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ABSTRACT

Localization is a powerful tool to compute physical quantities such as partition func-
tions, free energies and expectation values of certain operators exactly at any coupling in
many supersymmetric theories. Due to this merit, the technique is able to provide highly
nontrivial tests of AdS/CFT correspondence. We apply localization procedure to the most
general three-dimensional N' = 1 Chern-Simons matter theories, which are not studied
in the previous localization literature, and show that they can also be formally localized.
The other focus in this body of work is the study of an important aspect of high energy
physics, the higher spin theories, and their conjectured CFT duals. Higher spin theory is a
remarkable extension of Einstein gravity in which mass particles of all spin are described
by self-consistent and fully nonlinear field equations. We perform tests of the duality
between supersymmetric higher spin theories in AdS, and the corresponding CFTs, by
comparisons of the one loop free energies on both sides. We show that the mismatch be-
tween the free energies in the duality between Type-B higher spin theory/fermionic vector
model cannot be solved by the introduction of supersymmetry. We then turn to another
test of the HS/CFT correspondence, by comparing the tree-level three-point functions on
both sides. We produce the full structures of three-point Witten diagrams for both parity-
preserving and parity-violating bosonic HS theories, and show that they match perfectly

with the corresponding ones on CFT side.
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1. INTRODUCTION

The AdS/CFT correspondence, also known as holography, represents a major advance
in understanding non-perturbative aspects of quantum gravity and string theory, as well as
quantum field theories by facilitating their studies in the corresponding weakly coupled
theory [1]. Remarkable examples are several newly discovered superconformal Chern-
Simons (CS) matter theories [2—4], which are conjectured to be dual to M -theory on AdS;
orbifold backgrounds. Among the possible checks of these dualities are the computations
of partition functions, free energies and expectation values of certain operators on both
sides of the dual theories and making comparisons. These are usually difficult to do pertur-
batively, as the perturbative region of one theory is the strongly coupled region of its dual.
However, the situation becomes much easier for theories with supersymmetry, thanks to
the technique called localization. It was demonstrated, using localization, that finding the
partition functions and expectation values of certain observables on CFT side reduces to
calculations in matrix models. In particular, this process is coupling constant independent.
In this spirit, localization has stimulated great amounts of studies in recent years [5-14],
since it is a powerful tool in obtaining exact results in certain supersymmetric theories at
any coupling and thus provides highly non-trivial tests of the conjectured dualities.

Under the theme of holography, another fascinating subject is the higher spin (HS)/CFT
duality. HS theories are expected to emerge from the tensionless limit of string theory, and
contain scalars, spin-1/2 fermions and an infinite tower of fields with spin s > 1 [15].
Their conjectured duals are conformal field theories with matter in vector representation
of the gauge groups [16-19]. Notably, there are two types of parity invariant Vasiliev
HS gravities, known as Type-A and B [18]. In their simplest forms, they both contain an

infinite tower of massless even spin fields, each occurring once. They differ from each



other in the parity of the spin-0 field, which is parity even (odd) in Type-A (B) theory. It
has been conjectured that Type-A theory with A = 1 boundary condition imposed on the
scalar is dual to the O(N) singlet sector of NV free real scalars [16], while Type-B theory
with A = 2 boundary condition imposed on the pseudoscalar is dual to the O(N) singlet
sector of IV free Majorana fermions [18] (for earlier work in which HS holography involv-
ing CFTs with matrix valued free fields, see [17]). These are HS symmetry preserving
boundary conditions, with standard boundary conditions imposed on all other fields un-
derstood. The dual CFT can be altered by changing the boundary conditions imposed on
the spin-0 field in such a way that they break HS symmetry. For instance, Type-A model
with A = 2 boundary condition on the scalar is conjectured to be dual to the critical O(N)
vector model [16], while Type-B model with A = 1 boundary condition imposed on the
pseudoscalar is conjectured to be dual to O(/N) Gross-Neveu model [18].

It has been noted that the HS/CFT duality is expected to arise in weakly coupled
regimes of both bulk and boundary field theories. Therefore, one expects that higher spin
AdS/CFT correspondence should be amenable to test order by order in perturbation theory.
A highly non-trivial approach to test the conjectured duality is to match the one loop free
energies on both sides of the duality [20,21]. Indeed, the one loop test supports the duality
between Type-A model with the scalar field obeying ordinary boundary condition and the
free bosonic vector model well. However, for Type-B model in Euclidean Ad.S, with the
alternate boundary condition imposed on the pseudoscalar, it is observed that there exists
a mismatch of its one loop free energy with the one of the conjectured dual theory, which
is a fermionic vector model living on the boundary S°.

As far as the checks of the HS/CFT duality are concerned, another important test com-
plementary to the one stated above is the comparison of the three-point functions on both
sides. Due to the non-localities in Vasiliev equations which describe the dynamics of HS

theories, the computation of three-point function can be done so far at tree-level with one



scalar leg on the bulk side. In this context the first three-point functions were computed
in [22] in the parity even cases with spins s; — sy — 0, and they were found to match with
those of the dual theories. In particular in [22] it was assumed that the results would give
the correct CFT structures and it is possible to compare the leading coefficients only by
choosing certain special kinematics.

This dissertation consists of three parts as follows. (i) We first apply localization
to general N/ = 1 superconformal theories in three-dimension and compute the parti-
tion function [23]. (ii) We then move on to the study of HS/CFT dualities and extend
the previous one loop tests to a wider class of HS theories constructed by Konstein and
Vasiliev [24], which contains supersymmetric HS theories as special cases, and their con-
jectured duals [25]. We will show that the mentioned mismatch of one loop free energies
is also present in supersymmetric cases, and the problem remains to be an open one. The
connection between (i) and (ii) is that in the higher spin limit, the A’ = 1 superconfor-
mal theories we considered in the first part should be dual to N = 1 HS theories with
Chan-Paton factors in AdS,. We left the verification of this duality to future works. (iii)
We go beyond the previous one loop free energy computation, and compute the tree-level
three-point Witten diagrams of HS theories in AdS,, following [22]. In particular, we
provide simplifications in the computation on bulk side and produce the full structures of
the three-point functions for both parity-preserving and parity-violating HS theories, and
compare them with the three-point correlation functions from the dual CFTs [26]. This
will provide a novel approach to check the HS/CFT duality in addition to the one loop free
energy test.

The rest of the dissertation is organized as follows. In chapter 2, we review the local-
ization technique and describe our published results on the application of localization to
general three-dimensional N = 1 superconformal theories [23]. In chapter 3, we present

our work on the one loop tests to supersymmetric HS/CFT dualities [25]. In chapter 4 we



carry out the computation of three-point functions of both parity-preserving and parity-
violating HS theories in AdS,, and show that they match with the corresponding CFT

results exactly [26].



2. N =1 CHERN-SIMONS MATTER THEORY AND LOCALIZATION*

The idea of localization was first introduced in [27] to great effect in computing ob-
servables in certain topologically twisted theories. More recently, initiated by the work
of Pestun [5], supersymmetric localization is shown to be a powerful tool for computing
exact results in supersymmetric quantum field theories at any coupling. Since then there
has been a wave of exact results for non-topological observables on compact manifolds
for theories in various dimensions and with various amounts of supersymmetry [6—14]. In
particular the localization method has been used to great extent to attack the problems of
various conjectured AdS/CFT dualities, as the perturbative region of one theory is dual
to the strongly coupled of the dual, and it is hard to perform the check using ordinary
perturbative methods.

This chapter is based on the work [23] in collaboration with Dr. Dimitrios Tsimpis.
2.1 The main idea

Consider a generic partition function with a deformation

/dg@eiStAV ’ (2'1)

where | di stands for integrations over all fields in consideration, S is the original action,
t is a constant parameter and AV is the deformation. If the action is invariant under some

symmetry transformation «, and AV is a-exact, i.e. AV = 5a‘7, then a derivative of the

*Reprinted with permission from “A/ = 1 Chern-Simons-matter theory and localization” by Dimitrios
Tsimpis and Yaodong Zhu, 2016, Nuclear Physics B, Volume 911, Pages 355-387, Copyright [2016] by
Elsevier.



partition function with respect to ¢ would read

_ t/ngAveiS_tAv
- _ t/dg@éaVeiS_tAV
= — 10, / dapveisfmv + téa(/ dnp)f?eis’mv + t/d<p175a615t5a‘7

:t/dgoveiséae_wav,

(2.2)

where we restrict the theory to the one with d,-invariant measure [ dy, and we have used
the fact 0,5 = 0. Interestingly, a closer observation of the last line indicates that, if 50J~/
is also d,-closed, then this ¢-derivative would be zero. As such, the partition function
(2.1) is independent of the deformation. An important consequence is that we can choose
deformation AV’ to have a positive definite bosonic sector and tune ¢ to be large, then
the exponent would be dominated by the deformation and the integration would receive
contribution only from the saddle points of the deformation. This technique is so called
localization.

The crucial point in the above argument is that one needs to find a proper symmetry
«a of the theory which is nilpotent, (§,)* = 0, then 5CJN/ would automatically be closed.
This gets facilitated in supersymmetric theories, where one can choose a proper super-
symmetry transformation to be the o and have (d,)* = 0 satisfied. For examply, in 3D
N = 2 supersymmetric field theories, it is shown in [6] that if one keeps only one of
the two supersymmetry parameters and set the other one to zero, then the supersymmetry
variation corresponding to this choice parameters would be nilpotent and thus can be used
in localization. However, it is not always true that there exists a nilpotent variation in all
supersymmetric theories, and in these cases one may need to opt to the variation which

squares to a transformation in the isometry group of the manifold, which in turn leads to



62V = 0 upon volume integration.
2.2 3D N = 1 Chern-Simons matter theory

Starting from this section we introduce a specific model, the general N/ = 1 Chern-

Simons matter theory, then carry out localization procedure to study its partition function.
2.2.1 On-Shell

The general component form of the on-shell A/ = 1 classically-superconformal CS
Lagrangian with Spin(5) ~ Sp(2) global symmetry and gauge group U(N) x U(N) is
given in [28]

L=Lcs+ Liin+ Ly + Ly, (2.3)

where Lo is the pure CS Lagrangian, Ly;, is the matter kinetic term, £, is the quartic

interaction and Lg is the sextic potential. More specifically,’

T ~ A oA

gAuA,,Ap ,
2.4)

?

ke oo (1
ECS = %gﬂ Ptr {§A#8VA,, + 3

ky J -
AMA,,A,,} — %5“ Ptr {iAH&,Ap +
where the normalization above was chosen to facilitate the derivation of the superconfor-
mal invariance; A, fl# are gauge fields in the adjoint of U (V). The matter kinetic terms

read

1 ~
Ly = 5t {—D“XADHXA n i\IfAy”D“\I/A} , (2.5)

where A = 1,...,4 is an Sp(2) index; X 4 is in the bifundamental (N, N) while X4 is
in the (N, N), and similarly for ¥ 4, U, Also we adopt the following convention for the
spinors:

v=y9Tot . (2.6)

TWe follow closely the notation of [28], to which the reader is referred for more details.



The most general quartic interaction terms can be written in the form £, = L4, + L4 +

L4 + L', where

1 - ~
L, = 2—itr{o‘415ABCD\IJAXB\IJcXD - 041€ABCD‘I’AXB‘I’CXD}
T
1 - ~
Ly = Q—itr{ozZl\IIA\IfAXBXB — Oég,z‘lfA\I’AXBXB}
T

1 ~ ~
Ly = Q_Qitr{QS,l\PA‘IJBXAXB - @3,2‘I’B‘I’AXBXA}
T 2.7)

1 ) )
£ = {2 Qe VA WP X OXp + axap Q" U U X0 X

+ asQCOBPU L XU Xp + a3QucQppPA X BUC X P

+ CL4QABQCD¢’AXB\I/CXD + @4QABQCD\TJAXB\I/CXD} .

The sextic potential consists of two terms Lg = L, + L”, where

11

Lot zﬁgtr{a4,1XAXAXBXBXCXC + o Xa X XpX B X XC

+ 4o 3 XaXP X XAXp XY — 604 s X XpXP X4 XX}

1
T

1
- %QBC Qpptr{mXp X X, XP XX}

1
+ %QBCQDEtr{mXBXAXAXDXcXE} :

Here 24 is the Sp(2)-invariant antisymmetric tensor, which satisfies QB0 e = 555.

One can show that the theory is invariant under the following N' = 1 Poincaré supersym-



metry

0X 4 =iQypelP
SXA =0 Pevy,
(S\IJA :QAB’)/MEDMXB -+ {QAB(OZQQXCXCXB

—ap  XP X X)) — 203050 X P X4 X e

2.9)
U4 =048 1eD, Xp + {QP (a1 X X X5
+ a2 XpXX0) + 2030 Xp XA X o }e
1 ~ -
§A, :k—l[QABeWpAXB + QB XU 47,€]
A 1 _ -
§A, :E[QABXB%@A + QB 4y,eXp]
provided that the coefficients satisfy the relations
1 _ 1
a; = —2i(—+ay), ay=2i(—+ ),
k1 ko
as = —(_13 — i(Oél — 661) , Q4 = i(Oél — 5&1) s
1 _ 1 .
062,1:———2041, 042,22———2041, Q3 =1taz — aq
k1 ko (2.10)
064’1 = —30&;2 + 4@272063 +m s &4,2 = —3@%31 + 40&2’2063 +m s
m m
Q43 = Q203 + 1 Qg = —0 102 + 2009 2003 + 5

m = 4(0&272 — Oé271)0ég +m , N = 4(0&3 — OZ272)013 —m.

In addition to the CS levels k;, ko, the theory has four independent parameters. One

can choose them to be oy, &, as and m.
2.2.2 Off-Shell

In the previous section we studied the on-shell formulation of the theory. However to

carry out the localization procedure one needs off-shell supersymmetry. For that purpose



we introduce the auxiliary scalar fields F' and the gaugini A, ) in the scalar and gauge

multiplets, respectively. The off-shell action reads

L= ['C’S + Lk@n + Lpotential ) (2.11)

where
b [ 01 i i
ECS :2—tr gt p(éAM(‘?VAp + gAﬂAVA,D) + 5/\)\
e
| 2.12)
kQ v 1 ~ 1T A~ A~ A AN
-y {gu *(AdAy+ T AAA) + §AA} ,
1 )
Ly = 5t {~D"XAD, X, + 047" D0 — FAF, ) 2.13)

I
L potential :%tr{z[(—aQ’lXBXBXA + a0 XA X B Xp) — 203Q450°P X X P X p) FA
+iF[(—ap XA XX P + ap s XPXpXA) 4+ 203048 Q0p XO X p X P}
1 ~ ~ ~ A X
+ %tr{QAB)\\IJAXB — QB XU — QupXBUAN + QPAT, X5}
1 - N
+ %tr{z’QQJQADQBC\IJA\I/BXcXD — i sQApQPCTAT s X o X P
i i
2 2
+ iagQACQBD\i/AXB\IchD - iOégQAcggp\i/AXB\I/CXD

OéngABQCD\TJAXBlchD + &271QABQCD\I~1AXB\IJCXD

B %ag,1QADQBC\i/AXB‘1/cXD + %a2,2QADQBc‘I/AXB\I’CXD}
+ %itr{az,ﬁifA‘I’AXBXB — 042,2‘1’A‘I’AXBXB}
+ %Qitr{as\i/A\I/BXAXB — s VPO, Xp XY

(2.14)

This can be rewritten compactly in superspace formalism, see e.g. (3.8) of [29] which

10



we reproduce here

N 1
S ZESCS(A) _ ﬁScs(A) + — /dQQtr{Dacl>f4D“<I>A
2T 2 27

(2.15)
+ (@, 02DLDT + 0 DPOLOA + 50450 pdT, 0 DL D)}

where @ 4 is a superfield, and the connection with the component formulation discussed

previously is provided by the relations

C1 :—ZO_él—QLkl, CQZ’iOé1+2Lk;2 ) 03:ia1+&3. (216)

The action is invariant under the off-shell supersymmetry transformations

6X 4 = iQpel?
XA =i Pev,
6U4 = Qapy'eD, XP —iQpFPe
oV = QAPyreD, X — iQ*P Fe

SF = —Qupey" D, WP — i X 4 (EN) +i(EN) X 4

) (2.17)
SFA = —QAB& D, U — i XA(EN) +i(EN) X4
0A, = —iéy, A
§A, = —iéy,\
1
0N = —§7MV€FMV
R 1,
o\ = —57 eF,,

We note that besides ki, ko the off-shell theory has only three free parameters, as
can be seen from (2.16). This is one fewer parameter than in the on-shell formulation.

Specifically, after replacing the auxiliary field F' and gaugini A, A by the solutions of

11



their respective equations of motion, the Lagrangian (2.11) goes back to (2.3), but with
ay3 = 01in L,,. In other words, for the on-shell theory obtained by starting from (2.11)
and then eliminating the auxiliary fields, m is not an independent parameter but is equal
to —4aw 203, which in its turn can be expressed in terms of oy, &; and a;. This can be
understood from the fact that the sextic potential X4 XZXc X4 X5 X in L, cannot be
obtained from the off-shell Lagrangian by replacing F' by its solution.

In the following we will put the theory on a curved manifold. More specifically, to go

from flat to curved spacetime one needs to:

e covariantize all derivatives,

e introduce additional terms $Q45X 57V e and $Q45 X 57#V ¢ in the transforma-

tions of W 4 and W4, respectively,

e have € satisfy the conformal Killing spinor equation
Ve =1, (2.18)

where 7 is some arbitrary spinor,

e add a scalar-curvature coupling term, —%RX 4X 4, to the Lagrangian.

Explicitly:

1
W4 — 00,4 = Qupy*eD, X7 + gQABXny“VMe — iQupFBe,
(2.19)

1
ST = 5T = QByleD, X + gszABXBwv“e — Q4P Fpe

1 1 5
Liin = Lrin = 5—tr {_D#XADHXA - gRXAXA + iUy D, U — FAFA} :
T
(2.20)

The resulting curved-space Lagrangian will be used in the next section.

12



2.3 Localization

In order to apply the localization procedure, the theory must be invariant under the
action of a fermionic symmetry J which is nilpotent, 6> = 0, or more generally squares to

a symmetry of the theory. Deforming the action by a -exact term,

S — S+tV, (2.21)

leaves invariant the expectation values of d-closed operators. Hence we may take the limit
t — oo, upon which the theory localizes to the set 3 of critical points of §V [27]. In this
limit the path integral can be performed by restricting S to > and computing a one-loop
determinant describing the fluctuations normal to X. This procedure was first carried out
in detail in [5] for the case of SYM on the round S*.

In order for the path integral to be well-defined, we will consider the theory in Eu-
clidean signature. All fields are then complexified, while the action becomes a holomor-
phic functional in the space of complexified fields. This procedure is known under the
name of “holomorphic complexification” and ensures that supersymmetry is preserved,
see e.g. [30]. Following [5] our strategy will be to choose a path-integration contour in the
space of fields, such that when restricted to that contour the deformation 1 becomes a
sum of positive semi-definite terms. The locus > will then be determined by the condition

that each term in the sum vanishes.
2.3.1 Setup

As explained above, in order to apply the localization procedure we need to pass from
Lorentzian to Euclidean signature, where all fields become complex. Moreover € in the
CS piece of the Lagrangian becomes z¢e/"”.

We then deform the action by adding a term ¢V such that 62V = 0. For theories with

13



N > 2 supersymmetry, one can have % = 0 on all fields of the theory. However, this is
not possible for the N' = 1 superalgebra. Instead, as we will show later, for ' = 1 we can
require that ¢ squares to a transformation in the isometry group of the manifold, which in
turn leads to 2V = 0 upon volume integration.

