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1 Introduction

Witten diagrams [1] provide us with the means for calculating correlation functions [2] of
strongly coupled conformal field theories with a gravity dual [3, 4]. However, in spite of
significant progress [5-8], such calculations are in general quite cumbersome to perform. As
it stands, the state of the art is the computation of four point functions involving different
kinds of exchanged fields in type IIB supergravity! [12-15], and a stress-tensor three point
function [16]. The latter constitutes an especially heroic effort, due to the complicated
tensor structures required for conformal invariance of the three-point function [17, 18].

Such calculations are usually performed in coordinate space. An obvious question is
whether changing basis could lead to simplifications. The first guess is momentum space,
but this doesn’t lead to any major simplifications - perhaps the reason is simply that such
a transformation does not take into account the symmetries of AdS space, but only of its
boundary. As it turns out that a more appropriate basis does exist: instead of the Fourier
transform one should really be working with the Mellin transform [19-21]

The Mellin transform is very natural from a conformal field theory perspective. To see
this consider the four-point function of a scalar fields O; of conformal dimension A;. By
using the OPE in the 12 channel say, we can write

<OA1($1)0A1($2)0A1($3)0A1(x4)>
:/dcg<12><34>(c)/ddx (O@1)0(22)bpre () (Sn_o(2)O(23)O(2)) + ... (1.1)

21

where the ... represent contributions of fields with spin appearing in the OPE, ¢p4. is a
scalar field of unphysical dimension h =+ ¢, and ¢g(12)(3%) (c) contains the information about
which scalar fields appear in the OPE, through its pole structure. The three point functions
appearing above are uniquely fixed by conformal symmetry, say

3 ~

(O, (21)On, (22)Ony (7)) = Cayag.ay | [ (@i — 25) 722 (1.2)

i<j

with e.g. Ajp = 3(A1 4 Ay — Ag) and Ca, a,,n, is a constant which contains information
about the dynamics. Therefore the integral becomes

d
(O(21)O(2)O(3)O(24)) = / € 006D () On, py hieCiydnhe

27

4
(xl _ $2)—(A1+A2—(h+c))($3 _ $4)—(A3+A4—(h+c)) /dde‘H(l‘ _ :L'Z')_(Si +... (1‘3)

i=1

with
1 1
51:§(A1+h+C—A2), 52:§(A2+h+C—A1),

1 1
03 = §(A3+h—C—A4)a b2 = §(A4+h_C_A3)’ (1.4)

!See also the works [9-11] where correlators of currents are calculated in certain limits.



To perform the x integral in (1.3) the standard procedure is to introduce Schwinger
parameters to exponentiate the denominators. The = integration becomes trivial, and the
Schwinger integrations can be performed via Symanzik’s star formula [22], as we discuss in
appendix B. The net result is that

4 4
% /ddxH(az _ $i)_5iF(6i) = /d5ij HF(&])(% - :Ej)_25ij (1.5)
i=1

i<j

where the n(n — 3)/2 independent parameters §;; satisfy the constraints 3, £ dij = 0;.
In this way, we have passed from integrations in coordinate space to integrations in the
Mellin space.

Generically, any conformal field theory correlation function of scalars with dimensions
A; can be written in the Mellin representation as [19]:

N - Y
A(.%'l, o, . .. ,.,”Un) =T /ddw M((SZJ) HF(%)(% — xj) 26”. (1.6)
(27‘1’2) 3n(n=3) i<j

The normalization constant N will be fixed later. The object M (d;;) is the Mellin ampli-
tude, which depends on a set of n(n — 3)/2 parameters d;; equal in number to the number
of independent cross-ratios.? These parameters satisfy the constraints

d by =0i  6i=0 (1.7)
J

which may be solved by introducing a set of d-dimensional vectors k; satisfying
k=N, D k=0 (1.8)
i

in terms of which 6;; = k; - k;. It is also useful to introduce the “Mandelstam invariants”

P 2 P
Sivig..ip = — (Z k‘m) =3 A, =2 b (1.9)
m=1 m=1 1, <1p
which imply for instance s;; = —(k; + kj)Q =0+ A — 25,

Mellin amplitudes have very simple analytic properties. The scalar four-point function
for instance, has an infinite set of simple poles in the s-channel at s10 = A — s + 2n,
where Ay, si are the conformal dimension and spin respectively of a field appearing in the
OPE, and n is a positive integer. The residues of the satellite poles, that is those with
n # 0, are completely fixed by conformal symmetry in terms of the leading n = 0 pole.
Further, validity of the OPE requires factorisation: the residue of the leading pole splits
into the product of two factors, one pertaining only to fields 12 and the other to fields 34.

In the paper [21], the Mellin formalism was used to study CFT correlation functions
computed in the AdS/CFT context, with promising results. For instance, contact interac-
tions have simply polynomials as their Mellin amplitudes, in contrast to the complicated

2As long as this number is smaller than n x d, the number of maximally independent components of
n-dimensional vectors.



D-functions which appear in coordinate space. Even the dreaded stress-tensor exchange
diagram reduces to a simple rational function for the case of minimally coupled mass-
less scalars. The simple analytic properties of Mellin amplitudes also make clear which
operators are propagating throughout a given Witten diagram: double-trace operators
corresponding to the fusion of external legs are captured by the explicit gamma func-
tions in the Mellin representation, whereas single-trace operators and their descendants
corresponding to internal lines or bulk-to-bulk propagators, appear as simple poles of the
Mellin amplitude,.

In this paper we continue to investigate the properties of AdS/CFT correlation func-
tions in the Mellin representation. We shall do this on two fronts. Firstly by evaluating
higher point amplitudes in purely scalar theory, that is, where no other fields other than
scalars propagate in a Witten diagram. Secondly by computing correlation functions of
operators with spin such as currents and stress-tensors. In both cases it will be invalu-
able to use the embedding formalism [23-25]. The main idea is to think of AdSy.1 space
as embedded in flat Minkowski space Mg o, with metric . AdS coordinate vectors
XM satisfy X - X = —R? whereas AdS boundary coordinates PM are defined by P% = 0,
P~ aP,a> 0. With the two-pronged approach of using embedding formalism and Mellin
transforms, the computation of correlation functions simplifies dramatically.

1.1 Summary of results

An intriguing possibility raised by the work of [21] is the existence of Feynman rules for
Mellin amplitudes. Indeed, the Mellin amplitude for a scalar four point function in ¢3
theory takes the simple form

+oo V2 V2 V2

Amn An Amn
M ~ ? 2 d 1.10
4 7;)(Slg—A—2n+813—A—2TL+814—A—2n) ( )

The vertex Va , essentially describes the three point function of two scalars and a descen-
dant field at level n. The above is remarkably similar to a flat space scattering amplitude,
and indeed it becomes one for high enough energies as compared to the dimensions A.
In this work we shall present strong evidence that at least for scalar theory, it is possible
to write down a set of Feynman rules for Mellin amplitudes. More precisely, we compute
5-pt, 6-pt and even a 12-pt diagram in scalar theory and check that the rules hold. These
calculations also allow us to read off the vertices V' when more than one descendant fields
are involved. In ¢? theory we need at least three internal lines (bulk-to-bulk propaga-
tors) to see three descendant fields interacting, and in ¢* theory we need four such lines.
Our computations are consistent with the existence of a set of Feynman rules for Mellin
diagrams, which are given in the following.

Conjecture (Feynman rules for Mellin amplitudes). Consider a tree-level Witten
diagram involving only scalar fields, consisting of a set of external (bulk to boundary)
and internal (bulk to bulk) lines, and vertices connecting them. The corresponding Mellin
amplitude is constructed as follows:



e 7o every line associate momentum k;. Momentum of external lines satisfy —k? = A;.
Momentum conservation must hold for the whole amplitude, and at every vertex.

o To every internal line corresponding to a scalar of conformal dimension 0y, assign
an integer ny and a propagator:

1 -1

1.11
2nj!F(1 + 5j + nj — h) +k]2~ + ((SJ + 2nj) ( )

o In g™ ¢™ theory, the vertex connecting lines with dimension A;, integers n;, is given
by

A — 2R\ (1
Vs = (25 (H (1=h+ A»m) (1.12)

=1

o (S A —2h
P )(21—12,{—nl,...,—nm},{1+A1—h,...,1+Am—h};1,...,1>

(m)

where (a)y, is the Pochhammer symbol and F, is the Lauricella function of m

variables®
o The Mellin amplitude is obtained by summing over all non-zero integer n;.

If this conjecture is correct, then correlation functions in the purely scalar sector are
completely solved at tree level (other kinds of interactions, such as those including deriva-
tives, can be easily included [21]). A proof of these rules will require a better understanding
of how lower-point Mellin amplitudes are combined into higher point ones.

An important result in this work, is a simplified formalism for the calculation of corre-
lation functions of objects with indices, such as currents and stress-tensors. We shall find
that the bulk to boundary propagators of these objects can be written as certain differential
operators DM4 acting on scalar propagators. For instance the three-point current Mellin

M1 M2 Ms
M,

amplitude may be written schematically as

MéwlMgMg — DMlAlDM2A2DM3A3MA1A2A3' (113)

The D operators act as projectors, taking the reduced Mellin amplitude M onto a confor-
mally invariant subspace. As such, the reduced Mellin amplitude M is dramatically simpler
then the full amplitude. In particular its tensorial structure is essentially the same one that
would appear in a flat space scattering amplitude, upon certain identifications. This sim-
plification holds for arbitrary n-point functions, of fields with arbitrary spin. In particular,
in this paper we shall carry out as an example the calculation of a four-current Witten
diagram involving current exchange in Yang-Mills theory. With some more work, the four-
point function of the stress-tensor should be obtainable, since the difficulties involved are
essentially the same that are involved in a flat space scattering calculation.

