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Abstract: The last decade has seen significant progress in our understanding of scattering in anti-de& nbsp;Sitter (AdS) space. Through the AAS/CFT
correspondence, & nbsp;we can reformulate scattering processes in AdS in terms of correlation functions in Conformal Field Theory
(CFT),&nbsp;which are sharply defined by the requirements of Conformal Symmetry, Unitarity and a& nbsp;consistent Operator Product expansion.
Accordingly,&nbsp;numerous highly effective& nbsp;techniques for the study of scattering in AdS have been developed. This has been driven
largely by the Conformal & nbsp;Bootstrap programme, which aimsto carve out the space of consistent CFTs (and, in turn, quantum gravitiesin AdS
space) principally through the three basic consistency requirements above. In thistalk | will describe some steps towards extending some of these
techniques and results to boundary correlators in de Sitter (dS) space. Compared to AdS, we have little grasp of the properties required of consistent
correlation functionsin Euclidean CFTs dual to physicsin dS. The boundaries at infinity in dS are space-like with no standard notion of locality and
time, so the basic criteria that underpin the Conformal Bootstrap programme do not directly apply to the corresponding programme in dS, the
so-called Cosmological bootstrap. | will show how boundary correlators in AdS and dS can be placed on a similar footing by introducing a
Mellin-Barnes representation in momentum space, providing a framework that could facilitate bridging the gap between the Conforma and
Cosmologica bootstrap programmes. | will then discuss how the Mellin-Barnes representation itself can be a useful tool to study boundary
correlators both in AdS and dS.

& nbsp;
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Scattering Amplitudes

... are the bridge between theory and experiment.
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Scattering Amplitudes
...provide a theoretical laboratory to test our theories.

General Relativity
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Scattering Amplitudes

Challenge: Quest for physics beyond the SM and GR

Access to theoretical and experimental laboratories is limited:

Computing scattering amplitudes is hard.

At high energies we lack experimental data.
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Scattering Amplitudes: Bootstrap Approach

Challenge: Carve out space the of consistent theories

Collect theoretical data points by imposing basic physical criteria:

Lorentz invariance

Unitarity SST =1

\am/ . /
Locality S L —x— R
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The AdS-CFT Correspondence

Quantum Gravity _ Conformal Field Theory
in anti-de Sitter space B on the boundary at infinity

CFT on the
_~ boundary

time QG in AdS
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The AdS-CFT Correspondence

Observables in Correlation functions in the
Quantum Gravity _ Conformal Field Theory
in anti-de Sitter space B on the boundary at infinity

time

Scattering in AdS
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The AdS-CFT Correspondence

Observables in Correlation functions in the
Quantum Gravity _ Conformal Field Theory
in anti-de Sitter space - on the boundary at infinity

Defined non-perturbatively by:

Conformal symmetry

Unitarity

time

(%

ﬁl Consistent Operator
‘\ﬂ Product Expansion

2

Scattering in AdS
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Scattering in anti-de Sitter

...iIn AdS we have a pretty good understanding.

1

N
._,\-4

n

Can we adapt extend this understanding and techniques
beyond the relative security of AdS space?
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Scattering in de Sitter

1 2 3 4 n
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Cosmological Collider Physics

time
F' 3

Correlations

10 billion years - i ;
in Galaxies

380,000 years -

End of Inflation |
(re-heating)

Task: Classify the imprints of new degrees of freedom
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Scattering in de Sitter

1 2 3 4 n
Q
E
a
Computed within the in-in (Schwinger-Keldysh) formalism:  —branchofcontour w & + branch of contour
(anti time-ordered) (time-ordered)
N

the bulk time integral
follows the in-in contour
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Outline

—» Mellin-Barnes representation in momentum space

Contact diagrams

Exchanges

Constraints on interactions of massless spinning particles
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The AdS-CFT Dictionary

OXEORD
1918)9)

Quantum Gravity AdS - CFT

DICTIONARY

in anti-de Sitter space Conenmal Fisiel Vieerny

ZQG Aas [ — @ Zcrr @)
Elementary field ¥ Local operator O
Ar+A_=d,AL>A / d?x @ (x) O (x)
rj—rf’@(x)
@ () -
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The AdS-CFT Dictionary

Quantum Gravity
in anti-de Sitter space

ZQG Aas [ — @

Elementary field ¥

(A WIFA

i
n-point scattering o
of particles ¥;

OXEORD
1518)9)

AdS - CFT

DICTIONARY

0[ (X[)

n(xn}\ :P]I ; (@ (XQJ
P V
lra
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Scattering — O (x3)
process!

