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ABSTRACT: In this work, building up on [1] we present momentum space Ward identities
related to broken higher spin symmetry as an alternate approach to computing correlators
of spinning operators in interacting theories such as the quasi-fermionic and quasi-bosonic
theories. The direct Feynman diagram approach to computing correlation functions is
intricate and in general has been performed only in specific kinematic regimes. We use
higher spin equations to obtain the parity even and parity odd contributions to two-, three-
and four-point correlators involving spinning and scalar operators in a general kinematic
regime, and match our results with existing results in the literature for cases where they
are available.

One of the interesting facts about higher spin equations is that one can use them
away from the conformal fixed point. We illustrate this by considering mass deformed free
boson theory and solving for two-point functions of spinning operators using higher spin
equations.
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1 Introduction

Conformal Field Theory (CFT) is one of the cornerstones of theoretical physics. Among
other things, it plays an important role in the well celebrated gauge-gravity correspondence,
in explaining critical phenomena at phase transitions, and in defining quantum field theories
as deformations of theories with conformal symmetry.

One of the most successful approaches to studying CFT has been the conformal boot-
strap program in which one makes use of symmetries and imposes consistency conditions to
constrain the space of CFTs. The program was first successfully applied in two dimensions
in [2]. After several years of dormancy, the program was revived by the seminal work [3]
in which bootstrap techniques were successfully implemented to constrain CFTs in higher
dimensions. Since then a plethora of work has appeared (see [4-6] and references therein),
most of which has focussed on a position space analysis.

While an understanding of CF'Ts in momentum space is desirable especially because of
their applicability in the context of cosmology [7-16], it is far less developed compared to
its position space counterpart. One of the major obstacles is the lack of momentum space
analogue of position space cross-ratios [12, 17, 18].

Major steps in the study of momentum space correlators were initiated in [19, 20]. In
these papers and in works that followed, specific spinning correlators were computed by



solving momentum space conformal Ward identities. For example, three-point spinning
correlators have been studied in [19-26]. An alternate approach is to use the technique
of weight-shifting and spin-raising operators of [27-29] adapted to the momentum space
context [11, 15, 16]. In the context of the AdS-CFT correspondence momentum space
correlators have been computed in [30-34].

Parity odd correlators in momentum space have not received much attention [1, 35-38].
See also the very recent work [39] in which we computed parity odd correlators by solving
momentum space conformal Ward identities and using weight-shifting and spin-raising
operators. In three dimensions, parity odd correlators are important as they arise in the
study of the free fermion theory and theories with slightly broken higher spin symmetry.
A class of theories with slightly broken higher spin symmetry is the Chern-Simons coupled
to matter theory [40-87]. Using momentum space conformal Ward identities to solve for
correlators gets inefficient when one has to deal with complicated parity odd three-point
correlators, and four or higher point correlators [17, 88-97]. We show that for theories with
a (broken) higher spin symmetry, one can use higher spin equations to obtain a large class
of spinning correlators including parity odd ones and higher point correlators.

In [1] we computed momentum space spinning correlators in free boson and free fermion
theory in three dimensions using Ward identities associated with exact higher spin symme-
try [44]. In the current work we extend our analysis to the case of interacting theories with
slightly broken higher spin symmetry [45, 46, 49]. Spinning correlators in these theories
have both a parity even part and a parity odd part [45], and the higher spin currents are not
exactly conserved but obey a non-conservation equation. We use the slightly broken Ward
identities associated with these currents [45] along with the modified higher spin algebra
to solve for the parity even and parity odd parts of two-, three- and four-point spinning
correlators. In our analysis we see that it is crucial to consider contact terms in various
correlators to solve the higher spin equations in momentum space. This is in contrast to
the case of higher spin equations in position space where one can ignore contact terms
by working at non-coincident points. Higher spin equations in position space were used
to determine spinning three-point correlators in [45] and for a specific four-point spinning
correlator in [85]. Our results for the spinning correlators match the results obtained by
explicit computation in special kinematic regimes using Feynman diagram approach and
other CFT techniques in [46, 49, 74, 98]. We also present arguments based on conformal
bootstrap to determine the five-point function of scalar operators in an interacting theory
with slightly broken higher spin symmetry.

We then consider theories away from conformality through relevant deformations of the
conformal theory. In particular we consider mass deformed free boson theory and compute
the two-point function of spinning operators using higher spin equations. We also mention
an algorithm to compute arbitrary two-point functions in such theories using higher spin

equations.

! Although not fully rigorous we believe the arguments we present shed some light on the structure of
the five-point correlator.



The rest of the paper is arranged as follows. In section 2 we review some details
of position space higher spin equations in free and interacting theories. We also discuss
the higher spin algebra and an example of higher spin equation in momentum space. In
section 3 we consider momentum space higher spin equations for two-, three-, and four-
point correlators in the free boson and fermion theories. In section 4 we consider interacting
theories with slightly broken higher spin symmetry such as the critical bosonic, quasi-
fermionic and quasi-bosonic theories and use broken higher spin equations to compute
spinning correlators in momentum space. In section 5 we move away from conformality
and use higher spin equations to determine two-point functions in the massive free boson
theory. In section 6 we give a summary our main results. We end with a conclusion and
discussion in section 7.

We collect a lot of technical details in six appendices. In appendix A we introduce
the notations and normalizations that we follow in this paper. In appendix B we give a
Schouten identity that was extremely useful in our computations. In appendix C we derive
an expression for the momentum space five-point function of the scalar operator in the
quasi-fermionic theory. In appendix D we give the derivation of a conformal partial wave
in momentum space. In appendix E we derive constraints for specific three- and four-
point parity odd spinning correlators in both quasi-bosonic and quasi-fermionic theories.
In appendix F we give some details involved in the computation of correlators in the free
massive bosonic theory.

2 Higher spin equations

In this section we begin with a brief review of higher spin equations in theories with slightly
broken higher spin symmetry.

2.1 Free theories

To begin with let us consider theories with exact higher spin symmetry. The operator
spectrum of these theories contain a tower of conserved currents Js for every integer spin
s > 0 [44]. Corresponding to each one of these currents there exists a conserved charge Qs
defined as follows:

Q.= [ da~dyJ_ _ _ (2.1)
zt=const —

We work in light-cone coordinates in which the metric takes the form: ds? = dotdz~ +dy?.
Let us now consider the action of such a charge Qs on the correlator (Jg, (z1)...Js,(zi) ...

Jsn (Tn))

n

Z(Jsl(xl) o Qsy Is; ()] - Ts, () =0 (2.2)

i=1
The r.h.s. of the above equation vanishes only in theories with exact higher spin symmetry.

The algebra [Qs, Js,] is fixed by twist conservation as well as parity and charge conjugation

i



symmetry. The equation obtained by utilizing the algebra of )5 with various operators Jg,
in the above equation is known as the higher spin equation. In this article, the theories with
exact higher symmetry we will consider are the free bosonic and free fermionic theories.
The momentum space higher spin equations in these theories is obtained by performing a
Fourier transform of (2.2).

We will use the action of two such conserved charges Q3 and Q4 on various correlators
in free theories to derive higher spin equations. While Q3 corresponds to the odd current
J3 which changes sign under charge conjugation, (4 corresponds to the even current Jy
which does not.?2 Hence the algebra [Qs3,J2%] must contain only even spins where as
(@3, JEV°"] must contain only odd spins to preserve charge conjugation symmetry. As the
notation has it clear, Jg’dd and J®" correspond to spin s operators with odd and even
parity respectively. In [44] and in most of the studies that followed, the charge Q4 was
considered. In our work, we consider both (3 and (4.

2.1.1 Free boson theory

Free complex bosonic theory in three dimensions has a scalar operator Jy with dimension
A = 1 and an infinite tower of exactly conserved currents Js with integer spin s and
dimension A = s+ 1. The algebra of charges @3 and Q4 with Jy and J; is given by:

[Qg, J()] = 0_J_
(Qs, J-]=40_-T__ — %8370 (2.3)
Qu o] = 6o~ = 0T (2.4)

Let us now come to the free fermion theory in three dimensions.

2.1.2 Free fermion theory

Free fermion theory in three dimensions has a pseudo-scalar operator Jy with dimension
A = 2 and an infinite tower of exactly conserved currents Js with integer spin s and
dimension A = s + 1. The algebra of charges @3 and Q4 with Jy and J; is as follows:

(Q3,Jo] = €, O*D_J"
[Q3,J_] =2i0_T _
[Q4, Jo] = 02 Jo + €y O O*T" (2.5)

Using a dimension and spin analysis, keeping in mind parity and charge conjugation sym-
metry one can write down the algebra for higher spin charges @, for s > 4. However, we
will not use them in our work. Note that in free theories the algebra of the generators with
the operators can also be obtained by Wick contraction.

2In free fermion theory for example, charge conjugation is defined by ¥ — io?¥*, T — WTo? (see
appendix of [67] for a detailed discussion on odd spins and charge conjugation).



2.2 Interacting theories

In contrast to free theories, for theories with slightly broken higher spin symmetry the
currents Jg, s > 3 obey a non-conservation equation and the corresponding charges are not
exactly conserved [45, 69]. The action of such a charge on (Js,(x1) ... Js,(z;) ... Js, (2n))
results in the following equation:

n

Z(Jsl (z1) ... [Qs, Jsl(l‘z)] s, (an)) = /<auju_ - () s, (21) - - - Jsz(xl) oo s, (Tn))
i=1 * ~—

(s—1) times

(2.6)

In this article we mainly focus on specific interacting conformal field theories with slightly
broken higher spin symmetry as discussed in [45]. As in the case of theories with exact
higher spin symmetry, in most of the studies of theories with broken higher spin symme-
try [45, 85], the pseudo-charge 4 was considered. In this article, we solve for spinning
correlators in momentum space using higher spin equations resulting from the action of Q)3
and ()4 on specific correlators.

Below we consider interacting theories such as the critical bosonic theory, the quasi-
fermionic theory and the quasi-bosonic theory. Quasi-fermionic theory refers to two the-
ories, the regular fermion coupled to Chern-Simons theory and the critical boson coupled
to Chern-Simons theory, and the two theories are dual to each other. The strong coupling
limit of the quasi-fermionic theory is the critical bosonic theory. Quasi-bosonic theory
refers to two dual theories, the regular boson coupled to Chern-Simons theory as well as
the critical fermion coupled to Chern-Simons theory. In addition to the dualities, one
has in the large N limit that the regular boson coupled to Chern-Simons theory and the
critical boson coupled to Chern-Simons theory are related by a Legendre transformation.
Similarly, there is a Legendre transformation that relates the regular fermion coupled to
Chern-Simons theory and the critical boson coupled to Chern-Simons theory in the large- N
limit [46, 49, 69).

2.2.1 Ciritical bosonic theory

The spectrum of single trace primary operators in the critical bosonic theory contains a
spin-0 operator jo with conformal dimension A = 2—1—(’)(%), spin-one and spin-two currents
with dimensions 2 and 3 respectively and an infinite tower of spinning operators Js; with
integer spin s > 3 and dimension A = s+ 1+ (’)(%) Here N is the number of scalars in
the free theory which we deform with a ¢* interaction to get the critical theory.

The action of Q4 on the scalar operator Jy is as follows [69]:

{Q@jo] =92 Jy (2.7)

The non-conservation equation for the current Jy is:

" = (s00-JoT-— + 51J00-T__) (2.8)
where sg and s; are given by
30 12
So = 7, S1 = —7 (29)



2.2.2 Quasi-fermionic theory

The spectrum of single trace primary operators in this theory contains a spin-0 operator Jo
with conformal dimension A =2 + O(%), spin-one and spin-two currents with dimensions
2 and 3 respectively and an infinite tower of spinning operators .J; with integer spin s > 3
and dimension A = s+ 1+ O( %) The algebra of Q3 and Q4 with Jy and J; is given by

Q3. Jo] = €y, DHO_J"
[Qs,J_]=2i0.T _
[Qu, Jo] = &> Jo+ € 0_ " T (2.10)

For Q4 we utilize the algebra in [45] except for the normalisation of Jy. Our normalisation
is such that Jo = JMZ(1 + Xéf) where JJZ is the scalar operator in [45]. In the limit
qu — 0o we get the critical bosonic algebra (2.7). For this we require Jo = 4w\ 1Jo-

The current non-conservation equations for J3 and Jy at the leading order in large NV

are respectively given by [69]

aujﬁ, =—161¢ (Toa_J()J_ + Tla_J_Jo) (2.11)
4
8uJiL__ = g (Coa_J()T__ + 018_T__J0) (2.12)
where
3\ 2
o= qf~2 7 r o= ——laf qf~2 (2.13)
BN(1 +A2,) BN (1+ )
A 22
Cco = %7 Cl1 = —~7qf~2 (214)
N(l —i—)\qf) 5N(1+/\qf)

2.2.3 Quasi-bosonic theory

The spectrum of single trace primary operators in this theory contains a spin-0 operator Jy
with conformal dimension A =1+ (’)(%), spin-one and spin-two currents with dimensions
2 and 3 respectively and an infinite tower of spinning operators Js with integer spin s > 3
and dimension A = s+ 1+ O(4). The algebra of Q3 and Q4 with Jy and J; is given by:

Q3. Jo] = O_J_
~ 1 - 22
(@s,J) =4d120-T-— = 0% Jo, where diz=1+ ﬁ (2.15)
+ 22,
24
@Mmzﬁh—gaﬂ_ (2.16)

The free theory limit (X — 0) of the above algebra gives the algebra in the free boson
theory given in section 2.1.1. The current non-conservation equation for Js at the leading
order in large N is given by [69]:

Ottt = =B [fy J4 0 0o + by 0 DS+ fr 0T O o+ by Jod-0" ] (2.17)



where b; and f; are given by:

512iAqp 128iAqp 64 Aq , 128\,
= T = N I 1= ——= ~ ) 0= = . ~5 O 2 = T = . ~5 <
3N (1422 BN (1+22,) N(1+2X%) 3N (1+2,)
(2.18)

The current equation for Jy at the leading order in large N is given by [69]:
Oudt __ =€ [foTH 0" 0_Jo +b1 0" THO_Jo + fL O-T" 0" Jo + by JoO_0"T"]  (2.19)
where b; and f; are given by:
1924 A,

b = T = =5 = —
TN+ f

641 Agp
N(1+X2)

1604 A 32i
fo - %, b2 — % (220)
N(1+)\qb) N(1+/\qb)
Let us now turn our attention to higher spin equations in momentum space which is the
main focus of our work.

2.3 Higher spin equations in momentum space

Momentum space higher spin equations are determined by performing a Fourier transform
of the corresponding position space equations (2.2) and (2.6). As a first simple example we
briefly describe one such momentum space higher spin equation constructed by the action
of Q4 on (JyJoJp) in the quasi-fermionic theory:
([Qu o) Jofw2) o)) e + 10 24143 = [ (@ (@)Jo(an) Jo(an) Jo(as))ar
X
(2.21)

where 1 <» 2 and 1 <+ 3 represent exchanges x; <+ xo and x; <> x3 respectively. Upon
utilizing the algebra in (2.10) and the current equation (2.11) we get:

(02 Jo(1) Jo ) Jo(3)) Qe + €y (D- 0T (1) Jo(w2) Jo(ws))qr| + 14> 241 43

96 g
L+ X%

/<8_J0 T__(l')Jo(wl) Jg(.’L‘Q) J0($3)>QF (2.22)

where we performed integration by parts on the r.h.s.. Upon performing the Fourier
transform we get the following equation in momentum space:

— i (K} + k5 + k3 ) {((Jo(k1)Jo(k2) Jo(ks)))qr
— [l kT2 () Jo (ko) Jo(s)))ar +1 > 2+1 5 3]

- fiAf; ["?1— (Jo(k1)Jo(=k1))Qr ((T——(k1)Jo(k2) Jo(ks)))qr +1 > 2+ 1 < 3} (2.23)
qf

where 1 <+ 2 and 1 <> 3 represent exchanges k1 <+ ko and k; <> k3 respectively. We
also used the large N factorisation of the five-point correlator that appears on the r.h.s.
of (2.22). Throughout this paper we will work in the large N limit and at the leading order
in N. This will help us use such factorisations of higher point correlation functions. The
double bracket in the above equation represents the momentum space correlator with the
momentum conserving delta function stripped off.



3 Free theories

In this section we consider free theories with exact higher spin symmetry. In particular
we will consider the action of the conserved charges )3 and ()4 on various momentum
space two-, three-, and four-point correlators in the free bosonic and the free fermionic
theories. Using the resulting higher spin equations, and some of the known results from [1]
we determine or constrain spinning correlators in these theories.

3.1 Free boson theory

The currents J, in particular J3 and J; are conserved in the free theory and hence the
right hand side of the higher spin equation is always zero.

3.1.1 Two-point functions

We begin by considering the simple example of a higher spin equation involving two-point
functions resulting from the action of @3 on the correlator (J,Jy) in the free boson theory.

Q3 on (J1Jo)re: fixing (J,J,)rB

Consider the action of 3 on the two-point function (J_Jy):
([Qs, J-(z1)]Jo(z2))FB + (J-(21)[@3, Jo(z2)])FB = 0 (3.1)
From the algebra in (2.3), we get the following higher spin equation:
1
D) (02 Jo(x1)Jo(x2))wB + (J-(21)0-J-(22))FB = 0 (3:2)

where we have used the fact that the two-point function (T'Jp) = 0. The higher spin
equation in momentum space is obtained through a Fourier transform of the above:

%kﬁ?_(JO(kl)JO(*kl))FB — ki (J—(k1)J-(—k1))rB = 0 (3.3)

Substituting for the scalar correlator (JoJo)rp, we solve this to determine (J_.J_)pp:

k2
(k1) J_(—k = —— A4
(I-(ks) (k) = e (3.9
The transverse Ward identity fixes the form of the correlator to be:
k1K1,
<J/J,(k'1)Jy(_k‘1)>FB = A1 (g/ﬂ/ - 1221 ) (35)
1
We now compare the above equation with (3.4) and get the form factor A; to be:
1

Al =——k (3.6)

16

This completely fixes the two-point spinning correlator (J,J,)rp in momentum space.



3.1.2 Three-point functions

Recently in [1], we obtained a few momentum space spinning correlators in the free boson
theory by solving the higher spin equations resulting from the action of Q3 on (J_JyJo)
and Q4 on <JOJOJ0>.

Qs on (J1J1J1)rp: constraining (T'J1J1)rB
Consider the action of the charge Q3 on (J_J_J_):

([Q3, J_(x1)]J_(22)J_(23))rp +1 < 2+ 1 3=0 (3.7)

Upon utilizing the higher spin algebra (2.3) we get:

[(8_T__(:Cl)J_(xQ)J_(Jjg»FB — é(é‘%Jg(azl)J_(xg)J_(x3)>FB +1241+3| =0

(3.8)
Upon performing the Fourier transform of the above equation, we get
1 . .
[/ﬁ—(<T——(kl)J—(k2)J—(7€3)>)FB + é(/ﬂf- + RS-+ B3 ) (Jo (k1) - (ko) J - (k3)))Fn

+1+241+3/=0
(3.9)

One could check that the above equation is satisfied by the (T'J;1J;) correlator obtained
by explicit computation. However, we cannot solve the above equation for (T'J;.J1) as the
unknowns (including those coming from the exchanges) exceed the equations that constrain
them. However, we will use the above equation to simplify the higher spin equation in the
interacting theory. In the interacting theory we will once again see that there are not
enough number of equations to solve for (T'J;Jy).