3The definition is given in equation (4.23). Also, see references [26-28].



The usage of the embedding formalism also clarifies the requirements of conformal
invariance. Consider for instance the current three-point amplitude,

(JM(P) T2 (Pr) M () (1.14)

where all PiMi are d+ 2 dimensional vectors which square to zero. To get the d-dimensional
amplitude we must pull back the M; indices to p indices in d dimensions. This only makes
sense if the M; indices are transverse [24] , that is, if:

Py v, {TMY(Py) T2 (Py) M3 (Ps)) = 0 (1.15)

for any ¢. This requirement strongly constrains the form of the amplitude. There are

M M,
xMe_ (B b (1.16)
i PP, PP

essentially two building blocks

M; - M;

P pt
MMy — MMy 0 T 1.17
U Bop, (1.17)

which satisfy PMkXi]yk = PMiIMiM' = PM].IMZ'MJ' = 0. From these we can construct the
tensorial structure of any conformally invariant amplitude. In our example, we find that

the amplitude must take the form
IM1M2
(JM(P)JM2 (Py) JMs (P3) ) o aX s X2 XM 4 p <Xg3Pl-P2 + perms) (1.18)
which is correct [18]. However, the reasoning is more general, and it applies to any n-point
amplitude of any integer spin field.

The layout of this paper is as follows. In the next section we set up our formalism,
describing in detail the embedding formalism, and the form of the bulk-to-bulk and bulk-to-
boundary propagators that will be used throughout the paper. In section 3 we review some
of the results of [21], computing the Mellin amplitude corresponding to a scalar four-point
function in ¢® theory. This will serve as the starting point and motivation for computing
higher point amplitudes, in the quest to understand whether Mellin amplitudes can be
described by a set of Feynman rules. In sections 4 and 5 we compute five and six-point
amplitudes respectively. The form of the amplitudes is consistent with the Feynman rules
we described previously, and we read off the general cubic vertex involving three descendant
fields, given in terms of the Lauricella function of three arguments. In section 7 we turn our
attention to correlators of spin-1 fields. We start by reproducing in a much simpler fashion
several computations which have appeared previously in the literature: namely correlators
(JOO),(JJJ) and a current exchange diagram in scalar theory. Putting all the ingredients
together we are able to explicitly compute a current 4-point function. We finish with a
brief discussion of our results and prospects for future work.

Note Added. While this work was being completed, we became aware of the work of [29]
which partially overlap with some of our results. We thank the authors for granting us
access to an early version of their manuscript.



2 Preliminaries

2.1 Embedding formalism

Throughout this paper we shall make strong use of the embedding formalism. In this
formalism, AdS411 space is seen as a curved surface embedded in flat Minkowski space
Mgyo. The Minkowski space metric is denoted 7™, and it is written as

ds? = —dXTdX ™ + §ppd X™dX ™. (2.1)

That is, we describe the first two directions with lightcone coordinates. AdS coordinate
vectors XM satisfy X - X = —R? whereas AdS boundary coordinates PM are defined by
P? = 0. We are also free to perform rescalings P — aP,a > 0, and as such amplitudes
M (P;) satisfying conformal invariance should also scale: M(P;) — o®M for some A. To
fix notation we choose

e P, - fixed boundary points.
e (); - boundary points integrated over.
e X, - AdS bulk coordinate.

We will also set throughout the rest of this paper the AdS radius to one. Dependence on
this quantity can be recovered by dimensional analysis. Useful parameterizations of AdS
and its boundary are

1
XA(2%) = ;0(17333 +atat),  PMat) = (L y). (2.2)

where z* is a d-dimensional vector and x? = x#x,. In this way we have for instance:

Py = —2P;- Py = (y; — y;)* (2.3)
—2P - X = i(xg + (z —y)?). (2.4)

T
Objects with indices T, are tensors in AdS if they satisfy X417y, = 0 [24, 30]. To
implement this transversality condition one may use the projector

UAB = pAB 1 XAXB, (2.5)

It is also useful to know how to write such d + 2 tensors in terms of d-dimensional ones. In
other words, we need to be able to pull-back M indices to u indices, and this is achieved
by use of the objects

_ 8PM(y“) M

- _OXM ()
) ARG A

G (P) (xX) == (26)

Because of the constraints X? = —1, P? = 0, we necessarily have (,,(P)-P = p4(X)-X = 0.
Using the parameterization of AdS and its boundary given in (2.2), we find the following



Figure 1. A Witten diagram involving scalar fields.

useful identities:

Gy) - PWY) =Y — Yus (2.7a)

Cu(y) - X(z) = —O(a:“ Yu), (2.7b)
—x 2 :1?2

o) P(y) = 5o (2.70

ou(z) - Ply) = mi(yﬂ ;) (2.7d

In the following we will label indices that are to be contracted with (;)4 as M,N,P,...,
whereas “AdS” indices will be labelled A, B,C'.... This provides a practical distinction
between boundary and bulk indices, although in the embedding formalism no such distinc-
tion exists.

2.2 Boundary-bulk propagators

In the AdS/CFT correspondence, conformal correlation functions can be calculated via
Witten diagrams [1]. A typical diagram is shown in figure 1.

Such a diagram is made up of three ingredients, namely external lines which connect
to the boundary of AdS, internal lines, and vertices. The vertices are simple to write
down and are easy to read off from the gravitational lagrangian. External lines are bulk-
to-boundary propagators, propagating some field perturbation inserted on the boundary
into the bulk, and internal lines are bulk-to-bulk propagators. To compute the amplitude
we write down a propagator for each line, and integrate over all possible positions of the
interaction vertices. In the following we shall give expressions for these propagators in the
embedding formalism. Consider first the case where the perturbation corresponds to a



scalar operator of conformal dimension A;. Then the propagator can be written as

T (2P - X)AL T 2rhT(1+ Ay —h) Syt ‘ '

Here i is shorthand notation for denoting the field in question and its conformal dimension,

and the constants are
I'(A;)

T onD(1+ A — h)’

It is easy to check using our expression (2.4) that this reduces to the usual bulk-to-boundary

h=d/2. (2.9)

propagator

A
Zo
E(PX)~ (- ) . 2.10
P = () (240
However, the most convenient expression to use is the Schwinger parameterized form ap-
pearing on the right of (2.8), and this will be the one we will be using throughout this paper.

Now consider the bulk-to-boundary propagator of a spin-1 field. Such a propagator
takes the form:*

EMA(P,X) = ! /m Wi gara eirx (2.11)
E ’ 27 T(1 + Ay — h) Sy t; ¢ ' '

That is, it is given by the product of some tensor structure, to propagate indices, and the
scalar propagator of a field of dimension A;. For a Yang-Mills field we will have A; = d—1,
but we shall keep it arbitrary for now. Requiring transversality of the tensor structure both
in AdS and at its boundary fixes JM4:

PAXM
Py = gMAX =0 = JMA=pMA- (2.12)

P-X
The tensor JM4 is a projector, as may be easily checked. It serves the two-fold purpose
of making transverse in X objects which contract it on the right, and transverse in P
objects which contract it on the left. The reader may check that the propagator written
above reduces to the right one for a spin-one field upon the use of the identities (2.7). In

JMA e can write down the bulk-to-boundary propagator for a field of any

fact, using
spin - we just multiply several J™4 together and symmetrize appropriately its indices to
get the right representation. In particular we can do this to obtain the bulk-to-boundary
propagator of the graviton. Before we do this however, we notice that there is an alternative

representation of the propagator which will be very useful by using the identity:

dt APAXM opx dt A (=2%) jaym 2px
— “ = [ —t7—P°X ’ 2.1
/t P.X © /t A © (2.13)
dt A P* 9 ypx
= [ S 2 2.14
/t AoPM© (2.14)
we can write EMA(P, X) = DMAFE; (P, X) with the operator
1 0 1
DN =pMA 4 ZPA = pMA L PGy, 2.1

4Our normalization differs from that of [7] by a factor of d — 1.



Similarly, for the spin-2 case, we can also write the bulk-to-boundary propagator in terms
of an operator acting on the scalar propagator:

E}MRAB (P X) = DyRM AP (P, X), (2.16)
1 PAl PA2
Dé\j[AszhAZ — AL Mads N (P4 PA20y, +1 < 2) + m8M18M2

Once again, in applications we should take A = d in the above.

2.3 Bulk-to-bulk propagators

Next we consider the bulk-to-bulk propagators. These are associated with internal lines in
Witten diagrams. For ease of notation, we will henceforth denote the conformal dimension
of fields propagating in these internal lines by a lower case §, and dimensions of fields on
external lines by a capital A. Then, for a scalar field of dimension J, the bulk-to-bulk
propagator Gpp(X,Y) can be written in the embedding formalism as

T de — s
Gpp(X1,X2) = / 27rZ,f(m(c)/a dQ/d2SC 2@ XF25Q Y (2.17)
—ico AdS
with . ) ds ds
s as
= d2s, = — ——ghtegh—c 2.18
J50le) = 5 = A (=)’ =T ¢ (2.18)

It is remarkable that this can be seen as the product of two boundary to bulk propagators
of states with unphysical conformal dimensions h=+c, glued together by the integration over
the boundary point @ and over ¢. Bulk to bulk propagators of fields with spin will have
the same structure as we shall see shortly. The fact that the dependence of the propagator
on X and Y factorises simplifies calculations a great deal, since then an n-point amplitude
can be obtained by appropriately gluing lower-point amplitudes. In particular, this allows
one to ultimately reduce an n-point amplitudes to a gluing of three point amplitudes,
analogously to (but not quite) BCFW [31] recursion relations.

