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1. Introduction

Let ¢ > 0 be a small real parameter, let y, z be real m-dimensional and
n-dimensional vectors respectively and let f, g be respectively real m-
dimensional and #-dimensional vector functions of their arguments. This
paper aims to discuss the following two problems in singular perturbations.

(A) Consider first the autonomous system

y’ = f(y’ Z, 8):
ez’ = gy, z, &).

Here under the assumption that the degenerate system obtained from (1)
by setting ¢ = 0 has a periodic solution with period T in £, one looks for
suitable conditions which will ensure that (1) also has a periodic solution
with a period which tends to T as ¢ — 0. One also discusses the stability
of the closed path of this periodic solution as ¢ — 0. Friedrichs and Wasow
[6] were the first to discuss a singular perturbation problem of this nature.
Recently Anosov [1] has also treated this problem (1) and to the best of
our knowledge his results are the most general which have been obtained.
His method of approach is based on the notion of the so-called rapid motion
system associated with (1).

Our purpose here is to establish Anocsov’s results [1; Theorems 3, 4]
by an entirely different and shorter method. Our method makes direct use
of the concept of orthonormal system of coordinates (cf. Urabe [13]). More
important, we find that we can improve on Anosov’s Theorem 5 regarding
the behaviour, as ¢ —> 0, of solutions of (1) which are close to the unique
closed path (see Theorem 4 in the last section).

(B) Consider next the following non-autonomous system

"=y, 21t,5),
2’ =gy, 2t ¢),

(1) (' = dlat)

(2)
where ¢ varies over the entire half-line { = 0. Here again one looks for suit-

able assumptions which will ensure that (2) possesses a solution bounded
33
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for all £ = 0 in some neighbourhood of a bounded solution of the degenerate
system of (2). Another aspect of the problem is to study the behaviour of
this solution as ¢ — 0. This problem has already been treated by Butuzov

' [2] and Hoppensteadt [8]. Their results ate extensions of the corresponding
results of Levin [10] and Tihonov [12] who had earlier dealt with the initial
value problem with # restricted to a finite ¢-interval. We notice however an
important difference between the results of Tihonov-Hoppensteadt and
Levin-Butunov: the former considered the ‘stable’ case, whereas the latter
allowed conditional stability. (Note also that Tihonov’s result has been
shown to be false by Hoppensteadt [9] who has also shown how it can be
corrected.)

We have succeeded (Theorem 2 below) in extending Butuzov’s Theorem
1 in two directions. Firstly, his assumption 4, which had earlier appeared
as H3 in Levin’s paper cited above, will be replaced by a more natural
assumption, namely, assumption (IV) of section 3. Secondly, instead of his
assumption 3, which implies that a certain linear equation, the equation (9)
below, has uniform asymptotic stability, we simply require that it possesses
an exponential dichotomy.

We also investigate the behaviour as ¢ — 0 of every solution of (2) and
our results here (Theorem 3) we believe to be new.

The plan of this paper is as follows. In the next section we prove
Theorem 1 which embodies Anosov’s Theorems 3, 4. In section 3 we prove
Theorem 2. In section 4 we state and prove a lemma from which Theorem 3
will later be deduced in section 5. In the last section Theorem 4 is obtained
by an application of Theorem 3.

2. Statement and Proof of Theorem 1

In this section and section 6 we assume that the functions f, g of (1)
together with the Jacobian matrices f,, f,, g,, g, are continuous in their
arguments (y, z, ¢). Order symbols such as 0(¢), o(1) refer to ¢ > 0 and
for any continuous function x(¢) we write || (¢)|] = SUP_q<s<o0[Z(E)]-

THEOREM 1. Let the following assumptions hold:
(I) The equation g(y, z, 0) = 0 has a continuously differentiable solu-
tion z = @(y) defined for y € D where D is some region tn y-space.
(II) The equation

(3) ¥ =y, 9(y), 0] = fy)

possesses tn D a nonconstant periodic solution w(t) with period T in t.
(III) The variational equation of (3)

(4) v = flu(t)]v
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admits a single multiplier equal to one (o7, equivalently, has (m—1) char-
acteristic exponents £ 0).

(IV) Every eigenvalue of g,[u(t), p[u(t)], 0] has real part different from
2er0.

Then for e sufficiently small, the system (1) has a periodic solution
Ye(2), 2¢(t) * with period T+o(l) in ¢t such that, as ¢ — O, the closed path of
this solution tends to the closed path of the periodic solution u(t), @lu(t)] of
the degenerate system.

