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On superconformal characters and partition functions in
three dimensions

F. A. Dolan?
Institute for Theoretical Physics, University of Amsterdam, Valckenierstraat 65, 1018 XE
Amsterdam, The Netherlands

(Received 29 January 2009; accepted 23 July 2009; published online 1 February 2010)

Possible short and semishort positive energy, unitary representations of the
Osp(2N|4) superconformal group in three dimensions are discussed. Correspond-
ing character formulas are obtained, consistent with character formulas for the
SO(3,2) conformal group, revealing long multiplet decomposition at unitarity
bounds in a simple way. Limits, corresponding to reduction to various Osp(2N|4)
subalgebras, are taken in the characters that isolate contributions from fewer states,
at a given unitarity threshold, leading to considerably simpler formula. Via these
limits, applied to partition functions, closed formula for the generating functions for
numbers of BPS operators in the free field limit of superconformal U(n) X U(n)
N=6 Chern-Simons theory and its supergravity dual are obtained in the large n
limit. Partial counting of semishort operators is performed and consistency between
operator counting for the free field and supergravity limits with long multiplet
decomposition rules is explicitly demonstrated. Partition functions counting certain
protected scalar primary semishort operators, and their superconformal descen-
dants, are proposed and computed for large n. Certain chiral ring partition functions
are discussed from a combinatorial perspective. © 2010 American Institute of
Physics. [doi:10.1063/1.3211091]

I. INTRODUCTION

With the resurgence of interest recently in three dimensional superconformal field theory, due
largely to the discovery by Bagger and Lambert' of a new superconformal A/=8 Chern-Simons
theory and, more recently, by Aharony et al* of a superconformal A'=6 Chern-Simons theory,
with U(n) X U(n) gauge symmetry, much attention has been devoted to uncovering dualities,™
investigating integrability,‘"5 spe:ctra,é’8 etc. One issue that has hitherto perhaps not been explored
in very much detail is the representation theory, underlying these theories, for positive energy,
unitary representations of Osp(N|4). This paper is an attempt to address in some detail this issue
and focuses on the case of even N

For N'=4 superconformal symmetry in four dimensions such a detailed study of the represen-
tation theory"' proved fruitful in many ways, e.g., investigating the operator product expansion, in
terms of conformal partial wave expansions of four point functions, see Ref. 12, for example, in
partially determining the operator spectrum of N'=4 super Yang Mills. In this context, supercon-
formal characters provide for an alternative and arguably more straightforward and powerful way
of organizing the sometimes detailed multiplet structure that arises. They easily lead to the rules
for long multiplet decomposition into short/semishort multiplets at unitarity bounds, formulas for
decompositions in terms of subalgebra representations, and indicate how partition functions may
be computed for decoupled sectors.

The outline of this paper is as follows. In Sec. II the superconformal algebra for Osp(2N|4),
i.e., for N'=2N, is given in detail. Mainly for the purposes of discussing shortening conditions,
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constructing Verma module characters and finding subalgebras, it proves easiest to use the ortho-
normal basis for the SO(2N) R-symmetry algebra. Section II gives a brief account of the possible
shortening conditions for semishort representations, denoted by (N,A,n), n=1,...,N-1, and
(N,A, %), and short or BPS representations, denoted by (N, B,n) and (N,B, *), as well as for the
conserved current multiplet, denoted (N,cons.). Here, highest weight states in the (N,A,n), re-
spectively, (N,A, =), (N,B,n), (N,B, *), representations are annihilated by n/4N, respectively
1/4, n/2N, 1/2 of the supercharges. [Hence, the (N,B, *) representations are referred to here as
half BPS. For N=4, it is well known that there are two types of half BPS representation, (see Refs.
13 and 14 for a discussion.)

In Sec. IV the characters for positive energy, unitary representations of the Osp(2N|4) super-
conformal group are obtained through use of Verma module characters and the Weyl symmetrizer
for the maximal compact subgroup, U(1) ® SU(2) ® SO(2N). BPS and conserved conserved cur-
rent multiplet characters are decomposed in terms of SO(3,2) ® SO(2N) characters. The decom-
position rules for long multiplets at the unitarity bounds are found. In particular, they imply that in
any N'=2N superconformal field theory in three dimensions, operators in all (N,B,n), n>1, as
well as in (N,B, =) and certain (N,B, 1), BPS multiplets must have protected conformal dimen-
sions.

In Sec. V, various limits are taken in the characters that lead to nonvanishing formulas only for
subsets of the characters corresponding to different short/semishort multiplets. These are shown,
from Appendix A, to match with various Osp(2N|4) subalgebra characters and, in terms of
partition functions, isolate different sectors of operators.]5 For the subset being {(N,B,m),m
=n,(N,B,+),(N,B,-)} the subalgebra is U(1) ® SO(2N-2m) while for the subsets {(N,B, =)}
there are two U(1) subalgebras. Similarly, for the subset being {(N,A,m), m=n, (N,A,+),
(N,A,-), (N,B,l), I<I<N, (N,B,+), (N,B,-), (N,cons.)}, where (N,B,I), ]<m, multiplets
have particular SO(2N) R-symmetry eigenvalues, the subalgebra is U(1) ® Osp(2N-2m|2). Fi-
nally, for the subsets {(N,A,=*), (N,B,l), 1<I<N, (N,B,+), (N,B,-), (N,cons.)}, where
(N,B,l), I<m, (N,B, ¥) multiplets have particular SO(2N) R-symmetry eigenvalues, there are
two U(1)®SU(1,1) subalgebras. The limits are shown to be consistent with long multiplet de-
composition rules and also with the index of Ref. 6.

In Sec. VI, the general free field multiparticle partition function for A’=6 superconformal
Chern—Simons theory is written in detail in terms of superconformal characters and, for large n,
computed using symmetric polynomial techniques. Also, the corresponding partition function is
given in detail for the supergravity limit.

In Sec. VII, operator counting for short and certain semishort multiplets is investigated using
the limits taken in Sec. V, and other symmetric polynomial techniques, described in Appendix B,
and shown to be consistent with expectations from long multiplet decomposition rules.

In the conclusion, partition functions counting certain protected semishort operators are dis-
cussed. Some related comments are made about N'=4 super Yang Mills, explained in more detail
in Appendix C, where a certain class of chiral ring partition functions are computed using the
Polya enumeration theorem.

Il. THE SUPERCONFORMAL ALGEBRA IN THREE DIMENSIONS

In d dimensions, the standard nonzero commutators of the conformal group SO(d,2) are given
by, for n,,=diag.(-1,1,...,1), a,b=0,1,...,d-1,

[Mab’Pc] = l( 77ach - nbcpa)’ [Mab’Kc] = l( nach - 77bcl<a) >
[Mab’Mcd] = i(nachd - nbcMad - nathc + nhdMac) s

[D’Pa]:Pa’ [D’Ka]z_Ka’ [Ka’Pb]z_ZiMab"'znabD’ (21)

where the generators of translations are P,, those of special conformal transformations are K,
those of SO(d-1,1) are M_,,=—M,,, while that of scale transformations is D.
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For later application it is convenient to write the Sp(4,R)/Z,=S0(3,2) algebra for three
dimensions in the spinor basis so that for'®

i
Paﬂ=(')/l)aﬂpa’ KHB=(,74)‘1’BKQ’ Maﬁ=5(’}/l’7/7)aﬁMab7 (22)
the algebra (2.1) becomes

(ML Ps|= 8Pus+ 8 Poy— 8PP,
M PKY]|=-68"KPF-5 OKPY + 5 PK?,

(MM =8, MF+6M,0° [D.Puyl=P,s [D.K¥]=-KP

[K*B,Psl=48,," M 5P +48.,%5 5/D. (2.3)
For supercharges and their superconformal extensions the nonzero (anti-)commutators are
given by,
{Qrw Qsﬁ} = 25rsPaB? {Sra’SsB} = 25rsKa'B’
[K‘YB’ er] = i(ayasrﬁ + 5yﬁsra)’ [PaB’Sry] =- i(aaerB + 5,8er¢1) >
(M.F.0,,)=6/0,,-38,0,, [MPSN=-675F+35/s.
[D’ Qra] = %Qrw [Dvsra] ==- %Sra7
[Rry Qta] = i(artha - 5stha)’ [Rrs’Sza] = i(grtssa - 6stSra)’ (24)
along with
{0108y =2i(M 5, i8R+ 8,05,D), (2.5)

where the SO(n) R-symmetry generators R,,=—R,,=R,," satisfy

[Rrs’Rtu] = i(‘srtRsu - 6sthu - 5ruRsl + ‘S.suRrr)- (26)

In order to discuss highest weight states and shortening conditions, (2.6) is now rewritten in
terms of generators in the orthonormal basis of SO(2N), which has rank N. In this basis, the Cartan

subalgebra H,, and raising/lowering operators E;:j/ E,‘nﬁ, m<n, are given by, for m,n=1, ... ,N,'7
+ . . —
H,=Ro_1 2ns  Epy =Romot op1 +iR2y 201 F iRyt 24 + Roy s
* _ T -+ _ +— ++ _ 4+
E;m = Emn > Emn - Enm > Emn - Enm > (27)
so that the nonzero commutators from (2.6) are, for [=1,... N,

(HL,En 1= (8 £ 8)Ehns  [HLE 1= (= 8 = 8,)Epm

mn? mn >

(EIE, "1=4(H, = H,),

mn? n
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|:Elm ’Eln ] 2lEmn ’ [Elm ’ +:| 2IE mn (28)

where m # n in the last line.
In this basis a convenient choice for the supercharges and their superconformal extensions is

given by
1 . — 1 )
Qna= _r(an-l ati0 o)y Qna= T2(Q201 o= i02n )
V2 V2
a l a . a o 1 . a
S = ,_E(SZn—l +i8,,%), S, = _E(Szn 1= i855,). (2.9)
\J

Trivially, from (2.4),
[K%,0,,]=i(8,"S,P+ 8,08,%), [PupS,1==i(5,7Qup+ 857 Q0a),
[MF.0,1= 060 -16.0,, [MFS=-0675F+1655,,

[D,9,]=3Qe [D.S,"1=-18,% (2.10)

along with identical equations for Q,,,.S,*— Qna,gn“. The nonzero anticommutators among the
supercharges and their superconformal extensions are

{Ones Ot = 28mP s 1SS, Pt =28,,K,
{Q0eS,Pr=2iM P+ 6D -6FH,),
(DS, PY=2i(M P+ 8,PD + 6,PH,,),

{QnarS, = 8. Erns {Qua S} = 8.1,

mn?

{Qma’s B} S BEmn’ {QmwS } ) BEmn’ (211)

where m# n in the last two lines. Finally, under the action of the generators (2.7) the nonzero
commutators are

(H Qal = 8@ [Hy S, 1= 8,5,

[H, Opad == 8iQna [HyS, ] == 8,5,
[Eim>Qual == [ Qual = 208, Qe [Ei S, 1= = [Epn S, 1= 28,8,
(Eme Qo) =2i(8, Q0= 8,nQia)s  [Eiy-S,"1=2i(8,8,," = 8,8/,
[En> Qual == [ Qual = 206, Qeer [Eiy» S, 1= = [Ep1, S, 1= 208,85,

m

[E;:L-’ Qna] = 2l(“)‘ln Qma - 6anla)5 [ lm’ S a] = 2i(alnSma - 5mnSla) . (2 1 2)
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Suppressing spinor indices, the action of the linearly independent set of lowering operators on
Q, may be expressed by the following diagram:

) OnN
By, N/‘ \E;r:uv
Q —Q— Qs — - — QAN ON-1— -+ — Q3 — Q0 — O
E12+ Eys B \ /‘E,Jr E23+ By
N—-1N _ N—-1N
On (2.13)

Of course, an identical diagram applies to S,,S,. (This diagram is helpful later for discussing the
shortening conditions and the computation of superconformal characters.)
The spin generators in terms of SU(2) generators may be expressed as follows:

s (5 I
[Ma 1= , W ]1=205 [J3J<]= =T, (2.14)
I —J,
where (Q,1,9,2), (Q,”,an) (Snz,—S b, (Snz,—S 1) transform as usual spin % doublets, each
with J;3 eigenvalues (2, =3

lll. SHORTENING CONDITIONS FOR UNITARY MULTIPLETS

For physical applications, we require states with positive real conformal dimensions, non-
negative half integer spin eigenvalues, and in finite dimensional irreducible representations of the
R-symmetry group SO(2N). Hence it is sufficient to consider superconformal representations
defined by highest weight states |A,j,r)™" with

(K.8 .S, “ T E A0 =0, I<m<n<N,
(D’J37Hm)|A,jsr>h-W‘_ A’j’r>h-WA9
r=(r]’-~~’rN)’ (31)

where A is the conformal dimension, j € N is the spin, and with SO(2N) Dynkin labels expressed
in terms of r; € Z required to satisfy
[rl =Ty euo s N2 — N1, N1 + FnsTN-1 — rN] (S NN, (32)

so that, in particular, r;=r,= - =ry_ =|ryl.
For a representation space with basis V,.;.), the states are given by

Viayn I1 (Q11a) (D, mB(P o) ¥ (J_)K(E ) | A, j o)™ (3.3)

a,B,y,6=1,2

y=d,l<nm,rs<N

for K4 Kyupe{0,1} and k5 K, K, e N.
Unitarity requires that,

){53

ri+j+1 forj>0
A>{1 / / (3.4)

r for j=0.

