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1. Introduction

Let
dy _
1.1) i Y(v) | |
be a given nonlinear autonomous system, where Y(y)eC: in a domain G of
the phase (n+1)-space R"*!. Here, of course, ¥ and Y are the (n-+1)-
dimensional vectors. In the sequel, let us call the independent variable ¢
the time.

In this paper, we consider the case where, in a domain G, the system
(1.1) admits of a family & of closed paths in the neighborhood of its certain
closed path

: Co:y=4(t).

According to the nomenclature of the preceding paper [5]”, the system
(1.1) is called respectively the fully or the partially oscillatory system ac-
cording as the family % consists of whole paths or of a portion of them
lying near C,. In either case, according to [5], we assume that, when n=>2,
the periods of the closed paths belonging to & are bounded. Then, by 4.1
of [5], there exist the umiversal periods for paths belonging to % such
that they are continuous at C,. Let us denote such a universal period of
C, by w,.

According to [5], we make use of a moving orthonormal system along
C,. Let &’s (1=1,2,---,m) be the normal unit vectors of a moving
orthonormal system along C, such that &,(t)eC;. Then, with respect to this
moving orthonormal system, any path C lying near C, is represented as

(L.2) y=9()+ 27,

and the time variable r along C and the #n-dimensional vector x=(x’) are
determined. respectively by the differential equations

dz- ” Y||2+ZZ_;@1Y*$@ 2)
dt Y*Y' ’
1) Numbers in brackets refer to the references listed at the end of the paper.

2) |1Y]|| denotes the Euclidean norm of Y. The dots above the letters denote differenti-
ation with respect to . The symbol * denotes the transposed.

(1.3)
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dx’

| | Y+ 2/ Y %,
(1.4) Sr=X@ 8= i1

Y*Y’

Y- Saer,

(=12, ..-,n),
where

Y'=Y($+3 2%,
Since Y’ is written as
Y'=Y+30 Vit +ollol)
where V(t) is a matrix whose elements are
aY*

ayl y=9Ct)
the equations (1.4) can be written in the vector form as follows:

(k,1=1,2, -+, m+1),

(15) & _ X(w, =A®a+o(|la):
where A(t) is a periodic matrix whose elements are
(1.6) A =£rV)e,—ErE,  (5,5=1,2,---, ).

From (1.4) and (1.6), it is evident that X(z,t) and A(f) are continuous and
periodic in ¢ with period w, and X(z, t)eC; for sufficiently small ||z||. The
equation (1.5) is the equation for the normal deviation of C from C,, or, in
other words, the relative equation of C in the normal hyperplane of C,.

The equation (1.3) enables us to calculate the universal period o of C
belonging to ¥ as follows:

W Y I+ 22 Y %,
0= [ 7oy dt,
because the universal periods are continuous at C,.

In this paper, first, the equation (1.5) is reduced to that of the form
as simple as possible and thereby the behavior of paths of the initial system
(1.1) lying near C, is made clear. Next, making use of the reduced form
obtained there, the perturbation problems are discussed and the criteria of
stability of the perturbed oscillation are found for both fully and partially
oscillatory systems.

As is proved in their paper [1], the system considered by Diliberto and
Hufford—the system which admits of regular integrals through C,—is a
special one of the partially oscillatory systems. Our results show that their
reduced form can be reduced further and that they are of the special form
of ours.

The perturbation problems were discussed already for both fully and
partially oscillatory systems in the preceeding paper [5], but there the
criteria of stability have not yet been found for the partially oscillatory
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system. In this paper, making use of the reduced form of (1.5), the criteria
of stability have been found also for the partially oscillatory system.

2. Fully oscillatory system
Let _
2.1) x=0(t, ¢)
be the solution of (1.5) such that
©(0, c)=c.
Then evidently ¢(t, ¢c)eC? for any finite ¢ and sufficiently small |[¢|l. Conse-
quently ¢(t, ¢) is written in the form as follows:

(2.2) ¢(t, ©)=G(t)e+o(]| c]l)

and G(t) becomes a fundamental matrix of the linear homogeneous differ-
ential equation

dx
=A@
pr )
such that
G(0)=E,

where E is a unit matrix.
In the present case, from the continuity of universal periods, it holds
that :

(2.3) o(w,, €)=¢

for any ¢ such that ||c|| is sufficiently small. Consequently, if, according to
the previous paper [3], we consider the transformation

(2.4) ' =o(t, x)

depending on a parameter t*, this transformation becomes an identical

transformation for ¢{=w, Since this identical transformation is of course
 imbedded in a one-parameter group of transformations

2’ =e'Pr,
~ where B is any matrix such that
(2.5) exp (w,B)=E,

by the results of the paper [3], the equation (1.5) is transformed to the
equation

dx
2.6 > —B
(2.6) = B%

by the periodic transformation

1) Since, from (2.2),
e, % ---, ™)
oz, x%, ---, 2" z=0#0
for any ¢, (2.4) expresses surely a transformation depending on a parameter ¢ for sufficiently
small || z]].
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2.7 x=¢(t, e *2x").

But the above discussion evidently prevails whenever Y(y) of the right-
hand side of (1.1) is once continuously differentiable. Thus we have

Theorem 1. For the once continuously differentiable fully oscillatory
system (1.1), the relative equation of any path C lying mear C, in the
normal hyperplane of C, is transformed to the equation (2.6) by the periodic
transformation (2.7). Here B is any matrix such that (2.5) holds.

