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Abstract

A minimal representation of a simple non-compact Lie group is ob-
tained by “quantizing” the minimal nilpotent coadjoint orbit of its Lie
algebra. It provides context for Roger Howe’s notion of a reductive dual
pair encountered recently in the description of global gauge symmetry of a
(4-dimensional) conformal observable algebra. We give a pedagogical in-
troduction to these notions and point out that physicists have been using
both minimal representations and dual pairs without naming them and
hence stand a chance to understand their theory and to profit from it.
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1 Introduction

“ .. for me the motivation is mostly the desire to understand the hidden
machinary in a striking concrete example, around which one can build

formalisms” .

The concept of a minimal representation, introduced in the mid 1970’s by
A. Joseph [J74] [J76] (triggered by the physicists’ excitement with spectrum
generating algebras) keeps attracting attention of mathematicians and (mathe-
matical) physicists (for a review up to the late 1990’s — see [Li00]; for subsequent
developments — see e.g. [GO1, G06] [K02] [GS05] [KM] [F09] [Li09] [FG09] and
references therein). We shall review the identification of the minimal orbit —
the classical counterpart of the minimal representation — in Section 2. We will
also display, in Section 3, an old physical example — the oscillator (called in
the 1960’s ladder) representations of U(2,2) which describe zero-mass particles
[MT69] (constructed before the concept of a minimal representation was coined).

The second item of our survey, the notion of a (reductive) dual pair, was
introduced by Roger Howe in an influential preprint of the 1970’s that was
eventually published as [H89]. It was previewed in a lecture [H85] highlightening
its applications to physics. The principle underlying such applications was, in
fact, anticipated by the founders of the axiomatic approach to quantum field
theory who introduced the concept of superselection sectors [W?] and developed
it systematically in the work of Doplicher, Haag and Roberts (for a review and
further references — see [H]). In this framework the algebra of observables and
the global (compact) gauge group are mutual commutants in the (extended) field
algebra, thus providing a generic example of a dual pair. A more elementary
example is provided by a pair of subgroups, G1, G2, of a group G, each being
the centralizer of the other in G. One can then ask how does an irreducible
representation (IR) of G split into IRs of the pair (G171, G2). This question is, in
general, not easy to answer. It becomes manageable if the given IR of G is a
minimal one. We review in Section 4 the concept of a reductive dual pair and
display Howe’s classification of such irreducible pairs acting by automorphisms
on a complex symplectic space.

In Section 5 we prepare the stage for an extension and application of the
above notions to an infinite dimensional framework: globally conformal invari-
ant quantum field theory in four spacetime dimensions. The assumption of
global conformal invariance (GCI) [NT] allows to extend the concept of vertex
algera — the mathematicians’ way of viewing the chiral observable algebra of 2-
dimensional conformal field theory (2D CFT) — to any higher even dimensional
theory [N]. We also introduce there the notion of a bilocal field which opens
the way to use infinite dimensional Lie algebras in the context of 4D CFT. In
Section 6 we review earlier work [B07, B0O8] which demonstrates that the phys-
ical (unitary, positive energy) representations of the observable algebra £ is a

M. Kontsevich, Beyond numbers, in: The Unravelers, Mathematical Snapshots, ed. by
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Fock space representation that splits into IRs whose multiplicities are dictated
by a compact gauge group U, the pair (£,U) appearing as a dual pair in the
field algebra extension of £ envisaged by Haag et al. [H]. Before concluding we
also review in Section 6 the basic properties and the oscillator representations
of the non-compact orthogonal group SO*(4n) (combining material of [BB] and
of [B08]).

2 Minimal coadjoint orbits

A coadjoint orbit of a Lie group G is an orbit of the coadjoint representation
Ad; of G acting on the vector space G’ dual to the Lie algebra G of G. Each
coadjoint orbit @ admits a G-invariant symplectic form and hence is an (even
dimensional) symplectic manifold which can be interpreted as the phase space of
a classical Hamiltonian system. The orbit method reflects the expectation that
the unitary IRs of G can be obtained by “quantizing” such classical symplectic
orbits. It has been introduced by A.A. Kirillov in 1962 and further developed
(along with the geometric quantization, chiefly) by Kirillov, Kostant, Duflo, and
Souriau — see for a readable introduction and references [K99].

We recall some basic notions and facts of the theory of semisimple Lie alge-
bras G. An element s € G is called semisimple if it is conjugate to an element of
a Cartan subalgebra of G (or, equivalently, if ad is diagonalizable). An n € G
is said to be nilpotent if ad,, is nilpotent (i.e., if a finite power of ad,, vanishes).

