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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
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NOT TO SCALE

Global and local estimates of  
DM at Solar radius give: �� � 0.2�0.8 GeV cm�3 E.g. Iocco et al. [1502.03821],  

Garbari et al. [1206.0015], 
Read [1404.1938] 

 

8.5 kpc

Dark Matter at Earth

You are here
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DM Direct Detection
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[E.g. EDELWEISS Collab. & BJK, 1901.03588]

WIMPs: Weakly Interacting 
 Massive Particles

�
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WIMPs: Weakly Interacting 
 Massive Particles

[GAMBIT, 1705.07917]�
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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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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�

GW probes of DM
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]

Direct detection
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Overview
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Merging Primordial
Black Holes (PBHs)

Intermediate Mass-Ratio
Inspirals (IMRIs)

DM Annihilation around
PBHs

[BJK, Gaggero & Bertone, 1805.09034]

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

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]
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Primordial Black Holes
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10�17 10�15 10�13 10�11 10�9 10�7 10�5 10�3 10�1 101 103 105
M�

1018 1020 1022 1024 1026 1028 1030 1032 1034 1036 1038
g

1051 1053 1055 1057 1059 1061 1063 1065 1067 1069 1071
eV

[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); Carr, Astrophys. J. 201, 1 (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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Extrapolating the primordial power spectrum from Planck, fluctuations big 
enough to produce PBHs should be negligible…

[1110.2484]

…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>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Dark Matter, Black Holes and Gravitational Waves

LIGO/Virgo Mergers

12

LIGO/Caltech/Sonoma State (Aurore Simonnet)

The Virgo collaboration/CCO 1.0
2018
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LIGO/Virgo Mergers
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LIGO/VIrgo/Northwestern Univ. (Frank Elavsky)

The Virgo collaboration/CCO 1.0
2019
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PBHs as Dark Matter
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LIGO/Virgo sensitive here
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A tale of two binaries
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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
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a = 0.01 pc

e = 0.995
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PBH Binary Population
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[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034]

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>

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
<latexit sha1_base64="KRCWEwyVHfxU6DxQ90HNwsb8xXQ=">AAAB+XicbZDJSgNBEIZr4hbjNurRS2MQvBhmgqAIQsCLxwhmgWQMPZ2apE3PYndPIAx5Ey8eFPHqm3jzbewsB038oeHjryqq+vcTwZV2nG8rt7K6tr6R3yxsbe/s7tn7B3UVp5JhjcUilk2fKhQ8wprmWmAzkUhDX2DDH9xM6o0hSsXj6F6PEvRC2ot4wBnVxurY9iO5Jm31JHXmnuFDedyxi07JmYosgzuHIsxV7dhf7W7M0hAjzQRVquU6ifYyKjVnAseFdqowoWxAe9gyGNEQlZdNLx+TE+N0SRBL8yJNpu7viYyGSo1C33SGVPfVYm1i/ldrpTq49DIeJanGiM0WBakgOiaTGEiXS2RajAxQJrm5lbA+lZRpE1bBhOAufnkZ6uWSa/juvFi5mseRhyM4hlNw4QIqcAtVqAGDITzDK7xZmfVivVsfs9acNZ85hD+yPn8AEFiSmw==</latexit><latexit sha1_base64="KRCWEwyVHfxU6DxQ90HNwsb8xXQ=">AAAB+XicbZDJSgNBEIZr4hbjNurRS2MQvBhmgqAIQsCLxwhmgWQMPZ2apE3PYndPIAx5Ey8eFPHqm3jzbewsB038oeHjryqq+vcTwZV2nG8rt7K6tr6R3yxsbe/s7tn7B3UVp5JhjcUilk2fKhQ8wprmWmAzkUhDX2DDH9xM6o0hSsXj6F6PEvRC2ot4wBnVxurY9iO5Jm31JHXmnuFDedyxi07JmYosgzuHIsxV7dhf7W7M0hAjzQRVquU6ifYyKjVnAseFdqowoWxAe9gyGNEQlZdNLx+TE+N0SRBL8yJNpu7viYyGSo1C33SGVPfVYm1i/ldrpTq49DIeJanGiM0WBakgOiaTGEiXS2RajAxQJrm5lbA+lZRpE1bBhOAufnkZ6uWSa/juvFi5mseRhyM4hlNw4QIqcAtVqAGDITzDK7xZmfVivVsfs9acNZ85hD+yPn8AEFiSmw==</latexit><latexit sha1_base64="KRCWEwyVHfxU6DxQ90HNwsb8xXQ=">AAAB+XicbZDJSgNBEIZr4hbjNurRS2MQvBhmgqAIQsCLxwhmgWQMPZ2apE3PYndPIAx5Ey8eFPHqm3jzbewsB038oeHjryqq+vcTwZV2nG8rt7K6tr6R3yxsbe/s7tn7B3UVp5JhjcUilk2fKhQ8wprmWmAzkUhDX2DDH9xM6o0hSsXj6F6PEvRC2ot4wBnVxurY9iO5Jm31JHXmnuFDedyxi07JmYosgzuHIsxV7dhf7W7M0hAjzQRVquU6ifYyKjVnAseFdqowoWxAe9gyGNEQlZdNLx+TE+N0SRBL8yJNpu7viYyGSo1C33SGVPfVYm1i/ldrpTq49DIeJanGiM0WBakgOiaTGEiXS2RajAxQJrm5lbA+lZRpE1bBhOAufnkZ6uWSa/juvFi5mseRhyM4hlNw4QIqcAtVqAGDITzDK7xZmfVivVsfs9acNZ85hD+yPn8AEFiSmw==</latexit><latexit sha1_base64="KRCWEwyVHfxU6DxQ90HNwsb8xXQ=">AAAB+XicbZDJSgNBEIZr4hbjNurRS2MQvBhmgqAIQsCLxwhmgWQMPZ2apE3PYndPIAx5Ey8eFPHqm3jzbewsB038oeHjryqq+vcTwZV2nG8rt7K6tr6R3yxsbe/s7tn7B3UVp5JhjcUilk2fKhQ8wprmWmAzkUhDX2DDH9xM6o0hSsXj6F6PEvRC2ot4wBnVxurY9iO5Jm31JHXmnuFDedyxi07JmYosgzuHIsxV7dhf7W7M0hAjzQRVquU6ifYyKjVnAseFdqowoWxAe9gyGNEQlZdNLx+TE+N0SRBL8yJNpu7viYyGSo1C33SGVPfVYm1i/ldrpTq49DIeJanGiM0WBakgOiaTGEiXS2RajAxQJrm5lbA+lZRpE1bBhOAufnkZ6uWSa/juvFi5mseRhyM4hlNw4QIqcAtVqAGDITzDK7xZmfVivVsfs9acNZ85hD+yPn8AEFiSmw==</latexit>
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Merger Rate Estimate
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[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034, 

and many many others]

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)

<latexit sha1_base64="ASjlYy0bnOI6DnpbXPCSlBKbDCM="></latexit><latexit sha1_base64="ASjlYy0bnOI6DnpbXPCSlBKbDCM="></latexit><latexit sha1_base64="ASjlYy0bnOI6DnpbXPCSlBKbDCM="></latexit><latexit sha1_base64="ASjlYy0bnOI6DnpbXPCSlBKbDCM="></latexit>
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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

