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Abstract

Combining the decomposition of Casimir operators induced by the embedding
of a subalgebra into a semisimple Lie algebra with the properties of
commutators of subgroup scalars, an analytical algorithm for the computation
of missing label operators with the commutativity requirement is proposed.
Two new criteria for subgroups scalars to commute are given. The algorithm
is completed with a recursive method to construct orthonormal bases of states.
As examples to illustrate the procedure, four labelling problems are explicitly
studied.

PACS numbers: 02.20Sv, 03.65Fd

1. Introduction

One recurring problem often faced in physical applications of group theoretical methods is
the appropriate choice of representation bases, whenever irreducible representations (IR) of a
Lie group G are decomposed with respect to some (physically relevant) subgroup H. It is not
an uncommon phenomenon that the physically relevant basis is not sufficiently or adequately
specified, resulting in some missing quantum numbers to specify the states without ambiguity
[1]. One effective way, among the various different methods proposed in the literature to solve
the so-called internal labelling or missing label problem (short MLP), consists of determining,
within the enveloping algebra of the group G, a set of commuting subgroup scalars that are
independent from the Casimir operators of G and H. The common eigenstates of this complete
set of Hermitian operators formed by the labelling operators, the Casimir operators of the
groups and some appropriate internal subgroup operators can be chosen as the basis states for
irreducible representations of G, the missing labels being specified by the eigenvalues of the
labelling operators [2, 3]. However, explicit computations in the enveloping algebras of Lie
algebras remain a difficult problem, and only a limited number of labelling problems have
been completely solved using this direct technique. Although the general ansatz for internal
labelling admits an analytical approach in terms of partial differential equations, the solutions
of such systems are far from being trivially deduced, and the commutativity constraint of
missing label operators is not entirely obvious. Recently an analytical criterion to check the
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commutativity of labelling operators of a certain type was developed [4], simplifying to some
extent this additional requirement of the MLP.

The objective of this work is to enlarge some previous work on labelling operators (see
e.g. [4, 5] and references therein) and to propose an algorithm to solve the labelling problem
associated with semisimple Lie algebras', based on the analytical approach. The algorithm
consists of six main steps and is the result of combining and refining different approaches
and extracting new criteria. Specifically, we take into account the decomposition of Casimir
operators with respect to scale transformations induced by reduction chains (or embeddings of
Lie algebras), which provide ‘natural’ candidates for the subgroup scalars, the criterion to check
the commutativity of subgroup scalars in terms of Berezin brackets and various decomposition
properties of commutators of labelling operators. Introducing a bi-degree for subgroup scalars,
we obtain a procedure to construct commuting subgroup scalars, similar to that obtained in
[6]. This step always simplifies the implementation of the algorithm. As a complement to
the algorithm, we propose a direct generic procedure to construct an orthonormal basis of
eigenstates for the (Hermitian) labelling operators, in the case of semisimple Lie algebras s
and s'. The method is based on the successive diagonalization of the Casimir operators of the
subalgebra s', the missing label operators and the internal subgroup operators, in that specific
order. Orthonormalization follows by the usual techniques.

Four examples have been chosen to illustrate the algorithm and the basis construction:
G, D su(3) with one missing label, s0(7) D [su(2)]® withn = 3 missing labels, s1(6) D s0(6)
withn = 6 labels and s0(7) D s0(5) also with n = 3 labels. For the first chain, we diagonalize
the missing label operators and explicitly give a basis of eigenstates for the 64-dimensional IR
of G,. For the remaining three examples, we compute the missing label operators by means
of the algorithm, and indicate how an orthonormal basis could be chosen. As far as the author
is aware, it is the first time that the required missing label operators have been explicitly given
for a generic IR in these cases. It should be remarked that the fourth labelling problem is
structurally slightly different from the case so(7) D s0(5) x s0(2), which is well known [7].

2. Missing label operators

It constitutes a classical result that any semisimple Lie algebra s of rank / possesses exactly
N (s) = I independent Casimir operators, i.e. polynomials in the generators that commute
with all elements of the algebra. The eigenvalues of Casimir operators can be used to
label irreducible representations (IRs) of s, while the Cartan subalgebra identifies states
within a multiplet. However, usually these operators are not enough to completely separate
multiplicities, and additional operators must be determined. It can be shown that the total
number of internal labels required is

i=1ldims — N (s)). 9]

2

The same pattern is observed when a subalgebra s’ is used to label the basis states of
irreducible representations of s. The subgroup provides %(dim s+ N(s")) — [y labels, where
Iy is the number of invariants of s that depend only on generators of the subalgebra s’ [8]. To
distinguish elements within an IR of s, we need to find

n = Ldims — N(s) — dims’ — N'(s")) +1o @

additional operators, called missing label operators or subgroup scalars. The total number of
available operators of this kind is easily shown to be twice the number of needed labels, i.e.
m = 2n. For n > 1, the labelling operators must moreover commute with each other.

1 1t can be generalized to direct sums of semisimple and Abelian, i.e. reductive algebras, in a straightforward manner.
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For this type of state labelling, the Casimir operators of s are used to characterize the
irreducible representations R, while the (missing) labelling operators and the internal subgroup
operators will separate degeneracies and distinguish states within the IRs of s’ appearing in
R. Typically, these internal subgroup operators consist of the Cartan generators and Casimir
operators of s', as well as some additional Casimir operators of other subalgebras canonically
embedded into s’ [1, 2].

The similarities between the internal labelling problem and the determination of invariants
of Lie algebras allow one to adapt the analytical approach [8]. If s is a Lie algebra with

generators R {X1, ..., X,} and commutators [X;, X;] = C;‘j Xy, the X;’s are realized in the
space C*°(s*) by means of the differential operators:
X = C{‘.xki, (3)
J 8x_,~
where {xi, ..., x,} are the coordinates of a covector in a dual basis of R {X,, ..., X, }. The

invariants of s (in particular, the Casimir operators) are then solutions of the following system
of partial differential equations:

X,F =0, 1<i<n. (&)
The number A (s) of functionally independent solutions of (4) is obtained from the classical

criteria:

N(s) :=dim s — sup, X”rank(ijxk), ®)

.....

where (Ciijk) is the matrix associated with the commutator table of s over the given basis.
For a polynomial solution of (4), the standard symmetrization map defined by

