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In this paper, we explore momentum space approach to computing scalar amplitudes in anti—de Sitter
(AdS) space. We show that the algorithm derived by Arkani-Hamed, Benincasa, and Postnikov for
cosmological wave functions can be straightforwardly adopted for AdS transition amplitudes in momentum
space, allowing one to bypass bulk point integrations. We demonstrate the utility of this approach in AdS
by presenting several explicit results both at tree and loop level.
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I. INTRODUCTION

In the last decade, there has been a resurrection in the
study of scattering amplitudes and conformal correlation
functions. Such undertakings have extricated rich structures
of quantum field theory and quantum gravity. In particular,
we now have considerable evidence that scattering ampli-
tudes in quantum gravity can be computed from the
correlation functions in one lower dimensions. Such a
correspondence is known as the holographic duality [1-3]
and its most concrete formalism in given by AdS/CFT
where the bulk geometry is anti—de Sitter space and the
conformal correlation functions live at the boundary. This
correspondence has led to major insights into the nature of
quantum gravity as well as gauge theory.

Besides yielding useful insights, holographic correlators
have been discovered to have rich mathematical structures
[4-32]. However, momentum-space methods, our usual
modus operandi of doing computation in quantum field
theory, is still not yet fully studied for CFTs (see for a
partial list of progress [33—58]). We also now know that the
usual scattering amplitudes arise from the flat space limit of
the holographic Conformal Field Theory (CFT) correlators.
Hence it is useful to generalize the tools that have been
developed for the usual scattering amplitudes in flat space
to holographic correlators. A modest step in this direction is
taken in [59] where it is shown that tree level gauge theory
Witten diagrams for transition amplitudes, reduce to
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surprisingly simple expressions when expressed in momen-
tum space.1 In a similar vein, momentum space approach to
transition amplitudes also simplifies the computation of
graviton exchange diagrams, which was demonstrated in
[60] with explicit higher point tree level results.

The momentum space formalism for AdS calculations
can be upgraded with a new algorithm developed by
Arkani-Hamed, Benincasa, and Postnikov in [61] where
they investigate the wave function of the Universe in de
Sitter background. Indeed, it was realized in [62] that the
computation of gluon Witten diagrams in AdS, can actually
use the same combinatorial relations developed in [61]
if it is written in momentum space. This correspondence
allowed the authors to compute any tree level gluon
exchange diagram algebraically, without having to do
any explicit bulk integrations.

In this paper, we would like to extend this marriage
between Arkani-Hamed ef al.’s algorithm and AdS momen-
tum space beyond AdS, gluons. We will show that
conformally coupled scalars in any AdS,,; can be com-
puted algorithmically, both at tree and loop level, and we
will demonstrate this with explicit results for various Witten
diagrams. Besides its formal usage, the AdS transition
amplitudes can be useful in the computation of the wave
function at late times from which one can compute de Sitter
correlators [63,64]. The growing interest in cosmology has
generated a great deal of excitement in the study of late time

"Transition amplitudes are generalizations of vacuum-corre-
lators such that one replaces some of the bulk to boundary
propagators of the relevant Witten diagram with normalizable
modes [37]. Such a replacement roughly creates the effect of
changing the boundary conditions at past and future horizons of
the relevant Poincaré patch, creating past and future states for the
correlator (hence the name transition amplitude).
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de Sitter correlators [38,50,65-84] and we believe that
the analogous calculations of momentum space AdS
amplitudes can assist in the study of the shape of non-
Gaussianities.

Here is the organization of the paper. In Sec. II, we
discuss scalars in curved spacetime and present the review
of momentum space toolkit in anti—de Sitter space. We also
demonstrate the standard nonalgorithmic approach of
momentum space formalism by computing Witten dia-
grams for minimally coupled scalars. In Sec. III, we switch
to conformally coupled scalars, discuss how the algorith-
mic approach works, and provide explicit results both at
tree and loop levels. Finally, we conclude with a brief
discussion and future directions.

II. PRELIMINARIES

A. Scalars in curved spacetime
A free scalar ¢ in flat space satisfies the Klein-Gordon
equation which reads as
(O-m>)®=0 (2.1)
where m is the mass parameter of the field. In curved
spacetime, this equation becomes
(O=(m*>+ER))D =0 (2.2)
where R is the Ricci scalar and £ is a coefficient determin-

ing the interaction between scalar and the background. In
the case of AdS,,, this equation follows from the action

1
Sauinic = = | ¢12/3(0"(0,0)(0,0)

+ (m* + ER)®?) (2.3)
where g = |det g,, | and we stick to mostly positive metric
convention throughout the paper.

The scalar in curved spacetime has been extensively
analyzed in the literature; however, the analysis usually
focus on two specific values of & minimally coupled
scalar with £ — 0, and conformally coupled scalar with
& — &, for

d—1
£ ="

o (2.4)

The popularity of minimally coupled scalar follows from
the fact that £ = O simplifies the Lagrangian. The appeal of
conformally coupled scalar, however, cannot be immedi-
ately seen unless one goes to local Minkowski frame where
the potential term takes the form [85]

V(x) ~ [m* + (£ = & )R] (2.5)

One sees that if (in addition to £ = £,) one imposes m = 0,
the potential vanishes, leading the theory to enjoy con-
formal symmetry. Indeed, even though all pairs (m, &) =
(m,&.) fall into the class of conformally coupled scalars,
only (m,&) = (0,&,.) case is invariant under conformal
transformations [86].

