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Abstract

Special linear group SL(n,R), as well as its covering group SL(n,R)
in quantum domain, appear as relevant symmetry groups in many
physical models based on spacetime symmetries. Applications of
these symmetries and their representations in physics problems re-
quire knowledge of the sl(n,R) algebra representations. Spinorial
sl(n,R) representations are of particular importance in various prob-
lems of quantum field theory, quantum and alternative theories of
gravity, and theories of extended objects (strings, branes, etc.). Con-
struction of the unitary and spinorial representations of the si(n,R)
algebras is further involved by the fact that these representations are
necessarily infinite dimensional. Moreover, transformation properties
of physical entities, as well as their correct physical interpretation, re-
quire knowledge of the relevant sl(n,R) algebra and SL(n,R) group
representations in the basis of the orthogonal subgroup Spin(n).
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The method used to derive expressions of the SL(n,R) genera-
tors is based on the so called decontraction, also known as the Gell-
Mann, formula that is in the focus of this work. This formula, in
our case, determines the sl(n,R) algebra elements in terms of the
algebra elements obtained by the Inonii-Wigner algebra contraction
with respect to the so(n) subalgebra. It is shown that this formula
is valid only for some particular classes of irreducible representations
that are insufficient for applications in physical models.

Next we demonstrate how the Gell-Mann formula can be gen-
eralized. The obtained generalized formula is valid for all si(n,R)
irreducible representations: finite and infinite, unitary and non uni-
tary, tensorial and spinorial. All expressions of the matrix elements
of the SL(n,R), n > 2, generators are obtained explicitly by making
use of the generalized decontraction formula. They are given in a
closed form, in terms of the Hilbert space functions over the Spin(n)
subgroup, for an arbitrary irreducible representation characterized by
the corresponding set of labels. This result provides, due to si(n,R)
and su(n) algebras relation, expressions of the matrix elements of
the SU(n) generators in the SO(n) basis for all irreducible represen-
tations. An example that illustrate applications of the generalized
decontraction formula in models of alternative theories of gravity
based on a local affine symmetry is also presented.

1 Introduction

Special linear group over the field of real numbers SL(n, R) is defined as a set
of unit determinant n x n real matrices, equipped with usual matrix multi-
plication and inversion operations. In modern physics, this group appears in
many different context. It appears either independently, or as the essential
part of the general linear group GL(n,R) — as it is well known that basi-
cally all mathematical problems related to the general linear group reduce
to the corresponding problems for the case of the special linear subgroup:
representations, topology, Clebsch-Gordan coefficients... Accordingly, spe-
cial linear group also plays an important role in a number of contemporary
attempts to solve existing problems in the theory of gravity.

In the first place, it is the case for the affine theories of gravity, both met-



ric affine [1, 2] and gauge affine [3, 4]. In this context, special linear group
plays the role that the Lorentz group has within the standard, Poincaré
based theory of gravity. Flat space-time symmetry here is R, A GL(n,R),
i.e. semidirect product of translations in n dimensions with a subgroup of all
homogenous linear transformations of these n dimensions. Already at this
level understanding of the particle content of the models requires knowledge
of the special linear group representations (which are the key step for finding
representations of the entire affine symmetry). The gravitational interac-
tion is introduced by localization of the affine symmetry, while the neces-
sary symmetry breaking can be induced in various ways. Matrix elements
of SL(n,R) group and of the SL(n,R) double covering group SL(n,R) ap-
pear in the interaction vertex terms. The detailed knowledge of the special
linear group representations is particularly needed for the construction of
concrete symmetry breaking scenarios [5].

Knowledge of representations of the special linear group, in particular
of the, so called, spinorial representations is needed already in the anal-
ysis of the classical Einstein’s theory of gravity. Namely, general linear
group is the homogenous part of the diffeomorphism group Dif f(n,R) and
the (world) tensors in the general theory of gravity transform according
to the corresponding representations of exactly GL(n,R). Therefore, the
most straightforward and natural way to introduce spinorial matter in gen-
eral relativity would be via fields that transform with respect to spinorial
representations of the general linear group (so called world spinors) [6, 7].
Spinorial representations are those which, after symmetry reduction to the
(pseudo)orthogonal subgroup of the general linear group (one correspond-
ing to physical rotations), decompose into spinorial representations of the
orthogonal group. The very existence of the spinorial representaions of the
general linear, i.e. of the special linear group has been long unknown (up
to eighties, [6]) due to the fact that all such representations are necessarily
infinite dimensional. This fact certainly complicates finding and application
of this type of representations, but does not diminish its physical relevance.

In last decade or two, general linear group appears in the papers also as
an important subgroup in supersymmetry models with, so called, tensorial
central charges [8, 9, 10, 11, 12, 13, 14, 15, 16]. In these models super-
Poincaré symmetry in n dimensions is extended by adding of n(n — 1)/2



generalized momenta (”tensorial charges”) to the set of n standard gen-
erators of the space-time translations. Altogether they comprise a set of
n(n 4+ 1)/2 operators, transforming as a second order symmetric tensor
w.r.t. (with respect to) the general linear group GL(n,R) that here extends
and replaces the Lorentz group.! Such a generalization of the Poincaré su-
peralgebra is additionally important as it corresponds to the symmetry of
the M-theory [17, 18, 19, 20, 21, 22], so that it is also called M-algebra.
Gravitational interaction ca be introduced in these models also by localiza-
tion of GL(n,R) symmetry. Thus the importance of detailed knowledge of
representations of general (special) linear group in this context is also clear.

Special linear group corresponds to volume conserving transformations
(i.e. area conserving in the two dimensional case). This makes the group
relevant also in all cases where dynamics of the system is such that some
volume (area) is conserved. Such situations occur in the context of strings
and branes [23, 24].

To summarize, knowledge of SL(n,R) group/sl(n,R) algebra and its
representations is of extreme importance in theory of gravity and theories
of extended objects (in these examples it is usually enough to know rep-
resentations of sl(n,R) algebra, i.e. of the generators of SL(n,R) group).
These representations, as well as the context of their physical applications,
have many specific properties.

First of all, in physics we are often interested in unitary representations,
and since we are here dealing with a noncompact group, it is well known
that all such representations are infinite dimensional. Next, SL(n,R) group
has its double cover group SL(n,R). This is most easily seen via Iwasawa
decomposition SL(n,R) = NAK: nilpotent (N) and abelian (A) subgroups
are simply connected, so the covering of the entire group is determined by
the covering of the maximal compact subgroup K — in this case SO(n)
that, as it is well known, has double cover Spin(n) = SO(n). If we are
interested in models that include fermionic matter, the representations of
the double covering group SL(n,R) (that is GL(n,R)) are of the utmost

'We note that this symmetry significantly differs from the affine symmetry even in the
bosonic part, since the abelian subgroup generators, i.e. generalized momenta, transform
as symmetric tensors of the second order in one case and as the n-dimensional vector
representations of GL(n,R) in the second case.



interest, since among these representations are those that decompose into
spinorial representations of the (pseudo)orthogonal subgroups. Additional
mathematical difficulty is the fact that all these spinorial representations are
infinite dimensional, irrespectively of their unitarity properties [25, 6, 26].

Physical context also determines the basis of the representations space:
to differentiate between fields of different spins, we usually need to know
form of the symmetry generators in basis of the (pseudo)orthogonal sub-
group SO(m,n —m) ( m depends on the signature of residual symmetry
metrics in the model). This requirement reduces the number of available
mathematical methods for finding of representations: for example, stan-
dard ”canonical” approach (induction from maximal parabolic subgroup
[27]) would provide representations in a basis of Cartan subalgebra weight
vectors, and subsequent change of (infinite dimensional) basis is a difficult
task. Additional problem is due to the fact that representations of the spe-
cial linear group in general have nontrivial multiplicity with respect to the
decomposition into (pseudo)orthogonal representations. Therefore, in this
basis it is also necessary to take care of the multiplicity label.

Finally, dimension of the physical space varies from one model to an-
other: (Kaluza-Klein theories, strings, branes) so that a generic (for arbi-
trary n) result in a closed form is highly preferred.

The listed technical requirements make the problem of finding the special
linear group representations in this context very difficult. One possible
solution to this problem, that satisfies all the above criteria, is considered
in this paper. The solution is based on the generalization of the, so called,
Gell-Mann (decontraction) formula.

Gell-Mann decontraction formula [28, 29, 30, 31, 32, 33] is a transforma-
tion aimed to serve as an ”inverse” to the Inonii-Wigner contraction [34].
More precisely, while the Inonii-Wigner contraction is a singular transforma-
tion, more concretely a limiting procedure, that yields ”contracted algebra”
operators from the operators of the original algebra, the goal of the Gell-
Mann formula is to provide a way to express the operators of the starting
"non-contracted” algebra as functions of the contracted algebra elements.
The concrete expression of the Gell-Mann formula will be written in the
next section.

We are here interested in the case of SL(n,R) group. In this con-



text, important is its contraction contraction w.r.t. its maximal compact
subgroup SO(n). This procedure takes sl(n,R) algebra into a semidi-
rect sum of abelian subalgebra of generalized translations and a special
orthogonal algebra: 7,(,41)/2-1 ) so(n). Representations of this contracted
group/algebra are much easier to find than the representations of the start-
ing group/algebra (especially since the representations should be given in an
SO(n) adapted basis). Therefore, one approach to obtain representations of
sl(n,R) would be to convert, using the Gell-Mann formula, representations
of contracted 7,(,41y/2-1 ) s0(n) algebra into representations of si(n,R).

The problem with this approach comes from the fact that the Gell-
Mann formula is actually only a prescription that is not valid always,
i.e. not for all algebras and all their representations. Moreover, this for-
mula is entirely valid — i.e. as an algebraic identity — only in the case
of (pseudo)orthogonal algebras, that is, for contractions so(m + 1,n) —
Tman ) s0(m,n) so(m,n+ 1) = 14, so(m,n) [35, 36]. In other cases,
including the si(n,R) algebra case, the Gell-Mann formula is valid only for a
certain subset of representations (the validity conditions will be the subject
of the third section). Thus, by using the Gell-Mann formula we can ob-
tain only some of the si(n, R) representations, amongst whom, for example,
there are neither spinorial nor representations with multiplicity.

On the other hand, in the sl(n,R) case, it is possible to generalize Gell-
Mann formula so to broaden its domain of applicability to all representa-
tions, including both unitary and nonunitary, both multiplicity free and
with multiplicity, both tensorial and spinorial. As a direct mathematical
application of the generalized formula, a closed expression for matrix ele-
ments of SL(n,R) generators can be given — for an arbitrary (irreducible)
representation, for arbitrary n, in the basis of the orthogonal subgroup. Due
to the close relation of si(n,R) and su(n) algebra, the same can be done
also in the case of special unitary group/algebra.

This paper is organized as follows: the subjects of the next section are
Inonii-Wigner contraction and the original form of the Gell-Mann decon-
traction formula; in the third section we will concentrate on the particular
case of sl(n,R) algebras and discuss the domain of validity of the formula
for these algebras; the fourth section deals with the generalization of the for-
mula; the fifth section contains discussion of the applicability of the formula



in the context of affine gravity models; sixth section contains a summary
of the paper; Appendix contains Clebsch-Gordan coefficients of the SO(5)
group necessary for finding explicit matrix values in the considered five
dimensional case.



2 Inonu-Wigner contraction and the Gell-
Mann decontraction formula

2.1 Contraction

Inonii and Wigner have long ago introduced the notion of algebra contrac-
tion, in order to mathematically describe transition from the relativistic
Poincare symmetry to non-relativistic Galilei symmetry in the limit of in-
finite velocity of light [34]. At the basic of the contraction idea is the
observation that change of basis A; of algebra A:

Ay — A= X,7A; (1)

can transform algebra A into a non-isomorphic algebra A’ if the transfor-
mation coefficients X,” are singular. This type of transformation is called
Inonii-Wigner contraction if the singular transition coefficients can be ob-
tained as a limit, when some parameter ¢ approaches zero, of otherwise
non-singular transformation coefficients linear in e: X,” = X,7(¢). In such
a case, new structural constants of algebra A" have well defined limit if
and only if algebra A contains a subalgebra M with respect to which the
contraction is done in the following way:

M=>M=M, T=T=T

where A = M + T and A = M’ + T'. We say that the algebra was
contracted with respect to subalgebra M (that remained unaltered), and
the elements T’ we call ”contracted”. Contracted elements form an abelian
ideal 7" of algebra A’, since in the limit € — 0 it holds [T}, T}] = €*C{; M, +
eCET, = 0, where M, € M', T} € T', and Ci, are structural constants of
algebra A.

When the limit of structural constants is well defined, some other prop-
erties of the contracted algebra can be also found as a limit of the properties
of the starting algebra — eg. group parameters, matrix elements of the op-
erators, representation space basis vectors, Casimir operators. [34].

In this way, simultaneous Inonti-Wigner contraction of spatial momenta
and boost generators transforms Poincare algebra into Galilei one (that



is, by contraction w.r.t. subgroup generated by spatial rotations and time
translation). Another example of Inénii-Wigner contraction is a transfor-
mation of three dimensional rotation algebra into Fuclidean algebra in two
dimension, or contraction of (anti)de Sitter algebra into Poincare algebra
(by contraction of four generalized rotations into four-momenta: P, = eMy,,,
where M, € so(3,2) or M, € so(4,1)).

In the case of sl(n,R) algebras we are interested in the contraction w.r.t.
the maximal compact subalgebra so(n). Algebra sl(n,R) contains n(n —
1)/2 elements of rotational subalgebra M,, € M = so(n), a,b = 1,2,....,.n
(corresponding to antisymmetric real matrices , My, = —M,,) and n(n +
1)/2 — 1 noncompact generators Ty, € T, a,b = 1,2, ...,n (corresponding to
traceless symmetric real matrices T, = Tp,). In the context of space-time
symmetries and deformations of rigid bodies, the latter are known as shear

generators.
Structural relations of the special linear algebra, in Cartesian basis, are:
[Map, Mea] = i(6acMpa + daaMepy — SpeMad — SbaMea), (2)
[Maln Tcd] = i(éachd + 6achb - 5bcTad - 6deca)7 (3)
[Taba Tcd] = i(é(lCMdb + 5andb + 5bcha + 6bnda>- (4)

Inonii-Wigner contraction w.r.t. the maximal compact subgroup is given
by the following limit:

Up = PL%(ET“I])' (5)
Relations of the contracted algebra are:
[Map, Mea]) = i(6acMpa + daaMey, — SpeMaa — 6baMea) (6)
[Map, Uea) = 1(0acUsd + 0adUcb — ObcUad — baUca) (7)
[Uar, Uea) = 0. (8)

(Above we used the notation U instead of 7" for the contracted elements,
to avoid excessive use of prime symbols.)

The connection of the two algebras, established by this contraction pro-
cedure, can be used to obtain certain classes of representations of the con-
tracted algebra from the known representations of the starting algebra.
However, more often it would be of a greater practical merit to establish
the opposite type of relation, which is the subject of the next subsection.
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2.2 Decontraction

As we saw, the Inonii-Wigner contraction of the sl(n,R) algebra yields
a semidirect sum (ETCESIN, |+ so(n), where EYCEEVE is abelian subalgebra
(ideal) of ”translations” in @ — 1 dimensions. If we knew representa-
tions of the special linear algebra, by contraction procedure we could obtain
certain classes of representations of this semidirect sum algebra. However,
in this case (and in most of the others, as the matter in fact) this is of
not much practical use for finding representations. Namely, it is here much
more easy to find, by using direct methods of representation theory, repre-
sentations of the contracted algebra than of the starting special linear one.
Therefore, of a great utility would be a method that would allow us the
opposite: to get representations of the sl(n,R) starting from known repre-
sentations of the contracted semidirect sum. It this sense, instead of the
limit (5) that expresses elements of the contracted algebra as functions of
the starting one, it would be good to have expressions for the elements of

the sl(n,R) as functions of rxwm+1) | [ so(n) operators.
2

An attempt to establish this type of connection resulted in the Gell-
Mann formula [31, 32, 33, 37]. This formula, in its basic form, first time
appeared in a paper of Dothan and Ne’eman, back in 1966 [28], and was
known as the ”decontraction” formula at the time [29, 30]. The formula was
largely advocated by Hermann [33, 32], who, on the other hand, had learnt
about it from Gell-Mann. Not knowing the details of its genesis, he referred
to it as the ”Gell-Mann formula”. Under this latter name the formula
is nowadays known in some textbooks [32] and even in a mathematical
encyclopedia [31].

As it traveled a long road since its birth, this formula now appears in a
few variants and forms. First we give a definition close to the one given in
the encyclopedia [31].

Let A be a symmetric Lie algebra A = M + T with subalgebra M, so
that it holds:

M, M CM, MTICT, [T.T]CM. 9)

Let A" be its Inonii-Wigner contraction w.r.t. the subalgebra M. Then
A = M’ + U and exists an isomorphism of vector spaces m : A — A,
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given by the Inonii-Wigner contraction, such that m#(M) = M’ #(T) = U,
[r(M),m(A)] = n([M, A]) and [7(T1),n(T5)] = 0 where M € M, A € A
Ty, T, € T. Let U? denote quadratic element of the enveloping algebra of
subalgebra U that is invariant w.r.t. action of subalgebra M’. If D’ is a
representation of A’ such that D’(U?) is a multiple of the unit operator,
then the Gell-Mann formula for the representations D of algebra A is:

D(T) = a[D'(Cy), D'(x(T))] + o D'((T)), ~ D(M) = D'(x(M)), (10)

where T € T, M € M, Cs is a second order Casimir operator of the en-
veloping algebra of M', «v is a constant dependant upon D’(U?) and ¢ is an
arbitrary parameter.

