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Abstract. We present program GITAN for symbolic computation of the class of polynomial Hamil-
tonians and formal integrals with the help of ordinary and inverse Birkhoff-Gustavson normalization
based on the algorithm ANFER using a conventional pseudocode. The corresponding algorithm of
the program QUANTGIT for a semiclassical quantization of the BGNF is described too. Typical
examples for a hydrogen atom in external fields demonstrating the runs of the above algorithms and
programs as input and output data are given. A comparison of the obtained semiclassical spectrum
and its quantum counterpart calculated by the POINTFIELD program is shown.

1 Introduction

In recent papers, a Computer Algebra algorithm for generation of a parametric class of polynomial Hamil-
tonians which are reduced to the same Birkhoff-Gustavson normal form (BGNF)[1-3] named ANFER
(Algorithm of Normal Form Expansion and Restoration) has been developed to study the two-dimensional
integrable systems [4-7]. Such a type of algorithms and programs have indeed an important application in
the BGNF study of both around integrable systems [8-15], geometrical quantization approaches [16-18],
algebraic perturbation methods [19-25], and solving applied problems of atomic and laser physics [26-29].

The aim of this talk is to give a unified description using a conventional pseudocode for the algo-
rithms and routines developed by us for generating the class of polynomial Hamiltonians and formal
integrals of motion with the help of ordinary|2,3] and inverse normalization [6]. These algorithms have
been implemented by parts in our previous programs GITA [30], GITA~! [31] and ANFER [4,5], and
accumulated here within the framework of the program GITAN. This program is based on an extension
of the two-dimensional GITA program for an ordinary normalization till the n-dimensional version and a
basic idea of the ANFER algorithm about using the third-type generation function classified by [32] with
arbitrary coefficients from a range of the diagonal shift operator on each kth step of the inverse iteration
procedure [4]. For extraction of the representative samples of a class of the integrable two-dimensional
systems the program BDIC has been developed [7, 33]. The routines of semiclassical quantizing of normal
forms [20, 34] using algebraic perturbation theory (APT) algorithm described in [35,36] have also been
incorporated in the the program QUANTGIT presented here as a kernel program surrounded by the
specialized procedures tuning on a solution of the specific quantum-mechanical tasks [34,35,37]. The
programs under consideration are oriented to a support of computer modelling of dynamic and atomic
system in external fields like [26-28] and the laser induced formation of Saturnian Hydrogen atoms in a
low density plasma [29].

Section 2 gives a brief background of the ordinary and inverse normalization and describes the basic
procedures of the program GITAN. The corresponding examples of input and output data of the GITAN
run within the framework of a polynomial version BGNF transformation of two- and three-dimensional
hydrogen atom in electric F' and magnetic «y fields are considered. In Section 3 we display the background
and the main procedure of the program QUANTGIT and examine it on a semiclassical quantization of
2D hydrogen atom in the field of distant charge. We also give a comparison of the semiclassical results
with one of a pure quantum mechanical algebraic calculation by the program POINTFIELD [35]. In
conclusion we discuss the perspective of the development approach to build up new normalization and
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quantization procedures. The proposed algorithms and programs GITAN and QUANTGIT have been
implemented with the help of REDUCE 3.7!.

2 Description of Program GITAN

In this section, we review very briefly the ordinary and inverse problems of the BGNF expansion following
[3,4, 6] and the basic procedures Normform, Integral and Invert of the program GITAN for constructing
the BGNF and formal integrals of motion, respectively. Consider the Hamiltonian system with n degrees
of freedom in the phase space R™ x R, which admits a stable equilibrium point in both non-resonance and
most general resonance cases: with incommensurable and commensurable frequencies w,, (v = 1,...,n).
Without loss of generality, such an equilibrium point can be put at the origin of the phase space. So, the
Hamiltonian Hs of such a system is assumed to be expanded into a formal power series, up to degree
Smaz- As a result, it becomes a polynomial in (g, p) of the form

Smax

His1(q,p) Zwu Pt a)+ > H[((;’?(q,pL (1)

where H[((S) (k = 3,4,---) denotes the homogeneous part of degree k, while an auxiliary subscript ¢
equalling 0 or 1 designates what a type of the ordinary or inverse normalization can be chosen as input
data for the GITAN algorithm.

