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Could the observed LIGO events be due to merging  
Primordial Black Holes (PBHs)?

How do local Dark Matter (DM) halos affect the  
merger rate of PBHs?

arXiv:1805.09034, PRD 98, 023536 (2018) 
BJK, Daniele Gaggero & Gianfranco Bertone

Movies at tinyurl.com/DESYDarkDress



Bradley J. Kavanagh (GRAPPA, Amsterdam) Black Holes’ Dark Dress: Dark Matter & Merging PBHs

Primordial Black Holes
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[BJK, Gaggero & Bertone,1805.09034]

LIGO sensitive here
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PBH binaries form predominantly from ‘nearby’  
PBH pairs in the Early Universe:

[Sasaki et al., 1603.08338 and others, but see also Bird et al., 1603.00464]

a = 0.01

e = 0.995
<latexit sha1_base64="c14WANAWJORnV5uBCV/g4PidjDA=">AAACAHicbZDLSgMxFIYz9VbH26gLF26CRXFVZkTRCkLBjcsK9gKdoWTS0zY0kxmSjFCGbnwVNy4UcetjuPNtTNtZaOsPgS//OYfk/GHCmdKu+20VlpZXVteK6/bG5tb2jrO711BxKinUacxj2QqJAs4E1DXTHFqJBBKFHJrh8HZSbz6CVCwWD3qUQBCRvmA9Rok2Vsc5IPjkBrtl18O+b8PsUqlcdJySMafCi+DlUEK5ah3ny+/GNI1AaMqJUm3PTXSQEakZ5TC2/VRBQuiQ9KFtUJAIVJBNFxjjY+N0cS+W5giNp+7viYxESo2i0HRGRA/UfG1i/ldrp7p3FWRMJKkGQWcP9VKOdYwnaeAuk0A1HxkgVDLzV0wHRBKqTWa2CcGbX3kRGmdlz/D9eal6ncdRRIfoCJ0iD12iKrpDNVRHFI3RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAmmJI7</latexit><latexit sha1_base64="c14WANAWJORnV5uBCV/g4PidjDA=">AAACAHicbZDLSgMxFIYz9VbH26gLF26CRXFVZkTRCkLBjcsK9gKdoWTS0zY0kxmSjFCGbnwVNy4UcetjuPNtTNtZaOsPgS//OYfk/GHCmdKu+20VlpZXVteK6/bG5tb2jrO711BxKinUacxj2QqJAs4E1DXTHFqJBBKFHJrh8HZSbz6CVCwWD3qUQBCRvmA9Rok2Vsc5IPjkBrtl18O+b8PsUqlcdJySMafCi+DlUEK5ah3ny+/GNI1AaMqJUm3PTXSQEakZ5TC2/VRBQuiQ9KFtUJAIVJBNFxjjY+N0cS+W5giNp+7viYxESo2i0HRGRA/UfG1i/ldrp7p3FWRMJKkGQWcP9VKOdYwnaeAuk0A1HxkgVDLzV0wHRBKqTWa2CcGbX3kRGmdlz/D9eal6ncdRRIfoCJ0iD12iKrpDNVRHFI3RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAmmJI7</latexit><latexit sha1_base64="c14WANAWJORnV5uBCV/g4PidjDA=">AAACAHicbZDLSgMxFIYz9VbH26gLF26CRXFVZkTRCkLBjcsK9gKdoWTS0zY0kxmSjFCGbnwVNy4UcetjuPNtTNtZaOsPgS//OYfk/GHCmdKu+20VlpZXVteK6/bG5tb2jrO711BxKinUacxj2QqJAs4E1DXTHFqJBBKFHJrh8HZSbz6CVCwWD3qUQBCRvmA9Rok2Vsc5IPjkBrtl18O+b8PsUqlcdJySMafCi+DlUEK5ah3ny+/GNI1AaMqJUm3PTXSQEakZ5TC2/VRBQuiQ9KFtUJAIVJBNFxjjY+N0cS+W5giNp+7viYxESo2i0HRGRA/UfG1i/ldrp7p3FWRMJKkGQWcP9VKOdYwnaeAuk0A1HxkgVDLzV0wHRBKqTWa2CcGbX3kRGmdlz/D9eal6ncdRRIfoCJ0iD12iKrpDNVRHFI3RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAmmJI7</latexit><latexit sha1_base64="c14WANAWJORnV5uBCV/g4PidjDA=">AAACAHicbZDLSgMxFIYz9VbH26gLF26CRXFVZkTRCkLBjcsK9gKdoWTS0zY0kxmSjFCGbnwVNy4UcetjuPNtTNtZaOsPgS//OYfk/GHCmdKu+20VlpZXVteK6/bG5tb2jrO711BxKinUacxj2QqJAs4E1DXTHFqJBBKFHJrh8HZSbz6CVCwWD3qUQBCRvmA9Rok2Vsc5IPjkBrtl18O+b8PsUqlcdJySMafCi+DlUEK5ah3ny+/GNI1AaMqJUm3PTXSQEakZ5TC2/VRBQuiQ9KFtUJAIVJBNFxjjY+N0cS+W5giNp+7viYxESo2i0HRGRA/UfG1i/ldrp7p3FWRMJKkGQWcP9VKOdYwnaeAuk0A1HxkgVDLzV0wHRBKqTWa2CcGbX3kRGmdlz/D9eal6ncdRRIfoCJ0iD12iKrpDNVRHFI3RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAmmJI7</latexit>
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PBH Binary Population
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e > 0.9999

