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Abstract

The motions of a non-autonomous Hamiltonian system with one degree of freedom which is periodic in time and where the
Hamiltonian contains a small parameter is considered. The origin of coordinates of the phase space is the equilibrium position of the
unperturbed or complete system, which is stable in the linear approximation. It is assumed that there is degeneracy in the unperturbed
Hamiltonian when account is taken of terms no higher than the fourth degree (the frequency of the small linear oscillations depends
on the amplitude) and, in this case, one of the resonances of up to the fourth order inclusive is realized in the system. Model
Hamiltonians are constructed for each case of resonance and a qualitative investigation of the motions of the model system is carried
out. Using Poincaré’s theory of periodic motions and KAM-theory, a rigorous solution is given of the problem of the existence,
bifurcations and stability of the periodic motions of the initial system, which are analytic with respect to fractional powers of the
small parameter. The resonant periodic motions (in the case of the degeneracy being considered) of a spherical pendulum with an
oscillating suspension point are investigated as an application.
© 2006 Elsevier Ltd. All rights reserved.

1. Formulation of the problem

Consider the motions of a non-autonomous Hamiltonian system with one degree of freedom which is 2m-periodic
in time and where the Hamiltonian H(x, py, f) contains a small parameter &. The origin of coordinates x =p, =0 of the
phase space is the equilibrium position of either the unperturbed system (when £ =0) or the complete system (when
& #0), which is stable in the linear approximation, and the function H is analytic in its neighbourhood.

A theory of the non-linear oscillations of Hamiltonian systems with one degree of freedom when there are resonances
of up to the fourth order inclusive has been constructed previously in a number of papers.'8 In particular, a rigorous
solution of the problem of the existence, bifurcations and stability of the periodic motions of such systems (with a
period which is a multiple of the period of the external perturbation), which are analytic in fractional and integral
powers of the small parameter, has been obtained. The results are correct under the assumption that, in the unperturbed
Hamiltonian, there is no degeneracy in terms of up to the fourth order inclusive in x and p,. This means that, in an
unperturbed Hamiltonian having the form

2
%co(x2 + pi) + }‘cZ(x2 + pi) + ...
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which has been normalized up to terms of the fourth order, the coefficient ¢; is non-zero. In this case, it is also sufficient
to normalize the complete Hamiltonian up to terms of the fourth order, taking account of the available resonance and
then, having studied the properties of the approximate (model) system, to draw conclusions regarding the motions of
the complete system.

However, situations arise when solving specific problems when there is resonance in the system and, at the same
time, for certain values of the parameters of the problem or the relations between them, the magnitude of ¢; is equal
or close to zero. The frequency of small non-linear oscillations of the system is then independent of the amplitude
when account is taken of terms of up to the fourth order inclusive in the Hamiltonian. Such a degenerate case leads to
a qualitatively new situation and requires special treatment.

When investigating of a system where there is degeneracy in the Hamiltonian, it is necessary to take account of
terms in x and py of up to the sixth order inclusive. The model Hamiltonians obtained as a result of normalization
possess qualitatively new properties and do not reduce to known Hamiltonians.

The aim of this paper is to give a rigorous solution of the problem of the existence, bifurcation and stability of the
periodic motions of a system for each case of resonance of up to the fourth order inclusive, when there is degeneracy
of the unperturbed Hamiltonian. It is assumed that the Hamiltonian system being considered is close to an autonomous
system. The origin of coordinates x=p, =0 is the equilibrium position of the unperturbed system (in the case of
resonance in forced oscillations) or the complete system (in the remaining cases of resonance) in the neighbourhood
of which the Hamiltonian is analytic and is represented in the form

H(x, pot;€) = HO(x, p) +eH (x, po 1) + €HP (x, p 1) + ...
HOx,p) = HY +HY + HY + ... (1.1)

H pot) = HO+HP + HY + HY + ..

where Hl(k) are forms of the i-th degree in x and p, with constant coefficients (when k=0) or coefficients which are
2m-periodic in time (when k > 1). The forms H {k)(k > 1) of the first degree are only present in the last relation of (1.1)

in the case of resonance in forced oscillations and, in the remaining resonance cases, ka> =0.
We shall assume that the unperturbed Hamiltonian H® has already been reduced to normal form up to terms in x
and p, of the sixth order inclusive and has the form

1 1 2 3
H? = Eco(x2+ P+ Zcz(xz-i- P + éc3(x2+ P +... (1.2)

where it is also assumed that ¢ >~ 0 and ¢3 # 0.

