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Event Horizons in Relativity

• Global structure of some spacetimes lead to event 
horizons 

• In classical GR, local observers experience “no 
drama” at horizon



Black Hole Thermodynamics
• Black Holes have temperature:  

• Black Holes have entropy: 

• 1st & 2nd laws of thermodynamics:

Bardeen, Carter, Hawking (1973), Bekenstein (1973), Hawking (1975), Unruh (1976) 
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Which states does this entropy count?!



What is wrong with horizons?
• Information paradox: unitary black hole 

evaporation, not consistent with local 
physics+smooth horizon (Hawking … AMPS 2013)  

• Quantum Tunnelling: exp(-SE)x exp(entropy) ~ 1 
➞ collapsing stars tunnel to a generic Quantum 
Gravity state at O(1) probability (Mathur 2008)

• Dark Energy: Aether in equilibrium with stellar 
BH’s ➞ scale of dark energy (Presocd-Weinstein, NA, 
Balogh 2009) 



Firewall Paradox
The following assumptions are inconsistent 

1. Unitarity of quantum mechanics 

2. Equivalence principle, or “no drama” 

3. Quantum field theory beyond a Planck length away 
from the horizon 

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

 Almheiri, Marolf, Polchinski & Sully 2012 (AMPS)
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What else could it be?
• Fuzzballs (a la Mathur): classical horizon-less 

spacetimes, account for BH entropy

• Aether Holes (NA, Prescod-Weinstein, Balogh, Mann, 
Saravani): membrane with Z2 symmetry, account 
of BH entropy, explain dark energy  

• Gravastar, 2-2 hole, Planck star, …
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The Future is NOW!

LIGO collaboration, 2016



What should we see?
• Particles with E ≳ kTH  can black hole  

microstates, and so may be absorbed 

• Particles with E ≲ kTH  will be reflected 

• Ringdown of black holes 𝒽⍵ ~ kTH

Advanced LIGO 
GW150914

kTH/𝒽







Echoes from the Abyss!
• Late echoes from Planckian 

structure near horizon

Cardoso, et al. 16
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Echology 101
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power law decay

superradiance



Simulating Echoes?
• Compact 3d field 

configurations (typically) 
unstable to forming BH’s 

• Quantum tunnelling 
prevents this in fuzzballs 

• 2d membrane dynamics, 
with covariant boundary 
condition, on extrinsic 
curvature?
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Head-on collision of oscillatons  
(Helfer, Lim, Garcia & Amin 2018)
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Data Analysis 101
• Signal-to-Noise ratio 

• Maximized when model fits the data 
best
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How to find the echoes?

• BH mass+spin predict the 
time-delay for Planck-scale 
echoes 

• Toy model for echo template

Echo Template

Abedi, Dykaar & NA 2017
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Independent confirmation by 
AEI group (in spite of their title 😕)

see talk by Julian Westerweck (AEI) at http://pirsa.org/17110073/

http://pirsa.org/17110073/


Another independent search for echoes
• Search strategies: using window functions to find the preferred time delay of 

echoes from the correlation of two LIGO detectors

GW170104 frequency 
window method

GW151226 time window 
method

0.0787s 0.201s

�t [sec]

• Results: finding tentative signal peaks for GW151226, GW170104, GW170608, GW170814, 
GW170817 among the five confirmed BBH events, the best fit time delay

• arXiv: 1712.06517: p-values ~ 0.2%-0.8%

Randy Conklin, Bob Holdom, Jing Ren

(See Jing Ren’s talk at http://pirsa.org/17110087/)

�t/M ⇠ 550-850

(red and blue curves are for data after and before merger)



http://pirsa.org/C17055



GW170817: Echoes from 
Binary Neutron Star mergers?!
• No post-merger signal seen (or 

expected) in LIGO/Virgo 

• Echoes could provide unique 
window into formation/properties 
of remnant black hole 

• Very different frequency range!
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A model-agnostic search for 
unresolved echoes

• Optimal search strategy for a periodically 
repeating delta-function: 

★Wiener filter (time shifted) Hanford and 
Livingston data 

★ Cross-correlate the two signals and look for 
peaks 



Echoes 0.5 sec after GW170817
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secondary infall?
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Time series of X(t, fpeak)
at fpeak = 72 Hz, and fpeak = 73 Hz
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Anyone who has looked for 
echoes has found them!™*

* to my knowledge!
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Is this really surprising?!
• Binary Neutron Star merger simulations

➡ Black Hole with spin 0.84-0.87

• Black Hole Entropy = 

➡ Planck-scale horizon structure

• Confirm most conservative possible outcome for 
GW170817 (if you believe in Quantum Mechanics) 
😉
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Conclusions
• Strong motivations for alternatives to BH horizons: Information 

paradox, Tunnelling, Dark Energy

• Tentative evidence (2-4σ) for echoes from Planck-scale structures 
near BH horizons: False detection probability < 10-5

• Confirm Aether Holes, Fuzzballs, Firewalls (but which one?)

• A new window for probing BH’s (e.g. in binary NS mergers) 

• What’s next? 
A. Independent confirmations 
B. More events
C. More physical echo templates

Stay Tuned!



Open questions

• Dark Energy w/multiple BH’s? Tests? 

• Physical covariant boundary conditions? 

• Resonance of inspiral and echo frequencies? 

• Optimal Model-Agnostic search?



Bonus Slides
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Fuzzball Phenomenology 
• Radio or Infrared signals? (Broderick, et al.)  

• Pulsar timing near Sgr A*? (Broderick & Pen) 

• Ultra high energy neutrinos? (Yazdi & NA 15) 



Aether Holes: Entropy
• Assume space-time ends near horizon 

• Israel Junction condition+ mirror symmetry: 

➡ membrane has vanishing surface density 

➡ integrated (surface) pressure:  = BH Temperature/4 

➡ Entropy per unit area = 1/4   …voila!!

Saravani, NA, Mann 2012



Aether Holes: metric
• We can solve for the black hole spacetime with an 

incompressible aether 

• p0 is the aether pressure at infinity 

• f(r): analytic function of r diverging at r≈2m & r→∞ 

• ➥UV-IR coupling thru aether pressure, p0 

• ➥Finite redshift at r=2m 

• ➥ No Horizon (similar to Fuzzball models)
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... and dark energy!
• Assume: 

• then we get 

• Pressure has the same sign and magnitude 
as Dark Energy for stellar mass black holes! 

• ➥Conjecture: Formation of stellar black 
holes causes cosmic acceleration 

• ➥Conjecture: Evolution of Astrophysical 
black holes leads to dynamical Dark Energy  

p0 = � 1
256�2m3

�
�

m

74 M�

��3

pDE,obs!!

Prescod-Weinstein, NA, Balogh 2009
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come up with a consistent dark energy model with 
many black holes … and have failed!
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Confession 😕😖😱

• Some of my brightest students and I have tried to 
come up with a consistent dark energy model with 
many black holes … and have failed!

• Maybe one doesn’t exist 😞 

• Or, maybe it’s because we haven’t yet asked you 
🤩



… and voila!

Best fit SNR2: echoes are 
predicted to be at x=1±0.01 

False detection probability 
for the echoes



Further tests



best fit echoes

(non-linear effects)



Echoes are long-lived!



Echoes are long-lived!

super radiance instability?



Echo sanity 
checks II
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