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Abstract. The existence of solutions which are bounded on R, almost periodic or peri-
odic is considered for a nonautonomous, singularly perturbed system of ordinary differential
equations. In addition, the stability properties of these solutions are characterized by the
construction of manifolds of initial data, the solutions for which approach the given solutions
ast — +oo (t — —o0) at an exponential rate, a, independent of the small parameter. The key
hypotheses are that certain linear systems have exponential dichotomies on R. Applications
are made to traveling wave solutions of reaction diffusion systems which are “forced” by a
traveling wave input.

0. Introduction. Consider the singularly perturbed system of ordinary differen-
tial equations
¥ =F(t,x,y,¢),
/ (t, ) 0.1)
ey = G(t,z,y,e€)
where € > 0 is a small parameter, x € R", y € R™. We are interested in the existence
and stability properties of bounded (periodic or almost periodic) solutions of (0.1) in
the case that F' and G are bounded (periodic or almost periodic) in ¢, uniformly for
(x,y) in compact sets. It is assumed that the reduced problem

= F(t,[L‘, Y, 0)7 0= G(ta l‘,y,O) (02)

at € = 0 has a bounded (periodic or almost periodic) “outer” solution which we take
to be the trivial solution, that is, we suppose

F(t,0,0,0) = G(t,0,0,0) = 0

so that (x,y) = (0,0) satisfies (0.2). Then expanding (0.1) about the trivial solution
gives
x’ = A(tv e)x + B(t7 e)y + f(t7 z,Y, 6)7

ey = C(t,e)x + D(t,e)y + g(t, z,y,e€).

One can think of, e.g., A(t,€) as 0F/0x(t,0,0,€), but, in fact, it is really (0.3) which
we study in this paper.

(0.3)
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We assume that the matrices A, B, C, D are continuous and bounded on R X [0, €],
for some ¢y > 0, and are continuous in €, uniformly in ¢ € R. The nonlinear terms
f and g are assumed to have small Lipschitz constants, uniformly in ¢, when |z| and
ly| are small and |f(¢,0,0,¢€)|, |g(¢,0,0,€)| are small and tend to zero as € — 0+,
uniformly in ¢ € R.

The principle assumptions are that the linear systems

2= A(t,0)z (0.4)
and
w' = e 'D(t, e)w (0.5)

have exponential dichotomies on R. For (0.4) there is a projection P and positive
numbers a and K such that

Y

|Z(t)PZ7 (s)| < Ke @) >
“(s)| < Kem (=), s>t

(0.6)

1Z(t)(I = P)Z
where Z(t), Z(0) = I, is a fundamental matrix for (0.2). For (0.5), there is a contin-
uous family of projections Q(¢€), and positive constants K’ and 3 such that

W (t, QW (s e)| < K'e PE=9/c 4>

_ 0.7

W (t,e)(I = Q)W (s )| < K'e 70/ s> ¢, o0
where W(t,e), W(0,¢e) = I, is the fundamental matrix for (0.5). There are several
circumstances under which (0.7) holds, one of which is that D(t,e) — Dg as € — 0+,
uniformly in ¢ € R, where Dg is a constant matrix with no purely imaginary or zero
eigenvalues.

It is also assumed that C(t,0) = 0. In the study of periodic (almost periodic)
solutions of (0.1), it is natural to assume that A, B, C, D, f, g are periodic of the same
period (almost periodic) in .

Our main results, Theorems 1.4 and 3.1, establish the existence of a continuous
family of bounded (periodic, almost periodic) solutions (x*(t, €), y*(¢, €)) of (0.1) which
tend to 0 uniformly in ¢ as € — 0+ (Theorem 1.4) and, if C' = €¢C, g = €g, where
C' is bounded, g satisfies the same assumptions as does f, then (z*(¢,¢€),y*(t,€)) has
a k-dimensional stable manifold S(o,¢€), k = dimR(P) + dim R(Q(€)), consisting of
initial conditions for (0.3) at ¢ = o such that the corresponding solutions approach
(x*(t,€),y*(t,€)) as t — +o0 at the exponential rate @ < «, where & is independent of
e and is related to a in (0.6), and an (n+m—k)-dimensional unstable manifold U (o, €),
consisting of initial values at t = o of solutions which approach (z*(¢,€),y*(t,€)) as
t — —oo at the exponential rate &. It will be clear that our analysis leads immediately
to series expansions for (z*(¢,€),y*(t,€)) in the case that A, B,C, D, f, g have conver-
gent series expansions in powers of € with coefficients which are bounded (periodic or
almost periodic) functions of ¢.
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In a sense, for our problem, the singular nature of (0.3) does not play a role. This
might be expected as there are no boundaries to bring out the singular character of
the equation; we are looking for bounded solutions on R. Basically, we find these
solutions by regular perturbation techniques as in [5, Ch. IV]. Chang [3] considers the
case that (0.1) is almost periodic and obtains the existence of the family of almost
periodic solutions (x*(¢,€)),y*(t,€)) but does not consider their stability properties.
Work which is somewhat related to the subject of this paper but which influenced sig-
nificantly the final form it took are the paper of Sacker and Sell [8] and the treatment
of perturbed noncritical linear systems by Hale [5, Ch. IV]. Sacker and Sell assume the
existence of a family of solutions (z*(t,€),y*(¢,€)) and consider the conditional sta-
bility of this branch. More precisely, they give sufficient conditions for the existence
of manifolds of initial data for which solutions approach (z*(t,€),y*(t,€)) as t — oo
(t = —o0) at an exponential rate a/e, @ > 0. This work builds on earlier results of
Hoppensteadt [6]. It also applies in the situation considered here as we make more
restrictive hypotheses than in [8].

