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Abstract

This paper is devoted to the study of periodic solutions of a Hamiltonian system
z(t) = JVH(z(t)), where H is symmetric under an action of a compact Lie group.
We are looking for periodic solutions in a neighborhood of non-isolated critical
points of H which form orbits of the group action. We prove a Lyapunov-type
theorem for symmetric Hamiltonian systems.

1. Introduction

Consider a first-order system

z(t) = JVH(z(1)) (HS)

on R?V, where J = |: —(I) é:| is the standard symplectic matrix and H : R?Y — R

is a Hamiltonian of the class C2.

The existence of periodic orbits in Hamiltonian dynamics is an important and
widely studied problem. In 1895 LyapuNov [20] proved his center theorem, i.e.
the existence of a one-parameter family of periodic solutions of (HS) tending to
a non-degenerate equilibrium. The next important result of WEINSTEIN [33] shows
the existence of at least N geometrically distinct periodic solutions at any energy
level of the Hamiltonian H. The further development of the Weinstein theorem
was performed by MOSER [23]. In 1978 FADELL and RaBiNowiITZ [8] proved the
lower bound for the number of small nontrivial solutions of (HS) depending on the
period. See [27] for the general overview of the results up to 1982. The results of
WEINSTEIN and MOSER were generalized by BARTSCH in 1997, [2]. The problem
of the existence of periodic solutions of (HS) in a case of a degenerate equilibrium
was also studied by SZULKIN [32] and DANCER with RYBICKI [6], who generalized
the classical result of LYAPUNOV.
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Suppose now that the compact Lie group I' acts unitary on R*V and
H € C*(R?*N,R) is a I"-invariant potential i.e. H(yz) = H(z) forany y € I" and
z € R?N . The study of the existence of periodic solutions in this case was performed
by MoNTALDI et al. [22], who proved an equivariant version of the WEINSTEIN-
MosERr theorem. In 1993 BARTSCH [1] generalized the theorem of MONTALDI,
ROBERTS and STEWART for the wider class of a group actions which allowed him
to generalize the result of FADELL and RaBINOwITZ also. However, the authors
mentioned above assumed that a critical point zg of H is a fixed point of the group
action, i.e. the orbit of this action consists of one point. Then zg can be an isolated
critical point.

We study a more general case. Assume that z is a critical point of Hamiltonian
H. Since H is I-invariant, I'(z9) = {yzo : ¥ € I'} € (VH)!(0), i.e. the orbit
I"(zp) consists of critical points of H and, therefore, stationary solutions of the
equation (HS); see Remark 2.4. Hence, if dim I;; < dim I" then the orbit is at
least an one-dimensional manifold and, as a consequence, critical points are not
isolated. Therefore the results mentioned above are not applicable. We are going
to prove sufficient conditions for the existence of non-constant periodic solutions
of an autonomous Hamiltonian system in the presence of symmetries of a compact
Lie group the problem (HS) in any neighborhood of the orbit I"(z(); see the main
result Theorem 4.1 and Theorems 5.2, 5.3, 5.4.

This article is organized as follows: in Section 2 we recall some basic definitions
and notions of group theory and equivariant topology. The equivariant Conley
index which is a main tool of our reasoning is shortly defined in Section 2.3.
Furhtermore, we recall the notion of a Euler ring: an equivariant Euler characteristic
and its generalization (see Remarks 2.11, 2.12). In Theorem 2.16 we recall the very
important theorem connecting an equivariant Euler characteristic, an equivariant
Conley index and the idea of an orthogonal section introduced in the paper [24].
In Section 2.5 we formulate a so called equivariant splitting lemma—the theorem
which allows us to simplify the study of Conley indexes up to the linear case in
Lemma 4.7.

In Section 3 we parameterize the equation (HS) to study the solutions with con-
stant period 27 in the equation (HS-P). Next we introduce an appropriate Sobolev
space [E and the action of the group I x S' on it, and we define variational func-
tional @ : £ — R (see formulas (3.4), (3.5)) such that 2 -periodic solutions of the
system (HS-P) are in bijective correspondence with S!-orbits of critical points of
@. In this way we begin to study the equation (3.7). Furthermore, we analyze the
linear Hamiltonian system (HS-L); it is a base for the last step in the proof of the
main result of the paper.

Section 4 is devoted to the formulation and the proof of the main result of this
paper, Theorem 4. 1. The notion of bifurcation theory is recalled in Definition 4.3 and
in the nearby text. In Theorems 4.4 and 4.5 we formulate the necessary and sufficient
condition for the existence of global bifurcation of solutions of the equation (3.7).
The last part of this section is devoted to the proof of the change of equivariant
Euler characteristics of equivariant Conley indexes, i.e. the formula (4.1). Firstly,
we reduce our task to the space orthogonal to the orbit; see Lemma 4.6 and the
text above them. Next, in Lemma 4.7 we reduce the problem to the linear case. To
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study we prove Theorem 4.9. The flow of this work is summarized in Remark 4.10.
Afterwards, the proof of Theorem 4.1 is finally done by the study of the minimal
periods and the convergence of new solutions.

In the fifth section we reformulate the main result to make the assumptions
easier to verify. The most friendly version of our result is the following theorem
(see Theorem 5.4), where m ™+ (A) denotes the positive Morse index of the symmetric
matrix A:

Theorem 1.1. Let H : R*N — R be a I'-invariant Hamiltonian of the class C2.
Let zg be a critical point of H such that I';, = {e} and the orbit I" (zo) is isolated in
(VH)™'(0). Assume thatm™ (V*H (z0)) # N anddeg(VH 1 (., B(z0, €),0) #
0 for sufficiently small . Then there exists a connected fan(z)ily of non-stationary
periodic solutions of the system z(t) = JV H(z(t)) emanating from the stationary
solution zgy such that periods (not necessarily minimal) of solutions in the small

neighborhood of zy are close to 2/ B;, where i, Bj > 0, is some eigenvalue of
JV2H (z0).

For the two other versions see Theorems 5.2 and 5.3.

Furthermore, we show that the Lyapunov-type theorem of DANCER and RYBICKI
(Theorem 5.5) is generalized by the main result of this paper: Theorem 4.1. In the
last part of this section we reformulate the second-order Newtonian system to
the Hamiltonian one. Then the two symmetric versions of the Lyapunov center
theorem, Theorem 5.6 proven in [24] and Theorem 5.7 proven in [25], are also the
consequences of the results proven in this paper.

The last section is devoted to AN APPLICATION of the abstract results of this
paper. We study the existence of quasi-periodic motions of the satellite in
anearby of a geostationary orbit of an oblate spheroid. In order to do this we consider
a gravitational motion in the rotating frame where the corresponding Hamiltonian
is given by formula (6.2). It is SO (2) invariant and possesses a critical point which
represents the geostationary orbit in the original coordinates. Theorem 5.4 will be
directly applied in this problem to prove the existence of trajectories with arbitrarily
small deviations from the geostationary ones.

2. Preliminaries

In this section we recall the basic material on equivariant topology from [7],
[17] and prove some preliminary results. Throughout this section G stands for a
compact Lie group.

2.1. Groups and Their Representations

We denote by sub(G) the set of all closed subgroups of G. Two subgroups
H,H' € sub(G) are said to be conjugate in G if there is g € G such that
H = gH'g™". The conjugacy is an equivalence relation on sub(G). The class of
H € sub(G) we denote by (H)¢ and the set of conjugacy classes will be denoted
by sub[G].
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If x € R" then G(x) = {gx : g € G} is called the orbit through x and a group
G, = {g € G : gx = x} € sub(G) is said to be the isotropy group of x. It is
known that if G(x1) = G(x2) then (Gx,)¢ = (Gx,)¢ 1.e. the isotropy groups of
the elements of common orbit are conjugate. Moreover, the orbit G (x) is a smooth
G-manifold G-diffeomorphic to G/G,. An open subset 2 C R" is said to be
G-invariant if G(x) C §2 for every x € £2.

Below we recall the notion of an admissible pair, which was introduced in [24],
where one can find some examples and properties.

Definition 2.1. Fix H € sub(G). A pair (G, H) is said to be admissible if for any
K1, K> € sub(H) the following condition is satisfied: if (K1)y # (K2)y then
(K1g # (K2)G-

Note that if I" is a compact Lie group, then the pair (I" x S', {e} x S!) is
admissible; see Lemma 2.1 of [24]. This property will play a crucial role in the
proof of the main result, Theorem 4.1.

Recall that a unitary group U (NV) is defined by

U(N) = Sp2N,R) N O(2N),
where

Sp(2N,R) = {A € Mayson(R) : ATJA = J)}
is a symplectic group and

OQN,R) = {A € Mayon(R) : ATA = 1d)}

is an orthogonal group. In particular, if A € U(N) then JA = AJ. Note that U (N)
is a compact subgroup of GL(2N), A € U(N) implies AT = A=1 ¢ U(N) and
|det A] = 1.

