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ABSTRACT: We formulate a renormalisation procedure for IR divergences of tree-level in-in
late-time de Sitter (dS) correlators. These divergences are due to the infinite volume of
spacetime and are analogous to the divergences that appear in AdS dealt with by holographic
renormalisation. Regulating the theory using dimensional regularisation, we show that
one can remove all infinities by adding local counterterms at the future boundary of dS
in the Schwinger-Keldysh path integral. The counterterms amount to renormalising the
late-time bulk field. We frame the discussion in terms of bulk scalar fields in dS441, using the
computation of tree-level correlators involving massless and conformal scalars for illustration.
The relation to AdS via analytic continuation is discussed, and we show that different versions
of the analytic continuation appearing in the literature are equivalent to each other. In
AdS, one needs to add counterterms that are related to conformal anomalies, and also to
renormalise the source part of the bulk field. The analytic continuation to dS projects
out the traditional AdS counterterms, and links the renormalisation of the sources to the
renormalisation of the late-time bulk field. We use these results to establish holographic
formulae that relate tree-level dS4y1 in-in correlators to CFT correlators at up to four points,
and we provide two proofs: one using the connection between the dS wavefunction and the
partition function of the dual CFT, and a second by direct evaluation of the in-in correlators
using the Schwinger-Keldysh formalism. The renormalisation of the bulk IR divergences is
mapped by these formulae to UV renormalisation of the dual CFT via local counterterms,
providing structural support for a possible duality. We also recast the regulated holographic
formulae in terms of the AdS amplitudes of shadow fields, but show that this relation breaks
down when renormalisation is required.
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1 Introduction and summary of results

Holography for cosmology, and in particular, for de Sitter, has been an active topic of research
since the early days of AdS/CFT. A correspondence between de Sitter and CFT was proposed
in [1, 2]; see also [3, 4] for earlier work. Despite the many results that have been obtained
over the years, the status of this correspondence has remained controversial. One reason
for this is that we do not have a concrete realisation of this correspondence in string theory
akin to that for the AdS/CFT correspondence [5], and there are no examples where both
sides of the duality are defined independently (apart from the example in [6], which involves
however an exotic theory of gravity in the bulk). Another reason is that, through the years,
different-looking formulations have been introduced and it has not always been clear what is
the relation between these and whether they are consistent with one another. Nevertheless,
as we will review below, there is significant supporting evidence for a correspondence —
including some evidence for the existence of a duality — as well as agreement between
different approaches. One of the purposes of this paper is to bring out the similarities and
differences between these different approaches.

The asymptotic symmetry of de Sitter is the same as the Euclidean conformal group
in one dimension less. It follows that observables defined at future infinity will satisfy the
same kinematical constraints as that of a CFT. However, this on its own, while it may be
useful, does not imply the existence of a duality between de Sitter and a local CFT. A similar
question was raised in the early days of the AdS/CFT correspondence: was the agreement
between bulk and boundary computations due to the high amount of (super)symmetry realised
by the original AdS/CFT examples, or is there support for the duality that does not rely on
a high amount of symmetry? A trademark of a local QFT is that its UV divergences are
local, and any dual formulation should have this property. This implies that IR divergences
in AdS (namely, divergences due to the infinite volume of spacetime) should be local, as
they are linked to the UV divergences of the CFT via the UV/IR correspondence. It turns
out that this is indeed the case for AdS gravity [7, 8]. This is a non-trivial property as it
does not hold automatically for any theory of gravity. For example, this is not the case
for gravity with zero cosmological constant near spatial infinity [9]. In this paper, we will
address this question in the context of de Sitter.

Through the years different approaches to dS/CFT have been pursued. In [10], Maldacena
proposed that the putative duality relates the partition function of the dual CFT, Zcpgr, to
the wavefunction of the universe, ¥4 = Zcpr, upon a specific analytic continuation. The
analysis took place in the regime where gravity is perturbative, and the paper also discussed
the relation between AdS and dS computations due to analytic continuation. This approach
was further discussed and extended in, for example, [11-19].

In [20] we initiated an “agnostic” approach, where instead of postulating the existence
and/or the form of a possible duality, we aimed to investigate whether any relation between
standard observables in cosmology and QFT correlators in one dimension less is possible
for generic accelerating cosmologies. The starting point was a one-to-one correspondence
between FLRW cosmologies and domain-wall spacetimes [21], which may be viewed as
generalisation of the analytic continuation of dS to AdS, but now applied to general FLRW
metrics [22]. A special case of this correspondence is that between accelerating FLRW



metrics, either asymptotically de Sitter or asymptotically power-law, and holographic RG
flows. For such cosmologies, we computed cosmological 2- and 3-point functions at tree-level
using the standard in-in formalism, both for scalar and tensor modes, and for arbitrary
potential [23-26]. These computations boil down to solving specific differential equations
satisfying certain initial conditions. As mentioned, these cosmologies are in correspondence
with spacetimes describing holographic RG flows, and for the latter, one can use standard
holographic methods to compute the 2- and 3-point functions of the holographic energy-
momentum tensor. These latter computations also boil down to solving specific differential
equations satisfying a regularity condition in the interior. As it turns out, the cosmological
in-in correlations can then be re-expressed in terms of holographic correlators in an essentially
unique way, for general potential, upon using a specific analytic continuation. The analytic
continuation was such that the differential equations and initial conditions that arose in the
cosmology computation exactly mapped to those needed for the holographic computations,
thus guaranteeing agreement for any model.

The resulting holographic formulae were similar to those appearing in the wavefunction of
the universe approach, except that the analytic continuation appeared to be different. In [10]
one analytically continued the AdS radius Laqs to the de Sitter radius Lgs, Laas = ¢Lqs,

and the AdS radial coordinate z to the dS conformal time 7, z = —i7. In [20], we worked in
momentum space along the boundary directions and analytically continued the magnitude of
momentum, gags = tqqs, together with the Planck scale, E%Ads) = —iﬁgﬁls). In large-N SU(N)

theories, this is equivalent to N2> — —N?. In this paper we show that these two analytic
continuations are equivalent, extending an argument given in [27].!

There are two natural scales that appear in the bulk theory: the Planck scale and the
scale associated with the cosmological constant, the (A)dS radius. One may choose to work in
Planck units, effectively setting £p = 1, both in AdS and dS. Then, relating AdS to dS yields
the continuation discussed in [10]. This is natural from the bulk perspective, namely, when
all computations are done in the bulk — for example, when relating in-in dS correlations
to AdS amplitudes computed via Witten diagrams. In these units, the dual CFT lives in a
space with metric ds? = Lidsde, and one would need to include (and analytically continue)
these factors of Lags in all CFT computations if one wishes to express the dS results in
terms of CFT correlators. Alternatively, one may work in (A)dS units, effectively setting
Layas = 1, and this leads to the continuation used in [20]. Now the boundary geometry is
ds? = da?, and as such, this setup is more natural from the perspective of the dual CFT.
Moreover, this continuation refers only to CFT variables and parameters and is therefore
available when the bulk theory is not weakly coupled. We show explicitly that one can
go from the one analytic continuation to the other simply by performing a Weyl rescaling
that adds or removes the factor of L% A4)dS from the boundary metric. Thus, taking this into
account, the approaches in [10] and [20] are in fact equivalent.

The analytic continuation in these works is done in an ad hoc fashion, and an important
question is whether it can be understood from a more fundamental perspective and whether it
makes sense non-perturbatively in 1/N2. A quantum cosmology perspective has been discussed

'More precisely, the signs that appear in the analytic continuation used in [20] are such that one finds
agreement with [10] based on the identification Wjg = Zcrr, which leads to the same results for observables
as W4s = Zcrr. Here, and elsewhere in this paper, we have adjusted the signs in the continuation used in [20]
so that there is an agreement with Was = Zcrr, see also footnote 5.
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in [28-31]. For other more recent perspectives, see [32, 33]. The analytic continuation has
also been embedded in supergravity [34, 35]. In these works, the AdS and dS supergravities
appear as different real slices of a single theory with complex action, and there is a connection
with IT* string theories and M™* theories [3], see also [36, 37]. Recall that in standard QFT,
analytic continuation in the momenta relates different correlators (time-ordered products,
retarded /advanced correlators, etc.), each having different physical meaning. The results
described above suggest that meaningful observables may also be obtained by analytically
continuing the parameters that appear in (a class of) QFTs.

The holographic formulae derived in [10] and [20] are valid at tree-level in the bulk,
or at leading order as N — oo from the perspective of the dual QFT. However, the dual
QFT need not be strongly coupled. A weakly coupled dual QFT would correspond to a
stringy non-geometric bulk, described by a strongly coupled worldsheet theory in string
theory. While we do not currently have any such models where both sides of the duality are
tractable, one can nevertheless work out the predictions of such models using holography
to see if their phenomenology is interesting. Models where the dual QFT is perturbative
were introduced in [20], and their predictions for spectra and bi-spectra were computed
in [23-26, 38, 39]. These models have been custom fitted to the WMAP [40, 41] and Planck
data [42, 43], showing they provide an excellent fit to cosmological data and thus an alternative
to conventional inflation. These models also provide a new perspective on the resolution of
the classic puzzles of hot Big Bang cosmology (the horizon, flatness and relic problems) that
historically motivated the introduction of cosmological inflation [44, 45]. As time evolution
is mapped to inverse RG flow, the resolution of the Big Bang singularity is mapped to the
question of the IR finiteness of the dual QFT; a question which is non-trivial but tractable
for the QFTs featured in the non-geometric models [46-48].

Yet a different approach to the relation between late-time de Sitter correlators and
conformal field theory is to use the fact that de Sitter isometries are the same as conformal
transformations in one dimension less, and thus the late-time de Sitter correlators should
satisfy the conformal Ward identities. Indeed, in [49, 50], we showed that the inflationary
predictions for slow-roll inflation, to second order in slow roll, are exactly reproduced by
conformal perturbation theory, and related work has appeared in [15, 16, 27, 51-56]. The
topic received a new impetus following [57] and [58] under the umbrella of cosmological
collider physics and the cosmological bootstrap. In the cosmological bootstrap, one aims to
obtain the late-time de Sitter correlators by solving the conformal Ward identities, using
as input expected physical properties, such as analyticity, that the correlators should have.
Recent works in this direction include [59-85].

In this paper, we aim to use light scalar fields in de Sitter (with mass 0 < m2L3q < d?/4)
to further develop the correspondence between cosmological in-in correlators and CFT
correlation functions, and to compare and contrast different approaches that have appeared
in the literature. We present holographic formulae for correlation functions of light scalars at
up to four points. These formula express the de Sitter correlators as analytic continuations
of the 2-, 3- and 4-point functions of the CFT dual to the corresponding AdS spacetime. We
supply two proofs of these holographic formulae. The first is based on analytically continuing
the AdS partition function to the wavefunction of the universe, and holds to all orders in
perturbation theory. The second is a tree-level analysis showing how the Schwinger-Keldysh
diagrams for dS correlators can be re-expressed in terms of AdS Witten diagrams.
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The relation between dS and CFT is easiest to describe using the wavefunction coeffi-
cients. Let ¢(p)(x) be the field parametrising the late-time behavior of the bulk field (7, )
(see (2.29)), and W4s[p ()] the dS wavefunction. Expanding perturbatively in powers of ¢,
we define the wavefunction coefficients v,, by

wasleol = e (S T [laadntar, - aeo-a) . po(-an). (1)
n=2 '

A holographic formula then relates these coefficients to CFT correlation functions,

U@ @) = (=)(O(a) .- O(an)| (1.2)

N2——N2, ¢;—ig;

where the correlator on the right-hand side is a Euclidean CFT correlator in flat space,
ds? = dx?. The double-bracket notation means that we have extracted the momentum-
conserving delta function, see (2.10). We assume (as usual) that the CFT admits a 't Hooft
large N limit with N2 — oo the leading contribution, as in SU(N) theories with matter
in the adjoint of SU(N). Essentially the substitution N? — —N? reverses the sign of the
coupling that suppresses non-planar loops. (For SO(N) theories, the analogous continuation is
N — —N.) In the bulk, this corresponds to reversing the sign of the Planck constant (working
in (A)dS units), or more precisely continuing Egds) = —iﬁgs). The substitution g; — ig;
analytically continues the magnitude of the momenta. The relation (1.2) holds to all orders
in bulk perturbation theory, and we establish this by showing that the respective Feynman
rules map to each other under the analytic continuation. (The correlator on the right-hand
side is computed via an AdS computation using the rules of the AdS/CFT correspondence.)
The results on the non-geometric models described above suggest that this relation may also
hold in the stringy regime, where the bulk is described by a strongly coupled sigma model
and the boundary theory is at weak coupling.

Starting from this relation, one may then compute the in-in correlators by functionally
integrating over ¢(g)(x) with measure provided by the square of the wavefunction,

() (1) - @) (Tn)) = /D‘P(O) ©(0) (1) - - - (0 (@n) [ Pas[e()]]*- (1.3)

Performing this integral at tree-level leads to the following holographic formulae:

1 1
(e @0 D) = =5 gammomocan

e[(—i)? 1 2
{0 (a1)2(0)(22)2(0)(g3))) = % lf_[{g,[(l RZ[ (<<_(?)(f< &QO(ZZ)();?E‘JSB;;Q] , (1.5)

{(p0y(@1)e0)(@2)e0)(a3)p0)(q4))) =

1 {Re[(—wd«oml>0<q2>0<q3>0<q4>>>1
81 IIiZ, Re[(—)4(O(g:)O(—q:)))]
~ (Re[(—z‘>d<<o<q1>o<q2>o<q12>>>} Re[(—1)*(O(—q12)O(g5)O(q1)))]
Re[(—i)?(O(q12) O(—qi2))] TTi—; Re[(—1)*(O(g:)O(—q:)))]

+@H$+@H®ﬂ



where the real parts of all correlators on the right-hand sides are taken after the continuation
described above. Note that while (1.2) holds to all orders in bulk perturbation theory, (1.4)—
(1.6) are only valid at tree-level. The reason is that they have been derived by performing the
functional integral over gp(o)(cc) only at tree-level. It would be straightforward but tedious to
extend the formulae to higher order. Note also that the two terms on the right-hand side
of (1.6) do not represent bulk contact and exchange diagrams. For example, the 4-point
function (O(q1)O(g2)O(g3)O(qa))) at bulk tree-level is itself a sum of contact and exchange
diagrams. We argued above that the results for the non-geometric models suggest that (1.2)
may also hold in the regime where the dual QFT is perturbative (and the bulk is stringy).
The holographic formulae (1.4)—(1.6) would then hold at string tree-level order.

To make contact with recent literature, we also present a second derivation of the above
holographic formulae by using now the in-in formalism. We consider a bulk Lagrangian that
involves general cubic and quartic vertices. For such a theory, we computed the tree-level
in-in dS late-time amplitudes and compared the results with the corresponding tree-level AdS
amplitudes. At tree-level one can readily track the signs due to the analytic continuation
ngds) = —iﬁgs) and include them explicitly in the holographic formula. The results up
to 4-point functions are given by

1 1

dstlh(q) = —=— - . 1.7
el 2 TmijXa (ig; 1, b) (.7)
1 Ima A,y (ig:)
dsx, i3, ) = —— . : 1.8
[A1AA3) (q 1% ) 4 H?:;[ Im ifzr;Aj] (iCIj) ( )
ren 1 ImianA Az A (IQM,uabk(az))
dS[A1A2A3A4](Qi;M,ﬂi):—* [21228584] , (1.9)

8 IIj=i Imifs? 5 (i)

dS|R) AnsAsAgwn,) (@) S5 1, 0;) =
L S B (igs,is: 1, b (ai))
8j:11mifZI;Aj](i%‘) [A182;A3A,20,]\144:18; 1, Ok G4

_ImionlAzAz](ifh,ifh,is;ﬂ,bk(az’))ImithAaAd(isai%,i%;u?bk(ﬂi))

Im 3 A (is)

(1.10)

The left-hand side denotes dS tree-level in-in late-time amplitudes with 4;18) = Lgs =1. We

use conformal dimensions to denote the external states and exchange particles. For example,

dsfznl AsAs] (gi; i1, a;) denotes the renormalised scalar 3-point in-in correlator associated scalars
of mass m? = —A;(A; — d)L;S2. The dimensions A; are the canonical dimension specified

by AdS/CFT (and not the shadow dimensions A; = d — A;). The correlator depends on
the magnitude ¢; of the momenta g; (conjugate to the insertion points x;). The superscript
“ren” indicates that these are renormalised correlators, where renormalisation refers to
renormalisation of IR divergences due to the infinite volume of spacetime, which we discuss
in greater detail below. (Here, u is the associated renormalisation scale and a; the constants
parametrising the scheme dependence). For 4-point functions, we have contact diagrams



deanA2A3A4](qi; i, a;), and exchange diagrams dsznlA%A?)AMAx](qi, S; 14, 0;), where A, is the

dimension associated with the exchange particle and s is the magnitude of the momentum
carried by it. On the right-hand side, we have the corresponding renormalised AdS amplitudes,
"M, with Kgfds) = Laqs = 1. Without loss of generality we can choose the renormalisation
scale in AdS and dS to be the same, but in general there is a non-trivial map that relates
the scheme-dependent constants by that appear in the AdS computation to those of the
dS computation, a;. For concreteness, we focused on the case of two bulk scalars: one
massless and another with mass m3q = (d? — 1)/(4L3g) describing a conformal scalar in de
Sitter. These correspond to a marginal operator with A = d and an operator of dimension
A = (d+1)/2. When final results are quoted we typically restrict to d = 3.

Converting the AdS amplitudes to CFT correlators in (1.7)-(1.10) yields again (1.4)-(1.6)
(more precisely, the generalisation of these formulae involving multiple bulk fields of the
appropriate dimensions on the left-hand side, and the corresponding CFT operators on
the right-hand side). Note that for general cubic and quartic couplings, the CFT 4-point
functions involves a sum of contact and exchange diagrams and these combine to yield (1.6).
As discussed in [86], each Witten diagram is a CFT correlator for some holographic CFT
specified by a bulk action, and in this case each of (1.7)—(1.10) becomes one of (1.4)-(1.6). It
is a peculiarity of the tree-level diagrams that each diagram on its own has a well-defined map
under the analytic continuation. In general, one would expect that the analytic continuation
only maps observables of the one theory to the other: in-in correlators to CF'T correlators.
From this perspective, (1.4)-(1.6) are more fundamental than (1.7)-(1.10).

As mentioned, we did the dS computations in two ways: first by using (1.3), and second,
by using the in-in or Schwinger-Keldysh formalism. In the Schwinger-Keldysh formalism
one performs the path integral over a path in the complex time plane. For in-in correlators
this is a closed path that starts and ends at the same time. In dS this is a real path that
starts at future infinity (7 = 0 in the coordinates used in (2.27)), moves backward in time to
T = —00, and then reverses and moves forward in time till it reaches future infinity again.
Operators may be inserted at any point along the time contour and the correlators may be
computed using the Schwinger-Keldysh path integral,

20,0 = [ Dps Do exp (iSilps] —iS-lp-] +i [ 4oy (Lags = To-) ),
o+ (0,2)=p—(0,2)~p(o) ()

(1.11)
where the subscript + indicates fields in the forward path and — in the backward path, and
J4 are sources that generate insertions in the two paths. The fields on the forward and
backward contour have the same limit as we go to future infinity, and it is the correlators
of the late-time field ¢ (o) that we are interested in computing. One may directly link (1.3)
with (1.11) by identifying Wqg with the forward path and Wjq with the backward path.

The dS correlators generically exhibit singularities as 7 — 07, as was noticed, for example,
in [52, 62, 87-89]. In previous literature the singularities were regulated by putting a late-time
cut-off 79, but they were not renormalised. Here, we show how to renormalise such infinities:
it suffices to introduce a counterterm at 7 = 0 in the Schwinger-Keldysh path integral of



the following schematic form,
Set [#(oy; (T4 = JL)s 53¢ —/ ddxz JE— T (eloymaze),  (112)

where cpl(o) denotes collectively all (late-time) bulk fields (labelled by 1), € denotes the regulator
(which could be a late-time cutoff 7y, or the regulator parameter of dimensional regularisation,
which is the regulator we use in this paper), u the renormalisation scale and o’ is a set of
constants that parametrise the scheme dependence. For each bulk field we have sources Jli,
and the corresponding f! are local functions of the late-time fields cpl(o) which essentially
describe how the late-time fields are renormalised. More precisely, at 7 = 0 the source terms
in (1.11) become (J% — Jl_)gol(o) and combine with (1.12) to yield

= k
with
901;%(0) = 80?0) + f* (@l(o); Ky G55 6) . (1.14)

The function f* is a polynomial of degree n — 1 in the gal(o) and their derivatives, and the
possible terms are restricted by dimensional analysis: gpl(“o) has dimension d — Ay, so non-trivial
contributions are possible only when there are operators whose dimensions are such that
one can construct non-linear terms, using gol(o) and their derivatives, whose dimensions are
precisely d — Ag. It turns out that bulk correlators exhibit IR singularities exactly when
counterterms of the form (1.12) exist.

To illustrate the above for the cases studied in this paper, consider the case d = 3 with a
massless scalar ¢l% and conformal scalar ¢!, The numbers in brackets are equal to d — A;,
where A; is the conformal dimension of dual operator, which is related to the de Sitter

mass-squared as m? = —A;(A; — d)L;S. This means that

f[O ((PE(())])) ta [0]«0&%])) e, f[l]:a[lll H)QOE”)-FCLM( E(())}))Q(‘O[(g)—’—”" (1.15)

[i]

and 4-points dS amphtudes involving these fields are actually divergent, see tables 1 and 2.

where the constants a;’ are adjusted so that all infinities are cancelled. Most of the 3-
We have shown that all such infinities can be cancelled using the counterterms in (1.12)
with the f’s in (1.15) for suitable choice of the constants ag-i}. For example, for the case
of a single massless scalar field with the (regulated) action (4.24) the constants are given
by (4.61)-(4.65). After adding the counterterm (1.12), one may remove the regulator resulting
in finite renormalised correlators, which now depend on the renormalisation scale p and
the constants a; parametrising the scheme dependence. To fix this scheme dependence one
would need to impose normalisation conditions.

We have just established that the tree-level dS IR divergences are local and can be
dealt with by renormalising the dS late-time fields, ¢, as in (1.14), (1.15). The dS IR
infinities are the analogue of the IR infinities in AdS that are dealt with by holographic
renormalisation [7]. We would like to emphasise however that (1.12) is not the analytic
continuation of the conventional AdS counterterms derived in [7]. As shown in [90], and also



discussed here for the cases of interest, the asymptotic solutions are mapped to each other by
the analytic continuation as is the on-shell value of the action. However, the contributions
of the conventional AdS counterterms drop out after analytic continuation to dS. There
are a number of ways to see this. From the perspective of the Schwinger-Keldysh path
integral (1.11), the conventional counterterms amount to Si(p+) — S+(w+) + Sct[p(0));
where we use the fact that ¢ = ¢_ ~ ) at 7 = 0, and the counterterm action Sct[¥(0)]
drops out since (1.11) contains the difference Sy — S_. A second way to see the same is
to note that conventional counterterms contribute ultra-local terms in CFT correlators (i.e.
terms where all insertions are coincident). Such terms are analytic in all squared momenta
when written in momentum space, and such contributions are projected out when taking
the imaginary parts in (1.7)—(1.10). This means in particular that the conformal anomalies
are projected out, a point which was also recently made in [91, 92].