When B is chosen so that B=0, the equation (2.6) becomes

dx
===,
dt

consequently all paths lying near C, becomes the fixed points in the normal
hyperplane of C,.

When the system (1.1) is perturbed as

2.8) %=Y(y)+eﬂ<y; )

where |e¢| is small and H(y;¢)eC,,., from (1.4), it is seen that the equation
(1.5) is perturbed as follows:

dx
2.9
(29) &

where K(x,t;¢) is continuous and periodic in ¢ with period ®, and
K(x,t;e)eC;... Then, by the transformation (2.7) where B is chosen so that
B=0, the equation (2.9) is transformed to the equation of the form

(2.10) Zf eF(x,t;e)

=X(x, t)+cK(z, t; ),

and F'(x, t; ) becomes a functlon of the same character as that of K(x,t;e¢),
because dg/ac’eC; ;.

Thus the problem to seek for a periodic solution of the perturbed
system (2.8) and to decide its orbital stability is reduced to the same
problem for the system (2.10). This latter problem is already solved by the
so-called stroboscopic method [3]", namely by seeking for a critical point of
the stroboscopic image

dx R .
(2.11) G h@="1 f F(, t;0)dt

and by deciding its stability.
Thus, by the results of [3], we have

Theorem 2. When the stroboscopic image (2.11) has no critical point,
there exists mo periodic solution of the perturbed system (2.8). When (2.11)

0

\ 1) In [3], there is given a proof for mathematical legality of the heuristic stroboscopic
method of N. Minorsky.
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has some simple critical poimts®, there exist periodic solutions of (2.8)
corresponding to each simple critical point of (2.11), and the orbital stability
of these periodic solutions of (2.8) becomes the same as that of simple critical
points of (2.11), so long as the stability is decided according to the signs

of the real parts of the characteristic exponents of the equation of first
variation. ~

The method stated in this theorem is a direct generalization of the idea
of the method proposed by Kryloff and Bogoliuboff [2], though the methods
seem to be entirely different in appearance.

3. Reduced form of the partially oscillatory system

In the present case, we assume that the initial system (1.1) admits of
an m-parameter family & of closed paths. When m=n, ¥ consists of all
paths, therefore the system becomes a fully oscillatory system. This case
is already discussed in the preceding paragraph, therefore, in this paragraph,
we assume that 1<m=<n—1.

, Since the intersection of closed paths belonging to ¥ with the normal
hyperplane of C, at y=¢(0) is an m-dimensional manifold, we may assume
that that manifold V™ is represented as
3.1) c=c(u),
where u=(u", 4% +++,u™) is an m-dimensional vector. For (3.1), without loss
of generality, we may suppose that ¢(0)=0. We assume that c(u)¢C: for
sufficiently small |j¢|l. Then the rank of the matrix whose elements are
(3.2) 9 G=1,2, -, m; a=1,2, -+, m)

ou* 7
cannot be identically smaller than m, because, otherwise, the manifold V™
would become a manifold of lower dimension than m. Therefore we may
assume naturally that the rank of the matrix whose elements are (3.2) is

~m for u=0, for this means that the point ¢=0 is an ordinary point of the
manifold.

Then, if we put
(8.3) o[, c(w)]=0(, u),
for this function ¢(t, u), we can prove
Lemma 1. The function ©(t,u) is twice continuously differentiable

with respect to u and is periodic in t with period w, and the rank of the
matrixc whose elements are

(3.4) o¢ (1=1,2,--+,m; a=1,2,---,m)
ou*

is m for any t.

1) A crtical point x=u, of (2.11) is ecalled simple when
oFs, F§, ---, F7)
o, 7 e, am)

for z=ux,.
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Proof. Since ¢(t,¢)eC? and c(u)eCZ, it is evident that &(t, u)eCi. Also
the path represented by
=0, u)
passes through a point of the manifold V™, therefore it is also evident that
the function ¢(t, w) is periodic in ¢ with period w,.
If the rank of the matrix whose elements are (3.4) is smaller than m,
then there exist numbers 4%s (a=1,2, ---, m) not all vanishing such that

S 0 (=1,2--,m),
=1 ou*
which are written from (3.3) as follows:

2, dp* ( =, oct ) .
%)= =1 . o .
12-1 ac’ «Z'E ou* x)=0 (=12, m)

This implies

(3.5) N gc’ A*=0 (.7=1r 27 ) ’n/),

because

oo ¢? -+, 0"

iy ’ ’ 0

a(clr 02’ Sty cn) #
as is remarked on (2.4). (8.5) implies that the rank of the matrix whose
elements are (3.2) is smaller than m. This contradicts the assumption on
the parameter wu.

Thus the lemma has been proved.

Now, since x=¢(t, u) is a solution of (1.5), the n-dimensional vectors
~1
(3.6) a§0 (a:l, 27 Sty m)
ou*
00*
ou®

op"
ou®

becomes the solution of the equation of first variation of (1.5), consequently

it is evident that %GC !, Then the above lemma says that the continu-
u -

ously differentiable n-dimensional vectors —gﬂ (ak= 1,2, ---,m) constitute a
u/«

periodic m-ple system of linearly independent vectors. Then, by Gram-

Schmidt’s process, we can construct a periodic orthonormal m-ple system of

n-dimensional continuously differentiable unit vectors P.(t)’s («=1,2, ---,m)

so that
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(3.7) P (t)= z‘,k""(t)a B (@=1,2, -++, m)
u=0
may hold. For this m-ple system {P,(?)} (a=1,2, ---, m), we can prove
Lemma 2. For a given continously differentiable periodic orthonormal
m-ple system {P,(t)} (a=1,2, ---, m), there exists a continuously differenti-
able periodic orthonormal n-ple system {P,(t)} (:1=1,2, - --, n) which contains
the given m-ple system {P(t)} («=1,2,---, m).