At least in spirit, the work of Flatto and Levinson [4] and Anasov [1] is related
to ours. These authors considered the autonomous system (0.1) in the case that
the reduced problem (0.2) has a periodic orbit. They show that a family of periodic
solutions of (0.1) exists, and that these solutions approach the periodic solution of the
reduced problem as ¢ — 04, under suitable hypotheses. Our methods do not apply
to this situation since in this case, the variational equation (0.4) does not satisfy an
exponential dichotomy (0.6). A motivating example for this work is the singularly
perturbed second order system

eDu" +u' — f(t,u,e) = 0. (0.8)

Suppose that for ¢ = 0, (0.8) has a bounded (periodic or almost periodic) solution
uo(t). The question that naturally arises is whether there is a continuous family of
solutions of (0.8), u.(t), for € > 0 sufficiently small, which are bounded (periodic or
almost periodic) and satisfy u. — wug uniformly as e — 0. If such a family exists, then
how are the stability properties of u. related to the stability properties of ug, as a
solution of the reduced problem

u = f(t,u,0)

and the properties of the matrix D?
In order to answer these questions, assume that w) exists and is bounded (periodic
or almost periodic) and introduce the change of variables

U = ug + u.

Then u satisfies
eDu'" +u' — A(t,e)u = r(t,u,e)

where 9
Alt,e) = 8_£(t’ ug(t), €)
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and

r(u,t,e) = f(t,ug(t) +u,e) — f(t,up(t),e) — A(t,€)u
+ f(t,uo(t),€) — f(t, uo(t),0) — eDug(t).

Finally, setting

we obtain the system

ClT/ A(t,G)IE - A(t, e)y—l—r(t,:c - Y, 6)5

/ 1 (0.9)
ey = €A(t,e)x — (eA(t,e) + D™ )y +er(t,x — y,€).

The problem is to find a family of bounded solutions (z*(¢,¢€),y* (¢, €)) of (0.9) such
that (z*,y*) — (0,0) as ¢ — 0+, and to determine the stability properties of the
family. This problem is treated in section 4 as an application of our main results,
where it is shown that such a family exists and that its stability is determined by the
stability properties of the variational equation

7' = A(t,0)Z

and by the eigenvalues of D. In particular, if the variational equation is uniformly
asymptotically stable and the eigenvalues of D have positive real parts, then the
family of solutions (z*(t, €), y* (¢, €)) is uniformly asymptotically stable for small € > 0.
Moreover, nearby solutions are attracted to (z*(t,€),y*(t,€)) at an e-independent
exponential rate o where « is essentially determined by the exponential rate of decay
of solutions of the variational equation.

Singularly perturbed second order systems may arise in many ways. Consider, for
example, a reaction diffusion system with a traveling wave input

ut:UDumm—i-f(u)—i—h(%—t), reR, t>0. (0.10)

The vector function u(z,t) € R™, D is an n x n positive definite matrix, f is a
smooth vector field and h is a bounded function on R which might be periodic or
almost periodic. The parameters o > 0 and ¢ > 0 are, respectively, a scale factor for
diffusion and the speed of the traveling wave. A natural question related to (0.1) is
whether there is a traveling wave solution

u(z,t) =U(T), T==—t, (0.11)

where U(7) is a bounded (periodic or almost periodic) function on R.
Putting (0.11) into (0.10) gives a second order system for U(7),

d?U  dU
2 =
€ DdT2 + 7 + f(U) + k(1) =0, (0.12)
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where € = @ If € is a small parameter, in other words, if the speed c of the traveling
wave “forcing” is large compared to a measure of the characteristic speed of diffusion
effects, then (0.12) has the required form (0.8) where f(7,U,€) = —f(U) — h(7). Our
results justify dropping the leading term in (0.12) and looking for bounded (periodic
or almost periodic) solutions of the reduced system

W )+ h(r) = 0. (0.13)

dr
If, for example, (0.13) with A = 0 has a linearly asymptotically stable critical point
xo with a substantial domain of attraction, then introducing a “blip” function h(7),
having compact support K in R, into (0.13) will give rise to a bounded solution Uy
such that Uy(7) = zo, 7 < K and Uy(7) — x9 as T — 400, provided that the forcing
h is not so large as to move the solution out of the basin of attraction of xy during
the “on period” K. Furthermore, if h and f are sufficiently smooth, then d?Up/dr?
will be bounded and continuous on R. The variational equation about Uy,

o Pz =0,
is then uniformly asymptotically stable [5, Ch. III, Thm. 2.2]. Thus, our main results
imply the existence of a family of bounded solutions U(7, €) of (0.12) for small € such
that U(r,€) — Up(7) uniformly in 7 € R. Hence, (0.10) has a traveling wave response
to such a “blip” traveling wave input.

Even more interesting than the previously considered case may be the case that
h is large enough to move the solution out of the basin of xy into the basin of some
other attractor before it is shut off. This should give rise to an even more interesting
bounded solution Uy. Another interesting case arises when h is T-periodic and (0.13)
has a T-periodic (or almost periodic) response.

The present work was in fact motivated by a reaction diffusion system of the form
(0.10) which arises in the study of the competition between two microbial populations
for a limiting nutrient in a laboratory device called a gradostat which is arranged in a
circular configuration. Nutrient supplied to the vessels of the gradostat from a circular
configuration of reservoirs is arranged to have the form of a rotating wave. In the
continuum limit of a large number of vessels, the ordinary differential equations for
the nutrient and microbial population concentrations reduce to a singularly perturbed
reaction diffusion system (o0 = €2) of the form (0.10), where h represents a rotating
wave (z is understood modulo 1) of nutrient concentration, i.e., h is periodic. In [9],
we show that there are rotating wave solutions.

The organization of this paper is as follows. In the next section we prove the
existence of bounded (periodic or almost periodic) solutions of (0.3). In section 2, the
linear homogeneous system (0.3) with (f, g) = (0,0) is shown to have an exponential
dichotomy on R and this dichotomy is related to the dichotomies (0.6) and (0.7). The
stability of the bounded solutions is investigated in section 3 and section 4 contains
an application of our results to the second order system (0.8).