Furthermore we must restrict the supersymmetry parameter e to satisfy the Killing
spinor equation?

V€= Sv,€, (2.22)

where S is in general a complex function. The reason for restricting to this Killing spinor
equation instead of the more general one (2.18) is the following. Equation (2.18) would in
general imply that 52 induces not only a translation, a rotation and a gauge transformation
but also a dilatation, which would break the invariance of the deformation 6V.

Under the assumption of smoothness, any solution to the Killing spinor equation which
is not identically zero is nowhere-vanishing on the manifold. This follows from the fact
that (2.22) is a first-order differential equation, hence if the Killing spinor vanishes at any
one point it must vanish everywhere.

Given a nowhere-vanishing Killing spinor €, any spinor W can be decomposed as fol-
lows

V=0, ct+T_, (2.23)

where W_ are anticommuting scalars, and in Euclidean signature we have defined ¢ =
Ce*. From now on we require the supersymmetry parameters to be commuting. The
off-shell Lagrangian given in section 2 remains invariant under supersymmetry with these

commuting parameters. With the above definitions the supersymmetric transformations

A detailed analysis of this Killing spinor equation in Lorentzian signature is given in section 3 of [31].

14



can be rewritten as

0X 4 =iaQpVP
56X =iaQ* By
S, :éQABV“DHXB
Sy :%QABU“DMXB + SQapXP —iQapF?
) ZEQABVHDHXB
a (2.24)

1
) :EQABU“DMXB + SQAB X5 — OBy

6Fy = — QapV*'D, V2 + Q,pU"D, VB
+ 35 aQup VP —iaX A +iad_X,
SF4 = —QPVviD Vg, + QAPUHD, Uy

+ 355 a0 PV 5 —iaX N +ia_ XA,

and for the gauge multiplets

§A, = — iV, Ay + iU

SA, = — iV, Ay + iU\

1
5Ny = = oAU, Fy
1 (2.25)
N =— %iEMVP‘/;)FMV

1
N =— %ze“ PUE,,

. 1 -
5)\_:—%ZEM PV, F,

]

15



where

a=¢e=¢E =—ce, VF=eyle,
(2.26)
UF = elyle = —eyHe® | V€€ = =5 y,€.

Note that W4, \Iljé, Uy, Ui, A and A, are anticommuting; so is the supersymmetry

transformation 6. With the above setup, we find

8?Xa=—iVFD, X4

504 = —ivrD, vl

(2.27)
0204 = —iVrD, W — 2ia(S — S*) U4
52FA = —V“DMFA -+ V“@MSXA ,
and
§°A, = —iV'F,,
§*A, = —iV'F,,
A = —iVFD, A
(2.28)

M = —iVF*D, A, — 2ia(S — S*)A
02\ = —iVFD, A

52 A4 = —iVFD, A, — 2ia(S — S*)A_ .

Equivalently, written in terms of the original fields, two supersymmetry transforma-
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tions give

8’ X4 =—iV'D,X4
§SUA = —VrD, U — iSViy, U4 (2.29)

§°Fp = —iV'D,Fr+ V*9,SX 4,
and

§*A, = —iV'F,,
§2A, = —iV'F,
! g (2.30)
2\ = —iVI DL\ — iSVy,\

52\ = —iVID, A —iSVHEy, A .
V*# can be identified as part of the orthonormal frame that trivializes the tangent bundle
of the manifold. Therefore, apart from additional terms which can be interpreted as gauge
transformations or rotations, 62 acting on each field gives a translation along V*.

In the next subsection we will ultimately set « = 1 and S = 0, upon which the above

equations simplify further.
2.3.2 Deformations

Matter Sector:

To localize the matter sector, we first consider the deformation,
5V = / VIP T[SV 4) 4] (2.31)
where we have defined

(00 4) = Pty D, Xp + S Q4P X et +iQAP Fget . (2.32)
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Note that at generic points in field space (60U 4)' is not the adjoint of 6V 4, and 6V as
defined in (2.31) is a holomorphic functional in the space of complexified fields.

As explained in the beginning of section 2.3, we will choose a path-integration contour
C in the space of fields such that when restricted to C the deformation J1” becomes a sum
of positive semi-definite terms. This requirement selects C as the subspace where the fields
satisfy the reality condition

XM =X,, FM=F,,
Contour C : (2.33)

Al =4

Moreover the integrand in (2.31) is given by
S[(0T )W 4] = 60T L)W 4 + (0T L) 6T, . (2.34)

Recall that the supersymmetry transformation 0 is anticommuting; the relative sign on
the right-hand side is positive since (5% 4)' is bosonic.

Let us now verify that the deformation is d-closed. From (2.34) we obtain

S2[(0W )W 4] =0%(6W 4)TW 4 — 5(6T L) 6W 4 + 6(0T L) 6V 4 + (5T 4)T6°W 4
(2.35)
=02(6W ) "W 4 + (00 4) 1624 .

The second term in the second line can be read off from (2.29). One can obtain the

first term in the second line from (2.29) and (2.32)

F2(00 )Wy = — iVED, (00 0) |04 + iS*VH(OW )Ty, 0 4
(2.36)
+ 2iS*QABVuDVXB€T7“V‘I’A - 2iSQABVuDyXB€T7“V\I/A )

18



where we used V ,e¢ = —5%v,¢° and chose S to be a constant. Finally,

S2[(0W 4) W 4] = — iVFO,[(0W ) W 4]
+ S VH(OW 4) Ty, W g — iSVH(SW ) 17,0 4 (2.37)

+ 2iS*QBV, D, Xpely" W 4 — 2iSQAPV, D, Xpel g0 4 .

This vanishes under the volume integration if and only if S is real constant. On the
other hand the integrability condition of the Killing spinor (2.22) relates the constant S to

the curvature scalar of the manifold

R = —2452% . (2.38)

If S is nonvanishing, this would allow hyperbolic space as a solution. In the following
we will discard this possibility and instead demand that the manifold should be compact,
in order to ensure that the partition function is well-defined.

On T3, the curvature scalar vanishes and so does S. This implies that the Killing
spinor is constant and nowhere-vanishing. Moreover, in (2.29) and (2.30), with vanishing
S terms, 62 gives a translation and a gauge transformation on all fields. J-exactness and
0-closedness of the deformation are thus guaranteed.

We will henceforth restrict the manifold to be 7. We normalize the constant Killing
spinor such that €ée° = 1. The bosonic part of the deformation (2.34) is

(0W4)'6V 4 =D, X D' XA +ie"?U,D, X 2D, X* + FoF4
(2.39)
+iU*D, X Fy —iU"D, X4 F*
where U, is a real unit vector, which we may choose to be along the third direction of Ik

without loss of generality. When restricted to the contour C, cf. (2.33), the bosonic part of
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the deformation is positive semi-definite, and the saddle points where it vanishes are given

by
DiXa+iDyX4=0, D3X —iF=0. (2.40)

Hence with this deformation alone the theory does not reduce to a matrix integral with
discrete saddle points: one can always choose some nontrivial functions for X 4 and F
so that (2.40) is satisfied. We therefore add another term §[(§¥“)TW¥4] to the original

deformation

6V )00 4 + (81004 =D, X, D* XA +iePU,D, X 4D, X + FoF*
+iU"D, X" Fy —iU"D, X, F*
+ D, XaD" XA —ie"?U,D, XaD, X + FuF* (2.41)
— iU"D, X Fy +iU"D, X, F*

=2{D, XAD'X* + FsF*} .

When restricted to the contour C, the two terms in the last line are both positive semi-

definite, and the critical points are given by
D,Xy=F;s=0. (2.42)

Gauge Sector:

A J-closed deformation for the gauge sector is

/ &z {5[(5)\)T)\] + 5[(5&)*&]} , (2.43)
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where we have defined
(N = —ely,, Fr (5;\)Jr = —EWWFW , (2.44)

so that the deformation (2.43) is a holomorphic functional of the complexified fields. Note
in particular that (5)\)' is not the adjoint of 6\ at generic points in field space, but only
when restricted to the contour C, cf. (2.33).

The bosonic part of the deformation (2.43) is given by

“ ~ 1 1~ -
(SA)TON + (SA)TON = S Fuw + S F" E (2.45)

When restricted to the contour C this becomes a sum of positive semi-definite terms,
with critical points given by
Fu=F,=0. (2.46)
2.3.3 Gauge Fixing

We now introduce the usual ghost and anti-ghost action to fix the infinite degrees of
freedom of the gauge fields. The ghost term is not invariant under supersymmetry, so one
cannot immediately proceed to do localization. To deal with this, we follow [5, 6], and

introduce a new fermionic symmetry A
A=0g+dp, (2.47)

where ¢ stands for supersymmetry and 6 for BRST transformation.

Under a BRST transformation, we have
oA, =0,C+ilA,,C], dpA=—i{\,C}. (2.48)
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and similarly for A, X. Here C'is the usual anti-commuting ghost field. It transforms under

supersymmetry and BRST as
5oC =0, AC =65C = ag— %{C, C}, Aag=0, (2.49)

where a is a constant ghost-for-ghost field that takes care of the zero mode of C'. With

this combined transformation, one can verify that

A*A, =—iV'F,, +i[A, ad ,
AN = —iVFD A+ i\ ag] , (2.50)

A?C =i[C, ag) .
The rest of the ghost complex transforms under A as
AC=b, Ab=—iV-DC +i[C, a0,

Ado = C_b s AC’O = i[do, (10] s (251)

Abo = C() s ACO = [V . A, bo] + [Au,a“(V : A)] —1 D(V . A) + i[bo,ao] s

where C is the anti-ghost, and b is the Lagrangian multiplier; ag,by,C, and C are constant
fields needed to fix the zero modes of the ghosts and b.

The gauge-fixing action is

j / Brtr{A[C(" A, + bo) — Cao]}
i / Fartr{b(" A, + bo) — C(*DuC + 030 A, + Cp) (2.52)

~ (ap — %{C, Vo + CCo} .

Note that the ghost, the anti-ghost and the transformation A are all anti-commuting.
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It can be shown that the integration over all fields in the ghost complex gives the Lorentz

gauge. Now this action is invariant under A transformation

A2[C(0" A, + by) — Cag)
=A2(C) (3" A, + by) + C("A%(A,) + A2(by))

— AX(C)dg — CA2(ap) (2.33)
=A*(C)(0" A, + by) + C(0"A*(A,) + A% (b))

- 2[07 (lo]do - ’iC[do, ao] .
The last two terms cancel under the trace. The first two can also be shown to cancel

/ Bt {A2(C) (0" A, + bo) + C(OPA(A,) + A%(by))}
= / datr{(—=iV - DC +i[C, ap]) (0" A, + bo)
+ CO"(—iVVF,, +i[A,, ao))
OV - Abo] + [Ay, (V- AY —iO(V - A) + ilbo. ao))}
- / Brtr{i[C,ao)(@ - A+ bo) +iC([0 - A+ bo, ao)) (2.54)
VOG- A+ bo)] +[V-AC)D A+ bo)
+C[V-A,0- A4 by +iC OV - A) —iCO(V - A)
Clom(V - A), A, + C[A,, 0"(V - A))}

=0.
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2.3.4 Saddle Points
For the gauge sector we replace d by A in (2.43) and modify the deformation as follows

3 14
AVguuge = [ dx Atr{;s Y Fuw A}

(2.55)
1 ~
= / dazgtr{§FWF“” —iADA}

and similarly for the hatted fields. This deformation is A-exact and A-closed. For the

matter sector, A is defined to be the same as ¢, and the deformation is

AV = / P { ALAT) T | (AT ,) 1T ,])
=2 / dr*tr{ D, XaD" X" + FAF* — i0 P, (2.56)

FOAPAX U, + QupAXPUA — QABX AT, — QupXPATAY .

The gauge sector localizes to
Fo,=0; AX=0, (2.57)

where we have restricted to the contour C, cf. (2.33). In particular the saddle points of
the gauge field correspond to flat gauge connections over the Euclidean three-torus. For a
simply-connected gauge group 7 (G) = 0, such as G = SU(N) x SU(N), this implies
that

A, =c H; (2.58)

“w

where ¢*’s are constants and {H,}, i = 1,--- ,rank(G), is the Cartan subalgebra of G.
This can be seen as follows (see e.g. [32,33]): Since A, is a flat connection there exists
a group element U € G such that A, = —i9,UU!, at least locally. In other words U

needs not to be globally defined but is allowed to undergo G-valued jumps as we wind
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around each of the three circles of the torus. More explicitly, suppose we have a square
torus of radius L parameterized by {z* € [0, L]}. The group element U (z', 22, %) obeys

nontrivial, in general, boundary conditions which may be parameterized as follows,

U(x' + L, 2%, 2%) = U(a', 22, 2%)Qy ;
Uz', 2 + L,2°) = U(z', 2%, 2%)Qy ; (2.59)

Uz', 2%, 2> + L) = U(z', 2%, 2%)Q3 ,

for some constant €2, € G. In addition, for consistency, {2, must mutally commute.
Indeed going once around the circle parameterized by x* and then once around the circle
parameterized by =¥ must produce the same jump in U as when going first around the z”

direction and then along z*. This implies, taking (2.59) into account,
[€,,,]=0. (2.60)

For a unitary group G, as is the case in the present work, this implies that €2, can be
put in the form

Q, = exp(iLc) H;) (2.61)

up to similarity transformation. Recalling the relation between A, and U we are thus led
to the result cited in (2.58), provided we can show that for any set of mutally commuting
(1,’s we can always construct a group element U ~ exp(ix“c{;H ;) obeying (2.59).

The proof of the last step proceeds by showing that there is no obstruction in construct-
ing an element U (z'z?, 2%) on the edges of a cube of side L such that (2.59) is satisfied.
Then U can be continued on the faces of the cube provided 71 (G) = 0, and finally in the

interior provided 75 (G) = 0, which holds true for G = SU(N) x SU(N).

7

., should be understood as periodic

An important observation is that the constants ¢
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variables with periodic identification,

o~ (2.62)

This can be seen by performing a gauge transformation generated by U = exp(%x“Hi),
which shifts A, in accordance with (2.62). On the other hand the element U thus defined
is periodic?, i.e. as we wind around the 2# direction of the torus it forms a closed loop in
group space. But since the group is simply connected U may be continuously deformed to
the identity, and the gauge transformation generated by U should act trivially on all fields
of the theory. We thus arrive at the identification (2.62).

It follows from the above that the cZ’s can be constrained to take values in [0, 27”] In
particular taking the infinite-volume limit of the torus, . — oo, we conclude that the
only solution to (2.57) is the trivial flat connection A, = 0. Of course on R3 there is no
obstruction to gauging away any flat connection of the form (2.58). The point is that we
can formally reproduce this result by considering R? as the infinite-volume limit of 77,

The case of G = U(N) x U(N) presents one crucial difference: 7 (U(N)) = Z and
thus G is not simply connected. By considering the decomposition of the algebra-valued

connection along the (G-generators it is not very difficult to see that we may still put the

most general flat connection in the form (2.58),
Ay =dHi+d,J+e,K (2.63)

where the first term on the right-hand side is as in the case of SU(N) x SU(N); d,,,

e, are constants; J, K are the two additional u(1) Cartan generators coming from the

SWe are adopting the normalization exp(2miH;) = 1.
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decomposition

u(N) B u(N) = su(N) @ su(N) ®u(l) B u(l). (2.64)

Now the previous argument which allowed us to conclude that cfi are periodic does not

go through for the variables d,,, ¢,,. The reason is that the gauge transformations generated

2mi
L

by U = exp(2az*.J) and U = exp(2z# K ) form closed loops in the group space which
are not contractible to the identity. Hence the gauge transformations generated by U need
not act trivially on all fields of the theory.

In particular our argument that in the infinite-volume limit the only flat connection is
the trivial one, does not go through in this case without additional assumptions. If we
wish to recover A = 0 as the unique (up to gauge transformations) solution to (2.63)
in the infinite-volume limit, we must impose by hand that U = exp(%xﬂj )and U =

exp(2a# K) act trivially on all fields of the theory.

Finally, the matter sector localizes to the following field configurations

Fi=0; Uy=04=0; X4 = const, (2.65)

where we have restricted to the contour C, cf. (2.33).
2.3.5 One-loop Determinant

We will now compute the one-loop determinant from the quadratic fluctuations around

the following saddle points,

(2.66)
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and similarly for A, A, i.e. we will ignore the contributions from non-vanishing flat gauge
connections, as discussed in the previous section.

The full path integral is of the form
1
/dép eXp{iS + Z.ng. - t(A‘/gauge + éAVmatter)} ) (267)

where i, is the gauge-fixing action (2.52), and | d¢ stands for integrations over all fields
and ghosts; AV4,,e contains deformations for both hatted and unhatted gauge multiplets.

Next we expand the fields around the saddle points

1 1
XA—>X2+—th, ¢—0+—¢. (2.68)

Vit Vit

Here X is a constant field and X’ represents the nonzero mode of X 4; ¢ stands for all
fields other than X 4. The path integral (2.67) is t-independent thanks to localization. On

the other hand, taking ¢ — oo allows us to keep only the quadratic terms in the deformation

AV + 5 A Vi)
— / dx?’tr{%FlﬁFAW —iAIN} + /da;?’tr{%ﬁﬁpf‘”” - 25\(35\}
+ / dz®tr{9, X 0" X'* + XA, A" X + XGA, AP X4 — 2XQ A, X4 A+
EAFA — 0P, + QAPAXOW 4 QupAXOPUA — QABXOAD, — Qs XOPRUA) |

(2.69)

where Flﬁ, = 0,A, — 0,A, is the linearized field strength; some terms have been elimi-
nated using Lorentz gauge.
Determinant from Bosons:

We start with the calculation of the one-loop determinant of the bosonic part. Under
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Lorentz gauge, we have

1 1. .
/d3xtr{§FlﬁFA“”} +/dx3tr{§FAm,FA"”}+/d3xtr{8MXf48"X'A

+ XA, AR XY + XGA,APXAY —2XO A, XA + F FAY
(2.70)
= / drtr{—A, OA"} + /detr{—flu DA} + /d?’actr{—Xf4 ox'4
+ X404, A XS + XA, Ar XA — 2X A, XAOAN 4 FyFAY

On T with periodic conditions, any field ¢ can be expanded in terms of Fourier modes
o= ppexpfimii- i}, (2.71)

where 77 = (n,, ny, n.) and each n, runs over all integers. In addition, for the gauge field

the Lorentz gauge implies that for each 177,
nxAx,ﬁ + nyAy,ﬁ + nzAz,ﬁ =0. (272)

Let us first assume n, # 0. (We will come back to the case n, = 0 in the following).

Then the previous equation can be used to eliminate A, 5 via
Ny
Ai=——Apq — n_Ay’ﬁ . (2.73)

The gauge fields are in the adjoint representation, A, = Ajt,, where the generators ¢,
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are normalized so that tr{t,t,} = d.5. The gauge kinetic action becomes

/ drtr{—A, OA*}

= / Y Y arti{( JAL AL+ (L)AL GATL (274)

2 2
n n
a 7n,7#0 Z Z
nxny a a nxny a a
+ s A Ayt Ay e
z z

By symmetrizing 7 and —1i, for each pair of (7, —i7) and each q, this can be written in

matrix notation as follows

r7n m7_n y’n y7_n
24,2
a ny+n; Nz Ty
Az L
Ae nz+n? 0 NNy 0 (2.75)
z,—1n n? n2 2/ o
o X 4 (1 - 1) .
a 0 ”zgy 0 nytnz
Y, n2 n?
A nog MWE
y,—7 n? n?

