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On Energy Surfaces and the Resonance Web*

Anna Litvak-Hinenzon® and Vered Rom-Kedart

Abstract. A framework for understanding the global structure of near-integrable n DOF Hamiltonian systems
is proposed. To this aim two tools are developed—the energy-momentum bifurcation diagrams and
the branched surfaces. Their use is demonstrated on a few near-integrable 3 DOF systems. For
these systems possible sources of instabilities are identified in the diagrams, and the corresponding
energy surfaces are presented in the frequency space and by the branched surfaces. The main results
of this formulation are theorems which describe the connection between changes in the topology of
the energy surfaces and the existence of resonant lower dimensional tori.
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1. Introduction. The study of the structure of energy surfaces of integrable systems and
the study of resonances and instabilities in near-integrable systems developed into vast dis-
parate research fields. The relation between the two received very little attention. Indeed, near
regular level sets of the integrable Hamiltonian, the standard Arnold-resonance web structure
appears, and the relation between the two fields reduces to the study of Arnold conjecture
regarding instabilities in phase space. Here, we demonstrate that near singular level sets of the
integrable Hamiltonian much information regarding possible instabilities of the near-integrable
case may be deduced from the structure of the energy surface and its relations with resonance
surfaces. We suggest that by adding some information to the traditional energy-momentum
diagrams [7], which we name energy-momentum bifurcation diagrams (EMBD), one achieves
a global qualitative understanding of the near-integrable dynamics. We relate the geometric
properties of the surfaces corresponding to lower dimensional tori in this diagram to both
bifurcations in the energy surface topology and the appearance of lower dimensional resonant
tori.

Recall that energy surfaces of generic integrable Hamiltonian systems are foliated almost
everywhere by n-tori,! which may be expressed locally as a product of n circles on which the
dynamics reduces to simple rotations (the action-angle coordinates). A given compact regular
level set (the set of phase space points with given values of the constants of motion) may be
composed of several such tori. The energy surface is composed of all level sets with the same
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energy. If these iso-energy level sets have different numbers of components, then there exists
a singular level set on this energy surface which is not smoothly conjugate to a collection of
n-tori. Under quite general conditions, Lerman and Umanskii [33] show that by using the
reduction procedure [1] and Nehorosev results [42], such a connected singular level set may be
expressed locally as an n — s dimensional torus with frequencies depending on n — s actions
crossed with a fixed point and its asymptotic manifolds in the remaining s DOF subsystem
(s < n). This s DOF subsystem is called the normal system and its structure generally
depends on the n — s actions. (See exact statements in the formulation section below. For a
complete treatment see [33].) The regular n-tori correspond to the case s = 0. The larger the
s the more cases and possibilities one has for the behavior in the normal directions. The larger
the n — s, the more possibilities to transfer between the different cases, namely, to encounter
bifurcations. In this context, the Lerman and Umanskii work [33] is mainly concerned with
n = s = 2, and the Lerman work [29] is mainly concerned with n = s = 3 (yet it includes
the generic bifurcation diagrams for the s = 1,2 cases), whereas the works of Oshemkov [43],
Fomenko [16], and Bolsinov and Fomenko [4] are mainly concerned with n = 2, s = 1. Here,
we consider s = 1 and n > 2, studying the implications of phase space bifurcations and
resonances as a source for instabilities in the near-integrable systems.

Our main result, Theorem 2 (section 8.2), roughly states that the existence of a nonde-
generate n — 1 dimensional torus of fived points implies bifurcations in the topology of the
energy surface. Furthermore we prove that such a torus appears as an extrema of certain sur-
faces in the EMBD. In other words, this provides a relation among energy surface topology,
bifurcations in the EMBD, and lower dimensional resonant tori.

The local coordinate representation of the lower dimensional singular tori naturally leads
to investigation of critical points of the Hamiltonian function in the normal plane, with the
remaining n — s actions viewed as parameters [42]. Hence, as shown in [33, 29] and more re-
cently in [25], for small n— s, singularity theory may be used to classify all generic bifurcations
(or all generic bifurcations under given symmetries [25]) in the s DOF subsystem. Here we
consider, in addition to the above bifurcations, extrema in the action variables of the Hamil-
tonian function evaluated along the singularity surfaces. We relate these extrema to strong
resonances. A complete classification of all generic scenarios (of combinations of resonances
and bifurcations in the normal plane), using singularity theory, is yet to be developed.

Since the integrable system has n integrals of motion, a representation of the energy
surfaces corresponds to indicating the range of allowed motion and its character in some n
dimensional space (the innocent words “its character” hide a vast body of work dedicated to
understanding the topology of the level sets which are represented as points in this reduced
space as discussed below). Traditional spaces for such representation are the frequency domain
[27], the space of constants of motion (e.g., [2, 33, 40, 18, 17]), the energy-momentum space,
and the momentum space (e.g., [2, 1, 6, 7,47, 10, 33, 40]). Such presentations are all equivalent
near regular level sets, where action-angle coordinates may be introduced. Furthermore, each
of these representations is inherently nonunique as one may choose any nonsingular vector
function of the conserved quantities to serve as the new set of coordinates. We propose that a
convenient representation appears in a specific combination of energy and momentum space.
Convenient here means the following.

C1. The geometric presentation supplies a concise summary of all the dynamics and geomet-
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rical features of the integrable system for all energy levels.

C2. The geometric presentation provides clear criteria for the location of special regions in
phase space which are expected to produce strong instabilities under a given form of
a perturbation.

While many presentations in the n dimensional space satisfy the first criteria, it appears
that the second one has not been explicitly addressed. Notice that the first criteria deals with
the integrable part of the Hamiltonian only. On the other hand, the second one depends on
the nature of the applied perturbation; hence the choice of the most convenient representation
of the integrable system depends on the form of the perturbation. These issues are explained
more fully in section 4, where we propose a choice of convenient coordinates. A similar
approach, in which the perturbation determines the appropriate integrable system, is taken
in the partial averaging procedure. Other related works, in which the geometry of the energy
surfaces and their intersection with the resonance web are related to the perturbed dynamics,
are those on “resonance streaming,” where it is argued that in 2 DOF integrable systems a
small angle between the intersecting resonance and energy curves (plotted in the frequency
space) enhances the effect of added noise [34, 48].

The various representations in the n dimensional spaces of the constants of motion identify
the regions of the allowed motion but do not, in general, supply information regarding the
topology of the level sets. Indeed, the classification of all the possible topologies of the level sets
of energy surfaces of integrable Hamiltonians is extremely challenging (see [2, 33, 40, 17, 1, 47])
and has been completed for the 2 DOF case only [17, 33]. Lerman and Umanskii use the n = 2
integrals of motion near fixed points to obtain local and global information regarding the level
sets of the integrable motion and to classify all possible generic homoclinic connections which
are induced by the local behavior [30, 31, 32]. We use their formulation in our treatment
of lower dimensional tori. Fomenko and coworkers suggested using graphs to represent all
topologically distinct tori which appear in the integrable dynamics [17, 18, 16, 43, 4]. Some of
these ideas have been extended to classify integrable 3 DOF dynamics such as the motion of
rigid body [17, 10, 11]. Oshemkov, Fomenko, and coworkers use the 2 DOF constructions on
given level sets of the third integral to analyze such systems [43, 17, 18], though Fomenko had
also formulated a higher dimensional generalization of his theory [17]. Dullin et al. (see, e.g.,
[10, 11, 51] and references therein) have shown that such approaches may be used to develop
schemes for computing action-angle coordinates even when the topology of the energy surfaces
is complicated and finding n topologically independent circles (n circles which are irreducible
to each other) is an a priori complicated task. Here we investigate the structure of energy
surfaces with very simple topological structure for which we are able to generalize Fomenko—
Oshemkov graphs to branched surfaces. These branched surfaces may be viewed as simple
examples of Fomenko’s higher dimensional theory.

The paper is ordered as follows: in section 2 we describe the type of the near-integrable
Hamiltonians we study, with prototype examples of 3 DOF systems which demonstrate the
appearance of nontrivial energy surfaces. In section 3 we formulate the notions of branched
surfaces, topological bifurcations of the energy surfaces, and the EMBD. In section 4 we
propose a convenient choice of momentum and explain how the choice of suitable coordinates
depends on the form of the perturbation. In section 5 we describe the structure of the energy
surfaces and the resonance web in the frequency space and in the energy momentum space
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near normally elliptic lower dimensional tori. The integrable structure in this a priori stable
case is trivial and we add essentially no new insights to the known results. It is included
here to build intuition for the next two sections. In section 6, we describe these structures
near level sets corresponding to normally hyperbolic invariant (n — 1)-tori. In section 7 we
proceed to describe these structures near normally parabolic tori. In section 8 we prove our
main theorems relating resonances and bifurcations. We conclude with a discussion section.

2. Formulation. Consider a near-integrable Hamiltonian H(q, p;e) = Ho(q,p)+cH1(q,p;€),
ek 1, (q,p) € M CR" x R", where M is a 2n dimensional smooth symplectic manifold and
Hy, Hy are C™ (smooth).? We further assume that there exists g9 > 0 such that Hj is
bounded? for all real values of (g, p;¢) for € € [0,&0]. Hp represents the completely integrable
part of the Hamiltonian (the unperturbed system) and its structure is described below. For
any ¢, a perturbed orbit with energy h resides on the energy surface Hy(-) = h — eH;(+;¢).
Hence, by assumption, the structure of the unperturbed energy surfaces and their resonance
webs in an O(e)-interval of energies near h supplies global information on the allowed range
of motion of the perturbed orbits.

The integrable n DOF Hamiltonian, Hy(q,p); (¢,p) € M C R™ x R™, has n integrals
of motion, Hy = Fi,Fy,...,F, € C®(M), which are functionally independent at almost
all points of M and are pairwise in involution: {Fj, Fj} = 0; 4,5 = 1,...n. Assume that
n > 3 and that the Hamiltonian level sets, My = {(q¢,p) € M, F;, =g¢;; i =1,...,n},
are compact (this assumption implies, in particular, that the set Fy, Fy, ..., F, is complete;
see [33]). By the Liouville-Arnold theorem (see [42] and [2, 26]), the connected compact
components of the level sets Mg, on which all of the dF; are (pointwise) linearly independent,
are diffeomorphic to n-tori, and hence a transformation to action-angle coordinates (Hy =
Hy(I)) near such level sets is nonsingular. Consider a neighborhood of a level set My which
possibly contains a singularity set at which s of the dF;’s are linearly dependent; on each
connected and closed component of such a Hamiltonian level set there is some neighborhood
D, in which the Hamiltonian Hy(q,p) may be transformed by the reduction procedure to the
form (see [33], [42])

(2.1) Hy(z,y,I), (,9,0,1) e U CR* x R® x T"° x R"™%|

which does not depend on the angles of the tori, #. The symplectic structure of the new
integrable Hamiltonian (2.1) is > °7_; dzj Ady; + 32/ df; Adl;, where (z,0, I) are the gener-
alized action-angle variables (s = 0 corresponds to the maximal dimensional tori—the n-tori
discussed above). The motion on the (n—s) dimensional family (parameterized by the actions
I) of (n — s)-tori is described by the equations

0; = wi(z,y,I), I;=0.

The geometrical structure of the new Hamiltonian, Hy(x,y, I), is such that for any fixed
I(I=(L,...,I,—s)) an (n— s)-torus is attached to every point of the (z,y) plane (space, for

20ne may relax these requirements to the C" case, but this is left for future studies.

31t is probably sufficient to assume that for large (q,p) H1 does not grow faster than Ho, namely, that for
€o > 0 sufficiently small there exist constants C1,C> > 0 such that |Hi(gq,p;e)| < C1 + C2|Ho(qg,p)| for all
(¢,p) € M and € € [0, 0], but we leave the details of this case for future work.
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s >1). The (z,y) plane (space) is called the normal plane (space) [2, 44, 3] of the (n — s)-tori
and defines their stability type in the normal direction to the family® of tori. Invariant lower
dimensional tori, of dimension (n —[), generically exist for each 1 <1 < n — 1; indeed, for any
given s consider an m-resonant value of I. Then, for each such I, there exists an m dimensional
family (corresponding to different initial angles) of n — s — m dimensional tori. All these tori
belong to the higher n — s dimensional resonant torus, associated with I. The existence of
such lower dimensional tori is restricted to the n — s — m dimensional resonant surface of I
values. A different type of lower dimensional invariant tori, which are of the main interest
here, corresponds to isolated fixed point(s) of the s dimensional normal space. These appear
on an n — s dimensional manifold of I values, the singularity manifold (such a generalized

fixed point corresponds to a manifold on which each dF; for i =1,..., s is linearly dependent
ondly,...,dI, s, where dIy,...,dI,_s are pointwise linearly independent). Locally, one may
choose the (z,y,I) coordinate system so that for these tori

(22) v(m,y) Ho(l‘,y,l)|pf =0, br = (vayfalf)~

Following the terminology of [33], the invariant tori on which (2.2) is satisfied are called here
singular tori, and the manifolds of action values on which this equation is satisfied are called
singularity manifolds. The structure of these is discussed in the next section.