Furthermore there exists p > 0 such that (1) has no other periodic solution
(apart from translations in t) whose path remains in the p-neighbourhood of
u(t), plu(t)] and whose period differs from T by less than p.

ProoF. It follows from assumption (II) that fl#(¢)] # 0 is a periodic
function with period T in ¢. As is known (Halanay [7]) there exists a change
of coordinates

(5) y = u(0)+S(0)=,
where 8 is a scalar, z an (m—1) vector and S(0) an m X (m—1) matrix
function with period T in 6 whose columns are mutually orthogonal. By

this change of coordinates the solution ¥ = #(¢) is now defined by z = 0,
6 = ¢. Also the first equation of (1) is transformed into

STu(0)16"+ 0" (dS(0)/d0)z+S(0)x' = f[u(0)+S(0)z, 2, £]
As in Halanay [7; p. 280], by forming the scalar product of this equation
with the columns of S(6) and with an mth vector orthogonal to these
columns, we obtain respectively
=X,z 0,¢),
0 = Oz, 2, 0,¢),
where @, X are periodic functions in 8 with period T, are continuous in
(=, z, 0, ¢) and such that
010, p[u(0)], 6,0] =1,
X[0, plu(6)], 6, 0] = o.
Thus there exists g, > 0 such that & # 0 for ||, [z—¢[#(0)]], ¢ < ¢. We
can therefore take 6 to be the new independent variable and express (1)
in the form
dz  X(x, 2z, 0,¢)
ao O,z 0,¢)
dz _ gu(0)+S(0)x, z, 0, €]

- E 2 E 0 i
20 0@,z 0, ¢) Gz, 20, 2)

= F(z, z, 0, ¢),
(6)

1 The subscript here and elsewhere is used simply to denote dependence on ¢, not partial
differentiation with respect to .
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For ¢ = 0 the system (6) has the solution x = 0, z = ¢[u(0)]. We shall
show that (6) has a unique periodic solution with period T in 6 by verifying
that all the hypotheses (I), (Il"), (III"') in Chang [3] are satisfied.

First we have

B(B) = Gz(e) = [gz(a)g_g@z]/02|z=0,8=0,z=¢p[u(0)]
= &,[u(0), p[u(0)], 0],

since @ =1 and g = 0 for e =0, 2 = 0, 2 = p[u(0)]. Therefore by (IV) the
real part of every eigenvalue of B(0) has absolute value = u, for some
# > 0 independent of 6.

Similarly we obtain

4,(0) = F,(8)—F,(0)G;(6)G,(0)
= X,(0)—X(0)g;*(0)8.(0)S(6)-

Now under the transformation (5) the equation (3) becomes

™) de X[z, p[u(0)+S(0)z], 0, 0]
40 Oz, p[u(6)+S(6)x], 0, 0]
The variational equation of (7) has the coefficient matrix C(6) obtained by
taking the derivative of the right hand side of (7) with respect to x at the
point x = 0. It is easily verified that in fact
C(0) = A(9).

Moreover (see [7; p. 285]) the (m—1) characteristic exponents of the linear
periodic equation

dv

0= C(0)v
are identical with the m characteristic exponents of the equation (4) with 0
omitted. Therefore by hypothesis (III) these characteristic exponents are
different from zero, and so the equation dv/df = C(0)v = 4,(6)v has no
nontrivial periodic solution with period T in 6.

Thus (6) satisfies all the hypotheses in [3] and it follows that there

exists p, > 0 such that for all ¢ sufficiently small the system (6) possesses
a unique periodic solution z,(0), z.(0) with period T in 6 such that

e (D) + 126 (0) — @[ (0)]]] = po.
Moreover
e ()4 112:(0) —@[u(0)1l] - 0 as & — 0.

To this unique periodic solution corresponds a solution

Fe(t) = u[0()]+S[0()12:[0(t)]
5s(t) = Ze[e(t)]
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of the system (1), where 6(¢) is obtained by inverting the relation

o 4 a0
o —fo Olz,(0), z:(0), 0, €] .

An increase in 6 by T corresponds to an increase in ¢ by

T ao
7= fo 0[2;8(0)’ zs(e)» 0, £]

since @z (0), 2,(0), 0, e] = 14+0(|ag|+ ]2, +¢) = 1+0(1).

