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1 Introduction

Superstring theory includes a lot of massive higher spin states and in the massless limit
they are believed to be described by higher spin gauge theory. Since the higher spin states
are characteristic to superstring theory, it should be useful to study higher spin gauge
theory to improve our understanding of superstring theory. Non-trivial examples of higher
spin gauge theories are Vasiliev theories on AdS spacetimes [1], and they have been useful
in the construction of simplified versions of the AdS/CFT correspondence. In [2, 3] it was
proposed that the Vasiliev theory on AdS, is dual to a U(N) or O(NN) vector model, and
the proposal has been investigated quite actively. A few years ago, the authors of [4] (see [5]
for a review) conjectured a lower dimensional version of the duality between the higher spin
gauge theory on AdSs found in [6] and a large N minimal model. Several generalizations
of the duality have been proposed in [7—12].

In [13, 14] one-parameter families of conformal models have been constructed by cou-
pling Chern-Simons gauge fields to three dimensional U(N) or O(N) vector matter. If
we take the limit of large Chern-Simons level k, then the theory reduces to that of free
vector fields with U(N) or O(N) invariant condition in [3]. It was conjectured in [14]
that the dual gravity theory is a parity violating Vasiliev theory, and the parameter char-
acterizing the parity violation is related to the ratio k/N for the large N,k limit of the
Chern-Simons vector model. The Vasiliev theory can be extended with supersymmetry
and U(M) Chan-Paton factor, and the dual field theory is argued to be the supersymmet-
ric U(N)g x U(M)_j Chern-Simons theory with bi-fundamental matter for large N, k but
finite M [15]. The most important example of the theory is the N'= 6 ABJ theory, which
should be dual to type IIA superstring theory on AdS, x CP? with discrete torsion for large
N, M,k [16, 17]. In this way, the ABJ theory connects the vector-like model dual to higher
spin gauge theory and the matrix-like model dual to superstring theory. Based on these
two dualities, the authors of [15] discussed an interesting new relation between higher spin
gauge theory and superstring theory.

Motivated by the higher dimensional duality (or triality), we would like to construct a
holographic duality involving higher spin theory with Chan-Paton factor on AdS3.! Even in
lower dimensions, the higher spin gauge theory can be easily extended with supersymmetry
and/or U(M) Chan-Paton factor as discussed in [6]. In the bosonic case, we propose the
dual theory is the Grassmannian coset model defined as

su(N + M)y
su(N)g @ su(M)g ® u(1)pnar(N+ar)

(1.1)

with central charge

_ (K*—=1)MNQ2k+ M+ N) Lo
CTINFMARN+R(M k) (12)

'Recently, a holography involving a higher spin theory with U(2) Chan-Paton factor is proposed in an
intriguing paper [12]. The dual CFT is based on a Wolf space and has a large N' = 4 superconformal
symmetry. The N/ = 4 CFTs on Wolf spaces were suggested to be dual to supersymmetric higher spin
theories in [18]. A possible relation to superstring theory on AdS;xS*xS3*xS?! is also discussed in [12].



In order to compare with the classical gravity theory, we consider the 't Hooft limit with
large N, k, but keeping M finite and the ratio

k

SNTMtk (13)

AM
finite. In the limit, the central charge behaves as ¢ ~ M Ny (1 — A\ps), thus the theory is
vector-like. On the other hand, if we take the limit with large N, M, k but finite N — M
and k/N, then the model is matrix-like as ¢ ~ O(N?). Thus the Grassmannian model
connects a vector-like model dual to higher spin gauge theory and a matrix-like model dual
to string theory like the ABJ theory, even though we do not know what is the string dual
of the Grassmannian model currently.

There is a level-rank duality for the coset (1.1) and the dual coset is given by [19, 20]?

su(k)N D Su(k)M
su(k)N+m

(1.4)

This form of coset with M = 1 is the model dual to the Vasiliev theory without Chan-
Paton factor [4]. Therefore, we can say that the Grassmannian model (1.1) is a natural
extension for M # 1 as the dual theory. Moreover, at the large level limit with k — oo
in (1.1), the Grassmannian coset reduces to a free system with N M complex bosons (see
e.g. [23]). We will show that the free system reproduces the asymptotic symmetry of the
dual gravity theory with the corresponding parameter. The one-loop partition functions
are also examined.

We can consider the N' = 2 supersymmetric higher spin theory with U(M) Chan-Paton
factor from [6] in a similar way. We would like to propose that the dual CFT is given by
the N' = (2,2) Grassmannian Kazama-Suzuki model [24, 25]

su(N + M), @ so(2NM);

1.5
SNk ar © 5u (M )i @ (D) (15)
with K = NM(N + M)(N + M + k), whose central charge is
3NMEk
== 1.6
TN+ Mk (1.6)
We are interested in the t Hooft limit where N,k — oo, but?
N
A=—— 1.
N+M+k (L7)

and M finite. From the central charge, we can see that the model again connects a vector-
like model in the ’t Hooft limit and a matrix-like model with large N, M, k. The coset
model with M =1 is dual to the full N' = 2 higher spin supergravity without Chan-Paton
factor as argued in [9].

2The possibility of holographic duality involving this form of coset was already pointed out in [21]. See
also [22].

3We use different notations for the 't Hooft parameter such that (1.3) and (1.7) with M = 1 reduce to
those of [4] and [9], respectively.



In order to support our duality conjecture, we discuss the free limit and partition
functions as in the bosonic case. Moreover, we investigate currents in the Grassmannian
model in the 't Hooft limit, but not in the free limit. From the bulk side we calculate several
OPEs of these currents and successfully compare these to the CFT results. In the 't Hooft
limit with large IV, k but finite M, A and outside the free limit, we see that extra bosonic
su(M) current should be coupled. Thus the cosets we are dealing with are effectively of
the form as

N+ M N+M
Sul + M)y @ su(M)y ~ Su(lV + M), (1.8)
su(N)g, @ su(M)y © u(l)pnar(N4) su(N)g @ u(1)enar(N4 )
for the bosonic case and
N+M 2N M N+M 2N M
su(N + M) @ so( )1 & su(M)eyy ~ su(N + M) @ so( )1 (1.9)

SU(N ) B su(M )y @ u(l)y SUW(N ) g+mr @ u(l)e

for the supersymmetric case. In (1.9) there is a subtlety since we add only bosonic su(M).
In other words, if we write the coset in terms of N’ = 1 currents, then fermionic components
of N' = 1 su(M) currents should be decoupled.* With this form of coset (1.9) we show
that the gravity partition function can be reproduced from the CF'T partition function in
the 't Hooft limit.

This paper is organized as follows: In section 2 we study the higher spin gravity
theories with U(M) Chan-Paton factor and derive the partition functions of the gravity
theories. In section 3 we propose that M N complex free bosons (and M N complex free
fermions) are dual to the higher spin theories with a particular mass parameter based
on symmetry arguments. Here we assign the U(N) invariant condition, but the U(M)
symmetry is treated as a global symmetry. Furthermore, we relate the free systems to
the Grassmannian cosets (1.1) and (1.5). We study the Grassmannian models in some
details for the bosonic case in section 4 and for the supersymmetric case in section 5. In
particular we discuss the roles of the su(M) symmetry. We examine the characters of the
coset models and reproduce the gravity partition functions in the free limits. In section 6
we construct currents in the Grassmannian model in the 't Hooft limit and compare them
with those from the bulk theory. Conclusion and discussions are given in section 7. In
appendix A some properties of the gl(M) extended higher spin algebra are given, and we
construct ws[A] algebras extended with a matrix algebra from ghost systems in appendix
B. In appendix C we find agreement between the supergravity partition function and that
of (1.9) in the 't Hooft limit but outside the free limit.

2 DMatrix valued higher spin theory

In this section, we introduce the N’ = 2 higher spin gauge theory with U(M) Chan-Paton
factor on AdSs3 found in [6]. The bosonic truncation of the higher spin theory with M =1
was used to construct a duality with a large N minimal model (1.4) in [4]. Moreover, the

4 After the paper [12] appeared in the arXiv, we have noticed that the model (1.9) with M = 2 coincides
with their coset.



total N' = 2 higher spin supergravity with M = 1 was argued to be dual to the CPY
Kazama-Suzuki model (1.5) in [9]. Since the equations of motion are written in terms of
a *-product, we can easily replace the fields by M x M matrix valued ones. Using the
reality condition of the fields discussed in [6], we can construct a higher spin gauge theory
with U(M) Chan-Paton factor. In the next section we introduce a bosonic truncation of
the higher spin supergravity with U(M) Chan-Paton factor in [6], and in section 2.2 we
examine the full N’ = 2 supergravity theory. In particular, we obtain the one-loop partition
functions of these higher spin theories with U(M) Chan-Paton factor, even though they
easily follow from those without Chan-Paton factor.

2.1 A bosonic truncation

Before including the Chan-Paton factor, let us start from a bosonic truncation of the higher
spin supergravity in [6]. The gravity theory includes gauge fields with spin s = 2,3,4, ...
and massive complex scalar fields. The gauge fields can be described by Chern-Simons
gauge theory with the action [26]

S = Scsl4] — Scs[4], (2.1)

where
kcs 2
T

The gauge fields A, A take values in an infinite dimensional higher spin algebra hs[)], where
hs[)\] can be truncated to sl(N) at A = £N.5 The generators of hs[\] are given by

Vin

(s=2,3,4,....m=—-s+1,—s+2,...,s—1), (2.3)

and the commutation relations are (see, e.g., [27])

s+t—|s—t|—1
Ve Vil= Y g mm NVt (2.4)
u=24,...

We do not need the explicit form of the structure constants, but they can be found in [28]
(see also [27]). The products of gauge fields can be described by the “lone star product”
[28] as

s+t—|s—t|—1
VExVE= 5 Z g5 (m,ny \) Vst (2.5)
u=1,2,...

The one-loop partition function for spin s gauge field was computed in [29] as

= _ 771
Zy _L[SH_W. (2.6)

5To be more precise, the generators of spin higher than N form an ideal, Zy, at these integer values
A = £N. Factoring hs[A] by this ideal gives sl(IV), hs[A]/Zn =2 sl(N).



In order to compute thermal partition function, the space-time is set to be Euclidean AdSs.
The modulus of the boundary torus is ¢ = exp 7. The total partition function for the gauge
sector is

Zy =[] 25 (2.7)
s=2

by taking products of those for spin s gauge fields.
Along with the higher spin gauge fields, the gravity theory includes two complex scalars
with mass

M3 =14 )%, (2.8)

We may decouple one complex scalar depending on the situation [30].° Now we set 0 < \ <
1 and then two types of boundary condition for the scalar fields are allowed. We choose
to assign the standard boundary condition for one scalar and the alternative boundary
condition for the other scalar, then the conformal weights for operators dual to the scalar
fields are (hy, hy) with

hy = % . (2.9)

The partition function for a complex scalar with dual conformal weight (h, h) is [32, 33]

o0

1
h _
Zscalar - H (1 — qh+”qh+m)2 . (210)

n,m=0

In order to compare the result with the CFT computation, it is useful to rewrite the
expression in terms of characters of Young diagrams as [34, 35]

Ztar = D, lcha, (U(h))cha, (U (R))[. (2.11)
Ay Ay

The character of A is defined as

chaUm) = > [[d. Um)=d"", (2.12)

TETaby jET
where Taby denotes a Young tableau of a shape A. In a Young tableau we assign a non-
negative number ¢; ; to the box at the -th row and the j-th column of A with the rule that
cij < cij+1 and ¢ ; < ci1,5. Combined with the gauge sector, the total one-loop partition

function of the gravity theory with two complex scalars is

7Bk — zo 7 7t (2.13)

scalar “‘scalar

—Zy 3 Jeha, (U(hs))ehn, (U(hy))chz, (U (h-))ehz, (U(h-))P.

Ay A E By

6 In the refined version of the conjecture, we should include only one complex scalar [5, 31]. However,
at the strict 't Hooft limit of the minimal model, the original proposal with two complex scalars still works.
It is argued that non-perturbative objects of gravity theory play roles of one complex scalar outside the ’t
Hooft limit.



It is easy to extend the above analysis to the case with U(M) Chan-Paton factor. The
fields are now of M x M matrix form instead of the functional form. Here the reality
condition is assigned as in [6]. The field equations for the master fields with M = 1 are
written in terms of the x-product in [6]. Since *-product has already non-abelian nature,
the field equations for the fields with M # 1 can be obtained by using the product of the
x-product and the usual matrix multiplication. For the physical gauge fields in the master
fields, the *-product reduces to the lone star product in (2.5). Thus now the gauge fields
take values in algebra generated by

Vi ®ta (2.14)

with ¢, being a generator of gl(M). Notice that we should include Vi ®t, since they cannot
be decoupled for M # 1 in general, but we can still decouple VO1 ® 137 where 1/ is the
identity in gl(M). For A = 1 we can show that generators Vj} ® t, can be decoupled as
well. The scalar fields are also replaced by M x M matrix valued fields. In the free limit,
the only effect of introducing the U(M) Chan-Paton factor is that the number of fields
simply is multiplied by M?2. Therefore, the one-loop partition function is simply given by
the M?-th power of the one of M = 1; that is

u u 2 2_
ZBulk _ ( zBullcyM (Z(Bl))M 1 (2.15)

The last factor comes from the fact that elements generated by Vi ®t, with ¢, as a generator
of sI(M) do not decouple for A # 1.

