PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 2, 2017
ACCEPTED: May 15, 2017
PUBLISHED: June 20, 2017

Spinning Witten diagrams

Charlotte Sleight and Massimo Taronna'

Université Libre de Bruxelles and International Solvay Institutes,
ULB-Campus Plaine CP231, 1050 Brussels, Belgium

E-mail: charlotte.sleight@gmail.com, massimo.taronna@ulb.ac.be

ABSTRACT: We develop a systematic framework to compute the conformal partial wave
expansions (CPWESs) of tree-level four-point Witten diagrams with totally symmetric ex-
ternal fields of arbitrary mass and integer spin in AdSgz41. As an intermediate step, we
identify convenient bases of three-point bulk and boundary structures to invert linear map
between spinning three-point conformal structures and spinning cubic couplings in AdS.
Given a CFTy, this provides the complete holographic reconstruction of all cubic couplings
involving totally symmetric fields in the putative dual theory on AdS;, 1. Employing this
framework, we determine the CPWE of a generic four-point exchange Witten diagram with
spinning exchanged field. As a concrete application, we compute all four-point exchange
Witten diagrams in the type A higher-spin gauge theory on AdS;1, which is conjectured
to be dual to the free scalar O (N) model.

KeEYywoRrDS: AdS-CFT Correspondence, Conformal Field Theory, Higher Spin Gravity,
Higher Spin Symmetry

ARX1v EPRINT: 1702.08619

!Postdoctoral Researcher of the Fund for Scientific Research-FNRS Belgium.

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP06(2017)100


mailto:charlotte.sleight@gmail.com
mailto:massimo.taronna@ulb.ac.be
https://arxiv.org/abs/1702.08619
https://doi.org/10.1007/JHEP06(2017)100

Contents

1 Introduction 1

2 Conformal partial waves 3

2.1  The conformal partial wave expansion 3

2.2 Spinning conformal partial waves 4

2.2.1 External scalar operators )

2.2.2  Spinning conformal partial waves 6

2.2.3  Spinning conserved conformal partial waves 7

3 CPWE of spinning Witten diagrams 9

3.1 Spinning three-point Witten diagrams 11

3.1.1 Building blocks of cubic vertices 11

3.1.2 Spinning Witten diagrams from a scalar seed 12

3.1.3 A natural basis of cubic structures in AdS/CFT 14

3.2 Spinning bulk-to-bulk propagators 16

3.2.1 Massive case 17

3.2.2 Massless case 18

3.3 CPWE of spinning exchange diagrams 20

3.3.1 Natural basis of conformal partial waves in AdS/CFT 20

3.3.2  Generic spinning exchange diagram 21

3.4 Spinning exchanges in the type A higher-spin gauge theory 24

3.4.1 Off-shell cubic couplings 24

3.4.2 Four-point exchange diagrams 25

A Conventions, notations and ambient space 28

B The improved current 30

C Trace of the currents 31

D Seed bulk integrals 32
1 Introduction

Conformal field theories (CFT) are among the most well studied examples of quantum
field theories (QFT), and are also among the few which admit a simple non-perturbative
definition. This is owing to the fact that conformal invariance fixes all 2pt and 3pt cor-

relation functions up to numerical coeflicients and spectrum, usually referred to as CFT



data. Associativity of the conformal operator algebra then allows to reconstruct, in prin-
ciple, all higher point correlation functions at the non-perturbative level. This intrinsic
simplicity triggered the pioneering works [1-6] centred on the idea that symmetry and
quantum mechanics alone should suffice to fix the dynamics of a QFT. This is known as
the Bootstrap Program. This approach proved to be very successful in the 80’s in the
context of 2d CFTs [7], but remained dormant for CFTs in d > 2 until very recently with
the emergence of new analytic and numerical methods [8-15]. These have led to striking
new numerical results for 3d CFTs [16, 17], and have further triggered new analytic results
for the conformal bootstrap in various limits [18-23].

CFTs also play a pivotal role in the holographic dualities, and are conjectured to be
dual to gravitational theories living in a higher-dimensional anti-de Sitter (AdS) space [24—
26]. From a bottom up perspective, AdS/CFT maps bulk and boundary consistency into
each other, repackaging the various kinematic building blocks in terms of bulk or boundary
degrees of freedom. To some extent, without imposing any additional constraint, this is
a kinematic re-writing of the same physical object in two different bases. It was further
shown in [27, 28] that, in the large N limit, standard Feynman diagram expansion in the
bulk does repackage solutions to the bootstrap at leading order in % In particular, this
repackaging is in terms of Witten diagrams. From the bulk perspective, the latter play the
role of the building blocks in terms of which the observables of the theory are expressed
— in direct analogy with S-matrix elements. In this holographic picture, a crucial physical
consistency requirement for a non-trivial field theory description in the bulk is that of
locality, see e.g. [27, 29-38] for an incomplete list of works in this direction.!

Holography thus naturally provides a reformulation of the bootstrap problem in terms
of different types of building blocks, which have a neat physical interpretation. The link
between these two pictures is the main subject of the present work. In particular, we
explicitly invert the map between spinning three-point conformal structures and CPWE
expansion on the boundary, and the local spinning bulk cubic couplings and Witten dia-
grams in the bulk. At the level of four-point functions this draws upon the link [37, 40]
between the shadow formalism [1, 4, 41, 42] and the split representation of AdS harmonic
functions [43]. At the level of three-point functions, given a CFT our results provide the
complete holographic reconstruction of all cubic couplings involving totally symmetric fields
in the putative dual theory on AdSg;y1. Previous works on the holographic reconstruction
of bulk interactions from CFT correlation functions include: [31, 37, 44-47] in the context
of higher-spin holography, and more recently in the context of p-adic AdS/CFT [49].

A key motivation behind this work is that such a bulk repackaging of CF'T objects may
give new insights into the bootstrap program, potentially providing novel methods to solve
the crossing equations (see [22, 50-52] for recent progress in this direction). Furthermore,
this may also shed light on the quest for understanding quantum gravity and which CFTs
admit a well-defined gravitational dual.

!The main issue is that, with no restriction on the functional class of interactions, a field theory descrip-
tion in the bulk becomes a tautological re-writing of CFT data (see e.g. [39] for a theorem on the triviality
of interactions in the absence of any locality requirement.)



In the process of diagonalising the map between boundary OPE coefficients and bulk
cubic couplings, we identify the corresponding bases of bulk and boundary 3pt and 4pt
structures, which, in this sense, appear to be naturally selected by holography. This allows
us to systematically study tree-level four-point exchange amplitudes involving totally sym-
metric fields of arbitrary mass and spin, and seamlessly derive their CPWE. Our formalism
builds upon, and extends, the approach and results of the previous works [31, 37, 40, 45],
which considered four-point Witten diagrams with only external scalars. As a concrete ap-
plication, we determine all four-point exchange diagrams in the type-A higher-spin gauge
theory on AdSg411, whose complete cubic couplings have been recently been established in
metric-like form in [47, 53]. This application of our results extends the previous exchange
diagram computations [31, 45] in the type A higher-spin gauge theory to include external
gauge fields of arbitrary integer spin.

Let us also mention a parallel approach to the conformal partial wave decomposition
of Witten diagrams, which has recently been developed in [54].? This is underpinned by
what is known as the “geodesic Witten diagram”, the bulk object which computes a single
conformal partial wave. The latter is essentially an exchange Witten diagram, but the
crucial difference being that one integrates the cubic vertices over geodesics, as opposed
to the full volume of AdS. The original paper [54] considered the case of external scalars,
which has more recently been generalised to external fields with arbitrary integer spin:
first to a single spinning external leg in [63], and very recently to each leg having arbitrary
integer spin in [64-66]. It would be instructive to employ the geodesic Witten diagram
approach developed in [54] to reproduce the explicit results obtained in section 3.3 for the
CPWE:s of spinning exchange Witten diagrams. A prescription for the latter very recently
appeared in [64], together with some results for spin-0 and spin-1 exchange diagrams.

The outline is as follows: section 2 we review the CPWE in the standard setting
of CFT, with a particular focus on the shadow formalism. In section 3 we detail the
parallel story in the bulk. In particular, how the harmonic function decomposition of
four-point Witten diagrams provides the link with the shadow formalism via the split
representation. In section 3.1 we review the computation [47] of generic spinning three
point Witten diagrams, and present a convenient explicit diagonal form of the linear map
between three-point conformal structures and local bulk cubic couplings. In section 3.3
we apply the latter results to compute the CPWE of a generic spinning exchange Witten
diagram in AdSgy1, and furthermore in section 3.4 consider exchange diagrams in the
concrete setting of the type A minimal higher-spin gauge theory. Various technical details
are relegated to appendices A, B, C and D.

2 Conformal partial waves

2.1 The conformal partial wave expansion

The CPWE of correlation functions of primary operators in CFT is a decomposition into
contributions from each conformal multiplet.? As a simple illustrative example, let us first

2This has origins in the AdS3/CFT; literature [55-62], on Virasoro and Wy conformal partial waves
from the bulk.

31.e. each conformal partial wave re-sums the contribution of the primary operator + all of its descendants
to the correlator, and is thus labelled by the dimension A and spin s of the primary operator.
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consider the CPWEs of correlation functions involving scalar primary operators O;. For a
four-point function expanded in the s-channel,* this reads

(01 (11) Oz (y2) O3 (y3) Oa (y2)) = Y _ €0,0505..€7%* 030, Wa,s (i) - (2.1)
OA,S

The functions W s are the conformal partial waves. These are purely kinematical objects,
fixed completely by conformal symmetry and only depend on the representations of the
primary operators Oa s and O; under the conformal group. Each conformal partial wave
in the expansion (2.1) is weighted by the coefficients of the operator Oa s in the O; x Oy
and Oz x O4 OPEs. The CPWE thus effectively disentangles the dynamical information,
which depends on the theory under consideration, from the universal information dictated
by conformal symmetry.

