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Abstract: Here we describe eight new methods, arisen in the last 60 years, to study solutions of
a Hamiltonian system with n degrees of freedom. The first six of them are intended for systems
with small parameters or without them. The methods allow to find families of periodic solutions
and families of invariant n-dimensional tori by means of analytic computation near a stationary
solution, near a periodic solution and near an invariant torus, using the corresponding normal form
of a Hamiltonian. Then we can continue the founded families by means of numerical computation.
In a Hamiltonian system without parameters, only periodic solutions and invariant #-dimensional
tori form one-parameter families. The last two methods are intended for systems with not small
parameters, which do not depend on time. They allow computing sets of parameters, which guarantee
the stability of some solutions for linear (method seven) and nonlinear (method eight) systems. We
do not consider chaotic behaviors, but only regular ones.

Keywords: Hamiltonian system; normal form; truncated Hamiltonian; family of periodic solutions;
generating family; negative mass; skeleton; quantum calculus

1. Introduction
The following methods, arisen in the last 60 years, are considered here.

1. Anormal form method that allows one to study regular perturbations near a stationary
solution [1] (Ch. I), near a periodic solution [1] (Ch. II) [2,3], near the invariant torus [1]
(Ch. II) and near families of such solutions [1] (Ch. VII, VIII), as well as bifurcations
of periodic solutions and invariant tori and their stability.

2. The method of truncated systems obtained with the help of Newton polyhedra, which
allows the study of singular perturbations. For the theory and three applications,
see [4] (Ch. IV). Other applications: Beletskiy’s equation on satellite oscillations [5,6],
problems of periodic flyby of the Moon and planets.

3.  The method of generating families of periodic solutions (regular and singular). Gen-
erating families are the limits of families of periodic solutions as the perturbing
parameters tend to zero. The solutions of the generating families consist of certain
parts of the solutions to the limit problem. If the limit problem is integrable, then the
generating families are found analytically. Applications: the restricted three-body
problem, where the limit problem is the two-body problem and the generating fam-
ilies are one-parameter [1] (Ch. III-V) [7-9]; Hill’s problem [10], where the limit
problem is an intermediate Henon problem and each generating family consists of
one solution [11,12]. This approach can be applied to families of invariant tori as well.

4. Methods of numerical computation of families of periodic solutions and of families of
invariant tori.

5. The method of generalized problems admitting in Celestial Mechanics bodies with
negative masses [13]. Such problems have unified complete families of periodic
solutions, which facilitates their calculation. Example: generalized Hill’s problem [13].
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6.  Calculation of the network of families of periodic solutions and families of invariant
tori as a “skeleton” of a part of the phase space. Poincaré [14] wrote about the
benefits of such “skeletons”. Examples: the Hill problem [13] and partly the restricted
three-body problem [9,15].

7. Method of computation of a set of stability of stationary solutions of a linear multi-
parameter Hamiltonian system combines modern techniques of elimination theory
and power geometry [4]. It can be applied in the case when the Hamiltonian function
depends on parameters in a polynomial way and gives the description of the boundary
of the set of stability in the parameter space [16], and breaking it into cells in which
nonlinear terms cannot impact the type of stability [17]. Examples: one gyroscopic
problem with three-dimensional space of parameters [16], a double pendulum with a
following force.

8.  Application of the g-analog of the classical subresultant for the characteristic polyno-
mial of the matrix of a linear multi-parameter Hamiltonian system allows one to find
resonant manifolds [18] and invariant coordinate subspace of the normal form of a
Hamiltonian system. Resonant manifolds together with normal form in the vicinity
of a stationary solution provide the method of dividing the set of stability into cells
where formal stability takes place. The invariant coordinate subspaces allow reducing
the phase flow of the initial system to a subspace of essentially less dimension.

There are many more works on these methods. The authors and their collaborators
contributed to the development and application of these eight methods. These methods
are discussed below in the order shown in Sections 2-9.

2. Normal Form
2.1. A Vicinity of Stationary Solution
2.1.1. Resonant Normal Form

Consider an autonomous Hamiltonian system

0 07
61_8717]-’ nj = ot j=1..m M

with n degrees of freedom in the vicinity of a stationary point (SP)

&=, 6n)=0, 5=(11,...,12) =0. 2)

If the Hamilton function (&, %) is analytic at this point, then it can be expanded in a
power series

(&) =) 1palPy ®)
wherep = (p1,-..,Pn), 9= (91,.--,qn) €Z",p,q >0, &P = Cfl 52 ...¢y". Since point (2)
is stationary, expansion (3) begins with quadratic terms. The linear part of system (1)
corresponds to them. The eigenvalues of its matrix A are split into pairs
)Lj+n:—)Lj, j:1,...,n
Let A = (Aq,...,Ay). Canonical coordinate changes
S = Xy )

keep the system Hamiltonian.

Theorem 1 ([1] (Ch. I)). There is a canonical formal transformation (4), which reduces the
Hamiltonian (3) to the normal form

g(xy) =) gpgxPyd, (5)
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where the series g(x,y) contains only resonant terms with

(p—qA)=0

and the quadratic part g>(x,y) of §(x,y) has its normal form (so that the matrix of the linear part
of the system is the Hamiltonian analog of the Jordan normal form).

Here (p,A) = p1A1 + - - - + puAy is the scalar product.

If A # 0, then the normal form (5) is equivalent to a system with fewer degrees
of freedom and additional parameters. Normalizing transformation (4) preserves linear
automorphisms

&En—&q, t—F

For the real original system (1), the coefficients gpq of the complex normal form (5)
satisfy special realness relations, and under the standard canonical linear change of coordi-
nates x,y — X, Y, the system with Hamiltonian (5) goes over into the real system. There
are several ways to calculate the coefficients gpq of the normal form (5). The simplest is
described in the book [19] by Zhuravlev, Petrov, Shunderyuk. The resonant normal form
of the autonomous Hamiltonian system near the stationary solution, which takes into
account only the eigenvalues of the matrix A of its linear part and without restrictions on
this matrix A, was introduced in 1972. Previous variants of normal form were proposed by
Birkhoff [20], Cherry [21], Gustavson [22] and others. They assumed some restrictions on
the matrix of linear parts of the system. Later, a slightly simpler superresonant normal form
was introduced, which took into account the Jordan cells of the normal form of the matrix
A [23]. However, these additional simplifications did not allow an additional decrease
in the number of degrees of freedom. For a more general approach to the normal form,
see [24].

Suppose that the Hamiltonian function

Y& 1 m) (6)

depends on the small parameter y = (1, ..., 4s) and that when y = 0, the origin = # =0
is a stationary point. The Hamiltonian (6) is assumed to be analytic in all of its arguments
in some neighborhood of the point § = # = 0, u = 0. The following question arises: What
is the simplest form to which we can reduce (6) by using a canonical change of variables

{=b(w,n) 7)

where { = (¢, %) and w = (u,v) ?
Let Ay, ..., Ay, —Aq, ..., —Ay be the eigenvalues of the matrix

2 n
p=19r (0 E
27 0¢0¢ —E" 0,
when { =0, u = 0. Wewrite A = (Aq,...,Ay).

Theorem 2. There is a formal canonical substitution (7) that reduces the Hamiltonian function (6)
to the normal form

h= thq(y)upvq £ Zh%)upvqym

where the power series hpq(p) are nonzero only when (p — q,A) = 0.

We point out some features of this theorem. First, the parameter does not change
under a normalizing transformation. Second, the y-dependence of the normal form lies
in the fact that for resonant indices p, q the coefficient /ipq depends on y in an arbitrary
fashion. Third, the eigenvalues A; do not depend on u and are computed for the value

u=0.
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The theory of a resonant normal form near a stationary solution is described in detail
in the book [1] (Chapter I).

Usually the normalizing transformation diverges in the whole neighborhood of the
stationary point. However, near the point there are such analytical families of stationary
points, of periodic solutions and of n-dimensional invariant tori, which adjoin the point.
Next we describe these families in coordinates of the normal form and small parameters.

2.1.2. Families of Stationary Points

Let there be zeros among eigenvalues A;. Let them be A; = ... = A; = 0 and other
Aj # 0. Then, stationary points satisfy the following system of equations

9g _ 98 _ [ =
o 3, =0, i=1,...,1, (8)
xj=y; =0, j=l+1,...,n. 9)

Here ¢ = g(x,y, #). The coordinate subspace (9), we denote as Ly.

