 4
+m/ (S1(\, e, 8), Sa(A,e,8), -+, Sn(N e, 8)) N(A, e, s)ds,

— 00

where (c1(A,€),c2(N€), -+ ,cn(A€)) is a complex vector-valued function of A and € to be
determined later. Therefore we obtain the possibly analytic solutions (), ¢, z).

Lemma 5.1. Suppose that @1, p2,- - ,pn are the solutions of the linear homogeneous
equations. Then the solutions of the eigenvalue problem (3.3) is given by

Cl()\,E,Z)
w(>\7€a Z) = ((pl()‘ﬂgu Z)7 (JDQ()‘7E7Z)’ e 7(10"()\78’ Z)) 62(%\?%:7 Z)

en(N €, 2)
Cl(/\,E)
= (p1(N €, 2), p2(N\, 6, 2), -, on(N €, 2)) c2(A,€)

cn(.)\', €)

+ m (p1(A g, 2),02(N €, 2), -+, (A &, 2))

X / (S1(Me,8), Sa(M e, 8), -+ . Sn(N e, s)T N(A e, s)ds.

—0o0

If i\ e, 2i5),5 = 1,2, -+ ymy,i = 1,2, ,n, and (c1(\,€),ca(A,€), -+, cn(A €)) are all
complex analytic functions in A for all fixed e, then (), €, 2) is also analytic in A, for all fixed
z and e. Let us investigate whether or not the solution ¥(\, ¢, z) is bounded on (—o0, 00).
Clearly we have the asymptotic behaviors if Ki, Ko, -+, K, converge to zero sufficiently
fast as |z] = oo. This can be attained by assuming p; to be large enough, for i =1,2,--- | n.

Lemma 5.2. Under the above assumptions, there hold the following limits

lim (@1 (A7€a 2)7 @2()55’ Z), o 7@n(Aa€a Z))

z—+oo

x/ (S100e,5),Sa(M e, ), Su(hes )T N\, e, 8)ds = 0,

oo

Cl(>\,€)
ZEIJPOO (901(>‘,5az)a§02()\75,2), s ,(Pn()\,E,Z)) 62()\’ E) = 0,
en(Ae)
01()\75)
i [t o [ S0 | |-
Plap P1AE, 2 a@2( ,E,Z), a(pn( ,E,Z)) = 400,
cn(A€)

if (c1(X€),e2(N€), -+ ,en(N €)) #(0,0,---,0).
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It is therefore clear to see that

Cl(>‘7 &, Z)
EI-P (901()\7572)’902()‘7572)7'” ,(pn()\7E,Z)) C2(>‘7€’Z) =0,
en(A €, 2)
(e, 2)
zgglooH (901()‘7672:)7()02()‘7572)7”' a(p’rl()‘7€7z)) 82()\,6’2) H = +00,
Cn(>\7 E’ Z)
if (e1(N,€),ca(N,€), -+ ,en(A €)) #(0,0,---,0). On the other hand the last limit is equal to
zero if (c1 (A, €),ca(N€), -+ ,en(A€)) = (0,0,---,0). Therefore the vector-valued function

¢()‘7€7 Z) = cl()‘7€a Z)QOl(A,S, Z) + CQ(Aaga z)@?(Aa57 Z) +--+ Cn(Aa g, Z)Spn(/\a57 Z)

is a good candidate of eigenfunctions of the eigenvalue problem (3.3). The complex number
A € Q(e) is an eigenvalue of L(¢) if and only if

(c1(A,€),ca(A€), -+ ,en(N€)) =(0,0,---,0).

Motivated by the work of Alexander, Gardner and Jones!!), Evans'¥, Pego and Weinstein!®!,
we would like to relate the eigenvalues of the operator L(e) to zeroes of some analytic func-
tion. If one can define such a function and investigate its zeroes, then the necessary infor-
mation of wave stability would be obtained. Because of the presence of the nonlocal integral
terms, the Evans function for the equation (3.3) must be defined in an unusual way. We need
n linearly independent, complex analytic solutions which approach zero exponentially fast as

z — +00. The above vector (¢1(A,€),ca(N,€),--+ ,¢cn(N €)) is not arbitrary, it will be deter-
mined by the compatibility condition of (A, e, 2) at z = 25,5 =1,2,--- ,m;,i = 1,2,--- ,n.
It is by solving n linearly independent analytic vectors (c1(A,€),ca(X,€), -, cn(A,€)) that
we can find linearly independent, complex analytic solutions v¥;(\, ¢, z),i = 1,2,--- ;n. To
solve the vectors (c1(A, €),ca(N€), - ,cn(A €)), we start from the following k-component
equations
Cl(>\, 5)
"/}k()V & Z) = (Lpllc()V & 2)7 @Q(A’ & Z)? T ‘pfz()V & Z)) 02()\, E)
cn(A,€)
1
+ m(@f(/\’&z),@g(/\,&z)w~- son(A e, 2))

x / (S102,8), Ss(Mers), - Su(he, )T N(A &, s)ds.

