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Abstract: We study particle decay in the de Sitter spacetime as given by first
order perturbation theory in an interacting quantum field theory.

We discuss first ageneral construction of bosonic two-point functions,
including arecently discovered class of tachyonic theories that do

exist in the de Sitter spacetime at discrete negative values of the squared mass parameter and have no Minkowskian counterpart.
We show then that for fields with masses above a critical mass $m_c$

there is no such thing as particle stability, so that decays forbidden

in flat space-time do occur there.

The lifetime of such a particle also turns out to be independent of its
velocity when that lifetime is comparable with de Sitter radius.

For particles with lower massis yet not completely solved. We show
however that the masses of their decay products should obey

quantification rules.
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Particle decay in the de
Sitter Universe

Pirsa: 10100069 Page 2/182



The de Sitter manifold

M(d+1) Minkowski in d + 1 dimensions.
n*Y = diag(1,—1,...,—1)

F

The de Sitter
hyperboloid world (Weyl 1923)

{X§ —X?—...X2=—R?%} SSS=

Relativity group
G =50(1,d)
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The asymptotic cone
Mmd+1)
n*Y = diag(1,—1,...,—1)
T he asymptotic cone is

the lightcone of the
ambient spacetime

{fo 52 -_f(?:
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The asymptotic cone: causal structure

Y W

——

X.Y are spacelike separated:
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Y — X iIs outside the cone whose tip is X



The asymptotic cone: causal structure

A A

)
—— —_—

X.Y are spacelike separated:
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Y — X iIs outside the cone whose tip is X



The asymptotic cone as the de Sitter
momentum space

Geodesics: de Sitter
R

V2§ -1

X;u('?') =

(fne% = 7?;16-%)
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The asymptotic cone as the de Sitter
momentum space

\ n Geodesics: de Sitter

\ & . R : -
\ 3 =
X = R — R
\ u(T) J2E (5.;16 e )

MinkowsKkKi

=
zu(7) = 2,(0) 4 £y

mc

eeeeeeeee



The asymptotic cone as the de Sitter
momentum space

\ n Geodesics: de Sitter
\ & R r r
Xu(T) = E,eR —nue R
\ Minkowski
ut
zu(T) = 2,(0) +-

mc

Note that

X#(O) = R_ = (»f,u = r?,u)




Conserved quantities
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Classical scattering
b1 +b6o0 —c1+ ... +cpn

Problem: find the outgoing momenta (§¢,7¢)
given the ingoing ones (x;, ():
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Classical scattering
b1 +00—¢c1+...+ten

Problem: find the outgoing momenta (§¢,7¢)
given the ingoing ones (x;, ():
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Classical scattering
bi +bo —c1+...+cn

Problem: find the outgoing momenta (§¢,n¢)
given the ingoing ones (x;, ):
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Classical scattering
b1 + bo —>c1 +.--t¢N

Problem: find the outgoing momenta (ff, nf)
given the ingoing ones (x;, ():

—~ N\
Xi C-z_ —| X (0) = é/—f nf :L
\/2Xi - Gi & = \/ 2£f “Nf
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Classical scattering
b1 + bo —> €1 +.--T¢€N

Problem: find the outgoing momenta ({¢,n¢)
given the ingoing ones (x;,():

Xi— & = x(0) = E&r—nr
vZ-G6 — \/2£f = =
2 2 AC N E¢ Ay N
ZK’Z=Zm3 e : ch =ZK
— — Xi - Gi =1 . §f nf =1 :
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Example: particle decay

fry

J

V2 \ 2my 1 2miuy
2 2
1 ’/m% - y% — p% L\ (n:r% — ,u% — ,u§)2 — 4p'£;;%
V2 \ 2mqpuo = 2mqpo
Page 16/182

v = 2
( m% -+ Ju% — !'-‘% _\ (H’II — ;i% = “5)2 = 4;1%;15




Example: particle decay

m1] — K1 T p2

| 2 2 2 212 2.2
o 1_ (m%-i—,ui—p% = (”?1—£11—I12) —4;“11“2‘1
V2 \ 2mq ey 2mip1

| >
1 (m% — ,u% + ,u% 4\ (m% = H% = ,U%)z = 4#1,&'% 2
V2 \ 2mypo = 2mq puo :

Page 17/182
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Example: particle decay
m] — p1 T M2,

T O o e A i s ) e 2 I
N — r— W =
V2 \ 2mipy 2mq 1
2
_ 1 (m3 -3+  mE i3 —13)? — 433
N — — s =
V2 \ 2mqpo 2mq po

miy > p1 + po.
Mass subadditivity

“wrill not hold in the quantum descriptiot




de Sitter plane waves

A(X,€) = (X -O)A
¢ t—4¢

Pirsa: 10100069 Page 19/182



de Sitter plane waves

A(X,8) = (X o)A
e 0

)

bz, p) = P — cim(pz)
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de Sitter plane waves

AM(X,8) = (X -O)A
BEC —4¢

)

b(x,p) = iPT = (im(pz) —
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de Sitter plane waves

ko gﬁ@

)

2ce £ —¢

¥(z,p) — T —c
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de Sitter plane waves

A(X,€) w )
xeC, ££=¢a '

U(z,p) = DT — ez’m(ﬁ-z) ———
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de Sitter plane waves

(X -6 = XA +d—1)(X-£)> —-!
) | |
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de Sitter plane waves

(X-O)=A(A+d—-1)(X-&)*
Involution:

25— (& 1
X x=—(d—1)
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de Sitter plane waves

e b e 2 —-!
Involution: )

X A=—{d )

(X-&) A4+l = (cA—d+41)(—N)(X-£)A—d+]
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A
A

!_

Pirsa: 1

O(X-&) A =(=A—d+1)(A)(X-§) A4

0000000

de Sitter plane waves

(X - =20 +d— 1)(X - £ ‘!
Involution: )

—3s A——Xx—(d—1) )
Am—0d ¥

S e




de Sitter plane waves

(X - =a0 +d— 1)(X - )
Involution:

> 5 — &2
X4 A=—{(d— 1)

(XA = (A DAY YL

Pirsa: 10100069  Page 28/182



de Sitter plane waves

(X-O'=ar + —_})(X‘s@

Involution:

> 55— ) (5§
A+A=—(d-1)

(X{)—,\—d—l—l _w(x ) = =i T

Scalar waves with (complex) squared mass:
m2 = A\

(O+AX)(X-9*=0, (O+AX)(X-9*=0
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Principal de Sitter waves

> T— d_l—l-iz/ v e R .!

OA(X,€) = (X -6 2 T \
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Principal de Sitter waves

A=-%t+iv, veER

(X, 8) = (X - &)~ 7 T

—
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Principal de Sitter waves

A=-%+iv, veR

_ _ a1
UA(X,8) =(X-&) 27
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Principal de Sitter waves

A=t +iv, @ )!

OA(X,6) = (X -£)~ 2 \

A=-2A-(d-1)=-%1 i
d—1

U5(X,8) = (X -8~ 2z ¥ =y\(X,§)
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Principal de Sitter waves

> = d_l—l-iu veR !