Tuning the parameters (m, &) = (0,&,) is necessary for
the theory to enjoy conformal symmetry but it is not
sufficient: we also need to check if the interaction
Lagrangian spoils this symmetry. As a prerequisite con-
dition of scale invariance we restrict to interactions of the
form O = O(¢g*, Oy ®) which transforms as O — A*O as
G — A%, for constant A.

In this paper, we focus on nonderivative interactions for
which the action takes the form

5= [ aayil} (0,2)0,0)

+ (m? + ER)®?) + %cbn} : (2.6)

We can check the trace of stress tensor 7#* to see when it is

zero. Indeed, via

-2 65
Ty =—0
V909"

(2.7)

we obtain

1
T,uy = (8aq)) (aﬁq)) |:6Z(S{/i - Eg;u/gaﬂ:| - é[aﬂaz/ - g,uyD](Dz

1 A
- §q>2[<m2 + §R>g;w - 2§Rﬂl/] - n_"!q)ngﬂy (28)
where we used
5F(R) = (F/(R)R/w - [vyvu - gﬂDD]FI(R))éyuj’ (29)

for whose derivation with a nice explanation we suggest the
lecture notes of Matthias Blau, available at http://www.blau
.itp.unibe.ch/newlecturesGR.pdf.2

*This equation is actually true only if there are no contributions
at the boundary as its derivation uses integration by parts and
assumes that total derivative terms do not contribute. Strictly
speaking, this is not correct for AdS. However, boundary
conditions actually kill the additional piece unless the variation
of the action on the boundary contains the derivative of the
variation of the boundary metric for which one then needs to add
an appropriate boundary term to cancel the additional variation,
see [87] in the case of Einstein gravity. We will avoid such
subtleties (and refer the reader to [88,89] and references therein)
so a rigorous minded reader should see our calculations not as a
derivation but as a motivation for why only certain interactions
can enjoy full conformal symmetry.
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The trace of stress tensor then reads as

wa;w = 2d<€ - ch)yw(aﬂq)) (8vq)>

d+1
+ 2dED {ch - (d_+1 m? + éfcR) P

BEA D) 4]

_In>c 2.10
n!'é d-1 ( )
We see the first term dies only if £ =¢&.. We can then
kill the second term with equation of motion if m = 0 and
n = n, for

_2(d+1)
ne=——7"" (2.11)
e.g., n, = 4 for AdS,. We thus arrived at the well-known
conclusion: the action in Eq. (2.6) enjoys conformal
symmetry only if {m,& n} = {0,¢&.,n.}.

We can derive this result from another, and slightly
simpler, approach. We first specialize to the AdS with the
Poincaré metric and the Ricci scalar

dZ? +ydxidx

ds? — dd+1)

Gor o R Y

where we take AdS radius p = 1 in the rest of the paper.’
We then consider a Weyl transformation which maps AdS
to flat space:

9w = g;w = Zzg;w (2133)

1

O Pp=7T0 (2.13b)
where we used the engineering scaling dimension for the
scalar field. Under this transformation, quadratic part which
is invariant under conformal transformations map to the
free scalar in flat space

SV (0,0)(0,0) + 3 E/GR? 2 (0,4)(2*)
(2.14a)

whereas the interaction part maps as

A, A
\/gm(bn N Z%(n—n(.) _¢n

. (2.14b)

3Our notation is such that z is the radial coordinate and the
transverse coordinates x; approach to the boundary coordinate as
z—=0.

We immediately see that we need n = n, if we require
the flat space interaction to be conformally invariant
as well.

B. Review of momentum space toolkit in AdS

In this section, we will review the basics of our
framework and specifics regarding the scalars. For similar
reviews in the context of gauge fields and gravitons, see
[59,60,62].

We will be working with the Poincaré patch of Eq. (2.12)
and take the Fourier transform of x;. We will leave z as it is
though: the coordinates {z.k;} are what we call the
momentum space in this paper. This is in the same spirit
of the treatment in [33,35,37].

In momentum space, equation of motion in Eq. (2.2)
becomes

(2140,2'710, = 2hik! = p?)®(z,k;) =0 (2.15)
where we define the effective mass square
u?=m?+ R (2.16)

The general solution to this differential equation for
timelike momenta k;k' < O reads as:’

(I)(Z) ~ clzd/z‘]u(kz) + C2Zd/2Yv(kZ) (217)
where we define
2 4 2
y= V4T (2.18)

2

and where k = +/[k;k'[.>°

For spacelike momenta, the regularity in the AdS can
only be achieved for the particular combination which sums
up to the Bessel function of the second kind, i.e.,

@y (z) ~ 27K, (kz) (2.19)

*Here, J,,(x) (Y,,(x)) is the Bessel function of the first (second)
kind. pn
SWe specifically chose the letter v to denote d_TM”z as this
term up to an overall i is the pole of the spectral representation of
the bulk to bulk propagator, usually denoted as =iv in the
literature [90], where there are two poles due to the shadow
symmetry.

