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Abstract

A Casimir operator for the Calogero model with three particles and interaction proportional
to the inverse of the square of the distance between two particles was determined, using By;-
operators constructed from the position and momentum operators, which are symmetric under
particle permutations, and satisfy a Wi, algebra. Applying simple algebraic transformations
and properties of Weyl ordering, the center-of-mass and total momentum operators were suc-
cessfully decoupled from the Casimir operator. The final expression includes the effects of the
interaction, and contains the classical limit 2~ — 0; detailed calculations and proofs can be

found in the appendix.



Contents

List of Tables

List of Figures

1 Introduction

1.1

Elements of Calogero Models [1, 2] . . . .. ... ... ... ... .......

2 Operators By

2.1
2.2
2.3

2.4
2.5

Definitions . . . . . . . .
Commutator [Byy, Bimnl -« « « « o o o
Bas - General Case . . . . . . ...
2.3.1 By - General Case with N =3 . ... ... .. ... ... .. ......
Center-of-mass decoupling for N = 3 particles . . . . . ... .. ... ... ...

Casimir Operator in Quantum Mechanics . . . . . . . . . ... ... ... ....

3 Casimir Operator

3.1
3.2
3.3

3.4
3.5
3.6

Free Case Ansatz . . . . . . . . . .
Calculations for [C, By =0 . . . . . . . .. .
Calculations for [C,B5g] =0 . . . . . . . .
3.3.1 Calculations for [C, By =0 . . .. .. ... ..
Composed Weyl-Products . . . . . . . . . . . . . ..
Classical Limit - Poisson Brackets . . . . . .. .. .. ... ... ... ... ...

Casimir Operator - Interaction Case . . . . . . . . . . . . ... ... .. .....

4 Conclusions

A Appendix

Al
A2
A3
A4

A5

How to get a formula for [By, Bpnl? - - o o o o
Dunkl Operators mp . . . . . . . .
COM-Decoupling and Commutators . . . . . . . . ... ... ... ... .....
Casimir Operator for N =2 particles . . . . . .. ... ... ... ... ... ..
A4.1 Commutators . . . . . . . . ..
Ad42 Ansatz . . . . L
A4.3 Calculations . . . . . . ..

Classical Poisson Casimir . . . . . . . . . . o v o o,

13
13
15
19
23
25
28

29
29
31
35
37
41
46
49

54



A.6 Composed Weyl-ordered products and Reduction Formulas
A.7 Contributions from composed Weyl-ordered products

A.8 Commutators and Interaction g

Bibliography



List of Tables

© o0 N O Ot ks W N

[ N e N O N o e e e e T e S R e e
O © 00 N O Ot ks W NN RO O 0N O Ot s WwWw Ny = O

Commutators [By, Bimnl- «+ « « « « o 0 o 18
Basis commutators after COM-decoupling. . . . . . . .. ... ... ... .... 26
Contributions from [C5,20] =0. . . . . . .. .. .. ... 31
Contributions from [C,,20] =0. . . . . . .. ... 32
Contributions from [C,,20] =0. . . . . . . ... ... ..o 33
Contributions from [Cs,20] = 0. . . . . . . . .. ... 33
Contributions from [C.,20] =0. . . . . . . . ... ... 33
Contributions from [C¢,20] =0. . . . .. . ... ... Lo 33
Contributions from [C,,30] =0. . . . . . . . ... 35
Contributions from [C,,30] =0. . . . . . .. .. ... ... .. 35
Contributions from [Cs,30] =0. . . . . . .. ... ..o 35
Contributions from [C5,30] =0. . . . . . .. .. ... 36
Contributions from [C.,30] =0. . . . . . . . .. ... 37
Contributions from [C;,30] =0. . . . . . .. ... .o 37
Contributions from [C,,21] =0. . . . . . .. .. Lo 37
Contributions from [Cp,21] = 0. . . . . . . ... ... 38
Contributions from [C,,21] =0. . . . . . .. ... .. ... 39
Contributions from [Cs,21] =0. . . . . . .. ... Lo 39
Contributions from [C.,21] = 0. . . . . . . ... ... 39
Contributions from [C¢,21] = 0. . . . . . . ... .. L 40
Poisson brackets between operators. . . . . . .. ... 46
Commutators with interaction and COM-decoupling. . . . . . . . .. ... ... 51
Composed Weyl-ordered products from [Cg,30] =0 (part 1). . . . .. ... ... 82
Composed Weyl-ordered products from [Cg, 30] = (part 2). 83
Composed Weyl-ordered products from [C,,30] =0. . . .. ... ... ... ... 84
Composed Weyl-ordered products from [C.,30] =0. . . . ... ... ... .... 84
Composed Weyl-ordered products from [Cg,21] =0 (part 1). . . . .. ... ... 85
Composed Weyl-ordered products from [Cg,21] =0 (part 2). . . . ... .. ... 86
Composed Weyl-ordered products from [C,,21] =0. . . .. ... ... ... ... 87
Composed Weyl-ordered products from [C.,21] =0. . . . . ... ... ... ... 87



List of Figures

1 Mixing diagram for [C, 30’
2 Mixing diagram for [C, 21’]



1 Introduction

Many-particle problems appear naturally in Physics, from molecular interactions up to cosmo-
logical processes. As every student of physics knows, many-particle problems are very difficult,
and thanks to the efforts of many scientists and mathematicians, there are nowadays highly
sophisticated mathematical techniques for treating them.

However, a simple question remains: Are there any examples of solvable N-body problems
beyond N = 27 The answer is yes, but it depends on the type of interactions between the
bodies. In this context the seminal work of F. Calogero [3] represents a major achievement,
because it describes a maximally integrable system for N particles [1] with an interaction
potential depending quadratically on the inverse of the distance among two particles. Since its
appearance the Calogero Model has been object of intensive research and many results have
enlarged along the years its original field of study (see for example [2] and the literature index
cited there).

The present work aims to be an introduction to Calogero models considering a simple
problem with just three particles. Based on the work by Correa, Lechtenfeld and Plyushchay
[1], we intend to find a Casimir operator which includes the given interaction potential, it is
symmetric under particle permutations, and very important, the center-of-mass (COM) and
total momentum are explicitly decoupled. This Casimir operator for N = 3 particles will be
expressed using a special type of operator ordering, namely, the Weyl symmetric ordering [4],
and given in terms of a certain class of algebraic operators related in a simple way to the
usual position and momentum operators. Additionally, the final expression should contain the
already known s((2) Casimir operator for N = 2 particles [1, 2|, and it must account for both
free-interaction and classical approximation (Poisson brackets) cases.

Concerning the structure of this work, we start with a brief description of the Calogero
model, with focus on the properties to be used later, then we will introduce the Weyl ordering
and the operators By, along with its properties, to proceed with the central idea behind the
calculations for determining this Casimir operator. The detailed steps, proofs and algebraic

calculations are included in the appendix at the end of this work.

1.1 Elements of Calogero Models [1, 2]

In what follows we just give a short description of the Calogero model, with focus on the most
relevant parts for the present work. In particular, our main reference is [1], but a detailed

review on the subject can be found in the work by Polychronakos [2].



For the mathematical description we use typical position and momentum coordinates %, p;,
respectively, satisfying
(27, pe) = i6%; px = —i% = —i0 , (1.1)
the indices 7, k running from one to N; being the space flat for this problem, only lower indices
will be employed to denote the components of vectors, tensors, operators, etc.
The Hamiltonian function which describes this N-particle model is given by [1, 2|,
H:%pr—i-;%, (1.2)
i i<j
where A = 1 in suitable units and all masses are normalized to the unity. The parameter g is the
coupling of the interaction, being evident its vanishing when g = 0 or ¢ = 1. Moreover, since
the coupling appears in the form g(g — 1), the Hamiltonian does not change when g — 1 — g.
According to the literature, there will be N constants of motion I, which can be defined in

terms of Dunkl operators [1]

. _9 _ 9 g
7Ti—p1+l'z mi—xjsw <~ D, =0 Z .il:i—ij” , (1.3)
J(G#9) J(j#1)
where s;; is the 2-particle permutation operator satisfying:
SijiL'i = l’jSij; sij&- = @-sij; S?j =1. (14)

The definition of I is then
N
I, =res (Z Wﬁ) ) (1.5)
o

being res (A) the restriction of a given operator A to the subspace of states totally symmetric
under two-particle exchange. Those Dunkl operators satisfy a non-trivial relation (though easy

to proof by direct calculation, see Section A.2 of the appendix)

[, mi] =0Vi,j=1,...,N, (1.6)
which generates the commutation of the constants of motion I between themselves:

Iy, [] =0V kl=1...N. (1.7)

From their definition, it is easy to calculate some integrals of motion [j; in particular, the

Hamiltonian H in (1.2) corresponds to 5, so we can immediately write

I, H] =0 . (1.8)

10



This is a very important result, and we will make use of it when postulating the new operators
for the Casimir candidate; technically it is said that “the I form N involutive constants of
motion”|1].

Considering the operators

D= 5 Z (2'pi + piz") (1.9)

K = %Z(mi)Q , (1.10)

together with the Hamiltonian (1.2) they form an s[(2) algebra

[D,H] = 2H
D,K] = —2iK (1.11)
[K,H] = iD

which possesses a known Casimir element. Combining the operators D and K with the con-

stants of motion [, one can show we are in presence of a Witt algebra:

[D,]k] = Zk]k 3 (112)
(K, Iy) =2l . (1.13)
— Z[Jk, Jl] = (k — l)JkJrl,g . (114)

Before proceeding to analyze the tools required for the determination of the Casimir operator

we give a general description of the program for the next sections:

* We will start by defining the operators to be employed in the Casimir operator Ansatz. In
particular, we will choose a suitable basis for the case N = 3 particles and later all their
commutation relations will be determined. At some point we will explore the possibility
of decoupling the center-of-mass (COM) and total momentum of the system, because the
main goal is to find a Casimir operator as simple as possible, in which center-of-mass and

total momentum terms are decoupled;

In the next step, we formulate an Ansatz for the Casimir operator in the free case, based
on what we already know from standard quantum and classical mechanics. Since there
will be many unknown coefficients in the proposed operator, we will have to find a system
of equations relating those variables, this being achieved by imposing the vanishing of the
commutators with the basis operators; this is the main part of this work, and here many
algebraic difficulties will appear. Later we will also check that this operator not only give

a quantum solution, but a classical one (using Poisson brackets), too;

11



* After having found a free Casimir operator, we will switch-on the interaction g in the
Hamiltonian function. The way in which this interaction affects the basis operators and
their commutation relations will be analyzed, and considering the new conditions we will

search for the modified Casimir operator.

For the sake of simplicity only the main results will be shown, because many algebraic calcu-
lations were needed. In the appendix (Section A) the reader can find many algebraic details

concerning those results, explicit derivations and the underlying ideas behind the results.

12



2 Operators By

2.1 Definitions

Due to the role it will play in latter sections, we start by defining Weyl ordering of operators

[4]: Given k operators Ay, their Weyl ordering product reads
1
W(AL Az, Ag) o= (Ar] Aol - |A) = o > Asy - Asqry (2.1)

with “0” one of the k! permutations between k elements. Another definition of this special
ordering uses an exponential function

9 9 ta
W(Ab ce 7An) = aT‘Q .. %GOQAI—’_ +anBn s (22)

a1==anp=0
but we will employ the first definition, owing to its simplicity when expanding the algebraic
expressions containing Weyl-ordered products. Here are some practical examples of this new

operator ordering:

(A|B) = % (AB + BA) , (2.3)
(A|B|B) = B—J _ (AB®+ BAB + B*A) . (2.4)

It is highly important to note the difference between (2.4) and the following product:

(A|B%) = = (AB? + B*A) # (A|B|B) . (2.5)

N | =

This difference will play a crucial role when determining the system of equations governing the
equations associated to the coefficients in the Casimir operator.

Returning to Polychronakos [2], the idea is to build operators which are symmetric under
particle permutations; clearly, the position and momenta coordinates do not satisfy this require-
ment, but with a suitable linear combination of those operators the permutation symmetry is

preserved. For example, one can build the operators |2]

N
[kl = Z . $ZPL Sy (26)
o

with :: some definite operator ordering (normal ordering, etc); they are invariant under particle

permutations. Defining
oo

kmqn
](k7 Q) = Z min Im,n 5 (27)
m,n=0 o

and assuming Weyl ordering for the I,, ,, it is found

kq' —K'q)

[I(k,q), I(K' q")] = 2usin ( 5 A(k+EK,q+4) , (2.8)

13



being the lowest order in h
s Lt ] = tR(mn’ — nm/) L1 a1 + O(R?) (2.9)

This last expression is an example of the so-called Wy, -algebras. How can we visualize this
algebra? With the help of the Runge-Lenz vector associated to planetary motion, or particle

in a Coulomb field [5] :

2
=L 7 (2.10)

2m  r

The additional symmetry of this Hamiltonian is the Runge-Lenz vector

R=LXp+p (2.11)

el 1]

Calculating the commutators between the components of the angular momentum L and Runge-

Lenz vector, the results describe a non-linear algebra

L, L;] = ejuly, (2.12)
[RiaLj] = Giijk ) (2-13)
[RiRj] = ey (/\E2 - 2H> Li | (2.14)

because the last term in the last commutator is H L, which clearly is not linear. This structure,
namely, a term with just one operator plus additional terms which are product of operators is
an example of the so-called W-algebra. Another example is given by the Virasoro algebra in

String Theory; defining L,, := 2”0,

[CaLm] = 0,

[Ln, L] = (m —n)Lyyn + 1—12 (m* —m) 6 —n (2.15)

in this case with commutator of the form some operator L; plus a constant term. A general-

ization is the W3 associative algebra [6]:

[LLn] = [1>Wm] =0,
1
Ly, L] = (m—n)Lyin + o (m3 _ m) Om.—n
LWl = (20— m) W | (2.16)

C
[Wm, Wn] = ﬁm(mz — 1)(m2 — 4)5m+n,0+

+(m—n) (%(m bt 3)(mnt2) — %(m +2)(n + 2)Lm+n) +

8 (LnL) — %(m +3)(m £ 2L . (2.17)

14



Motivated by the previous ideas, the Casimir operator will be expressed in terms of the following
By -operators, considering Weyl ordering:

1 N

By = 5 Z (whph +Phzs) (2.18)

a=1
being “N” the number of particles and [zy, p;] = i0k; (h = 1). Moreover, by construction they

will satisfy a W-algebra. A few important conventions before we continue:

* The operator z¥ is considered as one operator and not as the product of k x-operators;
the same applies to p'. With this in mind, we can also define

N

By = Z (mﬁ!pz) : (2.19)

p=1

* Later we will see expressions like (Byi|Byn|Bop). In those cases we always mean Weyl

ordering expansion for three operators By, By, and B,y:

1
(Bk:l|an|Bop) - 5 [Bk:lenBop + Bleomen + anBleop+

+anBokal + Bokalen + Bomeanl] . (220)

These operators can be related to the work [1], in which D, K, I,,, and J, are used (egs. (1.12)
to (1.14)):
D — Bll; K — BZO; [m — B0m7 Jn — Bl,nfl . (221)

No matter if we are in the free or interaction case, the relations between D, K, I, and J,
must be reproduced when using the operators By;; this is a simple test for verifying that our

proposed method is consistent.

2.2 Commutator [Byy, By,

Since the Casimir operator will be expressed in terms of the operators By, and by construction it
commutes with any operator of the given algebra, the commutation relations for these operators
must be calculated. One can do this directly, using the definition of each operator By, in terms
of 2% and p!,, but it sounds more reasonable trying to find a general formula and then to apply
it in the case of the basis operators, for example. How to find such a general formula? By

direct calculation:

i) We must get a general expression for [z7,p] and [z, p"], j, k € N;

15



ii) Then we proceed to find |27, p*] in terms of 2%p® and/or p®z® (here the order is impor-

tant!!);

iii) Using the definition of By, namely

N
B =1 3" (el ) (222)
a=1

we calculate the commutator [Byy, Bynl;

4) By expanding in powers of 2/p* (or p*z7) up to some order (which is depending on the
number of particles of the system), and collecting similar terms we will try to reorder the

expressions in terms of suitable combinations Bjyim—ai4n—a With a =1,...,3.

The calculations, though being trivial in most of the cases, are lengthy and cumbersome; just

a view to the formal expansion of the commutator [By;, By, shows the algebraic complexity:

1 N N
[Bia B = 7 > D> (=t o 0] s + 25 (25, 93] ol +

— abph [, L) + [28, pi] 2ol + phaly [2F, ph] +

— o, pl] phas + ol (2, p5) F — v [2F pl] 28) . (2:23)

By this reason the description of the main steps is included in the appendix A.1. In the end,

we obtain the following results:

|:Bklaan:| = Z-C'lilmanerfl;l+nf1 + Z'C’glmn]3k+m73;1+n73 =+ O(Bk+m75;l+n75) ) (224>

Clim = kn —Im. (2.25)

Imn

—{k(kz— Dn(n — 1) [(k — 2+ 3m)(n — 2+ 31) — 3im] +

UL = Dm(m — 1) [(1 — 2+ 3n)(m — 2 + 3k) — 3kn]} . (2.26)

With the above found formulas is the first task accomplished. We recall, our goal is to find a

Casimir operator using the operators By,. Is there any basis for these operators? The answer

16



is yes, and this basis will depend on the number of particles. For two particles, the basis is:

2

By = » =2,

=1

2
By = g T =T+ Ta
i—1

2
By = Zpi=p1+p2,
i=1

2
§ : 2 2 2
B20 = .Ti:.Tl—f'l'Q,

=1

2
By = ZP?:P%‘HD;,
i=1

2
1 1
By = 5 ;:1 Tip; + Pty = B (x1p1 + P11 + Tapa + paza) . (2.27)

How many independent By, operators for N = 3 particles are there? The rule states that all

operators By with k + [ < N are linear independent. Then, the basis for our problem reads:

( )

Level 0: By

Level 1: By Bp

Level 2: Byg Bos Bii

Level 3: By By Bia Bys )

(2.28)

\

Though Byy = 3 is just a number, we count it as part of the basis, because some linear dependent
operators could have constants terms and those ones are represented by some multiple of
Bgg. The operators By and By; are the center-of-mass and total momentum, respectively;
in a first Ansatz for the Casimir operator they could appear, but since the main idea of this
project is to decouple the center-of-mass operators, necessarily a transformation must contain
a combination of Byy and By, to achieve its “elimination” and so to simplify the remaining
algebraic calculations.

