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1. Black hole information: Firewall? Almheiri et al 2013
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Suppose BH evaporates fully and
the process preserves unitarity

I Pure state on Σ2 ⇒
B ′ and C ′ strongly correlated

I Evolution ⇒
B and C strongly correlated

I Hawking ⇒
B and A strongly correlated

Contradicts entanglement
monogamy theorem ?!?

Almheiri at al (AMPS) 2013
resolution proposal:

A–B correlations broken by “drama”
at the shrinking horizon even for
macroscopic BH

“Firewall”

Cf Fuzzball Mathur 2002
Energetic Curtain

Braunstein 2009 et al 2013
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2. ‘Atom’: Pointlike system in quantum field theory
(Unruh-DeWitt detector)

Quantum field Two-state detector (atom)

D spacetime dimension ‖0〉〉 state with energy 0

φ real scalar field ‖1〉〉 state with energy ω

|0〉 (initial) state x(τ) detector worldline,
τ proper time

Interaction: one of

H
(0)
int (τ) = cχ(τ)µ(τ)φ

(
x(τ)

)
←− usual UDW

H
(1)
int (τ) = cχ(τ)µ(τ) d

dτ φ
(
x(τ)

)
←− derivative-coupling

c coupling constant
χ switching function, C∞0
µ detector’s monopole moment operator
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Probability of transition

‖0〉〉 ⊗ |0〉 −→ ‖1〉〉 ⊗ |anything〉

in first-order perturbation theory:

P(ω) = c2
∣∣〈〈0‖µ(0)‖1〉〉

∣∣2
︸ ︷︷ ︸

detector internals only:
drop!

× F (ω)︸ ︷︷ ︸
trajectory and |0〉:
response function

F (0)(ω) =

∫ ∞

−∞
dτ ′
∫ ∞

−∞
dτ ′′ e−iω(τ ′−τ ′′) χ(τ ′)χ(τ ′′)W (τ ′, τ ′′)

F (1)(ω) =

∫ ∞

−∞
dτ ′
∫ ∞

−∞
dτ ′′ e−iω(τ ′−τ ′′) χ(τ ′)χ(τ ′′) ∂τ ′∂τ ′′W (τ ′, τ ′′)

W (τ ′, τ ′′) = 〈0|φ
(
x(τ ′)

)
φ
(
x(τ ′′)

)
|0〉 Wightman function

(distribution!)
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3. Rindler Firewall JL 2014 (Suggested by Marolf)

1+1 Minkowski

φ(t, x) massless

Unruh-DeWitt detector

Detector

t

xL R

F

Recall Minkowski vacuum |0M〉: R and L correlated⇒ Unruh effect

Define mixed state ρFW:

1. In R: ρR := TrL

(
|0M〉〈0M|

)
indistinguishable from |0M〉

In L: ρL := TrR

(
|0M〉〈0M|

)
indistinguishable from |0M〉

2. In R ∪ L: ρFW := ρR ⊗ ρL No correlations between R and L

3. Evolved into F by null propagation

Firewall: ρFW is singular (non-Hadamard) at t = |x |. How strong?



3. Rindler Firewall JL 2014 (Suggested by Marolf)

1+1 Minkowski

φ(t, x) massless

Unruh-DeWitt detector

Detector

t

xL R

F

Recall Minkowski vacuum |0M〉: R and L correlated⇒ Unruh effect

Define mixed state ρFW:

1. In R: ρR := TrL

(
|0M〉〈0M|

)
indistinguishable from |0M〉

In L: ρL := TrR

(
|0M〉〈0M|

)
indistinguishable from |0M〉

2. In R ∪ L: ρFW := ρR ⊗ ρL No correlations between R and L

3. Evolved into F by null propagation

Firewall: ρFW is singular (non-Hadamard) at t = |x |. How strong?