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

tmerge =
3 c5

170 G3
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M3
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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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R(tmerge) =
1

2
nPBHP (tmerge)
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[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034]

LIGO merger rate 
estimate

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

• Clustering 

• Baryons 

• Dark Matter

Caveats
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[Ali-Haïmoud et al., 1709.06576]

Do these binaries survive for the age of the Universe?

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

• Clustering 

• Baryons 

• Dark Matter

Caveats
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[1805.05912, 1807.02084, 1808.05910 and others]

See Paul Depta’s talk (which we just watched)

How does the distribution of PBHs affect the merger rate?
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Caveats
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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)

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

• Clustering 

• Baryons 

• Dark Matter

Caveats
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Do local Dark Matter halos disrupt PBH binaries?

Dynamical friction as the PBHs move through DM halos 
may affect the orbital properties…
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Dark Dresses
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[astro-ph/0608642, 0706.0864,1712.05421]

large redshift

large background density low background density

small 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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�(r) � r�3/2
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By matter-radiation equality, Mhalo � MPBH
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Simulations
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Use GADGET-2 as a pure N-body solver and follow the binary from decoupling:
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ai = 0.01

ei = 0.995
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Life of a dressed PBH binary
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Conservation of energy Conservation of angular momentum

Eorb
i + 2 Ubind = Eorb

f
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LPBH
i = LPBH

f

Lhalo
i = Lhalo

f
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j =
�

1 � e2
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Binaries shrink… …and circularise
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Eorb
i + 2 Ubind = Eorb

f
<latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit>

LPBH
i = LPBH

f

Lhalo
i = Lhalo

f
<latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit>

fixes semi-major axis, a

Binaries shrink… …and circularise

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>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Black Holes’ Dark Dress: Dark Matter & Merging PBHs

Interpreting the simulations

 26

10�3 10�2 10�1 100

Initial angular momentum, ji

10�4

10�3

10�2

10�1

F
in

al
se

m
i-
m

aj
or

ax
is

,
a f

[p
c]

Merging today
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Conservation of energy Conservation of angular momentum