It follows that the solution (), Z.(¢) of (1) is periodic in ¢ with period
T'. Moreover the closed path of #(t), Z:(¢) tends to the closed path of u(t),
plu(t)] as e - 0.

We now prove the last statement of Theorem 1. Assume that (1) has a
periodic solution y(¢), z(f) whose path lies in the p-neighbourhood of u(¢),
@[u(t)] and whose period is 7' = T 45 where || < p. We first show that 0
increases by T when ¢ increases by 7'. In fact, since 6’ is positive and close
to 1, it follows that

= T+o(1),

0(t+T)—6(¢) is close to 7.

On the other hand, since 0 is determined uniquely (mod 7T') by y, it follows
from y(¢4-T) = y(¢) that

0(@+T)—0() is a multiple of T, say &7
Since 7' is close to T, k must be 1.

Next it follows from y(t) = u[6()]+S[0()]x () that x(t+T) = =(t)
and therefore, as a function of 0, x has period 7. Similarly, since
z(t+T) = z(t) it follows that as a function of 6, z also has period 7. By
what has been proved earlier the solution #, z of (6) with period T in 0

coincides with the solution z.(0), 2,(6) already found. Hence, for some real
to, Y(&) = Fe(t42,), 2(¢) = Z.(¢+¢,) and this completes the proof.

3. Theorem 2 and its Proof

In order to state our results we make the following assumptions. In
what follows, f,(¢) denotes the Jacobian matrix f,[§(¢), Z(¢), ¢, 0] and similar
meanings are attached to f,(¢), g,(t), £.(¢), g.(?).

(I) The degenerate system

(8a) ¥y =1 21¢0),
(8b) 0=¢g(y,21,0),

has a continuous bounded solution §(t), Z(¢) for 0 < ¢ < co.
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(II) The function f and the Jacobian matrices f,, f,, f, are continuous
and bounded in (y, 2, ¢, &) for [y—g{t)|, |2—Z({f)], e =N and 0 <t < 0.
Also
/g@), (), ¢, e]—[[g(), 2(2), 2, O)]| — 0 as & >0,

where [|f|| now denotes sup,, |f(f)|, and to any é > 0 there exists v = w(d),
0 < w < 6 such that for |v], jw|, e Z w

W1,[G(E)+v, 2()+w—U @), 4, e]—£,[5(), 2¢), 8, O]l = 6

where U (f) = g;*(¢)g,(¢) and similarly for f,. The function g also satisfies
similar assumptions.
(III) There exists a constant ux, > 0 such that the real part of every
eigenvalue of g,(¢) has absolute value = p,.
It follows that
\det g,(t)] = p for ¢ = 0.

Hence g;1(¢) exists, is continuous and bounded and so is U (t) = g;*(¢)g, ().
By (8a) '(¢) exists, is continuous and bounded. By (8b) and the implicit
function theorem Z'(¢) also exists, in fact,

7(t) = —&" (O)e,O)F () +e.()]-

It follows that if g has continuous and bounded second derivatives in ¢, y, z
for |ly—g(t)|, [2—2(t)|, e =N and ¢ = 0, then U’(¢) will exist and be con-
tinuous and bounded. Instead of assuming the existence of second deriv-
atives of g we shall simply assume

(IV) U(t) = g, *(t)g,(t) has a continuous and bounded derivative on
0=¢< oo.

(V) The linear equation
©) v = O —OU O
possesses an exponential dichotomy, that is, (9) has a fundamental matrix
V), V(0) =1,, such that
(10) [V () PV(s)| < Ke = for ¢=s,

V(I ,—P)V(s)] < Kee® for s =t

where P is a projection matrix, I,, the mXm unit matrix and K, v are
positive constants.

It follows from (III) that the matrix g,(f) has the same number % of
eigenvalues with negative real parts for every . We now recall lemmas
1, 2, 3 of [3] by means of which we have established that the linear equation

(11) e’ = g,(t)w = B(t)w

possesses an exponential dichotomy, in fact, for all sufficiently small ¢ > 0,
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(11) has a fundamental matrix W(¢), W(0) = I,,, satisfying

(W () P,W-1(s)] < Le #9 for ¢ =5,

12
12 W () (T,— PYW= (s)] < Le# @0 for s =1,

where g = p,/8, Py is a projection matrix of rank %, I, the # x # unit matrix
and L is some positive constant independent of .
Let

(13) v =y—glt), w = 2—20)+U (o),
then we have

THEOREM 2. Let the above assumptions (1)-(V) hold. Then given p >0
there exist positive comstants y, &, such that for any vectors vy, w, with
v, = Pvy, wy, = Pyw,, |vo] Sy, |wo] <y and for 0 < & < &, the system
(2) has a unique solution y,(t), z,(t) throughout the interval 0 <t << co which

satisfies

14) P(y,(0)—=§(0)] = v,
P1[25(0)—2(0)+-U(0){ys(0) =3 (0)}] = w,

and

(15) |196(0) =T D11+ llze() —20)]| < p.