This lemma is a generalization of Theorem 1 of [4] or Theorem 1 of
[6]. The proof is carried out quite analogously as these theorems.

Proof. Evidently there exist local continuous orthonormal n-ple systems
{P®(t)) (k=0,1,2,---) each of which contains the given m-ple system
{P.(t)}. Let U,(t) be the matrix whose column vectors are P{*(t)’s (1=1,2,

-,m). Then, by the definition of {P{*(t)}, the matrices U,(¢) (k=0,1,2, ---)
are orthogonal, and the interval [0, w,] is covered by a finite number of the
intervals on each of which Uy (t) is defined. Let I,<I,<.--<I,” be such
intervals covering [0, w,].

For any t,eI,~1I,, construct an orthogonal matrix
(3.8) M,=U(t,) Uyt,)
and define U(t) so that

Ut)= { Uy(t) - for 05t
U,@t)M, for ¢,<tel,.
Then, from (3.8), M, is of the form
M1=( E, 0 ) »

0 I,
and U(f) becomes a continuous orthogonal matrix defined on I,—I, such
that its first m column vectors are always P,(t)s («=1,2, :--,m). Taking

this U(¢t) instead of U,(t), we repeat the above process, then there is
is obtained a continuous orthogonal matrix defined on I,~I,—1I, such that
its first m column vectors are always P, (t)s («=1,2, -+, m), and so on.
Thus, ultimately, after the N-th step, there is obtained a continuous
orthogonal matrix U(t) defined on [0, w,] such that its first m column vectors
are always P, (t)s (a=1,2, .-, m).
Put
(3.9) U Y w,)U0)=A,

then A is a proper orthogonal matrix, because U(t) is a continous orthogonal
matrix. Moreover, from (3.9), it is evident that A is of the form

1) Iy<I, means that I, contains ¢ greater than any ¢ belongmg to I.
2) Ey denotes a unit matrix of order m.
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(8.10) A:<Em 0 )
0 4

because

P (w,)=P,(0) («a=1,2,:--,m).
Consequently A becomes also a proper orthogonal matrix. Then, as is well
known, there exists an orthogonal matrix 7 such that
(3.11) T*ZT:E@C:OS a, —sin a,)@E,

" \sine, cosa,

where @ denotes the direct sum of matrices. Now, for matrices under the
sign >1@ in the right-hand side of (8.11), it holds that

(cos a, —sin a,)zexp(o —a,)

sin a, cos a, a, 0/’

consequently, if we put

(3.12) (OISPNS) ( 0 —ar) @ (0)=w,B,
a, 0

and

(8.13) E, 0\=T,

then from (3.11) follows
T*AT=exp (wyB,).
Therefore, if we put

(3.14) TB,T*=B,

it holds that

(8.15) A=exp (w,B),
from which (3.9) is written as follows:

(3.16) U(0)= U(wy)e™?.

Then, let us consider the matrix
V(t)y= U(t)e'®.
From (8.18) and (8.14), ¢'# is of the form
(o %)
0 X
consequently the first m column vectors of V{(¢) are also P.(t)s («=1,2,:--,

m). Also, from (3.12) and (8.14), B is skew-symmetrie, consequently e'? is
orthogonal. In addition, from (8.16),

V(o) = V(0).
Thus, if we define V() outside the interval [0, »,] by
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V(t+w)=V(®),
then V(t) becomes a continuous periodic orthogonal matrix whose first m
column vectors are always P,(t)s (a=1,2, -, m).

Let P,(tYs (v=m+1, ---,n) be the last (n—m) column vectors of V(¢),
then these are evidently continuous periodic vectors. In order to make these
continuously differentiable periodic vectors, for any positive number ¢, taking
a sufficiently small positive number 6 so that

[|B,¢)—P,(t")||<e (v=m+1,---,n)

for [t'—t"| <0, let us consider the vectors

(3.17) }_’y(t)z_zlé_fmﬁ,,(s)ds (u:m_|_1, s, ).

Then these are evidently periodic in ¢ because of periodicity of ﬁy(t)’s
(v=m+1,.--,n). Moreover, by Schwartz’s inequality, it holds that

1.0~ P.oll=—=| [ ' (Po)—P.(t1ds

=3B [ P)-Paolids|

t—d

IA

£
£

Therefore, when |¢| is sufficiently small, P,(tys (v=m+1, - - -, m) are linearly

independent relatively and to P.(t)s (a=1, 2, - - -, m), because P,(t)’s (v=m+1,
-++,m) and P,(t)s (a=1,2, ---,m) are relatively orthonormal. In addition,

P,(t)s (v=m+1, .-, n) are evidently continuously differentiable as follows:
dPt)_ 1 rp =
— s =_ (T B—P,t—'a = 17"'7 .
it 25[ (t+0)—P,(t—0)] (v=m+ n)
Then, if we again apply Gram-Schmidt’s process to this system {P,(?), Py(t)}
(=12, ---,m; v=m+1, ..+, n), we can obtain a continuously differentiable
periodic n-ple system of orthonormal vectors P,(t)s (¢=1,2, .-, n) which
contains initial m vectors P,(t)s (a=1,2,---,m). Thus the lemma has

been proved.