The superconformal multiplets may be truncated by various shortening conditions which are
considered now. For the BPS shortening condition,
Qna A’j’r>h'w'=0’ a=1,2, (35)

then this leads to the following equations, using (2.11):
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(E'-.J.,D* Jy—H,)

nm?

AjrY=0, 1<m<N, m#n, (3.6)
so that, using (2.8), (2.14), and (3.1),

A=r,, ri=rn=--=r, j=0. (3.7)

Clearly, (3.5) with (3.6) implies that Q,,,|A,j,r)™¥'=0, m<n.
Imposing the constraint,

OnlA, 0,0 =0, a=1,2, (3.8)
leads to, using (2.11),

(E, 5o J,D = J3+ Hy)|A,j,r)™ =0, 1<m<N, (3.9)
so that, using (2.8), (2.14), and (3.1),

A=—rN, ry=ry=- " ==71Ipy, ]=0 (310)

We may also consider the semishort multiplet condition,

1
(QnZ 2] in‘] ) A

whereby applying S;* and using (2.11), we obtain

S0 =0, (3.11)

. 1
(E;m,D -J3—H, - ;J+J_)|A,j,r)h'w' =0, 1sm<N, m#n, (3.12)
J
so that, using (2.8), (2.14), and (3.1),

A=r,+j+1, ri=ry=-=r,. (3.13)

We may also consider

_ 1 =
(QNZ_ _.QNLJ—> A,joM=0, (3.14)
2j
whereby applying S;* and using (2.11) then
- 1 h.w.
E,;N,D—J3+HN—2—jJ+J_ Aj)=0, 1<m<N, (3.15)
so that, using (2.8), (2.14), and (3.1),
AZ—rN+j+l, ry=ry=- " =—"ry. (316)
Imposing both,
1 - _\hw M [ - _\hw
QNZ_Z_J.QNIJ— |A,],I'> ' ‘=O’ QNZ_Z_J.QNI‘I— |A,],I‘> =0 (317)

leads to a conservation condition on the highest weight state, using (2.11),

((2j = 1)(2jPy = 2P 5] ) + P11 DA, o)M= 0, (3.18)
and also to, using (3.13), for n=N, and (3.16),

A=j+1, r=0. (3.19)
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TABLE 1. Osp (2N|4) unitary, positive energy irreps.

Type A r Omitted Denoted
Long =r+j+l == None (N, A, 0)
Semishort ri+j+1 r=-=r, {Qnh, (N, A, n)

for n<N
Semishort ri+j+1 ==y {0, (N, A, +)
Semishort rAj+l nEeeEery {0,010 (VA )
BPS r ri=c=r, {Qiatiei (N, B, n)

for n<N
% BPS Ty r=cccry {9y, (N, B, +)
3 BPS gl n=ceEmry o {Q, Ovadly' B T)
Cons. current Jj+1 ri=0 {01, Oz Pt (N, cons.)

It is easy to see that imposing BPS or semishortening conditions, other than the above, using

other Q,,,, n# N, leads to violations of (3.4), implying that corresponding multiplets are nonuni-
tary. These are not considered here.

For the truncated supermultiplets M, the Verma modules V. j;r)—>V(/Zl; o) Are generated by a
subset of the generators in (3.3) so that it is sufficient to set some K, K ks to zero.

Using the information encapsulated in (2.13), then the condition (3.5), for BPS multiplets,
entails omitting Q;,, j=1,...,n from (3.3), so that «;,=0. Similarly, for (3.8), then «;,, Ky,=0,
j=1,...,N-1, while for the semishortening conditions, (3.11), k=0, j=1,...,n, and (3.14), k,,
Ky2=0, j=1,...,N—1. Corresponding to (3.17) with (3.18), then xj,, Ky»=0, j=1,...,N, kyp=0
for the multiplet of conserved currents. This information along with notation is summarised in
Table 1.

IV. SUPERCONFORMAL CHARACTERS FOR SO(2N) R-SYMMETRY

A procedure for computing conformal characters for higher than two dimensions and N'=4
superconformal characters for four dimensions has been explained in detail elsewhere.””*! The
procedure is also closely related to that in Ref. 11 for constructing supermultiplets by employing
the Racah—Speiser algorithm. We proceed by analogy with Refs. 20 and 21.

Introducing variables s, x, y=(y;,...,yy), we may write the character corresponding to the
restricted Verma module, (3.3), for Via. j;r)HV(AA/l; i @S A formal trace,

" — )
Clain(6y) =Troht (20628, = 22, (V) X 2 (%) nsPha(se )
s kyoeN

X2 () sy sy, )" (sy,, )2, 4.1)
Knm'_(m,é?e{o’l}
where the sum over ks gives the contributions of P,s and that over k,,, K, gives those of Q,,,
Q, P, and where

J+1

Cix)=

>

x—x"!

N
c =Ty A +y™". A= I -y, (4.2)
j=1

1<i<j<N

are the Verma module characters for SU(2) and SO(2N), giving contributions from the J_, E;Si
generators, and the highest weight state, in (3.3).
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Once the correct generators are omitted from (3.3), so that various K, K,g ks are zero in
(4.1), the prescription for finding the characters of corresponding unitary irreducible representa-
. M. . 2
tions Ry, i) 18 simply given by

X{Xl;j;r)(s,x,y) = TTRE\A’I;,.T)(SszN’gMH] : "yNHN) = QB(N)C(\&J-;,)(S,X,Y), (4.3)

where 0™ =0S29Sv* ()" i the Weyl symmetrizer for the maximal compact subgroup of the
superconformal group, U(1) X SU(2) X SO(2N). Here S, and Sy X (S,)N~! are the Weyl symmetry
groups for SU(2) and SO(2N) and, for some functions f(x), f(y)=f(y{,...,yn), the action of the
relevant Weyl symmetrizers is given by

W2 (x) = f(x) + fx7),

N-1 & &
W)= 2 2 SO Vo™ (44)
£,...ey=%1 0eSy
ie=1

It is important to realize that the resulting characters may be expanded in terms of SU(2)
X SO(2N) characters using

1 _ i1

X
Xj(x) = QnSij(x) = )
X=X

)N—l

XV (y) = VS N (y) = (detly, ™ + 3TN+ detly, 7N -y TV 2AGY + Y7,

(4.5)

the usual Weyl character formulas for SU(2) and SO(2N) finite dimensional, irreducible represen-
tations.
Defining

1
(1=sH)(1 =s2D)(1 = s2x72)°

P(s,x) =

N n
Qn(y9x) = H (1 + yj-x)» Qn(yvx) = H (1 +yj_1x)» (46)
Jj=1

Jj=n+1
then this prescription leads to the following character formulas for the unitary irreducible repre-
sentations, using (4.1) with (4.3) and with the notation of Table I:

N.i, N.i,
XEA;,;ir;)ly~..,r1,r FN)(S’x’y) = m(N)CgA i) ..rN)(S’x,Y)

ntlse o Y LA PR A PL S PR

=SZAP(s,X)ﬂB(N)(Czj(X)CfN)(y)R(N’i’”)(s,x,y) 11 @N(S‘ly,x8)>,

e==*1

n<N,

(N,i,= _ N) ~(N,i, =
X(A;;';r,.)..,r,tr)(s’x’y) - w( )C§r+;+l);j;r,...r,ir)(s"x’y)

=SZAP(s,X)QB(N)<Czj(x)CEN)(Y)R(N’i’t)(s,x,y) 11 QN-l(S_ly,xs)),

e=*1
(4.7)

where
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Qu(sy,x)Q,(sy,x™") fori=A
(N,i,n) _
R (s.x.y) = I1 Q,(sy,x®) for i =B,

e==*1

Qo(sy,x)(1 + syN_lx)(l + syNilx_l) fori=A

(N,i,*®) — ¥
R s0y) =) 1T (1+syy™'x%) fori=B, o

e==*1
and appropriate A, j are as given in Table I. (The conserved current multiplet is discussed sepa-
rately below.)

Using invariance of IT,_.; Qy(sy,x*) Qn(s~'y,x?) under 20 then the long multiplet character
is given by

XA (5,0, y) = XA (5,2,y) = 572 P(s,0) o ()X V(y) TT Qolsy,x%) Quls7ly,x%).  (4.9)

e=*1

This may be expanded in terms of SU(2) X SO(2N) characters using the identities

1
1-

P(5,0) = —— 2 57 x00(%), (4.10)
S n=0

along with, for later use,

N N-1

- n —n N N
[T+ (1417 = 20+ 2 o (30) + X0 () + X (v (9). (411)
j=1 n=0

A. Simplification of BPS multiplet characters

Half BPS characters may be simplified by first writing, easily obtained from (4.7),

2
Xir rn($Y) =57 P(5,2) 2 SN () (O a7 (),
ay,....an=0
(4.12)
where, ja=%(1—(—1)“) so that
Jo=j2=0, ji=1. (4.13)
Some further manipulation shows that (4.12) may be simlified further to
KOS L epsry) =P D sy @Y, ().
0=<aj<---<ay<2 P
(4.14)
where
Japonay= 3 (N= (= D)= oo = (= 1)), (4.15)

Another consistency check is for N=4, or SO(8) R-symmetry, whereby this formula leads
directly to
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XEA:;’(I);;’r_,z,r,—r) (S,X, y) = Ser(S’x) (ng,)r,r,—r)(y) +5X1 (x)xgé?r,r,l—r)(y) + SZXE;‘,)r,r,Z—r)(y)

+ SZXz(x)Xgi)r,M,1—r)(}’) + SSXI(x)XEf,)r,r—I,2—r)(y) + S3X3(x)XEﬁ?r—l,r—l,l—r)(y)

+ 5 X 220 () + S XX o120 () + S XX om0 (Y)

+57x 1(x)XEi)r_1,r—2,2_r)(Y) +s 5X3(x)XEfll,r—l,r—1,2—r)(y) + S6X§4r‘,)r—2,r—2,2—r)(y)

+ S6X2(X)Xgﬁl,r—l,r—2,2—r) (y)+5'x (X)Xgﬁl,r_z,r—z,z—r)(}’) + SSXEﬁz,r—z,r—z,z—r) )

which corresponds exactly to the graviton spectrum derived in Ref. 23.
Further simplifications to the half BPS character (4.14) occur for r<2. For r=1 then,

B,* (N) (N) (N)
X0 1 an(s.xy) = Ao x(01 L )(9) + Az (80 X810 ) + Ao (s X V-1 (Y)
N-2
N,

+ 2 D1/2(N—n)(Ssx)XEIYEYON—n)(y)’ (416)

n=0

where

A (5.0 = 520,00 P(s.x), Dif5.x) =572 (o (x) = 50y () P(s.x)  (4.17)

are the characters for unitary irreducible representations of the conformal group in three dimen-

sions, SO(3,2),**—see also Ref. 20—whereby A, j corresponds to an unconstrained spin j field,

conformal dimension A= j=1, while D; corresponds to a conserved current with spin j, conformal

dimension j+ 1, including all their conformal descendants (or derivatives acting on fields).
Similarly, for r=% then,

N,B,* N N
XEl/z;o;l)/z,...,1/2,:1/2)(&)@}’) = DRac(S’x)XEl/)z,...,1/2,11/2)(}’) + DDi(S’x)XEl/)z,...,1/2,:1/2)(}’)’

(4.18)
where

s+5° Do (s.x) = s2(x+x7)
(1-s522)(1 =572 DIt (1-s22)(1 —s*x72)

Drac(s,x) = (4.19)
are characters for the free field representations of SO(3,2), the so called “Di,” respectively, “Rac,”
singleton replresentations,25 corresponding to a free spin %, respectively, scalar, field with confor-
mal dimension 1, respectively, %, and all its descendants.

Finally, from (4.14) it may be shown that

X o(s.xy) =1, (4.20)

the character for the identity representation.
For other BPS characters, from (4.7), we may write, similarly to (4.12) with (4.13),

2 N N
N TR T R SRTEE Y | PSS | R
ai,...a i=1 ! i=n+1 ‘
_ _ =0
1o AN
(N)
X(rl_al""*rl_an’rn+1+5n+l_an+lv'"’rN+ﬁN—aN)(y)’ (4'2])
and, similarly to (4.14) with (4.15), using that r;=r,=-"-=r,,
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X(]r\il(;)rrl)l i ,...,rN)(S’x’y) =57"1P(s,x) X 2 2 Sal+m+aN+5n+l+m+aNX]' (x)

LT
1:"n+1 ay,.ay,...,a,

o H Xj (x)Xj (X) X(rl_al rl_an’rn+l+an+l_an+l"">rN+EN—aN)(y)7

i=n+1

(4.22)

where,

:%(n_(_ 1% = «e = (= 1)%). (4.23)

Without further restrictions on r;, or s,x,y, there appear to be no further simplifications to (4.22).

B. The conserved current multiplet character

The conserved current multiplet (which has been excluded so far from the above discussion)
corresponding to the semishortening condition (3.17), has character

Xsems) | (s,2y) = s52P(s, 02N (Coy (0 Cy)(1 = 522 Qlsyx) Qs y,) Dy (57 y,x 7)),
(4.24)

which ensures that the contributions from the supercharges Q,,, n=1,... N, @NZ along with P,
are omitted from the Verma module character (4.1).

