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In the paper [1] we have derived structure results for all 2nd order superin-
tegrable FLD systems on conformally flat real or complex spaces that have
potentials that depend on 2 functionally independent variables (the maxi-
mum possible) and classified all such systems on 3-dimensional complex flat
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Abstract

2nd order superintegrable systems with at least 3-parameter po-
tentials and 5 symmetry operators that are functionally linearly de-
pendent have never been classified. The best known such example is
the Calogero system with 3 bodies on a line. In the paper ”Classifi-
cation of Calogero-like 2nd order superintegrable systems in 3 dimen-
sions” we have worked out the structure theory for such systems in
conformally flat spaces and shown that they always admit a 1st order
symmetry. We have given a complete classification for all such systems
in 3-dimensional flat space. In this note we prove the nonexistence of
Calogero-like systems on the complex 3-sphere.

Introduction
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space. In this note we carry out the analogous computations for the complex
3-sphere and show that no such systems exist. The notation and method of
classification are taken from paper [1].

2 The complex 3-sphere

We choose a standardized Cartesian-like coordinate system {x,y, 2z} on the
3-sphere such that the Hamiltonian is

2
r
H=(+ ) 0w +p,+r)+V, (1)
where 7?2 = 22 + y? + 2z2. These coordinates can be related to the standard
realization of the sphere using complex coordinates s = (s, Sg, S3,84) such
that 327 s2 =1 and ds? = Z?:l ds? via

j=1%7

4x 4y 4z 4 —r? @)
= — Sy == — Sq == —m Sy = —-
A+r2 TP 4402 P 442 TP 442
with inverse x = 2s1 /(1 + s4), y = 289/(1 + s4), 2 = 2s3/(1 + s4). A basis of

Killing vectors for the zero-potential system is Jj,, K, j,h = 1,2,3, j < h,
where

51

Joz = yp. — 20y,  J31 = 20z — D2, Ji2 = TPy — YDa, (3)
A ) Ty a2 y? —a? — 22 ry Yz
e Pt A L S I Rk R L O
1= (1+ 1 )pz+2py+2p 2 = (1+ 1 )py+2pm+2pz
22— 2% —q? Tz Yz
Ky = (1 o+ Zp+ Ly
The nonzero commutation relations are
{Jog, Js1} = Jia, {K1, Ko} = Jio, {Ki,J51} = K3 (4)

and their cyclic permutations. The relation between this basis and the stan-
dard basis of rotation generators on the sphere Iy, = siPym — SmPr = — e
is

Jog = Iog, J31 = I3y, Jio = Lo, Ky = Ip, Ko = Iyo, K3 =145. (5)

By relabeling, we can express one of the quadratic parts of the constants
of the motion S for a FLD system as a linear combination of the quadratic

A

parts of the remaining 4 generators Sy, ..., S(u):

Soy =Y (x)S). (6)



Again we limit ourselves to the maximal case where the expansion (6) is
unique. The generators 3(0),3(1),3(2)73(3),3(4) are polynomial in z,vy, 2z of
order at most 4 and are linearly independent. We can solve for the expansion
coefficients in the form ¢ (x,y,2) = s (z,y,2)/sO(z,y,2), £ = 1,...,4

where s, s s are polynomials in z, y, z of order at most 4. It follows
that
4
Y Alar,as,a5)"y 22 = 508 = Y sV =0, (7)
ai1,a2,a3 r=1

where each coefficient A(ay, az, ag) must vanish. In particular, the sum of all
terms homogeneous of degree n must vanish for each n =0,..., 4:

B(n) = Z Alay, as, az)r™y*2% = 0.

ai1+az+az=n

Each of the generators S(T) is a linear combination of terms K; K, (maximal
order 4), J;K;, (maximal order 3) and J;J;, (order 2).

Since the free part of the Hamiltonian H is not homogeneous, it is not
true that the generators must be homogeneous polynomials. However, once
the highest order terms of a generator S are fixed are fixed, the necessary
and sufficient conditions on the lower order terms for Sy to be a symmetry
are uniquely determined from the relation {#, (o)} = 0 and the requirement
that the lower order terms cannot by themselves be a first order symmetry.

From Corollary 1 of [1] applied to the 3-sphere we see that, up to conju-
gacy, there are just 2 cases to consider: J = Jyo and J = Jio + iJos3.