Fact. Every element x € G has a unique representation of the form z =
s+ n where s is semisimple, n is nilpotent, and [s,n] = 0. The non-degenerate
Killing form B(X,Y") on G allows to define an isomorphism of G-spaces G < G'.
The invariance of B implies that there exists a bijection between adjoint and
coadjoint orbits that preserves semi-simplicity and nilpotency. (We say that a
coadjoint orbit O is semisimple/nilpotent if every (equivalently some) element
of O has this property.)

A complex semisimple Lie algebra G¢ has a unique (up to conjugacy) Cartan
subalgebra . The set of semisimple coadjoint orbits of G is isomorphic to /W
where W is the Weyl group of G¢; hence, there is a continuum of such orbits. By
contrast, the (partially ordered) set N of nilpotent orbits is finite (see [CMcG|
for details and proofs — also of Proposition 2.1 below — and Section 5 of [F09]
for a summary).

Proposition 2.1. — (a) There exists a unique principal nilpotent orbit Opyinc
of mazximal dimension
|Oprine| = |G| —rank G, (2.1)

where by |[M| we denote the dimension of the manifold M.

(b) There is a unique subregular nilpotent orbit, Ogsubreg, of dimension

|Osubreg| = |g‘ - rankg —2. (22)



(c) There exists a unique non-zero nilpotent orbit Opin of minimal dimension.

Remark 2.1. The principal orbit is dense in N with respect to the Zariski
topology. Its closure consists of all lower dimensional nilpotent orbits. The
subregular orbit is Zariski dense in N'\Opyinc. The Zariski closure of Opin is
Omin U {0}

Example. The semisimple orbits of sy are

Ok{(i _yx>,:c,y,z€C;z2+yzk7é0}. (2.3)
For k = 0, the corresponding Oy is the unique non-trivial nilpotent orbit: Oy =
Oprine = Omin (Osubreg 1 trivial in this case — consisting of the 0-element of
862).

To construct the minimal orbit of a simple Lie algebra G we observe that all
simple complex Lie algebras have an essentially unique 5-grading (as exploited
in [GO1, K02, G06)):

G=G 202G 199G DG Gy, (2.4)

given by the eigenvalues of the Cartan generator Hy, corresponding to the high-
est root #. Indeed the relations

(a]6) @0,

oo Eel =2 gy B 21 <%

|[(a [ 0)] < (0]6) (2.5)

imply that the coefficient to E, in the right hand side belongs to the set
{-2,-1,0,1,2}. The spaces Gio have each dimension 1 and are generated
by Fig satisfying [Ey, E_g] = Hy. The triple {Ey, Hy, E_y} thus spans a dis-
tinguished subalgebra sfs of G. Let H be the maximal Lie subalgebra of G
commuting with this principal sfs. The minimal orbit in the complexification
Gc of G, isomorphic to the adjoint orbit of Fy, has dimension

|Omin| = [G1] + 2 =: 2dim 7 (2.6)

where 7 is the corresponding minimal representation and dim 7y is its Gelfand-
Kirillov dimension — roughly speaking, the number of variables on which de-
pends the wave function of the associated Schrodinger picture [KM]. Knowing
G and ‘H we can compute |G| and hence dim g

9] = IH|+2|G1] + 3. (2.7)



In Table 1 we list the type of H and the values of |G1| = % (|G| — |H| — 3) and
of dim 7y for all complex simple Lie algebras (cf. [GO06]).

Gc 9| H G11=3(19]—|H|-3) | dimc 7
sl, = Ap_q n?—1 gln_2 2(n—2) n—1
so(2n+1) =B, | n(2n+1) | By_2® sty 2(2n — 3) 2n —2
sp(2n) = Cy, n(2n +1) Cn-1 2(n—1) n
so(2n) = D, n(2n—1) | Dp_o P sly 4(n — 2) 2n—3
EG 78 556 20 11
Ey 133 Dg 32 17
FEx 248 E, 56 29
Fy 52 Cs 14 8
G2 14 S(Q 4 3

Table 1. — List of Gc D sty & H; dimensions.

The next step, the “quantization of Oy;,”, is not canonical. It has been
best studied for sp(2n,R): it is realized in the familiar Fock space (or oscilla-
tor) representation of the Heisenberg algebra (of n creation and n annihilation
operators) that will be reviewed in the next section. It is also referred to as the
Segal-Shale-Weil representation, made popular by the work of Weil [W] with
its applications to #-functions and automorphic forms — an important chapter
in number theory (for a systematic pedagogical review of this case — see [F].
The case of O(p, q) is developed more recently and surveyed in the monograph
[(KM].)