<latexit sha1_base64="s0zhWxQt0YvZezlKGQDs5MQLELA="></latexit><latexit sha1_base64="s0zhWxQt0YvZezlKGQDs5MQLELA="></latexit><latexit sha1_base64="s0zhWxQt0YvZezlKGQDs5MQLELA="></latexit><latexit sha1_base64="s0zhWxQt0YvZezlKGQDs5MQLELA="></latexit>

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>
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Impact of Dark Dresses
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Dynamical friction due to DM 
 exerts a force on the PBHs

PBH

bmax
<latexit sha1_base64="59PJBBAiNQ9zZ3ZESeKxzTuDllI=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Y8mkmTY0yQxJRi1D/8ONC0Xc+i/u/Bsz7Sy09UDgcM693JMTxJxp47rfTmFldW19o7hZ2tre2d0r7x+0dJQoQpsk4pHqBFhTziRtGmY47cSKYhFw2g7G15nffqBKs0jemUlMfYGHkoWMYGOl+6DfE9iMlEgFfpr2yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Oks9RSdWGaAwUvZJg2bq740UC60nIrCTWUa96GXif143MeGlnzIZJ4ZKMj8UJhyZCGUVoAFTlBg+sQQTxWxWREZYYWJsUSVbgrf45WXSqlW9s2rt9rxSv8rrKMIRHMMpeHABdbiBBjSBgIJneIU359F5cd6dj/lowcl3DuEPnM8fJMuS7g==</latexit>

[Chandrasekhar, 1943]

ĖDF � 4�G2
NM2

NS�DM(r)

vNS
ln �

<latexit sha1_base64="1NgvnDotuSt3aPtbmdmzxIKH/RU="></latexit>

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

[astro-ph/0505010]
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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 )
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Merger time                                           is almost conserved: tf =
�

ai

af
ti
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<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
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LIGO merger rate 
estimate after  
GW150914
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[BJK, Gaggero & Bertone,1805.09034]

But what if we discover primordial black holes?
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Detection prospects
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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]
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PBH

[0806.2911]

PBH population would act as bright gamma-ray sources

� � �2
� (�v)0 f4/3

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

Gamma-ray constraints

27

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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GW detection of 
sub-solar mass BHs

(LIGO O3,  
now!)

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

29

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

30

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

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

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

Scalar  
Singlet

MSSM7  
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supersymmetry)
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GW probes of DM
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]

Direct detection
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LISA: GWs in Space © AEI / MM / exozet

[gwplotter.com]

Laser Interferometer Space Antenna 
(planned for the 2030s)

[1702.00786]

http://gwplotter.com
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Intermediate Mass Ratio Inspiral (IMRI)

33

LISA should detect ~ 3 - 10 IMRIs per year

NS/ 
BHIMBH

ĖGW � 32G4

5c5

MIMBH
3MNS

2

r5
� (fGW)10/3

<latexit sha1_base64="I1iPPuIAVula+v38DDpNpD8tcZc="></latexit>

[1711.00483]

MIMBH � 103 � 105 M�
<latexit sha1_base64="xtYoklD0DgP9ExddiuADxze+xxE=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQ0TLTKrqSopu6KFSwD+jUkknTNjSZDElGKEP/wY2/4saFIm7duPNvzLRdaOuFkMM553LvPX7IqNKO822lFhaXllfSq5m19Y3NLXt7p6ZEJDGpYsGEbPhIEUYDUtVUM9IIJUHcZ6TuD64Tvf5ApKIiuNPDkLQ46gW0SzHShmrbR+W2x5HuSx7flK9KI+gpyqHr3BfgSfKdQe/YWERH6LaddXLOuOA8cKcgC6ZVadtfXkfgiJNAY4aUarpOqFsxkppiRkYZL1IkRHiAeqRpYIA4Ua14fNMIHhimA7tCmhdoOGZ/d8SIKzXkvnEm+6tZLSH/05qR7l60YhqEkSYBngzqRgxqAZOAYIdKgjUbGoCwpGZXiPtIIqxNjBkTgjt78jyo5XNuIZe/Pc0WL6dxpMEe2AeHwAXnoAhKoAKqAINH8AxewZv1ZL1Y79bHxJqypj274E9Znz/YTpuW</latexit>

GW emission causes long, slow inspiral:

Stellar mass compact object (NS/BH) inspirals  
towards intermediate mass black hole (IMBH)
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Dark Matter ‘Mini-spikes’
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[astro-ph/9906391, astro-ph/0501555, astro-ph/0501625, astro-ph/0509565, 0902.3665, 1305.2619]

�DM(r) = �sp

�rsp

r

��sp

<latexit sha1_base64="JzDoBpUpSXK2ZRb11vHl5Gdy540="></latexit>

Depending on the formation mechanism of the IMBH,  
expect an over-density of DM:

IMBH

DM

For BH forming in an NFW halo, 
from adiabatic growth expect: 

�sp = 7/3
<latexit sha1_base64="Yuz9Y2pb3x/SsUUJgkjBWtIJHp0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkFepGKbhxWcE+oAlhMp22Q2cmYWYilFA3/oobF4q49S/c+TdO2iy09cCFwzn3cu89Ycyo0o7zbRVWVtfWN4qbpa3tnd09e/+graJEYtLCEYtkN0SKMCpIS1PNSDeWBPGQkU44vsn8zgORikbiXk9i4nM0FHRAMdJGCuwjb4g4R4HHkR5Jnqp4Cq9g/bwW2GWn4swAl4mbkzLI0QzsL68f4YQToTFDSvVcJ9Z+iqSmmJFpyUsUiREeoyHpGSoQJ8pPZx9M4alR+nAQSVNCw5n6eyJFXKkJD01ndqha9DLxP6+X6MGln1IRJ5oIPF80SBjUEczigH0qCdZsYgjCkppbIR4hibA2oZVMCO7iy8ukXa24tUr17qLcuM7jKIJjcALOgAvqoAFuQRO0AAaP4Bm8gjfryXqx3q2PeWvBymcOwR9Ynz9pqpYv</latexit>

Density can reach 
(~1024 times larger than local density) 

� � 1024 M� pc�3
<latexit sha1_base64="pGlmVhrL8UY8eNX0uqnmQAX2c28=">AAACF3icbZDLSgMxFIYz9VbrbdSlm2ARXGiZaQu6koIbN0IFe4FOWzKZTBuaTIYkI5Rh3sKNr+LGhSJudefbmF4W2vpD4OM/55Bzfj9mVGnH+bZyK6tr6xv5zcLW9s7unr1/0FQikZg0sGBCtn2kCKMRaWiqGWnHkiDuM9LyR9eTeuuBSEVFdK/HMelyNIhoSDHSxurbJU8OBfQU5dB1emm5mkHv7LbviUBoQx5Heih5GuOsl55Xsr5ddErOVHAZ3DkUwVz1vv3lBQInnEQaM6RUx3Vi3U2R1BQzkhW8RJEY4REakI7BCHGiuun0rgyeGCeAoZDmRRpO3d8TKeJKjblvOid7qsXaxPyv1kl0eNlNaRQnmkR49lGYMKgFnIQEAyoJ1mxsAGFJza4QD5FEWJsoCyYEd/HkZWiWS26lVL6rFmtX8zjy4Agcg1PgggtQAzegDhoAg0fwDF7Bm/VkvVjv1sesNWfNZw7BH1mfP/fLnpI=</latexit>
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Dynamical Friction
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IMBH

