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Abstract. It is shown that the gl(3) polynomial integrable system, introduced by Sokolov—
Turbiner in [J. Phys. A 48 (2015), 155201, 15 pages, arXiv:1409.7439], is equivalent to
the gl(3) quantum Euler-Arnold top in a constant magnetic field. Their Hamiltonian as
well as their third-order integral can be rewritten in terms of gl(3) algebra generators. In
turn, all these gl(3) generators can be represented by the non-linear elements of the uni-
versal enveloping algebra of the 5-dimensional Heisenberg algebra bs(p1,2, 1,2, ), thus, the
Hamiltonian and integral are two elements of the universal enveloping algebra Uy, . In this
paper, four different representations of the h5 Heisenberg algebra are used: (I) by differential
operators in two real (complex) variables, (IT) by finite-difference operators on uniform or
exponential lattices. We discovered the existence of two 2-parametric bilinear and trilinear
elements (denoted H and I, respectively) of the universal enveloping algebra U(gl(3)) such
that their Lie bracket (commutator) can be written as a linear superposition of nine so-called
artifacts — the special bilinear elements of U(gl(3)), which vanish once the representation of
the gl(3)-algebra generators is written in terms of the h5(ps 2, ¢1,2, I)-algebra generators. In
this representation all nine artifacts vanish, two of the above-mentioned elements of U(gl(3))
(called the Hamiltonian H and the integral I) commute(!); in particular, they become the
Hamiltonian and the integral of the 3-body elliptic Calogero model, if (p,§) are written
in the standard coordinate-momentum representation. If (p,§) are represented by finite-
difference/discrete operators on uniform or exponential lattice, the Hamiltonian and the
integral of the 3-body elliptic Calogero model become the isospectral, finite-difference op-
erators on uniform-uniform or exponential-exponential lattices (or mixed) with polynomial
coefficients. If (p,§) are written in complex (z, z) variables the Hamiltonian corresponds to
a complexification of the 3-body elliptic Calogero model on C2.
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1 Introduction

Let us take a finite-dimensional Lie algebra g spanned by the generators J;, i = 1,2,...,dimg.
The second degree polynomial in the J-generators,

dimg dimg
H(T) =Y aii{Ji, Jj} + Y biJi,
ij=1 i

where {A, B} = AB + BA is the anti-commutator and {a}, {b} are parameters, defines the
Hamiltonian of the quantum Euler—Arnold top in a constant magnetic field with components b;,
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1=1,2,...,dimg. It is well known that the generators J; of any semi-simple Lie algebra can be
written in terms of the generators (p,q) of a Heisenberg algebra, hence, J; = J;(p,§). We call
such a system a g-polynomial system if its Hamiltonian is defined as

H(p,q) = H(J(P, )

A particular example of an sl(2)-polynomial system was studied in details in [10, equa-
tion (13)], which is associated with the harmonic oscillator,

H=—-¢p"+(G-p—3)p=-JT +J° = (p+3)J,
where p = 0,1 and
J? = gp, J~ =D,

are two s[(2) generators, [JO, J_] = —J7, see below. The general s[(2)-polynomial system is
associated with the Heun operator, which is equivalent to the BC elliptic Calogero model [11].
The present paper is aimed at constructing an analogous but gl(3)-polynomial system starting
from the quantum As elliptic (3-body Calogero) model.

Celebrated 3-body elliptic Calogero model or, stated differently, the Ay elliptic model (in the
Hamiltonian reduction nomenclature, see, e.g., [3]), describes three point-like one-dimensional
particles of unit masses on the real line with pairwise interaction given by the Weierstrass -
function with rectangular fundamental domain (w,iw;). It is characterized by the Hamiltonian

e 1 0
i = 3 > 552 T v = Dlp(er —a2) + plez —a3) + plzs — 1))
i=1 ?
1
= 5 A0+ Vi, (1.1)

where 21, 22, x5 are the coordinates of the bodies, A is three-dimensional flat Laplace operator,
which represents the kinetic energy, k = v(v — 1) is the coupling constant. The Weierstrass
function p(x) = p(z | g2, g3) (see, e.g., [14]) is defined as the solution of the equation

(¢'(2))* = 4p*(x) — gap(@) — g3 = 4(p(z) — e1)(p(z) — e2)(p(z) — €3),

where g9, g3 are the so-called elliptic invariants, which can be conveniently parameterized as
follows:

go = 12(7’2 — u), g3 = 47(27’2 — 3,u), (1.2)

where 7, u are parameters, and ej, eg, eg are its roots which are chosen, conventionally, to obey
e = e + ex + e3 = 0. Since the Hamiltonian (1.1) is translation-invariant,  — x + a, one can
introduce the center-of-mass and relative coordinates,

3
1
Y = E i, Yy = Tj — gY, (1.3)
1

with the condition Zi’ y; = 0. The Laplacian A®) = 33 . in these coordinates takes the

=1 &v?
form,

f 202 o o
A®) = 302 +(+_).
Y U3\oy 03 0oy
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Separating out the center-of-mass coordinate Y, the two-dimensional Hamiltonian arises

" __1<02+82_82)
273\ oy T 02 Oyioys

+vv—1(p(y1 — y2) + 02y + y2) + p(y1 + 2y2)), (1.4)

which seemingly was already known to Charles Hermite as a two-dimensional generalization of
the celebrated one-dimensional Lamé operator (following Serguei P. Novikov’s studies of unpub-
lished notes by Charles Hermite communicated to one of the authors (Alexander V. Turbiner)),
2
H) =550+ F900)

which is also the Hamiltonian of the A; elliptic model [3], see also [8]. We will call the op-
erator (1.4) the two-dimensional Lamé operator. In general, the above procedure allows us
to connect the quantum dynamics in the relative space of the three-body problem with two-
dimensional quantum dynamics [12].

For many years the question of the existence of polynomial eigenfunctions of the operator (1.4)
was a challenge to answer. It was eventually solved in 2015 by Sokolov—Turbiner in [6]: the
discrete values of the coupling constant were found

/ﬁ;EV(V—l):g(n—f—S), n=0,1,2,..., (1.5)

for which the w polynomial eigenfunctions exist in the variables

. f'y1) = f'(y2) Y = 2(f(y1) — f(y2)) (1.6)

fw) f'(y2) = fly2) (1)’ Fly) f(v2) = fly2) f'(y1)’

where

f(z) = p(z|g2,93) + 7,

is the shifted Weierstrass function.

In very tedious and highly non-trivial calculations, performed in [6], it was found that the A
elliptic Calogero model potential V4, (see (1.1) and (1.4)) in variables (1.6) takes the form of
ratio of polynomials,

(z 4 272% 4 pa® — 6(pn — 7%)y* + 3/nxy2)2
4D ’

Vag(z,y) = 3v(v — 1)
where the denominator
AD(z,y) = 3pxty? + 18 p 2y + 9u% (372 — 4p)y® — dpa® — 247 pady?
—36u(7% — 2u)xy® — 4rat — 6(472 + 5p)2®y? — 187(27% — 3u)y?
4
— 3672y% — g(L‘S — 2792 (1.7)
was called the determinant or the elliptic discriminant. In rational limit 7 = p = 0 this is the
square of Vandermonde determinant or the discriminant of the cubic equation, in trigonometric
limit @ = 0 it becomes the so-called trigonometric Vandermonde determinant or a trigonomet-

ric discriminant, see for details [6]. Furthermore, the two-dimensional flat Laplacian in (1.4)
becomes the Laplace—Beltrami operator in (z,y)-coordinates

xz 82
Ag(z,y;7, 1) = 3<3 + 7% + pa® + (1 — 72)y2 — pray? — ,u2m2y2> 922
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82

0xdy

+ y(3 + 87x + Tua® — 3ury® — 6,uzxy2)

a? 2 2 AN
+ (—3+37'y + dpxy” — 3u Yy )8y2
0 0
+ (1 + 47z + 5,u3:2 - 3,u7'y2 — 6,u2:ny2) 9 + 2y(27’ + 3ux — 3,u2y2) a—y,
with naturally-defined flat contravariant metric ¢, i, j = 1,2 with polynomial entries. It can be
easily checked that, remarkably, expression (1.7) is equal to the determinant of this contravariant

metric,
D = Det (gij),

which explains the name determinant, used in [6].

