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gravitational waves can teach us about
astrophysics
cosmology

nuclear matter
gravity

… 
how about particle physics?
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motivation
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if an ultralight boson exists,!
it will spontaneously form clouds !

around spinning black holes 

these clouds will emit potentially 
detectable gravitational waves, 

evidence for a new particle
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DISCLAIMER:  

I’M NOT A THEORIST!



Max Isi (LIGO Caltech)

if an ultralight boson exists,!
it will spontaneously form clouds !

around spinning black holes 

these clouds will emit potentially 
detectable gravitational waves, 

evidence for a new particle

!3

main message



Max Isi (LIGO Caltech)

if an ultralight boson exists,!
it will spontaneously form clouds !

around spinning black holes 

these clouds will emit potentially 
detectable gravitational waves, 

evidence for a new particle

!3

main message

ultralight boson
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ultralight bosons

a new integer-spin particle with very small mass

simple, well-motivated extension of the standard model

should interact very weakly if at all,!
other than gravitationally, hence hard to detect

depending on speciÞc mass and other couplings,!
could be a viable dark matter candidate 

10! 20 . µ/eV . 10! 9
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the QCD axion

µa ⇠ 6⇥ 10�13 eV
1019 GeV

fa
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where fa is the Peccei-Quinn symmetry breaking scale

other model-dependent couplings, !
e.g. to electromagnetism

scalar postulated to solve the strong-CP problem:!
why doesnÕt the strong force break CP symmetry?

L a!! !
g!

f a
a !E á!B
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note for a generic scalar ! , fa appears in Lagrangian nonlinearities like
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ultralight bosons
existence of myriad axion-like particles is a natural 
consequence of extra dimensions in string theory

QCD axion would be one component of this axiverse
should expect many of them to be much lighter

10! 33 < µ/eV < 10! 10
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mass could populate every decade in this range

string theory predicts many
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how to look for ultralight, 
weakly-interacting bosons?
(without assuming much about speciÞc properties)
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spinning black holes
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superradiance

waves may be scattered!
from a black-hole with an 

increased amplitude

more generally, any wave enhancement !
due to a dissipative process

see review by Brito et al. [arXiv:1501.06570]
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superradiance

v0

vf

is a purely kinematic effect

!
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v0/R < ! =) v0 < vf
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R



Max Isi (LIGO Caltech) !11

superradiance

A0

Af

is a purely kinematic effect

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit>

R

!0/m < ⌦ =) A0 < Af
<latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="TC1Gr9s/VPcpIjJvadWaFsO4PFw="></latexit><latexit sha1_base64="TC1Gr9s/VPcpIjJvadWaFsO4PFw="></latexit>

wave frequency, " ; azimuthal quantum number, m



Max Isi (LIGO Caltech) !12

superradiance condition

wave is ampliÞed if

wave frequency, " ; azimuthal quantum number, m

! /m < ⌦
<latexit sha1_base64="1HzByHibYIrSw23FrXKZ7VdE/a0=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaR6AU1UeU4bmthx5HtVCpRX4CnYIWJDbHyFgy8C06aAVqOZOnz/58j+/xBzKjSjvNllRYWl5ZXyquVtfWNzS17e6elRCIxaWLBhOwESBFGI9LUVDPSiSVBPGCkHTxcZX57RKSiIrrT45j4HA0i2qcYaSP17D3oCU4GCJ5ADi+hd5NdenbVqTl5wXlwC6iCoho9+9sLBU44iTRmSKmu68TaT5HUFDMyqXiJIjHCD2hAugYjxIk6Dkc0Vjn6ab7IBB4aM4R9Ic2JNMzV38Mp4kqNeWA6OdJDNetl4n9eN9H9Cz+lUZxoEuHpQ/2EQS1glgoMqSRYs7EBhCU134Z4iCTC2mRXMXm4s9vPQ+u05jo19/asWr8vkimDfXAAjoALzkEdXIMGaAIMHsEzeAGv1pP1Zr1bH9PWklXM7II/ZX3+AAJsmFQ=</latexit><latexit sha1_base64="1HzByHibYIrSw23FrXKZ7VdE/a0=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaR6AU1UeU4bmthx5HtVCpRX4CnYIWJDbHyFgy8C06aAVqOZOnz/58j+/xBzKjSjvNllRYWl5ZXyquVtfWNzS17e6elRCIxaWLBhOwESBFGI9LUVDPSiSVBPGCkHTxcZX57RKSiIrrT45j4HA0i2qcYaSP17D3oCU4GCJ5ADi+hd5NdenbVqTl5wXlwC6iCoho9+9sLBU44iTRmSKmu68TaT5HUFDMyqXiJIjHCD2hAugYjxIk6Dkc0Vjn6ab7IBB4aM4R9Ic2JNMzV38Mp4kqNeWA6OdJDNetl4n9eN9H9Cz+lUZxoEuHpQ/2EQS1glgoMqSRYs7EBhCU134Z4iCTC2mRXMXm4s9vPQ+u05jo19/asWr8vkimDfXAAjoALzkEdXIMGaAIMHsEzeAGv1pP1Zr1bH9PWklXM7II/ZX3+AAJsmFQ=</latexit><latexit sha1_base64="1HzByHibYIrSw23FrXKZ7VdE/a0=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaR6AU1UeU4bmthx5HtVCpRX4CnYIWJDbHyFgy8C06aAVqOZOnz/58j+/xBzKjSjvNllRYWl5ZXyquVtfWNzS17e6elRCIxaWLBhOwESBFGI9LUVDPSiSVBPGCkHTxcZX57RKSiIrrT45j4HA0i2qcYaSP17D3oCU4GCJ5ADi+hd5NdenbVqTl5wXlwC6iCoho9+9sLBU44iTRmSKmu68TaT5HUFDMyqXiJIjHCD2hAugYjxIk6Dkc0Vjn6ab7IBB4aM4R9Ic2JNMzV38Mp4kqNeWA6OdJDNetl4n9eN9H9Cz+lUZxoEuHpQ/2EQS1glgoMqSRYs7EBhCU134Z4iCTC2mRXMXm4s9vPQ+u05jo19/asWr8vkimDfXAAjoALzkEdXIMGaAIMHsEzeAGv1pP1Zr1bH9PWklXM7II/ZX3+AAJsmFQ=</latexit><latexit sha1_base64="1HzByHibYIrSw23FrXKZ7VdE/a0=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaR6AU1UeU4bmthx5HtVCpRX4CnYIWJDbHyFgy8C06aAVqOZOnz/58j+/xBzKjSjvNllRYWl5ZXyquVtfWNzS17e6elRCIxaWLBhOwESBFGI9LUVDPSiSVBPGCkHTxcZX57RKSiIrrT45j4HA0i2qcYaSP17D3oCU4GCJ5ADi+hd5NdenbVqTl5wXlwC6iCoho9+9sLBU44iTRmSKmu68TaT5HUFDMyqXiJIjHCD2hAugYjxIk6Dkc0Vjn6ab7IBB4aM4R9Ic2JNMzV38Mp4kqNeWA6OdJDNetl4n9eN9H9Cz+lUZxoEuHpQ/2EQS1glgoMqSRYs7EBhCU134Z4iCTC2mRXMXm4s9vPQ+u05jo19/asWr8vkimDfXAAjoALzkEdXIMGaAIMHsEzeAGv1pP1Zr1bH9PWklXM7II/ZX3+AAJsmFQ=</latexit><latexit sha1_base64="D7buWOOxibN1XxtcqEXtasMwlxo=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484K9iJNKJPJtB06Mwkzk0INfQGfwq2u3Ilb38KF72KSBvH2w8A35z+HM/N7IaNKW9a7UVhYXFpeKa6W1tY3NrfM7Z22CiKJSQsHLJBdDynCqCAtTTUj3VASxD1GOt74IvU7EyIVDcSNnobE5Wgo6IBipJNS39yDTsDJEMETyOE5dK7SS98sWxUrE/wLdg5lkKvZNz8cP8ARJ0JjhpTq2Vao3RhJTTEjs5ITKRIiPEZD0ktQIE7UsT+hocrQjbOPzOBhYvpwEMjkCA2z6vfhGHGlptxLOjnSI/XbS4v/eb1ID87cmIow0kTg+aJBxKAOYJoK9KkkWLNpAghLmjwb4hGSCOsku1KWRz0TnEOtmkPd/sqjfVqxrYp9XS03bvNkimAfHIAjYIMaaIBL0AQtgMEdeACP4Mm4N56NF+N13low8pld8EPG2ydAYpjk</latexit><latexit sha1_base64="D7buWOOxibN1XxtcqEXtasMwlxo=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484K9iJNKJPJtB06Mwkzk0INfQGfwq2u3Ilb38KF72KSBvH2w8A35z+HM/N7IaNKW9a7UVhYXFpeKa6W1tY3NrfM7Z22CiKJSQsHLJBdDynCqCAtTTUj3VASxD1GOt74IvU7EyIVDcSNnobE5Wgo6IBipJNS39yDTsDJEMETyOE5dK7SS98sWxUrE/wLdg5lkKvZNz8cP8ARJ0JjhpTq2Vao3RhJTTEjs5ITKRIiPEZD0ktQIE7UsT+hocrQjbOPzOBhYvpwEMjkCA2z6vfhGHGlptxLOjnSI/XbS4v/eb1ID87cmIow0kTg+aJBxKAOYJoK9KkkWLNpAghLmjwb4hGSCOsku1KWRz0TnEOtmkPd/sqjfVqxrYp9XS03bvNkimAfHIAjYIMaaIBL0AQtgMEdeACP4Mm4N56NF+N13low8pld8EPG2ydAYpjk</latexit>

generic kinematic effect, but hard to observe:!
need highly spinning central object, with lots of symmetry,!

and size comparable to incoming wavelength



Max Isi (LIGO Caltech) !13

superradiance

A0

Af

rotating black-hole

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

H

wave extracts energy from the ergoregion 
(like Penrose process)

!0/m < ⌦ =) A0 < Af
<latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="3c0vzFtmhvE1FvnoWUPbDlCrBMA=">AAACHnicbVDLSgMxFM3UV62vUZdugkUQkTojgi66qLpxZwX7gM5QMumdNjSZGZJMoZT+g5/gV7jVlTtxqwv/xXTahVYPJJyccy839wQJZ0o7zqeVW1hcWl7JrxbW1jc2t+ztnbqKU0mhRmMey2ZAFHAWQU0zzaGZSCAi4NAI+tcTvzEAqVgc3ethAr4g3YiFjBJtpLZ9hL1YQJe0HXyCBS5j73byxB4TZjwofGmcsrlD3LaLTsnJgP8Sd0aKaIZq2/7yOjFNBUSacqJUy3US7Y+I1IxyGBe8VEFCaJ90oWVoRASo486AJSqj/ihbb4wPjNnBYSzNiTTO1J/NIyKUGorAVAqie2rem4j/ea1Uhxf+iEVJqiGi00FhyrGO8SQr3GESqOZDQwiVzHwb0x6RhGqTaMHk4c5v/5fUT0uuU3LvzoqVq1kyebSH9tEhctE5qqAbVEU1RNEDekLP6MV6tF6tN+t9WpqzZj276Besj287yJ+p</latexit><latexit sha1_base64="TC1Gr9s/VPcpIjJvadWaFsO4PFw="></latexit><latexit sha1_base64="TC1Gr9s/VPcpIjJvadWaFsO4PFw="></latexit>

wave frequency, " ; azimuthal quantum number, m

direct consequence of !
2nd law of !

BH thermodynamics



Max Isi (LIGO Caltech) !14

black-hole bomb

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

(Teukolsky & Press 1972)



Max Isi (LIGO Caltech) !14

black-hole bomb

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

(Teukolsky & Press 1972)

mirror



Max Isi (LIGO Caltech) !14

black-hole bomb

!
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(Teukolsky & Press 1972)
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Max Isi (LIGO Caltech) !14

black-hole bomb
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<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

(Teukolsky & Press 1972)
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Max Isi (LIGO Caltech) !14

black-hole bomb
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<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

(Teukolsky & Press 1972)
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Max Isi (LIGO Caltech) !14

black-hole bomb
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<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

(Teukolsky & Press 1972)
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Max Isi (LIGO Caltech) !15

boson superradiance
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# Fg

Fg

boson field
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boson superradiance

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

boson field
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boson superradiance

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

boson field
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boson superradiance

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

boson field

mass acts as a “mirror”!



