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This talk contains references to mythical creatures, which may or may not exist.

aaronsimscompany

For example:

www.maicar.com

Sirens Werewolves

and primordial black holes…

http://www.maicar.com
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Primordial Black Holes
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[Zel’dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974), Carr (1975)]

Primordial Black Holes (PBHs) could form in the early  
Universe (              ) from large over-densities

Mass roughly given by mass inside horizon at time of formation: 
[Green & Liddle, astro-ph/9901268]

z � 108
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https://ui.adsabs.harvard.edu/abs/1967SvA....10..602Z/abstract
https://ui.adsabs.harvard.edu/abs/1971MNRAS.152...75H/abstract
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C/abstract
http://adsabs.harvard.edu/full/1975ApJ...201....1C
https://arxiv.org/abs/astro-ph/9901268
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PBH formation
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• Enhancement/feature in power spectrum  

• Cosmic String Loops  

• Bubble collisions

[e.g. astro-ph/9509027, astro-ph/9605094, hep-ph/9710259, 1206.4188, 1709.05565]

Primordial Black Holes are a probe of the physics of the early Universe:

[Green, 1403.1198]

[e.g. Hawking, Moss & Stewart (1982); La & Steinhart (1989)]

[e.g. Hawking (1987), Polnarev & Zembowicz (1991), gr-qc/9509012]

[1110.2484]

How can we  
make a PBH?

“Sirens of the early Universe”

https://arxiv.org/abs/astro-ph/9509027
https://arxiv.org/abs/astro-ph/9605094
https://arxiv.org/abs/hep-ph/9710259
https://arxiv.org/abs/1206.4188
https://arxiv.org/abs/1709.05565
https://arxiv.org/abs/1403.1198
http://inspirehep.net/record/11749?ln=en
http://inspirehep.net/record/24917?ln=en
http://inspirehep.net/record/254374?ln=en
http://inspirehep.net/record/266592
https://arxiv.org/abs/gr-qc/9509012
https://www.arxiv.org/abs/1110.2484
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PBH Constraints
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[See e.g. 1607.06077, 1801.00808, 1806.05195] [Some dispute: 1712.06574, 1906.05950]

LIGO

[Code online: github.com/bradkav/PBHbounds]

Assuming monochromatic mass function

https://arxiv.org/abs/1607.06077
https://arxiv.org/abs/1801.00808
https://arxiv.org/abs/1806.05195
https://arxiv.org/abs/1712.06574
https://arxiv.org/abs/1906.05950
http://github.com/bradkav/PBHbounds
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A tale of two binaries
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A) Binaries formed after 
close encounters

[Bird et al., 1603.00464] [Nakamura et al, astro-ph/9708060, 
Sasaki et al, 1603.08338]

Hubble flow

B) Binaries formed in the 
early Universe

https://arxiv.org/abs/1603.00464
https://arxiv.org/abs/astro-ph/9708060
https://arxiv.org/abs/1603.08338
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Early Universe Binaries
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If fPBH ~ 1, the relative density of PBHs equals the background 
radiation density at matter-radiation equality.  

(Almost) all PBHs form binaries…
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PBH Binary Population
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[0909.1738, 1606.07437, 1707.01480, 1709.06576, 1907.01455, and many others.]

tmerge =
3 c5

170 G3
N

a4j7

M3
PBH
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Randomly distributed  
(unclustered) PBHs

Angular momentum set by 
torques from smooth density 

perturbations and all other PBHs

Close, eccentric binaries 
 merge today:

j =
�

1 � e2
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[BJK, Gaggero & Bertone, 1805.09034]

https://arxiv.org/abs/0909.1738
https://arxiv.org/abs/1606.07437
https://arxiv.org/abs/1707.01480
https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1907.01455
https://arxiv.org/abs/1805.09034
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Merger rate estimate

9

[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034]

LIGO merger rate 
estimate after  
GW150914

Solar mass PBHs should only be a sub-dominant  (%-level) 
contribution to the DM density in the Universe

R (tmerge) =
1

2
nPBHPbinary P (tmerge)
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https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1805.09034
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Caveats
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• Survival 

• Clustering 

• Baryons 

• Dark Matter

[1709.06576, 1908.09752]

Do these binaries survive for the age of the Universe?

Smooth density perturbations and close encounters 
are unlikely to disrupt the binaries

a � 10�2 pc
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https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1908.09752
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• Survival 

• Clustering 

• Baryons 

• Dark Matter

[1805.05912, 1807.02084, 1808.05910, 1910.06077 and others]

How does the distribution of PBHs affect the merger rate?

PBHs may cluster (depending on how they are formed) -  
this could substantially increase the merger rate

[This could be a good topic for the discussion session.]

https://arxiv.org/abs/1805.05912
https://arxiv.org/abs/1807.02084
https://arxiv.org/abs/1808.05910
https://arxiv.org/abs/1910.06077
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• Survival 

• Clustering 

• Baryons 

• Dark Matter

Does baryonic accretion disrupt the binary? 

