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What if the chicken were to cross the Firewall?

(1 + 1)D Calculation Provides Evidence that Quantum
Entanglement Survives a Firewall

Eduardo Martin-Martinez and Jorma Louko
Phys. Rev. Lett. 115, 031301 — Published 14 July 2015
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We analyze how preexisting entanglement between two Unruh-DeWitt particle detectors evolves when
one of the detectors falls through a Rindler firewall in (1 + 1)-dimensional Minkowski space. The
firewall effect is minor and does not wash out the detector-detector entanglement, in some regimes
even preserving the entanglement better than Minkowski vacuum. The absence of cataclysmic events
should continue to hold for young black hole firewalls. A firewall’s prospective ability to resolve the
information paradox must hence hinge on its detailed gravitational structure, presently poorly
understood.




Entanglement in a Stellar Col

We can write the annihilation operators of field modes in the asymptotic past in terms of
the corresponding creation and annihilation operators defined in terms of modes in the future:

hor

U,

Eo SR

e—iw(vH—4m In W)(g(UH % ”U)

ABShs = Hawking radiation



Black holes Information loss p
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Black hole Information loss proble

If we believe in quantum theory, information cannot be lost...

After corrections, the outflow may not be entirely thermal...

Like when a piece of charcoal burns




Black holes Information loss p

Page Hypothesis:

Entanglement between radiation emitted at different times

in the black hole life!

Entropy law

.o 1.5
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Page time



Black holes Information loss pr

So... The outtlow 1s not entirely thermal...

Hold on!! that’s potentially even worse!!



Black holes Information loss pr
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EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.
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Black hole Information Parado

A: Radiation emitted after Page Time
B: Infalling Radiation
C: Radiation emitted before Page Time



Black hole Information Parad

A: Radiation emitted after Page Time
B: Infalling Radiation
C: Radiation emitted before Page Time

Entropy subadditivity:

S(pasc) +5(pa) < S(pas) + S(pac)



Black hole Information Parac

A: Radiation emitted after Page Time
B: Infalling Radiation
C: Radiation emitted before Page Time

Entropy subadditivity:

S(pasc) +5(pa) < S(pas) + S(pac)

Entanglement subadditivity:

E(A,B) + £(A,C) < £(A, BO)



Black hole Information Parado

Possible Solution: Firewalls!
Almheiri, Ahmed; Marolf, Donald; Polchinski, Joseph; Sully, James. Journal of High Energy Physics 2013 (2).



Black hole Information Paradk

What-if scenario:

Somehow dynamics 1s such that it destroys the correlations
between “in” and “out” regions

Entanglement subadditivity:
£(A, B) + £(A,C) < £(A, BC)

-

Make this zero



Black hole Information Pat

Entropy law

v Ulnilary

10 N\ ==~ Hawking
/'/ N\
. /s N\
7 3%
1 // -\_‘
) /./ 2 \-\ 2
v N,
R / \\
; %
¥ 4
\
e \

“Charcoalization” of the BH

FIREWAL The information is carried out by quantum
correlations among all particles radiated

from the black hole.

Radiated particles break
their correlations with
their infalling partners.

The energy that is
released creates a
firewall around the
black hole.

Correlations between
the emitted particles
contain information
about everything that
fell into the black hole,
even after the hole
evaporates.




Black hole Information Parado

Perhaps Information is released in vacuum fluctuations in a last burst
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The Fall of Black Hole Firewall: Natural Nonmaximal Entanglement for Page
Curve

Masahiro Hotta, Ayumu Sugita
(Submitted on 20 May 2015 (v1), last revised 6 Jun 2015 (this version, v2))

The black hole ?rewall conjecture is based on Page curve hypothesis, which claims that entanglement between black hole and Hawking
radiation is almost maximum. The hypothesis is inspired by Lubkin-Lloyd-Pagels-Page theorem for degenerate systems with zero
Hamiltonian. Adopting canonical typicality for nondegenerate systems with nonvanishing Hamiltonians, the entanglement becomes
nonmaximal,and energetic singularities (?rewalls) do not emerge for general systems. For static thermal pure states of black hole and
Hawking radiation, entanglement entropy equals thermal entropy of the smaller system.

