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Abstract

In this paper, we consider a time-periodically forced Kepler problem in any dimension,
with an external force which we only assume to be regular in a neighborhood of the
attractive center. We prove that there exist infinitely many periodic orbits in this system,
with possible double collisions with the center regularized, which accumulate at the
attractive center. The result is obtained via a localization argument combined with a
result on C!-persistence of closed orbits by a local homotopy-stretching argument.
Consequently, by formulating the circular and elliptic restricted three-body problems
of any dimension as time-periodically forced Kepler problems, we obtain that there
exist infinitely many periodic orbits, with possible double collisions with the primaries
regularized, accumulating at each of the primaries.
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1 Introduction

An essential part of perturbation theory in celestial mechanics is based on perturbations
of uncoupled Kepler problems. The Kepler problem in RY,d > 2 is properly-
degenerate in the sense that it has d-degrees of freedom while all of its non-singular
bounded orbits are closed and thus carries only one non-trivial frequency. Therefore
to understand concrete problems as perturbations of Kepler problems typically one
has to study higher order effects.

On the other hand, while looking for periodic orbits of a fixed period, a different
approach can be taken, as has been shown in [8], which considered a periodically
forced Kepler problem. By the third Kepler law, the period of periodic orbits of the
Kepler problem changes with respect to the energy and this gives the normal non-
degeneracy of the set of periodic orbits with fixed period in the extended phase space.
This, combined with regularization techniques in extended phase space, makes it
possible to apply some global methods from symplectic geometry to conclude the
existence of periodic orbits after regularization, which correspond to periodic orbits
in a generalized sense of the original problem.

In this paper, we consider the same type of model as in [8], namely the time-
periodically forced Kepler problem in R¢ ford € Z.:

éi=—|q%+vq0(q,t), (1.1)

in which ¢ € R?. The function U (g, t, &) is a time-periodic function which we assume
is C*°-regular in a neighborhood of the origin. Outside this neighborhood we do not
make any further assumptions. Also, when U(q, t, ¢) is independent of 7, we may
fix any positive period. By normalization in the variables (g, ) we may assume that
U(q,t,e¢)is l-periodic in ¢.
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Generalized periodic orbits of the time-periodically forced... 61

In many concrete models the problem is described via an external parameter. Thus
it is also helpful to consider the following interpolating system of the form

q

i teVaUa ne). (1.2)

g =

in which g € R4 and U (g, 1, ¢) is a time-periodic function which is C*°-regular in
a neighborhood of the origin depending continuously on a parameter ¢ € [0, 1] such
that U(q, t):=U(q, t, 1).

This system is a non-autonomous Hamiltonian system with Hamiltonian

Ipl> 1
Fe(p,q,t) = T - |q—|+8U(q,t,8).

Without loss of generality we may assume
U@,t,¢)=0. (1.3)

Indeed when this is not the case, it is enough to take U (q, t, &) — U (0, t, ¢) in place
of U(g, t) in the above expression. As a consequence, U (q, t, ¢) admits a Taylor
expansion with ¢-periodic coefficients of the form

d
Ulg, 1) =) ci(t,e)gi + O(lg]),

i=1
and consequently in a neighborhood of the origin there holds
U(g. 0l =< Colg| + Olg|*. 1) (1.4)

for some constant Cy > 0.

Generalized periodic solutions are solutions which become periodic after possible
isolated double collisions with the attractive center being regularized. Precisely a
generalized solution of Eq. (1.2) is a continuous function R — RY f > q(t) which
satisfies Eq. (1.2) except for a discrete set Z:={r € R : ¢(t) = 0} of collision instants.
Moreover, for any fg € Z, the limits

m ﬂ and lim <%|c}(t)|2 — ;>

1 b
1=t u(t)| =10 |u(®)]

of collision direction and collision energy exist. The last condition gives a condition
for patching solutions which run into and out of the collisions.

The result in [8] concerns the number of generalized periodic orbits of Eq.(1.2).
With the remark from [24], it is sufficient that the function U (q, t, €) is well-defined
in a neighborhood of the origin for the g-variable as we now assume. The main result
is:
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62 L. Zhao

For d = 2, 3, given any positive integer / € N, there exists some &, > 0, such
that for all ¢ € [0, &), the equation (1.2) has at least / generalized periodic solutions.

The result was established with regularization techniques and application of a theo-
rem of Weinstein [26] concerning bifurcations of periodic orbits from a non-degenerate
periodic manifold when the perturbation is C2-small in its neighborhood. The exter-
nal small parameter in Eq. (1.2) was technically needed to control the C2-norm of the
perturbation.

We mention two recent non-perturbative results concerning equations of the form
(1.1):

Ford = 2 and U(gq,t) = O(|q|%) for some o € (0,2) when |g| — o0, the
existence of at least one generalized periodic orbit has been shown in [7].

Ford =2,3and U(q,t) = (p(?), q), the existence of infinitely many generalized
periodic orbits has been established in [6].

These results were obtained via variational methods. Besides these, many results on
the existence and multiplicity of periodic solutions with more general singular poten-
tials has been obtained in e.g. [3,5] with variational methods. Some of these results
have been collected in the book [2] in which one may find many further references.

In this article we aim to establish the following theorem which uniformly treats
the problem of any dimension with a general external force. In dimension 2 or 3, this
enumeratively improves the result from [8] and allows more general forcing with more
information about the space locations of the generalized periodic orbits to be found
as compared to [6]:

Theorem 1.1 For all d € Z+., there exists infinitely many generalized periodic orbits
in the system (1.1), resp. (1.2) which accumulate at the attractive center.

Theresultis, in a sense, a typical result of the lunar regime: The Newtonian attraction
is singular at the attractive center and therefore in a sufficiently small neighborhood
eventually dominates the additional external regular force. Concretely, after embed-
ding the system into the zero-energy hypersurface of an autonomous system and
regularization, the generalized 1-periodic orbits of Eq. (1.2) are transformed into cer-
tain closed orbits of the regularized system in extended phase space. When the external
force is disregarded, these closed orbits form an infinite sequence of periodic manifolds
A, for those with initial prime period 1/n in the unperturbed system. These periodic
manifolds are non-degenerate and are distinguished not only by their prime periods
but also by their action values. We shall show that, when the external force is added,
some closed orbits bifurcating from A, continue to exist, for all sufficiently large n.
An estimate on their action values then shows that there are infinitely many of them.
The persistence of closed orbits bifurcating from A, for n large will be established
via a local homotopy-stretching argument from Rabinowitz—Floer homology theory
adapted to our situation. Indeed after a rescaling argument one may fix a periodic man-
ifold and use the rescaling parameter to control the C'-norm of the perturbations. In
general this fails to bring a control for the C2-norm of the perturbations and therefore
in general Weinstein’s theorem from [26], which was used in [8], is not applicable in
our setting. We consider this as an illustration of how recent developments of sym-
plectic topology enrich the understanding of problems from classical and celestial
mechanics.
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Generalized periodic orbits of the time-periodically forced... 63

The models (1.1) and (1.2) are simple general models which contain the well-
studied models of the circular and elliptic restricted three-body problems in a fixed
reference frame as special cases, see [24] and Appendix C. They already present many
essential features of the planetary or lunar three-body problems seen as perturbations
of two Keplerian elliptic motions. Theorem 1.1 therefore asserts that

Corollary 1.2 In any circular or elliptic restricted three-body problem with masses of
the primaries m1, mp > 0, there exist infinitely many generalized periodic solutions
accumulating at each of the primaries.

Moreover, Theorem 1.1 gives an indication that a similar phenomenon may as well
happen in the non-restricted N-body problems in lunar regimes in which two particles
are close to each other while other particles stay sufficiently far away. We shall leave
this for further investigations.

We structure this article in the following way: In Sect. 2 we present two regulariza-
tions of the problem in the extended phase space, namely extensions of the Levi-Civita
regularization for the 2-dimensional case and Moser regularization for all dimensions.
We construct proper symplectic coordinates for the regularized systems and discuss
the non-degeneracy condition of periodic manifolds of properly-degenerate systems
and apply it in our setting to obtain the non-degeneracy in all dimensions in a uni-
fied way. In Sect. 3 we present a localization argument which allows us to further
localize our analysis near the periodic manifolds A,. In Sect. 4 we further present a
rescaling argument which allows us to transform the problem of perturbing infinitely
many periodic manifolds into a problem of perturbing a fixed periodic manifold with
perturbations with successively decreasing C'-norms, which allows us to conclude
with Theorem A.1 from the Appendix A, established via a local Rabinowitz Floer
Homology argument. In Appendix B, we illustrate the construction of symplectic
coordinates by proposing variants of the planar Delaunay variables in which the cir-
cular motions are regular. In Appendix C we realize circular and elliptic restricted
three-body problems as time-periodically forced Kepler problems.

2 Regularizations of the forced Kepler problem in extended phase
space

We deal with the more general system (1.2). By a standard trick we first transform
the problem into an autonomous one by embedding the system into the zero-energy
hypersurface of the augmented Hamiltonian F¢(p, ¢, t) + t defined on the extended
phase space which is the exact symplectic manifold

d
(T*(IR{" \ 0)) x T*S',d (Z pidq; + tdt)) i
i=1

in which t denotes the variable conjugate to 7. The variable ¢ is now considered as a
space variable, which for now is identical to the (fictitious) time variable up to a shift
by integers.

