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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 a general construction of bosonic two-point functions,
including a recently 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 mass is yet not completely solved. We show
however that the masses of their decay products should obey

guantification rules.
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Particle decay in the de
Sitter Universe
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The de Sitter manifold

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

F

T he de Sitter

hyperboloid world (Weyl 1923)
-9 -9 P 2
(X3 —X?—...X2=—-R?

L

i

|

Relativity group
G =—S0(1.,d)
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The asymptotic cone
A(d+1)
n* = diag(1,—1,...,—1)
The asymptotic cone is

the lightcone of the
ambient spacetime

{50 52 -—552
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The asymptotic cone: causal structure

———

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



The asymptotic cone: causal structure

YV _ X is outside the cone whose tip is X



The asymptotic cone as the de Sitter
momentum space

Geodesics: de Sitter
R

Xu(r) = S

T f 3
(f;{eﬁ — Tu€ R)
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The asymptotic cone as the de Sitter
momentum space

Geodesics: de Sitter

R g F
F X — = I R
u(T) e » (we € )
Minkowski
PuT
— 0) 4
CC;L(T) 117,u( ) =




The asymptotic cone as the de Sitter
momentum space

Geodesics: de Sitter
R

v2£ -7
MinkowskKi

zu(r) = 24(0) H2E

mc

X#(T) =

(E,uf’fﬁ < U;ze_ﬁ)

Note that

Xu(0) =

o
\/2.{-;'-17 ggggggggg



Conserved quantities
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Classical scattering
01 +0o—e1+.--+en

Problem: find the outgoing momenta ({¢,n¢)
given the ingoing ones (x;,():
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Classical scattering
01 +b0 —c1+ ... tcn

Problem: find the outgoing momenta (£¢,7¢)
given the ingoing ones (x;, ():

Xi — G
— — )( O — ]
\/2Xi - G4 ( ) \/2£f "1 f
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Classical scattering
bl—l—bg—>cl+...—|—CN

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

\/2Xz Gi \/2£f 1§
2 2 N
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Classical scattering
bi +bo —c1+...+cn

Problem: find the outgoing momenta (5f, nf)
given the ingoing ones (x;,():
N e

Xi — Gi —| X (0) = f nf C
\/2X-i : Cz o \/ 2

il
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Classical scattering
b1 +b0 — 1+ ... 1t cn

Problem: find the outgoing momenta (g'f,-r;f)
given the ingoing ones (x;,():

S =N
X5 — & —x(0) = Sr—1rF
\/2X-i § Cz | = \/ 245 = n f
2 2 N N
Xi N\ G - SfAng =
> K=Y me M- 5 - ¥ &
i=1 i=1 Xi% 53 $f N f=1
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Example: particle decay

Iy

mlﬁﬂl‘l'ﬁ@-r

1 (w2t i2—i [P R
\.,-'i \ 2??11}111 : 2???1‘111 .

" . 2y 2
1 frn% —pf+ps (m% — p — p3)? — 4u3u3
V2 \ 2mqpo == 2my o :
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Example: particle decay

mlﬁ‘*)u’l—i—p“Q?

1 (m2eid-3 -2

b V2 \ 2mipy : 21y gy :
_ 1 (mi-md 43 Y —pf-uD)?—4u3ud

- V2 \ 2my o — 2mypo :
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Example: particle decay
myp — K1 T H2

( % 3 o .
& — = + S
V2 \ 2mipg 2myuy
2
I O L S S Sl T
V2 \ 2mipo 2mq po

mi > p1 + p2.
Mass subadditivity

“wrill not hold in the quantum descriptiot




de Sitter plane waves

Ia(X,€) = (X - A
XcC &£ =0
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de Sitter plane waves

Ia(X,€) = (X - O
e =40
e p)—PT —¢
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de Sitter plane waves /

AMX,€) = (X -6)7
XeC, &£=40

}

vz, p) = DT — oim(P-T) S —mm
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de Sitter plane waves

\(X,8) = (X -V
s W

e =0

Uv(z,p) = i T — eim(ﬁ-x) ——
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de Sitter plane waves

(X, 8) = (X -
e }
A E C, £2 — o

Uv(z,p) = DT — otm(P-T) S ——mm
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de Sitter plane waves

(X- O =2 +d-1)(X-O _
) !
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de Sitter plane waves

(X - = XA+ d— 1)(X -€)
Involution:

A—3A=-A—(d—1)
A+A=—(d—1)

Pirsa: 10100069
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de Sitter plane waves

A

- ca ko A
(X - =2Q +d—1)(X - &)
Involution: '

A— A= -] (d—1)

\

A=—(d—1)

H

—

O(X-&) A9 = (—A—d+1)(-A)(X-¢§) A4t
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de Sitter plane waves