The ordinary normalization problem is the conversion of given Hj;) = K at ¢ = 0 into a BGNF
power series through a local canonical transformation, (¢,p) — (£, 1), which is associated with a type-2
generating function Wis(g,n) at § = 0 of the ’old’ position variables ¢ and the 'new’ momentum ones 7
32)

Smax

On choosing Wigj (¢, 1) = W (g, n) suitably, the input Hyg (q7 p) is converted to the power series, say output
F[O] (fa 77) = F(gv 77)7 through

aVI/O 8W0 Smax L
o (g = Hiola: =5, )> - T (€)= Zwu i+ €2) + 3 T/ (6 (3)
where every homogeneous part I} [g]c) (&,n) (k=3,4,- -, Smas) satisfies the Poisson-commuting relation,

1 n n o P
{52% (n3+63)ﬂ%’?<&n>}=<;wy (fya—m—ma—@» e =0, (4)

which has been rewritten with help of the differential shift operator Dy , in the form ngf[g]c)(f, n) = 0.
The inverse problem is extracting a class of the output Hamiltonians H{s) = H at § = 1 which must
transform to the previous BGNF output, I'g) = I" = Iy} from (3), such as Hj;) = H O K = Hyg) [4,6].
Let us consider Wj;; = S(q,m) D —W(q,n) = —W|q) (see (2)) as the non-normal type-3 generating
function of the new’ pOblthH variables ¢ and the ’'old’ momentum ones 7 [32],

Smax

W[l] q,1 Z Mqy — Z W[(ﬁ) (qv 77); (5)
k=3

associated with the inverse canonical transformation, (£,n) — (g, p), through the relation
oWy oWy 1 L
5o ) =T, b Hulap) =3 e Gl +a)+ X H@n,  ©)
v=1 k=3

where the input BGNF Hamiltonian I};) = I” stays in the r.h.s. of Eq. (6) like the ordinary one K in the
r.h.s. of Eq. (3). Both —S and W are assumed further to satisfy

H[l] (Qa -

0 0
=S, W € imageD,, with Dy, = Zwy <qy . ) (7)
v=1 677 8(]

! The authors are now implementing the same procedure GITAN in Maple 7.
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2.1 Procedure Normform

Input:

d: for the ordinary problem & = 0, for the inverse problem § = 1;

n is the number of degrees of freedom;

Smaz 18 the order of the normalization;

w, are frequencies; r is the number of resonance frequencies;

Jmaz > 3 is a maximum degree of terms H@) of an input Hamiltonian Hygpat 6 =0 or Iy at § = 1;
HU) are the homogeneous polynomials of degree j in the Cartesian coordinates (¢,p) € R x R™
Output: W) are the terms of a generation function W;

I'®) are the terms of an output Hamiltonian Ioyat 6 =0or Hyyjat § = 1;

Local:

v= 1,..,n,5= 3,...,8mazxs ] = 3y Smaz;

k = (k1,ka, ..., ky) is multiindex:

k| = k1 + ko + oo+ kb, K = Kyl k), 8 = q]flqgQ...qfl", nk = n]flng?..nfl", sl

Ty, Yo, are auxiliary complex coordinates;

H l(;'z, Fl(ri)a I/Vl(;) are auxiliary coefficients;

1= (l1,l2,...,1n), m = (my,ma,...,my,) are multiindices;

Cl(;)ﬁ if § = 0 then cl(:rz =0 else cl(:r)b are arbitrary complex constants;

Global:

¢®):if § = 0 then ¢® = 0 else ¢(®) = () (z,y) € R is a complex polynomial of degree s;
qv, My, are current coordinates;

Note:

for the ordinary problem (§ = 0) the output Hamiltonian I'(®) is a normal form

1: for j:=jmaz tO Smaz do HU) :=( end for

2: for s:=3 t0 Sy do

1 )

3: H® = subs(qy, — —=(xy + ), v — —= (T, — 1), H(S))

4 HY = 3 H [ by 9 - > an e
v=1 I,m v=1

1,m
[L+|m|=s [U4|m|=s
20wy (my,—1,)#0

5.  for all (I, m) € Hl(;) # OUcl(f,Z #0
if 320 wp(my — 1) #0
then I = e W) = a(-17(H) + )] S wulm, 1)

-1

im>
V=

else Fl(;) = Hl(;'z; Wz(;;) =0

end if

end for all .

6: W) .= Z WZ(T‘Z) H mf,“yl’j”; e .= Z FZ(T‘Z) ﬁ mf,”yg“
v=1

v=1

1,m 1,m
[L+|m|=s |1 +|m|=s

1 7
T () = subs(z, — —=(qu — 1), Yo — —(—qy — 1), W
W ( —>\/§(q n)y—>\/§(q m), W)

1 7
F(S):zsubsxy—>— v = 1My), u_>__l/_lU7F(S)
( ﬁ(q M), Y \/i( Qv — 1) )
8: for j:=s 41 to smax

r9 = 9+ (-7 S 1 [(GW(S))'“ (8‘k‘H(l)) _(aW(S))k (alklﬂl))} .

e K dq on* on dg*
‘k‘§l<j
== 2) k|
end for
9:  for j:=3 to Smay do HY) :=I'Y)  end for
end for (2:)

end of procedure Normform

The implementation of the above procedure normform of reduction to a BGNF depends on a ratio between
frequencies w,,. Birkhoff has proved [1] that if the frequencies w, of Hamiltonian (1) are incommensurable,



