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Abstract

We consider the nonlinear evolution of a Hamiltonian system as the system passes
through a linear resonance (as the system parameters vary). Two cases are con-
sidered. In the first case the linearized problem (at resonance) possess a full com-
plement of normal mode solutions. This case is presented in the context of the
interaction between modes which may have oppositely signed energy. The second
case considered has an additional degeneracy in that the linearized problem (at
resonance) has a single normal mode solution.

Both cases are analysed using normal form theory and in both cases the systems
governing the transition through resonance are shown to be completely integrable in
the classical sense. Possible bifurcations as the resonance is traversed are discussed.
Conditions for the existence of algebraic singularities at some finite positive time
are also presented.

1. Introduction

In this paper we are interested in the nonlinear evolution of a conservative
dynamical system as the linear normal mode solutions pass through reso-
nance. The resonance occurs when two normal frequencies w; are such
that |w,| ~ |w,| (for some parameter value). The energy, E;, of the mode
corresponding to the frequency w; can (though normalization) be related to
the sign of the frequency w; at the point of resonance, i.e. sign(E;) = sign{w;).
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The physical significance of a mode of negative energy is seen when the
energy E corresponds to the Hamiltonian function for the linearized equa-
tions of motion. A mode then has negative energy when the excitation of
this mode lowers the energy level of the system relative to some basic state.
For example, in shear flows, for which a mode is a wave on an interface sep-
arating two fluids of different densities, exciting a wave of negative energy
lowers the total energy of the system relative to the previously unperturbed
flow, see Cairns [2], Craik and Adam [3].

The transition through a resonance of the linear normal mode solutions
can be classified into two distinct classes depending on the signs of the energy
of the two interacting modes (see Arnold [1]), App. 6). The case when both
normal modes have the same signed energy (i.e. both positive or both negative
energy modes) will not be considered here. However, the case when the two
interacting modes have oppositely signed energies is of particular interest
(this case arises in many physical situations). We will restrict our attention to
this case. As will be shown this form of interaction between the linear normal
modes gives rise to a single complex mode (which in the linear theory allows
for unlimited growth in both modes during the interaction). The production
of this complex mode poses the question of how the solutions to the fully
nonlinear problem behave as the point of resonance is traversed.

The resonant interaction of positive and negative energy modes in con-
servative dynamical systems has received considerable attention in the last
decade. The linear theory has been considered by Grimshaw, [6], (in the case
when the system parameters are slowly-varying functions of the time) who
shows that the action in both modes grows during resonance. Applications
to resonant interactions (resonant triads —w; + w; + @3 = 0) in fluids have
been considered by Craik and Adams, [3], and Cairns, [2], who show that
the presence of both positive and negative energy modes in a resonant traid
results in the production of an explosive instability. The general problem of
the nonlinear interaction of positive and negative energy modes in resonant
traids occurring in Hamiltonian systems has been considered by Grimshaw
[18], (again the parameters are slowly varying). However, the case of the triad
resonance is inherently nonlinear whereas it is the case of the 2-mode reso-
nance which occurs in linear system. The linear instability caused through
the resonant interaction of a positive energy mode with a negative energy
mode is characteristic of the Kelvin-Helmholtz instability found in parallel
shear flows; see Cairns [2], who considers the problem for both a two-layer
and a three-layer shear flow.

The main bodies of work on resonant interactions in Hamiltonian systems
is to be found in the literature of plasma physics and celestial mechanics.
The celestial mechanics literature provides a wealth of work on this subject,
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most of which is concerned with the restricted three body problem which
exhibits such behaviours at the Routhian points (the term Hamiltonian Hopf
bifurcation has been coined for problems of the type that we wish to con-
sider; see van der Meer [15], and references therein). In plasma physics
instabilities which arise as a result of the interaction of positive- and nega-
tive energy modes are known as reactive instabilities, see Davidson, [4], and
the references contained therein.

In this paper we consider the nonlinear response of a Hamiltonian system
in which a (linear) positive energy mode interacts with a negative energy mode
through a resonance. The main question to be considered is the response of
the system as the resonance is traversed as some system parameter(s) are
varied. We employ the method of normal mode theory and make use of
normal forms to reduce the Hamiltonian system to a simpler system (which
is still Hamiltonian) which can be studied to yield some of the details of the
dynamics of the problem. Two cases are considered and are characterised by
the number of normal modes solutions which the linear system admits at the
point of resonance.

2. Semi-simple resonance

(a) Formulation. In this section we consider a system of 2-degrees-of free-
dom governed by Hamilton’s canonical equations

dq/dt = 0H(q,p)/0p, —dp/dt=0H(q,p)/9q (2.1)

where H(q, p; uv) is the Hamiltonian function; q = (41,43), p = (p1,P1) are
the generalized coordinates and momenta, respectively, 4 and v are system
parameters. To discuss the transition of the system (2.1) through a linear
resonance, it is convenient to introduce two parameters; these parameters
will later be related to each other leaving a single parameter to describe the
transition through the resonance. The Hamiltonian is assumed to be analytic
in all arguments. We suppose that p = q = 0 is an equilibrium solution
of (2.1) for all 4 and v. The stability of this solution is determined by the
linearization of (2.1) about the origin:

dq/dt =BTq+Cp, ~dp/dt=Bp+ Aq (2.2)

92H 9°H 9%H
A - (——) ’ B = ( > ’ C - ( ) )
04i9q;/ 049i0pj / opidp;/,

The subscription 0 indicates that the function is evaluated at the origin in
(q,p) space; T indicates the transpose. The system (2.2) has normal mode

where
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solutions consisting of the triplet [w; &, 7], where

(a,p) = (§, n) exp(iwt) (2.3)
and
iwf =BTE+Cn;,  —iwn = Bn+ ACE. (2.4)
From (2.4) we see that [—E;E,ﬁ] is also a solution. Also, not that the ad-
joint system to (2.4) is just (2.4) with @ replaced by @. Thus [w; & 7] and
[—w; &, 7] are solutions of (2.4) (here &, # are the adjoint normal modes and
are solutions of (2.4) with w replaced by @). From (2.4) we can show that

~i(w+@)E n-778) =2E AE+7TBTE+E Bn+7TCr), (2.59)
~i(w-®)E n-77¢) =0. (2.5b)
Similar relations hold for the adjoint normal modes. We note that the right
hand side of the first equation is real-valued and can be considered as the
averaged Hamiltonian for that mode. Following Grimshaw, [6], we can show
that the normal modes can be put into four categories (positive-energy modes,
negative-energy modes, complex modes and imaginary modes).
(i) Positive -energy modes: In this case the averaged Hamiltonian is posi-

tive-definite. From (2.5b) it follows that the normal frequencies are real. The
normal modes are normalized according to

In-7Te=i (2.5¢)
It follows from (2.5a) that the normal frequency w is positive.