Surprisingly, the gauge rotation of the 2-dimensional Lamé operator (1.4) with the determi-
nant D (1.7) to the power v/2 as a gauge factor transforms operator (1.4) into the algebraic
operator(!) with polynomial coefficients,

hay,(z,y) = —3D 72 (Ha, — 3v(3v +1)7)D2

= (ac + 372? + 3pa® + 3(u — 72)y2 — 3uray® — 3ux’y?

82

+ y(3 + 87z + Tpx? — 3ury® — 6u2xy2) m

1 2 2 2 2 1y 0
g(—x + 97y” + 12pxy” — u’y )a—yQ

) 52

_l’_

0
+(1+ 3y)(1 + 47z + bua® — 3ury? — 6u2xy2)8—x

+2(1 + 3v)y (27 + 3ux — 3u2y2)§; +3v(1 + 3v)u(2z — 3uy?). (1.8)
This was one of the principal results obtained in the article [6], which will be essential in the
present article. Let us emphasize that the operator h,(x,y) looks like the two-dimensional
generalization of the (algebraic) Heun operator, see, e.g., [11].
It was also found in [6] that the second-order algebraic differential operator h.,(x,y) com-
mutes with a non-trivial third-order algebraic differential operator k4, with polynomial coeffi-
cients,

[h.A2 (1'7 y)7 k.AQ ($7 y)] =0,
where
kay (2,y) = 2v(1 + 3v)(2 + 3v)uy (27 + 3uz — 3u°y?)

1 0
+ §(1 +3v)(2+ 3v)y(p + 87% + 28urx + 21pPa? — 9pPry? — 18,u3xy2)—
2 0
- §(1 +3v)(2+ 3v) (1 + 41z + 6ux® — 24uty® — 36pwy* + 27u3y4) oy

+ (24 3v)y(3r + 4(272 + p)z + 17Tz’ 4 8pad

82
+3u(r* = 21)y” — 6’ Tay” — 6p°2%y%) oy
X

2
- §(2 + 3v) (ac + 472” + Sua’ + 3(,u — 472)y2 — 27 2%y?
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2

— 33uTay? + 9plryt + 18u3xy4) 920y

8 0?
- (24 31/)y<1 + 37 + 3uz? — Tury? — 10p22y? + 6,u3y4> 972
+y(1+ 51z +2(2p + 372)x2 + 3u(7? — 2p)zy® + ura’

83
— T(S,u — 27‘2)y2 + 3u2x4 — 3u27x2y2 — 2,u3:1:3y2) —

Ox3
2
+ (—3:p2 + 2(57’2 + M)953/2 — 2723 + 37y — 2ux’t + 3,u(7'2 — 2u)y4
33
+ 19u7x2y2 — 6u3x2y4 + 10u2x3y2 — 6u27xy4
0x20y

10 11
— y(z + 7 + —pa® — 13pray® + 3(u — 27’2)3/2 — 11p22%y)?

3 3
24 5.4\ O
3 6
— v+ 33:3 + 2rzy? — 3uryt + §ux2y2 — 4Pyt + 2u%y° 873 (1.9)
27 3 oy’

Hence, ha,(z,y) and k4, (x,y) span the two-dimensional commutative algebra of the differential
operators in two variables, which depend on three free parameters v, u, 7. This is the first non-
trivial example of this. Naturally, the third-order differential operator k4,(x,y) can be called
the integral. By making the inverse gauge rotation of the integral k., (z,y),

D2k g, (2, y) D2,

with the determinant D (1.7) to the power (—r/2) as the gauge factor and changing variables
(x,y) = (y1,y2) (1.6), we should arrive at the third-order integral of the quantum 3-body elliptic
Calogero model in the form of the third-order differential operator with elliptic coefficients found
by Oshima [4]. This demonstrates explicitly the integrability of the original 3-body elliptic
Calogero model written in ¥, y2 coordinates.

It was concluded in [6] that the 3-body elliptic Calogero model defines a polynomial inte-
grable model with the algebraic Hamiltonian (1.8) and the algebraic integral (1.9) with u, T, v-
dependent parametric coefficients. This model has s[(3) hidden algebra in the representa-
tion (—3r,0). As a result the s[(3) quantum Euler-Arnold top in a constant magnetic field
occurs. Note that for discrete values of the coupling constant k: n = —3v, n = 0,1,2,...,
the s[(3) hidden algebra emerges in the finite-dimensional representation, thus, the top has
a common finite-dimensional invariant subspace for both h and k.

The goal of this article is two-fold. First of all, the above-mentioned polynomial integrable
model, realized in terms of differential operators, will be rewritten in terms of the generators of
the Heisenberg algebra hs. Hence, its Hamiltonian will appear as an element of the universal
enveloping algebra Uy,. Then we project it into the translation-invariant or dilatation-invariant
operators defining two families of 3-parametric u, 7, v isospectral polynomial integrable models
on two-dimensional uniform or exponential lattices, respectively, and two additional families on
mixed two-dimensional translation-invariant and dilatation-invariant lattices. All four families
admit 2-parametric u, 7 polynomial eigenfunctions for certain discrete values of the coupling
constant v. An extra polynomial integrable model occurs as a result of a special complexification
of R? to C? via the Heisenberg algebra b5 generators acting on the two-dimensional Hilbert space
with the Gaussian measure. The spectrum of this model is characterized by infinite multiplicity
and for certain discrete values of the coupling constant « (1.5) the eigenfunctions are poly-
analytic functions in two complex variables of the fixed degree. Second of all, it will be shown
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that gl(3) polynomial integrable model, defined in the Fock space, is related with special bilinear
and trilinear, 2-parametric elements of the universal enveloping algebra of the algebra gl(3). It
turns out that these non-linear elements commute once they are written in terms of any concrete
realization of the algebra gl(3) by elements of the universal enveloping algebra Uy, .

The article is organized with introduction, Sections 2-7, conclusions and three Appen-
dices A, B, C. In Section 2, the 3-body elliptic Calogero model in algebraic form is reformulated
in Fock space and its gl(3)-polynomial integrable model is defined. Section 3 contains four lattice
versions of the 3-body elliptic Calogero model. Section 4 is dedicated to complexification of the
gl(3)-polynomial integrable model into C2. In Section 5, all nine artifacts of the gl(3) algebra
are presented as bilinear combinations of the gl(3) generators and Theorem is proved that all of
them vanish if the gl(3) generators are written as non-linear elements of the universal enveloping
algebra Uy,. Section 6 contains the explicit expressions of the Hamiltonian, the cubic integral
and their commutator in terms of the gl(3)-algebra generators. In Section 7, the G2/3-body
(with pairwise and 3-body interactions) elliptic problem is briefly discussed and the Fock space
representation of the Go elliptic 3-body Hamiltonian is constructed.

