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1 Introduction

Computing gravitational scattering amplitudes using standard Feynman diagram techniques
is a formidable task due to the enormous number of terms that arise. On the other
hand, modern approaches make use of a remarkable relation known as the double copy,
which allows one to reduce gravitational calculations to much simpler calculations in gauge
theory [2-11]. Roughly speaking, it relates gravitational amplitudes to the square of gauge
theory amplitudes. The double copy was first discovered in string theory, but applies to
general theories of gravity coupled to matter, providing deep theoretical insights into the
mathematical structure of gauge theory and gravity as well as powerful new computational
tools which have important applications to the study of gravitational waves. For a review
of recent developments, see [12, 13].

By comparison, the study of perturbative gravitational observables analogous to scat-
tering amplitudes is far less understood in curved backgrounds. Of particular interest are
boundary correlators of gravitons in Anti-de Sitter space (AdS) and de Sitter space (dS),
which play a prominent role in the AdS/CFT correspondence [14] and cosmology [15-20],
respectively. In the context of cosmology, these quantities are known as wavefunction



coefficients [21] and cosmological correlators (or in-in correlators) can be obtained by
squaring wavefunctions and computing expectation values [17, 22]. While there has been
impressive progress in computing supergravity correlators in AdS using conformal bootstrap
techniques [23, 24], it is not straightforward to adapt these methods to more realistic models
in four dimensional de Sitter space (dS4). Moreover, perturbative calculations in (A)dS
encounter similar difficulties to those in flat space but are even more challenging due to the
intrinsic complexity of working in curved backgrounds. Indeed, the tree-level wavefunction
of four gravitons in dS; was only determined in full generality about four months ago [1]
(see for [25] for earlier partial results). Despite the fact that Witten diagrams give hundreds
of thousands of terms, the final result was only about a page in length. This simplification
was achieved by using a powerful set of constraints including the flat space limit [15, 26],
Cosmological Optical Theorem (COT) [27, 28] and Manifestly Local Test (MLT) [29],
which are part of a broader arsenal of techniques collectively known as the cosmological
boostrap [30]. Recent developments in this direction include geometric approaches [31, 32],
and methods based on factorisation [33-36], unitarity [27-29, 37-39], Mellin-Barnes repre-
sentations [40, 41], recursion relations [42-44], color/kinematics duality [45-52], scattering
equations [53-56], and the double copy [57-64].

In this paper, we will combine the boostrap techniques used in [1] with the double
copy, leading to a further reduction of the 4-graviton wavefunction down to only a few
lines. Starting with the tree-level wavefunction for four gluons, we will apply a squaring
procedure inspired by the double copy for flat space amplitudes. The resulting formula
for the s-channel contribution to the wavefunction in (4.7) can be written in two lines and
satisfies the flat space limit, COT, and MLT. Moreover it captures the vast majority of the
hundreds of thousands of terms that arise from Witten diagrams. The full result for the
s-channel contribution to the graviton wavefunction in (4.8) can then be obtained by noting
that the double copy ansatz contains spurious poles which can be cancelled by adding a
simple two-line correction whose structure is fixed by the MLT. Morever, this correction
can be deduced by looking at scalars exchanging a graviton. Using the double copy as a
starting point, no new corrections arise after generalising this example to the gravitational
case. Hence, while we do not yet have a systematic understanding of the double copy in
(A)dS, it appears to be a very useful tool in the study of gravitational correlators.

This paper is organised as follows. In section 2 we review some basics about the double
copy and cosmological correlators. In section 3 we derive the wavefunction for scalars
exchanging a graviton starting from scalars exchanging a gluon. In section 4 we generalise
this procedure to derive a compact new formula for the wavefunction of four gravitons. In
section 5 we discuss our conclusions and future directions. We also provide two appendices
summarising our notation and providing details on conformal time integrals.

2 Review

In this section, we will review some facts about scattering amplitudes and cosmological
correlators which will be useful later on.



2.1 Double copy

Let us first review the double copy for scattering amplitudes in flat space. For simplicity,
we will focus on tree-level 4-point amplitudes. A 4-point color-dressed gluon amplitude can
be written as

nsC nyC e
A4:ss+tt+ uu’ (21)

S t U

where we have set the gluon coupling to one, s,t,u are Mandelstam variables:

s = (kl + kg)u (k)l + ]{32)# = Qk'lfkgu,
t= (kl + k4>“ (k)l + k4)# = Qk'fk)zm, (2.2)
u = (kl + k3)“ (k‘l + kg)u = Qkf/{g#,

n; are kinematic numerators, and ¢; are color factors obeying the Jacobi relation:
cs +cp+cy, =0. (2.3)
If we express ¢; in terms of ¢, and ¢, using (2.3), then (2.1) can be written as
Ag = csA1234 — cuAizaz, (2.4)

where the color-ordered amplitudes are given by

n n
Ajgzy = — — %7

s (2.5)
Arsog = — — —.