2.2 The N = 2 supergravity

Since the inclusion of the Chan-Paton factor can be made in the same way as in the bosonic
case, we first review the N = 2 higher spin supergravity in [6] without Chan-Paton factor.
The massless sector can be described by shs[\] @ shs[A] Chern-Simons theory, where shs[\]
can be truncated to the Lie superalgebra sl(N + 1|N) at A = N + 1. See, e.g., [9, 36-38]
for the details of shs[A] Lie superalgebra. The gauge sector includes bosonic gauge fields
with spin s = 2,3,... generated by A (m < |s|,m € Z) and s = 1,2,... generated
by A (m < |s|,m € Z). Moreover there are two sets of fermionic gauge fields with
spin s = 3/2,5/2, ... generated by o)+ (m < |s|,m € Z + 1/2). The one-loop partition

functions of spin s — 1/2 gauge fields are given by [9]

Z}?_l/Q) —_ H ’1 + qn*1/2‘2’ (216)

n=s

thus the one-loop partition function of the massless sector is

zo=[[ 22522z (2.17)
s=2

We can include the U(M) Chan-Paton factor as in the bosonic case by replacing the scalar
coefficients in front of generators of shs[\| @ C in gauge fields by M x M matrix valued



ones. The gauge fields thus take values in algebra generated by Vrﬁf)i ® t, with gl(M)

generator t,. Here VO(l)Jr ® t, are included, but V0(1)+ ® 157 with the identity 157 in gl(M)
is decoupled. We can show that VO(I)Jr ® tq can be excluded for A = 0.

The massive sector includes four massive complex scalars and four massive Dirac
fermions. The masses are parameterized by a parameter A as [6]

(MP)? = -1+ (N —1)2, (MP)? = —1 4+ )2, (ME)?=(\—1)%, (2.18)

where two of the four bosons/fermions have the + index and the others have the — index.
We choose the boundary conditions such that the dual conformal dimensions are [9, 35]

(AP AL A =@2-XN3-XN1-X), A 3+A1+A). (2.19)

With this choice, the supersymmetry is enhanced to be NV = (2,2) at the boundary. The
one-loop partition function of a Dirac spin 1/2 fermion with (h,h —1/2) and (h — 1/2,h)
is [9]
[ee]
Zshpinor — H (1 +qh+nqh—1/2+m)2(1 +qh—1/2+nqh+m)2‘ (220)

n,m=0

For an N' = 2 multiplet we have
Zh

matter

= zh (ZM/2y2 gt (2.21)

scalar \““spinor scalar *

As in the bosonic case, we rewrite the partition function in terms of supercharacter of the
Young diagram A as [35]
Zhatter = Y, [scha, U(h))scha, U(R)?, (2.22)
Ay Ar

where the supercharacter of A is

scha@(h) = > J[d"7?, Uh)u=(-1)i¢""". (2.23)

TeSTaby i€T
The Young supertableau STab, is defined with a non-negative integer ¢; ; in each box at
the i-th row and the j-th column of a Young diagram A. The numbers should satisfy
¢ij < cijy1 and ¢ < cig1,5, moreover ¢;; < ¢;j41 if both ¢;; and ¢; ;11 are odd and
¢i,j < ciy1,; if both ¢; ; and ¢;11 ; are even (see, for instance, [35] for more details).
In total, the one-loop partition function of the gravity theory is

A 1-X
ZBUlk = Zozniatterzmétter (224)
= Zy Y scha (U(3))scha, (U(3))schz, (U(52))schs, U(EF2) .
AlvAr:EhEr

With the U(M) Chan-Paton factor, all fields are now of M x M matrix form including the
fermionic fields. Therefore, the one-loop partition function is given by roughly the M?-th
power as

ZBulk _ (ZBulk)MQ(Zg))MQ—l ) (2.25)

The last factor is the contribution from the spin 1 fields generated by V0(1)+ ®t, with s1(M)
generator t,, which do not decouple in general.



3 Dual free CFTs

In order to find CFTs dual to the gravity theories, it is useful to utilize their asymptotic
symmetry. For the gravity theory used in [4], the gauge sector can be described by hs[\] &
hs[\] Chern-Simons theory. Assigning the asymptotically AdS boundary condition, the
classical symmetry around the AdS boundary was found to be W[A] symmetry [27, 39—
41]. The W [A] symmetry algebra is non-linear and generated by

WS

m

(s=2,3,....meZ). (3.1)

In the large central charge limit, the wedge subalgebra generated by W, with m = —s +
1,—s+2,...,5—1 reduces to the hs[)\] Lie algebra (see, e.g., [27]). It was shown in [27, 31]
that the Woo[A] symmetry algebra is realized by the coset (1.4) with M =1 as

su(N)g @ su(NV);

3.2
Su(N) k41 (3:2)
We need to take the 't Hooft limit where N,k — oo with
N
Aag = ——— 3.3
6= i (33)

finite and we identify A\gg = A.

It is not easy to extend the analysis for the case with M = 1 since the symmetry
algebra of the coset (1.4) would be quite complicated. However, the W, [A] algebra becomes
simple for A = 0, 1, and the algebra is realized by a system of N complex free fermions for
A = 0 or k complex free bosons for A = 1. In this section we mainly focus on the limit
where coset models considered reduce to free theories. The coset (1.4) is mapped to the
Grassmannian coset (1.1) with the level-rank duality [19, 20] where k and N are exchanged.
After reviewing the known results with M = 1 in the next subsection, we argue in section
3.2 that the system reduces to M N complex free bosons in the A\p; = 1 limit of the 't
Hooft parameter (1.3) in the Grassmannian coset (1.1). Moreover, we can see that the free
system generates an algebra with correct wedge subalgebra for the M # 1 cases. In section
3.3 we examine the supersymmetric case. For that case, we just need to consider M N
complex free fermions in addition to the M N complex free bosons. The free system arises
in the A = 0 limit of the 't Hooft parameter (1.7) in the supersymmetric Grassmannian
coset (1.5). In section 3.4, we analyze the symmetry of the coset (1.5) in the 't Hooft limit,
but with A # 0.

3.1 Free limits of the Wy minimal model

Let us start from the large level k limit of the coset (3.2), which means A\gg = 0. Intro-
ducing N free complex fermions ¢; (i =1,2,..., N) satisfying

bi(2)61(0) ~ 22 (3.4)

z



we can define currents

(s) 2t (s — 1)l envs, Ly (51 i s—I—1_, 1 ol
JO)(2) = @3 > (-1 z =Lyl oty (3.5)
Ti=11=0
where
s — W
Tz = > el (3.6)

Here the spin of current is denoted by s(= 1,2,3,---). They generate a linear algebra
Witoo With ¢ = 2N [42]. The wedge subalgebra is hs[0] @ u(1), and decoupling the u(1)
current we obtain the non-linear algebra W [0] from the linear algebra wiioo [43]. The
dual operator with h = 1/2 is given by

N
2)=> i) @ Pi(2) (3.7)
i=1

and its complex conjugate. Here 1); are free complex fermions in the anti-holomorphic
sector. At A = 0, the two operators dual to scalar fields with different boundary conditions
have the same conformal weight h = 1/2 as in (2.9). Thus they are indistinguishable
at A = 0 and we can pick up only one of them as discussed in [44]. By bosonizing the
fermions we have N free real bosons. The summation over the i-index corresponds to
the U(N) invariant condition discussed in [44]. In order to construct a modular invariant
theory, we need to add sectors twisted by the U(N) action. In this paper we neglect the
sectors since they decouple from the U(NN) invariant sector in the 't Hooft limit.

Next we consider the symmetry algebra for the Agg = 1 limit of the coset (3.2). The
Wao[1] algebra reduces to the linear algebra WERS of [28], and its wedge subalgebra is hs[1].
The central charge of the coset (3.2) is ¢ = 2k + O(1/N), and the algebra with central
charge ¢ = 2k can be realized by k free complex bosons as shown in [45]. We choose the
normalization of the free bosons ¢; (i = 1,2,...,k) and their complex conjugates qb;r such
as to have OPEs

$i(2)81(0) ~ —d;Inz . (3.8)

Then, the generators of Wi[1] with ¢ = 2k are written as

8+1 ' s—2 . 1
() (. St S s—l—1 ;1 ql+1
T =~ G 2 S_1< l ><l>a ol e (3.9)
=1 l:()
with s = 2,3,.... In terms of free bosons, the operator dual to the scalar field can be given

by

Za@ ) © O¢i(2) (3.10)

~10 -



and its complex conjugate. The conformal dimension of the operator is h = 1. The other
operator has dimension i = 0 according to (2.9), and this value is the same as that of the
vacuum. Thus it is natural to pick up one complex scalar field whose dual operator has
conformal dimension h = 1.

The free boson system in the dual coset description (1.1) with M = 1 can be understood
as

Su(N + l)k
su(N)r @ u(l)envtr)

(3.11)

According to [23], the coset in the classical limit with & — oo has the same algebra W[1]
generated by N free complex bosons. It was claimed that the su(N) current algebra is
flattened out to be the u(1)" *~1 current algebra in large k limit. This implies that the limit
of the Grassmannian model has u(1)" ® u(1)" currents generated by N complex bosons.
From the complex bosons we can construct operators generating the W.[1] algebra as in
(3.9) with k replaced by N.

3.2 Adding the Chan-Paton factor

From the above consideration, we can guess that the CFT dual to the higher spin theory
with U(M) Chan-Paton factor at A = 1 is given by the free system of N M complex bosons
¢iawithi=1,2,... Nand A=1,2,..., M. We assign the following OPEs to the bosons

$i4(2)8 5(0) ~ —6;;6ap1n . (3.12)

We extend the currents (3.9) for M =1 in a natural way as

—s+1 ) N s—2 o _
[J(S)(Z)]AB — _és_?)s)”ZZ(_l)lSil <3 l 1) (Z _;) as—l—l¢IAal+l¢iB (313)

=1 1=0

with s = 2, 3,.... Notice that spin s = 1 currents do not appear and the wedge subalgebra
is given by hs[1] ® M with the matrix algebra M as desired. The operators dual to M x M
matrix valued scalar fields are

N
[0(2,2)|aB =Y _ 0¢ia(2) @ I¢ip(2) (3.14)

=1

and their complex conjugates.

A point here is that we have contracted the ¢ index, but not the A index, and because
of this we have M x M matrix valued currents invariant under the U(NN) symmetry. In
the case of ABJ theory, the theory includes U(N)g x U(M)_j Chern-Simons gauge fields
coupled with bi-fundamental fields Aflai) and BJ(.Z) with a,b = 1,2, 4,5 = 1,2,..., N and
a,f=1,2,...,M [16, 17]. When we consider the duality with a higher spin gauge the-
ory, we should take the large N,k limit, but keep M finite [15]. The operators dual to
the bulk higher spin fields are proposed to be of the form Zf\il A((;)Bi(g), since gluing for
i-index is much stronger than that for a-index when N > M. Therefore, the U(/N) and
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U(M) gauge groups play very different roles, and this was interpreted in [15] as a confine-
ment/deconfinement phase transition of the ABJ theory in the bulk 't Hooft parameter
ABulk — Af/N.

We would like to claim that the free boson system arises in the A\p; = 1 limit of the
Grassmannian model (1.1) as for the M = 1 case. An element of SU(M + N) in the
numerator of the coset (1.1) may be expressed by an (M + N) x (M + N) matrix. Here and
in the following argument we neglect the trace part just for simplicity. We embed SU(N)
and SU (M) gauge groups in the denominator as

(‘g g) € SU(M + N) (3.15)

for A € SU(M) and D € SU(N). Since A, D are gauged out, there are off-diagonal
components left. It is natural to expect that these NM complex elements reduce to NM
complex free boson in large k£ limit. Indeed, we can also obtain the same conclusion by
making use of the argument in [23] as in the M =1 case.

3.3 Supersymmetric extension

We can discuss the supersymmetric case in the same way. Without Chan-Paton factor, the
gauge fields of the A/ = 2 higher spin theory in [6] take values in the shs[A] algebra, and
the asymptotic symmetry of the gravity theory is found to be the N' = 2 W[\ algebra
[9, 18, 37, 46]. If we consider the large central charge limit, then the wedge subalgebra
of N' = 2 W[A] should reduce to shs[\]. Moreover, at A = 0, it is known that N/ = 2
Woo[0] can be generated by complex bosons and fermions [42]. In other words, the N/ = 2
higher spin theory with A = 0 should be dual to N complex free bosons and N complex
free fermions.

As in the bosonic case, we can easily extend the above argument to the case with
U(M) Chan-Paton factor, since we just need to introduce NM free fermions ;4 with
1=1,2,...,Nand A=1,2,..., M satisfying

0;i0
ia(2)g)p(0) ~ =22

in addition to the NM free bosons satisfying (3.12). The bosonic currents are

s+18_1 N s—1 _12 -1t A
IO ()] ap = o2 s omn ZZ oyl 0 ip (3.17)
=0

=1

(3.16)

with s = 1,2,... as a natural extension of (3.5) and [J®)*(2)]ap = [J®)(2)]ap in (3.13)
with s = 2,3,.... The fermionic ones are

275+2(5 — 1)1 2 ) —1
(FO () ap = = o) 3_1 IZ <S )( z )as—l—lquAa’wiB (3.18)

and [F®)(2)] 4 is simply obtained by replacing (Zﬁl- 4 and ;g with ¢;4 and %-T - respectively.
Here the label s for [F(*)(2)]ap and [F()(2)]ap take values s = 2,3,.... At A =0 we see
that [JM*(2)]ap do not appear.
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From the free fields, we can construct operators as
0(=,2) %7 Zwm ©din(z), [0(z2)]45 = Zam ® ddip(z), (3.19)

[O( ’2) 28@,4 ) @ ip(2), [O(ij)](fél) = Z%‘A(@@é@g(z), (3.20)
=1

and their complex conjugates. They form one of two N/ = 2 multiplets with
(AR AL ABY=(2,3,1), (3.21)

and this implies that the gravity theory dual to the free theory includes only half of the
sets of scalars and fermions.

We can see that the free system arises in the A = 0 limit of the 't Hooft parameter (1.7)
in the supersymmetric Grassmannian model (1.5). There is an affine so(2NM); algebra in
the numerator of the coset (1.5), which yields NM complex fermions. The other parts are
the same as the bosonic coset in (1.1) in the large k£ limit, and thus lead to NM complex
bosons. Totally we have the free system with NM complex bosons and NM complex
fermions.