Eorb
i + 2 Ubind = Eorb

f
<latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit><latexit sha1_base64="WrcnYvT5G18X2twItEkkg50RRAg=">AAACInicbVBbS8MwGE3nbc5b1UdfgmMgKKMdghcQBjLwcYLdBlstaZZuYWlaklQYZb/FF/+KLz4o6pPgjzHbirjNA4HDOd9Hznf8mFGpLOvLyC0tr6yu5dcLG5tb2zvm7l5DRonAxMERi0TLR5IwyomjqGKkFQuCQp+Rpj+4HvvNByIkjfidGsbEDVGP04BipLTkmRc1j953QqT6Ikwj4Y/gMazAzonzK/qUd0fwCta8YGbQM4tW2ZoALhI7I0WQoe6ZH51uhJOQcIUZkrJtW7FyUyQUxYyMCp1EkhjhAeqRtqYchUS66eTEESxppQuDSOjHFZyofzdSFEo5DHX+0jijnPfG4n9eO1HBuZtSHieKcDz9KEgYVBEc9wW7VBCs2FAThAXVWSHuI4Gw0q0WdAn2/MmLpFEp21bZvj0tVi+zOvLgAByCI2CDM1AFN6AOHIDBI3gGr+DNeDJejHfjczqaM7KdfTAD4/sH4K6j3w==</latexit>

LPBH
i = LPBH

f

Lhalo
i = Lhalo

f
<latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit><latexit sha1_base64="vq5ggJKX5vmn6co3++fBhQpAfFo=">AAACN3icbVDLSsNAFJ34rPEVdelmsCiuSiKCIghFN10UqWAf0MQwmU7aoZMHMxOhhP6VG3/DnW5cKOLWP3CSZtGHBwYO55zL3Hu8mFEhTfNNW1peWV1bL23om1vbO7vG3n5LRAnHpIkjFvGOhwRhNCRNSSUjnZgTFHiMtL3hbea3nwgXNAof5CgmToD6IfUpRlJJrnFXd+mjHSA54EHauKmN4ck1rLv+rGbb+nRugFi0EMxF1yibFTMHXCRWQcqgQMM1Xu1ehJOAhBIzJETXMmPppIhLihkZ63YiSIzwEPVJV9EQBUQ4aX73GB4rpQf9iKsXSpir0xMpCoQYBZ5KZkuKeS8T//O6ifQvnZSGcSJJiCcf+QmDMoJZibBHOcGSjRRBmFO1K8QDxBGWqmpdlWDNn7xIWmcVy6xY9+fl6lVRRwkcgiNwCixwAaqgBhqgCTB4Bu/gE3xpL9qH9q39TKJLWjFzAGag/f4BBOusCQ==</latexit>

