PUBLISHED FOR SISSA BY €} SPRINGER

RECEIVED: August 27, 2015
AcCCEPTED: October 2, 2015
PUBLISHED: October 28, 2015

The tetrahexahedric angular Calogero model

Francisco Correa®® and Olaf Lechtenfeld®
@Centro de Estudios Cientificos (CECs),
Casilla 1468, Valdivia, Chile
bInstitut fiir Theoretische Physik and Riemann Center for Geometry and Physics,

Leibniz Universitat Hannowver,
Appelstrafie 2, 30167 Hannover, Germany

E-mail: correa@cecs.cl, lechtenf@itp.uni-hannover.de

ABSTRACT: The spherical reduction of the rational Calogero model (of type A,,_; and after
removing the center of mass) is considered as a maximally superintegrable quantum sys-
tem, which describes a particle on the (n—2)-sphere subject to a very particular potential.
We present a detailed analysis of the simplest non-separable case, n=4, whose potential
is singular at the edges of a spherical tetrahexahedron. A complete set of independent
conserved charges and of Hamiltonian intertwiners is constructed, and their algebra is elu-
cidated. They arise from the ring of polynomials in Dunkl-deformed angular momenta, by
classifying the subspaces invariant and antiinvariant under all Weyl reflections, respectively.

KEYWORDS: Integrable Field Theories, Conformal and W Symmetry, Discrete and Finite
Symmetries, Integrable Hierarchies

ARX1v EPRINT: 1508.04925

OPEN AcCESs, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP10(2015)191


mailto:correa@cecs.cl
mailto:lechtenf@itp.uni-hannover.de
http://arxiv.org/abs/1508.04925
http://dx.doi.org/10.1007/JHEP10(2015)191

Contents

1 Introduction and summary 1
2 The angular (relative) rational Calogero model 3
3 Warmup: the hexagonal or P6schl-Teller model 10
4 Tetrahexahedric model: the spectrum 14
5 Tetrahexahedric model: intertwiners & integrability 17
6 Outlook 21
A Complementary formulae 22

1 Introduction and summary

The Calogero (or Calogero-Moser) model [1-3]! is the paradigmatical n-particle integrable
system in one space dimension. Originally defined for the root system of A; ® A,,_1, the
Calogero model was quickly generalized for any finite Coxeter group of rank n [4]. In
particular the rational version is remarkable for its conformal properties and its maximal
superintegrability [8, 9] (see also [10]). Moreover, when the coupling constant g is integral,
the quantum model enjoys additional and algebraically independent conserved quantities,
which make it ‘analytically integrable’ [11, 12]. In this case, intertwining operators relate
the energy spectrum with that of the free theory (at g=0 or g=1). This structure was
worked out in the 90s by a Russian group [11, 12] using Darboux dressing and by Dutch
mathematicians [13-15] employing Dunkl operators [16, 17].

Maximal superintegrability for a quantum system of phase-space dimension 2n has
been characterized in the literature; for a recent account see [18] where it is termed ‘max-
imal degenerate integrability’. The Hamiltonian H is part of a rank-n abelian algebra of
Liouville charges (commuting Hamiltonians), but this is embedded in a larger commutant
of H, which is spanned by the Liouville charges plus n—1 additional integrals of motion
(Wojciechowski charges). The latter do not commute with one another but form a polyno-
mial algebra [9] together with the Liouville charges. Denoting the commutant generators
by C and distinguishing between Liouville charges ¢’ and Wojciechowski charges C” so
that {C} = {C’,C"}, one has (see, e.g. [19])

.’ =0, [c”,.c'l = A, C", c”,c" = B(C',C"), (1.1)

'For reviews, see e.g. [4-7].



where A and B are polynomial in C’ and linear in C”, and we have suppressed the counting
labels. This implies that each H eigenspace splits into simultaneous eigenspaces of the other
n—1 Liouville charges. Hence, we can find an H eigenbasis labelled by n quantum numbers
(o) with « = 1,...,n. Furthermore, these simultaneous eigenspaces carry a representation
of the algebra (1.1), which governs their degeneracies.

Since the rational Calogero Hamiltonian is part of an SL(2,R) conformal algebra, it is
natural to reduce the rational model to an integrable system on a sphere. Restricting our-
selves to the customary A1 ® A,,_1 model, one may employ the translational invariance and
firstly separate the A part representing the center-of-mass motion. The relative-motion
Hamiltonian may be interpreted as ruling a single particle in R”~!, subject to a potential
which is singular at the reflection hyperplanes and decays like r—2 with distance r from the
origin. Secondly, this radial scaling suggests a further codimension-one reduction to S™ 2,
which defines the ‘angular (relative) rational Calogero model’.? This system describes a
particle moving on S"~2 in a collection of %n(n—l) Higgs-oscillator potentials [20, 21],
each one centered at a positive root of A, (and its antipode) and blowing up at the
intersection of the reflection hyperplane with the unit sphere. These singular loci tessellate
the (n—1)-sphere into n! hyperspherical simplices in which the particle is trapped.

A number of classical features of angular rational Calogero model (center-of-mass-
reduced or not) have been recently analyzed by an Armenian group [22-27]. Intertwining
relations for the quantum model were investigated by M. Feigin already in [28], but more
recently the energy spectra and eigenstates have been constructed [29], and the algebra
of angular Dunkl operators has been studied [30]. These partial results leave open the
following questions:

e What is a complete set of algebraically independent conserved charges?
e Can one construct a subset of Liouville charges (in mutual involution)?

e What is a complete set of algebraically independent Hamiltonian intertwiners?

Can one find additional conserved quantities which get intertwined?

What kind of algebra is generated by the conserved charges and intertwiners?
e Are these models maximally quantum super- or even analytically integrable?

The answers are not easily obtained for the angular Calogero models because they are
linked to nontrivial mathematical problems. For instance, the commutant of H is the ring
of all Weyl-invariant polynomials in the angular Dunkl operators (for a definition see the
following section), and it is not obvious how to construct a minimal set of algebraically
independent generators. Moreover, to establish the superintegrability one should find the
maximal abelian subalgebras (i.e. the Liouville charges) in this ring.

Lacking a general strategy to attack these issues, we take an explicit look at the
simplest examples, n=3 and n=4. The first one, leading to a rank-one angular system, is

2Tt is investigated already in the appendices of [2] (see also [1, 3] for n=3).



quite trivial but well known, while the second one is still tractable and serves to illustrate
most of the general concepts. Therefore, in this paper, we exemplarily analyze the rank-
two quantum system which is obtained from the four-particle rational Calogero model, via
translational reduction to R3 and then radial reduction to S?. It describes a particle on
the two-sphere trapped in one of 24 right isosceles spherical triangles which make up the
spherical projection of a so-called tetrahexahedron.

After presenting general (and mostly previous) results on the A, _; angular models in
section 2, the essentially trivial n=3 case, known as the Poschl-Teller model, is reworked in
section 3 as a warmup example. section 4 introduces the n=4 model and recapitulates its
energy spectrum and eigenstates [29], before our results concerning conserved charges and
intertwiners are collected in section 5. There, we establish that any conserved charge of the
tetrahexahedric angular Calogero model is built from two independent operators, say J4 and
Jg (besides the Hamiltonian), and that this system features two independent Hamiltonian
intertwiners, which we denote by M3 and Mg. We provide explicit expressions for both and
work out their (non-standard) intertwining relations with the elementary conserved charges.
Since one cannot produce two commuting words with J4 and Jg, the model enjoys only two
charges in involution but, given three independent conserved quantities, it is maximally
superintegrable. For integer value of the coupling, an additional independent conserved
charge introduces a Zg grading (in the spirit of 'nonlinear supersymmetry’ without fermion-
like degrees of freedom [31, 32]) and renders the model analytically integrable. Various
interesting algebraic relations are collected in the appendix.