The infinities that we found in dS in-in amplitudes are also present in CF'T correlators and
AdS amplitudes [93]. In CFT, the counterterm corresponding to (1.12), renormalises the cou-
pling between the sources, 30?0)’ and the CF'T operator, O, SCFT[QOI(CO), O] = [diz Y, cp'(“o)(’)k
to

Scrr(ho) Okl = /dde(P];z(o)Oka (1.16)
k

with go’;%(o) as in (1.14). While S-functions vanish at the critical point, their derivatives (with
respect to other couplings) do not in general vanish, and these counterterms encode this CFT
data (while counterterms associated with anomalies encode the anomaly coefficients). In
AdS/CFT, the coupling between the source and operator is implicit, and as such one does not
directly add a new counterterm, but rather, one specifies how the source depends on the cut-off
(i.e., (1.14)) before removing the cut-off [93]. The analytic structure of these divergences
is different from the ones associated with anomalies: these are semi-local, meaning that
only a subset of operator insertions are coincident (while, as mentioned above, divergences
associated with anomalies are ultra-local). In momentum space, these divergences are analytic
in some but not all of the squared momenta. This implies that they survive when taking the
imaginary part. Indeed, we have shown that the holographic formulae (1.7)—(1.10) hold at the
renormalised level, with the left- and the right-hand sides computed independently. This is a
non-trivial agreement and it involves a non-trivial map between the scheme-dependent terms.

Comparing (1.13) and (1.16), the CFT operators Oy are essentially identified with
the (difference of the) Schwinger-Keldysh sources J¥ — J¥. The coupling (1.13) and the
integration over the go’(co) then implements a Legendre transform. In CFT, and for operators of
generic conformal dimension, this has the effect of exchanging operators of dimension A with
operators of shadow dimension, A = d — A. This relation always holds in a dimensionally
regulated theory, but it breaks down when renormalisation is needed [93] — we will discuss
what happens in such cases below. We thus expect that the regulated holographic formulae
can be expressed in terms of CF'T correlation functions of operators of shadow dimensions.
Indeed, starting from (1.7)—(1.10), explicitly taking the imaginary parts and converting to
correlators of operators of shadow dimension we obtain,

1
reg ;reg
ds[AA} = 7(23)20[55} INRL (1.17)



3
1
reg _ o .reg
Hiioan = 11 (M}cm X 1) Cla18 80 1A, 808 (1.18)
J

4
1
reg _ _ _ _ _ preg
dS[A1A2A3A4] o ]]-:[1 (QBjC[A A ]> C[A1A2A3A4]Z[51525354}’ (1.19)
- J=J
5 _ ﬁ 1 [0[51AZAI1C[53A4AI1Z.reg -
[A1A2;A3A 1A ] i 2 jC[AjA]-] C[Axﬁx} [A1A2;A3A 4z A ;]
Cia x Cia.
[A1A2A:]Y[A3A4A,] -1[feAgA A AiaA ]1, (1.20)
C[AIAI} 1A2;A3A420,
where
_ _ d ) T no_
Bi=R8j—5==F Ca,., a4, =2sin {5 (4=>"4)]- (1.21)
j=1

Note that all analytic continuations have been performed. This reproduces results in [66,
75, 76].

One may have anticipated this result based on the dS Ward identities and general
considerations. Indeed, as the group of de Sitter isometries is the same as the Euclidean
conformal group in one dimension less, the dS Ward identities become the conformal Ward
identities at late times, acting on fields of the shadow dimension, A; = d — A;, exactly as
expected given the dimension of gp’@ is d — A;. The conformal Ward identities have a unique
solution through to 3-point functions, and the AdS amplitudes are a solution of the conformal
Ward identities, so for (1.17)—(1.18) the only issue is to explain the coefficients. For the
4-point function, we use in addition the fact that we are considering tree-level correlators,
and the corresponding analytic structure in momentum space. This then implies (1.19), up to
a constant. For the exchange diagram, noting that the sum over bulk dS Schwinger-Keldysh
propagators is invariant under 8, — —f,, which amounts to A, — A,, the right-hand
side of (1.20) must be symmetric under A, <+ A, and thus involve both the AdS exchange
diagram with A,, and its shadow, A,.

The constants may be fixed by requiring that the right-hand sides have the same
singularity structure as the left-hand sides. As we already discussed, there are no possible
anomalies in dS. Anomalies appear in AdS n-point functions, however, whenever [94-96],

d n n _
(n—2)§—2ﬂj:—2k & d-) Aj =2k, k=0,1,2,.... (1.22)
j=1 j=1

This means that the AdS amplitudes of operators of shadow dimension will have zeros
and singularities when (1.22) hold, which the dS amplitudes do not have. To cancel those
the coefficients that relate the dS amplitudes to AdS amplitudes of operators of shadow
dimension must have compensating zeros and poles. This is indeed manifestly the structure
of the coefficients in (1.17)—(1.19).2 This is also the case in (1.20), even though this is not
manifestly so, see appendix C.4.

2The factors of 1/(2f;) are due to different normalisation of AdS amplitudes relative to dS amplitudes, see
section 5.2.
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Having established these relations, it is tempting to contemplate a direct link between
dS and a CFT with operators of shadow dimension. This has indeed been suggested in [75],
building on [66], where it was also proposed that this CF'T may be holographically constructed
via an AdS action with appropriate couplings to account for the coefficients that relate the
dS and shadow AdS amplitudes in (1.17)—(1.20). Such a duality however is not possible
as the relations (1.17)—(1.20) cannot be renormalised. In contrast, as we have already
mentioned, (1.7)—(1.10) hold at the level of renormalised correlators. To see why there is
no renormalised version of the shadow formulae, it suffices to discuss a counterexample.
Consider the case of ds[3po). This dS amplitude has IR singularities and can be renormalised
as discussed earlier, yielding

ren 1 4 1)
S22 = 43000 {—Q1 + (22 + a3) [log (M) + g — 1 ¢ (1.23)

The corresponding shadow AdS amplitude has (A1, Ay, As) = (0,1,1) and reads

(g2 + q3)

, 1.24
Q%QQQB ( )

ifg?l] = Clo11]
where we have allowed for arbitrary 3-point constant c[g1q], and the coefficient of proportional-
ity on the right-hand side of (1.18) is equal to C[On]/(251C[Oo](QBQC[H])Q) = 1/12. We conclude
that (1.18) cannot hold at the level of renormalised correlators. In fact, the right-hand side
of (1.18) can only account for the scheme-dependent part of the renormalised dS correlator.
This is typical: when renormalisation is needed, the shadow formulae compute only the
scheme-dependent part of the renormalised correlator. Note that the disagreement is not just
on the details: the left-hand side transforms anomalously under dS isometries while the right-
hand side transforms covariantly. While we focused here on one counterexample, the same
conclusion can be reached for any correlators that requires renormalisation. The underlying
reason is that the shadow CFT does not have suitable local counterterms built from sources
and operators of the shadow dimensions to remove the infinities one encounters on the dS side.
In contrast, the original CF'T has precisely the counterterms needed to remove these infinities.
This is a long paper and to accommodate readers with different interests the different
sections have been written so as to allow them to be read independently of each other. In
section 2, we describe the relation between the AdS partition function and the dS wavefunction.
The section starts with two subsections outlining the AdS and dS computations, presented
in parallel. This serves both to make the paper self-contained and also to emphasise the
similarity of the computations. To facilitate the discussion of analytic continuation, we
explicitly include the Planck and (A)dS lengths in all formulae. Then, we show how the
seemingly different analytic continuations that have appeared in the literature are related to
each other, and we obtain the precise relation between the coefficients of the dS wavefunction
and CF'T correlators, to all orders in the bulk perturbation theory. This section finishes with
the tree-level holographic formulae that relate dS in-in and CF'T correlators.
Section 3 is devoted to the Schwinger-Keldysh formalism. We present the computation
of the tree-level dS in-in correlators using the Schwinger-Keldysh path integral, and derive
their relation with the corresponding AdS amplitudes confirming the holographic formulae

— 11 —



derived in the previous section. This section is self-contained and does not assume prior
knowledge of the Schwinger-Keldysh approach.

In section 4, we discuss the regularisation and renormalisation of tree-level dS divergences.
We start by reviewing how holographic renormalisation works in AdS and outline the
similarities and differences with the case of de Sitter. We use dimensional regularisation
to regulate the IR divergences. The discussion is illustrated throughout for the cases of
massless and conformal scalars. We tabulate and explain the degree of divergences of AdS
and dS diagrams: generally all such diagrams are IR divergent; typically AdS ones are more
divergent than dS ones, but there are counterexamples. We discuss in complete detail the
renormalisation of correlators of a single massless scalar in dS and its compatibility with
the renormalisation of corresponding AdS amplitudes, and we present the corresponding
results for all such correlators involving both massless and conformal scalars. We briefly
discuss weight-shift operators and bulk derivative couplings. Amplitudes constructed using
derivative couplings are less singular than the corresponding amplitudes without derivative
interactions, but not all of them are finite.

In section 5, we discuss a recent approach that aims to connect de Sitter amplitudes to
AdS amplitudes involving operators of the shadow dimension [66, 75, 76]. We start by showing
that the dS Ward identities acting on the late-time correlators take the form of conformal
Ward identities in one dimension less, acting on operators of the shadow dimension. We then
show by explicit computation that one may rewrite the regularised tree-level holographic
formulae in terms of AdS amplitudes involving shadow fields, and explain that the resulting
structure is essentially dictated by conformal symmetry and the singularity structure of the
correlators. We show however that the connection between dS correlators and shadow AdS
amplitudes breaks down when renormalisation is needed.

The paper also contains four appendices. In appendix A we summarise our notation,
and in appendix B we summarise the holographic derivation of the 1-point functions in
the presence of sources. The AdS discussion is well known, and here we also present the
analogous discussion for dS. Appendix C contains a derivation of the singularities of AdS
and dS contact and exchange diagrams for general values of the operator and spacetime
dimensions. Finally, appendix D lists the shadow relations up to 4-point functions and briefly
discusses their derivation via a Legendre transform.

2 Relating the AdS partition function to the dS wavefunction

In this section we review the AdS partition function and the dS wavefunction, showing how
their perturbative expansions are naturally related by analytic continuation.
2.1 Perturbative expansion of the Euclidean AdS partition function

We consider the Euclidean bulk scalar field action

- 1 1 -
Saas = (€)1 [ @105 (5004 gmdase® +E) HVinle)) . (2)

where factors of the Planck length 6&,{}(15) have been introduced so that ¢ and the interac-

tion potential Vi () (containing terms of cubic order and higher) are both dimensionless.
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This convention is convenient in supergravity where ¢ parametrises a dimensionless metric
component in a Kaluza-Klein reduction, and will turn out to simplify our later analytic
continuation to dS. In order to understand the form of this continuation when working
in either Planck units (Eg?ds) = ggng) = 1) or (A)dS units (Lags = Las = 1) we will keep
both these quantities explicit throughout. As we will see, the different analytic continuation
prescriptions proposed in the holographic cosmology literature simply reflect this choice of
units. As one of these continuations involves the Planck length, we have chosen to explicitly
differentiate this constant in the AdS set-up (Kgfds)) from its counterpart in dS (fgs)). Finally,
while for simplicity we focus initially on a single scalar field, our results will later generalise
to multiple interacting scalars.
On a (d + 1)-dimensional Euclidean AdS (EAdS) background

L2
ds% g = ?ds (dz? + da?), (2.2)

2
where the radial coordinate 0 < z < oo, the action reduces to

1/(L LIRS dz
_ AdS d 2 2, 209, )2
SAdS - 5 <£(PAdS)> /0 W /d xTr (Z (az(p) +z (8290)

2

Las

+migs Laas®” + (E(Ads)> 2Vint(<P)>- (2.3)
P

With mass

mias = A(A = d) Ly s, (2.4)
the asymptotic behaviour of the scalar field is

deA

o(z,x) = ooy(x) + ...+ zAgp(A)(:c) +..., z— 0" (2.5)

where the dimensions [p)] = d — A and [pa)] = A correspond respectively to those of the
source and vev of a dual scalar operator O of dimension A.
The EAdS partition function is given by the path integral

Znaslpio)] = / DepeSais | (2.6)

subject to the boundary conditions

Jim o(z,@) regular,  lim 22" (2, 2) = ¢ (), (2.7)
and may be expanded into boundary CFT correlators as
Zads|p(0)] =exp i Sk [dgn]({O(q1) ... O(gn))) v(0)(—a1) - --p(0)(—an) )- (2.8)
= n!

Here, (g acts as the source for a dual scalar operator O of dimension A in a d-dimensional
Fuclidean CFT and we have Fourier transformed along the boundary directions so that g;
is the momentum conjugate to the insertion ;. The measure [dg,] is

q;
d

ndd
dg,] =
[dg,] <£[1<2w>

) 2m)5(>"ay), (2.9)
j=1
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and the double brackets represent the stripped correlators
(O(@1) .- O(gn)) = (O(q1) ... O(gn)) 2m)%6( > _ a;)- (2.10)
j=1

In the saddle point approximation, the 1-point function in the presence of sources is [7]

I d—1

A

(0)s = —(2A — d) (E(AESSJ P(a)- (2.11)
P

The derivation of this formula is reviewed in appendix B. Correlation functions in the CFT
then follow by repeated functional differentiation with respect to the source,

L 0
O(qr).-..-0(qn)) = —— | (O(q1))s : 2.12
©(@).- o) =] ( 59@(0)(_%)) ©@|, (2.12)
To determine ¢(a) as a function of ¢(g) we must solve the bulk equation of motion
(-0 + mias)e = Lads( — 2202 + (= 1)20. + 22> + A(A - d) ) (2.13)
= —(lp") 20, Vi

This can be accomplished perturbatively through an expansion in Witten diagrams. For
concreteness, let us consider the interaction

Vint (@) = )\k*P (2.14)

k!
Expanding the bulk scalar in powers of the coupling

o0

o(q.2) => (Ao (a,2), (2.15)

J=0

the solution of the bulk equations of motion is then given by
©(q1,2) = proy(qu, 2) + Ay (g, 2) + -

proy(ar:2) = KA%¥ (a1, 2)p0)(—a1) (2.16)

1 Lags \*T o a2
- AdS AdS .
Pylan2) = (k—1)! (g(Ads)> /0 Jar19a (1;2,2")

k
H/ d@{o} —qi,z )) (2m)%5( 2_:

Here, the bulk-to-boundary propagator Icgds(q, z) satisfies

(—0+mias)KA™ (g, 2) = 0, (2.17)
with boundary conditions
d—A
z asz—0
KA®(q,2) = (2.18)
0 as z — 00
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so that
/2. p
AdS g
— K =A—-d/2 2.1
ICA ((L Z) 25_1F<5) 5(qz), B d/ ) ( 9)
where ¢ = 4++/q? and K3, I3 denote modified Bessel functions. The bulk-to-bulk propagator
GRI5(g; 2, 2") satisfies

1

(0 +mias)GAS (g 2, ) = (65 V) —6(z - =), (2:20)
V9
with boundary conditions
A ((Lags ) °
- ’CAdS , / N 0
GAS (q;2,2) = ¢ 28 \ (A4S a(@)  asz (2.21)
0 as z — 00
such that
AdS / Laas e nd/2 / / /
G (q;2,2') = ) (z2) [Kg(pz)lg(pz)@(z—z)+(z<—>z)}. (2.22)
P

Witten diagrams are then constructed from bulk-to-bulk propagators and bulk-to-
boundary propagators with their sources ¢(q) (q) stripped off. Vertices correspond to radial
integrations with the factor

d+1
pAdS _ Mk Laas /OO dz’ (2.23)
SRSV 0zt '

and momentum conservation enforced. Summing up all n-point diagrams to a given order in

A, the correlator is then found by multiplying by (—1)" to account for the signs in (2.12).
Notice also that the factor of (2,6)_1(LAdS/€$de))1_d in GR%(g;2,2') as 2 — 0 cancels
with that in (2.11).

The various factors of Lagg and fgﬁds) entering the propagators can be accounted for as
follows. The AdS radius enters the bulk-to-bulk propagator (2.22) through (2.20), which reads

1-d

(—z283+(d—1)zaz+z2q2+A(A—d))ggds(q;z,z’) = ( ;ﬁj;) 2Hs(z—2).  (2.24)

P

The factor of (BEDAdS) )@=1 follows from the normalisation of the bulk action (the bulk-to-bulk
propagator being the inverse of the operator in the quadratic part of the action). Note however
that this factor has no effect on the correlators since the vertices carry cancelling factors
arising from the integral equation (2.16). By contrast, the bulk-to-boundary propagator (2.19)
obeys the homogeneous equation (2.17) from which all factors of Lags cancel. The boundary

condition ngdS (q,2) — 272 as z — 0 then ensures the asymptotic behaviour matches that

for a source in (2.5) and prohibits any factors of Lagg or E;Ads). A final point that will be

relevant later when we consider analytically continuing to de Sitter spacetime is that the
boundary metric on which the dual CFT lives is

ds? = L3 4q dz?, (2.25)

as follows from (2.2).
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2.2 Perturbative expansion of the dS wavefunction

We now review the corresponding perturbative expansion for the de Sitter wavefunction,
which is closely modelled on that for AdS above. The relation between the dS wavefunction
and the actual observables of interest — the correlation functions on late-time slices — will
be examined subsequently in section 2.4.

We start with the Lorentzian bulk action

~ 1 1 _
Sas = ~(5¥)1~1 [atay=g (2(3<P)2 + 3mise” + (65”) %<so>)7 (2.26)

evaluated on the fixed (d + 1)-dimensional de Sitter background
L2
ds3g = g(fd# + da?), (2.27)

where the conformal time 7 takes values in the range —oco < 7 < 0. The overall minus
sign in (2.26) relative to (2.1), along with the additional sign in the metric, ensure that
the action is the kinetic energy minus the energy in field gradients and the potential as
required in Lorentzian signature:

d—1
_ 1 [ Lag 0 dr d 2 2 2/9 2
Sas = B <£(ds)) [m W /d T (7' (Orp)” — 77(0ip)

P

2
Las

— misLise® — (NS)) 2‘/}nt(s0)>. (2.28)
P

Notice the measure factor \/—g = (—7/Lqgs)~(@*t1) also contains a sign ensuring it remains
positive in even boundary dimension d. The asymptotic behaviour of the scalar field at
late times is

)d—A

o(r,z) = (7)o (@) + ... + (=) 2y (@) + ..., 0. (2.29)

The equations of motion ensure there is an additional minus sign in the relation between
mass and A relative to that in AdS (2.4),

mis = —A(A —d)L 3. (2.30)

The de Sitter wavefunction is given by the path integral

Taslipo)] = (0 @)I0) = [ Dpee (231)
subject to the boundary conditions
lim ¢(7,2) regular, lim (—7)2 (7, x) = ®0)(x) (2.32)
T——00 70"

with the standard e prescription

T — 7(1 — i€), 0<ex 1 (2.33)
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This corresponds to an infinitesimal rotation of the time integration contour for the classical
action, where the direction is chosen so that ¢ times the Lorentzian action continues to
minus the corresponding Euclidean action, iSqg = —st. In perturbation theory, the role of
qT

this ie prescription is to select the solution where ¢ ~ €'" as 7 — —o0 so that we obtain

the exponential suppression e7(1=€)

— 0. Notice that in the in-in formalism, this mode
where ¢ ~ €7 as T — —oo corresponds to that multiplying the creation operator in the

Bunch-Davies vacuum. Instead of rotating the time contour, we can equivalently replace
q — q — i€, (2.34)

in all momentum magnitudes ¢ = 4++/¢2. This produces the same exponential suppression of
propagators at early times since ei™(a=1) a5 7 — —c0 is equivalent to edT(1=i),

The full dS wavefunction Wgg can be expanded perturbatively in powers of ¢ () to define
the wavefunction coefficients v,,. The most convenient definition for our purposes is

vasloo) = oo (3 [dainlar, oo (-a) o (-a)) (239

n=2
where the measure is given in (2.9) and we include an explicit factor of (—1)" multiplying
the wavefunction coefficients for later convenience. In the saddle point approximation, the
latter may be computed through a diagrammatic expansion analogous to Witten diagrams.
First, we construct an analogue of the 1-point function in the presence of sources

d—1
6In Wyg Las
Vs(q) = ———~ = +i(2A —d q 2.36
( ) 590(0)(_(1) ( ) ﬁ(ds) (rD(A)( ) ( )
such that the wavefunction coefficients are obtained by further functional differentiation,
- 0
Un(qu;s- -5 qn) = (—) Vs(qu : 2.37
( =50z =@l (2.37)

Comparing (2.36) to the corresponding AdS formula (2.11), the relative factor of —i derives
from the fact that Wgg = (e"548) while Zaqg = (e~44s). The full derivation is given in
appendix B.

To construct the bulk solution perturbatively, we again expand the bulk field in powers
of the coupling as in (2.15). The solution of the bulk equation of motion

(0 +mis)p = Lg2 (7202 — (d = 1)70, +7°¢% — A(A — d) ) p = —(65°)) 20, Vim, (2.38)
is then given by

o(q1,7) = qoy(q1, 2) + Aoy (@, 2) + -,
(a1, 2) = KX (q1,7)eo(—q1), (2.39)
+1
- —1 LdS 0 dT/ ds . ’
W{l}(ql’z)_w<€@i5)> /_OO WQA (q1;7,7)

Iq k
X (1;[2/ (d )dW{o}( qi, T )) (2m)%5( 2::
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Here, the bulk-to-boundary propagator ICdAS(q,T) satisfies

(0 +m3s)KR (¢,7) =0, (2.40)
with boundary conditions
_\d—A 0
K (g,r) - {7 wre (2.41)
0 as 7 — —oo(1 — ie)
such that
as; (=1 o) A
KX (q,7) = —im 27T (5) Hy" (—qr), g=A—d/2. (2.42)

Note that at early times the Hankel function HéQ)(—QT) ~ (—q7)~Y2e7. As in AdS, the

bulk-to-boundary propagators K4>(g, ) are taken to be independent of Egﬁis).

The bulk-to-bulk propagator ggs (q;7,7") satisfies

(-0 +mds)G8> (a; 7, 7') = —i(ﬁgs))d”ié(r —7) (2.43)

V=5

where the normalisation is such that G35(g; 7,7') carries a factor of (ﬁggs))“l*1 matching the
normalisation of the bulk action. The boundary conditions are

1-d
+i A [ Las &S
ot Las K | o
ggS(CI;T,T')% 25( 7) (4;18)) A(q ') as 7

0 as 7 — —oo(1 — ie)

(2.44)

leading to the unique solution
I 1—-d
G (s 7') = +Z (@) (=) Y2 (=7")?
P
X [Héz)(_qr) (Hél)(—(p’/) 4 Hé?)(—qT’))@(T/ )+ (r o 7_/)}. (2.45)
Here, the relative normalisation of the terms proportional to H él) (—q7) and H EQ)(—(]T) for

Aas T — 0. The
dependence on Lgg enters via the inhomogeneous source term in (2.43), namely

7 > 7' is fixed by the required asymptotic behaviour G&5(g; 7,7') ~ (—7)

1-d
(7283—(d—1)TaT+72q2—A(A—d))Q§S(q;r,r’) =—i (EL(ddSS)> (=) 5(r—7").  (2.46)
P

The overall sign in (2.45) is fixed by the junction condition following from (2.46), namely

1-d
. dS; .. /T:T/+€7 [ Las nd—1
lim [0:G¥(qim )| =i i (=)t (2.47)
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To solve the integral equation (2.39) perturbatively, diagrams are then constructed
from the bulk-to-bulk and bulk-to-boundary propagators, with vertices corresponding to
conformal time integrals

d+1
A L 0 dr’
s _ . k ds
Y <e§38>> | (249

As usual, momentum conservation is enforced at every vertex.

