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Abstract—The sum of elliptic integrals simultaneously determines orbits in the Kepler problem
and the addition of divisors on elliptic curves. Periodic motion of a body in physical space
is defined by symmetries, whereas periodic motion of divisors is defined by a fixed point
on the curve. The algebra of the first integrals associated with symmetries is a well-known
mathematical object, whereas the algebra of the first integrals associated with the coordinates
of fixed points is unknown. In this paper, we discuss polynomial algebras of nonpolynomial first
integrals of superintegrable systems associated with elliptic curves.
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1. INTRODUCTION

The main point of interest in integrable systems relies on the fact that they can be integrated by
quadratures. For many known integrable systems these quadratures involve various sums of Abelian
integrals, which are inextricably entwined with the arithmetic of divisors. In physics, we describe
first integrals of dynamical systems in terms of physical variables, and usually these first integrals
are related to symmetries, including dynamical ones. For the Kepler problem the corresponding
first integrals are well-known polynomials in momenta [3, 8, 19, 20, 25, 26].

In algebraic geometry we describe the evolution of divisors in terms of coordinates of divisors.
The corresponding constants of motion are nothing more than the coordinates of fixed points, which
are algebraic functions on original physical variables. In fact, algebraic first integrals for the Kepler
problem have been obtained by Euler as a byproduct of his study of the algebraic orbits appearing
in two fixed centers problem [8].

Algebras of the polynomial first integrals of superintegrable systems can be associated with
orthogonal polynomials, see, e. g., [5, 6, 1214, 23, 24] and references therein. For instance, it could
be the Racah — Wilson algebra, Bannai—Ito algebra, Askey — Wilson algebra, etc. We suppose that
the polynomial algebra of nonpolynomial first integrals arising in divisor arithmetic on elliptic
and hyperelliptic curves may be associated with elliptic and hyperelliptic functions. It could be
Weierstrass functions, Jacobi functions, Abelian functions, etc.

In 1762 Euler wrote a paper entitled “Problem: a body is attracted to two given fixed centers
inwersely proportional to the square of the distance; find in which case the curve described by the
body will be algebraic” [8]. In this paper he separated algebraic orbits from transcendental ones
using elliptic coordinates on a plane and an addition law for the corresponding elliptic integrals.
Algebraic orbits were interesting because if one of the centers were absent, the body would move
in algebraic orbits, as a solution of the Kepler problem.

Indeed, let us consider the motion of the body attracted to two fixed centers by forces inversely
proportional to the squares of the distance
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In elliptic coordinates s and u the equations of motion are reduced to differential equations

ds
VHs* + (a+ B)s3 + cs2 — h2(a + B)s — Hht — (b2 + c)h?
B du
 VHut + (o — B)ud + es? — h2(a — B)u — Hh* — (b2 + ¢)h?
and
g — s%ds
4y/Hs* + (a + B)s3 + cs2 — h2(a + B)s — Hh* — (b2 + c)h?
u?du

B 4y/Hu* + (o — B)ud + cs2 — h2 (o — B)u — Hh* — (b2 4 ¢)h?’

which we copied from page 106 of Lagrange’s textbook [26]. Here H and h are integrals of motion,
which are second-order polynomials in momenta, and b and ¢ are geometric parameters describing
the positions of fixed centers.

At S =0 and x1 = s, T3 = u these equations become well-known Abel’s quadratures for the
two-body Kepler problem

e + dey const, (1.1)
VI (1) VI (x2)
and
ridr r3dry 4, (1.2)
V(1) V. (x2)
on the elliptic curve X defined by an equation of the form
X: &y =y>—f(z)=0, f(z) = agz* + azz® + agz?® + ayz + ag (1.3)

on a projective plane. The first equation of (1.1) determines the trajectories of motion, whereas the
second equation of (1.2) defines time [26].

Equations (1.1), (1.2) describe the motion of a body in the Kepler problem and, simultaneously,
the evolution of points P;(t) = (z1,y1), P2(t) = (x2,y2) around the fixed point P3 = (z3,y3) on X
governed by the arithmetic equation

Pi(t) + Pa(t) = Ps. (1.4)

According to Abel’s theorem [1, 2, 11, 17, 18], the trajectories of points P 2(f) on X are uniquely
determined by Abel’s sum (1.1) in the same way as trajectories of a body in the Kepler problem.
Subsequently, the periodic motion of points along the plane curve X generates periodic motion in
the phase space of the Kepler system and vice versa.

According to [9], the coordinates of the fixed point x3 and ys are algebraic functions on the
coordinates of movable points 12 and ¥ 2 which are constants of divisor motion along the elliptic
curve X (1.4). These algebraic functions on elliptic coordinates u; 2 and momenta p,, , are also

first integrals in the Kepler problem. In [8] Euler used these algebraic first integrals and their
combination

C = 2a4x§ + azws + ag — 2v/aqys3 (1.5)
in order to separate algebraic orbits from transcendental ones in the problem of two fixed centers.
In the Kepler case the first integral C' (1.5) is a square of the component of angular momentum
2
C=—(pigz— (1 — K)p2)".
Of course, this first integral is related to the well-studied rotational symmetry [3, 19, 20, 25]. The

Poisson algebras of polynomial first integrals for the Kepler problem and other dynamical systems
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separable in elliptic, parabolic and polar coordinates are well studied objects, see, e.g., [5, 6, 12—
14, 23, 24].

