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Introduction

Higher spin gauge theory is expected to describe superstring theory by breaking its symme-

try [1], and it is important to understand the mechanism of symmetry breaking in higher

spin gauge theory. In AdS space higher spin gauge theory with consistent interaction has

been constructed in [2—4], and the theory can be examined from dual CFT by making use

of AdS/CFT correspondence. In [5], the anomalous dimensions of higher spin currents



in the 3d critical O(N) scalar model were reproduced to the leading order in 1/N using
conformal perturbation theory. The 3d O(N) scalar model was proposed to be dual to
so-called type A Vasiliev theory on AdS, [6], and the mass Mj of spin s field on AdS, can
be read off from the scaling dimension Ag of dual current as

M2 = Ay(As—d) — (d+s—2)(s —2) (1.1)

S

with d = 3. The computation in conformal perturbation theory can explain some of bulk
interpretations on the symmetry breaking.

The Vasiliev theory dual to the 3d O(N) scalars has been examined since it is the
most fundamental example, but more extended versions should be used in order to see the
relation to superstring theory. For examples, it was conjectured in [7] that a 4d extended
Vasiliev theory is related to superstring theory on AdS;xCP3 via ABJ(M) theory [8, 9].
Moreover, it was also discussed that 3d extended Vasiliev theories are related to superstring
theories on AdS3 via N = 4 supersymmetric 2d models [10, 11] and via A/ = 3 supersym-
metric 2d models [12, 13]. For the relation to AdSs strings, the symmetry breaking has
been examined in [13-15]. See also [16, 17] for related works.

In this paper, we first extend the analysis in [5] to the critical O(NN) scalar model
in arbitrary d dimensions, which is supposed to be dual to the type A Vasiliev theory on
AdS441 [6]. We then apply the methods to the Gross-Neveu model [18, 19] in d dimensions,
where the model is given by a theory of fermions with four fermi interactions. The model
is proposed to be dual to the type B Vasiliev theory in [20, 21], but the equations of motion
are known only for d = 3. In order to apply our analysis to the conjectured triality of [7],
we need to introduce supersymmetry and the coupling to Chern-Simons gauge fields in the
CFTs as discussed in [22-24]. One of the main motivations to examine the Gross-Neveu
model is for the preparation of the application.

The system of free O(N) real scalars ¢ (i = 1,2,---, N) has a relevant deformation
of the double-trace type as

AS = g / dz0,(2)0,(z), (1.2)

where O, () is a scalar operator with the scaling dimension v. In the current case, we
set Og_a = ¢'¢;. The critical O(N) scalar model with d < 4 can be realized as a CFT at
an IR fixed point of the RG flow induced by the deformation, and we study the critical
model by treating the deformation perturbatively. The Gross-Neveu model with 2 < d < 4
can be also realized in a similar manner. The system of free U(N) free Dirac fermions 1
(i =1,2,---,N) has an irrelevant deformation of the form (1.2) with Oy_; = ¢'tp;. The
Gross-Neveu model can be realized as a CFT at a UV fixed point, and we study the model
in conformal perturbation theory.

The Vasiliev theory includes scalar field along with higher spin gauge fields, and bound-
ary condition for the scalar field should be specified. The free O(V) scalar theory is dual
to the type A Vasiliev theory with Neumann boundary condition for the bulk scalar. Since
the double-trace type deformation is known to be dual to the change of boundary condi-
tion [25], the IR fixed point is dual to the Vasiliev theory with Dirichlet boundary condition



assigned to the scalar field. Similarly, the free fermion theory and the Gross-Neveu model
are dual to the type B Vasiliev theories with Dirichlet and Neumann boundary condi-
tions, respectively. The higher spin symmetry is broken in the critical models to the 1/N
order due to the deformation. This implies that the bulk higher spin gauge symmetry
should be broken in a one-loop effect and due to the change of boundary condition for a
scalar field [26]. In [5], additional supports were provided by mapping the computation
of anomalous dimensions in the 3d O(XNN) scalar model in conformal perturbation theory
to the evaluation of bulk Witten diagram corresponding to the one-loop effect generating

the masses of dual higher spin fields on AdS,.!

We do not repeat in this paper but it is
a straightforward task to generalize the map to our cases. Thus the same conclusion can
be applied to the Vasiliev theories on AdS;4; dual to the critical O(V) scalars and the
Gross-Neveu model in d dimensions.

This paper is organized as follows; in the next section, we explain the general methods
as developed in [5] but with a difference on the regularization scheme. In this paper,
we adopt the one developed in [29-33], which seem to be a common way to regularize
Feynman integrals in 1/N-expansions and in general dimensions. In section 3, we apply
the methods to the O(NV) scalar model in d dimensions, and we reproduce the known results
on anomalous dimensions of higher spin currents (3.10) obtained in [34] (see also [35, 36] for
recent developments). In section 4, we examine on the Gross-Neveu model in d dimensions.
With a slight modification of the method, we derive the anomalous dimensions of higher
spin currents, which agree with the results in [37]. They are the same as those of scalar case
up to a factor depending only on d, see (4.17). In section 5, we study simple generalizations
of our results. In particular, we examine the coincidence of anomalous dimensions in
theories of bosons and fermions for d = 3 by making use of N' = 2 supersymmetry. In
section 6,we conclude this paper and discuss open problems. In appendices A and B we
collect technical materials.

2 Methods

Let us start from free theory with scalars or fermions in d dimensions. The theory includes
conserved currents J,, ..., (x) with symmetric and traceless indices. The free fermion theory
in d > 3 dimensions has mixed symmetry currents as well, but we do not consider them
in this paper. It is convenient to express the currents as J§(x) = Jy, .., ()€t - - - €s with
polarization vector € (e - e = 0). The conserved current has scaling dimension d — 2 + s,
and the current-current two point function is fixed by symmetry as

o 2s 5, 2s

L12 1 (Z12)

5 J5Gaa)) = N (22 ) @)
lwia| ) (dy) 47247 (afy) R

up to an overall factor N;. Here we have expressed 12 = € - (1 — x2) = € - 712.

The essential part of map is rewriting the one-loop Witten diagram as a product of tree ones as was
already proposed in [27, 28].



We deform free theories by double-trace type deformation as in (1.2). The scalar two

point function is given by
Co,

(75)

with a normalization factor Cp,. We compute correlation functions in the presence of

(O (21)Op(22)) = (2.2)

deformation using the conformal perturbation theory as

i " i\ G_AS
<H1 Az‘(xi)> = <H“<‘2i(AS)>O L (2.3)
i= f

with some operators A;. Here the right hand side is computed in the free theory.

As an important example, we examine how the scalar two point function in (2.2)
changes under the deformation (1.2). It is convenient to work in the momentum represen-

tation as
1

3 | 0@, (2.4

O.(p) = (2r

which leads to

B C’oywd/22d*2”a(y)
(p2)d/271/

Here we have used the formula for the Fourier transformation as

1 e T(d/2 — a
(x2)e 7rd/222a /dd d/2 a’ a(a) = (lém))' (2.6)

After the deformation, the two point function becomes

- as=1 [dho,mou-r). @)

F,(p)
O, (p)O,(=p)) s = F,(p) — fE,(p)? + f2F,(p)® — - = — 2~ . 2.7
(Ou(P)OL(=p)) ¢ (p) = fFu(p)” + f7F,(p) 5 F, @) (2.7)
We will be interested in the regime with f ~ oo, where we find
1 1 1
<Ou(p)ol/(_p)>f ~ Tz ﬁFu(p) ) (2'8)
[
or in the coordinate representation
(Oy(21)O0y(22)) 5 ~ ?5 (w12) + FGV(OCM) (2.9)
with 4/ )
Gy(z12) = _alv = d/2) (2.10)

Co,ma(v) (x3,)4

Therefore, we can see that the deformation changes the dimension of operator O, (z) from
vtod—v.
With the deformation, the higher spin current would have anomalous dimension ~s,
which is defined by
Vs =Ag— (d—2+5) (2.11)



with Ag as the scaling dimension of spin s current. We would like to obtain v, at f — oo,
and for the purpose, we compute the two point function of higher spin current at f — oo
using the conformal perturbation theory. The form of the two point function is fixed as

- 2s
€ € x
(Js(@1) T (22)) fs00 = Ns(1 + 55)(:3%2;;22)””%
S 2s
SN BT s g . (212)

(x3y)d—2+2s

where the shift of normalization dg is of order 1/N. Therefore, we can read off the anomalous
dimensions from the term proportional to log(x2,).
The conformal perturbation theory says that the two point function should be com-

puted as
Ve i)y = (i) Taalo = 5 [ eI @) @0 )00l 13
+ J: /ddw3dd$4<J§<$1)J§($2)Ou($3)0y(x3)0y(x4)(’)y(x4)>0 T

We would like to compute the anomalous dimensions to the leading order in 1/N. With
the large N factorization, the correlators can be written as products of three or four point
functions involving J¢ and two point functions of O,. The product of scalar two point
functions can be summed up as in (2.7). As a result we have at the leading order in 1/N

(Je(@1)J{(22)) foo = (JE(@1) G (x2))o + Ln + I + -+ (2.14)
with
n=; / Ay 24Gy (230) (5 (21) JE(22) O (3) O (4))o0 (2.15)
L= % / d'w3d wsd w5 w6 Gy (235) Gy (26) (S5 (21) Oy (23) Oy (4) o (5 (22) Ou (25) Ou (6) o -

Here G, (x12) is defined in (2.10) and dots denote sub-leading terms in 1/N. For more
detailed derivation, see [5]. The same expression can be obtained by introducing a Hubbard-
Stratonovich auxiliary field o as in [33]. In the latter formulation, G, (x12) can be regarded
as the effective propagator of o, and the interaction becomes AS = [ dlz00,.

Since the integrals diverge, we need to adopt a way to regularize them. In [5], we used
a dimensional regularization, which reproduces the known result. In order to work with
arbitrary real dimension d, we adopt a different regularization by shifting the dimension of
the auxiliary field o, which seems to be a more common way [29-33]. In the regularization
scheme, we change the propagator (2.10) as

a(v —d/2) 1

G, = — .
(z12) Co,mda(v) (x3,)d-v—4

(2.16)

This shift makes the coupling for the interaction dimensionful, thus we may write AS =
pA J dzcO with a regularization scale . Denoting the residues of I; and I in (2.15) at



A = 0 as I]* and 5%, the anomalous dimensions can be read off from the term proportional
to log(z2,) as (see [33])

iy
A

1
= L™+ I5%) +log(aen®) (1 +205%) + " + 3" + O(A) .