NS/BH

r0
<latexit sha1_base64="Bhm8L5IXQQ9ez0fX/yaDiqXbxs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwACVo2d</latexit>

bmax
<latexit sha1_base64="59PJBBAiNQ9zZ3ZESeKxzTuDllI=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Y8mkmTY0yQxJRi1D/8ONC0Xc+i/u/Bsz7Sy09UDgcM693JMTxJxp47rfTmFldW19o7hZ2tre2d0r7x+0dJQoQpsk4pHqBFhTziRtGmY47cSKYhFw2g7G15nffqBKs0jemUlMfYGHkoWMYGOl+6DfE9iMlEgFfpr2yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Oks9RSdWGaAwUvZJg2bq740UC60nIrCTWUa96GXif143MeGlnzIZJ4ZKMj8UJhyZCGUVoAFTlBg+sQQTxWxWREZYYWJsUSVbgrf45WXSqlW9s2rt9rxSv8rrKMIRHMMpeHABdbiBBjSBgIJneIU359F5cd6dj/lowcl3DuEPnM8fJMuS7g==</latexit>

ĖDF � 4�G2
NM2

NS�DM(r)

vNS
ln � � (fGW)

2
3 ��3

<latexit sha1_base64="vyRPgFdY1QFczRQXXBU8cvTwwyo="></latexit>

[Chandrasekhar, 1943]
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[Eda et al. 1301.5971, 1408.3534]
[See also 1302.2646, 1404.7140, 1404.7149]

How does DM affect the number of cycles?

Benchmark:

rini � 10�8 pc
<latexit sha1_base64="JG3Z/soQhmnEERskATMp5kSX/ak=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgKWpIq2JUU3LisYB/QxDCZTtqhM0mYmQgl5Bvc+CtuXCji1pU7/8ZJG0FbDwycOede7r3HjxmVyrK+jIXFpeWV1dJaeX1jc2vb3NltyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfXeV+554ISaPwVo1j4nI0CGlAMVJa8sxj4TkcqaHgKQ1pBh1JObStu/S0rj8nP16MM8+sWFVrAjhP7IJUQIGmZ346/QgnnIQKMyRlz7Zi5aZIKIoZycpOIkmM8AgNSE/TEHEi3XRyUgYPtdKHQST0CxWcqL87UsSlHHNfV+YrylkvF//zeokK6q6+NU4UCfF0UJAwqCKY5wP7VBCs2FgThAXVu0I8RAJhpVMs6xDs2ZPnSbtWtc+qtZvzSuOyiKME9sEBOAI2uAANcA2aoAUweABP4AW8Go/Gs/FmvE9LF4yiZw/8gfHxDdIdnYw=</latexit>

MNS = 1 M�
<latexit sha1_base64="XCcfzcyFS5nD8gc7yy4FiN4b0lQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJUQTdKwY0bpaJ9QBPCZDJph04yYWYilFBw46+4caGIW3/CnX/jpM1CWw9cOJxzL/fe4yeMSmVZ38bc/MLi0nJppby6tr6xaW5ttyRPBSZNzBkXHR9JwmhMmooqRjqJICjyGWn7g8vcbz8QISmP79UwIW6EejENKUZKS565e+05EVJ9EWU3dyN4Dm3nSEs84MozK1bVGgPOErsgFVCg4ZlfTsBxGpFYYYak7NpWotwMCUUxI6Oyk0qSIDxAPdLVNEYRkW42/mEED7QSwJALXbGCY/X3RIYiKYeRrzvze+W0l4v/ed1UhWduRuMkVSTGk0VhyqDiMA8EBlQQrNhQE4QF1bdC3EcCYaVjK+sQ7OmXZ0mrVrWPq7Xbk0r9ooijBPbAPjgENjgFdXAFGqAJMHgEz+AVvBlPxovxbnxMWueMYmYH/IHx+QOMmpbN</latexit>

MIMBH = 103 M�
<latexit sha1_base64="jgNKN3YtZpsnvCmHDV7wXQe9XLY=">AAACCHicbVC7SgNBFJ31GeMramnhYBAsJOwmgjZK0CYWgQjmAdkYZmdnkyEzO8vMrBCWlDb+io2FIrZ+gp1/4yTZQhMPXDiccy/33uNFjCpt29/WwuLS8spqZi27vrG5tZ3b2W0oEUtM6lgwIVseUoTRkNQ11Yy0IkkQ9xhpeoPrsd98IFJREd7pYUQ6HPVCGlCMtJG6uYNq1+VI9yVPbqpXlRG8gI59X3JPjC58obu5vF2wJ4DzxElJHqSodXNfri9wzEmoMUNKtR070p0ESU0xI6OsGysSITxAPdI2NEScqE4yeWQEj4ziw0BIU6GGE/X3RIK4UkPumc7x0WrWG4v/ee1YB+edhIZRrEmIp4uCmEEt4DgV6FNJsGZDQxCW1NwKcR9JhLXJLmtCcGZfnieNYsEpFYq3p/nyZRpHBuyDQ3AMHHAGyqACaqAOMHgEz+AVvFlP1ov1bn1MWxesdGYP/IH1+QNW45g/</latexit>

tmerge � 5 yr
<latexit sha1_base64="gvlYW6vXts7SomwIq81SnRCTiMY=">AAACDnicbVBNS8NAEN34WetX1aOXxVLwICWpip6k4MVjBfsBTSmb7aRdupuE3Y0QQn6BF/+KFw+KePXszX/jto2grQ8GHu/NMDPPizhT2ra/rKXlldW19cJGcXNre2e3tLffUmEsKTRpyEPZ8YgCzgJoaqY5dCIJRHgc2t74euK370EqFgZ3OomgJ8gwYD6jRBupX6roviuIHkmRCpBDyLCrmMDn2D350ROZ9Utlu2pPgReJk5MyytHolz7dQUhjAYGmnCjVdexI91IiNaMcsqIbK4gIHZMhdA0NiADVS6fvZLhilAH2Q2kq0Hiq/p5IiVAqEZ7pnJyo5r2J+J/XjbV/2UtZEMUaAjpb5Mcc6xBPssEDJoFqnhhCqGTmVkxHRBKqTYJFE4Iz//IiadWqzmm1dntWrl/lcRTQITpCx8hBF6iOblADNRFFD+gJvaBX69F6tt6s91nrkpXPHKA/sD6+AYvHnGc=</latexit>

Need to know the signal to better 
than ~1 part in 106!

Small sep.Large sep.