To simplify, it is useful to observe that Qu(sy,x)Qx(s~'y,x) is invariant under action by
20Sv<($2"™" and, further, that QUSNMSZ)N_ICO()/) Qn-1(y,)=1 so that

N-1
XS 5:9) =P ) Coft01 = ) Qulsy ) O™y = B (P50

(N) (N) (N)
+ Dj+N—(1/2)n(5’x))X(1",0N—n)(Y) + Dj+(1/2)N(S,x)(X(1N)(Y) + X(]N—l’_l)(}’))’

(4.25)
using (4.11), to expand in x, and subsequently the expression for the conserved current character
in (4.17).

C. Long multiplet decompositions

Using linearity of 20) we may easily obtain, for j= %, r >y,

o (8:25Y) = N sy YOV (5.,5) = X iy (5:5Y)

X(r1+]+l i ri+j+lijirgr, (ry+j+ 15,0,y
(N.A,1)
T X(r +j+3/2:j=1/2:0 417 .,rN)(S,X,Y)7 (4.26)

which expresses the reducibility of a long multiplet with A=r;+j+1 into a sum of semishort

multiplets.
For semishort multiplet characters it may be shown that, for r\=r,=---=r,>r,,;, r>0,
(N.A1) _ (NAn)
X(r1+]+l i rl,rnﬂ,...,rN)(s’x’y) - X(r1+j+1;j;r1,,..,rl,rn+1,...,rN)(s’x’y)’
(N.A1) NA,*)
X(r+j+l] [N +r)(s X y) X(r+]+l JoTse r,tr)(s’x’y)' (427)

This employs
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Xflrvlfjiij Floe e P g e - )(S x,y)= QI]W)]! (1 +syx” I)C(erlf,ﬂ, o n+],...,rN)(S’x’Y)7
along with the identity X(N)(y) (- l)|W|X(N)(y) w e SyX (Sy)V!, where r'=w(r+p)—p, with w
e SyX (Sy)N"!, the Weyl group, and p=(N-1,N-2,...,0), being the Weyl vector. In particular,
XEZ'\?’~-~,V1J|+1 rN)(y) 0 which implies X(AAJ )r1 (s,x,y)=0. The (N,A, =) cases may
be found similarly.
Similarly, for the conserved current multiplet character,

rl,r1+1,.4.,rN)

X(,+1 j() ())(S X, Y) Xgﬁ??ﬁf)',),,,,o)(s,x,y)- (4.28)
In order to avoid ambiguity, it is assumed in what follows that r,>r,,, for (N,A,n) semishort
multiplet characters, unless otherwise stated.
From (4.26) with (4.27) and (4.28), then we have, for j=3, r;>r,,;, n<N,

(N,long) _ (NAn)
X(r1+j+l HEZNS rl,rn+1,...,rN)(svxvY) = X(r1+j+1'j‘r1,...,rl,r,Hl,...,rN)(s’x’y)
(NA,1)
+ X (ry+j+3/2:j=1/2;r1+1,r.. rl,rml,...,rN)(s’x’y) s (429)

along with, for »>0,

N NA,*+ NA,I
XEr+j?rnlg;3‘;r,.4.,r,tr)(s’x’y) = XEr+j+1;;;r,...,r,tr)(s’x’y) + XEr1+j+)3/2;j—l/2;r+l,r,..J’,ir)(s’-xa y) (4.30)
and
Al cons. Al
X@’L‘?}‘?&...,O>(&x,y) = X@iﬁ?ﬁ%i..,m(&x,y) + X$3/2;)j—1/2;1,0,...,O)(s’x’y)‘ (4.31)
It is also easily seen that
NA,L N.,B,1

XEV1+1/%;—1/2;H,V2,...,rN)(S’x’y) =201 +sy1X)C§,I+1/%;_1/2;,,,rz,_ (s.x.y) = X(’1+1 0 ri+Lry, Iy

X(s,%,y), (4.32)

using W52C_,(x)=0, 20%2xC_, (x) =W2Cy(x) =1, so that, for r;>r,,

(N.long) _ N -1y (VA1) _ LIVATD
X(r1+01‘2£g);rl,r2’_._’rN)(er?y) = )(1 +syx )C(r1+1;0;r1,r2,...,rN)(vavY) = X(r1+1;0;rl,r2,.4.,rN)(S7'x7y)
(N.B,1)
+X(rl+20r1+2 .. rN)(s’x’y)7 (433)

which expresses the reducibility of a long multiplet with A=r;+1 into a sum of a (N,B,1) BPS
and a semishort multiplet.
Thus, from (4.33) with (4.27) and (4.28), we have, for ri=r,>r,,,

N1 _ (NA, N.B,1
XEr1+Oln;(%3rl,...,rl,rnH,...,rN)(S’x’y) - XEr1+ll;1());r1,...,rl,rnH,...,rN)(S’x’y) + X5r1+2;());r1+2,r1,...,rl,r,Hl,...,rN)(S’x’y)’

(4.34)

along with, for r>0,

AL NA,*= (N,B,1)
XErHOI(I)g;)’ r,ir)(s’x’y) = XEV+1;O;})‘,.. N (S X, y) + X(r+2 ;05 r+2 r,. r,ir)(s’x’y) (435)
and

X000E 0(5:5:9) = X050 0)(5:0:3) + X302, .0 (8:%:Y) (4.36)

(4.26), (4.29)—(4.31), and (4.33)—(4.36) appear to exhaust all possibilities for long multiplet
decompositions (and are also consistent with limits, as discussed in Sec. V) and have important
consequences for any superconformal field theory in three dimensions. In particular, they imply
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that all (N,B, =) and (N,B,n), N>n>1, short multiplet operators as well as certain (N,B,1)

short multiplet operators in R, 41, _r)s '1=12 SO(2N) R-symmetry representations must re-

main protected against gaining anomalous dimensions. The decomposition formulas (4.26) and
(4.33) have essentially appeared in Ref. 10, where also comments about the protectedness of
certain operators in three dimensional superconformal field theories were made. [Note that all the
decomposition formulas here are consequences of the basic formula (4.26). This is not surprising
as a similar thing happens for decomposition formulas of long multiplets for N'=4 superconformal
symmetry in four dimensions.*’]

V. REDUCTION TO SUBALGEBRA CHARACTERS

Here are described certain limits that can be taken in the previous BPS and semishort multi-
plet characters that isolate contributions from fewer states in each multiplet and hence lead to
significant simplifications. These limits are equivalent to reductions in the characters to those for
various subgroups of the superconformal group, as explained in more detail in Appendix A.

A. BPS limits
1. The U(1)®@ SO(2N-2m) sector

By considering,

A A ~ — H; —
X(A HE r)(5ul/2 X, (5_2 )l/my Y) TrRM (527_[’"” mx2hy1Hl T ymHmyl KRREE yN—mHN) 5

yz(a_zu)_l/m(yl""’ym)’ HyAlﬁ:], }_/:(ym+1»""yN),

m

1 1 <
Hp=D-—>2 H,, I,=D+—> H,, (5.1)

m -1 =1

in the limit 6—0, it is clear that only those states in R(/Xl.j.r) for which H,, has zero eigenvalue

contribute. In particular, this applies to the highest weight state in the (N,B,m) BPS multiplet.
It can be shown that

lim X (8,0, (87209, 9) = Xy O w9 = o), (52)
in terms of U(I)Im® SO(2N-2m) characters, for appropriate R,T, see Appendix A.

An identity which is useful for simplifying the limits considered here is the following, for r
=(r1,rps ..,y

(N)(§—2/mﬁ y) &Z/m(rl +o -+rm)sf(ﬁ)X£_N—m)()—/) i

F=(rpy o)y T=(Fpgts oo 57N (5.3)

giving the leading behavior as §— 0, where sx(4i) is a Schur polynomial,

s¢(8) = det[d, 7" TYAW), 5. @) =11 (5.4)
i=1

The identity (5.3) may be obtained by noting that, for small &,

CEN)(g—Z/mﬁ’y) - Egm)(5_2/'”13)C£—N_m)(}7), C(m)(u) H A Fibm— ’/A(ﬁ),
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EmSNN (SN 1 (N)(5—2/mﬁ’)—,) — mSmQﬂS(N_m)N(Sz)N—m—l’él(Tm)(ﬁ_Z/mﬁ) Ci_N—m)(}—,) )

Here, 5(;")(13) is equivalent to the U(m) Verma module character while 205 is the Weyl symme-

A

trizer for U(m), acting on 1, so that for any f(d)=f(d,,....4,), 20(d)
=,cs f(ug(l ,U,(m). Hence, QITSmE(m (4)=s4d), the U(m) Weyl character. Here also,
20Sv-n(2""" ™ acts on ¥, so that QUSN-m'X(SZ e 1C(N_m)(y) )(7 N ().

Using (5.3), we may obtain from (4.7) that the limit taken in (5.1) gives the following U(1)
®SO(2N-2m) characters, for n=m, see Appendix A:

Xg([!%®50(2N—2m)(u y) _ hm X(N%rrt)(gul/z X (5—2 )l/m}; )7) _ MZrle(TN—m)(}—,),

X(Ligrl,),?i(,)fr])v_zm)(”’y) — ,1;im Xglr\;/,(f,;) . +r)(5“1/2 X, (6—2u)1/m§ 7) = w2 (zrv mi+r)()7). (5.5)

For m=1, we have in addition to (5.5) that

X w9) =lim xRTE (3!, 5%u,9), (5.6)

while other long multiplet characters, for A=r +j+1, j# 0, along with semishort multiplet char-
acters vanish, consistent with (4.33). Since, in the limit taken in (5.2), long multiplet characters
vanish for m > 1, this provides further evidence, apart from long multiplet decomposition formulas

listed in Sec. IV, that (N,B,m), m>1 BPS operators must remain protected in any three dimen-
sional superconformal field theory.

2. The U(1) sectors

Similarly, by considering

M N N -+ A *
X(A;j;r)(au”zax’(5_2”)1/]\] - ’(5—2u)]/NyN_l,(5—2u)_l/NyN l)

=Trght (8 eul=alsg M5, ),

1 1
Ht=D—XI(H1+ s+ Hy_ |, = Hy), Zi=D+X7(H1+ ~-+ Hy | = Hy), (5.7)

separately in the limit 6— 0, isolating states for which . has zero eigenvalues, only the corre-
sponding % BPS character is nonzero, giving

Xt () = lim X! o0 x, (8720 ™, (872) NS, (872) Y ) =

(5.8)

B. Semishort limits
1. The U(1)® Osp(2N-2m|2) sector

Considering, for ¥,y as in (5.1),

Xisjo(8512.87152.(872u) "9.5) = Tegae (8% ns? g 1§, g Fne 5 ),
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m

m 1 _
Tn=D—J;— EH,,,, K,=—> H,, D=D+J;, (5.9)
~_ m -

m=1

in the limit 6— 0, again, it is clear that only those states in ’R(AA{ i) for which the eigenvalue of 7,

is zero contribute.
It can be shown that

R (Osp(2N~ 2m|2),i)

(Ar (_9}_/)’

(5.10)

thA]r(‘s_l/z S5 (52 )l/m ) = X(gAl)i?OSPQN 2m|2), ’)(u 59) =

in terms of U(1)x, ®Osp(2N —2m|2) characters, for appropriate i, R, A, see Appendix A, for
notation.
Similar to above, using (4.7) with (5.3), and also

x2;(8715"%) ~ 57, (5.11)

giving the leading behavior as §— 0, then we have, for semishort and conserved multiplet cases,
for n=m and with T as in (5.3),

X(U(l)®OspF2N—2m|2),long)(u’E, }7) = lim X(N’AZ”) y (551/2’ 5_151/2,(5_21/{)1/”1}7,)7)
65—0

(ry+15r+2j+m+1:1) (ry+j+1:j:r)
Erl+2j+m+l (Nem) N-m
=ut———x"" @ 11 11 (1 +579),
l-5 e=x1 izl
U(1)®O0sp(2N-2m/|2),1 - = : LA,
XEH-(I;)r?2j's-£)lg1ﬁ;rj'.l|.,3,imrl)g)(u’s’y) = éln(l) XE]r‘Yi—_‘?+];_)j;r,...,r,+r (5-1/2 5_1‘91/2 (5—2u)1/m )
Er+2]+m+1 (Nem)
=X e @ 11 H (1+579),
1- e=*1 i=1
1)®O0sp(2N-2m|2),1 J— .
XE%})&&})BN Om\ ). ong)(u’s’y) - };H(l) Xé\ﬁojnso o)(5_”2 5152 (éuz )l/my 7)
2]+m+1 N-m
H IT a+5°). (5.12)
a—+l i=1

For (N, B,n) BPS multiplet characters there are a number of cases to consider. For n<<m we have,

for r,=-+-=r;and rp = =r,=r—-1=r, ==
U(1)®0sp(2N-2m2),] - i .
Xﬂl(rff’mgﬂ(a m[2).long) (0,5,§) = hm XE’,V%Q((?E”,6“‘s“2,(6“2u)”’”y,y)
§r1+m—n (Nem N-m
= @ I T a+509), (5.13)
e=*1 i=1
while for n=m, so that ry=---=r,>r, ==
U(1)®0sp(2N-2m]2).] N
Erl(;rz% sp(2N-2m|2) ong)(y 5, y)—hm X(Ir\’l(f)::)w—l/z S5, (572u)1 9, 3)
31 (Nem) N-m
- 1 _2Xr m(Y) H H (1+yl§) (514’)
- e=*1 i=1