Throughout the remaining text the hats in p, ¢’s will be dropped: (p,q) — (p, q).

2 3-body elliptic Calogero model in the Fock space

Let us take 5-dimensional Heisenberg algebra b5 spanned by the generators p., py, ¢z, Gz, I,
which obey the commutation relations,

[para Qw] = 17 [py7 Qy] = 17 [p:m Qy] = 07 [py7 QJZ] = 07
[pacapy] - 07 [%:7(]1/] = 07 [p:c,ya I] - 07 [Qx,ya I] = 07 (2-1>

see Appendix A.3. The universal enveloping algebra of the algebra hs: Uy, is spanned by all
ordered monomials in pg, py, ¢z, Gy-
Now let us form in Uy, a second degree polynomial in p-generators,

hay (Pas Qs Py @) = (4o + 372 + 3ugs + 3(u — 72) @) — 3uTqwq;, — 31°¢>q;) >

+ 4y (3+ 87¢s + Tugs — 3p7q; — 644°42q;) Papy
1
+3 (—¢2 +97q2 + 12014002 — 9p°q)) P2

+ (1 +3v) (1 + 47qy + 5uq? — 3uTq? — 614°q2q2) pa
+2(1+ 3v)q, (27' + 3uqe — 3u2q§)py +3v(l+ 31/),u(2q$ — 3uq§)

= > cil@pip+ Y cil@)pi + cola), (2.2)

1L,J=T,y 1=,y

where 7, p, v are parameters. Here the coefficients ¢;; are the 4th degree polynomials in ¢-
generators, ¢; are the 3rd degree ones and c¢g is the 2nd degree polynomial. We also form
another non-linear combination in p, g-generators in the Uy,,

Kty (Pes Qs Dys @y) = 20(1 + 30)(2 + 3v) gy (27 + 3pqe — 3p4°q))

1
+ 2 (1+30)(2+ 3v)qy (1 + 872 + 28u7qy + 214°¢2 — Iu*7q2 — 184°¢u¢2) po

3

P
= (U 30)(2 4 3v) (1 + 47, + 6pq; — 24p7q; — 36°¢eq,” + 271, )py
+ (24 3v)qy (37 + 4(27% + ) gu + 17p7q; + 8%

+ 30 (7% = 21) g — 64 Tquq; — 61°qZay) vy
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2
— 5(2 + 3v) (qw + 47'q§ + 5,uq§ + 3(u — 47'2)q§ - 27u2q§q§

— 33uquq; + Ip*Tdy + 181°qudy ) Dapy

8
—(2+ 3]/)qy (1 + gqu + 3,uq926 — 7/,1,7'q§ - 10u2qﬂfq§ + 6M3q§>p32/

+ qy(l + 57q, + 2(2u + 37‘2)q§ + 3u( 2 _ 2u)qxq§ + 9u7q§

—7(3p —277)q, + 3p7q; — 3u°Tqiqy — 24 )]

2
- (—3%25 +2(57° + 1) quq; — 27¢5 + 37q;, — 2uq; + 3u(r? — 2p)q,

+19u7q3q; — 64 gy + 10 goq, — 6u27qxq;‘;)p§py

10 n
—qy (qm + 576 + g’ — 13pmgegy + 30— 27%) gy — 11 g}g;

+ 3uPTqy + 617 g >pxpy

5
Mz, — 4 ady + 2u3q§>p§

= > dyr@pipipr+ Y dil@pip;+ Y di(@)pi + do, (2:3)

i,j,k=x,y 1,] =T,y i=x,y

2
- <q§ + 502 + 27y — Ty +

where the coefficients d;ji, d;j, d;, do are polynomials in ¢ of degrees 6, 5, 4 and 3, respectively.

Theorem 2.1. The expressions (2.2) and (2.3) form the commutative pair,

[hays ka,] =0,
for any values of parameters v, p, v
Proof. By direct calculation. |

Note, that it can be checked by direct calculation that ha,, k4, written in the (classical)
phase space (p, ¢)-variables, {p,q} = 1, do not form the commutative pair with respect to the
Poisson bracket, {h,,k.4,} # 0, for any values of the parameters 7, u, v. The reason for it is
conceptual. Since we do not discuss in this paper the classical-quantum correspondence being
fully focused on the quantum case, this will be discussed elsewhere.

From one side, it can be easily checked by direct calculation when (p,q) generators of hs
are written in the coordinate-momentum representation (A.4) the expressions (2.2) and (2.3)
become (1.8) and (1.9), respectively. From another side, the expressions (2.2) and (2.3) can
be written in terms of gl(3) generators in (—3v,0) representation (A.3) as bilinear and trilin-
ear combinations with v-dependent coefficients, respectively, cf. [6, equations (20) and (25)].
Hence, the expressions (2.2) and (2.3) define the integrable gl(3) Euler—Arnold quantum top,
or, equivalently, the integrable s[(3) Euler—Arnold quantum top of spin (—3v).

By introducing the vacuum |0) as an object annihilated by p-operators:

Pz ‘0> =0, Py |0> =0,

in addition to the universal enveloping algebra Uy, this leads to definition of the Fock space.
The formal eigenvalue problem in the Fock space for the Hamiltonian h 4, is as follows:

Bty (Pes Qs Py 2) O™ (5 4)10) = AP ™) (g, ,)]0), (2.4)
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where ¢(" (q) is the eigen-operator and A" is the eigenvalue (spectral parameter). Analogously,

kas (Pas @ Py )8 (0, 4)[0) = AP 6F) (g, ,)[0). (2.5)
Owing to Theorem 2.1 the eigenvalue problems (2.4) and (2.5) have common eigen-operators ¢.

If spin —v = n/3, n = 0,1,2,..., which corresponds to the gl(3) finite-dimensional repre-

sentation (n,0), the eigenvalue problems (2.4) and (2.5) have % polynomial eigen-

operators ¢ (¢, y)-
Examples 2.2.

e For n =0 (thus, at zero coupling, x = 0),
h h
=0, ol =1
e For n =1 at coupling

K= —,

9

the operator hy4, has a three-dimensional kernel (three zero modes) of the type
(a1gz + azqy +b)
with coefficients a1, ao which do not vanish simultaneously and,

W =0, i=123

i =

e The first non-zero eigenvalues appear for n = 2, thus, at

In total, there exist six polynomial eigenstates. Eigenvalues are given by the roots of the
factorized algebraic equation of degree 6,

(M) 4 a7 A® 4 ap) (AP)? 4+ 8rAM) 4 4y + 1277)
X (()\(h))2 + 12740 4 4p + 167‘2) =0.
Explicitly,

WD = _a(r £ /72 ), (W) = 2(2r £ /72— p),
AP = _a(37 + /572 — p0),

and the corresponding six eigen-operators are of the form
(a163 + a2q:qy + asqbrqz + bagy + ¢)

with parameters a1, ag, az, which do not vanish simultaneously, and by, b2, c¢. In the
limit 7 = p = 0 (it corresponds to the rational Ay integrable model without the harmonic
oscillator terms) all six eigenvalues are degenerate to zero.
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3 gl(3)-polynomial integrable model on a lattice

3.1 Uniform translation-invariant lattice
Let us introduce the shift operator,

Tsf(z) = flw+06),  T5=e,
where 0 € R is parameter, which, sometimes, is called spacing, and construct a canonical pair
of shift operators (see, e.g., [5])
Ts—1
=5
where the operator Dy is defined as

flx+9)— f(z

Dy () = HEHO=T),

sometimes, it is called the Norlund derivative. It is easy to check that [Ds, Xs] = 1, hence,
Ds, X5 form the canonical pair, both operators are non-local. In the limit § — 0 this pair
becomes the well-known coordinate-momentum representation (9, x) of the Heisenberg algebra

b3(p,q, 1),
lp,adl =1, [p,I] =g, 1] =0.