Let B be the Banach space of bounded continuous functions on R with range in R”
with norm || f|| = sup{|f(¢)| : ¢ € R}. The particular value of k (n,m,m + n) should
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be clear from the context. Let AP denote the Banach subspace of almost periodic
functions on R and let Py be the subspace of T-periodic functions on R.

1. Existence of solutions in the spaces B, AP and Pr. In this section we
consider the existence of solutions belonging to one of the spaces B, AP or Pr of the
nonlinear system (0.3). Our main results will be stated for the space B with remarks
indicating the modifications for the spaces AP and Pr. The following hypotheses are
assumed to hold throughout the section.

(H1) A(t,e), B(t,e),C(t,€), D(t,€) are continuous and bounded matrix functions
(of sizes n X m, n X m, m X n, m X m, respectively) defined on R X [0, €5]. Moreover,
they are continuous in €, uniformly in ¢ € R. We let M denote a common bound for
the norm of each of these matrices for (¢,¢) € R x [0, €]

(H2) D(t,0) = Dy is a constant matrix having no eigenvalues on the imaginary
axis; C(t,0) = 0.

(H3) The system 2’ = A(t,0)z has an exponential dichotomy on R with projection
P, exponent o > 0 and constant K > 0:

Z(WPZ(s)] < Ke =9, 1>,

(1.1)
Z()(I - P)Z7 ()| < Ke 60, s>t
where Z(t) is a fundamental matrix solution.

We find the notation A.(t) = A(t, €) convenient in some calculations of this section.

Lemma 1.1. There exists K > 0 such that for each g € B, 0 < € < €q, there exists
a unique solution u*(g,€) € B of the equation

eu' = Dou + g.

Moreover, the map g — u*(g,€) defines a bounded linear operator K.g satisfying
IKc|| < K, 0<e<ey. The map € — K. is continuous for 0 < € < .

Proof. This is just [5, Ch. IV, Lemma 4.2] except for the last statement which
trivially follows from the earlier part. Indeed, if we write u(t,e) = u*(g,€)(t) for
0 <e<ep, g€ B, then z(t) = u(t,e) — u(t,e') € B satisfies
, e—¢€
€2' = Doz + —;

[Dou(t, €') + g(t)]-

It follows that

le — €| le — €|

6l

Izl < K [ Doll lu(t, €)1l + llgll] < K [ Dol K + 1flg]l-

6/

This implies the last assertion.
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Lemma 1.2. There exists N > 0 such that for each f € B there is a unique solution
v(f) € B of the equation
v = Ag(t)v + f(t).

The map f — v(f) defines a bounded linear operator satisfying ||v|| < N||f||.

Proof. This is a well-known consequence of hypothesis (H3). See [2, Prop. 2, pg.
69. O

We remark that Lemma 1.1 holds with B replaced by AP or Pr. Lemma 1.2 also
holds with B replaced by AP or Pr provided Ag(t) belongs to AP, respectively, Pr.
In the AP case, one has the usual module containment relations [5, 2, 7]. In the case
that Ag € Pr and f € Pr one can replace the assumption (H3) by the assumption
that one is not a Floquet multiplier for 2/ = Ay(¢)z.

We now consider the inhomogeneous equation

' = A(t,e)x + B(t, e)y + f(t),

ey = C(t,e)x + D(t, )y + g(t) (1.2)

where (f,g) € B.

Proposition 1.3. There exists €1, 0 < €1 < €, positive functions a(e), b(e), c(€), d(e)
defined for 0 < € < €1, satisfying
i o)== i 00, i o) =0, iy b0 = .
a(e), b(e), c(e), dle) < M +1

such that for each (f,g) € B, 0 < € < €1, there is a unique solution

(z(f,9,€),y(f 9,€) € B

of (1.2). The solution satisfies

lzll < a(lI I +o()lgll, Myl < c(lIfIl + dle)lgll- (1.3)

The map (f,g9) — (x(f,g,€),y(f,g,€)) defines a bounded linear operator L(€) satisfy-
ing ||[L(€)|| <2M 42 and € — L(€) is continuous for 0 < € < e;.

Proof. Choose €1 < ¢y so small that

1 1
NIA = Aol + KIC (14 MN) < 5, (NM+ DK|D, — Dyl < 3,

(1= N[Ac = Aol) 7' (1 = K[[De = Do) ' M| Cel < 1

for 0 < € < €. Hypotheses (H1) and (H2) ensure that such an ¢; exists. Given
(f,9) € B, (x0,50) € B, and 0 < € < €1, define (z,y) € B as the unique solution in B
of

a' = Ao(t)z + [Ac(t) — Ao(t)]zo(t) + Be()y(t) + £ (1),

ey = Doy + [D.(t) — Dolyo(t) + C.(t)zolt) + 9(1) (14)
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Note that the second equation in (1.4) is solved first. It has a unique solution y € B
by Lemma 1.1 and (H1). Then this y is put into the first equation in (1.4) which is
then solved for x € B using Lemma 1.2 and (H1). Writing (z,y) = T(x0, yo; f, 9, €),
then solving (1.2) is equivalent to finding a fixed point of T'(-, -; f, g, €).
If (x,y) = T(xo0,v0; f,9,€¢) and (Z,5) = T(Zo,Yo; f,9,€) and letting u = = — Z,

v =1y — y we find that v and v satisfy

' = Ag(t)u + [Ac(t) — Ao(t)](z0 — ZTo) + Be(t)v,

ev) = Dov + [De(t) — Do(t)](yo — QO) + Ce(t)(l“o — 5’50).

