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Abstract

In the series of papers [1-4], the inverse problem of the Birkhoff-Gustavson
normalization was posed and studied. To solve the inverse problem, the symbolic-
computing program named ANFER (Algorithm of Normal Form Expansion and
Restoration) is written up, with which a new aspect of the Bertrand and Darboux
integrability condition is found [1]. In this paper, the procedure in ANFER is
presented in mathematical terminology, which is organized on the basis of the
composition of canonical transformations.
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1 Introduction
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It has been recognized that the Birkhoff-Gustavson normalization [5] works effectively in
studying various nonlinear dynamical systems. When a two-degree-of-freedom Hamil-
tonian system with a 1:1-resonant equilibrium point is given, for example, the BG-
normalization of its Hamiltonian around the equilibrium point provides an ‘approximate’

Hamiltonian system whose Hamiltonian is the truncation of the normalized Hamiltonian

up to a finite degree: The approximate Hamiltonian system provides a good account of
the surface of section with sufficiently small energies of the given system [6, 7]. Such a

good approximation thereby implies that to find the family of Hamiltonian systems shar-

ing the same BG-normalization up to a finite-degree amounts to find a family of Hamil-
tonian systems admitting the surface of section similar to each other. The following
question has been posed by the author as the inverse problem of the BG-normalization

[1, 2, 3, 4]: What kind of polynomial Hamiltonian can be brought into a given polynomial

Hamiltonian in BG-normal form %

The Birkhoff-Gustavson normalization to be dealt with this paper is outlined as fol-
lows (cf. [8, 1]): Let R™xR™ be the phase space endowed with the Cartesian coordinates

1 Submitted to J. Comput. and Appl. Math.
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(¢,p) working as canonical coordinates. Let K(g,p) be a Hamiltonian function defined
on R® x R™ (or a certain domain of it) which admits the power-series expansion

g 72

Z"Z P; +Qf)+§Kk(q,p), (1)
Jj=1 k=3

around the origin of R" x R", where each Ky(q,p) (k = 3,4,---) is a homogeneous
polynomial of degree-% in (g, p), and {v;} non-vanishing constants.

Remark 1 The convergent radius of the power series (1) may vanish [8]; this happens
to any K that is not analytic but differentiable around the origin, for ezample. In such
a case, the power series (1) is considered only in a formal sense. We will, however,
often eliminate the word ‘formal’ from such formal power series henceforth.

The BG-normalization of K(g,p) is made as follows: Let (£,7) be another canonical
coordinates of R™ x R™ and let the power series (see Remark 1)

Wiq,n) = Zqﬂh + Z Wi(q,n | (2)

be a second-type generating function [9], a function in the old position variables ¢ and
the new momentum variables 7, associated with the canonical transformation

oS 6S

5 @

where each Wy.(g,7) (k = 3,4, - --) is the homogeneous polynomials of degree k in (g, 7).
Note that the transformation (3) leaves the origin of R x R™ invariant. Through the
transformation (3), the Hamiltonian K(qg, p) is brought into a power series, say G(&,7),

subject to 5 5
- _” = H(qg. — 4

It is easy to see from (1), (2) and (4) that G(&,n) takes the form

G(

G(&n) = Z (77] +&)+ ZGk(S n), (5)

where each G(§,71) (k= 3,4,---) is a homogeneous polynomial of degree-k in (£, 7).

Definition 1.1 The power series G(§,7) is said to be in the Birkhoff-Gustavson (BG-)
normal form up to degree-r if G(&,n) satisfies the Poisson-commuting relation,

{i% (77]2+€]2) ’ Gk(fﬂ?)} =0 (k = 3""’T), (6)

= &n

where {-,}¢, denotes the canonical Poisson bracket to the coordinates (€,n) (see [10]).
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The inverse problem of the BG-normalization has been hence posed as follows [1, 2]: For
a given power series Hamiltonian G(&,n) in the BG-normal form (5) with (6, r = 00),
identify all the possible power-series Hamiltonians whish share G(€,7n) as their BG-
normalization. In contrast with the inverse prblem, we will refer to the problem of
normalizing Hamiltonians into BG-normal form as the ordinary problem.

Since elementary algebraic operations, differentiation, and integration of polynomials
have to be repeated many times to solve the inverse problem, computer algebra is worth
applying to the inverse problem; see [1, 2, 11] for ‘ANFER’ and [3, 4] for ‘GITA™"’. The
procedure in ANFER is based deeply on the composition of canonical transformation,
which is published in [1] only for the two-degree-of-freedom in 1:1 resonance case.

The aim of this paper is to present the procedure in ANFER in mathematical termi-
nology. After the procedure, a new aspect of the Bertrand-Darboux integrability found
through the inverse problem of certain perturbed oscillator Hamiltonians [1] is presented
briefly as an application of ANFER. The contents of this paper is organized as follows.

Section 2 sets up the inverse problem of the BG-normalization: For a better un-
derstanding of the inverse problem, the solution of the ordinary problem is given first.
After that, the inverse problem is posed and solved. Section 3 is devoted to studying the
composition of canonical transformations which provides a key of organizing ANFER.
Those who have taken a course of analytical mechanics might think that the composition
is well-known already. However, it seems that almost all the things known of are on the
composition of infinitesimal transformations. Since the transformations dealt with here
are not infinitesimal, section 3 is indeed important to organize ANFER. In section 4,
the procedure in ANFER is described. Section 5 is for an application of ANFER: a
new aspect of the Bertrand-Darboux integrability condition for certain the perturbed
harmonic oscillators [1] is presented. Section 6 is for the concluding remarks.