The proof of Theorem 2 is based on the following lemma A.
LeMMA A. Suppose that the linear equation

(16) y = Ay

has a fundamental matriz Y (t) with Y (0) = I such that

[Y(@)PY1(s)| < He % for t =5,
YY) I —P)YL(s)| £ He=9  for s=t,

where P and 1—P are supplementary projections and H, o are positive
constants. Let b(t) be a continuous bounded function of t. Then for any vector
zy = Pz, the equation

(17) x' = A(t)z+b(t)

has a unique bounded solution x(t) such that Px(0) = x,. Moreover
lle(t)]] < Hlzol+ClIb ()],

where C = 2Ha™! is a positive constant depending only on H, a.

Proor. The function

2(t) = Y ()z,+ jo‘Y(t)Py—l(s)b(s)ds_ f:"Y(t) (I—P)Y1(s)b(s)ds
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exists for all £ = 0 and it is seen by differentiation that () is indeed a
solution of (17) with the required properties. It is the only bounded solution
of (17) with Pz(0) = =,, since the homogeneous equation has no nontrivial

bounded solution with Pz(0) = 0.
ProoF oF THEOREM 2. As in [3] the change of variables (13) takes (2)
into the system
(18 v = A,@)v+4,(t)w+F(v, w,¢,e¢),
) ew' = B(t)w+G(v, w,t, ¢)

where
A,(¢) = 1,0)—=1.0)UE); Ax() = [.(8); B() = g.()-
The functions F, G are continuous in (v, @, ¢, ¢) such that

[IF(0, 0, ¢, &)||+1/G(0, 0, ¢, £)]| — 0 as & — 0.

Moreover to any & >0 there is a corresponding w = w(d), 0 << w << §,
such that
|F(v, w, ¢, &) —F (0, &,
|G(v, w, ¢, &) —G (7, B,
for allz = 0 if |v], |9, |w], |%], ¢ = .
For any pair of continuous bounded functions &(¢), n(¢) consider the

&) = 8(lv—0|+|w—dl),
&)l = 6(jv—0|+[w—a)),

system
(19a) v = A, ()v+A, () e+ FEE), n(), 8, €],
(19b) ew' = B(t)w+G[E(), n(2), ¢, €].

We show first that (19b) has a unique solution w(¢) which will then be sub-
stituted into (19a). Since (11) has a fundamental matrix satisfying (12)
it follows by lemma A that for any vector w, with w, = P,w, the equation
(19b) has a unique bounded solution w(¢) such that

P w(0) = w,
and
lle @) = Liwol+C1lIG(£(), n(t), ¢, £)]]
< Llwo|+C4[lIG(0, 0, 2, &)l|+l1E(@E) || +-0lIn )],

if |1E@)]1, 1ln@)l], ¢ = w, where C, = C,(L, p) is a constant. By lemma A
again for any vector v, with v, = Py, the equation

v = A, (t)v+A,()w(t)+F[E(E), n(t), ¢, €],
has a unique bounded solution v(¢) such that

Py(0) = v,
and
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@] = Klvol +Colll A @)111le @)1 +11F (0, 0, £, &) +8]1E@) 1+l (#)1]],

where C, = C,(K, v).
Next choose |v,], |@,| so small that

(20) Kvg|+-L[14Cyl| 45 ()] 111wy} = Lo,
and choose § so small that
8(C1HCo+Ci Gyl 4,(0NI) = %
and then choose ¢, =< w so small that
CollF(0, 0, ¢, &)||+ (Ci+C,Coll45(4)INNIG(0, 0, ¢, &) || = fo
for 0 << ¢ < g,. Then if 0 << ¢ < ¢, we obtain
@)1 +lw@®)] < Fo+to+F1EE]+nE))
= o+ 3O+ @)

The set of all pairs of bounded continuous functions (&, ) is a Banach
space if we define