2.1.3. Families of Periodic Solutions

All non-zero imaginary eigenvalues A, we divide into such blocks that all eigenvalues
Aj from the same block are pairwise commensurable, and they are not commensurable
with Ay from other blocks. A block can consist of one eigenvalue.

Let one such block correspond to a set of indices I = {i1,ip,...,im}.

Then I = {iy,...,im} is a set of increasing natural indices i : ] <i < n. Here1l < m <
n — I. Consider the coordinate subspace

Ki={xy:xj=y;=0foralll <j¢I}.

Then in the coordinate subspace Kj, a family of periodic solutions satisfies the follow-
ing system [25]
g 0g : )
= = Ajx; = = Ayy; =1,... . 1
a]/j Ajxja, ax]- Ayia, j ;. ,andjel (10)
From its solutions, we have to exclude the family of stationary points (8), (9). In (10) a
is a free parameter. We can exclude it and obtain the system (8) and
08 _ 08 _, 08 98 _, icpg

0g a¢ .
yka—yk — xka—x]{ =(fixed k € L.

In total, we obtain 2(! + m) — 1 equations for 2(I 4+ m) unknowns, which describes a
one-parameter family of periodic solutions.

2.1.4. Families of n-Dimensional Irreducible Invariant Tori
Such family can go through the stationary point x = y = 0 only if all n eigenvalues
are purely imaginary
$A =0, j=1,...,n,

and equation (A, p) = 0 does not have integer solution p € Z, p # 0. Then in the normal
form (5),
g="h(p1,...,pn), where p; = xjy;, j=1,...,n
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oh oh .
A—{x,y:xjam—)\jxja, yja—pj:)\jyja, ]—1,...,n}.

We consider the set A in the cartesian coordinates p = (pj,...,px). In the generic
case, each coordinate subspace (with respect to p) contains one one-dimensional (with
respect to p) component of the set A that does not lie in a smaller coordinate subspace.
Consequently, the set A consists of 2" — 1 such components; for each d < n there are
exactly n!/[d!(n — d)!] of these components situated in d-dimensional (with respect to p)
coordinate subspaces. In particular, there is one component,

oh )
Aoz{p:am:Aja;]le-~~/n}/ (11)

situated outside the coordinate subspaces.
It is the formal family of the tori.
Let

1
h={(p,A) +§(p,Tp> +

where T is a symmetric matrix. In the generic case, det T # 0 and the system of equations
in (11) has a one-dimensional solution,

p=T'"A(a—1)+o0(a—1).
System (11) can be written in the form

oh  oh i
)\]ap] Alapll ’

.., M.

The formal family .A° will be analytical if eigenvalues A satisfy the following condition
on small divisors [25].

Condition w
Let wy = min|(p, A)| over (p,A) #0, ||p|| < 2%, p € Z", where ||p|| = % |pj|. Then

It is a very weak numerical restriction on the eigenvalues A.

2.1.5. Stability

The stationary point { = # = 0 can be stable if all eigenvalues A are pure imaginary.

Condition A}l. Equation
{p,A)=0
has no integer solutions p with ||p|| < k

This condition means that there are no resonances up to and including the order k.
If it is satisfied, then in the normal form (5)

k/2]
8*231 ) +30(xy), (12)
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where g;(r) are homogeneous polynomials from
T’j = x]-yj, ] =1,...,n,

of degree I, and §(¥) is a series from x, y starting with powers above k and [k/2] is an integer
part of number k/2.

Thus it is possible to obtain a Hamiltonian of the form (12) with partial normalization
only up to order k, when §(¥) contains not only resonance terms.

In particular, under the condition A} we have

n
g=Y Arj+8%(xy), (13)
=1
Under the condition A}, we have
n n
g= Y A+ X mprme+ 89 (xy)- (14)
j=1 k=1

Definition 1. A fixed point { = 5 = 0 of a real Hamiltonian system (1) is stable by Lyapunov if
for every € > 0in “cube”

el + Il < e
there exists a closed integral (2n — 1)-dimensional manifold £ surrounding the point { =5 =0

from all sides.

Lemma 1. A stationary point { = 5y = 0 is Lyapunov stable if there exists sign-definite real
integral

f@m = fi&m + 7@y (15)

of the system (1), where f;(&,n) is the homogeneous form of degree 1. In other words,
ooy ) _ 16
]; (3'5]' amj 0 a§j> 1o

and f;(&, ) does not return to zero at any &, 3 except the point £ = 5 = 0.

Stability is possible only if #A = 0. If the condition A} is satisfied, then all A; are
different and non-zero. In this case, the complex coordinates x, y are related to the real
coordinates X, Y by the canonical substitution

1 1 .
xj:ﬁ(lxj—yj)r yj:ﬁ(lxﬁyf)']:l"“'”'

With complex conjugation
f]:—ly], y]:_lx], jZl,...,Tl,
and the Hamiltonian function g(x, y) goes into itself, i.e., into (5):
Spq = gqp(fi)llpﬂ\\.

Suppose
Xj+lfj:Rj, Aj=iaj, j=1,...,n
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Then in real coordinates Rj =0, ujis real,

RN % SRV A N P
rj—x]y]—E(Xj+lfj>—§R], i=1,...,n, (17)
n 1 n 5 5 1
;Ajrj =3 Z{ag(Xj +17) = =3 (w,R). (18)
]: =

Theorem 3 ([26]). If the condition A} is satisfied and the numbers a1, . .., &, are of the same sign,
then the fixed point §{ = 5 = 0 is stable according to Lyapunov.

Here, the role of the integral f is played by the Hamiltonian  itself, for it is an integral,

n
the notation (13) has the form (12) with k = 2 and the form 7, = g, = —% ajR; =
=1

]7
1
) (a,R) is of constant sign, for R > 0.

By formal we will mean power series, about the convergence of which nothing
is known.

Definition 2 ([27]). A stationary point (2) of a real Hamiltonian system (1) is formally stable if
there exists a formal real sign-defined integral (15) of the system (1), i.e., the formal identity (16) is
satisfied and the homogeneous form f; is zero only at § = 5 = 0.

Formal stability means that the departure of solutions from the fixed point, if anything,
is very slow: slower than any finite degree ¢.

Definition 3 ([28] (Ch. 4, § 4)). A fixed point (2) of a real Hamiltonian system (1) is formally
stable if there exists formal real integral

FEN = &M+ friprEn) + ..+ fu(Em) + F(E )

of the system (1), where fi.(&, 1) are homogeneous forms of degree k and the sum

f*(glﬂ) :fl+fl+l+~--+fm

does not convert to zero in some neighborhood of the point ¢ = 5 = 0 beside it.

1
Since rjry = _ZRij’ then under the condition A} the entry (14) takes the form

n
Y miRiR,+ g% (19)
k=1

N

g=*%<mR>*

Hence, all the coefficients of p jk are real.
Let K C R" be a linear hull of integers q satisfying the equation («,q) = 0,and Q =
{q >0, q # 0} C R" is a non-negative orthant without origin.

Theorem 4 ([29]). If the condition A} is met and in (19)

n
Y wikgjar # 0forq e KNQ, (20)
jk=1

then the point { = 5 = 0 is formally stable in the sense of the Definition 2

Here, the normal form of the Hamiltonian (5) is used to construct the formal integral.
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According to (17) in real coordinates, the normal form (12) is

[k/2]

§= 5w R+ Y m(R)+ g%, @y
1=2

-\ !
where the homogeneous polynomials #; = <;) <i(R) are real. The following generaliza-

tion of Theorem 4 is proved verbatim as well.

Theorem 5. If the condition A} is satisfied and in the normal form (21)

[k/2]
Y m(R)#0forRe KNQ,
1=2

then the point § = n = 0 is formally stable in the sense of the Definition 3.

Condition M2 ([28] (Ch. 8, § 3)). System of equations

n
(0,q) =0, Y wixqiqr =0
k=1

has no solution q € Q,i.e,q >0, q # 0.

Under conditions A} and M2, the conditions of Theorem 4 are fulfilled and there is
formal stability. However, the condition M2 is easier to check than the (20) condition.