Nvacuum
cycles � 2 � 107

<latexit sha1_base64="quTZvhDjFnDxz3dYCKWVFD5AkWA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJaqCspuHElFewDmjRMppN26EwSZiaFEPIjbvwVNy4UceFG/BunbQRtPTBw5tx7OfceL2JUKtP8Mgpr6xubW8Xt0s7u3v5B+fCoI8NYYNLGIQtFz0OSMBqQtqKKkV4kCOIeI11vcj2rd6dESBoG9yqJiMPRKKA+xUhpyS3Xb12bIzUWPMUJZkRmg5//FOE45hm0JeWwBm1FOZHQMgcNt1wxq+YccJVYOamAHC23/GEPQxxzEijMkJR9y4yUkyKhqPbMSnYsSYTwBI1IX9MAaScnnV+XwTOtDKEfCv0CBefq74kUcSkT7unO2eZyuTYT/6v1Y+VfOikNoliRAC+M/JhBFcJZVHBIBcGKJZogLKjeFeIxEggrHWhJh2Atn7xKOrWqdVGt3dUrzas8jiI4AafgHFigAZrgBrRAG2DwAJ7AC3g1Ho1n4814X7QWjHzmGPyB8fkN66GiVw==</latexit>
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[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

Probe DM nature

Predict EM 
signals from DM

[1906.11845]

[1905.04686]

Detect DM in GWs
[1909.05870]

MIMBH = 104 M�
<latexit sha1_base64="tRU53qRXkYXAGyuPpXGOBHUKrQU=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmpBUUQim7qolDBPqBTSyaTaUOTyZBkhDJ06cZfceNCEbd+gjv/xrSdhbYeuHA4517uvceLGFXatr+thcWl5ZXVzFp2fWNzazu3s9tQIpaY1LFgQrY8pAijIalrqhlpRZIg7jHS9AbXY7/5QKSiIrzTw4h0OOqFNKAYaSN1cwfVrsuR7kue3FSvKiN4CR37vuSeGF34QndzebtgTwDniZOSPEhR6+a+XF/gmJNQY4aUajt2pDsJkppiRkZZN1YkQniAeqRtaIg4UZ1k8sgIHhnFh4GQpkINJ+rviQRxpYbcM53jo9WsNxb/89qxDs47CQ2jWJMQTxcFMYNawHEq0KeSYM2GhiAsqbkV4j6SCGuTXdaE4My+PE8axYJzWijelvLlizSODNgHh+AYOOAMlEEF1EAdYPAInsEreLOerBfr3fqYti5Y6cwe+APr8wdXPJg8</latexit>

MNS = 1 M�
<latexit sha1_base64="pmyS8E4BNb08ziAbCU+ePG9ORzA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJUQRGEghs3SkX7gCaEyWTSDp1kwsxEKKHgxl9x40IRt/6EO//GSZuFth64cDjnXu69x08Ylcqyvo25+YXFpeXSSnl1bX1j09zabkmeCkyamDMuOj6ShNGYNBVVjHQSQVDkM9L2B5e5334gQlIe36thQtwI9WIaUoyUljxz99pzIqT6Ispu7kbwAtrOkZZ4wJVnVqyqNQacJXZBKqBAwzO/nIDjNCKxwgxJ2bWtRLkZEopiRkZlJ5UkQXiAeqSraYwiIt1s/MMIHmglgCEXumIFx+rviQxFUg4jX3fm98ppLxf/87qpCs/cjMZJqkiMJ4vClEHFYR4IDKggWLGhJggLqm+FuI8EwkrHVtYh2NMvz5JWrWofV2u3J5X6eRFHCeyBfXAIbHAK6uAKNEATYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8weLZpbJ</latexit>

�sp = 7/3
<latexit sha1_base64="FTWv7c6qMTHJ9AH01aLGnaOXWf8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkFSqCUHDjsoJ9QBPCZDpth85MwsxEKKFu/BU3LhRx61+482+ctFlo64ELh3Pu5d57wphRpR3n2yqsrK6tbxQ3S1vbO7t79v5BW0WJxKSFIxbJbogUYVSQlqaakW4sCeIhI51wfJP5nQciFY3EvZ7ExOdoKOiAYqSNFNhH3hBxjgKPIz2SPFXxFF7D+nktsMtOxZkBLhM3J2WQoxnYX14/wgknQmOGlOq5Tqz9FElNMSPTkpcoEiM8RkPSM1QgTpSfzj6YwlOj9OEgkqaEhjP190SKuFITHprO7FC16GXif14v0YNLP6UiTjQReL5okDCoI5jFAftUEqzZxBCEJTW3QjxCEmFtQiuZENzFl5dJu1pxa5Xq3UW5cZXHUQTH4AScARfUQQPcgiZoAQwewTN4BW/Wk/VivVsf89aClc8cgj+wPn8AaHaWKw==</latexit>

Would allow us to:
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Energy Budget

39

Q: How much energy is available 
for dynamical friction?

�r
<latexit sha1_base64="QpcN/3U1wGtHmtjp7awE3AtsZ1Y=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFPXisYD+gDWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK7e4tCkOJ6pXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiIijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz+Mh4+i</latexit>

MIMBH = 104 M�
<latexit sha1_base64="h1UHgzqU09v9OpqVV0demn8shhI=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISWpBUUQim7qolDBPqCtYTKZtkMnmTAzEUrI2o2/4saFIm79Anf+jZO2iLYeuHA4517uvccNGZXKsr6MzMLi0vJKdjW3tr6xuWVu7zQkjwQmdcwZFy0XScJoQOqKKkZaoSDIdxlpusOr1G/eEyEpD27VKCRdH/UD2qMYKS055n7V6fhIDYQfX1cvKwm8gLZ1F5eSzrF2uMeVY+atgjUG/CH2LMmDKWqO+dnxOI58EijMkJRt2wpVN0ZCUcxIkutEkoQID1GftDUNkE9kNx6/ksBDrXiwx4WuQMGx+nsiRr6UI9/VnenZctZLxf+8dqR6Z92YBmGkSIAni3oRg4rDNBfoUUGwYiNNEBZU3wrxAAmElU4vp0OYe3meNIoF+6RQvCnly+fTOLJgDxyAI2CDU1AGFVADdYDBA3gCL+DVeDSejTfjfdKaMaYzu+APjI9vMtSZSQ==</latexit>

MIMBH = 103 M�
<latexit sha1_base64="JDDRFphl+vLq0WEFnhePoFQP9mM=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISVpBUUQim7qolDBPqCtYTKZtkMnmTAzEUrI2o2/4saFIm79Anf+jZO2iLYeuHA4517uvccNGZXKsr6MzMLi0vJKdjW3tr6xuWVu7zQkjwQmdcwZFy0XScJoQOqKKkZaoSDIdxlpusOr1G/eEyEpD27VKCRdH/UD2qMYKS055n7V6fhIDYQfX1cvKwm8gLZ1F5eSzrF2uMeVY+atgjUG/CH2LMmDKWqO+dnxOI58EijMkJRt2wpVN0ZCUcxIkutEkoQID1GftDUNkE9kNx6/ksBDrXiwx4WuQMGx+nsiRr6UI9/VnenZctZLxf+8dqR6Z92YBmGkSIAni3oRg4rDNBfoUUGwYiNNEBZU3wrxAAmElU4vp0OYe3meNIoFu1Qo3pzky+fTOLJgDxyAI2CDU1AGFVADdYDBA3gCL+DVeDSejTfjfdKaMaYzu+APjI9vMUaZSA==</latexit>