Let p : G — U(N) be a continuous homomorphism. The space R?Y with
the G-action defined by G x RN 5 (g, x) — p(g)x € RV is said to be a real,
unitary representation of G which we write V = (R?*V, p). To simplify notation
we write gx instead of p(g)x and R?" instead of V if the homomorphism is given
in general.

Two unitary representations of G, say V = (RZN ,0),V = (RZN ,p)), are
equivalent (briefly V ~g V) if there exists an equivariant linear isomorphism
L : V — V' i.e. an isomorphism L satisfying L(gx) = gL(x) for any g € G,
x e RN Put D(V) = {x e V: |lx|| £ 1}, S(V) = aDV), SV = D(V)/S(V)
and By (xp,7) = {x € V: ||x —x¢l|| < r}. Since the representation V is orthogonal
in particular, these sets are G-invariant if G(xp) = {xo}.

2.2. G-Equivariant Maps

Let (V, (-, -)) be a unitary G-representation. Fix an open G-invariant subset
£2cCV.
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Definition 2.2. A map ¢ : £2 — R of class C¥ is called G-invariant C*-potential,
if p(gx) = ¢(x) forevery g € G and x € £2. The set of G-invariant C*-potentials
will be denoted by C£ (22, R).

Definition 2.3. A map ¥ : £ — V of the class C*~! is called G-equivariant
C*"Vmap, if Y (gx) = gy (x) for every g € G and x € £2. The set of
G-equivariant C¥~!-maps will be denoted by C é_l (£2,V).

Fix ¢ € C(z; (£2,R) and denote by Vg, V2¢ the gradient and the Hessian of
@, respectively. For xo € £2 denote by m_(Vz(p(x())) the Morse index of the
Hessian of ¢ at xq i.e. the sum of the multiplicities of negative eigenvalues of the
symmetric matrix V2p(xo). Similarly, by the m*(V2p(xg)) we denote the sum of
the multiplicities of positive eigenvalues of V2 (xq).

Remark 2.4. It is clear that if ¢ € CX.(£2, R), then Vg € C5 (€2, V). Moreover,
if xg € (V(p)_l(O), then G(xg) C (V@)_I(O) i.e. the G-orbit of a critical point
consists of critical points. If Vp(xo) = 0 then Vg(-) is fixed on G (x¢). That is why
Ty, G(x0) C ker V2¢p(xo) and consequently dim ker VZp(xp) = dim T G(x0) =
dim G (xp).

2.3. Equivariant Conley Index

We denote by F,(G) the category of finite pointed G-CW-complexes (see
[7] for definition and examples), where morphisms are continuous G-equivariant
maps preserving a base points; we denote by F,[G] the set of G-homotopy types
of elements of F,(G), where [X]g € Fi[G] (or [X] when no confusion can arise)
denotes a G-homotopy type of the pointed G-CW complex X € F,(G). If X is a
G-CW-complex without a base point, then we denote by X+ a pointed G-CW-
complex XT = X U {x}.

Now we briefly recall the definition of the equivariant version of the classical
Conley index, see [1,4,9,10,30] for the details. Consider a finite-dimensional uni-
tary
G-representation (V, (-,-)) andUY C Vx R. Letn : U — V be a G-flow i.e.
a flow which is equivariant under the G-action on V. For G-invariant set X C V we
denote by Inv(X,n) = {x € X : n(x,t) € X supposing (x,t) € U}. Compact
G-invariant set S C V is called isolated n-invariant set if S C Inv(W, n) C intW
for some G-invariant set W C V which is called an n-isolating neighborhood.

Let S be isolated n-invariant set.

Definition 2.5. A pair of compact G-invariant sets (N, £), where L C N C V, is
called a G-index pair for the set S if

1. cI(N/L) is an n-isolating neighborhood for S,

2. Lispositive n-invariantin N i.e.if x € Land n(x, [0, t]) C N thenn(x, [0, ¢]) C
£3

3. L is the set of exit points from the set A i.e. if x € A and 7; > 0 are such
that n(x, t;) ¢ N then there exist #y € [0, ¢1) such that n(x, [0, #]) C A and
n(x,to) € L.
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It is known that for any isolated invariant set there exists a G-index pair con-
tained in its isolating neighborhood. Moreover, for any two G-index pairs (N7, £1),
(N2, L) for the set S two G-homotopic types [N7/L1]lg, [N2/L2]c are equal.
Therefore we are able to define the equivariant Conley index as the G-homotopic
type of the pointed space

CZg (S, m) = [N/L, [L]lG.

Recall that CZg (S, n) € Fi[G], see [10]. Definition of the classical Conley
index (without G-action) coincides with the above construction with G = {e}.

Example 2.6. Consider R" as an orthogonal representation of a group G. Let
be a flow generated by a gradient vector field —VF, where F € Cé (R",R), 0
is an isolated critical point of F and the hessian V2 F(0) is an isomorphism. It is
known that {0} is an isolated n-invariant set and by Hartman-Grobman theorem the
flow 7 is locally homeomorphic to the flow generated by the linearized vector field
y > —V2F(0)y. Denote by R"- and R+ the generalized eigenspaces of V> F (0)
corresponding to the negative and positive eigenvalues. Then for sufficiently small
e > O0wehave N' = Dpn_ (0, &) X Dpn+ (0, €) and £ = d Drn— (0, €) X Dgn+ (0, €).
Since the action of G is orthogonal, these sets are G-invariant. Moreover, the pairs
(N, £) and (Dgn-(0, &), d Dgn- (0, €)) have the same homotopy type. Therefore
CZ({0},m) = [N/L,[Lll¢ = [Dgn-(0,€)/dDgrr-(0, ), [dDgn- (0, 8)]lg =
[SAMR"= 1 — [§m (VZFO) 4.

Note that an index pair (N, £) can be chosen without defining any isolated
n-invariant set. Moreover, the Conley index is defined only by the sets A, L.
Therefore, itis convenient to consider the Conley index of an isolating neighborhood
CIgWN,n) =CIg(Inv(N,n), n).

The most important properties of the Conley index are given in the following
theorem:

Theorem 2.7. Let N be an n-isolating neighborhood, where 1 is a G-flow. Then

1. if the index CIg (N, n) is nontrivial (i.e. is not a homotopy type of one G-fixed
point) then Inv(N', n) # 0, i.e. there exists a complete n-trajectory contained
in N,

2. if {(ni}rer is a continuous family of G-flows and N is an n;-isolated neighbor-
hood for all t € T, then the index CZg (N, n,) is the same for all parameters
teT.

Below we present the infinite-dimensional extension of the equivariant Con-
ley index to Hilbert spaces due to IZYDOREK [16]. The construction is similar to
the developing of the Leray-Schauder degree from the Brouwer degree by finite-
dimensional approximations. However, the index is not constant for sufficiently
large approximations but only stabilize in the sense described below. Therefore,
the construction requires the notation of equivariant spectra, see also [11,29]. Let
& = (V)52 be a sequence of finite-dimensional orthogonal G-representations.
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Definition 2.8. A pair £(&) = ()%, ¢ )3y e) )» Where n(E(E) € I,

is called a G-spectrum of type & if

1. &, € Fu(G) forn 2 n(E(§)),

2. 6n € Morg(SV" A Ey, Engr) forn = n(E(£)),

3. there exists n1(£(&)) = n(E®)) such that for n > n(EE)), &, is
a G-homotopy equivalence.

The last property tells about some stabilization of the spectrum in the sense of
a homotopy equivalence of spaces. The set of G-spectra of type & is denoted by
GS().

Definition 2.9. A G-map of G-spectra £(§), £'(§) is a sequence of maps [ =
(fdpsn, = EE) — E'(&), where np 2 max(n1(E(§)), n1(£'(§))), such that

n=ng

1. fn € Morg (&, E)) forn 2 ny,

2. G-maps fy+1 06, and g, o §Vn fu are G-homotopic for every n = ny, where
SV f, denotes a suspension of f,.

Two G-maps f, g : £(§) — E£'(§) are G-homotopic if there exists n| = ng
such that f,,, g, : £ — & are G-homotopic forn = n;. Following this definition in
anatural way we understand a G-homotopy equivalence of two spectra £(§), £'(&).
The G-homotopy type of a G-spectrum £ (£) will be denoted by [£ ()] (or shorter
[£(&)]) and the set of G-homotopy types of G-spectra by [GS(&)] or simply [G S]
when £ is fixed or is not known yet.