If n = 2, the M2 takes the form:
system of two equations

a1q1 + a2q2 = 0, po0q3 + 24119192 + Ho2qs = 0

has no solution q1, g, > 0 with g1 + g # 0.
o
However, the solutions of the first equation have the form g; = —“—zqg. For them,
1
41,92 > 0 only when a1y < 0, i.e., the first equation has no solutions with g1, 4, > 0 under
the condition of Theorem 3 ajay > 0. Substituting them into the second equation and

reducing by 43 /a2, we obtain the condition

M, = ﬂzolX% —2pe e + Mozlk% #0, wax <0,

which is called the Arnold—Moser condition.

Under this condition there is not only formal stability, but also Lyapunov stability,
because there are one-parameter families of two-dimensional invariant tori with similar
sets of frequencies that lock the origin of coordinates. However, J. Moser [30] in 1968 and
V.I. Arnold [31] in 1963 made mistakes in proving this fact. At the end of the article [25]
there is a criticism of the first proof of Theorem 7 in [30].

On formal stability for n > 2, see also [32-34].

Most works on stability use conditions such as condition M2, where the number-
theoretic character of frequencies «; is not taken into account. However, the structure of
the normal form depends on them. For example, if the equation

(e, q) =0

has no solutions in integer q # 0, then the condition A, is satisfied and the normal form of
the Hamiltonian (5) is g(r). Then any 7; is a formal integral and the fixed point is formally
stable. In particular, at n = 2 this is satisfied if the ratio a1 /a7 is an irrational number.



Axioms 2021, 10, 293 9 of 32

Example 1. In the book [28] (Ch. 7), the stability of the libration points of the planar circular
restricted three-body problem is studied. There n = 2, the frequencies wy = a1, wy = —ay with
1 > wy > wy > 0 satisfy the equation

27
wt — W+ Z.“(l —n) =0, (22)

where y is the ratio of the masses of the two bodies and the only parameter of the problem (0 < y < 1).
In this case, the stability is studied for

0<pu<04. (23)

It is shown in § 4 that according to (4.7) in the normal form (21) hy(ap, —aq1) = 0 at

644wiws — 541wiw3 436 = 0. (24)
Let us show that at these values the frequencies of wy and w, are incommensurable, i.e., there

is formal stability.
Let us assume w3 = x, w3 = y, and note that by Vieta's formulae from (22) and (24) the

equations follow
644x”y* — 541xy 436 = 0, (25)
x+y=1, (26)
27

xy = u(l—p). (27)

From Equation (25), we obtain

oy OALE V5412 —4-36-644 541 +,/199,945
y= 2644 T 88

The product xy can have two values

(xy); = 0.7671988.... .,
(xy); = 0.0728632...

However, on the interval (23), the function (1 — ) takes the largest value at the right end at

u = 0.4. There

241;4(1 — 1) =02592...

Therefore, it follows from equality (27) that

xy = (xy) 7541—\/5412—4~36-6447541— 199,945 A
IR 2644 = iss

Q. (28)

Assume z = x/y, i.e., x = zy. Here z is the ratio of the squares of the frequencies. According

to (26) we obtain
1

z+1
Substituting this and x = zy in (28), we obtain

y:

(1+2)?2

Consequently, z satisfies the quadratic equation

(z+1)? =z/Q.
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Its roots are

, 1-20++/1-40
20 '
Given (28), we see that both values of z are irrational. Consequently, the ratio of frequencies
\/z is also irrational. O

Example 2. In the book [28] (Ch. 8), the stability of libration points of a spatial circular restricted
three-body problem is studied. There n = 3, the frequencies wy and wy are the same as in Example 1,
and w3 = 1. In § 3 on p. 136, the formal stability theorem is formulated for all values of y such that
0 < 27u(1 — ) < 1, except where there is double resonance. Let us show that in this problem, the
double resonance is impossible.

Indeed, in the case of double resonance, the frequencies wy and wy are commensurate with
each other and commensurate with unity. Let

w1 = I/ Wy = Ewll
s
where p, q, r, s—are integers,
O<p<yg 0O0<r<s (29)
According to (26)
Wi +wy =1,
.7 pz pZ g2
That is, s:2<1+q2> = 1,0r1+q—2 = 72,07
P22 + p*r? = %P (30)
Let us put
k=qr, 1=pr, m=gs. (31)

Then the Equation (30) takes the form
K+ 1% = m?, (32)
As we know, all solutions to the Equation (32) in integer non-negative numbers have the form
k=3%—1, =23 m=3x*+1, (33)

where s is a non-negative integer. According to (29) and (31) | < k. Therefore, the Equations (33)
will apply when > > 2, and when » = 0, c = 1 and 2 = 2 we put

k=23 I=3*-1 m=sx*+1. (34)

By direct verification, we make sure that when 0 < s¢ < 3, the Equations (31) and (34) are
impossible for integers. When s > 3, the Equations (31) and (33) follow

2 2 1)2
_ +1, 7227%, qr:%Z—lz(%+)%.

S p ps

Therefore,
23¢(5® +1)

P et )01 )

The numbers 3« — 1, s, 3¢ + 1 have no common factor, and the numbers 22 —T1and »2+1
have no common factor other than 2. Therefore, the ratio (35) cannot be an integer.
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2.2. A Neighborhood of a Periodic Solution
2.2.1. Local Coordinates

Let a real Hamiltonian system with n + 1 degrees of freedom have a real 27r-periodic
solution M and the Hamiltonian function is analytic in some neighborhood of it.
According to [1] (Ch. I, Sect. 2.1) near the solution M we can introduce such real
local canonical coordinates & = (&1,...,&n), wand = (11,...,4,), p that the solution M
is given by equations
c=n=0 p=0 ¢p=to+t

and the Hamiltonian has the form

v = Zrpq($)EPypl =p+-- -, (36)

where integers p, q > 0, integer [ > 0, real analytic functions Tpql (1) have o the period 27t
and they are expanded in the Fourier series.
Then the Hamiltonian system is

.':71 = T3z j = RV
ey ey (37)
.0y . dy
1/]: _— p: —_— .
ap’ P

2.2.2. Normal Form

For p = 0 and ¢ = t quadratic in ¢, 5 part 7 of the Hamiltonian (36) defines 27-
periodic linear in ¢, 77 system

9, 91

Letvq,..., v, be eigenvalues of its monodromy matrix, i.e., matrix of substitution of
the fundamental matrix of solutions to the system (38) in the period 27. Let all v; # —1.
We put

6] :1,...,71. (38)

1 11 .
)\jzﬂlnvj, %)\j€<—2,2>, ji=1,...,2n.

Using correct numeration one obtains
)‘j+n:*)‘j/ j:l,...,n.

Let us denote A = (Aq, ..., Ay).

Theorem 6 ([1] (Ch. II); [3]). There exists a complex formal invertible 27t-periodic in  and ¢
canonical transformation of coordinates in the form of Poisson series

P X9,¥,71,
which reduces the Hamiltonian -y into normal form
n .
80 . y,1) =7+ Y Ay + ) gpquuxPyr'e™?, (39)
j=1

where x,y € C",0 < p,q € Z", 1 > 0 and m are integers, and all terms of the second sum are
resonant, i.e.,
(p—qA)+im=0. (40)

The normal form preserves small parameters and linear automorphisms of the ini-
tial system.
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LetRA;, =0,i=1,...,m, §R/\m+]» #0,j=1,...,n—m,and A, k <1 < m, are
rational numbers.

Theorem 7. There exists a canonical transformation
xj = ujexp(—iBjp), y;=vjexp(iBjp), j=1,...,n,

n
r=s—iy_ Bjujv; (41)
=1

with rational B, which reduces the normal form of the Hamiltonian (39), (40) to an autonomous
power series

n
h(u/ V, S) =S +1 Z "}/Ju]U] + thqlupvqsl/
j=l+1

where in the first sum all nonzero 7y;j are irrational numbers and in the second sum 0 < p,q € Z",
0 <! €Z, hpq = const € Cand present only resonant terms with

(P—q,7 =0, (42)
where vy = (y1,..., ) andy1 = ... =y, =0.

A similar theorem is in [3].
Variable s is now a formal integral of the following system

oh oh
L'l‘:i, ’(']‘:—7, j: PR (¥ (43)
] a’l)] / au]
. oh
o=, (44)

If the initial Hamiltonian v is real for real coordinates ¢, i, , p, then in Theorem 6
variables x, y are complex but variables ¢, p and ¢, r are real. Here according to [1] (Chs. I,
IT) variables x, y are connected with real variables X = (Xj,...,X,), Y = (Y1,...,Yy) by
the linear standard transformation

1 . 1 . .
szi(zxj—yj), y]:7(1X1+Y]), ]21,...,11.