In [41-44] we presented a few families of superintegrable systems with additional first integrals
which are rational and algebraic functions on coordinates and momenta. In this paper our aim
is to calculate the algebra of nonpolynomial first integrals x3 and y3 and to discuss various
representations of this algebra. This algebra occurs in a standard arithmetic of divisors on elliptic
curves and, therefore, it could belong to a family of algebras associated with the arithmetic of
divisors on more complicated hyperelliptic curves.

2. THE KEPLER PROBLEM

In the original physical problem, configuration space is 6-dimensional, and phase space is 12-
dimensional. A discussion of the traditional topics, such as symmetries, conservation of angular
momentum, conservation of Laplace — Runge — Lenz vector, regularization and so on, may be found
in [3, 19, 20, 25] and many other papers and textbooks.

Our aim is to come back to Euler’s calculations in order to get a family of superintegrable
systems with nonpolynomial first integrals, which cannot be obtained using symmetries. Following
Euler [8], we start with the planar two-center problem. Reduction of the original phase space to the
orbital plane, which Euler described by using a picture, may be found in the Lagrange textbook [26].

2.1. Motion in an Orbit
Let us introduce elliptic coordinates on an orbital plane. If » and 7’ are the distances from a
point on the plane to the fixed centers, then the elliptic coordinates u; 2 are
r+1r = 2u, r—1r' = 2us.

If the centers are taken to be fixed at —« and x on the O X-axis of the Cartesian coordinate system,
then we have the standard Euler definition of elliptic coordinates on the plane

2 2)( w2 2
UL U uy — Kk?)(K? —u
q1 = and ¢qo = V(i ) ) (2.1)
K K
Coordinates u o are curvilinear orthogonal coordinates, which take values only in the intervals
us < Kk < uq,

i.e., they are locally defined coordinates. The corresponding momenta are given by
_ urtg(puy w1 — Puytia) — K2 (Puy U — Puyun)
1— 2 2 9
r(ug — u3)
(Pur 1 — Puyi)/ud — K2\/K? — u3

r(uf — u3)

(2.2)
p2 =

For the planar Kepler problem with one center of attraction at point (k,0), which is a partial case
of Euler’s two-center problem, the Hamiltonian and the first integral are equal to

2 2 @ a(r? — ") 2 2y, 2 2 2
2H=h=pi+tp+ , D= P (k% +q2)p1 — 2q192p1p2 — gip2- (2.3)
In elliptic coordinates these integrals of motion have the following form:
= -, a
1= 2 _ 2 2 _ .2 u +uo’
uy —uy uy —uy 1 2 (2.4)
B u3(u? — Hz)puf u?(u3 — ,‘12)]932 QU U
2 uZ — u? * u? — u’ uy + Uy
2 1 1 2 1 2

Substituting the solutions of these equations with respect to p,, and p,, into the equations of
motion

duq (u% — mz)pu dus (u2 — 52)pu
= H! = 1 — H = 2 2
dt {w, H} u? —u3 dt {u, H} ud —u?
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we obtain differential equations of the form

d’LLl . dt
V(U2 — K2 (Lu? — auy + 1) ui —uj’

du2 . dt
\/(u% — K2)(Lud — aus + I2) u? —u3’

After integration of the sum of these equations one gets a sum of Abelian integrals
duy dus
/ V(ud — k) (Lu? — auy + Iy) " / V(U3 — k2)(Lu3 — aug + Iy)
involving holomorphic differentials on the elliptic curve X (1.3) defined by the equation
X: ®(x,y)=9y*— f(x) =0, f(z) = Lt — aa® 4+ (I, — [1k%)2? + K2ax — L% (2.6)

Here I; 5 are values of the integrals of motion, for terminology and discussion, see Lagrange’s
textbook [26] and comments by Darboux and Serret [4, 31].

= const (2.5)

2.2. Motion in an Elliptic Curve

Using the sum of Abelian integrals (2.5), we can transfer from classical mechanics to algebraic
geometry and, in particular, to divisors arithmetic on elliptic curves. Indeed, the coordinates of
movable points Pj 2(t) in the equation of motion along the elliptic curve X (1.4) are

r1 = ug, Y1 = ('LL% - ﬂ2)pu1 and T = Uz, Yo = (Ug - K2)pu2-

Because
uy <Kk <uy = zF#xy = (23,3 # (00,00),

the abscissa z3 and the ordinate y3 of the fixed point Ps are well-defined finite functions on T*R?.

In order to calculate affine coordinates of the fixed point P3, we have to consider the intersection
of X and the parabola Y with a fixed leading coefficient

Y: y = P(z), P(z) = \Jasx® + byx + by,
see [1, 17, 18] for details. Solving equations
Y1 = \/a4m% + biz1 + by and Yo = \/a4z§ + brzo + by
with respect to b; and by, we calculate standard interpolation by Lagrange for the polynomial

(x — z2)y1 N (@ —a1)ys

— 2 - - -
P(x) = Vagz” + biz + by = as(z1 — z)(z2 — ) + r1 — T2 Ty —I1

(2.7)

Substituting y = P(z) into f(z) — y? = 0, we obtain Abel’s polynomial
v = f(z) - P(x)
= (ag — 2b1\/a4)a:3 + (ag — 2bp\/aq — b%)ac2 + (a1 — 2bgb1)x + ag — bg
= (a3 — 2b1v/aq)(x — x1)(x — x2) (T — T3).
Evaluating coefficients of this polynomial, we determine the abscissa of the fixed point P in (1.4)
2bg+/as + b% — as

