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1 Introduction

The reductive dual pair correspondence, also known as Howe duality [1, 2], provides a useful
mathematical framework to study a physical system, allowing for a straightforward analysis
of its symmetries and spectrum. It finds applications in a wide range of subjects from low
energy physics — such as in condensed matter physics, quantum optics and quantum
information theory — to high energy physics — such as in twistor theory, supergravity,
conformal field theories, scattering amplitudes and higher spin field theories. Despite its
importance, the dual pair correspondence, as we will simply refer to it, is not among the
most familiar mathematical concepts in the theoretical physics community, and particularly
not in those of field and string theory, where it nevertheless appears quite often, either
implicitly, or as an outcome of the analyses. For this reason, many times when the dual pair
correspondence makes its occurrence in the physics literature, its role often goes unnoticed
or is not being emphasized, albeit it is actually acting as an underlying governing principle.

In a nutshell, the dual pair correspondence is about the oscillator realization of Lie
algebras. In quantum physics, oscillators realizations — that is, the description of physical
systems in terms of creation and annihilation operators, a and af — are ubiquitous, and
their use in algebraically solving the quantum harmonic oscillator is a central and standard
part of any undergraduate physics curriculum. Oscillator realizations are more generally
encountered in many contemporary physical problems. It can therefore be valuable to study
their properties in a more general and broader mathematical framework. The dual pair



correspondence provides exactly such a framework, applicable to many unrelated physical
problems.

The first oscillator realization of a Lie algebra was given by Jordan in 1935 [3] to
describe the relation between the symmetric and the linear groups. This so-called Jordan-
Schwinger map was used much later by Schwinger to realize the su(2) obeying angular
momentum operators' in terms of two pairs of ladder operators, a,a’ and b, b', as follows

1
ngi(aTa—bTb), J+:aTb, Jf :bTa7 (11)

thereby finding a gateway to construct all irreducible representation of su(2) in terms of two
uncoupled quantum harmonic oscillators. The spin-j representations then simply become
the states with excitation number 27 :

N=ala+dlb,  N|T;)=2]T,). (1.2)

When su(2) is realized as above, there emerges another Lie algebra, u(1) — generated by the
number operator N — which is not a subalgebra of the su(2). Uplifting this to Lie groups,
we find that the spin-j representations of SU(2) are in one-to-one correspondence with the
U (1) representations; i.e. those labelled by the oscillator number 2. This interplay between
the two groups SU(2) and U(1) is the first example of the dual pair correspondence. A
generalization of this mechanism to the duality between U(4) and U(N) was made by
Wigner [4] to model a system in nuclear physics. Replacing the bosonic oscillators by
fermionic ones, Racah extended the duality to the one between Sp(M) and Sp(N) in [5].
Subsequently, the method was widely used in various models of nuclear physics, such as
the nuclear shell model and the interacting boson model (see e.g. [6, 7]).

Concerning non-compact Lie groups, an oscillator-like representation, named expansor,
was introduced for the Lorentz group by Dirac in 1944 [8], and its fermionic counterpart, the
expinor, was constructed by Harish-Chandra [9] (see also [10] and an historical note [11]).2
In 1963, Dirac also introduced an oscillator representation for the 3d conformal group,
which he referred to as a “remarkable representation” [15]. The analogous representation
for the 4d conformal group was constructed in [16] (see also [17, 18]). The oscillator real-
ization and the dual pair correspondence are also closely related to twistor theory [19-21],
where the dual group of the 4d conformal group was interpreted as an internal symmetry
group in the ‘naive twistor particle theory’ (see e.g. the first chapter of [22]).

Around the same time, oscillator representations were studied in mathematics by Se-
gal [23], Shale [24] and by Weil [25] (hence, often referred to as Weil representations).
Based on these earlier works (and others that we omit to mention), Howe eventually came
up with the reductive dual pair correspondence in 1976 (published much later in [1, 2]). In

'In this section, we mention several important works which went before the dual pair correspondence.
Our intention, however, is not to select the most important contributions, but rather to illustrate the
historical development of oscillator realizations and the dual pair correspondence in physics.

2These representations are closely related to Majorana’s equation for infinite component spinor carrying
a unitary representation of the Lorentz group, published in 1932 [12]. The complete classification of unitary
and irreducible representations of the four-dimensional Lorentz group was later obtained in [9, 13, 14].



short, he showed that there exists a one-to-one correspondence between oscillator represen-
tations of two mutually commuting subgroups of the symplectic group. Since then, many
mathematicians contributed to the development of the subject (see e.g. reviews [26-28] and
references therein). The dual pair correspondence is also referred to as the (local) theta
correspondence and it has an intimate connection to the theory of automorphic forms (see,
e.g., [29, 30]).

In physics, oscillator realizations were studied also in the context of coherent states [31—
33]. In the 80-90’s, Giinaydin and collaborators extensively used oscillators to realize
various super Lie algebras arising in supergravity theories; i.e. those of SU(2,2|N) [34, 35],
OSp(N|4,R) [36, 37] and OSp(8*|N) [38, 39] (see also [40-42]). Part of the analysis of
representations contained in this paper can be found already in these early references.
However, in those papers, the (role of the) dual group was not (explicitly) considered,?
even though it implicitly appears in the tensor product decompositions. (Its relevance was,
however, alluded to in [42].)

Higher spin field theory is another area where the oscillator realizations and the dual
pair correspondence were fruitfully employed. Spinor oscillators were used to construct 4d
higher spin algebra by Fradkin and Vasiliev [43] and to identify the underlying representa-
tions by Konstein and Vasiliev [44]. Fradkin and Linetsky found that the extension of the
work to 4d conformal higher spin theory, or equivalently 5d higher spin theory, requires a
dual u(1) algebra [45, 46]. The same mechanism was used by Sezgin and Sundell in ex-
tending Vasiliev’s 4d theory [47-49] to 5d [50] and 7d [51], with the dual algebras u(1) and
su(2) (as we shall later see, the latter algebra is more appropriately interpreted as sp(1)).
In 2003, Vasiliev generalized his theory to any dimensions using vector oscillators [52], and
revisited its representation theory in [53]. In both of these works, the dual pair corre-
spondence played a crucial role, and since then, it has been used several times within the
context of higher spin theories.*

Despite the abundance of relevant works in physics, and reviews in mathematics, it
is hard to find accessible references on the dual pair correspondence for physicists, with
a notable exception of [70].° In physics heuristic approaches rather than systematic ones
are common, whereas in the mathematics literature, the treatment is formal and explicit
examples are rare. The current work is an attempt to close the gap between the physics
and math literature. Specifically, we provide a systematic derivation of the oscillator real-
izations for essentially all dual pairs, as well as, in the relatively simple cases, an explicit
decomposition of the corresponding Fock spaces into irreducible representations of each
group of the pairs. To be self-contained, we included many basic elements of representa-
tion theory related to oscillators. Thus, there will be a considerable overlap with many
earlier works mentioned previously. Nevertheless, we believe that our treatment could help

*Note that the isometry and R-symmetry groups follow a similar pairing pattern, but they are not
reductive dual pairs.

“In fact, almost all of the higher spin literature is related to the dual pair correspondence in one way
or another. For this reason, we mention just a few papers in which the duality is directly and explicitly
used [53-69].

5The historical accounts given here are indebted to this review.



in filling several gaps in the current understanding of the use and role of the dual pair
correspondence in physics. As the subject of the dual pair correspondence is rich, we will
not cover all that we intend to in a single paper. We instead complete our program in (at
least) two follow-up papers; one of the same kind as this, but on more advanced issues, and
another dedicated to physical applications. Although physical applications will be visited
in depth in a sequel, we include brief comments on them throughout the current paper, as
summarized below.

1.1 Brief summary of the paper

In section 2, we review generalities of the dual pair correspondence, starting with the
precise statement of the duality. In section 2.1, we recall the definition of the metaplectic
representation. In section 2.2, we outline the classification of irreducible reductive dual
pairs. In section 2.3, we introduce the concept of seesaw pairs, which will be crucial in the
rest of the paper.

In section 3, we derive the oscillator realizations of all real forms of the complex
Lie group duality (GLys,GLy), that is, (GL(M,R),GL(N,R)), (GL(M,C),GL(N,C)),
(U*(2M),U*(2N)) and (U(M4,M_),U(N4+, N_)) dualities, starting from the definitions
of the real forms.

In section 4, we derive the oscillator realizations of all real forms of the complex Lie
group duality (On, Spanr), that is, (O(N4, N_),Sp(2M,R)), (O(N,C), Sp(2M,C)) and
(O*(2N), Sp(M4, M_)) dualities, starting from the definitions of the real forms.

In section 5, we derive the correspondence for “compact dual pairs”, i.e. the dual
pairs in which at least one member is compact. In doing so, we will recover the familiar
oscillator realizations of finite-dimensional representations of compact Lie groups, as well
as the lowest weight representations of non-compact Lie groups. We also briefly comment
on the application of this correspondence to AdS;,1/CFTy for d = 3,4 and 6 (which will
be discussed in more details in a follow-up paper).

In section 6, we derive the correspondence between representations of what will be
referred to as “exceptionally compact pairs”, i.e. dual pairs in which one member becomes
either compact or discrete due to an exceptional isomorphism. We briefly comment on its
role in dS, representations for d = 3 and 4.

In section 7, we derive the correspondence between representations of dual pairs where
both groups are non-compact, but one is Abelian or simple enough. These cases are different
from the compact ones in that the representations are of non-polynomial excitations type.
We also present the Schrodinger realizations for these representations (i.e. their realizations
on L£2%€ spaces).

In section 8, we discuss interesting aspects of the branching rules of the representations
appearing in the dual pair correspondence. We comment on the special cases where one
of the groups is the three- or four-dimensional conformal group. In such cases, these
representations are known as “singletons” and correspond to free conformal fields.

In section 9, we derive the relation between the Casimir operators (of arbitrary order)
of the two groups of a dual pair.

We leave concluding remarks for the sequel papers.



In order to be as self-contained as possible, we included three appendices detailing
textbook material, used in the bulk of the paper, as well as one detailing the derivations
of the Casimir relations: In appendix A, we review the realization of finite-dimensional
representations of the compact form of the classical groups on spaces of tensors. In ap-
pendix B, we summarize the definition of the various real forms of the classical groups. In
appendix C, we provide the seesaw pair diagrams involving maximal compact subgroups
and their dual for all irreducible dual pairs. Finally, appendix D contains the technical
details on the derivations of the Casimir relations.

1.2 Conventions

Classical Lie groups and their real forms. We denote the complex classical Lie
groups by GLy, Oy and Spap, i.e. the general linear, the orthogonal and the symplectic
group, respectively. When these Lie groups are viewed as real Lie groups, they are denoted
by GL(N,C), O(N,C) and Sp(2N,C). The real forms of GLy and Oy will be denoted
by GL(N,R), U*(2N), U(N4,N_), O(N4,N_), O(N,C) and O*(2N) with standard def-
initions and notations. There is no standard notation for the symplectic groups; we use
the notation Sp(2N,R), Sp(2N,C) and Sp(N4, N_) for the groups with rank N,2N and
Ny + N_, respectively. See appendix B for the details. The multiplicative group of non-
zero real, complex and quaternionic numbers are denoted by R*, C* and H*, whereas the
additive group of real numbers, isomorphic to the multiplicative group of strictly positive
real numbers, is denoted by R*. For brevity, the phrase “generators of the Lie group” (also
in symbolic form) will be used when actually referring to generators of the associated Lie
algebra.

Young diagrams. A Young diagram of the form,

[
[ |
ls |

7 (1.3)

will be denoted by
L= (ly,...,0), (1.4)

i.e. £y € N corresponds to the length of the k-th row of the diagram and p is the number
of rows. It will sometimes be useful to present a Young diagram in terms of its columns
instead of its rows. In this case, we use the same bold symbol £, but write its components
within square brackets and with upper indices, i.e.

L=t ... 0, (1.5)

where ¢¥ € N corresponds to the height of the k-th column, and ¢ is the number of columns.
Clearly, the two descriptions are equivalent. In particular, ¢ = ¢; and p = ¢'. For instance,



the diagram,

can be presented as
£=(5,3,2,2,1,1) and £=1[6,4,21,1]. (1.7)

Tensors and indices. We will use round and square brackets for symmetrization and
antisymmetrization of indices, respectively. For instance,

Tlaraz) _ % (T9102 4 Ta201) Tlaraz] _ % (T2 — 20y (1.8)

and more generally

1 1
laran) — ~ Z T (1) ~ao(n) | Tlaran] — ~ Z sgn(o) T W) (1.9)
" oeS, " oeS,

where sgn(o) is the signature of the permutation o, which is equal to +1 if o is an even
permutation and —1 if it is odd.

Given a non-degenerate antisymmetric matrix €2 with components satisfying
Qup=-Qpa,  QcQP =55, (1.10)
the indices of Spon tensors will be raised and lowered as follows
TA=08 Ty,  Ty=QupT". (1.11)
In particular, this implies that

QipVAWE =vAW, = —v, WA, (1.12)

Oscillators. In this paper, annihilation operators will be denoted by a4 or a{4 with one
or two indices. Their Hermitian conjugate, i.e. the creation operators, will be denoted with
a tilde and opposite index position, i.e.

(al)T =af. (1.13)

We will refer to the creation and annihilation operators as oscillators. The letters b, ¢ and
d will also be used to denote (additional) oscillators.

Representations. A generic irreducible representation of a Lie group G will be de-
noted by

Wl (STIN I (1.14)



where (1, ..., (, are the (continuous or discrete) parameters which label the representation.®
For two particular types of representations, the following specific notation will be used:

e Finite-dimensional irreducible representations of the (double-cover of the) compact
Lie groups G = U(N), O(N) or Sp(N), will be denoted by [£, 0], where £ is a Young
diagram, and § € %Z is a half-integer such that

(b1 4+6,....,0n+9), (1.16)

is the highest weight of the representation. Here, ¢,41 = --- = {x = 0 for the
Young diagram £ with height p. The correspondence between these highest weight
representations and tensors with symmetry of the Young diagram £ is reviewed in
appendix A.

e Infinite-dimensional irreducible representations of a non-compact Lie group G of low-
est weight type will be denoted by

D¢ (61, R ugrank(G)> ) (117)

where ¢ are the components of the lowest weight defining the representation. If the
group G has the same rank as its maximal compact subgroup K, we will combine
this notation with the previous one as

D (£,]xc) - (118)

2 Generalities of the reductive dual pair correspondence

A reductive dual pair (G,G’) C Sp(2N,R) consists of two subgroups, G and G’, of
Sp(2N,R) which are centralizers of each other and act reductively on R2N | meaning that
they consist of those elements in Sp(2N,R), which reduce completely R?Y into irreducible
parts invariant under the subgroup elements. In other words, when realized as 2N x 2N real
matrices, reductive subgroups are those having block-diagonal elements, with each block
being an irreducible representation of the subgroup. (Recall that Sp(2N,R) is the group
of linear transformations of R*V preserving the symplectic form Q45 x4 yZ, and hence the
space R?V carries the defining representation of Sp(2N,R).)

A central result due to Howe [1, 2] is that the restriction of the metaplectic represen-
tation W of Sp(2N,R), to be discussed below, to G x G’ establishes a bijection between
representations of G' and those of G’ appearing in the decomposition of YW. More precisely,
W can be decomposed as

Wlaxe = @ ma(¢) @ ma (6(C)) (2.1)

G
¢cesg,

5In general, a representation of G can be induced from a representation of one of its parabolic subgroups
P. For this reason, a generic irreducible representation is usually denoted by

Ind%(C1,...,C) - (1.15)

The parameters (; indicate a representation of P which induces the representation of G. The couple P and
(¢1,.-.,¢p) are called the Langlands parameters.



where 7 (¢) and 7gr (0(C)) are irreducible representations (irreps) of G and G’ labeled by
¢ and 6(C) , respectively. The map,

o : x5 — 25,
¢ — 00, (2.2)

defines a bijection between a set E% of GG irreps and the corresponding set E% of G’
irreps. In other words, each G representation appears only once in E% and is paired with
a unique G’ representation in Z%, and vice-versa. As a consequence, the representation
7¢(¢) occurs with multiplicity dim 7 (0(¢)), and similarly for 7 (6(C)):

multy (7¢(()) = dim 7/ (0(C)) ,  multw (7 (0(¢))) = dim 7a(() . (2.3)

More details can be found, e.g. in the review articles [28, 70], or in the textbooks [71, 72]
(where Howe duality is presented within the broader context of duality in representation
theory).

2.1 Metaplectic representation

The metaplectic representation W of Sp(2N,R) is known under different names, such as
the harmonic representation, the Segal-Shale-Weil representation or simply the oscillator

representation [23-25]. This representation can be realized as a Fock space, which is
t

generated by the free action of creation operators a; with ¢ =1,..., N on a vacuum state

|0), which, by definition, is annihilated by the annihilation operators a; :
W = span(c{aj.l .. azk |0), k€ N} ) [a;, a;r-] = dij, a;[0)y =0. (2.4)

This infinite-dimensional space carries an irreducible and unitary representation of the
order N Heisenberg algebra, whose generators are represented by the N pairs of creation

and annihilation operators, as well as the identity (representing its center). Moreover, the
operators bilinear in a; and aZT provide a representation of the Lie algebra sp(2/N,R) of the

symplectic group Sp(2N,R). More precisely, the operators,

Kij:aja;-, Kij :%{a;r,aj}:ajaj—i—%&-j, Ki; = —a;a;, (2.5)

satisfy the commutation relations of sp(2N,R), i.e.
(K, K*)] = 6 Ky — 6] K, (K, K] = 4.8, K7, (2.6)
(K, Kl = =26, Ky, K75, KM =280 kU7 (2.7)

In this basis, the operators K; (where no summation is implied) generate a Cartan
subalgebra while the operators K;; and K k, with k < [ correspond to lowering operators,
and the remaining ones to raising operators. The metaplectic representation is a direct
sum of two sp(2N, R) lowest weight representations,

11 1 31 1
W= DSp(QN,R) (27 57 R 2) S DSp(QN,R) (27 57 EERR 2) . (28)

The vacuum |0) and ai |0) are the lowest weight vectors of the above two representa-

tions with weight (%, %, e %) and (%, %, ce %), respectively.” Repeated action of rais-

"The seemingly privileged role of aJ{ comes from the choice of lowering operators, K*; with k < I.



ing operators on these vectors makes up the representations DSP(QNR)(%, %, e %) and
Dgp(2 N,R)(%, %, e %), which are therefore composed of the states with even and odd exci-
tation numbers, respectively.

The metaplectic representation can also be decomposed in terms of the maximal com-
pact subalgebra u(N) = u(1) @su(N), where the u(1) and su(N) subalgebras are generated
respectively by K% = Zszl LL;L a + % and Kij - %5} Kk, = a;- a; — %5; Z]kvz1 CLL ag .
The vacuum |0) carries the irrep [(0), %]U(N) (i.e. it has the u(1) eigenvalue % and car-
ries the trivial representations of su(N)), whereas the N dimensional space generated by
a1\0> carries the irrep [(1), %]U(N) (i.e. it has the u(1) eigenvalue & + 1 and carries the
fundamental representation of su(N)). These u(NN) representations are annihilated by
the lowering operators K;; and they induce the sp(2N, R) irreps Dgponr)([(0), %]U(N)) =
DSp(2N,R)(%7 %7 AR %)7 apd DSp(ZN,R)([(l)ﬂ %]U(N)) = DSp(2N,R)(%? %7 T %) by the action of
the raising operators K%.

At this point, we have seen that W carries both a representation of the order N
Heisenberg algebra and of the symplectic algebra sp(2/N,R). A natural question is then
to ask whether this can be uplifted to a group representation in both cases. For the
Heisenberg group, the answer is positive: a direct computation shows that the operators
Ula, B,7) 1= e aith’ al+y satisfy

Ular, B1,m) Ulag, B2,72) = U(oa + ag, 81 + Ba, 11 + 72 + % (1 B2 —f1-a2)) (2.9)

where a- 3 = Zfi L @ B'. The above reproduces the group multiplication of the Heisenberg
group Hy and hence provides its representation on W.

The situation is a bit more subtle for the symplectic group. It turns out that the
exponentiation of the sp(2/V,R) representation (2.5) is double-valued. To see whether a
representation is single-valued or not, we need to examine the representation along a loop
in the group manifold. Since the loops contractible to a point will always give single-valued
representations, we must consider only the other kind of loops, which are classified by the
fundamental group of the group manifold. The fundamental group of Sp(2/N,R) is that of
its maximal compact subgroup U(N) = U(1) x SU(N), where the U(1) can be chosen to
have an element diag(e’?,1,...,1).® This element of U(1) is embedded in Sp(2N,R) as

N-1

cos¢p 0 sing 0
0 In—1 0 Iy
= ) 2.10
9(9) —sing 0 cos¢ O ( )

0 IN—l 0 IN—l

Since SU(N) has a trivial first fundamental group, we can just consider this U(1) subgroup,
generated by

1
1
K'Yy =ala + 3
8 As a topological space, U(N) is homeomorphic to the product space U(1) x SU(N), where the U(1)
subgroup cannot be taken as the diagonal one, U(1)diag = {ei¢IN |0 < ¢ < 27}. In fact, as a group,
U(N) 2 (U(1)diag X SU(N))/Zy where Zy = {'*" ¥ Ix|n=1,...,N —1}.

(2.11)




and exponentiating K11, one finds the representation,

Uw(g) = e K" = gid(@lats) (2.12)
Since a{ ay has integer eigenvalues, the U(1) representation (2.12) has the property,
Uw(¢ +2m) = =Upw(9), (2.13)

that is, the representation map Uyy is double-valued. One can replace the U(1) subgroup by
its double cover to render the representation map Uyy single-valued. This would require to
replace the symplectic group Sp(2N,R) by its double cover, namely the metaplectic group,
often denoted by TS?)(QN ,R). In principle, of course, one can also consider an arbitrary
even cover of Sp(2N,R).

As we discussed just above, the essential point resides in the U(1) part of Sp(2N,R),
but it will still be instructive to consider the action of the entire Sp(2N,R) group. For
simplicity, let us focus on the N = 1 case, Sp(2,R), whose element can be parameterized as

—sin ¢ cosh 7 + cos® sinh 7 cos ¢ cosh T 4 siny sinh 7

cos ¢ coshT —siny sinh7 sin ¢ cosh T+ cosv sinh 7
g(¢v ¢a 7-) = ( s (214)
with g(¢+2m,9,7) = g(¢,,7) and g(6, ) +7,7) = g(¢,v, —7) and 7 € R The oscillator
representation for the group element g(¢,,7) can be obtained again by exponentiation
and expressed as
UW((ba w’ 7_) _ eiqﬁ(cﬁ a+%) 66a2,5* (at)? 7 (215)

where 8 = %ei (¥=9) . Again, one can check the double-valued-ness of the map Uy :

Uw(¢ +2m,1,7) = —Uw(¢, ¢, 7). (2.16)

We may avoid this problem by viewing Uyy as a representation of the double cover 3’\]/9(2, R);
it is parametrized by the same variables as Sp(2,R), but the period of ¢ is extended to
4. Since Uyy is faithful for the double cover (but not for other even covers) of Sp(2,R), it
can serve as a definition of Sp(2,R), which does not admit any matrix realization. Instead
of considering the double cover, one may also try to cure the problem (2.16) by modifying
the representation to

Vin(b, 9, 7) = givala Ba?—p (ah)? _ Uw(p, 0, 7) e*% @ , (2.17)
which is single-valued. But, then the above has a modified composition rule,

Vin (1, 01, 71) Vig (o, tha, 72) = €2 (53=01-92) Vi (g 4hg, 73) | (2.18)

where ¢3, 13, 73 satisfy g(¢1, 91, 71) g(p2 2 10) = g(b3, 13, 73) . Therefore, V)y is a projec-
tive representation of Sp(2,R).

A more standard way to introduce the metaplectic representation is as follows: given a
pair of creation and annihilation operators (af, a), one can define a new pair (b7, b) through
a Bogoliubov transformation, which is simply a linear transformation,

(;) = A (;) : (2.19)
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preserving the canonical commutation relation, [b, bT] = 1. The latter condition implies
that A € SU(1,1), which can be parametrized by

e7"? cosht e'¥ sinhr
A= ) ) . 2.20
<6_W sinh7 €'¢ cosh T ( )

Since SU(1,1) = Sp(2,R), the two-dimensional symplectic group Sp(2,R) is isomorphic to
the center-preserving automorphism group SU(1,1) of the Heisenberg algebra. Therefore,
the Bogoliubov transformation (2.19) defines an action of Sp(2,R) on W, which can be
expressed as

<:T> = Uw(¢,9,7) (;) U (e, 9, 7) 7" (2.21)

where Uyy is given in (2.15), and A and g(¢,,7) in (2.14) are related by

g(o, 0, 1) =UTAU, U= \}5 C i) ) (2.22)

Since the formula (2.21) is invariant under redefinition of Uyy with a phase factor, it provides
a projective representation of Sp(2,R).