Max Isi (LIGO Caltech) !18

conÞnement condition

maximum ampliÞcation for

! C ! 2" R
<latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="Fgj/z/Jw8NcKqFO1b2jxAbCyx7M=">AAACCnicbZBNS8MwHMbT+TbnW1Xw4iU4BA8y2jGYuw128TjFvchaSppmW1jahiQdjLpv4Kfwqidv4tUv4cHvYtYV8e2BwI/n+f9J8vicUaks690orKyurW8UN0tb2zu7e+b+QVfGicCkg2MWi76PJGE0Ih1FFSN9LggKfUZ6/qS1yHtTIiSNoxs148QN0SiiQ4qR0pZnHjlMDwfIa0FH0hBWocMpvPbMslWxMsG/YOdQBrnanvnhBDFOQhIpzJCUA9viyk2RUBQzMi85iSQc4QkakYHGCIVEngdTymWGbpp9ZQ5PdRjAYSz0iRTM3O/LKQqlnIW+ngyRGsvf2cL8LxskanjhpjTiiSIRXl40TBhUMVz0AgMqCFZspgFhQfWzIR4jgbDS7ZWyPhqZ4BLqtRwa9lcf3WrFtir2Va3cvM2bKYJjcALOgA3qoAkuQRt0AAZ34AE8gifj3ng2XozX5WjByHcOwQ8Zb59cTJoT</latexit><latexit sha1_base64="Fgj/z/Jw8NcKqFO1b2jxAbCyx7M=">AAACCnicbZBNS8MwHMbT+TbnW1Xw4iU4BA8y2jGYuw128TjFvchaSppmW1jahiQdjLpv4Kfwqidv4tUv4cHvYtYV8e2BwI/n+f9J8vicUaks690orKyurW8UN0tb2zu7e+b+QVfGicCkg2MWi76PJGE0Ih1FFSN9LggKfUZ6/qS1yHtTIiSNoxs148QN0SiiQ4qR0pZnHjlMDwfIa0FH0hBWocMpvPbMslWxMsG/YOdQBrnanvnhBDFOQhIpzJCUA9viyk2RUBQzMi85iSQc4QkakYHGCIVEngdTymWGbpp9ZQ5PdRjAYSz0iRTM3O/LKQqlnIW+ngyRGsvf2cL8LxskanjhpjTiiSIRXl40TBhUMVz0AgMqCFZspgFhQfWzIR4jgbDS7ZWyPhqZ4BLqtRwa9lcf3WrFtir2Va3cvM2bKYJjcALOgA3qoAkuQRt0AAZ34AE8gifj3ng2XozX5WjByHcOwQ8Zb59cTJoT</latexit>

boson Compton wavelength, $C=h/ #c;  black-hole radius, R

for astrophysical black holes, this gives

µ ⇠ 10! 9 � 10! 20 eV
<latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="o0mDzFAsIZOJ2N+w0Y7XjgoRpJc="></latexit><latexit sha1_base64="o0mDzFAsIZOJ2N+w0Y7XjgoRpJc="></latexit>

for the QCD axion, this also means fa~GUT scale



Max Isi (LIGO Caltech) !18

conÞnement condition

maximum ampliÞcation for

! C ! 2" R
<latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="dwd67TuMQegM08wWqF3YLMjr+v8=">AAACCnicbVDLSgMxFM34rPU1KrhxEyyCCykzRdBloRuXVexDOsOQyWTa0EwmJJlCqf0Dv8KtrtyJW3/Chf9iOp2Fth4IHM45l5t7QsGo0o7zZa2srq1vbJa2yts7u3v79sFhW6WZxKSFU5bKbogUYZSTlqaaka6QBCUhI51w2Jj5nRGRiqb8Xo8F8RPU5zSmGGkjBfaxx0w4QkEDeoomsAY9QeFdYFecqpMDLhO3IBVQoBnY316U4iwhXGOGlOq5jtD+BElNMSPTspcpIhAeoj7pGcpRQtRFNKJC5dSf5KdM4ZkxIxin0jyuYa7+Hp6gRKlxEppkgvRALXoz8T+vl+n42p9QLjJNOJ4vijMGdQpnvcCISoI1GxuCsKTm2xAPkERYm/bKpg938fpl0q5VXafq3l5W6g9FMyVwAk7BOXDBFaiDG9AELYDBI3gGL+DVerLerHfrYx5dsYqZI/AH1ucPHlaZgw==</latexit><latexit sha1_base64="Fgj/z/Jw8NcKqFO1b2jxAbCyx7M=">AAACCnicbZBNS8MwHMbT+TbnW1Xw4iU4BA8y2jGYuw128TjFvchaSppmW1jahiQdjLpv4Kfwqidv4tUv4cHvYtYV8e2BwI/n+f9J8vicUaks690orKyurW8UN0tb2zu7e+b+QVfGicCkg2MWi76PJGE0Ih1FFSN9LggKfUZ6/qS1yHtTIiSNoxs148QN0SiiQ4qR0pZnHjlMDwfIa0FH0hBWocMpvPbMslWxMsG/YOdQBrnanvnhBDFOQhIpzJCUA9viyk2RUBQzMi85iSQc4QkakYHGCIVEngdTymWGbpp9ZQ5PdRjAYSz0iRTM3O/LKQqlnIW+ngyRGsvf2cL8LxskanjhpjTiiSIRXl40TBhUMVz0AgMqCFZspgFhQfWzIR4jgbDS7ZWyPhqZ4BLqtRwa9lcf3WrFtir2Va3cvM2bKYJjcALOgA3qoAkuQRt0AAZ34AE8gifj3ng2XozX5WjByHcOwQ8Zb59cTJoT</latexit><latexit sha1_base64="Fgj/z/Jw8NcKqFO1b2jxAbCyx7M=">AAACCnicbZBNS8MwHMbT+TbnW1Xw4iU4BA8y2jGYuw128TjFvchaSppmW1jahiQdjLpv4Kfwqidv4tUv4cHvYtYV8e2BwI/n+f9J8vicUaks690orKyurW8UN0tb2zu7e+b+QVfGicCkg2MWi76PJGE0Ih1FFSN9LggKfUZ6/qS1yHtTIiSNoxs148QN0SiiQ4qR0pZnHjlMDwfIa0FH0hBWocMpvPbMslWxMsG/YOdQBrnanvnhBDFOQhIpzJCUA9viyk2RUBQzMi85iSQc4QkakYHGCIVEngdTymWGbpp9ZQ5PdRjAYSz0iRTM3O/LKQqlnIW+ngyRGsvf2cL8LxskanjhpjTiiSIRXl40TBhUMVz0AgMqCFZspgFhQfWzIR4jgbDS7ZWyPhqZ4BLqtRwa9lcf3WrFtir2Va3cvM2bKYJjcALOgA3qoAkuQRt0AAZ34AE8gifj3ng2XozX5WjByHcOwQ8Zb59cTJoT</latexit>

boson Compton wavelength, $C=h/ #c;  black-hole radius, R

for astrophysical black holes, this gives

µ ⇠ 10! 9 � 10! 20 eV
<latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="OeRB/OuI2wM99YtYGxUBOqSXnxc=">AAACGXicbZC7TsMwFIadcivlFmBksagqMdAqqZCArYKFsUj0IjWhchy3tWonke1UqqLwAjwCT8EKExtiZWLgXXDTDNDyS5Y+nf8cHZ/fixiVyrK+jMLK6tr6RnGztLW9s7tn7h+0ZRgLTFo4ZKHoekgSRgPSUlQx0o0EQdxjpOONr2d+Z0KEpGFwp6YRcTkaBnRAMVK61DcrDo+hIymHtnWfVC9TWJ1T3UofYOIIDkk77Ztlq2Zlgstg51AGuZp989vxQxxzEijMkJQ924qUmyChKGYkLTmxJBHCYzQkPY0B4kSe+hMayQzdJLsshRVt+nAQCv0CBbPq7+EEcSmn3NOdHKmRXPRmxf+8XqwGF25CgyhWJMDzRYOYQRXCWUzQp4JgxaYaEBZUfxviERIIKx1mSedhL16/DO16zbZq9u1ZuXGVJ1MER+AYnAAbnIMGuAFN0AIYPIJn8AJejSfjzXg3PuatBSOfOQR/ZHz+AJgOnmQ=</latexit><latexit sha1_base64="o0mDzFAsIZOJ2N+w0Y7XjgoRpJc="></latexit><latexit sha1_base64="o0mDzFAsIZOJ2N+w0Y7XjgoRpJc="></latexit>

for the QCD axion, this also means fa~GUT scale

theoretically
interesting!



Max Isi (LIGO Caltech) !19

an atom in the sky
solve Schršdinger equation on Kerr background:

hydrogenic energy levels!

with a Fine-structure constant given by

↵ =
GMµ
~c

=
1

2

Rs

�̄C
<latexit sha1_base64="f0y0zgBO67ztbM4BIIazjn8Qg2M="></latexit><latexit sha1_base64="f0y0zgBO67ztbM4BIIazjn8Qg2M="></latexit><latexit sha1_base64="f0y0zgBO67ztbM4BIIazjn8Qg2M="></latexit><latexit sha1_base64="f0y0zgBO67ztbM4BIIazjn8Qg2M="></latexit><latexit sha1_base64="XJfZuK8Ea8a2lg91+1XuVeUiXI8="></latexit><latexit sha1_base64="XJfZuK8Ea8a2lg91+1XuVeUiXI8="></latexit>

Schwarzshild !
radius

~! ' µc2
✓
1� ↵2

2n2

◆

<latexit sha1_base64="cenUV7R2lrUOnpbhpwH9KNY7VN4="></latexit><latexit sha1_base64="cenUV7R2lrUOnpbhpwH9KNY7VN4="></latexit><latexit sha1_base64="cenUV7R2lrUOnpbhpwH9KNY7VN4="></latexit><latexit sha1_base64="cenUV7R2lrUOnpbhpwH9KNY7VN4="></latexit><latexit sha1_base64="4izqMzhdJ9TDaXZnYJjenF72ezc="></latexit><latexit sha1_base64="4izqMzhdJ9TDaXZnYJjenF72ezc="></latexit>