Remark 2.10. It follows from definition of G-spectrum (Definition 2.8) that the

G-homotopy type [E(£)] of spectrum £(§) = ((g")zin(e(s))’ ('Sn)zozn(g(g))>

depends only on the sequence (gn)sinl(g(g))'

We can consider G-spectra as a direct extension of G-CW-complexes if we
consider a constant spectrum (each space is a given G-CW-complex).

Now we define a infinite-dimensional generalization of equivariant Conley in-
dex given by [ZYDOREK [16] in the case we deal with. Let (H, (-, -)) be an infinite-
dimensional orthogonal Hilbert representation of a compact Lie group G. Let
L : H — H be a linear, bounded, self-adjoint and G-equivariant operator such
that

B.1) H = @2‘;0 H,, where all subspaces H, are mutually orthogonal
G-representations of finite dimension,

(B.2) Hy =ker L and L(H,,) = H,, foralln = 1,

(B.3) 0is not an accumulation point of o (L).

Put H" := P;_, Hi and denote by P, : H — H" the orthogonal projection
onto H". Moreover, denote by ]HI,‘: the subspace of Hy corresponding to the positive
part of spectrum of L. Consider a functional @ : H — R such that V@ (x) =
Lx + VK(x), where VK € C}i (H, H) is completely continuous. Denote by
a G-LS-flow, see Definition 2.1 of [16], generated by V@. Let be O an isolating
G-neighborhood for  and put N = Inv(O, ). Set & = (H,f),‘{’il.Let @, H" —
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R be given by @, = @ and 9, denotes the G-flow generated by V&,. Note
that V@, (x) = Lx + P, o VK (x), i.e. it is the n-th approximation of the original
flow. Choose sufficiently large ng such that for n = ng the set O, := O N H"
is an isolating G-neighborhood for the flow 1,. Then the set Inv(QO,, ¥,) admits
a G-index pair (Y, Z,) and we are able to define the Conley index CZg (O, 9,) =
(Yn/Zn, [Zn]] € FL[G].

We define the spectrum £(§) = (Y,/ Zn),‘iozno. Then the equivariant Conley
index of O with respect to the flow ¢ is given by CIg (O, ) :=[£(§)] € [GS].

We will write a vector field and an isolated invariant set or a flow and and isolat-
ing neighborhood synonymously i.e. CIg(N, V@) = €I (O, #). The equivariant
Conley index defined above inherits the properties of the finite-dimensional Conley
index described in Theorem 2.7. The second of this properties (known as a continu-
ation) provides the suitable local bifurcation theorem. Since we are going to prove
the existence of a connected branch of solutions we need to apply a bifurcation
theorem in some degree theory, therefore in the next section we briefly introduce
an equivariant Euler characteristic.

2.4. Equivariant Euler Characteristic

Let (U(G), +, *x)) be the Euler ring of G, see [7] for the definition and more
details. Let us briefly recall that the Euler ring U(G) is commutative, generated
by x6(G/H™), where (H) € sub[G] with the unit Iy) = x6(G/GT), where
XG : F«[G] — U(G) is the universal additive invariant for finite pointed G-CW-
complexes known as the equivariant Euler characteristic.

Remark 2.11. Below we present some properties of the Euler characteristic xg(-).

—For X, Y € F.(G) we have: xg(X) + xg(Y) = xc(X Vv Y) and
X6(X) * xg(Y) = x¢ X AY).

— If W is a G-representation then xg (S W) is an invertible element of U (G), see
[5].

—1If G is connected and V, V' are G-representations such that dimV > dim V’
but V %6 V' @& W, where W is even-dimensional trivial G-representations
then

x6(SY) # xa (V).
For the proof of this fact see Lemma 3.4 in [18].

For the trivial group G = {e} the equivariant Euler characteristic ) is the
well-known Euler characteristic and U ({e}) = Z.

There is a natural extension of the equivariant Euler characteristic for finite
pointed G-CW-complexes to the category of G-equivariant spectra due to
GorEgBIEWSKA and RYBICKI [14]. Since a spectrum does not have to be constant
from some point but only stabilizes, to define some element of Euler ring as an equiv-
ariant Euler characteristic of a spectrum we need to utilize this kind of stabilization.
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Leté = (V) andput V' = Vo @V @ --- @V, forn = 0. Recall that
due to Remark 2.11 an element Xg(SV") is invertible in the Euler ring U (G) and
define amap 7 : [GS(§)] — U(G) by the following formula

n—1 -1
To(E@D = lim. (xa (s") *XG(En))- .1

Remark 2.12. It was shown in [14] that 7 is well-defined. In fact,

n - 1
To(E@D =16 (S™) " wx6Ene). 22)

where n1(€) = n1(£(&)) comes from Definition 2.8.

Remark 2.13. Note that a finite pointed G-CW-complex X can be considered as a
constant spectrum & (£), where &, = X for all n = 0 and £ is a sequence of trivial,
one-point representations. Then 7 ([X]) = Y6 ([E(&)]) = I[U(G)_l * x¢([X]) =
xG ([X]). Therefore we can treat CJ and Y as natural extensions of CZg and g,
respectively.

In theorem 3.5 of [14] we find a very important formula connecting an equivari-
ant Conley index, an equivariant Euler characteristic and a degree for equivariant
gradient maps, defined in [13].

Theorem 2.14. Denote by n a local G-LS-flow generated by —NV®. Let O be an
isolated n-invariant G-set. Then

Y6 (€Ig(O.n) = Vg —deg(VP, O).

By the above result and Theorem 3.1 of [14] we obtain the following product
formula:

Theorem 2.15. If N, N3 are isolated G-invariant sets for the local G-LS flows
generated by V¥ and V¥, respectively, then

Y6 (Clg N1 xN2, (V¥1, V) =16 (Clg (N1, Vi) * 16 (Clg (N2, V).

The next theorem is one of the most important fact in our reasoning. It allows
us to simplify the distinguishing of the infinite-dimensional equivariant Conley
indexes, significantly. In the view of theorem 2.14 and good properties of the degree
for equivariant gradient maps it will provide the existence of global bifurcation in
the proof of the main result.

Let H = @P,-,H, be a representation of the compact Lie group G. Con-
sider two functionals ¢, ¢, € Cé (H, R) such that Vg; = Lx 4+ VK;(x), where
VK; € Ccl; (H, H) is completely continuous for i = 1, 2, which satisfy the condi-
tions (B.1)-(B.3) described previously in Section 2.3. Note that TXLG(x), a space
orthogonal to the orbit, is a representation of the isotropy group G, and if ¢ is
G-invariant then ¢ 7.1 ) is Gy-invariant.
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Theorem 2.16. ([25], Theorem 2.4.3) Let G(x1), G(x2) be isolated orbits of criti-
cal points of the potentials ¢1 and ¢, respectively. Moreover, assume that
Gy, = Gy, (= H). If the pair (G, H) is admissible and

T (CIn(x1}, =Ve1) # T (CIu({x2}, —=V2)) € U(H) where ¢i = ¢ijrL6xy)
then

Y6(Clg(G(x1), =Ve1)) # Y6 (CIg(G(x2), =V@2)) € U(G).

The proof of the theorem above is based on a concept of smash product over
group. One can find more details in [25], especially Definition 2.4.2, Theorem 2.4.1
and Theorem 2.4.2.

2.5. Equivariant Splitting Lemma

Let K be a compact Lie group and let (V, (-, -)) be an orthogonal Hilbert
representation of K with an invariant scalar product (-, -). Assume additionally that
dim VX < oo. Here and subsequently, 2 C V stands for an open and invariant
subset of V such that 0 € £2.

Consider a functional ¥ € C 12( (82, R) given by the formula

1
¥(x) = E(Ax, x) +¢(x), (2.3)

which satisfies the following assumptions:

(F.1) A:V — Visa K-equivariant self-adjoint linear Fredholm operator,
(E2) ker A c VK,

(F3) V¢ : V — Visa K-equivariant, compact operator,

(E4) V¢(0) = 0and [|[V2£(0)]] =0,

(F.5) 0 € £2 is an isolated critical point of ¥.

Denote by ker A and im A the kernel and the image of V?¥ (0) = A, re-
spectively. Notice that both, ker A and im A, are orthogonal representations of K.
Moreover, ker A is finite dimensional and trivial representation of K. Since A is
self-adjoint, V. = ker A @ im A. Put x = (u, v), where u € ker A and v € im A.