OA(X,€) = (X -€)~ 2 T
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Principal de Sitter waves

n— d_l—l-iz/ v e R !

OA(X,6) = (X -€)~ 2 T




Complementary de Sitter waves

A=-%St+v, veR
ba(X, O =(X-o 7
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Complementary de Sitter waves

A=-F%"+p, vER !
oA(X,6) = (X -~ 7+ ’\
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Complementary de Sitter waves

= d-Ll_‘tl% veR

UAX, ) =(X-§ 2z

T hese waves do not oscillate!
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Complementary de Sitter waves

. d—1
U (X, 5)—(X g
T hese waves do not oscillate!
A=-A—-(d-1)=-%1 v
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Complementary de Sitter waves

LA — d__Ll_—l_,_g:r v C R 4
nxo=x-o 2+ 2 \!

T hese waves do not oscillate!

A=-A—-(d-1)=-%1 v

_UX()(‘Tg) — (X - f;‘)_d_Tl_y = = w)\(X g) = 'L,)\(X f)
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Complementary de Sitter waves

r\\
A= d_;i_—ty,, veR _
d—1
nxo=x-9%+ 2 l!
T hese waves do not oscillate!

A=-A—-(d-1)=-%1 v

(X, €) = (X -£) 2T # pa(X, ) = ¥a(X, &)

W

>




Discrete de Sitter waves
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Discrete de Sitter waves

— dgl v, veR, |V|>(dE—1)
—1
o(X, = (X- T+

; ) \
have real but negative squared 4ass.

m2:AX=(d;21)2—y2<o
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Discrete de Sitter waves

Ux(X,€) = (X - @—d‘—l

have real but negative squared ||aass

w@2:/\)_\=(%)2—v2<0
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Discrete de Sitter waves

= dgl Fr, ve R, |V|>(d§—1)

| _ _d-1
(X, ) =(X-&) 2
have real but negQative squared 4ass
;@22/\5\2(61;21) _ 12 <0

dS Tachyons?
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Discrete de Sitter waves

e d;l v, veR, |L’|>(d§—1)

e 3
, _ _d;_H, - __
UA(X,E) = (X -§) 2 \
have real but negQative squared ¥aass.
ﬁ2:)\)—\:(d;21) — < @

dS Tachyons?

(X -&)" and (X -&€)"log(X -€&), n integer
(X &) %1 and (X &) " 9Tllog(X..5)




Discrete de Sitter waves

A=-%14u veR, v > (%)
‘ﬁ\\_/
UX, ) =(X-§ 2z

f d—1 ._
_. : 2
have real but negative squared ||aass. ‘

E2ZAX=(d;21)2—V2<O

dS Tachyons?

(X -&)" and (X -&)"log(X -&), n integer
(X &) %1 and (X )" 9Tllog(X..5)

’




The plane waves are however irregular
A

YA (X, &) = (X - O)A
X edS:(X-6§)=0
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The plane waves are however irregular

‘ N Xe€dS:(X-§=
X 2 /;

(X - = X € (@(O(X - €) + b()I(—X - &)
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The plane waves are however irregular
A%

\ XedS:(X-6§)=0

(X-6)* - |X - (@(VO(X - €) 4+ b(A)I(—X - £))
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. The plane waves are however irregular
A=
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. The plane waves are however irregular
A%

Pirsa: 10100069 o Page 52/182



. The plane waves are however irregular
A
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- The plane waves are however irregular

_— =
Ua(X, ) = (X-9%/

B\ XedS:(X-¢)=0

P - —J
(X - — X - @a(X - €) +b(1)8(—X - ©))
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- The plane waves are however irregular
= =

e

\ X€dS:(X-¢§)=0

/””/j = |
(X - > 1X - (gV8(X - €) +b(NI(-=X - )

e

Choice of a and b: go to QFT!
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QFT: commutators

» For linear fields the algebraic structure (i.e. the degrees of
freedom) is provided by the commutator function: a
bidistribution that vanishes at spacelike separated pairs

[0(x1), #(x2)] = C(x1,22)1




QFT: commutators

» For linear fields the algebraic structure (i.e. the degrees of

freedom) is provided by the commutator function: a
bidistribution that vanishes at spacelike separated pairs

[¢(x1), #(x2)] = C(x1,22)1

» If the manifold is globally hyperbolic the equations of
motion plus canonical initial conditions uniquely

determine the commutator
(Oz; + m?)C(x1,22) =0, i=

C(x1, $2)‘r§=rg = 0.

9 = =
@C(Il-fz)lxgzrg = thé(x3 —x2) =0

=




Quantization

Quantizing the theory means representing the
commutation rules in a Hilbert space.

o(z) — o(x) € T' (M, Op(H))

[6(z1), d(x2)] = C(z1,22)1y4
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Quantization

» A Hilbert space representation is associated to any two-point
function that solves the equations of motion

(Ozy + m*)W (21, 22) = (Oep + m*)W(z1,72) =0
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Quantization

» A Hilbert space representation is associated to any two-point
function that solves the equations of motion

(Ozy + m2)W (21, 22) = (Uzr, + m?)W(z1,22) =0

» The functional equation (canonical quantization)

W(z1,z2) — W(x1,22) = C(z1,x2)
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Quantization

» A Hilbert space representation is associated to any two-point
function that solves the equations of motion

(Ozy + m2)W (21, 22) = (z, + m?)W(z1,22) =0

» The functional equation (canonical quantization)
7 Wi(z1,z2) — W(z1,22) = C(z1,22)

» And the positive-definiteness condition

| W(z1,22) F(21) f(22)dz1dzs > O




Quantization

» A Hilbert space representation is associated to any two-point
function that solves the equations of motion

(Ozy + m2)W (21, 22) = (U, + m?)W(z1,22) =0

» The functional equation (canonical quantization)
=2 W(ll?l,, 1’.2) = W(ZI?]_, 5[72) = C(.’I?]_, 1:2)

» And the positive-definiteness condition

= [ W(a1,22)F(21)f (22)da1dzz > 0

» For Minkowski or dS or other simmetries if unbroken:
Invariance:

e W(gz1,g9x2) = W(x1,T2) roeme




Construction of two-point functions

W(e1,22) = [ e PT1eP20(p0)6(p? — m?)dp
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Construction of two-point functions

W(e1,a2) = [ FHP 2209507 - m2)dp
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Construction of two-point functions

W(er.a2) = [ #HeP 29052 = m2)dp
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Construction of two—point functions

W(er.a2) = [ #HeP 29052 = m2)dp

(X1, X2) = [(X1-OME- X2) " dus (8)
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Construction of two-point functions

W(er.a2) = [ #HeP 20052 = m2)dp

Fy (X1, X2) = [(X1-OME- X2) ™" s (€)

RirsafOl0006 s e e = e e e Pagel67/182



Construction of two—point functions

W(e1,22) = [ e -wew@owp — m?)dp

F(X1,X2) = [(X1-ME- X2) 2741 u,(9)
gE.——— S
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Construction of two-point functions

W(e1,2) = [ Eprz@(’)é(p — m?)dp

<
F\ ,(X1,X2) = (Yl MO X2)" @lxduﬂ (£)
— S ]
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Construction of two-point functions

W(e1,22) = [ e -Mgsz@%(p — m?)dp

Fy (X1,X2) = (Xl OMO- Xo) A4+ Ay (£)
—— ]
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Construction of two—point functions

W(ey,z0) = [ ¥l €PN — m)dp

F ,(X1,X2) = (Xl ' X)) dpy (€)
St N

<

== (Ox, + AX) FA(X1,X2) =0,




They are dS invariant
Plane waves are homogeneous functions of &
Y(X,af) = (X - ad)* = a™yp(X, §)
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They are dS invariant
Plane waves are homogeneous functions of &

¥(X,a€) = (X - @) = (X, €)
(X1 - a&)M(ag - X2)* = AP (X7 - O)ME - Xo)?