%The scaling dimension of the dual operator in the boundary
CFTis A = ‘2—’ + v in our notation. We would like to caution the
reader that many papers in literature calls mass m what we
defined as the effective mass u, hence the well-known formula
A(A — d) = m?, which becomes A(A — d) = y? in our notation.
As we choose to distinguish mass m and effective mass p, it is
completely consistent in our definition when we say massless

conformally coupled scalar as m = 0 despite y> = 1’4—‘12 # 0.
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Note that this is always possible due to the identity7

v

K,(z) = %(i],,(iz) —Y,(i2)). (2.21)

Below, we will focus on massless minimally coupled
scalars <I),((m) and massless conformally coupled scalars dJ,(f
for which the relevant bulk to boundary propagators read as

0" (2) ~ 22K g (kz) (2.22a)
q)l(f)(z) ~ Zd/zKl/z(kZ) (2.22b)

where we use the fact that Ricci scalar R = —d(d + 1)
in AdS.

We can similarly calculate the bulk to bulk propagators.
We are looking for the solutions to the equation

(Z1+dazzl—daZ _ sziki _/"2>GCD(Z7 Z/, ki) —_ i5(z _ Z/)Zd+1_

(2.23)
We observe that
(azzl—daz _ Zl_dkiki _ Z—l—dMZ)
o (P20, (p2), (p7)
kik' + p?
=iz~ pJ,(p2)J,(p?) (2.24)
and since we also have the identity
o 6(z—-7
A pJ(p2)J,(p<)dp = (T) (2.25)

we find the propagator:

©  —ipdp
Golz.7. k)= | —— 22
o(z.7.k) /0 kiki + p? — ie

(1, (p2) (&1, (p2)).  (2.26)

In particular, v — 1/2(d/2) gives the propagator for
conformally (minimally) coupled scalar as we noted above.

One can now go ahead and write the expression for
Witten diagrams. At tree level, the amplitude for a diagram
of m external legs and n bulk propagators reads as

Wm,nNA dzy...dz, 1Py (2)... Pr, (2,

n+1
x Go(z),+2j,:q1)---Go (2,5 2, qn) HP:(Zt)

t=1

(2.27)

for the interaction coefficient p,(z,) at nth vertex, where
Ty i €210 Zpsr ) and 5.0z € {2y,
Zn41 ). and where ¢; are norms of linear combinations of
vectors k; depending on the topology.

As an example, we can consider the topology in Fig. 1
for minimally coupled scalars; the relevant amplitude
would read as

W~ A ledZQ‘I)](:ln) (Zl)QE{Zl)(Z])(I)]((:n) (Zz)(l);;")

X (22) @ (22)Gyp(21. 22 k12) A3 s (2.28)

where we are following the notation of [59] for addition of
k—vectors.®

We can use Eq. (2.26) and exchange the order of
integrations, writing Eq. (2.27) in a different form:

"This is only true for z > 0. For generic z, the relevant identity reads as

K.(0) = *((~log(z) + log(iz))J, (iz) — 3 Y, (iz)) forv e z (220)
s jmese(nv)(cos(mv)(iz) 2™ — (iz) vz )J,(iz) = s x(iz)*z*Y,(iz) forv & Z '
$Explicitly:

m n, p
ki||i|2»~i1nI 100 vbony <okt b2 -l J1J2 T p = Z Zkiuh + Z ‘k.ﬁ, ’ (229&)

a=115=1 po|

and

kii, i, =k +ki,+---+k. (2.29b)

For example, kl2355 = |k1 +k2| —+ ‘k3| =+ |k4 +k5| and k12 = kl +k2

124043-4
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ko ks
ks
k1 ks
FIG. 1. A five point tree level Witten diagram, labeled as W,
below.
Wi f" AP s J:;p?l— ie”" pn J:izl;ln— i

n+1
x By (k. pi)...Buii(ki, pi) HP:
=1
where B is what we will call bulk-point integrated expres-
sion. Note that we integrated (if any) z—dependent parts of
the interaction coefficients as well.

(2.30)

C. Example: Minimally coupled scalars in AdS,

In this section we will calculate some amplitudes for tree
level Witten diagrams using the procedure advocated in the
previous section; specifically, with

¢i(z) = \/%(k2)3/2K3/2(kZ)

©  —ipdp
Gylz.7 k)= | — 28
ACERD A kki + p* — ie

X (ZB/2J3/2(PZ))(2/3/213/2(171/)) (2.31)

where we choose a particular normalization for the bulk to
boundary propagator consistent with the literature.’