Examining (2.44), the factor of i(25)_1(Lds/€§§S))1_d in G(g;7,7') as 7 — 0 cancels
up to a sign with a corresponding factor appearing in (2.36). The sum of n-point diagrams
constructed using bulk-to-boundary propagators (with sources stripped off) for external legs
therefore corresponds to (—1)",. To construct the (log of) the full wavefunction ¥gg, we
instead retain and integrate over the sources, multiplying the sum of n-point diagrams by 1/n!.

2.3 Analytic continuation

The individual diagrams arising in the perturbative expansions of the AdS partition function
and the dS wavefunction can be identified with one another through a suitable analytic
continuation of the propagators. This ensures that to all orders in perturbation theory

ZAds = Wgs (2.49)

analyt. cont.

allowing AdS/CFT correlators to be related to wavefunction coefficients, and ultimately dS
correlators as we will review. The precise form of the analytic continuation depends however
on whether we choose to work in Planck units (fixing ggde) = KSSS) = 1) or (A)dS units
(fixing Laqs = Lgqs = 1), although the physical content is the same in either case.

2.3.1 Planck units

In Planck units where ngds) = egfs) =1, the AdS and dS solutions are related by
z=—ir,  Lass=ilas, ) = ()00, (2.50)

with all other quantities the same for both. Here, the sign of the first continuation is fixed by
matching the large-z behaviour e 9% of the AdS propagators to the early-time " behaviour of
the dS propagators for the wavefunction. The continuation of the sources goggl))ds then follows
by matching the respective asymptotic expansions (2.5) and (2.29). The continuation of the
(A)dS radius is fixed by requiring ,/gads = v/—gas and hence (Laas/z)?"! = (Las/(—7))*,
ensuring that —Sags = iSgs in all dimensions d.?

Applying (2.50) to the AdS propagators (2.19) and (2.22), and comparing to the dS

propagators (2.42) and (2.45), we find

KA%(q, 2) = (=)2 KR (q,7), (2.51)
GA®(g;2,2) = +G8(g; 7, 7). (2.52)

3Following [10], many authors use instead the measure \/—gas = (Las/7)*™" leading to the continuation
Lagas = —iLgs. This is fine for odd boundary dimensions (including the physically relevant case of d = 3)
but cannot be applied for even d since the dS action becomes imaginary for 7 < 0. In contrast, the
continuation (2.50) is valid in any dimension.
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Here we used the following analytic continuations, valid for —§ < argx < T,

Ks(x) = —de‘”ﬁmH}f) (ze~im/2), (2.53)
1 i 1 —4T 2 —4T
Ig(x):ie B/Z(Hé)(xe /2)+Hé)(xe /2)), (2.54)

with the replacement 6(z — 2') — 0(|z| — |2/|) = 6(|7| — |7/|) — 6(7' — 7) and vice versa.
From the result (2.51), we see that the phase acquired by the bulk-boundary propagator
cancels with that acquired by the source giving

KA%(q, 2)¢(0)° (—a) = KX (9, 2) 5y (—a)- (2.55)

Next, we must consider the interactions. Under (2.50), the AdS classical equation of mo-
tion (2.13) continues directly to its dS counterpart (2.38). Similarly, the AdS vertex fac-
tor (2.23) continues to its dS counterpart (2.48) as*

Vds — dS, (2.56)

Overall, on continuing a diagram from AdS to dS via (2.50), we thus find that: (i) bulk-
boundary propagators acquire a factor of (—i)A*d when stripped of boundary sources, but
have no factors when dressed according to (2.55); (ii) from (2.52) and (2.56), both bulk-bulk
propagators and vertices continue exactly.

Each AdS diagram, with sources removed, therefore continues to (—4)™*~% times the

corresponding dS diagram. Alternatively, the dS diagram is the continued AdS diagram
A—d)

n

times the inverse of this factor, i"( Since the sum of n-point AdS diagrams is (—1)
times the corresponding CFT correlator, and the sum of dS diagrams is (—1)" times the

wavefunction coefficient, we find

Ul ) = (=0)" 2 (O(qn) ... O(an)| (257)

Laas—iLas
This formula holds provided there are no divergences: we will return to discuss such cases
later in section 4. If we construct the AdS partition function (2.8) and analytically continue
via (2.50), the factors from the continuation of the sources cancel with those in (2.57) and

we obtain
Uyg = 7 2.58
4 AdS Lags—iLgs, @ﬁgsﬁ(*i)d_AW?OS) ( )
to all loop orders.
2.3.2 From Planck to AdS units via a Weyl transformation
As we noted earlier, when working in Planck units with K;Ads) = £§§‘S> = 1, the metric on

which the CFT lives is ds? = L?Ads dz?. When working in AdS units with L(4)as = 1, however,

“Here, after performing the analytic continuation 2 = —it’, we reverse the limits of the time integration
and rotate the contour sending fowo dr’' = — ff)o dr’ = — ffm(l_ie) d7’. The rotation is permitted since the

integral along the arc at infinity where ¢ ~ ¢ vanishes in the upper half-plane.
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we have just ds? = dz2. From the perspective of the CFT, passing from Planck to AdS units
is thus equivalent to performing a Weyl transformation [27]

vij = Laisvis (2.59)
under which
¢ Laast, @) = Liase(o) (2.60)
and the correlators transform as
n(A—d)+d
(O(@)...0(g)) = Liks " (O@) ... Ogn)) (2.61)

according to their overall dimension A; — (n — 1)d = n(A —d) + d.
From the perspective of the Weyl-transformed theory in AdS units, the continuation (2.50)
is then equivalent to continuing

: AdS (S
qAds = qds; cp{})‘)ls = go?g’), 653 ) = —w; ), (2.62)

The first two formulae here follow from (2.60), where in addition all correlators are multiplied

by a factor i"(A=4+d from (2.61). The continuation of Zgﬁ?ds) in the final formula derives

(AdS)
P

from the presence of an overall power of Laqs/¢ in the bulk action, which translates to

a power of the rank of the gauge group in the dual CFT. As in our conventions Lagg and

ngds) only appear in the ratio Lags /Z;Ads), the effect of the continuation Lagg = iLgg in

Planck units is thus reproduced by the continuation ggde) = _Mgng) in AdS units.
The relation (2.57) between the wavefunction and CFT correlators when working in Planck

units can now be translated into an equivalent statement in AdS units. In AdS units, we find
Unlar, -1 an) = (i) A DHO() O] ey e
=il

= (=)"(O0(@) .- 0(@))| (ras

) 4AdS—14ds

2.63
—>—i€§fs), gAdS—iqds ( )
where all correlators are those in the Weyl transformed theory on metric ds? = dz?. In
the first line, the factor (—i)"(A_de multiplying the transformed correlator is equivalent
to the untransformed correlator appearing in (2.57). Again, this result holds in the absence

of divergences; we will return to discuss these in section 4.

2.3.3 Pure (A)dS units perspective

Instead of applying a Weyl transformation to the holographic formula in derived in Planck
units, as we did in section 2.3.2, we can also recover the relation (2.63) between CFT
correlators and dS wavefunction coefficients by working purely in (A)dS units.

From this perspective, setting L(4)qs = 1, the continuation (2.62) can be understood
as follows. First, we must have ¢35 = —¢’g and (Egds))Q = —(Egs))z in order to map the
AdS equation of motion (2.13) to its dS counterpart (2.38). The specific signs appearing
in (2.62) are then fixed by enforcing —Sagqs = iSqs. In addition, this matches the e~9Ads*

behaviour of the AdS propagators at large z with the ¢'4s™ behaviour of the propagator

— 21 —



for the dS wavefunction at early times.® The sign here is also consistent with the direction
of rotation implied by the dS ie prescription gqs — gqs — %€ in (2.34), since (2.62) implies
qas = —iqaqs which also has a negative imaginary part. Finally, since the AdS and dS
asymptotic expansions (2.5) and (2.29) match directly under (2.62), no continuation of
the sources is required and go?o‘is = go‘(ios). Thus, all the continuations implied by the Weyl
transformation argument in section 2.3.2 can equivalently be recovered from consideration
of the theory in (A)dS units alone.

Applying (2.62) to the AdS propagators (2.19) and (2.22), and comparing to the dS

propagators (2.42) and (2.45), we find
KAS (qaas, 2) = KX (gas, 7). (2.64)
A% (qaas; 7, 2') = (—1)"GX (qas: 7, 7). (2.65)

A)dS)\ _
(E}( ) )) (d+1)

The vertex factors (2.23) and (2.48) are proportional to , so overall we find

VS — () ~dpds, (2.66)

In addition, we also need to take into account the continuation of the momentum integrals.
For the diagrams themselves, the only surviving momentum integrals come from loops,
contributing an overall factor of %%, Since

I-V=L-1 (2.67)
for a connected diagram with V' vertices, I internal propagators and L loops, the continuation
of an individual AdS diagram generates its dS counterpart multiplied by an overall factor of

(_i)d(I—V—L) _ (—i)_d.

Equivalently, to obtain the dS diagram we apply the continuation to the AdS diagram and
multiply by the inverse of this factor. As previously, the sum of n-point AdS diagrams
corresponds to (—1)" times the CFT correlator while the sum of dS diagrams gives (—1)"
times the wavefunction coefficient. Putting this together, we obtain the relation
(g @) = (=)MO(@1) - O@))]| asy s (2.68)
Lp =il

, 4AdS —1gds

This agrees with our earlier formula (2.63).

2.3.4 2-point function

The 2-point function provides a quick check of the continuations above. Using the bulk-
boundary propagators along with (2.11) and (2.36), we find

4°T(B)

®In [20], we instead continued the AdS solution to the dS mode function, namely, the coefficient of the

d—1
(0(q)O(—q)) = 28T (—p) <;§§§)> 28 (2.69)
P

annihilation operator in the in-in dS mode expansion. In contrast, the wavefunction propagator corresponds to
the coefficient of the creation operator in the dS mode expansion. The signs in the continuation (2.62) therefore
differ from those in [20], but the holographic formulae we derive are such that all results for observables remain
the same. In the present context, the continuation of [20] amounts to mapping Zaas = Wjg which leads to the
same results for observables since dS correlators are constructed from |¥qs|?.
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and

d—1
. 42B80(=B) [ L
¢2(Qd8) = —ue b fgé(ﬁf) (€£SS)> qgig? (270)

allowing us to verify the continuations (2.57) and (2.63) above. For the particular case of
d = A = 3, note that

2 2
Ladas Las
(0(@)0(-q)) = <(A§S)> GRas:  ¥2(a) = - (@) dis- (2.71)
lp lp
The negative sign of ¥9(qqg) is consistent with the non-negativity of the dS 2-point func-
tion.® Using
I Zaas = = [ 29 (0(0)0(—q)) oS ()25 2.72
nZxas =5 | Gnyd (O0(@)0(=a)) ¢ (@vw) (—a) (2.72)
and
1 1 d ds (. dS
InWgs = 2/W¢2(st)¢(o)(Q)¢(o)(—Q)» (2.73)

we can further check the relation (2.58).

2.4 Holographic formulae for dS correlators

The observables of interest in inflationary cosmology are the late-time correlation functions.
These may be computed from the wavefunction coefficients via a path integral:

(p)(@1) - p)(@a)) = lim (=7)" A V(1) .. p(xn))

70"
= [ Do vo@). @ tleel®  (@27)

Via standard path integral calculations we then obtain”

(@00 (~0) = ~5 g (2.75)

(0 @) @) (an) = | o e A, (2.76)

{20y (@1)¥(0)(@2)¥(0)(@3)(0)(qa)) =

1 Re¢4(‘h#12#13#14)_(Rezﬁg(ql,q%qu)Re¢3(_q127q37q4) )82 4)] -
8L TTizy Reta(a) Revn(am) [ Revnlg) 20 9TEeD )] (277)

where q9; = q; + q;.

See (2.75), and also (5.8) in [10]; the sign is misprinted in (A.3) of [27].
"Notice the signs in these formulae are dependent on those in the definition of the wavefunction coeffi-
cients (2.35), for which different conventions exist in the literature.
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Working in (A)dS units, the analytic continuation between CFT correlators and wave-
function coefficients is given by (2.63). Combining this with the relations (2.77) between
wavefunction coefficients and dS correlators, we obtain the holographic formulae

1 1
(e (@eo(-a)=-35 Re[(—1){(O(q)O(—q)))]’

(2.78)

e[(—i)®
<<<P(o) (lh)@(o) (QQ)SO(O) (g3)) = i 335(1 Rt)a[(<<—(?)(f<1(g?é?;é(?ii))?)]] ) (2.79)

<<<P(0) ((I1)80(0)(Q2)90(0) (Q3)<P(0) ((I4)>> =
} [Re[(—i)d«O(CIl)O(CIz)O(%)O(Q4)>>]
81 Iliz Re[(—)4(O(g:)O(—q:)))]
_ (Re[(—i)d«o(ql)O(qz)O(qu)m Re[(—1){(O(—q12)O(g3)O(qa)))]
Re[(—1)2(O(q12) O(—q12))] [T;—; Re[(=)?(O(q:) O(—a:)))]

+(2H3)+(2<—>4)>}
(2.80)

where the real parts of all correlators on the right-hand sides are taken after continuing

g&fds) = _MESS), gAds = 1gds- (2.81)

While our discussion has focused on a scalar field of a single type, the generalisation to
multiple interacting scalar fields is straightforward: the continuations of propagators and
vertices is the same and one arrives at the formulae above where the correlators on both sides
are generalised so that each momentum is associated with a specific operator.

Finally, let us discuss the domain of validity of the various results above. While the rela-
tion (2.63) between CFT correlators and wavefunction coefficients holds for any diagram, and
hence to all orders in perturbation theory, the relations (2.75)—(2.77) between wavefunction
coefficients and dS correlators holds only to leading order in KESS) /Las. (Recall the dS ac-
tion (2.26) carries an overall factor of (Lds/ﬁgs))dfl.) The holographic formula (2.78)—(2.80)
are then valid to leading order in the large-N expansion of the dual CFT.

While here we have been discussing a fixed gravitational background for simplicity,
formulae analogous to (2.78)—(2.80) have been derived for fully dynamical backgrounds at
up to 3-points [20, 24, 25]. In this more general setting, when the dual CFT is strongly
interacting, the bulk gravity theory is weakly coupled (i.e., Einstein gravity holds and higher-
curvature corrections are suppressed). Leading order in EgA)dS) /L(a)as is then equivalent to
tree level in the bulk loop expansion. However, the holographic duality is also expected to
hold in the opposite regime where the CFT is weakly interacting (though still at large NV)
and the bulk (super)gravity approximation breaks down. Holographic formulae analogous
to (2.78)—(2.80) should still be applicable in this limit, though on the bulk side leading order

n Egg(A)dS) / L 4)qs now corresponds to an expansion in string loops.

3 Schwinger-Keldysh approach

The Schwinger-Keldysh or in-in formalism provides an alternative approach for computing
cosmological correlators. To arrive at this formalism, we first rewrite the wavefunction of
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the universe and its complex conjugate as

Ul = /Ds0+eis+[“’*], U [p0)] = /Dw—e‘isf“’*], (3.1)

where 4 (7, x) and ¢_ (7, x) are regarded as independent fields whose classical actions Sy [+ ]
are evaluated subject to contour rotations 7 — 7(1 F i€) respectively. Both path integrals
run over bulk field configurations subject to a common late-time boundary condition

lim |(-7)2ps(r,2)| = o) (@). (3.2)

T—0~

Performing a second path integral over the boundary field ¢(g)(z) then yields the de Sitter
correlators as previously,

() (@1) -9y (@n)) = lim [(=)" D (o(r,21)... o(7, @) |

70"
- /DWO) (H 30(0)(5'3i))\‘1’[60(0)]|2- (3.3)
i=1

In the Schwinger-Keldysh formalism these separate path integrals over bulk and boundary
fields are merged into a single closed-time path integral

(p(r,@1) .. p(r,@0) = [ Doy Dy (f[som, z:)) exp (iS4 [p4] —iS-[¢-]),  (3.4)

where we path integrate over all field configurations subject only to the constraint that
both fields coincide at late times
lim ¢4 (7, ) = lim ¢_(7,2). (3.5)
T—0~ T—0~
In this closed-time path formalism 4 then corresponds to a field localised on the forward
part of the contour while ¢_ is localised on the reverse part. As previously, the asymptotic
time-dependence of the correlator can be removed by multiplying by a factor of (—7)A~%)
and (in the absence of divergences) taking the limit 7 — 0.

From the Schwinger-Keldysh perspective, we now obtain four different propagators
according to the identity ¢ of the two end-points, and vertices come in two different types
(see [97] for a review). The pay-off for this increase in complexity is that the resulting
diagrammatic expansion now computes correlators in de Sitter directly, in contrast to the
wavefunction formalism where an additional path integral over boundary fields is required
to go from the wavefunction to the correlators.

In this section we show how the holographic formulae derived above using the wavefunction
formalism can also be obtained by directly continuing diagrams in the Schwinger-Keldysh
formalism. In particular, this requires continuing ¢+ in different directions [66, 76]. However,
the derivation of the holographic formulae is arguably less straightforward in this approach
since, as noted by many authors [66, 75, 76], the AdS bulk-bulk propagator does not continue
directly to the Schwinger-Keldysh bulk-bulk propagators. In contrast, the AdS bulk-bulk
propagator does continue directly to the bulk-bulk propagator used for computing the
wavefunction coefficients as we saw above. For this reason, we will restrict the Schwinger-
Keldysh analysis in this section to tree-level correlators, unlike the wavefunction derivation
which applied to all orders in perturbation theory.
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3(ks) O1 (k1) Ou(ka)

O1(k1)

Os(k2) O2(k2) O3(k3)

(a) Witten diagram for the 3- (b) Witten diagram for the (¢) Witten diagram for the
point amplitude ija, A, A4 contact 4-point amplitude exchange 4-point amplitude

UAL AR AA]- A1 A2 A A T AL

Figure 1. AdS Witten diagrams defining the corresponding AdS amplitudes. We use O; to denote
the dual operators, while K5} and Gja} denote the bulk-to-boundary and bulk-to-bulk propagators
respectively. For precise expressions defining these amplitudes, see section 3 of [86].

3.1 Amplitudes

Restricting our analysis to tree level enables some further simplification of the holographic
formulae (2.78)—(2.80). At tree level each correlator in the dual theory can be expressed as a
sum of AdS Witten digrams multiplied by a number of constants, such as coupling constants,
the AdS radius and the Planck length. By AdS amplitudes we refer to the momentum-
dependent part of each Witten diagram, with all couplings dropped (or set to one). In [86]
we defined and listed expressions for a number of interesting AdS amplitudes. Figure 1 shows
the notation used for each amplitude and its defining Witten diagram.

In our conventions, every AdS diagram carries an overall factor®

d+ DV (1—d)I d—1)(1—L)+2V
(LAdS>(+) +(1—d) _(LAdS>( YA-L)+

ngdS)

ng a) , (3.6)
where L is the number of loops, V' the number of vertices and I the number of internal lines.
The power (d — 1)(1 — L) derives from the overall factor of (Laqgs/ fgds))d_l multiplying the
bulk action (2.3), just as an ordinary Feynman diagram in QFT is of order AL~ = (A= 1)1=F
since the action carries a factor of A~! in the path integral. The remaining power of 2V
arises since the interaction potential in (2.3) carries a factor of (Laqgs/ EEDAdS))Z and we get
one such factor per diagrammatic vertex. Thus, we can decompose each correlator in terms

of AdS amplitudes. Schematically, we can write

I (d-1)+2V
(O(@)-..O0an)) = Y (e(,fj;) Mas v (@1, Gn)- (3.7)
|4 P

Here iy represents a single Witten diagrams with n external legs and V' vertices in the bulk.
There is usually many such diagrams and they must be summed over. Similarly, each vertex
comes with a coupling, and there may be many types of vertices/couplings. For simplicity
we use only a single coupling here, denoted by Aags.

8Note (3.6) differs from the usual expectation that diagrams scale as (LAds/e;AdS))“—““—L). However,
the latter holds when the interaction potential is L ¢ Vit (¢) rather than (eﬁ,AdS))*Vim (¢) as here.
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Analogously, we can define the dS amplitudes, but carrying out the corresponding,
tree-level calculations in de Sitter space. Thus, we can decompose the dS correlators as

PN
(o) (ar) - polgn)) = <£(ddss)> Nis dsv (i, - .., qn). (3.8)
v \{p

We can now use the formulae (2.78)—(2.80) to relate the dS and AdS amplitudes on the
tree level.

In (A)dS units L(4)qs = 1, we see now that the continuation KSDAdS)

— _Mng) generates
a factor of (—i)1=DI=L)=2V for a given diagram. At tree level (L = 0), this reduces to
—i(—i)7%(—=1)V and the factor of (—i)~¢ cancels that in (2.63). Thus in effect we can
continue just the momentum alone:

Re*(qi,..,qn) = (=1)" Im{(O(a) ... O(an)))| (3.9)

gAds —1qds

The factor of (—1)V can then be introduced into the holographic formulae explicitly, since at
tree level V =1 for contact diagrams and V = 2 for 4-point exchanges. All in all, at tree
level, we can continue only the amplitudes, keeping all remaining constants identified,”

Laas = Las, Q89S) — 98), ApS — pdS (3.10)
The relation between the amplitudes becomes then
1

d R 11
siaa)(q) T iian (0)’ (3.11)

1Imia, ap0,) (101,12, ig3)
dsia, np05)(a15 42, 43) = : (3.12)

(18284 4 T2 Imiia, a,) (i)
1 Imija, apasn,)(ia)

TN () e — e (3.13)

8115, Imi[Aj A, (ig;)’

4
dS[A1A2;A3A41’A Qw H Imi[A1A2;A3A4$Az](iqiv 18)

Imz[A AL }(1qj) {

Imiija, apa,) (191,192, 15) Imiiga, Ay a4 (1S, 193, 1q4)
Im i[AzAz] (is)

. (3.14)

where ijaa)(q) is the regulated AdS 2-point function; ija, a,n4](41, G2, g3) the AdS 3-point

function; i[A1A2A3A4](q1,q2,Q3,q4) the AdS 4-point contact and U[A; Ag; Az Az, }(qj, s) the

AdS 4-point s-channel exchange diagram for a field of dimension Ay,. As L4)qs and E(A)ds

are no longer being continued, we can effectively set L(4)qs = 1 and Egg s _ = 1, with the only
analytic continuations being those of the momenta indicated directly in the formulae.

3.2 Free field

Let us begin with the analysis of the free scalar field ¢ governed by the action,

1 v
So = —i/ddﬂfm/—g {g“ Oupdy + mﬁsgoﬂ , (3.15)

9Alternatively, this factor of (—1)" could be generated by continuing the couplings ARdS g8,
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on the fixed (d 4 1)-dimensional de Sitter background with the metric

1
2 _ 2 2
ds® = (_T)Q(—dT + dx?), (3.16)
where 7 goes from —oo to 0. We parameterise the mass as
d2

: d
and consider only the case of 0 < 3 < 9.

This is the free part of the system described by the de Sitter action (2.26) with Lgqg =
Egs) = 1. One can recover the Lgg and ng) dependence by decorating each Witten diagram
(amplitude) with the factor (3.6), where V' denotes the number of vertices in the diagram
(and we consider only tree diagrams with L = 0). In particular by stripping the 2-point
function ()% (o)) from its Lgg and Egs) we obtain the dS amplitude dsjaa) as its purely

momentum-dependent part,

-1
(e @po) (=) = <€L(ddss)> dsian)(q) + O(N)). (3.18)
P

If we added some bulk interactions, denoted here collectively by the coupling constants A;,
the 2-point function would acquire additional contributions from bulk loops. Nevertheless,
by dsjaa] we always denote the zeroth order, tree-level amplitude; in this case the free
theory amplitude.