2 The angular (relative) rational Calogero model

We parametrize the n-particle quantum phase space with coordinates z#* and momenta p,,
subject to the canonical commutation relations (setting i = 1)

[zH, p, | =10F, with p,v=1,....n. (2.1)
The center-of-mass coordinate and momentum,

X=1%"a and P=)p = [X,P] =1, (2.2)
o v
decouple in the rational Calogero Hamiltonian

9(9—1)
Hcalzézpz%—i_ZW:%PQ—i_H (23)

Tt —xv
p<v

and will be ignored in our starting Hamiltonian
-1)
H= L (pupy)?2 + 29 2.4
2 (i + 0 2

which describes the relative motion of (A4,_1) Calogero particles on the real line, or of a
single quantum particle in R”~! subject to a potential singular at the A,,_; Weyl chamber



walls. The Hamiltonian is invariant under the reflection ¢ — 1—g of the real coupling g,
but higher conserved charges and intertwiners will not share this property.
Since this Hamiltonian is scale covariant, it pays to introduce on R”~! polar coordinates

—

(r,6) with a (relative) radius r and n—2 angles § together with their momenta p, and Ly,

Y @ =0 and LY (m-p)’ =p 4+ 00+ P (25
p<v n<v

The (relative) angular momentum squared L? is best expressed by parametrizing the rela-

tive particle motion in R”~! with coordinates 3’ where i = 1,...,n—1,
n—1
=Y W pi=py, Ly=-iei-ye). LP=-) L. (26)
i=1 i<j

Jacobi coordinates are a suitable choice for {y'}. Together with a dilatation generator D
and a special conformal generator K, the Hamiltonian H forms an SL(2,R) commutator
algebra, as is easily seen in the polar representation

H=3p+ 2004 LHo,  D=4(rp+pr), K=47. (27

812

Here, the angular (relative) Hamiltonian Hgq is independent of the radial coordinate or
momentum, and it coincides (up to a constant shift) with the Casimir operator of the
conformal SL(2,R),

Ho=31L?+U(0)=C—i(n-1)(n—5) with C=KH+HK-1D*.  (28)

This defines our angular Calogero system (for A,_1), which describes a quantum particle
on the sphere S"~2 under the influence of the potential

q) Z x“ x’/ r? Z 9(92_1) Z cos 20, (2.9)

u<1/ aER4+ aER ¢

where R4 is the set of positive roots for A,_; and 6, denotes the angle (geodetic arc
length on S"~?) between the point § and the intersection of the ray in direction a with the
unit sphere. Each of the %n(n—l) contributions of cos™2 form is also known as a ‘Higgs
oscillator’ [20, 21]. This potential is a very special one as it is tied to the root system.
Its singular walls are of codimension one and tesselate the sphere into n! hyperspherical
simplices.

For the spectral problem, let us pass to the position representation and encode mo-
menta via differental operators,

pi = -0, = p = —i(0,+%2) (2.10)

so that
H — —3(02+220,)+ 5Ho &

Ho — r°H + §(r0, +n—3)ro, .

(2.11)



It is customary to remove the first-order radial derivative term via a similarity transfor-
mation,

= n—2 — n—2 / n—2

U(r,0)=r""2 u(r,0) and H=r"2 Hrz, (2.12)
so that the Hamiltonian on R*! acts as follows,
H'u o =02 - 290wt LHgu. (2.13)
As the potential is repulsive, the spectrum is positive semi-definite and continuous,

HVYy,,=EV;, — Hugyg=FEug, with E € Ry, (2.14)

where the wave function depends on further (suppressed) quantum numbers, but ¢
parametrizes the angular Hamiltonian eigenvalues [29] (see also the appendices of [2]),

Hovg=eqvg  with  eg=3q(¢+n—3) and g€Rx. (2.15)

For vanishing potential (9=0 or 1), Ho = %L2, and g = ¢ € Ny is the familiar total angular

momentum for a free particle on S"2, with a degeneracy of (%’52) — (%’54). The

interaction greatly reduces the degeneracy and shifts this quantum number [29],
q=sn(n—1)g+¢ and (=3034+4ls+ ...+ nl, with /¢, €Ny, (2.16)

where the decomposition ¢ — ({3, 04, ...,¢,) into additional quantum numbers yields the
correct degeneracy,

degn(gq) = pn(ﬁ) - pn(é_l) - pn(€_2) + pn(€—3) ) (2'17)

with pp,(¢) denoting the number of partitions of ¢ into integers not larger than n or, equiv-
alently, the number of partitions of ¢ into at most n integers. Its generating function

reads - .
P =Y pu(Ot' = T](1—t™) ", (2.18)
/=0 m=1
and the large-¢ asymptotics is p,(¢) = #__11)! + O("=2), implying deg,,(g,) ~ ¢"2 for

¢ — oo. Note that the degeneracy does not depend on g but only on ¢ (for any fixed n).
Up to n=>5, fairly explicit formulae may be found [33]:

0 for ¢/=1,2mod 3
deg3(€) =
1 for ¢=0mod 3

deg,(0) = |

)

1 for ¢ = else mod 12 (2.19)

ZJ 0 for £=1,2,5mod 12
12

0 for ¢ =2,22,26,46 mod 60
for ¢ =0,48 mod 60
1 for /¢ = else mod 60

62 + 720 — 89
+—J n

degs () = | -



The wave functions may also be given explicitly. From

(07 — (q+3—1)(q+3-2)r 7 +2E) ugy =0 (2.20)
we read off that
Up,q(r,0) = V1 Jgs(n—3)/2(V2ET) v4(0) , (2.21)

revealing a radial wave function of Bessel type. The angular wave function vq(g) depends
on all additional quantum numbers (¢3, 44, ...,¢,) and is a bit harder to find [29]. It can
be constructed in the following way,

n

— — K‘u'
Uq(e) = ég) 9 yn—3+q H (Z u) A? T3—n—n(n—l)g7 (2.22)

where

A:H(az“—:ﬂ”): H a-y (2.23)

nu<v aER 4

is the Vandermonde of the original R" coordinates and D, denotes the so-called Dunkl
operator [16, 17],

1
Dyzay—gzmsyp, D, D) =0, (2.24)
p(#v)

with s,, permuting the position and momenta of the vth with those of the pth particle.
The Dunkl operators play a central role in asserting the integrability of the Calogero model,
because deforming 0, — D, essentially creates the interacting system from the free one.
Their Newton sums yield the Liouville charges of the Calogero system, and their mutual
commutativity guarantees that of the charges.