Hereafter, consider the case s = 1 only. The invariant (n — 1)-tori have an (n — 1)
dimensional vector of inner frequencies, = w(pf). The normal stability type of such families
of (n — 1)-tori is determined by the characteristic eigenvalues (resp., Flouget multipliers for
the corresponding Poincaré map) of the linearization of the system about the tori; generically,
these tori are either normally elliptic> or normally hyperbolic.® If the torus has one pair
of zero characteristic eigenvalues in the direction of the normal (x,y) space, it is said to be
normally parabolic. In addition, the normal frequency” [2, 44], Q, of the (n — 1)-tori is defined
as the (nonnegative) imaginary part of the purely imaginary characteristic eigenvalues.®

Locally, in the (x,y,I) coordinate system, the normal stability of the invariant torus is

determined by
2
) N _)\pf’
by

9*Hy
2.3 det | ———
23 ) (32(rv,y)

where p; satisfies (2.2). Indeed, when X, is real and nonvanishing the corresponding family
of tori is said to be normally hyperbolic, when it vanishes it is called normally parabolic,
and when it is pure imaginary it is normally elliptic. For more details on the above see
[33, 2, 5, 12, 13, 14, 15, 21, 22, 23, 24, 26, 44, 3] and references therein.

4Notice that a single torus belonging to this family has neutral stability in the actions directions. The normal
stability referred to in the Hamiltonian context ignores these directions; see [5, 3] and references therein.

5If all the characteristic eigenvalues of an invariant lower dimensional torus (with respect to its normal
(z,y) space) are purely imaginary (and do not vanish), it is said to be normally elliptic.

SIf all the characteristic eigenvalues of an invariant lower dimensional torus (with respect to its normal
(z,y) space) have a nonzero real part, it is said to be normally hyperbolic.

“In some references, these are called characteristic frequencies.

8In some references, e.g., [5], the normal frequencies are defined as the positive imaginary parts of the
characteristic eigenvalues.
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An example of a 3 DOF integrable Hamiltonian which is in the form (2.1), possesses fam-
ilies of invariant 2-tori of all three normal stability types (elliptic, hyperbolic, and parabolic)
at = y = 0, and satisfies all the stated above assumptions is

2 2 x? 1\ I? I2
(2'4) Hbif(fl',yy 11)12) = % - ?Il + 1 + (,ul + 2) El + 52 + aolo + azli o,

where a9, g, and p; are fixed parameters. Notice that this Hamiltonian has a Z, symmetry
in the (z,y) coordinates. We will comment in the text when these symmetries play a role. In
fact, the form of 3 DOF integrable Hamiltonian families in general position having a parabolic
2-tori has been derived (see [16],[33]). A complete study of their structure will be discussed
elsewhere. We may compare it to a standard model of (Z symmetric) a priori stable systems
with bounded energy surfaces having a family of normally elliptic 2-tori at x =y = 0,

2 1172 1 I2 I2
(25) Hst(x7y7I1712) = yf +—+ - (.’I)2 + y2>2 =+ 06111 + a2I2 + -1 + 2
2 2 8 2 2
2
I?
:Z(aili‘f‘é), ap =1,
i=0
and to the corresponding (symmetric) a priori unstable system
2 2 4 2 g2
(2.6) Hust(wu%IleQ):%_?‘l-z-i-al[l—i-agfg—i—?l—i—%?

which has a family of normally hyperbolic 2-tori at x =y = 0.

In sections 5, 6, 7, the representative models (2.5), (2.6), and (2.4) are studied in detail.
In particular, for each of these models we construct the EMBD, find the branched surfaces
which supply a representation for the energy surfaces geometry, and plot representing energy
surfaces in the frequency plane. Below we define the branched surfaces and the EMBD. Some
readers may find it helpful to read sections 5, 6, 7 first.

3. EMBD and branched surfaces. Fomenko and his coworkers have developed a sophis-
ticated representation of integrable 2 DOF systems which leads to their orbital classification.
Roughly, on each energy surface, they have suggested representing families of regular 2-tori by
edges of a graph, whereas singular surfaces at which such families coalesce or undergo a change
of orientation correspond to the vertices of the graph. The vertices corresponding to singular
level sets are labeled according to the orbital changes they represent: “type A molecules” are
vertices corresponding to normally elliptic circles, and “type B molecules” are vertices corre-
sponding to a normally hyperbolic circle and its figure eight separatrices. Starred molecules
correspond to change of orientation. To deal with higher dimensional systems, Fomenko and
Oshemkov have suggested constructing tables of the 2 DOF molecules which list how these
graphs vary as the constants of motion are changed. Other setups, closer to our construction,
were suggested by Fomenko in [17] but, to the best of our knowledge, have not been examined
or used for any specific model. Here, we explicitly construct the branched surfaces which we
view as a different type of generalization of the simplest form (molecules A and B) of the
Fomenko graphs.
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Consider an integrable n DOF Hamiltonian on a 2n dimensional symplectic manifold M
and its associated n integrals of motion Hg = F1, Fy, ..., F,. We call the set of constants of
motion wvalid if they are almost everywhere functionally independent on M, are pairwise in
involution, and are complete. Denote by Aj the set of allowed values of Fy,..., F, on the
energy surface B, = {(¢,p)| Ho(q,p) = h}, namely, Ay, = {(gs,- - - gu)| Mis gy, gn) # 0} (recall
that the level set M, is defined as My, = {(¢,p) € M, F; =yg;; i=1,...,n}). It follows
that Ej = Ug,. . gn)eAn M(h,go,...gn)- Let k(g) denote the number of disconnected components

of My, s0 M g, g,) = Lﬂ?(:}a’g%'"g") lj(-h’”""g”), where 7 denotes a connected component of
M,. Fixing h, k(h, g2, ... gn) is constant when the level sets M, g, 4.y deform smoothly with
92, - - - gn (namely, at h, go, ... g, the energy-momentum mapping is a trivial fiber bundle; see
[2, 47]). Recall (see section 2) that the singularity surfaces of Aj are defined as the values of
(92, - - - gn) for which there exists a point (¢,p) € M(p g,...g,) at which s of the dF; are linearly
dependent and the rank of the n vectors dF; at the singularity is n — s. Let us denote the
union of the singularity surfaces of some given A;, by AS . For any finite range of (h, g) values,
by the assumption on the compactness of the level sets, k(h, go, . .. gn) may change only across
a singular level set, and hence

A7 D AGY = {(g2, ... gn)| k(R, g2, ...gn) is discontinuous in go, ... gy}

Equality of these sets is expected in the generic case with s = 1. Nongeneric (e.g., symmetric)
coincidences, by which disconnected level sets coincide and split at the same g value, may be
similarly treated and will be ignored here (see [18] and [33] for discussion). The behavior of
k(h, g2, ...gn) near singular level sets with s > 2 will be studied elsewhere.

We remark that Smale [47, 2] has called the values at which the energy-momentum map
is not locally trivial in the differentiable sense (such as Ai ) the bifurcation set—these values
correspond to changes in the topology of the level sets. We follow here the Lerman and Uman-
skii terminology, referring to Ag as the singularity set, and we reserve the term bifurcation
for changes in the energy surfaces structure (see Definition 3), which is the main focus of the
current work.

Define a function Sy : Ej, — R™ as (recall that g; = h)

Sh(qap> - (5((]7}7)7927 .. -gn)7 where Fl(q7p) = 3Gi, 1= 17 e, n,

where the scalar function 6(q, p) satisfies the following:

* 6(g,p) = 0iff k(g(q,p)) = L;
e two points belonging to the same level set have the same ¢ iff they belong to a connected
component of Mg,

{(¢,p),(d.p") € My and 8(q,p) = 6(d'.P)} & (a,p), (¢, 1) € If;

e 5(q,p) is smooth (C” for some r > 1) for all (q,p) € Ej, with (ga,...gn) € Ap\A7, and
6(q,p) is continuous for (ga,...gn) € Ap.
Hence, on each level set My, 6(q,p) (with g = F'(¢,p)) attains exactly k(g) distinct values,
ie.,

{6(Q7p)‘ (q7p) € Mg} = {61(9)7 e 76k(g)(9)}
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and 6;(g) # 6;(g) for i # j. Therefore, we may define
(1) = 8(a,P)l (g pyeis = 05(9), T =1, k(g),
and hence
Sn(l7) = Su(a:P)l ez = (8i(9), 92, - - gn)-

Furthermore, if 1Y and I coalesce to a (singular) level set lg*as g — g%, then 6(I;) —

o (lz* ). Summarizing, there is a 1-1 correspondence between the range of S, and the connected
components of the level sets in F},, and this correspondence depends continuously on the phase
space points even across singularities. In particular, if the level sets are compact, every point
at which Sy, (g, p) is smooth corresponds to a single n-torus, and every point at which Sy (g, p)
is not smooth corresponds to a singular level set. Applying the above procedure for n = 2
leads immediately to the construction of the Fomenko graphs.

Definition 1. The branched surface of an energy surface Ey, is given by the surface Sp(Eh);
namely, it is the n—1 dimensional surface embedded in R™ : F = {y| y = Sy(q,p), (¢,p) € Ep}.

Definition 2. Two branched surfaces are equivalent if there exists a diffeomorphism of R"
which maps one branched surface to the other.

Notice that, by definition, two equivalent branched surfaces are topologically conjugate.
We require differentiable conjugacy so that the singular surfaces of two equivalent branched
surfaces will be topologically conjugate to each other as well.

Figure 9 demonstrates that such a construction is possible for simple systems with sin-
gularities of order 1 (namely, with s = 1). These branched surfaces generalize the simplest
molecules (A, B) of the Fomenko graphs. The application of this procedure to physical models
is under current investigation; it may lead to further development of the theory, generalizing
the other types of molecules which were constructed by Fomenko and his coworkers. Whether
this will finally lead to a complete classification of integrable higher dimensional systems, as
in the 2 DOF case, is unknown to us. First steps in this direction, in a more abstract setting,
are included in [17]. In any case, it is easy to see the following.

Corollary 1. Given an integrable Hamiltonian system, the branched surfaces constructed
from two different valid sets of constants of motion (with Hy = Fy) are equivalent.

In particular, the construction of these surfaces from the EMBD, the frequency space
diagram and the constant of motion diagrams are all equivalent, as demonstrated in sections
5,6, 7.

Nearby energy surfaces correspond usually to a smooth deformations of each other; hence
they will usually have equivalent branched surfaces. When nearby energy surfaces have dif-
ferent structures we say that the energy surface has undergone a bifurcation.

Definition 3. h. is an energy bifurcation point if the branched surfaces at h. and at h. ¢
are not equivalent for arbitrarily small €.

The EMBD supplies global information on the bifurcations of the energy surfaces structure
and their relation to resonances; consider an integrable Hamiltonian system Ho(q, p) in a region
D C M at which a transformation to the local coordinate system Ho(x,y,I) with s = 1 is
nonsingular. The energy-momentum map assigns to each point of the phase space (z,y,I) a
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point in the energy-momentum space (h = Hy(x,y,I),I). The EMBD is a plot in the (h,I)
space (for (h,I) in the range of D) which includes
e the region(s) of allowed motion (the closure of all regions in which the energy-momentum
mapping is a trivial fiber bundle; see [2, 47]);
e the s = 1 singular surfaces (h,I) = (Ho(py),Is) (see (2.2)) where the normal stability
of the corresponding singular (n — 1)-tori, defined by (2.3), is indicated;
e the strongest resonance surfaces on which the inner frequencies of the tori vanish,
w; = 0, and the regions in which back-flow occurs (where Hz(ac, y, I) changes sign along
the level set (h = Ho(x,y,I),I) for somei=1,...,n—s);
e the energies at which topological bifurcations occur and the branched surfaces in the
intervals separate by these bifurcation points.

4. The dependence of the EMBD on the form of the perturbation. The EMBD depends
on the choice of the generalized action-angle co-ordinates (z,y, I). In particular, a symplectic
transformation of the (0, 1) coordinates to other generalized action-angle coordinates (¢, J)
may change some geometric properties of this diagram. Furthermore, transformations of the
form (0,1) — (¢ =0 —w(I)t, I), which correspond to moving relative to particular tori with
frequency vectors w = w(I), for which Hye(J) = Ho(J) — H(J) (where w(I) = 81;}1) ), may
change the topology of the energy surfaces, the structure of their singularity manifolds, and
the nature of their intersections with the resonance hypersurfaces. Hence, it appears that
finding the “correct” representation is ill defined in the context of the integrable system. We
propose that the form of the perturbation resolves these issues.

The role of the form of the perturbation is apparent when one considers the procedure of
partial averaging in near-integrable Hamiltonian systems (see [2, p. 173]). First, this procedure
implies that if for a given perturbation the number of independent resonant vectors, r, is
smaller than the number of angle variables (here n — 1), then, by averaging over the n —r — 1
nonresonant directions one can obtain a system which is exponentially close to the r + 1
dimensional system depending on the n — r — 1 parameters (the averaged actions). Hence,
with no loss of generality, we assume here that the perturbation includes n — 1 independent
resonant directions. Then, it follows that for autonomous systems the transformation (6, 1) —
(¢ = 6 — w(I)t,I) produces time-dependent Hamiltonians, and hence w(I) must vanish
identically.? This trivial statement implies, in particular, that given an a priori stable near-
integrable system of the form (2.5), for generic vector «, it may not be transformed to a
system with a = 0 without introducing time-dependent perturbations.

