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Event Horizons of Black Holes

•
G

lobal structure of som
e spacetim

es lead to event 
horizons 

•
In classical G

R, local observers experience “no 
dram

a” at horizon



Black Hole Therm
odynam
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Black Holes have tem
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Black Holes have entropy: 

•
1st & 2nd laws of therm
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W
hat is wrong with the story?

•
Inform

ation paradox: unitary black hole 
evaporation, not consistent with local 
physics+sm

ooth horizon (Hawking …
 AM

PS 2013)  

•
Q

uantum
 Tunnelling: exp(-S

E )x exp(entropy) ~ 1 
➞

 collapsing stars tunnel to a generic Q
uantum

 
G

ravity state at O
(1) probability (M

athur 2008)

•
D

ark Energy: equilibrium
 with stellar BH’s ➞

 
scale of dark energy+no horizon                   
(Presocd-W

einstein, NA, Balogh 2009, Hergott & NA, in prep.) 



Firewall Paradox
The following assum

ptions are inconsistent 

1.
Unitarity of quantum

 m
echanics 

2.
Equivalence principle, or “no dram

a” 

3.
Q

uantum
 field theory beyond a Planck length away 

from
 the horizon 

4.
Dim

ension of the Hilbert space of a black hole being 
exp(A/4)

 Alm
heiri, M

arolf, Polchinski & Sully 2012 (AM
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Firew
alls in  

Asym
ptotic Safety

•
Assum

e that RG
-dependence of 

coupling constants on local 
tem

perature; k~T


•
N

on-trivial U
V fixed point


•
N

o horizon 

•
Scale-invariant core near UV 
fixed point; g00 ∼

r
3−1

log10 g00



Fuzzballs in String Theory



Echoes from
 the Abyss?

•
Delayed echoes from

 Planckian 
structure near horizon

-C
ardoso, Franzin &

 Pani 2016 
-C

ardoso, H
opper, M

acedo, Palenzuela &
 Pani 2016
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Universal Reflectivity of 
Q

uantum
 Horizons

•
3(+2) independent derivations for 
Boltzm

ann reflectivity: 

(1) Fluctuation-Dissipation Theorem
 

(2) Stim
ulated Hawking Radiation 

(3) CP-sym
m

etry  

•
Echoes are stim

ulated H
aw

king 
R

adiation; m
ax@

 horizon frequency R
=

exp( −
ℏωkT

H )

O
shita, W

ang & NA 2020 
W

ang, O
shita, & NA 2020



Abrupt Dissipation ➞
 W

KB 
➞

 Reflection
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CP-sym
m

etry (RP
3 geon)

(Hartm
an & M

aldacena 2013)

R
=

exp( −
ℏωkT

H )



CP-sym
m

etry (RP
3 geon)

Z
2 identification ➞

 
Boltzm

ann reflection

(Hartm
an & M

aldacena 2013)

R
=

exp( −
ℏωkT

H )



Electrom
agnetic Albedo of 

Q
uantum

 Black Holes (Chua & NA 2021)
•

Reflection off virtual electron-positron pairs 
near horizon ➞

 Boltzm
ann Albedo for photons


•
N

o quantum
 gravity needed!



Tw
o independent derivations

•
Photon m

ass acquired 
through Haw

king Plasm
a

•
Projecting photon 1-loop 
propagator from

 M
inkow

ski 
to Rindler

different interpolations



•
This is consistent w

ith sim
ple Boltzm

ann reflectivity for gravitational fine-structure 

constant: 
, w

hich becom
es O

(1) w
ithin a Planck length of the horizon

αG
∼

̂Einfalling T
M

2p
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Black Holes as Fast Scram
blers 

of Q
uantum

 Inform
ation
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Tow
ards a Holographic 

U
nderstanding of Echoes

•
From

 Spectral form
-factor of generalized random

 m
atrices, or 

approxim
ate sym

m
etries/degeneracies (Sarasw

at & NA 2022)
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Echoes in Kerr/CFT  
(w

/ Ram
it Dey)

•
m

odular identification of 1+1 CFT also 
leads to Boltzm

ann echoes, a la 
“Hidden Conform

al Sym
m

etry of the 
Kerr Black H

ole”

Dey & NA 2020
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Echoes to 
LIG

O
Higgs to  

LHC
•

Unitarity 

•
(Perturbative) Effective 
Field Theory 

•
Holographic Entropy ↔

 
Diffeom

orphism
 sym

.