The following theorem (known as the splitting lemma) proves the existence
of equivariant homotopy which allows us to study the product (splitted) flow
(Ve(u), Av),whereu € ker A, v € im A instead of the general ¥ (x) = %(Ax, x)+
¢ (x) (the proof of this theorem one can find in [25] (Theorem 2.5.2)):

Theorem 2.17. Suppose that a functional ¥ € Ci (82, R) is defined by formula
(2.3) and satisfies assumptions (F.1)—(F.5). Then, there exists ¢9 > 0 and
K -equivariant gradient homotopy V'H : (Bg,(ker A) x Bgy(im A)) x [0,1] = V
satisfying the following conditions:
1. VH({(u,v),t) = Av — V& (u,v), fort € [0, 1], where V& = VE&(-,t) and
V& :V x [0, 1] = V is compact and K—equivariant;
2.(VH)~H0)n (Bgy(ker A) x Bg (im A)) x [0,1] = {0} x [0, 1] i.e. O is an
isolated critical point of VH(-, t) for any t € [0, 1];
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3. VH((u, v),0) = V¥ (u, v);
4. There exists an K—equivariant, gradient mapping V¢ : Bg,(ker A) — ker A
suchthatVH((u, v), )=(Ve(u), Av), forall (u, v) € Bgy(ker A)x Bg,(im A).

Remark 2.18. The homotopy H is given by

1 1
H((u,v), 1) = E(AU’ v) + Et(z — D {Aw(u), w(u))
+ro(u, w) + (1 — )¢, v+ tww)).
Moreover, from the proof of Theorem 2.17 it follows that the potential ¢ : By (ker A)

— R is given by ¢(u) = ¥ (u, w(u)), where w : B.(ker A) — im AN VK is
K -equivariant; see Remark 2.5.1 in [25].

Remark 2.19. Note that we don’t assume that ker A # {0}. In the case of trivial
kernel the homotopy given in Theorem 2.17 provides a linearization of functional.

3. Variational Formulation for Hamiltonian Systems

Recall that we are interested in the existence of periodic solutions with any
period of the system (HS). In order to find them we are going to study 2 -periodic
solutions of the parameterized system

z(t) = AJVH(z(1)), (HS-P)

which is in one-to-one correspondence to 2z A-periodic solutions of the system
(HS).

To prove the existence of solutions of the Hamiltonian system (HS-P) we are
going to the study critical points of a corresponding functional.

Define the Sobolev space of 27 -periodic R*" -valued functions

o0 o0
E:=1z06) = ap + Zak cos(kt) + by sin(kt) : a;, b; € R*, Zk(\aklz + b |?) < oo} .
k=1 k=1

Then E = E¢ & EB,fil E; where Eg = R% isa subspace of constant functions
and Ey = {a cos(kt) + bsin(kt) : a,b € R*N}. Moreover E; = E, © E,‘: for
k = 1, where

E, = {acos(kt) + Jasin(kt) : a € R*V},
Ef = {acos(kt) — Jasin(kr) : a € R*N}.

The space E with inner product given by

o0
(2. 2)E = 2mag - do + 7 Y klay -k + by - by). 3.1)
k=1
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where - denotes the standard scalar product, is a Hilbert space usually denoted by
H'/2(S!, R*N). Since we consider R?V as a unitary representation of the compact
Lie group I, E is a unitary G = I x S!-representation with the action given by

G xE>((y, e, z(t)) — yz(t + 6) 3.2)
and [Ey, is a unitary G-representation for any k = 1. Indeed,

ay cos(k(t + 0)) + by sin(k(t + 0))

| cos(kf) - Idry sin(k€) - Iday | | ax cos(kt)
T | —sin(k0) - Idoy cos(kO) - Idon | | by sin(kt) |’

and therefore the action proposed in (3.2) is given on [E; by the product of unitary
Y O} ; |: cos(k0) - Idapy sin(k6) - IdzN]

matrices [0 y — sin(k6) - Iday cos(k®) - Iday

Remark 3.1. Since we are going to study the Hamiltonian system (HS-P) is
a neighborhood of the orbit of critical points I"(zg), without loss of generality
we can assume that Hamiltonian H satisfies the following growth restriction:

IVH(2)| £ a1 +az|z|® forsomeaj, ap >0, s €[l,00). (3.3)

Indeed, we may choose H such that VH is bounded (i.e.s = 1) and H(z) = H(z)
in a neighborhood of the orbit I"(zp).

It is known (see [21]) that periodic solutions of the system (HS-P) are in one to
one correspondence with S!-orbits of critical points of a potential @ : Ex (0, co) —
R of a class C! defined by

D(z,A) = =(Lz,2)r + K. (2), (3.4)

| =

where
2

21
(Lz, 2)E = f Jz(t) - z(t) dt, K (z) = / MH (z(1)) dt. 3.5)
0 0

Note that @ (-, A) acts on the subspace of constant functions g as @|g,xr(z, ) =
2nAH (z). Moreover, L is given explicit on z(t) = ag + Z,fil ay cos(kt) +
by sin(kt) by

(L2)(1) = Z J by cos(kt) — Jay sin(kt); (3.6)
k=1

see [12], the formula (3.3).

Since we consider R?V as a unitary representation of a group I" and H is
I'-invariant, the potential @ is I'-invariant. Moreover, it is S !_jnvariant since it
acts on 2 -periodic functions.

Recall that since the Hamiltonian H is I"-invariant, the solutions of the system
(HS-P) form I"-orbits i.e. if zg is a solution on (HS-P) then y zg solves (HS-P) for
any y € I'. Therefore we are going to study G = I" x §'-orbits of critical points
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of the corresponding G-invariant potential @ i.e. we are interested in solutions of
the system

V.P(z, 1) = 0. 3.7)

Note that V. @ (z, L) = Lz + VK, (z), L is a linear, self-adjoint and G-equivariant
operator and VK, (z) is completely continuous. Since ker L = [E¢ and L”Eki =
+1d, the conditions (B.1)—(B.3) given on the page 6 are satisfied.

Let zo € (VH)~'(0) and consider a linear Hamiltonian system

z(t) = AJA(z(t) — 20), (HS-L)

which has a form of (HS-P) with H(z) = %A(z — z0) + (z — zo). The variational
potential has the form @ (z, A) = %(Lz, )E + %(Bk(z —20), 2 — 20)E, Where

2
(Bpz, 7w 2/ MAz(@) -2/ (1) dt
0

2w 0
= / <(AA)ao + Y (A)ay cos(kt) + (LA)by sin(kt))
0

k=1

% (3.8)
. <a(’) + Z aj, cos(kt) + b}, sin(kt))

k=1
o
=2m(M)ag - ay+ 7 Y (AA)ay - a + (LA)bibj.
k=1

Taking into account the scalar product in [E given by (3.1) and the formula (3.8),
we obtain

A A _
B;(z — z0) = WA)(ag — z0) + Z %Aak cos(kt) + %Abk sin(kt),

k=1

AND, AS a consequence,

> (A
V@1 (z,1) = (L + By)(z — z0) = AA(ap — z0) + Z (gAak + ka> cos(kt)
k=1

A
+ (;Abk — Jak> sin(kt).

This means that V@ (z, A) acts on £, = {a cos(kt) +bsin(kt) : a,b € RZN} for
k = 1 as alinear map

_AA
Ti 3 (A) = |: §A _&JA} . (3.9
3
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Lemma 3.2. The linear equation (HS-L) possesses a non-constant 27 -periodic
solution if and only if Ty 5 (A) is singular for some k = 1 and it holds true if . = %

where if, € o(JA).

Proof. Let (z,A) = (ap + Z,fil ay cos(kt) + by sin(kt), L) # (const.,A) be
a critical point of @; and let k be such that |ay|*> + |bx |2 # 0. Then, in particular,
T 2 (A) (ak, b)T =0ie. Tk.»(A) has a nontrivial kernel.

It is easy to see that equation T} ; (A)(axk, b)T = 0 has the form

A
—ZAay = Jb
k ag k
A' 9
Jap = ~Ab
ag X k
which implies that JA(ax — iby) = 5o + iar) = Y(ax — iby) ie.

b eoA). O

4. Main Result

In this section we prove our main result of this paper i.e. the global bifurcation
of periodic solutions of the system (HS) in the most general version. We emphasize
our assumptions:

(A1) H : R*N — R is a I'-invariant Hamiltonian of the class C2,

(A2) zg € R?V is a critical point of H such that the isotropy group I, is trivial,
(A3) the orbit I"(z¢) is isolated in (VH)~1(0),

(Ad) +iBy, ..., £iBm, 0 < By < ... < B1, m 2 1 are the purely imaginary
eigenvalues of J VZH (z0),

(A5) deg(VH‘%F(ZO), B(z0, €), 0) # 0 for sufficiently small ¢,

(A6) B, is such that 8;/B;, & Nforall j # jo

AT)ym~ (Tl’k(VzH(ZO))) changes at A = ﬁ when A varies.