2.8
21)1\/@4 — as ( )

r3 = —x1 — T2 —

and its ordinate

Y3z = —P(:L‘g) == —\/a4x§ - bll‘g — bo, (2.9)
where b; and by are functions of coordinates of the movable points 1,22 and yi,yo defined by
Eq. (2.7).
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Now we come back from divisor arithmetics to classical mechanics. For the Kepler problem we
have

2 2 2
ag =1, a3=—a, ay=(la—k"11), a1 =kK"q, ag=—kK"Iy,

so the abscissa of the fixed point P5 is equal to

2 (Hz(pulU2_pu2u1)_u1“2(pu1U1+pu2u2)) (\/11 (u?—u3)—k2(pu, —pu2)+pu1u§—pu2u§) —a(ur —u2)? (k2 +urus)

xr3 =
(u2—3) (2911 (K2 (Puy ~Pug)—Puy w3 +pugul ) +262(p2 | —p2,))—2p2 ud+2p2, uj—o(us —uz))

The ordinate y3 (2.7) is equal to

2 2 2 2
T3 — us)(K® — uy)p r3 — uy)(K® —uj)p
ygz—\/h(ul—xg)(U2—x3)— ( )( 1) ur ( )( 2) uz
Uyl — U U9 — U1
Here I; is given by (2.4) and, therefore, 23 and y3 are algebraic functions on u; 2 and Duy -

In [8, 9] Euler introduced the algebraic first integral C' (1.5), which is nothing more than a
square of angular momentum in the Kepler case:

(uf = £2) (W3 = K2)(Pur = Pu)”

C = 2a473 + azws + ag — 2y/asys =
3 \/ (ul o U2)2

= —(p1Q2 —(q1 — K)pz)Q-

It is well known that the existence of this first integral C' is related to the rotational symmetry of
the orbital plane around the center of attraction. The algebraic first integrals z3 and y3 have no
obvious physical meaning, but they have a trivial geometric description as affine coordinates of the
fixed point on the elliptic curve X.

2.3. Symmetry Breaking
Let us consider noncanonical transformations of momenta preserving symmetries of configuration
space, but breaking symmetry between divisors [16, 36-39, 41-43].
It is easy to see that the transformation of momenta

Puy — p:ll and Puy — p;f, (2.10)

where m and n are rational numbers, preserves the only symmetry of the potential part of first
integrals and breaks the symmetry of whole integrals of motion (2.3), which now have the form

=g =T (p“1>2+u%_”2 (p“2>2+ “
u? —u3 \'m ud —u2 \'n uy + ug’
! (2.11)
ud(u? — K2) /pu\2  ut(ud — K?) [(puy\2 | auiug
= "2\ (u1)+ 1\u2 (u2)+ .
u3 — u? m u? — u? n Ul + U2

In Cartesian coordinates on the plane the Hamiltonians (2.11) read as

(m? + )0 +p3) | (m? = n?) (012 —ai +@3)(p} —p3) + 4qlq2p1p2) Lo

H = .
Am2n2rr! 2r

4m?2n?
According to [41, 42], these Hamiltonians (2.11) are superintegrable Hamiltonians because this
noncanonical transformation sends the original sum of elliptic integrals (2.5) to the sum

m/ d’LLl +n/ d’LL2
V(W} = k2)(Nhud — auy + I) V(U3 — ?)(Iyuj — aup + 1)

i.e., to the sum of elliptic integrals with integer coefficients

= const (2.12)

/ duq + du t
— nims = const.
V(U2 — K2 (Lu? — auy + 1) V(u§ = #2)(Iu3 — aug + 1)
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Here we present the rational numbers m = mq/ms and n = ny/ny as the ratio of integer numbers.
The corresponding first integrals of motion on the elliptic curve X were obtained in Problem 83 of
Euler’s textbook [9].

Below, without loss of generality we consider only the positive integer numbers m and n. In this
case, the sum of elliptic integrals (2.12) generates the well-studied arithmetic equation for divisors
on elliptic curves

[m]P1(t) + [n]Py(t) = Ps, (2.13)
see [9, 27, 32]. Here [k]|P means scalar multiplication of a point on an elliptic curve on the integer
number k € Z, and we denote the coordinates of [k|P = [k](x,y) as ([k]z, [k]y), whereas notations
for the coordinates of Ps in (2.13) remain the same, x3 and ys.

In order to get the coordinates of the fixed point Ps in (2.13), we have to:

1) Multiply divisors Py by integer numbers m and n using a recursion procedure proposed
by Euler [9] or using standard expressions for scalar multiplication on elliptic curves,
see [27, 32, 40| and references therein.