The bulk-to-bulk propagator for a spin-one field is written in a similar fashion to the
spin-zero case [32]:

GEB(X1, X2) = (219)
+oo de ds | dg_ . .
/ 2 .fé,l(C) / dQ/ Sh+c (Df%é CQSQ Xl) IMN TSh (D;]L\QBC 62 Q XQ)
—ico 4T OAdS S 3
with
Ll 0=d-1 2.9
for=foG =g 0=d- (2.20)

and DX4 the operator defined previously in (2.15). Finally, the bulk-to-bulk graviton
propagator can be obtained by the replacements [32]

fs1— fs2 = fsol(h+1)* = (2.21)
DMA _ DM1M2A1A2 (222)
NMN — EMy My, NN, (2.23)

~10 -



Py e

Figure 2. Scalar three-point function.

with &£ given by
1 1
EMI My N Ny = 9 (anNlnM2N2 + nM1N277M2N1) - 877M1M277N1N2' (2'24)
The appearance of d instead of d+ 2 in the above will be explained in section (5). For now
it is sufficient to notice that in order to get the correct d dimensional index structure we

must have & of this form.

3 Warm-up: 3 and 4-point scalar correlation functions

3.1 3-point vertex

Now that we have expressions for all the propagators, we are ready to compute some
amplitudes. We will see that using both the embedding formalism and the Schwinger
parameterized form of the propagators naturally leads to the appearance of the Mellin
transform of the amplitudes, as well as simplifying considerably the calculations.

As a warm-up, consider first a simple theory of massive scalars in AdS4y1 interacting
via a cubic potential:

3
So= [aloyg | 30 50007 + juited + & (Z@-) . (31)

The conformal dimension of the operator O; dual to ¢; is then A; = h44/h? + mf We start
by calculating a scalar three point function, described by the Witten diagram of figure 2.
To each leg connected to the boundary we associate a boundary to bulk propagator E;.
We are then instructed to integrate over the interaction point in the bulk of AdS, so that
the overall amplitude is given by

A(1,2,3) = <01(P1)02(P2>03(P3)> = g/ dX El(Pl,X)EQ(PQ,X)Eg(Pg,X),

Ads

+oo 3 g4
= g&;s / H Tz tiAi / dX exp (2(t1P1 +toPo +t3P3) - X) (3.2)
0 . i AdS

- 11 -



with & = H?:l %. To proceed we use the result (A.1), whereupon we obtain

7

PA-2R\ [Ty dti A,
A(1,2,3) = gn" &T (Z2> /H T t2 exp (—titaPrg — tit3Pi3 — tat3Pa3) . (3.3)
i=1
with P;; = —2PF; - P;. The integrals may be directly performed by doing a change of
variables,
t = /mng, ty = /m3m1’ by = /m1m2_ (3.4)
mq mo ms3
obtaining
h 3 3
s 24A1—2h /dmz ik —m, P:
A(1,2,3) = —gI' | =— | & —m, e itk 3.5
( ) ) 2 g ( 2 ) 3};[1 m; m;, e ( )
where it should be understood that if i = 1, jk = 23, etc, and
A1+ Ay — A Ao+ Az — A A1+ Az —A
510 = %’ So3 = #7 513 = % (3.6)

The integrations are now trivial and one obtains
7Th Z? AZ — 2h 3 Y
AlL23) =gl | =) & gf(%)(ﬂj) " (3.7)

In general, we define the normalization constant in (1.6) by

h n
s Ci
== EF(Ai)' (3.8)
In this particular case, this gives for the three-point Mellin amplitude:
SPA; 2k A1 A0 A
Mz =gl (Zg = ‘/[0,6,0}2 3 (3.9)

The notation for the vertex V' will become clear later on. For the practical purpose of com-
puting the Mellin amplitude, we need not worry about the overall normalization constant
N, since to restore it, one can simply include a factor C;/T'(4;) for each external leg. As
such we will for the most part omit it from our calculations.

3.2 4-point exchange diagram

Now let us tackle an example where there is an intermediate state being exchanged in the
bulk. We consider a four point amplitude of operators O; and dimension A;, i =1,...,4,
where a scalar of conformal dimension § is being exchanged in the “s-channel”. The Witten
diagram is shown in figure 3. Let us denote the corresponding amplitude by I;. There are
now two three point interactions happenning at points X7, Xo, over which we must integrate
over. The amplitude is written

I, = 92/ Xm/ dXy E1(P1, X1)E2(Pa, X1)Gpp (X1, Xo)Es(Ps, Xo)E4(Py, X2). (3.10)
AdS AdS

- 12 —



Figure 3. Scalar exchange diagram.

p, P,

= J‘ dQJ‘ de f(c)
5 Ads

b, b,

Figure 4. Four-point amplitudes result from gluing a pair of three-point amplitudes.

As we’ve seen in section 2.3 the dependence of the bulk-to-bulk propagator on Xip, Xo
factorises, and the amplitude becomes

+ico
- / 4 e / dQ A(Py, P2, Q+)A(Q—, Py, Py). (3.11)
OAdS

—ico 2Tl
with

oo dty dtg d
A(Pl’P27Q+) _ g/ tthStlAthAQSthC/ Xm 62(t1P1+t2P2+8Q)-X1’ (312)
0 1 12 8 AdS

T2 dtq dty ds -
A(Ps,P4,Q_>:9/ A / dXp PaPittaPitsQ)Xe - (313)
0 3 U4 S AdS

These are simply three-point amplitudes, which we have already computed. This decom-
position is shown diagramatically in figure 4.

Since the bulk-to-bulk propagators always factorise in this way, any n-point amplitude
will be the result of gluing together several three point amplitudes. We need a useful
notation for denoting these, as they will occur often. We choose:

Any ay hker (P Py, Qi) = A(i, 4, ). (3.14)

In case a given three point amplitude contains two @’s then it will also depend on two c
parameters. To every boundary coordinate integration there will correspond a single ¢, so
that the above notation is consistent.
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To compute integrals such as the one in (3.11), the standard procedure is to introduce
Schwinger parameters to exponentiate the powers of F;;. These are the ¢ and s parameters
appearing in the expressions for the propagators. In practice, we always start by first
performing the X integrations so that we are left with expressions of the form:

+oo dtl dtz ds

A(’l:,j, C:t) = g’i7j,ci / qg?tfthAQSh—‘rc exXp [—t]_tQP]_Q + 25(t]_P]_ + t2P2) . Q] (315)
0

with

5 (3.16)

In the particular case at hand, if we write both 3-point amplitudes in this fashion it is easy

A+ A +c)—2
g@jﬁi — gth < + j + (h C) h> ‘

to see that the @ integral which must be performed is precisely of the form (A.5). We then
get

+ioo de — (A1 + Ay +c—h As+Ay—c—h
_ 2(o 3k 3 1 2 3 4
Ai=g* (22" [ mea,o<c>/dsr( d )F( : )

—100
4
dt; A,
ST e
Lt
=1

where the primed sum indicates we are summing over the “cross-links” 13,14, 23,24. We

/
— (1 + 82)t1t2P12 — (1 + 52)t1t2P34 — 8S Ztitjpij
(i5)

. (317)

can now use Symanzik’s star formula (which we review in appendix B), to show that the
amplitude I can be written in the form (1.6), with a Mellin amplitude given by

+i00 d
M (0;5) = 2/ Q—Cif(;,o(c)l(llh, c)I1(34,h,—c), (3.18)
—100 Q
with e.g. o ds s N
I(12,h,c) = 91,2,c+/ 58 TR0 (14 5%) 7 (3.19)
0

The integrals can be evaluated in terms of gamma functions. Using the relations (1.9) to
express the d;; parameters in terms of Mandelstam invariants we find

2 +i00
— g dc lh(c)lh(—c)
M($12) - T (A1+A227812) T (A3+A24*S12) / 271 (5 _ h)2 —c2 (3‘20)

—100

where we have defined

F (h+62—812) 1—\ <A1+A22+C—h> F <A3+A24+C—h)

In(c) = N : (3.21)

The Mellin-Barnes integral can be exactly evaluated in terms of a hypergeometric gFb
function [21]:

s T (A1+A22+6—h) T (A3+A§+5—h)

=5 T(1+0—h)

3F2(2_A1_A2+6 2—NA3—Ay4+6 5—812‘24-5—8
2 ’ 2 o2 2

(3.22)

2 146 —h; 1).
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It is more useful for us however, to write the amplitude in a different fashion. Since the
integral must lead to a meromorphic of s12, we can write the result as a Laurent series
in s12. The poles of this function are found by examining when the ¢ integration contour
gets pinched between two poles of the integrand. We can choose the contour such that this
happens when ¢ = d — h and s19 = § + 2n, with n a positive integer. Then it is easy to find

+o0 Pg
M(Slg) = Z n
n=0

A1,A2,5VA3,A4,5

S12— 0 —2n 1000 Yoon T (3.23)

The dots represent polynomial contributions to the amplitude, but as it happens, in this
particular case they are vanishing, as can be checked by computing the amplitude exactly,
and the sum of poles is therefore the full amplitude. We have defined the vertices and
propagator normalization,

3
A1 A0A >P A —2h
Voo = 9T <2> ; (3.24)
13
A1, A2 As 1 A1 AR A .
V[O,(lJ,nf] = ‘/[0,(1),0]2 ’ (1 - 5 ZAZ + AS) (3.25)
i -
Py =[2nT (146 —h+n)! (3.26)

with the help of the Pochhammer symbol (a),, = I'(a + m)/I'(a). The interpretation of
this expression is clear: the Mellin amplitude is an infinite sum of products of three point
vertices and a propagator. The sum runs over the propagating fields, which include a field
with conformal dimension ¢ and its “descendants”, with dimension d +2n. From the above

one reads off the three point Mellin amplitude of two fields of dimensions A1, As, and one

VA3’A4’
[0’07n]
point Mellin amplitude we previously computed.

such descendant to be simply % In particular for n = 0 this reduces to the three

This result suggests a set of Feynman rules for Mellin amplitudes, where to each

internal line in a Witten diagram one associates an infinite sum of propagating fields (one
VA1,A2,A3

[mnp]
and for each line a normalization factor which is the inverse of I'(1 + A; + n — h). These

primary and an infinite set of descendants), to each vertex one associates a factor

are of course nothing but the Feynman rules we conjectured in the introduction section.
However, right now we do not yet know the form of the general vertex, which can involve up
to three “descendants”. In principle its form is directly fixed by kinematic considerations
alone, that is, by conformal symmetry. In practice, to proceed we shall extract this vertex
by evaluating higher point amplitudes. This provides a simple way of reading off the vertex,
and will also act as a cross-check on our proposed Feynman rules.