2 The inverse problem of the BG-normalization

The major part of this section is devoted to the inverse problem of the BG-normalization
posed in [1, 2, 3, 4]. Before the inverse problem, however, we show the way solve the
ordinary problem, which will promote a better understanding of the inverse problem.

2.1 Solving the ordinary problem

Let us start with equating the homogeneous-polynomial part of degree-k (k = 3,4, - - -)
in (4). Then equation (4) is put into the series of equations,

Gk((b 77) + (Dq,an) = Kk(q, 77) + (I)k(Q: 77) (k =3,4,-- ')) (7)
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where D, , is the differential operator,
= 0
-1 8
; ( on; Y qu) ®

The ®4(g,7) in (7) is the homogeneous polynomial of degree-k in (¢, 7) which is uniquely
determined by W3, --- , Wi_1, K3, -+, Kx_1, Gs,-++,Gr_1 given: In particular, we have
@3(g,m) = 0 and

Ca (1 ow\E 0K
(1’4((1777) = Z (5 ( 3q-3> + = 3
J

j=1 6PJ

Wy _ (61) _ 96y
on; 0&;

while ®;, with larger k£ would be of very complicated form to be described.

6W3> ©

(a:m) 0g; (g:m) O

To solve equation (7), the direct-sum decomposition induced by D,, of the spaces
of homogeneous polynomials are of great use. Let us denote by Vi(q,n) the vector
space of homogeneous polynomials of degree-k in (g,7n) with real-valued coefficients
(k = 0,1,---). Since the differential operator D,, acts linearly on each Vi(g,7), the
action of D, , naturally induces the direct-sum decomposition,

Vi(q,n) = image DY) @ ker D) (k=0,1,--), (10)

(
q,m
of Vi(g,7m), where D{*) denotes the restriction,
k
D) = Dyyly, (qm (E=0,1,---). (11)
For D,, and Dé’f,? (k=3,4,---), we have the following easy to be shown.

Lemma 2.1 Equation (6) is equivalent to

(Dan(Grligm))(@,m) = (DN Grligm))@m) =0 (k=3,---,7). (12)

Namely,
Giligm €ker DY) (k=3,---,r). (13)

Lemma 2.2 Let the coefficients, {V;}j=1,..n, of X5-1(¥;/2)(03 + ) in K(g,p) be said
to be independent over Z (integers) if and only if

Z’YJVJ“O (e€Z) & v=00G=1-,n). (14)
holds true. Then, ker D, ,, is spanned by the even degree polynomials,
H 173 + qf)m’ (m; : non-negative integer, j = 1,---,n), (15)

if and only if {v;} are independent over Z (cf. [8]). In particular, if {v;} are independent
over Z then ker D$®) = {0} for every odd k.
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We proceed to solving (7) now. According to (10), let us decompose Kj(q,7) and
(I)k(q7n) (k = 3: 47 o ) to be

Ki(q,m) = K™= (¢,n) + K™ (¢,m), (16)
®1(q,m) = O (g,m) + B (g, M),
where , ,

Klmage (q, ) @u’nage (q, ) c ima,ge D(k)

q,n?
ker(q, 7]) @ker(q, ) c ker Dékg,

(17)

Since Gi(q,m) € ker D{¥) by Lemma 2.1 and since D,,W; € image D) | we obtain

Gk(‘lﬂ?) = Kllzer(Qa 77) + q)ier(qan) (k = 3741 o ')7 (18)

as a solution of (7), where W, is chosen to be

Wila,n) = (D) (L + 35 (@) (19)

What is crucial of (19) is that Wi(q,n) € image D(’C (k = 3,4,---), which ensures the
uniqueness of G(&,7n): For a certain integer k > 3 let us consider the sum, W, =
W, + (any polynomial in kerD ) where Gy, and W;, with k < & are given by (18,19).
Even after such a modlﬁcatxon W, satisfy (19) still, which will lead another series
of solutions of (7) with k > k. Therefore, under the restriction, W), € image Dé’f,;_
(k=3,4,---), (18) with (19) is said to be the unique solution of (4). To summarize, the
ordinary problem is defined as follows:

Definition 2.3 (The ordinary problem) For a given Hamiltonian K(q,p) in power
series (1), bring K(q,p) into the BG-normal form G(§,m) in power series (5) which
satisfy (4) and (6), where the second-type gemerating function W of the form (2) is
chosen to satisfy (4) and

Wi(g,n) € image Dé’fg (k=3,4,--). (20)

Theorem 2.4 The BG-normal form G(&,m) for the Hamiltonian K(q,p) is given by
(5) with (18), where the second-type generating function W (q,n) in power series (2) is
chosen to satisfy (19) and (20).

2.2 The inverse problem

To pose the inverse problem appropriately, we start with looking the key equation, (4),
of the ordinary problem into more detail from a viewpoint of canomcal transformations.
With W (q,n), let us associate the inverse ‘canonical transformation,

o(-W)

o(=W) _
an and p= —‘8(1—7 (21)

&mn) = (e,p) with £=-
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of (3), so that —W(q, ) is regarded as a third-type generating function (Goldstein 1950),
a function of the old momentum variables 1 and the new position variables q. Equation
(4) rewritten as

K(a,~ 258,

is then combined with (21) to show the following.

o(-w)
D=6 (22)

Lemma 2.5 Let G(§,7n) of (5) be the BG-normal form for the Hamiltonian K(q,p) of
(1), which satisfies (4) with a second-type generating function W(q,n). The Hamiltonian
K(q,p) 1is restored from G(&,m) through the canonical transformation (21) associated
with the third-type generating function —W(q,n).

