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Abstract: What does vacuum decay look like in an inflating, de Sitter, spacetime? Is it predominantly a quantum process of tunneling through the
barrier, or athermal process of tunneling over the barrier?
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Two questions:
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Tunneling in Minkowski space (no gravity) atT =0
M Rate

4 Initial conditions after tunneling
Tunneling in Minkowski space (no gravity) at T # 0
A Rate

[ Initial conditions after tunneling

Tunneling in de Sitter space (ala Coleman De Luccia)
gRate

?7! Initial conditions after tunneling ?7?

Tunneling in de Sitter space (thermal approach)

Is de Sitter decay predominantly quantum?
or predominantly thermal?

Cangluding remarks



Particle tunnelingat T =0
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Particle tunnelingat T =0
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Particle tunnelingat T =0
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Particle tunnelingat T =0
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Particle tunnelingat T =0
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Particle tunnelingat T =0
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Particle tunnelingat T =0 - “The Bounce”
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Many degrees of freedom tunnelingat T =0

Vix)

A

irsa: 08120058 Page 16/105



Many degrees of freedom tunnelingat T =0
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A
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Many degrees of freedom tunnelingat T =0

Vix)
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DNE dimension

e choose optimal rate z(7)

MANY dimension

*choose optimal escape point
echoose optimal path
~aghoose optimal rate z(7)




Many degrees of freedom tunnelingat T =0
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Many degrees of freedom tunnelingat T =0
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Many degrees of freedom tunnelingat T =0
Rate ~ e °

Lr., |, L
B = : [b‘g (bounce) — 55(1.?.}}
)

e

l

2 il €)
j B=3 / dz;i\/2(V(z;) — V(f.v.))

ol FA5)

| “ Lo
Sg = / clr(z S.Ef -+ V(@5 }>

optimal path

QFT = many degree of freedom QM
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Many degrees of freedom tunnelingat T =0
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Tunneling in Minkowski space (no gravity) at T =0

(9)

? N Sg = [ d%[3(0u0()? + V(o)]
\ \/ 5\ rlll
—

Qfalse Dtrue

Pirsa: 08120058 Page 23/105



Tunneling in Minkowski space (no gravity) at T =0
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Subtlety:
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Tunneling in Minkowski space (no gravity) at T =0
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Tunneling in Minkowski space (no gravity) at T =0
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Tunneling in Minkowski space (no gravity) at T =0
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Tunneling in Minkowski space (no gravity) at T =0
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“The Bounce”
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Tunneling in Minkowski space (no gravity) at T =0
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Tunneling in Minkowski space (no gravity) at T =0
M Rate

[ Initial conditions after tunneling
Tunneling in Minkowski space (no gravity) at T # 0
A Rate

[ Initial conditions after tunneling

Tunneling in de Sitter space (a la Coleman De Luccia)
M Rate

?7? Initial conditions after tunneling ?7?

Tunneling in de Sitter space (thermal approach)

Is de Sitter decay predominantly quantum?
or predominantly thermal?

Cangluding remarks



Tunngling @ inkowski space (no gravity) at T =0
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Tunneling in Minkowski space (no gravity) at T # 0
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| Particle tunneling at T # 0
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. Particle tunneling at T # 0
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. Particle tunneling at T # 0
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. Particle tunneling at T # 0
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- Particle tunneling at T # 0

Rate ~ 6_-"3(E_V. vt")e._ %./{.d*r V2(V(z) — E)

Optimal E7

3 — 2/1‘; dx
T hJe)2(V(z) - E)

g TS
L, Bl VR
2

L1 Lescape

(Tescape — 7] )

3=2
=z

irsa: 08120058 Page 41/105




. Particle tunneling at T # 0
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. Particle tunneling at T # 0
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. Particle tunneling at T # 0
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| Tunneling in Minkowski space (no gravity) atT # 0
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| Tunneling in Minkowski space (no gravity) atT # 0
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| Tunneling in Minkowski space (no gravity) atT # 0
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Tunngling u@inkowski space (no gravity) at T =0