fixes semi-major axis, a fixes jf = ji

�
ai/af

<latexit sha1_base64="d4FEoiYPfRT/FVCzUcKty+552uk=">AAACHnicbVDLSsNAFJ3UV62vqEs3F4vgqiaiKIJQcOOygn1AG8JkOmnHTh7OTIQS8iVu/BU3LhQRXOnfOG2jaOuBgXPPuZc793gxZ1JZ1qdRmJtfWFwqLpdWVtfWN8zNrYaMEkFonUQ8Ei0PS8pZSOuKKU5bsaA48DhteoOLkd+8o0KyKLxWw5g6Ae6FzGcEKy255vENuJCCDxmcA0wKpouOvBUKUvwtHAD+aczANctWxRoDZomdkzLKUXPN9043IklAQ0U4lrJtW7FyUiwUI5xmpU4iaYzJAPdoW9MQB1Q66fi8DPa00gU/EvqFCsbq74kUB1IOA093Blj15bQ3Ev/z2onyT52UhXGiaEgmi/yEg4pglBV0maBE8aEmmAim/wqkjwUmSida0iHY0yfPksZhxdb86qhcPcvjKKIdtIv2kY1OUBVdohqqI4Lu0SN6Ri/Gg/FkvBpvk9aCkc9soz8wPr4Anm6dzw==</latexit><latexit sha1_base64="d4FEoiYPfRT/FVCzUcKty+552uk=">AAACHnicbVDLSsNAFJ3UV62vqEs3F4vgqiaiKIJQcOOygn1AG8JkOmnHTh7OTIQS8iVu/BU3LhQRXOnfOG2jaOuBgXPPuZc793gxZ1JZ1qdRmJtfWFwqLpdWVtfWN8zNrYaMEkFonUQ8Ei0PS8pZSOuKKU5bsaA48DhteoOLkd+8o0KyKLxWw5g6Ae6FzGcEKy255vENuJCCDxmcA0wKpouOvBUKUvwtHAD+aczANctWxRoDZomdkzLKUXPN9043IklAQ0U4lrJtW7FyUiwUI5xmpU4iaYzJAPdoW9MQB1Q66fi8DPa00gU/EvqFCsbq74kUB1IOA093Blj15bQ3Ev/z2onyT52UhXGiaEgmi/yEg4pglBV0maBE8aEmmAim/wqkjwUmSida0iHY0yfPksZhxdb86qhcPcvjKKIdtIv2kY1OUBVdohqqI4Lu0SN6Ri/Gg/FkvBpvk9aCkc9soz8wPr4Anm6dzw==</latexit><latexit sha1_base64="d4FEoiYPfRT/FVCzUcKty+552uk=">AAACHnicbVDLSsNAFJ3UV62vqEs3F4vgqiaiKIJQcOOygn1AG8JkOmnHTh7OTIQS8iVu/BU3LhQRXOnfOG2jaOuBgXPPuZc793gxZ1JZ1qdRmJtfWFwqLpdWVtfWN8zNrYaMEkFonUQ8Ei0PS8pZSOuKKU5bsaA48DhteoOLkd+8o0KyKLxWw5g6Ae6FzGcEKy255vENuJCCDxmcA0wKpouOvBUKUvwtHAD+aczANctWxRoDZomdkzLKUXPN9043IklAQ0U4lrJtW7FyUiwUI5xmpU4iaYzJAPdoW9MQB1Q66fi8DPa00gU/EvqFCsbq74kUB1IOA093Blj15bQ3Ev/z2onyT52UhXGiaEgmi/yEg4pglBV0maBE8aEmmAim/wqkjwUmSida0iHY0yfPksZhxdb86qhcPcvjKKIdtIv2kY1OUBVdohqqI4Lu0SN6Ri/Gg/FkvBpvk9aCkc9soz8wPr4Anm6dzw==</latexit><latexit sha1_base64="d4FEoiYPfRT/FVCzUcKty+552uk=">AAACHnicbVDLSsNAFJ3UV62vqEs3F4vgqiaiKIJQcOOygn1AG8JkOmnHTh7OTIQS8iVu/BU3LhQRXOnfOG2jaOuBgXPPuZc793gxZ1JZ1qdRmJtfWFwqLpdWVtfWN8zNrYaMEkFonUQ8Ei0PS8pZSOuKKU5bsaA48DhteoOLkd+8o0KyKLxWw5g6Ae6FzGcEKy255vENuJCCDxmcA0wKpouOvBUKUvwtHAD+aczANctWxRoDZomdkzLKUXPN9043IklAQ0U4lrJtW7FyUiwUI5xmpU4iaYzJAPdoW9MQB1Q66fi8DPa00gU/EvqFCsbq74kUB1IOA093Blj15bQ3Ev/z2onyT52UhXGiaEgmi/yEg4pglBV0maBE8aEmmAim/wqkjwUmSida0iHY0yfPksZhxdb86qhcPcvjKKIdtIv2kY1OUBVdohqqI4Lu0SN6Ri/Gg/FkvBpvk9aCkc9soz8wPr4Anm6dzw==</latexit>