It is convenient to switch again to the relative coordinates {y'}, in which the Dunkl-
deformed momenta and angular momenta take the form (up to a factor of —i)

and Eij = —(yipj - y]DZ) 5 (225)

OZER+

respectively, where s, is the Weyl reflection on the hyperplane orthogonal to the root a.
Polynomials in the Dunkl operators are not just differential operators but also act by Weyl
reflections. Their restriction to functions totally symmetric under the Weyl group is called
‘residue’ (denoted by ‘res’) and produces a purely differential operator. In this way, the
Hamiltonian can be obtained from the homogeneous symmetric polynomial of degree two,

= -1 Z (D, —D,) ZDQ = H =res(H) . (2.26)
pn<v

Analogously, the symmetric quadratic polynomial in the angular Dunkl operators L;;
shifted by a certain pure-reflection term,

—3) L3+ 5S(S+n-3) with  S=g) s, (2.27)

1<j



provides the angular Hamiltonian by taking the residue [30],3
Hg = res(Hq) = Sres(L?) + %@g (@g + n—3> = Lres(L?) +¢,(¢=0) . (2.28)

We remark that the residue of the pure-reflection term simply produces the ground-state
energy £,(¢=0). Clearly, H and Hq may be considered as ‘Dunkl deformations’ of (—%
times) the Laplacian on R™~! and S™"~2, respectively.

To express the angular wave function vq(g) in terms of the relative coordinates, we
must rewrite A in terms of {y’} and the Newton sums of the D, in (2.22) in terms of
the D;, which depends on our choice for {y'}. Phrased differently, we need to identify the
totally Weyl-symmetric homogeneous polynomials J#({Di}) of orders © = 3,4,...,n, to
go inside the large brackets of (2.22),

—

Uq( ) = ,Uég) (9_') ~ Tn—3+q <ﬁ oh ({DZ})&L) A9 ,r_3—n—n(n—1)g ) (229)
n=3

From the form of (2.29) one can infer that vq(g) is a ratio of a degree-¢ homogeneous
polynomial h,(y) in {y’} to the gth power of the radial coordinate r = [Zi(yi)Q]_l/Q.

From (2.11), the r independence of v,(#) and (2.15) it follows that the polynomial h,(y) is
annihilated by H,

W = rt0@©0) =  HHY =0, (2.30)
and hence may be viewed as a Dunkl-deformed harmonic polynomial on R"~!. Another
property visible from (2.29) is that h,(y) contains a factor of A’ which may be split off to
define

%g) — AY hgg) . f;ﬁég) -0, (2.31)

which then is in the kernel of the Hamiltonian ‘in the potential-free frame’,

~ - g
H—AYIHA — _ g{;n(au—ay)z +=2 (au—ay)} . (2.32)
u<v

)

only, for any value of g. In particular, for the ground state one has

The potential-free Dunkl-deformed harmonic polynomial Egg is homogeneous of degree ¢

=1 = Y =A% (2.33)

and hence the full ground-state wave function is totally symmetric (antisymmetric) under
particle permutations or Weyl reflections for even (odd) integer values of g. Since all other
ingredients besides AY in (2.22) are completely symmetric, this symmetry property of the
integer-g ground state extends to all excited states above it. Furthermore, the reflection
symmetry g+1 <+ —g is broken since one tower of states is Weyl symmetric while the other
one is antisymmetric.

3We note that £2 = — ZK]. £§]- is a non-negative operator.



It is well known [13-15] that there exists an intertwining operator M = M(9) which es-
tablishes an isospectrality of H(9) and H9*1), This differential operators of order tn(n—1)
has the simple form

M =res(M)  with  M=][(D,-D,)= [] oD, (2.34)

n<v a€ER 4

and using the Weyl antisymmetry of M it is straightforward to verify that (see e.g. [28])

M,H] =0 = MYHY = gt ) and M@ gl

EWl

~ T (2.35)

so that
M9 (g, €,q) — (g+1,¢, ¢+in(n—1)) (2.36)

simultaneously acts on the radial wave function \/?J(H(n,g) s2 and on the angular wave

function ’Uég ), Up to n=4 the expressions for M) were worked out explicitly in [19].

However, the angular system Hg comes with its own intertwiners Mg = M, S(g ) of some
order s € N, which then provides additional intertwiners for H. This is suggested by
the form (2.16) of the quantum number ¢ appearing in (2.15), which reveals a partial*
isospectrality for Hgq,

Msfg) : (g, l, q) — (g+1, ﬁ—%n(n—l), q) . (2.37)

Indeed, as shown in [28], one can more or less copy the strategy from R"~! to S"~2 and

obtain the lowest-order angular intertwiner, with s = 1(n—1)(n—2),

Mq = M%(n—l)(n—2) = res(Mg) with
Mo = sgn(m) 7r< I {@'-2)Di-Dy) - (xl—svy)(Dl—Du)})
TES 2<pu<v<n (2‘38)
= Z sgn(7) 7r< H {Lu + L1y — E#,,}) ,
TES, 2<pu<v<n

where the choice of 2! as a reference is arbitrary and irrelevant. Because  is in the center
of the algebra generated by {L£;;} and Mg is again antisymmetric under Weyl reflections,
one argues, analogously to (2.35) and with the help of H(=9) = H6+1) that [28]

L, H] =0 = MZ'HO = HOIMF and MW, ~ w97 L (2.39)

These properties hold not only for Mg, but actually any Weyl-antiinvariant function of
{L;;} provides an angular intertwiner M. 9 \Which obeys (2.39). By the same token, any
Weyl-invariant function of {£;;} will yield, via its residue, a conserved angular quantity C;
of some order t. We remark that the angular Dunkl operators do not commute with each
other but form a subalgebra of a rational Cherednik algebra [30]. It is a deformation of
the so(n—1) Lie algebra generated by {L;;}. The general problem of identifying all Liou-
ville charges for the angular system reduces to constructing a maximal abelian subalgebra

4Meaning that the intertwiners have a nontrivial kernel.



in the algebra of Weyl-symmetric polynomials in {£;;}, which is not an easy task. Like-
wise, identifying the minimal independent set of Weyl-antiinvariants and hence intertwiners
is nontrivial.

Now, since any such Mg and C} is scale invariant, i.e.  independent, it does not touch
the radial wave function, and hence it is also true that

1 1
LijHol =0 = MOHY =HJMD and MO ~ o0

(2.40)
as well as C’t(g)Hg(zg) = Hg(zg)C't(g) .
To summarize, we have the connection
Ci(Lij) Weyl-invariant == C; =res(C;) commutes with Hq, (2.41)

M(L;j) Weyl-antiinvariant == M, =res(M,) intertwines with Hg .

In general, the angular conserved charges C; will not be in involution with one another,
but some combinations may be. The angular intertwiners M are differential operators of
order s and have, in contrast to M, a sizeable kernel, with

dim ker,,(¢) = deg, (¢) — deg, (¢ — in(n—1)) . (2.42)
For small values of n, we can be explicit:

for =0

1
dim kers(¢) = )
0 for £>0

1 for £=0,3 mod 4

, (2.43)
0 for £=1,2mod4

dim kery(¢) = {

£J+{1 for ¢=0,3,4,5,8,9,11 mod 12

dim kers(¢) = Lf
6 0 for ¢=1,2,6,7,10 mod 12
With the help of the adjoint intertwiners, which reverse the direction of M resp. My,

T _ _ +1 _ _ +1
MO =MD = MEOHGTY = HP MO and MEDuEH) o)

(2.44)
it is trivial to construct special conserved charges,
RY .= MC9M©  and RV = Ml-Hp0-9) (2.45)

which provide particular cases of some C; for t=2s. In the full Calogero model, R = MM
turned out to be a specific polynomial in the Liouville charges, which was evaluated by

infinitely separating the particles thus making contact with the free case. This move is not

possible for Ry, due to the compactness of S"~2. Neither is it true that Ré;g) = R;SH)

)

and so these charges intertwine as follows,

MORY = RS M@ = (R — (14+29)p ™) M1, (2.46)



and similarly in the opposite direction. Here, pos is a particular expression in other con-
served charges.