3.4 Beyond the free 't Hooft limit

In this subsection, we will see how a U(M)-valued N' = 2 super W-algebra appears in
the 't Hooft limit of the coset for arbitrary A. The construction depends crucially on
normalization of fields. Recall that we want to have fields that have norm scaling with
N. For example the Virasoro field has to have norm ¢/2. But the coset algebra is usually
constructed using fields having a well-defined norm, that is a finite norm. Our strategy
will thus be to find the coset fields having finite norm, and then rescale them to have
norm scaling with N. It will turn out that the coset fields already provide a U(M)-valued
algebra, and the rescaled fields will then generate the desired N' = 2 super W-algebra with
independent strong generators of dimension 1,1,3/2,3/2,2,2, ....

Let us first consider the coset (1.5) at finite N. Normally, an efficient way to determine
the spectrum of the coset algebra is to take the large k limit and invoke invariance under
deformation to finite k. In this limit, the coset can be described by 2NM free bosons
0¢; A,@ngAi and 2N M free fermions 1; A,@/}Li in the tensor product of the fundamental
representation of SU(N) and SU(M) and its conjugate, with OPEs

5) = 0AB0;
(z —w)?’

as mentioned above. The coset algebra is then the invariant subalgebra under the action
of SU(N)xSU(M)x U(1). Using Weyl’s first theorem of invariant theory for the unitary
group [47] one obtains that the coset algebra is generated by normal ordered products of

dAB0;
(z —w)

Oia(z, 2)0¢ ;(w pia(2)h;(w) = , (3.22)
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type

N M N M

DD 0 0ual()l(x) s, DD 0ial(2)0l(2) <

i;l A;Il iJ:Vl A]\:41 (3.23)
Z D 0%ia(2)0" 0 (2) DD s 0Mpal2) ()«

1

T

1 1

0

-.
Il

7

\V)

This gives a superalgebra with generator of spin 1,3/2,3/2,2,2,5/2,5/2,3, ..., i.e. an N' = 2
super W-algebra.

If we consider the case of large N, we have to be careful. First define the currents of the
su(NV)y subalgebra by K“(z), those of the su(M ), subalgebra by J*(z) and the remaining
currents carry the representation fy ® fis @ fx ® far, where f;, denotes the fundamental
representation of su(L) and the bared expression its conjugate. We can thus label them
by I4*,I'A i =1,..,N and A = 1,..., M. Further, the fermions : 1/)7;141/12]. : define u(N)
currents of level M, whose su(V)ys subalgebra currents (the traceless ones) we denote by
k®. Analogously, the fermions j42 =: 1; Awgi : define u(M) currents of level N,

(5P w) ~ NoArte doed D) ~oaniHw)

(3.24)

whose su(M )y subalgebra currents we denote by 7. In addition, the u(1) defined by the
fermions is denoted by h and the one of the affine algebra by H. The coset algebra is then
defined to be the subalgebra that commutes with the currents

K(z) +k%(2),  J%(2) +%(2) (3.25)

and with the u(1)-current H + h.

Consider now the large N,k limit with A = N/(N + M + k) fixed and M finite. For
finite NV, the choice of basis of currents is irrelevant, but we require to take the limit in
such a way, that currents have finite norm. The invariants under K%(z)+ k%(z) as the level
is k + M become in the large k limit the SU(N)-group invariants as before. But for the
JY 4+ j¢ we have to be more careful as the level of both J* and j“ is taken to infinity; we
have to rescale the currents

apy (2 +5%(2)
Xo() = = (3.26)

and also H + h has to be rescaled by 1/vk + N. Now, the fields
1 & .
Z in(2)0° 1P (2) : = >0 (2)0 () (3.27)
i=1

commute with X%(z) and the rescaled u(1)-current, and they have finite norm. These give
us two U(M)-valued fermionic fields of dimension 3/2,5/2,.... The J* together with H
form u(M) of level k; let us denote those currents by matrix indices J4Z. Then

\F JAB (% \/> 4B (2 (3.28)
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commute with the X458, In summary, in the limit k£, N — 0o, we found U(M)-valued coset
fields of dimension 1,3/2,3/2,2,5/2,5/2,3,7/2,... of finite norm. We remark that these
are certainly not all coset fields.

We are interested in taking the limit, where the norm of fields scales as N. We thus
rescale our coset fields (3.27) by VN,

N N
aB _ L ™ e brBif . ~aB _ L N gapidp bt (o)
GAl _\/N;.aw(z)af (z):, GA \/N;.ﬁl (2)0"L(2) : . (3.29)

But now, some OPE computations reveal that we get closed operator product algebra, if
we include the fields

N N
a 1 a TAL 7
JAB AR — }l_; CO0ia(2)0" L (2) 1, WAP = ¥ E-_l: 0T ()0 TP (2) - . (3.30)
That is we get U(M)-valued fields of dimension 1,1,3/2,3/2,2,2, ... as desired. Let us

provide one example of an OPE illustrating this:

& kapdpo | 0apdPC(w) + §opc V" (w)
G ()G (w) KBV (w)

“’N<z—ww (z = w)?
¢ s VAD (3.31)
N SapWEC (w) + %68 Vig? (w)
(z = w)
Finally, we mention that one can decouple one u(1)-current.
4 Bosonic Grassmannian model
In this section, we study the bosonic Grassmannian model (1.1)
N+ M
su(N + M)y (41)

su(N)g @ su(M)r ®u(l),

with K = kNM(N + M). We consider the 't Hooft limit where N,k — oo, but keeping
M and the 't Hooft parameter Ay defined in (1.3) finite. In the previous section, we have
observed that the coset reduces to the system of M N complex free bosons at Ay; = 1, and
the U(M) invariant condition is not assigned to construct conserved currents. In the next
subsection, we first introduce the bosonic Grassmannian coset (4.1) and then in section 4.2

b

we see how the “U(M) deconfinement” is realized in the coset language. In section 4.3 and
4.4 we reproduce the gravity partition function from the coset model (4.1) in the Ay =1

limit.
4.1 Primary states

In the Grassmannian coset (4.1), the denominator su(M) @ su(N) @ u(1) is embedded into
su(N + M). The way of embedding is determined by those of SU(M) x SU(N) x U(1) into
SU(N + M). We use

Nuo 0
11 (v, u, w) = <w0u wMU) € SUN + M), (4.2)
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where u € SU(M), v € SU(N) and w € U(1). In terms of su(N + M), the u(1) current K
is expressed as diag(N,...,N,—M,...,—M), which has the OPE K (2)K(0) ~ kMN (N +
M)z2.

The states of the Grassmannian model (4.1) are labeled by the representations of the
algebra appearing in the coset expression. Let Ay be the highest-weights of su(L) of level
k. We then use the convention that we also denote the corresponding irreducible highest-
weight module by Ay. For u(1); we use m € Zy. Then the states of the coset are obtained
by the module decomposition as

Aviv= P Aviai Ay, Au,m) @Ay @ Ay @m. (4.3)
AN,AM,m
Using the orthogonal basis €; (i = 1,2,..., N + M) with ¢; - ¢; = 0; ;, the highest weights
are expressed as

N+M N+M

Anym
Aniar= Y ANFMe - ’NJ:M‘ Z (4.4)
=1

A _i/[:)\M._MM’ . Av — ANe. _|AN
M—‘ - i € M ;637 N—z; i €Gi+M Z€J+M
1= J]= 1=

Here )\JL is the number of boxes in the j-th row of the Young diagram corresponding to
Ap, and |Ap| is the sum of the boxes of the Young diagram. The u(1) charge is embedded
in su(N + M) as

m
“m = v e \ N ZQ M Z%M (4

which satisfy wy,(K) = m. The embedding is possible only when

Anim — Ay — AN —wm € Anym (4.6)
with Anyas as the root system of su(N + M). This condition leads to selection rules as

An+m|  [Au] m An+m|  [An] m

z
+ €% NTM N NNt M

z 4.
N+M M ' MN+ M) €z, (47

where m is defined modulo . In principle, we have to take into account field identifications
[48], but for large k limit we can neglect it.
The conformal dimension of the state (Anyar; An, Apr,m) is

ho=n4 hy TNk PR RN (4.8)

AminN
with an integer n. Here

Lk _ Ca(AL) _ m’
A K+L’ "2k

(4.9)

with Ca(Ar) as the second Casimir of su(L). Notice that hM RN

thus the states of all possible Aj; degenerate.

= 0 in the large k limit,

~16 —



4.2 States dual to bulk matter fields

In order to construct the primary states of the full CF'T, we need to take a product of chiral
and anti-chiral primary states. In the free limit with Ay = 1, we constructed operators as
n (3.14), where the U(N) invariant condition is assigned, but U(M) indices are still free.
We would like to see how this condition is realized in the coset description.

We consider the coset of the form g/, then the coset primary fields may be given as
Wrr, where R and L are representations of algebras g and h. The fields can be constructed
by those of affine algebras g and b [49-52]. For g, we define Xi RL which are in the affine
algebra built from R and transforms in L. Here ¢ =1,2,. dlmL The grade in the affine
algebra is related to the integer n in (4.8). For f] we define X , which transform in L.
Then the coset fields are

dimL

. A*,E
Vrp =Y XoroxX) " (4.10)
i=1
For our case, we should set
g=su(N+ M), h=su(N)r @su(M)g du(l),. (4.11)

Let us consider the states dual to the bulk matter fields. Generic primary states of the
coset are given by the products of the two sectors as

(AN+M;AN)AM7m) ® (A/N+M7 f/\/'a /]M)m/)‘ (412)
The two simplest examples are
(f,0,f, N) ® (£,0,f, N), (0;f,f, N+ M) @ (0;f,f, N + M), (4.13)

where f (f) denotes (anti-)fundamental representation. There are also complex conjugated
ones with exchanging f and f. We choose the simplest sets for Ay, Ay and Ay o Ny
but Apr, A, and m, m’ are chosen such as to satisfy the selection rules (4.7) in the 't Hooft
limit. See (4.27) and (4.28) below.

The field corresponding to the first state in (4.13) is

su(M),f @
W(to,6n) szu(N—f—M (£0,6,N) X AL RWN, (4.14)

With large £ — oo, but finite M, we expect that the su(M) sector decouples. Thus the
chiral sector may be given by

with label i = 1,2,..., M for the fundamental representation of su(M). Multiplying the
anti-chiral sector we have (i,7) labels with 7 = 1,2,..., M for the anti-fundamental rep-

resentation of su(M). Thus the state can be identified with a scalar field with U(M)
Chan-Paton factor. The field corresponding to the second state in (4.13) is

Su(N)f_su(M).f_a(1),N+M
Yiorsnran = szsu(NJrM) (OELN+M) XL Xi X" : (4.16)
=1 i=1
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Decoupling the su(M) sector, the field becomes

su(N),f a(1),N+M
szu(N-i-M OffN-i-M)Xl X : (4.17)

Multiplying the anti-chiral sector, the field is dual to another bulk scalar field with U(M)
Chan-Paton factor.

We may see the relation to the free limit in section 3 as follows. Above we assumed
that the su(M) sector decouples in the large k limit. However, for the su(/N) sector, we first
take the 't Hooft limit with N,k — oo and A\yy = k/(N + k + M) finite, then take A\p; — 1
limit. In this limit, the su(/N) sector becomes free, but the SU(N) invariant constraint
should be left, see [44]. The state in (4.17) may reduce to the expression in section 3 by

integrating over Xsu( ) .

4.3 The character of the chiral part

The CFT is given by the product of chiral and anti-chiral sectors, and the combination
is fixed such that the torus amplitude is modular invariant. One of the conditions is
h — h € Z for bosonic states, where h and h are the conformal dimension of the states for
the chiral and anti-chiral sectors. For finite &, this is a quite strong condition and a typical
one is given by a diagonal modular invariant, where charge conjugated representations are
paired. However, for infinite k, we have seen that states with all possible Aj; have the
same conformal weight. Therefore, the above condition is satisfied even without using the
diagonal modular invariant with respect to the Aj; label. In this subsection we examine
the chiral part of the partition function. In the next subsection we consider how we should
pair the chiral and the anti-chiral parts, where we first take the A\py = 1 limit of the 't
Hooft parameter in (1.3), and then discuss the generalization with \y; # 1.
The characters of su(L)y are denoted as

ch/L\’k(q,eH) = tragroef . (4.18)

Here Lg is the zero mode of Virasoro generator and H is an element of Cartan subalgebra
of su(L). The character of u(1), is

0r (¢, w) = trpgow’ = Zmer”lﬂ (4.19)
e = [ (1 —q)
Then the character of the coset (4.1)
DMEg) =trzg’,  E=(Anyas Ax, A, m) (4.20)
is given by the decomposition (4.3) as
chj\vjji\;‘;k(q, 1 (u,v,w)) = Z béN’M’k(q)chj\V]’f(q,v)ch%f(q,u)@”m(q,w). (4.21)

AN, Anm

The embedding is defined in (4.2).
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Let us study the large k behavior of the coset character (4.20). At large k, the su(L)
character behaves as (see, e.g., [34, 35, 53])

g chk (eH)
T2 [(1 = ¢ " Taea, (1 — grea)]”

where Ay, represent the roots of su(L) and ch’(ef) is the character of the finite Lie algebra

Chi’k(q, ety ~ (4.22)

su(L). Similarly, the u(1), character behaves as
qh';“n,wm
[ (1 —qm)

Combining all the factors in the coset (4.1), we have

chV+M (21 (u, v, w))9q, 12(u, v,w)) = Z aéN’M(q)ch%N(v)ch%M (uw)w™ (4.24)

ANt M

O (¢ w) ~ (4.23)

AN Apm

where ag’M(q) is related to the leading term at large k as

N, M.k RNME N N, M.k N+M.k N,k M,k
i ) R (q), hz =hngin — g = by, — hE. . (4.25)
The factor
co N M 1
¥(q,12(u, v, w)) = — — - 4.26
(@) = —Frmm pmma e gem @20

can be interpreted as the partition function of NM complex free bosons ¢;4, gb} p With
i=1,2,...,Nand A=1,2,..., M. Here ¢;4 belongs to (f,f) for su(N) @ su(M) and has
—(M + N) charge for u(1). Moreover, gb}B belongs to (£, f) for su(N) @ su(M) and has
(M + N) charge for u(1).