Comments: 28 pages, 16 figures, some comments and figures are added
Subjects:  General Relativity and Quantum Cosmology (gr-qc); High Energy Physics - Theory (hep-th); Quantum Physics (quant-ph)
Cite as: arXiv:1505.05870 [gr-qc]

(or arXiv:1505.05870v2 [gr-qc] for this version)



Firewalls are ‘Monsters’

HH[WM. The information is carried out by quantum
correlations among all particles radiated

from the black hole.

Radiated particles break @® ﬁ O\‘_
their correlations with A o ¥
their infalling partners. ’ o ’o

Divergences in the stress-energy
tensor: Violence at the horizon

The energy that is
released creates a
firewall around the

black hole.
Correlations between

the emitted particles
contain information

about everything that
fell into the black hole,
even after the hole
evaporates.




Measuring the field

Monsters might exist, but how can you tell if you don’t look under your bed?




Measuring the field

How do we measure quantum fields?

Particle detectors: Non-relativistic
guantum systems coupling
‘locally’ to the field




Measuring the field

How do we measure quantum fields?

Particle detectors: Non-relativistic
guantum systems coupling
‘locally’ to the field

Particles are what particle
detectors detect




ALICE & BOB's
DETECTOR MODEL

Unruh-DeWitt DETECTOR Q \€>
(2

-Two-level system |9>

-Interaction Hamiltonian (interaction picture):

Hr, = Auxy (t),u,, (t)(I)[f,/, U(t)]

-Detectors: v = {A, B}



DETECTOR-FIELD
INTERACTION HAMILTONIAN

Hr, = Auxu (t) o (8) @ |2, m(2)]



DETECTOR-FIELD
INTERACTION HAMILTONIAN

Monopole

moment by (t) = |ey) <gl/|eiﬂyt + |gv><ev|€_iﬂl’t

Coupling
strength

Detector’s
world-line

v

Switching function

t Xv (%)
1 S,




DETECTOR-FIELD
INTERACTION HAMILTONIAN

Monopole

moment by (t) = |ey) <gl/|eiﬂyt + |gv><ev|€_iﬂl’t

Coupling
strength

Detector’s
world-line

v

Switching function

t Xv (%)
1 S,

Total Interaction
) ) Hr=H H
0 Hamiltonian: I 1,A+ H1,B




Sees the Unurh effect (in fact thermalizes)

po = |04){04| ® [0)(0]  Pointlike H.0. detector with acceleration “a”

What does time evolution do to the state?
The UDW detector experiences:

-Detector Squeezing

-Multimode squeezing detector-field —- Squeezed thermal state
-Phase rotations

How much squeezed?/ How much thermal?

-(Relative) Entropy

-Ratio of the energy contribution from squeezing and thermality

W. G. Brenna, E. G. Brown, R. B. Mann, E. M-M, PRD 87, 084062 (2013)




Entanglement Harvesting
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(Spacelike) Entanglement Harvesting
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1-D Harmonic lattice in the Ground state

How do we get two systems entangled by means
of local interactions with a lattice in the ground state?
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Two possible mechanisms.



1-D Harmonic lattice in the Ground state

1) Communication via phonons




1-D Harmonic lattice in the Ground state

1) Communication via phonons

paB # ) _Dipa® pp

Limited by the speed of ‘sound’




1-D Harmonic lattice in the Ground state

There’s another possibility:

Take advantage of pre-existent entanglement

w— @@ W@ @@ w—@
-—_-—_— - — _ 0 —_—_—e——
0)



1-D Harmonic lattice in the Ground state

‘Non-local’ basis: Normal modes 1[0),[1),]2),...