Y i—(d 1)

Pirsa: 10100069
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They are dS invariant
Plane waves are homogeneous functions of &

(X, af) = (X -a)* = g’\v(X §)

(X1 - a&)(a€ - X2)* = g? A (X7 - O (5 %)A
X¥FE2x=—(d—1) )
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They are dS invariant
Plane waves are homogeneous functions of &

¥(X,ag) = (X - af)* = (X, €)
= \ = =
(X1 - a@)Ma€ - X2)* = g M (X1 - ) (E- af%)*
\ ? -
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They are dS invariant
Plane waves are homogeneous functions of &

(X, af) = (X -@€)* = g¥(X, )
(X1 - a€)*M(a€ - Xo)* = a”"(Xl OME-X f)k
£

A+X=—(d—1) N\
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They are dS invariant
Plane waves are homogeneous functions of &

V(X a) = (X -ae)* = 0 (X, €)
(X1 - a&)Ma€ - Xo)* = a>‘+)*(X1 OME-X f)"
= \

(X1, X0) = [(X1- M€~ X2) A 1dpy (6)

FA(QXl gXo) = F)\(X31,X2) = F)\(X1 - X52)

00000000000000000000000




How to chose the right coefficients?
‘ X5

v(X,€) = (X - &)
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They are dS invariant
Plane waves are homogeneous functions of &

W =(X-p0)" =g WXL
(X1 -a§)(ag - X2)* = a*“(Xl OME- X ﬁ))‘
=

(X1, X) = [(X1-OME- X2) A ldpy (6)

FA(9X1 gXo) = F)\(X1,X32) = F)\(X1 - X32)

ooooooooooooooooooooooo




How to chose the right coefficients?

W (X =(xX-9
A-\ e

,.--"

(X-O)* = \X—g\* (a(N)O(X - €) 4+ b(\)O(—X - £))
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Recall: spectral property
of standard textbook QFT

There exists a complete set of nonegative energy states
(The energy-momentum spectrum is in the closed future cone)

equivalent to

The n point-function W(x,,....., x,) is the boundary value
of a function W(z,,....., z,) holomorphicin a “tube” of the

complex Minkowski spacetime

(tube ={lm (z,.4 - Z,) contained in the closed future cone})

Consequences

—~—

Unique determination of the vacuum. All the common wisdom
=@ perturbative renormalizable local and covariant QFT follows:*




Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

W(z—a') = [ e P=eP=o(p0)5(p? — m?)




Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

W(Z = Z,) — /e—ip-zeip-zfg(pO)(s(pQ = m2)




Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

) — / e~ P TP 9(10)5(p2 — m2)
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Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

W(Z — Z,) — fe—ipfzeipizig(pO)5(p2 = m2)




Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

W(z—2) = ipiz’e(pf’)cs(p? —m?)

ZET_(ImZEV‘)!'

&
SISO L R R A DO AR 1

X
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Spectral condition - the Fourier representation of the
two-point function is meaningful in a domain of the
complex Minkowski spacetime

W —2) = [ myr900502 - m?)

zeT (ImzeV")

2T @m z’e V)| <

| | / | | | l | |
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de Sitter tubes
dS*—22—Z2+— ... 25— —R*

Z— X 1i¥ X2 ¥Y?2— R? X.Y—0
7T =Y in the forward cone.
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de Sitter tubes
ar—z 72 72— R
Z =X+ %) X2 Y2=_-R2 X.Y =0
= = =
7T =Y in the forward cone.
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de Sitter tubes
727 7 R

Z—@ f- 2 = =0 @
— +z@, X2_y2=_R Y

e e
7T =Y in the forward cone.

Pirsa: 10100069

T — — V in the backward cone




U (Z.8) = (Z - €)* is globally well defined in
both the past and future tubes because the
imaginary part Y -£ is always positive (negative)
for Z € T1 (alternatively Z € T1)

S

Boundary values on the reals:
X - )Y — | X - € (6(X - €) + eFTA(—X 8))




U(Z,8) = (Z - €)* is globally well defined in

both the past and future tubes

because the

imaginary part Y -£ is always positive (negative)

for Z € TT (alternatively Z € TT)

Boundary values on the reals:

X - )L — | X -} (0(X - £) + €

:iﬂ')\g ( _X pag@;)




U(Z,8) = (Z - €)* is globally well defined in

both the past and future tubes

because the

imaginary part Y -£ is always positive (negative)

for Z € T1 (alternatively Z € T1)

Boundary values on the reals:

X - — | X - (0(X-8) + €

=2 OV (—X pagé;})




~U(Z,8) = (Z - €)* is globally well defined in
both the past and future tubes because the
imaginary part Y -£ is always positive (negative)
for Z € TT (alternatively Z € T1)

R

Boundary values on the reals:

X - )2 — | X - (X - €) + eF (- X )




Fourier representation for Bunch-Davies aka
Euclidean aka ...... two-point functions

For Zi €T e ZoeTT
Wi (Z1, Z2) = [y (Z1 - O (€- Z2) @ Dgp(e)
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~Un(Z,8) = (Z - €)* is globally well defined in
both the past and future tubes because the
imaginary part Y -£ is always positive (negative)
for Z € T1 (alternatively Z € T1)

Boundary values on the reals:
CAA : ¢ +imAgr =
A )% — | X EJP(X - €) + (- X -8))




Fourier representation for Bunch-Davies aka
Euclidean aka ...... two-point functions

Far ZycT e Z, Tt
Wi(Z1, Z2) = L (Z1- ) (€- Z2) > Dgu(e)

) 4

To be compared with the standard flat case:
W(z1 —22) = [ e P1eP20(p0)5(p? — m?)d*p

Pirsa: 10100069
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Fourier representation for Bunch-Davies aka
Euclidean on the real manifold

Wiy(X1,X2) = /.HYI g |1 X2 - €%

x (0(X1-8) +e 7™ 0(—X1-6)) (0(X2- &) + €™ 0(—X2 - €) ) dp(€)

-w
J— b & —
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Fourier representation for Bunch-Davies aka
Euclidean on the real manifold

Wi (X1, Xo) = / X7 - €2 | X2 - €%

x (0(X1-8) +e7™0(=X1-9)) (0(X2- &) + ™ 0(—X2- ) du(&)
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Fourier representation for Bunch-Davies aka
Euclidean on the real manifold