In a mathematically less rigorous way, but closer to the original formu-
lation, the formula can be written as the following operator expression:

ey

T, =1 NGE
where T, € T, U, € U and we assume, just as in the above definition, that
the algebra A = M + T is Inonti-Wigner contracted into A" = M + U,
with T}, — U,. C3(M) is quadratic Casimir of the algebra M, o' is a
constant, and o is an arbitrary parameter. By writing the square root of U?
(U? is defined above) as a normalization in the denominator we cancel the
dependance of o on U?, that was present in the formulation (10). In this
way we can frite the formula, at least formally, as an operator expresson,
unlike the relation (10) that is given at the representations level. This form
makes apparent the goal of the formula: to express the operators of the
starting algebra as functions of contracted algebra elements.

It is of great importance to establish the domain of validity of the
formulas (10) and (11). There is a number of papers on this subject
[33, 32, 35, 36]. It is known that the formula is valid for almost all rep-
resentations in the case of contractions so(m+1,n) — rpn 4 so(m, n) and
so(m,n + 1) = ryin 4 so(m,n) (problems exist only with representations
where U? is represented as 0) [35, 36]. Namely, in these cases the relation
(11) can be checked to satisfy proper commutation relations.

For example, let the operators My, a,b = 1,2, ..., n satisfy so(n) algebra
commutation relation and let define contraction w.r.t. so(n — 1) sublagebra

(Co(M), U] +ioU,, (11)
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as a limit of transformation P, = eM,,;,i = 1,2,...,n—1. Contracted algebra
satisfies:

[(Mij, Mig) = (0 My + 0 M, — 6 My — 6 My;), (12)
(Mij, P] = i(0uP; — 6;.0) (13)
[P, Pj] = 0. (14)

We can explicitly check that the Gell-Mann formula will, in this case, be
indeed inverse to the contraction: operators M,;, defined as in (11) as:

M, = d 1 1> (Mp)? Pl+ioP,  i=12..n—1, (15)
24/ (P k=

together with subalgebra elements M;;,7,j = 1,2, ...,n—1 will again satisfy
structural relations of so(n) algebra (we had to fix the value of constant
o = %) As the matter in fact, since P; obviously transform according the
the vector representation of the so(n — 1) subalgebra, it remains to check:

[M i, M) = —ﬁpﬁ[{Mkl, 6P — 0y P}, {M*Y  §ips Py — S P }]
P2_7£OZ.

- = \/%Pkf)léklMij =

In the above expressions we implied summation convention and Euclidian
metrics d;; with respect to the first n — 1 coordinates and the curly brackets
denote anticommutator. Therefore, we see that in the case of this algebra,
the Gell-Mann formula is completely valid, that is, as an algebraic identity
(apart from the special case of contracted algebra representations satisfying
P? = 0, when the very formula expression is ill defined).

Unfortunately, the (pseudo)orthogonal algebras are also the only class
of of algebras where the Gell-Mann formula is valid in such, algebraic sense.
For example, we can try to apply the same Gell-Mann prescription in the
sl(n,R) case. In that case, the Gell-Mann formula tells us to look for
the sheer generators as the following functions of the contracted algebra
elements (6)-(8):

M;;. (16)

Ty, = %[C&(so(n)), Uss] + 0Uu. (17)
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For the sake of later comparison, we mention that the same expression can
be also written as:

Tab = /Uabu (18)

20y
s & Vet o

where o' differs from o, and { } denotes antisymmetrization of the indices
in the bracket.

However, if we calculate commutators of so defined shear generators, it
will turn out that they do not satisfy si(n,R) commutation relation (4),
more precisely, that additional terms appear on the righthand side. These
additional terms are, in general, nonzero, rendering the formula inapplica-
ble. Only in certain representations of the contracted algebra these terms
vanish, and for that subclass of representations of the contracted algebra
the Gell-Mann formula is valid, resulting in the corresponding subset of
representations of the special linear algebra.

The situation is similar in the case of other algebras and their contrac-
tions — although the formula is not satisfied algebraically, it can still be valid
for a certain subclass of representations. A partial answer to the question
of what subclasses these precisely are was given by Hermann in [33] and
[32]. However, he did not even attempt to give the complete answer, con-
centrating, as he said, to ”what seems to be the simplest case” and ignoring
the cases when the little group (in Wigner’s terminology) is nontrivially
represented.

On the other hand, this question (for the case of sl(n,R) algebras) is of
extreme importance for us, since in the cases when the formula is applicable
we have an extremely simple and convenient expression for representation of
operators of the special linear algebra. Therefore, the conditions for validity
of the Gell-Mann formula in the si(n,R) case will be discussed in the next
section.
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3 Domain of validity of the Gell-Mann for-
mula for si(n,R)

3.1 Mathematical framework

In order to make use of the Gell-Mann formula to obtain the sl(n,R) rep-
resentations, the first necessary step is to determine representation matrix
elements of the contracted algebra operators. The corresponding contracted
group is a semidirect product of SO(n) and an Abelian group, and it is well
known that the usual group induction method provides the complete set of
all inequivalent irreducible representations [38]. Nevertheless, we will not
pursue the induction approach here. Instead, we will rather proceed to work
in the representation space of square integrable functions £2(Spin(n)) over
the Spin(n) group (in accord with the SL(n,R) topological properties),
with the standard invariant Haar measure. As for our final goal, this ap-
proach ensures certain advantages: (i) The generalized Gell-Mann formula
is expressed in terms of tensor operators w.r.t. the maximal compact sub-
group basis (instead w.r.t. the eigenvector basis of the Abelian subgroup),
(i) This representation space contains all inequivalent irreducible represen-
tations of the contracted group (some of the irreducible representations are
multiply contained, i.e. each such representation appears as many times as
is the dimension of the corresponding little group representation and all of
them, irrespectively of the corresponding stabilizer, can be treated in an
unified manner), and (iii) this space is rich enough to contain all represen-
tatives from equivalence classes of the SL(n,R) group, i.e. sl(n,R) algebra
representations [40]. The last feature provides the necessary requirement
of a framework needed for generalization of the Gell-Mann formula, i.e. a
unique framework providing for all sl(n,R) (unitary) irreducible represen-
tations.

The generators of the contracted group are generically represented in
this space as follows.

Space L£?(Spin(n)) is the space of the vectors:

o=/ L )la)ds, g€ Spin(n) (19)
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where ¢(g) denotes a square integrable function on the Spin(n) group, |g)
are (generalized) basis vectors of group elements, and dg is a (normalized)
Haar measure.

Operators of so(n) subalgebra act on these vectors in a natural way:

d
M, = —i— itM, :
1 16) = —i % explitMa)| 10}
where the action of element ¢’ of the Spin(n) group on an arbitrary vector
|¢) € L2(Spin(n)) is determined by right group action on basis vectors |g)
of this space:

q'19) =g’/¢(g) lg) dg = /¢(g) l9'9)dg,  ¢',g € Spin(n).  (20)

The abelian operators Uy, (5) of the contracted algebra in this basis act
multiplicatively as Wigner’s D-functions (SO(n) group matrix elements as
functions of the group parameters):

L]
5 ) e

|u| being a constant norm, g being an SO(n) element, and in order to
simplify notation we denote by [T7 (in a parallel to the Young tableaux) the

_ [ _
U =+ i) =l 3 [ 0P

[T
ab
from the (1] representation space is determined by the ab “double” index of

symmetric second rank tensor representation of SO(n). The vector

L] . .
Ua, whereas the vector ” > can be an arbitrary vector belonging to the

sn(n+1) — 1 dimensional CT] representation (the choice of v is determined,
in Wigner’s terminology, by the little group of the obtained representation).
Taking an inverse of ¢ in (21) ensures the correct transformation properties.
The form of the representation of the Abelian operators merely reflects the
fact that they transform as symmetric second rank tensor w.r.t so(n) (7)
and that they mutually commute.

A natural discrete orthonormal basis in the £2(Spin(n)) representation
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space is given by properly normalized Wigner D-functions:

{‘ }/ﬁ{m} >E /mDiz}}'{m}@_l)dglw}, (22)

< g}} (') g}} {m) >= O HIYO 1Y O Hm

where DBﬁ (m) @r€ matrix elements of Spin(n) irreducible representations:

Dty (9) E< ;{{ﬁ DV (g) {{;7% > (23)

Here, {J} stands for a set of the Spin(n) irreducible representation labels,
while {k} and {m} labels enumerate the dim(D{’}) representation basis
vectors.

An action of the so(n) operators in this basis is well known, and it can
be written in terms of the Clebsch-Gordan coefficients of the Spin(n) group
as follows:

(i |

where H denotes Spin(n) representations of second order antisymmetric
tensors.
The matrix elements of the U,, operators in this basis are readily found

to read:
<§/§f{m’} ‘U %{m}>
=l [y | P27 Wy )
= |uly/dim{7Ddim({7}) / Dt 9) Do (9) Dy (9)dg (25)

— im {JILLKIY ~{I LTy
= [ul\ [ C N w k] Clmhanim® -
A closed form of the matrix elements of the whole contracted algebra
"o i) s0(n) representations is thus explicitly given in this space by
2

(24) and (25).

J} H
— S/ Ciy Oy, (24
gk}{m}> GHVEED CELOLTL . (24)
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Moreover, we introduce the so called, left action generators K as:
Kab = g(a b )(ab )D(ab)((l”b”)Malb/7 (26)

where ¢(@"?")@?) is the Cartan metric tensor of SO(n) and DH are multi-
plicative operators analogous to operators DM but that correspond Wigner
D-functions of representation of antisymmetric second order tensors.

The K, operators behave exactly as the rotation generators M, apart
from that that they act on the lower left-hand side indices of the basis (22):

< ] ’Kab

Due to the fact that the mutually contragradient SO(n) representations
are equivalent, the K, operators are directly related to the ”left” action
of the SO(n) subgroup on L%(|g(0))): ¢'lg) = ‘gg/_1>. For this reason
we will refer to the group generated by K, simply as the left orthogonal
(sub)group. The K, and M,, operators mutually commute, however, the
corresponding Casimir operators match, i.e.:

%ZKEL!} - %Zbe (28)
a,b a,b

J - ’
i/{:%{m} > = OV O E)% . (27

Commutators of K and D~ operators are:

[T _ [ 1] [T [T 1]
[Kabs Dicaes)) = 100acDpdy(e ) T9aa Diepy(e ) = e Diadye ) ~ O Dicayiesy)- (29)

We note that, in complete analogy with operators D= and DH, it is
possible to introduce also operators D%,ﬁ (m} that act multiplicatively in the
space L2(Spin(n)) as corresponding Wigner D-functions of representation
{J}. Due to their multiplicative action, these operators obey the same
identities that are standardly fulfilled by the Wigner D-functions.
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3.2 Condition for the validity of the Gell-Mann for-
mula

The problem with validity of the Gell-Mann formula lies in the fact that
commutator of two operators (from the subalgebra T') constructed by using
this formula does not always belong to the subalgebra M with respect to
which the contraction has been performed (9), as it should. In the sl(n,R)
case that means that the commutator of two shear generators, constructed
by using (17) is not equal to a linear combination of operators from so(n)
subalgebra. That is, the problem is in the relation (4) which is not satisfied
a priori, i.e. without imposing additional conditions. On the other hand,
relation (3) is automatically satisfied by the construction, due to obvious
transformation properties of the Gell-Mann formula constructed operators
Tup w.r.t. the so(n) subalgebra.

To investigate circumstances in which relation (4) holds, we will evalu-
ate this commutator using relations and mathematical framework from the
previous subsection. For the sake of generality of the results, we do not
wish to fix the basis for algebra elements — to stress this, we will use a
single letter indices (e.g. 7,) instead of Cartesian basis double indices (75;)

Using (21) and (28), the Gell-Mann formula (17) now reads:

T, = ia[Co(so(n))x, D5L)) +io D5, (30)
where Cy(so(n))k is quadratic Casimir operator of the so(n) subalgebra
expressed using K operators (28):

Starting from the expression (30) and using known properties of Wigner
D-functions, we find:

(T, 1) = =20%K s, [Kjy, DSIKG, DSIK: — (s v)
— = 0D, S (CF T - DY) (32
(2(Ca(7) = 26N N & KD+

(10 ® K Corern, D) ) DK
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The Cyr41r), operator here denotes the second order Casimir operator
acting in the tensor product of two [T representations, i.e. Cyiirr), =
YUK ®1+1® K;).

The summation index J in (32) runs over all irreducible representations
of the Spin(n) group that appear in the tensor product [IJ® 1], and A, N
count the vectors of these representations. Since all irreducible representa—
tions terms, apart those for which the Clebsch-Gordan coefficient C’Dj 1
is antisymmetric w.r.t. p <> v vanish, we are left with only two Values
that J takes: one corresponding to the antisymmetric second order tensor

H and the other one corresponding to the representation that we denote as
FH. The fact that in the case of sl (n,R) algebras, there is another repre-

sentation term, in addition to H, in the antisymmetric product of two [TJ
representations (i.e. representations that correspond to abelian U opera-
tors), is in the root of the Gell-Mann formula validity problem. Note that
in the case of the so(m + 1,n) — iso(m,n), i.e. so(m,n + 1) — iso(m,n))
contractions, where the Gell-Mann formula works on the algebraic level,
the contracted U operators transform as [0 and the antisymmetric prod-

uct of two such representations certainly belongs to the H representation
(i.e. to the representation that corresponds to M = so(m,n) subalgebra
operators).

The so(n) Casimir operator values satisfy CQ(B}) = 2C*([0) = 4n,
implying that one of the two terms vanishes in (32) when J = Hﬂ, leaving
us with:

5oz [T T] = 4(n +2)32, )\’CD:‘D:I/\H @\1 ® KZ-IDEHDEW@AKF

14

Z)\,A’OD:”IV:'H H 1® K, Corern) ) o) g)\Ki_ (33)
5 TP 53 16 K, Caain FED DK,

where we used that C? (H) =2n —4.

As the coefficient a can be adjusted freely, all that is needed for the
Gell-Mann formula to be valid is that (33) is proportional to the appropriate
linear combination of the Spin(n) generators, as determined by the Wigner-
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Eckart theorem, i.e.:

[T, T)) ~> CDEDE@MA => CDEDEEDQKZ.. (34)
A A

We now analyze these requirements, skipping some straightforward tech-
nical details. The third term in (33), containing D functions of the repre-

sentation BEL is to vanish. Since it is not possible to choose vectors w
so that this term vanishes identically as an operator, the remaining pos-
sibility is to restrain the the space (22) of its domain to some subspace
V = {|v)} C L£2(Spin(n)). More precisely, for this term to vanish, there
must exist a subalgebra L C so(n)g, spanned by some {K,}, such that
K, € L = K, |v) = 0. Requiring additionally that this subspace V' ought
to close under an action of the shear generators, and that the first two
terms of (33) ought to yield (34), we arrive at the following two necessary
conditions:

1. The algebra L, must be a symmetric subalgebra of so(n), i.e.

[L,N] C N,[N,N] Cc L;N = L*. (35)

2. The vector ought to be invariant under the L subgroup action

(subgroup of Spin(n) corresponding to L), i.e.
(1]
. > —0. (36)

The space V' is thus Spin(n)/L. In Wigner’s terminology, this means
that L is the little group of the contracted algebra representation, and that
necessarily it is to be represented trivially. Besides, the little group is to be
a symmetric subgroup of the Spin(n) group. This coincides with one class
of the solutions found by Hermann [33]. However, now we demonstrated
that there are no other solutions in the sl(n,R) algebra cases, in particular,
there are no solutions with little group represented non trivially.

K,eL=K,
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As for the first requirement, an inspection of the tables of symmet-
ric spaces, yields two possibilities: L = Spin(m) x Spin(n — m), where
Spin(1) = 1, and, for n = 2k, L = U(k) (U is the unitary group). However,
this second possibility certainly does not imply another solution, since it
turns out that there is no vector satisfying the second above property.

Thus, the only remaining possibility is as follows,

L = Spin(m) x Spin(n —m), m=1,2,...,n—1, Spin(l)=1. (37)

It is rather straightforward but somewhat lengthy to show that propor-
tionality of (33) and (34) really holds in this case. The vector

exists, and it is the one corresponding to traceless diagonal n x n matrix
diag(%?"'v%v_nima"'v nflm)

The analysis accomplished above can not be applied directly to the n = 2
case, thus the sl(2,R) case must be treated separately. The maximal com-
pact subgroup SO(2), that is, its double cover Spin(2), has only one genera-
tor M, and therefore it has only one-dimensional irreducible representations.

In this case, there are two Abelian generators U, of the contracted group:

[M,Uy] =+Uy, U, U.]=0. (38)

Based on these relations, it is easy to verify that the T'y operators obtained
by the Gell-Mann construction as:

Ty =i[M? U] +ioUs (39)
automatically satisfy the sl(2,R) commutation relation:
T,,T_] = —2M. (40)

Therefore, we demonstrate that the Gell-Mann formula applies to the sl(2, R)
case as well.

The above results can be summarized into a conclusion that the formula
is valid only in Hilbert spaces over Spin(n)/(Spin(m) x Spin(n — m)),
m=1,2,...,n—1,Spin(1) = 1.
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3.3 DMatrix elements

The presented approach allows us also to write down explicitly the matrix
elements of the sl(n, R) generators in the cases when the Gell-Mann formula
is valid. The possible cases are determined by the numbers n and m. The
corresponding representation space (not irreducible in general) is the one
over the coset space Spin(n)/Spin(m) x Spin(n —m). The proportionality
factor a is determined to be:

m(n —m)

1
Y St ShEY 41
@ 2 n ’ (41)

and, in a matrix notation for [T representation:

(| m(n_m)d, 1 1 1 1 4
=/ — — ey, —y — ceey— : 2
‘ w > n @ag(m, m’ on—m’ n—m) (42)

The Gell-Mann formula (30), and the matrix representation of the con-
tracted Abelian generators U (25) yield:

< 7{1/’ 7{? > - (43)

i m(n—m) /[ dim(J) (CQ(J/> . CQ(J) + U)Cg[‘o:l{)/ OJI:DJ’ .