Apart from its physical significance, we focus on AdSy
also because Bessel functions simplify for half integer
arguments; hence the calculations are relatively easier for
AdS, ,»,. This motivation was also used in previous similar
work [59,60,62], where the calculation of graviton ampli-
tudes in [60] is actually quite similar to the computation at
hand. Specially, one can write the graviton propagators in
Ade_H as

hij(Za ki) = %(Iﬁk(z)

l
(ZZ/)z Dl;h,chqﬁ(Z, Z, ki)

GE (2.2 k) = (2.32)

’An overall k—dependent scaling of bulk to boundary
propagators, i.e. ¢i(z) = f(k)¢i(z), is immaterial for our
purposes in this paper, hence we refer this as a normalization
and fix it with a convenient factor. However, this normalization is
actually tightly constrained by scaling dimensions of the dual
operators at the boundary CFT.

where D'a‘b,cd is a differential operator whose details are
irrelevant for us. However, one important remark is that
these differential operators commute with the rest of the
calculation, thus for a Witten diagram with n bulk to bulk
propagators we schematically have

n
—_ J
-Agraviton - (€,~, Vi)u”a'z radan e tns HDZH“/'Z-“/B“]AM’
Jj=1
(2.33)

where (¢;, V;) stand for the collection of the vertex factors
and polarization vectors, p; is the sum of some bulk to
boundary momenta depending on the topology of the
diagram, and M is the scalar factor of the amplitude.
This scalar factor for graviton amplitude is almost the same
expression with the amplitude for the same Witten diagram
with graviton legs replaced by minimally coupled scalars.
The only difference between the amplitude for minimally
coupled scalars and graviton scalar factor is due to the
different overall exponent of z in bulk point integration. 0.1

We now proceed with calculation of bulk point inte-
grated expressions. Specifically, we define

KKl ko) = [ S 00 (2:34)

o
KKJ (ki ks, p) E/) Z—ffﬁkl (Z)¢k2(2>(23/zf3/2(172))

(2.34b)
KIT (k. p1.p2) = Awgqﬁk(z)(zmh/z(plz))
x (22J53/2(p22)) (2.34c)
® d
KKK (k. kz’k3,l7) E/ —f‘ﬁkl (Z)¢k2(z)¢k3
0 2
x (2)(2¥2J32(p2))- (2.34d)

We can define similar expressions for more complicated
interactions, but we will restrict to the first few simplest
tree level Witten diagrams. By regularizing the integrations
we find

e course, the vertex coefficients are also different but that is
an 1(?Verall factor which can be easily accounted for.

There are two cases where z—factors coincidentally match:
minimally coupled scalars with two-derivative-cubic interaction
(polynomial quartic interaction) have exactly the same z—factor
with cubic (quartic) graviton interaction. We will not be making
use of that correspondence though, as we are only interested in
polynomial scalar interactions and as we do not know of any
explicit result in the literature for momentum space Witten
diagrams of pure quartic graviton interactions.
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1
KKK (ki ky, ks) = o (ki +ky + k3)* = ki koks +§(k? + k3 +k3)(=log (ky + ky + k3) =y +1)  (2.352)

O —

(k3 + k3)(tan! (- 20) — L) 372 2, 2 _
T o) — \/ 3 2k ) TER) pY?(3log ((ky +ky)* + p?) + 6y = 8) (2.35b)
3p3/ N 2rm

— 2 H
k* tanh 1(k2+’;%”+-p ) = 2kpips + (p3 — p}) tan™' (B222) + (p} + p3) tan™! (B 22)

KT Tk, py, p2) = (2.35¢)
v 37(p1p2)*?
\/%(k? +R+ &) e (Em)  p2(3log ((k + ky + ks)? + p2) + 67 — 8)
KKK T (ky, ky, ks, p) = 72 -
3p ON2rm
~ i(k1k2k3(k1 + k22+ k32 N K +k+ k- 3k1k2k3> (2.35d)
mp\(ki +ky +k3)° + p 3(ky + ko + k3)
where y is the Euler-gamma number.
We can now use the prescription of Eq. (2.30) to write down the amplitudes for various Witten diagrams:
W3’0(ki> = —llg,’C’ClC(kl s kz, k3) (2363)
—ip
Wi (k) = =22 / dppTICICJ(kl, ky. p)KKT (k3. k. p) (2.36b)
0 2~
o —ip
Wsi(k;) = —/13/14[) dp i, - €’C7C~7(k1»k2 P)KKK T (k3. ky. ks, p) (2.36¢)
12
. —ip; —ip;
Wsa(k;) = Mg/ dpydp; Pt Ky — ie R+ K — e X KT (ki ky, p)KT T (ks p1. p2) KKT (kg ks, pa) — (2.36d)
i
Wi (ki) = _/1421/ dPTIJlKKKj(klvkzyk3 PIKKK T (ky, ks, ke, p) (2.36¢)
0 123

Clearly, these are hard, albeit doable, integrals. 12 However, we will not dwell on these integrals for two reasons: the first
reason is the simplicity of the computation of conformally coupled scalars compared to that of minimally coupled scalars.
This is a fortunate observation because conformally coupled scalars can potentially be used as seed diagrams from which
minimally coupled scalar can be computed as well [91]." And that is what we are turning to in the next section.