Similarly, for each (77, —7) and a, b, the potentials involving the gauge fields are
X047 At 6, X9 0 T x X%, 4,X6

XQA%. A1, X400 T x XO1,0, X4 (2.76)

—2X QAL XA 0 T x —2X 58, X 4%,

where
0 ni—i—ng 0 NzNy
n3 nz
2 2
ny+n; Ny Ny
r=| ™ O 0 (2.77)
= 2242 . .
0 Dally 0o =X
nz nZ
NNy 0 ninz 0
n2 n2
z z

The matter fields are in the bifundamental representation of the gauge group U (V) x
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U(N). Moreover X = > » X (P:0) | p) @ |p), where |p), |p) are representatives of the
weights in each weight space; we choose the normalization so that (p|p) = J,, and
(plp) = 6,4, in some gauge-invariant contraction of the relevant color indices. We then

have

XWU0X5 =3 37 X0 (3] @ (ol tats ') ) X577

(p,p) (',0")

= 30 XD (plta ) (| ') X5

PP’ pp"

Z X A0(p:h) pp (ﬁ’/,p)XO(pm’ (2.78)

PP pp"

X0ty XA = Z X0PP) 50" 50" x A0 4)

bp'pp"

Xgi:aXAotb = Z Xg(pvﬁ) a_(gﬁ7[)’)XA0(pl7ﬁ/)o-l()p/7p) ,

PP 0P’
where 0" = (p|t, |¢') and we used the fact that >, 1p) (pl = 1. We then define the

following matrices

Bay, = X%ty XY ,
Cap = Xty X, (2.79)

Dy = — X%, X%, ,

and the deformations that are quadratic in gauge fields can be represented as

~

A

N

A [B+4r*(i i) x 1 D’r (2.80)
®T.
A D C+4r2(n-n) x 1
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The determinant of the tensor product of two matrices A and B is given by
det(A ® B) = (det A)"™B(det B)4™4 (2.81)

Therefore, when n, # 0, we have

det(A, A)fnzo= J] {(detA)* HdetF

(ﬁ,—ﬁ),nzyé()
o 4 (ﬁﬁ)2 2
—( H io{(detﬁ) (1:[ o )°}

e (2.82)

where

B+ 47%(7i - 1) x 1 D7
(2.83)

>
Il
S

C+4r?(n-n) x 1
For the case where n, = 0, but n,, or n, are not equal to zero, the procedure is similar.

The determinant coming from integrating over A, reads

det(A A) = [ [(@et( e T [T fon 0

n ﬁ ﬁ a n,n,#0

N - (2.84)
< ] (e« ~ 12 II (e ~ BE
,n=0,n,7#0 B 1,n2=ngz=0,ny7#0 Y

The contribution to the one-loop determinant coming from the terms involving gauge
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fields is thus

7 (A A) . Ha{Hﬁ,nz;ﬁO ng Hﬁ,nzz(),nz#(] n?ﬁ ,nz=nz=0,ny7#0 nZQJ
1-1 - — —
o4 [T, [T, 167 (i - )7

A -1
X I;I(det[m]) .

(2.85)

One may worry about regularizing the numerator. However, we note that the gauge-
fixing delta function also gives a Jacobian factor to the one-loop determinant. Indeed in

the ghost action we have

exp{i / d*rtr(bd"A,)}
(2.86)

ITI]oG- A2 . (2.87)

This product of delta functions imposes the gauge-fixing Lorentz condition and, upon
integrating out A,,, flu, gives a Jacobian factor which cancels the numerator of (2.85).

The integral over £y simply contributes an overall constant factor. Finally we are left
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with the integration over X',

/ Prtr{— X', OX"4}
= artitte{X) X5}

=Y X, X'+ X{X, ) (2:88)

il

= > 2rite{ X)X+ X)X

(7, —1)

+ XX+ XX )

This integration is Gaussian, and the corresponding determinant is

det Xy = [T I [ ]2~ (2.89)

A (pp) 7

where (p, p) runs over the weights of the bifundamental representation. Therefore, the

total contribution of the bosonic part to the one-loop determinant reads

1

Z1_100p( Boson =
t—toop{ )= 2)? }|AA{HA H(p,ﬁ) [1; 2727} x0

{I1, [T 16m%(
X H det

3l> &Y

(2.90)

~{TL:067 ()3 H{T L, L (2n%2) "}
Hdet A;[ )]) L

Here d is the dimension of the gauge group and w is the dimension of its fundamental
representation. For U (N) in particular we have d = N2, w = N.

Determinant from Fermions:
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The fermionic part of the deformation is

/ datr{—i g} + / drtr{—iAdA)} + / datr{—iUA P ,

291
FOABIXOW, 4+ QupAXOPUA — QABXONT, — Qup XOPAUAY oo
Using the expansion A = A\ e + \_¢ for the gaugino kinetic term, we have
/d:c?’tr{—ijﬁ/\}
:/dx3tr{—i(/\+V cONL = AV OA_ =N U-0\, — A\, U-0))}
=21 ) Y AV iAL G A = VAN A L = U EN N
. (2.92)

— U AN\ )

=21 Y Y AV NG NG = VA A — U A A
a )

(ﬁv_ﬁ

a

U TN A )+ (=V AN VRN A

FU AN NS 5+ U AN A o))

where we symmetrized the indices +, — and 77, —17 of the gaugini in the last equation. For

each pair of (7, —) and each a, this can be written in matrix notation as

a a a a
AL )‘f,ﬁ >‘+,—ﬁ Af,fﬁ

+,1
AL 0 0 27V i 2xU -7
A 0 0 27U -7 27V -7t (2.93)
DN 27V -n —2nU -0 0 0 .
AL 27U -7t =27V -1 0 0
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Similarly for the matter fermion kinetic term

o Y te{(V Al Uy —Vdlt Uy g - U APt W,

(ﬁv_ﬁ)
— UiV _Uaz)+ (V- idl Vay s+ V-dWh Wy
+U-AUA Wy i+ U-a0 Uy 5}
(2.94)
=r Y te{(V il Uapn— Vil Uy - U-il? Uy,

(fu*ﬁ)
— UiV _Wag)+ (Va0 Vg s+ Va0 Uy

+U-AUA Wy i+ U -0 W )b+ (1)U o Ty

The last term arises due to the symmetrization of U4 and ¥ 4. When decomposed into

the weight spaces, this becomes

s
WZ S aw)! =V aelelg el U gty

A+,1
(p,p) (71,—T7)

—U-au ety 4 (—v - qulereyr) v gt gl

(2.95)
+ U - g g@r U gu COw e gy 4 (10 o Ty

For each pair of weights (p, p) and each pair of (77, —1), these terms can be written

with the help of two matrices

LEEEI SR G SR O
wed 0 0 —aV.d «U-7
e 0 0  aU-ii #V-ii (2.96)
vl | aved —xU-A@ 0 o |
v\ —qU it —rV-d 0 0
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and

+,n —n +,— —,— N
vl 0 0 —aV -7 7U-it
‘Ifif’f’,)ﬁ 0 0 V-7 U -7 (2.97)
‘I’ffjﬁ)_ﬁ wV.-n —nU-n 0 0
‘I/Eqp’j),ﬁ —qU -7 —7V il 0 0

Similarly, the Yukawa interactions can be written as

/ dre{QAPAXOW 4 + QupAXOPUA — QABXOAD, — Q4 XOPA0A)

= CLZ tr{(\I[A+7_ﬁ)\_7ﬁ - \IJA_’_ﬁ)\_hﬁ)QABX% + (\I’ﬁ 5\ n \I/A ~5\+ﬁ)QABX0B
— QXY i Pa g — A —aWapa) — QupX P\ a2 L — A 504 )

~ ~

=a > tr{(Tas—adog — Va _ady ) QPXG + (U A5 — 04 AL QX0
(ﬁv_ﬁ)
—OMXE AN LaPas g — A _aPay ) — QupX P (A a2 5 — A 07 )

+ (\IIA+7ﬁ)\_7_ﬁ — \I’A_yﬁA_i_’_ﬁ)QABX% + (\Ifﬂﬁ)\_,_ﬁ — \If‘é7ﬁ5\+7_ﬁ)QABXOB

— QXY Va7 — AWy ) — QupX P (A 702 = AT )
(2.98)

Each term, such as tr{W¥ A+7,ﬁ)\,’ﬁQABX%} for example, can be written in terms of

the algebra representations as follows

STl (pl A ata |0 16) QAP X

(p:p) (0,0) @ (2.99)
- 3 S e
p.pp @

(p:p")

where o’ = (p|t, |p') PP = (p|ta |p')). Therefore the matrix elements for each
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\Ifﬁf’f’ ) and each \“ are

where [0.X|

in each entry. A summation over p’ is understood in o

— 1
:50‘@

Ma AL )‘i,—ﬁ
v 0 0 0
v 0 0 —[oX]
vl 0 [oX] ©
vip? o \—loX] 0 0
OGN GO G
A 0 0
b 0 0 —[oX]
N 0 [0 X] 0
A —[leX] 0 0

—,—n

(P»P’)QAB XO(pCﬁ)

B

W,

[0 X]
0

(2.100)

(2.101)

and A\, ¥ are symmetrized. This explains the factor %

ép’pl)QABXg(pl’ﬁ).

The fermionic part of the deformation for each pair of (77, —77) can be written in matrix

notation as
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where

0 0
0 0
M =2N =
27V -n 27U -
—27U -1t =27V -
(OX)A = %U((vap’)QABXg(p’,ﬁ) xS,
1 S
(XO)A = §QABXBO(9 vP)O—L(lP \P) %S
— 1 e ,
(X)), = §6gp’p)QABXBU(p,p) xS
——A 1 . .
o) = Lo x50 s,
and
0 0
0 0
S =
0 -1
1 0

0

27V -1 27U -1

27U -1
0
0

0

oV i
0
0
(2.103)
(2.104)

As before we have a,a’ = 1,....d; p,p = 1,...,w; A = 1,...,4, where d is the

dimension of the gauge group and w is the dimension of its fundamental representation.

Therefore (2.102) is a 2d + 8w? by 2d + 8w? block matrix: each entry is given by one of

the above four by four matrices.
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The matrix (2.102) can be partitioned into four blocks

M 0 (Xo)a —(oX)4
Asdxsd Bgax3suw? . 7”7”9 77777777777 M—(U/)?)A()(/;)A
Csow2xsd  Dsow?xsou? (Xo)a —(U/)?)A 0 N

XA Xo) | N 0

so that the determinant reads?’

A B
det =det Adet Ddet[l — D'CA™'B].
C D

The determinants det A and det D are straightforward to compute

det A = (det M)Qd = [16#4(732)2]261 7

det D = [ J(det N)** = [ I« (i%)7]™" .

A

Their combined contribution to the one-loop determinant is

H{(4w2ﬁ2)dH(w2ﬁ2)w2} .

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

Furthermore the integrations over the ghosts and anti-ghosts for the two gauge groups

contribute (det 0)? = {[[;(47*7%)?}?. When combined with (2.109) this gives

[Ttema [T
n A

(2.110)

Up to a constant factor, this partially cancels the one-loop determinant from the boson

TWe use the notation A, B, C, D for the matrices in the bosonic sector, while the matrices A, B,

used for the fermion fields. We hope this doesn’t cause any confusion with the Sp(2) indices.
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sector, (2.90). We are thus left with only X °-dependent contributions from both boson and
fermion sectors.

Inserting the localization conditions (2.66) into the off-shell Lagrangian (2.11) gives
a vanishing classical contribution. Therefore the partition function is given purely by the

one-loop determinant

[T {det[l — D-'CA™B]}2

Z= dxX 3" dx PO . (111
/HH A ];[(E) Hﬁdet[ A ] ( )

A (p:p)

42 (7-1)

We now make use of the Sylvester identity

det[l — D"'CA™'B] =det[l — BD'CA™'], (2.112)

where the matrix on the left-hand side above is 32w? x 32w?, while the matrix on the

right-hand side is 8d x 8d. Using the definitions in (2.103) and (2.104), one can show that

det[l — BD'CA™]

=det[1 + CT"D'CA™]

B DT N-lgp/-1

=det[1 + ® %}
D C (2.113)
B ]DT?" 1

:det[]l -+ ® %]
D C A2 (1 - 1)

A
={det 4
ldetl w7l

Putting this back into the one-loop determinant, we see that the fermion and boson

determinants cancel exactly against each other.
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2.4 Discussion

We have partially carried out the localization procedure for the ' = 1 Chern-Simons
matter theory on 7 with periodic boundary conditions. In particular we computed the
contributions to the partition function from the locus of saddle points with vanishing gauge
connection. As expected, restricting to this locus gives a trivial contribution to the partition
function, i.e. the bosonic and fermionic contributions exactly cancel each other. Indeed
evaluating the partition function on the flat torus at the trivial vacuum (vanishing gauge
connection) simply counts the degrees of freedom of the theory, and for a supersymmetric
theory one expects a complete cancellation. Of course the full partition function should
receive contributions also from saddle points with nonvanishing flat gauge connections,
which we have not computed here. We hope to return to this in the future.

Another potentially interesting direction in which this work may be generalized is by
allowing for a more general Killing spinor equation than the eq. (2.18) which was used for
the present analysis. This may be achieved by coupling to a supergravity background and
could provide additional possibilities for spaces on which the theory localizes.

We then conclude this chapter. We will move on to a new topic, the study of HS/CFT

dualities, in the next chapter.
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3. ONE LOOP TESTS OF SUPERSYMMETRIC HIGHER SPIN AdS,/CFT3*

The problem of constructing field theories describing the consistent propagation and
interaction of HS fields has a long history and is a highly non-trivial one. Especially, in
the tensionless limit of string theory on flat background all the massive tower of states
gets squeezed to a common zero mass level and the free theory is described by an infinite
amount of massless free fields with arbitrary integer high spin [34]. Several years ago
the consistent cubic vertices of massless HS fields in (A)dS were explicitly constructed
by Fradkin and Vasiliev [15] and, remarkably, a fully non-linear theory of interacting
higher spins in (A)dS was found by Vasiliev [35-38]. In the context of AdS/CFT, the
HS theories have precisely the right structure to be dual to simple vector models at the
boundary [16, 18].

In the following we briefly introduce the general Konstein-Vasiliev theories, and then
proceed to the study of HS/CFT duality by carrying out the one loop tests of the free
energy.

This chapter is based on the work [25] in collaboration with Dr. Yi Pang and Dr. Ergin

Sezgin.
3.1 Main idea and General Konstein-Vasiliev HS theories

An important test of the HS/CFT holography is to match the free energy of the bulk
theory with that of the CFT on the boundary. Assuming the bulk HS theory possesses an

action formulation, the partition function evaluated on Euclidean AdS, can be expanded

*Reprinted with permission from “One Loop Tests of Supersymmetric Higher Spin AdS4/CFT3” by Yi
Pang, Ergin Segzin and Yaodong Zhu, 2017, Phys. Rev. D 95, 026008, Copyright [2017] by the American
Physical Society.
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in terms of the Newton’s constant G as

1
Fpuk = G_Fé8%k+Fkgi{k+GNFl§i{k+"' : (3.1)
N

When the bulk Euclidean AdS, is the hyperbolic space H, whose conformal boundary is
around S3, the free energy of the bulk HS theory should match with that of a free CFT on

around S®. The free energy of a free CFT on S® takes the simple form [39]

Fepr = NF(py (3.2)

where Fé%)T is the free energy of a single component in U (V') vector model. The zeroth-

order contribution Fég%k has not been computed so far due to the lack of an action for
Vasiliev theory with all the required properties. Matching Fi,, with Fepr necessarily
requires that £,y is proportional to FéOF)T at each order in the small GG expansion and

that G is identified in terms of N as
Gyt — 7(N + AN), (3.3)

with v and AN being constants, and AN should be a fixed integer for a given bulk/boundary
dual pair. Assuming Fronsdal type quadratic action for the massless HS fields, one loop
computations have shown that these requirements are fulfilled in the conjectured duality
between non-minimal and minimal Type-A theory and the bosonic U(N) and O(N) vec-
tor model [20]. In particular, for minimal Type-A model it is shown that Félll%k = F((]OF)T,
and thus indicating AN = —1 [20]. However, for the conjectured duality between Type-
B theories in Euclidean AdSy and the fermionic U(N) and O(N) vector models on the
)

boundary S? [18], these requirements are not satisfied since Féi{k and Fé%T are not pro-

portional to each other. Driven by this mismatch, we extend the previous one loop tests to
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a wider class of Konstein-Vasiliev HS theories [24] and the corresponding free CFT duals.
In particular we study the consequences of supersymmetry which combine Type-A and
Type-B spectra with an infinite tower of massless HS fermions.
Spectra of Konstein-Vasiliev HS theories:
The building block for the construction of the physical spectra are the singleton repre-
sentations of SO(3, 2)
(Rac,m), (Di,n), (3.4)

where m labels the fundamental representations of internal symmetry group u(m), usp(m)
or o(m) and same for n. It has been shown that the physical spectra of three types of
HS theories, based on HS algebras denoted by hu(m;n|4), ho(m; n|4), husp(m;n|4), are

obtained from the following tensor products of the singletons

hu(m;nl4) : S® S (3.5)
ho(m;n|4) : (S® S)g (3.6)
husp(m;n|4) : (S ®95), 3.7)

where (-)4 and (-) , stand for symmetric and antisymmetric tensor products, respectively,

and we defined

S := (Rac,m) & (Di,n) . (3.8)
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The resulting spectra are as follows [24]

hu(m;n|4) :(m*—-1,1)& (1,n*-1)® (1,1) & (1,1) s=0,1,2,3,...
(m,n) & (m,n) s=13,3,2...
ho(m;n|4) : (3m(m —1),1)® (1, 3n(n —1)) s=1,3,...
(Gm(m+1)—1,1)® (1, 3n(n+1) - 1)@ (1,1) ®(1,1) s =0,2,4,...
(3.9
(m,n) s=1,32 .
husp(m;nl4) = (3m(m+1),1) & (1, in(n+1)) s=1,3,...

(Gm(m—-1)-1,1)® (1,3n(n—1) - 1) (1,1) & (1,1) s =0,2,4,...

(mvn) S:%,%,g,...,

These algebras contain finite dimensional superalgebras only when m = n = 2V/2~1 or

m = n = 2N-"1/2 for N being even or odd. In these cases we have the isomorphisms

(
hu (2%*1; 2% -1 4) N =2mod 4,
shs®(N14) 2 { husp (2%—1; 2% -1 4) N =4modS8, (3.10)
| 1o (2%—1;2%—1‘4) N =8mod 8.
and
ho (2<N—1>/2; 2<N—1>/2‘4) N =1modS8,
shs®(N|4) = (3.11)

husp <2W,1)/2; 2<Nf1>/2\4) N =5mod8 .

As for the case of N'=3 mod 4, it has been shown in [40] that it is equivalent to the case of

N=4 mod 4.
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3.2 Free energies of Konstein-Vasiliev higher spin theories in AdS; with S° bound-

ary

In this section we shall compute the free energy of Konstein-Vasiliev HS theories in
AdS, with S? boundary, imposing the HS symmetry preserving boundary conditions. Free
energy of bosonic HS fields in AdS, has been studied in [20,21,41,42]. The regularization
scheme that has been used in summing over infinite tower of HS fields, however, is very
complicated. Here, we employ a simpler alternate method which utilizes the character of
irreducible representation of SO(2,3). As an important consequence, the regularized in-
dividual spin contributions are such that the subsequent sum over infinite tower of higher
spins is finite, thereby avoiding the need for additional regularization of this sum. This
method was introduced in [43] to compute the one loop free energy of massive HS fields,
but was not applied to the computation of the above free energies to exhibit the contribu-
tions of the infinite tower of odd and even spins separately. In what follows we shall use
the alternate method to compute these contributions separately. We then generalize the
method and apply it to the computation in bulk fermion sector in the subsequent subsec-
tion.