\sv“rl.

04 (X4}

I Conformal Field Theory

Zcrr @]

Local operator ©

n-point correlator
of operators O,
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Mellin-Barnes Representation

k, 51, K
k, I k. ins K I 53, ka
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Mellin-Barnes Representation

a1,

o, K, 50, ks
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Mellin-Barnes Representation

. < ds, ds,, du; di;g
. 2mi T 2mi 2mi 2w

W

k\ I /k k
—

m internal

legs
T

external legs

External leg, momentum k; ([s[)=2+!

ki+...+k,=0

@2m)? 6D (ky + ...+ ky) = /ddx i (.

(|k1 D —2(£}+H}
R

Internal leg, momentum k;

ki + ko = ki,

ks + ks = —k;

d'”-' ! du"m

2wt 2mi .
Ty 5 Thpy

zivid
2

271 d (const. — 1 — ...

53y k.’i

sqy ka

51, ky
53, ka

<IN .

Ui, 'E_I-] '/.
‘\_\.

81,y Kn

a0, Ky

f

internal legs

external Mellin variable, s;

51+ ...+ s, = const.

g

Z o

r‘?‘.,-) _ [ zcr}nﬁt.—2{~.|+.._+.~._]
0 Z

Two internal Mellin variables, u, u

d 21'} ojr !]
o sy SE2RE B4 )

d+2(J+J34+J
s3+384t+U= +2( : 3 +J4)

Page 19/52



Pirsa: 21030039

Mellin-Barnes Representation

a1,
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Bridging the Gap between EAdS and dS

Propagators in EAdS and dS take a universal form, constructed from 3 building blocks.
In EAdS we have:

B SH : -
T: -?_ : =|Csc (7 (u+ ﬁ))| l[awp (u,0) + Bwn (u, @)] ?A;_“’
L, U P4

contact terms

wp,n (u,u) project onto Dirichlet/Neumann boundary conditions:

-l]=H

)

wpy (@) = o sin (x (u-+ § (Ag — 9))) sin (m (a+ 3 (Ag -
Recall the general solution to the wave equation near the boundary of EAdS, z — 0 :
¢ (2,k) = az® [Oa, (k) + O (2°)] + B2 [Oa_ (k) + O (2°)]

wp (u, @) wh (1, ﬂ.)

2

2 Z__, 1 ’ 2 2
ds® = ( i'? 'l'\?) (f.i:‘ + dx*)
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Bridging the Gap between EAdS and dS

Propagators in EAdS and dS take a universal form, constructed from 3 building blocks.
In EAdS we have:

L QA
cT—'?_o = csc (Tﬂb{u—{—ﬁ))l [@wp (u,0) + Bwy (u, 1)) %o
1, U U,

contact terms

wp,n (u,u) project onto Dirichlet/Neumann boundary conditions:

-l]=H

)))

wp/n (u, ) = %sin (W ('”«- =+ % (A¢ = %))) sin ("T (ﬁ + % (A¥ -

On shell, the factor csc (7 (u + @)) gets cancelled:

m?, J : QA

———e = [a wp (u., 'ﬂ-) -+ ﬁ W (’U,, ﬂ!)] —
u, i u,

i.e. csc (m (u+ 4)) is generated by the source term in the propagator equation.
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Bridging the Gap between EAdS and dS

Propagators in EAdS and dS take a universal form, constructed from 3 building blocks.

In dS, for the -+ branch of the in-in contour, we have:

Y = csc(m(u+1)) [opgwp (u, @)+ Byg wn (u,T)] a

B iz contact terms | s
Recall the general solution to the wave equation near the boundary of dS, n — 0

o (k) =y (—n)* [Oa, (k) + O (1%)] + Bez (—0)2 [Oa_ (k) + O (n?)]

wp (u, i) wh (w, @)
( Ix*
For the we have:
a4+ = Bz =csc (?r (%{ - &i)) exp [— (A:t - %r) m‘] , Q43 = —f+4 = *csc (:rr (%{ — Ai)) exp [(Aj: — %) m‘]
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Pirsa: 21030039



Pirsa: 21030039

Propagators in EAdS and dS take a universal form, constructed from 3 building blocks.