3.2.1 Mode decomposition

We write the mode decomposition
d’q -
o(r,x) = / W [aqcpq(T, x) + aqcpq(T,:c)} , (3.19)

where each modes satisfies the Klein-Gordon equation (—0 + m3g)¢qs = 0. The negative
frequency solution ¢4 reads

pq(T,2) = T%pq(7), (3.20)
q(T) = \/Q%eg(ﬁJré)(—T)gHél)(—QT), (3.21)

where H él) denotes the Hankel function and we chose the phase such that in the far past

d—1 efiq'r

Tgr—noo 9011(7-) ~ (_T) 2 \/% .
The normalisation is such that with respect to the Klein-Gordon scalar product

(p) = i)~ [ d'a[p 0,0 — Do) (3.2

these modes are normalised as

(3.22)

d
(0q: o) = (2m)%0(q — q). (3.24)
The integral is taken over any constant-7 surface and is independent of the choice of 7.
This tells us that the coefficients in (3.19) are canonically normalised creation-annihilation
operators after quantisation. The vacuum state, |0), annihilated by all aq4, is the vacuum
state in far past where the modes behave as in (3.22).
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3.2.2 Propagators

The Wightman functions G_; and G4_ are defined as

Gy (w1, 22) = (0 (21)p(22)]0)0, Gi—(z1,22) = (0p(22)¢(21)]0)0, (3.25)

where the subscript (—)o reminds us that the expectation value is evaluated in the free theory.
In momentum space the overall delta function drops out,

Gra(r,q1; 72, @2) = 2m)%5(q1 + @2)G i (q1, 71, 72), (3.26)

and we obtain

G- (0.71,72) = @y(r)pq(2) = 5 (~T)V () PHP (—qr)HY (—qra)  (3:27)

G-1(q, 71, 72) = q(T1)pZq(12) = G _(q, 71, T2). (3.28)

The time-ordered propagator G, and the anti-time-ordered propagator G__ are

Git(q,71,72) = (O[T [o(71, @) 0(72, —q)] |0))o

= @(Tl - 7—2)G—+(Q77_177_2) + 6(7—2 - Tl)G+—(Q77—177—2)7 (329>
G——(q,m1,72) = (OIT [(71, @) (72, —q)] [0)o

= @(7‘1 — T2)G+_(q,7'1,7'2) + @(TQ — Tl)G_+(q,T1,T2)

=G, (¢, 71, 72). (3.30)

This agrees with both the conventions of [98] and [97]. Note that these propagators are
invariant under 8 — —f, as follows from H(_IB) = P H él) and H(_Qg o /(32).

The asymptotic behaviour of the free field near the boundary at 7 = 0 is given by (2.29).
Thus, the bulk-to-boundary propagators are defined as leading terms in the expansion of
G4+ near the boundary,

G+(q77—): lim G++(q77_77—0>: lim G+—(Q>T77—0)

T0o—0~ T0—0~

= —i(—70)5 72720 (B)g P (—m) 2 HP (—qr), (3.31)

G- (qv T) = [G+(Qa 7—)]*
= i(-m)2 727 (5)g " ()

d
2

HY) (~qr). (3.32)

It is important here that this expression is valid for all 5 > 0. In particular there are
no logarithmic terms when g is integral. This follows from the definition of the Hankel
functions as H éi) = Jg £1iYs with + for H (1) and — for H® and the power expansions
of the Bessel functions involved.

— 29 —



3.2.3 2-point function

We can calculate the free late time 2-point function in the canonical formalism. The 2-point

(dS)

amplitude, i.e., its momentum-dependent part, free of the constants Lqs and £ reads
dsian)(a) = (Ole (o) (a )@(0)( q)|0)o
= tim_[(=70)*“" (0l¢ (70, @) (70, ~ ) 0)o)
T0—0

= lim (=70 Vg (r0) " 4 (o)

= apq %, (3.33)
where we defined the constant

48-112
e GO (3.34)

s

This constant will appear repeatedly throughout the calculations. In order to stay consistent
with the notation for the AdS amplitudes in [86] we use the conformal weights A to distinguish
various de Sitter amplitudes. The relations between 3, A and de Sitter mass-squared m?ls
are given by

d d?
B=A-2, misLis = —A(A —d) = & = §% (3.35)
We are mostly interested in cases A = 2 and 3 in d = 3 boundary spacetime dimensions,
which correspond to = 1/2 and 3/2. From the point of view of the 4-dimensional de Sitter
bulk, these correspond to the conformally coupled (m3gL3g = 2) and massless (m3gL3g = 0)
dual scalar fields respectively.
Clearly, the 2-point function matches the late-time limits of the propagators,
dsjany(q) = lim (—70)* "Gy (g, 70,70)
T0—0~

= lim (_TO)Q(d_A)G—-F((L 70, 7—0)

T0—0~
= lim (—7)2@" G, (¢, 70). (3.36)
T0—0~
As discussed in section 3.2.2, these results are valid for any real, positive 5. In particular the
dS 2-point function is always of the form ¢~2% and there are no logarithmic terms present
when [ is an integer.
The 2-point amplitude can be rewritten as

1
dS[AA](Q) = _2sin(7rﬁ)i[AA](q)’ (3.37)
where
. __I‘(l—ﬁ) 08 ¢°
ian)(q) = mg = m, (3.38)

is the properly normalised AdS 2-point function. For integral §’s the expression (3.37) must
be understood as a limit. The singularity in the AdS 2-point function ijaa) is then cancelled
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by the sine in (3.37) and a finite dS 2-point function of the form ¢~2# is obtained for all
B > 0. One can hide the sine even further by writing

1

— e 3.39
2Imijan) (iq) ( )

dsjan)(q) =

Now, however, the meaning of this expression for integral 3’s is obscured. For integral betas
this is still understood as the limit. Consequently, the dS 2-point function is immune to any
logarithmic terms or renormalisation effects in the AdS 2-point function.

3.3 Interactions, Schwinger-Keldysh and the generating functions

Let us now consider the system in the presence of interactions, S = Sy + Sint, where Sy
is the free action (3.15). We are interested in the boundary correlation functions with all
operator insertions at the boundary at 7o = 0. We define ¢ as the leading term in the
expansion (2.29),
. A—
@) = lim [(=70)* (7, )| . (3.40)

T0—0

In the presence of interactions () remains well-defined except in the case of a massless
particle, m?ls = 0, which corresponds to § = d/2. In such a case additional logarithmic
terms, log/(—7), appear in (3.40), with j denoting the order of the perturbative expansion
as in (2.15). In this paper, however, as in its AdS counterpart, [86], we work within the
framework of dimensional regularisation and renormalisation. We treat dimensions d and
A as parameters and treat amplitudes (Witten diagrams) and correlation functions as their
functions. We assume a generic near-boundary expansion (2.29) and derive the amplitudes.
As the obtained amplitudes are valid in some open, non-empty set of the dimensions d and
A, one can use analytic continuation to define them for almost all other values of dimensions.
On the other hand, features such as the presence of secular, logarithmic terms in the near-
boundary expansions is signaled by divergences (poles) for special values of the dimensions,
such as A = d or, equivalently, 8 = d/2. For this reason, for now, we will consider the generic
case of the expansion (2.29) and then carry out the renormalisation procedure in section 4.
With ¢(g) defined in (3.40), we define the cosmological correlators as
(e (q)---e)(an)) = lim (—=10)* ""(p(10,q1) - .. ¢(70,Gn)), (3.41)

T0—0~
where Ay is the sum of dimensions associated with . Here, for simplicity, we take all fields
to be identical (so A; = nA) in the interacting theory, evaluated perturbatively in the
couplings A3 and A\4. According to [97] this can be done utilising the Schwinger-Keldysh
formalism. The correlator is expressed as

(0(0,q1)...¢(0,qn)) = /DmD«p— ©+(0,q1)...04(0,gn) exp (iS4 [p4]—iS_[p-]),  (3.42)

where the path integrals are taken over fields ¢ and ¢ whose values match at 79 = 0. The
actions S; and S_ are identical with the full action .S, except that now specific integration
contours are specified,

sl = [ ar [ alay=g Lo (3.43)

—oo(1Fie
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Figure 2. Witten diagrams contributing to the de Sitter amplitude ds{a, a,a,)- The blue line denotes
the boundary surface of 75 = 0.

The path integral on the right-hand side of (3.42) can be thought of as evaluated in the
auxiliary Schwinger-Keldysh theory represented by the partition function,

2101,J-] = [ Do Dp_exp

iS4 [p+]—iS_[p- ]+ [ Aoy g (Trps—Topo)| . (3.44)

This allows us to apply to (3.42) standard perturbation theory, Wick contractions etc., with
the exception that we have now four propagators,

—iO‘l 1) —102 1)

<§001 (fEl)@az (332)>SK = \/W&Jol ($1) \/W&JGQ (x2)Z[J+, J_]
= G0, (1‘1,332) (345)

according to the choice of signs 01,09 = +.

3.4 3-point function
Consider three scalar fields ¢; for j = 1,2,3 governed by the action

S3 = 5o + Sint (3.46)
1
So = —5 /dd[]j«/—g ‘ 21:2 . [8u90j8u90j + m?goﬂ , (347)
j=1.2,
Sint = —)\123/dd1€\/j98019028037 (3.48)

where Ai193 is a coupling constant. The boundary 3-point function can be presented in the
form (3.8), which in this case becomes

d+1
L
(p1(0)(q1)P2(0)(a2)9300)(g3))) = (g(jss)> M23dsin, ayng] (41,42, 33) + O(Ag3).  (3.49)

P
By dsja,a,a5] We denote a momentum-dependent amplitude represented by the sum of the
tree-level Witten diagrams presented in figure 2. In general, the 3-point functions receives
bulk loop corrections, all of higher order in the coupling Ai23.
In order to evaluate it, notice that the formula (3.42) produces two terms, one from the
expansion of Sy and one from S_. The two terms are complex conjugates of each other and

we can think about them as obtained from the two vertices
0 dr

Vilfi, fa, f3] = ¥i)\123/ a1 fa(7) f3(7). (3.50)

—co(1ie) (—7)
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Figure 3. Deformations of the two contours running from 7 = —oo to 7 = 0 to two the contours
running over the imaginary axis. On the left the original dotted contour runs with slightly positive
imaginary part, while the contour on the right has a slightly negative imaginary part. The arcs in the
middle correspond to the split of the integration limits according to whether 7 < 75 or the opposite
hold. Note that if the cut-off regularisation is imposed close to zero, one should also consider a small
additional arc there.

z

The Schwinger-Keldysh formalism (3.42) tells us that we are allowed to plug only + edges
into V4 and — edges into G_. With 75 = 0 this means that

[V dr
ds(a,A004)(q1,92,93) = 2Re [—1/ G[fl](Q1,T)G[JFA2](Q27T)G[+A3](Q3,T) ;

—oo(1-ie) (—T)4H1
(3.51)

with G[JFA} denoting the propagator (3.31) for the field whose mass is parameterised by A.

There is an important assumption here, that the integral converges at the upper limit
of 7 = 0. In other words that we can take the 79 — 0~ limit before evaluating the integral.
In such a case the most leading term in 7y simply follows from the explicit factors in (3.31)
and (3.32) and for the 3-point function is (—To)%d_'gf = (—79)3¢=2 where B; = By + B2 + B3
and Ay = A1 4+ Ag + Ag. If the integral diverges at 7 = 0, however, there are more leading
terms, which can be extracted from the near boundary behaviour of the integrand. For
now we assume that all integrals converge.

Just as in Minkowski field theory the integrals present in Feynman diagrams are carried
out over slightly imaginary contours. In our case these contours are specified in (3.43).
Whether the contour goes over a slightly positive or negative imaginary times determines
the direction of the contour rotation as presented in figure 3. For S, the contour runs over
slightly imaginary, positive times 7, and thus it can be deformed to the contour running
from +ico to 0. Similarly, for S_ the contour gets deformed to the contour running from
—ioco to 0. Thus, we substitute

0 dr ird [ dz
f =i —— =¢e 2 —_— 3.52
or + T =1z, /oo(lie) (—T)dﬂ e 2 , 2D ( )
0 dT imd co dZ
for — = —i —— = 2 —_—. 3.53
or T 1z, /_OO(HK) (—T)d+1 e 2 /0 Ld+1 ( )
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This correspond to how Hankel functions are continued; both H él) and H éQ) continue to

the Bessel-K functions

1. 2i _inB 2, . 2i i
a2 (ix) = ~ZeT T Ky(), HY (~ix) = “e® Kpla), (3.54)

valid for real x > 0 and real 5. In this way we find
G+(q,tiz) = ei%(ﬂ_g)(—To)%*'gagq*QBng(q, z) (3.55)
where ag is defined in (3.34) and

B %K
Kalar2) = T

Here we can think of Kg as the AdS bulk-to-boundary propagator. Just as for the 2-point

(3.56)

function, these expressions are valid for all 8 > 0. Note that all factors except the explicit
exponent are real.
Going back to the integral (3.51) we apply the analytic continuation to find

ds{a, A004)(q15 G2, G3)

. _ ind [ dz ) ) )
=2 lim (n)> 3 [T GG (00,12)6 s (02, 12)G (g 12)
T0—0 0 z
31 _ap, i d
= 2 H |:q‘7 ]aﬂj:| ImeXp |:2 (/Bt — 2>:| X
=1

> dz
X /0 Ld+1 IC,BI (QLZ)]CﬁQ (Q272)Kﬂ3(q37z)
3

ks d —28; .
= 2sin {2 (ﬁt - 2)] 11 [qj ﬁjaﬂj} i[A, 8204015 42, 03), (3.57)
j=1
where i[a, A,a;) denotes the AdS amplitude. The combination under the sine reads
d
Br—5 =02, (3.58)

the total dimension of the AdS amplitude. Thus for finite or regulated amplitudes one
can substitute

B d\1 . ) L.
sin {2 </8t - 2)] iy Apag) (@15 @2, 03) = Tm & A A (101,102, 1g3). (3.59)
The 3-point function (3.57) is valid for any finite 5’s including integral ones. We can express
agqg~?? in terms of the AdS 2-point function by inverting (3.39)

1
apqg P = - (3.60)

2Im iEZgA} (ig)

The problem with this representation is that for integral S the formula suggests that some
logarithmic terms appear due to the divergence of the 2-point function. As discussed in
the previous section, this is not the case as Im ifZgA] (ig) is understood as the limit and
is perfectly finite. Thus, we can consistently write the expression relating regulated AdS
and dS amplitudes,

1 Imii0 A, a1, 102, 103)

4 H?:1 Im ifZngj](in)

dSEZglAQAS}(QL q2,q3) = (3.61)

— 34 —



¥1(0) ¥2(0) ¥3(0) P4(0) ¥1(0) ¥2(0) ¥3(0) $4(0)

GlAl

Figure 4. Witten diagrams contributing to the de Sitter amplitude dsja,a,a,4,]- The blue line
denotes the late-time boundary 7 = 0.

3.5 4-point function

Consider now five scalar bulk fields ¢; for j = 1,2,3,4,z governed by the action,

Sy = S0 + Sint; (3.62)
1
So=—5 [dov=g Y [Oupd e+ mied] (3.63)
§=1,2,3.4,7
Sint = — / d%a/=g [M2w91020s + A34202 0304 — M123491020304] (3.64)

on the fixed (d 4 1)-dimensional de Sitter background (3.16). The idea behind is that such a
theory contains as few symmetries as possible. In particular the leading terms in the 3-point
functions (p1¢2¢.)) and {(pz@3¢4)) and the 4-point function ((p1p2p3p4)) are given by single
Witten diagrams (amplitudes). According to (3.8) we have two amplitudes to consider: the
contact 4-point amplitude with V' =1, which we denote by dsja,a,a;4,), and the exchange
4-point amplitude with V' = 2, which we denote by dsja, Ay:A;a,24,]- We have

{2100y (q1)®2(0)(@2)v3(0) (@3) Pa(0)(q4))) =

I d+1
S

g(((iiS)) A123405[A1 Ay A3 Ay (q1,92,43,94) (3.65)
P

Lo\
ds
+<£(ds)> AM22A342dS (A} Ag; Az Agzn,] (152, 93,44, 8) +- -
P

where the dropped terms are the bulk loop corrections, all higher order in the couplings.
The sign choices in the action (3.64) follow the equation of (4.7) in [86], so that the dS and
AdS interaction actions differ by the overall sign.

3.5.1 Contact diagram

The situation here is analogous to the case of the 3-point function. The contact 4-point
diagram is depicted in figure 4.

With the vertex
0 dr

Vilfis fo, f5, fa] = ii>\1234/ gt 1) f2(7) f3(7) fa(T) (3.66)

—co(1ie) (—7)
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Figure 5. Witten diagrams contributing to the 4-point exchange de Sitter amplitude ds|a, A,;a,4,424,]-

The blue line denotes the late-time boundary 75 = 0.

and By = B1 + f2 + B3 + B1 we get

fi
d3[§1A2A3A4](Q1,QQ7Q3,Q4) =

0 d
=92 lim (_TO)AT74dRe [1/ " .)H;HG+(Q1,T)G+(QQ,T)G+(Q3,T)G+(Q4,T)

T0o—0~

4
. —2 .
= —2sin |: ﬁT — :| H |: 'B]CLB]} ZF£1A2A3A4]((]17 q2, 43, Q4)
j=1
1 Iml[A1A2A3A4 (igj)
)

81_[] 1ImzA A ](1q]
3.5.2 4-point exchange

(3.67)

The 4-point exchange amplitude is depicted in figure 5. This amplitude possesses four terms

arising from the four choices for the pairs Vi of the left and right vertex,

dS[A Mg Az AzA,] = 15137(—70)AT_4d I+ L+ L+ 1),
T0
where
I =ViG (1), G (q2), Vi |Gy (5), G (q3),G4(qa)]]

[0 dr
:—l/_ (1t )(_ﬁﬁG+(Q177—1)G+(q27T1)X

N dr
X(—l)/ a ie)ﬁGﬁ--ﬁ-(s’Tl?72)G+(Q377_2)G+(q477—2)>

—T9
I = V+[G+(q1)7G+(q2)> vV [G+*(S)’G* (Q3)a G- (q4)H
:—i/o G ()G (g20m) %
(1-i¢) (—r1)d+1 +141,71)6+\q2, 71
[ dr
Xl/ 7G+_(8,7’1,7'2)G_(q37TQ)G_(Q4,TQ),

—oo(1+ie) (—T2)4H1
while I__ = I, and I = I} _
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In order to calculate the integrals in (3.69) and (3.70) we have to carry out the appropriate
analytic continuations. The dS bulk-to-bulk propagators are

m
Gi—(q,71,72) = Z(—ﬁ)dﬂ(—m)dmﬂg)(—qﬁ)Hél)(—qm), (3.71)
Giy(q,m1,72) = GL_(q,71,72)

=G_4(q,71,72)0(11 — T2) + G4 —(q, 71, 72)O(12 — 71). (3.72)

The analytic continuation of G4 _ is straightforward, since 71 and 5 are continued according
to their labels, 71 = iz; and 75 = —izy. Using (3.54), we have

Gi—(q,iz1, —iz2) = G_y(q, —iz1,i22) = agq >’ Kp(q, 21)Ks(q, 22). (3.73)

Note that these propagators are real. Furthermore, the factor of ¢=2% has this form for all
B > 0 and no logarithms are present.

For the analytic continuation of G4y and G__ we need more relations. This happens
because for G4 we continue both times in the same direction, 7 = iz; and 7 = ize. This
means that we have H éz)(—iqzl), which continues according to (3.54), but also H él)(—iqz*g),
which now has the incorrect sign. Instead, for x > 0 we use the identities

HY (—iz) = —%e—¥Kﬁ(e—i%), HP(iz) = %ei’f Ks(e™a), (3.74)
which then can be composed with
Ks(e™™x) = €™ Kg(z) + inls(), Ks(e™z) = e ™ Ky(z) — inls(x) (3.75)
to obtain
H (~iz) =2¢~ % Ij(x)— %eTﬂ Kp(z), HY(iw)=2¢7 Ig(x)+ %e*#}(g(x). (3.76)

This is how we will now get Bessel-1’s into the game.

We also have to deal with the Heaviside thetas. We deform the contour as presented
in figure 3. Since the integrand is continuous, the contributions from both arcs cancel and
we have to substitute

@(T1 — TQ) — @(ZQ — 2’1). (377)

To write the analytic continuations of the propagators we define

Zs(q,2) =27 'T(B)g "2 5(q). (3.78)
We find
Gi_(q,iz1,iz2) = ei”(ﬂ_%)q*waglCB(q, 21)Ks(q, 22)
e 3 K(q, 21)T5(g, 22) (3.79)
and

Gi_(q,iz1,i20) = [G_4(q, —iz1, —122)]" = G_1(q,iz2,iz1) =[G4 _(q, —iz2, —iz1)]". (3.80)
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This leads to

G4+4(q, £iz, £izg) = eim(ﬁ_%)qﬂﬁaﬁ/cﬁ(q, 21)Ks(q, 22)
ii€¥¥gﬂ(q7 21, 22), (3.81)

where Gg denotes the AdS bulk-to-bulk propagator,

Gs(q, 21, 22) = Kp(q,21)Zp(q, 22)O(21 — 22) + Kp(q, 22)Ls(q, 21)O(22 — 21). (3.82)

With all these analytic continuations we can finally evaluate (3.69) and (3.70). We
obtain the following amplitudes

Lo = —emd [T 42 VG (o
++ = € o LT +(q1,121) Gy (g2, 121) ¥
1

> dzg .. . .
X / —T Gi4(s,121,122)G1(q3,122) G+ (qq,122)
0 25

4
2d— ir(Br—d —2B; it
:_(_7—0) BTeQ(BT )Haﬁjq] J X |:1XZ[£1A2;A3A4$A33]+
j=1
i By —208, fin -fin
t+e i ag,s g Z[AlAzAz](qlv q2, S)Z[A1A3A4](s’ UED) Q4)} ;
(3.83)
im 4 26
I, = (_TO)Zd*5T67(51+52*ﬁ3*53) H ag,q; i«
j=1
—2B A i
X ag,s g Z[EIAQAZ}(QLqus)Z[EIA3A4](SaQ37Q4)7

(3.84)

where i[a, Ay;A5A,20,] denotes the AdS 4-point exchange amplitude as defined in [86]. All
in all the 4-point function amplitude reads

AS[A) Ag; Az AyzAg] = 2701133_ (—70)A7" 4 Re[I44+1,_]

4
285 | .f . 7T
=2 H ag;4q; ! |:Z[AH1A2;A3A4:5AE} X sin (2(5T—d))
j=1

+2ag,s7 iF&AgAI] (a1, 2, s)if[iﬁzAgAd (5,43,94) %

x sin (;r (61+Bz+ﬁx—;l)> sin (g <Bx+63+6 —;i))] :
(3.85)

The factors under the sines work out correctly in such a way that, for finite or regulated
amplitudes one can substitute

. ™ .T .T . . . . .
- [2<5T - d)] 181 Az 8gAgra,) (01 82, 83, 645 8) = IR g agn o, (91,102,163, 144, 15),
(3.86)
(T d . . .
sin <2 (51 + By + B — 2)) ZEZ%AQAZ](QMQZ’ s) =Im ZfzglAzAz](lm’l@’ls)' (3.87)
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Figure 6. The squared mass as a function of the operator dimension A; in AdS (blue) and dS (red).
The shaded region indicates the unitarity bound d/2 —1 < A; < d.