@ Springer



64 L. Zhao

We now continue with two different approaches, the first one works for the 2-
dimensional case and the second works for all dimensions.

2.1 Dimension 2: Levi-Civita regularization
2.1.1 Levi-Civita regularization

We change the fictitious time s +  according to ds/dt = |¢|~! on the zero-energy
level

{Fe(p.g,t) + 7 =0}

The resulting system has the same flow as the flow on the zero-energy level of the
slowed-down Hamiltonian

{lg1Fe(p.q.1) + tlq| = 0}.

. d o .
We shall use the notation ' = d_ to denote the derivative with respect to the new

s
fictitious time s.

In dimension 2 (which contains the 1-dimensional system as a subcase), a reg-
ularization is given by further pulling-back the system by the contragradient of the
complex square mapping [15,19,20]:

C\{0} xC—>CxC, (z,w)r—><z2,2%>.

The unperturbed regularized Hamiltonian with ¢ = 0 is found to be

) |w|? 2
Hy(z, w, 7, t)-ZT—FTIzI -1

The regularized Hamiltonian with ¢ € [0, 1] is found to be

2
w
Ho(z,w, . r>:=% rleP 4 12U ) — 1.

All these systems now extend regularly near the subset consisting of collisions {z = 0}
of their zero-energy hypersurfaces respectively in the regularized extended phase space
(T*(C x T*S', d(W{wdz) + ‘L'dt)). The extended systems are called Levi-Civita
regularized systems. In the unperturbed regularized system Hy, the variable 7 is a first
integral. When t is fixed, Hy describes a pair of isotropic harmonic oscillators, i.e. a
pair of harmonic oscillators with identical frequencies in the (z, w)-variables.
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Generalized periodic orbits of the time-periodically forced... 65

2.1.2 Action-angle variables

We now compute a set of action-angle variables for the unperturbed system given by
the Hamiltonian Hy. Write z = z; +iz>, w = wi +iwy and the Hamiltonian is written
as

Ho:=(w} +w3)/8 + t(z7 +23) — 1.

Based on the one-dimensional computation from [27], we may set

71 = 2_1/4111/21_1/4cos91, wp=—2- 21/4111/2r1/4 sin 61,
2 = 2_1/4121/21'_1/4 cos 6y, wy = —2- 21/4121/211/4 sin 6;,
=1, t=1i+4""c71(Isin20; + L sin26,). .1

Consequently, we set

:£+JI L—-J

1 =
! 2 2 2

,0h=84+y,00=686—y.

Itis seen that (£, 8, J, ¥, T, f) form a set of action-angle variables of Hy. The pairs
(L, 8, T, 1) are the fast variables and Hy depends only on the fast actions (£, 7):

2
Ho:%[,\/?—l.

We observe that in a neighborhood of {Hy = 0}, the pair of fast action variables
(L, 7) are globally defined, which generates a free Hamiltonian T2-action which we
call the fast T2-action. The fast angles (8, 7) are angles associated to this T?-action by
our construction of 7 and y as long as these latter variables are well-defined.

The set of variables (£, 8, J, y, T, ) covers a neighborhood of the zero energy
hypersurface { Hy = 0}, and in particular each periodic manifold, only open-densely.
Indeed it is seen that the variables (7, y) are action-angle coordinates defined on a
dense-open subset of the orbit space with fixed L:

A homeomorphism with $2 of the space Qé of planar (possibly circular or rectilinear)
ellipses with fixed semi-major axis and with a fixed focus has been explained e.g. in
[1].

We now argue that we may cover a neighborhood of our energy hypersurface with
a finite set of similar coordinate charts.

Indeed, proceeding with a symplectic reduction with respect to the fast Hamiltonian
T2-action, we see that the symmetry group SO (3) of the system of two isotropic
harmonic oscillators acts in a Hamiltonian way on the orbit space Qé, which in
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this case corresponds to the natural action of SO(3) on S2. This then restricts to
the Hamiltonian action of any S'-subgroup of SO(3) on S2. This last S!-action is
everywhere free on Qé outside two antipodal points, and extends the fast T>-action
to a Hamiltonian T>-action on the regularized extended phase space. We may then
apply the Arnold-Liouville theorem to the Lagrangian torus fibration associated to
this Hamiltonian T3-action which then gives us a set of action-angle variables locally
around any Lagrangian torus within this fibration. By passing from the action-angle
variables locally to Darboux coordinates for variables on Qé, we get a set of well-
defined variables (£, 8, 1,7, &, ¢), where (£, ¢) are Darboux coordinates defined in
an open set QZOC £ of Qﬁ which may be assumed to be small. Note that the angles
(8, ) may have different zero-sections when compared to their analogues in the set of
variables (£, 8, J, y, T, ) that we have previously constructed on overlap of charts,
but this will not be a concern to us and we shall keep their notations unchanged in
different charts. By taking images of QZOC £ under the SO (3)-action we see that, since

QE is compact on which SO(3) acts transitively, there exists a finite cover of Qé

by the SO (3)-images of Ql(gc’l:, which then gives rise to finitely many charts of a
neighborhood of the zero-energy hypersurface of {Hy = 0} in the extended phase
space by the S O (3)-invariance of the system.

We now aim at better understanding the dependence of &, ¢ on L. By the SO (3)-
invariance it is enough to understand this in a particular chart. But we see that with
the initial set of variables (£, 8, J, v, T, f), the quantities (7 /L, y) are functions
defined on Qp = Q}Q (the space Qé with £ = 1) independent of £ and 7. Passing
to Darboux coordinates and with the SO (3)-invariance we conclude that any set of
Darboux coordinates (&, ¢) on the normalized orbit space Qp = Qb gives rise to a
set (£,8,.7,y, 1,1, €.¢) for €. 0) = (VLE, VLE).

We summarize this analysis in the following Proposition:

Proposition 2.1 Any Darboux coordinates (&, g“ ) of the space (20, wo) glves rlse to
a set of local symplectic coordinates (L, 8, 7,1, 5 g“) of T*C x T*S" where (E C)
L LE, NJd LE). A neighborhood of the energy hypersurface {Hy = 0} in the extended
phases space is covered by finitely many such symplectic charts.

2.1.3 Periodic manifolds of the regularized Kepler problem in extended phase space
For a Hamiltonian system defined on an exact symplectic manifold
(M, w=dx, H)

we denote by ¢, its flow. We let the set Per(’;{ C M x R be the set of points (m, n) €
M x R such that

H(m)=0,dH(m) # 0, ¢,(m) =m.

It follows that for (m, n) € Pergl , the orbit ¢, (m) is a periodic orbit of the system in
H~1(0) with period .
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Generalized periodic orbits of the time-periodically forced... 67

Following [26], a subset A C Perg is called a periodic manifold if A is a subman-
ifold of M x R and if the restriction of the projection 7 : M x R +— M to A is an
embedding. A periodic manifold is called non-degenerate if at any (m, n) € A there
holds

Tumt(A) = (D¢, — I1d) ™" (span{X pr (m)}). (2.2)

It is under this non-degeneracy hypothesis that Weinstein’s theorem is applicable.
It is direct to check, see e.g. [8], that there always holds

Tt (A) C (D¢ — 1d)™ " (span{X z (m)}).

Therefore the non-degeneracy condition is equivalent to state that the two spaces
Ty (A) and (D¢, — Id)_l(span{XH (m)}) have the same dimension.

We denote by A, the periodic manifolds of the regularized Kepler problem Hj in
extended phase space with prime period 1/n with respect to the initial time variable ¢.

Observe that for a periodic orbit, a period for ¢ is automatically a period for 7 as
well. We may therefore assume that 7 has prime period 1/n, with correspondingly
L =Ly, T = 1, A direct computation shows that the minimal period for the angle
8 to go through 7 (instead of 2w, since the Levi-Civita regularization mapping is
two-to-one) is S, = nﬁrn_ 1/ 2. Therefore by assumption

- _ 2 1
Su - 7Ly, ) = /28, 7 %En/x/f_ = 37Lat, ' =1/n.

Together with the energy condition

Ly~ 1=0
we obtain
»Cn — 22/37[71/3,171/3’ T, = 271/37_[2/3”2/3’ (2.3)
and

S, = 2n)*Pn~13,

In the planar case, these manifolds have been analyzed in [8] in which it is verified
that they are non-degenerate.

2.1.4 Non-degeneracy of integrable Hamiltonian in action-angle form in extended
phase space

For the purpose of uniformly treating non-degeneracy conditions we now revisit this
non-degeneracy with the help of the action-angle forms of an integrable (possibly
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properly-degenerate) Hamiltonian. We consider an N-degrees of freedom Hamiltonian
function in extended phase space of the form

H(Il""vlnvt) =O3
in which n < N, within the chart given by the symplectic variables

(117017"'511‘!59}17 f,t,§n+], §n+la"'7§Na é‘N)

containing the base point m, such that the first (n + 1)-pairs are (partial) action-
angle variables. The fact that the Hamiltonian is independent of all the variables
(é 1, 21, el é‘n, 2,1) implies that the entire periodic orbit through m is contained in this
symplectic chart. In particular, it is enough to investigate the non-degeneracy condition
in each of these charts.