Some simulations have been performed, but the effects 
are still unclear (especially for highly eccentric binaries)…

[astro-ph/0607467, 0909.1738, 0805.3408, 1703.03913]

https://arxiv.org/abs/astro-ph/0607467
https://arxiv.org/abs/0909.1738
https://arxiv.org/abs/0805.3408
https://arxiv.org/abs/1703.03913
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• Survival 

• Clustering 

• Baryons 

• Dark Matter

Do local Dark Matter halos disrupt PBH binaries?
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Black Holes’ Dark Dress
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[Bertschinger  (1985)] 
[0706.0864, 1901.08528]

high redshift (early time)

large background density low background density

low redshift (later time)

PBHs seed the formation of `local’ DM halos:

Slide shamelessly ripped off from Daniele Gaggero

Rtr(z) = 0.0063

�
MPBH

M�

� �
1 + zeq

1 + z

�
pc
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By matter-radiation equality, Mhalo � MPBH
<latexit sha1_base64="oJ4BzCYuBbHVpCcfBq/tLU9d10o=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYExVXRTTdCBfuAzlAyaaYNzWNIMkIZ5gPc+CtuXCji1g9w59+YaQfU1gOBwznnkntPGDOqjet+OUvLK6tr66WN8ubW9s5uZW+/rWWiMGlhyaTqhkgTRgVpGWoY6caKIB4y0gnH17nfuSdKUynuzCQmAUdDQSOKkbFSv1K96fscmZHi6QgxmUFfUw5/xOZVI7Mpt+ZOAReJV5AqKNDsVz79gcQJJ8JghrTueW5sghQpQzEjWdlPNIkRHqMh6VkqECc6SKfHZPDYKgMYSWWfMHCq/p5IEdd6wkObzHfU814u/uf1EhNdBCkVcWKIwLOPooRBI2HeDBxQRbBhE0sQVtTuCvEIKYSN7a9sS/DmT14k7dOa59a827Nq/bKoowQOwRE4AR44B3XQAE3QAhg8gCfwAl6dR+fZeXPeZ9Elp5g5AH/gfHwD4HSbdg==</latexit><latexit sha1_base64="oJ4BzCYuBbHVpCcfBq/tLU9d10o=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYExVXRTTdCBfuAzlAyaaYNzWNIMkIZ5gPc+CtuXCji1g9w59+YaQfU1gOBwznnkntPGDOqjet+OUvLK6tr66WN8ubW9s5uZW+/rWWiMGlhyaTqhkgTRgVpGWoY6caKIB4y0gnH17nfuSdKUynuzCQmAUdDQSOKkbFSv1K96fscmZHi6QgxmUFfUw5/xOZVI7Mpt+ZOAReJV5AqKNDsVz79gcQJJ8JghrTueW5sghQpQzEjWdlPNIkRHqMh6VkqECc6SKfHZPDYKgMYSWWfMHCq/p5IEdd6wkObzHfU814u/uf1EhNdBCkVcWKIwLOPooRBI2HeDBxQRbBhE0sQVtTuCvEIKYSN7a9sS/DmT14k7dOa59a827Nq/bKoowQOwRE4AR44B3XQAE3QAhg8gCfwAl6dR+fZeXPeZ9Elp5g5AH/gfHwD4HSbdg==</latexit><latexit sha1_base64="oJ4BzCYuBbHVpCcfBq/tLU9d10o=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYExVXRTTdCBfuAzlAyaaYNzWNIMkIZ5gPc+CtuXCji1g9w59+YaQfU1gOBwznnkntPGDOqjet+OUvLK6tr66WN8ubW9s5uZW+/rWWiMGlhyaTqhkgTRgVpGWoY6caKIB4y0gnH17nfuSdKUynuzCQmAUdDQSOKkbFSv1K96fscmZHi6QgxmUFfUw5/xOZVI7Mpt+ZOAReJV5AqKNDsVz79gcQJJ8JghrTueW5sghQpQzEjWdlPNIkRHqMh6VkqECc6SKfHZPDYKgMYSWWfMHCq/p5IEdd6wkObzHfU814u/uf1EhNdBCkVcWKIwLOPooRBI2HeDBxQRbBhE0sQVtTuCvEIKYSN7a9sS/DmT14k7dOa59a827Nq/bKoowQOwRE4AR44B3XQAE3QAhg8gCfwAl6dR+fZeXPeZ9Elp5g5AH/gfHwD4HSbdg==</latexit><latexit sha1_base64="oJ4BzCYuBbHVpCcfBq/tLU9d10o=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYExVXRTTdCBfuAzlAyaaYNzWNIMkIZ5gPc+CtuXCji1g9w59+YaQfU1gOBwznnkntPGDOqjet+OUvLK6tr66WN8ubW9s5uZW+/rWWiMGlhyaTqhkgTRgVpGWoY6caKIB4y0gnH17nfuSdKUynuzCQmAUdDQSOKkbFSv1K96fscmZHi6QgxmUFfUw5/xOZVI7Mpt+ZOAReJV5AqKNDsVz79gcQJJ8JghrTueW5sghQpQzEjWdlPNIkRHqMh6VkqECc6SKfHZPDYKgMYSWWfMHCq/p5IEdd6wkObzHfU814u/uf1EhNdBCkVcWKIwLOPooRBI2HeDBxQRbBhE0sQVtTuCvEIKYSN7a9sS/DmT14k7dOa59a827Nq/bKoowQOwRE4AR44B3XQAE3QAhg8gCfwAl6dR+fZeXPeZ9Elp5g5AH/gfHwD4HSbdg==</latexit>

