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ABSTRACT

We compute one loop free energy for D = 4 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 CETs on the boundary of AdS4. 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 S3 boundary, we use 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. We find that the contribution of the infinite tower of bulk
fermions vanishes. As a result, the free energy is the sum of those which arise in type A
and type B models with internal symmetries, 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, corresponding to n = 0. The matching requires identification of
the inverse Newton’s constant G]_Vl with N plus a proper integer as was found previously
for special cases. In AdS, with S! x S? boundary, the bulk one loop free energies match
those of the dual free CFTs for arbitrary m and n. We also show 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.
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1 Introduction

It has been known for sometime that the conjectured holographic duals of higher spin (HS)
gravities [1] can be as simple as free CFTs living on the boundary of anti-de Sitter spacetime.
Moreover, it has also been noted that the 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.

Free CFTs arise in conjectured dualities in the context of parity invariant HS gravities in
4D subject to HS symmetry preserving boundary conditions. There are two types of parity
invariant Vasiliev HS gravities, known as type A and B [2]. 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 N free real scalars [3], while type B theory
with A = 2 boundary condition imposed on the pseudoscalar is dual to the O(N) singlet
sector of N free Majorana fermions [2] (for earlier work in which HS holography involving
CFTs with matrix valued free fields, see [4]). These are HS symmetry preserving boundary
conditions, with standard boundary conditions imposed on all other fields understood. The
dual CF'T 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 [3], while
type B model with A = 1 boundary condition imposed on the pseudoscalar is conjectured
to be dual to O(N) Gross-Neveu model [2].

An important test of the holography is to match the free energy of the bulk theory
with that of the CFT defined on the conformal boundary of the bulk geometry. Assuming
the bulk HS theory possesses an action formulation, the partition function evaluated on
Euclidean AdSy can be expanded in terms of G as

0)

Lo (1) (
Foux = G—NFbulk + Fou + GNE,

IR (1.1)

When the bulk Euclidean AdSy is the hyperbolic space Hy whose conformal boundary is a
round S3, the free energy of the bulk HS theory should match with that of a free CFT on
a round S3. The free energy of a free CFT on S takes the simple form [5]

Forr = NFGy | (12)

where FéOF)T is the free energy of a single component in U(N) or O(N) 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. We will return to this point in the
conclusions. Matching Fy with Fopr necessarily requires that Fiy is proportional to
FéOF)T at each order in the small Gy expansion and that G is identified in terms of N as

Gy — (N +AN) , (1.3)

with v and AN being constants, and AN should be a fixed integer for a given bulk /boundary
dual pair. Therefore, the higher order quantum corrections affect simply the relation be-
tween Gy and N. 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 type A theory and the bosonic O(N) vector model [6]. However, for the
conjectured duality between type B theory and the fermionic O(N) vector model [2], these
requirements are not satisfied since Féi{k and FégF)T are not proportional to each other.
Matching of free energy was also found in the type A /critical O(N) vector duality, but not
in the type B/O(N) Gross-Neveu duality. In critical O(N) vector model, the conformal
dimensions of HS currents receive quantum corrections. The leading 1/N corrections are
summarized in [7]. These anomalous dimensions of HS currents at O(1/N) should be com-
pared with the one loop corrections to the AdS energies of HS fields computed directly from
the bulk HS theory. It would be interesting to check whether they match precisely.

The principal aim of this paper is to extend the one loop tests by computing the free
energies in a wider class of HS theories in 4D that are expected to be dual to free CFTs on
the boundary of AdSys. In particular, we wish to study the consequences of supersymme-
try which combine type A and type B spectra of fields with an infinite tower of massless
fermions. The underlying HS algebras, denoted by hu(m;n|4), ho(m;n|4) and husp(m;n|4),
and their representations were determined sometime ago by Konstein and Vasiliev [8]. These
representations are obtained from two-fold tensor products of bosonic and fermionic single-
ton representations of SO(3,2) which also carry fundamental representations of classical Lie
groups. Vasiliev equations for these theories are described in detail in [9]. Their spectral
properties will be summarized in the next section. Suffices to mention here that generically
their underlying HS algebras serve as infinite dimensional supersymmetry algebras, and only
in special cases, namely when m = n = 2¥ for some k corresponds to the fundamental spinor
representation of O(N), they contain the AdS, superalgebra OSp(N|4), in which case the
singletons in the boundary CF'T are in the spinor representations of the R-symmetry group
SO(N) 1. We shall also consider extension of these models by introduction of internal
symmetry [9].

When the boundary of AdS, is S, we compute the one loop free energy by using
a regularization scheme for individual spins that employs their character such that the
subsequent sum over all spins is finite. Thus we avoid the need for additional regularization
in summing over an infinite tower of HS fields. This approach has been utilized in [10] for
the sum over all bosons. Here, we adapt the method for summing over the tower of HS
fermions and the even and odd spin towers of HS fields separately.Furthermore we find that
the contribution of the infinite tower of fermionic fields to the free energy vanishes. Putting
all results together, we find that the bulk free energy may match that of the dual free
CFT only for type A models. Their spectra consist of bosonic fields arising from the tensor
product of two bosonic singletons in fundamental representation of classical Lie groups. The
matching requires identification of the inverse Newton’s constant G;,l with IV plus a proper
integer as was found previously for special cases. Note that mismatch in the free energy
at one loop occurs in particular for type B models whose spectra consist of bosonic fields
arising from the tensor product of two spinor singletons in fundamental representation of
classical Lie groups.

When AdSy is written in the thermal AdS coordinates, with the boundary being S* x 52,
we find that the bulk one loop free energies match those of the dual free CFTs for generic
Konstein-Vasiliev models.

The N = 1 higher spin theory admits A/ = 1 mixed boundary condition which corre-

'In order to distinguish the notion of supersymmetry in generic Konstein-Vasiliev models, where super-
symmetry is in higher spin sense, from the special cases where OSp(N|4) arises as a subalgebra, we shall
sometimes refer to the latter ones as “ordinary supersymmetric HS theories”.



sponds to adding a supersymmetric double-trace deformation in the free CFT. We show
that such a double-trace deformation does not contribute to the O(N®) free energy, com-
patible with the fact that imposing mixed boundary condition does not change the bulk
spectrum and therefore the bulk one loop free energy remains the same.