At large N it is convenient to express the Az, of su(L) in terms of a pair of two Young
diagrams as Af, = (AL, A7). Denoting |[Ap|- = |[A7 |—|AL |, the selection rule (4.7) uniquely
fixes [35]

m = N|Ansn|— — (N + M)|Ay|_ (4.27)

in the large N limit. This also leads to

[An| = [Anim|- — [An]- (4.28)
modulo M. The w-dependent factor in (4.24) may be removed as
~ N+M N,M TN _
ChAMJrN (7’1 (U, v, w))ﬁ((b 7’2(“) v, w)) = Z aAMJrN;AN’AM (Q)ChAN (UwNJrM)ChAMM (’LL)
AN A
(4.29)
by rewriting the su(L) character by the u(L) one as
~L
chﬁL (v)wlArl- = chy, (vw). (4.30)

In the right hand side, the pair of two Young diagrams labels the irreducible representation
of u(L).
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4.4 The character at the free limit

Let us set Apryn = 0, then we have

¥(q, 22(u, v, w)) Z aOAN,AM )chA (v NJFM)Ch%M(u). (4.31)
AN Ay

Thus this sector reduces to M N complex free bosons in the bi-fundamental representation
of su(N) @su(M), and the free bosons are organized in terms of representations of u(N) ®
su(M) in the coset model (4.1). This is consistent with the fact that the coset reduces to
the free boson system in the Ap; = 1 limit.” For the other value of Ay, we should also
consider the sector with Aj;in # 0 as we will discuss below. In this subsection, we mainly
study the partition function of the free boson theory as a coset partition function in the
Ay = 1 limit. Here the U(N) invariant condition is assigned, but the SU(M) symmetry
is treated as a global symmetry like a flavor symmetry. Later we discuss the case with
v # 1

We denote the bosonic modes by joa = O0¢qa with @ = 1,2,..., N as the index of
the u(N) fundamental representation and A = 1,2,..., M as the index of su(M) anti-
fundamental representation. There are also complex conjugates as jl A= 8¢L 4- The full
Fock space of the free system is spanned by

C, bm D,
11ﬂ2:IILWF1 (4.32)

where ¢, u,, are non-negative integers and |0) is the vacuum state. The u(N) invariants
are then given by the linear combinations of the “basic” invariants as [47]

Ltu
Aty :aBigy
II <§Zﬂ“2aai;1) 10},

t,u=0

where L, are non-negative integers. Since there are M? times more bi-linears than the
ones for M = 1, the contribution from the u(N) invariants is computed as (see (3.68) of
[35])

M2
Z5FT (¢ (Hz) , (4.33)

which is the one-loop partition function for the massless gauge sector of the gravity theory,
see (2.7). Recall that some of the spin 1 gauge fields decouple at Ay = 1.
For u(NN) non-invariants, we should pair chiral and anti-chiral parts.® From the expe-

rience of the free limit in section 3, we propose to combine

A aA
]Ti 1ja€ 1 ]Tt 1]0”5 15 (4‘34)

"A similar relation between a free boson theory and the A = N/(N 4 k) — 0 limit of the coset (1.4) is
obtained in [44]. See also [54, 55].
8For more proper treatment, see appendix C.
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where the u(N) index a is the same (but not summed over here) for the chiral and anti-
chiral sectors. In other words, for a fixed su(M) label A, states of the form

A
Hﬂ’ul 110 (4.35)

produces a u(/N) tensor of the shape Al. Then we take a pair with the anti-chiral state
from 778 corresponding to the u(N) tensor of the shape Al. If we sum over all possible
u; while keeping n; = |A!| fixed, then the partition function is computed as (see (2.50) of

[35] for a free fermion system)
[cha (U (D)2, (4.36)

where the character is defined in (2.12). Since we have M? sets with A, B =1,2,..., M,
we have

M2

Z(q) = Z [che, (U(1)chag, (UMW) ] 257 (q) (4.37)

2
= (ZDZ calar)M ;

where we have taken into account the u(/N) invariants discussed above. This CFT partition
function is the same as the bulk one, but including only one complex scalar with hy = 1.
This is consistent with the argument in section 3.

From the experience of the M =1 case in [34, 35|, we should include the sectors with
Anias # 0 for A\pyy # 1, and the dual gravity theory should have two complex scalars with
two different boundary conditions. The detailed analysis can be found in appendix C (but
only for the supersymmetric case). For A\jy; # 1, the decoupling of spin 1 gauge fields does
not occur on the gravity side, and this effect can be easily included in the CFT side. These
decoupled spin 1 gauge fields correspond to extra su(M) currents in the CFT as discussed
in section 3.4. The negative-mode contribution to the character is simply given by

1
chlys (g, ) = = .
M Hn:l HaEAA/[(l - qnea(H))

Taking H — 0 limit, we have

M2-1
lch'™ ( (H T ) = (zW)ym-1 (4.39)

which reproduces the extra factor in (2.15).

(4.38)

5 Supersymmetric Grassmannian model

We now move on to study the supersymmetric Grassmannian model (1.5)

SU(N + M)k D SO(2NM)1
SU(N ) g4ar @ su(M) g4y ® (1),

(5.1)
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with k = MN(N + M)(N + M + k). This coset is proposed to be dual to the N' = 2
higher spin supergravity in [6] with U(M) Chan-Paton factor. We study the 't Hooft limit
of the coset where N,k — oo while keeping M and the 't Hooft parameter (1.7) finite. In
the next section we review the supersymmetric Grassmanian model (5.1), see e.g. [56]. In
section 5.2 we see that the coset is related to a system with M N complex free bosons and
MN complex free fermions in the language of the partition function. In section 5.3 we
reproduce the gravity partition function from the A = 0 limit of the coset (5.1).

5.1 Primary states

In the coset (5.1) the denominator su(M) & su(N) & u(1) is embedded into su(N + M) &
so(2M N). The way of embedding is determined by those of SU(M) x SU(N) x U(1) into
SU(N + M) and SO(2NM). For SU(N + M) we use (4.2). For so(2NM); we may use the
system of 2N M free Majorana fermions, which can be given by N M free complex fermions.
We denote the fermions as ;4 and the complex conjugates as wj 4- Here i is the index for
the su(N) fundamental representation and A is the index for the su(M) anti-fundamental
representation. The u(1) charges for the fermions are set as —(N + M) for ;4 and (N +M)
for 1/13 - We denote the corresponding embedding as 12 (u, v, w).

The states of the Grassmannian model (5.1) are labeled by the representations of the
algebras appearing in the coset expression. We denote Ay, as the highest weight of the
representation for su(L) and m € Z, for u(1), as in the bosonic case. For affine so(2NM);
we use w = —1,0,1,2, where w = 0,2 denotes the identity and the vector representations
and w = 1, —1 denotes the spinor and the co-spinor representations. Then the states of the
coset are obtained by the decomposition as

At ®@w = @ (AN, wi AN, Apr,m) @ Ay @ Ay @ m. (5.2)

AN, Anr,m

There are selection rules as (see, e.g., [56])

m = N|Anim| — (N + M)|Ay|+ N(N + M)(a+ 3Me), (5.3)
m = —M|[Ansum|+ (N + M)|Ay| + M(N + M)(b+ INe)

modulo x. Here a and b are integers defined modulo M (N + M + k) and N(N + M + k),
respectively, and € = 0 for w = 0,2 and ¢ = 1 for w = +1. We have to take field
identifications in account [48], but for large k limit we can neglect it. The conformal
dimension of the state (Anyar, w; An, Apr,m) is
M+N}k | 12MN _ 3 Nk+M _ 3 Mk+N
h =N + hA]WJrN + hw — hAN - hA]\/I - hm (5.4)
with an integer n and (4.9). Moreover, h2F' = w/4 for w = 0,2 and h2l' = L/8 for w = +1.

In the following we consider the sector denoted by NS, which is the direct sum of the
identity and the vector representations as in [9, 35].
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5.2 The character of chiral part

As in the bosonic case, we examine first the chiral part of the partition function and later
consider how we should pair the chiral and the anti-chiral parts. For the 2N M free fermions
we use

9((], ZQ(Ua v, ’LU)) = trquLOZQ(uv va) (55)
oo N M

_ H H H (1 + wN-i—MaAviqn-i-%)(l + wN-i—MuA@iqn—i-%) 7
n=0i=1 A=1

where u 4, v; are eigenvalues of u,v. Then the character of the coset (1.5)
sb2 M (g) = trag™,  Z = (Anyars An, Aar,m) (5.6)

is given by the decomposition (5.2) as

ey T (g1 (1, 0, 0))0(q, 22, v, w)) (5.7)

= > b M (g)eh (M (g, v)eh Y (g, u)OF, (g, w)

AN, Apm

with (4.18) and (4.19). At large k we have
e M (01 (u, v, w))59(g, 02 (w0, w)) = Y sa2™ (q)chy (v)eh}! (wuw™,  (5.8)

AN, Ap,m

where we have used (4.22) and (4.23). Here sag’M(q) is related to the leading term at
large k as

sbiN’M’k(

pAM ok N,M(

Q) ~q"z sa 2R = p TR AT SR (5.9)

ANym

Moreover, we have used

o N M oN+M g n+3 N4+M,, = n+z
(1+w uAviq" " 2)(1+w uATq"2)

so(g: 0w v,w) = [T ] —oviry g oty =iy g - O10)
n=01i=1 A=1 (1 w UAVq )(1 w UAVq )

This is the partition function of M N complex free bosons and M N complex free fermions
in the bi-fundamental representations of su(N) @ su(M). At large N, we may rewrite this
as

~ N+M

N,M TN N+My\ M
ChAN+]W (’Ll(uﬂv7w))519(Q’ 1’2(“’7 'U,UJ)) = Z SCLAM+N;AN,A]\/[ (Q)ChAN (Uw * )ChAM(u) ‘
AN Am

(5.11)

Here we set m = N|Aninp|— — (N + M)|An|- as in (4.27) and used (4.30).
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5.3 The character at the free limit

Setting Ay = 0, we have

~N
s¥(q, 12(u, v, w) Z sao AN Ay (@cha (U@N+M)Ch%M(u). (5.12)
AN Am

Therefore saé\;}}i\i, Aus (¢) can be obtained by decomposing the free system in terms of the
u(N) representation Ay and the su(M) representation Ays. We need to assign the U(N)
invariant condition, but we treat SU(M ) as a global symmetry. The free system corresponds
to the case with A = 0 of the 't Hooft parameter (1.7). For A # 0, we should consider the
sectors with Anyar # 0 as in the bosonic case, see appendix C.

We denote the fermionic and bosonic modes by 1,4 and j,a with a = 1,2,..., N as
the index of the u(/N) fundamental representation and A = 1,2,..., M as the index of the
u(M) anti-fundamental representation. There are also complex conjugates wl 4 and jl A
The full Fock space of the free system is spanned by

szj ! Hwka’“ HJT%CH Hﬂ’zfiﬁ (5.13)

where 7, i, ti, U, are non-negative integers. The u(/N) invariants are then given by the
linear combinations of the “basic” invariants as

K’rs %) N Ltu
Al aBL, taA?, .aB?
I (ZW ’ ) II < J“i%“ﬁ) (5.14)
a=1

r,5=0 t,u=0

Pis N , Qru
(e )T (S ) o

t,s=0 r,u=0 \a=1

where K, Ly, are non-negative integers while P, Qr, = 0,1. Since there are M? times
more bi-linears than the ones for M = 1, the contribution from u(/V) invariants are (see
(3.68) of [35])

M?2
25" (g (HZS) /2y Z](;_l)> , (5.15)

which is the one-loop partition function for the massless gauge sector of the gravity theory,
see (2.17).

As in the bosonic case, we take pairs such that they are charge conjugates with u(N),
but we do not have to take care for the su(M) sector. From the experience of the free limit
in section 3, we propose to combine

A 7 jtad glad

LS Y At AR L S AR (5.16)
A —faA A A

]Tat 95, Ta w“B Pl 1]41]13; 1 Py 1] 1

—r— —r—
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where the u(V) index a is the same for chiral and anti-chiral sector. Following the analysis
for the bosonic case and section 3.4 of [35], we have

M2

29 (q) = | D Ischipr e U(5))schiar e U] 26" (q) (5.17)
AN

2
= (ZDZrln/aQtter>M
Here the supercharacter schy () is defined in (2.23). The partition function reproduces
the gravity one, but with matter fields dual to an N' = 2 multiplet, and this is consistent
with the argument for the free theory in section 3.

For A\ # 0, we need to consider the sectors with Anyas # 0. Moreover, we have to
include bosonic su(M) currents dual to the spin 1 gauge fields generated by Vo(l)+ ®tg with
sl(M) generator t,. This amounts to multiplying with the negative mode contribution of
su(M) currents (4.39), which is consistent with the gravity partition function in (2.25).
In appendix C we show that the gravity partition function with matter fields dual to two
sets of N/ = 2 multiplet in (2.25) can be reproduced by the supersymmetric Grassmanian
model with A # 0 once extra su(M) factor is added as in (1.9).

6 Supersymmetric Grassmannian model as a product theory

In this section we again consider the Grassmannian Kazama-Suzuki model, but now in a
BRST approach. In the first section we construct the Grassmanian model as a product
theory of WZNW models with a BRST constraint. In section 6.2 we introduce a first order
formulation for the product theory in order to compare with the free theory which is done
in section 6.3. In section 6.4 all the currents of spin-one, 3/2 and two are constructed
explicitly in the large IV limit, and the OPEs of the extended supercharges are calculated.
Finally, in section 6.5 the OPEs of the spin-one and spin-3/2 currents are derived from the
bulk side, including non-linear terms, and they are successfully compared to the results
from the CFT side.