1
A()C,'l . .xip) = F Z XU(,’]) PN Xg(ip) (6)

: o€S),

allows us to recover the Casimir operators in their usual form, i.e. as elements in the centre of the
enveloping algebral{(s). In particular, for any homogeneous polynomial f = ck1-*rx; ... x;

we can define uniquely its symmetric representative as

ACS) =P Ay, - x). (7

P

Equation (7) provides an extension of the symmetrization map A : S(s) — U (s),
where S (s) denotes the space of polynomials defined on the dual space s*. Conversely,
given a polynomial P = cf-*X, ... X, € U(s), we find its analytical counterpart
n(P) = chihoxy . xi, by simply replacing the generator X; by the corresponding coordinates
x; of §*. In this context, two monomials P = X; ... X;, € U (s), O = X, ... X; € U(s)
such that  (P) # m (Q) are called factorizable if they can be written in the form

P=X{"...X"P € Ul(s), 0=X"...X{"0Q1 €U, ®)

where [P, Q1] = 0 and [X;, Pi] = [X;, 011 =0, i = 1,...,I. The pair P, Q is non-
factorizable if no decomposition of the preceding type exists (see [4]). In a straightforward
generalization, two polynomials F = cfi-*r X, ... Xy, and G = X X j, are a non-
factorizable pair if for any pair {c**», c/i~Ja} the monomials {Xj, ... Xk,» Xj ... X} do
not admit a decomposition of type (8). Observe that taking the projection, this means that the
terms share a common factor. In the following, we will use the term of non-factorizable pairs
for both the symmetric and analytical representatives, whenever there is no ambiguity.

If we now consider the missing label problem associated with the embedding of Lie
algebras f : ' — s, the missing label operators can be computed considering the equations
of (4) corresponding to the generators of the subalgebra s'. This system, as proven in [8], has

3
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exactly N (f(s")) = 2n+ N (s) + N (s") — [y independent solutions, showing that the equations
corresponding to subalgebra generators have n more solutions as needed to solve the labelling
problem.

2.1. Decomposing Casimir operators of semisimple Lie algebras

Any reduction chain 8’ C s induces branching rules of representations. In particular, the
adjoint representation of s decomposes as

ad(s) = ad(s') @ R, )

where R is a (completely reducible) representation of s'.> The latter equation reflects that we
can always construct a basis of s starting from an arbitrary basis of s’ and taking into account
how the remaining generators are coupled with those of the subalgebra (determined by the
decomposition of R into IRs of §).

The branching rule (9) can also be used to construct subgroup scalars for the corresponding
MLP, as first developed in another context in [5]. For a non-zero constant ¢ consider the linear
isomorphism @ : s — s defined by

Xi, 1<i<ng
1
eX;, no+1<i<n’ (10)

D (X;) = {

where R{X;,..., X,,,..., X,} is a basis of s such that R{X,..., X,,} generates the
subalgebra s’ and R{X .1, ..., X, } isabasis of R.> If now C, = «"*~» X; ... X; isaCasimir
operator of degree p of s (taken in its symmetric form), the expression of the transformed
operator is given by

Cp(@'(O)(Xy), ..., DT (e)(X;)) = et )l X o (1)

iy
Now, defining M, = max{n; +---+n;, |li'1ir £ 0}, the Casimir operator can be formally
rewritten as a polynomial in &:

M,
Cp,=) 0o, (12)
a=0

where M, < p and ®7~*% is a homogeneous polynomial of degree p — « in the generators
of the subalgebra s’ and degree « in those associated with the tensor components of R. We
shall say that ®!P~%%l is an operator of bi-degree (p — o, «). Since we are only interested
in the resulting operators of (12) and not on the special value of ¢, we take ¢ = 1 and
simply write C,, = Zi/[; o O~ In the following we will use (12) with this abuse of
notation. The interesting fact is that for any generator X; € s’ the decomposition implies
that [X;, ®P~%%] = 0. This is best seen taking the analytical approach. The analytical
counterpart of (12) is easily found: 7(C),) = Z;‘QO m(®P~*ely  The differential operator
associated with the generator X;, applied to 7 (®P~*21) s

o7 (@lr—el)

32,‘]7' @Ipfa,ot] = Ck
( ) = Ciixi o,

(13)
Since [X;, s'] € s’ and [X;, R] € R, the result of (13) is again a homogeneous polynomial
of the same bi-degree as 7 (®!7~*¢1). This means that evaluating C, gives rise to a sum of
2 Complete reducibility is actually ensured only if the subalgebra & is semisimple.

3 These transformations and the subsequent decomposition of Casimir operators follow naturally from the approach

to the MLP by means of contractions of Lie algebras [5].
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polynomials of different bi-degree, and since C, is a Casimir operator, the only possibility is
that each term is a solution of the system. This proves that the ®7~** are subgroup scalars.

The precise number of independent terms obtained from (12) depends on the
representation R induced by the reduction, although for any Casimir operator of degree d > 3
at least one independent operator is obtained. In many cases, however, more than one term of
the same degree can be chosen. This is known to occur in various relevant labelling problems
[9].

Itis clear from the homogeneity property that linear combinations of the ®7~%¢] and their
commutators are themselves labelling operators [10]. In particular they can be expressible
in terms of the elementary subgroup scalars. However, the decomposition (12) does not
either guarantee that the relevant labelling operators must be functions of the ®!P~*l or
that the labelling operators obtained by this procedure are mutually commutative. In some
special circumstances, however, the decomposition (12) can provide commutativity directly.
If for a specific MLP it is known that no solutions of bi-degree (r, s) exist for some fixed
r+s = p+gq, and if we have two labelling operators such that [OlP—a] @la-—anal] g
a sum of polynomials of bi-degree (s, 7), then the commutation follows at once. This idea
was explored systematically in [6]. We remark that in the commutative frame, it would
suffice to show that no polynomial function of bi-degree (r, s) is a solution to the equations
corresponding to subalgebra generators.

3. Berezin brackets of labelling operators

In this section we recall the notion of Berezin brackets applied to labelling operators, as
recently developed in [4], and use these results to propose some new criteria to analyse
the decomposition of commutators of labelling operators into sums of operators of certain
bi-degrees.