(ii) Negative-energy modes: In this case the averaged Hamiltonian is nega-
tive-definite. The normalization is as in (i), however from (2.5a) we see that
the normal frequency w is negative.

(iii) Complex modes In this case the averaged Hamiltonian is indefinite,
and the right-hand side of (2.5a) vanishes. From (2.4) and (2.5a,b) it follows
that 7

- =En-iTe=Eq=F =0,
and the normal modes occur as a quartet, [w;&,n), [-@;&,7), [6;5, 71,
[—w;f,ﬁ]. The normal frequency is complex with nonzero real and imag-
inary components and so each member of the quartet is distinct. The normal
modes are normalized by
=T —T
En-né=1i

(iv) Imaginary modes In this case the right hand side of (2.5a) vanishes,
the normal frequency w now being pure imaginary. The normal modes occur
in pairs [w;¢&, 5] and [@; &, 7). The normal modes are normalized by

AT -7T¢=1
and since w = —@ we can take &, g, E, 7 to be real valued.
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(b) Linear theory. We assume that at 4 = v = 0 the system (2.3) has
normal mode solutions consisting of the pair

[La1,b1], [-4;8;,b)] (2.6a)
and the pair :
[A;82,b2], [—4;a2,b5]. (2.6b)
Then at 4 = v = 0 the normal frequencies satisfy
w)+wy;=0. (2.7)

The system is said to be in 1: — 1 resonance at z = v = 0. We can consider
A(> 0) as a normal frequency of multiplicity two whose associated normal
mode is
$o=aja; + @, Mo =ab; +azjb; (2.8)

where the a;’s are, as yet, undetermined functions of some parameter. Note
that this case has been termed the semi-simple Hamiltonian Hopf bifuca-
tion since (2.4) possesses a full complement of normal mode solutions (the
nonsemi-simple case occurs when (2.4) has an additional degeneracy in that
for the normal frequency A there is a single normal mode solution). Here we
have assumed that the a; and b; are independent.

Due to the multiplicity of the normal frequency A we can impose the
orthogonality conditions

alb, — b, a, = iy, (2.9a)
alb; —bTa, =0. (2.9b)

To obtain the higher order corrections to the normal fequencies we assume
that x4 and v are both small parameters and relate v to u by

v = ue.
We now expand all the relevant quantities in (2.4) in powers of u
Wy, -0y = A+ péw + O(u?),
&(n) = Eo(mo) + ud&(dn) + O(u?)
and
A=Ay + udA + O(u?),
where
Ay = A(0,0), 04 =0A(0,0)/8u +edA(0,0)/8v

with similar expressions for B and C. Substitution of these expansions into
(2.4) yields at O(u)

SWEj oy = xjxax, (j=1,2) (2.10)
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where we have made use of the orthogonality conditions (2.9a,b); the o,
(k = 1, 2), are the coefficients in the leading order normal mode vector (&, 770)
(see (2.8)). Here

X111 = al JAa| +bl aBTal +al 6Bb| +b1 (SCb] = X”,
X12= a25A81 + a; JBTal +a2<SBb| +b 6Ch, = Xa1»
X22 = a3 643, + bI6BTa, +al6Bb, + bI16Chy = 75,

(Eij) = ((1) _01)

From (2.10) the O(u) “normal frequencies” are seen to be given by
260" = y1y — xa2 2[00 + x22)* — 4x2 12, r=1,2.

The corresponding “eigenvectors” are denoted by o k) Since the leading order
normal modes (a;,b;), (a2, b,) are independent of both x4 and ¢ we may write
XI] =})lj+8sl], (l’.]= 1,2)
where both P;; and S;; are independent of &. Following Grimshaw, [6], it can
be shown that the freedom of choice in choosing the leading order normal
modes (a;,b;) allows us to subject the ay’s to an arbitrary unitary trans-

formation which leaves the eigenfrequencies dw invariant. We choose this
transformation to diagonalize (.S;;) and put

(Sij) = (%‘ _(;2)

where, without loss of generality, we may assume that S; > S,. Also by
suitably redefining the parameter ¢ we may assume that P;; = P;; = 0. Mak-
ing use of these manipulations we find that O(u) corrections to the normal
frequencies may now be written as

20w, = &(S) + S2) £ [e2(S1 — $2)° — 4| Ppy*]'/? (2.11)

with the corresponding “eigenvectors” given by (2.10). Note that at ¢ = g
the system (2.10) has a double zero ‘eigenvalue’ and a single ‘eigenvector’
(o).

From (2.11) we see that dw is real valued when [] > 0, while for [] < 0 dw
is complex with nonzero real an imaginary parts. It follows from the above
analysis that

and

=A+pdwy +0(u?), wy=-A-pdw;+ O(u?)

so that for ¢ = +¢;, we have an exact resonance given by (2.7) (see Figure 1).
Here g9 is given by
e3(S) - $3) — 4|Ppp)2 = 0. (2.12)
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€

FIGURE 1. A plot of w,; as a function of &; dashed curve shows Im(w).

Thus, the consequence of the interaction of a positive and a negative energy
mode due to the resonance (2.7) is the ‘production’ of a complex mode (which
exists in the parameter range |e| < g). At this stage linear theory predicts
the exchange of energy between what were the positive and negative energy
modes due to the production of the complex mode. We also note that it
can be shown that the action is conserved in the parameter region in which
the complex mode is present; however this conservation of action allows for
exponential growth in both modes when the parameter lies in the region in
which the complex mode is present (see Grimshaw, [6]).