V2i V2i

2.2.3. Families of Periodic Solutions

Let all imaginary numbers among eigenvalues A be Ay, ..., Ay, e, )\j = izx]-, ji=1,...,m
Let all rational numbers « j have eigenvalues Ay, ..., A;. Then the family of periodic solu-
tions going through the solution M satisfies the following system [25]

98 _ s 98 _ N il

a—yj = Ajx;a, ax; =Aya, j=1,...1,

98 9g (45)
3 FrA

x]:y]zol j:l+1,...,n,

where 4 is a free parameter. Excluding it, we obtain the system

98 .9 _ 98 , 908 . ._
Y, ]x]8r76xj ]yjario']il"”’l’
98
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After transformation (41) we obtain 71 = ... = 9; = 0 and Equation (45) takes
the form
oh oh
— = —=0,j=1,...,1 4
avj 0/ au] 7 ] 7 st ( 6)
oh .
gza, u]-:v]-:OJ:l—t—l,...,n. 47)

The subsystem of Equation (46) defines the set of all periodic solutions of the subsys-
tem (43). Equation (44) ¢ = 0h/09s gives dependence of ¢ from ¢ for each of these solutions.

2.2.4. Families of (n + 1)-Dimensional Irreducible Invariant Tori

Such a family goes through the periodic solution M only if all eigenvalues A are pure
imaginary, i.e., RA = 0, and equation py + (p,A) = 0 has no integral solutions py € Z,
p € Z". Then in normal form g = ¢(p, r), and our family is defined by the system

9% _

7:/\]'%]':1,...,71, ar—

a,

where 4 is a free parameter. Excluding it, we obtain the system

og og .
== —A=S = =1,...,n
op; lor 7 J= %ot

That formal family is analytic if eigenvalues A satisfy the following condition on small
divisors [25].
Condition w!
Let wy = min|py + (p,&)| over |po + (p,&)| # 0, |po| + ||p|| < 2¥, po € Z, p € Z". Then

— log wy
2k

< 0
k=1
2.2.5. Stability

The periodic solution M is stable only if all eigenvalues A have #A = 0.
Here there is a notion of Lyapunov stability, but at n = 1 the conditions for its existence
coincide with those for formal stability.

Definition 4. Periodic solution

¢=1=0 0=0 p=go+t (48)
of a Hamiltonian system
. oy ) vy .
C]':T, 17]4:—?, j=1,...,n,
i 2 (49)
L

I
orbitally formally stable if there exists such a power real series on &, 3, p almost periodic on

F=Y Foq()&n0' 2 E(E ¢, 1,0) + FCV(E ¢,1,0), (50)

which may diverge, but is a formal sign-defined integral of the system (49).
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In other words, all the coefficients of a power series

(9P oy OoF 0oy  0Foy 9dFdy

=

must convert to zero and the homogeneous in &, 1, \/p form Fs(&, ¥, 1, 0) = 0, with Fs(&, ¥, 1, 0) =
Oonly when =5 =0,p =0.

Recall that a function f(p) is periodic if it has a single frequency, conditionally (or
quasi) periodic if it has a finite number of frequencies, and almost periodic if it has a
countable number of frequencies. In our case, there will be quasi-periodic functions

qul(l;b)'

Definition 4 is similar to Definition 2, but one can also define formal orbital stability
similar to Definition 3.
Puta = (ay,...,a,) = SA.

Condition B!". For all integer p with ||p|| £ |p1| + ...+ |pu| < k the scalar products (p, «)
are not integers, i.e., the comparison (p,«) = 0 (mod 1) has no solutions with such p.

Theorem 8 ([1,3]). Under the condition BY, there exists a complex formal reversible 27t-periodic
on P and ¢ canonical coordinate transformation

Y0 +—X¢,y,7,

which brings the Hamiltonian -y to the normal form

n .
gy, 1) =1 +i ) aixjy;+ Y gpqumxPydr'e™?, (51)
=

where x,y € C", 0 < p,q € Z", | > 0 and m are integers, all terms of the second sum have order
in x,y, /1 above two and resonant, that is,

(p—q,&) +m=0. (52)

Let us put
ri=xy, j=1..,n r= (r1,..-, 7).

Corollary 1. If the condition B} is satisfied, then the normal form (51), (52) has the form

n
g=r+it+riar)+ Y uprire+7{6,r) +er? + 3%, (53)
k=1

where § = const € C", ¢ = const € C.
Theorem 9 ([3]). The canonical transformation
xj = ujexp(—ia;p), y;=vjexp(in;p), j=1,...,n, (54)

n
r=s—i Z U j0; (55)
j=1

leads the normal form of the Hamiltonian (51) to an autonomous power series
h(u,v,s) =s+ thqlmupvqsl, (56)

corresponding to the second sum in (51).
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Note that the returns from the variables u, v, s to the original variables are given
by formal power series on ¢, #, p with quasi-periodic coefficients on . Let us call the
Hamiltonian (56) a reduced normal form.

The variable s is now the formal integral of the system

oh oy O i=1,...,n (57)

Ui = — _
] 4 ] R4
av, au]

The orbital stability problem of the periodic solution M has now been reduced to the
stability problem of the fixed point u = v = 0, s = 0 in the system (57).

Corollary 2. If the condition B is satisfied, then according to (53) and (55) the reduced normal
form (56) is

n
h=s+ Y pprjrc+ (s —ila, 1)) (6, 1) +&(s — i{a,1))* + 1)
jk=1
2 , - ' (58)
=s +es” +5(0,1) —es2i(a, 1) + Y pjrire —i{a, ) (5, 1)
jk=1

—e(a, 1)+ 70,

2.2.6. Real Case

If the original Hamiltonian 7y is real under the real variables ¢, ¢, , p, then in Theorem 8
the variables x, y are complex and the variables i, p and ¢, r are real.

If the condition B} is satisfied, then according to [1] (Chapters I and II) the complex
variables x, y are related to the real variables X, Y by the formulae

1 . 1 . .
x]-:E(ZXJ-—Y]-),yj:ﬁ(sz—l—Yj),]:l,...,n. (59)

The complex variables x;, y; and their conjugate variables ¥;, 7; are related by the relations
Xj=—iy;, yi=-ix;, j=1...n ¢=¢, T=r (60)
With complex conjugation, the Hamiltonian (51) is preserved:
g ¢y, 1) =8(x¢,y,1).

Indeed, iajxjy; = in;jX;j; = ia;x;y;, and we can show that

gpqlm(_i)||p+qH = 8qpl(—m)- (61)

Note that according to (60)

i — — it = (—i)3x = ixiy: = ir:, i —
ir; = —ix;y; = (—=i)’xyy; = ixjy; =ir;, j=1...,n

Therefore, in (53), all pj and ¢ are real, and all §; are purely imaginary. Assume
6 = 2iA.
According to (59)
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Now (58) takes the form

n
h=s+es®—s(AR)+es(w,R) — = Y uyRiRe—

k=1

I

- %(a, R)(A,R) + %e(a, R)>+ 7). (62)
All quantities here are real.
All integer vectors q that satisfy the comparison («,q) =0 (mod 1), form in R" the
lattice L. Let M be its linear hull and Q = {q > 0, q # 0} is a non-negative orthant in R"
with no origin.

Theorem 10. If at p = O the initial real system with Hamiltonian (&, ,n,p) satisfies the
condition B) and in the entry (62)

n
Y. gk +2(a, q) (A, q) —ela, q)* £ Oforallqg € MNQ,
k=1

then the periodic solution (48) is formally orbitally stable.

2.3. The Neighborhood of an Invariant Torus
2.3.1. Reduction to Normal Form

Let a real analytic Hamiltonian system
. oy oy .
Ci==—, =——, j=1...,n, (63)

have an invariant torus 7* of dimension k. Using the normal form, we can study the
solutions of the system (63) in a neighborhood of the torus 7* for any k < n [25]. Here
we confine ourselves to the most important case k = n. We call a torus 7" regular if in its
neighborhood there are local coordinates p = (p1,...,01), = (¢1,...,¢,) that have the
following properties.

1.  The coordinates p and 1 are canonically conjugate and are analytic functions of ¢
and 7.
2. The coordinates y; are 27-periodic.