(X-O* =20 +d - 1)(x € -‘!
Involution: >
A —rXx——X (d—l) \

A+X=—(d—1)

(X {)—/\—d—l—l =@/d5,2(_—\&) (X ,5)—A—d—|—1

H
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de Sitter plane waves

(X - &) =d(A+d i)(X-é)E

Involution: )

2 S>Ax——>2x—(d— 1)
A4+ A= —(d—1) |

XA = (A dEDENX-OAHL
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de Sitter plane waves

Involution:

X—%x—-—X—(&d—1
X¥Ai=—(d—1)

(X - =a(A+d - 1)(xX - )

Scalar waves with (complex) squared mass:

m2 = A\

(O+2X) (x-*=0,
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Principal de Sitter waves

> dal—l-iu; v eR ’ !

n(X,8)=(X-6)" 2+ 4 \
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Principal de Sitter waves

—
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Principal de Sitter waves

A=-%t+iv, veR

—~
OA(X, ) =(X-§ 2%
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Principal de Sitter waves

A= d_l +w, weR ) !

(X, 6) =(X-6)~ 7T 4 \

A=-2A—-(d-1)=-%1 i

Us(X,€) = (X €)™ 7 ¥ =45 (X, )
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Principal de Sitter waves

) — d'_l—}-iu !

2 Iw

(X, §) = (X -&)
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Principal de Sitter waves

n— d_l—l—iz/ !

UA(X,€) = (X -€)~ 2 T

A=-A—(d—1)=

Us(X,6) = (X-£)~ 7 *’L’:w(xjs)




Complementary de Sitter waves

> — d51—|—b’: v e R . .
nx,oH=x-6 =2+ A \!
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Complementary de Sitter waves

A=-F"+uy, vER

U (X, E) = (X - g)_da—l-l-v
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Complementary de Sitter waves
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Complementary de Sitter waves

A=-%14+y, veR | !
X, =(x-9zt A ‘

T hese waves do not oscillate!

A=-A—-(d-1)=-%1 v
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Complementary de Sitter waves

LA — d_w:: v & R y
o=z~ 2 \!

T hese waves do not oscillate!

A=-A—-(d-1)=-%1 v

V36 = (X )72 ¥ £ (%8 = ¥a(X )
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Complementary de Sitter waves

—  d=E | |
A=—5 (T, ¥ER
(X, ) =(X-¢§) 2
T hese waves do not oscillate!

A=-A—-(d-1)=-%1

U5(X,6) = (X -~ T £ U(X,8) = (X, )

—= = (d—g—l)Q—Z/Q

d—1 d—1
= (2)<u<(2) PPPPPPPPPP




Discrete de Sitter waves
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Discrete de Sitter waves

- dgl Frv, veR, |y|>(d21)

: —d_—l—f—r/ }
(X, 8) = (X -&) 2
have real but negative squared 4aass.

mQ:AX:(d;Ql)2—y2<o
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Discrete de Sitter waves

= dgliy,VER, |V|>(d_T1)
i

IA(X, ) =(X-€§) 2z T

have real but negative squared 8aass

- — A% = (d;zl)Q—y?/\'o

S ——
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Discrete de Sitter waves

= dgl Fv, veR, |z/[>(d5—l)

i
aixo=(x-o 7"
have real but negQative squared 4aass

;@22/\)_\: (d;21) — ot

dS Tachyons?
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Discrete de Sitter waves

A= d;l v, veR, |y|>(T)

f —d_—l—I—y
(X, §) =(X-§) 2 \
have real but negQative squared ¥aass.
m2 == (%) -2 <0

dS Tachyons?

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




Discrete de Sitter waves

A= dgl v, veR, |V!>(T)

.- —d_—1—|—y
UA(X,8) =(X-§) 2 \
have real but negative squared ||aass. |

w@2:,\5\:(%)2—.;»2<0

dS Tachyons?

(X -8 and (X -&"log(X -£), n integer
(X &) %1 and (X &) " 9Tllog(X.5)




The plane waves are however irregular

e

- & (X, €) = (X - &)
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The plane waves are however irregular

-

e
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The plane waves are however irregular

X
=
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. The plane waves are however irregular

: X ] : X . .
o ¥alX, ) (X))

XedS:(X-¢§)=0

//

(X -6 = | X -] (@(N)O(X - €) + b(A)I(—X - €))

‘
;
X o
\
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- The plane waves are however irregular
A %
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- The plane waves are however irregular
AT

Ua(X,8) = (X-9%/
XedS:(X-¢€)=0
S "

-

(X-O* — X & (a(N)O(X - ) +b(N)8(—X - £))
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. The plane waves are however irregular

==
(X0 = (X%
XedS:(X-¢§)=0

(X" — X - @8(X - €) +b(N)8(—X - ©))
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- The plane waves are however irregular
A

