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The Dark Matter Landscape
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Overview
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GW 
background  
from PBH 
formation

DM spikes in 
IMRIs/EMRIs

Direct 
observation 

 of Primordial 
Black Holes

Decihertz 
Dark Matter

Gravitational waves can allow us to very precisely probe dense Dark 
Matter environments in the present day Universe. But they also allow us 
to probe the conditions in the very early Universe.
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Dark Matter Spikes
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‘Spikes’ or ‘dresses’ of cold, particle-
like DM may form around BHs: 

“Astrophysical scenario”
[astro-ph/9906391, astro-ph/0509565, 

1305.2619, …]

“PBH scenario”
[Bertschinger  (1985), astro-ph/0608642, 

1901.08528, …]

From the slow (‘adiabatic’) growth of 
a BH at the centre of a DM halo

Around BHs which form from large 
density fluctuations in the early 

Universe (i.e. Primordial Black Holes)

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528


DM-induced “Dephasing”
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NS/BHIMBH

MIMBH � 103 � 105 M�
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4 M�
M1

◆
HzUntil the innermost stable circular orbit:

Consider an intermediate-mass ratio inspiral (IMRI): 
A stellar mass compact object (NS/BH) inspirals 
towards intermediate mass black hole (IMBH)

[Eda et al. 1301.5971, 1408.3534; see also 1302.2646, 1404.7140, 1404.7149 and others…]

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1404.7140
https://arxiv.org/abs/1404.7149


   Impact of DM Spikes
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IMBH

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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https://arxiv.org/abs/1302.2646
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Why these systems?
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3) BH environment: Need a quiet life for the BH, not too many major mergers

[E.g. Bertone, Coogan, Gaggero, 
 BJK & Weniger, 1905.01238]

1) Spike formation: Typically need a 
massive central BH which has grown slowly, 
in order to form a dense DM spike. 

Focus on IMBHs  
and IMRIs!

[E.g. Bertone & Merritt, astro-ph/0501555]

2) Tracing the DM density: Need a lighter 
orbiting compact object in order to trace the 
DM density (but not disrupt the DM spike 
too much) 101 103 105 107
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Sizing up the dephasing
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5 years to merger

Nvacuum
cycles � 6 � 106
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m1 = 103 M�

m2 = 1M�

Assuming: 
• quasi-circular orbits 
• Newtonian dynamics 
• Isotropic DM spike

[BJK, Nichols, Gaggero & Bertone, 2002.12811]
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These systems are statistically distinguishable from a GR-in-vacuum system 
(and from other environmental effect)!

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154; Cole et al., 2211.01362]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/2211.01362
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�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

Fix SNR = 15 (~ 76 Mpc)

[Code: https://github.com/adam-coogan/pydd]

Projections done with LISA. 
Next stop: LGWA!

https://arxiv.org/abs/2108.04154
https://github.com/adam-coogan/pydd
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Red regions would be ruled out by observation of a DM spike!

[Hannuksela et al., 1906.11845; see also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

Measurement of density profile would allow us to distinguish DM models  
and spike formation mechanisms!

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238


Next Steps in 
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?

Still need to address: 

• Realistic Waveforms - need to go post-Newtonian, extend to 
eccentric orbits etc. 

• Spike formation scenarios - how common are DM spikes in the 
Universe? What are their typical properties? 

• Search strategies - how do we pick these signals out of the 
noise? (Large parameter space of possible models - template 
searches may be challenging)



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

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

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

z � 108
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[Young & Byrnes, 1411.4620]

GW 
background  
from PBH 
formation

DM spikes in 
IMRIs/EMRIs

Direct 
observation 

 of Primordial 
Black Holes

Decihertz 
Dark Matter

https://ui.adsabs.harvard.edu/abs/1967SvA....10..602Z/abstract
https://ui.adsabs.harvard.edu/abs/1971MNRAS.152...75H/abstract
https://ui.adsabs.harvard.edu/abs/1974MNRAS.168..399C/abstract
http://adsabs.harvard.edu/full/1975ApJ...201....1C
https://arxiv.org/abs/astro-ph/9901268
https://arxiv.org/abs/1411.4620
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[Green & BJK, 2007.10722; 
GitHub.com/bradkav/PBHbounds]

https://arxiv.org/abs/2007.10722
http://GitHub.com/bradkav/PBHbounds
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16

[Nakamura et al, astro-ph/9708060, 
Sasaki et al, 1603.08338, and others]

Hubble flow

PBHs which are close enough to each other in 
the early Universe may form binaries!