& n)+(€ 7) = E+E n+7)
B n) = (ﬂf Bn)
HE I = NEEN+ @)l

Denote by S the set consisting of all pairs (&, ) with |[(4, )|| = w. Then
the mapping (&, ) — {v, w) maps S into itself. We show next that this
mapping is a contraction. Suppose then (&, n,) and (&,, #,) are pairs in S
and (v,, w,) and (v,, w,) are the corresponding images. Then

plt) = 0,(t)—va(t) and C(t) = w,(t)—wy(0)
are the solutions of
v = A )y + A+ F[E (), n.1(6), &, e1=F[&,(2), no(F), ¢, €]
e’ = B+GIEW), m(0), b e]—GI&,(), ma0), 1, &,
It follows, as above, that
HEE = Cyo[]16.()— ()I|+Hm() 72(8)11],
)] = Coo[11&; () —Eo )+ 1172 () —n2 () 1T CollA OB

Hence

o1 (&) —v2 ()14 |0y (8) — 02 ()] = F[116:(8) =& (@) |+ ma (6) —ma(E)11].

It follows from the principle of contraction mappings that S has a unique
fixed point. Therefore, for any vectors v,, w, such that v, = Pv,, w, = P,w,
and (20) holds and for ¢ sufficiently small, the system (18) has a unique
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bounded solution v(¢), w(¢) satisfying (14) and ||v(¢)]|+||w(¢)]] =< w. Hence
given p > 0 there exist positive constants vy, g such that for any vectors
vy, Wy With vy = Py, wy = P,w, and |y, [we] =<y and for 0 < ¢ < ¢,
the original system (2) has a unique solution y,(¢), z.(t) which satisfies
(14) and (15). This completes the proof of Theorem 2.

4

In this section we prove the following lemma which may be of interest
by itself. It is an extension of lemma 7 of Coppel [5].

LeMMma B. Suppose that v (t), vy(t), w,(f), w,(f) are continuous vector
functions such that for t = v = #,,

[02(6)] = Ke=1 [0, (z)|+Ky [ e (lu(s)| + o (5) ) ds
[0a(2)] = Ke™ =" uy(8)|+Ky [ e (ju(s)|+lw(s)l)ds

0, (£)| < Le=#=rle [, (z) |4 Lye=? [ = =91 (jo(s) |+ w(s)|)d
jwa(2)] = Le= H=mle finy (8)|+Lys= [ ' o= mo=1Vl (| (s)|+ [ (5)])ds

(21)

where K, L, v, v, u, € are posttive constants and v = v,+v,, w = w,+w,.
Then if y, ¢ are sufficiently small, we have either (i)

v ()| 41wy ()] = (KA-L)e 2 (o, () [4-[wy(7)]) for t =7 =4,
and

[02(8)| 4 wa (8)| = [o1(8) [0, (2)] for t =1,
or (ii) for some t, = t,,

[va(z)|+lwa(7)] < (K+L)e 2 (|uy(t) |+ |w(8)]) for tz7 24y,
and

[o1(0) |+ @2 ()] = n(lva(6)]+[wa(2)]) for t=t,
where A, A, and n > 1 are positive constants depending only on K, L, ».
ProoF. We can assume without loss of generality that K =1, L = 1.

Put n = 14 (K+L)2. We shall show that lemma B holds if we choose
y > 0 so small that

YA+ (K+L)E (4 1) < 1
and then choose ¢ > 0 so small that

e < 21K
In fact it follows that
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e<<l and 2y(l14m)(K+L) < o~ v
u+v

A fortiori,
4y(K+L) < p, .
Moreover
6y = u—yL(1+n)—e[r—yK(1+n)]

> Ju+yK (14n)—ev

> u

> y(K+L)(1+7)
and hence A = v—yK(1+4n)—y2KL(149)267"

> v—yK(1+9)—yL(1+1)

> .
Similarly

0 = p—2yL—¢(v—2yK)

> §u > 2y(K+L)
and A =v—2yK—4y2KL?
> .

Suppose first that the solution v,(¢), w,(f), ¢ = 1, 2 of the integral
inequalities (21) has the property that
2 ()| + w1 ()| = [02()| 41w ()] for all ¢ =¢,.
Then for £ = © = ¢, by the first and third inequalities of (21)
gy OIS K2Ry [ et oy (o) |+ lwa(5)1) ds,
2 T
|lwy ()] = Le~ =8 |w, (7)|+-2Lye? Jt e™ #UIE (joy (s)] 4wy (5)]) ds.