t U

The numerators are related by exchanges:

ng = —Nsly,, 4 Ny = =Ty 5 (2.6)
and obey an analogue of the Jacobi relation in (2.3):
ng + ng +ny =0, (2.7)

which is known as the kinematic Jacobi relation and encodes color/kinematics duality [4].
The double copy states that gravitational amplitudes can be obtained from color-dressed
gluon amplitudes by replacing the color factors with kinematic numerators:

2 2 2
n n n
My= =5+ F4 2, (2.8)

where we have set the gravitational coupling to 1. The double copy has been shown to hold
for any multiplicity at tree-level [7, 8] and to a very high order at loop level [9-11].
Generalised dimensional reduction [65] of the above gluon and graviton amplitudes
implies a double copy for scalars exchanging gluons and gravitons, respectively. The basic
idea is that d-dimensional scalars arise from (d + 1)-dimensional polarisation vectors which
point along the internal direction and are therefore orthogonal to d-dimensional momenta.



In particular, writing the gravity polarisations in terms of polarisation vectors and taking
the polarisation vectors to satisfy e4e, , = 1 and k%'e;,, = 0 (where a # b are particle labels),
the first line of (2.5) reduces to

t—u u—s
1234 _
AT ST T

(2.9)

which describes massless adjoint scalars exchanging a gluon. From this expression and (2.6)
we can then read off that ng =t — u, ny = u — s, and n,, = s — t. Squaring the numerators
according to (2.8) and noting that s + ¢ +u = 0 then gives

b tu  us St>
=—4|=+=+= 2.1
My <S t ) (2.10)

which describes massless scalars exchanging a graviton and agrees with the generalised
dimensional reduction of (2.8). Note that the scalar amplitudes live in the same spacetime
dimension as the gluon and graviton amplitudes, which is why we refer to this as generalised
dimensional reduction.

2.2 dS correlators

Let us now switch our attention to cosmological correlators. We will work in the Poincaré
patch of dS4 with unit radius:

ds® = (1/n)*(—=dn? + di?), (2.11)

where —oo < 1 < 0 is the conformal time and & denotes the Euclidean boundary directions,
with individual components z°, i = 1,2, 3. Cosmological correlators (or in-in correlators)

can be computed as follows:
_ Do (k1) . p(kn) |V [¢]]°
/Do ¥ [g]f*

where ¢ represents the value of a generic bulk field in the future boundary Fourier transformed

((Rr) .. o(kn) ) : (2.12)

to momentum space, k, are boundary momenta, and ¥ [¢] is the cosmological wavefuntion,

which is a functional of ¢. For simplicity, we are considering a scalar field but in general,

we should integrate over the boundary values of all the bulk fields, including the metric.
The wavefunction can be perturbatively expanded as follows:

—

o) =~ 3 5 [Tk (R B 65 o) (213)
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where the wavefunction coefficients 1, can be expressed as

= 5d(ET) <<O (ﬁl) .0 (ﬁn)» ) (2‘14)

where ET = El + ...+ En and the object in double brackets can be treated as a CFT
correlator in the future boundary [15, 33-35, 66—69]. Note that momentum is conserved
along the boundary but the total energy defined as

E=> ka, (2.15)
a=1



where k, = \Ea\, is not conserved. The wavefunction coefficients in (2.14) can be computed
by analytically continuing AdS Witten diagrams and will be our main focus in this paper.
In practice, we will drop the momentum conserving delta function when referring to
the wavefunction coefficients. We will also analytically continue to Euclidean AdS when
performing conformal time integrals.

For spinning fields we define the wavefunction coefficients in the helicity basis,

o] 1 n ddlCz 5 - o -
In® [y = — 22 - / 11 (%)dwﬁl""“ (R Bon) 3" (Rr) oA (B, (2.16)

where h, are helicities and are summed over. In order to apply the bootstrap methods
outlined later in this section it is necessary to additionally define the so called “trimmed”
wavefunction coefficients [70],

gt R = S e (B) ™ (Ba) ] G B, (20)

contractions

where (Ea) e denotes the tensor product of «, copies of Ea, whose indices contract with those
of the polarisation tensors on the left. The sum tells us that generically each wavefunction
coefficient will contain several such trimmed terms and each one of these must be determined
individually in the bootstrap approach. In the next two subsections we will describe how to
compute wavefunction coefficients using Witten diagrams and boostrap techniques.

2.2.1 Witten diagrams

Our goal in this paper will be to deduce gravitational wavefunction coefficients from gluonic
ones, so let us describe how to compute the latter in more detail. We will use Feynman rules
in axial gauge in AdS momentum space first derived in [20, 71]. For notational simplicity, we
will adopt conventions where factors of ¢ will not appear in the Feynman rules. See [72-74]
for recent four- and five-point calculations using these Feynman rules. In axial gauge, gluons
have the following bulk-to-boundary and bulk-to-bulk propagators in momentum space:

o0 z
A I 2
s k)= — d H;,;, 2.1
sz(z,z, ) /0 waw 2 5 g ( 8)

where k is the momentum flowing through the propagator along the boundary directions,
k = |k|, J, is a Bessel function of the first kind, and

Hij = nij + T?ﬂ , (2.19)

where 7;; is the Euclidean boundary metric. Note that we have Wick rotated n — iz,
where 0 < z < 00, in order to make conformal time integrals manifestly convergent. The
bulk-to-boundary propagator is given by

GA(z, k) = e”/%z% 1 (), (2.20)



where k and € are the boundary momentum and polarisation vector, respectively, which
satisfy € - € = € - k = 0 (where the dot denotes an inner product of 3-vectors), and K, is a
modified Bessel function of the second kind.