The second issue which arises is the choice of the action variables, which implicitly de-
termines which resonances are considered strong. This issue is again well understood in the
context of partial averaging [2]; the form of the anticipated perturbation determines which of
the resonant surfaces will produce the strongest response; consider the near-integrable system
expressed near a singular level set in some local generalized action-angle coordinates:

(41) H(q7p) :HO(xayaI)+5Hl(x>yag’I)

9Here we need the assumption on having n — 1 independent resonant relations. Indeed, if n > 3 and
Hiy(z,y,1,0) = cos(61 — 02), one can immediately see that this statement is false.
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Consider the Fourier series of Hy:

Hl(Qap) :Hl(x7y797]) = Z hk(ﬂf’y,I)eXp(i(k»@»-
|k|=|k1|+-+|kn|>T0

Then, provided hj are monotonically decreasing (if H; is assumed to be analytic, hy decays
exponentially for large |k|, and if H; is assumed to be C”, the decay rate is of order |k|™"),
the strongest resonances are given by the frequencies satisfying (k,w) = 0 for k values which
are included in the sum (hy # 0 near the singular level set) and satisfy |k| ~ 7¢; see [2] for
an exact definition and discussion. In particular, by a change of the action angle coordinates
(0,I) — (i, J) one may arrange the terms so that the first n terms in the above sum have k/ =
rien = (0,...,7;,...0) for j = 1,... ,n (where r; is in the jth place, and are monotonically
increasing with j). Then, the strongest resonances occur along the action variables directions.
Summarizing the above observations, we propose the following.
Definition 4. The local generalized action-angle coordinates (x,y,0,I) of the integrable part
of a near-integrable system are called suitable if the following hold:
o The perturbed system is autonomous.
o The strongest n — s resonant terms are nonzero and are aligned, in decreasing order,
along the n — s actions. More precisely, let

(42) Hl(‘]ap) = Hl(xvyae’l) = thj(l',y,l) eXp(i <kj79>)7 ] € N,

with ‘kj | monotonically increasing with j and ||hy;|| monotonically decreasing with j

for equal | k7| values. Then, Ki|lel . (ie., kI is parallel to e _,) forj=1,....,n—s,
where €, is the n — s dimensional unit vector with 1 at the jth entry.

Notice that the sum in (4.2) is assumed to have at least n— s terms with n— s independent
k7 vectors. In general the sum has an infinite number of nonzero terms, where the k7 vectors
with j > n — s are linearly dependent on (k',... k" ~*%).

Lemma 1. If (x,y,60,1) and (q,p,p,J) are two suitable coordinate systems for the Hamil-
tonian (4.1), then I = J and ¢ = 6 + f(I).

Proof. First, we recall that by generalized action-angle coordinates we assume that near
the singular level set the unperturbed equations of motion for (1, 6) are of the form

dI 0 OHy, db ( I 0Hy
_— = = =, — = W\ = —_—
di 06 " di Y=o
and similarly for the (J,¢) coordinates. Let W (J,0) denote the generating function which
transforms (xf,yr,60,1¢) to (qf,pf, ¢, Jr). Since both 0 and ¢ are angle coordinates, it follows
that W (J, ) is of the form W (J,0) = J' RO+ F(J), where R is a unimodular integral matrix

(see [2, p. 173]), so that

oW
T _ _ qT
Iy = 50 =J; R,
oW

— 2 RO+ F'(J)).
" 7, RO+ F'(Jy)
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In particular, the requirement that both 6 and ¢ are 27 periodic in all their arguments and
that the transformation is smooth implies that R is a constant integral matrix, independent
of Jy. Furthermore, extending the transformation to a neighborhood of the singular level
set must still preserve this property. To complete the proof, we need to show that R = Id.
Indeed, expressing the perturbed part of the Hamiltonian in the (z,y,0,I) coordinates and
using the above transformation in (4.2), we obtain

Hi(q.p.¢.J) =D hyi(a.p, J)exp(i (K, R™'9)), j €N,
J

with ki||e! , for j = 1,...,n — s (where R~! is a unimodular integral matrix as well).
Therefore, insisting that ¢, p, ¢, J are suitable implies that for all ¢

<eg7,fs? R_190> = <e¥z—sv ()0> for .] = 17 ceey =S

and hence that R~! = R = Id. |

Conversely, one may take the usual convention by which, given an integrable Hamiltonian
in a given coordinate system, the analysis determines which form of the perturbation will
cause the largest instability in the vicinity of a given resonance junction. In particular, by
the appropriate change of coordinates of the integrable system, one obtains that the strongest
resonances possible are realized when k = e, = (0,0,...,0,1,0,...,0). With this view the
notion of strongest resonances is inherently coordinate-dependent.

In our presentation of the energy surfaces in the energy-momentum plots we relate changes
in the energy surface singular structures to strong resonances of lower dimensional tori and
to instabilities in the near-integrable system. To make such statements well defined, we insist
that the coordinates we use are locally suitable coordinates. On the other hand, results which
relate strong resonances to topological changes in the energy surfaces (e.g., Theorem 2) are
independent of the choice of the coordinate system.

5. A priori stable systems. To obtain a good understanding of the proposed presentation
of the EMBD we begin with the simplest and most familiar model of a priori stable systems
near the lower dimensional torus. Let us examine the presentation of the regular part of the
energy surface first in the frequency space and then in the energy-momentum space.

5.1. Energy surfaces in the frequency space (S). For the standard Hamiltonian Hy; (see
(2.5)) the transformation from momentum to frequency variables is a shift (w(/) = a+I, o=
(1,1, a2)) and is regular everywhere, so we can write

(5.1) Ha(l) = Ha() = 5 (D)

— 5 ol

and we obtain the standard result that in the definite case the energy surfaces appear in the
frequency space as spheres centered at w = 0. The natural oscillations near the elliptic fixed
point x = y = 0 (where the transformation from the (z,y) coordinates to the action-angle
coordinates is singular) correspond to the circle wg = ap = 1, and in this representation appear
as a regular level set of the energy surface. Here it is natural to insist on positive Iy value,
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Figure 1. A resonance web on a cap of an energy surface of an a priori stable system ( (5.1) with h = 0.5).

leading to energy surfaces in the form of “caps” with boundaries: w = {w| |w||* = 2h+|a|?,
wo > ag = 1}. The boundary wy = ap corresponds to the family of lower dimensional tori
x = y = 0 on the given energy surface; see Figure 1. In the figure we also show the dense
intersection of the resonance surfaces, given by planes passing through the origin, with this
cap (see [2, 23, 34] and references therein). The planes w; = 0, ¢ = 0, 1,2, correspond to the
strongest resonances. Notice that the only energy surface which includes the origin is a sphere
with diminishing radius, and such an energy surface is disallowed for systems of the form (5.1)
since!® ||a|| # 0.

5.2. Energy surfaces in the energy-momentum space (S). In Figure 2, we construct the
EMBD of the system (2.5) by presenting the energy surfaces in the space (Hy, I1, I2), where
Hg(z,y,I) = Hp. For any given energy Hy = h, the allowed region of motion is bounded
by the family of normally elliptic 2-tori (z,y,I) = (0,0,1(h)). The corresponding singularity
surface in the EMBD is given by the paraboloid

2
1
pou(h, 11, 1) = {(h7f1,f2)| Hy(0,0,1) =5 E (i + 1) —a?) =h, h>hg = 0};
=1

namely, for a given h, (I1,I2) belong to a circle of radius \/2h + af + a3 which is centered
at (—aip, —ag).The singularity manifolds corresponding to normally elliptic invariant tori are
denoted by a collection of solid curves in the EMBD as demonstrated in Figure 2. To see that

0Recall that changing o corresponds to considering perturbations which are quasi-periodic functions of
time.
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a1=1.0, 02=1.0

12 Ho

Figure 2. EMBD of an a priori stable system.

motion is allowed only for I values which are interior to this paraboloid notice that from (2.5)

2 1 2
+ (x2+y2)2:h—2;(li+ai)2+

X

a%+a%
5 .

2
Y
0< =
_2+ 2

ol

The energy surfaces which appear as caps in the frequency space are “flattened” here to
discs in the energy-momentum space. An example of an energy surface in the (I3, 1) plane,
corresponding to the two dimensional (2D) slice of Figure 2 at Hy = 1, is presented in Figure
3A. The thin vertical lines in the 2D sections of the EMBD indicate the region of allowed
motion. In Figure 3B we present a 2D slice in the (Hy, I1) plane at Iy = 0, on which we
schematically indicate the corresponding Fomenko graph by a thick black line. The Fomenko
graph for any positive h and an interior I value is simply a segment: each interior point on this
segment corresponds to a single 3-torus, and each of the end points corresponds to a normally
elliptic 2-torus (“atom A” in [18]). For such a fixed Iy value the energy surface appears as
a 2-sphere in the (x,y, I1) space. The poles of this sphere are normally elliptic 2D tori, and
they correspond to the boundaries of this component of the energy surface. Equivalently, we
may think of a natural generalization of the Fomenko graphs to branched surfaces, and in this
trivial case the branched surface is simply a single disk, as shown in Figure 9A: an interior
point to the disc corresponds to a 3-torus, and a point on the disc boundary corresponds to
a 2-torus.

The strong resonances w; = 0,7 = 1,2, correspond here to the hyperplanes I; = —q;.
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A: HO=1.0, 1=1.0, 02=1.0

B: 12=0.0, a.1=1.0, 02=1.0

1 Fomenko Graph — B

Figure 3. 2D slices of an EMBD of an a priori stable system. A: One energy surface. B: Range of energy
values for a fized value of Io and a schematic Fomenko graph.

Their intersections with the singularity manifold pgll satisfy

0, — oH _ dH (py) —0.
811 r=y=0,I;,=—0a; dI’

r=y=0,l,=—0a;

Namely, it corresponds to a fold in the singularity manifold pgll. Here the relation between
total derivatives with respect to I; along szz and the corresponding partial derivatives of H
is trivial. Notice that the same relation is satisfied even when the location of the singularity
manifold depends on I; since V, ,H vanishes on the singularity surfaces. This latter property
is coordinate-independent as long as the coordinates are suitable.

In Figures 2 and 3 we indicate the strongest resonant 3-tori by starred lines (for él =0) and

dotted lines (for f3 = 0). The intersection of these surfaces (here planes) with the singularity
surface (r = y = 0) corresponds to the strongly resonant families of lower dimensional tori
{(z,y,I) = (0,0, —au, I2)},{(x,y,I) = (0,0, 1, —ag2) }. These two families of 2-tori intersect at
the minimal possible energy where (I1, I2) = (—aq, —ag), corresponding to a 2-torus of fixed
points. Namely, this torus of fixed points corresponds to a topological change in the energy
surface—for energies below the value at which this torus appears there is no allowed motion.
For energies above it we have one connected component of energy surface as described above.
This observation is a trivial manifestation of Theorem 2.

5.3. Qualitative behavior of the near-integrable system (S). The motion in the near-
integrable system H(0,1) = Hg(I) + cH1(0,1) is restricted to the energy level H = h. Since
Hy(0,1) is assumed to be bounded, we obtain that the unperturbed energy surfaces with
Hg(I) = h*, |h* — h| < Ce supply an a priori bound to the motion. For energy surfaces of
large extent, such an a priori bound is irrelevant due to NehoroSev-type theorems and the
Arnold conjecture. Hence, in this case the only new information obtained from the EMBD is
regarding the appearance of strong lower dimensional resonant tori (and even this information
can be extracted from the frequency plot). Near the doubly resonant normally elliptic lower
dimensional torus, where (z,y,I) = (0,0, —a1, —a2), one may expect small perturbations to
produce large instabilities. Our trivial observation regarding the extent of the energy surface
immediately shows that the extent of the instability cannot be larger than O(/¢), the extent
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in the I space of the energy surfaces with Hg () = h*, |h* — h| < Ce. We may expect that
the behavior near the doubly resonant torus will be dramatically different if the dependence
on the actions is either linear or indefinite, e.g.,

2 2 2 2
x 1 2 1 L
Hst—unbounded(l‘a y, 11, I2) = % + 9 + g (xQ + y2) + a1l +agly — ?1 + ?2;

namely, the energy surfaces are unbounded, and, in particular, the energy surface passing
through the elliptic double resonant fixed point is unbounded. Such considerations are the
trivial analogues to the nonlinear stability theorems of Arnold-Marsden and have been studied
and discussed in the context of normal forms near elliptic fixed points [2, 40].

6. A priori unstable systems. The phase space structure of the standard Hamiltonian
Hyst (see (2.6)),

2 2 4 2

Y T x 1 9 9
(6'1> Hust(x,y,fl,fg)_ 2—2+4+2;((ai+1}) —Oéi)
(6.2) = Hyy(z,y) + Hi(I),

is given by the product of a figure eight motion in the zy plane and a family of 2-tori in the
(0,1) space. The precise structure of each energy surface, which demonstrates how a given
energy may divide between the three modes (degrees of freedom) requires a bit more attention.
Since there are no global action-angle coordinates in the (z,y) plane, it is instructive to start
with the presentation of the energy surfaces in the energy-momentum space and then discuss
the presentation in the frequency space.

6.1. Energy surfaces in the energy-momentum space (U). To construct the EMBD we
find the singularity manifolds of the Hamiltonian (6.1). These manifolds correspond to fixed
points of Hyy(z,y). The normally elliptic singularity surfaces, corresponding to {z = 1,y =
0}, are given by the identical'! paraboloids

1 1
5, (hy 1, ) = {(]% I, 1) 52 (s + L) —af) =h + T h > hell} ;
where
2
1 1,
hell:—4—2;ai.