Now we can pose the inverse problem in the following way: Let the Hamiltonian H(q, p)
be written in the form, '

1 > '
Jj=1 k=3

where each Hi(g,p) (k = 3,4,---) is a homogeneous polynomial of degree-k in (g, p).

Further, let a third-type generating function S(q,n) be written in the form,

S(g,n) =— Zj: 4575 — i Sk(a,m), (24)

where each Si(g,p) (k= 3,4,---) is a homogeneous polynomial of degree-k in (g, p).

Definition 2.6 (The inverse problem) For a given power series, G(£,n), in BG
normal form (5,6), identify all the Hamiltonians H(q,p) in power series (23) which

satisfy 59 59

where the third-type generating function S(q,n) in power series (24) is chosen to satisfy
(25) and
2.3 Solving the inverse problem

We solve the inverse problem in the following way. On equating the homogeneous-
polynomial part of degree-k in (25), equation (25) is put into the series of equations,

Hi(g,m) — (DgnSi)(a,m) = Gi(g,m) — Wi(g,m)  (k=3,4,--), (27)

where D, , is given by (8). The ¥,(q,n) is the homogeneous polynomial of degree-k
in (g,n) determined uniquely by Hs, -+, Hix_1, G3, -+, Gk-1, Ss, +, Sk—1 given. In
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particular, we have ¥3(¢,n) = 0 and

n as OH.
W,4(q,n) Z( ( 3q3> + ==
J

j=1 Op;

asg_g<%>2 8Gs|  95; (28)
045 on; 9% am O )

while ¥, with larger k£ would be of very complicated form to be described. Like in the
ordinary problem, we solve (27) for Hj and S, by using the direct-sum decomposition
(10) of Vi(g,n), the vector spaces of homogeneous polynomials of degree-k (k = 3,4, - - ).
Let us decompose Hy and ¥y to be

Hi(g,m) = H™* (q,n) + H(q,m),

(g;m)

image ker (29)
Ti(q,m) = L™ (0, m) + L (g, m), |
where . . ‘
H;‘:mage (q’ n), \Il‘k‘:“age (q’ 'f]) € image D‘SI;;’ (30)
H (q,n), ¥ (q,7) € ker D,Skg,
Then on equating ker D{¥)-part in (27), Hy*" is determined to be
Hi™(q,m) = Gi(g, n) T3 (g, 7m)- (31)
Equating image Dy -part of (27), we have | | |
H#(q,n) — (DgaSk) (g,m) = =¥ (¢,m)- (32)

Since we have the pair of unidentified polynomials, H;**** and S in (32), Hy™** is not
determined uniquely in contrast with Hf'; such a non-uniqueness is of the very nature
of the inverse problem. Accordingly, equation (32) is solved to as

H ‘“‘age( n) € image D) : chosen arbitrarily, (33)
Selan) = (PG| o = lam + ¥ @m), (39)

(k =3,4,---). Thus we have the following.

Theorem 2.7 For a given BG-normal form G(£,7n) in power series (5), the solution
H(q,p) of the inverse problem is given by (28) subject to (31) and (33), where the
third-type generating function S(q,n) in (25) is chosen to be (24) subject to (34).

Remark 2 We have another expression of and Sy and H, weee equivalent to (31, 33, 34);

Hes (q,n) = (DBS) (m) + T (g,m), (35)
with .
Sk(g,m) € image D(’“) chosen arbztmmly (36)

Since we usually pay much more interests in H than in S, in the inverse problem, it
would be better to take the expression (81, 33, 34).
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2.4 The degree-p ordinary and inverse problems

From a practical point of view, we usually deal with the BG-normal form Hamiltonians
not in power series but in polynomial. Indeed, as mentioned in section 1, when we
utilize the BG-normalization to provide an approximate system for a given system, we
truncate the normalized Hamiltonian up to a finite degree. Hence we naturally come to
think of a ‘finite-degree version’ of both the ordinary and the inverse problems (1, 2].

Definition 2.8 (The degree-p ordinary problem) For a given Hamiltonian,
K(q,p), of the form (1) (possibly in polynomial form) and an integer p > 3, bring
K(q,p) into the polynomial G(§,n) of degree-p in BG-normal form which satisfy (4) up
to degree-p, where the second-type generating function W(q,n) in (4) is chosen to be the
polynomial of degree-p subject to (20) with k =3,---,p.

Remark 3 In the papers [1, 2/, the degree, p, in Definition 2.8 is restricted to be an
even integers, because all the v;’s are set to be 1 there. (cf. Lemmas 2.1 and 2.2)
However, since we are dealing with the general {v;} in this paper, the degree p has no
restriction.

Definition 2.9 (The degree-p inverse problem) For a given degree-p polynomial
(p > 3: aninteger), G(&,n), in BG-normal form, identify all the Hamiltonians, H(q,p)s,
in degree-p polynomial which satisfy (25) up to degree-p, where the third-type gener-
ating function S(q,n) is chosen to be the polynomial of degree-p subject to (26) with
k=3,---,p. N

3 Composition of canonical transformations

In Section 3, we have shown the way to solve the inverse problem which is theoretically
complete. From a practical point of view, however, it is rather difficult to realize the
solution in the present form, (31, 33, 34), since the calculations required will be highly
combinatorial: Let us take the 1:1 resonant two-degree-of-freedon case (n = 2, 1, =
vy = 2), for example. In order to calculate @, (resp. ¥y), the polynomials Gs, - - -, Gg_1,
Ss, -+, Sk_1, and K3,--+, Ky_1 (resp. Hs,- -, Hx_1) have to be kept each of which is in
V, of combinatorially rising dimension, 33 _, (2) (f;:i), where the symbol () indicates
the binomial coeflicient.