Wy (X1, X2) = [ | X7 - €] | X - €] %

x (6(X1-€) + e ™0(—X1-©)) (6(X2- ) + €™ O(—X2 - €)) du(€)




Wa(Z1, 22) = ./-:(Zl‘*-f)k (& - Zo) M4 Ddp(e)

F(- A A3-4d—3) ( d 1 ¢
— .\ Frl—-XA AN +d-—-1;, —, ——— ] .
(4ﬁ)d.2r (%) 271 2 2 )
FEAEQ-4—1) = e = =
— ( ) ( : ) ((,2_1) T P_,\EQ(Q)
2(27)2 2
a) W(Z», Z>) is invariant under =
: (=214
the complex de Sitter group
W(Z1.2Z>) is maximally analytic. | £ =1

T he cut reflects causality
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Wi(Z1, Z2) = [(Z1-9* (- Z) @ Ddu(e)
= r—2)r(A+d4d-1)

d
F (—A_ At+d—1; —;
@mir(3) 2 =+ >

Fr(—\ra+d-1 ) = =%~
= (=) I ( = ) ((!2 = = P_I\Ei((’)
2(27)2 2\
a) W(Z», Z5) is invariant under =
| & — 454
the complex de Sitter group | e
W(Z1, Z>) is maximally analytic. =

T he cut reflects causality

b) W (X1, X5) is b.v.of W(Z1,25) from T— x T+t

irsa: 10100069
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Wx(Z1, Z2) = [(Z1-9* (6 Z2) @ Ddu(e)
_ F(=r(x+d-1)

e
Fil—\ A+d—1; — ——

(amy@/2r (4 ° :( 2

r—A)rx+d-1) .. a2 _d-2

= : & 3y ~r 2.
2(2x)2 ;=
a) W(Z», Z>) is invariant under |
) W(Z2, Z>) ' le—2 -2
the complex de Sitter group | .

W(Z1.2Z>) is maximally analytic. I
T he cut reflects causality |

b) W(X1,X>5) is b.v.of W(Z1,25) from T— x T+
The permuted function W (X», X1)

wod® D.V.OF the same IT/T(Z]_ ZQ) from T+ X T_Pagelozflsz



What about positivity?

[ Wa(X1, X2) F(X1) £(X2)dX1dX5 > O

For principal fields positivity is obvious
Wi(Z1, Z3) = / (Z1-6)~F T¥(6-22)"F Vdu(e)

dS-Fourier transform

d—1 -

Flen) = [(6- 077 "du(©) f(z)dz

[ W X1, X2) F(X1) f(X2)dX1d X = [ 7€) Pdu(e) > 0
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Wi(Z1, Z2) = [(Z1- (6 Z2) @ Ddu(e)
_ F(=r(x+d—1)

& T—¢
Fil—X\ A4+d—1;, —; —— ) .

FAFat4—1) . a2 2

= &3y * F 2.6
2(2x%)2 o
a) W(Zo,2Z5) is m'varlant under | —
the complex de Sitter group | s g———
W(Z1,Z») is maximally analytic. ==

T he cut reflects causality |

b) W (X1, X5) is b.v.of W(Z1,25) from T— x T+
The permuted function W (X», X1)
—uis D.v.Of the same W (Z1, Z5) from T X T o




What about positivity?

[ Wa(X1, X2) F(X1) f(X2)dX1dX5 > O

For principal fields positivity is obvious
WiZ1,22) = [(Z1:)™F T(622) 72 “du(©)

dS-Fourier transform

X _

Flery = [(6- )77 “du(©) f(z)da

/' Wi (X1, X2) F(X1) f(X2)dX1dXp = j_' 1F (& v)Pdu(e) > 0

Pirsa: 10100069 Page 106/182




What about positivity?

[ Wa(X1, X2) F(X1) F(X2)dX1dX5 > O

For principal fields positivity is obvious
Wi(Z1,22) = [ (217 F¥(622)"F ~“du(e)
dS-Fourier transform

' = — —~—
~) Fen = [(- X1 7 Vdu(©f(2)da

/ W (X1, X2) f(X1) f(X2)dX1d X5 = / F(&,)1%du(€) > 0
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What about positivity?

| WaX1, X2) F(X1) f(X2)dX1d X5 > O

For principal fields positivity is obvious

3 d—1 - d—1 -
Wi(Z1.22) = [ (Z1:©)7 7 T7(622)77 ~™du(e)

dS-Fourier transform -

R

3 = = ——
~) Fen = [(- )17 Vdu(©f(2)da

/' Wi (X1, X2) F(X1) f(X2)dX1dXp = / F(&.v)Pdu(€) > 0
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Complementary fields (inflation)

> £ ] —-d_—1+rf’ = - —
W, (Z1.22) = [ (Z2€)™ 2 TV (622)7" 2 (&)

The proof is a little more difficult;
based on the following relation valid for v > O:

[(X +iY) -2 T =

eTiTV (d—l =3 L/

[y FHUX £iv) - €177 du(e)
(27)Z 27T (v)
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Complementary fields (inflation)

3 : _a-1,,/ . = = ——
W,(Z1,22) = [ (Z2€)7 2 P (62)77 ~du()

The proof is a little more difficult;
based on the following relation valid for v > O:

M
|
|
<
3
—
=
J
|_I
<
o
"--....______‘
o,
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Complementary fields (inflation)

- ' _a-1,,/ . = = |
W, (Z1.22) = [ (Z2€)7 2 T (622)7" 2 (&)

The proof is a little more difficult;
based on the following relation valid for v > O:

d—1/, ) \/ /
(X +iY) -1 2 = !

e d_l-i—lf d )
= ( /(E E)_ 2 +""’[(K +3Y) - g]‘_""d (&)
(27) 7 2T (v)

_.—---—\.\__]I
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Complementary fields (inflation)

. a1,/ . - =
W, (Z1.22) = [ (Z2€)7 2 TV (622)7" 2 (&)

The proof is a little more difficult;

based on the following relation valid for v > O:
= o A
KXiﬁﬁfT%%f— \ \~dﬂ

eLimV (d—l -+ ;_/

= [€- ey B rx £iv) - €12 )
(2r) 2 QUF(V) ==
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Physical interpretation: temperature

Xg = Rsinht/RZ |72 ]
X@PH=1 X = n (FA<R) 05
Xq = Rcoshiy/R2 _|f2¢

45+

Time translations:

a(s)) X(t,7) =Xt +s,7) = X&s)h

Maximal analyticity *= KMS condition
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Physical interpretation: temperature

4

Xo = Rsinhfy/R? — |72
){(t. f’j — “KE- = T; (lf-‘{2 E RZ) =
X3 = Rcosh %V/RQ = ‘ﬂzxﬂ o
; 954

Time translations:

a(s)) X(t,7) =X+ s,7) = X&S)L

e ——

Maximal analyticity *= KMS condition

Pirsa: 10100069
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De Sitter Tachyons

Wi(Z1, Z22)=T(-AN) G\, (=212,

. FrA+d—1) d 1T
G = _ _, F51—)X, A\ +d—-—1; — ——} .