3.1.3 Four-point functions

In this subsection we derive constraints imposed by higher spin equations on four-point
correlators in the free boson theory. Note that the higher spin equation resulting from
action of Q4 on (JoJoJoJo)rp was demonstrated to be satisfied in [1]. Here we consider a
different higher spin equation resulting from action of Q3 on (J1JoJoJo)rB-

Qs on (J1JoJoJo)rp: constraining (J1J1JoJo)rB

Consider the action of Q3 on the correlator (J_JyJoJo)rB:

([Q3, J—(21)]Jo(z2) Jo(23) Jo(74))FB
+{(J_(21)[Qs3, Jo(x2)]Jo(z3) Jo(xs))pB + 2> 3+ 24 =0 (3.10)

Upon utilizing the algebra in (2.3) this leads us to

40T _(z1)Jo(w2)Jo(x3)Jo(T4))FB — %<aiJo(561)Jo($2)J0(I3)J0(CC4)>FB
+<J7 (:L‘l)afJf(l‘Q)Jg(l‘;g)Jo(lq»FB +2+3424=0 (3.11)



Upon performing the Fourier transform we get
Ak ((T—— (k1) Jo(k2) Jo(ks3) Jo(k4)) ) pB + %kij’f<<Jo(kl)Jo(kZ)Jo(k3)Jo(k4))>FB
Fho— ((J-(k1)J-(k2)Jo(k3)Jo(ka)))pB +2 4> 3+2+4=0 (3.12)

The above equation could not be solved but verified to be satisfied in [1]. This is because
the number of unknowns were much more than the number of equations. We will see in
the next section that this will continue to be true in the interacting theory as well.

3.2 Free fermion theory

We will now proceed to derive some of the higher spin equations in the free fermion theory.

3.2.1 Two-point functions
Qs on (J1Jo)rr: a consistency check

Consider the action of Q3 on (J_Jy)pp:
(@3, J-(z1)]Jo(x2))pF + (J-(21)[@3, Jo(22)])pr = 0 (3.13)
From the algebra in (2.5), we have the following higher spin equation
20 (0-T__(x1)Jo(x2))FF + €—pv (J—(21)0" O_J"(x2))¥r =0 (3.14)

The first term is zero as the two-point function (T'Jp) = 0 from conformal invariance. Upon
performing the Fourier transform we get:

€y k1 (J_ (k1) J" (—k1))pr = 0 (3.15)

The contraction of the correlator with the Levi-Civita tensors ensures that the above higher
spin equation is trivially satisfied, and the analysis leads to no constraints. However, it
serves as a consistency check of the higher spin algebra (2.5).

3.2.2 Three-point functions

A few three-point spinning correlators in the free fermion theory were obtained by explicit
computation in [1].

Q3 on <J1JOJ0>FF: ﬁxing the contact term in <TJOJ0>FF

The action of Q3 on (J_JyJy) gives:

([Q3, J_(x1)]Jo(22) Jo(23))Fr + ({(J—(21)[@3, Jo(x2)]Jo(x3))pr +2 <+ 3) =0 (3.16)

Using the algebra in (2.5) and performing a Fourier transform of the resulting equation:

2k ((T—— (k1) Jo(k2) Jo(k3)))¥F + (€ kyw ka— ((J—(k1)Ju(k2)Jo(k3))Fr +2 ¢+ 3) =0
(3.17)

~10 -



The correlator (T'JoJo)rr has a transverse part, a local part and we allow for a contact
term:

(TJoJo)wr = (TJoJo)FE"Y"™ + (T Jo Jo) & + (T JoJo) 57" (3.18)
The explicit expressions for the transverse and local parts of the correlator were obtained
in [1]. Solving the higher spin equation (3.17) requires:
i kl,u,kly
16 K

Thus we see that the higher spin analysis in this case helps fix the contact term in the

(TywJoJo) 3™t = (3.19)

(T'JoJo) correlator in the free fermion theory. We note that this contact term is in addition
to the contact terms in the correlator which come from conservation Ward identities in
momentum space.

Qs on (J1J1J1)rF: constraining (J1J1T)
Consider the action of Q3 on (J_J_J_) in the free fermion theory. This gives us
([Qs, J_(x1)]J_(22)J_(23)]) +1 2413 =0 (3.20)
Utilizing the algebra in (2.5) we get
(0-T__(x1)J-(w2)J (z3))rr + 12+ 13 =0 (3.21)
Upon Fourier transforming we obtain the following equation in the momentum space:
k1 ((T-—(k1)J—(k2)J-(k3)))Fr + 142+ 1 3=0 (3.22)

As in the bosonic theory we will not solve the above equation. Instead, we will utilize it
to simplify the parity even part of the corresponding equation in the interacting theory.

3.2.3 Four-point functions

Let us now consider four-point functions in the free fermion theory.
Q4 on (JoJoJoJo)FF
Consider the action of Q4 on (JoJoJoJo)rr in the quasi-fermionic theory:
<[Q4, J(](iL'l)]Jo(.%'g)Jo(.iEg)Jo(x4)>FF +12413+1+4=0 (3.23)
Upon utilizing the algebra in (2.5), we obtain

(0% Jo(x1) Jo(x2) Jo(x3) Jo(za))pr +1 ¢ 24+ 1 34+ 1 4
e <378MTZ(1‘1)Jg(l‘z)Jg(l’g,)Jg(aM»FF +124134+14=0 (3.24)

Upon Fourier transforming we get the following equation in momentum space:
(KS_ 4+ k5 + K + k) ((Jo(k1) Jo(k2) Jo(ks)))pr + 12+ 14 3+ 1« 4
i [k1e g (T2 (k1) Jo () Jo(s) Jo(ka))) e + 1 3 24+ 1 > 3+ 14> 4] =0 (3.25)

We will not solve the above higher spin equation here. However, this equation could be
checked to be satisfied from the free fermionic correlators. We will demonstrate that the
above higher spin equation is crucial to solving for the (T'JyJyJp) in quasi fermionic theory.
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Q3 on (JlJoJoJ())FF: constraining <J1J1J0J0)FF

Consider action of Q3 on the correlator (J_JyJyJo):

([Qs, J—(z1)] Jo(z2)Jo(23) Jo(24))
+<J_(.ZC1) [Q3, Jo(.%'g)] Jo(xg)J0($4)> +234+2<4=0 (3.26)

Upon utilizing the algebra in (2.5) we obtain

2(0-T—_(z1)Jo(w2) Jo(z3) Jo(74))FF
—1 6_#1,<J_ (.1‘1)8“(9_JV($2)J0(:B3)J0($4)>FF +234+24=0 (3.27)

Fourier transforming the above equation we get

[2 i k- ((T—— (k1) Jo(k2) Jo(k3) Jo (ka)))Fr

—|—’i€_k2yk2,<<J,(k‘l)JV(kQ)Jo(kg)Jo(k?4)>>FF +2+34+2+4| =0 (3.28)

We will not solve the above equation here. However we will use it to simplify the parity
even part of the corresponding higher spin equation in the interacting theory.

4 Interacting theories

Having obtained the higher spin equations for various spinning correlators in the free theory
we will now proceed to do the corresponding analysis in interacting theories with slightly
broken higher spin symmetry. These theories were studied in [45] and approximate higher
spin equations were used to determine the structure of spinning correlators in position
space. The authors showed that three-point correlators in an interacting theory with
broken higher spin symmetry can be fixed in terms of three-point functions of the free
fermion theory, free boson theory and a parity odd part and they fixed the coefficients
of these terms. In our analysis we look at correlation functions in the momentum space.
Momentum space correlators unlike position space correlators are difficult to solve for in
general. We use the higher spin equations to solve for these correlators. One of the new
ingredients in our analysis that was missing in [45] is the local and contact terms® in
correlators which turn out to be crucial in solving higher spin equations in momentum
space. While in our analysis we fix the contact terms for specific spinning correlators
we hope that our method can be systematised to obtain contact terms for any spinning
correlator. We leave this for future work.

In our discussion on interacting theories we will first consider the critical bosonic theory
which is obtained by a deformation of the free boson theory with a A\;¢? interaction term.

Following that we will use higher spin equations to determine momentum space correlators

3In two-point functions contact terms are polynomials in the momentum associated to the correlator.
As [38] clearly notes, the modulus p of the momentum is not a contact term since it comes under a square
root, p = /guup” p”. In three-point functions one could have semi-local or local terms. Semi-local terms
are those terms that are polynomial in only one of the two momenta whereas local terms are polynomial in
both momenta associated to the correlator [38].
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in the quasi-fermionic and the quasi-bosonic theories. We first consider two-point spinning
correlators and fix the parity odd contribution whose coefficient turns out to be universal.
We then move on to solving three and four-point correlators in these theories. In this
process we recover results previously obtained by explicit Feynman diagram computations
which could only be done in specific kinematic regimes [46, 49] and also obtain new results.

4.1 Critical bosonic theory

In this subsection as a first example of the interacting theory with a slightly broken higher
spin symmetry, we will consider the critical bosonic theory obtained by deforming the free
boson theory with a ¢* interaction.

4.1.1 Three-point function

We begin by deriving a higher spin equation for the three-point correlator in this theory
constructed through the action of @4 on the three-point function (JoJoJp).

Q4 on (jojojo)c}g: constraining (Tjojo)CB

Let us begin by considering the action of the charge 4 on the three-point function JoJoJo.

([Qu, Jo(z1)] Jo(x2) Jo(x3)) +1 > 241 ¢ 3 = /<auJﬁ,,%(x1)%(x2)%(x3)> (4.1)

T

Upon utilizing the algebra in (2.7) and the current equation in (2.8) we obtain the high
spin equation in position space to be as follows

(02 Jo(1) Jo(w2)Jo(ws)) + (1 <> 2) + (1 ¢+ 3) = 6/<8—%T——(m)%(wl)%(xz)%(w:m
(4.2)

Performing a Fourier transform of the above equation and using large N factorisation we
get the following equation in momentum space:

(K- 4+ K3+ k5_)((Jo(k1)Jo(k2)Jo(ks)))on
—6 k1 (Jo (k1) Jo(—k1))cp (T~ (k1) Jo(ka) Jo(ks)))cp + (1 <> 2) + (1 <> 3) =0 (4.3)

Although we will not solve this higher spin equation here, one could straightforwardly
check the above equation by obtaining the correlators in the critical bosonic theory by a
Legendre transformation of the free boson theory as described in [60].

4.1.2 Four-point functions

Having obtained a higher spin equation we now proceed to derive the higher spin equation
for the four-point function which we will show to be crucial for solving the same in quasi-
fermionic theory in a subsequent subsection.
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Q4 on (jojojojo)c]g: constraining (ffjojgjo)CB
Let us consider the action of (04 on the four-point function <jgjgjojo>:
([Qa, Jo(x1)]Jo(w2) Jo(x3) Jo(wa)) + (1 45 2) + (1 ¢ 3) + (1 > 4)
= @ o) o) To(ws) Tofa) (14)
x

Upon utilizing the algebra in (2.7), the current equation in (2.8) and large N factorization,
we obtain the high spin equation in position space to be as follows

(0% Jo(wr) Jo(wa) Jolws) Jo(w4)) + (1 2) + (1 6 3)

=6 [ (0-Jo(@) To(a)) T (@) Jo(w2) To(a) To(w) + (14 2) + (16 3) + (1 4 4)
46 [ (0-To(a) o) o) (T-— () Jo(ws) Jo)
+(1+3)+1+4H)+2+3)+2+ 4+ (1,24 3,4) (4.5)

A Fourier transform of the above equation gives in momentum space the following:

(B + K5+ K3 + k) ((Jo(kr) Jo(k2) Jo(ks) Jo(ka)))cr
=0 [k’lf<<70(k1)jo(_kl)>CB<<T77(kl)j()(k2)=]~()(k3)j(](k4)>>CB
+(162) + (16 3)+ (16 4)]
6 [(k1- 4 ko) (o (—ky = k2)Jo(kn) Jo(ka))on (T (—ks — k) Jo(ks) Jo(ks))on
+(1<—>3)+(1H4)+(2H3)+(2H4)+(1,293,4)} (4.6)
We will not solve this higher-spin equation in the present article but we will demonstrate

that the above equation is crucial to the solve the corresponding higher spin equation in
the quasi-fermionic theory.

4.2 Quasi-fermionic theory

We now turn our attention to the quasi-fermionic theory. We first consider the two-point
function of spinning operators and show how higher spin equations recover the known
parity-odd contributions [99, 100].

4.2.1 Two-point functions

(J1J1)qF

Consider the action of the spin 2 generator Q3 on (J_.Jy)qr. From the algebra in (2.10), we
see that this generates (J_J_)qr which can then be obtained by solving the corresponding
higher spin equation. In position space the higher spin equation takes the following form:

([@s, J—(z1)]Jo(@2))qF + (J-(21)[Qs, Jo(z2)])qr = /I<3uJi($)J—(f61)Jo(f62)>QF (4.7)
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Using the algebra in (2.10) and the current equation (2.11) this becomes:

E—MV <J_(331)8‘u a_JV($2)>QF =—-161¢ (T() - Tl) /<8_JOJ_($)J_($1)J()($2)>QF (48)
In momentum space the equation takes the form:

164 A
ekl (k1) Y (=k1))qp = =2 (J_ (k1) ] (=k1))qr (o (k1) Jo(—k1))qr  (4.9)
N1+ %)

where on the r.h.s. we have kept the leading order term from the large N factorization.

The two-point function of the scalar operator in quasi fermionic theory is [45]:

| 2

(Jo(k)Jo(—k))qr =

(14 A2 (Jo(k) Jo(—k)) R
k

N -
=-—5 0+ Nae) X 3

The two-point function of the spin-one current in quasi fermionic theory has the following

(4.10)

structure:
(TaK) (=RNar = 5 [a() Ju(—Reven + (u(K) Ju(~F)oud
= g W + c123 €k (4.11)

where c123 is undetermined. We substitute the above expressions for the two-point func-
tions in the momentum space higher spin equation (4.9) and obtain the following for the
coefficient of the parity odd term in (4.11):

R
= — 4.12
cras = 32 (412

Thus we see that the higher spin equation (4.9) fixes the coefficient of the parity-odd contact
term in the two-point function of the spin-one current in the quasi-fermionic theory. Notice
that this term vanishes in the free theory limit, A= 0 limit, consistent with the free theory
analysis in section 3.2.1.

(TT)qr

We will now look at the two-point function of spin-two currents. From the algebra in (2.10),
we see that the action of Q4 on (JoT-_)qr generates (I__T__)qr. The latter can then
be obtained by solving the resulting higher spin equation. Using the higher spin algebra

in (2.10) and the current equation (2.12) we get the following equation:*

96\
0T T Nop = ——29 5Ty Ji T T _ 4.13
€p ( )QF N(1+/\3f)< 0 Jo)qr ( )QF (4.13)

4The algebra of Q4 with the stress-tensor takes the form [Q4,T-_] oc O_J____ +82T__. Tt is easy to
eliminate by a dimension, spin, and parity analysis the possibility of a term proportional to the pseudo-scalar
Jo. As a result the Lh.s. of (4.13) does not get any contribution from (Jo [Q4,T—_]).
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After taking a Fourier transform on both sides of the above equation we get the following
equation in momentum space:

967 Aot
e T T Vop = ————29 10T T _T _ 4.14
ko )QF N(1+A§1f)< 0 Jo)qr ( )QF (4.14)

The two-point function of stress-tensor in quasi-fermionic theory takes the form [100]:

N

(Tuv (k) Tpo (—k))QF 9 wpo (K) A(k) + I, (K) I po (k) B(F) (4.15)
+ % (Eup)\HVU(k)+ eup)\Hp,a(k) + e;w)\Hup(k) + EVJ)\Hup(k)) kz kA

where I1,,,,0 (k) and II,, (k) are the orthogonal projectors and
A(k)=k3, B(k)=0 (4.16)

It can be easily seen that the trace Ward identities satisfied by the even and the odd parts
of the correlator (4.15) are trivial. We substitute the forms of the two-point functions of
the stress-tensor (4.15) and the scalar operator (4.10) in the higher spin equation (4.14)
and then separate the resulting equation into two independent equations: one proportional
to the Levi-Civita tensor and one without that. It can be easily checked that the former
is trivially satisfied while the latter fixes the coefficient of the parity odd contact term in
the (T'T') correlator (4.15) to be:

crr = —6 qu (4.17)
We will now extend the above analysis to spin-4 currents.
(JaJa)qr

To get a non-trivial equation we consider the action of Q4 on (J_, J____)qr instead of

(o T ar.
From the higher spin algebra of the charge ()4 with spin s > 2 operators Jg [45] we
obtain the following higher spin equation in momentum space:

b (T y (k) T (k) + K (T (k) T (—k))qr = 0 (4.18)

The r.h.s. of the above higher spin equation is zero as the large N factorization leads to
two-point functions of operators with different conformal dimensions.

To obtain the parity odd part of (J___, J____)qr we look at the part of the higher
spin equation (4.18) which contains the Levi-Civita tensor:

b (T (B) T (—))qroda + K2 (T () T (k) qroaa =0 (4.19)

To solve this equation, we use the following result from the analysis of the (TT")qr corre-
lator (4.15) and (4.17):

(Ty— (k) T-—(—k))qr,odd =3 qu K2 €y (4.20)
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Substituting the above correlator in (4.19) and solving for (J4J4) we obtain:
(Jo— (k) T (—k))qrodd = 3 At kS €y (4.21)

Our analysis can be easily extended to obtain the parity odd term in the two-point function
of arbitrary higher spin currents.

We see that the coupling constant dependence of the coefficient of the parity-odd
contact term in the two-point function of higher spin currents is universal. We expect such
a universality because while the kinematic dependence of correlators is fixed by conformal
invariance, their coupling constant dependence is fixed by higher spin equations, which in
turn relate the two-point functions of various spinning operators.

This can be seen from the large frequency limit of transport coefficients. For example,
we expect a relation between the parity-odd part of shear viscosity i.e. Hall viscosity and
the parity-odd part of conductivity i.e. Hall conductivity. In fact this is indeed the case as
was shown in [64] (see equations 5.8 and 6.10 therein).

4.2.2 Three-point functions

Three-point correlators in the quasi-fermionic theory are given by the sum of contributions
from the free boson theory (FB), the free fermion theory (FF) and a parity odd piece
(odd) [44, 45]:

(JsyJs, J83> :a815283<JS1J82 J53>FB + 5515253<J81J82J53>FF + 7518253<J81J82J83>0dd (4.22)

where s; represents the spin of the operators. For the correlators that we encounter in our
computations these relations read as:

(T (k1) Jo(k2)Jo(k3))qr = Baoo | (T (k1)Jo(k2)Jo(k3))rr + cTo0 ki’éll;ly
(Juk1)Jy(k2)Jo(ks))qr = Brio{Ju(k1)Ju(k2)Jo(ks))pr

+ v110(Ju (k1) v (k2)Jo(k3))odd + y110(Ju (k1) Ju (k2) Jo(k3))contact
(4.24)

(4.23)

Ny
8

(Jo(k1)Jo(k2)Jo(k3))qr = (1 + AZ) (4.25)

Note that unlike in the free fermion theory where the momentum space three-point correla-
tor of the scalar operator vanishes, in the quasi-fermionic theory it is a contact term (4.25)
as shown by explicit computations in [49]. The coefficients Ba200, B110, and Y119 are given by:

N ~ N
Bago = —(1+A%), PBrio = = 22
2 q

2

N
o0 o (4.26)

and the details of the free fermion correlators are given in (A.12), (A.13) and (A.14).

SFollowing the general literature, we label the part of a correlator that does not come from the free
theory answer as odd. However this label need not always correspond to expressions that are odd under
parity.
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Note that in (T'JoJo)qr in (4.23) we have included a contact term that corresponds to
the contact term in (3.19) that was required to solve the higher spin equation in the free

fermion theory in section 3.2.2. We will fix the coefficient of this term, viz. ¢prpo shortly.