The normally hyperbolic singularity surface corresponding to x = y = 0 and its separatrices
is given by the paraboloid

N

2
Phyp(h I1, 1) = {(h,[l,IZ)\ > (i + L) —af)=h, h> hhy,,} ,
=1

1 Adding an asymmetric term like nz to Hy.: lifts this degeneracy.
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where
12
Z 2
hhyp == _5 a,L' .
i=1

In Figure 4 an EMBD of system (6.1) is presented as two nested paraboloids. The singu-
larity manifolds are drawn according to the normal stability of the lower dimensional invariant
tori they represent—the normally elliptic singularity manifolds (p;t”(h, I1,1y)) are drawn as a
collection of solid curves, whereas the normally hyperbolic singularity manifold (p}OLyp(h, L, 1))
is drawn as a collection of black dashed curves. Thus we follow the traditional notation in
bifurcation diagrams.

Given an energy surface Hyg(x,y,11,12) = Ho = h with hey < h < hpyp, the three
dimensional (3D) and 2D EMBD look locally similar to those of the a priori stable system,
presented in Figures 2 and 3: for each fixed energy value in this range the energy surface is
a disk in the (I, I) plane. However, each point interior to this disk corresponds to two sets
of 3-tori, one in each well of the potential of H,,(z,y). Points on the boundary of the disk
correspond to the two normally elliptic 2-tori, {z = +1,y = 0, Hy,s:(£1,0, 1, I2) = h}. Hence,
the Fomenko graph for any one dimensional (1D) section of each such disk is given by two
disconnected segments, as shown in Figure 5B. Equivalently, the generalized branched surfaces
for this range of energies is the union of two disconnected discs (see Figure 9B). Each point
belonging to the interior of the branched surfaces represents, as before, a single 3-torus, and
every point on the solid boundary of the discs represents, as before, a single, normally elliptic
2-torus. The multiplicity in the number of components of the level set corresponding to a
given (h, I, I5) is expressed by the multiplicity in the number of components of the branched
surfaces for these values of (h, I, I2); see section 3.

For h > hpy, the energy surfaces include the singular level set of the separatrices, which
divides the energy surface into two topologically different regimes; see Figure 5A. A point
(h, I, I5) inside the disk enclosed by pgyp(h, 11, I5) (the dashed circle in Figure 5A) corresponds
to a single 3-torus. Trajectories belonging to this torus encircle both wells in the zy plane. A
point inside the ring bounded between pgyp(h, I, I5) and pzcll(h, Iy, I5) corresponds to two sets
of 3-tori; trajectories belonging to one of these tori oscillate in one of the wells in the xy plane.
The Fomenko graph for this case is shown schematically on the cross-section in Figure 5B (in
thick black). The generalized branched surfaces here are two rings which are glued together
in a central disk (Figure 9C). Each regular point of the branched surface corresponds to a
single 3-torus, each point belonging to the dashed circle corresponds to a normally hyperbolic
2-torus and its separatrices, and each point belonging to the solid (outer) boundaries of the
rings corresponds to a single normally elliptic 2-torus.

Intersections of the singularity manifolds with the hypersurfaces of strongest resonances
correspond to folds of these singularity manifolds in the EMBD (see Figures 4 and 5). This
is the essence of Theorem 1 (see section 8.1). For example, the paraboloids pgyp(h, I, I5) and
pil(h, I, Iy) fold as they cross the surface I1 = —ay (and similarly at Iy = —ag) and indeed

Oilp; = i + I;. Thus, the families of 2-tori, pztll(h, —aq, 1), pil(h,ll, —a3), pgyp(h, —aq, 1),
and p%yp(h,ll, —a), are all resonant and the 2-tori pZj(hey, —a1, —a2) and ngp(hhypa -y,
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Figure 4. EMBD of an a priori unstable system.

A: H0=-0.8, a1=1.0, 02=1.0 B: 12=0.0, al1=1.0, 02=1.0
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Figure 5. 2D slices of an EMBD of an a priori unstable system with h > hpyp. A: One energy surface. B:
Range of energy values for a fized value of Io and a schematic Fomenko graph.

—ag) are doubly resonant; these are 2-tori of fixed points. In Figure 4 the strong resonance in
the I direction (6, = 0) is denoted by a surface of green starred lines and the strong resonance
in the Iy direction (2 = 0) by a surface of cyan dotted lines; the double fold corresponding to

a 2-resonant hyperbolic 2-torus (a hyperbolic torus of fixed points) is denoted by a red star.

Observe that the topology of the family of equi-energy normally hyperbolic lower dimen-
sional tori (pgyp(h, -), with fixed h) changes exactly at this double fold point, pgyp(hhyp, —aq,
—ay), where a 2-torus of fixed points resides; for b < hyp,, the singularity surface pgyp(h, -) does
not exist and the energy surfaces have two disconnected components (Figure 9B), whereas for
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h > hpyp the singularity surface pgyp(h, -) is a circle and the two components of the energy
surface connect on this circle (Figure 9C). This is again a manifestation of Theorem 2 (see
section 8.1). Similarly, for the natural n DOF generalization of Hyg,

2 2 2t n—1 ) )
(63) Hgst(x7y)117"'7ln—1):2_2+4+2;((ai+1i) _ai)
(6'4) = H:l:y($a y) + H?(I)v

pgyp(h, -) changes from nonexistence for i < hy,, to an n—2 sphere for h > hy,. In particular,
for n = 2, there are either none or two nonresonant hyperbolic circles on each energy surface. If
the dependence on the I variables is indefinite, then one may have other topological changes
in p?lyp(h, -) occurring at the (n — 1)-resonant (n — 1)-torus; either the genus of pgyp(h, )
changes or two components of pgyp(h, -) coalesce/separate. Notice that the flow along the
lower dimensional (n — 1)-torus reverses its direction as a strong resonance surface is crossed

(namely, 0;],,changes its sign there). This property holds for the general case of nonseparable
systems as well (see [46, 38, 37]).

We emphasize that the appearance of an n — 1 dimensional torus of fixed points which is
normally hyperbolic is a persistent!? phenomena in integrable n (n > 2) DOF Hamiltonian
systems [38] and is not related to the symmetric form of (6.3).

6.2. Energy surfaces in the frequency space (U). For small energy levels, hey < h <
hhyp, we have seen that the disk Hyg(x,y,11,I2) = h in the (I, ;) plane (see Figures 5B
and 9B) corresponds to two separate smooth compact components of the energy surface. In
the frequency space these appear as one cap of hyperbola, centered at the origin. Indeed,
the natural frequency in the xy plane at the elliptic points is wq(h, I1, 12)|P2[”(h7]1712) =2,
the direction of rotation is preserved for all orbits (so wg(h, I1,I2) > 0), and the frequency
monotonically decays as the action of the periodic orbits grows. Denoting by wgmin(h) > 0
the frequency of the two symmetric periodic orbits in the xy plane satisfying Hyy(z,y) = h,
it follows that for this range of energies

(6.5) Womin(h) < wolh, I1, ) < V2.

In Figure 6 an example of such a cap shaped energy surface of system (6.1) in the frequency
space is shown.

For h > hp,y, the behavior near the separatrices needs to be presented. Since the frequency
in the zy plane is well defined for all orbits except the separatrices, and since wy(z,y) — 0 as
the separatrix is approached, defining wp(0,0) = 0 makes wy(z,y) a continuous (nondifferen-
tiable) function of the xy energy level. (This observation is used extensively in the frequency
map plots; see [28].) Hence, for Hy = h > hp,p, an energy surface in the frequency space
has an annular cap component which meets at the (singular) circle wyg = 0 a central cap;

12The existence of such a torus may be formulated as the existence of a transverse intersection of some finite
dimensional manifolds. Hence, using the transversality theorem, one proves that it exists for a C'-open set of
integrable Hamiltonians, which we take hereafter as the definition of persistence.
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Figure 6. Energy surface of an a priori unstable system in the frequency space for hey < Ho < Rpyp.

see Figure 7. The annular cap corresponds to the two sets of tori for which the motion is
restricted to one of the wells in the xy plane, whereas the central cap corresponds to a single
family of 3-tori for which the motion in the zy plane surrounds both wells of the potential.
Recall that strong resonances are created when the energy surface intersects one of the w; = 0
planes. However, here, the surface approaches the plane wg = 0 singularly, and the normally
hyperbolic torus is not resonant in the 6y direction.

6.3. Qualitative behavior of the near-integrable system (U). Using the plots of the
EMBD we may read off all possible sources of instabilities for near-integrable n DOF systems
with unperturbed Hamiltonian of the form (6.3). Here we need to combine several effects:

e Instabilities associated with the regular resonance web. Such instabilities may appear
near any point in the EMBD.

e Instabilities associated with splitting of the separatrices (as in 1.5 DOF systems). Such
instabilities may appear for any h > hy,, in an € neighborhood of the surface pgyp(h, ).

o Instabilities associated with the existence of families of separatrices on the same energy
surface (as in Arnold’s conjecture for the existence of whiskered transition chain). For
n > 3, these appear for any h > hy,, near the surface pgyp(h, ).

o Instabilities associated with strongly resonant normally hyperbolic tori. For k <n—1,
the k-resonant normally hyperbolic tori appear for all h > hp,,, and their effect must
be included in the above mentioned transition chain.

e Instabilities associated with the topological bifurcation of the energy surface near
h = hpyp. There, p%yp(-) has an n — 1 fold point and the normally hyperbolic torus

pgyp(hhyp, -) is a torus of fixed points. Hence, these are the instabilities associated
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Figure 7. Energy surface of an a priori unstable system in the frequency space for Ho > hpyp.

with perturbations of a normally hyperbolic torus of fixed points in the nondegenerate
case.

While the analysis of each of the above items is not yet well understood, we propose

that the inclusion of rough lower bounds on the instability associated with each of the above
phenomena supplies nontrivial information on the system.

In Figure 8 we plot on a 2D
slice of the EMBD and O(e) band around the separatrix level sets (the light shaded region),

and indicate an O(e) slab of energies to which the perturbed motion is restricted near a
hyperbolic resonance (the dark shaded strip). The geometry near the hyperbolic resonant
tori immediately presents itself as a source for larger instabilities than the nonresonant terms.
The analysis of this case for n = 2 has been developed; see [23] and references therein. Here
we see that in the 3 DOF context the hyperbolic resonant 2-tori, puy,(h, —a1,l2(h)) and
Phyp(h, 11(h), —a2), belong to the circle of equi-energy normally hyperbolic 2-tori, ppy,(h, -);
hence, one is lead to the study of whiskered transition chains with resonant gaps (see [9] and
references therein). The subject of transition chains of whiskers in a priori unstable systems
has received much attention in recent years (see, e.g., [8, 49, 50] and references therein).
Furthermore, as (I1,l2) — (—ai1, —a2) we approach a double resonant hyperbolic torus—in
this case the 3D figure corresponds to a revolution of the EMBD in Figure 8 around the
starred line, with the strong resonant planes intersecting as in Figure 4. Here the radius (in
I) of the circle ppyp(h, ) scales as \/e (see Figure 8); hence the transition chain created near
such a double resonant hyperbolic torus cannot create large instabilities. If the terms in [
are indefinite near such a torus, this situation may change (though our preliminary numerical
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Figure 8. 2D slice of the EMBD of the perturbed motion. Shaded strip: Region of allowed motion for
perturbed orbits near hyperbolic resonance. Dashed region: Homoclinic chaos region.

simulations appear to indicate that even then the instability induced by the separatrices is
not significantly enhanced [38]).

Finally, we note that the doubly resonant elliptic tori pzcll(h, —aj, —ag) reside on two small
separate components of the energy surface and hence cannot induce large instabilities, and
that other cases corresponding to unbounded energy surfaces may be classified similarly.

7. Bifurcating systems. For n DOF systems with n > 3 the appearance of parabolic
resonant tori is persistent (see [38]); hence their study is both mathematically fascinating and
physically relevant. Combining our understanding of the stable and unstable systems, we can
now study Hy;:

2 2 4 2 2

(7.1) Hyif(z,y, 11, I2) = % - %—71 + % + <M1 + ;) % + %2 + agly + azlIs.
The phase space structure of the Hamiltonian Hy; s for any fixed I is obvious; for I3 > 0 it
is given by the product of a figure eight motion in the xy plane and a family of 2-tori in the
(0,1) space as in Hys, whereas for I; < 0 it corresponds to an elliptic motion around the
origin in the zy plane and a family of 2-tori in the (0, ) space as in Hy. At [ =x =y =10
the system has a family of normally parabolic 2-tori. To understand the precise structure of
each energy surface, we again construct the EMBD and the corresponding branched surfaces
and then present the interesting energy surfaces in the frequency space.

The symmetric form of (7.1) implies that at I; = 0 we have a pitchfork bifurcation in
the zy plane, whereas for a generic asymmetric integrable bifurcating Hamiltonian one should
consider instead a saddle-center bifurcation at I; = 0. The EMBD and branched surfaces
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Figure 9. Generalized Fomenko graphs: The branched surfaces.

analysis of such systems is analogous to the one presented here. The phenomena of parabolic
resonances (PR) in the asymmetric case has not been investigated yet.