1

Bt T = (aht)® (S04 1+ 0) ) + ) ( 5+ 1+ 0@)) (27

In the following sections, we compute I7* and I3** both for the O(NV) scalar model and the

Gross-Neveu model in d dimensions.
In order to perform explicit computations, it is convenient to utilize the integral for-
mulas in [38]. For the chain integral, we use

1 1
dlrg——— —p(ay,a9,a3) 2.18
/ " (13)1 (255)22 vlon, @ ag)@%)aﬁardm (2.18)
where
3
v(an, ag, o3) = w2 H alay) . (2.19)
i=1

Here a3 = d — a1 — ag and a(a) is defined in (2.6). Graphically, it can be represented as

o 9 ) ay + as —d/2

= v(ay, a2 a3

For the vertex integral with a1 + as + a3 = d, we can use

1 1
dx, = v(a1, a2, a3) ;
/ (234)21 (23,)2 (23,) (235)4/20 (23, )4/ 202 (23, )4/~

2
which is the main element of integration. This integral can be also visualized graphically as

(2.20)

d/2*(l’1

For the vertex integral with oy + ag + a3 # d, we may choose to work in the momentum
representation by applying the Fourier transform (2.6) not in the coordinate representation.

3 O(N) scalar model

In the previous section, we have extended the methods developed in [5] in order to apply for
more generic examples. In particular, we modify them by incorporating the regularization
with the shift of exponent as in (2.16). In this section, we apply the extended methods
to examine the critical O(/V) scalar model in arbitrary dimensions, and we reproduce the
anomalous dimensions of higher spin currents, which was obtained in [34].



3.1 Anomalous dimensions of higher spin currents

We consider the system of N free real scalars ¢' (i = 1,2,---,N) in d dimensions. The
system has conserved currents J¢(x) with even spin s. We use the expression of currents
obtained in [39] as?

(—1)F (2) (hzta)
2 (W)

Ji = Zakésfk(;siékd)i, ap = (3.1)
k=0

with & = €-9. Correlation functions involving the scalar fields can be computed by applying
the Wick contraction

5 o r'(6)
(@h)f" 0T and2

Here we set § = d/2—1. Using the Wick contraction, the current-current two point function

(¢'(x1)¢ (x2)) = Cy (3.2)

is obtained as

- has—t 1 aeek 1 (12)%
(J(x1)JE(22)) = 2NC2 Y apay {akas ! ] [al sk ] =Cy—rt—, (3.3)
¢ kzl::(] b (x%2)5 2 (37%1)6 (x%2)26+28
where the coefficient can be computed as [40]
Cy =25VINCE Y apar(8)p41(6) 25—kt = C32% ' Ns!(26 — 1 + s), (3.4)

k,l=0

for s > 0. Here we have used the Pochhammer symbol as (a), = I'(a + n)/I'(a). We shall
denote the two point function as

Dg = (J5(x1)J5(w2)) (3.5)

for later use.
We would like to read off anomalous dimensions after the double-trace type deformation
n (1.2). In the present case, we deform the theory by using the scalar operator

Ous(r) = O(x) = $i65.  (O(21)O(x)) = C%;é)% . Co=2NC2.  (36)

The operator is dual to the bulk scalar field, and the deformation changes its boundary
condition from the Neumann one at f = 0 to the Dirichlet one at f = oo. With this

deformation, the propagator (2.16) becomes

Co (d/2 —2)sin(nd/2)T'(d — 2)

G2(5($12) = G(.’ElQ) = W y CO' = CO']Td+1 . (37)
With the leading anomalous dimension for ¢¢, it can be rewritten as
2sin(nd/2)T'(d — 2
Cy = dld— 25, 7y = /DTN —2) (35)

Nrl(d/2 — 2)T(d/2 + 1)

2The expression is the same as the one with Gegenbauer polynomial up to an overall factor, see,
e.g., [35, 36].



In the rest of this section, we evaluate the residues of integrals I; and I5 in (2.15) at A = 0.
The results are summarized as
d(d—2) (s—1)(s+d—2)
Ires — _2 1 _ DS — _2 S
1 7¢< 4(s+d/2—2)(s+d/2—1)> 0T T s v d2—2)(s+dj2—1) 0
res I'(d+DI'(s +1) s
13" =74 Dy
2(d—1DI'(d+s—=3)(s+d/2—-2)(s+d/2-1)

For d = 3, they agree with [5]. For generic d with s = 2, the same integrals (and I; with s =
1) have been computed in [33] including finite part, and our results reproduce the 1/A-pole

(3.9)

terms. The expressions for s > 3 are new. The anomalous dimension s is then read off as

1 T(d+ 1)T(s + 1)
Py gy wn b LA G ) Rl Yo o pr ey

which agrees with the known result in [34].

Vs = 2’y¢( , (3.10)

3.2 Integral I

We first compute the integral I;. Applying the Wick contraction (3.2), we can see that
there are two types of contributions to the four point function as

(Je(w1) J§(22)O(23)O(24))0 = K1 (7:) + Ko(i) (3.11)
where
Ky (z;) = 16NC’;§ i axa [5{“3§l 21 ] [(% 21 ] 21 [3fk 21 ] + (23 <> 24),
k=0 (2)° (233)°] (3,4)° (x4,)°

S

A 1 A 1 A 1
Ky(x;) = 16NC3 Y ara [a’f} {asl ] [al
o(o) = 16NC5 D v | Tas | |% Gy |,

A 1
s—k
)5} [al = )5} 312
Accordingly, we separate the integral I; into two parts as
a 1
B=1 41?10 =5 [ e Glas) Kule) (3.13)

with a = 1,2. We start from the integral I fl) since it is the simplest one. We then evaluate

the other integral 11(2).

3.2.1 Integral IF)

We would like to compute the residue of

(1) 1 - As— L | Atas—k [ . d 1
I/ =16NC;C, ara; [6 0. } 050 /d r3d®Ty
' ’ k:%::o AL R (33)0(23)0+2~ 2 (23,)°
(3.14)
at A = 0. The integral over x3 and x4 can be performed by applying (2.18) as

1 1
d d —
/d de T4 (x§3)6($§4)6+2_A($31)5 = U((;, (5 + 2 — A, A)’U(6 + ]. — A, 5, ]. + A)W
1 7l 1

AT( 1 2)T0) @5

o(AY). (3.15)



Figure 1. The graphical expression of integral (3.18). The solid line and the dotted line represents
propagators with dimension § and 2 — A, respectively. Derivatives may be acted on the solid lines.

Thus we have

I(l) res 8C£Cgﬂ'd DS 9~ 316
(1) = Tt 26 = ~2ebs. (3.16)

where we have used (3.3) and (3.8).
3.2.2 Integral I§2)

We then examine the integral

1Y =8NCIC, Y araiByy (3.17)
k,1=0

with

PR | A 1 A 1 N 1
Bry = / dz3d’s [a’f} [8S‘l ] [as—k] [al ] . (318
= e ey | 1% e 1 e Py s B

The integral can be expressed graphically as in figure 1. It is argued to be possible to

perform the integration in the coordinate representation [31]. However, for our purpose, it
is suitable to work in the momentum representation. Applying the Fourier transformation
formula (2.6), the integral can be rewritten as

5 RN I PN —k/ena N
By, ZZCB/dda;dequdpn (Zpl) (’Lp2)s (Zp3)s (Zp4) ei(pl'Z’13+p2-:v23+p3~9614+p4~l‘24+p5-:v34)
T(2m)M e Pipspap; (p3)Y/2 24

with p, = €¢-p, and

a2 —A)

Cp= (C¢>)7402—A7 Con = W .

(3.19)

Integration over xg and x4 leads to the delta functions as (27r)2d5(d) (p1+p2 —p5)5(d) (ps+pa+
p5), and we eliminate ps and ps by using them. We change the rest of integral variables as

m=p-q, P3=q, p1=—q. (3.20)
This also means ps = ¢ — p and p5 = ¢’ — q. With these variables, the integral is now

Cs / a d s (10— @)@ —p) (19 (=id)"
B , == d pd qd q 1P-T12 .
i (2m)2d (p—q)2(p — ¢)2¢2¢2((q — ¢')2)¥/2-2+A




If we think p as an external momentum, then the integral is two-loop one with two internal
momenta ¢ and ¢’. There are two ways to have divergence by collapsing the right loop first
or the left one first, see figure 1. Therefore, we have to sum up two contributions obtained
by integrating ¢ first and by integrating ¢’ first. Both contributions are the same, so we
multiply the result the factor 2 at the end of the computation.

We first evaluate the g-integral as

/ ddq (Z(ﬁ_Cj)) <Q)s i (3 21)
( .

2m)2 2 (p — q)*((q — ¢/)2) 22447

Introducing the Feynman parameters x,y we arrive at

I'(d/2+ A) 1=z dd
Td2—2+A) / / dy/
(p q))F(ig)*kyd/2 =314
q—ap—yq)?+z(1—z)p? +y(1 — y)¢? — 2xyp - ¢)¥U>+A

(d/dQ/E;fA / /1 $dy/ gl (3.22)

—+ (1 —x)p—yg )) (i(w + wﬁ +yg'))shyd/23+A
(w2+w (1 —z)p? +y(1—y) —2xyp- q')

/ /1 x 1 - x)p yq )) ( (xﬁ + yd/))s_kyd/2—3+A
E )d/QF(d/z_QJFA r(1—z)p? +y(1 —y)¢? — 2zyp - ¢)>

In the second equality, we have used the fact that the integral with (e-w)™ in the numerator

X

d/2+A

vanishes for non-zero n. For odd n, we can see this from the symmetry argument. For
even n, the integral with w1 ---wHn» is proportional to the n/2—th power of ghi#i. After
contracting with e, we have (e - €)™? = 0 except for n = 0. Since we are interested in
1/A-pole, we pick up the singular part as

1—x
( )d/2r d/2_2 / dl’/ (1 —2)p — @)k (i(xp +yd')) Fy?*2 . (3.23)

The integrals over x and y are

1—
)(S_ )/ d.CL‘/ o k aps— k— b( 1)aya+b+d/2—3ﬁs—a—qu/a+b

- a
k s—k - ars—a—b "/ll“rb 1
SZ ( 1) p q / dl’(l —$)k+b+d/2_2$s_k_b (324)
a a+b+d/2—2 0
a=0 b=0
k sk kN (=1)2p5 ¢ T Tk + b+ d/2 k—b
:(Z)SZ s — (_ )p ( +0+ / _1) (S_ - +1)
i \a b a+b+d/2—2 I'(s+d/2) ‘

~10 -



The ¢'-integral can be evaluated similarly as

ddq’ (ﬁ _ (j/)sfl(qA/)HaHJ
s P (3:25)

(=2)°

— (- sL(2—4d/2) d 1 — 2)p)* ! (zp)itath
= Z (471‘ d/2 1 _ Z) )2 d/2
F(Q d/2)r S—l—1+d/2) (l+a+b—1+4d/2) ﬁs—i—a-‘rb
= (=) (47)d/2 (s+a+b—244d) (p2)2-d/2 "
The p-integral is
~9s . d/222d741-\(d_ 2 (2 +25) (A %
p ip-x 2570 s S L12
/ddpwe P — ()2 - ) 25 L'( : 22;+23 (3.26)
(p?) I'(2—d/2) T(20) (22,
—-(71)8W&U22ZH4(28%_26__1)F(26__1_%8)[F
- (2 —d/2)(T(8))2NT (s + 1) 0
Combining the above computations and multiplying the factor 2, we obtain
1 (2s+d—-3)I'(d—-3+
1(2s )I( S)DOH(2)(k )+ O(AY) (3.27)

HTUATANCIT (s + 1)(D(8))2

with
k s—k ( 1>S+CL
= 2
k=35 () (") arrrmes 2
Nk+b+d/2—1)I(s—k—b+1)T(s—1l—-1+d/2)T(l+a+b—1+d/2)
I'(s+d/2) I'(s+a+b—2+4d) )
Thus we find
@ 22s+d—-3)T'(d—3+s) R > (2) 0
I D H , AY). 2
A F(S+1)(F(5))2 C, Okgoakal 1 (k l)+0( ) (3 9)
After summing over k,1,a,b,® we find
(2)\ s d(d — 2) .
1 = Dj. .
(1 ) 2(s+d/2—2)(s+dj2—1) 0 (3.30)

Combining (3.16), we thus find the residue of I; at A =0 as in (3.9).