�(r) � r�9/4
<latexit sha1_base64="cPra1wi3LZF5g3ITOFQlcavnrAY=">AAACAXicbVDLSgMxFM34rPU16kZwEyxCXVhnakHdSMGNywr2AZ2xZNJMG5pJhiQjlKFu/BU3LhRx61+4829M21lo64HA4Zx7uTkniBlV2nG+rYXFpeWV1dxafn1jc2vb3tltKJFITOpYMCFbAVKEUU7qmmpGWrEkKAoYaQaD67HffCBSUcHv9DAmfoR6nIYUI22kjr3vyb4oymPoxVLEWkB5n55cnlZGHbvglJwJ4DxxM1IAGWod+8vrCpxEhGvMkFJt14m1nyKpKWZklPcSRWKEB6hH2oZyFBHlp5MEI3hklC4MhTSPazhRf2+kKFJqGAVmMkK6r2a9sfif1050eOGnlMeJJhxPD4UJgybpuA7YpZJgzYaGICyp+SvEfSQR1qa0vCnBnY08TxrlkntWKt9WCtWrrI4cOACHoAhccA6q4AbUQB1g8AiewSt4s56sF+vd+piOLljZzh74A+vzB9RtldQ=</latexit>

https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1901.08528
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Simulations
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Use GADGET-2 as a pure N-body solver:
[Springel, astro-ph/0505010]

Movies at tinyurl.com/BlackHolesDarkDress

https://arxiv.org/abs/astro-ph/0505010
http://tinyurl.com/BlackHolesDarkDress
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Life of a ‘dressed’ PBH binary
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ai = 0.01 pc

