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Introduction

Superstring theory contains a plethora of massive excitations and its tensionless limit is

believed to be described by higher spin gauge theory. In fact, it was argued that superstring

theory could be described by the broken phase of higher spin gauge theory [1]. However,

on a flat space-time, the higher spin symmetry is too restrictive, and no-go theorems,

e.g., by Weinberg [2], prohibit a non-trivially interacting theory under some assumptions.



Fortunately, these no-go theorems do not apply for a theory with a curved background,
and Vasiliev theory constitutes a famous example of a non-trivial higher spin gauge theory
defined on AdS space [3]. Moreover, recent developments of the AdS/CFT correspondence
have revealed non-trivial relations between higher spin gauge theory and superstring the-
ory. The first concrete proposal for this relation (called ABJ triality) was made in [4] by
extending the holographic duality with higher spin gauge theory in [5, 6]. Therefore, it is
natural to expect that superstring theory on AdS space can be realized as a broken phase
of Vasiliev theory.

In this paper, we would like to examine this relation by studying details of a concrete
example. For this purpose it would be nice to have a more tractable setup than the original
ABJ triality. In this case, we want to make use of lower dimensional models. Generalizing
the higher spin AdS/CFT duality in [7], lower dimensional versions of the ABJ triality
were proposed in [8-10] using small or large N' = 4 superconformal symmetry, and also
independently in [11, 12] using N' = 3 superconformal symmetry. See also [13-16] for re-
lated works. The small or large N' = 4 superconformal symmetry is quite constraining, and
one can determine the properties of their triality to a large extent using only the super-
symmetry. Nevertheless, in this paper we consider the case having A/ = 3 superconformal
symmetry, the reason being that the analogy with the ABJ triality is more transparent
and we expect that the physical intuition can be applied more easily.

In [12] we proposed a holographic duality between a 3d extended Vasiliev theory and a
2d critical level coset model. Utilizing the duality, we discussed the relation to superstring
theory. The higher spin theory is a Zs truncation of the N' = 2 Prokushkin-Vasiliev
theory with U(2M) Chan-Paton (CP) factor. If we set M = 2"~1 then the theory admits
N = 2n + 1 supersymmetry [17, 18]. The dual CFT is proposed to be the following
coset model

suW(N + M) Ny @ so(2N M),
su(V)n2m B u(l)s

(1.1)

with x = 2NM (N + M)? and several fermions decoupled. In order to see the relation
to the classical Vasiliev theory, we need to take the large N limit while keeping M finite.
Applying the logic of [4] in this lower-dimensional case, superstring theory should be related
to the higher spin theory with some conditions on the CP factor. We have chosen the
U(M) invariant condition on the U(2M) CP factor, and the dual coset should now be the
Grassmannian Kazama-Suzuki model [19, 20]

su(N + M) nim @ so(2N M),
Su(N)nyon @ su(M)prony @ u(l),

(1.2)

with the central charge ¢ = 3M N/2. The most important property of this model is that it
admits N = 3 superconformal symmetry as we found in [12].

We can now examine the superstring theory dual to the Kazama-Suzuki coset (1.2)
by utilizing the N' = 3 superconformal symmetry. The target space of dual superstring
theory should be of the form AdS3xMy; where M7 is some 7-dimensional manifold. In
the case with pure NSNS background, a general argument in [21] states that the only



possible backgrounds are those with My =SU(3)/U(1), SO(5)/SO(3) along with the case
M7 = (S3xS3xS')/Zy studied in [22]. The BPS spectrum of the superstring theory with
M7 =SU(3)/U(1) and SO(5)/SO(3) was examined in [23], and the spectrum is consistent
with the chiral primaries in the coset model (1.2) as argued in [12], and this will be elab-
orated on below.! Therefore it is expected that the coset model lives on the same moduli
space as the superstring theory with M; =SU(3)/U(1) or SO(5)/SO(3), even though we
know nothing about this moduli space except for a few points.

In this paper, we study the marginal deformations of the coset model (1.2) and interpret
them in terms of the dual higher spin theory. The two theories stay at the same moduli
point which is supposed to correspond to the tensionless limit of superstring theory. Away
from this tensionless limit, there is no higher spin symmetry anymore and the higher spin
states should become massive. We would like to break the higher spin symmetry quite
weakly as in [24], since otherwise we loose control of the models that was given by the
large symmetry algebra. This leads us to consider deformations of the double-trace type
which are known to be dual to changes of the boundary conditions for the bulk fields [25].
We examine the marginal deformations of the coset model (1.2) while preserving the N' = 3
superconformal symmetry. We show that the deformations break a spin 2 symmetry and
this, in turn, implies that they break generic higher spin symmetry as well. In the dual
higher spin theory the changes of boundary conditions break higher spin gauge symmetry
and the gauge fields become massive due to the symmetry breaking. As a concrete example,
we compute the Higgs mass of a spin 2 field both from the bulk and the boundary theories.

It is known that the graviton on AdS space can be massive via loop effects of bulk
fields with non-standard boundary conditions [26, 27]. In order for a massless gauge field
to become massive, it should be swallowing extra degrees of freedom, and in this case they
come from bound states of bulk fields. Moreover, it was pointed out in [28] that higher spin
gauge fields of 4d Vasiliev theory can be massive in a similar manner with non-standard
boundary conditions. In this paper, we will show how the marginal deformations of the
coset model (1.2) are mapped to the changes of boundary conditions for the bulk fields of
the 3d Vasiliev theory as in [25]. From the coset model, we can compute the anomalous
dimension of a spin 2 current which is not conserved due to the effects of the marginal
deformation as in [24, 29]. Using the AdS/CFT dictionary, we can read off the Higgs
mass of the dual spin 2 field. From the bulk theory, we compute the Higgs mass directly
by computing the contributions from scalar and fermion loops. For the scalar loops the
results in [29, 30] can be used since the set up is found to be the same. For the fermion
loops we have to extend their analysis.

This paper is organized as follows; in the next section, we review the higher spin gauge
theories which are dual to (1.1) and (1.2). Primary states of the Kazama-Suzuki coset (1.2)
are then studied in section 3. We find new chiral primaries, not considered in [12] and
interpret them in terms of the bulk theory. In section 4 we study marginal deformations
of the coset (1.2) which preserve N' = 3 superconformal symmetry. We show that a spin 2
current is not conserved due to these marginal deformations in section 5, and further we

"We can check that the BPS spectrum for the case with M7 = (S*xS?*xS')/Z is different.



compute the Higgs mass of the dual spin 2 field by using the AdS/CFT dictionary. Section 6
then demonstrates how to reproduce this Higgs mass from the viewpoint of the dual higher
spin theory making use of the results in appendices B and C. In section 7 we conclude this
paper. Appendix A gives a summary of the operator products for generators of the N' = 3
superconformal algebra. In appendix B we review the holographic interpretation of the
double-trace deformations of a CFT following mainly [4, 31, 32]. Finally, in appendix C
we review the results for scalar loops in [29, 30] and extend them to include the case with
fermion loops.

2 Higher spin gauge theory

In [11] a higher spin AdS/CFT duality was proposed involving the ' = 2 supersymmetric
version of Prokushkin-Vasiliev theory with M’ x M’ matrix valued fields introduced in [17].
The duality can be seen as an extension of the M’ = 1 case in [33]. The higher spin theory
includes a parameter \, which determines the gauge algebra denoted by shsy;/[A] as well
as the mass of the matter fields. For A = 1/2, the theory can be truncated consistently by
utilizing a Zy symmetry, and the resultant theory has N' = 2n+1 extended supersymmetry
for M’ = 2™ [12, 17, 18]. The higher spin theory is conjectured in [12] to be dual to the
coset model presented in (1.1) for M’ = 2M. For M’ = 1 the duality reduces to the one
in [34] with A/ = 1 supersymmetry when one uses the coset dualities proposed in [12].2
The Kazama-Suzuki coset in (1.2) is then dual to the higher spin theory, but with a U(M)
invariant condition [12], see [13]. In the rest of this section, we review the higher spin
theory dual to (1.1) or (1.2).

The supergravity theory dual to (1.1) includes higher spin gauge fields with spin s =
1,2,--- coupled to matter fields. The gauge algebra is obtained by a Zo truncation of
shsyp/[A] with A = 1/2. Let us introduce generators yo (o = 1,2) and k, which satisfy

[Warys] = 2icag(1 — (1 —20)k), k> =1, {k,ya}=0. (2.1)

We denote the algebra generated by these elements by sB[A]. Then the algebra shsy/[)]
is obtained by adding the Chan-Paton factors and removing the central element as

sBap[A] = sBIN @ My = C @ shsypr[A], (2.2)

where M is the M’ x M’ matrix algebra and C is the central element.