The following resonance cases are considered for a system with Hamiltonian (1.1), (1.2): the resonance in forced
oscillations when the natural frequency w of the small oscillations of the unperturbed system is close to an integer; the
parametric resonance when the quantity 2w is close to an odd integer, and cases of resonance of the third and fourth
orders when the system which has been linearized in the neighbourhood of the origin of coordinates is stable in the
Lyapunov sense, its characteristic exponents £i\ are pure imaginary and, at the same time, one of the quantities 3\ or
4\ is close to an integer (and there are no resonances of lower orders).

The non-linear oscillations of the system in a sufficiently small neighbourhood of the origin of coordinates (the
magnitude of which depends on the order of the resonance) are investigated for each of the resonance cases which
have been described. In Section 2, the Hamiltonian is transformed using a number of canonical replacements of the
variables and it is reduced to a form which is characteristic of the resonance under consideration; the model part of
the Hamiltonian is separated out. In Section 3, a qualitative investigation of the model systems is carried out, the
equilibrium positions are described and the phase portraits are constructed. In Section 4, the problem of the existence,
bifurcation and stability of the periodic motions of the complete system, which are analytic with respect to fractional
powers of the small parameter, is investigated using Poincaré’s theory of periodic motions and KAM-theory. The
resonant periodic motions (when the degeneracy being considered is present) of a spherical pendulum, the suspen-
sion point of which executes vertical harmonic oscillations of small amplitude, are investigated as an application in
Section 5.
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2. Transformation of the Hamiltonian

Suppose there is an n-th order resonance (n =1, 2, 3 or 4) in the system, where the cases when n=1 and 2 correspond
to a resonance in the forced oscillations and parametric resonance. We will assume that nw ~ N(n = 1, 2) or n\ ~
N(n = 3,4), where N is an integer.

Using a sequence of canonical replacements of the variables, we reduce the Hamiltonian (1.1), (1.2) to normal form.
When n=2, 3, 4, it is necessary to put ka) = 0 in expressions (1.1).

We now make the change of variables

X = 8sn§’ px = Esnn; sn = (6_n)_l

in the Hamiltonian.
In the new variables, the Hamiltonian becomes

H = 30& +1) + 3670, @ 40"y + e ey (€ 4+ €m0 + 0™

where hﬁll)(?;, n, t), which is the form H,(Zl)(x, Px, t) from (1.1) in which the quantities x and p, have been replaced by
&and .
We now change to the polar coordinates ¢ and r using the formulae

& = J2rsing, M = J2rcosg
Then, using the replacement of variables
~ 4 - 4
O =0+0(E "), r=F+0( "

which is 2m-periodic in time and close to an identity replacement, we simplify the terms in £ and m up to the sixth order
inclusive, taking account of the resonance which is present. All terms with non-resonant harmonics are eliminated
here, the coefficient w in the quadratic part of the unperturbed Hamiltonian acquires a “correction” to the order of &
when n > 2 and only terms with resonant harmonics remain in the terms of the n-th power in £ and . The Hamiltonian
of the system becomes

o 2s 2 4s, 3 4s, /2 5s,
H = Ar+& "cyr" +€ "cyr +€ "K,r" cos(n@—Nt+n@y)+O0(€ ")

where A = o whenn=1and\ = w + O(e) = const when n > 2. The resonance coefficient k,, is assumed to be positive,
and this can always be achieved by means of a shift in ¢.
We now put ¢» = £*7ay, A = N/n — £*" B and make the change of variables

n@-Nt+n®, = n@, r=r

At the same time, the orders of the terms in the main part of the Hamiltonian are equalized:
H=¢"C BF + a7 + ciF + K, 7" cosn) + 0™

We now make the further replacement

b = (A-0T - _ 0. o=si _(&)2%
¢ =00+ P r=k,p; © =signe;, k, = |Cn|

change to the new independent variable T = (e* |c3 |2_” Kﬁ)xnt and introduce the parameters