3. Rindler Firewall JL 2014 (Suggested by Marolf)

1+1 Minkowski

φ(t, x) massless

Unruh-DeWitt detector

Detector

t

xL R

F

Recall Minkowski vacuum |0M〉: R and L correlated⇒ Unruh effect

Define mixed state ρFW:

1. In R: ρR := TrL

(
|0M〉〈0M|

)
indistinguishable from |0M〉

In L: ρL := TrR

(
|0M〉〈0M|

)
indistinguishable from |0M〉

2. In R ∪ L: ρFW := ρR ⊗ ρL No correlations between R and L

3. Evolved into F by null propagation

Firewall: ρFW is singular (non-Hadamard) at t = |x |. How strong?



3. Rindler Firewall JL 2014 (Suggested by Marolf)

1+1 Minkowski

φ(t, x) massless

Unruh-DeWitt detector

Detector

t

xL R

F

Recall Minkowski vacuum |0M〉: R and L correlated⇒ Unruh effect

Define mixed state ρFW:

1. In R: ρR := TrL

(
|0M〉〈0M|

)
indistinguishable from |0M〉

In L: ρL := TrR

(
|0M〉〈0M|

)
indistinguishable from |0M〉

2. In R ∪ L: ρFW := ρR ⊗ ρL No correlations between R and L

3. Evolved into F by null propagation

Firewall: ρFW is singular (non-Hadamard) at t = |x |. How strong?



Rindler Firewall

F
(1)
FW (ω)− F

(1)
|0M〉(ω)

• ω: detector energy gap
• F (1)(ω) ∝ transition probability
• χ(τ) switching: ∝ coupling strength

• Firewall crossing at τ = 0
• µ: infrared cutoff

=
[χ(0)]2

2π
ln (|ω|/µ)

←− dominant at adiabatic
and large gap limits

+
χ(0)

2π

∫ ∞

0
ds cos(ωs)

[
χ(0)− χ(−s)

]

s

+
χ(0)

2π
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0
ds

[
1− cos(ωs)

]

s
χ(s)
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kick at
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crossing
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χ(u − s)− χ(u)

]

− 1

2π
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0
ds

[
1− cos(ωs)

]

s2

∫ s

0
du χ(u)χ(u − s)
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Finite!
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Entanglement across Rindler Firewall Mart́ın-Mart́ınez and JL 2015

Detector pair:
Alice and Bob

Initial state:

1√
2

(
|↓〉A |↓〉B + |↑〉A |↑〉B

)

Entanglement maximal:

Negativity = 1
2

2

Hence ⇢T = ⇢0 + ⇢
(1)
T + ⇢

(2)
T + O(�3), where

⇢
(1)
T = U (1)⇢0 + ⇢0U

(1)†
, (3a)

⇢
(2)
T = U (1)⇢0U

(1)†
+ U (2)⇢0 + ⇢0U

(2)†
. (3b)

When the initial state has the form ⇢0 = ⇢d,0 ⌦ ⇢�,0,
where ⇢d,0 and ⇢�,0 are respectively the initial state of
the two-detector subsystem and the initial state of the
field, and assuming that ⇢�,0 satisfies

Tr�
�
�(x)⇢�,0

�
= 0 , (4)

we find that the final state of the two-detector subsystem
is

⇢d,T = Tr�(⇢T ) = ⇢d,0 + ⇢
(2)
d,T + O(�3) , (5a)

⇢
(2)
d,T =

X

⌫,⌘

�⌫�⌘

 Z 1

�1
d⌧

Z 1

�1
d⌧ 0 �⌫(⌧

0)�⌘(⌧)

⇥ µ⌫(⌧
0)⇢d,0µ⌘(⌧) W [x⌘(⌧), x⌫(⌧

0)]

�
Z 1

�1
d⌧

Z ⌧

�1
d⌧ 0 �⌫(⌧)�⌘(⌧

0)

⇥ µ⌫(⌧)µ⌘(⌧
0)⇢d,0 W [x⌫(⌧), x⌘(⌧

0)]