•
Unitarity 

•
(Perturbative) Effective 
Field Theory 

•
G

auge Sym
m

etries of 
Standard M

odel
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Independent confirm
ation by 

AEI group (in spite of their title "
)

arXiv:1712.09966

•
3σ “detection” w/ 1st & 2nd 
events 

•
None in the 3rd & 4th 

A.(un)lucky coincidence? 

B.Echoes are m
ore com

plex?



arXiv:1905.09260



arXiv:1905.09260



arXiv:1905.09260

Predictions in Abedi, Dykaar, NA 2017

arXiv:1612.00266



coherent W
ave Burst (cW

B) 
G

W
151012

Salem
i, et al. 2019



coherent W
ave Burst (cW

B) 
G

W
151012

m
ain 

event 

Salem
i, et al. 2019



coherent W
ave Burst (cW

B) 
G

W
151012

m
ain 

event 
echo? 

Salem
i, et al. 2019

sky co-localization 

Bayes factor = 5.4

Abedi, Longo & NA 2022

sky co-localization 

Bayes factor = 1.6



Independent Evidence for 
Echoes in O

2



•
Echo Tim

e delay 

•
consistent across events 

•
p-values

Phys. Rev. D 101, 064063 (2020)



Binary Neutron Star m
erger

•
Echoes within 1 sec after 
G

W
170817 m

erger @
 f= 72 Hz 

•
p-value =1.6x10

-5, 4.2σ 
tentative detection, high-spin 
BH rem

nant

−
X

(
t
p
e
a
k
,
f
p
e
a
k
)

S
e
a
rc

h�re
su

lt
S
e
a
rc

h�b
a
c
k
g
ro

u
n
d

Number�of�events

2
σ

3
σ

4
σ

4
.5

σ

Echoes : 4.2σ

2
σ

3
σ

F
e
w

e
r

th
a
n

4
sim

ila
r

p
e
a
k
s

in
3

d
a
y
s

d
a
ta

4
.2

σ

(
8
�FDIPFT�TJHOBM�GPVOE�CZ�

"CFEJ�BOE�"GTIPSEJ�GPMMPXJOH�B�
/
4�DPMMBQTF�UP�#)

*OEFQFOEFOU�EFUFSN
JOBUJPO�

PG�#)
�DPMMBQTF
�GSPN

�&.
�

FN
JTTJPO�CZ�(

JMM�FU�BM�
�����

Abedi & NA 2019



Binary Neutron Star m
erger

•
Echoes within 1 sec after 
G

W
170817 m

erger @
 f= 72 Hz 

•
p-value =1.6x10

-5, 4.2σ 
tentative detection, high-spin 
BH rem

nant

−
X

(
t
p
e
a
k
,
f
p
e
a
k
)

S
e
a
rc

h�re
su

lt
S
e
a
rc

h�b
a
c
k
g
ro

u
n
d

Number�of�events

2
σ

3
σ

4
σ

4
.5

σ

Echoes : 4.2σ

2
σ

3
σ

F
e
w

e
r

th
a
n

4
sim

ila
r

p
e
a
k
s

in
3

d
a
y
s

d
a
ta

4
.2

σ

(
8
�FDIPFT�TJHOBM�GPVOE�CZ�

"CFEJ�BOE�"GTIPSEJ�GPMMPXJOH�B�
/
4�DPMMBQTF�UP�#)

*OEFQFOEFOU�EFUFSN
JOBUJPO�

PG�#)
�DPMMBQTF
�GSPN

�&.
�

FN
JTTJPO�CZ�(

JMM�FU�BM�
�����

Abedi & NA 2019



arXiv:2201.00047 (also Conklin & NA arXiv:2201.00027)

Bayesfactor∼
7 ±

2
p−

value∼
0.5%

(2.6σ)

coherent W
ave Burst (cW

B)

H
⨯L spectrogram



But not everyone finds 
echoes!



But not everyone finds 
echoes!

techo  < 0.5 sec 
m

issing G
W

190521



Different m
ethods, 

 Different events!