rc ⇠ n2

↵2

GM

c2
<latexit sha1_base64="MoV7PhoyC3W6cb+N7qpo+24g2LU=">AAACIXicbZBNS8MwGMfT+TbnW9Wjl+AQPOhoh6DHoQe9CBPcC6y1pFm6haVpSdLBKP0UfgQ/hVc9eRNvIn4Xs64H3Xwg8Mv//zwkz9+PGZXKsj6N0tLyyupaeb2ysbm1vWPu7rVllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+upn5nTISkEb9Xk5i4IRpwGlCMlJY881R4GDqShtAJBMIpf6hnqYNYPESaCvEa3mYp1nfPrFo1Ky+4CHYBVVBU0zO/nX6Ek5BwhRmSsmdbsXJTJBTFjGQVJ5EkRniEBqSnkaOQyJP+mMYyRzfNN8zgkTb7MIiEPlzBXP09nKJQykno684QqaGc96bif14vUcGFm1IeJ4pwPHsoSBhUEZzGBftUEKzYRAPCgupvQzxEOhSlQ63oPOz57RehXa/ZVs2+O6s2LotkyuAAHIJjYINz0AA3oAlaAINH8AxewKvxZLwZ78bHrLVkFDP74E8ZXz8xSKO1</latexit><latexit sha1_base64="MoV7PhoyC3W6cb+N7qpo+24g2LU=">AAACIXicbZBNS8MwGMfT+TbnW9Wjl+AQPOhoh6DHoQe9CBPcC6y1pFm6haVpSdLBKP0UfgQ/hVc9eRNvIn4Xs64H3Xwg8Mv//zwkz9+PGZXKsj6N0tLyyupaeb2ysbm1vWPu7rVllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+upn5nTISkEb9Xk5i4IRpwGlCMlJY881R4GDqShtAJBMIpf6hnqYNYPESaCvEa3mYp1nfPrFo1Ky+4CHYBVVBU0zO/nX6Ek5BwhRmSsmdbsXJTJBTFjGQVJ5EkRniEBqSnkaOQyJP+mMYyRzfNN8zgkTb7MIiEPlzBXP09nKJQykno684QqaGc96bif14vUcGFm1IeJ4pwPHsoSBhUEZzGBftUEKzYRAPCgupvQzxEOhSlQ63oPOz57RehXa/ZVs2+O6s2LotkyuAAHIJjYINz0AA3oAlaAINH8AxewKvxZLwZ78bHrLVkFDP74E8ZXz8xSKO1</latexit><latexit sha1_base64="MoV7PhoyC3W6cb+N7qpo+24g2LU=">AAACIXicbZBNS8MwGMfT+TbnW9Wjl+AQPOhoh6DHoQe9CBPcC6y1pFm6haVpSdLBKP0UfgQ/hVc9eRNvIn4Xs64H3Xwg8Mv//zwkz9+PGZXKsj6N0tLyyupaeb2ysbm1vWPu7rVllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+upn5nTISkEb9Xk5i4IRpwGlCMlJY881R4GDqShtAJBMIpf6hnqYNYPESaCvEa3mYp1nfPrFo1Ky+4CHYBVVBU0zO/nX6Ek5BwhRmSsmdbsXJTJBTFjGQVJ5EkRniEBqSnkaOQyJP+mMYyRzfNN8zgkTb7MIiEPlzBXP09nKJQykno684QqaGc96bif14vUcGFm1IeJ4pwPHsoSBhUEZzGBftUEKzYRAPCgupvQzxEOhSlQ63oPOz57RehXa/ZVs2+O6s2LotkyuAAHIJjYINz0AA3oAlaAINH8AxewKvxZLwZ78bHrLVkFDP74E8ZXz8xSKO1</latexit><latexit sha1_base64="MoV7PhoyC3W6cb+N7qpo+24g2LU=">AAACIXicbZBNS8MwGMfT+TbnW9Wjl+AQPOhoh6DHoQe9CBPcC6y1pFm6haVpSdLBKP0UfgQ/hVc9eRNvIn4Xs64H3Xwg8Mv//zwkz9+PGZXKsj6N0tLyyupaeb2ysbm1vWPu7rVllAhMWjhikej6SBJGOWkpqhjpxoKg0Gek44+upn5nTISkEb9Xk5i4IRpwGlCMlJY881R4GDqShtAJBMIpf6hnqYNYPESaCvEa3mYp1nfPrFo1Ky+4CHYBVVBU0zO/nX6Ek5BwhRmSsmdbsXJTJBTFjGQVJ5EkRniEBqSnkaOQyJP+mMYyRzfNN8zgkTb7MIiEPlzBXP09nKJQykno684QqaGc96bif14vUcGFm1IeJ4pwPHsoSBhUEZzGBftUEKzYRAPCgupvQzxEOhSlQ63oPOz57RehXa/ZVs2+O6s2LotkyuAAHIJjYINz0AA3oAlaAINH8AxewKvxZLwZ78bHrLVkFDP74E8ZXz8xSKO1</latexit><latexit sha1_base64="ggJynWmcfGGyGsmbtS1ehwIf668="></latexit><latexit sha1_base64="ggJynWmcfGGyGsmbtS1ehwIf668="></latexit>

level energy cloud radius

principal quantum number n=n r+l+m
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an atom in the sky
solve Schršdinger equation on Kerr background:

hydrogenic energy levels!
but not quite…

system is non-Hermitian, !
with ingoing boundary condition at horizon

bosons instead of fermions

! lmn ! µ ! 2l +4 r + (m" H " µ)
<latexit sha1_base64="Zc3nKI7K92fFcehc2F5Su24ah3M="></latexit><latexit sha1_base64="Zc3nKI7K92fFcehc2F5Su24ah3M="></latexit><latexit sha1_base64="Zc3nKI7K92fFcehc2F5Su24ah3M="></latexit><latexit sha1_base64="Zc3nKI7K92fFcehc2F5Su24ah3M="></latexit><latexit sha1_base64="AmODeU0fb4kFeFPCJu8+0BakkLc="></latexit><latexit sha1_base64="AmODeU0fb4kFeFPCJu8+0BakkLc="></latexit>

single level dominates at any given time

for scalar, rate of level growth is
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axion cloud

r+

boson field

ergosphere

l = m = 1
<latexit sha1_base64="wciRv3fETAJtLgVJIbCxrz/8v3E=">AAAB93icbZDNSsNAFIVv6l+tf1WXbgaL4EJKIoJuCgU3uqtgbKENZTKZtENnkjAzKYTQZ3CrK3fi1sdx4bs4TbPQ1gsDH+fcy71z/IQzpW37y6qsrW9sblW3azu7e/sH9cOjJxWnklCXxDyWPR8ryllEXc00p71EUix8Trv+5Hbud6dUKhZHjzpLqCfwKGIhI1gbyeUt0XKG9YbdtItCq+CU0ICyOsP69yCISSpopAnHSvUdO9FejqVmhNNZbZAqmmAywSPaNxhhQdVFMGWJKtDLi7tn6MyYAQpjaV6kUaH+Hs6xUCoTvukUWI/VsjcX//P6qQ5vvJxFSappRBaLwpQjHaN5CChgkhLNMwOYSGbORmSMJSbaRFUzeTjLv1+Fp8umYzedh6tG+75MpgoncArn4MA1tOEOOuACAQbP8AKvVma9We/Wx6K1YpUzx/CnrM8f8ESS3w==</latexit><latexit sha1_base64="wciRv3fETAJtLgVJIbCxrz/8v3E=">AAAB93icbZDNSsNAFIVv6l+tf1WXbgaL4EJKIoJuCgU3uqtgbKENZTKZtENnkjAzKYTQZ3CrK3fi1sdx4bs4TbPQ1gsDH+fcy71z/IQzpW37y6qsrW9sblW3azu7e/sH9cOjJxWnklCXxDyWPR8ryllEXc00p71EUix8Trv+5Hbud6dUKhZHjzpLqCfwKGIhI1gbyeUt0XKG9YbdtItCq+CU0ICyOsP69yCISSpopAnHSvUdO9FejqVmhNNZbZAqmmAywSPaNxhhQdVFMGWJKtDLi7tn6MyYAQpjaV6kUaH+Hs6xUCoTvukUWI/VsjcX//P6qQ5vvJxFSappRBaLwpQjHaN5CChgkhLNMwOYSGbORmSMJSbaRFUzeTjLv1+Fp8umYzedh6tG+75MpgoncArn4MA1tOEOOuACAQbP8AKvVma9We/Wx6K1YpUzx/CnrM8f8ESS3w==</latexit><latexit sha1_base64="wciRv3fETAJtLgVJIbCxrz/8v3E=">AAAB93icbZDNSsNAFIVv6l+tf1WXbgaL4EJKIoJuCgU3uqtgbKENZTKZtENnkjAzKYTQZ3CrK3fi1sdx4bs4TbPQ1gsDH+fcy71z/IQzpW37y6qsrW9sblW3azu7e/sH9cOjJxWnklCXxDyWPR8ryllEXc00p71EUix8Trv+5Hbud6dUKhZHjzpLqCfwKGIhI1gbyeUt0XKG9YbdtItCq+CU0ICyOsP69yCISSpopAnHSvUdO9FejqVmhNNZbZAqmmAywSPaNxhhQdVFMGWJKtDLi7tn6MyYAQpjaV6kUaH+Hs6xUCoTvukUWI/VsjcX//P6qQ5vvJxFSappRBaLwpQjHaN5CChgkhLNMwOYSGbORmSMJSbaRFUzeTjLv1+Fp8umYzedh6tG+75MpgoncArn4MA1tOEOOuACAQbP8AKvVma9We/Wx6K1YpUzx/CnrM8f8ESS3w==</latexit><latexit sha1_base64="wciRv3fETAJtLgVJIbCxrz/8v3E=">AAAB93icbZDNSsNAFIVv6l+tf1WXbgaL4EJKIoJuCgU3uqtgbKENZTKZtENnkjAzKYTQZ3CrK3fi1sdx4bs4TbPQ1gsDH+fcy71z/IQzpW37y6qsrW9sblW3azu7e/sH9cOjJxWnklCXxDyWPR8ryllEXc00p71EUix8Trv+5Hbud6dUKhZHjzpLqCfwKGIhI1gbyeUt0XKG9YbdtItCq+CU0ICyOsP69yCISSpopAnHSvUdO9FejqVmhNNZbZAqmmAywSPaNxhhQdVFMGWJKtDLi7tn6MyYAQpjaV6kUaH+Hs6xUCoTvukUWI/VsjcX//P6qQ5vvJxFSappRBaLwpQjHaN5CChgkhLNMwOYSGbORmSMJSbaRFUzeTjLv1+Fp8umYzedh6tG+75MpgoncArn4MA1tOEOOuACAQbP8AKvVma9We/Wx6K1YpUzx/CnrM8f8ESS3w==</latexit><latexit sha1_base64="BHzKz8kBJAArmAScSfC/jjKPMQg=">AAAB93icbZDNS8MwGMbT+TXn19Sjl+AQPMhoZTB3GAy86G2C3QZbGWmabmFJWpJ0UMr+Bq968iZe/XM8+L+YdUX8eiDw43nel7w8fsyo0rb9bpXW1jc2t8rblZ3dvf2D6uFRT0WJxMTFEYvkwEeKMCqIq6lmZBBLgrjPSN+fXS/z/pxIRSNxr9OYeBxNBA0pRtpYLmvztjOu1uy6nQv+BaeAGijUHVc/RkGEE06ExgwpNXTsWHsZkppiRhaVUaJIjPAMTcjQoECcqItgTmOVo5fldy/gmQkDGEbSPKFh7n5fzhBXKuW+meRIT9XvbGn+lw0THV55GRVxoonAq4/ChEEdwWUJMKCSYM1SAwhLas6GeIokwtpUVcn7aOWCK2g2Cmg5X330LuuOXXfuGrXObdFMGZyAU3AOHNAEHXADusAFGFDwAB7Bk5Vaz9aL9boaLVnFzjH4IevtEy5Jk28=</latexit><latexit sha1_base64="BHzKz8kBJAArmAScSfC/jjKPMQg=">AAAB93icbZDNS8MwGMbT+TXn19Sjl+AQPMhoZTB3GAy86G2C3QZbGWmabmFJWpJ0UMr+Bq968iZe/XM8+L+YdUX8eiDw43nel7w8fsyo0rb9bpXW1jc2t8rblZ3dvf2D6uFRT0WJxMTFEYvkwEeKMCqIq6lmZBBLgrjPSN+fXS/z/pxIRSNxr9OYeBxNBA0pRtpYLmvztjOu1uy6nQv+BaeAGijUHVc/RkGEE06ExgwpNXTsWHsZkppiRhaVUaJIjPAMTcjQoECcqItgTmOVo5fldy/gmQkDGEbSPKFh7n5fzhBXKuW+meRIT9XvbGn+lw0THV55GRVxoonAq4/ChEEdwWUJMKCSYM1SAwhLas6GeIokwtpUVcn7aOWCK2g2Cmg5X330LuuOXXfuGrXObdFMGZyAU3AOHNAEHXADusAFGFDwAB7Bk5Vaz9aL9boaLVnFzjH4IevtEy5Jk28=</latexit>