This lemma says that there exists a continuously differentiable moving
orthonormal system along C, such that its first m normal unit vectors are
SVPi¢ (@=1,2,---,m). Then, if we denote x=(x") with respect to this
i=1 .

moving orthonormal system by z=(&‘), from

n n
w‘Pfé,:Zl‘.x’Ej,
J= .

i, =1

1) This is really possible because ﬁv(t)’s (v=m+1, .-+, n) are uniformly continuous in
—oo<{< oo on account of their periodicity. -
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it is valid that
(3.18) Pt)z=x,
where P(t) is a matrix whose elements are Pj(t) (¢,j=1,2,---,n). Then,

from (1.5), for any path lying near C,, £=%(¢) becomes a solution of the

equation

d&? A
19 =X(x,t
(3.19) =X

of the same form as (1.5), where

© X, t)=P- () X[P ()&, t]— P-1(t) SED) (t)

=(P“AP—P"%)9%+0(”5:H).

Then, since x=¢(t, u) is a periodic solution of (1.5), from (3.18),
(3.20) E=0(t, w)=P'(O)2(t, u)
becomes a periodic solution of (3.19). Since, from the above.relation follows

iP’t a{DJ :ﬁ?_i (,L'____l’z,...,n; 6(21,2,"-,’”?/),
=1 ou” ou”
from (3.7), we have
n . 7 m
(321) SIPWXL = SIK)Pi),
i=1 ou* |,.o #41

where Ki(t) (a,8=1,2,---,m) are the elements of the inverse matrix of
the matrix whose elements are ki(t) (a,$=1,2,---,m)". (3.21) can be
written as follows:

2y piep [ 087
2P0 5
Then, since det P(t) -0, it follows that

—ﬁKﬁ(t)aﬂ:O (1=1,2, -+, m; a=1,2, +--, m).
=1

u=0

90 Sk e (G=1,2 -, m; a=1,2, -, m),
au”‘ w=0 B=1
which says that
E(I_Du_ =) (y:m—}_]_" e, Mg a:l, 2, -..,m),
aua u=0
o8
0 | —KKH) (a, =12 -, m).
aua u=0

From the second of the above formulas, it follows that

a«blv ‘.272’ Tty Qjm)
a(ul’ u2’ cee, u™

1) The determinant of the matrix whose elements are ki(t) (a, =1, 2, ---, m) does not
vanish as a matter of course because (3.7) is an expression of the Gram-Schmidt’s process,
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never vanishes for any ¢ when ||u|| is sufficiently small.
Then, the relations

(3.22) r=¢'(t,u) (a=1,2,---,m)
can be solved with respect to (u', % ---,u™) for any t as follows:
(38.23) wr=wr(t, & 42 - - -, &™) (@=1,2, -+, m)

where u*(t, %, %% .-+, 4™)’s are periodic in t with period @, Then, substi-
tuting (3.23) into the others of (8.20), i.e.

2 =0"(t, u) (v=m+1, ---, m),
we obtain
(38.24) &= 535, 8™ (v=m+1, ---,n),
where f*(¢, &%, &%, - -+, &™)Ys are periodic in ¢t with period w, and twice con-
tinuously differentiable with respect to z!, 2% ---,4™ Of course,

[, 0,0,---,0)=0 (v=m+1, ---, m), ‘
for w'=0 (a=1,2, ---,m) when &°=0 (a=1,2, ---,m). Thus the equation
(3.24) represents an (m+1)-dimensional closed integral strip S™*!' passing
through C; as is seen from its formation.

Then, if we transform the variable & to z by
am  [{77F =laoom
r=w—rg s,z .,z (v=m+1,---,n),
the equation (3.19) is transformed to the equation
dz
(3.26) - =Z(z,t)

of the same form? as (3.19), namely as (1.5), and 2°=0 (v=m+1, ---,n)
satisfy (3.26) identically. Hence Z(z,t) can be written in the form

2@ )= 3 Zyn b (v=m+l,---,m),

where Z:(z,t)’s (v, py=m+1, - -, n) are periodic in ¢ and continuous in z and
t. Thus the equation (8.26) becomes the equation of the form

'lidzta—:Za(z’ t) (azly 27 "'7m)’
(3.27) by
= S Ziz ) (v=m+l, ..., ).
dt  srmi
Then, in S™*!, the equation (8.27) becomes
%___th(zl, ce,2"0,--4,0, t) (a=17 2’ ) m)’
(3.28) iz
71—1—:0 (v=m—4+1, .-+, n).

But, in S™*!, all paths lying near C, are closed and they are expressed by

1) The condition that Z(z, t) is continuously differentiable with respect to z is included.
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za=¢a(ti u) (a:l, 2’ "'rm)
as is seen from (3.22). Therefore, in like manner as in Theorem 1, by the
periodic transformation ’
(3.29) C r=¢(t,7)  (a=1,2, ..., m),
the first of (3.28) is transformed to the equation
(fizt,azo (a=1’29 "'9m)’

namely the equation of the same form as (8.28) but with
Zﬂ(zl’._.,zm,o, "',O,t)IO (a:172y"'1m)'

When these hold, Z%(z,t) (a=1,2, ---, m) are of the same form as Z*(z,t)
(v=m+1, ---,n). Thus we have

Theorem 3. For the twice continuously differentiable m-parameter?
partially oscillatory system (1.1), the relative equation of any path C lying
near C, in the mormal hyperplane of C, is transformed to the continuously
differentiable equation?
(3.30) L= B Xt (=12

v=m+1

by the periodic transformation, when a moving orthonormal system along
C, s suitably chosen. Here Xi(x,t)s (1=1,2,:---,m; v=m+1,---,n) are
periodic in t and continuous im x and t.