We emphasize that these conclusions are based solely upon linear theory;
to fully analyse the behavior of the system due to the production of the
complex mode we must incorporate the nonlinear terms into the analysis.

(c) Nonlinear theory. Consider the nonlinear problem (2.1). For simplicity
of notation we write

n
H=)_ Hcq,p;ue) (2.13)
2

where H; (k > 2), is homogeneous of degree k in g;, p;. Each Hj, is assumed
to be analytic in all arguments. To analyse the nonlinear problem we first
reduce the system (2.1) with Hamiltonian (2.13) to its normal form. This
involves a succession of contact transformations which convert each Hj into
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its normal form. We shall use the following procedure for transforming the
quadratic Hamiltonian H, to its normal form. Let
qe=0i5i+ Q<& a=Qini+07;

where the ({;, n;) are the normal mode solutions of (2.3) corresponding to
the normal frequencies w;. However this transformation has an inherent
singularity which arises through the form of the leading order normal mode
{¢o0, mo) given by (2.8). This singularity arises due to the presence of the a;’s
in (2.8); the a,’s induce a singularity in the transformation at |¢| = g (since
at |e] = e there is a single ‘eigenvector’ (ay) of the system (2.10). This
difficulty can be overcome by instead defining the transformation according

to

qa=Qia;+Qa;, p=0b;+Qb;
where the a;’s and b,’s are solutions of (2.4) with w = A and satisfy the
orthogonality conditions (2.9a,b). With such a transformation the system
(2.1) becomes

dQi/dt = i(A+ A)Q) + iM2Q, +1)_OH3/0Q, (2.14a)
3

dQy/dt = —i(A-An)Q2+iA2Q, +i) _OH3/0Q,  (2.14b)
3

together with the corresponding complex conjugate equations; here A;; =
#xi; and only the leading order linear terms have been retained. We have
made use of the orthogonality conditions (2.9a,b) and have assumed that the
a; and b; are chosen so as to produce (2.11). If in (2.14a) and (2.14b) we
define _
P, =-iQ,, (1=1,2)

then the transformation from (q, p) to (@, P) is a contact transformation (i.e.
preserves the Hamiltonian structure of the system). The Hamiltonian is given
by

n
H =M1 = Q2®) + AutlQi? + A120,0; + A12Q1 Q> + An| Qo + ) H.
3

To transform the higher order terms of the Hamiltonian to their normal
form we make use of the method of Lie transforms (see Appendix A). This
removes all non-resonant terms from the Hamiltonian function. The Hamil-
tonian then has the normal form

H = Mlw]* = w2)?) + Ait|ur |* + At %,
b
+ Apauytiz + A + ) wfuluy'as, (2.15)
jkmn
the sum being over all indices j, k, m, n such that j+n = k+m = 2. However
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the Hamiltonian (2.15) must be real, since our original Hamiltonian was real.
Thus the nonlinear coefficients must satisfy

bjkmn = anjk,
for all possible indices j, k, m, n. Hamilton’s canonical equations for the
Hamiltonian (2.15) are given by
du,/dt = l(l + AUy + iApu + IZ mbjkmnu{u’z‘ﬁ’l”_'ﬁg, (2163)
dily[dt = i(A - An)lz — iKypuy — i) kbjmnujus™ ' 0755, (2.16b)
From the linear theory we know that the “bifurcation problem” is governed

by the term
o = (A1 + Ap) ~ 4|Ap|%

To facilitate the analysis of the system (2.16a,b) as o changes sign we write
uy = p' ?d A [d(OLA+ 1/2(A1 + At
Uy = p'2d Ay /d(T)i(A + 1/2(A1 + Az2))e]

where 7 = ut and A;j = uy;;; (this corresponds to removing the oscillatory
part of the solution which arises from the real part of the normal frequencies
) and ;). From (2.16a) and (2.16b) we obtain

. . . —k—m—1
dA /dt = (i/2)(x11 + Xx22)A1 + ix1242 + IZ mbjxmnAi A, 4] Al
(2.17a)
_ . ) k1=
ddz/dt = ~ T3 Ay — (i/2) (X0 + x22)A2 = 1 Y kbjxmnAlA; Ay A
(2.17b)

which are Hamilton’s canonical equations for the real Hamiltonian
H(AiA;) = $(un + 222)(| 41> +142)
- _ —_ P —m—k
+ X242, + X131 A + Y bjkmn A AL} Ay, (2.18)
the canonical variables being (A4, 4;) and (—i4,, i4;). The system (2.17a,b)
can now be studied to determine what bifurcations occur as the parameter ¢
changes sign.

Before proceeding there are several points to note from (2.17a) and(2.17b).
Firstly, it is easily shown that the system possesses the integral of motion

I = |4,)* — |4,]* = constant

which represents the conservation of action in both modes. Note that this
conservation law allows for unlimited growth in the two modes (cf section
2(b)). Since the two degree of freedom system governed by (2.17a,b) is
Hamiltonian and possess two integrals of motion, namely the action and
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the “energy” given by the Hamiltonian (2.18), it is completely integrable in
the classical sense.

Returning to the original system (2.16a,b) we note that according to Lia-
punov, [12], this system possesses two families of periodic solutions in the
parameter range for which the normal frequencies are real. Also, applying
the stable manifold theorem, [9], to the system (2.17a,b) (or equivalently to

solutions in a neighbourhood of the origin in (u,, 4;)-space (since in this re-
gion of the parameter space the normal frequencies are complex and hence
the origin in (u;, up)-space is a hyperbolic fixed point of the system (2.1)).
Thus, any peridic solutions which exist in this parameter range must be of
finite amplitude.

(d) Perturbation analysis. First we will restrict our attention to a neigh-
bourhood of the resonance points ¢ = +&3. Consider the linearized system
corresponding to (2.17a,b)

dAl/dT = %E(Sl - Sz)Al + iPx A,

dAz/d‘l' = - l'?lel — %G(Sl - Sz)Az.

(where we have made use of the normalization discussed in the linear theory).
From the linear theory we know that at ¢ = +¢&g this linearized system has a
double zero eigenvalue and a single corresponding normal mode vector. Here
go is given by (2.12). We will restrict our attention to a neighbourhood in
e-space about ¢ = &.