At A = 1/2, the commutator among y, in (2.1) does not involve k any more. Thus, the
algebra can be truncated by requiring the invariance under the Zo transformation k— —k,
and the truncated algebra we denote as shs?,,[1/2]. If we set M’ = 2", then the M’ x M’
matrix algebra M can be generated by the Clifford elements ¢! (I=1,2,---,2n+1) with

{¢',¢7} = 28", (2.3)

2This N' = 1 duality is different from the one in [35] which has a different truncation of the N = 2
supergravity theory.




In that case the higher spin algebra shsl,[1/2] includes the superalgebra osp(2n + 1]2)
generated by

Tocﬁ = {yaa yﬁ} ) Qé =Ya @ ¢I ) M]J [¢ ng] (24)

This implies that the theory has N’ = 2n + 1 supersymmetry. For the theory dual to (1.1),
we set M’ = 2M. Furthermore for the theory dual to the Kazama-Suzuki model (1.2) we
assign the U(M) invariant condition. Even under this condition, the shs?[1/2] subalgebra
survives and thus the theory still has A/ = 3 supersymmetry.

Along with higher spin gauge fields, the theory also includes two complex massless
scalars conformally coupled to the graviton and two massless Dirac fermions. It will be
convenient to express the 2M x 2M matrix valued fields by 4 - (M x M) matrix fields
as [d)AB]ij, [QEAB]Z']-, W}Aé]ij and [J)AB]ij with A,B = 1,2 and 9,5 = 1,...,M. We may
represents them by [=,3]';. We are interested in the four single particle fields that are
invariant under the U(M) action and which may be expressed as

Eap =trm[Eap] = [Eapli- (2.5)

For multi-particle states, the combinations invariant under the U(M) action are the trace
forms tras[Z4, 5,] - [E4,5,]. As discussed in appendix B, there are two choices of boundary
conditions for the matter fields and we assign them such that the dual conformal weights
are given by

(h,h) = (1/4,1/4), (3/4,3/4), (3/4,1/4), (1/4,3/4) (2.6)

for [¢ 4] o [QSAB] o WAB] and W)AB] j» respectively.
The equations of motlon for these fields can be found in [17], and at the linearized

level around the AdS background they are given by (see also [36-38])

dA+ANA=0, dA+ANA=0, (2.7)
dC+ AC —CA=0, dC+AC - CA=0.

Here the 1-forms A, A correspond to higher spin gauge fields and take values in shs2 M[l /2].
Moreover the 0-forms C, C' take values in Bopy[1/2] with the invariance under k — —k, and
they contain the matter fields. For the theory dual to (1.2) we further need to assign the
U(M) invariant condition furthermore.

3 Dual coset model and chiral primaries

The N = 3 higher spin gravity with the U(M) invariant condition on the U(2M) CP
factor is proposed in [12] to be dual to the Kazama-Suzuki model at the critical level (1.2).
The duality holds once we assume a non-diagonal modular invariant where the factor
su(N 4+ M)y is expressed by free fermions in the adjoint representation of su(N + M).
Generic Kazama-Suzuki models have N' = 2 supersymmetry, but it was shown that the
critical level model (1.2) has enhanced N' = 3 supersymmetry. We will deform the coset



model while preserving the N/ = 3 superconformal symmetry, so chiral primary states
in the undeformed model can be compared with BPS states in superstring theory. The
comparison of the BPS spectrum has been already done in [12], but we would like to
elaborate on the analysis in this section.

3.1 Primary states

The generic states of the coset (1.2) are labeled by (Anxar, w; An, Ayr, m) with Az denoting
a highest weight of su(L). Further, w labels the representation of so(2NM);, and we will
only consider the NS sector given by the sum of the identity (w = 0) and the vector
(w = 2) representations. Finally, we have m € Z, giving the u(1) charge. The states are
then obtained by the decomposition

AN+M®NS: @ (AN+M;AN,AM,m)®AN®AM®m. (31)

AN,Anr,m

The conformal weight is given by

N+M,N+M | W N,N+2M M2N+M
ho=nthy S = T = T = (3.2)
where
L 2
Lk CY(Ar) m
’ — h = —. .
AL K+L 9 m 2’{, (3 3)

We have here denoted the quadratic Casimir of the representation Ay by C*(Az). The
integer n can be computed by considering how the denominator is embedded in the numer-

ator. For large L, it is convenient to express the highest weight Ay by a set of two Young
tableaux (A%, A7), and for large N, m is then fixed as (see [11, 13, 39))

m:N’AN+M|_—(N+M)‘AN|_ (34)

with the notation [Az|_ = |A}| — |A}|. Here |a| represents the number of boxes in the
Young diagram «. Since m is uniquely determined, we will suppress it in the following. We
should also take care of field identification among the states [40], but they are irrelevant
for large N.

In order to construct the model with extended supersymmetry, we utilize the fact that
the factor su(N 4+ M)y can be described by free fermions ¥4 in the adjoint represen-
tation of su(N + M). We decompose su(N + M) as follows

su(N + M) =su(N) @su(M)®u(l)® (N,M) & (N, M) (3.5)

and we use the same notation as in [12]. Namely, a=1,2,..., N2~1and p=1,2,..., M?>—1
are used for the adjoint representations of su(N) and su(M). Moreover, a,(a) =1,2,... N
and 7, (7) = 1,2,... M are for the (anti-)fundamental representations of su(/N) and su(M),
which are denoted as N, M, (N, M). Thus we have the following free fermions

N , \I]p’ \Iju(l) , \I](af) 7 \Il(a’i) 7 w((ﬂ) ’ w((ii) . (36)



The last two fermions come from so(2NM); in the numerator of (1.2). The Hilbert space
is then generated by these free fermions divided by the denominator of the coset (1.2). The
spectrum may be expressed as

H = EB Hinndnd @ Hiagarls Hiayan) = @ (Ansas AN, M), (3.7)
AN,A N ANy €EQ

where we sum over Ayiy € € satisfying Ay, = (A, ,,)". Here of represents the
transpose of a.. See [12, 34] for more details.

3.2 Chiral primaries

In this subsection, we study the chiral primaries of the N' = 3 Kazama-Suzuki coset (1.2).
Among the other generators of the N' = 3 superconformal algebra, the so(3) spin 1 currents
are expressed by [12]

1 . T . .
J3 = §5a5(5ij (lp(m)\ll(bj) - ¢(az)¢(b])> ) (38)

gt — 5a552j\1,(ai)¢(5j) 7 J = 5@5@.1’[,(@7)\1;(5]') ‘

The chiral primaries are given by states with h = ¢/2, where ¢ is the eigenvalue of the zero
mode Jg . The other states in the same so(3) multiplet may be obtained by the action of
Jy - See [41] for the representation theory of the so(3) superconformal algebra.

From the explicit expression of the so(3) spin 1 current J? in (3.8), we can see that
T, WP, U1 have the charge ¢ = 0, W@ (@) have the charge ¢ = 1/2 and W(@) q(a?)
have the charge ¢ = —1/2. Therefore, it is natural to expect that chiral primary states can
be constructed by the action of ¥(@) and (@), The fermions ¥(®) are transforming in the
bifundamental representation for su(/N)@su(M). Utilizing the decomposition (3.1) we can
construct the state as (adj; N, M), where adj represents the adjoint representation. We can
check that the state is a chiral primary with (h,q) = (1/4,1/2). In the left-right Young
tableaux notation, this state is denoted ((f, f); (f,0), (0, f)) where f is the (tableaux for
the) fundamental representation and 0 the trivial representation. The fusions of the chiral
primary then lead to other chiral primaries which can be labeled as (A;(Al,0),(0,A™))
with A = (A!, A") satisfying A' = (A")!. Here we have assumed that M is also relatively
large, where the comparison to superstring theory is reliable, see [4, 12]. Similarly (@)
is transforming in the bifundamental representation of su(N) @ su(M) and is related to
(0; N, M) or ((0,0);(0, f),(f,0)) in the left-right tableaux notation and has w = 2. The
state is also a chiral primary with (h,q) = (1/4,1/2). Taking fusions of the chiral primary,
we get other chiral primaries of the form (0;(0,Z"), (Z!,0)) with =" = (Z')!. Considering
both types of chiral primaries we can generate chiral primaries which are of the form
(8 (A, 27), (2, A7),

We can confirm that the states (A; (A!,Z"), (!, A™)) are chiral primaries by computing
the conformal weight h and the so(3) charge ¢q. From the construction we can see that
g = 3(JA'| + |="]). The conformal weight can be computed as

_ N+ [ET] CN(ALEN) + CM((ELAT) (N + M)P(IAY] - [ET)?
2 2(N + M) ANM(N + M)?

h (3.9)



For the further computation, it is convenient use that for II = (IT', II") we have [42]

pgig

CHI) = CHI) 4+ CHI) + =

(3.10)

and (see, e.g., appendix A of [43])
1 1 ]2
Ly 2 2
che) = ylalr+ (Lt -30d) - o )
i J
where r; and ¢; are the number of boxes in the i-th row and in the j-th column, respectively.
In particular we have

N/l M/ ANt 1 |Al‘2 |Al‘2
We can use the above formulas to show that
A+ 2"
p= N+ IE ‘Z’ ‘:g. (3.13)

Therefore the states with (A; (A!,Z"), (2!, A7) are indeed chiral primaries.