A: Binding energy of DM  
over radius  �r

<latexit sha1_base64="29rY+HxwBC3oNK+alfbZRj2hTj0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FPXisYD+gDWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK7e4tCkOJ6pXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiIijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz+LU4+e</latexit>

�UDM
<latexit sha1_base64="zYbh7xtW08MKey9LuT7y2FdSyUw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBcVVwS7cCBWcVugMQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o2ZtgttPRA4nHMv9+REKaNKO863VVpaXlldK69XNja3tnfs3b22SjKJiYcTlsj7CCnCqCCeppqR+1QSxCNGOtHwqvA7D0Qqmog7PUpJwFFf0JhipI0U2gd+kzCNoBf6HOmB5HnzZhzaVafmTAAXiTsjVTBDK7S//F6CM06Exgwp1XWdVAc5kppiRsYVP1MkRXiI+qRrqECcqCCfpB/DY6P0YJxI84SGE/X3Ro64UiMemckiopr3CvE/r5vp+CLIqUgzTQSeHoozBnUCiypgj0qCNRsZgrCkJivEAyQR1qawiinBnf/yImnXa+5prX57Vm1czuoog0NwBE6AC85BA1yDFvAABo/gGbyCN+vJerHerY/paMma7eyDP7A+fwAV85T3</latexit>

�sp
<latexit sha1_base64="ymWjNlmrK8dG5BoL0kATGhA8u3I=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQKiquCG5cV7AOaECbTSTt0ZhJmJmIJ/RU3LhRx64+482+ctFlo64GBwzn3cs+cKGVUadf9ttbWNza3tis71d29/YND+6jWVUkmMenghCWyHyFFGBWko6lmpJ9KgnjESC+a3BZ+75FIRRPxoKcpCTgaCRpTjLSRQrvmjxDnKPQ50mPJc5XOQrvuNtw5nFXilaQOJdqh/eUPE5xxIjRmSKmB56Y6yJHUFDMyq/qZIinCEzQiA0MF4kQF+Tz7zDkzytCJE2me0M5c/b2RI67UlEdmsoiolr1C/M8bZDq+DnIq0kwTgReH4ow5OnGKIpwhlQRrNjUEYUlNVgePkURYm7qqpgRv+curpNtseBeN5v1lvXVT1lGBEziFc/DgClpwB23oAIYneIZXeLNm1ov1bn0sRtescucY/sD6/AG0cJTZ</latexit>

�sp
<latexit sha1_base64="ymWjNlmrK8dG5BoL0kATGhA8u3I=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQKiquCG5cV7AOaECbTSTt0ZhJmJmIJ/RU3LhRx64+482+ctFlo64GBwzn3cs+cKGVUadf9ttbWNza3tis71d29/YND+6jWVUkmMenghCWyHyFFGBWko6lmpJ9KgnjESC+a3BZ+75FIRRPxoKcpCTgaCRpTjLSRQrvmjxDnKPQ50mPJc5XOQrvuNtw5nFXilaQOJdqh/eUPE5xxIjRmSKmB56Y6yJHUFDMyq/qZIinCEzQiA0MF4kQF+Tz7zDkzytCJE2me0M5c/b2RI67UlEdmsoiolr1C/M8bZDq+DnIq0kwTgReH4ow5OnGKIpwhlQRrNjUEYUlNVgePkURYm7qqpgRv+curpNtseBeN5v1lvXVT1lGBEziFc/DgClpwB23oAIYneIZXeLNm1ov1bn0sRtescucY/sD6/AG0cJTZ</latexit>

�sp [M� pc�3]
<latexit sha1_base64="8v00vK1oWk7QSBkNh7KxOiSCjUI=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARXGhNWkFxVXDjRqhgL9DEMJlM2qGTTJiZCCXkMdz4Km5cKOK2O9/GSVtBWw8MfPz/Ocw5vxczKpVpfhmFpeWV1bXiemljc2t7p7y715Y8EZi0MGdcdD0kCaMRaSmqGOnGgqDQY6TjDa9zv/NIhKQ8ulejmDgh6kc0oBgpLbnlM1sMuGuHSA1EmMo4g/ZJ79a1uc+Vxh8jxtlDelrPHLdcMavmpOAiWDOogFk13fLY9jlOQhIpzJCUPcuMlZMioShmJCvZiSQxwkPUJz2NEQqJdNLJYRk80ooPAy70ixScqL8nUhRKOQo93ZkvKue9XPzP6yUquHRSGsWJIhGefhQkDCoO85SgTwXBio00ICyo3hXiARIIK51lSYdgzZ+8CO1a1apXa3fnlcbVLI4iOACH4BhY4AI0wA1oghbA4Am8gDfwbjwbr8aH8TltLRizmX3wp4zxNyc+oG0=</latexit>
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�r
<latexit sha1_base64="QpcN/3U1wGtHmtjp7awE3AtsZ1Y=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFPXisYD+gDWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK7e4tCkOJ6pXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiIijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz+Mh4+i</latexit>

Evolve the system by fixing the dynamical 
friction force to extract all binding energy 

from a shell at a given radius: 

ĖDF = ṙ
dUDM

dr
<latexit sha1_base64="EN1rHuU/+6jZkkx8S8+Fvxx9irs="></latexit>

Q: How much energy is available 
for dynamical friction?

A: Binding energy of DM  
over radius  �r

<latexit sha1_base64="29rY+HxwBC3oNK+alfbZRj2hTj0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FPXisYD+gDWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK7e4tCkOJ6pXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiIijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz+LU4+e</latexit>

�UDM
<latexit sha1_base64="zYbh7xtW08MKey9LuT7y2FdSyUw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTBcVVwS7cCBWcVugMQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o2ZtgttPRA4nHMv9+REKaNKO863VVpaXlldK69XNja3tnfs3b22SjKJiYcTlsj7CCnCqCCeppqR+1QSxCNGOtHwqvA7D0Qqmog7PUpJwFFf0JhipI0U2gd+kzCNoBf6HOmB5HnzZhzaVafmTAAXiTsjVTBDK7S//F6CM06Exgwp1XWdVAc5kppiRsYVP1MkRXiI+qRrqECcqCCfpB/DY6P0YJxI84SGE/X3Ro64UiMemckiopr3CvE/r5vp+CLIqUgzTQSeHoozBnUCiypgj0qCNRsZgrCkJivEAyQR1qawiinBnf/yImnXa+5prX57Vm1czuoog0NwBE6AC85BA1yDFvAABo/gGbyCN+vJerHerY/paMma7eyDP7A+fwAV85T3</latexit>