.
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De Sitter Tachyons
Wi(Z1, Z25) =T (—2) G\, (=225,

) r(A+d—-1) ( d 1-—-¢
G — ,_ , Fi|l—XA. A\+d—1; —, ——| .
A(€) (am)a/2r (%) 2 F > )
Itvn((:) — OC

Gnl€) = cunlF7 (——n_ n+d—1; %; %) is a polynomial.
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De Sitter Tachyons
Wi(Z1, Z2) =TER) G, ¢(=2Z1- 2>,

_FA+d-1) o d 1-¢
GA(O) = @i (3 F (-,x. Atd-1; 5 20 ) .
Wa(C) — oo

Gn({) = cnoF3 (—n. n+d—1, %; %) IS @ polynomial.

Cn(X1, X2) =limy_,, C\(X1,X2) =
= lim,_,,, [W (X7, X2) — W, (X5, X7)] exists and is nontrivial.




De Sitter Tachyons
Wi(Z1, 22) = F\FQA) G\C) ., (=212,

—FtA-d— 1) = =
= (4~;.-)df'2r(g) 2F1( o s - ) '
tC) —ox

Gnl() = cnolF3 (—n. n+d—1; %; %) is @ polynomial.

Cn(X1,X2) = limy_,, C,\(}{L X2) =
= lim,_,,, [W\ (X1, X2) — W, (X5, X7)] exists and is nontrivial.

Wn(Z1,Z2) = lim F(=X) [GA({) — Gn(Q)]

A—n
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De Sitter Tachyons
Wi(Z1, Z5) :@ G\(Q), (=2;-2;,

_TO+d-1) _ 4 1-¢
N = G iTar (@ 2F1(-A A+d-1; 5 ——2) .
Wn({) = oo

1—¢

Gn(() = cnoFi (—n. n+d-—1; 5; T@') is a polynomial.

NI,

Cn(X1, X2) =limy_,, C\(X1,. X2) =
= lim,_,, [W (X1, X2) — W, (X5, X7)] exists and is nontrivial.

A—n

~ Wn(Z1, Z2) = lim T (=\) [GA(C) — @(_c‘)]
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De Sitter Tachyons
Wx(Z1, Z5) —\j\fﬁ\;) GO, (=2Z;-25,

—_ FOvd 1) & ¢
Ga(O) = - 7o (3 )QFl( et ?) |
L) — o

(S/[=¥

Gn({) = cnoFi (—n. n+d—1; 5; %) is a polynomial.

Cn(X1, X2) =limy_,, C\(X1, X2) =
= limy_,,, [W (X7, X2) — W, (X5, X7)] exists and is nontrivial.

~> Wn(Z1,2Z2) = lim I(=X) [GA(C) — C&(_Q;)]

A—n
W]rl has the right commutator:

Wi X1, X2) — Wa(X2, X1) = Cn(X1, X2) =




The field equation gets an anomaly

Wn(Z1, Z2) = lim F(=X) [GA(¢) — Gn(Q)]

A—n

[0 —n(n+d—1)] Wa(¢) = Gn(0),
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The field equation gets an anomaly

Wn(Z1, Z2) = lim T(=X) [GA(C) — Gn(Q)]

A—n

== = =\
[0 —n(n +d = 1)] Wa(¢) ='Gn(Q))
Nee
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The field equation gets an anomaly

Wn(Z1, Z2) = lim F(=A) [GA(¢) — Gn(Q)]

A—n

== = =%
0 — n(n+d—1)] Wa($) = Gn(Q)
N

[0 —n(n+d—-1)]o(X) = Qn(X)
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The field equation gets an anomaly

Wn(Z1, Z2) = lim T(=X) [G\({) — Gr(O)]

A—n

= P
[0 —n(n+d—1)] Wa(¢) ='Gn())
e —

0 —n(n+d—1)]6(X) = @n(X),
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The field equation gets an anomaly

Wn(Z1,Z2) = lim T(=X) [G\(C) — Gn(Q)]

A—n

= — =N
[0 — n(n+d — 1)] Wn(C) ='Gn(C))
=

[0 —n(n+d—1)]6(X) = @n(X),

Q,, |[phys) =0
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Fourier representation

Wn(z1,22) = Wa(z1, 22)—F (21, 22)—FZ (21, 22) 4+ Gn(21. 22).
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Fourier representation

Wn(z1,22) = Wa(z1, 22)—Fp (21, 22)—F2 (21, 22) +Gn(21. 22).

Wa(z1,22) = [ [(z1-O ™ (€-€)" loa(€-€) (22- €)1 ™0™ dp(€)du(€))
Fr(z1.22) = | [ loa(z1-€)(z1 - 4" (£-€)" (22 &) 4" du(€)du(€)
FHQ(:I‘:E)

| [G1-97 4" (g-€)" 10g(z2 - €) (22 - €)' " dp(€)dp(E))
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Fourier representation

Wn(z1,22) = Wa(z1, 22)—Fp (21, 22)—FZ (21, 22) 4+ Gn(21. 22).

) Wa(z1,22) = / / 1- (€ €)™ log(€ - €) (22 - €)1 dp(€)dp(€))
Fi(z1.22) = [ [10g(z1-6)(z1- O (€-€)" (22 €)1 du(€)du(€)
F2(21.2) = [ [(z1-4 " (6-€)" log(zz - €) (22 €)™ du(€)du(€)

WEE, En= {w € CF(Xg) [ Guler - 22)W(xx)dzs = o}
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Fourier representation

Wn(z1,22) = Wa(z1, 22)—F (21, 22)—FZ (21, 22) 4+ Gn(21. 22).

I Wa(zr.22) = [ [(z1-O74 " (€-€)" log(€ - €) (22 - €)1 dp(€)du(€)
Fa(z1,2) = [ | 109(z1-)(z1 -4 (€- €)™ (22- €)1 4" du()du(€))
F2G1.22) = | [(a1-O7" " (€-€)" 0g(z2-€) (22- €)™ du()du(€))

W B, By — {w € CE(Xy) : [ Gulay - 22)W(wa)dzs = o}

WTn.(Zl ; 22)‘En><En = WR(Z].:* ZQ)lEn X En-
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Fourier representation

Wn(z1,22) = Wa(z1, :2)F$%2)F3(>{32)+Gn&22)-

) Wa(z1,22) = [ [(1-©' 4" (6-€)" log(€ - €) (22 - €)1 du(€)du(€)
Fa(z1.22) = | [ 10a(z1-€)(z1- 4" (€ €)™ (22- €)' du(€)du())
F2(z1.22) = [ [(1-©M 4" (6-€)" 10g(z2 - €) (22 - €)1 4" du(€)du(€))

W e E, En= {w € C(X,) / o e o}

Wn(zl : 22)‘En><E-n. — WT&(Z].:* 22)|En><En-
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Fourier representation

Wn(z1,22) = Wn(z1,22)— F/&1<2) = (>{-2)+Gn\-2)