Theorem 4.1. Under the assumptions (A1)—(A7) there exists a connected family
of non-stationary periodic solutions of the system z(t) = JV H (z(t)) emanating
from the stationary solution z (i.e. with amplitudes tending to 0) such that minimal
periods of solutions in a small neighborhood of zo are close to 27 / B,.

Remark 4.2. The assumption (A7) is very general and laborious to verify. We will
change and simplify them in some specific cases. However, it does not follow
directly from the structure of a Hamiltonian system in general situation as we
obtained in a study of Newtonian systems, see [24], the proof of Lemma 4.1.

Let zg € R*" be a critical point of the Hamiltonian H such that the assumptions
(A1)—(A4) are satisfied. From now we study variational reformulation (3.7) of the
parameterized Hamiltonian system (HS-P). Then z is a constant functions which
solves the equation (3.7) for any A € (0, 0o) and the orbit G(zp) = I"(zp) consists
of solutions of the equation (3.7). Therefore we put 7 = G(zg) x (0, 0o) for the
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family of trivial solutions of the equation (3.7) and N = {(z, 1) € Ex (0, +00)\7 :
V. ®(z, A) = 0} is called a family of non-trivial solutions.

Denote by C(zg, Ag) a connected component of the set N which contains the
set {zo} x {ro}.

Definition 4.3. We say that the orbit G(zg) x {Ao} is an orbit of global bifurcation
of solutions of the equation (3.7) if the set C(zg, Ag) is unbounded in E x (0, co) or
(C(z0, 20) N T) \ (G(z0) X Ag) # @D i.e. C(z0, Ao) coincide with the trivial family
outside the orbit G(zg9) X {1o}.

The definition above does not depend on the choice of z € G(zp). Indeed,
if z1 = g1zo then, taking into account an equivariancy of the equation (3.7), we
obtain C(z1, A0) = £1C(20, 1o) i.e. the connected component of {z1} X {Ao} satisfies
the same conditions as the connected component of {zg} x {Xo}. In other words,
global bifurcation from the orbit G(zp) x {Ag} provides the existence of solutions
emanating from any point of the orbit. In fact, using the equivariant method we
obtain the existence the bifurcation of the G-orbits of solutions. However, we are
working with the bifurcation of single solutions (not orbits) to connect the main
result of the paper to the original theorem of Lyapunov directly.

Note that the definition of global bifurcation implies that the set C(zg, Ag) is
not empty; i.e. there is a family of solutions of the equation (3.7) emanating from
the orbit G (zg) x {Ao} at the point {zg} x {A¢}. Therefore, to prove Theorem 4.1 we
have to show the existence of global bifurcation from the orbit G(z9) x {A¢} and
to control the bifurcation level {A¢} to determine periods of bifurcating solutions.
Finally, since the existence of bifurcation provides the convergence in the norm of
Sobolev space E = H!/2(S!, R?V), we have to prove that new periodic solutions
tend to {zo} in the L°°-norm.

Put A = {/SL,- ckeN,ipj e o(JVZZH(Zo))}. In the theorem below we prove

the necessary condition for the existence of bifurcation from the orbit G (z¢) x {Ao}.

Theorem 4.4. (Necessary condition) If G (z0) x {)o} is an orbit of global bifurcation
of solutions of the equation (3.7) then ker szd) (zo, 20)N @,fi] Er # @ie iy € A.

Proof. By a reasoning given in the proof of Theorem 3.2.1 in [25] we obtain
ker V?@(ZO, 10) N Dr; Ex # ¥. To complete the proof we have to prove that it
implies Ag € A. The study of the kernel of V?(D(zg, Ao) is equivalent to the study
of the linearized system (HS-L) where A = szH (zo). Therefore, by Lemma 3.2
we obtain the thesis. O

Choose Ag such that the necessary condition and assumptions (A6), (A7) are
satisfiedi.e. .o = ﬁL € Aandputiy = gﬁ suchthat A4 > Oand [A_, A4 ]NA =

Jo Jo

{A0}. To prove the existence of global bifurcation we are going to apply the following
theorem:

Theorem 4.5. (Sufficient condition). Under the assumptions above, if
Y6 (€l (G(z0), =VP (-, A1) # 16 (Clg (G(z0), —VP (-, 2-))), (4.1)

then G(zo) x {,o} is an orbit of a global bifurcation.
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Proof. The theorem above follows directly from the relation
Y6(Clg(X, f) = Vg —deg(f, IntX)

(see [3], Theorem 3.10) and from a global bifurcation theorem for equivariant
gradient degree (see [13], Theorem 3.3). O

Define H C E by H = T;G(Zo). Recall that the space perpendicular to the
orbit at zo is an Gg,-representation. Since zo is a constant function and by the
assumption (A2) G, = {e} x § ! H is an unitary S'-representation.

Put o : H — R by Yi(z) = P(z,A4). Note that since H is an
S l-representation, the potenatial ¥4 is S !_jnvariant. Moreover, zo 1s an isolated
critical point of ¥4.. Since G(zg) = I'(z0) C Eo we have the following decompo-
sition:

oo
H = T I'(z0) ® EP Ex.
k=1

In order to prove the main result of this paper we prove the existence of global
bifurcation from the orbit G(zp) x {Xo}; i.e. we need to prove formula (4.1). In the
theorem below we simplify this formula to the study of potentials defined on the
orthogonal section TZ#G(Z()).

Lemma 4.6. Under the above assumptions if
T (CTg1({z0}, —V¥4)) # T (CIgi({zo}, —VYL)), (4.2)
then
Y6 (CIG (G(z0), =V (-, A1) # Y6 (€I (G(z0), =VP(-, 1)) . (4.3)

Proof. Since the pair (I" x ST, {e} x S1) is admissible (because S! is abelian),
see Definition 2.1, and both V@ (-, A_), V@ (-, L) are in the form of a compact
perturbation of the same linear operator L, we can apply Theorem 2.16 to obtain
the thesis directly. O

From now our goal is to prove formula (4.2). The next step is to transform
a problem into the study of Conley indexes with simpler structure of flows.

We define H : T;-I"(z0) — Rby H(z) = H(z + z0) and ¥ : H — R by
7, (z) = ¥+ (z+z0)- Since lfli”EO = 27 )4 H and the orbits G(z0) x{r+}, G(z0) X
{A_} donot satisfy the necessary condition for the existence of bifurcation we obtain
ker V2@, (0) = ker V2H (0) so the kernel is independent on ... Since V2§ (0)
is self-adjoint we are able to decompose

H=N®&R = ker V2¥,(0) @ im V>¥,(0)

independently on A. We further decompose R = Ro P Roo, Where Rg = RNEg C
HS' and Roo = P, Bx € R C H.
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Note that the S!-invariant potential [Tt : R — R of the linear vector field

1
Vz‘l’imm (z0)(z — zo) is defined by IT4+(z) = §<V2wﬂt\7€w (z0)(z —20), 2 — 20)E-
The next theorem simplifies the proof of formula (4.2) to the study of Conley

indexes of linear vector fields. In order to prove it we apply the splitting lemma
(Theorem 2.17).

Lemma 4.7. Under the above assumptions the formula (4.2) holds true if and only

if
Tsi (€Jg1 ({zo}, —VIT4)) # T (€T ({zo}, —VII-)). (4.4)
Proof. It is clear that by the properties of Conley index we have
CIgi ({zo}, —V¥a) = CTgi ({0}, —V¥L).

Since we are going to apply splitting lemma (Theorem 2.17), now we verify that Uy
satisfies condi~ti0ns (F.l)—(lf;5) given on the page 8 with K = § 1A=V, )
and ¢+(2) = ¥+ (2) — (V2¥1(0)z, 2)E. Thus,

(F.1) Since E/i is Sl-invariant (it is the invariant ¥ translated by zo € IESI) its
hessian is S'-equivariant. Moreover, a hessian is a self-adjont operator. By
Theorem 4.4 ker V2 @i C Eg N H is finite dimensional, since A+ ¢ A.

(F.2) In a fashion similar to as above, ker V211~/i CEoNnH=HS I

(F.3) Since Vii(z) = V¥ (z) — V2W4 (0)z and both summands are compact and
S1-equivariant, V¢4 is also compact and S'-equivariant.

(F.4) Ttis obvious due to formula given in (F.3).

(E.5) Since A+ ¢ A, i.e. the orbits G(zg) X {A+} do not satisfy the necessary
conditions for the existence of bifurcations, the orbit G (zp) is isolated in the
set (V@ (-, 1))~ 1(0). Therefore 0 € H is an isolated critical point of Uy

Applying Theorem 2.17 (splitting lemma) and Theorem 2.15 (product formula),
we obtain

Ty (CIs1 ({0}, —VPL)) = T (CIg1 ({0}, —Via))
Ty (€510}, ~ V2T O)R))
where 0 = (0,0) € N ® R, ¢+ : Byy(N) — R, 0i(u) = Pu(u, w(u)) and
Vo (u) is S'-equivariant.