Lemmas 1.1 and 1.2 and (H1) imply that

[ull < N{l[Ae = Aol lzo — Zoll + Mv]l],
[oll < K[[De = Dol lyo — %oll + [|Cell llzo — Zol[],

and this leads to the estimate
|z — 2| + [y — gll < [N[|Aec = Aol| + (MN + 1) K||Cc||][|zo — Zo|
+ [(NM + 1)K||De — Dol[][[yo — %ol
1 _ _
< 5llzo = Zoll + llgo - golll
The contraction mapping principle implies that 7" has a unique fixed point (z*,y*) € B

which is obviously a linear function of (f,g) € B and also depends on € € (0, ¢;]. We
may estimate (z*,y*) directly from (1.4) using Lemmas 1.1 and 1.2 as follows:

"] < N[[Ae = Aoll "l + Mlly*[| + /1],
1y7[l < K[ De = Doll lly" || + [|Cel [l + llg
which imply
lz*|| < (1 = Nl Ae = Aol )~ M ly* [ + 1| FIIL,
ly*|l < (1 = K[ De = Dol ) THIICe]l [l || + llg]l]-

Putting the second inequality into the first gives

lz*|| <[1 = (1 = N[|Ac = Aol) ™" M(1 = K| De — Do|)~H[|Cll] ™
x (1= N[[Ae = Aol)HIIFII + M (1 = K[|De — Do)~ [lg]l]-

Let p(e) = [1 — N||Ac — Ag||) ™! and g(e) = (1 — K||D. — Dyl|)~*. Then we obtain the
estimates (1.3) with

a(e) = (1= p(e)g()M||Cel) ™ p(e),  ble) = ale)Mq(e),
c(€) = q()[|Ccllale), d(e) = q(e)(|Cellb(e) +1).
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The linear operator (z*,y*) = L(€)(f, g) is bounded with

I+ ly™ [l = 1£Ce)(f, 9 < (ale) + c()) 1] + (be) + d(e))lgll
< M +2)(|If11+ llgl)

provided €7 is sufficiently small that a,b,c,d < M +1 for 0 < € < €1, which we assume
is the case. Thus, ||L|| < 2M + 2. The continuity of the map € — L(€) can be shown
exactly as in Lemma 1.1, although with much more work. [

Proposition 1.3 remains valid if B is replaced by AP or Pr provided that A, B,
C, D belong to AP, respectively Pr. In the AP case, the usual module contain-
ment relations hold. In the Pr case, (H3) can be relaxed as in the remark following
Lemma 1.2.

Later, we will want to consider the case that C(t,€) = €C(t,¢€), |C(t,€)] < M,
C(t, €) satisfies the hypothesis (H1), and g(t) = €g(t), g € B, AP or Pr. In this case,
the estimates of Proposition 1.3 imply that y(f,eg,€) = ey(f, g,€) where y satisfies
an estimate like that of the second part of (1.3).

Consider the nonlinear system

o' = A(t,e)x+ B(t,e)y + f(t,z,y,e),

1.4
ey = C(t,e)x+ D(t, )y + g(t, z,y,¢). 4

The following assumptions are made concerning f and g (see, e.g., [5, Ch. IV]).

(H4) f, g are continuous functions of all four arguments (¢, z,y, €) such that t € R,
||, ly] < po, 0 < € < ¢ and both functions are continuous in (z,y, €) uniformly in
t € R. Furthermore, there exist nondecreasing functions M (€) and n(p, €), 0 < € < €,
0 < p < po satistying lime_.o M (€) = 0, lim, ¢)—(0,0) 1(p, €) = 0, such that

F(1,0,0,0] < M(e), [g(t,0,0,6)| < M(e), tER, 0<e<eo,

and

)
)

holds for all t € R, |z|, [z, |y[, || < p, 0 <€

(0, &)llz = 2| + [y — yll;

|f(t,$,y,6)—f( n
g n(p, )|z — 2| + |y — y]
<

t,%,9,¢€
‘g(ta z,Y, 6) - (tv , €

|
|
€0, P < Po-

Theorem 1.4. Assume (H1)-(H4) hold. Then there exists €z, p1, 0 < €2 < €1 and
0 < p1 < po such that for each € satisfying 0 < € < ez, (1.4) has a unique solution

(x*(t,e),y*(t,€)) € B satisfying ||z|| < p1, ||yl < p1 and this solution is continuous
in € uniformly in t € R and satisfies ||z*(e)|| + ||y*(e)|| = O(M(€)) as € — 0.

Proof. This is a routine application of the uniform contraction principle as in [5,
IV.2, Theorem 2.1]. We sketch the proof. Choose p; and €5 such that

pr> (2M +2)2on(pr,e2) + M(e2)],  202M + 2)m(p1, e2) <

DO =
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Given (zg,y0) € B with ||zo]| < p1, ||lyo]] < p1 and 0 < € < €3, let (x,y) be the unique
solution in B of

x’ = A(t7 6)1’ + B(t, €)y + f(ta xO(t)7 yo(t), 6)7
ey = C(t,e)x + D(t,€)y + g(t, zo(t),yo(t),€).

Such an (x,y) € B exists by Proposition (1.3) and the estimate

| f(t20(t),y0(t), )| < nlp1,e2)[llzoll + llyoll] + M (e2)
<2p1m(p1,€2) + M(ea), t e R, 0 < € < ea.

In faCtv (337y) = L(E)(f(a Lo, Yo, 6), g(')$05 Yo, 6)) = T(x())y()? 6)' The existence of a
solution of (1.4) in B is equivalent to the existence of a fixed point of the mapping T'.
We may estimate (z,y) using Proposition 1.3 as

[z]] < (a(e) + b(€))(2p1n(p1, €2) + M(€2)) < (2M + 2)(2p17m(p1, €2) + M(e2)) < p1

and similarly for ||y||. Thus, T'(-, -, €) maps the closed set F' = {(zo,y0) € B : ||zo| <
p1, |lyoll < p1} into itself for each € with 0 < € < 3.
Setting (z,y) = T(x0, Y0, €) and (z,y) = T(Zo, Yo, €), it is easily shown that

|z —z[| < (2M + 2)n(p1, €2)[l|lzo — Zol| + [lyo — Foll]
and similarly for ||y — g||, yielding
|z — 2| + lly = gll < 2(2M + 2)n(p1, €2)[l|lz0 — Zoll + llvo — Foll]
1 _ _
< 5llzo = Zoll + [lyo — %oll]-

Hence T' is a uniform contraction. Since f, g are continuous in (z, y, €) uniformly in ¢ €
R it follows that € — (fe(t), ge(t)) € B is continuous, where f.(t) = f(t,z0(t), yo(t),€).
Since € — L(e) is continuous, we conclude that for fixed (xo,y0) € B, the map
€ — T(zo,yo,€) is continuous on (0, €e2]. The uniform contraction principle implies
the existence of a unique fixed point (z*(€), y*(€)) € F which is a continuous function
of €, 0 < e <es.