III. CONFORMALLY COUPLED SCALARS

A. An algorithmic approach for conformally invariant scalars

In Sec. II A we used a Weyl transformation to deduce which interaction terms preserve conformal invariance by going to
the flat space and checking the form of interaction coefficient. However, we can use that Weyl transformation for
computation purposes as well. Indeed, for conformally coupled scalars,"* the Lagrangian in Eq. (2.6) simplifies to

2One of the key points of [59] where the authors computed similar integrals for gluon exchange is that one can use residue theorem to
significantly simplify such formidable integrals. Unfortunately, the integrands in Eq. (2.36) do not fall off at infinity hence residue
theorem is no longer a simple option.

*In addition to those motivations, we also would like to note the claim of [92] that massive scalars in curved background may lie on
the lightcone in the local Minkowski frame unless they are conformally coupled, leading to causal pathologies, indicating that any
masswe scalar needs to be conformally coupled.

“In the rest of the paper we mean ¢ = £, and m = 0 when we say conformally coupled scalar.
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kS

“':-.-....

o S I P S SIS ) 2

FIG. 2. Various tree level Witten diagrams that will be of interest below. From left to right, we label them as W3y, Wy |, W5,, W |,

Ws2, Wions Wigo, and Wes.

n(2)

s—- [ dixiz B 092 +5 02+ D gl @)

n!
under the transformation in Eq. (2.13). Here, we defined
(3.2)

where i = 1, ...,d run for the boundary coordinates with
the boundary metric 7;;. From Egs. (2.13b), (2.22b), (2.26),
we can immediately write down the propagators:"

2kz
i(z) = \/7K1/2(k2) (3.3a)
«  —ipdp
A T R L
Golz. 2. ki) /0 kik + p? — i€
X (Zl/zfl/z(PZ))(2/1/211/2(171/)) (3.3b)

from which we can deduce the bulk point integrations:

X n—x

B,.(k p)= /oo dzz'7 (") H H br, (Z)(Z%J%(sz))'

0 i=1 j=1
(3.4)

Carrying out such integrals once and for all and then
using those results in various different Witten diagrams is
part of the strategies that were employed in [59,60] as we

BAs we explained in footnote 9, we treat the overall k—
dependence as normalization which we chose for the conformally
coupled scalars in a consistent fashion with the similar work in
[35,36,62].

demonstrated in the case of minimally coupled scalars in
Sec. IT C. However, one can do better than calculating these
integrals generically and using them case by case: we can
directly find an algebraic algorithm and bypass all inte-
grations, both the bulk-point z—integrations and propaga-
tor p—integrations.

Such an algorithm is discussed in [62] where the
authors refer to the additive property of vertices, enabling
them to work at the level of truncated diagrams and
compute amplitudes directly via algebraic means. This is
possible, as they argue, because the gluon propagators
in AdS, are simply exponentials and there is a nice
cancellation between the volume factor z=¢~! and the
vertex factor z* in AdS,. We see that the propagators of
conformally coupled scalars in flat space precisely match
gluons in AdS,; and bulk point expressions have exactly
same z—powers if n = n. as can be seen from Eq. (3.4).
So we arrive at the conclusion that one can reduce the
integrations to algebraic calculations for scalars with
conformal symmetry in any dimension, analogous to
gluons in AdS4.16’17

Let us quickly review the algorithm to compute the
Witten diagram amplitude of the form

"®One can in fact still use the algorithm for conformally
coupled scalars with n # n, with appropriate modification. We
will discuss this in next section.

"This result is hardly surprising as the algorithm used in
[62] is in fact derived by Arkani-Hamed er al. in [61] for
conformally coupled scalars in dS. However the authors
actually use the modified version of the algorithm that we
will see in Sec. III B, hence they are not really trading all
relevant integrations by an algebraic calculation. On the
contrary, we will get rid of all integrals in this section,
analogous to the case of gluons in AdS,.
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B 1 _ 1
L ka + kb kab
et =
ke ky kq B 1
T T et R) (ko + ko) (Fa + F)
B 1
kabkagkbg
k1o ks o kg k@ B 1
ol Mahinhly A W CSERREREED EREES Fadl Il S Sy Sy Sy
k1o ks kas k1o ks ks 12345K12345K4545K1212/£12345
k12 kas _ 1
L | ot Sih T EELLT-3) Il e sy o s
k1o ks Eas 12345K1212K12345K12345R4545
FIG. 3. Diagrammatic illustration of the algorithm.
oo —ip diagrams shown in Fig. 2 for conformally coupled scalars
0 pi+qy— i€ read as
_ipn .
Bn[.xl (ki7 pl) W4.1(k[) = lﬂ.%.Al (k127k347k2)

Xi
2 2 .
DPn + qn — i€
n+1

X Bnc,x,,H (ki’ pi) H(_lpt)

t=1

(3.5)

which is the expression for the diagram of m external legs n
bulk propagators (dependence on external legs is implicit
in B).

We note that the aforementioned additive property of the
vertices, which follows from ¢y (2)¢y,(2) = ¢y, 14,(2),
means that we can change the number of external legs
as we wish as long as the sum of norms of the momenta
flowing to vertices stay the same, up to the change in the
coupling coefficients. Hence, we will work with the
truncated diagram of the amplitude

2n+1
_ T W
n = n
H[:] /)t

which only depends on the topology of the truncated
diagram, independent of the details of external legs but
only the sum of norms of the incoming momenta.”® For
example, for' A, (k,, ky. k,), which is given in the first

diagram of Fig. 3, the amplitudes of the four and six point

A (3.6)

8We introduced an additional i" factor for convenience; this
way, our truncated amplitudes are exactly same with those of [62]
in which i factors are included in the projectors II instead of the
scalar part of the propagator.