Define the matrix

1 i
_ [ 760(S1 = 52) Py3 _ 1 e
Ao = ( =Py ~-1eo(S1-82) /) Pzl _g-io 4

where we have set Pj; = |P);e’? and made use of the definition of ¢;. We
define the normal and generalized normal mode vectors according to

Aot =0, Ao =¢). (2.19a)
For example
& =2(1,—e"?)T,  &H=|Py7!(1,e7®)T,
We also define adjoint vectors
A =0,  Ali=¢; (2.19b)
where Aj = K§ Comparing (2.19a,b) we can choose

52‘] = éll: 652 = _6129
E=C1, & =—n,
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where &; = (§;1,¢ jz)T, etc. We have the natural orthogonality conditions

(€2,83) =0, (¢ =58
(él:fl‘) = (CZ:&S) = a,

where we are still free to choose the real constants «, § with a suitable choice
of the normal mode vectors &, and &;. Here (v,w) = v, W, is the usual
Euclidean dot product.

Returning to the fully nonlinear system we make the transformation

A = (4,,4;)" = Bié, + Byt

If we choose the variables Q; = Bj and P, = —iB,, P2_ = —_iFl then the trans-
formation from the canonical variables (A4, A3), (—iA;, i4,) to the variables
(Qj, P;) is canonical that £, and &, (i.e. a and B) are chosen such that

B=0, a=1
The transformed Hamiltonian is then given by
= |By|* + o[y |B,|* + a2 B, B2 + @B B, + a3| By|*]
+_ djkmnB{B}B] B (2.20)
where
g=¢e—¢&
2a; = (81 - $)(|Enl? + [€12%) > 0,
2a2 = (81 — $2)(Enéa + €128 ),

2a3 = (81 = $2)(|Eal* + [§221%) > 0

and the dji,, are related to the bji,,, of (2.18). In particular
djkmn = dmnjk-

Hamilton’s canonical equations for the Hamiltonian (2.20) are

npMmpk—1

dBy/dt = iB; + ioa;By + a3By) + i Y kdjkmaB{BjBY B; ,(2.21a)
dBy/dt = ioloy By + @ B) + iy mdjimnB{BI B} 'BY. (2.21b)
Since we are interested in a small neighborhood of ¢ = 0 we rescale
B, =6C,, B,C;, B,=6*C;, x=094r, o =dw.
To leading order in J, we obtain from (2.21a,b)

dC/dx =iC,, (2.22a)
dCz/dx = ialeI + 2id2020C1|C||2 (2.22b)
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which are Hamilton’s canonical equations for the Hamiltonian
G= |C2|2+a1w|C1|2+d2020|C1|4 =g. (2.220)

Here g € R is the ‘total energy’ for the reduced system (2.22a,b). Also note
that the system (2.22a,b) possesses a second integral of motion

2J = fzcl + EIC2. (2.22d)

which is ihe action integral and represents the conservation of action in both
modes. The system (2.22a,b) is equivalent to

dZCI/dxz = —a,wCl - 2d2020C1|C1|2. (2.23)

Equation (2.23) has arisen in the study of Kelvin-Helmholtz instability in a
two layer shear flow, see Miles [14], and also in the interaction of a posi-
tive energy wave with a negative energy wave in a three layer stratified shear
flow where in both cases a)w is interpreted as a perturbation about a crit-
ical wavenumber, see [5]. We note that the above analysis also holds if we
consider a neighborhood of ¢ = —e,.
Before proceeding with an analysis of the solutions to (2.22a,b) we consider
the steady solutions
C, =0, =0 (2.24a)
and
C=0, |G| =-w/(2d), (2.24b)
which correspond to periodic solutions of our original system (2.16a,b). Note
that as w changes sign there is a bifurcation from one equilibrium solution to
two equilibrium solutions. In this reduced system this bifurcation is equiva-
lent to a pitchfork bifurcation whereas in our original system governed by the
Hamiltonian (2.15) this bifurcation corresponds to a bifurcation to periodic
solutions from the trivial equilibrium (0,0). The second of these solutions
exists ford < 0, w > 0, and 4 > 0, w < 0. However, these solutions can be
shown to be stable only for w < O(¢ < &;). Note that in the case w < 0 the
origin in (C;, C;)-space in unstable. Hence it is only possible for a bifurca-
tion to manifest itself in the second of these cases. So as w increases from
negative values to positive values the solutions governed by (2.24b) tend to
zero and no longer exist for w > 0. Thus, the case of bifurcation of periodic
solutions of the original system governed by the steady solutions (2.24a,b)
corresponds to one of the possible behaviours of such systems mentioned by
Meyer, [4], in which the family of periodic solutions exist only for w < 0. It
would appear that the periodic solutions given by (2.24b) are precisely those
predicted by Liapunov’s theorem, [12].
Equation (2.23) can be integrated; introducing

C, = Re'%; R,0€R
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we obtain upon equating the real and imaginary components of the resulting

equation
dzR/dxz - R(dO/dx)2 ==& wR - 2d2020R3, (2258)
d0dR d*6 '

From (2.25b) we obtain
R20, = constant = J
where J is the action given by (2.22d). Substituting back into (2.25a) yields
d’R/dx* — J*R™3 = —a @R - 2dy02R>. (2.26)

Without loss of generality we will set a; = 1 and drop the subscripts on the
dy020. Defining S = R? we obtain from (2.26)

(Sx)? = 4(gS — wS? —dS3 - J?) (2.27)

where g is a constant of integration (it is, in fact, the total energy given by
(2.22¢)). Equation (2.27) can now be integrated in terms of elliptic integrals.
Thus

/ (S — wS? — dS? — J2]'2dS = +2x + xo. (2.28)

Returning to equation (2.25a) we note that this equation has been derived
by Miles, [14], as the equation governing the onset of Kelvin-Helmholtz in-
stability in a two layer stratified fluid. This equation also arises in the study
of the interaction of two modes of oppositely signed energy in a three layer
stratified shear flow, [5].