6.1 The product theory

Following [57] we can write a supersymmetric coset model g/h as a product theory. Here
we assume that g has invariant bi-linear form ) which restricted to § is non-degenerate. We
choose a basis {t,} of g such that the basis of § is given by the subset {¢,} and the remaining
generators outside the coset are denoted with barred Greek letters {t5}. The product theory
is, after removing Kugo-Ojima quartets, consisting of the WZNW model (g, Q—%/ﬁ(g)) where
n&gﬁ) = fow‘sfm7 is the Killing metric, the WZNW model (b, —Q|y — %/@(h)), dim b ghosts
ba, c” and, finally, dim g — dim b fermions 15 with metric {2;5. The spectrum is the BRST
cohomology generated by the current

. T\ .0 1 ay B a 1 c a
JBRST = (Ja + Ja)c + 59 'Yfao’cﬁr@bﬁl/}ﬁc - ifab bcc Cb 5 (61)
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where J, are currents of the g WZNW model in the h-direction and J, of the h WZNW
model.

For the Grassmannian Kazama-Suzuki model we start with Q = (k+ M + N) tr, and
the content is thus as follows

o Asu(N+M), WZNW model with matrix element g and central charge ¢[M + N, k| =
E(N 4+ M)2—1)/(N+ M +k) .

o A Su(N)_on_p—r WZNW model with matrix element hy and central charge
c[N,—2N — M — k] = (2N + M +k)(N?2 = 1)/(N + M + k) .

o A su(M)_n—_op— WZNW model with matrix element hjy; and central charge
c[M,~N —2M — k] = (N +2M + k)(M? —1)/(N + M + k) .

o A scalar ¢, with level —NM (N + M)(M + N + k), that is with action

S = —NM(NJr]\Qr(NJrMJFk) fdQZ O¢0¢p, and central charge cecalar = 1 -

e 2N M fermions wAi,i/;iAAwith i=1,...,N, A=1,...,M, OPEs (after renormaliza-
tion) ¥4, (2)¢” g(w) ~ 676% and total central charge cepm, = NM .

e Three families of ghost systems c‘(lN), b(NYa> c‘(jM), banyds €(¢), b(g) Witha =1,..., N2-1

and d=1,..., M? — 1. The total central charge is Cghosts = —2(N?2+M?-1).
We can check that the total central charge is
c=c[M+ N,k| +c[N,-2N — M — k] + ¢[M, =N — 2M — k] + Cscalar + Cferm. + Cghosts

_ 3NMk
CN+M+k’

which agrees with (1.6).

(6.2)

6.2 First order formulation

To compare with the free theory (see appendix B and below) it is useful to introduce a
first order formalism for the su(N + M), WZNW model which has the action

k 1, 1 k “Ldglg~tdg. g~
SIXVZNW(Q):_4/d2Ztr(g 199.9 189)—/ tr(g 'dglg~'dg, g7 dg])  (6.3)
T Jx 24w B

with 0B = ¥. We make an sl(N + M) like 3-decomposition of the group element g =
91909—1 where

g1 = ) atiNea go = €' (gé\’ 0 ) ’ go1 = eV itvrai (6.4)
gm

Here (t[J)KL = 6rxoyr, I,J K, L=1,... N+ M,i=1,...,.N, A=1,..., M, ty =
MZZJL tii—N Zf\il tN+1.N+1, and gn, gar are respectively group elements of su(N), su(M).
We can now use the Polyakov-Wiegmann identity

k o
S (gh) = ST (g) + SYN () — o / d*ztx(g~ 0gdhh™")  (6.5)
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to express the action as

ENM(N + M =
SN (grgog-1) =S () + SEPN (yg) + D [ 00
k 15 1
- o [ @euntar Ingndga (o) g ) (6.6)

where
k -15 -1 — k - i} A - —1yj
o /d2z tr(g; 13919059—197%90 1) = 27r/0l226 (N+M) ¢3’Y A(gM)ABa'yBj(gNl)ji :
(6.7)

We can now integrate in dimension one fields ﬂAi and B',, and we propose that the
action takes the following first order form

SWZNW(qu’Y)/B?:ya B) :SO + Sint 5 (68)

where

So = S (hw) + SEANY (har)

1 ~ S i E Ac
o / a2y (MMM 5y 4 MMM 7GR + 34,07 4 + B14077))  (6.9)
and
1 : e
Sint :m/d% €(N+M)Z¢ﬂAi(QN)zj/BJB(QMl)BA : (6'10)

Here the renormalization can be read of from the equations of motion

5Ai = _kei(N+M)i¢(9M)ABa’VB j(gﬁl)ji ,

By = —ke” MY BT pgar) (6.11)
which shows that each of the NM 4, comes with a path integral measure contribution of

(N + M)? (N + M)i

5S = - /d228¢8¢+ 167r/d22\/§73¢, (6.12)

and for the WZNW terms we e.g. have that for each i = 1,..., N, #4, will increase the
level of the su(M) WZNW model with one. We choose not to renormalize ¢ since in this
formulation it has radius 1 for NV, M mutually prime. One can check that the central charge
and conformal dimensions are correct for this action.

6.3 The free higher spin CFT

In [36] a free CFT consisting of a 5y and a bc system was constructed representing the
linear supersymmetric sws[A] algebra. We propose that the extension to general M is done
by introducing £4;, 7% 4-systems with conformal weights (1 —\/2, \/2) and b*;, ¢’ s-systems
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with weights (1/2—X/2,1/2+ A/2) wherei=1,...,N and A =1,..., M, and the systems
have standard OPEs

. 656t ‘ 5457
) B ~ A% A ~ B~
Y AG)BP () ~ A (e () B (6.13)
We can then define the currents (s integer)
o el = = (-1 IZ 8 0B (1) (0 0))
s—1 A
= (=17 Y al(s, A+ DT (t) 507 )Y
=0
7(s)— 375—1*')‘8711‘ s—1—i i
TR ) =(=) I D al (s MO (1) (97 )}
=0
s—195 95— 1-ifpB il
—(-1) 28_1Za (s,A+1)0 {b81(ta) 5 (87 )Y,
K 5] =k (1) a5, ) @) ) )
i=0
5—2 ) ) '
= (=) B (s N0 ) () B (6.14)
i=0

where t, € u(M) and where

Cbi(s, )\) _ (8 — 1) (—)\ - S.—|- 2)3,171' 7

i (5 +1)s—1—i

al(s,\) = (8 ; 1) (zs)\+_is+1)238112-i : (6.15)

s—2 (_)\_5“—2)37271‘
i (s +1)s—2—;

We propose that these currents generate the extended linear swso[A] algebra with Jl(lfl)i[ tal
corresponding to the generator? V% @ ¢,. Indeed for M = 1 it reduces to the system
in [36] up to the traced i-index. Note here that we have a factor of 2 on A compared to
[36], and for later use we have taken  +— iy, and v — if and b <> ¢, and finally used
the anti-automorphism o ( (S)i) (1)28(—1)5—11/,55)*. There is however one subtlety: In
the M =1 case the Jl(in/ - —Jl(iil/ D~ and Jl(iilH form a decoupled short multiplet of the
remaining algebra, however in this case we know we cannot decouple the extra spin-one

generator (see app. A), but we have to decouple the spin-half generator.

9The tilde on the generator V(*)~ is to denote that it is not directly V)~ in our basis (see app. A for
notation), but the generator orthogonal to V&* under the supertrace metric.
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Let us now go back to our product theory for the Grassmannian using the first order
formalism for the su(/N + M) factor. The point is now that if we ignore the background
charge for ¢, the model takes the form of the ﬁAi, 7% s-systems, the corresponding fermions
¥4, 1", and three topological g/g models, namely the ones based on (L) (kg N4 MY (N+MYN M
and (supersymmetric) su(NV)yiar4x and su(M)nyar+k- The models are then related by
the interaction term. This splitting is also respected by the BRST current (6.1). The
reason is that it only contains the su(N + M) currents in the su(N), su(M) u(1) directions.
These currents are in the first order formalism

JINHMk) _ g(NR+M) BAi(ta)ijvjA 5, for t, € su(N) C su(N + M) ,

JANFME) _ OTEEN) 2 gA (1)B \v' s, for ty € su(M) C su(N + M)

JEER) ENMOEANO D L () 4 N4 (6.16)
where JVTMHR) is the current of su(N + M)y and JVREM) s the current of SU(N) gt nr

etc. Note that the fv-currents here generate su(IN)_ps and su(M)_y respectively. For
completeness the remaining currents Ji, . 4, Jiy, 4, take the following form

J(N+M,k) :ﬁAi :

ti, N+ A
N+M,k , , B i .
Jt(NJ,-A,i : :JtN+A,N+B’YlB - th,i'Y]A_ i j’YjA’YZB :—kOY' 4
M,k+N . '
=N gl tr(tetnanan)y s — SN gttt )y 4
1 1L,NM(N+M)(N+M+k)) _; B i i .
- MNJé (et Doia= B8 av'p  —k0Y 4, (6.17)

with right-nested normal ordering. Where J;, , . and J;;; are combinations of su(V),
su(M) and 0¢ currents.
We can now write the BRST currents (6.1) as

JjBRsT = Kac® | (6.18)
where K, are currents of level zero given explicitly by
Ko = chN’HM) + 5Az‘(ta>ij’>’j,4 + jLSN’_k_QN_M) + wAz‘(ta)iﬂ;jA + %fabcbccb )
for t, € su(N) ,
Ka= T 6 (10)P i+ TN B A S

for tg € su(M) ,
K= J;I,NM(N+M)(N+M+I<:)) +(M+N)BAHZ~A+J~¢()1,—NM(N+M)(N+M+1¢))

+ (M + Nty
for ty € u(1) . (6.19)

For finite N, M,k this means that BRST invariant currents built out of ﬂAi,’yj g would
need contraction in both the ¢ and A index.
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Let us first consider the case A = 0, i.e. k infinite with N/k — 0 and M kept finite.
If it were not for the possible infinite number of fields we could localize the action to
its classical value. The background charge is further effectively zero in this limit (if we
take NA — 0) and the u(1) systems are thus together with the su(/N) and su(M) factors
topological, at least when acting in certain states. The left over g systems have exactly
the right dimensions compared to the free field theory generating the linear W-algebra.

For general A we have to be more careful to get the correct dimensions for the S~
systems, since we cannot obtain this by simple field redefinitions. However, we can do it
by adding the following BRST exact term to the action

(BRST W/d?z@ln p|?by = (]\J—i—)\NMﬂ/dQZ dln|p]*K, , (6.20)

which introduces background charges for the u(1) scalars, the 8+ ghosts and the fermions.
Here \/gR = —4001n |p|*. Indeed, if we bosonize as

B = oy e X g = XY T = ax (6.21)

phi=e 7N gy =t = -0zt (6:22)
and use

Jél,NM(N—i-M)(N-i-M—i-k)) = —iNM(N + M)(N + M + k)¢ ,

JO-NM(N+M)(N+M+k))
¢

we see that the total background charge for X*; becomes —1/24-)/2 and for Z4; it becomes
—A/2, i.e. the conformal dimensions for the S and bc system take the wanted values. The
field ¢ now has background charge iNM?/2, and ¢; has background charge iN2M /2.
We can calculate the central charge and check that we get ¢ = 3SNM (1 — \) — 3AM? =
3BNMFk/(N + M + k) again. Thus the free theory is naturally embedded in the product
theory.

=iNM(N + M)(N + M + k)O¢y, , (6.23)

In taking the large k limit, we can choose to take 8 — kS (since it basically had this
k in its definition). This means that the action for the (v systems also localize to the
classical solutions. To keep the currents finite, we then divide them with k. We thus also
have to divide jgrgT with k. In all, we have the same expression for the currents (6.16), but
where the OPEs of 7 with 8 now is proportional to 1/k and hence vanishing. We can thus
forget the constraints from the su(M)_n currents, but we cannot forget the constraints
from the su(/NV)_ps currents. The reason is that we have an infinite amount of currents. If
we, as an example, want to know if ,BAOioij B, 18 in the BRST cohomology, we see that it
will be mapped to a state with an infinite number of fields, due to the infinite number of
generators t, € su(N) C su(N + M), divided by k which is a state of undetermined norm.
To ensure invariance we thus can only consider currents of the form ) del" 34 41 5, ie.
precisely of the form suggested in (6.14) generating the higher spin algebra. However, due
to the derivatives these will only be BRST-invariant up to derivatives of the ghosts, and
will not keep the interaction term invariant. In the next section we will show how at low
spins we can dress the free currents with su(N), su(M) and u(1) currents such that they
are approximately BRST invariant in the 't Hooft limit.

— 30 —



6.4 Currents

We now want to extend the free currents from last subsection such that they obey BRST
invariance and keep the interaction term invariant, i.e. that they are true symmetries of
the theory. We denote the currents dual to Vn(f)o on the bulk side by J®)?. In principle, we
already know some BRST invariant currents, namely, the u(1) current, the supercharges
and the stress-energy tensor. These can be expressed in their full versions including the
ghosts or BRST-equivalent in the coset description where they are constructed only out of
currents from the su(N + M) factor and the fermions.

Our strategy will be to basically follow the latter coset description. That is, we write
up the most general linear combination of terms of a given spin, not including the fields
coming from the gauging, and also not including the ghosts, and demand BRST invariance.
That is BRST invariance up to finite contributions in the su(M) direction. It is natural
to expect that such a coset description is possible, but it is not a priori clear and we will
have one exception below.

To ensure invariance of the interaction term in the action we can only build higher
spin currents from the fermions b%;, ¢’ 4, and from the full su(M + N); currents including
the B+ terms, which we now denote JéN), JéM), I JA; = Jt; npa and Jia = Jtnoa,- Here
upper indices transform in the fundamental representation, and lower indices in the anti-
fundamental representation. We can create the currents using products and derivatives of
these constituents, but we have to contract all ¢ indices to ensure the first order OPEs with
the BRST currents are zero, and in the case of finite N, M, k both i and A indices should
be contracted. To organize the fermionic currents and easily calculate their OPEs, it is a
good idea to introduce the u(1) level M N current I = b%;cl 4, the su(N) level M current
1N = bAi(ta)ijch, and the su(M) level N current IC(IM) = —b4(tq)? 4c'p which are all
primaries. The BRST currents are now simply of the form

jerst = O (I + 1)+ ST (I + 1)l 4 (T + (M + N)I)e? + ... (6.24)
su(N) su(M)

where the extra terms are from the denominator-factors and ghosts.