Firstly we consider a five point amplitude. In such a diagram there is a vertex con-
necting two internal lines, and from it we will be able to read off V[OA’;L”?]Z’A?’. We will also
explicitly see that these Feynman rules still work there. Finally, the full vertex may be

obtained by considering a 6-point amplitude. We shall see how the latter can be written
Aq,Aq,A
V 1,22, 3‘

as a product of three propagators and associated vertices, and read off (moop]
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P, P,

Figure 5. A five-point Witten diagram in scalar theory.

4 Scalar higher-point amplitudes

4.1 5-point amplitude

Consider the Witten diagram of figure 5, for a five point amplitude in cubic theory. The
amplitude is given by®

5 .
dt +1i00 dC dC -
o= [T [ Gt ieostn | &

/ dQlng/ dX1dXsdXs5exp |:2X1 . (tlpl +to Py + SIQI) +
OAdS AdS
2X3 - (t3P3 + t4 Py + 52Q2) + 2 X5 - (t5P5 + 5101 + 52@2)} :

This looks quite complicated as it stands. However, we see that as expected from our
general arguments in the previous section, each X; only couples to three coordinates coming
into a vertex, and so we can immediately write

5 [T derdes N N o
A5:g ) f51 (01)f§2 (02) dQl dQQ A(I,Q,Cl )A(3,4, Cy )A(5,Cl y Co ) (4.1)
—ico  (20) dads

Replacing the three point amplitudes for their Schwinger-parameterized expressions, we
have an integrand of the form

~ exp [— t1to Pro — t3t4P34] exp [2Q1 (s1t1 Py + sita Py + 5115 P5) +
2Q2 - (s2t3P3 + sota Py + 52t5P5) 4+ 25152Q1 - Q2| (4.2)

We now perform the @ integrals, first Q1 and Q2. Consequently the result appears to
break the symmetry of the diagram, but this will be restored later. The result is that the

For economy of space we omit the external line normalization factors C;/T'(A;), which are removed
anyway upon passage to Mellin space.
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integrand becomes the exponential of a polynomial quadratic in the P;’s of the form

~ exp |: — Z Qz’jtitjf)ij:| (43)

i<j

Using Symanzik’s star formula we obtain the Mellin amplitude

. 1% deqdey
M5 = g{3 (47Th> / 72f51 (Cl)f52 <C2> 91,2 o 93,4 < + 95 Rl

-4 1)
d2s1d2s, (L+s7+sis753) o2 (14 s2)7% (1 + 51> T (4.4)
(1 +82 _i_g% %) —615—025 (Slgl)*515*525*513*514*523*524 (82§2)*535*545*513*514*523*524 )

To proceed we must compute the s; integrals. The integrals of s, so are simply performed
and result in more Gamma functions. Using the Mandelstam invariant representation of
the ¢0;;, the amplitude becomes

g3mih derdes r (7812501%) r <7534§LCM) As—c1— e
My = /wo (27 )2 ( 1)f52(02)r (A1+A22—812) T (A3+A24—534) r 5 (4.5)

r <A3+A4+62—h> r (A1+A2+Cl—h> r <A3+A4—Cg—h> r <A1+A2—cl—h>
2 2 2 2

sjg—c1—h

d81 d52 h c —335—0. 615 —0
1— 812 h Cc2—834 =2 35045 =2 =22 15025 -2 -2
5 5 5] (1+31) (1+82 152) (1+5152) 2

Let us focus on the integral on the third line. After a change of variables into z = 52,y = 53

the integral becomes of the form

+oo +oo d d
/ / LY b1+ @)1 4y + 2+ ), (4.6)
with
g=azse o hoe - —(Ggs + 015),
2 2
e —h
d = —d15 — d25, e= % (4.7)

This integral possesses a large number of symmetries interchanging the exponents of the
various factors. Rescaling y — y/(1 4 z) followed by x — 1/x we obtain

o0 oo gy g
/ / €T dy patb—c b(1_|_$) b+-c— 6(1+y) (1+z+y)° (4.8)

To compute this integral, first perform the change of variables

L Y

xTr —
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whereupon the integral becomes

d:Edy ¢ c —1+a —1-b—d—e e
// Heyb(1  g)mIHa(] gy lobdme(] gy

dz d
- / / T3 o yor (1 gyerthii(p _gymerttel( e (4.10)
The integral can be performed assuming Re(bg) > Re(ax) > 0, for k = 1,2 using

(a17a27a37b17b27 (411)

2
dx dy 21y —a1+bi—1 —ag+ba—1 —a
1— 1+01 1— 2102 1— 3
kl;Il F(ak bk: — ay) // - =9 (=)

and so we obtain

//( ):F c1—ca+As I c1+co+As r —c1+h—s19 r —co+h—s34
2 2 2 2

Ay —coth- — — ot Agth Asthszq .
o) ({CI_C§+ 5 62-0-2h 534, C1+’128127{ cot S—Hl 512}701-1— #834}71)

—c2+As+h—s12 c1+As+h—s34
I (eagthon ) (sbepho )

(4.12)

The 3F> hypergeometric function at argument z = 1 satisfies a number of identities, among
which

F(bl)r(bg)l—‘(bl—i-bg—al—ag—ag)
I‘(al)F(bl—i—bg—al—ag)F(b1+b2—a1—a3)
3F5(b1 —a1,by —a1,b1 + by — a1 —az —az, by + by — a1 — az, by + by — a1 —as; 1)

sFh(ar, az,a3,b1,02;1) = (4.13)

which exchanges the roles of ¢, s19 with s, s34.
The expression for the Mellin amplitude is then written as

M- — 93 /+ioo dCldCQ Ll(cl)Ll( Cl) L2(CQ)L2< 02)
5 T (A1+A22*S12) T (A3+A24*834) ico (27Ti)2 (51 _ h) _ Cl (52 _ h) — C%
H r <0101+U2C2+A5>
o1,09=%1 2
3 Fy <{cl—c§+A5 ’ —cz+2h—334’ cﬁ—hQ—sm }’ { —cﬁ—A;—i—h—Sw 7 C1+A5;-h—834 }’ 1) (4 14)
T (—01+;2+A5) T (—02+A5é+h—812) T (Cl-‘rAs;-h—SM) ’ ’
with
T (61-5-/1%512) T (%) T (02-1—}12—834) r <A3+A4§+Cg—h)
Li(cr)= Lo(co) = - (4.15)

2T (01) ’ 2r (02>

The identity between these two expressoins will be shown in the next section. We are
interested in obtaining the poles and respective residues in s12 and s34 of the expression
above. Although there are various sets of poles in ¢; and ¢y, the only ones which will end
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Figure 6. A six-point Witten diagram in scalar theory.

up giving expressions containing poles in s19 and s34 are the ones at ¢y = 01 —h, co = do—h.
Computing the residues at these poles we find

+
My = ZOO Pgi Pg% VAl’AQ’él VA3’A4’52 VA5’51’62 +. (4.16)
nhn?:o 312—51 _2n1 334—(52 _2n2 [00711] [OOTLQ} [Onl,ng]

where the dots represent possible subleading contributions. The only new ingredient in the

above is
3 3
A ,A A YA —2h 1 1
v ni ? no

AZ*Zh Al*QA —2n ZAZ*QA —2n
3F2<{ZZ 2 7_n17_n2}7{ZZ 2 2 172 2 > 2}71>

It is easy to check that when one or more of the n;’s vanish we reproduce our previous
expressions (3.24), (3.25). It’s been a long way, but the final result (4.16) is particularly
simple, and it agrees with the Feynman rules we have defined previously, assuming that the
subleading contributions in the above vanish. Attempts to evaluate the Mellin amplitude
numerically suggest this is the case, although further work is necessary. The upshot of this
calculation is that we have now in our possession a further ingredient for such rules, which
is the vertex for the case where we have two “descendant” fields and one primary.

4.2 6-point amplitude

The next step is to calculate a six point diagram involving three bulk-to-bulk propagators

connected at a single vertex in order to obtain Vﬁ;;ﬁiﬁf

now turn our attention to the particular Witten diagram in figure 6. We can immediately

With this purpose in mind we

write

+i0o dc
Ag / dox e (e / HdQl (1,2, ¢H)A(3,4, ¢ A(5,6, ) A(er, ¢ ;) (4.18)
2mi DAds ;

ZOOkl

The calculation proceeds as for the five point amplitude - we integrate over each Q;
in turn. Exactly as before one can use the Symanzik star formula to read off the Mellin
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amplitude. After performing the si, s, s3 integrals (just like before we could immediately
do the integrals in s; and s3), we are still left with a seemingly complicated integral in
51, 82, 83, analogous to the second line of (4.5). However, as we show in appendix C,
performing a change of variables it is possible to write the Mellin amplitude as

, As 14D at+ci—h Ai1+D;a—ci—h th—s;
3 i,1 1,2 1 1,1 ,2 7 C; i
g4 /zoo dCZ' T ( p) ) T ( 2 ) T ( 2 )

2P e \ 27 r (B2 e () [(61 — h)? ]

Mg (4.19)

r (h_cl_@_c?’> /+Oodxdydza:“ybzc(1 + o)1+ 91+ 2) (1 +z+y+2)9,
2 0 T Yy z

with A; ; the dimension of the jth field of the ith pair of legs - j = 1,2 and ¢ = 1,2,3. For

instance, Ag1 = A3, Ago = Ag,.... Also, the s; variables are the Mandelstam variables

associated with each pair of legs, such that s; = s12,82 = s34 and s3 = s5¢. As for the

parameters a, b, ...,g we have g = %(cl +co+c3—h) and

1 1 1
a = 5(—61+h—812), b:§(—62+h—834) 025(—03-1—]1—856)

1 1 1
d = 5(*01 —h+s12), e= 5(*02 —h+ss), f= 5(*03 —h+ss), (4.20)

To proceed we must evaluate the integral on the second line of (4.19). First we do a
multinomial expansion on the last factor of the integrand,

400
(1+x+y+z)g = Z (_g)ml(_g+m1)m2(_g+ml+m2)m3

m1,mz,m3=0

™y (o) o)

mq! mo! ms!