Þrst dominant mode for scalars

Schwarzshild radius

r c ! 10Rs
<latexit sha1_base64="EHRKpZU/tSc9twBj69oQH5vNRJs=">AAACA3icbZDLSsNAFIZP6q3WS6Mu3QwWwYWURARdFt24rGIv0IYwmUzaoTNJmJkUSujSp3CrK3fi1gdx4bs4TbvQ1h8GPs5/DmfOH6ScKe04X1ZpbX1jc6u8XdnZ3duv2geHbZVkktAWSXgiuwFWlLOYtjTTnHZTSbEIOO0Eo9uZ3xlTqVgSP+pJSj2BBzGLGMHalHy7Kn2C+ooJ5DrowVe+XXPqTiG0Cu4CarBQ07e/+2FCMkFjTThWquc6qfZyLDUjnE4r/UzRFJMRHtCewRgLqs7DMUtVgV5e3DBFp8YMUZRI82KNiurv4RwLpSYiMJ0C66Fa9mbF/7xepqNrL2dxmmkak/miKONIJ2gWCAqZpETziQFMJDPfRmSIJSbaxFYxebjL169C+6LuOnX3/rLWuFkkU4ZjOIEzcOEKGnAHTWgBgQye4QVerSfrzXq3PuatJWsxcwR/ZH3+AABklqc=</latexit><latexit sha1_base64="EHRKpZU/tSc9twBj69oQH5vNRJs=">AAACA3icbZDLSsNAFIZP6q3WS6Mu3QwWwYWURARdFt24rGIv0IYwmUzaoTNJmJkUSujSp3CrK3fi1gdx4bs4TbvQ1h8GPs5/DmfOH6ScKe04X1ZpbX1jc6u8XdnZ3duv2geHbZVkktAWSXgiuwFWlLOYtjTTnHZTSbEIOO0Eo9uZ3xlTqVgSP+pJSj2BBzGLGMHalHy7Kn2C+ooJ5DrowVe+XXPqTiG0Cu4CarBQ07e/+2FCMkFjTThWquc6qfZyLDUjnE4r/UzRFJMRHtCewRgLqs7DMUtVgV5e3DBFp8YMUZRI82KNiurv4RwLpSYiMJ0C66Fa9mbF/7xepqNrL2dxmmkak/miKONIJ2gWCAqZpETziQFMJDPfRmSIJSbaxFYxebjL169C+6LuOnX3/rLWuFkkU4ZjOIEzcOEKGnAHTWgBgQye4QVerSfrzXq3PuatJWsxcwR/ZH3+AABklqc=</latexit><latexit sha1_base64="EHRKpZU/tSc9twBj69oQH5vNRJs=">AAACA3icbZDLSsNAFIZP6q3WS6Mu3QwWwYWURARdFt24rGIv0IYwmUzaoTNJmJkUSujSp3CrK3fi1gdx4bs4TbvQ1h8GPs5/DmfOH6ScKe04X1ZpbX1jc6u8XdnZ3duv2geHbZVkktAWSXgiuwFWlLOYtjTTnHZTSbEIOO0Eo9uZ3xlTqVgSP+pJSj2BBzGLGMHalHy7Kn2C+ooJ5DrowVe+XXPqTiG0Cu4CarBQ07e/+2FCMkFjTThWquc6qfZyLDUjnE4r/UzRFJMRHtCewRgLqs7DMUtVgV5e3DBFp8YMUZRI82KNiurv4RwLpSYiMJ0C66Fa9mbF/7xepqNrL2dxmmkak/miKONIJ2gWCAqZpETziQFMJDPfRmSIJSbaxFYxebjL169C+6LuOnX3/rLWuFkkU4ZjOIEzcOEKGnAHTWgBgQye4QVerSfrzXq3PuatJWsxcwR/ZH3+AABklqc=</latexit><latexit sha1_base64="EHRKpZU/tSc9twBj69oQH5vNRJs=">AAACA3icbZDLSsNAFIZP6q3WS6Mu3QwWwYWURARdFt24rGIv0IYwmUzaoTNJmJkUSujSp3CrK3fi1gdx4bs4TbvQ1h8GPs5/DmfOH6ScKe04X1ZpbX1jc6u8XdnZ3duv2geHbZVkktAWSXgiuwFWlLOYtjTTnHZTSbEIOO0Eo9uZ3xlTqVgSP+pJSj2BBzGLGMHalHy7Kn2C+ooJ5DrowVe+XXPqTiG0Cu4CarBQ07e/+2FCMkFjTThWquc6qfZyLDUjnE4r/UzRFJMRHtCewRgLqs7DMUtVgV5e3DBFp8YMUZRI82KNiurv4RwLpSYiMJ0C66Fa9mbF/7xepqNrL2dxmmkak/miKONIJ2gWCAqZpETziQFMJDPfRmSIJSbaxFYxebjL169C+6LuOnX3/rLWuFkkU4ZjOIEzcOEKGnAHTWgBgQye4QVerSfrzXq3PuatJWsxcwR/ZH3+AABklqc=</latexit><latexit sha1_base64="k36wEDmfSmkkEEv8CofCLm5FdMM=">AAACA3icbZBNS8MwHMZTX+d8WdWjl+AQPMhoZTB3G3rxOMW9wFZKmqZbWJKWJB2MsqOfwquevIlXP4gHv4tZV8S3BwI/nuf/J8kTJIwq7Tjv1srq2vrGZmmrvL2zu1ex9w+6Kk4lJh0cs1j2A6QIo4J0NNWM9BNJEA8Y6QWTq0XemxKpaCzu9CwhHkcjQSOKkTaWb1ekj+FQUQ5dB976yrerTs3JBf+CW0AVFGr79scwjHHKidCYIaUGrpNoL0NSU8zIvDxMFUkQnqARGRgUiBN1Fk5ponL0svwPc3hiwhBGsTRHaJi735czxJWa8cBMcqTH6ne2MP/LBqmOLryMiiTVRODlRVHKoI7hohAYUkmwZjMDCEtqng3xGEmEtamtnPfRzAWX0KgX0HS/+uie11yn5t7Uq63LopkSOALH4BS4oAFa4Bq0QQdgkIIH8AierHvr2XqxXpejK1axcwh+yHr7BD5alzc=</latexit><latexit sha1_base64="k36wEDmfSmkkEEv8CofCLm5FdMM=">AAACA3icbZBNS8MwHMZTX+d8WdWjl+AQPMhoZTB3G3rxOMW9wFZKmqZbWJKWJB2MsqOfwquevIlXP4gHv4tZV8S3BwI/nuf/J8kTJIwq7Tjv1srq2vrGZmmrvL2zu1ex9w+6Kk4lJh0cs1j2A6QIo4J0NNWM9BNJEA8Y6QWTq0XemxKpaCzu9CwhHkcjQSOKkTaWb1ekj+FQUQ5dB976yrerTs3JBf+CW0AVFGr79scwjHHKidCYIaUGrpNoL0NSU8zIvDxMFUkQnqARGRgUiBN1Fk5ponL0svwPc3hiwhBGsTRHaJi735czxJWa8cBMcqTH6ne2MP/LBqmOLryMiiTVRODlRVHKoI7hohAYUkmwZjMDCEtqng3xGEmEtamtnPfRzAWX0KgX0HS/+uie11yn5t7Uq63LopkSOALH4BS4oAFa4Bq0QQdgkIIH8AierHvr2XqxXpejK1axcwh+yHr7BD5alzc=</latexit>

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

! ! 1
110 ! O(hours)

<latexit sha1_base64="7WsKgqf4y4akUTXGGbWMbI7u374="></latexit><latexit sha1_base64="7WsKgqf4y4akUTXGGbWMbI7u374="></latexit><latexit sha1_base64="7WsKgqf4y4akUTXGGbWMbI7u374="></latexit><latexit sha1_base64="7WsKgqf4y4akUTXGGbWMbI7u374="></latexit><latexit sha1_base64="SH29XfuPUaVNWUcH/xUQNaO8lxY="></latexit><latexit sha1_base64="SH29XfuPUaVNWUcH/xUQNaO8lxY="></latexit>

↵ ⇠ 0.5
<latexit sha1_base64="T0gHy+xvcigbECPQ7u7uPkfZSpY=">AAACA3icbZDLSsNAFIYn9VbrpVGXbgaL4EJCIhVdFty4rGAv0IQymUzaoTOTMDMplNClT+FWV+7ErQ/iwndxmmahrT8MfJz/HM6cP0wZVdp1v6zKxubW9k51t7a3f3BYt4+OuyrJJCYdnLBE9kOkCKOCdDTVjPRTSRAPGemFk7uF35sSqWgiHvUsJQFHI0FjipE2paFd9xFLxwj6inLoOtdDu+E6biG4Dl4JDVCqPbS//SjBGSdCY4aUGnhuqoMcSU0xI/OanymSIjxBIzIwKBAn6jKa0lQVGOTFDXN4bswIxok0T2hYVH8P54grNeOh6eRIj9Wqtyj+5w0yHd8GORVpponAy0VxxqBO4CIQGFFJsGYzAwhLar4N8RhJhLWJrWby8FavX4fuleO5jvfQbLSaZTJVcArOwAXwwA1ogXvQBh2AQQaewQt4tZ6sN+vd+li2Vqxy5gT8kfX5Ays0lrU=</latexit><latexit sha1_base64="T0gHy+xvcigbECPQ7u7uPkfZSpY=">AAACA3icbZDLSsNAFIYn9VbrpVGXbgaL4EJCIhVdFty4rGAv0IQymUzaoTOTMDMplNClT+FWV+7ErQ/iwndxmmahrT8MfJz/HM6cP0wZVdp1v6zKxubW9k51t7a3f3BYt4+OuyrJJCYdnLBE9kOkCKOCdDTVjPRTSRAPGemFk7uF35sSqWgiHvUsJQFHI0FjipE2paFd9xFLxwj6inLoOtdDu+E6biG4Dl4JDVCqPbS//SjBGSdCY4aUGnhuqoMcSU0xI/OanymSIjxBIzIwKBAn6jKa0lQVGOTFDXN4bswIxok0T2hYVH8P54grNeOh6eRIj9Wqtyj+5w0yHd8GORVpponAy0VxxqBO4CIQGFFJsGYzAwhLar4N8RhJhLWJrWby8FavX4fuleO5jvfQbLSaZTJVcArOwAXwwA1ogXvQBh2AQQaewQt4tZ6sN+vd+li2Vqxy5gT8kfX5Ays0lrU=</latexit><latexit sha1_base64="T0gHy+xvcigbECPQ7u7uPkfZSpY=">AAACA3icbZDLSsNAFIYn9VbrpVGXbgaL4EJCIhVdFty4rGAv0IQymUzaoTOTMDMplNClT+FWV+7ErQ/iwndxmmahrT8MfJz/HM6cP0wZVdp1v6zKxubW9k51t7a3f3BYt4+OuyrJJCYdnLBE9kOkCKOCdDTVjPRTSRAPGemFk7uF35sSqWgiHvUsJQFHI0FjipE2paFd9xFLxwj6inLoOtdDu+E6biG4Dl4JDVCqPbS//SjBGSdCY4aUGnhuqoMcSU0xI/OanymSIjxBIzIwKBAn6jKa0lQVGOTFDXN4bswIxok0T2hYVH8P54grNeOh6eRIj9Wqtyj+5w0yHd8GORVpponAy0VxxqBO4CIQGFFJsGYzAwhLar4N8RhJhLWJrWby8FavX4fuleO5jvfQbLSaZTJVcArOwAXwwA1ogXvQBh2AQQaewQt4tZ6sN+vd+li2Vqxy5gT8kfX5Ays0lrU=</latexit><latexit sha1_base64="T0gHy+xvcigbECPQ7u7uPkfZSpY=">AAACA3icbZDLSsNAFIYn9VbrpVGXbgaL4EJCIhVdFty4rGAv0IQymUzaoTOTMDMplNClT+FWV+7ErQ/iwndxmmahrT8MfJz/HM6cP0wZVdp1v6zKxubW9k51t7a3f3BYt4+OuyrJJCYdnLBE9kOkCKOCdDTVjPRTSRAPGemFk7uF35sSqWgiHvUsJQFHI0FjipE2paFd9xFLxwj6inLoOtdDu+E6biG4Dl4JDVCqPbS//SjBGSdCY4aUGnhuqoMcSU0xI/OanymSIjxBIzIwKBAn6jKa0lQVGOTFDXN4bswIxok0T2hYVH8P54grNeOh6eRIj9Wqtyj+5w0yHd8GORVpponAy0VxxqBO4CIQGFFJsGYzAwhLar4N8RhJhLWJrWby8FavX4fuleO5jvfQbLSaZTJVcArOwAXwwA1ogXvQBh2AQQaewQt4tZ6sN+vd+li2Vqxy5gT8kfX5Ays0lrU=</latexit><latexit sha1_base64="ToCywWGJbR029dPxga38ib6IkQY=">AAACA3icbZBNS8MwHMbT+Tbny6oevQSH4EFGK5O528CLxwnuBdYy0jTdwpI2JOlglB39FF715E28+kE8+F3MuiK+PRD48Tz/P0meQDCqtOO8W6W19Y3NrfJ2ZWd3b79qHxz2VJJKTLo4YYkcBEgRRmPS1VQzMhCSIB4w0g+m18u8PyNS0SS+03NBfI7GMY0oRtpYI7vqISYmCHqKcujUL0d2zak7ueBfcAuogUKdkf3hhQlOOYk1ZkipoesI7WdIaooZWVS8VBGB8BSNydBgjDhR5+GMCpWjn+V/WMBTE4YwSqQ5sYa5+305Q1ypOQ/MJEd6on5nS/O/bJjq6MrPaCxSTWK8uihKGdQJXBYCQyoJ1mxuAGFJzbMhniCJsDa1VfI+WrngCpqNAlruVx+9i7rr1N3bRq3dKJopg2NwAs6AC5qgDW5AB3QBBil4AI/gybq3nq0X63U1WrKKnSPwQ9bbJ2kql0U=</latexit><latexit sha1_base64="ToCywWGJbR029dPxga38ib6IkQY=">AAACA3icbZBNS8MwHMbT+Tbny6oevQSH4EFGK5O528CLxwnuBdYy0jTdwpI2JOlglB39FF715E28+kE8+F3MuiK+PRD48Tz/P0meQDCqtOO8W6W19Y3NrfJ2ZWd3b79qHxz2VJJKTLo4YYkcBEgRRmPS1VQzMhCSIB4w0g+m18u8PyNS0SS+03NBfI7GMY0oRtpYI7vqISYmCHqKcujUL0d2zak7ueBfcAuogUKdkf3hhQlOOYk1ZkipoesI7WdIaooZWVS8VBGB8BSNydBgjDhR5+GMCpWjn+V/WMBTE4YwSqQ5sYa5+305Q1ypOQ/MJEd6on5nS/O/bJjq6MrPaCxSTWK8uihKGdQJXBYCQyoJ1mxuAGFJzbMhniCJsDa1VfI+WrngCpqNAlruVx+9i7rr1N3bRq3dKJopg2NwAs6AC5qgDW5AB3QBBil4AI/gybq3nq0X63U1WrKKnSPwQ9bbJ2kql0U=</latexit>