For n>m we have, using results from Appendix A,
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XSJ](;?%OSP(ZN_ZmD),n)(M’E’}7) - }gin(l) XEIr\q%?)(g—l/z 55l (éhZM)l/my 7)

— N_m . N-m N-m
= U (C(N_m)(y) [T a+39 H (1 +y;1s))
i=n—m+1
(5.15)
so that
ng(;i:%OSP(ZN—ZWD),")(%E’}—,) =y 51 E 21 S HAN AN

1-5° i
<a << <
0 a9 An—m Ap—m+1>- - AN-m

Ap—m+1>+ - >4N-m

X X i _ @) (5.16)

ST T 1 ¥ e 1 = 15+ - " NFAN— = AN-m

Finally, for the % BPS cases,

(rsrsry. . Rt

X(U(l)®0§p(2])\/—2m|2),t1)(u’§’}—,) - ;im Xg’\;,i)l;;;,:..)ﬂr,ir)(&l/z’ 5—151/2,(5—2u)1/m};’37)

. a1t tan (N=m) 2
=u E s mX(r—al,...,r—aN_m_l,irIaN_m)(y)'

(5.17)
In particular, this implies

U(1)®O0sp(2N-2m[2), %)/ — — _ 1 N.B,*1 12 o112 ( o2 \Umy =
XEI/(ZI/ZIS/pZ 1/;n|+)1/2;(“’s’y)—(15111(1)Xgl/z;o;l/)z,...,1/2,:1/2)(53_ 655, (67u) MY, §)

1__2(X(1/2 l/z,il/z)(y)+EXEIIV/ET.).,I/LI,I/Z)(Y))’ (5.18)

agreeing with (4.18), in this limit, using (5.3) with (5.4) for r:%.
For m>1, we have for long multiplet characters,
Xirietioy e (59 =1 X (52,852 (520 179.9),

Tl TN

(5.19)
which is in accord with (4.26) with (4.27). For m=1, we have that

U(1)@0sp(2N-2|2).] N _ _
(1 + M)Xgrls—l(g;l+s2p/(+2 r2| - Ong)(u S y) = llm XEr]+(;r-:-gl);j;r|,...,rN)(asTl/zv 5—1s1/2’ 5_214’}’)» (520)
compatible with (4.26).

2. The U1)®SU(1,1) sectors

Similarly, by considering,
X{Xﬂjﬁ)(ﬁl/{5—151/2’(6—2u)1/NA1’ B (5_214)1/ yN—l (5—2u)tl/N)A)Ntl)

DA H ~ *H
=Trom (&T=yC=5P5 Hi... M),
R Ft i

1 1
jizD—Jg,—]T](H]‘F"'+HN_1__'_HN), ’Ci:N(Hl"‘""FHN_liHN), (521)

separately in the limit — 0, we have for the corresponding (N,A, =) multiplet character,
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U(1)®SU(1,1)
X(r+l r+2]+l+N)(u 5)

— 151'11(1) XEIX;;“;;:;};L...,r,tr)(ﬁl/z’6_1‘?1/2’(6_2”)1/1\’/\1’ (5 )1/ yN_l’((s—Zu)il/NyANil)
§r+2]+N+1
=u! : (5.22)
1-5

and, for the conserved current character, in either limit in (5.21),

x5 = lim XSS (85,6715, (070 5, (870 ey, (570 Y

2j+N+1
> (5.23)
=u .
1-5
For (N,B,n), n<N-1, BPS characters with r,=---=r; and r,,;="""=ry=*r; =1 and taking

corresponding limit in (5.21), then

<rllﬁﬁ§v[{%1 (u,5) = }sif(l) X(r Bn)(5—1/2 5—151/2 (5—2u)1/NA . (5‘2u)” yN_l,(és-zu):l/N);Ntl)
§r1+N—n
=u"l | _ 3 (524)

For the (N,B, =) half BPS cases and in the corresponding limit in (5.21), we have

}Jr(;)®SU(l 1) (u 5= hm Xiv(f;’i)..,r,ir)(%l/z’5_151/2’(5_2”)]/NA1’ ’(52u)1/NﬁN_l’(é»2u):1/N)9Nr1)
5
=u'——, (5.25)
1-5%
along with
U(1)@SU(1.1), =
X(1(/2)§®/2) ( )(M»S)
= rlsim Xﬁivfﬁb'?m,...,1/2,:1@)(55“2,515”2,(6“%)””%, (877U YN—1a(52M)il/NﬁNtl)
. $12
/
=u'f—. 5.26
1-5 (5:20

All other characters, apart from the long multiplet one corresponding to (4.35), in the limit (5.21)
vanish.

C. The superconformal index

The (single particle) superconformal indices'®?° may be computed by taking the limit u—

—1 in the U(1) ® Osp(2N—-2|2) characters above, i.e., for m=1 in the semishort limits above.”’

In particular, from (5.20), this limit ensures that Osp(2N|4) long multiplet characters vanish,
and hence do not contribute in the decomposition of partition functions, in the same limit, in terms
of Osp(2N|4) characters. Thus, partition functions evaluated in this limit receive contributions
from protected operators only. It should be noted, however, that the magnitude of the numbers
obtained for counting operators by expansion in terms of characters, in this limit, provide only a
lower bound on the numbers of actual protected operators due to the (—1)” sign in the index, for
fermion number F.
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VI. PARTITION FUNCTIONS FOR A/=6 SUPERCONFORMAL CHERN-SIMONS THEORY

In Ref. 2, a class of N'=6 superconformal Chern—Simons theories, with gauge group U(n)
X U(n), was proposed. For levels *k in the Chern-Simons terms, these theories admit a dual
description in terms of M theory compactified on AdS, X S"/Z,.

Here, the free field partition function of the theory, where the effective 't Hooft coupling
n/k—0, so that k— o, in the large n<<k limit, is computed using appropriate superconformal
characters.

The supergravity partition function, obtained using the duality proposed in Ref. 2 in the
n/k— o limit, for n>k— o, is also computed using appropriate superconformal characters.

A. Free field theory

For A'=6U(n) X U(n) superconformal Chern—Simons theory, the dynamical field content con-
sists of free scalars ¢;, ¢;, i=1,...,4, and free spin half fermions i;,, {ﬂm, a=1,2, where ¢, Jm
belong to the fundamental representation of SO(6) =SU(4), with ¢;, ¥;, belonging to the antifun-
damental, while ¢;, i, transform in the (n,7) bifundamental representation of U(n) X U(n), with

&;, ., transforming in the (77,n) representation. Under the action of SU(6) lowering operators,

¢1 - ¢2 - ¢3 - ¢4’ wla_) ll/Za_) l;bSa_> I//4m

51*%2—’5’7;3—)&’4, Jfla—}:ﬂza_”%a_"?&tw (6.1)

where ¢, — i), %1 — %2 under the action of the SU(2) lowering operator. The detailed fields are
given below.

Here the SU(6) orthonormal basis labels (r,q,p) are related to SU(4) Dynkin labels [a,b,c]
by

(r.q.p) — g +p.r—q.9-pl. (6.2)

so that (3,2,1)—[1,0,0], 3,2,-3) —~[0,0,1].

Notice that the derivatives give rise to a factor P(s,x) as in (4.6) multiplying the character for
each conformal primary field in Table II, however, the condition that the fields be free gives rise
to an effective factor (1—s* for the scalar cases and (1—s2) for the fermion cases so that the
conformal group character contributions are given, respectively, by the “Rac” and “Di” characters
given in (4.19). [See Ref. 20 for details of the derivation of SO(d,2) conformal group characters.]

As may be evident from (4.18), ¢ and ¢, respectively, $ and Jf, belong to the half BPS
multiplet (3,B,+), respectively, (3,B,-). [The scalar ¢,, respectively, ¢, is the primary field of
the (3,B,+), respectively, (3,B,-), multiplet.]

For free field theory, the single particle partition function is given by

2D 2J,. Hy{  Hy Hsz L L, M M
Yfree(s’x,y,u,v)zTr(s X 3y1 1y2 2y3 3”1 1...un nvl I...vn n)’ (63)

where the trace is over states corresponding to ¢, ¢,, and all their superconformal descendants,
of the form (3.3), and s, x, y, u, v are “fugacities” with L,,...,L,, M,,...,M, being usual U(n)
X U(n) Cartan subalgebra generators.

Thus we may write, in terms of characters,

Yfree(s’x’y’u’v) =f+(ssst)P1(u)P1(V_l) +f—(S,X,Y)P1(u_1)P1(V), (64)

defining, for subsequent use,
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TABLE II. Dynamical field content

Field (Asjiry,ry,rs) s28x syttt U(n) X U(n)
& (L.p:1 11 Sy1/2y1/2y1/2 (n.7)
b, (l zo.lz_i il) sy%/zyfl/zy;uz (n.,7)
s (i.o.il i _i) Yyfwzyl/zyfuz (n,7)
¢;‘ (E'O-—i il i) Sy—l/zy-l/zyuz (n.7)

s, > 5 1
i (12. +1.21 12 _21) Szx+1y1/2y1/2y-1/2 (n.7)
a e X T s

Pra (1; i%;%,l—%,%) szf'yll//zzyl:/zzyll//z2 (n,n)
P (123,120 sy 2y y) (n,m)
Ve (1;i%;—%,—%,—]§) S2x+1y—1/2y-1/2y-1/2 (n,7)
~ 1 171 71 12,172, ~172 =
b (5:0:3,5,3) syl iy (.n)
7 l.p.L 11 12, -172 172 —
23 (270’2’_2,2) Y1 Y2 Y3 (77,n)
~ 1 111 —172,12,1/2 =
by (5;0;—5,5,5) R s i (i7,n)
(‘Z; (1.0 1 _l) sy 1/2y-1/2y-1/2 (i7.n)

4 2:Y:72:72°72 >

{Z (:+4.1 11 s2x+|y1/2y|/2y1/z )

la > =292°202 ,

7 R ) S S | 2. #1172 ~1/2 ~1/2 —
ra (1 £5:3.-3.-3) STy s (7,n)
~ 1111 - _ _
. (1; ii’_i’i’_i) 25 ly 1/2y|/2y 12 (.n)
TS S I
diy (1:1:0,0,0) 52 (1,1)
dn (1;0;0,0,0) s (1,1)
In (1;-1;0,0,0) 522 (1,1)

n
j -1
plw=>ul, pi)=p_ ), (6.5)
i=1

so that p,(u)p,(v™"), p;(u™"p,(v) correspond to the characters for the (n,7), respectively, (i7,n)
representations of U(n) X U(n), and where

3
f+(s,x,y) = X(i/lzg()+1/2 172, +1,2>(s,x,y) = (y1}’2Y3)+1/2<E yj+1 + ()’1y2Y3)+1>DRac(S,X)
j=1
3
+ (ylyzys)”’z(E v+ (ylyzys)”>DDi(s,x), (6.6)
j=1

being half BPS characters (4.18) for SU(6) R-symmetry.
The multiparticle partition function, receiving contributions from only gauge invariant opera-
tors, is given by the usual integral over the gauge group, namely,

free(s X, Y) dM(u)f V)“P(E j Yfree(s ( 1)]+1x] y] ll] V])) (67)
U(n)

J=1

where the signs on x take account of particle statistics.
The integral may be evaluated in the large n limit by using a method described in Ref. 28 (see
also Ref. 29 for other applications). We may first expand

2 (sxy) = D~ f sy lsy) f d,u(UJ 4V, )p,(Vpy(v),

Ap EA%p U(n)
(6.8)

in terms of partitions,
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A=y N ), 2N = e,

j=1
;_)=(p1,...,pj,...), Ejpj=|p_)| e N, (6.9)
=1

where for g=(ay,...,0;,...),

2o= 11 0% feglsxy) =1 fo(s, (= 1V ,y) %, p0)=11p0)%.  (6.10)

=1 j=1 j=1

Using the orthogonality relation for power symmetric polynomials,

k]

f d,u(u)p)_\(u)pp(u"l) =2, 0\p» I\ ;_)| <n, (6.11)
U(n) - -

then we trivially obtain in the large n limit,

de)e(s,x,Y) -~ Zfree(s’x,y) = Efn_\(s,x,}’)f—)_\(s,x,w = H 2 (f+(sj’ (_ 1)j+1xj,yj)f—(sj’(
A

JZLN=0

PR 1
— 1)+ A= - — . I
= e S e

This result was also derived in Ref. 6 by using saddle point methods, in the context of showing
superconformal index matching.

(6.12)

B. Supergravity limit

In the strong coupling limit, large n/k, n>k— o, as explained in Ref. 2, using results of Ref.
30, the single particle states (gravitons) effectively belong to scalar superconformal representa-
tions with conformal dimensions r and in the Ry, , SU(6) representations, for r€ N, r>0, so
that, in terms of notation here, they belong to (3,B,2) BPS multiplets.