Quite generally, we cannot expect conserved charges other than the angular Hamilto-
nian to be invariant under ¢ — 1—g, and in fact one finds that

ol ot and MWW M9 (2.47)
Therefore, higher conserved quantities Cy intertwine in a more complicated fashion,

M© O = 3T () o MY (2.48)

t’ s
st

where Fz;t, (g) are certain polynomials in g of order s+t—s'—t'—1 at the most. The sum
runs over all linearly independent conserved quantities including

C’ég) = —res(EQ) and C’ég) =1. (2.49)

When the coupling ¢ is an integer, repreated intertwining relates all quantities with
their analogs in the free theory (g=0 or 1), which allows one to generate analytic expres-
sions for all wave functions. Moreover, in this case additional conserved charges make the
model ‘analytically integrable’ and produce a ‘supercomplete’ graded ring of commuting
differential operators [11, 12, 19].

3  Warmup: the hexagonal or Poschl-Teller model

Let us work out and test the general assertions of the previous section on the simplest
nontrivial case, which occurs for n = 3. The three-particle (or As) rational Calogero model
is long known to be completely separable, the ensuing angular (relative) model being the
famed P&schl-Teller model of a particle on a circle with a cos™2(3¢4) potential.

We start by introducing Jacobi coordinates (y',4?) for the relative motion (and the
center of mass X),

:X+7y +7 y?, 811:%8X+%8y1+%3y2,
— Ty 8:23:%6X fay )

and then polar (r,¢) and complex (w,w) coordinates on R?,
y! =rcosp and y?=rsing = wi=y' +iy® =re? . (3.2)

After the standard similarity transformation, the (reduced) Hamiltonian

2 2 2
H = —3(07 +83) + g(9—1) <(2 2 R (y1+\/§?/2)2>
(

99(9—1) ((y")*+*)?)
2 (y1)? (' —v/3y2)2 (y'+/3y?)?

(3.3)

=300 + ) +

,10,



and its angular cousin take the following form as differential operators on R? and S*,
respectively,

H'u s ~3(24 ) ut hHou  with  Ho=-302+U, (3.4)
where the angular potential receives contributions from the three positive roots of As,

U(p) = 9(92_1) (608_2(¢) + cos ™2 (qb—l—%”) + cos ™2 ((;5—27”)) = %g(g—l) cos_2(3¢) . (3.5)

The poles separate the circle into six disjoint arcs, pertaining to the hexagonal symmetry
of the As root system. We display the angular Hamiltonian in complex coordinates as well,

18 (ww)?

Tl (3.6)

Hg = L (wdhy — %04)” + g(g9-1)

Specializing (2.15)—(2.17) to n=3, one finds that the angular momentum ¢ = 3/3 is a
multiple of three and

eg=3q° with q=39+¢=3(g+{3) and deg(eq) =1 . (3.7)
The /r factor in (2.21) gets cancelled in the similarity transformation (2.12), giving
Vi q(r, @) = Jy(V2ET) vg(0) (3.8)

and the angular wave function reads

3 5
vg(P) = vég)(qb) ~rd (Z Dg) A r=%9 ~ pa (Di — D?’w)f3 A9 59 (3.9)
v=1

with
A ~ (2t =2?)(2?—23) (23 —2') ~ 13 cos(3¢) ~ wd + b?, (3.10)
where we have rewritten in complex coordinates.® Owing to the S3 Weyl group of A, we

take profit from the complex cubic roots of unity to cast the holomorphic Dunkl operator
Dy = %(Dl —1Ds) into the simple form

1 P p . 2mi/3
Dy = Oy — _ th p=e*™/ 3.11
w w g{w+w30+pw+pw3++pw+pw3 } wi p=e ) ( )

where the three basic Weyl reflections act as follows in the complex plane,
So: w — —Ww, Sy w — —pw, S_:w — —pw, (3.12)
or on the polar angle,

S0: @ = T— 0@, 541 ¢ = —%—09, 5.1 ¢ = §—0¢. (3.13)

SWe refrain from displaying v,(¢) in Jacobi or polar coordinates as the expressions are not enlightening.

— 11 —



According to (2.34), the full intertwiner is a third-order operator,®
M ~ (Dy —D3)(D2 — D3)(Ds — D1) ~ D +D3, (3.14)
whose evaluation eventually produces [19]

2 2 2
M ~ 012093031 — ~15023031 — —35031012 — ~3r 012023

2 2 2 _ _ _
+ 5031 + s O12 + sy 0oz — %Egm)lg) D12 — 9(55’23)12 O23 — £Egggsl)lz) d31 (3.15)
6g%(g+1
- % + 29(9_1)(g+2)(($112)3 + (1213)3 + (93311)3> )
with the abbreviated notation " = x#—2" and 0, = Oyx—0pv. In complex form, it reads
6g _ _ 69(39—1) .
M ~ 0} + 03 — = (w202 + w 0y O + W?05) + e (wdy + D)
99(9—-1) ( 4 4 39(99+14)  27g(g+2) ¢ g 3,3
i) (w0 + 0 0g) + B Rl P (w°+a° + 2g wiw?) ,
(3.16)
and in the polar representation the intertwiner becomes
M ~ cos 3¢ {8? - wﬁf + %&» - % + T%Hﬂar - %HQ}
(3.17)

— sin 3¢ Mq {%(‘),2, - T%ar + T% + T%HQ}7

where the angular intertwiner Mg (to be given shortly) has been used.
Reducing to the angular subsystem, i.e. the Pdschl-Teller model, the formula (2.38)
yields

Mg = My ~ z'Dy — 2°Dy + 2*°Ds — 2°Dy + 2Dy — 2' Dy ~ i(wD,, — 0Dy), (3.18)
which simplifies to

1 2 3 2 3 1 3 1 2
T +x—2x ro+x’—2x z°+x —2x
My ~ m1823+1'2831+1'3812—|—g{ 12 S19+ 23 So3+ 31 831} (3.19)

or to

. _ D Jw—w pw — pw pw — pw
~ Ow — WOg) — _ 7. 3.20
My 1(ww ww) lg{w+u_)80+pw+ﬁu_)s++,5w+pu_)s } (3.20)

Taking the residue, we arrive at

(2122 —223) (22 +23 221 (23 +2' —222)

_ 1 2 3
Mg = My ~ 2 093+ 2°031 +2°012 — g 212 523 531

(3.21)

or, in complex and polar parametrizations,

w? — w3

My ~ i(wdy, — wdgz) — 3ig P Dy + 3g tan 3¢ = cos?(3¢) Jy cos ™ 9(3¢) . (3.22)