For a solution to be periodic, the frequency vector

(Ula R vl’l’ vf)
AHy, ..., I, 7) SH(L, ..., Iy,t) 9H(, ..., In,T)
ol U al, ' ot

need to satisfy that for alli = 1, ..., n, the corresponding frequency v; is an integer
multiple of v; and v; # 0. This latter implies in particular that we may at least locally
express T = t([y, ..., I) as a function of (11, ..., I;) by implicit function theorem.

We now consider a periodic manifold of the system given by the constraints (/1 =
I?,...,I,, = ,?,r = 109). We set

0_ 0H(Iy, ..., I, 7)
t ot

v (L =10,.... 1, =1%.

The tangent space at a point is of dimension 2N — n + 2 and is given by

d -0z

SN’B

span{dey. .. 8o, 00, 0, 0, -0, O, b

The flow direction is given by the vector

OH OH
— 0, 10,1000 + -+ —, ... 10,7986, + 10,
al a1y,

0

Moreover we have n = (vr)’l and the mapping ¢, takes the form

oy - Uty Dy T, 01, On £ Enits Enst -+ - ENL EN)

0.1 0H 01 0H
= (I, ... Iy, T, 014+ (vy) ﬁ(h’""I"’T)""9"+(Ur) i

Li,....I,, ©),
31n(1 n )

oH ~ ~ A~ o~
r+ (v?)—‘g(n, oD, T En 1y Lt - ENL ).
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Generalized periodic orbits of the time-periodically forced... 69

Thus in matrix form we may write

0 0
D(ﬁn : <1d(2n+2)x(2n+2) + <(V(T))_1HCSS(11,‘..I,I,t)H(If)a . Ir(l)’ TO) 0))

x1d@N-2n)x(2N-2n)-
where we have denoted by

Hess(lly.,,lngr)H(Ilo, e, I,?, 70)
the Hessian matrix of H with respect to ({1, ..., I,, T) evaluated at the periodic
manifold (I} = I?, oI, = I,?, T = 79). In view of (2.2) we may now conclude:
Proposition 2.2 The periodic manifold (I = IIO, eIy = I,?) is non-degenerate if
and only if the matrix

Hessy,..;, cHIY, ..., 10, 19)

Ay
is non-degenerate.

We remark that in the non-properly-degenerate case, this non-degeneracy condition
corresponds to the Kolmogorov non-degeneracy condition well-known in KAM the-
ory.

Applying this Proposition to the Levi-Civita regularized Kepler Hamiltonian

2
Ho = %Lﬁ —1,
we directly obtain the fact that

Proposition 2.3 The periodic manifolds A,, in the 2-dimensional Levi-Civita regular-
ized Kepler problem are non-degenerate.

2.1.5 Computation of action values of periodic manifolds

On {Hy = 0}, the action [ £d§ + tdt of a corresponding periodic solution with prime
period 1/n for a period with length 1 (both refer to the initial ¢-variable) is computed
via the integral

S’l
n (»Cn(s/(»cnv ) + Tnf/(ﬁns T,))ds
0

2nﬁr,,_l/2 ﬁ 0
Zn/() (ﬁnTﬁn‘l'Tn%Ln/\/?n)ds
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Now substitute the corresponding values of £, and 7, from (2.3), we find directly
that

A(()”) =3. 271/3712/3”2/3 — A(()l)l’l2/3.
From this we may state the following observations:

Proposition 2.4 It holds that

° .A(()") is monotone in n;
o lim, ,A(()") = 00;
e the gaps between the action values of A,+1 and Ay, is

AP (4 D3 = 0By ~ p7 15,

2.2 All dimensions: Moser regularization
2.2.1 Moser regularization
We recall a regularization of the Kepler problem and its regular perturbations in all

dimensions now typically attributed to Moser [23].
We start with the Kepler problem

2 1
(T*(Rd \ (0), wo, 121 _ —)
2 4l

with coordinates (¢, p) € R \ {0} x R?. On the energy level —1/2 we may change
time and arrive at the zero-energy level of the system

2
)
2

(T*(Rd \ {0]), wo.
Proceeding with the canonical change of variables
R x RY — R? 5 RY, (=x, ) = (p, q),

we arrive at the following system on its energy level 1

Iyl +1)
2

1.

Following Moser we may treat this as the stereographic projection from the North
Pole N of the system

(TH(S\ N), wo, lv] = 1),
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where T} §¢ denotes the positive cotangent bundle in 7*S¢, and v denotes the momen-
tum variables. We see that this is equivalent to the system of geodesic flow

o> 1

(T:(Sd \ N), wq, T = 5) .

The set of collisions, or equivalently, the set corresponding to infinite velocities, are
now transformed to the fibre 7'y S Moser’s regularization is completed by the further
addition of this fibre and the system thus defined

2
d vl 1
<T_tS , W, 3 = E

is regular with great circle orbits with energy 1/2. A particle moves on such a great
circle with unit velocity, therefore has period 2.

By properly rescaling the constant we arrive at a regularization for all negative
energies. We now work out more details.

We take a d-dimensional centered sphere S¢ with radius r in R?*! and consider the
plane R? x {0} to be the plane to be projected to from the north pole N = (0, ..., 0, r)
of the sphere. Let

w=(u,... uge1) € SI\N

be a point on this sphere different from A". We let v = (vq, ..., vg11) € RI+ pe a
(co-)tangent vector at this point, so explicitly we have

utEN,u-u=r’u-v=0.

We now let x = (x1, ..., xg) € R? be such that u projects to (x, 0) by stereographic
projection from A and y = (y, ..., yq) be a (co-)vector at the point x, such that the
1-form

d+1 d

Z vjduj = Z yidx,-
j=1

i=1

is preserved.
We therefore have
ruj r—Ud+1 UjVd+1 .
+ )

Xi = Vi = v; i=1,...,d, 2.4)
r— gyl r r

with inverse
2r%x; x|l —r2

7ud+l = T—75 5
2 )1 +r2

Uy = ———
Cor 4 ix
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lx)? + r? (x - y)xi Xy
V=Y oy ven = —i=1d

From these equalities it follows that

Ix|1> + r*
Il =\ —%z—) VIl

Therefore for the Kepler problem, once we fix a negative energy — f < 0, after a
proper time reparametrization, we arrive at the system

lgliClpI* +2)

THR\ {0}, wp, 2f ———————1=0],

( RO\ (0D, w0, 2f H

which after the symplectic change of variables (—x, y) > (p, q) is the stereographic
projection of the system

(TS \ VD, @0, 2f o]l = 1).
This is equivalent to the reparametrized geodesic flow system

 od Qfllvi* 1
<T ($%z7 \ ANV, wo, — =§),
so the orbits are great circles with radius /2 f and the velocities have norm 1/(2 f).
The period is therefore 277 (/2 f)? = 4v/2m f3/2.

Unlike Levi-Civita and Kustaanheimo—Stiefel regularizations as have been used in
[6,8], this regularization does not create additional symmetry of the regularized system
and is valid for all dimensions in a uniform way. On the other hand, here we have to
work on curved space instead of Euclidean spaces. In [18], the relationship between
the Levi-Civita/Kustaanheimo—Stiefel regularization and the Moser regularization has
been established, and Moser regularization can be regarded in the planar case as a
quotient of Levi-Civita regularization by a Z,-symmetry, and in the spatial case as
a symplectic quotient of the Kustaanheimo—Stiefel regularization by a Hamiltonian
S!-symmetry respectively.

2.2.2 Extension to the forced Kepler problem

Moser regularization extends to the forced Kepler problem in the extended phase space
in the following way: Starting from the system

I plI?

(T*(Rd \ {0) x T*S!, wy, -
2 lqll

+8U(q,t,s)+t=0>
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with coordinates (¢, p,t,T) € R4 \ {0} x RY x S x R, we change time so that we
obtain the system

gl lplI* +27)

(T*(Rd \ {0}), wo, 5

+s||q||U(q,r,e>—1=o).

with energy zero. We set (x, y) = (—p, ¢g) as in previous discussions.
It follows from (2.4) that

2121 —ul )

2 2
Ipll® = lxlI” = Vo —wgen?
and therefore
2T V2t — Ud+1
IpIP+2t ~ 2z
which extends to a regular function on the sphere Sii/g- Therefore
Iyl = llgll = ||v||%. 2.5)

Therefore by stereographic projection the system extends to a system

V2T —ug+i

* ¢ od . *
<{T+(5@)-(LI)ET S1}, wo, 2T|lv]l — 1+ ljv]| N3

U(g,u),t, e)= O)

d . .. . k d * ¢l
foru € § N The space is a (trivial) fibre bundle with fibres 77 (S ﬁ) over T*S*,

with fibres depending on 7 and independent of ¢.
To normalize the fibres to be t-independent we make a symplectic rescaling

v=1/2t, u=+2ti,
and accordingly take a shift of the z-variable
f=t—¢(, i)
for some function ¢ for the purpose of keeping the change of variables ganonical. The
function ¢ is implicitly determined by the relationship (after lifting ¢, 7 to be defined

on R):

Z vidu; — tdt = Z vidii; — id. (2.6)
i i

We shall only need the form of ¢ in local coordinates which we shall determine later.
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We thus have

lgll = 151t~ — was1). 2.7)

The resulting system is equivalent to

(TS T*SY, wo, V215 — 1 + el BII(1 — iia+1)20) " 2U(q(@/v 27, 1), 7, ) = 0).

