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3 Method II: The energy-momentum map

In this chapter we apply the energy—momentum map reduction method to
the same class of systems as in Chap. 2, namely two degree-of-freedom
systems with optional symmetry, near equilibrium and close to resonance.
We calculate the tangent space and nondegeneracy conditions for the 1:2,
1:83 and 1:4 resonances starting from a Birkhoff normalized Hamiltonian.
The case of the spring-pendulum close to 1:2 resonance is treated in more
detail. We arrive at a polynomial model which is different from the one
found in Chap. 2, and which has an additional saddle-node bifurcation.

3.1 Introduction

Several methods for analyzing Hamiltonian systems around resonance are avail-
able. One is the planar reduction method [BCKV95, BCKV93] of the previous
chapter, but many more are available, see e.g. [Arn93a, GMSD95, SV85, Sch74|
and references there. This chapter uses a method introduced in [Dui84, Sch74].
Just as the planar reduction method of Chap. 2, it uses the Birkhoff procedure
followed by symmetric reduction. The singularity theory used subsequently is
different, however, and uses left-right transformations to normalize a certain
map from phase space to R?, the energy-momentum map. The remainder of the
approach is again similar to that of Chap. 2: From a normal form of the map we
compute bifurcation curves, and by explicitly computing the singularity theory
transformations these are pulled back to original coordinates and parameters.
The algorithms we use to compute the reparametrizations (and the bifur-
cation curves) are closely related to those used in the previous chapter. Both
Kas and Schlessinger’s algorithm and the division algorithm have their counter-
parts in the present setting. With the planar reduction method of the previous
chapter, the tangent space is an ideal, leading to a division algorithm that could
be borrowed from Grébner basis theory with little modification. The energy—
momentum map method leads to a more complicated tangent space. These com-
plications surface again in the division algorithm. In fact the complications were
such that modifying the previous approach in an ad-hoc manner turned out to
be infeasible. Instead we used a structured approach that brought, amongst oth-
ers, Grobner bases and standard bases for both tangent spaces into a common
framework. Within this framework it was possible to derive the required division
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46 3.1. Introduction

algorithm systematically. These results are described in Chaps. 6 and 7, and are
applied in this chapter.

We now give an overview of the energy—momentum map method. For a
general outline of this (and other) reduction methods, see the introduction to
Chap. 2; here we shall be brief. After the Birkhoff procedure and truncation
(or, modulo a flat perturbation), the system acquires an S! symmetry, with
associated conserved quantity Hs. We then construct the energy—momentum
map E, mapping phase space to R2. Its first component is the Hamiltonian,
and the second component is the conserved quantity Hs. This map encodes
information about the dynamics of Birkhoff-normalized system: Its fibers are
invariant manifolds of the system, with singular points corresponding to peri-
odic orbits. Both the fibers and singular points of E are smoothly deformed
under the group of near-identity left-right transformations (B, A), with group
operation (B, A’) % (B, A) = (B’ o B,Ao A’), and action

E— BoEoA.

Since after the Birkhoff procedure the system has a (formal) circle symmetry,
the map E has this symmetry too. It is necessary to do the singularity theory
inside the space of symmetric mappings, since the orbit of E under left-right
transformations has infinite codimension in the general space. Hence, we must
also restrict to right-transformations A that commute with the symmetry. In-
stead of doing this explicitly, we reduce the symmetry by using circle-symmetric
coordinates. For a 2 degree-of-freedom system, we thus can reduce from a circle-
invariant map on R*, to a map on R? that respects a certain algebraic relation
between the variables.

Just as in the planar reduction method, dynamical conjugacy is lost with ar-
bitrary (circle-equivariant but non-symplectic) right-transformations. However,
if the system has 2 degrees of freedom, it lives on a 4-dimensional phase space,
and nondegenerate fibers of E are 2-dimensional circle-invariant manifolds. After
symmetry reduction we get 1-dimensional dynamically invariant manifolds, i.e.,
orbits of the reduced system. A universal deformation of E (i.e., a transversal
section to its orbit under left-right transformations) can be related to a such
a system that is equivalent, i.e., conjugate modulo a time-reparametrization, to
the reduced Birkhoff-normalized system, again, just as in the planar reduction
method.

In contrast to that method, it is not easy to de-reduce to the full system
after normalization, because the fibers Ho = constant are not preserved by the
normalizing transformations (even though, after [Dui84], the transformations we
use preserve E’s second component). The present method therefore seems less
suited for studying the flat perturbations; see [BCKV95, BCKV93] for more
remarks. Our current goal remains to pull back bifurcation curves. Although
the larger class of allowed transformations necessitates an extra calculation to
obtain the Hs-level at the bifurcation point, this turns out to be straightforward
in this case.

A summary of this chapter was published as [Lun99b].
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3.2 Description of the method

This section describes the general energy—momentum map method in detail. It
follows [Dui84] to great extent. To avoid cluttering the formulas, the system’s
dependence on parameters and coefficients is suppressed in this section. From
Sect. 3.4 onwards this dependence will be explicitly taken into account again.

3.2.1 Birkhoff normalization

The first step is Birkhoff normalization. Assume the Hamiltonian H has van-
ishing linear part. Then, after truncation (or modulo a flat perturbation) the
Birkhoff-normalized Hamiltonian H™ is S'-symmetric, and assumes the form

(31) Hn:Hé)*fO(PI»PZJ/%X)y
where we expressed the normalized Hamiltonian in the invariants
_ _ 1 . _ 1, 5 _
p1 =221, p2=22%2, Y= 5('2{2‘2‘]‘ + zfz‘;‘), X = E(Zlezq' - Zf2|2q|)7
and HY = ip; + iwpy, with w = %, is an integral of motion. Note that H™,

and thus also fj, depend on several parameters. In the case of the 1 : 2 and
1 : —2 resonances, a second symplectic normalization removes the dependence
on . This is a consequence of the unique normal form for Hamiltonians for these
resonamnces; see [SvdM92].