It is important to mention that the basis operators for N = 2 and N = 3 particles are already
Weyl-ordered products; this is evident for operators of the form By, and By, with k,l =0... N,

also for By;. For the case By; one must expand the Weyl ordering of x%p, as follows

3\ !
W (agpa) = <§) [22Po + TaPaa + Pail] (2.29)

and by rewriting x,p.t, in terms of xipa and paa:i one gets W (By;) = By, the technique
being the same for the operator Bis. With the same argument, this interesting property of the

basis operators is false for N > 4.

17



Having defined a basis of operators, the next step is to calculate their commutation relations

using the formulas (2.24), (2.25) and (2.26); the results are shown in the Table 1.

v Bkt Bon] | B | Boi By | By | DB Bs By, By By
B10 0 N 0 2301 B10 0 BQO 2By 3302
B01 —N 0 —2310 0 —B01 —3320 —2Bq; —BOQ 0
BQO 0 2310 0 4B 2320 0 2330 4By 6B,
BOQ —2301 0 —4 By 0 —2302 —6B9; —4By, —2B03 0
By —DBio | Bo1 || =2B20 | 2Bo2 0 —3 B30 —DBy; B 3Bps3

+9Bg9
Bsyg 0 3Bag 0 6821 | 3B3 0 3Byo 6831
+3Bgg
"’3322
By —DByy | 2By || —2B30 | 4B12 | DBa —3B4o 0 6813
—3DB9
By —2B11 | By || —4B21 | 2Bo3 | —Bi2 | —6B3; 0 3By
—9Bs
Bys —3Bgs 0 —6DB12 0 —3Bos —6B3 —3B4 0
—3Byo

Table 1: Commutators [By;, Bl

A brief analysis of them shows:
* The commutators between B;y and By, yield either Byy = N or zero;

* There is a subsector generated by Bag, By and By, which is closed and resembles strongly

the angular momentum algebra from Quantum Mechanics;
* Not all the commutators generate linear independent operators. For example
[Bg(), B()g] == 9iB22 + 3Z'B00 (230)

or

[Bgo, Bl?] = 62'831 . (231)

So, there arises the extra problem of expressing the operators

B407BO4JB317B137-822 (232)

18



using the basis (2.28). How can this be achieved? By means of Weyl ordering, as in

Section 2.3 is carefully analyzed. For example:

2 1 2 1
By = 5(21/01) + £(20]02) + 5(12]10) + 5 (11[11)+

1
(10]10[02)+

2
(11]1001) - &

1
- =(20)01)01) — =
~(20001)01) -

1 B
+ (10[10j01/01) — % . (2.33)
This operator shows the difficulties that will appear when determining the Casimir oper-

ator. For this reason, we will search for a suitable change of basis, in which the center-

of-mass and total momentum will not explicitly appear and By will be of the form
Biy ~ a(20'|02') + B(11]11") + , (2.34)

with a, 8,7 € R.

2.3 By - General Case

Considering COM, the operator By can be expressed as follows according to the number N of

particles:

Bay = A(21]01) + B (20]02) + C (12[10) + D (11|11) + E(20[10/10) 4+ F (11]10]01) +

+ G (10]10/02) 4+ H (10[10]01[01) + J, N =3, (2.35)

Bay = B(20]02) + D (11]11) + E (20[10]10) + F (11]10/01) +

+ G (02]1010) + H (10[10[01]01) 4+ J, N =2 . (2.36)

For N > 4 this operator is part of the basis, and there is no possible decomposition in terms of

lower order By; operators. In both cases N = 2 and N = 3 the technique to be applied is very

simple: finding expressions for each operator by choosing the ordering x7p”*, then we insert in
the respective formula and compare coefficients in the given expression for Bas:

1o 2 2 1o 2 2 2 2

By = 9 ; {xa’pa} = ) Zl (Qxapa - [xa’poz])

a=

N 1 N
_ 2, 2 .
- Z$apa - 5 Z 2i - (xapa +paxoz)
N 1 N
= za:xipi - 5 %:21 ' (2xapa - Z)
N N
= Y alpl =2 opa+ Ni®. (2.37)
a=1

a=1

19



Similarly:

N

N
By = %Z {a,pa} = %Z (22apo — [Ta; Po)) Zxapa : (2.38)
a=1

a=1

By = Z {22, po} = Zxapa — = [42,pa] Zxapa — zzxa : (2.39)
By = Z {xaypa} Zxapa xa,pa Zxapa - ZZpa : (2.40)

We describe the general method in two cases: (21]01) and (10/10/01]|01). In all other cases the

procedure is the same, and for this reason we only indicate the results.
A) (21|01). Reordering the Weyl-ordered product:

ufon) = 2 {(21), (1)}

= (1) (01) ~ 5 [(21), (01)
= (21)-(01) —i(11) . (2.41)

Inserting (2.39) and (2.38) in the last equation we get:

@101 = (2%—@2%) Zpg—zzxapﬁ_
- Zxﬂp@é + Zxapapﬁ -2 Zxapoz —1 Zxapﬁ + —_— . (242)

a#pl a#p

B) (10]/10|01|01). Applying the formula

(A|B|C|D) = = [A(B|C|D) + B(A|C|D) + C(A|B|D) + D(A|B|C)] , (2.43)

A

the expression to be reduced is

(10]10/01[01) = = - (10) - (10]01|01) + % - (01) - (1010/01) . (2.44)

|

For the first term:

3(10/01]01 2. (01) - (10[01)

3(10/01]01

(

3(10/01|01
( 01)% — 3Ni - (01)
(

) (10) - (01)* +

) = (10)-(01)*+2-(10[01) - (01) — 2Ni - (01)
) 3-(10) - (

) (

10/01]01 -(01)% — Ni - (01) , (2.45)



.10+ (10]01]01) = (10)? - (01)* — Ni - (10) - (01) . (2.46)

In the second term of (2.44) we change the order of the factors:

(01) - (10]1001) = (10]10/01) - (01) + [01, (10]10/01)]
= (10[10]01) - (01) — 2Ni - (10[01)

= (10[10]01) - (01) — 2N3 - (10) - (01) + N?i* . (2.47)
Transforming (10({10]01):

3(10/10]01 - (10) - (10]01) + 01 - (10]10)

(
3(10]1001
(
(

) (

) = 2-(10)*-(01) — Ni- (10) — 2Ni - (10) + (10)*- (01)
3(10/10[01) = 3-(

)

10)% - (01) — 3Ni - (10)

10/10[01) = (10)*-(01) — Ni - (10) . (2.48)

Inserting (2.48) in (2.47)
(01) - (10]10]01) = (10)* - (01)* — 3Ni - (10) - (01) + N?* . (2.49)

Combining (2.46) and (2.49) and inserting in (2.44), we arrive to the result

N2

(10/10[10[01) = (10)* - (01)* — 2N - (10) - (01) + 5

(2.50)

Finally, after replacement of By and By, the expression for (10/10/01|01) reads

N N N N N
(10/10[01)01) = 3" a2p? + 2 @2paps +2> wazspd + > a2pi+ Y alpap,+

a#f a#f a#f a# By
N N N N
+2Zxaxgp5pa+4 Z TalgPsPy + Z :ca:cgpijL Z TaTBPyPr
aF#p aFtB#y aFBFEy QFEBEVAT
N N N2;2
— 2N TaPa — 2N1 Ta 2.51
N Yo~ 2 D+ 25 @51

When calculating the sums, one must expand carefully, because there will be sums over two,

three and four different indices, and all possible permutations must be included. For example

Zf(aaﬁv'Y) = Z f(oz,oz,oz)—i—

a,B,y a=f=y
S flaya+ D flaBa)+ Y flo B B)+
a=p7#y a="#p aFf=y

> fla.Bv) . (252)

aFBF#Y
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> fla,B,7,0) flasa,a,0)+ > flo,a,0,0)+

,3,7,6 a=f=y=6 a=f=1#6
flasa,y,0)+ Y flaBrasa)+ > fla,B,8,8)+
a=p=67y a=y=07#p f=r=bFa
Yo e+ Y flaayd)+ > fla BB+
(a=B)#(v=9) (a=B)#(v#9) (a=7)#(B=9)
Y feBad)+ D flaBBa)+ D> flaBya)+
(a=7)#(B#3) (a=6)#(8=") (a=6)#(B#)
Yo HaBBe+ D fleBrns)+ >, fle Byt
(a#8)#(B=7) (a#y)#(B=0) (a#B)#(v=0)
> fla,B,7,6) . (2.53)
aFBFEY#S

Moreover, some terms will not appear in the case N = 3 particles; the last term of (2.53)

Z fla, 8,7,0) (2.54)

aFPEYFS

will vanish, because it is not possible to find four different particles in a problem with just three
of them.

Applying the same procedure to the rest of the terms in By, these are the final results:

(21|01) = Z 2p? + Z T Palp — 20 Za:apa i Z TaDp —|— — (2.55)

a#L a#f

(20/02) = Z 2 p? + Z xp? — 2i Z Lopa + Ni% | (2.56)
a#fB

(12[10) = Z 2p? + Z xaxﬁpﬁ — 2 Z TaPa — 1 Z TaPp —|— (2.57)

a#f a#B

N2 72
(11)11) = Zxapa Zxaxﬁpﬁpa —i(N+1 Zxapa : (2.58)
a#B

N
(20[01]01) = Z Tola + 2 Z:vapam + Zxapg + > alpapot

B B a#ﬁ#v

2N?
— 2% Z TaPa — 20 Z Tapp + 31 , (2.59)
aFp

N N N N
(11]10/01) = Z P2P2 Y 02paps+ D TaTaPpPa+ D Talpph+ Y TaZapapyt
a#p a#p a#p aF# Ay
-2

Ni
i(N +1 Zmapa ( +1)Zxam+ﬁ(3N+2), (2.60)
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N N
(02|10]10) = Z xZp? + Z x2ph + 2 Z ToZapy + Z TaTapo+
orB o ot

2N?
— 92 Zxapa — 21 Zxapg + 32 , (2.61)
oy

N N
(10/10]01|01) = fo,pa +2 Z T2 paps + 2 Z TaTpph + Z w25+ Y wlpepyt

B a¢6 o B
+2 Z ToZaPpPa + 4 Z TaXaPaP~y + Z xa:cgpﬂ/ — 2N Z TaPa — 2Ni Z Tappt+
B By By a8
N2 72
+ . (2.62)

2
2.3.1 By - General Case with N =3

Considering the constraint N = 3, the set of independent operators corresponds to By, Boi,

BH, Bgo, BOQ, B3()7 Bgl, Blg, Bog. The AIlSE:LtZ was

Bay = A(21]01) + B (20[02) 4 C (12]10) + D (11]11) 4 E (20{01]01) + F (11]10[01) +

+ G (1010/02) + H (10[10[01]01) + J . (2.63)

Replacing with the respective expansions of the Weyl-ordered products, and comparing order

by order, the following system of equations is to be solved:

1 1 1 1 1 1 1 1 0
2 2 2 N+4+1 2 N+1 2 2N 0 A 1
1 0 1 0 2 5+1 2 2N 0 C N
1 0 0 0 2 1 0 2 0 D 0
0o 1 0 o0 1 0 1 1 0 E|l=1|0 (2.64)
0 0 1 0 0 1 2 2 0 F 0
0 0 0 1 0 1 0 2 0 G 0
0 0 0 0 1 0 0 1 0 H 0
0 0 0 0 0 1 0 4 0 J 0
0 0 0 0 0 0 1 1 0
There is a unique solution for the coefficients, given by
aclipolioslpilips Ll 2l Lyl 3 B



The expression for Bsys is the following one:

2 1

2 1 1 2
By = 5 (21|01) + ¢ (20]02) + 5 (12[10) + 5 (11]11) — +(20[01[01) — < (11]10J01) +

1 1 B
— - (10[10[02) + = (10[10/01]01) — % . (2.66)

The same method is applied for the rest of the By, operators with k + [ > 3, being the found

expressions for them:
4 1 1
(40) = §(30|10) + 5(20]20) — (20]10[10) + 6(10\1O|1O]10) , (2.67)

4 1 1
(04) = 5(03|01) + 5(02[02) — (02]01]01) + 6(01\01|Ol]01) , (2.68)

1 1 1 1 1
(31) = §(30|Ol) + (21]10) + 5(20]11) (20[10|01) + — 5(11\10|1O) + 6(10|1O|10|01) , (2.69)

2

1 1 1 1 1
(13) = 5(10\03) + (12]01) + 5(11|02) — 5(10|O2[01) — 5(11|Ol|01) + 6(1O|01|Ol|01) . (2.70)
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2.4 Center-of-mass decoupling for N = 3 particles

The commutators between the basis operators were already determined in the previous section,
and operators By with k + [ > 3 appeared, which must be expressed in terms of the basis
operators, using Weyl ordering, a fact that complicates the expressions considerably. By this
reason, the following transformation was found, which clearly simplifies the expressions and

future calculations:
(10") = (10)

(01) = (01) , (2.71)
(00) = (00)=N =3

(20) — (20)—%(10\10)\
(1) = (11)—%(10|01) , (2.72)
(02) = (oz)-%(oum)

(30) = (30) — (20[10) + §(1O|10|10)
(21) = (21)— %(20]01) — %(11\10) + 3(10\10]01)
(2.73)
(12 = (12) — %(11|01) — %(10|02) + 3(10|01|01)
(03) = (03) — (02fo1) + (01j01o1) |
With this transformation it is easy to prove
[(KI"), (mn)] = 0; (kl) = (10)...(03); (mn) = {(10), (01)} , (2.74)

i.e. the By, operators commute by construction with By (COM) and By; (total momentum).

As a next step, the commutators [By;, By, must be calculated in this new basis. For example
2

[30",03] = [30,03] — [30, (02]01)] + 9 (30, (01]01]01)

—[(20/10), 03] + [(20]10), (02]01)] — = - [(20]10), (01]01]01)]

oIy —

~—

+ g - [(10/10[10), 03] — g - [(10[10]10), (02]01)] + % - [(10]10]10), (01]01j01)] , (2.75)

and the result must be rewritten in terms of B}, etc. (see appendix A.3). After some lengthy

calculations, the new commutators are shown in the Table 2.
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it [Bki, Bmn] (20" (02" (11) (30" (219 (12" (03"
(20') 0 |411) | 2(20) 0 2(30') 4(21') 6(12')
(02)) 411 | 0 | —2002) || —6(21") —4(12) —2(03) 0
(11) —2(20") | 2(02") 0 —3(30") —(21) (129 3(03")

—%(20’\02’)
(30') 0 |61 | 3630 0 %(20’|20’) Uy | sai
—4
+%(20’|02’)
(21") —2(30") | 4(12) | (21) —%(20’|20’) 0 _%(lllml) (11']02")
4
3
—%(20’|02’)
(12)) —4(21) | 2003) | —(12) || —(2011") J%(mn/) 0 %(02’|o2’)
4
3
+g(20’|02’)
(03 —602) | 0 | -303) | _gqypyy | —-(01102) —%(02’|02’) 0
+4

From the tabulated results it can be seen, among other things, that effectively the COM and

total momentum contributions were decoupled, and the commutators show results depending

Table 2: Basis commutators after COM-decoupling.

on B, B, Biy, By, By, Biy and B(;. It must be emphasized that this new basis includes

the operators By and By, which by construction commute with By,.

directly work in this new basis and postulate the Casimir candidate C in terms of it, being

automatically guaranteed [C, Byo) = 0 and [C, By | = 0.

In this way, we can

Another fact visible from the tables has to do with the algebra those operators obbey, being

clearly a W-algebra:

* Commutators between level-2 operators, namely, BY,, B, and Bj; yield again an operator

of level 2;

* The commutator of level-3 operators Bj,, BY,, Bly, Bj; with level-2 operators produces

a level-3 operator;
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* Finally, commutators between level-3 operators generate constants and non-linear terms

containing Weyl-ordered products of level-2 operators.