@

The torus 7" is specified by the equations p = 0.
4. On 7" the system (63) induces the system

$j=wj= const, j=1,...,n (64)
Then, in the neighborhood of the regular torus 7" the system (63) takes the form

08 98
p]falpj, P = -, j=1...,n (65)

In the neighborhood under consideration, the Hamiltonian function g is 27t-periodic
in each ¢; and is expanded in a convergent series

glp. ) =Y ai(p)p' (66)

where the integer vectors 1 are non-negative and the coefficients gj are analytic 277-periodic
functions. By hypothesis, on the torus 7", the system (65) takes the form (64), that is,

§=—(pw)+:
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where w = (wy, ..., wy) is its frequency basis.
Now we try to simplify the system (65) by means of a formal canonical local coordinate
transformation
YL, (67)

wherep =r+---,¢ = ¢+ ---, and we have not written out terms of higher degrees
in r. As a result of such a transformation, let g(p, ) = h(r,p). We expand h(r,¢) in a
Poisson series

h(r, @) = Zhlmrl expi(m,@) = —(r,w) +--- . (68)

We call the Hamiltonian function  a normal form if in (68) only those coefficients hjp,
are nonzero for which
(m,w) =0. (69)

The @-condition:

lim inf 710‘% [{m, w)|

>0
|m |00 |m| -

where the limit is taken over the integers m such that (m, w) # 0.

Theorem 11. If the cw-condition is satisfied, there is a formal canonical local coordinate substitu-
tion (67) that reduces the Hamiltonian function (66) to the normal form (68), (69).

2.3.2. Families of n-Dimensional Irreducible Regular Tori

Torus 7" is irreducible, if equation

(w,p) =0

has no integer solutions p € Z". Then normal form k(r, ) in (68) does not depend on ¢,
i.e., h = h(r).The formal family of our tori satisfies the system [25]

oh

E)rj

= —wja, j=1,...,n, (70)

where 4 is a free parameter, i.e.,

oh ok
a)jai’]' wlarl

=0, j=2,...,n

Let the MacLaurin series for i have the form
1
h=—(rw)+ 55T+, (71)

where T is a symmetric square matrix. In our case, dh/d¢; = 0, and so the system (70) is

oh _ —wa
or ’
Taking account of (71), we obtain
w—Tr+---=wa
that is,
Tr+ - =w(l—a)

In the generic case, det T # 0, and so the system has a unique one-parametric solution

r=r(a—1)=T'w(l—a)+---
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that is, the set A is a one-parameter family of n-dimensional regular tori with frequency
basis wa.

The formal family (58) is analytic, if frequencies w satisfy the following condition on
small divisors.

Condition w”
Let 6, = min|(w, p)| for p € Z", ||p|| < 2. Then

= log o
_ >

< o0
k=1

Thus, we have proved the following result.

Corollary 3. In a generic Hamiltonian system with n degrees of freedom, an invariant reqular
torus T", whose frequency basis w is non-resonant and satisfies the w-condition, lies on an analytic
one-parameter family of n-dimensional tori, filled by conditionally-periodic solutions with frequency
basis aw. The Hamiltonian function changes monotonically in this family. Torus T" is not
bifurcating, if det T # 0.

2.3.3. Stability

Non-resonant torus is formally stable.

3. The Truncated Systems Method

If an equation (or a system of equations) contains a linear part, then sometimes it can
be reduced to normal form. However, if the equation does not have a linear part, then the
question arises: what should be considered as the first approximation of the equation (or
the system)? The answer to it is given by the method of truncated equations, which makes
it possible to write out several first approximations and for each indicate the region in the
space of variables and parameters where it dominates.

3.1. Truncated Hamilton Function

Let the vectors x = (x1,...,X,), ¥y = (y1,.-.,Yn) and gy = (y1, ..., is) be canonical
variables and small parameters, respectively. Let the autonomous (time-independent)
Hamilton function be expanded in a power series

W%y, ) = ) hparxPydp” (72)
where p = (p1,...,pu), XP = x}" -+ - x}" and hpqr are constant coefficients. Each term
of series (72) is associated with its vector exponent Q = (p,q,r) € R¥"*5. The set S of
all points Q with hg # 0 in the sum (72) is called the support S = S(h) of the sum (72).
The convex hull I'(S) = I'(h) of the support S is called the Newton polyhedron of the

](0), edges F](l) and faces l"](.d)
d:1<d<2n+s—1. The intersection S N F](.d) = S](.d) is called the boundary subset of the

sum (72). Its boundary consists of vertices T of dimensions

set S. Each generalized face l"](.d) (including vertices and edges) corresponds to:

e  Normal cone
u = {P:(P,Q') = (P,Q") < (P,Q"), where @', Q" € 5/, 0" € 8\s"}
e  Truncated sum

fl](d) = thqxpyqﬂr over Q= (p,qr1)€ SJ('d)'
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It is the first approximation to the sum (72) when
(log|x1|, ..., log|xx|, 1ogly1], - .., log|yn|, log|u1], ..., log|us|) — oo

along U](d). Thus, using truncated Hamiltonian functions, we can find approximate problems.

3.2. Restricted Three Bodies Problem (RTBP)

Let two bodies P; and P, with masses 1 — u and p, respectively, revolve around their
common center of mass with a period of 27t. The plane circular restricted three-body
problem studies the plane motion of a body P3 of infinitesimal mass under the action of
the Newtonian attraction of bodies P; and P,. In a rotating (synodic) coordinate system,
the problem is described by an autonomous Hamiltonian system with two degrees of
freedom and one parameter y. It was introduced by Euler in 1772 [35]. The Hamilton
function has the form [1]

"3 (J/% + y%) X2y — XYz — L £ + pxr (73)
\/x%—i-x% \/(xl—l)z—b—x%

Here body P; = {x,y: x; = xp =0} and body P, = {x,y: x; = 1,x, = 0}, where
x = (x1,%2), ¥y = (y1,¥2). Consider small values of the mass ratio y > 0. For y = 0 the
problem becomes the problem of two bodies Py and P3. However, here it is necessary to
remove from the phase space the points corresponding to the collisions of bodies P, and
P;. Collision points split the solutions of the problem of two bodies P; and P into parts.
For small # > 0 near the body P; there is a singular perturbation of the case y = 0.

In order to find all the first approximations of the restricted three-body problem, it is
necessary to introduce local coordinates

Ci=x1—1, Cr=x, M=y, Mm=yr—1

near the body P, and expand the Hamiltonian function in a power series in these coordi-

nates. After expanding 1/4/ (&1 + 1)2 + ¢3 in a Maclaurin series, Hamilton’s function (73)
takes the form

3 1 1
h+§—2;¢é E(iﬁ#—ﬂ%) +§2771_(31772_‘:%+§€%+f(§1/§%>+

1 1
+V{€% - E@% - \/ﬁ —f(CLC%) },

where f is a convergent power series that does not contain terms of order less than three. Let

(74)

p=ord¢; +ord¢y, g =ordy +ordy, r=ordyu
The set S of these points (p, g,7) consists of the points
(Or 2r O)/ (1/ 1/ 0)/ (2/ O/ O)/ (kl 0/ 0)/ (2, Or 1)/ (71r Or 1)r (k/ 0/ 1)/

where k = 3,4,5, ... The convex hull of the set S is the polyhedron T’ C R3. Surface 9T of

the polyhedron I consists of faces r'? ) and vertices I'"

j i
l"](-d) there corresponds a truncated Hamiltonian l%](d), which is the sum of those terms

of series (74) whose points (p, g, r) belong to I“](d) ](d)
are different first approximations of function (74), valid in different regions of the space
(81,82, 11, M2, 1) Figure 1 depicts a polyhedron T for series (74) in p, g, ¥, coordinates, which

, edges 1"](1 . To each such element

. Truncated Hamiltonian functions /



Axioms 2021, 10, 293

20 of 32

is a semi-infinite trihedral prism with an oblique base. It has four faces and six edges. Let
us consider them.

p

Figure 1. The polyhedron I for the Hamiltonian function (74) in coordinates p, g, r.
The face ng), which is the oblique base of the prism I', contains the vertices
(0,2,0), (2,0,0), (-1,0,1) andpoint (1,1,0) €S

It corresponds to the truncated Hamilton function

~ 1 1
hgz) =5 (’7% + '7%) + & — & — G+ 55% S - (75)

Ja+a

It describes Hill’s problem [10], found in 1878, which is non-integrable. A power
transformation

G=cp '3, fi=mp '3, i=12 (76)

reduces the corresponding Hamiltonian system to the Hamiltonian system with the Hamil-
tonian function of the form (75), where ¢;, #;, 4 must be replaced by &47,-, 1, respectively.