4n dim(J") m p m

T,

In

The zeroes in the indices of Clebsch-Gordan coefficients here denote vectors
that are invariant w.r.t. Spin(m) x Spin(n — m) transformations (in that
spirit ij = Doj ). In the formula (43), the space reduction from
L%(Spin(n)) to L2(Spin(n)/Spin(m) x Spin(n —m)) implies a reduction of

: . J
the basis (22), i.e. ’ 0m

, 1.e. only the vectors invariant w.r.t.

left Spin(m) x Spin(n —m) action remain: . By fixing value of the

J
0m
left index to be zero in the basis (22), we effectively lose multiplicity of the
representation w.r.t. the Spin(n) subgroup.

The expression (43), together with the action of the Spin(n) generators

(24) provides an explicit form of the SL(n,R) generators representation,
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that is labelled by a free parameter . Such representations are multiplicity
free w.r.t. the maximal compact Spin(n) subgroup, and all of them are a
priori tensorial. One can obtain from these representations, for certain o
parameter values, the sl(n,R) spinorial representations as well by explicitly
evaluating the Clebsch-Gordan coefficient and performing an appropriate
analytic continuation in terms of the Spin(n) labels [39, 30].

3.4 Conclusion on the original Gell-Mann formula for

sl(n,R)

In this section, we clarified the issue of the Gell-Mann formula validity
for the sl(n,R) — ruwm+n_, 4 so(n) algebra contraction. We have shown

that the only sl(n,R) representations obtainable in this way are given in
Hilbert spaces over the symmetric spaces Spin(n)/Spin(m) x Spin(n —m),
m=1,2,...,n— 1. Moreover, by making use of the Gell-Mann formula in
these spaces, we have obtained a closed form expressions of the noncompact
operators (generating SL(n,R)/SO(n) cosets) irreducible representations
matrix elements. The matrix elements of both compact and noncompact
operators of the sl(n,R) algebra are given by (24) and (43), respectively.

In particular, it turns out that, due to Gell-Mann’s formula validity
conditions, no representations with so(n) subalgebra representations mul-
tiplicity can be obtained in this way. Moreover, the matrix expressions of
the noncompact operators as given by (43) do not account a priori for the
sl(n,R) spinorial representations.

Due to mutual connection of the sl(n,R) and su(n) algebras, the results
apply to the corresponding su(n) case as well. The SU(n)/SO(n) genera-
tors differ from the corresponding si(n, R) operators by the imaginary unit
multiplicative factor, while the spinorial representations issue in the su(n)
case is pointless due to the fact that the SU(n) is a simply connected (there
exists no double cover) group.

In many physics applications one is interested in the unitary irreducible
representations. The unitarity question goes beyond the scope of the present
work, and it relates to the Hilbert space properties, i.e. the vector space
scalar product. An efficient method to study unitarity is to start with a
Hilbert space L?*(Spin(n), k) of square integrable functions with a scalar
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product given in terms of an arbitrary kernel x, and to impose the unitarity
constraints both on the scalar products itself and on the noncompact opera-
tors matrix elements in that scalar product (cf. [41]). The simplest series of
the sl(n,R) unitary irreducible representations, the Principal series, of the
representations constructed above are obtained when o = ioy, oy € R\{0},
i.e. when o takes an arbitrary nonzero pure imaginary value.
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4 Generalization of the Gell-Mann formula
in the sl(n,R) case

4.1 Low dimensional cases s/(3,R) and si(4,R)

In the previous section we have shown that the Gell-Mann formula in
sl(n,R) case is of a very limited domain of validity. The reason why the
formula (17) is not valid in entire space £?(Spin(n)) can be understood in
the following way. While the si(n,R) operators My, are invariant w.r.t. the
left action of the Spin(n) group in this space, i.e. they commute with op-
erators K, it is not the case with the shear generators T,;, as constructed
by using the Gell-Mann formula (17). These transformation properties of
shear generators T, are inherited from the corresponding operators U, of
the contracted algebra. Their nontrivial transformation properties w.r.t.
the left action of the Spin(n) group are determined by the choice of the
vector w in (21). As a consequence, a commutator of two such operators
a priori will also have nontrivial transformation properties w.r.t. SO(n)g
group (the one generated by K,).

Therefore, unlike M, this commutator is not scalar w.r.t. SO(n)k ac-
tion, so that commutation relation (4) is not satisfied. In certain cases it is
possible to restrict representations space to a subspace in such a way that
only SO(n)g invarian part of commutator [T}, T, remains. That is exactly
what happens in the cases discussed in the last section, when the Gell-Mann
formula is valid.

This analysis gives a motivation to attempt to modify the formula by
adding some terms proportional to the generators of the left SO(n)x group,
in such a way to cancel the unwanted terms in the commutator [7},,7,]. In-
deed, such a generalization of the Gell-Mann formula can be effectively read
out from the known form of the matrix elements for si(3, R) representations
with multiplicity. Namely, in the form of s/(3, R) matrix element expression
from the paper [41] it is possible to recognize terms that correspond to the
Gell-Mann formula, together with certain additional terms. Therefore, in
the n = 3 case, using the results of [41] we can directly write:

l

V6

T# = O—Dgu + [02(80(3))7 Dgu] +7’(D§,u - DzZu)KO +5(D%u + DEQ;L)‘ (44)
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We used the standard spherical basis for Spin(3) representations, with (1]
representations here corresponding to J = 2, and the vectors within this
representation are labeled by p = 0,4+1,£2. Complex numbers ¢ and 9
are parameterizing the representations of the si(3,R) group. The first two
terms we recognize as the original Gell-Mann formula (30), with vector
w chosen to be invariant w.r.t. the action of the K3 (i.e. chosen is vector
|J =2,u=0). The additional terms to the “original” Gell-Mann formula
secure that the 7}, operators satisfy the commutation relation (4) in the
entire representation space. Note that there are two si(3, R) representation
labels ¢ and 4, matching the algebra rank, contrary to the case of the
original Gell-Mann formula whose single free parameter cannot account for
the entire representation labeling. Notice also that additional terms in the
formula (44) change value of projection K3, that is, action of these terms
on vector form the basis (22) will change the multiplicity label k (in general
leading to nontrivial multiplicity of the representations).

The generalized expression (44) contains the original formula as a special
case: by restricting the representation space £2(Spin(3)) to the subspace of
k = 0 (that is the subspace £L2(Spin(3)/Spin(2))), and choosing § = 0 one
arrives at the multiplicity free representations that were obtained by using
the original formula. Moreover, the generalized Gell-Mann formula allows
one to obtain some s{(3,R) multiplicity free representations that cannot be
reached by making use of the original formula. For example, with the choice
o= %, and 0 = —% [42], a subspace spanned by the following vectors (linear
combinations of basis vectors with different & values):

1

1 1 1
2 /= 2
{‘m > |im > +| i R )
2 2
5, 3 = & 5 2 s
I 2 >=\§m >+ iwgm > +4/51 S > ] I PES (45)
2, 9 El = 9 7 2 2 2
2 = 5 5
2> |§m >+ %m > 44/ 3l ;m >4/ 3l 1 om > +| s > +| om >,

is invariant w.r.t. the action of si(3,R) operators. At the same time, sub-
spaces with fixed value of are here one dimensional and the values of are
half-integer. Therefore, this is an example of a spinorial multiplicity free
sl(3,R) representation. More precisely, this is the unique unitary si(3,R)
spinorial multiplicity free representation si(3,R), and this representation
cannot be obtained by application of the original Gell-Mann formula (with-
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out resorting to certain analytical continuation of the Clebsch-Gordan co-
efficient expressions [41]).

Matrix elements of the sl(4, R) representations with multiplicity are also
known (n = 4 is the largest dimension with known matrix elements). The
Gell-Mann formula thus can similarly be generalized in the case of the
sl(4,R) algebra. Again, by extracting from the known matrix elements
of the sl(4,R) representations with multiplicity [30], we find:

Tz = (0 Dfhyagy + 3[Ca(50(4)), D)
_|_51(D11 =+ Dl_l ) + (Dll - Dll

11p po 1=1p1pe 11p pa —1-Tpipe

3+ K8) (46)
83D s+ DiL ) + (DM = DiL) (K08 = KB),

where we used Spin(4) D (Spin(2) x Spin(2)) basis and p1, pe = 0, £1. As
the rank of the si(4,R) algebra is three, there are precisely three represen-
tation labels o, d1, and dy (if complex, only three real are independent).

As in the sl(3,R) case, the generalized formula reduces, for certain values
of the labels ; = d = 0, in a representation subspace defined by K1) =
K3 = 0 (i.e. in the subspace L£2(Spin(4)/(Spin(2) x Spin(2)))) to the
original Gell-Mann formula.

If we express the generalized Gell-Mann formula for si(4,R) in a basis
that corresponds to the subgroup chain Spin(4) D Spin(3) D Spin(2), we
obtain:

Tip=mDyi — 52[Cy(s0(4)), D93 |+

12D+ 5[Cals0(3))x. D5 1+ (47)

where j = 0,1,2, [u|< j, and Cy(s0(3))x denotes quadratic Casimir opera-
tor of the left SO(3) subgroup, generated by

10 01 10 01 10 01
{K1+ +K1 K +K: K +K1}
—-1 -1 0 0 1 1

(in Cartesian basis: {K1a, Ko3, K31}). We note that in subspace £2(Spin(4))
it holds Cy(so(4)) = Ca(so(4))yr = Ca(so(4))k, but this connection does
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not exist for the Casimir operators of the subalgebras, i.e. Cay(s0(3))n #
Cs(s0(3))k! Relation of the parameters used in (46) and (47) is ic =

—\/ig’yl—l—\/gfyg—%, 01 = 73, and 9y = \/ig’yr%\/ié’yg—%. From this form of the
expression can be easily seen that, if we choose 75 = 73 = 0, the generalized
formula reduces to the original one in the subspace £?(Spin(4)/Spin(3)),

since in that subspace the additional terms vanish (and only the first row
of the expression remains).

4.2 Generalization of the Gell-Mann formula for s/(5, R)

In the previous subsection, thanks to the known matrix elements of the
sl(n,R), n = 3,4 representations with multiplicity, we generalized Gell-
Mann formula for the SL(3,R) and SL(4,R) groups, finding a formula that
is valid in entire space of square integrable functions over the compact sub-
group. In this subsection we will construct a generalization of the Gell-Mann
formula for si(5,R) case and, as a direct application, we will derive matrix
elements of sl(5, R) generators for arbitrary irreducible representation. This
approach to the problem of finding matrix elements is particularly impor-
tant since the matrix elements for s/(3, R) and si(4, R) were in [41] and [30]
found in a very computationally involved way, that would be difficult to
repeat for the higher dimensional sl(5,R) case.

As a hint toward a way to generalize the formula in n = 5 case we
note a certain recursive pattern in transition from n = 3 to n = 4 can be
seen by comparing the expressions (44) and (47). Namely, in the formula
(47) all additional terms coincide with the generalized formula for s/(3,R)
itself (44), where only the quadratic Casimir operator Cs(so(3)) is replaced
by Cy(so(3))k. It turns out that transition from n = 4 to n = 5 can be
obtained in a similar manner.

Let us recall first some basic so(5) algebra representation notions. The
so(5) algebra is of rang two, and its irreducible representations are labeled
by a pair of labels (J;,.J5), resembling the so(4) labeling. The complete
labeling of the representation space vectors can be achieved by making use
of the subalgebra chain: so(5) D so(4) = so(3) ®s0(3) D so(2) @ so(2). The
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basis of the so(5) algebra representation space can be taken as in [43, 44]:

hohN
Jl Jg s JZ-:O,E,...; lee]g; \mz|§ Ji, 221,2 . (48)

my Mg

T_he _admissible values of J; and Jy, within an irreducible representation
(J1,J2) are given in [45]. Now, the basis of the so(5) algebra, i.e. the
Spin(5) group, representation space vectors (22) is given as follows:

Ji Ja
K, Ky Ji J > . (49)
k’l k’g my My

The ten so(5) algebra operators, generating the adjoint representation
of Spin(5), transform, in notation (48), under the representation (1,0).
Their so(4) subalgebra representation content is: (1,0) — (1,0) @ (3, 3)
@ (0,1). The shear operators transform under the 14-dimensional so(5)
irreducible representation (1,1) of so(5) which contains (1,1), (3,%) and

272
(0, 0) representation upon reduction to so(4):
{T{L{Q } = {T}lﬂh2 ,Téui ,Tg} }

Now, by analogy to the transition from n = 3 to n = 4 (44, 47) we will
make the following educated guess for the form of the si(5,R) generalized
Gell-Menn formula:

Tﬁlzé = UlD%ﬁlﬁz +2'a5[02(30(5)),D

00k 2

+Z (O-2D(%)%z}1fl22 + %[02(50<4)K), Dg]'l j2 ]

~Diippe i+ K —KJ)—D e (6, - KIf +KJ})
+DWse Go+ K +K§)+D 1 1nn (6, - KIf — K )> ,
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where j; = 0, %, L, |wi|< jiy © = 1,2, the representation labels oy, 09,01
and 0, are arbitrary (complex) parameters (four real are independent), and
Cs(so(4) k) denotes the quadratic Casimir operator of the left action so(4) k
algebra. Coeflicient a5 is determined from the requirement that that com-
mutation relations of the [1,7] C M type should be satisfied (4). And
indeed, with the choice a5 = \/Lg this relation can be checked to hold.

Unlike the sl(n,R), n = 3,4 cases where we started from the known
expressions for matrix elements of the shear oeprators, here, in the case of
sl(5,R) algebra, using the obtained generalization of the Gell-Mann formula
(50) we can now derive matrix elements for arbitrary s/(5, R) representation
(given by the parameters oy, 09,01 and ds).

Matrix elements of the si(5,R) shear generators are:

J1J2 TJ1J 1T T,7
T‘Z'Lll.z K1 KoJy Jo — /MC J1Js d1je Ji ]2?
k1 ko mima d’m(Jl J2) mima 12 mlmg

! —/
J1Jy
7 7 7/ !
KiKa, Ty,
k1 ky mimg
T1Jg 11 7, J2

. 4 ! =/ -/ =/ - 7 e
X <01+z\/;(J1(J1+2)+J2(J2+1)7J1(J1+2)7J2(J2+1) )CkKllef 00 kKllf;

J1J2 11 J J (51)
+ Z(o’g—‘,—K’ (K'+1)+K' (K'—l—l) Kl(Kl—l—l) Kg(Kg-l—l))Cfl]iQ é(l] 5152
1 k2
T1Je 11 T} T4 TJ1J2 T 17,75
i(61+k1—k2) CK1K2 11 K1Kz — i(61—k1+k2) OKle 11 KK/
k1 ko 1—1 ki k) k1ko —11 k' k2

+ i(Sa+k1+k2) Ci(lligz H i(,lfj"z + (2 —k1—k2) 0#12221 1 1J<,1i{é >
k1 ks 11 K| K k1 ky —1—1 K} k)
dim(Jy, Jo) = (2J1 — 203 4+ 1)(2J1 4+ 2J5 + 3)(2]1 + 2)(2J5 +1)/6 is the
dimension of the so(5) irreducible representation (.Jy, Jo) [45].

To summarize: matrix elements of (noncompact) shear generators (51),
together with the known matrix elements of the (compact) so(5) operators
(24), give an action of the si(5,R) algebra on the basis vectors (49) space
over the maximal compact subgroup Spin(5) of the group SL(5,R). This
result is general due to Corollary from the Harish-Chandra paper [40], that
is directly applicable to the case of sl(5, R) algebra.
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4.3 Generalization of the Gell-Mann formula for ar-
bitrary n

The generalized Gell-Mann formulas for sl(3,R), sl(4,R) and si(5,R) [25]
are given by rather cumbersome expressions. However, when these formulas
are expressed in the Cartesian basis (like formulas (2)-(4)) in terms of the
K, operators and anti-commutators rather than commutators the resulting
expressions become extremely simple. Moreover, this form allows for an
immediate generalization to the case of an arbitrary n. We prove below
that the generalized Gell-Mann formula for any si(n,R) algebra w.r.t its
so(n) subalgebra takes the following form::

02...0n, Dj )
Ty =— g {Kea, Dicay(an)} + 1 E :OCD(CC)(ab)7 (52)
c=2

c>d

where o, is a set of n — 1 arbitrary parameters that essentially (up to some
discrete parameters) label sl(n,R) irreducible representations. Note that
the sum in the first term goes only over pairs (¢, d) where ¢ > d i.e. it is not
symmetric in ¢, d.

Let us begin the proof that the expressions (52) satisfy the sl(n,R)
commutation relation (4) by introducing operators:

c—1
TG[,Z} - — Z{ch, Dl(:cld:)‘(ab)} + io—CDl(:C‘C:)l(ab)’ CcC = 2, . o ,TL (53)
d=1

and expressing the generalized expression (52) as:

T=Y T (54)
c=2
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Next we calculate the commutator [TLEZ], TL%,] for ¢ < d:

c—1 d—1
c d (11
5, T = Y A Kee, DL b = > K, Do )]
e=1 f=1

+ Ziad[ {KceaDDej ab} Ddd)(a’b’)]

+ ZZUC (cc) {de7 ( ’b’)}] (55)

c—1

[T] [ 1] [ 1]
= ZHKO@7 D(ce)(ab)}7 {Kd07 D(dc)(a’b’)} + {Kd€7 D(de)(a’b’) }]

e=1

. 11 LT

+ 0-— ZUC[D(CC)(ab); {ch> D(dc)(a’b’) }]

B B .Z_ [T [T [T (1]

= ... =7 {Kce) {D(ed)(ab)7 D(cd)(a’b’)} + {D(cd)(ab)7 D(ed)(a/b/)}}

+ 20{ Diggtianys Didoya) }-

The result is symmetric under the change of pair of indices (ab) <> (a'b’),
and similarly can be concluded when ¢ > d. We conclude that for ¢ # d it
holds [T 74 ) = (7! 7% and thus we find::

c c . 11 1]
[Top, Try] = E [T, T = E {Kaa, A Dicayavy: Dean@wy - (56)
c c,d,d’

By making use of the identity:
[ 1] [ 1] [T] [ 1]
ZC(D(cd)(ab)D(cd’)(a’b’) - D(cd’)(ab)D(cd)(a’b’)) (57)
- %(5aa'D(dd’ )(bb') + 5bb/D (dd")(a + 0, b’D (dd")(ba’) + 5ba’D(dd/)(ab/))
and the fact that the M generators are given in terms of the K operators

via the DH operators (cf. (26)), one verifies the desired expression (4).

