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Abstract: <span>I| review recent developments on vacuum entanglement perturbations in perturbative quantum gravity and spinfoams, and discuss
their relevance for understanding the nature of black hole entropy.</span>
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At absolute zero temperature, a sub-system can behave as hot
because of quantum correlations with the rest of the system,
i.e. because of entanglement. [ A ] I3

— _—

Examples:
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At absolute zero temperature, a sub-system can behave as hot
because of quantum correlations with the rest of the system,
i.e. because of entanglement. |

——

Example 1: Cold atoms in a optical lattice
- isolated quantum system in an energy-eigenstate | /-
- subsystem: few atoms = thermal behavior, 1" ~ I'/Nk;

Laser beam

Laser standing wave

L
ook oyt S AL

‘___,.—/
—

Potential well

Eigenstate Thermalization / Canonical Typicality / Entanglement Thermodynamics
[Deutsch 1991, Srednicki 1994, Popescu-Short-Winter 2006, Rigol-Dunjko-Olshanii 2008]
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The Puzzle: what is the nature of Black Hole entropy?

Bekenstein, Hawking,
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A'H ("‘{ 0A
h 4G

The Puzzle: what is the nature of Black Hole entropy? (';.‘)'“” =

M+ 0FE

PETR AT

Bekenstein, Hawking, 1974
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At absolute zero temperature, a sub-system can behave as hot
because of quantum correlations with the rest of the system, 3
i.e. because of entanglement. [ A ] I3 | i

. . A'H ("{ 0A
This talk: Entanglement Entropy perturbations ()bvm. = ('J.S“” =

T ho 4G

M+ 6F

Bekenstein, Hawking, 1974
EB,2012 “Entanglement thermodynamics and the nature of black hole entropy”
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BH entropy: some of the new developments since Loops11 - Madrid

Near-Horizon physics: classical

- Mechanical Laws of the Rindler Horizon

- Corner terms in the action

Role of the Lorentz group: quantum, 7-independence

- Spinfoams, 4 -simple reps, Quantum Rindler Horizon

- Complex Ashtekar variables and the Lorentz group

Entanglement entropy

- in perturbative QG and in Spinfoams

Frodden-Ghosh-Perez 201 |
Bianchi-Satz 2013

EB-Wieland 2012
Neiman-Bodendorfer 2013

Bianchi 2012

Frodden-Geiller-Noui-Perez 2013
Pranzetti 2013

Bianchi 2012, EB-Satz 2013
EB-Myers 2013
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Plan of the talk

N

> |. Near-Horizon Physics

2. Entanglement Thermodynamics
in perturbative QG and Spinfoams

3. Quantum fluctuations
vs Statistical fluctuations
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The black hole at the center of the Milky Way

Sgr A*

26000 years
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The Horizon of a black hole - Equivalence Principle -

Event horizon

Ry (M) 3 ki
Ry (10"M L) 0.02 Al

Curvature at the horizon:
|
2

L
!l Vpa
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Plan of the talk

I. Near-Horizon Physics

> 2. Entanglement Thermodynamics
in perturbative QG and Spinfoams

3. Quantum fluctuations
vs Statistical fluctuations
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Bipartite quantum system

- Hilbert space

- Observables on B (@ [ A

DO .I‘]'f,'[(.'),r;ﬂj;:l

Op

- Reduced density matrix pp = Tra(lv)(])

- Entanglement entropy Sent([17))

'|'|‘,r.;(,rl,r; |c:g;;;;}
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Vacuum Entanglement in QFT [Sorkin 1983, Srednicki 1993]

- 4d Minkowski space, /" = (t,.r. 4. y2)
- Regions: L = {u -
- QFT H Hi

- Minkowski Vacuum state
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Vacuum Entanglement in QFT [Sorkin 1983, Srednicki 1993

- 4d Minkowski space, /" = (t,.r. 4. y2) g i 4

- Regions: L = {r < |t|}, R
- QFT H Hi o« Hp

- Minkowski Vacuum state |()> — E e

I

- Reduced density matrix = Try (|0)(0])

)
we
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Vacuum Entanglement in QFT [Sorkin 1983, Srednicki 1993

- 4d Minkowski space, /" = (t,.r. 4. y2) 9 i 4

- Regions: L = {r < |t|}, R
- QFT H Hi © Hp

- Minkowski Vacuum state |()> — E e

I

- Reduced density matrix — p, = Tr;,(]0)(0])

