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1. Introduction. Normal mode vibrations of coupled nonlinear systems of two or
more degrees of freedom have been the subject of extensive study in recent years [1-11].
Detailed results have generally been limited to the case of similar normal mode vibra-
tions where the wave shapes in the various degrees of freedom are proportional and
where the existence of these modal vibrations has been established. This case includes
the traditional normal mode vibrations of linear systems and also the vibrations of
certain highly nonlinear systems [2]. Nevertheless, it is rather special, and it is desirable
to have existence theorems for the more general nonsimilar normal mode vibrations [3, 4].

Since normal mode vibrations are select periodic solutions it would appear reasonable
to first establish the existence of various families of periodic solutions and then to single
out those which correspond to the normal modes. However, this has not been the ap-
proach previously adopted, and for a good reason, since it abrogates the principal
value derived from the introduction of normal mode vibrations. Normal mode vibra-
tions (in linear or nonlinear systems) are introduced mainly to uncouple the system
so as to allow for the explicit integration of the equations of motion [4, 5]. Admittedly,
only special periodic solutions are obtained, but the method provides for the type of
detailed study required in many engineering applications. This, typically, is not the
case when more general mathematical theories are applied to these problems. Also, in
practice these special periodic solutions depict the most important motions of the
systems studied and hence are of prime concern [2]. Aside from all practical considera-
tions, the formulation and treatment of normal mode vibrations as a singular boundary
value problem [6] is of genuine theoretical (mathematical) interest.

In this paper we consider a number of existence theorems for periodic solutions of
coupled nonlinear systems of two or more degrees of freedom. These include normal
mode vibrations as well as other periodic solutions. We establish the existence of periodic
solutions of small amplitude which are near to linearized motions and we treat both the
critical and the noncritical cases, i.e., cases where the linearized frequencies are com-
mensurable and incommensurable. The method employed here has been used previously
[12] and exploits the symmetries of the system together with the classical implicit
function techniques. Alternative perturbational methods [13] could also be used but
the present one would seem to be very well adapted to this type of problem with its
special dynamics features. The results can be considered as contributing to the theory
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of normal mode vibrations only in the somewhat oblique fashion outlined above. It is,
perhaps, of some theoretical value to establish indirectly the existence of normal mode
vibrations of small amplitude, as done here, but the primary existence question remains
an unanswered and a challenging mathematical problem.

2. Preliminary concepts. We shall consider an idealized conservative system con-
sisting of n point masses (executing colinear displacements X;) which are anchored and
coupled by nonlinear springs. The equations of motion will be of the form

_ U
TaX,

where U is a potential function equal to the negative of the strain energy stored in
the springs. The system possesses the energy integral

T —U =h, )

where T = (1/2)>_"_, m;(X?)* and h is the constant energy level of a given motion.
We assume that the potential U is negative definite, is a function of the absolute value
of the length changes of the springs, and possesses continuous third order derivatives.
The coordinate space {(X,, X,, -+, X,)} is called the configuration space, and for
a given energy level h > 0, all solution curves of the system in the configuration space
are confined to the interior of the surface —U = h (ie., T = 0), called the bounding
surface. The bounding surface is closed, surrounds the origin, and is symmetric with
respect to it. We shall further assume that the linear approximation of the system (1)
can be completely uncoupled by a linear transformation and that the motion in each
of the uncoupled states is simple harmonie.
Consider now the differential equation (system)

z’ = {(2), 3

where z and f are 2n-dimensional (row) vectors. The differential equation (3) is said
to possess property E with respect to Q [13] if Q is an n X n (constant) matrix satisfying

1(zQ) = —1(2)Q )

for all z. Property E with respect to Q implies that the differential equation (3) remains
invariant under the substitution ¢t — —¢, z — z@, and depicts certain symmetries of
the system. Let ! denote the set of all (constant) 2n-vectors a satisfying aQ = a. Then
lis called the lethargic set (set of fixed points) of Q. If T is a trajectory of (3) emanating
from the lethargic sct at time ¢, which intersects the lethargic set at a future time ¢, ,
then T is called an l-normal trajectory. It is not difficult to show [12] that if (3) possesses
the usual existence-uniqueness properties for differential equations that an Il-normal
trajectory is a periodic trajectory with half period equal to the elapsed time t, — ¢, .
If z is the usual phase space vector (X, , X,, -+, X., X!, X5, .-+, X7) it is rcadily
seen that the system (1) possesses property E with respect to the matrix

min, = UX.‘ (2 = ly 2v 31 e )n) (1)