Owing to these defining features, the CPWE expansion has turned out to be a powerful
tool. This is highlighted, for instance, by its pivotal role in the successes ([10, 11, 16, 67, 68],
to name a few) of the conformal bootstrap program [3, 5]. But in spite of this, explicit
closed formulas for conformal partial waves are only possible in certain cases. For the scalar
case (2.1) closed form expressions are only available in even dimensions [8, 9], while in other
cases CPWs are inferred via indirect methods, such as: recursion relations [13, 69-73] and
efficient series expansions [74-76].

In the following section we review another indirect approach, which is convenient for
the CPWE of correlators involving operators with spin — as well as their Witten diagram
counterparts. This is underpinned by the shadow formalism of Ferrara, Gatto, Grillo,
and Parisi [1, 4, 41, 42], and leads to an expression for conformal blocks for operators in
arbitrary Lorentz representations as an integral of three-point conformal structures. This
approach was first considered by Hoffmann, Petkou and Riihl in [77, 78] for external scalar
operators (see also [13]), and the idea revisited and results generalised in [79-81].

2.2 Spinning conformal partial waves

To a given primary operator Oa s, can be associated a dual (or shadow) operator®

. 1 1 S\
Ons (y:2) = Kas—7 /ddy/zd—m (2’ Iy —y)- az/) Oas(y37),  (24)

v—y)
of the same spin and scaling dimension d — A. The normalisation
Fd-—A+s) 1

KAs = T (A — %l) a= 1)57 (2.5)
ensures that applying (2.4) twice gives the identity.
4We use sans-serif font to denote the expansion channels, to be distinguished from the spin, s.
I, (y) is the inversion tensor
L (y) = O — 2y;2y” D m e I(y) m = — 2“@;# (2.2)
The Thomas derivative [82] (see also [83])
b= 0. — ! 202, (2.3)

d—2+2z-0,

accounts for tracelessness, i.e. 22 = 0.



The key observation of the shadow approach to conformal partial waves is that the
integral

1 ~
Pas = k-t [ @300 ) 0}010a. v). (2.6

projects onto the contribution of the conformal families of Oa s and its shadow to a given
four-point function. This is illustrated for the simplest case of scalar correlators in the
following, before moving on to correlators of spinning operators.

2.2.1 External scalar operators

Restricting, for now, to the case of external scalar operators (2.1), when projecting onto
the s-channel we have

(01 (y1) O2 (y2) Pa,s O3 (y3) O4 (ya)) (2.7)
= C01020A7SCOA’503O4 WA,S (yl) + ColozéA,SCOOSO‘l Wd—A,S (yZ) 3
which implies the following integral representation

ColOQOA’SCOA’s@3(94WA7S (yl) + shadow (2.8)
1 .
= kq-ns—5 | Ay (01 (1) Oz (y2) Oas (1)) (Oa.s () O3 (y3) O4 (y4)),
—dj2

for the total contribution as a product of two three-point functions. Stripping off the
dynamical data leaves a universal integral expression for the sum of a conformal partial wave
and its shadow, dictated purely by conformal symmetry and the operator representations:

Wa,s (yi) + shadow (2.9)

= a8 T2 [y (01 1) 02 (1) O () (O, () Os 1) O (),

where

r (4 - =) I (3 - =)

2 g = 2
r (73*;4+T + S) ’ T (T4*g3+'r + S) )

(2.10)

Yrys =

The notation ((e)) denotes the kinematical part of the three-point function that is fixed
by conformal symmetry. I.e. removal of the overall coefficient,®

(01 (1) O2 (y2) Oa s () = €010,04 . ((O1 (y1) Oz (y2) Oa s (y))) (2.12a)
(Oas () O3 (y3) Os (42)) = €5, 0,0, {(0a.s () O5 (y3) Os (ya))), (2.12b)

which, for unit two-point function normalisation, is the removal of the OPE coefficients.
Details on the above steps where given by Dolan and Osborn in [13] section 3 and [8].

6Using the definition (2.4) one finds

CON 0304 = Vr,5V7,s COA,sO3045 (2.11)

which is the origin of the factors (2.10) in the expression (2.9).



An integral expression for a single, non-shadow, conformal partial wave can be obtained
by introducing a contour integral”

Wasty= OB [Ty W), @1

As\Yi) = 2 ( 2 ivs Yi 4 _jys Yi )7 :
27 —co V2 + (A _ %) 2 2

and inserting (2.9) into the integrand. The CPWE (2.1) can then be re-cast as a contour

integral [83, 84],

(01 (y1) O2 (y2) O3 (y3) O4 (y4)) (2.14)
=3 [ w) [ @y (01 020 0, DO, () Os () O (w0,

b “+v,s —i,8

where for ease of notation we defined Q4 =04 4ivs- The real function c, (v) encodes

—1iv,s
the dynamical information, with poles that carry the contribution from each spin-s con-
formal multiplet. For example, a contribution from a conformal multiplet [A, s] manifests
itself in ¢, (v) with a pole at % +iv = A, with residue giving the OPE coefficients

(A - g) K‘d—A,S’YT,S’?T,S C01(920A,SC0A‘503O4

. _ cen, 2.15
cs (V) ord/2+1 (% — A+ 'L']/) (g —A— z’u) * ( )

where the ... denote possible contributions from other spin-s multiplets in the spectrum.
The contour integral form (2.14) of the CPWE admits a direct generalisation to four-
point correlators involving operators with spin. The only difference with respect to the
scalar case is that, in general, there is more than one conformal partial wave associated to
each conformal multiplet. This is a consequence of the non-uniqueness of tensor structures
compatible with conformal symmetry in three-point functions with more than one spinning
operator. It is for this reason that external spinning operators are easily accommodated for
in the integral form (2.13) of the conformal partial wave, which we discuss in the following.

2.2.2 Spinning conformal partial waves

The integral representation (2.13) of conformal partial waves carries over straightforwardly
to CPWEs of four-point functions containing operators with spin. In this case, however,
since the structure of three-point functions with more than one operator of non-zero spin
is not unique, generally there is more than one conformal partial wave associated to the
contribution of a given conformal multiplet.

The number of independent structures that may appear in a conformal three-point
function with operators of spins sj-s2-s3 is [85]

((1+D(51+2)Bs2—s143) pp+2)(2p+5 1-(=1)"
6 24 6

where 51 < s9 < s3 and p = Max (0, s1 + s2 — s3). For correlation functions with two

N (81, 59, 83) = (2.16)

scalar operators there is just a single structure compatible with conformal symmetry,

"The conformal partial wave W% +iv.s (yi) decays exponentially for Im (v) — Foo. In applying the
residue theorem to obtain the Lh.s. from the r.h.s., for Wq ., . we close the v-contour in the lower/upper
dtiv,
half plane respectively.



N (0,0, s) =1, in accordance with the uniqueness of conformal partial waves with external
scalar operators that we previously observed.

Three-point functions involving two spinning operators have N (s1,s2,s3) > 1. A
general three-point function of spinning operators in a parity-even theory takes the form®

<0A1,81(yl)oAmSz(y2)0A3,S3(y3)>
51 no— ngYsz ng— n1Y53 ni— nanlHnan:g

_Z 21177‘?227197;3 9 T1+7T2—T3 9 T2+T3—T1 9 T3+7'1 T2 (217)
(y12) 2 (923) 2 (y31) 2

with theory-dependent OPE coefficients ¢, s:25,° . The six three-point conformally covariant

building blocks are given by (i 2 i + 3)°

Zi " Yi(i+1 2 Yi(i42
Yy, = LD TR (2.18)
Yiti+1) Yiti+2)
1 2ZZ (3 T Z’L (A K2
Hi= 5— (ZZ.H.ZHZJF +1 Y6 +1)(+2) +2°Y( +2)(+1)>
Yi+1)(i+2) y(z+1)(z+2)

A conformal partial wave with spinning external operators is thus labelled by two three-

(2.19)

component vectors n = (ny,ng,n) and m = (m,ms, my),
WAS (yi) + shadow (2.20)
V7,87,
= Kd-As ;il/;s /ddy <<0A1,S1(yl)oAz,sz(yQ)OA,S(y)»(n)

X <<@A,S (y)OAS,SS (y3)OA4,S4 (y4)>> (m) )

where, by applying the definition (2.12) of the operation ((e}),

Yslf’nzfanzfnf’nl stnl —ng HTL1 H'n2 HTL
(0161 (1080 (12) Osvgs ) ™) = L= (220)
(i) 2 (y33) 2 (ysz) 2

In the same way, the shadow contribution can be projected out by introducing a contour

integral as in (2.13).

2.2.3 Spinning conserved conformal partial waves

Conservation of external operators places additional constraints on conformal partial waves,
which is a consequence of the conservation conditions on three-point functions of conserved
operators [87, 88]. The latter relates the coefficients cs; 525" in a general spinning three-

point function (2.17) amongst each other, reducing the number of independent forms to [85]

N (s1,82,83) =1+ min {s1, s2, 83}, (2.22)

min{s,s2} min{s1—n3,s3} min{s2—ngz,s3—n2}
8To be more precise, > =
n; n3z=0 no=0 n1=0

Let us also note that it is from this that one obtains the counting (2.16): .1 = N (s, s2, s3).