Finally, (z*,y*) can be estimated directly from the defining system as

2" ()] < 2M +2)[([l=" () + [ly*(e)Dn(p1, €2) + M(e)].
This, and a similar estimate for ||y*|| yields
2= (e + ly* ()] < 2(2M + 2)[([l=" ()| + ™ () )n(pr, €2) + M(e)]

< %(Hw*(ﬁ)H +ly™ (@) +2(2M +2)M(e)

and, hence,
[z ()| + lly™ (e)l] < 2M (e)(2M + 2),
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completing our proof. O

If A,B,C,D € Pr and f,g are T-periodic in t, then (z*,y*) € Pr. In this case
(H3) can be relaxed as noted, following Lemma 1.2. If A, B,C,D € AP and f, g are
almost periodic in ¢ for each fixed (x,y,€) with |z| < po,|y| < po, 0 < € < €, then
(z*,y*) € AP. Indeed, as f,g satisfy the lipschitz condition of (H4), uniformly in
t € R, it follows that f and g are almost periodic in ¢ uniformly in (x,y) satisfying
|z| < po and |y| < po, for each €, 0 < € < €.

An important special case of Theorem 1.4 occurs when C(t,€) = eC(t,¢), |C(t, €)|
< M and when g(t,x,y,€) = €g(t, x,y, €) where both f and g satisfy the estimates of
(H4). Using the remarks following Proposition 1.3, it is easily shown that in this case
the estimates for (x*(t,€),y*(,€)) can be sharpened as follows:

[z ()| = O(M(e)), lly*(e)ll = eO(M(e))  ase—0.

2. Exponential dichotomies. By virtue of Proposition 1.3, the linear inhomoge-
neous system (1.2) has a unique bounded solution for each bounded (f,g). Because
of (H1), this implies that the homogeneous linear system (1.2) with (f,¢) = 0 has an
exponential dichotomy on R [7, 2]. In this section we relate the exponential dichotomy
to the exponential dichotomies for the systems

2= A(t,0)z (2.1)

and
w' = Dow. (2.2)

Throughout this section, we assume that (H1), (H2) and (H3) hold except that the

hypotheses C(t,0) = 0 in (H2) is no longer required since we will consider the equation
' = A(t,e)x + B(t,€)y,

/ (t,€) (t,€) (2.3)

ey = eC(t,e)x + D(t, €)y.

As Dy has no eigenvalues on the imaginary axis, (2.2) has an exponential dichotomy
with projection which we denote by ) and exponent 3 > 0 and constant L > 0,

|€D0tQ€—D08’ S Le_ﬁ(t_s)7 tz S,
€PN — Qe8| < Le™ P s>t

The next two results are immediate consequences of the stability of exponential di-
chotomies to perturbation of the linear system [7, 2].

Lemma 2.1. There exists € € (0,¢0], K’ > 0, a € (3/4a, ) and a continuous
family of projections P(€), 0 < e < &, P(0) = P, such that

|Z(t,€)P(e)Z7 (s, €)| < K'e=(t=%) t>s,
1Z(t,e)(I — P(e))Z7 (s)| < K'e @60 s >4,
where Z(t,€), Z(0,€) = 1, is the fundamental matrixz for the linear system

2= A(t,e)z. (2.4)
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Lemma 2.2. By choosing €, and K' of Lemma 2.1 smaller and larger, respectively,
there exists 5 € (0,8) and a continuous family of projections Q(e), 0 < e < g,
Q(e) — Q as € — 0+, such that

W (t,e)Q(e) W (s,)| < K'e Pt=o)/e ¢ >,
(W (t,e)(I — Q)W (s,¢)| < K'e Pe=D/c s>,

where W (t,€), W(0,€) = I, is the fundamental matriz for the linear system

W' =e 'D(t, e)W. (2.5)

Lemma 2.2 follows easily from the “roughness” of exponential dichotomies by pass-
ing to the fast time 7 = t/e. Then (2.5) has the form dW/dr = D(er,e)W and
D(er,€) — Dg uniformly in 7 € R by (H1).

For the results of this section, only the conclusion of Lemma 2.2 is used and, hence,
we can replace the hypothesis “D(t,0) = Dy” in (H2) by any hypotheses which are
sufficient for Lemma 2.2 to hold, or just assume that Lemma 2.2 holds.

The change of variables u = z, v = ny in (2.3), where n > 0 satisfying nM <
min{a/36(K’)?, a/24K'}, is fixed, gives the system

u = A(t,e)u+n ' B(t, e)v,

/ —1 (2.6)
v' =nC(t, e)u+e "D(t,e)v.
We view (2.6) as a perturbation of the system
@ = A(t,e)u+n"'B(t, €)v,
(1 Bt .

v = e 'D(t, €)v.