Since Ry is an invariant space of the linear map V2l1~/jE (0) we are able to
decompose the linear flow to obtain

Ty (695110, 00}, ~V2 T2 O)r)
=T (GJSI({O}, —Vz‘f’i(O)mo))

« Ty (€110}, ~V T2 O r.))
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and combining the flows given on the Eg N H, we finally obtain
Yo (€I ({0}, —V&y))
= Yo (€751 (10, 0)), (~ Ve, =V T O)R,))

« T (ess. ({0}, —vszi(omw)) . (4.5)

If we study the homotopy H (see Theorem 2.17 and Remark 2.18) acting on the
subspace of constant function g, we obtain

VH g, (1, v), 1) = (Vi ), —VTL0) R, (1)),
VHg, (1, v), 0) = V¥, (u, v) = Ligy (u, v) + VK, 5, 1, v)
=27 ALV H®u,v).

By the homotopy invariance of the Conley index, and since A, A are both positive,
we have

Ty (€951 (10, 0)}, (=Y, —V*To O) ,)))
= T51(€I51 ({0}, =VH)) = Y51 (CTg1 ({z0}. —VHq7irey))-

Note that the space Eq is finite-dimensional and consists of constant functions
(elements invariant on S! action), therefore

Y1(CIg1 ({zo}, _VHIthl‘(zo))) = xs51(CZg1 ({zo}, _VH|T2$F(ZO)))
= x(CZ({zo} _VHI%F(ZO)))
= deg(VH 111 (). B(z0.£)) -1 € UshH 4.6)

for sufficiently small ¢ > 0, where the last equality follows from Poincaré-Hopf
theorem (see [31]). Since

Ty (€35 (0}, ~V2 = O .)) = Tt (€51 (20}, —VIT))
we finally have that

Y51 (€I51({0), ~V¥)) = deg(VHyri (). B0, €))
Y1 (€Igi ({zo}, —VIT1)). .7

By the assumption (A5) deg(VHwLp(Zo), B(z0,€),0) # 0 and due to equation
30
(4.7) we obtain that the formula (4.2) is equivalent to

T (Gﬂsl ({zo}, —VH+)) # T (stu ({zo}, —VH_)) ,

and the proof is completed. O
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To verify formula (4.4) we are going to study the equivariant Conley index and

equivariant Euler characteristic by definitions. Note that the vector field —VITy :
R — Ry is linear and the decomposition Roo = @,fil E satisfies condi-
1

tions (B.1)—(B.3) given on the page 6. Recall that 1y = B € A where i), €
JO

o (JV?H(z0)) and Ay = lﬂi is such that [A_, A1]N A = {Ao}.
Jo

Remark 4.8. Note that the linearization of the variational functional @ for the

parameterized Hamiltonian system (HS-P) is equal to variational functional for the

linearized system (HS-L) (we remove high order tenses in both cases). Therefore

the action of the linear vector field VII1 : Ry, — Ry is given on E; by

_AA
T (A) = [ 3% _{A] , “8)
k

where A = V2H (0) = V2H (z). For k — oo we have T; ; (A) — [3 _OJ] ie.
m™ (T ;) = 2N for k big enough.
Theorem 4.9. Under the assumptions (A1)—(A7) of Theorem 4.1,

Tsi (CIs1 ({zo}, —VII1)) # Yo (€Tg1 ({20}, —=VIT-)) . (4.9)

Proof. Since Ty j is singular iff A = é‘—j (see Lemma 3.2), [A_, A+ ]N A = {Xo} =
{ﬁ} and % # /é‘—j for any k € N and B; # B, (see assumption (A6)), matrices
JO JO
Ty..». for k = 2 are nonsingular if 2 varies. Therefore the spectral decomposition of
. for k > 2 given by —V2I1. does not depend on A, i.e.
Er = Er,— @ Eg +,
but
Ei=Ei .- BSE .+

As a consequence the spectra £_, £, whose homotopy types are Conley indexes
Clgt ({zo}, =VIT-), CJg1t ({zo}, —VII,) are of the same type & = (Ex 4)72,.
Define P, = @) _, Ex +.
Put R, = @j_, Ex and consider [T} = ITy|r, : R, — R. By Remark 2.12
we obtain
P -1
T (GJS1 ({zo}, —Vni)) = (Xsl (S ”*1)>
*xs1 (CZgi ({zo}, —VIIL)) (4.10)
for n large enough. Now, to prove formula (4.9), it is enough to show that
xst (CZgt ({zo}, =VII")) # xs1 (CZg1 ({zo}, —VITL)).

Since —V I} is a linear isomorphism, Conley indexes are very simple, i.e.

CZgi ({z0}, —=VITL) = P 48P0 — gBact A gPn, 4.11)



940 D. STRZELECKI

By the assumption (A7), we have

dimEy s =m™ (T, (VHGo)) #m™ (T, (VH o))

= dimEl,M,_,r.

Since E is a non-trivial S'-representation, by Remark 2.11 we obtain that

Xs! (S]E‘~Lv+) £ Xsl (SEl-Mv*). (4.12)

Combining formulas (4.11) and (4.12), we finally obtain
o (€5 (1oh, =VI1)) = 1 (8% w x50 (57)

£ X! (SEI.A+,+) * Xs! <SPn>
= xst (CZs ({zo}, —VIIY})).
which completes the proof. O

Remark 4.10. Lets summarize the work we have already done.

1. By the change of variables we translate the equation (HS) into (HS-P).

2. We formulate the equation (HS-P) as a variational problem (3.7).

3. We apply the equivariant Conley index and the equivariant Euler characteristic
to provide the existence of global bifurcation of solutions of the equation (3.7)
from the orbit G(zg) x {Xo}. From now we are going to prove formula (4.1)
i.e. the change of the equivariant gradient degree at the level A satisfying the
necessary condition.

4. To study the change of equivariant the Conley index of the orbit we apply the
method of the orthogonal section, reducing the problem to formula (4.2).

5. Applying the equivariant splitting lemma and the assumption (AS), we reduce
formula (4.2) to the linear case, i.e., to formula (4.4).

6. Finally we prove formula (4.4), computing equivariant Conley index by the
definition.

Proof of Theorem 4.1. Applying bifurcation theory to the variational potential
@ : HY2(S', R2N) x (0, 00) — R (as is summarized in the above remark) we
have proved the existence of a family of critical points of @ emanating from {zo} x
(o) € H2(S', R?N) x (0, 00) in the norm of H!/2(S!, R?V). Now we prove
that corresponding periodic solutions of Hamiltonian system tend to zo € R?V in
L®°-norm, i.e. the amplitudes of these solutions are tending to zero.

Let z(t) = ap + Z,fil ay cos(kt) + by sin(kt) be a solution of (HS-P) for A
close to Ag. Firstly,

o

2 2 2 2

Iz = zoll72 = 2mlao — zol +JT§ (laxl” + 1bx|”)
k=1

o0
2 2 2 2
< 2mlag —zol* + 7 Y k(laxl* + [bel®) = 1z — 20l [312-
k=1
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Under the condition (3.3), the map z(¢) — V H (z(t)) is continuous from L2(SH
to L>(S") (see Proposition B.1 in [28]). Let ¢ > 0 and choose 0 < § < & such
that ||z — zoll;2 £ |z — zollge < 8 implies that ||VH (2)||;2 = |I[VH(2) —
VH (z0)||;2 < €. Since z is a solution of (HS-P), we obtain

1z = z0)'ll2 = lIZll 2 = [IAVH @)l 2 = Ae.

Applying Sobolev inequality (see Proposition 1.1 in [21]), we obtain
llz = zolI7e < cllz — 20ll3 = c(||z — 207, + 11z —zo>’||iz) < c(141%)e,

Since A is bounded in the neighborhood of A the convergence of solutions z to zg
in the norm of H' implies the convergence in L.

To finish the proof we have to study the minimal periods of new periodic solu-
tions. These were obtained by the bifurcation from the orbit G(z9) x {Xo}, where
the parameter Ay comes from the change of variables and describes the period of
solutions. More precisely, we have already obtained the connected branch of solu-
tions of the system (HS) emanating from the stationary solutions zo with periods
close to 2w Ag = é—/”o

By the non-resonance condition for ei genvalues (i.e B;/Bj, ¢ Nforall j # jo),
we obtain AT" ¢ A= {% ke N, iB € O’(JV?H(Z()))} for any r € N, and

therefore, in the view of Theorem 4.4, there are no @—periodic non-stationary

solutions in a neighborhood of the orbit I"(zp). Hence we can consider periods
tending to ET’; as minimal and the proof of Theorem 4.1 is completed. O
Remark 4.11. The assumption (A6) was used only in the proof of Theorem 4.9,
i.e. in the last step of the proof of our main theorem. We are able to remove this
assumption, but then in the proof of Theorem 4.9 we need to study A-depending
decompositions of not only [E; but any E; such that i #= é‘—j for some j. It will
cause a complicated notation and the proof will be less readable. However, the
change of dim E; , + when X varies we will obtain in the same way as for k = 1.
Note that assumption (A6) is always satisfied for jo = 1 since $; is the maximum
of ﬁ,‘ .