9Note that our conventions differ from those in [86], which uses H;x and V; ;i in place of our H; and Y;
above. They are related by: H; = ]k/ T and Y; = %%,]‘k.



when each operator in the three-point function is conserved. The general form for a
three-point function of conserved operators in d > 3 is given as a generating functional
by [89, 90],10

14+min(sqy,s9,s3)
2

1 d 1 A
_ k
(T (Y1) Ts2 (y2) Tss (y3)) = kzo €Ty Tuy Tsy 211 (2 —k,—k,3 -5 — 2k, 2H%H%H§>

« €Y1+Y2+Y30F1(g + 2k — Hl)OFl( + 2k — 1, ;HQ)OFl(g + 2k —1, —%Hg)/\Qk
d d_ d ’
(y12)2 (y23)2 1(931)2 !
(2.23)
with
A=Y1YsY3+ = [YlHl + YoHs + Y3H3] (224)

and k takes both integer and half integer values. The OPE coefficients c]ijl Toy Ty AT€ not
fixed by current conservation and depend on the theory.

The above counting implies, for instance, that conserved conformal partial waves rep-
resenting the contribution of a conserved primary operator are labelled by two half-integers
ke{0,1/2,1,...,1 +min (s1,59,5) /2y and k € {0,1/2,1,...,1 4 min (s, 53, 54) /2}, where
(s1, 82, 3,54) are the spins of the external conserved operators,

kk
W(Sl s2s|s3, 34)( y;) + shadow

_ /ﬁd—A,s’Y;f;/;s /ddy(<$1(yl)Jsg(yz)Js(y)>>('“)<<Z(y)JSS(y3)$4(y4)>>(k), (2.25)

where J; is the exchanged spin-s conserved current and

1 d 1A
(Tos (1) Toa (92) T (g2))) ) = 2 < —k,—k,3—5 =2k, _2|—|f|—|§|—|§>

eV1HYetYs (4 42k — 1, —1H )0 Fy (4 + 2k — 1, —2Ha)o F1 (£ + 2k — 1, —%Hg)/\%
1

x q_ d
2 (3/31)2

(912)5 1(3/23)
(2.26)

Conservation of higher-spin currents is a powerful constraint, with the presence of a
single exactly conserved current of spin s > 2 in the spectrum implying (in d > 3) that
the theory is a free one [91-95].1' In this case the label k of each independent structure
in (2.23) denotes the spin of the free conformal representation [90]. An example which we

employ later on is the free scalar, where k = 0 (the scalar singleton) and the corresponding

19T6 extract the explicit structure of the correlator from the generating function form (2.23) one expands
and collects monomials of the form Y7'~"27"8Y27 M TNy TR HI2 H 8

1 Assuming a single stress tensor.



conserved three-point structure can be conveniently expressed in terms of Bessel functions'?

d—2

d ;1
(H?ﬂ 247 1g2 4 F(%)J%—z (\/@)> Y'Yty

(y2) 2~ U (y35) /2~ 1 (y3,) /21 7

(2.28)

(T 1) Tss (92) Tss (93)) = €7, 7, 72,

where ¢; = 2H; dv,,, - Ov,,,. The OPE coefficients were worked out in [47] to be

w2 T (s 4 42T (s 4 d - 3)
Naog. il T(s; + 43)T(452)2

0 00 0 02
C731JSQJS3 = Nd~0~f~C31C52C537 (Csi) (2.29)

3 CPWE of spinning Witten diagrams

The integral representation of the CPWE is most suitable for establishing CPWEs of
Witten diagrams, as it arises naturally from their harmonic function decomposition (see [37]
for a detailed review):

The analogue of the CPWE expansion in the bulk is the decomposition into partial
waves of the AdS isometry group. l.e. in terms of harmonic functions with energy and

spin quantum numbers,'3

O-’ll-‘il (yl) Oﬁ:s:h‘;s (yii)

exchange or
contact interaction

C)Az._s-g (UZ) C)Al._sl {U:l)

(3.2)
To make contact with the CPWE on the boundary, one notes that harmonic functions
factorise [43]

C)Ag..«z (yZ) C)Al-_s.l (?f—i}

2
1% ~
d
Quk (T1,u15 22, u2) = —————— / dyla_ ;. (21, u159,0:)Ha_;, 0 (Y, 2522, u2),
k! (§ — 1), Joaas 2T 27
(3.3)
1276 see this one employs the identity
m2
F(a+1)a %o (22) = 2 % F) (a +1; _Z) . (2.27)

3The harmonic function Qu,s—2k i1s a symmetric and traceless (in both sets of indices) spin s — 2k
Eigenfunction of the Laplacian,

(O+ (¢ +iv) (£ —iv) +s—2k) Qo2r =0, (3.1)

which is divergence-free, V - Q, s_or = 0.



into a product of two boundary-to-bulk propagators of dimensions % + ¢v and the same
spin k. We see that, like for conformal partial waves (section 2 equation (2.14)), each bulk
partial wave factorises into a product of two three-point Witten diagrams,

O‘ﬂl 51 (Ul) 03:5553 (g-i) O,A (Ul) C)A {.3,"-5)
ASREIIY: 3,83 \oJJd
oo
exchange or o E dv fi. (v
contact interaction _ / f k ( )
k .
OA?'-"‘E (!’}2) OAL.-‘H {?,’4)

C)A_'--“'z (.UQ.) 6-31-_3-1 (U«‘l}

(3.4)
Evaluating the bulk integrals yields a decomposition of the Witten diagram into products of
three-point conformal structures on the boundary — i.e. the integral representation (2.14)
of the conformal partial wave expansion.

So far this approach has been applied to compute the CPWEs of tree-level Witten
diagrams with only external scalars. This includes: the exchange of a massive spin-s field
and the graviton exchange [40];'* the exchange of spin-s gauge field on AdSz,1 [45] and
contact diagrams for a general quartic scalar self-interaction [31].

Spinning Exchange Witten Diagrams

In this section we generalise the aforementioned results, to include all possible four-point
exchange diagrams involving totally symmetric fields of arbitrary integer spin and mass —
both internally and externally.'® To wit, we decompose into conformal partial waves the
following general exchange of a spin-s field of mass m2R? = A (A — d) — s in AdSy11

0133,83

O&- 8¢ O g
ke ) (3.5)

between external fields of spin s; and mass m?R2 =A; (A, —d) —s;.

1See also the very recent [66] which also employed this approach to compute the CPWE of four-point
exchange Witten diagrams with external scalars, but using a different form for the cubic vertex. Since the
latter vertex is equivalent to the ones used in [40, 45] up to total derivatives, the result is the same up to
contact terms.

5For other works on spinning exchange diagrams, see: [96, 97] in the context of higher-spin gauge theories
and more recently [64] in the context of the geodesic Witten diagram decomposition of standard Witten
diagrams.
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The first step is to obtain the decomposition (3.2) of the exchange diagram. This is
achieved by expressing the bulk-to-bulk propagator of the exchanged field in a basis of
harmonic functions [40, 45, 98], which we review for massive fields in section 3.2.1 and
for massless fields in section 3.2.2. This leads to the decomposition (3.4) of the exchange
diagram (3.5) into products of tree-level three-point Witten diagrams, whose evaluation
leads to the sought-for conformal partial wave expansion via identification with the integral
form (2.20) of the conformal partial waves.

3.1 Spinning three-point Witten diagrams

In the light of the decomposition (3.2) of Witten diagrams, a key step to obtain CPWEs
of spinning diagrams is therefore the evaluation of tree-level three-point Witten diagrams
involving fields of arbitrary integer spin and mass. For parity even theories, this was carried
out in [47] in general dimensions, whose results we review here and also further supplement

with new ones.

3.1.1 Building blocks of cubic vertices
Employing the ambient space formalism (reviewed in appendix A), a convenient basis of
on-shell cubic vertices between totally symmetric fields ¢, of spins s; and mass m?R2 =
A; (A; — d) — s; is given by

In19n27n3 — yfl_n2_n3y;2_n3_n1y§3_nl_n2 (36)

51,52,53
X HY HY S sy (X1, Ur) s, (X2, Uz) s, (X3,Us) :
which is parameterised by the six basic contractions

y128U1'8X27 y2:8U2'8X3> y3:aU3'8X17 (373)
Hl — 8U2 . 8U3 5 HQ — 8U3 ° 8U1 5 Hg — aUl . 8U2 . (3.7b)

Recall that, in accordance with standard AdS/CFT lore, the basis elements (3.6) are in
one-to-one correspondence with the independent three-point conformal structures (2.21).
The most general cubic vertex thus takes the form (cf. footnote 8 for the sum over n;)

— E ni,n2,m3 yni,n2,n3
‘/;1,52733 - 981,782,&3 Isl,’SQ,ég N (38)
n;
The choice of basis (3.6) is convenient for three main reasons:

1. Simplicity: The basis is built from the (commuting) ambient partial derivatives as
opposed to the (non-commuting) AdS covariant derivatives.

2. Ease of manipulation and computation: This is a consequence of the above
simplicity. One important example is given by integration by parts in the ambient
formalism. While this is in general more involved compared to standard integration
by parts directly on the AdS manifold, the basis (3.6) makes integration by parts as
simple as in flat space. See [99] for details on integration by parts in the ambient
space framework, and in particular for the basis (3.6).
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3. Physical interpretation: Any vertex expressed in terms of covariant derivatives
can straightforwardly be cast in terms of the basis (3.6), and vice versa, using (see

section A)
va-ri X (39)
where
ZAB:U[AaUaB] :UAagB —UBagA, (3.10)

is the spin connection in the ambient generating function formalism. See appendix B
of [47] for more details about radial reduction.