To conclude, let us consider the reflection subgroup of Sp(2N,R), which will be used in
identifying representations of dual pairs. They are contained again in the maximal compact
subgroup U(N) as the diagonal elements,

Ri = mK' = gim(alaits) (2.23)
where no summation for the ¢ index is implied. The reflection R; flips the sign of the i-th

R (%) R = — (%) , (2.24)
a; a;

so it has a Zs action on the oscillators. Notice, however, that the reflection does not form

pair of oscillators:

a Zs group, but a Zy, :
R?=-1, TR}=1. (2.25)

This is because we are considering the metaplectic group where the maximal compact
subgroup U(N) should be understood as the double cover of the latter. Since these double
cover groups are not matrix groups, “reflections” do not work in the way we know for
the matrix group. Viewed as an automorphism group of Heisenberg algebra Hpy, the
reflections form Zo groups. Besides the aforementioned reflections, there are many other
Zo or Z4 automorphism groups of Hpy. Obviously, the permutation group Sy lying in the
subgroup of O(N) C Sp(2N,R) contains many Ss = Zs groups, i.e. the permutations of
two oscillators:

(473 a;
f t
a,; _ a.;
Sii || Su ' = ME (2.26)
97 7
al al
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Less obvious Zs automorphisms are

Qg a;
T

a; _ —a;

Pij t Py 1= gr , (2.27)
aj —ai
a; a;

which can be decomposed as

Pij = Si; P er—l . (2.28)

Here, P; acts on Hy as

1
A a; -1 _ —a;

forming a Z4 automorphism of Hpy, though it is not compatible with the reality structure
of Hy. However, one can still view P; as Zy automorphisms of Sp(2N,R) preserving the
reality condition of the latter. Basically, it interchanges the raising and lowering operators
and flips the signs of all generators of the maximal compact subalgebra u(N), and hence
corresponds to the composition of the Cartan and Chevalley involutions. From the identity,

i8((ah?—()?) (@ -i%((a)?~(a:)?) cosf —sinf\ [ai
2 7 2 i — 2
‘ al ‘ sin@ cosé al )’ (2.30)

K3 K3

we can realize P; as an exponentiation of quadratic oscillators,

P, = ¢ F(Ka-K") _ 5 ((@?=@)?) (2.31)
Note however that such a realization of P; is not unitary, and hence they are outer-
automorphism of Sp(2/N,R). In analyzing dual subgroups of Sp(2N,R), it will be often
useful to consider the automorphisms S;;, P;; and P;.

As we have discussed, the metaplectic representation can be easily understood using
the Fock realization (also referred to as the Fock model). Another simple description of
it is the wave function in the configuration space — the Schrodinger realization. The
relation between oscillator realization and wave function realization is nothing but the
typical relation between (Z;,p;) and (a;, aZT) of the quantum harmonic oscillator,

&= \}i (ai + aI) , pi = % (aj - ai) : (2.32)
Even though the above relation is a very familiar one, it helps to simplify the description of
representations in several cases: a certain complicated state |¥) in the Fock space becomes
simple as wave function (z|V¥), and vice-versa. Another useful description is provided by
the Bargmann-Segal realization, wherein the states are holomorphic functions in C, which
are square integrable with respect to a Gaussian measure. In this realization, the creation
operators simply act as multiplication z while the annihilation operators act as derivatives
with respect to these variables, i.e.
0
=95

The connection to the Schrodinger realization is made by an integral transform, called the

(2.33)

T
CLi—Zi, a;

Bargmann-Segal transform [73, 74].
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Embedding group (G,G" (K,K")
Sp(2M N, R) (GL(M,R), GL(N,R)) (O(M),O(N))

Sp(4M N, R) (GL(M,C),GL(N,C)) (UM),U(N))
Sp(8MN,R) (U"(2M),U"(2N)) (Sp(M), Sp(N))
Sp(2(My + M_)(Ny + N-),R) | (U(My,M_),U(Ny,N-)) | (U(My)xU(M-),U(Ny)xU(N-))
Sp(2M(Ny + N-),R) (O(Ny,N-), Sp(2M,R)) (O(Ny) x O(N-),U(M))
Sp(4MN,R) (O(N,C), Sp(2M,C)) (O(N), Sp(M))
Sp(4N(My + M-),R) (O"(2N), Sp(M, M_)) (U(N), Sp(M) x Sp(M_))

Table 1. List of all possible irreducible reductive dual pairs (G,G’) embedded in metaplectic
groups and their respective maximal compact subgroups (K, K').

2.2 Irreducible reductive dual pairs

For a given embedding group Sp(2N,R), we can find many inequivalent dual pairs. Any
reductive dual pair (G,G’) has the form,

G=G1 xGax-xGp, G'=GxGyx---xGy, (2.34)

where each couple (Gj, G},) is one of the irreducible dual pairs listed in table 1 and em-
bedded in a symplectic group Sp(2Nj, R) such that Ny +---+ N, = N. Moreover, one can
distinguish between two types of dual pairs: the first one is a real form of (GLy;, GLy) C
Sp(2M N,R) while the second one is a real form of (Oy, Spar) C Sp(2M N, R). For in-
stance, in Sp(2N,R) one can find the irreducible pair (U(N),U(1)), which is an example
of the first type, or the irreducible pair (O(N), Sp(2,R)), which is an example of the sec-
ond type. Accordingly, the pair (O(N —m) x U(m), Sp(2,R) x U(1)) is an example of a
reducible dual pair in Sp(2N,R) for m =1,..., N.

Often irreducible dual pairs are classified, using another criterion, again into two types:
the type II if there exists a Lagrangian subspace in R*V left invariant under both of G and
G’, and the type I otherwise. In the above table, the first three cases are type II, while the
rest are type I.

We can extend the idea of the dual pair correspondence to other groups / representa-
tions than the symplectic group / metaplectic representation. For instance, one can also
consider supersymmetric dual pairs embedded in OSp(N|2M,R) (see e.g. [72, 75] and ref-
erences therein). Another possible extension is to replace the symplectic group with any
simple group G and the metaplectic representation with the minimal representation.? The
classification of such pairs was obtained in [77] (see also [78, 79] for complementary work).

2.3 Seesaw pairs

A useful concept is that of a seesaw pair introduced in [80] (reviewed e.g. in [26, 28]).
Consider the situation wherein we have two reductive dual pairs (G,G’) and (G,G’) in

9The minimal representation of a simple group G is the representation whose annihilator in the universal
enveloping algebra U(g) is the Joseph ideal, which is the maximal primitive and completely prime ideal of
U(g) (see e.g. [60, 76]).
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the same symplectic group, say Sp(2N,R). If the groups forming the second pair (G, G’ )
satisfy G ¢ G and G’ € G’, then the pair of dual pairs (G,G’) and (G,G") is called a
“seesaw pair”, and the situation is depicted as

G G
U u . (2.35)
G G’
Seesaw pairs satisfy the property,
Homg (Wé,ﬂg’é) = Homgy (WG/,WG,]G/) , (2.36)

which means the space of G-equivariant linear maps (or intertwiners) from o to mal s
namely Hom (77@,7r9| é), is isomorphic to the space of G’-equivariant linear maps from
T to ma|qr, namely Homer (ﬂ'GI,T(é,’G/). Here, |5 (resp. |g/) denotes the restriction to
G (resp. G'). In particular, this implies

multr, (7g) = multy, (76r) (2.37)

i.e. the multiplicity of the G-representation T in the branching rule of 7 is the same as
the multiplicity of its dual m¢ in the branching rule of the G'-representation 7. This
situation is usually depicted as

TG T
| >< | (2.38)
& T

where the downward arrows denote the restriction of a G-irrep (resp. G’ -irrep) to a G-irrep
(resp. G'-irrep). Seesaw pairs are particularly useful when trying to derive the explicit cor-
respondence between representations of G and G’, assuming that the correspondence is
known for representations of the pair (G, G’ ), or to obtain the decomposition of a repre-
sentation into its maximal compact subgroup.

Let us illustrate this with a simple example. Both (Sp(2,R),0(2)) and (U(1),U(2))
are dual pairs in Sp(4,R), which form a seesaw pair:

Sp(2,R) U(2)
U u . (2.39)
U(1) >< 0(2)

Note that the generator of the O(2) subgroup of U(2) correspond to the U(1) generator
of SU(2), and not that of the diagonal U(1). We will see later in section 5 the following
correspondences,

Dspary (€ +1) [m + 1y ® [m]sye)
: (2.40)
[m + 1]y o)
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where ¢ and m are non-negative integers. We can use the seesaw pair property to find
the restriction of Dgyar) (¢ + 1) under its maximal compact subgroup U(1): these repre-
sentations will be dual to the U(2) representations whose restriction under O(2) contains
[{lo2)- The branching rule U(2) | O(2) amounts to finding those SU(2) irreps which con-
tain a pair of states with weight £/. As the irrep [m]gy (o) contains states with weight
k=—m,—m+2,...,m, we can conclude that the relevant U(2) irreps are those labelled
by m = £+ 2n with n € N. As a consequence, we find

o0

Dspr) (L + Dlvay = EP L+ 1+ 2n]yq) (2.41)
n=0
which is indeed the correct decomposition.

We will see in section 5 that an important subgroup of G to consider in the context
of seesaw pairs is the maximal compact subgroup K C G. Indeed, one can show that the
centralizer of K in Sp(2N,R), that we will denote M’, contains G’ so that (K, M’) is a
dual pair and it forms a seesaw pair with (G, G’). The same property is true if we reverse
G and G’: the centralizer M of a maximal compact subgroup K’ C G’ also contains G. As
a consequence, (G, G") and (K', M) also form a seesaw pair. In general, the groups M and
M’ are not compact, in which case one can also consider their maximal compact subgroup,
denoted by Kj; and Ky, respectively. It turns out that also they form a dual pair. We
therefore end up with four dual pairs. The situation is depicted as

M  — K

o < U N C o
Q Ky G +— Kyp Q . (2.42)
O U n 2

K — M

The application of the above diagram to each irreducible dual pair in table 1 is collected
in appendix C.

Seesaw pairs are also useful for tensor products of the relevant representations and
their plethysms. Say, we have a dual pair (G,G’") C Sp(2N,R) and their representations
mg and wgr. The tensor product of the representation wg and its contragredient one g
can be obtained by considering the seesaw pair,

Gx-xXG )
M Gp,q
pt+q
oo 2
G x---xG
G %/_/
pt+q

Here, the two pairs (G,G), ) and (GP*9,G'P*9) are embedded in Sp(2(p + q)N,R). By
examining the seesaw pairs for each irreducible pair (G,G’), one can find that the groups
G;,,q can be taken as in table 2. From the seesaw duality, we find that tensor product
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el G,
GL(n,R) GL((p+ q)n,R)
GL(n,C) GL((p+ q)n,C)

U (2n) U*(2(p + q)n)

U(m,n) | U(pm + gn,pn+ qm)

O(m,n) | O(pm +gn,pn +gm)

O(n,C) O((p+q)n,C)

0" (2n) O*(2(p + q)n)
Sp(2n,R) Sp(2(p + q)n,R)
Sp(2n,C) Sp(2(p + q)n,C)
Sp(m,n) | Sp(pm + gn,pn +qm)

Table 2. The list of G;,q for each irreducible G’.

decompositions of G representations can be obtained by the decomposition of G;,’q repre-

sentations:
(7['G®p ® 7?G®q) X I‘p’q ﬂ—G;},q
I > | aw
e (T ®P @ T ®1) x Ty

where the plethysm can be also controlled by a discrete group I', ; which is a subgroup
of the symmetric group S, x S, permuting the same representations. In particular, every
irreducible dual pair (G,G’), wherein G’ is not the smallest group dual to G, can be used
for the tensor product of the irreps of G dual to the smallest G.

3 Dual pairs of type (GLy;,GLy)

Let us describe the dual pair (GLys, GLy) C Sp(2M N, R) in detail. Since it is embedded
in Sp(2M N, R), we introduce M N pairs of conjugate operators

(W, oy, A=1,...,M, I=1,...,N, (3.1)
which obey the canonical commutation relations

whoof]=656h,  Wwhowhl=0=[ofaF). (3.2)
The GLj; and GLy groups are generated respectively by

1 . B N
X5 =Uw(X4p) = i{w}“,wé} = ofwp + 55§>

1 . - M
Ri? =Uw(Rr’) = o o7 wi} = a7 wi + = o7, (3.3)

where Uyy is the metaplectic representation, and X4 5 and R;” are the matrices with com-
ponents (X4p)cP = 6é 65 and (R;/)Xp = 5? 5i generating GLjys and GLy respectively.
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Notice that when GLj; and GLy are realized as above, a specific ordering of w and
@ is chosen, namely the Weyl ordering. If we do not embed the pair (GLy,GLy) in
Sp(2M N, R), one could take different orderings in each of the groups, leading to differ-
ent factors of d4 and 67 (shift constants) in (3.3). Here, the embedding of the pair in
Sp(2M N, R) singles out a unique ordering, which fixes the shift constants, such that the
diagonal GL1 subgroups of the GLj; and GLy coincide; i.e.

~ay _~a 1 MN

1
Z::XAA:ijzi{wﬁl,wI =Wy wy + 5 (3.4)

which is a number operator with a constant shift.

Various real forms of GLj; and GLy can be chosen by assigning different reality
conditions to the operators wﬁl and @}4. Such conditions can be straightforwardly deduced
from the anti-involution ¢ associated with each real form by asking that

Uw(XAB)T = Uw(a(X?R)), Uw (R = Uw(a(R;7)). (3.5)

See appendix B for the expressions of ¢ for each real forms. In the following, we describe
all such real forms by introducing their oscillator realizations.

3.1 (GL(M,R),GL(N,R)) C Sp(2MN,R)

To single out the real forms GL(M,R) and GL(N,R), we impose the following reality
conditions on X4z and R;”

(X"p)t =-X"p, (R = —R;7, (3.6)
which can be realized by requiring the w-operators to obey the reality conditions,
W' =wh, @) =-af (3.7)

Let us define
aly = (wﬁl - (Z)fl) , ad = — (@}4 +wf4) , (3.8)

so that
(@)t=at, and  [ahy,a%]=0%6], (3.9)

In terms of these creation and annihilation operators, the generators of GL(M,R) and
GL(N,R) now read

1 . - A~
XAB:§ (a?aé—a?aﬁ%—a?a?—aﬁaé) , (3.10)
and 1
Ry = B (d?aj—d?aﬁ—l—df‘&‘}—aﬂaﬂ) , (3.11)

and the common Abelian subgroup GL(1,R) = R* is generated by

Z == (ataf —alyal). (3.12)

[N
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Note that in the above expressions, the repeated indices are summed over even when they
are positioned both up or both down. Since GL(M,R) and GL(N,R) are disconnected,'®
we need also to take into account the reflection group elements R4 and R/,

N M
Ra=[[R4Y, R =]] RA, (3.13)
I=1 A=1

where RIIL‘ are the reflections in Sp(2M N, R) introduced in section 2.1,

1 (4 I\—1 Sap 617 ag
R (98) (R = (-1 5. (3.14)
ay ay
Let us remark also that the elements,
Map :==2600a Xp) = afap —af aly,  Npj:=2R;" 6,k =ajal —ajaly, (3.15)

generate the maximal compact subgroups O(M) C GL(M,R) and O(N) C GL(N,R)
respectively. Note that the generators of these compact groups take the form (creation) x
(annihilation), so that they preserves the total oscillator number.

3.2 (GL(M,C),GL(N,C)) C Sp(4AMN,R)

The real Lie groups GL(M,C) and GL(N,C) are obtained by starting with complex oper-
ators w and @ with complex conjugates w* and &*, obeying the commutation relations,

[wh*, oF* =65 6%, (3.16)
and
[wh,wp'] = [wh, @] = [0f wh"] = @0f , @F*] = 0. (3.17)
We require the reality conditions,
Wl =wh*,  @O'=-of,  Wi'=wh, @M=, (3.18)
so that the generators,
X{p =X+ X", R =R/’ (R, (3.19)
satisfy
(x{p)=5Xx45,  (Re)) =FRy,’. (3.20)

Notice that X' and R’ generate the GL(M,R) and GL(N,R) subgroup of GL(M,C)
and GL(N, C), respectively. For the oscillator realization, we introduce

1 B 5 1 .
aly = 7\/5 (wl{l - wf*) ) a‘fl = —\/5 (wf1 —i—wi*) ,
1 . -~ ~ 1 4,

0The group GL(N,R) is isomorphic to R* x SL(N,R), where R* is the multiplicative group of real
numbers. Since R* has two connected components, positive and negative real numbers, GL(N,R) has two
connected components, whose elements have positive and negative determinant, respectively.
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so that
(CLQ)T - a}qv (bA) - bI 9 (322)

and the only non-zero commutators are
lah,aj]=6585,  [b7,bp] =05y . (3.23)
Note that under complex conjugation, the a and b oscillators are mapped to one another:
(ah)*=b, (@) =0 (3.24)
In terms of these oscillators, the generators X Ap and R’ read
XAB:% (af‘aIB—BfBb;‘+ ApL A aB) : (3.25)

and
1 - -
R =3 (a;‘ ak — B4 bf +ad b — vd aA) . (3.26)

From the above, one can easily find the generators X1 and R+’ using (3.19) and (3.24).
The common Abelian subgroup GL(1,C) = C* 2 R* x U(1) is generated by

Z, =apbly—adv?,  and  Z_ =afal — 407, (3.27)

which can be interpreted as the radial and angular part of the complex plane without
origin C*, respectively. The maximal compact subgroups U(M) and U(N) of GL(M,C)
and GL(N,C) are generated respectively by X4p — (XB4)* and R;” — (R;7)*, and they
have the form (creation) x (annihilation). Their common U(1) generator coincides with Z_ .
3.3 (U*(2M),U*(2N)) C Sp(S8MN,R)

To single out the real forms U*(2M) and U*(2N),!* we require X“4p and R;” to satisfy

(XA) = —Quec X pQPB (R = Q'K REQp ;. (3.28)
This can be realized by requiring the w operators to obey the reality conditions
WOt =Q,0%wL, @ =-0Y Qupa¥, (3.29)

where the A, B, and I, J indices take respectively 2M and 2N values. The two matrices

Qap and Q7 are both antisymmetric and square to minus the identity matrix, and Q45

and Q7 are their respective inverses: Q48 Qpo = 5é , Qr QK = 5}{. As a consequence,

Qup = —O48 and Qrr=-0. Upon defining the oscillators,
1
aly = 7 (wh—Qap Q" af),  aft= ()l (3.30)
with

[aAan] = 5A 5J (3.31)

" Notice that the determinant of an element of U*(2N) is always positive, and hence the group U*(2N)
is isomorphic to R x SU*(2N).
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the generators X Ap and Ry’ can be expressed as

1, 5 A~

XAB—§ (a?aIB—aIBa?—a?aIB—i—a?aIB) , (3.32)
1, - A~

Ry’ = 3 (a}4 af —ahad —attad +af ah) , (3.33)

where we used Q45 and Q77 (and their inverse) to raise and lower indices as in (1.11). The
common center RT of U*(2M) and U*(2N) is generated by

Z =aptaly —alyaft. (3.34)

The Lie algebras of the maximal compact subgroups Sp(M) C U*(2M) and Sp(N) C
U*(2N) are generated respectively by

~(A B)I ~
XUB) =P Ry =altag,. (3.35)

Again, one can see that the generators of these compact subgroups have the form of (cre-
ation) x (annihilation).
3.4 (U(M+7 M*)v U(NJrv N*)) - Sp(2(M+ + M*)(NJF + N*)v R)

To single out the real forms U(My, M_) and U(N4, N_), we impose
(X ) =0 e Xp, (R =’ Rk, (3.36)

where n4p and n’” are diagonal matrices of signature (M, , M_) and (N, N_) respectively,
and where X4 and Ry’ are defined in (3.3). This can be achieved by requiring the w
operators to obey the reality condition,

(W) =napn'’ &F . (3.37)

To introduce the oscillator realization, we split the A and I indices into (a,a) and (7,1)
and set nap = (0ap, —0ap) and 7!’ = (69, —§*3). Here, a and a take respectively M, and
M_ values, whereas ¢ and i take respectively N, and N_ values. Upon defining

T ., a._  ~a a ._ ~a i, i
al i=w b = @f, cf =y, d; = wy, (3.38)

and

a

ad=(a)t, =0, @ &E=(H, «d =), (3.39)

we end up with (M4 +M_)(N4+N_) canonical pairs of creation and annihilation operators,
as these oscillators obey

la af) = o300, 3.0 =076, @l =del,  [dhd5) =036},  (3.40)
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with all other commutators vanishing. In terms of the a, b, c and d oscillators, the generators
XA4p5 and Ry’ read

S N, — N_ , -
X =afaf — Gl + =0y, X% =aybt — &,
y , . NN (3.41)
X% = —a% bl + ¢ di, Xab:_b;bﬂdzd;—%és,
) ; o M., — M_ . . . .
Rj' = afa, — bV + ————0j, Rj*=-aj& +b}d},
L . ‘ S VSR C R )
Rj' = ag c§ — by d3, lez—c;c?—i—d?d;—iQ o3,
and the common U(1) center of U(M,,M_) and U(N,,N_) is generated by'?
; - . ~ . 1
Z =a}al, — by b — ¢, cf +dsdi + 5 (Ny — N_) (M4 — M_). (3.43)

The maximal compact subgroups U(My) x U(M_) C U(My,M_) and U(N4) x U(N_) C
U(N4, N_) are respectively generated by X%, and X2y, and R;* and R;*. Note also that
when N_ = 0 or M_ = 0, that is, when one of the group, say G, in the pair (G,G")
is compact, the Lie algebra of the dual group G’ can be decomposed into eigenspaces
of the total number operator with eigenvalues +2,0,—2. In other words, they do not
have the mixed form of (creation)?+(annihilation)?. This property will prove useful when
decomposing the Fock space into irreducible representations.

4 Dual pairs of type (Oy, Spay)

To describe the dual pairs (On, Spaar) € Sp(2NM,R) in detail, we consider again M N
pairs of operators. In this case, it is more convenient to use 2M N operators without
explicitly pairing them, which we denote by

vl A=1,...,N, I=1,...,2M, (4.1)

and which satisfy
lvh yhl = Eap Q" (4.2)

where Eup and QY are symmetric and antisymmetric invertible matrices of dimension
N and 2M, respectively. Then, the reductive subgroups Oy and Spops are generated
respectively by

Map = Uy(MyB) = Qr; y[IA y]_‘é] , K" = Uy (K!) = EAP Z/g yé) : (4.3)

where Uy is the metaplectic representation, and Msp and K7 are the matrices with

components (Msp)°P = 25[6;4 551 and (K)gr = 26% 5? generating Oy and Spaps. The
commutation relations of M4p are

[Mag, Mcp) = 2 (Epia Mpjc — Ecta Mpip) (4.4)

12Notice that the operators in (3.41) and (3.42) do not have integer eigenvalues when N — N_ and
M, — M_ are both odd. In this case, the realizations of U(N4, N_) and U(My, M_) are double-valued.
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whereas those of K7 are
[KIJ’KKL] —9 (QI(K KD7 4 I (K KL)I) _ (4.5)

Note here that we have not specified the signature of the flat metric E4p. Clearly, at
the level of the complex Lie algebra, different E4p can be all brought to the form d4p
by suitably redefining the y-operators. We leave the ambiguity of EF4p at this stage since
there is a preferable choice of E4p in each real form of Oy to obtain a compact expression
of their generators.

Various real forms of On and Spaps can be chosen by assigning different reality con-
ditions to the operators 9,14- Such conditions can be straightforwardly deduced from the
anti-involution & associated with each real form by asking

Uyw(Mag)' = U (6(Mag)) , U (KINT = Uy (6(K!7)) . (4.6)

See appendix B for the expression of ¢ in each real forms. In the following, we describe all
such real forms by introducing their oscillator realizations.

4.1 (O(Ny,N_),Sp(2M,R)) C Sp(2M (N4 + N_),R)

To identify the real forms O(N;, N_) and Sp(2M,R), we set E4p = nap, the flat metric
of signature (N, N_), and require that the generators Map and K'” satisfy the reality
conditions,

(Map)' = —Myup, (K = Jr K5E gy, (4.7)
where the matrix Jry satisty Jry = Jy1, JigJjx = 01k and Jry Qi = Q15 Jjr A3 The
above can be realized by requiring the yi operators to obey the reality condition,

(W) =Tk (4.10)

In order to introduce the oscillator realization, we split the A and I indices into A = (a, a)
and I = (44, —i) where a and a take respectively N, and N_ values. In this convention,
naB = (Oaby —0ab) , Q777 = 6% and J4; _; = ;j, and the condition (4.10) becomes

(yx)' =i’ (4.11)

We therefore introduce

ab =y, al=y,, W=y, b=yl (4.12)

3Note here that we could use the more familiar reality condition,
(K" =K', (4.8)
which can be realized by the operators satisfying
(ya) =iya. (4.9)

Even though the above seems simpler, it actually leads to slightly more involved and unfamiliar expression
for K17 in terms of oscillators. That is why we chose another, but equivalent, reality condition for K?!7.
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which obey
dfil = (G’Z)T ) b, = (ba)T ) (413)

and the canonical commutation relation

[al,a’] = 6% 67 [b2,b]] = &7 62 (4.14)

ar ™™g J a?