) Wa(z1.22) = //(~ 9 (6 €97 0a(e &) (22~ €)'~ du(€a(€)
Fa(z1.22) = [ [ 001 - (a1 - 107 (€-€)" (22- €)' 4" du()du()
F2(z1.2) = [ [G1-©7 4" (€-€)" log(zz-€) (z2- €)' 4" dpu(€)du())

W€ En, ~En= {w € C(Xy) : [ Gnler - 22)W(zn)day = o}

WR(Z]_ : ZQ)‘ERXEH = Wn(z]-?ZQ)IEnXEn'
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Fourier representation

Wa(z1, 22) = Wn(21, 22)— F}?:lCQ) ! = (>/~2)+Gn\

) Wa(z1,22) = ] [ 1 (£ )7 log (€ - €) (- €)' di(€)dn(E)
Fr}(:l-:Z) = i l |DQ(:1-E)(:1-E)1_d_” (E-{;J)n(:2-Ef)l_d_ndp(;f)rfp(\fr)

Fi(z1.22) = | [(1-©74 " (6-€)" 10a(22-€) (z2- €)1 " du(€)du())

W c En- 'En. — {IU & CO‘-X:(..:’Yd) ; / Gn(l’l - IQ)‘U(IQ)d.I'Q — O}

Wn(zl ) ZQ)‘EnXEn = Wn(zlﬁz2)‘EnXEn'

(Working hard one can show that the theory) is local, de Sitter

invariant and positive definite
THe &gquation of motion is obviusly anomaly-free
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n I\

Fourier representation

Wn(z1, 22) = Wn(z1,22)— F}?léﬁ F, (>/—-—2)+Gn\\

) Wa(z1,22) = ]j(.. )14 (¢- €)™ log(€ - €) (22 - €)1~ dpu(€)du(E))
Fa(z1.22) = | [10a(z1-€)(z1- 4 (£ €)™ (22- €)' du(€)du())

F2Gz2) = | [(G1-OY7 " (6-€)" log(z2 - €) (z2- €)1~ " du(€)du(&))

W€ By -En= {w € C(X,) /Gn.(;rl - ) el — o}

Wn(z1 - 22)|E,xE, = Wn(21,22)|E,xE,-

(Working hard one can show that the theory) is local, de Sitter
invariant and positive definite
THé &quation of motion is obviusly anomaly-free
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Remarks

Ford > 2 is an even integer z = —(21—25)%/4 =
(1+0/2

S — 2 7A(z, n, &) 0alz)Bl= . HECl = d),

A, B, C are polynomials in z
The most singular term is locally Hadamard(CCR)

(47)~5T (5—1)=2 -3

A fully positive de Sitter non-invariant Allen-
Folacci type quantization does not exist for
m #= 0. Note that the Allen-Folacci two-point
function does not coincide with w,, on the phys-
ical space.
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irsa: 10100069

Remarks

Ford > 2is an even integer z = —(21—25)%/4 =

A, B, C are polynomials in z

The most singular term is locally Hadamard(CCR)
d

(4r)~5r (% —1)z72.

A fully positive de Sitter non-invariant Allen-
Folacci type quantization does not exist for
m 7= 0. Note that the Allen-Folacci two-point
function does not coincide with w,, on the phys-
ical space.

)—log(z)B(z, n, d)+C(z, n, d),
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Remarks

Ford > 2is an even integer z = —(21—25)%/4 =

—

o

—log(z)B(z, n, d)+C(z, n, d),

A, B, C are polynomials in z

T he most singular term is locally Hadamard(CCR)
-~ d

(4r)~3r (§—1)2'2.

A fully positive de Sitter non-invariant Allen-
Folacci type quantization does not exist for
m 7= 0. Note that the Allen-Folacci two-point
function does not coincide with w,, on the phys-
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Unstable Particles

P

q

2gi(27)%
Slk) ~ =<4 drlkE—p—
— (pq|S|k) V' 8pogoko a( P q2 111111111




Lifetime

Sum over all final states

FCL 2y — %I'dqfdpl(pq\SWIQ

2
5L/ M? — 4m? 6(M — 2m)

In the comoving system

= 1
==

Lifetime dilation
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Lifetime

Sum over all final states

(1,2) = %Jz’dq [ dp|(pq|S|k)|?
Sy T GO
In the comoving system
== 1
a2
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Lifetime

Sum over all final states

E(E D) — %gqu"dp|<pQ\5\k>|2
557\ M? —4m? O(M —2m)
In the comoving system
o= I'(:lL.Q)
Lifetime dilation H/\ﬂ
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Configuration space

Three scalar fields

®0; 91, 92 masses mqg, M1, M2

The fields are independent

(2. 6;(z) k(1)) = 51 Wi, (z, y)

Fock space

H = FO0) @ F(1) g F(2)

Pirsa: 10100069 Page 141/182




Lifetime

Sum over all final states

(1,2) = %[Z’dq [ dp|(pq|S|k)|?
s/ M2 — 4m? B(M —2m)
In the comoving system
= 1
= r1a2
Lifetime dilation H/\&
= ,TO
ooooooooooooo 1 v? o




Transition probability

Sum over all final states:

= / fo(@) fo(y) g(u) g(v) x

(Lo o)

X  Wmo(z, u) Wmn,(u, v)Wn,(u, v)] Wny(v, y)dxdudvdy .
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Transition probability

Sum over all final states:

P

D
— / fo(r)fo(y)g(u)g( ) X

(LD o)

X  Wmg(z, u) _’V\/ml(u. v) Wi (u, v)] Wmo(v, y)dxduduvdy .
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Transition probability

Sum over all final states:

—

- / fo(-l)fo(y)g(u)g( ) X

(Lo o)

X  Wmg(z, u) }'Lml(u. ) Wmo(u, v)] Wmg(v, y)dxdudvdy .
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Transition probability

Sum over all final statES Sk==

Eesc LD)/fou)fo(y)g/)g/zx

X  Wmo(z, u) Wmn(u, ©)Wn,(u, v)] Wno(v, y)dxdudvdy .

5 1

‘\\-\-\-‘—\-‘_-_.-r.fl __-'f
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Perturbations

The transition amplitude between 2 normalized states y,and
, is given by the scalar product

(Yo, S(v9)¥1),

~/.»;£’” g(rl)dl'l ---g(zn) dzn T(ﬁ(rl) o lltn))

o0 - 8

S(vg) = ¥ —

|
n=—>0 e

At first order, for orthogonal states

(o, S(19)¥1) = i(vo, [ 19(x) £(z) dz 1)

Pirsa: 10100069 Page 147/182




Interaction

Switch an interaction

[ 79() £(=) da
L(z) = : do(x)1(x)"162(z)"2

g(x) is an infrared cutoff . g(x) -> 1 in the end (adiabatic limit).

Special case £{x) — - ¢"(x):
In the following

= L(z) = :¢o(z)d1(z)do(x) : ...



Interaction

Switch an interaction

[+4) () da
L(z) = : ¢o(z)d1(x) " d2(x)"? :

g(x) is an infrared cutoff . g(x) -> 1 in the end (adiabatic limit).