As is seen from the form of (3.30), for the present system, there exists
an (m+1)-dimensional closed integral strip S™*!, which is represented by

=0 (v=m+1,---,n)
for the equation (3.30). In addition, for the equation (3.30), the paths in
S™*! are represented by the fixed points in the normal hyperplane of C,.

4. Perturbation problem for the partially oscillatory system

In this paragraph, we .consider the case where the three times con-
tinuously differentiable m-parameter® partially oscillatory system (1.1) is
perturbed as
(4.1) Y ()+HW; o
where ¢H(y;¢)eC;,.. In this case, as is seen from the proof of Theorem 3,
the equation (3.30) is perturbed as

(4.2) %: >3 X (o, O+ K (@, 85 )

and it becomes that i X,(x,t)x*eC% and ¢K(x,t;¢)eCy.,.
vem+l

1) This means that Y(y)eCZ and c(u) of (3.1) belongs to CZ.
2) This means that the function of the right-hand side of the equation belongs to C.
3) This means that Y(y)eC} and c(u) of (3.1) belongs to Cj.
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Let x=¢(t, c; ¢) be the solution of (4.2) such that
(4.3) (0, c; e)=c.
Then the function ¢(¢, ¢;¢) is twice continuously diﬁerentiablevwith respect
to ¢ and ¢, and, from the form of (4.2), it is seen that
et ety - er, ™0, -44,0;0)=c" (a=1,2, -+, m),
{go"(t, c¢y,---,¢%0,---,0;00=0 (w=m+1,---,n).
Therefore ¢(t, c;¢) can be expressed as follows:

ot c; s):c”—i—}l:}:;lG;'ic"-i-sr”—f—o(] e R (A R )]
(4.4) (a=L2, -+, m),
so”(t,C;e)=ﬂglG20”+sr”+0(lcm“I+- e+ ef)
(v=m+1, -+, n)
as ¢, e>0 (u=m+1, ---,n). Here
CGi=Git, ¢, -+, e, ri=rit, et -, e™)
. (t=1,2,---,m; p=m+1, -+, n)
and, from (4.3),
G40, ¢, «--, c™)=r¥0,¢, - - -, c™)=0,
{ Gi0,c, -« -, c™)=0,
(@=1,2, -+, m;v, p=m+1, ---,0n;1=1,2, -+ -, n).

(4.5)

In the sequel, for brevity, let us denote Git,c', ---,¢™) and 7t c', ---,c™)
by Gi(t) and ri(t) respectively.
When (4.4) is substituted into (4.2), there are obtained

(i) dGZ = é X:(cly SRR i 07 ) Ort)G;
t Vol (¢=1,2,---,m; p:jn—i—l, ...,fn)’
(ii) (Zra - ﬁ‘l X:(cl, "',Cm,O, Tty 07 t)/"v
t v=m+1 —|—K"(c‘, e, 0, ---,O,t;O)
(4.6) (a:I; 2’ Tty m))
(lll) d((l;;,; = i X:(cl, Yy cm’ O, tt 0! t)G:‘
t=m+1 (XJ, #=m+1’ KN n),
(lV) }istu: i )(:(cl’ .- “y Cm, 0’ * 'A', 0’ t)?":
k=m+1

+Ky(cl’ *e .,cm, 07 Sty 09 t; 0)

(v=m+1, ---,n).
Therefore, from (4.5), the matrix G whose elements are G (v, p=m+1, - - -,
7) becomes a fundamental matrix of the linear homogeneous equation

dg
4.7 =X
(4.7 i g

such that
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(4.8) G(0)=E,

where X is a matrix whose elements are X (¢!, ---,¢%0,---,0,%) (v, k=m+1,
-+,n). Then, from (4.5), the equation (iv) of (4.6) is easily integrated as

follows:

(4.9) r=G(t) f ‘G-1(s)K (s)ds,

where 7 and K(s) are (n—m)-dimensional vectors whose components are 7’
and K*(c¢!, ---,¢"0,:--,0,¢;0) (v=m+1, ---,7n) respectively. Making use
of these results, G& («=1,2, ---, m; pg=m—+1, ---,n) and r* (ea=1,2,:--,m)
are easily found from (4.5) by integrating (i) and (ii) of (4.6) as follows:

(4.10) Git)= [ 31 X2, -+, e 0, -+, 0, 5)Gr(s)ds
v=m+1
0 (¢a=1,2, -+, m; p=m+1, .-+, n),
(4.11) @)= [ [ 31 X2(c", -+, ¢", 0, -+, 0,8)rs)
v=m+1
(]

+K“(61, eee, e, 0,404,0,8; O)st
(6!':1, 2, ] m)'
Since ¢(t, c; e)eCZ.,, it is evident that
r(t)= 0¢'(t, c; ¢)

S=e=0 de S=c=0

Gi(t)= op (gt;’czc, £)

(i=1,2,---,n; p=m-+1, .-+, m)

belong to Cl . ... ,», where ¢ is an (n—m)-dimensional vector whose com-
ponents are ¢* (p=m-+1, ---,n). For the functions Gi(t), r'(t) (:=1,2, ---,
n; u=m+1, ---, n), there holds

Lemma 3. For any positive integer p, it holds that
(i) G(pw,)=GE,
(ii)) r(Po))=(E+Gy+- - +G)r(w),

*12 | (i) G(pw) =G (0N E+Go+- - - +GF),
(iv)  7'(pwy)=pr' (@) +[G'(00) + G (2wy)+ - - - +G'(p—D)wo)]7(y),
where
Gy=G(w,);

G'(t) is a matrix whose elements are G (¢=1,2,---,m; py=m+1, ---,
n);

r'(t) is an m-dimensional vector whose components are r* (a=1,2, ---
m).