In (J1J1Jo)qr in (4.24) we allow for a contact term which takes the following form:5

((Tu(kr) Ju(k2) Jo(k3)))GE™" = c1.10 gk% (4.27)

(J1J1J0)QF,0dd and fixing the contact term in (T'JoJo)qQr

We will now obtain an expression for (J,,J,Jo)odd in the quasi fermionic theory by solving
a relevant higher spin equation in momentum space. Let us consider the Ward identity
arising from the action of Q3 on (J_JyJo)qr:

([Qs, J—(z1)]Jo(22) Jo(3))qF + (J-(21)[Q@s3, Jo(22)]Jo(23))Qr
+ (J-(z1)Jo(22)[Q3, Jo(z3)])qr = /x<3u<]i($)z]—(wl)Jo($2)Jo(333)>QF (4.28)

Using the higher spin algebra (2.10), the current equation for the spin-3 current in (2.11),
and the large IV factorization of correlators, we get after performing a Fourier transform
the following equation in momentum space:

(€—kov ko (J—(k1)J" (k2)Jo(k3))Qr + €—kgv k3— (J— (k1) Jo(k2)J" (k3))qr)
+ 21 k1 ((T—— (k1) Jo(k2) Jo(k3))) qr
— _1\7(116:\(%;\@) [k:l_<J_(k1)J—(—k1)>QF<<J0(k1)JO(k2)JO(k3)>>QF
+ ko—(Jo(k2) Jo(—k2))qr ((J— (k1) J— (k2) Jo(k3))) Qr
+ kg (Jo(ks) Jo(—Fs)yqe ((J- (k1) Jo(k2) T (ks)))ar | (4.29)

We consider the following ansatz for <JMJ1,J0>2§§1:

((Ju(er) Ty (ko) Jo (k))& = ((Ju(k1) T (ko) Jo(ks))) B
= —ks({(Ju(k1)Ju(k2)Jo(k3)))rB (4.30)

This form of the odd part of (J,J,Jo)qr is consistent with the result obtained in [49] in
the specific kinematic regime considered by the authors. This is also consistent with what
one expects from duality.

Upon utilizing the result for three-point correlators given in (4.23), (4.24) and (4.25)
and the result for two-point correlators given in (4.10) and (4.11), we observe that the
ansatz for the odd part of (J1Ji1Jp)qr in (4.30) solves the higher spin equation (4.29)
provided:

1
1+ )2

CTOO = (4.31)

5Tn (4.24) we have stripped off a factor of 110 for convenience.

~ 18 —



This coefficient for (T'JyJo) in (4.23) in the quasi-fermionic theory is in agreement with the
free fermion theory result (3.19).

Thus we see that the analysis via. momentum space higher spin equations helped us
verify the ansatz (4.30) for the odd part of (J1J1Jp)qr and fix the coefficient of the contact
term in (T'JoJo)qr (4.23).

Further check of the contact term in (T JoJo)

Let us consider the action of the charge Q4 on (Jy Jy Jo). The higher spin equation is:

([Qa, Jo(z1)]Jo(z2) Jo(x3))qr +1 < 2+ 1> 3 = /(G“Jﬁ__(x)Jo(xl) Jo(z2) Jo(x3))qr
(4.32)

Upon utilizing the algebra in (2.10), the current equation (2.12) and the large N factori-
sation we get:

(05 To(1) Jo(2) Jo(ws))qr + € (0- 0T (21)Jo(w2) Jo(ws))qr | +1 > 241 3

- mglﬁiim (0= do T @)da(a) Jo(ea) Jo(ws)ar (4.33)

In momentum space the equation takes the following form:

(ki + K3+ k3 )((Jo(k)Jo(k2) Jo(k3))) qr (4.34)
= [ k1o AT (k) Jo(ka) Jo(ks))hr + 1 ¢ 2+ 1 4 3]

96
_ _M [ (Jo(kr) Jo(—kn))qu{(T—— (ki) Jo(k2) Jo(ks)) ) + 1 > 241 5 3]
It can be easily checked using the expressions for the three-point correlators in (4.23)
and (4.25) that the above higher spin equation is satisified. This analysis serves as a
consistency check of the contact term in (T'JyJp) (4.23).

Fixing the contact term in (J1J1Jo)qQF

Using higher spin equations we verified our ansatz in (4.30) that the odd part of (J1J1Jo)
in the quasi fermionic theory is given by the correlator in the critical bosonic theory. We
will complete our analysis of (J1.J1Jo)qr by computing the possible contact term in (4.27).

To compute the contact term we analyse the higher spin equation obtained by the
action of the generator Q3 on (J,,JoJy). This requires us to generalize the algebra in (2.10)
to the case where the generator acts on J,:

[Qg, JIJ =m €—pv 0_ 90" Jy + as 6M T _ +a30_ TH* + aq N—pn o_ Tg + as N—pn 0T, _
(4.35)

In our analysis we will not need to fix the coefficients a; that appear in the above algebra.
But it turns out from explicit computation that as = a4 = 0.
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Upon using the current equation (2.11) and the large N factorisation, the part of
the higher spin equation in momentum space which contains the Levi-Civita tensor takes
the form:

ar euiy k1 ((Jo(k1) Jo(k2) Jo(k3))) Qe — ka—€u—py ({Ju (k1) J” (ka) Jo(k3))) &
— k3—ey i (T (k1) Jo(k2) J” (K3)) &5
= 16(rg — 1) [lﬂ— ((Jo(k1) Jo(ka) Jo(k3)))Qr(Ju(k1) J-(—k1))GF"

—ks— ({(Ju(k1) Jo(k2) J-(k3)))qF" (Jo(ks) Jo(—ks))qr

(
ki ((Jyulkr) - (ks) Jo(k2) NEE (Jo(kz) Jo(—k2))qr] (4.36)
To determine the possible contact term (4.27) we project out the transverse parts of the
correlators by dotting the above equation with &{". This retains only the local part of the

correlators, and we see that the equation is satisfied iff cy;0 = —% ((4.24) and (4.27)):

(T (k1) T (k) Jo (ks )) e = —gélﬂ (4.37)

We note that this contact term is in addition to the usual contact terms that come from
conservation Ward identities in momentum space. If one explicitly computes the three-
point function using Feynman diagram techniques, one obtains precisely such an additional
contact term [49]. Such contact terms can removed by adding appropriate terms in the
action.

The part of the higher spin equation without the Levi-Civita tensor is also solved if
(J1J1Jo)qr has the contact term in (4.37).

4.2.3 Four-point functions

We will now turn our attention to four-point correlators in the quasi-fermionic theory.

(JoJoJoJo)qr

The scalar four-point function in the quasi-fermionic theory in position space was deter-
mined using the double discontinuity technique in [74] to be:”

(Jo(z1)Jo(w2)Jo(x3) Jo(4))QF = %(1 + X202 (Jo(x1) Jo(x2) Jo(x3) Jo(z4) ) e (4.38)

The momentum space correlation function is straightforwardly obtained by taking the
Fourier transform on both sides of the above equation:

N

((Jo(k1)Jo(k2)Jo(ks)Jo(ka)))qr = 5 (1 + A2 ((Jo (k) Jo(k2) Jo(ks) Jo(ka)))pr  (4.39)

where the free fermion correlator was obtained by explicit computation in [1]. This matches
the result for the same obtained in a specific kinematic regime in [60].

"Note that in [74] the authors have a factor of l/ﬁ instead of 5 (1 + )Tf:f)Q. This is because of our

A /ﬁ(l-&-?’é’f)
definition of Jy which is related to theirs (JOTZ) through a rescaling Jo = J()Tziq.
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—90 —



(T'JoJoJo)qr

In this section we discuss the (T}, JoJoJo) correlator in the quasi-fermionic theory. A direct
computation of this correlator using the Feynman diagram approach can only be done in
specific kinematic regimes [87] and a general analysis is out of reach. In the following
we illustrate how higher spin equations in momentum space can be used to obtain the
correlator.

Recently in [85] (see also [74] and [101]) the correlator (T}, JoJoJo)qr was studied
using higher spin equations in position space and it was shown that:

(T (1) Jo(22) Jo(23)Jo(24))) qF
= 32000 ({Tyuw (1) Jo(22) Jo(23) Jo(£4)))even + Y2000 ({Lpuw (1) Jo(22) Jo(23) Jo(£4)))odd

(4.40)
where
Bango = ]5(1 +A%), 72000 = fxqfu + %), (4.41)
The even and odd parts® of the correlator are given by [85]:
(T (1) Jo(22) Jo(3) Jo(24))even = (T (1) Jo(22)Jo(23) Jo(24))rr
(T (z1)Jo(z2) Jo(23) Jo(24))odd = (T (x1)Jo(x2)Jo(23) Jo(24))CB (4.42)

The position space analysis of [85] was quite involved and in the following we will verify

the results for the correlator using a rather simple analysis via momentum space higher

spin equations.’

Let us consider the action of Q4 on the four-point correlator (Jy.JoJoJo)qQr:

([Qa, Jo(x1)]Jo(z2) Jo(x3) Jo(za))qr + 1 <> 24+ 14 3+ 1< 4
= /(%Jﬁff(ﬁﬂ)e]o(xl) Jo(x2) Jo(z3)Jo(x4))qr (4.43)

Upon utilizing the algebra in (2.10), the current equation for Jy in (2.12) and the large N

8Throughout this paper, to be consistent with the literature we call the part of the correlator multiplied
by B2000 as even and the part multiplied by 2000 as odd.

9We feel that one can extend the arguments of [85] to any almost conserved higher spin current with
even spin in the quasi-fermionic theory, i.e.

((J2s (k1) Jo(k2) Jo(ks) Jo(k4))) qF
= B2000{(J2s (k1) Jo(k2)Jo(k3)Jo(ka)))rr + Y2000 {({J2s (k1) Jo(k2)Jo(ks)Jo(ka)))cB

However, we have not verified this for s > 1.
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factorisation we obtain:

92 (Jo(x1)Jo(w2) Jo(x3) Jo(x4))QF + € 0— " (T (21)Jo(22) Jo(23) Jo(4)) qF
+(1+2)+1+<3)+(1<4)

96yt
N(1+22)
+(12)+(1+3)+(1+4)
+ [ (0=t o(@)Jo(wa)) qr(T-—(@)Jo(ws) ofas)ae

/x@—Jo(fE)Jo(ﬂ?l»(T——(f)Jo($2)Jo($3)Jo($4)>QF

+(1+3)+1+4H)+2<3)+2+ 4+ 1,2+ 3,4) (4.44)

The above equation in momentum space takes the form:

(k3 + k3 + k3 + k) ((Jo(k1)Jo(k2) Jo(ks) Jo(ka))) qr

ek KT (k) To(ke) Jo(ks) Jo (k) g + (145 2) + (1 3) + (1 & 4)

= —m [kl—(Jo(kl)Jo(—k1)>QF<<T——(/ﬁ)Jo(kz)Jo(’f?))Jo(/%)»QF
+(1+2)+1<3)+(1<4)
+ (k- + ko )(Jo(—k1 — k2)Jo (k1) Jo(k2))qr (T~ (—k3 — ka) Jo(k3) Jo (k1)) qr
+(

16 3)+ (104 +(203)+ 204+ (1,26 3,4) (4.45)

Using the fact that the free fermionic and critical bosonic scalar four-point functions are
exactly equal as shown in [60] and using (4.39) we re-express the scalar four-point function
in the quasi-fermionic theory in the following form which will turn out to be useful:

({(Jo(k1)Jo(ka)Jo(k3) Jo(ka))) Qr = %[(1 + A30) (Jo (k1) Jo(k2) Jo(ks) Jo(ka)) e

+ N2p(1+ A2 (Jo (k) Jo(k2) Jo(ks) Jo(ka)))om| - (4.46)

We substitute (4.46) and the ansatz (4.40) for the correlator (T'JoJoJo) in (4.45) and after
a bit of rearranging the terms we get:

g(l + %) [(k‘?’_ + k5 4 k3 + k3 ) ((Jo(k1)Jo(k2) Jo(ks) Jo(ka)))pr

— ek K (T (k) Jo(k2) Jo(ks) Jo (ka))even + (14> 2) + (14> 3) + (1 5 4)]

0 AU 20 (R K+ K+ K)o (kn) (k) Jo(ks) (k) o

— de_pki— kY (T (k1) Jo(k2) Jo(k3) Jo(ka)))odd + (1 3 2) + (1 <> 3) + (1 «» 4)}
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— m [kl—ﬂooﬁzooo(Jo(kl)Jo(—kl»FF«T——(kl)J0<k2)Jo(k3)J0(k4)>>even
+(162) + (16 3)+ (16 4)]
N(Sii)%ﬁf) [%50072000<jo(k1)fo(—k1)>CB(<T——(kl)Jo(k2)J0(k3)Jo(k4)>>odd

+(162) + (16 3)+ (16 4)]

m (o1 — ko) k) Jo(ka)) e (T (ks — k) Jo(ks) Jo(ks)) e
+(163)+ 104+ 26 3)+ (26 4) + (1,2 3,4)] (4.47)

The higher spin equation (4.47) splits into two equations that correspond to the parity odd
and parity even terms. We will also utilize the relation between three-point functions in

quasi-fermionic and critical bosonic theories, which are as follows in our normalization:

Nt
8

(Jo(k1)Jo(k2) Jo(—k1 — ka))qr = (1+ A%p) (Jo(k1)Jo(k2) Jo(—k1 — ka))cs

(T——(—ks — ka)Jo(k3)Jo(ka))qr = g(l + N (T (—ks — ka) Jo(ks) Jo(ka)) cB

(Jo(k1)Jo(—k1))qr = Boo(Jo(k1)Jo(—k1))rF
N+X) - -
= T(JO(kI)JO(_kI»CB (4.48)

The parity even part of the higher spin equation (4.47) is given by

g(l + 220) [ (W + K3 + K + K) ((Jo(kr)To (ke) Jo (ks) Jo (k)

—ie_uykl_klf«Tz(lﬁ)Jo(kz)Jg(kg)Jo(k4)>>FF +(12)+1<3)+(1« 4)}

P Rat(1 4+ R20) (K + KL+ K+ KN (o(ka)JoCka) JoCks) Jo(hka)

—6k1—(Jo(k1)Jo(— k1)) e (T (k1) Jo(kz) Jo(ks) Jo(ka))) cB

+(1<2)+(1<3)+ (14

—6(Jo(—k1 — k2)Jo(k1) Jo(k2))cp(T-— (—ks — ka) Jo(ks) Jo(ka)) cB
103+ (1o )+ 203 +209)+(1,263,4)] =0 (449)

10Note that for the critical bosonic theory we have used the following normalization for the scalar two-
point function
(Jo(k1)Jo(—k1))cB = —k1
and the three-point function is a constant given as

(Tolkn)Jo(k2)Jo(—ks — k)b = 3
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The first two lines of the above equation correspond to the higher spin equation in the free
fermion theory (3.25) whereas the last five lines correspond to the higher spin equation of
the critical bosonic theory given in (4.6). We thus see that the momentum space ansatz for
(T'JoJoJo)qr motivated by its position space counter-part [85] in (4.40) satisfies the higher
spin equation corresponding to the even part.

The parity odd part of the higher spin equation (4.47) is given by:

e_pwk1— K} (T (k1) Jo(k2) Jo(ks) Jo(ka)))ep + (1 > 2) + (1 ¢ 3) + (1 > 4)
=192 ky—(Jo(k1)Jo(—k1))rr ((T—— (k1) Jo(ka) Jo(k3) Jo(k4))) FF
+(12)+(1+3)+(1+4) (4.50)
It can be easily checked that the correlators of the free fermionic and the critical bosonic
theory satisfy this equation.

Thus through a simple algebraic manipulation of the higher spin equations we have
verified the ansatz (4.40) for (T'JyJoJo)qr in momentum space.

4.3 Quasi-bosonic theory
We will now consider the quasi-bosonic theory. We will first discuss the two-point function

of the spin-one current.

4.3.1 Two-point functions
(Judv)QB

In this subsection we utilize the higher spin equations in the quasibosonic theory to deter-
mine the correlator (J,J,)qn. Let us consider the action of Q3 on (J_Jy):

([Q3, J—(w1)]Jo(z2))qB + (J-(71)[@3, Jo(r2)])qB = L(@,Jﬁ,(x)J_(xl)Jo(xg))QB (4.51)

By using the algebra given by (2.15) we get

—% (0% Jo(z1)Jo(x2)) B + (J-(21)0-J_(2))qB = /x@u]ﬁ—(l‘)Jf(ﬂﬁl)Jo(M))QB (4.52)

Making use of the current equation (2.17) and the large-N factorisation in the above
equation, after Fourier transforming we get the following equation in momentum space:

R o) Jo(—R)) g — ki (T (k)T (k)
—]mew-kl_kf<Jo<k1>Jo<—k1>>QB<J“<k1>J_<—k1>>QB (453)

The two-point function of the scalar operator in quasi bosonic theory is [45]:

(o) Jo(~k)as = o (14 32) (o(k)Jo( )
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The two-point function of the spin-one current in quasi bosonic theory has the following
structure:

N
5 [(J#(k)Ju(_k»FB + d123 E,Wk;]

2 16k

{(Ju(k) o (=K)) o =

+ di23 Guuk] (4.55)

The first term on the r.h.s. corresponds to the correlator in the free theory which was
determined by solving the higher spin equation in the free theory in section 3.1.1, and the
second term is a parity odd contact term whose coefficient dy23 is undetermined. Solving
the higher spin equation (4.53) we get:

Agb
digg = =2 4.56
123 = 39 ( )
In the free theory limit (qu — 0), the coefficient of the parity odd term dj93 vanishes as
expected.!!

4.3.2 Three-point functions

In this subsection we utilize higher spin equations to determine (J;.J1Jo)qg in the quasi-
bosonic theory. In [46], the authors obtained this correlator in a specific kinematic regime
through Feynman diagram methods. The result we obtain precisely matches theirs in the
specific kinematic regime explored by the authors.

As in quasi fermionic theory, three-point correlators in quasi-bosonic theory are given
by the sum of contributions from the free boson theory (FB), the free fermion theory (FF)
and a parity odd piece (odd) [44, 45]:

<JS1 JSz J53> :a515283<JS1 JSz J53>FB + 5315253<J31 J82J83>FF + 7818253<J81J82J83>0dd (4-57)

where s; represents the spin of the operator insertions. For the correlators of interest to us

we have:
(T (k1) Jo(k2)Jo(k3)))qB = c200{{Tyw (k1) Jo(k2)Jo(ks3)))rB (4.58)
((Ju(kr) T (ko) Jo(k3)))qn = anro{(Ju(kr)du (k2) Jo(k3)) e + y110(Ju (k) Ty (k2) Jo(k3))) &S
+ ((Ju (k1) (ko) Jo(ks))) Gar" (4.59)
((Jo(k1)Jo(k2)Jo(k3)))aB = cooo{(Jo(k1)Jo(k2)Jo(k3)))Fr (4.60)
where the coefficients B2, @110, and 7119 are given by:
Q200 = g (1+A%), a0 = %, Y110 = N;\qb, Qo0 = g (1+ %) (4.61)

The explicit form of the free boson theory correlators appearing on the r.h.s. of the equa-
tions above can be found in [1] (see also (A.12), (A.13) and (A.10) of appendix A). Note
that we allowed for a contact term in (J1J1Jo)qp. In the following we will demonstrate
that the higher spin equation could be utilized to fix the parity odd term as well as the
contact term in (4.59).