Binaries shrink… …and circularise

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>
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Draw PBH binaries from the distribution of (a, e)
<latexit sha1_base64="xtEA21gS39HDsDrfPpJr8Yj7ma8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJUkJKIoHgqePFYwX5AG8pmO2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VmhV6TvCsVyq7VXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt2Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ30uUJmxNgSyhS3txI2pIoyYwMq2hC8xZeXSfOi6rlV7/6yXLvJ4yjAMZxABTy4ghrcQR0awOARnuEV3pzYeXHenY9564qTzxzBHzifPwQnjhE=</latexit><latexit sha1_base64="xtEA21gS39HDsDrfPpJr8Yj7ma8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJUkJKIoHgqePFYwX5AG8pmO2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VmhV6TvCsVyq7VXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt2Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ30uUJmxNgSyhS3txI2pIoyYwMq2hC8xZeXSfOi6rlV7/6yXLvJ4yjAMZxABTy4ghrcQR0awOARnuEV3pzYeXHenY9564qTzxzBHzifPwQnjhE=</latexit><latexit sha1_base64="xtEA21gS39HDsDrfPpJr8Yj7ma8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJUkJKIoHgqePFYwX5AG8pmO2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VmhV6TvCsVyq7VXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt2Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ30uUJmxNgSyhS3txI2pIoyYwMq2hC8xZeXSfOi6rlV7/6yXLvJ4yjAMZxABTy4ghrcQR0awOARnuEV3pzYeXHenY9564qTzxzBHzifPwQnjhE=</latexit><latexit sha1_base64="xtEA21gS39HDsDrfPpJr8Yj7ma8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJUkJKIoHgqePFYwX5AG8pmO2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VmhV6TvCsVyq7VXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt2Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ30uUJmxNgSyhS3txI2pIoyYwMq2hC8xZeXSfOi6rlV7/6yXLvJ4yjAMZxABTy4ghrcQR0awOARnuEV3pzYeXHenY9564qTzxzBHzifPwQnjhE=</latexit>

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 =
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[BJK, Gaggero & Bertone,1805.09034]
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Caveats (once again)

 29

• Survival 

• Clustering 

• Baryons 

• Dark Matter

[See Paul Depta’s talk] 

[More (tough) simulation needed] 

Bounds from merging PBHs are being placed on 
a more and more solid footing! 

[Ali-Haïmoud et al., 1709.06576]

[BJK, Gaggero & Bertone, 1805.09034]

A little more work is still needed…
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Conclusions

 30

Movies and code available at github.com/bradkav/BlackHolesDarkDress

Many PBH binaries can be formed in the early Universe

Their mergers could be observable by LIGO today

Local DM halos affect the size and shape of PBH binaries 
but (surprisingly) have only a small effect on their merger rate

LIGO bounds set the strongest constraints on  
10 - 300 Solar Mass PBHs, at the sub-percent level 

Can Dark Matter influence other systems and their GW signals?

arXiv:1805.09034, PRD 98, 023536 (2018) 
BJK, Daniele Gaggero & Gianfranco Bertone
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Primordial Black Holes

 32

[Y. B. Zel’dovich and I. D. Novikov, Soviet Astronomy 10, 602 (1967)] 
[S. Hawking, Mon. Not. R. Astron. Soc. 152, 75 (1971)]  

[Carr and Hawking, MNRAS 168 (1974)] 
[Garcia-Bellido, Linde & Wands, astro-ph/9605094] 

[Green, 1403.1198] 
[Sasaki et al, 1801.05235]

Primordial Black Holes (PBHs) could form at                 from:

• Collapse of large density perturbations 
• Cosmic String Loops 
• Bubble collisions 
• …

z � 106
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A sign of New Physics and a probe of the early universe. 
A possible contribution to Dark Matter?
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Decoupling and Halo Mass
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MPBH = 30 M�
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Binary Evolution
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Remapping the semi-major axis
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Extended mass functions
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[See also 1801.10327] 

LIGO O1 Limit

[1707.01480]

“Old” merger rate calculation à la Sasaki et al., 
but picture doesn’t change too much…
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Astrophysical BH binaries could be 
formed dynamically, or through e.g.  

common envelope evolution:

[Banerjee, 1611.09357, 
LIGO-Virgo, 1602.03846, 
Elbert et al., 1703.02551, 

Stevenson et al., 1704.01352, 
and many others…] [1602.04531]
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For ‘high-resolution’ simulations, we use a multi-mass scheme 
 in which the DM halo is composed of 4 different masses of pseudo-particles.