We are then free to perform the separate integrations over x,y, z. The result is

—cith—s;

oo oo oo 3 () (=25
/0+ /0+ /0+ ("'):g F((H;Q) )F,Exs)(—9,{a,b,c},{d,e,f};1,1,1) (4.22)

where s; = s192,... and Ff) is a Lauricella generalized hypergeometric function of three

variables [26-28]. For future reference we give the definition of the Lauricella function
rim,
A

+oo m n;
m Qg )n; T;
FIE1 )(97{611,...,am},{bl,...,bm};xl,...,xm)EZ <(g)2ﬁ1mH( ) '> (4.23)

;=0 i1 (Di)n; ma!

The above series is convergent only for ), |z;| < 1. Our interpretation then is to define
the sum at this point as the value of the Lauricella function at that point, which is well
defined via analytic continuation. Of course it might very well happen that for specific
values of the parameters g, a;,b; the series reduces to a sum, in which case everything is
perfectly well defined.
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The Mellin amplitude is exactly given by

ico 3
10 dex Li(ci)Li(—c;) h—ci —cy—c3
My = g* | | k)l
¢ g /7,00 i1 <27”’ (6i — h)2 - sz 2

3 Lle) 3)
F (=g, {a,b,c} {d,e, f};1,1,1). (4.24
11;[1 T (Ai,1+§i,2*51‘>r (Ci+g_5"> A ( g {a C} { e f} ) ( )

with the L; defined analogously to (4.15). Evaluating the integral above in closed form
seems like a difficult challenge. The poles in si2, s34, S56 however, are easily found by

pinching of two poles in the c1, ¢o and c3 integrations respectively, using the definition (4.23)
of Fgg). The end result is the remarkably simple expression

+oo 3 S:

Py A1 A261 1 A5,A,821 A5, A6,85 1 761,82,6

M6 - Z <H S — 5@ —92 nz) ‘/[0 0,n1] ‘/[0 0,n2] WO 0,n3] Vv[nl,nz,n:;] +- (425)
ni,n2,mn3=0 \i=1

This not only provides further evidence for our set of Feynman rules for Mellin amplitudes,
but also gives us the final vertex

Viihs — Vass S (L= ht Ay),, (L= h+ Bg),,, (1= h+ g, (4:26)
A1+ As+Az—2h
Ff’)( 1+ 2-21- 3 ,{—m,—nz,—’ng},{1+A1—h71+A2_h71+A3_h}’1’1’1>

Notice that with n; positive integers, the Lauricella triple hypergeometric function is given
by a finite sum.

Now let us show that the vertex function V[ﬁl;éi’ﬁf
previous expression (4.17) when one of the integers n; is zero. When this happens, one

just computed reduces to the

of the sums in the definition (4.23) reduces to a single term, and the Lauricella triple
hypergeometric function reduces to the Appell F5 function, which we denote by Ff). For
instance, if ng = 0 we get

Vihonls — v (L= h+ Ar), (1= h+Ag),,
o) (A1+A2+A3—2h
A

2

A1, no}  {1+A1—h,1+Ay—h};1, 1> . (4.27)

The Appell F5 function with arguments x = y = 1 is directly related to the 3F5 hypergeo-
metric function at argument x = 1. In order to prove this one computes the integral

oo oo d d
/ / T ay b= Cyb(l + x)—b—&—c—e(l + y)d(l +x+y)° (4.28)

in two different ways, firstly by using formula (4.11), and secondly using the multinomial
expansion on (1 + = + y)¢ and integrating. The end result is
FP (e, {a, b}, fe,d}:1,1) = (4.29)
l+a—c+e) ,(1+b—d+e)
1+a—c)_,(1+b—d)_,
Using this identity it is straightforward to show that (4.27) reduces to (4.17).

= R ({a,be}, {l+a—c+e,1+b—d+e},1)
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P, j 3
T\
P, 7
P, Py
P, j
<>
P 12 P11 P 10

Figure 7. A twelve-point diagram in ¢* theory.

4.3 Outline of the 12-point amplitude calculation
VAl,Az,AS

[n1,n2,n3]
conjecture that in ¢™ theory the general vertex takes the form given in the introduction,

A, —2h -
Vi oy = gm T (22> <H (1-h+ Aoni) (4.30)

i=1

The beautiful expression (4.26) for the general vertex in ¢ theory leads us to

(SN —2h
F,g ) <Z:7J—127{—77,1,...,—nm},{l—i-Al—h,...,1+Am—h};1,...,1> .

As a rather non-trivial check of this, we have performed the computation of a twelve-
point amplitude in ¢* theory. The calculation is tedious but essentially the same as in
the six point function in ¢ theory. The diagram is of the form given in figure 7. The
computation of this amplitude is very similar to the six-point calculation. The X integrals
are performed trivially as usual. The integrals over boundary coordinates @); are also trivial,
and the resulting expression can be translated into a Mellin amplitude consisting of four ¢;
integrals, and a set of four s;, 5; integrals. The latter can be explicitly performed, while the
former lead to poles in the various Mandelstam variables upon pinching. The s; integrals
can be carried out immediately as in the four-, five- and six-point amplitude calculations,
so that the only non-trivial part of the calculations are the remaining integrals over the §;
parameters. At this point we are in a situation similar to that described in appendix (C),
with a rather nasty looking integrand. However, by performing change of variables of the
type described in that same appendix, the integral can be successively simplified until it
reduces to

4oo 4 4 g
/0 H {dxi Jﬁf’(l + x)bl} (1 + Z xz> , (4.31)

i=1

with g = %(61+62+63+C4—h),

1 1
a; = §<—Ci+h_mi)7 b; = 5(_Ci_h+mi) (4.32)
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and the four Mandelstam variables m; are mi = S$123, M2 = S456,.... 1o evaluate the
integral we perform a multinomial expansion as before, which leads to the four-variable
Lauricella function. The calculation then proceeds as for the six-point function and one
precisely finds an expression for the poles of the Mellin amplitude consistent with the
Feynman rules conjectured in the introduction.

5 Conformal invariance of index structure

In the following sections we will be interested in evaluating amplitudes which involve fields
carrying spin degress of freedom, either in an internal propagator or as an external state.
In the latter case, to obtain expressions for amplitudes in d-dimensional space, we will have
to contract the M indices with the pull-backs ¢ [y . These in turn are contracted with some
polarization tensors, so that overall we may say that the M indices are contracted with
polarizations ¢M. These polarizations satisfy

iy i
§1-PL=&" Py, =& 3y Py =0 (5.1)
1
because of the condition P? = 0. Further, we have
1
Py DA = pA1L + —PMay) =0 (5.2)

A

The rightmost factor checks that the overall amplitude scales with P like 1/P?, which has
to be the case, and so it is vanishing. That is, the transversality condition of JM4 has

transformed into a scaling condition imposed by DMA. In this way, DM4

can be thought
of as a projector which implements conformal symmetry of the index structure.
Overall, these results are very suggestive: in the embedding formalism, amplitudes

depend on objects P; and polarizations &; such that
P}=0, & P=0, &~&+P (5.3)

These are exactly the conditions required of a gauge theory amplitude depending on mo-
menta P; and polarizations &;. This suggests that d-dimensional CF'T dynamics are related
to gauge (or gravity) theories in d 4+ 2 dimensions, but where the coordinates of the one
are related to the momenta of the other. Although we will not try to flesh out this relation
further here, the above set of requirements above already imply strong constraints on the
possible index structure of conformally invariant amplitudes.

Consider for instance an amplitude of the form (J§7(P5)O(P)O(P,)). On the one
hand, no P3; with free indices are allowed, so that the index dependence must be carried
by P, P». Then “gauge invariance” uniquely fixes the structure

pMs pMs

Pi3 Py3

= XxMs, (5.4)

The rest of the amplitude is fixed by requiring the correct behaviour under rescalings of
P1, P>, P; by constant factors. Generically, the only structures which can appear in any
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amplitude are of the form above or

Mo p M
R (5.5)
- 4 |

which vanishes upon contraction with either PlM1 or P2M2.

In particular, consider a current three-point function. The general structure of such
amplitudes, as imposed by conformal invariance has been known for a long time. With our
methods, finding the index structure of such an amplitude is a trivial task: there are only
two possible structures, namely

XMixM2xMs o op MM xMs | permutations (5.6)

And indeed, this is correct. A similar argument can be made for the four-point function.
All terms are of the form
11, IXX, XXXX, (5.7)

but there are a greater number of them, as one could have several X's with the same index,
e.g. XM x M xMa

The arguments given above are completely general, in the sense that they apply to any
conformal correlation function independently of the spin or number of fields involved. In
other words, the most general amplitude must have an index structure such that it reduces
to polynomials in I, X. In general, current conservation places constraints on the final form
of the amplitude by relating the coefficients of different kinds of index structures. However
such constraints do not seem to have a simple formulation in the embedding formalism,
and they are most usefully seen by pulling back our expressions to d-dimensions.