The problem of finding a polynomial f in S(s), the symmetrization A(f) of which
coincides with the commutator in U/(s) of two previously given symmetrized polynomials
A(g) and A(h), was satisfactorily solved by Berezin in [11]. Given two (homogeneous)
polynomials g, 4 € S(s), the commutator [A (g), A (h)] = A(g) A (h) — A (h) A(g) was
shown to coincide with the symmetrization A (f) of the polynomial

08 0h 3¢ 3h
f=—Chas T+ F ape, , R )
i 0X; 0xj ...0xj, 0xj ...0x;,

where F is a polynomial, the terms of which involve derivatives of order d > 2 of g and &
[see [11], equation (31)]. If g, h are homogeneous of degrees p and ¢, respectively, then F
decomposes as a sum of homogeneous polynomials of degrees < p+¢ — 2 [11]. This enables
us to rewrite the commutator as

[A(g), A (W)] = A ({g,h}) +L.O.T., (15)
where
_ k08 3
{8, h} = —Cx ox; dx; (16)

is the Berezin bracket of g and h. The lower order terms correspond to the symmetric
representative of F [4, 11]. With the help of this bracket, an analytical criterion for two
polynomials in the enveloping algebra U/ (s) of a semisimple Lie algebra to commute was
given in [4]:
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Theorem 1. Let F, G be a non-factorizable pair of polynomials in the enveloping algebra
U(s) of s such that F = A(f), G = A(g) for some homogeneous polynomials f, g € S(s).
Then [F, G] = 0 if and only if {f, g} = 0, i.e. if the functions f, g are in involution with
respect to the Berezin bracket.

For the case of labelling operators, the preceding result provides a practical procedure
to determine whether their symmetrizations commute or not. As a further consequence of
equation (15) and the uniqueness of the symmetric representative of A(f) for homogeneous
polynomials f € S(s), we can determine how a commutator [A(g), A (k)] decomposes into
a sum of labelling operators, as well as compute the bi-degree of the components.

In the following, we will always suppose that s O s’ is a chain of semisimple Lie algebras®.

Lemma 1. Let O be an operator of bi-degree (p, q). Then
[@[p,q]’ @[r,s]] — @[p+r71,q+s] + @[p+r,q+s71] + @[p+r+1,q+372]. (17)

The proof follows using the analytical counterpart of the operators. Let R{X;, T;} be a
basis of s such that the X;’s generate the subalgebra s’ and the generators T; transform under
s’ like the representation R of (9). Over such a basis the commutators have the form

[Xi, X;1 = C Xi, [Xi, Tj) = CS T, (T3, Tj1 = Dfy Xy + Dfj T
Let {x;, ¢;} be the corresponding coordinates in s*. If 7] is an operator of bi-degree (p, ¢),
its projection by 7 has the following form:

m (@) = QWP al = pfr-iviiduyy i Lt

The Berezin bracket of 0”41 and OU**1 is given by

qolral golrsl qolral golrsl
[p.q] [rsly — k
{o»4, 0 s}—_ZC,’j‘xk< - )

— 3)6,' 3)(]' 8)Cj 8)6,‘
i<j
. qo0'r4al yolrsl qo'r4al yolrsl
-Yen -
e "t ax; E)tj Btj ox;
i<j
~ ao'r4al golrsl  golral golrsl
— > (Dfw + Disae) - : (18)
iz I / at; 8tﬂ,~ Btj at;

It follows at once from this expression that the two first sums give rise to a homogeneous
polynomial of bi-degree (p +r — 1, g + s), while the last sum splits into two homogeneous
polynomials, the first having bi-degree (p +r + 1, g +s —2) and the second (p+r, g +s — 1).
Taking the symmetric representatives of these polynomials by A, the assertion is proven. We
remark that (17) does not exclude the possibility that some of the operators is zero.

The previous formula can be generalized in a straightforward manner to subalgebras of
the type s = s, @ ... @ s, in the case we want to distinguish the degree of the operators
in each of the component subalgebras of 5. If ®P-P+:4] denotes a subgroup scalar having
degree p; in the generators of s; and degree ¢ in the components of R, then

n
+§ @[p1+r1 ..... Patratl, ..., pn+rn;q+&—2]+®[p1+r1 ..... pn+rn:q+s—l]. (19)

a=1

4 This requirement of semisimplicity is imposed to guarantee the existence of a complete basis of labelling operators
formed by polynomials. It can however be generalized to reductive algebras.
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We observe that if the representation R of (9) is such that [R, R] C &, then the last term on
the right-hand side of (18) vanishes. Moreover, for operators with p; = r; = 0, the first sum
in (18) is also identically zero.

3.1. Properties of commutators of subgroup scalars

The preceding decomposition formula (17) can be further used to analyse the precise structure
of the resulting scalars, as well as to establish some criteria for the commutativity of labelling
operators. These will be useful to reduce the number of Berezin brackets that must be computed
in labelling problems.

Suppose that C,, is a Casimir operator that decomposes, with respect to the transformations
(10), like

C,= Elp—aal @[ﬂ—ﬂ,ﬂ]7 (20)

where o # B # 0. Since C, commutes with any generator X of s, it follows at once that
[elr—eel @lr=AAl] = (0. One may ask whether this decomposition implies some relation
between the indices « and . To this extent, let X be a generator of s not belonging to §’. Since
C, is a Casimir operator of s, we have

[X,C,l = [X, 0P +[x, 0P FFl] = 0. (21)

Assuming that X does not commute with the components of C,, and according to (17), we
obtain the commutator decomposition

[X, @[[)—OK,O[]] — @([yp—(x—],ot+l] + ®£[p_a’a] + @l[xp—a+],0(—l]’ (2261)

[X’ @[P*ﬂ/g]] — @}3[’*/3*1»/3“'1] + @Eﬂ[’*ﬂaﬂ] + @}SP*/S‘H»IS*U’ (22b)

where X is considered as an operator of bi-degree (0, 1). Because of the homogeneity property,
those operators, the bi-degree of which appears only once in the sum of (22a) and (22b), must
vanish, while those having the same bi-degree must sum up to zero without being themselves
zero. Essentially, the analysis of the bi-degree of the scalars leads to three possibilities for the
value of |8 — «].