Proposition 3.1. Suppose p: ¢ =1 : +2 and the coefficients of 1 and x in H"
do not both vanish. Then there exists a symplectic coordinate transformation
that brings the Hamiltonian (3.1) in the form

(3.2) HY = H3 + fi(p1, p2, ).

For a proof, see Sect. 4.3.2. In [Dui84] the dependence on x is removed by a non-
symplectic transformation. The present method leads to a shorter calculation,
since we can calculate with Hamiltonians instead of vector fields. A preliminary
calculation suggested that this approach cannot be used for higher resonances.

Remark 3.2. (Comparison with Proposition 2.2)  Note that we arrived at
(3.2) without assuming a time-reversal symmetry on H. This may be contrasted
to the result of Proposition 2.2, where this assumption was needed. However,
the current result only holds for the 1 : 2 resonance, whereas Proposition 2.2 is
more general.

3.2.2 Circle-equivariant vector fields

In this section we calculate generators for the module of vector fields equivariant
under the HY-circle action, under which the system is invariant after Birkhoff
normalization. We pick the main line of the argument up again in Sect. 3.2.3.
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From now on, we work in the ring of formal power series in the fundamental
invariants, R = R[[p1, p2, ¥, x]], instead of R[[z1, Z1, 22, Z2]]. There is one relation
between the variables, namely

(3.3) ¢+ X% — plps = 0.

For the 1 : 2 resonance cases, we can restrict to R[[p1, p2,]] right away, and
use the relation ¥? — p{pd = 0. We first deal with the general case.

Arbitrary resonances A circle-equivariant vector field in the variables z1, Z1,
Z2, Zo corresponds to a vector field in pq, p2, ¥, x-space that leaves the relation
(3.3) invariant. Such a vector field can always be written as

o .0 .0

0
a=fi=—+for—+ + far
figyr + g+ Fogy +fag.

The derivative of ¥? + x? — p{p% in the direction of « is
-1 -1
—pfiplps — afepips + 2fsh + 2fax.
Requiring this to be an element of <1/)2 +x2—pf pg>  leads to conditions on the

fi and the exponents p, g, in turn leading to the following generators v; of the
R-module of equivariant vector fields:

filf2 f3 fa
v1|2p1 Y DX
\Z 2p2| q¥ ax
V3 X -
va|20 | |ppt
p—1 ¢q
V5| 2Xx PP1 P2
ve| |20 |aptpd
vz |2x anfpd!

These generators are independent over R, in the sense that there is no relation
v, = Z#i fjv; with f; € R, for any ¢. Below we shall need the derivative of Hs
along an arbitrary circle-invariant vector field a.. So let a be

o =v1Vy + -+ U7VY,
where v; € R, then the derivative of Hy with respect to « is
(34) aHy = al(gpi+pp2) = 2quip1+2pvapz+2(qua+pue)Y +2(qus +pur)x.

Note that we wrote, for convenience, Hy = gp1 + pp2, which differs from the
quadratic part of H™ in (3.2) by a factor i/q; since we are interested in the
location of critical points, this difference is immaterial.
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The resonances 1 : +2 An arbitrary vector field now takes the form a =
fla%l + f28%2 + f3%, and the condition that the derivative of the relation
P2 — pP pd along a, which is —pf1p8 " pd — g fap? p2~" +2f31), is an element of the
ideal generated by the relation, yields the following generators of the module of
equivariant vector fields:
il fo| S

vi|2p1 »Y

\L 2p2| qy

val20|  |ppt T pd

ve| | 2¢|qptpl
The numbering of the generators is chosen to stress the relation with the previous
case. An arbitrary circle-equivariant vector field, and the derivative of Hy along
it, now take the form

a = V1V] + V2V + V4Vy4 + VgV,
(3.5) aHy = 2quip1 + 2pvaps + 2(quy + pug ).

3.2.3 The energy—momentum map
We now introduce the main object of interest, the energy—momentum map:
E: R'-R*: (p1,p2.9,X) — (H", HY).

Here H™ is the Hamiltonian in Birkhoff normal form, depending on the param-
eters, and HY is the quadratic part of H"™ when the parameters vanish (see also
Chap. 4, remark 4.5). Note that the relation 1? + x? — p{p% = 0 is supposed
to hold, so that it suffices to define E on the variety of points satisfying the
relation, but we do not make this explicit in the notation.

The fibers of E are invariant under the flow of H™. They are smoothly de-
formed by left-right transformations (A, B), where A : R* — R* are circle-
equivariant near-identity diffeomorphisms on R4, and B : R? — R? are arbitrary
planar near-identity diffeomorphisms, with action

(A,B): Ew~— BoEoA.

In the context of unfoldings, the left-right transformation (A, B) depends on
parameters, and is the identity mapping at the origin in parameter space. The
set of invertible left-right transformations forms a group, with the obvious com-
position as group operation. To find a universal deformation of E, we look at
the tangent space, at E, to the orbit of E under the action of the group. This
tangent space is

TE = {(OéH +ﬂ1(H; HQ)aaH2 + ﬂQ(Hv HQ))}7

where « runs over the circle-equivariant vector fields, and §; are arbitrary func-
tions of 2 variables, see Sect. 5.4.
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The set Ty is a subset of R ® R, the space of maps from R™ to R? (recall
that R = R[[p1, p2,%, x]]). It is possible to reduce T to a subset of R in the
following way. Consider the map T going from the tangent space of the group of
left-right transformations at the identity element, to R & R, defined by

T: (o,p1,02)— (aH + p1(H, Ha), oHy + f2(H, Hy)).