The color-ordered Feynman vertices for gluons have the same structure as in flat space
but the indices only run over the boundary directions in axial gauge. In more detail, the
three and four-point vertices are

Vika(F1, ko, k3) = (njk(El — ko)1 + nui (kg — k3); + mij (ks — El)k) ,

(2.21)
Vikim = 20jMkm — (MjxMm + NjmMkt) 5

where we have set the gluon coupling ¢ = v/2 for convenience. When computing color-
ordered 4-point wavefunctions, it will be convenient to split the 4-point contact diagram into
an s and t-channel contribution. After dressing the second line of (2.21) with polarisations
we then get the following quantities:

VZ=€1-e3€62- €4 — €1 - €469 - €3,
) (2.22)
V) =€1-€€3 €4 — €1 €362 - €4.

Finally, we note that for each interaction vertex, we must perform an integral over the AdS
radius along with the measure \/det g = 2~%. In practice there will be additional factors of
z coming from the inverse metrics used to contract indices.

Although we will not need them in this paper, the bulk-to-boundary and bulk-to-bulk
propagators for gravitons in axial gauge are given by

- 2
Gli(2,k) = eij\/;z_z(k:z)g[(g(kz), (2.23)
1
v A OB ny w (HirHji + HiHjy, — HijHy)
Gijykl (z,z ,k‘) = 5 . de%(wz)J% (wz') k2 1 2 ’

(2.24)

where €;; = €;¢; is a graviton polarisation. The Feynman rules for scalars coupled to gluons
and gravitons can then be deduced by setting ¢, - ¢, = 1 and ¢, - kp = 0, where a # b and
the polarisations correspond to external scalars. For example, the scalar bulk-to-boundary
propagator is

Gz, k) = \/zz?’ﬂk”[{,,(k:z), (2.25)

where v = 1/2 for conformally coupled scalars (which descend from gluons) and v = 3/2
for massless scalars (which descend from gravitons). Moreover, the three-point scalar-
scalar-gluon vertex can be deduced from the first line of (2.21) by dressing two of the
legs with polarisations and performing the generalised dimensional reduction procedure
described above:

viky, ko, Bs) = (k1 — k2)s, (2.26)

where leg three is a gluon with index i.



2.2.2 Bootstrap

While it is relatively straightforward to compute 4-point gluon wavefunctions using Witten
diagrams, doing so for gravitons is very challenging due to the large number of terms that
arise. It was shown in [1] that the graviton trispectrum is completely fixed up to arbitrary
(non-local) field redefinitions by the combination of the flat space limit [15, 26], the Cosmo-
logical Optical Theorem (COT) [27, 28] and the Manifestly Local Test (MLT) [29]. These
tools have been established over the last few years as key ingredients in the Cosmological
Bootstrap [30]. A consequence of this is that any expression that satisfies the COT and has
the correct flat space limit can be combined with the MLT to give the graviton trispectrum.
To aid the reader we will briefly review these three tests.

Fields in the Bunch-Davies vacuum in the infinite past of de Sitter behave just like flat
space fields. As a result, wavefunction coefficients contain the flat space amplitude within
them as the residue of the total energy pole. For Einstein gravity (being a two derivative
theory) this means that

lim 1] o kkakska

lim oM, (2.27)

where E = k1 + ko + k3 + k4 and My is the 4-graviton amplitude. While a naive squaring
of the tree-level 4-point gluonic wavefunction satisfies the correct flat space limit [45], it
does not satisfy the COT, which we describe in the next paragraph. To remedy this, we
will instead consider squaring the numerators in the conformal time integrand.

As a consequence of unitary time evolution in the bulk de Sitter space time, all
wavefunction coefficients satisfy the so-called COT. This relationship relates exchange
diagrams to simpler diagrams involving one fewer exchanged particle. In the case of gravity,
this relationship can be expressed as

YiRhsh () Kok, kg, ks, ) + R0 (kg — ko, —ks, —ka, ks, —Ky)*
= 37 P(k) [U4" (ko ) — w2 (e, — k)|
h

X {w§3h4h(k3v k4? kS) - ¢§3h4h(1€3, k4> _k‘s)} y (228)

where ks = |k1 + ko| and k; = |k1 + k4). Note that the &, dependence in the left-hand-side
is encoded by the polarisation sum on the right-hand-side. We also note that there will be
some dependence on the directions of the momenta through the polarisation tensors but
this has been left implicit due to the convention that they are unchanged when we adjust
the energies [39]. As was noticed in [29] this is sufficient to fix all of the partial energy
poles and so any result satisfying both this and the flat space limit will be equal to the full
answer up to sub-leading total energy poles.