Spin-one

Let us start with the spin-one currents. For ¢4 € su(M) we have the most general linear
combination
JO =S NEM ST NG ¢ NP gy + NS T (6.25)
d d
The second order of the OPEs with the currents K, from (6.18) are generically divergent
in the large N limit, and can spoil BRST invariance even when dividing the BRST current
with k. We thus demand that these second order terms are zero, and this fixes the coefficient
N§ = —E N We thus get one independent solution for each t4 € su(M)
_ Ak
JO7[ta) = = A"+ 1
= 288, (ta) g4 = MY (1 Pt g, (6.26)
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where we have chosen an overall normalization A. We see that the result is exactly as in
(6.14) with the simple addition of the su(M) current. In the u(1) case we of course have
to add Jy instead

A Ak

7O SMANT T M N
A
_\BA A (LNM(N+M)(N+M+K) _ 1 _ \pA, 9
AB 17A+M+NJ¢ (1 =A)b%ca. (6.27)

This current is BRST invariant also in the finite case, where the coefficient in front of the
be current is —Ak/(M + N). This is up to normalization exactly the u(1) charge of the
N =2 algebra from [59].

We now introduce the notation Jl(]\M/[) = —Jy/(M + N) and I

currents in the large N limit have the same OPEs as we expect for the enlargement of

(M)

1y = —14 since these

JM)
d
to u(M). We can then compactly write

T g = = AT 4 (1 = 1M (6.28)
for all t; € u(M). The action of the su(M) currents Ky on these currents is just first order
OPEs giving the su(M) rotation. The BRST current thus has the following OPE

1

%jBRST(z)J(l)*[td](w) ~ > u(ary fea® I [tgle (w) .

k(z —w)

(6.29)

The OPEs of Jl(l)[td] with themselves obviously do not close, and we need a second
set of spin one currents. If we now transcend the coset formalism and allow factors of
JM,—k—N—2M)

d

N limit

in our linear combinations, we also get the following possibility in the large

JO*[t4] :JéM) JrIC(lM) 4 jéM,—k—N—QM)

=—B%i(ta) 57 a + JéM’HN) —bPi(te) g a + jc(lM’_k_N_zM) . (6.30)

This again fits exactly with (6.14) with the simple addition of the su(M) currents, and its
OPE with the BRST current is like in (6.29). Note that we could also make an operator
with t; = 14, but since this is a central element, we do not need to include it on the bulk
side, and from the point of view of the CFT it would be K4/(M + N) which goes like Ky4/k
and is thus exact. Also note that the field J(W+[ty] would not be seen in a standard coset

jéM’_k_N_QM). Obviously, this does not help for the closure of the

JO- [tq] currents, however, in the large N limit the field jo(lM’_k_N_2M) becomes classical,

analysis since we used

and we will from now on remove it by hand. In this case the algebra will close.

Spin-3/2 currents, large N case

We now consider the spin-3/2 generators. Let us first note that we have no spin-1/2
BRST invariant generator, and thus the short multiplet of spin-1/2 and spin-one generators
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present in the M = 1 free case (6.14) gets truncated to the top component. Spin-3/2
generators in the large N limit can be built from b%;J7 4 and ¢ 4 JB;. We suggest

1 . .
T[] = imbBi(td)ABJzA +p(ta)” 4% (6.31)

where tg € u(M). The coefficients have been chosen to fit with (6.14), when we only keep
the v- and be-systems. In the comparison we have to remove a term of the form v9b in
the free theory current which cannot appear in the CFT (like the spin-1/2 currents) and
a term in the CF'T of the form vyB8b which cannot appear in the free theory. In this case,
and with the chosen coefficients we get a perfect match. Finally, we can also recast this is
ordinary supercharge notation as u(M) extensions of the supercurrents

1
Gty = —=(JODH [t £ JG2=1,]) | 6.32
[td] ﬂ( [td] [ta)) (6.32)
where G*[1/] are the actual supercurrents since these are BRST invariant - also in the
finite case.

Spin-two currents finite case

Let us now consider the spin-two currents. We will first consider the case of finite NV, M, k.
We need invariance in the ¢ and A indices. The possible terms in the spin-two operator are
thus

Tods o g% I I gle T8N IOD AT 0

a €

ol . gty IR gley T IOD
Il . g I LN | Ty, 01, (6.33)

where gq, = trigty. For the fermions we have used that there are only two independent
terms for terms with four fermions. The reason is the normal ordering for the four fermion
terms can be chosen as ((34,7'5)(B%:7'p)) up to terms containing two fermions with one
derivative. There are now only two ways to contract the su(M) indices. Explicitly we find
that

M+ N ab

g(dlf/[)lc(lM)Ie(M) = 2(M + N)Tbc - WI¢I¢ — g(N)I(gN)IlEN) , (634)

which is seen using the relation

e p(M i i 1
glin IO = (04 ) (07’ 0)) = 5o Lols - (6.35)

e

EI]I{,)ILEN)I b(N) can be rewritten in

There is however one caveat: When M = 1 we see that g
terms of I1y.
We can now use the well-known OPE for a simple Lie algebra

Ja(z)gchbJC(w) ~2k+9)— (6.36)
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where § is the dual Coxeter number and k the level. We can now easily get the possible
spin-two symmetries. Firstly we have

g ) N e () S0
@) ImyJa Ty 9 da e Jods

S =Tavean — 20k+N)  2(k+M)  2NM(N+ M)k
1 A i 1 M ab 7(N) 7(NV)
=~ _(2J4 — - _
2(k+N+M)( TRl a =00 = [y dede — s da
N (M) 7(M)
Y, glsp 5 IED) (6.37)

For the invariance the following OPEs are useful

T ) T4 aw) ~(M_J(;V; ,
M
Ti ) IAT aw) ~gﬁu; :
Jo(2) AT () ~ & (‘; ?L];ZM i (127;_]‘5 >);] ¢ (6.38)
We can also get a spin-two current including the fermions:
Iy <The - <J\U\4(Jvl+1\4)k‘]¢[¢ - 2NM(N1 + M)k? J¢’J¢’>
- <,1€g?z?r)J§N)I§N) ST VE i\fN) kg?fbv)JéN)JzSN)>
- <]1 glep T8 IAD — S Ik fM)kg?&)JéM)JéM)) . (6.39)

Surprisingly, a third spin-two current is also possible when M > 1 where the term g?]l{[)IC(LN)I ISN)
also can be used

(2) # (N) ( y (1o oy M vy )

These are all the possible spin-two operators which we see as follows. Given a general
linear combination of the operators in (6.33), we can use Jl(z), J2(2), J:,EQ) to ensure that the
coefficients of J4;.J% 4, Tp. and g?}i,)l( )I(N) are zero. Further we can use JM~JM~ and
0JM~ to set the coefficient of I414 and 01, to zero. The coefficient of 0.Jy must then be
zero since it is the only term with a third order OPE with K. It is easy to see that the
remaining terms can not give invariants of the BRST operator.

We now want to consider the large N limit. From the bulk side we expect to find
two u(M) extended spin-two currents. It might seem worrisome that we found three spin-
two currents in the finite N case, however we see that Jéz) can be rewritten in terms of
the invariant contraction of the extra spin one currents J(M~[t,], and thus should not be

counted as a new current.
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Spin-two currents, large N case

In the large N limit, we again do not have to worry about the first order OPEs with Ky
for tg € su(M). We thus have more possible spin-two operators

Jodo oM, g JN N g gy GO0 DA g o, 00

Joly , JoI8™ T8 15 gtk I (1) I, IS T

Igly , LI 1M 00 L p00 0 Sars o™ (@bt s — bhods . (6.41)
Products of non-commuting currents have been kept in symmetric combinations for linear

independence since we also include their derivatives. We can now find the following u(M)
extended spin-two operators for t4 € su(M)

T [tg] =Ti(ta)* 5T a + W@ng + MikJ¢Jj,M) — st tat) I
—TB(ta) g T a + gajéM) + ﬁjd,JéM) - 2(%]1 0 T tr(ta{t! 19})JOD
(6.42)
and for t; = 1 we, of course, get the same result as above
TP ag) =JA T4 — %a% - W%Jd) — Q(kagg;)V) TN ()
- 2(1<:JIM)9?A64>J§M)J@(M) - (6.43)

We can also write this in a unified form for all ¢4 € u(M) with the notation from (6.28) in
the large N limit (we will also denote explicitly when the sum over generators is for u(M)
and not only su(M))

@ 1B NA gi N o0 trta (N ()
Jl [td] —J ’L(td) BJA"‘EaJd — 2(k—|—N)g(N)Ja Jb
N
T T te(ta{t! 49}) 0D (6.44)

u(M) generators

Here the following OPEs for t4 € u(M) are useful

B, \A i (M 4 N)Nktr(ty) tr(ta)aJp — N tr(tat!)Jy
Js(2)J7i(ta)" pJ" a(w) o w)? + (M +N) e ,
(V)
(V) (N B (4 NA 70 () o 2 Ea)Ja
J(2) I i(ta)” gd" a(w) G wp?
(M)
: kN tr(tety)  —tr(teta) g7 Jo + N tr(tatet!)J
(M) B, A 7i -~ f
Je (Z)J Z(td) BJ A(w) (Z—w)3 (Z—w)Q y
i Z’_d]l)u sla (6.45)
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and

(M) () JOD 4o(4F 449 JOD (o) o FL BT (Eeta)
J} (Z)Jf tr(t tdtg)Jg (w) = w)?
ktr({te, ta}t!) ") + Mtr(tetat?) I + o) S
(z —w)?
(M) f (M)
T 4 1, t419)T

Z—w

where we have used the sl(N) identity Y ;tqA4t¢ = tr A 1y — ﬁA. This gives vanishing
OPEs with K,, K, whereas for K. with t. € su(M) we have first order OPEs, and we get

Fiens (VI [t () ~

3 Vi [t tallef (w)
P , (6.47)

as in (6.29).

Considering again a general linear combination of the operators in (6.41) we can use
J1(2) [tq] to assume that we do not have any J4;J'p terms. Further, we can use products
and derivatives of J1)~ [ta] to get that the only pure fermion terms are (0b%;)c’g —b%;0¢ 5.
We can thus create the second u(M) extended operator as

D, 1 (apB (s A i B M) 2 oy (M)
Iy [ta) =(06%:)(ta)* st a — bPi(ta)? 60A+NMkJ¢I +3mdi T Mk2J¢J
2 . .
39 (N)J(N)b i(t )j(td)ABC]A
e faggnygon N (M) f 19
k:(Jf Vtr(ta{t! t DI, 2k+MJ tr(ta{t!,t9}) JM)) (6.48)
for tq € su(M) and as before
(2) _ _ _
Iy [1ar] =2Ty. 2<NMkJ¢I¢ 2NMk2J¢"]¢>
1 M
_of Zgeb g N (N) 7(N)
<kg(N)J“ T PSR
o1 g o) [0 N (M) 7(ar)
2<k atinJa CESTIE gtindq I . (6.49)

Finally, we again write this in unified form for ¢; € u(M) with the notation from (6.28) in
the large N limit

I [ta) =(005 ) (ta) pei 4 — bPi(ta) e a

2 b ((N)B svi (1 NA g trta o () (V)
1
DY (S tr(ta{t! t93) M) QkﬂM tr(ta{t!,19})JM) . (6.50)
u(M) generators
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Here we have used that for ty = 17, Thelta] = %(8bBi)(td)ABciA — %bBi(td)ABaciA is
simply Ty, and for t; € su(M) we have the OPEs

_ (M)
Is(2) The[ta) (w) Nm ,
B (1 Vi A
I (2)The[ta) (w) L Z(tzi j_(tsj))zB =3
Lin AWM _ 1
10D () Ty [t () _atr({te tajt ()Zlf_ = 7 tr(teta) Ly N Tbcz[[ieid]] ‘ (6.51)

Also note that we have a relation similar to (6.47).
It is easy to see that it is not possible to construct other BRST invariant operators.
For the comparison to the bulk in the next subsection, let us here calculate the OPE
of the extended supercurrents from (6.32)

B 2etr(taty) 201 = N) fapCT D H[E] + (1 = 20) fup® + 5ap) T D~ [te
G lal()G[)(0) ~ S o U= A el (O = 2 ot 5T e
4 (Sabc - fabc)ﬁJ§2) [tc] + (SabC + fabc)%*]f) [tc]
z
A= N 0T O] + 51— 20) fa” + 50) 0T D[t
z
C Map®sT9e (1= AT — O[] (1= 2)JDF — T [t
2kz
(£ (sac” + fac!) + 3 (sap® + fap) 97 ) ATDF 4 TO7) [t (1 = N)J D — JO7) 1]
(k+N)z ’
(6.52)

where the sums are over u(M), fu° are the structure constants and sq,t. = {tq,t}. The
expression simplifies in the case of the actual supercurrents,

2 -1 2 7D+ (1= NI ]+ es0-[1
G )26 ()~ Lm0 A ol +07 Horl
(6.53)
From this we see that the Virasoro tensor is
_ I e 1-20e

We note that the field JM)~[1y] is primary, whereas the fields JM~[t,] in the su(M)

directions will be non-primary

J(l)—[ta] 1— )\ fabCJlEM)Ic(M)
22k z ’

Of course, the fields J (1)+[ta] are all non-primary having vanishing OPE with the stress-

T [ta](2)T(0) ~

(6.55)

energy tensor.

The relation of J1(22) to the basis J@* is not as straightforward in this case and will
contain products of the spin-one operators, as we will see in next subsection. Also the
relation to (6.14) is difficult due to normal ordering issues.
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6.5 OPEs of currents from the bulk/boundary correspondence

In this section we will derive some of the boundary OPEs from the bulk side, and check
the results with the currents derived in last subsection.