Ql=diag(1:1»""lr_ly_ly"';—l)
and that the corresponding lethargic set I, is merely the bounding surface, i.c., X| =
X4 = --- = X! = 0. Thus any solution curve in the configuration space which intercepts

the bounding surface twice is a periodic solution.
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Suppose there exist two constant matrices @, and @, such that the differential equa~
tion (3) satisfies property E with respect to both. Let I, and I, be the lethargic sets
associated with @, and @, , respectively, and assume that (1,)Q, is a subset of I, . Then
it is only slightly more difficult to show [12] that a trajectory which first intersects I,
and subsequently intersects [, is a periodic solution of (3) with quarter period equal to
the elapsed time. Since the potential U is an even function of the spring displacements,
it follows that the system (1) also satisfies property E with respect to the matrix

n n
N A

Q2=dia’g(_11_1,”'v—lylrlv“'11)
and that the corresponding lethargic set I, is the origin of the configuration space, i.e.,
X, =X, = -+ = X, = 0. Further, (I,)@. = [, and thus any solution curve in the

configuration space which intercepts the bounding surface and the origin is a periodic
solution. Of course, any solution in the configuration space which intercepts the origin
twice is also a periodic solution.

We note that these results imply that no solution curve in the configuration space
can (a) intercept the bounding surface at three distinet points, (b) intercept the bounding
surface and the origin without intercepting the bounding surface at two points, ()
intercept the origin so as to form more than two loops. A solution curve which intercepts
the bounding surface at two points is a periodic solution which retraces itself each half
period. A solution curve (periodic or otherwise) passing through the origin in configuration
space is symmetric with respect to the origin. Solutions of (1) in the configuration space
which connect the bounding surface with the origin will be called BOB (boundary to
origin to boundary) periodic solutions. Periodic solutions of (1) which connect two points
on the bounding surface without passing through the origin will be called BB (boundary
to boundary) solutions. Periodic solutions of (1) which pass through the origin twice
without intercepting the bounding surface will be called OO (origin to origin) solutions.

Normal mode vibrations have been characterized [4] as vibrations-in-unison of the
physical system. A spring-mass system is said to execute vibrations-in-unison if the
motion satisfies the conditions

(1) the mass points vibrate periodically with common period,
(ii) there exists a time ¢, at which all mass points simultaneously pass through
the origin,
(iil) there cxists a time ¢, # ¢, at which all velocities simultaneously vanish, and
(iv) the position of every mass point at any instant of time is uniquely determined
by that of any one of them at the same instant.

Clearly, any BOB solution of (1) satisfies the first three of these conditions and may
or may not satisfy the fourth. However, every normal mode vibration is necessarily a
BOB solution.

3. General existence theorems. We assume a value for the energy constant h > 0
and consider all the motions of the system (1) corresponding to this (fixed) energy level.
Introducing the scaled variables

w o= h""m?X,

and a suitable linear transformation

Xy = Fi(ul y Uz 4 0 tun)’
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we may write the equations of motion in the ferm
x:'=—)\?xi+h¢/2p6(xl,x2,"'1xn)h)r (7:=112’°"vn) (5)

where \; > 0 are the linearized frequencies and P, are continuously differentiable and
at least second order in the z,; variables. The exponent ¢ > 1 is chosen so that not all
P, vanish identically in z, , z,, -+ , z, for A = 0. The energy integral may be written
in the form

%Z(xf)2+%z>\3xf+h’/2V(xl y Ly y *°° )xnrh)=]-» (6)
i=1 i=1

where V is at least second order in the z; variables.
For h = 0, the bounding surface becomes the ellipsoid

P NE =1, )
and the system (5) possesses n periodic solutions
1/2

z, = cos A\, ¢

14 Ay ¥y
(8)

X, = O, 1: vy
which generate the axes of this ellipsoid (v = 1, 2, .-+ | n). If the frequencies A, are

incommensurable then these are the only periodic solutions. If the frequencies X, ,
v=1,2,---,k < n, are commensurable, then all solutions lying in the {(z,,,, * -, 2))}
hyperplane are periodic. The n periodic solutions (8) represent the linearized normal
mode vibrations of the system and we shall first determine conditions under which
these are members of a continuous family of periodic solutions for small values of A.

For v fixed, consider the ratios of the linearized frequencies X\;/X\, , where ¢ 5 »,
1 < 7 < n. If no one of these ratios is an odd integer we shall say that the system (5)
is mon-degenerate with respect to the frequency A, . Whenever one or more of these
ratios is an odd integer, system (5) will be said to be degenerate with respect to the
frequency A, . System (5) is further classified as partially or totally degenerate with
respect to \, depending upon whether some, but not all, or all of these ratios are odd
integers.