When ¢ = 0, we see that the corresponding energy hypersurface of the regularized

Kepler problem is T(Zr)*l/Z Sld x T*S!.

In the above system the perturbation term takes the form
eU = e[[(1 — iia+1)20) U (q(@/v2T,u). 1. €).

In view of (2.5), (1.4) and the energy constraint, by passing to a local chart of the

sphere $¢ around the north pole given by (ii1, ..., iig) and using the identity
. it 44 i
|l —dgy) = ——
1+ ug4

we get that in a sufficiently small neighborhood {IZ% + -4 ﬁfl < &}, for some
sufficiently small, 0 < & << 1 of the north pole, and for t > 7, > 0, the perturbation
term ¢U has the estimate

leU| < Co(? + - - - + #3)%,

for some constant Co which depends only on 7, and &.
From these discussions we conclude

Proposition 2.5 The perturbation term €U is regular near the set of collisions and
vanishes on this set together with its first, second and third derivatives.

2.2.3 A set of symplectic coordinates

As in the two-dimensional case, the space ij Sf x T*S! carries a free Hamiltonian
T2-action associated to the pair of variables (Z, 7), in which Z is a moment map of
the Hamiltonian S'-action on T Sf given by the geodesic flow on Sf.

When we restrict the system Hp with any fixed t > 0 to the cotangent bundle
T*S! of a great circle S! in S4, we observe that both Z and || 7| generates the same
S'-action on T*S', thus in this case Z and || 7| agree up to an additive constant, which
may be discarded by shifting 7 by this constant. We may thus set Z = ||v]| by the
SO (d)-invariance of the system Hy . Therefore we have

Hy=+/2t7 — 1.

@ Springer



Generalized periodic orbits of the time-periodically forced... 75

The symplectic quotient of the space T} Sld x T*S! by this free Hamiltonian T?-

action at alevel with fixed 7 and with total energy zero is the space Qé =Ty 54/8! that
we refer to as the orbit space, which is a symplectic manifold of dimension 2(d — 1)
on which SO(d + 1) acts transitively in a Hamiltonian way.! We apply Darboux’
theorem locally on QL which ensures the existence of a set of local symplectic coor-

dinates (Z,6,7.7,1.C1. ..., §4-1. Sa—1). The coordinates (51,1, ..., §a—1. {a—1)
are defined on an open subset Qé’loc C Q(IQ and by compactness of 9(29 and transitiv-
ity of the action of SO (d + 1) we conclude that we may cover Q(I,) with finitely many

images of QL% under the action of SO(d + 1).

In the case d = 2, by comparing both forms of the regularized Hamiltonians by
Moser and Levi-Civita regularizations respectively and viewing the 2-to-1 cover of
the angles, we find that

I=L)2, 6=26.

We denote by Qp = Qb and call it the normalized orbit space. As in the d = 2
case with Levi-Civita regularization, we have the following:

Proposition 2.6 Any Darboux coordinates (&;, &) on (Qp, wo) and the symplectic
form of (T¥(S{ \ {N'}) x T*(R/Z) can be written as

dT A dO +dt Adi + did(ﬁg) ANA(NTIE) =dI AdO +dt A df+did§,~ Adi,
i=1 i=1
for &.¢) = (WI& . NTo).
In this set of Darboux coordinates we have from (2.7) that
qi =Tt "2 fi(0.8.¢)
for some regular functions f; independent of 7 and 7. Consequently we may write
lqlUg. ) = Tt U(T. 0. 6. ¢, 1),
where by (1.4), the function U(I, 0, &, ¢, t) satisfies

[j(Iv 0, éi? ;iv t) = 0(97 Eia Gi, t) + O(Ifil/z).

Moreover, since the functions 7, ¢, Z, T are SO (d)-invariant, by comparing to the
formula (2.1) in the 2-dimensional case, we conclude in the same way that the change
of time variable takes the form

f=t+Zt7'¢06,&, ) (2.8)

! Note that a maximal torus of S O(d + 1) has dimension [(d + 1)/2], which is smaller than d — 1 for
d > 4. Thus its action does not necessarily give rise to a local Lagrangian foliation on Q%—Q ford > 4.
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for some smooth function ¢.
To be in consistence in the 2-dimensional case with Levi-Civita regularization, we
may as well further set

T=L]2,0=26.
The unperturbed Hamiltonian takes the form

2
Hoz%_ﬁ\/?—l

which is the same as the unperturbed Levi-Civita regularized system in dimension 2.
This expression is now valid in all dimensions.

2.2.4 Periodic manifolds of the Moser-regularized Kepler problem and their
non-degeneracy

In terms of the variables (£, t), the periodic manifold A, of the Moser-regularized
Kepler problem with prime period 1/n is characterized by the condition

{L=Ly, T =1}

Since all the changes of variables are canonical, the action value is constant on A,,.
By restricting to the 2-dimensional case, we conclude that the corresponding action

value is .AE)”) which has been computed in Sect. 2.1.5.
Applying Proposition 2.2 we conclude that

Proposition 2.7 Foranyd € Z.., the periodic manifolds A, of the Moser-regularized
Kepler problem in extended phase space are non-degenerate.

3 Localization in space
In this section we shall explain a localization procedure of the regularized system.
The argument is presented with the Levi-Civita regularized system in dimension 2

for fixing the ideas, but it works for the Moser regularized system in any dimension
without much change, which we shall explain at the end of this section.

3.1 The L.C. regularized systems in action-angle form

From previous discussions we have seen that the regularized extended Hamiltonian is
written in a proper chart as

2 N
H.(L,8,€,¢,1, r,e):=§£ﬁ— VL+eL2t7 UL, 8.6, ¢t 8),  (B.1)
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in which the function
U(L,8,€,¢,1,¢)

is C* regular in all of its variables and depends continuously on the parameter ¢ €
[0, 1]. Moreover, we have that

UL, 8,8, ¢,t,e)=UGS,&,¢,7,t,8) + 0Lt V2.

A priori the terms in O (£t ~'/?) may depend on all of the listed variables.
In order to work within the corresponding symplectic chart (£, §, &, ¢, T,1), we
shall treat &, ¢, ¢ as functions defined in this chart given by the following expressions

E=L7128, ¢=L712 =T+ L9 0, (3.2)

in which q~b is a regular function of (&, ¢) as defined in (2.1).

Recall that we use ' = — to denote the time derivative of a quantity with respect

s
to the reparametrized fictitious time s.
The non-trivial Hamiltonian equations associated to the unperturbed system Hy =

2
%_Eﬁ — 1 reads

SN NS

§ = X
4

with other variables conserved. Moreover the 0-energy hypersurface is given by the
relationship %zﬁﬁ — 1 = 0, or equivalently T = 2£72. The equation for 7 thus
becomes 7’ = %Ez_ Recall that the negative of the Keplerian energy satisfies 1 =
ZL’ where a is the semi-major axis of the instantaneous Keplerian elliptic orbit. We

a
therefore have £ = 2./a.

3.2 The k-localization
In this section we restrict the system to a fixed open set

U={0 < L < Ly, T > T}
of the regularized extended phase space, for some fixed L, > 0 and 7, > 0. The
argument below shows that in (1.2), when a and 7! are small enough, any orbit of
H; in Hg’1 (0) starting with such semi major axis @ and T will stay in this neighborhood

for the fictitious time s € [0, S], in which S is the fictitious time rgquired for the 7-
variable to change from O to 1. All the norms of U (or rather U) and its partial
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derivatives, which depend also on the external parameter ¢ € [0, 1] are taken as L™
norms in U x [0, 1]. By properly shrinking the symplectic chart when necessary, we
may assume that these norms all take bounded values.

We set £(0) = « for « > 0 sufficiently small. We shall explain in this subsection
that any sufficiently small « gives a localized system which gives several a priori
bounds on the corresponding periodic solutions of period 1 in the ¢ variable.

First, we have the energy constraint

gwrm) + 12t 0)eU = 1. (3.3)

When lim,_.¢ +/T(0)x = 0, it follows from this energy constraint that 7(0) ~ «x2eU
which is not allowed for small « by our definition of the neighborhood /.

We therefore necessarily have lim,_, o /7(0)x # 0. We then deduce from (3.3)
that

lirr})\/f(O)K =2,

V2

1
therefore ——= = —« + o(k).
V7(0) 2 )
We thus have k27 71(0) = O (k*). By plugging these into (3.3), we find that actually

1 2
= %K + O(x3). Thus

J/7(0)
% S (K—K2,K+K2)

for « sufficiently small.
The region

!E(s), \/% € (k — k% Kk + 137

on {H, = 0} is referred to as the «-localization. We shall show that

Lemma 3.1 When « is sufficiently small, any 0-energy solution of H, with L(0) = «
lies entirely in the k-localization for s € [0, S] such that fOS t'ds = 1.