Taking account of superconformal descendants, we may thus write for the single particle
partition function,

©

Ysugra(s’x,Y) = 2 XE?;’(I)Q;’Z)r,o)(Saxa Y)’ (6.13)
r=1

where using (4.7), for 2052 acting on y=(y,,v2,y3)s

3
2 —
XCE2) 0)(5.5.y) = 57 P(5,2)Q05(S) (c§3,>,,0><y> [T sy [T 1+, ‘x8)>.
j=1

e=*1
(6.14)

Thus, using the definition of the SU(6) Verma module character (4.2), for N=3, and summing over
r in (6.13) with (6.14), we may write

3 _
vy T sy T (1 sy,7'x9)

(1- 52)’1Y2)H1Sj<k§3 ()’j_l —)’k_l)(l —}’j)’k)

Ysugra(S»X,Y) = S2P(s,x)ﬂﬁ53><(52)2

(6.15)

Simplifying the S5 part of the action of 205" in the latter we end up with the more succinct
formula,
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1 1 1 1 1 1
Y guera(8,,¥) = f(8,%,91,2,73) +f<s,x,—,—,y3> +f(s,x,—,y2,—> +f<s,x,y1,—,—> -1,
Y1 Y2 V1 Y3 Y2 Y3

(6.16)
where
3
I, (s I (1 4+ sy)
f(S,.x,yl,yz,y3)=P(S,x) 3 N 21 . (617)
[T s =Py =y7

We then have the multiparticle (free graviton gas) partition function given by the usual plethystic
exponential, also taking into account particle statistics,

o o
Zsugra(s’x’}’) = exp(z ;Ysugra(sl’(_ 1)J+1xjaylj’YZj,Y3j)> . (6.18)
j=1

VIl. COUNTING MULTITRACE GAUGE INVARIANT OPERATORS

The limits in Osp(2N|4) characters discussed in Sec. V, giving reductions to subalgebra
characters, are equivalent to decoupling limits that isolate sectors of operators in partition func-
tions. By taking such limits, for N=3, in (6.12) and (6.18), and decomposing in terms of characters
in the same limits, we are able to count corresponding multitrace gauge invariant operators in the
free field, supergravity limits. For free field theory, the counting numbers obtained provide an
upper bound on the numbers of protected operators in the interacting theory, while for the super-
gravity limit they are expected to count actually protected ones.

For f.(s,x,y) —fS(u.y), Y gugrals, %, y)—>YS%ra(u ¥), in the BPS limits, where G is the cor-
responding subgroup, and f-(s,x,y) — f%(u,5,y), Y sugra(8 X y)HYsugm(u 5,¥), in the semishort
limits, where H is the corresponding subgroup, the limits generically give

(3.B.%) — G - 3.2 -
fG(” y) = X(l/z 0; 1/2 1/2,+1/2) (u,9), Ysugra(u’y) = 2 XEr;o;r;,o)(“’Y),
r=1

- (3,B,%) - 3,B,2 -
fH(M 5Y)= X 1/2:0; 1/2 172, +1/2)(”’S’Y)’ %ugra(u 5y) = E XErO r)ro 55). (7.1)
where, for the superconformal characters,

M M = M M —
Xa5in$%Y) = Xiajin 9D Xiayin($:%Y) = Xiayn (5:5), (7.2)

in the same limits. An important point for the corresponding multiparticle partition functions is
properly taking into account particle statistics which differs in both cases. For Zg..(s,x,y)
— G — . .. H — =
—Z8 (u,¥), Zy ra(8,%,Y) = ZG0a(,¥), in the BPS limits and Zfrele(s,x,y)HZfree(u,s,y),
Zgugra(8,X,Y) = Zg,00,(1,5,¥), in the semishort limits, consistency requires

1

L= 2 F) W)

ree(u7y H

ZﬂGugra(u y) - exp(E Ysugra(u A’yj)) ’
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1

dee(u’g’y) = H

j=1 1_ff(”ja'jsEj/ajsyj)fH(ujaj»EI/aj,yj) a=(- 1)j+1’
S S
nggra(u’g’}_’) = exp(E ;Yglgra(u]aj’y/aj’ ¥) ) ]) . (7.3)
j=1 a=(- 1*
A. BPS cases
1. The U(1) sectors
Corresponding to (5.8) we consider the (3,B,+) limit, whereby
X0 (1) = X05 P (w) = ", (7.4)

so that ff (1)(u)=u, ffj (1)(u)=0. The set of fields that contribute from Table II is

() (7.5)

where i,1=1,...,n are U(n) X U(n)(n,77) bifundamental indices. It is also easily seen that
YYD (4)=0 in the limit (5.8). Thus, from (7.3),

sugra

Zo D) =780 ) = 1, (7.6)

sugra

so that, clearly, there are no (3,B,+) BPS gauge invariant operators in the free field or supergrav-
ity spectrum, apart from the identity operator. Of course this case is trivial since there is no way
of forming SU(n) X SU(n) gauge invariants involving solely ¢,;".

The same result applies to (3,B,—) BPS operators.

2. The U1)®U(1) sector
Corresponding to (5.5) for N=3, m=2, we have that

3,B2 U(1)®U(1
Xgr;g;r},q)(u5y) = X(rfq;® ( )(MJ) = uzryqv

Xiraren(10.3) = XG5 D ay) =27y, (1.7)

so that 20UV, )=y =112,
In this case the set of fundamental fields that contribute from Table II is

(¢1)i7’ (&1)]17 (78)

where j,j=1,...,n are U(n) X U(n)(i7,n) bifundamental indices.
We also have that

2

u
YOO O, y) = 2 u? = ——. (7.9)
r=1 l-u

Thus, from (7.3),

20 V) = 28 ) = T+
j=1+-

(7.10)

Thus, expanding over the characters in (7.7),
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2o W u,y) = Zoh PV uy) = 1+ 2 NPPINGE2) 0 (y), (7.11)
where
NOBD 2 p(1)=1,2,3,5, ..., r=1,234, ..., (7.12)

where p(r) is the usual partition number for r. The agreement (7.10) is expected as (3,B,2)
operators are protected due to long multiplet decomposition rules discussed in Sec. IV.

This counting is simple to see in terms of (7.8) as the gauge invariants may be written as, for
n,eNN,

Te(Z") - Te(Z"), Z/=($) (@)l ni< - <n<r. Zm=r (7.13)
k=1
of which, for a given r, there are p(r).

3. The U(1)®SO0O(4) sector

Due to (4.33), we expect disagreement between counting of (3,B, 1) operators in the free field
and supergravity limits and thus we split the discussion here. Corresponding to (5.5) for N=3,
m=1, we have that

3,B,1) U(1)®S0(4)
XEVOrqp)(u Uy,Uu_ ) Xr(q)p® “) (u Uug,u_ ) u Xq+p(u+)Xq p(u )

(3,B,2) U(1)@SO0(4
X(r 0;r, rp)(u Up,u_ ) X(r(r p@)’ )(u’u+’u—) = uerr+p(u+)Xr—p(u—) >

Xg;,(l);;’r.ir?*r)(u Uyu_)= X(r; :)§30(4)(u,u+,u_) = uerZr(ui) > (7.14)

in terms of SU(2) characters in (4.5), using SO(4) =SU(2) ® SU(2), so that, for SO(4) characters,

XE;?P)(yl’yQ) = X4+P(”+)Xq—p(”—)’ Visuu_, Y)=udu_. (7.15)
We thus have fg(l)®so(4)(u)=u)(1(ut), where Xl(ui)=ui+ui_l.
In this case the fundamental fields that contribute from Table II are
(@)% (B (B (B, (7.16)
Then from (7.3),

1
Zo eSOy 4y ) = H 4 - (7.17)
: D=y () x ()

The numbers of multitrace (3,B,1) BPS operators are then determined by expansions over the
characters (7.14), using (7.12),

oo

(1)®S0(4) 3,B,2) 3,B.1 3,B,1)
Zfree)® @ (u,u+,u_) =1+ E p(r)XErgrrO)(u Up,u_ ) + 2 feeB(r)q p)Xgrgrqp (u Up,u_ )
r=1 rq,|p|>0

(7.18)

for which formulas are obtained in Appendix B. We may determine for the first few cases, for r
=0,1,2,...,
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N ey =2 p()=plr+1)=0,1,2,58... (7.19)
j=0
and
r+1
Néief&mm—zE Ep(k) > p(j) +p(r+2)=2,5,12,23,44, . (7.20)
j=1 k=0 j=0
along with
r 2] r+2
N§3é§z£l4,r+2,ﬂ>—221 kEp( (1-(- 1)f)+2k)+20p(;) p(r+3)=3,6,15,26,49, .
J= =0 J=
(7.21)

Note that generally, from the results in Appendix B, N(free rap)
only for NOB reN, s, t=0,...,[r/2], st#0.

free,(r,r—s—t,s—t)’
[From (6.2), (r,r—s—t,t—s)—[r—2s,s+t,r—2t], in terms of SU(4) Dynkin labels.]
For the supergravity limit we may determine

is a potentially nonzero integer

- 1-u*
Yi{l(;ﬁfs‘)(“)(“’“““—) => nggrzr o, u_) = m T -1, (7.22)
r=1 s,n:il(l_u u,fu_")
so that, from (7.3),
1
ZVDeS0@) Uy, u_) = H ) (7.23)

sugra 2k 20
Jlszo(l_”2]”+ Tu_=7)

Again we may expand

SO(4) 3,B,2) 3,B,1 3,
ZU 1®S0(4) (M u,u_ )— 1 +2p(r)X(rgrr0)(u Uu,u_ )+ 2 IV(Sugllg'a()rqp)Xgrgrlqp (l/l Uy U )

sugra
r=1 r.q:|p[=0
(7.24)
to find for the first few cases, using results from Appendix B, for r=0,1,2,...,
Niigill()ﬂl P f:eg(lrl—l r,x1) (725)
while
r+1
NoZ 2 r0) = 2 2 p(k) = 2 p(j) +p(r+2)=1,2,5,9,18, . (7.26)
Jj=0 k=0 Jj=0
along with
r[j2] 1 r+2
NG s rinen = 20 2 p( (1-(-1)) +2k) + 2 p(j) - p(r+3)=2,4,10,17,32, .
j=1 k=0 j=0
(7.27)

As emphasized, the matching (7. 25) is expected from (4.33) along with the free field restric-

tions implied for general r,q,p in Nfree rap) mentioned above.
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TABLE III. BPS primary operators with conformal dimensions A belonging
to SO(6) representations R, . as obtained from expansion of partition
functions. (For the free field case, the extra operators appear in the rightmost

column.)
BPS primary operators
A Supergravity limit Remaining operators
1 R(I,],O)
2 2R (22.0)s R2.00) R.00
3 3R330:Re2.212RiG.10) 3Ria0)
4 57?'(4,4,0) ’ 27?’(4'3,1 1)» 2R(4,2,i2) ’ 5R(4,2,0) 7?'(4,2.12) ’ 77?'(4,2‘0)
7?'(4,1,i1) > 37?'(4,(),()) 37?'(4,1,‘; 1) 672(4,(),())

The first few numbers of operators may be easily obtained by performing series expansions to
low orders in u and using the orthogonality relation for SU(2) characters in Appendix B and are
listed in Table III.

Note that more generally, as may be easily argued from results in Appendix B, Nﬁi;a'()rq o1

potentially nonvanishing only for N(3 B, 1) relN, s,t=0,...,[r/2], st#0, consistent with

sugra,(r,r—s—t,s—t)’

the free field theory result.

B. Semishort cases
1. The U1)®SU(1,1) sectors
In these sectors, where the relevant limits in characters are given by (5.21), for N=3, fermion

contributions become important in multiparticle partition functions.
The surviving characters, for the (N,A,+) limit, are given by

(33, 1/2s3/2 e —
_ . ~
X(l/2 ;0; 1/2 1/2) (u S) _2 5 X(ro rrr)(u,s) = _2’
G. r—r+l (3.5.1) r§r+2
B.2 B,
X(’O”’—l)(u =3 X(rOrr—l on(U,5) = ——,
-5 1-5%
a. us2it4 (B3, Wi
COHS +
X(]H 4/:0.0 0)(14 5)= -5 X(r+1+l Jirrr) (u,E) = ? (7.28)

Thus, we have that ff(l)(@SU(l’l)(uj):(uE)”Z/(l—52), FIWESULD G 9= 12532 (1 - 52).
In this case the fields that contribute from Table II are

(@) ()i, an. (7.29)
Then from (7.3),

ZU(1)®SU(1 1)(I/t S) H 1

1L (= DY Ws(1 - 52y (7.30)

Expanding in u# we find
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ZJVeSUD G, 9 = 1 4 us” + dus* +0P,s%) =1+ (u,5)
free ’ (l _ s2)2 ( 2)2(1 4)2 (1 0 1 1 ,0)
3,cons. NGAH L (BA,
+ 2 X((/+C1(i;1,50),0 0)(u E) + Z 2 free. (t)j)X(r+j++l s, r)(u S) (731)
j=0 r=1 j=r/2—-1
=0
It appears nontrivial to determine N(3 generally, however, we may easily determine,

1 1 1357
3, . . .
Nﬁre?ﬁ),)‘ [21+ 1“5]+2] =4,4,12,12, ..., J=505 50
NeAED =1 r=234, .., Nt oim>1 n=123, ... (7.32)

In this limit, the supergravity single particle partition function reduces to

. us
Vo @9 = X065 009 = T3, (7.33)

so that, from (7.3),

Z9WssuD, o T (1 + us?), (7.34)

sugra
J=1

which is a reflection of Y glgrl®SU(1,1)
odd under (u,5) ——(u,5)].