The rest of the paper is organized as follows. In Section 2 we review the spectra of HS
gravities based on HS algebras hu(m;n|4), ho(m;n|4) and husp(m;n|4). In Section 3, we
compute the one loop free energies of these theories in AdS, with S boundary, where we
also consider the ordinary supersymmetric HS theories with internal symmetry. We adopt
an alternate regularization scheme introduced in [10] in the bosonic sector, then generalize
the method also to the fermionic sector. As mentioned above, this method gives rise to a
convergent sum over the contributions of infinite tower of HS fields, thereby avoiding the
need for additional regularization. In Section 4, we compare the results obtained in the
bulk with the corresponding ones in the boundary CFTs. In Section 5, we implement the
one loop test to HS theories in thermal AdS with the dual CFTs on boundary S x S2.
In Section 6 we study a possible mixed boundary condition for N' = 1 higher spin theory
and the effect on the free energy on the CF'T side where a supersymmetric double-trace
deformation is turned on. We summarize and comment on our results in Section 7, and
comment on possible ways to approach the problem of mismatch of free energies in type B
and ordinary supersymmetric HS theories and their conjectured duals. We also comment
on the action formulation proposed in [11] in the context of classical free energy in the bulk.
The validity and detailed calculation of the alternate regularization method adopted in this
paper are shown in Appendix A.

2 Konstein-Vasiliev and supersymmetric higher spin theories

The group theoretical building blocks for the construction of the physical spectra of HS the-
ories in AdS, are the singleton representations of SO(3,2). There are two of them referred
to as Di and Rac. Using the standard notation D(FEjy,s) for the discrete unitary represen-
tations of sp(4;R) ~ SO(3,2), where Ej is the lowest energy and s is the spin of the lowest
weight state, Di refers to the D(1,1/2) and Rac refers to the D(1/2,0) representations. An
important property these representations have is given by Flato-Fronsdal theorem which
states that

Rac®Rae=ZD(l+s,s), Di<§§>Di:D(2,O)—i—E:D(l—i—s,s)7
5=0 s=1

Di®@Rac = Y D(3/2+s,1/2+5) (2.1)
s=0

where s = 0,1,2,.... The representations D(1 + s, s) are massless spin s fields, and D(2,0)
is a massless pseudoscalar field. To introduce internal symmetry, consider the singleton
representations

St = (Rac,m) @ (Di,n) , S_ := (Di,m) & (Rac,n) . (2.2)

where m labels the fundamental representations of u(m) or usp(m) or a vector representa-
tion of so(m). 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;nld) : Sy ® S, , hu(n;m|4) : S_®S_, (2.3)
ho(m;nl4) = (S4+ © Sy)g ho(nyml4) - (S- @S5 )g , (2.4)
husp(m;n|4) : (S ® S4), husp(m;nl|d) : (S—®85-), » (2.5)

where (-)g and (-) 4 stand for symmetric and antisymmetric tensor products, respectively.
These algebras contain u(m) ® u(n), o(m) ® o(n) and usp(m) ® usp(n) as maximal bosonic
subalgebras. The resulting spectra are as follows [§]

hu(m;nld) : (m?—-1,1)& (1,n*> —1) & (1,1) & (1,1) 5=0,1,2,3,...
(m,n) @ (m,n) s:%,%,%,.

ho(m;nld) : (3m(m—1),1) @ (1,in(n—1)) s=1,3,
Emm+1) -LD) @ (1, inn+1)-1)a(1,1) e (1,1) s=0,2,4, 2.8
(m,n) s:%,%,%,.

husp(m;nld) : (

where the dimensions of the representations are shown. While there are the isomorphisms
hu(m;n|4) ~ hu(n;ml|4), ho(m;n|4) ~ ho(n;m|4) and husp(m;n|4) ~ husp(n;ml|4), the
corresponding spectra listed above form inequivalent representations since there are {m?, m(m-
1)/2,m(m—1)/2} scalars in D(1,0) representations, and {n?,n(n+1)/2,n(n—1)/2} scalars
in D(2,0) representations of SO(3,2), in the cases of hu(m;n|4), ho(m;n|4), husp(m;n|4)
respectively. The models with mn > 0 contain fermions and are based on HS algebras
that are superalgebras in the sense that they involve bosonic and fermionic generators and
graded commutators. However, unless m = n = 2V/271 or m = n = 200-1/2  these algebras
do not contain a finite dimensional superalgebra and as such they are infinite dimensional
algebras. In the case of m = n = 2V/2=1 the Rac and Di belong to left and right handed
fundamental spinor representations of SO(N') and we have the isomorphisms

hu (2%”—1;2%—1‘4> N =2mod 4,
shsP(N]4) = { husp (2%[—1;2%[—1(4) N =4modS§, (2.7)
ho (2%”—1;2%—1‘4) N =8mod8§ .

The HS superalgebra shs”(N|4) contains the N extended AdSs superalgebra OSp(N|4)
as a subalgebra. In the case of m = n = 2W=1/2_ the Di and Rac belong to the 2N —1)/2
dimensional fundamental spinor representations of SO(N') and we have the isomorphisms

;w@WAWQWAwp) N =1mod8,

shs®(N|4) =
hwp@WAWQWAwp) N =5mod 8 .

(2.8)
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As for the case of N'=3 mod 4, it has been shown in [9] that it is equivalent to the case of
N=4 mod 4. The OSp(N|4) supermultiplet content of the spectra described above can be
determined in a straightforward way but this information is not needed for the purposes of
this paper.

The supersymmetric HS models described above can be extended by introduction of
internal symmetry. In this case, the Di and Rac representations not only carry the spinor
representation of SO(N) but also a fundamental representation of a classical Lie algebra.
Working out their tensor products yields the spectrum of the expected dual HS theory,
which can be found in Table 5 of [9].

3 Free energies of Konstein-Vasiliev higher spin theories in
AdS, with S? boundary

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 [6,12-14]. 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 individual 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 [10] 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 contributions 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 subsection.

The one loop correction to the free energy is defined as F() = —log Z(1) where Z(!)
is the one loop partition function. For HS theory with ng real scalars, np pseudoscalars,
n1 copies of fields with s = 1,3, ..., 00, ny copies of fields with s = 2,4, ..., 00 fields and np
copies of spin 1/2,3/2, ..., 00 fields, we have

F(l)(ng,np,nl,ng,nF) 2nslogdetl Dp(1,0) + nplogdet2D3(2 0)

iy [log det Dp(2k + 2,2k + 1) — log det Dy (2k + 3, 21<;)] (3.1)
k=0

+in2 Y [log det Dp(2k + 1,2k) — log det Dp(2k + 2,2k — 1)}
k=1

) )

[N

—4nplogdet Dr(3,3) — snr_ |logdet Dr(k+ 3,k + ) — logdet Dir(k+ 3,k
k=1

where we have defined

Dp(A,s) = [-V>+A(A-3) — 5] ,

Dr(A, s) = [ 24 AA - 3) + g} . (3.2)



The negative contributions in the bosonic sector and the positive contributions in the
fermionic sector are due to ghosts. In computing det; and dety, the irregular (A_ = 1) and
regular (A4 = 2) boundary conditions are to be used.