3 Examples: u(n,n) C sp(4n,R). Massless parti-
cles
We begin, following Howe [H85], with the Heisenberg algebra of n annihilation

and n creation operators ¢ = (c;;i = 1,...,n) and ¢* = (cj;j = 1,...,n)
satisfying the canonical commutation relations (CCR)

[CZ—,CJ']:OZ[C,?,C;], [Ciac;]:(sij; i,j:]-a"'7n' (31)

The CCR are left invariant by the n(2n 4 1) dimensional real symplectic group
Sp(2n,R) whose elements g can be written in terms of a pair of complex n X n
matrices U and V:

g-(U Y), ge=Uc+Vc*, gt =Ve+Uc, (3.2)
where U and V are complex conjugate to U and V and we have

UV =V'iU, UU*-ViV=1 (3.3)

(U* is the hermitean conjugate to U, U* = U, *A standing for the transposed
of the matrix A). We note that the pair (¢, ¢*) provides a complex variable




parametrization of a real 2n dimensional vector space; a similar remark applies
to the above parametrization of the real symplectic group Sp(2n,R).

A more symmetric way of writing the CCR consists in introducing a 2n-

component vector £ = (§,,a = 1,...,2n) and a symplectic form J = (Jup) such
that
[£a7 fb] = Jab (: _Jba)
JI* = —J*=1 (= (0w)). (3.4)

The invariance of the CCR (3.4) under symplectic transformations then reads

gJlg=1J for g€ Sp(2n,R). (3.5)

The relations (3.1) correspond to the choice £ = (¢, c¢*), J = ((O)]I (g))

The oscillator representation of the Lie algebra sp(2n,R) is spanned by
the anticommutators %(ga & + & &a). The Fock space representation of the
Heisenberg algebra (with ket and bra vacuum vectors |0) and (0| such that
¢i |0y =0={0|cf,i=1,...,n; (0| 0) =1) splits into two most degenerate IRs
of sp(2n,R). They can be only exponentiated to unitary IRs of the double cover
of Sp(2n,R), the metaplectic group Mp(2n) (that is not a matrix group). The
resulting Fock space representation of Mp(2n) corresponds to a minimal coad-
joint orbit, thus providing an example of a minimal representation. We shall
exploit this in the physically interesting case of n = 4, displaying on the way the
reduction of the minimal representation of Mp(8) into the zero mass represen-
tations of the (helicity extended) spinorial conformal group U(2,2) (reviewing
the construction of [MT69]).

To make explicit the inclusion u(2,2) C sp(8,R) we shall label the annihi-
lation (and the creation) operators by ai,as,bi,by (and af,...,b3). With this
notation the u(2,2) sub (Lie) algebra of sp(8,R) is defined as the centralizer of
(twice) the helicity operator,

h:zaT(]q*l»(l;aQ*bTbl*b;bg. (36)
If we introduce the (Dirac conjugate, operator valued) spinors

ai
as ~

Y= bT ’ @:(P*ﬂ: (a;a;a*bl;*bQ) (ﬁ:dlag(lalvflvfl))v
b3
[0%, Par] = 6% (a, 0/ =1,2,3,4) (3.7)
then the oscillator realization of u(2,2) is given by operators of the form X =

@ X ¢ where X are 4 x 4 matrices satisfying the antihermiticity condition X*3+
(X = 0. A Chevalley-Cartan basis of su(2,2) is given by

* * 1% * * *
Ey=ajay, By =a3b], E3=—b1 by, I1 =aya;,Fy = —bjas, F3 = —by b7,



H, = [EZ‘,FZ‘}, H; :a’{al—agag, H2=a§a2+b1b’{, H; :bzbz—bfbl (38)

reproducing the standard Cartan matrix (¢;;) for sty : [H;, Ej] = ¢;; E;). The
positive roots correspond to the raising operators E;, [E1, E2] = a} b}, [Ea2, E5] =
a3 b5 and the highest root

Ey = [[E1, Es], E5] = aj b5 . (3.9)
The two other generators of the distinguished sf5 (= su(1,1)) are
(E_g E) Fy=—-byay, Hy = [EQ,FQ] = aik ay + by b; ([HQ,EQ] = 2E9) . (310)

Its commutant H in su(2,2) is the 4-dimensional u(1, 1) subalgebra spanned by
products of (a3, b1) with (ag, b}).

Remark 3.1. Splitting, more generally, the annihilation (creation) operators
cg*)7 . ,cg;) into “positive and negative charge” ones, a(l*), ceey agl*), bg*)7 ey b;*)
we can realize, similarly, the embedding u(n,n) C sp(4n) where u(n,n) is the

centralizer of the charge operator
Q=ajar+...+a,a,—biby—...—b}b,.