Different m
ethods, 

 Different events!
Abedi, NA, O

shita & W
ang 2020 (Review

++) 
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But why do different 
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ethods disagree?
Echo m

odel space
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odel-independent” search 

“Infinite” prior

Boltzm
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physically-inform
ed prior

G
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erical relativity”? 
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ang’s PhD thesis)
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•
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 M
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•
Stim
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 Logarithm
ically delayed echoes 

@
horizon frequency, probing quantum

 black hole m
icrostructure

•
Tantalizing though controversial hints for echoes in LIG

O
: w

hich 
events? w

hich tem
plates? w

hich search m
ethod?

•
Possible first m

easurem
ent of stim

ulated H
aw

king radiation



Bonus Slides!



Stim
ulated Haw

king in G
W

190521



https://w
w
w.m

dpi.com
/2218-1997/6/3/43



Into the future: 
Q

uantum
 Black H

ole Seism
ology

arXiv:2001.11642, PRD

arXiv:2004.06276, PRD



Seism
ology vs Spectroscopy

W
hat’s inside the Black H

ole  
(replaces event horizon ~2M

)
W

hat’s outside the Black H
ole  

(near the photon ring ~3M
)
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W
hat Black Hole 

Seism
ology teaches us 2/3

•
Exotic Com

pact O
bject vs M

odified Dispersion Relation

•
W

hich overtones are excited

O
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W
hat Black Hole 

Seism
ology teaches us 3/3

•
Phase of Reflection

O
shita, Tsuna, & NA 2020



Seism
ology for the G

W
170817 
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nant: Theory vs D

ata
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ata
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Bayesian approach to BH seism
ology  

(Petra Duff & NA, in prep)

•
Echoes after G

W
170817, Bayes factor of ~10

•
G

eom
etric tim

e-delay ≄ O
bserved tim

e delay



m
ass ratio

Echo-Diversity: How initial 
conditions im

pact seism
ology 

•
Upcom

ing work with Luis Longo and Cecilia Chirenti 

•
Solving for G

W
 radiation of an inspiralling point 

m
ass into a Q

uantum
 Black Hole
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Fluctuation-Dissipation Theorem
 

—
> Boltzm

ann echoes

R
=

exp( −
ℏωkT

H )

dissipation

independent of γ



Failed Supernova Echoes?
•

G
R Ringdow

n frequency for few
⨉M

̥
 BH is beyond LIG

O
 sensitivity


•
But echo harm

onics have m
uch low

er frequencies


•
W

e m
ay only see their echoes

O
shita, Tsuna, & NA 2020

Detectability of Failed SNe for  
m

axim
um

 stable horizon tem
perature



Has LIG
O

 already seen one 
on Jan. 14, 2020?!



Another independent search for echoes
•

Sea
rch

 stra
tegies: using w

indow
 functions to find the p

referred
 tim

e d
ela

y of 
echoes from

 the correlation of tw
o LIG

O
 detectorsG

W
170104

frequency 
w

indow
 m

ethod
G

W
151226

tim
e w

indow
 

m
ethod

0.0787s
0.201s

�
t[sec]

•
Tentative signal peaks for G

W
151226, G

W
170104, G

W
170608, G

W
170814, G

W
170817

•
p-values ~ 0.2%

-0.8%

•
consistent w

/ G
U

T
 or  “Inflation” scales

R
andy C

onklin, Bob H
oldom

 &
 Jing R

en 2018

(red and blue curves are for data after and before m
erger)

O
shita & NA 2019



event

time

r*

tm
erger

techo

Δ
techo

E
choesfrom

 LIG
O

/Virgo (90%
 CL) 



Binary Neutron Star m
erger

•
Echoes within 1 sec after G

W
170817 m

erger @
 f= 72 Hz 

•
p-value =1.6x10

-5, 4.2σ tentative detection, high-spin BH rem
nant
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Echoes are louder for m
ore 

extrem
e m

ass ratios @
2.5σ

p-values from
 Salem

i, et al. 2019

louder echoes

more extreme mass ratio



Echoes visible for m
ore 

extrem
e m

ass ratio m
ergers?

louder echoes

more extreme mass ratio

N
A & Abedi 2020
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