Nvacuum
cycles � 2 � 107

<latexit sha1_base64="quTZvhDjFnDxz3dYCKWVFD5AkWA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJaqCspuHElFewDmjRMppN26EwSZiaFEPIjbvwVNy4UceFG/BunbQRtPTBw5tx7OfceL2JUKtP8Mgpr6xubW8Xt0s7u3v5B+fCoI8NYYNLGIQtFz0OSMBqQtqKKkV4kCOIeI11vcj2rd6dESBoG9yqJiMPRKKA+xUhpyS3Xb12bIzUWPMUJZkRmg5//FOE45hm0JeWwBm1FOZHQMgcNt1wxq+YccJVYOamAHC23/GEPQxxzEijMkJR9y4yUkyKhqPbMSnYsSYTwBI1IX9MAaScnnV+XwTOtDKEfCv0CBefq74kUcSkT7unO2eZyuTYT/6v1Y+VfOikNoliRAC+M/JhBFcJZVHBIBcGKJZogLKjeFeIxEggrHWhJh2Atn7xKOrWqdVGt3dUrzas8jiI4AafgHFigAZrgBrRAG2DwAJ7AC3g1Ho1n4814X7QWjHzmGPyB8fkN66GiVw==</latexit>
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Self-consistent evolution

41

Follow phase-space 
evolution of the DM halo as 
energy is injected by the 
orbiting compact object

r0
<latexit sha1_base64="Bhm8L5IXQQ9ez0fX/yaDiqXbxs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwACVo2d</latexit>

bmax
<latexit sha1_base64="59PJBBAiNQ9zZ3ZESeKxzTuDllI=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Y8mkmTY0yQxJRi1D/8ONC0Xc+i/u/Bsz7Sy09UDgcM693JMTxJxp47rfTmFldW19o7hZ2tre2d0r7x+0dJQoQpsk4pHqBFhTziRtGmY47cSKYhFw2g7G15nffqBKs0jemUlMfYGHkoWMYGOl+6DfE9iMlEgFfpr2yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Oks9RSdWGaAwUvZJg2bq740UC60nIrCTWUa96GXif143MeGlnzIZJ4ZKMj8UJhyZCGUVoAFTlBg+sQQTxWxWREZYYWJsUSVbgrf45WXSqlW9s2rt9rxSv8rrKMIRHMMpeHABdbiBBjSBgIJneIU359F5cd6dj/lowcl3DuEPnM8fJMuS7g==</latexit>

Check and calibrate with 
N-body simulations

Current focus:

Build ‘template banks’ of 
LISA GW waveforms
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Evolution of density profile
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IMRI + Dark Matter

43
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Conclusions

44

Merging Primordial
Black Holes (PBHs)

[BJK, Gaggero & Bertone, 1805.09034]

DM Annihilation around
PBHs

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

Intermediate Mass-Ratio
Inspirals (IMRIs)

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]
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Conclusions
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Merging Primordial
Black Holes (PBHs)

[BJK, Gaggero & Bertone, 1805.09034]
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DM Annihilation around
PBHs

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

Conclusions
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Intermediate Mass-Ratio
Inspirals (IMRIs)

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

Conclusions
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Conclusions

48

Merging Primordial
Black Holes (PBHs)

[BJK, Gaggero & Bertone, 1805.09034]

DM Annihilation around
PBHs

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

Intermediate Mass-Ratio
Inspirals (IMRIs)

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

Thank you!
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Backup Slides

49
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• Enhancement/feature in power spectrum 

• Cosmic String Loops  

• Bubble collisions

PBH formation

50

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

PBHs would be a sign of New Physics and a probe of the early universe.

How then could we make PBHs?

[Green, 1403.1198; Sasaki et al, 1801.05235]

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

[Hawking (1987), Polnarev & Zembowicz (1991), Caldwell & Caspar (1996)]
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PBHs as Dark Matter

51

[See 1607.06077, 1806.05195 and references therein]

Eri-II

LIGO

[LIGO Bound from 
BJK, Gaggero & Bertone,1805.09034]
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A peculiar coincidence

52

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
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Binaries shrink…
…and circularise

fixes semi-major axis, a

fixes jf = ji

�
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Extended Mass Function
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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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Caveats

54

• 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
<latexit sha1_base64="N9PLHDejIVcjwYr+qKBaUpHBybs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCCy1JERRXBTcuK9gLNLFMpift0JkkzEyEErJ146u4caGIW9/AnW/jpO1CW38Y+PjPOcw5f5BwprTjfFtLyyura+uljfLm1vbOrr2331JxKik0acxj2QmIAs4iaGqmOXQSCUQEHNrB6Lqotx9AKhZHd3qcgC/IIGIho0Qbq2djgj0OSikmsOvcZ2e1HHunniB6KEWW0LxnV5yqMxFeBHcGFTRTo2d/ef2YpgIiTTlRqus6ifYzIjWjHPKylypICB2RAXQNRkSA8rPJJTk+Nk4fh7E0L9J44v6eyIhQaiwC01msqOZrhflfrZvq8NLPWJSkGiI6/ShMOdYxLmLBfSaBaj42QKhkZldMh0QSqk14ZROCO3/yIrRqVdfw7XmlfjWLo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59TFuXrNnMAfoj6/MHG0CZTg==</latexit><latexit sha1_base64="N9PLHDejIVcjwYr+qKBaUpHBybs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCCy1JERRXBTcuK9gLNLFMpift0JkkzEyEErJ146u4caGIW9/AnW/jpO1CW38Y+PjPOcw5f5BwprTjfFtLyyura+uljfLm1vbOrr2331JxKik0acxj2QmIAs4iaGqmOXQSCUQEHNrB6Lqotx9AKhZHd3qcgC/IIGIho0Qbq2djgj0OSikmsOvcZ2e1HHunniB6KEWW0LxnV5yqMxFeBHcGFTRTo2d/ef2YpgIiTTlRqus6ifYzIjWjHPKylypICB2RAXQNRkSA8rPJJTk+Nk4fh7E0L9J44v6eyIhQaiwC01msqOZrhflfrZvq8NLPWJSkGiI6/ShMOdYxLmLBfSaBaj42QKhkZldMh0QSqk14ZROCO3/yIrRqVdfw7XmlfjWLo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59TFuXrNnMAfoj6/MHG0CZTg==</latexit><latexit sha1_base64="N9PLHDejIVcjwYr+qKBaUpHBybs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCCy1JERRXBTcuK9gLNLFMpift0JkkzEyEErJ146u4caGIW9/AnW/jpO1CW38Y+PjPOcw5f5BwprTjfFtLyyura+uljfLm1vbOrr2331JxKik0acxj2QmIAs4iaGqmOXQSCUQEHNrB6Lqotx9AKhZHd3qcgC/IIGIho0Qbq2djgj0OSikmsOvcZ2e1HHunniB6KEWW0LxnV5yqMxFeBHcGFTRTo2d/ef2YpgIiTTlRqus6ifYzIjWjHPKylypICB2RAXQNRkSA8rPJJTk+Nk4fh7E0L9J44v6eyIhQaiwC01msqOZrhflfrZvq8NLPWJSkGiI6/ShMOdYxLmLBfSaBaj42QKhkZldMh0QSqk14ZROCO3/yIrRqVdfw7XmlfjWLo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59TFuXrNnMAfoj6/MHG0CZTg==</latexit><latexit sha1_base64="N9PLHDejIVcjwYr+qKBaUpHBybs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCCy1JERRXBTcuK9gLNLFMpift0JkkzEyEErJ146u4caGIW9/AnW/jpO1CW38Y+PjPOcw5f5BwprTjfFtLyyura+uljfLm1vbOrr2331JxKik0acxj2QmIAs4iaGqmOXQSCUQEHNrB6Lqotx9AKhZHd3qcgC/IIGIho0Qbq2djgj0OSikmsOvcZ2e1HHunniB6KEWW0LxnV5yqMxFeBHcGFTRTo2d/ef2YpgIiTTlRqus6ifYzIjWjHPKylypICB2RAXQNRkSA8rPJJTk+Nk4fh7E0L9J44v6eyIhQaiwC01msqOZrhflfrZvq8NLPWJSkGiI6/ShMOdYxLmLBfSaBaj42QKhkZldMh0QSqk14ZROCO3/yIrRqVdfw7XmlfjWLo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59TFuXrNnMAfoj6/MHG0CZTg==</latexit>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Dark Matter, Black Holes and Gravitational Waves