Closed trajectories of (2.27) correspond to periodic solutions R of (2.26).
The existence of closed trajectories of (2.27) in the (Sx,S) plane depends
upon the nature of the roots of the polynomial

P(S) = gS — wS*-dS? - J2.
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We note that only the positive roots of P(S) correspond to realistic solutions
R of (2.26).

Miles, [14], has classified the solutions of (2.27) into the following four
categories (where without loss of generality we may assume that d takes only
the values +1).

(i) w > 0, d = —1. P(S) has three positive roots. The trajectories in the
(S:,.8)-plane can be both open and closed provided

(ia) w?/3>g>0
(ib) P(Sy) >0, P(S$) <0, ST = 1/3[w + (w? — 3g)"/2].

Violation of any of these conditions reduces the number of positive roots of
P(S) to one and no closed trajectories exist in the (S, .S)-plane (see Figure
2a,b).

(i) w < 0, d = —1, P(S) has a single positive root and no closed trajecto-
ries exist (see Figure 2¢,d).

(i) @ > 0, d = 1. In this case P(S) has two positive roots. Closed
trajectories exist in the (S;, S)-plane provided that the following are satisfied
(see Figure 2e,f)

(iiia) g >0
(iiib) P(So) > 0, Sp = 1/3[(w? + 3g)"/? - w].

1.00 ~T T T T— T T 1.00
0.60 — 0.60

-0.20 |- — -0.20

-0.60 - = -0.60
+ J
«1.00 i | 1 | S ! 1 ~«1.00
0. 0.30 0.60 0.50 1.20 1.50
S
FIGURE 2a,b. Phase-plane plot of Sy versus § for equation (2.26); w = 1, d = —1,

(a) J2=0, (b) J2 =0.01 and G =0, 0.1875, ~.25, 0.5.
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1.00
Sy

0.20

-0.20

-0.20

-0.60 -0.60

-1.00 -1.00

FIGURE 2c,d. Phase-plane plot of St versus § for equation (2.26); w = -1, d = —1,
(c) J2=0, (d) J2 =0.01 and g = -0.25, 0, 0.25, 0.5.

0.50 — 7T T 0.50 T T T T
sy L ) Se |

0.30 |- - 0.30 |- .
0.10 . 0.10 [ @ .
-0.10 - -0.10 [ .
-0.30 - -0.30 .
I i | R

-0.50 PR DU WS UE DU -0.50 RS IR NP R N

0 0.10 0.20 0.30 0.40 0.50 0. 0.10 0.20 0.30 0.40 0.50
s S

FIGURE 2e(f. Phase-plane plot of Sr versus S for equation (2.26); w = 1, d = 1.
(e) J2 =0, g = 0.125, 0.25, 0, 0.5, (h) J? = 0.001, g = 0, 0.125, 0.25, 0.5.

(iv) < 0, d = 1. In this case P(S) has two positive roots. Closed
trajectories exist provided that (see Figure 2g,h)

(iva) P(Sp) >0, So=1/3[(w? +3g)/? + |w]], g €R, g > -w?/3.

In cases (ii) and (iv) Sy is the positive root of P (the derivative of P with
respect to .S). For these two cases the period of the closed trajectories is given
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1.00 ——— T T T 1.00 L S A S S
Sy | i St
0.60 - 0.60 |- .
0.20 - 0.20 - ._
1
-0.60 |- \_/ . -0.60 | 4
-1.00 M U NP RN S -1.00 S PO N B |
0 0.30 0.60 0.50 1.20 1.50 0. 0.30 0.60 0.9 1.20 1.50
S S
FIGURE 2g,h. Phase-plane plot of Sy versus S for equation (2.26); w = -1, d = 1.

() J2= 0, g = —-0.125, -0.25, 0, 0.5, (h) Ji= 0.01, g =0, —01.25, 0.25, 0.5.
by
S1
T= / [(51 — $)(5 — $2)(s — 53)]'/2 ds
52

=2(s; —53)" 2K [(u)"z]

S1— 8

where s5; > 55 > 0 > 53 are the roots of P(S).
In cases (i) the period of the closed orbits is given by

T= /SZ[(SI — 5)(s2 = 8)(s — 53)]"? ds

1/2
- §H—=S
=2(s1 - %)’k [(s—f_;) }

where 51 > 5, > 53 > 0 are the roots of P(S). K is a complete elliptic integral
of the first kind. Trajectories in (Sx,.S)-plane are plotted in Figures 2a-h for
various values of the parameters g, J, w, d.

Considering cases (i)-(iv) we see that there are two possible distinct forms
of bifurcation which can occur as the parameter w changes sign. The first
of these is as described above for the steady solutions. Namely, for w > 0
there exist periodic solutions which tend to zero (disappear) as w changes
sign. This form of bifurcation is also possible in case (iii) and (iv) provided
that the change in sign of the parameter w produces a violation of one of the
conditions (iib) or (iva). The other form of bifurcation is represented solely
by cases (ii) and (iv). This case can be characterised as follows: for w < 0
there exist periodic solutions which persist for @ = 0 and for @ > 0 they grow
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in amplitude. The fact that these periodic solutions must necessarily grow in
amplitude is not evident from the analysis presented above. However, it is
possible to infer this property from the stable manifold theorem [9], which
implies that there can be no periodic solutions in a neighborhood of the origin
for w > O (since the linearized normal frequencies are them complex implying
linear instability). However, case (iii) ensures that periodic solutions do exist
and therefore must be of finite amplitude (which increases with increasing
w > 0).

The analysis about ¢ = —¢g( parallels that above. Now, writing, € = —gg—0
we obtain an equation similar to (2.23).