3.3 Bulk theory interpretation

We would now like to interpret these chiral primaries in terms of the dual higher spin
theory. Let us denote the simplest chiral primaries as

le1) = [(adji N, M), |e2) = |(0; N, M) . (3.14)

Moreover, the simplest anti-chiral primaries are obtained as |a,) = J; |c,) with n = 1,2,
In order to compare them with the bulk fields, we have to combine the anti-holomorphic
sector as in (3.7). Defining?

le1) = |(adj; N, M)) = |(adj; N, M), |e2) = |(0; N, M)) = [(0; N, M)) (3.15)
and |a,) as in the holomorphic sector, we have the following eight fundamental states
) @ [en) s len) @ ay),  lag) ®[En),  [an) @ |ay) . (3.16)

Notice that the same 7 should be used for the holomorphic and anti-holomorphic sectors
as in (3.7). We would like to identify them as four complex (or eight real) scalars with
conformal weight (h,h) = (1/4,1/4);*

11, ¢12, P21, o2, (3.17)

respectively, where we use the notation in (2.5). Fermionic descendants may be obtained
by the action of a supercharge G* 1/2 to the above states, see appendix A for the gener-
ators of the N/ = 3 algebra. These states should be dual to the spin 1/2 fermions v 45 with

3We need to define the anti-holomorphic currents in a proper way.
“The action of J§ is dual to the action of A* = ¢®/2 from the left hand side to the matrix [¢] 45,
see (2.7). Here we set 0 = (§ %).



(h,h) = (3/4,1/4). Similarly we obtain states with (h,h) = (1/4,3/4), which are dual to
i 45 by the action of G* 1/2° The application of G3 1/2 and G° 1/2 to the holomorphic and
anti-holomorphic sectors simultaneously generates states with (h,h) = (3/4,3/4), which
are dual to eight real scalars é 45 associated with the opposite boundary condition.
Generic chiral primaries may be generated by the fusions of |c,;) and also |¢,) as
mentioned above. In the dual higher spin theory, they should correspond to the U(M)
invariants of the products of [¢11]* ;- In the case of the ABJ triality, a higher spin field
o j with M x M matrix elements corresponds to a product of bifundamental fields A’aBaj
in the ABJ theory [4]. Here the sum over the u(N) index a is taken. A single-string
state is known to be dual to a single-trace operator tr ABAB--- AB, and this should
correspond to the singlet product tr¢-- - . The corresponding states may be constructed
as B};|U> = Cptrar[(AB)"]|v) with a constant C,,, see for instance [44]. Multi-string states
correspond to multi-trace operators, and thus the corresponding states may be expressed as

In1,na, ... ng) = Bh BL - Bl |v) (3.18)

with M > ny > ng > --- > n;. We would like to identify n; as the number of boxes in
the j-th column of a Young diagram. A single string state corresponds to the case where
only n; is non-zero, and this means that the representation of su(M) should take the form
of [0"711,0,...,0] for single string states. From the above arguments, we conjecture
that single string states correspond to the states with (2!, A”) which are of the form as
=l = [01,1,0,...,0] and A™ = [0P~1,1,0,...,0]. In other words, the chiral primaries
corresponding to single-string states have h = ¢/2 = (¢ + p)/4 with non-negative integers
¢,p. The states with other (2!, A") should correspond to multi-string states. However,
we admit that the map is actually not so precise since it is known that there should be
mixing between single-trace and multi-trace operators. So we may use the map just for
the purpose of state counting.

Before ending this section, let us comment on a set of important primary states which
are not chiral primaries. Since the coset model (1.2) and the higher spin theory stay at the
same moduli point, even non-chiral primaries of the coset model have bulk interpretation
in the dual higher spin theory. We can see from (3.8) that the first type of fermions in (3.6)
have ¢ = 0, and the products of these fermions may yield the states of the form (A;A,0)
with A € Q. The conformal weight is

1

MIA|
h=——
2(N + M)

@MW) = YA ~ g

(3.19)
for large N. Therefore for finite M the conformal weight vanishes and the corresponding
states are the so-called “light states” [7, 43]. In the 't Hooft limit it is argued that they de-
couple from the other states and we can consistently remove them from the spectrum. We
may regard these light states as duals of non-perturbative geometry dressed with pertur-
bative matter [45-50]. When we discuss the relation to superstring theory, we take N, M
large but keep M /N finite as in [4]. Within this region these states are no longer light and
it is expected that they are not decoupled from the other states. Since these light states are
not chiral primaries, we cannot say anything about them from the dual string viewpoint.



4 Marginal deformations

We conjecture that the introduction of finite string tension corresponds to a deformation
of the critical coset model (1.2). In this section we find the deformations of the coset
model (1.2) that preserve N' = 3 superconformal symmetry. We introduce the deformations
of the double-trace type and interpret them in terms of the dual higher spin theory.

4.1 Marginal deformations preserving N = 3 algebra

We will now deform the coset model (1.2) by adding the deformation term

AS = —f/de’T(w,w) (4.1)

to the action. Let A(z) denote a generator of the chiral symmetry. Then the corresponding
symmetry is not broken to first order if the following condition is satisfied (see, e.g., [51])

7{ dw T (w, ©)A(z) = 0. (4.2)

Here the integral contour is around w = 2z and with no other insertions within. This
condition is equivalent to that the OPE between 7 (w,w) and A(z) is given by a total
derivative of some operator. For instance, let A(z) be the energy momentum tensor 7'(z)
and 7 (w,w) a primary operator of the conformal dimension A. Since we have

()T (0, 0) ~ AT D) | BT (wd) (A= DT@w.w) (T(w,w))  43)

(z —w) z—w (z —w) z—w

the deformation preserves conformal symmetry (or the deformation is marginal) only
if A=1.

In subsection 3.2 we found several (h,q) = (1/2,1) chiral primaries with [A!|+|="| = 2.
Inside the N' = 3 multiplet that contains such a chiral primary there is an operator with
(h,q) = (1,0), and we would like to show that these generate exactly marginal defor-
mations preserving the N = 3 supersymmetry. Let us denote a chiral primary with
(h,q) = (1/2,1) by ®(;y and the generators of the N' = 3 superconformal algebra by
{L”’Gn+1/2’ JE, ‘I/n+1/2} with a = 1,2,3 and n € Z, see appendix A. We may construct
an N = 3 multiplet from ®(1) by the action of the supersymmetry operators {G*, /20 J&},
whose commutation relations are

[Jga J(;t] = iJéta [‘]0+a J(;] = 2J(:)))a (4'4)
[Jo:ta G3 1/2] :FG:i:l/Q ) [Jéta G 1/2] i2Gil/2’

where we have defined

Jo = dn iy, Gy =Gy £iG . (4.5)

In the N' = 3 multiplet we define the operators in the spin 1 representation of so(3)
algebra as

1

i, 0= 50w, ey =

(Jo )?®) (4.6)

N |
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which in particular satisfy
+ — - —
G71/2<I>(1) =0, G71/2<I>(,1) =0. (4.7)

In other words, ®(_y) is an anti-chiral primary.
With this notation, we would like to propose that the deformation by the operator

%) (4.8)

preserves the N' = 3 superconformal symmetry. Here we suppress the anti-holomorphic

T = Gt1/2¢)(,1) - G

structure. What we will explicitly show in the following is that the condition (4.2) is
satisfied by all the generators of the A/ = 3 superconformal algebra, ensuring preservation
of the algebra at linear level. First of all, we can show that this operator is singlet under
the so(3) algebra as

JIT = \/§Gi1/2<1>(0) —2G?, @) =0, (4.9)
Jo T =—=2G, p®1) — ﬁG:1/2<1>(0) =0
from which also follow that J37 = 0. In the above equations, we have used (4.4), (4.6)
and (4.7).
The N = 3 superconformal algebra includes the A/ = 2 superconformal algebra as a

subalgebra generated by e.g. G*. The proposed form of deformation is known to preserve
N = 2 superconformal symmetry, as we will now show explicitly. We can compute

+ + +
G_l/QT = :FG_l/QGfl/Q(p(ﬂ:l) = :F{G_l/ga Gfl/g}q)(:tl) = :F4L71(I)(:t1) = :F48(I>(:t1) )
GfmT = :FGli/ZGfm@(ﬂ) = :F{Gli/2, GTy )Py = F(4Lo £ 2J0)®(21) = F4P(ay)
where we have used the commutation relations in appendix A. We thus have

GHa)T(w) ~ 7] 5 2] D (et

(z —w)? z—w  Ow

(4.10)

Z—w

Therefore, the N/ = 2 subalgebra has been shown to be preserved to the first order. Since
the conformal dimension of the deformation operator 7 is one, the deformation is marginal
to the first order. Actually it was shown that the deformation preserves conformal sym-
metry to all order of the perturbation (i.e. the deformation is exactly marginal) [52], see
also appendix A of [53].