2) Add divisors [m|P; and [n]P.. Because points [m|P; and [n]P» belong to the intersection
divisor of X and Y, we can use the equation of parabola Y

[mly1 = vag - ([m]z1)* + by - [mlzr +bo and  [n]ys = v/aa - ([n]z2)” + by - [n]za + bo
in order to calculate its coefficients by and by. After that we substitute a;, b; and [m]z1, [m]y:
and [n]xe, [n|y2 into (2.8) and (2.9) and obtain the coordinates of the fixed point P in (2.13):

2b0\/a4 + b% — a9
2b1\/a4 — as ’

Following [9], we can also determine Euler’s first integral of equation of motion (2.13) on X:

r3 = —[m]r — [n]rs — Ys = —\/a438;2:, — byxg — by. (2.14)

Comn = 2a473 + azzs + a2 — 2v/asys

:<mm—mm

[m]zy — [n]as

2
> — a4([m]x1 + [n]x2)2 B ag([m]ml n [n]mz)' (2.15)

3) Identify affine coordinates on the projective plane with elliptic coordinates on phase space

Puy

T = Uy, ylz(U%—ﬁz) m

and  x9=wuy, Yy = (ui— /12)]):;2 (2.16)

so that the constants of divisor motion on the elliptic curve X become first integrals of the
Hamiltonian vector field in T*R2.

At m = n the first integral C,,,, (2.15) is a square of angular momentum relating to rotational
symmetry. At m # n all first integrals x3,y3 (2.14) and C,,,, (2.15) are algebraic functions in phase
space. Some explicit expressions of these first integrals may be found in [42] .

Now we are ready to formulate the main result in this note.

Proposition 1. Functions I1, I5 (2.11) and z3,ys (2.14) in phase space T*R? can be considered as
a representation of the following algebra of the first integrals

{I17I2}:07 {I17m3}207 {I17y3}:07 (2 17)
{I2, 73} = ®y(73,y3), {12, y3} = =P (23, ¥3), {z3,y3} = K* — 23 '
labelled by two integer numbers m and n. Here
0P 0P
P, (2,y) = g;’ v) =2y and Pu(x,y) = gi’y) = —(4L2® — 3ax® + 2(I, — kI})x + akK?)

are derivatives of function ®(x,y) from the definition of the elliptic curve X (2.6), and {.,.} is the
standard canonical Poisson bracket

{ula 'U,Q} - 07 {pulapuz} - 07 {uhpu]‘} - 57,]
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The Poisson brackets (2.17) are derived from the brackets
{Ii,Ij} = {wi,wj} :0, {Ii,w]'}:(sij,

between the action variables I 2 (2.11) and the angle variables

/ ulduy u3dug
w1 =m
\/ 2 — k2)( Ilul—ozu1+12 \/u — r2)( IluQ—ozu2+Ig)
/ du1 / du (%)
wy=m
? V(u? = K2)(Iud — auy + Ip) VW3 — w2)(Nud — auy + I)
Here we use indefinite integrals determined only up to an additive constant following Euler [9],
Abel [1], Jacobi [22] and Stéckel [33], see also [2, 17] for a discussion.
In (2.17) the form of the bracket {z3,ys} coincides with the form of original brackets {z1,y1}
and {z2,ys}. Two remaining nontrivial brackets can be rewritten in the following form:
0P 0P 0P 0P

and {®(z,y),ys3} = — (2.18)

which is reminiscent of Hamiltonian equations of motion. The first time brackets (2.17) appeared
when we studied superintegrable systems associated with the elliptic curve in the short Weierstrass
form [42, 44]. Below we discuss similar algebras of the first integrals for other superintegrable
systems associated with the elliptic curve.

3. HARMONIC OSCILLATOR

Let us consider a 2D harmonic oscillator with the following Hamiltonian and additional integral
of motion:

2H =15 =pi+p3— (i +¢3), L= 0] — ¢}k’ — (m1az + p2q1)?,

which is a shifted square of angular momentum. In the elliptic coordinates (2.1) and (2.2) these
constants of motion are equal to

2 2 2,2
uj — K°)p us — K°)p
Il:( 2 )2U1+(22 )2“2+a2(/¢2—u%—u§),
uy — Uy up —uy 31
u3(u? — K?)p? u?(ud — k?)p? 3.1)
7, = 2\ Dyy W Pu, + o222
2 u? — u? u? — u? 172
1 2 2 1
Rewriting the equations of motion
dt ’ u? —ud dt ’ u3 — u?
in the form
duy  dt dug dt
Pu  Ui—u3 P uf—u3
we can eliminate time and obtain the equation
du du
A}
Puy Puy

Substituting the solutions of Eqgs. (3.1) with respect to py, , into this expression and integrating,
we obtain a standard equation defining the form of the trajectories [26]:

/ duq dus
= const.
V (U} = r2)(@2u} + (I — a?k2)uf + Iy) V(U = k) (@?uf + (I — a?k2)ud + Iy)
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This equation is reduced to (1.1) using Euler’s substitution uf = x;, which allows us to consider
the evolution of divisors on the elliptic curve X
X: ®xy)=19>—f(x)=0, flz)=caz*+ (I —2°kH2> + (k' — [1K* + L)2? — K’ Lz
governed by Eq. (1.4) 2
Pyi(t) + P2(t) = Ps.
The coordinates of the movable points P o(t) are

2 2 2 2 2 2
p=uwd, y= = Dupy,  and @y =ud, g = (ud — KD)uspu,.

The abscissa of the fixed point z3 (2.8) reads as

vy = — ((u%—/iQ)ugpul —(u%—/iQ)ulpU2 —i—ozulug(u%—u%))
(u?—ud) (k2 —ud)p2 | — (k2 —u3)p, +20(ur (K2 —u?)pu; —uz (k2 —u3)puy ) +a? (k2 —u?—u3) (u}—u3))

The ordinate y3 (2.9) is a more lengthy rational function in elliptic coordinates, which we do not
present for brevity, whereas Euler’s integral (1.5) is the following simple polynomial:

C = —(p1g2 + paq1)? — K21 + 2%

The existence of the polynomial first integrals I1, Io and C'is related to symmetries of equations of
motion in the original physical space. The existence of nonpolynomial first integrals x3 and y3 is
related to motion along the elliptic curve X around the fixed point P3.