7.1. Energy surfaces in the energy-momentum space (B). Recall that the boundary of
the allowed region of motion is composed of the singularity surfaces corresponding to lower
dimensional normally elliptic tori. For (7.1), these are given by the normally elliptic tori at

{(z,y) = (£v11,0); I > 0},

2 I2
(7.2)  ph(h I, Ip) = {(h, I, L) mgl +2 4 awh+ashlb=h h>ht. I, > o} ,

2 min’
and the elliptic tori at {(z,y) = (0,0); I; < 0},

(7.3)

1\ I3 12
pgll(h,fl,fg) = {(h,fl,lg) | <,LL1 + 2> 51 + 52 + OtQIQ + a3]1I2 = h; h Z h?ninall < 0} .

Another surface of singularity on which the hyperbolic tori {(x,y) = (0,0); I; > 0} and their
separatrices live is given by

(7.4)
2

I\ I
p%yp(hyfhb) = {(hthIZ) | (Ml + 2) 51 + ?2 +asly +aslily=h; h>hd I > 0} )
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Figure 10. EMBD for the bifurcating Hamiltonian, Hpy;y.

Expressing the Hamiltonian on these surfaces in a quadratic form,

2
1 1 Q203
. Hyig(0,0.11, 1) = 5 (i + 5 —ad ) (-
(75) bf(0707 1 2) 2<M1+2 a3)<1 Ml_'_%_ag)
1 s 1 5 1 (a2a3)2
Z (I n)y—za3—-———"—
-|-2(2-|-a2+0é3 1) 52 2+l a2
1 o 2
(7.6) Hbz’f(i\/f_l,O,Il,Iz)Z§(Ml—a§) (Il——2 32)
H1 — Q3
1 2 1 2 1(0420[3)2
(1 n)? - - — S 220
+2(2+042+063 1) 2042 2/11_0%7

shows that the sign of pj — ag determines whether the energy surfaces are bounded in I. Here,
for simplicity, we present a bounded case:

(7.7) p—ai >0,  ay>0, 0<as<l.

Other cases change some of the inequalities below, leading to a different EMBD and may be
similarly analyzed; see [36, 35, 37, 38], where we considered mainly unbounded models. Here,
(7.5) and (7.6) define paraboloids, and their intersections with the plane of constant energy
define ellipses (see Figures 10, 11, 12, 13, 14, 15, 16).
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The minimal energies for which these paraboloids are defined are

L 1 (az03)" 1 1 (aga3)’
( ) min 2062 2 [ — Oé% min 2 2 2 1 T % _ Ozg

with the corresponding minimizing actions

1
03 Qg (p1 + 5
(11712)min0 = ( 20 ( 2)2> ’

M1+%—0é3 M1+%—a3

Q03 Qo1
B B = (2200, o),
( )m1n+ p1 — a% 1 — a%

Finally, notice that the surface I; = 0 cuts the paraboloids pjl(h, I, I5) and pgll’hyp(h, I, 1)
along a parabola which corresponds to a family of normally parabolic 2-tori,

12
I N A A R L}
where
p _ 1 2 0
hmin - —5062 > hmin'

From these computations we can already conclude that for the chosen set of parameters the
energy surface’s structure is represented by the branched surfaces shown in Figures 11B-E.
Before describing the properties of these surfaces in detail, we examine the appearance of
strong resonances so that the topological bifurcations and the appearance of resonant tori
may be explicitly related.

Since

aHbif<f13, Y, Ila -[2)

(710) WQ(Il,Ig) = afg

= Iy + oo + a3l

resonances in 3 (i.e., resonances in the direction of Iy) are given by the intersection of the
domain of allowed motion with the plane

(7.11) IQTGS = —Q9 — Ck3[1.

In particular, resonant lower dimensional tori appear when this plane intersects the paraboloids
p%yp(h, ')a pgll(hv ')a pét”(h, ')’ and pgar(ha )

Due to the cross term %211 in Hp¢ (see (7.1)) we cannot get such a simple and explicit
expression for the 6;-resonant tori surface wi(I1,I3) = 0. However, the intersection of this
surface with the singularity surfaces may be easily found; the hyperbolic (resp., elliptic) lower
dimensional tori pgyp(h, ) (resp., pY,(h,-)) are resonant when w? = 0, where

OHy (0,0, 1, I
(7.12) W9 = 9His(0.0. 1, 1)
ol

1
= <M1 + 2) I + azls,
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Figure 11. 2D slices of the EMBD of the bifurcating system, Hyiy. A: An energy surface in the energy
range hE, < Ho < hOs.. B: An interval of energy values for a fized value of Iy = —az and all three possible

min

types of (schematic) Fomenko graphs for Hy;y.

so resonance occurs exactly at the fold of the singularity surface in the I; direction. Hence,
the intersection of the plane

(0%}
Ml-l-%

Ilres() = - I2

with the paraboloid p?lyp(h7 ) u p?m(h, ) U pY,(h,-) corresponds to the family of lower di-
mensional tori that are resonant in the I;-direction (the green starred curves in Figure 10),
pges_l(h, I). These tori are normally hyperbolic for I1,¢s > 0, normally elliptic for I1,.s < 0,
and, at Hy;t = hpar—res1 = 0, normally parabolic (then Ij,.s = Iz = 0). Similarly, the elliptic
lower dimensional tori at (x,y) = (&£v/11,0), pil, are 1-resonant when culi = 0, where

+ 8Hblf(i\/E7 O>Ib[2)
w =
! oL

=1l + asls.

Hence, the intersection of the plane

asg
Ilresi = - 712
M1

with the paraboloids pjl(h7 I, I5) corresponds to these two families of normally elliptic lower
dimensional tori that are resonant in the I;-direction, pfes_l(h, I) (denoted by green starred
curves in Figure 10 as well). The manifold of 3-tori, which are strongly resonant in 6y,
Dres—1(h, I1, I2), intersects the paraboloids pgyp(h, U pgm,(h, U pY(h,-) and pjl(h,fl,fg)
along the families p2,, ;(h,I) and p=_ | (h, ).

Clearly, from the form of (7.1), strong resonance in the xy plane (namely, the nor-
mal frequency Q = wy(h, I1,I2) = 0) may occur only at the parabolic tori p),,(h,0,12) =
p?byp(h,o,fg) = pzcll(h,O,Ig), where wi = /2I; and w) = \/—1I; vanish. Notice that here, at
I; = 0, the natural frequency of the lower dimensional torus does vanish, as opposed to the
formal definition of vanishing w8 which we had introduced for I; > 0.

In Figure 10 a 3D EMBD of the system (7.1) (Hamiltonian Hy;r) is presented for typical
parameter values (u; = 0.3, ag = 1, asz = 0.4 in all the EMBD plots, and the corresponding
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Figure 12. 2D slices of EMBD showing the energy range hl,;, < Ho < hg. A: An energy surface cor-
responding to the energy value Ho = hl,,, showing the hyperbolic bifurcation point. B: A range of energy
values which includes the bifurcation value at which a hyperbolic double resonance occurs for a fized value of
I = Iomino. C, D: Energy surfaces containing the singular ellipse (dashed line) corresponding to hyperbolic
2-tori and their separatrices.

energy bifurcation values are h;;in ~ —1.0714, kY. = —0.625, hP . = —0.5, and hpgr—res1 =
0). The plot includes a limited set of I» values to allow a glimpse into its complicated inner
structure: the manifold of solid curves corresponds to the singularity manifold of elliptic
2-tori, pfll(h, I1,I5) and pgll(h, I, I5), the manifold of dashed curves to hyperbolic 2-tori,

pgyp(h,fl,fg), and the curve of red circles to parabolic 2-tori, pgar(h,ll,fg); the strongest

resonance in the Io-direction (6, = 0) is denoted by a blue surface of dotted lines and the
2-tori with the strongest resonance in the Ij-direction ((f)s, = 0) by green starred curves.
The yellow volume (or shaded regions in the 2D EMBD) corresponds to regular 3-tori on
which 6; changes sign (back-flow). The surface of 3-tori which have strong resonance in the
I,-direction is contained in this region.

Taking the 2D slices Hy = h of Figure 10 for increasing h values, we describe below the
structure of the corresponding branched surfaces in Figures 9B-E. The intersections of the
strong resonance surfaces 6, = 0 and wi(ly,Is) = 0 with these 2D slices are denoted by a
dotted line and a starred curve (which is calculated numerically), respectively.

For energies in the range Hy = h, hInn <h< hgﬁn, the energy surfaces are composed
of two separate components corresponding to oscillations in each of the potential wells (as

in the low energy a priori unstable case). The energy surface in the EMBD is an ellipse, so



ON ENERGY SURFACES AND THE RESONANCE WEB 551

any 2D section of Figure 10 for this range of energies is similar to the EMBD slices of system
Hg; presented in Figure 3; see Figure 11A. The Fomenko graph for any 1D section of this
ellipse is simply two segments; see Figure 11B. Equivalently, the branched surfaces are two
identical discs as in Figure 9B, and the strong resonance surfaces wi ([, Is) = wa(l1,I2) = 0
intersect the energy surface transversely, as shown by the starred and dotted lines in Figure
11A and schematically in Figure 14A. In particular, since the two resonant in the I; direction
lower dimensional elliptic tori, pfesfl(h7 I, I5), are separated along the circle pil(h, I, I5) by
the two resonant in the Is direction lower dimensional elliptic tori, pfeS_Q(h, I, I), it follows
that the curves pres—1(h, I1, I2) and pres—2(h, I, I2) of resonant 3-tori must intersect at least
once in a double resonant 3-torus as shown schematically in Figure 14A; indeed, a transverse
intersection of the strongest resonance curves is depicted in Figure 11A.

At Hy=h = hglin (Figure 12A) a hyperbolic resonant bifurcation occurs; the singularity
surface pgyp(h,ll,b) appears in a 2-fold (since I1mino > 0), creating a torus of fixed points
which is normally hyperbolic; see Figure 12B, where the 2D slice Is = Iamino of Figure 10 is
presented, and the newly born 2-resonant hyperbolic torus appears there in the fold of the
dashed curve. Figure 12A shows that this torus does not appear at the intersection of the
two strong resonance curves w; = we = 0 (as in the a priori unstable case and as depicted
schematically in Figure 14B). It appears as an isolated star'® (6; = w9 = 0) residing on the
dotted line (92 = wy = 0). Topologically, at this point the two disks of the branched surfaces
meet, so that for Hy = h, h?nin < h < h. . we have, as before, a ring of I values for which
two families of 3-tori, corresponding to oscillation in the wells, coexist and a central disk of
I values for which only one family of 3-tori, corresponding to motion around the two wells,
exists. The boundary between these regions is an ellipse of I values, corresponding to normally
hyperbolic 2-tori; see Figures 12C,D and the corresponding Figures 9C and 5A.

Using the computation of pl,, ; 5(h, I), the minimal number of intersections of the strong
resonance curves pres—1(h, I1,I2) and pres—2(h, I1, I2) in the interior disk is found to be one,
as shown in Figure 14C. The 2D sections of Figure 10 for these ranges of energies demonstrate
that for the bifurcating system (7.1) additional intersections appear'® (see Figure 12A,C,D).
A bifurcation in the iso-energetic strong resonance curve wy = 0 occurs at Hy = h = h(r)nin. For
h < hY.  this resonance curve has one component and it is smooth; at the bifurcation point
h = h?nin it splits to two components—a smooth curve of resonant 3-tori with two resonant
elliptic 2-tori at its boundary and a resonant hyperbolic 2-torus as a separate component (see
Figure 12A). For h, < h < h¢, , the iso-energetic curve wy = 0 has three components: the
smooth component of resonant 3-tori with elliptic resonant 2-tori as its boundary and the
other two components, which reside above and below the ellipse of hyperbolic 2-tori and meet
at the two resonant hyperbolic 2-tori, as seen in Figure 12B. As the energy value increases, the
components of w; = 0 approach each other until at the next bifurcation point of this curve,
Ho = h = h{, , all three components meet again (for the parameters chosen here h{, ~ —0.59;
see Figure 12D), forming, for A > h{, , one nonsmooth component with cusp points at the
resonant hyperbolic 2-tori, as seen in Figure 13A. (So the resonant surface w; = 0 folds in the
shape of a nose looking toward the negative h values in the EMBD.)

BLook below the starred curve, at the boundary of the yellow shaded region.
QOne can argue that this more complicated scenario is the generic one.
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Figure 13. 2D slices of EMBD of the bifurcating system, Hy; ¢, showing the parabolic bifurcation point. A:
An energy surface corresponding to the energy value Hy = h? B: A range of energy values which includes
the bifurcation value Hy = h?

min

min *

for a fixed value of I = —aa.

At Hy = h = hE . the ellipses p?lyp(hﬁlm,-) and pjl(hﬁlm, -) touch the I; = 0 plane at
Iy = —aw, creating a parabolic torus (see Figure 13A and the schematic representation of
Figure 9D). This bifurcation is, again, associated with a fold in the singularity surfaces of the
EMBD and therefore with a resonance of a lower dimensional torus (see Theorems 4 and 5

in section 8.2). Indeed, at Hy = h” . , the parabola pgar(h, I, I5) folds in the I direction at

min’?