Caveats

55

• 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

56

• 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

57

• Survival 

• Clustering 

• Baryons 

• Dark Matter

Do local Dark Matter halos disrupt PBH binaries?
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PBH Binaries: semi-major axis
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PBH Simulation Results
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GN = 6.674 � 10�8 m3 g�1s�2
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High precision N-body sims

60

Gadget-II code:

The Universe:
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N-body simulations
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M1 = 100 M�
M2 = 1 M�
r0 = 3 ⇥ 10�8 pc
torb = 1536 s

Allows us to check assumptions and fix normalisation of DF force (lnΛ),  
but can’t simulate the whole 5 year inspiral!

~ 3 days
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N-body results
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Ė

/E
[s

�
1 ]

⇤ =
p

1/q

⇤ = 1/q

⇤ = exp(3)

r0 = 3 ⇥ 10�8 pc

NS only scatters with particles where its gravity dominates over the IMBH’s

Fix ‘Coulomb factor’: � =
�

MIMBH/MNS � 20 � 60
<latexit sha1_base64="XJXV1nr1uVdFvfdPT0FMeQLiatw="></latexit>
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N-body results

63

10�10

10�9

10�8

10�7

MBH = 100M�

10�10

10�9

10�8

10�7

D
yn

am
ic

al
fr

ic
ti

on
en

er
gy

lo
ss

,
Ė
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Dynamical friction traces local DM density 
(to better than 1%)

Dependence of dynamical friction 
force on mass and separation 

 matches expectations

Drop off in DF force at small separations 
due to softening of simulations
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Self-consistent evolution
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Torb
df(E)

dt
= �f(E)Pscatter(r0, E)

+

�
E

E + �E

�5/2

f(E � �E)Pscatter(r0, E � �E)
<latexit sha1_base64="+3HlcNsyIoEZso6krzbdiXxggFM="></latexit>

Assuming orbit evolves slowly compared to the orbital period:

Density profile (and therefore dynamical friction force) can then be 
determined self-consistently from the distribution function

- roughly the fraction of DM particles with energy  
which lie within a distance bmax from the NS orbit

E
<latexit sha1_base64="QZQu15yS09oqEThaHUpC5F0hCa8=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQXFVEMFlBfuA6VAyaaYNzSRDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vsxNmOCeXY3G1Rrbt2dA60SryA1KNAaVL/6Q0nSmApDONba99zEBBlWhhFOZ5V+qmmCyQSPqG+pwDHVQTaPPENnVhmiSCr7hEFz9fdGhmOtp3FoJ/OIetnLxf88PzXRdZAxkaSGCrL4KEo5MhLl96MhU5QYPrUEE8VsVkTGWGFibEsVW4K3fPIq6TTq3kW98XBZa94UdZThBE7hHDy4gibcQwvaQEDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AXVIkVc=</latexit>Pscatter (r0, E)

<latexit sha1_base64="CnVIBMWuNEKNuOZSXcSqy+E5CFE=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQFCTNR0JMERPAYwSyQCUNPpyZp7FnorhHDMP/hxV/x4kERT4IH/8bOctDog4LHe1VU1fMTKTTa9pc1N7+wuLRcWCmurq1vbJa2tps6ThWHBo9lrNo+0yBFBA0UKKGdKGChL6Hl316M/NYdKC3i6AaHCXRD1o9EIDhDI3mlat3LXIR7pJk2GoLKc1dCgAfKy+z8iLohwwFnMrvMXSX6Azz0SmW7Yo9B/xJnSspkirpX+nB7MU9DiJBLpnXHsRPsZkyh4BLyoptqSBi/ZX3oGBqxEHQ3G/+W032j9GgQK1MR0rH6cyJjodbD0Dedo0v1rDcS//M6KQZn3UxESYoQ8cmiIJUUYzoKivaEAo5yaAjjSphbKR8wxbjJSBdNCM7sy39Js1pxjivV65Ny7XwaR4Hskj1yQBxySmrkitRJg3DyQJ7IC3m1Hq1n6816n7TOWdOZHfIL1uc3Bvqh/w==</latexit>
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Self-consistent evolution
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Torb
df(E)

dt
= �f(E)Pscatter(r0, E)

+

�
E

E + �E

�5/2

f(E � �E)Pscatter(r0, E � �E)
<latexit sha1_base64="+3HlcNsyIoEZso6krzbdiXxggFM="></latexit>

- roughly the fraction of DM particles with energy  
which lie within a distance bmax from the NS orbit

Assuming orbit evolves slowly compared to the orbital period:

E
<latexit sha1_base64="QZQu15yS09oqEThaHUpC5F0hCa8=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQXFVEMFlBfuA6VAyaaYNzSRDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vsxNmOCeXY3G1Rrbt2dA60SryA1KNAaVL/6Q0nSmApDONba99zEBBlWhhFOZ5V+qmmCyQSPqG+pwDHVQTaPPENnVhmiSCr7hEFz9fdGhmOtp3FoJ/OIetnLxf88PzXRdZAxkaSGCrL4KEo5MhLl96MhU5QYPrUEE8VsVkTGWGFibEsVW4K3fPIq6TTq3kW98XBZa94UdZThBE7hHDy4gibcQwvaQEDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AXVIkVc=</latexit>

Density profile (and therefore dynamical friction force) can then be 
determined self-consistently from the distribution function