�
Z 1

�1
d⌧

Z ⌧

�1
d⌧ 0 �⌫(⌧)�⌘(⌧

0)

⇥ ⇢d,0µ⌘(⌧
0)µ⌫(⌧) W [x⌘(⌧

0), x⌫(⌧)]

�

(5b)

where W [x⌫(⌧), x⌘(⌧
0)] denotes the pullback of the

Wightman function on the detectors’ worldlines,

W [x⌫(⌧), x⌘(⌧
0)] = Tr�

�
�
�
x⌫(⌧)

�
�
�
x⌘(⌧

0)
�
⇢�,0

�
. (6)

Detectors with a Rindler firewall.— We now
specialise to (1 + 1)-dimensional Minkowski spacetime,
ds2 = �dt2+dx2 = �du dv, where u = t�x and v = t+x.

We take � to be massless and ⇢�,0 to be the Rindler
firewall state described in [8]. The one-point function of
⇢�,0 satisfies (4), as follows by extending the Wightman
function discussion given in [8] to the one-point function.
The Wightman function of ⇢�,0 is

WF (x, x0) = Tr�
�
�(x)�(x0)⇢�,0

�

= W0(x, x
0) + �W (x, x0) , (7)

where W0 is the Wightman function in the Minkowki vac-
uum |0ih0| and �W is the correction due to the firewall.
For W0 we have

W0(x, x
0) =

�1

4⇡
log

⇥
⇤2(✏+ i�u)(✏+ i�v)

⇤
, (8)

where �u = u � u0, �v = v � v0, the positive constant
⇤ is an infrared cuto↵, the logarithm takes its principal

x

t

Alice Bob

R

Tf

xA

T

Figure 1. Spacetime diagram of the two-detector systems with
the Rindler firewall. The dashed line at t = x is the firewall.
The solid lines are the worldlines of the Alice detector and
the Bob detector, switched on at t = 0 and o↵ at t = T > 0.
Alice crosses the firewall during the detectors’ operation (at
t = Tf = xA in the diagram) but Bob does not.

branch and ✏! 0+. The full expression for �W (x, x0) is
lengthy but reduces for v > 0 and v0 > 0 to

�W (x, x0) =
1

4⇡

h
⇥(u)✓(�u0) + ✓(�u)✓(u0)

i

⇥
⇣
log(⇤ |u� u0|) + i

⇡

2
sgn(u� u0)

⌘
. (9)

In words, (8) and (9) show that when x and x0 are
to the future of the left-going Rindler horizon t = �x
but on opposite sides of the right-going Rindler horizon
t = x, WF (x, x0) is missing the contribution from the
right-moving part of the field. This absence of correla-
tions across the Rindler horizon models the absence of
correlations that is argued to develop dynamically in an
evaporating black hole spacetime [3].

For the detectors in the presence of the firewall, we
take the worldline of detector A (Alice) to be at x =
xA > 0 and the worldline of detector B (Bob) to be at
x = xA + R, where R > 0 is the spatial separation. The
detectors are switched on at t = 0, and they are switched
o↵ at a time when Alice has already crossed the firewall
at t = x but Bob has not, as shown in Figure 1.

We ask: If Alice and Bob are initially entangled, how
does Alice’s crossing the firewall a↵ect this entangle-
ment?

Methods.— We assume each detector to be a two-
level system. We denote the respective energy gaps
by ⌦⌫ , the ground states by |g⌫i and the excited states
by |e⌫i. The monopole moment operators are then
µ⌫(⌧) = �+

⌫ ei⌦⌫⌧ + ��
⌫ e�i⌦⌫⌧ , where the nonvanishing

matrix elements of the raising and lowering operators �±
⌫

are he⌫ |�+
⌫ |g⌫i = hg⌫ |��

⌫ |e⌫i = 1.
For each of the the individual detectors we may intro-

duce a two-by-two matrix representation in which (sup-
pressing the detector index)

|gi =

✓
1
0

◆
, |ei =

✓
0
1

◆
, µ(⌧) =

✓
0 e�i⌦⌧

ei⌦⌧ 0

◆
. (10)
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Final state:
entanglement changed

• Firewall crossing has
a modest effect

• sign of effect:
not fixed!
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specialise to (1 + 1)-dimensional Minkowski spacetime,
ds2 = �dt2+dx2 = �du dv, where u = t�x and v = t+x.