— 0o

Substituting zy; for z, we get

VPN zm) = (VN e, 2r), 05 (AN, zra), L o (N €, 2m1))

cn(As€)
1 . . )
Y A TN
+ ’U(E)D()\,FJ) ((pl( 75;Zkl)5902( 7E7Zkl), ’<pn( 757Zkl))

Zkl
x / (S1(\ €, 2), 52N e, 2), -+, Sn(N e, 2)) T N( e, 2)dz,
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where [ = 1,2,--- ,my,k =1,2,--- ;n. We need a compact form of equations. Arranging
the complex numbers /¥ (\, ¢, z3;) in the same way as we did for B()\,€), we obtain
c1(Ae)
Bnve) = Pve) | 2N | L oo aBe),
en(A,€)
where P(\,€) is an n X n analytic matrix in A and each row is
YN e, zr), 05N e, z), 0k (N e, zr), 1< T <my, 1<k <n.

Similarly Q(\, ) is an n X n analytic matrix in A and each row is

1 X . .
(b A
U(E)D(}\’E) (Sol( agazkl)7902( ’57zkl), 7S0n( ﬂEazkl))

2kl
X / (Sl(AaE7 Z)) SQ(A,@, Z)7 e 7Sn(>\7€’ Z))T G(z)dz

— 00

Notice that
(golf()V g, Zkl)7 (10)26()‘7 g, Zkl)7 e a(p:,()‘a g, Zk:l)) (Sl (>\a g, Z>7 52()‘7 g, Z)7 o 7STL()‘7 g, Z))T

is a solution of the adjoint system (4.4). Hence it converges to zero exponentially fast as
s — —oo, and the above integral is absolutely convergent. Define another n x n analytic
matrix in A by

M\e)=I—-Q(\e). (5.1)
Thus in matrix notation we get
c1(A,€)
P | 2N | = M e)Bve). (5.2)
en(A€)

Since @1 (A, €, 2), p2(A, €, 2), -+, pn(\ €, 2) grow at different rate, the determinant det P(\, €)
# 0, a more rigorous proof can be established by using projectivized equations for each indi-
vidual system. One can easily solve the above equations to obtain the vector (¢1 (A, €), ca(A, ),

-, ¢en(A, €)), provided the prescribed complex vectors B(A,¢) are given. Because we are
investigating analytic solutions, we would choose B(),¢) to be analytic functions of A and
smooth functions of €. Hence (¢1(A,€),ca(A,€), -, cn(A €)) would be also analytic. This
in turn shows that (A, g, z) is complex analytic in A, for fixed z € R and £ > 0. Letting

B()‘75) = (1a0a 70)T7(071a0a"' 70)T7"' a(07"' ,0,1)T7
respectively, we obtain n linearly independent, complex analytic solutions 1;(A, €, z). Any
other choice of B()\, e) would also give a well defined solution of (3.3). Actually all the solu-
tions of (3.3) with 1i51_1 (A, g, 2) = 0 can be written in the form ¢¥(\, g, 2) = e1(A, &, 2) 1 (A,
Z—r+00

£,2) +ca(\ g, 2)pa( N6, 2) + - + en(\ €, 2)on (), €, 2). By the way, any nontrivial solution
of the original eigenvalue problem can not vanish at z = z;;,j = 1,2,--- ,m;,¢ =1,2,--- ,n
simultaneously, i.e. B(A,e) # 0. We now define a complex analytic function, called the
Evans function, by

E(\ ) =det M(\e). (5.3)

This function is well defined. Since M(\,¢) is analytic in A for fixed € > 0 and is real
if A is real, the Evans function E(),e) has the same properties. If A € Q(e) is such that



358 CHIN. ANN. OF MATH. Vol.22 Ser.B

E(\,e) = 0, then there must be some nontrivial complex vector B(\,¢), analytic in A and
smooth in ¢, such that
c1(Ae)

CQ()\, 6)

P(\e) =M\ e)B(\e)=0

en(A€)

hence (c1(A,e),ca(N€), -, cn(A€)
hand, if X is an eigenvalue, then (¢;

) = (0,0,---,0) and \ is an eigenvalue. On the other
(N e),ca(A,€), -+ ,en(Ne)) =(0,0,---,0) and

MM e)B(Me) =0.