In summary, we have found the necessary structure for postulating a Casimir operator C, with
both decoupled COM and total momentum. We will employ consistently these B}, operators
in what follows, but always bearing in mind, that their commutators contain also non-linear
terms as constants, a fact that will have interesting algebraic consequences, like for example,
the appearance of composed or non-pure Weyl-ordered products when dealing with [C,30"] =0
and [C,21'] = 0. Before formulating our Ansatz for the free case, let us do a brief digression on

Casimir operators in Quantum Mechanics.
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2.5 Casimir Operator in Quantum Mechanics

According to standard texts on Group Theory [7, 8, 9], and Quantum Physics [10, 11, 12]
for a given set of operators with well-defined commutation relations between them, a Casimir
operator [13] “is any element in the center of the universal enveloping algebra that commutes
with any element of the given Lie algebra”; this type of operators are used in connection with
representation theory of semisimple Lie algebras, in particular, for irreducible representations
each Casimir operator is represented by a multiple of the identity [13|. In Physics the example

par excellence is the angular momentum algebra:

[y Je —id,) = —2i(J, —iJ,) , (2.76)
[T, Jo +4d,] = 2i(J, +iJ,) , (2.77)
[Jp —idy, Jo +id,] = 2i*J, . (2.78)

In this case, the Casimir operator is given by the square of the total angular momentum J:
=L+ I+ T (2.79)

If we consider the algebra associated to the operators { By, Boa, B11} in Table 2

[Bi1, By = —2iBy (2.80)
[Bi1, Bo2] = 2iBys , (2.81)
[3207302] = 42‘Bll ) (282>

they form a sl(2) Lie-Algebra, whose Casimir operator will have the same form as J? but

written in terms of the operators By, from the level 2:

B
Jp —iJy, — % : (2.83)
B
Jo +iJ, — % : (2.84)
B
J. — 2—21 : (2.85)
1

We expect that our Casimir candidate does contain this contribution, up to a constant; however,
there will be other contributions considering level-3 operators and their associated non-linear
operators, such as Bgs or By, etc. Which form should the candidate exhibit? In the appendix
A.4 a method is proposed to motivate and make plausible the proposed Casimir candidate, to

be analyzed in the next section.
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3 Casimir Operator

3.1 Free Case Ansatz

Considering the treatment for the two-particle case of the previous section (and seen in the
appendix A.4), the following expression is proposed for the Casimir operator, in which the

center-of-mass is already decoupled:

C=Ci+Cs+C,+Cs+C.+C¢ . (3.1)

C. = ay (20)20'1207]02'102']02") 4 rp (20']207|11']117]02'[02') +

+ ag (2011117117 [117)02") 4 g (11111 [1|11/[11") , (3.2)

Cs = (1(30'130/02]02']02") + B2(30"[21'[11']02']02)+
+ B5(30')20"[12]02/|02") + B4(30'|20'[11']03'|02")+
+ B5(30"[12'|117[11']02) + B (30'|11/[11'|117|03")+
+ 57(21']21'120]02'102") + Bg(21'[217[11']117[02')+
+ B9(21120'120'103')02") + B1o(21'|20"112'|11']02")+
+ B (2U]20/[11[117]03") + Br2(21 12|11/ [11'|11")+
+ £13(20[20'1207(03]03") 4 514(207|20"|12']12']02")+

+ Brs(20'120°[12/]11°03") + By (20'12']12[117]11") , (3.3)

C, = 7 (307130]03'103") + 2 (30'|217|12'|03") + 5 (30'|12"]12'|12") +

+ 74 (21[2171217103") + 75 (21'[217[12'12") , (3.4)
Cs = 6, (20')20]02'102') + 6, (20'|11/[11°]02") + 85 (11/|11/]11']11") | (3.5)

Ce = €1 (30']12/]02) + €5 (30'[11']03) + €5 (21']21'|02) +
+ €4 (217)20°]03) + €5 (21/[12']11) + €6 (20']12[12) , (3.6)

Co =G (20]02) + G (1111) (3.7)

There are six contributions in the Ansatz; each contribution of the above expression will be

called sector. A sector can be labeled by T}k, meaning the contribution with i-factors in the
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Weyl-ordered product and index order sum 7, k. With this notation, the six sectors are denoted
as

Co =T Csi=Tag; Cyi=Tag; Cs:=Tyy; Co:=Toy; Coi=Ts,y . (3.8)

According to the index sum in each Weyl-ordered product, we can distinguish three groups in

(3.1):

* A 6, 6-group formed by the sectors C,,, Cs and C,. C, contains products of level-2 operators,
in C, only level-3 operators appear, while the sector Cs comprises sixteen 5-products

mixing level-2 and -3 operators;

* The second 4, 4-group with sectors Cs and C,, appearing in the first of them only level-2

operators, in the second again mixed products with level-2 and -3 operators;

* The 2,2-sector C; alone, containing only level-2 operators, and giving account of the

Casimir for the sl(2) subalgebra.

As we will see in the coming sections, the written order of the Casimir candidate is related to
the dimensions of the coefficients in terms of 2. Thus, the sectors C,, Cs and C, have coefficients
whose order is h°, and they will remain in the classical case when A — 0; however, Cs, C. and
C; will be quantum corrections of order h? and h*, respectively. Those statements will be fully
confirmed by the calculations.

The main task to be accomplished in this section is to determine all the coefficients in the
expressions (3.1), or at least as many as possible. How will this be achieved? In short terms,
calculating commutators with some basis operators and by imposing its vanishing, a system of
equations will be obtained. Due to the number of coefficients, it is expected an over-determined
system, which evidently will complicate the algebra, and for this reason a mathematical software

will be used, e.g. Maple™.
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3.2 Calculations for [C, Bj,] =0

We show the procedure for determining the coefficients in the Cs-sector, the same method gilts
for all other sectors and cases [C,30'] = 0 and [C,21'] = 0; for the sake of simplicity, all the
primes will be omitted. Since By , Bge and By; form a closed subgroup (see Table 2), we can

choose any of these operators, we will work with By. Let us recall the full expression for Cg:

Cs = £1(30[30]02]02]02) + B2(30|21]11]02[02) + B3(30]20]12]02(02) + B4(30]|20|11]03]02)+
+ B5(30]12[11]11]02) + B6(30]11|11]11]03) + B7(21]21|20]02]02) + Bg(21]21]11[11|02)+
+ £9(21]20(20]03]02) + £10(21]20]12(11|02) + £11(21]20(11|11]|03) 4 S12(21[12|11|11]11)+

+ 813(20]20]20]03]03) + £14(20]20]12|12|02) + B15(20]20|12|11]03) 4 B16(20]12|12]11]11) (3.9)

For each term we determine the value of the commutator with By := (20); for example:

[(30[30]02]02(02), 20] = 3(30/30/02|02|[02, 20]) = —12i(30/30]11]02(02) . (3.10)

(A|B|CIDIE) € Cg

~' [(A|B|C|D|E), 20]

30/30(02/02|02

—12(30/30/11]02|02)

30/21]11/02/02

—2(30[30]11/02/02

30|21/20]02(02

8(30[21|11]11]02)

30|20/12/02(02

—4(30(21]20(02]02

30]20/12(11]02

30/20(11]03]02

—2(30/20|20]03|02

2
8
6(30/20(12|11]02

4(30/20[11[11]03)

3012/11]11/02

—4(30[21]1111]02

4(30[20]12/11[02

4(30[12|11]11]11)

3011/11]11/03

—6(30]20[11/11/03

3012[11|11]11

21]21/20]02|02

—4(30[21]1111]02

4(21]21]20]11]02

4(21)2111]11]11

21/20[20]03|02

—2(30]20/20[03|02

6(21/20[20]12]02

21|20|20|11|03

21]20]12/11/02

—2(30[20]12/11/02

4(21|21]20]11]02

21/20/11|11/03

—2(30[20[11|11|03

4(21]20[20|11(03

21]12[11|11/11

) —

( ) —
( ) —
( ) —
( ) —
—4(30[21]20]02(02) —
( ) —
( ) —
( ) —
( ) —
) —

—2(30[12|11|11]11

( ) —
( )
( ) —
( ) —
6( )
8(21]21]20[11(02)
( ) —
( ) —
( ) —
( ) —
( ) —

4(21)21]11[11]11

A(
2(
6(21|20[12[11]11
6(21/20[12[11]11

)
)
21|20[20[12(02) — 4(21]20]12[11[11)
)
)

20/20(20]03|03

—12(20(20]20/12/03)

20|20/12|12/02

—8(21]20[20]12(02)

— 4(20[20[12]12|11)

20|20/12/11]03

—4(21]20[20]11]03) — 2(20/20]20/12|03) — 6(20/20]12|12]11)

( )
( )
( )
( )
( )
( )
( )
(21]21[11[11]02)
( )
( )
( )
( )
( )
( )
( )
( )

20[12(12[11|11

—8(21]20[12[11|11)

— 4(20]2012[12|11)

Table 3: Contributions from [Cg, 20] = 0.
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The final results are shown in Table 3. Collecting similar terms and ordering from the greatest

to the lowest Weyl-ordered product (according to their indices), we arrive to the following

conditions for the coefficients f;:

(30[30]11]02(02
(30/21]20/02|02
(30[21/11]11]02
30/20/20/03]02
30/20(12(11]02

30/20[11/11|03

)
)
)
( )
( )
( )
(30[12|11]1111)
(21]21/20/11|02)
(21]21]11|11]11)
(21]2020/12|02)
(21]20/20/11|03)
(21]20/12[11|11)
(20]20]2012|03)
( )

20|20/12[12|11

1261+ 262 =0

202 + 483 + 467 =0

802 + 455 + 403 = 0

284 +2B89 =0

883 + 684 + 485 +2B10 = 0
4B4 + 656 + 2611 =0

4P5 + 606 + 2512 =0

807 +4Ps +4B10 =0

4B +4P12 =10

689 + 2810 + 8814 =0

409 + 4511 + 4615 =0

4610 + 6511 + 6512 + 8616 =0

12B13 + 2615 =0

4B14 + 6815 + 4816 =0

3.11

w
—

2

w
—

3

—_

4

w

w
—_

5

w
—_

)
)
)
)
)
6)
7)
)
)
)
)
)
)
)

w
—_

w
—

8

w
—

9

w
[\V)

0

[\V)

1

w

w
[\)

2

w
[\]

(
(
(
(
(
(
(
(
(
(
(
(
(3.23
(

3.24

After losing the system of equations, the solution can be parametrized in the following form:

T
5251<1, -6, 0, 0, 6, —2, 3, 6, 0, —12, 6, —6, 1, 3, —6, 6) +

T
Bz(o, 0, 1, -1, -1, 1, =1, 1, 1, 1, —1, —1, 0, —1, 0, 1) . (3.25)

The procedure is exactly the same for the sectors C,, Cy, C5, C. und C;. The tables 4 to 8

summarize the results after taking commutator with Bag.

(A|B|C|DI|E|F) € Co || i" [(A|B|C|D|E|F),20]

20|20/20/02/02|02

—12(20(20]20/11/02|02)

20|20|11]11/02/02

—4(20|20[20|11]02]02) — 8(20|20/11|11]11|02)

11[11)11[1111[11

( )
( )
(20[11]11[11]11]02) || —8(20(20/11|11]11]02) — 4(20[11|11|11]11]11)
( ) || —=12(20)11]11(11|11]11)

Table 4: Contributions from [C,, 20] = 0.
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(A|B|C|D) € C, || i™" [(A]B|C|D), 20]
(30[30/03]03) || —12i(30[30]12|03)
(3021/12(03) || —2i(30|30]12|03) — 4i(30|21|21]|03) — 6i(30[21|12|12)
(3012]12(12) | —12i(30[21]12|12)
(21]21|21(03) || —6i(30(21]21]03) — 6(21]21]21/12)
(21]21|12(12) || —4i(30[21]12[12) — 8i(21]21|21/12)

Table 5: Contributions from [C,, 20] = 0.

(A|B|C|D) € Cs || i~ [(A|B|C|D),20]

(20[20/02(02) || —8(20/20|11|02)

(20[11]11]02) || —4(20/20|11|02) — 4(20|11|11]11)

(11]11]11[11) || —8(20[11[11]11)

Table 6: Contributions from [Cs, 20] = 0.

(A|B|C) € C. || i~ [(A]|B|C), 20]
(30[12(02) || —4(30[21]02) — 4(30[12|11)
(30[11]03) || —2(30]20]03) — 6(30[12|11)
(21]21]02) || —4(30[21]02) — 4(2121]11)
(21]20]03) | —2(30]20/03) — 6(21/|20/12)
(21]12[11) || —2(30[12|11) — 4(21|21]11) — 2(21|20]12)
(20[12[12) | —8(21|20]12)

Table 7: Contributions from [C,, 20] = 0.

(A|B) € Cc | i7" [(A]B), 20]

(20[02) | —4i(20[11)
(11]11) | —4i(20[11)

Table 8: Contributions from [C,, 20] = 0.
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From the calculations, the Casimir Operator takes the form

C = a | 3(20/20[11]11]02/02) — (20[20]20]02/02|02) — 3 (20/11|11]11]11]02) +

+ () |+
+ [81] (30]30]02(02|02) + [—641] (30]21]11]02[02) + [B2] (30]20]12|02[02) + [~ 2] (30/20|11|03]02)+
+[661 — Ba] (30[12[11|11]02) + [—2B1 + 2] (30[11|11|11[03) + [381 — Ba] (21]21]20]02|02)+
+[681 + Bo] (21]21]11]11|02) + [B2] (21]20]20]03]02) + [—1261 + (2] (21]20]12]11]02)+
+[681 — B2] (21]20]11]11]03) + [—681 — Ba2] (21]12[11|11|11) + [B1] (20]20|20]03]03)+
+ [381 — B2] (20]20]12]12]02) + [—651] (20]20]12[11|03) + [651 + B2] (20]12[12[11|11)+
_2

2 1
5 (30[12[12[12) — £ (21[21/21)03) + (21|21|12|12)} +

(30[30]03]03) + (30]21]12|03) 5

Lo
7176
+6 | (20[20102/02) — 2 (20[11]11]02) + (11[11]11]11) | +

+e [ — (3012]02) + (30]11]03) + (21]21]02) — (21]20]03) — (21]12[11) + (20[1212) } +

+¢[ o02) - )] . (3.26)
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3.3 Calculations for [C, Bj)] =0

The next step is to fix the remaining constants «, 51, B2, 7, 0, € and ¢ by imposing [C, B}, = 0.

The procedure is exactly the same as in the case for [C, B))] = 0, but now additional terms will

appear, which increase the complexity when determining the respective system of equations.

The tables 9 to 14 summarize the results of the calculations:

(A|IB|CIDIE|F) € Ca

' [(A[BIC|D|E|F),30]

20(20/20]02]02|02

18(21]20[20|20/02|02)

20[20|11]11]02]02

—18(30/20]20/11]02(02) — 36(21]20|20[11|11]02)

36(30[20]11]11|11]02) + 18(21|20[11|11]11]11)

( )
( )
(20[11|11]11]11]02)
(11/11|11[11[11]11)

—18(30[11|11[11|11]11)

Table 9: Contributions from [C,, 30] = 0.

(A|B|C|D) € C,

~'[(A[BIC|D), 30]

—é(30]3oyo3\03)

—3i(£(20]02)[30[30]03) + 3i(%(11]11)[30[30]03) + % (30[30/03)

(30[21]12|03)

o 5(
—3i(1(20]20)[30[12]03) — 6i(L(20]11)[30|21]03) + 9i(%(20]02)|30]21]12)+
—94(3(11]11)]30[21]12) — 44(30]21/|12)

—2(30[12[12[12)

12i(1(20[11)[30[12/12)

—2(21]21]21|03)

6i(£(20(20)|21|21]03) — 6i(3(20[02)|21]21]21) + 6i(5(11]11)[21]21]21)+
+3(212121)

$(21]21]12[12)

—3i((20[20)[21]12[12) — 6(%(20[11)[21|21/12)

Table 10: Contributions from [C,, 30] = 0.

(A[B|C|D) € Cs

~ [(AlB|C|D), 30]

(20[20(02|02)

—12(21/20/20]02)

—2(20|11|11(02)

12(30[20]11]02) 4 12(21|20[1111)

(11[11[1111)

—12(30|11]11|11)

Table 11: Contributions from [Cs, 30] = 0.
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(A|B|CIDIE) € Cg

~[(A|B|C|DIE), 30]

(30[30/02(02[02) || —18(30/30|21]02|02)

(30]21]11]02]02) || —3(£(20]20)[30[11(02]02) — 3(30]30]21]02]02) — 12(30]21|21]11]02)

(3020]12]02]02) || —6(%(20]11)[30]20[02[02) — 12(30]21|20]12]02)
+9(1(20(02)[30/20]11(02) — 9(4 (11]11)[30[20[11]02)+

(30/20]11]03[02) || —3(30[30|20|03]|02) — 6(30|21]20/11|03)+

—4(30[20/11]02)

(3012/11|11]02)

—6(%(20]11)30[11]11]02) — 6(30[30]12|11]02) — 6(30/21|12|11|11)

(30/11[11]11|03)

5(2
+9((20[02)[30[11[11]11) — 9(3(11]11)|30]11[11[11)+
—9(30[30]11]11]03) — 4(30[11|11|11)

(21]21]20]02]02) || —6(%(20]20)[21]20[02[02) — 12(21]21]21]20]02)
(21]21]11]11]02) || —6(3(20[20)[21[11]11]02) — 6(30]21]21]11]02) — 6(2121]21]11]11)
—3(£(20[20)[20[20[03]02) + 9(2(20]02)[21]20/20]02)+
(21]20[20[03]02) || —9(1(11]11)[21]20|20]02) — 6(21]21]20/20]03)+
—4(21]20]20/02)

(21]20]12[11]02)

-3
-3

£(20/20)[20]1211]02) — 6(£(20]11)[21|20|11|02)+

(
(30[21/20/12|02) — 6(21]21|20[1211)

(21]20/11[11]03)

—3(%(20120)(20[11]11]03) + 9(&(20]02)[21]20[11]11)+
—9(3(11]11)|21]20[11[11) — 6(30]21]20[11]03)+
—4(21]20[11|11)

(21/12[11[11[11) || —3(}(20/20)[12[11]11[11) — 6(&(20[11)[21]11[11[11) — 9(30[21]12[11[11)
(20/20|20(03]03) || +18(%(20/02)[20]20]20]03) — 18(4(11]11)[20]20/20[03) — 8(20]20/20/03)
(20]20]12]12]02) || —12(4(20[11)[20[20]12[02) — 6(21]20]20]12|12)
—6(%(20/11)[20]20]11]03) + 9(&(20]02)[20[20[12]11)+
(20]20[12[11]03) | —9((11]11)[20|20[12[11) — 3(30]20|20]12|03)+
—4(20[20]12[11)
(20]12]12]11]11) || —12(3(20[11)[20[12[11]11) — 6(30]20]12|12|11)

Table 12: Contributions from [Cg, 30] = 0.
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(A|B|C) e C || it [(A|B|C), 30]
(30]12]02) || 6(£(20]11)[30[02) + 6(30]21|12)
(30[11]03) || 9(3(20]02)[30[11) — 9(3(11]11)[30/11) — 3(30[30/03) — 4(30|11)
(21]21]02) || —6(2(20[20)[21|02) — 6(21]21|21)
(21]20]03) || 3(2(20]20)|20]03) — 9(2(20]02)[21]20) + 9($(11]11)[21|20) + 4(21|20)
(21]12]11) || 3(3(20]20)|12|11) + 6(£(20]11)|21]11) + 3(30[21]12)
(20[12]12) || —12(%(20[11)[20]12)

Table 13: Contributions from [C,, 30] = 0.