In terms of the canonical pairs a and b, the generators M4p and K'7 read

My =alal —abal, My =albl—albb, My =0 b2 —bibP, (4.15)
and
KYH =gl al —bi bl K77 =afal — b2, (4.16)
y L N. — N_ .
+i—j _ 7 +
K70 =af aq — b by + ———— 0. (4.17)

Since O(N4, N_) has 4 connected components (2 components when Ny or N_ vanishes),
we need to take into account the reflections,

M M
Ra=][R., Ra=][Ri, (4.18)
=1 =1

where R, and R flip the sign of a’ and b respectively.

Notice that My, and My, generate the maximal compact subgroup O(Ny) x
O(N_) of O(Ny,N_), while KT/ generate the maximal compact subgroup U (M)
of Sp(2M,R). When N_ = 0, no generator of Sp(2M,R) has the mixed form of
(creation)?+(annihilation)?. Again, this will prove useful in decomposing the Fock space
into irreducible representations.

4.2 (O(N,C),Sp(2M,C)) C Sp(4NM,R)

The real Lie groups O(N,C) and Sp(2M, C), are obtained by starting with complex oper-
ators y with complex conjugates y*, obeying the commutation relations,

Wh* 5 =04, vk =0. (4.19)
We require the reality condition,
()" =T yi*, (4.20)

so that
(Map)t = —(Map)*, (KN = Jrge (KEEY g5, (4.21)

and hence the generators of O(N, C), which are given by
Miy = Map + (Map)*,  Ki:=K"7+£(K")", (4.22)

satisfy
(Mip) = FMEp. (KUY = ai kY Juy, (4.23)
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and M|, and K17 generate the subgroups O(N) and Sp(2M, R) of O(N, C) and Sp(2M, C)
respectively . To define the oscillator realization, we introduce

1 . - 1 «
aly = NG (?/,ILHFTIIJZ/Z{& ) ar = EQU (*?J,{HL??JK?JE ), (4.24)

where 77y = (04445, —0—i—;) and satisfies Jrx nry = Q1 so that
(@)t =ait, (@) =mnyai,  [ah,af]=056). (4.25)

In terms of these oscillators, the generators M p and K IJ read

[ . A -
Map = 2 (a7 ap — a7 aly — a7 a”' —aar aj) | (4.26)
and 1
K1 =2 (ahaf+at et — 23" o)) | (4.27)

Since O(N, C) has two connected components, corresponding to elements of determinant
+1 respectively, we need to take into account the reflections,

2M
Ra= ] R4, (4.28)
I=1

where R,{l flips the sign of a,lq- The generators of the maximal compact subgroup O(N) C
O(N,C) read
Miy = af - af (4.29)

while the generators of Sp(M) C Sp(2M, C) are given by
K" —nrengn (KEP) = F T o) (4.30)

Once again, we can notice that the maximal compact subgroups O(N) and Sp(M) are
generated by operators of the form (creation) x (annihilation).

4.3 (0*(2N), Sp(My, M_)) C Sp(AN (M, + M_),R)

To identify the real forms O*(2N) and Sp(M4, M_), we begin with the metric Eap = Jap
where J4p is the symmetric off-diagonal matrix defined, in terms of A = (+a, —a), as

Jia+p =0, Jiarb = Oab - (4.31)
The reality conditions to be imposed on Map and K 1T are
(Map)t = Q4 Mcp QP8 (K'Y =W KKV O, (4.32)
where Uy is an antisymmetric matrix given by

Vii+; =0, Uity = En;; . (4.33)
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with the flat metric n;; of signature (M., M_). Here, we used I = (+i, —i) where Q77 =
§%. The conditions (4.32) can be realized by requiring the y operators to obey the reality
condition,

(yh)' =P Wy yf . (4.34)
Splitting again the A and 7 indices into A = (4+a, —a) and i = (r,r) so that Q20 = §ab
and 7;; = (0ps, —0rs), the reality condition reads

Wint=—y=o, D=y, @' =yl, @' =-yZ.  (435)

By repairing the symplectic indices as R = (+r, —r) and R = (4+r, —r), we introduce

a“R = Qgrs yil, ~R = y+a, bﬁ = (s yia ) bg = Z/Em (4-36)

where Q_, 14 = 6,5 and Q_; 1 = drs. These 2N (M + M_) pairs of oscillators satisfy
laf,ay] =ondy. RO =0R0p  ai=(aR),  bg= (o). (4.37)
In terms of a, b oscillators, the generators M4p read
Mgy =altaly — 0302 + (M — M_) 6y,
Miyqsy = 2af ayp + 207007 M_q_p=2a"%a + 208 by, (4.38)
and K!7 has altogether 3 types of components given by
K —oalftg®e KRS —2pRpSe KR gRapse g GRER (4.39)

where the R, S and R,S indices are lowered and raised by Qprg, Q7 and Qpg, O as
n (1.11). Notice that M,,_; generate the maximal compact subgroup U(N) of O*(2N),
while K®5 and K" generate the maximal compact subgroup Sp(My) x Sp(M_) of
Sp(My,M_). When M_ = 0, no generator of O*(2N) is of the form (creation)? +

(annihilation)?.

5 Representations of compact dual pairs

In the previous sections, we have introduced oscillator realizations for various dual pairs,
and made two observations:

1. Generators of compact (sub)groups K C G of dual pairs (G,G’) are of the form
(creation) x (annihilation). In other words, the Lie algebra of K is the eigenspace of
the total number operator with eigenvalue 0.

2. When K = G, the dual group G’ does not have any generators of the mixed form,

2 14

(creation)?+(annihilation)2.!* In other words, the Lie algebra of G’ can be decom-

posed into eigenspaces of the total number operator with eigenvalues +2,0, —2
=0, ®0de,. (5.1)
The subalgebra g, corresponds to the Lie algebra of the maximal compact subgroup
K' of G'.
The only exception is the duality (O*(2) = U(1), Sp(M4, M_)), detailed in section 6.1.
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To analyze the representations of the dual pairs, we first construct the Fock space W
using the oscillators in the usual manner:

W=EW,,  W,=spanc{ag - az,|0)}, azl0)=0. (5.2)

n=0

Here, 7 is a collective index which can be specified in each dual pairs, and the number n of
W, stands for the total oscillator number. Since all the states of W are positive definite,
all irreducible representations appearing in the decomposition of W are unitary. Obtaining
this decomposition becomes particularly simple when K = G due to the properties 1 and 2.
From now on, we assume that G is compact.

From the property 1, we know that G commutes with the total number operator, and
hence the eigenspace W, can be decomposed into several irreducible representations mg(¢):

mg,
W, =P vy, (5.3)
¢ =1

where the first sum runs over a finite number of labels ¢, m$ is the multiplicity of m(¢) in

W,, and Vnc ; is the representation space of mg(() in W,, with the multiplicity label 7. The
restriction to mg(¢) in W), therefore reads

ms,
Walro= P V,f (5.4)
=1

Consequently, a finite-dimensional irreducible representation mg(¢) is realized in infinitely

many subspaces W,,:

ms,
W’? = @ Wn‘ﬂ'G(C): @ @Vﬂcﬂ" (5'5)

neN; neN; i=1

where N¢ is the set of integers n such that 7g(() appears in W, or equivalently the
possible numbers of oscillators with which a state in m({) can be realized. All Vng’ ;, with
ne€ Ncand i =1,... ,m% have to be related to one another by the dual group G’, since
the decomposition of W under G x G’ is multiplicity-free (i.e. G' acts irreducibly on W|§)
In particular, the space @?ﬁi Vn{ ; carries a m$-dimensional representation of the maximal
compact subgroup K’ of G'.

When G’ = K, its generators also commute with the total number operator, and hence
they preserve the subspaces W,,. Consequently, the set N; has only one element and the
corresponding m$-dimensional representation ¢’ of G’ is irreducible. In this way, we find
the duality between the representations ¢ and ¢’ for the dual pairs of the type (K, K'). In
fact, the only such case is the (U(M),U(N)) duality.

When G # K, the set N¢ will have the form,

Ne = {n¢ +2m|m € N}, (5.6)
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since the generators G’ are quadratic in the oscillators. Here, n¢ is the minimum oscillator
number with which ( is realized. Now, from the property 2, we find that the Lie algebra of
G’ admits the decomposition (5.1) and the lowering operators in g’ , annihilate the states
Vyfw. In this way, we demonstrate that the dual representation (' of G’ is a lowest weight
representation.'®

In the following, we will review the correspondences between the representations of
dual pairs, in which at least one member admits a compact real form. This correspondence
was originally derived in [81] (see e.g. [28] for a review). Here, we rederive the same results
using the oscillator realizations presented above. Notice that a similar treatment can be
found in appendix B of [55], though the discussion was at the level of complex Lie algebras.
Let us also mention that in [34-42], representations of U(Ny, N_), Sp(2N,R), O*(2N) are
studied using the same oscillator realizations as the ones used in this paper. However, in
these references, the role of the dual pairs and the correspondences of their representations

were not explored.

5.1 (U(M),U(N))

Let us begin the analysis with the simplest case, the (U(M),U(N)) duality. In this case,
the groups U(M) and U(N) are respectively generated by

X'y =afay+ 56, R =aja,+ 0, (5.7)

where a,b=1,...,M and i,j = 1,..., N. The Fock space W is generated by polynomials
in af, namely

W= €B Wi, Wy := spanc{af’ .. Lagk 0)}. (5.8)
LeN

Any state |¥) € Wy, can be expressed as

W) = W A 0), (5.9)
in terms of a tensor ¥ with the symmetry, \Ilfl’jﬁlfll = \Ilellc’{k . The upper and lower

indices of ¥ carry tensor representations (0% of U(M) and U(N) respectively, where O]
denotes their fundamental representation.

Let us first consider the U (M) representation: (0% can be decomposed into irreducible
representations corresponding to the Young diagrams with height not greater than M, and
we pick up the irreducible representation corresponding to the Young diagram,

0= (..., b)), (5.10)

where £, is the length of the k-th row and p is the height h(€) of £, and L = |€| := {1+ -+4), .
Since the U(M) generators can be realized in a Fock space with any constant shift, such

5Notice that in general, g_» does not contain all the lowering operators of g, as some of them are also

included in go. However, @Z"f V”Ccﬂ' forms a finite-dimensional irreducible representation of the compact
group K, and is therefore itself a lowest weight representation. This implies that it contains a lowest weight
vector, which is also a lowest weight vector for g due to the fact that the Cartan subalgebra of the latter
coincides with the Cartan subalgebra of K.
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as % 0g in (5.7), we need to specify it together with a Young diagram when labeling the
U(M) representations. Note that this shift only affects the representation of the diagonal
U(1) in U(M), but not the SU(M) part. Taking this into account, let us label the U (M)

representation as
N
£, g]U(M), (5.11)

which can be decomposed into U(1) x SU(M) representation as

N NM
(2 E]U(M) = [|€] + T]U(l) ® [ su(ar) 5 (5.12)

where |€] + NM/2 is the eigenvalue of the U(1) generator. In this way, we can produce
all U(M) representations using an oscillator realization. The highest weight of [, %]U( M)
simply reads

N N N
— — . — ] . 1
<€1+ 2,€2+ 5 A+ 2) (5 3)

Now, let us see to which U(N) representation the [£, §'] (M) Tepresentation corresponds.
We can do that by picking up a particular state in the [, %]U( ) representation — which

consists of multiple states |¥) in Wi, — and reading off the U(NN) representation from such

N
v
acting with the lowering operators (X%, with a < b) of U(M), we bring |¥) to the lowest

states |W). Let us pick up the lowest weight state in the [€, 5] (ar) representation. By

weight state of [, %}U( ), corresponding to the Young tableau,

(5.14)

Such states |¥) satisfy
X%y =0 [1<a<b<p|. (5.15)

To identify the solution space of the above condition, it will be convenient to first re-express
the state |¥) or the tensor ¥ as

1T) = Qi ()it () 5%11(@1) . d?p(ep) |0), (5.16)

where U () and gk are defined by
ik (Ck)

4
—— )
TREC (7% I /R 7T N 1 (3L %) :
Ly,
~k "k Kk ~k K
Qi () 7= iy o @Gy = aiik) . (5.17)
Then, the condition (5.15) is translated to
Wit (01)ssia(la)eosia i (Co—1)mip(fp) — () l1<a<b<pl. (5.18)
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To rephrase the above condition in words, the symmetrization of the ¢, indices in the a-th
group with one index 4, in the b-th group vanishes identically. This is nothing but the
definition of the same Young diagram £, but this time it designates U () representation,

[£, ?}U(N) : (5.19)
Therefore, we find the correspondence of the representations:

M N
e, 7]U(N) — 2 E]U(M) , (5.20)

where the height A (€) of the Young diagram should be bounded by both M and N: h(€) <
min{ M, N}.

5.2 (U(M,, M), U(N))
The dual pair (U(My, M_),U(N)) is realized as

. N - N - .
Xt =afay+5 0, X%=-bbi— 8, Xh=-db, X%=aqb}, (521)
M, —M_ _
— 4, (5.22)

wherea,b=1,...,M;,a,b=1,...,M_andi,j =1,..., N. The Fock space W is generated
by polynomials in two families of oscillators, namely

W= P Wim, Wi =spanc{al .. al* bt .. bM[0)}. (5.23)
L,MeN

Recall for a dual pair (G, K') with K’ a compact Lie group, the realization of a finite-
dimensional irrep of K’ with the minimal number of oscillators in W also forms an irre-
ducible representation of the maximal compact subgroup K € G. For G = U(My, M_),
the maximal compact subgroup is U(M;.) x U(M_), represented by X%, and X?2,. Let us
pick up a K = U(My) x U(M_) representation,

& v @ [m S lvar - (524)
According to the seesaw duality,
U(My,M_) U(N)xU(N)
U >< U , (5.25)
U(My) x U(M-) U(N)

where U(N) x U(N) are generated by aj al + % 5; and bl b7 + % (5; , the representation

of U(N) x U(N) dual to (5.24) will be

M M_
€, 7+]U(N) ® [m, T]U(N) : (5.26)
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A lowest weight state |¥) of (5.24) can be expressed as
W) = \I,h(fl),u.,ip(fp) il P l;]il(ml) . ééq(mq)m) ’ (5.27)

F1(ma),dq(mg) Tin () T Yy (£p)

where the upper and lower indices of ¥ have the symmetries of the Young diagram £ and
m respectively, with h(£) = p and h(m) = q. Such a state is annihilated by X®,, as these
generators decrease the total oscillator number, and |¥) is a state with the lowest number
of oscillator in the irreducible representations of U(My, M_) and U(N). This condition is
translated to

XP W) =0 & ghytten) g (5.28)

la jl(ml)v--’jq(mq)

In words, the W tensor is traceless in the sense that any contraction between upper and lower
My—M_
2

indices vanishes identically. This defines the irreducible representation [£om,
of U(N) whose highest weight is

luv)

My — M_
2

See appendix A for more details on general U(N) representations. In this way, we see

that the U(My) x U(M_) representation [, %]U(M” ® [m,%]U(Mi) induces a lowest

weight U (M, M_) representation, while the U(N) x U(N) representation [£, %]U(N) ®

[m, %]U(N) is restricted to the U(IN) representation [£ @ m, M*;M Ju(vy- In the end,

(br,.. . 0p,0,...,0,—my, ..., —m) + (1,...,1). (5.29)

we find the following correspondence,
N N M, — M_
Dy, m) ([Ea v ®[m, 2]U(M)> — Lom, ——— 5 U
(5.30)
For My = M_ =1, due to the isomorphism between U(1,1) and U(1) x SL(2,R) repre-
sentations, we can write

N N
Dy 1,1 ([5 + E]U(l) ® [m + 2]U(l)) = [l —m]ya) ®Dsrer(l+m +N), (531)

where Dgp o r)(h) denote the positive discrete series representation of SL(2,R) with lowest
weight h € N.

Let us briefly comment on an example, which is important in physics. The double-
cover of the four-dimensional conformal group §5+(2, 4) is isomorphic to SU(2,2) so that
the representation Dy (2,2) ([(41,42), %]U(g) ® [(m1,ma2), %]U(g)) corresponds to the repre-
sentation [2h]y(1) ® D§5+(2’4) (A; s1,82) with

1 1
h:§(€1+£2—m1—m2), A25(51+£2+m1+m2)+1\7,

1 1
Slzi(fl—gz—i—ﬂn—mg), 8225(51—52—M1+MQ).

(5.32)

The SO+ (2,4) representations appearing in this duality describe CFT,4 operators or equiva-
lently fields in AdSs. In light of the previous dictionary, it will be convenient to parametrize
the U(N) irreps [£ @ m]U( ~) appearing in this correspondence as

L= (s1+s2+n,n), m = (s; —sa+k, k), (5.33)
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with k,n € N and s; satisfying
1
S1,82 € §Z, S| > ’82| . (534)

Moreover, s1 and sq are either both integers or bother half-integers. Note that s is positive
while sy can be positive or negative. The correspondence (5.30) then reads

[(s1+s2+n,n)@(s1 —s2+ k, k)]U(N)

!

[2(s2 + 1 —k)]yq) ® Do+ (2.4 (si+n+k+ N;s1,s2) . (5.35)

For low values of N, the U(N) labels (5.33) are restricted and the dual S’\O/+(2, 4) repre-
sentations correspond to particular fields:

e N = 1: we should require k = n = 0 and s; = %59, so that the correspondence reads
[+2s]y 1) — [+2s]p1) ® D§‘6+(2,4) (s+1;s,£s) . (5.36)

These §5+(2, 4) representations describes four-dimensional massless fields of helicity
+s, also known as singletons.

e N = 2: there are two types of U(2) irreps that can occur.

The first one characterized by n = k = 0, and for which the correspondence reads
[(81 + S92, 82 — 31)]U(2) —> [282]U(1) ® D§\5+(2,4)(81 + 2; 81, 82) . (5.37)

These SO+ (2, 4) representation correspond to CFT} conserved current of spin (s, s2),
or equivalently to massless fields in AdS5 with the same spin.

The second type is characterized by either £ = 0 and s; = so = s, or n = 0 and

$1 = —s9 = s, and the correspondence reads
(25 +n,n)]p@) < [2(s+n)]ya) ® D§5+(2’4) (s+n+2;s,s),
[(=n,=2s =n)lyey  ©  [=2(s +n)lua) @ Dgg(, 4 (s + 1+ 255, —5) . (5.38)

These §6+(2, 4) representations correspond to all possible CFT4 operators with spin
(s, £s) and twist 7 = A — 51 > 2, or equivalently massive AdSs fields with the same
spin.

As expected, these are all the possible representations appearing in the decomposition

of the tensor product of two singletons, which was given in [82].

e N = 3: in this case, the U(3) irrep labelled by (5.33) appearing in the decomposition
are such that either n = 0 or £k = 0, and the correspondence reads

[(s1+s2+nn,s2—s)lue) < R(s24n)lu) ® Dggs g4y (514 1+ 3551, 52)
[(s1+ 82, —m, 89 —s1 =)y & 2(s2—=1)]uq) © Dggs gy (s1+ 10+ 3551, 52) -
(5.39)
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These §6+(2, 4) representations describe massive fields in AdSs with spin (s1, s2) or
CFTy operators with twist 7 > 3.

e N > 4: no restriction is to be imposed on the U(N) labels (5.33) and the dual
representations correspond to massive AdSs fields of any spin or CFT,4 operators
with twist 7 > N.

Notice that in [35, 42] the oscillator realization of SU(2,2|4) was obtained and some tensor
product decompositions of singletons were analyzed. This dual pair correspondence was
also used in the context of AdS;/CFT} for higher spin gauge theory in [51]. More recently
its relevance as a possible tool for computing scattering amplitudes was pointed out in [83,
84].

53 (O(N),Sp(2M,R)
The dual pair (O(N), Sp(2M,R)) is realized as

My = @ aj, — @ ay,, (5.40)

K'Y —dia), KT =ata), KV =afa,+ 50, (5.41)

where a,b=1,...N and 7,5 = 1,... M, and the Fock space W is spanned by polynomials
in one family of oscillators, namely

W= Wy,  Wg:=spanc{al...a’"|0)}. (5.42)
LeN

Similarly to the previous section, we can use the seesaw duality,

U(N) Sp(2M,R)
U >< T (5.43)
O(N) U(M)

where U(N) is generated by a¢a) and U(M) is the maximal compact subgroup of
Sp(2M,R) generated by K7, The dual pair (U(N),U(M)) gives the correspondence
of the representations,

£, 0l () — €, E]U(M) : (5.44)

This means that by considering the lowest weight state of [£, 0]y (ap) like (5.14), the state
|¥) can be expressed as

~a1(l ~ap(l
(W) = Wy (01 yap g o), (5.45)

yeensap (Up

and the lower indices of ¥ have the symmetries of the Young diagram £ with h(£) = p,
indicating the [£, 0]y(n) representation. The lowest K = U(M) condition on these states
reads

KT W) =0 & 54 Wy (01),ap(ty) =0, (5.46)
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meaning that U is a traceless tensor. The traceless condition imposes ¢! 4+ ¢? < N besides
¢! < N. The traceless Young diagram £ specifies a unique irreducible representation of
O(N):

N
Dspam,R) <[f7 2]U(M)> — Loy » (5.47)

where /! < min(M,N) and ¢! +¢? < N.
For M = 1, we can use the isomorphism Sp(2,R) = SL(2,R) and find the discrete

series,

Dsr(2,r) (5 + ];[) — (D)o - (5.48)

The N = 1,2 and 3 cases cover all available discrete series representations. In contrast with
(U(1,1),U(M)) dual pairs, the (Sp(2,R), O(N)) pairs also give the irreps with half-integral
lowest weights for odd IV, which represent the double cover ﬁ(Q, R).

Notice that the above correspondence remains valid even for N = 1, where the O(1)

>~

Zso representation just reduces to a sign [£1]z,, and we find the duality,

Doz (M gloon ) [@low =[0G

where n = 0 or 1. In terms of highest weight, the former gives

11 1 31 1
DSp(QM,R) <27 57 cey 2> or DSp(QM,R) (27 57 R 2) 3 (550)

which is in accordance with the discussion of section 2.1, and in particular (2.8).