-Vacuum Entanglement Entropy
Sent(10)) '[-I',n;{'u,]lnl_;,m]

n A \I

- UV cutoff A~ I/VG ?
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Vacuum Entanglement in QFT [Sorkin 1983, Srednicki 1993

- 4d Minkowski space, /" = (t,.r. 4. y2) Y i 4

- Regions: L = {r < |t|}, R
- QFT H Hi o Hp

- Minkowski Vacuum state |()> — E e

I

- Reduced density matrix — p, = Tr (|0)(0])

-Vacuum Entanglement Entropy
Sent(10)) '['I',n;t'u,]lnl_;,;"]

n A \I

- UV cutoff A~ 1/VG ?

- BH entropy? Gi;p? 1/4? Species problem!?
[Solodukhin Liv.Rev.Rel. 2011]
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Entanglement perturbations Bianchi 121105

small perturbation of the vacuum

3 results about 0.5, ,,; Sent (1)) = Sent (10))

r)l.\’, nt ﬁnlte
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Entanglement perturbations Bianchi 12110522

small perturbation of the vacuum

3 results about 0.5, Sent([¥7)) = Sent (10))

r\l.“\', nt ﬁnlte

0L
=
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OSent finite UV divergences cancel

Eg 2d free massive scalar, |-p;‘|rtic|c state in Unruh mode () (with A. Catuneanu and F Mercati 2013)

| E+k \7"
| nr’..\”}il / iH.| ( ) i \f‘fH
. . Vork \E — k)
Iy |1)(1 7 (\ 1t T Q) i, 2 ,-;) ® (\ ( n 8 pin, 2 ,-;)

0 / () n=I()

Entanglement entropy

a0 = S, (10))
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58 5Q )T thermodynamics of entanglement

cnt

Basic notions:

- Noether current J,

{ ()
- Generator of x-boosts i / J A / v Tho dar dyy dis

- Rindler energy

Ep a Ny

- Energy crossing the Rindler horizon

Ey it / Ly KR ede dyydys
H

1) = const

X

-
>

oE

- Energy conservation ,.J" =0

! n ‘r.H
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58 5Q )T

cnt

- Thermality of the vacuum

( ) 0 Try (10)(0])

- Small perturbation
p= Trp(jv
- Energy crossing the Horizon
o Uy Ol E;10)

- Entanglement perturbation:

dTr(plog p)

thermodynamics of entanglement

iilr 1 20

Trp(Eyop)

Unruh temperature

(l

Y

1]

small
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58 5Q /T

cnt

- Thermality of the vacuum

() po = Tr.(l0){0])

- Small perturbation
po= Trp(jv
- Energy crossing the Horizon
O gy U\ E |y O[E10)

- Entanglement perturbation:

dTr(plog p)

thermodynamics of entanglement

t‘i/r 1 20

Trp(Eyop)

Unruh temperature

(l

)
<

small

Page 25/55



Pirsa: 13070048

AS !‘-(L) T

ent

- Thermality of the vacuum

() ' po = Tr.(]0){0])

- Small perturbation |¢

I Ty (|¢0) (r])

- Energy crossing the Horizon

YT, O E “'H‘,‘”{l)-

- Entanglement perturbation:

dTr(plog p)

thermodynamics of entanglement

Unruh temperature

(l

).

1]

op = p1 — po small

Trp(Eyop)

- - | ~.
ll'lf!p log M) [I‘[;Jl 0f)
20
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58 5Q /T

cnt

- Thermality of the vacuum

() | po=Tr.(|0

- Small perturbation

I '|'I',r_[ l

01)

v

Nl

- Energy crossing the Horizon

f‘lfi‘” U E

.” I8 1]'“‘;;;{“-

- Entanglement perturbation:

dTr(plog p)

thermodynamics of entanglement

Trpr(Ey op)

Ilkl'lf)’[i log 0)

21 T(K g 8p) + log ZFrtop)

-

il

(l

[v(Eyy op)

d I'..”
I

Unruh temperature

(l

).