Proof. Since G(t) is a fundamental matrix of the periodic linear
homogeneous differential equation (4.7) such that (4.8) holds, as is well
known, it holds that-

(4.13) G(t+w) =G ()G (w,),

from which immediately follows (i).

b
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When we calculate r(t+w,) from (4.9) and (4.13), we obtain:
(4.14) fr(t—i—wO):G(t)G(wo)[ f * G- s)K (s) ds+ f " G- ()K (s) ds]

=G ()r(wo)+ G ()G (o) f G H0n)G (K (s) ds

=G (t)r(wo)+r(t),
from which immediately follows (ii).
For G'(t), from (4.10) and (4.18), we obtain:

G/(t+0) = G (we)+ f X'(s)G(s) ds

=G (w0)+ f X(8)G(s+,) ds

~G’(wo)JrG’(l’ﬁ)Go,
where X'(s) is the matrix whose elements are X2(¢,---,¢"0,---,0,8)
(a=1,2,-++,m; v=m-+1,--.,m). (iii) of (4.12) is immediately derived from
the above formula.
For 7'(t), from (4.11) and (4 14), we obtain:

r(t+ ) =r'(0n)+ f [X/(8)r(9)+K'(s)] ds

=100+ f [X@)r(e)+G(s)r(@g) + K ()] ds

=7'(wy) +"'/(t) +G Or(w,),
where K'(s) is a vector whose components are K*(¢!, ---,¢™,0,-+-,0,s;0)
(e=1,2, ---,m). From the above formula, (iv) of (4.12) is derived readily
by induction.
" Thus the lemma has been proved.

The condition that the solution z=¢(t, ¢; ) may represent a periodic
solution of (4.1) is that the following relation holds for a certain positive
integer p:

(4.15) P(pwy, ¢; e)=c.
When (4.4) is substituted into the left-hand side, this relation is written as

follows:
(4.16) [ G/(pwn)i-+er'(pog)+-o(| 8] + |¢))=0,

[G(pwo)— ETe+er(pwe)+o(|2| + | <])=0,

where || = i lc"l Thus the problem to seek for a periodic solution of

(4.1) becomes the problem to determlne ¢ satisfying (4.16) so that c¢*—>c§
(@=1,2, -+, m), c>0 as ¢>0.
At present let us assume that
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(4.17) det [G(pw,)—E]0,
which, by (i) of (4.12), is equivalent to
det [G?(w,)—E] 30, ‘
namely to that the p-th power of any characteristic roots of G(w,) is not
equal to unity. Then, in the present case, it ev1dently holds that

(4.18) det [G(w,)— E]30.
When (4.17) is valid, from the latter of (4.16), it follows that
(4.19) c=—e[G(pwy)— E]*'r(pwy)+o(|¢]|)eCa, ..., om, ..
Consequently substitution of this into the former of (4.16) entails
(4.20) — G (pw,) [G(pwo) — E']~'1(pwo) +7'(pwo) +0(e) =0,
of which the left-hand side belongs to C4, ... .. . because ¢(¢, ¢; ¢)eCl .. Then,
letting ¢—>0, ¢*=¢; (a=1,2, ---, m) becomes the solution of the equation
(4.21) — G (pwy) [G(pwo) — E 1~ '7(pw,) +1'(pw,) =0.
However this is equivalent to the equation
(4.22) =G (@) [G(we)— E]'r(wy)+1'(w,)=0.

For, by Lemma 3, the left-hand side of.(4.21) is calculated as follows:

—G () E+Gy+ -+ - + G NG —E) (E+Gy+ - - - + G Y)r(wy)+ pr'(we)+
+G (@) [E+(E+Go)+- - - +(E+Go+ - - - +GF ) ]r(on)
=—G(0)[(E+Go+ - -+ G NG, —E)™*
—(E+(E+Gy)+- - - +(E+Go+ - - - +GF ) ]7(wo) 4 pr'(wo)
=—G(0)[(E+Go+-- - +GFY)
—(Go—E)+(Gi—E)+ -+ - +(GP ' — E)(Go— E)'7(w,) + pr'(w0)
=p[— G (0)(Gy— E)~'r(wo) +7'(@,)]. '
Thus we see that, when there exists no real solution ¢*=cf (a=1,2,--:,m)

of (4.22), there exists no ¢ satisfying (4.16), namely there exists no periodic
solution of (4.1).