To get rid of such a difficulty, we break the needed calculations into a series of
calculation of simpler form, which is realized in ANFER (see [1, 2, 11]). This section is
hence devoted to the mathematical basis for organizing ANFER.

A key idea in writing-up ANFER is to realize (31, 33, 34) up to degree-p by ap-
plying not the canonical transformation associated with S(q,n) but the composition of
canonical transformations

Th - (g(h——l), U(h—l)) — (€(h)7 ﬂ(h)) with (‘5(2)7 77(2)) = (ga 77) (’I‘ - 37 T ,0), (37)
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associated with the third-type generating functions,
" (§(h), n(h—l)) Z£ h b h(g(h)7 n(h_l)) (h‘ = 37 e )p)7 (38)

where S,(£™,n(=1) is the homogeneous polynomial part of degree-h of the generating
function S(g,7) (see (24)) with (€™, n*=Y) in place of (g,7).

We start by showing the following on the generating function associated with the
composition of a pair of canonical transformations. It should be pointed out that lit-
tle is known explicitly of the generating function of the composition of non-infinitesimal
canonical transformations like the following lemma, while well-known is that of infinites-
imal ones (see [9], for example).

Lemma 3.1 Let the function f™(u® o®*=D) (h = 1,2) be the third-type generating
functions of canonical transformations,

op s (WD Py 5 (u® ™y (R =1,2), (39)
with 5 e
h—1) __ h) _ —
uty = T = I =) (40)

each of which leaves the origin of R® x R™ invariant. Then the composition, o9 © 01 :
(u® ) = (u®,v®), is generated by the third-type generating function,

Fra@®,v@) = 3" a5 + fO(@,0*) + FOu®,9), (41)
j=1
where & and 3 on the rhs of (41) are the C=-functions of (u®,v(V) uniquely de-
termined around (u®,v®) = (0,0) to satisfy

af®

_ _ _ af(l)
U4 =— 81)(1( ) ) =

—m(ﬁ, o). (42)

Proof: Since the canonical relation (40) yields the identities [9]

_ Z(ugh—l)dvgh—l) + v;.h)dugh)) _ d(f(h)(u(h),,u(h-l))) (h —1, 2), (43)

j=1

we have
zn: O)d,U(O) +,U(2)du(2) (Z u(l) (1 T f 1)(u(1) (0)) + f 2)(u(2 (1))> ) (44)
Further, the canonical relation (40) restricts {(u®,v™)}n—012 to the inverse image,
c71(0,0,0,0), of the C*°-map
- (u(o),'U(O),u(l),U(l),u(2),v(2)) c RE
ey Hf@ ofm o (45)
(0 2 0 O g I e

EROK 500" ou®’ u2
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Applying the implicit function theorem [12] to the map o, we obtain uniquely the
functions, @, 9, @ and 9, of (u?,v(®) subject to o (@, v, 4, ¥, u®,5) = 0 around (0, 0).
The differentiability comes from that of o due to the implicit function theorem. The
substitution of (4, 9) into (v, vV) in (44) thereby shows (41) with (42). This ends the
proof.

We are now in a position to compose the series, {7;}s=3...,, of canonical transfor-
mations given by (37) and (38) by using Lemma 3.1. We show the following for the
generating function of the composition, 7,0 --- o 73.

Lemma 3.2 For any fized integer p > 4, the composition, 7,0 --- o T3, of the canonical
transformations {1, }r=s,.., given by
ag(h)' o5

¢V = €™ Y)W = e (6™ V) (h=3,4,--1). (46)
B (h=1) RO

with (38) and (37) is associated with the third-type-3 generating function S (£() n(2))
defined recursively by

SOE® ) = §B(® p@), | (47)
S (e )

= Y EPTIHP 4 G-I ERD @) 4 g (e DY (h =4 . g (48)
j=1

where S®) are the third-type generating functions given by (38), and EF-Y and 7*-D
the C*°-functions of (€™, 1)) determined uniquely to satisfy

68()1—1)

- oS ™)
(h—1) _ (h) =(h—1) ~(h—1)

D) (EP1 @) (h=3,4,---), (49)

around (€™ ,n®) = (0,0).

Proof: = We prove the lemma by induction: The starting case, (48) with h = 4,
immediately follows due to Lemma 3.1. We move on to show the case of h = r(> 5)
in turn under the assumption that (48) and (49) hold true for h = r — 1. Applying
Lemma 3.1 to the pair of transformations, 7, with S and 7,_; 0 --- o 73 with Sr=1),
we obtain S (¢ n(?)) given by (48) and (49) with h = r as the third-type generating
function of 7, 0 (7,1 0- - -o73). The differentiability of £ and 7= follows from that
of the generating functions S~V and S™ (see the proof of Lemma 3.1). This ends the
proof. ‘

Expanding S® in terms of (6™ 7(?), we have the following, a key theorem of
ANFER.
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Theorem 3.3 The third-type generating functions, S®(E™,n®) (h =4,5,---), admit
the power series expansion, :

SOED, ) = = TP = 3 S, 1Y) + ul6® 1),
j=1

50
On (f ) ( )

(=5 1(£§h) )

where (€™, n®) are the homogeneous part of degree-k in S(g,n) (see (24)) with
(£M, 7)) in place of (g,m)- |

Proof: We show (50) by induction. Expanding (49) with h = 4 in terms of (§(4j, n®),
we have

S0 (OEW 1 @) 5 0),
j=1

0S4

o €1 o)