Let us briefly comment on an example, which is important in physics. The dou-
ble cover of the three dimensional conformal group §5+(2, 3) is isomorphic to Sp(4,R).
Consequently, the lowest weight representation of Dg,4 r) ([(61, ly), %]) corresponds to the
3\6‘*'(2, 3) representation Dg +(2,3) (A;s) with conformal dimension/minimal energy A and
spin-s given by

1 1
A:§(£1+€2+N), 825(61_62)~ (5'51)

Using this relation, we can interpret the Sp(4,R) irreps appearing in the dual pair corre-
spondence (Sp(4,R), O(N)) as a spectrum of conformal fields in three dimensions, or fields
in AdS,;. A convenient way to parametrize the irreps [€]o(y) appearing in (5.47) is

L= (2s+mn,n), (5.52)

with s € %N and n € N, so that the correspondence reads

N
[(25 +n,n)]ov) — Do+ (23) <s +nt o s> . (5.53)

For low values of N, not all two-row Young diagrams define a representation of O(N):
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e N = 1: we find the correspondence,

1
5/
(5.54)
where the §6+(2, 3) representations are respectively isomorphic to the spin-0 single-

1
Olow) © Doy (330) @ [Wlowy @ P (1

ton (or Rac) and spin-3 singleton (or Di). Originally discovered by Dirac [15], they
describe a free conformal scalar and spinor respectively, in three dimensions.

e N = 2: the O(2) irreps are labelled by a Young diagram which is either a single row
of length 2s (i.e. n = 0), or a single column of height two (i.e. s = n = 1). For a
single row diagram, we have

[(25)]0(2) — D§5+(273) (5 +1; S) ) (5'55)

and the 35‘“(2,3) representation describes a spin-s conserved current in three di-
mensions or a spin-s massless field in AdSy, for s > % For s = 0 (resp. %), this
representation describes a scalar (resp. spinor) CFTj3 operator / AdSy field with
conformal dimension / minimal energy 1 (resp. %) For the single column diagram,

we have

[(17 1)]0(2) A D§\0/+(2’3) (2; O) ’ (5'56)

and the 3\6*(2, 3) representation describes a scalar CFT3 operator / AdS, field with
conformal dimension / minimal energy 2. As expected, this spectrum is that of the
decomposition of the tensor product of two singletons, first derived in [85] (later
revisited and extended to arbitrary dimensions in [53, 82, 86]).

e N = 3: in this case, we can only consider n = 0 or n = 1 so that the correspondence

reads
@slow > Dsous (s+35) (5.57)
or
(25 +1,1)]o) — Do+ (23) <s + g; 8) . (5.58)

In other words, all operators of twist 7 = % and 7 = % / massive fields with spin-s

and minimal energy s + % or s+ % appear.

e N > 4: no restriction is to be imposed on the O(N) labels and the corresponding
SOT(2,3) representations describe all operators with twist 7 = k+ % / massive fields
with spin-s and minimal energy s + k + %

Notice that the spectrum of the N-th tensor product of three-dimensional singletons was
obtained already in [87] using the same oscillator realization (see also [36, 88] and references
therein for earlier works).
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5.4 (O"(2N), Sp(M))
The dual pair (O*(2N), Sp(M)) is realized as

- “R ~ b
M+a,b:afa%+M5ab, M+a+b:2afzab]R, M,a,b:ZaR[“a}]z,
KBS =25k ¢%a (5.59)

where a,b=1,...,nand R,S =1,...,2M. The Fock space W is spanned by polynomials
in one family of oscillators, namely

W=PW., Wy:=spanc{al...alr|0)}. (5.60)
LeN

We use again the seesaw duality,

O*(2N) U(2M)
A s
U(N) Sp(M)

where U(N) and U(2M) are generated by M, and alf a% respectively. The dual pair
(U(N),U(2M)) gives the correspondence,

1€, Mty £, 0ly@nm - (5.62)

This means that by considering the lowest weight state of [£, M|y vy like (5.14), the state
|¥) can be expressed as

- ~ L
O) = Wy om0 - ) o), (5.63)

and the indices of ¥ have the symmetries of the Young diagram £ with h(£) = p, indicating
the [£, 0]y (2ar) representation. The lowest K = U(N) condition on these states reads

M_,_p |\I/> =0 = QRaRb \IJRl(Zl)y-upr(ep) =0, (5.64)

meaning that the tensor W is traceless in the symplectic sense. The symplectic traceless
condition imposes the stronger condition ¢' < M than the usual one ¢! < 2M. The sym-
plectic traceless Young diagram £ specifies a unique irreducible representation of Sp(M),
hence we find the correspondence,

Do+any (1€, M) — €] sp(ar) 5 (5.65)

where p < min{N, M}.
Let us consider the N = 1,2 cases. When N = 1, we have the correspondence,

[+ Mo-2vy = [Olspany (5.66)
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between the finite-dimensional representations, due to the isomorphism O*(2) = U(1).
When N = 2, we have the isomorphism O*(4) = (SU(2) x SL(2,R))/Zs where SU(2) is
the special subgroup of the maximal compact subgroup U(2), and SL(2,R) is generated by

H = (My1-1+ Myo o) = a1 ap + ay af +2M
E=M142=af ano,
F=-M4 o=—-a"d%, (5.67)

with the usual Lie brackets,
[H,E|=2E, |[HF|=-2F, |[BEF|=H. (5.68)
In terms of SU(2) x SL(2,R) irreps, the O*(4) representation reduces to
Doy ([(41,£2), My (2)) = [€1 — L2l su(2) ® Dspzr) (1 + L2 +2M), (5.69)

where [(1 — l2]gy(2) is the (€1 — £ + 1)-dimensional representation, and with the under-
standing that /o = 0 when M = 1.

Let us briefly comment on an example, which is important in physics. The double-
cover of the six-dimensional conformal group 3’6*(2,6) and O*(8) are isomorphic. The
lowest weight representation O*(8) corresponds to that of §6+(2, 6) as

[(s1+ 52 + 83 +n, 51 + 1,52 + 1,83+ )] sp(ar)

!

D§5+(2’6) (s1+ s2+ 83+ 2n+2M; sq, s2,+83) , (5.70)

where n, s; satisfy
1
n, s1, 89,83 € §Z, s1 > s9 > s3], n > —s3. (5.71)

and either n, s1, s2, s3 are all integers or all half-integers. The + sign represents two possible
isomorphisms between O*(8) and E\O/JF(Z, 6) , which reflects the possibility of parity trans-
formation. Note however that an oscillator realization of /S\O/+(2, 6) provide representations
with + or — sign but not both.

For low values of M, a few representations are allowed for Sp(M):

e M = 1: only one row Young diagram is allowed for £, and we find the correspondence,

[(25)]sp(1) — D s+2;s,s,£s) . (5.72)

SO+(2,6) (

The §5+(2, 6) representations describe the six-dimensional spin-s singletons. Notice
that only positive helicity singletons appear in the decomposition of the Fock space.

o M = 2: the height of £ is at most two, and we find the correspondence,

[(81 + 82,81 — SQ)]SP(Q) — D§5+(2,6) (81 + 4; s1, S9, :i:SQ) . (5.73)
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The §6+(2, 6) representation describes a conserved current with spin (si, s2) in six
dimensions or a massless field with the same spin in AdSy. Here again, this coincides
with the spectrum of the tensor product of two higher-spin singletons (of the same
chirality), which was worked out in [82].

e M = 3: the height of £ is at most three, and we find the correspondence,

[(81 + S82,81 — 83,89 — S3)]Sp(3) — ,Dg\é*(lﬁ) (81 + s9 — s3 + 6; 51, S92, :th) .
(5.74)

The §5+(2,6) representation describe CFTg operators with spin (si, s2, £s3) and

conformal weight s; + so — s3 + 6 or massive fields in AdS7 with the same spin.

e M > 4: no restriction is to be imposed on the Sp(M) labels, and the corresponding
SO™(2,6) describes all 6d operators with twist 7 > 2M or the corresponding massive
AdS7 fields.

The oscillator realization of O*(8) in relation with AdS7/CFTg was previously considered
in e.g. [39, 51, 89].

6 Representation of exceptionally compact dual pairs

In this section, we consider two dual pairs wherein one member becomes compact or discrete
for an exceptional reason: the Lie groups O*(2N) and O(N,C) become compact and
discrete, respectively, only for N = 1. As we will discuss next, these cases require to
consider an outer automorphism of the embedding symplectic group in order to make
sense of the reductive dual pair correspondence.

6.1 (0%(2), Sp(M,, M)
The dual pair (0O*(2), Sp(M4,M_)) C Sp(4(M4 + M_),R) is realized as

My =aPap —Pbg+ (M, — M_). (6.1)
KBS =2 KRS —opRpS) KRR — gRpR 4 gRpR (6.2)

where R, S =1,--- ,2M, and R,S = 1,...,2M_. As noted above, this is a rather excep-
tional case, where we still have a compact group in the dual pair, due to the isomorphism
O*(2) = U(1). At first glance, this case does not seem to suffice the conditions of a reductive
dual pair, since the centralizer of U (1) = O*(2) in Sp(4(M4+ + M_),R) is not Sp(My, M_),
but U(2M,2M_), even though U(1) is the centralizer of Sp(M, M_). We can distinguish
the dual pair (O*(2), Sp(M4+, M_)) from (U(1),U(2M4,2M_)) by enlarging the embedding
group Sp(4(My + M_),R) to Sp(4(M+ + M_),R) x Zg, where Zy acts as

aRr —ELR
~R R
a 1 a
= - 6.3
Pl P =15 (6.3)
b* bR
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(see the relevant discussion in section 2.1). Then, we have the dual pair
(O*(2) x Zg, Sp(M4,M_)) C Sp(4(M4 + M_),R) x Zo, where Sp(M4, M_) is the cen-
tralizer of O*(2) x Zg as U(2M4,2M_) is not invariant under the Zg action (6.3).

To analyze the relevant representations, we begin with the seesaw duality,

U(1) x U(1) Sp(M, M_)
oSN 61
U(1) Sp(My) x Sp(M-)

where U(1) x U(1) is generated by a’ ag + My and — (b® by + M_) , whereas Sp(M, ) and
Sp(M_) are generated by K#% and K* . The (U(1) x U(1),Sp(My) x Sp(M_)) duality
gives the correspondence,

[0+ My]yay ® [m + M-y, > [(O)]spary) ® [(M)]spar_y,  (6.5)

where ¢, m € N. Any U(1) = O*(2) irrep simply consists of an eigenvector of My _,
My |Vyp) = (£k+ My — M_) Vi), [k € N], (6.6)

and can therefore result from the tensor product [¢ + M|y 1) ® [m + M_]y ) with
{—m ==k. (6.7)

From the seesaw pair (6.4) and correspondence (6.5), we therefore deduce that the dual
Sp(M., M_) representation decomposes into

Bk + m)]spare) @ [(M)]sp(ary) » (6.8)
m=0
with Fock states,
W) =) Un Ry Raodn G0 - @ BB |0) (6.9)
m=0

and a similar expression for [U_) upon exchanging the role of @ and b. This Sp(M,, M_)
representation can be induced from [(k)]sy(ary) ® [0]sp(ary) by the actions of K RR

K™ [(m)]spoay) @ [(m2)]spoar_y = ([(ma + Dlgpary) @ [(ma + Dlgpar))  (6.10)
@ ([(m1 — )] spar,y @ [(ma — 1)]sp(ary) -

As a consequence, we find the correspondence,

Topry M) ([(B)]spars) @[O0 sparyy) = [Fh+My—M_]pu=pqy [k EN],
(6.11)
where [(0)]sp(ar;) is the trivial representation of Sp(Mx).
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For M, = M_ = 1, we have §5+(1, 4) = Sp(1,1), so that we can interpret the various
representations appearing in the previous correspondence as fields around dS4. The irre-
ducible representation [£2s]p«(2) with s € %N corresponds to the Sp(1, 1) representation
induced from [(s £ 5)]gp(1) @ [(5F 5)] sp(1)- Due to the isomorphism Sp(1) x Sp(1) = SO(4),

the latter irrep corresponds to [(s, £s)] and we find the correspondence,

SO(4)°
£25lo-m) < T ([(s, is)]g@(@) . (6.12)

The SOT(1,4) representation describes a massless field of helicity +s in dSy [90-92]. In
fact, this representation lies in the discrete series: it corresponds to the irrep ﬂiq with
p=q = s of [93] and the irrep DZ/ with / = s —1 and v =1 in [94].

6.2 (Sp(2N,C),0(1,C))

The groups of the dual pair (Sp(2N,C),0(1,C)) C Sp(4N,R) are generated by

|
K =2 (af @’ +ala’ —2aU aJ)) : (6.13)

and its complex conjugate's (K7/)* with I,J =1,--- ,2N, and the reflection,

2N (II CLI
R=1|IRrR R R =— ) 6.14
Irzll I (ELI> <d1> ( )

Again the centralizer of O(1,C) is not Sp(2N,C) but Sp(4N,R) itself. We can resolve
this problem like the previous case of (Sp(p,q), O*(2)) by enlarging the embedding group

Sp(4M,R) with the Zy action,
I s
P (Cf]) Pl = ( ° ) . (6.15)
a a

In this way, we get the dual pair (Sp(2N,C),0(1,C) x Z2) C Sp(4M,R) x Zy, and
Sp(2N, C) is the centralizer of O(1,C) x Zs .
Let us consider the seesaw duality,

Sp(2N, C) 0*(2) = U(1)
oS u w16
Sp(N) 0(1,C) = 7,

where Sp(N) and O*(2) = U(1) is realized respectively by a! ’) and @’ ar + N. The
duality (Sp(N),0*(2) = U(1)) gives

(O] sp(vy — [¢+ Ny, (6.17)

YRecall that (a’)* = nrsa’, see (4.24).
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where the U(1) irrep can be branched into O(1,C) = Zy irrep =+ as
[£+ Nuylz, = [(-1)]z, - (6.18)

In the end, for a given O(1,C) irrep [(72)]ox1,c) = [(=1)"]z,, with 7 = 0 or 1, the dual
Sp(2N, C) irrep mgpan,c)(n) can be decomposed into

mspen.o) (M) = PI2n+n)spyy  [R=0,1], (6.19)
n=0
and we find the correspondence,
[(7)]oa,c) = [(=1)"z, — Tsp2n,c)(72) - (6.20)

Notice that when N = 1, we have the isomorphism Sp(2,C) = 35*(1,3), and the
irreps mgp(2,c)(0) and mgp2,c)(1) correspond to the following irreps in the classification [9]
of Harish-Chandra:

mea® )= (i3.0). ageo - G- (05). 62

They sit in the complementary and the principal series, describing respectively a confor-
mally coupled scalar and spinor in dS3. Their tensor product will be considered in the next
section, where we analyze the duality (O(2,C), Sp(2N, C)). These representations are also
the relevant ones in Majorana’s infinite component spinor equation [12].

7 Representations of the simplest non-compact dual pairs

When both of the groups in dual pairs are non-compact, their representations have very
different features compared to the case where at least one member is compact. In the
latter case, we have seen that the representation space of G or G’ is spanned by states in
the Fock space with a certain excitation number, or in other words, a state is produced
by the action of a homogeneous polynomial of the creation operators on the vacuum state.
However, in the case of non-compact dual pairs, none of the vectors in the representation
space are realized as such polynomials. They instead consists of infinite linear combinations
of excitation states, i.e. they are a certain kind of coherent states, and the norms of these
states are divergent implying the underlying representations are tempered ones.

7.1 (GL(N,R),GL(1,R)) and (GL(N,R), GL(M,R))
The groups of the dual pair (GL(N,R),GL(1,R)) are respectively generated by

Xp =< (@%ap—dPas+a*a® —asap) , (7.1)

DO |

and
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where A, B =1,..., N. For the analysis of the representations associated with this duality,
let us consider the seesaw pair,

GL(N,R) Sp(2,R) = SL(2,R)
U >< U , (7.3)
O(N) GL(1,R) 2 RX = R+ x Z,

where the maximal compact subgroup O(N) is generated by X Ap—XB,=a%ap—aPan

and its dual Sp(2,R) = SL(2,R) is generated by
1

N
H:ELACLA—i—?, E:ﬁaf‘af‘, F:—\ﬁaAaA, (7.4)

with the standard Lie bracket (5.68). We begin with the correspondence,

Olowy)  Dssem (1+3) (75)

and consider the restriction SL(2,R) | R* x Zy where the R factor is generated by

1
2= 5B+ F), (7.6)

and the Zs is the reflection group with the reflection element R acting as

R <Zj> R =— <Z§) . (7.7)

The restriction of SL(2,R) to the Zg determines the parity of £. The restriction of SL(2,R)
to the R™ part amounts to finding the spectrum of Z in the positive discrete series rep-
resentation Dgror). To tell the conclusion first, the spectrum is the entire set of pure
imaginary numbers (as Z is anti-Hermitian), and any Z-eigenstate is an infinite linear
combinations of H-eigenstates, namely a coherent state. As is usual for a coherent state,
Z-eigenstates in W do not have finite norms and can be considered only as tempered dis-
tributions. More detailed discussions on this point will be provided below. To summarize,
for a fixed eigenvalue i ¢ of the Z generator of R with ¢ € R and the sign £ for Zs, the
dual GL(N,R) representation consists of all even/odd O(N) tensors:

maLove (6 n) = @ 1Em + n)ow) — (¢l = [(rt @ [(=1)"]z, - (7.8)
m=0

Note that the representation space of GL(N,RR) does not depend on ¢, but only on 7 (which

is 0 or 1). The ¢ dependence can be seen only from the actions of GL(N,R). This is a

generic feature of a principal (or complementary) series representation in contrast to the

discrete series ones that appeared for the dual pairs involving at least one compact group.
Let us find the explicit GL(N,R) action by solving the GL(1,R) conditions,

Z|Wen) = iCl%ca), RI|¥cq) = (=1)"Wen). (7.9)
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According to (7.5), a vector in the representation [(£)]o(n) ® Dsrer) (£ + F),

N
B o, @ |20+ £+ 5, (7.10)
is realized by the following state in W,
(@B aPyratts...add o), (7.11)

up to a normalization constant. Here, {A;--- Ay} denotes the traceless part of the sym-
metrization (A; --- Ag). In order to solve the conditions (7.9), we consider an infinite linear
combination of Fock states, namely a coherent state,

l.5.5 . _ =
T = feaGaPaP)alt @t o), fals) = Yot (7.12)
n=0

corresponding to an infinite linear combination of H-eigenstates,

2

n=0

> N
EIIEO(N)@@ (Zc%’e\2n+£+>>, (7.13)

and ask them to satisfy
A |TCAL..AZ> — ,LC |T541...Ag> , R |TCAI“'AZ> _ (_1)g |T<AlmAZ> ) (7‘14)

As a consequence, a general state |V¢ ) satisfying (7.9) will be given as a linear combina-
tion,

oo
Ar--Asnin
|\P<,ﬁ> = Z ‘IJAI"'AQ'VLJ,»'FL |TC ' e > ° (7'15)
n=0

The Z-eigenstate condition (7.14) reads

1 1 1
§(dB aP? —apag) feu <2 ac ELC> A gAY 0) = i fey (2 aC dc) a4 ... gAd o).
(7.16)
The above can be translated into a differential equation!” for hC,H%(Z) = feu(2),
(z@?—{—a@z—z—l—iC) hga(z) =0, (7.19)
1"One may also try to solve the Z-eigenstate condition starting from a generic state,
[W¢n) = Ven(a)0), (7.17)

where U, o/1(%) is a even/odd scalar function of an N dimensional vector Z. Then the condition of (7.14)
reduces to the differential equation,

(=V? 4+ & —2i() Ve n(d) =0, (7.18)

having the form of the time independent Schrodinger equation for N-dimensional harmonic oscillator with
imaginary energy. Since W (&) is not a wave function with £2 scalar norm but a (coherent) Fock state,
the “imaginary energy” does not violate unitarity.
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whose solution can be uniquely determined upon imposing h¢ o (0) =1 as

IRER (e
F 1 a—1i a+1i
= (@) - / dte* (1+0) 7 11— (7.20)
2071 (% 21 )F(azl ) J-1

Note that the above function has the symmetry,

hea(—2) = h_ca(2). (7.21)

“Ae>

Let us examine the norm of the states |T, CA v with the simplest example of the scalar

states with £ =0:

1 1.
(Te|Te) = (0|h2% <2 aa aA> hC% <2 aB aB) |0)

= = F(%)g 0 / dt/ ds(1+1ts)"2 x
V2 I+ i §)2 T +i G
(L) TFHE (TS (14 ) T8 (1 ) T4 (7.22)
where we used
(0] ez 944 058787 |0y = (1 4 £5)" 2 (7.23)

The above integral can be simplified by performing the change of variables ¢t = tanh 7 and
s = tanh o, then u = 0 + 7 and v = (¢ — 7)/2. This leads to

To|T;) = L) Ood CHOE % L o)
(TelTe) = N-2 (N 1 ;)2 N2 U5 ve
N2 (G +ig)P T +i )P J- cosh? u J-c

S ——5(¢—¢). (7.24)

The interested readers may consult [95] for additional details where the N = 1 case was
treated explicitly within the context of the SL(2,R) coherent states. The state ]TgA Ay
has a divergent norm in the Fock space, due to the factor 6(¢ — (') appearing in the
product of two states |TCA oAy and |T f,‘lmAZ'). This reflects the fact that states in different
representations are orthogonal to one another, but the Dirac distribution blows up when
the two GL(1,R) representations coincides. This is a usual property of a coherent state,
and from the representation point of view, this means that the relevant representation is a
tempered one.

Let us now spell out the GL(N,R) action on the basis ]TéAlmAQ. First of all, the action
of GL(1,R) x O(N) C GL(N,R) (where GL(1,R) is the center generated by Z) is clear.
The remaining generators are given by the symmetric and traceless part of the GL(N,R)
ones,

xWp =ala? —agyap,. (7.25)
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Using the differential equations of f¢(z) and the decomposition,

~B ~ ~ ~ ~ ~ n ~ ~ ~
aB a{Al N aAn} — a{B aAl PPN aAn} + - a2 5B{A1 aA2 . aAn}

N+2(n-1) o (726)

one can derive the action of X{AB} on |[TArAe ¢) as

X{BIBQ} ‘T?1---Ae> = py ‘TCBI By A1---Ae>
1o VB BNz Ay L SOABY 6B} Az | pda-Addy - (7.97)

where the coefficients py, g¢ and 7, are functions of £, N and (:

(N+O)(N+20—-4)+4¢ 20¢ 20 —1)2
(N+20(N+20—-2) > ““Ny20 ™7 ToaNt2-2)(N+2u—4)
(7.28)
In this way, we find explicit expression of the GL(N, R)-representation realized on the space

Pe =

of even or odd symmetric O(N) tensors.

For N = 2, the restriction of mgror)((,7) to SL(2,R) gives the principal series
representations, describing scalar/spinor tachyons in AdSy or massive scalar/spinor in dSs.
Together with the discrete series representations Dg L(QR)(h + 1) with h € N appearing in
the (U(1,1),U(1)) pair, these are all oscillator realizations of SL(2,R) in the (GLy, GL)
dual pairs. Note that the complementary series representations of SL(2,R) do not appear
in this oscillator realization.

In fact, the representation we described above becomes much simpler by moving back
to the wy and @4 operators with the reality condition (3.7), namely, the Schrédinger
realization with real variables z 4 :

0 ~A A
WA= 5 @ x. (7.29)

In this realization, the GL(N,R) generators have the form,

0 1
XAB::::A—+§5§, Z=a"—+

57 (7.30)

The exponentiation of the above gives the action of a group element g € GL(N,R) as
1
(@[ Uw(g) [¥¢n) = |detg|z (xg|¥cq)  [9€ GL(N,R)], (7.31)
whereas the dual GL(1,R) = R* acts for an element a as

N
2

(x| Uw(h) |9 = ¥ (ha|¥es)  [he GL(LR)). (7.32)

In the above, x g should be understood as the right multiplication of the N x N matrix
g on the N-vector z, i.e. (xg)? = 2B gp?, where g4® are the components of g. The
Z-eigenstate condition becomes the homogeneity condition,

(x|Uw(h) |¥¢n) = sgn(h)™ A (x Wen) - (7.33)
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Using the above condition, we can reduce the representation space to the space of functions
on SN-1,
N . N
(@ |Wen) = a2 gn(@), [ =a"/lal], (7:34)
where ¥z (—2) = (—=1)")7(2). In other words, the representation space is the space of
functions on RPY 1. The scalar product is inherited from that of £2(RY) as

(Uenl®pm) = / ANz (x| Uen)* (x| @pim) = 27 6(C — p) Srm / AV ()" pe(2),

SN-1
(7.35)
where the delta function arises from the radial integral,
AT i) [T gremitcnrt
—r Pl = dte PIt=27m(C—p). (7.36)
0 r —00

Recall that the same delta function appears also in the Fock realization where we use the
basis of symmetric O(N) tensors. Let us also recall that the relation between a L£2(RY)
wave function and a Fock state |¥) = ¥(al) |0) is simply

U)oy = (gu) =1 (q\_/;q> ez (7.37)
and hence one can move from one realization to the other using the above expression. The
Schrodinger realization of the GL(N,R) representation dual to GL(1,R) is in fact what is
referred to as the most degenerate principal series representation (see e.g. [96, 97]).

It is worth noting that the most degenerate principal series representation belongs to
a more general class of representations realized as functions on the space of M x N real
matrices x with M < N, endowed with the right action,

M
(@[ Uw(9) [Wen) = [detg|> (g |Pen)  [g € GLIN,R)], (7.38)

and the determinant-homogeneity condition [96, 98],
(' 2|V¢ 7) = sgn(det h)™ | det h\_%”C (|Wen) [h € GL(M,R)]. (7.39)

Here, z g and h' x are the products of the M x N matrix x with respectively the N x N
matrix g, and the M x M matrix h' (where h! denotes the transpose of h), i.e. (zg)} =
2B gp? and (ht2)f = (k') 24 = x4 h’;. The above representation admits a natural
interpretation in the dual pair correspondence (GL(N,R),GL(M,R)), where GL(N,R)
and GL(M,R) are generated by

0 M 0
YA _ A Ly Mga R A
B= oxzP 2 B o= o4
Each of GL(N,R) and GL(M, R) are realized, respectively, by right and left actions on the
space of M x N matrices, though the action of GL(M,R) is trivial except for its GL(1,R)

subgroup:

N 0 MN
— 5 Z=uaft — 4+ 4
+2 ) Ty 8:1;1]4‘}‘ 9 (7 O)

N
(x| Uw(h) [O¢n) = [deth|Z (h'z|W¢q)
= |det h|"S sgn(det h)" (z|¥¢ ) [h € GL(M,R)].  (7.41)
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In other words, the degenerate principal series representation of GL(N,R) given by the
determinant-homogeneity condition (7.39) is dual to the GL(M,R) representation where
SL(M,R) part is trivial. Similarly to the (GL(N,R),GL(1,R)) case, we can reduce the
representation space using the determinant-homogeneity condition (7.39) to the space of
functions on the real Grassmann manifold Grys n(R), isomorphic to

Grun(R) = O(N)/(O(M) x O(N — M)). (7.42)

These GL(N,R) representations can be induced by the parabolic subgroup whose Levi
factor is GL(M,R) x GL(N — M,R) C GL(N,R), with the one-dimensional representation
(¢,n) of GL(M,R) and the trivial representation of GL(N — M,R) [96]. The restriction of
the degenerate principal series T (v r) (¢, 7; M) to O(N) is [98]

Tarr) (G M) = EB [(2€+n1pm)lowy s (7.43)
h(£)<M
where 1/ = (1,...,1). In this notation, the most degenerate principal series is

M
Tarvr) (6 1) = Tarvr) (€13 1) .