(1) B = a + 1. From (22b) we obtain

[p—B.811 _ @lp—a=2.0+2] | qlp—a-la+l] [p—a,.a]
[X, 0 F =@l +0.,] +© :

a+l
. . . . . . [p—a—2,a+2]
Using the homogeneity property implies in particular that ©,,, = 0,
@([xp—ot—l,c&l] — O, @([Yp—a,ot] + ®([X[_:__1a”a] — 0 and @l[xp—a—l,oﬁl] + ®L[1—la—l,a+l] — 0 at

least one of the two last sums being satisfied non-trivially.
(2) B = a + 2. In this case, the right-hand side of (22b) reads

—B, [p—a—2,a+3] [p—a—2,a+2] [p—a—1,,a+1]
(X, 017 91) = Ol @l ey e,

By the assumption, we must have O ~*~"**!1 4+ @!P—«~1«*1l — ¢ with both summands
non-zero, while for the remaining @Ef —eel ([f —etle-l] @Lﬁ;aiz’am =

®[p—0t—2,0t+2] -0

o+l .

(3) If B = a + 3, then

_8. [p—a—4,a+4] [p—a—3,a+3] [p—a=2,a+2]
[X, ©=FAl = @l ety il ool gl ool

and it follows at once that [X, ®P—22l] = [X, ®P—A-A]] = 0, which is excluded by
assumption. The same result is obtained for indices 8 = « + k for k > 4.
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This shows that if a Casimir operator of s decomposes like (21), then necessarily 1 < |8 —
| < 2. Note that this argument trivially extends to the case C, = @70 + @lr—aal @r=A.A1
since @71 as an invariant of the subalgebra s', has no effect on the scalars. In particular, for
the quadratic Casimir operators we will always obtain the decomposition C, = 02014+ @10:21 5

The same ansatz for decompositions with more components enables us to establish the
following.

Criterion A. If C, decomposes as C), = A @70 + @lr=aal 4 @lr=F.Al 4 @IP=F=25+2 wyith
B —a| <2and A =0, 1, then

[@[p—a,a]’ @[P—ﬂ.ﬂ]] — [@[P—a,a], @[P—ﬂ—lﬁﬂ]] — [@[P—ﬁsﬂ]’ @[P—ﬂ—lﬂﬂ]] =0. (23)

Clearly for any of the scalars we immediately obtain [C,, et =0 =apB, B +2).
The single commutators are given by formula (17):

[@[p—a,a]’ @[P—ﬂﬂ]] — @Ppr-a—p-lLa+fl L glZp—a—p.a+f-1] @[2P—d—ﬁ+1,0¢+ﬁ—2]’ (24a)
[@)[p—oz,a]’ ®[p—ﬁ—2,,6+2]] — @[Zp—a—ﬁ—3,a+ﬂ+2] + @[2p—oz—/3-2,a+ﬂ+1] + @[2p—a—ﬂ-l,a+ﬂ]’ (24b)
[@lP*ﬂﬁl’ @[P*ﬂ*2~,/3+2]] — @[2r—28-3.28+2] | @l2p—28-2.2p+1] | @l2p-28-1.28] (24¢)

The commutator [C,, ®7~#£1] = ( implies that the operators on the right-hand side of
(24a) and (24c¢) must sum to zero. Comparing the bi-degrees of these operators, it follows
immediately that

[@[P—Of,ﬂl]’ @[ﬂ—ﬁﬁl] — [@[ﬂ—ﬁ,ﬂ], @[P—ﬂ—27ﬁ+2]] =0. (25)

Now evaluating [C,, OP~**] = 0 and taking into account (25), we obtain the identity
[OlP—el @lP=A=2.5+21] — (), proving that the subgroup scalars mutually commute. Observe
that again the presence of ®!7-% in the decomposition has no effect.

Using this property, we can refine it to a criterion for the commutativity of subgroup
scalars of different total degree, which is proved in a completely analogous way.

Criterion B. Let C, = Elr—xa L @P=AAl L PV (0 £ o < B < y) be a
Casimir operator of s with y —a > 3. If ®*! is a subgroup scalar of s’ C s such that
[@[r,SL @[p—ﬂ,ﬂ]] = 0, then [@[m‘], @[p—a,a]] =0 and [@[r,517 @[p—y,y]] =0.

For four or more scalars in the decomposition of C,, the terms do no more necessarily
commute with each other. However, for decomposition of the form C, = @0+ @P—ail 4
@lr—mwly 4 Elr-wal 4 @lp—a—2.a+2l it jg still true that [P % &l @IP—u—2.a+2l] — (),
Moreover, both criteria A and B can be expressed in an analytical way, replacing the
commutator by the Berezin bracket of the projected scalars 77 (®!7-41) := Qlr-4l,

4. Algorithm

Based on the preceding results on the decomposition of Casimir operators, the Berezin bracket
and criteria A and B, we can propose an analytical procedure to determine a set of missing
label operators. This procedure will be applicable to reduction chains s D s of semisimple
Lie algebras, the MLP of which has n-labelling operators.

The algorithm is developed in the analytical frame, i.e. considering the analytical
counterpart of Casimir operators and subgroup scalars. Following the notations of previous
sections, we will denote by 7 (C),) the projection of Casimir operators (also called Casimir
invariants) and by O!P=%¢! the projected subgroup scalars 7 (®P~%%l), Criteria A and B are
also assumed in its analytical version.

3 For this reason, we usually leave out the quadratic Casimir operators.

8
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(i) Decompose the Casimir invariants of s of degree p > 3 using the scaling transformation
(10): 7(Cy) = Yoly m(@lr—eely = Y olr—wal,
(i) Determine if there are scalars satisfying the criterion A.
(iii) For the non-factorizable pairs (O!P~%1 Qld=«al) not satisfying the criterion A compute
the Berezin bracket.
(iv) Determine if there are scalars satisfying the criterion B.

(v) Let ¢ be the total number of mutually involutive operators OlP~*@1,

(a) If t < n, proceed to step (vi).
(b) If ¢ > n mutually involutive operators O'?~*! are found, compute the rank of the
system £ = {n(Cy), ..., 7(C)), w(C}), ..., 7w (C}), OP1—eneil  Qlr—enendy
(1) Ifrank(L) > I +1' — Iy +n, the symmetrized representatives of the operators solve
the missing labelling problem: [/ = rank(s), /' = rank(s')].
(2) If rank(L) < I +1' — Iy + n, proceed to step (vi). (The MLP is not solved with
decomposition only.)

(vi) Determine further ¢ > n — rank(£) subgroup scalars @1, ..., ®, such that
(a) {®y, OPi—@eily = Q0fork=1,...,t' andi =1,...,1;
(b) {®y, ®;} =0fork,l=1,...,¢;
(c) rank({r (Cy), ..., w(Cy), w(CY), ..., m(C}), ol oglp—aal @
D)) = n.