ei = 0.995
<latexit sha1_base64="GqbZagYaVvetNTjmmaeXIWmLGQs=">AAACEXicbVDLSsNAFJ34rPEVdelmsChdSElE0QpCwY3LCvYBTQiT6aQdOpOEmYlQQn/Bjb/ixoUibt2582+ctBG09cDA4ZxzmXtPkDAqlW1/GQuLS8srq6U1c31jc2vb2tltyTgVmDRxzGLRCZAkjEakqahipJMIgnjASDsYXud++54ISePoTo0S4nHUj2hIMVJa8q0K8ik8uoJ21Xage+xypAaCZwkeu65Jfrxa7cy3yjozAZwnTkHKoEDDtz7dXoxTTiKFGZKy69iJ8jIkFMWMjE03lSRBeIj6pKtphDiRXja5aAwPtdKDYSz0ixScqL8nMsSlHPFAJ/ON5ayXi/953VSFF15GoyRVJMLTj8KUQRXDvB7Yo4JgxUaaICyo3hXiARIIK12iqUtwZk+eJ62TqqP57Wm5flnUUQL74ABUgAPOQR3cgAZoAgwewBN4Aa/Go/FsvBnv0+iCUczsgT8wPr4BluSZrQ==</latexit><latexit sha1_base64="GqbZagYaVvetNTjmmaeXIWmLGQs=">AAACEXicbVDLSsNAFJ34rPEVdelmsChdSElE0QpCwY3LCvYBTQiT6aQdOpOEmYlQQn/Bjb/ixoUibt2582+ctBG09cDA4ZxzmXtPkDAqlW1/GQuLS8srq6U1c31jc2vb2tltyTgVmDRxzGLRCZAkjEakqahipJMIgnjASDsYXud++54ISePoTo0S4nHUj2hIMVJa8q0K8ik8uoJ21Xage+xypAaCZwkeu65Jfrxa7cy3yjozAZwnTkHKoEDDtz7dXoxTTiKFGZKy69iJ8jIkFMWMjE03lSRBeIj6pKtphDiRXja5aAwPtdKDYSz0ixScqL8nMsSlHPFAJ/ON5ayXi/953VSFF15GoyRVJMLTj8KUQRXDvB7Yo4JgxUaaICyo3hXiARIIK12iqUtwZk+eJ62TqqP57Wm5flnUUQL74ABUgAPOQR3cgAZoAgwewBN4Aa/Go/FsvBnv0+iCUczsgT8wPr4BluSZrQ==</latexit><latexit sha1_base64="GqbZagYaVvetNTjmmaeXIWmLGQs=">AAACEXicbVDLSsNAFJ34rPEVdelmsChdSElE0QpCwY3LCvYBTQiT6aQdOpOEmYlQQn/Bjb/ixoUibt2582+ctBG09cDA4ZxzmXtPkDAqlW1/GQuLS8srq6U1c31jc2vb2tltyTgVmDRxzGLRCZAkjEakqahipJMIgnjASDsYXud++54ISePoTo0S4nHUj2hIMVJa8q0K8ik8uoJ21Xage+xypAaCZwkeu65Jfrxa7cy3yjozAZwnTkHKoEDDtz7dXoxTTiKFGZKy69iJ8jIkFMWMjE03lSRBeIj6pKtphDiRXja5aAwPtdKDYSz0ixScqL8nMsSlHPFAJ/ON5ayXi/953VSFF15GoyRVJMLTj8KUQRXDvB7Yo4JgxUaaICyo3hXiARIIK12iqUtwZk+eJ62TqqP57Wm5flnUUQL74ABUgAPOQR3cgAZoAgwewBN4Aa/Go/FsvBnv0+iCUczsgT8wPr4BluSZrQ==</latexit><latexit sha1_base64="GqbZagYaVvetNTjmmaeXIWmLGQs=">AAACEXicbVDLSsNAFJ34rPEVdelmsChdSElE0QpCwY3LCvYBTQiT6aQdOpOEmYlQQn/Bjb/ixoUibt2582+ctBG09cDA4ZxzmXtPkDAqlW1/GQuLS8srq6U1c31jc2vb2tltyTgVmDRxzGLRCZAkjEakqahipJMIgnjASDsYXud++54ISePoTo0S4nHUj2hIMVJa8q0K8ik8uoJ21Xage+xypAaCZwkeu65Jfrxa7cy3yjozAZwnTkHKoEDDtz7dXoxTTiKFGZKy69iJ8jIkFMWMjE03lSRBeIj6pKtphDiRXja5aAwPtdKDYSz0ixScqL8nMsSlHPFAJ/ON5ayXi/953VSFF15GoyRVJMLTj8KUQRXDvB7Yo4JgxUaaICyo3hXiARIIK12iqUtwZk+eJ62TqqP57Wm5flnUUQL74ABUgAPOQR3cgAZoAgwewBN4Aa/Go/FsvBnv0+iCUczsgT8wPr4BluSZrQ==</latexit>
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Final Merger Rate
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Guided by the simulations, map   (ai, ei) � (af , ef )
<latexit sha1_base64="g2uT2Al8OIAz54yzn1t3A40UhP4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS1CC1ISERRXBTcuK9gLtCGcTCft0MkkzEyUUrp246u4caGIW5/AnW/jpM1CW38Y+PnOOZw5f5BwprTjfFtLyyura+uFjeLm1vbOrr2331RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK+zeuueSsVicadHCfUi6AsWMgLaIN8+KoPPTjH1WQV3JesPNEgZP2CDwwyHFd8uOVVnKrxo3NyUUK66b391ezFJIyo04aBUx3US7Y1BakY4nRS7qaIJkCH0acdYARFV3nh6ygSfGNLDYSzNExpP6e+JMURKjaLAdEagB2q+lsH/ap1Uh5femIkk1VSQ2aIw5VjHOMsF95ikRPORMUAkM3/FZAASiDbpFU0I7vzJi6Z5VnWdqnt7Xqpd5XEU0CE6RmXkogtUQzeojhqIoEf0jF7Rm/VkvVjv1sesdcnKZw7QH1mfP0ffmLI=</latexit><latexit sha1_base64="g2uT2Al8OIAz54yzn1t3A40UhP4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS1CC1ISERRXBTcuK9gLtCGcTCft0MkkzEyUUrp246u4caGIW5/AnW/jpM1CW38Y+PnOOZw5f5BwprTjfFtLyyura+uFjeLm1vbOrr2331RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK+zeuueSsVicadHCfUi6AsWMgLaIN8+KoPPTjH1WQV3JesPNEgZP2CDwwyHFd8uOVVnKrxo3NyUUK66b391ezFJIyo04aBUx3US7Y1BakY4nRS7qaIJkCH0acdYARFV3nh6ygSfGNLDYSzNExpP6e+JMURKjaLAdEagB2q+lsH/ap1Uh5femIkk1VSQ2aIw5VjHOMsF95ikRPORMUAkM3/FZAASiDbpFU0I7vzJi6Z5VnWdqnt7Xqpd5XEU0CE6RmXkogtUQzeojhqIoEf0jF7Rm/VkvVjv1sesdcnKZw7QH1mfP0ffmLI=</latexit><latexit sha1_base64="g2uT2Al8OIAz54yzn1t3A40UhP4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS1CC1ISERRXBTcuK9gLtCGcTCft0MkkzEyUUrp246u4caGIW5/AnW/jpM1CW38Y+PnOOZw5f5BwprTjfFtLyyura+uFjeLm1vbOrr2331RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK+zeuueSsVicadHCfUi6AsWMgLaIN8+KoPPTjH1WQV3JesPNEgZP2CDwwyHFd8uOVVnKrxo3NyUUK66b391ezFJIyo04aBUx3US7Y1BakY4nRS7qaIJkCH0acdYARFV3nh6ygSfGNLDYSzNExpP6e+JMURKjaLAdEagB2q+lsH/ap1Uh5femIkk1VSQ2aIw5VjHOMsF95ikRPORMUAkM3/FZAASiDbpFU0I7vzJi6Z5VnWdqnt7Xqpd5XEU0CE6RmXkogtUQzeojhqIoEf0jF7Rm/VkvVjv1sesdcnKZw7QH1mfP0ffmLI=</latexit><latexit sha1_base64="g2uT2Al8OIAz54yzn1t3A40UhP4=">AAACCnicbZDLSsNAFIYnXmu9RV26GS1CC1ISERRXBTcuK9gLtCGcTCft0MkkzEyUUrp246u4caGIW5/AnW/jpM1CW38Y+PnOOZw5f5BwprTjfFtLyyura+uFjeLm1vbOrr2331RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK+zeuueSsVicadHCfUi6AsWMgLaIN8+KoPPTjH1WQV3JesPNEgZP2CDwwyHFd8uOVVnKrxo3NyUUK66b391ezFJIyo04aBUx3US7Y1BakY4nRS7qaIJkCH0acdYARFV3nh6ygSfGNLDYSzNExpP6e+JMURKjaLAdEagB2q+lsH/ap1Uh5femIkk1VSQ2aIw5VjHOMsF95ikRPORMUAkM3/FZAASiDbpFU0I7vzJi6Z5VnWdqnt7Xqpd5XEU0CE6RmXkogtUQzeojhqIoEf0jF7Rm/VkvVjv1sesdcnKZw7QH1mfP0ffmLI=</latexit>