[ Rate

[ Initial conditions after tunneling
Tunneling in Minkowski space (no gravity) at T # 0
[A Rate
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Tunneling in de Sitter space (a la Coleman De Luccia)
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Tunneling in de Sitter space (thermal approach)
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Cangluding remarks



Inkowski space (no gravity) atT =0
M Race

nitial conditions after tunneling

Tun iInkowski space (no gravity) atT # 0

A Rate
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Tunneling in de Sitter space (a la Coleman De Luccia)
ERate
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Tunneling in de Sitter space (thermal approach)
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Tunneling in de Sitter space

Including gravity:

—> gb[x] calculated on curved spacetime,
possible with horizons

—> Spacetime is dynamical

irsa: 08120058 Page 53/105



Tunneling in de Sitter space

Including gravity:

—> gb[x] calculated on curved spacetime,
possible with horizons

FIXED BACKGROUND (de Sitter space)
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Tunneling in de Sitter space

Including gravity:

— Qﬁ[x] calculated on curved spacetime,
possible with horizons

FIXED BACKGROUND (de Sitter space)
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FIXED BACKGROUND (de Sitter space)

_ ' 5 Q70 y
Vacuum energy density <> cosmological constant H" = — G pyge
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our past (inflation)
our future

Dirac > () = de Sitter spacetime —
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FIXED BACKGROUND (de Sitter space)

. . 2 ST
Vacuum energy density <= cosmological constant i ==

L) =
T Pvac

our past (inflation)
our future
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FIXED BACKGROUND (de Sitter space)

. . 2
Vacuum energy density <> cosmological constant H-~

= Pac

our past (inflation)
our future

Dvac > 0 —»  de Sitter spacetime =
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“Global” de Sitter
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FIXED BACKGROUND (de Sitter space)

exponential expansion
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FIXED BACKGROUND (de Sitter space)

exponential expansion

|

expansion can outrun speed of light
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FIXED BACKGROUND (de Sitter space)

exponential expansion

|

expansion can outrun speed of light

|

Az > 2H ' — non overlapping future light cones
“horizon”

Pirsa: 08120058



FIXED BACKGROUND (de Sitter space)

exponential expansion

|

expansion can outrun speed of light

|

Az > 2H ! — non overlapping future light cones
“horizon”

— (Gibbons-Hawking temperature
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Tunneling in de Sitter space

First studied by Coleman & De Luccia (=CDL)
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Tunneling in de Sitter space

First studied by Coleman & De Luccia (=CDL)

Flat
Spacetime
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Tunneling in de Sitter space

First studied by Coleman & De Luccia (=CDL)
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Tunneling in de Sitter space

First studied by Coleman & De Luccia (=CDL)
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Tunneling in de Sitter space

First studied by Coleman & De Luccia (=CDL)
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Tunneling in de Sitter space

[ARate Rate ~ e P
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Tunneling in de Sitter space

MARate Rate ~ e °
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Tunneling in de Sitter space

[MRate Rate ~ e P
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Tunneling in de Sitter space

??? Initial conditions after tunneling ???
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Tunneling in de Sitter space

??? Initial conditions after tunneling ???
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T A

Flat
Spacetime

Tunneling in de Sitter space

?2? Initial conditions after tunneling ???
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Tunneling in de Sitter space

?2? Initial conditions after tunneling ???

Flat
Spacetime

Curved
Spacetime
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Tunneling in de Sitter space

A Rate
&

??? |nitial conditions after tunneling ???

reduce correctly to Minkowski resultas (G — ()

but no derivation ...
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iInkowski space (no gravity) at T =0
A Rate

nitial conditions after tunneling

Tun inkowski space (no gravity) at T # 0

[A Rate

[/ Initial conditions after tunneling

Tunneling in de Sitter space (a la Coleman De Luccia)
gRate

??? Initial conditions after tunneling ?7?

Tunneling in de Sitter space (thermal approach)

Is de Sitter decay predominantly quantum?
or predominantly thermal?