Extract n functionally independent operators from the previous system and take their
symmetric representatives.

The sixth step of the algorithm is the less automatic one, and certainly one of difficult
execution, in either the analytical or algebraic way. Either solving the systems of partial
differential equations for these scalars or trying to establish the corresponding generating
functions [2] is a laborious task, the difficulty of which increases rapidly for higher rank
algebras. Since this step cannot be described in terms of the invariants of the intervening
algebras, a further systematization is not possible.

4.1. Orthonormal bases of eigenstates

To completely describe the states of IRs of s, besides the Casimir operators of s and s’
and the labelling operators, we will also need some appropriate internal subgroup labels, as
follows from formula (1). The missing labelling operators are subgroup scalars; thus, they will
automatically commute with these internal subgroup operators, as the latter depend only on the
subgroup generators®. In general, the missing label operators will separate the degeneracies
occurring whenever two or more copies of an IR of " appear when reducing an IR of s. The
internal labels, in contrast, will distinguish the different eigenvectors within each irreducible
representation of s’

In this section we outline a possible generic procedure to construct an orthonormal basis
of states for a given irreducible representation R of s. In the following we assume that s and s’
are semisimple Lie algebras, and that the operators constructed in the enveloping algebra are
Hermitian.

We fix the following notations:

e Cy, ..., C;—Casimir operators of s,
e Cl, ..., C;/—Casimir operators of &,

© Typically these internal labels are associated with the Casimir operators of suitable chosen subalgebras of s or
generators of the Cartan subalgebra.
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e Oy, ..., ®,—the missing label operators,
e Ji, ..., Jy—internal subgroup operators.

In order to sum up the required number of labels (1), the quantity of internal subgroup
labels must be f = 1(dims — [ — 2" — 2n +2ly) = 1 (dims’ —I').

Let R = [u1, ..., u;] be a given irreducible representation of s. For any Casimir operator

Ci we have
(s o i | Celppry ooy ) = {Cp)y k=1,...,1L (26)
The eigenvalues (Cy), . .., (C;) therefore characterize R and will be the same for any particular

state within the representation. For this reason, and whenever there is no ambiguity concerning
R, we may skip these eigenvalues.

In our construction of an orthonormal basis of R, the first step is to consider the branching
rules of the chain s D &', in order to obtain the decomposition of R into a sum of IRs of the
subalgebra s’:

R=R"& - -®R;". 27)

For each i # j we assume that R; # R;, i.e. they are non-equivalent irreducible
representations. The superindex m; > 1 (i = 1,...,q) denotes the multiplicity of R;
in R. Further let d; = dim R;. In view of this decomposition, we can determine a basis
B = {|1pij), i=1,...,dm;;j=1,...,q} of the representation space of R such that for
fixed j, the vectors W,f“) (i=1,...,djmj) form a basis of R;;jo. This can be done starting
from an arbitrary nonzero vector in R and analysing how it transforms by the generators of
s’ (once an IR R’ of the latter algebra has been recovered, the process is repeated for another
vector not lying in R’, and so on, up to covering the whole space of R). This procedure

moreover allows us to separate the copies of Rj, so that we can suppose that 5 is arranged in

such manner that fora =0, ..., mj, — 1, the vectors
Wl ) G=1,dp) (28)
are a basis of the (« + 1)st copy of Rj,. Now any Casimir operator C, (r = 1,...,1") of &' is

diagonal over the irreducible representation R;, with the corresponding eigenvalue A;; hence,
we get that for the (reducible) representation R the operator C is given by the block matrix’

A Idg,m,
C/(R) = (r=1,---,1, (29)
A;Iddqm
where Id, ,,, denotes the (d,m,)-dimensional unit matrix fora =1, ..., q.
The second step is to adequately modify the basis (28) to obtain a basis of eigenvectors for
the labelling operators ®j, ..., ®,. These commute with the Casimir operators Ci, ..., C},
of §'; thus, for any fixed index jo =1, ..., g and vector yl/lijo) we get the relation
CLOY) = OCI|v) = 1 Oxly”) (30)

which means that ©; |1/f,.f°) has the same eigenvalues for the Casimir operators of ' as the
vector |°). Therefore,
djymj,

Olyl)= D allvd) 31)

p=1
7 To denote the matrix of an operator T on a particular representation R, we will use the symbol 7'(R).

10
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for some coefficients aﬁ) « In terms of matrices (see (29)), the preceding equation means that
®(R) has the following block matrix structure:

AL 0 0
OR)=1o0o . o] (32)
0 0 Al

where each Af.‘ is an (m;d; x m;d;) matrix. These blocks Af.‘ need not to be diagonal themselves,
but since the ®; are Hermitian operators for each jo = 1, ..., g we can always transform the
basis |1/;) to a basis |1pi’°) of R " such that

®k| ad +1>_ lg?a|Aojt'(z]ijo+i> (33)

fori =1,...,dj,anda =0,...,mj — 1. Over this new basis of R;;jo, the matrix of ©;
(restricted to the latter subspace) is given by its eigenvalues on the different copies of R}

hldg, 00
E)=| o o | (34)
0 0 &, 1d

Up to this step, we have separated the different irreducible representations of s’ and their
multiplicities by the eigenvalues of the Casimir operators of s’ and the labelling operators. It
now remains to separate the states within each irreducible IR. This is done diagonalizing the
matrices J,(R) of the internal subgroup operators J, (p = 1, ..., f). Because of the relation

J C/| otd +l> )"r(‘l | Dtd +1>) C J | ozd +1) (35)

it suffices again to see what happens for the restrictions of R to the (reducible) representations
R . By (33), we further have that

J, ®k| ad +:) (J | ad +:>) O Jp | ad +:> (36)
which implies that the vector J,,Wi‘jdjo +i) also has the same eigenvalues for each ®, than
|A0{(:i/0+l.). As the J, are diagonalizable operators, foreach jo = 1,...,ganda =0, ..., m; —1
we can find adequate linear combinations

atyi) = D Bua Vi, v (37)
such that the condition J |1//a d, H) |¢a d, H) holds.

In this final basis B’ = {|¢éd/+i)»l =1,....dj;a=0,....m; —1;j = 1,...,q},
each vector is characterized by its eigenvalues

Vda ) =Moo s b1 B ors ) (38)

for C{,...,C;, 0O, ...,0,,J1,...,Jr (we may add the eigenvalues (26) of the Casimir
operators of s in the case of ambiguity).