150 Alexander Gusev et al.

there is a canonical transformation (¢, p) — (£,7), such that in new coordinates the Hamiltonian I (£, )
is the function of n independent integrals of motion I, = (&2 + n?2):

Hio)(g,p) = Noy(&:m) = D> _woly + >yl + ... (8)
v=1 v

If the frequencies w, are commensurable, i.e. if there exist r resonance relations of the form

(B,w) = brw, =0, k=1,2,..r, (9)
v=1
where matrix B = {bg,} has integer coefficients by, and rank r, w = {ws,...,w,} is n-vector, then

Hamiltonian (1) cannot be reduced to the form (8). In this case, for BGNF I" from (3), we have (n —r)
independent formal integrals of motion I\>) of the form 2]

Ilg?) :Z%(fg‘kﬂz% {Ilg?)vr}:()v k/: 1,2,...,%—7’, (10)

v=1

with coefficients a,; being the solutions of the system of linear algebraic equations
(B,A) = bpaw =0,  k=12..r K=12.n-r (11)
v=1

where matrix A = {a,x } has n — r columns consisting of n-vectors. After the substitution of solutions
ay of the system of equations (11) into the formula (10), with the help of inverse transformation
(&,m) — (q,p) up to the given order $,,4, — 2, one can calculate the (n — r) approximate formal integrals
of motion Iy (q,p), k" = 1,n —r for the input Hamiltonian H from (1), i.e. pb = {Ix/, Hjoj} = 0, up
to the order $,,q4.. As input data the frequencies w and ratios between those given by matrix B of input
Hamiltonian from (1), and generating function Wy calculated by the above procedure normform are
used here. The corresponding algorithm for the analytical calculation of approximate formal integrals of
motion up to the given order s,,4; using an auxiliary construction of some n—r parametric formal integral
of motion I® =3""_ a,(n? +¢2)/2, with coefficients a, = a,x satisfying (11), i.e. {I® '} =0, as
local variables, are implemented by procedures Integral and Invert of the program GITAN at § = 0,
which are introduced below.

2.2 Procedure Integral

Input:

n is the number of degrees of freedom;

Smag 1S the normalization order;

H) are homogeneous parts of degree s of the initial Hamiltonian H in the Cartesian coordinates (¢, p) €
R™ x R™;

r is the number of relations between frequencies;

by, are the components of matrix B from (9);

Output:

I is the array of formal integrals of motion;

pb is the Poisson bracket;

Local:

v=1,..,n, k= 1,...r,k'=1,..,n—7r, s=2,..., Smaz;

I is an auxiliary homogeneous polynomial of second order;

a, are auxiliary coefficients;

HH is an auxiliary Hamiltonian

Global:

&, My, are coordinates;

csnt(k') are arbitrary coefficients;

z is an auxiliary cutting parameter: z° = {if s < $y,4, then 2° else 0}.
l:for v =1ton do p,2 = 2P0, ¢v,2 = 2qu,0 end for
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2: for s = 3 t0 Symaz do call INVERT(s) end for

3: solving of system of equations Z brva, =0,k=1,...1r: a, = a,(csnt(k), K =1, ...
. v=1

4: 1 Z 7” M+ &)

5:I:=s ( " Dit,5maz > Sp M:_l”n 9u,8maz s I)

Smazx

6: HH := subs(p, wzim ZPp,05 Qu = 24,0, Z H(g)

7 1:= subs(pu 0 e Puyqu,0 = qu, HH — I)
Z o1 O(Tiry ) a(Siy H) o
o 8]71, 8(111 apu 8(]1/

oo

9: for k" = 1 ton —r do Iy := subs(z = 1,csnt(k’) = 1,csnt(k # k') = 0,1) end for

end of procedure Integral

Procedure Invert

Input:

n is the number of degrees of freedom,;

Smagz 1S the normalization order; s is a current number;
W) is the term of a generation function W;

Output:

(pu,37 qy,s) as a function of (pu,s—la QV,S—l)
Local:

v,pp = 1,...,n is the number of degrees of freedom; x, 9, x,,1, ¥», Wt are auxiliary functions;

Global:

z is an auxiliary cutting parameter: z° = {if s < $;4, then z° else 0}.

1: forv=1tondo wt:=subs(n, — 20, ¢ — 2q, W(S)) end for
: for v=1ton do z,p =y, end for;

2

—1n T 1 dwt
3: forv=1tondo x,1:= subs(n, whn L’O,x%o - -
z z
4

) end for
repeat :
for v =1tondo z,0 :=x,,1 end for
forv=1tondo .1 := subs(n, wzlm I‘;‘O y Ly, 0 — %%) end for
until Z (xy1 —xp0) #0
5: fory—ltondo g . n P .
7” s S— =L,n s S—
Pv,s = SUbS( qu .= %v Yu = %;xu,o);
=1, 1n dW )
Qu,s ‘= SUbS(QM g Qu,s—15 Mu = Pu,s—1,qu + );

dn,
end for

end of procedure Invert

The program GITAN including the above procedures Normform, Integral and Invert has been
implemented in REDUCE 3.7. As a set of input data we use the following: the number of degrees of
freedom n > 2, the frequencies w, r ratios between w given by matrix B from (9), the input Hamiltonian
Hjg from (1), and the normalization order sy,q.. The results of run of the program GITAN for ordinary
(6 = 0) and inverse (§ = 1) analytical construction of BGNF and the calculated approximate formal

integrals of motion up to the given order s,,4, are displayed below.