Since v > 2Ky and p > 2Ly it follows by Gronwall’s lemma [4; p. 19] that
(22a) |v, ()] < Ke~0—2En¢=D [y (7)|+2Ky j : e~ 2KV (=) |1, (5)|ds,

(22b) |w,(¢)] < Le~w—2Lv)tt-nlejyy, (7)| +2Lype? J-: e~ w2Lmtt-ale |y, (s)|ds.
On substituting for |w,(s)| in (22a) by means of (22b) we get

[0, (¢)] =< Ke= =200 |y, () |41, +1,,
where
I, = 2Ky - Liw,(1)| ftg-‘(V~—2KY)(t-8)e—(#—2LY)(3—T)/£d3

and
I, = 2Ky - 2Lye J‘te_(y—zxy)(t—s) { [3e~(,u—2Ly)(s—-0)/e|vl(0)|d9} ds.
T T
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Since 6 = u—2yL—¢e(v—2yK) > 0 it follows that

I, £ 2KLyjw,(7)|ed e~ 2B (t=7)
and

I, < 4KLy%5 Lt e~ =8) |y (s)|ds.

That is,
vy ()] = Ke~—-2Ent=n)(jy, (7)|4-2Lyed 1w, (v)|)

+4KLy281 f ‘ e~ 2K =9 |y (5)|ds.
By Gronwall’s lemma again this inequality gives
04(£)] = Ke 27 (Jvy ()| +-2Lyed e, (7)]),
where 4 = y—2Ky—4KLy?6~! > Jv. In a similar manner, we obtain
lwy(£)] = Le~2¢7 (Jwy (7) |+ 2Kp6 7o, ()).
Thusfort =t = ¢,
o2 ()] + 1y ()] =< (K+L)e 27 (Jvy (v) |+ |y (7)1,

since ¢ << 1 and 6 > 2y(K+L).
If the solution v,(¢), w;(¢), ¢ = 1, 2 of (21) does not satisfy

[01(0)|+1@1(0)] = 02 ()| +1wy(t)] forall ¢ =4,
then we must have
[v1(t)] 1wy (t)] < lo5(t) 1+ |w2(ty)|  for some 2 =t,.
Since 5 = 14 (K+L)® > 1 we have throughout some interval ¢, < ¢ < t,,
[020) |+ 0y ()] = n(lvg(8)]+ s (t)1).

From the second and fourth inequalities of (21} it follows respectively that
fort, <7<t <,

[02(e)] = Kem=7 oy (8) |[+-Ky (14-77) [ e ((ug(s) |+ ws(s) )ds,
jwa ()| = Le=rt=7/e uoy(t)] +Lye(L4n) [ =400z (juy(s) |+ fwn(s)  ds.

Regard —7 as variable and —¢ as fixed. Then (23) is of the same form as (22)
with y replaced by 4y(14-#), and so by the above argument, we obtain for
LETsStEd

(24) [og ()} + |y ()] < (K+L)e 07 ([, () [+ [, (2)1),

since y, & have been chosen so small that
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v >Ky(l4-n); n >Ly(l+y);
0, = u—Ly(1+n)—e[r—Ky(1+1n)] > 0;
Ay = v—Ky(1+4n)—KLy*(14-7)26;* > 0;

and e<l1, 6, >y(K+L)(1+n).
Now on setting T = ¢, in both the first and third inequalities of (21) we
obtain

9201 = Ko~ oy () [4+-Ky (14) [, e j0a(s)] 4wy 5) s,
[wa(O)] S Lo~ #1018 [y ()| Lye (1) [ e =0 (fug(s)]+ fwn(s) ) ds,
and, in view of (24),

[92(0)] S Koy ()] + Ky (140) (K-+L) () +lwy 0)]) [, e=orre-nds
= Kjvy ()| +Ky (1+9) (K+L) (v+2,) 7 (oo () |+ w2 (2)1),

fw, ()] = Llwy (t)|+Ly (1+9) (K+L) (p+£2,) 7 ([, () |+, (8)1).-

Thus it follows that for4; < ¢ < ¢,

[v1(2) |+ 1wy (8) = (K+L) (joa(t1) |+ wa(t)])
+y(1+n) (K+L)2[(v+21) 7+ (u-+edy) ] ([02(8) |+ w5 (£)1)
< (K+L)* e a4y (14n) [(»+4,) 7+ (ut-edy) 1}
< (0201 + s 0)): ()10
Therefore
v ()]+1wy ()] < n(lva(f)]+1wa(t)]) forall ¢ =¢,.

