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Travelling Wave Solutions in a Tissue Interaction
Model for Skin Pattern Formation*
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We discuss the existence and the uniqueness of travelling wave solutions for a
tissue interaction model on skin pattern formation proposed by Cruywagen and
Murray. The geometric theory of singular perturbations is employed.
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1. INTRODUCTION

The skin of vertebrates, as the largest organ of the body, forms many spe-
cialized structures, for example, hair, scales, feathers, and glands, which are
distributed over the skin in highly ordered fashion. The mechanisms involved
in the formation and distribution of these appendages are not well under-
stood, and, various mathematical models have been proposed for the purpose
of the understanding of these mechanisms (see [ 11] and references therein).
Vertebrate skin is composed of two layers—the epidermis and the dermis.
There is sound biological evidence that skin organ formation typically occurs
due to interaction between these two layers. Based on this fact, Cruywagen
and Murray [3] proposed a tissue interaction model for vertebrate skin
pattern morphogenesis by using a mechanochemical mechanism to describe
epithelial sheet motion and a reaction-diffusion-chemotaxis mechanism to
model the dermal cell movements. Tissue interaction is introduced by the
morphogens produced separately in the dermis and the epithelium. Those
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morphogens diffuse across the basal lamina, which separates the epidermis
and the dermis, and induce cell movements and deformation. The model con-
sists of seven coupled nonlinear partial differential equations: four to
describe the production, degradation, and diffusion of the chemicals within
and between layers, two conservation equations for dermal and epidermal cell
densities, and a force balance equation for modelling stress in the epithelium.
While the full system is too complicated to render any useful mathematical
analysis, a special case of the model in one space dimension was considered
in [3-5] where the full model is reduced into a system of two partial differ-
ential equations, which, after non-dimensionalization, has the form:

% o o0 . o il

ﬂW‘”—ataxz‘@“""=W{—1+v(1_9)}’ (D
0% o . o (.0 /1-0
W—E+n(l—n)—oca{na<ryﬁ>}, (1.2)

where  stands for the epithelial dilation, 77 stands for the dermal cell density,
and, B, u, p, 7, v, a, y are positive constants. We refer the readers to [3-5]
and the references therein for a detailed derivation of the model and its
biological background.

As a natural biological object in tissue interactions, the phenomenon of
travelling waves for the system (1.1)-(1.2) was first investigated by
Cruywagen, Maini, and Murray [4]. The travelling wave fronts (8(%), /(%))
satisfy a system of ordinary differential equations in Z and a pair of bound-
ary conditions at Z = + oo:
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lim (@,7)=(0,0), lim (4,7)=(0,1), (1.5)

where Z = x+ct and ¢ > 0 is a travelling wave speed. Note that if o = 0, then
(1.4) decouples from (1.3) and becomes the classical Fisher equation which is
known to exhibit travelling wave solutions only with wave speed ¢ > 2.
Based on this observation and the local stability analysis at the equilibria of
(1.3)—-(1.4), it was conjectured in [4] that (1.3)—(1.5) admit solutions for suf-
ficiently large c. This motivates the re-scalings:
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which reduce the equations (1.3)-(1.5) into the following singularly per-
turbed system:

d*o d*9 d* d? n
2 ue——— =p—q— 1.6
pe at e 8d22+p0 pdzz{1+v(l—srp10)}’ (1.6
d*n dn d d (1—etp,6
lim (6,n)=(0,0), lim (6,n)=(0,1), (1.8)

where p, = 1/p and ¢ is sufficiently small. By using regular series expansions
of the form

0(z) =00(2) +e0,(2)+---,  n(z2) =m(2)+em(2)+---,

an approximation to the solutions of (1.6)—(1.8) is obtained in [4], provided
that they exist. In particular, the O(1) terms of the above approximation
read

1 d*n dn
Ozl_—i-vdeO’ d—;zno(l—no). (1.9

Hence with the initial condition 7,(0) = 3,
ny(z) = e’/ (1+¢%). (1.10)

Based on the contraction mapping principle, a rigorous proof of the exis-
tence of solutions (4,,n,) to (1.6)—(1.8) was recently obtained in [1].
However, it was unknown that whether the wave solutions obtained in [1]
are biologically meaningful in the sense that the density », should always stay
between 0 and 1, and, the dilation 6, should not tend to 0 in an oscillatory
manner as z— +oo. The non-oscillatory behavior of (6,,n,) is also an
important issue when the stability of (6,, n,) is considered, because an oscil-
latory wave solution can be unstable even in the sense of weighted norms (see
Chapter 5in [8]).