In Figs. 3 and 5, we use the diagrammatic notation for
truncated amplitudes in the same sense they are used in [62]: they
correspond to Witten diagrams with bulk to boundary propa-
gators stripped off.

We1(k;) = iA3.A; (ki23, kuse, kg)- (3.7)

The algorithm for the computation of A is as follows.
The diagram is decomposed into subdiagrams by cutting all
internal lines. One then considers all possible orders in
which the lines are cut, and assigns partial amplitudes to
individual cases. The sum of these partial amplitudes give
the full amplitude of the initial diagram.

The partial amplitude for a diagram with its lines cut in a
particular order is the product of the amplitudes for all
subgraphs, which are in turn equal to the inverse of the sum
of all vertex norms within that subgraph and line norms
going out of that subgraph.

In Fig. 3 we illustrate the algorithm for A, and A,. For
Ay, we observe that there is only one partial amplitude
which yields remarkably simple results

i3
=3
k1234k12gk34g
112
iy

k123456 123123 k456123

Wi (k;)

W6,1 (kl)

(3.8)

For A,, we have two partial amplitudes where the sum
simplifies quite nicely, yielding

W (ki) = —i23 Ay (k1. k3, kas, kyo, kys)
k1212334545

93
= —il

3
k12345k1212K34512k 12345K4545K 12345

(3.9)
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We stated above that this algorithm is valid if n = n.. By
imposing n € Z in Eq. (2.11), we see that there are only
three cases with conformally invariant interactions:
AdS;46 with ¢%*3 interaction. As the algorithm we
provided is independent of the spacetime dimension, we
can use it for all truncated diagrams; below we list some
results for various Witten diagrams: one should understand
the relevant dimension for which the amplitude is valid
from the form of the interaction, i.e., results with 4—point
interactions are valid for AdS, only.”

Wio (ki) = idgA; (ki23ss, ke780(10)> K12345)

Wy (k;) = —i23. Ay (kio3. kag. ksgr. kioz. ksg7)  (3.10b)

Wiao (ki) = —i23As (ksaser. kioso. k(10)(11)(12)(13)(14)- k34567

A2(q1’ 492,493 44; QS) = (

We remind the reader of our notation given in Eq. (2.29).
For example, k(j0)(11)(12)(13)14) above stands for
kio + kiy + kip + ki3 + kyg.

We would like to note that the method is not restricted to
comblike diagrams, and can be used for other topologies as
well. For example, for star diagram in Fig. 2, the algorithm
yields

12 - 34 12 - 56
Wes=(Z+34<56)+ | 34556 | + | 56 >34
56 - 12 34 - 12
(3.12)
where
.23
7 7 (3.13)

ki23as6k1212k123456K 12 34 56K3434K 125634 K 5656

whose step by step computation can be found in [62].

B. Generalized algorithm for all
conformally coupled scalars

There are not so many theories of interacting scalars with
full conformal symmetry; in fact, the Eq. (2.11) tightly
constraints the possibilities into three cases: AdS; with ¢°,
AdS, with ¢*, and AdS, with ¢ as we stated in previous
section. However, we can extend our algorithm to all
conformally coupled scalars which are not necessarily
invariant under conformal transformations.

we provide the results without dwelling on the relevance of
the specific models. In particular, one can see ¢° potential in
AdS¢ as a mere toy model due to the Z, odd potential yielding a
Hamiltonian unbounded from below.

9+ @+ q3)(q1 + q4) (92 + g3 + q4) (g2 + 94 + q5)(q3 + q5) (91 + 92 + q5)

kaouna2a3a4) (3.10¢)
where
Ay ) ! (3.11a)
q1.92.q3) = .
PR (g1 +a2)(q1 + q3)(q2 + q3)
(3.10a)
|
2
(g1 +2q2 + q3 + g4 + g5) (3.11b)

|

The restriction to conformally invariant scalars followed
from the requirement to get rid of the additional z—factors
in the bulk point integration in Eq. (3.4): we could use the
algorithm if we were to expand additional z—factors in
terms of ¢;(z). From Eq. (3.3a), we observe that this is
indeed possible if we expand the interaction coefficients
via Laplace transform, ie!

y—+ioco dZ

In(@) = /y_ioo e“’le,,(z)z—m.,
In(2) = / ® 5], (@) do = / * o n(@)do. (3.14)

0

Thus, we can rewrite Eq. (2.27) as

. n+1 B
Won = [ doncdoy [ [0 (315)

t=1

where ,, is the appropriate 1, (w,,) at mth vertex. Here, we
defined

Wm,nEA dzy...dz,11G (25, 2j,0 1) ---Gy (25, 2, 4n)

X d)kl (Zil ) . 'd)km (Zim )¢(u] (Zl ) .. '¢wn+| (Zn+l )
(3.16)

which exactly has the required form hence can be computed
by mere algebraic means as we reviewed in the previous
section.