Each simulation takes ~ 3000 CPU-hours, with very poor scaling with NCPU



Part II: A closer look to merger rates
A) Binaries formed in the early Universe B) Binaries formed after close 

encounters within a DM halo

Hubble flow

• If most of the DM is made of PBHs, most pairs 
decouple from the Hubble flow and form a 
binary deep in the radiation era.

• If f < 0.01, only rare pairs with small 
separation form binary systems.

Sasaki+ PRL 2017
Ali-Haimoud+ 2017

Bird+ PRL 2017

Did LIGO detect dark matter?

Simeon Bird,⇤ Ilias Cholis, Julian B. Muñoz, Yacine Ali-Häımoud, Marc
Kamionkowski, Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess1

1Department of Physics and Astronomy, Johns Hopkins University,
3400 N. Charles St., Baltimore, MD 21218, USA

We consider the possibility that the black-hole (BH) binary detected by LIGO may be a signature
of dark matter. Interestingly enough, there remains a window for masses 20M� . Mbh . 100M�
where primordial black holes (PBHs) may constitute the dark matter. If two BHs in a galactic halo
pass su�ciently close, they radiate enough energy in gravitational waves to become gravitationally
bound. The bound BHs will rapidly spiral inward due to emission of gravitational radiation and
ultimately merge. Uncertainties in the rate for such events arise from our imprecise knowledge of the
phase-space structure of galactic halos on the smallest scales. Still, reasonable estimates span a range
that overlaps the 2 � 53 Gpc�3 yr�1 rate estimated from GW150914, thus raising the possibility
that LIGO has detected PBH dark matter. PBH mergers are likely to be distributed spatially
more like dark matter than luminous matter and have no optical nor neutrino counterparts. They
may be distinguished from mergers of BHs from more traditional astrophysical sources through the
observed mass spectrum, their high ellipticities, or their stochastic gravitational wave background.
Next generation experiments will be invaluable in performing these tests.

The nature of the dark matter (DM) is one of the
most longstanding and puzzling questions in physics.
Cosmological measurements have now determined with
exquisite precision the abundance of DM [1, 2], and from
both observations and numerical simulations we know
quite a bit about its distribution in Galactic halos. Still,
the nature of the DM remains a mystery. Given the ef-
ficacy with which weakly-interacting massive particles—
for many years the favored particle-theory explanation—
have eluded detection, it may be warranted to consider
other possibilities for DM. Primordial black holes (PBHs)
are one such possibility [3–6].

Here we consider whether the two ⇠ 30M� black holes
detected by LIGO [7] could plausibly be PBHs. There is
a window for PBHs to be DM if the BH mass is in the
range 20M� . M . 100M� [8, 9]. Lower masses are
excluded by microlensing surveys [10–12]. Higher masses
would disrupt wide binaries [9, 13, 14]. It has been ar-
gued that PBHs in this mass range are excluded by CMB
constraints [15, 16]. However, these constraints require
modeling of several complex physical processes, includ-
ing the accretion of gas onto a moving BH, the conversion
of the accreted mass to a luminosity, the self-consistent
feedback of the BH radiation on the accretion process,
and the deposition of the radiated energy as heat in the
photon-baryon plasma. A significant (and di�cult to
quantify) uncertainty should therefore be associated with
this upper limit [17], and it seems worthwhile to exam-
ine whether PBHs in this mass range could have other
observational consequences.