—_ sn —_— —_ n
= oB(ey" " v = oay(e" D)

The Hamiltonian becomes

™ = y§(8,p) +£™1{"(8,p"%, 1; ™) @1
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Y = —pp+vp®+p’+p”*cosnd (2.2)
The function ygl)(n =1,...,4) in relation (2.2) is the model Hamiltonian for the case of n-th order resonance in

the case of degeneracy of the unperturbed Hamiltonian, and the parameters w and v can take arbitrary values. The
function y(ln) in relation (2.1) is 2r-periodic in 8, periodic in T with a period 7 ~ &*» and analytic with respect to all
the variables in the domain O<p < 1.

A Hamiltonian, similar to (2.2) when n=2 and the larger part of the phase portraits corresponding to
it, which are presented below in Section 3 were obtained earlier” in the treatment of a particular prob-
lem, the investigation of parametrically excited wave motions of a liquid in cases close to the critical
case.

The differential equations of motion corresponding to Hamiltonian (2.1) have the form

doe n _(n-2)/2

e _ 2, n Sy gB_ n/
Fe = L+2vp+3p +3P cosn®+ O(e"), a7 - P

2sinn® + O(e™) (2.3)

3. Investigation of model systems

We will now carry out a qualitative investigation of the motions of systems which are described by the model
Hamiltonians (2.2).

3.1. Equilibrium positions

3.1.1. In the case of resonance in forced oscillations, the equilibrium positions of a system with Hamiltonian (2.2)
(when n=1) are found from the relations

sind = 0, f,(r) = 67 +4vr —2ur+cosd = 0 (r = /p >0)

Simple analysis of the function fi(r) when 6 =0 or 8 = shows that the number of zeroes of this function changes
on passing through the values of the parameters v and w for which the following conditions are satisfied

fl|e=o=f'1r=0 or f1|9=n=f'1r=0

These conditions occur for values of the parameters v and p belonging to the curves represented by
the solid lines in Fig. 1, f, which separate the plane of the parameters of the problem into four domains
I-IV. The points Aj, By, C; and D; of intersection of these curves with the coordinate axes and with one
another have the coordinates (=5 - 279/5,0), (0, 5 - 2712/5.31/5) (—5.2-8/5 _5.2716/5) (—2.776..., —2.055...)
respectively.

In domains I and IV in Fig. 1, £, the model system has three equilibrium positions, two of which are stable and one
is unstable. In domain III, there are five equilibrium positions (three stable and two unstable) and, in domain II, there
is a single stable equilibrium position.

3.1.2. In the case of parametric resonance of a system with Hamiltonian (2.2) (when n =2) there is an equilibrium
position p=0 at the origin of coordinates, which is stable when || > 1 and unstable when || <1. When =1, this
equilibrium position is stable when v <0 and unstable when v > 0, and, when w=—1, it is stable when v >0 and
unstable when v <0.

The other equilibrium positions of the system are determined from the relations

sin20 = 0, f,(p) = 3p>+2vp+(cos20—p) = 0

In the plane of the parameters v and ., we distinguish the domains I-IV (Fig. 2, i), for which the lines p=1 and
w =—1 serve as the boundaries and, also, the parts of the parabolae . = 1 — v?/3 and w = —1 — v?/3 when v < 0. In

* Bordakov GA, Karpov II, Leonov VV, Sekerzh-Zen’kovich SYa, Shingareva IK. Approximate solution of the problem of the parametric excitation
of surface waves for a depth of liquid close to the critical depth. Preprint Inst Problem Mekh Ross Akad Nauk 1993; No. 526.
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Fig. 1.
domain I, the equation f>(p) = 0 has a single solution p = ps when cos 20 = —1. In domain II, it has two solutions, p = p;
and p =pp, when cos 20 = 1 and one solution p = p4 when cos 20 = —1. In domain III, it has two solutions, p=p; and

p =p2, When cos 20 = 1 and two solutions, p=p3 and p = p4, when cos 20 = —1. In domain IV, it has two solutions,
p=p3 and p=p4, when cos 20 = —1. In domain V, it has a single solution p = ps when cos 20 = —1, and the equation
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f2(p) =0 does not have positive solutions in domain VI. The following notation has been introduced here.