21 J=Jp

Here the centralizer of J is the group generated by rotations about the z-
axis, and transformations exp(aK3). We can use this freedom to simplify
the computation. Since Jio is a symmetry the potential must be of the form
V(2? + 32, z). Writing a 2nd order symmetry in the form

S = F11<l’,y, Z) p% + F22(x7ya Z) pg + F33($,y>z) pg + Flz(.T,y,Z) p1p2+

Fi3(z,y,2) pips + Fas(,y, 2) paps + Fo(x,y, 2)
and requiring that {S, H} = 0, we can solve for the Fj; to get

1 1

Fll = 4—8(48620 + 3C14 — 63>y4 + E(S@x =+ 24013 + 404)y3 +
1
@((6014 + 96c90 — 2¢3)2% 4 (—8cex — 4 + 24c9)z +



Fis

(—6c1s + 96c99 — 6c3)x? + (—32¢15 — 16¢17)2 — 24c18 + 384cyg
1
—16¢3)y” + E((8(:235 + 24cy3 + dey) 2 + (=8 x e12° + 96¢107 — 16¢;

1 1 1
+48¢11)z — (24(502m + 13 + 604))(:172 +4)y+ — 5 (48cqp + 314 — 3)2* +

1
48( 8C6I — 405 + 24C9)Z + 48((_6614 + 96C20 + 263)1’2

1
+(—16¢15 + 16¢17)x — 2419 + 384c90) 22 + E<‘”2 + 4)(2c6z + c5 — 6cg)2

1 1
(Cl4 + 16020 — 503)($2 + 4)2,

16
1 1 ,
Ecga: + — 19 ((c3 4+ 3c14)y + 12 + 6¢13 + ¢4)x” +
1 1
12( 6coy” + (6cgz + 12¢15 + 6¢17)y — 182(cr0 — 607)) e
1
12(( e — 3c14)y” + (—3c12 — 18¢13 — 3¢a)y* + ((—3cyy + 3e3) 2% +
(—12cq + 6¢5)z + 12¢18)y + c12° + (3c4 — 6c13)2% — 12¢112 + 24c13 + 4eg)x +
1 1 , 1,1
1 coyt + 12( 2c6z — 4c15 — 2¢17)y” + 32(ci0 — 607)y 3 +

( 2062 + 60172 + 12082 — 16015 — 8617)3/ — iCQZ + — ! ( 3C7 — 6C10>Z3
12 12 12

1 1

—6122 + 12(1267 + 24610)2’ — 4625,

1 1
—Ec@-x + 12((3014 — ¢3)z + yer + 6y — c5)xd +
1 1
12(606,2 + (—6coy + 6¢15 — 6¢17)2 — 18y(c10 + 607))9&2 +
1
12((03 —3c14)2° + (=3c1y + 3¢5 — 18¢9)2* +

((=3c14 — 3¢3)y* + (—=12¢13 — 6¢4)y + 12¢19)2 + c1y” + (—6cg — 3c5)y?

1 1
—12ycy1 + 24c9 — 4es)x — ECGZ + 12(202y — 215+ 2c17) 2% +
1
2

1 1 ,
3y(c1o + 667)2 3 + — 15 (2y3cy + (=615 — 617)y* + 12¢12y — 8cis + 8cr)z

1 1
+—ceyt + —

1 1
3 3 (—12¢7 4 24¢10)y + 4cs =,

12 3

1 1 1
24(24020 — 03):16 + — . (4eoy — 815 — 4017);E + 24((6014 + 48020)y2

+(2012 + 24613 + 4C4>y -+ (48020 - 203)2 - 4265 + 12014 - 12018 + 192620

(307 6010)y —ng + —



F33

1
—403)562 + —(—4y3c2 + (8cez + 8¢5 + 4017)3/2 +

24
(4eaz® 4 (—24c19 + 12¢7)2 — 16¢2)y + (—8cis — derr) 2% +
1 1
(16cg — 24cg)z + 32¢15 + 16¢17) T + ﬂ(24020 — )yt — Eclygz
1
+ﬂ((48020 + 2¢3) 2% + 4zcs + 192¢9 — 8c3)y” +
1 1 1
EZ(C122 +dcqz —4ey)y + ﬁ(24020 —c3)2t — 62365 +
1(12 + 192¢99) 2% + 2 L 16 205
—(—12¢ C20)% 2C5—= Cop — 2C5—
2 16 20 53 20 33"
Loy

1 1
——c17* + —(degz — degy + 24c10)2” + ﬁ((12cl4z + 24¢9)y + 24c132

1
+24c1p) 2% + ﬂ(_466y3 4 (—12¢92 — 12¢7)y* + (12¢62* + 24152

1
+24cg)y + 4dea2® + 12¢72% + 24¢192 — 96¢19) T + ﬁcly‘L +

1 1 1
ﬂ(—élc;),z — 4es)y?® — Zz(clz + 2¢4)y” + ﬂ(élc?,zg + 12¢52% +

1
24c162 — 16¢5)y + ﬂ(z2 +4)(c12® + 4egz — dey),

1 1
1'4020 + E(-QCGZ — 2615 + 2017)33’3 + 5(246203/2 + (clz + 264)]/ +

(3614 + 24020 - 03)2’2 + (—265 + 1209)2’ + 6014 - 6019 + 96620 - 263)1‘2

1
+E(<_2062 — 2¢15 + 2017)y2 + (—46222 + (—12610 — 607)2’