SWe remark that D2 + D32 changes sign under any Weyl reflection while D2, — D32, is totally symmetric.
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The penultimate expression is the familiar first-order operator which enjoys the following
remarkable properties:

e it adds zeros at ¢ = 0, %’r, %’T and poles at ¢ = 5,7, %’r

e it intertwines between symmetric and antisymmetric Weyl group singlets

(0)

e acting /3+1 times on v, gives zero

—nf (0)

e acting with Ml(l) = Ml( on v, yields non-normalizable wave functions oY

e it is a Vandermonde dressing of the angular momentum

e it is the unique angular intertwiner

For g=0, the expression (3.9) is readily evaluated (with r® — In7 and ¢ = 3/3),

Lo for £
véo) ~ (03 —03)% mww ~ rf(w Tttt ~ cost for feven ' (3.23)
sinf¢ for £ odd

which are all Weyl symmetric. Acting repeatedly with M; on these wave functions, one
alternates between Weyl symmetric and Weyl antisymmetric and generates the wave func-
tions at the same value of ¢ for any integer coupling. The low-lying states for ¢ =0,1,2,3
are tabulated in table 1. The action of the intertwiners is illustrated in figure 1. The only
exception is the one-dimensional kernel of M7, consisting of the ground state

v(()g) ~ 1739 A ~ cos? 36 . (3.24)

Finally, the additional conserved quantity Re manufactured with Mg and its adjoint,
yields nothing new since

Rég) = (0p — 39 tan 3¢)(Jy + 3g tan3¢) = —2 Hg()g) +9¢% = —res(L?) = —Cég) , (3.25)

which provides pégﬂ) = 9. We read off the intertwining relation

M® RY = (RY™) — 9(1429)) M . (3.26)

For generic values of g, there can be no further independent conserved quantity. How-
ever, when ¢ is integer, one additional algebraically independent conserved charge can be
constructed,

QW = MMy QUREY = QEI™Y = gYQW  (3.27)
which is a Weyl-antiinvariant differential operator of order 2g—1 that squares to
g—1

(Q(g))2 — H (—2H§(29)—|—9j2) . (3.28)

Jj=1l-g
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Figure 1. Poschl-Teller model: spectrum and intertwiner actions.

4 Tetrahexahedric model: the spectrum

The main purpose of this paper is to work out the angular (relative) rational 4-particle (or

Ajz) Calogero model as the simplest non-separable case, in order to demonstrate the viability

of the general observations of section 2. We take advantage of the isometry As ~ D3 and

employ Ds-type relative coordinates.”

To construct the model and find its spectrum, we introduce not Jacobi but Walsh-

Hadamard coordinates {y'} and their derivatives together with the center of mass X via

x1:X+%+y1+y2+y3), Op1 = 10x +
+y

=X +
=X+
ot =X +

NI— NI N

5(+0,0 + 0,2 + 0,

"=y, O = §0x + 5(+0, — 0,p — Dy

YLy —y?), O = 10x + (=0, + 9, — Oy
v =P +00), O = 10x + 3(=0, — 9 +0,).

3),

)

(4.1)

)

)
)
)
)

The polar (or spherical) parametrization of R? defines the radius r and two angles 6 and ¢,

y! =rsinf cos¢, y?>=rsinfsing, y>=rcosh.

"See also [34] for an application of the same idea.
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To avoid index cluttering, we redenote the Euclidean R? coordinates in a traditional fashion,
W'y y) = (z,y, 2) . (4.3)

The angular momentum components read (up to a factor of i)
L, = —(y0,—z0,), L, = —(20,—20,), L, =—(20y,—y0y), (4.4)

so that (minus) the Laplacian on S? takes the form

2= (4 I+ ) = ~ghglusin000 — 02, (49

" sinf

and the (reduced) Hamiltonian becomes

= =30+ 05+ 08 + 20000 (s + e+ )+ (49
After the standard similarity transformation, we obtain
H'u v —30lu+ %Hou and  Ho=3L*+U (4.7)
with
2 ;2 2 2 DY)
v.¢) = 2g(g_l){siHZ 0 (13os2 2¢ (cc(;)ss2 er_ssllnn2 ;ccooss2 qu (CC(;)SS2 :j_ssllnn2 6’essllnn2 gf)2 } '
(4.8)

This has been named ‘cuboctahedric Higgs oscillator’ potential [22] since it is the superpo-
sition of six Higgs oscillators placed at the positive roots of A3 ~ D3, and those (together
with their antipodes) form the vertices of a cuboctahedron [35]. However, a better name
is ‘tetrahexahedral’ potential, because the intersections of the Weyl chamber walls with
the two-sphere form six great circles, which trace the 36 edges of a tetrahexahedron (or
tetrakis hexahedron) [36]. Its 24 identical faces are isosceles triangles. The spherical projec-
tion tessellates the two-sphere into 24 spherically triangular domains in which the particle
is trapped. This sequence of geometrical configurations, starting from the As root sys-
tem (cuboctahedron) and ending at the walls of the angular potential (tetrahexahedron)
is displayed in figure 2, and color and contour plots of the potential are shown in figure 3.
The angular energy eigenvalues become

eg=q(g+1)  with g =069+ =69+ 3ls+4L, . (4.9)

The interaction reduces the 2¢+1 dimensional free eigenspace (spanned by the spherical
harmonics Yy, ) to the subspace invariant under the Sy Weyl group action generated e.g. by

3x+y : (l',y,Z) = (_y7 -, +Z)7 sx—y : (xaya Z) = (+y7 —i—.%',—i—Z),
5y+z : (l’,y,Z) = (—Fl', —%, _y)a Syfz : (:ana Z) = (+.CL’, +Z7 +y)7 (410)
Sz4x - (w,y,z) = (—27 +y7 _w)u Sz—x * (xyyyz) = (+27+y7 —|—IL')

This reduces the degeneracy to deg(e,) = degy(¢) of (2.19). The corresponding wave
functions

\IJEJI(TvO’QS) = ]q(\/ﬁr) Uq(9>¢) (411)
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Figure 2. From the cuboctahedron to the tetrahexahedron.

Figure 3. The tetrahexahedric potential (its log log log) on the two-sphere.

have a spherical Bessel function as their radial part and involve two specific Weyl-symmetric
homogeneous Dunkl polynomials, of degree three and four,

3 3
) = 0,0) 07 (3207)” (L) ot
=l v=1 (4.12)

~ 17 (D, D,D,)" (DE+DI+DH) T AT 112
as well as the coordinate Vandermonde,

A=TIH)? - @) = @ = ") ® = 2)(° - 2
i<j (4.13)
~ 16 sin? 0 cos® § cos® 2¢ (tan? O cos® ¢ — 1)(tan?Asin® p — 1) .
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Here, the three Dunkl operators on R3 are given by

9 9 9

Dy =0, — T—I—y Sz+y — a Se—y — Ttz Sy+z — 2 Sz—x
g 9 g 9
Dy = ay — y+7 Sx+y — yfx Sp—y — y? Sy+z — p Sy—z (4.14)
z:az_LSerx_Lszfx_LSerz_Lsyfz .
Z+x Z—T Z+y 2=

The angular wave functions vy(6,¢) in (4.12) are known as ‘tetrahedral harmonics’ in
theoretical chemistry [37, 38].8 The low-lying states for g = 0, 1,2 are tabulated in table 2

For completeness, we here display some quantities in the potential-free frame. The
potential-free Hamiltonian

