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

which are notoriously hard to kill

aaronsimscompany
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Dark Matter on all scales
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Planck [1502.01589]

[Rubin, Ford & Thonnard (1980)]

[astro-ph/0006397]
[Illustris, 1405.2921]

CMB

Galaxies

Galaxy clusters

https://arxiv.org/abs/1502.01589
https://arxiv.org/abs/1502.01589
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/astro-ph/0006397
https://arxiv.org/abs/astro-ph/0006397
https://arxiv.org/abs/1405.2921
https://arxiv.org/abs/1405.2921


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

DM Indirect Detection
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WIMPs: Weakly Interacting 
 Massive Particles

[See recent developments in 2002.11956][Gaskins, 1604.00014]

[0806.2911]

https://arxiv.org/abs/2002.11956
https://arxiv.org/abs/2002.11956
https://arxiv.org/abs/1604.00014
https://arxiv.org/abs/1604.00014
https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/0806.2911
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WIMPs: Weakly Interacting 
 Massive Particles

[GAMBIT, 1705.07917]

https://arxiv.org/abs/1705.07917
https://arxiv.org/abs/1705.07917
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Gravitational Waves
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R. HURT / CALTECH-JPL / HANDOUT/ ESA

Waves in space-time, generated by a changing mass quadrupole moment
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu, 
 SciPost Phys. Core 3, 007 (2020), 1907.10610]

Indirect detection

https://arxiv.org/abs/1907.10610
https://arxiv.org/abs/1907.10610
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Overview
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Merging Primordial
Black Holes (PBHs)

DM Annihilation around
PBHs

[BJK, Gaggero & Bertone, 1805.09034]

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

The ever-changing field
of PBH mergers…

https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.01238
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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: 

z � 108
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[Green & Liddle, astro-ph/9901268]

[Zel’dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974), Carr (1975)]

https://arxiv.org/abs/astro-ph/9901268
https://arxiv.org/abs/astro-ph/9901268
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://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
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Extrapolating the primordial power spectrum from Planck, fluctuations big 
enough to produce PBHs should be negligible…

…but small scale power spectrum is largely unconstrained.

Ps(k) = As

�
k

k0

�ns�1

<latexit sha1_base64="0lKjrmxHksZz8EwVaFFpdigtoYY="></latexit><latexit sha1_base64="0lKjrmxHksZz8EwVaFFpdigtoYY="></latexit><latexit sha1_base64="0lKjrmxHksZz8EwVaFFpdigtoYY="></latexit><latexit sha1_base64="0lKjrmxHksZz8EwVaFFpdigtoYY="></latexit>

[Green & BJK, 1709.06576]
[1811.11158]

https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1811.11158
https://arxiv.org/abs/1811.11158
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]
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Assuming monochromatic mass function

[Some dispute: 1712.06574, 1906.05950]

http://github.com/bradkav/PBHbounds
http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1712.06574
https://arxiv.org/abs/1906.05950
https://arxiv.org/abs/1712.06574
https://arxiv.org/abs/1906.05950


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

LIGO/Virgo Mergers
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LIGO/Caltech/Sonoma State (Aurore Simonnet)

The Virgo collaboration/CCO 1.0
201820192020
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LIGO/Virgo sensitive here
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[Daniele Gaggero, UCI 20/02/2018]

A) Binaries formed after 
close encounters

[Bird et al., 1603.00464]

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

1
Department 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 vpbh. 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⇡

3

◆2/7

R2
s

⇣vpbh
c

⌘�18/7

= 1.37⇥ 10�14 M2
30 v

�18/7
pbh�200 pc

2, (1)

where Mpbh is the PBH mass, and M30 the PBH mass
in units of 30M�, Rs = 2GMpbh/c2 is its Schwarzschild
radius, vpbh is the relative velocity of two PBHs, and
vpbh�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 = M12 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 (⇢/Mpbh)
2�v

' 3.10⇥ 10�12 M12 ⇢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.
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[Sasaki et al, 1603.08338]

Hubble flow

B) Binaries formed in the 
early Universe

MBHR�3 > �(z) before zeq
<latexit sha1_base64="ARbCsXKAiha7d8qCNlaBAfkJvus="></latexit><latexit sha1_base64="ARbCsXKAiha7d8qCNlaBAfkJvus="></latexit><latexit sha1_base64="ARbCsXKAiha7d8qCNlaBAfkJvus="></latexit><latexit sha1_base64="ARbCsXKAiha7d8qCNlaBAfkJvus="></latexit>

Require:

https://arxiv.org/abs/1603.00464
https://arxiv.org/abs/1603.00464
https://arxiv.org/abs/1603.08338
https://arxiv.org/abs/1603.08338
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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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a = 0.01 pc

e = 0.995
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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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[0909.1738, 1606.07437, 1707.01480, 1709.06576, 1907.01455, and many others.]