3 Examples of Runs of GITAN Program

2D Hydrogen atom We consider the results of calculation of a normal form and approximate integral
of motion for a two-dimensional limit of the Saturnian Hydrogen atom (initially confined to the plane
z = 0 with no velocity component in the z-direction) in a circularly polarized electric field F' and magnetic
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B fields (in atomic units) [27]

_ 1 1 1 We w?

Hy = =% + =P — ———— + = (—Pu + BDy) + —=(2° + %) + F(T coswyt + ysinwyt

where w. = eB/(mcc) is the cyclotron frequency, and wy is the electric field frequency. In a synodic frame
rotating with the field frequency wy,

3]

7 1o 14 1 We _ = ~,  We,2 | 2
Ho =K = 5p; + 59, — Nl (wr = ) (=0Ps +2py) — FT + (2" +7°),
after scaling coordinates and momenta x = wf/gf, y = wf/ggj, Py = wc_l/gpw, Dy = wc_l/gpy we find the
Hamiltonian
I P 1 1 Lo, 2
Ho =K = gp; + 5p, — Nl (2 = 5)(=ypa + 2py) — ez + S (2" +y7),

where K = Kw."2/3, 2 = wrw b and e = Fw;4/3, K is the Jacobi constant. The corresponding Hamil-
tonian H in the Levi-Civita variables p, ¢ on the energy manifold determined by H = /2/ — K V2 + y2
apart from the change of time variable ¢t — 7 with d¢/dr = \/2/ — K has the oscillator form [38]

21
H=\|=7 =501 +9 +ai + ) + a1 (~ap1 + 1p2) (af + a3) + az(? + 3)° + bulal —a3). (12)

where by = F\/—2K/(8K?), a1 = (2 — 3)/(—4K), az = 1/(128K?). As a result of executing GITAN at
§ =0, the BGNF I' = Y"7m2* I'®) at s,,4, = 8 is obtained:

r®=prn, r®=r6=rm=g,
3b
= 711112 + a1 I, (13)
1762
16

7a1b1 a

2
o= —%1113? — bl + (61 =30 15) - — (I + 3L13),

©) ai 5 biaf oy 3 3 3 37567 g 3
e = ?I1[3 +w(4[1[2+127_[1_[2]3)+5&1&2(3_[1[3 —5[1[3)+ 32 (I1I2+I1[2)
+b%ﬂ(121 I 431502 T + 10710y + S22 (55537, 4 211 1, 12)
16 1143 14243 143 S 142 142143 ),

where
1
L = 5(’7% +m+EE+E), Iz = (Eime — Eam),
1
I = 5(’7% —m &G —8), L= (46 +mn).

Note that the above normal form representation is not unique with regard for the relation I? = I3+I12+13.

We are now in a position to give an example to show how the inverse GITAN at § = 1 is proceeded
to BGNF Hamiltonians. We take as the input a BGNF Hamiltonian I}y = I'® + I'® from (13). For
example, if we choose the auxiliary homogenous polynomials ¢®) = 0 and ¢* with arbitrary complex-
valued coefficients, then we find that the Hamiltonian H® consists of 188 monomials. Therefore, we
choose the real polynomial ¢(*) and extract a class of real-valued Hamiltonians H = H® + H®) + H®)
at Smar = 4:

1
H® = §(P12+P22+Q12+(J22)7 H® =0,

1 . 1 1 . 1
HY = q%(—gcé,3,2,2 — e 04— b1) — 3@2°Pra1 + S apaar + 422p22cS ) 00 — S0P
1 1 1 . 1 .
—5(12]922291&1 - 5(121713&1 + q14(—§6§,%,0,0 - Cé,é)l,O,O +b1) + §q13p2a1 + ‘1121’120;,%,0,0 (14)

1 1 . .
+§qlp23a1 - §q1p2p12a1 +p2tely o+ piiesl o
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Setting 66?1’0’0 = 66?8’0’4 = 0 in Hamiltonian (14) in the case a; = 0, H becomes [38]

H = (Q%ng,o,o + %)p12 + (qQQC(()%()),Z,Q + %)pQQ + %%2 - (%Cg}%,o,o - bl)Q14 + %QQZ - (%C(()%()),z,z + bl)QQ4-
Note that H turns out to be a Hamiltonian of Liouville type, which is well known to admit the separation of
variables in its associated Hamilton-Jacobi equation [39]. In such a way it has been shown [6, 7] that if the
perturbed harmonic oscillators with a homogeneous cubic-polynomial potential and with a homogeneous
quartic-polynomial potential share the same BGNF up to degree four, then the both oscillators satisfy
the Bertrand-Darboux integrability conditions (BDIC) [40].