We have ImT' = T'g. From (3.4) it follows that the image of the second compo-
nent of T', denoted by T5, maps surjectively into R. Therefore, since T is a linear
map, the codimension of T in R® R is the codimension in R of the image of 71,
restricted to the kernel of 7. In other words, to compute the codimension of T'g,
we may restrict to left-right transformations that do not alter the second com-
ponent of E, and look at how those transformations change its first component.
If the codimension of T;(ker T5) C R is finite, and ¢4, ...,t4 are complementing
elements, then the elements (1,0),..., (tq,0) span a complement of Tg. By the
results of Chap. 5, this immediately gives a universal deformation of E, say F,
namely F : R* @ R? — R?: (z,u) = E+uy - (t1,0) + -+ + ug - (ts,0) We shall
denote the space T} (ker T3) by TE, the reduced tangent space to E. This reduced
tangent space takes the following form:

(3.6) Ty = {aH + p1(H, Hy)|aHy + B2(H, Ha) = 0},

where « runs over the circle invariant vector fields, and (3; over the arbitrary
functions in two variables. From (3.4) it follows that aH» vanishes at the origin,
hence (2 can be written as Ga(x,y) = zv1(z,y) + yy2(z,y). Also from (3.4) it
follows that for every function f vanishing at the origin, there exists a vector
fields o with aHy = f. In particular, let a; and as be defined by

OtlHQ = ]‘I7
a2H2 = HQ.

Then, writing So(H, Ha) = H~y1(H, Ha) + Have(H, Hy), the reduced tangent
space can be written as

Ty = {aH + f1(H, Hy)| (o + 71 (H, Hy)y + 72 (H, Hy)axz) Hy = 0},
and with a change of variables o’ = a + y; a1 + Y2 it becomes
Ty =A{a'H + fimi(H, Ho) + fay2(H, Ho) + S1(H, Hz)|a' Hy = 0},
where we wrote
fi = —aiH.
Writing this differently, we arrive at the following:

Proposition 3.3. The codimension of TR is equal to the codimension ofTE =
Ty (kerT) C R. This set can be written in the form

(37) T_TE:J+{17flvf2}R[[HaH2]]7
where f; are as defined above, and J is the ideal

J ={aH|aHy = 0}.



3. Method II: The energy-momentum map 51

Generators of J From (3.4) it follows that the set of equivariant vector fields
«a that leave H, fixed is generated, as an R-module, by
V3, DPpP2V1i—(4pivz, PVa—{gVe, PV5—QqVr,
Yvi —p1ve, XVi—p1Vs, Va2 —pavg, XV2 — p2Vr,  XVa— PVg.
The last five generators are actually multiples of vs, taking the relation into
account. The first four, acting on H, yield the following generators of .J:
0=+ x°— p‘fﬂ&
8H

(3.8) hy:= 51/1 qp—
OH OH OH OH
hy := 2p1p2 <p31 - qam) + (PPp2 — a’p1) (Xax + w&/})
OH OH
hs = 21/’( a,o_qﬁpg) (P2PZ1) p2—q Pr o5 1) EVE
OH N\ OH
hy = 2x <p8p1 - q8p2> (p201 QQPng 1) a

Note that we added the relation hg, so that we can work in the free ring R =
RHPI; P2, dja X]]

Generators of J in the 1 : £2-resonance case Sect. 3.2.3 is valid for the
1 : £2 resonance case, up to the computation of generators of J. We give the
details for that case here. Referring to (3.5), we find the following generators of
the R-module of vector fields that leave Ho invariant:

pp2Vi —qpiVa, pVi—qVs, YVI—piVa

(where p = 1, = £2). The last generator is zero modulo the relation 2 —pf p§ =
0. The other two generators, acting on H, together with the relation, yield the
following generators of J:

(3.9) ho =% — pp3,
oH oH oOH
hy := 2p1po (papl - qapQ) + (p*p2 — 1) —— 9y
o OH  OH 2 p-1 g 2 pq-1,0H
2~27/1( I q8p>+(pp1 P2 — q P1P2 )aw~

3.2.4 Removing the xy-dependence

At this point we introduce a nondegeneracy condition, namely that %—{Z and
8 v do not both vanish at the origin. (We would have needed this condition for

other reasons later on anyway.) Under this condition it is possible to reduce the
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dimension of the phase space by 1. This simplifies the computations. Again, see
[Dui84].
Note that the module generated by V4, pp2Va — qp1 Vs, pVs — qV7 and pVs — qVs
is invariant under rotations in the %, x-plane. This is obvious from the defini-
tion of the module, since Hs is invariant under such rotations — indeed, Hs is
independent of ¥ and x.

By a rotation in the 9, xy plane, we can arrange that %—5(0) = (. Now assume

that in this situation, %—5(0) = d # 0. By a further coordinate transformation,
H can be made not to depend on x at all, in the following way. Let

H=ho+ Y fruld)+Y fuli,x),

1<k<n k>n

where n > 2, hy € R[[p1, p2,%]], f is homogeneous of degree k in v, and fy is
homogeneous of total degree k in ¢ and x, both with coefficients in R][[p1, p2]].
Write

In= fn + XGn;s
with fn not depending on y, and let a be the vector field

ae (9 _,90
~ T a Moy T Yoy )
It has time-1 flow

o (,X) = (¥ = L+ Ol 1), x + Z + 01w X))

Since %}—E)(O) = d and %(0) = 0, we have hg o a' = hg — xgn + O(|90, x| 1),
and therefore

Hoa'=ho+ Y fu®)+ @)+ > fulthx).

1<k<n k>n+1

Continuing in this way, all dependence in H of x is removed, without changing
the form of (3.8).

From now on we write R for the ring R[[p1, p2, ]|, and we add the relation
1?2 — pf pd to the generators of the ideal J so that J is generated by

ho = — pip},

- oH  0H )
h1 = 2p1pa (p8p1 —qam) + (P2 —q pl)ww,
OH OH OH
-9 _ 2 p—1 q 2 p g—1 )
ha P (pam qap2> + (p P1 P2 — 4 P1P2 ) EY,

Note that these expressions are exactly equal to (3.9) of the 1 : +2-resonance
case, where the removal of y was done differently (namely, by a symplectic
transformation).
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3.3 Application to several resonances

In this section we compute standard bases for the left-right tangent space of
Hamiltonians around several resonances. As a result, we get independent confir-
mation of the calculations in [Dui84], and explicit non-degeneracy conditions.