Actually there is a slight subtlety we have ommitted. It is easiest to see the problem
in the case of the stress-tensor. This is the question of removal of traces from the index
structure, which can be understood by the simple example of the correlator of a stress-
tensor and two scalar fields. The index structure of such a correlator is completely fixed
by conformal invariance,’ and we get

(TMsN3(P3)O(P)O(Py)) ox X19* X1 — trace. (5.8)

The question is, what exactly do we mean by the trace part removal in the above? If we
remove the (d + 2) dimensional trace of the expression above, so that it becomes

1

M3 N
~ X" X' — d+2

MM (X19)?, (5.9)
then we lose “gauge invariance” as easily seen. Another problem is that it is 1/(d + 2)
which appears in the expression, whereas we expect the final result to be traceless in
d dimensions, not d + 2. As it turns out, both these problems can be solved at once.
To restore gauge invariance we must, counter-intuitively, add gauge-variant terms. To
do this, first introduce introduce the vector ) which in our parameterization is simply

6See for instance [18].
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Q=(Q",Q,Q,) =(0,1,0). This implies that Q - P = —1/2, for any boundary point P.
Then to remove the trace we take

1
~ Xf\élsX{\Qfs - <,,7M3N3 +4P(M3QN3)) (X12)2, (5.10)

It is easily checked that the expression above is both gauge-invariant and traceless, at least
in d + 2 dimensions. Also, the extra terms we have introduced vanish upon contraction
with the pull-backs ¢ ﬂ/[ , and we obtain an expression which is traceless in d dimensions.

This result is more general, and it applies to any pair of symmetric traceless indices.
It follows from [24]

nwjgﬁ/[l(P) 342(P)TM1M2.--(P) = anMQTM1M2-..(P)7 if P1]\4TM1(P) =0 (5.11)
which is easily proved noting that in our parameterization we have

PG = (mna, +4QUN PR (5.12)

With these results, we may say that before taking traces, the amplitude is indeed fully

written in terms of the objects IMN, Xg defined previously.

6 Current amplitudes

6.1 (JOO) correlator

To begin this section, we shall compute the three-point function of a current with two
scalar operators using the embedding formalism. While the final result is well known, this
calculation will serve to illustrate the usage of the embedding formalism for the computation
of current amplitudes. Also, as we shall see in the next section, it will immediately give us
the result for the three current amplitude.

We take for the gravitational action that of a minimally coupled scalar of mass m? =

A(A —d),
1
S = /dde\/—g <—4FMNFMN + |Varp — ieAy o) + m2¢2> . (6.1)

The three point vertex is of the form

ie Ay (P3)(Vo(P1)p(Ps) — Vo(P2)p(Pr)). (6.2)

The amplitude is therefore
dt;
(IMOO) =2ieD)34 / H Lt / (t1Pya—t2Py 4) exp [2(t1 Py +ta Py+t3P3) - X] (6.3)

with A1 = Ay = A. Recall that Dg/l | is an operator which acts on the right-hand side of
the expression. After the X integration we obtain

A1
(JMOO)=2ien"T (El er ) DM3A/H C(t1 Pl — taPy ) e S titi i

(6.4)
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Let us focus on the integral. This is quite similar to the one we found for the scalar three
point function, and we can proceed using a trick:

dt; A.dt
/H t1P1 A) L<Jtt] ij /H A 3td 2(t3t1P1 A) Zl<]tt]P”

=—P1a

t ’L<j ZJ e F i TR 65
)| H 3 1) (65

8P13

In the last expression, the J;; satisfy the constraint ), £ 0ij = A; — s, with s; the spin of
the field j. Overall, we get

, A, +1-2h P P. s
(74100) = iext T (ZLTEZ) D (5 T2 - 0 PV 0G(P) 0 (00)

To finish, we are left with the action of the operator Dfi‘{ ’?. However, this action is partic-
ularly simple here. To see this, first write

1 d—2 1 0
Dt = g PO = Gy 1 gy e (00
3

Since we have d13 = 023 = %(d — 2), the second term in the operator leads to a vanishing

result. Restoring the external leg normalizations the final answer is

M P P2]W3 5
JYO00) = ieC P;;) % 6.8
roo) = iec(Zo -5 | I 63)
with
1 T'(h)T(A)

C =

4r2h (1 4+ A — h)? (6.9)

Following our general discussion in section (5) we have P23 (JM30©) = 0, and the index
structure is indeed of the form X%S as expected.

6.2 Current three-point amplitude

We now consider a three point amplitude of a non-abelian Yang-Mills field in AdS, or
alternatively, the conformal correlation function of three currents valued in some Lie algebra
with structure constants f,,.. The Witten diagram is essentially same as in figure 2. As
usual, the X integration is trivial and we can immediately write

<J(17M1 (Pl)Jb’M2 (PQ)J07M3 (P3)> —je <2ﬂ'h) F(d _ 1)fabc DMIADM2BDM3CIABc, (610)
Tapc /H *75 iInap (t1 P —ta Py o)+ perms]e” i< titifii

This expression is remarkable, in that most of the complicated index structure has ef-
fectively been moved to the action of the D operators. Each of the permutations inside
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the integral sign is essentially nothing but the three point function of a current with two
scalars, which we have already computed! Therefore we can immediately write down

_9)2 C ,,AB
JABC _ (d 22) <X12P:72 —i—perms) HF((sz'j)(Ri‘)_éij' (6.11)

1<J

where §;; = %(d — 2). To obtain the full amplitude one has but to mechanically act with
the D operators on the expression. Before we do this however, it is worth noticing the
simplicity of the expression between parenthesis, which bears an uncanny resemblance to
a gauge theory amplitude:
C C AB
<23 - izg) e G (6.12)

Also, we haven’t defined what the Mellin amplitude should be for the case of amplitudes
involving currents. A natural definition seems to be that one should take as the Mellin
amplitude the expression between parenthesis, since once this is given the entire real space
amplitude may be determined after the action of the D operators.

As a check that we haven’t made a mistake, we may evaluate the full amplitude by
acting with the D operators. After some work one obtains:

<J“7M1 (P1)JbMz2(py) Je:Ms ( p3)> _

TMiM2 x Ms 3d—2 e
Cs (131212 +perms> — §2d_3X1]\f3X2]\3/[1X§\1/[2 E(PZ) %  (6.13)

with
_ e abepyy 1y (24 =3)(d = 2)
Cs = g f ™I —1) TR

This agrees with previous results in the literature [7] up to normalization conventions. Also

(6.14)

as expected, the full amplitude is a polynomial in I, X, and satisfies the “gauge invariance”
condition. This calculation shows how the embedding formalism simplifies considerably the
calculation of the amplitudes.

6.3 Scalar 4-point with current exchange

In this section we will be computing the contribution to the scalar 4-point function of a
diagram where a gauge boson is being exchanged. This will be useful as practice to the
calculation of the 4-current amplitude in the next section. It will also allow us to check
our formalism is correct by checking that the pole structure of the Mellin amplitude agrees
with the general results of Mack [19].

The process we’ll be considering is described by the Witten diagram in figure 8. The
gauge-boson bulk-to-bulk propagator can be written as a product of two bulk-to-boundary
propagators, and we can write

Af = / %f&(c) / dQIM (Q)O(P)O(P) ) mun (Y (QO(P)O(Py))  (6.15)
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Figure 8. Gauge boson exchange diagram.

We have already computed the three-point functions appearing in the expression above.
However, in practice one does not want work with the three-point function, but rather with
its Schwinger parameterized form, as to be able to perform the @ integral.

Notice that in the three point functions above, the currents J have conformal dimen-
sions h %+ ¢, and not d — 1 as usual; that is

(TN (QO(P)O(P)) = (6.16)
dt; dta d

2ier” Dyi2 / Tltfzjtflt?%h“(hﬂ,fx — toP) a) exp [—titaPia + 2s(t1 Py + t2P%2) - Q]
1 te s

In order to perform the @) integrals, we need to do something about the Q) and @) derivative
hidden in the D operators. However, as in the calculation of (JOQO) amplitude, we can

write
MA _ hZIZC—l MA

9 a
D = —— ——Q, 6.17
htc h=+c n + OQMQ ( )
and, as before, the second term does not contribute. Each D operator reduces to a
Minkowski metric times a factor, and the contraction of both of them leads to

(h — 1)2 —c? AB

MA ~NB
nunD" "DV — o2

(6.18)

The prefactor in the above exactly cancels a similar factor in the definition of fs5;(c),
reducing it to f5o(c) (c.f. equation (2.20)). The @ integrations proceed as in the scalar
exchange computation of section 3.2, and we get

oo e — 14+2A+c¢c—h 142A—c—h
Af =é? <87r3h) / 27771']%’0(6) /d25 r < 5 > r ( 5 >

—100

4 /
dt; A
/H tf'ltiAljl - Joexp |:— (1 + 82)t1t2P12 — (1 + 52)t1t2P34 — 88 Ztitjpij]' (619)
=1 (i)

where we have defined the “currents”:

Ji =t Py —toPy,  Jo=1t3P5—t,Py. (6.20)
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This expression is very close to the corresponding one for scalar exchange, and accordingly
the rest of the calculation is now essentially the same. Using Symanzik’s star formula we
write the above as a Mellin amplitude,

+i00 de
M(éw) = 8’}/1262 / %f(;’o(c) 1(12, h — 1, 6)1(34, h — 1, —C), (621)

—ico 2Tl
with y12 = #35%2% and (12, h,c) as in (3.19), except for the crucial difference o — h — 1.
This difference arises from the extra factors of 1/s, 1/5 in the integrals relative to the ones
appearing in the Mellin amplitude for scalar exchange. These in turn appear due to the
presence of the non-exponentiated P;3, Pay, ... terms in the integrand of (6.19). After these

integrals are performed we obtain

o de Iy (c)lp-1(—c¢)
2ri (6 — h)2 — 2

M((Sw) = 4’)/12 62 / (622)