—vi-«/v2+3u

PLa = RV, u=1)(p,2p)), P34 = RV, i+ D(py2py); R(v, ) = 3

Stable equilibrium positions of the system correspond to the equilibrium values p=p; and p=p4, and unstable
equilibrium positions of the system to p=p> and p =p3.

3.1.3. In the case of third-order resonance, a system with Hamiltonian (2.2) (when n = 3) has an equilibrium position
p =0 which is stable when . # 0 and unstable when . =0. The other equilibrium positions are given by the equations

§in30 = 0, fi(r) = 3r +2vr %+ %rcos3e-u =0 (r=p">0)
The number of equilibrium positions of the model system changes on passing through the values of the parameters
v and p for which the following conditions are satisfied

' 1
f3|c053(-)=1 = f3’|cos39=1 =0 or f3|c0539=—1 = f3f|cos39=-—l =0

The curves corresponding to these conditions (shown by the solid lines in Fig. 3, k) and, also, the line . =0 separate
the plane of the parameters v and w into the domains I-V. The points A3, B3 and C3 in Fig. 3, k have the coordinates
(=9-277/3,0), (0, —9/16) and (=9 - 278/3,9 . 2716/3) respectively.

In domain I, the equation f3(r) =0 has a single solution when cos 30 =1 and a single solution when cos36 = —1 to
which the unstable and stable equilibrium positions of the model system correspond. In domain II, this equation has
three solutions r = ry, ro, r3(r1 < ro < r3) whencos 360 = 1 and one solution when cos 36 = —1: unstable equilibrium
positions correspond to the solutions r=r; and r3 and stable equilibrium positions to the solutions »=r, and r4. In
domain III, the equation f3(r)=0 has two solutions r = ry, r2(r; < r) when cos36 = 1 and two solutions r=r3,

Fig. 3.
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ra(r3 < rq) when cos 30 = —1. Stable equilibrium positions of the system correspond to the solutions r=ry and r=r4,
and unstable equilibrium positions of the system to r=r, and r=r3. In domain IV, the equation f3(r)=0 has two
solutions, r=r; and r = rp(r; < r2), when cos 30 = —1 to which unstable and stable equilibrium positions of the

system correspond. The equation does not have any solutions in domain V when cos 30 = +1.

3.1.4 In the case of fourth-order resonance, a system with Hamiltonian (2.2) (when n =4) has an equilibrium position
p =0 which is unstable when w=0 and —1 <v <1 and stable in the remaining cases.

In the plane of the parameters v and ., we distinguish the domains I-IV (Fig. 4, g) for which the line . =0 and parts
of the parabolae p=—(v+ 1)%/3 (when v < —1) and w=—(v — 1)%/3 (when v < 1) serve as the boundaries. Apart from
the equilibrium position p=0, in domain I the system also has equilibrium positions when p=pj, p2 and cos46 = 1
and equilibrium positions p =p3, p4 and cos40 = —1, where

Pi,2 = Ri(\“rl,l»l)’ P34 = Ri(v—l,u), P3<PISPr<pPy

In domain II, the system has equilibrium positions when p = p3, p4 and cos 40 = —1. In domain III, the system has
equilibrium positions when p =p; and cos 46 = 1 and equilibrium positions when p = p4 and cos 40 = —1. In domain
IV, the system does not have equilibrium positions which differ from p =0. Stable equilibrium positions of the model
system correspond to the equilibrium values p=p; and p = p4, and unstable equilibrium positions of the model system
to p=p2 and p=p3.

3.2. Phase portraits

The phase portraits of model systems with Hamiltonian (2.2) whenn=1, ..., 4 are shown in Figs. 1-4 respectively
in the plane of the variables u = /2p cos 0, v = 4/2p sin 6 when v > 0. In the case of n-the order resonance, the phase
portraits are converted into one another on rotating the plane about the origin of coordinates by an angle which is a
multiple of w/n.