3.1.2 Spinning Witten diagrams from a scalar seed

Another virtue of the ambient space formalism is that Witten diagrams with spinning ex-
ternal legs can be seamlessly generated from those with only external scalars (which are
comparably straightforward to evaluate) via the application of appropriate differential op-
erators in the boundary variables. The ease of this approach to spinning Witten diagrams
within the ambient framework is owing in particular to the homogeneity of the ambient
representatives in both the bulk and boundary coordinates. The implication of this obser-
vation for the three-point Witten diagram generated by the basis vertex (3.6) is that it can
be re-expressed in the form

Py
1-1111‘ :;2::} E— 1.2, T3 a
= e (sl de)
Py
Py
. (3.11)
for some homogeneous differential operator Fs;'5.%5° (Z;, P;,Op,), acting on the diagram

generated by the coupling 18’8’8 between scalars of some mass T?LZQ The latter is a well

known integral which is straightforward to evaluate [100], which we review in section D.
Naturally, since the action of Fg 525> increases the spin of the external legs, it will be a

non-trivial function of Z;.

The decomposition (3.11) of the spinning three-point Witten diagram can straightfor-
wardly be obtained by noting that spinning bulk-to-boundary propagators have an analo-
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gous differential relationship to scalar bulk-to-boundary propagators [37]'6

with differential operator
Dp(Z;U)=(Z-U) Z~i—P-i +(P-U) Z-i (3.15)
plen=) = 07 or or )" '

Ambient partial derivatives of spinning bulk-to-boundary propagators, which arise
naturally from the basis (3.6), can readily be expressed in a similar form:

1

(Dp (Z;U))° (Ui - 0x)" Kapo (X5 P)  (3.16)
with
(Ui-0x)" Kno(X;P)=2"(A+1—%) (Ui- P)" Knsnpo (X;P). (3.17)

This further illustrates the convenience of the choice of basis (3.6).
Employing the expression for spinning bulk-to-boundary propagators (3.16) one then

obtains
§1+50+5 d d d
oz _ 251182+83 (Al +1-— 5)53 (AQ +1- 5)51 (A3 +1- 5)52 (3.18)
i A ), (Be 1), (Ba — 1y, ()l () Gl

X M HPHPHEHP T DR DE DR (U - P)™ (O - P)™ (U5 - Py)™

where for concision we defined §; = s; — n;—1 — n;4+1 and introduced the auxiliary vector
U; which enters the contraction H; = dy,_, - 9g,,,- The mass of each scalar entering the
seed vertex on the r.h.s. of (3.11) is given in terms of the quantum numbers of the original
spinning fields on the Lh.s.

ﬁl?RZ = A,(AZ — d) with Al = A; + Sit2 — Ny — Njy1. (3.19)

What remains to obtain the result for the spinning Witten diagram in the Lh.s. of (3.11)
is to simply insert the result (D.5) for the scalar seed on the r.h.s. and then act with
the differential operator (3.18). Denoting the amplitude by A7:72s . this procedure
yields!'”

6By evaluating the action of the differential operator one recovers the standard expression [101]

s Cas (S+A—1)F(A)
Kns (X, U;P,Z)=(U-P-2Z) —25 __ Ca,= ‘ 3.12
2 )= ) (-2X - P)* T gnd2 (AT (A 41— 9) (3.12)
This also dictates the normalisation of the dual operator two-point function at large Ng.o.¢
, . _ Cas 221 - Y1222 - Y21 \
<OA,s (yh 21) Oa,s (Y25 22)) = PRV I + ] - (3.13)
(yi2) Y12

17"The summation symbol is defined as:

sk—kik ki ne Ox—1FtBk—1 ak_1+Brx—1

=2 2> X X - (3.20)

a,B,8wy  ax=0 Br=06,=0 w.=0 V=0
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ni,m2,n3

Asl732,33;7'1,7'2;r3 (yb Y2, y3) = (321)

3
Z H (_1)51‘—?%—5#041‘4-51' 98i—Ni—Yi—0i—wi ni! (@it i) (i =nisy —nia)!
VZlél'aZ'wZ'(,BZ—F(SZ_H — N +1)!

(i +Bi+4A)

a75?§7w77 /[/:1

Sit0 (i1 )~V wWita—A

X
(a4 Bi—vip —Yia —win +1)(si — o — 1 — 1 —wig + 1) (nga +n41 — B — ia — 01 +1)!
Y10 1hwr |y y2tdotwe | yatostws \ s S1—Y2— V30203~ Wa—w3\ /52— Y1—Y3—01—03—W1—W3 \/53—Y1—Y2—01—02—W1—w2
x Hy Hy Hs Yy Y, Y, ,
where 1 = ¢ + 3.
The pre-factor is given by

3
) 1 rA; — 1 (A;+s;—1)
P. = T E o 45, —n —4 ’
3 16 7@ (y12)612 (y23)623 (y31)§31 ( ( 2 « 0! 2> H + 1-— )

where

=1

1
O(i—1)(i+1) = 5(%‘—1 + Tit1 — Ti), =0 —s;. (3.22)

While the basis (3.6) is convenient as a means to evaluate spinning Witten diagrams,
the resulting one-to-one map (3.21) between the bulk basis elements (3.6) and the canon-
ical basis (2.21) of three-point conformal structures is rather involved. In the following
section we introduce an alternative bulk and boundary pair of bases, through which the
aforementioned bulk-to-boundary mapping simplifies dramatically and moreover allows to
elegantly re-sum the expression (3.21).

3.1.3 A natural basis of cubic structures in AdS/CFT

Let us motivate this alternative basis with a simple example. As observed in [47], the
amplitude generated by the highest derivative basis vertex

12105(2) s3 yf1y§2y§3 Ps1 (Xh Ul) Pso (X27 U2) Pss (X?n U3) X=X’ (3'23)

=
admits a very simple re-summation in terms of Bessel functions

B,

A smimirs W Y2, ¥8) = s S (3.24)
[ﬁ e <5(Hg(”)> QE_WJ(%HW_D—%M (Vai) | Y1V Y5,
where we recall that ¢; = 2H;0y,.,dy,_, and the overall coefficient is given by
By — 1617rd r <71 + T+ T3 — d;— 2(s1 + 52 + 83)> (3.25)

" H Sz + 5l(z+l)) r (3i + 5(i—1)i) L(si+7—1)
81 + T — § + 1) r (6(’i+1)(i71)) F(2SZ + T, — 1)
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Such three-point conformal structures are for instance generated in free scalar CFTs (see
e.g. (2.28) for the case of three-point functions of conserved operators).

Given the simplicity and compactness of the three-point conformal structure (3.24)
generated by the basis vertex (3.23), it is temping to consider the following basis of con-
formal structures,

[Oar 51 (1) O 0 (42) Oy 5 (y3)]] ™ = (3.26)
nipynz yn 3 5. )
H11H22H33 MJrni_l 8(it1)(i—1)
(y12)912 (1y23)923 (331 ) %31 Ll_[l ? r ( 2 + nz>

1ong 5<z+1>(z 1

[H 9 J((S(i+1)(i—1)+2ni_2)/2 (\/‘Z)

Yigl —n2—n3 Y§2 —n3—ni Y§3*n1 —n2

in the view of simplifying the map between bulk and boundary structures.
Indeed, working iteratively one finds that the conformal structure (3.26) is generated
by the bulk vertex!'®
T2, Z Cmnzns Jmsmems (3.27)

51,32753 §1,52,83;M1,M2,M3 ~51,52,53

with coefficients Cg, 5225 om . mams given by
Cn1,n2,n3 _ d*2(51+S2+53*1)*(Tl+7'2+7'3) (3 28)
51,52,83;mM1,Mm2,Mm3 ~ 2 :
mi+ma+ms3

X H |:2m1< @> n2—|—5(2+1)(l 1)—1) :| s

In particular, denoting the three-point amplitude generated by each basis element (3.27)

ni,n2,n3 .19
by ASI,,32;733§7'177'2;7'37 we have:

-’4?11:8”22,:92?71,7'2 T3 (ylv Y2, y3) = B(Si; Nnyg; Ti) HOALSl (y1)0A2,S2 (y2)0A3,83 (93)“(11) ) (3-29)

with the coefficient B(s;;n;;7;) given by

B(sing;7i) = m4(—2)s1ts2tss)—(nmtnatng)—d p (71+72+T3_d*2‘2(51+52+53)) (3.30)

3. T <8i—nm +ni—1+%ﬁ) r (Si‘f‘niﬁ-l_ni—l‘f‘W%) I(si4+ni+nia+1—1)
X

Given a CFTy, the result (3.29) provides the complete holographic reconstruction of all
cubic couplings involving totally symmetric fields in the putative dual theory on AdSg.1.

min{s1,s2,n3} min{s; —n3z,s3,n2} min{sz—n3z,s3—na,n1}
8For concision we define 3~ =

my m3=0 mo=0 mi1=0
19Note, the vertices constructed here should not be confused with those written down in [65, 66] in the
context of geodesic Witten diagrams.
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Relation between bulk basis. To conclude it is useful to spell out the explicit dictio-
nary between the building blocks (3.6), which allow to straightforwardly evaluate spinning
Witten diagrams, and the basis (3.27) introduced in the previous section, which give a
simple form for spinning three-point amplitudes.

Given a coupling of the form

— E ni,n2,m3 yni,n2,n3
V51,82,S3 - 951,732,;3 Isl,’SQ,ég ? (331)
n;

the problem is to determine the explicit form of the coefficient gs; s, 255" in the basis:

— ~n1,n2,n3gni,n2,n3 ( )
VSLSQ’SS - 29817752,]93 2817:92,é3 9 332
ng

with I 520% and Zg, 20° given in (3.6) and (3.27), respectively. Working iteratively, one

. . . . ~N1.19.,M. . .
arrives at the following expression for the coefficient gs,' 5,55 as a function of the coefficients

gsieis® in the original basis:??