One can indeed examine that for the Hamiltonian H given by (12) at a; = 0 the second exact integral
of motion [ in involution with H, i.e. {H,I} = 0, has the form

I =b1(q +p?) — az(—gep1 + qip2)?® + 2a2bigd (g} + ¢3)* + 2b3qi. (15)

Fig. 1 shows the 3D plots of the above exact integral I(a) and the approximate integral I,(b)-(d) in
coordinates pz, g2 calculated by GITAN at 6 = 0 till eighth order? (s, = 8) with fixed K, w,, F and
three sets of parameters a1, ag, b1. One can see a qualitative agreement in the exact and approximate
isolines of Poincaré sections, which can be improved taking into account higher-order calculations(s,,qz >
8) that are needed to describe similar but non-integrable systems having both discrete and continuous
spectrum [29]. For the 2D hydrogen atom a further analysis of the above approximate integrals and normal
forms connecting convergence to Liouville-integrability can use some approaches in this line [10-15].

Fig. 1. The 3D plots of the exact integral of motion I and the approximate ones Is (Smae = 8) for Hamiltonian
(12) at K = —1.071-107%, w, = 1.472-107°, F = —3.389-1075, by = 6.974-1072, as = 2.457-1072 are displayed
in (a) and (b) — (d), respectively. Parameters w; = 7.36 - 107° and a1 = 0 for (a) and (b), w; = 8.464 - 10~° and
a1 = 1.051 - 1072 for (c), and wy = 9.936 - 107° and a; = 2.453 - 10~ for (d)

3D Hydrogen atom As an example we consider the 3D Hydrogen atom in parallel electric F' and
magnetic v fields. In [26] this task has been reduced to a four-dimensional one with a two-parametric

2 the integral of motion I, evaluated by GITAN at S,4. = 8 consists of 237 monomials and is not displayed
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Hamiltonian

4

AF
=52 @+~ (@ +d +d +ad)af — 63 — a3 + i) (16)
j=1

l\DIr—\

4y
—— (@ + a3+ a3+ a) (@ + 6@+ a3),

where w? = 4yL, — 8E, at a given value of an integral L, and energy E. With the help of the program
GITAN at 6 = 0 the BGNF at 8,54 = 6 is obtained, but is displayed here till s,,45 = 4°:

4
1
r®=z3w+g)., 19 =0 (17)
j=1

3F 2F
I — _ﬁ(gf +& 4+ +n)? + 5 (mé — niér)?

3F 2F
+ﬁ(f§ +& A+ +m) - F(Thf:s — n3éa)?.

There are 3 resonance relations between frequencies in the Hamiltonian (17): w1 = wo = w3 = wy = 1, i.e.
n =4, =3,n—r = 1, therefore, there is a single integral of motion in the form (10): I; = I'®. According
to transformation (£,1) — (q,p) (see the above procedure Invert), a rather cumbersome expression for
the decomposition of an approximate integral of motion I; has been calculated by GITAN at § = 0, but
it is not displayed here*. The examination of this integral decomposition by means of testing the Poisson
bracket pb = {H, I } has been evaluated successfully, pb = 0, by the procedure Integral.

4 Description of Program QUANTGIT

4.1 The Example of Quantization of 2D Hydrogen Atom

Semiclassical quantization schemes of the 2D limit case of the hydrogen atom in magnetic field have been
considered in detail in [19,22,34]. To illustrate the run of our program QUANTGIT for a semiclassical
quantization of BGNF and to have a comparison of results with a known quantum spectrum, we consider
here the 2D hydrogen atom with the charge Z, in the electric field of a distant point charge Z;, with
Hamiltonian

1 Zy
H=(p}+p5+ai+a)+

1 _
5 5(=2E) 32 (gt — qg)ﬁ (18)
1 _ Z
—7(72B) (¢ + 43)(42 — 44763 + 1) T3 +

where R is a distance between charges Z, and Z;, at a fixed value of energy E < 0. As a result of
executing of GITAN, the BGNF, I = Y 7ms* I'®) " at 40 = 10 has been calculated. We present only a
few expressions®

1
I® = S(nf +13 + & + ),
Zy

I = 2 (2m) 22 + ) — (0 + E)P), (19)
r = —61—4(—2E)72(§22 + &%+ mZ ) B(& + ) + 567 +m?)? -
—8(&% +m?)(&° +n2%) — 12(mme + 5152)2]%
17 Zy?