In Figs. 1-4, the singular points of a “centre” type correspond to stable equilibrium positions of the model systems,
and saddle singular points correspond to unstable equilibrium positions. Merging of the two equilibrium points of the
system, the stable and unstable points, into a single unstable complex singular point, which disappears on passing
through the curve, occurs on the curvilinear boundaries of the domains. The corresponding phase portraits are not
shown. The separatrices, separating the domains with different forms of motion of the system, pass through the
unstable singular points. Each of the domains in which there are two types of unstable singular points (and this means
two separatrices in the phase portraits) are subdivided into two subdomains, labelled with the letters a and b, with a
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different form of separatrices. An adjustment of the phase portraits, when two separatrices merge into one, occurs on the
curves shown by the dashed lines in Fig. 1, f, Fig. 2, i, Fig. 3, k and Fig. 4, g (the corresponding phase portraits are not
shown). The points E1, A and D3 of intersection of these curves with the boundaries of the domain have the coordinates
(—3.485...,-2.237...),(=2+/2, =1)and (—1.89....,0) respectively. Either oscillations in the neighbourhood of the
stable equilibrium positions or rotations that are the closed trajectories in Figs. 1-4 encompassing the separatrices,
correspond to the other trajectories of the model system. The phase portraits in the rectilinear boundaries of the domains
are only shown in those cases when they are qualitatively different from the phase portraits in the domains adjacent to
them.

Figure 1, a—e corresponds to the case of resonance in forced oscillations and to the domains I, II, IV, Illa and I
in Fig. 1, f.

Figure 2, a—h corresponds to the case of parametric resonance and the domains I, Ila, 11b, IIIb, TV, V and VI in
Fig. 2, 1.

The phase portraits of the model system for third-order resonance are shown in Fig. 3. Figure 3, a—c corresponds
to the domains I, Il @ and I1 b, Fig. 3, d—f corresponds to segments of the line w=0whenv < —1.89..., —-1.89... <
v<-9/8- 223y > —-9/8 - 22/3 and Fig. 3, g—j corresponds to the domains Il a, III b, IV and V (see Fig. 3, k).

The phase portraits of the model system in the case of fourth-order resonance, shown in Fig. 4, a—f, correspond to
the domains I a and I b, to the segment —1 <v< 1 of the line w=0 and to the domains II, IIl and IV in Fig. 4, g.

4. Periodic motions

We will now consider the complete system (2.3) when n=1, ..., 4. In the neighbourhood of each equilibrium
position 8 = 0=, p = p= of the model system, which does not coincide with the origin of the coordinates (we exclude the
unstable complex singular points on the boundaries of the domains from the treatment), the complete system in the
case of an n-th order resonance can be treated as a quasilinear system with perturbations of the order of &% with period
T ~ &% with respect to T (see Section 2). According to Poincaré’s theory of periodic motions,” a unique solution of
the complete system which is T-periodic in 7, analytic in €™ and has the form

8 =6(1) = 0,+0(e"), p=p(1) = pye+OE"

is generated from each equilibrium position 6 = 6+, p = p= of the model system.
In the initial system, the solution, which is analytic in &, 2wn-periodic in time and has the form

x = €.k pysiny, + O™, p, = £ 2k pypcosy, + O™
Y, = Nt/n+00,+(1-0)n/(2n) — @,

“.1)

corresponds to it.

Note that solutions of the form (4.1) are generated from the equilibrium positions, corresponding to the same
values of p+ and different values of 0= (differing by 2m/n, n > 2), which transfer into one another for a shift in ¢ by
2w, 4m, ..., 2(n — 1) and correspond to the same motion of the initial system.

We will now consider the problem of the stability of these solutions. The periodic solutions, which are generated
from unstable equilibrium positions of the model system, are unstable, which follows from the continuity with respect
to € of the characteristic exponents of the corresponding linear equations of the perturbed motion.

The problem of the stability of the periodic solutions generated from stable equilibrium positions of the model
system can be solved by normalization of the complete Hamiltonians in the neighbourhood of these solutions. In the
complete Hamiltonian, we put 8 = (1) + ¢, p = p(7) + p and, then using the canonical transformation ¢, p — 7, p,
we reduce the Hamiltonian to normal form up to terms of the fourth order inclusive