In this paper, we will use the geometric theory of singular perturbations
to give a new proof for the existence of (6., n,). Not only is the new proof
much simpler than that in [1] but also it provides more physical and geo-
metrical insight into the wave solutions. For instance, we will actually show
that 0 <n, <1 on (—o0, 00) and 6, is non-oscillatory as z — +oo. Using the
geometric theory, we will also obtain a global uniqueness result for v=0
within the class of physical solutions.



520 Ai, Chow, and Yi
The main result of the paper is the following:

Theorem. Let 6, and n, be as in (1.9), (1.10) respectively. Then the
following holds for ¢ sufficiently small.

(i) There is a unique solution (0,,n,) to (1.6)—(1.8) that satisfies
n,(0) =1, n. > 0o0n(—c0, ), and

dj
< Ce, ‘ 751 (1(2) =1 (2)| < Cpe,

df
T (0.(2)—0,(2))
(1.11)

for all ze (—0, ) and j=0,1,..., where, for each j, C; >0 is a
constant independent of €. Moreover, (0,,n,) has the following

asymptotic behavior:
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as z— o, where, ¢c;_, A;,_ (j=1,2,3), ¢y, dy,, Ay are constants
such thatc,_ >0, |c,_|+]|cs_| #0,¢;, <0,and, ase -0,
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where

_ (+y)? o arl?
T (1) +ay’ T+ +v)

Hence 0, is non-oscillatory as z - + .

(ii) If v=0, then the solution to (1.6)—(1.8) is globally unique in
the class of physical solutions, that is, if (6,,n,) and (0,,7,)
are two solutions of (1.6)—(1.8) with 0<n, <1, 0<#, <1 and
7,(0) = n(0), then (8,, 7,) = (6,, n,).

The geometric theory of singular perturbations has proven to be a
powerful tool in the study of the existence of connecting orbits in singularly
perturbed systems (see [9] and the references therein). However, although
solutions to (1.6)—(1.8) are connecting orbits for (1.6)—(1.7), their existence
does not directly follow from the geometric theory due to the appearance of
multiple time scales in our problem. A key idea in the proof of our main
result is to apply the geometric theory of singular perturbations twice, in
order to separate different fast time scales in our system. We refer the readers
to [2, 6, 8-10, 12] and the references therein for general literature of the
geometric theory of singular perturbations and its applications.

The rest of the paper is devoted to the proof of our main result. In Sec-
tion 2, we reformulate the system (1.6)—(1.8) into an equivalent system. The
problems of existence and uniqueness of solutions for the new system will be
treated in Section 3 and Section 4 respectively. Our proof for the uniqueness
of solutions is motivated by that of [7], along with the application of two
lemmas proved in [1]. For the reader’s convenience, we include these
lemmas in the Appendix.

2. ANEQUIVALENT SYSTEM

Let v:=[?, [¢, 0(n) dydé. Then it is to be seen that the system
(1.6)—(1.8) is equivalent to the following system:

ﬂ£2d4v 8d3v 8d20+ . pn
dt HeapT i gTP C14v(1—etp")’

d’n dn d( d[l—ep”
e w(l—n)=ea L (=P 22
= dz+n( n) “ {ndz< 1+yn >}’ 22

@.1)

1
lim (v, n)=(0,0), lim (v, n) = <1_+v’ 1>. (2.3)
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Consequently, our main result stated in the previous section can be re-for-
mulated with respect to the new system as follows.

Theorem 2.1. Let vy =n,/(1+v) and ¢ be sufficiently small. Then the
following holds for (2.1)—(2.3).

(i) There exists a unique solution (v,, n,) which satisfies n,(0) = } and

&’ E

d’ d’
5@ =0(@)| < e ‘ (D) =n()| < Cpe, (24)
z z

for all ze (—o0, ) and j=0, 1,..., where, for each j, C;>0is a
constant independent of e. Moreover, n,>0, v,>0, v,>0 on
(—o0, 00), and

e(Z) e(1+0(£))z

v(2) =7, 10@. n(2) =1 arom:

—0<z< 0.