The non-compact Chevalley generators are then E,, = a} b7, F,, = —b1 a, while
the highest root operator becomes Ey = aj b},. The commutant H of the distin-
guished sls, spannned by Ey, Fy = —b, a1, Hgp = aj a1 +b, b, isu(n—1,n—1)
and the minimal coadjoint orbit is 4n — 2 dimensional.

Returning to the case n = 2, the 6-dimensional minimal coadjoint orbit is
spanned by Ey, Hg and by the elements Ey, E3, [E1, F2] and [Fa, E3] of G; (of
(2.3)). We shall introduce light-cone “momentum space” variables that give
rise to a Schrédinger like realization of the minimal representation (in the state
space of massless particles). To this end we introduce two complex conjugate
pairs of variables z, and Z,, a = 1,2, setting:

L N -9 5 ._ 9
Go = ﬁ (Za aa)’ be, = \/5 (ZO‘ aa)7 aa T aza ’ 804 o az(){ ’
1 1 5
a = T = 7a+aa7ba:7 o+ 0a S
a \/§(Z ) \/5(2 ) ( )
or
(@5 4b0) + 2 = = (@0b2) . Do = = (a0 —=b2), Do = —= (ba—a3)
Zazia(y o)y Fa = —7= Qa o)) a = = 0a a)s Yo =5 oz_aa
VG V2 V2 v

Then the 4-vector

pp=z20,2 pu=0,1,2,3 (O’OZ((l) ?)) (3.12)

(01,09, 05 being the Pauli matrices) is light-like (pg = |p|) and has been proved
to correspond to the translation generators of the Poincaré subalgebra of su(2,2)



—i.e. to the 4-momentum (see [MT69]). Thus, our representation indeed corre-
sponds to 0-mass particles and can be realized in a space of functions of three
real variables p = (p1, p2, p3), in accord with the value dimmy = 3 (= % |Ominl)
of its Gelfand-Kirillov dimension. The irreducible components of this represen-
tation are labeled by the (integer) eigenvalues of the operator h = % (P + ¢ @)
(3.4) (which, according to the conventions of [MT69], are equal to minus twice
the helicity). The vacuum vector belongs to the zero helicity IR and has the
form

2 [ 2
|0) = —e™** <:7re_po) y ZZ=21721+ 2222,

4 ~ oo
(0]0) = - /d2 21 /d2 29 2%% = 4/ poe 2P dpy = 1. (3.13)
T 0

It can be defined as the unique lowest weight vector (satisfying, by definition,
F;|0) =0, i = 1,2,3) that transforms under a 1-dimensional representation of
the maximal compact subgroup S(U(2) x U(2)) of SU(2,2):

Ei]0) =0=H,|0) = E5|0) = H3|0),

(Hy +2 Hy + Hy) |0) = (22758)%(5725:2|0> (3.14)

(H1+2 Hs + Hs being the generator of the centre, u(1), of s(u(2) ®u(2))). The
vacuum thus plays the role of a spherical vector.

The Fock space (F-) representation of the Heisenberg algebra of (a%”, b,(é’*))
splits into two IRs of sp(8,R) which, in turn, split into IRs of u(2,2) involving
either, only even or only odd eigenvalues of h (cf. [I67]). The minimal coadjoint
orbit of Mp(8,R), the orbit of the highest root aj?, is 8 dimensional (see
Table 1), so that the associated Gelfand-Kirillov dimension is four (the 4th

quantum number being the helicity).

The subgroup U(2,2) and its centre U(1) provide an example of a reductive
dual pair in Mp(8), U(1) playing the role of a (global) gauge group.

Remark 3.2. The subspace of F spanned by functions e~*% P(z1, z3) where P
is a polynomial provides a model for the IRs of SU(2), its Hilbert space closure
being isomorphic to the Bargmann space of analytic functions (see [B]).

4 Two types of reductive dual pairs

Let us look more closely at the example of U(1), U(2,2) as a dual pair in
Mp(8). The symplectic group Sp(8,R) acts by symplectomorphisms on the 8-
dimensional vector space W spanned by (a1, as, b1, ba; af, al, by, b3): it preserves
both their commutation relations and their conjugation properties. (So does
its double cover Mp(8) which, however, does not act faithfully on W.) The
“4-spinors” ¢ and ¢ (3.7) define a (complex) Lagrangian polarization in W:

W=VaV, ¢ eV, @Gael (4.1)



as [p%, ¢?] = 0 = [Par, §pr], while the CCR [p®, o] = 82 allow to regard the
elements of V'’ as linear functionals on V; thus, the subspaces V and V' of W are
dual to each other. The subgroup U(2,2) of Mp(8), viewed as an automorphism
group of W, preserves separately the subspaces V and V' — i.e., the Lagrangian
polarization. Sure, U(1) C U(2,2) (the subgroup of automorphisms u;(¢) =
e o, uy(p) = e’ @, generated by the helicity invariant h (3.6)) also preserves
both V and V'.