The exponential dichotomy for (2.7) will be exhibited explicitly in terms of the di-
chotomies of Lemmas 2.1 and 2.2 and the dichotomy for (2.6) will be obtained by the
perturbation theory for dichotomies. A fundamental matrix for (2.7) has the form

vio=| 759 509

where X (t,€) is an n x m matrix solution of
X' = A(t,e)X +n ' B(t,e)W(t,e). (2.8)

Lemma 2.3. There exists €3 € (0,€1) such that for 0 < € < &, (2.8) has a matriz
solution X (t,e) = U(t, €)W (t,€) where the n xm matriz function U(t,€) is continuous
i € uniformly in t € R and satisfies

AMK'n™—1
U(t,€)] < T"

tGR, 0<e<e.
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Proof. If X(t,e) = U(t,e)W (t, ) satisfies (2.8) then U(t, €) satisfies
U =—e 'UD(t,e) + A(t,e)U +n ' B(t,¢)
and, conversely, if U(t,€) satisfies the equation above then X (t,e) = U(t,e)W (t,¢€)
satisfies (2.8). The transpose, U*(t,¢), of U(t, €) must satisfy
UY = —'D*(t,e)U* + U*A*(t,€) +n ' B*(t,e).
We will show that this last equation has a unique bounded solution for all small
e. Observe that x(t,e) = [W*(t,e)]7! = [W(t,e)~!]* is the fundamental matrix,
x(0,€) =1, of
X' = —€'D*(t,e)x

which is the equation adjoint to (2.5). Obviously, this linear system has an exponential
dichotomy with projection (I — Q*(¢)), exponent (/¢ and constant K’, where Q(¢),
(3 and K’ are as in Lemma 2.2. Choose & < & such that 26, K'M/3 < 1/2. Given
an m X n matrix function UQ € Band 0 < € < &, let (71 (t,€) be the unique solution
in B of

Ul = —e 1D*(t,e)U; + UpA*(t,€) + 1 ' B*(t,e).

This solution is given by [2, Prop. 2, p. 69]
Ui(t,e) = / W*(t,e) (I — Q*(e))W*(s, 6)[(70(5)A*(5, €) +n 'B*(s,€)]ds
- /too W*(t, e) " Q" (e)W* (s, €)[Up(s)A* (s, €) + n~LB*(s,€)] ds
= T(Uo, €).

If UU,UO € B and f]l = T(Uo,ﬁ), Ul = T(UU,E), then
’01(t7 6) _Ul(tve)’

t _ 5 o 0 _ B .
< / K'e Bt=9) /M| Ty — Uy ds +/ K'e BP0/ M || Uy — TUy|| ds
0 t

2K'Me
< —

o 1 -
[Uo = Uoll < §HU0 = U

for 0 < € < €. Thus, T : B x (0,é3) — B is a uniform contraction mapping. It
is easy to see that for each fixed Uy € B, the map € — T'(Uy, €) is continuous for
0 < € < €. The uniform contraction principle implies that there exists a continuous
mapping € — U(e) € B such that T(U(e),e) = U(e). We estimate U(t,€) directly
from the integral equation as

t A A
0t 6)| < / K'e=BU= /<[00 (5, €)] + ' M] ds

+ / K'e PE=0/<(\[T (s, ¢)| + 5~ M] ds
t
2eK' M
< —

1O +57",
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which implies that

A 20K’ M, _12eK'M 4eK'M
Il < (1-=—=—) < ———n".
g B g
If U(t,e) = U*(t,e€), then X (t,€) = U(t, €)W (t,€) satisfies (2.8) proving the lemma.
Now let

and observe that

U(t,e)I(e) U (s,€) =
Z(t, e )P(e)Z 1 (s,6) —Z(t,e)P(e)Z1(s,e)U(s,€) + U(t,e)W(t,e)Q(e)W ~1(s,¢)
0 W(t,e)Q(e)W ~1(s,€) ’

This implies the estimate

(T (5,€)] < K/[1+ U (e~ + =P/

1 + 4M_I{,n_16:|eoz(ts)

§2K’[ t>s

if 0 < ¢ < & where & < & is chosen so that eza <  and 4MK'n~'e3/3 < 1. A
corresponding estimate is easily obtained for |W(t,€)[I — II(e)]¥~1(s,€)| with ¢ and s
interchanged. Thus, (2.7) has an exponential dichotomy with projection

(e) = U(0, €)II(e) T 10, ¢),

exponent & and constant 3K ! for 0 < € < &.
The projection II(e) is given by

~ P(e) —P(e)U(0,¢) +U(0,€)Q(e)
0 Q(e)

from which it follows that e — II(e) is continuous for 0 < € < & and II(e) = II(e)+O(e)
as € — 0+. The above considerations, together with the roughness of exponential
dichotomies, lead to the main result of this section.

Theorem 2.4. For 0 < e < €3, there exists a continuous family of projections > (e)
and a constant K" > 0 such that

O(t,e)D(e)P (s, e)| < K'e aft—s)/2 t>s
| (’) () Y — 9y - Y
d(t, e I—Ee@lse <K”6 a(s—t)/2 s>t
‘(7)( ()) (7)|— b p
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where O(t,€), (0,€) = I, is the fundamental matriz of (2.3).

Proof It suffices to show that (2.6) has an exponential dichotomy with projections
Y(e) and exponent a/2. The coefficient matrix of (2.6) differs from that of (2.7) by
the term nC(t, €), the norm of which satisfies

(0%
<nM
\nc(taﬁ)\ =7 < 4(3K/)2

by our choice of . By [2, Prop. 1, p. 34], (2.6) has an exponential dichotomy with
projection ¥(e) and exponent & — 2(3K’)nM > 3a/4 — a/4 = «/2. This completes
the proof.

3. Stable and unstable manifolds for (z*(¢,¢€),y*(¢,¢)). In this section we
discuss the stability of the small solutions in B, AP or Pr of the system
o' = A(t,e)z + B(t,e)y + f(t,2,y,¢€),

, . (3.1)
y =C(t,e)x+e " D(t, )y + g(t,z,y,¢),

for small positive e. Note that (3.1) has a slightly different form than (1.4); C and g
of (1.4) are now eC and €eg in (3.1) and we have divided through by e.

We assume that (H1)—(H3) hold except that we no longer require C(¢,0) = 0 in
(H2). In addition, f and g are assumed to satisfy (H4). As remarked following
Theorem 1.4, the estimates

[z ()] = O(M(e)), ly™ (&)l = cO(M(e)), =0,

hold for the small solutions (z*(t,€),y*(¢,¢)) in B of (3.1). As in previous sections,
results will be stated for the space B and remarks following the results will treat the
special cases AP and Pr.