Clearly, this modified algorithm is not as efficient as the
original one because we still have to compute integrals to
get the tree-level AdS amplitudes. However, for a Witten

*'Here 7 is an arbitrary positive constant chosen so that the
contour of integration lies to the right of all singularities in 4,,(z).
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diagram of n vertices, we are replacing 2n — 1 integra-
tions™ with n integrations whose integrand is computed
algebraically; so this approach becomes rewarding espe-
cially as we consider higher order amplitudes.23

Apart from introducing a uniform treatment for all
conformally coupled scalars, generalizing the algorithm
as above can reveal algebraic and recursive relations
between various Witten diagrams. In fact, this way of
rewriting an amplitude is already done in [61] where they
write the cosmological wave function {7 for conformally
coupled scalar as an integral over the modified wave
function y which follows from the Fourier expansion of
the coupling coefficient 2.2 For the utility of such a
representation in terms of algebraic and recursive means
and relations with polytopes, we refer the reader to
their paper.

As an example, we can consider ¢ interaction in AdS,.
We can immediately read off W from Egs. (3.7) and (3.9)
by including additional w; dependencies:

W (k. w;) = il3A (ks + 1. kg + @5, k)
Wsa(k;, w;) = —il3 A (kiy + w1, ks + o,

kys + w3, kip, kys) (3.17)

The amplitude for the relevant Witten diagrams become

W4,1—/ dw dw, Wy, Ws,z—/ dwdw,dasWs .
0 0

(3.18)

Here we used the fact that the interaction coefficient is %’13

whose numerator is taken into account in the calculation of
W, hence

h(2) =7 = I3(w) = 1. (3.19)

Utilizing softwares for symbolic computations, such as
Mathematica, we can calculate such integrals relatively
easily. For example, W, ; reads as

n-1 p—integrations for the bulk to bulk propagators
and n z—integrations as bulk-point integrations.

“One might object that this naive counting of integrals
is misleading as we also need to compute 4,(w), the inverse
Laplace transform of A,(z). However, 4,(z) has a pure
power law dependence for both polynomial and derivative

interactions, hence its inverse Laplace transform is quite trivial,
ie 1,(0) = %for o(z) =2~

*Our W and W are analogous to their ¥ and y respectively.
Likewise, their Eq. (2.9) is the analog of our (2.38).

|y + ks + €

————

.....

FIG. 4. One loop correction to the propagator and four point
interaction in AdS.

22 k k
Woi == <2Li2 (&> - 2Li2( ’234)
4k ki — ko Kiomo

log? | —— log?(k
+ log (kg—ku) + log*(ky212)
kyp — ks k1212
+210g< = >log< —>
k1212 k1234
—2log(ky12) log(ksain)

k
+ 21log(kyo34) log <342> + ﬂ2> .
kip — ko

One can compute other tree level expressions W,,, in a
similar fashion.

(3.20)

C. Extension to loops

The algorithm we presented in Sec. III A, and its
extension in Sec. III B readily applies to loops as well.
In [61], such calculations are already done in the context of
cosmological wave functions; here, we will illustrate the
algorithm in the simplest case of one loop (see Fig. 4) with
two vertices and use it to calculate 1 loop corrections to
scalar amplitudes in AdS.”

The application of the algorithm in case of loops is
same with that of tree level diagrams: we decompose
the amplitude into sum of partial amplitudes where the
expression for each partial amplitude follows from the
vertex momenta inside the diagrams and the propagators
going out of the diagrams. As we can see in Fig. 5, there are
two partial amplitudes for one loop two vertex diagram. We
multiply the corresponding expressions for each subdia-
gram in the denominator; we listed them from outward to
inward: the first value, (k, + k), corresponds to the big
circle, and the last ones correspond to small pink circles. In
the end, the final expression takes a rather compact form in
our notation: (KuKaavkavs)™ (Kaapa + Kpasp)-

If we were dealing with a tree-level expression, we
were done: we could simply translate from this truncated
amplitude to a Witten diagram via Eq. (3.6). However, k,

PWe refer the reader to [93] for analysis of similar loop
diagrams of conformally coupled scalars dual to vacuum corre-
lator instead of transition amplitudes.
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1

FIG. 5.

and k;, depends on the loop amplitude and one needs to
integrate it as well.

Let us illustrate this in case of loop correction to a two
point function, the first diagram in Fig. 4, where we are
assuming ¢ interaction in AdS4.” In this simple case the
integrand becomes

1
2k(k + 1] + |k +1])?

i i
21
X <2k+2|l| +2k+2|k+l|> (3:21)

which is to be integrated over I € R3. As the integration
domain is invariant under successive applications of [ — —I
and I — I + k, which interchanges first and second term
above, we can write the truncated amplitude as

Integrand =

1
2k(k + |1 + |k +1))*(k + |I|)
(3.22)

AL(k, k. k) = / &l

which reads in spherical coordinates after the Wick rotation
as

AL (k. k. k)
o
:_12134 sin 0d6

% 1
x/ Idl 5
0 (k+ 1+ VK> + 2 + 2kl cos 0)*(k + 1)
(3.23)

*As we saw in section, d = 5 is the only case for which ¢?
interaction can be calculated without additional w-integrations,
which we would like to avoid to give the simplest example as the
illustration.