It is assumed that the Hamiltonian is in Birkhoff normal form, so that it can
be written as a function of the fundamental circle invariants, which for the p : ¢
resonance are

= = Lo p_lal | op_ll Lo p_lal _ op_ldl

pL= 2121, p2=Z2Z2, Y= §(Z122 +2i% ), x= i(zl'ZQ —Zz).
We further assume that the dependence on x is removed. Using the relation
¥? — plpd = 0 the variable 1) can be made to appear to first order at most. The
coeflicients associated to the lowest-order terms are given names as follows:

(3.10)

H = dip1 + dapz + dstp + dapi + dsprpz + deibpr + drps + dgibpa + dop® +
dloﬂ? + dupfpz + dl2¢ﬂ? + dlBPlP% + d1ap1p2 + d151/12/)1 + dwp% +
di7p3 + disth?pa + digt)® + daopt + do1pips + daotopl + dospips +
daatppi a2 + dasp1v2® + dogibp1 p3 + dorps + dogibpy.

The reduced tangent space is of the form

Tg= (hoy -y by + {fo, -+, [ilR[[g1, - - -, gm]]-

Once the basis ({h;},{fi}, {fi}) is extended to a standard basis, the codimen-
sion and deformation directions can be deduced from the leading monomials of
the generators: The deformation directions are the monomials not in the basis,
and the codimension is their number. The coefficients of the generator’s lead-
ing monomials should be nonzero, as otherwise the codimension increases. This
leads to the nondegeneracy conditions.

It often happens that a certain leading monomial can be reached through
several reduction paths. The associated coefficient may be different for each path.
Therefore we tried all different paths, to make sure no spurious nondegeneracy
conditions were included.

Remark 3.4. (Rigorous codimensions)  This is a computational study, and
the codimensions obtained below are not rigorous, since we truncate at a certain
degree. They are a rigorous lower bound, however. All this is rather academic,
since the codimensions below are established, by different means, in [Dui84]. A
related remark is that the set of nondegeneracy conditions obtained may not be
complete. Since a full (non-truncated) standard basis will contain infinitely many
elements, as is easily seen, there may in principle be infinitely many (polynomial)
nondegeneracy conditions. Indeed, in some cases we find more of such conditions
than appear in [Dui84].
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Fig. 3.1 Standard basis of LR-tangent space for the 1 : 2 resonance.

3.3.1 The 1:2 resonance

We use the expressions (3.9) for the generators of .J, truncated at order 9 in the
z; variables. We use a grading of the monomials with deg(p1) = deg(p2) = 2,
deg(¢y)) = 3, and the ordering satisfies ¥? < p? < p3. The computation of the
standard basis then yields the following leading monomials:

LM({hz}) = {%/101,0102,7/)2},
LM({g:}) = {p1, ¥},
LM({£:}) = {1, p1, p3. £3, p3. ¥p2, ¥p3}.

This standard basis is depicted graphically in Fig. 3.1. Monomials are represented
by lattice points in N3. Since one of the ideal generators has leading monomial
2, the interesting things happen in the ¥° and ' slices. The monomials in
the ideal are those in the grey rectangles. Fat dots denote f;-generators, and the
medium-sized dots correspond to monomials obtained by multiplying an f; and
an element of the algebra. The diagonal line, finally, shows where we truncated.
From the figure, it is seen that the codimension is 1, and that the deformation
term that makes the Energy—Momentum map versal, is ps. This is called the
detuning term.

The requirement that, for each basis element, the coefficients of the leading
monomials do not vanish, leads to the following nondegeneracy conditions:

(3.11) ds # 0,
8d3 — 2dy + ds + 4d7 # 0.

A normal form for the Hamiltonian behind this tangent space is a simple func-
tion (a polynomial, for example) with few parameters, but which nevertheless
captures all bifurcations. A sufficient condition for this is to include all terms
whose parameters appear in the nondegeneracy conditions; perturbations in the
other terms will not change the type of the singularity. This condition is gen-
erally not necessary. However, for our purposes it is useful to be able to choose
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P’g ......

Pg ™

1 i & @8 . & 8 @

W o imAg ¥ 1A

Fig. 3.2 Standard basis of LR-tangent space for the 1 : 3 resonance.

parameters such that the normalizing transformation is the identity in leading
order. It turns out that e.g.

1 1
(3.12) H=pi+ <4 + u1> p2 + d3) + dsp1pa

is a suitable normal form. Here d3 and ds are (fixed) parameters, and u; is the
detuning parameter.

3.3.2 The 1:3 resonance

For this resonance, the reduced tangent space was calculated up to order 8 in the
z; variables. The variable 1 has degree 4, so that it appears at most to second
degree. We use a monomial ordering satisfying 1 < p3 < p?. With this ordering
the leading monomials of the standard basis are

LM({h’L}) = {wpla QZ}Qa pra p?pQ}v

LM({f:}) = {1, pr, Pp2, 103, 193, P19, 3, P3 }-
A graphical representation of this standard basis is given in figure 3.2. Now the
codimension is 3, with corresponding deformation directions po, p1p2 and p3.