µ ⇠ 10�11eV
<latexit sha1_base64="9Knie7Y5dhZ8XJ9Y+VFhAmKlyiA=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwVdFty4rGAv0MQymUzaoTNJmJkUSij4CD6FW125E7e+ggvfxWmahbb+MPBx/nM4c34/4Uxpx/mySiura+sb5c3K1vbO7p69f9BWcSoJbZGYx7LrY0U5i2hLM81pN5EUC5/Tjj+6mfmdMZWKxdG9niTUE3gQsZARrE2pbx+5IoWuYgIi5yG7QGgKM1cKSNvTvl11ak4uuAyogCoo1Ozb324Qk1TQSBOOleohJ9FehqVmhNNpxU0VTTAZ4QHtGYywoOo8GLNE5ehl+TlTeGrMAIaxNC/SMK/+Hs6wUGoifNMpsB6qRW9W/M/rpTq89jIWJammEZkvClMOdQxn2cCASUo0nxjARDLzbUiGWGKiTYIVkwdavH4Z2pc15NTQXb3aqBfJlMExOAFnAIEr0AC3oAlagIBH8AxewKv1ZL1Z79bHvLVkFTOH4I+szx/ciZrg</latexit><latexit sha1_base64="9Knie7Y5dhZ8XJ9Y+VFhAmKlyiA=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwVdFty4rGAv0MQymUzaoTNJmJkUSij4CD6FW125E7e+ggvfxWmahbb+MPBx/nM4c34/4Uxpx/mySiura+sb5c3K1vbO7p69f9BWcSoJbZGYx7LrY0U5i2hLM81pN5EUC5/Tjj+6mfmdMZWKxdG9niTUE3gQsZARrE2pbx+5IoWuYgIi5yG7QGgKM1cKSNvTvl11ak4uuAyogCoo1Ozb324Qk1TQSBOOleohJ9FehqVmhNNpxU0VTTAZ4QHtGYywoOo8GLNE5ehl+TlTeGrMAIaxNC/SMK/+Hs6wUGoifNMpsB6qRW9W/M/rpTq89jIWJammEZkvClMOdQxn2cCASUo0nxjARDLzbUiGWGKiTYIVkwdavH4Z2pc15NTQXb3aqBfJlMExOAFnAIEr0AC3oAlagIBH8AxewKv1ZL1Z79bHvLVkFTOH4I+szx/ciZrg</latexit><latexit sha1_base64="9Knie7Y5dhZ8XJ9Y+VFhAmKlyiA=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwVdFty4rGAv0MQymUzaoTNJmJkUSij4CD6FW125E7e+ggvfxWmahbb+MPBx/nM4c34/4Uxpx/mySiura+sb5c3K1vbO7p69f9BWcSoJbZGYx7LrY0U5i2hLM81pN5EUC5/Tjj+6mfmdMZWKxdG9niTUE3gQsZARrE2pbx+5IoWuYgIi5yG7QGgKM1cKSNvTvl11ak4uuAyogCoo1Ozb324Qk1TQSBOOleohJ9FehqVmhNNpxU0VTTAZ4QHtGYywoOo8GLNE5ehl+TlTeGrMAIaxNC/SMK/+Hs6wUGoifNMpsB6qRW9W/M/rpTq89jIWJammEZkvClMOdQxn2cCASUo0nxjARDLzbUiGWGKiTYIVkwdavH4Z2pc15NTQXb3aqBfJlMExOAFnAIEr0AC3oAlagIBH8AxewKv1ZL1Z79bHvLVkFTOH4I+szx/ciZrg</latexit><latexit sha1_base64="9Knie7Y5dhZ8XJ9Y+VFhAmKlyiA=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwVdFty4rGAv0MQymUzaoTNJmJkUSij4CD6FW125E7e+ggvfxWmahbb+MPBx/nM4c34/4Uxpx/mySiura+sb5c3K1vbO7p69f9BWcSoJbZGYx7LrY0U5i2hLM81pN5EUC5/Tjj+6mfmdMZWKxdG9niTUE3gQsZARrE2pbx+5IoWuYgIi5yG7QGgKM1cKSNvTvl11ak4uuAyogCoo1Ozb324Qk1TQSBOOleohJ9FehqVmhNNpxU0VTTAZ4QHtGYywoOo8GLNE5ehl+TlTeGrMAIaxNC/SMK/+Hs6wUGoifNMpsB6qRW9W/M/rpTq89jIWJammEZkvClMOdQxn2cCASUo0nxjARDLzbUiGWGKiTYIVkwdavH4Z2pc15NTQXb3aqBfJlMExOAFnAIEr0AC3oAlagIBH8AxewKv1ZL1Z79bHvLVkFTOH4I+szx/ciZrg</latexit><latexit sha1_base64="Vvopa8eAjz0XbgKluWIjWiuEPTE=">AAACDnicbZBNS8MwHMbT+TbnW9WbXoJD8KCjkcHcbeDF4wT3AmsdaZpuYUlbknQwSsGP4Kfwqidv4tWv4MHvYtcV8e2BwI/n+f9J8rgRZ0pb1rtRWlpeWV0rr1c2Nre2d8zdva4KY0loh4Q8lH0XK8pZQDuaaU77kaRYuJz23MnlPO9NqVQsDG70LKKOwKOA+YxgnVlD88AWMbQVExBZt8kZQilMbCkg7aZDs2rVrFzwL6ACqqBQe2h+2F5IYkEDTThWaoCsSDsJlpoRTtOKHSsaYTLBIzrIMMCCqlNvyiKVo5Pk30nhcRZ60A9ldgINc/f7coKFUjPhZpMC67H6nc3N/7JBrP0LJ2FBFGsakMVFfsyhDuG8G+gxSYnmswwwkSx7NiRjLDHRWYOVvI9mLriARr2AJvrqo3teQ1YNXderrXrRTBkcgiNwAhBogBa4Am3QAQTcgQfwCJ6Me+PZeDFeF6Mlo9jZBz9kvH0CGo6bcA==</latexit><latexit sha1_base64="Vvopa8eAjz0XbgKluWIjWiuEPTE=">AAACDnicbZBNS8MwHMbT+TbnW9WbXoJD8KCjkcHcbeDF4wT3AmsdaZpuYUlbknQwSsGP4Kfwqidv4tWv4MHvYtcV8e2BwI/n+f9J8rgRZ0pb1rtRWlpeWV0rr1c2Nre2d8zdva4KY0loh4Q8lH0XK8pZQDuaaU77kaRYuJz23MnlPO9NqVQsDG70LKKOwKOA+YxgnVlD88AWMbQVExBZt8kZQilMbCkg7aZDs2rVrFzwL6ACqqBQe2h+2F5IYkEDTThWaoCsSDsJlpoRTtOKHSsaYTLBIzrIMMCCqlNvyiKVo5Pk30nhcRZ60A9ldgINc/f7coKFUjPhZpMC67H6nc3N/7JBrP0LJ2FBFGsakMVFfsyhDuG8G+gxSYnmswwwkSx7NiRjLDHRWYOVvI9mLriARr2AJvrqo3teQ1YNXderrXrRTBkcgiNwAhBogBa4Am3QAQTcgQfwCJ6Me+PZeDFeF6Mlo9jZBz9kvH0CGo6bcA==</latexit>

for Þducial values



Max Isi (LIGO Caltech) !22

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H



Max Isi (LIGO Caltech) !23

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

! /m < !
<latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit>

cloud spontaneously forms



Max Isi (LIGO Caltech) !24

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H



Max Isi (LIGO Caltech) !24

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

! /m < !
<latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit>

cloud and BH effectively decouple



Max Isi (LIGO Caltech) !24

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

! /m < !
<latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="R+RIAAWNjSs4G6fV/0VqhuzNvbw=">AAACCHicbZC7TsMwFIadcivlFi4bi0WFxIBKgpBgYKjEwkaRepOaqHJcp7VqO5HtVCpRX4CnYIWJDbHyFgy8C06aAQpHsvT5/8+Rff4gZlRpx/m0SkvLK6tr5fXKxubW9o69u9dWUSIxaeGIRbIbIEUYFaSlqWakG0uCeMBIJxjfZH5nQqSikWjqaUx8joaChhQjbaS+fQC9iJMhgmeQw2vo3WWXvl11ak5e8C+4BVRBUY2+/eUNIpxwIjRmSKme68TaT5HUFDMyq3iJIjHCYzQkPYMCcaJOBxMaqxz9NF9kBo+NOYBhJM0RGubqz+EUcaWmPDCdHOmRWvQy8T+vl+jwyk+piBNNBJ4/FCYM6ghmqcABlQRrNjWAsKTm2xCPkERYm+wqJg93cfu/0D6vuU7Nvb+o1ptFMmVwCI7ACXDBJaiDW9AALYDBA3gCz+DFerRerTfrfd5asoqZffCrrI9vAOuYTw==</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit><latexit sha1_base64="D3e+hCkbUh2l9b3DFMVqoENsRsw=">AAACCHicbZDLSsNAFIYn9VbrLV52bgaL4EJqIoVacFFw484KvUETymQybYfOTMLMpFBDX8CncKsrd+LWt3Dhu5ikQbz9MPDN+c/hzPxeyKjSlvVuFJaWV1bXiuuljc2t7R1zd6+jgkhi0sYBC2TPQ4owKkhbU81IL5QEcY+Rrje5Sv3ulEhFA9HSs5C4HI0EHVKMdFIamAfQCTgZIXgGObyEzk16GZhlq2Jlgn/BzqEMcjUH5ofjBzjiRGjMkFJ92wq1GyOpKWZkXnIiRUKEJ2hE+gkKxIk69ac0VBm6cfaROTxOTB8OA5kcoWFW/T4cI67UjHtJJ0d6rH57afE/rx/p4YUbUxFGmgi8WDSMGNQBTFOBPpUEazZLAGFJk2dDPEYSYZ1kV8ryqGeCC6hVc6jbX3l0ziu2VbFvq+VGK0+mCA7BETgBNqiBBrgGTdAGGNyBB/AInox749l4MV4XrQUjn9kHP2S8fQI+4Zjf</latexit>

cloud and BH effectively decouple

BH has spun down  
(and lost some mass)



