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Do we have event horizon?

• Test GR: Event horizon is one of predictions of GR. 
• What about quantum nature of black hole horizon?



Stimulated Hawking Radiation: 
Black holes as a lab for new physics

One may consider echoes as stimulated emission of Hawking 
radiation, caused by the GWs that excite the quantum BH 
microstructure
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Hawking radiation flux is small as it originates 
from Planckian vacuum fluctuations  𝐺!" = 𝑇!"



Spontaneous emission for black hole occurs at times ~𝑀!

Stimulated Hawking radiation is faster than spontaneous emission by the number 
of photons/gravitons. If frequency is 1/M and energy is M, number of particles is 
~𝑀!. So time scale emission is ⁄𝑀" 𝑀! = 𝑀

Stimulated Hawking Radiation: 



Quantum mechanics imply that we have minimum Planck length, which 
is about 10-35 meters.

So the time for the waves reaching the minimum distance 
of return (Planckian horizon) is not infinite.

Therefore a time to reach the stationary state drops to ~1 sec after 
the merger for ~300𝑀⨀ (redshifted mass) black hole

We might have stimulated Hawking radiation after ~1 sec from merger time for GW190521
Or we have stimulated Hawking radiation after ~1 hour from merger time of ~10#𝑀⨀



echoes

Stimulated Hawking Radiation
Gravitational Wave



Einstein-Maxwell-Dilaton gravity
with the dimension-less dilaton
coupling constant α

Event horizon

Curvature 
singularity 
(firewall)



Effective potentials (barrier on right) due to angular
momentum (firewall) and electric potential (barrier on the left)
with α = 2 and different values of charge. Here as we approach
the extremal limit, the peak of the barrier grows and
approaches the event horizon. At the extremal limit it touches
the event horizon.

Greybody factors for qQ > 0 at the near extremal
limit (see the Appendix for details). As seen in this
plot this BH replicates the ECO/firewall. These
resonances at low frequency are due to repeating
reflections or echoes from two barriers





Credit: Salemi et al, 2019
Abedi et al (Oct 2017)

GW151012



Credit: Salemi et al, 2019

GW151226

Abedi et al (Oct 2017)



Abedi et al (Dec 2021)

Co-localization of GW151012 

All searches for GW151012 prefer the 
hypothesis of sky co-localization of 
echoes and main event, at Bayes 
factors of 1.6-5.4. 

Luis F. Longo 



Echoes from GW170817:

𝑝 − 𝑣𝑎𝑙𝑢𝑒 = 1.6×10!"

Abedi & Afshordi 2018 arXiv:1803.10454

2019 Buchalter Cosmology First Prize,
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Confirmation



Abedi et al. 2020



LIGO/Virgo and KAGRA:



Boltzmann reflectivity

Near the horizon it is natural to expect having 
quantum mechanical reflection given by Boltzmann 
factor

Boltzmann Echoes (Oshita, et al., 2020) 

$𝜔 = 𝜔 −𝑚Ω) Near horizon frequency 𝜔 Frequency at infinity

Successive echoes imply that the waveform changes to: 

𝒉𝑮𝑹 𝝎 𝒆𝒙𝒑 −
𝝎−𝒎𝜴𝑯
𝟐𝑻𝑯

m=2 for quadrupolar gravitational radiation).
𝑇! is Hawking temperature. 
𝑴 𝝎 is ringdown mode.Hawking Radiation



Boltzmann GW echoes template for GW150914 like signal with amplitude A = 1 

Boltzmann echoes



Boltzmann echoes



Bayes factor = 7.5
Preference for echoes

GW190521 arXiv:2201.00047

https://arxiv.org/abs/2201.00047


PyCBC vs cWBGW190521



Histograms to quantify PyCBC false 
positive (GR injections) and true positive 
(GR+echo injections).
Comparing to the GW190521 echo, we
obtain their values as 1.46%, and 34.5% 
respectively.

GW190521



arXiv:2301.00025

https://arxiv.org/abs/2301.00025


Combining 65 LVK events

We assume echo model is the same 
for all the events

In particular we assume all the 
events have same echo amplitude A 
compared to their main event signal
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Combining 65 LVK events

Boltzmann Echoes (Oshita, et al., 2020) 

Successive echoes imply that the waveform changes to: 

We fix the amplitude A for all events and combine the bayes factors

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐵𝑎𝑦𝑒𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 = 3
"#$%$&'(

𝐵"(𝐴)

We vary the amplitude A within 0-2 and plot overall Bayes factor in 
terms of A 



Combining 65 LVK events

Upper limit on all events echo amplitude
Amplitudes>0.42 (at 90% confidence level).
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Combining 65 LVK events

Upper limit on all events echo amplitude
Amplitudes>0.42 (at 90% confidence level).
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Combined events give an overall value of ≃ 0.4 
for bayes factor for echoes waveform





Histogram of log10 bayes factors of 65 
events.. Vertical regions identify Jeffreys 
scale for interpretation of bayes factor. 



What it has to do with LISA?

http://gwplotter.com Moore et. al.

10) − 10* times more massive

Kaiser et. al. DOI 10.1088/1361-6382/abd4f6

http://gwplotter.com/


Upper bound on echo amplitude = 0.42

Combining 65 LVK events

Smaller amplitudes can be 
probed via LISA

Maggio et. al.  2019 arXiv:1907.03091

https://arxiv.org/abs/1907.03091


• Conclusion 
• We found upper limit for amplitude of echoes with combining 65 

events.
• GW190521 which is the most massive event observed to date has 

shown evidence for echo signal.
• Next generation detectors such as LISA using this search can give a 

better constraint on amplitude of echoes from massive binary black 
holes and extreme mass ratio inspirals.



Thank you