For a differential operator of the form D = —V? 4+ X, or D = —W2 + Y, writing

—logdetD = / —KD Kp(t):=Tr [e_w] , (3.3)
and defining the spectral zeta function

= — | @t 'Kp(t) 3.4
el (1) (3.4

one finds the standard result [15]
—log det D = (p(0) log(F2A%) + ¢H(0) , (3.5)

where £ is the AdS radius and A is the renormalization scale. For fields of aribrary spins in
hyperbolic space Hy, the spectral zeta function technique has been developed in [16,17] to
compute their one loop effective potentials.

3.1 Bosons
Upon Euclideanization of AdS, to Hy, the boundary is S® and in this setting various free
energies of the bosonic HS theory are given by

[e.e]

1 _
Finn = =50 @+ D (6E100) = oyl

5=2.4,

log(£*A?)

1 e}
—5 C(lo( )+ Z ((B;i‘,-l,s)(o) o 8+2s 1

)]
( 0)]

F = 2B+ 3 (Bran(© = Frna ()] lox(@n?)
( )]

1 B o0
5 _C(E;fo)(o) + Z C(B;ii-l,s)(o) - s+2s 1)

s=2.4,
1 1
Fiih = =5 D (6F1(0) = By (0)) log(24%)
5=1,3,--
1 o0
-5 2 (C@’H,S)(O) - 4542,5_1)(00 , (3.6)
5=1,3,--
where Fe(vgnl and Fe(WznZ denote the total free energy of all even spin fields s = 0,2,4-- -,

(1)

in which the scalar satisfies A = 1 and A = 2 boundary conditions, respectively, and F_,}
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-
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 [10]

o) = o= [ a8[u.8) + (2.8 | xanlBa) | (37)
(A,s) - T piz, ) 8052 XA,S ; s .

(Z) 0 a=0

in which

¢4 sinl(s + o]

XA78(57 a)

4 sinh g sin § (cosh 3 — cos a) 7

w(z,B) = 3 L ginh 2 [fl ( 6 + sinh? g) +4f3(z, ) sinh? g] ,

v(z,B) = —4f1(z, B) sinh® g

fulz8) = V7 /0 dun™ tanh (ru)(£)2 J. 1 jo(uf) | (3.8)

Y

where xa (8, @) is the character of a representation of SO(3,2) labeled by D(A,s). Owing

to the e (A_%) factor in the character, ) ((a 5)(2) is convergent. Therefore, no regulariza-
tion 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 [10] that since the one loop free energy
depends only on ¢(0) and ¢’(0), an alternate zeta function ¢ ( ) 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 [10]

~ 1 oo
B 22—1 12 2
(o, (z) = m/o agp cothg[l + <Smh g) 80{} Xa,s(8,a) ‘a:O . (3.9)
The physical equivalence between the alternate spectral zeta function and the original one
(3.7) 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 Oé) = Xl,(](ﬁv Oé) + Z (Xs-‘,—l,s(ﬂ,a) - XS+2,S—1(57 Oé))

5=2,4,

1+ cosa+ cosh B+ cosh 23 (3.10)
~ 4(cos a — cosh 3)2(cos a + cosh ) ’ '

Xeven2(ﬁa Oé) = X2,0(57 Oé) + Z (Xs-l—l,s(ﬁya) - Xs+2,s—1(ﬁa Oé))

s=24,---
B 1+ cos a + cos 2a. + cosh 5 (3.11)
~ 4(cos a — cosh 3)2(cos a + cosh ) ’ '

Xodd(/Ba a) = Z (Xs-i—l,s(ﬂy a) - X5+2,s—1(/87 a))

s=1,3,
_cosa + cosh 8+ 2cos acosh 8 (3.12)
~ 4(cos a — cosh 3)2(cos a + cosh 3) ’




Substituting the results above into (3.9), we find

B 2.—1 cosh B
evett, i / dpp 4 smh3 ﬁ
~ _11+2cosh
B 221
z) = — d _—
Ceven,2( ) P(2Z) /0 BB 4sinh3ﬁ
Coad(?) = ~Chen1(2) - (3.13)
With the help of the following identities
128 1
sinh? g (2% 022 sinh @ vl 2 sinh ﬁ ’
0 G) = s | aee S (3.14)

where ((a,b) is the Hurwitz zeta function, we finally obtain
Coenr(2) = 47279 [3¢(22, - ) +4¢(22 - 2,-}) +8¢(22 — 1,-})
+(47 = 1)¢(22) + 3(47 — 4)¢(22 — 2) — 4(4° — 2)¢(2z — 1)
Clhena(2) = 47079 —4¢(22 - 2,0) - 4C(22 — 1,0) + (4" — 1)¢(22)

—47C(22 — 2) + 4C(22 — 1)] . (3.15)

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

o _ 1 ~3¢(3) m _ 1 _5(3)
F i1 = 16 <2 log 2 2 , Folno= 16 2log 2 2 ,
Fioh = —Fihy - (3.16)

Ja)

wven 2 have canceled out,

Note that the potential logarithmic divergences in FC(VO)nl and F
and the above finite results are from ZB’ (0) terms, in agreement with [6]. 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 2, it is always the case that

no =ng+np , (3.17)
where we recall that nsy 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.

3.2 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

2

O M (TN R ENE P PN N R ()

0 a=0

9



where

PO sinl(s + o]

4sinh 2 sin & (cosh 8 — cos @)

u(z,8) = Lsinh & [fl ( 6+sinh2§) + 4f3(2, B) sinh? g] ,

v(z,8) = —4fi(z, B) sinh? 5

Fulz.B) = V7 /0 du coth(mu) (£ )72 7,y 15 (uf) (3.19)

XA, 8(57 )

)

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 (3.20) and the original one (3.18) is shown in
the appendix.