1]

small

- l_~.
[H,“l r)fl]l
0
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i)

ent

E.g.: decay of an excited two-level atom coupled to field

|” | R [ef Unruh-Wald 1983]

194 (1= |e[*/2)|0)| 1) + €1

- Density matrix for right modes of the field

Py '1‘:‘,'1'.-1(;-:\ f-.\|)

4

5Q /T thermodynamics of entanglement

b

- Energy difference (field only)

ALy Tr(ly J Tr(F 20)
5
rhlJH Feoth(7€)) a

- Entanglement entropy difference
A'HII'I” l . 4 ) -Hll'llf{“'I’

) coth(m§2 I T

1) (coth(m

}) log (2™
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Entanglement perturbations

small perturbation of the vacuum

3 results about 0S5, Sent([12)) = Sent(10))

’S'H’l nt ﬁnlte

Oy
T
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Dynamics of the Rindler Horizon

Deflection of light rays by the gravitational field

. ! ' . !
Hapd (0)7 (1) VETGh (e (e)) e (e)e" ()

Perturbation of the straight path

" (v) = xf(v) + "(v)

EB-Satz 13054986

[Jacobson-Parentani 2003]

Ao
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Dynamics of the Rindler Horizon EB-Satz 13054986 [Jacobson-Parentani 2003)

Deflection of light rays by the gravitational field

. I ] . !
Hap ' (0)7 () VETGh (e (e)) e (e)e" (1)

Perturbation of the straight path

at(v) = xg(v) + & (v)

- Collimated beam of light rays
- Energy crossing the beam

Gravity is attractive: it focuses light rays
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Dynamics of the Rindler Horizon EB-Satz 13054986 [Jacobson-Parentani 2003)

Horizon:

Light rays finely /

balanced between

out of sight

reach infinity

Gravity is attractive: it focuses light rays

> diverging beam so that collimated at infinity

Area of the Rindler Horizon:

A
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Bekenstein-Hawking area law for entanglement

V)

small perturbation of the vacuum

(
Trp () el) , po = Trp(10)(0])

21— o small

Sent(|¢7)) = Sent (]0))

2 Te(Kp op)
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Bekenstein-Hawking area law for entanglement

|t’) = small perturbation of the vacuum
. . (%
1 Ly ([) (), po [y, (10)C0])

op = p1 — po small

Sent(|¢7)) = Sent (]0))

2 Te(Kp op)

| O () . "X
27 I / Iih :,f/ L kPR vdv dp)
. JA)

(e.o.m) ) e

||‘( /r/',_r,r'/ LI, (e (v)) KPR ."rJ'r'O‘u)

V8Tl
- Universal:

Dy

— ( A |y — (0] A0} ) independent of the number

and matter species

| - No UV contribution
:5.1” 1

W - Low-energy

Pirsa: 13070048 Page 34/55



Entanglement perturbations

small perturbation of the vacuum

3 results about 0.5, ,,; Sent(|1)) = Sent (10))

’S‘H‘l nt ﬁnlte

Ly oy
T
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Spin-foam path integral

Realization of the path-integral over geometries for 4d Lorentzian gravity

r . LS n
Z —_— /D'(IIHJ c h [”_ur ]

with gravitational d.o.f. unfrozen only on a 2d-foam

a2 e

/ \

spin foam

v -simple reps
See M.Han and F. Hellmann talks 159 v L

invariant of the

Lorentz group SO(1,3)

cf. Wigner {6j}-symbol

Page 36/55



Pirsa: 13070048

Perturbative gravity

[ &

- GR action vanishes in the bulk

- Corner Hamiltonian = Boost = Area

' | |
l!\mwl /“"(_) .f”\:"“h’. 1 _l)’ffl'
JS |

[Carlip-Teitelboim ‘93, Bianchi-Wieland 12, Smolin '12]

Non-Perturbative GR
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Perturbative gravity

I )

- GR action vanishes in the bulk

- Corner Hamiltonian = Boost = Area

) | 1
l!\munl /“"(_, .f”\:"“h’. 1 _l)’ffl'
JS |

[Carlip-Teitelboim ‘93, Bianchi-Wieland *12, Smolin '12]

Non-Perturbative GR
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Entanglement entropy for a spin-network state

}{ ®}{':,nlr|1\\.nu| }L{ \ H,f.'

pp = Tral) (V|

’I‘]';; ( 2B ft PR ) Donnelly 2008, Livine-Terno 2008
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Entanglement entropy for a spin-network state

}{ ®}{':,nlr|1\\.nu| }L{ \ H,f,'

Deonnelly 2008, Livine-Terno 2008
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Entanglement entropy in the Hartle-Hawking spin-network state

}{ ®}{':,nlr|1\\.nu| }L{ \ H,f.'