The symmetry breaking transformation (2.10) generates polynomial integrals of motion

2 2 2 2 2 2
ud — K* [p us — K° /p
n="0 (M) T (M) ek - - )
ui —uz \m us —uy \ n
(3.3)
20,2 _ .2 20,2 _ .2
I, = up(uy — £7) (Pu1)2+ uy(uy — £7) (p“2)2+a2u2u2
u3 — u? m u? — u? n 12

In Cartesian coordinates on the plane superintegrable Hamiltonians in (3.3) read as

(m? 4 n2)(p? +p3) | (M* —n?) ((%2 —qi +a@3)(pf —p3) + 4q1q2p1p2) 2@ + ¢2)

H= +

4m?2n2 dm2n2rr! 2 ’
where 7, ' and k appear in the definition of elliptic coordinates. The corresponding first integrals
x3,y3 (2.14) and Cy,;, (2.15) are rational functions at m # n. Some particular expressions for these

first integrals may be found in [42].

Proposition 2. Functions Iy, I (3.3) and x3,y3 (2.14) on T*R? can be considered as a represen-
tation of the following algebra of the first integrals:

{I17I2}:Oa {I17m3}:07 {I17y3}:07 (3 4)

{12, 23} = 29, (23, y3), {I2,y3} = —2®u(x3, 3), {3, ys} = 2u3(k* — a3), '
labelled by two integer numbers m and n. Here

O, (z,y) =2y, —®,(2,y) = 40’23 + 3(I) — 2°K%)2? + 2(k? — K21 + I)x — K215

are derivatives of function ®(x,y) from the definition of the elliptic curve X (3.2), and {.,.} is the
standard canonical Poisson bracket.

As in Section 2, the algebra of the first integrals (3.4) is derived from the Poisson brackets between
the corresponding action-angle variables. We also have a computer-assisted proof of this proposition
atm=1,2,3and n=1,2,3.

This algebra of the first integrals (3.4) slightly differs from (2.17) because in the Kepler problem
we take 219 = uy 2, whereas for the oscillator we have to put 19 = uiz and, therefore, we have
different Poisson brackets between the coordinates of movable points.
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3.1. Smorodinsky — Winternitz System
In order to obtain the so-called Smorodinsky — Winternitz system [10], we have to start with the
elliptic curve X defined by the equation ®(x,y) =y — f(z) = 0 with
f(z) = ozt + (I — 202K%) 23 + (k' — 1K + I, — 28 — )2 — k% (I, — 48 4 &)z — 28k (3.5)
instead of (3.2). Equation (2.13)
[mIPy(t) + (] Pa(t) = Py

determines the evolution of two moving points around a third fixed point in the intersection divisor.
Coefficients I; 2 of polynomial f(x) together with coordinates (x3,y3) of the fixed point P3 are
constants of the divisor motion.

The constants of the divisor motion give rise to the first integrals on phase space, which can be
calculated using the standard algorithm:

e identify the affine coordinates of movable points P; 5(t) on the projective plane with elliptic
coordinates and momenta in phase space

p p
u u1l 2 2 2)u2 u2;

€Tl = 'LL%, Y1 = (U% - ’%2) and T2 = Uy, Y2 = ('LL2 - KR

e solve a pair of equations ®(z1,y;) = 0 and ®(x2,ys) with respect to Iy, I;
e calculate first integrals associated with affine coordinates (z3,y3) (2.14) of the fixed point Ps.

After that we can verify that functions I, I and x3,y3 on T*R? satisfy the Poisson brackets (3.4).
For the curve X (3.5) one gets the following Hamiltonian:

L o? 2 2 B Y
H = =Thn — .

Here the potential part is independent of the integer numbers m and n, whereas the kinetic
energy T, is

2 _ .2 2 _ .2

Uy — K% [Py \2 | U5 — K7 [ Duy\2
Trm= 5 o T2 2

uj —uz \m uz —uy \n

2 2 2 2. 2\ 2 _ 2
_ (m?+n?)(pt + p3) i (m* —n )<(“ — a1 + @) (P —p3) + 4Q1Q2p1p2)
4m2n?2 Am2n2ry’ '
where r, ' and k appear in Euler’s definition of elliptic coordinates on the plane. At m =n =1
this Hamiltonian coincides with the Hamiltonian of the Smorodinsky — Winternitz system [10].

4. DRACH SYSTEM

In 1935 Jules Drach classified Hamiltonian systems in T*R? with third-order integrals of
motion [7]. Below we consider the so-called (h) Drach system associated with an elliptic curve,
see [35-37] for details of classification. Possible generalizations of the Drach systems are discussed
in [28].

The (h) Drach system is defined by the Hamiltonian

ql 3\/q2 )
H =1 =pips —2a(q1 + q2) — B <2\/q2 T > 2 /42

and the first integral

Blar —a2)* (g1 — a2)
I = (q1 + @2)p1p2 — 1Pt — @2p3 — g1 — q2)* — — .