We take � to be massless and ⇢�,0 to be the Rindler
firewall state described in [8]. The one-point function of
⇢�,0 satisfies (4), as follows by extending the Wightman
function discussion given in [8] to the one-point function.
The Wightman function of ⇢�,0 is

WF (x, x0) = Tr�
�
�(x)�(x0)⇢�,0

�

= W0(x, x
0) + �W (x, x0) , (7)

where W0 is the Wightman function in the Minkowki vac-
uum |0ih0| and �W is the correction due to the firewall.
For W0 we have

W0(x, x
0) =
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log
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, (8)

where �u = u � u0, �v = v � v0, the positive constant
⇤ is an infrared cuto↵, the logarithm takes its principal
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Figure 1. Spacetime diagram of the two-detector systems with
the Rindler firewall. The dashed line at t = x is the firewall.
The solid lines are the worldlines of the Alice detector and
the Bob detector, switched on at t = 0 and o↵ at t = T > 0.
Alice crosses the firewall during the detectors’ operation (at
t = Tf = xA in the diagram) but Bob does not.

branch and ✏! 0+. The full expression for �W (x, x0) is
lengthy but reduces for v > 0 and v0 > 0 to

�W (x, x0) =
1

4⇡
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⇥(u)✓(�u0) + ✓(�u)✓(u0)
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⇥
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log(⇤ |u� u0|) + i
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sgn(u� u0)

⌘
. (9)

In words, (8) and (9) show that when x and x0 are
to the future of the left-going Rindler horizon t = �x
but on opposite sides of the right-going Rindler horizon
t = x, WF (x, x0) is missing the contribution from the
right-moving part of the field. This absence of correla-
tions across the Rindler horizon models the absence of
correlations that is argued to develop dynamically in an
evaporating black hole spacetime [3].

For the detectors in the presence of the firewall, we
take the worldline of detector A (Alice) to be at x =
xA > 0 and the worldline of detector B (Bob) to be at
x = xA + R, where R > 0 is the spatial separation. The
detectors are switched on at t = 0, and they are switched
o↵ at a time when Alice has already crossed the firewall
at t = x but Bob has not, as shown in Figure 1.

We ask: If Alice and Bob are initially entangled, how
does Alice’s crossing the firewall a↵ect this entangle-
ment?

Methods.— We assume each detector to be a two-
level system. We denote the respective energy gaps
by ⌦⌫ , the ground states by |g⌫i and the excited states
by |e⌫i. The monopole moment operators are then
µ⌫(⌧) = �+

⌫ ei⌦⌫⌧ + ��
⌫ e�i⌦⌫⌧ , where the nonvanishing

matrix elements of the raising and lowering operators �±
⌫

are he⌫ |�+
⌫ |g⌫i = hg⌫ |��

⌫ |e⌫i = 1.
For each of the the individual detectors we may intro-

duce a two-by-two matrix representation in which (sup-
pressing the detector index)

|gi =

✓
1
0

◆
, |ei =

✓
0
1

◆
, µ(⌧) =

✓
0 e�i⌦⌧

ei⌦⌧ 0

◆
. (10)
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a modest effect
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Entanglement across Rindler Firewall Mart́ın-Mart́ınez and JL 2015
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Alice and Bob

Initial state:
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When the initial state has the form ⇢0 = ⇢d,0 ⌦ ⇢�,0,
where ⇢d,0 and ⇢�,0 are respectively the initial state of
the two-detector subsystem and the initial state of the
field, and assuming that ⇢�,0 satisfies

Tr�
�
�(x)⇢�,0

�
= 0 , (4)

we find that the final state of the two-detector subsystem
is

⇢d,T = Tr�(⇢T ) = ⇢d,0 + ⇢
(2)
d,T + O(�3) , (5a)
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Detectors with a Rindler firewall.— We now
specialise to (1 + 1)-dimensional Minkowski spacetime,
ds2 = �dt2+dx2 = �du dv, where u = t�x and v = t+x.