H=—4(02+0+02) — (3 + 3%5) 0. — (5

) 0, = (4 + H5a)

z2—22
(4.15)
annihilates the corresponding Dunkl-deformed harmonics
WY, ~ pl20150618U A~9 (D, D, D, )" (DE+DI+DE) AT 17129, (4.16)

so that the complete wave function may be written as

g9 (z,y,2) = jo(v2ET) r A7 hgg)&(:c Y, Z) with q=06g+3ls+4ly . (4.17)

Efg £4

5 Tetrahexahedric model: intertwiners & integrability
According to (2.34), the four-particle intertwiner is

M ~ res((D2 — D})(D; — D?)(D2 — D3)) (5.1)
and it acts on the wave functions as

M jy(VaET) v (0, 6) ~ gss(VIET) 0" (0, 9) (5.2)

The rather complicated explicit form of this six-order partial differential operator has been
constructed in [19]. Let us turn our attention to the angular intertwiners M. Their
building blocks are the Dunkl-deformed angular momenta

Ly =Ly, =—(yD.—2Dy), Ly=L,y =—(2Dy—aD,), L,=Lyy=—(2Dy—yD;) (5.3)
or their complex combinations £4 = £, +iL,. Employing (4.4) and (4.14), they read

Ly =L, + g{mzfyscc—y - l%_yssc—i—y - z;_risy—z + %Sy—i-z + %Sz—z + z_;,%sz—l-x} )

Ly =Ly +glg5sy—2 — gizdyrs ~ ogSema T ot gty ¥ pasart,  (54)

+
L,=1L, +g{£5z—x - Z_,_Lxsz—i-:r: P v

T T
ny y + Sx—i-y + psy_z + %SZH‘Z}

8The chemistry literature seems to be unaware of the straightforward construction scheme (4.12).
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and transform under the Weyl reflections in the following fashion,

Sx+ty - (£x7 Eya ﬁz) = (+£y7 +Ls, _ﬁz) ,  Sy—y - (£x7 'Cyv ﬁz) = (_»Cya —Ly, _ﬁz) s
Sy+z ¢ (ﬁxwﬁyaﬁz) = (_E:ra +£z,+£y)7 Sy—z * (ﬁxwﬁya['z) — (_ﬁxa _£Z> _Ey)7 (5'5)
Stz - (Em Eyv ﬁz) — (+£z; _£y7 +[fz) y  Sz—zx - (£$7 ['ya Ez) — (_['27 _'Cyv _ﬁx) .

For convenience, we also note their transformation under certain even Weyl group elements,

Sx+ySz—y ¢ (an Eyp »Cz) = (_Exa _£y7 +Lz) )
SysnSy—s i (LosLys£2) s (L0 —Ly—L2), (5.6)
SetaSz—z - ('Cchywcz) — (7£Cta +£yv 7[%) .

The construction (2.38) then yields a simple cubic polynomial in the angular Dunkl

operators,
Mg =Mz = %(ﬁxﬁyﬁz + Lo L. Ly +LyL Ly + LyLo L, + LL Ly + Ezﬁyﬁx) , (5.7)

which indeed is an anti-invariant under the Weyl group. It remains to evaluate the residue
Mgq = res (MQ) for arriving at

My = §(LyLyL. + LyL:Ly) — 29575 (LoLy + LyLy)

+ {169 W 49(9‘”@ + QQ(ﬁ - ﬁ)} yz Ly

+29(9-1)(9+2) = [ 7+ 2 (G — g )} + 9 (20°+89-1)
2 2,2 6 6 . .
+ 247 (8+99)( A2 y_zz)(y 77 —24° (IQ_yQ)(;_;j(yQ_ZQ) + cyclic permutations .

(5.8)
Inserting the free angular momentum differential operators (4.4), we finally obtain

M3 = y2zazac;t - y228$1:y + %(y2_22)amx + 49 yQy_ZzQ (yzazx - Zxaacy + x28yz - $y8zx>

2.2 8 16 2g—1 2g—1
+9 [Qy z ((xz_yz)?zz_xz) + (z2—x2)(!;2—22) - ($29 2y? + P 29_:52)2)
2,2 2,2 2 2
_(223_52)2 (z%x 7 Zj{yQ = 2y2+z2} %0
2 +22 1 +
+2g9(9—1)(g+2) = |:(; 2y? + 2 ((y_z)s - (y+z) )} +9 (29 +89— 1) y2 iz
2,22 646 . .
+ 2¢%(8+99) (xg_yg)(xgy_zg)(yQ_zg) - %93 (mg_yg)(;;_;;i(yg_zz) + cyclic permutations .

(5.9)
This is not the only elementary intertwiner however. At order six, one finds the next
Weyl-antiinvariant function of {£;, £, £.}, namely

Me ={L3, L2} — (L5, L2} +{Ly, L2} — {L2, L2y + {£3, L2} — {£3, 22} . (5.10)
Its residue then produces a second intertwiner,

:{L4L2}+4g(y+z ZQ_IQ){L y}+4g(x2_y2+y§’§§)>{L Ly}

+O0(L}, 3L, L?CLZ) + permutations .

(5.11)
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q=6g+ 305+ 4L, gq=3q(qg+1)

16 e /O ° MY x 136
15 L i — 120
14 ° . MY X 105
13 [ ) ° X 91
12 o0 ° [ 78
11 ) X 66
10 [ ° 55
9 ° MO ° MY M@ 45
8 ) X 36
7 ) X 28
6 O <«<—> 0 21
5 x MO
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9 » ‘N (0)
1 X
0 [ 0
g=0 g=1 g =2

Figure 4. Tetrahexahedric model: spectrum and intertwiner actions.

The complete expression is too lengthy to display in this paper. We have checked that all
higher-order intertwiners, generated from further Weyl-antiinvariants, can be decomposed
into linear combinations of M3 and Mg with Weyl-symmetric functions of {£,, Ly, L.} as
coefficients. In this sense, M3 and Mg algebraically generate the set of all intertwiners for
Hq. As a curiosity, we report a remarkable (non-local) example from this set,

0 . Eik-i—? + £4/€+2
Monlocal = sin Ly sinh £y +sinL_sinh £ = kzo(—l) Sy TESII (5.12)
= (L3 +L2) — & (LE+LE) + 13500 (LP4+LY) — sxrosomos (CAHL + ...
In all cases, the action on the angular states is as expected,
MO v (0, ¢) ~ D (6, ¢) (5.13)

and the size of the kernels dim ker My = dim kery(¢) is independent of g as was given
in (2.43). The action of the intertwiners M3z and Mg as well as M (5.2) is illustrated in
figure 4.

What about additional conserved charges in our tetrahexahedral angular Calogero
system? The S; Weyl group action (5.5) on the Dunkl angular momenta is sufficiently
simple to characterize the algebra of Weyl-symmetric polynomials. It is generated by

Jy = res(ﬁi + /3]; + Eéf) for k=0,2,4,6, (5.14)
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and its center is formed by
Jo=Cp=1 and Jo=—-Cy = —-2Hqg + 6g(6g+1), (515)

so [Jy, Hq| = [Js, Ha] = 0 but [Js, J4] # 0. Any word formed from J; and Jg will commute
with Ho. The commutator [Jg, J4] cannot be expressed in terms of lower charges but is

related to a Weyl-invariant product of the two intertwiners,

[Js, Ja] =12MJ Mg + 24(34+49) JJ2 — 12(3+29) JaJs — 48(1429) JyJoJo
+ 12(1429) JoJo o Jo + 24(97+113g—96¢% —1444°) J
+ 12(266+3499—3049>—528¢%).JyJo + 12(76+101g—80g> —1444°) Jo Jo o (5.16)
— 48(134+2759—1015¢°—1596¢°+1008¢* +17284°) J, ‘
+ 24(146+3799—690g%—1240g°4+672¢* +11524°) J2 J2
(

+ 96(10—39g—775g° —2232¢> —1584g%) J; .
Higher-degree invariants are not independent, e.g.