Using the identities,

(u,5) receiving purely fermionic operator contributions [it is

©

q
1 J 5=
H( +a)= %H (1-¢) =21-4d .5

1/2)n(n+1) n n

(7.35)

where P,(m) is the number of partitions of m into no more than n parts, each part =2, we may

write
U(1)@SU(1,1)/, = 3.B.2 3A, 3A,
Zsu(gr)a® ( (u,s) =1+ XE];O;],)I,O)(M,E) + E 2 Niugr;(), 1)X2r+1++l)] , ,,)(u,f), (7.36)
=1 j=1/224-1
where
N(3A + . 1 2
qugra(rj)_Pr+1 ]+ 1 —Er =-r. (737)

Using the foregoing we may find relatively simple formulas for at least the first few cases,

1, j——==0mod?2,

]V(S,A +)

sugra,(1,7) =

=0mod?2,

NIUJ l\Jl'—‘

0, j-
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1.1
[g]—g], j=4mod6,

Naep = LOLL . = 11 j=3,4,56,...,
—j+ = |, otherwise,
6" 2
(3,A,+) _
sugra, (r,(1/2)r24+r=1) — L. (738)

Assuming that the partition functions in the supergravity limit receive contributions from only
protected operators, then a number of observations from (7.31), (7.32), (7.36), and (7.38) are
evident.

First, there are no X(s’B’l)

(0rr—1 r_l)(u,i) contributions and one contribution from )((3’3’2) (u,5),

(r;0;r,r,r=1)

for r=1, both consistent with previous analysis for BPS cases. Second, the conserved current
contributions in (7.31) disappear from the spectrum in the strong coupling limit, as happens for
N=4 super Yang Mills. Third, there is one scalar (3,A,+) semishort primary operator in the SU(6)
representation R, 5 ), and its conformal descendants, contributing in the free field theory limit,

due to N&é’&?o):l in (7.31), and no such contribution in the supergravity limit, from (7.36). In the

interacting theory, these operators, from the long multiplet decomposition formulas (4.35), must
then pair up with a (3,B,1) BPS primary operator in the SU(6) representation R4, ), and its
descendants. This is consistent with Table III as there is precisely one such remaining (3,B,1)
primary operator. (Similarly, the scalar conserved current, and its descendants, contributing to
(7.31) pairs with the single (3,B,1) BPS primary operator in the SU(6) representation R, o ), and
its descendants, listed in Table III.)
Note that the analysis for (3,A,—) semishort operators is very similar and gives the same
result for counting of BPS and conserved current multiplets along with
[\/(3,14,—) N(3,A,+) N(3,A,—) ZN(S,A,+) (739)

free,(r,j) = {Vfree,(r.j)’ sugra,(r,j) sugra,(r,j) *

In particular, again there is one scalar (3,A,—) primary semishort operator contributing in the free
field theory limit, absent from the supergravity spectrum, that pairs up with a (3,B,1) BPS
primary operator in the R4, _» SU(6) representation, consistent with Table III.

The U(1)®O0sp(2|2) sector

In the limit (5.9), for N=3, m=2, the nonvanishing characters are, defining Q(5,y)=(1+5y)
X(1+5y71)/(1-5%),

rar

X0 en(5y) = ——y " (L+57™), X (.5.7) = (1,5 y0(.y),

1-5

X sy =W TTYIOEY), XS 0 .5.y) = us PO y),

3,A, % = 1 2j+3,,* <
XEr+j+1;)j;r,r,tr)(u7Say) =yt y+rQ(S,)’),

Xgﬁfl);j;r,r,q)(u»Ey) = Mr+1§r+2j+3qu(§5y)- (740)

Thus fg“mosl)(z‘z)(u,f,y):(uE)”Z(yt”2+§y: 12)/(1-52).
The fields that contribute from Table II in this case are

(¢l)if’ (lrlfll)it’ (5])}1’ (l’Z/ll)Jje ‘911- (741)

From (7.3) we have

Downloaded 18 Mar 2011 to 145.18.109.182. Redistribution subject to AIP license or copyright; see http://jmp.aip.org/about/rights_and_permissions



022301-28  F. A. Dolan J. Math. Phys. 51, 022301 (2010)

1
ZVWe0sp2)(, o —. 7.42
(5= H R S V0 TS Ve T =7
Using the previous results for counting of BPS operators, we may determine
o] 1 -
W22 (u,5.y) = E POIXG o). 5.y) = (/[[1 o I)Q(s,y) (7.43)

for contributions from (3,B,2) multiplets, using (7.12), and

3,B,1 ,B,1 3,B,1) =
‘/Vl(‘ree )(I/t s y) 2 (]Vl(cree r)r—l I)Xgr()rr—l 1) (M,S,y) +N<ree (r,r—1, I)X(rOrr— 1,-1) (Ll 5, y)) —s(y+y )

2us— 14,
><< - gl—( )J+1>Q(sy) (7.44)

for contributions of (3,B,1) multiplets, using the form of the corresponding characters in (7.40),
along with (7.19). Similarly, using the free field results for the U(1) ® SU(1, 1) sector in (7.31), we
may determine

* us
o™ 0,5.3) = 2 X 00 (15.)) = T 506y) (7.45)
Jj=0

for conserved current multiplet contributions and

Wt (u,5,y) = E E N X e 5y) = yT 157 (1 4+ 5y) (1 +5y7")
r=1 j=r/2-1
Jj=0

x(ﬁ ! uy” s 1) (7.46)
O L+ (= DIy ™21 -32)2 (1= ‘

for (3,A, =) semishort multiplets, evident by using (7.31) and (7.39), and the form of the corre-

sponding characters in (7.40). We may then determine numbers foe: Zr)] " of (3,A,2) semishort

operators from

ree ree

= 3.A.2) 3.A,
W%ref: (M,S,y) + 2 ]v§ree (1., q)X§r+j+l Jsrrg) (u S y) (747)
r>1,2j>0

0S‘q‘<r

Finding general formulas for Ni:e?(zr)] ;) 1s nontrivial, however, series expansion of (7.47), using

MATHEMATICA, suggests the following results for particular cases, for r=0,1,2,...:

roj r+1
NG2Z, 100 =22 2 p(k) + 2 p(j) =4,10,21,40,71, ..., (7.48)
j=0 k=0 j=0
along with
r+1 [j/2] r+3
e 3.042) —220 kEO p( S(=(-1)+ 2k> - Zop(i) +p(r+4)=2,5,10,19,33, ... .
J= J=

(7.49)
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For the U(1) ® Osp(2|2) sector, the supergravity single particle partition function reduces to

us(1+5y)(1+5y7h
(1=5)(1 —us)

YOEOPCR (5, y) = 3 XGE2 o) (.5.y) = : (7.50)
r=1
so that, from (7.3),

quj+2k—1y)(l + quj+2k—1y—l)

U(1)®0sp(2]2) (1+
Zgipea (u,5,y) = jlk_—ll (| = (7.51)
This time, we may determine
‘/Vingrf)(u,E’y) = fSéEYZ)(ua 5,)’) B
WEED(u,5,y) = WEED(w,5y),  WEE™(u,5,y) =0 (7.52)

due to the relevant sector of BPS operators remaining protected and the conserved current multi-
plet operators disappearing from the spectrum, as shown previously. Similarly, using the super-
gravity limit results for the U(1) ® SU(1,1) sector in (7.36), we may determine

ol usy) = E E Nt X e p 5 y) =37 l(1+§y)(1+fy‘1)<H(1

r=1 j=r/2—1
j=0
o wyT'S
+uy_1§2/)—m— 1 (7.53)

for (3,A, =) semishort multiplets, evident by using also (7.39), and the form of the corresponding
characters in (7.40). We may then determine numbers Niz;dz()” 2 of (3,A,2) semishort operators
from

ZU(1)®OSP(2|2)(M,§,y) =1+Ww&B 2)(I,t,E,y) + WED (u,E,y) + WA (u,5,y) + wiA (u,5. ,y)

sugra sugra sugra sugra sugra
3.A4,2) (3.A.2)
+ 2 Niugra r]q r+]+ljrrq(u s )7) (754)
r=12j=0
Og‘q‘<r
. 3 .. . .
Again, general formulas for Niug[?‘az)r]q) seem nontrivial to obtain, however, using MATHEMATICA

suggests, for particular cases, for r=0,1,2,...,

a0 =1 =012, (7.55)
and
roj
Nsﬁgaz (r+1,0,0) = > 2 pk)=1,3,7,14,26, ..., (7.56)
=0 k=0
along with
o G2 | 3
3.0, = %%p( (1—(—1)’)+2k>—Jgop(])+p(r+4)=0,0,1,2,5,... .
(7.57)

A consistency check is provided by (4.34) which implies that the unprotected scalar (3,A4,2)
semishort primary operators in SU(6) representation R, (), respectively, R, . +,), and their con-
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formal descendants, counted above, should pair with unprotected (3,B,1) BPS primary operators
in the SU(6) representation R.,50) respectively, R.,,+2), and their descendants, counted
previously. Using (7.20), (7.26), (7.48), and (7.56), along with (7.21), (7.27), (7.48), and (7.57),

we find
3,B,1 3,B,1 3,A2
Mree (rl—2 r,0) Ngugra,()r+2,r,0) = N%ree,(r?O,O) sugra r 0,0) — 2 E p(k)
Jj=0 k=0
r=2 [j/2] 1
3,B,1 3,B,1 3,A,2
Mree,(rlZ,r,iZ) - N<sugra,()r+2,r,i2) = free,(r?O,iZ) - sugra (r 0,+2) = E E p( (1 - ( 1)1) + 2k)
j=0 k=0

(7.58)

expressing perfect agreement with this expectation.

3. The U(1)®Osp(4|2) sector

This sector is nontrivial to analyze in similar terms as above due to necessary and nontrivial
expansions over SO(4), characters, as done for the U(1) ® SO(4) sector above, so here are simply
given formulas for (7.1). Using (5.15), for N=3, m=1, with (7.15), we have

3,8, (1)®O0sp(2[2),2 =
XgrO r)rO (u S, Uy U ) err)® "P(2P) )(M,S,M+,M_)

_ (us)” > ()" ()™ (1 + 50,0 ") (1 + 5, u_")(1+5u,”u_"")

l—s e,=*1 (l—u+_2€)(1—u__270 ’
(7.59)
so that, with (5.18),
(MS)I/Z
SEOEOPEID ) =" ) + 5 a),
1 1+ 2 (1 + 5,0 )78) (1 + 5wy /u_)™°
YISO 5y )2 —— S (1 +us -Mze )( i(um )8 )( S_(M+ u )E )

1-52 2 (1—u,”) (1 = us(ugu)®)(1 - us(u,/u_)®)

(7.60)

(7.60) is consistent with (6.16) in the limit (5.9) and the formula in the second line can also be
shown to be symmetric under exchange of u,, u_, as is necessary.
In terms of the fields in Table II, the contributions are from

(B (D) (W) (),
(47’1)1J, (‘:52)]/’ (J’ll)jj’ (JIZI)JJ" &ll' (761)

VIil. CONCLUSION

While much progress has been made recently in terms of determining the spectra of super-
conformal field theories, there are many open questions, for instance, for the new superconformal
Chern-Simons theories or A’'=4 super Yang Mills.

Focusing on the former, while the spectra of the A'=6 superconformal Chern—Simons theory
at zero (effective) "t Hooft coupling and in the large n, k limits has been partially addressed here
by use of character methods, it may be interesting to investigate operator counting for finite n, k.
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For large n, k, the results here provide extra confirmation of expectations that the primary
operators dual to Kaluza Klein modes, and multitraces of these operators, in [r,0,r] SU(4) rep-
resentations, conformal dimension r, are protected, as argued in another way in Ref. 2. Also, the
counting here implies that these are the only gauge invariant multitrace primary operators in the
(3,B,2) superconformal representation.

For the (3,B,1) representations, the only gauge invariant primary operators belong to [r
=2s,s+t,r=2t], s,t=0,...,[r/2], st#0, SU(4) representations, for which generating functions
for counting are given in Appendix B. Furthermore, in accord with long multiplet decomposition
rules, counting of (s,7)=(1,0) and (0,1) cases shows matching between the free field and super-
gravity limits, providing a consistency check of the character procedure used here and further
evidence, perhaps, in favor of the duality proposed in Ref. 2.

Turning to semishort cases, conserved current multiplet operators disappear from the spectrum
in the supergravity limit while the primary operators for (3, A +) semishort operators, belonging
to [2r,0,0], [0,0,2r] SU(4) representations, have spins j= 2r 1 in the free field limit, while for
the supergravity limit, j= -r2+r 1, a reflection of the very simple partition function obtained in
(7.51).