3
Sn1,m2,n3 gmq,mg,m3 H(_l)nl—i—ml (2774 + 5jk - 1) <m1>] 7

9s1,52,83 d To :
py (§+142 0 (ma—sa—"3 ))m1+m2+mg pal 2mi (n; + 51, — 1) n;

mi+1
(3.34)
which is the inverse of the map (3.27).
Notice that the new basis (3.26) generalises to non-conserved operators the basis (2.26)
of three-point conserved conformal structures. In this regard, our basis (3.26) seems to be
naturally selected by free singleton CF'Ts.

3.2 Spinning bulk-to-bulk propagators

In this section we review previous works on the harmonic function decomposition of bulk-
to-bulk propagators for totally symmetric fields of arbitrary mass and integer spin [45].2!

Up to cubic order in perturbations about the AdS background, a spin-s field of mass
m?R? = A (A — d) — s is governed by an effective Euclidean action of the form

Sm2 s [0s] = s!/ %(ps (z,04) (D —m24 . ) s (x,u) + @5 (z,04) Js (x,u) + O (@4) ,
A (3.35)
where the source Js in the cubic interaction term is quadratic in the perturbations. The
... denote terms which depend on the off-shell completion, which we discuss case-by-case
in the sequel.

20For concision we define:

Min{si,s2} Min{s3,s1 —m3} Min{sa—m3,s3—ma}

Z = > > > : (3.33)

m3=n3 ma2=nz mi1=ni

21For earlier works spinning bulk-to-bulk propagators, see [102, 103] by B. Allen for the graviton and
(massive and massless) vector propagators (also [40, 104-107]); for higher spin see [40, 96, 97, 108-113].
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Upon varying the action, the corresponding bulk-to-bulk propagator satisfies an equa-
tion of the form
(Or —m? +..) My, (21;22) = —0M (21, 29) (3.36)

where for convenience we suppressed the index structure, for now. To determine the prop-
agator as a decomposition in harmonic functions, one can consider an ansatz of the form

Hm215 (.%'1, U1;x2, UQ) (3.37)
5/2) s—2k o o
= Z Z/ dv gry (v) (ud)” (ud)" (ur - Vi)' (uz - Vo)l Qu s_op—i (21, ur; 22, us) .
k=0 1=0 v ~°°

The functions g (v) are fixed by requiring that the equation of motion (3.36) is satisfied.
We first review the solution for massive spinning fields before moving on to the massless
case, where one has the additional requirement of gauge invariance.

3.2.1 Massive case

The Lagrangian formulation for freely propagating totally symmetric massive fields of ar-
bitrary spin was first considered by Singh and Hagen in the 70’s [114, 115].22 In order for
the Fierz-Pauli physical state conditions [120-122]

(O- m2) s (z,u) =0, (04 - V) s (x,u) =0, (Oy - Oy) s (x,u) =0, (3.38)

to be recovered upon varying the action, the field content consists of the traceless field g,
and additional traceless auxiliary fields of ranks s —2, s — 3, ..., 0 which vanish on-shell.?3

The complete off-shell form of the free Lagrangian is involved, and is moreover currently
unavailable in its entirety on an AdS background. On the other hand, the terms which
have not yet been identified explicitly are those which vanish on-shell (i.e. the ...in (3.35))
and thus only generate contact terms in exchange amplitudes. The latter are not universal
contributions, as they are highly dependent on the field frame. For our purposes it is

2

therefore not necessary to keep track of such terms,?* and we can solve the following

equation for the massive spin-s bulk-to-bulk propagator
(Dl — m2) Hm275 (1‘1, Uul; xo, UQ) = — {(u1 . 'LLQ)S} (5d+1 (a;l, 1‘2) N (339)

where the notation {e} signifies a traceless projection.
Since in this case the field is traceless, the following ansatz can be considered for the
bulk-to-bulk propagator

s o)
W2 s (21, w13 22, w2) = Z/ dv g (v) (w1 - V1) (wa - Vo) Quy (21, w132, w2)
=07 ">

(3.40)

*2See also [116-119].

23Gee [123, 124] for an alternative formulation of the free massive Lagrangian in terms of curvatures, free
from such auxiliary fields. Their removal, however, comes at the price of introducing non-localities.

24When it is feasible we do keep track of contact terms, such as for the massless case introduced in the
following section.
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where the null auxiliary vectors w? = 0 enforce tracelessness. Substituting into the equation
of motion (3.39), one finds [45]

1
gl(y)_(g—A) +1/2—l+l(d—|—2$—€—1) (341
2 (s—1+1),(¢+s—1— )
Xl!(d+23—2l—1)l(d l—i—zz/) (4 s—l—iu)l.

Before moving on to consider the massless case, let us briefly highlight some generic features
of the propagator (3.40):

e The traceless and transverse part of the propagator (corresponding to [ = 0 in (3.40))

TT > dV
ng’s (x1;m9) = d—291”8 (z1;22), (3.42)
(- A)
is universal, and encodes the exchanged single-particle state of spin-s and mass
m?R%? = A (A —d) —s.
e The remaining contributions from harmonic functions of spin < s (the { > 0 in (3.40))

are purely off-shell, and generate only contact terms in exchange amplitudes.

3.2.2 Massless case

On contrast to the massive case discussed in the previous section, the construction of free
Lagrangians for massless fields is somewhat simplified owing to the additional guidance
provided by gauge invariance.

Recalling that the concept of masslessness in AdS is slightly deformed owing to the
background curvature, requiring gauge invariance of the Fierz-Pauli system (3.38) under
the gauge transformation

deps (z,u) = (u- V) &1 (z,u), (3.43)

fixes A = s+ d — 2 in the mass m?R? = A (A — d) — s. The complete off-shell Lagrangian
form was determined by Fronsdal in the 70’s [125], and reads

s!
Sl(?i))nsdal [(PS] = 5 Ads Ps (xS 6u) Gs (.%'; U) > (344)
d+1

where G, is the corresponding spin-s generalisation of the linearised Einstein tensor

Gs (x;u) = <1 vk 29, -0 ) Fs(x;u,V,0,) s (x,u), (3.45)

with Fj the so-called Fronsdal operator

Folw,u,V,0,) = O —m? — u2(Dy - 0) — (u-V) ((v.au)—;(u-w(au-au)). (3.46)
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The latter is fixed by invariance under linearised spin-s gauge transformations (3.43) with
symmetric and traceless rank s — 1 gauge parameter £_1.2° The Bianchi identity

(04 - V) Gs (z,u) =0 (3.47)
requires that the field ¢, is double-traceless®®
(B - 8)? @5 (2,u) = 0. (3.48)

To determine the bulk-to-bulk propagator one needs to invert the equation of motion with
source

(1 B ilﬂ au : au)]:s (x;u, V, au) Ps (x’u) = _JS ($’ u) ) (3'49)

where from gauge-invariance it follows that .J, is conserved on-shell, (9, - V) Js ~ 0.27 For
tree-level diagrams involving a single exchange, this inversion is independent of the off-shell
gauge fixing of the exchanged field, since the exchanged field couples to on-shell external
legs. In this context, the bulk-to-bulk propagator can be determined disregarding terms
proportional to gradients [96, 97, 112] — both in the equation of motion and in the solution.
To wit, one may solve®®

(01— m?) — u}(0y, < Ouy) ] W (21, u1; 22, u2) (3.52)
1 _
= (1= U 0wy - 0uy) ™ {{(Ul cuz)* 5T (3312)}}7
up to gradient terms. It is then sufficient to make an ansatz that is free from gradient
terms,

[s/2] .o
k k
g (21, u; w2, uz) = Z / dv gy (v) (u)" (u3)" Qu,s—on (1, u1; T2, u2). (3.53)

25 Alternative formulations have been developed which eliminate this algebraic trace constraint on the
gauge parameter, however they come at the price of introducing non-localities [126] or auxiliary fields [96,
127, 128].

26Note that the double-trace of @, is gauge invariant owing to the tracelessness of the gauge parameter.
Forgoing the double-traceless constraint (3.48) without introducing auxiliary fields (apart from deforming
the Bianchi identity (3.47) and thus requiring a modification of the action (3.44)) would lead to the prop-
agation of non-unitary modes, which one may try to kill by imposing appropriate boundary conditions.
This has been shown to be possible in flat space [128] though it is not yet clear if this approach can be
extended to AdS space-times, or if it is compatible with introducing a source. For this reason we stick to
the standard Fronsdal formulation (3.44) with double-trace constraint (3.48).

2T To be more precise, consistency with higher-spin symmetry (3.43) requires that J, has vanishing
double-trace, and moreover is conserved up to pure trace terms,

(Ou - V) Js (z,u) =~ O (u?). (3.50)

As we shall demonstrate explicitly in section 3.4.1 (supplemented by section B), improvement terms (which
do not contribute to on-shell vertices) can be added to the Js such that it is exactly conserved.
2 The symbol {{e}} indicates a double-traceless projection:

(@u-0)* {f(w,2)}} =0, and  {{f(w,2)}} = flu,z) il (9u-0u)*f(u,z) =0. (3.51)

~19 —



Plugging the ansatz into (3.52) fixes the functions g5 (v) [45]

1
(4 +5-2)2+ 02
C(1/2) (s — 2k + 1)op
22K48 Kl (8 45— 2k)k(§ 4+ 5 — k—3/2);
(G+s—2k+i)/2),_, (§+s—2k—i)/2),_,
((§+s—2k+1+i)/2), ((§+s-2k+1-iv)/2),

9s,0 (V) =

(3.54)

s,k (V) =

k #0.

As for the massive propagators in the previous section, the k = 0 term is the traceless and
transverse part of the propagator which encodes the exchanged single-particle state, while
those for k£ > 0 generate purely contact terms in exchange amplitudes.