(2.5)

(ii) Ifv=0, then the solution (v,, n,) is globally unique within the class
of physical solutions in the sense that whenever (v,, n,) and (0,, 7i,)
are two solutions of (2.1)—(2.3) with 0<n,<1, 0<7, <1, and
7,(0) = n(0), then (9,, 7i,) = (v,, n,).

Theorem 2.1 does imply our main result except the formulas (1.12) and
(1.13). We note that a solution (v,, n,) of (2.1)-(2.3) given in part (i) of
Theorem 2.1 clearly yields a solution (6,, n,) := (v}, n,) of (1.6)—(1.8) which
satisfies (1.11). Conversely, if (6,n) is a solutions to (1.6)—(1.8), then
(v,n), where v={[*_[*, 0(n)dndé, is a solution to (2.1)-(2.3). This
assertion follows from the fact that lim,_ , v=1/(1+v), which follows
from Lemma 5.1 with f =5 Thus, the uniqueness results in
both parts of our main result follows from the corresponding parts in
Theorem 2.1.

The formulas (1.12) and (1.13) follow from a local analysis at the equi-
libria of (1.6)—(1.7) similar to [1]. The fact ¢,, < 0 simply follows from the
property thatn, < 1.

3. EXISTENCE

In order to apply the geometric theory of singular perturbations, we
first write (2.1)—(2.2) into the following first order system:
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4

ovy =v,,
’

502 =Us,
’

ovy = vy,

N on 3.1)
1+v(1—=967 pyv;)’

vy = —puv, +0v; + v,

n' =m,

3
5 m’ = G(vla UZ’ 173’ 1)4, na ma 5)9
where § :=¢!/3,

G(Ula Uy, U3, Uy, R, M, 6)

1

. 3t p,mo, _53ocym2(l —1p, Ov3)
" (14+Gy(vs, 1, 0))

1+yn (1+yn)?

{—n(l—n)+m—

2atp ymn 8%v,  20p? *m*n(1—1tp, dvy) wTpn

n
x[ —pv1+503+/w4+1+v(1f51p v )]}’
1¥3

ayn(l1—9d7 pyv
(v, 0) = TS0

Let x = (vy, m), y = (v;, v,, v;). The above system becomes

’x' = f(x, y,n,0),
oy' = g(x, y, n, 9), (3.2)
n' = h(x, y,n, 0),

where f, g, h are defined by the right-hand sides of (3.1) respectively. We
note that z is the slow variable and x and y are fast variables, however, of
different scales with respect to small d, that is, x is faster than y.

One important component of the geometric theory of singular pertur-
bations is the Fenichel’s invariant manifold theorem which requires the
normal hyperbolicity of the critical manifold in a singularly perturbed
system ([6]). Due to the appearance of two time scales, the critical mani-
fold associated to (3.2) fails to be normally hyperbolic. To resolve this
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problem, we first introduce the new independent variable z, :=z/6* to
reduce (3.2) to

d
6= = f(x, y,n,5),
dz,
d
{ 7= 08(x, .m,0), (3.3)
Z
d
22— 5%(x, y,n, ),
dz,

in which x becomes the only fast variable and ( y, n) is the slow variable. Let
0=0 in (3.3). The associated critical manifold can be solved from
f(x, y, n, 0) = 0 which yields

x=x,(y,n)= <£<v1 _1L+v>’ n(l—n)).

Consider the following bounded portion of this manifold:

XO :{(x’ ) ”)3x:xo(y5 I’l),

b — <1,|v2|<1,|v3|<1,—n<n<z},

1+v

where # is chosen to be a small (but fixed) positive number that satisfies
l+yn>1/2 and 1+—"5>1/2 when n> —#. Such choice of # ensures

1+m)?
the smoothness of G in (3.1) in the vicinity of X|,. Since

U 0
Dxf(x7y’n70)= % 1 2

ayn
A+’

X, satisfies the normal hyperbolic condition required by the Fenichel’s
theorem, and hence there exists a normally hyperbolic invariant manifold X
of (3.3), called slow manifold, such that