Is = —ao; hence this parabolic 2-torus is resonant in fs:
: 0Hy; +(0,0,0, I
62 _ blf( s Uy Uy 2) —0.
(0’0:0’_012) 812 122—0(2

Furthermore, parabolicity of this torus implies that the torus is strongly resonant in the xy
plane; namely, w) = 0, so at h = kP . a double resonance occurs at the torus (z,y,I) =
(0,0,0, —a2). This coincidence of resonances and of topological changes in the energy surfaces
is shown schematically in Figures 14C-E. Figures 12 and 13 demonstrate its occurrence for
(7.1). The dotted line, representing resonant tori in the I>-direction, intersects the boundary
of the allowed region of motion at the parabolic torus (a circle in the figure).

For h > kP . . the branched surface is a disk with two flaps emanating from it (see Figure
9E), where the two end points of the flaps correspond to parabolic tori. For Hamiltonian (7.1),
the ellipse Hy;f(0,0, 11, I2) = h defines the boundary of this disc. The ellipse corresponds to
hyperbolic tori for I; > 0 (the dashed part of the inner ellipses in Figure 15) and elliptic tori
for I; < 0 (the lower solid part of the ellipses in Figure 15). The flaps’ upper boundaries
(upper solid line in Figure 15) are defined by the ellipse Hy;r(£v/T1,0,11,I2) = h for I; > 0.
The two meeting points of the flaps (denoted by circles) with this disk correspond to the two
parabolic tori which reside on the energy surface (see (7.9)).

Now, consider the relative location of the resonant in the I;-direction 2-tori, p%.. ,(h,I),
and the parabolic 2-tori, p,,.(h,I), on the ellipse Hy;¢(0,0,11,I5) = h. For h values which
are slightly larger than hfmn, this pair of resonant 2-tori lives on the upper part of the ellipse,
above the parabolic tori; hence they correspond to normally hyperbolic resonant 2-tori, as
shown schematically in Figure 14D. For such values of h the curve pyes—1(h, I1, I2) intersects
only the upper part of the ellipse (the dashed part of the ellipse in Figure 15A, corresponding
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Figure 14. Energy branched surfaces and strong resonance curves.

Az HO=-0.2, ul=0.3, u2=1.0, a3=0.4 B: HO=0.5, =03, a2=1.0, a3=0.4

Figure 15. 2D slices of an EMBD of the bifurcating system, Hy;r. A: An energy surface with hY . < Hy <
hpar—resi- B: An energy surface with Ho > hpar—res1-

to hyperbolic tori), so there are no resonant in the I; direction normally elliptic 2-tori at
the origin (i.e., p?lyp(h,ll,lg) N pres—1(h, I1,I2) = @), as shown in Figure 15A. For energy
values greater than Hy = hpgr—res1 = 0 (i.e., for b > hpgr_res1), this situation changes;
for Hy = h > hpar—res1, the resonant plane pres—1(h, I, I2) intersects each of the curves
p?lyp(h, -) and p%;(h, ) at one point (see the schematic Figure 14F and the energy surface in
Figure 15B). Namely, one of the resonant hyperbolic lower dimensional tori becomes normally
elliptic for Hy = h > hpar—resi- Therefore, at the bifurcation value, Hy = hpgr—res1 = 0,
the resonant plane in the Ij-direction intersects the ellipse pgyp(h, ) U Y (b ) Upy(hy-)
at 1 = Is = 0, where a parabolic, resonant in the I; direction, lower dimensional torus is
created (the schematic Figures 14E,F show the aforementioned intersections before and after
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Figure 16. A 2D slice of EMBD of the bifurcating system, Hyiy. An energy surface with Ho = hpar—res1,
containing a strongly resonant in the I -direction parabolic 2-torus.

this bifurcation). Indeed, Figure 16 shows that at Hy = hpar—res1 = 0 one of the resonant
hyperbolic tori changes its stability and becomes parabolic. (The end point of the starred
curve, w1 = 0, intersects one of the circles denoting a parabolic 2-torus; note that at the
bifurcation point Hy = hpar—res1, the iso-energetic curve wy = 0 ceases to have two cusp
points and thereon has only one cusp point at the remaining resonant hyperbolic 2-torus.)
Figure 17A demonstrates that the resonance in the Ij-direction is indeed associated with a
fold of the parabola pgyp(h, 1,0) Upgar(h, 11,0) Upgll(h, 11,0) at the origin; the 2D slice of the
EMBD at Iy = 0 shows that the circle denoting the parabolic torus and the star denoting the
strong resonance in the I direction coincide.

Bifurcation values for the parameters are now easily identified. First, we see that at
as = 0, h&n = hgﬁn = hﬁlin = hpar—res1 = 0; namely, all the bifurcations mentioned above
occur at one energy surface, and a double resonant (torus of fixed points in the 3 DOF case)
normally parabolic torus is created, as shown in Figure 17B, where the star (w; = 0), the
dotted line (we = 0), and the circle (a parabolic torus) coincide. Then, the energy surface
Hy = ag = 0 of system (7.1) shrinks to one 2-resonant normally parabolic 2-torus of fixed
points. The existence of a double resonant parabolic torus is a codimension one phenomena
for 3 DOF systems and a persistent phenomena in 4 or larger DOF systems [38]. Normally
parabolic tori of fixed points are a codimension one phenomenon for any n > 2 (see [45, 38, 37|

for more details).
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Figure 17. 2D slices of the EMBD at I = 0. A: Regular parameter values—at I1 = Ho = 0 a resonance

in the I direction occurs. B: At the special bifurcation value az = 0. Since aa = 0, at I1 = Ho = 0 a double
resonance in the I and I direction occurs.

Second, notice that

d?Hy; ¢ (£V/11,0, 11, I
(7.13) s ZZ/IE : 2)=u1;
1

hence, the fold of the singular surface p;l(h, I, I5) in the I;-direction becomes flatter as
w1 — 0 (put differently, the dependence of the frequency wf on I; becomes weaker). It is seen
that holding a3 fixed in this limit changes the character of the energy surfaces from being
bounded to being unbounded in I1, Io. We will not delve into the analysis of all the different
limits which may be taken here; some of these limits are studied in detail in previous works
(see [45, 46, 35, 36, 37, 38]). In particular, note that the appearance of flat parabolic resonant
tori in such a situation gives rise to strong instabilities (see [38] and [37]).

7.2. The frequency domain plots (B). We plot the energy surfaces (w!?) of the bifurcat-
ing system in the frequency space for typical and bifurcating energy values (h;;in, h?nin, hP. .
and hpgr—res1 and h values in between them) with the resonance web plotted on them. We
demonstrate that the structure of these webs differs from the structure of webs of a priori
stable systems in its nonuniformity and its behavior near the origin.

The simplest type of energy surface component contains only elliptic lower dimensional
tori. For Hy = h, h;;lin < h< h?nin, it appears as a smooth codimension one surface with
boundaries, as shown in Figure 18, similar to Figure 6. This smooth compact component is a
smooth deformation of the disk appearing in the energy-momentum space, (Hy, 2, I1). Trans-
verse intersection of a smooth component of w? with one of the planes wj = 0 corresponds
to a strong resonance; for energy surfaces in the range h&n < h< h?nin this occurs only for
j = 1,2 (it cannot occur for j = 0 since in this energy range wp > 0). In Figure 18 (and in
the following figures here) the red starred curve corresponds to the intersection of the energy
surface, w!, with the resonance plane, w; = 0, and the black thick dotted line denotes the
intersection of wf with wy = 0. The lower dimensional elliptic resonant tori correspond to
the intersections of the surfaces’ boundary, which is plotted in thick black, with the w; = 0

(j = 1 or 2) planes.
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Figure 18. A typical energy surface corresponding to an elliptic energy value Ho = h with ht. < h < h2;..
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Figure 19. An energy surface corresponding to the bifurcation value Ho = h%;,, containing a double
resonant hyperbolic torus of fized points. Left: The frequency map plot. Right: The resonance web on this
energy surface for |k| < 21, where the size of the dots indicates the strength of the resonance.

The energy value Hy = h0. is a bifurcation value at which one 2-resonant hyperbolic 2-

torus (hyperbolic torus of fixed points) appears. It creates a singular cusp point in the energy
surface w!! (see Figure 19), where this energy surface is presented in the three frequency space
in the left plot (each blue thin curve corresponds to a fixed value of Ig, the red starred curve
to the strong resonance wy; = 0, the black dotted line to the strong resonance ws = 0, and
the black thin curve to the boundary of wy, consisting of 2-tori) and the resonance web on
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Figure 20. A typical energy surface in the hyperbolic energy range, corresponding to an energy value Ho = h
with by, < h < hE, .
this energy surface is presented in the right plot. The resonance webs presented here are
calculated by finding (approximately) the points on the energy surface for which <k:, wH > =0
for 0 < |k| = |k1| + |ka| + |ks| < 21, where the size of the dots is in inverse relation to |kl; i.e.,
the stronger the resonance the larger the dot indicating it (note that for the weaker resonances
the difference in the size of the dots is indistinguishable). The hyperbolic 2-resonant 2-torus in
Figure 19 resides in the cusp, far from the other resonance lines and from the main resonance
junction, where the strong resonances intersect (this might suggest an additional reason for not
observing strong instabilities of the perturbed system near such hyperbolic double resonances
[38]).

Energy surfaces with Hy = h, h?nin < h < hP. | include an ellipse of hyperbolic tori
with their separatrices. As for the a priori unstable case, we find that the energy surface w?
collides at this singular ellipse with the plane wy = 0 and then bounces back with the same
sign of wy (since the direction of motion does not change from the exterior to the interior tori).
Using (7.12) and (7.10) we find that the singularity manifold corresponding to the family of
hyperbolic 2-tori is given by

Hy;7(0,0, 11, I2) = Hy;r(0,0, w1, wo)

o 1 (aga3)’
T 2mts-ad

2

1 (w9 — agws) 1 9 1
(7.14) 2 +1—al g W) =5
For our parameter range it is a tilted ellipse lying in the wg = 0 plane which is centered at
the origin; see Figure 20 (similar to Figure 7).
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On one side of this singularity manifold each point on the energy surface corresponds to
two 3-tori, and on the other side to a single 3-torus as summarized by Figure 9C. Each of the
surfaces w; = 0 (j = 1,2) intersects the ellipse at two points, at hyperbolic 1-resonant 2-tori.
In [38] we prove that such intersections are persistent. Recall that even though the singular
circle is contained in the wy = 0 plane it does not correspond to a double resonance of the
lower dimensional torus: wy = 0 at the homoclinic loop, whereas the normal frequency of the
hyperbolic torus is imaginary and is nonzero.

HO=—0.5, 11=0.3, 02=1.0, 0304 HO=03, 11=03, 02=1.0, 63=04

ol . o0 ol 0

Figure 21. An energy surface with Ho = hY . . Left: The energy surface in the frequency space. Right: The

resonance web on this energy surface. Red circle: (Double) resonant (in the Io- and I2-directions) parabolic
2-torus.

At the bifurcation value Ho = h? . a parabolic (resonant in the Ir-direction) torus first
appears; see Figure 21. An important observation is that parabolic tori are a priori resonant:
their normal frequency vanishes. Indeed, let w = (,w" 1) € R™ denote the n dimensional
vector of frequencies, including the normal frequency €, and the inner frequencies (W' €
R 1) of the (n — 1)-torus. Parabolicity implies = 0; hence, k! = el = (1,0,...,0)
satisfies the resonance condition <k‘1,w> = 0 (indeed, in the resonance web plots a large
dot indicating strongest resonance always appears on the parabolic tori; see, e.g., Figure 21).
Lower dimensional resonance implies that there exists at least one additional vector of integers,
k* = (0,1,-1),ln—1 € Z"™ !, such that <k2,w> = 0. Hence, parabolic lower dimensional
resonant tori correspond to junctions in the resonance web with at least one strongest resonance
(indeed, the parabolic torus in Figure 21 is doubly resonant, residing on the junction wy =
we = 0). In particular, if the parabolic torus appears at the origin, where all resonances
intersect, it corresponds to an (n — 1)-resonant (n — 1)-torus, namely to a parabolic torus of
fixed points. In [38] we prove that such a scenario is persistent in a one parameter family of

integrable n DOF Hamiltonian systems with n > 2.

A typical energy surface in the energy range Hy = h, hY . < h < hpar—res1 = 0, is shown

in Figure 22 and in the range Hy = h > hpgr—res1 = 0 in Figure 23, where the two parabolic
tori are denoted by red circles. Then, the natural frequency in the xy-direction found from
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H0=-0.2, u1=0.3, 02=1.0, a3=0.4

Figure 22. A typical energy surface with h? . < Hy < 0.

min

linearization at the origin,

0
0 Wi — Q3wW2
Wy =V —Il = \/—2 — (o3,

Ml"‘%_agg

shows that the singularity ellipse (7.14) detaches from the wy = 0 plane with a square-root
distance. Topologically, the energy surface is well described by the branched surface in Figure
9E.