Finally, we can rewrite the factors of q-_zﬁ 7 and s72% using (3.60). In this way one finds
e 17 1 reg o

S[A1A2A3AzA,] T 8jl_ll W ImZ[A1A2;A3A4mz](1qu is)
B Im ifzglAgAz] (ig1,1g2,1s) Im ifzng;aAzd (is,igs,iq4)

i, (is)

(3.88)

4 Regularisation and renormalisation

4.1 Outline of renormalisation

In the previous section we expressed 2-, 3-, and 4-point regulated de Sitter amplitudes in
terms of regulated AdS amplitudes. In general some of the presented expressions are divergent.
In the cosmology literature the spacetime dimension d and the masses mj2 (equivalently the
dimensions Aj;) are usually considered as fixed parameters and the de Sitter correlation
functions are calculated with a cut-off 7y on the time coordinate 7 < 79 < 0, see for
example [52, 87-89]. Recall that we are considering here light scalars, 0 < m? < d*/ALA.
The upper limit in the this inequality is the de Sitter analogue [22] of the Breitenlohner-
Freedman (BF) bound [99, 100]. With masses in this range, the dual operators are relevant
or marginal with dimension above the unitarity bound, d/2 —1 < A; < d.'0 TIrrelevant
operators A; > d are mapped to negative masses in dS, while massive fields with positive
mass outside the above range correspond to tachyonic fields with mass below the BF bound
in AdS. Such fields correspond to operators with complex dimensions and the systematic

"The range of dimensions d/2 — 1 < A; < d/2 (realised in the mass range d*/4 — 1 < m?*L3g < d*/4) is
special, as discussed in the AdS context in [101]. In this paper we restrict ourselves to A; > d/2.
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discussion of such cases from the perspective of holography is still an open question, see [102]
for work in this direction.

When d/2 < A; < d the asymptotic expansion of the de Sitter bulk field ¢ has the
form (2.29), with @) being the most leading coefficient. When A; = d/2, the solution of the
free equation of motion ¢ypy (see (2.15)-(2.16)) already contains logarithms, see [103, 104],
and similarly when A; = d the perturbative solution to the Klein-Gordon equation (2.38)
contains more leading, logarithmic terms, and the perturbative solution, ¢z}, of order k may
contain log®(—7) terms, see [93]. In order to define the limit 7y — 0 and, consequently, the
boundary correlation functions, one must renormalise the theory. This can be done similarly
to holographic renormalisation in AdS/CFT, with suitable counterterms added at a cut-off
surface at 79 < 0. Then, the limit 79 — 0 can be taken.

Let us recall that holographic renormalisation in AdS involves both the addition of
local counterterms and renormalisation of the sources. While the addition of counterterms
was considered since the early days of AdS/CFT [105, 106], the need to renormalise the
sources was realised much later [93]'! and is less known. Let us briefly summarise how this
wprks. Let 4,07&0) (x) be the fields parametrising the boundary conditions of the bulk fields
¢©'(z,x), as in (2.5), where 7 is an index enumerating bulks field (in general of different mass
and interactions). Then to derive renormalised correlators we need a counterterm action
Set [cp%o); e], which is local in 90%0)7 where ¢ is (any) regulator, and in addition we need to
renormalise the sources, schematically as

loy = Ploy Bl €l = dlo) + D’“cb(o)D’%{é) +oe (4.1)

where ki, ko are integers and the derivatives are along the boundary directions (in general all
possible contractions of the derivatives must considered). In this schematic expression the pole
is a placeholder for singularity — the singularity may also logarithmic. Such renormalisation
is possible only when the spectrum of the theory contains operators of suitable dimension
such that the second term on the right-hand side of (4.1) has the same scaling dimension
as the first one. This is precisely one of the conditions for the appearance of short-distance
singularities in 3-point functions [93, 95]. The dots indicate additional contributions that
may be needed to renormalise short-distance singularities in higher-point functions. Then
renormalised correlators are obtained by functionally differentiating with respect to gzﬁ’@
the renormalised on-shell action,

Sren [¢1(0)] - 1111’(1) (Sonfshell[gpéo) [¢%0)7 ‘E]; 5] + Sct [90%0) [¢%0)7 E]; E]) . (42)

E—

Now recall that in the AdS/CFT correspondence the field parametrising the boundary
conditions, ga%o), is considered as the source that couples to the corresponding gauge invariant
operator O, namely in the CFT we have the coupling

Scrre(e) O /ddmsf’ (4.3)

" One reason for this is that such renormalisation is needed only for 3-point functions and higher.
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Then the renormalisation of the sources amounts to additional counterterms on the CFT
side that renormalise these couplings of the schematic form,

. 1 , )
Sl Oinel = - [ dlaT gl 06 0, (14)

As we will see below, the usual AdS counterterms Sct [(p’@; g] are projected out when we go
from AdS to dS but the analogues of (4.4) survive.

In this paper we will not use a time cut-off. Rather, just as in its AdS counterparts [86],
we will work within dimensional regularisation and renormalisation. This means that we
set 7o = 0 from the beginning and keep d and A; as free parameters. As the amplitudes are
analytic in d and Aj, one may generically define the amplitudes by starting from values of
d, Aj where the amplitudes are finite and then analytically continue to the desired d, A;. Only
for specific values of the dimensions amplitudes cannot be defined in this way and require
explicit subtractions. This happens on a hyperplane (or, in more special cases, intersections
of hyperplanes) in the space spanned by d and A;. In such a case boundary counterterms
should be added to the effective action to yield the renormalised amplitude finite.

We regulate the theory by shifting the dimensions d and A; away from the singular
point. As in case of AdS calculations, the regulator will be denoted by € and we use the
beta-scheme where the regulated dimensions d and Aj are

d — d=d+2e Aj»—>Aj:Aj—|—e. (4.5)
The idea behind the beta-scheme is that the combinations appearing as the orders of the
Bessel functions in expressions such as (2.19) and (2.42) remain unregulated,
d
2

The beta-scheme regulates all correlation functions except for 2-point functions. However, for

,Bj = Aj — — B]‘ = ,Bj. (46)

the case of d = 3 analyzed in this paper, the 2-point functions under consideration are all finite.

In order to renormalise'? the de Sitter amplitudes computed using (3.44) we want to
add a counterterm action at 7 = 0. The counterterm action Scy = Sct[p(0), J+, J—; i1, aj; €]
is a functional of the boundary value ¢ of the bulk field and the sources Ji,J_. It
also depends on the renormalisation constant y and a set of renormalisation constants a;
parameterising scheme dependence. It is entirely contained within the boundary at 7 = 0 and
it only contributes a boundary term to correlation functions. Two complex conjugate copies
of the boundary counterterm must be then included in the Schwinger-Keldysh generating
functional (3.44) by replacing

Sileo+] = Silp4] + Setlpoy, J+15 S_[p-] = S_[p-] + Sctlp(0), J-] (4.7)

When the contribution from the counterterms is added to the regulated correlation functions,
the limit € — 0 limit should exist.

The counterterm action Sc; must be real, Set = S5, just as the original de Sitter action.
Any counterterm that only depends on ¢y will cancel between the forward and backward

12Note that this renormalisation is about IR divergences at tree-level. We are not addressing UV issues and
IR issues at loop level in this paper.
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path of the Schwinger-Keldysh path integral. Such terms correspond to the traditional AdS
counterterms. Another way to see that the contribution of the traditional counterterms
vanishes is to note that they are analytic in momenta and analytically continuing from AdS
to dS and taking the imaginary part projects these terms out. Counterterms that only
depend on (g are responsible for conformal anomalies in AdS [105]. The fact that these
terms cancel means that there are no conformal anomalies in de Sitter. This point was
also made recently in [91, 92].

Now, note that the coupling J; and J_ to ¢« at 7 = 0 in (3.44) is the same as the
coupling of ¢ () to O in (4.3).13 Then the AdS results suggest that we need a counterterm
of the form (4.4). Thus we expect that we should be able to renormalise the de Sitter
amplitudes using a counterterm of the form,

Sele): (T4 = J-)ip, az3€] = /ddw(J+ — I (o) 1oajie) (4.8)

for a suitable local function f of ¢ (g (that also depends on the regulator ¢, a renormalisation
scale ;v and constants a; parametrising the scheme dependence). We will indeed see that
such counterterm is sufficient to renormalise all cases. In a sense holographic renormalisation
in dS is much simpler than in AdS.

Usually to carry out the renormalisation procedure the action of the regulated theory, S,
must be specified. Then, it is the correlation functions in this theory that get renormalised.
Here, however, we will follow [86] and renormalise tree-level amplitudes instead. As discussed
in [86], each such amplitude is a conformal correlator in some holographic CFT described by
a suitable bulk action. As far as 3- and 4-point functions are concerned, we will consider the
“asymmetric” theories given by the actions (3.46) and (3.62) and apply the renormalisation
procedure. When this is achieved, we effectively renormalise the amplitudes dsja, a,a4] a8
well as dsja,A,A50,) AN dS[A; Ap:AsALzA,] 1D (3.49) and (3.65). As these are obtained in the
least symmetric theory, any other 3- and 4-point functions in more symmetric theories can
be obtained as linear combinations of these amplitudes. Thus, any renormalised correlation
function can then be expressed in terms of the renormalised amplitudes.

4.1.1 Results

The procedure outlined above leads to renormalised de Sitter amplitudes. These ob-

jects, denoted by ds'", depend on the renormaalisation scale ugs as well as some scheme-

ds

dependent renormalisation constants a$”, in addition to their momentum dependence,

ds™ = ds""(q;; pas, a5°). The main question we want to address in this section is whether

the renormalised de Sitter amplitudes, ds™"

, can be obtained from renormalised anti-de
Sitter amplitudes, i"*", by applying the same analytic continuations as in (3.39), (3.61), (3.67)

and (3.88). In other words, we want to write

1 1

dsjan) (@) = T 5T ren (i)’ (4.9)
A 2Im iR (iq)
ren 1 Im ianA A (1qz>
dSiA) apng)(€) = [A12084] (4.10)

4 H?:l Im 40 A (i)’

13Recall that lim, - oq () =lm, _o- ¢ (T,2) = @) (x).
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3-point amplitude | dS amplitude dsfzfi AoAg] AdS amplitude irzgl AsAg]
222] 0 1
322] 1 1
332] 0 1
1333] 1 1

Table 1. Degrees of divergence of 3-point dS and AdS amplitudes.

1 Im ifZﬁA2A3A4] (ig;)

dSiAL Apasag (@) = — 2 ; ig;)’ -
[A122A304] (i 8}, Im iR, a,) (1))
4
dSI[nZIiAQ'A3A4xA ](Qia S) = 1 H % [Im ZTanAz'ASAZLmA ](i%’is)
; x 8j:1 ImZ[AjAj](MIj) 7 ’
IR a1 02, 1) T i A 0, (05 03, 100) ] (4.12)

Tm ifg? ,  (is)
The two sides depend on different sets of renormalisation data. On the left-hand side, the
amplitudes depend on the renormalisation scale pqg and a set of scheme-dependent constants
a?s. On the right-hand side, the renormalised AdS amplitudes, ¢*", depend on the AdS
renormalisation scale uags and another set of scheme-dependent constants bZAdS. Can we
equate the variables on both sides so that (4.9)—(4.12) hold?

We can always equate the renormalisation scales

[t = dS = [AdS (4.13)

and from now on we use p only. While the scheme-dependent constants a?s and biAdS generally
do not match, there always exists a choice of the scheme-dependent constants b?ds on the
AdS side such that the formulae (4.9)—(4.12) hold. More precisely, there exists polynomial
functions which map AdS scheme-dependent constants to dS constants, af® = a?s(bfds),
such that the holographic formulae (4.9)—(4.12) hold. These functions do not depend on
the momenta, nor the renormalisation scale, nor any other constants (such as the coupling

constants) present in the system. For the precise formulation, see subsection 4.3.

4.2 Divergences

All de Sitter 2-point amplitudes dszgA} are finite. As discussed earlier, this differs from the

AdS case, where the amplitudes ifZgA] are divergent whenever = A — ¢ is a non-negative
integer. Most of the de Sitter amplitudes are less singular than their AdS counterparts, but
not all. The orders of the poles at ¢ = 0 are listed in the tables below.

The dS 3-point amplitudes under consideration are either finite or exhibit a linear
divergence as € — 0. Their degrees of divergence are listed in the second column of table 1,
while the third column contains the degrees of divergence of the corresponding AdS amplitudes.
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de Sitter amplitudes Anti-de Sitter amplitudes
External operators Contact A, =2 A; =3 Contact A, =2 Ap =3

[22; 22] 0 0 2 0 0 0
[32; 22] 0 1 1 1 2 1
[33; 22] 1 1 2 1 1 2
32; 32] 1 2 1 1 2 1
[33;32] 0 1 1 1 2 2
[33;33] 1 1 2 1 1 2

Table 2. Degrees of divergence of the contact and exchange 4-point (A)dS amplitudes.

The exchange 4-point amplitudes may exhibit up to a double pole in € as presented
in table 2. Notice that while usually de Sitter amplitudes are less singular than their AdS

reg
22;223]
] is finite. For a more general discussion of where singularities arise in (A)dS

counterparts, this is not always the case. For example, ds exhibits a double pole,
reg
[22;2223

contact and exchange diagrams, see appendix C.

while ¢

4.3 Renormalisation

To prove that the formulae (4.9)—(4.12) hold, we must renormalise both sides separately and
compare the results. First, are the de Sitter amplitudes renormalisable at all? The de Sitter
action (2.26) is the analytic continuation of the AdS action (2.1), which suggests that we can
analytically continue the AdS counterterm action to obtain a corresponding dS counterterm
action. As we discussed, this suggests that the de Sitter counterterms are of the form (4.8),
and we indeed find that such action is sufficient to renormalise the dS amplitudes.
The renormalised dS amplitudes are then defined as

ds™™ (qi; 1, %) = lim [ds™%(q;3 €) + ds™ (a5 s iz ) (4.14)
where (as usual) the counterterm contribution, ds*(g;; i, a;), depends on the renormalisation
scale p and a set of scheme-dependent constants, a;. Equations (4.9)—(4.12) contain imaginary
parts of analytically continued renormalised AdS amplitudes on the right-hand side. These
are by definition

Tm " igss 1, by) = T lim [1"°5(iqy3 €) + i (iqs3 . bis ) (4.15)
where '8 is the AdS regulated amplitude and i* the AdS counterterm contribution (as
mentioned earlier, we take without loss of generality j1qs = paqs = p). The AdS counterterms
are devised in such a way that the counterterm contribution i cancels the divergences of
the regulated amplitude, ¢"*®. The question is then whether the scheme-dependence matches
or not. As already discussed, there are more counterterms in AdS than in dS, so in general
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there are more scheme-dependent constants in AdS than in dS. In the following we show
that the scheme-dependence of the correlators also matches provided the scheme-dependent
constant are mapped to each other via polynomial map, by = by(a;).

In order to establish the exact form of the map we must consider how the renormalisation
procedures in dS and AdS are related. Essentially, the problem boils down to the question
whether the ¢ — 0 limit and taking the imaginary part commute,

Im lim [ireg(iqi; €) + i (igs; p, bs; 6)] Z lim {Im "8 (igy; €) 4 Im i (iqy; p, by; e)} . (4.16)

e—0 e—0
In other words, is the dS counterterm contribution dsCt(qj; i, a;) equal to the imaginary
part of the analytically continued AdS contribution? In general, the answer is no for the
scheme-dependent part, but we find that this part can also be made to agree provided the
scheme-dependent constants are connected via a non-trivial map.

In summary, the relation between renormalised amplitudes is

1 1

dsian] (@) = —5 e 7 , 417

[AA]( ) QImsznA](lq;u,b) ( )
1 Im i3 A, 04)(17)

dsiay Ay ng) (Gis 1 0) = —— = ) (4.18)
[A182] 4H?:lImZ[AjAj}(IQjSMabk(ai))
ren 1 ImafR0 A Ay ny (1665 1 bx(05))

d5[21A2A3A4](q@';H,ﬂi):—* (B1828544] ) (4.19)

8 H§:1 Im ZEZI; A (ig5)

AS[A) AgiAgAgza,) (G S5 1, 03) =
i [ e
8 LLTmig o (i) | (ArAbadana, JH S I B
ImionlAQAz}(iQ1,iQ2,is;'“’bk(ai))ImifZIlAgAd(is,iq;»,,iq4;u,bk(ai))
iR A, (is) ’
(4.20)

where by (a;) is a map between the scheme-dependent constants that we discuss below. In
the following, we present a derivation of these formulae.

4.3.1 2-point amplitudes

At two points, de Sitter amplitudes are finite for any 8 > 0 and are given by (3.33). Thus,
there is no scheme-dependence for dS 2-point functions. The AdS amplitudes, on the other
hand, become singular at integral, non-negative 3’s. Since their renormalisation requires
a counterterm containing two CF'T sources and no operator, we are in the case where the
dS amplitude must remain finite. It would be convenient, however, to be able to relate the
(trivially renormalised) de Sitter amplitude to the renormalised AdS amplitude, so that we
can use renormalised expressions on both sides of (4.9).
Let 8 = n be a non-negative integer. The renormalised AdS amplitude reads

; ()4l ( q >
. 1, b) = ———g”" [ —log = 4.21
Z[Mg,mg](q’% b) (n—1)2 q 0g " +b), (4.21)
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where p is the renormalisation scale and b is a scheme-dependent constant adjustable by a
change in pu. By plugging this expression into (4.9) we find that

1 gt -1 _,,
= o =dsf™" 4.22
iq; 1) - q 5[n+27n+ ](Q) ( )

- yren
2 Imz[n+%7n+%] (

The renormalisation scale and the scheme-dependent constant drops out and thus for all
B > 0, including integral ones, we can write

ren 1
dsiaa (@) = —

2Im iy (i p, b)

(4.23)

The left-hand side is scheme independent.

4.3.2 Higher-point functions

In this subsection we discuss the higher-point functions. To keep technicalities to a minimum
while still discussing all non-trivial issues, we will carry out the renormalisation procedure for
a single scalar field of dimension A = 3. We carry out the procedure directly in de Sitter
spacetime and compare it to the AdS result obtained via formulae (4.9)-(4.12). We consider
a single massless scalar field, ¢, and the regulated de Sitter action

1
SdS = —/d4+26$\/ |: Mgoa“go + *6(3 + 6)90 + 6)\[333}@03 — ﬂA[3333]¢4 . (424)
The 3- and 4-point functions are expressed in terms of amplitudes as
((20) (@1)2(0) (@2)2(0)(@3))) = Nzs31ds 3331 (¢5) + O (Nsag)), (4.25)

(0 (@1)9(0)(@2)©(0)(a3)%(0)(q4))) = A[33331d5[3333] (q5)
)\[2333] [ds(33:3323)(¢5,5)+ (t —channel )4 (u—channel) | +
(4.26)

Looking at tables 1 and 2, we see that the amplitudes ds[ are linearly divergent,

333) and dsp [3333]
while ds[33,33z3] exhibits double pole. This is the same situation as in AdS case and thus we

consider the dS counterterm action inspired by the AdS case,

Sgts[ /d x [ )\[333}t[333]<ﬂ(0)c7+ (1/\[333}t[33;33x3]+(13)\[3333]t[3333]> @?O)J} ;o (4.27)
where t[333), t[3333) and t[33.33,3] are counterterm constants that we will fix shortly.
Comparison to AdS. The regulated AdS action corresponding to (4.27) reads

Sads = /d4+2695\/§ Bauﬁpausﬁ - %6(3 +e)p” + é)\[333]@3 - 214)\[3333]804] - (4.28)

With this convention, the 3- and 4-point functions of the operator O dual to the AdS
field ¢ read

(O(q1)0(q2)0(q3))) = )\[33311[333](%)4‘0()\[333}) (4.29)

((O(q1)0(g2)0(g3)0(qu))) = >\[3333}i[3333] (Qj)
+)\[2333] [’L (33;3323] (¢, 8) + (t —channel) + (u— channel)} +
(4.30)
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where 4[333) and i[33.33,3] can represent both regulated and renormalised AdS amplitudes.

The renormalisation of the theory requires the addition of the boundary counterterm
actions. The AdS counterterm action is given by the Zy part of equation (4.143) (with
Zjy) given in (4.145)) of [86] and reads

/ P2

where ¢ is the source for O. The values of the counterterm constants are given by equa-
tions (4.30) and (4.77) of [86] and read

1 1
Sa%e A[333]5[333] P (9—1'( )\[333]5[33;33x3]+6)\[3333]5[3333}) ¢3(9} ;o (4.31)

e %r(e),ﬁ (14 cb{l)y + 62, +0()] (4.32)

S[3333) = —%F(QG)M_Q6 {1 + 6[’%33] + 0(62)} ; (4.33)

E— %FQ( 2 14 e (2600 — ) + b 5,5 + O(E))] (4.34)

The constants b&;g], b[(ggﬁ], bggg)g] nd bgg 3303] parametrise the scheme-dependence. The
omitted higher order terms do not contribute to 3- and 4-point functions. It is crucial,

(1) (1)
[33;3323] — 2b[333] %

With the presented counterterm action the renormalised AdS amphtudes become

however, that the first subleading terms in both terms is related, i.e., b

[ 3
-ren 1 . re
Z[§33](qi; Ky bE3§3]) = ll_rf(l) [333] ql — 5[333] ZZ } ] ) (4-35)
L J=1
W _ -
Ua333) (455 1 l355)) = lim if3333)(¢:) + 5[3333) > ii33(@) | 5 (4.36)
L Jj=1

and

‘ren o pM (2 (2) _
33,3323 (qis 83 1, 5[333] J [’[333] ) b[33 33:)03])

e—0

4
lim [ Y133; 33353](%7 $) —5(333] (73?5;%,3] (Q17(J2;5)+if§§3}(stI3,Q4)> +5[2333]if33] )+5(33;3323] ZZ (33] (qj }
Jj=1
(4.37)

We can substitute these to the (naive) holographic formula (4.9)—(4.12) and compare with
the actual renormalised dS amplitude. Let us denote such amplitudes by ds

1 Imgg3s (igi; 1, by)

dsgma1(qi; 1, b;) = 4.38
[333](% p,bi) = 1 H] 1Imz[3§](1q]) ( )
4
dSren. i Tm e i0:is: 1. b
5[33:3303) (¢ 53 1, b -3 1;[ Imzfgg (ig) [ml[gg,ggmg](lqz,ls,u, i)
Im if$ha, (g1, ige, is; , b;) Im 7SR, (is, g3, iq4; 1, b;
_ [333] ( ) [333] ) (4.39)

Im gy (is)

Are these equal to the genuine renormalised de Sitter amplitudes?
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3-point function. We include the counterterm action (4.27) in the generating func-
tional (3.44). By taking functional derivatives with respect to J we obtain additional
insertions of higher powers of ¢(g), which lead to the renormalised dS correlations functions.
As far as the 3-point amplitude goes, we have

<§0(0) (931)@(0) (932)30(0) ($3)>ren =

, 1 1
= 11_{%( {@(0) + 2)\[333}t[333]<ﬁ%0)} (1) [90(0) + 5)‘[333]t[333]90%0) (@2)
1
X 1) + 2/\[333}f[333]@%0)} (3))reg + O()‘[2333])

= lim {(gp ) (1) @0y (®2)P(0) (T3))reg

e—0
+ A[333)¢[333] (<90(0) (1) P (0)(®2)) reg {P(0) (1) (0) (£3) ) reg
+ (21 & x2) + (11 © :123))} + O(\ysy))- (4.40)
After Fourier transforming we obtain,
dsf§§3] (i) = llg(l) [dsf§§3](qi) + 333 (ds][rgg}(ql)ds[;?] (g2) + cyclic in q1 — q2 — qg)}
_ Ll [Im i35 (16) — V[333) Y3 Im z[§§}(iqj)] ‘

K [T}= Tm g5 (ig;)

4 e—0 (441)

The limit of the 2-point functions is finite and thus we can replace them with the renormalised
expression Im i 1[33] (igj). Using that the scaling dimensions ﬁ[333] and ﬁ[33} of the regulated

AdS amplitudes 2[333] and 1[33], respectively, are 15[333] =3 —¢, 15[33] = 3, we obtain

€E—

lir% [Im 2[333] igi) — v[333) ZImz33] ig;) } =

3
. . T A .re . T A .re .
= lim [Sln <2D[333}) @[3?,3](%) — Y[333] S11L <2D[33]> E Z[3§] (1%‘)]
j=1

e—0
. 7T2€2 4 .reg 3 .reg
== lg% 1- 3 +O(€") ![333] (¢i) — v(333) 2211[33] (g5)] - (4.42)
]:

Since the regulated amplitude is linearly divergent, the term of order €2 is irrelevant when
the limit € — 0 is taken. Thus, if we take v[333) = 5[333] the expression reduces to (4.35). On

the other hand the renormalised AdS amplitude Zf§§3} takes form

‘ren qi
55010 = fola) + ulatog (L), (4.43)
where fo and f; are homogeneous functions of degree 3. Thus,
Im 4555 (g5 1) = —if533) (@35 1)
3
= lgn Im1 2[333] (igi) — 5(333) Z Imi 2[33] (igy) (4.44)
7j=1
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and we arrive at the expected equality,

ren 1 1 ——ren 1
dsi3ss) (%M, ﬂ[(gg),g] = [’Eggg]) = d5[§33] (@i 1, [’Egg,g]), (4.45)

where we explicitly included how the scheme-dependent constant matches.