X, = {(x, Yo ): x = X,y ),
+v

n
Ul_l_‘< 19|02| < 19 |U3| < 1’ _ﬂgngz}’

where x;(y, n) := (v,(y, n,0), m(y, n, 0)) =x,(y,n)+0(5). In order to
obtain (2.5) we need a more accurate formula for x;. By the (local)
invariance of flows of (3.3) on X5, we have
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p n 1 vin
== ——— )= 1+4—— [v50
174()’, n, 5) ,u<vl 1+V> ﬂ|: +(1+v)2]v3
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S|P YT 52t 08, 34
+ﬂ[# a+n’ |°7F @) G4
atv,n s
m(y,n,d)=n(l—n)+———— 5"+ 0(5°).
~ ) #(1+yn) )

Since the equilibria (0, 0, 0, 0, 0, 0) and (1/(1+v), 0,0, 0, 1, 0) of (3.3) have
to lie on the slow manifold Xj, v,(0,0,0,0,0)=m(0,0,0,0,0)=
04(%, 0,0, 1,8) =m(5, 0,0, 1, §) = 0 for all small 6.

Next, we restrict (3.3) to X; with |, -5 | <1, || <1, |p5] <1,
—#n < n < 2. This yields the slow flow

d
Y = 5g(x5(y9 n)a Y, n, 6)9

dz,
di
an _ 3%h(x;(y, n), y, n, d),
dz,

which, in term of the original independent variable z, reads

d
5d_y=g(x5(y7 n): Y, n, 5)7
Z

dn

d_= h(xé(ya n)a Y, n, 5)
zZ

(3.5)

The system (3.5) is again a singularly perturbed system with the fast variable
y and the slow variable n, whose critical manifold Y, is determined by
g(xo(y, n)9 Y, n, O) = 0 Since

Uy
U3
g(xO(y9 n)9 Y, n, O)= s
pP n
e v — e
ﬂ<1 1+V>
010
0 0 1
Dyg(xo(y9 n)a Y, n, O): s

Lo o
u



526 Ai, Chow, and Yi

we have that

n

Yo={(y,n):y=yo(n)=<1 0,0>, —ﬂ<n<2},

+v’

which is also normally hyperbolic. An application of the Fenichel’s theorem
again yields a slow manifold ¥ for (3.5) near ¥, having the form

1= { ey = s = (15,0600, 00), 0@) ). < <n<2}.

Using the local invariance of Y; to (3.5) we obtain a more accurate formula
for yé(n) = (vl (n9 5)9 Uz(}’l, 5)5 1]3(71, 6))

n
Uy (ns 6) = 1_‘H+ 0(53)7

vy(n, 8) = ”(11;") 5+0(5%), (3.6)
vy(n, 8) == =2 _f)fv_z”) 524 0(8Y).

Since (0, 0, 0, 0) and (1/(1+v), 0, 0, 1) are equilibria of (3.5), it follows that
v,(0,0)=0, v,(1,6)=1/(1+v), and v,(0,0) =v,(1,0)=0 (i=2,3) for ¢
sufficiently small.

Now, using (3.4) and (3.6), the restriction of (3.5) on Y; reads

d—n=n(1—n)+N(n, 9), (3.7
dz
where N(n, §) = O(5°) for sufficiently small 6. Since n=0 and n=1 are
equilibria of (3.7), N(0, ) = N(1, &) = 0 for all sufficiently small . It follows
from the smoothness of N with respect to both n and ¢ that
N(n, 8) = 0(6%) |n(1 —n)| for —n < n < 2 and sufficiently small §. Hence, for
0<n<1,(3.7) can be written as

Z—n=n(1—n)[1+0(53)]- (3-8)
A

Now any solution # of (3.8) with 0 < n(0) < 1 exists on (—o0, c0) and satisfies
the properties that 0 <n<1, ' >0, on (—o0, ), lim,_, _ n(z) =0, and
lim, _, , n(z) = 1. In particular, the one with n(0) = 1/2 is given by

e(1+0(53))z

ny(z) = —0<z<om. (3.9)

1+e(1+0(53))z’



Wave Solutions in Tissue Interaction Model for Skin Pattern Formation 527

Thus, (x, y, n) := (x;(ys;(ns), ns), ys(ns), ns) is a heteroclinic orbit of (3.1)
connecting the equilibrium points (0, 0, 0, 0, 0, 0) and (l%rv, 0,0,0,1,0) at
z = —o0 and z = oo respectively.