Note that the first equality in (56) implies that the overall sign of op-

erators T(EZ] is inessential. Moreover, any left rotation (generated by the
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K operators) of the generalized formula (52) will preserve the [T, 7] com-
mutator (4) and thus lead to another valid expression for the generalized
Gell-Mann formula. The generalized formulas related in this way form an
equivalence class of formulas that yield the same set of sl(n,R) irreducible
representations. Besides this class there are a few alternative useful expres-
sions of the generalized Gell-Mann formula. We point out explicitly two
cases below.
Let us consider operators:
US? = DI s (58)

a

stressing that D(Dcdj)(ab) is just a particular representation of the Uy, operators

(21), characterized by the choice of the vector v to be v = (¢d) and |u|= 1.
Then, by making use of the commutation relations to shift the K operators
to the right in (52) we find :

To=-2Y USPKa+id) olUs". (59)
c=2

c>d

The parameters in the two forms of the formula are connected by relation:
o, =0.—2(c—1).

The last expression for the generalized formula can now be directly com-
pared to the original formula in the form (18). It is as simple as the original
Gell-Mann formula, with a crucial advantage of being valid in the whole
representation space over £2(Spin(n)). General validity of the new formula
is reflected in the fact that there are now n — 1 free parameters, i.e. repre-
sentation labels, matching the si(n,R) algebra rank, compared to just one
parameter of the original Gell-Mann formula.

Another notable form of the generalized formula relies on the fact that
the operators 719 (53) can be written as:

1} = S[Ca(s0(0)i), US| +io U7, e=2,....m (60)

where Cy(so(c) i) is the second order Casimir of the so(c) left action subalge-
bra, i.e. Cy(so(c)k) = 5> 0 -1 (Ka)®. The generalized Gell-Mann formula
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can now be written as:

n

02...0n __ *
T =7 E

c=2

[Co(s0(c) ), UG + 0 US, (61)

N | —

which is to be compared with the original formula in the form (17). Again,
the generalized formula matches, by simplicity of the expression, the original
one. Besides, the very term when ¢ = n is, essentially, the original Gell-
Mann formula (since Cy(so(n)x) = Ca(so(n)ar)), whereas the rest of the
terms can be seen as necessary corrections securing the formula validity
in the entire representation space. The additional terms vanish for some
representations yielding the original formula.

The generalized Gell-Mann formula expression for the noncompact “shear”
generators Ty, holds for all cases of sl(n,R) irreducible representations, ir-
respective of their so(n) subalgebra multiplicity (multiplicity free of the
original Gell-Mann formula, and nontrivial multiplicity) and whether they
are tensorial or spinorial. The price paid is that the Generalized Gell-Mann
formula is no longer solely a Lie algebra operator expression, but an expres-
sion in terms of representation dependant operators K, and U(@ab,

4.4 Direct application — martix elements of SL(n,R)
generators for arbitrary irreducible representa-
tion

The generalized Gell-Mann formula, as given by (61), can be directly applied

to yield all matrix elements of the SL(n,R) generators for all irreducible

representations, characterized by a complete set of labels 0;, 7 = 2,3,...,n

(the invariant Casimir operators are analytic functions of solely these la-
bels), in the basis of the maximal compact subgroup Spin(n). Taking the
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matrix elements of (61) we get:

< e oy ‘T T > (62)

_ < Ei//]]{{m’ z‘i%[cz(so(c)K),Ué?)] + .U Ei}}{m} >
— —Z (Ca(so(c)qxry) — Ca(so(c)xy) +UC>< gi’g{m’} ’U‘EEC) gﬁ{m} >

im({. I:\:‘ 4
5im(({{}}})) Z Ca(so(c {k’ — Cy(so(c ){k}) +UC)O£ %(cc)gk’% C{{rgz}}(ab){{’r{l'}} )

where, in the last equality, the expression (25) for the matrix elements
of the U operators is used. The second Clebsch-Gordan coefficient, that
is merely reflecting the Wigner-Eckart theorem, can be evaluated in any
suitable basis, not necessarily the Cartesian one, due to the fact that the
expression is covariant with respect to the free index (ab). Note, that this
is not the case for the first Clebsch-Gordan coefficient — it is necessary in

order to evaluate it to express the specific vector Eg > in some basis that

spans the entire vector space over Spin(n).

The final expression is simplified by choosing the indexes of the gen-
eralized Gell-Mann formula matrix elements to be given by labels of the
Spin(n) D Spin(n — 1) D --- D Spin(2) group chain representation labels.
In this notation, the basis vectors of the Spin(n) irreducible representations
are written as:

Jszn (n),1 Jszn (n) Jszn(n)

N B A M
{m} >— > (63)

JSpin(2)
Likewise, the set of indices {k} of (22) is thus given by the labels of the irre-
ducible representations {']Spin(n—l),lu JSpin(n—l),27 Ty JSpin(n—Z),h JSpin(n—2),27

- Jspin(2) } of the Spin(n) O Spin(n—1) D --- D Spin(2) group chain.

To express the vector ‘ Eg > in such a basis we notice first that it corre-

1

sponds to a diagonal traceless n by n matrix of the form diag(—%, e
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,”T’l, —%, e —%), with ”T’l positioned at the c-th row and column. On
the other hand, the diagonal traceless matrix , /6(6—171) diag(—1,...,—1,¢ —
1,0,...,0), with first ¢ — 1 occurrences of —1, corresponds to a vector that

belongs to a second order symmetric tensor (T representation) with re-
spect to Spin(c), Spin(c + 1),...,Spin(n) subgroups, and it is invariant
under Spin(c — 1):

{D:‘}szn(n)
{I B spin(e)
{O}SpinIZc—l) ’ (64)
0
This vector has n — ¢ 4+ 1 double-boxes followed by ¢ — 2 zeros underneath
— in shorthand notation: }OD};_};HH > Somewhat peculiar is the matrix

\/gdmg(—l, 1,0,0,...) that corresponds to:

{Dj}Spin(n) {Dj}Spin(n)
}E}?}nfl > = \/Lﬁ gm}spinm) + \/Li {Ej}Spin(él) ) (65)
2 —2

where the standard labelling for SO(n), n < 3 is implied, in particular the
[T representation corresponds to Jgpin(s) = 2).
By combining these facts we find:

[T] 1 - [N . c—1
(co) >+E Z ‘ (dd) >—\/T
d=c+1

However, when evaluating the U(¢®) operators of (61) in this basis, only
the first term on the left-hand side is relevant due to the fact that:

D:‘ n—c+1
G (66)

d>c = [Cy(solc)x), U] =0. (67)

Having this in mind, we make use of (66) to recast, in the first equality
of (62), the U(“® operators accordingly. Taking into account arbitrariness of
the o, coefficients and following the same steps as in (62), we finally obtain
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a rather simple expression for the shear generator matrix elements for an
arbitrary sl(n,R) representation (labelled now by parameters &.):

J' J N ey JYC{
(s (70| e ) - /25
X D ems \/E <Cz(80(6){k/}) — Co(so(c)qry) + 5c)0 R
(68)
The relation of the labelling of (43) and the one of (52), i.e. (61), is achieved
provided o, = 7.+ ZZ;; 74/d. The Clebsch-Gordan coefficient with indices
{m},{w},{m'} in (43) can be evaluated in an arbitrary basis (which is
stressed by denoting the appropriate index by w instead by ab). The other
Clebsch-Gordan coefficient can be evaluated in any basis labelled accord-
ing to the Spin(n) D Spin(n —1) D --- D Spin(2) subgroup chain (e.g.
Gel’'fand-Tsetlin basis) and can be, nowadays, rather easily evaluated, at
least numerically.

4.5 A comment on the generalized formula

As already stated, the matrix elements of the sl(n,R)/so(n) operators, as
given by the Generalized Gell-Mann formula, apply to all tensorial, spino-
rial, unitary, nonunitary (both finite a infinite-dimensional) sl(n,R) irre-
ducible representations. In many physics applications one is interested in
the unitary irreducible representations. The unitarity question goes beyond
the scope of the present paper, and it relates to the Hilbert space prop-
erties, i.e. the vector space scalar product. An efficient method to study
unitarity is to start with a Hilbert space L?(Spin(n), ) of square integrable
functions with a scalar product in terms of an arbitrary kernel x, and to im-
pose the unitarity constraints both on the scalar products itself and on the
sl(n,R)/so(n) operators matrix elements in that scalar product (cf. [41]).
We note that the results of the previous subsection can be directly con-
veyed to the case of special unitary group SU(n). Namely, operators of
su(n) algebra can be, similarly as in the case of sl(n,R) algebra, split w.r.t.
its so(n) subalgebra into My, operators and T;g(n), a,b=1,2,...,n opera-
tors. Relation of 7™ and T, operators is a direct one: T3 = iT,,, and
the commutator [T, T*™)] differs from the commutator (4) only by an
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overall minus sign. Therefore, all formulas obtained for SL(n,R) shear gen-
erators Ty, (44, 46, 47, 52, 59, 61, 68), are after multiplying by imaginary
unit also applicable to SU(n) generators 7oy ™) with the following remark:
since the SU(n) group is its own covering group, space L?(Spin(n)) has to
be reduced to space L?(SO(n)).

To sum up, the expressions (24) and (43) fully determine the action
of the sl(n,R) operators for an arbitrary irreducible representation given
by the set of n — 1 invariant Casimir operators labels .. This action is
given in the basis (22) of the representation spaces of the maximal compact
subgroup Spin(n) of the SL(n,R) group. This result is general due to a
Corollary of Harish-Chandra [40] that explicitly applies to the case of the
sl(n,R) algebras.
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5 Application in affine theories of gravity

5.1 Affine gravity models

In the introduction we have listed a few models of space-time symmetries
and gravity where special linear group plays a substantial role. In this
section we will briefly illustrate where the Gell-Mann formula can be applied
in the context of affine theories of gravity.

Mostly due to the difficulties encountered in attempts to quantize Ein-
stein’s theory of gravity, a new ways to generalize and expand the basic
concepts of Riemannian geometry and general relativity were sought. Affine
theory of gravity is one of the possible directions to take. It is interesting
to mention that even Einstein himself has considered affine generalizations
of general relativity [51].

In affine gravity models the flat space-time symmetry of the theory
(prior to any symmetry breaking) is given by the General Affine Group
GA(n,R) = T™ N GL(n,R) (or, sometimes, by the Special Affine Group
SA(n,R) =T"ASL(n,R)). In the quantum case, the General Affine Group
is replaced by its double cover counterpart GA(n,R) = T"AGL(n, R), which
contains double cover of GL(n,R) as a subgroup. This subgroup here plays
the role that Lorentz group has in the Poincaré symmetry case. Thus it
is clear that knowledge of GL(n, R) representations is a must-know for any
serious analysis of Affine Gravity models. On the other hand, the essential
part of the GL(n,R) = Ry ® SL(n,R) group is its SL(n, R) subgroup, and
that is where SL(n,R) generators matrix elements, obtained by using the
generalized Gell-Mann formula, come into play (R, is subgroup of dilata-
tions). We will apply expression for these matrix elements in order to obtain
coefficients for some of the gauge field-matter interaction vertices.

Gravitational interaction is into these models usually introduced by
gauging the global affine symmetry GA(n,R) = T" A GL(n,R). Since in
the tensor product of two defining representation of GL(n,R) group (also of
SL(n,R) group) does not appear any GL(n,R) (or SL(n,R) respectively)
invariant tensor, there is also no equivalent of Minkovski metrics 17,,, and
connection will not preserve length of vectors. Actually, as the transition
from Riemannian to Riemann-Cartan space can be seen as a result of in-
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troduction of torsion, similarly, the transition from the Riemann-Cartan
geometry to the affine geometry is related to abandoning of the require-
ment of metricity.

5.2 Gauge Affine action

A standard way to introduce interactions into affine gravity models is by
localization of the global affine symmetry GA(n,R) = T" A GL(n,R).
Thus, quite generally, affine Lagrangian consists of a gravitational part (i.e.
kinetic terms for gauge potentials) and Lagrangian of the matter fields:
L = L, + L,,. Gravitational part L, is a function of gravitational gauge
potentials and their derivatives, and also of the dilaton field ¢ (that ensures
action invariance under local dilatations). In the case of the standard Metric
affine gravity [1, 2|, gravitational potentials are tetrads e?,, metrics g, and
affine connection I'% ,, so that we can write: L, = Ly(e, de, g, dg, T, 0T, p).
More precisely, due to action invariance under local affine transformations,
gravitational part of Lagrangian must be a function of the form L, =
Ly(e,9,T,R,N, @), where T%, = 0ue®, + %", — (u < v), RY,, =
L%, +1%,1%, — (1 < V), Ny = Dyga are, respectively, torsion, cur-
vature and nonmetricity. Assuming, as usual, that equations of motion are
linear in second derivatives of gauge fields, we are confined to no higher
than quadratic powers of the torsion, curvature and nonmetricity. Co-
variant derivative is of the form D, = 9, —i[',? ,Qp", where @, denote
generators of GL(n,R) group. The matter Lagrangian (assuming minimal
coupling for all fields except the dilaton one) is a function of some num-
ber of affine fields ¢! and their covariant derivatives, together with metrics
and tetrads (affine connection enters only through covariant derivative):
Lm = Lm((blv D¢Ia e, g)

With all these general remarks, we will consider a class of affine La-
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grangians, in arbitrary number of dimensions n, of the form:
L(e, 0ue, " Ty, 01y, Gaby W, 0, W 4, P4, 0,4, 0,0,0) =
| *R — 2*T? — 2N? 4
Wig™yaey) Dy ¥ + 59" ¢ e, (D @) (D, ®) + 59¢ /e, DupDyp +
— Ly(n) + Ly (n)|. (69)

The terms in the first row represent general gravitational part of the La-
grangian, that is invariant w.r.t. affine transformations (dilatational invari-
ance is obtained with the aid of field ¢, of mass dimension n/2 — 1). Here
T? and N? stand for linear combination of terms quadratic in torsion and
nonmetricity, respectively, formed by irreducible components of these fields
(a discussion of available possibilities can be found in Appendix B of [2]).
For the scope of this paper, we need not fix these terms any further. This
is a general form of gravitational kinetic terms, invariant for an arbitrary
space-time dimension n > 3.

The Lagrangian matter terms, invariant w.r.t. the local GA(n,R), n > 3,
transformations, are written in the second row. The field ¥ denotes a spino-
rial GL(n,R) field - components of that field transform under some appro-
priate spinorial G L(n, R) irreducible representations. All spinorial GL(n, R)
representations are necessarily infinite dimensional [6], and thus the field ¥
will have infinite number of components. The concrete spinorial irreducible
representation of field ¥ is given by a set of n — 1 SL(n,R) labels {o¥}
together with the dilatation charge dy. The field ® is a representative of
a tensorial GL(n,R) field, transforming under a tensorial GL(n,R) rep-
resentation (i.e. one transforming w.r.t. single-valued representation of the
SO(n) subgroup) labelled by parameters {c®} and dg. Since, as it is argued
in the following section, the noncompact SL(n — 1,R) affine subgroup is to
be represented unitarily, the tensorial field ® is also to transform under an
infinite-dimensional representation and to have an infinite number of com-
ponents. The remaining dilaton field ¢ is scalar with respect to SL(n,R)
subgroup, and thus has only one component.

Finally, the third row contains possible additional gravitational and
matter terms, denoted respectively by L,(n) and L,,(n), that, due to re-
strictions imposed by the dilatational invariance requirement, can appear
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only for some concrete values of n. (E.g., in [5] dealing with the four di-
mensional case, authors take L (4) = a1 Rjape d}R[“b cd] 1 g Rjape ]d]R“b[c]d] +
043R (b][c)d R[a [)] + CY4R (a]b) d]R cd 4 Oz5R (ablc )d]R (able) d] and L (4)
pUdw — )\q>(®+(1>) — NPT P)p? — )\wgp )

Interaction of affine connection with matter fields is determined by terms
containing covariant derivatives. We write these terms in a component no-
tation, where the component labelling is done with respect to the physically
important Lorenz Spin(1,n — 1) subgroup of GL(n,R). Such a labelling al-
lows, in principle, to identify affine field components with Lorentz fields of
models based on the Poincaré symmetry. Namely, the affine models of grav-
ity necessarily imply existence of some symmetry breaking mechanism that
reduces the global symmetry to the Poincaré one, reflecting the subgroup
structure T A SO(1,n — 1) € T™ A GL(n,R). Therefore, we consider the
field ¥ (and similarly for ® field) as a sum of its Lorentz components:

J J
D Vi oy o)
wm)
Ket vectors in this decomposition are basis vectors of the {o¥} representa-
tion of SL(n,R) group [26]. Sets of labels {J} and {m} determine trans-
formation properties of a basis vector under the Lorentz Spin(1,n — 1) sub-
group: {J} label irreducible representation of Spin(1,n—1), while numbers
{m} label particular vector within that representation. The set of parame-
ters {k} enumerate Spin(1l,n — 1) multiplicity of representation {J} within
the {o¥} representation of SL(n,R). These parameters {k} are mathemat-
ically related to the left action of Spin(n) subgroup in representation space
L2(Spin(n)) of square integrable functions over the Spin(n) group (for more
details c.f. [26]).
The interaction term connecting fields ¢g*, e/, %", \Ilg}} (m} \Ifg,i (|
now:
9 T oy ¥y D (o el i oy i oy | Qo i oy

Jll
{k"}{m”}

(70)
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while the interaction of tensorial field with connection is given by:

=597 e TLOR Ty i ooy (1 1y [ Qg+ (T)

3971 € TPy Du (i) oy oy [ Qual D)+ (72)
b ted e TS DUt Ou®0) ey

o <{k}{m}|Qab|},}7ll/}{mu}>qif/imn}|Qa/b/|{k€{m/}>- (73)

{k”}{m”}

The scalar dilaton field interact only with the trace of affine connection:
%gabeaueby(alt - Z.Paa,ud<ﬂ)90(aV - iraaudSD)SO? (74)

where d, denotes dilatation charge of ¢ field.