The one loop correction to the free energy is defined as F(Y) = —log Z(!) where Z(
is the one loop partition function. For HS theory with ng real scalars, np pseudoscalars,

ny copies of fields with s = 1,3, ..., 00, no copies of fields with s = 2,4, ..., oo fields and
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n copies of spin 1/2,3/2, ..., oo fields, we have

F(l)(ng,np, Ny, Mg, Np) = %ng logdet; Dp(1,0) + %np log dety Dp(2,0)

Iy [1og det Dy (2k + 2,2k + 1) — log det Dy (2k + 3, zk)] (3.12)
k=0

+1ne Y [1og det Dy(2k + 1,2k) — log det Dy (2k + 2, 2k — 1)}
k=1

~Lnplogdet Dp(2,1) — In Z[logdet Drp(k+ 2,k +1) —logdet Dp(k + 3,k — 1)
k=1

where we have defined
Dp(A,s) = [-VP+ A(A=3) —s] ,
Dr(A,s) = [—W FAA-3) g} . (3.13)

The negative contributions in the bosonic sector and the positive contributions in the
fermionic sector are due to ghosts. In computing det; and det,, the irregular (A_ = 1)
and regular (A, = 2) boundary conditions are to be used.

For a differential operator of the form D = —V? + X, or D = —W2 + Y, writing
—logdet D = / —KD Kp(t) :=Tr [e_m] , (3.14)
and defining the spectral zeta function

1 o0
(p(z) = F—z>/0 dtt* ' Kp(t), (3.15)
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one finds the standard result [44]
—logdet D = (p(0) log(£2A2) + ¢ (0) | (3.16)

where ¢ is the AdS radius and A is the renormalization scale. For fields of aribrary spins
in hyperbolic space H,, the spectral zeta function technique has been developed in [45,46]

to compute their one loop effective potentials.
3.2.1 Bosons

Upon Euclideanization of AdS, to H,, the boundary is S and in this setting various

free energies of the bosonic HS theory are given by

log(£*A?)

1 r
1
Fe(ve)nl = ol Cgo) + Z C(S—i—ls) - S+25 1)

(s+1 s) s—|—2 s—1)

(s+1 s) - s+2 s—1)

( )]
> (¢ )]

Fe(vle)n2 =35 :Cgo )+ (C(s—l—l s) s+2s 1) ) 1095(621\2)
(e )]

1 1 &
Flan=—5 > (cgﬂ,s) (0) = G z.um0)(0) ) log(£2%)
s=1,3,
1 o0
5 2 (B 0) = o)) (3.17)
s=1,3,-
where F(vgn , and % Ven2 denote the total free energy of all even spin fields s = 0,2,4 -

in which the scalar satisfies A = 1 and A = 2 boundary conditions, respectively, and Fo(dzi
denotes the total free energy of all odd spin fields s = 1,3,5---.

As stated earlier, we now employ a simpler method than those used previously, utiliz-

49



ing the character of irreducible representation of SO(2,3). The method is based on the

observation that the spectral zeta function of a bosonic spin-s field can be recast in the

form [43]
1 > 2

o =105 /0 48| 1(z, B) + (= B3 | xas(Ba) | (318)

in which
e_’B(A_g) sin[(s + 3)a]

xas(fe) = 4sinh £ sin ¢ (cosh 8 — cosa) ’

(=, 8) = ysinh & fi(2,8) (= 6+ sinh? 3) + 4fy(=, B)sinh? 5]

v(z,B) = —4fi(z, f) sinh® g ,

fulz,8) = ﬁ/om duu” tanh(ﬂu)(%)z_%Jz,lp(uﬁ) , (3.19)

where xa (3, @) is the character of a representation of SO(3, 2) labeled by D(A, s). Ow-
ing to the e (A_%) factor in the character, ) _ ((a +)(2) is convergent. Therefore, no reg-
ularization is needed in performing the sum over infinitely many spins. This is the desired
feature for computing the one loop free energy of HS theory where the summation over
infinitely many spins is encountered. It was also noticed by [43] that since the one loop
free energy depends only on ¢(0) and ¢’(0), an alternate zeta function ¢ (z) is physically
equivalent to the original ¢(z), provided that ¢(0) = ¢(0), and ’(0) = ¢'(0). Thus, for
the convenience of calculation, one can in fact utilize an alternate zeta function which is

physically equivalent to the original zeta function. For bosonic HS fields, one choice of

the alternate zeta function takes the form [43]

~ 1 o0
(fag(z) = ) /O dp 3% coth § [1 + (sinh? ) ag} Xa.s(6, )

. (3.20)
0

a=
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The physical equivalence between the alternate spectral zeta function and the original one
(3.18) is shown in the appendix. The total character of all even spin fields and that of all

odd spin fields are computed as

Xevenl(ﬁa CY) = Xl,O(B? O{) + Z (XS-H,S(B’ O{) - XS+2,S—1(ﬁ7 Oé))

§s=2,4,-

1+ cosa+ cosh 8+ cosh2p 321)
~ 4(cos a — cosh 3)2(cos o + cosh 3) ’ '

Xeven2(5, CY) = X2,0(5>04) + Z (Xs+1,s(5,a) - Xs+2,s—1(5704))

5=2,4,--

1+ cosa + cos 2 + cosh 3
— , (3.22)
4(cos o — cosh 3)2(cos a + cosh 3)

Xodd(ﬁa 04) = Z (Xs+1,s<5>a) - Xs+2,sfl(67a))

s=1,3,

_ cosa + cosh 3 + 2 cos acosh 3 (3.23)
~ 4(cos o — cosh 3)2(cos a + cosh ) '

Substituting the results above into (3.20), we find

B _ 2.1 cosh® §
even,l(z) - / Bﬁ 4smh36

~ 1+ 2coshp
B — 2z—1
Ceven,Z(z) - 22 / 56 A Sll’lh3 5 s

Ba(2) = —Boi(2) (3.24)

With the help of the following identities

1 2 0? 1 1

TS T A o =l T3
smhgg B? 0x? sinh % & 281nh§ ’

ieee Do L [T gt 3.25
C(Zai)—m/o BB T2 (3.25)
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where ((a, b) is the Hurwitz zeta function, we finally obtain

Eg/enl(z) = 4_(2+Z) _SC(sz _%) + 4C(QZ - 2a _%) + 8C<2Z - ]-a _%)

F(47 — 1)C(22) + 3(47 — 4)C(22 — 2) — 4(47 — 2)¢(22 — 1),

CB(2) = 4 [ L 4¢(22 — 2,0) — 4C(22 — 1,0) + (47 — 1)¢(22)

even 2

—47¢(22 — 2) + 4C(22 — 1)} . (3.26)

By using the relation between F'(!) and spectral zeta function, one arrives at the results

m _ 1 3¢(3) o 1 5((3)
Fevenl - E (210g2_ 2 ) FevenQ_E 210g2— s, ,
Fi=—FSh - (3.27)
Note that the potential logarithmic divergences in Fe(vle)nl and Fe(jgng have canceled out,

and the above finite results are from z B (0) terms, in agreement with [20]. Furthermore,
these results can be used as building blocks for the computation of the free energies of the
Konstein-Vasiliev models we are interested in, thanks to the observation that for all those

models discussed in Section 3.1, it is always the case that
N9 =Ng +np, (328)

where we recall that ny is number of copies of even fields with s = 2,4, ... 00, ng is the

number of scalars and np is the number of pseudoscalars.
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3.2.2 Fermions

We now compute the one loop free energy of all fermionic HS fields. The spectral zeta

function of a spin-s fermionic fields is given by

1 o 0?

R g A IO R e P PN ER ) B CE)
where
e_B(A_%) sin[(s + 3)a]

xas(hra) = 4sinh £ sin ¢ (cosh 8 — cosa) ’
w(z, ) = % sinh g [fl(z, B)( — 6 + sinh? g) +4f3(z,5) sinh? g ,
v(z, ) = —4fi(z, B) sinh? g ,
fu(2,8) = \/E/OOO duu™ coth(ﬂu)(%)‘z*%Jz_l/g(uﬁ) : (3.30)

To compute the one loop free energy of all fermionic HS fields, we propose the following
alternate spectral zeta function, which is much easier to use. The physical equivalence

between the alternate spectral zeta function (3.31) and the original one (3.29) is shown in

the appendix.
Cha(z) = L /OO dpp*—1 [l sinh 2 + ! + sinh ﬁaﬂxm(ﬁ @) (3.31)
(5 I'(22) Jo 4 > sinh? 2R AN T =0
The sum of characters of all fermionic HS fields is computed as
B+ Y [enalBio) (8,0)] = cos § corh (3.32)
X%,% y & Xs+1,s\P, & Xs+2,5—1 y & - (COS o — cosh 6)2 . .

s=3/2
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It is straightforward to check that

Lainh 2 + + (sinh & 82] X
[4 2 " Sinh ( 2) o
=0, (3.33)

(3280 + 3 [renaBo) = xeszer (6.0

s=3/2

a=0

which indicates that the total one loop free energy of fermionic HS fields in fact vanishes.

3.2.3 Summary
For a Konstein-Vasiliev higher theory consisting of ng real scalars, np pseudoscalars,

ny copies of fields with s = 1,3, ..., 00, no = ng +np copies of fields with s = 2,4, ..., 00

fields and nr copies of spin 1/2,3/2, ..., oo fields, we have

log 2 3
FW (ng,np,ny,na,np) = og (ns +np—mny) — ff(iwl (3ns +dnp — 3n1) , (3.34)

where we have used the relation ny = ng + np. The values of ng, np and n; can be read

off from (3.9) for various Konstein-Vasiliev models. Substituting them into the equation

above, we obtain

hu(m;n|d) : F\) = —%M , (3.35)
log 2 3
ho(m;n|4) : F) = Og (m+n) — féﬁl (3m + 4n +n?) (3.36)
log 2 3
husp(m;n|4) : FY = —%(m +n)+ féﬁl Bm+dn—n?). (337

The one loop free energy of husp(m;n|4) model is related to the one of ho(m; n|4) model

viam — —m, n — —n. The ordinary supersymmetric HS models correspond to the

Y1 foreven N and m = n = 2V =1/2 for odd N.

casesm =n = 22
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As for the ordinary supersymmetric HS models with internal symmetries, we recall
that their spectra can be obtained by assigning fundamental representations of the internal
symmetry group to the OSp(N|4) singletons, and working out the their two-fold tensor

products. The resulting spectra are provided in Table 5 of [40]. In particular, the number

1
2

3

mod?2 and s = 5

of fermions with s = mod 2 are the same. As a consequence, the
contributions of the fermions to the one loop free energy will continue to vanish since in
(3.31) we found that fermions with each half integer spin occurring once give vanishing
contribution. Consequently, the bulk free energy becomes the sum of free energies of
Type-A and Type-B models with the desired internal symmetries, and both log 2 and ((3)
terms will show up in the one loop free energy. This information is sufficient to perform

the one loop test by means of comparing the bulk and boundary free energies, as we shall

see at the end of next section.
3.3 Free energies of free CFT’s on S® and comparison

The free energies of free scalars and free fermions which are conformally coupled to
S3 have been studied in [39]. A conformally coupled free scalar and a free fermion on S*
are described by the following two actions respectively

ss=3 [ @eva[Vor+ ] so=3 [devauiine). e

where L is the radius of the round S®. Free energies of the above two theories are defined

as usual

1 3
Fg=—logZs = 5 logdet[A?0g], O =-V*+ 1

Fp = —logZp = —logdet[A'0p], O =il . (3.39)
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Using zeta function, Fs and Fp can be computed straightforwardly and the results are [39]

1 3¢(3 1 3C(3
e DR (s R

Notice that the free energy of a Majorana fermion on S? is %F D-

A bulk HS theory is conjectured to be dual to a free vector model when the boundary
conditions of the bulk fields preserve the HS symmetry [16, 17], which is the case here.
Assuming the bulk HS theory possesses an action, its free energy associated with AdS,
should have the form displayed in (3.1) where Gy is the Newton’s constant. In cases
where the boundary of AdS, is S3, the bulk free energy should be compared with that
of a free vector model on S* order by order in 1/N expansion. Hence the comparison
requires an identification between GGy and N. It was suggested by [20] that in general the
relation between Gy and N is of the form given in (3.3) where v and AN are constants
and especially AN should be an integer. The basic fields in the vector model constitute
a vector in the fundamental representation of a classical Lie group, which can be U(V),
O(N) or USp(N) in our cases. The free energy of a free vector model can be computed

exactly and be put in the form'

Fepr = NFQ), (3.41)

where we use Fé%)T to denote the contribution of a single component in the vector. For

Fyux to match with Fopr, it is clear that the bulk free energy at each order in G y expansion
should all be proportional to F, é%)T.

Various one loop tests of HS holography have been carried out in the literature [20,41].

TStrictly speaking, the bulk HS theory is dual to the U(N), O(N) or USp(N) singlet sector of a free
CFT. The partition function of a free CFT on S is evaluated in the vacuum which is already a singlet state
under the corresponding symmetry group in each case. Thus, imposing the singlet constraint should not
affect the free energy.
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For instance, the non-minimal Type-A model is conjectured to be dual to the U (V) singlet
sector of /N complex scalars. When HS symmetry is preserved by the boundary condition,
Féi{k was found to be 0, indicating that G is identified with N at one loop order. For
minimal A model, the conjectured dual CFT is the O(V) singlet sector of IV real scalars.
In this case, Féigk is equal to F, the free energy of a real free scalar (3.40). Thus, matching
the bulk and boundary free energies at one loop order requires G5, being identified with
N — 1. The husp(2;0]4) Vasiliev theory is conjectured to be dual to the USp(N) singlet
sector of N complex scalars and Féifk is equal to — Fs. Therefore, for husp(2; 0|4) higher
spin theory, G is identified with N + 1 at one loop order.

In this section, we consider the cases in which the bulk HS symmetry is preserved
by the boundary condition, thus the CFT duals are certain singlet sectors of free CFTs
composed by free scalars and free fermions. For the hu(m;n|4) theory, the dual CFT
consists of Nm complex free scalars ¢, i = 1,2,..N, a = 1,2,...m and Nn Dirac

fermions ¢, 7 = 1,2, ...n. The m? A = 1 scalars and n?> A = 2 pseudoscalars correspond

to the operators
Giad” . 0" (3.42)
Free energy of this theory is given by
Fopr = NFQ . FO. =2mFs+nFp (3.43)

where Fg and Fp are given in (3.40).
For the ho(m;n|4) theory, the dual CFT consists of Nm real free scalars ¢, i =

1,2,..N, a = 1,2,..m and Nn majorana fermions ¢, r = 1,2,..n. The m* A = 1
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scalar fields and n? A = 2 pseudoscalars correspond to the operators
¢"¢7%0;; Db, . (3.44)
The free energy is given by
Fopr = NFShy s Fopp = mFs + inFy, . (3.45)

For the husp(m;n|4) theory, the dual CFT consists of Nm complex free scalars ¢,
i =1,2,..N, a = 1,2,..m and Nn Dirac fermions ¢, r = 1,2, ...n, subject to the
symplectic reality condition. The m? A = 1 scalar fields and n> A = 2 pseudoscalars

correspond to the operators
¢UPty, Dy, (3.46)
where €2;; is the U Sp(/V) invariant tensor. Free energy of this theory is given by
Fopr = NFShy s Fopp = mFs + 1nFy, . (3.47)

Since supersymmetric HS theories can be mapped to special cases of Konstein-Vasiliev
models, we will not give separate discussions on them.

As discussed before, duality between the bulk HS theory and boundary free CFT may
be achieved only if 1), is proportional to Fiuny. Using (3.34), (3.40), (3.43), (3.45) and

(3.47), we find that this requirement amounts to

(m+n)(3ns + 5np — 3n1) = 3(m —n)(nsg +np —n1) , (3.43)
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obtained by setting the ratios of log 2 and £(3) dependent terms equal to each other. Taking
the values of ng, np and n; from (3.9), these ratios for the bulk sides can be read off from
(3.35), (3.36) and (3.37) in terms of m and n. One can show that for all three Konstein-
Vasiliev models, the only solution to the equation above is given by n = 0, which implies
bosonic Type-A models. In this case the log 2 and {(3) dependent terms arise in the same

ratio as of a single real scalar field, and we have the result

(1) — 1) _ 1) —
Fhu(m;0\4) =0 ) Fho(m;0|4) - mFS ) Fho(m;0\4) - _mFS ) (349)
Therefore, assuming that Féﬁ{k = éOF)T, the bulk and boundary free energies match with

each other provided that

hu(m;0f4) : Gy — N,
ho(m;0[4) : Gy = N -1,

husp(m;0l4) : G — N +1. (3.50)

The holographic dictionaries relating G’ to N in various HS models have been put for-
ward in [20] via testing the holography of hu(1;0[4), ho(1;0[4) and husp(2;0]4) models
at one loop level. Here, we have extended the validity of these holographic mappings to
hu(m;0]4), ho(m;0|4) and husp(m;0|4) Konstein-Vasiliev models. We see that the in-
clusion of infinite tower of bulk fermions does not cure the problem with the mismatch of
the free energies in the Type-B model, which corresponds to the case in which m = 0 and
n # 0, and its conjectured dual.

Finally, we consider the ordinary supersymmetric models with internal symmetry dis-
cussed earlier, whose spectra are given in Table 5 of [40]. In Section 3 we found that the

contributions of the bulk fermions give vanishing contributions to one loop free energy
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and consequently the bulk one loop free energy becomes the sum of the ones of Type-A
and Type-B models with the desired internal symmetries. In particular, there is still a non-
vanishing ((3) term. On the other hand it is easy to show that the ((3) dependent terms
on the CFT side vanish. Therefore, we conclude the problem of free energy mismatch will

persist in ordinary supersymmetric HS theories with internal symmetry.

3.4 One loop free energies of supersymmetric higher spin theories in AdS, with

Sj x S* boundary

In thermal AdS,, the one loop free energy of the bulk theory takes the form [21]
M = F(B)buik + BEevun + apu log A | (3.51)

where /3 is the period of the imaginary time, F'(3)pux is the thermal free energy which can
be computed by taking the log of the thermal partition function as F'(8)pux = 87! log Zpuic
with Zyuie = tre #Heuk and apy is the anomaly coefficient related to the Seeley coef-
ficient. The trace denotes the sum over all HS particle states. apyx 1S proportional to the
integral of local curvature invariants, and should be the same for AdS; with S® boundary
and for the thermal AdS,. Thus, after summing over spins the total ayp,; should vanish
as shown in previous sections. £, pyx 15 the one loop contribution to the Casimir energy
which can be extracted from the thermal free energy in a standard way (cf. (3.55), (3.56)).

The free energy of the U(NN), O(N) or USp(N) singlet sector of a free vectorial CFT

on Sé x 52 takes similar form

Fopr = Fsmglet(ﬁ)CFT + BE.crr + acrr log A, (3.52)

in which F(3)cpr is the free energy of the subsector in Hilbert space consisting of only the

states that are invariant under the required symmetry group. The Casimir energy E.cpr 1S
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given by N Ej, where Fj 1s the Casimir energy of a single conformally invariant free field
on S§ x S?. The anomaly coefficient acpr vanishes on S} x S, which is conformally
flat and has vanishing Euler number. Therefore, there are no logarithmic divergent terms
on both the bulk and the boundary sides. There remains comparison of the thermal part
of the free energies and the Casimir energies on both sides. The thermal part of the free
energies are expected to match since, by definition, the bulk and boundary thermal partition
functions which give rise to the corresponding thermal free energies are both equal to the
character of the HS algebra associated with the spectrum of the HS theory. The comparison
between the bulk and boundary Casimir energies, however, is not straightforward, since
different from FE.,y, the Casimir energy on the CFT side is not directly related to the
thermal free energy of the singlet sector through (3.55). Holographic matching of the free
energies at O(N°) demands that E, . is an integer times the Casimir energy of a single
conformally invariant free field on S5 x S°.