Finally we check the symmetry generators not included in the AV = 2 sub-algebra. For
U(w) we can see

Uy 0T = {‘Ifl/z,Gi’m}@(—l) — {12, G, )00 = Jy @y —Jy @y =0,  (411)
which means ¥(w)7 (2) ~ 0. For G3(w) we notice that
GT (g )2y = ([Gfl/g, JolJo + JJGL/T]J) D) (4.12)
= (2621075 + I 1G5, I51) @y = (4G2 Ty + 2005, G2 o] ) @

4G 1y dy + 2G:1/2> D),

— 11 —



which leads to
T =2V2G? | )0 . (4.13)

Since we have
Gil/2Gil/2¢’(0) =L 1% = 9%P() , G:{’/zG?im‘b(o) =2Lo® ) = P(0) » (4.14)

we can show that

G*(2)T (w)

= — 4.1
(z —w)? z—w ow Z—w (4.15)

N 2\/5‘13(0)(10) . 2\/58‘19(0)(11)) - i (2\/5‘19(0)(11))) ‘

In this way, we have shown that the deformation by the operator (4.8) preserves the N' = 3
superconformal symmetry to the first order of the perturbation.

4.2 Double-trace deformations

As we saw in last subsection, we can construct operators generating deformations preserving
the N = 3 superconformal symmetry by using chiral primaries ® ) with (h,q) = (1/2,1)
and equation (4.8). There are several choices of @y, but we will be interested in those
given by a product of two operators. There are two types of the simplest chiral primaries
|cy) with (h,q) = (1/4,1/2) given in (3.14) and we now introduce operators 5271/2) creating
these states i.e. |c,) = 5271 /2)\O>. Combining with the anti-holomorphic sector, we have
two operators dual to two real BPS states with alternative quantization ¢11 = ¢}, + i3
in (3.17). From the simple product of these operators we can construct the chiral primary
@1y with (h,q) = (1/2,1) since the product of chiral primaries does not have any singular
terms, as explained in [54]. In the following we consider the case with

Py = Ea/2)€a/2) (4.16)

where £(1/9) is 5(11 /2y OF 5(21 /2)" We would like to regard the deformation operator (4.8)
constructed using (4.16) as a double-trace deformation, which has a dual interpretation as
a change of boundary conditions for bulk fields. For this purpose we need to rewrite the
deformation operator (4.8) in a suitable way.

The marginal deformation 7 in (4.8) is given by @4y with the action of supercon-
formal generators, and we would like to clarify the role of these generators. We write the
doublet (1 2y, §(—1/2) = Jy §(1/2) in the spin 1/2 spinor representation. Via the action of the
superconformal generators, we define the following operators with (h,q) = (3/4,+1/2) as

1 1
S = BCh b G = 50 p80 - (4.17)

The normalization is chosen such that the norm for §E +1/2) is the same as that for {4 /2).5
Combining the anti-holomorphic sector, we introduce

B = AB =

O = &5/0-0) @ €30y » O = E&l3/0-4) ® &30 5y (4.18)
B - AB :

FAB = &(3/2-1) @ E(3/2-B) » F7 =€3/0-2)® &30 p) -

SLet us define |¢/) = £(1/2)l0). Then we find (¢'|c') = %(a\G;/QGJ_rl/2|a> = 2(al(4Lo — 2J5)|a) = (ala).

— 12 —



As explained in subsection 3.3, OAB , O AB are dual to scalar fields with the alternative

and the standard quantizations ¢ 45, gz~5 A5 respectively. Moreover, F AE, F' 4B are dual to
spin 1/2 fermionic fields v 43, 0 45- Indeed, since we have
521/2) 7[ —1/2° ] 1/2) = \[G 1/25 (1/2) > (4.19)
-1y = E[G:l/gv Iy 112 = —V2G? 1/28(-1/2) » (4.20)
we can show that
1 _
&1y2) = E[JS_7G_1/2]€(1/2) = Ji €19 (4.21)

1 _
5(*1/2) - _E[G—l/w Jo 1-1/2) = Jo 521/2) )

which implies that the doublet §E +1/2) is in the spin 1/2 spinor representation.
With the above preparations, we can now rewrite the marginal operator in (4.8) as

T = 1(5(1/2)5 (—=1/2) +§(—1/2 §E1/2) 5( 1/2) f (1/2) — f (1/2) 52 1/2) )

® (& 1/25 (—1/2) +§( 1/251/2) 5(_1/2)5(1/2) 5(1/2)5( 1/2))
=%eacenD [(’) ABoCD f’AB}—CD} (4.22)

by combining the anti-holomorphic sector. In the above expression, we have changed the
overall normalization such that deformation from equation (4.1) takes the form

AS = —J;eAceBD/de [(’)’ABOCD + ]:'AB]:CD} (w,w) (4.23)

— —fGACGBD/d2$ [O/ABOCD + f/AB]:CD} (x1,22) .

Here we have changed the worldsheet coordinates as w = x1 + ixe, w = x1 —ixs. Asin [25]
and appendix B, the deformation has a natural interpretation as the change of boundary
condition for the dual bulk fields. This leads us to think of the deformation as double-trace
type even there is no trace in the operators O, ', F, F'.6

5 Symmetry breaking in the coset model

In the previous section, we obtained the operator (4.8) which preserves the N' = 3 super-
conformal symmetry of the coset model (1.2). It is natural to expect that the deformation
breaks higher spin symmetry generically. In the large N limit, we show that a certain spin
2 current is not conserved anymore. This implies the breaking of generic higher spin sym-
metry since operator products with the spin 2 current generate other higher spin currents.”
The breaking of higher spin gauge symmetry should thus also occur in the dual bulk theory
and this will give rise to the Higgs mass of higher spin fields. We will now calculate the
anomaly of the spin 2 current and use this to compute the mass of the dual spin 2 field.

5This name can be supported by the property of large N factorization for these operators. This property
is assumed here, but it can be shown as in [55].
It is important to confirm the breaking of generic higher spin symmetry in a direct way.
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5.1 Symmetry breaking

We start from a generic situation with a spin s current A(S)(z). Here s = 2,3,4,... for
bosonic currents and s = 3/2,5/2, ... for fermionic currents. The corrections of the chiral
symmetry current to the first order in the perturbation can be computed from

A9 () f / 2T (w, ). (5.1)

Let us assume .A,(ﬂs)T = 0 for r > 0, then the operator product can be expressed as

[s—1]

AT (w,0) = 3 W(Af;+l+lT)(w,w). (5.2)
=0

Here [t] is the biggest integer number less than ¢. Acting with the derivative Jz, we have

[s—1] !
-1 s _
0:A ()T (w,w0) = 21 (“)a;5<2>(z —w)(AY, T (w, @), (5.3)
=0

where we have used dz(z — w)~! = 276®) (2 — w). From (5.1) we can read off the non-
conservation of the chiral symmetry current as (see, e.g., [56])

s—1]

[
0:A9 (z,2) =20 f Y
=0

(_!1)162(/1(3) V(2 ). (5.4)

l —s+1+1

When the right hand side vanishes, (4.2) is satisfied and the current is still holomorphic.