This completes the proof of lemma B.

5

In this section we deduce from lemma B the following new results
regarding the behaviour as ¢ — 0 of every solution of the system (2) once
it enters into the neighbourhood of the unique solution of Theorem 2.

THEOREM 3. Let the hypotheses of Theorem 2 hold and let y.(t), z.(¢) be
the unique solution of Theorem 2. Then for & and |y(0)—y.(0)|+|2(0)—z.(0)]
sufficiently small any other solution y(t), z(t) of (2) is such that either

) FOI+EE = Ce D [|F(x)|+2()I] for t 27 =0,
or (ii) for somet, = 0,
FE)HED] < Ctn)e eI FE) I +EON for t 27 24,
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where §(t) = y(t)—y.(t), Z2(t) = z(t)—z.(¢) and C, 4, A, and n > 1 are positive
constants depending only on K, L, v.
Furthermore any solution y(t), z(t) of (2) for which

1y(0) —#(0)|4-12(0) —2(0)}

is sufficiently small satisfies (i) if and only if it is one of the solutions of
Theorem 2 with p replaced by p* > p.
We shall make use of the following

Lemma C. Suppose that the linear systems
(25) y =A@y, 7 =B@):
have respectively fundamental matrices Y (t), Z(t) such that
Y ()Y 1(s)] < et for 0t s < oo,

|Z@#)PZ1(s)| < Le ™9 for t=s,
|ZE)I—P)Z7(s)| < Le™?6D  for s=t,

where P is a projection matrix and L, «, B are positive constants. If o« < 8
then for any continuous bounded matriz function C(t) the system

"= AWy+C )z

7z = B(l)z

s kinematically similar (cf. Markus [11] or Coppel [5]) to the same system
(26) with C(t) = 0 i.e. to (25).

(26)

PRrROOF. Let
T(t) = [[Y(OY2(5)C(5)2(s) [ P) Z(t)ds
— [TY@O)Y1(s)C(5)2(s) P2 (1) ds.
Then
ITO < ZLiC@ [ [ eepeadsy [©eanu-ngs)
= 2LC@E)(B—ea) ™

Thus T '(¢) exists, is continuous and bounded. It is easily verified by differ-
entiation that T (¢) is a solution of

T = A(t)T—TB(t)+C(t).

Consequently the change of variable y = x+T7(¢)z transforms the first
equation of (26) into 2" = A(t)x and the lemma follows.

ProoF oF THEOREM 3. We have seen that the change of variables (13)
transforms (2) into the system (18).
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Now choose ¢ > 0 so that [4,(t)] < o for all¢ = 0. If ¢ < {uc! then
the system

= A,()v+A4,()w

ew' = B(H)w

satisfies the conditions of lemma C. Thus, by the proof of this lemma, there
exists a bounded, continuously differentiable matrix function 7 (¢) such that

T = A,(t)T—eTB(t)+4,(t)

and UT|| = 4L]|4,f|u"e.
The change of variable v = #+T (¢)w then transforms the nonlinear system
(18) into
(27) = A, (t)ut+F(u,w,t, e),

ew' = B(t)w—}—@(u, w,t, &),
where

F(u,w,t,¢) = F(v,w,¢, e)—e T ()G, w, t, &)

and Gu, w,t, &) =G, w,t,¢)

satisfy conditions of the same type as F and G.

Write @ = u(t)—u,(t), @ = w(t)—w,(t), where u(t), w(f) is the solution
of (27) obtained from y(¢), z(¢) and u.(¢), w,(t) is the solution obtained from
¥e(?), z:(t). Then 4, & satisfy

A(t)a+F(u, w, t, &) —F(ug, wg, 8, ¢),

@ =
(28) e = B{t)+G(u, w, t, &) —G(ug, w,, ¢, €).