3.3 Integral I,
We move to the computation of I. With the Wick contraction (3.2), the three point
function is computed as
N
(JE(21)O(x3)O(4) o 8NC¢ 52% {as k 7 5; } [al( 75
13
3We have checked the identity for explicit values of spin s = 1,2,--- and real dimension d by Mathe-

matica. The same is true for the other expressions after the summations in (3.43), (4.39), (4.51), (4.54)
and (A.10). It might be possible to proof these identities analytically by applying the method in [40], see

} : (3.31)

also appendix B.1.
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Figure 2. The graphical expression of the integral in (3.33) with possible derivatives on the solid
lines.

Thus the integral Iy is written as
S
IQ = QSNQCS;Cg Z akale,l (3.32)
k,1=0
with

Ck, = /dd$3dd$4dd$5ddﬂ?6 (3.33)

<o) | ) e mrmr e

The integral can be represented graphically as in figure 2. Without derivatives, this integral
is evaluated to the order A” in [31] as

7T2d a 3 a 3(1 _
Cool_g = T WP(( ;/22))) (d=3) <i+4B(2)—SB(5)—B(d—3)> O (330)

where B(z) = 1(z) + 1(d/2 — z) with ¢(z) = £ logI'(z). Thus the task is to incorporate
the effects of derivatives.

The 1/A-pole terms arise from sub-diagrams, and there are diagrams which reproduce
the residue at A = 0 (see figure 3 for a related computation). In [31], they compute
the order A° contributions from the difference between the diagrams. Since we are only
interested in the singular terms, we may use the same diagrams in [31]. However, the
diagrams have different structure from the one in figure 2, and it turns out to give wrong
answers if derivatives are acted on lines. Therefore, we would like to utilize a diagram
which has the same structure.

We propose to use a diagram where the exponent of the propagator is shifted of order
A such that we can integrate over, say, xs, x4 by applying the formula (2.20). The amount
of residue would change, so we will fix it by comparing the result without derivatives to the
1/A-pole term in (3.34). Note that the procedure works only when the effects of derivatives
do not give rise to any extra zeros nor poles. There are many ways to do this but we shift
the exponent of propagator between x3 and x4 as d — d + A as a convenient choice. After
the integration, we would arrive at essentially the same diagram in the previous section,
so we can evaluate the residue in the momentum representation. As a confirmation of
procedure, we re-derive (3.30) by applying this method in appendix A
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Following the above argument, we compute the following integral as

Cl/c,l = /dd$3dd$4dd1’5dda}6 (3.35)
A 1 A 1 A A 1 1 1 1 1
[k [t b '
[ ! (951211)5 ! (x%?))a 2 ($%2)6 2 ($%5)6 ($§4)5+A (3%6)5 ($§5)27A (xzzxﬁ)Q*A

Using (2.20) the integral over x3 can be evaluated as

) 1 A 1
8k/ddx3 :u(5,5+A,2—A)a’f[ }
' (275)° (234)7F 4 (3;)> 2 b lads(ady) 1A (a3 ) Y22

L rPT(1 - A2 —24A) 1 o= (k) [2, 1 - 1
~ TEIE+AT(E2-A) %215;0 (a) [81(3335)1—A} [af WW] - (3.36)

The propagator between x; and x4 can be rewritten as

As—k 1 Ak—a 1 _ (5)S—k(d/2 -2+ A)k—a és—a 1 (3 37)
Poh)el Y @Al (=34 Q) by st

Integration over x4 then gives

~ 1
oie / ddz, (3.38)
' (2,) 13 Bafy (2fg)? 2
. 1
:v(d—3+A,1,2—A)85_a[ }
! (236)3 4272 (a1g)’ (25) 4224
_ ml2T(3—d/2— A)T(0)T(d/2 -2+ A) 1
B (d-3+AT(2-A) (22)3-4/2=2
—[s—a\ [z 1 A 1
% 8b:| |:8sab:| )
bzg < b ) [ ! (2%6)° ' (x5) /2724
We re-express the propagator between x; and x5 as
éa 1 és—a—b 1 _ (1 - A)a(d/2 -2+ A)S—a—b és—b
! (354 ! (x5)4/272+4 a (6)s—b GO
(3.39)

The integral over x5 and z is actually the same as By, defined in (3.18) and evaluated as
in (3.27) with (3.28).
Summing over all contributions, we find

1 (25s+d—3)l'(d—3+s)nT(3 —d/2)

Ch, = X INCITGs 4 (D)) DHy(k, 1) + O(AY), (3.40)
where
k s—a
H(k )= 3" (’2 <‘9 R a) (3.41)
a=0 b=0
y Ms—k+0)l'k—a+d/2-2)T(a+1)(s—a—b+d/2— Q)Hf)(b,l) '

INs—a+d—-3)T'(s—b+9)
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We can see that there is no extra zero or pole at A = 0 for generic d, so we can confirm that
the effect of derivatives is the same between C},; and Cl/al' However, there is no guarantee
that the overall factor is the same as mentioned above. In fact, by comparing C(,J,O at s =0
with the 1/A-pole term in (3.34), we find

1
Cri = ic,gJ +0(A%). (3.42)

The integral I thus becomes

I, =2°N*CSC2 Z ara;Cl. (3.43)
k,1=0
_12@2s4+d-3)I'(d=3+3s)'(d+1)
A T(s+1)(0(6)A(T(6 —1))%(d — 1)

D§ > apaiHa(k,1) + O(A”).
k,1=0

The summation over k,[ can be performed as in (3.9).

4 Gross-Neveu model

In the previous sections, we have developed the formalism to compute the anomalous
dimensions of higher spin current in the framework of conformal perturbation theory. In
this section, we apply the methods to the Gross-Neveu model in d dimensions as well. We
will see that the direct application does not work due to an extra divergence which cannot
be resolved by introducing A in (2.16). In order to regularize the divergence, we introduce
another shift of exponent by 7/2 in the free fermion propagator. The final result turns out
to be finite in the limit n — 0. After the slight modification, we succeed to reproduce the
anomalous dimensions previously obtained in [37].

4.1 Anomalous dimensions of higher spin currents

We consider the system of N Dirac fermions ¥ (¢%) with i = 1,2,--- , N, which transform
in the (anti-)fundamental representation under the action of global U(N) symmetry. Ac-

cording to [39], the current of spin s = 1,2,--- can be written in terms of bi-linears of free
fermions as*
s—1 o
Jse _ Z &kakqbz,}as—k—lwi ’ (41)
k=0
where
() (™)
ag = (—1)kT7 as—1-p = (—1)* . (4.2)
(d/2—1)

We also use ¥y = €7 = ¢.
We compute the two point function of the higher spin current

B 5 j 2s
D} = Ustanitaa)) = O

4The expression of currents in terms of Gegenbauer polynomial can be found in [35].
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by applying the Wick contraction as

(W 2 (@2)) = Coth s, Cp = 00 (4.4)
(212) 4m

Using (4.1) the two point function can be rewritten as

s—1

N - N A 1 A A 1

Dj = —C’Q%N E Q0194 (e“laf_k_laéaf22 56“38§_l_18{“8§‘4 5 6) . (4.5)
Ji=0 (715) (z31)

Here we have set
gn = tr(%ﬂ T VMn) . (4'6)
The factor (—1) comes from the fermion loop. For the trace of gamma matrix we use

94 = tr(’7u1’7u27u37u4) = trﬂ(6ﬂ1u26u3u4 — Opuy 3 Opopus + 6#1#45112#3) : (4.7)

Using € - € = 0, the above expression reduces to

s—1
8 s 1 sy 1
Dy = (—1)**12NC3 >~ aray <82 oyt 6)
=0 (1) (31)
s—1
24 2s
= (-1)*T2NeE > dk&l(é)s—k—l—l(é)s—l—k—l%- (4.8)
=0 (z12)
Here we have set N = Ntrl. Thus we obtain C, in (4.3) as
Cy = 2TINCIT (5)5%(26 + 8)s—1, (4.9)
where we have used
s—1
D (1) ks (6) s p41(8)syh—t = T(5)5%(20 + 8)s1 (4.10)
k,1=0

as shown in appendix (B.1).
We are interested in anomalous dimensions of higher spin currents after the deformation
of (1.2). In the current case, the scalar operator is

Og-1(z) = @(fv) =", (4.11)
whose normalization is
- - - 1 1 1
(O(x1)O0(x2)) = =NCitr ( h—55027—55 | =Co—5~77. Co=4N5C;. (4.12)
(51”12)(s (%1)‘s (215)01

Here we have used tr(v,7,) = trld,,. The operator is dual to the scalar field in the type
B Vasiliev theory, and the deformation changes the boundary condition for the bulk scalar
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from the Dirichlet one at f = 0 to the Neumann one at f = co. The propagator (2.16)
becomes

- 1 (1 —d/2)sin(md/2)T'(d — 1)
Gd_l(l’lz) = G(l’lz) = C&W s Cﬁ' = C@ﬂ-d‘i’l . (413)
It might be convenient to express the coefficient Cj as’
§*I(d —1
S 1) (1.14)

NT(2 — d/2)[(d/2 + 1)[(d/2)2

in terms of the anomalous dimension of ¢ to the 1/N order.
In the following we shall compute the residues of the integrals I; and I in (2.15) at
A = 0 by following the analysis in the previous section with a slight modification. The
results are summarized as
d(d —2 - s—1)(s+d—2 -
H%:ﬂwG_MH@Q£%¥M&—Q>%:_Mﬂﬁgmj&mwg—n8’
PIT(d+1I(s+1) ~

B =TT AT s =3+ /2= s+ d2—1) 0 (4.15)
where
P, = ”(2_1) (4.16)

These integrals have been evaluated in [33] for spin s = 1,2 up to O(A) terms, and we
find agreement. For spin s > 3 our results are new. The anomalous dimension 5 can be
read off as
1 PI(d+ 1T 1
(s—1)(s+d—2)— sI(d+1DI'(s +1)
s+d/2—-2)(s+d/2—-1) 2d—-1)I'(d+s—3)

75::27¢( , (4.17)
which reproduces the result in [37]. We can check that the anomalous dimension vanishes
for s = 2, which implies the conservation of conformal symmetry. We can also see y; = 0
for spin one current, which means that the global U(1)(€ U(N)) symmetry is not broken.
The expression 7, in (4.17) coincides with that in (3.10) for the scalar case with even spin
if we replace vy, by 7.