Pscatter (r0, E)
<latexit sha1_base64="CnVIBMWuNEKNuOZSXcSqy+E5CFE=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQFCTNR0JMERPAYwSyQCUNPpyZp7FnorhHDMP/hxV/x4kERT4IH/8bOctDog4LHe1VU1fMTKTTa9pc1N7+wuLRcWCmurq1vbJa2tps6ThWHBo9lrNo+0yBFBA0UKKGdKGChL6Hl316M/NYdKC3i6AaHCXRD1o9EIDhDI3mlat3LXIR7pJk2GoLKc1dCgAfKy+z8iLohwwFnMrvMXSX6Azz0SmW7Yo9B/xJnSspkirpX+nB7MU9DiJBLpnXHsRPsZkyh4BLyoptqSBi/ZX3oGBqxEHQ3G/+W032j9GgQK1MR0rH6cyJjodbD0Dedo0v1rDcS//M6KQZn3UxESYoQ8cmiIJUUYzoKivaEAo5yaAjjSphbKR8wxbjJSBdNCM7sy39Js1pxjivV65Ny7XwaR4Hskj1yQBxySmrkitRJg3DyQJ7IC3m1Hq1n6816n7TOWdOZHfIL1uc3Bvqh/w==</latexit>

Particles scattering from 

Particles scattering from 
E � �E � E

<latexit sha1_base64="YwXPE5f0o9f1nlSxboiM74L6R9o=">AAACInicbZDJSgNBEIZ7XGPcRj16aQyCF4cZ91wkoIJHBaNCZgg1nU7SpGehu0YJQ57Fi6/ixYOingQfxk4MEpcfGn6+qqKr/jCVQqPrvltj4xOTU9OFmeLs3PzCor20fKmTTDFeZYlM1HUImksR8yoKlPw6VRyiUPKrsHPUr1/dcKVFEl9gN+VBBK1YNAUDNKhul/0IsM1A5ic9ukmpf8wlAh2hvhKtNoJSye0opnW75DruQNR1dl2vvOfRb+INTYkMdVa3X/1GwrKIx8gkaF3z3BSDHBQKJnmv6Geap8A60OI1Y2OIuA7ywYk9um5IgzYTZV6MdEBHJ3KItO5Goens76h/1/rwv1otw+ZBkIs4zZDH7OujZiYpJrSfF20IxRnKrjHAlDC7UtYGBQxNqkUTgvf75L/mcsvxtp2t851S5XAYR4GskjWyQTyyTyrklJyRKmHkjjyQJ/Js3VuP1ov19tU6Zg1nVsgPWR+fUbGkLA==</latexit>

E � E + �E
<latexit sha1_base64="3S9KZtrclQ+DjXJlpegGsLXw11o=">AAACIXicdZDLSsNAFIYnXmu9RV26GSyCIJS0CnYlBRVcVrAXaEo5mU7boZNMmDlRSuiruPFV3LhQpDvxZUzaCvV2YODn+8/hnPm9UAqDjvNuLSwuLa+sZtay6xubW9v2zm7NqEgzXmVKKt3wwHApAl5FgZI3Qs3B9ySve4OL1K/fcW2ECm5xGPKWD71AdAUDTFDbLrk+YJ+BjK9G1NWi10fQWt3TeX5M3UsuEeZh284V8s6kqPNLfFk5MqtK2x67HcUinwfIJBjTLDghtmLQKJjko6wbGR4CG0CPNxMZgM9NK578cEQPE9KhXaWTFyCd0PmJGHxjhr6XdKYnmp9eCv/ymhF2S61YBGGEPGDTRd1IUlQ0jYt2hOYM5TARwLRIbqWsDxoYJqFm50P4X9SK+cJJvnhzmiufz+LIkH1yQI5IgZyRMrkmFVIljDyQJ/JCXq1H69l6s8bT1gVrNrNHvpX18QnfX6Pr</latexit>
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Distribution function
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Self-consistently reconstruct density from distribution function:

�(r) = 4�

� vmax(r)

0
v2f (E) dv

<latexit sha1_base64="sK8ztXnmx6CVklEWSeMxsGyqAkc="></latexit>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Dark Matter, Black Holes and Gravitational Waves

10�2 10�1 100

Initial GW Frequency [Hz]

100

101

102

103

104

105

106

107

108
�

N
cy

cl
es

Fixed DM

Shell estimate

Self-consistent

Impact on de-phasing 

67

How much shorter is the inspiral compared  
to the ‘vacuum’ case (with no DM?)

De-phasing drastically reduced - but still detectable!

Nvacuum
cycles � 2 � 107

<latexit sha1_base64="quTZvhDjFnDxz3dYCKWVFD5AkWA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJaqCspuHElFewDmjRMppN26EwSZiaFEPIjbvwVNy4UceFG/BunbQRtPTBw5tx7OfceL2JUKtP8Mgpr6xubW8Xt0s7u3v5B+fCoI8NYYNLGIQtFz0OSMBqQtqKKkV4kCOIeI11vcj2rd6dESBoG9yqJiMPRKKA+xUhpyS3Xb12bIzUWPMUJZkRmg5//FOE45hm0JeWwBm1FOZHQMgcNt1wxq+YccJVYOamAHC23/GEPQxxzEijMkJR9y4yUkyKhqPbMSnYsSYTwBI1IX9MAaScnnV+XwTOtDKEfCv0CBefq74kUcSkT7unO2eZyuTYT/6v1Y+VfOikNoliRAC+M/JhBFcJZVHBIBcGKJZogLKjeFeIxEggrHWhJh2Atn7xKOrWqdVGt3dUrzas8jiI4AafgHFigAZrgBrRAG2DwAJ7AC3g1Ho1n4814X7QWjHzmGPyB8fkN66GiVw==</latexit>

Preliminary
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Survival of density profile
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How does the density profile evolve during and after the inspiral?

Initial separation

Initial density 
Density during inspiral 
Final density after inspiral

Preliminary
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Assumptions
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‣ Spherical symmetry and isotropy of the DM halo 

‣ DM particles only scatter within an impact parameter  

‣ DM distribution is ‘locally’ uniform 

‣ Halo ‘relaxation’ is instantaneous 

‣ Orbital properties evolve slowly compared to the orbital period

b < bmax = � � GNMNS/v2
NS

<latexit sha1_base64="9QjpEUfMfFWl7HLpYAIbqBVfHBg="></latexit>

bmax � r0
<latexit sha1_base64="kXU5HECLtKqbQIJXOcQmZBQybAs=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWpgi6LblxWsA9oQ5hMJ+3QmSTMTMQSu/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c4KEM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZaKU0lok8Q8lp0AK8pZRJuaaU47iaRYBJy2g9F17rfvqVQsju70OKGewIOIhYxgbSTfPgz8nsB6KEUm8MME9ThH0nd8u+JUnSnQInELUoECDd/+6vVjkgoaacKxUl3XSbSXYakZ4XRS7qWKJpiM8IB2DY2woMrLpvkn6MQofRTG0rxIo6n6eyPDQqmxCMxknlXNe7n4n9dNdXjpZSxKUk0jMjsUphzpGOVloD6TlGg+NgQTyUxWRIZYYqJNZWVTgjv/5UXSqlXds2rt9rxSvyrqKMERHMMpuHABdbiBBjSBwCM8wyu8WU/Wi/VufcxGl6xi5wD+wPr8Aba3leQ=</latexit>



Bradley J. Kavanagh (GRAPPA, Amsterdam) Dark Matter, Black Holes and Gravitational Waves

Total number of cycles
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Astrophysical BH binaries

71

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]