Next, we show that v, ;, v} s > 0 on (—o0, c0). We note by (3.6) that, on
the manifold Y;,

n
Dl(na 5) = 1_"1'V+I/1(n’ 6)7

where V,(n, §) = O(5°) is a smooth function of (n, J). Since v,(0, §) = 0 and
v(1,0) =1+ (0,6)=V,(1,6) =0 for
all sufficiently small . Clearly, V;(n, 0) =0 and therefore (0V;/0n)(n, 0)
=0forall 0 <n< 1. It follows that

am ,0) = jaV‘d(s 0(9),

06 On

from which, we have

V,(n, ) = f %dn—O(é)n.

Hence

bys = <;+O(5)> s,

1+
dv, s
dz

(3.10)

=< o (n,;,a)>d”" —(1+0(5))—>o

Now let (v,, ,) := (v, s, ns). We have by (3.1), (3.4), (3.6), (3.9), (3.10),
and 6 = ¢'/° that

1 1/3
b = 1+ <ﬁ+0(8 )>
dv, ”(1 n,) 23\ _ 1/2 dn,
=0 = (1406 ) T
dZU; =n8(1—ns)(1—2ne)+0(81/3),
dz 1+v
dz? _0(1)
e(1+0@) 2
"E(Z)=W,
nS
=n,(1-n,)[1+0(e)].

dz
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Therefore, (v,,n,) is a solution of (2.1)-(2.3) satisfying (2.5) and that
n,(0) =4, n,>0,v,>0, v, >0 on (—oo, ). The uniqueness of such a solu-
tion follows from the local uniqueness of slow manifolds X; and Y; and the
uniqueness of n;. A similar argument used in [ 1] shows the inequalities in
(2.4). This completes the proof of part (i) of Theorem 2.1.

4. GLOBAL UNIQUENESS

In this section we present a global uniqueness result for (2.1)-(2.3)
which is more general than that stated in (ii) of Theorem 2.1. A condition for
such uniqueness is the following a prior uniform boundedness on v with
respect to &.

Assumption A. There is a constant M > 0 such that if ¢ is sufficiently
small and (v, n) is a solution of (2.1)—(2.3) with 0 < » < 1 on (—o0, o), then

[v(z)| 4+ |v'(2)| + &% v"(2)| +¢ [v"(2)| < M, —00 <z < 00.

Remark 4.1. Under the Assumption A, we have
|n'(z)| < M, —00 <z <00,

for some constant M’ which depends only on M. To see this, we note that
n'(+00) = 0 implies that |#'| reaches its maximum at some point in (—o0, o0)
where n” =m’ = 0. It follows from (3.1) that G = 0 at the maximum point,
from which n’ = m can be solved as ¢ is sufficiently small. The desired asser-
tion now follows from Assumption A.

Remark 4.2. The Assumption A is satisfied when v = 0. This follows
from Lemma 5.1 in the Appendix and the fact that the right-hand side of
(2.1) is bounded by p which is independent of any particular solution (v, n)
of (2.1)(2.3) with 0 <n < 1. This fact together with Theorem 4.1 below
shows part (ii) of Theorem 2.1.

Theorem 4.1. Assume the Assumption A. If ¢ is sufficiently small, then
the solution to (2.1)—(2.3) is globally unique in the sense that if (v, n) and
(0,7) are two solutions with 0<ii<1, 0<n<1 and 7(0)=n(0), then
(@, ) = (v, n).

Proof. Let (v,n):=(v,n) be a solution to (2.1)-(2.3). Then
(vy, vy, V3, U4, B, m) with v, :=v satisfies (3.1). Again let x = (v,, m) and
y = (v, v, v3). Then (x, y, n) satisfies (3.2) and (3.3).
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Let X, be the slow manifold defined in Section 3. We claim that for any
given small neighborhood U of X, if J is sufficiently small, then (x, y, n) lies
mU.

By introducing the new independent variable &, = z, /4, (3.3) becomes

b, = 0°v,,
b, = 0%y,
b, = 0%,
n=0m, 4.1

+ P
14+v(1—=0dtpv3)’

m= G(Ulb Uy, U3, Uy, B, M, 6)9

U= —pv; +0v; + uv,

where - =d/d¢,. Let

= + +pn
K, =—pv vy +—r,
1 PV T UUy T+

K, =m—n(1—n).