5. Corollaries

In this section we study how it is possible to modify assumption (A7). Moreover,
we show that the results of this paper are generalizations of some versions of the
Lyapunov center theorem.

The following theorem was proven by SZULKIN ([32], Proposition 3.6):

Theorem 5.1. Suppose that A is symmetric andifj, B; > 0, is an eigenvalue of J A.
Let E be the eigenspace of J A in C2N corresponding to i i and Z j the invariant
subspace of JA in R*N corresponding to +iB;. Then m™(T1,,(A)) changes at
A = 1/B; if and only if the following two equivalent conditions are satisfied:
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1.m™(Az,) #m*(Az),
2. m™(=idig,) # m*(=idig)).

Due to the theorem above we are able to formulate new versions of assumption
(A7):

(A7.1) m~(V2H(20) ;) # m* (V2 H (20)|z;,)-
(A72) m™(=iJig,) #m* (=iJg,),

where E; is the eigenspace of J V2 H (z9) in C*N corresponding to i3 ;i and Z; the
invariant subspace of J V2H (zp) in RN corresponding to %if;.

Note that if V2H (z0) Z;, is a definite matrix, then the condition (A7.1) is sat-
isfied. Therefore we put that

(A7.3) V2H (z20) 7, is definite.

Theorem 5.2. Under the assumptions (Al1)-(A6) and one of the conditions (A7.1)—
(A7.3) there exists a connected family of non-stationary periodic solutions of the
system z(t) = JV H(z(t)) emanating from the stationary solution zq such that
minimal periods of solutions in the small neighborhood of zg are close to 2w /B ,.

If we are not interested in the minimal period of new solutions but only in
the study of its existence, the assumptions can be modified. The computation of
invariant subspaces Z; we can change to the study of general invariant subspace
of JVZH (zo) associated to all the eigenvalues of the form 4ifj. Denoting this
subspace by Z we formulate a new condition.

(A7.4) V2 H (20),7 is definite.

Under this condition the assumption (A7.3) is satisfied for some eigenvalue of
JV?H (z0) and we do not know it precisely. Therefore we exclude assumption (A6).
In the theorem below we prove the existence of periodic solutions of the system
(HS) without information about their minimal periods. According to the reasoning
above, it is clear that Theorem 5.3 is a direct consequence of Theorem 4.1.

Theorem 5.3. Under the assumptions (A1)-(AS5) and (A7.4) there exists a con-
nected family of non-stationary periodic solutions of the system z(t) = JV H (z(t))
emanating from the stationary solution zq such that periods (not necessarily min-
imal) of solutions in the small neighborhood of zy are close to 27 /B; where iB;},
Bj > 0, is some eigenvalue of JV2H (z0).

Looking on the 77 (VZH (z0)) from the other point of view, we see that
2 0—-J - 2
N (ViH o) — | 5 | and m ™ (T1,(V H(20))) — 2N

forA — 0,

1 2
T (V7H (z0)) —

[—VZH(ZO) 0
A

0 —VZH(Z()):| for L — oo

1
and m™ (T (V*H (z0))) = m*(XTI,A(VzH(zo») — 2m™ (V2 H(z0))

for A — oo.
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Therefore if m*(V2H (zp)) # N, then m_(TM(VzH(zO))) changes at some
A € (0, 00). Recall that the levels A where it can change is A (see Lemma 3.2).
Therefore the change of m™ (77 ;, (VZH (20))) implies the existence of purely imag-
inary eigenvalue of J V2 H (z0). As a consequence we can propose a new condition:

(A7.5) m*(VZH(z0)) # N,

and we are able to formulate the next theorem without assumption (A4).

Theorem 5.4. Under the assumptions (Al),(A2),(A3),(AS5) and (A7.5) there ex-
ists a connected family of non-stationary periodic solutions of the system z(t) =
JV H (z(t)) emanating from the stationary solution z such that periods (not nec-
essarily minimal) of solutions in the small neighborhood of zq are close to 27 / B,
where i8j, B; > 0, is some eigenvalue of JV2H (z0).

Below we present a way in where the theorems presented above generalize
classical Lyapunov center theorem and an analogous theorem for Hamiltonian sys-
tems that has been proved by DANCER and RYBICKI [6]. Moreover, two symmetric
versions of the Lyapunov center theorem proposed in [24] and [25] are generalized
in this paper.

Theorem 5.5. ([6], Theorem 3.3. (reformulated)) Consider an equation 7(t) =
JVH(z(t)), where H : RN 5 R s of the class C2. Let 790 € R?N bpe an
isolated critical point of H. Let iy Bo > 0 be an eigenvalue of JV2H(z0).
If deg(VH, B(zp,¢),0) # 0 for sufficiently small ¢ and m™ (TL;L(VZH(ZQ)))
changes at A = L \when A varies, then there exists a connected Sfamily of peri-
odic solution of the Hamiltonian system emanating from z.

Proof. This theorem follows directly from Theorem 4.1 if we consider trivial group
I' = {e}. In this case T., I"(z0) = R*N 4+ z9. O

Consider a Newtonian (second-order) system
g(r) =—=VU(q (1), (NS)

where U : RN — R is I'-invariant potential of the class C2, I" acts orthogonally
on RN and go € (VU)~1(0). If we substitute r = § we can reformulate the
second-order system (NS) to the first-order system

{ q@) =r(@),

F(t) = —VU(q(0)), .1

which can be considered as a Hamiltonian system with H : R?Y — R defined by
H(z) = H(q,r) = 3r? + U(g). An action of I on R?" induced by action on R¥
isdiagonali.e y(q, r) — (yq, yr).Itis easy to verify that this action is symplectic,
so I" acts unitary on R2N . Moreover, 79 = (90, r0) = (g0, 90) = (g0, 0) (since we
consider gg as a constant function) is a critical point of H. We see that J V2 H (z9) =
[ 0 V2U (o)

_J 0 i| The easy block—form of the matrix J V2 H (z0) lets us to observe
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a bijective correspondence between positive eigenvalues of V2U (qo) and the pairs
of purely imaginary eigenvalues of J V2 H (z0). In fact, if ,32 € o(V2U (g0)) then
+if € o(J V2H (z0)). Taking into account the above reasoning, the following
theorems are consequences of Theorem 4.1:

Theorem 5.6. (Symmetric Lyapunov center theorem, [24]). Let U : 2 — R be
a T-invariant potential of the class C? and qo € $2. Assume that

1. qo is a critical points of the potential U,

2. dim ker V2U (qo) = dim I" (qo),

3. the isotropy group Iy is trivial,

4. 0(V2U(q0)) N (0, +00) = {B2,..., B2 andm = 1.

Then for any Bj, such that B;j/Bj, & N for all j # jo, there exists a sequence
(gk (2)) of periodic solutions of the system (NS) with minimal period tending to
27/ Bj, such that in any open neighborhood of the orbit I"(qo) there is an element
of the sequence (qi(t)).

Theorem 5.7. (Symmetric Lyapunov center theorem for minimal orbit, [25]). Let
U : 2 — R be a I'-invariant potential of the class C? and qo € $2. Assume that

1. qo is a minimum of potential U,

2. the orbit " (qo) is isolated in (VU)™! 0),

3. the isotropy group Iy is trivial,

4.0(V2U(q0)) N (0,4+00) = {B2,.... B2}, B1 > P2 > ... > P > 0 and
m2 1.

Then for any Bj, such that Bj/Bj, & N for j # jo there exists a sequence (qi(t))
of periodic solutions of the system (NS) with a sequence of minimal periods (Ty)
such that dist(I"(qo), qx ([0, Tx])) — 0 and Ty — 27 /Bj, as k — oc.

Proof. Note that the assumptions (A1)—(A4) and (A6) are satisfied directly due to
statements of the theorems above.