~ 1 o0
<(F1A,S)(z) = T(22) /0 dpp*t [% Sinhg +

The sum of characters of all fermionic HS fields is computed as

1 .
3 —l—smhg@i] xa,s(f, a) ‘ . (3.20)

sinh 3 a=0

> cos 2 cosh 2
% %(57 ) Z |:XS+178(57Q) - X8+2,S—1(/87 Of)] = (COSOﬁz— COSh2B)2 (321)
s=3/2
It is straightforward to check that

1

Lanh 8 inh 2) 92

[4 sinh 5 + sinhg + (smh 2) aa] X

< X3 1(8, ) + > [Xs+1,s(5,04) - Xs+2,s—1(ﬁva)]> AR (3.22)
5=3/2 h

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

3.3 Summary

For a Konstein-Vasiliev higher theory consisting of ng real scalars, np pseudoscalars, nq
copies of fields with s = 1,3, ...,00, ng = ng + np copies of fields with s = 2,4, ..., co fields
and np copies of spin 1/2,3/2, ..., 00 fields, we have

log 2 ¢(3)
) 1672

where we have used the relation no = ng + np. The values of ng, np and nq can be read
off from (2.6) for various Konstein-Vasiliev models. Substituting them into the equation
above, we obtain

F(l)(ns,np,nl,ng,np) = (ns+np—nq) — (3ng +5np —3n1), (3.23)

hu(m;n|d) : F\Y) = —%M : (3.24)
log 2 3
ho(m;nl4) : F}E})) = og (m+mn) féﬂl (3m + 4n 4+ n?) , (3.25)
log 2 3
husp(m;nl|4) : F}Ei)sp = %(m +n) féﬂ_l (3m + 4n — n?) . (3.26)

10



The one loop free energy of husp(m;n|4) model is related to the one of ho(m;n|4) model
via m — —m, n — —n. The ordinary supersymmetric HS models correspond to the cases
m=n=2%"for even N and m = n = 2W-1/2 for odd N

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(N4) singletons, and working out the their two-fold tensor
products. The resulting spectra are provided in Table 5 of [9]. In particular, the number
of fermions with s = %m0d2 and s = %modZ are the same. As a consequence, the
contributions of the fermions to the one loop free energy will continue to vanish since in
(3.20) 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 log2 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.

4 Free energies of free CFT’s on S® and comparison

The free energies of free scalars and free fermions which are conformally coupled to S® have
been studied in [5]. A conformally coupled free scalar and a free fermion on S® are described
by the following two actions respectively

So=3 [0t e ] so=g [Enmiamn . G

where L is the radius of the round S3. Free energies of the above two theories are defined
as usual

1 _9 9 3
FS:—longzélogdet[A Og], O=-V +m7

Fp = —log Zp = —logdet[A™'Op] , O =iD . (4.2)
Using zeta function, Fis and Fp can be computed straightforwardly and the results are [5]

Fs i<210g2—3<(3)>, FD:1(210g2+3§T(23)).

16 72 8

(4.3)

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 [3,4], which is the case here. As-
suming the bulk HS theory possesses an action, its free energy associated with AdSy should
have the form displayed in (1.1) where Gy is the Newton’s constant. In cases where the
boundary of AdSy is S3, the bulk free energy should be compared with that of a free vector
model on S2 order by order in 1/N expansion. Hence the comparison requires an identifi-
cation between G and N. It was suggested by [6] that in general the relation between Gy
and N is of the form given in (1.3) 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(N), O(N) or USp(N) in our cases.
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The free energy of a free vector model can be computed exactly and be put in the form?

Forr = NFGy | (4.4)

where we use FéOF)T to denote the contribution of a single component in the vector. For Fiy
to match with Fgprp, it is clear that the bulk free energy at each order in Gy expansion
should all be proportional to Fé%)T.

Various one loop tests of HS holography have been carried out in the literature [6,12].
For instance, the non-minimal type A model is conjectured to be dual to the U () singlet
sector of NV complex scalars. When HS symmetry is preserved by the boundary condition,
Féi{k was found to be 0, indicating that G]_Vl is identified with IV at one loop order. For

minimal A model, the conjectured dual CFT is the O(N) singlet sector of N real scalars.

In this case, Féi{k is equal to Fyg, the free energy of a real free scalar (4.3). Thus, matching

the bulk and boundary free energies at one loop order requires GJ_\,1 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 Féi{k is equal to —Fg. Therefore, for husp(2;0|4) higher
spin theory, G;,l is identified with N 4 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 CEF'Ts 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 ¢/'", r = 1,2, ...n.
The m? A =1 scalars and n?> A = 2 pseudoscalars correspond to the operators

Q_Siagbib ) &iawib . (4.5)
Free energy of this theory is given by
_ (0) 0 _
Fepr = NFCFT , FCFT =2mFg +nFp , (4.6)

where Fs and Fp are given in (4.3).

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 scalar
fields and n? A = 2 pseudoscalars correspond to the operators

¢’ PihpIts; . (4.7)
The free energy is given by
Fepr = NF((;%)T ; FéOF)T =mFs+ inFp . (4.8)

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 9", 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

¢y, PRIy (4.9)

2Strictly 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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where ;; is the USp(NN) invariant tensor. Free energy of this theory is given by
0 0
Fepr = NF((;F)T ) F((;p)T =mFs+ inFp . (4.10)

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 Féi{k is proportional to FéOF)T. Using (3.23), (4.3), (4.6), (4.8) and (4.10),
we find that this requirement amounts to

(m+n)(3ns + 5np — 3n1) = 3(m —n)(ns +np —n1) , (4.11)

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 (2.6), these ratios for the bulk sides can be read off from
(3.24), (3.25) and (3.26) 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 log2 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(moiy =0 Fho(msojay = ML Fhomsojay = ~MEs - (4.12)
Therefore, assuming that Féﬁ%k = FéOF)T, the bulk and boundary free energies match with
each other provided that
hu(m;0|4) : G — N,
ho(m;0l4) : Gy' — N —1,
husp(m;0[4) : Gyt = N +1. (4.13)

The holographic dictionaries relating G to IV in various HS models have been put forward
in [6] 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 inclusion 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 [9]. In Section 3 we found that the
contributions of the bulk fermions give vanishing contributions to one loop free energy 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 nonvanishing
¢(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.

5 One loop free energies of supersymmetric higher spin the-
ories in AdS; with Sé x S? boundary

In thermal AdSy, the one loop free energy of the bulk theory takes the form [13]

Fib = F(B)butk + BEebuk + apuk log A (5.1)
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where f3 is the period of the imaginary time, F'(f)puyx is the thermal free energy which can
be computed by taking the log of the thermal partition function as F'(8)pu = 87! log Zhuix
with Zyyk = tre ok and apyy is the anomaly coefficient related to the Seeley coefficient.
The trace denotes the sum over all HS particle states. apuk is 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 ap should vanish as shown
in previous sections. FE.puk is the one loop contribution to the Casimir energy which can
be extracted from the thermal free energy in a standard way (cf. (5.5), (5.6)).