oOF 24 23 4 (62 4 232l
128( )& +m®) + (&7 +m?)?) Ti

3 1) consists of 169 monomials

4 the correction for integral of motion I at Smaez = 6 consists of 190 monomials

5 the corrections I'® and ' consist of 35 and 190 monomials, the corrections I'"® at odd k are equal to zero
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Each even term G(2k) is here a sum of homogeneous polynomials G;(2k) of order 2k, i.e. G(2k) =
Z?Z;Q R77G;(2k). The program QUANTGIT converts a normal form in the complex variables zj

%(Uk + &), 2} = \%(nk — i) and with the help of the Weyl substitution

m

m_*n 1 m! ~+lana+m—I
&% T om Z maﬁlakaz ) [ar, a;] = Ou, (20)

transforms it to the quantum BGNF in terms of the operators a, a™. Then the eigenvalue problem
IIX) = AME)|A) (21)

concerning the spectral parameter A\(E) is solved by using the eigenvector definition:

k1, ke) = (VEalka) ™1 (@)™ (a3)"210,0),  @1]0,0) = a2[0,0) =0,
where k1,k2 = 0,1,2,... are the oscillator quantum numbers. For solving the eigenvalue problem (21)
we expand the Hamiltonian I' in the sum I = > P;R™7, where P; = Zi:[j/Q]fl G;(2k). An action
of operator P; on eigenvector |ki,ks) has the form Pjlky, ko) = Zgi_j[zﬁ]n/z] aoklkl — 2k, ko + 2k).
Decomposing the eigenvector |A) by basis |k, k2), we have:
3% —3/2
ME)=ki+ka+1+ 4—R2(_2E) (k14 ko 4+ 1) (k1 — k2)
Zy _
— 55 (—2F) 32(ky + ko + 1)(5(ky — ko)? — dkyky — 2k — 2kg + 3) + ...
To calculate the energy E < 0 in parabolic quantum numbers ny,n9 = 0,1,2, ... we will use the substi-

tution k1 = 2n1, k2 = 2ny. The quasi classical spectrum of energy E = E,,, ,, of the problem (18) is
calculated from the algebraic equation A(E) = Z,+/—2/E with the aid of a standard iteration routine

Z2 3Zb HQZZ,
Boymy = =% + ——nd + ——r(n? — 6d*> — 1 22
1,12 2n2+2ZaR2n +2Z§R3(n 6 ) ( )
ntz32 9 n3dZ,
——— — 12d? — —— - (156n? — 436d> — 22
5 4Z§R4(68n +85) - 4Z§R4( 56n2 — 436 N+ ...,

where n = nj + ng + 1/2, d = n; — ng. The above algorithm has been realized with procedures [35, 36]
as part of program QUANTGIT. In [35] the energy spectrum for 2D Hydrogen atom has been calculated
by an ordinary algebraic perturbation theory method with the help of program POINTFIELD®

e Z2 3Zb HQZZ, 2 2
Em’m:_ZnGQ—’—ZZaRQn 2Z§R3(n —6d°—1) (23)
ntZ? n3dZ,
- 68n% — 12d% + 67) — ———(156n2 — 436d% — 227) + ....
6az1RT 0" +07) — Gazags (1967 )+

One can see that a difference between these relations is only in the free terms in the brackets, which is
a consequence of the known arbitrariness in the quasi classical correspondence rules. We examined that
the Weyl substitution (20) realized in the basic procedure Quantconvert of the program QUANTGIT
provides a minimal difference in the above results as compared to the symmetrized or the Iordan ones.
Note the quasi classical formulas give a better description of an upper part of the spectrum as compared
with the pure quantum perturbation ones. Below we present the procedure Quantconvert only.

4.2 Procedure Quantconvert

Input: n is the number of degrees of freedom:;
Smagz 1S the normalization order;

w, are frequencies;

I'®) are the terms of a BGNF I';

5 We do not allow the constant term Z,(Z, — 1)/R.
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Output:

I'®) are the terms of a quantum BGNF operator;

G®) are the actions of operator I'(®) by eigenfunctions |k1, k2, ..., kn) of operator f@);
Local:

v = 1,...,n is the number of degrees of freedom;

zy, %5, are auxiliary variables;

I, m, m’ are the parameters of the Weyl transformation;

Global:

&,, My, are current coordinates and momenta;

at, a4, are creation and annihilation operators;

|k1, k2, ..., kn) are the eigenfunctions of harmonic oscillator Ir®:.
k, are quantum numbers;

1: for s:=3 to S;pqe do

1 1
2: %) .= subs(n, —(z, + 2)), & — — (2, +23), r®
(= Ze(e+30), & = (o +), 1)

. F(s) . m _*m’ L - LAJrlAm'Aerfl (s)
3 I o=subs(z)'z)™" — o ZZ(:) l!(m—l)!a” ay' a,) , T
4: GO =Tk, kg, ..., k)
5. while G® >a, at do
G©) = subs(at|  ku, ) — VE, + 1| ko + 1, ), a0 1k, ) = VE| R, — 1, ),GE))
end while
end for(1:)
end of procedure Quantconvert

5 Conclusion

We have demonstrated the efficiency of the proposed recursive symbolic algorithm GITAN for the gen-
eration of both ordinary and inverse BGNF and formal integrals of motion as well as the calculation of
perturbation series by means of algorithm QUANTGIT, which are needed to solve the specific applied
problems in atomic and laser physics [29, 28]. Developing such an approach with the quantization proce-
dures [34] similar to the normal form perturbation method [24] and polynomial Lie algebra to [25] is in
line of our interest too.