4.2 Integral I

The integral I7 involves four point function with two higher spin currents. The four point
function may be divided into two parts as

(JE(1) TS (22)O(23)O(24))0 = K1 (i) + Ka(s) , (4.18)

where the two functions K,(z;) (a = 1,2) are

s—1
i - . . . 1 - 1 1
Ki(2;)=—2NC3 arage0t oy’ 2RO a9y ho
’ "bZ R B RN A DN AT
+ (23 > m4) (4.19)

®See, e.g., [41-46] for previous studies on the Gross-Neveu model in d = 2 4 ¢ dimensions.
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and

s—1

- ~ A A 1 =4 1 ~ 1
Ky (2;)=—2NC3Y arigedr o) 2 s 1kohs ook s 931l ohe .
' ¢k§=:0 . (x4,)° ' (215)° 20 (23,)° ? ? (23,)°
In terms of K,, the integral I; in (2.15) becomes
1 - -
Il = IF) + 1{2), Ifa) = 2/dd$3ddl‘4Ka(l‘i)G(IL‘34) . (4.20)

In the following subsections, we compute the residues of I 1(1) and [ 52) at A =0.

4.2.1 Integral I§1)

We start from the simplest integral I §1)

1 1 d—2 1
%" a5° 421
( (23 34)6> ($§4)1_A d—2A"3 (42,)4/2-8 (4.21)

and integrating by part, we obtain

. Rewriting

- — 1
IF) = —2NC&C Z apayge(—1)105 1~ k”e“?e“‘*a“?’ﬁ (4.22)
kl 0 (12)
. . 1 1
x oY 031 oke ol / dPrgdizy
LRI 22 (z3,)° (233)° (23,)4/%=4
d—2 s—1
= —4NC;;C4 ara(— 85 kvl _ =
?d—2A k;o (2%,)°
A 1 1 1
E+1As—1—1 3. 13
R N nrar =
In the second equality, we have used
Vs Vs 08" 05° = Guusps05°05° = O (4.23)
and (4.7).
The integral over x3 and x4 can be done by applying the formula (2.18) as
1
d%ad® 4.24
[ et s 2y
1
1, I(d/2-2) 1 0
= — AY).
AT @) @y FOE)
Utilizing
2(4—d
Oa(at) 1 = 00,0k = 0, (<202 = 4/ er ah)7) = 2.
12
(4.25)
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we find

d—2 . (2d12)
1= —8N . — 1)) st (0) st o2 L O(A”
{ A8 C5C4m F(é)F(d/2+ 5 kl:oakaz( )TH)s—kr1(0) sk (a2, 7% + O(AY)
1 -
= ——2v,D§ + O(A"). (4.26)

A

Here we have also used (4.8).

4.2.2 Integral Iiz)

As in the scalar case, we work in the momentum representation by applying the Fourier
transform formula in (2.6). Then the integral I £2) becomes

~ 5 s—1
9 NC5C1-a d d .

1= Gy / d'wsd’ey [ [ d'pa Y anautr(p,fpputp,) (427)

n=1 k,l=0

X (ip1)* (ipa) s~ F (ips) ! (ipg)* 1 Lei(Pro1atp2w15+ps w23 tpa-w2atps w3a)
PIp3p3p; (p3)Y/2-1tA
all —

Cioa = amps e

Integration over 3 and x4 leads to delta functions as (27)246() (py+p3—ps) 0@ (p1+pa+ps).
Thus we may replace

p=p-q¢, p3=-4¢, Ps=q—4 (4.29)
with ps = p5 — p3 = ¢ and py = —p; — p5s = ¢ — p. The integral is now given by

2y NC:Ci-a Jr1(p)?
Il() 2 Z akal/dd = d/2 e (4.30)
k,1=0

where Jj,; are defined by

A\ 2s
Tl (p)

) (p2)27d/2+A (4.31)

(=) @) @) p—q)

d d/
= [ G O )G e g

For the further computation, we rewrite the trace over the product of gamma matrices

in more convenient form. Using (4.7) and € - € = 0, we have

Le(gag ¢~ P - 0) = Ll g P 9) - L unlagtd P - )
=2(¢(¢ —p)d - (p—a) =4~ 9d - (d —p))

+2(G(p—d)q- (¢ —p) —d(@ —Dg-(»—q)
=qp—lp-4¢)P - (a-4¢)P -+ ¢ (4.32)
Q- —d*> -] +d G- —a0)?— (g—d)° —p* +¢"]
'p—d)p* - " — (p—)?)-
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Since p — q, q, p — ¢’ and ¢’ share the same properties, there are essentially three types of

integrals with p?, (p — ¢)? and (¢’ — ¢)? in the numerator, which may be called as Kgl),

Kf) and K fS), respectively.
In appendix B.3, we examine these integrals. We can show that there is no 1/A-pole

(1) (2)

term in the integrals of the type K|/, so we just neglect them. For K,” we examine an

example of integral as

(p)FHmtn a s (0= D"@"@) "B -q)"
Kk’l’m’"(zg)?m = | dladq 2¢%(p — ¢)2((q — ¢)2)4/2- 144" (4.33)

The 1/A-pole term is obtained as in (B.18). There are similar integrals with ¢2, (p — ¢')?,

and q’2 in the numerator, and they can be expressed by K m as in (B.20). For Kf’), we

define

(p)Ftitmin / =P @) —d)"
By 1mn (p2)2-4/2FA ~ /dd dd TR (p (- q/>2)d/2—2+A’ (4.34)

whose 1/A-pole term can be deduced from the scalar case as in (B.21).

In terms of these elements of integral, the integral Ji; in (4.31) can be written as

Jig =Kot 15—k — Brs—kis—1 + Ks—rps—10 — Kis—1—1 k+1,5—k — Ks—1-11.s—k k1 (4.35)
+ Kpi1,s—1—ki+1,5-1—1 — Brg1,s—k—1,141,5—1—1 + K41 61— k+1,5—1—k

— Ko 1k ks—11+1 — Kis—1—k j+1,5—1 -

Using (3.26) and

(i.u)?s

_ o2s—1 2
DS = 9245 NC¢F(S—|- 1)(25 —1 +8)3W

=(20)"%s(d -3+ s)D;, (4.36)

we have

= (=1)* Dg . (4.37)

(p2)2—d/2 62T(2 — d/2)(T(6))2NT(s)

Then the integral I{Q) in (4.30) becomes

s—1
(2) sd(d+2s—3)'(d—2+s)
I = (—1) D akalel (4.38)
! 474520 (2 — d/2)T(5)D(s) V70 kzl:o
Performing the summation over k,l we find
(2)yres d(d - 2) s
I = Dj§. 4.
L) = e rar— e+ dp—1) D (4.39)

Combining the result in (4.26), the reside of I at A =0 is given as in (4.15).
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4.3 Integral I,

For the integral Is we use the following three point function, which is evaluated with the
Wick contraction (4.4) as

s—1

_ N . As— 1
(JS(21)O(22)O(x3))0 :—NC¢Zaktr [8153 391k, 6(32276 +(z2 <> x3).
=0 (23,)° (25)° "7 (33)
We can rewrite
(J5(21)O(22)O(w3))o = PsTs(x;) (4.40)
with
s—1
N . 1 -
To(z;) = 2NC3  a5,940r 0 23— 1kols 04 (4.41)
¢kzzo B (23;)° ' ' (5312) (235)°

Here we have used (4.2), (4.6) and (4.16). It is convenient to use the following expression
as (see appendix B.2)

24]\75203 5 [

Ty(z;) = e Zak Hé;’—k 21 ] (4.42)

with ay, in (3.1) used for the scalar case.
The integral I3 in (2.15) is now

12 = 27N2(54C§CSPS/ddxgddx4ddx5dd$6 Z ara; |:({§{€ (.Z'21 )5:| [é‘f_k (le )5] (4 43)
k,1=0 13 14
1 1 1 1 1
82 8 2 \6 d/2 2 \d/2 2 \1-A 2 \1-A "
(z 25) (5526) (232 (236) (235) (36)

The integral might be evaluated by applying the formula (2.20). However, we would meet
divergence from a factor a(d/2) = I'(0)/T'(d/2), where d/2 comes from the exponent of 23,
or x§6. In order to regularize the divergence, we shift the exponent by a small amount. We
choose to shift as

~ - 1 - 1
Ck,l = /ddazgddx4ddx5dd:r6 |:as_k ] |:8k :| (4.44)
bo@d)e] [ ().
1 1 1 1 1

s—1
[3 (%2)&] [82 (235)° } (23,) 0 A (23g) ot (235)0 174 (23)P 172

Here @« = d/2 — 1+ 1n/2 and = 2 — n as in [31], where /2 physically corresponds to

the anomalous dimension of ¥*. Expanding n in 1/N as n = ng + n1 + -+ -, the first two
terms are given by 79/2 = 0 and 11/2 = v, in (4.14). Since we are working on the leading
order in 1/N, we set 7 = 19 = 0 at the end of the computation. Fortunately we will see
that there is no divergence due to this procedure. We also shift the exponent of x§4 as
a+1— a+ 1+ A as discussed in subsection 3.3.
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We need to perform the integration over 3, x4, x5 and z¢. Using (2.20) the integral
over x3 can be evaluated as

A 1
8kh/~dd$3
! (235)%(w3) 01 (235) 0714

1 k k 1 1
Ja Nk—a
g (374215)‘1/2_“20 <a> [81 (atfg,)d/?—a—l—ﬁ] [81 (22,)3/2-B+1+A

=v(l,a+1+A,—-1-A) (4.45)

Note that v(a,a + 1,8 — 1) = 7%2a(a)a(a + 1)a(B — 1) diverges at 7 = 0 as mentioned
above. The propagator between x; and x4 can be rewritten as

Al 1 o 1
[81 k (95%4)"‘] [(% (aci)d/?—ﬂ—%l-&-A} (4.46)
_ ()5 k(d/2 =B+ 1+ A)pa g0 1

(d/2+a—B+1+A) 4 1 (x%4)d/2+a7/3+1+A )
Integration over x4 then gives

1

Ns—a d
5 [ s A0
=v(d/24a—-F+1+A,d/2—a,f—1-A)
1 = s—a) [”b 1 } |:Asab 1
X —————— 0]—5—| |0
(xEG)ﬁ—a—l—A ; ( b 1 (53%6)& 1 ($%5)d/2—6+1+A
We rewrite the propagator between x; and x5 as

Na 1 As—a—b 1
% (93%5)d/2_a_1_A] [(91 (55%5)‘1/2_5“4&} (4.48)

Tle+d2-a-1-AT(s—a—-b+d/2—-F+1+A)(a) 5,5 1

T Td2-a—-1-AT(d/2-B+1+A)T(s—b+a) ()

For a # 0, the divergence at n = 0 is canceled out by the factor 1/T'(d/2 — o —1). We will
show that there is no contribution to the 1/A-pole even for a = 0, and hence we can safely
set 1 = 0 from now on.