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

https://arxiv.org/abs/astro-ph/9708060
https://arxiv.org/abs/1603.08338
https://arxiv.org/abs/1709.06576
https://arxiv.org/abs/1805.09034


Merger Rate Constraints?
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[Green & BJK, 2007.10722; 
GitHub.com/bradkav/PBHbounds]

Decihertz GWs
[See e.g. 2012.02786, 2109.02170]

Constraining a population 
of primordial IMBHs

 Detecting sub-solar 
PBHs in IMRIs/EMRIs

https://arxiv.org/abs/2007.10722
http://GitHub.com/bradkav/PBHbounds
https://arxiv.org/abs/2012.02786
https://arxiv.org/abs/2109.02170
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Making a PBH

18[Green & BJK, 2007.10722]

smaller scales

∼
| Δ

ℛ
|2

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

Consider adding a ‘spike’ in the 
primordial power spectrum:

https://arxiv.org/abs/2007.10722


GWs from PBH Formation
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Scalar-induced Gravitational Waves (SIGWs)

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

stochastic Gravitational waves

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

PBHs may be formed from 
enhanced primordial scalar 

perturbations

[astro-ph/0407611, 0812.4339, 1012.4697]
[Domènech, 2109.01398]

<latexit sha1_base64="GG4T5ltqecNurSVdchmcEay7Eos=">AAACInicbZDLSgMxFIYz9VbrbdSlm2AR6qbMiNdd0Y3LCvYCnTKcSdM2bSYzJBmhDH0WN76KGxeKuhJ8GNMLYlt/CPx85xxOzh/EnCntOF9WZml5ZXUtu57b2Nza3rF396oqSiShFRLxSNYDUJQzQSuaaU7rsaQQBpzWgv7NqF57oFKxSNzrQUybIXQEazMC2iDfvur6KesNsadYiAuegICDz7DXolwD9uIuO/7FvRns23mn6IyFF407NXk0Vdm3P7xWRJKQCk04KNVwnVg3U5CaEU6HOS9RNAbShw5tGCsgpKqZjk8c4iNDWrgdSfOExmP6dyKFUKlBGJjOEHRXzddG8L9aI9Hty2bKRJxoKshkUTvhWEd4lBduMUmJ5gNjgEhm/opJFyQQbVLNmRDc+ZMXTfWk6J4Xz+5O86XraRxZdIAOUQG56AKV0C0qowoi6BE9o1f0Zj1ZL9a79TlpzVjTmX00I+v7B2CaovM=</latexit>

hij ⇠ (ri��)(rj��)

fpeak
GW = 3 � 10�9

�
MPBH

M�

��1/2

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

MPBH � 1.4 � 1013M�

�
k�

Mpc�1

��2

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

For perturbations on a scale ,k⋆

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

https://arxiv.org/abs/astro-ph/0407611
https://arxiv.org/abs/0812.4339
https://arxiv.org/abs/1012.4697
https://arxiv.org/abs/2109.01398


Scalar-induced GWs
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[Preliminary calculations by  
Marco Chianese]

<latexit sha1_base64="mPPaZO2+N3CcYzmNiFT6J+7svoI="></latexit>

MPBH ⇠ 2⇥ 10�14 M�
<latexit sha1_base64="ZUtv05R6jrdDbUOOLvH8isVlbKA="></latexit>

MPBH ⇠ 10�15 M�

<latexit sha1_base64="oJS5JaBYaNuoo/48gl+5ugXB/Yw="></latexit>

MPBH ⇠ 5⇥ 10�17 M�
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Constraining the power spectrum