Max Isi (LIGO Caltech) !25

limits from X-ray binaries

*some of these measurements potentially suffer from strong systematics

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]



Max Isi (LIGO Caltech) !26

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H



Max Isi (LIGO Caltech) !27

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H



Max Isi (LIGO Caltech) !27

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit> H

cloud emits GWs!
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cloud dissipates
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it will spontaneously form clouds !

around spinning black holes 
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evidence for a new particle
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main message



Max Isi (LIGO Caltech)

if an ultralight boson exists,!
it will spontaneously form clouds !

around spinning black holes 

these clouds will emit potentially 
detectable gravitational waves, 

evidence for a new particle

!29

main message

gravitational waves



Max Isi (LIGO Caltech) !30

GW emission mechanisms

boson annihilation
two axions annihilate into a graviton

level transitions
axions switch energy levels like in hydrogen atom

bosenova
axion nonlinearities lead to sudden cloud collapse
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GW emission mechanisms

boson annihilation
two axions annihilate into a graviton

level transitions
axions switch energy levels like in hydrogen atom

bosenova
axion nonlinearities lead to sudden cloud collapse

boson annihilation
two axions annihilate into a graviton
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boson annihilation
axions annihilate into gravitons, !

producing coherent GWs

macroscopically, this is just due to !
the stress-energy of the cloud
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µ
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Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]
Brito et al. (2017) [10.1103/PhysRevD.96.064050]
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boson annihilation
the signal can last very long
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g

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]
Brito et al. (2017) [10.1103/PhysRevD.96.064050]
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(due to self interactions)

(much longer than superradiance timescale)
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LIGO

LISA

10! 14 ! µ/ eV ! 10! 11
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axion search space
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directed CW searches
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<latexit sha1_base64="2iOYkr7tl3fy3HpRduCfgRyYEz8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwXFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+3zGnJq6LZebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v4yKa6Q==</latexit><latexit sha1_base64="2iOYkr7tl3fy3HpRduCfgRyYEz8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwXFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+3zGnJq6LZebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v4yKa6Q==</latexit><latexit sha1_base64="2iOYkr7tl3fy3HpRduCfgRyYEz8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwXFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+3zGnJq6LZebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v4yKa6Q==</latexit><latexit sha1_base64="2iOYkr7tl3fy3HpRduCfgRyYEz8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElIwXFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+3zGnJq6LZebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v4yKa6Q==</latexit><latexit sha1_base64="wPhJbZsoGkqMtXra3p8ATMLPuyM=">AAACDnicbZBNS8MwHMZTX+d8q3rTS3AIHnQ0MpjzNPDicYJ7gbWONE23sKQtSToYpeBH8FN41ZM38epX8OB3seuK+PZA4Mfz/P8kedyIM6Ut691YWFxaXlktrZXXNza3ts2d3Y4KY0lom4Q8lD0XK8pZQNuaaU57kaRYuJx23fHlLO9OqFQsDG70NKKOwMOA+YxgnVkDc98WMbQVExBZt8kpqqUwsaWAtJMOzIpVtXLBv4AKqIBCrYH5YXshiQUNNOFYqT6yIu0kWGpGOE3LdqxohMkYD2k/wwALqk68CYtUjk6SfyeFR1noQT+U2Qk0zN3vywkWSk2Fm00KrEfqdzYz/8v6sfbPnYQFUaxpQOYX+TGHOoSzbqDHJCWaTzPARLLs2ZCMsMREZw2W8z4aueAc6rUCGuirj85ZFVlVdF2rNC+KZkrgAByCY4BAHTTBFWiBNiDgDjyAR/Bk3BvPxovxOh9dMIqdPfBDxtsnISebeQ==</latexit><latexit sha1_base64="wPhJbZsoGkqMtXra3p8ATMLPuyM=">AAACDnicbZBNS8MwHMZTX+d8q3rTS3AIHnQ0MpjzNPDicYJ7gbWONE23sKQtSToYpeBH8FN41ZM38epX8OB3seuK+PZA4Mfz/P8kedyIM6Ut691YWFxaXlktrZXXNza3ts2d3Y4KY0lom4Q8lD0XK8pZQNuaaU57kaRYuJx23fHlLO9OqFQsDG70NKKOwMOA+YxgnVkDc98WMbQVExBZt8kpqqUwsaWAtJMOzIpVtXLBv4AKqIBCrYH5YXshiQUNNOFYqT6yIu0kWGpGOE3LdqxohMkYD2k/wwALqk68CYtUjk6SfyeFR1noQT+U2Qk0zN3vywkWSk2Fm00KrEfqdzYz/8v6sfbPnYQFUaxpQOYX+TGHOoSzbqDHJCWaTzPARLLs2ZCMsMREZw2W8z4aueAc6rUCGuirj85ZFVlVdF2rNC+KZkrgAByCY4BAHTTBFWiBNiDgDjyAR/Bk3BvPxovxOh9dMIqdPfBDxtsnISebeQ==</latexit>

µ ! 10! 12eV
<latexit sha1_base64="Z0KfoSHQ2lResZooHQPBUwlgsU8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElUwTFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+16DTk1dHtebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v3/Ca5w==</latexit><latexit sha1_base64="Z0KfoSHQ2lResZooHQPBUwlgsU8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElUwTFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+16DTk1dHtebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v3/Ca5w==</latexit><latexit sha1_base64="Z0KfoSHQ2lResZooHQPBUwlgsU8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElUwTFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+16DTk1dHtebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v3/Ca5w==</latexit><latexit sha1_base64="Z0KfoSHQ2lResZooHQPBUwlgsU8=">AAACDnicbZDLSsNAFIYn9VbrLepON4NFcKElUwTFVcGNywr2Ak0sk8mkHTqThJlJoYSCj+BTuNWVO3HrK7jwXZymWWj1h4GP85/DmfP7CWdKO86nVVpaXlldK69XNja3tnfs3b22ilNJaIvEPJZdHyvKWURbmmlOu4mkWPicdvzR9czvjKlULI7u9CShnsCDiIWMYG1KffvAFSl0FRMQOffZGapPYeZKAWl72rerTs3JBf8CKqAKCjX79pcbxCQVNNKEY6V6yEm0l2GpGeF0WnFTRRNMRnhAewYjLKg6DcYsUTl6WX7OFB4bM4BhLM2LNMyrP4czLJSaCN90CqyHatGbFf/zeqkOL72MRUmqaUTmi8KUQx3DWTYwYJISzScGMJHMfBuSIZaYaJNgxeSBFq//C+16DTk1dHtebVwVyZTBITgCJwCBC9AAN6AJWoCAB/AEnsGL9Wi9Wm/W+7y1ZBUz++CXrI9v3/Ca5w==</latexit><latexit sha1_base64="gLImsACtM6vBeKNAap1Whmcu0ZI=">AAACDnicbZBNS8MwHMbT+TbnW9WbXoJD8KCjGYM5TwMvHie4F1jrSNN0C0vakqSDUQZ+BD+FVz15E69+BQ9+F7uuiG8PBH48z/9PkseNOFPast6NwtLyyupacb20sbm1vWPu7nVUGEtC2yTkoey5WFHOAtrWTHPaiyTFwuW0644v53l3QqViYXCjpxF1BB4GzGcE69QamAe2iKGtmIDIuk3OUHUGE1sKSDuzgVm2KlYm+BdQDmWQqzUwP2wvJLGggSYcK9VHVqSdBEvNCKezkh0rGmEyxkPaTzHAgqpTb8IilaGTZN+ZweM09KAfyvQEGmbu9+UEC6Wmwk0nBdYj9Tubm/9l/Vj7507CgijWNCCLi/yYQx3CeTfQY5ISzacpYCJZ+mxIRlhiotMGS1kfjUxwAfVaDg301UenWkFWBV3Xys2LvJkiOARH4AQgUAdNcAVaoA0IuAMP4BE8GffGs/FivC5GC0a+sw9+yHj7BB31m3c=</latexit><latexit sha1_base64="gLImsACtM6vBeKNAap1Whmcu0ZI=">AAACDnicbZBNS8MwHMbT+TbnW9WbXoJD8KCjGYM5TwMvHie4F1jrSNN0C0vakqSDUQZ+BD+FVz15E69+BQ9+F7uuiG8PBH48z/9PkseNOFPast6NwtLyyupacb20sbm1vWPu7nVUGEtC2yTkoey5WFHOAtrWTHPaiyTFwuW0644v53l3QqViYXCjpxF1BB4GzGcE69QamAe2iKGtmIDIuk3OUHUGE1sKSDuzgVm2KlYm+BdQDmWQqzUwP2wvJLGggSYcK9VHVqSdBEvNCKezkh0rGmEyxkPaTzHAgqpTb8IilaGTZN+ZweM09KAfyvQEGmbu9+UEC6Wmwk0nBdYj9Tubm/9l/Vj7507CgijWNCCLi/yYQx3CeTfQY5ISzacpYCJZ+mxIRlhiotMGS1kfjUxwAfVaDg301UenWkFWBV3Xys2LvJkiOARH4AQgUAdNcAVaoA0IuAMP4BE8GffGs/FivC5GC0a+sw9+yHj7BB31m3c=</latexit>