Face I’ gz) contains points

(0,2,0),(1,1,0),(2,0,0) and (k,0,0)CS
It corresponds to the truncated Hamiltonian function fzgz), which is obtained from the
function h at y = 0. It describes the problem of two bodies Py and P3, which is integrable.
Consider the edges. Of the six edges, one is improper. It passes through the point (0, 2,0)
parallel to the vector (1,0, 0). On three edges, g = 0, that is, for them the truncated Hamiltonian

functions do not depend on #1, 772, and the solutions of the corresponding truncated Hamiltonian
systems have 1,2 = const, which is not interesting. Two edges remain.

Edge I’gl). It contains the points (0,2,0) and (—1,0,1) of the set S. The corresponding
truncated Hamilton function is

N
i =3 (h+m) - == (77)

Ve +E

It describes the problem of two bodies P, and P3. Power transformation (76) reduces it
into a Hamilton system with a Hamilton function of the form (77), where &;, #;, pt is replaced
by &, i;, 1, respectively.
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The edge l"él) contains points (2,2,0), (1,1,0), (0,2,0) of the set S. It corresponds to
the truncated Hamilton function (3.4) with p = 0. It describes an intermediate problem
(between the Hill problem and the problem of two bodies P and P3), which is integrable.
This first approximation was introduced by Hénon [36,37] in 1969.

Therefore, very close to the body P, the first approximation of the original restricted
problem with the Hamiltonian function (74) is the problem of two bodies P, and P3 with
Hamiltonian (77), just close is the Hill problem with Hamiltonian (75), further from the
body P, is the intermediate problem, and far from the body P, is the problem of two
bodies P; and P3. Near the body P, the periodic solutions of the restricted problem
are perturbations of both periodic solutions of all the above four first approximations
and the results of gluing the hyperbolic orbits of the two-body problem P, P3 with arc-
solutions of either the two-body problem P, P3, or an intermediate problem. In [38-42],
periodic solutions of the intermediate problem were used as generators for finding periodic
quasi-satellite orbits of the restricted problem.

Therefore, the restricted three-body problem was stated by L. Euler in 1772, one of
its first approximations was found by G. Hill in 1878 as a result of long work, another of
its first approximations was found by M. Hénon in 1969 again as a result of non-trivial
work. However, using the polyhedron, these approximations and the others can be found
without difficulty.

3.3. Truncated Algebraic Systems
Consider now the set of polynomials

Hy, ) fn(xy, 1) (78)

Each f;(x,y, #) has its own support S; C R2"+$ and all accompanying objects: New-

() ()
] i

ton’s polyhedron I'; its generalized faces T ik their normal cones U ik boundary sets

d; . Ald; . .
S](k / ) , truncated polynomials fjg{’ ) Moreover, for every non-empty intersection
j j

Ui nug n-nuly) (79)

mky,

there corresponds to a set of truncations

pldr)  plda) F(dm)

ik Sk v Py o (80)
which is the first approximation of the set (78), for

(log |x|,log |y|, log [p]) — 0

near the intersection (79) and is called the truncation of the set (78).
Consider now the system of equations

fi=0, j=1,...,m, (81)

corresponding to the set (78). System (81) corresponds to all the objects indicated for the
set (78), as well as the truncated systems of equations

A(d; )
fjgjﬂ =0, j=1,...,m, (82)

each of which corresponds to one set of truncations (80). Each truncated system (82) is the
first approximation of the complete system (81).
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3.4. Analytical Computation of Local Families

In Section 2, we obtained systems of equations of the form (78), (81), the roots of
which are families of stationary points, of periodic solutions and of invariant tori, when
coordinates tend to zero. The method, described in Section 3.3, allows to calculate such
roots in the form of power series from some parameters. Examples of such computations
are shown in [43]. The method of truncated equations and systems allows to calculate
asymptotic solutions for ordinary differential equations: the Beletskii equation of satellite
oscillations [5], the problem of periodic flyby of planets with a close approach to the Earth
and for partial differential equations: boundary layer on a needle.

4. Generating Families of Periodic Solutions and Generating Families of Invariant Tori

As soon as electronic computers appeared, scientists began to calculate families of
periodic solutions of the restricted three-body problem for different cases: Sun—Jupiter
(4 ~ 1073), Earth-Moon (u ~ 1072), etc. It turned out that these families are very
similar, and their periodic solutions resemble solutions to the two-body problem. In 1968,
M. Hénon [44] realized that it was necessary to consider the limits of these families for
u — 0. Generating families allow to understand and to prescribe by analytic computation
singularities of families for small parameter p.

4.1. Method

Let the Hamilton function H () depend analytically on small parameters u = (yi1, . .., ts)
and the corresponding Hamiltonian system has families of periodic solutions (). Some
of these families may have limits 7;(0) at # — 0. Families F;(0) are called generating.
Their solutions are formed by parts of solutions of the Hamilton limit system with = 0.

If this limit system is integrable, then the generating families can be described analyti-
cally. This approach was proposed by Hénon [44]. It was used for the Hill problem and for
the restricted three-body problem [1] (Ch. III-V), [7,8].

4.2. The Hill Problem

Its Hamilton function has the form

1

Ja+a

1 1
H= 3 ('7% + ’75) +&m — G — &+ E@% - (83)

The corresponding system

JoH 0H
= 3./ li=—= .:1/2/

ag;’

describes the motion of the Moon (P3) with zero mass under the influence of the attraction
of the Sun (P;), located at infinity, and the Earth (P;) with mass 1, located at the origin of
coordinates. The Hamilton function (83) is analytic in

éj

AS {R4\€1 =G0 = 0}-
We apply the canonical coordinate transformation
§j=¢X;, ni=¢Y;, j=12
and we obtain the Hamiltonian system

. oh . oh )
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where

h:%(Y12+Y22)+X2Y1—X1Y2—X%+%X§—

1
/X2 + X3
Lete = /2| H | and H — —oo. Then, in the limit, we obtain system (4.2) with

1 1

h=hy = E(Yf + YZZ) + X1 — Xa Yo — X} + 5 X3
This is the Hénon problem [36]. For h, system (84) is linear and, therefore, integrable.
Since the Hamiltonian h is homogeneous, it suffices to consider it for by = 1/2. It has one

regular periodic solution
Xi(t) =cost, Xp(t) = —2sint.

If the orbit (X;(t), X2(t)) of the solution to the Henon problem passes through
the point
X1=X2=0, (85)

then the body P3 collides with the body P, and the solution cannot be continued through
the collision. Therefore, point (4.3) divides the solution into independent parts. Hénon [36]
found all the arc-solutions that start and end with such collisions. They form a countable
set of two types. The arc-solutions of the first type are denoted by the symbols £j,j € N,
and their orbits are epicycloids. For j = +1, 42, 4-3 they are shown in Figure 2. The orbits
of arc-solutions with negative j values are symmetric to them about the X, axis.

Xo A(a)j=+1 Xas  A(b) j=+2 Xo A(c)j=+3

Figure 2. Arc-solutions of the first type for j: +1 (a), +2 (b) and +3 (c).

The arc-solutions of the second type are denoted by the letters i and e, their orbits are
ellipses passing through the point (85). They are shown in Figure 3.
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X 4K (b)e

4

Figure 3. Arc-solutions of the second type i (a) and e (b).

Theorem 12. ([45]) A sequence of arc-solutions that does not contain two successively identical
arc-solutions of the second type is a generating solution to the Hill problem.

Here the generating family of periodic solutions consists of one solution. All known
families of periodic solutions to the Hill problem include at least one generating solution.

In the restricted three-body problem, there is a countable set of one-parameter gener-
ating families of periodic solutions. Some of them are quite complex [7].

The same approach is applicable to families of n-dimensional invariant tori. The Hill
problem has no generating families of them, but the RTBP has an infinite amount: indeed
all solutions to the two-body problem with fixed irrational mean motion form such a
family [1]. However, generating families of invariant tori are not studied yet.