X IX. 5@(@9(){ ) +bOYO(—X - )
Chou:e of a and b: go to QFT'

sssssssssssssssssssssss




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




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(z1), o(x2)] = C(z1,22)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(;I-'l. .ITQ) ‘I?Z'Ig =¢}

8 — igx =
@C(Il-l‘z)!x?:xg = thé(x3 —x2) =0

1 2




Quantization

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

é(z) — o(x) € T'(M,O0p(H))

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

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

(Ozy + m2W (21, 22) = (Uz, + m2)W(z1,22) =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, z2) = (U, + m2)W(z1,22) =0

» The functional equation (canonical quantization)

W(zi,z2) — W(x1,22) = C(x1,22)
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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 (z1,22) = (z, + m2)W(z1,22) =0

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

» And the positive-definiteness condition

| W(z1,22) F(21) f (22)dz1dzz > O




Quantization

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

(Ozy + m2)W (21, 22) = (Ozp +m*)W(z1,22) =0

» The functional equation (canonical quantization)
= W(mlr 1’.2) - W(l‘l, $2) = C(Ila 332)

» And the positive-definiteness condition

-HH)/W(ﬂ?l:332)f_($1)f($2)d:c1d$2 >0

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

= W(gz1,g22) = W (21, 22) -




Construction of two-point functions

W(e1,23) = [ e PT1eP20(p0)6(p? — m?)dp

Pirsa: 10100069  Page 63/182



Construction of two-point functions

W(er.a2) = [ #HeP 20052 — m2)dp
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Construction of two-point functions

//_\

W(a1,22) = [ #HP=29(p0)5(p — m2)dp
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Construction of two-point functions

W(er,a2) = [ #oePo20(0)5(% = m)dp

Py (X1, X2) = [(X1- M€ X2) " Py (€)
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Construction of two-point functions

W(er,a2) = [ #2052 — m2)dp

B (X3, X0 — | (X1 -6V (E- X)) dil(t)
it o
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Construction of two-point functions

W(e1,22) = [ e --*Mef”z@owp =

Fy (X1, X2) = [ (X7~ ME - Xz)_widuﬁ(é)
et
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Construction of two-point functions

W(z1,22) = [ -Wewgo)o(p — m?)dp

Fy (X1, X2) = [(X1- Y- x5y 24 Ay (€)
St e =]
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Construction of two-point functions

W(e1,22) = [ e -W/lc{{fz@%(p — m2)dp

X /\/;1\
Fy (X71,X2) = (Xl HE- X2)' \_,/dﬂﬂ (£)
\_J w
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Construction of two—point functions

W(e,a2) = [ ol €723 —m)dy

<
F) (X1, X2) = [(X; M- Xz)_wdw(é)
——t )

<

== (Ox, + AX) Fx\(X1,X2) =0,




They are dS invariant
Plane waves are homogeneous functions of &
(X, a€) = (X - a)* = a*y(X. €)
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They are dS invariant
Plane waves are homogeneous functions of &

¥(X,a€) = (X - a€) = g,*u'(X £
(X1 - a€)(af - X2)* = AP (X7 - )M (€ - Xo)?

A4 X=—({d—1)
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They are dS invariant
Plane waves are homogeneous functions of &
U(X, af) = (X - a&)* = ¢ (X, €)
(X1 - a§)*ag - X2)* = a’*“(Xl 38 (s @A
A$i=—{d—1) )
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They are dS invariant
Plane waves are homogeneous functions of &

(X, af) = (X - @€)* = g ¥(X, )

(X1 - a€) (ak - Xo)* = a? (X - 5)*(5 %
A4+A=—(d—1) |
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They are dS invariant
Plane waves are homogeneous functions of &

¥(X,a€) = (X - af)* = ag‘fu:(X £)

(X1 - a&)*(ak - XQ)A_G)H_’\(Xl OME-X
A4+X=—(d—1)
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They are dS invariant
Plane waves are homogeneous functions of &

(X, af) = (X -@€)* = gv(X, 0)
(X1 - a§)*(at - Xz))‘=a)‘+’\(X1 OME-X %
£

AEA=—(d—1)

(X1, X2) = [(X1-©ME- X2) A 1dpy (6)

FA(9X1=9X2) = F)\(X1,X2) = F)\ (X1 - X5)

00000000000000000000000




How to chose the right coefficients?

—

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

X0 = (Xl =g(X.0

(X7 - a&)*(aé - Xz)k—a"“(xl OME-X %
A4 Xx=—({d—1)

(X1, X0) = [(X1-©OME- X2) A 1dp, (6)

F)\(QXl gXo) = F\(X3,X5) = F\(X;3 - X5)

00000000000000000000000
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