We redefine € so that for 0 < € < €q, the conclusions of Theorem 1.4 and Theorem
2.4 hold. Furthermore, in order to simplify notation, let

«

a=—, K=K"

[\

in Theorem 2.4. We write z = (2) and rewrite (3.1) as

7 =E(t,e)z+ F(t,z,¢). (3.2)

Let z*(t,e) = (;gg) be the solution of (3.2) in B given by Theorem 1.4 and let

z(t, 0, z0,€) be the maximally extended solution of (3.2) satisfying z(o, 0, 29, €) = 20.
As in Theorem 2.4, we let ®(t,¢), ®(0,¢) = I, be the fundamental matrix for the
linear system

2= E(te)z (3.3)
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and X(e) be the projection corresponding to the exponential dichotomy described in
Theorem 2.4. Denote

Y(o,€) = B0, )N (e)@ (0, €), oeR.
Then X (o, €)R™™ is the subspace of initial data zo such that the solution
2(t) = ®(t, e)® (0, €) 20

tends to zero as t — +oo at the exponential rate & and (I — X(o,€))R™™™ is the
subspace of initial data for which that solution approaches zero as t — —oo at the
exponential rate a.

Given § > 0, define

)
S(o,€) = {z € R"T™ :|X(0,€)z| < e and for zo = Z + 2" (0, €),

|z(t,0,20,€) — 2" (t,€)| <0, t > o},

and

)
U(o,e) = {z e R"™ (I — X(0,¢€))z| < Y6 and for zg = z + 2" (o3 €),

|2(t,0,20,€) — 2" (t,€)| <6, t <o}

Let B(r) denote the ball of radius r in R"*™,

The set S(o,€) describes a set of initial data zyp = z*(o,€) + z for (3.2) at time
t = o such that the corresponding solution z(¢, o, zg, €) remains close to z*(¢,¢€) for
t>o.

Theorem 3.1. Assume the hypotheses described in the beginning of this section hold.
Then there exists 6 > 0 and €1 € (0, €] such that the mapping (o, €) is a homeo-
morphism of S(o,€) onto X(o, )R ™ N B(6/2K) and for each zy = %+ 2* (o, €) with
z € S(o,¢e), 0<e<e,

2(t, 0, 20, €) — 2*(t,€)| < 2K|S(0,€)z|e 8= )/2 ¢ > 5.

The map o
gs(+,0,¢€) : (o, E)R"+m NB(§/2K) — S(o,¢€),

inverse to 3(0,€)|g(o,e), is Lipschitz with constant 2K. The mapping I — %(o,€) is
a homeomorphism of U(a,€) onto (I — X(o,€))R"™™ N B(§/2K) and for each 2y =
Z+ z*(0,€) with z € U(o,¢€), 0 < e < ey,

2(t, 0, 20, €) — 2%(t, €)| < 2K|(I — ¥(0,€))z]e®t=9)/2 t < o.
|2(t, 0, 20, €) (t )l ; ,

The map o
gu(0,€) : (I —X(0,€))R"™ N B(§/2K) — Ulo,€),
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inverse to (I —X(0,€))|u(o,e), i Lipschitz with constant 2K.

An immediate consequence of Theorem 3.1 is that z*(¢, €) is uniformly asymptot-
ically stable if X(o, €)R™T™ = R™*™ and it is unstable when X (o, e)R"T™ £ R+™,
In terms of the linear equations (2.1) and (2.2), z*(¢, €) is uniformly asymptotically
stable provided (2.1) and (2.2) are uniformly asymptotically stable.

In the general case, S(o,¢) and U(o,¢€) are Lipschitz manifolds in R**™  of di-

'
the projections associated with the exponential dichotomies for (2.1) and (2.2), re-
spectively. Solutions of (3.2), z(t,0,29,€) with zp = 2z*(0,¢) + z and z € S(o,¢€)
(z € U(o,¢€)), approach z*(t,e) as t — +oo (t — —o0) at the exponential rate a/2.

The proof of Theorem 3.1 follows standard lines (see, e.g., [5, IV.3, Thm. 3.1]) so
we will merely sketch the main points. It is convenient to change variables in (3.2) to
transform z*(¢, €) to the trivial solution z = 2*(¢,€) + z. Then (3.2) becomes

mensions k£ = dim [( R”er} and m + n — k, respectively, where P and @) are

7 =FE(t,e)z+ F(t,z,¢) (3.4)

where F(t,0,¢) = 0 and the components of F satisfy similar bounds and lipschitz
conditions to those satisfied by the components of F'.
The solutions of (3.4) which are bounded for ¢t > o, satisfy the integral equation

Z(t) = ®(t, €)@ (0, €) 2, —l—/ d(t,e)2(e)® (s, €)F(s,2(s),¢€) ds 55
7 3.5

— /too O(t,e)(I — X(e))D (s, €)F(s,2(s), €) ds,

where z; € X(0,€)R"™™ is determined by Y.(o,€)z(0) = zs. Conversely, a bounded
solution of the integral equation on [o, c0) is a bounded solution of (3.4). For each
fixed z, € ¥(o, e)R"™™ N B(§/2K), one can apply the uniform contraction mapping
principle to obtain a unique solution £(¢, 0, z4, €) of (3.5) satisfying |2(t, 0, zs,€)| < &
for t > o (0, €1 sufficiently small). Note that in the notation “Z(¢,0, zs,€),” zs is not
the initial value at ¢t = o. This solution is continuous in o, zs, €. An estimate gives

3(t,0, 25, €) — 2(t,0, %5, €)| < 2Ke 3|z, — 3|, t > 0. (3.6)

Then
S(o,€) = {2(0,0,2,€) — 2*(0,€) : 2, € X(0, e )R"™™ N B(§/2K)}

and the inverse mapping gs(zs, 0, €) is given by
9s(zs,0,€) = 2(0,0, 25, €) — 2% (0, €)

which is Lipschitz with constant 2K by (3.6). As in [5, IV.3, Thm. 3.1], an estimate
yields
|25 — 25

9s\zs,0,€) — gs 2870-36 - )
92(20,0,€) — 9s 50,0, )] > 2
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S0 g5 is a Lipschitz homeomorphism. Similar arguments apply to obtain the analogous
statements for U (o, €). This completes our sketch of the proof.