5. Numerical Computation of Families of Periodic Solutions and of Invariant Tori

In Sections 2 and 3, we describe a way for computation of local such families near a sta-
tionary point, near a periodic solution and near n-dimensional invariant torus. For periodic
solutions, there are many methods for numerical continuation of their families (see [46—49])
and a lot applications of these methods.

For invariant tori, there is one method for numerical computation of their family
proposed by C. Simé [50] (see also [51]). Therefore, the method of computation of families
of invariant tori appeared only since 1998.

6. Generalized Problems

Usually in celestial mechanics, bodies with non-negative masses are considered. How-
ever, Batkhin [13] proposed to consider problems where some masses are negative. In the
Hill problem with body mass equal to —1 (called the anti-Hill problem), families of periodic
solutions are extensions of families of periodic solutions to the classical Hill problem. There-
fore, it is more convenient to calculate families of periodic solutions for both problems at
once: for the Hill problem and for the anti-Hill ones. This approach provides new families
of periodic solutions for the classical Hill problem.

Figure 4 shows a diagram of the connections between these families of the Hill (left)
and the anti-Hill (right) problems. The center column gives the generating solutions for
these families.

The usefulness of negative masses in Celestial Mechanics was only realized after 2014.
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Figure 4. Diagram of connection between main families of the Hill and anti-Hill problems. The upper
axis shows the change of value —h of the Hamiltonian function (83).

7. Skeletons

In some parts of the phase space of the Hamilton system, there are many families of
periodic solutions, invariant tori and they form the “skeleton” of this part of the phase
space. Therefore, the calculation of such families is very useful for studying the structure
of the phase space.

In some problems, there are many computed families of periodic solutions, but their
number is not yet sufficient to form a skeleton. For recent results in this direction for the
restricted three-body problem, see [9,15,52,53]. For the Hill problem, see [54] (§ 10.4), [55]
(§19), [11-13,36,37,45,56-58]. However, families of invariant tori were not studied yet.

8. Stability in a Linear Multi-Parameter Hamiltonian System

The last two sections presented the description of methods providing an investigation
of stability for the case of a Hamiltonian that depends in a polynomial way on the parameter
vector P of the parameter space I1. Assuming a generic case, we describe in Section 8 the
method which allows finding in the parameter space such domains that SP is Lyapunov
stable either in the full problem or in the linear approximation of the full problem. This
method essentially explores modern elimination theory and can be implemented in any
computer algebra system.

The study of Lyapunov stability of the SP of a Hamiltonian system in the case in
which the number of degrees of freedom is greater than two requires considerable effort.
This is due, on the one hand, to the fact that the stability of the equilibrium position in
the linear approximation can be destroyed by any arbitrarily small perturbation of higher
order. On the other hand, the Arnold-Mozer theorem on the stability of the equilibrium
position is inapplicable for large dimensions. However, for many applications, the formal
stability proposed by J. Moser [27] is quite sufficient.

Let us consider the simplest invariant manifold of dimension 0, namely, the stationary
points of a Hamiltonian function H(z) depending in a polynomial way on the parameter
vector P € Il = R®, where s is the dimension of the parameter space I1. The proposed
methods can be applied to the case of manifolds of large dimensions, i.e., in the case of
studying Hamiltonian phase flow near a periodic solution or near an invariant torus.



Axioms 2021, 10, 293

26 of 32

In the generic case, an analytic time-independent Hamiltonian function H(z) in the
vicinity of the SP, coinciding with the origin, is expanded into a convergent series of
homogeneous polynomials Hy of degree k of its phase variables z = (x,y)

H(z;P) = i Hi(z; P). (86)
k=2

The well-known Lagrange-Dirichlet theorem [26] and [55] (§ 29) states that SP is stable
if the quadratic form H,(z) is sign-determined (see Theorem 3).
If the number of degrees of freedom is not more than two

e  Stability is determined by the Arnold-Moser theorem in the absence of resonances of
order four or less, which requires normalizing H to order four;

e  For resonances of order less than four, the stability conditions are derived in the works
of A. P. Markeev and A. G. Sokolsky (see [28] and also Section 2.1.5).

The series (86) starts with the quadratic Hamiltonian H,(z; P) defining the local
dynamics near the SP. The behavior of the phase flow in the first approximation is described
by a linear Hamiltonian system

1 0*Hy(P)

2(t) = B(P)z, B(P)=3J=2"2. (87)

Let us recall here the main properties of a linear Hamiltonian system.

1. If A, is an eigenvalue of the matrix B, then —A; is also its eigenvalue. All eigenvalues
/\]-, j =1,...,2n, of the matrix B can be reordered in such a way that /\i+” = —/\]-,
j=1,...,n 5

2. The characteristic polynomial f(A) of the matrix B contains only even powers of A, so
it is a polynomial in 4 = A2. The following [16] polynomial

) = kzo fu®lE, fo=1, (89)

is called semi-characteristic.

3. IfRA; # 0forany j, ie., the SP is hyperbolic, then it is structurally stable according to
the Hartman-Grobman theorem.

4. For an elliptic SP, the behavior of the phase flow in its vicinity can only be obtained by
taking into account the nonlinear terms. Usually this is performed using KAM-theory,
but here such study is performed using the Hamiltonian normal form described in
Section 2.

Definition 5. The stability set . of the system (87) is the set of all values of parameter P € I1 for
which the SP z = 0 is Lyapunov stable.

In terms of roots of a semi-characteristic polynomial (88), the condition of stability of
the SP is given by

Theorem 13 ([16]). The SP z = 0 of the linear Hamiltonian system (87) is Lyapunov-stable if and
only if

o All the roots . of the semi-characteristic polynomial (88) are real and non-positive;

o All elementary divisors of the matrix B are simple.

Let us first briefly recall the definition of a k-th order subdiscriminant of an arbitrary
monic polynomial of # degree (for more details, see [59]).

Definition 6. Let
fulx) =x" +a;x" Vb 4, x +ay (89)
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be some monic polynomial from the x variable. Then its k-th subdiscriminant D®)(f,),

DOy = Y TT (x—x)

I1c{1,..n} (jl)el
#()=n—k I>j

where x; are roots of the polynomial (89), I is any non empty subset of the set {1,2,...,n}, #(I) is

its cardinality (number of elements in I). For k = n — 1 we put D"~V (f,) = n and for k = n we
put DU (f,) = 1. For k = 0 we obtain DO)(f,) = D(f,,) the classical discriminant.

The criteria of reality and negativity of roots is given by the following statement.

Proposition 1. For all roots of a polynomial f () of degree n to be real, negative, and distinct, it
is necessary and sufficient that the conditions

fi(Py>0, i=0,...,n—1, DW(f)>0, k=0,...,n—1, (90)
where DW)(f) is the k-th sub-discriminant of the polynomial f(u).

Checking the simplicity of elementary divisors of matrix B is provided by calculating
the rank of matrix Mp(p) = B — |/#,E for multiple roots of polynomial f(u).

Proposition 2. If y; = 0 is a root of f(p) of multiplicity I, then all corresponding elementary
divisors of matrix Mg(0) are simple if and only if rank Mp(0) = 2m — 2.

If i < 0is a root of f(u) of multiplicity 1, then all corresponding elementary divisors of
matrix Mg(u;) are simple if and only if rank Mp(u;) = 2m — 1.

The dZ boundary of the stability set X consists of parts of surfaces satisfying

1. The condition of zero roots Fyp = {P: f,(P) =0};
2. The condition of multiple roots 7, = {P : D(f) = 0}, where D(f) is the discriminant
of the polynomial f ().

Assuming that functions f, (P) and D(f) are polynomials in P, we obtain the problem
of description of the affine varieties Fy and J,, which divide the space of parameters I into
cells. The appropriate cells are included in the stability set X according to Proposition 1.
The boundaries of these cells are selected according to Proposition 2 with the help of
multiple roots founded from (94).

Remark 1. According to Proposition 1 the set of stability . is a solution of the system (90), i.e., it
is a semi-algebraic set. It can be computed with the algorithm of cylindrical algebraic decomposition
(CAD) [59] (Sect. 5). The CAD algorithm usually demonstrates rather high computational
complexity.