We take these as a localization ansatz for the following estimates.
To prove Lemma 3.1, we shall need the weaker inclusion

V2 1 3
E(S), ﬁ S (5/(, 5/() , 5 € [0, S],
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which we refer to as the weak localization ansatz. When the weak localization ansatz
holds, we have that for sufficiently small x for all ¢ € [0, 1], that

oU U ot
£ =2} ——.
(aa o aa)

ot Ao
Note that % =L} % = 0(/{3), therefore there exists C; > 0 such that
34 7 3 7 7
oU 3 oU ¢
/ 3 4
L] < 2—5K (”8_8”00+ 7k ||¥||oo||a—8||oo> < Cik".
We also have
V2 U
§ == LT~ 20 E—
3 JT+ Lt + oL
Note that
U U ot
—=——+ 0@ ) =0,
oL~ arac T 00 ) =0W

thus for sufficiently small « there holds
18'] <3k~

Next we consider & "and Z" . We have

§ o g (ﬁ+ﬁz) 3

ile ot 9 | ¢
therefore
aU  aU ot
2 2 o —_e. 2 ¢ 0:
|§|_23 8§+3t8§ 217, Co > 0
o0
similarly
aUu  aU a1\ o
é. £2 —1 + S
8$ ot 85 g
thus
aU 93U ot
&) < S| — =C3k"/2, C3 > 0.
23 0& e 85
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Next we have

Z=C4K4, Cy4 > 0.

o0

The right hand sides of the equations for £’ and 1’ are both of order O (k*). Therefore
in view of our estimates for £(0) and 7(0), we conclude that for sufficiently small «,
the weak localization ansatz holds for all s € [0, k ~3].

Moreover, the equation for " takes the form:

L, V2L - U
=" _rlelc7'U-—=). 3.4
4 Jt e ot (3-4)
oU 93U at
Note that e = 5 37 is of order £7 72 by (3.2). Therefore the last term in the right
T T

hand side of the above formula is of order 0(K6).
We therefore have

2
~ K
|7 — e Cs«®.

The time S is given implicitly by the integral fOS t'ds = 1. Itfollows from the above
estimate for 7’ that

IS — 4k 72| < Cek2, Cg > O.

In particular the weak localization ansatz is valid for all s € [0, S]for « sufficiently
small. We may therefore estimate

S
max |L£(s) — £(0)] < / IL'|ds < Cic* - 5672 = 5C 12,
5€[0,S] 0

and therefore for £(0) = « it holds that

L(s) € (k — 2,k +13/?), for s € [0, S]

2
for « sufficiently small. Likewise, for L € (k — K3, K+ /<3) it holds that

/7(0)
% € — i3+, sel0,S]
TS

for « sufficiently small. This proves Lemma 3.1.
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Moreover, we have
E(0)], 12(0)| = O(VL) = O(k'/?)

and
A A S A
max_|E(s) — £(0)] < / Elds < Co™ - 5172 = 5CoH2,
s€l0, 5] 0
S
max_[Z(s) — £(0)] 5/ 1Z'|ds < C3xc™? 57 = 5C33 2.
5€[0,5] 0

Thus for sufficiently small k > 0 we may indeed argue within a local symplectic chart
as we do now.

The action functional along a solution curve (not necessarily periodic) from # = 0
to 7 = 1 with energy zero in these variables is computed as

S
A::/ (L8 + EC + ti)ds.
0

For the unperturbed system Hy, if we write k inplace of £ = £,, = 2?37 ~13p=1/3,
we obtain the order estimate Ag ~ k2.

With the estimates established above, we also have that
Lemma 3.2 Whenk > 0 is sufficiently small, it holds that A; ~ k2 foranye € [0, 1].

Note that due to the additional shift in the transformation ¢ — 7, in general it does
not hold that

1(S) —1(0) =1 & i(S) — 7(0) = 1.

Nevertheless it is enough to observe from (3.2) that this equivalence holds for S-
periodic solutions (in the time variable s) of the regularized system.

We therefore draw the following conclusions for periodic orbits of the forced sys-
tem with 7-period 1, which justify that our analysis is valid in any prescribed small
neighborhood of the origin as long as x > 0 is sufficiently small.

Proposition 3.3 Forall ¢ € [0, 1], when k > 0 is sufficiently small, the action A, and
T as computed along a periodic solution from an initial value with £(0) = « for the
time interval [0, S] such that

1) =0,1(5) = 1

are of the same order k2. The quantity |q(s)| is of the order O(K2)f0r s € [0, 5],
and is thus confined to a sufficiently small neighborhood of the origin.

In particular it is enough for our analysis to have that the function U(q, t) or
U(q,t, ¢) is regularly defined in a sufficiently small neighborhood of the origin.
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3.3 Extension to Moser-regularized systems in all dimensions

To show the validity of Lemmas 3.1, 3.2 and Proposition 3.3 within the context of
Moser regularization in any dimension, we observe that in dimension 2 this is obtained
by simply going through the 2-to-1 cover.

In higher dimensions, with the set of symplectic variables as constructed in
Sect. 2.2.3, we see that the estimates for the variables (Z, 0, T, f) are valid in the
same way in all dimensions, and the additional variables (éi, 2;) satisfies the same
estimates as the pair (£, ) in the Levi-Civita regularized system. With this argument
we conclude that

Proposition 3.4 Lemmas 3.1, 3.2 and Proposition 3.3 hold true for the Moser regu-
larized system of (1.2) in any dimensions.

4 Rescalings of periodic manifolds and proof of Theorem 1.1
4.1 The Rabinowitz action functional and rescaling
Let (X, w = dX) be an exact symplectic manifold. Set

X, 0 =dr) = (X x T*S", 0 ® dr A dt),

where we have denoted by (7, t) the variables in 7*S 1. On (X, ®) is defined a Hamil-
tonian H € COO()A(, R). By a periodic orbit we mean a closed orbit of ()A(, @, H) with
energy 0 along which the 7-variable winds exactly once in the corresponding S'-factor.

Letu € C*(S!, )A() be a smooth loop in }A(, where S! = R/Z. In this subsection,
we normalize the (fictitious) time along a closed orbit in the extended phase space
to have period 1 in this section, and denote it by ¢. The (original, non-normalized)
fictitious time in the extended phase space will not appear in this section.

For (u,n) € C oo(sh X ) x (0, 00), the Rabinowitz action functional of u# with
respect to a Hamiltonian function H is defined as

1 1
A (u, ) = —/ u*?»+77f H(u)dt,
0 0
with critical point equations

du 1
— =nXu W), / Hw)dt =0 H(@u) =0.
dt 0

In other words, the critical points of the Rabinowitz action functional are 0-energy
periodic orbits of H with period 7.

A critical manifold, i.e. a manifold consisting of critical points of the action func-
tional, is called Morse—Bott if at each point the kernel of the Hessian of the action
functional agrees with the tangent space at the point. An explicit computation of the
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kernel of the Hessian of the Rabinowitz action functional in [11, Chapter 7, Section
3] directly shows that

Proposition 4.1 A non-degenerate periodic manifold in the sense of Condition (2.2) is
exactly a Morse—Bott critical manifold of the associated Rabinowitz action functional.

Therefore, in any dimensions, the periodic manifolds A, of Hy are Morse—Bott
critical manifolds.

We now investigate how the Rabinowitz action functional and its critical point
equations change under rescaling. We take a conformal symplectic mapping

by - X - X
such that
A=1Cprh, o =KrPrh
fork > 0.
We set

ii:=¢ ' ou e C®(S', X).

We set H, (it) := ¢ H(u). Accordingly we define n = k2.
We compute

1 1 1
/ u*)\=f (¢Koﬁ)*(x—2¢;1*i)=x—2/ it
0 0 0

Thus we have that
1 1
A == @R [ A,
0 0

or equivalently A9 (u, n) = K2 Al (1, 7) with critical point equations

d . . - Lo .
i = X @), /OHK<u>dz=0©HK(u>zo.

Therefore u is a critical point of the rescaled Rabinowitz action functional, with
the rescaled multiplier 7.

4.2 Rescaled k-localization
In our problem we have
X =T*s? x T*s'.
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We take a « localization for k = k, = 2%/3771/31~1/3 sufficiently small in the phase
space. Precisely this means that on the zero-energy hypersurface there holds

V2 32

L, — € (ky, — Ky,

JT

We make a conformal change of the symplectic variables as

(L=u,L0o=x78& =180 =K, 'C,t =k, 2%, 1=1). 4.1)
We have
d-1 d-1
A= (ﬁd& + ) Edi + Tdi) =k} (LdS + Y EdE + tdf) = KA,
i=1 i=1
thus
& =dh = Kk2dh = K16,
In other words, the mapping
bo, X — X, (L6, 8, 5,0 > (L, 8,6, C,7,0)
satisfies

r= K,%(]ﬁ:ni, @ = K,%(b,(nc?).
V2 . . .
Recall that we have Hy = 7[1\/? — 1. It is instructive to write

H: = Hy + O(x}; o),

as it follows from (1.4) that the perturbation term is of order 0(/(,‘1t ) in K, and tends to
zero when ¢ — 0. After rescaling, we have that

V2

H,, = 75«/% — 14+ 0@k e). (4.2)

We now apply this argument for each n sufficiently large to normalize the corre-
sponding Keplerian periodic manifolds A, of Hy, which we describe in local charts,
to

A= =L, 7t =71,8 e R/Qr/n)Z}.
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Globally A" is realized in the fibre bundle B™ with fibre T*(R/(27 /n)Z x S') over
the normalized orbit space Q¢ as

Agn):z{ﬁ~ =L, t=1)C B".