‘Local’ basis: individual number states {|71,.-.,ni,...,nj,...)}




1-D Harmonic lattice
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1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement




1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement




1-D Harmonic lattice in the Ground state

Local coupling to the vacuum: Observed fluctuations are correlated

2) Swapping ground state entanglement



1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement




1-D Harmonic lattice in the Ground state

2) Swapping ground state entanglement

PAB 7 ZZ%PA X pPB

NOT Limited by the speed of ‘sound’




Quantum Fields

A 1D quantum field can be thought as the ‘continuum limit’ of such a lattice

ct
ct

Two mechanisms to get ‘atoms’ entangled via interaction with quantum fields:

1) Via exchange of real field quanta

2) Swapping vacuum entanglement




Can we extract vacuum entanglement?

Entanglement from the Vacuum

Benni Reznik'

Received December 3, 2002

We explore the entanglement of the vactum of a relativistic field by letting a pair
of causally disconnected probes interact with the field. We find that, even when the
probes are initially non-entangled, they can wind up to a final entangled state. This
shows that entanglement persists between discommected regions in the vacuum.
However the probe entanglement, wnlike correlations, vanishes once the regions
become sufficiently separated. The relation berween entropy, correlations and
entanglement is discussed.

KEY WORDS: entanglement; entropy; vacuum state; entanglement probes.




Can we extract vacuum entanglement?

Volume 153, number 6,7 PHYSICS LETTERS A 11 March 1991

Non-local correlations in quantum electrodynamics

Antony Valentini
Institute for Theoretical Physics, Technical University Vienna, Karlsplatz 13, A-1040 Vienna, Austria

Received 18 June 1990; accepted for publication 16 January 1991
Communicated by J.P. Vigier

It is shown that a pair of initially uncorrelated bare atoms, separated by a distance R, develop non-local statistical correlations
in a time ¢ < R/c. The effects arise from the non-locality of the Feynman photon propagator, and from interference between the
two indistinguishable ways of jointly emitting a pair of photons. For physical dressed atoms, the latter effect leads to a non-locally
correlated probability for joint spontaneous emission. The effects may also be understood in terms of non-locally-correlated vac-
uum-field fluctuations.




Can we extract vacuum entanglement?

PHYSICAL REVIEW A 71, 042104 (2005)

Violating Bell’s inequalities in vacuum

Benni Reznik, Alex Retzker, and Jonathan Silman

week ending

PRL 106, 110404 (2011) PHYSICAL REVIEW LETTERS 18 MARCH 2011

Entanglement between the Future and the Past in the Quantum Vacuum

S. Jay Olson™ and Timothy C. Ralph

week ending

PRL 109, 033602 (2012) PHYSICAL REVIEW LETTERS 20 JULY 2012

S

Extracting Past-Future Vacuum Correlations Using Circuit QED

Carlos Sabin,' Borja Peropadre,' Marco del Rey,' and Eduardo Martin-Martinez'~




Modeling a Firewall

The Rindler Firewall:

Break the correlations between the two Rindler wedges:

p = pPL D PR
pr = Trp|0)(0] pr = Trg|0)(0]
‘\: - o Lj;)/A/ X axis

J. Louko, Journal of High Emnergy Physics 2014, 142



Modeling a Firewall

The Rindler Firewall:

Examples of Dynamical generation:

'‘Smooth and sharp creation of a Dirichlet wall in 1+1 quantum field
theory: how singular is the sharp creation limit?
Eric Brown, Jorma Louko, JHEP 1508 (2015) 061

Mimics the severing of correlations that supposedly develop dynamically during evaporation
as discussed in AMPS

pr = Trp|0)(0 pr = Trr|0)(0]

1 axis

wedge IT
X axis

wedge I

P = PL X PR



Modeling a Firewall

The Rindler Firewall:

Break the correlations between the two Rindler wedges:

P = PL D PR

pr = Trr|0)(0]

Young black hole firewall.