(A|B) € Cc | i"' [(A]B),30]

(20(02) —6(2120)
—(11]11) 6(30|11)

Table 14: Contributions from [C¢, 30] = 0.

3.3.1 Calculations for [C, B} ] =0

(A|B|C|D|E|F) € C,

i [(A|BIC|D|E|F), 21]

20/20|20(02]02]02

—6(30]20]20(02]02]02) + 12(20|20|20|12]02|02)

20(20[11[1102[02

12(3020[11]11]02]02) — 6(21|20]20]11]02|02) — 24(20]20|12]11|11]02)

—6(30[11|11|11]11]02) + 12(21|20[11|11]11]02) + 12(20|12[11|11]11]11)

( )
( )
(20[11/11|11]11]02)
(11[11/11[11[11]11)

—6(21|11[11[11|11]11)

Table 15: Contributions from [C,, 21] = 0.
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(A|B|CIDIE) € Cg

! [(A|B|C|D|E), 21]

(30[30]02]02|02)

20/20)|30/0202|02) — 12(30/30|12|02(02)

(30[21/11]02|02)

6(
3(

(30/20]12(02|02)

8

1(20[20)|21]11(02]02) — (30[21|21/02]02) — 8(30[21|12[11]02)
3(1(20/20)(20]12/02]02) — (2(20/02)|30]20]02]02) + (4 (11]11)[30[20(02(02)+
+2(30]30[12]02(02) — 8(30/20]12[12]02) — 4(3020]02(02)

(30[20]11]03]02)

3(1(20]20)[20]11]03|02) — 6((11]02)[30|20[11]02) + 2(30]30/11/03]02)+
—(30/21]20]03]02) — 4(30/20[12/11[03)

(30[12/11[11]02)

3(%(20|20)|12|11|11|02) — (g(2o|02)|30|11|11|02) + (%(11|11)]30|11|11|02)+
—2(30[21[12]11]02) — 4(30[12|12|11|11) — 2(30|11|11|02)

30|11]11/11/03

3(%(20]20”11\11\11\03) — 6(%(11|02)|30|11|11|11) —3(30[21]11]11]03)

21]21/20]02/02

2(30|21]21]02/02) — 8(21]21]20/12|02)

21)21]11[11/02

—2(21]21|21]11]02) — 4(21]21]12[11|11)

( )
( )
( )
( )

21]20|20/03]02

—6(1(11]02)[21]20[20]02) + 4(30]21]20[03]02) — 4(21]20]20]12]03)

(21]2012/11|02)

—(3(20102)[21]20]11]02) + (& (11]11)[21]20[11]02) + 2(30[21|12]11]02)+
—(21]21]20]12]02) — 4(21/20]12]12|11) — 4(21]20[11]02)

(21]20[11|11]03) || —6(%(11]02)|21]|20[11|11) + 2(30[21|11]|11]03) — 2(21|21|20|11]03)
—(2(20[02)[21]11]11[11) + (2 (11[11)|21]11]11|11) — 3(21]21|12]11]11)+

(211121111111 (3(20]02)[21[11[1T|11) + (5(11[11)[21[11[11[11) — 3(21]21[12[11[11)
—2(21/1111|11)

(20/20]20{03|03)

—12(%(11]02)|20]20/2003) + 6(30/20/20(03|03)

(20[20/12(12/02)

1
6
2(3(20[02)[20[20/12]02) + 2(1(11]11)|20]20[12]02) + 4(30|20]12]12[02)+
(

(20[20/12(11]03)

—4(20[20[12[12]12) — $(20/20[12(02)
—(2(20[02)[20[20[11]03) + (%(11]11)[20[20[11]03) — 6(2(11]02)[20[20]12|11)+
+4(30]20[12[11]03) — (21]20[20[12]03) — 4(20[20/11]03)

(20[12]12[11]11)

(
2(3(20]02)]20]12|11|11) + 2(4 (11]11)]20[12[11]11) + 2(30]12]12[11]11)+
2(21]20[12[12[11) — §(20[12[11]11)

Table 16: Contributions from [Cg, 21] = 0.
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(A|B|C|D) € C,

“'[(A[BIC|D), 21]

(30[30]03/03)

1
6

—(1(20]20)[30[03|03) +

2((11]02)|30/30]03)

1
6

(30|21]12/03)

1
6
3(£(20]20)]21]12]03) — (2(20]02)[30/21|03)

( + (3(11]11)[30[21]03)+
(11/02)[30[21]12) — (30[21]03)

—6(%
6
—2((20[20)[12]12[12) + 2(2(20]02)[30]12|12) — 2((11]11)|30]12|12)+
~2(30[1212/12) 8E;()’12!‘1;\) 12[12) + 2(3(20]02)[30[12[12) — 2(5(11]11)[30[12[12)
t3
—2(21[21[2103) || 4((11/02)]21]21]21)
121)21]12]12) | —(2(20102)21]21]12) + (L(11]11)|21]21]12) — £(21|21]12)

Table 17: Contributions from [C,,21] = 0.

(A[B|C|D) € Cs

“H[(AlB|C|D), 21]

(20]20/02/02)

4(30[20]02]02) — 8(20[20]12(02)

—2(20|11]11]02)

—4(30|11|11]02) + 4(21]20|11]02) + 8(20/12]11|11)

(11]11]1111)

—4(21|11|11[11)

Table 18: Contributions from [Cs, 21] = 0.

(A|B|C) € Cc || i"' [(A|B|C),21]

opzjoz) |~ (BEOROI2102) + (520002)[30002) = (GLADIS002)+
+4(30[12]12) + 4(30/02)

(30[11]03) | (£(20]20)[11]03) — 2(%(11]02)[30]11) — (30[21|03)

(21]21]02) | —4(21[21]12)

(21120003) | +2(1(11/02)[21]20) — 2(30]21/03)

(21]12[11) (3(20]02)[21[11) = (5(11[11)[21]11) + (21]21[12)+

+3(21]11)

ojazy | 26 (20I02)120112) + 25 (LLLDI012)2(30]12}12)+

—5(20[12)

Table 19: Contributions from [C,, 21| = 0.
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(A|B) eCc| i'[(A]B),21]

(2002) | 2(30]02) — 4(20]12)
—(11]11) 2(21]11)

Table 20: Contributions from [C¢, 21] = 0.

From the results in the tables 9 to 20 it can be observed the presence of a new type of Weyl-
ordered product, the so-called composed product, because of the level-3 commutators, which

generate a constant term plus a Weyl-ordered product of level-2 operators, e.g.

1 1 13’
(30'|22[11') = — = (30/](20]02)[11') + 5 (30'| (11'[11')[11') — ?3(30’|11’) . (3.27)

What can be done to handle such products?

* In the work of Isakov and Leinaas [14], they also study a Calogero model with interaction
parameter A, and starting from the commutator relations ([;; corresponds to our s;;

2-particle permutation operator)

[aiaa'j] = [ajaa}] =0 ) (328)

la;, al] = &;; (1 +AY Kﬂ> — Ky (3.29)
KiyKj = KKy = KyKij,i # 3,1 # 1, #1, (3.30)
Kijaj = aiKij, Kija;r- = ajKij s (332)

they define the operators
Loi=Ya} (333)
Lpo =Y _al", (3.34)

and obtain results like our commutator formulae, e.g.
[Lmlu Lnl] - (n - m)Lm+n—1,1 y (335)

but they don’t reduce the results from higher level operators to lower level operators, like
this example shows

Ly = = (aa+ aa®) . (3.36)

N |
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So, applying the definition of the operators Bj; in terms of the position and momenta
coordinates, the composed products could be expanded, and the resulting expressions

should be used for determining a system of equations for the coefficients of the Casimir;

* The second option, which will be used in the next calculations, consists in the reduction
of the composed products into some combination of pure Weyl-ordered products of higher
or lower order. For this purpose, reduction formulae involving double commutators must

be applied, being the general idea behind their derivation explained in the next section.

3.4 Composed Weyl-Products

We proceed to analyze the problem of defining composed (not pure) Weyl-ordered products
in terms of pure ones. Let us start by considering the simplest composed product, namely,

(al(blc)); clearly, there is a difference with respect to (a|b|c):

(al(ble) = able) + 5(ble)a

1
= 1 labc + acb + bea + cba) | (3.37)
1
(alblc) = 8 labc 4 acb + bac + bea + cab + cba] . (3.38)

The problem now is how to relate both products; in the present work this was achieved by
means of pure algebraic manipulations, and the detailed proof can be found in the appendix

A.6. We only list a few formulae appearing in the calculations from [C,30] = 0 and [C, 21] = 0:

8, = o5 ([la. 6, + [l B]) (339
(al(ble)) = (alble) + Ry, , (3.40)
(al Rey) 1 | (la,[[b,d])
(alb|(c|d)) = (alblc|d) + + | = , (3.41)
(b Ry) (12) ([a, d][[b, c])
where it is defined
(a|Rlc)d) L b a
= (alReq) + (0| Rey) (3.42)
(b %)

and not a matrix;
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(alb| Rg,) (al[b, d]|[c, e]) + (al[b, e]|[c, d])

1
(lbelide)) = (alledle) + | alelt) | + (55 ) | @lo.dlie.c) + @lo. el )
(ble| Rg.) (c|[a, d]|[b, €]) + (clla, ]| [b, d])
a a Rae
. R, el T Blbelje.al . Rbcj
il b b N Rae
+ (30) R[a,d}[c,e} + R[a,e][c,d] (5> o . (3.43)
C C Rce
R, g T Blaelpa R

Considering the last formulae, it is clear the complexity when calculating the respective con-
tributions, because of the terms containing double commutators, rests R, and rests from rests
like Rdﬂ;gc. However, the general principle is easy to understand: for a given composed Weyl-
ordered product, e.g. (a|b|c|d|e|(f|g)), there will be a first term, the so-called “leading order
approximation” (a|b|c|d|e| f|g), terms containing double commutators like (alb|c|[d, f]|[e, g]) and
permutations, terms with rests (a[b|c|d|R%,) plus permutations, etc. To automatize the calcu-
lations a simple Maple™ program was written, being the results for each composed product
summarized in the tables 23 to 30 (see Section A.7 in the appendix). Here we just indicate
how the different contributions are related between them by means of diagrams. Black thick
arrows will be used for “normal” or “pure” Weyl-Products like (30/20/12) and leading order
approximations e.g. (30[(20]20)|03) ~ (30]20|20|03), while color thick arrows will indicate the
contributions from “composed” or “dirty” Weyl-Products using the reduction formulae of the
appendix A.6. The figures 1 and 2 describe the new scenario, for both cases [C,30"] = 0 and

[C,21'] = 0. From both figures it is clear, there will be equations connecting different sectors:
* Pure products in C, and composed terms from Cg;
* Pure products in Cs and composed terms from C,;
* Contributions relating Cg, Cs and C;
* Pure products in C,, and contributions of reduced terms from Cg, C, and C..

What about the dimensions of the coefficients? For example, considering the product (a|(b|c)),
since the rest 17}, contains a double commutator, this Weyl-ordered product contains terms up
to order h?:

(al(ble)) = (alble) + K2Ry, . (3.44)
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[COM 30/] - T865
R

[CB ) 30/} - T421 Tél3 T§’5 T&%
[Cw 30/] - T421 Tg’:a T855

[C5,30"] — Ty

BN

[Ca 30,] - T421 Tgs T643

|

(Ce, 30T — T

Figure 1: Mixing diagram for [C, 30'] = 0.

[Com 21/] - T766
R

[Cﬁa 21/} - T322 T544 T756 T766
[Cw 21/] - T322 ngx T756

[C5,21"] — T4,

—~

[Cm 21,] - T322 T534 T§4

|

[Ce, 2V] — T3
Figure 2: Mixing diagram for [C,21'] = 0.

Let us analyze one term from [C, 30| = 0:

[(30/]12/]02'),30") = —6ih(31'|30/|02') — Gih(30/|21']12')

.h3
= —ih(30/|20'|11']02') — 6iR(30|21[12)) — %(30’]11/) . (3.45)

The same analysis shows

(alpl(c|d)) ~ 1+ K* (3.46)

(alble|(dle)) ~ 1+ h® + R*, (3.47)
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(alb|c|d|(e|f)) ~ 1+ R* + R* . (3.48)

Then, we confirm what was said in the beginning of this section: The coefficients «, 3, v are
of the same order A°, and in the limit & — 0, i.e. the classical case, the contributions of those
sectors will remain, not being the case for § and ¢, which are of order A2, and for ¢ order A*.
After collecting similar terms, applying reduction formulae, reordering, etc. two systems
of equations for the coefficients were determined. For example, in the case [C,30] = 0, the
following matrices give account of the equations obtained; the rows correspond to the different
contributions for each Weyl-ordered product (ordering from the greatest to the lowest term, as
seen in Section 3.2), and the columns from left to right denote the coefficients o, f1, fa, 7, 9,

e and (, in that order:

* Pure and leading order approximations between v and (31, [a:

-18 -5 3 00 0 0
36 L -9 0000
-8 -3 6 0000
18 3 -3 0000
-36 -1 15 00 0 0
Azjy=| 18 4 -12. 00 0 0 (3.49)
0 -+ 3 0000
o 2 -9 0000
0 3 -3 0000
0 -2 9 0000
* Mixing between 1, 32, 0, €,
0 15 6 0 —12 -3 0
0 -15 -6 0 12 2 0
0 —-14 9 0 12 4 0 | (3.50)
0 % -2 0 -12 -3 0
0 2 3 0 0 3 O
0 -1 -102 0 0 -3 0
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* Mixing between i, 32, 0,

0 3 0 -3 000
0 -9 18 1 000
0 0 18 —3 00 0
0 12 -36 -1 0 0 O
0 —-15 36 2 0 0 0
0 15 18 -3 0 0 0
0 -6 —36 2 00 0
0 -6 0 1 000, (3.51)
0 12 -36 -1 0 0 0
0 -6 —36 2 00 0
0 6 —18 —3 0 0 0
0 -6 72 -1 00 0
00 0 0 000
0 -6 3 0 000
0 6 -3 0 00 0
* Mixing between the sectors 31, (o, 0, € and (:
0 827 904 12 o _38 _g 7 (3.52)

T4 T 15 T 15
0 O 0 18 0 9 0

A similar matrix can be written for [C,21'] = 0; after solving the systems of equations with
Maple™ we arrive to one of the central results, namely, the values for the constants defining

the free Casimir operator with N = 3 particles:

3 69 709
a=aq, B = —5% s = —9a; v = —bda; § = G e= 108c; ¢ = — 5 ¢ (3.53)
We can also normalize this result choosing o = 6:
a=06, f1 =—=9; Bo=—b4; v=—-324; 6 = —207; ¢ =648; ( = —709 . (3.54)
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3.5 Classical Limit - Poisson Brackets

A simple test for verifying the last result (3.53) can be done analyzing the classical limit. Ac-
cording to standard texts on classical and quantum mechanics, the relation between commutator

and Poisson-bracket is

N
0AOB 0AOB
A, B} = - .
{A B} ; 2.0~ i (3.55)
—1
' _|A,B] > {A,B} . (3.56)

h

In the classical case, since A tends to zero, all operators commute between themselves, and all
terms of order A or higher disappear. Then, the old commutators in Table 2 reduce to the

following one:

{Bkh an} Béo 362 Bil Béo Bél Bi2 363
B, 0 AB1, | 2B, 0 2B, | 4Bj, | 6B,
B, —4Bi,| 0 | —2B,| —6Bj) | —4Biy | —2B(;| 0
By, | 2By |2By,| 0 || 3By | ~By | Bi, |3Bi
Bi, 0 6B, | 3Bj, 0 3B}, | 6B |9B,
By —2B3 |4B1y | By | =3By | 0 | 3By 6By
B, —4By | 2Bl; | —Biy || —6B%, | =3B, 0 3B,
B, —6Bi,| 0 | —=3B(;| —9B%% | —6Bi5| =3B}, | 0

Table 21: Poisson brackets between operators.

