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RESONANT CASE

(Presented by Academician N. N. Bogolyubov, 11 XI 196)

§ 1. Statement of the problem. In papers (°~7) the question was considered
of the existence and stability of stationary resonant regimes of nonlinear systems
with one degree of freedom of the form:

d . .
5 [m@)9] + Qe y) = ef(2,y. 9. ,¢),
j":EX(xayayaﬁag)7 (1)
"9 = V(I) + 6@(33’ y’ y’ 119’ 6)7
where y is a one-dimensional coordinate; x = {zy,...,z,} is a set of slowly

varying parameters; () is a potential force causing the motion; e f, eX, €© are
small nonlinear perturbations, periodically dependent on ©¢; ¢ > 0 is a small
parameter; 9 is the phase of the external perturbing force. Resonant regimes
of certain systems that are special cases of (1) were considered in (). In
the present work, using the methods developed in (°), we investigate stationary
resonant rotational regimes of nonlinear systems of the form

y=G(z,y,p) +eg(z,y,p,9,¢),
p=F(z,y,p) +ef(z,y,p,0,¢), (2)
z=eX(z,y,p,9,¢),
9 =v(z) +eO(x,y,p,0,€).
System (1) is a special case of (2). For ¢ = 0, system (1) becomes an unper-
turbed canonical system. In this article, no assumption is made concerning a

Hamiltonian form of the unperturbed system for the relatively general system
of type (2). All functions in (2) are assumed periodic in y and ¢ with period
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2. Our task is to find approximations in ¢ for the coordinates of stationary
resonant regimes and to obtain certain sufficient conditions for the stability of
these regimes. Some resonant problems were considered in (*) by a method
different from that applied here.

§ 2. Main results. Suppose that an integral of the degenerate system (the
system into which (2) passes for ¢ = 0) is known:

p:P(l‘,y,C) (3)

(the integral (3) is assumed to be a periodic function of y). Then we can reduce
system (2) to the form

O = 6A(x’ y’ C? 7‘97 6)7
i’ = gX(:L.7 y7 P(x7y7 0)77‘97 6)7 (4)

Y=w(C,z)+e¥(z,y,C, 03, ¢),
) =v(x) +eO(x,y, Plx,y,C),0,e),

where the following notation has been introduced:
oP
A= [_Fyg(a’.a Y, P(l’, Y, C), 19; €)+

oP opy !
+f($7y7p($,lla C>7197€> - %X(x7yvp(x7y7c)7197€)] (%) )

1 1 0G OP
{ag(:ﬂ,%P(x,y,C),ﬁ,s) - K {aaip%} A(m,y, C,??,ff)—

_ 2m

T

1 (0G 0GOP

K [5 (87 n %%ﬂ X(z,y, Pz, y, C),q?,e)},

- /1/()"‘27r dy
G(z,y, P(z,y,C))

Yo

27
is the period of rotation; w = ral is the frequency of rotation; v(z) is the

frequency of the perturbing factors; K is an operator of the form

1 Yo+2m

KM/y‘de pdy y@
Yo G T Yo G G

Yo
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Let us note that, in the special case for systems of the form (1), the role of the
variable C' may be played by the rotational energy E (see (6)).

We shall assume that resonance occurs in the system, determined by the integers
p and q, i.e., that for certain values of the variables C' and z the equality
pw = qv holds. In system (4) we pass from the variables 1,1 to the variables

o=9-"Ly, p= 24
q q

C =cA(zx,y,C,p +ppbe),
& =eX(x,y, P(x,y,C), ¢ +pB,e), (5)

¢ =MNC,z)+e®(z,y,C,0 +pB,e),

6 = Q(C,fﬂ) + €B<x7yv Ca@ +pﬁa 5)7

1
where the following notation has been introduced: A = v — Bw, NV=-w, &=
q

q

1
oLy B=-w
q q

Following (5), we introduce the mean values of the functions entering the right-
hand sides of (5):

Al = (Coﬂpaxo) =

1 /y0+27"q Y dy dy
= T N Al 'Y, C P =+ pB + / .
4T (Cy, ) Yo 0 0 o Yo G(xo,y, P) | G(xg,y, P(x9,y,Cy))
(6)
The mean values of the other functions are introduced analogously to (6).

Applying to system (5) the scheme for investigating resonance regimes devel-
oped in (®), we find the equations for determining the resonance values of the
parameters X, C, and the detuning ¢g:

A1 (Cy, g, 00) =0, X1(Co, g, 00) =0, A Cy, ) = 0. (7)

The first-approximation corrections in € are determined from the equations
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A5 &415 . 8A1

6X150+6X16 +8X1

ac, 92, 900 dp =0, (8)

00 + —dx + ©,(Cy, xg, py) = 0.

By the stability of the stationary regimes found from (7)—(8) is understood
the following: if certain stability conditions are satisfied (see (°~7)), then for
arbitrarily large 7' > 0 and arbitrarily small £ > 0 there exists an 5 > 0 such
that for any e < ¢, there exists an n(e) such that the inequality max |C(t) —
Cy, z(t) —xg, @(t) — @yl < & is satisfied for all

ty <t < T, if the inequality max |C'(t) —Cy, z(t)—x4, @(t)—pg| < n is satisfied.

The principal condition for stability is the requirement that the real parts of all
roots of the characteristic equation Det(B — kE) = 0 be negative, where E is
the identity matrix, and the matrix B has the form

o4, o4,
oC, 83:0
0, 0,
B =
800 &Uo
OX 0B, 92\ 92\ oA (0, 92\
ac, ¢ (6(}0 * 8008%6 STer 50) oz, <3x0 N 705 9240C,

Let us note that, by means of this method, asymptotic approximations for
stationary resonance regimes can be computed with any degree of accuracy.

§ 3. Special cases. Consider the nonlinear system

d . . .
% [m(:z:)y] + F(‘T7 Y, y) = €f($, Y, Y, 197 5)a
i =eX(2,y,9,0.), ©)
= v(z) +e0(z,y,§,9,¢),
which is a system of type (2). Certain special cases of systems (9) were studied
n (3). All the results of § 2 are applicable to (9).

In a number of cases important for applications, finding integrals of the form
(3) is substantially simplified. Thus, if the force F has the form Q(z,y) +
R(x,y)y+S(z,y)y?, then, in order to obtain the integral (3), one must solve an
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Abel equation of the second kind. If F' = Q(z,y)R(x, ), then for the integral
(3) one can obtain the expression

pdp

Rxp/m —m/Qxydy+C’

If F =Q(z,y) + R(z,y)y?, then for (3) the formula

peon{f fra (- m a4 [ rafs)

is valid. Finally, if F = R(x,y)9? + S(z,y)y**, then (3) has the form

p:exp{—%/Rdy} <C+ W/Sexp{%lr; @) /Rdy} dy> 1/2(17@.

1/2

In all the cases listed, the results of § 2 make it possible to obtain simple quadra-
ture formulas for asymptotic approximations of stationary resonant rotational
regimes.

In conclusion, let us note that oscillatory regimes of system (2), as well as cases
in which the perturbations do not depend explicitly on time, may be studied in
a similar way.
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