This implies that E(), &) = 0, since B(\,e) # 0. The above analysis shows that A € Q(g) is
an eigenvalue of L(e) if and only if F(A,e) = 0.

Lemma 5.3. The complex number A € Q(e) is an eigenvalue of the operator L(g) if and
only if it is a zero of the Evans function: E(\ €) = 0.

Obviously by projectivized equations, the rank of M (A, &) = n—1 if E()\,¢) = 0; and the
rank of M (A, e) = n if E(\ €) # 0. Define the null spaces N(\, &) = {v e C" : M(\,e)v =
0}. Thus the dimension dimN (A, &) = 1 if E(A,e) = 0; and dimN (A, &) = 0 if E(\,e) # 0.
Consequently we have the geometric multiplicity or the dimension dimN (L(e) — AI) =1 if
A € Q(e) is an eigenvalue and dimN (L(g) —AI) = 0 if A € Q(¢) is not an eigenvalue. In other
words, for each fixed A € Q(g), there can only be at most one eigenfunction corresponding
to it. Actually we get the following more accurate result.

Lemma 5.4. Suppose that Ao € Q(e) is an eigenvalue of the operator L(g). Then the
algebraic multiplicity of Ao as an eigenvalue is equal to the order of the zero Ay of the Evans
function E(\€).

Proof. Suppose that \g € (¢) is an eigenvalue of L(e) and that

82 om
(Ao, €, 2), 81)%( — (N0 5, 2), ,W:n/}
are bounded on R, while W(Am g, z) is not bounded on R, for some integer m > 1. Then
it is not difficult to show that
0’E _0"E omHE

E()‘Oa ) N (/\0’ ) a)\z ()‘0’ ) - = oam ()‘Oa ) 7é )\m+1 ()‘076)'
Namely the order of the zero Ag of the Evans function E(\,¢) is equal to m + 1. The proof
of this lemma is very long but not very relevant. The detail is given in a later paper. We
give the outline here. First we define m + 1 continuous linear functionals ag (Ao, ,%) from
the Banach space X = BC(R,C"™) to a subspace of X spanned by the above vector-valued
bounded functions. Then we define a projection operator

0
8Aw(AO’€,Z)’ e

A0, €, 2), (Mo, €, 2)

m

Sy, 1 X — span {1/)()\0,5 z), " Nm

00,2},

by S)\oq/) Z ak(>\075 d)) ONF ¢(A07€ Z)

Then usmg functlonal analysis we can prove that for all ¢ € X, there holds
5 F[(z +Xo)I — L(e)] " Mpdz = Syy.

Finally for all ¢ € X, since ¢ = Sy,¢ + (I — S,\O)z/J7 we have the result

1

o [(z+)\0)1 L(e)] Ypdz = Sy, = Zak A0, €, w)

8Ak 77[1()\0’57 Z)



No.3 ZHANG, L. H. ASYMPTOTIC STABILITY OF TRAVELING WAVE SOLUTIONS 359

This implies that if Ay € o(L())( is a zero of order m + 1 > 0 of E(),¢), then
dim S), X = m + 1, where

Sxo = 2% F[(,z + Xo)I — L(e)] " tdz,
where I' is a sufficiently small circle around the origin.

Lemma 5.5. E(\¢) is real valued when X is a real number.

The proof is very easy and we omit it. To find the eigenvalues of the operator L(e) in the
domain Q(e), we need to investigate the properties of the Evans function. This requires us
to study the analytic functions P(),¢) and Q(A,¢) and find their asymptotic behaviors as
[A| = oc.

Let us investigate the asymtotic behavior of E(A,¢) as [A| = oo.

Proposition 5.1. Let the bounded smooth function f satisfy f' € L(a,b), where (a,b)

is a finite interval or a = —oo or b = co. Then we have the limit
b
lim exp(iz€) f(z)dz = 0. (5.4)
[€]—o0 Jq

Proof. By integration by parts, one can complete the proof.

By Lebesgue’s dominated convergence theorem and Proposition 5.1, we have the asymp-
totic behavior as |A\| — co.

Lemma 5.6. There hold the limits

mmg&erQﬂjioﬁmmg&awEQﬁ)iL (5:5)

uniformly with respect to €.

Proof. By Lebesgue’s dominated convergence theorem one can prove this lemma easily.

Thus there exists a positive constant M, independent of A\,e and z, such that every
A € Q(e) with |A| > M is not an eigenvalue of the operator L(e). One must search for
eigenvalues inside the circle |A\| = M. If there is a vertical line situated at ReA = —k for
some positive constant k, such that all the nontrivial eigenvalues of L(e) are located to
the left of this vertical line and A = 0 is a simple eigenvalue, then the wave solutions are
asymptotically stable.
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