—1%00
with § = d — 1. To evaluate the integral we simply notice that it is the same as that
appearing in a scalar exchange diagram of conformal dimension A =§ — 1 =d — 2 and in
dimension h — h — 1. Therefore we can evaluate it exactly to find

M(s12) = 412 ¢’T (28470 I (2842-0)
812—(5—1) F(1+5_h)
F (1_22A+571—22A+57 (5_1;_812;1+5_812,1+5—h;1>. (6.23)

Alternatively, we can find the poles in s12 by pole pinching to find their position has shifted.
The result is
+00

_ 4712 § T AAS—17rAA -1
M(s12) = Z s12—(6—1)—2n Py V[o,a,n] V[o,o,n] (6.24)

n=0

where it is understood that 6 = d — 1, and we have

AN §—1)+2A —2(h -1
Vool = €P<( L 5 ( )>, (6.25)
SAAG T _ DAL 1
Fis = Vi ™ (1- gea+ @G-+ 6-1) 20
ni
Py =[nT(1+8—h+n) . (6.27)

There are several interesting things to notice in this result. For instance these are es-
sentially the same vertices appearing in ¢? theory, upon shifting h — h —1, § — 6 — 1.
Also, this is an exact expression, i.e. there are no terms analytic in s1o that we’ve missed,
and expressions (6.23), (6.24) are identical. The main novelty is the factor of -2, whose
appearance however had already been predicted by Mack [19]. It is interesting to notice
that the amplitude shows factorisation, since this term is given by

2’)/12 = 813 — 893 = (l{:l — ]{:2) . (kg — k4). (6.28)

~ 99 —



Figure 9. Current four-point function amplitude with current exchange.

More precisely, it would show exact factorisation if the P’s appearing in the index structures
of the three-point amplitudes (JOQO), could be transformed into k’s. The simplicity of this
result suggests that our Feynman rules can be perhaps extended to the case where there
are propagating currents.

6.4 Current 4-point amplitude

In this section, we compute a four point function of currents using AdS/CFT. We consider
non-abelian gague theory in AdS, described by an action

1
SYM = — / dd+11‘\/ —g Z Tr (FMNFMN) (6.29)
with F v = O A% — On A%, + iefa%¢ A} AS,, and want to evaluate the CFT amplitude

Ay = <J“’M1(Pl)Jb’MQ(PQ)JC’MB(Pg)Jd’M4(P4)> (6.30)

From the action above, there are two kinds of diagrams contributing to the current four
point function, a contact interaction and a current exchange diagram. The latter can occur
in any of three different channels - we show the s-channel diagram in figure 9. The contact
interaction is elementary using our methods, since there is only an X integration to perform
which is trivial, and the amplitude is immediately written

h 4 4
A= 7;54/d5ij (H D%fi> Ca [fabedeenA1A377A2A4 + Perms] [Ir) ey~ (6.31)
i=1 i<j

where Z#j d;; = d — 1 and the overall constant is Cy = ie’T (MT_4) . The D operators act
on the products of P;; and are contracted with the Minkowski metrics to give the overall
index structure. Notice that the integrand contains the Yang-Mills theory contact diagram
in flat space. As a non-trivial check on the arguments of section 5, we show in appendix D
that the result of acting with D operators is indeed a polynomial in I, X structures. Let us
move on to the exchange diagrams. In the following we shall only consider the s-channel
exchange, and we will denote the corresponding amplitude by As. As usual, the four-point
function is the gluing of two three-point functions,

A= / % fl / aQ (=M (Py)J M (o) TN (Q) ) (o4 (Pr) I (P) T (Q)) (6.32)

OAdS
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with
dty dto d
<J“’M1 (P1)Jb’M2 (PQ)JcN,thc(Q)> =€ (th) f“bc / 2 as ti’”t?%’”c

tl tQ S
DMiApM2A2 DIVAS [(11 Py — £y Py) agna, 4y + (t2Po — 5Q) 4,454
+ (SQ - tlpl)AgnAlA‘g} exXp (—t1t2P12 + 28(t1P1 + tng) . Q) . (633)

The presence of Qs in the expression, and also of @) derivatives inside the Dy, . operator
complicates the calculations. Fortunately, there is a significant simplification. Recall that
originally we had DMAX 4 = 0. After the X integrations are performed this means that

/ (H o ) DMA (ST 4P ) e R0 0. (6.34)
We interpret this as “momentum conservation”. Now, the operator Dy . is given by

) h+c—1 1 0
pNAs _ NAs
hte hte T T hicooN

Consider contracting the second piece of the above with each term of the second line

Q4. (6.35)

of (6.33). The first such term leads to a vanishing result, since it is nothing but the
operator DMlAlD]‘ff’1 acting on a (JVOO) amplitude, which vanishes when contracted
with Q. The remaining two terms on the second line become

~t9Py 4, Qa, — t1P1,4,Q A, (6.36)

Using momentum conservation to trade @) for P; and P» and the result is easily seen

to vanish (recall that DMZ'A"PAZ. is vanishing). Therefore, in Dy, it suffices to keep its

Minkowski metric part. Further, any () with a free index may be traded for P;, P,. The

net result is that we have
dt; dito d
<Ja,M1 (Pl)Jb’M2 (P2)J}CL,JJF\£(Q)> — e (27rh) fabc/tthSttil—ltg—lsh-i-c DMlAlDMQAQ

1 ta s

h+c—1 Na,

h+c g
exp (—t1t2P12 + 2S(t1P1 + t2P2) . Q) . (6.37)

[(t1P1 — t2P2) AsmA, As + 262 Py A Nas A3 — 261P1 4574, 4]

Of course, a completely analogous expression holds for the other three point function
appearing in (6.33). Since all the details of index structure have now decoupled from the
integrals, the rest of calculation is essentially the same as that of the current exchange
diagram of the previous section. The @ integral is performed, and the result can be put
into the form of a Mellin amplitude using Symanzik’s star formula. In the end we obtain

7Th 4 e s
A= / doy; (HDM“*) May,a0(65) T T(0i) (Py) =% (6.38)

=1 i<j
with
2 w)z
MA1A2A3A4(512) _ 1[A1A2A3A4($12,’)/12) € F( 2
2 w2 T()
2—d 2—-d d—2—812 d—812d

F ; 1. 6.39
32(2’2’ 2’2’2’) (6:39)
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or equivalently,

—+00

Pd—l . .
Ay Ay _ 7A A3 A3A d—1,d—1,d—2¢rd—1,d—1,d—2
MAL-AL = A2 AsAa(g ) Z P (d”_ 5 Vb Voo . (6.40)

n=0

The vertices in the above are the same that appeared in (6.24) Specializing our expressions
for d = 4 we get the simple result

225me? 2 1
MAL-AL T?IAlAgAgALL(Sm’%Z) <8 — + — 4) (6.41)

We have yet to characterize the index structure I, 4,454,. It is the result of contracting
two currents of the form

JAiAjAk = (tLiP — tij)AknAiAj + QtJPj:AiT/A]’Ak - 2tiPi7Aj77AiAk' (6.42)
followed by t;t; P;; — %. Doing this we obtain

JA1A2A3A4 _ 4y19 nA1A277A3A4

Y12 — S12
_4 |:(2_Pi3) (nASAzL P1A2 P§41 + nA1A2P1A3 Pé44 _ 277A1A3 P1A2 P§44>

—(1-2)—Bo4)+ (12 3<4). (6.43)

It is clear that if one identifies P, with a fictional momentum k;, then the index structure
of this expression roughly corresponds to the one appearing in the analogous diagram for
Yang-Mills theory in flat space. To obtain the full conformal index structure we have to
act with the D operators. This is most simply performed with the aid of a computer.” The
result is too long to be presented here, but we have been able to check that it is simply a
polynomial in the Xi]}/[ and I'M¥ structures introduced in (1.16), (1.17), as expected from
our general arguments in section 5.

Importantly the propagator/vertex structure remains, and it is exactly the same as
what we have computed in the scalar four point function current exchange diagram. In
this sense, that computation already contains all the dynamic information relevant for the
four-current correlator. What the current result shows is that it is possible to quite simply
decouple the details of the index structure from the rest of the calculation.

7 Discussion and outlook

In this paper we have showed how calculations of correlation functions in AdS/CFT are
significantly made simpler by the combined use of the embedding formalism and the Mellin
representation. The embedding formalism essentially makes the kinematic AdS integrals
become trivial, at the expense of introducing integrations in Schwinger parameters. At this
point the Mellin representation becomes useful by translating such integrations to Mellin

"Notebooks are available upon request.
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space via Symanzik’s formula. With these methods we have managed to write down four
point Mellin amplitudes explicitly in terms of hypergeometric functions. For higher point
amplitudes, we have shown how there seems to be a set of Feynman rules which allows us
to write them down. Although we have not proved in full generality that these rules are
correct, we have presented non-trivial evidence in the form of the explicit calculation of
higher point amplitudes.

The similarity between Mellin amplitudes and flat space scattering amplitudes had
been noticed already in [21]. There it was conjectured that in the high energy limit where
the 0;; parameters become large, the Mellin amplitude reduces to a flat-space amplitude of
massless particles. In this sense, AdS space can be thought of as naturally providing an IR
cut-off for flat-space amplitudes. As far as we have been able to check, the results we have
derived in this paper agree with the proposal of [21], at least in the scalar sector. When
free indices are present, we are faced with difficulties, as the Mellin amplitude now depends
on the coordinates P as well as on the Mandelstam invariants. Our results suggest that we
should identify the corresponding flat space amplitude with the reduced Mellin amplitude,
i.e. the amplitude obtained before acting with the D operators. Indeed, as we’ve pointed out
throughout this paper, those amplitudes are remarkable similar to flat space amplitudes,
if one identifies the coordinates P with momenta k.