(kg + kp)(kq + kp + 2kp) (ko + ko + ko) (ko + kg + Kp)

1

(ko + k) (ko + kb + 2ko) (kq + ko + k) (kp + ko + Kp)

The application of the algorithm to one loop two vertex diagram.

24!
where S, = <Z
n e

out the &—integration immediately, yielding

is the volume of n—sphere. We can carry

2(k+1)
P(- \k—]fﬁlkw +log (=) + 3)
k(k+1)

< e
AL(k,k,k):—;—]j/ di
0

(3.24)

Clearly, this is a divergent integral. By regularizing it with a
hard cutoff A,27 we find

i (187 A
A%k,k,k):-%( ; +96klog<z>

+ (39— 672)k — 72A> . (3.25)

In the general case of ¢"2 interaction in AdS,;,
we have

ko =i+ + |k, | + o
ky = kpsr| + -+ + [k + @,
kg:|l|

ky =l +ky +--+k,| (3.26)

which means k,,;, <> kpq,, Under the successive applica-

tions of ] - —l andl - I + k; + - - - 4+ k,, under which the
integration is invariant. Therefore, we have

*"We thank Aaron Hillman for pointing out that one may need
to choose z—dependent hard cutoff A as energy scales vary with
the bulk radius, and we believe that choosing A/z should yield a
more uniform energy cutoff. Nevertheless, our calculation should
be fine for the purpose of illustrating the usage of algorithm with
the loops.
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2iSys

AL (kg ky by + -+ k,) =

X

kia..on) T @1 + @

P oo 1
/ sin 9d9/ 19141
0 0 kia...n) + @1 + @y + 21

1

kia. n+ o +1+ \/12 + k3, +2lky,., cos6

X

whose 6 integration can be immediately carried out:

1
(3.27)
Kni1)(ns2)...on) T 02 + 1+ \/12 + k%, |, + 21k, ,cos0
_ d—2 ko +2l+k.. 0 _ kp+2l4kyo 0
4in's o /oo dll (kg +1) log('ka+|l—k12__.n\+l) (ky +1) log(\l—klz___,,Hka)) (3.28)
0

AL(ka’kbvk1+"'+krz):_ _
r(4h

k12...n<ka - kb)(ka + kb)(ka =+ kb + 21)

Despite the term k, — k;, in the denominator, the integrand above is actually continuous at k, = k;,.
We were not able to compute the integration above for generic d, however, it is quite doable once we restrict to a specific

d; for example,

. katkia,.n kptkia..n
Ky log(H152) _ g, log (42
Lk, ki 44k, = ——2 |log(2) +-2 I a A
"4 ( a>"bs 1+ + H)‘d—3 ka+kb Og( )+ ka_kb
in ko+kip n ky+kia n
- Li (=Bt )y, (=TT og (e, 4 kyy ) log (Ky + K
2k12‘..n|: 12( kb_k12..‘n> - 12( ka_kIZH.n> log (ka ki) log (ks +kiz.n)

—log (k, + ki) log (ky —kip_,) —log(k, —kis._,)log (ky + ki)

1
+6(310g2(ka —kyp_,) +3log?(ky —kip_,) + ”2)} .

Note that one still needs to integrate this result with respect to
w; and w, by including appropriate A(w;) factors. However,
we know that ¢* interaction in AdS, is actually conformally
invariant so we do not need @ integrations if we focus on ¢*
interaction. Indeed, we can directly write the full Witten
expression for the second diagram in Fig. 4 as®®

W - A%AL (kl + kz, k3 + k4,k1 + kz) (330)

IV. CONCLUSION

In this paper, we have explored momentum space
approach to computing amplitudes for scalars propagating
in anti—de Sitter space. Adopting the algorithm provided in
[61] for cosmological wave functions, we compute both
tree and loop level examples of AdS transition amplitudes.

Our momentum space formalism provides a systematic
and complementary study of scalars in AdS. We are inter-
ested in using this formalism to computing higher point
scalar loop amplitudes, which we leave to a future study.

This contradicts Eq. (3.6) because it is valid only for tree-
level diagrams as we there make use of the fact that number of
propagators is equal to number of vertices minus one.

(3.29)

[

Likewise, this formalism can be utilized for computation of
spinning loops. Unlike scalars, computing gluon and grav-
iton loops in general dimensions is complicated, but one can
get nice results if one focuses on specific dimensions [94].

There are several promising avenues for further explo-
rations. We believe that there should be a natural polytopic
interpretation to the results that we have developed, parallel
to the interpretation in [61]. It is also interesting whether the
weight-shifting operators developed in [50] in the context
of cosmology can be generalized into our formalism,
allowing us to relate spinning momentum space amplitudes
to scalar momentum space amplitudes.29 Lastly, momen-
tum space approach has been used to construct crossing
symmetric basis for CFT correlators [44,45]. Our approach
could be useful in such explorations as well.
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