UParity odd contribution to the 2-point function of the spin-one current is zero in the free theory.
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(JudvJo)qB
Let us look at the Ward-identity corresponding to the action of Q3 on (J_JyJy):

([Q3, J—(21)]Jo(z2) Jo(x3)) + (J-(21)[Q3, Jo(22)]Jo(x3)) + (J-(21)Jo(22)[Q3, Jo(x3)])
- / (O, T" () (1) Jo(22) Jols)) (4.62)

This leads to the following higher spin equation upon utilizing the algebra in (2.15)
~ 1
4d12 (0-T-—(21) Jo(x2) Jo(23))aB — 5 (02 Jo(x1) Jo(w2) Jo(w3))qp
+ (<J_ (1‘1) a_J_ (SCQ) JQ(.Tg))QB + 2 & 3) = /(%Jﬁ,(m),]_ ($1)J0(CC2)J0(CC3)>QB (463)

We now use the current equation (2.17) and the large N factorisation, and obtain the
following equation in momentum space after performing a Fourier transform of the above
equation:

Adyo by ((T—_ (k1) Jo(k2)Jo(k3))) qB + %ki”,<<J0(k1)J0(k2)J0(k3))>QB
+ (ko— ((J=(k1)J—(k2) Jo(ks3)))qB + k3—((J- (k1) Jo(k2)J-(k3)))qB)

= m €uki—k1-((Jo(k1) Jo(k2) Jo(ks3)))qe(J- (k1) J*(—k1))qB
+ (euko—ko—(Jo(k2) Jo(—k2)) QB ((J- (k1) J"(k2)Jo(k3)))qB + 2 < 3) (4.64)

In this equation we substitute the form of the correlators (T'JoJo)qn, (J1J1Jo)qp and
(JoJoJo)qn given in (4.58), (4.59) and (4.60) respectively. We consider the following ansatz
for (J1J1 J0>‘éd]§1 which could be justified by a Legendre transformation:

(T (k1) Ty (k) Jo(k3)) S = kl3<<Ju(k1)Ju(k2)Jo(k3))>FF (4.65)

The higher spin equation in (4.64) splits into two separate equations, one proportional to
the Levi-Civita tensor and the other without the Levi-Civita tensor. We need to satisfy
both the equations so that the higher spin equation (4.64) is solved consistently. Note that
the odd part of the correlator (J1Ji1Jo)qp in (4.59) contains a single Levi Cevita tensor
as it is determined in terms of the free fermionic correlator (J;J1Jo)rr (4.65). Hence, the
part of (4.64) with a Levi-Civita tensor gives the following equation:

Y110 ka— ((J— (k1) J—(k2) Jo(k3)))&E +2 <> 3
= Zm [Gukz—kz—ano«J—(kl)Ju(k2)Jo(k3)>>FB(Jo(k2)J0(—k2)>QB +2¢ 3}
(4.66)

In this equation, we use the known expressions for (J1J1Jo)rp from [1] and for (JoJo)qn
from (4.54). For (J1J1J0>‘éd§ we substitute the ansatz from (4.65). Upon making these
substitutions we see that the higher spin equation (4.66) is exactly satisfied.
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Let us now consider the parity even part of the higher spin equation (4.64) which
contains terms without the Levi-Civita tensor:

A dyg ky— oo ((T—— (k1) Jo(k2)Jo(k3)))FB + % k300 ((Jo (k1) Jo(k2) Jo(k3)))rB
+ [kg_a110<(J_(k1)J_(kQ)Jo(k3)>>FB + 2 < 3]

= m [ﬁukr’@—%lo(u—(kl)Ju(kz)Jo(k3)>>22déiaoo<Jo(k2)J0(—k2)>FB +243
— anik_ diag ((Jo(k1) Jo(ke) Jo (k)| (4.67)

We substitute the form of the correlators (T'JoJo)qr and (JiJiJo)qp given in (4.58)
and (4.59) respectively. For correlators in the free boson theory we utilize the results
from [1]. With these substitutions we see that the higher spin equation (4.67) is satisfied.

The above analysis for (J,,J,Jo)qg is blind to any contact term in the correlator that is
proportional to g, as we worked with (J_J_Jp). In the following we compute this contact
term in (J,J,Jo)qQB-

Fixing contact term in (J,J,Jo)qB

In this section we will demonstrate that higher spin equation is sensitive to the contact
term in (J,J,Jo)qe and it could be used as a tool to fix such contact terms. To do so let
us first consider the algebra in quasi-bosonic theory

[Q3,Jo) = O_J_
1 ~ ~ d
(@3, 4] = —50,0% Jo + 412 0-T)u— — 41 g~ T + %gM_Da_JO (4.68)

Let us consider the action of (3 on (JMJOJ())QB

([Qs, Ju(z1)]Jo(22) Jo(z3))qB + (Ju(21)[Q@s3, Jo(22)]Jo(23)) B
+ (Ju(x1)Jo(22)[Qs, Jo(x3)])qB = /@Jﬁ—(ﬂ?)Ju(xl)Jo(@)Jo(%»QB (4.69)

Utilizing the algebra in (4.68), the current equation (2.17) and the large N factorisation,
the above equation gives the following in momentum space after Fourier transforming:

%kmki<(J0(/€1)J0(7€2)J0(k3)>>QB + 4 k- ((Ty— (k1) Jo(k2) Jo(k3))) QB

— 4gu— k5 ((To— (k1) Jo(k2)Jo(k3))) QB — %gu—k%kl—<<J0(k1)Jo(k2)Jo(k3)>>QB

+ (ko— ((Ju (k1) J—(k2)Jo(k3)))qB + 2 <> 3)
32X
S ON(1+2A2)

+ €aky— k2 ((Ju(k1)J* (k2) Jo(k3))) o (Jo(k2) Jo(—k2))qB + 2 < 3} (4.70)

Lok ki R (T (k) T (=R )am { (o (k) Jo (ka) Jo(ks))

_97 —



The equation can be split into even and odd parts depending on the presence or absence of
the Levi-Civita tensor. The parity odd part of the above higher spin equation is given by:

(ko (T (k1) T (k2) Jo(k3))) &S +2 ¢+ 3)
Zm&u {kfliJu(kl)J (—Fk1))aB" ((Jo(k1)Jo(k2)Jo(ks3))) QB

+ kg ko ((Ju(k1) I (k2) Jo(k3))) Q8" (Jo(k2) Jo(—k2))qB + 2 < 3} (4.71)

Since we have already determined the form of (J1.J1Jo)rp and (J;J; J0>°dd and are now in-
terested in determining (.J;.J; Jo>conta“3t we project out the transverse parts of the correlators
and keep only the local terms by contracting (4.71) with k}". This leads to:

(ko K (T (k1) T - (k2) Jo(k3))) s + 2 <> 3)

= Jm €av— W’fl—kﬂJu(kl)Jo‘(—kl»QB(<J0(/€1)Jo(k2)Jo(k3)>>QB

+ kg ko by ((Ju(kn) I (k) Jo(k3))) 8" (Jo (k2) Jo(—k2)) B + 2 < 3} (4.72)

We substituted the form of various correlators that appear in the above equation and found
that the ansatz in (4.65) for (J,J, Jo>°dd solves the above equation provided we allow for
a contact term of the following form:

(T (k1) T (2) Jo (k) ) Eiract = 271109,53 (4.73)

The even part of the higher spin equation (4.70) is given by:

% k1kt_((Jo(k1) Jo(ka) Jo(ks)))qp + 4 ki—((Ty— (k1) Jo(k2) Jo(ks)))qB

— 4 9 k7 ({Ta— (k1) Jo(k2) Jo(k3))) QB — %gu—k%kl—<<J0(k1)J0(k2)JO(k3)>>QB
+ ko ((Jyu (k1) J—(k2) Jo(k3))) Q5" + ka— ((Ju(k1) Jo(k2) T (k3))) OB

= Jm— [eats k1= (k1) T (=R G (Jo(ka) o (k2) Jo (ks))) o
+ eara—ko— (Jolke) Jo(—ka))qu{(Ju (k1) J* (ka) Jo (ks)))&H +2 > 3] (4.74)

Once again since we are only interested in determining the contact terms, we project out
the transverse parts of the correlators and keep only the local terms by contracting the
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above equation with k}'. This gives:

%kfkff<<J0(/f1)J0(/€2)J0(7€3)>>QB + diky k) ((Ty— (k1) Jo(k2) Jo(k3))) q

— Ak (T () Jo(2) o) — SEER (k) Jo(ka) Jo(ks )

+ ko K (T (k1) T (k2) Jo(k3)))ap + ks— K4 (T (k1) Jo(k2) I (k3))) o
— m L€k —For R () T (= )8 (o (k) o (ko) Jo (k) s
+ Caky ko R (k) T (k) Jo (k3) ) 518 (Jo (k) Jo(—ka))qp +2 8] (4.75)

We checked that the above equation is satisfied by the ansatz in (4.65) for (Jw]VJOYéC}é:1
provided we have also considered the contact term in (4.73).

To summarize, we verified the ansatz for (J;J; J0>8§§1 in (4.65) by showing that it solves
the higher spin equation constructed from the action of Q3 on (J_JyJp). We also fixed the
contact term in (J,J,Jo)qp (4.73) utilizing the action of Q3 on (J,JoJo)qe. Our result
matches the results in [46] obtained by explicit Feynman diagram techniques in a specific
kinematic regime.

Q4 0n (JoJoJo)qB

Let us now consider the action of Q4 on (JoJyJy). This gives:

([Qa, Jo(z1)]Jo(x2) Jo(w3)) + (Jo(21)[Q4, Jo(x2)]Jo(23)) + (Jo(x1)Jo(2)[Q4, Jo(x3)])
- /x (O (2)J (1) Jo(@2) Jo(x3) (4.76)

This leads to the following higher spin equation upon utilizing the algebra in (2.16)

<8§J0(.1‘1) J(]($2) Jo(x3)>QB — %(877177(.7}1) J()(l‘Q) Jo(x3)>QB +1<24+1+3

=[O (@) (z1)To(a)To(as))an (4.77)

We now use the current equation (2.19) and large N factorisation, and obtain the following
equation in momentum space after performing a Fourier transform of the above equation:

(K- + kS + k3. ) ((Jo(kr) Jo(ka) Jo(ks)))qm
24

+ [5<<T——(k1) Jo(k2) Jo(k3)))qp+124+1< 3| =0 (4.78)

In this equation we substitute the form of the correlators (T'JyJo)qr and (JoJoJo)qB given
in (4.58) and (4.60) respectively and see that the equation is satisfied.
4.3.3 Four-point function

In this subsection we compute in momentum space the four-point correlation function of

the scalar primary operator Jy = ¢¢ in the quasi-bosonic theory utilizing the corresponding
results in position space [74].

~ 99 —



(JoJoJoJo)qB

In [1] we obtained the momentum space four-point function of the scalar operator Jy in
the free boson theory. Here we will determine the same for the quasi-bosonic theory.
The correlator has been studied in a specific kinematic and parameter regime in [60, 77].
Recently, it was demonstrated that in the large- N limit, this correlation function in position
space is determined by the free theory answer upto a conformal partial wave which is given
by a D function as follows [74]:

(Jo(x1)Jo(x2) Jo(23) Jo(x4))qn = N(1 + ng)qugi;} + disc (4.79)

where
)\gb ]
32 5/2
14 A2, w0/

_ _ 1= 1 v
Japlusv) = Fpp(u,v) = (Dm,;,%“’ )+ Dy g (0uw)+ 2Dy (u u))

and disc represents the disconnected part. The difference in the prefactor with [74] is due
to the normalization that we have chosen for the scalar operator in (A.7). The function
fro(u,v) in the above equation is the corresponding function in the free boson theory
defined through the corresponding four-point correlator as follows

<J0($1)Jo(l‘g)Jo(:L‘g)Jo($4)>FB = M + disc (4.81)

T13Lo4

The D function in (4.80) is related to the conformal partial wave \Ifﬁfo as follows

r(8)T (%) i A (4.82)

u

* 2A; 2N
Dana—anan(u,v)=uaxi5r"
a—a 35( ’ ) 12 34 7d/2 )

2 2

where A; corresponds to the scaling dimension of the external operator whereas A cor-
responds to the scaling dimension of the exchange operator. The conformal partial wave
\Ilﬁto is defined as:

Vo = / d*(O1 (1) Os(22) O(x)) (O() O3(w3) Oa (1)) (4.83)

where O corresponds to the exchange/intermediate operator with dimension A whereas
O corresponds to the corresponding shadow operator of dimension A = d — A defined in
appendix D. Since we are interested in the scalar operator of the bosonic theory, A; = 1
and it was shown in [74] that the exchange that has to be added corresponds to A =1 and
d = 3, and therefore we get the relation between the required partial wave and the Dn 11
to be as follows:

(u,v) = L Ui, (4.84)

Note that the first term in (4.80) corresponds to that of the free boson theory and hence
upon Fourier transform it just turns into the momentum space correlation function of the
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free boson theory. On the other hand we see from the above equation that the Fourier
transform of the D function is simply related to the Fourier transform of the conformal
partial wave \11%70 which we denote as \I’h). Note that D function does not have a simple
closed form expression. However as we show in the appendix D the conformal partial wave
in momentum space is very simple and is equal to the product of two three-point functions
multiplied by a two-point function.

Substituting (4.84) in (4.79) and performing a Fourier transform of the D functions as
shown in the appendix D, we get the final result for the four-point scalar correlator of the
quasi-bosonic theory to be as follows:

((Jo(k1)Jo(k2)Jo(k3) Jo(ka))) qm
= N2(0 4 82| (o) o () k) o)

— L (U (ki ko, k3, k +2H3+2H4>} 4.85

where

7T2

 |ps + pallp1 — pallps — pal|2p1 + p2l|2p2 + p1]|2ps + pa||2ps + P3|

{Iv’%,o(pi) (4.86)
has been derived in (D.11), and for (Jo(k1)Jo(k2)Jo(k3)Jo(ks)) see [1]. In appendix C we
attempt a derivation of the five-point function of the scalar operator in the quasi-fermionic
theory based on conformal block expansion.

5 Higher spin equations away from conformal fixed point

In previous sections of this article we focussed on solving higher spin equation explicitly
at the conformal fixed point. We have seen that, at the conformal fixed point higher spin
symmetry is highly constraining. However one can ask how effective is higher spin equation
when we deform CFT with relevant or marginal deformations away from fixed point. In
this section we examine this interesting question by considering a prototypical example
of the massive free boson theory. We will demonstrate that one may use the higher spin
equation to determine some of the two-point functions of conserved higher spin operators
in this theory. We demonstrate this through an example where we determine (.J,J,) by
using (T__Jp) and (JoJp) in the free massive bosonic theory. We also comment on how
one could determine several such two-point correlators. This leads us to propose that the
corresponding higher spin equations could be used to constrain spinning correlators even
in theories away from conformal fixed point.

5.1 Massive free boson

Let us begin by considering the action of Q4 on (JyJy) in the free massive bosonic theory

([Q4, Jo(x1)]Jo(22))FMmB + (Jo(21)[Q4, Jo(22)])FMB = 0 (5.1)
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The subscript F'M B in the above equation represent that the correlator is computed in the
free massive bosonic theory. It may be observed that algebra for the massive case remains
the same as that of the free theory. Utilizing the algebra in (2.3) the higher spin equation
takes the form:

24

<8§Jg(l‘1)Jg(l‘2)>FMB — g <07T77(.7}1)J0(.7}2)>FMB +1<2=0 (5.2)

Note that the due to the absence of conformal symmetry the two-point correlators of
difference spins need not be zero in general. In momentum space this leads to

(kY + k5_)(Jo(k1)Jo(k2))pms + %(k1—<T——(k1)Jo(k2)>FMB

+ha—(Jo(k1)T-—(k2))pmp) = 0 (5.3)

Utilizing momentum conservation we see that the above equation is trivially satisfied.
As the above higher spin equation did not constrain the correlators, let us consider a
different higher spin equation obtained by the action of Q3 on (J_.Jy):

(@3, J-(x1)]Jo(z2))rms + (J-(21)[@3, Jo(x2)])rns = 0 (5.4)
Utilizing the algebra in (2.3) the momentum space higher spin equation takes the form:
1
4ky (T—_(k1)Jo(—k1))rmB + 5k%_<Jo(k1)Jo(—k1)>FMB — k1 (J-(k1)J-(=k1))rmB =0
(5.5)

We can use the above equation to determine the <Ju J,)FMmB correlator by using the expres-
sions for (JoJo)rmp and (T—_Jy)pmp obtained by direct computation given as follows (see
appendix F):

(Jo(k)Jo(—k))pMmB = ﬁ arctan (21;;)

167k3
(J-(k)Jo(=k))pmB = 0 (5.6)

Upon utilizing (5.5) and (5.6) the above correlators we obtain

(T__(k)Jo(—=k))pmB = = [2m2 arctan (2]:71> - km}

(J_(k)J_(=k))rmB = = [(kz2 + 4m?) arctan (214:) -2 km} (5.7)

Smk3 m

We could use this to determine <Jqu,>FMB. This because J,J, is a conserved current and
hence the reconstruction formula fixes the ansatz for this to be

(T (B) Ty (=k))paas = (T (k)T (= k)RS "™ + (T (k) T (k)i (5-8)

ransver; k kl/
0, (RS = A [ g — 25 (5.9)
k.k,
(Tu(R) (= k)i = 257 (Jo(k) rars
m
= —mkuku (5.10)
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Comparing (5.7) and (5.8), the form factor A is fixed from higher spin equation to be

1
e

k* 4+ 4m?) arctan (k) +2 km} (5.11)
2m
The form of the correlator thus fixed by the higher spin equation exactly matches with
that obtained by explicit computation details of which are given in the appendix.

This precisely matches the result obtained from direct computation. We emphasize
here one could do a similar analysis to obtain some of the higher spin correlators through
the correlators of the lower spin to build up a lot of data. For example one could determine
the correlator (Js.J;) through a similar analysis as above by considering the action of Q4
on (J,,J,) which results in a higher spin equation involving (J3J1) and (J;Ji).

6 Summary

In this section we summarise the results we obtained for various correlators and comment
on duality.
6.1 (J1J1Jy) in quasi-fermionic theory

In the quasi-fermionic theory we have

(Ju(k1)Jy (k2)Jo(k3))qF

N N v
= 5 (Julk1)Jy(k2) Jo(ks)) e + B ((Ju(kl)Ju(k2)Jo(k3)>odd - g;ﬁ) (6.1)
where!?
(Ju(k1) T (k2) Jo(k3))oaa = (Ju(k1) Ty (k2)Jo(ks))cs (6.2)
We will now express the above in terms of Ny and A; which are given by the following
relations:
~ sin(mAf)  ~
N =2N;——=%  Ag =tan(nAf/2) (6.3)
Ay
We then have:
sin(mAy)

(Ju(k1)Jy(k2)Jo(k3))qr = Ny (Ju(k1)dy(k2)Jo(ks3))pr

Tr)\f
2N sin? (%)

+ Ty

<<Ju(kl)<]u(k2)!]0(k3)>odd - gﬁf’) (6.4)

It can be checked that this result (including the contact term) matches the result for the
correlator available in the kinematic regime where the + and — components of momenta
are zero (see equations 40 and 41 of [49]). The contact term can however be removed by

adding suitable counter-terms to the action.

12 As noted in section 4.2.2, following the general literature, we label the part of a correlator that does not
come from the free theory answer as odd. However this label need not always correspond to expressions that
are odd under parity. This terms is multiplied by Xq ¢ which is odd under parity, and hence the labelling
odd for this term in the correlator.
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Duality with critical bosonic theory

The parameters of the quasi-fermionic theory are related to those of the critical bosonic
theory as follows:

The duality transformation on the parameters is given by

Af=MN—1, Kp=—krp (6.7)

where ¢, = ];\%/: Implementing these transformations on the correlator (6.4) one can
check that it gives the critical bosonic theory answer [46] for the special kinematic regime

considered therein.