In this Letter, we show that if DM consists of ⇠ 30 M�
BHs, then the rate for mergers of such PBHs falls within
the merger rate inferred from GW150914. In any galactic
halo, there is a chance two BHs will undergo a hard scat-
ter, lose energy to a soft gravitational wave (GW) burst
and become gravitationally bound. This BH binary will

merge via emission of GWs in less than a Hubble time.1

Below we first estimate roughly the rate of such mergers
and then present the results of more detailed calcula-
tions. We discuss uncertainties in the calculation and
some possible ways to distinguish PBHs from BH bina-
ries from more traditional astrophysical sources.
Consider two PBHs approaching each other on a hy-

perbolic orbit with some impact parameter and relative
velocity v

pbh

. As the PBHs near each other, they pro-
duce a time-varying quadrupole moment and thus GW
emission. The PBH pair becomes gravitationally bound
if the GW emission exceeds the initial kinetic energy. The
cross section for this process is [19, 20],

� = ⇡

✓
85⇡
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◆
2/7

R2

s

⇣v
pbh

c

⌘�18/7

= 1.37⇥ 10�14 M2

30

v�18/7
pbh�200

pc2, (1)

where M
pbh

is the PBH mass, and M
30

the PBH mass
in units of 30M�, Rs = 2GM

pbh

/c2 is its Schwarzschild
radius, v

pbh

is the relative velocity of two PBHs, and
v
pbh�200

is this velocity in units of 200 km sec�1.
We begin with a rough but simple and illustrative es-

timate of the rate per unit volume of such mergers. Sup-
pose that all DM in the Universe resided in Milky-Way
like halos of mass M = M

12

1012 M� and uniform mass
density ⇢ = 0.002 ⇢

0.002 M� pc�3 with ⇢
0.002 ⇠ 1. As-

suming a uniform-density halo of volume V = M/⇢, the
rate of mergers per halo would be

N ' (1/2)V (⇢/M
pbh

)2�v

' 3.10⇥ 10�12 M
12

⇢
0.002 v

�11/7
pbh�200

yr�1 . (2)

1 In our analysis, PBH binaries are formed inside halos at z = 0.
Ref. [18] considered instead binaries which form at early times
and merge over a Hubble time.

ar
X

iv
:1

60
3.

00
46

4v
2 

 [a
str

o-
ph

.C
O

]  
30

 M
ay

 2
01

6

2

The relative velocity v
pbh�200

is specified by a character-
istic halo velocity. The mean cosmic DM mass density is
⇢
dm

' 3.6 ⇥ 1010 M� Mpc�3, and so the spatial density
of halos is n ' 0.036M�1

12

Mpc�3. The rate per unit
comoving volume in the Universe is thus

� ' 1.1⇥ 10�4 ⇢
0.002 v

�11/7
pbh�200

Gpc�3 yr�1. (3)

The normalized halo mass M
12

drops out, as it should.
The merger rate per unit volume also does not depend
on the PBH mass, as the capture cross section scales like
M2

pbh

.

This rate is small compared with the 2�53 Gpc�3 yr�1

estimated by LIGO for a population of ⇠ 30M��30M�
mergers [21], but it is a very conservative estimate. As
Eq. (3) indicates, the merger rate is higher in higher-
density regions and in regions of lower DM velocity dis-
persion. The DM in Milky-Way like halos is known from
simulations [22] and analytic models [23] to have sub-
structure, regions of higher density and lower velocity
dispersion. DM halos also have a broad mass spectrum,
extending to very low masses where the densities can be-
come far higher, and velocity dispersion far lower, than
in the Milky Way. To get a very rough estimate of the
conceivable increase in the PBH merger rate due to these
smaller-scale structures, we can replace ⇢ and v in Eq. (3)
by the values they would have had in the earliest gener-
ation of collapsed objects, where the DM densities were
largest and velocity dispersions smallest. If the primor-
dial power spectrum is nearly scale invariant, then gravi-
tationally bound halos of mass Mc ⇠ 500 M�, for exam-
ple, will form at redshift zc ' 28 � log