Special case Elx)——-d€x):
In the following

=— L(z) = :¢o(z)p1(z)P2(x) : ...




Transition probability

Sum over all final states:

" e

\
r o= f fo@Y fo(w) 9() 9(2) >

(Lo o)

X  Wmo(z, u) Wmn(u, v)Wno(u, v)] Wng(v, y)dxdudvdy .

: =%
@) oy N (50 )

N U

™
'n
\
N\
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. Final formula
== /fo(r) fo(y) g(w) g(v) x

(LD o)
X  Wmo(z, u) Wmn,(u, v)Wny(u, v)] Wng(v, y)dzdudvdy .

J |Fo(v)[|%g(v) dv
J fo(z) Wmg(z, y) fo(y)dzdy

= v*C(mg,d) p(m§; m1,m2)

/ Wino(z, u) Wa(u, v)du = C(mg, d)d(m3 — a®)Wmy(z, v).

Winy (u, 0)Wms(u, v) = [ p(a?im1,m2) Walu, v)da?




Final formula
r — / fo(@) fo(y) g(u) g(v)

(Lo o)

X  Wmo(z, u) Wmn,(u, v)Wno(u, v)] Wmg(v, y)dzxdudvdy .

k= “rQC(m.o. d) J 1Fo(v) 29(1') -
. [ 70@@) Wino(@: v) fo(w)dz dy

f Wino(z, u) Wa(u, v)du= C(mg, d)d(m2 — a2)Wmy(z, v).

R

Wing (4, 0)Wns(u, v) = [(p(a?;m1, mo)Wa(u, v)da?
u
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Final formula
r — / fo(@) fo(y) a(u) g(v) x

(Lo o)

X  Wmg(z, u) Wmn,(u, ©)Wn,y(u, v)] Wng(v, y)dzdudvdy .

= ~2C(mo, [ |Fo(v)Pg(v) de
J fo(z) 1'V;rzc.(t1‘~ y) fo(y)dzdy

/ Wino(z, u) Wa(u, v)du= C(mg, d)5(m2 —a2)Wmy(z, v).

\\ / N "‘\.____________,o-"
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: Final formula
r = —— [Fo@@ fo(y) 9(w) g(v) x
(0. ¥o)

X  Wmo(z, u) Wmn,(u, ©)Wn,o(u, v)] Wmgy(v, y)drxdudvdy .

E— “«'QC(mO. = | F(j(l‘) 29’(1‘) dv
J f{](f) ‘L'Vmg(l‘- y) fo(y)dr dy

/]/Vmo(.r. w) Wa(u, v)du= C(mg, d)d(m2 — a2)Wmy(z, v).

e e e ——

&Wrml(u- V)W, (u, v) = [ p(a; my, ma) Wa(u, v)da?
u =

e —
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= Final formula
== / fo(@) fo(y) g(u) g(v) x

(LU o)

X  Wmg(z, u) Wmn,(u, v)Wny(u, v)] Wno(v, y)dzdudvdy .

B N2 ) do
=1 (2 my,ma) —— ) [Fo()Pg(v) ds
J fG(I) lxmg(l’- .E/) jo(y)dl‘ dy

me(u. V)Wns(u, 9) = [ p(a2;m1,m2) Wa(u, v) da?
\\ / N — E
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- Final formula
r — | 7@ fo(w) 9(w) 9(v) X

(Yo, o)

X  Wmo(z, u) Wmn,(u, ©)Wno(u, v)] Wng(v, y)drdudvdy .

W y) fo(y)dz dy

/wmn(r u)]/\/a(u v) du = C(mg, d)6(m2 — a2)Wm(z, v).
= e ———

— —

(W W 9) — [ (0 ma,ma) Wa(u, v) da?
\\ / ) —

[ Wno(v, @) fo(a)da

11111111111




Final formula
r — / fo(@) fo(y) g(u) g(v)

(Lo o)

X  Wmo(z, u) Wmn,(u, ©)Wno(u, v)] Wny(v, y)dzdudvdy .

. —~ 2C’(:ﬂ’}"}!g d) p(mo mi,mo) mg(l‘) e

[ fo(@) W€, v) fo(y)dx dy

f Wino(z, u) Wa(u, v)du= C(mg, d)d(m3 — a2)Wmy(z, v).
\"

B ————

-\-""-\-\.__

&Wml(u- v)Wmy(u, v) = /P(azimlrmz) Wa(u, v)da?
\\ / =

11111111111



Final formula
r— | 7@ fo(w) 9(w) 9(v) X

(Lo )
X  Wmo(z, u) Wmn,(u, v)Wny(u, v)] Wno(v, y)dzdudvdy .

[ |Fo(v)|g(v) dv
J fo(z) Wme(z, y) fo(y)dzdy

= ~2C(mg,d) p(m3; m1,m>)

_/‘ Wmo(z, u) Wa(u, v)du = C(mg, d)é(m% - az)WmD(:r. v).
e \,

—

&Wml(u' 'U)W?'HQ(H- 9) = /p(azr 'm'l?'m2) Wﬁl(u? U) daz
S e e —




Projector identity

e Proiector identity: non trivial holds only for
the pricipal series

/u*y(z. x) w,(x, y) de = 2w coth 8 (V2 —v)wy(z, y)
e Need integration over the whole de Sitter

manifold
e Badly diverging for complementary fields
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KL weight: non trivial

Evaluate the Mehler-Fock transform

d—2 d—2 1

ha(s.v,\) = P_li (u)P_l NOLEY (u)(u T &
n >+

which provides the Kallen-Lehmann weight

= {_l —+—w|l— ——rulr —-mer T’—x'&l
xRk} = = sinh(zx) hj(s,. A),

2(2w) 1+5
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Equal masses

H'E(-». )—/ dx? p(k2,v)Wi(z, 2’

Mehler-Fock transform of the squared 2-point function:

> (= +w)r "EI —iv)) Sinhiws foc  _d=2 -2
p(r<.v) = - = == P GNP,  @F
2(2x) 2 Ri-2 e sl
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Equal masses

OO
Hf‘(z. Zz) — /O dr? p(!‘{z. v)Wi(z,2")

Mehler-Fock transform of the squared 2-point function:

. 37 , > = : 5
5 th = Tw)h %—-wl_,l sinh =&

2(27}1_'_5}?'5—2 J1
Formula 19, p. 535 of Prudnikov et al. Vol. III:

ﬂ-i-b-l—%.

e = 1 ')'? == r
a+35. b+3

r |
F = = V/al |
32({1+b+%. Lﬂ‘% b |_ re—& %—|—r_‘—bJ

+% %-I—{.'—ﬂ.—h
.
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Equal masses

o0
I—if(z.z’) = /0 dr” P(H‘-Q-‘V)WH(E-EE)

Mehler-Fock transform of the squared 2-point function:
n'r'!."-—l . ,[—I.'rll—l — = "2 - h__ s g i T
R \F (5= Tw)l |5 —w)) SINATKE roc _d-2 _ _d—2 —— _d—2
P s =  — / F.. GO, GG -1 ¥ &
2(27)1+fﬁ"5—2 L s R