2/q2 2\/q2
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After canonical point transformation of variables

(ul - 'LL2)2 _ Pui — Puo go = (ul + 'LL2)2 _ Puy +pug

q1 = 4 ) Uy — s ) 2 4 , D2 ug + ug

the integrals of motion look like

2 2 2 2
I — Pu,y Pu, 2 2 ,B(Ul + uiug + 'LL2) Y
1= o o o o —o(ui +up) — -
uy —ujy Uz — uj ul + u2 Ul + U2
2,2 2,2 2,2
_ U3Py,  UiDy, 92 o Pujus Yuru2
L=, 9 9 , — Quiuy — .
Uy — Uy uz — uj uptuz Uyt U2

Solving these equations with respect to p,, and p,,, we obtain the separated relations

Following [33], we determine the Stéckel matrix S with entries
0P;
S.. = J 4.2
) 512 ( )

and Stéckel angle variables
1 Slldul 1 Slgd’u,g 1 Sgldul 2 Sggd’u,g
w1 = + ) W2 = + )
2 Puy 2 Pus 2 Puy 2 Pus
which can be rewritten in a standard form for the Stéckel systems with n degrees of freedom

N [P0y

using the separated relations (4.1), the definition of the Stéckel matrix (4.2) and the definition of
points P; = (x;,y;) on the hyperelliptic curve X, see [34].

dx , (4.3)

In action-angle variables I 2 and w2 the equations of motion and the symplectic form look like

. OH
I;,=0, w; = s Q =dl ANdwy + dls A dws.
ol;
Because H = I, the differential equations are trivially reduced to quadratures, for instance,
2 P
1 i d
I1 5 = const, Wy = — Z/ 1 = const.
24 Vazt + a3 + La? + vz — I

The relation wo = const involves the sum of Abelian integrals with holomorphic differentials on X
and, therefore, it defines the swing of two points around a third fixed point on the elliptic curve (1.4)

Pi(t) + Po(t) = Ps.
In the Drach case the coordinates of moving points are a simple function on physical variables
T1 = U1, Y1 = Puys T = U2, Y2 = Puy,
and, therefore, the abscissa of the fixed point P5 is a quite observable rational function

T3 = — 2(u? —u2) (uapu; —u1puy ) vVaturuz (w1 —uz)? B—(u1 —uz2) 2 y—2(pu; —Pusy ) (U2pu; —U1Puy)
(2(u2 —u) (w1 +u2)a—2(puy —pus)vart(ur—uz)B) (u? —u3)

similar to Euler’s integral (1.5), which is the following polynomial in momenta:

(pm — Pusy )2

(i — gz~ )

C = a— (ug + u2)p.
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Let us apply the symmetry breaking transformation (2.10) to this superintegrable Stéckel system.
The action variables I o associated with the equation

[m]P1(t) + [n] Pa(t) = Ps

are equal to

2 2 2 2 2 2
. pul/m pug/n 2 2 B(uf + uyug + u3) Y

Li="0" ,+ 5% 5 —afu]+uy) — - ,
ui —u;  uj — uj Uy + U2 Uy + u2 (4.4)
2,2 2 2,2 /.2 2,2 )
USPuy /m ulpug/n 2 9 Buius YULU2

=7, 2 2 g T QujUy — + .
uy — Uy uy — Uy ur +ue U+ us

In original Cartesian coordinates the Hamiltonian in (4.4) has the form

(m? + n?)pipy | (m? =) (Va1 + a2)* (q1pf + 2p3)

I =
! 2m?2n?2 An?m?(\/q1q2 + q1) (/9162 + q2)
q 3v/q2 Y

Following [29], we can say that at m # n these Hamiltonians describe the motions of the body with
a position-dependent mass.
The corresponding Stéckel angle variables

/ 511du1 / S1adus B / 521du1 / S1adus
Puy Pus 7 Puy Duy

involve a holomorphic differential on the elliptic curve, which allows us to calculate the coordinates
of the fixed point using the arithmetic equation (2.14).

At m =2 and n =1 the abscissa of the fixed point P3; remains a quite observable rational
function if B =~v=10

1 n 1 >

2v/auy (uf — ul) + uspy, — 2uipu,  2v/aur (ud — ud) — ugpy, +2uipy,)
This expression was obtained using doubling of the point P; = (u1,py, /2) and addition (2.14) of
points [2]P; and P, = (u2,py,) on the elliptic curve X.

At m = 3 and n = 1 the abscissa of the fixed point Pj is a bulky function even if 5 =~ =10

x3 = —ug — (u] — u3)pu, <

(u2pu1 + 3u1pu2)(u2pu1 - 3u1pu2)2
3\/04((41@ - U%)pil - 6u1u2pu1pu2 - 9U%pi2) ('LL% — u%)

RY: 2
+ova(d — gl (10,
A Ay

r3 = —

where

AL = <9au%(u% —ud)? + (ug2pu, — 3u1pU2)((2u1 + u2)pu, + 3u1pU2)) ((2u1 + u2)py, + 3u1pw)
and

A_ = (9au%(u% — u%)2 — (uopu, — 3u1pu2)((2u1 — UQ)Puy — 3u1pu2)) ((2u1 — U2)Puy — 3u1pu2).

This expression was obtained using tripling of the point P; = (u1, py, /3) and addition (2.14) of the
points [3|P; and P, = (ug,py,) on the elliptic curve X.