Along with the energy momentum tensor 7', the Kazama-Suzuki coset (1.2) would
have spin 2 currents 7 (a = 1,2,3) in the adjoint representation of so(3). We then focus
on a specific example with a spin 2 current 72, which may be effectively expressed as a
composite operator T3 = 2T Jg’ in the large N limit.® We will see it convenient to use
linear combinations

1 1 1
T — 5(T+T3) =TP,, T%= 5(T — T3 =TP_, P.= 5(1 + 2J3) (5.5)

instead of T itself. The central charges of T'' and 722 are

c
Cl = Co = — N 56

1 2= 5 (5.6)

respectively. Now the deformation operator in (4.22) is written in terms of operators
defined in (4.18), and the deformation operator consists of the following type of terms as

AS = —g / PwkVKE? (w,w). (5.7)

SWe propose this from the fact that there are four dual spin 2 fields (or gravitons) [h,.] 4z which are
U(M) singlets. The trace element should be dual to T', while the element proportional to o should be dual
to T3, See also footnote 4.
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The operators are K = 0B 08 FiB 7B (B = 1,2) and K® has non-trivial OPE
only with 7%. Denoting the conformal weight of ) by (h;, h;), we have hy, hy = 1/4,3/4
with hqy + hg = 1, and similarly for h;. Notice that there are ng = 4 terms with bosonic
operators and ny 5 = 4 terms with fermionic operators. We use T’ i instead of T since now
the system for the bosonic sector can be identified with the one analyzed in [29, 30], and
we can utilize their analysis.

With the above definitions get the following OPEs

MW @) (w. w N (w. w
Tll(z)K(l)K(Z)(w7w) ~ h KV KE (w, w) 4 (OK')K™ (w, w) 7 (5.8)
(2 —w)? z—w
W @) (w, w M (a2 N
T22(Z)IC(1)IC(2) (,w7 ’lf)) ~ ho KK (U}, U}) + K (alc )(’U), ’U)) ) (59)
(z —w)? zZ—w

Using the generic expression in (5.4), we can rewrite them in terms of current non-
conservation as

AT = nf[(OKMW)K® — b oKW K@), (5.10)
T2 = 7KW (K@) — hoa(KV K@) . (5.11)

Therefore we have
0T =0, 0T =27 f[ha(0KM)K® — KW (9K @))] (5.12)

The first equation just means that the conformal symmetry is preserved at the first order
perturbation as seen in the previous section. The second equation indicates that the spin
2 current 7% is broken by the marginal deformation (5.7).

5.2 Higgs mass from the dual CFT

In order for a higher spin gauge field to acquire a non-zero mass, it should swallow the
degrees of freedom from the Goldstone modes. Let us consider a generic d dimensional
CFT with higher spin symmetry. Without deformation, higher spin currents are conserved
as 0 - J) = 0. After the marginal deformations, the higher spin currents are generically
no longer conserved and satisfying

d-J) =01 (5.13)

The divergence of currents are related to another set of operators OG=1 and this is dual
to the phenomena that the massless gauge fields acquire extra degrees of freedom by the
Higgs mechanism. In our example, the operator O®~1 is given by a double-trace type
as in (5.12), and this is related to the fact that the higher spin symmetry is broken only
slightly as in [57].

The Higgs mass of the higher spin field can be read off from the anomalous dimension
of the higher spin current J*). We denote by Ly the generators of so(2,d) that is the
isometry algebra of AdSg41. A bulk particle can be classified by the representation of the
subalgebra so(2) @ so(d) as (Eo,7). The second Casimir is (see, e.g., [58])

1
Q= §L%\4N = Ey(Eo — d) +2C%(y) = M}, (5.14)
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where Ey corresponds to the conformal dimension of dual operator i.e. By = A and CZ(v)
is the value of the second Casimir for the representation v of so(d). For instance, C’g =
s(d + s — 2) for the s-th totally symmetric representation. A bulk field satisfying its
equation of motion is given by the eigenfunction of the Casimir operator () with eigenvalue
M3, see also appendix C.3. The eigenvalue M3 is not the mass square for bulk field
and the contribution from AdS curvature should be extracted. From the unitarity bound
we know that A = d + s — 2 for the conserved current with spin s, and this leads to
M7, , 5 = (d+s—2)(2s—2) for the dual massless higher spin field. Subtracting this value,
we have

MZy=AA—d) = (d+s—2)(s —2). (5.15)

This is the formula we will use to compute the Higgs mass.
The anomalous dimension A of the higher spin current J*) may be computed in the
following way. As in appendix A of [57] (and section 2 of [29] for s = 2) we have

18- TP o (A—s—d+2)(J® T, (5.16)
Since the r.h.s. of (5.13) leads to
1aOBD)2 = o2(OG D)0y | (5.17)

we can obtain A by equating the above two equations.
We apply the above method for d = 2 and a spin 2 current 7 with

(h,h) = (AQM A2_2> . (5.18)

Here A = 2 for the conserved energy momentum tensor and we expect A # 2 after the
deformation. First we obtain

5 - _ A—2
0T3)? = (T®|L_yL1|T?) = 2(T3|Lo|T?) =2- ==

; , (5.19)

O |

where we have used (T3|T3) = ¢/2. Computing the right hand side of (5.12), we have

(A —2)c

5 = £)2(2h2hy + 2h3h1 )Ny Ny (5.20)

with (KLY = N;. We set Ny = Ny = 1/(2) from (B.8) and (B.24), which are used for
the operators dual to the bulk fields with standard kinetic terms. At the leading order of
f?, the formula (5.15) becomes M(22) = 2(A — 2). Since K® could be a spin 1/2 operator,
we have totally the generated mass as

3
My = fQ%(no +n1/2) (5.21)

with nog = 7’L1/2 = 4.
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6 Higgs phenomenon in higher spin theory

In this section we reproduce the mass obtained in (5.21) for spin 2 field dual to 72 from
the bulk side. As explained in section 2 the bulk fields are of a 2M x 2M matrix form,
and we consider singlets under the U(M) subgroup denoted by = ,5 (A, B = 1,2) defined
in (2.5). Thus, we can think of these as being of 2 x 2 matrix form and we have additional
multiplications with 2 x 2 matrix algebra. We need to know how spin 2 fields are coupled
with scalar fields or spin 1/2 fermions. The coupling may be read off from the equations of
motion in (2.7). Here we should notice that the Vasiliev theory is given in the frame-like
formulation with fields of the form as A," """ with one vector index and s — 1 Lorentz
indices. For our purpose, it is convenient to move to the metric-like formulation with the

fields having the form ¢, ., with s being vector indices. We can use the map

1_ _
Ppt..ps — ;e(/gl U eusa,sflAus)al...aS,1 (61)

with €," as the background vielbein at the linearized level. Without the CP factor, the
spin 2 field is just the graviton field h,, in the metric-like formulation, and we know that
the graviton is coupled with matter fields through the bulk energy momentum tensor T/w
as KhAT uv- Here we have used k% = 817Gy with the Newton constant Gy .

The effects of CP factor can be read off from the equations of motion in (2.7). A spin 2
field [l ] 45 is multiplied to a matter field from right hand side (or from left hand side). In
the deformation operator in (5.7), the (11) component operator is always paired with (22),
and similarly (12) is always paired with (21). From the rule of multiplication we can see
that [h,,]11 couples only one of the dual paired fields (211, Z22) or (Z12,Z21) and [hy )22
couples the other one. We denote by TW and 7@ the bulk energy momentum tensors
that couple with [h,,]11 and [k, ]2, respectively. We can think that [y, ]|11 and [hy, )22 as
metric fields for two different AdS spaces, and the paired matter fields live in the different
spaces. Therefore, we can again identify our set up as the one in [29, 30]. The computation
is summarized for the bosonic case and extended to the fermionic case in appendix C.

Using the result in (C.33), the mass of the spin 2 field dual to 7° is computed from
the bulk theory as

G
M(22) = f27N(n0 + nl/z) (62)

for our setup with (d,dim) = (2,2). It is known that the central charge is related to the
Newton constant as (see also (5.6))

3

ao = (6.3)

C
0126225

as explained in [59-61]. From the relation, we can conclude that the mass from the bulk
theory in (6.2) is exactly the same as the mass from the CFT in (5.21).
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7 Conclusion

In this paper, we have studied the deformations of the Kazama-Suzuki coset model with
N = 3 superconformal symmetry in (1.2). We found that the deformation preserving the
N = 3 superconformal symmetry should be of the form as in (4.8) with a chiral primary
@1y having (h,q) = (1/2,1). We set the chiral primary to be the product of two chiral
primaries §(; /o) with (h,q) = (1/4,1/2) as in (4.16). Then the deformation can be regarded
as being of the double-trace type as is seen in (4.22) or (4.23).