Bridging the Gap between EAdS and dS

In dS, for the =+ branch of the in-in contour, we have:

U g

= csc (7 (u+ '&))I loyz wp (u, @) + By y wi (u, @)]

R contact terms
=

dS and EAdS Harmonic functions differ by a simple phase:

Also the bulk-boundary propagators:

T
&, i

3

A ++

s,k

= exp [ZF (u -+ % (A+ -

d

2

)) il exp [ (@ + (A — #)) i

A d 1 d
— e [3(s+4 (A~ 4

=

Qa g
»—=e
u, U

++
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3pt Contact
1 1 2 3
S 2
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3pt Contact

Contact amplitudes in dS can be obtained directly from their EAdS counterparts:

51, Ky

3
+iexp $7T%'Z (-53' ok % (Aj = %))

Jj=1

83, k3

Overall phase is constant, as required by
the Dilatation Ward identity, since:

d+2(J; + Jo + J3)

5l r8ts= A

Above we simply used that:

o ) L 3
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3pt Contact

The full de Sitter 3pt function is the sum from each branch of the in-in contour:
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' 3pt Contact

The full de Sitter 3pt function is the sum from each branch of the in-in contour:
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The full de Sittef,..gbt function is the sum from each branch of the in-in contour:

= (0 forn odd!

Shown to follow from by Goodhew, Jazayeri & Pajer - [Cosmological Optical Theorem, 2020]
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Exchanges

Vo e LY

3
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Exchanges in EAdS

Exchanges are straightforwardly reconstructed from their on-shell part:

IICSC(‘?F (u+ Es))l

contact terms

Simply follows from:

mz, J ?nzs J k
—— | =csc(m(utu))| e——
u, U u,
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Exchanges in EAdS

.‘:_..k4

single valued Eigenfunction of Conformal Casimirs
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Exchanges in EAdS

and Conforme

.‘:_.k4

single valued Eigenfunction of Conformal Casimirs

2 oa

U, U
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Exchanges in EAdS

and Confor

.*';_..k;l

single valued Eigenfunction of Conformal Casimirs

LW

o 1, k; X U,—k; .—-_\—3—.

This duality is made manifest by the “split representation” of Q4 ;
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Exchanges in EAdS

, Conformal Symmetry and
s1, ky 53, Kg

= [a WD (ua u) + Bwn (’U.-, ﬂ)] u, kr X @, —k;

and Con
m2, J QA g
e e = [awp (u,T) + Bwn (u, B)] o o
u, u, i
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Exchanges in EAdS

, Conformal Symmetry and
.'-.-__, kl 53, 1(3

= |awp (u,7) + Bwn (u, @)] u k; X @, —k;

and Conforn
The full exchange is reconstructed via:

s1, K1 53, kg 51, ka . s3, k3

mz, J »

= CsC\T ) U

= csc (m (g + 1)),

contact terms

8o, k2 54, k.] =L 7 k-’l
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Exchanges in dS

s1, k1 so, ke s3, Ky 51, ky s;, k1 82, ke 83, ks s4, ky

= ose(m (u+1)) >

m? J contact terms =+ m?, J

u, U - u, u ++
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Exchanges in dS

and Conforn

[~ sk sz, ka uky 7] B i, —k; 53, kg 54, ka 1
Aud A
X
L -+ - - =
s,k
Y] [(, .1(;\. - d ) i+i(a —.'—”) ] 2, A
‘ﬁ‘ =] i 2 I 2) +( +2‘( 2 ) 2 .i.
% u @
- ]
£+ =+

u, kp M i, =k

54, Ky
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For the

<

r o

Z [CI’:I::E wp ('u, u) + 5:&:1: Wy (ru’ H):|

+1

Exchanges in dS

netry and

B [{xi:‘i: wb (u-, a) + lS:t:‘l‘: Wy ('U-, a)]

a'lL:ﬁ:;q::csc(ﬁ(g—&;))cxp[—(&l— S)m’],

51, k

arr = —f74 = Lcse (?T (% — A_i_)) exp [(A;_ —

s, ks uky 7]

f

’{‘
“ 3

i, —kr

s1, K3 84,
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Exchanges in dS

51, k1 82, ks 83, kg 54, Ky ™ 8,k s2, ks wkr ] ™ & —ky s, ks 8. ki |
= [cri;: wp (u, @) + Bz wn (u, u)} X
++
I 1+ . -t
+
The full exchange is reconstructed via:
s1, k1 82, ke 83, ky 54, Ky
= csc (7 (u+ 1))
, 1 ]
m?, J contact terms
T