Exchange 4-point function. The situation is more complicated for the 4-point function.
By including both terms in the counterterm action (4.27), we obtain

(@0)(®1)9(0) (T2)P(0) (®3)0(0) (T4)) ren

= lim {(so(o) (1) 9 (0)(®2)0) (T3)9(0) (T4) ) reg

e—0

+A3331%1333) (2(0) (£1) ©(0) (®2) ) reg (P (0) (£1)P(0) (£3)9(0) (T4) )reg+11 perms.

+ ATaz3) tTaz31 (9(0) (1) 2(0) (2) )reg (9(0) (£2) 2(0) (3) )reg (#(0) (£3) 2 (0) (£4) )reg+11 perms.

+3\ 35 t133:3303] (2(0) (1) (0) (€2)) ree {2 (0) (€1 (0) (€3) ) re (P (0) (®1) 0 0) (€4) ) reg +3 Perms-}
+O(Ns33)- (4.46)

We keep terms of order )\[2333], split all the terms into those corresponding to s-, t- and

u-channels, and Fourier transform to momentum space. This yields the renormalised

dS amplitude

A5l s (@ sip0:) = lim {dsigfo o (a,s)
33 | Ay (g3, a0, ) (dsfsg (a1) +dsiss (a2)
sl (a1,2,5) (dslss (a3)+dsisg (as)]
sy sl (5) | dsiss (a1) dsiss, (as) +dsisg) (ar) dsfss) (aa)
+ds]5s (g2) dsfss) (g3) + sl (a2) dsfis ()]
+ 733,333 [ds]{§§} (q1)ds |55 (q2)dspz5 (a3) +3 perms.} }

14 . L L e
= *g H m1f§§] (ig;) ll_rf(l){Imlfgiggzg](1Qia15)+t[33;33z3] Zlmzfgféf] (ig5)

j=1
1 I .reg /- . . I .reg /. I reg
W [ M G350 (iq1,1g2,18) — (333 ( Mgy (ig1)+ m a5 (1q2)>} X

X {Im 2[353] (is,iq3,1q4) — (333 (Im if;g] (ig3)+Im if§§] (iq;;))} } . (4.47)
The terms in the square brackets lack one term to be re-composed into (4.35). With the

value of t333 already fixed by the renormalisation of the 3-point function and equal to §(333)
n (4.32), we can rewrite this expression as

dsl[rgg 33:(:3} (Qiy S5 1, ai) =

) ren A qi, S5 M, a(l)
1;[ ImZ[SS} (ig5) { ( [333])

4
. . s . 2 .re .
+ lim [Im Be(igi, is; p, bg(as)) + (5[333} — §(33.:3323] T t[33;3%3}) j§:1 Im i (1Qj)} }7 (4.48)
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where
Tm i€ (ign . igo. is: (1) Tm ™0 (is. ig=. iqu: (1)
M 2333) (iq1,1q2, is; 1, [333]) M %[333) (is,1g3,1q4; 1, a[ggg])
Imi 1[33} (is)

A(gi, s; iy @ fg,g,g]) (4.49)

and B, denotes the combination in (4.37) entering the renormalisation of the AdS 4-point
amplitude,

Be(qia S5, bk(al)) = 7:1[“;%;33%‘3] (q’H S) - 5[333} (nggg] (Q17 q2, S) + Zf3e§3] (87 qs, Q4))
4
+ 5[2333]if§§} (8) + 5333323 Z z’f§§] (a5) (4.50)
j=1

so that if§§;33x3} (i, 85 1, bg) = lime_y0 Be(qi, 85 1, bg). At this point, the dependence between
the dS counterterm constants a; and the AdS constants b; is not yet fixed, with the exception

of ag:),’?’] bfggg} The imaginary parts lead to factors of sin(ﬂD/ 2), where the regulated
dimensions of the amplitudes under consideration are

15[33;33933] =3 — 2¢, D[333] =3—¢ ﬁ[ss] =3. (4.51)

Thus, the subleading terms in the expansion of the sines do contribute. Indeed, we find

. L w2 jres
lim Im B (igi, is; 1, br) = — | | 1 = —5— | 353303 (4> )

7'1'262 e
- <1 — 8) 5[333] ( [333}(611, q2,8) + 1[3?)3](5,(137 q4))
4
Jrg[333] 133 (5) T 833,333 er 5(a7) + O( )]
j=1

2
= —i33:3303) (¢i» 5 1, b)) + 0 (ql + 4 +q3+qi+2s ) (4.52)

On the other hand the renormalised AdS amplitude, 2[33;33 23] contains square of the logarithm

of the renormalisation scale, log? p. This means that under the analytic continuation we find
2
Im 4755, 55,9) (16, 15 1, bk) = — (35,3351 (¢, 83 11, bk) + (o) (60 + &+ @5 +qi +257) . (4.53)

Thus, when put together,
hm Im B.(ig;,1s; p, bg) = hm Im [ (33, 33:ng](ql, s) + if§3;33x3](qi, S; 1, bk)}
=Im1 2[33;333;3] (igi,is; p, by). (4.54)
Substituting back to (4.48), we end up with

ds{33:3303) (qi> S 11, 8) = — < H )llmif§§;33x3](i%ﬁis;ﬂ7 br(a;))

Im zrgg] (igj
Tm ¢ (1 . 1) ) I ;ren ( 3 S (1) )
B [333} q,1q2,1s; 1, 1333]/) 1 ¥333)\15, 143, 1q4; [, G333

Im zfgg] (is)

4
- (5[2333] — 5[33;,3323] T t[33;33x3]) Z q]‘g] . (4.55)
j=1
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In order to match our desired formula (4.20), we must cancel the last term, i.e., the dS
renormalisation constant v[33.33.3) is not equal to §(33,33,3), but rather

v(33;3323] = 9[33;3323] — 5%333] + O(e). (4.56)

Thus the scheme-dependent constants between the dS and AdS expressions are non-trivially
related.

In total we find is that the scheme-dependence matches between dS and AdS for contact
diagrams, since

1) N _ 1) . 1 _ (@)
t[?>33](C‘[333]) = 5[333]([’[333])’ With b = ap334), (4.57)
(1

(1) _ (1) : ) _ (D)
t[3333](C‘[g?,:azs]) = 5[3333]([’[3333])7 With bis3sq = 03339, (4.58)

where the AdS constants s[333) and s[3333) are given by (4.32) and (4.33). For the exchange
diagram we have v33.33,3] = $[33:3303], Provided that the relation between dS and AdS
scheme-dependent constants reads

2 _ (2 (1) oD L 1
b33 = 9azap 033:3303] = 2%[333 T 3= 2b359 + 3’ (4.59)
@  __® () @)
bl35:3303) = ~[33:3308) T 2(5‘[333})2 + 40335 (4.60)

4.3.3 Concluding remarks

The analysis carried out here concerns only the 3- and 4-point renormalised amplitudes

d5f§§3}’ dsr§§33} and dsf§§;3313}. We have further analysed all the remaining 3- and 4-point
functions under consideration to show that the formulae (4.17)—(4.20) hold in all cases. We

evaluated explicitly the constants a[lo] and a[QO} from equation (1.15) in the theory described

by the action (4.24). In the beta scheme, we found

al” = %)\[333]t[333], (4.61)
G[QO] = %/\[2333}f[33;33x3] + é/\[3333]t[3333]a (4.62)
where
t[333] = éf(e)u_e [1 +e afé@,g} + Ezaggg] + 0(63)} , (4.63)
T[3333) = —%I‘(Ze),u_25 [1 + eag;%] + 0(62)] ) (4.64)
e = 2T [L e (200 +3) + oy +OG)] . (465)

4.4 Results

Here we list all renormalised de Sitter amplitudes. In all cases, (4.17)—(4.20) are satisfied.

4.4.1 Preliminaries

Consider a real homogeneous function f = f(q) of some momenta q. Let D be the homogeneity
degree of f (e.g., f = ¢” has the degree equal to D.) Then

Im f(ig) = f(q)sin (gD) . (4.66)
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With D being an integer, this expression vanishes for even D’s and equals +f(q) for odd
D’s. For integral D’s we have

0 if D is even, 0 if D is odd,

(T
sin (QD) =19 +1 if D=1 mod 4, oS (D) =4 +1 if D=0 mod 4, (4.67)

—1 if D =3 mod 4, —1 if D=2 mod 4.

The homogeneity degree D of the n-point AdS amplitude of operators of dimensions
Aq, ..., Ay, reads

D=A;—(n—1)d, A=) A (4.68)

Only if the amplitude is divergence free, and thus no renormalisation is required, is it
represented by a truly homogeneous function of degree D. Otherwise, renormalisation
introduces scale-violating logarithms of the form log(q/u), where u is the renormalisation
scale. In such cases, the scale-violating logarithms and their powers multiply homogeneous
functions of degree D.

By placing the branch cuts of logarithms on the negative real axis we have

log (1(]) = log (q) + (4.69)
Iz p 2

Thus, depending on the homogeneity degree D such logarithms may or may not survive the
analytic continuation. Indeed, for AdS amplitudes with single logarithms, the dS amplitude
will be scale-free if the naive degree is even. The precise form of the dS amplitude depends
on the degree of divergence of the regulated AdS amplitude. Since the AdS amplitudes in
this paper exhibit at most a double pole in the regulator, we consider three cases as follows.

No divergence. The AdS amplitude is scale-independent, f = f(q) and we have

I f(ig) = f(a)sin (3D (4.70)
where D is given by (4.68) and the sine simplifies according to (4.67).

Linear divergence. If the regulated AdS amplitude is linearly divergent, then it can
be written in the form

q
Flagisn) = olay) + fi(ay)tos (2. (471)
where fy and fi are homogeneous functions of degree D. It follows that
. . (7 7r T
Im f(ig; ) = f(q; ) sin (217) + 5 cos (QD) fi(a). (4.72)

The sines and cosines can be simplified according to (4.67).
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Double pole. Similarly, if the regulated amplitude exhibits a double pole, the renormalised
amplitude takes form

f(aj; 1) = folas) + f1(q;)log ((it) + fa(g;) log? (it) , (4.73)

where fy, f1, fo are homogeneous functions of degree D. In such a case

T 7'('2
Im f(ig; 1) = sin (QD) [f(q; ) — 4f2(q)]

T m
+ 5 cos <2D> {ﬁ(q) + 2f2(q) log ((i)] . (4.74)
4.4.2 2-point amplitudes
The 2-point dS amplitudes read
1 1
ren _ ren _ _~ 4.

4.4.3 3-point amplitudes

All regulated AdS 3-point amplitudes are linearly divergent and thus each renormalised

AdS amplitude contains a scale-violating logarithm containing the renormalisation scale p.

Whether the dS amplitude contains a scale-violating logarithm depends on the dimensions A;.

According to (4.72) and (4.67) the logarithm drops from ds]y5y and ds[gzy, while remains

present in dsrggz] and dsl[”?fgg]. To be precise,
7r

- 8q1q2q3°

sren

322
4¢3 4243
1 { at (1)
= —q1+ (g2 + g3 {log () +a — 17, 4.77
Aqa2q3 ( ) 1 [322] (4.77)
T4+ E -4
16 qfqg’%
Z'ren
Y333
Aqie3as
1

2 2 2 2 2 2
= ——=—a—= + + + + + —
12q§’q§q§ {CJ1CI2 9291 T 4193 T 4391 T~ 9243 T 4392 — 414293

q 4
—(@} + 63+ a3) [log (;) +aly — 3} } : (4.79)

4.4.4 4-point contact amplitudes

dsTSh, = (4.76)

Asi5h =

asisy =

Here the situation is analogous to the 3-point functions. Only in three amplitudes the
AdS 4-point contact diagram contributes non-trivially to the non-local part after analytic

continuation:
i[2222] 1
dsren _ _ , 4‘80
[2222] SQ1QZQBQ4 8q1q2q3q4qT ( )
,L'ren
dsien = ——— 5522
133220 8g3q3qsqu
= QT) 1 } 0102 }

= TSqqen \\ BT [ ( + 5009 |+~ —ar s 4.81
847434344 {(q3 (M)[ 8\ 5 %[3322] ) (4.81)
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Amplitude sin(%)

22,22 and 33,33 -1
33,22 and 32, 32 +1
32,22 and 32,33 0

Table 3. Values of the sine present in (4.67) for various amplitudes.

sren

gston _ _'13333]
3333 7 85 a3 a3l

1 {1 3 3 3 3 qr L )
= ——sss3i3@+eB+as+q) |log| — )+ ca
8¢ig3qiqs |3 T T p) 2 1333

_T@123 4 3}
. +qro(2)1234 9T [

(4.82)
where o(y)1234 is the k-th symmetric polynomial on g¢i,q2,¢3,q4, see appendix A. In the
remaining two amplitudes the imaginary part of the AdS 4-point contact amplitude is local
and we get,

T
dsien = — "~ 483
3222 16¢3 20304 (4.83)
2., .2, 2 2
T g t4g3+4q3—4q;
dS{egag) = — . 4.84
#2132 gl (4.84)

All analytic continuations have been performed in these formulae. For example 4[g299] in (4.80)
is the standard AdS amplitude ijg9) = i[2229)(qi) = 1/qr-

4.4.5 4-point exchange amplitudes

From (4.68) and (4.67) we see that if the total dimension of the external operators, Ap =
A1+ Ao + Asg + Ay, is odd, the finite part containing the dilogarithm vanishes from the de
Sitter amplitude. In such cases only logarithms and scheme-dependent terms survive. For
the remaining cases the sine equals +1, see table 3. The dimension of the exchange operator
is irrelevant. There is no more analytic continuation in the formulae below, i.e., the AdS
amplitudes on the right-hand sides do not involve analytically continued momenta. The
definitions of the symbols used in the expressions below are presented in appendix A.

Exchange dimension A, = 2. With the exchange scalar of dimension A, = 2 we have
the following amplitudes,

dsten _ 1 _4ren + 12
22,2202 = g oo [22,2222] T 7

N 1 jren
8q1q2q3qs 122222

2
__ b pwm T
1691G2q3945s 2

D)D) 422

(4.85)
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1 T 72 P
d8f§§,2222} W [ [ 3,2222] + — 35 (ql + q2 )]
= # ren
8@ Bazqs B3222|pehspih 22

1 q% + q% — S2 7T2 l34+
= PP+ — |+ (@ +a [lo <>+1}
1647439344 { 2s 2 ( ) |l qr
1
2

1 7
7((]3 + CI4) |:10g < =+ a[(33,’22x2] 4:| } (4: 86)
dsten # jren 4 7T2 (q2 +q2 o 82)((]2 +q2 o 82)
[33,3322] — 8q3q3q3q4 [33 33x2] 165 1 2 3 4
— 1 jren
= S ORAT *[33,3322] DD 22 (4.87)

Since these amplitudes are related to each other by the raising/lowering operators, they share
the same structure. As we can see these three dS amplitudes can be obtained from their
AdS counterparts by the substitution D) — D) 4 % Not all amplitudes with even Ap
share this feature, though. In particular, we have the following amplitude,

ren ir§§,32x2 1 Lo+ 1
ds[32,3202) = [3 3] t S Pnd [(S +a2) <log< % ) -l “[(3%2]> B ql] .

847629394  847G295q4S
la4
i s (5) 1 o) -of

2
—i—%s(Qs +q2 + q4)} . (4.88)

Finally, in two amplitudes with odd Ar the analytic continuation of the AdS exchange
diagrams is local and the non-trivial part of the amplitudes originates from the product
of 3-point functions in (4.20),

ren _ T l12+ (1) l12 ‘124
451322209 = _1GQ%Q2Q3Q4S{ [log( i ) 1+ 02| Fslog gy ) T (4.89)
ren _ & 2 2 li2 (1) 112+
d5[32,33:c2] = —m {(Q:s +tq3—s ) [CI2 (log ( m )Jra[ }> +slog (134+
+s (Q1+Q2—QS—Q4)+2 { 4+ a5+ (a3+qa) } (Q1+Q2)(Q§+qz)}v (4.90)

Exchange dimension A, = 3. For the exchange A, = 3 scalar expressions are more
complicated. The only dS amplitude, which can be obtained from the corresponding AdS
amplitude by the substitution D) — DHE) 4 %2 is

! m? 2 2 2
d8f§§,32x3] = m [ f§2n32503} 165 3(5 + q1 — q2)(5 +q5 — q4)
1 ren
 8qiqadias *[32:3203] | p) Ly i) =2 (4.91)
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The remaining amplitudes of even total degree Ar do not exhibit this feature and become

more complicated,

ren 193.9223) 1 { [ <ll2+> (1) ] }
ds = + + lo —14a — 8¢ X
22.2223] = 801 gagzqs | 8414243048 (@14 @2) |log % [322]

l
X {(qs + ) [log ( 3Z+) -1+ aEé%m

o1 {((h +q2)(q3 + q4) [D(Jr)Jr
841929344 253

112+ l34+ 1
=2 (h (%) = 1o (s (557) =1 )
qr qr
+52(1og(u) 1+a322]>} (4.92)

ren

1 : : : lia4 4

Jsren “[33, 22x3] {[ 3, 3, 3 (1 ( )_ 4 )
2 = 58 tgen * Agtdasa [ TA TR T) 5 ey

— 0(1)1250(2)12s T 40(3)123} X

X {(CJ?, + qa) (log <l p ) -1+ aE3%2]> 5}

7T2 3
a0 o
'ren
s 1[33,3323] 1 o
353303 = 8¢ddial | 24 a3a3qds’

1 l 4
{33 [(33 +¢i + ) <log (T) 3 + a%?),g]) — 0(1)1250(2)12s T 40(3)125] X
l 4
X [(33 + 43 +qi) <log ( 3’3+> -3t a[%%g]) — 0(1)5340(2)s34 T 40(3)334}

™y 5 3 3 3
tg (q1 T+ g3+ g+ 2s ) : (4.94)

The remaining amplitudes of odd total dimension A receive non-trivial contribution only
from the product of the 3-point function in (4.20),

ren 7I' l34 1
ds132,9903) = TP nns® {(32 +at — q3) {(% + q4) (10g ( ;) -1+ a&%m) — s} + 33} :
(4.95)
ren ™ 1 l34y 4 1
8523308 = ~ 5680 Bqd { 5(s° +af —a3)(s° + 45 + ai) {log (u) -3+ afgggﬂ

l 4
_ (52 + q% — q%) [log (T) —3 + agggﬂ

1
+s(gi—@—a—q)— zqr(g1 + ¢ —q3 — qa)

2
(A -Brsw)(stra)  (d-a)@—eutd)
s 52
_ (¢f — QQ)Q2??4(QS + q4) } (4.96)
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4.5 Comparison to the literature

Relatively few exact expressions for de Sitter amplitudes are available in the existing literature.
As far as exchange 4-point functions are concerned, only the finite amplitude dsjgs 29,9] is
abundantly present: see, for example, equations (5.75) of [57]; (4.54) of [58]; (4.52) of [61];
(4.84) of [62]; (3.41) of [72]. All these expressions match (4.85).

To our knowledge, the only other de Sitter exchange 4-point amplitude with non-derivative
vertices to have been calculated previously is dsl["sgﬂm}. This amplitude was first calculated
in equation (4.90) of [62], however the result obtained disagrees with ours here. This is not
unexpected given the regulated amplitude dsgimms} is divergent and requires renormalisation.
Indeed, our result (4.92) contains the renormalisation scale p and a scheme-dependent constant,
ag%Q]’ while equation (4.90) of [62] does not. Our result is therefore anomalous under scale
transformations while that of [62] transforms homogeneously. To see the mismatch more

clearly, let ds[p2,22,3) |« denote (4.90) of [62]. It is easy to check that, in our conventions, it reads

dS . — _# Z‘I‘Bl’l
[22;2223] | 8¢192q3qa [22;2223] D(+>HD(+>+§
1 .ren 7T2 (QI + Q2)(Q3 + CI4)
= ———— |%j99.99,3] T — 4.97
841424344 [ [22:2223] T 4 s3 (4.97)

where we fixed the overall normalisation constant to match our conventions. The resulting
expression is scale independent and misses the terms proportional to the product of the
3-point functions in (4.12). By comparing with (4.92), we see that the difference is

1
« 8q1q2q3q48°

dsfgg;zzx:s] — d5[22,2943) {if%s] (91, g2, s; M)ifggz] (5,3, 043 1)

7T2

+ Z((h +q2)(q3 + qa) |- (4.98)

More recently, this same amplitude dsfgg,m 23] Was recomputed through bootstrap consid-

erations in section 3.3 of [80], see equations (3.35), (3.41), (3.42) and (3.45). After accounting
for differences in notation and the overall normalisation, our result (4.92) agrees with that
of [80] upon setting the scheme-dependent constant

alsay = 7 -+ log(~ 7o) (4.99)

where 79 (denoted 79 in [80]) is the late-time cut-off in conformal time.

4.5.1 Shift operators and derivative vertices

In [58], a family of shift operators ng were introduced. When acting on a given AdS Witten
diagram, these shift operators increase or decrease the value of the external dimensions A;
and A; by one. The resulting expressions, however, represent Witten diagrams where the
interactions contain additional derivatives acting on the fields of the form ¢(dp)? [86].14
In the presence of such interactions, the propagators (bulk-to-boundary and bulk-to-bulk)

YFor AdS shift operators that map contact diagrams to contact diagrams, and exchange diagrams to
exchange diagrams without introducing derivative vertices, see [107].
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may contain derivatives acting on them. In this subsection we make a few comments about
such amplitudes — for a detailed analysis, see [108].