4. Application to the Singularly Perturbed Second Order System. In
this section our main results are applied to the singularly perturbed second order
system (0.8), which we recall for the reader’s convenience:

eDu" +u' — f(t,u,e) = 0. (4.1)

In (4.1), € is a small positive parameter, D is an n x n matrix described below and f is
continuous in all variables, as is 0f/0u and 0f /0e. In addition, f,df/0u,df/0e are
continuous in (u, €) uniformly in ¢ € R and bounded on bounded (u, €) sets uniformly
inteR.

We assume that D has no purely imaginary eigenvalues except possibly zero and
if zero is an eigenvalue then N (D) = N(D?), where N (D) denotes the nullspace of
D. Therefore, D is similar to

D| 0
(5 ta):

where D and O, are square matrices, O, is the 7 x 7 0 matrix, » = dim N (D), and D
is an (n —r) X (n — r) matrix with no purely imaginary eigenvalues. Of course, we
are interested in the case that r < n. In turn, D is similar to

D, | 0
0 | D_ )°

where Dy (D_) is an m x m (I x [) matrix all of whose eigenvalues have positive
(negative) real part and m > 0,1 >0, m+1l=n—r.
In appropriate coordinates u = (ug,uz) € R"™" x R" (4.1) has the form

EEUIII +’LL/1 - fl(tau17u256) = 07

) (4.2)
Ug — f2(t7u17u27 6) = 0.
We assume that the reduced equation
u' = f(t7 U, O) (43)

has a solution @ = (11, G2) defined on R such that @ and @Y are bounded on R. The
change of variables

u=10+1u w1 =eDu]+u, To=1uy, y=-eDij,
leads to the system
o’ = A(t,e)z + B(t, e)y + r1(t, z,y,¢),

/ e (4.4)
€Yy = EC(t, 6)1’ — [D +€E(t,€)]y+€7’2(ta$aya 6))
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where
B af . . _ Aq1(tye)  Aja(t,e)
At e) = %(t,u(t),e) = [Agl(t,e) A, e)]
with
. A11 , €
Ayt €) = gl{; (ta(t),e), Blt,e) = — [Amg 6;]

C(t,e) = [A11(t,€)Ara(t,€)], E(t,e) = A1i(t,e), ri(t,x,y,€) = (s1,52),

s1 = fi(t, 1 + 21 —y, G2 + 22,€) — f1(t, 01, 02,0) — A11(t, €)(z1 — y)
— Aya(t, €)xe — €D,

s = fa(t, i + 21 — y, o + x2,€) — fo(t, 1, 12,0) — A2 (¢, €)(z1 — y)
— Ags(t, €)xa,

ro(t,x,y, €) = s1.

We assume that the variational equation for (4.3) about ug(t),
= A(t,0)z, (4.5)

satisfies an exponential dichotomy as in (H3) of section 1. It is apparent that (4.4)
has the form (3.1) considered in Section 3. As an immediate consequence of Theorem
1.4 we have the following.

Corollary 4.1. There exist positive constants es and p1 such that for each € satisfying
0 < e < e, (4.2) has a unique solution u*(t,e) € B satisfying ||[u* — 4| < p1. This
solution is continuous in € uniformly in t € R and satisfies the estimates

[u*(e) — @]l + [lui’(e) — @]l = O(e) as e — 0 +.

Proof. Theorem 1.4 gives a continuous family of solutions (z*(t,€),y*(¢,¢)) of (4.3)
which satisfy ||z*(e)|| = O(M(e)) and ||y*(e)|| = eO(M(e)) as € — 0 (see remarks
following Theorem 1.4). It is easily seen that M (e) = Ce for some C' > 0. Hence,
u*(€) = a+ (z7(€), x3(€)) — (47 (€), 0) satisfies [[u”(€) —al| = O(e) and ||ui’(e) — @y || =
[ah]| < e D™ HEDulll e D7 ly* [ = O(e). O

In case f is T-periodic in ¢t and 4 is T-periodic in ¢, then the hypothesis (H3) can
be relaxed to the assumption that one is not a Floquet multiplier of (4.5). In this
case u*(t,e) is T-periodic. If f is almost periodic in ¢ and 4(t) is almost periodic,
then u*(t, €) is almost periodic. Note that in this case, our hypotheses imply that f
is almost periodic in ¢ uniformly in compact (z,€) sets.

Viewed as a first order system of differential equations, (4.2) or (4.4) is (2n — r)-
dimensional where r = dim N(A). Let P be the projection onto the stable subspace of
(4.5), given in the definition of the exponential dichotomy for (4.5), k = dim R(P) =
dimension of stable subspace, and m(l) the number of eigenvalues, counting multi-
plicity, of D having positive (negative) real part. Then the following result describes
the stability properties of the solution u*(¢,¢€) of (4.2).
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Corollary 4.2. For all sufficiently small e > 0 and for all o € R, there is a Lipschitz
manifold, S(o,€)(U(o,€)), of initial data at t = o, having dimension k+m (n—k+1)
in R?"=" corresponding to solutions of (4.2) which are asymptotic to the solution
(ui(t,€),ui’(t,e),us(t,€)) with an exponential rate of attraction as t — +oo (t —
—00). In particular, the latter solution is uniformly asymptotically stable if and only
if the trivial solution of (4.5) is uniformly asymptotically stable and m = n —r (so
1=0).
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