[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/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
https://arxiv.org/abs/1805.09034
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Merger Rate Estimate
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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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[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034]

https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1805.09034
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Black Holes’ Dark Dress
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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
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[Bertschinger  (1985)] 
[0706.0864, 1901.08528]

https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1901.08528
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1901.08528


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

Impact of Dark Dresses

20

Dynamical friction due to DM 
 exerts a force on the PBHs

PBH

bmax
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[Chandrasekhar, 1943]

Particle D
M

https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C
https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

Dark Dresses in IMRIs

21

NS/ 
BHIMBH

[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/1905.04686
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‘Dressed’ PBH binaries

22

Study the binaries self-consistently  
using N-body simulations:

[GADGET-II, astro-ph/0505010]
[github.com/bradkav/BlackHolesDarkDress]

https://arxiv.org/abs/astro-ph/0505010
https://arxiv.org/abs/astro-ph/0505010
http://github.com/bradkav/BlackHolesDarkDress
http://github.com/bradkav/BlackHolesDarkDress
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Movies at tinyurl.com/BlackHolesDarkDress
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http://tinyurl.com/BlackHolesDarkDress
http://tinyurl.com/BlackHolesDarkDress
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ai = 0.01 pc

ei = 0.995
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Conservation of angular momentum:

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>

Conservation of energy:

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>

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>

Binaries shrink…
…and circularise

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>
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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
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LIGO merger rate 
estimate after  
GW150914
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But what if we discover primordial black holes?

[BJK, Gaggero & Bertone, 1805.09034]
[LIGO/Virgo, 1904.08976]

https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1904.08976
https://arxiv.org/abs/1904.08976
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Detection prospects

28
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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)

[1708.07380]

[1812.07967]

[See also 2007.00021]

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

https://arxiv.org/abs/1708.07380
https://arxiv.org/abs/1708.07380
https://arxiv.org/abs/1812.07967
https://arxiv.org/abs/1812.07967
https://arxiv.org/abs/2007.00021
https://arxiv.org/abs/2007.00021
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.01238
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PBH

PBH population would act as bright gamma-ray sources

� � �2
� (�v)0 f4/3

�
<latexit sha1_base64="ztq3fiMTsBv2834YKeafc2CMvrI="></latexit>

[0806.2911]

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/0806.2911
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Fermi/NASA

Gamma-ray constraints
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Point Sources in the Milky Way:

Diffuse gamma-rays

UCO/Lick 
NASAGamma rays from DM ann.

Redshifting
Attenuation

Diffuse (cosmological) background:

[Credit: Adam Coogan]

https://svs.gsfc.nasa.gov/11342
https://svs.gsfc.nasa.gov/11342
http://firstgalaxies.org/explore.html
http://firstgalaxies.org/explore.html
https://science.nasa.gov/toolkits/spacecraft-icons
https://science.nasa.gov/toolkits/spacecraft-icons
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GW detection of 
sub-solar mass BHs

(LIGO O3,  
now!)

[See also - 1003.3466, 1901.08528]

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

https://arxiv.org/abs/1003.3466
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/1003.3466
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.01238
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Werewolves

32

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

https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.01238
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GW probes of DM
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu, 
 SciPost Phys. Core 3, 007 (2020), 1907.10610]

Indirect detection

https://arxiv.org/abs/1907.10610
https://arxiv.org/abs/1907.10610
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What next?

35

Extending the ‘Dark Dress’ formalism to extended mass functions:

[In collaboration with Pratibha Jangra] 
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What next?
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Distinguishing a population of PBH mergers from astrophysical BHs using 
their cosmic merger history…

[See also 1705.09182, 1904.02396,  2008.13704]

[In collaboration with Tania Muñoz, Francesca Scarcella & Daniele Gaggero]

Can we also look at the stochastic background of mergers to help distinguish?

https://arxiv.org/abs/1705.09182
https://arxiv.org/abs/1904.02396
https://arxiv.org/abs/2008.13704
https://arxiv.org/abs/1705.09182
https://arxiv.org/abs/1904.02396
https://arxiv.org/abs/2008.13704
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The ever-changing field
of PBH mergers…*

*Does not cover controversy over choices of metric…
[Boehm et al., 2008.10743; De Luca et al., 2009.04731]

https://arxiv.org/abs/2008.10743
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/2008.10743
https://arxiv.org/abs/2009.04731