The nondegeneracy conditions for this resonance are somewhat complicated, so
we introduce the following abbreviations:

azé(duﬂrdn) c=dy —ds — 3dy e = 1(ds + ds)
b= 3(dio — di1) d = 2dy — 3d5 f=—2dg — 3dg

In terms of these quantities, the nondegeneracy conditions are the following:



56 3.3. Application to several resonances
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Fig. 3.3 Standard basis of LR-tangent space for the 1 : 4 resonance.

d3 7£ 07
dy + 3ds — 27d7 # 0,
c#0,
d+#0,
36(9¢ + 2d)d4 + 216d(12c2 + 3cd + 2d?)d2 + 16d%(9¢® — 6c2d — 3cd? + 2d°) # 0,
216bd3 — 54ded3 + 4(6bc? + acd — 19bed + 8bd? — 3eddy3)ds+
8(d — ¢)d(6ce — de + cf) # 0,
5832bd3 — 1458deds + 27(168bc? + 10acd — 228bcd + 64bd* — 21cdd3)d3
—108d(12c%e — 25cde + 4d%e — 2 f — 2cdf )d3
+4(216bc* + 36ac®d — 612bc®d — 38ac*d? + 580bc*d? + 10acd® — 228bcd®+
+32bd* — 10863dd13 + 9962d2d13 — 216d3d13)d3
—16(3¢ — 2d)(2¢ — d)(3¢c — d)d(6ce — de + cf) # 0.

A normal form for this singularity is for example

1 1
H= 2P1+<6 + Ml) patdstp+dipi+(ds+p2) p1p2+(dr+us) p3+diopt+dizp1p3-

3.3.3 The 1:4 resonance

For this resonance we again chose the obvious grading, deg(p1) = deg(p2) =
2 and deg(y) = 5, and the monomial order defined by 2 < p3 < p3. The
truncation degree was set at 11, resulting in the following standard basis:

LM({hs}) = {pTp2,vp1, ¥},
LM({gi}) = {p1, p1p2},
LM({fi}) = {1, p1, p103, p1P5. P1P3. P33, VP, VP2, P, 1}

The codimension is 2, with deformation terms ps and p3. The nondegeneracy
conditions are the following:
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ds #0,.

dy — 2ds # 0,

3dy — 8ds — 16d; # 0,

dy — 16d7 # 0,

ds — 8d7 # 0,

dy — 4ds + 16d; # 0,

5d3 + 32d% — 128d5d7 + 256d2 + 32d4dy — 24dyds # 0.

A normal form is for example

1 1
H=gp+ (8 + M1> p2 + dst + dapi + dsprpz + (d7 + pi2) p3.

3.4 Spring-pendulum in 1:2 resonance

In this section we shall analyze the spring-pendulum system in the 1 : 2 reso-
nance, by exhibiting a polynomial model of the Energy—Momentum map, and
computing the reparametrizations that connect the model to the original system.
The bifurcation analysis of the model leads to a bifurcation diagram, together
with a ‘catalog’ of possible dynamics as depicted in phase diagrams. Using the
explicit reparametrization the bifurcation curves are pulled back to the space of
the spring pendulum’s original parameters, giving full information as to which
subset of the full set of possible dynamics actually occurs, and where bifurcations
take place in terms of the original parameters.

This section’s analogue for the planar reduction case is section 2.3, but this
section is organized slightly differently. We start with a bifurcation analysis of the
polynomial normal form, and we give pictures of the bifurcation and phase space
diagrams. This is followed by the computation of the explicit reparametrizations,
of which we only give the results. These are then used to pull back the bifurcation
curves to the original parameter space.

3.4.1 Bifurcation analysis of the 1:2-resonant normal form

In Sect. 2.3 we encountered a third-order polynomial normal form, with a rather
simple bifurcation structure. The normal form for this case is less simple, involv-
ing degree-four terms, which complicates the computations. The normal form
for the 1 : 2-resonant system is:

(3.13) E' = (H", Hy) = (Ha + pp2 + ay) + bp1p2, Ha),

see Sect. 3.3.1. Here we wrote Hs for the quadratic part %pl + ipg as usual; a and
b are fixed coefficients, and p is the deformation parameter; see (3.10), (3.12). In
Hamiltonian polar coordinates z; = ;€21 the fundamental invariants become
pi =12 and ¢ = r173 cos(¢1 — 2¢2). These variables are used in the sequel.
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We restrict to the flow-invariant level sets 2Hs = A, for small A, which cor-
responds to small-energy deviations from the elliptic equilibrium. The function
H* restricted to such level sets has critical points precisely where E* has criti-
cal points, namely where grad(H») is parallel to grad(H*). A short calculation
shows that a necessary condition! for this is sin(¢; — 2¢2) = 0. It is now con-
venient to introduce € := cos(¢1 — 2¢2), so that ¢ = +1. Now grad(Hs) and
grad(H*) are vectors in R? 3 (rq,72), and such vectors are parallel if their outer
product vanishes. The resulting curve of critical points is

(3.14) T (—2m*1 — 2aer% — 2()1"‘(13 + (%ae + b?"1) 7’%) =0.

This implies that ro = 0 is always a critical point; it corresponds to the ‘short
periodic orbit’ that always exists.

Equation (3.14), with the solution ro = 0 divided out, can be solved for
r3. Obviously, critical points (dis)appear when the solution r3 of (3.14) passes
through 0. This leads to a bifurcation curve in the u, A-plane implicitly given by

(3.15) (1 +200)% — 2a* )\ = 0. (pitchfork bifurcation)

The parabolic equation (3.15) has solutions for nonnegative A only. Since the
critical points emanate from 7o = 0 which itself is a critical point throughout
the bifurcation, this is a pitchfork bifurcation. The bifurcation occurs at the
point

1 b, 22,
(316) (7"177"2,1/10() = <’a,ul+a3/i +$,Uz

,0,0,0> +0(uh).

Other bifurcations occur when the curve of critical points (3.14) in the rq, ro-
plane become tangent to level curves of Hy. When this happens, a small change
in the level A will (generically) create or destroy two critical points. One of these
will be a saddle, the other a center or a node, so that this is a saddlenode
bifurcation. The tangency condition is that grad(Hs) and the gradient of the
left-hand-side of (3.14) be parallel, and using the outer product once more we
get the bifurcation equation

(3.17) ro (21 + 6aery + 10br3 — brd) = 0.