Since there are no terms of order & or higher, the mixing between different sectors does not

occur. The new behavior of the system can be described as follows:
* There will be equations relating terms from « and (31, 52;
* A second set will combine $; and 35 and ~;
* A third set of equations in the same sector;

* Equations associated to 4, €, ¢ are all of the form

§-x=0, 7€R, (3.57)
e-y=0,yeR, (3.58)
(-2=0, zeR, (3.59)
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whose solutions are

§=e=(=0. (3.60)

Proceeding exactly like in the general case, i.e. calculating {C,30'} = 0, expanding, collecting
terms, etc., the results after solving the respective system of equations show us, that only the

sectors C,, Cg, C, contribute to the classical Casimir Operator:
3
a:a,ﬁlz—ia; By =—9a; y=—bda; 6 =0, e=0;, (=0, (3.61)
again scaling to a = 6:
a=6,0=-9; fp=-b4; y=-324; 6=0; ¢=0; (=0. (3.62)

For the last result we can state: In the quantum case, the ground commutators can have
contributions of order h or A%, due to this fact the commutator with the Casimir operator
exhibits terms of order h?® (sectors 8 and «) and h® (sector «). In the classical case, the
commutator is replaced by the Poisson bracket, all operators commute between themselves,
and there are no contributions beyond order A in the ground brackets. Then, the only surviving
contributions to the classical Casimir operator will come from the sectors «, S and ~, and all

the other terms will vanish, which is consistent with the algebraic result (3.61).
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Thus, having found a full Casimir operator in its free version for both classical and quantum

case, with COM and total momentum decoupled,

C=a [3 (20'120[11'[11']02'[02") — (20/|20"]20'|02']02'|02") — 3 (20/[11'[11/|11"[117|02") +

+ (11'711"[11'|11/[11"11") ] +
+ 3 [ (30'130'102'102'|02") — 6(30'|21'|117]02]02") + 6(30'|20']12/]02'|02') — 6(30|20"|11"|03/|02") +
+4(30[117]11'|117]03") — 3(217|21]207|02]02") + 12'(217|21/|11’[11]02") + 6(217]20"|20'|03"|02")+
— 6(21)207)112/|11]02") — 12/(21'|12|11']117]11") + (207|20/|207|03"|03") — 3(20/|20/[12/|12'|02")+

— 6(20')20[12']111'|03") + 12/(20’\12’\12’111’111’)} +

[GCR )

+ [_é (30'13003'103") + (30'|21'|12|03") — g (30"[12[12"12") — = (21']21/|21'03") +

1 "o1/1197119!
+3 (21']21']12'|12 )] +
+6 [ (2020102]02') — 2 (2011 [1[02) + (111111 [11)] +

+e [ — (30"12'102") + (30"[11']03") + (21'[21']02") — (21"[20"]03") — (21"[12']11") +
+ (20[12]12") } +

+¢[ o) - )], Ges)
being the coefficients (normalized to o = 6 and [y = 65, =: 603)
a=06; B =—9; Po=—54; v=—-324; 6 = —207; €:=648; ( = —709 , (3.64)

we can turn our attention to the problem with interaction ¢ in the Hamiltonian; this task will

be developed in the next section.
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3.6 Casimir Operator - Interaction Case

Up to now the interaction was absent in the required equations for getting the free Casimir

operator. In the last section we have found an operator, and the next logical step is to switch

on the interaction ¢ in our problem, that is to say, the full Hamiltonian has to be considered
[1, 2] (1)
1 glg—1

H=— Py 3.65

The main change concerns to the definition of the By;-operators:

3
», 1 k1l L,k
Pr — Tk; Bkl — Bkl =res (5 E [l’uﬂ'# + 7'('#1’“] . (366)

p=1
How do we proceed? In a similar way to the previous case, by finding the new commutator
relations, then decoupling the center-of-mass and finally solving a system of equations for the
modified constants «, 3, v, 9, €1, €5 and (.

In what follows, the operators will act on completely symmetric functions under exchange of
two particles [1]. Taking this into account, the definitions for By, with interaction are the

following ones:

By = By, (3.67)

By = By, (3.68)

BQO - Bgo, (369)

. 1

By = Bun+29(g—1)) -, (3.70)
k<t Kl

B11 — Bll7 (371)

By = Bs, (3.72)

By = By, (3.73)

- Tp+x

Biy = Bu+glg—1)) “5—, (3.74)
el TH

m PrtPp

By = Bosz+39(9 — 1)2 kxg L, (3.75)
k<l ki

being xy; = xp — x;, as usual. The notation applied here reads: Bj; is a free operator, while
By, includes the interaction, but By, includes interaction and COM was decoupled using the
transformations (2.71), (2.72) and (2.73) seen in Section 2.4.

From the last equations it can be seen, only the operators Bys, Bia, Bos are modified. The next
step is to calculate the commutators with those modified operators, to see how the free-case

algebra is changed. Here we concentrate, as usual, on the most important commutators, namely
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[3~0, O~3} and [2~1, 1~2}, because they will produce constant terms (order i) which contribute to
the sector mixing, either as a direct result or included in the expansions for composed Weyl-

ordered products:

i [30,08] =9(22) + 9+ 9g(g — 1) ot (3.76)

’ = Te

-~ 2 4 " 2
AL T2 = 3(22) 4 64+ glg— 1) Y Tt STee BT (3.77)

xXr
a<b ab

After some straightforward but cumbersome calculations, e.g., when expressing Bss in terms of
the By, operators and applying the transformation which decouples COM, the final expression

for the commutator [30',03] reads
~ ! ~ 3 ~ 1 = ~ 1~
[30 ,03} - (20 |02> +3(1111) — 4+ 9g(g — 1), (3.78)
and similarly for [21', 12]
5

L, I B
[21’, 12’} =3 <2o’|02’) — () + 2 =399 - 1). (3.79)

where the detailed steps for deriving (3.78) are indicated in the Section A.8 of the appendix.
For the rest of the commutators, the Table 22 summarizes the new results; there we denote by
W := g(g — 1) the contribution due to the interaction coupling g. Clearly, the only change due
to the presence of the interaction has to do with the addition of a constant term proportional
to g(g—1) in the commutators (3.78) and (3.80); in all other cases the commutators (also, their
structure constants) remain unchanged, no doubt a quite remarkable effect which will simplify

later the calculations.
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i~ B, Bn] || (20) | (@) | (11) (30) (21) (12) (03)
(20") 0 |41 | 2(20) 0 2(30") (21" 6(12")
(02" —4(11y | 0 | —2(02) —6(21") —4(12") —2(03") 0
(11" —2(20") | 2(02) | 0 —3(30) —(21) (12 3(03)

—%(2“0’\62’)
(30") 0 |6(21) | 3(30) 0 %(2~o’|2~0/) (20'11) 31111
—4 4 9W
+%(2~0’|0~2’)
(21 —2(30) | 4(12) | (21) —%(2~0’|2~0’) 0 _%(1~1f|1~1') (11'02")
4
5 =3
_2(50/'62/)
(12)) —4(21"y | 2(03) | —(12") | —(20'|11) +%(~1'|1~1’) 0 %(0~2’|0~2’)
4
—3 3
+g(2~o’|o~2/)
(03" —6(12)y| 0 | -3(03) s(11|11) —(11'|02") —%(0~2’|o‘2’) 0
+4— W

Table 22: Commutators with interaction and COM-decoupling.

It is necessary to emphasize the philosophy behind those algebraic calculations:

* Pure commutation relations [Bkl, an} were determined, including COM-terms; the re-
sults coincide with the free case, the only difference appearing in the commutators between

level-3 operators, where there are terms proportional to the interaction coupling g;

As a second step, applying the transformation that decouples COM and total momentum
operators, the commutators are recalculated. The results only differ from the free case in
[SNO/, 0~3/] and [2~1/, 1~2l] by adding a constant depending on the interaction coupling in the
form g(g — 1);

* Consequently, the calculations for [C', 3~0/] = 0 and [C, 2~1/] = 0 must be modified, and a
new system of equations is obtained for «, ..., (. Since the change affects commutators
with terms of order A? and A®, i.e. the composed Weyl-ordered products, the new system

should only change in the equations mixing (1, B2, v, 9, € and (.
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We have already seen (Section 3.5) that the sectors a, (3, v don’t vanish in the classical free
case, and quantum effects are associated to the 0—, e—, and (— sectors. Then, it is reasonable
to obtain equations for those quantum sectors where the interaction explicitly appears, while
the equations for the classical sector a, f and v don’t experience any changes. The following

matrix summarize the modifications due to the presence of the interaction g:

A3~0,g X =0 ) (380)
N T
X = ( «, ﬂla ﬁ?? s 5a €, C > (381>
827 904 112 38
0 15 I T 0 —-9W 6
0 0 0 18—9W 0 9 0
0 15— 9W 6 0 -12 -2 0
Ajpy,=1 0 —15+9W —6 0 12 5 0 (3.82)
0 —144+9W 96 —54W 0 12 4 0
0 #-9W —28+18W 0 -2 -3 0
0 3 34 — 18W 0 0 3 0
0 —1 —102 4 54W 0 0 -3 0
A similar matrix is obtained from [C, 2~1/]:
827 904 112 38
0 55 o 2o 3B_3w 2
0 0 0 2-W 0 1 0
0 —5+3W -2 0 4 5 0
0 Z-6Ww -30+18W 0 -8 £ 0
Ag, = ’ 6 (3.83)
0 Y-3w -32+18W 0 -4 -3 0
0 -2 +3W 66—36W 0 4 €0
0 —2+4+6W —72+36W 0 8 2 0
0 ¥_3w 36-—18W 0o -4 -3 0
0 3 34 — 18W 0 0 : 0
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When solving the overdetermined system of equations, in both cases, there is a solution for
the new coefficients depending again on one real parameter «; their values normalized to o = 6

are

a = 6, (3.84)
b = -9, (3.85)
fo = —54, (3.86)
vy = —324, (3.87)
§ = —207+108g(g—1), (3.88)
€ = 648 —324g(g—1), (3.89)
¢ = =709+ 1656g(g — 1) — 486¢%(g — 1)* . (3.90)

Since the coefficients o, § := [; and 7 contain the terms which survive in the classical limit,
they are not affected by the presence of the interaction, the values being identical with those
found in the free case. The quantum effects are present in the sectors 4, €, {, and by this reason
their modification is a natural consequence of the interaction g; in comparison to the free case,
their old values are shifted by a multiple of the factor g(¢ — 1), and clearly one recovers the
free case not only when g = 0, but also with g = 1.

With this last result our original task is finally complete: A Casimir operator for the
Calogero model with N = 3 particles for both quantum and classical cases has been found
and expressed in terms of a basis of operators satisfying a Wj3-algebra and applying Weyl

ordering between those operators.
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4 Conclusions

In the present work a Casimir operator for the Calogero model with three particles, and inter-
action potential inversely proportional to the square of the distance between two particles, has
been found for the free and interaction cases (both quantum and classical). By construction,
this Casimir operator is symmetric under particle permutations, and it is expressed in terms
of operators satisfying a Ws-algebra; additionally, for the given set of basis operators a trans-
formation was determined, so that the center-of-mass and total momentum of the system are
decoupled, i.e. they do not appear explicitly in the expression for the Casimir operator.

After decoupling COM and total momentum, the case N = 2 particles is fully described by
the usual s((2)-algebra, and there is only one Casimir operator . However, with N = 3 particles
the commutation relations experience important modifications, namely, there is a subalgebra
5[(2) determined by the level-2 operators Byg, By and By, represented in the Casimir operator
by the sectors C,, Cs and C, (this last one being the proper Casimir for s[(2)), which does not
depend explicitly on the interaction g; and the level-3 operators Bsy, Bai, By, Bos present
in the sectors Cg, C, and C. generate non-linear products of level-2 operators (order k) plus
a constant term of order h? proportional to the identity (central extension), being explicitly
included in this term the interaction as an additive constant of the form g(g — 1).

A key role played the introduction of the so-called Weyl ordering of operators, with its help a
simple and compact form for the Casimir operator as for the COM-decoupling transformations
could be written. From the technical point of view, those Weyl-ordered products, although
manifestly symmetric, can be very complex, especially when calculating with composed or
non-pure products, and special formulae were derived for dealing with them.

Finally, there are important topics which must be considered in a future work:

* To get a better understanding of the role that group representation theory plays in defining
the general structure of the algebra satisfied by the operators By;. Here we only focused
on the commutators and their behavior in presence of the interaction coupling, but it
is possible to apply a line of argumentation similar to [14], for example, by using the
adjoint representation for the operators By;. This is also related to one more fundamental

question: Is there any other Casimir operator for the case studied here? If yes, how many?

Searching for general algorithms or combinatorial techniques for calculating composed
Weyl-products in terms of pure ones; this will be extremely beneficial when applying the

method here developed to problems with more than three bodies.
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* Extension of the procedure to an arbitrary number N of particles. This can be optimized,
as mentioned above, with the help of representation theory and proved techniques for Weyl

ordering.

* Study of one simple three-body-problem in a scattering case and apply the formalism to

perturbation theory.

The most important technical lesson, after all the algebraic work, relates to the necessity of
developing standard programs or routines with some CAS (e.g. Mathematica™or Maple™);
this will be extremely helpful in the study of problems with a large number of particles, espe-
cially if the operators satisfy a Wi-algebra and we work with Weyl ordering, like it was in the

present case.
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A Appendix

A.1 How to get a formula for [By;, B;,,]?

In the Section 2.2 it was mentioned the convenience of a general formula for evaluate [By;, By -
Here we show the necessary procedure for getting a useful expression up to order k+m — 3; 1+
n — 3, good enough when considering the basis operators By, ..., Bgs. Extensions to higher
order are required only from N = 5 onwards, but from the operational point of view it is the
same.

Let us begin remembering the typical commutator formulae from Quantum Mechanics [11]:

[A, BC] = [A, BC + BJA, (], (A1)
[AB,C] = A[B,C] + [A,C]B . (A.2)
Knowing that (i = 1)
[z, p| =1, (A.3)
it is easy to find
[, p] = i7" (A.4)
and
[, p"] = ikp*" (A.5)

To simplify the algebraic calculations, we use formally

a% (27, pF] = k [27p"! = p" ] = ka7 p" ] (A.6)

Having determined the value of [z7, p™] we can apply the last equation (A.6), and by integration

(observing the given order in p and x!!) one finds the formulae (easy to prove by means of

induction)
=3 () Gt e (A7)
R I ——p Ml 7
=\ (G =)
i, L
. ] (—1)M+ k! i k—
[27,p*] = Z( )—fc] it (A.8)
—\u) (k= p)
The full expression to be calculated (see Section 2.2) looks like this:
LN
[Bii, Binn) = 1 Z Z [prfl + p 2k T3l + pgxg”] (A.9)
a=1 =1
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Applying the formulae (A.1) and (A.2) for [A, BC] and [AB, C] we get:
LA
[Bu, B _ZZZ gl ] o+ 2 [2F, ) ol +
a=1 p=1
— abpl [2f. ok + (o, pb] afvl, + pha [oh. pb] — [«F, 0] phal +
+ Po [va,PB] 75 — p5 [#F pu] @) - (A10)

Since

[2h, pB] = bas [2h, 5] (A.11)

we finally obtain

N
[Bri, B Z< wy [oF, pg] w5 + 2 [af, pp] v +

p=1

NH

— a5l [25, ps] + 25, P5) w5pl + P (25, 0] — 05, v phak +

+ ps w5, 05 xf — P [2F,ps] 2f) - (A12)

Up to now we have applied some formal identities and the algebra is still reasonable. In the
next steps one must expand the commutators, but up to which order? The answer will depend

on the number of particles in the system. For example, with N = 3 we should approximate

2
(27, 9] & ket~ R = 2 = Dk(k — 1)t
! .,
+ %j(j DG = 2kl — 1)k — 227 1 (A1)
and, very important, the chosen order must be strictly observed and equally applied in all the

commutators. After some lengthy and cumbersome calculations, the expression found is:

|:Bk:la an:| = Z.C]ilman‘-‘,—m—l;l—i—n—l + Z.C]zlman—s—m—S;l—l—n—B + (@) (Bk+m—5;l+n—5) . <A14>
The first factor C},,,, is given by
Clim = kn —Im. (A.15)

while the second coefficient C,, has the form

3= 1—12 L k(k = 1) — 1) [(k — 2+ 8m)(n — 2+ 31) — 3im] +

(= Vym(m — 1) [(I — 2+ 3n)(m — 2+ 3k) — 3/m]} . (A.16)
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How can be verified the result (A.14)? Let us begin with a direct calculation of [Bya, Bsy]:

N

N
SN [whpd + il alph + phad] =
a=1 =1

[3127 334] =

|

L N
= 5 2 (s [wh.ph] v+ of [, 8] 5 +
B=1
1,4

— kol [, 83 + b ) b+ e [, ) — (o, 2] mhch +
+ P [ p5] @5 — p [w5 5] wh) - (AT)

In the following we can neglect the subindex 3. Let us define
—A =z [0, p?] p* + ap* [2°,p°] + [2°, 0% p'a + p* [2%, 0] @, (A.18)
B = [2,p"] p* + [2,p"] 2°p* + p*2® [2,p"] + p* [2,p"] 27, (A.19)

and with the help of the results
(27, %] =ij (&7 'p+pa? ) =ij {7 p} (A.20)
[2°,p%] = kj (ap* " +p* ) =ik {x,p" '} . (A.21)
a) Calculations for A. In this case, from the formula (A.21)

[2°,p*] = 3i (2°p+ pa®) , (A.22)

the expression to be simplified reads

— A =30 (%" + ap®p* + xp'a®p + ap’2® + 7P + paPpia + p'atpr + p°a?)
= 3i (4 {2®,p°} — 2ia®p" — x [2°,p"]| p + Bip*x® — biz’p* + p [2°,p*] x + 2ip'2?)
=3i (4 {2*,p°} — 28 {x,p*} —a [2% p'] p+p [2°,p"] ©)
=3i (4 {2 p°} — 28¢° {z,p’} — 8i [¢°,p"] + 12¢* {z,p*})

— A=-12i {2’ p°} + 144¢° {z,p’} . (A.23)
b) Calculations for B. Remembering that
[z, p"] = ikp*! (A.24)
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we get

[:v,pﬂ = 4ip® | (A.25)

— —B = 4i (2% + pPaPp? + Pt + p°a®)

= 4i(2{a®,p°} +p* [2°,p°] = [2°,p?] p*)

(A20) —» = 4i <2 {xs,p5} + 3ip*z?p + 3ipta? — 3ix?pt — 3ipw2p3>

= 4 <2 {xg,p5} + 6i*pirp + 6iptz? — 6ix’p! + 6i2xp3>
= 4 <2 {x?’,p5} + 6i? {:c,pg} — 617 [xQ,p4]>
= 4 (2{2”,p"} +6i* {x,p*} — 245> {z,p*})

= 8i{a’,p°} — 72 {z,p’} . (A.26)

Then, adding the expressions for A and B:

A+ B =—4i{z®p°} + 144i* {z,p°} | (A.27)

1 N

(BuBul = 73 [Fi{ahph} + 720 {5, 3)]

B=1

= —2iBs5 — 36iDB3 . (A.28)
Applying formulae:
Clygg=1-4—-2-3=-2, (A.29)
1
03234:ﬁ[—2~(2—1)-3-(3—1)-[(2—2+3-4)-(3—2+3-1)—3-1-4]
432
== A.

T 36, (A.30)
(A14) — [Blg, 334] = —21B35 — 36183 . (A?)].)