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

Clustering of PBHs

38

[Chisholm - astro-ph/0509141, 1110.4402] 
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z � 104
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z � 100

A cluster of N PBHs is expected to form around 
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zc � zeqfPBH/
�

N

Even a distribution of PBHs which is initially Poisson  
distributed will cluster at late times

https://arxiv.org/abs/astro-ph/0509141
https://arxiv.org/abs/1110.4402
https://arxiv.org/abs/astro-ph/0509141
https://arxiv.org/abs/1110.4402
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ΛPBH Cosmology
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[Inman & Ali-Haïmoud, 1907.08129]

Simulate PBHs + Particle DM down to z ~ 99…

https://arxiv.org/abs/1907.08129
https://arxiv.org/abs/1907.08129
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ΛPBH Cosmology
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[Inman & Ali-Haïmoud, 1907.08129]

Number of PBHs per halo
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Note: PBH halos are expected to evaporate/collapse by late times…

https://arxiv.org/abs/1907.08129
https://arxiv.org/abs/1907.08129
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Disruption in clusters
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[Vaskonen & Vermae - 1908.09752]
[Raidal+ - 1812.01930]

Dense clusters can lead to perturbations (and even disruption) of the binaries:

Estimate ‘survival probability’ Pnp as 
fraction of binaries in clusters which 

have not collapsed by redshift z:  

Apply this ‘suppression factor’ 
to obtain (conservative) merger rate 

of non-perturbed binaries:

https://arxiv.org/abs/1908.09752
https://arxiv.org/abs/1908.09752
https://arxiv.org/abs/1812.01930
https://arxiv.org/abs/1812.01930
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Bounds with disruption
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[See also 2007.07212,  2009.04731]
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[Vaskonen & Vermae - 1908.09752]

including 
perturbations

Ignoring perturbations

Expect a correction to the bounds - though only at large fPBH:

LIGO O2 Sensitivity

But it would be nice to test these conservative, analytic estimates…

https://arxiv.org/abs/2007.07212
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/2007.07212
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/1908.09752
https://arxiv.org/abs/1908.09752
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Simulations (1)
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[Tkachev, Pilipenko & Yepes - 2009.07813]

Our analytic estimates

Cosmological PBH-only simulations,  
using 104-106 PBHs, with ad-hoc GW emission
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Although these simulations can’t yet resolve mergers down to z ~ 0…
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https://arxiv.org/abs/2009.07813
https://arxiv.org/abs/2009.07813
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Simulations (2)
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[Trashorras, García-Bellido & Nesseris,  2006.15018]

Assuming that PBHs form clusters at early times,  
simulate many isolated NPBH = 1000 clusters, without GW emission

Assuming  fPBH = 1, estimate the merger rate to be: R = 1340 ± 40Gpc�3 yr�1

<latexit sha1_base64="oaI/rfjBnYEnchO6Srqq35zdCCI=">AAACKXicbVDLSgMxFM3UV62vqks3wSK40DJjC+pCKbjQZRX7gHYsmTTThiaZIckIZZjfceOvuFFQ1K0/YqYtqK0HQg7n3Mu993gho0rb9oeVmZtfWFzKLudWVtfWN/KbW3UVRBKTGg5YIJseUoRRQWqaakaaoSSIe4w0vMFF6jfuiVQ0ELd6GBKXo56gPsVIG6mTr7Q50n2MWHyTwDPolMo2bIccpt/ByJM8vgxxchcflpIfaShTxUlgJ1+wi/YIcJY4E1IAE1Q7+Zd2N8ARJ0JjhpRqOXao3RhJTTEjSa4dKRIiPEA90jJUIE6UG48uTeCeUbrQD6R5QsOR+rsjRlypIfdMZbqomvZS8T+vFWn/xI2pCCNNBB4P8iMGdQDT2GCXSoI1GxqCsKRmV4j7SCKsTbg5E4IzffIsqR8VnXLx9LpcqJxP4siCHbAL9oEDjkEFXIEqqAEMHsATeAVv1qP1bL1bn+PSjDXp2QZ/YH19A/kwpU4=</latexit>

(compare to LIGO observed rate of O(100) Gpc-3 yr-1)

https://arxiv.org/abs/2006.15018
https://arxiv.org/abs/2006.15018
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Simulations (3)

45

Sampling the effects of individual 3-body encounters in N = 1300 clusters, 
suggests that the binary merger rate today should be negligible

[Jedamzik - 2006.11172, 2007.03565]

Initial time-to-merger
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For fPBH = 1, suggest rate dominated instead today by direct mergers!
Rdirect � 108Gpc�3 yr�1