£8 — g . 021

ﬁ(3) — 77(2) + 5(3) 2)). (52)

ag(s) 726

Since the second term on the rhs of (51) is of degree higher than two and since that of
(52) are of degree higher than one, (51) and (52) are put together to provide a further

expansion, 55
EO = €0 4 o (€9, ) (W,
53 | (53)
i =12 + 5 (€0 n®) + 50, n%),

where 05 and of indicate the terms in (\/ Yi=1(§; (47 +7 (2) ) of degree higher than three.
Equations (38,48,53) are then put together to yield

S (@ )

” oS oS,
M I3 R +oy | | nf? ) “ + ol
j=1 on; (€@ n@) & (€@ n3)
j=1 on; ED @) 77 GREI))
j=1 agj (€@ (@) (&@,n®)
= -8 Zsk £@,0®) + 04(¢®, 1), (54)
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which shows (50) with h = 4. We move on to show (50) with A = r > 5 in turn under
the assumption that (50) with h = r — 1 holds true. In a similar way to get (53), we
obtain

~(r— T oS, r - r
g =¢t 4 6—(,,:17(5( 1) + ol (60, 7?),

s (55)
ﬁ(r_1) _ 77(2) + Z 35 I’:)( (7') (2)) + or 1(5(7'), 7](2))7

where o,._; and o/_, indicate the terms in (\/ P 1(5 () n; (2)? )) of degree higher than
r — 1. Like (54), equations (38) with h = r, (48) with » = r — 1 and (53) are thereby
put together to yield

S (5(”), 77(2))

o e OS5k

J

+o;._1 )+ Z 49

+0/I
(k) r—1
(£ @) k=3 04

(6 )

. 2
+ O'Ir——l 773( )

€Emn@)
. w

j=1 77j

., OS5
- Z J +a (r—1)

+ 0;'—17 77](2)) }
(€M n@)
n o -1
r — OS5k
287 [(n?+ 2

U0k + 0/)
(k) r—1
j=1 k=3 35' (&m ,7<2))
+ OII
-1
(€M n@) '
+5r(£(r) n®)

0S;,
OE®)
_ () ") () ™), @
Zf ZSé )+ 0,(£7, @), (56)

_|_5 (g(T) @ 4 Z

which proves our assertion.

Corollary 3.4 S®)(q,n) coincides with S(q,n) up to degree-h if expanded.

4 The procedure in ANFER

In the previous section, we have studied the composition of canonical transformations
necessary to organize ANFER. This section is devoted to the solving procedure in AN-
FER in which the composition of transformations is utilized effectively.
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4.1 The solution of the degree-p inverse problem

We show that the solution of the degree-p inverse problem is obtained by applying
the composition 7, o --- o 73 of canonical transformations studied in section. 3. Let
us fix a BG-normal form power series (possibly a polynomial) Hamiltonian G(§,7) of
the form (5). For G(£,7) fixed, we define the power-series Hamiltonians H™ (¢, 7))
(h=3,---,p) by the reccurent formula

H®om =H®Y (h=3,4,---) with H®(¢,n) =G(&n). (57)
Namely, H® satisfy the equation

(H(h) OTp O~ OT3)(€777) : H(Q)(gan)(: G(gan)) (h: 3) 47)7 (58)
which is put together with Lemma 3.2 to show

OS) oS
(e 2 V= g@(_ = __
H (€ )’ é.(h) ) - 877(2) ) 7]

(2)) (h=3,4,---), (59)
where S®™ (¢™) 7)) is given by (48) with (49).

Let us recall the equation (27) equivalent to the defining equation (25) of the inverse
problem. From (27), we see that only the homogeneous parts in S and H of degree
lower than h, and those in G of degree lower than or equal to h (cf. (28)) are necessary
to determine the homogeneous part Hj, of degree-h in H This observation is thereby put
together with Corollary 3.4 to show the following.

Theorem 4.1 For a given BG-normal form power-series, G(§,n), the power-series
Hamiltonian H® (¢,p). coincides up to degree-h (h = 3,4,---) with the solution of the

inverse problem, H(q,p).

Corollary 4.2 The solution of the degree-p inverse problem is given by H ()(g,p) trun-
cated up to degree-p.

4.2 The solving procedure in ANFER

We are now in a position to present the procedure of solving equation (27) with A =
3,- - - p (equivalently, (27) up to degree-p) for the degree-p inverse problem. In ANFER,
the series of equations (57) are solved as follows: To be more precise, what we solve is

os™*) o5™

H(h)(ﬁ(h), _W) = H(h—l)(“m,ﬂ(h_l)) (h=3,-- »P) (60)

with
H®(ED, 2y = G(¢P),n®) (61)
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equivalent to (57). For convenience, we will refer to the stage of solving (60) with h = r
as the ‘Stage-r’ hence force. Before starting the Stage-three, (61) is assumed to have
been proceeded already. Further, it is convenient to express H® (¢ n(R)) to be

1 n o0
HOE®, 1) = 2 3 (o (92 4 W) L S g# () oy (62)
Jj=1 k=3

like H(g,p) (see (23)), where each H™(¢® n®) (k = 3,4,---) is the homogeneous
polynomial part of degree-k in (¢®), 7)),

[Stage-r]:
At the Stage-r, (60) with h = r is solved. Equating the homogeneous part of degree-k
(k=3,---,p) in (60) with h = r, we have the series of equation,

HIET) (5(1‘): 77(?_1)) = ngr_l)(é‘(r)a 77(?_—1)) (k - 3’ e, T — 1)’ (63)
HIO(E0, 1107) = (Dger o) (€0, n0) + HED(ED, 10 D) (k= 1), (64)
H(T)(g(r) n(’r—l)) — ngr_l)(g(r), n(r—l)) + el(:)(é-(r)’n(r—l)) (k =74 1, e p§65)