We take � to be massless and ⇢�,0 to be the Rindler
firewall state described in [8]. The one-point function of
⇢�,0 satisfies (4), as follows by extending the Wightman
function discussion given in [8] to the one-point function.
The Wightman function of ⇢�,0 is

WF (x, x0) = Tr�
�
�(x)�(x0)⇢�,0

�

= W0(x, x
0) + �W (x, x0) , (7)

where W0 is the Wightman function in the Minkowki vac-
uum |0ih0| and �W is the correction due to the firewall.
For W0 we have

W0(x, x
0) =
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4⇡
log

⇥
⇤2(✏+ i�u)(✏+ i�v)
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, (8)

where �u = u � u0, �v = v � v0, the positive constant
⇤ is an infrared cuto↵, the logarithm takes its principal
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Figure 1. Spacetime diagram of the two-detector systems with
the Rindler firewall. The dashed line at t = x is the firewall.
The solid lines are the worldlines of the Alice detector and
the Bob detector, switched on at t = 0 and o↵ at t = T > 0.
Alice crosses the firewall during the detectors’ operation (at
t = Tf = xA in the diagram) but Bob does not.

branch and ✏! 0+. The full expression for �W (x, x0) is
lengthy but reduces for v > 0 and v0 > 0 to

�W (x, x0) =
1
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In words, (8) and (9) show that when x and x0 are
to the future of the left-going Rindler horizon t = �x
but on opposite sides of the right-going Rindler horizon
t = x, WF (x, x0) is missing the contribution from the
right-moving part of the field. This absence of correla-
tions across the Rindler horizon models the absence of
correlations that is argued to develop dynamically in an
evaporating black hole spacetime [3].

For the detectors in the presence of the firewall, we
take the worldline of detector A (Alice) to be at x =
xA > 0 and the worldline of detector B (Bob) to be at
x = xA + R, where R > 0 is the spatial separation. The
detectors are switched on at t = 0, and they are switched
o↵ at a time when Alice has already crossed the firewall
at t = x but Bob has not, as shown in Figure 1.

We ask: If Alice and Bob are initially entangled, how
does Alice’s crossing the firewall a↵ect this entangle-
ment?

Methods.— We assume each detector to be a two-
level system. We denote the respective energy gaps
by ⌦⌫ , the ground states by |g⌫i and the excited states
by |e⌫i. The monopole moment operators are then
µ⌫(⌧) = �+

⌫ ei⌦⌫⌧ + ��
⌫ e�i⌦⌫⌧ , where the nonvanishing

matrix elements of the raising and lowering operators �±
⌫

are he⌫ |�+
⌫ |g⌫i = hg⌫ |��

⌫ |e⌫i = 1.
For each of the the individual detectors we may intro-

duce a two-by-two matrix representation in which (sup-
pressing the detector index)

|gi =

✓
1
0

◆
, |ei =

✓
0
1

◆
, µ(⌧) =

✓
0 e�i⌦⌧

ei⌦⌧ 0

◆
. (10)
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Detectors with a Rindler firewall.— We now
specialise to (1 + 1)-dimensional Minkowski spacetime,
ds2 = �dt2+dx2 = �du dv, where u = t�x and v = t+x.