Finally, any four-point! interaction arising from a Lagrangian with no inverse Lapla-
cian acting on single fields (such as that arising from Einstein gravity) must generate a

'Equivalent results exist for more general interactions but the expression given here is explicitly for a
4-point wavefunction coefficient.
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Figure 1. Witten diagrams for conformally coupled scalars exchanging a gluon.

wavefunction coefficient that satisfies the so-called MLT:

lim O, 14 (k1, ko, k3, ka, ks, kt) = 0, (2.29)
k1~>0

which is true even away from physical momentum configurations (unlike, for example, the
soft theorems). The tilde indicates that this applies to the trimmed wavefunction coefficients
as the kinematics of the polarisation tensors can introduce poles in the wavefunction that
violate the assumptions that go into the MLT. As we will see later, our double copy
prescription will satisfy the flat space limit, COT, and MLT, but will contain spurious poles
requiring us to add a simple correction whose structure will be fixed by the MLT.

3 Scalar wavefunctions

In this section, we will derive a compact new formula for the 4-point wavefunction of
minimally coupled scalars exchanging a graviton starting from the wavefunction for con-
formally coupled scalars exchanging a gluon. This will be a warm-up for obtaining the
4-point graviton wavefunction from the gluonic one in the next section. Indeed, the scalar
wavefunctions we derive in this section can be obtained via generalised dimensional reduction
of the spinning ones.

3.1 Ansatz

Let us begin with conformally coupled scalars exchanging a gluon. We will consider the
color-ordered wavefunction analogous to the first line of (2.5) in flat space and take the
scalars to be in the adjoint representation of the gauge group. Using the Feynman rules
in 2.2.1, the s-channel Witten diagram depicted in figure 1 is given by

s dw w
Wik = [ s (KEI KRN, (31)

where the integrals over w, z, and 2’ are from zero to infinity, ks = |l¥1 + §2|,

Nf = Uiz“éz;Hijv (3.2)

20 7 o - 5
k”’;”, and kg = kg + kp. The KK J integrals are given by

w

vip = (k1 — ka)', Hij = ;5 +
2
(KKJ)Y, = ;(kak‘bz)”zKl,(k:az)Kl,(k:bz)Jl,(wz). (3.3)

We have also dropped the overall factor of <.



The numerator N¢ can be thought of as the analogue of the kinematic numerator n
n (2.5). By analogy to (2.8) a natural guess for the double copy is

? dw w 3/2 3/2, o) 2
Whe L [ s (RKDB KK (N2) (3.4)
where we have replaced v = % Bessel functions with v = % Bessel functions, as expected
for mininimally coupled scalars and gravitons, and squared the numerator. While this
guess has the correct flat space limit, it does not satisfy the COT in (2.28). Looking at the
graviton bulk-to-bulk propagator in (2.24) then motivates the following ansatz:

dww 3/2 3/2 ~
¥5ho = / 175 o 102 (KK KD ) ((Nf) 50t Hi; véfiHm) . (35)
where 17?2 = v’izv{é. While the second term in parenthesis is similar in structure to the third
term in (2.24), it is constructed from scalar-scalar-gluon vertices. We will say more about
the double copy origin of this term in section 4.2. In appendix B, we evaluate the integrals
in (3.5) and obtain a more explicit formula:

1 1 k2. 02k2 IBQ
Yne = ’fﬁfzzﬂzz - §k§k12k34 foalla + 5 fao %

1 k2,02 \ k3,52 20 k2,32
Sl (I ) W (1 -az - a0,

S (3.6)

where ki; = ki + kj, oo = k1 — ko, B = k3 — k4, Iz 2 and Il ; are polarisation sums given
n (A.7), and fa2, f21, and foo are conformal time integrals given in (B.4).

3.2 Corrections

While the ansatz in (3.5) has the correct flat space limit and satisfies the COT, after
integration we find that it contains spurious poles in k12 and kss. These can be cancelled
by adding the following simple correction:

1 [ 2ki1koksk 2 2kak 2k k
¢§§)=—f 1koksks [ o? +5 +Oé 34+/3 172 ) (3.7)
2 \ (k12 + ksa)? ksa | ko k34 k12

In fact, this is the unique correction which cancels the spurious poles without affecting the
flat space limit or COT, modulo adding terms which do not contain spurious poles. This
ambiguity can be fixed by the MLT, which is satisfied by (3.5) but not (3.7).