—12012 — 802)y + (2(22 + 4))(062 + Cci15 — 017))513 + y4620 +

1 1

E(clz + 264)y3 + E((24CQO — 263)22 — 4ZC5 — 6616 + 96620 — 4C3)y2
1 2 2 2

—E(z +4) (12 + 2¢4)y + c20(2° +4)7,

where the c; are constants to be determined. In addition we obtain a series of
equations for the first derivatives 0, Fy, 0,Fp, 0.Fy, which lead to Bertrand-
Darboux equations for V(2% + 2, z). At the end we have to find 5 linearly
independent solutions for & and verify that they are functionally linearly
dependent.

We can get a basis {L;, 7 = 1,...,20} for the 20-dimensional space of

symmetries of the zero-potential system by defining the symmetry L; as that
for which ¢; = 1 and ¢, = 0 for all £ # j. However a more convenient basis
is that of eigenvectors of Ads. The result is:



Order 2 basis:

1.

Order 3 basis:

1.

Soor = =Lig — =Lig + L12, e.v. =21,

2 2
522— - _§L19 + §L16 + L12, e.vV. = —22,

521+ = —ZLg + LH, e.v. = i,

521, = ZLg + LH, e.v. = —i,

2
532+ = ZLg — 4’LL5 + §L10 + L7, e.v. = 22,

2
332_ = —iLg + 4ZL5 + 5[/10 + L7, e.v. = —2i,

?
S314a = —§L13 —iLy+ L7, ev.=1,
Sgl_a = §L13 + ZL4 + L17, e.v. = —1,

S3144 = —§L13 +ily + L5, ev. =1,

Sg1_p = §L13 —iLy+ Lys, ev. = —i,



530 = —2L10 + L7, e.v. = 0,
1
S300 = ELQ + Ls, ev. =0,

Order 4 basis:

1.

S42+ = L14 + ZLQ + Lg, e.vV. = 21,
2.

542_ = L14 — ZLQ + Lg, e.v. = —2i,
3.

Spe =2l + Lg, ev.=1,
4.
541_ = —22L1 + L67 e.v. = —’i,
d.
540 = LQQ, e.v. = 0,

6.

1
Sao0 = §L14 + Ls, ev. =0,

Thus the possible actions of Ad; on an eigenbasis are described by the
canonical forms

M 0 0 00
0 A 0 00
0 0 XA 00 (9)
0 0 0 00
00 0 00
M 0 000
0 A 000
0 0 000 (10)
0 0 000
0 0 000



A 0000
00000
00000 (11)
00000
00000
00000
00000
00000 [, (12)
00000
00000

where \; = 41, £21.

2.1.1 Form 9

Since the eigenvalues for the real 3-sphere must occur in complex-conjugate
pairs, a system of this form is only possible for the hyperboloid. There
are numerous FLD systems with this form, but none admit a 3-parameter
potential.

2.1.2 Form 10

There are several FLD systems with this form, but none admit a 3-parameter
potential.

2.1.3 Form 11

Since the eigenvalues for the real 3-sphere must occur in complex-conjugate
pairs, a system of this form is only possible for the hyperboloid. Checking
over all possibilities for systems with this eigenvalue form we find only one
system that is FLD and, for it, V' depends on only a single function.

2.1.4 Form 12

Checking over all possibilities for systems with this eigenvalue form, we find
that none are FLD.

2.2 J=Jip+1Ja

In this case the potential must be of the form, V' = V (z+iz, y* — 2iz(z +ix)).
This suggests the change of variables

x:—p[e_9+69 (1/4=7%)], y= —pré’, (13)

8



z=iple”? — e (1/4+17%)],

so that in the new coordinates we can write J = %pr and the Hamiltonian is

2 2 6_2919% 2 pg 0
H=(p"+4) ; +pp—p— + Vip,e”). (14)

As in section (2.1) we can get a basis {L;, j = 1,...,20} for the 20-
dimensional space of symmetries of the zero-potential system by defining the
symmetry L; as that for which ¢; = 1 and ¢, = 0 for all £ # j. However
a more convenient basis is in terms of generalized eigenvectors of Ads. The
result is:

Order 2 basis:

1.
1 1
Jy=—=Lig— =L
4 3 lie = gL,
2. , )
1
Js ==L —L
3= gtn + g h2;
5 1 2 1
Jy = §L18 - §L19 + §L16,
4.
Ji = 2iLy — 2Ly,
5.
JO = 2L18 + 4ZL8 - 2L16 = 2j2,
6.