From the variation of constants formula any solution #(¢), @(f) of (28)

satisfies
a(t) = VeV (r)i(z)

+ [V OV ) {Fu(s), w(s), 5, e]—Fluls), wels), s, el}ds,
B(t) = W ()W (v)ib()

+et [P WOW1(5){@luls), w(s), s, &) —Clu(s), we(s), s, £1)ds

fort = v = 0. Set

A(t) = 4,(t)+ (), where () = V(£)PV-1(t)a(t),
() = By (t)+By(t), where By(t) = W(E)PW1(#)d(t).
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Then we obtain
4, (t) = V@) PV (z)dy ()

+ [V O PY(s) (Fu(s)e(s), s, e]— Flug(s), wels), s, e]}ds,
y(t) = V(1) Ln— P)V 1 (t)dhat)

— [V @ =PIV (5){Flu(s), w(s), s, ]~ Flucls), wis,), s, el}ds,
Wy (t) = W(QE)P, W (z)®, ()

et [FW (O P (s){GTu(s), w(s), s, ] —Glue(s), wels), s, el}ds,
By(7) = W(t)(I,— P )W (£)@,(t)

—e L ['W (@) (I,—P) W)

A{B[u(s), w(s), s, e]—Gluels), we(s), s, el}ds.

It follows from (10), (12) that for ¢ in some interval f = ¢ = v = 0,

i (O] < Ket=D iy (1) +K6 [ =0 (1ai(s) |+ [(s) ) s,

la(z)] < Ke= =ity (t) | +K8 [ == (jai(s) |+ |(s)1) ds,
[ (t)] < Le~ Ke=nle i (z) +Loe=1le [ o= wt=nle (ji(s)|+|(s) ) ds,
[w3(z)| < Le= #e=le| By (¢)| + Loe—tse [ * = mu=re (1i(5)] +-14b(5)]) ds.
The functions 4, (¢), #,(t), @, (¢), @, (t) satisfy all the conditions of lemma B
so that if , ¢ are sufficiently small, we obtain either case (i)
)]+ 1B < 21 (6) 418, (1)) for t=720
= 2(K+L)e 2= (|, (z)|+ @, (r)]) for t=7=0,
or case (ii), for some ¢; = 0,
(@) |+ 1B(x)| = (14-n) (I8, (z) |+, (z)1) for ==,
= (V) (E-+L)e N (jdy(8) [ +[@,(8)])  for =721,

Since, in addition,
% (B)], 14,(2)] < Klat)],
@1 (0)], |®,(2)] = LIB(E)],
we obtain case (i) and case (ii) of Theorem 3.
We now prove the last statement of Theorem 3. If y(¢), z(¢) is one of the

solutions of Theorem 2, then it follows that it is bounded for all £ = 0 and
therefore cannot satisfy (ii), for otherwise it becomes unbounded for ¢ large
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enough. Hence the solution must satisfy (i). Conversely, let y(t), z(f) be a
solution of (2) which satisfies (i) and for which

a = |y(0)—7(0)[+2(0) —2(0)|
is sufficiently small. Choose 4 such that Cd < p'—p and
a[|P|+|P{1+U0)}] = v

where p, y are as in Theorem 2. Then

[Py (0)—g(0)][+|P1[2(0)—2(0)+-U (0){y (0) —7(0)}]|
= d[|P|+|P{1+|IUO)}] =¥
and by (i)

ly () —g(O)+12() —2()] = Cd+ly,(6) —F@)|+12:() —2()] = p".

It follows that y(¢), z(t) is indeed one of the solutions of Theorem 2 with
p replaced by p’. This completes the proof of Theorem 3.

6

In this last section we obtain by an application of Theorem 3 the follow-
ing theorem which gives a slightly stronger result than Anosov’s Theorem
5 [1].

THEOREM 4. Assume, in addition to the assumptions (1)-(IV) of Theorem
1, that (V) the variational equation (4) admits a single multiplier equal to 1
in modulus. Let y(t), z.(t) be the periodic solution of Theorem 1. Then for ¢
and [y(0)—y.(0)|+]2(0) —2,(0)| sufficiently small any solution y(t), z2(t) of
(1) s such that either

() [FEI+EE] = CeD[g()|[+2(T)]] for t =7 20,
or (ii) for somet, = 0,
F(@)1+1E@)] < Ces M DGE+E@]] for t 27 =4y,
where §(t) = y(t)—y.(t), Z(t) = 2(t) —2.(t) and C, C,, A, A, are some positive
constants.

Proor. By the change of variables (5) we have transformed (1) into
{(6) which is of the same form as (2) with 0 in place of ¢. The additional
assumption (V) of the theorem implies that the linear equation
dvld6 = A,(0)v = C(0)v has a fundamental matrix V() such that (10)
holds. It is not difficult to verify that (6) in fact satisfies all the hypotheses
of Theorem 3 so that Theorem 4 follows as a consequence of Theorem 3.

The author is greatly indebted to Mr W. A. Coppel for his guidance
and interest in this work.
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