The integral over x5 and zg is the same as By defined in (3.18) and evaluated as
in (3.27). Noticing (4.36) we find

1(25s+d—3)I(d—2+s)7T(2-d/2)

Chy = A PN CIT ()T (0)"T(d/2) DiHo(k, 1) + O(AY), (4.49)
where
~ k s—a k s—a
Hy(k,l) = (4.50)
o0 =323 (1) (")
y I(s—k+0)l(k—a+d/2—1)T(a)l(s—a—b+d/2— 1)H§2)(b, .

I's—a+d—-2)I'(s—b+9)

Here H1(2) was defined in (3.28).
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Figure 3. The left diagram represents the integral before introducing the shift of exponent by 1 and
A. The solid line, the solid wavy line and the dotted line represent propagators with dimension 9,
d0+1 and 2— A, respectively. Without the action of derivatives, we can show by closely following [31]
that the 1/A-pole term of the left diagram can be computed from the two right diagrams.

As in the scalar case, the shift of exponent by A changes the overall factor of the
1/A-pole. Without the action of derivatives, we can evaluate the residue before shifting
the exponents as explained in figure 3. Comparing C’o,o with s = 0, we find that extra 1/2
factor is needed. The integral I thus becomes

s 1.
I = 27N2(54C§Cgps Z akalngJ + O(AO) (4.51)
k,1=0
P, 2d6(2s +d —3)T(d— 2+ s)T(d — 1)yy =, < i .
=2 Dj H AY).
A L))/ b 2 awatfo (k1) +O(A

k,1=0

After the summation over k, ! we obtain the expression in (4.15).
Now it remains to show that there is no 1/A-pole for a = 0 in (4.45) at n = 0. In the
residue at A = 0 with a = 0, k-dependence only appears in a; and some factors in (4.46) as

1 d n d 1 d d

d d
><[1—}-7271/1(3—1{:—1-2—1)+771/1(k+2—1)]—i—(’)(nl), (4.52)
where ¢(z) = % log'(z) as before. Let us first study the term proportional to 1/n. For

A =0, the sum over k reduces to

Zs:akf‘<s—k+;l—1>f‘<k+;l—l> (4.53)

k=0

i I'(s+1) B s
ockgof(k+1)F(s—k+1)(_1)k_(1_1) =0,

which implies that there is no term proportional to 1/7 in the residue at A = 0. We then
examine finite contributions at n = 0. They would come from the second and third terms
in the second line of (4.52). However, we can show that the summation over the other

Sy <Z> HP(b,1)=0. (4.54)

s
=0  b=0

variables b, [ leads to

This confirms our claim that there is no 1/A-pole for @ = 0 in (4.45) at n = 0.
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5 Generalizations

In the previous sections, we have studied higher spin currents in the singlet of global sym-
metry for the critical O(NN) scalar model and the Gross-Neveu model. There are several
examples, where we can deduce the anomalous dimensions without extra efforts. In the
next subsection, we apply the analysis to higher spin currents in the non-singlet represen-
tations with respect to O(N) or U(N) global symmetry. In subsection 5.2, we compute the
anomalous dimensions in the system of U(N ) complex scalars. In subsection 5.3, we exam-
ine the NV = 2 supersymmetric U(N ) model, and in particular, we examine the coincidence
of anomalous dimensions among 3d theories of bosons and fermions.

5.1 Non-singlet currents

In the free scalar theory, there are many conserved currents as

s

Jo =" a,0° Pl 0b e (5.1)
k=0

with ay in (3.1). According to the O(NN) representation, we divide them into three types

as Js (19) for the symmetric traceless one and Jg 1) for the antisymmetric one along with

J¢ in (3.1) for the singlet one. Up to now we have focused on the single currents since they

are dual to higher spin gauge fields. However, our methods are not restricted to the singlet

ones but can be applied more generically. In fact, the anomalous dimensions for the other

types of currents can be deduced from the analysis for the singlet as seen below.

The two point function of the currents are

Dg

n (5.2)

<J;,(z]) (xl)Jse,(kl) (1:2)>0 _ (6il6jk + 6ik5jl o %5235kl)
D

(T (1) JEED (29))g = (6767F — 5ik5jl)2N

(5.3)
with D§ defined in (3.5). We would like to compute the anomalous dimensions of these
currents at the critical point. For the purpose we need the information of three and four
point functions involving these currents. We can easily see that three point functions with
non-singlet current vanish, so there are no contributions of the type Is. The four point
functions are related to that with singlet current in (3.11) as

<J5(Zj)($1)Js(kl)($2)O(«T3)O($4)>0 — (5il5jk + 5ik5jl o ;5zj5kl)Kl($z)2}K2(Jh) 7 (54)
<J8[2]} (.CL'l)Js[kl](1‘2)0(.7}3)0(1‘4»0 _ (6il5jk N 5ik5jl)K1($i)2‘i]‘VK2(1’i) ) (5'5)
Therefore, the anomalous dimensions are
(s—1)(s+d—2)
N — g =9 )
Vs (i) Vslij] ’y¢(8+d/2—2)(8—|—d/2— 1) ’ (5 6)

which reproduces the known results [34].
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As in the free scalar theory, there are also non-singlet currents in the free fermion
theory as

s—1
Je(x) =Y ard"iaor Tty (5.7)
k=0
with @ in (4.2). The two point functions are
(T (@) JED () = (5767% 4 5k st — 2 giighty 20 (5.8)
N N
)T ))o = (5157 — 53 =8 (.9

with D in (4.3). The three point functions with a non-singlet current vanishes, and the
four point functions are

<J8(”)(.%1):]5(“)(x2)0($3)0(314)>0 _ (5zl6]k +6zk5]l _ ﬁy]ékl) l(xz)]"g 2(1'z) ’ (5‘10)

K1 (%) Jffﬁ(xz‘) .

(T (21) T (22) O(23) O(4) Yo = (6" 67F — 5o <

(5.11)

Here K,(x;) are defined in (4.19) and (4.2). Therefore, the anomalous dimensions are

(s—1)(s+d—2)

Vs(iz) = Vslij] = 2N Grd2—2(s+d2=1) (5.12)

as found in [37].

5.2 U(N) scalar model

In this paper, we have considered the system of O(NN) real scalars, but it is not difficult to
generalize to that of U(N) complex scalars. The results for U(N) scalars will be utilized
for the arguments on the N' = 2 supersymmetric setup in the next subsection.
The U(N) scalar model consists of N complex scalars, and we use the following nor-
malization as y
% *J 6"
(9" (x1)9™ (22)) = Cp 55 (5.13)

(25)°
with Cy in (3.2). The system has conserved currents, which can be given by

S . i A N
Jo = kzoak88k¢* O i, (Js(@1)J5(z2)) = an Do (5.14)

We deform the system by (1.2) with the scalar operator

1
($%2)25 '

Og5(2) = O(x) = "¢, (O(21)O(x2)) = NC; (5.15)

The propagator (2.16) is given by (3.7), but Cp is with extra factor 2 and with N replaced
by N.
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We would like to examine how the anomalous dimensions of higher spin currents change
from the O(NN) scalar case. We can see that the four and three point functions in (3.11)
and (3.31) become 1/8 and 1/4 times along with N replaced by N. Combining with the
changes in the current-current two point function and the propagator (2.16), the anomalous
dimensions are given by a half of (3.10) with N replaced by N. Denoting the anomalous

dimension of spin s current as vy(N) and that for the Gross-Neveu model in (4.17) as 7SN,

we have the relation as 14— d)
Uy _ Wie—4a) GN 5.16
’78 2(d _ 2) IYS ( * )

For d = 3, trl = 2 and thus we find VE(N) =GN,

5.3 N = 2 supersymmetric model in 3 dimensions

Comparing the results from the O(N) (U(N)) scalar model in (3.10) and from the Gross-
Neveu model in (4.17), we can see that they are almost identical except for the overall
d-dependent factor. In particular, we observe the coincidence for d = 3 as in (5.16). We
do not have a clear explanation of this fact in general d, but we may be able to explain it
as a consequence of N’ = 2 supersymmetry for d = 3.

For d = 3, a free theory with N' = 2 supersymmetry can be constructed from the
sum of N complex bosons and N Dirac fermions. We may consider the following marginal
deformation as

A / d20(2)0(x) (5.17)

plus supersymmetric completion with the product of fermionic operators. Here O(x) and
O(z) are the scalar operators in (5.15) and (4.11), respectively. The fixed line under this
deformation can be understood from the dual gravity theory as argued in [20] at least for
large N as explained below.

The scalar operators O(z) and O(z) are dual to complex scalar fields ¢ and ¢ with
Neumann and Dirichlet boundary conditions. The marginal deformation in (5.17) mixes the
boundary conditions of these two complex scalars [25], see also 7, 13]. In order to preserve
the supersymmetry, we also need to change the boundary conditions for two Dirac fermions
as well, and this was analyzed in the current context in details in [7]. At the limit of A — oo,
the boundary conditions are exchanged such that Dirichlet and Neumann ones are assigned
for ¢ and ¢’. This bulk theory is dual to the sum of critical U(N) scalar model and the
critical Gross-Neveu model plus interactions mixing the two models, and it is natural to
expect that the system has N' = 2 supersymmetry at least for large N as discussed in [20] for
N =1 setup. Performing a projection, we would obtain the bulk theory dual to the critical
U(N ) scalar model or the critical Gross-Neveu model. The original N' = 2 supersymmetry
relates the two models, and this may explain the coincidence of anomalous dimensions as
observed in (5.16) with d = 3. We hope to be able to report on more details in near future.

6 Conclusion and discussions

In this paper, we have examined the critical O(/N) scalar model and the Gross-Neveu model
in arbitrary d dimensions, which are proposed to be dual to the type A and type B Vasiliev
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theories, respectively. We have first extended the analysis on 3d O(NN) scalar in [5] to the
case with generic dimension d. In particular, we use a different regularization by shifting the
exponent of propagator as in (2.16). Moreover, we have developed a new way to evaluate the
effects of derivatives acting on the propagators. Using these methods, we have reproduced
the known results on anomalous dimensions of higher spin currents to the 1/N order in [34],
see (3.10). We then apply these methods to the Gross-Neveu model in d dimensions. In
this case, the introduction of A in (2.16) is not enough to regularize the divergence in a
Feynman integral. We shift the dimension of fermion field by 7/2, and then take the limit
1 — 0 at the end of the computation. The limit is found to be finite, and we can reproduce
the previous result on anomalous dimensions to the 1/N order in [37]. They are the same as
those for the scalar case up to a d-dependent factor, see (4.17). It is an interesting question
why the coincidence happens, which may be answered by using higher spin symmetry. For
d = 3, we give a possible explanation of it as a consequence of N' = 2 supersymmetry.