Finally, let us briefly mention that the relevance of the above representations for 3d
scattering amplitude: the scattering amplitude of Ny incoming and N_ outgoing 3d con-
formal fields can be viewed as the Poincaré singlet in the tensor product of N, singletons
and N_ contragredient singletons, (or, N4 lowest (energy) weight and N_ highest (energy)
weight singletons). The situation can be controlled by the seesaw pair,

Sp(4,R) GL(N; + N_,R)
U >< U , (7.44)
GL(2,R) O(N4+,N_)

where GL(2,R) decomposes into the dilatation GL(1,R) and the 3d Lorentz group
SL(2,R), wherein we require the latter to take the trivial representation (so that the am-
plitude is Lorentz invariant). This is precisely the representation dual to the determinant-
homogeneous degenerate principal series representation Tgr (v, +N_ R) (¢,n), which should
be restricted to the irrep of O(N4, N_), whose dual representation is translation invariant.
This irrep should be responsible for the form factors of the scattering amplitudes. We shall
provide more detailed analysis of this point in a follow-up paper.

7.2 (GL(N,C),GL(1,C)) and (GL(N,C),GL(M,C))
The groups of the dual pair (GL(N,C),GL(1,C)) are respectively generated by

1 . 5
Xip =3 (aA ap —bpbA + a4 bp — b4 aB) , (7.45)
and
Z.=a' by —asb?, Z_=ad%as—ba b, (7.46)
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where A,B = 1,...,N. As GL(1,C) = R" x U(1) is Abelian, its representations are
simply given by eigenvectors of Z, and Z_, generating respectively RT and U(1). The
decomposition of the GL(N, C) representation under its maximal compact subgroup U(N)
is given by the seesaw pair,

GL(N,C) U(1,1) 2 SL(2,R) x U(1)
U >< U , (7.47)
U(N) GL(1,C) 2 C* 2Rt x U(1)

where U(N) is generated by X45 — (XB4)* = a? ap — bp b and the SL(2,R) and U(1)
subgroups of U(1,1) = SL(2,R) x U(1) are generated respectively by

H=avas+bab*+N, E=a'by, F=—asb?, (7.48)
and
J=a%as —by0?. (7.49)
They are related to the GL(1,C) generators through

Z,=E+F, Z_=J. (7.50)
Let us consider an irreducible representation of GL(1,C) in the Fock space,
Z4 Ve m) =1C|Yem), Z_|Wem) =m|¥em), (7.51)

where ( € R and m € Z. Henceforth we assume m > 0 as the m < 0 case can be treated
analogously. According to the correspondence

[(m)]r) @ Dsrr)(m +2n + N) — [(m+n) @ (M)]uw) (7.52)

between U(1,1) = SL(2,R) x U(1) and U(N) irreps and the seesaw pair (7.47), the
GL(N,C) representation mgrn,c)(¢,m) dual to [¢,m]qri,c) can be decomposed into

[e.9]

Tarv,c) (¢ m) = @[(m +n) @ (M)]uw - (7.53)
n=0

As a consequence, any state |W¢ ) in mgrv,c)(¢,m) can be written as

Am+n

Wem) = D WRE (Jemn(@he) @t @t b, b, [0)) (7.54)
n=0

where 5211 \I/ﬁ;:jﬁfnﬁ = 0 and the functions h¢ ymi2n+N(2) = femn(2) satisfy the differen-
tial equation (7.19), and can be uniquely determined with the condition f¢,,(0) = 1.
In this way, we find the coherent states carrying a GL(N,C) representation dual to
[C am]GL(l,(C)‘ In the case m < 0, the representation is constructed in the exact same

way, except that the a and b oscillators are exchanged.

47 —



Similarly to the (GL(N,R), GL(1,R)) case, the scalar product of the states |¥¢ ,,) and
|W¢r 1) is proportional to §(¢ —¢’) implying that the relevant representations are tempered
ones. They are again known as the most degenerate principal series representations, and
we can see this either by directly computing the norm using the precise form of f¢ ,,, or
by switching back to the w4 and @4 operators with the reality condition (3.18). The latter
amounts to using the Schrodinger realization with complex variables z4 :

0 0
WA = 82’7"4 , wat = 87‘ ) ol = ZA, o =z4. (755)
In this realization, the Z1 generators read
0 0 0 0
_ A A _ A SA
Z+—Z 82’7A+Z 8?4—]\]7 Z_=z 32‘7‘4_2: 8?, (756)
while the GL(N,C) generators are given by
0 1
XAp =24~ + -0 7.57
B z aZB + 2 B> ( )

and their complex conjugate. The associated group action reads

(2| Uw(9) [¥¢m) = | det g (zg[¥¢x) l9 € GL(N,C)],
(2| Uw(h) [Wem) = |h] (h 2 [¥¢t) [h € GL(1,C)], (7.58)
where z € CV. The Z-eigenstate condition gives the homogeneity condition,

iCm —ic—m ; A\™
(Z|UW(R) |Wem) =h"2 h 2z (2|U¢,) = |h| ¢ (h\) (2|U¢m) . (7.59)

Using the above condition, we can reduce the representation space to the space of functions
on S2N -1 7

(2 Wem) = 12N 0m(2), [l =VeAzAd, 24 =242, (7.60)
where ), satisfies the U(1) irrep condition,
U (€'?2) = €™ P h(2) . (7.61)

If we mod out this U(1) symmetry, then the representation space is reduced to the space of
functions on CPY~1 2 §2N=1/7(1), The scalar product is inherited from that of £2(CN),
and reads

<\I]C,m|¢)p,n> = /dNZdNZ <Z‘\I/C,6>* (2|®p0)
= 20 5(C = p) O / ENIQ 4 (5)* Gr(2) - (7.62)
S2N—-1

This representation can be generalized to the space of M x N complex matrices z with
M < N, endowed with the right action of GL(N,C),

(=l Uw(9) [¥¢m) = [det g| (29 |Wem) 9 € GL(N,C)], (7.63)
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and the left action of GL(M,C),

(2| Uw(h) |¢m) = |det B[N (B 2 [T¢ )

; deth \"™
= | det h[*¢ (‘deth) (z|%em)  [h€GL(M,C)], (7.64)

which can be interpreted as a determinant-homogeneity condition (see e.g. [98]). The
GL(N,C) representation given in (7.63) is dual to the one-dimensional representation
(¢, m]gra,c)®1srm,c) of the dual group GL(M, C) given in (7.64). At the same time, it can
be also induced by the parabolic subgroup with Levi factor GL(M,C) x GL(N — M,C) C
GL(N,C) acting in the aforementioned one-dimensional representation for GL(M,C) and
the trivial representation for GL(N — M,C). Using the determinant-homogeneity condi-
tion (7.64), we can reduce the representation space to the space of functions on the complex
Grassmannian Grs n(C) , isomorphic to

Gran(C) = U(N)/(U(M) x U(N — M)). (7.65)

The restriction of the degenerate principal series g (v,c)(¢,m, M) to U(N) is given in [98]
for M < % as

TaL(vc) (¢ m; M) @ [( Imdl_mlzu) %) <E+ |m|2—m 1M)]U(N) . (7.66)

<M

In this notation, the most degenerate principal series is T (n,c) (¢, ™) = Tarv,c) (¢, m; 1) .

Like the (GL(N,R),GL(2,R)) case, the degenerate principal representations appear-
ing in the dual pair (GL(N,C),GL(2,C)) is relevant for the scattering amplitudes of 4d
conformal fields. Consider the seesaw pair,

U(2,2) GL(N; + N_,C)
U >< U , (7.67)
GL(2,C) U(N., N

where we can apply exactly the same logic as the seesaw pair for 3d amplitudes (7.44).
Again, more detailed analysis of this point will be provided in one of our follow-up papers.

7.3 (U*(2N),U*(2)) and (U*(2N), U*(2M))

The Lie algebra of U*(2N) is generated by X“ 5 which can be split to the maximal compact
subgroup part,

XUB) = gl Bt 4 g P (7.68)
and the rest,
xABl — GlA Pl _ gla+ ¢ Bl (7.69)
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with A, B =1,...,2N, while the Lie algebra of the dual group U*(2) is generated by

Z = aﬁ s —a’t ay, (7.70)
1
Ryy=—Jy=—dtay, R_=J_ =atal, Ry =J3= 3 (atal —atay) .
(7.71)

where Z, and J3, J+ generate respectively RT and SU(2) of U*(2) @ RT x SU(2).
Let us consider the seesaw dual pairs,

U2N)  O%(4) = (SU(2) x SL(2,R))/Zs
U >< U , (7.72)
Sp(N) U(2) = SU(2) x R*

where O*(4) is generated by the SU(2) generators Ry, and the SL(2,R) ones given by
H=a{a}+ata;+2N, E=alaa, F=—a'ay, (7.73)
with the standard Lie bracket (5.68). We begin with the correspondence,
[(m +1n,n)]sp(n) — [m]su(2) @ Dsror)(m +2n+2N), (7.74)

where n = 0 for N = 1. Since the two SU(2)’s in O*(4) and U*(2) are the same, the
non-trivial part of the restriction O*(4) | U*(2) is the restriction SL(2,R) | R, where R
is embedded in SL(2,R) as

Z=2(E+F). (7.75)

Since the spectrum of Z in Dgp,o r)(h) is the entire set of pure imaginary numbers, we find
that the U*(2N) representation 7y«(an) (¢, m), dual to [(Jg+ ® [m]sy(2), is decomposed as

ey (¢ m) = EBI(m + n, )]sy (7.76)
n=0

and it can be induced from [(m,0)]s,(n) by the actions of XAB]
XWBL (0, )]sy — [0+ 1o+ Dgpny ® (0 = 1,62 — Dlgyny - (7.77)
In this way, we find the correspondence,
2wy (€, m) — [(Jr+ ® [m]sy(2) - (7.78)
Let us consider an irreducible representation of U*(2) in the Fock space,

ZWm) = i ¢V m)

VmFE)(mEk+2)
2

k
J3[U¢ ) = 3 (UEm) s T2 W) = (wS . (7.79)
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The decomposition (7.76) tells us that [P, ) can be written as

o
~C ~ ~A ~Am+in ~B ~ By,
]\Ilznm> = Z\Ilzll-~~Am+n7Bl~--Bn <fg,m,n(a+ ac—)ayt---al"tralttea” ’0)) . (7.80)
n=0

where Q4151 U ApinBr..B, = 0 and the function h¢ pmionton(2) = femn(2) satisfies
the differential equation as (7.19), and can be uniquely determined with the condition
fe.mm(0) = 1. Other states ]\I/km> with k # m can be obtained by successive actions of J_
on [V ). Again, the scalar product between the states |\Iﬂ<“.m> is proportional to §(¢ — ')
and the relevant representations are the tempered ones. They are the most degenerate prin-
cipal series representations of U*(2N), similarly to the GL(N,R) and GL(N, C) cases. We
can see this by moving back to the w4 and & operators with the reality condition (3.29).
The corresponding Schrodinger realization makes use of 4N complex variables ¢Z* where

€, =+ and a takes N values:

0

Wey = 27—, e = ¢ (7.81)
€a 6(]50’ € €
with the reality conditions,
qia* _ q:a’ qja* — _q;a . (782)

In terms of the above, the generators of U*(2N) and U*(2) are

Xy = ¢ B + 68 ¢, RS = ¢2° Fq0e + N6t (7.83)
Defining 2 x 2 matrix,
it 4"
q* = qia qia , (7.84)
the R.€ action on it can be written as
PPt (4" ai°
PR ¢" = pi pi qia qia + N (pf +p2)¢" =pq"+ NTr(p)¢*, (7.85)
Exponentiation of the above reads
(a1 Ow () 19¢,,) = PN (pq|9¢,,)  [pe GL(1,H), (7.86)

where p € U*(2) = GL(1,H), and hence can be considered as a non-zero quaternion, and
|p| = v/det p as the quaternionic norm. Also the U*(2N) group action associated to X%
can be treated similarly, and it is more natural to view it as GL(N, H):

(al Ow(9) [¥€ ) = (det 9)* (a9 [9¢,,) [ € GL(N,H)], (7.87)

where ¢g is the right multiplication of the N x N quaternionic matrix g on the N-
dimensional quaternionic vector ¢, i.e. (¢g)* = ¢® g where g,® are quaternionic compo-
nents of g € GL(N,H). Note also that det g is the determinant of g seen as an element of
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U*(2N) C GL(2N, C), which is a positive real number, and (g |¥¥ ) is a square integrable
function on HY taking values in C. The Z-eigenstate condition reads

(| Uw(p) 19 ) = Ip" D (D)} (q|¥¢,,)  [p € GL(1,H)], (7.88)

where p = p/|p| is a unit quaternion corresponding to an SU(2) element when viewed as
a 2 X 2 matrix, and D, is the (m + 1)-dimensional representation of SU(2). Using the
above condition, we can reduce the representation space from the space of functions on
HY =~ R*N to the space of functions on S*V—1,

(q|W8 ) =g 72Tk (¢, llal =va® @, ¢ =q"/ldl] (7.89)

where ¢, transforms as
Un(B4") = Dm(B)f ¥4 - (7.90)

If we mod out this SU(2) symmetry, the representation space is reduced to the space
of functions on HPNY~1 = §4N=1/517(2), The scalar product is inherited from that of
L2(HN) as

(10,0 = [aVatalvt,) ),

— 20 8(C — p) Gy O / AN 10 gk (@) 6L (3) (7.91)

GAN-—1

This can be generalized to the (U*(2N),U*(2M)) duality with M < N, whose representa-
tions are realized in the space of M x N quaternionic matrices ¢, endowed with the right
action of GL(N,H),

(@] Uw(g) [W¢) = (det 9)*M (qg|¥¢)  [g € GL(N,H)], (7.92)
and the left action of GL(M,H),

(a|Ow(h) W) = (det B)*N (h q W)
= (deth)*¢ (q|¥¢)  [h € GL(M,H)]. (7.93)

The last equality can be interpreted as a determinant-homogeneity condition (see e.g. [99]).
Note here that we do not have the additional label m besides ¢ in contrast with the
(GL(N,H), GL(1,H)) case. This is due to the isomorphism GL(N,H) = Rt x SL(N,H),
where the last factor does not reduce to SU(2) except for GL(1,H). The GL(N,H) rep-
resentation given in (7.92) is dual to the [C]GL(LH) ® 1gr,m,m) representation of the dual
group GL(M,H) given in (7.93). The GL(N, H) representation can be also induced by the
parabolic subgroup with Levi factor GL(M,H) x GL(N — M,H) C GL(N,H). Using the
determinant-homogeneity condition (7.93), we can reduce the representation space to the
space of functions on the quaternionic Grassmannian manifold Grys v (H), isomorphic to

Grarn (H) = Sp(N)/(Sp(M) x Sp(N — M)) . (7.94)
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The restriction of the degenerate principal series 7q (v m) (¢, M) to Sp(N) is [99]

raavm(GM) = P Wsp) - (7.95)
h(e) < 2M
lyi—1 = Ly

In this notation, the most degenerate principal series m«(2n)(¢,0) defined in (7.78) corre-
sponds to mg () (¢ 1)-

Analogously to the (GL(N,R), GL(2,R)) and (GL(N,C),GL(2,C)) cases, the degen-
erate principal representations appearing in the dual pair (GL(N,H),GL(2,H)) can be
used for the scattering amplitudes of 6d conformal fields. The relevant seesaw pair is

0*(8) GL(N; + N_, H)
U >< U , (7.96)
GL(2, H) Sp(Nw. N )

where the same logic as for the seesaw pair of the 3d amplitudes (7.44) can be applied.
Again, we reserve more detailed analysis of this point for a follow-up paper.

The dual pair (Sp(2N,R),O(1,1)) is realized as

KP4t =¢lal — 0 ¥, K_i_j:&iaj_bibj’ KH_jzajai_Bibj’ (7.97)
Moo = a; b' — a' b; (7.98)

where i,5 = 1,..., N. We need to supplement O(1, 1) by two reflections R, and R} which

a/i -1 _ a/i bz —1 _ b'L
O R

and which form a finite group Z§ x Zg . Let us consider the seesaw pair,

act as

Sp(2N,R) U(1,1) =2 SL(2,R) x U(1)
U >< U . (7.100)
U(N) O(1,1) 2Rt x (2% x Z5)

The maximal compact subgroup U(N) of Sp(2N,R) is generated by K=/, while its dual
U(1,1) = SL(2,R) x U(1) is generated by the SL(2,R) generators,

H=a;ad+bb+N, E=ab, F=—db, (7.101)
with the usual Lie bracket (5.68), and the diagonal U(1) generator,

Z=a;a'—b'b;, (7.102)
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which is also the center U(1) of U(N) C Sp(2N,R). Note that U(1) C SL(2,R) and the
diagonal U(1), generated respectively by H and Z , contain the discrete subgroups ZI and
Z, generated by the elements,

ta a 1a
O e (7.103)
b’ —i b b’ ibl
They are related to the finite subgroup Z4 x Z5 of O(1,1) as
Ro=P.P-, Rp=PyP_'. (7.104)

The (U(N),U(1,1)) duality has the correspondence of the representations,

2
= DSL(Q,R)(m—i-n—i-N) & [m—n]U(l) . (7105)

memly > Doy (Im+ o @+ Gl )

Noting that the isomorphism O(1,1) = R* x (Z3 x Z}) = E x Zy where E is the one
dimensional Euclidean group isomorphic to R x Z4 and Z is generated by R = R, Ry,
we find that an irrep of O(1,1) 2 E x Zs is

To) () = (e © [(=1)"]z,  [p>0], (7.106)
where [u|g is one or two dimensional space,
[0]g =[O]g+, [ = [plr+ ® [-plr+ [0=0]. (7.107)

The restriction U(1,1) = SL(2,R)xU(1) | O(1,1) ~ R* x(Z3 x Z4) amounts to embedding
RT in SL(2,R) as
Mo =E+F, (7.108)

then supplemented with the restriction to the subgroup Zs generated by R. The restriction
SL(2,R) | R" again amounts to finding an Moe-eigenstate in the positive discrete series
representation Dgpr o ry(h). For any h and Mo,-eigenvalue iy with p € R, one can find
such a (coherent) state. Taking into account the restriction to the Zo with eigenvalue 7,
we find that the representation space of Sp(2N,R) is

Tspan ) (1, 7) == P ol (7.109)
m,n >0
even m—+mn—+n

where the p-dependence does not appear explicitly. For further specification, we can solve
the O(1,1) irrep condition,

Moo |Wyi5) = £ipu|Ws),  Ral¥hun) =955, RV = (0" Y55, (7.110)
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by taking an infinite linear combination of U(NN) representation states as

Wi = Y U (fuma @B @ by by J0)), (71D
m,n >0
even m—+n-—+n

Jijn
i1-im
translated to the differential equation (7.19) fo; hapman+N(2) = frpmmn(2), which can be
uniquely fixed by fiymn(0) = 1. The other state |V, ;) is, by definition, R, W} ) .
Note that the (Sp(2N,R),0(1,1)) dual pair can serve also for the tensor product
between a metaplectic representation and a contragredient metaplectic representation of

Sp(2N,R):

where the U(N) irrep condition imposes 6;1 RG = 0 and the M-eigenstate condition is

1 B 1 oo
Dsp(an,R) ([(m), 2]U(N)) ® Dgp(2n,R) ([(n), 2]U(N)) = /0 dp TspanR) (s 1 — Omn) -
(7.112)
The above can be understood from the seesaw pair,
Sp(2N,R) x Sp(2N,R) O(1,1)
U >< U ) (7.113)
Sp(2N,R) O(1) x O(1)

where the irrep [u]g @ [0]z, of O(1,1) branches to the irrep [(m)]o(1) ® [(7)]oa) with
(—1)™*" = 5. Conversely, we can also use the above seesaw diagram to construct the
(Sp(2N,R),0(1,1)) representations out of the (Sp(2N,R),O(1)) ones, namely the meta-
plectic representations. We begin with the tensor product of two metaplectic representa-
tions, that is nothing but the Fock space with doubled oscillators (the doubling is from
(ai,d’) to (a;,b,a’, b;)). The same result (7.111) can be obtained simply imposing the
O(1,1) irrep conditions (7.110) on this space. The difference of the construction lies on the
viewpoint whether we consider the Fock space as the representation space of (U(N),U(1,1))
or the tensor product of the (Sp(2N,R),O(1)) representation space.

For N = 1, the isomorphism Sp(2,R) = SL(2,R) tells that the irrep 72 r) (1, 72) cor-
responds to the principal series representation mgy 2 r)((—1)" ) of SL(2,R). Together with
the discrete representations of (Sp(2,R),O(2)), they constitute all oscillator realizations of
SL(2,R) within all (Spa, O2) dualities. Again, the complementary series representations do
not appear in this construction. Let us summarize here all SU(2) and SL(2,R) oscillator
realizations within Sp(4,R):

U(2),U(1)) & (Sp(1),0%(2)) — [suw eN,
U(1,1),0() & (Sp2.R),02)  — Dspom(h+1) [heN,
(GLR.R).CL(LR) & (Sp2R).0(L1) — 7srpn(Q) CERl. (T114)
When N = 2, the isomorphism Sp(4, R) & S\O/+(2, 3) suggests that the irreps,

o0 o0

Tsp(4,R) (1 1) = EB [2m + 7]y ® @ 2n +7]su) | » (7.115)
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may admit a CF'T3 or AdS, interpretation. In fact, it describes the scalar or spinor tachyon
in AdS4. This is to be contrasted with the (Sp(4,R), O(2)) duality, where we find massless
spin s fields. By flipping the signature of the dual orthogonal group, or to put it differently,
flipping one of singletons to its contragredient one, the resulting representation has “zero
spin” rather than “higher spin”. Analogous phenomenon occurs in the AdS5 case, where
the relevant dual pairs are (U(2,2),U(1,1)) and (U(2,2),U(2,2)). Their correspondence
will be described in one of the follow-up papers.