Repeating the direct procedure for [By4, Bas]:

N N
1
[Bia, Bas] = 1 Z Z [TaDa + Pata: 505 + i) =
a=1 =1
e ,
= 5> (g [a3,pb] 0 + 2 [, 8] b +
B=1

— wpp; (05, ps] + [25, 1) 2505 + P} [wp.p5] — (5. p5] Phws +

+ ph [s, 03] #} — v} [25. 08] ws) . (A32)
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—A=a 2 ']t +ap? [27,p] + [2%, 0] PP+ p* [2% 9] @
B = 1'2 [x7p3j| p4 + [x7p3j| x2p4 +p4m2 [x’p3j| +p4 [$;p3j| ZL'2 ]

After the algebra one gets:
A= —16i {z°,p°} + 240i°p*

B =061 {xQ,pG} — 48:%p* |

N
1 , .
A+ B = [By4, B3] = 1 Z <—1OZ {I‘%,pg} — 1922pé>
B=1
—  _5iBys — 48iBy, .
Now using the formulae

C11423:1'3_4'2:_5,

1

05’423:E[1-(1—1)-3-(3—1)-[(1—2+3-2)-(3—2+3-4)—3-4-2]

—4-(4—1)-2-(2—1)-[(4—2+3~3)-(2—2+3-1)—3~1-3]:—51—726—
— [B14,ng] = —biBy — 48iBys .

One last example for verifying the formulae (A.14), (A.15) and (A.16):

1 XX
[Bis, Ba] = 1 Z Z [x(lxpi +P2$¢1p x%pé +P?3$%} =
a=1 =1
1 N
= > (s [w3, 03] 0 + 5 s, 053] 0 +
B=1

— wpp (25, p3] + (25, 15] 2505 + pjf [wp,p5] — (25 p3] Paws +

+ 1 (25,05 75 — ps [25, 053] 25)

—A =z [2%,p°] p* + ap* [22,p°] + [2°,0°] p'a + p* [P p°] @,
B =z [z,p"] p° + [z, p"] 2°p° + p°2” [z, p*] + p° [z, p*] 2* .
As a result of the algebra we get:
A= =20i {z* p*} 4+ 560i°p°

B =8i{a? p*} — 120:°p° ,
N

A+ B = [Bis, Bl = =Y (—12i {a}, pf} — 440ip})
B=1

= —6iByg — 110iBys = C%,, = —110 .

o
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= —48.

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

—~

A1)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)



Now using the formula (A.14), (A.15) and (A.16):

Clgy=1-4-5-2= -6, (A.47)
1
Cf524:E[l-(1—1)~4-(4—1)[(1—2+3-2)-(4—2+3~5)—3-5~2]
132
—5-(5—1)-2-<2—1)-[(5—2+3-4)-(2—2+3-1)—3-1-4]]:—%:—110 (A.48)
<A14) — [3157324] = —61 By — 1101 Byg . <A49>

We repeat one more time: the present work aims to find a Casimir operator in the context of
Calogero models, with the help of the By, operators. Since the existence of a Casimir requires
the vanishing of its commutator with the rest of operators, we have two possibilities when

defining a basis of operators for the case N = 3:

* Either we calculate directly each required commutator, by expanding, collecting terms,

etc;

* or we determine a general expression for the commutator [Byy, By,], good enough when

dealing with operators By, k+1 < N = 3.

Clearly, the second option suits better to our present needs, especially when it minimizes the

rapidly increasing length of the algebraic calculations.
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A.2 Dunkl Operators 7

We prove an important property of the Dunkl operators associated to the Calogero Model with

Hamiltonian given by

— 1
Zpa n Z 99 . (A.50)
a<ﬁ o x’B
Their definition is
. s fora,u=1...N, A51
p—l—zzxa_ Sap, for o, p ( )
or in terms of derivatives:
- g
Do=0.— Y S (A.52)
w(F#a)

“Sq” 18 the 2-particle exchange operator with the following properties (|1, 2|):

Sab = (Sab)_l = S(le = Sba <A53>
[Saby Sed) =0, a £ bF#c#d (A.54)
SabSbe = SacSah, @ £ b F# C . (A.55)

Those operators act on the space of all symmetric functions under exchange of two particles

[1]. In that case, they satisfy the important result
[Ta,m] =0, Va,b=1...N | (A.56)

which will be proved by direct calculation. Let us start by defining

Tap = Tg — Tp - (A.57)

Clearly
Pu (') =00 Bap — p) v (A.58)
[p,tu 'T;bl] =1 (5au - 6b,u> l‘;b2 . <A59>

Expanding the commutator [m;, 7;]:

[ﬂ'aaﬂ-b] = [Pa +1 Z xisa,uapb +1 Z iSbu

p(#a) v(#b)

B . g : g
- [paapb] +1 Z [ mZL'_bVSbV_ +1 Z [x_WSauvpb:| +

V(#b)

+i%g? L;g Saps xisb,,} . (A.60)
Now we separately analyze each commutator.
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a) It is evident the vanishing of the first term in (A.58)
[Pa; ps] = 0. (A.61)

b) The second member of (A.58) is

Zg Z |: as SbV:| Zg|: as t Sba:| ¢+Zg Z |: as 1 SbV:| ¢ . <A62>

v(#b) v(#a,b)
The term without sum over v:
Sba 1 1 { Pb — Pa
|: a _:| ¢ = |: s _:| Sbaw + — [pm Sba] w = __2¢ - glﬁ . (AGS)
Lpa L Tha Lhq Lba

The second term vanishes, because a # b and v # a:
ig Y {pa, Sbu:| =0 (A.64)
v(#a,b) bv
Then:

. 1 i’g 19 (pa — Db)
19 Z {pa; I_bysbu} = —E + — . (A.65)

Lpa

¢) Proceeding with the third term in the same way:
1
ig Y |:_5au>pb:| ig |:_3ab>pb} +ig Y { sau,pb} (C (A.66)
p(ta) L PO ittt Lk

The last commutator in (A.66) vanishes due to the fact u # a # b. For the first commu-

tator:

|:L3ab7pb} Y = xi [Sab, Do) ¥ + [;b,pb] Sapth = (. — Lo =Py 4 —10 (A.67)

Lab ab

, 1 19 (Pa — i
= ig Z [x_sampb] = i9 (Pa = o) + _29 . (A.68)

d) For the last commutator, the trick consists in separating the sums according to the dif-

ferent possibilities:

S [ o] = X [ o] + X X [

pFa vEb nF#a pFa v#aFb

1 1 1 1 1 1
- |:_Sab7 x_asba:| + Z |: Saps l'_aSba:| + Z |:_Sab7 I'_Sbl/:| +

1
Sap, ——Sby
Lpy

Tay Tap

Tab b ptath Loy b vAatb Lab bv
1 1
+ Z |:$ Saus T Sbu:| + Z |:1’ Sapu; ZL‘_SbV:| . <A69)
p=vtazth L bu ptvtazth L b
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Emphasizing the fact we apply those 7, operators to functions belonging to res(my), the

last expressions become successively

B e I

nFa#db Lap utatb LapTop LTbalbpy
1 1 1 1
yarth Tab Loy Vath Lablav Ty Lqy

S R e

Lap bu LapLba LTopLab

u=v#a#b u=v#a#b
1 1
Z [ Sags —sby} =0. (A.73)
ptvrary Lran T

Adding the equations (A.69), (A.70), (A.71) and (A.72), we obtain:

2.2 {Lsaw %Sbu} =0. (A.74)

X
#a v£b ap bv

Inserting the results (A.61), (A.65), (A.68), (A.74) in (A.58), we arrive to the vanishing of the
commutator [, m):

[Ta, ™) =0, Va,b=1...N . (A.75)
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A.3 COM-Decoupling and Commutators

Let us recall the transformation found in Section 2.4 for COM-decoupling:

* Level 1 operators:

(01) = (01) . (A.76)

* Level 2 operators:

(20) = (20)—%(10|10)

(11) = (11)—%(10\01) . (A.77)

(02) = (02)_%(01\01)

/

* Level 3 operators:

(30) — (30)—(20|10)+§(10\10|10) ‘

(21) — (21)—%(20|01)—%(11\10)+§(10|10|01) .
(12) = (12)—%(11|01)—é(10\02)+§(10|01|01)

(03) — (03)—(02|01)+§(01|01|01)

Ve

Because of their importance when dealing with the interaction Casimir operator, we show in a

detailed way the calculation for [30, 03']:

130,03'] = [30,03] — [30, (0201)] + ; 30, (01]01/01)]
— [(20]10), 03] + [(20|10), (02]01)] — g - [(20]10), (01]01]01)]
+ 2 (10110]10),03] — - - [(10]10110), (02001)] + < - [(10]10]10), (01]01]01)] , (A.79)

Useful formulae for the expansions:

(albl(cld)) = (albleld) + (al %) + (B|R%) + + = ([a,cl[ib.d]) + 1—12([6% dl|fb;c]) ,  (A.80)

12
(al(blcld)) = (albleld) + (b Rey) + (c|Rpg) + (dl Rpe) (A.81)
[30,03] = 9i(22) + 3i(00) |, (A.82)

[30, (02]01)] = 6i(21|01) + 3i(20[02) | (A.83)

[30, (01]01]01)] = 94(20[01[01) , (A.84)
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[(20]10), 03] = 6i(1210) + 3i(20]02) , (A.85)

[(20[10), (01]01]01)] = 2i(10100101) + Ni(200101) + N;i?) , (A.86)

[(20]10), (02]01)] = 4i(11[10[01) + 2i(20[01]01) + 2i(10]10[02) + N3(20[02) + %3 . (A8T)
[(10]10[10), 03] = 3i(20[10]10) | (A.88)

—%[(mymum, (02)01)] = —%(muoyoum) _ %(10;10\02) _ 6—]5 7 (A.89)
%[(10|10|10), (01)01]01)] = %(10|10|01|01) +% . (A.90)

Adding the equation, and collecting similar terms, one gets
18: 9 18:
/ n __ . . " 7 _
(30", 03] = 9i(22) + 3i(00) i (21|01) N(20|02) i (12/10)+
18i 361 18i 361
+ m(20|01|01) + m(11|10|01) + m(10|01|02) — m(10|10101|01) . (A.91)

The expression for Byy with COM must be inserted in the last equation:

2

1 2 1
By = 5(21/01) + £(20[02) + 2(12]10) + 2 (11]11)+

2
(11]10/01)

1
— =(20/01/01) — =
~(2000101) -

1 1 3
— 5(10[10[02) + £(10[20[01]01) — 5 . (A.92)

Collecting terms, replacing N = 3, etc., the result is:

3 1 1
i[307,03] = —5(20\02) + 3(11]11) + 5(20|01]01) —2(11]10]01) + 5(10|10|02)+
1 9
+ 6(10]10\01|01) —3- (A.93)
This result is given in the old COM-basis, but we need to express it in terms of the new primed

basis. We proceed by direct calculation of

(2002 = (20 - %(10|10)‘ 02 - %(01|01))

L 901(01]01)

= (20002) - 5

~ 2(021(10]10)) + g ((10110)|(01]01)) . (A9

Applying the already known formulae for composed Weyl-ordered products, for example
(20](01|01)) = (20[01]01) + R3} 5, = (20]01|01) + 4* | (A.95)

we arrive to

72

1 1
(10110[02) + 5 (10/10[01[01) — % . (A.96)

1
(201102) = (20[02) — £(20/01/01) — 5
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Similarly:

(1]11) = (11 _ %(10|01)‘ 11— %(10\01))

(1111 — 2(111(10\01)) n %((10|01)y(10|01)) (A9T)
— (11[11) = (11[11) — 2(11\10|01) + %(10]10\01|01) + % . (A.98)

Combining the results:

— 2 (20]02) + B(V|1) = —2 (20002) + B(11[11)+
+ %(20]01\01) —2(11]10]01) + %(10\10]02) + %(10|10\01]01) + g . (A.99)
Replacing in (A.93), and collecting constant terms, we get the desired result:
30,08 = —%(20'102’) +3UNT) -4 | (A.100)

For the case of [21’,12'] the procedure is the same:

[21/,12] = [21,12] — §[21, (11]01)] — %[21, (10[02)] + 3[21, (10/01]01)]+

L 2

1
3 (20|01),12] + 9 —[

(20[01),|(11]01)] + 5[(20[01), (10]02)] ~ %[(20|01), (10]01]01)]+

_ %[(HHO), 19] + g[(11|10), (11]01)] + g[(mm), (10/02)] — ;7[(11|10), (10[01]01)] +

2 4 2
— 5[(10[10J01), 12] — [(10/10[01), |(11]01)] — - [(10]10]01), (10]02)}+

+ <-[(10710]01), (10/01]01)] . (A-101)

Expanding each product, collecting terms and paying attention to the constants:

) 1 5 2 5
1217, 12'] = =(20]02) — =(11|11) — ==(20[01]01) 4+ =(11]10[01) — —(10]10]02
71[20',12] = £(20002) — 5(11]11) = £ (20[01]01) + 5(11]10[01) — (10[10]02)+
1
+ 15(10[1001[01) + 5. (A.102)

Before we continue, we note the difference between this last result and (A.93), because the

products (20/02) and (11]|11) exhibit different prefactors:
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iT1[30,03] = —£(20]02) + 3(11|11) + ...
21,120 = 3(20002) — 5(11)11) + ...

6

(A.103)

Again, the equation (A.102) must be expressed in terms of the primed basis, etc. The final

expression then reads

21,12 = 2(2002) — S 4 5 (A.104)

6 3 3
The rest of the commutators are found using the same method: firstly, a direct calculation
by means of the definition, then a second calculation for expressing the result in terms of the
primed basis. The only difficult point has to do with the composed Weyl-ordered products and

the constants appearing when reducing to lower order terms.
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A.4 Casimir Operator for N = 2 particles

We work in the following basis:
{3103 Bo1; Bao; Boa; Bn} . (A-105)
The operator Bygg = N = 2 is only a constant, which does not affect the Weyl-ordered products.

A.4.1 Commutators

Note: The factor £7 in the results was omitted to simplify the writing.

[Bri; Bun) | Bio | Boi | Bax | Bo2 | Bu
Bio 0 N 0 2Bg1 | By
B N 0 | —-2Byp| O — B (A.106)
Bsg 0 2B19 0 4B11 | 2By
Bs —2Bg1 | 0 | —4Bq; 0 | —2Bgs
By —Bio | Bo1 | =2Bag | 2Bp2 0

A.4.2 Ansatz

Caz = A(20]02)+B(11]11)+C(20]01|01)+D(11]10|01)+£(10]10]02)+ F(10/10]01]01) . (A.107)

A.4.3 Calculations

Note: 4 factors are omitted!

[(20[02),10] = —2(20[01)
(11]11),10] = —2(11]10)
[(20/01]01),10] = —2N (2001) (A108)
[(11]10[01),10] = —(10/10]01) — N (11]10)
[(10[10]02),10] = —2(10/10[01)
[(1010]01]01) ,10] = —2N (10]10/01)
[(20[02),01] = 2 (10/02)
[(1111),01] = 2 (11/01)
[(20/01]01),01] = 2(10/01|01) (A.109)
[(11]10[01),01] = (10[01|01) + N (11]01)
[(10[10]02),01] = 2N (10]02)
(1010]01]01) ,01] = 2N (10[01/01)
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[(20[02),20] = —4(20/11)

[(11]11),20] = —4(20|11)
20[01]01),20, = —4(20[10/01
(20101/01) , 20 20[10jo1) o)
[(11]10/01),20] = -—2(20/10/01) —2(11]10|10)
[(10]10]02),20] = —4(11|10/10)
[(10]10]01]01),20] = —4(10/10/10|01)
[(20]02) , 02] = 4(11|02)
[(11]11),02] = 4 (11]02)
20/|01]01),02] = 4 (11]01]01
(20/01/01) 02 (1jotjon) o
[(11]10]01),02] = 2(10/02|01) 4+ 2(11|01|01)
[(10]10]02),02] = 4 (10(02]01)
[(10]10]01]01),02] = 4(10]01]01]01)
The equations obtained can be summarized in the next expression:
102000 0
020200 0
A
000124 0
B
1000 20 0
C
002104 =10 (A.112)
D
1100 00 0
E
002100 0
F
000120 0
000O0O01 0
Using Maple™, we have a general solution given by
A -2
B 2
C 1
D -2
E 1
F 0
Then, the Casimir operator for N = 2 and including center-of-mass takes this form:
Co =0« [ —2(20[02) + 2(11]11) + (20]01]01) — 2(11|10]01) + (10]10[02) | . (A.114)
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Just for completeness, we calculate the commutator [Cas, 11]:

[(20[02),11] = 2(20(02) — 2(20[02) = 0
[(1111),11] = 0
[(20/01]01),11] = 2(20/01]01) — 2(20/01]01) = 0 (A115)
[(11]10[01),11] = (11]10[01) — (11]10[01) = 0
[(1010]02),11] =  2(10/10]02) — 2 (10]10]02) = 0
[(10[10]01]01),11] = 2(10/10[01/01) — 2(10/10]01]01) = 0

So, the technique applied for N = 2 can be extended to N = 3 in a similar way, with two

differences:
* The operator basis includes now Bsg, Bys, Bo; and Bis:

* The terms (21|01) and (12]10) will appear in the Casimir Operator, and their commutator
with level-3 operators will generate composed Weyl-ordered products, increasing the order
of the system of equations, but also producing terms that are not present in the original

Ansatz.
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A.5 Classical Poisson Casimir

When considering the limit 2 — 0 the contributions Cs, C. and C; will disappear, but the other
terms will remain.

The main difference in the case of the Poisson bracket lies in the fact that all the variables
commute between themselves. Using the definition

N
dA OB 0A OB
{A, B} = ; < o . Bo 8xa) : (A.116)

it is immediately clear:
{x,uypu} = 6;“/ . (All?)

As a practical consequence of commutativity, all the constants disappear when reordering the
Weyl-ordered products. But more important: there are no more composed Weyl-ordered prod-
ucts!!