A simple example of a (reductive) dual pair which does not preserve any
Lagrangian subspace of W is given by the entire group of symplectomorphism
(Sp(8), in our example) and its centre which changes the sign of all creation and
annihilation operators. The 2-element group Z/(2) of the centre of Sp(2n) can
be viewed as the 1-dimensional orthogonal group O(1). It turns out that our
two examples are simple prototypes of a general classification which we proceed
to describe.

Let G and G’ be a dual pair of subgroups of Mp(2n). Then they act by
symplectomorphisms on the 2n dimensional space W. They are said to be
reductive iff for each G()-invariant subspace V C W its complement V (such that
W=Veo f)) is also G() invariant. We shall only deal with reductive dual pairs
and will skip the qualification “reductive”. If W; and W, are two symplectic
vector spaces and if (G1,G)), (G2, G%) are two dual pairs in the corresponding
metaplectic groups, then the direct products (G = G1 x G2, G' = G| x G4) will
form a dual pair for the symplectic vector space W = W; & W,. Such a dual
pair is called reducible. A dual pair (G,G’) acting on W is called érreducible if it
cannot be represented that way. An irreducible dual pair (G, G’) acting on W is
said to be of type ITif both G and G’ leave a Lagrangian subspace of W invariant
and of type I otherwise. These two types exhaust all possibilities of irreducible
dual pairs acting on a complex symplectic space W (or, more generally, if the
ground field is algebraically closed). For the case of a real W a classification
appears in the second reference [H89]. We shall content ourselves by giving
some generic examples that generalize those discussed in the beginning of this
section.

We first consider the tensor product Wap,n := R™ ® Wh,, where Wsy,, is a
(real) 2n dimensional space with symplectic form J = (Jg) (3.4). Viewing R™
as an orthogonal vector space with a O(m)-invariant scalar product we can equip
Womn With a symplectic form setting in an appropriate basis &4, i =1,...,m,
a=1,....2n

(EiasEin] = 045 Tab - (4.2)
Then (O(m), Mp(2n)) form a dual pair of type I in Mp(2mn) (our O(1) example
above appearing as a special case).

To generalize our type II example, (U(1),U(2,2)), we consider the tensor
product space

Wen =C"@ (Va)) (4.3)
where V and V' are the dual spaces of Dirac conjugate spinors ¢ and ¢ (see
4.1)). Regarding C™ as a unitary space equipped with a U(n) invariant (positive)
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hermitean form we can introduce a symplectic structure on W, by defining (in
a suitable basis ¢, ¢;g) the non-trivial CCR as

[@?795]‘5}:(51‘3‘(55, i,jzl,...,n;a,ﬁ:17...,4. (44)

The subgroups U(n) and U(2,2) of Mp(8n) form in this case a dual pair, the
Weyl generators of u(2,2),

Z Pia (Pz'ﬁ (4'5)
i=1

being U(n) invariant. The Lagrangian subspaces C" ® V and C" ® V' (spanned
by ¢ and @;g, respectively) are both U(n) and U(2,2) invariant, so that our
dual pair is indeed of type II.

One of the elements of each dual pair (O(m) for type I and U(n) for type
II) in the above examples is a compact group. This is, sure, not the general
case but our choice is motivated physically: it allows to interpret this element
as a global gauge group. We shall encounter infinite dimensional generalization
of these examples in the quantum field theory context in Section 6.

5 Global conformal invariance and infinite di-
mensional Lie algebras

It has been often argued that 2D CFT methods are much too special to allow
an extension to higher dimensions:

(i) the appearance of a chiral current algebra with meromorphic correlation
functions is usually related to the splitting of the (1 + 1)-dimensional light-cone
into a product of two light rays;

(ii) the representation theory of Kac-Moody and of Virasoro algebras is playing
a crucial role in constructing soluble 2D CFT models; there are, on the other
hand, no local Lie fields in higher dimensions (see [B08] and [T08] for a more
detailed discussion and for references to the no-go theorem of Robinson and
Baumann).