While only partial counting is obtained here for semishort operators, the numbers of primary
operators obtained are consistent with the following formula, implied by (4.34)—(4.36),

M _ M 3,B,1) B.1)
Nprot,(r,q) ~ Vree,(r,q) ~ ! Vfree,(r+2,r,q) + Nprol (r+2,r,q)° (8 1)
where NV prot,(r.q)* Nﬁge 2 denote numbers of corresponding protected/free scalar semishort primary

operators, in appropriate R, ,) SU(6) representations [so that for M=(3,cons.), then r,g=0, for
M=(3,A,*) then r=+g#0 and for M=(3,A,2) then r>|g|>0], while N

prot,(r+2,r,q)’

N(ffef(]rlhq denote numbers of protected/free primary operators in (3,B,1) BPS multiplets, in

R(r+2,r,q) SU(6) representations.
Note also that, for free field theory in the large n limit, r,q are further restricted to r=2, ¢

(8.1) implies that it is possible to compute the partition function corresponding to such pro-
tected operators using only free field theory and the knowledge of which (3,B,1) BPS operators
remain protected.

In particular, this applies to the AN'=6 Chern—Simons theory, having finite n and large levels k,
in which case allowable r,q in (8.1), deriving from free field theory, may change. The generating
functions,

M r
Fy(z) = E Niree (r)Z >
r=0

3,B,1) 3,B,1
Gq(Z) E ( free (r+2 r.q) NLrot,(rl—Z,r,q))Zr’ (82)

may then be determined using the free field partition functions ZggeU(l ©0sp (zlz)(u,E,y),

E:')éU(l)(@SOM) ,u,,u_), denoting (6.7) evaluated in the relevant HCOsp(6|4) sector, and
Z "m’tU(l)®So(4)(u,u+,u_), the partition function for protected (3,B,1) operators evaluated in the
U(1)®SO(4) sector. It is evident from the form of the characters in (7.40) that

2

X
F (n ,U(1)®0sp(2]2) / X, —1Ddxd
)= 2 l)zjgﬂgxyq(ﬂy)(l”y)( free (efex.y) = dxdy

in terms of a double contour integral, where the contribution from the identity operator is sub-
tracted. (Depending on free field constraints for finite n it may also be necessary to subtract
contributions from other short multiplet representations as well.) G,(z) may, in principle, be
computed in terms of a double contour integral similar to that in Appendix B, where f(u,x,y)
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:Zi.fgéU(lmso(“)(u”z,x, y)—ZgrgthO(“)(u”z,x, y) in (B1). (Presumably the latter partition function

is equivalent to the chiral ring partition function, for finite 7.)
These generating functions may then be used to write, using also (4.7), (4.27), and (4.28) for
N=3,

M 3A1
N )(E )

Z,(5:2.91:52:53) = 2 Noror (g X1 00) (52:31:32:73) = WO H (79172033 C50 0.0

r=

X(8,%,51,¥2.¥3))

H,(z)=F,(2) - G,(2) (8.3)

for the partition function restricted to relevant protected scalar primary operators and their super-
conformal descendants.

Such partition functions should be consistent with the large n result where, using that there are
no relevant scalar (3, cons.), (3,A, ) primary operators in the supergravity spectrum and that

(3.A2) (3.A2) .
Nyt =Neagrnr0.0) with (7.56) and (7.57), then

s}

=3 M = — T
- sugra(r,0,0) (1 _ Z)Zk:] 1- Zk

oo} 2 oo
, z 1 1 1
Ht)= Z NG o= -
r=3

1
-, 8.4
1-290(1-2%) 1-z z/)i51-72" 2 84

with other H,(z) vanishing.

Turning to N'=4 super-Yang Mills, with gauge U(N), there are still many outstanding ques-
tions regarding operator spectra that perhaps may be more easily answered for AN'=6 superconfor-
mal Chern—Simons theories due to the latter having fewer decoupled sectors, as demonstrated
here. One concerns finite N counting for protected operators. (Addressing this question may help
answer the difficult black hole entropy/microstate counting problem.)

Recently, the latter issue received some attention in Ref. 32, where, among other things, the
problem of counting certain gauge invariant operators, consisting of products of single trace chiral
ring operators acted on by derivatives, was considered. (These operators should remain protected
and certainly enumerating them is interesting and worthwhile.)

The simpler problem of counting chiral ring operators has been addressed from the perspec-
tive of computing Hilbert series for the ring of symmetric polynomials in Ref. 33 (equivalently,
the latter issue has been investigated from a perhaps more formal perspective in Ref. 34), whereby
the nontrivial part of the computation is in taking account of syzygies (or trace identities in terms
of matrices). The same difficulty applies to counting operators of the sort, referred to above,
considered in Ref. 32 and perhaps could be circumvented by a judicious choice of basis for the
operators.

In Appendix C, a more combinatorial approach is described using a natural basis for multi-
trace operators involving commuting matrices, the simplest sort of chiral ring that is relevant for
N=4 super-Yang Mills. The technique involves employing the Polya enumeration theorem, ap-
plied to counting graph colorings where the relevant graphs, in this case, have a particular wreath
product group automorphism symmetry. (This is similar to the approach used for counting single
trace operators, in the large N limit, for N'=4 SYM,*?® where the relevant graphs there were
necklaces with cyclic group automorphism symmetry.) The result obtained by this approach
(equivalent to the Hilbert series mentioned above) is naturally expressed in terms of cycle index
polynomials for the symmetric permutation group. (For alternative polynomial expansions of
chiral ring partition functions, useful in the context of asymptotics, see, for example, Ref. 37.)

It may be worth trying to find other combinatorial methods of counting chiral ring operators
more generally, perhaps using known extensions of the Polya enumeration theorem, taking into
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account symmetry in colors,*® for example. In any case, Hilbert series appear to have very inter-
esting connections with counting graph colorings that perhaps may lead to even other extensions
of the Polya enumeration theorem.
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APPENDIX A: Osp(2N|4) SUBALGEBRAS

Corresponding to the shortening conditions (3.5), (3.8), (3.11), and (3.14), with notation as in
Table I, there are subalgebras which are now discussed. The characters for these subalgebras lead
to the limits considered in Sec. V.

Corresponding to (3.5) for (N,B,m) short multiplets, we have

Osp(2N]4) D (SU(2|m) ® SO@2N - 2m)) X U(1); . (A1)

The generators of SU(2|m) are Maﬂ, Q. . SP m,hAi=1,....m,of Sec. I, along with H,, as in

mas Pj

(5.1), and T;, generators of SU(m)C SO(2m), with, in terms of the generators in (2.7),

i

L ZE;,;, <A
Tpi=Hy— —2 Hy  Tip= . , (A2)
M=t —LES, A<
2 nm?
so that 2", T,,,=0 and, for 12,i= 1,...,m,
(Tii» Tii] = 83T — STk (A3)
SU(2|m) has usual algebra with, in particular,
{Qan Sy =2i(M P83 — 8, T s+ 8,085 M,) (A4)
and
1 1 S8 1 1\= P
[Hm’ Qrﬁa] =\5 - Qrflw [Hm’Sﬁ ] ==\5 - Sﬁ . (AS)
2 m 2 m

For m=2, 'H,, is evidently then a central extension.
The SO(2N-2m) subgroup in (Al) is generated by Ry 7,5,7,u=2m+1,...,2N,

[R5 Rz = i( iR — SR — OmiRit + OsaRi7) s (A6)

while Z,, in (5.1) is an external automorphism with

2 m

(Z,. Q] = (1 . 1) Qe [Zn3.F]=- (1 . l)Sf. (A7)
2 m

Corresponding to (3.5) for n=N for (N,B,+) multiplets and, separately, (3.8) for (N,B,-)
multiplets, we have

Osp(2N4) D SU(2|N) X U(1)7,. (A8)

The generators of SU(2|N) are MQB, Qhas Sﬁﬁ, for m,i=1,... ,N—1,+ for the (N,B,+) case and
m,i=1,...,N—1,- for the (N,B,-) case, where we define
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Q+a = QNm Q—a = QNCM’ 3‘+D( = S‘Na’ 3_01 = SNQ’ (Ag)
along with H. as in (5.7), and T,,;, generators of SU(N) given by, for <N,

1
Trhn%:Hrh—N(H1+ “+Hy_ | * Hy),

1
T.v= iHN_]T,(HI'*‘ +Hy_y = Hy),
i — A A
i i 5 mn’ m<n<N
The= EE;& Tip=- EE,_;,&, Thi= ; (A10)
—EEg;l, A<im<N,
satisfying the same commutation relation (A3) for n%,ﬁ,IG,lA= 1,...,N=-1,=%.

The Q0 S‘nﬁ generators satisfy (A4) for H,, replaced by H., as appropriate, and 1,7
=1,...,N-1,%, and with
1 1 - 1 1\=
HeiQpal=| 2= =) Qe [H S =—<———>sﬁ, All
[Q](2N>Q (o5 == 5 - )i (Al1)
so that for R-symmetry group SO(4), i.e., N=2, H. is a central extension.

Z. in (5.7) acts and as external automorphism with

1 )Qrﬁw [Iiagﬁﬁ]=_ (l"'l)gﬁﬂ (A12)

1
[I+,Qnaa]=(§+x, >ty

The expression (5.2) may be understood as follows. By taking the limit — 0, only (N, B,n),
n=m, and (N,B, =) BPS multiplets have states, including the highest weight state, with zero H,,
eigenvalues. Characters for the (SU(2|m) ® SO(2N—-2m)) X U(l)Im subalgebra, when restricted to
these representations, reduce to U(l)Im®SO(2N—2m) characters, as these representations are
trivial representations of the SU(2|m) subalgebra, evident from Sec. III.

The limit in (5.8) may be understood similarly to other BPS cases whereby the characters
reduce in the half BPS cases to U(1)7, characters.

Corresponding to (3.11) for (N,A,m) semishort multiplets, we have

Osp(2N|4) D (SU(1|m) ® Osp(2N —2m|2)) X U(Dy, - (A13)

The generators of SU(1|m) are Qy;,, S;% Ty fit,i=1,...,m, along with 7, as in (5.9),
where SU(1|m) has usual algebra with, in particular,

{Q2: St =2i(= Ty + 835 T ) (A14)
with
1 =5 1\=,
[jm’ Qr?lZ] =|{1-— Qrfﬂ, [LZnaSﬁ ] =—|(1-— Sﬁ . (A15)
m m
For m=1, J,, is then a central extension.

The generators of Osp(2N—2m|2) are Sp(2,R)=SU(1,1) generators P;;, K'' of Sec. II,
along with, D=D+J; in (5.9) satisfying
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[B,Pn] = 2Pn, [E,KH] == ZKM, [KH,Pn] =45, (A16)
along with Q5, SEI, 7,5=2m+1,...,2N, of Sec. II, and SO(2N-2m) generators Ry as before,
satisfying

[D’Qﬂ]:Q?l’ [57S§]]=_S§la
[K",0m]=2iS;,  [Py1,81==2i05, (A17)
and
{er’Q§1}= 205P 1, {SFI,SS—I}: 25r7K”’ {QFI’S§1}=2i5r_s5 + 2Rz (A18)

In (A13), K,, as in (5.9) is an outer automorphism with

1 — 1_
[ICm’ thZ] = ;QVQZ’ []Cm"sﬁz] == ;Sﬁz’ [’Cm’ Q?l] = [ICm’SEl] =0. (Alg)

Corresponding to (3.11) for n=N for (N,A,+) multiplets and, separately, (3.14) for (N,A,
—) semishort multiplets, we have

Osp(2N]4) D (SU(1|N) ® SU(1, 1)) X U(1).. . (A20)

The generators of SU(1|N) are Q,;», S'ﬁz, T, form,in=1,... ,N—1,+, for the (N,A,+) case, and
m,i=1,...,N—1,- for the (N,A,-) case, with the definitions (A9) for a=2, with T as in (A10)
and 7. as in (5.21).

The supercharges satisfy (A14) with 7,, replaced by J-, as appropriate, and m,Ai=1,...,N

—1,%, with

1 — 1\=
[J:,Qm]:(l—N)sz, [J¢,8ﬁ2]=—<1—];>8;,2, (A21)

so that, for R symmetry group SO(2), i.e., N=1, J- is a central extension. The SU(1, 1) generators

are Py;, K'', and D, as above, satisfying (A16). Also, K. as given in (5.21) is an outer automor-
phism with

1 _
(K. Q] = Qi [K.,S71=-=S. (A22)

(5.10) can be understood similarly to BPS limits. Again by taking the limit §— 0, only those
states in relevant semishort multiplets and various BPS multiplets with zero 7, eigenvalue con-
tribute to corresponding characters. Note, however, that for semishort multiplets, the states do not
include highest weight states, but some superconformal descendants. Such characters, when re-
stricted to the (SU(1 |m)®Osp(2N—2m|2))l><U(l),Cm subalgebra, reduce to U(1)K,,® Osp(2N
—2m|2) characters as these representations are trivial representations of the SU(1|m) subalgebra.