The free energy of the U(N), O(N) or USp(N) singlet sector of a free vectorial CFT
on Sé x S? takes similar form

Fopr = FY(3) cpr + BE.cpr + acpr log A, (5.2)

in which F(8)crr 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 is
given by N Ej, where Ej is the Casimir energy of a single conformally invariant free field on
Sé x S%. The anomaly coefficient acpr vanishes on Sé 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 E.puy, the Casimir energy on the CFT side is not directly related to the thermal free
energy of the singlet sector through (5.5). Holographic matching of the free energies at
O(N") demands that E.py is an integer times the Casimir energy of a single conformally
invariant free field on 5[13 x S2.

In this section, we first study the one loop free energy of Konstein-Vasiliev theory in
thermal AdS; with Sé 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 [18]. Free energy of this type of HS theory in thermal AdS; has been calculated
in [13] and compared with O(N") term in the free energy of the large N U(N) or O(N)
vectorial free CFT. It was found that the matching of free energy implies shifts in the
relation between GJ_Vl and N at leading order by an integer.

Different from [13] 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 conserved
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 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 Fs"#let(3) for a CFT
involving both scalars and fermions cannot be obtained by a simple sum of the Fsglet(3)’s
of a pure-scalar CF'T 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 reader to [19,20] and [21] for the case of
5D, and [22] for the case of 7D.
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5.1 The bulk side

As stated earlier, the one loop free energy of a massless field in thermal AdS, has the
structure displayed in (5.1) with the vanishing log divergence. F'(f) can be obtained from
the grand canonical partition function as

= L
For bosons: F(8)puk = Z E (5.3)

1m

For fermions: F'(8)pux = Z mp) . (5.4)

Here Z(f3) is the one-particle canonical partition function. The Casimir energy FE.pui can
be obtained from the energy (-function as

Fou = %5.Co(-1) (5.5)

where + correspond to bosonic and fermionic cases respectively. The energy (-function is
related to the one-particle partition function by a Mellin transform

1 o

o) =z | 485°7128) (5.6)

I'(z) Jo
In d = 4, the thermal one-particle partition function for a scalar field is given by
A
1
Z(A) — q A — .
0 (1 _ (])3 > 9’ (5 7)

where A is the AdS energy and ¢ = e~? [23]. Thermal one-particle partition function for
s> % massless field takes the form

qs+1

(1-¢q)?

From the results derived in [13], we deduce the useful formulae?

Z,(B) = [2s+1— (25— 1)q] . (5.8)

Fiday = F(B)event = Z zmnl (mpB)

Zeven1(B) = %q((l +qq)42 +3 (qug); = LZ0(B))? + 120(28)
F = F(B)evenz = Z Zeveng (mB)

Zeven2(B) = (12}2)4 “a _qzqz)z =312 (B — 521(26) ,
F 0%311 = F(B)odd = Z Zodd (mpB) ,

_14(1+9)? 1Q(1+Q)_1~ 2 1%
Zodd(ﬁ) -2 (1 — (])4 2 (1 — q2)2 - 5[20(5)] - 520(25) ) (59)
3In the rest of this subsection the thermal free energies and partition functions refer to those of the bulk
theory.

15



where for later convenience we express the results in terms of the characters 20(5) and
Z1(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

g2 (I+q) 5 2q
RS VA Z1(8) = ——
(1-q)? 5( ) (1-q)?
By using (5.5) and (5.6), one can show that Zeven1(8), Zeven2(8) and Z,44(5) all lead to
vanishing Casimir energy [13]*. Therefore we simply dropped E, term in (5.9). Also one
should note that

20(8) = (5.10)

HZL (B +521(28) = 3[Z0(8))° — 520(28) - (5.11)

1
2
For all the fermionic fields, we find that the total one-particle canonical partition function

is given by

2q2(1+Q) 35

. [23 F1- (25— 1) ] B . (5.12)

1
2

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

L e P
) = g [ s

= /n+2
:zz< ! )[( L (4 3
n=1
= %C 27%)_% (2_17%)_%C(Z_Z%)"’_%C(Z_&%)
_%C Z, %) - % (Z - 17 %) + %C(Z - 27 %) + %C(Z - 37 %) . (513)
This vanishes at z = —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

o0 1 m
FOF =P = m) ZF(mp) . (5.14)
m=1

4Similar technique using SO(3,2) character has been applied to compute one-loop free energy of HS
theories constructed using higher-order singletons [24] in thermal AdS4, where vanishing of Casimir energy
was also observed.
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Summarizing the results above and using the spectra given in (2.6), we find that the one
loop free energies for generic Konstein-Vasiliev HS theories are given by

hu(minl4) : FY = — k; % [m Zo(k8) +n ()4 Z,(k8)] (5.15)
ho(msnld) : FY = — k; % ( [m Zo(kB) +n ()" 2, (k/a)] ’
+m Zo(2KB) —n 2, (2k/3)) , (5.16)

husp(m;nl4) : F}gi)sp =— Z i([mgo(kyﬁ) tn (=) Z (k:ﬁ)} 2

k=1 %
—m Z0(2kB) + 1 2, (Zkﬁ)) . (5.17)

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.

5.2 The CFT side and comparison

In this section, we calculate the partition function of the singlet sector of free CFTs on
Sé x 52, We closely follow the technique developed in [25,26]. The partition function of a
CFT on Sé x 52 is equal to the thermal partition function due to the vanishing of Casimir
energy [24] and logarithmic divergence. Therefore, we have

ZB) = > 4%, gq=e", (5.18)

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 [13,27]. We generalize their results
to the cases with both scalars and fermions. We first consider the U(N) singlet sector of a
free CFT with Nm complex free scalars and Nn Dirac fermions. As shown in [13,27], the
thermal partition function can be expressed as a path integral localized on the eigenvalues
of U(N) matrix

N
ZU(N)(ﬁ) — e FBuw) = /H daie—S(al,...aN) ’
i=1

N

N
oy —
S, ...an) = —3 Z log sin? % + 2Zf5(a,~) ,
i#j=1 i=1

WE

Foto) = S () cos(ka) . ex(B) =~ [m Zo(kB) +n () 23 (k8)] , (519)

k=1 k

where the matter contents affect the effective action through ¢k (). In the large N limit,
the integral over a; can be replaced by the path integral over the eigenvalue density p(«),
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a € (—m, 7). p(a) satisfies the standard normalization