Following the procedure in [1], we will construct an ansatz for the missing terms and fix
it by enforcing the MLT. As was shown in [75, 76], the most general tree-level wavefunction
coefficient for interactions involving Einstein gravity is a rational function of the energies.
Moreover, the correction terms can have at worst £~2 poles and no other singularities so
as not to affect the flat space limit or COT.? Scale invariance also forces any correction

2We are free to add in some non-local field redefinitions with ks poles, as was shown in [1], but these are
always present and so will be ignored in our ansatz.



term to scale like momentum cubed so the most general correction must have the form

(s) Poly(S)(kl,kz,k3,k4,k’5aktak’u)
(&) = = , (3.8)

where Poly(5) is a general polynomial with homogeneity degree 5 under rescaling momenta.
We can simplify this by noting that we are only adjusting the s-channel and so anything that
we add must respect the s-channel symmetries. To encode the k1 <+ ko and k3 <> k4 exchange
symmetry we express this polynomial as a function of the combinations k12, k1ko, k34, ksks
and k2. The remaining dependence on k; and k, can only be through the combination
k? — k2, which picks up a minus sign under k; <+ ko and so must be multiplied by something
else that also behaves in this way. Therefore,

(s) Poly® (kna, kiky, kaa, kska, k2) + A1aB(k} — k2)E + Ay(k} — k2)°E
MLT — E2

+ (El, Ez) — (E3, /24) , (3.9)

where the contribution at the end is required to recover the s-channel symmetry that is not
explicit in the construction of this polynomial. This ansatz has a total of 17 free coefficients.

On fixing the free coefficients such that (3.9) combines with (3.7) to satisfy the MLT
we find

s 1
i = AG R+ R4 D) + g (ks kaka) (Rika + Koks) —2(0kka + 6°kska)
+ (Pksky + B2kr ko) — 3(k3 k1 ko + kiykska) + 2(k3gky ko + k2, kska) +6k1 koksky
+k12k34(E2—2(k1k‘2—|—/€3k4))), (3.10)

where A is a free coefficient that corresponds to the field redefinition ¢ — ¢ + A¢3, where
¢ is the external scalar field. Choosing A = —7/2 then gives the compact form

s bki1koksk F 1
P = %ﬁ@ukgréxklkr%gk@—E(klkg—k3k4)<a2—ﬁ2)—3(a2k12+52k34).

(3.11)
In summary, we find that the s-channel contribution to the wavefunction for minimally
coupled scalars exchanging a graviton can be written as

¥ = Uibe + Y8 + Yt (3.12)

where the three terms on the right-hand-side are given by (3.5), (3.7), and (3.11). The
full wavefunction can then be obtained by summing over all three channels, where the
contributions from the ¢ and u channels can be obtained from (3.12) by exchanging 2 < 3
and 2 « 4. More explicitly, plugging in (3.6) we obtain

2 | 32 2 42
() L 0 I K2kikes forTToy + Siokas (Erakss + K2 _aHS g
Vg5 3 sf2,21l2 2 Rt 34f2,1 2,1+2 12k3a(k12ksa + k3) fo1 2 +3k:§ 2
Ufg 2 o? 52 1 2 2 5 2 2
— 5 (kika + kska + B )I?gk? = 5 (kikz — kska)(a” = 57) — 5 (ki2a” + k34 5°)
Ski1koksk E
+ % + 5 (kizkss — dkiky — dkska) (3.13)

~10 -
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Figure 2. Witten diagrams for four-point gluon wavefunction coefficient.

This agrees up to field redefinition with the result previously obtained in [1] using bootstrap
methods.

4 Spinning wavefunctions

In this section, we will generalise the procedure in the previous section to deduce the
tree-level 4-point graviton wavefunction from gluons, arriving at a compact new formula.

4.1 Ansatz and corrections

Let us start with the s-channel contribution to the 4-point color-ordered gluon wavefunction,
depicted in figure 2. Using the Feynman rules in section 2.2.1 we obtain

s dzdz' dww 2 2 i j
) :/M(KKJ)% (2) (KK J)3)° (2" \ViyHi Vi,

(4.1)
+ [ deds(e - ) (KE)Y (Ve (KR ()

where (KK)4? (2) = VEakpzK1 2 (kaz) K13 (kp2),

Vaib =€q - €p (kg — kb)i + 2¢€4 - kbei — 2¢ - k‘aefl, (4.2)

VZi=e€1-€3€2-€4—€1 €162 €3.

The second term in (4.1) arises from a bulk contact interaction so we have written it as
integral over two bulk points with a delta function. To combine it with the first term, use
the orthogonality of Bessel functions

§(z—2") = /dww (zz')l/2 Jijo (w2) Jy g (w2') . (4.3)
We then obtain
s dw w
) = / oy e (KK )2 () (KK J)Y2 ()N, (4.4)

where the numerator Ny is
Ny = Vi HijViy + VE(W® + k). (4.5)
By analogy with the scalar double copy ansatz in (3.5), a natural guess for gravitons is

? dw w 3/2 3/2 1, -
Whe L [ sdeds (KK RKINE) (N2 - SV H Vi), (40)

- 11 -



where V;g = (libV(f,). While this ansatz satisfies the COT, the second term spoils the flat
space limit. This can be remedied by adding one more term to the integrand:
s dw w 3/2 3/2
Whe = [ st ds (KK R D)
k2 +w (4.7)
1oii - 1 '
X <N52 — §V15Hij‘/})’ffHkl + 5(61 . 62)2(63 . 64)2(w2 + k‘?)2> .

In the next subsection, we will explain how the second and third terms arise from the
double copy.