The further long write-up of GITAN program, the development of its algorithm based on Lie trans-
formations [8, 9] and corresponding comparison are beyond the subject of this talk and will be published
elsewhere.

6  Acknowledgements

We are grateful to Professor V.P. Gerdt for his encouragement of this work (from the joint project within
the framework CASC of the themes N° 04-6-0996-93/2002 LIT and N° 01-03-1028-99/2003 BLTP of
JINR). Our talk is devoted to Dr. Vitaly Rostovtsev’s 70 year anniversary. The authors (AG, VR and
SV) appreciate the support of the RFBR (grants No. 00-01-00617, No. 00-02-16337).

References

Birkhoff, G.D.: Dynamical Systems. A.M.S. Colloquium Publications, New York (1927)

Gustavson, F.G.: On constructing formal integrals of hamiltonian systems. Astronomical J. 71 (1966) 670

Moser, J.K.: Lectures of hamiltonian system. Memories of AMS No. 81, AMS, Providence (1968) 1-60

Uwano, Y., Chekanov, N.A., Rostovtsev, V.A., Vinitsky, S.I.: On normalization of a class of polynomial

Hamiltonians: From ordinary and inverse points of view. In: Computer Algebra in Scientific Computing,

V.G. Ganzha, E-W. Mayr, E.V. Vorozhtsov (Eds.), Springer-Verlag, Berlin (1999) 441-461

Uwano, Y.: (2000) webpage: http://yang.amp.i.kyoto-u.ac.jp/~uwano/

6. Uwano, Y.: From the Birkhoff-Gustavson normalization to the Bertrand—Darboux integrability condition. J.
Phys. A 33 (2000) 6635-6653

7. Uwano, Y., Vinitsky, S.I., Rostovtsev, V.A., Gusev, A.A.: The inverse problem of the Birkhoff-Gustavson

normalization of the perturbed harmonic oscillators with homogeneous-cubic polynomial potentials. J. Com-

putational Methods in Sciences and Engineering 2 (2002) 271-275

Ll

o



13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Programs for Normalization 157

. Deprit, A.: Canonical tranformation dependent on a small parameter. Cel. Mech. 1 (1969) 12-30

. Giorgilli, A.: A computer program for integrals of motion. Comp. Phys. Comm. 16 (1979) 331-343
10.
11.
12.

Ito, H.: Convergence of Birkhoff normal forms for integrable systems. Comment. Math. Hel. 64 (1989) 412-461
Ito, H.: Some aspects of integrability and action-angle variables. Sugaku Expositions 3 (2) (1990) 213-232
Ito, H.: Integrability of Hamiltonian systems and Birkhoff normal forms in the simple resonance case. Math.
Ann. 292 (1992) 411-444

Bruno, A.D., Walcher, S.: Symmetries and convergence of normalizing transformations. J. Math. Anal. Appl.
183 (1994) 571-576

Cicogna, G.: On the convergence of normalizing transformations in the presence of symmetries. J. Math.
Anal. Appl. 199 (1996) 243

Mikram, J., Zinoun, F.: Normal form methods for symbolic creation of approximate solutions of nonlinear
dynamical systems. Mathematics and Computers in Simulation 57, Issue 3-5 (2001) 253-289

Gutzwiller, M.C.: Chaos in Classical and Quantum Mechanics. Springer, New York (1990)

Uwano, Y.: Degeneracy of energy levels in a Maslov-quantized perturbed 1:1 resonant oscillator. A quantum
counterpart of a Hamiltonian pitchfork bifurcation. J. Phys. A28 (1995) 2041-2055; 6481

Uwano, Y.: A geometric approach to a quantum counterpart of a saddle-node bifurcation in a 1:1 resonant
perturbed oscillator. Int. J. Bifurcation and Chaos 8 (1998) 641-650

Robnik, M.: Hydrogen atom in a strong magnetic field: on the existence of the third integral of motion. J.
Phys.A 14 (1981) 3185-3216

Robnik, M.: The algebraic quantization of the Birkhoff-Gustavson normal form. J. Phys. A 17 (1984) 109-130
Robnik, M., Schriifer, E.: Hydrogen atom in a strong magnetic field: Calculation of the energy levels by
quantising the normal form of the regularized Kepler Hamiltonian. J. Phys. A 18 (1985) L853-859
Hasegawa, H., Robnik, M., and Wunner, G.: Classical and quantal chaos in the diamagnetic Kepler problem.
Prog. Theor. Phys. Suppl. (Kyoto) 98 (1989) 198-286