3.3 CPWE of spinning exchange diagrams

In this section we put together the results of the preceding sections to determine CPWEs
of tree-level four-point exchange Witten diagrams with fields of arbitrary mass and integer
spin on the internal and external legs.

3.3.1 Natural basis of conformal partial waves in AdS/CFT

To this end, it is useful to briefly discuss the integral form (2.20) of spinning conformal
partial waves in terms of the natural AdS/CFT basis (3.26) of three point conformal struc-
tures. Employing this new basis, the spinning conformal partial waves of section 2.2.2 read

WA (yi) + shadow (3.55)
— i 20 [y ([0, (00 O (0))

X [[@A,S(y)oﬁ&% (y3)0A4,54 (y4)H (m) )

where for convenience we repeat here the form of the basis elements (3.26)

[Oa, 51 (41) O 50 (42) Oy 55 ()] ™) (3.56)

3
nipne ns S(i i
Hy " Hy*Hy g~ ni 1 (Y- T+,

d12 023 031 2 (
(412)°12 (y23)°23 (y31)% |25

3 iomy SG4nG-1)
X

2 4 S1—N2—N3\/S2—N3—N1\/S3—N1—N2
H 4q; Yy Y5 Y3

i=1

J(5(i+1)<¢,1)+2ni72)/2 (\/Ez)

In combination with the basis (3.27) of bulk cubic vertices, once the harmonic function
decomposition of a given spinning Witten diagram is known the choice of basis (3.55)
of spinning conformal partial waves makes its CPWE follow almost automatically. We
demonstrate this explicitly in the following section.
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3.3.2 Generic spinning exchange diagram

We consider a generic tree-level four-point exchange of a spin-s field of mass m? between
fields of spin s; and mass m?. This is depicted for the s-channel below,

O&L-_.ﬂ (yl) - &0, / OQ:;,H:; (3}'.‘3}

Odg,sz (yQ) 034,.‘44 (?J’él) (3 57)

At this level the cubic vertices Vs,si,sj are kinematic, and are not constrained by any
consistency condition aside from the necessary requirement of respecting the AdS isometry.
Expanded in the natural basis (3.27), they read

. NN NN, T
V:S‘,Sz‘,sj = E :gsi,sg‘,s Iszwsj,s ) (3.58)

Uz
. . . n;,mj;,n
with arbitrary couplings gs;s;’s -

The harmonic function decomposition follows upon insertion of the massive spin-s
bulk-to-bulk propagator (3.40)

O—\l 51 (yl} Oﬁ; sa (yii} Oﬁ_; 3 {Pi}

Oay s (14) On, s, (Pr)

(3.59)
What remains to determine the CPWE is to evaluate the three-point Witten diagrams
on the r.h.s., which can be carried out seamlessly by employing the tools developed in
section 3.1.

For this generic case we focus on the part of the exchange which encodes the exchanged
single-particle state. These are carried by the traceless and transverse part of the bulk-to-
bulk propagator (3.42), and accordingly we focus on the I = 0 contribution in the harmonic
function decomposition (3.59). The latter is factorised into three-point Witten diagrams
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of the form:

: (3.60)

by virtue of the split representation (3.3) of the harmonic function. The amplitudes (3.60)
can be straightforwardly given in any basis of three-point conformal structures using the
results of section 3.1. However, choosing to expand the couplings (3.58) in the natural
AdS/CFT basis (3.27) of cubic vertices gives the following simple and compact form

Asiet (i yj ) = Y 98 AL -+ (Ui, 95,) (3.61)
= 3 g B0 ) [0 () O, (0) Oy (W)™

where we defined the vectors s = (s;,;,5), n = (n;,n;,n) and 7% = (15,75, 4 £iv — 5).2

Using the integral representation of the conformal partial waves (3.55), one can then
immediately write down the CPWE of the s-channel exchange (3.57)303!

s > dv v
As1,52\5,m2|83784 = - m? A51,2;7'1JT2 (ylv Y2, y) "453,4;7-_,;4 (y37 Y4, y) + .
2
(0.9}
—_ n,m .
- /_ L eam WD )+ (3.62)
with32
d
0w B(sizim;Ty)B(s34;m; m5y) 2m2 T (iv + 1) v
Cn,m (V) = 7 Y9s1 959534 : 2 : ; d ; d . (3'64)
A 1/2—1—(%—A) (zu+s—|—§—1)F(zy+§—1)

This is the contour integral form (2.14) of the conformal partial wave expansion, reviewed

in section 2.2.1. Recall that the functions cym (v) encode the contribution from spin-s

*Tn particular, g§ = g?j;;fsn and Ag.. is the amplitude (3.29) with labels s = (si,55,5), n = (ns,n;,n)

and T = (15,75, % £iv —s).

39Here, s;; = (si,5;,5), Tli] = (15,75, % £iv —s), n = (n1,n2,n) and m = (ms, ma, m).

31The ... denote contact terms generated by the [ > 0 contributions in the harmonic function decompo-
sition (3.59).

32To obtain this expression we used that

an—’i’ﬁsf)/%«f»iufs,s/y%+iufs,s
d/2
2umd/ C%HV’S

B(s3a;m; 73 4) = B(s34; m; 7;4). (3.63)
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operators: a pole at scaling dimension % 4+ iv = X in the lower-half v-plane signifies a
contribution from the conformal multiplet [\, s|, whose residue gives the corresponding
OPE coefficient. Separating out such poles into a function pnm (v),

¢n,m (V) = Cnm (V) Poym (V) , (3.65)
we have
Prm (v) = 3 ~ <2(81+n—n2)+712+T2+8—(§+iu)> r <2(52+n—n1)+T12+72+8—(g—&-iu)>
v2+(5-4)
% T <2(33+mm4)+‘r;+74+s(g+izz)> r (2(54+mm3)+‘r;+74+s(g+i1/)> . (366)

There are two types of contributions, in accord with the standard lore on CPWEs of
Witten diagrams [28, 37, 77, 78, 105, 106, 129-137]:

1. Single-trace: This is the universal contribution to an exchange diagram, correspond-
ing to the exchange of the bulk single-particle state. Accordingly, it is generated
by the pole-factor in the traceless and transverse part of the bulk-to-bulk propaga-
tor (3.42), which carries the propagating degrees of freedom. This translates into a
pole at g—l—iu = A in (3.66), which coincides with the scaling dimension of the spin-s
single-trace operator Oa s that is dual to the exchanged spin-s single-particle state
of mass m?R? = A (A — d) — s in the bulk.

2. Double-trace: The remaining contributions originate from contact terms, arising
from the collision of the two points that are integrated over the entire volume of AdS.
This generates 2-particle states in the bulk, which are dual to double-trace operators
on the conformal boundary. Accordingly, the corresponding poles are encoded in the
factors (3.30) arising from the integration over AdS. In the pole-function (3.66) these
are the origin of the two sets of Gamma function poles (p =0,1,2,3,...)

d . d .
1. §+w —s=T11+7+2(s1+n—n2+p), §+w —s=T11+72+2(s2+n—n1+p)
(3.672)

d d
2. (2—|—iu> —s=734+74+2(s3+m—my+p), (2—|—iy> —s =734+74+2 (s4+m—ms+p),
(3.67b)

corresponding to contributions from the two families [Oa, 5,0y 55]s and [Oag s,
O, .54)s of spin-s double-trace operators, respectively. In the bulk, these correspond
to 2-particle states created, respectively, by ¢s, with ¢,,, and ¢g, with ¢, .

Let us briefly comment on the [ > 0 contributions to the harmonic function decom-
position (3.59). As explained earlier these are purely contact terms, and likewise
generate double-trace contributions [Oa; s; Oy ssl,; and [Oay 530, s,],, to the
CPWE, but of lower spin s — .
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3.4 Spinning exchanges in the type A higher-spin gauge theory

So far our dialogue has not been restricted to any particular theory of spinning fields. In
recent years, a lot of interest has been generated in theories of higher-spin gauge fields,
owing in part to the conjectured duality [138-143] between higher-spin gauge theories on
AdS backgrounds and free CFTs. In this section we apply the tools and results of the
preceding sections to compute all four-point exchange Witten diagrams in the simplest
higher-spin gauge theory for d > 2, which is known as the type A minimal higher-spin
theory expanded about AdSg,; [144].33 This theory is conjectured to be dual to the
(singlet sector of the) free scalar O (N) model in d-dimensions [141, 142].

The spectrum consists of a tower of totally symmetric even spin gauge fields (one for
each even spin s = 2,4,6,...) and a parity even scalar of mass m3R? = —2(d — 2), which
sits in the higher-spin multiplet.

Before moving to the computation of the exchange amplitudes, we first review the
result for the metric-like cubic couplings established in [47].

3.4.1 Off-shell cubic couplings

The off-shell cubic couplings of the type A minimal higher-spin theory on AdS,;y; were
determined in [47], for de Donder gauge.** For tree-level exchanges we only require cou-
plings with a single field — the one that is exchanged — off-shell. For a spin-s field ¢; in
de Donder gauge, its interaction with two on-shell fields of spins s; and s9 reads

1 S S S
Virins = G |1 5 (0= 2 Yi0y) 5,98, | V0105735 (369

X Qs (Xh Ul) Pso (X2a U2) Ps (XSa U3) .

The coupling constants gs, , s, for canonically normalised kinetic terms, are given by [47]

d-3 3d—1+s1+s0+s

1 p T(s+ %54 & [T(si+ 950
98178275_ \/Nr(d—FS

1+s2+s—-3)\ T'(s+1) Pl I(si+1)

(3.69)

The first term in (3.68) is the traceless and transverse part of the vertex, which is non-trivial
on-shell. The second term accounts for the off-shell de Donder field @5, and accordingly is
proportional to its trace.