Bifurcations occur at simultaneous solutions, in 71,72, u, A, of 2Hs = A, (3.14)
and (3.17). This solution curve can be found by computing a Grébner basis with
respect to an elimination term order (see Sect. 6.2.1) of the ideal generated by
these three polynomials. Since only three generators are involved, we can get the
same result (with, essentially, the same computation) using resultants.? Com-
puting the resultant of the pair 2Hs — A, (3.14) and of (3.14), (3.17) with respect

1 We exclude the degenerate case r; = 1 = 0.

2 The resultant of two polynomials, with respect to the variable x, is their GCD with
respect to the divisibility condition w“|xb < a < b, i.e., it vanishes iff the polynomials
have a common root in x.
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to rg, eliminates this variable, and reduces the system of 3 polynomial equations
to a system involving only 2. The resultant with respect to r; subsequently re-
duces this system to the following cubic curve in the p, A-plane, along which the
saddle—node bifurcations occur:
(3.18)

27a* X + 9a%b2 2% + 3264 \% — 126a%bA\u

966572 + 9022 + 96b2A2 — 32by® = O, (saddle—node bifurcation)

where we used that €2 = 1, and we first divided out two factors r, corresponding
to the pitchfork bifurcation. Note that the cubic curve is independent of € now.
Also note that the curve has quadratic contact with the line A =0 in p = 0. By
expanding around 0 it turns out that the curve has no solutions A > 0 around
(A, 1) = (0,0), for all values of the coefficients a,b (provided b # 0). It has a
critical point at (u, \) = (%, 1_6—‘;2)

Not all points on the cubic correspond to saddle—node bifurcations. The rea-
son is that due to the constraint 2Hy = A = p; + %pg = r% + %r%, the solutions
for the r; may be imaginary. The ‘turning points’ on the cubic, where real so-
lutions turn into imaginary ones, is where either r? or r2 pass through 0. From
(3.14) it follows that r; # 0 at critical points (provided A # 0). So we turn our
attention to the equation ro = 0. The curve of pitchfork bifurcations (3.15) is
just the curve where critical points satisfy ro = 0, hence the turning points are
intersections of the cubic (3.18) with the parabola (3.15).

To compute these intersection points we compute the resultant of the two
curves. With respect to A this is

4096b'° 1? (—a® + 4bp)?(153a* — 352a%bp + 2566 4?).

From this we conclude that (3.18) and (3.15) have quadratic contact at (u, \) =
(0,0) and (u,A) = (Z—i, %). The last factor is quadratic in p, with discriminant
—32768a*b2. Provided that neither a nor b vanishes, this does not contribute
additional (real) zeros.

Since the part of the cubic connecting the turning points (i, A) = (0,0) and

(355 165z )» we conclude that saddle-node bifurcations occur only for
2
A> %. (condition for saddle-node bifurcation)

In order to get a useful expression for p in terms of A, we expand the cubic (3.18)
around the turning point. Writing A = X — % we get

a® b, 1005 5 4TBT

p= g tozA"— A"+ o5

4b  3a? 27a* 81al

We also computed the bifurcation locus, around the turning point. Writing M :=

2
a

p — 4, then saddle-node bifurcations occur for M/b > 0 at points which have

A+ O(N°). (saddle-node bifurcation)

the following expansion in VM:
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A
0.4 |
0.
0.2
0.1}
0.2 .- =0z oz
’ -0.1
Fig. 3.4 Bifurcation curves of the normal form (3.13), for a = § and b = %. The

parabola is a curve of pitchfork bifurcations; along the singular cubic curve saddle-node
bifurcations occur. Dashed segments correspond to non-physical states of the system
(A out of bounds, leading to imaginary values of state variables).

(3.19)

(r1, 73,93 = (Sign (5 + Vo 9% + DO ).
dlal\/ 355 + 25" - 2%%\ 5+ 82%}57
— sign(a) <2a2 M+ 289|22|M + 8(6\§_5) My W) ’
0 ) + O(IM[>/?).

3.4.2 Pictures

The surface on which H* lives is the level set 2H, = A, which is a 3-torus

in R%. Using the S'-symmetry to divide out one dimension, we can make 2-
dimensional pictures of level sets of H* on this surface. There are two natural
ways of choosing coordinates, which are both singular but have their singularities
in different locations on the 3-torus. We give pictures for both sets of coordinates.

The bifurcation diagram consists of the parabola (3.15) of pitchfork bifurca-
tions, and the cubic (3.18) of saddle-node bifurcations. For a = 1/4 and b =1/3
these curves are shown in Fig. 3.4. Note that around the origin, the bifurcation
diagram is similar to Fig. 2.5.

In Fig. 3.5 the level curves of H* are plotted, for fixed 2Hs = A with A > 4b2
so that a saddle—node bifurcation is expected. The two sets of pictures correspond
to the Poincaré sections ¢o = 0 and ¢; = 0, corresponding to the pendulum and
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the spring having zero velocity, respectively. The fundamental invariants pi, p2, ¥
in Cartesian coordinates on either Poincaré section are

s | p2: KX
¢ = 0:|2% + y? 4N = 2(2? + y?)|22(2)\ — 22 — 4?)
1= 0:20 = 5 (@ +y?)|a” + 4 (@2 = y*)V/2A = (2% + %) /2

Note that the short periodic orbit po = 0 corresponds to the origin in the section
¢1 = 0 (the right-hand column of pictures), whereas it corresponds to the outer
circle £2 4+ y? = 2 in the section ¢» = 0. Similarly, the origin in the left-hand
column, i.e., po = 0, corresponds to the outer circle 22 4+ y? = 4\ of the other.

Besides the saddlenode and pitchfork bifurcations found in section 3.4.1,
a fourth ‘bifurcation’ is observed. It is caused by the coincidence of the level
through p; = 0 and the critical value of the saddle emanating from the saddle—-
node bifurcation. Since the subset p; = 0 (spring not oscillating) is not an
invariant subset, this coincidence appears to be a bifurcation only because of
the choice of coordinates in the right-hand column, where p; = 0 corresponds
to the outer circle. This should be contrasted to the situation in the left-hand
column, where the outer circle corresponds to p; = 0 (pendulum not oscillating),
which ¢s an invariant subset.