The colliding surface, at which w is singular (nonsmooth), is clearly of codimension two,
and it corresponds to the family of hyperbolic tori which live on the given energy surface.
The end points of this collision surface, where the projection singularity heals and the energy
surfaces cease to contain hyperbolic tori, correspond to parabolic tori, a codimension three
surface, namely, points in Figures 9, 21, 22, 23, and 24 (the parabolic tori are denoted by
red circles). At the parabolic lower dimensional tori the wy frequency vanishes. If such an
end surface (in the figures, a point) intersects another resonance surface, a parabolic (doubly)
resonant torus is born. It is now clear that with additional DOF such an intersection (of
the boundary of the collision surface and the resonances on the wy = 0 plane) is generically
transverse (see [38] for a proof); hence parabolic resonances (PR) are expected to occur on
surfaces corresponding to a range of energies. For the 3 DOF case, since generically the end
points (corresponding to the inner frequencies of the parabolic tori) change continuously with
the energy values, there exists a set of dense values of energies for which these end points hit
resonance surfaces and PR are created. When an end point of a singularity curve belongs to
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H0=0.5, u1=0.3, 02=1.0, a3=0.4

Figure 23. A typical energy surface in the range Ho > hgar_resl =0.

H0=0.0, u1=0.3, 02=1.0, 03=0.4 H0=0.0, u1=0.3, 02=1.0, 03=0.4

Figure 24. An energy surface with Hy = hpar—res1 = 0, containing a strongly resonant in the I direction
parabolic 2-torus (hence, a double resonant parabolic torus). Left: This energy surface in the frequency space.
Right: The resonance web on this energy surface.

a strong resonance plane w;j = 0 (j = 1 or 2) it corresponds to a strong double resonance of
the parabolic lower dimensional torus (see the resonance webs in Figures 21 and 24).

Figure 23 shows an energy surface for positive Hy, where the family of tori encircling the
two wells crosses the wi = 0 plane. Figure 24 shows an energy surface with Hy = hpar—res1 = 0,
which contains a resonant in the I; direction parabolic torus (hence strongly doubly resonant
with wy = w; = 0) and the resonance web on this energy surface. Setting (in addition) ap = 0,
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HO0=0.001, u1=0.3, 02=0.0, a3=0.4

wl @0

Figure 25. A resonance web on an energy surface near the (locally KAM degenerate) energy surface with
H() = Q2 = 0.

the energy surface with Hy = 0 shrinks to a parabolic torus of fixed points at the origin of
the frequency space. However, nearby energy surfaces (i.e., energy surfaces with ap = 0 and
a small energy value) have a nondiminishing extent in the frequency space, with resonant
parabolic 2-tori residing near the main junction where many strong resonances intersect; see
Figure 25 (note the scale of the axis).

Summarizing, we discovered that the presentation in the frequency space of the energy
surfaces of Hamiltonians of the form Hy(x,y, ) with n — 1 dimensional tori that change their
stability has the following properties:

e For a range of energies, the energy surface is singular along a codimension two surface
belonging to the wg = 0 plane. This singularity surface corresponds to hyperbolic lower
dimensional tori and their separatrices. The boundaries of the singularity surface (of
codimension three) correspond to parabolic tori.

e Parabolic resonant tori may be recognized as resonance junctions which belong to the
boundary of the hyperbolic singular surface. For 3 DOF systems these appear on a
dense set of energy values; for n > 4 these appear for a range of energies.

e While the resonance surfaces still intersect the energy surfaces densely, the uniformity
seems to be lost.

e A parabolic torus of fixed points appears when the boundary of the singular surface
contains the origin. Such a scenario appears for special parameter values (a codimen-
sion one phenomena) and on specific energy surfaces.
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7.3. Qualitative behavior of the near-integrable system (B). Using the plots of the
EMBD we may read off all possible sources of instabilities. Here we need to combine several
effects:

o Instabilities associated with the regular resonance web, as in the elliptic case.

e Instabilities associated with the existence of equi-energy family of separatrices and
their resonances, as in the unstable case.

e Instabilities associated with resonant parabolic tori; their appearance implies the co-
existence of equi-energy families of separatrices and equi-energy families of lower di-
mensional elliptic tori, meeting at the parabolic tori. The flatness of the singularity
manifolds (see (7.13)) affects the extent of the instability.

o Instabilities associated with bifurcations in the structure of the singularity manifolds
(manifolds corresponding to lower dimensional tori) of the energy surfaces—mnamely,
the creation of elliptic, hyperbolic, and parabolic lower dimensional tori, all of which
are associated with resonant lower dimensional tori.

Once again, the analysis of each of the above items has not been done yet. For the
parabolic case we have mainly numerical indications for the behavior of the perturbed orbits;
initial steps of a rigorous analysis of instabilities associated with PR are presented in [39] (a
longer detailed version is in preparation). The behavior near a nonresonant parabolic torus
does not yield instability—the lower dimensional parabolic torus persists [24]—and it appears
that the behavior near it is indistinguishable from that appearing near the lower dimensional
normally elliptic torus. However, numerical simulations indicate that the behavior near PR
is dramatically different; orbits which appear to be chaotic and of a different nature than the
homoclinic chaos are abundant. The structure of these perturbed orbits near 1-PR, which
appear for a dense set of energy values, is similar to the one observed in the 2 DOF case;
see [37, 45]. Further degeneracies make the instabilities more pronounced, see [37, 38] for
examples.

One degeneracy we explore here is the existence of a normally parabolic torus of fixed
points which is of codimension one (a3 = 0) and corresponds to a local violation of the KAM
nondegeneracy condition. The induced strong instabilities of a perturbed orbit with initial
values near this point are presented in Figures 26 and 27; in Figure 26 the perturbed orbit
is projected on the (6,I) planes, where its complicated structure, while it passes through
the successive resonance zones, may be seen; in Figure 27 we show the development of the
instabilities in the action variables depending on time. These figures were produced for the
perturbed Hamiltonian:

2 2 4 2 2
T x 1\ I L
(715) Hgif(if,y,el,ll,eg,lz;é‘) = % - ?Il + Z + (Ml + 2) ?1 + 52 + azli 1o

te <<1 - x;) cos(361) + cos(geQ)) .

Graphically, in the frequency space, such a scenario happens when the boundary of the
singularity surface (here the end points of the singularity lines) passes through the origin,
where all the resonance planes intersect. The fact that a parabolic 2-resonant torus resides
at this junction point seems to induce strong instabilities in the perturbed system in both
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Figure 26. Instability in the action variables near 2-PR: A perturbed orbit projected on the (0,I)
planes, corresponding to the total energy H = 9.953e — 4, with initial conditions (x,y,61,11,02,12;¢) =
(0.2515,0,1.57,0,1.57,0,1e — 3, 1e — 3).

action directions, as seen in Figures 26 and 27. In Figure 28 the corresponding unperturbed
energy surface is shown in the (I3, I1) plane and in the frequency space (see the corresponding
resonance web in Figure 25). The perturbed orbit shown in Figures 26 and 27 approximately
covers the whole possible extent of the actions range on this surface. For more details and
upper bounds on the maximal instability rate see [37, 38, 39]; in particular, in [39] analytical
methods for studying instabilities near 2-PR are suggested.

Note that in 4 or more DOF systems the existence of a double resonant parabolic torus is
persistent without dependence of the system on external parameters, and the local violation
of the KAM iso-energetic nondegeneracy condition is avoided. Numerical simulations suggest
that near such double PR the instabilities and the orbit structure are similar to the ones
appearing in the locally degenerate 3 DOF system (with ag =0 ).

8. Bifurcations in the energy-momentum diagrams. Here we formulate the observed
relations between bifurcations in the EMBD and the appearance of lower dimensional res-
onances precisely. First we prove that extrema of the nonparabolic singularity surfaces in
the EMBD occur iff the corresponding tori are resonant. Then we prove that if on a given
energy surface there exists an (n — 1)-nonparabolic torus which is nondegenerately strongly
(n — 1)-resonant (see definitions below), then the topology of the energy surfaces changes at
this value of the energy. We end with formulating similar results for the parabolic case. After
stating the results for the generic parabolic case we show that our model Hamiltonian Hp,s
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Figure 27. Instability in the action variables near 2-PR: A perturbed orbit projected on the time-actions
plane, with initial conditions as in Figure 26. Solid line: I. Dashed line: I>.

HO=0.001, pl=0.3, u2=0.0, al=0.4
- . - . HO0=0.001, n1=0.3, 2=0.0, :3=0.4

Figure 28. An energy surface of Hyiy with as = 0, Ho = le — 3. Left: An EMBD in the (I2,11) plane.
Right: In the frequency space.

is nongeneric in this context (because of its Zy symmetry) and formulate the corresponding
results to a suitable class of Hamiltonians.

8.1. Folds in the EMBD and resonances. Consider the EMBD near a singular family
of n — 1 lower dimensional tori, py. (Here we again take s = 1. General value of s will be
considered elsewhere.) The unperturbed Hamiltonian, expressed in suitable local coordinates
near py, is given by Ho = Ho(z,y,I), where py = (x¢,ys, I ) satisfies Vx,yHo(x,y,Iﬂpf =0.
By the implicit function theorem (IFT), if the Hessian of Hy with respect to z, y is nonsingular
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2
at py (namely, det %b ; # 0), we may express this manifold as a graph over the T

variables: py = (z¢(I),y¢(I),I). Then, apart from parabolic points (where det 621;19(673(%;,1”171[ =
0), ps is represented in the EMBD by the codimension one smooth manifold p’} ={hs(I),1} =
{Ho(z¢(I),ys(I),I),I1}." It is now natural to define extremal points of the singularity surface
in the EMBD.

Definition 5. p§ is a simple k-extremal point of the singularity manifold p? if P} is non-
parabolic and hy(I) = Ho(zs(I),ys(I),I) has a local extremal in k directions at p§; i.e., there
exist i1,...,i5 € {1,...,n — 1} such that

Ohys(I)

a] 7 p?

(8.1) :0f0ri:z'1,...,ik.

Theorem 1. Consider a family of singular nonparabolic n — 1 dimensional tori ps(I) =
(xf(I),yr(I),I), where (z,y,1I) are suitable coordinates near py(I). Then pG = pg(I€) is a
simple k-extremal point of the corresponding singularity manifold in the EMBD iff p; corre-
sponds to a k-strongly resonant lower dimensional torus.

Proof. Since p} is not parabolic the representation p? ={hs(I) = Ho(xs(1),ys(I),1),1}is
nonsingular near p. Hence, p} is a k-extremal point iff the surface {hy(I) = Ho(z (1), ys(),I)
I} in the (h,I) space is extremal in k directions I;,,...,I;, at P This occurs, by definition,

iff %IEI) vanishes in the corresponding £ directions at p} as expressed in (8.1). Since we use

suitable coordinates, and since V, ,Hy(z,y, I)\pf =0, it follows that for i = iy,..., 4
; H I dH (ps(I Oh(I
o) j| - Glewd| _dEGAD)| oD,
5 i P§ i P§ i Ip§

Theorem 1 relates the extremal point of the singularity surfaces in the EMBD and reso-
nances. We have seen that the topology of the energy surfaces changes at folds of these singular
surfaces. We note here the triviality that folds imply extremum points, and extremum points
with first nonvanishing derivatives of even order imply folds.

8.2. Topological bifurcations. In the previous section we saw that Hy; has two values
he = h:”, hgyp which are simple 2-fold points of the elliptic and hyperbolic singularity surfaces
(namely, these singularity surfaces have an even order extrema in two action directions),
several families of curves on which a simple 1-fold occurs (corresponding to the intersection
of the singularity surfaces p;t”, p%yp, pgll with the corresponding resonances), and h. = hg isa
1-parabolic fold point corresponding to the first appearance of parabolic tori. We observe that
h;’;l, h?Lyp, and hg correspond to a topological change in the energy surfaces’ structure, namely,
the corresponding topology of the branched surfaces changes across these energy values, but
that the families along which a simple 1-fold occurs do not correspond to such changes. We
would like to formulate these observations. First, we need to define the branched surfaces in

a precise way.

5With a slight abuse of notation we denoted it in previous sections by p; = (hs(I),I) as well (see, for
example, (7.2), (7.3), (7.4)).
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Recall that h. is a topological bifurcation point if the branched surfaces across h. are not
equivalent (definition 3). If the topology of AS , the singularity manifold for a given energy
surface, changes across h, then the branched surfaces across h are not equivalent. Using the
Morse lemma we establish that for s = 1 the singularity manifold, A,f , changes its topology
near folds of the singularity surfaces. Since folds of the singularity surfaces imply extrema
and extrema imply resonances, the main result follows.

Definition 6. P} is an n — k (0 < k < n) strongly resonant n — 1 dimensional singular
torus with mondegenerate frequency wvector if in the suitable Arnold—Liouville—-Nekhoroshev
coordinates

dHy(p5) d*Ho(p$)
. 0, det [ —— 2 i=1,... .k
(8:3) =0 det gt #0 =

The relation between (8.3) and resonances, as stated in the definition, follows from The-
orem 1.

Theorem 2. pr; 1s a nonparabolic n— 1 strongly resonant n—1 dimensional singular torus
with a nondegenerate frequency vector, then h, = Ho(p‘]i) 18 a topological bifurcation point.