In this section, we first study the one loop free energy of Konstein-Vasiliev theory in
thermal AdS, with S; x S? boundary. We then compare the bulk result with the free
energy of the corresponding dual CFT at O(N?). Recall that there exist generalizations of
d > 4 Vasiliev theory which are dual to the U(N) or O(N) singlet sector of free scalars or
fermions [47]. Free energy of this type of HS theory in thermal AdS, has been calculated
in [21] and compared with O(N?) term in the free energy of the large N U () or O(N)
vectorial free CFT. It was found that the matching of free energy implies shifts in the
relation between G;,l and N at leading order by an integer.

Different from [21] where the bulk theories are purely bosonic, in our case the bulk
theory includes also fermionic HS fields. Accordingly, the dual CFT consists of both
scalars and fermions. In particular, the fermionic HS fields are dual to the bilinear con-
served currents built out of both scalars and fermions. State operator correspondence then

implies the existence of scalar-fermion mixed states in the Hilbert space that are singlet
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under the required symmetry group. These scalar-fermion mixed states contribute to the
thermal free energy of the singlet sector nontrivially, which means that the F*"&!(3) for
a CFT involving both scalars and fermions cannot be obtained by a simple sum of the
Fsinglet(3)’s of a pure-scalar CFT and of a pure-fermion CFT.

Below we start with the computation of the free energies in Konstein-Vasiliev models,
which include supersymmetric HS theories as special cases. The story is far more elaborate
in higher dimensions. In particular, we refer the readers to [48,49] and [50] for the case of

5D, and [51] for the case of 7D.
3.4.1 The bulk side

As stated earlier, the one loop free energy of a massless field in thermal AdS, has
the structure displayed in (3.51) with the vanishing log divergence. F'(3) can be obtained

from the grand canonical partition function as

For bosons: F(8)pux = — Z %Z(mﬁ) : (3.53)
m=1
For fermions: F(8)pux = <_7711)m2(mﬁ) . (3.54)
m=1

Here Z([3) is the one-particle canonical partition function. The Casimir energy E,p,,x can

be obtained from the energy (-function as
1
Eepux = igCE(—l) ; (3.55)

where + correspond to bosonic and fermionic cases respectively. The energy (-function

is related to the one-particle partition function by a Mellin transform

(u(z) = e /0 N dps*'Z(B) . (3.56)
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In D = 4, the thermal one-particle partition function for a scalar field is given by

A A> o (3.57)

(1-¢q)3

where A is the AdS energy and ¢ = e~” [52]. Thermal one-particle partition function for

s > % massless field takes the form

2.(8) = (1qi+;)3 25+ 1 — (25— 1)q] . (3.58)

From the results derived in [21], we deduce the useful formulae!

o0

Fe(\}e)nl = F(ﬁ)evenl - - Z %Zevenl(mﬁ) s
m=1
1+ q)? 1+ ¢? ~ -
Zawns(8) = YL I yZ )P + 1520

=1
Fe(\}gnQ = F(B)cvan = - Z Ezcvcn2(mﬁ) s
m=1

2 2 2 ~ ~
Zewan?(ﬁ) = (1 _qq)4 - (1 _(]q2)2 = %[Z%(B)]Z — %Z%<2B> )
Fh = FBota == 3~ Zoaa(m)
m=1
1 2 1 2 ~ ~
Zoaa(B) = éq((l qu)l - ;(ﬁ _+q3)§ = 2B - 120(28), (359

where for later convenience we express the results in terms of the characters ng(ﬁ ) and
z 1(B) of the conformally coupled free scalar and the free real fermion which realize the
2
spin-0 and spin—% singleton representations of the SO(3, 2), respectively
1
_¢2(1+¢) > 2q

(A S

HIn the rest of this subsection the thermal free energies and partition functions refer to those of the bulk
theory.

Zy(B) (3.60)
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By using (3.55) and (3.56), one can show that Zeen1(5), Zeven2(f) and Z.4q4(5) all lead
to vanishing Casimir energy [21]%. Therefore we simply dropped E, term in (3.59). Also

one should note that
Z,(28) = 3Z6(B)]* — £ 20(28) . (3.61)

For all the fermionic fields, we find that the total one-particle canonical partition function

is given by

Fﬁ)=z(1i+q)3[23+1—(2s—1)q] 22(1+q) _ =

ot = 2023 66

1
2

Using the total one-particle canonical partition function, we can construct the energy (-

function for fermions

1 2e728(1 + ")
F _ z—1
) =i |
(2 . -
=23 ("7 ey
=500 3) — 3 - 13) = (2 =2,3) +5¢(z = 3,3)
This vanishes at = = —1. Therefore, the total Casimir energy for fermionic HS fields

vanishes in thermal AdS, as well, and the correspoding one loop free energy is simply

FOF = p(g)E Z — (mp) . (3.64)

m=1

SSimilar technique using SO(3,2) character has been applied to compute one-loop free energy of HS
theories constructed using higher-order singleton [53], where vanishing of Casimir energy was also observed.



Summarizing the results above and using the spectra given in (3.9), we find that the one

loop free energies for generic Konstein-Vasiliev HS theories are given by

hu(m;n|4) : F) = — i % [m Zo(kB) +n (=) ;35%(/{5)] i : (3.65)

ho(minl4) : F{Y) = =% i ( [m Zo(kB) +n (=)L 2%(1@5)] i

k=1

+m Zo(2kB) —n 2, (2kﬁ)) , (3.66)

husp(m;nl|4) : F,Ei)sp =— Z i ( [m Zo(kB) + n (=) Z%(kb’)] i
k=1

—m Zo(2kB) +n 2, (2k6)) . (3.67)

The free energy of husp(m;n|4) theory can be obtained from that of the ho(m; n|4) theory

by m - —m,n — —n.
3.4.2 The CFT side and comparison

In this section, we calculate the partition function of the singlet sector of free CFTs on
Sé x S2. We closely follow the technique developed in [54,55]. The partition function of
a CFT on Sé % S? is equal to the thermal partition function due to the vanishing of Casimir

energy and logarithmic divergence. Therefore, we have

ZB) = > %, q=e”, (3.68)

i€physical states

where the physical states are restricted to be the singlet states of U (N), O(N) or USp(N)
for our purpose. We have also used the fact that there is no non-trivial chemical potential
in the system. The thermal partition functions of the U(N) and O(N) singlet sectors of

free scalar and free fermion theories have been studied in [21,56]. We generalize their

65



results to the cases with both scalars and fermions. We first consider the U(V) singlet
sector of a free CFT with N'm complex free scalars and Nn Dirac fermions. As shown
n [21,56], the thermal partition function can be expressed as a path integral localized on

the eigenvalues of U (/N') matrix

Zuny(B) = Aum) = /H dage™ 2 N
2+ 22 fala)
=1

S(ay, ... =—1 Z logsm
i#£j=1

cn(B) cos(ka),  en(B) = —% [m Zo(kB) + n(—)k“z’:f%(k:ﬁ)] (3.69)

HMZ

where the matter contents affect the effective action through ¢, (3). In the large N limit,
the integral over «; can be replaced by the path integral over the eigenvalue density p(«),

a € (—m, 7). p(«) satisfies the standard normalization

/Tf dap(a) = 1. (3.70)

The effective action in terms of p(«) takes the form
S(p) = N* [ dada’K(a = a)p(a)pla’) + 2N [ dapla)fifa).
N
K(a—a) = —1log(2 —2cosa) , fola) = () cos(ka) . (3.71)

k=1

Integrating out p, one obtains

[mZo kB) +n(— )’f*léé(kﬁ) 2, (3.72)

el e

== _Hal®F =)

k=1



which coincides with one loop free energy for hu(m;n|4) higher spin theory (3.65). Next,
we study the O(N) singlet sector of a free CFT with N'm real free scalars and Nn Majo-
rana fermions. This is a generalization of the results in [21], where the free CFT consists
of only scalars or fermions. It is suggested in [21] that, one can choose N to be even,
namely N=2N for simplicity in the large N. The difference between even N and odd N
cases is at the next order in 1/ expansion. Free energy of the O(2N) singlet sector of a
free CFT with Nm real free scalars and Nn Majorana fermions can again be written as
a path integral over the eigenvalues of O(/N) matrix. The effective potential of the O(N)

singlet sector is given by [21]

N
S(o,...ax) = —1 Z 1ogsin Z logsm 22]‘5 03,73)
i#j=1 i#j=1

where f3 is the same as the one in (3.69). The effective potential for the O(V) singlet
sector differs from that of the U(N) by the log sin® o terms which come from the Van der
Monde determinant or the Haar measure. In the large /N limit, the path integral over «;
can again be recast into an integral over the eigenvalue density p(«). After integrating out

p, one obtains

F(B)ow) = —

WE
|

(lex(8))2 — Zeu(9)) (3.74)

B
Il

1
1
2k

M)

([m 20k8) +n () Z,68)] +m Zo(2h8) —n Z4(288))

T

1

which matches the one loop free energy of ho(m;n|4) HS theory in (3.66). In the last
case, we consider the USp(V) singlet sector of a free CFT with Nm complex free scalars
¢ i =1,2,...N,a = 1,2,...m and Nn Dirac fermions subject to the symplectic real

condition. Since N is even in this case, we denote N by 2N. The effective potential of the
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USp(N) singlet sector takes the form

N N
S(a,...ax) = —3 Z log sin® % -1 Z log sin® LTy ; e

i#j=1 i,j=1
N N
—1 logsin®a; +2)  fa(ay) . (3.75)
=1 =1

In the large NV limit, the path integral over «; can be evaluated by using the same technique

as before. The free energy of the U Sp(N) singlet sector of a free CFT is obtained as

F(B)uspiny = —

NE
[N =l

(lex(B) + £ ex(8) (376)

k=1

1

i ([ 20069 0 () By 69)] = m Z0(288) + 0 2y (289))

I
M)

el
Il

1

which matches one loop free energy of husp(m;n|4) HS theory in (3.67).
3.5 Mixed boundary conditions in bulk and interacting A" = 1 SCFT

In N = 1 HS theory, the OSp(1|4) invariant boundary conditions are given in [18]. To
describe this, we write the boundary behavior (p — 0) of the complex scalar ¢ = A + iB

as

A=pa, +p*8,, B=pa_+pb_, (3.77)

and define the 3D, N/ = 1 superfields
s 00 - 00
O =a_+i0n_ — EBJP , O =ayp +i0ny + Eﬁ_ . (3.78)
The boundary conditions preserving OSp(1]4) take the form

O_ =)D, (3.79)
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where A is an arbitrary real number. In terms of the new scalar fields we have
A" =sindA —cosIB, B =cosvA+sinidB (3.80)
where tan ¥y = A, and the boundary condition (3.79) is equivalent to
o, =0, BL=0. (3.81)

The linearized bulk scalar field equations would remain the same form under the SO(2)
rotation, thus the newly defined scalar fields A" and B’ possess the same Feffer-Graham
expansion as the original scalar fields A and B. The boundary condition (3.81) implies
that near the boundary

A =p., B =pd_. (3.82)

Therefore, in computing the one loop free energy, A’ should have A = 2, while B’ should
have A = 1, which does not affect the N’ = 1 HS spectrum and the corresponding one
loop calculation. On the CFT side, the boundary condition (3.79) implies the N' = 1 free

CFT being deformed by a supersymmetric double-trace term
A 3,..120()2
AS = 5 d’zd 00~ | (3.83)

where O is given by

1

O=Un

T
w2, W:gp+ie¢+5f. (3.84)

We compute the difference between the free energy of the deformed CFT and that of the

free CFT, following the procedure adopted in [39,57]. Denoting the partition function of
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the free CFT by Z, we calculate

Z
AF = —log 2~ . (3.85)
A

Using the Hubbard-Stratonovich transformation, we have

Z£0 7 DEexp(;,\f 42%7?) / D2<6Xp[/ d'z(%y +20)]), a0

where X is an auxiliary superfield and 2z denotes the supercoordinate. In the large /N limit,

the higher point functions of O are suppressed. This allows us to write

<exp[/dzzo]>0 — exp [%<</d220>2>0 +o(1/N)] (3.87)

Note that 3 and O are single-trace operators of ' = 1 superfields, say M and W respec-
tively, each with component fields A%, X', B* and ¢, ¢, f’, where B and f are auxiliary
fields, and the index ¢ stands for the representation of O(/N'). The component fields obey

the following superconformal transformations

1- 1 -
SN = PAE— TBE+ Ay 50 = Pof — e+ om (3.89)
0B = —£VA 0f = —EV (3.90)

where £ and 7 are spinors satisfying the conformal Killing spinor equation V ,§ = 7,1.
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Integrating out the spinor coordinates 6 and 0, we obtain

1 1 s
/ dz—%2 = / da\J(BAN N + SNNA A+ NNAW)

2\ A

1
:X /dﬂf3\/§(2221 + E3/223/2) )

(3.91)

/ dz30 = / da®\/g(f'' AT AT + %z/?iwiAjAj +BAY Y + %S\iAiququ + 20" N’ A)

:/dx?’\/ﬁ((’)gzl + 2201 +203/583)3) ,

where we defined

Y =AA, O =¢'¢", Nyp=AN, O35 = R

o 1~. . o 1~ .
S = BUAT+ SAN O = fi¢f 4+ S0

with the lower indices labeling the dimension of the single-trace operators.

With the above preparation the second factor of (3.86) at large V is

/DZeXp [%/d222+%<</d220>2>0}
:/DEexp [%/dm3\/§(2221 + X3/233/2)
(oo 01300 )

1
:/DZexp [X/dV(Zgzl—i—Eg/gEg/g)

(3.92)

(3.93)

45 [ [ avav (2@ @)(0x)0ue)), + Sal)Eale)(01@)0u)),

+ 4%)5(7)32(') <O3/2(x>03/2($,)>o>} ’

(3.94)

where dV = dx3,/g, and we dropped vanishing terms in the two-point function to reach
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the last line.

The integral in (3.86) then becomes gaussian, which integrates to give

7 det <]l + 2)\(03/203/2>0>
Zo 3
0 {det <%<0202>0> det <%<0101>0) det (]l — (%<0202>0)71(§<0101>0)71
(3.95)
At A — o0, the change of the free energy compared to the free theory is
A 1 1
AF = — log 7 = —tr log (2(03/203/2>0) + §tr lOg <§<0202>0)
0 (3.96)

+ %tr log (%((91@1}0) )

The two-point functions (O;0;)o and (O205) can be expanded in terms of scalar har-

monics on S? [57]
(Oa() Yo = ZgﬁYem )Yom(2') | (3.97)

where g2 is given by

D3 - A) T(£+A)

3
A 3—2A_253-A
=R 22 . 3.98
It 4 T(A) B+(—A) (3.98)
Since the harmonics satisfy orthonormal relations, we have
[ VAP y0:)0:)0(015) s = = S i) G99

A=

It is straightforward to see that g2=2¢g”~! is independent of ¢, and therefore according

to [57], trlog(O20s)¢ + trlog(O;01)¢ does not contribute to AF.

Similarly, for fermionic two-point function, it is shown in [39] that tr log(O; /2(93 /2>0
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is also zero. Therefore, in the IR there is no modification to the free energy given by the
double-trace deformation.

When ) is small, one can apply perturbation theory to compute AF' induced by the
deformation. As shown in [39] the change of free energy caused by the deformation is
proportional to the beta function of the deformation coupling. The deformation appearing
here is exactly marginal in the N — oo limit, which implies that the beta function of the
coupling constant is suppressed by 1/N. Thus, at small coupling it can also be seen that
the deformation does not affect the O(N?) free energy. In summary, although we have
not computed the free energy of the deformed theory for arbitrary A, the vanishing of AF
at O(NY) in both the strong and weak coupling limits provides strong evidence that AF
does not receive O(N?) contribution from the supersymmetric double-trace deformation,

which is exactly marginal in the N — oo limit.
3.6 Discussion

We have carried out one loop tests of the conjectured dualities between Konstein-
Vasiliev HS theories in AdSy with S® and S x S? boundaries. Our results for the free
energies extend previous ones [20,21,41] by inclusion of fermionic bulk degrees of free-
dom. In computing the one loop free energies of bosonic and fermionic HS fields in Ad.S,
with S? boundary, we have adopted the modified spectral zeta function method suggested
by [43], thereby reproducing the one loop free energy for bosonic HS fields in a much
simpler way without the ambiguities encountered in [20,41]. We also find that the total
one loop free energy of an infinite tower of bulk fermionic fields vanishes.

Matching the bulk fields with boundary operators suggests that the possible CFT du-
als of Konstein-Vasiliev theories based on hu(m;n|4), ho(m;n|4) and husp(m;n|4),
and subject to HS symmetry preserving boundary conditions, are respectively the U(N),

O(N) and USp(N) singlet sectors of free scalars and free fermions vector representa-
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tions of the bosonic subalgebras conformally coupled to S®. We find that the free energy
of the HS theory may match with that of the free CFT only when the bulk theories are
hu(m;0|4), ho(m;0|4), husp(m; 0|4) Konstein-Vasiliev theories, and with identifications

~ = 7(N + AN) with suitable integers AN. These are generalized Type-A theories
with bosonic scalars on the boundary and bosonic bulk HS fields containing even parity
scalars. Thus, in particular, the free energies for generalized Type-B models with fermions
on the S? boundary and bosonic HS fields including odd parity scalar fields do not match.
The mismatch in the case of m = 0, n = 1 corresponding to the simplest Type-B model has
already been noted in [20] where the one loop free energy F") = —((3)/(872) obtained
in the bulk does not agree with the free energy of Dirac fermions on S® boundary. We have
also calculated the free energies of Konstein-Vasiliev theories in AdS, with Sé x S? bound-
ary. In this case, we find that the free energies of all three families of Konstein-Vasiliev
theories match those of the conjectured dual free CFTs.

Turning to the problem of mismatch in free energies of Type-B model and its con-
jectured dual, one may have to take into account the issue of how to impose the O(N)
invariance condition on the CFT side. A natural way of implementing it is to gauge the
O(N) symmetry by means of vector gauge field with level &£ Chern-Simons kinetic term.
This term breaks parity but the result for the free energy of the parity invariant model can
be obtained in a limit in which the CS gauge field decouples. It has been suggested in [20]
that as the fermions coupled to CS on the boundary give rise to a shift in the level k, it may
not be justified to obtain the result for parity-preserving case by a naive subtraction of CS
contribution from the free energy on the CFT side. However, one expects that this effect
becomes irrelevant in the decoupling limit in which £ — oo. In fact, we have examined
the procedure of decoupling CS in the large % limit by evaluating the S® free energies for
ABJ model based on U(N); x U(1)_j [6,58] and a few A/ = 3 CS matter theories in

which the matter sector consists of fundamental hypermultiplets [59-61]. After subtract-
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ing the contribution from pure CS term, we indeed obtain the free energies of free vector
models. Therefore, the puzzle of free energy mismatch in Type-B remains unresolved and
its solution requires deeper understanding of HS/vector model holography.