We clearly lack a deeper understanding of the structure of general Mellin amplitudes,
such as pole structure, relation to lower point amplitudes and unitarity properties.® Pre-
sumably such an understanding could lead to a proof of our proposed Feynman rules for
Mellin amplitudes in scalar theory. It could also help us to understand the structure of
amplitudes involving fields with spin, and if whether Feynman rules can be written down
in this case. As a first easy check one should compute higher n-point functions of scalars
with gauge fields propagating in the internal lines.

An obvious continuation of our work is the investigation of loop amplitudes. These were
first discussed in [21], but there it was not attempted to write the result ¢ la Feynman. It
would be interesting to check whether our rules for tree-level scalar amplitudes generalize
to loop amplitudes in the expected way. Although in our formalism one would never
obtain loop momenta integrals, one does obtain Mellin-Barnes type integrals, which roughly
correspond to integrals over conformal dimension. Since the Mellin momenta k; square to
conformal dimension, perhaps these integrals can be interpreted as integrals over the norm
of the loop momenta.

Recently there was an attempt to use the spinor-helicity formalism to compactly de-
scribe CFT correlators in momentum space [35]. Our methods allow for a different tack on
the same problem: since the embedding formalism allows us to describe the index structure
of Mellin amplitudes in terms of d+2 vectors P satisfying P? = 0, use of spinor-helicity for-
malism suggests itself. For instance one could to use the six-dimensional formalism of [36]
to describe four-dimensional conformal field theory amplitudes. Curiously, for d = 2 it
seems that the + helicities of four dimensional massless particles map to (anti)holomorphic
two-dimensional amplitudes. This is possible because after the action of D operators, the

8For a proposed BCFW type recursion relation for Witten diagrams see (33, 34].
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conformal index structure of a CFT amplitude resembles that of a flat-space amplitude
with higher dimension operators: the current 3-pt function has contributions cubic in P,
which would come from an (F,;)? term in four dimensions.

It seems likely that the calculation of the stress-tensor four-point function should be
achievable using our methods. The results we have obtained in this paper for the current
four-point function lead us to expect that the index structure should decouple from the
exchange part of the amplitude. The latter should essentially be the same as that obtained
as for stress-tensor exchange in scalar theory. The full amplitude will be obtained by
acting with four Dy operators on the reduced Mellin amplitude, which should have an
index structure similar to a four-graviton flat-space amplitude upon identification of the
momentum with the coordinate P. We hope to present more on this and other stress-tensor
correlation functions elsewhere [37].

Finally, we have seen that there seems to be an intriguing connection between the
correlation functions we have been computing for d-dimensional CFT’s, and a theory of
massless particles in d + 2 dimensions. The connection is given by interpreting boundary
point of the CFT as d + 2 null vectors P, which can then be interpreted as momenta.
It is highly suggestive that we were able to write down the relations (5.3) and even a
“momentum conservation” equation (6.4). It would be interesting to see if this connection
can be developed further.
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A Some integrals

In this section we describe the computation of the AdS and AdS boundary integrals which
appear throughout the paper. These calculations have appeared already in [21], and we
include them here for completeness. The first such calculation is the proof that

oo dt; o — 2h oo dt;
/ H(t‘“) [ axerx =gt (Z“) / H(tai) (A
0 i t; AdS 2 0 . ti

7

with T' = > ¢;P;. We proceed by computing the left-hand side. First we evaluate the AdS
integral. By Lorentz invariance we can consider the case where T' = |T'|(1,1,0). We also

parameterize AdSyy1 space by

1
X=(X"X", X" =— (1,22 + 2% 2" (A.2)
Zo
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and define h = d/2. Then we get

+oo —+o00
/ AX 21X / dxzg xod/ 4l o~ (a3 +22)[T] /2o
AdS 0 Lo 0

+oo
= 7l / dzo xgh e~ %0+T?/zo0 (A.3)
0

T
The original integral becomes

+o0 Too
7Th/ H dita / % xah e*:p0+(zi tiPi)Q/xo _
0 ti 0o o

- (2
(2

= 7Th/ H <tai> eTQ/ ﬂZEOZI i/2h w0 _
0 i tz 0 Wiy}
o (B [ () o "

where in the second step we rescaled t; — t;//Zg
Next we prove:

+ s + 5
/ b %df_ssh"'csh_c / d@ 2TQ — 27Th/ ) %d*:gsh+csh_ceT2 (A.5)
0 s S OAdS 0 s 8

with 7' = (sX + 8Y'). First we evaluate the boundary integral on the left-hand side. Using
the parameterization

Q=(Q"Q,Q" =(@1,2%a") (A.6)
we find

+o0 2 71.h
/ dQ X4 — / dig e~ T0+a) — T 7], (A7)
OAds 0
Now, noticing that 1 = 0+°° dvd(v — s — 3), we find

+o00o d = h
sds e T
/ 775h+csh c T, |T| _
0

s s 7|
400 +00 h
/ dv/ dsds ghe gh— (v — 5 — >’$X—7:'_78YVL€—|5X+§Y|
+o00 +o00 h
/ dv/ dsds e gh— e5(1— 5 — )|Xj_7y|hef\sx+gy|
s 5
400 +o00
= / Y / dods shtegh=cs(1 — s — g) o V(X +5Y)? (A-8)

Finally rescaling s — s/y/v,8 — §/4/v the v integral is performed and we find the right-
hand side of (A.5), as promised.

B The Symanzik star formula

For completeness, in this section we review the Symanzik star integration formula in Eu-
clidean space as discussed in [19]. For a proof and more details we refer the reader to the
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original reference [22]. Consider a set of n points in Euclidean space z; and their differences

x;—x;. In the embedding formalism we have P;; = —2P;-P; = («; —a;j)Q. Then Symanzik’s
formula is:
+oof 1 dt
[ ) wontm) B2 fas, T vt m
: t; 2 n n—3)
0 i=1 i) 1<i<j<n

The integration measure on the right-hand side deserves further explanation. The param-
eters ¢;;, symmetric in 1, j, satisfy

D b =4 (B.2)

i

for all i. Now pick a particular solution of the set of equations (B.2), 5%. Then we write

1
an(n—3)
l] - + Z Cij,kSk (B3)
with
Cii,k = O, Z Cij,k =0. (B.4)
J#i

Choosing as independent coefficients the (%n(n — 3))2 coefficient ¢;;, with 2 <7 <j <n
(with the exception of cg3 1), with the further restriction |det ¢;; ;| = 1, we can write

n(n 3)

dsk
/d&zjﬂ/_ H oy (B.5)

The integration paths are chosen parallel to the imaginary axis, with real parts such that
the real parts of the arguments of the gamma functions are positive.

C Details on the calculation of the six-point amplitude

In the computation of the six point amplitude, or indeed of any amplitude involving internal
lines, we have to perform boundary integrals over the coordinates ; of each internal line.
Since these integrals have to be done in a certain order, this breaks the symmetry of the
expressions and the result seems more complicated than it is. A typical example of this
is what happens in going from the third line of (4.5) to the simpler looking (4.8). In the
calculation of the six- and twelve-point functions the same thing occurs. In this section we
give some details on the changes of variables required to obtain a simpler looking integral for
the case of the six-point amplitude. Details on the 12-point amplitude are quite technical
and can be obtained upon request.

We have six integrals that can be performed, over parameters s;,5;, ¢ = 1,...3. After
the s; integrations are performed, then if the boundary integrations were done in the order
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Q1,Q2, Q3 the integral over the §; is of the form

[

(5) @) (g 1) ) e

=1 Si
10 —h 1, n
< (5t (B (G +1) 8 +1)"+33) +1) (o) ((3+1)° 5353 +1) (mea—hions)
x((55+1)8((51+1)85+1) + 1)%(‘312—834%56) 7 ©1)

which looks quite complicated. However, performing the change of variables

§1 — \/57 So — \/@7 S§3 — \/g (02)
followed by the sequence of variable changes
Yy — Y ) z = © )
14z 14+
& Yy
_ , C.3
T A+y+e V142 (€-3)
finally leads to
o0 da dy dz
/ Yy ) ) (L) (L y ) (R
0
with g = %(61 + ¢+ c3—h) and
1 1 1
a = 5(—01+h—812), 625(—62+h—834) 025(—03+h—856)
1 1 1
d=g(-a—htsi), e=g(-c2—htsn), [f=5(-e—htssy). (C5H)
D Index structure of current four-point function contact diagram
We wish to evaluate:
DM pM2Az pMsAs pMaAs (% AsTazay | [ (Py) %% ) : (D.1)
i<j
Defining the quantities
ZM = g, (ngl + XM ) + e X2 (D.2a)
2 = s15 (XU + X1 — e X3P (D.2b)
ZMs = 519 (Xf‘f“ ngd) — 712X19° (D.2¢)
ZM1 = S12 (X13 + X23 ) + 712X12 (D 2d)
M M. MM
I =160, —— D.2
J 65Z]Pi : Pj, (D.2e)
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the result is

256(d — 1)* (P;;)" (DMlAlDM2A2DM3A3DM4A477A1A3?7A2A4 [T @y~ ) -

1<j

2 2
M g Mz 7 Ms 7 Ma [(‘1_1)_512] JMiMs fMs, My FMiMs fMyMy | My Ma fM2 Mg

012
2
i |:(d— 1) - 612:| (ZM3M4fM1M2 + ZM1M2jM3M4>
012
+ (ZMlMng2M4 + ZM1M4fM2M3 + 7 Mz M3 f M1 My 4 ZM2M4fM1M3> , (D.3)

in exact agreement with the expectations of section 5.
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