Then the critical manifold X, is given by K, = K, =0. Thus, in order to
show the above claim, it suffices to show that for any given small neigh-
borhood V of (0, 0), (K, K,) lies in V" provided that ¢ is sufficiently small.

By Assumption A and Remark 4.1 we have |x|+|y|+|n| < M + M’ for
sufficiently small 6. Hence, |K,|+|K,| < M, for sufficiently small J, where
M, > 0is a constant independent of (x, y, z) and J. It follows from (4.1) that
(K, K,) satisfies the equations

Kl = pK, +0(9),
4.2)

. 1 oaTpn
K, = - K, +K oo
2 1 oayn { 1+yn 1+ 2}+ ( )5

(1+ym)?

where |O(d)| < M,d, and M, >0 is a constant independent of (K, K,)
and J. By writing out the explicit solution form of (4.2), we see easily that if &
is sufficiently small and (K, K,) were not in the interior of ¥, then there
would exist a time 7, at which |K,(t,)|+|K,(z,)| = 2M,. This leads to a con-
tradiction, thereby proving the claim.

It follows from the above claim and the Fenichel’s theorem that the
connecting orbit (x, y, z) has to lie on X for sufficiently small §, and there-
fore, its ( y, n) components satisfy (3.5) on (—o0, 0).
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Similarly, by introducing the new independent variable £ =z/d, (3.5)
becomes

dy

dé g(xé(y’n) Y, n, 5)

J 4.3)
n

% = 5}1(’55(% f’l), Y, n, 5)

Let K; = v; —15;. Clearly, |K;| < M, for some constant M; > 0. From (4.3)

we have

d623—02+0(5)
dv,
d—i—vb (44)
dUa _p
K;+0(o
2 =, K00,

Note that the slow manifold Y, is given by K; =v, =v; =0. A similar
argument as above shows that (K}, v,, v;) has to lie in a small neighborhood
of {K; =v, =v; =0} forall £ € (—o0, c0). Namely, ( y, n) has to lie in a small
neighborhood of ¥, and hence lie on Y;. This shows that the component n
satisfies (3.8) on (—o0, 00).

We note that all constants M; (i =1, 2, 3) involved in the above argu-
ments are independent of any particular connecting orbits (v, n) to
(2.1)(2.3) with 0 <n < 1. Therefore, if (v, n) and (7, 77) are two different
such solutions with #(0) =7(0)=1/2, then their corresponding system
counterparts (x, y, n) and (%, 7, /i) lie on X}, (y, n) and (¥, 7) lie on Y;, with
both n and 7 satisfying (3.8) which is a first order autonomous scalar equa-
tion of n. Since n = 7, we have y = 7 and x = X by the local uniqueness of X
and Y;. Hence, v = #. This completes the proof of part (ii) of Theorem 2.1. O

5. APPENDIX

Lemma 5.1. There exists a constant M > 0 such that if ¢ is sufficiently
small, then for any f € C(—00, 00) With SUp, . (. o | (2)| < 00 the equation

d*v d*v d2
/’782@—/&9@ e 2+Pv—f(2) (5.1)
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has a unique bounded solution v on (—o0, 00), which satisfies

[o] &' ||+ ¥ |0"| + & v”| < M max £ (2)]. (5.2)
z € (—00, 00

Furthermore, if lim, , , f(z) = f,, exists, then

lim (v, v, v",v")(2) = (f/p,0,0,0). (5.3)

Z— 0

We first proof the following lemma.

Lemma 5.2.  For ¢ sufficiently small, the equation p(}) := B&’A* — ped’ —
eA*+ p = 0 admits two complex conjugate eigenvalues A, = A, and A, = a+ib,
and two real eigenvalues 0 < A; < A4, satisfying

1
a=—3 L (1+o@"y),
2V ue

b=%§3 ﬁg (1+0(e'%)),
< ase— 0. (54)
Jy=3 L (1+0(31/3))

Ay = % (1+0(e)),

Proof. Let ¢ be sufficiently small. Then, p(1) = eA’[ fed—u+O(e)] on
the interval [z/x ﬂs] and p(A) = —pue[A*—2 (1+0(e'*))] on [3 \/,: 2\3/7]

respectively. Hence by the intermediate Value theorem, 4, and A, exist in the

intervals [2;:8 ] and [%\/; ,23/@] respectively, and satisfy the asymp-
totic formulas in (5.4). Similarly, for A in the region |A—(—33 -t