Further, we have shown that in the large N limit a spin 2 symmetry is broken by
the deformation and this implies that the generic higher spin symmetry is also broken.
The coset model in (1.2) is proposed to be dual to a higher spin gauge theory in [17].
The double-trace type of deformation is dual to the change of boundary conditions for the
bulk scalar and spin 1/2 fields. This change is also expected to break higher spin gauge
symmetry, and the breaking would generate the mass for the higher spin gauge fields. We
have computed the Higgs mass of a spin 2 field in (5.21) from the coset model and also
in (6.2) from the bulk higher spin theory. We can show that the two expressions match by
using the parameter mapping of the AdS/CFT correspondence.

An immediate question would be what happens for higher spin fields with s > 2. In
this paper we have studied a spin 2 field as a simple example and expected that a similar
story holds also for generic higher spin fields. However, this is something we have to
confirm. The bulk computation seems to be too complicated to generalize, but the CFT
computation looks to be tractable. In fact, we have already obtained partial results on the
Higgs masses for generic spin fields at the leading order of 1/¢ using the bulk/boundary
correspondence. We would like to report on these results in near future [62].

We have investigated the holographic duality proposed in [12] because of the connection
to superstring theory. Thus the most important task may be to understand the meaning
of the marginal deformation for the coset model (1.2) in terms of superstring theory. It
should be related to the introduction of non-zero string tension, but the precise interpre-
tation is unclear so far. In order to do so, we need to investigate the moduli space of the
dual superstring theory. For example it should be checked whether the superstrings on
AdSzxM7 with M7 =SU(3)/U(1) or SO(5)/SO(3) are really related or not. The meaning
of parameters for the moduli space should be understood. It should be helpful if we can
find the brane construction yielding the string background in the near horizon limit.

In order to obtain the physical meaning in terms of superstring theory, it might be
better to utilize the other trialities presented in [4, 8-10]. The relation to superstring
theory is well understood in the ABJ triality of [4]. Thus it is worth studying the Higgs
phenomenon in that case though the computation should be quite involved. For instance,
we should study the loop effects of gauge fields with spin s > 1. In this sense, it might
be easier to study the low dimensional holography with N' = 4 superconformal symmetry
in [8-10]. However, it is not a simple task to see how higher spin fields are mapped to strings
in their holography. Probably it would be useful to examine similarities and discrepancies
among the different types of triality.
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A N = 3 superconformal algebra

The generators of AN/ = 3 superconformal algebra are the energy momentum tensor T'(z),
the superconformal currents G?(z), the so(3) currents J%(z) and a spin 1/2 fermion ¥(z),
where a = 1,2,3. The OPEs are (¢ = 3k)

T@Tw) ~ c—/i;yl (,ST—(Z;2 ZT—(QZ;) ’
()G (1) ~ (16135;3 zz'(zde;();u) 25abT(w)z—i—_iZlbcé)Jc(w) | (A1)
JO(2) 0 (w) ~ (Zk_é(z),)z N iea;)ci‘z}tU) 7 JU(2)GP (w) ~ ?:blpiuu)g + ieaicfi(,w) ,
W) w) ~ T W)~ L

The mode expansions of these generators are expressed by {L,,G%, J% U,.} with n € Z

ryIYn

and r € Z + 1/2. The commutation relations are

(Lo, L] = Tczm(m2 — 1)8min + (M — 1) Lo s
1
{Ge,G%) = % (7“2 ~ 4) 68,45 + 26 Lyis + (1 — 8)i€apeCps (A.2)
(T2, T2 = kmd™Smin + i€abed i » [J2, G2 = mé™ W, 4 + i€ape Gty s
(0,,Go} = J%,, {0, U} = kbpys.

B Double-trace deformations and holography

In this paper, we encounter deformation of the double-trace type with operators which
have scale dimension A; with A; + Ay = d. The operators are dual to fields with the
same mass, but with different boundary conditions. This type of marginal deformation
was firstly discussed in [25] and appears also in the context of ABJ triality [4]. We first
consider the case with bosonic operators O;(x). The deformation is given by

S = / 450, (2)Os(x) (B.1)

Then we move to the case with fermionic operators F;(x). In that case we consider the
following deformation

S = _f / da(Fy (2) Fa(x) + Fr () Fo(2) (B.2)
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In this appendix we relate these marginal deformations to the changes of boundary condi-
tions for the dual bulk fields. We mainly follow the arguments in [4], see also, e.g., [31, 32].

B.1 Bosonic case

We use the Poincare coordinates of Euclidean AdS;, 1, whose metric is

d
2 dz? + >0 da?
— > )

ds (B.3)

Here we set the AdS radius equal to one. In these coordinates, the boundary is at z = 0.
The action for a real scalar propagating on AdS;,1 is given by

_ 1

573

/ A" a\/g (0,90" ¢ +m?¢?) . (B.4)

The mass m? includes the contribution from the coupling with the background curvature.
We consider the case with —(d?/4 — 1) > m? > —d?/4. The conformal dimensions of dual

OperatOI'S are given by
d [ d?

Near the boundary z = 0, a general solution to the equation of motion behaves as

o= az¥?¢ 4 ;;zd/ﬂ'g . (B.6)

We assume the regularity at z = oo, which relates « and [ as

5@) = [ a3 (@~ y)aly). (B.7)
where
A
G —y) = NG NS = —d22A = dT(4) (B.8)

[z —y[?2’ I'(A —d/2)

Since the metric diverges at z = 0, we introduce a cut off at z = €. Then the on-shell
action is evaluated over the boundary as

1
S = -5 / dze' =90, , (B.9)

and it diverges as € % at € — 0. In order to remove the divergence we introduce the
boundary action

1 d
68 == /ddxe_d - — &) ¢?, (B.10)
2 2
and then we have the finite action as

S+0S = —% /ddxoz(a:)ﬁ(m). (B.11)
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We obtain the standard normalization in the above expression due to the 2 factor in (B.6).
As in the appendix C of [4], we will use an abbreviated notation as S = —%aﬁ , which may
be written as

1 A+
S = —§QG¢ e (B.12)
using 8 = G$+a in (B.7).
We consider ¢; with the alternative quantization and ¢o with the standard quanti-

zation, and O; and Oy as their dual operators. Near z = 0, we assume the boundary
behaviors as

(0% _ _
¢1 = 2—22” S P12y = ap2?E gzzd/2+5- (B.13)

The expectation value of O; corresponds to aj, while the expectation value of Qs corre-
sponds to 2. We are considering the double trace deformation in (B.1). Since (B.12) is
written in terms of «, we need to perform a Legendre transform for as. Introducing the

sources J;, the boundary action after the deformation may be written as [4]
1 _ 1
S = —5(2€) 2041G$+041 — §a2G$+a2 + OéQ,Bé —Jiag — Jgﬂé — falﬁé . (B.14)

On-shell we have 5 = (3. The two-point functions without the deformation (i.e., with

f =0) can be computed from the boundary action as”

(O1(2)01(y)) = —(2)*(G5 )1 =G5, (0a(2)0a(y)) = G5 . (B.15)
Examining the equations of motion, we have
Jo=—far+az, Ji=-p1—fB. (B.16)

Setting J; = Jo» = 0, we obtain the deformed boundary conditions for the fields ¢; and ¢s.
Rotating the fields, we define

1 1
‘/1_’_]?2 ,/1_|_f2

with f = 2¢f. Then the new fields ggl have the same boundary condition as ¢; before
the deformation. Utilizing the new fields (;ASl the two-point functions among ¢; can be read

off as [63]

o1 = (61 + f2), ¢2= (—fé1 + ¢2) (B.17)

- A~ | P2AAtT AT  FAAT
- 1 <G¢ + f2G5" FG5 fG¢> (B18)

© T 1y \JGE - faAt @A+ frad

Here GQ% is the propagator of scalar field with dual dimension A before the deformation,
and its expression is given in (B.8).

In order to compute the expression of (GﬁJr)_l, it is convenient to work with the momentum basis by

using the formula [ d%z exgﬁ;’;-ﬂ = 9d-2Apd/2 7F((1i/<2A_)A> k|22,

— 921 —



B.2 Fermionic case

We need expressions similar to (B.18) for the the deformation with fermionic operators

in (B.2) as well. A similar analysis can be found in [32]. Let us denote I'* for Euclidean
so(d+ 1) Gamma matrices with {T'*, T*} = 26% and set I'* = I'“*!. The action for a Dirac

fermion propagating on AdSy,1 is
/1 —
S = /dd+1aﬁ\/§z/1 (2(¥ -V)- m) P .

We consider 0 < m < 1/2. The conformal dimensions of dual operators are
AL =d/2Etm.
Near the boundary z = 0, a solution to the equation of motion may behave as
b = a2 4 2
with
"x=—-x, T"¢(=¢.

Regularity at z = oo relates x and ( as

((2) = /ddyGi+ (z = y)x(y),

where

A_quAF'(x_y)
o |z — y2A+1

T(A+1/2)
(A+1/2—d/2)"

NA _ —d/2
P T T

Notice that these equations are consistent with the assignment in (B.22).