TaeoreM 1. If the system (5) is non-degenerate with respect to the linearized
frequency A, , then the periodic solution

1/2

z, =3 cos A\, 2, 0<t<w/2\,

x,'=0, i#l’

©)

of (5) for b = 0 is the generator of a (unique) continuous family of BOB periodic solu-
tions for all sufficiently small values of the energy constant h.

Proof: 1In general, any solution of (5) for k = 0 which originates on the bounding
ellipsoid is of the form

z; = & cos N, =12 ++,n (10)
where the £; satisfy (7). For & > 0, any solution of (5) which originates on the bounding
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surface may be expressed in the form [14]

a/2 t
z; = £ cos \;f + h)\ f sin \;,(¢ — 9)P.(x.\(y, ), 2:(y, ), - -+ , z.(y, s), k) ds,
i )
(i=172)..-!n) (11)
where the components of the initial vectory = (¢, &, --- , &) satisfy the equation

of the bounding surface. The solution (11) will be periodic if an initial vector can be
found such that for some time ¢* the equations

z.(t*,y) = 0, =12 ,n
are satisfied. Consider the n 4+ 1 equations
13 .
W) =5 ZNE VG by kB = 1

/2 t*
h}\ f SN — OPEAT, 8), 247, 9), - -+ 2 2u(y,8), B) ds = 0, (12)
v 0

z, = £, cos \t¥ +

T, = E,’ COos )\,t* +

/2 t*
hx f S — OPET,9), 223, 8), -+ - 2, 8), ) ds = 0,
i 0

G=1,2,-,v—1,vp4+1,-- ,n)

inthen + 1 variables t*, ¢, , & , &, <+, &-1, %41, "+, £ . For b = 0, these equations
are satisfied by the initial vector y, = (0,0, ---, 2'?/x,, 0, - -+, 0) and the time t* =
m/2\, . Further, the Jacobian matrix of (12) for h = 0,y = y,, and t* = 7/2\ becomes

s 1/2 _ol/2 Z\_17_[ . >\v-1 ™ >\y+1 T . &1_1')
J—dlag(2 N, —2 ,cos)\v2, , COS )\yz,cos N 2 ,cos)\v2
and its determinant becomes

[J| = =2\, Il cos;\—:%r , (13)

iEY
and is non-zero since (5) is non-degenerate with respect to the frequency 1, , i.e., the
ratios X\;/\, are not odd integers. Therefore, by the implicit function theorem, for all
sufficiently small values of & there exists an initial vector y = y(h) and a time t* = *(h)
(unique for small /), which satisfy Eqs. (12) and for which we have

yh) =y, t*(h) = x/2\, as h—O0.

For each h, the corresponding trajectory emanating from y(%) on the bounding surface
passes through the origin at time i*(h). These trajectories constitute the desired con-
tinuous family of BOB periodic solutions with generator (9).

We remark that for sufficiently small values of 4, the periodic solutions of Theorem 1
will also represent normal mode vibrations, since as A — 0 they converge uniformly for
all ¢ to the linearized normal mode vibration represented by the generator (9). Also
we note that Theorem 1 includes many critical cases where some of the linearized fre-
quencies are commensurable.

Consider a case for which the system (5) is either partially or totally degenerate
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with respect to some frequency \, of the linearized system. Then it may not be possible,
under all circumstances, to obtain a proof of the continuation of the corresponding
linear normal mode vibration. This is due to the fact that the determinant (13) vanishes
for h = 0 whenever any one of the frequency ratios, \;/\, , (¢ ¥ ») is an odd integer.
However, it is possible that other periodic solutions may be continued, provided the
perturbational parts of (5) satisfy certain conditions.

THEOREM 2. Assume that the frequency ratios \;/\, , ¢ = 1,2, «-- , u < ») are
not odd integers, but that each of the frequency ratios \;/\, forj = p + 1, -+ [ nis
an odd integer. Suppose further that there exists an initial vectory, = (0,0, - -+, 0, £,41,

-, &) with £, ## 0 whose components satisfy the equations
Lyve-n, (142)
2 i=p+l
t*
¥ = —NET, + ;{-—fo cos\;sP;(0, - -+ ,0,E,.1 COSA1iS, -+ , &, COSA,s,0)ds = 0,
G#=v;j=pn+1,--,n (14b)
where t* = x/2\, and
t*
Tl = }\_;lg_ f COoS )\,SPV(Oy Tty Oy E;H—l cos )‘u+lsy Tty ‘En Cos )\nS, 0) ds. (140)
vGy YO
If the determinant of the matrix
o™ . .
Jl:l:—jl' (],k=“+l,“',n;],k¢l/) ' (15)
9&:
is non-zero then the periodic solution
xi=Or (’L=132v"'1#) (16)
xi=£icos>\it7 (j=#+1,"',n), OStSW/2)\v

of (5) for b = 0 is the generator of a (unique) continuous family of BOB periodic solu-
tions for all sufficiently small values of the energy constant h.