For the system (87), let the stability set X be calculated. Then for each value of P € &
the eigenvalues of the matrix B(P) are purely imaginary A; = —A;,, = iwj, j=1,...,n
and elementary divisors are simple. In this case, the Hamiltonian H(z) is reduced to the
normal form with a set of invariants ¢;(P), i =1,...,n,

™=

2= % Ai(P) (xzz +y?), Ai(P) = 0;(P)w;(P), 0;(P) = +1. 91)
1

i

The change of the signature s of the quadratic form H, can occur while crossing the
hypersurface F¢, which divides the stability set X into regions X; with the same signature
value s. Let us distinguish those Z j regions for which s # £2n, i.e., for them the Lagrange—
Dirichlet theorem is inapplicable. The formal stability of the SP should be studied in these
regions X; of the stability set .
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Remark 2. To determine the invariants o; and consequently the signature s of the normal form
(91), it is not necessary to perform a normalization procedure. It is sufficient to use the method
described in [17].

9. Studying of Formal Stability of Stationary Point

Here, we give a schematic description of the method for studying the formal sta-
bility of the SP. This method is based on the following key results: normal form of the
Hamiltonian at the SP, Bruno’s Theorem 4 on formal stability and g-analog of the classical
elimination theory.

In the absence of strong resonances between eigenvalues of a linearized Hamiltonian
system in the neighborhood of the SP, the condition for its formal stability is formulated
by the Bruno theorem [29]. In the paper [17], a scheme for investigating formal stabil-
ity was proposed. This scheme assumes, firstly, that the set of stability X of the SP in
linear approximation is computed, and secondly, that the so-called resonant sets R, of
the characteristic polynomial f(A) corresponding to strong resonances 2:1, 3:1 between
eigenvalues are found. Here we consider a method for investigating the stability of the SP
of a multi-parameter Hamiltonian system with more than two degrees of freedom, based
on the description of the discriminant and resonant sets of the real polynomial proposed
in [18].

One of the earliest results on the formal stability of the SP is

Theorem 14 (Birkhoff). If for some value of the parameter vector P € X all components of the
vector A of eigenvalues are rationally incommensurable, i.e., the equation (A, p) = 0 has no integer
solution p € Z", p # 0, then there exists a formal canonical transformation w of the variables
(x,y) — (p, @) such that the Hamiltonian H(w(x,y)) is a power series over p. Here p, ¢ are
action-angle variables.

The Birkhoff theorem is difficult to apply because resonance sets are dense everywhere
in the parameter space I1.

Let the condition A} from Section 2.1.5 take place, i.e., (K,A) #Z0for K € Z", 0<
IIK|| <4, then it is known that there exists an analytic canonical transformation (x,y) —
(p, @) such that the new Hamiltonian g has the form

8o, @) = g2(p) + g4(p) +1(p, @),

where g:(p) = (A,p), ga(p) = (Cp,p), C = [cij] ijl, and r(p,¢) is a polynomial of
variables (p, @) of degree three or higher in p.

Theorem 15 (Bruno [29]). If on any pair of nonzero integer vectors Ky and Ky of ortant k; > 0,
i =1,...,n, which are solutions to the equation

(K,A) =0, (92)
bilinear form KIBKy # 0 at A # 0, then the SP z = 0 of the Hamilton system is formally stable.

Note that the condition (92) of the Bruno theorem is equivalent to the fact that the
semi-algebraic system g»(p) = ga(p) = 0,p > 0is incompatible.

Thus, to apply the Bruno theorem on formal stability, it is necessary to find the
boundaries of regions in the parameter space I defined by resonance sets.

Here we consider a scheme for studying the formal stability of the equilibrium position
of a Hamiltonian system under the following assumptions:

e Number of degrees of freedom more than two;
*  The quadratic form H;(z) in the expansion (86) is nondegenerate and not sign-defined;
e Hamiltonian function H(z) smoothly depends on the parameter vector P.
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The proposed research scheme essentially uses the normal form of the Hamiltonian
system near the SP, a method for computing the stability set = of a linear multi-parameter
Hamiltonian system [16] and a method for computing the resonance set of a real poly-
nomial [18]. These methods, in the case of polynomial dependence on the parameter P,
essentially use so-called quantum calculus [60].

The application of g-subdiscriminants D,;k) (fn) of the characteristic polynomial f,
allows not only to find out if it has commensurable roots, but also, under certain conditions,
to find these roots without having to calculate all its eigenvalues. If the coefficients of
polynomial (89) depend on parameters, both g-subdiscriminants are functions of these
parameters, which makes it possible to determine at what values of g resonance takes place
and to find its multiplicity and order.

To determine the rational comparability of the roots of the polynomial, we will use
g-analogs of the classic derivative and subdiscriminant.

Definition 7. Jackson derivative (g-derivative, q-differential Jackson operator):

R =f6)
(Aqf)(x)é{ (—Dx ’ " g ¢{0,1}.
f(0), x=0,

The Jackson derivative has all the properties of an ordinary derivative. In addition
to the above properties, we note that the g-derivative function x" is equal to [n}qx”’l,
and applying g-derivative to g-binomial of degree n again gives g-binomial of degree n — 1
multiplied by [n],.

With the g-derivative, the g-analog of the classic polynomial discriminant is now
determined.

Definition 8. Define g-discriminant Dy(f) of polynomial f,(x) as the resultant of a polynomial
pair fu(x) and (Agfu)(x):

Dq(fn) = (_1)’1("71)/2 Resy (fu(x), (-Aqfn)(x))-

The equality to zero of the g-discriminant of polynomial f,(x) with fixed g is a sig-
nature of the existence of at least one pair of g-commensurable roots; however, the de-
tailed structure of all commensurable roots can be obtained using the sequence of g-
subdiscriminants of various orders of the polynomial f,(x).

Sa(fa) 2 (D (F), DI (Fa), -, DYV (£))- 93)

Theorem 16 ([18]). The f,,(x) polynomial has exactly n — d different sequences of g-commensurable
roots if and only if the first non-zero g-subdiscriminant in sequence (93) of k-th q-subdiscriminants

Dék) (fu), k=0,...,n—2, has the index d.

All commensurable roots of the polynomial f;,(x) are the roots of the largest common
polynomial divisor of f,(x) and its g-derivative (A, fy)(x):

fa(x) = GCD(fu(x), (Ag fu) (x))-

Theorem 16 states that the degree of the polynomial fq (x) is equal to the number d of
the first non-zero g-subdiscriminant in the sequence Sy (fy).

Note that g-subdiscriminants are calculated using any of the matrix methods to
calculate the classical subresultants of the polynomial pair f,(x) and (A, f,)(x) [61].

Let, in the conditions of Theorem 16, the first non-zero g-discriminant have the index

d,0 < d < n—1. Let us denote with M[(ii), i=1,...,d,d the modified g-Sylvester matrix
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Sylv, (fn), where the column with the number 2n — 1 — d is replaced by its column with

the number 2n — 1 — d + i and with Méi) which is the determinant of this inner. Then,
as shown in [18], the following proposition takes place.

Proposition 3. If in the sequence (93) the first one different from zero q-subdiscriminant D,gd) (fn)
has the index d, then '
fox) = DVt 4 M1 M), (94)

The roots of polynomial (94) are either g-commensurable roots for g # 1 or multiple
roots for g = 1 of the initial polynomial (89).

Let us describe schematically the procedure of formal stability studying.

In the first step, the stability set ¥ C II of the linear Hamiltonian system (87) is
computed. Then the open regions %, in which the signature s of the quadratic form
H,(z) is not equal to £2n, i.e., the Lagrange-Dirichlet theorem on Lyapunov stability is
not applicable.

In the next step, the resonance sets Ry (f) and R3(f) are computed for the semi-
characteristic polynomial (88), dividing each region %; into subregions that have reso-
nances of order four and higher. Then, in these regions, the procedure of reducing the
Hamiltonian (86) to the fourth-order normal form g(p,9) = $2(p) + ga(p) is applied.
After normalization, we check whether the condition of the Bruno theorem is satisfied.

On sections of resonance sets R(f), k = 2,3, where there is a single resonance,
the theorems of [28] (Ch. 4, §§ 2, 3) are applied. For the case of multiple resonance,
as well as for resonance of order two, the formal stability study can be carried out using a
different approach.

On the one hand, the presence of resonance leads to additional first formal integrals,
which allows decreasing the number of degrees of freedom of the normalized system [1]
(Ch. I, §3), and in some cases even to integrate it. On the other hand, finding the invariant
coordinate subspaces of the Hamiltonian normal form reduces the phase flow to subspaces
of fewer dimensions, on which one can search the realization of conditions of analyticity of
the normalizing transformation.
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