The basis B’ is orthogonal by construction. As |~o{‘j,j 4] is characterized by its
0

eigenvalues for any arbitrary pair of distinct vectors |1/f0{0 4 HO) and |17fé'1 4 +11> there is at

Otod +lo> -

least one operator T among C},...,C,, ®y,...,0,,Ji,...,J; such that T|

11
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X0|I//£dj0+io), T| oy i) = 0 |¢’é:dﬂ+i,> with xo # x1. Since T is Hermitian®, we obtain that

<~0{Edj0+io| |~£djl+i1> = (Nizdjoﬂoxlhzo{id”ﬂ]) = Xl(~l£2dj0+i0|~0]l'ld/]+l']>’
X <~o]¢3d,-0+io|X0 ‘Ziilld,», +i1> = X0<~o{gd,0+io|‘zélldjl +i1>’ (39)

égd‘,vu+io| ojzldjlﬂ'l
step, the orthonormalization of the basis %', is a routine computation that follows from the
application of the Gram—Schmidt method.

The practical receipt to diagonalize the operators can be roughly summarized in the

following five steps.

hence that (x; — X0)< > = 0, from which the orthogonality follows. The last

(i) Decompose the IR R of s into IRs of ' : R = R}" @ --- @ R,".

(ii) Foreach R!" (i =1, ..., q) determine a basis of eigenvectors for the Casimir operators
of §'.

(iii) Using (30), find a basis of R;"" that diagonalizes the labelling operators O (k =1, ..., n).

(iv) Within any IR R;, diagonalize the internal subgroup operators Ji, ..., Jy.

(v) Apply Gram—Schmidt to orthonormalize the different eigenspaces.

It should be noted that this is only one among the various different possibilities to construct
orthonormal bases. Often valuable information concerning an orthonormal basis, like its
spectrum, can be more conveniently derived by comparison with another (analytical) basis.
For example, canonical bases like the Gel fand-Tseitlin patterns are suitable for labelling
problems associated with unitary groups [10, 12].

5. Examples

To illustrate the implementation of the algorithm and the construction of orthonormal bases,
we develop in this section four labelling problems with n = 1, 3, 6 and n = 3 missing labels,
respectively. For the first example we diagonalize the missing label operator and give the
complete basis of eigenstates for the lowest dimensional IR exhibiting multiplicities when
reduced to a subalgebra. The second and third examples (with » = 3 and n = 6 missing
labels, respectively) can be solved using steps (i)—(v) of the algorithm. The last example
presents a situation where step (vi) is required to obtain the adequate number of missing
labels. We remark that some of these examples have been analysed in the literature from
alternative or different points of view [2, 5,7, 9, 13].

5.1. The chain G, D su(3)

As a first example we analyse the reduction G, D su(3) with n = 1 missing label for generic
irreducible representations [2, 9]. We consider the same basis considered in [14], consisting

of the generators g., af, a; = (a)' with indices 1 < k,1 < 3 and the constraints (g.)" = gF,
22:1 g¢ = 0. The commutation relations of G, are given by

I 1 1 I+ [+ 1 +
[gk’ g:ln] = 8mglr(l - Sng, [gk’ am] = :t(smak + %81((1,”,

+ -1 _ ,m + 471 _ 2 F (40)
[0 a,] = &b, [a;. ai"] = T3 8kmy -

8 Actually, the orthogonality of eigenvectors corresponding to different vectors holds for a more general type of
operators, the so-called normal operators ( TTT = T1T).

12



J. Phys. A: Math. Theor. 44 (2011) 025204 R Campoamor-Stursberg

Clearly, the g]l( span the su(3) subalgebra. Using the expression derived in [14] for the
sixth-order Casimir operator of G,, we obtain that it decomposes as the sum of the following
subgroup scalars:

Co = 0% + @*2 1 @3 4 @24 4 @I%0, 41)

It can be easily shown that ©/*¢ = -LL(©[%2!)3; thus ®!°6 will not provide an independent
operator. Hence we may take ©># as the missing label operator. A routine computation
shows that C,, Cg, Cé, Cg, OR24 are independent. As internal su(3) operators we consider
the generators gll, g% and (g%)2 + (g%)2 + 2(g%g§ + gzlg% — gllg%), the latter being the Casimir
operator of the (canonical) s0(3) subalgebra of su(3) generated by g7, g5 and g| — g3. Itis
straightforward to verify that all these operators are Hermitian and commute, and thus that
they are simultaneously diagonalizable. An orthonormal basis, constructed along the lines
described in the previous section, will be given by the eigenvectors |A1, A2; &; 01, ©2, ¢3),
where A; denote the eigenvalues of the su(3) Casimir operators, & that of @4 and the ¢;’s
those of the internal labels.

In table 1 we give the corresponding eigenvalues for the 64 states of the IR R = [11].
When reduced with respect to su(3), this representation decomposes as

[11] D (12) + 21) + (11) + (11) + (02) + (20) + (01) + (10). (42)

We observe that the adjoint representation (11) of su(3) appears twice; thus, the missing label
is required to separate both copies.

5.2. The chain so(7) D su(2)3

The missing label problem associated with these Lie algebras has n = 3 missing labels for
generic representations. A pair of commuting scalars was found in [6] using a procedure
specially developed for labelling problems involving [su(2)]”-subalgebras, which however
does not provide the third required commuting operator.
We consider the basis of s0(7) taken in [6, 13], consisting of generators So 11, Uo.+1, Wo 41
11

that span the subalgebra su(2)3, together with a tensor operator T;,’lf,’f. The latter has the
property that its commutators only produce generators of the subalgebra [13].
Over this basis, the Casimir operators of s0(7) can be easily constructed by the usual trace

method. Consider the matrix M defined by

[V2@o+wo)  —2w 2ty 4 2p1 1 2y 2u_ 0
2w V20 —wo) 2411 2oy, 2011 0 2u_
2 iy 2001 V2000 V2 0 2y <21
~2y11 Ap1 1 —V2s 0 V2s_ ~245_1.1 2 1y
2151 —2,1 1 0 —V2s1 =250 2t 11 =211 1
—2u, 0 =20y =2y ay =200 0 =200 —w) 2w
L0 “2u =2y =2epy, =204 —2w;  —/2(uo + wo) |

The matrix M satisfies the conditions Tr(M) = Tr(M3) = Tr(M>) = Te(M7) = 0
and Tr(M?) = Doy (Sq» U W, Bpv) (K = 1,2,3). The symmetrized polynomials

13
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Table 1. Basis of eigenstates |A1, A2; &; @1, 2, ¢3) for G2 D su(3) and R = [11].