As before, we must add terms to cancel spurious poles and satisfy the MLT. Remarkably,
these turn out to be identical to the scalar case after dressing with polarisations. In the end,
we find that the s-channel contribution to the 4-point graviton wavefunction is given by

¢§IS) — 1/;533(} + (e - 62)2 (€3 - 64)2 (¢s(18)) + ¢1(\Z£T> , (4.8)

where the terms on the right-hand-side are given in (4.7), (3.7), and (3.11). The full
wavefunction can then be obtained by summing over all three channels, where the contri-
butions from the ¢ and u channels can be obtained from (4.8) by exchanging 2 <+ 3 and
2 +» 4. This non-trivially agrees with the result previously obtained in [1] using bootstrap
methods, but now provides a more compact expression which exposes the underlying double
copy structure.

In appendix B we evaluate the integrals in (4.7) to obtain the following more explicit
formula:

Yﬁgs) = (€1 €2)?(e3 - 64)2%/1](3% + (8(61 -€a) (€3 - €4)Wsk?IIy 1 + 16W52> f2.2
— (€1 - €2)(e3 - €4)k12kza (8Wlli o + aBVY) fa1 + <(VCS)2 + %(61 “€2)?(e3 - 64)2) fa
+ ((ex - e2)(es - ea)(kr — Fa) - (s — Ka) + 4W,) Vi'fy, (4.9)
where f, and f; are given in (B.6), V? is given in (4.2), and the other tensor structure is
given by

W= (e1-€2)[(k1-€3)(k2-€a) — (k2-€3)(k1-€4)] +(e3-€4) [(R3-€1) (ka-€2) — (ka-€1) (ks-€2)]

—I—[(k:2-61)61 — (k‘l '62)62] . [(k?4-€3)€4— (k3'€4)€3] .
(4.10)

Notice that the tensor structure (e; - €3)(es - €2)(€2 - €4)(€q - €1), which appeared in the
result presented in [1], is absent in (4.9) but this merely reflects a different choice of
tensors to represent the answer. This contribution is instead captured by the (V.*)? and
V(e - €2)(e3 - €4) terms as well as a modification to the (e1 - €2)?(e3 - €4)? term.

4.2 Double copy structure

The simple ansatz in (4.7) captures most of the terms in the 4-point graviton wavefunction.
Comparing this to (2.8), we see that the analogue of the graviton numerator in the
s-channel is

1 s . 1 9
NJ = N? - §V1Z§HijV3]Zlsz +5 (e €2)” (€3 - ea)” (kf + w2) : (4.11)
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where N is the s-channel gluon numerator:
Ny = V5V, Hij + (k‘? + W2) 61*26'55;77@[1977;]1, (4.12)

where e% = 6216% and we have added an underscore to indices associated with the left side
of the s-channel Witten diagrams, i.e. legs 1 and 2.

Naively squaring the gluon numerator gives tensors which contract indices on the left
with indices on the right:

2 _ ikl 2 2\ Uk 2 2\2 4 kl_mn _pq
Ny = VigVay Tijr + 2 (ks +w ) €12V12€31 Vi Tijktmn + (ks +w ) €12€12€34" €34 Lijkimnpg»
(4.13)

where

Tijr = HipHj,

Tijkimn = Mt Mm)j Hin (4.14)
Tijkimnpg = Mifm ) MlpTg)L-

On the other hand, we can also consider an alternative prescription for squaring the tensor
structures where indices on the left are never contracted with indices on the right:

T2 — kL 2, 2\ Yk Imy g 2 2\ ikl _mn_pgF
Ny = VipVau Tijrr + 2 (ks tw ) €12V12€34 VaaTijhimn + (ks +w ) €12€12€34 €34 Tijktmnpq
(4.15)
where

Tijwm = HijHy,
ﬂjklmn = 07 (416)

Tﬂmnm = )‘7@ NkLTImnTlpg -
Note that X in the third line is an unfixed relative coefficient and the second line vanishes
because there are an odd number of indices with or without underscores so there is no way
to contract all of them.
Hence we find that there are two ways to define the double copy of the gluon numerator.
Moreover, consistency with the flat space limit and the COT implies that both are required.
Indeed, (4.11) can be written as

1 -

N) = N2 - §N§, (4.17)
where we set A = —1 in (4.16). This can be also written in terms of asymmetric products
of deformed numerators:

vy 1 - N+ + N

where

i i
J ..
12Hij,

Nlj[2 = Ng + \/561'6263'64 (wz—}-k‘z) +

Sl

. L (4.19)
N?;Jfl =N, — \ﬁﬁ T €2€3 " €4 <W2 + kg) + ﬁ ?)ZZ{HU
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It would be interesting to explore if these numerators encode some analogue of
color/kinematics duality.