Joo = Lig + L1g + Lig.
The elements of the order 2 basis satisfy
Ads(J;) = Jjm1, 7=1,...,4,

and
Adj(JQ) - Adj(Joo) = 0

The subscript j on the operator J; indicates that this basis function is a
polynomial of order j in the variable 7.

Order 3 basis:



i 1 31
M,y = —ng — L5 + §L17 - §L57
2. .
M, = —§L13 + 3Ly,
3. .
My = —iLg +2Ly5 — Lyr — 3iLs,
The subscript j on the operator M; indicates that this basis function
is a polynomial of order j in the variable r.
4. . ) . ]
7 0
Ny=—L —L —Ly— —1L
T 13+48 10+8 4 gpb
5. . 1 .
7 7
Ny=—Ly—-Li7—-L
3= g0 T gt T gt
6. ) .
No= L+ 2L
2= g+ gy
v 31 3 31
i i
Ni=——Ly— =L —L
1 3975 17 + 5 15
8. 5 . 3;
i 7
No=—=L —Ly—3Ly— —L7.
0 513 + 510 3Ly Tl

The subscript j on the operator N; indicates that this basis function is a
polynomial of order j in the variable r. The elements of the order 3 basis
satisfy

Ads(M;) =M, j=1,2, Ads(My) = 0.

and
Adj(Nj):N],h j:17,4, Adj(No):O

Order 4 basis:

1.
K4 - L37

10



1
K3 == 2ZL1 - 5[;2,

3.

Ky = —Ly4+ 3L +3iL+1L

2 — 14 3 2 6 12 20,
4.
, 3
K1 == 32[/1 - §L2,

d. 1

K() = —3L14 + 3L3 + 3ZL6 + ngo,
6.

Koo = Lao = Ho.

The subscript j on the operator K indicates that this basis function is a
polynomial of order j in the variable r. The elements of the order 4 basis
satisfy
Adys(K;) =K1, j=1,...,4,
and
Adg(Ko) = Adg(Koo) = 0.

Each canonical form must correspond to bases that are invariant under
the action of Ads and contain both the symmetries Jy and Kyg. There are
5 canonical forms to consider:

(16)

(17)

OO OO O OO OO O OO0 o oo
SO OO OO oo OO0 oo
DO OO OO OO OO0 oo
OO OO DO OO —=O O
DO OO DO OO0 oo o oo

—_
—_



01000
00000
00000 (18)
00000
00000
00000
00000
00000 (19)
00000
00000

2.3 Form (15)

There is only one case corresponding to this form, and it is FLD. However,
it does not admit a 3-parameter potential depending on 2 variables.

2.4 Form (16)

There are no three parameter FLD systems for this form.

2.5 Form (17)

There are no FLD systems for this form.

2.6 Form (18)

There is only 1 FLD system for this form and it admits only a 2-parameter
solution.

2.7 Form (19)

There is only 1 FLD system for this form and it admits only a 2-parameter
solution.

3 Conclusions

This note is part of a program to classify all 2nd order superintegrable clas-
sical and quantum systems on 3-dimensional conformally flat complex man-
ifolds. In the paper [1] we have worked out the basic structure theory for
Calogero-like superintegrable systems on these manifolds and classified all

12



such systems on flat spaces. Here we have shown that there are no such
systems on the complex 3-sphere.

Acknowledgments

B.K.B. acknowledges support from the Goran Gustafsson Foundation. W.M.
was partially supported by a grant from the Simons Foundation (# 412351
to Willard Miller, Jr.).

References

1]

Berntson, B.K., Kalnins, E.G. and Miller, W. Jr., Classification
of Calogero-like 2nd order superintegrable systems in 3 dimensions,
arziv.org/abs/2004.00933 , (2020)

Kress, J.M., Kalnins, E.G. and Miller W. Jr., Second order superin-
tegrable systems in conformally flat spaces. 3. 3D classical structure
theory, J. Math. Phys., 46, 103507, (2005)

Kalnins, E.G., Kress, J.M. and Miller W. Jr., Fine structure for 3D
second order superintegrable systems: 3-parameter potentials, J. Phys.
A: Math. Theor. 40, 5875-5892, (2007)

Kalnins, E.G., Kress, J.M. and Miller, W. Jr. Separation of
variables and Superintegrability: The symmetry of solvable sys-
tems, Institute of Physics, UK, 2018, ISBN: 978-0-7503-1314-8,
http://iopscience.iop.org/book/978-0-7503-1314-8.

Kress, J.M., Kalnins, E.G. and Miller, W. Jr., Second order superinte-
grable systems in conformally flat spaces. 5. 2D and 3D quantum sys-
tems, J. Math. Phys., 47, 093501 (2006)

13