Merger time                                           is almost conserved: tf =
�

ai

af
ti

<latexit sha1_base64="o5nI/bqpeOuDVpLZhdDhfna0X5g=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCQiKIJQcOOygn1AU8JkOmmHTiZx5kYoIWs3/oobF4q49Qvc+TdO2yy09cC9HM65l5l7gkRwDY7zbS0sLi2vrJbWyusbm1vb9s5uU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvB77rQemNI/lHYwS1o1IX/KQUwJG8u0D8EN8hT19ryDzQkVoRnyemxbmuXcCPvftilN1JsDzxC1IBRWo+/aX14tpGjEJVBCtO66TQDcjCjgVLC97qWYJoUPSZx1DJYmY7maTU3J8ZJQeDmNlSgKeqL83MhJpPYoCMxkRGOhZbyz+53VSCC+6GZdJCkzS6UNhKjDEeJwL7nHFKIiRIYQqbv6K6YCYPMCkVzYhuLMnz5PmadV1qu7tWaV2WcRRQvvoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AF6G5q8</latexit><latexit sha1_base64="o5nI/bqpeOuDVpLZhdDhfna0X5g=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCQiKIJQcOOygn1AU8JkOmmHTiZx5kYoIWs3/oobF4q49Qvc+TdO2yy09cC9HM65l5l7gkRwDY7zbS0sLi2vrJbWyusbm1vb9s5uU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvB77rQemNI/lHYwS1o1IX/KQUwJG8u0D8EN8hT19ryDzQkVoRnyemxbmuXcCPvftilN1JsDzxC1IBRWo+/aX14tpGjEJVBCtO66TQDcjCjgVLC97qWYJoUPSZx1DJYmY7maTU3J8ZJQeDmNlSgKeqL83MhJpPYoCMxkRGOhZbyz+53VSCC+6GZdJCkzS6UNhKjDEeJwL7nHFKIiRIYQqbv6K6YCYPMCkVzYhuLMnz5PmadV1qu7tWaV2WcRRQvvoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AF6G5q8</latexit><latexit sha1_base64="o5nI/bqpeOuDVpLZhdDhfna0X5g=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCQiKIJQcOOygn1AU8JkOmmHTiZx5kYoIWs3/oobF4q49Qvc+TdO2yy09cC9HM65l5l7gkRwDY7zbS0sLi2vrJbWyusbm1vb9s5uU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvB77rQemNI/lHYwS1o1IX/KQUwJG8u0D8EN8hT19ryDzQkVoRnyemxbmuXcCPvftilN1JsDzxC1IBRWo+/aX14tpGjEJVBCtO66TQDcjCjgVLC97qWYJoUPSZx1DJYmY7maTU3J8ZJQeDmNlSgKeqL83MhJpPYoCMxkRGOhZbyz+53VSCC+6GZdJCkzS6UNhKjDEeJwL7nHFKIiRIYQqbv6K6YCYPMCkVzYhuLMnz5PmadV1qu7tWaV2WcRRQvvoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AF6G5q8</latexit><latexit sha1_base64="o5nI/bqpeOuDVpLZhdDhfna0X5g=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCQiKIJQcOOygn1AU8JkOmmHTiZx5kYoIWs3/oobF4q49Qvc+TdO2yy09cC9HM65l5l7gkRwDY7zbS0sLi2vrJbWyusbm1vb9s5uU8epoqxBYxGrdkA0E1yyBnAQrJ0oRqJAsFYwvB77rQemNI/lHYwS1o1IX/KQUwJG8u0D8EN8hT19ryDzQkVoRnyemxbmuXcCPvftilN1JsDzxC1IBRWo+/aX14tpGjEJVBCtO66TQDcjCjgVLC97qWYJoUPSZx1DJYmY7maTU3J8ZJQeDmNlSgKeqL83MhJpPYoCMxkRGOhZbyz+53VSCC+6GZdJCkzS6UNhKjDEeJwL7nHFKIiRIYQqbv6K6YCYPMCkVzYhuLMnz5PmadV1qu7tWaV2WcRRQvvoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz6mowtWsbOH/sD6/AF6G5q8</latexit>

tmerge =
3 c5

170 G3
N

a4j7

M3
PBH

<latexit sha1_base64="C7SqiamL334hl+8ebIZq06/GcRw="></latexit><latexit sha1_base64="C7SqiamL334hl+8ebIZq06/GcRw="></latexit><latexit sha1_base64="C7SqiamL334hl+8ebIZq06/GcRw="></latexit><latexit sha1_base64="C7SqiamL334hl+8ebIZq06/GcRw="></latexit>