This story can easily be adapted to the case of external scalars using generalised
dimensional reduction, i.e. setting €, - ky = 0 and ¢, - ¢, = 1 for a # b. Indeed, dimensional
reduction of the gluon numerator in (4.12) gives

N? = U%2U§4Hy'a (4.20)

which agrees with (3.2). Applying the two double copy prescriptions described above then
gives
2 _ij ~ 0\ 2 ij g

(N2)" = tigobiTym, (N9) = 1505 T (4.21)
Note that generalised dimensional reduction of the third term in (4.15) gives (k2 + w2)2, but
this doesn’t affect the COT or flat space limit after summing over all three channels, so this
can be discarded. After doing so, we obtain the second term in (4.21). The scalar-graviton
numerator in (3.5) can then be written as

2 1/~ \2
¢y — P\ _ (2
N = (N9 : (§¢), (4.22)
which can in turn be expressed in terms of deformed numerators as follows:

S

1/ s _
N$T =2 (Nfy NgT + NGNS (4.23)

where 1 .
N .
NOE = N? + E%Hij, N$E = N¢ + ﬁvgiHij. (4.24)

5 Conclusion

In this paper we derive a compact new expression for the tree-level wavefunction of four
gravitons in dS4. The starting point is to write the s-channel contribution to the 4-point
wavefunction for gluons as a conformal time integral, square the numerator while replacing
v = 1/2 Bessel functions with v = 3/2 Bessel functions, and sum over all three channels.
While this guess has the correct flat space limit, we need to add two more terms to the
numerator in order to satisfy the COT while preserving the flat space limit. These two terms
can be derived from an alternative double copy prescription, as we explain in section 4.2.
The final double copy ansatz in (4.7) satisfies the flat space limit, COT, and MLT but
contains spurious poles after integration. This is fixed by adding two simple correction
terms: one to cancel the spurious poles and another to restore the MLT. After doing so,
we obtain a four-line formula for the s-channel contribution to the graviton wavefunction
in (4.8) which agrees with the much lengthier result previously obtained in [1], up to
field redefinitions. As a warm-up we first carried out this procedure for massless external
scalars exchanging a graviton starting from conformally coupled scalars exchanging a gluon.
Remarkably, the corrections required by spurious pole cancellation and the MLT in that
case directly carry over to external gravitons without any additional corrections.

— 14 —



In summary, the double copy leads to significant simplifications of the 4-point graviton
wavefunction in dSy4, although we do not yet have a systematic understanding of how it
works. In particular, it would be interesting to see if there is some modification of our double
copy prescription which doesn’t give rise to spurious poles, and to understand the role of
color /kinematics duality in our construction. In general, four-point kinematic numerators
in (A)dS momentum space do not satisfy a kinematic Jacobi relation unless one performs
generalised gauge transformations which modify the flat space limit [45, 46], but progress
along these lines can be made by working in Mellin space [47, 77]. It is worth noting that our
double copy ansatz can be written in terms of asymmetric products of deformed numerators,
as shown in (4.18) and (4.19), and we believe that this will be a generic feature of the
double copy for non-superymmetric theories in (A)dS4. Indeed, self-dual gravity in AdSy
can also be derived from an asymmetric double copy with a deformed numerator [78], so it
is conceivable that this extends beyond the self-dual sector. Another promising direction
would be to translate our approach into differential notation [48, 50, 51, 53-55, 63, 79],
which provides a way to uplift flat space formulae to (A)dS, but becomes complicated for
spinning correlators.

Another interesting future direction would be to extend our calculations to higher points
and loop-level, where expect color/kinematics duality to play an essential role. Indeed, for
flat space gluon amplitudes with more than four external legs one must perform generalised
gauge transformations in order to obtain numerators which obey kinematic Jacobi relations
before squaring them to obtain graviton amplitudes. Evidence for color/kinematics duality
at higher points was recently found for certain supersymmetric theories in AdSs [80]. It
may therefore be useful to generalise our method to supersymmetric theories in AdSs and
compare it to recent results obtained in [47, 61], as well as to supersymmetric theories
in AdS4; which are currently challenging to analyze using other approaches. Since we
work with general polarisations, it should be straightforward to generalise our analysis
to other dimensions. Moreover the COT in (2.28) and the MLT in (2.29) may naturally
extend to supermomentum space, although it remains to be seen if this provides useful
constraints on superwavefunctions. It would also be of phenomenological interest to extend
our construction to theories of gravity coupled to massive scalars, mimicking the flat space
results in [81-83], and to incorporate boost-breaking effects [70, 84, 85]. Finally, once
we have a more systematic understanding of the double copy in curved background it
would be of great interest to generalise the KLT bootstrap recently developed for effective
field theories in flat space [86, 87] to (A)dS4, as this would complement other approaches
to computing string theory corrections to AdS correlators such as conformal bootstrap
methods and may even provide a useful new perspective on the UV completion of gravity
in de Sitter space.
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A Notation and conventions

In this appendix we will summarise our conventions and collect various useful definitions that
are used throughout the paper. When performing conformal time integrals, we Wick-rotate
to Fuclidean AdS4 with unit radius, whose metric is given by

ds? = (1/2)%(d2? + d7?), (A1)

where 0 < 2z < oo is the radial coordinate and z* with i € {1,2,3} are the boundary
coordinates. This is obtained from (2.11) by taking 7 — iz and dropping an overall minus
sign. Moreover, we Fourier transform wavefunction coefficients to momentum space along
the boundary directions and our Fourier convention is