Let us first see which OPEs we get to linear order from the bulk side. These are most
easily obtained in the following way using the notation and results of [30, 58]: We split the
gauge field into the AdSs3 part Aaqs and a small deformation (2

A=Apgs+ Q. (6.56)
Here
Apgs = e’ Vi2dz + Vidp . (6.57)

The coupling between the bulk and the boundary is then

1 s)o s)o
exp ( — o /d2z[(92)g)1]|bdryj( 7y (6.58)

The change under (gauge) transformations of the field is
JA =dA+ [A A, . (6.59)

As proposed in [58] the gauge transformation

s):l: Z

)P IAG) (2)el5— ”)ijs(j)ni (6.60)

of some operator O corresponds on the bulk side to

- ¢ dzAP)(2) T (2)0(0) . (6.61)

2w Jy
Indeed for A®)(2) = 2571=™ m = —s 4+ 1,...,5 — 1 these are the global transformations.
To calculate the OPEs of currents with themselves, we can then proceed as follows. First
we create a current insertion J®)7 at z = 0 by using (6.60) with A() = 1/z on the identity
operator, respectively, on the AdS solution. This gives the followmg fields on the bulk side

()£ _ 2s—1 A (s) —(s—=1)py/(s)x
9J8 —6(28_2)8 A¥(2)e VL(S 1

2s—1
OPF =y T i ol (—0)" LOAD) ()P )E | ears5@) (5 — w)els—VeyE
n=1 ’

(6.62)

s)+ _
QP+ =0,

(s)x

where the important part is the leading term in 27°~ which is a delta function, indeed

giving the wanted insertion. This is a solution to the linearized equation of motion

dQ+ Apgs N Q+ QA Apgs =0 . (6.63)
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To find the OPE with J)? we now perform the transformation (6.60) with A(®) =

/
1,2,...,25ts 1

. When we are not dealing with a global symmetry we have to remem-
ber that Aaqs is not kept invariant, which gives the central extension on the CFT side.
This gives an extra term (coming from varying both the bulk and the necessary extra

boundary term, see [30])

k

55 = s / 2262 str(Q2000,) . (6.64)
T

Here the supertrace is the supertrace over higher spin algebra and the trace over the

su(M) part with a prefactor 1/M. The supertrace is normalized to have str(Vl(2)+V_(2l)+) =

—1, i.e. the total supertrace has str(Vl(Q)Jr ® 1, V_(21)+ ® 1p7) = —1. An explicit formula

was found in [58]

str (PEVE, PEVE ) (6.65)
2(—1)S—m—1P(8 +m)T(s—m) T(s)/7
=) Es - 2)! 45T (s + 1/2) (1= Ax)s—1(1+Ax)s1Ax
for s € Z and
str (Pivnsw P:Fme) (6.66)
C2(=1)* (s + m)T(s —m) (s — V7

1-— 1
A (1= Ap)(2s —2)! 45T (s) (1= A4) 1 (4 A)s gy
for s € Z+1/2. Here (a), =I'(a+n)/I'(a) is the ascending Pochhammer symbol.

We can now use the above formulas to consider the OPEs of the su(M) current JM+[t,]
dual to 1®t,. Remembering the special definition Vo(l)* = £(1—-2X+k), we define JD=[t,]
to be dual to %(1 —2\+k)®t,. Here k is, of course, the operator in the higher spin algebra,
not the level. We then find that JM*[t,] has a first order OPE with all operators except
itself

fabct](s):t[tc]

JOHta] (2) T [](0) ~ = (6.67)

and

2kcstriaty  fupTVT[L]

TJOHt](2) JOF[£,](0) ~ M1 — N)Mz2 2 ;

(6.68)

which follows from str(1) = —2/(A(1 — X)) and str(1 — 2\ + k) = 0. This fits perfectly with
our currents. These were indeed the currents, which had only first order OPEs with the
su(M) current and transforming like (6.67), see egs. (6.29) and (6.47). Also the fact that
the found su(M) current has level k + N fits perfectly since

c~3N1—-AM(N+k). (6.69)
We have here used that

¢ = 6kes (6.70)
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as we will see below.
We can see in general that a central term is only happening between two operators of
the same spin and has the form

(2s—1)c str(V;,(f)lgl V,(ss)frrl) triqty n

(s)o (s)o’ ~
T 1] ()74 [13)(0) el (6.71)
For the second spin one current J (1)*[ta], defined as above, we then easily get
“ 1=\ Fpt TWH2, 1= 2)\) fupt T Dt
TO=[11(2) T D= [t,](0) ~ ctrigly A= A)fab® T[] + (L= 20) fab® T [te] - (6.72)

3M 22 z
Here we have used 1 str((1 —2X + k)(1 — 2A + k)) = —2 and the commutator (A.9). This
again fits perfectly with our currents (6.28). The OPE of JM~[t,] with the higher spin
operators take the form

fabc((% - /\)J(S)i[tC] + %J(S)ﬂtcn

LNt TOER] + Ls e TOF ]2,
N(2 )Jab [z]+28b ] forsEZ—i—%, (6.73)

where s4te = {tq,tp}. This is indeed fulfilled for the fermionic currents (6.31).
We can now check the OPEs of the extended supercurrents G*[t,] = (JGO/2*[t,] +
JG/2=[t,])/v/2. Following the linear approach we get

JO7[t,1(2) T[] (0) ~ for s e 7,

G [ta](2)G [t)(0) ~ 4kcsGab n A1 — A) fapSTDH[t] + (1 = 2X) far© + 5apS) T D[t ]

Mz3 22
4 Sabcj(2)+[tc] + fabCJ(2)_[tc]
z
a(m — N far" T DT[] + (5 = M) fap + %sabC)J(l%[tC]) +0
" - (6.74)

Here the novelty compared to M = 1 is that also J(2)~ [t.] appears, see appendix A. Starting
at this spin non-linear terms can occur, and these are denoted by O, whereas the above
OPEs containing the spin-one currents cannot have non-linear terms. The non-linear terms
come with a normalization of 1/kcg and such non-perturbative terms are not captured by
the above method, only the linear terms. Up to these non-linear terms, we now see that
we have perfect agreement with (6.52) and (6.53). From the central term, we see that
the central charge need to be identified via the Brown-Henneaux relation (6.70). Further,
we can actually fix the non-linear terms for the stress-energy tensor, assuming that the
proposed bulk-boundary correspondence holds:

J(2)+[1M] =TepT — ;J(l)*[l]lj(l)*[l]
C

B Z gdeIC(lM)LgM) gdeJC(lM)JéM) B gdeJ(1)+[td]J(1)+[te]
o \ 2N+ M) T2k + ) o(N + k + M)

3M _ _
~Tepr — — Y g% TW [t SO [t,] . (6.75)

2c
u(M)
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Here the last line is to leading N-order. To fix the terms we have used that we know from
the bulk that Tcpr has zero OPE with all JM)*[t,], and the same is true for J@+[1,] via
(6.67) and hence also for the non-linear terms relating J®*[1,/] and Tepr. Further, we
know from the CFT that the currents J()~[t,] are not quite primary and satisfy the OPE
(6.55), however, JM~[t,] and J*[1,] should have zero OPEs by (6.73). The suggested
non-linear terms solve this.

To find the non-linear terms, we can use the bulk equations of motion via the method
developed in [60] and used very nicely in the M = 1 case in [38]. We first introduce the
gauge field a with the p-dependence adjointly removed

1S

A=b"tab+ b7 ldb , b=ce (6.76)

We now consider the background with the current — [ d?zpu(z, 2)J®°[t;] turned on, where
1= €26 (z — w) when comparing to (6.62). In this background the gauge field in the
lowest weight gauge takes the form (including the AdS part)

1 s)o s)o (SI/)U, ’ (8)o a s')o’
a: =V 91— (U)o + (T []),) g N TV 0
t—1
az= Y Vi et (6.77)

m=—t+1

where (J()?[t,])o are zeroth order in p and hence holomorphic, and (J®)[t,]), is first
V(Sl)f"/
order. g —s'+1

s)o

Bty VY @t

is the inverse metric of the supertrace defined previously, and
p = p? ;. The remaining u$ , for ¢ # b are zero, however the trailing terms uS, with
m < t — 1 can and will be non-zero. The equations of motion

daz — da, + [a,,az] =0 (6.78)

can be solved at linear order in p for d(J()7[t,]),, which is equivalent to determine

—%32 / drwp(w, ) (T [t,] ()T [t (w)) (6.79)

on the CFT side. We can use this to confirm the above OPEs and to get the OPEs of the
u(M)-extended supercharges G*[t,]. Firstly

G*[ta)(2)GF[t)(0) ~ 0 , (6.80)
which is certainly fulfilled by (6.32). And the non-trivial OPEs are

-~ 4kCSgab 2Aab

G [ta ()G [16)(0) ~—5 3 > (6.81)
4 SabCJ(2)+[tc] - fach(Q)i[tc] + 8Aab + %Achac + O(tay tb)
z
where
Aab = M1 =N fapST DTt 4+ (3 = N far® — Lsap%) T 8] (6.82)
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The term O(t,, tp) is added due to the fact that this bulk can not know about the quantum
normal ordering issues of the non-linear term. Due to the OPEs of the spin-one operators
which each other, we see that O(t,,%) can be a the derivative of some combination of the
spin-one operators, and has a normalization of the order 1/kcgs.

The result fits perfectly with the linear analysis. Also, looking at t, = t;, = 137 we see
that we again get the N/ = 2 superalgebra with

M
SIS e g0, JO- (1] + 1Ot 1) (6.83)

Thu = J @1 +
From (6.75) we conclude that the stress-energy tensor from the bulk is the same as the
CF'T Virasoro tensor, at least up to the derivative of a spin-one current which amounts to
a twist.

Finally, we can also compare for currents in general u(M) directions. First, the relation
between J)*[t,] and the currents J1(22) [to] found in last section in eqgs. (6.44) and (6.50)
needs to be determined. It turns out that the relation is fixed by (6.67) and (6.73) with
the normalizations fixed from comparison to (6.14) and demanding that the relation fits
with the u(1) case for t, = 15;. We then get

1 1\ 3M )
TOH[t] ~ Tt + =5 =050 ) = S D s O] IO

T E+NT! o
B 1 1-A 3M o B
T~ [t,] ~ —mJ1(2)[ta] + TJQ(Q) ta] == D2 IV I O, (6.89)
u(M)

to leading order in the large N limit. We can now compare the result from the boundary
side, (6.52), to the result from the bulk, (6.81). This indeed gives a match including
the non-linear terms up to derivatives of spin-one currents scaling like 1/k which were
undetermined from the bulk. This gives a strong confirmation of the proposed duality.

7 Conclusion and discussions

We have proposed that a bosonic higher spin gravity on AdSs; with U(M) Chan-Paton
factor in [6] is dual to the two dimensional Grassmannian model (1.1) (or (1.8) after
su(M) factor added) in the 't Hooft limit with large N, k, but with M and the 't Hooft
parameter Ay (1.3) finite. It was argued in [15] that a higher spin gravity on AdS, with
U(M) Chan-Paton factor is dual to three dimensional U(N); x U(M)_; Chern-Simons
theory coupled with bi-fundamental matter A;,, Bg; for large N, k, but finite M. Here
we choose 14, j for the U(N) index and «, § for the U(M) index. Then higher spin gauge
fields with U(M) Chan-Paton factor are dual to operators of the form ), An;B;z. Thus
the U(V) invariant condition is assigned, but the U(M) invariance is somehow broken by a
“deconfinement.” We have prepared a similar system with NM complex free bosons ¢; 4,
¢1.L 4 in two dimensions to construct operators (3.17) dual to higher spin gauge fields. As in
the higher dimensional case, we assign only the U(N) invariant condition and the U(M)
symmetry is treated as a global symmetry. We have shown that the free system has the
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same higher spin symmetry as the asymptotic symmetry of bulk theory. The free system
arises as the A\jy = 1 limit of the Grassmannian model (1.1), and the gravity partition
function can be reproduced from the limit of the CFT.

We have also considered N = 2 holography between the higher spin supergravity on
AdSs with U(M) Chan-Paton factor in [6] and the N = (2,2) Grassmannian Kazama-
Suzuki model (1.5) [24, 25] (or (1.9) after su(M) factor added). We again need to take the
't Hooft limit with large N, k, but with M and the 't Hooft parameter A (1.7) finite. We have
shown that a free system with NM complex free bosons and NM complex free fermions
has the desired higher spin symmetry, and the A = 0 limit of the Grassmannian model
reduces to the free system. We have constructed low spin currents for the Grassmannian
model at generic A, and discuss how the U(M) deconfinement occurs at the 't Hooft limit.
These currents are compared with those obtained from the bulk theory. The perfect match
of the OPEs of the extended supercharges between the bulk and boundary theories is a very
strong hint that the symmetries of the two sides match at all A-values. The reason is that
we expect the currents of spin-two, together with standard supersymmetry relations, to
generate all the higher spin symmetries, and from equation (6.81) we see that the extended
supercharges in turn generate all the spin-two currents except J (2)_[1]. The one-loop
partition function of the supergravity theory can be reproduced by 't Hooft limit of the
coset (1.9).

A motivation to study the supersymmetric case is to see a relation between higher spin
gauge theory and superstring theory. Supersymmetry can be introduced to the higher spin
gravity on AdSy and it was claimed in [15] that a supersymmetric higher spin theory is dual
to the N = 6 U(N)g x U(M)_j Chern-Simons-matter theory (ABJ theory) [16, 17] with
large N, k, but finite M. Since the ABJ theory with large N, k, M is dual to a superstring
theory, we can see a relation between higher spin gauge theory and superstring theory. The
states dual to superstrings are of the form tr(AB--- AB), thus we need a kind of U(M)
deconfinement phase transition in terms of AB"% = M /N to go to states dual to higher spin
fields. We have studied our holography in the expectation that a similar relation between
higher spin gauge theory and superstring theory can be seen even in the lower dimensional
case.'? For this purpose, we first need to find a superstring dual of the Grassmannian
model. Moreover, we should investigate more on the U(M) confinement/deconfinement
phase transition of the Grassmannian model.