We conclude the chapter at this point. In next chapter we will focus on a parallel test

of the HS/CFT duality, by comparing the three-point functions on both sides.
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4. THREE-POINT FUNCTION TESTS OF HS/CFT DUALITIES

In this chapter we compute the tree-level three-point Witten diagrams of HS theories
in AdS, without supersymmetry, and compare them with the known results on the CFT
side [62—64]. More specifically, due to the non-localities present in the HS theories, we
are only able to calculate the three-point functions with one scalar leg. In the pioneered
work [22] the authors have adopted certain special kinematics in the computation of the
three-point Witten diagrams with spins s; — sy — 0 for parity-preserving HS theories,
and have shown that the coefficients of the leading terms (which are functions of s; and
s9 and thus nontrivial) match with the ones on CFT side. We will sharpen and expand
considerably this test. In particular, we provide simplifications of the computations, and
produce the full structures of the HS correlation functions. We also establish nontrivial
new tests of the holography for the parity-violating HS theories.

In the following we first give out our convention for Ad.S, and review the structure of
the CFT correlators in Chern-Simons matter theories, and discuss the general structure of
HS interactions and relation to the Vasiliev equations. We then carry out the computation
of the cubic Witten diagrams and compare the results with the ones in CFTs.

This chapter is based on the work [26] in collaboration with Dr. Ergin Sezgin and Dr.

Evgeny Skvortsov.
4.1 Notation and Conventions in AdS,

We adopt the mostly plus convention for the metric 7,,, = (— + ++), which makes the
Euclidean rotation easier to implement. Choosing 2™ = (X, z) to be Poincare coordinates
with z being the radial coordinate and X the three coordinates along the boundary, the

AdS,-background can be described by vierbein ho‘méY and spin-connection that splits into
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(anti) self-dual parts w(o)mo‘ﬁ and @(D)MQB:

. 1 . i W i
ad ad g,.m af ~af | 2 ~aB _ " zaf | gz
h** = 2,m dx™ | Wiy = 5 dx | Wy = % dzx . 4.1)

The matrices 0©¢ are constant and in our convention they are given by 0%° = (57 ie*?).

We have the relations

~aB | 2 1 |
x =P . % X" = —Exaﬁxaﬁ : O Onad = —2Mmn 4.2)
ad ad e YeY 2 2 2
T =X +tze s =X +2z7, Xij = |Xi — XJ’ . (43)
The inverse vierbein A, = —zo ., obeys the relations

hot P, = O hamahﬁfﬁ- =03 g , (4.4)

and the Ad.S, metric tensor and spin connection are given by

. 1
Gmn = —hpi by, o dx™da™ = —nppdr™da™ 4.5)
- moen 2227
1 O oz
Q= r [w(o)a/gy Y+ Woasl Y +2ha5~y y=| . (4.6)
We use the raising and lowering conventions: X* = €**Xj; and X, = XPeg, with

€ar€”’ = 67, and similar conventions for the dotted indices. We use the convention

€12 = —€21 = 1.
4.2 CFT

In this section we review the general structure of correlation function in three dimen-
sions and list the results available in the literature for free theories and, more generally, for

Chern-Simons matter theories. The advantage of three dimensions is that one can benefit
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from the fact that so(2, 1) ~ sp(2).
4.2.1 General Structure of the Correlators

In three dimensions a traceless rank-s so(2, 1)-tensor is equivalent to a symmetric
rank-2s spin-tensor. It is convenient to contract the Lorentz indices of tensor operators
with auxiliary polarization vectors that are now replaced by polarization spinors, which
we denote by 7 = n®. Therefore, a weight-A, rank-s tensor operator O%' "~ is replaced

by a generating function Ox (x,7):

OR-(x) = 0RO s Oalan) = 08 (e s,

4.7)

Suppose we are given a number of operators O(x;, ;) that are inserted at points x; and
whose tensor indices are contracted with polarization spinors 7%. The conformal group
acts in the usual way. In particular, Lorentz transformations correspond to an Sp(2) matrix

A,” that acts both on coordinates x; and polarization spinors 7’:
P AP Af x*7, N — AP 7}% . (4.8)

It is useful to define the inversion map as

Xaﬁ a i xad ad iz ac
Rpp =225 pgea T X TR gy

x2 2 x2 + 22

X
=,

RX =

X
Then, it is not hard to see that the following structures are conformally invariant [63]:
Py =Rl —x)*ng RP; = Py, (4.10)

j‘k: = 773 (Rlx; —xi] — Rlxy — Xi])aﬁ 77% ) RQ;k = ;k . (4.11)
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There is also one more structure that is parity-odd:

k AYe! \BYyi
o Ma(Xki) s (X)) i i
= ) RSi, = S, . (4.12)

X XikXjk

Any three-point correlation function (O (x;, ') Oz (xa, 7%*)O3(x3,7%)) can be decomposed

into an obvious prefactor times a polynomial in (), P, S structures:

1
<O1(X1,Ul)OQ(X277I2)03(X377]3)> T A ItA—DAs AFA3—As AstAs—A; f(P,Q,S) .
X12 X13 X23

(4.13)

The function f must comply with the spin of the operators and also should not contain any
redundant structures that are possible due to not all of (), P, S being independent. As we
will need only two- and three-point correlation functions, it is convenient to introduce the

following notation

Ql = QEIQ ) QQ = Qi& ) Q3 = le ) S3 = 531 . (414)

The even power of any odd structure is even, which is manifested by [63]

S24+0Q1Qy — PL=0. (4.15)

This is the only relation we need for the s; — s, — 0 correlators. The even structures P, ()

can be identified as the building blocks of the simplest correlators that are completely fixed
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by conformal symmetry

1

(Jsr (X1, M1)Jsy (X2, 12)) ~ XT551,52(P12)51+S2 ; (4.16)
12
i 651, )0 (%2)o (%5)) ~ ———— (@) (4.17)
s1\X1, X X ~ T ) .
J 1,M1)Jo(X2)Jo(X3 X19X23X31 1

where we assumed that j, is the spin-s conserved tensor and the weight of scalar operator
Jjo is A = 1. The conservation of currents can be imposed with the help of a simple third
order operator:

2 0
0N Ong 0x8

div (4.18)

4.2.2 Free Boson

The simplest example of duality is between the (non)-minimal the Type-A HS gravity
and (U(N)) O(N) free scalars. Dropping the canonical normalization factors, the two-

point functions for the U (V) case are
1
U(N): (0a(x)8°(0)) = 5gm : (4.19)

where a,b = 1,..., N. As is well known [22, 65, 66], it is convenient to pack the HS

currents into generating functions

Jn) = flu0)ga(x)d ()| u= "0 0, v=gu" 0, . (420)

X; =X

The conservation of the current implies a simple differential equation for f. The most
convenient formulae are obtained [66,67] with the help of an auxiliary generating function

C(n|z) for the derivatives of the scalar field. It obeys 9,3C* = £0,05C“, which is solved
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by C* = cos [26”/ 4\/6} ¢*(x). The generating function of the HS currents then has a

simple factorized form:

§(x,m) = Cu(u)C(—v) = cos[2¢™*\/u] cos[2e™/* /=] pq (x1) % (x2) . 421

X; =X

The two-point function of the currents is then

o ) ) 11
(Gsds) . = (J(x1,m)j(x2,m2)) = 5 cosh (2Py2) (4.22)
12

where we introduced a shorthand notation js for j(x;,7;) and the arguments are in ac-
cordance with its position inside the brackets; f.b. refers to “free boson". Sometimes we
have to distinguish the first member of the family j, = ¢,(x)$®(x) from the others. The

simplest three-point function, which is fixed by the symmetry, is

o 2 1
s b = ——COS (35 . 4.23)
(JsJodo) f m—— (3Q1)

The three-point functions with two HS currents are assembled into

o 2
(Jsjsjo) fb. = a——— (%Ql + %Qg) cos Py . (4.24)
12X13X23

The three-point functions of the three HS currents are [68] (see also [63,67,69-71]):

o 2
(Jsdsds) f6. = m—— (2Q1 + 3Q2 + 3Q3) cos(Pra) cos(Pas) cos(Py) . (4.25)
12X23X31
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It is also useful to consider the case of U (N )-singlet constraint with leftover U (M) global

symmetry. The generating function is

o 2 ;
(Jsjsjo) fb. = —————exp [—g(Ql + Q2)} cos P . (4.26)
X12X13X23

This is the most general case, all others being simple truncations. Imposing the bose
symmetry we get (4.24). Truncation to even spins only gives the O(N) case.
4.2.3 Free Fermion

The second example is the duality of the Type-B theory and a theory of free U(N) or

USp(N) fermions, of which we consider the former. The two-point function is

~ 1xX- "a 1
UN): (P aa(YUH(0)) = 15— = 20?72 . (4.27)
2 [xf?
HS currents are constructed analogously
(%) = flu, o) nvg(xa)as(x2)| (4.28)

X=X

and again the useful trick is to pack the derivatives into C as follows
OupC = £0,05C" O = - sin 2"/ /u] Y2 (x)n* . (4.29)

The generating function of the HS currents has the factorized form:

J(n,x) = C%u)Cy(—v) = \/1_ sin [26”/4 u| sin [26”/4\/—_1)] P (x1)1ap(x2)

—Uuv Xi=X

(4.30)
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The two-point function is normalized in the same way as that of the free boson:

- 11 ~ = 1
(Jsjs)t.5. = 5){712 cosh (2Py2) , (JoJo) f.p. = yl (4.31)

where f.f. refers to “free fermion". Here the scalar singlet operator
Jo = V°)° (4.32)

has dimension 2 and is not captured by the generating function above. The three-point

function of j, vanishes due to parity

(jojojo)s.z. = 0. (4.33)

For the other cases we find (see also [63,67,69-71]):

2cos(3Q1 + 3Q2)

(Jsdsio)s.s. = s Sy sin Py (4.34)
X23X13
-~ 2sin 10,
's.70.] =—2° 4.35
(JsJodo) 1.1. X12X§3X31Q1 , (4.35)
and
<]s]s]s>f.f. = - SlH(%Ql + %QQ + %Qg) SlIl(P12) SlIl(PQg) SlIl(P31) . (436)
X12X923X31

Note that the expression for the correlators of j, is valid for s > 1 only, while any insertion
of jo should be treated separately. Again, it is useful to work with the free fermion with

leftover U (M) global symmetry and the generating function is

. . 2 Z Z .
(Jsisjo)r.f. = o exp(5Q1 + 5Q2)S3sin Py . (4.37)
23X13
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4.2.4 Critical Boson

Critical Boson theory is the IR fixed point under a double-trace deformation (¢?)?. The
regime that is relevant for AdS/CFT is the large- N, see e.g. [72,73] for the systematic 1/N
expansion. To the leading order in 1/N the correlation function of HS currents j,, s > 0
stays the same as in the free boson theory, i.e. (4.25). The dimension of the lowest singlet
operator ¢*, which is usually dubbed o, jumps from 1 for free boson to 2 + O(1/N) for
critical one. Therefore, the spectrum of the singlet operators in the critical boson theory
looks like that of the free fermion in N = oo limit. For this reason the scalar singlet is
denoted as jo. Correlation functions with a number of j, insertions are related to those
in the free boson theory by attaching propagators of the o-field. In [64] the three-point
functions (j, j323o> were fixed by employing the non-conservation equation in the Chern-

Simons matter theories. The result is

~ 1 P2 k
As ‘82 ‘ chb. = Js1,80 79 5 o 2 A 12 s 4.38
Undedier = Fovss g (@) (@) T (s @38)

where c.b. refers to “critical boson", f;, s, is a overall spin-dependent factor and the coef-

ficients obey A_; = 0, Ay = 1 and the rest are generated via

A1 (s18a+(2n—1—51)2n—1—53) —=bn+4)) — 24, o(n —s1 — 2)(n — $5 — 2)

An = n(2n —1)

The coefficients f;, s, depend on normalization of (jsjs)ep two-point functions. We

choose the same normalization as in the free boson theory (4.22), which gives:

jS1+s2 2*81*82+2

D(sit3)T(s243)

fsi0 = — (4.39)
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4.2.5 Critical Fermion

Critical fermion is the Gross-Neveu model, i.e. free fermion with (zﬁcg/z)z—deformation
added. The large-/N expansion works fine despite the apparent non-renormalizability of
the interactions, see e.g. [74,75]. Again, the correlation functions of HS currents j,, s > 0
are the same as in the free fermion theory (4.36) to the leading order in 1/N, while the
dimension of & = 1) jumps from 2 in the free theory to 1 4+ O(1/N) in the Gross-Neveu
one. Therefore, the spectrum of singlet operators looks like that of the free boson theory
in the N = oo limit and we use the same notation j, for ¢1). The three-point functions
(Js,Js,J0) were found in [64] to have the form:

P
Q1Q2

k
) ,  (440)

X13X23X12

S 1 51— -
(o Jando)e.t. = Ganss ————S3P12(Q1)" Q)™ Y Ay (
k

where c. f. refers to “critical fermion", A_; = 0, A = 1 and the rest of Ay is generated

via

8Ap o(—n+s1+1)(—n+sy+1) =44, 1((2n —s1 —1)(2n — sg — 1) + n + $152)
An(2n + 1) '

Ay =~

The overall factor in our normalization is

§s1ts29—s1—s2+2 141
ST T )Tt ) an

4.2.6 Chern-Simons Matter Theories

There are four theories that are obtained by coupling the free/critical boson/fermion
theories discussed above to Chern-Simons gauge field. The conjecture of three-dimensional
bosonization is that they are equivalent in pairs under an appropriate identification of pa-

rameters N and A\ = N/k. We are interested in (], js,jo) and (s, js,Jo) correlators, which
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are constrained to be [62]:

<j81j82j0>B- = N [Cose<j81j82j0>f-b- + Sin9<j81j82j0>0dd] ) (4423.)

<js1j3230>F. =N [0059<j81j82}0>f.f. + Sin9<j81j8230>odd} ) (4.42b)

where B. and F' refer to CS-boson and CS-fermion, respectively. Here N and 6 are two
macroscopical parameters and we recall that cos? § = 1/(1 + A2). This result holds true to
the leading order in N but to all orders in X. The expressions in terms of the microscopical
parameters depend on type of theory and on N, A = N/k. We can work with N and 0
since their microscopical origin is invisible from the bulk. Note that the odd structures are
different in the two cases (they even have different conformal dimensions due to j, and
Jo). In fact the two odd structures can be found as the regular correlators on the opposite

side of the bosonization duality:

<j51j52j0>odd = <j51j52j0>c.f. ) <j51j8250>0dd = <j81j8230>6-b- . (4-43)

As far as (j, js,jo) correlators are concerned, all the results reviewed in the previous sec-
tions follow from (4.42) and this is the structure we would like to reproduce from the bulk
side, including the details of the correlators and normalization factors. Note that the term
‘parity odd correlator’ corresponding to the second part of (4.42) may not have anything to
do with parity, in view of (4.43). For example, the usual parity even correlator (j jst)c.b.
in the critical boson theory appears to be odd from the point of view of the dual fermionic

theory.
4.3 Higher Spin Interactions

We briefly review the structure of the equations that results from the Vasiliev equa-

tions [35]. For more detailed reviews, we refer to [38,42,76]. The corrections to the free
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equations that are bilinear in the fields were worked out in [22,76—78]. The main conclu-
sion that is based on [22,78] is that, up to quadratic order, the Klein-Gordon equation is
sourced by two type of terms. One part is fixed by the HS algebra and is local enough for
the computation of the correlation functions using field theory tools. A second part gives
rise to infinities, though a proposal has been made [79] on how to obtain finite results by
a set of field redefinitions. While our computations will mostly be based on the use of
the first part, we shall nonetheless test this proposal as well in Section 4.5, and comment
further about it in Section 4.7.

The convenient field variables that a HS theory can be built with are the Fronsdal fields.
The Vasiliev equations yield first order differential equations, which upon solving for the
auxiliary fields give equations in term of the Fronsdal fields and an infinitely many of
differential consequences of these equations, which we drop.

For the purpose of computing tree-level Witten diagrams it is sufficient to impose the

transverse and traceless gauge. Then the 4d free Fronsdal equations for spins s > 1 read:
(O+2(s*=25=2)) Py, =0, Pumym, =0, V2Ppuy s =0. (444)

To make a link to the frame-like and then to the unfolded formulation of the 4d HS theories
we replace a set of the traceless world tensors ®,, ., With the generating function in the

spinorial language as

— 1 a ag —0p Q4
Oy, glz) =D == Pay.awinan (1) Y y™ GG (4.45)
Then the gauge-fixed Fronsdal equations, as recovered from the 4d HS theory, read:

(O+2(N*=2N-2))®=0, (9V0)® =0, (4.46)
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where N is the number operator N = y*d, that counts spin (equivalently we can use
N = §%9,). The last equation manifests the transverse gauge.

In the unfolded approach [80], a specific multiplet of HS fields is packed into gen-
erating functions w and C' that take values in a HS algebra. In our case the relevant HS
algebra [81] is the even part of the Weyl algebra A,. It is convenient to split the four

generators of A, into (anti)-fundamentals of si(2, C)
[gom gﬁ] - Qieaﬁ 3 [ﬁd) ﬁﬁ] - Qieaﬁ' . (447)

In practice, non-commuting operators ), and 7, are replaced by commuting variables 7,

1o While the product is replaced with the star product

— — —

7)) — = . Oéﬁ alB .
(fx9)(5,9) = f.9) expi | 526 5 5+ 5oz =

9(y, ) - (4.48)

The bosonic higher spin algebra is defined as the even subalgebra, i.e. f(y,y) € hs implies
fy,y) = f(—y,—y). It is straightforward to tensor any higher spin algebra with matrix
algebra as to get U (V) extension, for example. The SUSY case are studied in [24].

The field content consists of one-form w = wy,(y, y|r) dz™ and zero-form C' =
C(y,y|z). In free theory the Fronsdal fields can be identified with certain components

of w, which in the traceless gauge is

h*0,0:@(y, jlz) € w(y, y|z) (4.49)

w and C' obey the following linearized equations, known as the on mass-shell theorem
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(OMST) [80],
Dw=V(Q,Q,C), DC=0, (4.50)
where V(€2, €2, C) is a star function quadratic in 2 and linear in C, and

Dw=dw—Qxw—w*Q=Vw—h*(y,04 + Ya0a) W , 4.51)

DC =dC — QxC + Cx7(Q) = VC + ih® (yale — 0ada) C . (4.52)

The AdS, connection €2 is defined in section 4.1, and the Lorentz covariant derivative acts

in the same way on w(y, y|z) and C(y, y|x) as
V = d—wyads — &g 7a0; - (4.53)

The difference between D and D is due to automorphism 7: (), 9) = fly,—y) =
f(—=y,y). The vertex that relates the order-s curl of the Fronsdal field to the HS Weyl

tensors reads
V(Q,9,0) = A[H0,95C(y, 00~ + HY0,9,0(0, )¢ , (4.54)

where H*® = h®. AhP7, and analogously for [ 48 The constant A is an arbitrary normal-
ization factor that we choose to be A = i/4. The linearized equations (4.50) are invariant

under the linearized HS gauge transformations
dw = D¢, 0C =0. (4.55)

Equations (4.50) are equivalent to Fronsdal equations supplemented with differential con-
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sequences thereof. Up to the second order the unfolded equations should have the follow-

ing schematic form

dw =w*w+ V(w,w,C) + V*(w,w,C,C) + O(C?), (4.56a)

dC =w*C — C*m(w) +Uw,C,C) + O(C?), (4.56b)

where the vertices V? and I need to be specified. The free equations result upon substi-

tuting w — () + w and picking the terms that are linear in w and C"
Dw® = V(,Q,CcW) | DCW =0, (4.57)
At the second order the weak-field expansion over the AdS background leads to

Dw® —V(Q,Q,C%) = w® % w® + V(Q,w cD) £ Y(Q,Q,CcY V) | (4.58)

DO — W, oM _ oM *W(w(l)) +V(9, 0(1)7 C(l)) ) (4.59)

We see that the second order fluctuations are sourced by the terms that are bilinear in the
first order fluctuations. The terms that are bilinear in the zero-forms, the CC-terms for
short, can be non-local. The part of the equations that does not have any problems with

locality comes from the commutator in the HS algebra
DC® = M« M — W w r(WV) + O(C?) . (4.60)

For some values of spins we do not expect the C'C-terms to contribute. Indeed, when one
of the legs is scalar, there is a unique (parity-preserving) coupling s; — so — 0, [82]. It is
non-abelian whenever s; # s, and is abelian for s; = s,.