Cangluding remarks



iInkowski space (no gravity) atT =0
A Rate

nitial conditions after tunneling

Tunngling j

inkowski space (no gravity) at T # 0
A Rate

Aenitial conditions after tunneling

Tunngling j

Tunngling € Sitter space (a la Coleman De Luccia)

gRate

?7? Initial conditions after tunneling ???

Tunneling in de Sitter space (thermal approach)

Is de Sitter decay predominantly quantum?
or predominantly thermal?

Cangluding remarks




/Vhy the question marks about initial conditions???

(Global structure (universe is not de Sitter!)

Horizon complementarity
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- Tunneling in de Sitter space (thermal approach)

Treata Single horizon volume asa thermal system
at the de Sitter temperature

tatic de Sitter coordinates A= H

9 g X —
2 ! I 7.2 D342 | i B G2
ds™ = (1 — T) dt* <+ (1 — A_’) dr= + 1 ({19 +sin” 6 do )

\ / \ /
A(r) Fbi;

constant t slices are —Sg

horizon of
r==1)
1S
;"‘ —
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Treata Single horizon volume asa thermal system

at the de Sitter temperature « B h
21\
; - ; 2 . " 5 5 5 o
ds® = — (1 — F) dt* + (l - A_-’) dr= +r~ ((_lf)‘ + sin”~ 6 f_'fc_?‘J)
\ £ \ /

Alr) h.
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Treata Single horizon volume asa thermal system

at the de Sitter temperature « h
2w\
¢ .-"L) | : f'j - 9 9 - 9 ‘
ds” = (1 — ?) dt* + (l — T) dr=+r° (f_iﬁ‘) +sin” B do”
\ S \ }(
Alr) h

L]

doN2 1

o 3 f, - et ” - PN 7
D= /df/{f vV AV det f{ At )(dz‘) 2/1. 0;00;0 — | (OJ}

= / dt L
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Treata Single horizon volume asa thermal system

at the de Sitter temperature « h
2T\
2 8y —1
I = — (1—— |dt? + (1= | dr*+ 7 (df® + sin® 6 do?)
h A2 Az) " il Al
\ S "\. f(
Alr) i

b i ® - 5 l ]_ [{ J 1 o ﬁ
g = | / dt | / ﬂ:df._z' VvV AvVdet h {5 i (fd;) - h19;00;0 — V| r_‘)}}

:/(HL

= 1 lon2 1 _ ppe  on .
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i —-\( -

<A _f'f ‘_—l ( { da J {H_ T
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Treata Single horizon volume asa thermal system
at the de Sitter temperature «

~t

AN
=

F
p—

. / 1 do\2 1 = | )
5 = [ dPzvdetl ) +5 VAT 8,000 + VANV (a
il .[i:_xww {:z\/‘l{(r)(df g VAT 000 + v/ T” 2

‘redshift’ factor
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Treata Single horizon volume asa thermal system
at the de Sitter temperature « h

3 1 doy2 1 E .
Elo| = r{a.f_'v”de*th{ ) +—A(r)h" 8;00;0 + \/ Al r')l'(rj)}
[{ ] -/J't‘:i_l 2 \/4_1(;"1.) ( 'f{i_ 2 \/ ) 7 \/ T S

‘redshift’ factor

rate ~ e_B

Bf_‘.lasaif_‘.al thermal — j(E(@t.Up) — E{ Ofw.))
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Treata Single horizon volume asa thermal system
at the de Sitter temperature «

~t

Elo]| = / d3 v/ deth { ;l_ (do ) .__—% v A r)h" 0, 00 + VAV (o)
Jr<A 2 \/:1(."_) - T

‘redshift’ factor
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. il 2
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1 [™ 7 . - I do 2
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1 ™ g _ | i don 2
B = / / d’rdﬁi‘\/deth{ ( O) +
A J_zatr<a 2\/A(r) \dr
+5 VAR 0:09;0 +  A(r) (V(@) = V(of.x-_))]