We show one typical example, namely, we repeat the calculation for [30, 03]:

3

By :=30=) (A.118)
W
3

By :=03=) p}, (A.119)

3 3 3
30,03} =) {ad pi} => {al.ptpl+ > p {200} (A.120)
8% 8% v

Applying bracket properties:

{$2>PV}P3 = 35#1/%3]912, ) (A.121)
{«3.0} = {.p}p+p {2}, 0}
= 607Dy - (A.122)

Inserting those results in (A.120):

3 3
{30,083} = 95,,22p, =9 (Z xipi) . (A.123)
BV B

By definition, the operator Bgs in the classical case reads

3

1 3
B =52 (@i + piwi) = Y4 (A124)
I 2

and it is evident

{30,03} = 9(22) . (A.125)
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Similarly for the second most important commutator:

3 3
1
By =21 = 5 Z (mipu +puxi) = inpu : (A.126)
p=1 p=1
13 3
By =12 = 5 Z (zupl + Diy) = qupi : (A.127)
p=1 p=1
3 3 3
(21,12} = > A{atpp i} = D Axip o+ Y w {alpu )} (A.128)
p,v=1 p,r=1 p,v=1
Bracket properties:
{:L’ipu, SL’V}])?, = xi {Pus xv}pz% = —5pu13ipl2, ) (A.129)
v {pu 0t} = x {200} pu (A.130)
= 40,2, T,pupy - (A.131)
(A.129) and (A.130) in (A.128):
3 3
{21,12} = Z O (—xipi + 42, 2,pupy) =3 (Z xipi) . (A.132)
v=1 H
Finally, (A.124) in (A.132) yields
(21,12} = 3(22) . (A.133)

This confirms the statement that there will be no constant terms in the commutators. Proceed-
ing in a similar way, one reproduces Table 21 of Section 3.5 and the equations for the constants

a,...,(C are given by the following matrix:

* Sector av and 31, Sa:

-18 -5 3 00 0 0
3 4 -9 0000
~18 -3 6 00 0 0
18 2 -3 0000
-36 —2 15 0 0 0 0
18 4 =120 0 0 0 (A.134)
0 -1 3 0000
0 32 -9 0000
0 %+ -3 0000
0 -3 9 0000
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* Sector 517 527 -

0 3 0 —3 000
0 -9 18 1 000
0 0 18 —3 00 0
0 12 -36 -1 0 0 0
0 —-15 36 2 000
0 15 18 -3 0 0 0
0 -6 -3 2 00 0
0 -6 0 1 000 (A.135)
0 12 =36 -1 0 0 0
0 -6 -3 2 0 0 0
0 6 —-18 —3 0 0 0
0 -6 72 -1 00 0
00 0 0 000
0 -6 3 0 000
0 6 -36 0 000
* Sector 0, €, (:
0000 0O 0 6
0000 0O 9 0
0000 12 32 0
0000 —12 =3 0 (A.136)
0000 —12 -5 0
0000 0 3 0
0000 0 -30
0000 12 4 0
Solving the system of equations with help of Maple™, the solution reads:
a=q; Bl——ga; Bo=—9a; y=-bda; 6=0; e=0; (=0. (A.137)
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A.6 Composed Weyl-ordered products and Reduction Formulas

In this section the proofs of the different expressions for composed Weyl-Products are given.

We start with useful formulae associated to pure products:

(alt) = o5 lab + ba)] = (bla)

(alble) = 7 [a (blc) + b(ale) + ¢ (alb)] =

Wl
W

(albleld) = - [a (bleld) + b (alc|d) + ¢ (albld) + d (alb]c)]

A~ =

N

[(a]b) ¢+ (ble) a + (cla) b]

[(blc|d) a + (c|d|a) b+ (d|a|b) ¢ + (a|b|c) d]

= % [((a]b) | (c|d)) + ((ale) | (bld)) + ((ald) | (ble))] -

A) (al(blc)). We start with the definition of the Weyl-Product (a|b|c):

3(alblc) = a(blc) + b(alc) + c(a|b)

bac bca cab cba
Balble) = a(ble) + a4 0 0y 0
Baltle) = a(ble) + (Ble)a+ 2T
In the same way:
2(al(ble)) = a(blc) + (blc)a .
Subtracting the equations (A.141) and (A.142):
6 [(al(ble)) — (alble)] = a(ble) + (ble)a — (bac + cab)
B abe n ach N bca cba  bac
2 2 2 2 2
= % (la, ble — cla, b] — bla, ] + [a, c]b)
1
- 5 ([[CL, b]u C] + [[aa C]y b]) .

Defining

(A.138)

(A.139)

(A.140)

(A.141)

(A.142)

¢ = = (([a.b],d] + [[a. . 8]) |

12

and inserting in (A.143) we arrive to the desired result:

1

6 ((al(blc)) = (alble)) = 3 (lla, b], ¢] + [[a, ], b])

2

= (al(ble)) = (alble) + R,

75

(A.145)



B) (alb|(c|d)). We insert this proof because it is very didactical when calculating more
complicated composed products. Let us start by defining ¢ := ((a|b)|(c|d)) with the help
of (A.145):
= ((alp)|(cld)) = ((alb)leld) + RE" (A.146)
((alb)l(cld)) = ((c|d)alb) + RG" . (A.147)

Additionally, we define the following symbol for reducing computations:

< xl|y|z >:=xyz — zyx | (A.148)
satisfying the properties:
<z +ylulv >=< zlulv > + < ylulv >, (A.149)
< zluly + z >=< zluly > + < zlu|z >, (A.150)
< zlutvly >=< zluly > + < zjvly > . (A.151)

From the equations (A.146) and (A.147), we can conclude

((alb)|c|d) + RP = ((c|d)|alb) + RV (A.152)
= ((alp)|c|d) — ((c|d)|alb) = R — RY" . (A.153)
We calculate the difference on the left-hand side:
( (alb)ed \ ( (c|d)ab
(alb)dc (c|d)ba
clalb)d cld)b
(Bl — ((elaplaly) =+ O L el (A154)
cd(alb) ab(c|d)
(alb) b(cld)
| dc(a|b) ) | ba(c|d) )
| 2tema) ‘ 1 [ 2(cld)(alb)
((alb)leld) = ((cld)lalb) = = § <el(ap)ld> =5 § <al(cld)b> ¢,  (A155)
2(cld)(alb) | | 2(alb)(c|d)

- ((alB)leld) — ((cld)[a]p) = % < c|(alp)ld > —é < al(cld)[b >= RED — @M (A 156)

In a similar way:

, 2(alb)(c|d) 2(c[d)(alb)
((alb)leld) + ((cld)lalb) = = § <el(ap)ld> ¢ +5q <al(ddb> o,  (A157)
2(c|d)(alb) 2(alb)(c|d)
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8 1
= ((alb)[eld) + ((cld)|alp) = S ((alp)l(eld) + 5 < cl(alp)ld > + < al(cld)[b > . (A.158)
Then, adding the equations (A.146) and (A.147) we get
4 1 1 a c
2((alp)(cld)) = 5 ((alb)|(cld)) + ¢ < cl(alb)ld > +7 < al(cld)lb > +R5" + REY .

(A.159)
:;%@@WM»—%<qmmu>—é<¢@mw>=Rg“+mf% (A.160)
Recalling the result (A.147)
(albl(eld) + R = ((alp)|(cld))
= 3(afblc|d) — ((alc)[(bld)) — ((ald)|(b]c))
= (alble|d) + 2(alblc|d) — ((alc)[(b|d)) — ((ald)|(b]c))
= (albleld) + %((a!b)l(c\d)) +

(@l (bl) ~ S (ald) (Bl (A161)
and solving for (a|b|(c|d)), one gets
(albl(eld)) = (albleld) + = ((alb)l(eld)) — B ~ 3 (ale)|01d)) = 5 ((ald)|e)) . (A162

Putting in the right-hand side of the last equation the expression for Rfﬂd) that follows
from (A.160):

a 1 1
mw@@pqawme@W+g<qm@u>+g<@@@w>+

— S 1((ale) 1)) + ((ald) |l I (A-163)

There is an extra property, whose proof is straightforward using direct calculation:

((alo)|(bla)) + ((ald)|(5)) ~ 5 < cl(alb)ld > —5 < al(cld)]p >=

1 1
= 2o, dlllb, ) + 7o b, (A164)

and putting this result in the equation (A.163), the expression reduces considerably:

— (albl(cld) = (albleld) + RS — = (. clllb.d)) — s (e dllbe)) . (A163)

12
Finally, inserting the definition (A.174) of R((:Z‘b)

S dlb.d) + S(adib.d)  (A166)

R = (alReg) + (O Re) +

in the equation (A.165), we arrive to the desired result:

(albl(cl) = (albleld) + (al BLy) + O1R%) + = (fa, b ) + (fa, dlllb.c)) . (A167)

7



C) For the rest of the needed composed products, we apply the following idea: more com-
plicated products must reproduce in limiting cases the already known formulae. For

example, given the reduction formula
u 1 1
(albl(dle)) = (albldle) + (alRa.) + (b]RG) + 75 ([a: b, €]) + 5 (e e]l[b,d]) . (A.168)

the next case (a|b|c|(d|e)) should contain this previous one when ¢ — 1, so we can

postulate:

(alblel(dle)) = (albleld]e) + (alb|RG,) + (ale| Rg.) + (ble| )

+ 2l e, ) + = (al, ellle ) + 75 blla, dlle, €)) + 75 blfa, e, )
+ (el dllib,e)) + 7 (lla, €] b, )+ new terms . (A.169)

Which form should exhibit those new terms? We have two possibilities, trying to form
new rests:

(al[b,d]l[e, e]) — Rijyq (A.170)

lee]
(alb|RS,) —> Rle . (A.171)

So, we reduce the problem to determine constants “z” and “y” for reproducing the full

expansion of (alb|c|(d|e)):

(alblel(dle)) = (alblc|d]e) + (alb|RG,) + (ale|Ra.) + (ble| Rg.)+

+ 2 (el dllfe, €)) + 5 @l b, el fe ) + =5 blfe, dlle, ) + (e elle, )

n 1—12(c|[a, d)|[b, €]) + %(d[a, ell[b, d)+

By dee) T Bibeliea Ry
+ @ | R g+ Rlyeg | +Y | Rit | (ALT2)
Ry e T Blaclipag Ry
Please note, we are not working with matrices, it is only notation:
Rﬁie
y | REe | =y [Rffle + Rl 4 bese] . (A.173)
Rffe
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With the help of Maple™a simple program was written for expanding those products;
identifying similar terms, and solving the respective system of equations, a solution for x
and y was found. The same procedure is repeated for the rest of the composed products
appearing in the calculations for [C, 30] and [C, 21]. We just summarize the main formulae

obtained with this method:

RV = (@lRh) + 01z + gadlbd) + glledlbc) . (A7)

R = (|| RS,) + (ale|RY,) + (b]e| RS, )+

+éamaﬂngd)+é@madHaﬂ%+

+ 2(blla,dlfe, ) + 5 (e ellle, )+
+2(ella,dlfs, ) + (el ellib.dl) . (A7)
(al(P1e)) = (alble) + R, (A176)
(017%)
(al(blc|d)) = (albleld) + | (c|RE) | (A.177)
(dIRg,)
[ (blel3,) | [ By
(bl R,) Ry
ble| R, Ryed
(alleldi) = Gieale) + | 0] ()|
(cld| Rz RIF
(cle| 3, Rel
| (dle|Ry,) | | R
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A.7 Contributions from composed Weyl-ordered products

The following tables show the results when expanding non-pure Weyl-ordered products appear-

ing in [C, Bso] and [C, Ba1], using the formulae (A.174) to (A.182) of section A.6.

£((20[20)[3011]02[02)

£((20/11)[30/20]02/02)

—£((20]02)[30]20[11]02)

£((11]11)[30[20{11]02)

£(30120/20[11/02(02)
—5(30/20[11]02)
—3(30\11\11\11)

+

i

4 (30/11)
(21]20)

+(30[20[20[11]02(02)
+2£(30[20/11[02)
+2(21/20)
—255(30[11)

—1(30]20[20/11|02/02)
—2(30/20[11]02)
—£(21]20[20(02)
—3(21]20[11]11)
—2(30]11[11/11)
+37(30/11)
+37(21/20)

£(30[20[11]11]11]02)
—13(30[20[11/02)
+18(30[11)
+4(21]20)

£((20[11)[30[11]11]02)

—£((20[02)[30|11]11]11)

£((11]11)[30[11]11]11)

+((20[20)[21]20{0202)

1
6

(30/2011]11]11]02)
+-5(30[11[11]11)
+l(30\20\11\02)

—2.(30[11)

(30]20|11]11]11]02)
—2(3011[11]11)
—2(21]20[11/11)
—3(30[20(11|02)
—25(30[11)
—3(21]20)

_1
6

(30[11]11[11]11|11)
—2(30[111111)
— 55 (30[11)

1
3

(21]20]20|20/02|02)
—3(21/20]20(02)
—35(3020[11]02)
—2(21]20[11/11)
ﬁ(21\20)
+22(30]11)

1
6

£((20[20)|21]11]11]02)

1((20[20)|20/20{03]02)

—£((20]02)|21]20]20]02)

£((11]11)[21]20/2002)

(21]20/20[11]11]02)
—2(21]20[11]11)

30(20/11]02

5 )
—2(30]11[11/11)
5 )

21(20|20/02

— 1 (30[11)
—5(21]20)

1(20[20[20[20(03]02)
—2(20[20]20/03)
—2(21]2020[02)
—2(20]20[12/11)
+55(21]20)
2(30/11)

—£(21]20]20/20(02[02)
—13(21]20]20/02)
—2(30]20[11]02)
—2(20]20[12/11)
—2(21]20[11]11)

+2L (21]20)
+2(30[11)

1(21]20[20[11[11]02)
—13(21]20]20]02)
+13(21]20)
+15=(30]11)

£((20[20)|20]12|11]02)

+((20]11)|21/20]11]02)

£((20[20)|20]11]11]03)

—+((20]02)|21|20]1111)

_|_
+

£(20120/20[12[11]02)
—3(20[20[1211)

30(20/11]02

3 )
—2(21]20/20/02)
5 )

21(20|11]11
S (30/11)
2(21]20)

ghe &l

£(21]20/20]11[11]02)
+-%(21]20[11|11)
+-5(21]20]20]02)
+2(30[20/11[02)
155(30\11)
9-(21]20)

r40

£(20120(20[11/11]03)
—2(21]20[11]11)

—1(20/20/20/03)

2(2020[12[11)
—$(21]20)

—£(21]20]20[11]11|02)

—I(21]20[11/11)
—5(30[11]11]11)
—5(30/20]11(02)
—2(20[20[12[11)
5(21|20|20|02)
—23.(30[11)

—229(21]20)

Table 23: Composed Weyl-ordered products from [Cg,30] = 0 (part 1).
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£((11]11)[21[20(11]11)

+((20]20)|12/1111]11)

L((20/11)[21]11[11[11)

—1((20]02)[20/20{20]03)

£(21]20[11[11[11[11)
—£(21]20]11]11)
—2(30[11)

—23(21]20)

+(20[20[12[11[11[11)
—2(30[11]1111)
—2(21/20[11/11)
—£(20]20[12[11)
~4(30[11)
—5(21]20)

£(21]20/11]11]11[11)
+1(21[20[11]11)
+3(30[11]11]11)
+2(3011)
+24-(21]20)

—2(20[20]20|20|03|02)
—3(20]20]20/03)
—(20[20]12[11)
+14(21/20)
—4(30[11)

1((11]11)[20]20]20]03)

+((20]11)|20/20]1202)

£((20[11)20]20]11]03)

—2((20[02)|20|2012(11)

£(20[20|20]11]11/03)
—3(20[20/20(03)
+40(21]20)

£(20]2020]12(11]02)
+-(20/20[12[11)
+2(21]20/20/02)
— 2% (21]20)
+12:(30[11)

£(20120/20[11/11|03)
+5(20[20[20{03)

~1(21]20)

—£(20]20[20[12[11|02)
—13(20[20]12|11)
—2(21]20[11/11)
—1$(21]2020[02)
—1(20]20]20]03)

+25(30[11)

—(21]20)

£((11]11)|20/20]12(11)

1((20]11)|20/1211(11)

£(20[20[12[11]11[11)
—1(20[20/1211)
+2(3011)

+(20[20[12[11[11[11)
+2(20]20/12/11)
+3(21]20/11]11)
—2(30/11)
+2(21]20)

Table 24: Composed Weyl-ordered products from [Cg,30] = 0 (part 2).
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—£((20[02)|30/30]03) | 1((11]11)[30[30(03) | &((20]20)[30[12(03) | &((20]11)30[21]03)
—2(30[30[20(03]02) | £(30[30[11|11]03) | £(30]20|20|12(03) | £(30|21|20]11|03)

—1(30[30(03) —(30(30/03) —2(30/30[03) +5(30[30/03)

—(30[21[12) —2(21]20) —3(30/21]12) +3(21/20)
+.5(21]20) +5(3011) +2(21/20) —15(30[11)
+45(30[11) +-A(30/11)

—£((20]02)[30/21]12) | 3((11]11)[30[21]12) | £((20]11)[30[1212) | £((20]20)21]21]03)
—+(30121]20[12]02) | 1(30[21]12[1111) | £(30[20[12[1211) | £(21]21]20|20/03)

—3(3021]12) —2(30/21[12) +2(30/21]12) —2(21)21]21)
—-+(30[30[03) +1%(21]20) — = (21]20) —£(30[30/03)
—3(21]2121) —1+=(30[11) +2=(30]11) —2(30[21|12)
+15(21/20) —(21]20)
—35(30/11) +£(30[11)

—£((20[02)[21|21]21) | 3((11[11)[21]21]21) | ((20]20)[21[12(12) | £((20]11)[21]21]12)
—2(21]21]21]20(02) | $(21]21]21]11[11) | 2(21]20]20|12[12) | &(21]21|20]12[11)

—Z(21)21]21) —1(21]21[21) —5(30/21]12) +2(3021]12)
—2(30]21/12) —4(21]21/21) +1(21)2121)
—1(21/20) +4(21/20) —&(21/20)
+2(30|11) —2(30[11) +2(30|11)

Table 25: Composed Weyl-ordered products from [C,, 30] = 0.