For the four-point exchange of a spin-s gauge field, we massage the vertices (3.68) into
the form

Vsl,SQ,s (X) = S!Js\shsz (Xv aU) Ps (Xa U) ) (370)

33Gee [31, 37, 45, 47, 145-149] for other results on Witten diagrams in higher-spin gauge theories.

34Note that although the result (3.68) for the complete cubic couplings was fixed using the holographic
duality, it was later verified [53] that the result solves the Noether procedure — i.e. requiring that each
cubic coupling is local, the cubic vertices coincide with those that would be obtained without employing
holography. The result built upon the covariant classification [99, 150-153] of cubic interactions in AdSgy1.
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with the spin-s current Jj bi-linear in s, and ¢s,. This is an exercise of integration

|s1,s2
by parts in ambient space, and gives

min(sy,s2)

Z (72)’C F(81+82+S+d73) F(S1+1) F(82+1 Hg ysl kySQ kyf; 4.

Js k! T(s1+s2+s+d—3—k) I'(s1—k+1) I'(s2—k+1)

[s1,82 —
k=0

(3.71)

where the . .. are terms that constitute the completion with @, off shell, which are reinstated
below. For convenience above we defined the contractions

:)7123}1, yQZ—aUQ‘aXU 373:%8U3'(6X1 _aXz)v 7-[?):aUl 'aUz' (372)

In its present form, the complete current (3.71) is not exactly conserved. Indeed, recall
that for a doubly-traceless Fronsdal field ¢g, higher-spin symmetry at the linearised level
only requires that it is conserved up to traces (cf. footnote 27). On the other hand, as
emphasised in section 3.2.2, the manifest trace form (3.53) of the bulk-to-bulk propagators
requires the use of exactly conserved currents. In appendix B we show the details of how
the current (3.71) can be improved such that it satisfies exact conservation. Here we just
state that it can be attained by taking on-shell non-trivial part of (3.71) and dressing each
term with a differential operator

[s/2]
HEVTF YRRy o Z o) (95, )" (0, | HEVPTR YRS, (3.13)
where )
al®) — (1) LI@+h—s1—s2—§4n) (3.74)

2 E F(3+k—81—82—%)

3.4.2 Four-point exchange diagrams

Consider the four-point exchange of a spin-s gauge field between gauge fields of spin s;
in the s-channel. The manifest trace form of the bulk-to-bulk propagator (3.53) gives the
harmonic function decomposition

T (ya) T 1) 400 4w Tsq (¥3)

Toi (ya) Tsy (2) Taa (ya)

(3.75)
where the operator J;, is the spin-s; conserved current in the free scalar O (V) model dual
to the spin-s; gauge field g, in the bulk. The notation J (k) denotes the k-th trace of the
conserved current J, which arise from the trace structure of the bulk-to-bulk propagator
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contact terms. The explicit form of J is given in section 3.4.1, while its k-th trace is derived
in section C.
To determine the CPWE, we therefore need to evaluate three-point Witten diagrams

of the form,
Ogims—zk (ZU)

d H
5 +ivs -2k |

: (3.76)

which, employing the tools introduced in section 3.1 entails expressing the cubic couplings
in the basis (3.27).

We focus first on the & = 0 contribution, which encodes the exchanged single-particle
state. As we saw for the massive exchanges in section 3.3.2, this is generated by the
traceless and transverse part of the bulk-to-bulk propagator (3.53). Accordingly, only the
on-shell non-trivial (traceless and transverse) part of the cubic couplings (3.68) contribute,
whose explicit form we give here for convenience:

VI (X) = 051,60, V5 V52 V50, (X1, Un) @s, (X2, Ua) s (X3, Us) .y (3.77)

Nicely, this is already in the natural AdS/CFT basis (3.27) and the amplitudes (3.76) for
k = 0 can be immediately written down by employing the result (3.29)

As;‘ri (yia Yj, y) = Ys;,s5,8 B (S; 0; T) [[jsz (yl) jsj (y]) O%:l:il/,s (y)]]ov (378)

where here 7% = (d —2,d — 2,4 £iv — s) and n = (0,0,0).

Following the discussion of section 3.3.2 for the generic case, one then obtains that the
k = 0 term in the harmonic function decomposition (3.75) of the exchange diagram yields
the following contributions to its CPWE

Ao = [ GO WES () 4. (3.79)

5+iv,s
with
d
B(s12;0; 71)B(s34;0; 77T) or2~Ir (iv+1)v

, (3.80
P4 (s+9-27 (wrs+§-1I(v+g-1) (3.80)

s (v) = —Gs1,52,5s3,54,5

where the pole function (3.66) in this case is given by

+d—2)+s— d-f—ll/ so+d—2)+s— Q-‘,—’LV
ps (v) = ! 5[ <2(Sl 2)2 (2 >> r (2( 2 2)2 (2 )> (3.81)
2 d_ 9

< T (2(33+d2)42rs(g+iu)> r <2(S4+d2)+s(g+iy)) .

2

In the following we discuss in detail the particular contributions.
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Single-trace. In line with the discussion of the generic case in section 3.3.2, the pole
factor in the traceless and transverse part of the bulk-to-bulk propagator (3.53) generates
a pole in (3.81) at ¢ +iv = s+ d — 2, which is the scaling dimension of the dual spin-s
conserved current J in the free scalar O (V) model.

Furthermore, notice that for 4 +iv = s+d—2 the three-point conformal structure gener-
ated by the k = 0 amplitude (3.78) coincides with the three-point conserved structure (2.28)
in free scalar theories. The corresponding spin-s conformal partial wave thus coincides with
the conserved conformal partial wave Wg£?52\8|53,54 in the set (2.25), which represents the
contribution from the conserved operator J, to the four-point function (Js, Js, Js; Js,) i
free scalar theories.

With the result (2.29) of all single-trace conserved current OPE coefficients in free
scalar theories, in this case we can confirm the standard expectation that the single-trace
contribution to an exchange Witten diagram coincides with the contribution from the same
single-trace operator in the CPWE of the dual CFT four-point function, when expanded
in the same channel. Indeed, using that [47, 53]

B(sij;O;d—2,d—2,d—2)

gsi,S',S = st'js'js (382)
’ \/Csi+d—2,sicsj+d—2,sj Cs—i—d—?,s A

we have (closing the contour in the lower-half v-plane)

. 0,0 d | - A 0,0
- amies [CS I Wa'py, i) g +iv=s+d- 2] = €7, 5037 71,3, W sl suss W)
(3.83)
as expected.

Double-trace. As usual these originate from contact terms in the & = 0 part of the
exchange. In this case the two sets of Gamma function poles in (3.81)

1. <g+iz/)—s—2(d—2)+2(p+sl), <;l+iu>—s—2(d—2)+2(p+sz), (3.84a)

2. <g+iu) —5s=2(d—2)+2(p+s3), <;i+i1/) —s=2(d—-2)+2(p+s1), (3.84b)

with p = 0,1,2,3,..., correspond to contributions from the two families [7;, Js,], and
[Jss Ts.), of spin-s double-trace operators built from single-trace conserved currents.

k > 0 contributions. Similarly, being contact, the & > 0 contributions to the CPWE of
the exchange (3.75) are from double-trace operators [Ty, Js,], o5 and [T, Ts,], o of lower
spin s — 2k. The result for the corresponding three-point Witten diagrams (3.76) for k > 0
is a lot more involved, as it requires to compute the k-th trace of the currents Ji\?i,s,-' We
show explicitly how the latter are computed in section C, from which the results for the
corresponding three-point Witten diagrams (3.76) are given immediately from the results

of section 3.1. This gives the CPWE of the k£ > 0 contributions via (3.75).

35Here we divide by the normalisation of the bulk-to-boundary propagators (3.12) to give unit normali-
sation to the dual single-trace operator two point functions (3.13).
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We point out that there are simplifications for particular combinations of the external
spins, such as for a single spinning external field (e.g. s1-0-0-0) and also for a single spinning
external field either side of the exchange (e.g. s1-0-s3-0 in the s-channel), where the three-
point bulk integrals for k£ > 0 are of the same type as in the k = 0 case.

Note that in AdS, (the case relevant for the duality with the critical O (V) model)
the current-type interactions Jy,, ,, are traceless via improvements, and so the & > 0
contributions are vanishing.
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A Conventions, notations and ambient space

In this work we employ the same conventions as in [47], which we very briefly review here
for completeness. For more details on the ambient space formalism, see for instance [99,
154, 155].

The ambient formalism is an indispensable framework for computations in AdSgy;
space. In this context, the latter is viewed as a hyperboloid embedded in an ambient
(d + 2)-dimensional Minkowski space

X*+R*=0, X°>o0, (A1)

where R is the AdS radius. In ambient light-cone coordinates (X, X, X?) with X? =
—X*tX~ 4 6;;X"X7, the solution of the constraints (A.1) in the Poincaré co-ordinates
xh = (z, yi) is given by

R .
(1,22 + 9% 9"). (A.2)

X4==

z
Bulk fields. In order to obtain a one-to-one correspondence between fields on AdS and
those living in the higher-dimensional flat ambient space, one imposes constraints with
defining the ambient space extensions of the AdSy; fields [108]. Such restrictions are usu-
ally given as homogeneity and tangentiality constraints. Employing a generating function
formalism with intrinsic and ambient auxiliary vectors u# and U4, a symmetric rank-s

tensor g (z,u) intrinsic to the AdS manifold is represented in ambient space by

1 1
s (z,u) = ;9%1“.#3(33)““1 utt s (X, U) = a1 gpAl,._As(X)UAl L UAs (A.3)

subject to the following homogeneity and tangentiality conditions

(X -0x — A)ps(X,U) =0, (X - 9) s(X,U) = 0. (A.4)
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Nicely, the conditions (A.4) imply that on-shell

83(90141-..143 =0, (A5)

for the ambient representative of the AdS field o, of mass m?R? = A (A —d) — s.