Max Isi (LIGO Caltech) !35

directed CW searches
look for signals from a particular BH

d = 5Mpc
<latexit sha1_base64="lB/MnLzSvW/cgHMAhzWOm9VboEc=">AAACBXicbZDLSgMxFIYz9VbrbapLN8EiuChlRhTdCEU3boQK9gKdoWQyaRuazIQkUylD1z6FW125E7c+hwvfxXQ6C239IfBx/nM4OX8gGFXacb6swsrq2vpGcbO0tb2zu2eX91sqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obmd8eE6loHD3oiSA+R4OI9ilG2pR6djmEV/Dcq8LUkxzeCTzt2RWn5mSCy+DmUAG5Gj372wtjnHASacyQUl3XEdpPkdQUMzIteYkiAuERGpCuwQhxoqrhmAqVoZ9mV0zhsTFD2I+leZGGWfX3cIq4UhMemE6O9FAterPif1430f1LP6WRSDSJ8HxRP2FQx3AWCQypJFiziQGEJTXfhniIJMLaBFcyebiL1y9D67TmOjX3/qxSv86TKYJDcAROgAsuQB3cggZoAgwewTN4Aa/Wk/VmvVsf89aClc8cgD+yPn8A/1eXLg==</latexit><latexit sha1_base64="lB/MnLzSvW/cgHMAhzWOm9VboEc=">AAACBXicbZDLSgMxFIYz9VbrbapLN8EiuChlRhTdCEU3boQK9gKdoWQyaRuazIQkUylD1z6FW125E7c+hwvfxXQ6C239IfBx/nM4OX8gGFXacb6swsrq2vpGcbO0tb2zu2eX91sqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obmd8eE6loHD3oiSA+R4OI9ilG2pR6djmEV/Dcq8LUkxzeCTzt2RWn5mSCy+DmUAG5Gj372wtjnHASacyQUl3XEdpPkdQUMzIteYkiAuERGpCuwQhxoqrhmAqVoZ9mV0zhsTFD2I+leZGGWfX3cIq4UhMemE6O9FAterPif1430f1LP6WRSDSJ8HxRP2FQx3AWCQypJFiziQGEJTXfhniIJMLaBFcyebiL1y9D67TmOjX3/qxSv86TKYJDcAROgAsuQB3cggZoAgwewTN4Aa/Wk/VmvVsf89aClc8cgD+yPn8A/1eXLg==</latexit><latexit sha1_base64="lB/MnLzSvW/cgHMAhzWOm9VboEc=">AAACBXicbZDLSgMxFIYz9VbrbapLN8EiuChlRhTdCEU3boQK9gKdoWQyaRuazIQkUylD1z6FW125E7c+hwvfxXQ6C239IfBx/nM4OX8gGFXacb6swsrq2vpGcbO0tb2zu2eX91sqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obmd8eE6loHD3oiSA+R4OI9ilG2pR6djmEV/Dcq8LUkxzeCTzt2RWn5mSCy+DmUAG5Gj372wtjnHASacyQUl3XEdpPkdQUMzIteYkiAuERGpCuwQhxoqrhmAqVoZ9mV0zhsTFD2I+leZGGWfX3cIq4UhMemE6O9FAterPif1430f1LP6WRSDSJ8HxRP2FQx3AWCQypJFiziQGEJTXfhniIJMLaBFcyebiL1y9D67TmOjX3/qxSv86TKYJDcAROgAsuQB3cggZoAgwewTN4Aa/Wk/VmvVsf89aClc8cgD+yPn8A/1eXLg==</latexit><latexit sha1_base64="lB/MnLzSvW/cgHMAhzWOm9VboEc=">AAACBXicbZDLSgMxFIYz9VbrbapLN8EiuChlRhTdCEU3boQK9gKdoWQyaRuazIQkUylD1z6FW125E7c+hwvfxXQ6C239IfBx/nM4OX8gGFXacb6swsrq2vpGcbO0tb2zu2eX91sqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obmd8eE6loHD3oiSA+R4OI9ilG2pR6djmEV/Dcq8LUkxzeCTzt2RWn5mSCy+DmUAG5Gj372wtjnHASacyQUl3XEdpPkdQUMzIteYkiAuERGpCuwQhxoqrhmAqVoZ9mV0zhsTFD2I+leZGGWfX3cIq4UhMemE6O9FAterPif1430f1LP6WRSDSJ8HxRP2FQx3AWCQypJFiziQGEJTXfhniIJMLaBFcyebiL1y9D67TmOjX3/qxSv86TKYJDcAROgAsuQB3cggZoAgwewTN4Aa/Wk/VmvVsf89aClc8cgD+yPn8A/1eXLg==</latexit><latexit sha1_base64="wKIXWeta3yNrO+Ts1mz/Hvun7KE=">AAACBXicbZBNS8MwHMZTX+d86/ToJTgED2O0Mpk7CEMvXoQJ7gXWMtI03cKSNiTpZJSd/RRe9eRNvPo5PPhd7Loivj0Q+PE8/z9JHk8wqrRlvRtLyyura+uFjeLm1vbOrlna66golpi0ccQi2fOQIoyGpK2pZqQnJEHcY6TrjS/neXdCpKJReKungrgcDUMaUIx0ag3Mkg/P4alTgYkjObwWeDYwy1bVygT/gp1DGeRqDcwPx49wzEmoMUNK9W1LaDdBUlPMyKzoxIoIhMdoSPophogTVfEnVKgM3ST7xQwepaEPg0imJ9Qwc78vJ4grNeVeOsmRHqnf2dz8L+vHOjhzExqKWJMQLy4KYgZ1BOeVQJ9KgjWbpoCwpOmzIR4hibBOiytmfTQywQXUazk07K8+OidV26raN7Vy8yJvpgAOwCE4Bjaogya4Ai3QBhjcgQfwCJ6Me+PZeDFeF6NLRr6zD37IePsEPVyXvg==</latexit><latexit sha1_base64="wKIXWeta3yNrO+Ts1mz/Hvun7KE=">AAACBXicbZBNS8MwHMZTX+d86/ToJTgED2O0Mpk7CEMvXoQJ7gXWMtI03cKSNiTpZJSd/RRe9eRNvPo5PPhd7Loivj0Q+PE8/z9JHk8wqrRlvRtLyyura+uFjeLm1vbOrlna66golpi0ccQi2fOQIoyGpK2pZqQnJEHcY6TrjS/neXdCpKJReKungrgcDUMaUIx0ag3Mkg/P4alTgYkjObwWeDYwy1bVygT/gp1DGeRqDcwPx49wzEmoMUNK9W1LaDdBUlPMyKzoxIoIhMdoSPophogTVfEnVKgM3ST7xQwepaEPg0imJ9Qwc78vJ4grNeVeOsmRHqnf2dz8L+vHOjhzExqKWJMQLy4KYgZ1BOeVQJ9KgjWbpoCwpOmzIR4hibBOiytmfTQywQXUazk07K8+OidV26raN7Vy8yJvpgAOwCE4Bjaogya4Ai3QBhjcgQfwCJ6Me+PZeDFeF6NLRr6zD37IePsEPVyXvg==</latexit>

! = 0.2
<latexit sha1_base64="VyZY9fi/OSPQdwyxWtxZzjFN/gI=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSFEE3QtGNywr2Ak0ok8mkHTpJhplJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3xecKW3bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSkLbJOGJ7PlYUc5i2tZMc9oTkuLI57Trj+/mfndCpWJJ/KingnoRHsYsZARrI7ku5mKE0Q2y641BtWbX7bzQKjgF1KCo1qD67QYJSSMaa8KxUn3HFtrLsNSMcDqruKmiApMxHtK+wRhHVF0EEyZUjl6Wnz9DZ8YMUJhI82KNcvX3cIYjpaaRbzojrEdq2ZuL/3n9VIfXXsZikWoak8WiMOVIJ2ieBQqYpETzqQFMJDNnIzLCEhNtEquYPJzl369Cp1F37LrzcFlr3hbJlOEETuEcHLiCJtxDC9pAQMAzvMCr9WS9We/Wx6K1ZBUzx/CnrM8fAdCVCQ==</latexit><latexit sha1_base64="VyZY9fi/OSPQdwyxWtxZzjFN/gI=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSFEE3QtGNywr2Ak0ok8mkHTpJhplJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3xecKW3bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSkLbJOGJ7PlYUc5i2tZMc9oTkuLI57Trj+/mfndCpWJJ/KingnoRHsYsZARrI7ku5mKE0Q2y641BtWbX7bzQKjgF1KCo1qD67QYJSSMaa8KxUn3HFtrLsNSMcDqruKmiApMxHtK+wRhHVF0EEyZUjl6Wnz9DZ8YMUJhI82KNcvX3cIYjpaaRbzojrEdq2ZuL/3n9VIfXXsZikWoak8WiMOVIJ2ieBQqYpETzqQFMJDNnIzLCEhNtEquYPJzl369Cp1F37LrzcFlr3hbJlOEETuEcHLiCJtxDC9pAQMAzvMCr9WS9We/Wx6K1ZBUzx/CnrM8fAdCVCQ==</latexit><latexit sha1_base64="VyZY9fi/OSPQdwyxWtxZzjFN/gI=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSFEE3QtGNywr2Ak0ok8mkHTpJhplJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3xecKW3bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSkLbJOGJ7PlYUc5i2tZMc9oTkuLI57Trj+/mfndCpWJJ/KingnoRHsYsZARrI7ku5mKE0Q2y641BtWbX7bzQKjgF1KCo1qD67QYJSSMaa8KxUn3HFtrLsNSMcDqruKmiApMxHtK+wRhHVF0EEyZUjl6Wnz9DZ8YMUJhI82KNcvX3cIYjpaaRbzojrEdq2ZuL/3n9VIfXXsZikWoak8WiMOVIJ2ieBQqYpETzqQFMJDNnIzLCEhNtEquYPJzl369Cp1F37LrzcFlr3hbJlOEETuEcHLiCJtxDC9pAQMAzvMCr9WS9We/Wx6K1ZBUzx/CnrM8fAdCVCQ==</latexit><latexit sha1_base64="VyZY9fi/OSPQdwyxWtxZzjFN/gI=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSFEE3QtGNywr2Ak0ok8mkHTpJhplJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3xecKW3bX1ZpbX1jc6u8XdnZ3ds/qB4edVSSSkLbJOGJ7PlYUc5i2tZMc9oTkuLI57Trj+/mfndCpWJJ/KingnoRHsYsZARrI7ku5mKE0Q2y641BtWbX7bzQKjgF1KCo1qD67QYJSSMaa8KxUn3HFtrLsNSMcDqruKmiApMxHtK+wRhHVF0EEyZUjl6Wnz9DZ8YMUJhI82KNcvX3cIYjpaaRbzojrEdq2ZuL/3n9VIfXXsZikWoak8WiMOVIJ2ieBQqYpETzqQFMJDNnIzLCEhNtEquYPJzl369Cp1F37LrzcFlr3hbJlOEETuEcHLiCJtxDC9pAQMAzvMCr9WS9We/Wx6K1ZBUzx/CnrM8fAdCVCQ==</latexit><latexit sha1_base64="q+JJwlOOR4ghGQom6oMxmfR8WsE=">AAAB/nicbZBLSwMxFIUzPmt9VV26CRbBhQwzpVC7EIpuXFawD+gMJZPJtKGZTEgyhTIU/BVudeVO3PpXXPhfTKeD+DoQ+DjnXnI5gWBUacd5t1ZW19Y3Nktb5e2d3b39ysFhVyWpxKSDE5bIfoAUYZSTjqaakb6QBMUBI71gcr3Ie1MiFU34nZ4J4sdoxGlEMdLG8jzExBjBS+jYtWGl6thOLvgX3AKqoFB7WPnwwgSnMeEaM6TUwHWE9jMkNcWMzMteqohAeIJGZGCQo5io83BKhcrRz/Lz5/DUhCGMEmke1zB3vy9nKFZqFgdmMkZ6rH5nC/O/bJDq6MLPKBepJhwvP4pSBnUCF13AkEqCNZsZQFhSczbEYyQR1qaxct5HMxdcQqNeQNP96qNbs13Hdm/r1dZV0UwJHIMTcAZc0AAtcAPaoAMwEOABPIIn6956tl6s1+XoilXsHIEfst4+AT/GlZk=</latexit><latexit sha1_base64="q+JJwlOOR4ghGQom6oMxmfR8WsE=">AAAB/nicbZBLSwMxFIUzPmt9VV26CRbBhQwzpVC7EIpuXFawD+gMJZPJtKGZTEgyhTIU/BVudeVO3PpXXPhfTKeD+DoQ+DjnXnI5gWBUacd5t1ZW19Y3Nktb5e2d3b39ysFhVyWpxKSDE5bIfoAUYZSTjqaakb6QBMUBI71gcr3Ie1MiFU34nZ4J4sdoxGlEMdLG8jzExBjBS+jYtWGl6thOLvgX3AKqoFB7WPnwwgSnMeEaM6TUwHWE9jMkNcWMzMteqohAeIJGZGCQo5io83BKhcrRz/Lz5/DUhCGMEmke1zB3vy9nKFZqFgdmMkZ6rH5nC/O/bJDq6MLPKBepJhwvP4pSBnUCF13AkEqCNZsZQFhSczbEYyQR1qaxct5HMxdcQqNeQNP96qNbs13Hdm/r1dZV0UwJHIMTcAZc0AAtcAPaoAMwEOABPIIn6956tl6s1+XoilXsHIEfst4+AT/GlZk=</latexit>