Proposition 3. Functions I, I (4.4) and x3,y3 (2.14) on T*R? can be considered as a represen-
tation of the following algebra of the first integrals:

{I,I,} =0, {I,z3} =0, {Ii,y3} =0
{12, x5} = ®y(x3,y3), {I2,y3} = =Py (23, Y3), {z3,y3} =1
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labelled by two integer numbers m and n. Here
d,(z,y) = 2y, —®,(z,y) = 4az® + 382 + 21z + v
are derivatives of function ®(xz,y) from the definition of the elliptic curve X (4.1), and {.,.} is the

canonical Poisson bracket.

This algebra is derived from the Poisson bracket between the corresponding action-angle variables.
We also have a computer-assisted proof of this proposition at m =1,2,3 and n = 1,2, 3.

Thus, the so-called (h) Drach system belongs to a family of two-dimensional superintegrable
systems associated with elliptic curves of the form X : ®(z,y) = y> — f®) (), where
fO@) =zt + B +ya® + ha + L, fP(2) = azt + Ba® + Lia? + vz + I,
FO(2) = az* + La® + Ba® + ya + I, FD(z) = L' + ax® + Ba? + yx + I,
and the equation of motion
[m]Py(t) 4+ [n|Px(t) = Ps, m,n € 7.

For all these superintegrable systems the algebra of the first integrals has the standard form (4.5)
which directly follows from the Poisson brackets between action-angle variables.

5. 3D SUPERINTEGRABLE STACKEL SYSTEM ON AN ELLIPTIC CURVE

Let us consider a Stéckel system associated with the symmetric product X x X x X of the
elliptic curve X defined by an equation of the form

X: ®zy) =y>—f(x)=0, f(z) = az* 4+ B2 + L2? + L + 1. (5.1)

If we identify the coordinates of the points on each copy of X in X x X x X with canonical
coordinates in T*R3

T = Uy, Y1 = Puq> T = Uz, Y2 = Pugys r3 = us, y3:pu37

we obtain the action variables Iy, Is and I3:

I = P, P2, P2,
(ur —ug)(ur —u2)  (uz —uz)(ug —ur)  (uz —u1)(us — uz)
— (ud + ud + ud + urus + uruz + uguz)a — (ug + ug + uz)B,
I = — (u2 + u3)py, _ (u1 + uz)py, _ (u1 + u2)py,
(ur —ug)(ur —ug)  (ug —ug)(uz —u1)  (ug —u1)(us — u2) (5.2)
+ (ug + ug)(ur + u3)(u2 + ug)o + (wyug + wus + ugus)f,
Iy = U2U3p31 U1U3p32 U1U2p33

(ur —ug)(ur —u2) ~ (uz —uz)(uz —u1) ~ (ug —u1)(ug — ug)
— uyugug(uy + ug + ug)o — ugugusf
solving the separated relations ®(u;, py,, I1,I2,I3) = 0 with respect to I;,Is and I3. Substituting

the solutions of the same separated relations with respect to py,,pu, and p,, into the Stackel
definition (4.3), we get standard angle variables

ot — u2duy _ u3dus B uidus

' Vi) S fs) S/ fus)
Wy — — (51 du1 B u9 dUQ _ U3d’LL3

’ Vi) ) e )
" duq dus dus

3 pr—

S V) S V) S f(us)
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The equation of motion w3 = const involves a holomorphic differential on the elliptic curve and,
therefore, it is equivalent to an arithmetic equation for divisors on X

P (t) + P (t) + Pg(t) = Py. (53)
This equation describes the swing of parabola Y
Y: y=7Px), P(x) = by(t)z® 4 by (t)x + bo(t)
around some fixed point P4 on X. Because four points P, P>, P3 and —P, form an intersection
divisor of X and Y, we can calculate three coefficients b, b; and bg by solving three equations
y1 = boat + b1y + by, Y2 = bowh + biwa + bo, Y3 = o3 + bras + bo.
Substituting y = P(x) into the definition y? — f(x) = 0 of X, we obtain Abel’s polynomial

U(@) = f(2) = P(x) = (a1 = 03) (2 — x1) (2 — x2) (2 — x3)(2 — xa).
Evaluating the coefficients of this polynomial, we find the coordinates of the fixed point
asg — 2b1 b2

T4y = —X1 — T2 — T3 —
a4—b§

Ys = _P(.'Ile),
which are constants of divisor motion (5.3) on the elliptic curve X.
The corresponding rational functions on phase space T*R?
B —2b1by

T4 = —U1 — U2 — U3 —
a—bg ’

ya = —(box] + bizy + by), (5.4)

where
by — (U2 - U3)pu1 + (U3 - Ul)pu2 + (u1 — u2)pu3

(ur — ug)(ur — uz)(uz — us3)

bl o (’LL% - u:%,)pm - (u?)’ - u%)pw - (u% - u%)pu?,

(ur —ug)(uy — uz)(ug — us3)
by = uguz (g — u3)pu; + wruz(us — u1)pu, + uruz(ur — u2)pu,
(w1 — u2)(u1 — uz)(u2 — us3) ’
are first integrals of the dynamical system determined by the Hamiltonian H ([, 1o, I3) and
canonical Poisson brackets.
After the symmetry breaking transformation (2.10)

pu1 puz pUS
pu1_>m7 pu2—>n7 pu3—>

9

9

the equation of motion (5.3) on X becomes
[m]P1 (t) + [n]PQ(t) + [k‘]Pg(t) = Py, m,n,k € 7.