In the above interaction terms we note an appearance of matrix ele-
ments of GL(n,R) generators, written in a basis of the Lorenz subgroup
Spin(1,n —1). The dilatation generator (that is, the trace Q%) acts merely
as multiplication by dilatation charge, so it is really the SL(n,R) matrix
elements that should be calculated. (An infinite dimensional generalization
of Dirac’s gamma matrices also appear in the term (70); more on these ma-
trices can be found in papers of Sijacki [53].) However, before we illustrate
how to evaluate these matrix elements, and thus how to calculate vertex
coefficients, we must make some additional general remarks on GL(n,R)
representations that correspond to physical fields.

5.3 Deunitarizing automorphism

We will briefly discuss the matter of unitarity of the representations corre-
sponding to fields in affine models. In standard, Poincaré symmetric models,
gauge and matter fields have finite number of components and this fits well
the experimental data. However, since the Lorenz group is a non compact
one, this is made possible by the fact that the fields transform under the
non-unitary representations of the Lorenz group. Note that it is only the
compact SO(n —1) part of the Lorentz group that is represented unitary. If
the unitary, so called Gelfand-Naimark, representations of the Lorenz group
were used [52], the boosts would mix infinitely many field components, in
contrary to observations.
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For the same physical reasons, the Lorenz subgroup of G'L(n,R) should
act in an analogous way on G'L(n,R) fields: boosts should be represented
non unitarily and the Lorenz subgroup should reduce in finite dimensional
subspaces of field components. On the other hand, much in the same way as
spatial rotation part of the Lorenz group acts unitarily on Poincaré fields,
it is physically favorable that the spatial "little group” GL(n — 1,R), a
subgroup of GL(n,R), acts unitarily on field components.

This can be elegantly accomplished by using a so called deunitarizing
automorphism. Namely, there exists an inner automorphism [6], which
leaves the R, ® SL(n — 1,R) subgroup intact, and which maps the Qo).
Qor) generators into iQx), iQ k) respectively (k = 1,2,...n —1). Here
Qay) = %(Qab — (Qpe) denote the antisymmetric operators that generate the
Lorentz subgroup Spin(1,n — 1), whereas Q) = %(Qab + Qva) — %gachc
are the symmetric traceless operators that generate the proper n-volume-
preserving deformations (shears).

The deunitarizing automorphism thus allows us to start with the unitary
representations of the SL(n, R) subgroup, and upon its application, to iden-
tify the finite (unitary) representations of the abstract SO(n) compact sub-
group with nonunitary representations of the physical Lorentz group, while
the infinite (unitary) representations of the abstract SO(1,n—1) group now
represent (non-unitarily) the compact SO(n)/SO(n — 1) generators.

5.4 Gauge affine symmetry vertex coefficients evalu-
ation

Now we return to evaluation of vertex coefficients for interaction between
various Lorentz components of the GL(n,R) fields. The nontrivial part
of the problem is to find matrix elements of SL(n,R) shear generators in
expressions (70)-(73). We will do that by using formula (68).

However, formula (68) is given in the basis of the compact Spin(n)
subgroup, and not in the basis of the physically important Lorentz group
Spin(1l,n — 1). On the other hand, it turns out that taking into account
deunitarizing automorphism exactly amounts to keeping reduced matrix
element from (68) and replacing the remaining Clebsch-Gordan coefficient
of the Spin(n) group by the corresponding coefficient of the Lorenz group
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Spin(1l,n — 1).

Now, as a concrete example, we will consider tensorial affine field ¢ in
n = 5 dimensions. For example, let the field ¢ correspond to an unitary
multiplicity free SL(5,R) representation, defined by labels oy = —4,8; =
0o = 0, with oy arbitrary real. The representation space is spanned by
vectors (49) satisfying J, = Jo = J € Ny + %;Kl =Ky =0;J, = J, =
J < J. This is a simplest class of multiplicity free representations that is
unitary assuming usual scalar product. If we denote ®*,a =1...5 the five
® components with J, = J, = % (in this sense ®” corresponds to a Lorenz
5-vector) then the interaction vertex (71) connecting fields &1, 9,d% and
affine shear connection I'’ is:

i e vVFa c \/g 2
59 fee“ef ORI @L(I)dﬂ o1(NavNde + NacNay — ﬁnadnbc)- (75)

To obtain this result we used an easily derivable formula for Clebsch-Gordan
coefficient connecting Lorentz vector and symmetric second order Lorenz
tensor representations:

2
L0 n
Cr b0 = \/ sy (b e + Tachas — —Tade); (76)

where we labelled Spin(1,n — 1) irreducible representations by Young di-
agrams, as in [26]. More importantly, we also used value of the reduced

matrix element: o o
||| 3 2
00 00 = —01, (77)
00 00 7

that we obtained by using formula (51) (based on this formula, a Mathemat-
ica program was generated that directly calculates sl(5, R) matrix elements,
taking into account relevant Spin(5) Clebsch-Gordan coefficients given in
the Appendix).

It is no more difficult to obtain coefficients of the vertices of the form
(73). Lagrangian term (73) connecting Lorenz 5-vector ¢ components ®j,
(IDLI) and affine connection component I'(s5), is:

o

1
5 (07 — 25) g*'ele TSI DLO, . (78)
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In a similar fashion, we can find vertex coefficients for more complex
representations with nontrivial multiplicity.
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6 Conclusion

Gell-Mann decontraction formula is, at the algebraic level, applicable only in
the case of the (pseudo)orthogonal algebras. In the case of other algebras
this formula is not applicable for all representations. As for the case of
sl(n,R) algebras, contracted w.r.t. the so(n) subalgebra, we saw that it
can be applied only to certain classes of tensorial representations without
multiplicity. More specifically, we have shown that the formula is valid only
in Hilbert spaces over Spin(n)/(Spin(m)x Spin(n—m)), m =1,2,... ,n—1.
When the formula is applicable, it directly yields matrix element expressions
of the sl(n,R) operators: (24) and (43).

Starting from the known expression for generator matrix elements of
sl(3,R) and sl(4,R) representations with multiplicity, it was possible to
easily obtain expressions for the generalized Gell-Mann formulas in the
corrsponding cases, and then to follow a similar pattern and obtain gen-
eralized formula in the si(5,R) case. By expressing the obtained formulas
in Cartesian basis, the Gell-Mann formula was generalized for arbitrary di-
mension n. The generalized formula is given by the expression (52). As the
most direct and important application of the formula, we obtained closed
form expressions for matrix elements of si(n, R) operators in arbitrary irre-
ducible representation (finite, infinite, tensorial, spinorial, multiplicity free
or not). The form of the generalized formula is quite elegant and comparable
by simplicity to the form of the original formula.

We have also considered an application of the Gell-Mann formula in the
context of affine models of gravity.



48

7 Appendix: Clebsch-Gordan coefficients for
the 14 dimensional uinitary irreducible rep-
resentation of Spin(5)

Analytical expressions for the Spin(5) Clebsch-Gordan coefficients involv-
ing the 14-dimensional representations are a must know for obtaining and
confirming all of the results pertaining to the 5 dimensional case. These
coefficients were published long ago [58]. However, in attempt to use these
coefficients, it turned out that some 30% of the expressions in the paper are
incorrect. Therefore, a detailed analysis of the polynomial expressions had
to be carried out, that led to their correction. Additionally, an algorithm for
numerical evaluation of Spin(5) Clebsch-Gordan coefficients was developed
in order to compare their values in a vast number of points.

The obtained results are given in this appendix. More details can be
found in [44].

Any Spin(5) Clebsch-Gordan coefficient can be written as a multiple of
two Spin(3) Clebshe-Gordan coefficients and one reduced Spin(5) Clebsch-
Gordan coefficient:

. . -/ ./ /] _ jl 32
Juv oJz| J1 J2 J1 J2 1 o

N N a1 sl /A
Ju J2|J1J2 J1J 2 (
my mg my mhy mf mj

Jvds T3\ (| i (G2 | g g2
g1 da g1 Jg ) \ma | mymy ) \mg | mhms )
(79)

Since the Spin(3) coeflicients are well known, we will list only the reduced
Spin(5) Clebsch-Gordan coefficients.

The direct product of a representation (ji,j») with 14-dimensional rep-
resentation (1,1), decompose into the following representations:

(j1,J2) ® (1,1) = () + 1, j2 + 1) @_(51752 + 1) @_(51 — 1_752 +1) o
CMm+Li)eGi—1Lp)®01+1,j—1)® (1,52 —1)

_ _ _ 1 - 1 - 1 - 1

I . 1= 1 . 1- 1
@ (1 — 1, jo )@(Jl+2732+2)@(91 2792+2)
@(]1+§>]2—5)@(J1—§,]2+§)@2(]1;]2)-

(80)
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The reduced coefficients follow:

Clebsch-Gordan coefficients (j1,j2) ® (1,1) — (j1 + 1,2 + 1) are:

No(j1,72) =

J1+1j2+1

<j1+1j2+1

+1) (j1+je—j1+Jjo+2

(271 +2) (21 +3) (1 +j2 +2) (1 + j2 +3) (272 + 1) (272

J1 J2 11>
Jij2 11

= (Na(jlan) ((j1+d2+71—Jo+2) r+d2+71—J2+3) (J1+72— 71+ 72

N _ _ - Lo (81)
+2) (271 +2j2+3) (271 +2j2+5)) 2,

(]1—]2+j1+j2+2) J1 — jo + j1 + jo

)
) (

+3) (=it +i+a2+2) (it + i+ J2+3) (1t + g+ o
) (j

+3) (1+je+i+jat+4

J1—1j—1

<h+&j2+1

(

Ji+1lja+1
J1—1jo+1

J1je 11
Jij2 11

J1je 11
Jij2 11

(j1+j2+71+72+5) (1+Jj2+ 51+ jo

+6)Y2)/ (4(G+ 1) (2 +3) (G +1) (22 +3) ),

)

(82)

)— (Na(jlva) ((j1+je+iji—J2) (i+ie+i1—Jj2+1) (1

+je—ji+j2—1) (ji+j2—Jji+752) (=i —j2+ i
+io+ 1) (—j1—je+ji+ jo+2)(—j1—Jo+J1+J2
+3) (—j1—Je+ii+j2+4) (ji—je+i1+72+2) (1
—jot1+i2+3) (—ji+jetii+ie+2) (—ji+je+i1
+ Ja+3)"? )/(4 (1 (271 = 1) j2 (2 jo — 1))1/2> ,

(83)

(Na(31,32) ((Gi—de+i1i—J2—1) (h—je+n

—12) (—1+jot+di—de+1)(=ji+je+j— J2
+2) (=1 —je+j1+j2+1) (=j1—J2+j1+ja
+2) (=j1 +j2+ 1+ Ja+2) (i1 + 52+ 1+ o
+3) (=it +iti+4) (i i+t jo

+5)(j1+j2+ g1+ J2+3) (i+j2+ 1+
+4))1/2)/(4 (J1 (2 1 — 1) (245 + 552 + 3)) /2>7
(84)
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(

1+1j2+1
Ji+1j2—1

Ji+1lja+1

(j1+1

ji+1lj+1

Jj1—1

J2

J2

J1je 11
Jije 11

J1je 11
J1j2 11

J1je 11
Jij2 11

)
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) = (Na(31,32) ((j1—Jo+71—Je+1) (j1—d2+j1—J2

C+2) (et =2 = 1) (=i + 2+
= J2) (=i —Je+ i +ie+1) (=i —Jj2 + j1+ Jo
+2) (i —jde+ i +i2+2) (i —je+ i+
) Ji—Je+i1+je+4) (1 —jo+ i1+ o
J1+ja+j1+ja+3) (ji+ g2+ j1+ o

)

(

) (

)Y /(4 (73 +5 51 +3) 42 22— 1) ?),
(85)

) = <Na(51732) (jr—de+j1—J2+1) (mj1+Jj2+n5

—j2) (Gi+jo+i1—J2+2) (J1+d2—J+Je
) (=j1—Ja+ji+ja+1) (j1—J2+ i1+ J2
+2) (j1—Je+n+j2+3) Gi—Je+i+i2
) (=j1+Jo+71+72+2) (J1+j2+ 71+ o
+3) (i+jot+i+jet+4) Gr+je+ia+i

/

+ )2 ) /(4G 1) @1 +3)d2 G2+ 1))
(36)

:_(Na(jlan) ((J1—Je+41—J2) (—j1+d2+71—Jo

+1) (itietii—g2+1) (it+iz—ji+i2) (—ji—Jja
+iti2+1) (=i —J2+i+ J2+2) (—i—J2 i +)2
+3) (jl_—jQ—_i-j1+j2+2) (_j1+_j2+z'1+j2+2) (=1
+jo+j1+ Jo+3)(—ji+de+i+i2+4) (it

= = 1/2 . . . .
i+ +3)Y )/(4 (1 (241—1) j2 (32+1))1/2>,
(87)



(

J1

J1

n

<j1+1j2—|-1

Jo+1

<j1+1j2—|-1

j2—1

Jj1+1j+1

J2

J1je 11
Jij2 11

)

Jije2 1 1)

Jij2 11

J1je 11
Jjij2 11

)

51

(Na(jlan) (1 —J2+ 71— J2) (= +je+j1—Jjo
+1) (j1+j2+z1—22+2) (j1+j2—i1+i2
+1) (—jl—j2-i_-j1-i_-j2+1) (j1—j2+_j1 + Jj2
+2) (—htititi+2) (—in+i+tit
+3)(—j1+j2+,21+22+4) (j1+j2+21+22
+3) (Jr+je+n+ge+4) (j1+7g2+41+ 52
+5)Y2) /(401 G+ 1) G+ 1) (272 4+3)7 )
(88)

_<Na<31752) (i —do+d1—Jo+1) (=j1+j2+5
—Jj2) (i+ie+ii—jat+1l) (itja—ji+i2) (—ji—j2
+71+72+1) (—;7'1 —J2t+i1+ Jo+2) (—_j1 —J2FJ1+72
+3) (i—ja+j1+j2+2) (1 —ja+j1+j2+3) (a
—Jotji+ie+4) (mj1+je+ji+72+2) (j1+J2
i+ 3" ) /(4G G+ D 2 23— 1))

(89)

_(Na(31752) (=j1—jJo+j1+je+1) (—=j1—j2

++j2+2) (i—J2tiitje+2) (i—j2+
+J2+3) (=i +i2+a+i2+2)(—in+i2+a
+ Ja+3)(itjetiitiz+3) (itiz+iitie
+ ) (g + - = B +2 i
+72) )/ (461 G+ 1) o G2+ 1)),

(90)
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Ji J2

t+1j2+1
J1 J2

j1+3j+3

1 . - - . . =
1) :< a(d1,d2) (Gr+d2+ 1= G2 +2) (h+372—
2

N[ =t

+je+1) (—1—jJet+ii+ie+1) (h—Jjot+n
+d2+2) (j1—Jet+ig1i+Jja+3) (=j1+ja2+i1
+jo+2)(=j1+Jjo+ii+ je+3)(Ji+j2+n
+j2+3) (j1+j2+j1+de+4) (J1+j2+ g1+ Jo

+5)"2)/(2(G+ 1) Ga + 1)),
(91)

1

12 1) Z—(Na(jljz) ((1+de+i1—Je+1) (i+j2—J1

]1+1]2+1
J1 J2

.7 2]2

2

N[ =

+ Jj2) (—j1—j2+317+527+1)( J1—Je+ 1+ Jo
+2)(—j1 —J2+ 1 +j2+3) (1 —J2+ 1+ 72
+2) (jl—j2+51+52+3) (— g1+ 2 + j1 + Jo
+2) (=1 +jo+J1+ Jo+3)(j1+ja+ 51+ Jo

+3)'2)/(2 ()" ) -
(92)

]- iy s . . i s . . s
1) = <Na(317]2) ((J1—Je+j1—Jg2+1) (—j1+d2+1
2

Ji J2

<j1+1j2+1
3l 71 g

j1+%j2—

N[ =

— Jj2) (_jl_j2+317+527+1)( n—Jot+n+ J2
+2) (1 —J2+ i+ 52 +2) (1 —je+ 1+ jo
+3) (j1—jo+g1+je+4) (—j1+je+i1+J2
+2) (i +j2+j1+J2+3) (1 +h2+ 1+

+4)Y2)/ (261 + 13272,
(93)

.71 ]2

<J1+1]2+1
J1 72

J 2]2+

]. s rd . . s iy . . iy s

1) = (Na(h,yz) ((J1 —Jo+J1—J2) (—j1+Jja+j1—J2
2

+1)(—j1—j2+21+7]’2+1)( jl—j2+zl+z'2

+2) (L —Jetsi+i2+2) (=j+i2+J1+72

+2) (=j1+joa+ 1+ J2+3) (—j1 +j2 +j1 + Jo

+4) (31+J2+]1+]2+3) (j1+ j2 + 1 + J2

1/2) ( (J1(j2 +1)) 1/2>7
(94)

N[ =
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JiF1j+1j1 2 11 L EN-Gr i . o
. . e = —V5N, , —J1—J2o+J1+g2+1 —71 —

( i s | iide 00) =3 W(J1.92) (mj1i—de+ i1 +Jj2+1) (—j1—Jjo

tit+e+2) i—Jat+ii+i2+2) (h—J2+n

+i2+3) (—ji+ije+i+12+2) (—hn+je+i+ J2

+3) (j1+jo+J1+j2+3) (ji+ja+1+j2+4))"7%,

(95)

Clebsch-Gordan coefficients (j1,72) @ (1,1) = (j1 + 1, ja) are:

No(j1, J2) = (271 +2) (271 +3) (251 — 242 + 1) (J1 — J2 + 1) j2 (i +512 (96)
+ 2) (252 + 2) (251 + 232 + 3))_§

(}1+1 g2 | g1 72 11>
Ji+1lg+1j1j2 11

:*(Nb(jhjz) (h—de+n—Jde+l) (—a+de+pa—Je+l) Gitjo+mn

—Jj2+2) (i+je+ij1—j2+3) (G1+jet+ii—d2+4) (i+i2— 51+

+1) (=j1—Jje+n +j2_) (jl—jz-l-jl +j2+2_) (—j1+j2+j1 +j2+_2) (Z1

+je+ji+Je+3) r+ge++2+4) (J1+j2+j1+ o

F5)Y2) /(4G +1) (21 +3) (o + 1) (25 +3)2)

(97)

(ﬁf}jﬁ | ﬂ) = (MG 7) (G —io+Tu =T+ 1) (—jat o+~
+1) Gr+de+ii—je+1) Giti—ii+j2-2) (i
+i2—iit+i2—1) (itje—ji+i2) (—ji—j2+i1+)2
+1) (=1 —J2+i+ j2+2) (=jr1—ja+i1+72+3) (1
—Joetii+i2+2) (—i+iz+i1+i2+2) (i+ja+i

+R+2)?) /(461 @ 5 - D252 - 1)),

(98)
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51 +1 52 51 32 11 ( = = . . = = . . = =
Lt g2 g = (NG, - AN -
<]1_1]2+1 s 11 (71, 792) ((Jr —J2 +J1 —J2) (=ji+Jj2+j1—J2
+1) (—jitjeti1— jat+2) (—j1+j2+j1—j2+3) (i
+i2Hi1—2+2) (itje—jit+i2) (—ji—Ja+j1+72
+1) (j_l—j2_+j1+j2+1) (—j1+jg+j1+j2+2) (—21
+io+g1+ je+3) (—n+je+ji+72+4) (i+i2+1
- 1/2 . . . . 1/2
+j2+3))" )/(4 (7 (241 -1) (243 +5j2+3))" )
(99)
51 +1 52 51 32 11 < = = . . = = . . = =
) . Y = ( Np(j1, - - 1 — —
<]1+1]2_1 a1 b(J1,72) ((Jr—J2+j1—Je+1) (J1 —Jo+J1—J2
+2) (j1—jeti1—J2+3) (—ji+ja+ii—j2) (1+J2
+—g2+2) (i+ij2—1+72) (—jr—Ja+ii+52
+1) (Z1-22+j1+]'2+2) (jl—jg+j1+j2+3) (21
—Jotj1+ja+4) (—jit+jat+jit+ie+1) (ji+ie2+i

£330 )/ (4(@7 +5 31 4+8) 12 21— 1))

(100)
31“—132 5152 11 ( - - . . b - . . = = .
. T = ( Np(71, — — 1 — _ 2

<]1+1]2 s 11 b(J1,72) ((G1—Jdatiri—Jj2+1) (1—Jjat+s1—72+2) (1

+jz+j1—j2+2) _(j1 -|_-j2+j1—52+32 (jl_—j2+31

+j2+2) (j1—Je+i1+je+3) (ji+ja+ii+s2+3) (1

+j2+ 1 +32+4))1/2 (=57 +@j+1) j1+345—ji+7s

- . . o 1/2

+J2—91+J2)>/<4 ((257 + 541+ 3) j2 (jo + 1)) / >7

(101)
(314-152 J1 J2 11>
Ji—1g971J2 11

= —<Nb(51,32) (—ji+je+ii—Jgo+1) (i +je+i—Je+2) (Gi+Jj2—hn
+jo—1) (h+jo—d1+J2) (—h—je++ie+1)(—j1—Joa+j1+ Jo
+2)(=j1i+jot++io+2) (—ji+ie+i+j+ 3))1/2 (242 Jo
(1= det = Ja+1) (it datii+7a+2)) )/ (4G 27=1) 2 (G2 +1)2)
(102)
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514—1 52 5132 11 ( = = . . = = . . =

= (NoGirrjo) (—j1+Go+J1 =2+ 1) (=i + 2 +
( i a1l e 11 p(J1,J2) (ji+je+i1—Je+1) (—ji+Jjo+ 51
—J2+2) (]i+j24_-j1 jj2+2) (J1 +J2 + 1 —
+3) (=1 +J2 +j1_+ j2_+ 2) (—j1+ J2 +jl + Zg
+3)(j1+Jg2+71+72+3) (J1+j2+ 71+ Jo

1/2 . . . - - = . =

+ AN (BB R+ Qa+1)

- o . . 1/2
+J2)>/(4(91(31+1) (245 + 542+ 3)) / )
(103)

Jije 11

Jij2 11

<j1+1 J2
J1 g2 —1

> = (Nb(ilajz) (1 —J2+s1—J2+1) (j1—J2+J1—J2
+2) (i+j2—g1tije—1) (i +j2—j1+j2) (=i
—Jet+ji+i2+1)(—=j1—Jjo+ i1+ j2+2) (1 —jo
+a+i2+2) (j1—Je+i +52+3))1/2 (71 +
—Js—Ji+Js 31— 2 (271 +3)+ja

=2))/(40G1 G+ 1) J2 22— 1)?)),

(104)

Jijge 11

(314-132
Jjige 11

J1 o J2

)Z—(Nb(jl,jz) (1 —Je+i1—Ja+1) (—j1+j2+j1—Jo
+1) (1 +g2+51—Jj2+2) (i+h2—j1+72) (=j1—ja
+i1+J2+1) (1 —Je+i1+J2+2) (—j1+j2+71+ 752
+2) Gi+da+ i1 +i2+3)" (450 + 53— 72+ 53
iz =3+ =2) )/ (401 Gr+ 1) g2 G2+ 1))

(105)

1

1
2

Ji J2

1+1 Jo
J1 J2

ji+3j+3

)= <Nb(31752) (j1+i2—51) ((J1—Jja+ji—Jja+1) (=1
—|—j2_+,71_—52+1) (J1 +j2j-31 j52+2) (J1 + Jo
+i1—J2+3) (i—Jd2+j1+i2+2) (=1 +J2
+j1+72+2) (i+ge+j+i2+3) (i+g2+41
+R+ )/ (206 + 1) Ga + 1))

(106)

N[—= =
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J1 72
' J1 J2

<j1+1 J2
1—3j2— 3%

1 s r . . rd . . rd sy

1) :—(Nb(yl,Jz) (J1+Jg2+71+2) ((J1—J2+J1—J2
2

+1) (—j1+j2+j1_—j2_+1) (j1 +j2—z'1 +Z2

—1) (i+j2—J1+j2) (= —J2+j1+2

+ 1) (=j1i—Jo+di+ jo+2) (1 —de+ 1+ e

+2) (=i + i+ i+ R +2)Y)/(20102)7?),

N[—= =

(107)
7 "‘1 7 1 7 ]. 1 - = . . - . . = =
(]‘1 1 )2 1 172 1 1) = (Nb(.71>]2) (=j1+je+j1+1) ((j1—J2+J1—J2
Jit35)2—35|017J2 3 3
+1) Gh—de+—s2+2) (Lti2+i1—do
+2) (i+ije—a+g2) (i —jeti+ie+1) (1
—Jet+ji+i2+2) (ji—Jet+ji+i2+3) (j1+J2
i+ 3 ) /(206 + 1) ).
(108)
7 +1 7 717 1 1 - = . . = . . = =
(]-1 1 )2 1 102 1 1) = (Nb(]h]Z) (J1—Je+j1+1) ((=j1+Jj2+J1—J2
J1—35J2+5]J1J2 5 3
+1) (=ji+j2+i1—g2+2) (1+i2+i1—J2
+2) (itiz—ji+i2) (h—Jj2+ji+i2+1) (=
+iotiji+ Jo+2)(—ji+ie+i+52+3) (i
+J'2+51+52+3))1/2)/(2(j1(j2+1))1/2>7
(109)
314—132 5132 11> 1\[ = = . . - - . . -
= VBN, (71, Gt ii— ot 1) (=i tiat
( i gl e 00) T3 b(j1,72) (1 —j2 +j1 —Ja+ 1) (—j1 +ja+ 51

—Jjo+1) £j1 +_j2 +j1—Ja+2) (Z1 +J;2—31 +j2) (—j1
—Jet+git+ge+1l) (Ji—Jgo+n+i2+2) (—j1+Jo
i 2 +2) (e g+ +3)7

(110)

Clebsch-Gordan coefficients (j1,j2) ® (1,1) = (j1,72 + 1) are:
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Ne(g1,52) = (21 + 1) (271 +3) (251 — 2j2 + 1) (j1 — J2) (1 + J2 +2) (2
+ 1) (252 + 2) (251 + 252 + 3))_

(111)

2
1
2

Jitlje+1jije 11
= (Nc(§1,52) ((j1r—de+n—Jd2) (—h+de+n—72) Gi+Jja+i1—J2
+2) (h+d—gi+ie+1) (Gi+i2—J1+j2+2) (i+j2—j1+52
+3) (—jl—j2+j1+j2_) (jl—jz-l-jl +j2+2_) (—j1+j2+j1 +j2—|—_2) (Z1
+je+ji+Je+3) Jr+ge+1+72+4) (J1+j2+j1+ o

+5)2)/ (2@ (G +1) 251 +3) (2 + 1) (272+3)"7?),
(112)

( g1 ge+1 g1 11>

) : i i :_NT’T _+* oz _++*
Ji—1lja—=1j1j2 11 (C(‘hh) (U1 —Jd2+d1—J2) (=ji+Jj2+5

( g g2+ g ge 11>
—J2) Ghi+d2+ii—Jj2—1) (Gi+i2+i—J2) (1

+i2t i —g2+1) (r+h2—J1+7h2) (i —J2

+iti+ ) (=i —J2+g+ J2+2)(—j1—j2

+i+i2+3) Gr—dati+i2+2) (j+j2

tii e +2) (i +ja+i1+ 52

+2)Y2)/(2@"2 Gt (251 = 1) 2 (252 = 1)),

(113)

( g1 g2+ 11 J2 11>
Ji—ljo+1j172 11

= (Nc(jhiz) ((Gr—Jo+di—J2—2) Gh—Jo+ii—J2—1) (h—Jdo+ 5

—J2) (i +iti—je+1l) (Gi+iz+i1—jat+1) (i+j2—ji+52

+1) (=71 —Jo +21 +jg+1) (J1 — Jo +j17+j27+ 1) (=j1+J2 +21 +12

+2)(—ji+je+gi+ Jjo+3)(—ji+j2+j1+g2+4) (J1+j2+1+

+3)Y2) /(22 G (21— 1) G2+ 1) (272 +3))%))

(114)
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1 Jet+1gije 11
Jitlje—117172 11

= (Nc(jbjz) (Jr—de+i1—J2+1) (—ji+je+n—Je—2)(—jn+j+n

— ;2—1)(_]'14-]'24-31—32) (j1+j2+i1—52+1) (j1+j2—21+22

+1) (= —get+ii+ie+1) Gi—je+ti+j2+2) (1—Jj2+j1+52

+3) r—de+i+g+4) (—n+je+i+ti+l) (Gi+i+5+i

+3)2) /(2@ (Gr+1) 25 +3) 2 (22 - )2

(115)

g1 je+1 i 11 <_.-. e
‘ A A = (NG, Y N =R
(j1+1 i | 11 c1,72) (Gi—d2—n+J2) Gr—de—71+72
+1) (j1+j2—j1+22+1) (j1+j2—j1+j2
+2) (jl—j2+11+12+2) (j1—j2+z'1+z'2
+3) (J1+Jje+ji+Jge+3) (1 +72+71+ 72
1/2 . - . . - = . -
+ AN (<24 200 i+ G+ T -3+ jo+ 200
. . o 1/2
+1))/(2 @2 (27 + 551 +3) 2 (2 + 1)),
(116)
51 32—1_15132 ]-1 ( = = . . = = . . =
. = (NG, et i—Ga—1) (1ot
<]1_1 o |G 11 Ud2) (h=de+i1—ja—1) (h—ja+h
—Jj2) (J1 +j2+J1— J2) (J1 +J2 + 1= J2
+1) (—jl—]é-i-zi +22+1)(—j1—j2+jl+ Z2
+2)(—=j1+jo+ g1 +j2+2) (—j1 +j2+ 71+ Jo
1/2 . = . . = - . -
3N (342 o+ Vi3 -2+ —jo—2 1
+252) ) /(2@ G (21— 12 (G2 +1))2)
(117)
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(ﬁ ;z i 1 ﬁ iz 1 1) = (Nc(31,32) (1 —da+ig1—d2—1) (j1—Jja+j1—J2) (n
+J2 —j1+j2+1) (21 +J2 —j1+Jj2+2) _(—j1+j2 + 71
+J2+2) (—ji+j2++ j2+3) (Ji+j2+i1+752+3) (1
tia i+ g+ A (B g TR 21+ 20 o

+1))/(2@Y GG+ 1) (2 B +5i2+3)2),
(118)

(ﬁ ;z j i i jz 1 1) = <Nc(31,32) (g1 +jet+ii—d2—1) (=j1+je+i1—J2) (1
+i2+j1—j2) (i +jetii—g2+1) (=ji—ja+ji+j2
+D)(=j1—je+ii+ j2+2)(J1—ja+ii+j2+2) (1
—Jo+i1+J2 +3))1/2 (Gi+ii—d3+ii—Jd3+271—2ja
~2j2(2+1) )/ (22" (G Gi+1) 52 (232 —1)'2),

(119)

(G 00 00 < (Nl ) (G e+ = 3 (i + =) G
+ieti1—jat+1) (iti2—ii+je+1) (=i —Jj2+
+J2+1) (1 —J2+j1+j2+2) (—=j1+Jj2+ 1+ 52

+2) (i+da+i1+52+3)"? (5451455 +31 53 +52
+27-272) /(2@ Gi G+ Do Ga+ 1)),
(120)

Ji g2

( 1 Jo+1
J1 j2

j1+%jz+%

) = (M) @ i+ 22 =24 1) (G =+
—j2) (=jitije+ii—j2) (it+je—sji+i2+1) (1
+i2—+i2+2) Gr—J2+ii+s2+2) (—j1+J2
+J1+72+2) (J1+j2+i1+j2+3) (i +i2+50
+a2+ 4" ) /(2@ (Gr+ D) G2 +1)'7)

(121)

1
1
2

N[—= =



N[—= =

. 1 . 1
1—35J2— 3

N[ =
o=

it 3de—3

N|—= =
o=

1 1
1—5J2+35
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) = <Nc(31,32) (1 —Je+J1—J2) (—j1+Jje+i1
—Jj2) Grtiz+ii—Jj2) (i+ja+i—ja+1) (=i
—J2+j1+d2+1) (=j1—Ja+j1+ J2+2) (j1—J2
R 42) (—di e i+ je+2)Y7 (20
+2j2+272+3) )/ (22" (132)*)
(122)

(Nc(jl732) (=j1+d2+j1—ja—1) (—j+j2+n
—J2) (1 +jg+j_'1—32+1) (J1 j-j2_—j1 + jo
+1) (=j1—Jo+i1+j2+1) (i—ja+i1+i2+2) (h
— a1+ da+3) (it +ii+ G2 +3) " (~2i
+232+272+1)/(2@" (G +1)32)"?),
(123)

) = (Vo) (Gr—de+i=Ta—1) G+ i
—Jj2) (1 +Jj2+j1—ja+1) (ji+j2—j1+ 52
+1) (=i =2+ttt (=h+i+i+
+2) (=i +j2+ij1+h2+3) (i +j2+51+j2
+3)"% (21— 22 +2 7o
+1))/(2@7 G Ga+ 1))
(124)

5 7. - . . i i . . 7.
) = —\/ch(Jl,h) (1 —Jgo+g1—72) (mh+d2+m0

—J2) Gitie+ii—de+1) (Giti—j+i+1) (=5
—Je+ji+je+1) (j1 —j2+ i1 +j2+2) (—j1+J2

Fii4da+2) (i+jetii+e+3)Y2.
(125)
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Clebsch-Gordan coefficients (j1,j2) ® (1,1) = (j1 + 1,j2 — 1) are:

Na(jr1,72) = (2(251 + 2) (21 + 3) (251 — 2j2 + 1) (251 — 2j2 + 3) (1 — J2 (126)
+1) (1 — Ja +2) o (252 + 1))

(51+132—1 J1 J2 11>
Ji+1lga+1j1j2 11

= (Nd(jlan) ((j1—Jo+id1—Jo+1) (J1—d2+j1—Jo+2) (—j1+Jo+ 71— Jo

+ D) (= +d+i— j2+2)(i+i2+i1—J2+2) (i+j2+j1—jo

+3) (J1+J2 +j1—jg+4)_(j1 + jo +j1_—j2_+5) (—j1 — J2 +Z1 +Z2

— (= —de+n+ g2)G1+je+ii+j2+3) (U1 +72+j1+72

DY) /(4 (G0 + 1) 2 +3) (o + 1) (25 +3)2)

(127)

(ﬁf}jz_} o ﬂ) = (NaGu22) (Gr = o+ 5 T2+ 1) Gr— o+ n— o
+2) (=i +jet+i =g+ 1) (~i+i2+i— jo
+2)(J1+j2—s1+j2—3) (h+Jj2—J1+J2

) =2) (Ght+je—jitj2—1) (r+j2—J1

+j2) (=i =zttt (=i —j2+i+ J2
+2)(j1+j2+g1+72+1) (J1+72+51+ 52
+2)") /(461 2 51— 1) 2 (22— 1)2),

(128)

(514-132—1 J1je 11
Ji—1ljo+1g152 11

) = (NaC0.30) (a+ia i -Ta+1) (-t
+2) (—j1+je+i1— ja+3) (mji+ie+ii—j2+4) (1
+ieti1—Jg2+2) Ur+jet+i1—Jj2+3) Git+j2—n
+j2—1) Gr+j2—J1+7j2) G1—ja+ii+i2) (J1—J2
+i1+je+1) (=j1+j2+j1+j2+2) (=j1+j2+