%3/%” < 3\3/,% on the complex plane, p(4) = —ue[4’—2 (1 +0(81/3))].
Hence, by the Rouche’s theorem, A, exists in this region and satisfies the
asymptotic formula in (5.4). The proof of the lemma is now completed by
letting A, = 4,. O

Proof of Lemma 5.1. 'We first write (5.1) as the equivalent system

¢ =Ap+F(z), (5.5)
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where ¢ := (v, v', v",v")", A is the corresponding 4 x4 coefficient matrix
whose entries are independent of z, and F(z) = (0,0, 0, % )T. The eigen-
values of 4 are A; (i=1, 2, 3,4) as described in Lemma 5.2 with the asso-
ciated eigenvectors (1, A;, A7, A}) . Therefore,

a b 0 O
» —b a 0 0
T'AT = A := s where
0 0 4 O
0 0 0 4
1 0 1 1
T a b Ay Ay

a’—b? 2ab A2 A2
a*—3ab* 3a’b—-b* A3 A}

We note that the first two columns of 7" are the real and the imaginary parts
of the complex eigenvector (1, 4,, A3, A3) T respectively.
Let ¢ = Tx and x = (x,, X,, X3, X;) '. Then (5.5) becomes

o
x| = ax; +bx, +— 5 f(2),
Pe

o
x5 = —bx; +ax, +ﬁ_«:2 f(2),

(5.6)
, a
X3 = A3x3 +/¥32 f(2),
L= daxs o f(2)
Xy =MXs+— f(z
4 4v4 ﬁaz >
where (a;, a,, &3, ) " is the last column of 7! given by
A+ A —2a
[(A—a)*+b°1[(4; —a)*+b°]
o (A3 —a) Ay —ak, +a*—b? 0
b[ (A —a)’+b*][(A; —a)*+ b 0
0, =T e, = [(As—a)*+b71[(A43 —a)*+b7] ’ with e, =
o 1 0
Oy (4 —24)[(As —a)*+b7] 1
1

(4 —2A)[(Ay —a)*+b7]
(5.7)
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It follows that (5.6) admits a unique bounded solution over (—o0, 00) given by

x,(2) = % fz a“c=I[ o, cos b(z—s)+a, sin b(z—s)] f(s) ds, (5.8)

x,(2) = 1 '[Z e“C=I —a, sin b(z—s)+a, cos b(z—s)] f(s)ds, (5.9)

pe?
x(2) = —% L“’ eBE=If(5) ds, (5.10)
x,(2) = —% f’ eHCI £ (s) ds. (5.11)

Furthermore, if lim, , , f(z) = f,, exists, then

x(z) > —% A7 Yoy, oy, a3, 000) T as z— oo. (5.12)
From (5.4) and (5.7) it follows that, as ¢ — 0,
1 A—a
oy ~ 0Ly ~
b A —a)+07T P bA[(A—a)’+b°]
-1 1
ey e M P

and hence there is a constant M > 0 independent of ¢ such that if ¢ is suffi-
ciently small, then

Jou |+ lota] 4+ o] < Mg, o] < M.
This together with (5.8)—(5.11) yields that, on (—o0, 00),
e [+ 1+l < M flo, el < Me? | flo, (5.13)

where |f]y =SUp, ¢ ) [f(2)| and the constant M might be changed but
still independent of ¢ and f.

Using the transformation between v and x, (5.4) and (5.13), we have,
on (—o0, 00),

lo] < Iy |+ s |+ x| < M | flos
0| < M(e 7% x|+ o +&73 s | 67" xal) < M3 | fo,
0" < M(e73 ey | +&73 oy | 67 | 4+672 [y |) < M3 | £,
0" < M(e7 x|+ x| et sl 673 ) < Me " | flo,
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that is, (5.2) holds. Finally, (5.3) follows from (5.12) and the limit that

Joo (o Jo (o _
#(z) =Tx(z) > _W T A7 (o, oty 45, 04) T = —'@ (47'T )T e,)
2 T T
= Te e == (2P 5 0.0) =(2=0,0,0),
Be Be p p
as z — oo. This completes the proof of Lemma 5.1. O
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