~ 1 ay ), 2 ~2y 1 ay ), =2 ~2.2
P = 30+ 0€" )@ + 5 +5(ca+ 0™ )@ + 5+ 0 42
The coefficients w, + O(g*™) and ¢, + O(&*™) in the terms of the second and fourth powers in Hamiltonian (4.2)

are constant quantities. If the coefficient ¢+ is non-zero, then, for sufficiently small values of &, the periodic motion
being considered is stable, by the Arnold—Moser theorem. '°
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Calculations show that the condition of this theorem is violated (the coefficient ¢+ vanishes) only in the cases of
resonance in forced oscillations and fourth-order resonance for values of the parameters v and p belonging to the
curves represented by the dash-dot lines in Fig. 1, fand Fig. 4, g. In Fig. 1, f, the curve from domain I corresponds to
the periodic solution generated from the stable equilibrium position 8 =0, p=p= (see Fig. 1, a), and the two curves
from domain II correspond to the periodic motion generated from the stable equilibrium position 6+ =1, p = p=, which
is unique in this domain (see Fig. 1, b).In Fig. 4, g, the curve from the domain I a corresponds to the periodic motion
generated from the stable equilibrium position when p=p; and cos 46 = 1 (see Fig. 4, a) and the curve from domain
IIT corresponds to the periodic motion generated from the stable equilibrium position when p=p4 and cos46 = —1
(see Fig. 4, e).

Outside the above-mentioned curves for these periodic solutions and, also, for all possible values of the parameters
of the remaining periodic solutions generated from the equilibrium positions of the model system of the two resonance
cases mentioned above and all remaining resonance cases, the corresponding coefficient c= of the normal form of the
perturbed Hamiltonian keeps a constant sign and, consequently, the periodic solutions are stable.

5. Application: a spherical pendulum with a vibrating suspension point

We will now consider the motion of a spherical pendulum of mass m and length /, the suspension point of which
executes vertical harmonic oscillations of small amplitude of the form &l cos £2¢1(0 < & < 1) relative to a certain fixed
point in space. We will describe the position of the pendulum using the spherical coordinates 6 and ¢ and we will
denote the momenta corresponding to them by pg and pg.

The motions of the pendulum are described by canonical equations with Hamiltonian

2
H= __l__zi:(pe—smlzﬂsinﬂtsine)2+ p‘; }—mglcos@)
2ml sin”"©

The coordinate ¢ is cyclic, and therefore p,, = const. We put

Py = mlzsinzeowo, 6, = arccos(g/(mgl)), ®, = const>0
We make the canonical replacement of variables

0 =g, pe=mloyp+eQsinQrsing), Q = Q/w,

and change to dimensionless time T=wo?. The Hamiltonian of the reduced system with one degree of freedom takes
the form

1 2 sin490 A2 A
H=3p+— —(cosB, + €L cosf2T)cosg
sin" ¢

We now make a further replacement of variables ¢, p — u, v using the formulae u = cos g, p = —vsin g and write
the Hamiltonian in the algebraic form

H = Hy+¢eH,
2.3
1-u A A (5.1)
H, = %(l—uz)v2+%(TL2)—uou, H, = —QZCOSQTu, uy, = cosf,
—-u

The system with the unperturbed Hamiltonian Hy corresponds to a pendulum with a fixed suspension point. It has a
single equilibrium position # = ug, v = 0 to which conical motion of the pendulum corresponds, when it is deflected
from the vertical by an angle 0y and rotates about it at a constant angular velocity wg.

The high-frequency oscillations of a pendulum close to its conical motion were investigated earlier in Ref. 11 in the
case of small amplitude vertical high-frequency harmonic vibrations of the suspension point.
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In the Hamiltonian Hy, we put

2
1-
U= uy+ /Tuoi, v = wzn, o = J1+3u

1 —u,

Then, using a replacement of the variable £ = x + ..., = p, + ..., which is close to an identity replacement, we
transform the function Hy to a normal form of the type (1.2), where

3ug + 15u5 -2
QETT T T
4(1 + 3ug)

40 + 1648u + 5573uf + 37100uf + 529661y + 34620uy” + 7317uy’

03 = >
48w°(1 - ud)