. . : . 1/2
+J2+3))1/2>/(4 (j1 (251 —1) (25345 j2+3)) / )
(129)



J1+172—1

Ji+1js—1

J1+1j2—1

J1+172—1

J1+172—1
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) = (Nd(31752) ((j1—jet+j1—Jge+1) (J1—J2+71—J2
+2) (J;l—z2+31—32+3) (J_'l—iz+51—j2+4) (Zl
+z’2+j1—j2+2) (21+22+j1—j2+§) (j_1+j2—]'1
+i2—1) (i+j2—J1+7j2) Gr—jat+ii+i2+2) (i
—J2+j1+g2+3) (=ji+g2+ii+i2) (=j+i2+i
- . . o 1/2

7241 ) /(4 (27845 514+3) 2 (22— 1))

(130)

):—<Nd(51,32) ((J1—Ja+i1—Ja+1) (j1—Ja+j1—Ja
+2) (ji—je+i1—j2+3) (—i+jet+i—ja+1) (1
Tietii—J2+2) (Grtje+i—Jj2+3) (itie+i
—Jj2+4) Gr+j2—jr+72) (= —Jja+J1+72) U
—Jet++i2+2) (—ii+je+si+i2+1) (ji+j2+i
- . . . 1/2

+]2+3))1/2)/<4((2]%4-5]1-1-3)]2 (jo+1)) / ) ,

(131)

):_(NdGl,jQ) ((j1—Jo+i1—Jo+1) (=j1+ja+j1—Jo

+1) (=j1+J2 +j1— ja+2) (=12 +j1—Jj2+3) (1
tia+ii—je+2) (h+i2—ii+i2—2) (it+je—i
+j2—1) (itja—si+i2) (=i —j2+i1+i2+1) (i
—J2etji+jo+1) (i1 +j2+i1+g2+2) (J1+ie
2 +2)'? ) /(461 2= g2 Ga+ 1))

(132)

)—_(NdGl,jQ) ((j1—de+i1—J2+1) (—ji+j2+i1—J2
+1) (—j1+g2+ij1— j2+2) (=i +ja+i1—j2+3) (i
+Z2+j1—j2+2) (j_1 +jg+j1—j2+3) (_jl+j2+j1
—Jj2+4) Ur+j2—ji+72) (= —Jja+J1+52) U
—joti1+J2+1) (—ji+ja+ii+i2+2) (ji+ie+i
- . . i 1/2

+32+3))1/2>/<4(91 Gr+1) (243 +5j2+3)) " )

(133)
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(Pt L) == (Mt d) (Gt T =Tt ) G~
+2) (i —J2+j1—j2+3) (—j1+j2+i1—ja+1) (Ju
+hi2t+ii—s2+2) (h+ije—si+i2—2) (i+j2—n
+j2—1) (itja—si+i2) (=i —j2+i1+i2+1) (i
—Jetir+i2+2) (htiatit+ia+1) (1t
i+l +2)"? ) /(4G G+ D 2 232 = 1))

(134)

<j1+1j2—1 J1 J2 11)
o J2 ||Jije 11
= (Nd(51;32) ((G1—Jdo+ir—Jo+1) h—Jde+ii—J2+2) (=j1+j2+7j1—Jo
+ 1) (—ji+jet+i— je+2)(i+je+i—Jat+2) (Gr+j+i—J2
+3) Gitjz—Ji+i2—1) Gi+ie— 51+ 32) "% 21 5o
+(—j1—Je+i+j2+1) (j1+j2+31+32+2))>/<4 (j1 (1+1)j2 (j2+1))1/2> :

(135)
51‘1'152_1313211 ( - = . . = = . . -
. . L = —(Na(, — ot ji—Jo+1) (i—jo+

(31+§j2+§ ige b1 d(J1,72) (Gh—de+i1—Ja+1) (i—Jjo+i
—J2+2) (i titi—j+1)(=hn+i+n

— Jo+2)(J1+je+n —j2+_2) (j1+j2+j1—22

T+ 3) (j1+ j2 +J1—Ja+ 4) (51 +J2 =1

+72) (=1 —de+i1+7d2) (1 +7d2+71+752

+3)") /(206G + 1) 6o+ 1)),

(136)
1+199—1 751792 11 - . . - - . . -

<‘7-1_1J.2_1 172 1 1) :_(Nd(]17]2> ((Jj1—Je+j1—Jgo+1) (J1—Jo+n
J1 2j2 P} J1J2 2 9

—Jj2+2) (‘jl_-l-j2_-|-31—52+1) (_jl‘f‘jg‘Fjl_ J2
+2) (1+je+i1—Jj2+2) (r+je—si+i2—2) (u
+jo—gd1+72—1) (Ji+je—Jji+J2) (—j1—Je+i1
+j2+1) (j1+j2+i1 +52+2))1/2)/<2 (j1j2)1/2> ;

(137)
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<‘7-1+%j-2_} JL 2 } 11) = <Nd(51,32) (1 —de+i1—J2+1) (ji—ja+i
Jit+tsgJ2—35|J1J)2 3 3

—J2+2) (h—do+i1i—Je+3) (—j1+j2+n

—Jo+1) (ji+je+i1—J2+2) (ji+Jj2+j1—Jo

+3) 1+je—n+je—1) (i+je—i

+72) (1 —go+g1+72+2) (=j1+j2+ 71+ Jjo

+1)Y2) /(2061 + 13272,

(138)

(Prp a2 ) = (M) (Gt 3=t 1) (i

—7524'1) (—Jj1 + j2 j—jlj J2+2) (—n + J2 —|—j1
—Jj2+3) (1 +Jje+i1 —j2+?) (j1+j2+j1—12
+3) Gr1tje—sitie—1) (1+i2—n

+372) (G1—Jat+ii+Jj2+1) (—j1+J2+j1+ j2
+2)2) /(201 G2 +1)Y?),

(139)

7 +1_. _]. 7 7 ].]. 1 - - . . - - . . -
(Jljl ‘72].2 ;1 ;z 00> = 5\/5]\@(]1,]2)((]1—]2 +h—Je+1)(1i—Je+ 5
—R2+2) (=i +i+ =2+ 1) (=i +i2+
—J2+2) (J1+je+g1—J2+2) (J1+Jj2+Jj1—J2

+3) (i +d2—Ji+je—1) (1+je—j1+5)"%
(140)
Clebsch-Gordan coefficients (j1,j2) ® (1,1) = (j1 + &, j2 + 3) are:
Ne(g1,42) = (271 +2) (1 — j2) (G —J2 + 1) (1 + 2 + 1) (1 + j2 +2) ( (141)
1
2

+J2+3) (2j2 + 1) (241 + 242 + 3))
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f+ii+i
Ji+1j2+1

712 11

Jji1 g2 11

:—<Ne(31732) (1—Jd2) (1 +Je+1—J2+2) (Jr+je+i1—J2+3) (Ji+i2
—j1+je+1) (j1_+jg—31+52+2) (_—j1 jj2+51+52) (j1_—jg+j1+52
+2) (—ji+je+ii+7d2+2) it+je+ji+j2+3) r+ije+n+s+4) (i
+i i+ +5)Y) /(2@ (G +1) 231 +3) (2 +1) (272 +3)"2),

(142)
- 1 s 1 - -
(]1—132—1 iy 11 e(J1,72) (J1—J2 ) ((J1+J2+J1—J2) (1 +J2+ 71
et Uitk -nti-) 0t -0
+j2) (=j1—J2 +j1_+ j2_+ 1) (=j1 — jo +j_1 + Z2
+2)(—j1—j2+21+22+3) (jl—j2+z1+22
+2) (—ji+je+a+i2+2) (Gi+je+i+i2
+2)2) /(22 Gt 21— 1) 2 (2= 1))
(143)
<j1+§j2+5 Ji Je 11)
Ji—1jo+1|j1j2 11

= (Ne@hjz) U1 +de+ 1) (U1 —g2+51—J2— 1) (1 — 2 + 51 — j2) (=51 + 32
+j1—j2+1)<_j1 + J2 +§_'1— j2 +2) (= —J2 +_§1 +j2+1) (j1—J_'2+21
+je+1) (=i +j2+i1+J2+2) (=i +j2+ 1+ jo+3) (—j1 +j2+ 1+ 2
+4) Grtdo+ i +32+3)"7 )/ (22 (G @2i-1) (233 +552+3)) ),

(144)

t+lje—1j1j2 11
:_(Ne(51732) (i+de+D)((1—de+ir—Je+1) (1 —je+i1—J2+2) (—h
ti+i—Ja— 1) (=ji+ja+ii— J2) (i —Ja+ii+j2+1) (j1—Jj2+1
+je+2) (1 —Jot+jr+je+3) (J1—Jo+ g1 +jet+4) (=g +J2+ g1+ e
1) Grtdot 324302 )/ (22 ((2 7 +571 +3) 2 (22— 1)),
(145)

(3tdi)

J1 Je 11)
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f+ii+i
i+l jo

J1 Jo 11)
J1Jj2 11

:_(Ne(51732> (h—Jdet+i—Je+1) (i +Jje+i1—7d2) (h+ja2+i1— o

+2) (itjo—di+je+1) h—jdotii+j2+2) (h—de+ii+j2+3) (1

it i+ g2 +3) (it ot i+ go+ 4 (2 (o + 1)

+ G+ D) (i +ie+ 1))/ (2@ G+ ) i +3) 2 G2+ 1)),

(146)

<j1+§j2+§
a—-1 7

J1 g2 11>
Jij2 11
Z—(Ne(§1752) (1 —de+i1—J2) (—i+je+ii—Jjo+1) (i +J2+71—Jo
+1) (1+j2—Jgi+je) (=i —Jde+ir+i2+1)(—j1—ja+ i1+ Jo
+2)(—hi+jo+i+i2+2) (—h+i2+nh +52+3))1/2 (j%

+ (it d2+ 251 =2 (2 + 1) )/ (2" (1 23 = D2 G2+ 1)),
(147)

ftii+i
J1o o J2t+1

J1 Jo 11)
ji1 g2 11

= (Ne(jla52) ((j1—de+i1—Jo) (—di+je+iji—J2a+1) (Ji+jo+i1—Jo

+2) (itjo—gi+ie+1) (—ji+ie+i+j+2)(—h+j+ii+ jo

+3) (1 +Jj2+j1+i2+3) (i+je+n +j2+4))1/2(j1(j1+1)

G2+ 1) (=2t + 2+ 1) ) /(22 G Gr+1) G2 +1) (22+3)"?),

(148)

(51+§32+§

o J2—1

1 Ja 11>
J1Jg2 11

=~ (Ve d2) (1= G2t = o+ 1) (1 +da 41— J2) Gr+ g2+ 1 = Jo

+1) Gi+je—gi+de) (—h—de+n+i+1)(—ji—je+i+ j2+2)

—Jjo+i1+J2+2) (J1—ja+i1+ 7o +3))1/2 (7 +

—g2 Ga+i1+i2+2) )/ (22" G G+ 12 22— 1)),

(149)
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K 1 = 1 = =
]1+§]2+§ J1 J2 11 (N = = . . . . .2 . .2
( g1 da | qda 11 e(1,d2) Gr = d2 ) G + 2 + 1) (=47 = j1 = j2

g2+ (i —Jj2) (Gi—g2+1) (1 —j2+ 5
+i2+1) Gr—Jj2+i+i2+2) (i +j2+0
+j2+2) (J1+ J2 +J1+ jo

+3)"2)/ (2@ (1 G+ 1) g2 G2+ 1))
(150)

(g
j1+%j2+%

+1) (Gr+g2+51—Jj2+2) (ji+j2—J1+ 72
+1) Gr=J2++i2+2) (=j1+j2+i1+J2
+2) (r+jz+i+h2+3) (i+j2+5+ 0
+a)2) /(22 G+ ) G+ 1)),
(151)

ALy g, 11 OEN (4
(,7.1 5 J2 % J1 '?2 1 1> :—(NE(JLJQ) (jl

]1_%j2_§ J1 J2 3 3

—j2) (Ur+j2+1—d2+1) (h+ja—si+72) (=i
—Jet+ji+je+1)(=ji—de+i1+ J2+2)(J1—J2
+h+je+2) (—ji+je+ii+ie+ 2))1/2 (251
+24+ii+72+3))/(22" (132)"? ).
(152)

GrgRrg i i) - (MGui i+

fitsie—3d1 i 3 3 Vb2 b

+1) (1 =gzt —ja+1) (=i +j2+j1—Jj2) (=i
—jet+ntje+l) (Gi—j2+j+ie2+2) (Jj1—J2
+ji+Ja+3) (et i+ e +3) " (~2
+252+i+ia+1))/ (2@ (Gr+1) 32)?),
(153)
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+i+da 011 -~ . -
(J-l p 2RI 1)=(Ne(31,yz) (1 +J2 + 1) (21 — 22 + J1 + )2
Ji—5J2+35|J172 5 35

+1) (1 —j2 +J1—j2) (=i +7i2+ 71— jo

+ D (= —geti+ 2+ 1) (=i +i2+i+5
+2) (=j1+Jje+J1+j2+3) (J1+Jj2+j1+J2
32/ (22 G G+ 1)),

(154)

(1'14—%]'24—%

J1je 11 5o o
ol 12 )Z\[Ne(yl,yz) (J1—Jd2) U1 +J2+1) ((—j1—J2
n J2 2

Jj1 j2 00

+h+de+1) (Gr—det+g2+2) (—j1+J2

iR +2) (i+ia+ii+i+3)"2
(155)
Clebsch-Gordan coefficients (1, j2) ® (1,1) — (j1 + &, j2 — 3) are:
Ny(g1,72) = (251 +2) (251 — 252 + 1) (J1 — J2) U1 — J2 + 1) (J1 — 2 (156)
1

+2) (1 +j2+1) (1 +j2+2) (22 +1) 72

J1+1je+1

51+%32—%
J1 g2 11

J1 Je 11)

= (NfGlJQ) (r—d2e ) (U1 —de+n—Jo+1) (—h+je+i—je+1) (j1+72

+j1—j2+2) (jl_+j2j-31—32+3) (j1+_j2+21—52+4) (3;1-1-]'_2—]1-1—52
+1) (—ji—de+n+i—1(—j—jet+i+ jo)Gi+i+ii+i2+3) (i
titirt )" ) /(2@ (Gi+1) 271 +3) Ga+1) 232 +3)Y2),

(157)
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J1j2 11

514—%32—%
J1 j2 11

Ji—1j2—1

) = (Nf(31,52) (1—J2 ) (Gr—je+1—J2a+1) (—n
+Z2+i1—52+1) (J'1+22+i1—32+1) (j1+12
—n+g=2) Giti—n+i-1) (Giti-n
+42) (hr—det i ti+l) (= —det+iit+ jo

+2)(J1+je+a+ie+1) (i+je+ii+J2
+2)"2) /(2@ G 21— 1) 2 (25— 1))
(158)
(314—552—% J1 Jo 11>
Ji—Llgo+1j1 g2 11
= (Nf@,ﬁ) (1+d2+1) ((Gh—je+51—j2) (—ji+de+i—je+1)(—j1+J2
ti— f2+2)(mhitietii—g2+3) it+it+i—G2+2) (Git+i—hi
+Jj2) (Gi—Je++72) Gr—do+ii+he+1) (—ji+je++i2+2)(—h
. - - . . . . 1/2
+ j2 +J1 + 32+3))1/2)/(2(2)1/2 (j1 (271 — 1) (243 + 552+ 3)) / )
(159)

<j1+%j2§ g1 Jo 11>
Ji+1lgo—1j1 j2 11

:_<Nf(51752) (G1+de+1)((G1—de+di—Je+ 1) (1 —d2+71—Ja+2) (h

—22-{—51—524-_3) (jj1+j2+31—32)_ (j1_+j2+31—32-1-2)_(.7'14_‘]'2—51

+72) (Jj1—je+ii+ia+2) (i—get+ii+ie+3) (—j1+gat+ii+i2) (—i

. r r . . . . 12
+ 2+ 1 +]2+1))1/2>/<2(2)1/2 (272 + 551 +3) j2 (22 — 1))/ >
(160)

(31+§32—§
Jgi+1  j2

i Jo 11>
J1J2 11

= <Nf(51,32) (hH—Jot+h—Jet+l) Gh—Jot+tin—J2+2) Gi+i2+i—J2

+2) Gitjetii—Je+3) (—i—d2+in+i2) Gi—detiitie+2) (—n

Vit +ia+1) (Gi+da+ i +ia+3)"2 (o (o + 1)

— G+ ) =i +32) )/ (22 (G + D @ +3) 32 G2 +1)?)),

(161)
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514—%32—%
Jsi—1 7

51 52 11 ( = - -2 - rt .
o = —(Ny¢(, + —J2+1
i 1 1) rUd2) i+ (i—Jde+1)5n
— G2 (G2 + 1)) (j1+j2+7—jo+1) (=1 +J2

T —J2+2) (itje—n+i—1) (i+j2—n

+J2) (=i —det+i+i2+1) (i —j2+51+J2

+1) (—n+je+i+i+2) (i+g+n+i

+2)Y2)/ (2@ (1 2 =12 (2 + 1)Y?),

(162)

(514-552—%

J1 Jo 11>
1 Jo+1

J1 g2 11
:—<Nf(51732) (i1 +d2+a—d2+1) (=i +d2+5—Jj2+2) (1 +j2+ 5
—Jj2a+2) (G1+je+ii—Ja+3) (=i —ja+i+72) (J1—J2+5+J2
1) (—ji ot i+ g2 +2) Gi+ia i+ +3)7" (52 + i
— (2 +1) Gz =i +72)) ) /(2@ Ga (G +1) G2 + 1) (22 +3) ).
(163)

j1 g2 11

Jjij2 11

(rrhn-t
Jiojg2—1

> = _(Nf(jla;Q) (G2 +7 —deGe+i—j2+1) ((h

—Je+ji—Jja+1) (h—d2+i—J2+2) (ji+j2

—ntie—1) Grtjz—m+j2) (—ji—J2+i1

+i2+1) Gh—Jde+ii+i2+2) (h+j2+0

+i2+1) (ji+Jje+J1+ 72

+2)2) /(2@ Gr G+ 1) g2 252 = 1)),

(164)