For non-vanishing ¢, the canonical pair (3.1) belongs to the extended universal enveloping
algebra Uy,. These operators act on infinite uniform lattice space with spacing ¢

Ds

Xs=aT_5=z(1—-0D_y5), (3.1)

{..,x =20,z —0,x,z+ 0,x +2,...}

marked by x € R — a position of a central (or reference) point of the lattice.
By taking Ds, X5 (3.1) as basic elements, it can be shown that algebra b5 of finite-difference
(shift) operators can be formed:

[Dsy 25 X612) =1, [Dsyyyy Xoayl =1, [Dsyas Xy yl =0, [Dsyys Xy 2] =0,

(D12 Do)l = 0, [Xoy,20 Xooy] =0, [Dsy(6) (), 1] = 0, [ X6, (85),2(0)5 1] = 0. (3.2)
Evidently, the vacuum vector,

0) =1,

for any (01, d2) € R2.

This algebra acts on the rectangular uniform lattice with spacings (61, d2). By identifying
in (2.2) and (2.3) the variables (p, ¢) with (Ds, Xs), we arrive at the Hamiltonian and the integral
of the polynomial integrable model on the two-dimensional uniform lattice with spacings (01, d2),

h(61762) = hA2 (Dél,:m X51,Ia D62,y7 X(SQ,@/)? (33)
and
k102 = kg, (Ds, iy X6y 2> Dosryr Xoa) (3.4)

If parameter —v =n/3, n =0,1,2,..., the eigenvalue problems for the operators (3.3) and (3.4)
(n+2)(n+1)

5 common polynomial eigenfunctions k) (z,y) in the form of triangular poly-

have
nomials,

(@Mey™ | 0 < my +my < n).

The first polynomial eigenfunctions for n = 0,1,2 can be easily found by using the results
collected in Examples 2.2.
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3.2 Exponential dilatation-invariant lattice
Let us introduce the dilation operator,
T, f(z) = f(qx), T, = ¢, A= 20,,
where g € C, and construct a canonical pair of dilatation operators

T,—1
g—1°

Alg—1)

-1
D,=x Tq—lx’

X, = (3.5)

see [1], where [Dgy, X,] =1 for any ¢. It can be checked that their product is ¢g-independent,
X¢Dyg =20, =A and Dy Xy=0x=A+1

The operator D, is called the Jackson symbol (or the Jackson derivative). Both operators Xy, D,
are pseudodifferential operators with action on monomials as follows:

1 n—+1 1
qun = {n}qxn y qun = mxn+ N

where {n}, = 1{}; is the so called g-number n.

By taking D,, X, (3.5) as basic elements it can be shown that algebra b5 of discrete operators
can be formed:

[thvaqhx] =1, [qu,vaqz,y] =1, [Dquanqmy] =0, [qu,wquc] =0,

[Dql,xv quy] =0, [quywanzy] =0, [D I] =0, [X I] =0,

q1(q2),2(y)> q1(g2),x(y)>

cf. (3.2). Evidently, the vacuum vector,
0) =1

for any (g1, q2) € R

This algebra acts on the exponential lattice with spacings (q1,¢2). By identifying in (2.2)
and (2.3) the variables (p, ¢) with (Dy, X,) we arrive at the Hamiltonian and the integral of the
polynomial integrable model on the two-dimensional exponential lattice with spacings (g1, ¢2),

plaa2) — hA2(DQ1,Ivqu7l“7th,y’Xme) (3.6)
and

ko) = ka, (Dql,x7 X1,z qu,y’ qu,y)- (37)
If parameter —v = n/3, n = 0,1,2,..., the eigenvalue problems for (3.6) and (3.7) have
% common polynomial eigenfunctions gb(h’k)(m, y) in the form of triangular polynomials,

(@M=y™v |0 < my +my < n).

The first polynomial eigenfunctions for n = 0,1,2 can be easily found by using the results
collected in Examples 2.2.
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3.3 Mixed translation-invariant and dilatation-invariant lattice

It is evident that one can construct the operators h, k acting in z-direction on the uniform
lattice and in y-direction on the exponential lattice and visa versa. Therefore, there are two
ways to realize it by taking

Pe=Ds ey @w=Xsieo  Py=Day @ =Xaqy (3.8)
or

P2 =Dgo,  @e=Xgpa  Py=Dsy Gy =Xoy (3.9)
In both cases the vacuum vector remains the same,

|0) = 1.
In a straightforward way one can build the Hamiltonian and the integral

ROV = b4 (Dsy 2y X120 Doy s Xar ) (3.10)
and

k) = k4, (D, o X6, 00 Doy s Xar ) (3.11)

for (3.8) and

h(9292) = b4 (Dyy 2y Xgper Dy gy Xbag)s (3.12)
and
k(9292) = E 4 (Dyy 2y Xgo.s Doy s Xog) (3.13)

for (3.9). In similar way as for (1.8)—(1.9), (3.3)—(3.4), (3.6)—(3.7), if parameter v = n/3,
n=0,1,2,..., the eigenvalue problems for (3.10)-(3.11) and (3.12)-(3.13) have T2t ¢opy
mon polynomial eigenfunctions ¢(**) (z,y) in the form of triangular polynomials,

(@M=y™v |0 < my +my < n).

The first polynomial eigenfunctions for n = 0,1,2 can be easily found by using the results
collected in Examples 2.2.

Remarkably, all these five integrable models (1.8)—(1.9), (3.3)-(3.4), (3.6)—(3.7) and (3.10)—
(3.11), (3.12)—(3.13) are isospectral.

4 gl(3)-polynomial integrable model in C?

Introduce the five-dimensional Heisenberg algebra hs = Hs = {al, ai, ag, a;, I } with commutator

[ai,a;] = 651, i,j = 1,2, [aj,05] = [aj,a}] = 0 and [a;, 1] = [a},[] = 0 by using a new,

mathematics-oriented notations [13]. Its representation on the standard Hilbert space,
Lo ((C27 dMZ) = LQ(Cv d:u) ® L2((Ca dlu“)>
with the Gaussian measure,

dp(z) = nle ™ 2dw(2),
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where dv(z) = dzdy is the Euclidean volume measure on C = R?, is given by two canonical
pairs of raising and lowering operators related to z = (21, z2) € C%:

al =z 0 a 0

i — < 9. J T 95

J 82’]‘ 82’]'

where a;- is adjoint to a; with [aj,a}] =1, j = 1,2, see [13] for details and I is the identity
operator. The vacuum vector |0), defined by

a1\0> = 07 a2\0> = 0,

is any two-dimensional analytic function.
Formally, by taking (2.2) and (2.3) one can build the Hamiltonian

R(C) — ha, (a1, af, az, ag)’
and the integral
k) = k4, (a1, 0], 0z, af).