Proof: As in the proof of Theorem 1, it is sufficient to establish the existence of
an initial vector y, near y, (on the bounding surface) and a time ¢* near w/2\, which
are solutions of the n + 1 equations (12). For A = 0, any trajectory emanating from
the bounding surface intersects the , = 0 hyperplane at the time ¢ = x/2\, . Further,
the derivative z = dz,/dt for h = 0, t = 7/2\, becomes —A\,£, and is not zero if £, = 0.
Thus, by the implicit function theorem, for all sufficiently small values of h and for
initial vectors y, lying on the bounding surface with £, bounded away from zero, there
exists a time ¥ = t*(¢,, &, -+, &, h), tending to w/2\, as h tends to zero and con-
tinuously differentiable in (¢ , &, -+ , £), at which the corresponding trajectory in-
tersects the x, = 0 hyperplane. This time may be expanded in the form

i =

21;\-’ + hﬂ/2Tl(Yl y h)y Yy = (gl y 52 y " En)) (17)

and when it is substituted into the equation z; = 0 (j # », p + 1 < j < n) of (12)
the latter becomes
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2 t1*
xi a/ 1

™
N2 T,

T = —Tl)\,-&h’/z sin Sin )\,(t;k - S)Pi(xl(YI ] 8)7 DY

Z.(¥1,9), h) ds + h°Q;(y, , h) = 0. (18)

Here, sin (\;7/2\,) = =1 and Q; represents the higher order terms in the expansion
of cos N\;(x/2\, + R”*T,) and is continuously differentiable in the components of y, .
With z; = h**z* , (18) may be divided by A" and fory, = y,, h = 0 becomes (14)b.
From the equation z, = 0 it follows that

1@ =g [ S = 9P 9, m ) D+ QR (19
which reduces to (14)c for A = 0 and y, = y, . Now consider the n equations

W) = 3 DN RV, bR = 1

h

o/2 ty*
2, = £ cos M tF + f Sin M(lE = P (s 2 8), -+, 2u¥s 4 ), B) ds = 0,
7 0

A
=12 -, (20

2* = —T\i sin ;‘—g + % f Sin A (B — P, @5, 8), -+ , 8, B) ds
i Y0

+h0/2Q1'@lrh)=Ov (j#y;j:y—l-l,-'-,n)

in the n variables &, , & , &, -+, &1, &1, =+, & Where because of the choice of
= th(¢, , &, -+, &, h) we have z,(t%) = 0 identically in & , &, --- , & (for y, on
the bounding surface and away from ¢, = 0). For A = 0 and y, = y, these equations
are satisfied, by hypothesis, and the Jacobian matrix of (20) becomes

NE, 0 0o - 0 i
s i
0 cos N, 2 O 0 i
|
Jg = O 0 :
0o 1 |’
|
AT
0 0 (0] X: 2 n:
Ly
with determinant
= T eas 2 | 10, ey
i=1 )\v 2

which does not vanish, by hypothesis. The implicit function theorem then guarantees
that for all sufficiently small values of h, there exists an initial vector y, = y,(h) (unique
for small ) whose components satisfy (20) with lim,., y,(k) = y, . For each h, the
corresponding trajectory, emanating from y, (k) on the bounding surface passes through
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the origin at time ¢ = *(y,(h), h). These trajectories constitute the desired family of
BOB periodic solutions with generator (16).

In general, the periodic solutions of Theorem 2 will not represent normal mode
vibrations unless the generator (16) does. However, it may happen that the hypotheses
of Theorem 2 are satisfied by an initial vector y, , all of whose components vanish except
£, . The generator (16) then represents one of the linearized normal mode vibrations
and the corresponding family of periodic solutions represent normal modes for small
values of A.

If the system is totally degenerate with respect to N, then all of the linearized fre-
quency ratios A\;/\, , 7 = 1,2, --- | n are odd integers. In such a case, u is taken as zero
in Theorem 2 and J;, isan (n — 1) X (n — 1) matrix.

An Ezample. We shall now illustrate Theorems 1 and 2 by applying them to a
specific two-degree of freedom system. Consider the system illustrated in Fig. 1 con-
sisting of two mass points anchored and coupled by Duffing type springs with restoring
forces S; .