j =
�

1 � e2
<latexit sha1_base64="BOSQ37Ux5cBrQLZNHQrY/JdC9yg=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgJol6EgBePEcwCyRh6OjVJm57F7ppAGPInXjwo4tU/8ebf2FkOmvig4PFeFVX1/EQKjY7zbeVWVtfWN/Kbha3tnd09e/+gruNUcajxWMaq6TMNUkRQQ4ESmokCFvoSGv7gZuI3hqC0iKN7HCXghawXiUBwhkbq2PYjvaZt/aQwc8/goTzu2EWn5ExBl4k7J0UyR7Vjf7W7MU9DiJBLpnXLdRL0MqZQcAnjQjvVkDA+YD1oGRqxELSXTS8f0xOjdGkQK1MR0qn6eyJjodaj0DedIcO+XvQm4n9eK8XgystElKQIEZ8tClJJMaaTGGhXKOAoR4YwroS5lfI+U4yjCatgQnAXX14m9XLJdUru3XmxcjGPI0+OyDE5JS65JBVyS6qkRjgZkmfySt6szHqx3q2PWWvOms8ckj+wPn8ADyKSlw==</latexit><latexit sha1_base64="BOSQ37Ux5cBrQLZNHQrY/JdC9yg=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgJol6EgBePEcwCyRh6OjVJm57F7ppAGPInXjwo4tU/8ebf2FkOmvig4PFeFVX1/EQKjY7zbeVWVtfWN/Kbha3tnd09e/+gruNUcajxWMaq6TMNUkRQQ4ESmokCFvoSGv7gZuI3hqC0iKN7HCXghawXiUBwhkbq2PYjvaZt/aQwc8/goTzu2EWn5ExBl4k7J0UyR7Vjf7W7MU9DiJBLpnXLdRL0MqZQcAnjQjvVkDA+YD1oGRqxELSXTS8f0xOjdGkQK1MR0qn6eyJjodaj0DedIcO+XvQm4n9eK8XgystElKQIEZ8tClJJMaaTGGhXKOAoR4YwroS5lfI+U4yjCatgQnAXX14m9XLJdUru3XmxcjGPI0+OyDE5JS65JBVyS6qkRjgZkmfySt6szHqx3q2PWWvOms8ckj+wPn8ADyKSlw==</latexit><latexit sha1_base64="BOSQ37Ux5cBrQLZNHQrY/JdC9yg=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgJol6EgBePEcwCyRh6OjVJm57F7ppAGPInXjwo4tU/8ebf2FkOmvig4PFeFVX1/EQKjY7zbeVWVtfWN/Kbha3tnd09e/+gruNUcajxWMaq6TMNUkRQQ4ESmokCFvoSGv7gZuI3hqC0iKN7HCXghawXiUBwhkbq2PYjvaZt/aQwc8/goTzu2EWn5ExBl4k7J0UyR7Vjf7W7MU9DiJBLpnXLdRL0MqZQcAnjQjvVkDA+YD1oGRqxELSXTS8f0xOjdGkQK1MR0qn6eyJjodaj0DedIcO+XvQm4n9eK8XgystElKQIEZ8tClJJMaaTGGhXKOAoR4YwroS5lfI+U4yjCatgQnAXX14m9XLJdUru3XmxcjGPI0+OyDE5JS65JBVyS6qkRjgZkmfySt6szHqx3q2PWWvOms8ckj+wPn8ADyKSlw==</latexit><latexit sha1_base64="BOSQ37Ux5cBrQLZNHQrY/JdC9yg=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgJol6EgBePEcwCyRh6OjVJm57F7ppAGPInXjwo4tU/8ebf2FkOmvig4PFeFVX1/EQKjY7zbeVWVtfWN/Kbha3tnd09e/+gruNUcajxWMaq6TMNUkRQQ4ESmokCFvoSGv7gZuI3hqC0iKN7HCXghawXiUBwhkbq2PYjvaZt/aQwc8/goTzu2EWn5ExBl4k7J0UyR7Vjf7W7MU9DiJBLpnXLdRL0MqZQcAnjQjvVkDA+YD1oGRqxELSXTS8f0xOjdGkQK1MR0qn6eyJjodaj0DedIcO+XvQm4n9eK8XgystElKQIEZ8tClJJMaaTGGhXKOAoR4YwroS5lfI+U4yjCatgQnAXX14m9XLJdUru3XmxcjGPI0+OyDE5JS65JBVyS6qkRjgZkmfySt6szHqx3q2PWWvOms8ckj+wPn8ADyKSlw==</latexit>

LIGO merger rate 
estimate after  
GW150914

[BJK, Gaggero & Bertone, 1805.09034]

https://arxiv.org/abs/1805.09034
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Limits from LIGO mergers
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[1808.04771, 
1808.04772,  
1904.08976]

+ more recent sub-solar limits from LIGO

[BJK, Gaggero & Bertone, 1805.09034]

https://arxiv.org/abs/1808.04771
https://arxiv.org/abs/1808.04772
https://arxiv.org/abs/1904.08976
https://arxiv.org/abs/1805.09034
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Stochastic Background

19

[1610.08725]

[See also: 
1610.08479, 
1903.02886, 
1904.02396]