<j1 + % J2 — %
i J2

ﬁ ;22 11) = (Nf(51,32) (31 + 51
- J2 (jQ +1)) ((j1— j27+517— J2+1) (=5 —i—zé
+i1—je+1) (i+je+ii—J2+2) (ji+j2—n
g )P (—i 1524 (it g2) 2= o +3 (i+Jo)
+2) )/ (2@ G G+ 12 (2 +1)2),
(165)
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) 1 = 1 - -
]1+§]2—§ J1 g2 11 (N—.—. . . 9 . = =
(j1+%]2+5 1 % 1 £ J2) (1 —Jja2) (271 J2 —J1 T J2
+2) (Gr—Jg2+5—J2+1) (=jr+Jj2+51—Jj2
+1) (ji+jd2+n —J2 +_2) (71 + Jo +J1 = J2
+3) (=1 —Je+J1+J2) (1 +J2+ 71+ 32
+3)Y2) /(227 (G + 1) G+ 1)),
(166)
51_’_132_;51 5211 = = . . . . = =
<~ T R 1)2—(Nf(]1,]2) (J1 — J2) (241 + 242 + J1 — Jo
J1—=35J2—3|J1J2 5 3
+2) (1 —je2+i—J2+1) (=i +Jj2+71—J2
D) Gitge—niti2—1) Gi+i—n
+J2) (=j1—Je+jr+j2+1) (j1+J2+71+ 2
+2)Y2)/ (2@ (1 32)?)
(167)
(EIJF%EQ_é i gz ] 1) :(N (J1,J2) (1 4d2+1) (251 — 242 — 1
htzi—g|iz 33 e
+72) (h—Jz+i1—ja+1) (1—J2+i1—J2
2 (hteti—g2+2) Gitie—n
+72) (1 —Jo+j1+72+2) (—j1+J2+ 51+ 52
+ 1))/ (2@ G+ 1)),
(168)
31-1-%52—%51 J2 11 = = =
. : o = (N¢(j1,J 1+ 720 +1)(291 — 292+
<j1_§j2+5 e ) 5) ( rU1,72) (1 +Je+1) (251 — 2j2 + 41

—J2) (mii+d2+—j2+1) (i +i2+5
—J2+2) (A+i2+ti—j2+2) (1+j2—
+i2) Gh—Jga+i+je+1) (=i +j2+i1+52
+2)'2)/ (2@ Gr G2+ 1)),

(169)
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LG G 11 B\Y?2
<]1j1 2]2j2 2 :;1 ;22 00) — <2> Nf(]17]2) (]1—]2) (]1 + )2 (170)

+1) ((Gr1—dot i1 —Ja+1) (=jitietii—ja+1) Gritjotji—jo+2) (rtija—ii+i2)"?.

Representation (j1,j2) appears twice in the decomposition of the product
(j1,72) ® (1,1). To distinguish between the two, we will use the convention
described in [58]. Clebsch-Gordan coefficients (j1,j2) @ (1,1) — (j1,j2)1 are:

Ny(j1,jo) = 2 (5)"/? (475 (jo + 1) 2 + 11 (857 + 1671 + 5) jo (j2 + 1)

) amny
+1(1+2) (21— 1) (21 +5)) 2

( J1 J2 || J1 g2 11)
Jit1lje+1jjij2 11/,

:—<Ng(31,32) ((J1+j2—g1—J2) (Gr+je—ji—Jj2+1) (i+je+ii—Jj2+2) (i
+ja+j1—je+3) (it+je—si+ie+1) (i+ie—si+j2+2) (i+i2+i1+72
+3) (it i+ R+ 47 )/ (3 (0 +1) (271 +3) (2 +1) (272 +3)2)

(172)

-51 '52 jl 5:2 B _(NgGlj?) (1 +d2+71—J2) (J1+Jj2+J1—J2

Ji—=1je—=1jij2 11/,

) +1) (itje—si+i2—1) (i+i—n
+j2) (—Jj1 — Jjo +j1_+ j2_+ 1) (=j1—J2 +j1 + 22
+2)(j1+je+g1+j2+1) (i+g2+ 1+

+ 2))1/2>/(8 (41 (2 41— 1) 52 (242 — 1))1/2> ,
(173)

J1 J2 |12 11
ji—Llga+1g152 11

) =~ (M) (Gr =2t =T~ 1) G~ o+
1

—J2) (=i +je+i—je+ 1) (=i +j2+ 71— Jo

+2)(h—Je+ i +752) Gr—Ja+i1+)2

+1) (=it +i+ie+2) (i +ti+i+ jo

. . . . 2
+ 3))1/2)/(8 (i (241 = 1) (273 +5 o +3)) "/ > )
(174)
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<j1]41r1jz]i 1 ﬁ ﬁ H)lz—(NgGlJz) (1 =g +j1—J2+1) (1—J2+ i
—j2+2) (=iitje+ii—ja— 1) (=i +i2+i

— J2) U1 =J2+ir+J2+2) (j1—Jj2+ 1+ 72

+3) (—j1+d2+ i+ J2) (=i +d2+ 1+

DY) /(8 (258 +5 1 +3) 2 (22— 1)),

(175)

J1je 11
Jij2 11

(ﬁﬁ 1 jz >1 = —<Ng(j17j2) (Gr—de+i—d2a+1) (=+i2+n
—J2) (1 +Jj2+i1—j2+2) (i+j2—j1+ 32
+1) (=i —Jg2+i+J2) Gi—deti+i2+2) (-5
+je+ g1+ g2+ 1) (j1+ jo+j1+ jo
+3)2) /(3G +1) (251 +8) 2 (2 + 1)?),
(176)

J1je 11

(51 J2
Ji—1jg|g1J2 11

) = (Ng(51752) ((j1—Jo+i1—J2) (=jr1+ie+n—Jja+1) (h
1

+izt+i—J2+1) Gitie—jiti2) (—ji—Ja+i1+72

+1) (i —de+i+ie+1) (—ji+je2+s+i2+2) (1

Pt it )/ (81 (241 -1) 2 G 1))

(177)

31 32 5132 11 ( = = . . = = . . = =
o Y = —(Ny(j1, —jot+ 71— —J1+ jo +J1 —
<Jl s+ 1| 31 o 11>1 (1, 52) (1 —J2+J1—J2) (=ji+j2+j1—J2

+1) (ji+je+i1—Jj2+2) (1+g2— 1+

+1) (=i —jet+in+i2) (h—Je+ii+j2+1) (=i
+iat+ii+i2+2) Gr+iz+ii+ie

+3)Y2) /(861 Gr+1) G+ 1) (272 +3)7 ),

(178)
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61 jQJi 1 ﬁ iz 1 1)1 = (Ng(jl,jz) ((Gr=Jd2+j1—Jj2+1) (=ji+ja+j1—72) (n
+it+ji—j2+1) (i+i2—ji+j2) (—j1—Jja+j1+72

+1) (i —de+i+i2+2) (—ji+jet+si+ie+1) (1

otz +2)"? ) /(8 G G+ 1) g (22— 1) ).

(179)

jija 11 I ) .
b2 ) Z—(Ng(h,]a) (5t + 243
1

(Ji j2
Jijo| jije 11

— (1053 + 1072 + 257 + 2 j3 + 41 + 2j2 + 1) 57
—2(5j3 +5 o+ ji + 5 + 251+ jo + 1) j1 + js + ji + s
+2j5 + 457 + 255 +5 51 — 24755 — 451 55 — 55 + 201 — 2j1j2

— 4 j1ja — 2jo — 252 (J7 + 2 j1 + j3 + jo + 1) — 43 (253

+ 44275+ 22 +1)) ) /(801 Gi+ DG +1)"),

(180)

J1 Jo
J1 J2

]. — — . . . . — - .
1) = (Ng(]l,jg) (27142 j2+3) ((j1+je+i1—J2+2) (1
2/ 1
+je— g1+ g2+ 1) (=i —j2+ i1+ 742) (1 + 2
2+ 3DV )/ (86 +1) Ga+ 1))

N|—= =

<j1 jo
j1+%j2+%

(181)
j j Fi j ]- ]- — - . . . . - -
(- ) 1 )2 1 J1J2 1 1> = (Ng(]laJQ)(2]1+2 Je+ 1) ((J1+ 72+ 41— J2
Ji—35J2—3|J1J2 3 3/4
+1) (ji+j2—J1+Jj2) (=1 —J2+j1+Jo
1) G+ + D+ 2)Y) /(82
(182)
31 52 31 52 11 < = = . . . . = =
. . . = (N, , 271 — 2 +1 — Jo + J1 —
<]1+5j2_% sk 5>1 9(J1, J2) (251 g2+ 1) ((J1—J2 + 71— J2

+1) (=j1+ie+ii—J2) (i—jat+ii+i2+2) (=1
+ip i e+ 1)) /(8 (G + 132,
(183)



5

J1 g2 | jije 11 < = = , . =
. . o = —( Ny(j1, 2 — 240 —1 — Jo +
<y1—§j2+§ i L ;)1 9(J1,92) 2 1 =242 = 1) ((r — j2 + 1
—J2) (=ji+ie+ii—J2a+1) (r—Jj2+51+52
+1) (—j1+j2+ 1+ 2
+2)2) /(861 (2 +1)Y?),
(184)
(jl Jof g2 1 1) = —<N (1. J2) (5 4% + 571 + 553 + 53
J1J2| j1j2 00/, g ! 2 (185)
—3(B+2 0+ +7) )/ (20072).
Clebsch-Gordan coefficients (j1,j2) ® (1,1) — (j1,72)2 are:
(G L 1) =y (pa a0
J1J9| Jrjz Jid2 ), J1 Jof| g1 g2 Ji J2 (186)

_X<3132 jrje 1 1)
72| I I
J1J2| J1J2 J1J2/

where:

1 — —~ —~ — —~ —~ -~ — —~ —~
X =—3gNol,02) U1 = 32) U1 =2+ D U1+ 72+ 1) G1 472 (187)
+2) (41 (1 +2) + 452 (2 +1) = 5),

1 s e s rd e s s e rd rd s rd rd
H?= (ji—j2) G1—Ja+1) (h+J2+1) (G1+ja+2) (475 +875 — (871 (j1+2)+9) j3

5
— @i (i +2)+13)ja+ (i +1)* (451 (1 +2) - 5))
(188)

and a list of additional coefficients is the following;:
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< J1 g2 || J1 j2 11)

Atlje+1ji1je 11
= ((j1—j2)2((j1 +i2—g1— J2) (i +i2—j1—Jj2+1) (ji+j2+i1—j2+2) (u
+ja+i1—Je+3) (it+je—jitie+1) (i+ja—si+i2+2) (j1+j2+i1+72
+3) Grtdat i+ i+ ) )/ (4G +1) (271 4+3) G2+ 1) (272 +3)2)
(189)

J1 Jo |[J1g2 11 L S — = =
<j1—1j2—1j1j2 11) N <(‘71_‘72)2((‘71+‘72+‘71_ 72) G+ g2+ 01 =g

) +1) (Ghti—n+sp-1) (i+i-n
+j2) (et tit+)(=n—J2ti+ e
+2)(j1 +ja+ 1+ e+ 1) (j1+ g2+ j1+Jo

+ 2))1/2>/<4 (71 (2 j1 — 1) j2 (22 — 1))1/2> 7
(190)

j j j J ]-]- . . . . — - . . 7.
<j1ji1j2ji 1 ﬁ ;z 1 1> = ((91 i+ 1?2 (hi—Jetir—Jja—1) (j1i—Jjo+h
—j2) (=i t+i+in—g+1) (=i tit+i— g
+2) (1 —J2+ g1+ 72) Ur—J2+J1+52

+1) (—j1+j2+j1+j2+2) (1 +j2+ i1+ 2
+3)Y2) /(4 G121 = 1) (273 +5 2 +3)7),
(191)

Ji g2 |[dige 11\ /. . 2 . .= = L=
41— jrje 11) = (J1+72+1)° (G1—d2+ij1—J2+1) (ji—Js2+5
—J2+2) (=ji+i2+j1—J2— 1) (=j1 +j2+ ji
—J2)(h—J2+ir+j2+2) (i—ja+j1+2

+3) (=j1+Jj2+1+72) (=j1+J2+71+ 2

+ 1)) /(4073 +5 71 +3) 12 22— 1))
(192)



7

— (j1+1)2
( J2(Jz+1)<m

_1) ((Gr—de+—Jo+1) (—j1+d2+5—Jj2) (h
+i+i—G2+2) (it+ja—ji+i2a+1) (=j1—j2+i
+72) (1 —Je+ji+i2+2) (=i +je+ii+i2+1) (1
2+ + 32 +3)Y) /(4G + 1) @i +3)Y?),
(193)

((~2+3
+j2) ((1—Ja+ir1—j2) (—ji+ij2+i1—Jj2+1) (j1+72
+i1=J2+1) (i+je—si+i2) (—h—J2+ii+i2+1) (i
—Jetiitje+1l) (i +i+i+ia+2) (Ghitiati
F )Y/ (4G1 @ D) Ga G+ D)),
(194)

— (o +1)°
( Ji(j+1) (jl?jl‘Fl)

—1) (Gr=Jd2+i1—J2) (mhi+Jj2+i—ja+1) (u
+i+j1—j2+2) (itje—ji+j2+1) (—j1—Jj2+i
+i2) Gr—Je+ii+ie+1) (=j1+j2+i+i2+2) (1
g2+ i+ + )7 ) /(4 (G2 + 1) 212 +3)?),
(195)

<(J% + 7

—33) (Gr—do+ji—Jo+1) (—j1+je+51—J2) (h

+i2t+i1—J2+1) (Gitja—si+i2) (—jr—d2+Jj1+72

+1) (i—Jje+i1+i2+2) (=i +i+ii+i2+1) (Ji+i2

i3 +2)") /(401 G+ )2 G2 (23— 1)12)
(196)
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+ 355 — (43 + jo + 251 + 2 j3 + 451 + 272 — 1) 5t

<j1 g9 71 j2 1 1)

JirJgoljije 11
o — 275 + (457 + 81 + 4 3 + 4ja +2) 43

4]1—1—8]14-4]24-4]24-3) Go 4t 4 s + 4734255 -3 52

—4ja + jt (=275 — 2 jo + 3) — 271 (275 + 2j2 + 1) — 2) 57
+ (=75 — 255 + (457 + 8 J1 + 475 + 4j2 + 3) 53

+4 (J 1+2]1+Jz+32+1) Jo+ 1 +477 + 1 (=455 —4 j2+2)

+ji (—2]2 — 2jo+5) + 42 (5 + 275 — jo — 2)) ju

+ 2 (G2 + 1) (3 + 25 — (2 J7 + 451 + 255 + 22 + 1) j3

—2 (J3+251+J3+Jo+1) jot it +450

+ 1 (—453 — 4 jo +2) + jT (=255 — 2j2 + 5)

+72 (B +278 =2 -2)) ) /(401 G+ D2 G2+ 1))

(197)

(2‘72 +2 jo 4473 + 452 4 871 +432+3) 33
+ (=
+(

1 Jo
J1 J2

1 . . . . . . r s
) = —((31 —32)2(251 4+ 242+ 3) ((j1 + Jo + j1 — Jo
+2) (ji+je—ji+ie+1) (=i —je+i1+72)
. = - 1/2 . . ]_/2
+iat+i1+i2+3)) )/(4((11+1) (J2+1)) )

N[ =

(51 J2
j1+%j2+%

D=

(198)
s r r iy 1 1 ) ) ) )

<-‘7_11 'jil L 1 1) =—((31—32)2(2.71+2jz+1) ((J1+ J2 + 41— J2
J1 2J2—3|J1J2 3 3

+1) (i+j2—g1+J2) (i —J2+JI+J2

+1) (j1+j2+71+72+2) /) ( ]1]2 >7

(199)

j j jigo 11 ) . . ) ) R
(-]1 1 )2 1 J1J2 1 1) =<(]1+J2+1)2(—2J1+2]2—1) ((j1—=Je+71—

J1+372—3|J1J2 53 3

+1) (=jitjet+ii—J2) (1—jet+ii+52+2) (=i
+ip G2+ 1)) /(4G + 10327,
(200)



79

1

1
2

L >: ((2j1—212—1) (J1+ J2
J1 72
+1)2 ((1 =2+ 1= J2) (=1 +j2+J1—
+1) (Gh—da+i+ia+1) (=i +d2+51+jo
+2)2) /(401 G2 +1)Y?),

(201)

D= =

(j1 Jo
ji—3do+3

Jij2 1 1)

0 00 = (45l + (-2 -2 2 +5) B+ (4B~ 42 +2) 1 + 4

(51 J2

J1 72
=3 ) . . . 2 72 = 1/2

+2j5 -9 (J1 +j1—J2 (j2 + 1)) —J2 — 2]2>/<2(5) ) .

(202)

The rest of the coefficients can be obtained by using the symmetries of
the coefficients [43]. There are no multiplicity, so the symmetries are simply
given by:

s )
]1 ]2 /N

J1 Ja Ji Ja

S T - -
I 1 1) _ (_1)j1*j’1+j’2*j2+j1*ji+j2*jé+j{/+jé/X

JiJ2 Ji Ja

dim(jy, j2) (251 +1)(2j5 + 1) (i’l 7'
dim(j'y, 5'5) (251 + 1) (22 + 1) \J1 J2

Jije 1 i)
/A7 I

where dim(j1, j2) = (2j1 — 2j2 + 1)(241 + 272 + 3) (271 + 2)(272 + 1) /6.
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