Let us consider tree-level exchange diagrams based on an action with the only derivative
interaction being @i(ﬁw[g})2, where 3] is the bulk field dual to a dimension 3 operator and
p; is either @[3 or ¢y, the bulk field dual to a dimension 2 operator, plus the standard
non-derivative cubic interactions involving fields dual to operators of dimension 2 and 3. One
may distinguish the new exchange diagrams constructed using the derivative interactions
from a standard exchange diagrams based on non-derivative interactions by indicating which
propagator has a derivative acting on it. We will do this by putting a hat to indicate which
propagator contains a derivative. For example, i[33,3313} is constructed using one derivative
vertex 4,0[3](8@[3])2 and one non-derivative vertex, @?3]

to-boundary propagator; z'[g? 3223] indicates the exchange diagram constructed using two

and the derivatives act on two bulk-

derivative vertices ¢y (6g0[3])2, and each of the bulk-to-boundary propagators of ¢[3 has a
derivative acting on it, and two derivatives act on the bulk-to-bulk propagator.

Consider the AdS exchange diagram i[gg,ggﬁ] for a massless scalar. As discussed in
section 6.3.2 of [86], this diagram is connected with i[22,22¢3] Via the action of weigh-shifting
operator:

U133 3503 = Wib' Wit i[22,2203)- (4.100)

The integral 4[g2 90,3 is finite and hence the right-hand side of (4.100) is also finite. More
non-trivially, we find that the dilogarithms present in ijg; 29,3 all cancel out after repeated
application of the standard dilogarithm identities leaving i[gg 3323 B rational function. The

result is
3 2 2
rg S50 871204 03 Oy T4 T3 TT +27T0a+204 03
“333%3 — 4 T 1 e + @ + qr ar|+ 243 * 4¢3 + 4qr 2’
(4.101)

where o = 0(y)1234 is the k-th symmetric polynomial on q1, g2, g3, ¢4 and

7= (q1+ q2)(q3 + Q). (4.102)

The five polynomials, o for £k =1,2,3,4 and 7 form the basis of minimal dimension of the
polynomials invariant under q; <> g2, g3 <> g4 as well as simultaneous (q1,¢2) <> (g3, q4)-

Similar expressions can be obtained for other AdS amplitudes involving interactions with
derivatives [108]. They are less singular than the corresponding amplitudes without derivative
interactions, but not all of them are finite. In table 4, we summarise the degrees of divergence
and transcendentality of the exchange 4-point functions involving derivative vertices.

5 Shadow CFT description and its breakdown

An interesting possibility is that de Sitter correlators are directly dual to CF'T correlators
of the shadow dimensions

A =d— A, (5.1)



Amplitude | Degree of divergence Degree of transcendence
if§§,22$2} 0 Lis
’f§§,32x2} 2 Lis
133 3309 0 Lis
igggzm} 0 log
‘E§§,32:c3} 1 log
'E§§,33x3} 1 log
ifgg,éémz} 0 Lis
iggf&ézs} 0 rational
U35 5223] 0 Lis
33,3308 0 rational

Table 4. Degrees of divergence and transcendence of AdS amplitudes with derivative interaction
vertices. The indices 2 and 3 indicate the fields dual to operators of dimension 2 and 3 respectively
and without derivatives on their interaction vertices. By 3 we indicate the operator of dimension
3 with the derivative interaction acting on the corresponding propagator. Degree of transcendence
indicates whether the function is rational in momenta, contains logarithms, or dilogarithms. Notice

the degrees of divergence and transcendence do not match precisely, as, for example, the amplitude
ifggggmg] is finite (and by extension scale-invariant) and yet it does contain dilogarithms.
with respect to the canonical AdS/CFT dimensions A;. A priori, this seems justified by
the fact that, at late times, the (d + 1)-dimensional de Sitter Ward identities reduce to the
d-dimensional conformal Ward identities featuring precisely these shadow dimensions. One
way to understand why the Ward identities take this form is to consider the Schwinger-
Keldysh formulation and its relation to AAS/CFT. Recall that the de Sitter correlators
may be computed from the partition function in (3.44), where Sy are related by analytic
continuation to the AdS action. In addition, the source couplings Jip+ tend to Jip(g as
7 — 0. Effectively, the sources J+ behave as the dual operator ©O; and the late-time coupling
Jip(o) implements a Legendre transform. It is well known that a Legendre transform in
a CFT exchanges fields with shadow fields (see for example [101]), and thus the de Sitter
Ward identities for generic dimensions should have the same form as the conformal Ward
identities with the shadow dimensions. It is also known, however, that the connection
between fields and shadow fields via the Legendre transform breaks down when the correlators
require renormalisation [93]. One might therefore anticipate that a possible description of
dS amplitudes via a shadow CFT will also break down.

In this section, we show that these expectations are indeed born out by explicit tree-level
computations. After reviewing the de Sitter Ward identities, we re-express all tree-level de
Sitter correlators as AdS/CFT correlators of the shadow dimensions rescaled by specific
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dimension-dependent factors. These factors are directly linked to the analytic continuations
discussed in earlier sections. Examination of the cases requiring renormalisation shows
however that this shadow description breaks down in an apparently irretrievable fashion.
This suggests that a direct description of de Sitter correlators in terms of a shadow CFT
is not in fact the correct holographic paradigm.

5.1 de Sitter Ward identities

Correlators in de Sitter obey Ward identities stemming from the bulk isometries. Under a
diffeomorphism z# — z* — &* by a Killing vector £*, the variation

Og(p(@1) - p(an)) = (bep(a1) - p(wn)) + -+ (o(21) - - Feip(wn)) (5.2)

vanishes giving the (d + 1)-dimensional de Sitter Ward identity
0= Y €@ pomlplmn) . o)) (5.9

Since the isometry group SO(4, 1) of four-dimensional de Sitter coincides with that of the
three-dimensional Euclidean conformal group, these Killing vectors include the de Sitter
counterparts &, and &g of dilatations and special conformal transformations. Writing
xt = (1,x), these are

o, =10 +x8,  Elopdy=—2(b-x)T0,+[(—T+22) b—2(b-x)x]- . (5.4)

If we evaluate the late-time limit of (5.3) for correlators where all insertions are localised
on a fixed-time slice,

0= lim [(—7‘)”(A_d)Z&“(a}i)%@(ﬂwl)...gp(T, mn)>], (5.5)

T—0~ i1 i

assuming the asymptotic behaviour (2.29) leads to the Ward identities

0

> (Ai +a; 3i) (p)(@1) - .- p0)(Tn)), (5.6)

=1

o
I

T
M-

( — QAZ‘b - &I + (x? b—2(b-x;) 331) . 6,) <g0(0) (x1)... ©(0) (xn)) (5.7)
1

.
I

where A; is the shadow dimension as defined in (5.1). Formally, (5.6) and (5.7) are precisely
the dilatation and special conformal Ward identities for CFT correlators of the shadow
field Ox. (For their corresponding form in momentum space, see [63, 95].) It should be
emphasised however that these Ward identities generally hold only in cases where the de
Sitter correlators are finite: renormalisation leads to anomalous conformal Ward identities
containing additional terms, see [93].
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5.2 de Sitter correlators as shadow CFT correlators

Given the Ward identities (5.6) and (5.7), one expects that de Sitter correlators can be
expressed as shadow CFT correlators, at least in the dimensionally regulated theory where
the asymptotic behaviour (2.29) and hence these Ward identities hold. In fact, as shown
in [66, 76] (see also [75]), a still stronger statement holds: de Sitter amplitudes can be
expressed as AdS amplitudes of the shadow dimensions, up to multiplication by specific
dimension-dependent factors. For exchange diagrams in de Sitter, the corresponding AdS
exchanges consist of a linear combination of the exchanged field and its shadow.!®

Working in dimensional regularisation so that — at least for now — all divergences are

absent, and setting both £p and L(4)qs to unity, these relations read:

1 6
dsian] = —=—a— if2 < (5.8)

3
1 -fin
dS[AlAzAB] = H S-S — — C[A1A2A3}Z[51A2A3]’ (59)

4
1 fin
NV H 25,Cx 6[5152535412[&52&3&4}’ (5.10)
j=1 T¥[A;4]
4 o -
1 Cla18,8,0%45041,] g
dsia, annsnsen,] = 11 | 53 [ = RTINS
TR S\ 20,4, Claa,y  [Srdetedurdd
Cia. A Cia.n
[A1A2AZ]Y[A3ALAL] fin
+ C[A Au] Z[AIAQ;A3A4IAI}‘|’ (5'11)
where
~ ~ d R L
j=48j—5==0  Ca&,., 4, =2sin [5 (a _;Aj)}' (5.12)
At 2-points, we can equivalently write this as C[AJAJ-] =-2 sin(ij). Note that no analytic

continuation is involved in these formulae.

By inspection, the 2-point amplitude and all contact amplitudes take a common form,
with only the exchange amplitude receiving contributions from both A, and A,. Notice
too that, in all relations, the external operators are effectively rescaled by factors of 25]-.
These factors are related to the different way we normalise the dS amplitudes relative to
those in AdS. From a bulk perspective external legs carry a factor of the bulk-to-bulk
propagator, but in AdS/CFT the AdS amplitudes are normalised such that the external legs
have bulk-to-boundary propagators. The near-boundary limit of the bulk-to-bulk propagator
differs from the bulk-to-boundary one precisely by the factors of 23, see (2.21) or (2.44).

Since all finite AdS shadow amplitudes on the right-hand sides satisfy the shadow CFT
Ward identities, the de Sitter Ward identities (5.6) and (5.7) are now manifestly satisfied.

5While the unitarity bound A > d/2 — 1 might seem to preclude having operators of dimension A and A,
note that it is not a priori clear that one should require that the CFT dual to de Sitter is unitary (or, in the
Euclidean case, reflection positive).
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Actually, one can understand the structure of these equations from general principles. Since
2- and 3-point functions are uniquely fixed by conformal invariance and the AdS amplitudes
are solutions of the conformal Ward identities the dS 2- and 3-point amplitudes have to be
proportional to the corresponding AdS-amplitudes. Similarly in the case of 4-point functions
one may use in addition the analytic structure of the tree-level diagrams to argue that the right-
hand sides should take the form in (5.10), (5.11). So we only need to explain the coefficients
that multiply the AdS amplitudes. In this subsection we fix them by direct computation.

The relations (5.8)—(5.11) are easily derived by noting that, from the standard properties
of Bessel functions, the shadow AdS propagators are

K3(q,2) = —4f sin(rf)agq > Ks(q, 2), (5.13)
G5(q, 21, 22) = Ga(q, 21, 22) + 2sin(nB)asq >’ Kp(q, 21)Ks(q, 22), (5.14)

where the coefficient ag (originally defined in (3.34)) is that appearing in the de Sitter
2-point function, namely
28 _47Ir3(B)

dsian)(q) = agqg™ ", ag = ————" (5.15)

For the contact amplitudes, we then use our earlier relations (3.57) and (3.67) while for the
AdS 2-point function we use the normalisation (3.38). For the exchange amplitude, we write
the analytic continuations (3.73) and (3.81) of the Schwinger-Keldysh propagators as

) ) . 1
G (q,iz1,—i22) =G4 (q,—iz1,i22) = Ssin B (g—b’(q, 21,22) —Gs(q, 21, Z2))a (5.16)
) ] e$ifrd/2 . )
Gi+(q, iz, +izg) = 9sinf (ei 7r'Bg_g(q,zl, 29) —e:F”TBQB(q,zl, zg)>. (5.17)

Re-evaluating (3.83) and (3.84), the ++ and +— contributions are then

‘ 4

Iy = (—m)** PrezFr=ad) ( II aﬁjqj_2ﬁj> X
j=1

1

~ —inBy ;
2sin(7f;) {e

1AL A2 A3 A zA,] — €iw’:i[Alag;AgAM(d—Ax)]] ; (5.18)

. 4
L = (_TO)Qd—ﬁTeljﬂ(ﬁl-FﬂQ—ﬁs—&)( H aﬁjqj—Qﬁj) y
7=1
1 ) )
X m {_Z[A1A2§A3A4xAg:] + Z[A1A2;A3A4x(d—Az)ﬂ R (519)
so that overall

dS[AlAQ;ASAAlQ?Am] =2 1%7(_T0)BT_2d Re [I-f"‘r + I+—]
70

4
- (H ap;4; J) {A(ﬁx)l?AlAz;ASAzxﬂcAz] +A(7B$)Z?A1A2;A3A4x (d*Az)]}
J=1

(5.20)
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where the coefficients are given by the function

1 im im
S 5 (Br—d—2Bz) _ 5 (B1+B2—B3—P4)
A(Bz) e Re [e 2 e }

_ _Sm(zwsm (5 (Bi+-p—5))sin (5 (m+m-5-5)). G2

Using (5.13), we can then rewrite the dS exchange diagram in terms of AdS exchanges with
shadow operators for the external legs,

i =\ fi
dsiasn0insniwn,) = BU)IR, Ryayasen,) T BO)R, A Aea, ) (5.22)
where

_ QSin(ﬂ (61+52+Bz+4))sin<£ (B3+B4+Bw+d)>
B(B:) = — : Sin(ﬂgm) H?:l 453’ S?n(ﬂéj) 2 ' (523

This result is equivalent to (5.11).

5.3 Breakdown of the shadow paradigm

The shadow formulae (5.8)—(5.11) for de Sitter correlators are valid in dimensional regularisa-
tion, and for generic dimensions where divergences are absent. However, as we shall see, they
fail to hold whenever the de Sitter correlators require renormalisation. This is because the
corresponding divergences in the shadow CFT cannot be removed due to a lack of suitable
local counterterms built from sources and operators of the shadow dimensions. In contrast,
for a dual CFT description involving operators of the canonical AdS/CFT dimensions, the
dimensions of sources and operators are switched and local counterterms (of the beta function
type) can indeed be constructed. A related set of problematic cases arises when the shadow
CF'T correlators diverge but the corresponding de Sitter correlators do not. For these, however,
the shadow formulae can be considered to hold, albeit only in a limiting sense. For a dual
CF'T of the canonical dimensions, these latter cases correspond to those involving conformal
anomalies where the anomaly is projected out by the canonical holographic formulae.

As shown in [93], the divergences of the n-point correlator in the shadow CFT correspond
to solutions of the singularity condition'®

(n—2)= 4> 08 = —2k, k=0,1,2,... (5.24)

for any independent choice of the signs {o; € £1} or constant k € ZT. Cases where all the
{o;} are minus correspond to conformal anomalies of the shadow theory: such divergences
have an ultralocal momentum dependence and can be removed by the addition of a dimension-
d counterterm containing k£ boxes acting on n sources. Cases where a single ¢ is plus and
the rest are minus correspond to the sources of the shadow operator O A, acquiring a beta
function. Divergences of this type have a semilocal momentum dependence and are removed

16Noting that sources have dimension d — A; = d/2 — §; while operators have dimension A; = d/2 + j3;,
this condition is equivalent to the existence of a dimension-d counterterm containing k boxes.
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dS amplitude Shadow correlator Shadow singularity type
ds[209) U[111] +++
ds(329) i[011] ++ -
d8[332] 7;[001] ++ +
ds[333] 2[000] ++ -

Table 5. Singularity type of shadow CFT correlators for de Sitter 3-point functions.

by a counterterm containing k boxes acting on O A, and n — 1 sources. (We exclude the
case n = 2 however as here the counterterm is 51mply the standard source for Oz ) When
n = 3 and two or more of the {o;} are plus, the leading divergence has a nonlocal momentum
dependence. Such nonlocal divergences cannot be removed by local counterterms in any
QFT. Moreover, no local counterterms for such cases exist.!” Instead, wherever divergences
of this type arise, the dimensionally-regulated correlator must be associated with an overall
coefficient that vanishes as the regulator is removed such that the limit is finite.
If we restrict to fields of dimension g < Aj < d such that

_ d d _
0§Aj<§, —§§ﬂj<0, (525)

the only potential divergences of the shadow 2-point function are of the type {++} with
8 = —k. With the holographic normalisation (3.38), such cases are however vanishing since

. r1-5

URA) = T oa5oir ) 1F(ﬂ) (5.26)
The shadow formula (5.8) is nevertheless consistent since the factor of Cjz5; = —2 sin(r3) in
the denominator cancels the zero in z[ AA] such that the de Sitter correlator is a finite power
¢ %* as expected. The corresponding de Sitter Ward identities (5.6) and (5.7) are then obeyed.

At three points, for fields satisfying (5.25), we encounter only singularities of the types

_ _d

-
{4+ Ml Ag=Bi+P— B+ =—2k (5.27)

along with permutations. For A = 2,3 in d = 3 (i.e., A=1,0 respectively), these cases
are shown in table 5. As no counterterms are available, in all of these cases a finite shadow
3-point function can only be obtained through multiplication by a vanishing coefficient. The
renormalised 3-point function then corresponds to the leading divergence of the associated
triple-K integral [93], namely

,L-ren — 6[111] 7;ren — 6[001] Q% + q% - q%
BT g1gogs” [oom) q§q§’q3
gren _ Clon] ( L1 >
= — + — ], 7, =C 000 s 528
Yo11) = qi; @ [000 [ ; z3 qf ( )

17Counterterms involving a product of two or more local operators are excluded since these introduce
additional divergences whose renormalisation then modifies the operator dimensions. As a result, such
multi-operator counterterms are generically no longer of dimension d, see [93].
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where the ClA,AsAy] BTE finite constants. All these 3-point functions are fully nonlocal and
satisfy the corresponding homogeneous conformal Ward identities.

Turning to the shadow formula (5.9), however, we see that the factor C[Al AsAg) 1D
the numerator vanishes for all {+ + +} cases by virtue of (5.12), while all C; A,A,) factors
are nonzero. For the de Sitter 3-point functions to be nonzero then requires that the
shadow 3-point functions (i.e., the constants cjj11) and ¢goq) in (5.28)) are divergent. It
could nevertheless be argued that (5.9) is consistent when viewed as a limiting case within

dimensional regularisation. In the regularisation scheme (4.5), selecting c[j1;) = —e 1,
and using Cjjy) = —7e, Cpyp = 2, we find that (5.9) correctly reproduces the de Sitter
3-point function dsjpg in (4.76). Likewise, using Cjggy) = me and Cjog) = —2, and selecting

Cloo1] = (9/2)e~! we find that (5.9) reproduces ds(33) in (4.78). The homogeneous de Sitter
Ward identities (5.6) and (5.7) are moreover obeyed.

However, such a reconciliation cannot be achieved for the remaining {4+ + —} cases. As
all coeflicients C[&AQ&] and C[AjAj} in (5.9) are nonzero, to obtain a finite de Sitter 3-point
function requires the corresponding shadow 3-point function (and hence the constants Clo11]
and cjpo) above) to be finite. However, the resulting de Sitter 3-point functions obtained
via (5.9) are then manifestly incorrect: for both ds(zzs) and ds|z), the actual de Sitter
3-point functions (4.79) and (4.77) depend on p and contain logarithms absent in (5.28).
From the shadow CFT perspective, however, there is no way to introduce such u-dependent
logarithms as there are no local dimension-d countertems. Likewise, the actual de Sitter
3-point functions (4.79) and (4.77) (as opposed to the output of (5.9)) do not satisfy the
homogeneous de Sitter Ward identities (5.6) and (5.7). From a bulk perspective, this is due
to the appearance of logarithms violating the pure power-law asymptotic behaviour (2.29)
assumed in their derivation.

Thus, already at the 3-point level, the notion of a dual description based on the shadow
CFT is problematic. For correlators satisfying the {4+ + +} condition, consistency with the de
Sitter results can be achieved only at the price of allowing divergent CFT correlators, while for
correlators satisfying the {++ —} condition, we cannot recover the corresponding renormalised
de Sitter 3-point functions. This latter case arises in particular for inflationary correlators
of three non-derivatively coupled massless scalars. In contrast, no such problems arise for a
dual CFT with fields of the canonical AdS/CFT dimensions. Here, the signs appearing in the
singularity condition (5.24) are reversed since f3; = —Bj meaning the {+ + +} and {++ —}
cases for the shadow CFT correspond respectively to the {— — —} and {— — +} cases in
the canonical CFT. Both of these latter singularity types can be eliminated via counterms
giving rise to anomalies and beta functions respectively. Anomalies are then projected out
by the canonical holographic formulae due to their ultralocal momentum dependence. The
resulting de Sitter correlators are then independent of u consistent with the finiteness of the
corresponding de Sitter correlators. Beta function contributions are semi-local, however, and
survive the holographic formulae reproducing the renormalised de Sitter correlators with
logarithms and a nontrivial dependence on the RG scale.

The same pattern extends to 4-point contact diagrams. For shadow singularities of type
{+ + ++}, including those shown in table 6 (evaluated in (4.83)—(4.82)), the shadow formu-
lae (5.10) once again holds when viewed as a limiting case within dimensional regularisation
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dS amplitude Shadow correlator Shadow singularity type
ds[3299] i[0111] ++ ++
ds[332) ifo011] + -
ds[3332) 1[0001] ++ ++
ds(3333] £[0000] + 4+ +-

Table 6. Singularity type of shadow CFT correlators for dS 4-point contact diagrams.

due to the vanishing of C[ ArAgAgAy) However, for shadow singularities of type {+ + +—1},
the shadow formula (5.10) fails to correctly reproduce the renormalised de Sitter correlators
which depend on the RG scale and contain logs.

For exchange diagrams, with the exception of ds[ 22,9), all the de Sitter amplitudes we
constructed required renormalisation as per table 2. The shadow formula (5.11) then fails to
reproduce these de Sitter amplitudes since the latter contain logarithms and depend on the
RG scale whereas the shadow CF'T correlators do not since no local counterterms are available.
As we saw in previous sections, however, all these cases can be correctly handled using a dual
CFT of the canonical AdS/CFT dimensions and the holographic formulae (4.9)—(4.12).

6 Discussion

We had two objectives in writing this paper. The first was to set up a renormalisation
procedure for IR divergences in de Sitter, and the second was to use this information to refine
our understanding of the possible duality between dS and CFT.

We have succeeded in setting up a renormalisation procedure. This result is independent
of holography and the connection to AdS, and should be useful more generally beyond the
context of this paper. We have shown that one can renormalise the IR divergences by adding
local counterterms at future infinity in dS. The renormalised correlators have an associated
(finite) scheme-dependence, and it would be interesting to understand what physics (i.e.,
normalisation conditions) fixes this dependence.

Here, we discussed how to renormalise IR divergences at tree-level. IR divergences in
dS at loop level have a long history [109-135], with recent works closer in spirit to ours
including [136-139]; see also the reviews [140, 141]. It would be interesting to revisit the
issue of loops using the methodology developed in this paper. In this respect, we expect an
interesting interplay between bulk UV and IR issues similar to that observed for AdS in [142].

The renormalisation of bulk IR divergences is consistent with the holographic duality
computing the wavefunction of the universe in terms of the partition function of the dual
CFT, upon a specific analytic continuation. The IR renormalisation then corresponds to
the UV renormalisation of the CFT. This provides structural support for the duality that
goes beyond symmetry considerations. To further emphasise this point, note that while
symmetry considerations imply the regulated dS amplitudes can be expressed in terms of CE'T
correlators of shadow operators without any analytic continuation, the dual CF'T cannot be a
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local CFT involving shadow operators: the UV structure of such a theory does not match the
IR structure of the bulk, and one cannot promote the regulated relations to renormalised ones.