For the

art = frr =csc(m(§ — As))exp [- (Ax — §) 7], Gry = —Pyr =Fcse(n (§ —Ax)) exp [(Ax — §) 7i]

Pirsa: 21030039 Page 40/52



Exchanges in (A)dS

, Conformal Symmetry and

51, kl &9, k._? % k._; 34, k4 = _
2 B Z [Q:I::I": Wp (’U., H-) + 5:|::|: wpy ('U., H):|
m*, J Tt
u, u I 1z

The bridge to the EAdS exchanges is via:

ks
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Exchanges in (A)dS

dS exchange in the Bunch-Davies vacuum is a linear combination of AdS exchanges:

2 4 '
— sm(g (—d+$.+J—Z(Ak+Jk)))sm(g (—d+ﬂ‘+J—Z(Ak+Jk))) Asd
m?, J I}k—l k=3 wp (-u,-ﬁ.)

+ sin (g (—d.+a +J+Z($k+Jk)))sin (g (—d+$ +J+Z(ak+m)) =

k=1 k=3 wn (u, )

Some small steps in 2007.09993 [hep-th]:
AdS exchanges are basic solutions to the crossing equation (associativity of operator algebra)

— dS exchanges are also solutions to crossing. Their decomposition into conformal blocks
(in all channels) is inherited from those of AdS exchanges (which are known)

Mellin amplitudes for dS correlators. For AdS, Mellin amplitudes have been an instrumental tool
owing to striking parallels with scattering amplitudes — Mack 2009, Penedones 2010
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Exchanges in dS

— Z [ﬁ':i wp (4, W) + B 5 ww (u, ﬁ)J
+1

) )
The expansion in this limit is generated by residues of poles in u, . If all the fields are scalars:

ki, ka ks k,

U sin((&i’m‘?;&* d) ?r) sin((_\"f*'ﬂ'z}ﬁ" d) ?‘T) ‘ 2 [] IO(I.:?)]

+ s ((Acthgphent) o) g ((Stathecd) 1) (195 L 14 0 (k)] +..

Poles in u, 4 :

. . . s)+i(5-A)

. . ] ®)+3 (4 -4,)

integration contour
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Exchanges in dS

~ () 72

. g Xa b 1
L] L]
L] L]
X Xy

The expansion in this limit is generated by residues of poles in u, . If all the fields are scalars:

ky ka ks ky
= Sl k| k| ArdAa+Ay—d - Ag+Ag+AL—d (1.2y 84— 1 2
Sl g ((Btlstand) 1) gy ((Bstheraesd) 1) (12)2 1 14 0 (47
: O e o A, N R . & W SR .
- sm((&“—‘h‘.‘a‘—“\- <) w [sinesd 42'—1fri (k2) 1+ 0 (k7)] +...
: b o ¥ Kok A <
Poles in u,
+3(5-4.)
-
3 -2 1
. . . ¢ +i(8-4)
-
integration contour
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Exchanges in dS

— Z lay;wp (4, %) + B3 wn (u, )]
+1

.
The expansion in this limit is generated by residues of poles in u, . If the exchanged field has sp

ki, ka ks k,

A0 - : Agt+Bsg+iy+T—d 7 At Bg+AsL+JS—d
P [ £ fhes C; ® / (cosh) 81n((—‘+ 2Byt r)fr)sm((—"“" "+2' {)71'){."."