' dap(a) =1 . (5.20)

—Tr

The effective action in terms of p(«) takes the form
S(p) = N* [ dada’K(a — )p(@)pla’) + 2N [ dap(@)faa)
K(a—a) = —1log(2 —2cosa) , ch ) cos(kar) . (5.21)
Integrating out p, one obtains
== g Klew (B)]* = — g L[ Zs) + 0 (w0 22)

which coincides with one loop free energy for hu(m;n|4) higher spin theory (5.15). Next,
we study the O(N) singlet sector of a free CFT with Nm real free scalars and Nn Majorana
fermions. This is a generalization of the results in [13], where the free CFT consists of only
scalars or fermions. It is suggested in [13] 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/N 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(NN) matrix. The effective potential of the O(N) singlet sector is
given by [13]

N
S(aq,...an) = —% Z logsm X% % Z logsm aj +2Zf5 () ,(5.23)
i#j=1 i#j=1

where fg is the same as the one in (5.19). The effective potential for the O(N) singlet
sector differs from that of the U(N) by the logsin? 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(Bow) = — " (e - 2 car(B) (5.24)
2
k=1

- -y % ( [m Zo(kB) +n (—)FH! %(k:ﬁ)] *fm Zo(2k8) — n%(%ﬁ)) ,
k=1

which matches the one loop free energy of ho(m;n|4) HS theory in (5.16). In the last case,
we consider the USp(N) singlet sector of a free CFT with Nm complex free scalars ¢*,
i1=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 USp(NV)
singlet sector takes the form

N N
.o — O .9+ Qy
S(aq,...an) = —% E log sin? — 5 J —% E log sin’ %

i#j=1 ij=1
N

%Zlog sin? a; + 22 falay) . (5.25)
1=1 1=1
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In the large N limit, the path integral over «; can be evaluated by using the same technique
as before. The free energy of the USp(N) singlet sector of a free CFT is obtained as

F@uspm =~ 5 (1B + Fen(®)) (5.26)
k=

8>—A

==Y i (|m Z0(k8) +n ()1 2, (kB)| C mZy(2kB) +n Z1(2k8)) |
k=1

which matches one loop free energy of husp(m;n|4) HS theory in (5.17).

6 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 [2]>. To
describe this, we write the boundary behavior (p — 0) of the complex scalar ¢ = A+1B as

A=pay+p*By, B=pa_+p'f_, (6.1)

and define the 3d, /' = 1 superfields

d_=a_ +ifn- — %m , O =y +ifny + gﬁ_ : (6.2)
The boundary conditions preserving OSp(1]|4) take the form
o=\, (6.3)
where A is an arbitrary real number. In terms of the new scalar fields we have
A =sinA —cosIB, B =cos¥A+sindB (6.4)
where tan® = A, and the boundary condition (6.3) is equivalent to
o, =0, pB.=0. (6.5)

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 (6.5) implies that
near the boundary

A=p*8., B =pd_. (6.6)

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 (6.3) implies the N = 1 free CFT
being deformed by a supersymmetric double-trace term

AS = % / dBrd?00* | (6.7)

®Here we correct a sign error in the result given by [2].
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where O is given by B
1 - 00
= —W?, W=p+ifp+—Ff. .
0= =W, W =ptilit (63)
We compute the difference between the free energy of the deformed CFT and that of the
free CFT, following the procedure adopted in [5,28]. Denoting the partition function of the

free CFT by Zj, we calculate

Z
AF = —log — . 6.9
0% - (6.9)
Using the Hubbard-Stratonovich transformation, we have
Z 1 1
— = DY, dz( =2+ 30 6.10
Zy [ DSexp(5y [ d='S?) / <eXp[/ 2(2)\ - ﬂ >0 ’ (6.10)

where ¥ is an auxiliary superfield and z denotes the supercoordinate. In the large N limit,
the higher point functions of O are suppressed. This allows us to write

<exp[/d22(’)]>0 - exp[%<</d22(’))2>0 +o(1/N)] . (6.11)

Note that ¥ and O are single-trace operators of N’ = 1 superfields, say M and W respec-
tively, each with component fields A%, \', B* and ¢*,7", f, where B and f are auxiliary
fields, and the index i stands for the representation of O(N). The component fields obey
the following superconformal transformations

1 1
SA=PAE— (BEF Ay 5% = BoE — LFE+on (6.13)
5B = —£¥A 5f = €Y (6.14)

where ¢ and 7 are spinors satisfying the conformal Killing spinor equation V,§ = v,7.
Integrating out the spinor coordinates 6 and #, we obtain

/ drax2 1 / Ao JG(BIATAT AT 4 SXINATAT 4 XN AT AY)
2 T > 615

1
:X/d$3\/§(2221 + X3/283)2)

/ dz20 = / da® JG(fi6 A AT+ SU AN+ B+ ONN GG+ 20N ¢ AT

:/dg;?’\/g((’)zzl + 3201 +203/9%3)9)
(6.16)
where we defined
S =AAY, O =¢'e, Y3/ = AN O3/ = oY,

i 46, Lyiye i 1og g (6.17)
o =B'A +§>\/\, Oy = f'¢ +§1,Z)¢,

with the lower indices labeling the dimension of the single-trace operators.
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With the above preparation the second factor of (6.10) at large N is

2
/DZexp i/dzEz—l—1 /dzEO
/DZ exp /dm3\/_(2221 + ¥3/233)2)

2
/dw G(O2T1 + T201 +2055%3)5) ) >o} (6.18)

:/DZexp X/dV(2221+E3/2E3/2)
+ 423/2(33)23/2(33/)<O3/2(w)03/2(x,)>0)] ’

where dV = d:ng\/g_], and we dropped vanishing terms in the two-point function to reach the
last line.
The integral in (6.10) then becomes gaussian, which integrates to give

7 det (1 +2A\(03/203,2)0
% I
0 {det (g<o2o2>0) det (g<olol>0) det (]1 — (2(0202)0) "1 (3{O0101)0) )}

(6.19)

At A — oo, the change of the free energy compared to the free theory is

Z 1 1
AF = ~log 7 = trlog (2<03/203/2>0) + 5trlog (§<02(92>0)

(6.20)

+ %tr log (%((91(990) )

The two-point functions (01 01) and (O203)( can be expanded in terms of scalar harmonics
on S3 [28]

(Oa(x)On(a"))o = Zgg Yo (2)Yom(2') (6.21)
where géA is given by

A _ p3-2a 23 AT(E —A) T(¢+A)

. 6.22
g T(A) (B+(-A) (622)
Since the harmonics satisfy orthonormal relations, we have
[ Va23(02()02(0))0 01 ()01 (oo = S0 i) (629
It is straightforward to see that gA 2¢8=1 i5 independent of ¢, and therefore according

to [28], trlog(O202)0 + trlog(O101)¢ does not contribute to AF.