�i = 0.7
<latexit sha1_base64="VokT+NZWPc27x3iG1M/szLSedSA=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSiFA3QtGNywr2Ak0ok8mkHTqZhJlJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3084U9q2v6zS2vrG5lZ5u7Kzu7d/UD086qg4lYS2Scxj2fOxopwJ2tZMc9pLJMWRz2nXH9/N/e6ESsVi8ainCfUiPBQsZARrI7kuGbEBQzfIrjcG1Zpdt/NCq+AUUIOiWoPqtxvEJI2o0IRjpfqOnWgvw1Izwums4qaKJpiM8ZD2DQocUXURTFiicvSy/PwZOjNmgMJYmic0ytXfwxmOlJpGvumMsB6pZW8u/uf1Ux1eexkTSaqpIItFYcqRjtE8CxQwSYnmUwOYSGbORmSEJSbaJFYxeTjLv1+FzmXdsevOw1WteVskU4YTOIVzcKABTbiHFrSBQALP8AKv1pP1Zr1bH4vWklXMHMOfsj5/APmflQQ=</latexit><latexit sha1_base64="VokT+NZWPc27x3iG1M/szLSedSA=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSiFA3QtGNywr2Ak0ok8mkHTqZhJlJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3084U9q2v6zS2vrG5lZ5u7Kzu7d/UD086qg4lYS2Scxj2fOxopwJ2tZMc9pLJMWRz2nXH9/N/e6ESsVi8ainCfUiPBQsZARrI7kuGbEBQzfIrjcG1Zpdt/NCq+AUUIOiWoPqtxvEJI2o0IRjpfqOnWgvw1Izwums4qaKJpiM8ZD2DQocUXURTFiicvSy/PwZOjNmgMJYmic0ytXfwxmOlJpGvumMsB6pZW8u/uf1Ux1eexkTSaqpIItFYcqRjtE8CxQwSYnmUwOYSGbORmSEJSbaJFYxeTjLv1+FzmXdsevOw1WteVskU4YTOIVzcKABTbiHFrSBQALP8AKv1pP1Zr1bH4vWklXMHMOfsj5/APmflQQ=</latexit><latexit sha1_base64="VokT+NZWPc27x3iG1M/szLSedSA=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSiFA3QtGNywr2Ak0ok8mkHTqZhJlJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3084U9q2v6zS2vrG5lZ5u7Kzu7d/UD086qg4lYS2Scxj2fOxopwJ2tZMc9pLJMWRz2nXH9/N/e6ESsVi8ainCfUiPBQsZARrI7kuGbEBQzfIrjcG1Zpdt/NCq+AUUIOiWoPqtxvEJI2o0IRjpfqOnWgvw1Izwums4qaKJpiM8ZD2DQocUXURTFiicvSy/PwZOjNmgMJYmic0ytXfwxmOlJpGvumMsB6pZW8u/uf1Ux1eexkTSaqpIItFYcqRjtE8CxQwSYnmUwOYSGbORmSEJSbaJFYxeTjLv1+FzmXdsevOw1WteVskU4YTOIVzcKABTbiHFrSBQALP8AKv1pP1Zr1bH4vWklXMHMOfsj5/APmflQQ=</latexit><latexit sha1_base64="VokT+NZWPc27x3iG1M/szLSedSA=">AAAB/nicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSiFA3QtGNywr2Ak0ok8mkHTqZhJlJoYSCT+FWV+7Era/iwndxmmahrQcGPv7/HM6Z3084U9q2v6zS2vrG5lZ5u7Kzu7d/UD086qg4lYS2Scxj2fOxopwJ2tZMc9pLJMWRz2nXH9/N/e6ESsVi8ainCfUiPBQsZARrI7kuGbEBQzfIrjcG1Zpdt/NCq+AUUIOiWoPqtxvEJI2o0IRjpfqOnWgvw1Izwums4qaKJpiM8ZD2DQocUXURTFiicvSy/PwZOjNmgMJYmic0ytXfwxmOlJpGvumMsB6pZW8u/uf1Ux1eexkTSaqpIItFYcqRjtE8CxQwSYnmUwOYSGbORmSEJSbaJFYxeTjLv1+FzmXdsevOw1WteVskU4YTOIVzcKABTbiHFrSBQALP8AKv1pP1Zr1bH4vWklXMHMOfsj5/APmflQQ=</latexit><latexit sha1_base64="7fakviRD7X0aWYbiQdVwUkl89N0=">AAAB/nicbZBLSwMxFIUz9VXrq+rSTbAILmSYkULtQii6cVnBPqAzlEwm04ZmMiHJFMpQ8Fe41ZU7cetfceF/MZ0O4utA4OOce8nlBIJRpR3n3SqtrK6tb5Q3K1vbO7t71f2DrkpSiUkHJyyR/QApwignHU01I30hCYoDRnrB5HqR96ZEKprwOz0TxI/RiNOIYqSN5Xl4TIcUXkLHbgyrNcd2csG/4BZQA4Xaw+qHFyY4jQnXmCGlBq4jtJ8hqSlmZF7xUkUEwhM0IgODHMVEnYVTKlSOfpafP4cnJgxhlEjzuIa5+305Q7FSszgwkzHSY/U7W5j/ZYNURxd+RrlINeF4+VGUMqgTuOgChlQSrNnMAMKSmrMhHiOJsDaNVfI+mrngEhr1ApruVx/dc9t1bPe2XmtdFc2UwRE4BqfABQ3QAjegDToAAwEewCN4su6tZ+vFel2Olqxi5xD8kPX2CTeklZQ=</latexit><latexit sha1_base64="7fakviRD7X0aWYbiQdVwUkl89N0=">AAAB/nicbZBLSwMxFIUz9VXrq+rSTbAILmSYkULtQii6cVnBPqAzlEwm04ZmMiHJFMpQ8Fe41ZU7cetfceF/MZ0O4utA4OOce8nlBIJRpR3n3SqtrK6tb5Q3K1vbO7t71f2DrkpSiUkHJyyR/QApwignHU01I30hCYoDRnrB5HqR96ZEKprwOz0TxI/RiNOIYqSN5Xl4TIcUXkLHbgyrNcd2csG/4BZQA4Xaw+qHFyY4jQnXmCGlBq4jtJ8hqSlmZF7xUkUEwhM0IgODHMVEnYVTKlSOfpafP4cnJgxhlEjzuIa5+305Q7FSszgwkzHSY/U7W5j/ZYNURxd+RrlINeF4+VGUMqgTuOgChlQSrNnMAMKSmrMhHiOJsDaNVfI+mrngEhr1ApruVx/dc9t1bPe2XmtdFc2UwRE4BqfABQ3QAjegDToAAwEewCN4su6tZ+vFel2Olqxi5xD8kPX2CTeklZQ=</latexit>
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axions annihilate into gravitons, !
producing coherent GWs

macroscopically, this is just due to !
the stress-energy of the cloud

Arvanitaki et al. (2015) [10.1103/PhysRevD.91.084011]
Brito et al. (2017) [10.1103/PhysRevD.96.064050]

LIGO O1 targeted results
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Max Isi (LIGO Caltech) !37

all-sky CW searches

Brito et al. (2017) [10.1103/PhysRevD.96.064050]

(band-width corresponds to different BH population models)

D(f) ⌘
p

Sn(f)/hthr
<latexit sha1_base64="M/Ocuzm6ndr7JcW0bD4yXUzVzao="></latexit><latexit sha1_base64="M/Ocuzm6ndr7JcW0bD4yXUzVzao="></latexit><latexit sha1_base64="M/Ocuzm6ndr7JcW0bD4yXUzVzao="></latexit><latexit sha1_base64="M/Ocuzm6ndr7JcW0bD4yXUzVzao="></latexit><latexit sha1_base64="+cjVJyokzeyNiMJgmJrioodnygQ="></latexit><latexit sha1_base64="+cjVJyokzeyNiMJgmJrioodnygQ="></latexit>

strain needed for detection

look for signals from anywhere in the sky



Max Isi (LIGO Caltech) !38Brito et al. (2017) [10.1103/PhysRevLett.119.131101]

look for unresolvable signals from anywhere in the sky
stochastic background

4yr-long observation!
BH initial spin 0.9!

(for vertical lines only)

aLIGO

LISA

z=0.001z=3



Max Isi (LIGO Caltech)

if an ultralight boson exists,!
it will spontaneously form clouds !

around spinning black holes 

these clouds will emit potentially 
detectable gravitational waves, 

evidence for a new particle

!39

main message
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thank you!

Arvanitaki & Dubovsky (2011) [arXiv:1004.3558]

Arvanitaki et al. (2015) [arXiv:1411.2263]

Brito et al. (2017) [arXiv:1706.05097]

learn more



extra
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constraints
model-dependent

Feng (2010) [doi: 10.1146/annurev-astro-082708-101659]
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constraints
model-dependent

Du et al. (2018) [10.1103/PhysRevLett.120.151301]

ADMX
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the QCD axion
for the QCD axion to be a viable cold dark matter candidate!

it must satisfy more constraints than needed to solve the 
strong-CP problem

for instance, cannot be too light or would have been 
produced in too much abundance, cannot be too heavy or 

it would affect evolution of heavy stars

a dark matter candidate:

these constraints imply

1012 GeV ✓�2
i & fa & 109 GeV

<latexit sha1_base64="55kZQ0b2QqQi94vtGTFSSwYIzs8="></latexit><latexit sha1_base64="55kZQ0b2QqQi94vtGTFSSwYIzs8="></latexit><latexit sha1_base64="55kZQ0b2QqQi94vtGTFSSwYIzs8="></latexit><latexit sha1_base64="55kZQ0b2QqQi94vtGTFSSwYIzs8="></latexit><latexit sha1_base64="IfYjkR7uul784xebIKOdlNQUmkY="></latexit><latexit sha1_base64="IfYjkR7uul784xebIKOdlNQUmkY="></latexit>

6µeV ✓2i . ma . 6meV
<latexit sha1_base64="d8DOVtL7XSyzVluye5xZcpPniE8="></latexit><latexit sha1_base64="d8DOVtL7XSyzVluye5xZcpPniE8="></latexit><latexit sha1_base64="d8DOVtL7XSyzVluye5xZcpPniE8="></latexit><latexit sha1_base64="d8DOVtL7XSyzVluye5xZcpPniE8="></latexit><latexit sha1_base64="Vvt+2Kdg0jcbC13xMmndNjyw2UY="></latexit><latexit sha1_base64="Vvt+2Kdg0jcbC13xMmndNjyw2UY="></latexit>

with%i some constant less than one
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superradiance

A0

Af

is a purely kinematic effect

!
<latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="TkVrgRH/CT8rEt+yFYg2gQw1G6Y=">AAAB+HicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4Iui27cWcFeoB1KJs20sUlmSDKFOvQd3OrKnbj1bVz4LqbTWWjrgcDH/5/DOfmDmDNtXPfLKaysrq1vFDdLW9s7u3vl/YOmjhJFaINEPFLtAGvKmaQNwwyn7VhRLAJOW8HoZua3xlRpFskHM4mpL/BAspARbKzU7N4JOsC9csWtulmhZfByqEBe9V75u9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWJRYUH3WH7NYZ+in2eFTdGLNPgojZZ80KFN/D6dYaD0Rge0U2Az1ojcT//M6iQmv/JTJODFUkvmiMOHIRGiWAuozRYnhEwuYKGbPRmSIFSbGZlWyeXiLv1+G5nnVc6ve/UWldp0nU4QjOIZT8OASanALdWgAgUd4hhd4dZ6cN+fd+Zi3Fpx85hD+lPP5A0IPk6M=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit><latexit sha1_base64="vqM/d/SxGWYTXCQjrTS7gdHAIYs=">AAAB+HicbZBLS8NAFIUnPmt9VV26GSyCCymJFGp3RTfurGAf0IYymdy0Y2cmYWZSqKH/wa2u3Ilb/40L/4tpGsTXgYGPc+5lLseLONPGtt+tpeWV1bX1wkZxc2t7Z7e0t9/WYawotGjIQ9X1iAbOJLQMMxy6kQIiPA4db3w5zzsTUJqF8tZMI3AFGUoWMEpMarX71wKGZFAq2xU7E/4LTg5llKs5KH30/ZDGAqShnGjdc+zIuAlRhlEOs2I/1hAROiZD6KUoiQB96k9YpDN0k+zwGT5OQx8HoUqfNDhzvy8nRGg9FV46KYgZ6d/Z3Pwv68UmOHcTJqPYgKSLj4KYYxPieQvYZwqo4dMUCFUsPRvTEVGEmrSrYtZHPRNeQK2aQ9356qN9VnHsinNTLTcu8mYK6BAdoRPkoBpqoCvURC1E0R16QI/oybq3nq0X63UxumTlOwfoh6y3T4AFlDM=</latexit>

R

!0/m < ⌦ =) A0 < Af
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limits from X-ray binaries

*some of these measurements potentially suffer from strong systematics
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limits from X-ray binaries

*some of these measurements potentially suffer from strong systematics
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