Firstly, we check that the assumption (A7) is always satisfied for Newtonian
V2U(q0) 0

systems. Since V2 H (z0) = |: 0 /

] and the matrix V>U (go) is orthogonally

diagonalizable (say by D € O(N)) then the symplectic matrix D = |:Ig g] diago-

nalize the hessian V2 H (zo) and we are able to simplify the form of T ; (VZH (z0))

as follows:
DQ . —AV2H (z0) —J . DT 0
0D J —AV2H (z0) 0 DT

_ [-*DV?*H(@zo)DT -
- J —ADV2H (z0)DT |’

where DV2H (z0)DT = diag (n1,m2,...,0n,1,...,1) and 51,92, ..., ny are
the eigenvalues of ViU (g0) (not necessarily different). Further, we apply the per-
mutation of the basis (1,2, ...,4N) -> (I, N+1,2N+1,3N+1,2, N+2,2N+
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2,3N+2,...,N,2N, 3N, 4N) totransform our matrix to diag (A1, Az, ..., AN),

—)»771' 0 0 1
where A; = 8 :){ __)\1} 8 . The characteristic polynomial of the matrix
]

1 0 0 —A

A; has the form Wy, (t) = ((An; +)(A +1) — 1)2 and has 4 negative roots for
A = )\%r = 177# and 2 negative roots for 1> = A2 = 177;1‘5’ where 1; is positive.
Therefore m™(Ty 5., (V2 H (z0)) = m™(T1;_(V?H (20))) + 2mult(n;) for suffi-
ciently small e, so the assumption (A7) is satisfied automatically for any positive
eigenvalue /3[.2 of V2U (go) when we study Newtonian system translated into the
Hamiltonian one.

To complete the proofs of theorems we have to verify assumption (AS5) in both

cases.

— InTheorem 5.6 we assume that the orbit is non-degenerate i.e. dim ker ViU (q0)
= dim I"(q0) and Ty, I"(q0) = ker ViU (qo)- Therefore z( is non-degenerate
critical point of VH, T (z0) ie. vzHsztF(zo) is an isomorphism. In such case
deg(VHsztF(ZO), B(zp,¢€),0) = £1.

— In Theorem 5.6 we assume that the orbit I (gg) consists of minima of U and is
isolated in critical points of U. Therefore zg = (go, 0) is an isolated minimum
of H, T o) However, it is known that the Brouwer degree of minimum equals

1 (see [26]).

Theorems 5.6 and 5.7 are given with the original thesis, but in fact they are directly
related to the thesis of Theorem 4.1; see the remarks below Definition 4.3. O

6. An Application

In this section we apply our abstract results to the study of the quasi-periodic mo-
tions of a satellite near the geostationary orbit of an oblate spheroid with rotational
symmetry. Note that the Earth is flattened and therefore the study of gravitation
potential of such bodies has crucial role in the design of missions of satellites.

A gravitational potential of an oblate spheroid has a general form

E > /R\"
Uo(r.0) = —G— (1 -y <7> JnPn(cose)) ,

n=2

where r is a distance from the center of mass of the spheroid, 6—deviation from
the axis of rotation, G—gravitational constant, E is the mass of the spheroid and R
is its equatorial radius, (J,) is the sequence of coefficients realted to the spherical
harmonics and P, denotes the n-th Legendre polynomial, see [19] for the details.
In the case of axial symmetry the dominating term is J>, so called dynamical form-
factor, which is directly related to the body’s flattening and for the oblate body J>
is positive. For the Earth J, = 1.0826359 - 1073,
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We are going to study the motions under approximate potential

GE R
U(r.6) =——= (1 — 3 Pa(eos 9)) .

By the choose of the units we may assume G E = 1. Moreover, P> (x) = % (3x2 — 1)
and by the change of coordinates to the axially symmetric cylindrical ones we ob-

tain
1 c z2 1 c 3cz?
Vi =— (1= 5 (35 —1)) = —= - £ 4 2% 6.1
r.2) d< dz(cﬂ >> FERPEIREE ©.1)

where ¢ = %sz >0,d =~r?+ 72

Assume that axially symmetric and oblate planet is rotating with an angular
velocity w. We study the move of the satellite in the gravity field of this planet
without influence of other bodies. Denote by g1, g2, g3 coordinates of the satellite in
a frame rotating with an angular velocity w (the frame fixed with planet), where the
axis g3 is the axis of rotation and symmetry of the planet and denote by p1, p2, p3 the
corresponding momenta. The equation of motion is generated by the Hamiltonian
H of the form:

1
H(q1, 92,93, p1, P2, P3) = E(pf +p3+ P +ol@ip2— 1)
+V(r, q3), (6.2)

where r =, /ql2 + q22 and V is given in (6.1), see [15]. Note that this Hamiltonian
is S'-invariant where the symplectic action is given by

S'x R® 5 (e, (q1.92. 3. P1, 2. P3))
cosf —sinf 0 q1 cosf —sin6 0 P1
— sin® cosf 0 g2 ], sinf cosf 0O P2
0 0 1 q3 0 0 1 P3

Non-zero equilibria of the Hamiltonian system z(¢) = JV H (z(t)) describe a mo-
tion of a satellite along geostationary orbits. We apply Theorem 5.4 to prove the
existence of periodic solutions in a nearby of any equilibrium. Since the coordi-
nates frame is rotating, we obtain the quasi-periodic motions of the satellite in
a neighborhood of the geostationary orbit. We are interested in geostationary cir-
cular orbit so we assume r > 0

Firstly, we have to find critical points of H:

H, (q1,92, 93, P15 P2, p3) = op2 + V/(r, g3) 2,
H,,(q1, 92, g3, p1, p2, p3) = —wp1 + V/(r, ¢3) %,
Hy,(q1.92. 93, p1, p2, p3) = V(1. q3),

H, (41,92, 93, p1. P2, P3) = p1 — 0q2,
H,,(q1, 92,93, p1. p2. p3) = p2 + wq1,

H,.(q1. 42, g3, p1., p2. P3) = p3.
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Therefore, critical points of H need to satisfy

(re* — V/(r.q3)) 1 =0,
(re* — V/(r.q3)) q2 =0,

V/(r,q3) =0,
P1 = wqa,

p2 = —wqi,
p3 =0.

Since r =,/ q12 + q22 > 0, by the first two equations we have

3cr 156q32r
& dl
Further, by the third equation,

ro? = V/(r.q3) = % = ?d’ = d* + 3cd® — 15¢42.(6.3)

, gz 9cqs  15cq3 g3
0=VZ(”,CI3)=E+F— 7 =
_B

=2 <w2d7 + 6cd2) :

(d4 +9cd? — 15cq32)

Since w, ¢, d > 0, we obtain g3 = 0. As a consequence, the equation (6.3) has the
form

*d® —d* =3¢ =0.

Since ¢ > 0, by Descartes’ rule of signs there exists exactly one positive root of
this equation, say dp. This means that there exist one S O(2) orbit of critical points
of Hi.e. SO(2)(Q) where Q = (dy, 0, 0, 0, —wdp, 0). The point Q from this orbit
is chosen such that r =, /ql2 + q% = g1 = dp. This orbit is obviously isolated in
(VH)~10). To apply theorem 5.4 we compute the Hessian VZiH (Q). We have

V) (do,0) 0 V/.(do,0) 0 0

r 2

0 w? 0 —w 00
) | Vo, 0) 0 V/.(do,0) 0 00
VIH(Q) = 0 —w 0 1 00

1) 0 0 010
0 0 0 0 01

and
V' (do, 0) = —% - % <0,
1 9¢
V. (do, 0) = @t % >0, (6.4)
V/(do, 0) = 0.

The Hessian is obviously degenerate (see Remark 2.4). One can see that it pos-
sesses eigenvalues 1 + w? (with eigenvector [0, 1,0, —1/w, 0, O]T]) and 1 (with
eigenvector [0, 0, 0, 0, 0, 117). Denote be Aj, A2, A3 the other three eigenvalues. If
we compute the characteristic polynomial w(r) of VZH (Q) its coefficient of the
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term ¢ (which is the additive inverse of the product of eigenvalues different from
the one zero-eigenvalue we have already know) equals

—(1+ @) (= V. (do, 0) + V/, (do, )V (do, 0) = (V/,(do, 0))?)

and substituting formulas (6.4), we obtain

s <1+9c>( , 2 12c> 0
1AQA3 = -3 - —a)——3—— < V.
4y d3 dy  dj

Hence one or three of A; are negative. Therefore the Hessian V2ZH(Q) has two
or four positive eigevalues. This means that the assumption (A7.5) is satisfied.
Moreover, the kernel of this Hessian is one-dimensional which provides that the
orbit SO (2)(Q) is non-degenerate. Therefore the assumption (AS) is also satisfied
(see the reasoning in the last paragraph of the previous section on the page 19).
To summarize, all assumptions of Theorem 5.4 are satisfied. This provides the
existence of periodic solutions in a nearby of an equilibrium Q in the rotating frame.
These solutions correspond to a motion in a neighborhood of the geostationary orbit.
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