The representations that we have constructed are again the most degenerate principal
series representation of Sp(2N,R). It will become more transparent if we move to the
Schrédinger realization,

» 1 ; 0
+i i
V2 oz’
Let us work first with the dual pair (Sp(2N,R), O(My, M_)) with any My and metric nap
of signature (M4, M_). In this realization, the generators take the analogous form,

9 N y .
Map = 2$[A oxBli’ K% = K" + GEKij + cre sz, (7117)
with
T T N 8 M+ M.
i — =i Aj = i gl + i
K =524z, K”_anilax“‘j’ K]_xAG:ri‘—i_ 5 6. (7.118)

Here ¢, = 4+. The A, B indices above are lowered or raised by nap. Now consider the
My = M_ = M case with off-diagonal metric nap: setting A = (+a, —a), the metric
components are Niq4p5 = 0 and 114y = 45 - Then, the generators become

4 ) 0 .0 .0
Mepiy—at 0 i 9 oy g 9 O 7.119
tatb = Tta ozt Ttb oxt, +a=b = Ta oz, T=b ox' , ( )
and
. o 3 9 0 . 9 . .
Ki=all,a?, Kj=—"——+, Kj=2i,——+a',——+Md. (7120
+a a ) al'gfa ax]_)a J +a 31‘% a a-fj,a J ( )

If we perform a Fourier transformation on the variable z% ,, the Sp(2N,R) generators

become homogeneous,

D _ ' B . .
KU = ngia ap o) K” = _pra(i 7 s Kl] = l‘:,a 87 +p_a]’ % . (7121)
— b ta —

In this way, we find the natural action of (Sp(2N,R),O(M, M)) on the space of M x 2N

R),
real matrices (z4,p—) or 2M x N real matrices %f) (x4 and p_ are M x N real matrices

with components 7%, and p_g;):

(@, p-) [UW(9) |¥) = {(z4,p-) g|¥) lg € Sp(2N,R)], (7.122)
() 1own) | w) = (* () w) [h € O(M, M)]. (7.123)
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This space is reducible and we can impose the determinant-homogeneity condition,
(I (2, p-) [WE,) = | det k[T sgn(det k)7 (a4,p-) [W2,) [k € GLOMLR)], (7.124)

or equivalently,

<<§ <k91>t> <> "I’> = [ det =0 sn(det K ((2) 195) [k € GLOMR).

x_

(7.125)
to make it irreducible for both of Sp(2N,R) and O(M,M). Note that the additional
factor of |det k| arises from the Jacobian in the Fourier transformation. For M = 1,

one can easily recognize that the condition (7.124) is equivalent to the assignment of the
eigenvalue +ipu to the generator M, _ . This condition coincides in fact with the first
one in (7.110) simply because My _ = M,,. The other two conditions can be also easily
identified. Therefore, we generalized the representations appearing in (Sp(2N,R),O(1,1))
to the more general case of (Sp(2N,R),O(M, M)). The resulting representations are in
fact the degenerate principal series representation for Sp(2N,R) (it becomes the most
degenerate one if the dual group is O(1,1)), and the most degenerate principal series
ones for O(M, M). The corresponding parabolic subgroups are the ones with Levi factors
GL(N—M,R)xGL(M,R) for Sp(2N,R) and GL(M,R) for O(M, M). To put it differently,
the representations of (Sp(2N,R),O(M, M)) are obtained by restricting and inducing the
(GL(2N,R), GL(M,R)) representations, as summarized in the following seesaw diagram:

GL(2N,R) O(M, M)
U >< U . (7.126)
Sp(2N,R) GL(M,R)

7.5 (Sp(2N,C),0(2,C)) and (Sp(2N,C),0(2M,C))
In order to describe O(2,C), it is convenient to define
1 1
I . ~ 4 1, -2
ay = — (a7 Frasy), ar = — (a;jxiay), 7.127
T (a1 Fiay) 1=/ (a7 7) ( )
where I = 1,...,2N is the symplectic index. In terms of these oscillators, O(2,C) genera-
tors are given by
My =i(afd —a;al), Mp=i(a™a; —alay), (7.128)

with the reflection flipping the sign of af and &% ,

I 1
R|G)R= (2], (7.129)
ar ay

Recall that the symplectic indices are contracted as in (1.12). The dual group Sp(2N, C)
is generated by

T = K ey (K5)* = - <d+(1 ai) g ai)) :

ST = K1 4 e ngn (KKDY = (a+<f i~ —al a‘”) , (7.130)
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where T/ generates the maximal compact subgroup Sp(N). The relevant seesaw pair is
g

Sp2N,C)  O*(4) = (SL(2,R) x SU(2))/Zs
0N |
Sp(N) 0(2,C) = (RT x U(1)) x Zq
where the correspondence of the (Sp(N), 0*(4)) representations is
(61, 02)]spvy < [l — L2]su) @ Dsrer)(fr + £2 + 2N).

Here, the SL(2,R) and SU(2) of O*(4) are generated by

H=afd, +a;d" +2N, E=aja?l, F=—ayral,

and 1
R U S ot T T
Jg—i(aIaJr—aIa,), Jy=aja_, J_=a;a.

Let us fix an irrep of O(2,C) as

Toe,c)(m) = ([ulr+ ® [mlya)) ® ([—plr+ @ [=mlua)) (> 0],

(7.131)

(7.132)

(7.133)

(7.134)

(7.135)

which is two dimensional unless ¢ = m = 0. In the latter case, the irrep becomes one

dimensional:
70(2,c)(0,0) := [0]g+ @ [0]r(1) -
The restriction O*(4) | O(2,C) amounts to embedding
M, =2iJs, Mp=i(E+F),
which determines possible Sp(IN) irreps as

61—£2:]m\+2k, keN,

and hence defines the vector space of the corresponding Sp(2N, C) irrep as

oo

Tsp2n,c) (1 M) = @ [(Im] + 2k + n,n)]gp(ny -
n,k=0

For further specifications, we solve the O(2, C) irrep condition,

M W) = Fim (V) M W) = £p]), RV, =T,

as the coherent state,

(7.136)

(7.137)

(7.138)

(7.139)

(7.140)

W) = 3 wllmbezbem o (o (@ a= )@ @) @)t @)™

n,k=0

— H8 —

(7.141)



where Qg U/(01).J(&2) = ( and hymtont2k(2) = fumnk(2) satisfies the differential equa-
tion (7.19) and can be fixed uniquely with fj, m»k(0) = 1. The other state [¥, ) can be
obtained by acting with R on the above, by definition.

Note that the (Sp(2N,C),O(2,C)) dual pair can serve also for the tensor product of
the irreps mgp,2n,r)(72) appearing in the (Sp(2N,C), O(1,C)) dual pair:

Tsp2n,c) (M) @ Tspen,c)(R) = /0 dp P Tspenc)(12n+1 = mn). (7.142)
n=0

The above can be understood from the seesaw pair,

Sp(2N,C) x Sp(2N,C) 0(2,0C)
U >< U , (7.143)
Sp(2N,C) O(1,C) x O(1,C)
where the irrep [u,m]o2c) branches to the irreps [(m)]oa,c) ® [(P)]oa,c) with
(—1)™*+" = (=1)™. Conversely, the above seesaw diagram can be used to construct
the (Sp(2N,C),0(2,C)) representations out of the (Sp(2N,C),O(1,C)) ones: begin with

the tensor product Fock space with doubled oscillators (the doubling is from (a’

,ar) to
(af,ad})). The same result (7.141) can be obtained simply imposing the O(2,C) irrep
conditions (7.140) on this space.

When N = 1, the Sp(2,C) = SO™(1,3) irreps become simpler since two-row Young

diagrams are not allowed for Sp(1) = SU(2):

o0

Tp2,0) (1 25) = EPI(125] + 2k)] 5p(1) - (7.144)
k=0

These irreps match the entire principal series representations of §5+(1,3) (see Harish-
Chandra [9]), which describe massive spin s fields in dSs. Note that all these representa-
tions, that is, for any mass and any spin, can be obtained by the tensor product of two
conformal representations mgy(2,c)(0) or mgr(2,c)(1), while the latter irreps uplift to the
singleton irreps of the conformal group :96+(2,3), mentioned in section 5.3. Recall that
the tensor product of two singletons give the tower of all massless spin s fields in AdSy.
Therefore, the direct sum of (7.144) over all masses and spins is the restriction of the
aforementioned tower to dSs.

The representations we have constructed is again the most degenerate principal se-
ries representation of Sp(2N,C). Let us see this point with the more general case of
(Sp(2N,C),0(2M, C)) duality with any M. We first move to the Schrodinger realization,

+1 7 +ix —
z —+ - , = — z + —_— y [ .145

where we introduced a metric n4p for O(2M, C), which will also appear in the commutation
relation of the yﬁx operators. Since the group is complex, different signatures of nap are all
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equivalent. In other words, we can move from one to the other by a suitable redefinition
of the y operators. For our purpose, it will be convenient to fix the metric nap as the
off-diagonal one with non-trivial components 744 = d4 where A = (4a, —a). Then, the
O(2M,C) and Sp(2N, C) generators become

0 , 0 < 0 < 0
M = —_ ? ~ M —_p = ¢ —_— — Z_ 0 5 7.146
tatb = Zhq FERC e +a—b = Z4 o1, b gt ( )
and n
K99 = KV 4 ec Ky + S5 Ky (7.147)
with
. o . 9 0 . ) , ,
K =0 zj,) , K= . — K'; =2 — + 2* — + M&:.  (7.148
+a a v] 82_(:a 8ZJ_)a J +a azia a 0'2]7@ J ( )

Here, €, = £. The rest of generators are simply the complex conjugate of the above. We
can also perform a Fourier transformation on the half of the variable z° , to render the
Sp(2N, C) generators homogeneous:

) .

—i o = ;0 0
KY =4 Z;’a ow ) K’L] = —1 w_a(i 827]) R KZ] = Z:_a g + W—qj m . (7].49)
— b Ta —

Here, w_g; are the variables in the Fourier space. In the end, we can realize the dual pair
(Sp(2N,C),0(2M, C)) in the space of functions of M x 2N complex matrices (z4,w_) or

(z4,2-):
(24, w-) [Uw(9) [¥) = (24, w-) g |¥) lg € Sp(2N, C)], (7.150)
(G 1wy 1wy = (0 (3) |w) [h € 0@M,C)]. (7.151)
The determinant-homogeneous condition,

det k
| det k|

<k<Z+,w>|wim>=|detk|ﬂ“< )<<z+,w>wff,m> k€ GL(M,C)],

(7.152)
or equivalently,

<(’g o) () ‘w§m> — [ det k[£i0+? jSi%)m (%) 195, heGLOLO),

(7.153)
makes the representation irreducible for both of Sp(2N,C) and O(2M, C). Note that the
additional factor of |det k|? arises from the Jacobian in the Fourier transformation. The

resulting representations correspond to the degenerate principal series representation for
Sp(2N,C) and the most degenerate principal series one for O(2M,C). Their parabolic
subgroups are the ones with Levi factors GL(N — M,C) x GL(M,C) for Sp(2N,C) and
GL(M,C) for O(2M, C). This parabolic induction can be understood from what is depicted
by the seesaw diagram,

GL(2N,C) O(2M,C)
U >< U . (7.154)
Sp(2N, C) GL(M,C)
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8 Branching properties

The representation of G appearing in the dual pair (G,G’), wherein G’ is the smallest
in its family, has several interesting branching properties. In fact, when the group G is
the conformal group Sp(4,R) & SOT(2,3), SU(2,2) = SO (2,4) or O*(8) = SOT(2,6),
this representation becomes a conformal field, namely a singleton representation, which
possesses a number of special properties (see e.g. [100] for a short review). Therefore, in a
sense, we can consider these representations as ‘generalized singletons’. In the following,
we discuss their branching properties along with a comparison with those of conformal
fields.

8.1 Restriction to maximal compact subgroup

The d-dimensional singleton is the special representation of 35*(2, d), whose name is a
reference to a peculiarity, first derived in [101], namely that its restriction to the maximal
compact subgroup SO(2) x §6(d) consists in a single direct sum where each irrep appears
with multiplicity one.

In fact, all the G-representations with the smallest dual group G’ treated in this paper
have such properties. Let us gather the relevant formulas here:

e (GL(N,R),GL(1,R)): the GL(N,R) irrep dual to the GL(1,R) & Rt ® Zy irrep
[(Jr+ @ [(—1)"]z, decomposes as

o0

TaLvRr) (N ’O(N) @[(2k+ﬁ)]O(N)- (8.1)

e (GL(N,C),GL(1,C)): the GL(N,C) irrep dual to the GL(1,C) 2 Rt @ U(1) irrep
[Clr+ @ [n]y(1) decomposes as

o0

mor v 06 gy = DI+ P o (4 P00 82
k

o (U*(2N),U*(2)): the U*(2N) irrep dual to the U*(2) & RT @ SU(2) irrep [(|p+ ®
[n]s1(2) decomposes as

T‘—U*(QN C, ‘Sp @ 7’L+k ]f Sp(N) (83)
k=0

e (U(N4,N-),U(1)): the U(Ny, N_) irrep dual to the U(1) irrep [£n]y () withn >0
decomposes as
1 1
DU(N+,N,) [(TL), i]U(Ni) ® [(0)7 i]U(Nq:) ’U(N+)XU(N_)

o0

[(n 4+ K), Sl ® [+ B, o) (84)
k=0
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e (Sp(2N,R),0(1)): the Sp(2N,R) irrep dual to the O(1) = Zj irrep [(n)]on) =
[(=1)"]z, decomposes as

o0

Doy (1) 5l ) Iy = DI+ gloin (55)
k=0
e (Sp(2N,C),0(1,C)): the Sp(2N,C) irrep dual to the O(1,C) = Zo irrep
[(n)

loa,c) = [(=1)"]z, decomposes as

Tsp(2n,C) ( = P2k + Alsp) - (8.6)
k=0
e (O*(2N),Sp(1)): the O*(2N) irrep dual to the Sp(1) = SU(2) irrep [n]sy (o) decom-
poses as

Do+any ([(n), Nu(y) }U = Pl(n+ k., k)uw - (8.7)
k=0

o (Sp(N4,N_),0%(2)): the Sp(N4, N_) irrep dual to the O*(2) = U(1) irrep [£n +
Ny — N_]y(1) with n > 0 decomposes as

WSp(N_‘_,N_)(:l:n) |Sp(N+)><Sp(N,) - @[(n + k)]Sp(Ni) ® [(k)]Sp(NJF) . (8'8)
k=0

The only cases of G-representations with the smallest G’ that we have not explored are the
dual pairs (O(N4, N_),Sp(2,R)) and (O(N,C), Sp(2,C)), whose representations are not
treated in this paper. Let us mention that the scalar singleton of O(2, d) has been explored
within the (O(2,d), Sp(2,R)) duality in [53] (see also [57]). It is also possible to generalize
the above properties to the other branching rules where the maximal compact subgroup K
is replaced by a group whose complexification coincides with that of K. We shall provide
the analysis of these cases together with (O(N4, N_), Sp(2,R)) and (O(N,C), Sp(2,C)) in
our forthcoming paper.

8.2 Irreducibility under restriction
Other properties of the d-dimensional singletons are that

e they decompose into at most two irreps, when restricted to a d-dimensional isometry
group, namely the (anti-)de Sitter or Poincaré subgroup (see e.g. [17, 100, 102]),

e and, they are unique, or are one of two possible extensions of a d-dimensional isometry
irrep to the d-dimensional conformal group.

Once again, this property can be investigated using seesaw pairs,

Ta(0) G G e (0(C))

U >< U l , (8.9)

G 7 (0(Q))

o

&)
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where the conformal group and isometry group can be placed at G and G, respectively. In
order that a singleton-like irrep 7¢(¢) decomposes at most into two irreps 75(¢), on the
dual side there should exist at most two irreps 7z, (6(¢)) which can branch to mg/(6(C)).

Similarly, in order for an irrep 7(¢) to admit an extension to at most two singleton-like
irreps of G, the restriction of the dual representation 7, (6(¢)) should contain at most two
G'-irreps. This property is guaranteed, if the dual groups G’ and G’ are isomorphic, or

isomorphic up to Z, finite group. The simplest case of G and G is
0(1,C) = 0(1). (8.10)
There are four more such groups among the irreducible ones,

012)>U(1), o*(2)=U(1), O(1,1) D GL(1,R), 0(2,C) D GL(1,C),
(8.11)
which are in fact different real forms of Oy O G L1 . If one takes into account the reducible

pairs, there are two more options,

G=Gx0(1)>d, G'=G"%x0(1,C) > G . (8.12)

Here, G’ can be any group suitable for (reducible) dual pairing. In the following, we present
the dual groups G and G and their representations for each of the above seven cases.

1. The dual of O(1,C) | O(1) is the restriction Sp(4N,R) | Sp(2N,C), and we find

Dgpanp) (1), 3luen)) [(M]oa,c)
| >< | (8.13)
Tspan,c) (1) [(M)]oq)
where n = 0,1. The N = 1 case corresponds to the restriction of the three-

dimensional singletons to the dS3 subgroup.

2. The dual of O(2) | U(1) is the restriction of U(N, N) | Sp(2N,R), and we find

Dy (5™, Hoen @ (25, 3o ) nDloe)
l . (8.14)
Dspnr) ([(I20), o) [(M)]u)

where n € Z. Notice that for N > 2, the trivial representation of U(1) can be found in
two O(2) representations, [(0)]o(2) and [(1,1)]o(2). As a consequence, the Sp(2N, R)
representation dual to this latter O(2) irrep also enters the branching rule, and we

find
1 1
Dy n,ny | [(0), i]U(N) ® [(0), §]U(N) ‘Sp(gN,R)
= Dgpanr) ([(0), Uuvy) @ Dspeng) ([(1,1), Uupy) - (8.15)
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The N = 2 case corresponds to the restriction of four-dimensional singletons of
helicity 5 to massless fields of spin @ in AdS,4 and the restriction of four-dimensional

scalar singleton to conformal scalar and pseudo scalar fields in AdSy.

. The dual of O*(2) | U(1) is the restriction of U(2N4+,2N_) | Sp(N4+, N_), and we
find

Dugan, an-) ([ <|n|2+n) v%]U(2N+) ® [ (\n|;n) ) ]U(ZN,)> [+ Nt = N-Jo-2)

| XL

N[ —

In|+ n|— _
TSp(N+,N-) ([ ( 2 n) ]sp(m) ® [( 2 n) ]sp(N,)) [n + Nt = N-Juqy
(8.16)
where n € Z. The Ny = N_ = 1 case corresponds to the restriction of four-

dimensional helicity 5 singletons to massless fields of helicity & in dSy.

. The dual of O(1,1) | GL(1,R) is the restriction GL(2N,R) | Sp(2N,R), and we find

TaLeNR) (G ) moa,1)([¢], 1)
I
Tspen,r) (IC],7) TaLar) (G )

where ¢ € R and 7 = 0,1. The N = 2 case is to be compared with the GL(4,R)-
invariant equations for massless fields in AdS, discussed in [103]. Note, however, that
the representations here do not describe massless spin s fields, but scalar or spinor
tachyons in AdSy.

. The dual of O(2,C) | GL(1,C) is the restriction GL(2N,C) | Sp(2N,C), and we
find

Tarenc)(Cn) Toc,c) (¢l n)
R
Tspen,c)(IC], n) mar,c) (¢ n)

where ( € R and n € Z. The N = 1 case may be interpreted as a lift of the represen-
tations to the principal series of SO (1, 3), which correspond to lifting massive fields
of helicity § in dS3 to a representation of GL(2,C).

. Let G be the family of groups dual to G’. Then, the dual of G’ x O(1) | G’ is the
restriction Gy 4 Gy X Sp(2M,R), and we find

Tryn (€) me (0(€)) @ [(W)]oq)
R R
TGy (€) @ Dgpianr) (M) wedi(e)
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where n = 0,1. The case M = N = 1 with Gy = Sp(4,R), G1 = Sp(2,R) and
G’ = O(1) corresponds to the restriction of the three-dimensional singletons to the
AdS3 subgroup.

7. The dual of G’ x O(1,C) | G’ is the restriction Gyiy | Gy x Sp(2M,C), and we

find
TGN (©) me (0(C) ® [(ﬁ)]O(l,(C)
B
TGy (€) ® Tapam,c)(72) mar (0(C))

where n = 0, 1.

9 Casimir relations

One of the consequences of the dual pair correspondence is that the Casimir operators of
the two groups in a pair are related [104-107]. Since the Casimir relations can be derived at
the level of the metaplectic representation of the embedding symplectic group, it is possible
to study them in terms of the previously introduced w or y operators without specifying
the representations of each group. However, when a specific representation of one group
is chosen, the values of its Casimir operators will be fixed. This, in turn, determines the
values of the Casimir operators of the dual group, and hence can be used to identify the
dual representation. In the following, we derive the relations between Casimir operators for
the complex dual pairs, i.e. (GLy, GLy) and (O, Spanr). The relations of the Casimir
operators for real forms of these complex dual pairs can be obtained by imposing the
relevant reality conditions.

9.1 Duality (GLy,GLy)

We will here derive the relation between the Casimir operators of GLj; and GLy in a dual
pair. Let us first introduce generating functions for the Casimir operators:

x(t) =Y t"Co[X],  r(t)=)_ t"Ci[R], (9.1)
n=0 n=0
where C,[X] and C,,[R] are the Casimir operators of order n defined by

Cn[R] = Tr(R") = R, R;,™ ... R, 1" (9.2)

Here, X and R stand for matrix-valued operators with components (X)4p = X4p and
(R)15 = R;7. Tt is also convenient to introduce two other generating functions,

B(t) =) t"Cu[XT],  F(t) =) t"Cu[R, (9.3)
n=0 n=0
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where X* and R? are the “transpose” of X and R: (X*)4p = XB4 and (RY);; = R;/,
and hence the operators C,[X!] and C,[R!] have the form,

Co[X' = Tr((XH") = XAy XAz, XA, XAy
Cu[R'] = Tr((RH™) = Ry, R, R;,™ ... Ry, In—1. (9.4)

Both C,[X] and C,[X!] are n-th order invariants of GLj, and their difference shows up
starting from n = 3:

C3[X] =X XBo X9y # X4 X4 XBo = C3[X1]. (9.5)

The freedom in defining the n-th order Casimir operators reflects the ambiguity in choosing
a basis for the center of the universal enveloping algebra. Below we will also derive a
relation between the above two choices, which we will make essential use of to derive a
relation between the generating functions in (9.1).

The operator X4z and R;” contain the (w,) operators in different orders: it is
convenient to work with the following order,

YAg=atwh, STy =whaf, (9.6)
which are related to the X4z and R’ ; by
N M
XAB:YAB—FE(SE, RIJ:SJ1—76;’. (9.7)

By introducing generating functions for Tr[Y "] and Tr[S"] as

y(t) => t"Te(Y"),  s(t)=> t"Tr(S"), (9.8)
n=0 n=0

we can find the relation between x(t) and y(t),

N

2

1 y _tﬁ
x(t):ﬁ[u—txrl]:lltn (1— t Y) :<1"'t>. (9.9)

Similarly, s(t) is related to 7(¢) as
(i)
siy=—~> 2 (9.10)

Now, let us relate y(t) and s(¢): in the definition of Tr(Y™), we move the & operator in
the left end to the right end and find the relation,

Tr(Y") = Tr(S™) — nz_:l Te(SH) Tr(Y™ 1F)  [n>1]. (9.11)
k=0
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This relation can be rephrased in terms of the generating functions as

y(t) — M =s(t) — N —ts(t)y(t), (9.12)
which can be solved as N M N
y@z“ing (9.13)

Finally combining the results so far obtained, we find the relation,

ay 1 MEN
T oy ) (M= N)— %

M+N ~ t

(t) = (9.14)

The formula (9.14) generates the relations between C,[X] and C,[R]. Next we would like
to relate the generating functions r(¢) and 7(¢). This computation is done in appendix D.1
and the result is

)
T(t)_l—l-Nt—l—;-r(ﬁ)’ (9.15)

which can be inserted in (9.14) to arrive at

1 14 N=2M ¢
z(t) = 2", +M—-N|. 9.16
() 1-5t | 14858\ 14 850y (9:16)
The inverse relation is given by
1 1+ 42Ny ¢
r(t) = 2 T +N-M|. 9.17
() 1—He |14+ M8 =\ 14 My 917

This is the same formula as (9.16) with z(t) <> r(t) and M < N, as expected. The first
few relations, generated by (9.16), read

Co[X] = CofR] — MN(JZ_N) (9.18)
Cg[X] :C3[R]+W;]V) [4CQ[R]—2(M—|—N)Z—M2N} , (9.19)
C4[X] = C4|R] + M-N) [16C3[R] —8 N Co[R] —4M*Z — M N (M* - M N + N?)| .

16

A straightforward check shows that our result for the Casimir relations at any order (9.16)
reproduce the relations of [107] (Theorem A).

The Casimir operators C,[R] with n > N are given by the lower order Casimirs, and
the relation can be extracted from

det(1— ¢ R) = exp (- f: g Cn[R]> 1= (), (9.20)
n=1
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where py(t) is an order N polynomial with px(0) = 0. The coefficients of px(t) parame-
terize the independent Casimir operators. By differentiating the above equation, we obtain
the relation between py(t) and the generating function r(t) of C,[R]:

tpiy(t)
1—pn(t)"

We can put this expression into (9.16) to obtain a rational function whose numerator and

r(t) = N + (9.21)

denominator have degree N + 1 and N + 2, respectively.
One can also solve for 7(¢) in (9.14) and get the following formula:

1+1\/I;rNt

t
x(1+M§’Vt>+(N_M) 1+t
(t) = .

+ t

We could do exactly the same computation as when deriving (9.14), but for the r(¢) in

(9.22)

terms of Z(t), and get a similar relation with replaced M and N:

1— M;rN ‘

5”<1_ Mt+Nt> + (V= M) =i
1—MQ“Vt+th(1_Mt_2HVt)

One may notice that the relations (9.22) and (9.23) are interchanged upon (¢,7(t), z(t)) <>
(—t,r(—t),z(—t)): r(—t) depends on Z(—t) exactly same way as 7(t) on x(t). This can be

r(t) = (9.23)

understood in the following way: the difference in the structure of the r(t) and 7(¢), and
correspondingly z(t) and Z(t) are given via commutators, which are changing their signs
when we change the sign of the generators. On the other hand, changing the signs of the
commutators is equivalent to taking the opposite product rule.