It is evident that they continue to commute. This procedure can be considered as a complex-
ification of the original polynomial model (1.8) and (1.9), which emerged from the 3-body/.As
elliptic Calogero model as its algebraic version. Formally, the Hamiltonian is the sixth-order dif-
ferential operator in %, %. Note that the first polynomial eigenfunctions of R for n = 0,1,2

can be easily found by using the results collected in Examples 2.2.

5 gl(3) algebra: artifacts

Long ago one of the authors (Alexander V. Turbiner) discovered in the algebra gl(3) with
generators defined in (A.1) the existence of nine bilinear combinations in generators with unusual
property: all those bilinear combinations vanish if the representation of gl(3) generators by the
first-order differential operators (A.2) is taken! The explicit form of the bilinear combinations
is the following [9]:

Ay = JgJs — J7Js, Ag = JgJ3 — JrJy, Az = JrJo + J5Jo + Js,
Ay = JgJ1 + Jado + Jy, As = J7J1 + J3Jo + Js3, Ag = JgJo + JgJo + Jg,
A7 = JgJs — J5J4 + J3, Ag = JgJ1 — JuJo, Ag = J5J1 — J3Js. (5.1)

Theorem 5.1. For the gl(3) generators, written in terms of the Heisenberg algebra b5 genera-
tors (A.3), all nine artifacts (5.1) vanish

Al,.“,g(p:]c,ya q:v,y) =0.

This theorem can be proved by direct calculation.
It can be checked that the commutators of the artifacts are of the form

[Ai, Aj) = cli(])Ap,

where ¢

3;(J) for i # j are linear combinations of the gl(3) generators. For example,

[A1, Ao] = —(Jg A1 + J7A2),

see Appendix C for the explicit calculation. Hence, A; do not span a Lie algebra. Interesting
question to ask is what would happen with the artifacts A’s if instead of gl(3) generators the gl(3)
Kac—Moody currents are taken. It will be addressed elsewhere.
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6 The Hamiltonian and the integral in gl(3)-algebra generators

6.1 Hamiltonian

By taking the Hamiltonian (2.2), one can demonstrate that it can be rewritten in the gl(3)
abstract generators, which obey formally the commutation relations (A.1),

1
hao(J) = 20Ty = 5 T2 = Judo + pl2JsJs + JrJs = 20nJo + 3T} + 2.J7)

+ 7(4Jg o + 4Tz Jy — JE — J3 + 5J6 + 5.J3) — 3rpdeJy — 3ucJE — 3723, (6.1)

hence, in extremely compact form; here y, 7 are parameters and the dependence on v can be
included into the representation (into the generators) and eventually is absent! Hence, (6.1) is
two-parametric, bilinear element of the universal enveloping algebra Uyyz). If p = 7 = 0 the
element h 4, (6.1) dramatically simplifies,

W4==0(I) = 2060y — §J2 — T

By substituting the generators Jy 156 in the form of differential operators (A.2), one can see
that this element corresponds to the 3-body/.As rational Calogero model (without harmonic
oscillator term). Non-surprisingly, the raising generators J; g are absent in this case, as well as
the generators Jy 3.

6.2 Cubic integral

In a similar way, as was done in order to construct (6.1), by taking the integral (2.3) in the
Fock space representation one can demonstrate that it can be rewritten in the gl(3) abstract
generators which obey the commutation relations (A.1),

2 2 5 2 2
m&ﬂz—§ﬁh+§%kh+§%hh—ﬁﬁ+§khh+ﬁﬁ
2 2 2 2 2
— 22Ty — S J2 + SdgJo+ =I5 Ji + = JoJ,
932920+962+951+920
8 8 8 2 2 2
- 7‘<9J7J6J2 + §J7J5J1 - §J7J2J0 + §J6J6J5 - §J6J5J3 + §J5J3J3

2 2 16
— 2JyJsJ1 — 3JgJ1J1 + §J6J5 + §J5J3 — §J5Jo — 4J4J1>

Aﬁ—§ﬁh%+§ﬁﬁ

2 8 2
—JgJaJ3 — =JgJsJo + = 3 3

2
2( < 72 o
+T7 ( J6J4 3 3 3

3

4 4 8
—yhh—ghh+3hﬁﬁﬂh>+2#ﬁ

1 2 4 2,2 8
- M<3J7J6J5 + §J7J5J3 - §J7J5Jo + §J6 Jy — §J6J4J3 - §J6J4JO

1 5 10 1 5 4 4 5) 1
3J4J3 + 3 JuJ3Jy 3J4J0 + 3J7J5 3J6J4 + 3J4J3 3J4J())
1 2 4
— uT (4J8J0 - §J8J62 + ;JSJGJ:; + ngJGJO - gjgjg

16 4 ]
+ §J8J3J0 — ngJg — 10J7JsJy 4 3J3 — JgJg + TJgJ3 — 3J8>

+ 3,LLT2J8JZ - 3u27J§J4
+ u2(2JgJ7 s + JsJrJs — 2Js I Jo — 6JsJF + 4JsJ7) — 247 I3, (6.2)
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where p, 7 are parameters, see (1.2), and the explicit dependence on v is absent! Hence, it is
two-parametric, trilinear element of the universal enveloping algebra Ugyz). If u = 7 = 0, the
element k4, (6.2) dramatically simplifies,

o 2 2 5 2 2 2
(h=7=0) __Z%p 2 e _ 3, 2 2_ 272
Ay (J) 9J6J2+ 9J6J5J1 + 9J6J2J0 27J5 + 9J5J1J0+J4J1 9J3J2

2 2 2 2
— S J2 + ZJsdo 4 = JsJi + = JoJ,
920+962+951+920;

it corresponds to the 3-body /A rational integrable Calogero model (without harmonic oscillator
term). Since this is the exactly-solvable problem, non-surprisingly, the raising generators J7 g
are absent.

6.3 Commutator

By taking (6.1) and (6.2), one can make the extremely cumbersome (and very lengthy) calcu-
lation of their Lie bracket (commutator) by using the specially designed MAPLE 18 code. An
example of the code is presented in Appendix C. It was the main goal of the master thesis of one
of the authors (Miguel A. Guadarrama-Ayala). Eventually, it leads to the following statement:

Theorem 6.1. The commutator of the expressions (6.1) and (6.2) is the linear superposition
of artifacts (5.1),

[h.Az(J)’k.Az(‘])] = ZCZ(J)A“ (6.3)

i=1
for any values of parameters T, p, where ¢;(J) are some coefficient functions in J’s.
Proof. By direct calculation by using the specially designed MAPLE 18 code. It was carried out
on a regular DELL desktop computer with 2.4 GhZ working frequency and 6 GB RAM memory.
Intuitively, this result (6.3) is evident: in the Fock space representation, where h,k € Uy,
the commutator should vanish, see Theorems 2.1 and 5.1. Hence, the commutator should be
a (non)-linear combination of the artifacts. The fact that is a linear combination of the artifacts
is non-trivial.
Alternative way to represent the commutator (6.3) is as follows
[hay(J), ka,(J)] = Dy + Dot + D3y + Dy1? + D5t + Dep® + Drr?p + Dty
+ Dop® + D1om? 1+ D7 p® + DioTpi®,

where for the coefficients D(J, A) are presented in Appendix B. |

7 G4 elliptic 3-body problem

By adding the 3-body interaction potential to the 3-body elliptic Calogero Hamiltonian (1.4),
we arrive at the 3-body Wolfes elliptic Hamiltonian in (y1, y2)-coordinates (1.3),