For h > 0, and u; = h™"*m}?X, the equations of motion may be written in the form

"o if y =
ul = . (t=1,2) (22)
where
a; + a;ul WU as + a; us
U(ul )u2) = _[ : 9 3m_]1 — a3 (mlrlnj)w + 2 B Zi;]
_ h[Mf- b (Y +éz?£:|.
4 m} ' 4 \(m)'"®  (my)'”? 4 m;
Letting
_uta R - e ta
@= m, ' b= (mlmz)l/z ! ¢ me ’

we introduce the (linearized, normal) coordinates

1
T, = vy - 6(7u1 —u2)1

1
T = 6 — 7(6?"1 —u2)7

X X2

m aw— M2

F16. 1. Spring-Mass System

Sl(Xl) = a;Xl -I— le? y Sz(Xz) = ang + ngg
Sx(X1, Xs) = as(X1 — Xs) 4 ba(X1 — X,)?
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where
_a-—X\ a— X\
6— b ’ Y= b ’
A2 1/2
xf=“‘2‘“"_[(“2c)+b2:| , 23)
s _a+tc (a—c)2 2]"2
A = 2 +[ B + b .

Then the equations of motion become
xy = —kfxl + hPi(z, , x2),
2y = —N\2y + hPy(z, , 7o),

29

where
3 2 2 3
Pl(xl ’ xz) = L, + nxix, + D1t Zz + 122
3 2 2 3
P2(x1 y xz) = L, + n.xox, + Doy + @22 ,

and [, , n; , p; , and ¢, are constants. Here we have assumed that the linear coupling
coefficient a; £ 0. If this is not the case, (22) is already in the normal form (24).
For h = 0, the system (24) possesses the periodic solutions
1/2
7 = 3 cos i, z, = 0, (25a)

and
2!/2

z, =0, Tz = "y c08 A2t (25b)
If the linearized frequencies A, and \, are incommensurable these are the only periodic
solutions, while if A, and A\, are commensurable all solutions are periodic. If A, (A, > \;)
is not an odd integer multiple of A, then the system (24) is non-degenerate with respect
to both A, and X, . Thus, by Theorem 1 the periodic solutions (25) are the generators of
continuous families of BOB periodic solutions for small values of k. These will represent
in-phase and out-of-phase [3] normal mode vibrations.

If A, = k), with k£ an odd integer greater than one, then the system (24) remains
non-degenerate with respect to \, and (25b) is the generator of a continuous family
of BOB periodic solutions for small values of k. (See Fig. 2a). However, the periodic
solution (25a) may or may not be the generator of a family of periodic solutions. We
turn to Theorem 2 for further information. In this special case we have n = 2, u = 0,
v = 1, 0 = 2, and (14b) becomes upon integration

&, Sin %r
2} = e 1202 — 3L L)E + (Bl, — 2k°p)E] = 0, for k> 3 (26)
1

or
. 3w
T SIn 3
ot = —oa (@ — 27L)6E — Ikl + (3 — 18p)& + ¢:£1] = 0, for k=3. (27)
1
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N
VN, A
| LV

a b
F1a. 2. BOB Periodic Solutions, A, = 5\,

Equation (26) (as well as (14a)) is satisfied by & = 2%/, , £ = 0. Thus if the quantity

w sin o
ax’;) 2
= —_— = —— (92 f—
1.1 (ag2 12173/ As 8kXN; (2p. — 3k°L),

£a=0

does not vanish, i.e., if 2p, 5 3k%l, , then (25a) is the generator of a continuous family
of BOB periodic solutions for small values of & and we again have both in-phase and
out-of-phase normal mode vibrations. Equation (26) will also be satisfied by the com-
ponents of an initial vectory, = (&, £) whenever (2p, — 3k°1)& + (3L, — 2k°p,)E2 = 0.
If for these components we have, further,

w&; sin k2~—7r
TRENE (38l, — 2k™,) #= 0,

then the corresponding (off-axis) periodic solution is the generator of a continuous
family of BOB periodic solutions for small values of k. These will not represent normal
mode vibrations, however, unless |£,| is small (see I'ig. 2b).