Here (9( )(5 ;") (k =7 +1,--,p) in (65) are the homogeneous polynomials of
degree-k given by

o (M, nr-)

= [/ as “r 8 \®
= > 5 - <<‘—> H ) |)
jaim1 @[\ 9 [t g-my ) \NOEY ) L e

L e
¢ (€ mr=1)) ont® Rl (€ p(r-1))

where [(k—2)/(r —2)] stands for the integer-part of (k—2)/(r—2), and a = (ay, -, o)
does the multi-index with nonnegative-integer valued components associated with the

(66)

?

notations,

o =3 ey, al=on! o,

a5 \* (88 \™ [ 05, o oS, a_ 08\ [ 05x o (67)
o€ ) 1\ 84 0&n ’ on ~ \om Oy, ’

) -Ge) ) G -G G

o) \o& 06.) ' on) — \om o)

Remark 4 We do not have to deal with the homogeneous part in (60) of the degree
higher than p taking the observation to (27) into account made above Theorem 4.1.

Since Theorem 4.1 and (63) are put together to imply that each H\" with k < r has
been identified already as H at the stage-k, we do not have to deal with (63) a lot:
Only the replacement of H" ™ to H, ) (k < r) is made.



We solve (64) and (65) in turn by using the decomposition,

r r r— r)image r r— r ker r r—
H,E)(E()ﬂ?( 1)):H() “ (D nt 1))+H() GRS (k=r,--,p)
@(T>(£( ),n(r 1)) (.,-)xmage (é.(fr (r— 1)) 4+ e(r (é- (r— 1)) (k =7r+ ]_, ve ,,0)

(68)
where (ryimos imag
p)image r r— p)image r P . k
H, (5( ) 77( 1)) @( ) (ﬁ( ) 77( 1)) € 1mage Dé(z),n(r—1)7

ker (r—1) (T.)ker (r (r—1) (k) (69)

(€D, n"=0), 0,7 (€ ) €ker Doy -y

Like in the way to solve (27) in subsection 2.3, (64) is solved to be
H?Er)ker(g(r)’ n(r—l)) — Hﬁr_.l)ker(é.(r), n(r—l)) (70)
H,E’")imge (€M ntr=D)) € image Dgz) (-1 : chosen arbitrarily, (71)

SHED, 1Y)

()
(D (") p(r=1)

We move on to (65) with k = s (> r): Since we have identified H"s with k < s and S,
already before solving (65) with k = s(> ), ©{") can be identified completely by (66)
with k = s. After the calculation of O, the H; % with k = s(> r) is thereby identified
by (65).

In ANFER, the solving procedure described above is realized in the symbolic com-
puting language, REDUCES3.6 or later. Till to now, a prototype of ANFER for the
1:1 resonant two-degree-of-freedom systems (n = 2, v = v, = 1) has been written
up by the author. The source-code of this prototype is available on the web page,
http://yang.amp.i.kyoto-u.ac.jp/ uwano/, [11].

In closing this section, we wish to compare the procedures, (27)-(34) with (63)-(72).
Through (27)-(34) with k = r, S3,---,8—1, G3,"--,Gr, and Hs,---,H, have to be
kept. In contrast with this, S,_1, H3T_ oo H ,E"_l), and H:gr)’ o H ,()’") have to be kept.
Hence, the procedure given in this section would contributes to the memory-saving.

-1

. (HT(’T)xmage . Hl’(‘,r._l):mage I(g(r)’"(r—l))) (é-(r) : 77(7'—1))(72)
image DE(T) n(r_l) .

5 Application

Although only a prototype of ANFER exists for a 1:1 resonant case, ANFER has worked
very effectively to find a new deep relation between the Bertrand-Darboux integrability
condition (BDIC) (see [13, 18, 19], for example) for the perturbed harmonic oscillators
with homogeneous-cubic potentials (PHOCPs) and for the oscillators with homogeneous-
quartic potentials (PHOQPs) [1]. The BDIC provides not only a sufficient condition for
the integrability but also a separability, which will be reviewed briefly in Appendix.
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5.1 The degree-4 ordinary and inverse problems for PHOCP

We start by solving the degree-4 ordinary problem for the PHOCP-Hamiltonian
2
FO(g,p) = Z p; +¢;) + (16} + fogi + fang; + f403), (73)
J:l

where (f,) are real-valued parameters. Note that if we choose (fx) to be

f1:f3=0, f2:1a f4:li, (74)

F©®)(q,p) becomes the well-known one-parameter Hénon-Heiles Hamiltonian [6, 7].
Through ANFER ([11]), we obtain the BG-normal form G of the following form as
the solution of the degree-4 ordinary problem [1];

6(e,n) = 5 (6T +G:Co)
~ D RAT 4 RGT) ~ SR SGGEGT + HIGETT)
~ SABGTET+ RRGGT + H1GGT + RAG0T)
= S AT + BAGGT + AGGT + AT ()
L BOGET + HOGET) — S (GT + RET) |
- S(BGT + BET + BT+ ARG
+ U BGT + ARGT + AIGT + R1GT)

We solve the degree-4 inverse problem for the BG-normal form G in turn: By AN-
FER, we have the following polynomial of degree-4 as the solution [1];-