We investigated these two models to understand the dual bulk mechanism of symme-
try breaking. The anomalous dimensions can be computed by making use of bulk Witten
diagrams, and the diagrams can be explained in terms of boundary conformal perturbation
theory as in [5], see also [27, 28]. Therefore, the conclusion obtained in [5] can be applied
also to the current examples. Namely, the boundary computation confirms the bulk inter-
pretations such that the mass arises from a one-loop effect due to the change of boundary
condition for the bulk scalar field. For the type A Vasiliev theory on AdSy, the Goldstone
modes are identified with bound states of scalar and higher spin field through group theo-
retic argument in [26]. However, the boundary computation in [5] could not explain what
are the Goldstone modes. The analysis in this paper does not add anything new on this
issue, so we again cannot identify the Goldstone modes from the boundary computations.
In order to confirm quantitatively the argument in [26] or its generalizations, we may have
to directly evaluate the bulk loop diagrams.

There are other open problems as follows; the system of free fermions in d > 3 dimen-
sions has mixed symmetric conserved currents, and it is interesting to extend the current
analysis to these currents. Moreover, as in subsection 5.3, the analysis for the Gross-Neveu
model should be applicable to N'=1 and N' = 2 supersymmetric cases as in [20, 21]. In
order to examine the relation to superstring theory, it important to couple the bosonic
and fermionic fields to Chern-Simons gauge fields [22—-24] as explained in the introduction.
We think that the conformal perturbation theory is suitable for the extensions mentioned
above, but it should be useful to examine the relations to other methods particularly for
O(N) scalars, e.g., in [34-36, 47-49].5 As a technical issue, we utilized several sum formulas
to obtain the results on the anomalous dimensions in (3.10) and (4.17), but the formulas
are checked by Mathematica for several explicit examples. It is desired to obtain analytic
proofs, see also footnote 3.

Tt might be also interesting to examine O(N) symmetry breaking, see [50, 51] for examples.
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A Alternative method for By

In subsection 3.2.2, By, in (3.18) has been computed as (3.27) with (3.28) in the momentum
representation. In this appendix, we compute By, ; with the method developed in section 3.3.
Instead of By, in (3.18), we evaluate

1

A 1 1 1 1
Bli= [ttt [ak} [as l} [as ¢ ] [a ]
7 ' (275)0+A/2 (235)05/2 (23;)° ? (234)7] (230)%~4
(A.1)
with the shifts of exponent in the propagators. The effect of derivatives is the same as By

unless extra zeros or poles appear at A = 0. However, the overall factor would changes,
which will be fixed by comparing the result in (3.27) for s = 0.
First we perform the integral over z3 as

JUA 1
oro5 / dlz3 (A.2)
1 (ZL‘§1)5+A/2($%3)5+A/Q($§4)27A
1
_A
(33%4)1_A/2(95%4)1 2 (95%2)‘1/2_2+A

=v(0+A/2,0+A/2,2 - A)oFo;™

4L =A/2))°T(d/2 -2+ A)
-7 (T +A/2)2T(2 - A)

5 ()3 [ gl [t ] [t s

a=0

Using

As—k 1 Ak—a 1
{81 (wﬂ)é} [81 <m%4>w/2}
(s—k+5) (k—a+1-A/T/2=A/2) 5, 1

A.
T A2 —atd2-Ap) O @yieasp B3
l
[2% }[ 93241A/2}
_ D+ —1=b+1—A/2)0(d/2 = A/2) 5, 1
r((s) (1-A/2)T(s—b+d/2—A/2) 2 (23,)4/2-2/2"
the integral over x4 becomes
o5 [ ! —o(d/2—A)2,d)2—AJ2, AYITH P —
b (@)D (a3,) 2= ’ LT (@)l
l 47Td/2 As—a Hs—b 1

= At By T OB (A4)
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Rewriting as

. 1 N 1

o — ;P A5

B (_1)5223F(a +b4+d/2—24+ AT (2s—a—b+d/2—A) (312)*

B I(d/2 -2+ A)(d/2 - A) (22,)20+2s

B (_l)sF(a+b+d/2—2+A)F(2s—a—b+d/2—A) 2 D

- [(d/2 — 24 A)D(d/2 — A) CZNT(s+1)(20—1+4s)s °
we find

1 P(25 -1+ 8) (2)/ 0
By, =— DSH A A.

with

k s—1
Hf) (k,1) = (—=1)° ZZ (k) (s - l) I(s—k+)I(k—a+I'(I+0)I'(s—1—-b+1)

ooy \W/\ b T(s—a+d/2)l(s —b+d/2)

xDa+b+d/2—-2)T(2s—a—b+d/2). (A.7)

Here D} is defined as (3.5) with (3.3) and (3.4). Comparing By with s = 0 in (3.27), we
find 1
Bgo = 5360 +0(A%). (A.8)

In this way we arrive at an alternative expression of By ; as

1 T'(26 — 1+ s)
~ A4CINT (s +1)(T(6))*T(26 — 1 + 2s)

s (2)/ 0
By DgH;™ (k1) + O(A7). (A.9)

This implies that

@ 1 2I'(20 — 1+ s) . O 2)/ 0
Y= D H , A%, Al
U T AT+ DI - 1125 Ok%::o axaHYY (k1) + O(A%), (A.10)

and we can check that the sum over k, reproduces (3.30) for explicit values of d, s.

B Technical details for the theory of fermions
In this appendix we collect some details of computation in the fermion theory.

B.1 Two point function

We would like to check the relation (4.10) by following the analysis in appendix B of [40].
The summation over k£ can be rewritten as

s—1

s—1
A =8)e (I =s=0)k(s =1+ 0)
kz_oak(5)s—k+l(5)s+k—z = kz_;) IR P Y G i — (0)5-1(6) s+ (B.1)

_r 1—-5,1—-s5—0,s—1+6
R O S S QS Sy

) ()1 (s
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Using the formulas

—n,a,b\  (e—a) —n,a,d—b
3F2< de )‘ (©)n 3F2(d,1—n+a—e>

3F2<_”’Z’b> - 2F1<_7Z’b> - (C(;)i)”, (neN), (B.2)

and

we obtain
7 l—s1—s—6,s—1+9 _(1—3+l)s—1(1—3—5)lF lLys—1+0,—-0—1

P s+ 11-6-s—1 ) (541 (-1 PU-6-s—1ls—1+6
_(1—$+l)s_1(1—8—5)1 (1—S)l

O+ (=) Q=0-s—1)

As a result, left hand side of (4.10) becomes

(B.3)

sl s—1
k;o(—l)S—l-lakal((S)S_k_,_l(6)S+k_l _ ,Z; (1 - s); (1(g:)f)l r(sz; Do, )

B 1—s,1-s=0\I'(6+1)
—2F1< 541 >(S)6(6)S(5)5-

Applying the formula (B.2), we find the relation (4.10).

B.2 Three point function
In this appendix we derive (4.42). Noticing ¢¢ = 0, Ts(z;) in (4.41) can be rewritten as

Ti () —2N(d 2) C¢tr(¢31¢¢12¢23 %3 d/2 Zak [81 2 d/2} {éilk 21)d/2:| ’

(zfy
(B.5)
Using (4.7), we find
tr]l tr(¢g 9fosf 1) = T12%03 - X31 — T23T12 - 31 + T31T12 - T23 (B.6)
1
2[5312(53%2 5”23 $31) 5323(5323 fE%Q $31)+$31($13 55%2 9523)]

2 2 2 713 T12
= T19%13 — 55139512 = 127713 22 2 )
13 12

Moreover, we have

s—1

k:oak [ ] [ x12 d/Q] (B.7)
= 871(—1)1c P(s)D(s+d/2—1)  (2@5)F  (2891)" ' 7*

= T(k + 1) (s — k)T (d/2) (x2,)4/2+F (22,)5=1-k+d/2

2 2

27 D(s 4+ d/2 - 1) (5513 :&12>81 1 1
T13  T12 (

T'(d/2) ©ly %, 235)4/2 (23,)/2
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and
S

o 1 . 1
k:oak [816 (5331)6} [8f k(m%Q)é} (B.8)
s—1 (—1DF T(s+DT(s+d/2—1) (2&31)F (2291)57*
— 2 D(k+ 1)D(s — k + 1)T(8) (x3))0+k (23,)0+s—F
2 (s+d/2—-1) (#13  #12)\° 1 ]
- () (@3 @h)
Here aj was introduced in (3.1) for the O(N) scalars. Using these equations we ob-
tain (4.42).

2 2
Tig T2

B.3 Elements for integral I{z)
(2)

In subsection 4.2.2, we evaluate the integral I;” in the theory of fermions. For the purpose
we have divided the integral into several pieces, which are classified into three types as K {a)
with ¢ = 1,2,3. We are interested in singular terms at A = 0. We shall show that there
is no such a term for the integral of the type K £1). For the type K 53) we may move back
from the momentum representation to the coordinate one. Then we can show the integral
is the same type as that for the O(V) scalars. Therefore, the new non-trivial integrals are
of the type KF).

We start to show that there is no 1/A-pole term for Kfl). We examine

d gd / 1

/d = 20— (g — )15

for simplicity. It is straightforward to show that the same is true also for the cases with ¢

(B.9)

and so on in the numerator. The integral involving ¢ can be rewritten as
1 (d/ 24+1+4+A) 1= y
d? d’q / d / (B.10
/ o — 02— P2~ T T(E+4) / Y )
yd/2=2+4

X .
((g = 2p = yg")? + x(1 — 2)p? + y(1 — y)q'* — 2ayp - ¢)¥/2H1+4
Integration over ¢ then leads to

d/QF 1 +A / /1 y d/2—2+A
L@ +A) (1 — z)p? er(l—y)q’2—2:chp-cz’)1+A
1— y d/2 24 A
L) / / (B.11)
L@ +4) T y)g?)a
—1- n\ (z(1 — 2)p*)" *(—2ayp - ¢')*

S () —

i\ on (y(1 —y)g”)

We then rewrite as

/ddq/ ( /)k F(3+TL+A /ddq/ /1 " /)k(l )1+n+A
()2 +A(p — ¢/)2 F(2 +n+A) o (¢ —2p)? + z(1 — z)p?)3+nta

TB+n+A) [ [ w)! (zp?)* (1 - 2)' A
dw/0 dzl () : (B.12)

T T2+n+A) (w2 + 2(1 — z)p?)3tnia
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For odd [, the integral over w vanishes. For even [, we have

[ — _TBntA-—d/2-1/2) ()"
(w2 + 2(1 — 2)p?)3+nta F'B+n+A) (2(1 — 2)p?)3+nt+A—d/2-1/2"
(B.13)

The integrals over z,y, z are
1—y ke ok (1 — y)ntmtl
dex™(1 — n—k _ —1)™

A M o

! I(d/2—-2—-n+k)I(m—A+1)
d d/2—3—n+k 1— m—A — B.14
/0 4 (1-y) Tm—nik-a+dp_1 @~ B

/1dzzd/2—3—n—A+k—l/2(1_Z)d/2—2+l/2 _ D(d/2-2—n—A+k—1/2)T(d/2-1+1/2)
; Td—3—n—A+k) '

Therefore, after taking product of the three integrals, we do not have any term proportional
to 1/A.

