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I wonder ifsomeone

had already told
you...
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"S-matrix does not exist"
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m = 0 E
, p -> 0

Infrared divergences

zero frequency
,

I wavelength
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That person (agent ? ) forgot

that spacetime is curred

~#~uvature varies

g



It is difficult to develop S-matrix

with arbitrary curvature

main problem : no guiding symmetry principles

Q FT relies on
Poincare

Call inertial observers are equivalent)
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A tractable case study
(and approximation )

constant curvature

maximal symmetry group dimension 10

formalism developed
-> de Sitter T

.
T

.,
Zhu 2025-6

see also :
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global or Poincare patch Marolf , Morrison
,Srecici-



deSpC15 strip t = (-,)
- x? + x\ + x2 +x3 + x = 12 of Emstein Cylinder
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Quantization :

QFT in deS background
Gravity Classical
-

Hilbert space : VIRs of SO)1,
4 (

zu

=it of SU(2)Sul)
I

1jv) /j'n')
3. Dixmier (1961)

Audrey Lindsay ,
T (2026)

basis ↑ VIR
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Physical VIRS
right-handed

↓ j=j + 1

left-handed
j'= j ↓j=j - 1

Mo

#t A
Principal Series Gange bosons

11 /

scalars my 0 GLUONS m = O

13 To ,
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S j , j Mos boasts
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1 Frequency s energys juj'sw

↑ Ye
A

. Lindsay,

T (2026)
becomesu1 2512 . 13781*
as m = 0

no infrared "soft" particles in deS
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j= j + 1

Yang - Mills theory j=j - 1

A = AudXv
↑ Lie algebra valued

Rios-Fukelman
,

F = dA + AnA Sempe ,
Silva (2024)

see also :

Higuchi, ...
action

S = zgnSTr (Fr + Fl

16 desEIRyxS3



Classical
->

Quantum

positive frequency solutions wave functions

In Coulomb gauge At = 0 :

A = e- iwtE
↳ one form in T

*&3
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Maxwell (Hodge Laplace) Equations

(Gd + dG)E = RE

k = w

in radiation gauge 2Ai = 0

GE = 0 "transverse solutions"

, 8



E : Transverse covector harmonics

o integer 43
, 2 (w > 2

,

no IRV

o two classes : right-and left-handed I

* &EF =
IkEE

· Each level k degenerate

Esti= (jv) (jv) = +
,

1)k=j +j+ 1
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S-matrix

<in 1 out
In flat spacetime ,

all tree amplitudes can be-

A

constructed by BCFW recursion↳ from three-gloon amplitudes

deSitter S-matrix =Buconstructed in T
.

T & Bin Lhu

2411
.

02504
,

2509 .

25407 S

see also Marlf, Morrison,Sredmicki (2013)
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3 gluons in de S

"overlap of wavefunctionskn&TraAast① i
M az

u

+j = kz1az
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Intertwiner

T*
3
-> Hilbert

Su(2)xSu(2)' singlet
important in representation theory , Langlands.

but need explicit expression ⑰
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&

Is can be computed (withthekatX
. Griffin Wang

in toroidal = Hopf coordinates

0, 4 = (0
,

2π)
,

x = (0)

< maximal toms SV(2) + SV(2)

Spherical harmonics -> covector harmonic
from scalar harmonics

23 Lehoucq,

Uzan
,

Weeks (2003) -> Ben Achoun et al (2016)



Comment : Flat limit
/

X9
X

T
......

cylindrical
↑
2

de2 = do + dX
*

+ X*de2

In (angular) momentum space :

k = P& 1 = pz ...
- flat = large ang .

Momentum

24 /Jacobi-Auger)



= 3.
mu

Unique 3 ; symbol Sulesule)" singlet
debsch-Gordan
-

Wigner 3j :

~

25

area of
kek = j +j+ 1



All three-gluon amplitudes

Recall selection rules -> E, N/

...,
+ Pa + py)) => M = 0

26
= O

F

but in an interesting way ⑰



will be able

Outlook : Muttiglom amplitudes) Hat initrelicity formalism

Feynman rules = graphical theory
of angular momentum

2

↓
4 33 3j , 6j (c.f.

Venkatesh)
4j

ights into IRnew my
3j

3j modifications of soft this

SLAC 2015 spir Foam of LQG ???
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I

Thank you.

Dedicated to Junck Lewandowski 1959-2024