(NSRS

H(q,p) = 2_: (P2 + qf-) + Hs(q,p) + Halg, D), ' (76)

with

3 2 2 3 2= 2—
Ha(q,p) = a12; + @221 22 + 32125 + 0425 + 52771 + A621Z2
- ) — 92— 2
+ arz129Z1 + agz129Z29 + a9z 21 + a102922
. S, e, N ST s, S
+ @1Z] + 022122 + G3Z1Z5 + G425 +T52127 + Q62227

e
+ Tr21Z1Z0 + T 207122 + G921 75 + B102275, (77)
and

4 3 2.2 3
Ha(q,p) = c12] + 22122 + C32125 + Caz12,
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+c5z§ + cszfil + c7z§’22 + CSzfzzfl
+69232272 + cmzlzg“z"l + 011212372 + 6122371 + 01322372
+T1ZF + 0707, + TaZo7s + CaZi T
+Cs5Za + Ce21 70 + Cr2Zs + G172 %2
+Co2972%) + Cro71Z1 72 + C11227175 + C122175 + Ti320%0
+8(agls 2120712 + Golo2122Z1%0 + A58621227,
+CL655Z%7172 -+ 01927,_102%3172 + aloﬁgzlzgig)
+6(a16123‘zf + 0:4642%7% -+ CL5ZL_5Z%7§ + a‘mﬁlozgfg)
+4(a1622f7172 + asﬁgZ%zg -+ 0364212273 -+ 056821227172
+G6E7Z]2_7§ + asﬁgzlzﬁg + a75921%71—22 + a751021227172)
—*—4(&2.&_121_2127? -+ CL463Z§7172 + (1186521227172 -+ 0766,237?
+a8‘dﬁz§71‘z‘2 + aglr21 zﬁ% + a19G721292129 + agagzgff)
+—(a262z1z27172 + 0:3@32122_2_172)
+2( aT622 7 + 70722722 + aglig2aZs — Q9923 Zs)
+2(a,a32375 + 02042272 + A58 222122 — asTo275
—asangz_lfg — 0,6(_1'102%—2_% + 0,7682122_2—3
+d7agz§7172 - a759212.27% -+ agalozlzgzg)
+2(a581 2372 + a4T22271 + Arls 212975 — AoUs257;
—agﬁﬁzlz[z'f — 0,105623_2_? + a867zf71‘z‘2
+a85721227522 - 09E7232172 -+ 01058257172)

4 = 2= = — =2 — =2 — 92— —
+§(a2a321z122 + ayl32, 2075 + 30221 22%; + A30225Z1%2)

2, _ 929 — 252
+§(a2a221z1 + a38325%5)

( 223z} Zz%?% 3(f1f3z12271'52 + fafaz1297Z1%2)
“g(f1f22371?2 + fifor1 257 + fafamizaZs + f3f123717%0)
_Sfafs (27,2

24

=2 =2 | s =
22Z1Z0 + 212071 + 2122%5 + 2371Z0)

1
% (f 22 21292122 + f 3? 2129Z1%Z2)

1 _ _ i = _ _
L+ i+ e+ i) - SRR + 3
1
+‘1_6(f1f3237§ + [Lh27E + fofaZiZs + f2f42570), (78)
where a, (h = 1,--+,10) and ¢; (£ = 1,---,13) are the complex-valued parameters

chosen arbitrarily, and fi (k = 1,---,4) the real-valued parameters in FB)(q) (see
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(73)). Namely, we have 46-degree-of freedom in the solution, #, of the inverse problem
of the PHOCP if (fi) fixed. Note that if (as), (cs) are chosen to be

a1 =a3=as =ag = ag =0,

2(12 = 2&6 = a7 = :l‘) 3(14 = ai0 = ?u)
and
=0 (£=1,---,13), (80)

respectively, and (f;) to be (74),  becomes equal to the one-parameter Hénon-Heiles
Hamiltonian. After (76)-(78), one might understand the necessity of computer algebra
in the inverse problem.

5.2 The BDIC for PHOCPs and PHOQPs
We wish to find the condition for (as), (c) and (fi) to bring H into the PHOQP-
Hamiltonian
1 2
Fq,p) = 530 + &) + (0141 + 20302 + 96165 + 910163 + 95¢3),  (81)
i=1
where (g;) are real-values parameters. A straightforward calculation shows the following
(see [1] for detail) .

Theorem 5.1 A PHOCP-Hamiltonian F® shares its BG-normal form with a PHOQP-
Hamiltonian F® up to degree-4 if and only if the PHOCP-Hamiltonian F® satisfies
the BDIC,

3(frfs+ fofs) — (i + f3) =0, (82)

for PHOCPs. Under (82), the PHOQP-Hamiltonian F® sharing its BG-normal form
with the PHOCP-Hamiltonian F®) is equal to

2
Q = %Z (05 +4}) — (9f1 + f3)at %(31‘1 + fs)f2di a2 — (f2 + f3)aias

—3(3f4 + f2) faq195 — E(gff + f3)5, (83)
where (fy) are subject to the BDIC (82).

We remark here that the BDIC (82) appears again in Appendix.
We are now in a position to show the integrability of the PHOQP with Q with (f3)
subject to (82). It is easily seen that that F* becomes Q under the substitution,

0= =08+, p=—Gh+ R 6=+ £

10 5 (84)
g4 = —3(3104 + f2)fs, g5 = —E(9f42 + f3).
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A long but straightforward calculation shows that (g,) given by (84) with (82) satisfy
the BDIC ,
993 + 493 — 249195 — 99294 = 0,
992 + 495 — 249595 — 99294 = 0, (85)
(92 + 94)93 — 6(g194 + g295) = 0,
for PHOQPs (see Appendix). To summarize, we have the following.

Theorem 5.2 If a PHOCP and a PHOCP share the same BG-normal form up to
degree-4, then both oscillators are integrable in the sense that they satisfy the BDIC.