A VER @1 (I A Ay & @1 (I
16 —s56 2% 3 1 U 9 o0 (W 2 -
16 —56 2% ¢ 13 9 0 X2 2 -1 4
16 —56 12X _3 3 9 o W2 1 -2 4
16 —56 %1 -1 2 9 0 (W 2 4
16 —56 12® o -2 3 9 0 W 0 0 0
16 —56 2% 2 2 7 9 0 (NI 0 0 6
16 —56 12X ] 0o 7 9 o H® -1 -1 2
16 —56 6% ] 0 1 9 o W= 1 13
16 —56 2% 2 4 9 o0 2 -
16 —s56 2® 7 1 2 9 o ¥ 2 -1 4
16 —56 122 3 4 9 o ¥ 1 -2 4
16 —56 1283 g 13 9 o W 2 4
16 —56 122 9 0 10 9 o ¥ 0 0 0
16 —56 12® 3 2 2 9 o ¥ 0 0 6
l6 -s56 2% 2 3 I 10 -70 112336 -2 0 4
16 56 1= 2 14 10 -70 112336 -1 13
16 56 22 o -1 3 10 =70 112336 0 -1 3
l6 56 2% 3 1 2 10 —-70 112336 0 2 3
16 56 123 13 10 -70 112336 1 0o 7
16 56 123 g 2 3 10 -70 112336 2 -2 7
16 56 X® 2 -2 7 10 70 112336 2 0 4
16 56 2= 0o 7 10 70 112336 1 -1 3
16 56 12E 0 1 10 70 112336 0 13
16 56 XX 1 2 4 10 70 112336 0 -2 3
16 56 2% 1z 10 70 112336 -1 0o 7
16 56 2 -3 U 10 70 112336 -2 2 7
16 56 2® o -1 32 4 —20 I 0 1
16 56 12® 9 0 10 4 —20 WU 0 13
16 56 2% _3 12 4 —20 DU -1 2
16 56 2% 3 4 4 20 WU 1 0 1
9 U e e 4 20 2BW 0o -1 3
9 U 13 4 20 T g 13

Cor = A(Py) are the Casimir operators of so(7) for the given basis. The decomposition
induced by the transformations (10) leads to

g = OO 4 0122 4 0104 (43a)
g = 0100 4 01421 4 01241 4 o061, (43b)
It follows from this decomposition that we can choose at most three functions that are
independent from the invariants of so(7) and the subalgebra. Observe that the operators

14
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of (43a) and (43b) satisfy the criterion A. Now, computing the Berezin bracket of 0> and
04 gives {021, 01241} = 0; thus by the criterion B it follows at once that

[A(0P2), A(0H2)] = [A(0™), A(0] = [A0™"), A(0®)] =0. (44)

The missing label is thus solved by the triplet {A(0>?1), A(O™*?)), A(O'>*)}. We remark
that further decomposing the operator A (O??) with respect to the generators of the different
copies of su(2) as in (18) allows us to recover the two commuting operators found in [6],
but the procedure applied to the other operators above does not produce a third commuting
labelling operator, in accordance with the conclusions of that paper.

In this case, skipping the eigenvalues of the so(7) Casimir operators, an orthonormal basis
would e.g. be given by |U, V, W; &1, &, &3; ug, vo, wo), where U, V, W denote the quadratic
Casimir of each copy of su(2), & the eigenvalue of the missing label operators and u, vy, wo
those of the Cartan generators.

5.3. The su(6) D s0(6) reduction

This reduction of su(6) representations to so(6) representations plays an important role in
nuclear physics, notably in the interacting boson model [12]. Without considering further
reductions and for generic irreducible representations, the number of needed labelling operators
isn=035-5-15-3)/2=6.

We use the standard basis of u(N) given by the operators E,,,, F,, (1 < @, v < N) with
the constraints £, + E,, = 0, F,, — F,, = 0. The commutation relations over this basis
are

[E;wa EAU] =Ey + Eyn — E;ur - E)Ly,v [E;wa F)»O‘] =Fy,+F — F;LU - Fk;u
[F;wa Fka] = Euo + E;l.tr - Ekp, - E)L\w

To recover 5u(6), we chose the Cartan subalgebra spanned by the vectors H,, = Fj;i — Fjiiq p+1
for pw = 1,...,5. Taking into account the isomorphism so(6) =~ su(4), we take the
generators H,, E,,, F,, with (I < p,v < 4) for the subalgebra. A maximal set of
independent Casimir invariants is given by the coefficients ®; of the characteristic polynomial
lidg — Aldg| = A% + 3°0_, CyA®*, where Ag is the matrix defined by

(45)

—iY) —ep—ifi, —en—ifizs —eu—ifiyu —es—ifis —eis—1fis
en—ifn —iY, —en —ifyn —eu—ifu —exs—ifis —ex—1fx
e;3 —1 fis €3 —1 fr —ir; —e —ifi —es—ifs —esz—1fi 46
Ag = . . ) . . . , (40)
ey —1fia ey — 1 fou e —1 fau —iYy —eys — 1 fas  —eqs —1 fus
eis —1fis e —1 fas e3s —1 f3s eqs — 1 fas —i¥s —ese — 1 f56
e — 1 fie e — 1 fa ez — 1 fa6 ess — 1 fas ese — 1 fs6 —iYs

where the vectors Y, are given by Y, = Zf:ll < hy + Zi:u 6_T“hu [15]. Again, the

symmetrization provides the Casimir operators Cy = A(Py). In this case, the invariants
®; decompose as

3 = 02114 0103 (47a)
by = OF0 4 022 4 Q04 (47b)
b5 = OF11 4 01231 4 Q03 “70)
by = 0180 4 Q21 4 Q241 1 Q101 “7d)

We observe that following the criterion A, the scalars in each line are mutually commutative.
From (47a) and (47b) we get at most one labelling operator, which we can choose as O]

15
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and 0?2 without loss of generality. From (47¢) and (47d) two operators can be taken,
respectively. It is easy to verify that the operators 0>, 01221 0231 and O>* are non-
factorizable, and that the following relations hold:

(021, 022} — (0211 o231} — (211 o4} — (022 23]} = (022 O24ly —

As a consequence, their symmetrizations @741 = A(OP+41) commute. From the criterion
B we further obtain that ®2! and ®22 commute with %! @031 E*2 and EI0-61
respectively. Choosing for example the operators {@>! @221 @*11 @231 @421 @24}
we get the required set of labelling operators. We remark that the criterion B simplifies the
problem, reducing the computation of Berezin brackets from 15 to only 5.