The on-shell action at z = ¢ is?

1 _
§S=-3 / dlze= =

2

which diverges as e “" as € — 0. We introduce the boundary action

1 _
68 = -5 / dze= )
as in [32], then the on-shell action becomes

S+0S = —/ddx)_((x)C(m).

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)

(B.27)

This may be written as S = —)‘(Gﬁer in the abbreviated form from ( = G$+X in (B.23).

“Note that the Gamma matrices on AdS44; are defined as {7*,7"} = 2¢g"”. Related to the so(d + 1)

Gamma matrices, we have, for instance, v* = 2I'*.
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We consider ¢; dual to the operators F;. Near z = 0, we assume
i = a2 4 G Ty = =i, TG =G, (B.28)

where the expectation values of F; and JFy correspond to x; and (o, respectively. The
deformation is now as in (B.2). With the sources n;,7;, the action becomes

_ + _ + _ -
S=-x1G) x1—x2G3 X2+ X285 + Ghxe (B.29)
—ix1 — xam — 26y — Gme — f(X1és + Goxa) s

where we have ¢} = (3 and (5 = (3 on-shell. The two-point functions before the deforma-
tion are

(F@)Fily) = (G2 =Y. (R0)Fl) =63 (B.30)
Examining the equations of motion, we have

m=-fxitxz, m=-G-[fG (B.31)

and their barred expressions. Using the rotated fields

. 1 n 1
P = \/Tifﬂ}l + fi2), o= W(‘fﬂ’l +1ba), (B.32)

the two-point functions among ; can be read off as

A~ 2 AT - AT
. 1 <G¢ + 2G5 1G4 —fG¢>

U= - . B.33
Y1+ 2\ fGLT - fGET GET + f2GE (B.33)

Here Gﬁ is the propagator of the spinor field with dual dimension A before the deformation,
and its expression is given in (B.24).

C Higgs mass from bulk matter loops

In section 6, we have shown that the computation for the Higgs mass of a spin 2 field can
be reduced to the one in [29, 30] for the case with scalar loops. In this appendix we review
their analysis and extend it to the case with spin 1/2 fermion loops.

C.1 Setup and prescription

As in [29, 30] we prepare a product of two d dimensional CFTs with energy momentum
tensors T and 7). We only consider the case where their central charges are equal as
c1 = co. The product theory is deformed by the following marginal operator as

—f/ddm(f)(l)o@) : (C.1)

where the operators O and O live in the different CFTs. We denote the field dual to
OW as ¢, In this paper, we consider only massless scalars conformally coupled to the
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graviton, and in our case the dual conformal dimensions are A(1:2) = % (AM +AG) = q).
The deformation is dual to the change of boundary conditions for the bulk fields as seen in
appendix B, and this would lead to the breaking of higher spin gauge symmetry generically.
We study the mass of bulk spin 2 fields generated due to the symmetry breaking.

We consider spin 2 fields dual to the boundary energy momentum tensors T+ = (T(l) +
T®)//2. As discussed in [26, 27, 29], the generated mass can be read off from the two-

point function of bulk energy momentum tensors Tli = (Tﬁ) + TP(L?,)) / V2;

(T @) T ) (€2)
=5 (@I 0) + ED@TE () £ T @ W) + T2 @)

i)

The bulk energy momentum tensor 7, ,S,, is written in terms of bilinears of ¢(9 as in (C.25),
and the two-point function (T,E?,)( )T}EJZ (y)) can be computed by using propagators

AT
G;‘Z = CI/ZJ G¢ +a i Gd) (CS)
n (B.18). Therefore, the two-point function has terms proportional to (ax+)?, aa+an-
and (ax-)?. We already know that the mass is not generated without the deformation,
and this fact implies that there is no contribution from the terms proportional to (aa+)?
and (ap-)?. Therefore, we only need to take care the term proportional to aa+an- .
From (B.18) we have
aprap- = axpax- = —agiay- = —aXiax- = f° (C.4)
up to the order f 2. Therefore, we can conclude that there is no mass generated for the spin
QﬁddmmHoT+—((U+T ))/v/2. For the spin 2 field dual to T— = (T — T(2)) /\/2,
we just need to compute one of the four terms, say <TA(“1/)($)T;E/23
factor —1/2 -4 = —2. This prescription can be found to be the same as that in [29].

,(y)), and then multiply

We also consider the following deformation
—f/ﬁ @ 4 FOF@) (C.5)

where the operators F(*) are spin 1 /2 spinors. We consider only massless fermions, and the
dual conformal dimensions are A(2) = /2. The arguments in the bosonic case hold also
for the fermionic case. The bulk energy momentum tensor is given in (C.27) below in this
case. No mass is generated for the spin 2 field dual to T+ = (T + 7)) /1/2 and the mass
for the spin 2 field dual to 7= = (T — 7)) //2 can be computed from ( L(L,l)(x)TSZ, (y))
with the multiplication of a factor —2.

C.2 Coordinate system and bi-tensors

We would like to compute the corrections of the mass of a spin 2 field induced by the
one-loop effects of matter fields. As mentioned above, we need to compute the two-point
function (7)., (x)T,s,(y)) of the bulk energy momentum tensors. We use j, v and ',/ for
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tensor indices at z and y, respectively. In a maximally symmetric space-time, the two-point
function may be decomposed by the following bi-tensors [64, 65]

Ly = quduv Ty = gy iy

I3 = Guw G’ + G Qo s La = Guulw iy + Gu i (C.6)

Is = Gty + Guu My + GuuMpfoy + Guuw My .
We use n, = V4ji as unit vectors tangent to the geodesic from x to y, where [ is the
geodesic distance. Moreover, g, is the parallel propagator defined in [66]. We can com-
pute quantities involving these objects by making use of the rule in table 1 of [66] or

table 1 of [65].
With the above bi-tensors, we define the following three traceless bases as

1
Ti=———5——(T1 + (d+1)°Ty — (d + 1)T.
1 d(dZQJrl)( 1+ (d+1)"Zy — (d+1)14),
1 d—1 1 1 1
Ty =—=T To+ =Is+ -1y + =7 C.7
2 d1+d 2+23+d4+25’ (C.7)
1
Ty = —(47 + I5) .
3 22( 2+ 1s)
Here z = — cosh fi. We choose the above three bases such that the expressions for d = 3

reduce to those in (22) of [27]. Then a transverse and traceless basis may be written in the
form of

T = a1(2)(d2* + DTy + az(2) T + a3(2)Ts . (C.8)

Divergence of this basis is computed as

VAT = — V2% — 1((dz* + 1)d} + 2dza) ) - Ty + ayf - Ty + alyiv - T3) (C.9)
+ay(dz2 + 1)V Ty +aaV - Ty + a3V - Ts,
where
BT = - A ATy=0, 7Ty —B (C.10)
dz?+1 2z
with

A,,,u/,,/ = ((d + 1)’fly’fluln,/ — ﬁl,gwy/) R BV/J/V/ = (Q’ﬁ,,’fluln,/ + g,,ul’fly/ + gVV/TALM/) . (C.ll)

We also have

2(1+3d+ (d* — d)2?) d+1
V21V T = — A B C.12
-1V (A2 1+ 1)2 TAaE (C.12)
2 _ 2
N v Py S/ B S S
2d z 222

Assigning V - T = 0 we have two equations

2(22 = 1)a) = —(d+ 1)2%a; + a3, (C.13)

d+1 2(d?4+d—2
>a1+2<>

(22 —1)zah = 222 < y 7 ag — (1 + dz?)as .
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We also need 7, for a; = 1/2" with n = d + 1,d + 2,---, and the explicit expressions
can be obtained by solving these equations. For d = 3 we reproduce the results in ap-
pendix B of [27].

It will be convenient to use homogeneous coordinates instead of intrinsic coordinates,
see, e.g., [27, 67]. The AdS4, 1 space-time can be described by a hypersurface XM X, = —1
(M =0,1,2,...,d+1) in a d + 2 dimensional space-time, whose metric is given by nyn =
diag(—,+,+, -+ ,+,+, —). Here the AdS radius is equal to one as before. We denote the
homogeneous coordinates by X™ and YM'. We use GMN(X) = nMN 4 XMXN as the
d + 1 dimensional metric and also the operator projecting the vector quantities onto the
hypersurface. Tensor fields hysnp...(X) on the hypersurface satisfy XM hynp...(X) = 0.