(e) Singular solutions. Let us now return to the system (2.17a,b). Due
to the presence of the cubic nonlinearities one would expect that solutions
of (2.17a,b) could posses movable singularities at some finite time 73. To
investigate this possibility we introduce polar coordinates according to

A,~=R,~exp(i0j), Rj,ejGR, (_]= 1,2).
We write
bjkmn = Cjkmn + idjkmn
and noting that bji,,, = Boun jk We obtain, upon equating real and imaginary
parts of (2.17a,b), the ‘amplitude’ equations
de/d‘t = - % sin(¢ — 60)Ry + (C102|R% + Coqu%)Rz sin @

_(leZIR% + d01 12R%)R2 cos 6 + 2(C2200 sin 26 + dzzoo cos 20)R1R%,
(2.292)

dR;/dt= — %Siﬂw — 0)R, + (1021 R? + co112R3) R, sin 6

— (dyo21 R} + dp112R3) R, cos 0
+ 2(c2200 sin 26 + d,;00 cOS 20)R%R2 (2.29b)
and the ‘phase’ equations
Rd6/dt = (¢/2)R, + (1/2) cos(¢ — 6)Rz + 3(c1021 €08 0 + dioy; sin )R} R,
+ (co112 cos 8 + doy 12 8in O)R3
+ 2(02200 cos 26 — dzzoo sin 20)R2R%
+ 2C2020R:|’ + C““RlR% (2.290)
Ryd6/dt = —(1/2)cos(p — 0)Ry — (¢/2)R; — (1021 €08 0 + dyo2; sin §) R}
- 3(60“2 cos 0 + dyp112 sin B)RzR%
— 2(¢220020 — da209 sin 20)R%R2
— 2¢0202R3 — 111 RIRy, (2.294)
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where 6 = 60, — 0, and we have set (for simplicity) S} — S, = 1, P, =
exp(ig). Note that the parameter governing the resonance, &, appears only in
the equation for the phase 6, 6,.

A simple dominant balance argument shows that if the amplitude equa-
tions (2.29a,b) have solutions R;, (j = 1,2) which develop a singularity at
some finite time 7o then this singularity must be of the form (to — 7)~1/2,
(t — 15). We then look for solutions of (2.2%9a-d) in the form

Ry=(10-1)"2P, 6=6, (1—7;).

Note that the position of the singularity cannot be predicted i.e. it must be a
moveable singularity. From the conservation of action equation we obtain

P2-P2=0.

With the leading order behaviour given as above we obtain from the ampli-
tude equations (2.29a,b) the single equation

2[(c1021 + Co112) sin Op — (d1021 + dor112) cos o] P Py
+4(c2200 Sin 20¢ + dyz00 COS 200)P12 —-1=0. (2.30a)

From the phase equations (2.29c,d) we obtain

[2¢2020 + €1111 + 2(C2200 €OS 209 — da20p Sin 200)]1’12
+[(3c1021 — co112) €08 8p + (3d1021 + do112) sin 6p) P P, = 0 (2.30b)

and

[2¢0202 + €1111 + 2(C2200 €08 280 — d)200 Sin 200)]P|2
+[(c1021 + 3co112) cos O + (1021 + 3do112) Sin §o]P Py = 0. (2.30c)

we note that the equations (2.30a-c) do not depend upon the parameter, &,
governing the linearized stability.

Equations (2.30a-c) are three equations for two unknowns, namely P,
and 6y (P, is determined form P} = P?). We can then consider equation
(2.30a,b) as equations for the amplitude P, and the phase 8, respectively.
The third equation is then a compatability equation for the nonlinear coeffi-
cients, (Cjkmn, djkmn)- Thus, given any particular set of nonlinear coefficients
we can predict from (2.30a-c) whether the system (2.17a,b) can possess sin-
gular solutions.

In Figures 3 And 4 we present numerical solutions of the system (2.29a-d).
In Figure 3 we have djgz; = 1 with all other nonlinear coefficients set equal
to zero. In this case we predict from (2.30b,c) that sin 6y = 0. From (2.30a)
we then predict that cos @y = 1 (in order for the singularity to occur at some
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FiGURE 3. Numerical solutions of (2.29a-d). Nonlinear coefficients dg3; = 1, with all others
equal to zero, ¢ = 1, p = n. Plot of logr;, cos @ (solid curve) and sin 8 (dashed curve) versus 7.

7.18 | LB LS ELE B R 1.00 T T T
N
L 4 L N
\|
5.74 | - 0.60 - -
L i ® L J
i
o 4.31 g 0.2
a0 | | 7
o -
— 2.87 - @ -0.20
] n
I (o]
1.44 — © .60
° [ SIS S T N S N 100 Ll 1.1 o b
0. 0.04 0.08 0.12 0.16 0.20 0. 0.03 0.07 0.10 0.14 0.17
T T

FIGURE 4. Numerical solutions of (2.29a-d). Nonlinear coefficients dyg3; = cj021 = | with

all others equal to zero, ¢ = 0.5, ¢ = n. Plot of logR,, cos@ (solid curve) and
sin @ (dashed curve) versus t.

positive time 79 > 0). The plots of log R;, cos 8§ and sin @ versus t in Figure
3 confirm this prediction.

In Figure 4 we have djg3; = ¢1021 = 1 with all other nonlinear coefficients
set equal to zero. From (2.30b,c) we predict that cos§y = —sinf,. From
(2.30a) we then see that sin 6y > 0. The plot of log R;, cos 8 and sin § versus
7 in Figure 4 confirm this prediction.
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3. Nonsemi-simple resonance

In this section we consider the case of bifurcation from resonance in the
nonsemi-simple case. This case has been considered by Van der Meer, [15,
16], whose interest in the problem was motivated by the fact that this type
of bifurcation problem occurs in the restricted problem of three bodies at
one of the Routhian points. Cur interest in this proviem 1s moiivaied by the
occurrence of problems of this type in the interaction of positive and nega-
tive energy modes in three layer stratified fluid flows in which the additional
degeneracy manifest itself through the particular form of the dispersion rela-
tion one encounters in such problems. Van der Meer, [15], approached this
problem through the use of real normal forms by making use of the concept
of an “energy-momentum” map, (see [15]), and obtaining a reduced system
whose solutions give information on the bifurcation behaviour of his original
system. We however, take a different approach than that followed by Van
der Meer [15], by assuming that the Hamiltonian depends on a small param-
eter as in Section 2, obtaining the complex normal form and then doing a
multiple scale analysis.

The case of the nonsemi-simple resonance is characterised by the fact that
now the normal mode equations (2.4) possess a single normal mode solution
at u=0.

ila; = BoTal + Coby, iAb; = Bgb; + Apa, (31)

i.e. the system (2.4) has an additional degeneracy in that the “eigenvalue” il
has a single “eigenvector”.