To further uniformize the periodic manifolds we now lift the systems Hyp and H,
defined on B™ to a fibrewise n-cover of B™ by lifting T{(R/Qr/n)Z x S H to
T3T? in a fibrewise way. The fibres T} (R/(27/n)Z x S') and T}T? are both quo-
tients of T+*R2 by 7Z2-actions on RZ, which can be identified by means of an affine
transformation on R2. Therefore both B and its fibrewise n-cover are quotients of
the same ij']I‘z-bundle with respect to the (different but identifiable) actions of 7?2
which act in a fibrewise fashion. They are therefore isomorphic as fibre bundles. On
the other hand, all B™’s are isomorphic. Therefore for all n, the fibrewise n-covers
of B™ are isomorphic to the fibre bundle B:=B! with fibres Tj"JI“2 over the base
Q. Moreover, the equivariant lift of the symplectic structure on B™ agrees with
the canonical symplectic structure on B, We may therefore take B:=B! with its
canonical symplectic structure as a uniform representative. The periodic manifolds

Ag") are now lifted to A| = Agl) in B.
The unperturbed function H is independent of the angles and can be lifted directly.
The perturbation term can be written in a chart as a function of the rescaled variables

(L,né, &, G, %,1),

in which in particular the angle § is defined in R/(27r/n)Z. which then lifts to a
function depending on the variables

(L, [n8), &, &, T.0),
while in the latter
[n8] =ndé mod 27

and the angle § is extended to be defined in R/(27)Z.
In an overlap region of two charts given respectively by

(L,81,& 1,81, %, 11),
and
(L,82,€2,8i2, % 1),

the transition map is induced from the corresponding transition map of the charts given
by the non-rescaled variables

G (L, 81,6 1,81, T, 01) > (L,82,60, 80, T, 1)
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which in particular implies that
(L.nb2. &2, i, T. 1) = G(L.n81, &1, Gt T, 1)
in which &, 8, € R/(27/n)Z. This equality extends to

(L, (1821, &0, Ein, T, 12) = G(L, né11, &1, Git, T, 1)

in which we now regard 81, 8, € R/27Z.

This shows that the lift of the perturbation term takes consistent value on the overlap
region of two lifted charts and is thus globally defined in a neighborhood of A in B.
Moreover it still assumes the form O(Kfl' ; €). In particular, this lift construction does
not change its C'-norm.

We now remark on the C'-norm of the perturbation term, which assumes the form
0] (K,i1 ; €). We see that due to the rescaling of the variables (4.1), in particular the fast
angle 8, the partial derivative of the perturbation with respect to § is only of order
O (k) while other partial derivatives remain to be of order 0(/{,‘11 ). As a result, the
C'-norm of the perturbation term is of order O (k). In general, we may only have an
estimate of the C2-norm of the perturbation as O (k;,2). This estimate is not bounded
when «k,, — 0. Since the theorem of Weinstein [26] requires a proper smallness of the
C2-norm of the perturbation, this can only be applied to obtain our result in special
cases. To obtain the result in full generality we shall instead conclude with the local
Rabinowitz—Floer homology argument from Appendix A.

4.3 Proof of Theorem 1.1 and Corollary 1.2

Proof of Theorem 1.1 We apply Theorem A.1 to the rescaled system (4.2) near the
normalized periodic manifold A; of (4.2) with ¢ = 0. The period of periodic orbits
from A is S| = (271)2/3. We take 7% = §; + B for a sufficiently small B > 0.
Moreover, we have KT, K~ = O(Kfl' ). In this setting Theorem A.1 is applicable for
all sufficiently small «,, which then assures the existence of a periodic orbit with
action .A(()l) + O(K;f ) of the system (4.2) for all sufficiently large n. After rescaling
back this corresponds to a periodic orbit of the system (1.2) with action of the order
Ky 2+ O(K,%). Viewing from Proposition 2.4 that the action gaps of the regularized
Kepler problem in extended phase space Hy is of order k, for sufficiently small «,,,
the periodic orbits thus obtained take infinitely many distinct action values. Since the
perturbations to the Moser-regularized Kepler flow vanish at the collisions, any of
these orbits passes transversally through the set of collisions along which the variable
T is continuous, we conclude that this orbit gives rise to a generalized periodic orbit
of the system (1.2) resp. (1.1) with the same action value. Consequently we obtain
infinitely many generalized periodic orbits of the system (1.2) resp. (1.1). O

Indeed the argument shows that there exists N* > 0 which depends only on the

C'-norm of U, such that for all n > N* there bifurcates at least one periodic orbit
from each periodic manifold A,,. For n < N* we may control the smallness of the
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C'-norm of the perturbation by choosing small ¢ > 0 as in [8]. We thus obtain the
following corollary:

Corollary 4.2 There exists £* > 0 depending only on the C'-norm of U, such that for
¢ € [0, e*] the system (1.2) has infinitely many periodic orbits bifurcating from each
of the periodic manifolds {A,}n=12.... -

Remark 4.3 We have seen that in general the CZ-norm of eU is of the order O (x ~2: ¢),
caused by the rescaling of the fast angle §. This can be improved provided that the
perturbation is independent of §, or when the perturbation is of the order o(«©; ¢). The
latter is achieved, for example, when the function U (g, t, €) is super-cubic in |g|, i.e.
U(g,t,e) = O(|q|4; ¢) in a neighborhood of the origin. In these cases we may as
well conclude Theorem 1.1 and Corollary 4.2 with Weinstein’s theorem.

Finally we remark that by realizing circular or elliptic restricted three-body prob-
lems as periodically forced Kepler problems as in Appendix C, we obtain infinitely
many generalized periodic orbits accumulating at each of the primaries, which proves
Corollary 1.2.
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A C'-Persistence of periodic orbits via a localized
homotopy-stretching argument

The theory of (periodic) Floer Homology provides powerful tools to detect periodic
orbits in a Hamiltonian system. The Floer theory associated to the Rabinowitz action
functional is particularly helpful to detect periodic orbits on a given energy hypersur-
face of an autonomous Hamiltonian system. Precisely speaking for the Rabinowitz
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Floer Homology to be well-defined one typically requires that the energy hypersur-
face is compact, which does not hold in our case. In this Appendix we use a localized
Rabinowitz—Floer Homology argument to show the existence of a periodic orbit bifur-
cating from a Morse—Bott periodic manifold under a C!-small smooth perturbation of
the Hamiltonian.

We assume familiarity with the theory of Floer Homology which can be found in
standard references such as [4,21,25]. Local versions of Floer homology has been
previously used in [13,14,16,17,22]. Our argument in particular treats the Morse—Bott
situation in Rabinowitz—Floer homology.

Suppose that (M, w) is a symplectic manifold and H : M — Ris a smooth function
referred to as the Hamiltonian. We do not require that M is closed (i.e. compact without
boundary) but to simplify the discussion we suppose that the symplectic manifold is
exact, i.e., w = dX for a one-form A. We assume that 0 is a regular value, such that
¥ = H~1(0) is a (not necessarily closed) codimension one submanifold of M. The
choice of the regular value O is certainly not restrictive, as we may always shift the
Hamiltonian by an additive constant. The Hamiltonian vector field of H is implicitly
defined by the condition

dH = w(-, Xg).
By our assumption H is autonomous, i.e., independent of time, therefore H remains
constant along integral curves of its Hamiltonian vector field X .

Periodic orbits of X ;7 on H~!(0) can be detected variationally as the critical points
of the (Rabinowitz) action functional

1
AR c(ST M) x (0,00) = R, (v, 7) > —/v*/\+r/ H(@))dt,
0

where S! = R/Z. We suppose that
C c C®(S', M) x (0, 00)

is a closed (i.e. compact without boundary) connected submanifold and is a Morse—
Bott component of the critical set of Af e,

C C crit(AM), TwC =kerH gn(w), YweC,
where H 41 (w) denotes the Hessian of the action functional AH at its critical point

w. In particular C is isolated in the critical set crit(Af). Moreover, since the action is
constant along C, we may write

AR C):=A" (w), wecC.
Since C is closed, the set

Me={v@):w=@1)eC teS'}cM
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is compact and there exist finite
r_::min{r:w:(v, r)EC}, r+::max{r:w:(v,r)eC}.

We choose an open neighborhood V' of M in M with the property that its closure
V C M is compact. Furthermore, we choose positive real numbers 7_ and 77 such
that

T_<1_ <7t <T4.

We further use the following notation: For K € C*° (M, R) we introduce the contin-
uous, nonnegative functions

K*:M —[0,00), v+> max{K(v),0}
and
K™ : M — [0, c0), v»—>max{—K(v),0}.