One of the integral of the type ng) is Ky 1mn defined in (4.33). We first evaluate the
integral involving ¢ as

/dd »-a*@" d/2+A /dd / da: (p— G)F(g)lat/2-2+D
( 2)5 5—|—A —xq 2+1:( )q/Q)d/QJrA
—Wd/QF(A)/Idm@— o) ()22 s,
TG+ 4) GO -ng)s '
Thus the 1/A-pole term becomes
1 74/2 k k . . 1 s
— —1)(p)re(d)e a+l+d/2—-2
Ar(é);<a>( 1)(p)F(d) /0 dux (B.16)

L (R (DA @)
—Am);@ oy

The integral over ¢ is

d /(é/)a+l+m d 1 (¢ a+l+m(p qr
/d - /d / 2+ y(1— y)p?)2 (B.17)
d/2 1
= /0 dyﬂ.d/Z ( F(2)/ ) (y(l — y) )2 7 (yp)a+l+m(p yp)
(2 —d/2T(a+1+m+6)(n+4) (p)rti+mn
La+14+m+n+2)) (p?)2—d/2

As we will show below, there is no 1/A-pole arising when exchanging the order of integrals
over ¢ and ¢'. Therefore we arrive at

+0O(A%  (B.18)

_ mT(2-4d/2) E\ (-1)* T(a+1l+m+6)I'(n+9)
Kk’l’m’n_K I'(0) Z<a>a+l+5 Fa+14+m+n+20)

in the momentum representation.
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Let us show that there is no extra contribution by changing the order of integrals. In
order to do so we compute

1
d?qdq :
/ (p—q)2¢(p— q)*((q — ¢)H)¥/2-1+4

where q, ¢’ are replaced by p—¢q’, p—q. The effects of derivatives are neglected for simplicity,

(B.19)

but it is not so difficult to includes them. Then the integral over ¢ is given by (B.10), and
we can see there is no pole at A = 0. The ¢'-integral can be evaluated as before and we
find no 1/A-pole term.

There are similar integrals with p — ¢ replaced by ¢ , p — ¢’ and ¢’. We can show that
these integrals are related to Ky pn as

;- R@N@)™ - ) (p)F+ttmtn

| = q)p < ><<q FRE 1+A:Kl”“’”’m [Ea
N N\ k+l+m4n

k nm A\k+Hl+m4n

/ ddqddq'@—q) q2<(fo) >>(2<<>q( )2 >d/2 A ‘K’“’”%

by exchanging ¢q and ¢’ or g and p — q.
For the type Kf’), we evaluate the integral By, , defined in (4.34). We just need to
repeat the analysis for (3.27) in the case of O(N) scalars. The result is

_ 2n'T(2-4d/2) (—1)e Tk+b+d/2—1)T(1—-b+1)
Brtmn = A T(d/2-2) Z)g()<>a+b+d/2—2 T(k+1+d/2)

><F(n—l—kd/Q) (m+a+b—1+4d/2)
'n+m+a+b—2+4d)

+0(AY%). (B.21)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] D.J. Gross, High-energy symmetries of string theory, Phys. Rev. Lett. 60 (1988) 1229
[INSPIRE].

[2] M.A. Vasiliev, Higher spin gauge theories in four-dimensions, three-dimensions and
two-dimensions, Int. J. Mod. Phys. D 5 (1996) 763 [hep-th/9611024| [INSPIRE].

[3] M.A. Vasiliev, Higher spin gauge theories: star product and AdS space, hep-th/9910096
[INSPIRE].

[4] M.A. Vasiliev, Nonlinear equations for symmetric massless higher spin fields in (A)dSy,
Phys. Lett. B 567 (2003) 139 [hep-th/0304049] [INSPIRE].

[5] Y. Hikida, The masses of higher spin fields on AdSy and conformal perturbation theory,
Phys. Rev. D 94 (2016) 026004 [arXiv:1601.01784| [INSPIRE].

~32 -


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevLett.60.1229
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,60,1229%22
http://dx.doi.org/10.1142/S0218271896000473
https://arxiv.org/abs/hep-th/9611024
http://inspirehep.net/search?p=find+EPRINT+hep-th/9611024
https://arxiv.org/abs/hep-th/9910096
http://inspirehep.net/search?p=find+EPRINT+hep-th/9910096
http://dx.doi.org/10.1016/S0370-2693(03)00872-4
https://arxiv.org/abs/hep-th/0304049
http://inspirehep.net/search?p=find+EPRINT+hep-th/0304049
http://dx.doi.org/10.1103/PhysRevD.94.026004
https://arxiv.org/abs/1601.01784
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.01784

[6] L.R. Klebanov and A.M. Polyakov, AdS dual of the critical O(N) vector model, Phys. Lett. B
550 (2002) 213 [hep-th/0210114] [INSPIRE].

[7] C.-M. Chang, S. Minwalla, T. Sharma and X. Yin, ABJ triality: from higher spin fields to
strings, J. Phys. A 46 (2013) 214009 [arXiv:1207.4485] [INSPIRE].

[8] O. Aharony, O. Bergman, D.L. Jafferis and J. Maldacena, N = 6 superconformal
Chern-Simons-matter theories, M2-branes and their gravity duals, JHEP 10 (2008) 091
[arXiv:0806.1218] INSPIRE].

[9] O. Aharony, O. Bergman and D.L. Jafferis, Fractional M2-branes, JHEP 11 (2008) 043
[arXiv:0807.4924] [INSPIRE].

.R. Gaberdiel and R. Gopakumar, Large N = olography,
10] M.R. Gaberdiel and R. Gopak L N =4 hol hy, JHEP 09 (2013) 036
[arXiv:1305.4181] [INSPIRE].

[11] M.R. Gaberdiel and R. Gopakumar, Higher spins & strings, JHEP 11 (2014) 044
[arXiv:1406.6103] [INSPIRE].

[12] T. Creutzig, Y. Hikida and P.B. Ronne, Higher spin AdSs holography with extended
supersymmetry, JHEP 10 (2014) 163 [arXiv:1406.1521] [INSPIRE].

[13] Y. Hikida and P.B. Rgnne, Marginal deformations and the Higgs phenomenon in higher spin
AdS5 holography, JHEP 07 (2015) 125 [arXiv:1503.03870] [INSPIRE].

[14] M.R. Gaberdiel, C. Peng and 1.G. Zadeh, Higgsing the stringy higher spin symmetry, JHEP
10 (2015) 101 [arXiv:1506.02045] [INSPIRE].

[15] T. Creutzig and Y. Hikida, Higgs phenomenon for higher spin fields on AdSs, JHEP 10
(2015) 164 [arXiv:1506.04465] [INSPIRE].

[16] S. Gwak, E. Joung, K. Mkrtchyan and S.-J. Rey, Rainbow vacua of colored higher-spin
(A)dSs gravity, JHEP 05 (2016) 150 [arXiv:1511.05975] [INSPIRE].

[17] S. Gwak, J. Kim and S.-J. Rey, Massless and massive higher spins from anti-de Sitter space
waveguide, JHEP 11 (2016) 024 [arXiv:1605.06526] [INSPIRE].

[18] D.J. Gross and A. Neveu, Dynamical symmetry breaking in asymptotically free field theories,
Phys. Rev. D 10 (1974) 3235 [InSPIRE].

[19] M. Moshe and J. Zinn-Justin, Quantum field theory in the large-N limit: a review, Phys.
Rept. 385 (2003) 69 [hep-th/0306133] [INSPIRE].

[20] R.G. Leigh and A.C. Petkou, Holography of the N = 1 higher spin theory on AdSy, JHEP 06
(2003) 011 [hep-th/0304217] [INSPIRE].

[21] E. Sezgin and P. Sundell, Holography in 4D (super) higher spin theories and a test via cubic
scalar couplings, JHEP 07 (2005) 044 [hep-th/0305040] [INSPIRE].

[22] O. Aharony, G. Gur-Ari and R. Yacoby, D = 3 bosonic vector models coupled to
Chern-Simons gauge theories, JHEP 03 (2012) 037 [arXiv:1110.4382] InSPIRE].

[23] S. Giombi, S. Minwalla, S. Prakash, S.P. Trivedi, S.R. Wadia and X. Yin, Chern-Simons
theory with vector fermion matter, Eur. Phys. J. C 72 (2012) 2112 [arXiv:1110.4386]
[INSPIRE].

[24] J. Maldacena and A. Zhiboedov, Constraining conformal field theories with a slightly broken
higher spin symmetry, Class. Quant. Grav. 30 (2013) 104003 [arXiv:1204.3882] [INSPIRE].

— 33 —


http://dx.doi.org/10.1016/S0370-2693(02)02980-5
http://dx.doi.org/10.1016/S0370-2693(02)02980-5
https://arxiv.org/abs/hep-th/0210114
http://inspirehep.net/search?p=find+EPRINT+hep-th/0210114
http://dx.doi.org/10.1088/1751-8113/46/21/214009
https://arxiv.org/abs/1207.4485
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4485
http://dx.doi.org/10.1088/1126-6708/2008/10/091
https://arxiv.org/abs/0806.1218
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.1218
http://dx.doi.org/10.1088/1126-6708/2008/11/043
https://arxiv.org/abs/0807.4924
http://inspirehep.net/search?p=find+EPRINT+arXiv:0807.4924
http://dx.doi.org/10.1007/JHEP09(2013)036
https://arxiv.org/abs/1305.4181
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.4181
http://dx.doi.org/10.1007/JHEP11(2014)044
https://arxiv.org/abs/1406.6103
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.6103
http://dx.doi.org/10.1007/JHEP10(2014)163
https://arxiv.org/abs/1406.1521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.1521
http://dx.doi.org/10.1007/JHEP07(2015)125
https://arxiv.org/abs/1503.03870
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.03870
http://dx.doi.org/10.1007/JHEP10(2015)101
http://dx.doi.org/10.1007/JHEP10(2015)101
https://arxiv.org/abs/1506.02045
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.02045
http://dx.doi.org/10.1007/JHEP10(2015)164
http://dx.doi.org/10.1007/JHEP10(2015)164
https://arxiv.org/abs/1506.04465
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.04465
http://dx.doi.org/10.1007/JHEP05(2016)150
https://arxiv.org/abs/1511.05975
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.05975
http://dx.doi.org/10.1007/JHEP11(2016)024
https://arxiv.org/abs/1605.06526
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.06526
http://dx.doi.org/10.1103/PhysRevD.10.3235
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D10,3235%22
http://dx.doi.org/10.1016/S0370-1573(03)00263-1
http://dx.doi.org/10.1016/S0370-1573(03)00263-1
https://arxiv.org/abs/hep-th/0306133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0306133
http://dx.doi.org/10.1088/1126-6708/2003/06/011
http://dx.doi.org/10.1088/1126-6708/2003/06/011
https://arxiv.org/abs/hep-th/0304217
http://inspirehep.net/search?p=find+EPRINT+hep-th/0304217
http://dx.doi.org/10.1088/1126-6708/2005/07/044
https://arxiv.org/abs/hep-th/0305040
http://inspirehep.net/search?p=find+EPRINT+hep-th/0305040
http://dx.doi.org/10.1007/JHEP03(2012)037
https://arxiv.org/abs/1110.4382
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.4382
http://dx.doi.org/10.1140/epjc/s10052-012-2112-0
https://arxiv.org/abs/1110.4386
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.4386
http://dx.doi.org/10.1088/0264-9381/30/10/104003
https://arxiv.org/abs/1204.3882
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.3882

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

E. Witten, Multitrace operators, boundary conditions and AdS/CFT correspondence,
hep-th/0112258 [INSPIRE].

L. Girardello, M. Porrati and A. Zaffaroni, 3D interacting CFTs and generalized Higgs
phenomenon in higher spin theories on AdS, Phys. Lett. B 561 (2003) 289 [hep-th/0212181]
[INSPIRE].