To analyse this case we proceed somewhat differently from section 2 in
that we immediately derive the complex normal form and then proceed to an
analysis of the fully nonlinear equations. To derive the complex normal form
we first introduce the notion of a generalized normal mode vector (a;, b,)
defined according to

iAa; = Bgaz + Coby + a4, —iAb; = Bygby + Apay — by. 3.2)
From (3.1) and (3.2) we obtain the orthogonality conditions
b3, —a’h; =b,a; —alb, =0 (3.3)

and r r
bya; —alb,=a, bya;-dlb,=ip (3.4)
where a, f are real normalization constants which we are still free to choose.

To put the quadratic Hamiltonian into normal form we make the trans-
formation

q=Qa;+0A;, p=0bi+0b,
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and substitute these expressions into the O(1) quadratic Hamiltonian
H = (1/2)q" (40a + Bop) + (1/2)p” (B q + Cop).

Making use of the orthogonality conditions (3.3) and (3.4) we obtain
H(Qi, Q) = iad(Q,Q1 — 020)) - (A8 + @)| Q2. (3.5)

However, the transformation from the cannonial variables (q, p) to be vari-
ables (Q;, @;) is not necessarily a canonical transformation. To check that
such a transformation can be made canonical we make use of the method
outlined by Whittaker, [17]. In this case a transformation from the variables
(q,p) to the variables (Q, P) is canonical provided that the expression

opjdqj —dpjéq; = 6P;dQ; — dP;06Q;

holds. Here (dp;, dq;) and (dpj, dq;) are independent infinitesimal variations
in the (p;, q;). In our case we have

opjdqj — dpjoq; = a(6P;dQ; — dPi6Q;) + if(60,d Qs — 6Q02dQ,)
where
Pl = 62’ Pz = _al' (3.6)

Thus, in order for the transformation from (g, p) to (Q,P) (with P given by
(3.6)) to be canonical we must choose a and 8 such that

a=1, p=0.
In this case the O(1) quadratic normal form is given by
H(Qi, Q) = iA(Q,Q1 — 020,) - |Q2* (3.7)

This normal form is equivalent (after some rescaling and a transformation
to complex conjugate variables) to that presented by Arnold, [1] and Vad der
Meer, [15].

To proceed with the analysis we write the full Hamiltonian as

H=HP +uH" + H,

where Hz(o) is given by (3.7), Hz(l) is homogeneous of degree 2 and Hj is
homogeneous of degree k. Making use of the method of Lie transforms (see
Appendix A) This Hamiltonian can be reduced to the normal form

H = i(A+ un)(Q,01 — Q20,) — |Qaf* + puv| Q|2
+a1|Qi|* + ic|Q112(@10; — 0, 22)
+a3[3(Q10; — @20,)* + (@10, + C,22)%), (3.8)
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where v, and v, are parameters and the a; are real constants. Note that
0 < u < 1 is a small parameter. The higher order corrections to the normal
frequencies are then given explicitly by

wi2= A+ pw) £ ip'Pv),

Thus, we see that the stability is governed by the sign of v,; as v» changes
sign the linearized normal frequencies go from ctable to unstable. As noted
by Van der Meer, [15], the Hamiltonian (3.8) is essentially an unfolding of
the O(1) quadratic Hamiltonian (3.7) and it this unfolding that is responsible
for the loss of stability of the leading order normal mode.

Perturbation analysis. Hamilton’s canonical equations for the Hamiltonian
(3.8) are given by

dQi/dt = i(A+ uv1)Q) — Q1 + ia20Q1|Q1|* + 40301(20:10; — 0>0,), (3.9)

dQ,/dt = i(A+ puv1)Q2 — uv2Qy — 201 Q,|04 |
- (ia2Q) — 4a3Q2)(Q1Q; — 20:0)). (3.10)

We note that this system possesses the second integral of motion (the action
integral)
0,0, — @>0, = constant

so that the system governed by the Hamiltonian (3.8) is integrable in the
classical sense. Substituting

Qj = Xj expli(4 + uv)t]
into (3.9) and (3.10) yields the evolution equations
dX\/dt = = X3 + i X)| X |? + 403 X, (2X, X3 — X2 X)) (3.11)
and
dXy/dt = —ur X — 20, X)| X | = (a2 X) — 403 X2) (X1 X3 — 2X2X ). (3.12)

This effectively averages out the oscillatory component of the solutions Q;,
@, of (3.9) and (3.10). Introducing the scaling

t=u'2, X, =u'’n, Xy =ul,
and substitution into (3.11) and (3.12) yields to leading order in u
dY]/dT=—Y2, de/d‘t=—u2Y1—2a|Y1|Y1|2 (313)

or equivalently
dzyl/d‘l'z =Y+ 201Y||Y1|2 (3.14)

with a; and v, real. We note here that the only nonlinear coefficient «; which
appears in equation (3.14) is a), the coefficient |Q;|* in the Hamiltonian (3.8).
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This is in agreement with Van der Meer, [15], whose analysis shows that the
dominant nonlinear coefficient is precisely this one.

Equation (3.14) arises in the analysis presented in Section 2(c) above and
the properties of its solutions have been described there. We can show that
these results are in agreement with those noted by Meyer, [13]. Equation
(2.27) together with the restrictions on the critical points, Sy, correspond to
Van der Meer’s, [15], reduced system.

4. Discussion

We have show that the interaction through a resonance of two linear nor-
mal modes of a general Hamiltonian system as the system parameters are
varied has the effect of producing an unstable mode in some region of the
parameter space. The onset of this instability causes the linear normal mode
approximation to become invalid. In this region of the parameter space one
must now consider the fully nonlinear problem.

It is shown, using simple normal form theory and perturbation theory that
the fully nonlinear problem can possess periodic solutions in the parameter
range for which the linear normal modes are unstable. Agreement with earlier
results has been demonstrated and both the semi-simple and nonsemi-simple
cases were shown, locally about the point of resonance, to governed by the
same form of second order differential equation.

Also, in the case of the semi-simple resonant interaction we have derived
a compatibility condition on the nonlinear coefficients which determines
whether it is possible for solutions to develop algebraic singularities at some
finite time. This compatibility condition is independent of the parameter
governing linear stability.