Theorem A.1 There exists a C'-open neighborhood U = UV, T_,Ty) of 0 in
C° (M, R) with the following property: For every K € U there exists a critical
point w = (v, T) of AHTX such that

A — T+(max K+|V + max K_|V)
< AH+K(UJ)
< A7) + Ty (max K |y + max K~ [7)

and
vy eV, trest, T_ <1t <T4.

We prove the Theorem by a homotopy-stretching argument.? As a preparation for
that purpose we first pick a bump function 8 € C*°(R, [0, 1]) satisfying

Bs)=1, se[-1,1], B(s)=0, |[s]>2,
as well as

B'(s) >0, se[-2,—1], B'(s) <0, sell,2]

2 Note that the variables s, 7 in this Appendix do not refer to time variables in the main part of the article.

@ Springer



90 L. Zhao

We further choose a smooth family of compactly supported bump functions g, €
C°(R, [0, 1]) for r € [0, co) such that By vanishes identically and for r > 1 we have

We further require that for every » € [0, 00)
Bi(s) >0, s<0, pl(s)<0, 5=>0.

In particular, we have 81 = 8. We fix K € C*°(M, R) and define for r € [0, co) the
time-dependent functional

A, = APK . c°(s1 M) x (0,00) x R - R

which maps (v, 7, 5) € C®(S!, M) x (0, 00) x R to

1
A, 1, 8) = A (v, t)+/3r(s)r/ K (v(1))dt
0
1
= —/v*k+r/ (H + B ()K) (v(1))dr.
0

We choose an w-compatible almost complex structure J on M, i.e., an almost complex
structure such that w (-, J-) is a Riemannian metric on M. With the help of J we endow
the loop space C*°(S!, M) with the L?-metric obtained by integrating the Riemannian
metric (-, J-) on M. On C®(S', M) x (0, oo) we consider the product of the L2-
metric on the loop space and the standard metric on (0, co). The (time-dependent)
gradient of the time-dependent functional A, with respect to this metric at a point
(v, 7) € C®(S!, M) x (0, 00) becomes

VA @, 1)(s) = (" W@ - fXHw,.(s)K(v)))

Jo (H + B (9)K) (v)dt
We are interested in the maps
w=1):R—>C®S,V)x (T_,T})
satisfying the gradient flow equations
osw(s) + VA (w(s))(s) =0, seR (19)
for r € [0, oo) and the asymptotic conditions

lim w(s) € C. (20)
—+o0

N
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If we alternatively interpret these maps as
w=(,1)€ COO(R x ST, V) X COO(R, (T_, T+)),
then the gradient flow equation becomes

{ asv(s, 1) + J(v(s, 1) (Bv(s, 1) — T() X 44,k (v(s,1))) =0

35t(s) + [y (H + B ()K) (v(s, 0))dt = 0. @D

LemmaA.2 Suppose that w = (v,7): R — cos, vy x (T, T,) satisfies the
gradient flow equation (19) for r € [0, 00) and the asymptotic conditions (20). Then
for every o € R we have the estimate

A ) — Ty (max K*|7 + max K~ |y)
SAr(w(o),a)
< A" @)+ T+(max K+|V + max K_lv).

Proof For o € R, we estimate using the gradient flow equation and the asymptotic
condition

Ar(w(o), cr) — A7) = A (w(o),0) — Y_l)ir_nC>o Ar(w(s), s)

= /; %A(w(s), s)ds

:/U dA,(w(s),s)Bsw(s)ds+/ BSA,(w(s),s)ds

—00 —00

—— [ 15 Pas + [ o (o). s)as
s/_g s Ar(w(s), s)ds.
This implies
A (w(o), o) < AP (©) +/G s Ar(w(s), s)ds. (22)

—00

To estimate the second term, we note that

1
5 A (w(s), s) =5;(s)r(s)/ K (v(t, s))dt.
0

Note that t(s) is always positive and is estimated from above by 7.y. For s < 0 the
derivative of B, (s) is positive as well by our choice of the family of cutoff functions.
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Therefore we have
8S.A,(w(s), s) < B/(s) - T4 - max K+|V, s <0.
For s > 0, we have by construction ﬂ; (s) < 0 and consequently
O Ar(w(s),s) < —p/(s) Ty -maxK |7, 5=0.

Combining these we obtain the estimate
o min{0,0}
f dAr(w(s), s)ds < / By (s) - Ty - max K|y ds
—00 —00

max{0,0}
—/ B.(s) - Ty -max K~ |y;ds
0
0
< T, - max K+|V/ Bl (s)ds
—0oQ

o0
—T, - max K_|V/ B (s)ds
0
=T, -max Kt| - Br(0) + Ty - max K~ |5 - B (0)
< T+(maxK+|V +maxK_|V). (23)

Plugging (23) into (22) we obtain the second inequality of the Lemma.
To prove the first inequality we argue similarly while using the asymptotic at co
instead of —oo:

AT©C) = A (w(0).0) = Tim A (w(s), 5) = Ar(w(0), 0)

=— /:o %A(w(s), s)ds

= —/ood,Ar(w(s),s)BSw(s)ds - /00 BSAr(w(s),s)ds

o

= /oo HVAr(w(S)»S))szS - /‘00 as A (w(s), s)ds

o

> —/OO BS.Ar(w(s),s)ds.

Therefore

[e¢]

A, (u)(a), o) > A ) - / 05 Ay (w(s), s)ds. (24)
o
The same reasoning as in the proof of (23) shows that

o0
/ a5 Ar(w(s), s)ds < Ty (max Kty + max K~ |y7),
o
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so that the first inequality is proved as well. O

We further choose S5, S— > 0 satisfying
T_<S_<t_ <ty <SSt <Tt
and an open neighborhood W of M with the property that
wcv

and moreover, that every periodic orbit of H of period less than or equal to 7'y contained
in W belongs to C. That such an open neighborhood exists follows from the following
reasoning: Otherwise there exists a sequence of periodic orbits of period bounded
by T+ not belonging to C but converging to M¢. Because its period is uniformly
bounded, by the Theorem of Arzela—Ascoli they have a convergent subsequence which
converges to a periodic orbit on M. Therefore this limit orbit actually lies in C. But
this contradicts the assumption that C is Morse—Bott.

Proposition A.3 There exists a C'-open neighborhood U of 0 in C®°(M,R) with
the following property: Suppose that w: R — C®(S', V) x (T_, Ty) satisfies the
gradient flow equation (19) for A, = ArH’K withr € [0, 00) and K € U, as well as
the asymptotic conditions (20). Then

w(s) € C¥(S', W) x (5_,84), VseR.

Proof We argue by contradiction. Otherwise there exists a sequence K, € C*°(M, R)

converging to 0 in the C'-topology for which there exist w,: R — C®(S!, V) x

(T—, Ty) solving the gradient flow equation (19) for ,A,{i Ko Wwith ry € [0, 00) and
+ g g q v

satisfying the asymptotic conditions (20), and s, € R with the property that

wy(sy) & COST, W) x (S, 84).
We consider the shifted gradient flow lines

vy, T)($):=wy,(s +s,), seR.
In particular, we have

v, (0) ¢ C(S', W)
or
w(0) e (T—, S-1U[S, Ty). (25)

In the first case there exists 7, € S! such that

v,(0,1) e V\W. (26)
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From (21) we see that (v, 7)) solves the problem

{ vy (s, 1) + J (vu (s, D)) (3vu (5. 1) — To() X 148, (s—5,)K, (V0 (5. 1)) =0
stu(s) + fy (H + Bry (s — 5)K) (v (s, 1))dt = 0.
(27

Using the formulas in the proof of Lemma A.2, we can estimate the energy of the
gradient flow lines w, using their asymptotic conditions (20) as

E(w,)):/ || 85wy ()] ds
=f [[VAL K (o o). ) s

= / BSAZ’K” (w,,(s), s)ds

< Ty (max K,/ |y + max K, |y7). (28)

Therefore the energy of w, converges to zero. Since the energy is invariant under
time-shift the same is true as well for all time-shifts of w,. In particular, the energy
is uniformly bounded. The first equation in (27) states that v, satisfies a perturbed
Cauchy—Riemann equation. Since 7,(s) is uniformly bounded by 7, we see that
the perturbation satisfies a uniform C°-bound on the compact set V. Since the sym-
plectic form w is exact, there is no bubbling and therefore the sequence v, has a
C lloc-convergent subsequence. In view of the second equation in (27) the same holds
true for 7,. We denote its limit by w = (v, 7). Since K, converges to 0 in the C 1
topology we infer that w is a gradient flow line of A . Since the energy converges
to zero it is a gradient flow line of no energy. Hence it is a critical point of A" and
is in particular independent of the time-variable s. In view of (20) the gradient flow
lines w, converge asymptotically to critical points in C. Since the energy converges
to zero in the limit, no breaking can occur and we conclude that w belongs actually to
C. However, by (25) or (26) we conclude that

Te[T-,S_1U[S+, T4]
or there exists ¢ € S! such that
v() e V\W.

This contradicts the fact that w belongs to C. This contradiction proves the proposition.
O

Proposition A.4 LetU be as in Proposition A.3 and K € U. Then for everyr € [0, 00)

there exists a solution w of the gradient flow equation (19) for A, = Af’K satisfying
the asymptotic conditions (20).
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Proof We first discuss the case r = 0. In this case Ag K just coincides with A . In
particular, it is independent of time. Therefore the action is strictly decreasing along
gradient flow lines unless they are constant. In the latter case they have to be critical
points of A . In view of the asymptotic conditions the action cannot decrease and
therefore the moduli space of solutions precisely coincides with C.