When there exists a real solution c¢*=c¢f («¢=1,2,---,m) of (4.22),
let us assume that the Jacobian J of the left-hand side of (4.22) with
respect to ¢* (a=1,2,---,m) does not vanish for c¢*=c} («a=1,2,---,m).
Then, since the Jacobian of the left-hand side of (4.20) with respect to c°
(a=1,2, : -+, m) becomes pJ for ¢=0, by the theorem on implicit functions,
there exists a unique solution c¢*=cg(e)eC! (a=1,2,--.,m) of (4.20) such
that ¢i(0)=c; (a=1,2, ---,m). Substituting this solution c¢*=c(c) (a=1, 2,

-, m) into (4.19), there is obtained ¢ of the form ¢=c¢,(c) where ¢,(c)eCL

Now, in the present case, since (4.18) is valid, there also exists a so-
lution {c*=¢i(¢) (a=1,2, -, m), ¢=cc,(c)} of (4.16) such that ¢{(0)=c; (a=1,
2, -+, m). Then, for such ¢=(c, ---, ¢c™ c), there holds

(o, ¢; €)=¢,
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consequently, for any positive integer p, there holds
(pwy, ¢; <) =c. :
This says that {¢*=ci(e) (=1, 2, -- -, m), c=cc,(¢c)} also satisfy (4.16). But,
as is stated above, the solution of (4.16) such that ¢*(0)=¢§ (¢=1,2, -+, m)
is unique, therefore
CZ(S)ZCi'(s) ((x:l, 2, m)r ap(‘g):_-c’l(e)v

namely, in the present case, there does not exist any subperiodic solution®
for p such that (4.17) holds.

When (4.18) holds but (4.17) does not hold for a certain positive integer
p (>1), there exists a solution of (4.16), but is not necessarily unique for
such p, because ¢ is in general not determined uniquely as (4.19).

When (4.17) holds but J=0 for ¢*=c¢; (=1, 2, ---, m), there may not
exist any solution of (4.16).

Thus, summarizing the above results, we have

Theorem 4. When the three times continuously differentiable m-
parameter partially oscillatory system (1.1) 4s perturbed as (4.1),
consequently when the relative equation (8.30) is perturbed as (4.2), on the
periodic solution of (4.1), we have the following conclusions:

1° when (4.17) holds and (4.22) has no real solution ¢* (a=1,2, ---,
m), there exists mo periodic solution of (4.1);

2° when (4.17) holds and (4.22) has a real solution ¢*=c; («a=1,2,---,
m), there exists a unique periodic solution of (4.1) provided J==0 for
c=cf (a=1,2,---,m); in this case, there exists mo subperiodic solution for
p for which (4.17) holds;

3° when (4.17) holds but J=0 for c¢*=c; (a=1,2,---,m), there may
exist mo periodic solution of (4.1) even when (4.22) has a real solution
c*=c; (a=1,2, -+, m);

4° when (4.17) does mot hold but (4.18) holds, the same conclusions as
1° and 38° are valid and the conclusion of 2° s replaced by:

provided J=:0 for c¢*=c¢; (a=1,2, ---, m), there exists a periodic so-
lution of (4.1) and there may also exist a subperiodic solution;

5° when (4.18) does not hold, there may or may not exist the periodic
solution of (4.1) and it may not be unique when it may exist.

5. Stability of the periodic solution of the perturbed system

In this paragraph, we study on the stability of the periodic solution of
(4.1), whose existence is asserted by Theorem 4, namely on the stability of
the periodic solution of (4.1) corresponding to

fer=ci(e) (a=1,2,---,m), ¢=cc,(c)}.

1) The periodic solution corresponding to (c;,, -+, €y, €8p) different from (cq!, - - -, €T, €Gy) is
called a subperiodic solution. Cf. 3.2 of [5].
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For the subsequent discussion, a lemma on the eigenvalues of matrices
will be proved.

Lemma 4. When det B(0)=0 and |¢| is sufficiently small, the eigen-
values of the continuous square matrixz of the form
<5A1(5) A(e)>
eBy(c) B(e)
are the numbers of the forms
e[A+o0(1)] and p+o(1)
as e—>0, where 1 and p are respectively the eigenvalues of the matrices
"A,(0)—A(0)B-'(0)B,(0) and B(0).
Proof. Since, by the assumption, there exists B-'(¢) for sufficiently
small |¢], put
T:E’+Z=E+< 0 AB"),
—¢B'B, 0
then
T=(E+2Z)!
=E—~Z+7Z*—Z%4---
=<E’1—r;u4B“2B1 -—AB“‘—}—eAB‘ZBlAB*)—l-O(sz)”.
‘ ¢eB™'B, E,—¢B'B,AB"!
Therefore it follows that
(5.1) T“(sA1 A)T:(e(Al—AB‘IBI) e(A1~AB‘1Bl)AB‘1>+O(52).

\eB, B 0 B+¢B,AB™!
If we put
f(p, e)=det (eAl—pEl A ) ,
. eB, B—pE,
then

S (e, 0)=det (—pFE))-det (B(0)—pE),
consequently the roots of
f(p’ 5):Or
namely the eigenvalues of the given matrix are the numbers of the forms
o(1) and z+o(1) as 0.
If we write the eigenvalues of the forms o(1) as ¢p, then, from f(ep, €)=0,
we have

(5.2) det <ﬁ1-AJ§-lz§l—pEl+o(1) 0(e) >:o,
0(s) B+o(1)
because, from (5.1), f(ep, ¢) can be written as follows:

1) E: and E: denote the unit matrices.
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f(ep, e)=det (s(ﬁl—ﬁé—lél—pawo(e) E(Al—Aé-lz}l)Aé-lJro(e)) .
0(?) B+¢B,AB ' +0(1)—¢oE,
Here A, A, --- ete. denote respectively 4,(0), A(0), --- etec. The equation
(56.2) says that, as e>0, o tends to a root of the equation
det [(-"il_Aoéwlél)*’PEJ =0,
namely one of A’s. This says that the eigenvalues of the form o(1) of the
given matrix are of the forms
e[A+0o(1)].
Thus the lemma has been proved.