6.2 (J1J1Jy) in quasi-bosonic theory

In the quasi-bosonic theory we have

N
(k1) Ju(k2) Jo(ks))ap = o (Ju(k) Ty (k2) Jo(ks) )rn
Nig [ 1 ,
= () (2) Jo (k) — 2 22 (6.8)
2 ]C3 k3
We will now express the above in terms of N, and A\, which are given by the following
relations:
- in(mw ~
N = o, S0m) Agp = tan (mA/2) (6.9)
TAp
We then obtain:
sin(mAp)

(Ju (k1) Ju(k2)Jo(k3))qn = Ny = (Ju(k1) Ty (k2)Jo(k3))FB

2N, sin? (2o
200 in’ (7 [luu(kluy(kzwo(kg»pp —29%) (610

+ s

oy

It can be checked that this matches the results for the correlator available in the kinematic
regime where the + and — components of momenta are zero (see equations 54 and 56
of [46]). An exactly similar analysis as in the quasi-fermionic theory can be performed here
to obtain the critical fermionic theory results.

6.3 Summary of remaining correlators

In this section we summarise the results for the rest of the correlators we study in this
paper.
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Quasi-fermionic theory
The two-point function of spin-one currents in the quasi-fermionic theory is given by:

N [kuky, —guwk?® gt
(k) o (=R))ar = & %ntﬁewkp (6.11)

For two-point function of even-spin currents there are both parity even and parity odd
contributions:

<J28(k) JQS(_k» =0 (JZS(k) JQS(_k)>even + co <<]28(k) JQS(_k)>odd (6‘12)
where ¢; and ¢y are given by:

N 3~
C1 32° C2 9 Aqf (6 3)

The three-point spinning correlators (T'JyJy) is given by:

(T ) k) ol ) = 5 [(1+ 320 (T (o) ok + T2 (6.14)

The scalar four-point function (JyJoJoJo) is given by:

(Jo(k1)Jo(k2)Jo(k3)Jo(ka))qr = g (14 A2 (Jo(k1) Jo(k2) Jo(ks) Jo(ka))pe  (6.15)

We will now present the results for the four-point correlator (7)., (k1)Jo(k2)Jo(k3)Jo(k4))Qr-

Jo .. . .
T aligning with [45]. We then have:

Let us rescale back our scalar operator as Jy —

N
2(1 4+ A\2p)?
Mgt

2(1 4 A\2p)?

(T (k1) Jo(ke)Jo(k3) Jo (k) qr = (Tyu (k1) Jo(k2) Jo(k3)Jo(ka)) Fr

(Tyuw (k1) Jo(k2)Jo(k3) Jo(ks))cp  (6.16)

Written explicitly in terms of qu and Z\~qu makes the duality manifest. In the qu — 0 limit
one gets the free fermion results:

(T (k1) Jo(k2)Jo(k3)Jo(ka))qr = Ny [(Tw (k1) Jo(k2)Jo(k3)Jo(k4))pr] (6.17)
Quasi-bosonic theory
The two-point function of spin-one currents in the quasi-bosonic theory is given by:

N

(Ju(k1)Ju(=k1))qB = 5 |:<Ju(k1)Jy(_k1)>FB + % €uvp kY (6.18)

The four-point function of the scalar operator in the quasi-bosonic theory is given by:

(Jo(k1)Jo(k2)Jo(k3)Jo(ka)) QB

= N2(L+ 382 | (o) oOe) o) o))

A2 -
TEN(L+AZ) N
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where

7T2

Ulo(ps) = : 6.20
Lo(pe) 1p3 + pallp1 — p2||p3 — pal|2p1 + p2l12p2 + p112p3 + pal[2ps + p3] (6.20)

We give the results for the (T'JyJp) correlator with the scalar operator rescaled as Jy —
Jo
14+X2

aligning with [45]:

N

(Thw (k1) Jo(k2)Jo(k3))qB = ———=5— (T (k1) Jo(k2) Jo(k3))rB (6.21)
2(1+ Asb)
In the limit qu — 0 we get the free boson result:
(Thw (k1) Jo(k2)Jo(k3)) o = No (T (k1) Jo(k2) Jo(k3))FB (6.22)
Free massive bosonic theory
The scalar two-point function is given by:
(k) Jo( kv = o avctan (5 (0:29
0 0 FMB = - arctan { o )

The two-point function of the spin-one current is given by:

(Ju(k) (= k) pnip = (Ju (k)T (= k) BRI + (Ju (k)T (—k)) 5 (6.24)
where
transverse kﬂkl’
(Ju(k)J (=k))pas ™™ = A { g — NER (6.25)
oca. k kl’
(Ju(k) Ty (—k))Pain = 2272(J0(k)>FMB
m
= _7%2#/@/@ (6.26)
and
A= b [(kQ + 4m?) arctan (k> + 2km} (6.27)
- 8nk 2m '

The two-point function of the stress tensor with the scalar operator is given by:

k2m (k — 2m arctan (%))

(T (k)Jo(~F)) = — —— (6.28)

The correlators given in (6.23), (6.24) and (6.28) are consistent with the higher spin
equation.
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7 Conclusion and discussion

In this paper we presented momentum space higher spin Ward identities as an efficient
technique to determining spinning correlators in interacting theories such as the quasi-
bosonic and quasi-fermionic theories. Starting from two-point spinning correlators, we
demonstrated that one can solve higher spin equations to obtain the parity odd contri-
bution to spinning correlators. We then solved higher spin equations to obtain three-
and four-point spinning correlators and matched earlier results obtained by other means.
It would be interesting to extend our analysis to correlators with more spinning opera-
tors whose computation via Feynman diagrams is rather intricate (see for example [87]
in which the computation of (J;.J;JyJy) was performed in a specific kinematic region for
certain components). We emphasize that higher spin equations in momentum space are
sensitive to contact terms in correlators. These include new contact terms in addition to
those that come from conservation Ward identities in momentum space. Interestingly, if
one explicitly computes three-point functions such as (J1J1Jp) in Chern-Simons matter
theories, one obtains such additional contact terms [46, 49].

It will be interesting to determine momentum space correlators in terms of analogues of
higher spin invariants in position space examined in [102-108]. Furthermore it will be inter-
esting to study the higher spin constraints beyond the large- N approximation [75, 109-113].

As the higher spin equations are not restricted to conformal fixed points, one could
imagine them to be useful in theories obtained by marginal and relevant deformations of
conformal fixed points. We examined this interesting new direction briefly through the
example of the massive free boson theory. It would be interesting to extend this analysis
to solve for higher-point correlators in such theories. This would pave way to a new
understanding of conformal perturbation theory.

Furthermore, it would be exciting to study the constraints imposed by higher spin
symmetry on correlators in the presence of chemical potential or at finite temperature
when the conformal symmetry is broken. In such cases the correlators are once again
extremely hard to evaluate directly. Such theories exhibit interesting phases such as the
Higgs phase, Fermi sea etc. at both zero and finite temperature [114]. At finite temperature
one deals with thermal expectation values as opposed to vacuum expectation values. It will
be interesting to understand how one applies the higher spin equations in these contexts.

We saw in our computations that higher spin equations can be solved to obtain corre-
lators that are conformally invariant. Hence it would be an interesting direction of study
to understand how higher spin equations subsume conformal invariance. It will be inter-
esting to study spin-raising and weight-shifting operators in conjunction with higher spin
equations. We hope to come back to these exciting issues in the near future.
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A Notations and normalizations

In this section of the appendix we explain the normalizations and notations we will be
utilizing in this article. Through out this article we have used the following notation for
the three and four-point momentum space correlators of operators O;

(01 (k1)Oa(k2)O3(k3)Ou(ka)) = (2)%6 (k1 + kg + k3 + ka) ((O1(k1)O2(k2)O3(k3)O4(ks)))
(O1(k1)O2(k2)O3(k3)) = (2m)*6 (k1 + k2 + ks) ((O1(k1)O2(k2)O3(k3))) (A1)

where the bold symbol k represent four vectors. It is well known from [44, 45] that the
slightly broken higher spin symmetry constraints the structure of three-point functions in
the quasi-fermionic and quasi-bosonic theory to be of the following form:

<J51J52J53> =05y 5953 <J51J52J83>FB + 5515233<J31 I, J53>FF + 7315253<J51 J52J53>0dd (A.2)

where for the coefficients @ and 8 are determined completely in terms of two parameter N
and :\qb /qf- We will utilize the normalization used in [45] for all the higher spin operators
Js for s > 0 i.e the two-point functions in the interacting theory are related to the free
theory as follows

(Js(k)Js(=k))ar = - (Js(k) Js(=F))pr (A.3)

(o ()5 (—k))qs = o (Js (k) Jo(— ) e (Ad)
The difference in the overall factor of § from [45] is because we will be working with a
complex scalar. Also observe that in the A — 0 limit the quasi-fermionic and quasi-bosonic
theory results go to the free fermionic and free bosonic two-point functions respectively.
The normalization of the free bosonic and free fermion theory two-point functions of the
spin one current will be relevant to our computations and these are given as

1
(kpuky — guka) (A.5)

(Tu(k) T (k) = (Ju (k)T (—h))pp = o7

On the other hand for the scalar operators Jy, we utilize the normalization

(To(R)o(—k))qr = 5 (1 + X2) (o(k)Jo( ) (A6)
(o) Jo(~k)as = o (1 32,) (o(k)Jo(~F)) s (A7)
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Note that the normalization of the scalar operator Jy which we will utilize here differs
from [45] by Jo = JMZ(1 + A?). We will be using the following normalization for the two
functions for the scalar operators in free bosonic and free fermion theory

1
(Jo(k)Jo(—k))rB = A (A.8)
k
(Jo(k)Jo(=k))pp = —¢ (A.9)
The three-point functions of the scalar operators in the free theories are given as
1
((Jo(k1)Jo(k2)Jo(ks3)))rB = T (A.10)
((Jo(k1)Jo(k2)Jo(k3)))rr = 0 (A.11)

The reconstruction formulas for the three-point functions of the higher-spin operators fix
the local and transverse parts of the correlators upto a form factor as shown below [20]

<<ij(k‘1) Jo(k‘z) JO(k3)>>FB/FF = <T,u1/(k1) JO(]{;2) JO(k3)>transverse

+ <TMV(]€1) JD(k2) JO(k3)>local (A12)
((Ju(k1) Ju(k2) Jo(ks)))wp/rr = (Ju(k1) Ju(k2) Jo(ks))transverse +(Ju(k1) Ju(k2) Jo(k3))iocal
(A.13)

The transverse parts are given as

Ju(k1)J (k2) Jo(k3))p=Verse = mh (k1) 75 (ka) [Al(k:l, ko, ks) kSRS + Az (ka, o, ks)gaﬁ}
Ju(k1) Ty (ko) Jo(ks) YEamsverse =2et! ek 5 (k1, ko) [A (ky, ko, ks) k1p+B (1, k2, k3) ko) €7
(T (k1) Jo(kz) Jo(ks)FEE = Avp/er) (ki ke, ka) T (k) kS ey (A.14)

{
{

The explicit form of the form factors and the local parts for the free theories may be found
in [1] where they were determined by direct computation as well as by solving momentum
space higher spin equations in the free boson and the free fermion theories.

B Schouten identity
In our computation the following Schouten identity turned out to be helpful:

M (ky - ky) + M2y = VR 4 ke gl

RS + eI = e (kg - k) + eFrR kY (B.1)

The Schouten identity can be used to eliminate two of the e structures in favour of the

other two:
. _ k2 (—€ukikakon + €vkakakon) + k1 - k2 (—€ukakok1p + €uiikak1y)
uke k2 k2 — (ky - k)2
A k3 (—€ukykokip + €ubikokin) + k1 - k2 (ukikakou — koo kov) (B.2)
urks K252 — (ky - k)2 '
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C Five-point function: (JoJoJoJoJo)qF

In this section we will derive an expression for the momentum space five-point function
of the scalar operator in the quasi-fermionic theory. We will demonstrate that this five-
point correlator may expressed in terms of three, four and five-point scalar correlators in
the free fermionic and the critical bosonic theory.Note that the three-point function of the
scalar correlator in the quasi-fermionic theory is a contact term. To begin with let us first
demonstrate that the free fermionic scalar five-point point correlator (JyJoJoJoJo)rr is
non-zero whereas the three-point correlator (JoJoJo)rp vanishes.

Three-point: (JoJoJo)rr
The three-point function of Jy operators in free fermion theory is given by:
(Jo(k1)Jo(k2)Jo(k3)) = /“ z (@)Y (ky — L) (la) (ke — l2)P(I3) (ks — 13))  (C.1)
162t3
Wick contraction: 1223314133221
Tr(l1lh]
G = —/ %5“}1 —ll+l2)5(k2—l2+l3)(5(k3—l3+l1)
hits Bl

Ty ) A+ ) plo (L= K2)
- _/l l2(l + kl)Q(ll— k1)2 2 (C.Q)

The numerator simplifies upon

2ieMP kel kop
C.3
/l2l+k1 )2(1 — ko)? (C.3)

Now we know that the integral is of the form

L,
L2+ k)2(1— k)2

where A and B are functions of ki,ko and k3. Due to the above form of the required

— Aky, + Bk, (C.4)

integral, (G; vanishes due to the presence of ¢**? as follows
G = QiGMVpklqup(Akly + Ble/) =0 (C5)

Similarly it can be shown that the term arising due to other Wick contraction also vanishes.
Hence,

(Jo(k1)Jo(k2)Jo(k3))pr = 0 (C.6)
Five-point function: (JoJoJoJoJo)rr
The five-point function of Jy operators in free fermion theory is given by
(Jo(k1)Jo(kz2)Jo(ks)Jo(ka)Jo(ks))rr

= [ 0 = 1))k — L))y — )bk — L)l ks — 1)
(C.7)
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Figure 1. Schematic for the conformal block expansion of the 5-point correlator.

Firstly we will check that this correlator does not straightforwardly vanish as three-point
function. Subsequently we will derive the form of the five-point correlator without doing
an explicit computation.
Consider the Wick contraction 12233445
Tr(lAlplblhls)
Ho=- [ s
! ity BBIZIEE

X 0(ky — g + l5)(5(k5 —Is+10)

(k1 — 11+ 12)0 (ko — la +13)0(ks — I3+ 1)

_ /Tr('y“’y”'yp'y“v‘s)(l k)l (L= k2)p(L = ko = k3)o (I + k1 + K5)s (C38)
I I2(1+ k1)2(1 — k2)2(l — ko — k3)2(1 + k1 + ks5)? '
The trace of the five gamma matrices in three dimensions is given as follows
Tr (’YM'YV’Yp’Ya’YzS) = 2i€p90s + 2i€55m (g,uugpm — GupGvm + gumgup) (CQ)

Upon utilizing the above identity in (C.8)) it is easy to check that the trace of the gamma
matrices contracted with the momentas is non-zero unlike the three-point function.

Five—point function <J()JOJOJOJ0>QF

In this section we will compute the momentum space five-point correlator of the scalar
primary Jy in the quasi-fermionic theory. It is well known from the study of conformal
blocks that a given five-point function could be expanded in terms of the four-point function
as depicted in the diagram above for the scalar primary which we are interested in. This
can also be understood as an insertion of a complete set of states as expressed below

(Jo(k1)Jo(k2)Jo(ks)Jo(ka)Jo(ks))
= > (Jo(k1)Jo(k2)O(=k1 — k2)){O (k1 + k2)Jo(k3) Jo(ka) Jo(ks)) (C.10)
@

Note that the sum >, runs over all the primary and descendant operators in the theory.
However, it is known that the descendants do not contribute in the momentum space.
Hence the sum is over all the primary operators which in Chern Simons matter theories
are the scalar and the almost conserved spinning operators which we denote here as Js.
Therefore the above sum for the momentum space correlators reduced to

(Jo(k1)Jo(k2)Jo(k3)Jo(ka)Jo(ks))QF

= iUo(kl)Jo(b)Js(—kl — ka))qr(Js(k1 + k2)Jo(k3)Jo (k) Jo(ks5)) qF (C.11)
s=0
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Let us now separate the contributions to the five-point function from the scalar and the
higher spin intermediate operators

(Jo(k1
— (Jo

Jo(k2)Jo(ks)Jo(ka)Jo(ks))qr
1)Jo(k2)Jo(—k1 — ka))qr(Jo (k1 + ka)Jo(k3)Jo (k) Jo(ks))QF

i Jo kl Jg k:g JQS( k1 — kg))QF<J25(kJ1 —|—kz)Jo(kg)Jo(k4)Jg(k5)>QF (C.12)

)
(

Note that the contributions form the odd spin correlators are zero. We can now substitute
the result we obtained for the scalar four-point function (JoJoJoJo)qr for quasi-fermionic
theory in (4.39) and (JosJoJoJo)qr given in footnote 9 in terms of the corresponding
correlators in free fermion theory and critical bosonic theories as follows

(Jo(k1)Jo(k2)Jo(k3)Jo(ka)Jo(ks))Qr
= Boooo(Jo(k1)Jo(k2)Jo(—k1 — k2))qr (Jo(k1 + k2)Jo(k3)Jo(ka) Jo(ks)) PR

+ i<t]0(k71)=]0(k2)<]2s(_k71 —k2))qrF {ﬁ2000<J25(k‘1 + k2)Jo(k3) Jo(ka)Jo (ks ))rr
s=1

+ Y2000{J2s (k1 + k2)JO(k3)JO(k4)JO(k5)>CB} (C.13)

From [44, 45] we know that the three-point functions in the quasi fermionic theory are

given by

(Jo(k1)Jo(k2)J2s(—k1 — k2))qr = Bsoo(Jo(k1)Jo(k2)J2s(—Fk1 — k2))FF
= Bsoo(Jo(k1)Jo(k2) J2s(—k1 — ka))coB (C.14)

where [509 Substituting the above three-point functions in (C.13) we get

(Jo(k1)Jo(k2)Jo(k3)Jo(ka)Jo(Ks5)) QR
= Boooo(Jo(k1)Jo(k2)Jo(k1 + k2))qr(Jo(—k1 — k2)Jo(k3)Jo(ka)Jo(ks))Fr

+ i Bsoo(Jo(k1)Jo(k2) Jas(k1 + k2))Fr {/82000<J25(_k31 — k) Jo(k3)Jo(k4)Jo(ks))FF
s=1

2000 (25 (— 1 — k) Jo (ks) Jo (ka) Jo(ks ) s (C.15)

where we have used our expectation for the four-point correlator (Jo5.JoJoJo)qr given in
footnote 9. We re-express the above equation using (C.14) as follows:

(Jo(k1)Jo(k2)Jo(ks)Jo(ka)Jo(ks))qr
= Boooo{Jo(k1)Jo(k2)Jo(k1 + k2))qr(Jo(—k1 — k2)Jo(k3)Jo(ka)Jo(ks))Fr

+ Bs00 {52000 i(Jo(kl)Jo(kz)st(—M — ka))rr (J2s (k1 + k2)Jo(k3) Jo(ka) Jo(k5)) FF
s=1

+ 72000 i(%(kﬁjo(/@)bs(—h — ka))eB(Jas (k1 + ko) Jo(ks)Jo(ka) Jo(ks))cs| (C.16)
s=1
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We will now utilize the conformal block expansion in (C.10) to re express the summation
in the last two lines of (C.16) in terms of the free fermion theory and the critical bosonic
theory five-point correlators. To do so consider the conformal block expansion for scalar
five-point correlators in critical bosonic theory and free fermion theory

(Jo(k1)Jo(k2) Jo(k3)Jo(ks) Jo(ks)) B
= (Jo(k1)Jo(k2)Jo(—k1 — k2))cn(Jo(k1 + k) Jo(ks)Jo (k) Jo(ks))cB