For the chain su(6) D so0(6) and a generic IR, we need 15 labels to unambiguously
separate the states. While the Casimir operators of so(6) and the preceding missing label
operators provide nine of these labels, the six remaining ones must be internal s0(6) operators.
Again, using the isomorphism s0(6) =~ su(4), these internal operators can be taken from the
subalgebra chain

su(4) D su@) D su(2) D s0(2). (48)
A possible choice would be given by H,, H,, H3 and the Casimir operators of 51(3) and su(2).

5.4. s0(7) D s0(5)

As a typical example of a labelling problem that cannot be solved completely with the
decomposition, but requires additional subgroup scalars, we consider the chain so(7) D s0(5)
with n = 3 labelling operators [7, 16].

Taking the basis consisting of the operators G° with —3 < a,b < 3 and constraints
G} + G~" = 0, the brackets are given by

(G4, G4] = 5G4 — 84G5 + 8;°G<, — 5 ,G°, (49)
the subalgebra being generated by the G% with —2 < a,b < 2. With respect to the

corresponding transformations (10), the Casimir operators of so(7) (seee.g. [7, 17]) decompose
as

Cy = QWO 4L @22 4 @131 1 @04, Co = O 4+ OF3 4 @24, (50)

where ®™*% corresponds to the quartic Casimir operator of s0(5). Observe that criteria A
and B cannot be applied to this case. Computing the Berezin bracket for the projections
0'4P! = 7 (®1@?1) of these operators, we find that only the following are in involution:

(o2 oWy — o, (o3 OBy =0, ({0104 0R4)=0. (51)

Thus, the decomposition of Casimir operators does not suffice to solve the MLP, and step
(vi) of the algorithm must be applied. Looking for scalars having order 3, we find the three
operators Q2! 0121 and O!'21, Computing the Berezin bracket of these operators with
the pair in involution above, it turns out that only one of the scalars commutes with them:

fot2 o3y =, {ot3 0By —o. (52)

To check the independence of the operators {O!-2!, Ol1:31 Q13:31} with the Casimir operators
of the Lie algebras, we compute the following Jacobian:

B (C2), 7(C), w(C), OV, 0101, 0121, 0l131, o33
3(g%5.8'5.8%. 8%, 8%. 8. 82, g)

As a consequence, a possible choice of subgroup scalars to solve this labelling problem is
given by the symmetrized operators {®!!21, @!:31 @331},

#0. (53)

16



J. Phys. A: Math. Theor. 44 (2011) 025204 R Campoamor-Stursberg

For this reduction, the nine labels required for an orthonormal basis of states can be taken
as

[A1, A2s &1, 62,835 ai, az, by, b)), 54

where A; correspond to eigenvalues of the so(5) Casimir operators, &; to those of the missing
label operators, a; and a; to the value of G} and G%, respectively, and b; denotes the eigenvalue
of (G})? + G{GY + GVG fori =1, 2.

6. Summary and outlook

Combining the decomposition of Casimir operators induced by the embedding of a subalgebra
with the analytical expression for the commutator of labelling operators and their properties,
especially the two new criteria deduced from them, we have described an analytical algorithm
in six steps to solve the internal labelling problem. This procedure has the advantage of
avoiding the usually complicated manipulations of elements in the enveloping algebras of Lie
algebras. In most cases, the algorithm will provide only n of the 2n available operators to
solve the MLP, specially for those solved using only steps (i)—(v). This is a consequence
of the well-known division of labelling operators into two disjoint sets with respect to the
commutativity of operators [2]. However, in some special cases even an integrity basis can
be deduced, as happens for example for the chain so(7) D G, with n = 1 label, where the
decomposition of the Casimir operators provide the two operators required to determine an
integrity basis [2]. Labelling problems that usually require step (vi) of the algorithm are those
related to the embedding of principal subalgebras [18].

The algorithm cannot be applied in general beyond reduction chains of reductive Lie
algebras for various reasons. The failure of complete reducibility of representations is the
first, another being the possible non-existence of polynomial invariants for the Lie algebras
[8].

We have also proposed a practical receipt to construct recursively an orthonormal basis
of eigenstates for a given IR of s. The main idea of this explicit basis is to first diagonalize the
Casimir operators of the subalgebra, in order to have the eigenspace decomposition induced
by the branching rules, and then to diagonalize the missing label operators, to separate
multiplicities, and finally to diagonalize the internal subgroup operators. We remark that this
receipt is only one of the various different possibilities to determine a basis of eigenstates.

An interesting question that arises naturally from the algorithm and the basis construction
concerns the labelling problem for degenerate representations. In this case, some of the labels
may not define states for degenerate IRs of interest, therefore reducing the number of required
labelling operators [19]. It is natural to ask whether there is some possible refinement of the
algorithm that describes the polynomial relations satisfied by the generators when acting on
the states of a degenerate representation, or if the difficult analysis of generating functions is
unavoidable [20]. However, how this ansatz should be made is still unclear.

For labelling problems of the form s D §' D - -+ D 5™ the proposed scheme should also
be useful, as it allows us to combine subgroup scalars in any reduction step with the successive
decomposition of Casimir operators in each of the subalgebras. Suitable and physically
significant labelling problems exhibiting this structure are, for example, those involving
the angular momentum algebra so(3). Other physically relevant labelling problems where
the algorithm could be of application are those related to exceptional groups, especially the
E-series used in high energy physics [21, 22]. The main difficulty for these cases lies in the fact
that the existing formulae for the Casimir operators of Eg, E7 and Eg are rather formal, based
on special bases of their complexification, and that no simple analytical approach to compute
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them over arbitrary bases is known. In this sense, a first step towards the systematization of
labelling problems with exceptional algebras consists of developing practical procedures to
compute their invariants in either an analytical or geometrical frame [23]. Currently efforts in

this direction are in progress.
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