9.2 Duality (On, Spanr)

We finally provide the duality relations between the Casimir operators C,[M] = Tr(M™)
and C,,[K] = Tr(K™") to all orders in n. Compared to the (GLys, GLy) case of the previous
section, the (Opn, Spanr) case requires more steps of computations, and we leave most details
to the appendix D.2. We begin with defining the operators,

Np=yiyp, L'y=vhyi, (9.24)
where y}“ is defined as
yit =B Qry5. (9.25)
and satisfies
lyi', yb] = 05 67 . (9.26)

The operators N Ap and L are related to M4z and K! by'®

N
NAg=—-MAg+ M3, LIJ:_<KIJ+25§> , (9.27)

8 The numbers N and M should not be confused with the generators N A B and M A B in this section.
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where M4 p == EACMcp and K!j == KK Q.
By defining generating functions,

m(t) = " C[M]. K = ColK]. (9.28)
n=0 n=0

n(t) = i " Te(N™) I(t) = i T (L) | (9.29)
n=0 n=0

it is possible to derive exact relations between the Casimir operators to all orders through
their generating functions. To derive these relations we find it useful to expand the space of
generating functions to the following set of two-parameter family of generating functions:

o)
a(t,u) = Y tFul 12k 4+ 1]4 f[20 + 1]

k=0
b(t,u)= > thu' PR2kla g2, d(tou) = > tFulT[2k], (207, (9.30)
k,1=0 k,1=0

where the brackets are short-hand for

“Ilg =y y2 -yl ol =yl (9.31)

with the greek indices being generic, and with *[0]z := 0§ and «[0]? = 5. The a,b,d
system of generating functions is a direct uplift of the n,l system, as should be clear
by setting ¢ = 0 or u = 0. The usefulness of introducing these generalized generating
functions is seen directly, when trying to relate n with [ in a similar way, as y was related
to s from (9.11) in the previous section: the equivalent expression of (9.11) here reads

n—1 n—2
Tr(N™) = Te(L") + Y Te(L) Te(N™ ) = > (=1)" 27 (20 4 1]a f[2(n — 2 —4) + 1]4,
=0 =0

(9.32)
valid for n > 1, and with the last term understood as zero for n = 1. It can be equivalently
written as

n(t) — N =1(t) — 2M + ti(t)n(t) — t>a(t, —t). (9.33)

As described in appendix D.2, it is possible to relate the generators a, b, d with each other,
through similar, but much more involved manner, and as an outcome it is possible relate
n entirely in terms of [ (or vice-versa). The result is that

n(f) — I(t) —2M + N _ n(t) +2M — N
W= a- ) O = T (- —— (9:34)

and as a bonus, we are also able to find expressions for a, b, d in terms of n and [, reading

I(t)—2M —n(—u) + N

2M —N+Dtu+t—u’

un(—u)(tu —t —u) +tn(t)(tu+t+u—un(—u)(t + u))
(t+u)((2M — N+ Dtu+t —u) ’

wl(—u)(tu —t —u) + 1) (tu+t +u+ul(—u)(t +u))

d(t,u) = E+u) (@M — N+ Diutt—u) ' (9:37)

a(t,u) = (9.35)

b(t,u) =

(9.36)
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Notice that a(t,u) is well-defined at w = —¢, and consistent with (9.33), while b and d seem
singular at that point but the limit u — —t exists, as it should by definition.

Now that we have established a relation between n and [ it is straightforward to pass
this on to a relation between m and k: by formally rewriting » > ,¢" Tr(O™) = Tr(ﬁ)
(cf. (9.9)) and using the relations in (9.27), the following pairwise relations between the
generating functions are found:

n(——t m(——t
m(t) = S_lﬂftt) o ()= 1(_1MM;> (9.38)
(-t Y -
k(t) = W s ) = (1—1—1+N2t> (9.39)
2 2

From these and (9.34) we finally establish

(M = N) (1+ 246 +m (5ot )

K(t) = | .
O (o B b (o ) )

T
mit) — - M =N (1 - Him) — + (satfon) , (9.41)

(1—Mt) (1 - %) + 5t (1 + 2+2(§iVJtV)t) k <2—(2J\2/It+N)t)

We notice that the expressions for k and m are symmetric under the exchange N < —2M

and m(t) <> —k(t), while those for n and [ are simply symmetric under n(t) < —I(t).

This fits into the picture of universality (see, e.g. [108-110]) and the SOy N<—2>M Spanr
G-

relation [111, 112].
It is worth checking the relations at the lowest orders without using the generating
function method. The first two within each group read

Tr(N)=MN, Tr(L)=—-MN,
2 2 2 N2M
Tr(N?) = C[M| + M*N , Tr(L*) = G| K] + 5 (9.42)
where Tr(M) = Tr(K) = 0 was used. Next, using
3 N 3

Tr(M?) = 5—1 Co[M], Tr(K°) = —(1+ M) Cs[ K] (9.43)

one finds at the third and fourth orders
3 N 3
Tr(N?) = <1—2+3M> Co[M]+ M°N
3N MN3
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and

Tr(N?) = C4[M] + (6 M? +4M — 2M N) Co[M] + M*N ,
MN*
8

Tr(L*) = C4 K] + (;’ N? —2N — 2MN) Co[K] + (9.45)

With these expressions one can now check the duality relations. For instance by moving
the y operator in the left end of Tr(IN™) to its right end at n = 2, we find

Tr(N?) = Tr(L?) + Tr(L°) Tr(N) + Tr(L) Tr(N°) — Tr(L), (9.46)
while at n = 4 we find

Tr(N*) =Tr(L*) + Tr(L°) Tr(N3) + Tr(L) Tr(N?) + Tr(L?) Tr(N) 4 Tr(L3) Tr(N?)
— Tr(L?) + Tr(L°)Tr(N?) — Tr(N°)Tr(N?) + Tr(N?). (9.47)

From the above low-order relations it can now be checked that
MN((2M — N + 2)

2 M

Co K|

CQ[M] = CQ[K] +

(9.48)

cM] = eilk) - 2EN
MN
+T(2M —N+2)((2M —N)2M — N +2)+2MN — 2N +4), (9.49)
which is exactly what one finds directly from (9.40).

Using the results of [107], one can derive a relation between generating functions of
Casimir operators different from (9.40). This is due to relations between odd and even
Casimirs of orthogonal and symplectic groups. We will comment more on different relations
between generating functions in the follow-up paper.

Acknowledgments

The authors are grateful to Zhirayr Avetisyan and Axel Kleinschmidt for useful re-
marks and Minoru Itoh for communication on his work [107]. The work of T.B. and
E.J. was supported by National Research Foundation (Korea) through the grants NRF-
2018H1D3A1A02074698 and NRF-2019R1F1A1044065. The work of K.M. was supported
in part by Scuola Normale, by INFN (IS GSS-Pi) and by the MIUR-PRIN contract
2017CC72MK_003. K.M. also thanks Humboldt Foundation and Max-Planck Institute
for Gravitational Physics (Albert-Einstein-Institute) for the support in the initial stages of
this work.

A Representations of compact groups

Finite-dimensional representations of compact Lie groups are known to be in one-to-one
correspondence with integral dominant weights. The latter are weights whose components
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in the Dynkin basis are all positive integers. In other words, finite-dimensional represen-

tations of compact Lie groups G are highest weight representations, with highest weight
of the form o = Zaznf @) af wi with aff € N the Dynkin labels and wj, the fundamental
weights of G. In this appendix, we will review how these highest weight representations

are realized as spaces of tensors with special properties. To do so, it will be more conve-

nient to express the weights of G in the orthonormal basis {ek}rkafi{ @)

(@)

, where the vectors
e; are mutually orthogonal unit vectors in R™"™(&) We will write a = (as,...,ay), for

a1, ...,ay the components of « in this orthonormal basis.

A.1 Finite-dimensional representations of G Ly

Let us start with the reductive group GLy. In the orthonormal basis, the components of a
G Ly integral dominant weight a are all integers (not necessarily positive) and ordered, i.e.

a2 Qg > 2 QN. (Al)

Recall that the GLy-irreps appearing in the decomposition of Vz, = (CV)®% are uniquely
associated with the irreps of the symmetric group Sy, defined by Young diagrams £,

Vils,xarLy = @ L ® feLy (A.2)
LePar(L|N)

where Par(L|N) denotes the set of Young diagrams with L boxes and at most N rows.
This standard result is known as the Schur-Weyl duality, and can be seen as another
instance of duality in representation theory, similar to the dual pair correspondence (see
e.g. [70, 71, 113] and references therein). The subspace of V}, carrying the Sp-irrep £ can
be singled out by the projector P : V, — £, i.e. the operator that symmetrizes a given
tensor 1%L so that the resulting tensor has the symmetry of the Young diagram £. In
other words, the GLx representation denoted [£]gr, and dual to the Sp-irrep £ consists
of a tensor with the symmetry of the Young diagram £.

For instance, when L = 2 there are two possible representation of Sy to consider,
namely £ = (2) and £ = (1, 1), corresponding to a symmetric and an antisymmetric tensor.
The associated projectors are

Pa%éa — % (5b1 6b2 4 5b2 5b1) , PG%Q — % (5171 5b2 o 5b2 5()1) ) (A3)

al-az al-az ay-az al-az

For L = 3, there are three possible Young diagrams that can appear (for N > 2), namely
£=(3),£=(1,1,1) and £ = (2,1). Only one standard Young tableau can be attached to
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the first two, while two for the last diagram. The associated projectors read

bbb 1
Parisay = 37 (000308, + 001010k + 0%z i ol + o2l oby + ol otz oty + olyata oty )
(A.4)
o
Pavsas = 37 (00300300 — 00 0%3002 — olzol oty + oz ataoly — olalaaly + otaobyolz )
(A.5)
1
P%B = 5 (dmolzats + otzatyoly — obzamoly — abzotzely ) | (A-6)
and
B -
Parasas = 5 (000300 — 02000 — aaotaolz + aotaoly) . (A.T)
The action of GLy on [£ = ({1,...,¢p)|aLy With p < N reads
p
pe(g) Tal(él),...,ap(ép) _ H Ek gbak Tal(fl),...,bak(fk—l),...,ap(ﬁp) ’ (AS)

k=1
where ¢;¢ denote the components of the matrix g € GLy. Correspondingly, the action of
the Lie algebra gl is given by

N
Xbc a1 (fr),..ap(lp) _ Z U 6% a1 (£1), b ag (b —=1),ap(Ep) (A_Q)
k=1

Recall that these generators obey
[X %, X] =0 X% — 307 X%, (A.10)

from which we can see that X? generate a Cartan subalgebra, while X%, for a < b (resp.
a > b) are raising (resp. lowering) operators. Let us show that the component 7'1(¢1)--(t)
of this tensor (i.e. the component obtained by setting all the indices of a-th group of
symmetric indices to the value a) is the highest weight vector of this gly irrep. For this
particular component, the above action simplifies to a single term,

X% T1¢1),p(p) — A T1(1),5a by —=1),....p(£p) 7 (A.11)
when b < p, and vanishes otherwise. First of all, it is an eigenvector of the Cartan sub-

algebra generator X%, (no summation implied), with eigenvalue ¢,. The raising operator
are the generators X%, with a < b, which implies that their action takes the form

X9, Tl(fl),...,p(fp) =0, Tl(el),_,,,a(éa),...,ab(Ebfl),...,p(Zp) =0, (A12)

i.e. all the indices of the a-th group are symmetrized with one index of a latter group (the
b-th), which identically vanishes due to the symmetry of the tensor T.'° This shows that

9For instance, in the case of £ = (2,1), the action of a generator X*; of gl reads

Xo Tt — g lo oot 4 gbpereze (A.13)
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the representation of GLy on the space of tensor with the symmetry of the Young diagram
£ is a highest weight representation, with highest weight given by £ (in the orthonormal
basis).

However, this does not exhaust all possible finite-dimensional representations. So,
what about representations with highest weights containing some negative components? It
turns out that they can be realized as a subspace of

VL,M _ (CN)®L ® (CN*)@JM’ (A.14)

i.e. they correspond to spaces of tensors 7' with two types of indices: Ty "

First, let us have a look at Vp1 = CN*. As a vector space, this corresponds to the

dual space of the fundamental representation. As such, it also carries a representation p of
G Ly defined by

(p7(g) @, v) = (o, ps(g) V), (A.15)

for g € U(N), v € CV and ¢ € CN*, and where (,) denote the pairing between CV and
CN*. More concretely, this means that

pi(9) = ps(g™ ), (A.16)

where the exponent ¢ denote the transpose. The action of GLy on Vo,nm is then simply the
tensor product of py. The same arguments as previously show that Vo » can be decomposed
into a direct sum of Sy ® G Ly irreps, which are in bijections. In other words, irreducible
representations of GLy in Vs correspond to tensors with the symmetry of all possible
Young diagrams m with M boxes and at most N rows. The corresponding action of gl
on such tensors is given by

N
b b
X cTal(m1),...,ap(mp) = - Z mg 5ak Tal(m1),...,bak(mk—l),...,ap(mp) . (A17)
k=1

In this case, the component Ty, ),... (N—p)(m,) 15 the highest weight of the representation.
The action of gl now reads

X e TN (), 1(mp) = —TUN+1—0 TN (1), (N+1—B) (10— 1), (N+1—p) () » (A.18)

if b < p and is trivial otherwise. It is clear that Tv(m,), .. (N+1-p)(m,) 1S an eigenvector of

all generators of the Cartan subalgebra, with weight (0,...,0,—m,p,..., —m1). Moreover,
for b < ¢ the previous equation reads

X e TN () () = —TUNA1—6 TN (1) 1) (NH1—5) (12 —1) s (N+1—p) () = O
(A.19)
due to the symmetry of 7. This shows that tensor on Vjr having the symmetry of
a Young diagram m form a highest weight representation of GLy with highest weight
0,...,0,—my,...,—mq), i.e. whose components are all negative.

For a1 = a2 = 1 and b = 2 and all pairs ¢ > d, the above vanishes: the first term because of the factor
8} with d > 1 and the second term because of the fact that the total symmetrization of all indices of T
vanishes and hence 7111 = 0.
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Finally, consider the case L = M = 1, i.e. the space of tensors of the form T}, on
which GLy acts as

pvin(9) Ty = 9% (g7 W T3 (A.20)

for g € GLy. In particular, one can notice that the trace of T = 6° Tyt defines a one-
dimensional invariant subspace of Vi1, as py;,(g9)T = T. This observation extends to
higher rank tensors, and hence we can conclude that the traces of any tensor (in the sense
of any contraction of an upper index with a lower one) define a invariant subspace. In other
words, the irreducible representations of GLy in Vs are composed of traceless tensors.
Added to the previous discussions, we can conclude that highest weight representations of
G Ly, with highest weight

(61,...,ép,O,...,0,—mq,...,—m1), (A21)

where p + ¢ < N can be realized as the space of tensors of the form

al(zl)v“'vap(fp)
Tbl(ml),...,bq(mq) (A22)
i.e. whose upper indices have the symmetry of the Young diagram € = (¢1,...,¢,), lower
indices the symmetry of the Young diagram m = (mq,...,my), and which are traceless.

Notice that the tracelessness implies that the tensors with p + ¢ > N identically vanish.
It will be useful to record the expression of the dimension of the space of tensors with

symmetry £,

b=l +j5—1

dim[flery = H

1<i<j<N

(A.23)

The finite dimensional representations of GLy described above provide all unitary
irreps of U(N), which are isomorphic to the unitary irreps of U(1) x SU(N). The U(1)
irrep is simply given by |€| — |[m |, the number of boxes in £ minus the number of boxes
in m. An SU(N) irrep is again given by a Young diagram now with maximum height
N — 1. In the following, we demonstrate how a single Young diagram of SU(N) irrep can
be obtained from the two Young diagrams £ and m of a U(N) irrep. Without the traceless
condition, each of £ and m carry an irrep of SU(N), and hence we get a tensor product
representation which we need to decompose. To do so, we express the diagram m in the
antisymmetric basis, as m = [m!,... m"] where m* are the height of the k-th column
(hence m! = g and r = m,). The corresponding tensor ¥ now has the form

\I/il(el)v--'vip(ep) (A24)

jl[ml],...,j’“[mT] )

i.e. j*[m*] denote a group of m” indices which are antisymmetrized. Then, we define a
dual tensor ¥ by applying contracting each group of antisymmetric indices with e*], the
totally antisymmetric (Levi-Civita) symbol:

\ilil(fl)7.,,7ip(€p);jl[N—mlL_..,jr[N—mT} = ejl[N} . ejT[N] \I]ill(fl)"”’i?(gp) (A 25)
jl[ml]’“_h]'r[mr] . ‘

The dual tensor ¥ has now two types of upper indices: the first p groups have the symmetry
£, while the next r groups (resulting from dualization) have the symmetry of the dualized
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Figure 1. A Young diagram m (black) and its dual m (gray).

Young diagram m = [m',...,m"] with m* = N — mF. In other words, the dual tensor

U has the symmetry of the tensor product £ ® i, which we should try to decompose. In
the symmetric basis, m = (m, Mo, ...) is given by (see figure 1):

1’;Lk =m1 —MN+1—k - (A.26)

Now recall that U is traceless. On the dual tensor ¥, the traceless condition for ¥
translates to
0 = g fin s ' IN=m ] (A.27)

This implies that, when applying Littlewood-Richardson rule to decompose £ ® m., no
antisymmetrization of an index in £ with a column of m is allowed. Such a diagram
occurs only when p < N — ¢, that is, p+ ¢ < N and is unique. This diagram is obtained
by simply attaching £ to the right side of m:

(1’7’1/1 + 41, mq +€2,) (A28)

= (mi1+l,mi+Llo,...,my+ Ly, My, ..., M1, M — Mg, M — Myg_1,...,0).

p N-p—q q

To recapitulate, due to the isomorphism U(N) = U(1) x SU(N), the representations of

U(N) correspond to the tensor product of a U(1) and a SU(N) irrep. More precisely,
[Lom]y) =[] = [mllua) @ [m +£Lsuy (A.29)
where by m + £, we mean the Young diagram (A.28) obtained by attaching m and £.

A.2 Finite-dimensional representations of O(N)

Finite-dimensional representations of O(N) can also be obtained by restriction from the
tensor representations of GLy constructed previously. The orthogonal group O(N) pos-
sesses an invariant tensor, namely the metric d;;. As one can raise and lower indices with it,
it is sufficient to consider tensors with only one kind of indices. The restriction of [€]gr
to O(N) is however not irreducible: it contains invariant subspaces generated by traces
taken with respect to d;;. For instance, [(2)]¢r, which is the space of symmetric tensors
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T;; contains two irreducible representations of O(N), corresponding to its trace T = 64 T;;
and its traceless part Tij =T — % 0i; T

Requiring a tensor to be traceless imposes some restriction on the possible symmetry
£ it can have. To see that, let us have a look at a rank k + [ tensor with the symmetry of
the Young diagram [k,!] in the antisymmetric basis (i.e. a two-column Young diagram, of
respective height k& and ). It has

k—Il+1/N\ /N+1
A.30
() () (330
independent components, and its trace being a tensor with symmetry [k — 1,1 — 1]. As a
consequence, the traceless part of such a tensor has

NI(N + DIk — 1+ 1)
k+ DN —k+DI(N—1+2

independent components. This number vanishes for k+ 1 = N + 1, and becomes negative

I [(N = k+1)(N —1+2)— (k+1)], (A.31)

when k+1 becomes larger. This means that a tensor T with shape [k, [] is necessarily “pure
trace”, i.e. of the form

Ty r.dt) = Oia |l Uizevia] zeit] » (A.32)
with some tensor U of symmetry [k —1,]—1]. The same conclusion applies to more general
tensor: if the corresponding Young diagram £ = [¢1, ¢, ... ("] is such that ¢! +¢2 > N, then
its traceless part identically vanishes. As a consequence, finite-dimensional representations
of O(N) correspond to traceless tensor having the symmetry of a Young diagram £ such
that the sum of the height of its first two columns is at most V.

Highest weight of the representation. In order to show that the O(IV) irrep consist-
ing of traceless tensor with symmetry £ is an highest weight module, it will be useful to
work in the complexified basis where the metric takes the form

01 0 1,0
J = "1, [if N=2n] or J=|1, 00|, [HN=2n+1], (A.33)
1, 0
0 01
The generators Map of s0(N) obey
[Map, Mcp) = Jpc Map — Jac Mpp — Jep Mac + Jap Mpc (A.34)

where J4p are the components of the matrix J introduced above. The reality condition
reads Mag' = —Jac Jgp Mcp. When N = 2n, the index A takes the values A = +a
with a = 1,...,n and the only non-vanishing components of J are Ji,—p = d45. When
N = 2n + 1, the index A can assume one additional value which we will denote *, and
Jxa = 0.a. Splitting the generators M 4p accordingly, the previous commutation relations
take the form

(M yaqt, M_c—q] = dad Myp—c — 0bd Mya—c — Sac Myp—q + Ope Myq—a, (A.35)
[MJrafb? M+c+d] =2 5b[d M+c]+a ) [M+a7b7 Mfcfd} = -2 5a[d Mfc]fb ) (A36)
[M+a—b7 M—i—c—d] = Ope M+a—d — dad M+c—b . (A37)
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Figure 2. Example of a Young diagram with a first column higher than n (left) and the Young
diagram obtained after dualization (right).

The last commutator shows that the generators M., span a u(n) subalgebra. When
N = 2n + 1, there are 2n additional generators, denoted Ni, = M4y4, to take into

account:

[M—i-a—ba N+c] = (5bc N+a 5 [M—l—a—b; Nfc] = _5ac N—b 5 (A-38)
[Mia+b, Nxe] = 6ep Nt » [Neas Neb] = —Meqep (A.39)

where €, = 4+ and all other commutators vanish. From these commutators, we can see
that M ,_, generates a Cartan subalgebra®® while Mig+a, Nicand My, for a < b (resp.
M_,_q and N_, and M, for a > b) are raising (resp. lowering) operators. The action
of so(N) on a tensor of symmetry £ = (¢1,...,¢,), with p < N, reads

P
MapTeoyw),....c0(0) = 2 Zﬁk Jou BTy (1), A) Cru(ti—1),....Cp (L) - (A.40)
k=1
We saw previously that if T is traceless, then ¢' +¢? < N. This implies that only the first
column can be higher than n. When it is the case, i.e. when ¢! > n, we can dualize this
tensor (as we did in the previous subsection):

Tp i), Asfe2],. A0 (6] = eI Ty i) e, (A.41)

with /! = N —¢' < n and £ = [(',..., "] in the antisymmetric basis (i.e. ¢! = p is the
number of rows and r = ¢; the number of columns). The dual tensor T now has the
symmetry of the dual Young diagram

0 . 1 42 T __
L:=[N—-0 0. 0" =,....0,1,...,1), (A.42)
N-—2p
which, in particular than n rows (see figure 2). With this in mind, we can now assume
(without loss of generality) that p < n, i.e. consider tensor corresponding to Young diagrams
with less than n non-empty rows. Now let us show that the component T'yq(s)), .. 4p(e,) 18
the highest weight vector of the representation. First of all, we can immediately see that

*Notice that the Killing form  of so(N) is given by x(Mag, Mcp) o JajcJpyp so that the Cartan
subalgebra generators Hq, = M4q—q verify x(Hq, Hy) = dap (upon choosing the proper normalization). As
a consequence, their highest weight computed hereafter will be obtained in the orthonormal basis.
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it is annihilated by all My, and N4.. Secondly, the action of the generators M, on
this component simply takes the form

Moy Ty, tp6) = b Th1(01),..4a+b(6y—1), .. +p(Ep) - (A.43)

When a = b, i.e. for a Cartan subalgebra generator, this reduces to

Mya—aTy1),..4006) = La Tr1(00),. +ata)stp(y) » (A.44)

that is, this component is an eigenvector of M,,_, with eigenvalue ¢,. When a < b, i.e.
for a raising operator, this simplifies to

Mo v Tha(er), . 4p(6y) = 0o Tr1(01),..+a(ba) oo ta bl —1),etp(ly) = 05 (A.45)

which vanishes as a consequence of the symmetry of the tensor T. To summarized, we
have proved that the O(N) irrep defined by traceless tensor with symmetry £ is an SO(N)
highest weight module with highest weight £ if the diagram has at most n rows, or highest
weight £ (dualized diagram) otherwise.

A.3 Finite-dimensional representations of Sp(V)

Finite-dimensional representations of Sp(N) can also be obtained by restriction from the
tensor representations of GLay constructed previously. The symplectic group Sp(N)
possesses an invariant tensor, namely the canonical symplectic matrix €2;;. Being non-
degenerate, one can raise and lower indices with it, so that it is sufficient to consider tensors
with one kind of indices. The restriction of [€]gr,, to Sp(IN) is not irreducible: it contains
invariant subspaces generated by traces taken with respect to . For instance, [(1,1)]qr,y
which is the space of antisymmetric tensors 7; ; contains two irreducible representations of
Sp(N), corresponding to its trace T = Q¥ T; ; and its traceless part T” =T;;+ ﬁ Q;T.