If k = 3 we conclude that the periodic solution (25a) will be the generator of a con-
tinuous family of BOB periodic solutions for k sufficiently small if ¢, = 0 and 2p, —
271, # 0. Further, if 2p, — 271, 5 0, then for |¢,| small there will be a continuous family
of BOB periodic solutions for small values of &, with initial vectors tending to the root
of (27) which is near the point (2'/)\, , 0). For sufficiently small values of ¢, and h
these will also represent normal mode vibrations. Note that (25a) is not the generator

Z ot _
W= =




19661 EXISTENCE OF PERIODIC SOLUTIONS 187

of a continuous family of these periodic solutions if ¢, # 0, since then the components
of (2'%/),; , 0) do not satisfy Eq. (27). More generally, if £ (3 0) and &, satisfy (27)
and (14)a and if for these components we have

ax ¥ sin gr
o = agn [@pe — 27L)E — 18nkk, + 3(3L — 18p)g] # 0,
then the periodic solution
r, = El COS A)l, X, = gz COs 3%11, (28)

is the generator of a continuous family of BOB periodic solutions. One would not expect
these to correspond to normal mode vibrations unless the generator (28) does so. For
example, if |g,| is not small, the system (24) can not vibrate in the in-phase mode for
small values of A!

If k = 1, 1e., A\, = )\, then necessarily a; = b = 0 and a = ¢, which implies that
the system is symmetric and possesses no linear coupling. In this case we must revert
to the system (22) and it becomes necessary to employ Theorem 2 for both frequencies.
However, because of the symmetry we need only consider one degenerate frequency,
say A\; . As before 4 = 0, » = 1, ¢ = 2, n = 2 and, upon integration, (14)b becomes
(in the (u, , u,) coordinates)

b b b
u§='3—7§[ﬁ:>723—172£f+(1+2 s _ b )&Ez

16X:4, 1 Mg m, myme

+ 3( 3/53 172 3/5)3 1/2)5?52 + < 3b3 b2 + b )5152 'TE:F&:I = 0, (29)

msy ‘m, my myme me

where £, # 0. Thus if the components of the initial vector u, = (¢, , &) satisfy (29)
and if for these components we have du%/d%, ## 0, then the periodic solution

U, = & €os A\, Uy = £ COS \yZ, (30)

is the generator of a continuous family of BOB periodic solutions. These will represent
normal mode vibrations. In particular, for b; = 0, (29) is satisfied by the components
of the vector u; = (2?/\,, 0) and we have

awg) 3rb,
—= 0,
<a£2 N T e

£Ea=0

provided b, > 0. If b, has the same sign as b, , (29) is also satisfied by the components
of the initial vector
= (22
1
l

"

by ) = (&, &)

where
2

g = ’
2 my\* by
)\][1 + (ml) b2:|

and we have
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quf _ _ 3b,
0%, 8)\?’”12

£ #0,
provided b, = 0.

Generalizations. Suppose that the linearized frequencies of system (24) satisfy the
relation N\, = (p/q)\, where p and ¢ are relatively prime odd integers. Then for A = 0,
this system possesses the BOB periodic solutions

T, =& cos i, x =5 cosg N, NE A+ NE =2 (31

with quarterperiod qr/2), , and it is quite possible that some of these are the generators
of continuous families of BOB periodic solutions of (24) for small values of k. This sug-
gests the following generalization of Theorem 2 which is proved using precisely the
same arguments.

TuroreM 3. Assume that the frequency ratios \;/\, ¢t = 1,2, --- , up < ») of the
system (5) are not ratios of odd integers but that forj = u 4 1, - -+ , n we have \;/\, =
pi/q; , where p; and ¢; are relatively prime odd integers. Let ¢ be the least common
multiple of the ¢; and assume that the components of the initial vector y, = (0, 0,
e, 0, Eurr, c o, &) with &, # 0 satisfy Eqgs. (14) with t* = ¢r/2)\, . Then if the deter-
minant of the matrix (15) is non-zero, the periodic solution

z;, =0, E=1,2,--, W

z; = § cos(p/gIMt,  (G=p+ 1, ,m), 0= 1< gn/2) (32)
of (5) for h = 0 is the gencrator of a (unique) continuous family of BOB periodic solu-
tions for all sufficiently small values of the encrgy constant h.

These periodic solutions, of course, will not represent normal mode vibrations unless
the generator (32) does. Generally, for large integers p; and g¢; , the solution curves
for these periodic solutions in the configuration space are very complicated.

Theorem 3 remains valid if the least common multiple ¢ is replaced by any odd
integral multiple of q. The corresponding BOB periodic solutions could, perhaps, be
called sub-harmonic oscillations. Similarly, Theorem 2 may be generalized so as to
include subharmonic oscillations merely by replacing the term x/2), in the expansion
(17) by any odd integral multiple of itself.