+ i (Jo(k1)Jo(k2) Jas(—k1 — k2))cB (Jas (k1 + k2) Jo(ks)Jo(ka) Jo(ks)) cB
(Jo(k1)Jo(k2)Jo(k3)Jo(ka)Jo(ks))Fr

i Jo(k1)Jo(ka) Jos(—k1 — k2))vr (Jos (k1 + k2)Jo(k3)Jo(ka) Jo(k5)) (C.17)

where in the last line we have used the fact that (JyJoJo)pr = 0. Upon using the above
conformal block expansions for the scalr five-point function of the free fermionic and the
critical bosonic in (C.16) we arrive at our final expression for the five-point scalar operator
in quasi-fermionic theory in terms of the correlators of free fermionic and critical bosonic
theories which is as follows:

(Jo(k1)Jo(k2)Jo(k3)Jo(ka)Jo(ks))qr

= Boooo(Jo(k1)Jo(k2)Jo(k1 + k2))qr(Jo(—k1 — ka2)Jo(k3)Jo(ka)Jo(ks))rr+
— ~20008500{Jo (k1) Jo (k2) Jo (= k1 — k2))ca{Jo(k1 + ka)Jo(ks) Jo(ka)Jo(ks))cn
+ Bsoo [ﬂzooo<Jo(k1)<]o(k2)Jo(k3)Jo(k4)Jo(k5))FF

+ 12000 (Jo (k1) Jo (k) Jo (k) Jo (ka) Jo (ks ) o (C.18)
Substituting the above in (C.16) we get

(Jo(k1)Jo(k2)Jo(ks)Jo(ka) Jo(ks))qr
= 50(Jo(k1)Jo(k2)Jo(k1 + k2))qr (Jo(—k1 — k2)Jo(k3)Jo(ka) Jo(k5))Fr
— s2(Jo(k1) Jo(k2) Jo(—k1 — k2))cn{Jo (k1 + ka)Jo(ks) Jo(ka) Jo(ks)) cp
+ s1(Jo (k1) Jo(ka) Jo(ks) Jo (k) Jo(ks)Yer + s2(Jo (k1) Jo(ka) Jo(ks)Jo(ks)Jo(ks))cn

(C.19)
The coefficients sg, s1 and so in our normalization are given by:
50 = Boooo = N (1 + Xglf)Z
51 = B20008s00 = NQ(l—;Agf)Q (C.20)
= 7200083500 = qu]\ﬂ(l;r)\) (C.21)
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The three-point function of the scalar operator in the quasi-fermionic theory vanishes in
the limit Agr — 0 [78]' and in this limit one obtains from (C.19):

(Jo(k1)Jo(k2)Jo(ks) Jo(ka) Jo(ks))qe = 2N (Jo(k1)Jo(ka) Jo(ks) Jo(ka) Jo(ks))ew  (C.22)

To summarize, in this section of the appendix we have provided a possible derivation for
the momentum space scalar five-point function in the quasi-fermionic theory in terms of the
momentum space scalar three, four and five-point functions in free fermionic and critical
bosonic theory. In this analysis we are not fully sure of the contribution from the double
trace operators. We will come back to this in future.

D Conformal partial wave in momentum space

In this appendix we briefly describe the derivation of the conformal partial wave in mo-
mentum space. In order to define confromal partial wave we require the concept of the
shadow operator which is defined in the embedding space as follows [115]

O(X) = /DdY(Qxly)MO(Y) (D.1)

where X and Y are coordinates in the embedding space. In configuration space this may
be expressed as

. 1
O(x) = /Ddy(m_y)Q(d_A)o(y) (D.2)

The conformal partial wave in position space is defined in terms of the shadow operator as
WAy = /dd$<01($1)02(»’62)0($)><5($)O3($3)O4(354)> (D.3)

We will utilize the definition of shadow operator in (D.2) in the above equation for conformal
partial with Jy in the quasi-bosonic theory (i.e A = 1) as the external and intermediate

operator to obtain
VR = /d?’%dgy(x_ly)Q<J0(961)J0(902)J0(90)><Jo(y)J0($3)J0(fE4)>

We express the field in the momentum space to obtain

) 4
el(k-x'f‘kl- Y+Zi:1 Pi-Xi)

\11270 :/d3xd3yd3kd3k1ﬂ?=1d3pi (z —y)2

x (Jo(p1)Jo(p2)Jo(k)){Jo(k1)Jo(p3)Jo(pa)) (D.4)

13This is because the scalar operator in the theory is odd under parity and therefore so is any correlator

with an odd number of scalar operators. The three-point function in particular is proportional to Ay which
is also odd under parity and therefore the correlator vanishes in the limit Ay — 0. Explicitly one has [78]

2
(Jo(q1)Jo(q2)Jo(gs))qr = (2m)°6° (q1 + g2 + Q3)87T2Nf%/\f
¥

~ N
where Ky = )\—;
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Note that this is not the Fourier transform of the conformal partial wave which we do at

the end. Following this we perform a change of variables to z = 5% and z = %ﬂ and

perform Zz, k1 integration to obtain

. 4
—2ik.z+1 Zi:l P;-Xi

i e
VR = /dgkd3ZH§1:1d3Pi BE (Jo(p1)Jo(p2)Jo(k))(Jo(—k)Jo(p3)Jo(p4))
(D.5)
We first perform the z integral which we know to be
—2ik.z 2
B =T D.
/ =T (D.6)
where we have used
d/29d—2AT (M)
1 5
d,. —ip-x — 2A—d
/d xTe A T(A) D (D.7)

with A =1 and d = 3. Substituting (D.6) in (D.5) we obtain

Ui o(wi) = Wz/d?’k H?:1d3pi6i2?:1pi‘xi(Jo(Pl)Jo(PQ)JO(k)><J0(—k)J0(P3)J0(p4)>% (D.8)

This is the conformal partial wave in position space and hence the fourier transform of it
which we denote as W1 ;(g;) is given by

~

. 4
o) = [ Ty 0] gfai)e 2 e (D.9)

Substituting (D.8) in (D.9) we obtain

~

Ulo(q) = 7T2/d3k<JO(Q1)J0(Q2)J0(k)>(Jo(—k)Jo(Q3)Jo(Q4)>]1 (D.10)

Utilizing the form of the three-point function in free boson theory to be (A.10) we obtain
the required conformal partial wave to be:

~

1 Cow 83 (p1 4 p2 + k)6*(p3 + ps — k)
vy o(pz') =— [ d’k
’ 16 klp1 — pa||p1 — kl|p2 — K||p3 — pallps + k||ps + K|
_ 77253(1)1 + p2 +p3 + pa)
Ips + pallp1 — p2||ps — pal|2p1 + p2||2p2 + p1]12ps + pal|2ps + 3|

(D.11)
In the main text we define \Tlio using \Tlio(pi) = \5%70(pi) §3(p1 + p2 + p3 + pa).

E Parity odd correlators

E.1 Quasi-fermionic theory

It was shown in [45] that if all the three operators appearing in a three-point correlator
have spin s > 0, they contain three structures: the free bosonic, the free fermionic, and
the parity odd structure. In this sub-section we attempt to constrain such parity odd
structures of the correlators (T'J;J1) and (J1J1JoJy) through higher spin equations.
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E.1.1 Constraining (TJlJl>‘(3‘1§i
Consider the action of Q3 on (J_J_J_):

([Q3, J—(z1)] T (w2) J_(z3)]) +1 32+ 1 > 3 :/x@ TP (2)J_ (1) J_(x2)J_(x3)) (E.1)

Upon utilizing the algebra in (2.10), the current equation (2.11) and large N factorization,

we get after a Fourier transform of the above equation:

— 2/{1,<<T,7(k‘l)Jf(l{ig)Jf(kg)»QF +124+1+3
16

= 2y (o) I (k) I (k)Y (- (k1) (—k1))) e + 1> 24+ 12 3 (E.2)

N(]' + )\qf)

Note that (J1J1Jo)qr is as given in (4.24) and P119 and 7110 are as given in (4.26). From
the results of [45] the correlator (T'J;J1) appearing in the above equation has the following

structure:
(T——(k1)J - (k2)J-(k3))qp = o1 (T~ (k1) (k2)J - (k3))rB
+ Bar1(T—— (k1) J— (k) - (k3))Fr
+ y211(T-— (k1) J— (k2) J - (k3))0dd (E.3)
where
N NN Ny
Q11 = m, Bo11 = mv Y211 = m (E4)

Substituting in (E.2) we get:

-2 [Oémkl—(<T——(’fl)J—(k2)J—(7f3)>>FB + Barrk1— ((T-— (k1) J—(k2) J—(k3)))FF
o1k (T (k1) (k2)J- (k3)))oaa] + 14> 24+ 1 ¢+ 3

16X,
= m [5110k1—<<J0(k1)J—(/<72)J—(k3)>>FF(<J—(kl)J—(—k1)>>QF

+ ’Yllokl—<<J0(k1)=]—(kQ)J—(k3)>>odd<<J—(kl)J—(_k1)>>QF} tle24+41¢3  (ES)

The free theory equation (3.22) implies that terms proportional to 5211 add up to zero.
Using (3.9) terms proportional to awg1; simplify and we get:

=2 = O (o) (k) (k) 162 2413

+ ’yzllkl_<<T__(kl)J_(kg)J_(k3)>>odd +1241« 3]
16qu
N(1+X%)
+ ’)/11016‘1_<<J0(k1)J_(kQ)J_(k3)>>odd<J_(k1)J_(—/@1)>QF} +1<24+13 (E.6)

[Buaoki—((Jo(kn) J- (k2). T (ks))) e (- (k1) T (k1)) r
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We now separate the above equation into terms that contain parity even and parity odd
structures. The even part gives the following equation:

[amk?’ (o (k)T (ko) T (k)| +1 46 241 5 3
_ N(116i(§3f) [yas0k1— (o k)T (k) T (ks))oaa (T (k1) (—k1))re] +1 ¢ 2415 3

(E.7)

We verified that the free theory correlators derived in [1] and our ansatz for the odd part
of (J1J1Jo)qr (4.30) solve the above equation. The odd part of (E.6) gives:

= 2|k (T (k)T (k) - (ks))Joaa | +1 62 24 163
16)\qf

= Fao) [ Brrokr— (o (k)T (ko) T (ks)))ew (T (ki) J—(—kn))ee] +1 > 2414 3

(E.8)

The above higher spin equation which involves the odd part of the (T°J.J) correlator leads
to five equations for the form factors, one from each of the momentum coefficients. We will
address the parity odd structures to this correlator in momentum space in future.

E.1.2 Constraining <J1J1J0J0>°ddodd
In this subsection we attempt to constrain the parity odd structure of the correlator

(J1J1JoJo)qr. We consider the action of Q3 on (J_JyJoJo)qr:

([@3, J—(z1)] Jo(22) Jo(x3) Jo(z4))qF + (J-(21) [@3, Jo(2)] Jo(x3)Jo(4))QF +24+3+244
/8 J“ l’ wl)J0($2)J0($3)J0($4)>QF (EQ)

Upon utilizing the algebra in (2.10), the current equation (2.11) and large N factorization,
we get after Fourier transforming:

— 2k ((T-— (k1) Jo(k2) Jo(k3) Jo (k1)) qF

— €_ ko ((J—(k1)J" (k2)Jo(k3)Jo(ka)))qr +2 <> 3+ 2 4

= ]V(116+>\(§(21f) {/ﬁ_(J—(lﬁ)J—(—kl))QF<(Jo(kl)JO(k2)JO(k3)J0<k4)>>QF
— (k3= + ks ) ((J-(=k1 — k2) (k1) Jo(k2))) Qe {Jo(—k3 — k) Jo(ks) Jo(ka)) qr
+234+2+4

— ko ((J-(k1)J—(k2) Jo(k3)Jo(ka)))qr ((Jo(k2) Jo(—k2))qr + 2 <+ 3+ 2 < 4} (E.10)

From recent results [85] and our analysis in section 4.2.3 we know that the correlator
(T'JoJoJo)qr appearing in above equation has two structures given by (4.40) and (4.42).
The four-point function of the scalar operator in terms of the corresponding free theory
correlator is as in (4.39).
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Let us consider the following ansatz for the correlator (Jy Jy Jy Jo):

(Ju(k1)Ju(k2)Jo(k3) Jo (k1)) qF
= a1100((Ju (k1) (k2) Jo(k3) Jo (k) ) rE + Brioo((Ju (k1) Ju (k2) Jo(k3)Jo(ka))) FB
+ Y1100 ({ (k1) o (k2) Jo(k3) Jo(K4)))oaa (E.11)

We substitute this ansatz for (J;J;JpJy) and separate the equations arising from parity
odd and even structures. The parity even structures lead to the following equation:

— 22000k1— ({(Tpuw (k1) Jo(k2) Jo(k3) Jo(k4)))cB (E.12)
— 6_k2y(k22,’)/1100<<¢],(k‘l)JV(kQ)Jg(kg)Jo(k4)>>odd) +23+2+4
= m [50000/€1—<J—(7€1)J—(—k1)>QF<<J0(kl)Jo(kz)Jo(k3)Jo(/€4)>>FF

— aq100k2— ((J— (k1) J—(k2)Jo(k3)Jo(ka)))Fr (Jo(k2) Jo(—k2))qF

— ,Bllookg_<<J_(/€1)J_(kg)J()(kg)Jo(k4)>>FB<J0(k2)Jo(—k2)>QF +2+34+2« 4}

whereas the odd structures give the following equation:

— 2 az000k1— ((T—— (k1) Jo(k2) Jo(k3)Jo(ka))) FF (E.13)
— ko (ka—ar100((J— (k1) J" (k2) Jo(k3) Jo(ka))) pr
+ k2 Br100{(J-(k1)J" (k2)Jo(k3)Jo(k4)))FB)
16 Ayt
TN+ AZ)
X ((Jo(—ks — ka)Jo(k3)Jo(ka)))qr +2 >3 +2 4
— m100ka— ((J- (k1) J-(k2) Jo(k3)Jo(k4)))oda(Jo(k2)Jo(—k2))qr +2 <> 3+ 2 < 4]

| = (ks + kan ) (T (k1 = ko) (k1) Jo(k2)

Thus we obtain an equation for (JjJ1JoJp)odd in terms of free theory correlators and
(J1J1Jo)qr which we studied in detail in section 4.2.2. We leave the study of finding the
form factors of (J,J,JoJo)oda to a future work.

E.2 Quasi-bosonic theory

As discussed in the appendix A, it was shown in [45] that a correlator (Js, Jg,Js,) with
s1 # 0,89 # 0,83 # 0 in a theory with slightly broken higher spin symmetry has three
non-trivial structure the free bosonic, the free ferimionic and the parity odd structure. In
this subsection we derive the higher spin equations involving such a correlator (T'.J1J1)qB
and in particular we attempt to solve for the parity odd structures in this correlator.

E.2.1 Constraining (TJ1J1>?Qd]§i
Consider the action of Q3 on (J_J_.J_). This gives:

([Qs, T (@) T (22) T (z3)]) + 1 2+ 1 3 = /x<8uJﬁ,(:c)J_ (1) (22) ] (3))
(E.14)
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Utilizing the algebra (2.15), the current equation (2.17) and large N factorization, we
obtain after Fourier transforming;:
k?)
Ak ((T—— (k1) J—(k2) - (k3))) QB + 7(<J0(k1)c7—(kz)J—(k3)>>QB +1e2+163

_ N?f:qxéb) [eptes (o) T (k2 ) T (k)b T (k1) T (k) g 1 63 24+ 1 4 3]

(E.15)

We know from the results of [45], that these correlators have the following structure:

((Jo(k1)J—(k2)J—(k3)))qB = a110((Jo(k1)J—(k2)J—(k3)))rB

+y110((Jo (k1) J— (k2) - (k3))) &5
(T-— (k1) J-(k2)J(k3)))qB = a1 {((T-—(k1)J-(k2)J—(k3)))rB
+ Bou1 ((T—— (k1) - (k2) J—(k3)))rp
+ 7211 (T - (k1) I (k2) I (k3))) G
(J-(k1)Tu(=k1))qn = ar1(J- (k1) Ju(=k1)EB + (J- (k1) Ju(—F1) S5
(T (k) T (K1) YESERt = uy e (E.16)
N N2 VA N
Qg1 = 2(1%]-\%21))’ P11 = 2(14'({211))’ Y211 = 2(1]\7)\({21& app = g (E.17)

Substituting the above expressions in (E.15) and then utilizing the higher spin equations
for free fermion and free boson theories derived in (3.9) and (3.22) gives:

4[ DAL Jo (k)T (ko) J— (3)))ps + vorrki— (T (k1) J— (k2) T (k3))) &5 +1<_>2+1<—>3}

8o
+ % {anok‘rf_<<Jo(k1)J—(k2)J—(k3)>>FB + y110k3 _ (T (k1) T (k2) Jo(ks))) & +1 > 241 ¢ 3}
= M[@HO €k —k1—((Jo (k1) J- (k) J - (k3)))r(J - (k1) J" (k1)) QB

7110 €ty R ((Jo(ka) T (ko) I () S (T (k) J* (— k1)) qm + 1 > 2+ 1 ¢ 3] (E.18)

The equation splits into two equations: one for the parity odd and the other for the parity
even structures. The parity even part gives:

s [k?’ ((Jo(k) T (ka)J—(ks)))pp +1 ¢ 241 > 3|

* % {ki«‘]o(kl)‘]—(kQ)J—(k3)>>FB +1e2+1 3}

32 Agb

= M[ 1106k, — k1 ((Jo(k1) T (k2)J - (k3))) e (J— (k1) J* (k1)) B

+102+16 3] (E.19)
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where a9y and ajjo are as given in (E.17). Note that the term proportional to
€ty —(J—(k1)J*(—=k1))r and their corresponding exchanges on the r.h.s. simply vanish
due to contraction. Upon utilizing the results for the free boson correlator, we have veri-
fied that the above higher spin equation is exactly satisfied.

The parity odd part of the higher spin equation gives:

47211 [/ﬁf«T,,(kl)J,(kz)J,(kg)»%déi 412416 3}
+ % [ki))f<<Jﬂ(k1)Jy(k2)J0(k3)>>?ﬁg +124+14 3}
= ],\7(312_?_(1,;2)['7110 Eukl—kl—<<Ju(l€1)Jy(kQ)Jo(k3)>>g§<J_(k;l)JH(_kl»(é)]gtact

qb
+1<_>2+1<_>3} (E.20)

We will address the problem of solving for the parity odd structures in this correlator in a
future work.

F Correlation functions in free massive bosonic theory

In this section of the appendix we provide brief details of the computation of some of the
correlators in the free massive bosonic theory and the integrals required to evaluate them.