Similarly, for fermionic two-point function, it is shown in [5] that trlog(Osz/203/2)0 is
also zero. Therefore, in the IR there is no modification to the free energy given by the
double-trace deformation.
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When A is small, one can apply perturbation theory to compute AF induced by the
deformation. As shown in [5] the change of free energy caused by the deformation is pro-
portional 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(NY) 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(N?) 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.

7 Conclusions

We have carried out a one loop test of the conjectured dualities between Konstein-Vasiliev
HS theories in AdS, with S3 and Sé x S? boundaries. These theories are based on the
HS algebras hu(m;n|4), ho(m;n|4) and husp(m;n|4) which contain u(m) @ u(n), o(m) ®
o(n) and usp(m) @ usp(n) as bosonic subalgebras. Generically these HS algebras can be
interpreted as infinite dimensional supersymmetry algebras and they do not contain the
extended AdSy superalgebra OSp(N|4) as a subalgebra. They do so only in the special
case of m = n = 2% for even N or 2W=D/2 for odd N. Our results for the free
energies extend previous ones [6,12,13] by inclusion of fermionic bulk degrees of freedom.
In computing the one loop free energies of bosonic and fermionic HS fields in AdS, with S3
boundary, we have adopted the modified spectral zeta function method suggested by [10],
thereby reproducing the one loop free energy for bosonic HS fields in a much simpler way
without the ambiguities encountered in [6,12]. 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 CEF'T duals
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 representations of the bosonic
subalgebras conformally coupled to S2. 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 G' = (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 [6]
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? boundary. 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 conjectured
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
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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 [6] 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 k& — oc. In fact, we have examined the
procedure of decoupling CS in the large k limit by evaluating the S® free energies for ABJ
model based on U(N); x U(1)_ [29,30] and a few A/ = 3 CS matter theories in which
the matter sector consists of fundamental hypermultiplets [31-33]. After subtracting 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 [34] and explored further in [36] that the vector-like limit of ABJ model based
on U(N)g x U(M)_y, is given by

N, k — oo with )\E%

and M finite . (7.1)
In this limit, the ABJ theory effectively behaves like a N/ = 6 CS gauged vector model with
U(M) flavor symmetry [34]. Its bulk dual is conjectured to be the parity violating N' = 6
U (M) gauged Vasiliev theory [34]. The parity violating angle 6 is conjectured to be related
to the CFT 't Hooft coupling by 6y = wA/2 [34]°.

Turning to the question of free energy in the parity invariant HS theory, we may first
keep A finite, and consider the limit A\ — 0 that is required for the parity invariant limit at
the end”. Different from the parity preserving HS theories, in the A” = 6 parity violating
HS theory a mixed boundary condition needs to be imposed on the bulk U(1) gauge field in
order to preserve the N' = 6 supersymmetry [34]. The one loop determinant of bulk U(1)
gauge field with mixed boundary condition should contain a log N term [35]. It was argued
in [36] that the log N term can be fully captured by the 1/N correction to the anomalous
dimension of the spin-0 ghost with A_ boundary condition. This correction has not been
computed on the bulk side. However, with the assumption that it is non-vanishing and
parametrized by an undetermined constant, the resulting bulk one loop free energy has
been computed in [36]. Comparing this result with the free energy of ABJ theory in the
vector-like limit (7.1), with the free energy of pure U(M) CS subtracted, the matching of
the log N terms present in the free energies on both sides leads to the identification [36]

_ 7 mA
Gy = N sin(w))

(7.2)

where ~ is an undetermined constant. On the other hand, an exact expression for Gy
has been obtained from correlation function for two stress tensors on the CFT side in [37].
Comparing the relevant terms in these expressions for G one deduces that v = 2/7.

5Besides 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 Ri1 ~ (M/k®)'/¢ shrinks and va’/Raas ~ (k/M)** — oo, this is type ITA string in the high
energy limit. The N = 6 parity violating U(M) gauged Vasiliev theory can be perceived as a deconfinement
phase of type ITA string when M/N < 1, in which the string states fragment into HS particles colored under
U(M) [34].

"There are subtleties regarding the A — 0 limit having to do with the subtraction of the free energy
coming from the CS term, which may correspond to subtraction of an open string sector in the bulk [34].
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Assuming the stated value of v, in the limit A — 0, required for obtaining the parity
invariant HS theory, one finds the relation Gy = 2/(Nw) which differs from the one that
appears in the HS /free vector model holography by a factor of 7. This is due to the fact that,

while we assume that Fég%k = éOF)T in the HS/free vector model holography, the example of

HS/ABJ holography seems to suggest that Fég{k = FéOF)T /7. The above approach may seem
to resolve the free energy problem in type B model, however a more rigorous computation of
the one loop free energy of bulk U(1) gauge field with mixed boundary condition is needed
to justify this value of . Furthermore, the beyond log N dependence, the terms of higher
order in 1/N have not been compared in the matching of the free energies. These issues
clearly deserves further study.

Another interesting future direction is to consider HS/free matrix model holography.
In this case, the corresponding bulk HS theory contains infinitely many massive HS fields
in addition to the usual massless ones. Recently, a preliminary one loop test of HS/free
matrix model holography was carried out in [10]. A dual pair considered in [10] consists
of a free scalar field, namely the bosonic singleton Rac, in the adjoint representation of
SU(N) and a HS theory in AdS; whose spectrum can be constructed from the two, three
and four-fold tensor products of the Rac. The bulk fields are dual to the single-trace of
product of multiple Rac’s. The one loop free energies of the bulk fields belonging to the
first few Regge trajectories were computed in [10]. The one loop free energy of the first
trajectory comprised of massless HS fields is equal to that of a real conformally coupled
scalar, however, such feature ceases to exist for higher trajectories. It is possible that after
summing over all trajectories the total bulk free energy may possess a nice property. But
such a difficult task has not been completed. It is also possible that supersymmetry may
provide simplifications, as we recall that in AdSs, the long multiplet of SU(2,2]4) gives rise
to vanishing one loop free energy [19]. It should be noted that the matrix phase of ABJ
model based on U(N)y x U(M)_j with M ~ N has conserved HS currents emerging in the
limit A — 0, which implies the presence of massless HS particles in the spectrum of type
ITA string. Thus, in the regime