Kaluza, M., Robnik, M.: Improved accuracy of the Birkhoff-Gustavson normal form and its convergence
properties. J. Phys. A 25 (1992) 5311-5327

Nikolaiev, A.S.: On the diagonalization of quantum Birkhoff-Gustavson normal form. J. Math. Phys. 37
(1996) 2543-2661

Karassiov, V.P., Gusev, A.A., Vinitsky, S.I.: Polynomial Lie algebra methods in solving the second-harmonic
generation model: some exact and approximate calculations. Phys. Lett. A 295 (2002) 247-255

Farelly, D., Uzer, T. et al.: Electronic structure of Rydberg atom in parallel electric and magnetic fields. Phys.
Rev. A. 75 (1992) 4738-4751

Lee, E., Farrelly, D., Uzer, T.: A Saturnian atom. Optics Express 1 (1997) 221-228

Elipe, A., Farrelly, D., Wytrzyszczak, I.M.: Phase-space structure of the Penning trap with octupole pertur-
bation. Phys. Rev. A 65 033423 (2002)

Serov, V.V., Derbov, V.L., Bychenkov, A.L., Pavlov, D.V., Vinitsky, S.I.: Laser-induced and spontaneous
formation of Saturnian hydrogen atoms in low-density plasma. In: Proc. SPIE, V.L. Derbov, L.A. Melnikov,
L.M. Babkov (Eds.) 4006 (2002) 185-193

Basios, V., Chekanov, N.A. et al.: GITA: A REDUCE program for the normalization of polynomial Hamilto-
nians. Comp. Phys. Comm. 90 (1995) 355-368

Chekanov, N.A., Rostovtsev, V.A. et al.: GITA™!: A symbolic computing program for an inverse problem of
the Birkhoff-Gustavson normal form expansion. Comp. Phys. Comm. 126 (1998) 47-50

Goldstein, H.: Classical Mechanics, 2nd. Ed. Addison-Wesley, Reading, Mass. (1980)

Vinitsky, S., Rostovtsev, V., Gusev, A.: Extracting a Special Class of Integrable Systems with the Birkhoff-
Gustavson Normalization of Polynomial Hamiltonians. In: Proc. Int. Workshop ” Computer Algebra and its
Application to Physics CAAP-2001", V.P. Gerdt (ed), JINR, E5,11-2001-279, Dubna (2002) 348-355
Gusev, A.A., Chekanov, N.A., Baumann, G., Rostovtsev, V.A, Vinitsky, S.I.: On quantization of the planar
hydrogen atom in uniform magnetic fields. In: Symmetries and Integrable Systems: Proceedings of Seminar,
A.N. Sissakian (Ed.), JINR D2-99-310, Dubna (1999) 51-62

Gusev, A.A., Samoilov, V.N.; Rostovtsev, V.A., Vinitsky, S.I.: Symbolic algorithms of algebraic perturbation
theory: Hydrogen atom in the field of distant charge. In: Proc. Fourth Workshop on ”Computer Algebra in
Scientific Computing”, (Konstanz, September 22 — 26, 2001), CASC-2001, Eds. V.G. Ganzha, E.W.Mayr,
E.V. Vorozhtsov, Springer-Verlag, Berlin (2001) 309-323

Gusev, A., Samoilov, V., Rostovtsev, V., Vinitsky, S.: Maple Implementing Algebraic Perturbation Theory
Algorithm: Hydrogen Atom in Weak Electric Fields. In: Proc. Int. Workshop ”Computer Algebra and its
Application to Physics CAAP-2001", V.P. Gerdt (Ed.), JINR, E5, 11-2001-279, Dubna (2002) 158-168
Gusev, A.A., Samoilov, V.N., Rostovtsev, V.A., Vinitsky, S.I.: Symbolic Algorithm of Algebraic Perturbation
Theory of a Hydrogen Atom: the Stark effect. In: ” Computer Algebra in Scientific Computing”, V.G.Ganzha,
E.W. Mayr, E.V. Vorozhtsov (Eds.), Springer-Verlag, Berlin (2000) 219-231

Chekanov, N.A., Hongo, M., Rostovtsev, V.A., Uwano, Y., Vinitsky, S.I.: "Inverse GITA” for an inverse
problem of the Birkhoff-Gustavson normal-form method. Phys. of Atom. Nucl. 61 (1998) 2029-2033
Hagihara, Y.: Celestian Mechanics, MIT, Massachusetts, vol. 1 (1970)

Whittaker, E.: A Treatise on the Analytical Dynamical of Particles and Rigid Bodies, Cambridge University
Press, Cambridge (1937)