The bulk IR singularities imply that the dS Ward identities are modified. Note that
the dS in-in amplitudes do not suffer from conventional conformal anomalies. Instead, the
renormalisation is associated with renormalising the late-time bulk fields. On the CFT side,
this maps to renormalisation of the sources that couple to the dual operators. One may
work out by standard methods the effect of this renormalisation on the conformal Ward
identities [93], and then use the holographic map to work out the modified dS Ward identity.
It would interesting to work this out in full generality; see [80] for a recent work in this
direction. It would also be interesting to derive the modified dS Ward identity directly in the
bulk. It is these modified Ward identities that should be the starting point for cosmological
bootstrap considerations.

In this paper we studied scalar fields on a fixed dS background. It would be interesting
to extend our analysis to spinning correlators on dS, and more generally, to gauge-invariant
cosmological perturbations about accelerating FRLW spacetimes, extending our earlier
analysis [25] beyond the level of 3-point functions.
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A Definitions for momenta

o External momenta are denoted qj, with lengths or magnitudes ¢; = |g;|, where j =
1,2,.... The Mandelstam variables are
s =[q1 + ql, t=lq1+aqsl, u =g+ qs] (A.1)

without squares. For convenience, we also adopt the convention ¢s; = s.

e The 3- and 4-point total magnitudes are denoted
@ = q1+ g2 + g3, qr = q1 +q2 + g3 + Q. (A.2)

e A contact diagram with n identical particles has symmetry group 5, corresponding to
permutations of the external momenta: q; — g,(;) for any o € Sy.

o We use 0(,,); to denote the corresponding m-th symmetric polynomial on the set of
indices J. To be precise, let J be an ordered set of indices and let m be an integer such
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that 1 <m < |J|. Then,

O(m)J = Z qry ---4qL,, (A.3)

LCJ
|L|=m

where the sum is taken over all ordered subsets L. C J of cardinality m. In particular

o)1z = q1 + g2, o1)123 = @1 + g2 + g3, (A.4)
o2)12 = 192, o(2)123 = 9192 + 4193 + G233, (A.5)
J(3)123 = 414293, (A.6)

0(1)1234 = q1 + g2 + q3 + q4, (A.7)
O(2)1234 = Q192 + q193 + Q1G4 + G243 + q2q4 + G394, (A.8)
0(3)1234 = 419293 + q14294 + 14394 + 424344, (A.9)
0(4)1234 = 41924394- (A.10)

We also allow for the indices to take the value s, so that, for example, o(1)125 = q1+q2+s
and so on.

e For 4-point exchange diagrams we define the following variables,
lij- = ¢ +q; — g + gl lij+ = ¢ +q; + i + q;l. (A.11)
In particular all 4-point exchange diagrams will contain the following combinations,
lio- =q1+q2— s, liox =q1 + g2+ s, (A.12)
l3a- = g3+ qa—s, l3a+ = g3+ qa + s, (A.13)
which we will use in addition to the standard momentum variables.

Note that all /;;— and l;;; are non-negative. Furthermore, l;;; = 0 corresponds to
q; = q; = 0, while /;;_ = 0 indicates the collinear limit, g; || g;, when the two momenta
are parallel.

e The highest possible symmetry group of an exchange diagram 12 — 34, arising when
all external particles are identical, is the dihedral group D4. This contains the eight
permutations generated by swapping the numbers within each pair, 12;34 +— 21;34 and
12;34 — 12;43, as well as exchanging the pairs, 12; 34 +— 34; 12.

The following dilogarithmic quantities then arise in exchange diagrams:

l3q— lio— l l 2
D) — Li (34) iy (12> +log (12+> log (34+) T (A.14)
qar qr qr qar 6
_ _ 1 1
D) = Li, (134) — Liy (lm) + —~ log? <l12+> — ~log? <l34+) . (A.15)
qr qr 2 qr 2 qr

D) is invariant under the group Dy,

DM (q1, q2;q3,01) = DM (g2, q1503,91) = D (g3, 943 01, @), (A.16)

while D) acquires a sign when any two pairs of indices are exchanged,

D (q1, 9203, a1) = DT (g2, 41503, q1) = —D' (g3, 445 q1, g2). (A.17)
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B Holographic 1-point functions in the presence of sources

In this appendix, we outline the derivation of the standard holographic formula (2.11) for
1-point functions in the presence of sources. A similar calculation applies for computing
wavefunction coefficients leading to (2.36).

B.1 In AdS

We follow the conventions of [90] and define W, the generating functional of the connected
diagrams as Zqrr[p(0)] = eVleol, where ZqrT|$(0)] is the partition function of the dual
QFT. Accoring to the AdS/CFT correspondence, Zqgpt = Zads, which in the saddle point
approximation becomes W{p)] = —Saas[¢)]- On the right-hand side here, the AdS
action (2.1) is evaluated on the unique classical bulk solution ¢ which near the boundary
approaches ¢(q), according to (2.5). In general this on-shell action Saqs[¢o] is divergent due
to the infinite volume of AdS. Indeed, by substituting the near-boundary expansion (2.5)
into the free field part of (2.1) one finds that the action diverges near z = 0 for any values
of the dimensions d and A [7].

It is more convenient to analyse this issue from the point of view of the 1-point function,
(O(x))s, where the subscript s indicates that this is an expectation value in the presence
of sources. To do this, using the chain rule we write,

x _ _OlnZqgpr _ T 8Saas dp(z, )
0@ = 50 () /d /d Sz, a') S (@) (B.1)

The second functional derivative follows from the near-boundary expansion (2.5). From now
on, let us assume that the conformal dimension A satisfies g < A < d and the interaction
potential Vi in (2.1) is a polynomial in ¢ or at least has a regular Taylor expansion around

d—A

¢ = 0. This guarantees that the source term of order z is the most leading term in the

near-boundary expansion of the bulk field. In particular,

690(27 .’1’,‘/) _ Zd_A(S

x—x o(z4 ). .
500, (@) ( ) +0(z77) (B.2)

The first functional derivative in (B.1) produces equations of motion for the bulk field
plus a boundary term. As we work on-shell, we can drop the bulk term proportional to the
equations of motion. The boundary term occurs due to the integration by parts of the kinetic
term in (2.1) and is supported on the boundary of the spacetime. It is equal to the radial
canonical momentum IT, flowing through the boundary [8, 143],

0Sads

OOAAS SR (2, 2)(2). B.
SIS I (5, 2)3(2) (B3
For the action (2.1), the radial canonical momentum reads
(E(Ads))l—d
M, =—L 2 20.0(2,%), (B.4)
Laas

where 77; denotes the induced metric on constant z-slices such that /77 = (z/Laas) ™"
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When put together, the 1-point function reads
(O(x))s = LY 4q lim 27211, (2, ). (B.5)
z—0

This is the general formula relating the 1-point function of the dual operator to the canonical
momentum flowing through the boundary. However, for the canonical momentum in (B.4)
the limit diverges,

I d—1
(O(x))s = — ( AdS ) lim 272 x 28,0

e(PAdS) z—0
d—1
B Laas . d—2A
= — (@d&) ll—% {(d—A)z )t T Apn +] . (B.6)

The underlying philosophy of holography is that the 1-point function should be proportional

to the vev coefficient ¢ . Unfortunately, the source term 2424

¢(0) in the above expansion
is always more leading than the vev term. On the other hand, under the assumptions on
dimensions and the form of the potential stated above, there exists only a finite number
of terms more leading than the vev term. Furthermore, all such terms are local in the
source ¢(g). Thus, they can be removed by the addition of finite and local counterterm
action localised at the boundary.

Consider the counterterm action [7]

(E(Ads))l—d

This action is located on the boundary and does not alter the bulk equations of motion.
On the other hand it does contribute to the canonical momentum defined in (B.3). With
S = Sagas + Sct, the radial canonical momentum reads

AdS)\1—
( ég: ))1 d

Il —
: Laas

[—20,p(z,2) + (d — A)y] . (B.8)

With this modification the 1-point function becomes

d—1
L . _
(O(z))s = — (ﬁj;) lim (0% 247 2200) + ..+ (28 = d)pgay + -] - (B.9)
P

The holographic formula (2.11) follows if the limit exists, i.e., if the omitted terms more
leading than the vev term vanish.

In order to argue that the troublesome terms in (B.9) vanish or are irrelevant, two paths
can be taken. In the standard holographic renormalisation [7, 90, 104], a finite number of
counterterms are added in order to remove all such divergences. To do so, the theory is
regulated by a near-boundary cut-off at z = ¢, all counterterms are placed on the cut-off
surface and ultimately the ¢ — 0 limit is taken. It is worth noting that in some special
cases, i.e., for special values of the dimensions d and A, the near-boundary expansion (2.5)
may acquire secular terms involving logarithms of the radial variable z. Such terms may
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lead to logarithmic divergences in the canonical momentum. These cases are related to
conformal anomalies [7, 105], and their removal of logarithmic divergences has associated
scheme-dependence parametrised by finite local counterterms. Such counterterms, in turn,
may also modify the relation (2.11) by an ultralocal functional of the source ¢(. An
alternative (and equivalent) procedure is to expand the canonical momentum in terms of
eigenfunctions of the dilatation operator dp [8, 143],

Hz:H(d—A)++H(A)+ , (Bl())

where dpll,y = —nll). Such expansion can be obtained via a covariant form of the
near-boundary analysis, and the renormalised 1-point function is the eigenfunction with
eigenvalue equal to A,

(O(x))s = 1la. (B.11)
Comparing with (B.9) we find
I d—1
I = — (ﬁ) 28)¢(a)- (B.12)
P

This procedure avoids the need to explicitly construct the counterterms.

In the spirit of this paper, however, we may apply dimensional renormalisation in-
stead [144, 145]. This method is particularly convenient in our context as the conformal
dimensions A are treated as parameters and are not a priori fixed to any special values.
The method is applicable since there exists a non-empty open set of the parameters for
which the limit in (B.9) is well-defined. If the potential Viy in (2.1) is a polynomial or at
least exhibits a regular Taylor expansion at ¢ = 0, the vev term in the expansion in (B.9)
becomes the leading term if

d . (d 2d

For such values of d and A the limit exists and (B.9) becomes (2.11). Furthermore, using
the explicit form of the propagators, one can show that all correlation functions are analytic
functions of the dimensions in this range. Using analytic continuation one obtains unique
expressions for the correlation functions except at a number of poles, corresponding to the
special cases. Only when such special cases are encountered are counterterms needed. The
counterterms turn out to be in a one-to-one correspondence with the counterterms of the
dimensionally regulated dual theory.

B.2 IndS

In de Sitter, the calculation runs along similar lines. We define

4ln \Ifds d.s 0Sas dop(T, :’3/)
Ps(x) = = /dT /d , B.14
() o) () do(T,2") S0y () (B.14)
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where

dp(r, ') d—A / d-A
—— L = (-7 o —x')+o((—7 . B.15
ol = 7 ) ol (B.15)
The variation of the action is
0Sas -
do(ra) VI (T @)(m), (B.16)

where I1, (7, @) is the (standard) canonical momentum, and from the action (2.28),

S)vi—
(¢p™)~

I, = —
T Las

T0:¢0(2, @), (B.17)

where 77; denotes the induced metric on constant 7-slices such that /77 = (—7/lgs) ™%
The 1-point function then reads

V(@) = —i L lim (=)7L (7, ). (B.18)

Including the boundary counterterm

(f(ds))l—d
Set = I;LT(d —A) /ddm\/?@2, (B.19)

the canonical momentum becomes
dS)\1—d
()"

M, =2/
T Lgs

[—70- (T, ) + (d — A)y)] . (B.20)

With this modification the 1-point function becomes

d—1
. Las . d—2A
Ys(x) = —i <£$§18)) lli% [O X (=) 0o+ ...+ (d—20)pn + .. } , (B.21)

leading to the holographic formula (2.36), where the subleading divergences have either been
removed by additional counterterms or dimensional regularisation and analytic continuation
is used, as in the discussion above of the AdS case.

C Singularity conditions for individual amplitudes

In this appendix we summarise the singularities of both AdS and dS contact and exchange
amplitudes for general values of the operator and spacetime dimensions, working in the
dimensionally regulated theory throughout.

C.1 Contact diagrams

Contact diagrams have singularities whenever the singularity condition

(TL — 2); + Zazﬂz = —2k, keZt (Cl)
=1
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is satisfied, where n is the number of points, k¥ € Z" is a non-negative integer (k =0,1,2...),
and the signs o; € £1 are chosen independently [93, 96]. In AdS, any choice of signs is
permitted, but in dS the case where all signs are negative is excluded. This all-minus case is
non-singular in dS because the corresponding all-minus divergence in AdS has an ultralocal
momentum dependence (i.e., is analytic in all the squared momenta), and hence is projected
out when passing to dS via the holographic formulae, see (3.61) and (3.67). This projection
can equivalently be seen from the zero of the sine factor in, e.g., (3.59). This singularity
condition is sufficient to account for all the contact diagram singularities in tables 1 and 2.

C.2 AdS exchanges

To identify the analogous singularity conditions for AdS exchange diagrams, we use the identity
T

Kole) = 5o (-a2) = 15(2) (©2)
to re-write the bulk-bulk propagator (3.82) as
/2
Gs(q, 21, 22) = m [ —I5(q21)15(qz2) + (I—B(qzl)lﬁ(qZQ)@(Zl —22) + (21 ¢ 22))]-

(C.3)

The s-channel exchange diagram then decomposes into a sum of factorised and nested integrals,

i (gi,s)
[A1A2;A3A32A ] i

T > dz
= Ssinnd, {—/O W’Cﬁl (q1,21)K3,(q2,21) 15, (521)

o0 dZQ
X/O W’Cﬁg (¢3,22)K,(qa,22) 13, (522)
2

®©  dz 21 dzy
+ (/0 W’Cﬂl (q1,21)K s, (2, 21)1—/395(82”1)/0 W’C@% (g3, 22) K, (94, 22) I, (522)
1 2

(o Hzg) | (C.4)

The singularities of the factorised integrals are found by expanding their integrands about
the lower limits and looking for the appearance of 2! terms [93]. As Iz(z) = 2°(1 + O(2?))
while K5(2) = 278(1 + O(2%)) + 2°(1 + O(2?)), this gives the two singularity conditions

SeBitptf= 2k, SEBEA = 2hn ko keeZt  (CS)
where the 3, term appears only with a plus sign (in contrast to the analogous singularity
condition for a 3-point contact diagram). For the remaining nested integrals, the singularities
can again be found by expanding around the lower limit of the outer integral. For the
first nested integral in (C.4), keeping track only of powers of z; and z2, we obtain a sum
of terms of the form

00 Al
d/2—1 — 2k d/2—1 2k
/ dz; Zl/ +o0161+0282—Be+2k1 / dzy 22/ +0383+04B4+Lx+2k2
0 0

oo d—1+2k 1 0B
~ / dzy TR P (C.6)
0
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where the z%kl and z§k2 contributions arise from subleading terms in the series expansions of

the Bessel functions and hence k1, ko € ZT. To obtain the right-hand side, we evaluated the
inner integral assuming singularity conditions (C.5) (which we have already identified!'®) are
not satisfied. A singularity then arises whenever we obtain a 2 ! term, namely when

4
d+Y o = —2kr, kr e ZT. (C.7)
=1

Note in particular that the 3, contributions in (C.6) have cancelled since the Bessel I
functions from which they originated have opposite indices. As both nested integrals in (C.4)
are related by exchanging (81, B2, —fBz) <> (53, B4, Bz), the singularity condition we obtain
from the second nested integral is again (C.7), and no cancellation can occur as both terms
contribute with the same sign.

The singularities of AdS exchange diagrams are thus predicted by the combination of
the ‘vertex’ and ‘total’ singularity conditions (C.5) and (C.7). These conditions are sufficient
to account for the degrees of divergence (obtained by direct integration) in table 2. In
particular, the quadratic divergences arise when multiple singularity conditions are satisfied
simultaneously (see also [93]).

C.3 dS exchanges

The singularity conditions for dS exchanges can be obtained using the holographic for-
mula (3.88). Once again, taking the imaginary parts in this formula acts to project out all
singularities of AdS correlators that have a purely ultralocal momentum dependence, namely
those arising from any all-minus condition. This projection can equivalently be seen from the
zeros of the sine factors in (3.85). The holographic formula relates the dS exchange diagram
to both the AdS exchange diagram, whose singularities are given by (C.5) and (C.7), and a
product of AdS 3-point functions, whose singularities are given by (C.1) with n = 3. From
the AdS exchange contribution, the dS exchange inherits the ‘total’ singularity condition

4
d+> oifi=—2kr, kreZt (C.8)
=1

where any independent choice of signs o; € £1 is permitted except for the all-minus case.
The ‘vertex’ singularity conditions arise from both the AdS exchange contribution and the
product of AdS 3-point functions, and read

d d
3 + 011 + 02B2 + 0E By = —2ky, 3 + 0333 + 04fs + 0E B, = —2kp, ki, kr € ZT.
(C.9)

Note that both signs o, 0¥ € 41 can appear here, since while only the plus sign appears in the
vertex condition for AdS exchanges (C.5), both signs appear in the 3-point conditions (C.1).

¥Note there can be no cancellation of singularities between the nested and factorised integrals when either
(or both) of the conditions (C.5) are satisfied: the singularity of the factorised integral is always non-analytic
in s2 (of the form ~ s?#**2* for some k € ZT) whereas that of the nested integral is analytic (~ s**) due to
the opposite indices on the two Bessel I.
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(This explains why the dS amplitude ds|gs 90,3 is divergent while the corresponding AdS
amplitude 7[p3 22,3) is finite, see table 2.) However, the all-minus cases (o1, o2, oy = (- —,-)
and (03,04,08) = (—,—,—) are excluded since the corresponding AdS singularities are
ultralocal and hence projected out when we pass to dS. Moreover, an analysis using the
shadow holographic formulae in the following section shows that the (o1, 02,0;) = (—, —, +)
and (03,04,0;) = (—, —, +) cases of (C.9) also excluded, i.e, do not give rise to singularities
of the dS exchange diagram. This is due to a cancellation between the singularities of the AdS
exchange and 3-point contributions in the holographic formula (3.88) as we will see shortly.

The conditions above, (C.8) and (C.9) (where all cases for which (01,092,03,04) =
(—,—,—,—) are excluded), are sufficient to account for the degrees of divergence for dS
exchange diagrams in table 2. As above, quadratic divergences arise when more than one
condition is satisfied.

C.4 Compatibility with the shadow formula

The singularity conditions for dS exchanges can also be analysed via the shadow formula (5.11),
or equivalently (5.20) and (5.21). These formulae relate the dS exchange to a linear combi-
nation of the AdS exchange and shadow exchange diagrams, where the latter is obtained
by replacing 3, — —f,. Starting from the exchange singularity conditions in AdS, (C.5)
and (C.7), we then recover the dS singularity conditions (C.9) and (C.8) after resolving
the following two subtleties.

Firstly, we need to establish that the all-minus case of the ‘total’ singularity condition (C.8)
is absent. This occurs due to a cancellation of singularities between the AdS exchange and
shadow exchange diagrams. The ‘total’ singularity for both these diagrams is the same, as can
be seen from the analysis in section C.2, with the cancellation then following from the identity

sin B (;l — B1— B2 +ﬁx)] sin B (;l — B3 — Ba+ &:)]
—sin |3 (50— B2 5. |sin | (5 - o -1 -5 |

— sin(n8,) sin B(d — 87| (C.10)

The relative sign between the two terms on the left-hand side arises since the sign of 3,
is flipped between the exchange and the shadow exchange, and the denominator in (5.21)
contains a factor of sin(mf;).

The second point to be understood is the absence of ‘vertex’-type dS singularities
corresponding to (C.9) for the cases (01,02,0,) = (—, —, +) and (03,04,0,) = (—, —,+). For
these cases, the sine factors appearing in the shadow formula (5.21) have zeros cancelling the
corresponding singularities, however an equivalent cancellation is not immediately apparent
in our earlier approach based on the holographic formula (3.88).

Closer inspection shows, however, that a cancellation of singularities between the AdS
exchange and 3-point contributions to the holographic formula (3.88) indeed occurs. When
either d/2 — 1 — B2 + B = —2kr, and/or d/2 — B3 — B4 + By = —2kp, the first term in the
trigonometric identity (C.10) vanishes. The numerator of the holographic formula (3.85)
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then becomes

. m -Ie;
sin (2(5T - d)) Z[AglAQ;A3A4IAz] (C.11)

+ 20,513*2/31 ifzglAgAz] (q17 qo, S)ifZiABAd (S, qs, Q4)

X sin (;T (;l — b1 — B2 — &)) sin (g (;l — B3 — B4 —ﬁx>>
= sin (g(ﬁT - d)) [ifZ%Ag;AgAwa}

. — 2B, - .
+ 2sin(mfz)ag, s 8 Z][FZ%AQAZ}(QLQQ>S)Zl[ngIA3A4](57Q37Q4)]

The singularities of the integrals on the right-hand side now cancel. This can most readily
be seen by using the relation (5.14) between the AdS bulk-bulk and shadow bulk-bulk
propagator, which yields

. . —2B, - .
Zfzg1A2§A3A4$Ax] +2sin(mfa)ag, s ’ Zl[rzglﬁzﬂx] (a1, @2, S)ZlfeAgmA3A4] (5,43, 04)

= A ApiAs A d-A)" (C.12)
This shadow AdS exchange diagram is manifestly finite as the conditions d/2 — f; — B2 +
Be = —2kr, and d/2 — B3 — B4 + B = —2kg correspond to d/2 — B1 — o — B = —2kr,
and d/2 — 3 — B4 — B = —2kp where 3, = A, —d/2 = —f,. From the analysis of the
AdS exchange diagram in section C.2, however, there are no all-minus ‘vertex’ singularities
of this type, see (C.5).

In summary, dS ‘vertex’-type singularities corresponding to (C.9) for (o1,092,0,) =
(—,—,+) and/or (03,04,0,) = (—, —,+) are indeed absent. This is manifest in the shadow
holographic formula due to the vanishing of the sine factors, but arises through a non-trivial
cancellation in the conventional holographic formula. Conversely, the absence of the all-minus
‘total’ singularity in dS is readily visible in the conventional holographic formula, but arises
from a non-trivial cancellation in the shadow holographic formula.

D Shadow relations in AdS

In the absence of divergences, amplitudes in AdS satisfy the shadow relations

(@) = ?:‘f;q) (.1)
iA, Aya,(0) = Jﬁli[ﬁgi% GO (D.2)
=1"[A;4;
i{[iéll,Az,Ag,A4](ql') = ;ﬁl'fiﬁiﬁ}j(%) i?£1A2,A3A4](Qi)a (D.3)
=1"[A;4;
i?&,Az,Ag,AMAZ] (girs) = Jﬁli[ﬁﬁi% ifiElAg,A;gAz;xAz](q'i’ s)
=1 "[A;4;

ifiﬁlAgAz] (q1, G2, S)i?&ASAu (8,q3,q4)

iR, a,(5)

(D.4)
where Aj = d — Aj are the shadow dimensions.
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In deriving these formulae, we used the standard holographic normalisations (see (3.38)
for the 2-point function, with higher-point functions as defined in [86]), and applied the same
normalisations to shadow fields replacing 3; — ﬁ_j = Aj —d/2 = —p;. In addition, we used
the identities (5.13) and (5.14) connecting the AdS propagators to their shadows.

Alternatively, these formulae can be understood as arising from the Legendre transform:
for each field, we add to the partition function, Zags[¢ ()] in (2.8), the product of the source
@) With its conjugate variable Il A) (see appendix B.1), namely [ ddxﬂH(A)cp(o), and
integrate over ¢(g). Completing squares, one may then integrate out ¢ giving

25
PO) = P (D.5)
[AA]

Now ¢(a) acts as a source for the shadow operator of dimension A =d— A, and functionally
differentiating with respect to it, one may obtain (D.1)—(D.4).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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