Let us note that the computation of correlators from the equations of motion that are not
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derived from an action principle does not guarantee the bose symmetry of the correlators
under the permutation of the points. The same correlator (75, js,jo) can be obtained in two
different ways: either by treating j,, 75, as sources and then solving for the scalar field or
by treating js,, jo as sources and solving for the spin-s; Weyl tensor. Both computations
are possible with (4.60). It was checked in [22] for the leading coefficients that the two
ways of getting the same correlator give a bose symmetric correlator.

Lastly, Eq.(4.60) remains consistent if the fields w, C' are extended to matrix-valued
fields. This way one can introduce Yang-Mills groups on top of the HS algebra. On the
CFT side this should correspond to leftover global symmetries, i.e. those symmetries that

remain after the singlet constraint is imposed.
4.4 Kinematics of the Boundary-to-Bulk Propagators

In this section we discuss the boundary-to-bulk propagators for HS fields. The problem
has been extensively studied starting from the lower spin fields, see e.g. [83]. Specifically,
we need the unfolded propagators, i.e. the propagators for the Fronsdal fields supple-
mented with derivatives thereof as to obey the free equations (4.50). In some form the
unfolded propagators were found in [22]. In [70] it was observed that the propagators are

simple functions that depend on a few universal geometrical data, which is the spinorial

analog of [84].
4.4.1 Definitions

One of the basic objects is the Witten bulk-to-boundary propagator for the scalar field

from the bulk point 2™ = (x’, 2) to the boundary point x,

K= (4.61)
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We often set x, = 0 in this section as the generic point can be recovered thanks to the three-
dimensional Poincaré invariance. The propagator is the boundary limit of the geodesic
distance, which the bulk-to-bulk propagator should depend on. It obeys the regular (A =
1) boundary condition. The propagator /K can be used to define a wave-vector, which turns

into bi-spinor /¢ in the 4d spinorial language:

din K = F h (4.62)
where
76 2z ad x* — 2* s
Fos — <X2 S = e > . (4.63)

It will play the same role as the on-shell momentum p plays for €”® and is the boundary
limit of the vector that is tangent to the geodesic connecting two bulk points. There also

exist the parallel-transport bi-spinors I1? and I1%° given by

1 -y 1 . .
Haﬂ — K <ﬁ XOZB + \/EZEQB) ’ Haﬂ — K <ﬁxa,3 - \/EZGOZB) — (Haﬁ)‘l' 7 (464)
that allow one to propagate the boundary polarization spinors into the bulk:

£ =M"pget™t, &= () =0%nze 't (4.65)

This is the full set of the data that any propagator can depend on. The set is closed under

covariant derivatives:
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and the parallel transported spinors obey
VEY — F* 6057 =0, VEY — Fs%¢h% = 0. (4.67)

In practice it is useful to rewrite the Lorentz-covariant derivatives with all indices being

explicit:

Ve = KFoi, Vaals = Fpaa s Vaals = Fopla, VaaFss = 2€apess + FoaFyp .
(4.68)

As a consequence of the differential constraints above one also finds
O-4HYK =0, (O-6)F**=0, (O0-4)¢*=0, (O0-4)E*=0. (4.69

4.4.2 Algebraic Identities

The quantities defined above obey several algebraic identities. The wave-vector satis-

fies
FoOFB, =B pedp B _ (af (4.70)

It behaves in many respects as a ’symplectic’ structure that converts the dotted and undot-

ted indices to each other as follows

Fo TP = 4117 FAIDP = —1%,  T°, 0% = —iKF*,  (4.71)

£ = Fog &%, ¥ =EOF," . (4.72)
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The parallel-transport bi-spinors I1*? and I1%” obey identities similar to (4.70):

M7, = Ke™ | %M, = Ke*? | 4.73)

I7°Tl,7 = Ke* | [T, = Ke (4.74)
There are also useful identities involving the one-form h** = daz™h%:

(F-R)F 4 ho% = Fo, PRyt (4.75)

(F - R)E* + (F*y hg' — Fph®")EP =0, (4.76)

which result from the fact that anti-symmetrization over any three spinorial indices van-

ishes identically.
4.4.3 Inversion Map

The basic computational tool we will employ is based on the inversion trick [85]. For
that reason it is important to know the transformation properties of the variables defined
above under the inversion isometry of AdSs. Since the boundary-to-bulk objects K, F,
¢ and ¢ depend both on the bulk point, on the boundary point and polarization spinor 7,
the inversion map on the AdS-side should be accompanied by the inversion map on the

boundary. Using the inversion map rules (4.9), we derive the following transformation
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properties:

K(R(x,2); Rx;) = X K(x, 2;%;) (4.77a)

M (R(x, 2); R(x;)) = —J% T (x, 2;%,)x7 | (4.77D)
EY(R(x, 2); R(xi,mi)) = +iJ% €7 (x, 2;%4, ) (4.77¢)
§H(R(x, 2); Rixiymi)) = =i, € (x, 230, mi) (4.77d)
FO(R(x, 2); R(x;)) = J4 J 5% FP(x, 2;%,) | (4.77¢)

where we defined J*¢ as

$aa Xaa _+_ izeaa

JoY = = ,
N Vx2 4+ 22

Jo I = e (4.78)

4.5 Vertices and Propagators

In this section we discuss the boundary-to-bulk propagators for HS fields and evaluate

the vertex (4.60) on the propagators.
4.5.1 Propagators

With the help of the geometric objects introduced in Section 4.4 it is very easy to
construct propagators. First of all, there is a unique expression for the Fronsdal field
propagator:

ls]T(s]

®a(s)7d(s) = —20%A F[QS]

[K&a)ats)] (4.79)

where A is the factor from the free unfolded equations (4.54), ¢ is a parameter that counts

spin, the I'-functions will be explained later as the most convenient normalization.
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In practice we need the propagators for w and C' fields that enter the unfolded equa-
tions. These fields encode derivatives of the Fronsdal field. The propagators can be written

in a very compact form as’

1
W= _202AKho¢d§a€d/ dt expi[atyafa - (1 - t)o—gdgd] >
0
C = K expi[—yaF*“Ja + 0y*Ea + 0] + K expi[—ya F*Ja — 07 6a — 0], (4.80)

= K expi[—ya F* g + oy®q + 0] + hec.

where A is a constant that is related to the normalization of the free unfolded equations

(4.54). The h.c. operation is defined as
h.c.(§) = =€, h.c.(0) = —0 (4.81)

and o is just a factor that counts spins, so can be put to one or any o(s). We will fix this

normalization later.
4.5.2 Vertices

Let us remind that the equation we will extract the correlation function from is
DC® =wxC — Cxr(w) + OC?), (4.82)

where we evaluate the r.h.s. on the propagators and then solve for the Klein-Gordon equa-

tion. Expanding the master zero-form C' as

Cly,ylz) = ¢(x) + Gaal(x)y y* + -, (4.83)

"The unfolded propagators were first found in [22] in a different form, especially the w propagator where
the gauge ambiguity is essential. The C' propagator was cast into the form below in [70], see also [68,69,71].
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the Klein-Gordon equation with a source is hidden in the first order form:

Ao — ihaad™® = R Py | (4.84)
Vo + ho%g 4 .. = hﬁﬁpgg : (4.85)

where the one-form P = h®“P,,, denotes the source built out of the free fields:
P=w*xC—Cxr(w) (4.86)
and we need the first two Taylor coefficients only:
P—pealp. 4 Pff Ysis | (4.87)

The first constraint can be solved for the auxiliary field ¢** and the result then plugged

into the second one to get the Klein-Gordon equation with a source [18]:

(O —4)¢ = [vadpad + z'aaadpad} (4.882)

y,y=0

Since the propagators are known, we can get the source explicitly as

1
(O—4)¢ = —4AK1K2/ dt [(1+ he.)(1+mg) (w+it(1 — t)w® +itwé &) B]
0

(4.88b)
B =expi[t(l —t)w + t&& + 0], (4.88¢)
w= (& F), (4.88d)
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where K7, & refer to w and K, &, F5 to C', and

(&162) = 56 (&Fé1) = &1 F s - (4.89)

Here m¢ is the twist map that is now realized on & (or £ due to the bosonic projection),
T(w) = w(=£,€) = w(&, —E). The appearance of ¢, is responsible for the difference
between HS fields with and without additional Yang-Mills groups. If we keep ¢, then in
the dual CFT the correlators (js, 75, jo) Will vanish for s; + s, odd. If we drop ¢, then on
the CFT side (js, js,j0) does not vanish for s; + s, odd and therefore we have a leftover
global symmetry group. The latter case is more general and is easier to deal with.

On expanding the generating function (4.88b) and picking the terms of spins s; from

w and s, from C we find the vertex evaluated on the propagators in a very simple form?

(O-4)¢ = —4AK 1Ky > Vi a0 (4.90a)

Vit0,0 = Uspsp0 [(61F2&1) "2 (662)*%e” + hc] | (4.90b)
'51+52—1F 1

Uy 00 = ° (s1+s2+1) (4.90c)

T(251)T (25 + 1)

for s; > s5. As we already commented in the Introduction, the vertex above can be used to
obtain 0 — s; — sy correlators for s; # s9, but extrapolation to s; = so will give the correct
answer too since the correlation function depends smoothly on spins. Nevertheless, the
0 — s — s correlators should originate from the C'C-terms in (4.56b), which previously

gave infinite result [22, 86]. Therefore, we would like to use the proposal of [79], where

1This vertex is also present in [22], but it does not seem to have such a simple form as below, which
should be related to the w propagator being in a different gauge.
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the new C'C-terms are

1 L dudv 5. 56 &
u(.0.0) = 7 [ dr [ GG hogy lri+ (1= )0l Clry. g+ 0)C((1 = 7). 5 +7)

+h.c. 4.91)
A simple computation along the lines above gives®
(O-4)¢ = —4AK Ky Y Vo (4.92)

Therefore, the 0 — s — s vertex turns out to have the same form as the naive extrapolation
of (4.90) and will give the correct answer without any additional computation needed once

(4.90) is shown to be correct.
4.6 Computation of the Cubic Amplitude

From the bulk vertex (4.90b), the Witten diagram amplitude for (Jg, J, Jo) for s; > 9

is obtained as

(Joy (x1,m1) sy (X2, m2) Jo(X3) ) s, = (—4A)Cs, C55Co Vs, 59,0 X
(4.93)

3
* / DXL KB () M6 P ) (6676 + (6.6)77e™),

where

K; = K(X —Xz‘,z) ) Fiad = Fad(x - Xiaz) , &= fa(X - Xiaz;ni) ) f_za = gd(X —Xiazﬂh‘) .
(4.94)

$The issue of #-dependence is unclear to us since in [79] it was proposed to take the N' = 2 supersym-
metric HS model and truncate it to the bosonic one using the boundary conditions that contain #-dependence.
Nevertheless, our bosonic truncation which does not rely on imposition of #-dependent boundary conditions
gives the right answer.
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The factor (—4A) in (4.93) does not have any physical meaning and is an arbitrary nor-

malization factor between w and C' in (4.54). For convenience, we reproduce the factor

’L.lerSQilF(Sl —+ 89 + ].)

51,8 = 4.95
Usisa0 = TR T (25, 4 1) (4.99)

Also, we introduced normalization factors ¢, for each of the three fields. These cannot
be fixed from the equations of motion and correspond to a freedom on the CFT side to
normalize at will the two-point functions (j7js). Lastly, there are two options for boundary
conditions on the scalar fields: A =1 and A = 2.

The three-point integrals are doable in principle due to the fact that one can always
‘scalarize’ the integrand by representing all z**-factors as derivatives with respect to the
boundary points x;. The scalar three-point integral was done long ago in [85]. The problem
is to scalarize in the most efficient way as to break as less symmetries as possible. We
extend the inversion method of [85] to our case. Firstly, using the translation invariance
we can set x; = (. Then, we apply the inversion map both to the boundary and bulk data.

As a result the basic structures that enter the integrand drastically simplify:

Pxdz  d3xdz
%

o T (4.96a)

Ki— 2, (4.96b)

Ka3 = X353 , (4.96¢)

(E1F%E1) — 22 Ko (x — xo)m] = —22K5T)y (4.96d)
(E2F16a) — 2EG[ma(x — xo)10] = —2K3Tho (4.96¢)
(£182) + (£162) = —22K(mmp) | (4.96f)
(&1&2) — (&162) — 20F[m(x — xo)1p] = —2i K5 s (4.96g)
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where we defined

Ty = —[n(x — x2)*"m})] 4.97)

and we will use the same notation for the variables after the inversion is applied. Our
strategy is to rewrite the integrand in terms of simple differential operators acting on a

scalar integrand

/ d?;dz 2(K) (K3)™ = (x23)* " * Lo (4.98)
where
o 7327 (%(a+b—A))F(%(a—b+A))P(§( a+b+A)T (la+b+A—3)) %)
e 20 (a)D(0)D(A) &+

There are three operators that can be immediately observed to generate the same structures

that occur under the integral sign:

0
On = (mdym) = e s On=(mdup), On=(pdmp). (4.100)
X2

The operators act on K factors only and yield:

(K2)* 0
O;if(Ks) = K,)T;; . 4.101
T () = =2 () @.101)
There is one relation between 7;; that is the bulk analog of the 53 2+ 01Q, — 2 =0
relation:
(le)2 =TTy + ng(ﬁmg)? . (4.102)
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The integrand can be represented as a function of O,; and (7),7)2) acting on the scalar
integrand, and there is more than one way to do so due to the identity above. Then,

the integral can be done and one is left with the same functional acting on some powers

of |xo3], which clearly generates some function of the conformally invariant structures

resulting from setting x; = 0 followed by the inversion map:

1
X23 = — (4.103a)
X2.3
Xo3 — —2 (4.103b)
X9X3
Py — (mng) , (4.103¢)
Q1 — —[mx23m] , (4.103d)
1
Qo — + [n2Xa372] = (4.103e)
X293
1
S3 — + [MmXasna)] — . (4.103f)
X923

It is convenient to use the same notation 7;; for the corresponding structures on the bound-
ary T;; = [nixq3n;] since they arise under the action of O;; on xy3 resulting from the
integral. In other words, if O;; applied to the 1.h.s. (4.98), it generates bulk 7;; defined in
(4.97), and if O;; acts on the r.h.s. of (4.98), it generates the boundary 7;;.

4.6.1 Leading Coefficients

Our goal 1s to reproduce the full structure of the three-point functions. However, it is
useful to perform a few simple checks of the duality that do not require establishing a full
dictionary between bulk and boundary. It is clear that O,; operators when applied one after

another produce

ni no n. a F a + n a-+n 1 uyj .
011 0120223(K2) = ;T[a]]a{?) * T T3 Ty + 0(7717]2> ) (4.104)
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where n = n; + ny + ng. Therefore, up to Pj,-terms, which are represented by O(1;72)
after the inversion, the bulk computation amounts to pulling out the 7;; structures as pow-
ers of O;;, computing the scalar integral and then pushing the O;; factors in. In the last
step operators O;; act on X3 resulting from the bulk integral and generate (); » modulo
Q1Q2 ~ —53.

Type-A, A = 1:

In the case of A = 1 and § = 0 a simple computation gives:

<J31(X17nl)J82(X27772)J0(X3>>h.s. = <_4A)65103200 U81,82,OISA1,2521,0 X [(Ql)sl(QQ)sz + O(Pw)] )

(4.105)
where I, 5, o 18 the factor that comes from the bulk
s1+s s1
51,52,0 51F (% - 52) F(Sl + 52+ 1)

This should be compared with the generating function (4.24) in free boson theory: ¥

<Jsl<xl,n1>Jsz<X2,n2>Jo<X3>>fAb.=L(1)51 Tl @) (00 + 0(Py)]

X12X23X13 \ 2 51!s5!

(4.107)

Since the normalization of the boundary-to-bulk propagators is not yet fixed, we should
compare two function of sy, o, the bulk result and the CFT result, up to a product of
functions of s; and s; separately. In doing so we can find that the normalization factor is
48
Cs = —— . (4.108)

™

YWhat we compute would correspond to the dual theory with U(M) global symmetry (4.26). The same
comment applies to all correlators below.
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With this normalization we have a perfect match up to the terms of order (1;72) = Pja,

namely

<J81 (X1,7]1)J52 (X27772)J0<X3)>h~8~ = <J81 (Xh 7]1>J82(X27772>J0<X3)>f.b. + O(PIZ) .

(4.109)
Type-B, A = 2:
The same computation but for A = 2 and § = 7/2 leads to
(Jsy (x1, 1) Sy (x2,m2) Jo (x3) ) s
=(—4A) ¢, €580 V1 52,015, 00 [(@1)7H(Q2) 7 PraSs + O(P)] (4.110)

Here we assumed that the normalization of the scalar field propagator ¢, can be different
from cy due to the change in boundary conditions. The bulk integral and other factors

combine into [ SAIZSS o as follows

e _ s ()" ()T (s )

4.111
81820 F(%_SQ)F(51+52+1> ( )

We note that one factor of P jumps out of the integral and the subleading terms are
of order PZ,. The result should be compared with the generating function (4.34) in free

fermion theory:

(Jsy (%1, M) Jsy (X2, m2) Jo(X3)) 1.1

's1 +50—2 2

X23X1 251%9272 (51 — 1)l — 1)

[(Q)" 1 (@2)2 'S5 P2+ O(Ph)] . (4.112)
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We find the two results to agree, namely

Co

(s (%1, M) sy (X2, m2) Jo(X3) ) s, = —a<<]sl (%1, M) sy (X2, m2) Jo(x3)) .. + O(Pr2) -

(4.113)

Once the normalization factors c, are fixed by the Type-A duality the match just ob-
served is even more nontrivial because the only freedom that we have is an overall spin-
independent factor.| The canonical normalization of the scalar field propagators [85] is

such that ¢y /cy = —2.
4.6.2 Complete Dictionary

We would like to reproduce the full structure of CFT correlators. The idea is to take the
subleading terms into account and express the bulk integrand as the action of a differential
operator in O;; on the scalar integrand. The operators O;; produce 7;; and the subleading

terms are obtained due to

1
O1Th = (771772)2 ) 0911 = (771772)2 ) 012112 = —5(771772)2 . (4.114)

Operators O;; commute with each other. Moreover, O;; does not produce any subleading

terms at all. Then the action of any power of, say O;,, can be evaluated starting from

(X = x93)

0 1 0

O12f(X2,T12) = (—Tm@ - 5(771772)28T12) f(X27T12) s (4.115)

IThe generating functions of the HS currents built out of free bosons and fermions, which were intro-
duced in Section 4.2, are components of the supermultiplet of HS currents. Therefore, the normalization of
the HS currents in free boson and free fermion are naturally related to each other.
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and exponentiating it as

2

t —Qa
exp|[tO12] (XQ)_G = (x2 — tTy9 + 2(771772)2) , (4.116)

which leads to Gegenbauer polynomials:

— nl(a —k +n)
AREIT (a)(n — 2k)!