Now, the multipliers of the solutions of the equation of the first vari-
ation of (4.2) with respect to the periodic solution of (4.1) corresponding to
{c*=¢5(e) (a=1,2, ---,m), ¢=¢C,(c)} are the characteristic roots of the matrix
@ whose elements are

0 wncie) ;19 ... m)
ac’
for ¢=c¢i(e) (a=1,2, -+, m), ¢=ecc,(c). But, from (4.4), @ is written as
follows:

E+8( & 96,

p=m+l a 0

o 3y W) ey )+o<e) - Glwg)+o(1)

r=m+l  0C,

0G, 3Gy (w) o g
co ac, ac, ac,

" )+o(e> G (o) +o(1)

where denote the matrices whose elements

are respectively 904@) 0GUay) = ori(wy) .4 O (wo) (@, B=1,2, -
ac? ac’ ac? oc?

y, p=m+1, -+, n) for ¢*=ci(e) (@=1,2,:--,m). Then, from (4.19), @ can
be written as

(5.3) O=E+V,
where
(5.4) U= e[ z a 9Ge (H-1r(wy)) + G (o) o(1)\.

s[_#smﬂ a;{/ (H-'r(c )o))“+ -{—o(l)] H+o(1)

Here H=G(w,)—F, aH,,/acozaG#(wo)/aco and (H Yw,y))" denotes the p-th
component of H~'r(w,).

Let us consider the case where the eigenvalues of G(w,)=G, are all
smaller than 1 in absolute values. As is readily seen from (4.4), this means
that the integral strip S™*! of the unperturbed system (3.80) is completely
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stable®. In this case, the 'condition (4.18) is of course fulfilled, namely
det H=-0. Consequently, for sufficiently small |¢|, det (H+o0(1))30 and
(H4o0(1))"'=H '+o0(1). Then, by Lemma 4, for sufficiently small |¢|, the
eigenvalues of ¥ are approximately equal to the eigenvalues of H and those
of the matrix

6[_ é n(H Ur(wo))" + T~G'(wo)1’:[‘1(_ll=§1 aaH/‘ (Hr(wy)) + 3¢, )]

p=m+1 a 0

o[-, 5, S oy + G0 5 T o)y~ G0
p= m+1 aC pr=mt aco
or’
T oc, J

(@o)H " '7(we) +7'(w0)].

Here the matrix

[—G'(wo)H *r(w,)+7(w,)] is a Jacobian matrix of the

0

left-hand side of (4.22) with respect to ¢* (a=1,2, ---, m). Therefore, if
we denote this matrix for the value ¢*=¢§ (a=1,2, ---, m) by J,, it follows
that, for sufficiently small |¢|, the eigenvalues of ¥ are approximately equal
to the eigenvalues of H and of ¢J,, Then, from (5.3), it is seen that the
eigenvalues of @ are approximately equal to the eigenvalues of G, and the
eigenvalues of ¢J, increased by 1. Thus, if the real parts of the eigenvalues
of eJ, are all negative, the eigenvalues of @ become all smaller than 1 in
absolute values because of. the assumption on the eigenvalues of G,”. Thus,
on the stability, we have

Theorem 5. When the eigenvalues of G, are all smaller than 1 in
absolute values and the real parts of the eigenvalues of eJ, are all negative,
there exists a wumique periodic solution of the perturbed system (4.1) and
this periodic solution is stable with the integral strip S™** of the unperturbed
system. Here J, is a Jacobian matrixz of the left-hand side of (4.22) with
respect to ¢* (a=1,2, ---, m) for the value c*=c§ (a=1,2, ---, m).

When det(G,—E)=0 and J%0 for ¢*=¢f (a=1,2, ---, m), if some of
the eigenvalues of G, are greater than 1 in absolute values, or if the real
parts of some of the eigenvalues of &J, are positive, there exists a unique
periodic solution of the perturbed system (4.1), but it can not be stable, for,
in this case, some of the eigenvalues of @ become greater than 1 in
absolute values.

1) The stable periodiec solution is called completely stable when the multipliers of solutions
of the equation of the first variation with respect to that periodic solution are all smaller
than 1 in absolute values.

2) Because, for any complex number a-1b, we have

|1+ e(a+1ib) | =v1+2ea~-€¥a?—b%) =1+ea+0(e?).
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6. Remarks

Except for slight generality on the order of periodic solutions, Theorem
4 is the same as Theorem 13 of the preceding paper [5]. However the
method of the present paper is different from, and far simpler than, that
of the preceding paper. On account of this simplicity, we could find Theorem
5—the criteria of stability of the periodic solution of the perturbed system,
which has not been obtained in the preceding paper.

But, for actual calculation of periodic solutions of the perturbed system,
the method of the preceding paper will probably be preferable to the method
of the present paper, for the reduction of the relative equation of the paths
to the form (4.2) will not be so simple for actual calculation.

Thus it may be said that the method of the preceding paper is swited
to actual calculation and the method of the present paper is suited to
theoretical research.
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