>  Compare to CDL prescription

—  rsmécoso
— rsinfsino

= rcos

= VA2 —7r2cos(T/A

— V4 A2 — 2 Hi].l{ T/ A J

L) i ",) - .} f 3
— +72dB?* + 72 sin” Odo”
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§ [ 5 1 ddA 2
3= / / d'rd‘%.r\/deth[ ( @) 4+
h J_zatren 2v/ A(r) \dT

1 : 5 _ YIS
+5 VAR 9:00;0 + VA() (V(0) - ”O“'))]

>  Compare to CDL prescription

—  rsmfécoso
— rsinfsmo

— I_' COs H

= VA2 —72cos(7/A

= A2 —72sin(7/A)

-9
dr= B g 9 . 9 9
+72dB* + 72 sin” Odo”

do
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1 A ‘ f 1 1\ 2
B=- / / drdﬁ.w“deth{ (32) +
B J ik Jray 2v/ A(r) \dT
+5 VAR I9:00;0 + /A (V(6) — | (of_x,))]
>  Compare to CDL prescription

_{;.l! = rsinftcoso Rate
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= JAE =R enliIA) AL

) y £) £2
1+ 7 am” Ode”
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By treating the degrees of freedom in a

single horizon volume
das 4

thermal system
at the

de Sitter temperature
can recover

CDL rate

[ Rate
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Bquantuln thermal — E dr (E( f_j]-;,;-_n_ulf_-e_) - E(Otx ))

Fa

———
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~ / tunneling path
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tunnel from this
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1
Bquanturﬂ thermal — E / . dr (E(O]-}Uuﬂce) == E(_@fj-_ ))
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Initial conditions after tunneling

irsa: 08120058
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Agree with CDL
inside horizon

No information required
or provided about
outside horizon
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iInkowski space (no gravity) at T =0
[A Rate

nitial conditions after tunneling

Tunngling |

Inkowski space (no gravity) at T # 0
A Rate

Aanitial conditions after tunneling

Tunngling |

c Sitter space (a la Coleman De Luccia)
ERate

?7? Initial conditions after tunneling ???

Tunngling |

Tunneling in de Sitter space (thermal approach)

Is de Sitter decay predominantly quantum?
or predominantly thermal?
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iInkowski space (no gravity) at T =0
[ Rate

nitial conditions after tunneling

Tun iInkowski space (no gravity) at T # 0

A Rate

Aanitial conditions after tunneling

Ing |

Tun c Sitter space (a la Coleman De Luccia)

IZ Rate

! d@initial conditions after tunneling ?7?

Ing |

Tun Fe Sitter space (thermal approach)

Ing J

Is de Sitter decay predominantly quantum?
or predominantly thermal?

Pirsa: 08120058 Page 97/105

C Aanchiidineg rearmarl e




Thermal or Quantum?

Gibbons-Hawking temperature

.
Tus = —H
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Fay

Thermal IS Quantum
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Hawking-Moss is extreme THICK wall
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Different perspectives on the same bubble

r = A = horizon
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Different perspectives on the same bubble
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4 7 = A = horizon <>

Different perspectives on the same bubble

Ula( )

‘Quantum’

> 1)

>0 (T}

‘Thermal’

Page 103/105



| Tunneling in Minkowski space (no gravity) at T =0
A Rate

[ Initial conditions after tunneling

| Tunneling in Minkowski space (no gravity) at T # 0
A Rate

[ Initial conditions after tunneling

| Tunneling in de Sitter space (a la Coleman De Luccia)
E'Rate

?7? Initial conditions after tunneling ?7?

- Tunneling in de Sitter space (thermal approach)

| Is de Sitter decay predominantly quantum?
or predominantly thermal?
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| Tunneling in Minkowski space (no gravity) at T =0
[ Rate

[ Initial conditions after tunneling

| Tunneling in Minkowski space (no gra
MR

itions after tunnelin

| Tunneling in n De Luccia)

- Tunneling in rmal approach)

| |s de Sitter de minantly quantum?
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