There are other open problems on the higher spin holography. For instance, it is
natural to ask for a CFT dual to N' = 1 higher spin supergravity with O(M) Chan-Paton
factor. A candidate might be an appropriate orbifold of

s0(2N + M)y @ so(2NM ),
SO(2N)gsar ® s0(M)jion

(7.1)

For M = 1 the coset reduces to the one in [10]. We are also interested in what would
happen away from the ’t Hooft limit where we have to deal with quantum effects on the
gravity side. If a consistent quantum gravity can be described only by superstring theory,
then the Grassmannian coset (1.5) without extra su(M) currents should be used as the

108ee [12] for an example in this direction given quite recently.
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dual CFT. However, in three dimensions, there is a possibility that the higher spin theory
can be quantized consistently, and in that case the duality between the higher spin theory
and the coset (1.9) should hold even at finite N.
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A gl(M) extended higher spin algebra

For the supersymmetric higher spin algebra shs[A] @ C we will use the notation of appendix
B in [58]. The generators are VTSfH =V, and V,%s)f = kV;, where k? = 1, where k is not
to be confused with the level appearing in the dual CFT. The star products among the
generators V.7 can be expressed as

s+t—|s—t|—1
v,;*vgzi S g mm AVt (A1)
u=1,2,--

with Ay = (1 — vk)/2 where v = 1 — 2\. The star product for operators with %k follows
trivially, one simply has to remember that k anti-commutes with the half-integer spin
operators. The particular values of the structure coefficients that we need in this paper,
can be found in [58].

We know the following relations [58]

git(m7 n; )‘7 k) = (—1)1+ugff(”a m; )\7 (_1)2(t+8)k) ’ (A2)
which means
s+t—|s—t|—1
Ve Vi, = Z gt (m,n; Ag) Vo il for s,t € Z , (A.3)
u=2,4,-
and
s+t—|s—t|—1
Ve, vh, = Z g5t (m,n; Ag) Vo it for s,te Z+1/2. (A.4)
u=1,3,

st
u

Further we expect that g5'(m, n; A, k) is independent of k for v odd. This would then imply

s+t—|s—t|—1
Ve Vile= > gifmm )Vt forseZteZ+1/2. (A.5)
u=2,4,--+
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We now want to consider the gl(M) extension of this, (shs[A\] ® C) ® gl(M). In this
case we will, however, not find such nice relations. Denoting the generators of gl(M) by
tq, we define the product as

(VE@ty) * (VEaty) =VEx Vit . (A.6)

We see that it is essential that gl(M) is closed under matrix multiplication, and we could
not have used e.g. sl(M). By using the standard (anti-)commutator [[,]]. we now get a Lie
superalgebra. Denoting

[taa tb] - fabctc ’ {taa tb} - Sabctc 5 <A7)

we have as example for the bosonic subalgebra

s+t—|s—t|—1
[Vnsm ® tq, Vrf ® tb]* :E Z gff(m, n;g )\k)sab (Vri-fn “ , T )
u=2,4,---
s+t—|s—t|—1
+ 3 Z g5t (my s M) fap Vit @ te for s,t €Z . (A.8)
u=1,3,-

As a particular example, not that (1,%,) is not central, but only (1,1), and that the
extension of the former only spin-one operator (v + k), where v = 1 — 2), now generates
these elements

(v + k) @te, (v +E) @ty = far(VP + 1+ 20k) Dt . (A.9)

B Extended wy[\] algebras from ghost systems

In this paper, we have proposed that the Grassmannian coset (1.1) is dual to the bosonic
higher spin theory with U(M) Chan-Paton factor at generic A\. Here we consider a bit
different system with NM sets of free bosons (v;4,5ia) where i = 1,2,...,N and A =
1,2,..., M. The conformal weights are (%, M) and OPEs are

1
'YiA(Z)/BjB(O) ~5ij5,43;. (Bl)
From them we can define currents

s—1

N
Z a'(s, \)o* (0 Bia)vis} | (B.2)

s
i
—
Il

=)

where

o s—1 (—)\—S—I-l)s__l
al(s,\) = ( ) T l)s_l_ll (B.3)
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with (a), = I'(a + n)/T'(a). For M = 1 they are given in [36]. We can construct the
operators as

(2,2 AB—Z%A ® ¥:5(Z), (2,2 AB—Z/BzA ) @ Bin(Z), (B.4)

whose conformal weights are h = T and h = 1+>‘, respectively. See [38] for M = 1.
The currents (B.2) generate a linear algebra wi4o0[A] ® M, where the wedge subalgebra of
Wi4oo[A] is hs[A] @ u(1). However, outside the wedge subalgebra we cannot decouple the
u(1) ® 17 sector, so we cannot relate the asymptotic symmetry algebra of the dual gravity
theory. In other words, the free theory is closely related to, but different from the CFT
dual to the higher spin theory with U(M) Chan-Paton factor.

Similar generators can be constructed as in (6.14) for the N/ = 2 supersymmetric case
by introducing (b, ¢) systems along with (3, ) systems above. The free system should have
some direct relation to the Grassmannian coset (1.5), see section 6. In terms of the free

system, the operators dual to the massive matter are expressed as

M=

(0% (2, 2 AB—Z%A ®%p(2),  [Of(z.2)]ap =) cia(z) ®7%ip(2),  (B5)

1

.
I

[0p(2, 2) AB—Z%A )@ep(2),  [Op(z2))ap =) cialz) ®Ep(2),

M-

I
—

7

and their duals

[0f(z,2 AB—ZBzA ) ® Bip(Z) [0F (2,2 AB—szA Y® Bip(z),  (B.6)
(05 (2, 2)]ap = Zﬁm(z) ® bip(2), [05(2,2)]ap = Z bia(2) ® bip(Z) -
i=1 i=1

For M =1, see [36, 38].

C Comparison of partition function

In this appendix we continue to compare the gravity partition function with the CFT one.
In particular, we include the case with Ay # 0, which should be considered outside the
free limit. We focus on the supersymmetric case as it is more interesting, but the bosonic
case can be analyzed in almost the same way. In the main context, we closely examined
how decoupling of su(M) in the denominator occurs in the 't Hooft limit. Here we assume
the decoupling from the beginning, and deal with the coset (1.9)

su(N + M)y, ®so(2NM ),
su(N)erar ©u(l)x

(C.1)
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with Kk = NM(N + M)(N + M + k) in the 't Hooft limit, where k&, N — oo but M and
A= N/(N + M + k) finite. Since we removed the su(M), the states of the coset are then
given by the decomposition (see (5.2) without the decoupling)

AN+M®NS: @ (AN+M;AN,m)®AN®m. (02)
AN,m
In the 't Hooft limit, the label m is fixed by the other labels as in (4.27), thus the states
are labeled by (Anx4ar; Ax). We consider the diagonal modular invariant as

29 (g) = dim S st )l (C:3)

(ANyaAN

M,k
(AN i)\
the gravity partition function in the above form, and in appendix C.2 we show that the

where sb’, (q) is the branching function of (Ax4ar; An). In appendix C.1 we rewrite

CF'T partition function in the 't Hooft limit reproduces the gravity one.

C.1 Higher spin partition function
With U(M) Chan-Paton factor the gravity partition function is given as (2.25)

Z]I\B/lulk _ (ZO)MQ(ZS))M271|Z)\/2 Z(lf)\)/2’M2 ’ (04)

matter“~“matter

where each contribution is expressed as in (2.17), (2.6) and (2.21). In order to compare
with the CFT partition function, it is necessary to rewrite the matter part (2.21)

(C.5)

Zh 1/2 B (1 + qh+1/2+nqh+m)(1 + qh+nqh+1/2+m)
< matter) - l_I_O (1 _ qh+nqh+m)(1 _ qh+1/2+nqh+1/2+m)
in a suitable form as suggested in [34, 35].

We utilize the formula (A.8) in [35]

1 (1 — 2in;)(1 — yi&;) _ sa(zl€)s
zgl (1 —ay;) (1= &my) % A([€)salyln) - (C.6)

Here sp(z|€) is defined as

a@le) = >0 JIx- (C.7)

TeSTaby jeT
with x = (.%1,1'2, .. ),f = (fl,fg, .. ) and
X2i2i = Tit1, Xoit1.2i41 = &it1 - (C.8)

Introducing M sets as ﬂ:(A), A A nA) (A=1,...,M), we have

i —yz 5

(4)
1T 11 : (C.9)
A,B=1ij=1 (1- xEA) (B )(1 - (B))
— SA(x(l) U (M) |£(1) U f(M)) (y(l) U U y(M)In(l) U U 77(M))
A
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Furthermore, we use (A.10) in [35]

salzUyleun) = cpsz(zl&)zn(yln) (C.10)

=11
with Cén as the Clebsh-Gordan coefficients. Applying the formula successively, we obtain
sal@ U uzM)e® gy = Z CA1 A HSA A)|e(A)y | (C.11)
Aty A

where we have defined

M-3
A — A EM-2
CAv Ay Z CALE ( A§+1~A+1> CAnr—1 A (0‘12)
B2 M—2 A=1
Setting
A i A . A _ A _ X
E+)1 — gt fi(+% — gt ( ) g, 771(+i _ _qh+1/2+z (C.13)

for all A, we arrive at

M
2
(Zhaier)™? = ZIBAI Bi= > chiay ][] scha,@(®)
A=1

with the supercharacter defined in (2.23). Thus the gravity partition function (C.4) can

be written as

2
Bulk __ M2 (1) \M2-1 A/2 A\/2 (1=X)/2,5(1=X)/2
Zn = (20)"(25”) | Z | B BB B . (C.14)
AN+M7A}V+M7AN7A}V

C.2 CFT partition function
Now that we consider the coset (C.1) with the decomposition (C.2), the branching function

sbg’M’k(q) with = = (Aypas; Ay, m) is given by

chy T (g0 (v, w))0(q, 12(v,w) = Y I M (g)eh Y (g, 0)08, (g, w),  (C.15)

ANt M
AN,m

where the characters are defined in (4.18), (4.19) and (5.5). Here the embeddings 2;(v, w)
(1 = 1,2) are defined with uw = 1. At large k, we have

ChN+M (21(0 w))s(q, 12(v, w))zg)(q) = sa];VM(q)ch%N(v)wm, (C.16)
An,m

with (5.10) and

N,M,k
SbéV’M’k( h- NM(C]) 7 h{VMk: _ hN—i—Mlc hN],\ic-l—M _ hfn ) (C17)

q) ~ q E SCL; AN+M
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We have introduced

o M2-1
23)(q) = chiy (¢, 1) ( ) (C.18)

as in (4.39). Setting m = N|Aniam|— — (N + M)|An|- as in (4.27), we can remove the
factor w™ as

~N+M - ~N
chAN (v, w))s9(q, 12(v, w) ZSCLXAKN’AN )chAN(UwN+M) (C.19)

by using U(N) characters in (4.30). Here we have introduced

N,M 1 N,M
san! an(@) =25 @5y L (9). (C.20)

With Aprn = 0, the above expression reduces to

N
s9(g, 12 (v, w) Z saoA Ay (N (C.21)
AN,Ay

Thus the function sﬁé\,[}i\jjv (¢) can be obtained by decomposing free bosons and free fermions
in terms of U(NN) representations. As in section 5.3, we obtain

1/2 M?
(1+4¢"
saé\/[o— hm Saoo HH ( =D 1—q31 1)> . (C.22)

s=2n=s

For Ay # 0, we consider the Fock space generated by (4 =1,2,..., M)

ny
| | IIJ 10 (C.23)
k=1

which produces a U(N) tenser of the shape Af4. Summing over all possible s and u,, with
keeping n s +mnp = |Al4], the contribution to the brunching function is written as (see (3.69)
of [35])

sch(AlA)t(U(%)) : (C.24)

Products of characters with A =1,..., M have to be taken, and the product of the repre-
sentation Af4 should behave as Aﬁv. Thus we find

s’ZLé\f[AN = hmOO saoA = 3(1/2) B(lﬁ )téb% (C.25)

In order to consider the case with Anyas # 0, it is convenient to introduce the restric-
tion functions r\:7 as
AD

iy Mw) = 3 M chg (v M) (C.26)
P
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Then from (3.52) of [35] we have

N)¥ ~ N,M
SaAN+M7AN Z TAN+M<I)C<I>A S4o.p (q) ’ (0'27)
where cfbj\gf are U(N) Clebsh-Gordan coefficients. We will use later that
: (N)w or
A}gnoormb — TALGITAT DT A}gnooch) — cAlqﬂcArq)l (C.28)
and
S By =BY?By”, (C.29)

which comes from

Zcéés/\(x(l)U---U:C(M)|§(1)U--'U§(M)) (C.30)

>

=sg(@W U uz™)D U UeMsg (M U usMe® y... gDy,
Let us introduce
M = (i, wp, 0,00, €MD =(0,0,..), (C.31)
then spp(z(M+1[e(M+1)) hecomes a U(M) character. Setting wy = 1 for all A, we have
sa(@W U UMD e gLy gMFD) (C.32)
=sp(Pu{thHu---uE™MufapEP u. .. ued)
— ZTAHSH(w(l) U---uaMie®y...yedy,
I

where (C.10) has been used and rag = Y = cA;dimZ in this case.!! With the second
equality and (A.13) of [35], we arrive at
B =Y ra=BY. (C.33)

Noticing that

. A
lim AYAMF = 5 (Axsar] = [Ax]) (C.34)

N,k,—oo =

and |A| = Z]){:l |A 4| for non zero cﬁlm A, the branching function is computed as

im bNME = By B NPBU N sl (9)24) (g) - (C.35)

Nyjk—oo AN+MAN Ay A (A T(AR)

Considering the diagonal modular invariant

CFT . N,M,k 2
2y = lim bl (C.36)
' AN AN

we can show that the CFT partition partition function defined above reproduces the gravity
one given in (C.14).

UWith wa = 1 for all A, we have dim Z = s=(z™*1)0).
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