(On2)"(x%) ™" =D AL ()™ (Tha) "2 (%) (40 A" = (
k

4.117)

In particular, we find (4.104)

—a F a _|_ n —(arn n
(OIZ)n(X2) = %(X% (at )<T12) + 0(771772) . (4118)
In fact, we will use the inversion formula:
Ila+ k —n|n!
B&™ 2k O n—2k( 2\—(at+k-n) _ (,2\—a RK B — 2k )

kz:% k (771772) ( 12) (X ) (X ) ( 12) ) k F[a]4kk'(n _ Qk)'(n1772)

4.119)

The same formula works in the bulk if we replace |x*|~! by K5/z and T}; by the bulk
T;; (4.97) which we happen to denote by the same symbol, as explained below (4.103).

Therefore, any 775 structure can also be factored out.
4.6.3 Complete Three-Point Functions

We can now compute (4.93) for general 6. The choice A = 1 should be compared with
CS-boson and A = 2 with CS-fermion.
The computation is now reduced to the following simple steps: (i) express the integrand

in terms of (£,&) & (£,&,); (ii) apply the inversion map and express the integrand in terms
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of T..;

ij5 (111) 171 1s factored out immediately, while 77, is pull out with the help of (4.119)

as certain polynomial in O5; (iv) the integral can be done; (v) the operators O;; should be
evaluated in terms of 7;;, which is easy for O;; and we use (4.117) for O,2; (vi) powers of
T;; should be replaced by ()1, Q2, P12, Ss.

As the first step we need the following simple identity, which reveals the dependence

on 6 of the final result as well as how it splits into parity-even and parity-odd structures:

[(£16)%2€" + (£26)%2e7")

2 cos 0 X3 313
=30 SR Ge) T GE M 66) - GE @120)

6 c R
+Z 22:;21 022;11[(5152) (5152)]252_%_1[(5162) _ (5152)}%-1-1 '
k

Since the #-dependence is fixed, in computing the correlation functions it is sufficient to
choose either # = 0 or § = 7/2 and for each of these cases to consider the A = 1 and
A = 2 boundary conditions for the scalar field. Therefore, we need to compute four bulk
integrals. In fact, these terms can be computed in the parity even Type-A,B theories but
with different choice of boundary conditions for the scalar field, see also the end of Section
4.2.6.

The comment that applies to all the cases considered below is that the generating func-
tions of correlators depend smoothly on spins and therefore it should be possible to ex-
trapolate the result in the case of s; > s, to the case of s; = 55, which is an argument used
in [22]. The assumption s; > s9 was used to pick only wg, C;, terms and for the opposite
situation we find contribution from w;,C,, which is the same. Therefore, the computation
below covers all possible s; and s5.

Another comment is that the results we obtain in the bulk are valid for the case of U (V)

CFT’s that have HS currents with all integer spins (there are only HS currents with even
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spin in the O(N) case). Also, the bulk results are valid for the case of the leftover global

symmetry on the CFT side. The projection onto the singlet sector is trivial and can be

obtained by taking the bose symmetric part of the correlator, as discussed in Section 4.5.2.

It should be noted that the result of [64], which we will compare the AdS/CFT correlators

with, were obtained assuming that the prediction of the slightly broken HS symmetry [62]

extends to all integers spins and possibly to the case of leftover global symmetries.
Type-A, Free Boson:

The integral corresponding to A = 1 and # = 0 is given by

<J51 (Xl’ 771)‘]82 (X27 772)‘]0(X3>>hAs 1o=0 ( 4‘4)65168200 Usy,82,0

3X _ _ _
< [ KK e R N 2 2 ((66) + G (6 — (GE) .

1%
(4.121)

The final result for the right hand side of this equation is the following triple sum

e (1)t st IR (2(—k 4 51 + 89))T (=i + k + 51 — 59+ 1)
Viljl(2s1 — 1)1(2s9 — 2k)/(—i + 2s1)!/(—i — j + k)!

i+j—k+ —i—j+k
PP (P - 1))

’

(4.122)

X12X13X23

where we undid the inversion map. This expression can be supplemented with the s, > 51
contribution, extended to diagonal s; = s, as we explained above, then summed over

spins as to build a generating function. This gives the result:

2

X12X13X23

exp (5Q1 + 5Q2) cos Pra . (4.123)
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This matches exactly the CFT three-point function:

(Joy (x1, 1) Ty (32, 72) Jo(x3) )5 00 = (T (x0,m1) Ty (%2, m2) Jo(X3) ) - (4.124)

This result is slightly new as we managed to reproduce the full structure of the CFT cor-
relators from the local HS equations where the field theory methods can be applied, and
we note that no regularization of infinities is required. The leading coefficients were found
in [22] and the same generating function resulted from the non-local C'C-terms after some
regularization in [68].

Type-B, Free Fermion:

The integral corresponding to A = 2 and 6 = /2 reads

A=2,0= ~
<J81 (Xl 7]1>J82 (X27 772)']0 (X3>>h s. (—414)051652 €0 Usy,s2,0

3X [ _ _
X/ X o K26 P 24—2 Conl(&1&) + (L&) (6&) — (&)™

k

(4.125)

The right hand side of this equation can be brought to the form

L (1) tRgsi s st D (2 + 251 + 255 — )T (=i + k4 51 — 59+ 2)
VTG (250)T(—i + 251 + 1)T(255 — 2k)T(—i — j+ k + 1)
S1—S i+25— So— —i—j+k
L SQTEPETT T (P - i@o)

2 2
X23X13

(4.126)

As before, this expression can be supplemented with the s, > s; contribution, extended to

diagonal s; = so, then summed over spins as to build a generating function. The result is:

G exp(3Q1 + £Q2)
2

3 Sg sin P12 s (4127)
Co X93X713
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and matches exactly the CFT three-point function (4.37):**

(o (et 710 o (520 12) To i)V 2 = (T, () T (i ) oo, - (4128)

where we recall that the prefactor accounts for the difference in the boundary conditions
for the scalar field and is equal to —2.

Type-A, Critical Boson:

We take the A = 1 Type-A expression (4.121) and simply set A = 2. This gives

(Toy (x1, 1) Ty (32, 72) Jo(x3) V5. 200 = (—4A) €5, C,C0 Vs 50,0

3
% /d XdZK1K2 (&)™ 241 Copl(€i&e) + (L&) M (&1&) — (L&) -
k

(4.129)

The right hand side of this equation is evaluated to yield

0 N o o (—1)Rmi2s st st (k2 4 259)T (=i + k + 51 — 55 + 1)

Z Zﬁz'j'F 2s1)0(—i+2s1 + D)I(=2k + 250 + 1) (=i —j + k + 1)

=0 =0 ]:0
+j—k+ i—j+k
« Qil SQP oy se) (P122 Q1Q2) o

X23X13

(4.130)

The three-point function in the CS-fermion theory was found in a form of recurrence
relations in [64] (see also Section 4.2.4). We find that the triple sum above is an explicit

solution to those recursion relations. The leading coefficient is

’i81+522_81_82+2 Qil

1¢
Iy, (x1,m1) Js, (2,12 J. A=26=0 _ -2 2 L O(Pp).
< 1<X1 771) 2(X2 772> 0(X3)>hs 260 T (31 + %> T (82 + %) X§3X%3 ( 12)

(4.131)

**We again note that the answer is formally for the free fermion with leftover U (M) global symmetry.
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The sum (4.130) can be evaluated explicitly:

o i(—1)%81+8221+81—82r(1 + 1+ 51— 52)T (2(—1 + 51 + 83))
Co

n VAL(3 + DT (2s1)0(1 4 2s1)0(1 — 21 + 2s5)
1 1
><2F1(l—327§+l—82,§+l—81—52,1)
S81—S82 P 2(527[) 21
(@ ;2>2 (55) (Type-A, A =2).. (4.132)
X5qX
2313

The computation shows that it is more convenient to use the S3 variable. Indeed, the bulk
integral gives S3 after O, is applied. We expect this to be the case for the most general
case of three non-zero spins too: it may be more convenient to express even structures in
terms of even functions of the odd S structures.

Type-B, Critical Fermion:

Using the same technique as before we can compute the parity odd integral for A = 1,
which for A = 2 reproduced the free fermion result, the only modification required being

K32 — Kj:

A=1 0—
<J81 (Xb 7]1)‘]82 (X27 772)']0 (X3>>h s. (—414)651652 €0 Usy,s2,0

3 o o
<[5 MKM@KJ&E&fl”E: 2Lz [(66) + @& (66) — ()™

4%

(4.133)

As aresult, the right hand side of this equation yields the following triple sum representa-

tion for the critical fermion:

2] zk: kZ 1)Jtkjsitsags=s2tID(—2 4 251 4 255 — 1)T(—i + k + 51 — s2 + 1)

VAilGIT (281) (=2 + 282 — DT (=i + 251 + 1D (=i — j + k + 3)
S1—S 25— So— —i—j+k
L SQETEPETT T (P - i@o)

X12X13X23

k=0 =0 j:()

(4.134)
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In [64], see also Section 4.2.5, the generating function of the correlators was found in CS-
boson theory in an implicit form of a recurrence relation. The triple sum above provides

an explicit solution to this system. The leading coefficient is easy to find, and gives

A=1,0=T jortss1msat2 a1 S P
Ty (x1,m) oy (32, m2) Jo(x3) )y, 2 = — L2 22 4 0(Ph).
(1 (x1,m1) s, (X2, m2) Jo (X3)) s, F(81 +%)1—\(82+%) X17%93%K13 (Pr2)
(4.135)
The sum (4.134) can be evaluated explicitly, giving:
T (—1)lisses st IR (1 4 [ 4 5p — 59)1(28y 4 255 — 21 — 1)
s VAL(E + DI (2s1)0 (251 + 1)T(2s2 — 21)
1 3
><2F1(§+l—82,1+l—827§+l—81—8271)>
51—S82 P 2(82—[)—1 S 20+1
o QU (o) (55) (Type-B, A = 1) . (4.136)

X12X13X23

Summary:
Combining all the four cases together with the ¢ dependence (4.120) we have con-

firmed that the structure of (js, js,Jjo) is in accordance with the CFT result (4.42):

(js1 Jsado) B. = N [c08 0 (js, Jss o) £ + S0 O(js, fss 0 odd] (4.137a)

<js1j5250>F- = N [Cose<j81js250>f~f- + Sin9<j81j8250>0dd} . (4137b)

Here we restored the bulk coupling constant G = 1/ N. The 0-dependence results from

the fact that the (anti)-selfdual HS Weyl tensors are identified with the order s-curls of the
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Fronsdal field with a phase shift (4.54)

_ +i0 & Qs
Coq---azs =€ Val L '--Vas ¢as+1---0¢2570'<1---ds s (41383.)

Cin.tine = € 'V a1 .V 6 Bay s ndins - (4.138b)

Given the #-dependence, the four structures in (4.137) can be found by evaluating the bulk

integral for A = 1,2 and 6 = 0, 7/2, as we did.
4.7 Discussion

By isolating the scalar field equation in the Vasiliev theory up to quadratic terms in
fields, we managed to extract the w(C'-correction to the scalar field equation and produce
the full structure of the correlators. The perfect agreement with the CFT results is found,
including the #-dependence and the parity-violating structures, which were recently de-
rived in [64] on the CFT side.

Notice that, different from the previous one loop test of the free energies, here we
found the perfect match between the tree-level three-point functions of Type-B model and
its corresponding dual. The latter result concretely supports the duality between Type-B
theory/fermionic vector model. We believe that the mismatch in the one loop test requires
deeper understanding of the structure of the free energy, and will propose a few possi-
ble solutions to this mismatch in the conclusion. We also address that in this work we
only obtained the cubic Witten diagrams involving one scalar field. The calculation of
the correlators with three general spins is obstructed by the non-localities present is HS
theories, and remains to be an open problem. We shall comment further on the issue of

non-localities in the conclusions below.
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5. CONCLUSIONS

In this dissertation we have mainly discussed two topics: application of localization to
N =1 theory in 3D and the tests of HS/CFT dualities.

In the work on the first topic, we considered the most general A" = 1 superconformal
Chern-Simons matter theory with global symmetry Sp(2) and gauge group U(N) x U(N).
We have shown that the Lagrangian in the on-shell formulation of the theory admits one
more free parameter as compared to the theory formulated in off-shell AV = 1 superspace.
We found that the vanishing of the deformation under supersymmetry transformation re-
quires the curvature of the 3D space being zero or negative, therefore the theory on 7° can
be formally localized. Localization procedure has then been partially carried out for the
theory on 7" with periodic boundary conditions. In particular we have shown that restrict-
ing to the saddle points with vanishing gauge connection gives a trivial contribution to the
partition function, i.e. the bosonic and fermionic contributions exactly cancel each other.

Our results have the following implication for the partition function of the ABJM
model on 7. Our analysis of the saddle points shows that the classical CS action van-
ishes on the locus of flat gauge connections on 7. Since the one-loop determinant around
the saddle points does not introduce any dependence on the two CS levels, it follows by the
localization argument that the partition function is independent of the level k = k; = —ks.
Hence we may compute the partition function in the limit £ — oo with N fixed, which
corresponds to vanishing 't Hooft coupling. In this limit the matter sector becomes free
and decouples from the CS action. Therefore the resulting partition function factorizes
into a pure supersymmetric CS partition function and a free matter piece. The latter is
trivial, i.e. the bosonic and fermionic contributions exactly cancel each other. Moreover

our localization results can be applied to the pure CS partition function to show that the
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contribution from the saddle points with vanishing gauge connection is also trivial. As
mentioned above, this is consistent with what one expects for a supersymmetric theory.

Moving on to the second topic, we first computed the one loop free energy for 4D
Vasiliev higher spin gravities based on Konstein-Vasiliev algebras hu(m;n|4), ho(m; n|4)
or husp(m;n|4) and subject to higher spin preserving boundary conditions, which are
conjectured to be dual to the U(N), O(N) or USp(N) singlet sectors, respectively, of free
CFTs on the boundary of AdS,. Ordinary supersymmetric higher spin theories appear
as special cases of Konstein-Vasiliev theories, when the corresponding higher spin algebra
contains OSp(N]4) as subalgebra. In AdS, with S? boundary, we utilized a regularization
scheme for individual spins that employs their character such that the subsequent sum over
all spins is finite, thereby avoiding the need for additional regularization. Interestingly the
contribution of the infinite tower of bulk fermions vanishes, and as a result, the free energy
is the sum of those which arise in Type-A and Type-B models with internal symmetries.
Thus the known mismatch between the bulk and boundary free energies for Type-B model
persists, and ordinary supersymmetric higher spin theories exhibit the mismatch as well.
The only models that have a match are Type-A models with internal symmetries, corre-
sponding to n = 0. The matching requires identification of the inverse Newton’s constant
G with N plus a proper integer as was found previously for special cases. In AdS, with
St x 52 boundary, the bulk one loop free energies match those of the dual free CFTs for
arbitrary m and n. We have also shown that a supersymmetric double-trace deformation
of free CFT based on OSp(1]4) does not contribute to the O(N?) free energy, as expected
from the bulk.

Turning to the problem of mismatch in free energies of Type-B model and its con-
jectured dual, one may have to take into account the issue of how to impose the O(N)
invariance condition on the CFT side. A natural way of implementing it is to gauge the

O(N) symmetry by means of vector gauge field with level &£ Chern-Simons kinetic term.
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This term breaks parity but the result for the free energy of the parity invariant model can
be obtained in a limit in which the CS gauge field decouples. It has been suggested in [20]
that as the fermions coupled to CS on the boundary give rise to a shift in the level k, it may
not be justified to obtain the result for parity-preserving case by a naive subtraction of CS
contribution from the free energy on the CFT side. However, one expects that this effect
becomes irrelevant in the decoupling limit in which £ — oo. In fact, we have examined
the procedure of decoupling CS in the large % limit by evaluating the S* free energies for
ABJ model based on U(N); x U(1)_j [6,58] and a few A/ = 3 CS matter theories in
which the matter sector consists of fundamental hypermultiplets [S9-61]. After subtract-
ing the contribution from pure CS term, we indeed obtain the free energies of free vector
models. Therefore, the puzzle of free energy mismatch in Type-B remains unresolved and
its solution requires deeper understanding of HS/vector model holography. In this context,
it has been suggested by [87] and explored further in [88] that the vector-like limit of ABJ
model based on U (N ), x U(M)_y is given by

N, k—oo with A= and M finite . (5.1

N
k
In this limit, the ABJ theory effectively behaves like a N = 6 CS gauged vector model
with U (M) flavor symmetry [87]. Its bulk dual is conjectured to be the parity violating
N =6 U(M) gauged Vasiliev theory [87]. The parity violating angle 6, is conjectured to
be related to the CFT ’t Hooft coupling by 6y = 7\/2 [87].

Complementary to the one loop test of the free energy, we conducted another test of

TBesides the Newton constant which is small in the limit described above, there is also a bulk ’t Hooft
coupling g2 M ~ M/N < 1. String theory emerges when M /N ~ 1. Due to strong interactions, the
HS particles form U (M) singlet states which are described by the color neutral string states. Since the
M theory circle Ry; ~ (M/k®)'/6 shrinks and Vo' /Raqs ~ (k/M)Y* — oo, this is type IIA string
in the high energy limit. The A/ = 6 parity violating U (M) gauged Vasiliev theory can be perceived as
a deconfinement phase of type IIA string when M/N < 1, in which the string states fragment into HS
particles colored under U (M) [87].
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the HS/CFT duality by computing the parity-preserving and parity-violating three-point
amplitudes with one scalar leg in higher spin gravity and compare results with those of
Chern-Simons matter theories. The three-point correlators of the free boson, free fermion,
critical vector model and Gross-Neveu model are reproduced including the dependence on
the Chern-Simons coupling. We have also performed a simple test of the modified higher
spin equations proposed in [79] and found that the results are consistent with the AdS/CFT
correspondence.

In this work we could not extract the correlators for general three spins due to non-
localities present in the additional C'C-terms [22, 68, 78] that need to be taken into ac-
count. These non-localities make the coefficient of the bulk vertex infinite, resulting in
infinite correlators. The infinity is due to the presence of infinitely many of higher deriva-
tive copies of the same vertex that are stacked in the C'C-terms. The divergences at tree
level must not arise in any field theory, including HS theories.! Indeed, the correlation
functions on the CFT side are finite. Moreover, there is a one-to-one correspondence be-
tween all possible three-point correlators and cubic vertices in AdS, which allows one to
manufacture an action up to the cubic terms that will yield any given three-point correla-
tion functions and no infinities can arise. This was explicitly done for some of the cubic
vertices in [89-91] (full cubic action of Type-A in any dimension was obtained in [91]),
see also [92] for the quartic results. In the recent paper [79] it was conjectured how to
modify the C'C-terms as to make them local. The field redefinition that does the job is
non-local and changes the coefficient of the correlator from an infinite number to a finite
one. Moreover, the C'C-terms correspond to the abelian vertices at this order (in the sense
that are not fixed by the HS symmetry) and can in principle be arbitrary. Also, non-local

redefinitions can result in any given coefficient [78, 93-96]. Nonetheless, the proposal

$There exist extremal correlators and the divergences observed in [22, 68, 78] have nothing to do with
those.

117



of [79] involves a specific type of field redefinition, and as such it can be treated as a
conjecture. Taking this point of view, we have tested this redefinition, which involves
the C'C' terms, and we have found that it does produce an answer for the spin 0 — s — s
amplitude that agrees with the CFT result. Further tests of this conjecture will require
the study of more three-point functions, namely those involving three arbitrary spins, and
then of higher order amplitudes, which may possibly require higher order extension of the

proposed field redefinition as well.
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