£((20]11)[30]02) | —£((20]02)[30]11) | £((11[11)[30[11) | £((20]20)[21]02) | §((20]20)|20|03)

(30/20/11(02) —+(30120[11]02) | 1(30[11]11]11) | #(21]20[20[02) | #(20]20]20/03)
+12(30[11) —=(30[11) —1(30[11) —2(21]20) —2(21]20)
—2(2120) —2(30/11)

—£((20]02)[21[20) | $((11]11)[21]20) | $((20]20)[12[11) | £((20]11)[21|11) | £((20]11)|20[12)
—£(21]20]2002) £(21]20[11]11) £(20[20[12[11) | £(21]20[11]11) | £(20]20[12[11)
—1(21]20) — (2120 —Z(30[11) +2(30[11) +1(21]20)

—1(30/11) —2(21[20) +-5(21]20)

Table 26: Composed Weyl-ordered products from [C,, 30] = 0.
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£((20[20)[30(0202/02)

1((20[20)|21]11]02(02)

£((20[20)[201202/02)

3((20]02)[30/2002[02)

£(30[20[20(02(02(02)
—2(30[20(02(02)
—3(30]11[11]02)
+12(30/02)
+2(21[11)

£(21]20]20/11]02|02)
—3(21]20[11|02)
£(30120]02(02)

—5(30]11]11]02)
5(2111]11]11)

—£(30(02)
Z(21/11)

£(20[20[20[12(02(02)
—2(20]20[12/02)
2(30[20]02/02)

—3(21]20[11]02)
3(20[12(11]11)

2 (30/02)
L (20]12)
+133 (21]11)

452
135
i

5(30/20[20(02(02(02)
+2(30[20/02/02)
+32(21/20[11|02)
+20(3011[11]02)
—52(30]02)
—2(20/12)
—3H2111)

—£((11]11)[30|20[02/02)

£((20[20)[20]11]03[02)

£((11102)[30[20]11]02)

£((2020)[12[1111]02)

(30/20|11]11]02|02)
11(30[20/02[02)
—19%(30[02)
~2(20(12)

—-3(2111)

_1
3

(20/20]20(11/03|02)
—$(20]20[11/03)
—2(21]20[11]02)
—£(20[20]12|02)
—2(20]12[11/11)
(21]11)
(20[12)

1
6

+2
+5

(30/20|11]11]02|02)
25(30[20(02[02)
—£(30]11]11]02)
—%(21|20|11|02)
—=15(30(02)
+-2(21]11)
L (20]12)

1
6

01"‘ cn‘

(20]20]12|11]11]02)
—2(2012|11[11)
30[11[11]02)
21]20|11[02)
21[11[11]11)
20(20[12(02)
—2(30]02)
=(21|11)
+(20[12)

1
6

=5
=5
=5
—5(

5((20[02)|30|11|11]02)

—2((11]11)[30]11]11]02)

£((20[20)|1111]11]03)

+((11]02)[30[111111)

5(30[20]11]11]02]02)
+85(30/11|11|02)
+2(21]20[11/02)
+32(21]11]11]11)
+2(30[20]02[02)
+75(3002)
—3(2111)
5(20[12)

—£(30]11[11]11[1102)
+.%(30[11|11|02)
—2(21|11)

540 7.(30[02)

£(20[20(11]11]11]03)
—2(21/11|1111)
—3(20]20]11|03)
—(11]11]20[12)
—£(21]11)
—2(20]12)

+(30[1111]11[11]02)
—-5(30]11]11]02)
—3(21]11]1111)
—1(21)11)
—505(30[02)

Table 27: Composed Weyl-ordered products from [Cg,21] = 0 (part 1).
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£((11]02)[21|20]20]02)

5((20/02)[21]20[11|02)

—£((11[11)[21]20[11]02)

+((11]02)[21]20[11]11)

£(21/20/20[11/02|02)
—£(21]20[11]02)
—$(20]20]12[02)
2(30/02)
+22(20[12)
+5-(21[11)

2(21]20/20/11]02(02)
+95(21/20[11|02)
+2(30[11|11]02)
+-2(30[20/02/02)
+3(20[20/12/02)
+32(2012[1111)
+30(21/1111(11)
+:2(30(02)
—22(21/11)
—3%(20]12)

—£(21]20[11]11]11|02)
i(21|20|11|02)
— 5% (21[11)
+ 135 (30]02)
+(20112)

£(21/20/11[11/11|02)
— & (21]20[1102)
—1(21]11|11[11)
—1(20/12(11[11)
— 307 (21]11)

— A7 (20[12)
—+2-(30(02)

5((20(02)[21[11]11]11)

—2((11[11)[2111]11[11)

£((11102)]20]20]20]03)

5((20/02)[20[20]12|02)

2(21]20/11]11]11]02)
93(21/111111)
+2(30[11]11]02)
+5(20[12[11]11)
+5(21/20/11(02)
+392(21/11)
1(30/02)
+12(20]12)

+

S <pie=
ool~ ol

—%(21[11[11[11[1111)
+4 (21]111111)
+155(21]11)

+(20]20]20[11]03]02)
—1(20[20/11|03)
+2(20[12)
+2(21|11)

£(20120120[12(02|02)
93(20[20[1202)
+20(21/20[11|02)
+20(2012[1111)
+5(2020|11(03)
—2(30[02)
—37(20/12)
—52(21]11)

—£((11]11)]20]20[12]02)

5((20/02)[20[20]11|03)

—£((11]11)[20]20[11]03)

+((11]02)[20[20]12(11)

—£(20]20[12(11|11|02)
+.%(20]20[12|02)

—2(30[02) +12(20(12|11]11) —2(21/11) —2(20[12[11]11)

—3(20[12) +2(20[20/12/02) —2(20/12) —(21/11)

—18(21)11) —2(21/11) -1 (20012)
—2(20]12) +45(30(02)
+2(30(02)

2(20/20/20[11]03|02)
+25(2020[11|03)

—£(20]20[11]11|11|03)
+1(20/20[11/03)

£(20/20]12[11/11|02)
—35(20]20[12/02)

2((20(02)[20]12(11]11)

—2((11]11)[20{12[11[11)

5(20/20/12/11]11]02)
+35(20]12/11|11)
+42(21[11[1111)
+19(21]20/11/02)
+2(20[20/11/03)
+2(20[20/12(02)
+32(21/11)
+229(20)12)

—-(30[02)

—2(20[12[11[11[1111)
+3(20]12(11[11)
+155(20]12)

Table 28: Composed Weyl-ordered products from [Cg,21] = 0 (part 2).
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1((20[20)(30/03]03)

+((11]02)|30]30]03)

£((20]20)|21|12/03)

3((20]02)[30[21/03)

£(30[20/20[03]03)
—4(30/21/03)

£(30130/11[03/02)
—2(30[21/03)

£(21/20]20[12|03)

2(30[21/20[03]02)

—3(30[21/03) +42(30/21/03)
—(30[12[12) —o(2012) —2(21]21[12) +32(30[12[12)
+1(20[12) £1(30/02) —£(30]12[12) +5(21[21]12)
+2(21]11) +5(21)11) —55(20[12) +2(20[12)
+1=(30[02) +2(30(02) —17(21/11)

+2(21]11) —13(30/02)
—+((11]11)[30]21]03)

+((11]02)[30J21/12)

£((20]20)[12[12[12)

2((20]02)[30[12[12)

—£(30|21]11[11]03)
+2(30[21|03)

£(30121]12[11]02)

£(20120]12[12]12)

—1(21)21)12) —2(30]12[12) +85(30/12|12)
+2(20/12) —1(30[12|12) —4(2121/12) +10(21/21]12)
—4(30]02) +24(20/12) +2%.(2012) +102(30/21/03)
—=(21/11) —52+(30(02) —=-(30[02) —45(20/12)
—2-(21]11) —L(21]11) +12(30/02)
+2(21[11)
—2((11]11)[30]12[12)

(
5(30[20/12[12/02)

+((11]02)[21|2121)

5((20]02)|21|21[12)

—2((11]11)|21]21]12)

—£(30]12]12[11]11)
+2(3012/12)

£(2121]21]11]02)
—2(21[2112)

5(21/21]20[12/02)
+143(21/21]12)

—2(2121]12[11]11)
+3(2121]12)

7-(20]12) +12(30[12[12) —Z(2012)
i(30|02) +2(30(21/03) +4:(3002)
+ 132 (21]11) +22(2012) + 2= (21]11)
+41(2111)
—+5(30[02)

Table 29: Composed Weyl-ordered products from [C,, 21]

= 0.

£((20[20)[12/02)

2((20102)[30(02)

—£((11]11)|30]02)

£((20[20)[11]03)

£((11102)[30[11)

£(20[20]12(02)
—2(30]02)
—2(20]12)
—5(21)11)

£(30120(02/02)
+23(30(02)
+2(21[11)

—+(30[11[11]02)
+.%(30/02)

+(20[20[11]03)
—2(21)11)
—1(20]12)

+(30[11]11]02)
—$(21]11)
3 (30(02)

+((11]02)[21]20)

2((20/02)[2111)

—%((11[11)[2111)

5((20[02)[20]12)

—$((11]11)]20]12)

£(21]20]11]02)

2(21]20/11]02)

—3(21]111111)

2(20[20[12/02)

—3(20[12[11]11)
—&(21]11) +53(21/11) +%(21/11) +3(20[12) +2(2012)
—1(2012) +2:(30]02) +19(21/11)
+35(20/12)
Table 30: Composed Weyl-ordered products from [C,, 21] = 0.
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A.8 Commutators and Interaction g

The main purpose of this section is to sketch in a detailed way the necessary steps when
calculating commutators which include the interaction g. From the previous considerations,

the main difference lies in the use of 7, operators possessing the fundamental property
[, m] =0, (A.183)

which simplifies many calculations, but since they are defined in terms of permutation operators
(see Section A.2), one has to carefully deal with them.

Let us start with the usual operators By, including COM; these operators will act on the space
of all completely symmetric functions under permutation of two particles [1]. Firstly, we prove

that

3
Bys = res (Z 7r§> Bos 4+ 29(g — 1) Z — (A.184)
a=1

k<l Zh
Let 1 be any such function. Starting from

3
) 1
7Ta'¢ - pa¢+zg§ w_sab,’vb
b(#a)

3
‘ 1
= pat) +ig E - Y, (A.185)
b(#a) %

and applying again the operator m, on this result, we get successively:

3
Mo = pa@/ﬂr@gZpa[—}ﬂgZ Sac [Pa¥] +%gz gzilﬁ . (A.186)

#a) o(Fa) T o(Fa) T b(ta) T
Using the definition p, = —id,, it is clear
P {il L (Gaa—50) (A187)
Ly xﬁv

Applying this term by term in (A.186):

23: Pa L%b@b} Z e Loy Z —pa , (A.188)

b(a) b(a) b
1 21
Z x_acsac [paw] Z acpc (7/1) ) (A189)
” ”
3 1 3 3 3 1 1
ac Sac Z Iab Z Lac Sac |: Lac :| N Z Lac Sac |::E_ab¢:|
o(#a) b(#a) o(#a) btc(#a)

:_inz¢+ Z xl iqz;_ (A.190)
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Inserting (A.188), (A.189) and (A.190) in (A.186):

3
T2 = P — gZ S ig Zp”pbw Z—w Z

b(Ea) ob o) 0 Fae oa) o o
3 o+ 3
a b
=Rl -1) Y v ig Z Z
Lap Lab Lac 'ch
b(#a) b(#a) c(#a)
Inserting this last result in the definition (A.184), and realizing that
3 3
IPIT
Lab
a  b(#a)
3 3
11
2. =0
Lac Teh
o bre(a)
we finally obtain
|
Boatp = Bogth + +g(g — 1) za:; — V= Bo2¢+29(9—1)§$—2b¢,

:>302—Bo2+299—1 Z—

a<b Lab

(A.191)

(A.192)

(A.193)

(A.194)

(A.195)

For the rest of the operators the procedure is the same, just being more complicated in the

cases Bog and By, because of the higher order derivatives.

As a second step, COM decoupling, the idea is practically the same: the old By, operators are

promoted to By, and the transformation is applied. The only difficulty lies in the cumbersome

algebraic calculations associated when expanding Weyl-ordered products, etc. but in principle

is the same as in the free case. We only show how this be done for the commutator [3~0, 0~3].

Using the definitions

we have:

[30,03] = [30,03] +3g(g — 1) > lso Dr H”} .
k<l L
Let us focus on the term

3 2 2
[30 Dk +Pl} Z{ 3 pk+pl] :Z[xikarpl} xizz&-%th ‘

T3 —1 T3 —1 kl L
This last result in eq. (A.198) yields:
o , T3 + 2} , . . x3 + xf
[30,03] = [30,03] + 9ig(g — 1) ) — - = 9i(22) + 9 + 9ig(g — 1) > p
k<l kl k<l kl
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(A.197)

(A.198)

(A.199)

(A.200)



The trick now consists in expressing the operator Bss in terms of tilde operators. Recalling the

definition of By

2 1 2 1
By = 5(21/01) + £(20[02) + £(12[10) + 5 (11[11)+
1 2 1
— 5(20[01/01) — S(11]10J01) — £ (10[10[02)+

1
+=(10[10/01)01) - ; . (A201)

it is clear, that only the terms (20/02), (12]10) and (10[10[02) will be modified:

1 1~ -~ glg—1) 20
—(20/02) = =(20|02) — ZF—2) = A.202
2 2 oo 2g(g = 1) x (@0 + 23)(10)
Z(12|10) = =(12|10) — A2
512010) = 5012010) — =03 ST S (A.203)
1 1o glg— 1) (10)
——(10|10[02) = —=(10|10|02 > . A.204
6( 0[10[02) 6( 0[10[02) + 322, (A.204)

With these expressions, the commutator (A.200) now takes the form:

3(2~0|0~1yo~1) — 6(11/10]01)

2
3, 3 . 97
— 5 (10]10]02) + (10 10J01|01) — T+

i~ [30,03] = 6(21/01) + g(zbyoé) + 6(12[10) + 3(11|11)

20 T, + 23)(10 10)?
—39(9—1)2(56—2)—6’9(9—1)2%+39(9—1)Z <x2>
a<b “ab a<b ab a<b “ab
2 2
+94+99(g-1)Y ‘”;2 %o (A.205)
a<b ab

Now, we need to prove that the extra terms appearing in the last expression either vanish or

combine into a constant. This will be achieved again by direct calculation:

3 2 2 2 2 2 2 2 2

. T, t+x ) 7+ 7+ x5+ x

9ig(g — 1)) e = =9ig(g — 1) 1:52 2+ 1:52 3+ 2x2 3} : (A.206)
a<b ab 12 13 23

—3g(g—1) Z M =—69(9g — 1) (—z122 — 1123 — T2x3) <L2 + LQ + L) ,

2
Tip T3 T3

a<b ab
(A.207)
(-ra + xb)(lo)
—6g(g — 1) Z )
a<b ab
+ + +
— —6g(g— 1) (‘rl R x3> () + @2 + 23)
2
= —6g(g—1) ((xl ) +2!L‘3($1 k) +
T12
N (z1 + 23)? +2$2($1 + x3) n (72 + 223)° t z1 (22 + x3)> . (A.208)
13 223
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Take now only the terms proportional to z1;:

o 2 4 g2
_ 9(9—2 ) [(33'1 + £C2)2 + 23(z1 + 22) + (—2122 — 2173 — $25173)} +99(g — 1)$1 2 2
2, T
_9lg—1) [9(2F + 23) — 6(x -6 —6(~ - B
= B 1 2 1+ x2) r3(z1 + 2) (—a122 — 7173 x2x3)]
L2
-1
_ o - ) (002 + 922 — 622 — 120,25 — 623 + 6]
-1
_ 9l 5 ) [3z] + 323 — 6122)
5P
-1
= g(iz ) :3(r1—x2)° =3g(g— 1) . (A.209)
12

Repeating the procedure for the contributions proportional to x1_32 and x3,, adding the respective
results with (A.209) and putting in (A.205), the final expression is:

3 o
— 5(20|01]01) — 6(11]10[01)+

3 o~ ~ 3 o~ 9
— 5(10|10|02) + 5(1O|10|01|01) 3 +9g(g—1). (A.210)

. . 3 . . .
i~' [30,03] = 6(21]01) + 5(20|02) +6(12]10) + 3(11]11)

From this point onwards, the treatment is exactly the same as in the case without interaction:
we decouple the center of mass and total momentum using the already known transformation

now with Bkl operators:

* Level 1 operators:

(01) = (01) : (A.211)

* Level 2 operators:

(20)) = (2~0)—%(1~0\1~0) \
11y = (1~1)—%(1~0\0~1) : (A.212)
(2) = (0~2)—%(0~1\o~1)

* Level 3 operators:

(30) = (3~0)—(2~0|1~0)+§(1~0|1~0|1”0) \

(21) = (21)— %(2~0|0~1) - §(1~1|1~0) + §(1~0|1~0|0~1)

y T (A.213)
(12) = (12) - 5(11J01) — (10]02) + 5(10/01[01)

(03 = (0~3)—(0”’2|0~1)+§(0~1|0~1|0~1)
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[30°,03"] = [30, 03] — [30, (02/01)] + g - 30, (01]01]01)

— [(20]10), 03] + [(20]10), (02]|01)] — = - [(20]10), (01|01|01)]
4
81

+ g -[(10]10]10), 03] — g -[(10]10]10), (02|01)] -[(10]10]10), (01|01]01)] . (A.214)

The first commutator [30, 03] was calculated in (A.210); re-expressing this commutator in terms

of the new operators Bilm we arrive to one of the central results of the present work:
~ 1 ~ 3 ~ 1~ ~ 1~
[30 ,03} - (20 02 ) F3(1111) — 4+ 9g(g — 1) . (A.215)

The treatment for [2~1,, 1~2/] and the rest of the commutators is very similar and straightforward,

but lengthy due to algebraic difficulties.
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