Background from PBH binary 
mergers over all of cosmic time

�GW � f2/3
<latexit sha1_base64="+HSg0zLPIfib7yzt8/A660ybJhs=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqqYPfOyKLnRnBfuAJobJdNIOnTyYmQglZOHGX3HjQhG3foQ7/8ZJGkStBwYO59zLnXOckFEhDeNTKywsLi2vFFdLa+sbm1v69k5XBBHHpIMDFvC+gwRh1CcdSSUj/ZAT5DmM9JzJeer37ggXNPBv5DQklodGPnUpRlJJtl42rzwyQnZ80UugGfIglAF0b+P6YSOx9YpRNTLAeVLLSQXkaNv6hzkMcOQRX2KGhBjUjFBaMeKSYkaSkhkJEiI8QSMyUNRHHhFWnIVI4L5ShtANuHq+hJn6cyNGnhBTz1GTHpJj8ddLxf+8QSTdEyumfhhJ4uPZITdiUAVNG4FDygmWbKoIwpyqv0I8RhxhqXorZSWcpjj6jjxPuvVqrVFtXjcrrbO8jiIogz1wAGrgGLTAJWiDDsDgHjyCZ/CiPWhP2qv2NhstaPnOLvgF7f0L3qyXuw==</latexit>

https://arxiv.org/abs/1610.08725
https://arxiv.org/abs/1610.08479
https://arxiv.org/abs/1903.02886
https://arxiv.org/abs/1904.02396
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Discovery prospects
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GW detection of 
sub-solar mass BHs

GW detection of high
 redshift BHs (z > 40)

Radio detection of 
accreting galactic PBHs

(LIGO O3,  
now!)

(Einstein Telescope, 
mid-late 2020s)

(Square Kilometre Array, 
late 2020s)

[Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

[1708.07380]

[1812.07967]

https://arxiv.org/abs/1905.01238
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WIMP annihilation
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PBH population would act as bright gamma-ray sources
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<latexit sha1_base64="ztq3fiMTsBv2834YKeafc2CMvrI="></latexit>

[1003.3466]

If the DM is a Weakly Interacting Massive Particle (WIMP), it can self-annihilate:

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1003.3466
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Werewolves

22

Werewolves: humans with the ability 
 to shapeshift into a wolf, 

which are notoriously hard to kill

Can be killed with Silver Bullets

aaronsimscompany
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Silver Bullets

23

Primordial Black Holes as 'Silver Bullets’ for New Physics at the Weak Scale

WIMPs: Weakly Interacting Massive Particles, 
which are notoriously hard to kill

Scalar  
Singlet

MSSM7  
(a flavour of 

supersymmetry)

[Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

https://arxiv.org/abs/1905.01238
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PBH Constraints
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[See e.g. 1607.06077, 1801.00808, 1806.05195]
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[Code online: github.com/bradkav/PBHbounds]

https://arxiv.org/abs/1607.06077
https://arxiv.org/abs/1801.00808
https://arxiv.org/abs/1806.05195
http://github.com/bradkav/PBHbounds
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GW Microlensing
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[1903.04513]

[astro-ph/9812021]

Relative time delay:

Relative phase:

�td
<latexit sha1_base64="BhdU0X/UsvENvVT1gwqHo64z1yQ=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZS0IXLCvaBbSiTyaQdOpmEmRuhhP6FGxeKuPVv3Pk3TtIgvg5cOJxzL/fe48WCa7DtD6u0sLi0vFJeraytb2xuVbd3OjpKFGVtGolI9TyimeCStYGDYL1YMRJ6gnW9yWXmd++Z0jyStzCNmRuSkeQBpwSMdDe4YgIIhqE/rNbsup0D/yVOQWqoQGtYfR/4EU1CJoEKonXfsWNwU6KAU8FmlUGiWUzohIxY31BJQqbdNL94hg+M4uMgUqYk4Fz9PpGSUOtp6JnOkMBY//Yy8T+vn0Bw5qZcxgkwSeeLgkRgiHD2Pva5YhTE1BBCFTe3YjomilAwIVXyEM4znHy9/Jd0jurOcb1x06g1L4o4ymgP7aND5KBT1ETXqIXaiCKJHtATera09Wi9WK/z1pJVzOyiH7DePgEe/pCv</latexit>

�� � f�td
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Mlens = 100 M�
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Frequency dependent 
 magnification

https://arxiv.org/abs/1903.04513
https://arxiv.org/abs/astro-ph/9812021
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GW Microlensing
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[1712.01396]

Projections

Could appear as unusual 
GW lensing ‘fringes’ in waveforms…

https://arxiv.org/abs/1712.01396
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SGWB with LISA
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[1910.07397]

EMRIs: (sub)-stellar mass PBHs in a spike around (e.g.) Sagittarius A*

[See also 1709.03500]

https://arxiv.org/abs/1910.07397
https://arxiv.org/abs/1709.03500
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GWs from PBH Formation

28

Scalar-induced Gravitational Waves (SIGWs)

At second order, these scalar perturbations can source tensor 
perturbations, leading to stochastic Gravitational waves

PR(k) � Ask�� (k � k�)
<latexit sha1_base64="NEdm6SGzkJCsLgG3/wgG4zX2oGE="></latexit>

fpeak
GW = 3 � 10�9

�
MPBH
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��1/2

Hz
<latexit sha1_base64="T1qvWvgkYfsDRjghWPqORl42Xd8="></latexit>

MPBH � 1.4 � 1013M�

�
k�

Mpc�1

��2

<latexit sha1_base64="g2f3y9o3ZUkfBeuF9vFuLRYG6z4="></latexit>

PBHs may be formed from 
enhanced primordial scalar 

perturbations

[astro-ph/0407611, 0812.4339, 1012.4697]