It was revealed, however, that the existence of a current algebra with ra-
tional correlation functions is due to a symmetry property: global (rather than
infinitesimal) conformal invariant (GCI) that implies a strong (Huygens) local-
ity condition and thereby rationality of correlation functions [NT] in any even
number of space-time dimensions. Indeed, the fact that global conformal trans-
formations can map a space-like onto a time-like pair of events, together with
local commutativity for space-like separations imply that local commutators are
supported on the light cone

(232)" [D1(21), P2(22)] =0 for afy = (&1 — @2)* — (2] —23)%, n >0 (5.1)

(n > 0 meaning n sufficiently large). Combined with the remaining Wightman
axioms (in particular, with the energy positivity condition) this implies ratio-
nality of correlation functions of local GCI fields [NT]; more precisely, n-point

11



Wightman functions are proven to have the form

2,) = P(zi)
yn H (:E?j)#” ’

i<j

Wiy (z1, ... wij € N, P a polynomial. (5.2)

Furthermore, although there are no local scalar Lie fields in four (or higher)
dimensions, infinite dimensional Lie algebras are generated by bifields V (x1, x2)
that naturally arise in the operator product expansions of a finite set of (say,
hermitean, scalar) fields ¢; of dimension d (> 1):

(212)? di(21) ¢j(22) = Nij + afy Vig (a1, 22) + O((21,)?), (5.3)

where V;; are defined as infinite sums of contributions of (twist two) local con-
served tensor currents (and the real symmetric matrix N;; is positive definite).
These bifields are proven (as a consequence of the local conservation laws) to
be harmonic in each variable ([NST03]):

o 0

h Vij($1,:£2) =0="0 Vij(xl’l'Q)» Uk = 871";: %

(5.4)

It can be deduced from the analysis of 4-point functions that the commutator
algebra of the harmonic bifields V;; appearing in (5.1) only closes on the V’s and
the unit operator if the local GCI scalar fields ¢; have dimension d =2 (d =1
corresponding to a free field theory). In that case the bifields V' are proven to
be Huygens bilocal [NRT].

The infinite Lie algebras generated by such bilocal fields are characterized
by the following result of [NRT].

Theorem 5.1. — The harmonic bilocal fields V' arising in the expansion (5.3) of
the GCI hermitean scalar fields ¢; of dimension d = 2 can be labeled by elements
M of a unital real matriz algebra M C Mat (L,R) closed under transposition
M — tM in such a way that the commutator of Vi and Vi be given by

Vi (21, 22), Vi (23, 24)] = Aig Viarar (2, 24) +

+ Aoy Vagenr (1, 23) + Dog Ve (21, 4) + Ava Vap v (23, 22) +

+ tr (MMI) A12734 + tr (tMMI) A12’43 . (55)
Here Ay is the free field commutator, Ay 1= A;;- —A;FZ-, and A1z = AE— A;j —
Afj A;@ where

3
b= T e = e

po=Ipl (2m)32py 42 (a3, +ixfy)

1s the 2-point Wightman function of a free massless scalar field.

s, 12 = X1 — T2 (56)

The matrix algebra M is an example of a (finite dimensional) real star alge-
bra; we shall call it a t-algebra as the star operation is just matrix transposition.

12



It can be equipped with a Frobenius inner product

(M, My) = tr ("M M) = ZMlij My (5.7)
ij
which is symmetric, positive definite and has the property

(M1 Mo, M3) = (M, M3 "M>). (5.8)

This implies that for every right ideal Z C M its orthogonal complement is
again a right ideal while its transposed ‘Z is a left ideal. It follows that the
algebra M is semi-simple so that every M-module is a direct sum of irreducible
modules.

Let now M be irreducible. It then follows from Schur’s lemma (whose real
version, [L], is more involved than the better known complex one) that its
commutant M’ in Mat (L, R) coincides with one of the three real division rings:
the fields of real and complex numbers, R and C, or the (noncommutative)
ring H of quaternions. In each case the Lie algebra of bilocal fields is a central
extension of an infinite dimensional Lie algebra that admits a discrete series of
highest weight representations. Moreover, it was proven (first in the theory of
a single scalar field of dimension 2 [NST| and eventually for an arbitrary set of
such fields [NRT]) that in each case we are dealing with a minimal representation
appearing as a subrepresentation of the Heisenberg algebra. More precisely, the
bilocal field Vs can always be written as a linear combination of normal products
of free massless scalar fields ¢. For each of the above irreducible types Vjs has
a canonical form:

N
H: Y(x1,20) = Z c o (1) om(T2) 1, (5.9)
m=1

where ¢; are real, ¢, are complex and ¢,, are quaternionic valued fields (cor-
responding to L = N, 2N, and 4N, respectively). We shall denote the corre-
sponding infinite dimensional Lie algebra by L(F) for F =R, C, or H.