We take � to be massless and ⇢�,0 to be the Rindler
firewall state described in [8]. The one-point function of
⇢�,0 satisfies (4), as follows by extending the Wightman
function discussion given in [8] to the one-point function.
The Wightman function of ⇢�,0 is
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where �u = u � u0, �v = v � v0, the positive constant
⇤ is an infrared cuto↵, the logarithm takes its principal
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Figure 1. Spacetime diagram of the two-detector systems with
the Rindler firewall. The dashed line at t = x is the firewall.
The solid lines are the worldlines of the Alice detector and
the Bob detector, switched on at t = 0 and o↵ at t = T > 0.
Alice crosses the firewall during the detectors’ operation (at
t = Tf = xA in the diagram) but Bob does not.

branch and ✏! 0+. The full expression for �W (x, x0) is
lengthy but reduces for v > 0 and v0 > 0 to
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In words, (8) and (9) show that when x and x0 are
to the future of the left-going Rindler horizon t = �x
but on opposite sides of the right-going Rindler horizon
t = x, WF (x, x0) is missing the contribution from the
right-moving part of the field. This absence of correla-
tions across the Rindler horizon models the absence of
correlations that is argued to develop dynamically in an
evaporating black hole spacetime [3].

For the detectors in the presence of the firewall, we
take the worldline of detector A (Alice) to be at x =
xA > 0 and the worldline of detector B (Bob) to be at
x = xA + R, where R > 0 is the spatial separation. The
detectors are switched on at t = 0, and they are switched
o↵ at a time when Alice has already crossed the firewall
at t = x but Bob has not, as shown in Figure 1.

We ask: If Alice and Bob are initially entangled, how
does Alice’s crossing the firewall a↵ect this entangle-
ment?

Methods.— We assume each detector to be a two-
level system. We denote the respective energy gaps
by ⌦⌫ , the ground states by |g⌫i and the excited states
by |e⌫i. The monopole moment operators are then
µ⌫(⌧) = �+
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4(a). Wall creation: scalar field in 1 + 1 Brown and JL 2015

1+1 Minkowski

φ(t, x) massless

∂2
t φ− ∂2

xφ = 0

→ ∂2
t φ−∆θ(t)φ = 0

µ infrared cutoff
(required)

t

wall
Dirichlet

x

I Total energy radiated: 〈Etot〉 ∝ λ ln(λ/µ) −−−→
λ→∞

∞
Divergent for sharp wall formation Cf Anderson and DeWitt 1986

I Atom coupled to φ: use Unruh-DeWitt detector

Transition probability finite for sharp wall formation

Moral: sharp wall formation singular gravitationally but
nonsingular for a matter coupling
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4(b). Point wall creation in 3 + 1 Zhou et al 2016

3+1 Minkowski

φ(t, x) massless

∂2
t φ−∇2φ = 0

→ ∂2
t φ−∆θ(t)φ = 0

θ(t): origin boundary condition

(spherically symmetric sector)

r

Formed
source

t

I 〈T00〉 well defined; time-dependent even for t > r + λ−1

I t = t0 > λ−1: 〈T00〉 →
{ ∞, r→0+

−∞, r→t0−
⇒ 〈Etot〉 = “∞−∞”

not defined

I λ→∞: 〈T00〉 → ∞ at t > r

I Unruh-DeWitt detector at t > r :
Transition probability diverges as λ→∞

Moral: sharp wall formation (quite) singular both
gravitationally and for a matter coupling
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4(c). Spinor wall creation in 1 + 1 Wan Mokhtar and JL (tba)
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Moral: sharp wall formation singular both gravitationally
and for a matter coupling
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Summary

I Rapid creation of a (pointlike) wall tends to be singular!
I Both gravitationally and for a model atom’s response
I 1+1 scalar field exceptional

I Model for a black hole firewall?
I Spacetime will react. How?
I Gµν = 8π〈Tµν〉 ? May or may not suffice. . .

I Fully-developed firewall?
I Quantum theory of spacetime needed

Is information lost? Jury very much out!
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