3.4.3 Inducing the system from the model

The Hamiltonian equation for the spring-pendulum system is derived in section
2.3.1. For reference we quote equation (2.7) up to order 4:

H(z,y) :==
2 2 2 2
ri+vy x5 +
L 5 Lpa =2 > 2 — dasxoy1ys — 8azws + Sasx3y; + 8aswsys + O(|zs, yil?).

After Birkhoff normalization around 1 : 2 resonance, the Hamiltonian can be
written in terms of the fundamental invariants pi, p2, ¥ as in equation (3.10),
analogous to H™ in Sect. 2.3.2. The leading part, up to fourth order in phase
variables, of equation (3.10), is

(3.20) H™ = dipy + dopa + d3tp + dupi + dsp1p2 + drps + Oz, yi]%),

with coefficients depending on those of the original Hamiltonian as

aj

1
di =, do=—, dz=—2a2, dqy=0,
(3.21) 2 2
' g — 4(—2a3 + a4 + 2a1a4) g = —2(a3 + (1 + 2a1)(3az — as))
57 1+2a1 ’ ( 1+2a1 ’

Generally, the Birkhoff normalized system depends on . However, since our
system has a time-reversibility symmetry under which x is sent to —yx, the
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+— saddle-node —

<— level crossing —

@@%%@

<— pitchfork —

e

<— pitchfork —

@@@@@@@@@ |
©

©

Fig. 3.5 Bifurcations of the Energy—Momentum map normal form around the 1:2
resonance (large A). The left-hand column corresponds to the section ¢2 = 0 with a
return time = 47; the section ¢; = 0 (right-hand column) has a return time = 2.

normalized Hamiltonian only depends on even powers of x. By using the relation
P2 +x? = p1p3, all of these terms can be removed. Hence, a second normalization
to remove terms involving x is not necessary.
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In the new variables, the conserved quantity is A := p1 + % p2. Pulling this
back to old coordinates yields

8(12

1
A= (ol i) + 5 (2 +90) +

2

(—561116% + 2z2y192 + xlyg) +O(|zi, yil").

(For A up to fourth order terms, see (2.8).)

<— pitchfork —

<— level crossing —»

<— pitchfork —

@@@%@@@
@@@%%%%

Fig. 3.6 Bifurcations of the Energy—Momentum map normal form around the 1:2
resonance (small ).

Birkhoff nondegeneracy conditions Depending on the order to which
Birkhoff normalization is performed, a number of nondegeneracy conditions are
encountered. From the expressions for d5 and dr the condition a; # —1/2 follows
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immediately. If normalization is continued up to eighth order, we should exclude
the following values for a;:

3 1 1 1 3
0/17&_57 0/175_1, Cll?é_§7 al#_17 a1#07 a1#17 a1#17 a1#§'

(We remark that as the normalization order is increased, more and more rational
values of a; must be excluded. In the limit of infinite order, all rational num-
bers?, except the value % around which we normalize, should be excluded. This
is related to the non-convergence of the normalizing formal power series. Effec-
tively, this means that the higher the order to which normalization is performed,

the smaller is the allowed deviation of a1 from the resonant value.)

Energy—momentum map nondegeneracy conditions In Sect. 3.3.1 the
tangent space to an arbitrary Hamiltonian (3.20) is computed, assuming that
it is Birkhoff normalized around the 1 : 2 resonance. This tangent space has
minimal codimension (namely 1) if two nondegeneracy conditions are met. We
may pull back these to the space of original parameters, simply by substituting
the expressions for the coefficients d;. This yields the following nondegeneracy
conditions:

0 # as,
0 # 4(1 4 4ay)a2 — (1 + 2a1)(6as — ag — 2as).

Normalizing transformation From now on we suppose that the nondegen-
eracy conditions hold. We may then compute a standard basis for the left-right
tangent space of H™. This serves as input for Kas and Schlessinger’s algorithm,
with which we can compute transformations that connect H™ to the versal un-
folding H* obtained in Sect. 3.3.1, namely

1 1
(3.22) Hy=5p+ (4 + u) p2 +a +bp1ps.

This model has the drawback that generically a Hamiltonian H™ cannot be
induced from it by transformations that are the identity to first order. Theoret-
ically this is no problem. An practical nuisance however is that for such models,
Kas and Schlessinger’s algorithm does not yield a finite part of the formal power
series in a finite number of steps.

It turns out that adding a second deformation direction, for instance cp?,
solves this problem. For reasons of convenience, and while it does not complicate
the analysis, we chose to add two extra deformation directions, and use the model

1 1
(3.23) H =5pi+ <4 + u) p2 + atp + bpi + cprpa + dps.

3 modulo a scaling by a factor 2
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By following the calculation of Sect. 3.4.1 we then arrive at this equation for the
pitchfork bifurcation:
(p+ (b—c)N)? —a’*X =0,

which occurs at

(7’1,7’2,1/1,)() = ( %

Now we discuss the computation of the inducing transformation. Since the
unfolding HY has fewer terms than the target Hamiltonian H™, it is more effi-
cient to compute the inverse transformation, going from HY to H™. In particular,
the expressions for the standard basis of HY’s tangent space are much cleaner
than H™’s.