In order to identify the types of Lie algebras £(F) it is convenient to introduce
a discrete basis. There is a natural expansion of the free massless field ¢ into
discrete modes since ¢ can be viewed (as any GCI field) as defined on the
conformal compactification M of Minkowski space M. To this end it is handy
to use the complex variable parametrization

4
M = {z: (Zayar =1,...,4); 24 =l ug, t,uq € R u? := Zui :1}
a=1

S* xSt/z/(2), (5.10)
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introduced in [T86] (and later explored in [N] and [NTO05]). M is embedded in
M by setting

11— x?
© 2w(w)

,2w(x) =14+22 =202 (5.11)

3
<x2 =a? — (29)?%, 2% = Z(m’)2> , om(w) = 27rci(x) e (2(z)) -

Remark 5.1. Factoring Z/(2) = {id, (t,u) — (t+m, —u)} in (5.10) makes sense
if we view M as a (real) pseudo-Riemannian manifold with metric

dz? -
d52 = ZLQ = d’u2 —_ dtz (for Udu = Z Un dua - 0) (512)

a=1

or if we equip it with a group structure, setting M = U(2) (which is only
possible in four space-time dimensions — cf. [U]). Viewed as just a smooth
manifold S x S*/Z/(2) is diffeomorphic to S* x S*.

A free massless field p(z) on M admits an expansion of the form

oo n—1 14
o(z) = Z Z Z (?;26;; + a;‘wm) hnem(2) , (5.13)
=0 ¢

n=1 m=—

where Ay, are (suitably normalized) homogeneous (of degree n — 1) harmonic
polynomials, the spherical harmonics, satisfying

0
(H = n) hpem(z) =0 for H:z-&—i—l (5.14)
(H is the conformal Hamiltonian that generates translations in t),
L By (2) = €0+ 1) By (2) , (L3 — m) Ay (2) = 0 (5.15)

L = (L4, Ly, L3) being the angular momentum vector operator,

) 0 ) 0 0
Lj:zsjkgzga—Zk <L3:2<z2621—zl 322)) , (5.16)

while al” (where v is the triple index, v = (n, ¢, m)) obey the CCR
[a,/, It/] = 5l,ul(: 6711’7,' (Sge/ 5mm/) . (517)
The bilocal fields (5.9) are then expanded into products of a(y*), al(;f). Cutting

this expansion up to some finite energy level n we can then identify the CR
(5.5) with the CRs of a classical (real) Lie algebra.
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6 The dual pairs (£(F),U(F, N)) and their Fock
space representations. The Lie algebra so*(4n)

The analysis of [B07] and [B08] yields the following

Proposition 6.1. The algebras L(F), F = R,C,H are 1-parameter central
extensions of appropriate completions of the inductive limits of classical real
matriz algebras:

R : sp(200,R) = lim sp(2n,R)

C : wu(oo,00) = lim u(n,n)
H : so*(4o0) = lim so*(4n). (6.1)

In the free field realization (5.9) the suitably normalized central charge coincides
with the positive integer N. Moreover, in that case the corresponding bilocal
field (V,W,Y) is left invariant under a transformation of the constituent fields
@ by the compact gauge group U(N,F) where

U(N,R) = O(N), U(N,C) = U(N), U(N,H) = Sp(2N) (= USp(2N)).
(6.2)

It is remarkable (albeit disappointing from a physical point of view) that the
free field realization holds in general.

Theorem 6.2. (i) In any unitary irreducible positive energy representation
(UIPER) of L(IF) the central charge N is a positive integer.

(ii) All UIPERs of L(F) are realized (with multiplicities) in the Fock space F of
N x dimg F free hermitean massless scalar fields.

(iii) The ground states of equivalent UIPERs in F form irreducible representa-
tions of the gauge group U(N,T) (6.2). This establishes a one-to-one correspon-
dence between UIPERs of L(F) in the Fock space and the (finite dimensional)
irreducible representations of U(N,F).

The proof of this theorem for F = R, C is given in [B07] (the proof of (i) for
the case of a single scalar field ¢ is already contained in [NST]); the proof for
F = H is given in [BO0S].

The Lie algebras sp(2n,R) and u(n, n) were introduced in Section 3. The Lie
algebra so*(4n), associated with the quaternions, can be defined as a subalgebra
of the algebra u(2n,2n) of 4n x 4n complex matrices,

u(2n,2n) = {X € Mat (4n,C); X*5 = —pX, for § = (QI][) —®]I>} (6.3)
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such that?

50" (4n) = {X € u(n,2n); 'Xo = X, o = ((]? g)} (6.4)

(I standing for the 2n X 2n unit matrix). It consists of 4n x 4n matrices that
can be written in the following 2n x 2n block form:

X = (:* Utu) , u€u(2n) (i.e. u+u* =0), v € so(2n,C), ie. v+ 'v=0.