M~N, A=N/k—0, (7.3)

the duality between ITA string on AdS; x CP3 and ABJ theory may provide an example
of HS/free matrix model duality [34] if the contribution from CS term in the CFT can be
simply subtracted. For the string theory interpretation of this limit, we refer the reader
to [38]. The point we wish to stress here is that there are two regimes of type ITA string
theory on AdSs x CP? which remarkably give two different supersymmetric HS theories
one of which is expected to be dual to a vector model, and the other to a matrix model
on the boundary of AdSy, and that the puzzle we have encountered in the one loop test
of holography by computing the free energies in the case of vector model remains to be
investigated thoroughly in the case of matrix model.

A complete matching of the free energies on both sides requires the knowledge of Fé?&k
which can only be computed from the full action for HS theory. There exists an action that
takes the form of a Chern-Simons action in a generalized spacetime of form Mg = A5 x 24
where Z, is a twistor space with no boundary, and the spacetime M, resides on an open
region of the boundary of X5 [11]. The action contains Lagrange multiplier master fields
but they do not propagate to produce unwanted degrees of freedom. What remains to be
done is to add suitable HS invariant deformations that reside on the boundary of Mg, which
are highly restricted and for which candidates have been proposed [11], and to construct
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a boundary action that resides on the boundary of asymptotically AdS, spacetime My
which has not been constructed so far. These are needed for obtaining the field equations
through an appropriate variational principle, and once they are constructed, the full action
can be quantized in a path integral approach and the Feynman rules can be derived, even
though the action does not have the traditional form consisting an infinite sum of Einstein-
Hilbert term and powers of curvature tensors and their derivatives. It remains to be seen
whether the result for the one loop free energy computed in this fashion agrees with that
obtained under the assumption that the quadratic action for the HS fluctuations around
AdS, has the standard Fronsdal form with two derivatives. In particular, it would be
interesting to determine if the mismatch in the free energies encountered in the type B and
ordinary supersymmetric HS theories and their conjectured duals may find a resolution in
a computation based on the action discussed above.

Note Added: After this paper appeared on the arXiv, two related papers [39, 40]
appeared the following day, where the vanishing of the contribution from the bulk fermions
to the one loop free energy has also been shown. It is worth noting that the regularization
scheme we use for the individual spins is such that the subsequent sum over infinite tower of
higher spins is finite, unlike the method used in [39,40] where an additional regularization
is needed to perform this sum.
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A Comparison of (a4 (z) with (a4 (2)

In this section, we will show that the alternate spectral zeta function is physically equivalent
to the original spectral zeta in computing the one loop free energy of HS fields.

A.1 Bosonic case

For bosonic HS fields, the physical equivalence of alternate spectral zeta function and the
original spectral zeta function has been studied in [10] in the case of summing over all
integer spins. The crucial point is that for a given HS field labeled by (A, s), the difference
between the alternate spectral zeta function and the original zeta function can be expressed
as a contour integral encircling 5 = 0 [10]

ps 1 1 1 1\2
Bl =) = (s+3) [6 ~(++3)

. 138
_ 2 %d5%< 8 +L—1+48§)m78(ﬂ,a)‘ +O(2) .

(A.1)

n % 3—,82 Sinh2 g 3 a=0

It has been shown in [10] that upon summing over all integer spins, the contour integral
vanishes. We have also checked that this is also true for summing over all even spins or odd
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spins separately.

A.2 Fermionic case

For fermionic HS fields, we will elaborate on the physical equivalence of alternate spectral
zeta function and the original spectral zeta function which has not been studied elsewhere.
For a fermionic HS field labeled by (A, s), the original spectral zeta function is given by [17]

» 2541 /°° u coth(mu)[u?® + (s + 1)
g(A,s)(Z) - 6 0 du (’LL2 + V2)Z ) (A2)
where v = A — % in D = 4. Using the following identities
1. o 1., o d  d? 1
(s+§)[u +(s+§) ] = (u %—d—)sm[(s—i-g)a] la=0
1 _ VT [ —Bv 3
W2+ 127 T(2) /0 dfe ( ) o—1/2(uB) (A.3)

one can recast the spectral zeta function as in (3.18). The alternate spectral zeta function
proposed in (3.20) can be computed exactly

~ 1 (S + 1 z=lg—v 1
C(Izvs (2) =(2s +1) <32 24 > / 465 Bsmhz ﬁ

2S+1 2,1 —l/ﬁ 1
T 16 F / abp smh4§ (A4)

:2822 L (25 + 1) — 40%) ((22,0) + 4C(22 — 3,v) — 120¢(22 — 2,0)

+ (121/2 —4s(s+1)—1)¢(2z—1,v)] ,

from which we see that Z(FA s)(O) matches C(FA s)(O). The latter takes the form

1 s+ 3)2
L +3)

240 24 (A.5)

1 4
F _ st v Lo ol 1
o = G2 [ = 6+ 57 + s )

It is easier to obta~in this result of {&’s)(O) using (A.2) than (3.18). Next, we compute the
first derivative of C(IZ S)(z) at z = 0, which is given by

Z(IX,S)(O) = % [v ((2s + 1)? = 40%) ¢'(0,v) +4¢'(=3,v) — 120('(—2,v)
+(120% —4s(s + 1) — 1)¢'(-1,v)] . (A.6)

After some algebra, we obtain the difference between E{X S)(O) and C(FA/ s)(O)

1 2s+1
(R0)(0) = R0 (0) = —57(2s + P02 + ==t (A7)
The technique involved in the calculation is analogous to the bosonic case, and we refer
readers to the appendix B of [10] for more details. This result can again be converted to a
contour integral of § circling § =0
2sinh? 2 2 1
F1 _ 2

C(A 9(0) = ({a,9(0) = 27”%61 73<352 T 5 -3t 45a>XA,s(5,Oé) - (A.8)
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From (3.21), one can see that the total character of fermionic sector including the contri-
butions of all physical fermionic higher fields and their ghosts gives rise to an even function
of # which has vanishing contour integral. Therefore, we have shown that in computing the
one loop free energy of the whole fermionic sector, the alternate spectral zeta function is
physically equivalent to the original one.
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