To see the equivalence in terms of Osp(2N— 2m|2) characters, we may, as in Sec. II, make a
change of basis for Q5, Sgl, R~ to the orthonormal basis, as in (2.8) and (2.9), to {Q;, O, Sﬁl,

Sﬁl, Hy E.—, E.", in,i=m+1,...,N}, in an obvious way. Denoting highest weight states by

mn * —mn

|A; T, where

(K" SHIAD™ =0,  (D,Hz)|ADM = (A,ry) A, (A23)

unitarity requires A=r,,,,. Compatible shortening conditions are given by, for 7=m+1, ... ,N,
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Q51|A;l‘ h.w.:O:}A: = =T

QA =0= A=ryyy = =1y ==y (A24)

We may follow a similar procedure as for Osp(2N|4) characters in Sec. IV to find Osp(2N|2)
characters for representations R 7. The corresponding characters for irreducible representations
are given by3 ?

iy
(Osp(2N=-2m|2),i) (_ _. — — S N-m-1 N-m) (= i
Xag o ES) = T (P gy, = _Ezggsmmwsz) (Cﬁ ()R
N-m—1
x5y 11 (1+s7,‘1)), (A25)
j=1

where, corresponding to the action of supercharges on the highest weight state for long and short
representations R4 7).

r
N-m

(1+5Gy_ ) DIl (1+55,)  fori=long
j=1

RY(5,3) =4 g (A26)
(1+5Gp-)™) TI (1453 fori=n
Jj=n+l-m
\(1+§()7N""):1) fori= =+,
where for i=long then A=r,,,, for long multiplets, while for i=# then A=rp = =r>rm,
and for i==* then A=r,, =-"=ry_==*r, Here the maximal compact subgroup is U(1)

®U(1) ® SO(2N-2m) so that the relevant Weyl symmetrizer, acting on Verma module characters,
iS m]SN—m[X(‘Sé)N_m_] A

APPENDIX B: CHARACTER EXPANSIONS
Defining

flu,x,y) = 2 NrsturXs(x)Xz(y), (B1)

r,s, =0

and using usual the orthogonality relation for SU(2) characters in (4.5),

1

d
~ P TN = 8y (B2)
a7l Z

which may be equivalently expressed by, due to x;(z)=x;(z™"),

- i % Xs(2D)x(2)(z -z )dz =8y, (B3)

we have that

Ny = ﬁ é f §f(u,x,y)u"‘lxs(x)xt(y)(x —x" Ny -y Hdudxdy, (B4)

where each contour is the relevant unit circle. Using x,(z)=—x_,_»(z), we have
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Nrsl == Nr—s—2t == Nrs—z—2 =N —s=2-1-2" (BS)
It is convenient below to construct generating functions

o

Frs(z) = E Nrr—2sr—2tzr’ (B6)
r=0

so that using (B4), summing over r, and performing the subsequent contour integral over u for
l2] <lxy

i

b
(2mi)?
+x7 YT/ (xy),x, ) ) dxdy . (B7)

F,(z)= é; 3€ (e By 2 (e, x,y) — Xy ol x,y) — T 2 (zy ), x, y)

Note that for application to the main text, in terms of the notation used below,

Nfree,(r,r—s—t,r—s) = NF,r r=2s r=2 Nsugra,(r,r—s—t,t—s) = NS,r r=2s r=2t- (B8)

1. The free field case

For the free field case, due to (7.17) with (7.18), we consider

1
frlu,x,y) = ,1;[1 o) 32 . N st Xs(X) x,() (B9)

which may be expanded as

fe(u,x,y) = 2 ullp, (e x py (3™, (B10)
A

in terms of power symmetric polynomials p,(z), (6.10) with (6.5). Using an expansion formula for
power symmetric polynomials in terms of Schur polynomials, we may expand the latter in terms
of SU(2) characters via

)= X 0,""x.), (B11)

m,n=0

m+2n=|\|

where w)_\('"’") are symmetric group characters. Introducing the notation, ()é):H j;l(:;j) then it is
easily determined from (B11) that (other formulas for these characters may be found in Ref. 40 but

the following is the most useful for purposes here, and is perhaps simpler)

A A
oM0=1, @Y ()— > () n=1,...[]A2], (B12)
: P

p\p P
|pl=n lpl=n~1

with w;"’m) being otherwise zero. Thus, using (B3) and (B4) for (B10) with (B11),

Niy roas o= 2 0,070,200 sr=0, .. [r2]. (B13)
A
[A|=r
Thus, Nk, ,_os ,_5; is a potentially nonzero, non-negative integer only for r,s=0,...,[r/2].

A useful identity, which may be easily generalized, is the following, namely, for
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N\,
J
Ny = 2 (i >, (B14)
A

then*!

& - 1
(1-2) 1 -

gi(2) = E Nz = (B15)

This may be seen in a simple way by first introducing, A(x,z)=[1/(1- xz)]H k_l 1/(1-25), so that,

in a series expansion, h(x,z)=Z)x Nz We then have lim, ,(1/i")(d'/ dx’)h(x 7)=g;,(z) using
(1/iN(d'/ dx)[1/(1=xz)]=29/ (1 =x2/) L.
The simplest case is for s=¢r=0, whereby for (B6) we find, using (B12) along with (B15),

Fr00(2) = goo(2) = H 1 (B16)
k=1 1~
and thus have, giving (7.12),
NF,rrr:nrO()zp(r)- (B17)

Similarly, for (B6) using (B12) along with (B15),

-1y 1
Fr10(2) = Fr1(2) = 811(2) = goo(2) = =11 P (B18)
1-z k=1 1-7
and so, agreeing with (7.19),
r—1
NF,r r—=2 r:NF,r rr=2=M11 —p(}") :Ep(]) _P(’")~ (Blg)
=0
Similarly, for (B6) using (B12) along with (B15),
422 -3z+ 1.7 1
Fr11(2) =2821(2) — g11(2) + goo(2) = 2 I1 e (B20)
(1 - Z) k=1 1-z
and so, giving (7.20),
NF,rr—Zr—2 = 2nr21 — N, +p(r) . (le)
Notice that by a very similar argument, it may be shown that from (B12) with (B13), for ¢
=0,
Fro@=Frod= 3 (4 -1 —
F,s0\&) = ' 05\Z _pl’_._’pxz() < Pt HSpgS 4 Pt Hspgs—1 1—[3 (1 —Zj)pjkzl l_Zk’

J=1

(B22)

enabling determination of Ng, ,_»s ,_o, for st=0.

2. The supergravity case

In this case we consider, due to (7.23) with (7.24),
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1
fsGuxy) =11 = 2 Nyt X (0)x (), (B23)

=1 Hkl " — wx*iy2 J) 15,120

and we use (B7) and (B6) to determine generating functions for low s,z.
For application to (B6), we have the leading terms

fs(zxy,x,y) = H

k=1 1—1

1
fs(axly,x,y) = Hm+ T

1
fs(zylx,x,y) = gw+ S
1
folel o)) = ,Hl TRyt B

where - -+ denotes terms that in a series expansion in x,y involve powers x2“ 2 a.be?, a,b
#0,-1, that do not contribute below.
We have, from (B24),

i) Sg %xyfs(zxy x,y)dxdy =0,

(2m)2 jg 3g ~fs(zx/y,x,y)dxdy =0,

3€ jg )y‘cfs(zy/x,x, y)dxdy =0,

(2mi)?
ol
(i) jg jg —fs(z/(xy),x,y)dxdy = Hl T (B25)
so that for (B6) we have, from (B7),
Fs.00(2) = 800(2)- (B26)

agreeing with (B16). Hence, N ,,,=Ng,,, in (B17), leading to the first equation in (7.25).
Similarly, using (B24) and

o

1 zt
=1+—+ 07, B27
[ z=1+1+00d) (B27)

we have

(Zm)z jg SE ~fs(zxy,x,y)dxdy =0,
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(2771)2 3[3 jg yxfs(zx/y,x,y)dxdy =0,

[

1
§ é —fs(zy/x,x,y)dxdy = [ ] —
xy

(2mi)? o 1-2
1
(2mi)? jg jg )y—cfs(z/(xy) x,y)dxdy = l—kH X (B28)
1
so that for (B6), from (B7),
Fs.01(2) = £11(2) = 800(2), (B29)

agreeing with (B20), so that N, »=Ng ,,,_, in (B21). It is easy to show that Fg ;o(z)=F5 ¢;(z) so
that Ng ,,_»,=Ns_ .. Thus we have (7.25).
Similarly, using (B24) with (B27),

o

1
fﬁ fﬁ —fs(zxy.x,y)dxdy = [ [ ——,

(2771)2 k=1 1 -2z

§§ = fo(zx/y,x,y)dxdy = II

(211'1)2 1_2k11—Z

1
mi? ff; fﬁ ifs(zy/x x,y)dxdy = —H

-z, 1-2°
;3636 / )dxd —( < < )ﬁ ! B30
G § P st wpdedy = T+ 775 11—, (B30)

so that for (B6), from (B7),

1

372 =37+ 11
Fs.n@) =) -0 + 200 = =5~ 11— (B31)
BTy

giving, from (B15),

N s ro2r-2 = Ny21 = Nyyq + p(r), (B32)
leading to (7.26).

APPENDIX C: COUNTING MULTITRACES OF COMMUTING MATRICES

In Ref. 34 it was shown that a basis for multiple traces of J commuting N X N matrices X,
k=1,...,J, is provided by

TrUITrUZ"'TrUN, ulZHY”, Yl‘jE{Xk,kZO,...,J} (Cl)
j=1

for n—o, where X,=I, the identity matrix, which, of course, also commutes with X;, k
=1,...,J, so that initially we treat it on an equal footing with the other matrices. (C1) is linearly
independent up to the action of the automorphism symmetry group described below.
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Each U/; has an automorphism symmetry S, since U;=I17_,Y;;=(U;)"=1I"_,Y ;s for every o
e S, (since X, commute). Hence each Tr U; corresponds to a graph with S, symmetry K,,, where
Y;; to corresponds to the jth vertex. Here, K,, is taken to be the complete graph on n vertices.*?
Particular Tr U; corresponds to a coloring of the vertices of K,,, in colors ¢, k=0, ...,J, with the
exact value of Ve {X,k=0, ... ,J} corresponding to the color of the jth vertex.

Tr U, TrU,---Tr Uy corresponds to N copies of K,,, denoted KnN . This graph has a correspond-
ing automorphism group, in graph theory known as the wreath product group, in this case given by
the semidirect product (S,)Y X Sy. For this group, for o=(o,...,oy) € (S,)", 7€ Sy, and defin-
ing 0™=(0 11, ..., 01y, then for (o, 7), (', 7') € (S,)¥ X Sy, group multiplication is defined
by (o,7(0’,7)=(00’ T_l, 77'), so that, with 1(5’Z)N|><3N=(15n, csls ISN), then the inverse
(o, 77'=((7)7, 7).

The action of (S,)"XSy on (Cl) is given by (TrifTridy: - Trly)>?
=Tr(U 1) " Tr(Uy2) 72 - Tr(U ) Y, (L{,-)"k=l_[;‘=1Y,»(,k(,), with elements of the basis related by
such a group transformation being identical. To achieve a linearly independent basis, it is neces-
sary to divide out by this automorphism symmetry.

Generically, depending on the graph G, with n vertices, having automorphism group symme-
try I, the generating function for the number Nno,...,nj of colorings of the vertices of G, in n; colors

cw k=0,...,J, Zizon,;n, may be written as
n n
Crlxg, . x) = 2 Ny x/". (€2)
ngs. . ..ny=0
nytc+ng=n

We may use the Polya enumeration theorem to determine the generating function for the
number of colorings of KnN , equivalent to the number of independent multiple trace operators,
(C1), subject to the automorphism symmetry (S,)¥ X Sy, in terms of cycle indices for the sym-
metric permutation group.

The cycle index for the symmetric permutation group S, is given by, with the notation of Sec.
VI,

1,1 [ de 1
an(sla 7Sn) = 2 H DWW S')\j= P ﬁ eXp(E _.Z]Sj>7 (C3)
A

=1 JUN! J 2mi ) Z =1

\=n
and the generating function for the number of colorings of K, is, by the Polya enumeration

theorem,

Csn(xo,xl, e Xg) =an(sl, cesSn)s Si=piXes oo 0x)),

1 dz 1

2w J 2 (L —zxg) e (1-2x)

(C4)

where p,(x)=27_sxi, a power symmetric polynomial. Similarly, for K,", with automorphism group
(S)VX Sy, the generating function for the number of colorings is given by, using the Polya
enumeration theorem applied to wreath product groups,38

C(S”)NX]SN(XO’XI’ . ,.x_]) = ZSN(EI’ .. ’gN) s (CS)
where
5= an(sl,-, e Sy) = Csn(xoi, X)), Sii :pj(xoi,xli, ,x,i). (C6)
In order that contributions to lim,_. C S”(xo,x 1»-..,x;) from finite numbers of X, k
=1,...,J in Tr U; not vanish then we must also take x,— 1. Following from (C4),
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)

1
lim Cg (1,xq, ... ,x;) = lim(1 _» §s"Cs (Lxy, ... ,x)) = .
n—soo n S—s00 =0 n (] —xl) (] —XJ)

(C7)

Thus the generating function for the number of distinct basis elements of the form (Cl) as n

— 0 i8

1
lim Cg w Lxg, ....x;) =Zs (51, ...,85y), §;= - —
lim Cs,) ssy(1.X1 ) =Zs,(5 N) (=) ()

1 dz [ 1 dz - 1
=5 N eXP(E -z Sn) :%§ N+ H i in (C8)

- i Ji... ’
2 n=1 J1se =0 (1 =20yt x/)

which matches exactly with the chiral ring partition function obtained using the plethystic
approach.33
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