3 L e —. 7o
1@ = [ Gt @ = [ 5@, (A2)
We use Greek indices, p,v ... to label the components of 4-vectors and Latin indices
from the middle of the alphabet, 4, j... to label the components of 3-vectors. Latin
letters from the start of the alphabet, a, ... are reserved for labeling particles. The
three-momenta k, have components k! and norms k, = |Ea| The corresponding massless
four-momenta have components k% = (kq, k). We define kqp = ko + kp as well as

ks = |1 + ko, ke = |k + kal, ky = |1 + k3. (A.3)
Using three-momentum conservation 23:1 Ea = 0, these satisfy
k2 4+ k2 + k2 =k 4+ k3 4+ k3 + k2. (A.4)
We also define several combinations of these energies:
E=Fkio+kss, Ep=ks+kio, Ep=ks+kss, a=k —ke, [B=ks—ks (AD)

We work in axial gauge where polarisation tensors only have components along boundary
directions. The polarisation vectors for gluons are denoted as ¢; and satisfy €,-€, = €4k = 0,
where the dot denotes the product of three-vectors using the Euclidean boundary metric
1n;j. Graviton polarisations can then be written in terms of polarisation vectors as €;; = €;¢;,
which automatically encodes the transverse and traceless conditions. Waveunctions with
external scalars can be obtained from spinning wavefunctions by the taking polarisations to
satisfy €, - ¢, = 1 and €, - ky = 0 with a # b. The resulting scalar wavefunctions still live in
the boundary of dS4, so we refer to this procedure as generalised dimensional reduction.
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We use the following formulae for gluon polarisation sums, which were first defined
in [35]:
L R - K + R )
1,1 — k4 )
(k1 — ko) (k3 — k4)
k2

s

I =

The analogous formulae for gravitons are

3 oL L.
oo = 27;4(%1 — ko) (k1 — ko) (mumjm + TimTjt — Tigmim) (ks — ka) (ks — ka)™,
3 o . .. ..
Ho1 = 57— (k1 — k2)" (k1 — ko) (makjkm + mjmbkiky + mimkjky + mjikikm) (A7)
2k8k12k34

x (k3 — kq)' (k3 — kg)™,

where 7;; = n;j — kik; and k; = % Note that (A.6) and (A.7) are defined in the
s-channel. The equivalent expressions in the t- and u-channels can be obtained with the
substitutions 2 <+ 4 and 2 < 3, respectively.

B Integrals

In this appendix, we will explain how to evaluate the integrals in (3.5) and (4.7). First note
that both of these formulae contain the following tensor structure:

2HyHjp, — HijHpyy = T3 Tjm + Tim 1 — T Tm
k2 + w?

(Wil]%j];m + Wim]%j]%l + ijl%i]%l + le]%i]%m>

12 2 . L 12 2\2
- tw (Wijklkm+7rlmkikj) +< st > k; jklk‘m.

(B.1)

w? w?

We have performed this decomposition in such a way that the first two lines encode the
polarisation sums Iy 5 and Iz ; in (A.7). The final line is written in such a way as to get a
convenient set of integrals.

After performing the decomposition in (B.1), we obtain integrals of the following general
form:

fa= /0 L / dz d2 (KK J) () (KK J)22 ()T

w? + k2 (B.2)
B g /OO dw w* (k‘%2 + w? + 2/€1k2) (k§4 +uw?+ 2k3k4) '
Tr o Wk (Kt w?)? k2, + w2z
with the following set of integrands:
w? + k2 W+ K2\
Too=1 To = > Too = =
2,2 5 2,1 w2 ) 2.0 w2 ; (BS)

T, = (W? + k)2, T, = (W + E2).
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The first three evaluate to
 2k1kaoksky (ELER+ Eky) . k1ko (Epkss+ Fky) . ksks (Eks+ Erki2)

foo=
2 ESER E2E2Eg ELEE}
ELERr—k?
ELEER ’
B.4
For = 2k1kskaks  kiko ksky +l (B4)
21— E3ki9ksy E?%kis  E2k3y E’
k1oksq + k2 k2 [ kiky  2kiksksko  ksky
f2,0:7f2,1_7 3 3 1.3 3 )
k12ksq E \ kf5ksa k{oks, k12ks,
where E, FEr, and Er are defined in (A.5). The last two integrals are divergent:
2 (A 2 2 2 :
m\3 (B.5)

2
fo = —A + finite,
T

where A is a cut-off on the w integral. On the other hand, the divergent pieces are analytic in
at least two of the momenta and therefore correspond to boundary contact terms. Moreover
they become imaginary after analytically continuing back to de Sitter so won’t contribute
to the in-in correlator. Dropping these divergences then gives

1

Ja= (Rioksa+k2) fort 35 (2hikakska ki ka(28° ki) — haka (2B 4 K3,) — 2kisksa B> + B)
2k kaksky ksa+FE kio+E | kigksq—E?

fo=|—F5— + :

+k1ko 5 +ksky 52 E

E3 E (B.6)
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