In each of the preceding theorems we have used two lethargic sets to establish BOB
periodic solutions. In the sequel we shall use a single lethargic set and investigate I-
normal periodic solutions which are generally not BOB solutions. We shall first con-
sider BB solutions, which emerge from and return to the bounding surface. These
include additional critical cases.

TaEOREM 4. Assume that the frequency ratios \;/A, G # v;j=u+ 1, -+, n)
of the system (5) satisfy N\;/\, = p,/q; , where p; and ¢, are relatively prime integers.
(Here both even and odd integers are permitted.) Let ¢ be the least common multiple
of the ¢; and assume that the frequency ratios \;/x, @ = 1, 2, -+, u < ») are not of
the form k/q, with k an integer. Further, suppose that the components of the initial
vectory, = (0,0, --+, 0, &uy, « -+, &) With £, 5 0 satisfy (14) with t* = ¢r/\, . Then
if the determinant of the matrix (15) is non-zero, the periodic solution

xi=0} (i=112y'°'yl‘)
x1=$,'COS)\,‘t, (j=“+1)°°'yn)y OStSQW/)\u

(33)
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of (5) for h=0 is the generator of a (unique) continuous family of BB (or BOB) periodic
solutions for all sufficiently small values of the energy constant h.

Proof: According to Egs. (11), the velocity components of a solution of (5) originat-
ing at y on the bounding surface are of the form

t
x,’ = —\é; sin N+ B f COs >‘i(t - s)Pi(xl(Yr 'S)y xz(Yr 8)1 Tty xn(yr 8), h) ds;

1]
(1:= 1,2,--- rn)'

The solution (11) will be periodic if an initial vector y, can be found such that for some
time t* > 0 the equations

zi(t*,y,) = 0, =12 - ,n (34)

are satisfied. For A = 0 the »th-velocity component z/ of any trajectory originating on
the bounding surface vanishes at the time ¢ = q¢n/\, . Further, the derivative 2}’ =
dx’/dt for h = 0, t = gr/\, becomes —\%, cos gr and is not zero if ¢, 3 0. Thus, by
the implicit function theorem, for all sufficiently small values of & and for initial vectors
y: lying on the bounding surface with £, bounded away from zero, there exists a time
i = %5, &, -+, &, h), tending to gr/\, as h tends to zero and continuously dif-
ferentiable in &, , &, - - - , £ , at which the vth-velocity component of the corresponding
trajectory vanishes. Further, this time may be expanded in the form

i =T+ T, b, (35)
and when it is substituted into the equation 2/ = 0 (j # v; u + 1 < j < n) of (34)

the latter equation becomes

z} = —TNER? cos (p:/q)qr

+ ha/2 /;

Equation (36) may be divided by A”* and for . = 0, y, = y, becomes (14b). From the
equation z; = 0 it follows that

D S x _ .

N'E, 005 gn fo cos N\, (t¥ — s)P,(x.(y, , 9), , (Y1, 8), h) ds

hv/?
N, cos gr

ta

COSs )\,(t"{, - S)P,'(x 1(Y1 ’ S), cre x,,(yl , 3), h) ds + thi(YI N h) = 0- (36)

T.(y, , h) =

+ Q@G , k) @7

which reduces to (14¢) for A = 0, y, = y, . Now consider the n equations

W) =3 2 NE+h7VE, - 6, B =1

zl = —\Esin Nt 4+ 277 f cos \i(th — )P(xi(y: ,9), +++ , (¥, 9), B) ds = 0.

0

(i=1v2v"')l-‘) (38)

ta*
¥ = _T2)\?£i cos (p;/q:)qm + f cos \;(tf — )P;(x\(y1 1), -+, 2aly1 ,9), h) ds
0

+h0/2Q,’(yl,h)=O, (j#v;j=l~"+l,"',n)
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in the n variables & , & , &, *++ , £-1, £s41, *** » & , Where because of the choice of
% we have z/(1%) = 0 identically in these variables (for y, on the bounding surface
and away from &, = 0). For A = 0 and y, = y, these equations are satisfied, by hypothesis,
and the determinant of the corresponding Jacobian matrix becomes

[J5| = (—1)»)&5,[11 \; sin ;‘\— q,r] FAR

which does not vanish, by hypothesis. The implicit function theorem then guarantees
that for all sufficiently small values of &, there exists an initial vector y, = y, (&) (unique
for small &) whose components satisfy (38) with lim,., y,(k) = y, . For each h, the
corresponding trajectory emanating from y,(kh) on the bounding surface returns to the
bounding surface at time ¢ = t%(y,(h), h). These trajectories constitute the desired
family of BB (or BOB) periodic solutions with generator (33). It is clear that this result
is also valid for a system whose potential U may not be an even function of the spring
displacements.