The affine coordinates of the constant part of the intersection divisor are given by

asz — 2b1 bg

x4 = —[m|xy — [n]xg — [k]zg — 01— B3

Ya = —'P(IE4)7
where the parabola Y : y = P(z) is now defined by using Lagrange interpolation by movable points
[m] Py, [n]Ps and [k]Ps on the elliptic curve X, where

PlZ(U1,pu1/m), P2:(u27puz/n)7 P3:(u37p'M3/k)-

Proposition 4. Functions Iy, I>, I3 (5.2) and x4,y4 (5.4) in phase space T*R? can be considered
as a representation of the following algebra of the first integrals:

{117]2}:07 {117]3}:07 {117'1:3}:07 {Ilyy3} :07
{'[27—[3} = 07 {I27:1:3} = 07 {I27y3} = 07 (55)
{I3, 24} = ®y(x4,y4), {I3,y4} = —Pu(24,94), {zg,ya} = 1.
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Here
0®(z,y) 0®(z,y)
) = —

y(®9) Oy ox

are derivatives of function ®(x,y) from the definition of the elliptic curve X (5.1) and {.,.} is the
canonical Poisson bracket.

=2y and P.(x,y) = —(4ax® + 362% + 2Lz + )

This algebra is derived from the Poisson bracket between the corresponding action-angle variables.
We also have a computer-assisted proof of this proposition at m =n = k.

The algebra of the first integrals (5.5) slightly differs from the algebra (2.17) in the Kepler case.
Abel’s subalgebra of (5.5) consists of two elements I; and I, whereas Abel’s subalgebra of (2.17)
has only one central element 1.

Summing up, we can construct six families of superintegrable systems using elliptic curves of
the form X : ®(z,y) = y*> — f*¥)(x), where

f(l)(:c) = ozt + B2® + L2? + L + L5, f(2)(a:) = az* + L3 + Ba? + L + I,
f(3) (x) = art + L2® + La® + Bz + I, f(4) (z) = Lzt + aa® + B2? + L + I,
O (z) = Lzt + aa® + La? + o+ I3, fO(2) = La' + Lia® + az® + Bl + I,
and the intersection divisor equation of motion
[m]P1(t) + [n|Pa(t) + [k]Ps(t) = Pu, m,n, k € Z.

For all these superintegrable systems the algebra of the first integrals has the standard form (5.5)
which directly follows from the Poisson brackets between action-angle variables. Following [29],

we can say that the Hamiltonians 17, Io and I3 describe the motion of the body in T *R? with a
position-dependent mass.

6. CONCLUSION

The equations of motion

for the Stéckel systems on a symmetrized product X X --- x X of the hyperelliptic curve X are
equivalent to the equation of motion

divX - Y () =0

describing the evolution of the intersection divisor of X and the auxiliary curve Y (t). For
superintegrable Stéckel systems, the intersection divisor can be divided into moving and fixed
parts

divX -Y(t) = D(t)+ D' =0,

according to Abel’s theorem. It is clear that the constants of divisor motion are the coordinates of
fixed part D’ of the intersection divisor, and integrals of motion in phase space are some functions
on these constants of divisor motion. Thus, the algebra of the first integrals in phase space can
be obtained from the algebra of the constants of divisor motion, which is easily obtained from the
Poisson brackets between the Stéckel action-angle variables.

In this note we calculate the algebra of the constants of divisor motion associated with the
Kepler problem, harmonic oscillator, Drach system, Stackel systems with two and three degrees of
freedom and some of their deformations associated with symmetry breaking transformations of the
Stéckel matrices. All these systems are related to various elliptic curves, but we can rewrite the
corresponding algebras of nonpolynomial integrals in a common form.

Scalar multiplication of points on elliptic curves

p: X — X, o(P) = [m|P
generates a noncanonical transformation of phase space
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which changes the form of the kinetic part of the Hamiltonian, but preserves its superintegrability
property. Because multiplication of points on X is a special case of isogenies between elliptic curves,
we suppose that isogeny arithmetics also generates noncanonical transformations of phase space

Y T*R"™ — T*R"
preserving superintegrability. If this conjecture is true, than the isogeny volcanoes [30] could gener-
ate superintegrable system volcanoes. In a forthcoming publication, we will discuss this conjecture
and application of Landen — Gauss transformations (2-isogenies) and Vélu’s transformations [32, 45]
to the construction of superintegrable systems associated with elliptic curves.

For superintegrable Stéckel systems on hyperelliptic curves of genus two we have affine coordi-
nates of divisors, Mumford’s coordinates of divisors, modified Jacobian coordinates, Chudnovski-
Jacobian coordinates, mixed coordinates, etc. First integrals associated with these coordinates
could be algebraic, rational or polynomial functions in phase space satisfying various polynomial or
nonpolynomial relations. It is interesting to study these relations associated with various constants
of the divisor motion.

The class of superintegrable or degenerate systems is closely related to the class of bi-Hamiltonian
systems with equations of motion

d
dt

see [15] and references therein. Thus, we have two algebras of divisor motion constants with
respect to compatible Poisson brackets {.,.} and {.,.}’. We suppose that both algebras of the first

integrals are similar to the “Hamiltonian equation of motion” with respect to the “Hamiltonian”
O(x,y) (2.18).

zi ={I,zi} = {I2, %},
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