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@ Einstein’s equation
Guv + Aguw = M;ZTW
N—_——

=0




@ Einstein’s equation
Guv + Aguw = M1;2Tuv
N—_——

=0

@ Gibbons & Hawking (77): is thermal, T = 2/;/3




de Sitter space (FLRW)

@ Einstein’s equation
Guv + Ay = M°T,,

=0

e Gibbons & Hawking (77): is thermal, 7 = ¥,
The cosmologists’ line element (Not the form used
ds®> = —df* + a(t)*dx? J by de Sitter originally)

@ The de Sitter solution:
H=0 < at)=e", H=/\A/3

Markkanen de Sitter Stability 3/23



de Sitter space (FLRW)

@ Einstein’s equation
Guv + Ay = M°T,,

=0

e Gibbons & Hawking (77): is thermal, 7 = ¥,
The cosmologists’ line element (Not the form used
ds? = —di* + a(t)*dx? J by de Sitter originally)

@ The de Sitter solution:

H=0 < at)=e", H=/\A/3
@ Inflation of the early Universe ~ de Sitter
@ Observations consistent with pA/M;‘ = A/M}%1 ~ 107120
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Stability

@ Stability in a quantized theory has been studied by many:

Stable
@ Gibbons & Hawking (77)
o ...
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@ Mottola (85) & (86)

@ Tsamis & Woodard,
many papers, e.g. (93)

@ Abramo, Brandenberger &
Mukhanov (97)

@ Goheer, Kleban &
Sussking (03)

@ Polyakov (07)
@ Anderson & Mottola (14)
@ Dvali, Gomez & Zell (17)

@ and many more, see TM
(16a,b) & (17)
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Stability

@ Stability in a quantized theory has been studied by many:

Stable
@ Gibbons & Hawking (77)
o ..

An instability could be
important for inflation, the
cosmological constant
problem and the fate of the
Universe !
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Friedmann equations

@ A system with vacuum energy and matter:
PA and Pm

@ Spacetime homogeneous and isotropic

9

3H2M§1 = Pm + PA
_(3H2 + ZH)MSI = Pm + PA
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Friedmann equations

@ A system with vacuum energy and matter:
PA and Pm

@ Spacetime homogeneous and isotropic
3H2M§1 = Pm + PA
—(3H? +2H)M% =pp+ps
with the dynamical relation

—ZI;IMgl = Pm + Pm -

H=0 A pm+pm=OJ
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Friedmann equations

@ A system with vacuum energy and matter:

pr and  py,
@ Spacetime homogeneous and isotropic
A thermal
3H* M, = pm + pa system:
—(3H2 +2H)M§1 = Pm +PA ’ pm+pm>0
?!

with the dynamical relation

—ZHMgl = Pm + Pm -

H=0 A pm""pm:OJ
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Schrédinger’s Cat

image: http://braungardt.trialectics.com/sciences/physics/quantum-mechanics/schrodingers-cat/

1 1
cat) = —|alive) + —=|dead
eat) = s falive) + = dead)
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@ An observable system, S and a hidden environment, £
@ Entanglement

| )=, = |50) ® |€0) — Zi cilsi) @ |e:)




Open systems

@ An observable system, S and a hidden environment, &£
@ Entanglement

(W) i=1y = [50) @ |e0) —> D ;cilsi) @ [ei)

@ £ is unobservable = sum over |=;) with equal weights:

Trace over the environment

p= TN — p=Tre{|TN(T|} = Zcz'\sz')(sz'l ;o (eilej) = 0y

@ p diagonal in the ’pointer basis’ chosen by &
e 'Decoherence’, Zurek (03); Schlosshauer (04) (reviews)
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Initially the System and the Environment are separable

-

QOO
L RO

@ e
Environment ‘
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Interactions lead to entanglement

Environment
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Features of spacetimes with horizons

@ Black hole evaporation; Hawking (75), the Unruh effect;
Unruh (76) and thermality of de Sitter;
Gibbons & Hawking (77)

@ A horizon divides the initial state into S and &
e Crucial for the information paradox, Hawking (76)

pure state = thermal state | (For a local observer)
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@ A horizon divides the initial state into S and &
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pure state = thermal state | (For a local observer)

@ de Sitter space in FLRW has a horizon at a distance ~ 1/H
e The Bunch-Davies vacuum covers the entire patch

Markkanen de Sitter Stability 12/23



Features of spacetimes with horizons

@ Black hole evaporation; Hawking (75), the Unruh effect;
Unruh (76) and thermality of de Sitter;
Gibbons & Hawking (77)