By using Mellin transform techniques we got

- d—1 LK (d—1 i |
= R>sinhzs (T +5)M(F-5%)
o(k<.v) = 5 ; 41
f 2 cd—1y (L o) (L _ i)
(4..\! L v ,r( 2 ) 4 -‘_: \ - EI
d — : LA i —1 - d—1 -
— I - — —_— —+— B — — [ —————
27 4
Page 163/182

d—1 15\ /
x I +1 — |
e

Pirsa: 10100069




KL weight: unequal masses

Evaluate the Mehler-Fock transform

r.a’—"

(u ; (U)P

1
_5

(u)(u - l)_— du

h.}l

Mellin’s techniques fail. One needs a vectorial Fourier transform
adapted to the de Sitter geometry
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Another integral representation

Let us evaluate the 2 pt function at purely imaginary
events of the past e future tubes
I'(%l —::—if,-'}l_{rjgl — i) [

W ( —13, 1 _f_Ir) =

Iy

[ @- 2 T (¢-

2r"—1Trfl g
fd—1  -..\ d—1 - 2 - o
r'-fu—”f_'r =g ey =W k= = - == ’
= = === tty-v) — 1] a8
2(27)2 ' e
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Another integral representation

Let us evaluate the 2 pt function at purely imaginary
events of the past e future tubes

(S +ali (S —a) g e ok o
= . J@-O T () T dp(©) =

Wy (—iy.iy') =

(& +a)r(FE-w),, ,2 -2 _e2
— S ([U -y ) — 1) P_,;_—'—W |y - y')
2(2m)2 2
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Another integral representation

Let us evaluate the 2 pt function at purely imaginary
events of the past e future tubes

- e NS +a)r(GE-w) FEaa e -k o
) Wi-igiy) =—= 2r:'—1_rf2 / -8y T &) - dp~(§) =
FtEE el liSt—a),, 5 5E &2,
— = = ([y-_{; — 51 P (v3
2(2x)2 ' & e

r—(m =’ 1 ci)

£E=0,9)
 —tL 8 .. 0)
y-yYy =9%=u>1
y-E—1
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Another integral representation

Let us evaluate the 2 pt function at purely imaginary
events of the past e future tubes

N\ NS4+ a)rf (S —a) d—1 . ~=F o
. S ; 2 ~Shtiv (o T2 =
/ Wp(—iy.1y ) = < ~d+1.d /_(H'E) e \§$-y dp~(§) =
FEE el (S —a) 2 \-FF _i2
= = — ( ly -y —1 ] P T
2(2x)2 | A=

p—~_(uy u’ —1,&)

£=(1.9)
aF—h . 0)
y-y =y'=u>1
y-£=1

d—2 d—2

(u) = (y )___”’ dpsessle€ )

]_ -
5+ £ 3= 1y







F.i
OIS |
...,- il PRI R
;. B ()
*




|
i -
L]
|
i1 R
1 “y
' S -——-‘_'_'__ _
F J \
= ‘ I,




Integrate the triangle

2) Triple integral on the sphere
= [53 (£1-62)"3(£2-€3)"1(£3-€1)72 dS2; dS2; dS23,

d—1
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= = -5 > . &
[T P70 P, T P, (W@ - 1) F du=

d—1 iex+ic v+ie’ X\
e e er—+1 r( 4 g - > )

- [Hemaa (55 +ien) | [Momsn T (%52 +iev)| Mo T (%57 +ie"))
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p never vanishes.
For m > me = (d — 1)/2R decays into heavier
particeles are always possible

Surprisingly (for me) the Minkowskian result is
recovered in the zero curvature Iimit by posing
k= MR, v=mR X =m'R:

im p(x?;v, ) d&? = p(M?; m,m") dM?.

R—oc
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Dimension d=3

1 roo taﬁh(%)

sinh Tk

= 2
Wu(zx, = a—
v(Z.y) 47w Jo (coshwk + cosh2xnv)

R tanh(%)

K

Wi(z,y) ds?

r(1,2) =

41/2( . COShZ‘ITH-)
1 cosh v

1
4AM? ( )
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p never vanishes.
For m > me = (d — 1)/2R decays into heavier
particeles are always possible

Surprisingly (for me) the Minkowskian result is
recovered in the zero curvature Iimit by posing
= MR r=mR X=wm'R:

lim p(k?; v, ) d&? = p(M?; m,m") dM?.

R—oc
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Wo(z,y)? =

(1. 2)

Dimension d=3

E e~ tanh (%) sinhwr__ -
ar Jo (cosh mx + cosh 2nv) K Wi(z,y) dn
R tanh(ZZ 1
= T O(M —2m)
412 (1 L cosh 2??:{.) A N2

' cosh #v
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Complementary fields. Ir;flatlon

2 / e /
W)= f kdr p(K2, V)Wi(z,2)
—O6
N-1
—_— / h.dﬁ: py(ﬁ:)ll —l— Z —LQ(L’) Itz(p-{—Qw—l—Qn)
n—>0
An(v) = 8x(—1)™ M(p+2iv4+n)r(—2iv—n)

I‘(,u—|—n)l"( = H)r(#-l-w-l-n)
r( i— n+2)r(ﬂ—}—zu+n+2)
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Complementary fields. Inflation
W2(z,2) = [x kdr p(K2, 0)Wi(z,2)

J —QO0

N-1

oC

[I_L,Q — / = kdk py(ﬁ:)llvﬁ- _I_ Z :ln(b’) 1{';(.”_'_22”_'_211)
= n=—=0

An(v) = 8x(—1)" M(u+2iv4+n)lr (—2iv—n)

12 3 Rd-2(, )r(“+25”+2”)r(—#—2iv—2n)

o Fptn) M (—iv— ﬂ)r(#-l-w-l-n)
I_( — n+2)r(#—l—1y+n+2)

p=(d—-1)/2
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Complementary fields. Ir;flatlon

o0
W’f(z.z’) = / kdr p(K2, V)Wi(z,2)

v —0O0

- N—-1
‘1'3 — / xﬁidﬁ- PU(H)I’IFH + Z :ln(_l/) l"1/?.15(Ju—I—Qi.!»'—l-zil’l)
== n=0
An(v) = 8n(—1)" M(u+2iv+n)lr(—2iv—nm)
An(v) = 1+d I (u+2iv+2n)r (—p—2iv—2n)

l'(,u—|—n)l’(—w H)r(,u-l—w-l-n)
I_(—.wr n+2)r(;_£—!—zy+n+2)

p=(d—-1)/2

The number of discrete terms is the largest N satisfving N < 1+ |Sv| —u/2, or 0 if this is negative]
A particle of the complementary series with parameter x« = i3 can only decay into two particle
with parameter » = 5(|3| + g + 2n), where n is any integer such that 0 < 2n < u — |3], and thq
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Prrglldy? is instantaneous.
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Infrared limit

222 C(r)p(s2,v) [ g(z) |F(x)|? dx
T—ox T [ fo(x)Wk(z, y) fo(y) dzdy
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= p(x%,v)

2X27x coth(wk)?

e
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