1/ 02 H? 0?2
H. =3 (a7 * 37~ )
+ (=N —=A=1)(p(y1 —y2) + ©(2y1 + y2) + p(y1 + 212))
+ ABA = D(p(y1) + ©(y2) + p(y1 + y2)), (7.1)

which is also called the Gz elliptic Hamiltonian in the Hamiltonian reduction nomenclature [3].
It is characterized by two coupling constants which can be parameterized conveniently as k =
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(v=A)(v—A—1) and Ky = A(BA—1). If ko = 0 (or A = 0,1/3), we return at the Aj elliptic model.
It was shown in [6] that by making the gauge rotation and changing variables to (u =zx,v= yQ),
see (1.6), the Hamiltonian (7.1) appears in the form of the algebraic operator hg, — the second-
order differential operator with polynomial coeflicients,

82

hay (u,v) = (u+ 3ru? + 3pud + 3(p— 7'2)11 — 3uTuv — 3,u2u2v) Ewl
u

+ 2v (3 + 87u + Tpu® — 3pTv — 6,u2uv)

Oudv
2 82
+ 4v (—1; + 31v + dpuv — 3p202> 902

0
+ (1 + 3v) (1 + 4ru + 5pu® — 3urv — 6#2uv)a—
u

2
+2 <—1; +7(7 + 12v)v + 2u(5 + 9v)uv — 9u? (1 + 2V)v2> ;}

+ 3v(1 + 3v)u(2u — 3pw)

0 0
+ >\<6(1 +27u + ’“‘2)(7 +4(—u? + 370 + 3uuv)a— + 18uuu>. (7.2)
U v
If —3v =n, where n =0,1,2,3,..., this operator has a finite-dimensional triangular invariant

subspace,
P = (w0 | 0 < ny + 2n, < n).

This space coincides with finite-dimensional representation space of the algebra g(®: infinite-
dimensional, eleven-generated algebra of differential operators, see [6] and references therein,
where it acts irreducibly. It implies that hg, can be rewritten in terms g generators (the
Burnside theorem) [6].

After extremely tedious (and very lengthy) symbolic calculations by using the MAPLE 18
code, see Appendix C for an example, it can be shown that the existence of a differential
operator ky,(u,v) of degree five such that the operator

ka, = k2, (u,v) + Mo (u, v3 A),

commutes with the G elliptic Hamiltonian hg, (7.2); ky, has the form of polynomial in A of
finite degree. Note that in the particular case of the G rational Hamiltonian (see (7.2) at
w = 7 = 0), this operator was calculated in [7] (where it corresponded to the case k = 3) in
slightly different variables other than w, v: it is a polynomial in A of degree four. In general,
this operator will be presented in its explicit form elsewhere. So far this operator is unknown in
the explicit form.

By taking the 5-dimensional Heisenberg algebra b5 spanned by the generators py, Py, Qu, Qu, 1,
see (2.1), one can form the following second degree polynomial in p,,, p,:

ha, (puapm Qus QU) = (QU + 37—(]5 + 3[“]2 =+ 3(,U - TQ)Q’U — 3UTquqy — 3,“«2(]3%))173
+ 20 (3 +87¢qy + 7”‘]5 —3uTqy — 6M2QuQv)pupv

2
q
+ 4qy (—3“ + 37qy + 4pquqy — 3u2q3)p3

+(1+3v)(1 +4rq, + gz — 3uTqy — 6u2quqv)pu

2
+2 (—qg + 7(7+ 12v)qy + 2u(5 + W) qugy — 9,u,2(1 + 2y)qg>pv
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+ 3v(1 + 3v)1(2gu — 3pqv) (7.3)
+A(6(1 +27qu + 1a2)pu + 4(—¢2 + 37qy + 31quqy ) po + 18v1qy).
It is easy to check that if (p, ¢)-variables are taken in the coordinate-momentum representation,

0 0

pu:%, pU:%7 Gu = U, Qv =0,

cf. (A.4), the expression (7.3) is reduced to the operator (7.2). The operator ha, (Pu, Pvs u; qv)
represents the G elliptic model in the Fock space.

By substituting into (7.3) the representations (A.5)—(A.6), we will arrive at the Gy ellip-
tic lattice Hamiltonians defined on uniform-uniform, uniform-exponential, exponential-uniform,
exponential-exponential lattices in (u,v) space as well as the complexified Gy elliptic Hamilto-
nian in the algebraic form.

8 Conclusions

In this paper, a polynomial integrable system, associated with the algebra Uy, and inspired by
the algebraic representation of the As elliptic model in Fock space is defined. It has the form of
a second degree polynomial in p;, i = 1,2,

hag = o) papj + i + ), (8.1)

for the Hamiltonian and a 3rd degree polynomial in p;, i = 1,2,

ka, = dz(?l)cpipjpk + dz(?)pipj + dz(l)pi + d(O)a (8'2>
for the integral, where the coefficients {c} and {d} are polynomials in ¢ of a finite degrees,
while (p;,¢;) form a canonical pair. Overall, the operators h 4, and k4, depend on three free
parameters p, 7, v. Remarkably, both operators h 4, and k4, can be rewritten in terms of
the s[(3) generators Ji 2, g and they can be embedded into the Uy, algebra in the (—3v,0)
representation (A.3). Hence, v corresponds to the mark of the representation.
It can be conjectured that

Conjecture 8.1. Up to canonical transformation

p—p+ f(q), q—q,

there are no other non-trivial commuting operators in the Uy, algebra of degree 2 and 3 in p
other than h (8.1) and k (8.2).

The operators h and k can be rewritten in terms of the abstract gl(3) generators which
obey the commutation relations (A.1) and which give a non-vanishing commutator [h, k|. How-
ever, once the gl(3) generators are taken in the concrete representation (A.3) the operators h
and k becomes h4, (2.2) and k4, (2.3), respectively, and their commutator [h.,,k4,] = 0. The
remarkable property of the commutator [h, k| is that it can be written as a linear superposi-
tion of the artifacts Aj2 . 9. We doubt there exist other elements of the universal enveloping
algebra U3 (up to automorphisms) with such a property.

Different realizations of (p;, ¢;), i = 1,2 by differential operators, finite-difference operators,
discrete operators, or the operators in z, Z variables lead to a variety of concrete isospectral
quantum integrable polynomial systems in two continuous variables, on two-dimensional uni-
form, exponential lattices or mixed ones, and on the C? complex space. All these integrable
models depend on the continuous parameter v. If this parameter takes certain discrete values,
all above-mentioned integrable systems become quasi-exactly-solvable ones admitting a finite
number of polynomial eigenfunctions in the form of triangular polynomials.
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A gl(3) algebra

The algebra gl(3) is defined by nine generators J;, i = 0,1,2,...,8, which obey the following
commutation relations:

[Jo, J1] = Ju, [Jo, J2] = Ja, [Jo, J3] =0, [Jo, Ja] = 0,
[Jo, J5] =0, [Jo, Js] =0, [Jo, J7] = —J7, [Jo, Jg] = —Js,
[J1, J2] =0, [J1, J3] = Ji, [J1,J4] =0, [J1, J5] = Ja,
[J1,J6] = 0, [J1, J7] = J3 — Jo, [J1, J8] = Ja,

[Ja, J3] =0, [J2, J4] = J1, [Ja2, J5] =0, [Ja, J6| = Ja,
[J2, J7] = J5, [J2, Js] = Jg — Jo,

[J3, J4] = —Ju, [J3,J5] = J5, [J3,Js] = 0, [J3, J7] = J7,
[J3,Js] =0,

[J4, J5] =—-J3s+ Jg, [J4, Jﬁ] = —Jy, [J4, J7] = Jg, [J4, Jg] =0,
[J5, J] = J5, [J5, J7] =0, [J5, Js] = J7,

[Js, J7] =0, [J6, Js] = Js, [J7, Jg] = 0. (A.1)

A.1 Structure constants

The commutation relations (A.1) of the gl(3) algebra can be represented as

[Ji, Jj] = ¢k, 4,4k =0,...,8,

where cfj are the structure constants. The non-vanishing structure constants are:
6(1)1 =1, 6(2)2 =1, 0(7)7 =—1, 088 =—1,
0%3 =1, 6%5 =1, c:{’7 =1, 0(1)7 = -1, cils =1,
054 =1, 056 =1, 037 =1, 0‘238 =1, cgg = —1,
C§4 = -1, CZ5’)5 =1, 657 =1,
025 =—1, 625 =1, 036 = —1, 027 =1,
cgﬁ =1, cgg =1, cgg =1.