Required integrals

Note that we will use the following identities to derive the required integrals:

f“:/l((l—k§g+m2) = Dky (F.1)
Su= [ = (k2)
f“:/ma—k;uma :/azfmz) (F.3)
i = /z 2+ m2><f§l_” W+ mz) ~ ARuky + B (F.4)
b= G +m2><<zl”— B rme) - (F.5)
o= | @ = - t;ﬁ) (F.6)

where we introduced the following notation

31
/l - é = (F.7)
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and

~ m
D - IO - —E
C=3
21y + (3k% +m?) I
A=
s
52— (k2 4+ 4m?) 1,
B 8k?2
(Jo)FrMmB
o) = [ = T
0 (24 m?) 0
(JoJo)FMB
(o) Jo(—k) = [ 1 ~1
O = @+ m2) (= k)2 +m2)  °
(Judv)FMB

Julk) = [ @120~ ), 0(0) ok~ 1)

Hence the Wick contraction gives:

it |, e

O0(ly + ko —12)0(la + k1 — 11)

This in turn is given by

QZIJ — k‘“ QZV - kl/
(Ju(k) T (=F)) = /z(12(+ m2)((z)(— k)2 + 17)12)

— 40— 2k, L, — 2k, Ly + Ky ke o

(TyvJo)rmB

T, (k) :/d3lHW(l,k) (1) p(k —1)

Hy == (k= 0+ (k= D,L) + (k= D,k = D, + L)

1 o w2 2 m?
o =) = I 1) 4

Hence the correlator is given as

(T (k) Jolhe)) = [ (600 bk = 1)) (k2 — 1)

l1l2

~ 51 —

(F.12)

(F.13)

(F.14)

(F.15)

(F.16)

(F.17)



The relevant Wick contractions 12 23 31 and 13 32 21 together give:

__m 3 2 k
(T (k)Jo(—k)) = 18k, 69, k” — 3kk,k, + (Tguk” + 6k, k., )m arctan (2171)} (F.18)

In particular

2m — ZMm arctan .
ity -2 S (25) (F.19)

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] S. Jain, R.R. John and V. Malvimat, Momentum space spinning correlators and higher spin
equations in three dimensions, JHEP 11 (2020) 049 [arXiv:2005.07212] [INSPIRE].

[2] A.A. Belavin, A.M. Polyakov and A.B. Zamolodchikov, Infinite conformal symmetry in
two-dimensional quantum field theory, Nucl. Phys. B 241 (1984) 333.

[3] R. Rattazzi, V.S. Rychkov, E. Tonni and A. Vichi, Bounding scalar operator dimensions in
AD CFT, JHEP 12 (2008) 031 [arXiv:0807.0004] [INSPIRE].

[4] S. Rychkov, EPFL Lectures on Conformal Field Theory in D > 3 Dimensions, Springer
Briefs in Physics, Springer, Heidelberg Germany (2016), [arXiv:1601.05000] [INSPIRE].

[5] D. Simmons-Duffin, The Conformal Bootstrap, in Theoretical Advanced Study Institute in
Elementary Particle Physics: New Frontiers in Fields and Strings, World Scientific, New
York U.S.A. (2016), pg. 1 [arXiv:1602.07982] [INSPIRE].

[6] D. Poland, S. Rychkov and A. Vichi, The Conformal Bootstrap: Theory, Numerical
Techniques, and Applications, Rev. Mod. Phys. 91 (2019) 015002 [arXiv:1805.04405]
[INSPIRE].

[7] I. Mata, S. Raju and S. Trivedi, CMB from CFT, JHEP 07 (2013) 015 [arXiv:1211.5482]
[INSPIRE].

[8] A. Ghosh, N. Kundu, S. Raju and S.P. Trivedi, Conformal Invariance and the Four Point
Scalar Correlator in Slow-Roll Inflation, JHEP 07 (2014) 011 [arXiv:1401.1426]
[INSPIRE].

[9] N. Kundu, A. Shukla and S.P. Trivedi, Constraints from Conformal Symmetry on the Three
Point Scalar Correlator in Inflation, JHEP 04 (2015) 061 [arXiv:1410.2606] [INSPIRE].

[10] N. Arkani-Hamed and J. Maldacena, Cosmological Collider Physics, arXiv:1503.08043
[INSPIRE].

[11] N. Arkani-Hamed, P. Benincasa and A. Postnikov, Cosmological Polytopes and the
Wavefunction of the Universe, arXiv:1709.02813 [INSPIRE].

[12] N. Arkani-Hamed, D. Baumann, H. Lee and G.L. Pimentel, The Cosmological Bootstrap:
Inflationary Correlators from Symmetries and Singularities, JHEP 04 (2020) 105
[arXiv:1811.00024] [INSPIRE].

~52 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP11(2020)049
https://arxiv.org/abs/2005.07212
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.07212
https://doi.org/10.1016/0550-3213(84)90052-X
https://doi.org/10.1088/1126-6708/2008/12/031
https://arxiv.org/abs/0807.0004
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0807.0004
https://doi.org/10.1007/978-3-319-43626-5
https://doi.org/10.1007/978-3-319-43626-5
https://arxiv.org/abs/1601.05000
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1601.05000
https://doi.org/10.1142/9789813149441_0001
https://arxiv.org/abs/1602.07982
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1602.07982
https://doi.org/10.1103/RevModPhys.91.015002
https://arxiv.org/abs/1805.04405
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.04405
https://doi.org/10.1007/JHEP07(2013)015
https://arxiv.org/abs/1211.5482
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.5482
https://doi.org/10.1007/JHEP07(2014)011
https://arxiv.org/abs/1401.1426
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1401.1426
https://doi.org/10.1007/JHEP04(2015)061
https://arxiv.org/abs/1410.2606
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.2606
https://arxiv.org/abs/1503.08043
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.08043
https://arxiv.org/abs/1709.02813
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.02813
https://doi.org/10.1007/JHEP04(2020)105
https://arxiv.org/abs/1811.00024
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.00024

[13] C. Sleight, A Mellin Space Approach to Cosmological Correlators, JHEP 01 (2020) 090
[arXiv:1906.12302] [INSPIRE].

[14] C. Sleight and M. Taronna, Bootstrapping Inflationary Correlators in Mellin Space, JHEP
02 (2020) 098 [arXiv:1907.01143] [INSPIRE].

. Baumann, C. Duaso Pueyo, A. Joyce, H. Lee and G.L. Pimentel, The cosmologica

15] D. B C.D P AJ H. L d G.L. Pi I, Th l l
bootstrap: weight-shifting operators and scalar seeds, JHEP 12 (2020) 204
[arXiv:1910.14051] [INSPIRE].

[16] D. Baumann, C. Duaso Pueyo, A. Joyce, H. Lee and G.L. Pimentel, The Cosmological
Bootstrap: Spinning Correlators from Symmetries and Factorization, arXiv:2005.04234
[INSPIRE].

[17] A. Bzowski, P. McFadden and K. Skenderis, Conformal n-point functions in momentum
space, Phys. Rev. Lett. 124 (2020) 131602 [arXiv:1910.10162] InSPIRE].

[18] M. Gillioz, M. Meineri and J. Penedones, A scattering amplitude in Conformal Field
Theory, JHEP 11 (2020) 139 [arXiv:2003.07361] INSPIRE].

[19] C. Coriano, L. Delle Rose, E. Mottola and M. Serino, Solving the Conformal Constraints
for Scalar Operators in Momentum Space and the Evaluation of Feynman’s Master
Integrals, JHEP 07 (2013) 011 [arXiv:1304.6944] [INSPIRE].

[20] A. Bzowski, P. McFadden and K. Skenderis, Implications of conformal invariance in
momentum space, JHEP 03 (2014) 111 [arXiv:1304.7760] [INSPIRE].

[21] A. Bzowski, P. McFadden and K. Skenderis, Scalar 3-point functions in CFT:
renormalisation, B-functions and anomalies, JHEP 03 (2016) 066 [arXiv:1510.08442]
[INSPIRE].

[22] A. Bzowski, P. McFadden and K. Skenderis, Evaluation of conformal integrals, JHEP 02
(2016) 068 [arXiv:1511.02357] INSPIRE].

[23] A. Bzowski, P. McFadden and K. Skenderis, Renormalised 3-point functions of stress tensors
and conserved currents in CFT, JHEP 11 (2018) 153 [arXiv:1711.09105] [InSPIRE].

[24] C. Coriand and M.M. Maglio, Ezact Correlators from Conformal Ward Identities in
Momentum Space and the Perturbative TJJ Vertex, Nucl. Phys. B 938 (2019) 440
[arXiv:1802.07675] InSPIRE].

[25] C. Coriand and M.M. Maglio, Conformal Ward Identities and the Coupling of QED and
QCD to Gravity, EPJ Web Conf. 192 (2018) 00047 [arXiv:1809.05940] [NSPIRE].

[26] T. Bautista and H. Godazgar, Lorentzian CFT 3-point functions in momentum space,
JHEP 01 (2020) 142 [arXiv:1908.04733] [INSPIRE].

[27] M.S. Costa, J. Penedones, D. Poland and S. Rychkov, Spinning Conformal Blocks, JHEP
11 (2011) 154 [arXiv:1109.6321] INSPIRE].

[28] D. Karateev, P. Kravchuk and D. Simmons-Duffin, Weight Shifting Operators and
Conformal Blocks, JHEP 02 (2018) 081 [arXiv:1706.07813] [INSPIRE].

[29] M.S. Costa and T. Hansen, AdS Weight Shifting Operators, JHEP 09 (2018) 040
[arXiv:1805.01492] [iNSPIRE].

[30] S. Giombi and X. Yin, Higher Spin Gauge Theory and Holography: The Three-Point
Functions, JHEP 09 (2010) 115 [arXiv:0912.3462] [InSPIRE].

— 53 —


https://doi.org/10.1007/JHEP01(2020)090
https://arxiv.org/abs/1906.12302
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.12302
https://doi.org/10.1007/JHEP02(2020)098
https://doi.org/10.1007/JHEP02(2020)098
https://arxiv.org/abs/1907.01143
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.01143
https://doi.org/10.1007/JHEP12(2020)204
https://arxiv.org/abs/1910.14051
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.14051
https://arxiv.org/abs/2005.04234
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.04234
https://doi.org/10.1103/PhysRevLett.124.131602
https://arxiv.org/abs/1910.10162
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.10162
https://doi.org/10.1007/JHEP11(2020)139
https://arxiv.org/abs/2003.07361
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.07361
https://doi.org/10.1007/JHEP07(2013)011
https://arxiv.org/abs/1304.6944
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.6944
https://doi.org/10.1007/JHEP03(2014)111
https://arxiv.org/abs/1304.7760
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.7760
https://doi.org/10.1007/JHEP03(2016)066
https://arxiv.org/abs/1510.08442
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.08442
https://doi.org/10.1007/JHEP02(2016)068
https://doi.org/10.1007/JHEP02(2016)068
https://arxiv.org/abs/1511.02357
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.02357
https://doi.org/10.1007/JHEP11(2018)153
https://arxiv.org/abs/1711.09105
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.09105
https://doi.org/10.1016/j.nuclphysb.2018.11.016
https://arxiv.org/abs/1802.07675
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.07675
https://doi.org/10.1051/epjconf/201819200047
https://arxiv.org/abs/1809.05940
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.05940
https://doi.org/10.1007/JHEP01(2020)142
https://arxiv.org/abs/1908.04733
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.04733
https://doi.org/10.1007/JHEP11(2011)154
https://doi.org/10.1007/JHEP11(2011)154
https://arxiv.org/abs/1109.6321
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1109.6321
https://doi.org/10.1007/JHEP02(2018)081
https://arxiv.org/abs/1706.07813
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.07813
https://doi.org/10.1007/JHEP09(2018)040
https://arxiv.org/abs/1805.01492
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.01492
https://doi.org/10.1007/JHEP09(2010)115
https://arxiv.org/abs/0912.3462
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0912.3462

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

S. Albayrak and S. Kharel, Towards the higher point holographic momentum space
amplitudes, JHEP 02 (2019) 040 [arXiv:1810.12459] [InSPIRE].

S. Albayrak, C. Chowdhury and S. Kharel, New relation for Witten diagrams, JHEP 10
(2019) 274 [arXiv:1904.10043] INSPIRE].

S. Albayrak, C. Chowdhury and S. Kharel, Study of momentum space scalar amplitudes in
AdS spacetime, Phys. Rev. D 101 (2020) 124043 [arXiv:2001.06777] [NSPIRE].

S. Albayrak and S. Kharel, Spinning loop amplitudes in anti-de Sitter space, Phys. Rev. D
103 (2021) 026004 [arXiv:2006.12540] [INSPIRE].

L. Bonora, A.D. Pereira and B. Lima de Souza, Regularization of energy-momentum tensor
correlators and parity-odd terms, JHEP 06 (2015) 024 [arXiv:1503.03326] [INSPIRE].

L. Bonora and B. Lima de Souza, Pure contact term correlators in CFT, Bled Workshops
Phys. 16 (2015) 22 [arXiv:1511.06635] [INSPIRE].

L. Bonora, M. Cvitan, P. Dominis Prester, B. Lima de Souza and I. Smoli¢, Massive fermion
model in 3d and higher spin currents, JHEP 05 (2016) 072 [arXiv:1602.07178] [INSPIRE].

B. Lima de Souza, CFT’s, contact terms and anomalies, Ph.D. Thesis, SISSA, Trieste Italy
(2016).

S. Jain, R.R. John, A. Mehta, A.A. Nizami and A. Suresh, Momentum space parity-odd
CFT 3-point functions, arXiv:2101.11635 INSPIRE].

A. Giveon and D. Kutasov, Seiberg Duality in Chern-Simons Theory, Nucl. Phys. B 812
(2009) 1 [arXiv:0808.0360] [INSPIRE].

F. Benini, C. Closset and S. Cremonesi, Comments on 3d Seiberg-like dualities, JHEP 10
(2011) 075 [arXiv:1108.5373] [INSPIRE].

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].

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].

J. Maldacena and A. Zhiboedov, Constraining Conformal Field Theories with A Higher
Spin Symmetry, J. Phys. A 46 (2013) 214011 [arXiv:1112.1016] [INSPIRE].

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].

O. Aharony, G. Gur-Ari and R. Yacoby, Correlation Functions of Large N
Chern-Simons-Matter Theories and Bosonization in Three Dimensions, JHEP 12 (2012)
028 [arXiv:1207.4593] [INSPIRE].

S. Jain, S.P. Trivedi, S.R. Wadia and S. Yokoyama, Supersymmetric Chern-Simons
Theories with Vector Matter, JHEP 10 (2012) 194 [arXiv:1207.4750] INSPIRE].

S. Yokoyama, Chern-Simons-Fermion Vector Model with Chemical Potential, JHEP 01
(2013) 052 [arXiv:1210.4109] [INSPIRE].

G. Gur-Ari and R. Yacoby, Correlators of Large N Fermionic Chern-Simons Vector Models,
JHEP 02 (2013) 150 [arXiv:1211.1866] [INSPIRE].

~ 54—


https://doi.org/10.1007/JHEP02(2019)040
https://arxiv.org/abs/1810.12459
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.12459
https://doi.org/10.1007/JHEP10(2019)274
https://doi.org/10.1007/JHEP10(2019)274
https://arxiv.org/abs/1904.10043
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.10043
https://doi.org/10.1103/PhysRevD.101.124043
https://arxiv.org/abs/2001.06777
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.06777
https://doi.org/10.1103/PhysRevD.103.026004
https://doi.org/10.1103/PhysRevD.103.026004
https://arxiv.org/abs/2006.12540
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.12540
https://doi.org/10.1007/JHEP06(2015)024
https://arxiv.org/abs/1503.03326
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.03326
https://arxiv.org/abs/1511.06635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.06635
https://doi.org/10.1007/JHEP05(2016)072
https://arxiv.org/abs/1602.07178
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1602.07178
https://arxiv.org/abs/2101.11635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.11635
https://doi.org/10.1016/j.nuclphysb.2008.09.045
https://doi.org/10.1016/j.nuclphysb.2008.09.045
https://arxiv.org/abs/0808.0360
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0808.0360
https://doi.org/10.1007/JHEP10(2011)075
https://doi.org/10.1007/JHEP10(2011)075
https://arxiv.org/abs/1108.5373
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1108.5373
https://doi.org/10.1007/JHEP03(2012)037
https://arxiv.org/abs/1110.4382
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.4382
https://doi.org/10.1140/epjc/s10052-012-2112-0
https://arxiv.org/abs/1110.4386
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.4386
https://doi.org/10.1088/1751-8113/46/21/214011
https://arxiv.org/abs/1112.1016
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.1016
https://doi.org/10.1088/0264-9381/30/10/104003
https://arxiv.org/abs/1204.3882
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.3882
https://doi.org/10.1007/JHEP12(2012)028
https://doi.org/10.1007/JHEP12(2012)028
https://arxiv.org/abs/1207.4593
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.4593
https://doi.org/10.1007/JHEP10(2012)194
https://arxiv.org/abs/1207.4750
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.4750
https://doi.org/10.1007/JHEP01(2013)052
https://doi.org/10.1007/JHEP01(2013)052
https://arxiv.org/abs/1210.4109
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.4109
https://doi.org/10.1007/JHEP02(2013)150
https://arxiv.org/abs/1211.1866
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.1866

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

O. Aharony, S. Giombi, G. Gur-Ari, J. Maldacena and R. Yacoby, The Thermal Free
Energy in Large N Chern-Simons-Matter Theories, JHEP 03 (2013) 121
[arXiv:1211.4843] [INSPIRE].

S. Jain, S. Minwalla, T. Sharma, T. Takimi, S.R. Wadia and S. Yokoyama, Phases of large
N wector Chern-Simons theories on S x S*, JHEP 09 (2013) 009 [arXiv:1301.6169]
[INSPIRE].

T. Takimi, Duality and higher temperature phases of large N Chern-Simons matter theories
on S? x S, JHEP 07 (2013) 177 [arXiv:1304.3725] [NSPIRE].

O. Aharony, S.S. Razamat, N. Seiberg and B. Willett, 3d dualities from 4d dualities, JHEP
07 (2013) 149 [arXiv:1305.3924] [NnSPIRE].

J. Park and K.-J. Park, Seiberg-like Dualities for 3d N = 2 Theories with SU(N) gauge
group, JHEP 10 (2013) 198 [arXiv:1305.6280] [InSPIRE].

S. Jain, S. Minwalla and S. Yokoyama, Chern Simons duality with a fundamental boson and
fermion, JHEP 11 (2013) 037 [arXiv:1305.7235] [INSPIRE].

S. Yokoyama, A Note on Large N Thermal Free Energy in Supersymmetric Chern-Simons
Vector Models, JHEP 01 (2014) 148 [arXiv:1310.0902] [INSPIRE].

S. Jain, M. Mandlik, S. Minwalla, T. Takimi, S.R. Wadia and S. Yokoyama, Unitarity,
Crossing Symmetry and Duality of the S-matriz in large N Chern-Simons theories with
fundamental matter, JHEP 04 (2015) 129 [arXiv:1404.6373] [INSPIRE].

Y. Dandekar, M. Mandlik and S. Minwalla, Poles in the S-Matriz of Relativistic
Chern-Simons Matter theories from Quantum Mechanics, JHEP 04 (2015) 102
[arXiv:1407.1322] [INSPIRE].

K. Inbasekar, S. Jain, S. Mazumdar, S. Minwalla, V. Umesh and S. Yokoyama, Unitarity,
crossing symmetry and duality in the scattering of N' =1 SUSY matter Chern-Simons
theories, JHEP 10 (2015) 176 [arXiv:1505.06571] [INSPIRE].

A. Bedhotiya and S. Prakash, A test of bosonization at the level of four-point functions in
Chern-Simons vector models, JHEP 12 (2015) 032 [arXiv:1506.05412] [InSPIRE].

G. Gur-Ari and R. Yacoby, Three Dimensional Bosonization From Supersymmetry, JHEP
11 (2015) 013 [arXiv:1507.04378] [INSPIRE].

S. Minwalla and S. Yokoyama, Chern Simons Bosonization along RG Flows, JHEP 02
(2016) 103 [arXiv:1507.04546] INSPIRE].

D. Radicevié¢, Disorder Operators in Chern-Simons-Fermion Theories, JHEP 03 (2016) 131
[arXiv:1511.01902] [INSPIRE].

M. Geracie, M. Goykhman and D.T. Son, Dense Chern-Simons Matter with Fermions at
Large N, JHEP 04 (2016) 103 [arXiv:1511.04772] [INSPIRE].

O. Aharony, Baryons, monopoles and dualities in Chern-Simons-matter theories, JHEP 02
(2016) 093 [arXiv:1512.00161] INSPIRE].