Proof. The theorem essentially follows from the Morse lemma (see [26] or [41]); we include
some details to enhance the intuition. Using the suitable coordinates near py, we may write

(8.4) Ho(ps —p§) = Ho(p}) + (I — 19" A(IT = 1°) + O(3),
. . ¢ d*Ho(p§) cy —
where A is the Hessian at P A= —andr (recall that Vg, ,Ho(ps — pf) = 0). Hence, by

linear orthonormal transformation Uz = I, we may write (8.4) as

n—1-r

.
Ho(pr —p5) — Ho0}) + > aiprziy, = Y aiz; +O(3),
=1 =1

where a; > 0 for all ¢ by the nondegeneracy assumption. In fact, r is the Morse index of
hy(I) = Ho(zy(I),ys(I),I) at p} (the dimension of the subspace for which the Hessian A is
positive definite). The Morse lemma, which applies to hy(I) by (8.3), states that by smooth
local change of coordinates we can eliminate all higher order terms and set all the a;’s to
unity. It follows immediately that intersection of the singularity surface { Ho(pys), Is} with the
plane Hy(ps) = h near p§ changes its topology across he = Ho(p?); ifr=n—1 (resp., r =0).
Namely, if A is positive (negative) definite, then for h < h. (h > h.) there is no branch of ps
near p‘Ji satisfying Ho(py) = h, whereas on the other side there is an n — 2 dimensional ellipse
satisfying this equation. If 0 < r < n—1, the hyperboloids p¢(h, -) change their orientation at
h = h¢; namely, they do not depend smoothly on h at h.. Since the branched surfaces change
across the surfaces p¢(h, -), the claim is proved. [ |

8.3. Parabolic tori and topological bifurcations. Consider the surface of parabolic lower
dimensional tori p,r = (xps, Ypr, Ips) so that

O*H(z,y,1)

Oxdy =0

Ppf

(8.5) VayHo(x,y, D), = det
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These three equations define (generically) a codimension two surface in the EMBD, the sin-
gularity surface, pi‘ Along p]@f two (or more, in symmetric/degenerate cases) singularity
surfaces representing families of nonparabolic (n — 1)-tori, p?i(I ), i = 1,...,n, meet. For
example, in section 7, the four singularity surfaces p?m (1) = pjl, p?M (1) = p?lypﬁ” meet at
pi = pga,,. The natural oscillations in the xy plane of the n — 1 dimensional tori p,s vanish,
so these tori are strongly resonant in the wp-direction. We now address the natural question
in view of Theorem 1: When do extremal points of this singularity surface (pgf) in the EMBD
correspond to additional strong resonances? Here, one should take careful limits when con-
sidering derivatives across the singular boundary of p?i (I), namely, across pi' To formulate
such conditions let us investigate more fully (8.5). Define the functions

OH (z,y,1) OH (x,y,1) O*H (z,y,1)
Iy=—"""~ IHy=—""- 1) =det —————=;
fl(xvyv ) O ; f?(xaya ) 83/ ) fB(x’yv ) € a$ay ;
then (8.5) defines the surface fi(z,y,I) = fo(x,y,I) = f3(x,y,I) = 0. Can this surface be
represented as a graph over the n — 2 actions J" 2 = (I, ... A, —1,1j,41,...,I,1) for some
O(f1,f2,f3)

chosen index j,7 By the IFT, this may be done if REXNI) is nonsingular, and hence we have
I tip
the following definition.
Definition 7. p,y is an n — 1 dimensional parabolic torus which is nondegenerate in the I;,

direction if ppy satisfies (8.5) and

) aH(ac,y,I)7
(8.6) det T

OH (xz,y,I 02H (z,y,]
(gyy ),det (Iy ))

0zxdy
0.
a($7y7ljp) 7é

Ppf

If p;f is an n — 1 dimensional parabolic torus which is nondegenerate in the I; -direction,
then in its neighborhood there is an n—2 dimensional family of parabolic tori p,; which may be
expressed as a graph over the n—2 actions J"~2 = (I, ..., L 1,011, In-1) :ppf(J"_Q) =
(2pp(J"2), ypp(J72), I, (J"2), J"2). Tt follows that the corresponding codimension two
surface in the EMBD can be represented as a graph over the same actions as well:

pl];Lf(Jn—Q) _ {Ho(fﬂpf(Jn_Q),’ypf(Jn_2),ij(Jn_2), Jn—Z),ij(Jn—2), Jn—2}
— {hpf(Jan),ij(t]n72)7 Jn72}'
Using (8.5), it follows that

(8.7) 8hpf(J”’2) _ <8H(:p,y,[) N OH (xz,y,I) 8ij(J”2)>
0I; - 0I; ol;, 0I; P
. QL (J72
= 0;+0; 731]( ) for j #jpa
P 0I;
Ppf
whereas
. (I
(8.8) 0, = 6H(;I"y’ D) a’g}'( ) ,
Ppf Ip Ppf T Apg—pps
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and the independence of the last term on ¢ follows from the smooth dependence of the Hamil-
tonian flow on I, even across the parabolic (in the zy-direction) point. The relation between
extremal points of hy,r(J""2) (at which ahg’[ci(l) lp,; = 0) and resonances is now clear.

Theorem 3. Consider a family of normally parabolic n—1 dimensional tori pyr = (Tpf, Ypfs
I,,y) which is nondegenerate in the I; -direction at pgf. Then, for j # jp, an extremal point
in the I;-direction of the corresponding singularity manifold in the EMBD at 2 f corresponds
to a strong resonance in this direction iff pgf is strongly resonant in the I; -direction or if
L, is extremal in I; at p;f. pgf is strongly resonant in the I; -direction iff the nonparabolic
singularity surfaces emanating from pyr are extremal in the I, -direction in the limit py, —
Ppy-

An attempt to apply the above theorem to system (7.1) immediately fails—this system
does not satisfy the nondegeneracy condition (8.6). Considering all systems with natural
mechanical potential in the zy plane having a parabolic invariant (n — 1)-torus at the origin,

en y?
2
foy=0, Yo 2V
ox (0,0) ox (0,0)

shows that the nondegeneracy condition (8.6) corresponds to

P’V 9?V

923 ozl |, 7"

(0,0)

namely, the system is asymmetric with respect to reflections in z, and the location of the
bifurcating invariant tori depends on [; . Hence, any natural mechanical system with Z
symmetry does not satisfy (8.6).

We observe that another possibility (which is realized in our case of system (7.1)) of
satisfying (8.5) along a simple n — 2 dimensional surface is to require that the unperturbed
system separates to a sum of two Hamiltonians, the first depending on (x,y, ;) and the
second depending on the actions (I1,...,I,—1). In this case equations (8.5) are independent
of J"72 = (I, ... A, ~1,1,41,...,I,-1), and any solution of these equations is satisfied for all
J"=2 values. This separability assumption is of course highly nongeneric from a mathematical
point of view but is certainly of physical relevance (a similar approach appears in the theory
of partial averaging).

Definition 8. pyf is an n—1 dimensional parabolic torus fully degenerate in the I;, -direction
if ppy does not satisfy (8.6) but does satisfy (8.5) and these equations are independent of I;
for all j # jp.

This condition is satisfied for any system of the form (8.9) if f(I) = f(I;,),V(z,I) =
V(x,I;,) +g(I). In this case p,s can be locally presented as the surface (z,f, ypf, L, pf> Jn=2)
with @p¢,yps, I, pf independent of J"2 50 8{;%;’”‘ =0 for j # j,. Indeed, for (7.1), we saw
that j, = 1 and ppr = (2pr, Yps, L1 pf, I2) = (0,0,0,I5). Hence, near a parabolic torus, which is
fully degenerate in the I, direction, we can present the n — 2 dimensional family of parabolic
tori as pzf(J”_Q) = {Ho(zps Yps. L, J"2), L, J" 2} = {hpp(J"72), I;,, J"72}. The relation

p?
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between extrema of h,¢(J"2) and additional resonances follows immediately from (8.7) and

(8.8), where we use %IIJ;’ = 0 to conclude the following.

Theorem 4. Consider a family of normally parabolic n—1 dimensional tori pyr = (Tpf, Ypfs
I,z), which is fully degenerate in the I;, -direction at pzf. Then, for j # jp, the extremal point
in the I;-direction of the corresponding singularity manifold in the EMBD at pg f corresponds
to a strong resonance in this direction. Dpy S strongly resonant in the I; -direction iff the
nonparabolic singularity surfaces emanating from pyr are extremal in the I; -direction in the
limit py, — Ppf-

As in section 8.2, by the Morse lemma, n — 2 nondegenerate folds in the direction of
the n — 2 actions J"~2 of the codimension two surface p;f(J”_z) correspond to topological
bifurcations. From (8.7) and (8.8) we conclude that such folds are not always associated with
resonances, and we should distinguish between three cases.'® For the fully degenerate case
folds and resonances are simply related.

Theorem 5. Consider an n—1 dimensional parabolic torus, p;f. Assume p;f 18 completely
degenerate in the I, -direction and that Ppp isn—2 strongly resonant with nondegenerate fre-
quency vector in the Iy, ..., 1j_1,1j11, ..., I,_1-directions; then hy. = Ho(p;f) 1$ a topological
bifurcation point.

In section 7, the energy h,. = hg is a topological bifurcation point which is well described
by this theorem; at hg parabolic tori first appear, and we have seen that a resonance in the
Ir-direction occurs there.

In the generic case, a fold of pzf(J "=2) in the I j-direction is associated with resonance if

. .. 0L (Jn—2 . . . .
0j, = 0 or if %b,‘;f = (0. Hence, topological bifurcations occurring at an n — 2 fold of

pzf(J "=2) are associated with a resonance only if additional conditions are satisfied. To satisfy
these additional conditions in a persistent way the system must have additional parameters
or symmetries.

Theorem 6. Consider an n — 1 dimensional parabolic torus, pfgf. Assume that pgf 18 non-
degenerate in the I; -direction and that the Hamiltonian at p;f is locally separable, namely,
ALy, (J"?)

ol
frequency vector in the I, ..., Ij_1,1jq1,...,I,—1-directions, then hp. = Ho(p;f) s a topo-
logical bifurcation point. Without imposed symmetries, such a phenomenon is of codimension
n— 2.

Theorem 7. If p;f is an n — 1 dimensional parabolic torus of fixzed points which is non-
degenerate in the I; -direction and has nondegenerate frequency vector in the Iy,...,I; 1,
Iiiq,. .., In_q-directions then hp. = Ho(p;f) is a topological bifurcation point. Without im-
posed symmetries, such a phenomenon is of codimension one.

|P§f =0 forall j # j,. Then, if Py s m — 2 strongly resonant with nondegenerate

9. Discussion. We have shown that when the generalized action-angle coordinates can be
extended globally (as in our prototype models of normally stable, unstable, and bifurcating

16Note that there are two different (independent) types of nondegeneracies. One corresponds to the standard
assumption regarding changes in the frequency vector (Definition 6) and is needed for applying the Morse
lemma. The other corresponds to the nondegenerate (degenerate) dependence of the parabolic tori on a
specific action (Definitions 7,8).
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tori) the combination of the EMBD and the branched surfaces supply global qualitative de-
scription of the near-integrable dynamics; on these diagrams the topological changes in the
energy surfaces and the appearance of lower dimensional resonances are apparent, and thus
various mechanisms for instabilities (such as homoclinic orbits, hyperbolic resonances, and
PR) may be clearly identified. In particular, we proved that topological bifurcations of the
energy surfaces correspond to folds of singularity surfaces in these diagrams and hence to res-
onances. In other works [37, 38] we have demonstrated that the curvature of these singularity
surfaces at the folds plays a crucial role in the extent of the instabilities in the perturbed
system. Again, such effects are easily identified in these diagrams.

Many issues remain for future studies:

e We have seen (sections 6.3 and 7.3) that there is a long list of instabilities associated
with the near-integrable motion near families of lower dimensional tori which is not
well understood yet.

e For 2 DOF systems, the description of the energy surfaces as graphs gives a useful
insight regarding the evolution of the instabilities in the action variables (or, more
generally, in the adiabatic variables of the system) under small conservative perturba-
tions or conservative noise [20]. These ideas were generalized to n DOF systems with
strong conservative noise which destroys all integrals of motion and small nonconser-
vative noise which leads to diffusion between different energy surfaces [19]. In view
of our work, one is lead naturally to investigation of motion in integrable (or near-
integrable) systems with small conservative noise by studying random motion along
branched surfaces.

e The behavior of systems for which the local generalized action-angle coordinates cannot
be globally extended is yet to be studied. In particular, one would like to extend
the presentation here so it will be applicable to the work of Fomenko and coworkers
in which the topology of complicated systems, like the rigid body, is fully analyzed
[17, 18]. On one hand, one may use general constants of motion plots in a similar
fashion to what we have proposed for the EMBD, yet the relation between folds and
resonances will be lost. On the other hand, even for such plots, finding the branched
surfaces topology from the Fomenko graphs is challenging.

e The restriction to systems with compact level sets excludes important examples such as
the Kepler problem. Delicate issues related to the possible appearance of noncompact
critical level sets and singularities of the potential need to be addressed (see [47]).

e Notice that the generalized action-angle local representation naturally leads to inves-
tigation of the Hamiltonian function evaluated along the singularities as a function of
the n — s actions. Hence, as noted in [33], singularity theory may be used to classify
all persistent bifurcations in the s DOF subsystem. Here, we further observe that
resonances are also associated with singularities of this function. Full classification, as
had been achieved for some of the bifurcation scenarios, is yet to be developed.

e Finally, the effect of n—s dimensional tori with various stabilities in the 2s dimensional
normal space for s > 1 (as in [33]) on the EMBD structure and the branched surfaces
structure is yet to be understood.
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