Let us stress that in imposing tangentiality and homogeneity conditions (A.4) one is
implicitly extending the AdS field to the full ambient space, where X2 plays the role of the
radial coordinate. This formalism is different from the manifestly intrinsic formalism (for
instance used in [40]) where one never moves away from the AdS manifold X? = —R2.

The ambient representative of the AdS covariant derivative V, takes the simple form

0
_ pB
VA—PAaXB, (AG)
and acts via
V=PodoP. (A.7)
Boundary fields. The boundary of AdS,,1 is identified with the null rays
P =0, P~ XP, \#0, (A.8)

where P gives the ambient space embedding of the CFT coordinate 3°. It is convenient to
introduce the boundary analog of the auxiliary variables U4, which we refer to as Z4 (y)
and extend to ambient space the null CFT auxiliary variable z‘. Working in light cone
coordinates P4 = (P+, P~, P'), with the gauge choice Pt = 1 one has

PAy)=(Ly*y')  and  Z%y) =(0,2y-z,2"). (A.9)

A symmetric rank-s boundary operator Oa s of scaling dimension A is represented by:°

1 1
Ons(y,2) = gommus (y) 2"zt = Oas(PZ) = ;OAL--AS (P) 741 . 74s ,
' ' (A.10)
where
(P-0p—A)Oas(P,Z) =0, (P-0z)0as(P,Z)=0, (A.11)
and, being restricted to the null cone (A.8), there is an extra redundancy
Ony..A.(P) = Oay.a,(P)+ Pa, Mg, 4, (A.12)
PAlAAl-..As—1 =0, AAl-nAs—l()\P) = >‘7(A+1)AA1-..AS—1(P)7 77A1A2AA1...A3_1 =0.
(A.13)

36Note that here z denotes the auxiliary vector 2z and should not be confused with the radial Poincaré
co-ordinate in (A.2).
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B The improved current

In this appendix we detail the improvement of the higher-spin currents (3.71) to make them
exactly conserved. We begin with the traceless and transverse part of the current,

min(s1,s2)
N Z (=2)F T(s14sa+s3+d—3) T(s14+1) T(sa+1) s1—kyso—k
JS3‘81,82 - k! F(81+82+53+d7371€) F(S17k+l) F(SQ k+l H?’ y y y <B1)
k=0

On-shell, each monomial in the above is conserved. One can therefore study the structure
of the required improvements with 3 off-shell for a given monomial

FB = HEVP YRy (B.2)

The combination of different monomials in (B.1) above is necessary to achieve on-shell
gauge invariance with respect to ¢ and @9 which can be easily verified explicitly (see
e.g. [99]).

In order to proceed to find the conserved improvement, the doubly-traceless condition
on 3 together with the traceless condition on the corresponding gauge parameter needs to
be dropped. Not doing so would only recover a current whose traceless part is conserved.
We hence consider the following ansatz for the improvement, dressing each monomial (B.2)
with trace operators

[s3/2]
FS(ﬁ)SQ,SS = Z Oé 82 )n f§f,)82,837 (B3)

where the derivative with respect to Vs accounts for the fact that taking the trace lowers
the spin. The coefficients a%k) in the ansatz (B.3) are fixed by requiring gauge invariance

of the vertex with 3 off-shell and with traceless gauge parameter &3

/dX (Us - V3&) FF), o100 =0. (B.4)

In the above the fields ¢ and @9 are on-shell, while the integral sign (which in the following
will be omitted for ease of notation) implies that the above identity holds modulo total
derivatives.

Employing the explicit form of the gradient operator:

Us - X3

Us- Vs =Us - Ox, — —52
3

(X3-0xy, —Us - 0y,) , (B.5)

we arrive to the following conservation condition:

3 [2(n +1)a®) —LaPd+2(s) + 55—k —n) — 4]} (02,)" F ), o, (03,00, - 0x, = 0,

n=0
(B.6)
which leads to the solution for a%k) in the form
a(k):<1>2n1F(3+k—81—82—g+n). (B.7)
" 2 n! F(3+k*81*52*%)
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C Trace of the currents

In order to evaluate the current exchange (3.75) with the manifest trace form of the prop-
agator (3.53), we are required to compute the n-th trace of the exactly conserved current
derived in the previous section. The process can be simplified by noting that in the present
context the traces are contracted with harmonic functions, where we encounter terms of
the form

(a%S)nfgf,)sg,sg (agg)n(ug)q QMSB*QQ (Cl)

Us=0"
where u?,) is the intrinsic symmetrised metric tensor written in generating function form,
which can be re-expressed in the ambient formalism as

Us - XalUs - X
u%:Ug—%,
3

(C.2)

To evaluate the trace one commutes the Us contained in the (u%)q to the far left hand
side, where the condition Us = 0 can be applied. We first commute the u% past the 8(2]3,
which, employing the tracelessness of the harmonic functions, reads

n —n n T(n—q) T(—2+n+q—s3+4
(31213) (ug)qﬂv,&zﬂq - A%(“%)q Quss—2q, Af = 2? l—‘((—q%) E“(Eg-s—qis;-é;)' (C.3)

What remains is to evaluate terms of the form

2 \n g(k 2\qg—n
(8)73) f§17)52,53(u3)q QV:SS_QQ U3:0. (C4)
To this end, it is useful split Vs as®’
- 1
V3 = 3 (V31 — Va2), Va1 = Oy, - Oxy, V31 = Oy, - Ox,, (C.5)

and express any function of Y3 instead in terms of V31 and Va;. In this way, the action of
some operator g (373) on ug can be expressed in the form

g (:)73) u? = (a)/}lavm + 8}4}28‘/32) g (V317 ‘/32) ) (CG)

Us=0

from which follows the general formula

g (¥s) u3

= {2 [0x1 - O0x; + X1 - Ox, Xo - 9x,] Oviy vy
Us=0
+ X1 - 0x, (X1 - Ox, — 1)8‘2/31 + X5 - 0x, (X2 - Ox, — 1)8‘2/32}9 (V31,Va2) , (C.7)

which can be iteratively applied to evaluate the traces in (C.4). Now, since each current
in the exchange is to be integrated over AdS, we can evaluate the above terms up to
integrations by parts using

X7 - (9)(1 = —(d — 2+ 57185;1 + 5)26372 + V318V31 + Q38Q3) , (C.S)
Xs - 6X2 = *(d -2+ 3718371 + 3728)72 + V328V32 + Qg@QS), (C.g)

3"Note that in fact Vi1 = Y3, but for ease of notation in this section we employ the labelling V3;.
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where
1
Q3 = _i(Xl -8)(1 + X - 0X1 + Az + d)(Xl '8)(1 + X1 '8)(1 — Ag), (C.lO)

and Az = g +iv.
After evaluating the action of the above operators one can integrate by parts to obtain
an expression for the final form of the trace terms (C.1) in the form

min(s1,s2)

(k) 2k
J53\51732 'Hgiiu,sg—% = Z 553|31 SQ’Hmysl mysz myss ’ (C.ll)

A3y, 9vy Vi — V3 and Vag —

—Y3+ Oy, - Ox, = —)Y3, where in the latter equality we used that the harmonic function is

where, via integration by parts, we replaced Vo — e

divergenceless. See [47, 99] for (in-context) reviews of integration by parts in the ambient
space formalism, where in particular the parameter A and its use is defined.
Equation (3.18) gives the three-point amplitude (3.76) generated by (C.11).

D Seed bulk integrals

Our approach to evaluate spinning three-point Witten diagrams is underpinned by their
differential relationship (3.11) with basic seed diagrams with external scalars [100]. The
latter is the basic ingredient from which our results are generated, which we briefly review
here.

It is useful to employ the Schwinger-parameterised form for the propagator [156, 157]

Cao [ dt .
Ka (X;P) = F(A)/O 7tAeZ‘tPX, (D.1)

which results in

A8887—1 S (P17P2, P3) — /0 H (FC(AAO) Cit; #Ai ) /Ads dX62(t1P1+t2P2+t3P3)-X‘ (D.2)

i=

The integration over AdS is then straightforward to perform, and yields (see e.g. box 5.2
n [155])

[

(dtZtAl) / ngQ(t1P1+t2P2+t3P3)'X (Dg)
1 AdS

7
3
_ ﬂ_%r _d "'I_ lel A’L / H <dt t > ( t1t2P12—t1t3P13—t2t3P23),
2 ) t

i=1
where P;; = —2P; - P;. Through the change of variables,

momn mim mi1m
_ Iy 37 ty = [my 37 ty = [my 27 (D.4)
mi ma ms3
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we then obtain the final result:

AD00 (P1, Py, P3) (D.5)

0,0,0;71,72,73
Z )

d 3
_ 2 —d + Zz 1 A
-5r(- s
° 3/ dm; /2
1 7,+1)(z 1)
XA H(ml )“P iPlsn-)

=1

where 7 = ¢+ 3 and A LA A
i T ARGy — A1
Sifis) = (2> Gk (D.6)

The standard three-point conformal structure for scalar operators is obtained from (D.5)

using the integral representation of the Gamma function

1
0,0,0 .
A0,070§717T2,T3 (P17 Py, P3) =C (Al’ A2’ A3’ 0) A1+A3—Ag  Ag+A3—A;  Aj+Ag—Ag (D7)
Py 2 Py 2 P, 2
where explicitly
C (A1, Az, A3;0) (D.8)
1 —d+ 32 A
= §7r%1“ <+%Z“) Cn1,008,,0CA3,0

T (A1+A22—A3) T (A1+A23—A2) T (A2+A23—A1)
(A1) T (A2) T (As)
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