Let R? 3 (a1, as,...) be the space of parameters of the Birkhoff-normalized
system H™. We computed functions

h(a;) : RP - R,
A(plvavw;ai) : R3 S Rd — Rgv
B(y1,y2;0;) : R? @ R? — R

b—rc

2(b —¢)?
pr 10, 200

ad

3 ,0,0,0) +O(u*).

such that these induce the actual system H"™ from the versal unfolding H E :
H™ = Bo(H,,, Ha)o A,

These transformations depend on the parameters a,b, c,d of the versal model
(3.22). Several choices of these parameters yield transformations that are the
identity to first order, which is related to there being one deformation direction
too much for this purpose. The natural choice is of course

a=d3:—2a2, b:d4:0, C:d5, d:d7,

see also (3.21). With this choice, the resulting transformations are

h = —i(l — 2a1)
A1(p1, p2,%) =  p1+ ((1 Jlrﬁgi) 8(423(1+f42;r1 day) _ ) p1p2 +
. 3
(e~ 25T 55 v o
Aa(p1,p2,) =  pa+ ((1;32232 16(él:c))zE,lJrJrcz;aJlr day) 8a6> p1p2 +
. 3 .
R A
Asor ) = bt ((1—i828;1§’)2 16(12(8?13_—'1_—2’55?)—1- 8as) + 16a6> 1212 +

( —8a3 4(4as + aq + 4aq)  2ag
(

1+ 2a1)? 3(1 + 2ay) 3a2) (4¢p1 — Yp2) + h.o.t.



66 3.4. Spring-pendulum in 1:2 resonance

Bi(y,y2) = w1+ O(ly1, yal* + lail?)
—24a2 4(8as + Haq + 8as)  4dag 9
4 —
Y2+ ((1 + 2a1)2 S0 +2a) | 3a, ) Wive mwR)F

+O0(ly1, y2* + |ail®)

Bo(y1,y2) =

Here h.o.t. denote terms of order n or higher in the phase variables, and order 3
or higher in the parameters a;.

It remains to find the bifurcation curves, in terms of the detuning parameter
1—2a; and the integral A. Because the transformations above are not symplectic,
the A-level sets of HY transformed by this coordinate transformation are not
dynamically invariant, and do not correspond to A-level sets of H". Hence, to
find the bifurcation curves, we need to find the location of bifurcations in HY,
transform it back to original variables via A~!, and compute A at those phase
points. Since A is the identity to first order, its inverse is easy to find. The
pitchfork bifurcation in HY occurs on the line p; = 1 = 0, and since A does not
involve p? (in fact, it does not include p} terms either) the inverse also does not
contain these terms. Hence, on line ps = ¥ = 0 the map A~! is the identity to
at least third order.

Calculating A at the point (3.4.3) and expanding in 1 — 2a; results in the
following expression for the pitchfork bifurcation:

(3.24)
N (1—-2a1)? (a2 —a4)(1 —2a1)3 N (a3 — 10a3a4 + 5a%)(1 — 2a;)*
64a3 128a3 1024a$

+ h.o.t.,

where the h.o.t. stand for O((1 —2a;)®) terms. It agrees with (2.14) found using
the planar reduction method.

For the saddle—node bifurcation it is not possible to find a similar equation.
The reason is that this bifurcation occurs at a finite distance from the origin,
and only for O(1) values of the detuning parameter 1 — 2a1, see (3.19), and the
transformation A and its inverse are only valid near the origin.

Table 3.1 Comparison of bifurcation values, found numerically and analytically. Er-
ror bounds in last digit(s) of measured quantities are given

H ai az|as|aq as )\measured )\predicted

.004 [.47513£1|.1|0 |—.3 |.2 ||.008025+5 |——

.004 |.48405+5|.1|0 [—.3 [.2 ||.008000 &2 |.00286 =+ 2
.004 |.5562 +£2|.1|0 [—.3 [.2 ||.007999 +1 |.060+1

.004 |.46454£1|.1|0 |—.01|.35(|.008000 +4 |——

.004 |.46550 = 1|.1 |0 [—.01{.35|[.008000 &3 |.007988 £+ 5
.004 |.53705+1|.1|0 [—.01}.35|[.007999 £1 |.007991 +4
.0004(.48882£1|.1|0 |—.01|.05(|.00080000 £ 1{.0007991 £ 14
.0004|.51144 +1|.1 |0 |—.01{.05/[.00080000 =+ 1|.0007997 £ 13
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Numerical Poincaré sections To validate (3.24) we numerically computed an
iso-energy Poincaré map, using the section y, = 0 and increasing; i.e., transversal
to the long periodic orbit. We fixed the energy, and coefficients as, as, . . ., while
varying ap to find the bifurcation value. The value of A was then measured along
trajectories close to the bifurcation point.

Error bounds in a; correspond to values that bracket the actual bifurcation
value. These bracketing values were determined by computing phase diagrams
and inspecting them visually. The error in Apredicted Was obtained by propagating
the errors in a;. Error bounds in Apeasured correspond to the observed variation
in the computed value for A along a trajectory. This error bound may be too
low, as it obviously depends on the trajectory. An alternative estimation method,
estimating the remainder in the series (2.8) for A, seems difficult.

Another perturbing effect, which influences the error bound in Apeasured, 1S
the effect of chaotic dynamics, that is, the effect of the higher-order perturbation
terms that are thrown away in order to arrive at an integrable model. For the
energies considered, this effect is extremely small. However, this is a statement
of belief rather than a hard fact. It is support by the fact that the nonintegrable
effects are due to a flat perturbation, and that the chaotic regime begins to have
a ‘noticeable’ effect only for energies a factor 10 to 100 higher than we consider.

The agreement of the predicted bifurcation value of A\ and its actual value
is excellent for small values of a4 and small values of the energy. For the case
aq = —0.3, the three consecutive terms in (3.24) are of similar magnitude, which
suggests that more terms are needed for convergence, in agreement with the
large deviation of Apredicted from the observed value of A.

Fig. 3.7 Bifurcations in the Poincaré section around the 1:2 resonance, for H = 0.004,
a2z = 0.1, a3 = 0, as = —0.3, a5 = 0.2, other coefficients 0, and a; increasing from left
to right: 0.47,0.47513, 0.48, 0.48405, 0.49, 0.5562, 0.57.
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ayr = 0.46

ar = 0.48

a1 = 0.60

Fig. 3.8 Some large-energy Poincaré sections: H = 0.1. Chaotic regimes and subhar-
monic bifurcations are clearly visible, with the backbone of Fig. 3.7 still present.
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