The coefficient ¢, vanishes at the point g = u("; = /64249 — 90/6 = 0.3605, which corresponds to a deflection of
the pendulum from the vertical by an angle 6y = 6 = 68.895 . ..°. For this value of up, we have c3 = ¢§ = 2.791.. ..
We will now construct the periodic motions of a pendulum with a vibrating suspension point in the neighbourhood
of its conical motion in the unperturbed problem, assuming that ¢, ~ 0 and 2~ nw(n =1,...,4). In the case of an
n-th order resonance (n=1, ..., 4), it is necessary to assume (see Section 2) that ¢y ~ €2 and that the resonance
frequency difference is of the order of ¢*. The straight line ug = ufy and the part of the curve 2 = £2(ug) when

up € (—1; 1), where 2(ug) = w(uo) = 1/1 + 3u3 when n=1or £2(ug) = n\(uo)(Muo) = w(uo) + O(£?)) when n=2,
3, 4, in the plane of the parameters ug, £2 of the problem corresponds to the condition c; =0 and the exact resonance
R=w (whenn=1) or 2 =n\ (whenn=2,3,4).

We now consider the neighbourhood of the point (ug, Q(ué)) of their intersection (Fig. 5), which consists of points
which are a distance ~ &% from the line ug = ufy and a distance ~ &*n from the curve 2 = f)(uo), and is a curvilinear
quadrilateral. In the case of resonance in forced oscillations (= 1), for an arbitrary point (ug, £2) of this neighbourhood
we putu = ug + i, v = vinexpression (5.1) and u = @i(7) + @1, v = U(7) + ¥ in the remaining resonance cases, where

2. A2 A3
) (1 —ugyQ N ’ . A 2
(1) = uy+e————=—cosQt+0(g"), (1) = —-¢ sinQT + 0(g") (5.2)
2 A2 2 A2
o -Q o -Q

Relations (5.2) describe the non-resonance forced oscillations of the reduced system with Hamiltonian (5.1), which
are 2m-periodic in T and are generated, when € # 0, from the equilibrium position u=ugy, v = 0 of the unperturbed
system.

On then carrying out transformations of the Hamiltonian, similar to those described in Section 2, for each resonance
case, we obtain a Hamiltonian in the form of (2.1), where it is necessary toput N = 1,7 = Q21 N=ow+ 0(82) and,
also, as calculations show, ¢y = /2, k1 = 0.844 ... (for the resonance in forced oscillations), ¢y = 0, kp = 0.532. ..
(for the parametric resonance), ¢ = —m/6, k3 = 0.141 . .. (for the third-order resonance) and ¢y = 0, k4 = 0.951 ...
(for the fourth-order resonance).

Fig. 5.
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We now introduce the parameters v and . and consider a system with Hamiltonian (2.2) when n=1, 2, 3, or 4. It
follows from the results in Section 2 that the coordinates (uq, §2) of the point being considered are connected with the
parameters v and . of the corresponding model system by relations of the form (o, B, 'Y, are constants)

2s, A A 2s, 4s,
up = ug +€ "a,v+..., Q=Qu)+e B,v+e YU+ ... (5.3)

Formulae (5.3) define the transformation of the plane of the parameters v and w of the model system into the
neighbourhood of the point (i, f?(ué)) in the plane of the parameters u, £2. As a result of this transformation, the
domains in Fig. 1, f, Fig. 2, i, Fig. 3, k and Fig. 4, g become the corresponding domains of the neighbourhood being
studied and, with an appropriate choice of the point (i, £2), any of the cases described in Sections 3 and 4 can be
realized.

For a specified point (i, £2), the values of the parameters v and . are calculated and the equilibrium positions
p =p=, 6 = 0= of the model system are determined. The periodic motions of the system with Hamiltonian (5.1) are then
constructed and conclusions can be drawn regarding their stability. These periodic motions have the form (see Section

4)
a Sn %2 . Q’C 2s,
u(t) = dg+e "\ 2n(1 -ug )knp*sm(7+9*—q)0)+0(e ) (5.4)

where i1g = ug when n=1, fig = &i(t) when n=2, 3, 4, and the quantities &, are defined in Section 2.
Relation (5.4) describes the change in the cosine of the angle of deflection of the pendulum from the vertical, and,
at the same time, the angular velocity of rotation of the pendulum about the vertical is given by the relation

2
do _ 1-u,

S 55
v _ (1) )

Formulae (5.4) and (5.5) give the resonant periodic motions of the pendulum in the neighbourhood of its conical
motion when the unperturbed Hamiltonian is degenerate.
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