6.J3 = 8JgJo + 3J4Jy — 64 Jody + JodoJo s
— 12(84-5g+12¢°)Jg + 4(344+239+309%) JuJo — 8(5+3g+3¢%) JoJo T2
+ 24(13+159—102g°—72¢%)Jy — 4(43+709—252¢* —1444>)J3.J
— 48(143g) (1+4g)(1-12g) J5 .

(5.17)

It is instructive to work out the complete set of elementary intertwinings:

MO J = (7Y —6(7+129)) MY | (5.18)
M(Q)J(g) _ (J(Q‘H) - 4(11+12 J(9+1) 2 (9) (9)
3 = (Jy 9)Js7 " +48(26+73g+48¢7)) My” + 2 Mg, (5.19)
M IO = (I — (354369) I — 3(7+4g) Iy I
+2(111142668g+139242) J Y

+96(457+1933g+2717g%+1368¢°+144¢%)) M?) (5.20)
+(3JTY — (115+2009+48¢%)) M |
MO T = (I — 6(7+129)) M (5.21)

M 19 = (—144JD 4 14470V gD g2t gl ot
— 48(53+759+369%) J37 ) + 16(77+999+364) J57 T oY
— 96(261+1151g+1320g%+432¢%) S0 Y (5.22)
+ 2304(159+13529-+36729%+4269¢° +2232¢* +432¢°) ) M.?)
+ (T — 4(204369) ST 4 72(2741399+160g%+48¢%)) MY

with Még)Jég) displayed in the appendix. They have the general structure predicted
in (2.48).
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Any maximally abelian subalgebra is generated by the center plus one arbitrary further
element, hence only one Liouville charge besides the angular Hamiltonian can exist. There
is no preferred choice among the words in J4 and Jg, but distinguished combinations are

Re = MIMy = 1J5 — 3Judo + Lodods — L(114+169—48%) J4
+ £ (13+249—48¢%) JoJo + 1(1+3g)(1+4g)(1—12g)J> ,

Ria = M{Mg = — 12J5J5 + 12{Js, Ju} Jo — S JgJoJoJs + 2J4JaJs — 1444 T2 T
+ 6JyJoJadady — 2JyJaJaJaJaJs + lower-order terms,

where the full expression can be found in the appendix. The corresponding intertwining

(5.23)

relations involve a single intertwiner only and read
MO RY = (RYY — (1429)p¢ ™) M{?  and (5.24)
MORY (R - 429 MO

Lt — g gD g g1 78D _o(694-128g+48¢2) STV 4 3(5+4g) (T+12g) (11+12g)

%ngg+1) — 754{Jé9+1)’ Jingl)} o 12Jé9+1)J2(g+1)J2(9+1) + 294J£9+1)Jig+1)!]2(9+1)

_ 172J§9+1)J2(9+1)J2(9+1)J2(9+1) _ 62J2(g+1)J2(9+1)J2(9+1)J2(9+1)J2(9+1) + O(g) )

Similarly, the combinations M. ?:r Mg and MGJf M3 intertwine with a single intertwiner on either
side of the relation (albeit not the same one).

Because the tetrahexahedral system is just two-dimensional, the existence of two con-
served charges in addition to the Hamiltonian establishes its superintegrability. Beyond
this, one can construct, for integral values of g, further conserved quantities,

QW = MU I My = QWREY = QET = gYQW | (5.25)

where M, stands for either Mg or Mg, like it was achieved for the full Calogero model
in [19]. These introduce a Zs grading, with @ being odd and all previous charges being
even. Clearly, the @) charges are algebraically independent of the even ones, but we expect
that any two of them are related by some combination of even charges, and so they represent
only a single additional algebraically independent conserved quantity. The anticommutator
of any two @ charges is some specific polynomial in {Jg, Jy, J2} whose order grows linearly
with g. These and the commutators with the even charges are complicated but can be
worked out in principle.

6 Outlook

The model we have considered in this paper is a very special one, and our treatment
profited from the isometry Az ~ Ds. It will be quite interesting to find out how the
structure generalizes, firstly, to higher n in A,,_1 and, secondly, to general Coxeter systems
of rank r. Clearly, for the angular system three objects are crucial:

e the ring of Weyl-symmetric polynomials in {£;;} and its independent generators
e maximal abelian subalgebras of the ring of Weyl-symmetric polynomials in {£;;}

e the elementary Weyl-antiinvariant polynomials in {£;;}
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Assuming superintegrability, we conjecture that the number of ring generators equals
2r—3 and r—1 for the first and second item, respectively, but one has to go to n=>5 (or
r=4) to really test the second assertion. Especially useful will be the answer to the third
item, as different intertwiners can be employed to partially lift the growing degeneracy of
the energy levels.

Naturally, an extension to trigonometric, hyperbolic or even elliptic angular Calogero
systems may be contemplated. Finally, it will be fascinating to introduce a PT deformation
into the angular system [39, 40], because it will remove the codimension-one singular loci of
the potential, thereby connect the n! disjoint particle sectors and also give meaning to g<0
states, which are needed for the action of the odd @) charges in the spectrum. In fact, it was
observed that the action of such kind of charges on physical states gets regularized when
PT deformations are considered, like in the case of the complex trigonometric Péschl-Teller
potential (which corresponds to the 3-particle case considered here) [41].
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A Complementary formulae

We collect the more lengthy formulae here. The most complex elementary intertwining
relation reads

Mﬁ(g)Jég) _ (Jég+1) T Fgéjigﬁtl) i F2§2J2(9+1)J2(9+1) 4 FS%JQ@H) + F88> Még)
(= 144g DD — 560 g o aes ot e et
. 36J2(g+1)J2(g+1)J2(g+1)J2(g+1) + FggJﬁ(gH) + Fgé2jig+l)<]2(g+1)
+ F3222J2(g+1)J2(g+1)J2(g+1) 4 FgéJigH) n Fg%2J2(9+1)J2(g+1) n F%éJingl)
g T TR
with the abbreviations

ISe = —(107 + 84¢),

822 — —3(23 + 369),

82 — 2(4411 + 13438g + 12432¢> + 31684°)

T80 = —24(4826 + 339899 + 714669° + 64056g° + 250569 + 34564°)
38 = 48(266 + 255¢ + 364°) ,
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I36” = —48(329 + 3069 + 60g°) ,
3872 = 16(271 + 2459 + 48¢°) ,
D3t = 48(4486 + 107659 + 8184¢% + 2160g°) ,
88 = —16(8071 + 22919g + 20280g° + 5616¢°) ,
I'ée = 96(23702 + 1516619 + 328148¢> + 3177969° + 139680g" + 22464¢°) ,
T30 = —2304(13134 + 126277g + 440735¢° + 759693¢> + 715926¢" + 3727444°
+993604° 4 10368¢") .