T. Hartman and L. Rastelli, Double-trace deformations, mized boundary conditions and
functional determinants in AdS/CFT, JHEP 01 (2008) 019 [hep-th/0602106] InSPIRE].

S. Giombi and X. Yin, On higher spin gauge theory and the critical O(N) model, Phys. Rev.
D 85 (2012) 086005 [arXiv:1105.4011] INSPIRE].

A.N. Vasiliev and M. Yu. Nalimov, Analog of dimensional reqularization for calculation of
the renormalization group functions in the 1/N expansion for arbitrary dimension of space,
Theor. Math. Phys. 55 (1983) 423 [Teor. Mat. Fiz. 55 (1983) 163] [inSPIRE].

A.N. Vasiliev, M. Pismak, Yu and Yu. R. Khonkonen, Simple method of calculating the
critical indices in the 1/N expansion, Theor. Math. Phys. 46 (1981) 104 [Teor. Mat. Fiz. 46
(1981) 157] [nSPIRE].

A.N. Vasiliev, Yu. M. Pismak and Yu. R. Khonkonen, 1/N exzpansion: calculation of the
exponents 1 and v in the order 1/N? for arbitrary number of dimensions, Theor. Math.
Phys. 47 (1981) 465 [Teor. Mat. Fiz. 47 (1981) 291] [INSPIRE].

S.E. Derkachov and A.N. Manashov, The simple scheme for the calculation of the anomalous
dimensions of composite operators in the 1/N expansion, Nucl. Phys. B 522 (1998) 301
[hep-th/9710015] [INSPIRE].

K. Diab, L. Fei, S. Giombi, I.R. Klebanov and G. Tarnopolsky, On C; and Cr in the
Gross-Neveu and O(N) models, J. Phys. A 49 (2016) 405402 [arXiv:1601.07198] [NSPIRE].

K. Lang and W. Riihl, The critical O(N) o-model at dimensions 2 < d < 4: fusion
coefficients and anomalous dimensions, Nucl. Phys. B 400 (1993) 597 [INSPIRE].

E.D. Skvortsov, On (un)broken higher-spin symmetry in vector models, arXiv:1512.05994
[INSPIRE].

S. Giombi and V. Kirilin, Anomalous dimensions in CFT with weakly broken higher spin
symmetry, JHEP 11 (2016) 068 [arXiv:1601.01310] InSPIRE].

T. Muta and D.S. Popovic, Anomalous dimensions of composite operators in the
Gross-Neveu model in two + € dimensions, Prog. Theor. Phys. 57 (1977) 1705 [iNSPIRE].

D.I. Kazakov, Calculation of Feynman integrals by the method of ‘uniqueness’, Theor. Math.
Phys. 58 (1984) 223 [Teor. Mat. Fiz. 58 (1984) 343] [InSPIRE].

D. Anselmi, Higher spin current multiplets in operator product expansions, Class. Quant.
Grav. 17 (2000) 1383 [hep-th/9906167] [INSPIRE].

D.E. Diaz and H. Dorn, On the AdS higher spin/O(N) vector model correspondence:
degeneracy of the holographic image, JHEP 07 (2006) 022 [hep-th/0603084] [INSPIRE].

J.A. Gracey, Three loop calculations in the O(N) Gross-Neveu model, Nucl. Phys. B 341
(1990) 403 [1NSPIRE].

J.A. Gracey, Computation of the three loop [-function of the O(N) Gross-Neveu model in
minimal subtraction, Nucl. Phys. B 367 (1991) 657 [INSPIRE].

— 34 —


https://arxiv.org/abs/hep-th/0112258
http://inspirehep.net/search?p=find+EPRINT+hep-th/0112258
http://dx.doi.org/10.1016/S0370-2693(03)00492-1
https://arxiv.org/abs/hep-th/0212181
http://inspirehep.net/search?p=find+EPRINT+hep-th/0212181
http://dx.doi.org/10.1088/1126-6708/2008/01/019
https://arxiv.org/abs/hep-th/0602106
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602106
http://dx.doi.org/10.1103/PhysRevD.85.086005
http://dx.doi.org/10.1103/PhysRevD.85.086005
https://arxiv.org/abs/1105.4011
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.4011
http://dx.doi.org/10.1007/BF01015800
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,55,423%22
http://dx.doi.org/10.1007/BF01030844
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,46,104%22
http://dx.doi.org/10.1007/BF01019296
http://dx.doi.org/10.1007/BF01019296
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,47,465%22
http://dx.doi.org/10.1016/S0550-3213(98)00103-5
https://arxiv.org/abs/hep-th/9710015
http://inspirehep.net/search?p=find+EPRINT+hep-th/9710015
http://dx.doi.org/10.1088/1751-8113/49/40/405402
https://arxiv.org/abs/1601.07198
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.07198
http://dx.doi.org/10.1016/0550-3213(93)90417-N
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B400,597%22
https://arxiv.org/abs/1512.05994
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05994
http://dx.doi.org/10.1007/JHEP11(2016)068
https://arxiv.org/abs/1601.01310
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.01310
http://dx.doi.org/10.1143/PTP.57.1705
http://inspirehep.net/search?p=find+J+%22Prog.Theor.Phys.,57,1705%22
http://dx.doi.org/10.1007/BF01018044
http://dx.doi.org/10.1007/BF01018044
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,58,223%22
http://dx.doi.org/10.1088/0264-9381/17/6/305
http://dx.doi.org/10.1088/0264-9381/17/6/305
https://arxiv.org/abs/hep-th/9906167
http://inspirehep.net/search?p=find+EPRINT+hep-th/9906167
http://dx.doi.org/10.1088/1126-6708/2006/07/022
https://arxiv.org/abs/hep-th/0603084
http://inspirehep.net/search?p=find+EPRINT+hep-th/0603084
http://dx.doi.org/10.1016/0550-3213(90)90186-H
http://dx.doi.org/10.1016/0550-3213(90)90186-H
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B341,403%22
http://dx.doi.org/10.1016/0550-3213(91)90012-M
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B367,657%22

[43]

[44]

J.A. Gracey, Calculation of exponent n to O(1/N?) in the O(N) Gross-Neveu model, Int. J.
Mod. Phys. A 6 (1991) 395 [Erratum ibid. A 6 (1991) 2755] [INSPIRE].

S.E. Derkachov, N.A. Kivel, A.S. Stepanenko and A.N. Vasiliev, On calculation in 1/N
expansions of critical exponents in the Gross-Neveu model with the conformal technique,
hep-th/9302034 [INSPIRE].

A.N. Vasiliev, M 1. Vyazovsky, S.E. Derkachov and N.A. Kivel, On the equivalence of
renormalizations in standard and dimensional reqularizations of 2D four-fermion
interactions, Theor. Math. Phys. 107 (1996) 441 [Teor. Mat. Fiz. 107 (1996) 27] [iInSPIRE].

A.N. Vasiliev and M.1. Vyazovsky, Proof of the absence of multiplicative renormalizability of
the Gross-Neveu model in the dimensional reqularization d = 2 + 2¢, Theor. Math. Phys. 113
(1997) 1277 [Teor. Mat. Fiz. 113 (1997) 85] [INSPIRE].

D. Li, D. Meltzer and D. Poland, Non-Abelian binding energies from the lightcone bootstrap,
JHEP 02 (2016) 149 [arXiv:1510.07044] [ixSPIRE].

L.F. Alday and A. Zhiboedov, An algebraic approach to the analytic bootstrap,
arXiv:1510.08091 [INSPIRE].

P. Dey, A. Kaviraj and K. Sen, More on analytic bootstrap for O(N) models, JHEP 06
(2016) 136 [arXiv:1602.04928] [INSPIRE].

R.G. Leigh and A.C. Petkou, Singleton deformation of higher-spin theory and the phase
structure of the three-dimensional O(N) vector model, Phys. Rev. D 88 (2013) 046006
[arXiv:1212.4421] [INSPIRE].

L. Alvarez-Gaumé, O. Loukas, D. Orlando and S. Reffert, Compensating strong coupling with
large charge, arXiv:1610.04495 [INSPIRE].

— 35 —


http://dx.doi.org/10.1142/S0217751X91000241
http://dx.doi.org/10.1142/S0217751X91000241
http://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A6,395%22
https://arxiv.org/abs/hep-th/9302034
http://inspirehep.net/search?p=find+EPRINT+hep-th/9302034
http://dx.doi.org/10.1007/BF02071452
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,107,441%22
http://dx.doi.org/10.1007/BF02634015
http://dx.doi.org/10.1007/BF02634015
http://inspirehep.net/search?p=find+J+%22Theor.Math.Phys.,113,1277%22
http://dx.doi.org/10.1007/JHEP02(2016)149
https://arxiv.org/abs/1510.07044
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.07044
https://arxiv.org/abs/1510.08091
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.08091
http://dx.doi.org/10.1007/JHEP06(2016)136
http://dx.doi.org/10.1007/JHEP06(2016)136
https://arxiv.org/abs/1602.04928
http://inspirehep.net/search?p=find+EPRINT+arXiv:1602.04928
http://dx.doi.org/10.1103/PhysRevD.88.046006
https://arxiv.org/abs/1212.4421
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4421
https://arxiv.org/abs/1610.04495
http://inspirehep.net/search?p=find+EPRINT+arXiv:1610.04495

	Introduction
	Methods
	O(N) scalar model
	Anomalous dimensions of higher spin currents
	Integral I(1)
	Integral I(1)**((1))
	Integral I(1)**((2))

	Integral I(2)

	Gross-Neveu model
	Anomalous dimensions of higher spin currents
	Integral I(1)
	Integral I(1)**((1))
	Integral I(1)**((2))

	Integral I(2)

	Generalizations
	Non-singlet currents
	U(tilde N) scalar model
	mathcalN=2 supersymmetric model in 3 dimensions

	Conclusion and discussions
	Alternative method for B(k,l)
	Technical details for the theory of fermions
	Two point function
	Three point function
	Elements for integral I(1)**((2))