The following theorem is concerned with the existence of 00 periodic solutions of
system (5) which emerge from and return to the origin. The proof is similar to that of
Theorem 4 and will be omitted.

TueoreM 5. Let the frequency ratios A\;/A, (j = 1, 2, - - -, n) of system (5) satisfy
the hypotheses of Theorem 4. Further, suppose that the components of the initial

velocity vector vp = (0,0, ++-, 0, 0,41, =+, v,) With v, 5 0 satisfy the equations
1= > ¢ (39a)
i=p+l
am/Ay v )
%t =0T, — — sin )\,~st<0, 0, ---,0, 22sin A8, -+ -, sin s, 0) ds=0
A Jo Auia A,
G#v;j=n+1,---,n  (39)
where
T, = 1 qﬂhsinksP(O s 0, 2 gin NS, -, 2sin s O)ds 39¢)
3 7\,1),. 0 v v ) ’ ’ k“-fl p+19)y y )\n nYy .

Then if the determinant of the matrix

*
Jo = [g_x_] Gok=ut 1, md k5
Vi

is non-zero, the periodic solution

xi=0y (1"=1121.'°1#) (40)

xi=2ﬁ-Sin)\it’ (j=ll.+l,"',n), Ostsqﬂ-/)\’

A
of (5) for h = 0 is the generator of a (unique) continuous family of OO (or BOB) periodic
solutions for all sufficiently small values of the energy constant h.

Further Illustrations. We again consider the two-dimensional system (24) in order
to illustrate Theorcms 4 and 5. If A\, = 3\, , for example, (14b) becomes upon integration

o = —l’g‘:';l (271, — 8p)E + (18p, — 121)&] = 0. 1)
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Thus, if £(5% 0) and &, satisfy (41) and N(§] + 2£) = 2 and if for these components
we have

ox¥ _
3%, 16)\

(271, — 8p.)&; + (54p, — 36L,)E] = 0.

then the periodic solution
x, = & cos \¢ (42)
Ty, = Eg COoSs %)\1t

of (24) for h = 0 is the generator of a continuous family of BB (or BOB) periodic solu-
tions for all sufficiently small values of the energy constant h. In particular, (41) is
satisfied by the components ¢, = 2'/),, £ = 0, and the corresponding partial derivative
dx%/9¢, is non-zero if (271, — 8p,) # 0. If the quantities (27], — 8p,) and (54p, — 361,)
differ in sign then there will be two additional off-axis generators (42), (see Fig. 3a).
Similarly, in this case (39b) becomes

3 2 2
=2 (- 2pht+ (G - giht] -0 )

Thus, if v,(5% 0) and v, satisfy (43) and v} + v5 = 1 and if for these components we have
szt _w [(3, _2 V @ —%2]
w N [(4 h=gpit (gp —g)ke | #0,

N/, :
N\ /

X2 X2

N/ AW
AR U/

3 (S0

a

F1a. 3. BB and 00 Periodic Solutions, 2X; = 3\,
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then the periodic solution

= sinng,  m = g—:zl-sin It (44)
of (24) for h = 0 is the generator of a continuous family of OO (or BOB) periodic solu-
tions for all sufficiently small values of the energy constant h. In particular, (43) is
satisfied by the components v, = 1, v, = 0 and the corresponding partial derivative
dx%/dv, is non-zero if (271, — 8p,) # 0. If the quantities (27!, — 8p,) and (3p, — 2I,)
differ in sign, then there will be two additional off-axis generators (44), (see Fig. 3b).

A NON-EXISTENCE THEOREM. As the two-dimensional example illustrates, each of
the four existence theorems 2 to 5 leads to a corresponding non-existence theorem.
These are given collectively below and follow readily from the earlier proofs.

TueoreM 6. If the lincarized frequency ratios \;/A, G =pu + 1, --- ,n;u < N)
of the system (5) are rational numbers, then (a) the periodic solution
xt':O (7"=112)”'y/‘) (45)
xi=£iCOS)\ity (j=l"+1"”1n)

of (5) for b = 0 can be the gencrator of the continuous family of BOB or BB periodic
solutions given in Theorem 2, 3, or 4 only if the components £; of the initial vector
satisfy (14)b with the appropriate t*; (b) the periodic solution

.’13,'=O, (i=ly21"'7“) (46)

z=fsinhg, (G=wt 1,00,
i

of (5) for A = 0 can be the generator of the continuous family of OO periodic solutions
given in Theorem 5 only if the components v; of the initial velocity vector satisfy (39)b.
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