6 Concluding Remarks

We have described the procedure in ANFER and the application of ANFER to the
BDIC for the PHOCPs. In the following, Several remarks are made on ANFER itself
and its application

(1) (Improving the program): As pointed out at the end of section 4, the procedure in
ANFER based on the composition of canonical transformation would save save the
requiréd—memory comparing with the procedure given in section 2.3. There would
be much room for improvement on this direction. It would be done in writing-
up process, so that the author, not so familiar with writing programs, is trying
to improve ANFER, with several collaborators [11]. Recently ANFER has been
updated to be able to reproduce the BDIC for the PHOCPs inside the program:
Even if restricted to for PHOCPs, the inverse problem is expected to have rich re-
lated subjects listed below. Hence,those who are interested on improving ANFER
will be welcome writing-up, because the improvement on ANFER is expected to
advance various studies related with the inverse problem of the BG-normalization.

(2) (the separability): By a simple calculation, we see that the PHOCP-Hamiltonian
with f; = f3/3 =a+b, fo/3 = fs = a — b and the PHOQP-Hamiltonian with
g1 = g3/6 = g5 = —5(a® + b?), g» = g4 = 20(a® + b?) share the same BG-normal
form up to degree-4, where a and b are real-valued parameters [1]. These oscillator
Hamiltonians are well known to be separable in ¢; & g, (see [17]), Theorem ***
is hence understood to provide a significant relation between the separability of
the PHOCP-Hamiltonians and that of PHOQP. Since F® with (88) and Q are
thought to include several classes of Hamiltonians separable in several coordinate
systems other than ¢; £ g9, the separability will be worth studying extensively
from the BG-normalization viewpoint in future. |

(8) (quantum bifurcation):  Since the perturbed oscillators referred to in theorems 5.1
and 5.2 are integrable, their quantum spectra are expected to be obtained exactly.
These oscillators are hence expected to provide good examples of the quantum
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bifurcation in the BG-normalized Hamiltonian systems [20, 21, 22, 23] to study
whether or not the quantum bifurcation in the BG-normalized Hamiltonian system
for those oscillators approximates the bifurcation in these oscillators in a good
extent.

(4) (integrability):  As is easily seen, the solution (76, 77, 78) of the inverse problem
for G admits fifty real-valued parameters. We may hence expect to obtain other
integrable systems, so-called the electromagnetic type [18], for example.

On closing this section, we wish to mention again of the role of ‘computer algebra in the
inverse problem: Without computer algebra, for example, in section 5, it would have
been very difficult to find theorems 5.1 and 5.2.
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7 Appendix: the BDIC

In this Appendix, we review the BDIC briefly. We will restrict our attention here to
the two-degree-of-freedom natural Hamiltonian systems associated with the Euclidean
metric because the PHOCPs and the PHOQPs dealt with in section 5 are of such type.

The theorem due to Bertrand and Darboux is stated as follows (see [13, 14], for
example).

Theorem 7.1 (Bertrand-Darboux) Let F' be a natural Hamiltonian of the form,
1, ,
F(g,p) =3 ;pj +V(9), (86)
J:

where V(q) a differentiable function in q. Then, the following three statements are
equivalent for the Hamiltonian system with F'.

(1) There ezists a set of real-valued constants, (a,B,8',7,7) # (0,0,0,0,0), for which
V(q) satisfies

vV 0*V
(.561_2 - Eq_"') (—2aq1q2 — B'ga — Bar + )
2 1
8%V / /

ov ov
+ —(6aqgy + 308) — —(6aq, + 36") = 0.
5q1( g2 5) 3‘12( q1 ﬂ)
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(2) The Hamiltonian system with F' admits an integral of motion quadratic in momenta.

(3) The Hamiltonian F is separable in either Cartesian, polar, parabolic or elliptic
coordinates.

Due to the statement (2) in theorem 7.1, a natural Hamiltonian system with F' is always
integrable if (87) holds true. In this regard, we refer to (87) as the Bertrand-Darboux
integrability condition (BDIC). | ‘

For the PHOCPs and the PHOQPs, Yamaguchi and Nambu [14] have given a more
explicit expression of the BDIC (87) convenient for section 5:.

Lemma 7.2 Let F®)(q,p) (k = 3,4) be the Hamiltonians of the form (78) and (81).

(1) For the PHOCP with F®(q,p), the BDIC (87) is equivalent to either of the follow-
ing conditions, (88), (89), or (90);

3(fufs + fofs) = (F2+ f2) =0, o (88)
A= fo=fa=0, ()
fa=2f2, fi=f3=0. ‘ (90)

(2) For the PHOQP with FW(q,p), the BDIC (87) is equivalent to either of the follow-
ing conditions, (91) or (92);

g3 = 2g1 = 29s, :
: ; : . (91
{ g2 =94 =0, (o1
992 + 495 — 249193 — 99294 = 0,
9¢2 + 492 — 249395 — 99294 = 0, : (92)

(92 + 94)g3 — 6(9194 + g295) = 0.

The equations, (88) and (92), are referred to as the BDIC (82) for PHOCPs and (85)
for PHOQPs, respectively, in section 3.

In closing Appendix, we wish to mention little more of the BDIC: As stated in
Theorem 7.1, the BDIC (87) provide not only a necessary and sufficient condition for
an existence of first integrals quadratic in momenta [15, 19] but also for the separability
in either Cartesian, polar, parabolic or elliptic coordinates [13]. Indeed, the BDIC has
been studied repeatedly from various viewpoints; the separation of variables [13, 16],
the complete integrability [17], so-called the direct method [18] and the renormalization
of Hamiltonian equation [14], for example (see also [19] as an older reference and the
references in the above-cited literature).
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