We now fix w_ € C and consider the moduli problem M consisting of pairs (o, w)
where p € [0, 7] and w: R — C*®(S!, V) x (T_, T) such that

sw(s) + VA, (w(s)) =0, s eR, lim w(s)=w_, lim w(s)eC.
§—>—00 §—>00

Note that (0, w—) with w_ interpreted as a constant gradient flow line belongs to
the moduli space M. This is the only member of M with p = 0. Moreover, it is
nondegenerate since C is Morse—Bott.

We next show that the moduli space M is compact. Suppose that (p,, w,) is a
sequence in M. It follows from Proposition A.3 that

wy(s) € CX(SY, W) x (S_, S4)

for every s € R and every v € N. In particular, since the only periodic orbits of H of
period less than or equal to 7'y contained in W are the ones belonging to C, the sequence
of gradient flow lines cannot break at the ends. Moreover, there is no bubbling since
w is exact and therefore the sequence has a subsequence which converges to a limit in
M. This shows that the moduli space is compact.

We next assume by contradiction that there is no gradient flow line w such that
(r,w) € M. The moduli space can be interpreted as the zero set of a Fredholm
section of index zero from a Hilbert manifold into a Hilbert bundle (See e.g. [12] for
precise notions and formulations). Up to a slight perturbation of the section we can
assume that the intersection of the Fredholm section with the zero section is transverse,
and hence the moduli space is a one dimensional manifold with boundary where the
boundary points are the members (p, w) for p = 0 and p = r. Moreover, for that
purpose we do not need to perturb it at the boundary, since the only member for p = 0
is (0, w_) which is already transversal. Therefore with our assumption that there is
no member for p = r we get a compact one-dimensional manifold with precisely
one boundary point, which however does not exist. Consequently there has to exist a
solution for all . This proves the Proposition. O

Proof of Theorem A We choose U as in Proposition A.3 and let K € U. By Proposi-
tion A.4 for every r € [0, 0o) there exists a solution w, of the gradient flow equation
(19) for A, = AZK, Arguing as in the proof of Proposition A.4 we conclude that
there exists a sequence r,, going to infinity such that w,, converges to a gradient flow
line weo: R — C®(S!, V) x (T_, T1) of A#+X Note that in the limit the action
functional A”+X does not depend on time anymore. Lemma A.2 tells us that all
gradient flow lines satisfy a uniform action estimate for all time instants, which then
continue to hold for the limit. Therefore we have for every o € R

A c) — Ty (max K*|; + max K~ |y)
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< AHHK (1,0 (0))

< A"+ T+(maxK+|V +maxK_|V).

In particular, the energy of wq. is bounded. Therefore there exists a sequence s, going
to infinity such that ws(s,) converges to a critical point of AX+X_ This critical point
then has to satisfy the above action estimate as well. The Theorem is proved. O

B Action-angle coordinates of the Kepler problem

The d-dimensional Kepler Problem has a “hidden” SO (d + 1)-symmetry and is super-
integrable ford > 2. A way to see this is via Moser regularization. In this Appendix we
remark on the role of the symmetry group of the Kepler problem in the construction of
its action-angle coordinates. Concretely we consider the Kepler problem in dimension
2 with negative energy and we shall design a family of Delaunay-like coordinates
for them, by simply considering the symmetry group action on the orbit space with
fixed semimajor axis, with the same idea as has been used in Sect. 2. The same idea
extends to Kepler problem in dimension 3 and systems of decoupled Kepler problems
in dimension 2 and 3. We hope to address these in another work.
Recall that the Delaunay variables of the planar Kepler problem with Hamiltonian

_lei? 1

2 gl

is the set of canonical coordinates (L, [, G, g) such that

LZ\/Ev GZ«/EVI—EZ,

in which a, e are the semimajor axis and the eccentricity of the elliptic Keplerian orbit
respectively. The argument of the pericenter g is the angle from the first coordinate
axis to the pericenter direction of the orbit and the angle / is the mean anomaly. These
variables are well-defined aslong ase € (0, 1). When e = 1, the orbit s collisional and
is non-compact. To properly treat such a situation a regularization procedure has to be
involved which we do not address in this Appendix. When e = 0, the orbit is circular
and there is no distinguished pericenter direction, thus the angle g and consequently
the angle / are not defined.

As in Sect. 2 we see that the variable L = ./a is well-defined and generates a
Hamiltonian circle action for any orbit with e € [0, 1). The symplectically reduced
space Q1 with respect to this circle action can then be realized as two open hemispheres
(according to orientations of the Keplerian motions in the plane) in the sphere S2
equipped with an S O (3)-invariant symplectic form w;, which satisfies w;, = dG Adg
in the two open hemispheres. The equator separating the two hemispheres consists of
rectilinear orbits and the poles corresponds to circular orbits.

A realization of this, as in [1], is to take the unit sphere S> C R3 and as orbital
plane the horizontal plane R2 x {0} C R3. Any point (x1, x2, x3) € S2 determines a
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bounded Keplerian orbit with semimajor axis 1, with eccentricity vector (x1, x2) and
angular momentum x3. Rescaling it then gives a bounded Keplerian orbit with fixed
semimajor axis a in the horizontal plane. By rotation this argument works for any
pre-assigned orbital plane.

With this realization we see that the variables (G, g) are just the symplectic cylin-
drical coordinates of the sphere with respect to the vertical axis of symmetry.

Now our remark is simply that we may as well pass to any other symplectic cylin-
drical coordinates of the sphere with respect to any axis. In particular we may tilt the
axis of symmetry slightly so that the resulting symplectic cylindrical coordinates are
well-defined for the poles of the sphere, corresponding to circular motions. Denote by
(G, g) any of such coordinates and the set of variables (L, [, G, £) is now canonical
as long as they are well-defined. For circular motions however, the angle / is still not
well-defined. To remedy this we take the plane in R> orthogonal to the tilted axis of
symmetry. The poles which correspond to circular motions in the horizontal plane
now determine an elliptic motion with eccentricity e € (0, 1) in the tilted plane, to
which a well-defined set of Delaunay variables (L, [ .G, g) can be associated, which
we may use as coordinates for the corresponding motions in the horizontal plane.

We now determine the angle / for near-circular motions. In a neighborhood of circu-
lar motions, a trick of Poincaré applies, which leads to a set of symplectic coordinates,
see e.g. [9]. We consider the direct circular motion, which may be characterized by the
condition L = G. The retrograde circular motion (L = —G) can be treated similarly.
We consider the angle & = [ 4+ g which is well-defined for direct circular motions and
motions close by, and further pass to the set of canonical variables

(L, 2, &,1)

in which (¢ + in) = 2(L — G)exp(—ig). These variables are well-defined for
direct circular (corresponds to £ + in = 0) orbit and orbits close-by. Moreover they
are well-defined only except for the retrograde circular motion, which allows us to use
to compare different variables. We now pass to Poincaré coordinates, (L, 4, &, n) for
motions in the horizontal plane and (L, X, £, 7) for its auxiliary referent motion in the
tilted plane. A mapping (L, A, &, n) — (L, X = A, &, 7) such that dé Adfj = d& Adn
defines a local canonical transformation for near circular orbits, from which the angle
[ is determined by the relationship

[+§=nx.
By symmetric considerations, we may therefore take (L, I , G, g) as action-angle

variables for the corresponding Keplerian motions in the horizontal plane. In particular,
they are well-defined near direct circular motions in the horizontal plane.
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C Restricted three-body problems as forced Kepler problems
A smooth 1-periodic orbit of two massive particles
ST R Rt (X1 (1), X2(1) = (X1,1(8), ... X1.a(0), X2,1 (D), ..., X2.4(1))

with positive masses (M, M) such that X () # X»(¢),Vt € S; determines a
restricted three-body problem with Hamiltonian in extended phase space

2
M M
Ho—r 4+ Ipl= 1 L 2
2 llg — X1l lg — Xa@l
in which we have written (p,q) = (p1,..., Pd»q1,---,qd) € RY x RY with the

tautological one form on the cotangent bundle

d
Z pidg; + tdt.
i=1
Setting
p=p+X1(1).q=q+X1(t)
and
d d
T=7— Y pX 0= IX{OF+ DG X 0.
i=1 1=1
we see that

d d d
> pidgi +tdt =) pidGi + Tdt +d (Z q,-x’l,l.a)) .

i=1 i=1 i=1

Therefore (p, g, T, t) form a set of canonical variables on the extended phase space
in which the Hamiltonian takes the form

oz o P12 My M, 1

2 gl 1G + X1() — X2(0)]| 2

d
X 17+ G Xy, ).

i=1

which assumes the form of (1.1) after M; being further normalized to 1.

Assuming in addition that (X (¢), X2(#)) solves a two-body problem (so that each
X1(¢) moves on a circular or elliptic Keplerian orbit with eccentricity e € [0, 1) we
then obtain the circular and elliptic restricted three-body problem in R?, to which
Theorem 1.1 can be applied.
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