Modeling a Firewall

Two Unruh-DeW.Itt detectors
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More demanding than computing transition rates...

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)


http://arxiv.org/find/quant-ph/1/au:+Martin_Martinez_E/0/1/0/all/0/1

Modeling a Firewall

Two Unruh-DeWitt detectors
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Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors
pa,r = Tro(pr) = pao + Py + O(N3)

pffgp = \%paA + A50BB + AaABPAB

A R e e e ey ZORe(IEE) 0 S e

il 0 [t i 0 sl 0 FEPaES 0
) 0 A2 TAA 0 g UEiTs 0 [BB [BB 0
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s :/dT/dT/XV(T/)Xn(T) ei(GQ”/JF‘SQ”T)W[xn(T),xy(T’)],

T = ar [ dr'xmxa(e') 0T W, () g )

W, (7), %5 (7')] = Trg (¢(x (1)) ¢ (x4 (7)) P.0)

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

We can explicitly compute the Wightman function
for the Rindler firewall

W % (7), % (7")] = Trg (6(xu (7)) (%1 (77)) £g,0)

A O(wh(—) + 0(~u)0(u)

47
X (log(A u — u']) + ig sgn(u — u’))

J. Louko, Journal of High Energy Physics 2014, 142

The firewall ‘drama’s’ impact on the Wightman function: non-continuity

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

We can explicitly compute the Wightman function
for the Rindler firewall

W % (7), % (7")] = Trg (6(xu (7)) (%1 (77)) £g,0)

A O(wh(—) + 0(~u)0(u)

47
/ T /
X (log(A|u—u'|) + I sgn(u — u')
J. Louko, Journal of High Energy Physics 2014, 142

The firewall ‘drama’s’ impact on the Wightman function: non-continuity

Does this violence impact the information content of an in-falling detector?

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

t
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Sudden Switching

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

1-Entanglement almost not changed! Mild degradation

Alice Bob

TrA R

0.499605 [
0.499600
,g 0.499595 |
S 0.499590
e :
Z. 0.499585
0.499580
0.499575 ¢

Sudden Switching

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

1-Entanglement almost not changed! Mild degradation

Alice Bob

2-Regimes where entanglement less degraded than with only plain vacuum int.
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Sudden Switching

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

t
T JU S A s i i T o pe g T o Y s
3 1-Entanglement almost not changed! Mild degradation
S P iy A 2~ ]
Alice Bob y : S 3
2-Regimes where entanglement less degraded than with only plain vacuum int.
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Sudden Switching
Gaussian Switching

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

Conclusions.— Our main conclusion runs contrary
to the vision of a firewall as a violently singular sur-
face [3]: the Rindler firewall has only a modest effect
on the entanglement between two inertial Unruh-DeWitt
detectors when one of the detectors crosses the fire-
wall. There is even a parameter range in which the fire-
wall slows down the entanglement degradation, compared
with the degradation that takes place in Minkowski vac-
uum.

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)


http://arxiv.org/find/quant-ph/1/au:+Martin_Martinez_E/0/1/0/all/0/1

Modeling a Firewall

Two max. entangled Unruh-DeWitt detectors

We cannot think of a firewall as a surface of cataclysmic events
that erases all information about matter that crosses the firewall.
If the matter Is correlated with the outside world, these
correlations will not be significantly altered by the crossing.

Eduardo Martin-Martinez, Jorma Louko. Phys. Rev. Lett. 115, 031301 (2015)
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Firewalls do not work as adve

WHERE CHICKENS
CAN CROSS ROADS
AND NOT HAVE THEIR
MOTIVES
QUESTIONED.

Why did the chicken cross the firewall?

We do not know... but it did get to the other side, with most of its memories intact.

Eduardo Martin-Martinez, Jorma Louko.

Thanks!!

Phys. Rev. Lett. 115, 031301 (2015)

More to come: signalling across firewalls.
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