Requiring a tensor to be traceless imposes some restriction on the possible symmetry

£ it can have. Consider for instance a totally antisymmetric tensor of rank k. It has (Qév )
independent components, and its trace being a rank k — 2 antisymmetric tensor has (inVQ)

As a consequence, the traceless part of a rank k antisymmetric tensor has

(2}];) B (;i\;) = k!@N?iV; T (2N —k+2)@N —k+1) —k(k—1)], (A.46)

independent components. This number vanishes for K = N +1, and becomes negative when
k becomes larger. This means that an antisymmetric tensor 7' of rank k£ > N is necessarily
“pure trace”, i.e. of the form

T

zllk] 3lk] ’

with some rank k—2 antisymmetric tensor U. This arguments extends to tensors with more
general symmetry, leading to the conclusion that tensors finite-dimensional representations
of Sp(N) correspond to traceless tensor having the symmetry of a Young diagram £ with
at most N rows.
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Highest weight of the representation. Recall that the algebra sp(V) is spanned by
symmetric generators Kr; = K with the index A taking 2N values and subject to the
commutation relations

(K17, Kk = Quk Kip + Qi Kig + Qi Ky + Qrp Kk (A.48)

Splitting the index into A = +a with a = 1,..., N, and such that the only non-vanishing
components of the symplectic matrix are _,y, = d4p, the above relations now read

(K iy K] = 0t Kimt + 05t K i — 0ips Ky j g — 0 Ky jie (A.49)
[Kijs K] = 205 Kyyris [Bimjy Kopt] = =26 Kp) (A.50)
(K, Kyp—] = 0k Kyimg — 0 K_jy - (A.51)

From this commutators, we can see that K,; ; generate a Cartan subalgebra,?! while
Kk (resp. Kijyk) and Ky, for [ < m (resp. for | > m) are raising (resp. lowering)
operators. Notice also that the last commutation relation shows that K ;_; forms a u(N)
subalgebra in sp(N). The action of sp(N) on a tensor of symmetry £ = (¢1,...,¢,), with
p < N, is given by

p
KT ),...0,) = —2 Zﬁk QL1 Toy (1) D)L (G 1), L (£p) - (A.52)
k=1
Similarly to the previous cases, let us show that the component T’y y(s)),... 1p(,) defines a
highest weight vector. First, notice that K,;;; on this component is trivial. Second, the
action of K;_; reduces to

Kyioj T, apt,) =45 T+1(€1),--.,+z‘+j(fj—1)7---,+p(€p) : (A.53)

If i = j, i.e. we are looking at the action of the Cartan subalgebra, then T is an eigenvector
of the generator K ;_; with eigenvalue ¢;. If ¢ < j, i.e. we are acting with a raising operator,
then the right hand side of the previous equation reads

T1(01) oo i (€)oo it § (65— 1) eotp() = 0 (A.54)

due to the symmetry of 7. We can therefore conclude that the Sp(IN) irrep carried by the
space of traceless tensors with symmetry of a Young diagram £ with at most N rows is a
highest weight module whose highest weight coincides with £ in the orthonormal basis.

B Real forms of classical Lie groups and Lie algebras

A real form g, of a complex Lie algebra g can be identified as a subalgebra of the realification
g® of g, namely
8, = {A € g%[o(4) = —A} (B.1)

*'Notice that the Killing form « of sp(N) is given by r(K;s, Kxr) < Qrx Q1) so that the Cartan
subalgebra generators H; = Ky;_; verify x(H;, H;) = d;; (upon choosing the proper normalization). In

other words, the weights computed later will be expressed in the orthonormal basis.
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where o : g® — g® is an anti-involution, i.e. it satisfies o([A1, As]) = —[0 (A1), 0(As)] and
o =1.

In the following, we summarize the list of all real forms and present the action o on
their generators. For that, let us define first the following matrices

n = IN+ 0 0= 0 IN (B.2)
0 —In_ ]~ —Iy 0 )7

where Iy is the N x N identity matrix.

B.1 General linear Lie groups and Lie algebras

The group of invertible n x n complex matrices, GL(N, C), is a real Lie group of dimension

2N2. The associated Lie algebra gl(N, C) is the commutator Lie algebra Of N x N complex
matrices generated by the matrices X5 with the components (X4g)c? = (5A 68, The
generators X4 5 satisfy the commutation relation,

X4, X p] = 65X p = 55X 5. (B.3)
For later use, it will be useful to note
Y XA =YX,  XABY =X4-Y5°, (B.4)

where Y4B are the components of the matrix Y.
All real forms of the complex Lie group/algebra GLy/gly are subgroups/subalgebras
of GL(N,C)/gl(N,C). There are three classes of real forms:

e GL(N,R): the group of N x N real invertible matrices,

GL(N,R) = {g € GL(N,C)|g" = g},
gl(N,R) = {A € gI(N,C)| A* = A}, (B.5)

which is singled out by the anti-involution,
o(A)=—-A". (B.6)
Since X4 p are real, the action of o on the generators X4 5 simply reads

o(X4p) = —X45. (B.7)

o U(Ni,N_): the group of (N4 + N_) x (N4 + N_) complex matrices which preserves
the Hermitian form 7 of signature (N4, N_),

U(Ny,N-) ={g€ GL(Ny +N_,C)|g"'ng=n},
u(Ny, No) = {A € gl(Ny + N_,C)| AT+ A =0}, (B.8)

which is singled out by the anti-involution,

o(A)=nAtny. (B.9)
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Since (X4p)f = X B 4, the action of ¢ is given by
o(X*p) =nXP an=nppXPen“t, (B.10)
where n4p are the components of the matrix 7.

e U*(2N): the group of N x N invertible matrices over the quaternions H,?? which
can be defined as the following subgroup of GL(2N, C):

U*(2N) = {g € GL(2N,C) |g* = QgQ '},
uw*(2N) = {A € gl(2N,C) |A* =QAQ 1}, (B.11)

and is therefore singled out by the anti-involution,
o(A)=-0A Q7. (B.12)
The action of the anti-involution o on X4 g reads

o(X4p) = =Qac Xp QPP (B.13)

QAB

where Q45 and are the components of  and its inverse: Qa5 Q8¢ = (52 .

B.2 Orthogonal Lie groups and Lie algebras

The complex orthogonal Lie group and Lie algebras are defined as

O(N,C) = {g € GL(N,C) |¢' g = In},
s0(N,C) = {A € gl(N,C)| A"+ A=0}. (B.14)

All real forms of Oy /son are subgroups/subalgebras of O(N, C)/so(N,C). There are two
classes of real forms:

e O(N4,N_): the orthogonal group of indefinite signature, which is defined by

O(Ny,N-) ={g€ O(N+ + N_,C)|g" =ngn},
s0(Ny,N_) = {A€so(N, +N_,C)|A* =nAn}, (B.15)

and is therefore singled out by the anti-involution,
o(A)=-nA"n. (B.16)

A more familiar description of O(Ny, N_) is as the subgroup of GL(Ny + N_,R),
which preserves the (flat) metric of signature (N, N_). To make the link between
these two definitions, we use the isomorphism,

pc(A) = CAC, (B.17)

2 As such, it is also denoted GL(N,H).
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with

(In. O
¢= ( 0 ”N> ; (B.18)

which verifies (2 = 5. The Lie algebra p¢(so(N4, N_)) 2 so(Ny, N_) is equipped
with the anti-involution ¢ induced by o :

5(A) == pclo(p (A) = —Cn(CTHACT ) n¢ = —A". (B.19)

and is generated by the matrices Map = 2404 x¢ B]» whose induced Lie bracket
satisfies (4.4) with E4p = n4ap . The action of the induced anti-involution & on Myp
is simply given by

d(Map) = —Myp. (B.20)

O*(2N) : the quaternionic orthogonal group, defined by

O*(2N) = {g € O(2N,C) |g* = Qg Q™ '},
50%(2n) = {A € 50(2N,C)| A* =QAQ '}, (B.21)

and which is therefore singled out by the anti-involution
o(A)=-QA* QL. (B.22)

It is also convenient to consider another description for O*(2N), which can be ob-
tained by the isomorphism,

pu(A)=—iUAU, (B.23)
where
1 Iy iln
U=— , B.24
V2 (iIN IN) ( )
satisfies
Ul=iJ, UQU =Q, (B.25)
with
0 Iy
J = . B.26
(%) -

The components of J will be denoted by Jap. The Lie algebra py(so*(2N)) =
$0%(2N) is equipped with the anti-involution & induced by o :

5(A) = pulo(pyt(A) =iUQGEU TAU Y QU = -QA4* Q. (B.27)

The induced Lie bracket is given by pi([4, B]) = pv(A) J pu(B)—pu(B) J pr(A) and
hence the isomorphic Lie algebra py(so*(2N)) is generated by the matrices Map =
24¢c14 XCB] which obey the commutation relations (4.4) with Eqp = Jap. The
induced anti-involution of M 4p reads

5(Map) = —Q1“Mcp QPP (B.28)

where Q48 are the components of Q1.
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B.3 Symplectic Lie groups and Lie algebras

The complex symplectic Lie group and Lie algebras is defined as the group of 2N x 2IN
complex matrices preserving the canonical symplectic form 2,

Sp(2N,C) = {g € GL(2N,C) |g' g = O},
sp(2N,C) = {A € gl(2N,C) | A'Q+ QA =0} . (B.29)

Since 2 A is a symmetric matrix, it is more convenient to consider the Lie algebra obtained
by the isomorphism,
pa(A) =QA. (B.30)

The isomorphic Lie algebra sp(2N,C) is generated by the symmetric matrices Kap =
20c(a x¢ B) With the commutation relations,

[Kas, Kepl =2 (pa Kpye + QeaKpyp) (B.31)

where Q245 are the components of €.
All real forms of Span /spyn are subgroups/subalgebras of Sp(2N, C)/sp(2N, C). There
are two types of real forms:

e Sp(2N,R): the group of 2N x 2N real matrices which preserve the canonical sym-
plectic form €,

Sp(2N,R) = {g € Sp(2N,C) | g* = g},
sp(2N,R) = {A € sp(2N,C) | A* = A}, (B.32)

which is singled out by the anti-involution
o(A)=—A". (B.33)

This anti-involution is compatible with the isomorphism (B.30). In the case of
Sp(2N,R), it is also convenient to consider an additional isomorphism pr(A) = U AU
which induces the anti-involution &,

G(A)=-UU AU Y U=TJA"T, (B.34)

where the matrices U and J are defined in (B.24) and (B.26). The action of the
anti-involution on Kap = 2d¢(4 XCB) reads

5(Kag) = JKap J = JA9Kep JPB. (B.35)

Due to the second identity in (B.25), the Lie algebra pyr(sp(2n,R)) has the same Lie
bracket as (B.31).

e Sp(Ny,N_), the group of (N; + N_) x (N4 + N_) matrices over the quaternions
that preserve the metric n of signature (N4, N_), which can also be defined as

Sp(N1,N_) = {g € Sp(2(N} + N_),C)[¢" T g = T},
sp(Ny,N_) = {Aesp(2(Ny + N_),C)|ATT + T A =0}, (B.36)
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where Y is defined as

_(nO
(1) B3

The corresponding real form is therefore singled out by the anti-involution,
o(A)=TAT. (B.38)

The induced anti-involution ¢ of Kap = 2d¢(4 x¢ B) reads

F(Kap) = QY (Q T Kup)! T = UKy ¥ = UACKop P8 (B.39)
where V is defined as
\IJ:QT:(O ’7), (B.40)

and ¥ 45 and UAB are the components of ¥ and A

C Seesaw pairs diagrams

In section 2.3, we explained how a seasaw diagram can be obtained from a dual pair by
systematically looking for the maximal compact subgroups of all groups appearing in the
process. Below, we present such seasaw diagrams for all seven irreducible dual pairs listed
in table 1.

e (GL(M,R),GL(N,R))

Sp(2M,R) O(N)
& U N C
U(M) GL(M,R) GL(N,R) U(N)
N U N @
O(M) Sp(2N,R)
e (GL(M,C),GL(N,C))
U(M, M) U(N)
& U N ¢
UM)xUM)  GL(M,C) GL(N,C) U(N) x U(N)
) U N @)
U(M) U(N,N)




o (U*(2M),U*(2N))

O*(4M) — Sp(N)
& U N <
U(2M) U*(2M) — U*(2N) U(2N)
N} U N D
Sp(M) — O*(4N)
o (U(My,M_),U(Ny,N-))
UMy, M_ )2 «+—— U(Ny)xU(N-)
¢ U N Q
UM )?xUM_)? UMy, M) «—— U(Ny N_) U(NL)2 xU(N_)?
O U N ®
UMy)xUM-) +—— U(Ny,N_)?

i (O(N+7 N—)7 Sp(2M7 R))

UN,,N_) U(M)
¢ U N Qe
UNy)xU(N_) O(NyNo) Sp(2M,R) U(M) x U(M)
N) U N D
O(N;) x O(N_) «+— Sp(2M, R)?
e (O(N,C),Sp(2M,C))
O*(2N) — Sp(M)
& U N e
U(N) O(N,C) — Sp(2M, C) U(2M)
) U N D
O(N) — Sp(4M,R)
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i (Sp(M+, M—): O*(QN))

UM, 2M_) <+ U(N)
¢ U N S
U@RM,) x U2M_) Sp(My,M_) +— O*(2N)  U(N) x U(N)
O U N D
Sp(M.) x Sp(M_) +— O*(2N) x O*(2N)

D Derivation of Casimir relations

In the following two subsections we provide the details of the derivations leading to the
duality relations, presented in the main text, between all Casimir operators of the two
groups in a dual pair, in terms of their generating functions.

D.1 Relating different choices of Casimir operators for the same group GLy

Here we derive the relation between the generating functions r(t) and 7(¢) of the Casimir
operators of the same group GLy spanned by R;”, with I,J = 1,..., N, as introduced
in (9.1) and (9.3). In order to do that, we introduce the following notations:

(R");? = R/™ R, ™ .. Ry, .7,

(RY")1” = Ri,” Rie,™* Ry, ™ ... Ry (D.1)

These two types of operators differ only by ordering and therefore are related as
n
((Rt)n)lj = Z anm (Rm)IJ , (D.Q)
m=0

for some @y, that may also depend on traces of powers of R (9.2). Using ((R")"*1),! =
(R)™) k! R;% and the commutation relations,

(A7, Rt = 6% AfF — 6F A7, (D.3)
we derive
n+1 n
> anpim(®™), = anm [(R™) ;1 = N (R™) ;' +Cn[R] 6%] . (D.4)
m=0 m=0

The latter equation induces recursion relations for a, ., in the following form:

p4-1m = Anm—1 — Nanm (m > 1)7

an+10 = Z anmcm[R] —Nayo. (D5)
m=0
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It is useful to introduce a generating function for a, ,, in the form,

n,m=0

In terms of the generating function, the recursion relation (D.5) takes the form:

%(a(ﬂ% y) —a(x,0)) = ya(z,y) - N(a(z,y) — a(z,0)), (D.7)

which is solved as

a(x,y):lj(x’xo) a(z,0) i<1+Nx )k (D.8)

1+Nx Y k=0

The second recursion relation (D.5) can be written as

é(a(x, 0) — 1) = Tr[a(z, R)] — N a(z,0). (D.9)
Using (D.8), we get
[e'e} k x
Trla(z, R)] = a(z, 0) kzzo <1+Nm> Cr|R] = a(z,0) r (1+Nx)‘ (D.10)

Now, (D.5) can be written as

1
E(a(az,O)—l):a(x,O)r(1+Nx)—Na(x,0), (Dll)
which can be solved by
1
a(z,0) = (D.12)
1+ Nz (t5vz)
Then,
1 1 = x k
a(a:,y) - T z = z ( y) >
(D.13)
which can be used to get finally
- T(lﬁvz)
7(z) = Trla(z, R)] = TR (D.14)
The inverse relation is given by
f(l Nx)

r(z) = (D.15)

1-Nz+ (=5 Nx).

Note that these relations go to one another, if we change the sign of N.
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D.2 Details on the Casimir relations for (Oy, Spaar)

Here we derive the relations between Casimir operators of any order for the dual pair
(On, Spanr) € Sp(2NM,R). We start with repeating relevant definitions of the main text.
Consider 2M N operators yﬁl, where A=1,...,Nand I =1,...,2M, satisfying

[91147 yé] = Eup o’ )

(D.16)

where F4p is an arbitrary symmetric flat metric with eigenvalues +1, and Q7 is the 2

dimensional symplectic metric, and their inverses E4B

EABEpo =64, QM Q= 6k .
The generators of Oy and Spajs are realized in terms of these operators by
a,J)

Map = Qrylayl, K'Y =E%y .

It is useful to also define
yit = EYBQy5,

implying the following straightforward to compute, but useful relations
va=EapQyi, QYyi =E%yh. Bapyl = Qi

and obeying (note the sign)

i y7l =B [yt ybl = 6567
We also define
NAg=ytyh, L'y=yly?,
and note that
[N4g, L' ;] =0,

with their relation to M4 g := EA Mg and K'; := K™ Qg ; being

N
NAg=—-MAg+ M3, LIJ:<KIJ+25§> .

and 277 are defined by

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

(D.22)

(D.23)

We now introduce the generating functions of the Ox and Spoys Casimirs,

m(t) =Y t"Cy[M], k(t)=> t"CulK],
n=0 n=0

n(t) =Y t"Te(N"™), I(t) =) t"Tr(L™).
n=0 n=0

(D.24)

(D.25)

The matrix multiplication of O™ for any of the generators M, N, K, L above is taken to be

o" =0*,0M,,...0™1, . By using the formal rewriting »_ °  t"Tr(O")

= Tr(ﬁ)

and the relations in (D.23), the pairwise relations between generating functions of operators
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of the same algebra, m and n, respectively, k and [, given in the main text, (9.38) and (9.39),
can be readily found.

To relate the generating functions n and [, respectively, m and k, it is useful to intro-
duce the notation,

nlg =y5 2 uy, el =yl (D.26)

°l

where the greek indices are either the O or Spays fundamental ones, thus giving rise to
four different types of brackets, i.e.

Monl;,  “2nlp,  2n+1]a, 20 +1], (D.27)
with the opposite contractions of the y operators related by
1[2n]‘] — (_1)77, Qp I [QTL]J/ QJIJ, A[Z’I’L]B _ (_1)n EAA’A/ [Qn]B/ EB/B,
2n+ 14 = ()" Q720+ 1 EPA, Al2n+1)f = (=) Eap B2n + 1], Q7.
(D.28)

Note, that 4[2n]® and ;[2k]®, belonging to groups of the dual pair, commute, implying
the following relation:

Hon +1)4 720+ 12 = 4120 + 1) 420+ 1]; . (D.29)

Thus, the four brackets in (D.27) give rise to three independent generating functions

e}

a(t,u) = > tFul T2k +1]4 20+ 1],
k,1=0

b(t,u) = i t*ul B2k] 4 g2, d(t,u) = i thut 12k 5 [20)7,  (D.30)
k,1=0 k,1=0

with
“[0]g := 43, a[O]B =67,

which enter in the definition of b and d. We note that

alt,0) = 7 (1(t) ~ 1(0)) b(t,0) = n(t), d(t,0) = 1(t),
a(0,u) = %(n(—u) —n(0)), b(0,u) = n(—u), d(0,u) =1(—u). (D.31)

Likewise, their derivatives evaluated at ¢ = 0 or u = 0 are related to derivatives of [ and
n. But as we will see now, it is at the point u = —t that we need to understand these
generating functions.

To relate the Casimirs of Oy to those of Spajs, we first move the y operator in the left
end of Tr(IN™) to its right end to find

n—1 n—2
Tr(N") = Tr(L") + Z Tr(LY) Te(N™170) = (=1 27020 1 1] 4 4[2(n — 2 — i) + 1]4
=0 =0

(D.32)
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valid for n > 1, and with the last term understood as zero for n = 1. The identity is
equivalent to
n(t) — N =1(t) — 2M + t1(t)n(t) — t* a(t, 1), (D.33)

making it evident that another relation for a(¢,—t) in terms of n and [ is needed. We
therefore now derive relations between a, b, and d.
By moving the y operator in the left end of /[2k 4 1] 4 to its right end, we find

k k

T2k +1)4 = P[2k] 4 v} — ZTr(N"’l) ok =) +1]a — Z(—w’ B[2i — 1)1 B2(k — )4
- - (D.34)

Considering the last term, we can pass 2i — 2 out of the 2i — 1 y-operators in p[2i — 1]!
through B[2(k — i) 4, since they commute, thus getting

k
T2k +1]a 720+ 1" = B[2k]a p[20 + 2] = " Te(N'Y) T[2(k — i) + 1] a 20 + 1]

k
= (=D R2(k = i)+ a0+ — 1) + 14 (D.35)
=1

Multiplying by t*u! and summing over all ¥ € N and I € Ny, as well as making use of the
following relations that will be used repeatedly,

>~ k 9]
Z Z A = Z Um4n+1,n+1 5 (D36)
k=1 i=1 m,n=0
and
o <1 ()it e Sy
Z xm(_y)nam+n = Zl‘] 1 _|_$E a; = Tty Z (33‘] + ;(—y)ﬂ) aj, (D.37)
m,n=0 7=0 x 7j=1

valid for |y/z| # 1 (since use of the geometric series is needed), we find that (D.35) can be
equivalently expressed as:

a(t,u) —a(0,u) = % (b(t,u) — b(0,u) — b(t,0) + b(0,0)) — tn(t) a(t,u)

t
+ —— (ua(t,u) + ta(t,—t)) ,  for |u/t| # 1. (D.38)
t+u
Notice that u = —t is not included in the region of validity of this expression, meaning that
it cannot be simply evaluated at u = —t. It turns out, however, that its limit at u = —t is

well-defined and continuous, but leads to a differential expression for a(t, —t),

0
t (1 —t+tn(t)+ t28u> a(t,—t) = n(t) — b(t, —t), (D.39)
which we will not make use of. Instead we establish more relations away from v = —t to

find an expression for n and [ at u = 0.

~9] —



By moving the y operator in the left end of g[2k + 2]4 to the left of B[21] 4, we find

k
Blok + 214 20" = T2k + 1a 20+ 14 + D Te(LF) P[2(k — 1)]a p[20)"
1=0
k—1
+) (=120 + 1)PI2(k — i) — 1]4 202 (D.40)
=0

By splitting the middle bracket of the last term into 2(k—i— 1) y-operators, /[2(k—i—1)] 7,
and one y-operator and moving them through the left and right brackets respectively, one
gets

k
Blok +2]a p[20)* = T[2k + 14 f[20+ 14 + > Tr(L%) P2(k — i)]a 5[21]"
=0

(=) T20 4 25 — 1] 4 f[2(k —3) + )4

M-

-
I
—

l

|
—

(=) (25 4 25 — 1] 4 f[2(k + 1 — i — j) — 1]

M-

N
Il
i
~ .
D

(—1)l+i+k 1[21' +25 — 1472k — i) + 1]A Tr(lejfl) .
0

M-

.
Il
—

J
(D.41)

This equation can be equivalent expressed as

% b(t, ) — b(0,w)] = at,w) + (1) bt w) — - !

T [wa(—u,—t) +ta(t,—t)]

T iuu)Z [u2 a(—u,u) + tu(a(t,u) + a(—u, —t)) + t* al(t, —t)]
U fwa(-u, )+ talt, 1) n(-w). (D.42)

We continue to give relations with less details. First,

l
T2k + 14 20+ 17 = "2k + V)] 1207 + D (=17 [2k + 1] a (200 — 6) + JATe(L7)
l =1
+ ) (=DT[2(k 4 i — 1) + 14 200 — 0) + 17, (D.43)

is equivalent to

— ualt, u)l(—u) — Lu(ta(t, w) + ua(—u, u)) . (D.44)
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Next,

l
T[2k] 5 120+ 217 = T[2k + 1a (20 + 14 + D T [2K] £[200 = 4)]7 (1) Te(N?)
=0

+Z D)1 — ) + 1) 4 720k 4+ — 1) + 1)4
+ZZ D) T (LF9) 1200 — i) 4+ 1] a 7[2(5 + 1 — 2) + 1]4

zljl

+ZZ l+z+j1 k_j_|_l—i)+1]A1[2(j+i—2)+1]Av (D.45)
=1 j=1

is equivalent to

%(d(t, u) — d(t,0)) = alt, u) + d(t, w)n(—u) + ——(ua(—u, u) + ta(—u, —t))

t+u
tu
- m(tZ a(t, —t) + tua(—u, —t) + tua(t,u) + v’a(—u, u))
tul(t)
~ g (el ) +ta(~u, ). (D.46)

Finally, we are in a position to derive the duality relations given in (9.34) and (9.40)-
(9.41): eq. (D.33) provides an expression for a(t,—t) in terms of n and [ only. Using this
in (D.38) and (D.42) to derive an expression for a(t,u), and inserting in (D.44) to derive a
relation for d(t,u), we finally get from (D.46) an equation only in terms of n and [. This
equation turns out to be regular and nontrivial at u = 0, yielding (9.34). Then from (9.38)
and (9.39) one readily gets the relations (9.40) and (9.41) relating finally m(t) with k(¢).
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