5. Appendix A

In this section we explicitly derive the higher order normal forms for both
the semi-simple and nonsemi-simple case. We make use of the method of
Lie transforms as outlined in [9], [11]. To this end we let HZ(O) denote the
leading order quadratic Hamiltonian (i.e. u = 0). We define the map ade(O)

according to
ad HO(F) = (H{", F} (A.1)
where the Poisson bracket {e, ¢} is defined according to
OF 8G OF aG
G,F} = ———-——). A2
GFy =3, (3qi dpi Op; 341') (A-2)
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The normal form is then found by obtaining a basis for the complement to
the space ade(o)(Pk); P, is the space of polynomials of degree k. A suitable
choice for this complement is the space kerade(O)(Pk), the kernel of the map
ad H{(P,), (see [9, 11] for details).

Semi-simple case. The quadratic normal form for the semi-simple case is

given by .
)= (e - 10:1%) (A3)
where
Qi =pi+iq, Q:=p2+iq.
In terms of the complex variable Q;, @i the map adH(o) becomes

0) _
adH{ (Q1 s~ Oi5 Q o +Q23Q2)

The Hamiltonian can be reduced to its normal form by applying the map
ade(O) to the order » monomials

(k1) = QL Q002  ki+k+h+h=n
Allowing ade(o) to act on these monomials we obtain
adHO (k,l) = —id(ky = || — ky — b)(k, ).

Hence

kerad HO (k1) = {(k,1): ky + b = b, + ka}.
Thus

kerad H®p, = {(k,): ks + b=l + kp = 1}
ie. kerade(o)]p2 is spanned by the quadratic monomials

010:,0,0,,1011%, 10212 (A.4)

Thus all O(u) quadratic terms other than those given in (A.4) can be removed
from the Hamiltonian by a canonical transformation. Also

kerad H®|p, = {0}.
Similarly
kerad H®\p, = {(k,1): k1 + b = Iy + ky = 2},

and so the quartic Hamiltonian can be reduced, via a contact transformation,
to a linear combination of the quartic monomials

—-2—=2

1011%,1Q214, | 1121 Q21%, Q3 Q2,01 05,
10210, 0,, 1011?0102, 121120, 0, 1021221 Q.
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Nonsemi-simple case. The quadratic normal form for the nonsemi-simple
case is given by

HY = iA(0,01 - 0:0)) - 0,2 (A.5)
where
OQr=aq+iq, Q: =p1 +ip,.

In terms of the complex variables Q;, Q; the map ad H" becomes
8 - 8
ad H® =2ir [ 0;- % - 0,-Z ( oo +0 )

Quadratic normal form. The O(u) quadratic Hamiltonian Hél) can be
reduced to its normal form by applying the map ad HZ(O) to the quadratic
monomials

—ly =
(k,1)=0M0%0/0;, (ki+ka+h+h=2).
We compute the image of the map ad Héo) on the generators
=G  X=|QP X3=(Q10,- 2:0)),

X4 = (QIQZ + QZ@])? XS = Q%’ X6 = -éf’
X7 =03, Xg = Ci, Xy = Q10,, Xi0=0,0,.

The matrix representing the action of ad Héo) on these generators is given by

X, X3 X5 X4 Xs X¢ X7 Xz X Xy
X 0 0 0 O 0 0 o0 o 0
X, 0 0 -4 0 0 0 0 o0 0
X3/0 o o o0 o 0o 0 0o o0 0
Xg -2 0 0o o o 0 0 0 0 0
Xs |0 o o0 o0 44 0 0 0 0 0
Xs/o 0o 0o 0 0 -42 0 0 O 0
X[o o o o o 0 41 0 -2 0
Xs |0 0 0 0 O 0 0 -4i4 0 =2
X0 0 0 0 -4 0 0 0 42 O
Xp|0 0 0 0 0 -4 0 0 0 —4iA
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This matrix is singular. Columns 1, 4-10 are linearly independent and a
complement for ade(o) can be chosen as the space spanned by the monomials
represented by the left eigenvectors of the above matrix

(10000000000), (00100000000)7.

Thus a complement to the kemnel of adHéo) can be chosen to be spanned
by ilie monomials A, X3. Hence, ihe G{u) normai form for ihe quadraiic
Hamiltonian can be represented as a linear combination of the monomials
X and Xj; i.e.

1 .= -
HY = in(Q,01 - 0:0)) + vl Q-
Without presenting the analysis for the cubic terms it is sufficient to note

that all cubic terms can be removed from the Hamiltonian by a canonical
change of coordinates.

Quartic normal form. To obtain the normal form of the fourth order
Hamiltonian Hj it is sufficient to consider the action of the map ade(o) on
the monomials

Z =@, Za=10al%
Zy=|Q1M(Q10, + 0102), Za=|Q:H(Q:10; + 0,2),
Zs = |QM(210, - 01Q2), Ze=Qi1H(21Q; - 01 D),

Z;=(010,- 01222  Zs=(210,+ 0,D2)?,
Zy= (00, - 0,22)(210; +0,Q).

The matrix representing the action of ad H{" on these monomials is

Z, Zy Zy Zy Zs Zg Zv Zy Zo
zz|lo o 0 0o 0 0 O 0
Z|0o o 0 -4 0 0 o0 0
Zs|-4 0 0 0 0 0 0O 0 O
zz|l0 o 0o 0o 0 0 0 -8 0
Zs)0o 0o 0 0 0O 0 O 0 -4
Zz|lo o 0 0 0 0 0 0 0
zZ|!0 0o 1 0 0 0 0 0 O
Zz|0 0 -3 0 0 0 0O 0 O
Zlo o 0 0 0 -1 0 0 O
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We observe that the vectors
(100000000)7, (000001000)7, (000000310)7 (A.6)

are left eigenvectors for zero of the above matrix. Thus ade(o) has a compli-
ment which is at least three dimensional. Also columns 1, 4, 6, 8, 9 are seen
to be linearly independent. Thus the compliment of adHéo) is three dimen-
sional and is spanned by the three vectors (A.6). Thus the quartic normal
form is given by

o Zy +iaaZg + a3(32Z7 + Zs).
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