2
h. : L
4 sin ((a.-_ FA; |£_\_ +J d) ?r) = ((.&;;-m |2£._ b J d) TI') (k2)

Poles in u, 4 :

. . . s)+i(5-4a)

. . . ®)+3 (4 -4,)

integration contour
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Exchanges in dS

= esc(m(u+ 1)) [y wp (u, @) + By wy (u,1)]

contact terms ++

t, +
The imprints of a particle exchange are particularly sharp in the limit [k;| < |k,
. 5 Xz X3
L ] L ]
. :
X A4
The expansion in this limit is generated by residues of poles in u, . If the exchanged field has s
k; ka ks k,
C '.:;. 7) (cos#) | sin ((A—ﬁ&“"'f ++ "_'1) TF) sin ((—&”"'A" +2ﬁ : *""_d) :’r) (k%)
Lin ((A-_ F Ao |£_\_ bJ J) ?r) o ((,33.;\., |2a_ +J d) TI') (k2)
Poles in u, @ :
. . . s)+i(5-a)
y +..
I +ZR¢5”|,,= ,
n=0
u, i
. . . ®)+3 (4 -4,)
L] L] L] ] L ] » 1 L] - s - |— analllytlrc \ :"Illf:‘*ll —|
W E==n integration contour ~ H?/m*  EFT expansion

Pirsa: 21030039 Page 46/52



Constraints on Massless Particles

Toy model: Cubic coupling of a massless spin-J field to scalars.

Decomposition into helicitesm =0, 1, ..., J:
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Constraints on Massless Particles

Toy model: Cubic coupling of a massless spin-J field to scalars.

Recall that bulk contact singularities are encoded in Dirac delta functions in the external Mellin variables.

Gauge invariance requires that for the lower helicity components m < J we must have:

x (B2 —(J —m) —s1 — 53— 53) 6 (B2 — (J —m) — 51 — 53 — s3)

3

ey lim j dn 8, (n©“F—(J-m)-s1—s2-s3 i, o TR )
s 1\ } = S Ly

Pirsa: 21030039 Page 48/52



Constraints on Massless Particles

Toy model: Cubic coupling of a massless spin-J field to scalars.

Recall that bulk contact singularities are encoded in Dirac delta functions in the external Mellin variables.

Gauge invariance requires that for the lower helicity components m < J we must have:

o (B~ (7 = m) =5y — 52— 55) 6 (£~ (J —m) — 1 — 35— )

m<J

:.; JI‘ h'l.-_,l i ‘, '. 1 (J =1 81 =fn=—§ : ] iy I_lll I:’ T i

A non-trivial Ward-Takahashi identity is generated by the finite number of poles that satisfy:

d+2J
13 —(J—m)—Sl—SQ—SHZO
4
: . 1 d h 1 d 1A+ _ d
which are: slz-_l-Q(A—z)—nl, s2 = F3 (A—2)—n2, 33=2(A3 —2)—n3, n; €N

with (n1+n2+n3)=(J—1—m)
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Constraints on Massless Particles

Toy model: Cubic coupling of a massless spin-J field to scalars.

Recall that bulk contact singularities are encoded in Dirac delta functions in the external Mellin variables.

Gauge invariance requires that for the lower helicity components m < J we must have:

o (B~ (7 =) =5y — 52— 55) 8 (L2 — (J —m) =31 — 32— )

m<J

:.; I h'l.-_,l i ‘, '. 1 (J =1 81 =fn=—§ : ] iy I_lll I:’ T i

A non-trivial Ward-Takahashi identity is generated by the finite number of poles that satisfy:

d+2J
13 —(J—m)—Sl—SQ—SHZO
4 3

For example: ~  (€-ki2)” " (Oa (k1) Oa (k) = (€-kiz)" " (Oa (kz) Oa (—k2))

where £-6€=0, £-k3=0

m=4J—1
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Constraints on Massless Particles

Toy model: Cubic coupling of a massless spin-J field to scalars.

L - dm=J-1

~ [ Ward-Takahashi identity ] . [ Bulk contact singularities ]
| |
Violates gauge invariance. Can they be compensated by:
ke k k Ky
A ?

These singularities must therefore cancel by themselves — constrains g;

The helicity-(J-1) component this gives the constraint:

/ 1 g2 T 3 = U 4
S !Z 9 (& ki)'}_ll =i
e i=2
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Summary

= csc(w (u+ a)) E [ﬂ*ii wp (u, @) + B wn (u, ﬂj]
o o bkt e
++

EFT

u, U

Higher points and Loops. Nice parallel with generalised unitarity methods/Cutkosky rules:

d'k
(2m)°

= Z [“'I : wp (w1, )+ B3 w‘,\"tl]"ﬁl)] :Utl i wp (ug,T2) + App wi f_'i-!zs"‘_fz]: /

++

Ui, Ty

Bootstrap of Euclidean CFTs dual to dS physics?

Celestial Amplitudes?
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