10

(Mc/500M�).
These objects will have virial velocities v ' 0.2 km sec�1

and densities ⇢ ' 0.24 M� pc�3 [24]. Using these values
in Eq. (3) increases the merger rate per unit volume to

� ' 700Gpc�3 yr�1. (4)

This would be the merger rate if all the DM resided in the
smallest haloes. Clearly, this is not true by the present
day; substructures are at least partially stripped as they
merge to form larger objects, and so Eq. (4) should be
viewed as a conservative upper limit.

Having demonstrated that rough estimates contain the
merger-rate range 2�53 Gpc�3 yr�1 suggested by LIGO,
we now turn to more careful estimates of the PBH merger
rate. As Eq. (3) suggests, the merger rate will depend on
a density-weighted average, over the entire cosmic DM

distribution, of ⇢
0.002v

�11/7
pbh�200

. To perform this average,
we will (a) assume that DM is distributed within galac-
tic halos with a Navarro-Frenk-White (NFW) profile [25]
with concentration parameters inferred from simulations;
and (b) try several halo mass functions taken from the
literature for the distribution of halos.

The PBH merger rate R within each halo can be com-

puted using

R = 4⇡

Z Rvir

0

r2
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2
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(r)

M
pbh

◆
2

h�v
pbh

i dr (5)

where ⇢
nfw

(r) = ⇢s
⇥
(r/Rs)(1 + r/Rs)2

⇤�1

is the NFW
density profile with characteristic radius rs and char-
acteristic density ⇢s. R

vir

is the virial radius at which
the NFW profile reaches a value 200 times the comoving
mean cosmic density and is cuto↵. The angle brackets
denote an average over the PBH relative velocity dis-
tribution in the halo. The merger cross section � is
given by Eq. (1). We define the concentration param-
eter C = R

vir

/Rs. To determine the profile of each halo,
we require C as a function of halo mass M . We will
use the concentration-mass relations fit to DM N-body
simulations by both Ref. [26] and Ref. [27].
We now turn to the average of the cross section times

relative velocity. The one-dimensional velocity dispersion
of a halo is defined in terms of the escape velocity at
radius R

max

= 2.1626Rs, the radius of the maximum
circular velocity of the halo. i.e.,

v
dm

=

s
GM(r < r

max

)

r
max

=
v
virp
2

s
C

Cm

g(Cm)

g(C)
, (6)

where g(C) = ln(1+C)�C/(1+C), and Cm = 2.1626 =
R

max

/Rs. We approximate the relative velocity distri-
bution of PBHs within a halo as a Maxwell-Boltzmann
(MB) distribution with a cuto↵ at the virial velocity. i.e.,

P (v
pbh

) = F
0

"
exp
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v2
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!
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✓
� v2

vir

v2
dm

◆#
, (7)

where F
0

is chosen so that 4⇡
R vvir
0

P (v)v2dv = 1. This
model provides a reasonable match to N-body simula-
tions, at least for the velocities substantially less than
than the virial velocity which dominate the merger rate
(e.g., Ref. [28]). Since the cross-section is independent
of radius, we can integrate the NFW profile to find the
merger rate in any halo:
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(8)

where

D(v
dm

) =

Z vvir

0

P (v, v
dm

)
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2v

c

◆
3/7

dv, (9)

comes from Eq. (7).
Eq. (1) gives the cross section for two PBHs to form a

binary. However, if the binary is to produce an observ-
able GW signal, these two PBHs must orbit and inspiral;
a direct collision, lacking an inspiral phase, is unlikely

• PBHs become bound if GW 
emission exceeds initial 
kinetic energy

[Daniele Gaggero, UCI 20/02/2018]