A.2 Representation of gl(3) algebra in differential operators

The algebra gl(3) with commutation relations (A.1) can be realized by the first-order differential
operators in two variables,

a9 9 9 9 9 9

J = = — = —_— = —_— = —_— = —_—
1 81177 JQ 8y7 J3 x8$’ J4 yax7 J5 xay7 Jﬁ yay7
o o o o
I I A2
7 x(xax+yay+3v>, Js y(xaxway%v), (A.2)

ox

where v is parameter. It corresponds to the irreducible representation of the spin (—3v,0). If
—3v = n is integer, the finite-dimensional representation space which is spanned by triangular
polynomials,

Pn=(2Py? [0 < (p+q) <n),

occurs.

0
—Jozx—l—y%—l—Su:Jg—i—Jg—i—Bl/,
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A.3 Representation of gl(3) in (p, q) space

Let us take 5-dimensional Heisenberg algebra b5 spanned by the generators ps, py, ¢z, Gz, I,
which satisfy the commutation relations,

[pa:a Qz] =1, [py7 Qy] =1, [va Qy] =0, [py7 Qx] =0,
[parapy] =0, [vaqZ/] =0, [px,ya I] =0, [qﬂmy? I] =0.

Define its universal enveloping algebra Uy, as the algebra of all ordered monomials {q;z ;f’ pgf pgf’ }
It is evident that the algebra gl(3) realized as

J1 = pa, Jo = py, J3 = quPs, Jy = qyps, J5 = quDy, J6 = qypy,
Jr = Qx(%cp:c + qypy + 37/)7 Jg = Qy(%rpa: + qypy + 31/)7 (A3)

and
—Jo = qupz + qypy + 3v = J3 + Jg + 3v,

is embedded into the universal enveloping algebra Uy, .
Let us enlist four realizations of the commutation relation [ps, g;| = 1:

e Continuous
= 0y, gz = . (A.4)

It is well known, the so-called coordinate-momentum representation of the hs Heisenberg
algebra.

e On uniform lattice
Py = Ds, gz = Xs, (A5)

with gap 0, where Ds is the Norlund derivative [5], it is the basis for the so-called umbral
calculus.

e On exponential lattice
Pz = qu 4z = Xq:

where D, is the Jackson derivative, ¢ has the meaning of the exponential spacing. It is
described in details in [1].

e Complex representation on C

0 A + Z, (A.6)

e “ =70

see [13] and references therein.

B Coefficients in the commutator (6.3)

The commutator between hy4, and k4, can be written as the polynomial in parameters 7, u,

[hAQ(J)a kA2(‘])] = Dy + Do7 + D3p + D47'2 + D5t + D6,u2 + D7T2/,L
+ Dgp? + Dop® + Dior° i+ D’ p? + Diarps?,
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where the coefficients Dy 12 are presented by superposition of the ordered polynomials in
gl(3)-generators Jp 1, g multiplied by the artifacts A; g of the gl(3) algebra,

2 2
Dy = —§(SJ4J2 + 3J3J1)A9 — 5(8J5J1 —8J3Jy — 11J2J0)A8

4 22 4 22 4
- §J2J1A7 - §J2J1A6 + §J2J1A5 + §J22A4 - §J12A3,

2
Dy = §(—6J62 — 6J5Js + 3J3Jo + 4J§ — 8J6 + 3J3 + 10.Jy — 14) Ag

+ §(3J6J5 +9J4Jy + 4J5) Ag — ;(12J5J1 — 13J2Jo) A7 — 2§8J6J2A5 - %8J6J1A3,
D3 = §(2J8J5 — 4J7J3 + 3J7Jo — 36J5 + 4J7) Ag

+ é(zngl — TJ7J5 + 24J4J3 + 30J1) Ag

+ é(5J7J2 +12J5J5 — 12J5J5 + 36.J5.Jo — 10.J5) A7

—~ 3(3J5J0 —4J5)Ag — %(36J6J5 — 16J5.J3 + 12J5.Jo + 63J4J1) As

+ é(—&]gjl —10J4J3 + 3J3J1 + 6J1.Jo + 17.1) Ay

1 4 2
+ §(4Jg — JgJo —4J5J4 — 19Jg + 8Jy — 12)A3 + §J5J2A2 + gJﬁJQAl,
8

Dy = §(3J4J3 — 2J4J0)A8 —4J3J1A7 — 10J4J1 Ag + 10J4 0 Ay,

1 2
Dy = §(9J8J6 + 48JgJs + 14J7J4 + T1Jg) Ag — §(2J7J5 — 3J4J3 +20J4.Jp) Ay

2 1
— (165 Ty — 23JJ3) Ag + (8351 — T8.1uT5 + 219 TSy + 242.4) As

+ —(64JsJ2 — 83J7.J1 — 124§ + 34Jg.Jg — 40.J5.J4 + 505

—229J3.Jo + 54J6 + 32J5 — 297Jy — 66) Ay

=W

— §(4U6J1 —13J2 + Ty o) As — ;(9J6J5 + 4J5.Jg — J5) Ay,
2 2

3 3
— 6(JgJs — JgJz — JgJo) Ag — é(wng + 10.J3.Jo + 20.J — 19.J7.J4) As

Dg = —J2Ag + = (3JgJs + 3J3J3 — 26J3.Jo — J3) Az

1
+ 5(36.77J6 — 19.77.J — 90J7 + 21.J7) A

- é(19J7J1 — 8J¢ — 4J6J3 + 50JJo — 6J5.Js + J5 + 54Jg + 20.J3 + 50) Ao
— (3J8J1 — J7J5)Ax,
D7 = 2(—=9JsJs + 4JgJ3 — 3Jg) A7 — 8J7JuAg + 4(TJgJs — 2JgJ3 + 4JgJo + 2J7.J4) As
+ 4(2J5J5 — 9J7Jg — 4J7Jo + 6.5 + 5J7) Ay + 8JsJ1As
+2(4J7Jy — 2JgJ3 — 23J5 + 4Jo + 6J3 + 23) Ag — 2(4JsJ1 — 9J6Js) Ay,
Dg = —6JsJy Ay + (757 — 2770 — 2J7J5 + 4J7.J0) As
+ (15JsJg — 16J3J3 + 20J3.Jo + 25.J3) A1,
Dy = —18J3 Ay + 183 JyAg — 12JgJ7 Ay,
Dig = —66J7Ay, Dy = —48JgJyAs, Dy = —30JZ As.
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C Maple code examples

In this appendix, we will provide an example of MAPLE code which carry out two test calcula-
tions: the commutator [J4J1, J5.J1] and the commutator of two artifacts [41, Ag]. Ultimate goal
is to get a combination of lexicographically ordered monomials.