We compute the two-point function Xyrnarn(X,Y) = (Tyn(X)Tapn(Y)) of the
bulk energy momentum tensors. The geodesic distance f is related as Z = X - Y =
—cosh fi(= z). In order to express the quantity, we can use bi-tensors (C.6) but now in
terms of

G (X,Y) = Garn (XN Gyoae (V) = arar + Xou Xow + YarYar + ZX Yo

Yv+ 22Xy Xy + ZY
Ny(X)=————«, Ny(Y)=——r—rw—-, C.14
u(X) = MZED Ny = S (€14
where we should replace as gy = Gy — (Z 4+ 1)Npy Ny and 7y = — Ny Instead of
73 and Zs, it can be convenient to use
ig ZGMM/GNN/-FGMN/GNM/, (015)
i'5 = GMM/NNNN/ + GMN/NNNM’ + GNM/NMNN’ + GNN/NMNM/ .
The relation between the two bases is
I3=T3+(Z+ 1) +2Z+1)* Ty, Is=Ts +4(Z+1)I,. (C.16)

Using the property, XM hysnp...(X) = 0, we can neglect the terms with X, or Y3,/ in the
bi-tensor basis as in (19) of [27].

C.3 The Higgs mass of spin 2 gauge field

We start to compute the explicit expressions for the propagators by generalizing the analysis
in [27] for the case with generic d. Using the propagators, we evaluate the two-point function
(T, W(:c)TM/,/ (y)) by utilizing the Wick contraction, and from it we read off the corrections
to the mass of a spin 2 field due to the scalar and fermion loops. There would also be a
contribution from the loop effects of spin 1 gauge field for d > 2 as computed in [27] for
d = 3. Here we do not consider this type of effects since the spin 1 gauge field in our d = 2
setup is not dynamical.

The second Casimir of the AdS isometry so(2, d) generated by Ly is given by (5.14),
and the equations of motion for the bulk fields may be expressed as the eigenvalue equations
of the second Casimir. For a scalar field ¢(X) with s = 0, we have Lyny = i(Xpy0n —

Xn0On) and the Klein-Gordon equation is

(N(N +d) — X209 — Eo(Eo — d)) $(X) =0 (C.17)
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with N = X - 9. The Green’s function Ag(X,Y) = Ag(Z) can be obtained from
(1—2%0% — (d+1)Z0z + Eo(Ey — d)) Ao(Z) =0, (C.18)

where we have used 92 = —0% and N =X-0= 29y Weset By = (d+1)/2 for a
conformally coupled massless scalar, and we use the solution

o I'((d+1)/2) o o
o = o (@ et goreE) . ©

We reproduce the propagator of flat space at the X =Y limit

(@)  _ I'((d+1)/2) 1
Bo 2(d — 1)mld+D)/2 | X — Y |d-17 (C.20)

when we set oy = 1. We choose the notation such that the expression become the same as
the one in [27] for d = 3. For the scalar with standard quantization, we should set a; =
—a— = 1, and for the scalar with alternative quantization, we should set oy = a— = 1.
With these values the relation between ar and aa, in (C.3) can be found as

1 1
an, = §(O<+ +a-), aa_ = 5(04+ —a-). (C.21)

We move to the spin 1/2 propagator. As in [27] we define K = I'MN X},0y with
{TM TN} = 2pMN which satisfy K (K —d) = N(N + d) — X202, For a spin 1/2 spinor,
Lyn = i(XyOn—XNOu)+ %FMN and the value of Casimir operator for a spinor represen-
tation is C§(s) = d(d—1)/16. Since Q = N(N +d) — X20?+ (d+1)(d+2)/8— K = K(K —
d—1)+(d+1)(d+2)/8, we have a factorized relation (K —1/2)(K —1/2—d) = Eo(Eo—d)
when acting on the spin 1/2 state ¥(X). Thus the Dirac equations are

[K—(Ep+1/2)]¥(X)=0, [K+(Ev—1/2—-d)]¥(X)=0. (C.22)
We set Ey = d/2 for a massless fermion. Since we have

(K — (Eo +1/2)][K + (Eo +1/2 — d)]
[K + (Eo —1/2 = d)][K — (Eo — 1/2)]

=N(N+d)— X*— (Ey+1/2)(Eo +1/2 — d),
= N(N+d)— X% — (Ey—1/2)(Ey —1/2 = d),
the solutions to the Dirac equation may be obtained as

U(X) = [K + (EBo + 1/2 = d)]Wop(X) or W(X)=[K - (Ey—1/2)]¥op(X), (C.23)

where E(()O) = Ey+1/2 for the first scalar and Eéo) = Ey—1/2 for the second scalar. More-
over, g is a constant spinor. With this expression we can derive the fermion propagator
from the scalar one. For Ey = d/2, the propagator for Dirac fermion can be written as

A(a) _ I'((d+1)/2) (O‘JrFM(XM —Yun) O‘fFM(XM - YM)) (C.24)

127 9(—2r)(d+1)/2 (Z +1)(d+D)/2 (Z —1)(d+D)/2
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As before we reproduce the propagator of flat space in the X =Y limit

A@ DA+ 1)/ Ty (XY YY) -y (0 T((d+1)/2) 1

when we set o = 1.

With the help of propagators obtained above, we compute the two-point function of the
bulk energy momentum tensors. The energy momentum tensor for a massless conformally
coupled scalar is

d+1
2d

d— d—1)2
0,000~ "3 0V,0,0 — g (5007 + ) . )

T = 8d

Here we have used the equation of motion for ¢ since we neglect the contact terms. The
two-point function can be computed by applying Wick contractions as

D((d+ 1)/2>2> (“3 (a2 + A+ T+ 2T) (55

<T#y($)j—‘y’y/(y)> = ( 4d(—27r)d+1 (Z + 1)d+1

o2 (L+dZ*)T + (14 d)(Tr — ZT3))
+ (Z — 1)d+1 '

where the bases T; (i = 1,2,3) are defined in (C.7). In the above expression, we have
ignored the term proportional to a;cv—, since they are irrelevant as mentioned above.
The energy momentum tensor for a massless Dirac fermion is

Tuu = %&7(p(€u - $I/))f¢}7 (027)

where we have used the equation of motion. The two-point function can be computed as

2 A I((d+1)/2)2dim\ [ (1 +dZ)Ty + (1 +d)(Ty + ZT:
<TW($)TMV/(y)> N < ((8(t22r/)dzrl ) ( - (( )(Zl+ i)d-&-l i 3))

o (L+dz*)T1 + (1 +d) (T — ZT3))
(Z — 1)d+1 '

(C.28)

The dimension of gamma matrices is denoted by dim. The contribution from a massless
Dirac fermion is (d dim)/2 times that from a massless scalar. We are interested in the case
with (d,dim) = (2,2). Since the contribution from a Majorana fermion is half of that from
Dirac fermion, the corrections from a massless scalar and a massless Majorana spinor are
the same as expected from the dual CFT point of view.

As explained in [26, 27] we can read off the mass of a spin 2 field from the term
proportional to the exchange of a massive spin 1 field

H,ul/,u’l/’ = —QVMVH/DVV/ s (C29)

where the symmetrization of the indices (uv) and (p'v') is implicitly assumed. Here D,
is the massive spin 1 propagator. As argued in section 2.2 of [29] the conformal dimension

— 28 —



of the dual operator is Ey = d+ 1. The second Casimir for a vector representation of so(d)
is C¢(v) = (d —1)/2, and thus we have QQ = 2d on the massive spin 1 state A,(X). The
propagator for a spin 1 field with M(Ql) = 2d can be found in [66]. With that expression
we find

B ((d+3)/2)Z
pvp'v! T (=1)dda(@+1)/2( 72 — 1)(d+3)/2

x ((d+2)Ty (dZ* +1) + 2T, — (d + 2)T3 (Z° + 1)) . (C.30)

II

For large —Z, we may expand the expression in terms of 7, introduced above as

iy = DAL+ )

II (—1)ddn(@+1)/2

Denoting the numbers of real scalar and Majorana spin 1/2 spinors by respectively ng and
n1/2, we can expand the self energy of a spin 2 field for large —2 as

S (T,y) = 87TGN<TW(33) Au’V’(?J)) (C.32)

ddim L((d+1)/2)%(d+1)
=8nGn(ad —a?) (no + 1 n1/2> <— 1d(- 20T Tara) + s

where we have considered only the term proportional to that for the spin 1 exchange. As
explained above we should set ai —a? = dapn,an_ = —4f2 = —4f? and multiply —2 to
obtain the mass of the spin 2 field. The final result is

ddim I'((d+1)/2)
2 2
M(2) =647GN f <n0 + 1 nl/g) 2d+ 2)(47T)(d+1)/2 . (C.33)
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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