<latexit sha1_base64="0WVtLiwnkqFnWdvaWGlrzlmA6qo="></latexit>

https://arxiv.org/abs/2006.11172
https://arxiv.org/abs/2007.03565
https://arxiv.org/abs/2006.11172
https://arxiv.org/abs/2007.03565
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Complicated constraints?
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The three ring circus

47

A) Binaries formed after 
close encounters

[Bird et al., 1603.00464] [Sasaki et al, 1603.08338]

Hubble flow

B) Binaries formed in the 
early Universe

C) Direct mergers in  
late-time clusters

[Jedamzik, 2007.03565]

Need careful, multi-scale simulations to capture all the physics…

https://arxiv.org/abs/1603.00464
https://arxiv.org/abs/1603.00464
https://arxiv.org/abs/1603.08338
https://arxiv.org/abs/1603.08338
https://arxiv.org/abs/2007.03565
https://arxiv.org/abs/2007.03565
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Conclusions
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Merging Primordial
Black Holes (PBHs)

[BJK, Gaggero & Bertone, 1805.09034]

https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1805.09034


Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

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

DM Annihilation around
PBHs

Conclusions

49
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Conclusions

50

The ever-changing field
of PBH mergers…

?
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Conclusions

51

Thank you!

Merging Primordial
Black Holes (PBHs)

DM Annihilation around
PBHs

[BJK, Gaggero & Bertone, 1805.09034]

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

The ever-changing field
of PBH mergers…

https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.01238
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Backup Slides
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PBH formation

53

• 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/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
https://arxiv.org/abs/1403.1198
http://inspirehep.net/record/11749?ln=en
http://inspirehep.net/record/24917?ln=en
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
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
https://www.arxiv.org/abs/1110.2484
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Evaporation bounds
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]

http://github.com/bradkav/PBHbounds
http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
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Microlensing bounds
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]

http://github.com/bradkav/PBHbounds
http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
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GW bounds
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]

http://github.com/bradkav/PBHbounds
http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
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Accretion bounds

57

100 101 102 103

MPBH [M�]

10�4

10�3

10�2

10�1

100

f P
B

H
=

⌦
P

B
H
/⌦

D
M

R
adio

C
M

B

E
D
G
E
S

21cm

X-ray

Dwarf galaxy heating

Accretion

1034 1035 1036

MPBH [g]

[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]
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http://github.com/bradkav/PBHbounds
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Dynamical bounds

58

10�1 100 101 102 103 104

MCO [M�]

10�3

10�2

10�1

100

f C
O

=
⌦

C
O
/⌦

D
M

Wide binaries

D
w
arf galaxies

Dynamical

1033 1036

MCO [g]

[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 1709.06576]

http://github.com/bradkav/PBHbounds
http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2007.10722
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Extended Mass Function

59

[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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GW190521
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[LVC (GW190521), arXiv:2009.01075]

[De Luca et al., arXiv:2009.01728]

https://arxiv.org/abs/2009.01075
https://arxiv.org/abs/2009.01075
https://arxiv.org/abs/2009.01728
https://arxiv.org/abs/2009.01728
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Caveats

61

• Survival 

• Clustering 

• Baryons 

• Dark Matter

[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

a � 10�2 pc
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Caveats

62

• Survival 

• Clustering 

• Baryons 

• Dark Matter

[See also 1805.05912,1806.10414 and others]

How does the distribution of PBHs affect the merger rate?

Clustering could substantially enhance the merger rate 
 (‘cascade’ mergers) but PBHs are unlikely to form in clusters… 

[1807.02084][1808.05910]
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Caveats

63

• 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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Caveats

64

• Survival 

• Clustering 

• Baryons 

• Dark Matter

Do local Dark Matter halos disrupt PBH binaries?
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PBH Binaries: semi-major axis

65

10�4 10�3 10�2 10�1

Initial semi-major axis, ai [pc]

10�4

10�3

10�2

10�1

F
in

al
se

m
i-
m

aj
or

ax
is

,
a f

[p
c]

1000 M�

30 M�

1 M�

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>



Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

PBH Simulation Results

66

10�3 10�2 10�1 100

Initial angular momentum, ji

10�2

10�1

100

F
in

al
an

gu
la

r
m

om
en

tu
m

,
j f

Merging today

0.90.990.9990.99990.99999
Initial eccentricity, e

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

1000 M�; ai = 0.063 pc

30 M�; ai = 0.01 pc

1 M�; ai = 0.002 pc

0.90.990.9990.99990.99999
Initial eccentricity, e

Binaries shrink…

…and circularise



Bradley J. Kavanagh (IFCA, Santander, Spain) Primordial Black Holes and Gravitational Waves

Astrophysical BH binaries

67

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]