First upload MAPLE packages: PHYSICS, LIBRARY and STRINGTOOLS:

> with(Physics);
with(Library) ;
with(StringTools) ;

Here we define the gl(3) commutation relations among the generators j0, j1,...,58

> Setup(noncommutativeprefix = j,
%Commutator(j1, jO) = -ji,
%Commutator (j2, jO) = -j2,
%Commutator(j2, j1) = O,
%Commutator(j3, jO) = 0,
%Commutator(j3, j1) = -ji,
%Commutator(j3, j2) = 0,
%Commutator(j2, j3) = 0,
%Commutator(j4, jO) = 0,
%Commutator(j4, j1) = 0,
%Commutator(j4, j2) = -ji,
sCommutator(j4, j3) = j4,
%Commutator(j5, jO) = O,
%Commutator (j5, j1) = -j2,
%Commutator (j5, j2) = O,
%Commutator(j5, j3) = -jb,
%Commutator (j5, j4) = j3-j6,
%Commutator(j5, j6) = jb,
%Commutator(j5, j8) = j7,
%Commutator(j6, jO) = 0,
%Commutator(j6, j1) = 0,
%Commutator(j6, j2) = -j2,
%Commutator(j6, j3) = 0,
%Commutator (j6, j4) = j4,
%Commutator(j6, j5) = -j5,
%Commutator(j6, j7) = O,
%Commutator (j7, jO) = j7,
%Commutator (j7, j1) = jO-j3,
%Commutator(j7, j2) = -jb5,
%Commutator (j7, j3) = -j7,
%Commutator(j7, j4) = -j8,
%Commutator(j7, j5) = 0,
%Commutator(j8, jO) = j8,
%Commutator (j8, j1) = -j4,
%Commutator(j8, j2) = jO-j6,
%Commutator(j8, j3) = 0,
%Commutator(j8, j4) = O,
%Commutator(j8, jb5) = -j7,
%Commutator(j8, j6) = -j8,
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/Commutator(j8, j7) = 0);

[algebrarules = {[j1,70]- = —j1,[j2,70]- = —j2,[j2,j1]- = 0,[j3,40]- =0,

[73,71]- = —j1,[33,52]- = 0, [j4, j0]- = 0, [j4, j1]- = 0, [j4, j2]- = —j1,[j4,53]- = j4,
[75,70]- = 0,[45, j1]- = —j2,[55, j2]- = 0, [j5,43]- = —J5,[45, j4]- = j3 — j6,
[76,50]— = 0,[46, j1]— = 0, [j6, j2]— = —52,[j6, j3]- = 0, [56, j4]- = j4,[j6, j5]- = —j5,
[76,47]— = 0,[47, jO]— = j7,[j7,51]- = jO — j3, [47, j2]- = —j5,[§7, 53] = —4T,
[j7,74]- = —38,[47,55]- = 0,[58, 0] = 58, [48,41]- = —j4, [j8, j2]- = jO — j6,
[78,73]- = 0,[58, j4]- = 0,[;8,45]- = —47,[48,j6]— = —J8,[j8,j7]- = 0},

noncommutativepre fix = {j}|

Here we define the lexicographic ordering of the j-generators via the list “jorder”
> jorder := [j8, j7, j6, j5, j4, j3, j2, ji, jol:

Here we define the function OR which orders the J-generators in every term of an expression
in the lexicographic order defined above.

The function OR uses the command SORTPRODUCTS which is a command of the PHYSICS
LIBRARY which acts on a MAPLE expression containing noncommutative products. It uses
the list “jorder” which defines the ordering of the J-generators. The option “usecommutator”
indicates that commutators defined previously.

> OR := proc (x)
Simplify(SortProducts(Expand(x), jorder, usecommutator))
end proc;

Examples: product and commutator of two monomials

> monomiall := j4 * ji:

> monomial2 := j5 * jl:
Products of monomials
> productmonomialsl2 := monomiall * monomial2;

productmonomials12 :=j4517551

> productmonomials2l := monomial2 * monomiall;
productmonomials21 :=j5515451
We apply the function OR to reorder the product of monomials in lexicographic order
> OR(productmonomialsi?2);
3554512 + j45152 — j3§12 + j1%56
When two generators commute, like j1 and j2, we need to use SORTPRODUCTS with the desired
ordering list: [52, j1]

> orderedproductmonomialsl2:=SortProducts(SortProducts (OR(productmonomialsl2),
[j2, j11, usecommutator), [j6, j1], usecommutator);

orderedproductmonomials12 := j5;j451% + j4j251 — j351% + j6;512
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> orderedproductmonomials2l:= OR(productmonomials21) ;

orderedproductmonomials21 :=j5;j4;1>

Commutator of monomials using the PHYSICS LIBRARY command “Commutator”:

> commutatormonomialsl2 := Commutator (monomiall, monomial2);
commutatormonomials12 :=j4j2j1 + (—j3 + j6)j1°

Reordering of terms in commutator using function OR and SORTPRODUCTS

> commutatormonomialsi2 := SortProducts(SortProducts(0R(commutatormonomialsi2),
[j2, j11, usecommutator), [j6, j1], usecommutator);

commutatormonomials12 =3j45j2j1 — j351% + 6512
Defining artifacts

> A[1] := j8%j5-j7*j6:
A[2] := j8%j3-j7*j4:
A[3] := j7*j2+j5%jO+j5:
A[4] := j8*jl+j4xjO+j4:
A[B] := j7*j1+j3%j0+j3:
A[6] := j8*j2+j6xjO+j6:
A[7] := j6%j3-j5*j4+j3:
A[8] := j6*jl-j4xj2:
A[9] := jB*j1-j3%j2:

Commutator of artifacts A[1], A[2]:

> CommutatorAl1A2 := SortProducts(SortProducts(OR(Commutator(A[1], A[2])),
[j8, j7], usecommutator), [j7, j4], usecommutator)

CommutatorA1A2 = — j82j5 + j8§T6 — j857j3 + j7j4jT — 87
> AnsatzcommutatorA1A2:= ’-j8*A[1]1-j7*A[2]’;

AnsatzcommutatorA1A2 .= — j8A, — j7TAs

Testing commutator of artifacts A[1], A[2]:
> OR(Simplify(CommutatorA1A2 - AnsatzcommutatorA1A2));

0

Note added in proof. We know that As rational system, see (1.8) for the Hamiltonian
hs = ha,(z,y) and (1.9) for the cubic integral ks = k4, (z,y) in the algebraic form at up =7 = 0,
is integrable, [hs, k3] = 0; however, this rational system admits separation of variables in polar
coordinates in the space of relative motion and, hence, the existence of the additional quadratic
integral of motion x3, see [7]: [h3, x3] = 0 with property I = [z3, k3] # 0; hence, [h3, I] = 0. Thus,
the Ay rational integrable system is superintegrable. Recently, it was shown in [2] that double
commutators [z3,I] = Ps(hs, ks, z3,I) and [k3, I] = Q3(hs, ks, x3,I) are cubic polynomials in
(hs, ks, zs, I). Hence, we arrive at 4-generated, infinite-dimensional cubic polynomial algebra of
integrals.
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