@ A horizon divides the initial state into S and &
e Crucial for the information paradox, Hawking (76)

pure state = thermal state | (For a local observer)

@ de Sitter space in FLRW has a horizon at a distance ~ 1/H
e The Bunch-Davies vacuum covers the entire patch

Here a completely different focus than in a
calculation of primordial perturbations!
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Initially, complete information

The observable Universe

® ® © ©
W @ © @
W © © O
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Information loss from a black hole

The observable Universe
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Initially, complete information

The observable Universe
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Information loss from the cosmological Horizon

The observable Universe

‘‘‘‘‘
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The energy-momentum tensor

@ The Bunch-Davies vacuum contains unobservable states

05P) = Zci|ni7 IN) ® |n;, OUT)

1
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The energy-momentum tensor

@ The Bunch-Davies vacuum contains unobservable states
05P) = " ¢ilny, IN) @ |n;, OUT)
i
@ Tracing over states beyond the horizon = thermal p

H

TrOUT{|OBD OBD } x H Z exp{ — —nk}]nk I’lk| Ty = %

nk=0
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The energy-momentum tensor

@ The Bunch-Davies vacuum contains unobservable states

05P) = Zci|ni7 IN) ® |n;, OUT)

1

@ Tracing over states beyond the horizon = thermal p

> k H
Trour{|0PP)(0PP[} oc [T D~ exp { - T—an}]nk><nk| P Th=o
k ng=0

The energy-momentum (far from the horizon)

I / Pr k
1

Pm = Tii/a2 = =Pm;

3
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The energy-momentum tensor

@ The Bunch-Davies vacuum contains unobservable states

05P) = Zci|ni7 IN) ® |n;, OUT)

1

@ Tracing over states beyond the horizon = thermal p

> k H
Trour{|0PP)(0PP[} oc [T D~ exp { - T—an}]nk><nk| P Th=o
k ng=0

The energy-momentum (far from the horizon)

I / Pr k
1

Pm = Tii/a2 = =Pm;

3

f,i = Toi/a = Hx'a(pm + Pm) (flux)
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Horizon

Pm + 3H (pm + Pm)
+ 0T =0




Horizon

constant p,,

Pm + 3H<Pm +Pm)
+ 8iT,'0 =0

Horizon sources
continuous
particle creation !
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The fate of the Universe

@ Backreaction is weak = use de Sitter results to solve H

The evaporating horizon
. 4 H*
2 _ C o —
—2HMy = 5pm = 5e55 Pa = —3H(pm + Pm)
H H}t -1/3
= —=(—L+1 : H(0)=H
Ho (2407r2M§1 * > (0) = Ho

@ Agrees with, Padmanabhan (02) & (05)
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The fate of the Universe

@ Backreaction is weak = use de Sitter results to solve H

The evaporating horizon
N U
_ZHMpl = gﬂm = 36072 pn = —3H(pm + pm)
H H}t -1/3
= —=(—L+1 : H(0)=H
Hp (2407r2M§1 " ) UL

@ Agrees with, Padmanabhan (02) & (05)
@ De Sitter destabilized after

M2
t~ H%l (agrees with, Dvali, Gomez & Zell (17))
0
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Thermodynamic interpretation

@ p, also contains zero-point energies of the quantum fields
= Particle creation balanced negative vacuum energy (’holes’)
@ Precisely as for a black hole
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Thermodynamic interpretation

@ p, also contains zero-point energies of the quantum fields
= Particle creation balanced negative vacuum energy (’holes’)

@ Precisely as for a black hole

The first law of thermodynamics in de Sitter

PA

dU=TdS—PdV <«  2HMy =z,  for

4 H 41 41

dU = —d( pr——= |, TdS= ——d| - |, PdV = —ppd| —=
<pA3H3>’ 871G <H2>’ Pa <3H3

)

@ First principle result and thermodynamic derivation agree
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Summary

De Sitter space for a local observer
@ Entanglement across the horizon
@ Trace over the hidden states leads to a thermal state
= Unstable under backreaction in FLRW
o After atime ~ M7 /H> the system is no longer de Sitter

@ Evaporation has a complete thermodynamic
interpretation
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Summary

Thank You!

De Sitter space for a local observer

@ Entanglement across the horizon
@ Trace over the hidden states leads to a thermal state
= Unstable under backreaction in FLRW

o After atime ~ M7, /H’ the system is no longer de Sitter

@ Evaporation has a complete thermodynamic
interpretation
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