(6.5)
(In particular, tr X = 0, so that so*(4n) C su(2n,2n).) We again view u(2n, 2n)
(and hence so*(4n)) as a sub Lie algebra of sp(8n,R) and consider its oscillator
representation in which the 4n x 4n matrices X (6.3) are mapped into the Fock
space operators

ai

~ a2n ~ * * *
@X@a Y= b2>{ y P=@ ﬁ:(alv'--7a2nafb1a-'-afb2n) (66)
bon
(cf. Remark 3.1. This construction corresponds to N = 1 in Proposition 6.1

and Theorem 6.2.) The Chevalley-Cartan basis of the subalgebra so*(4n) in
this realization reads:

Ei = a?ai+1+bi+1b?,Fi:E;-k,i:L...,QTL—l,
By = a3,_1b3, —a3, b5, 1, Fon = az,ban—1 — azn—1b2n,
H, = a;*ai—azﬂ_laiﬂ—kbfbi—bf+1bi+1,i:l,...,Qn—l,
Hs, = a;n,1 aop—1 + a;n aopn + bop—1 b§n71 + by, b;n . (67)

The centre u(1) of w(2n,2n) is generated by the charge operator

2n
Q=) (aja; —bjb)=:a*-a—b"-b. (6.8)
i=1

The (non-compact) raising operator Ey corresponding to the highest root § =

2n
Qop—2 + Y «; of so*(4n) is

i=1
Eg = Eya, for Ejj =a;b; —a; b, 1<i<j<2n (6.9)
2As explained in [BB] the resulting Lie algebra is isomorphic to the algebra of complex
skew symmetric matrices Y (€ so(4n,C)) such that Y™* ,@]I (g) = - (,0]1 g) Y. We

share the feelings of Barut and Bracken who call this algebra remarkable.
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(F2n—12n = Fay,). The commutant H of the principal sl subalgebra of so*(4n)
is so*(4n — 4) @ su(2).

Proposition 6.3. The Lie algebras sp(2) =~ su(2) (of the compact group
Sp(2)(= USp(2)) ~ SU(2)) with generators

2n
Ea*-b(:Zaj@), F=b-a, Q=[E,Fl=a*a—b"b  (6.10)
i=1

and so*(4n) form a dual pair in sp(8n).

This proposition enters as part in the argument (for a special case) of The-
orem 6.2. Its proof uses the fact that the second order Casimir operator C*°
of so*(4n) is majorized by the Casimir C* of its maximal compact subalgebra
u(2n); more precisely, we have the relation

2

SO u * u SUu H
C =C"— Z Eij Eij for C*=C + % (6.11)
1<i<j<2n
where C*" is the sandard quadratic Casimir operator of su(2n) while
H=a"-a+b-b" (6.12)

is the generator of the centre u(1) of u(2n) (see [B08]). Given the fundamental
weights A; of so*(4n) (such that (A; | o) = d;; for 4,5 = 1,...,2n, where «;
are the simple roots, E; = E,,), the Fock space vacuum can be identified with
|2 A2n>:

In accord with Proposition 6.3 (and Theorem 6.2) the vacuum is non-degenerate
(it is an SU(2) singlet), the UIPERs of lowest weight 2 Ag, — Ag,,—1 form an
isospin doublet:

sz§n|2A2n> = O:an§n|2A2n>, izl,...,?n,
EV;12M2,) = al|2A2), j=1,...,2n; (6.14)

B

(a2, a5, bs,,b52) |2 Agy,) span an isotriplet of ground state vectors of the type
|2 Agn — 2A2n—1> etc.

Remark 6.1. For n = 2 the group so*(8) is isomorphic to the conformal group
in six dimensions [BB],
50"(8) ~ s50(6,2) . (6.15)

The degeneracy of the oscillator representation is reflected in the fact that the
non-compact raising operators Fj; satisfy second order equations of the type

Erg Esq + Evg Bz = Eng Eog . (6.16)
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(For so*(8) this “nilpotent cone relation” is unique.)

Theorem 6.2 provides a link between two parallel developments, one in the
study of highest weight modules of reductive Lie groups, the other in the work
of Doplicher-Haag-Roberts [H] on the theory of global gauge symmetry and
superselection sectors (see [B07] and [T08] for a discussion and references). The
infinite Lie algebra L(F) and the compact gauge group U(N,F) appear as a
rather special (limiting) case of a reductive dual pair (Section 4). It would be
interesting to explore whether other (inequivalent) pairs appear in the study of
the commutator algebra of (spin) tensor bifield that would naturally arise in the
study of (say, scalar) fields of higher (than two) scale dimension.
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