The full expression for the distinguished conserved charge Ris = Mg My is

Ry =—12JsJs + 12(JsJa+JoJa) Jo— S JsJoJoSs + 2JuJaJs — 14J4J4JoJo + 604 Ja o Jo T
_ %J2J2J2J2J2J2 + 784(J6J4 + J6J4) + 7222J6J2J2 + 7&142J4J4J2 + V§222J4J2J2J2
822 Ty Jo Jodady + VS T T + Y& Tuds + AR Jada s + B2 T Tado Ja + 28 T
+ 752 Iadz + 7§22 Jadods + g s + Vg2 T2 o + VT2

where the g-dependent coefficients are

784 = —4(140 + 39g + 36¢) ,
797 = 120 — 249 4 9697,
7e42 = 8(202 4 63¢ + 30¢%) ,
4222 — _8(388 + 659 + 48¢%)
132222 = 16(31 4 39 + 3¢%),
762 = —64(322 + 2039 — 210¢% — 216¢°) ,
76" = 16(553 + 308¢ — 18349” — 6484%),
762 = (7045 + 4352 + 27129% — 43209%),
Va2 = —8(2157 + 944g + 48¢% — 12964°) ,
7§ = —96(3940 + 14699 — 86919 — 4584¢° + 5328¢" + 34564°),
V42 = 16(35466 + 18288¢ — 978059% — 544564° + 56880g" + 44928¢°) ,
5% = —18(33074 + 18470g — 94827 — 41064¢° + 51984¢" + 38016¢°)
e = 192(5864 + 6158¢ — 57481¢% — 32799¢° + 119796¢" + 68112¢° — 604809° — 41472¢7) ,
75" = —32(19568+284109—1650119°~106098° 3232329 +146592¢° ~1382409° ~82944¢") ,
2 = _384(448 — 227dg — 32767¢% — 582156° + 52068¢" + 642964° — 898564° — 5184047) .

Finally, the shift p%ﬂ) = T%(Rg‘%ﬂ) — Rg;g)) takes the form

%p(l.%"‘l) — 754(]{594‘1):]4&9""1) + Jig+1)(](§g+1)) _ 12J6(g+1)‘]2(g+1)‘]2(g+1) + 294J£9+1)Ji9+1)[]2(9+1)

_ 172Jig+1)J2(9+1)J2(9+1)J2(9+1) _ 62J2(g+1)J2(9+1)J2(g+1)J2(g+1)J2(9+1) + n?gJégH)JQ(ngl)
i3 T3 T B2 g g g2 g g gt ety
4 D g S )

+ 77%§J2(9+1)J2(g+1) + 77%2J2(g+1) + 1,
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and the nontrivial coefficients are as follows,

7S5 = 36(25 + 304g + 144¢%),
Nty = —3(1739 4 4008¢ + 1152¢%),
ni2% = 2(737 — 39249 — 3168¢?),
nia*2 = 10013 + 230489 + 220897,
nSy = —24(274 + 83979 + 27252¢° 4 22032¢° + 5184¢"),
niz = 12(10096 + 713659 + 15937297 + 118224¢> + 224644") ,
7?22 = —4(151692 + 6325919 + 717108¢2 + 116208¢° + 19008¢%)
Nty = —24(82623 + 6283369 + 192389447 + 29507769° + 2270592¢* + 7672324° + 1244164°) ,
772 = 12(1509081 + 9095222 + 185767569 + 134058729> + 1368576 4 442368¢° + 829444°) ,
77, = —96(2838989+227318659+675966159>+872937849°+37690416¢* —6715008¢° —18247684°) ,
7% = 1728(972216 + 98268159 + 3904171492 + 7501382893 + 653640369 + 101276649°
— 15564096¢° — 4084992¢") .

— 24 —



© oD @

(3)

14 v, vy vy

0 C c2 3

3 S cs c?s c3s

6 c?—s? c(c?—3s2) c?(c?—5s?) c3(c?—7s%)

9 3c2s—s3 c(c?s—s?) c?(3c?s—5s%) c3(3c2s—T7s%)

12 ct—6c2s2 454 c(c*—10c?s%+5s%) c?(3c*—42c%s24-355%) c3(c*—18c2s%4-21s%)

15 5cls—10c?s3 480 c(3cts—10c?s3+35°) c2(3cts—14c2s3+7s%) c3(5cts—30c2s34+-21s°)

18 | c0—15cts2+15c2%s*—s8  ¢(c®—21cts?4+35c251—7s0)  c?(cF—27cts?+63c2s*—218%) 3 (5c0—165cts2+495c%s*—23159)
21 | 7c%s—35cs3 4212 =57 c(cPs—Tets3+7c2s%—s")  c?(5cls—45cts34+63c2s°—15s7) 3 (5cPs—55ets3+99¢2s5—3357)

Table 1. Low-lying wave functions vég ) of the Péschl-Teller model.

Notation: s = sin(3¢) and ¢ = cos(3¢).
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43,04
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© 00O kWOl

— e =
NN = O

{000}
{111}
{400} — 3{220}
{600} — 15{420} + 30{222}
3{511} — 5{331}
{800} — 28{620} + 35{440}
9{711} — 63{531} + 70{333}
{1000} — 45{820} + 42{640} + 504{622} — 630{442}
5{911} — 60{731} + 63{551}
36{1200} — 2376{1020} + 2445{840} + 46125{822} + 4893{660} — 215250{642} + 179375{444}
101{1200} — 6666{1020} + 47100{840} + 8685{822} — 42609{660} — 40530{642} + 33775{444}

OB HFNWOFENORFO
WO NRFONFORFROO

7(1)
£3,64

>
w
~
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© 00 g0 kWO

—= = = e
NN = O

{000}
{111}
3{400} — 11{220}
3{600} — 39{420} + 196{222}
5{511} — 13{331}
{800} — 20{620} + 23{440} + 12{422}
3{711} — 27{531} + 56{333}
15{1000} — 425{820} + 576{640} + 7568{622} — 14454{442}
35{911} — 476{731} + 477{551} + 204{533}
12{1200} — 456{1020} + 657{840} + 13581{822} + 1137{660} — 88842{642} + 114007{444}
813{1200} — 30894{1020} + 165652{840} + 72131{822} — 147943{660} — 169702{642} + 57527{444}

OB HFNWOFENORFO
WO NRFONFOFOO
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~
EN

7(2)
£3,€4
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Cooxuo s wol s

—
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{000}
{111}
5{400} — 19{220}
5{600} — 63{420} + 506{222}
{511} — 3{331}
35{800} — 644{620} + 729{440} + 552{422}
21{711} — 207{531} + 634{333}
{1000} — 25{820} + 38{640} + 592{622} — 1374{442}
21{911} — 300{731} + 303{551} + 200{533}
980{1200} — 31752{1020} + 51045{840} + 1248957{822} + 84757{660} — 9568482{642} + 16884639{444}
411005{1200} — 13316562{1020} + 65753340{840} + 36003897{822} — 58071653{660} — 80991402{642} + 7379439{444}

Table 2. Some wave functions vég) = r’z’ﬁgAgltng) of the terahexahedric model. {rst} := a™y*2t + 2"yt2% + 25yt2" + 25y" 2 + 2ty 2 + xly®2".
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