From Spinfoams: Tensor-Product-State

G (hy) = (| HH) /d_:;,,l['l'r()'if)""'"f't_r Y DI (gohig "))
' /
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Entanglement entropy in the Hartle-Hawking spin-network state

}{ ®}{':,nlr|1\\.1lul }L{ \ H,f,'

From Spinfoams: Tensor-Product-State

Sun (hy) = (he| HH) /‘f_,,,,]['l'.-()'in'w--'-m_r “KYY D (gotug "))
. fl :

i ')'i‘, .':!\}'}'i’ :::‘\}'
po = Tvy |HH)(HH 11 ,
1/ /f

EB 2012, EB-Myers 2013
Entanglement entropy cf Ghosh-Perez 2011-2013

Sent Tr(po log po) '_’,‘:'VI'I'IE’. K po) 4 \_:; log Z)
27 ']“j\;# /_”ml { \:! log Z)

A
‘) LN o 7
_:\.\,‘.(,'h\ 2l |t:‘__\ /,’;
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Plan of the talk

I. Near-Horizon Physics

2. Entanglement Thermodynamics
in perturbative QG and Spinfoams

> 3. Quantum fluctuations
vs Statistical fluctuations
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Quantum fluctuations vs Statistical fluctuations

Counting states assumes that the black hole
is in a statistical ensemble

Ashtekar-Baez-Corichi-Krasnov 1998
Engle, Noui, Perez, Pranzetti 2010

[ Statistical fluctuations of the shape of the horizon

Rovelli 1996, EB 2010

[Baez. Nature 2003)
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Quantum fluctuations vs Statistical fluctuations

Counting states assumes that the black hole
is in a statistical ensemble

A‘;h[L‘I(." 'BJL‘I'CUI IEhI'Kl asnov |998
Engle, Noui, Perez, Pranzetti 2010

[ Statistical fluctuations of the shape of the horizon

Rovelli 1996, EB 2010
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Quantum fluctuations vs Statistical fluctuations

Counting states assumes that the black hole
is in a statistical ensemble

A‘;h[L‘I(."'B.]l‘I'CUIIEhI'KI\l‘-ﬂUV |998
Engle, Noui, Perez, Pranzetti 2010
[ Statistical fluctuations of the shape of the horizon

Rovelli 1996, EB 2010

Can we distinguish statistical fluctuations from

quantum fluctuations for a black hole?

Smolin 1985

[ Entanglement across the horizon results in a thermal ensemble for its shape

at a universal temperature EB 2012
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Quantum fluctuations vs Statistical fluctuations

Counting states assumes that the black hole
is in a statistical ensemble

A‘;h[L‘I(."'B.]l‘I'CUIIl:hl'Kl\l‘-ﬂUV |998
Engle, Noui, Perez, Pranzetti 2010
[ Statistical fluctuations of the shape of the horizon

Rovelli 1996, EB 2010

Can we distinguish statistical fluctuations from

quantum fluctuations for a black hole?

Smolin 1985

[—> Entanglement across the horizon results in a thermal ensemble for its shape

at a universal temperature EB 2012
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Evaporation of the Rindler horizon

Evaporation by coupling the horizon to a cooler system:
accelerated two-level atom initially in the ground state

EB, to appear
[ef Unruh-Wald 1983]

Because of Horizon/Atom entanglement
tracing over the atom corresponds

to a thermal ensemble for the horizon
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Evaporation of the Rindler horizon

Evaporation by coupling the horizon to a cooler system:
accelerated two-level atom initially in the ground state

EB, to appear
[ef Unruh-Wald 1983]

Because of Horizon/Atom entanglement
tracing over the atom corresponds

to a thermal ensemble for the horizon
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Why are black holes hot ?
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Why are black holes hot ?
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Why are black holes hot ?

because of entanglement across the horizon
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Why are black holes hot ?

because of entanglement across the horizon

0A

0Sent = Suni,(|uf’>) . S"“"(|()>) - 4G
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0A
4G

(51")'(-“1_ — L‘7'(‘||I,(|'£.f":">) . Jl"'(‘II|J(|U>) -
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