S. Yokoyama, Scattering Amplitude and Bosonization Duality in General Chern-Simons
Vector Models, JHEP 09 (2016) 105 [arXiv:1604.01897] [INSPIRE].

G. Gur-Ari, S.A. Hartnoll and R. Mahajan, Transport in Chern-Simons-Matter Theories,
JHEP 07 (2016) 090 [arXiv:1605.01122] [iNSPIRE].

— 55 —


https://doi.org/10.1007/JHEP03(2013)121
https://arxiv.org/abs/1211.4843
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.4843
https://doi.org/10.1007/JHEP09(2013)009
https://arxiv.org/abs/1301.6169
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.6169
https://doi.org/10.1007/JHEP07(2013)177
https://arxiv.org/abs/1304.3725
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.3725
https://doi.org/10.1007/JHEP07(2013)149
https://doi.org/10.1007/JHEP07(2013)149
https://arxiv.org/abs/1305.3924
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.3924
https://doi.org/10.1007/JHEP10(2013)198
https://arxiv.org/abs/1305.6280
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.6280
https://doi.org/10.1007/JHEP11(2013)037
https://arxiv.org/abs/1305.7235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.7235
https://doi.org/10.1007/JHEP01(2014)148
https://arxiv.org/abs/1310.0902
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.0902
https://doi.org/10.1007/JHEP04(2015)129
https://arxiv.org/abs/1404.6373
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1404.6373
https://doi.org/10.1007/JHEP04(2015)102
https://arxiv.org/abs/1407.1322
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.1322
https://doi.org/10.1007/JHEP10(2015)176
https://arxiv.org/abs/1505.06571
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.06571
https://doi.org/10.1007/JHEP12(2015)032
https://arxiv.org/abs/1506.05412
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.05412
https://doi.org/10.1007/JHEP11(2015)013
https://doi.org/10.1007/JHEP11(2015)013
https://arxiv.org/abs/1507.04378
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.04378
https://doi.org/10.1007/JHEP02(2016)103
https://doi.org/10.1007/JHEP02(2016)103
https://arxiv.org/abs/1507.04546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.04546
https://doi.org/10.1007/JHEP03(2016)131
https://arxiv.org/abs/1511.01902
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.01902
https://doi.org/10.1007/JHEP04(2016)103
https://arxiv.org/abs/1511.04772
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.04772
https://doi.org/10.1007/JHEP02(2016)093
https://doi.org/10.1007/JHEP02(2016)093
https://arxiv.org/abs/1512.00161
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.00161
https://doi.org/10.1007/JHEP09(2016)105
https://arxiv.org/abs/1604.01897
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.01897
https://doi.org/10.1007/JHEP07(2016)090
https://arxiv.org/abs/1605.01122
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.01122

[68]

[69]

P.-S. Hsin and N. Seiberg, Level/rank Duality and Chern-Simons-Matter Theories, JHEP
09 (2016) 095 [arXiv:1607.07457] INSPIRE].

S. Giombi, V. Gurucharan, V. Kirilin, S. Prakash and E. Skvortsov, On the Higher-Spin
Spectrum in Large N Chern-Simons Vector Models, JHEP 01 (2017) 058
[arXiv:1610.08472] [INSPIRE].

S. Giombi, V. Kirilin and E. Skvortsov, Notes on Spinning Operators in Fermionic CFT,
JHEP 05 (2017) 041 [arXiv:1701.06997] [INSPIRE].

K. Inbasekar, S. Jain, P. Nayak and V. Umesh, All tree level scattering amplitudes in
Chern-Simons theories with fundamental matter, Phys. Rev. Lett. 121 (2018) 161601
[arXiv:1710.04227] [INSPIRE].

K. Inbasekar et al., Dual superconformal symmetry of N'= 2 Chern-Simons theory with
fundamental matter at large N, JHEP 06 (2019) 016 [arXiv:1711.02672] INSPIRE].

C. Cordova, P.-S. Hsin and N. Seiberg, Global Symmetries, Counterterms, and Duality in
Chern-Simons Matter Theories with Orthogonal Gauge Groups, SciPost Phys. 4 (2018) 021
[arXiv:1711.10008] [INSPIRE].

G.J. Turiaci and A. Zhiboedov, Veneziano Amplitude of Vasiliev Theory, JHEP 10 (2018)
034 [arXiv:1802.04390] [INSPIRE].

O. Aharony, L.F. Alday, A. Bissi and R. Yacoby, The Analytic Bootstrap for Large N
Chern-Simons Vector Models, JHEP 08 (2018) 166 [arXiv:1805.04377| [INSPIRE].

S. Choudhury et al., Bose-Fermi Chern-Simons Dualities in the Higgsed Phase, JHEP 11
(2018) 177 [arXiv:1804.08635] [INSPIRE].

R. Yacoby, Scalar Correlators in Bosonic Chern-Simons Vector Models, arXiv:1805.11627
[INSPIRE].

O. Aharony, S. Jain and S. Minwalla, Flows, Fized Points and Duality in
Chern-Simons-matter theories, JHEP 12 (2018) 058 [arXiv:1808.03317] [INSPIRE].

A. Dey, I. Halder, S. Jain, L. Janagal, S. Minwalla and N. Prabhakar, Duality and an exact
Landau-Ginzburg potential for quasi-bosonic Chern-Simons-Matter theories, JHEP 11
(2018) 020 [arXiv:1808.04415] [INSPIRE].

E. Skvortsov, Light-Front Bootstrap for Chern-Simons Matter Theories, JHEP 06 (2019)
058 [arXiv:1811.12333] INSPIRE].

C. Cérdova, P.-S. Hsin and K. Ohmori, Fzceptional Chern-Simons-Matter Dualities,
SciPost Phys. 7 (2019) 056 [arXiv:1812.11705] [iINSPIRE].

A. Dey, I. Halder, S. Jain, S. Minwalla and N. Prabhakar, The large N phase diagram of
N =2SU(N) Chern-Simons theory with one fundamental chiral multiplet, JHEP 11 (2019)
113 [arXiv:1904.07286] [INSPIRE].

I. Halder and S. Minwalla, Matter Chern Simons Theories in a Background Magnetic Field,
JHEP 11 (2019) 089 [arXiv:1904.07885] INSPIRE].

O. Aharony and A. Sharon, Large N renormalization group flows in 3d N =1
Chern-Simons-Matter theories, JHEP 07 (2019) 160 [arXiv:1905.07146] [INSPIRE].

Z. Li, Bootstrapping conformal four-point correlators with slightly broken higher spin
symmetry and 3D bosonization, JHEP 10 (2020) 007 [arXiv:1906.05834] INSPIRE].

— 56 —


https://doi.org/10.1007/JHEP09(2016)095
https://doi.org/10.1007/JHEP09(2016)095
https://arxiv.org/abs/1607.07457
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.07457
https://doi.org/10.1007/JHEP01(2017)058
https://arxiv.org/abs/1610.08472
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.08472
https://doi.org/10.1007/JHEP05(2017)041
https://arxiv.org/abs/1701.06997
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.06997
https://doi.org/10.1103/PhysRevLett.121.161601
https://arxiv.org/abs/1710.04227
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.04227
https://doi.org/10.1007/JHEP06(2019)016
https://arxiv.org/abs/1711.02672
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.02672
https://doi.org/10.21468/SciPostPhys.4.4.021
https://arxiv.org/abs/1711.10008
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.10008
https://doi.org/10.1007/JHEP10(2018)034
https://doi.org/10.1007/JHEP10(2018)034
https://arxiv.org/abs/1802.04390
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.04390
https://doi.org/10.1007/JHEP08(2018)166
https://arxiv.org/abs/1805.04377
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.04377
https://doi.org/10.1007/JHEP11(2018)177
https://doi.org/10.1007/JHEP11(2018)177
https://arxiv.org/abs/1804.08635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.08635
https://arxiv.org/abs/1805.11627
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.11627
https://doi.org/10.1007/JHEP12(2018)058
https://arxiv.org/abs/1808.03317
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.03317
https://doi.org/10.1007/JHEP11(2018)020
https://doi.org/10.1007/JHEP11(2018)020
https://arxiv.org/abs/1808.04415
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.04415
https://doi.org/10.1007/JHEP06(2019)058
https://doi.org/10.1007/JHEP06(2019)058
https://arxiv.org/abs/1811.12333
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.12333
https://doi.org/10.21468/SciPostPhys.7.4.056
https://arxiv.org/abs/1812.11705
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.11705
https://doi.org/10.1007/JHEP11(2019)113
https://doi.org/10.1007/JHEP11(2019)113
https://arxiv.org/abs/1904.07286
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.07286
https://doi.org/10.1007/JHEP11(2019)089
https://arxiv.org/abs/1904.07885
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.07885
https://doi.org/10.1007/JHEP07(2019)160
https://arxiv.org/abs/1905.07146
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.07146
https://doi.org/10.1007/JHEP10(2020)007
https://arxiv.org/abs/1906.05834
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.05834

[36]

[93]

[94]

[100]

[101]

[102]

S. Jain, V. Malvimat, A. Mehta, S. Prakash and N. Sudhir, All order exact result for the
anomalous dimension of the scalar primary in Chern-Simons vector models, Phys. Rev. D
101 (2020) 126017 [arXiv:1906.06342] [INSPIRE].

R.R. Kalloor, Four-point functions in large N Chern-Simons fermionic theories, JHEP 10
(2020) 028 [arXiv:1910.14617] [INSPIRE].

H. Isono, T. Noumi and G. Shiu, Momentum space approach to crossing symmetric CFT
correlators, JHEP 07 (2018) 136 [arXiv:1805.11107] [nSPIRE].

M. Gillioz, Momentum-space conformal blocks on the light cone, JHEP 10 (2018) 125
[arXiv:1807.07003] [INSPIRE].

C. Coriano and M.M. Maglio, On Some Hypergeometric Solutions of the Conformal Ward
Identities of Scalar 4-point Functions in Momentum Space, JHEP 09 (2019) 107
[arXiv:1903.05047] [INSPIRE].

S. Albayrak and S. Kharel, Towards the higher point holographic momentum space
amplitudes. Part II. Gravitons, JHEP 12 (2019) 135 [arXiv:1908.01835] [INSPIRE].

H. Isono, T. Noumi and G. Shiu, Momentum space approach to crossing symmetric CET
correlators. Part II. General spacetime dimension, JHEP 10 (2019) 183
[arXiv:1908.04572] [INSPIRE].

C. Coriano, M.M. Maglio and D. Theofilopoulos, Four-Point Functions in Momentum
Space: Conformal Ward Identities in the Scalar/Tensor case, Eur. Phys. J. C 80 (2020)
540 [arXiv:1912.01907] [NSPIRE].

C. Coriano and M.M. Maglio, The Generalized Hypergeometric Structure of the Ward
Identities of CFT’s in Momentum Space in d > 2, Azioms 9 (2020) 54 [arXiv:2001.09622]
[INSPIRE].

M. Serino, The four-point correlation function of the energy-momentum tensor in the free
conformal field theory of a scalar field, Eur. Phys. J. C 80 (2020) 686 [arXiv:2004.08668]
[INSPIRE].

C. Coriano and M.M. Maglio, Conformal Field Theory in Momentum Space and Anomaly
Actions in Gravity: The Analysis of 3- and 4-Point Functions, arXiv:2005.06873
[INSPIRE].

A. Bzowski, P. McFadden and K. Skenderis, Conformal correlators as simplex integrals in
momentum space, JHEP 01 (2021) 192 [arXiv:2008.07543] [INSPIRE].

S. Caron-Huot, Analyticity in Spin in Conformal Theories, JHEP 09 (2017) 078
[arXiv:1703.00278] [INSPIRE].

E. Witten, SL(2,Z) action on three-dimensional conformal field theories with Abelian
symmetry, in From Fields to Strings: Circumnavigating Theoretical Physics: A Conference
in Tribute to Ian Kogan, Oxford U.K. (2004) [hep-th/0307041] [nSPIRE].

R.G. Leigh and A.C. Petkou, SL(2,Z) action on three-dimensional CFTs and holography,
JHEP 12 (2003) 020 [hep-th/0309177] [INSPIRE].

J.A. Silva, Four point functions in CFT’s with slightly broken higher spin symmetry,
arXiv:2103.00275 [INSPIRE].

M.A. Vasiliev, Consistent equation for interacting gauge fields of all spins in
(3 + 1)-dimensions, Phys. Lett. B 243 (1990) 378 [InSPIRE].

— 57 —


https://doi.org/10.1103/PhysRevD.101.126017
https://doi.org/10.1103/PhysRevD.101.126017
https://arxiv.org/abs/1906.06342
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.06342
https://doi.org/10.1007/JHEP10(2020)028
https://doi.org/10.1007/JHEP10(2020)028
https://arxiv.org/abs/1910.14617
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.14617
https://doi.org/10.1007/JHEP07(2018)136
https://arxiv.org/abs/1805.11107
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.11107
https://doi.org/10.1007/JHEP10(2018)125
https://arxiv.org/abs/1807.07003
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.07003
https://doi.org/10.1007/JHEP09(2019)107
https://arxiv.org/abs/1903.05047
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.05047
https://doi.org/10.1007/JHEP12(2019)135
https://arxiv.org/abs/1908.01835
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.01835
https://doi.org/10.1007/JHEP10(2019)183
https://arxiv.org/abs/1908.04572
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.04572
https://doi.org/10.1140/epjc/s10052-020-8089-1
https://doi.org/10.1140/epjc/s10052-020-8089-1
https://arxiv.org/abs/1912.01907
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.01907
https://doi.org/10.3390/axioms9020054
https://arxiv.org/abs/2001.09622
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.09622
https://doi.org/10.1140/epjc/s10052-020-8208-z
https://arxiv.org/abs/2004.08668
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.08668
https://arxiv.org/abs/2005.06873
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.06873
https://doi.org/10.1007/JHEP01(2021)192
https://arxiv.org/abs/2008.07543
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.07543
https://doi.org/10.1007/JHEP09(2017)078
https://arxiv.org/abs/1703.00278
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.00278
https://arxiv.org/abs/hep-th/0307041
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0307041
https://doi.org/10.1088/1126-6708/2003/12/020
https://arxiv.org/abs/hep-th/0309177
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0309177
https://arxiv.org/abs/2103.00275
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.00275
https://doi.org/10.1016/0370-2693(90)91400-6
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB243%2C378%22

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

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

E. Sezgin and P. Sundell, Massless higher spins and holography, Nucl. Phys. B 644 (2002)
303 [Erratum ibid. 660 (2003) 403] [hep-th/0205131] [INSPIRE].

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

S. Giombi and X. Yin, Higher Spins in AdS and Twistorial Holography, JHEP 04 (2011)
086 [arXiv:1004.3736] [INSPIRE].

V.E. Didenko and E.D. Skvortsov, Ezact higher-spin symmetry in CFT: all correlators in
unbroken Vasiliev theory, JHEP 04 (2013) 158 [arXiv:1210.7963] [INSPIRE].

V.E. Didenko, J. Mei and E.D. Skvortsov, Ezact higher-spin symmetry in CFT: free
fermion correlators from Vasiliev Theory, Phys. Rev. D 88 (2013) 046011
[arXiv:1301.4166] [INSPIRE].

A. Karch and D. Tong, Particle-Vortex Duality from 3d Bosonization, Phys. Rev. X 6
(2016) 031043 [arXiv:1606.01893] [INSPIRE].

N. Seiberg, T. Senthil, C. Wang and E. Witten, A Duality Web in 2+ 1 Dimensions and
Condensed Matter Physics, Annals Phys. 374 (2016) 395 [arXiv:1606.01989] [INSPIRE].

M.A. Metlitski, A. Vishwanath and C. Xu, Duality and bosonization of (2 + 1)-dimensional
Magjorana fermions, Phys. Rev. B 95 (2017) 205137 [arXiv:1611.05049] [INSPIRE].

J. Gomis, Z. Komargodski and N. Seiberg, Phases Of Adjoint QCDs And Dualities, SciPost
Phys. 5 (2018) 007 [arXiv:1710.03258] [InSPIRE].

C. Cérdova, P.-S. Hsin and N. Seiberg, Time-Reversal Symmetry, Anomalies, and Dualities
in (2+ 1)d, SciPost Phys. 5 (2018) 006 [arXiv:1712.08639] [INSPIRE].

S. Minwalla, A. Mishra and N. Prabhakar, Fermi seas from Bose condensates in
Chern-Simons matter theories and a bosonic exclusion principle, JHEP 11 (2020) 171
[arXiv:2008.00024] INSPIRE].

D. Simmons-Duffin, Projectors, Shadows, and Conformal Blocks, JHEP 04 (2014) 146
[arXiv:1204.3894] [INSPIRE].

— H8 —


https://arxiv.org/abs/hep-th/9910096
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9910096
https://doi.org/10.1016/S0550-3213(02)00739-3
https://doi.org/10.1016/S0550-3213(02)00739-3
https://arxiv.org/abs/hep-th/0205131
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0205131
https://doi.org/10.1016/S0370-2693(02)02980-5
https://doi.org/10.1016/S0370-2693(02)02980-5
https://arxiv.org/abs/hep-th/0210114
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0210114
https://doi.org/10.1007/JHEP04(2011)086
https://doi.org/10.1007/JHEP04(2011)086
https://arxiv.org/abs/1004.3736
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1004.3736
https://doi.org/10.1007/JHEP04(2013)158
https://arxiv.org/abs/1210.7963
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1210.7963
https://doi.org/10.1103/PhysRevD.88.046011
https://arxiv.org/abs/1301.4166
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.4166
https://doi.org/10.1103/PhysRevX.6.031043
https://doi.org/10.1103/PhysRevX.6.031043
https://arxiv.org/abs/1606.01893
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.01893
https://doi.org/10.1016/j.aop.2016.08.007
https://arxiv.org/abs/1606.01989
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.01989
https://doi.org/10.1103/PhysRevB.95.205137
https://arxiv.org/abs/1611.05049
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.05049
https://doi.org/10.21468/SciPostPhys.5.1.007
https://doi.org/10.21468/SciPostPhys.5.1.007
https://arxiv.org/abs/1710.03258
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.03258
https://doi.org/10.21468/SciPostPhys.5.1.006
https://arxiv.org/abs/1712.08639
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.08639
https://doi.org/10.1007/JHEP11(2020)171
https://arxiv.org/abs/2008.00024
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.00024
https://doi.org/10.1007/JHEP04(2014)146
https://arxiv.org/abs/1204.3894
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.3894

	Introduction
	Higher spin equations
	Free theories
	Free boson theory
	Free fermion theory

	Interacting theories
	Critical bosonic theory
	Quasi-fermionic theory
	Quasi-bosonic theory

	Higher spin equations in momentum space

	Free theories
	Free boson theory
	Two-point functions
	Three-point functions
	Four-point functions

	Free fermion theory
	Two-point functions
	Three-point functions
	Four-point functions


	Interacting theories
	Critical bosonic theory
	Three-point function 
	Four-point functions

	Quasi-fermionic theory
	Two-point functions
	Three-point functions
	Four-point functions

	Quasi-bosonic theory
	Two-point functions
	Three-point functions
	Four-point function


	Higher spin equations away from conformal fixed point
	Massive free boson

	Summary
	(J1J1Jo) in quasi-fermionic theory
	(J1J1J0) in quasi-bosonic theory
	Summary of remaining correlators

	Conclusion and discussion
	Notations and normalizations
	Schouten identity
	Five-point function: (J0J0J0J0J0)QF 
	Conformal partial wave in momentum space
	Parity odd correlators
	Quasi-fermionic theory
	Constraining (TJ1J1)QTodd 
	Constraining (J1J1J1J0J0)QFodd

	Quasi-bosonic theory
	Constraining (TJ1J1)QBodd 


	Correlation functions in free massive bosonic theory