For perturbations on a scale ,k⋆

The typical GW frequency scales as , giving:f peak
GW ∼ k⋆

https://arxiv.org/abs/astro-ph/0407611
https://arxiv.org/abs/0812.4339
https://arxiv.org/abs/1012.4697
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      2              -3              -8            -13            -18
log10(MPBH/M�)
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Scalar-induced GWs

29

 

[More recently - 1810.11000, 1810.12218, 1906.11549] 

 

[0812.4339]

MPBH =

30 M�
<latexit sha1_base64="wUzoTz9KIxJshPraGg15zTy5Dqc="></latexit>

MPBH = 10�13 M�
<latexit sha1_base64="zoLSWnOK+Jm+t9PzkbjIQ4ZxZuw="></latexit>

https://arxiv.org/abs/1906.11549
https://arxiv.org/abs/1810.11000
https://arxiv.org/abs/1810.12218
https://arxiv.org/abs/1906.11549
https://arxiv.org/abs/1810.11000
https://arxiv.org/abs/0812.4339
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NANOGrav Constraints
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[See also Dan Stinebring's talk on NANOGrav, and 1801.01837]

[1910.12239]

https://arxiv.org/abs/1801.01837
https://arxiv.org/abs/1910.12239
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PBHs + GWs
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[See e.g. 1607.06077, 1801.00808, 1806.05195]

[Code online: github.com/bradkav/PBHbounds]

Thank you!

https://arxiv.org/abs/1607.06077
https://arxiv.org/abs/1801.00808
https://arxiv.org/abs/1806.05195
http://github.com/bradkav/PBHbounds
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GW probes of DM

33

10�20 10�10 1 1010 1020 1030 1040 1050 1060 1070

Dark Matter Candidate Mass [eV]

BH-Boson
condensate

BH spin
distribution

EMRI/IMRI dephasing

Rolling
axions

Rolling
axions

QCD Axion
(GW/Radio)

Hidden sector
scalars

PBH
mergers

PBH/sub-halo
transits

DM production
by bubble collisions

Axion
forces

Dark blobs

Boson star
binaries

Axion
DM

Dark Photon DM

1 M�

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]



Bradley J. Kavanagh (GRAPPA, Amsterdam) Hearing the sirens of the early Universe: PBHs & GWs

N-body Simulation Results
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Binaries shrink… …and circularise

fixes jf = ji
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Gamma-ray constraints
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Fermi/NASA

Point Sources in the Milky Way:

Diffuse gamma-rays

UCO/Lick 

NASAGamma rays from DM ann.
Redshifting

Attenuation

Diffuse (cosmological) background:

[Credit: Adam Coogan]

http://firstgalaxies.org/explore.html
https://science.nasa.gov/toolkits/spacecraft-icons
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Astrophysical vs Primordial
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[1905.13019]• Spin measurements   

• Population study of X-ray and Radio sources  

• Sub-solar mass black holes 

• High redshift (z > 40) black holes 

• Merger rate (over cosmic time): 

[1904.02396]

[1612.00457, 1812.07967]

[1708.07380]

[1808.04771, 1808.04772]

https://arxiv.org/abs/1905.13019
https://arxiv.org/abs/1904.02396
https://arxiv.org/abs/1612.00457
https://arxiv.org/abs/1812.07967
https://arxiv.org/abs/1708.07380
https://arxiv.org/abs/1808.04771
https://arxiv.org/abs/1808.04772
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OGLE ‘hint’
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[OGLE - 1901.07120]6 ultra-short timescale events

https://arxiv.org/abs/1901.07120
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Perturbing PTAs
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[1901.04490]
This is not strictly GWs…

SC3
SC4

SC2

[astro-ph/0702586, astro-ph/0702546]

https://arxiv.org/abs/1901.04490
https://arxiv.org/abs/astro-ph/0702586
https://arxiv.org/abs/astro-ph/0702546
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PBH Bounds
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[Code online: github.com/bradkav/PBHbounds]

http://github.com/bradkav/PBHbounds
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Femto-lensing

40

[1807.11495]

[1906.05950]

‘Femto-lensing’ of gamma-ray bursts

[1204.2056]

This turns out not to be valid - because GRBs are not ‘point-like’ 
in the lens plane, geometric optics no longer valid.

GRBs generally too extended to  be useful for FL.

https://arxiv.org/abs/1807.11495
https://arxiv.org/abs/1906.05950
https://arxiv.org/abs/1204.2056
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Broad Mass Functions
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[1801.10327]

https://arxiv.org/abs/1801.10327
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Broad Mass Functions
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[1707.01480]

Projections for the SGWB from PBH-PBH mergers

https://arxiv.org/abs/1707.01480
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Broad Mass Functions
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[Carr et al, 2017 - 1705.05567]

[See also 1709.07467, 1801.00808]

https://arxiv.org/abs/1705.05567
https://arxiv.org/abs/1709.07467
https://arxiv.org/abs/1801.00808