21[Green & BJK, 2007.10722]

smaller scales

∼
| Δ

ℛ
|2

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

Consider adding a ‘spike’ in the 
primordial power spectrum:

LGWA

https://arxiv.org/abs/2007.10722
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GW 
background  
from PBH 
formation

DM spikes in 
IMRIs/EMRIs

Direct 
observation 

 of Primordial 
Black Holes

Decihertz 
Dark Matter
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Survival of the Spike
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PBH

2) BH environment: Need a quiet life for the BH, not too many major mergers

[E.g. Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

1) DM properties:

Focus on IMBHs[E.g. Bertone & Merritt, astro-ph/0501555]

<latexit sha1_base64="ndw/pLhFUC+xTF9bLaFWop6ULrQ="></latexit>

⇢DM = ⇢6

✓
10�6 pc

r

◆�sp
<latexit sha1_base64="hIgVGm0DjilLF2SMVXOZTvJYBaQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAoIqXM1KJulIIbN0IFe4HOOGTStA1NJkOSEcrQd3Djq7hxoYhbN+58G9N2Ftr6Q+DnO+dwcv4gYlRp2/62MguLS8sr2dXc2vrG5lZ+e6ehRCwxqWPBhGwFSBFGQ1LXVDPSiiRBPGCkGQyuxvXmA5GKivBODyPicdQLaZdipA3y88fcd+DhBXTs+xO3eOO7oiO06+a4X55g6BZhSv18wS7ZE8F546SmAFLV/PyX2xE45iTUmCGl2o4daS9BUlPMyCjnxopECA9Qj7SNDREnyksmN43ggSEd2BXSvFDDCf09kSCu1JAHppMj3VeztTH8r9aOdffcS2gYxZqEeLqoGzOoBRwHBDtUEqzZ0BiEJTV/hbiPJMLaxJgzITizJ8+bRrnknJYqt5VC9TKNIwv2wD44Ag44A1VwDWqgDjB4BM/gFbxZT9aL9W59TFszVjqzC/7I+vwBoxaaRg==</latexit>

m1 = 103 M�

m2 = 1M� <latexit sha1_base64="LNSrvHcL7gHKv/5qc59BGq3+8aE=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4MSSlPpZFNy4r2Ac0oUymk3bozCTMTIQSunTjr7hxoYhbP8Gdf+OkzUJbD1w4nHMv994TJowq7brf1tLyyuraemmjvLm1vbNr7+23VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5HN7nffiBS0Vjc63FCAo4GgkYUI22knn3kDxDnqOdzpIeSZyqZQF9RDqvwDFad855dcR13CrhIvIJUQIFGz/7y+zFOOREaM6RU13MTHWRIaooZmZT9VJEE4REakK6hAnGigmz6yASeGKUPo1iaEhpO1d8TGeJKjXloOvN71byXi/953VRHV0FGRZJqIvBsUZQyqGOYpwL7VBKs2dgQhCU1t0I8RBJhbbIrmxC8+ZcXSavqeBdO7a5WqV8XcZTAITgGp8ADl6AObkEDNAEGj+AZvII368l6sd6tj1nrklXMHIA/sD5/AMUFmIE=</latexit>

�sp ⇠ 2� 2.5

https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/astro-ph/0501555


   Impact of DM Spikes

25
IMBH

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

<latexit sha1_base64="EA8OtJxEth7fy/tVnUZWMaTZO2g="></latexit>

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870


Reconstruct density from distribution function: 

Phase space distribution
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r2
<latexit sha1_base64="s1e16kYsqY77ItgbVrjI+AG2yH8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXqRghePFe0HtKFstpt26WYTdjdCCf0JXjwo4tVf5M1/4yYNotYHA4/3ZpiZ50WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTa9Tv/tApWKhuNeziLoBHgvmM4K1ke7ksDYsV+yqnQEtEycnFcjRGpY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7NQ5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fuAkTUaypIItFfsyRDlH6NxoxSYnmM0MwkczcisgES0y0SaeUhXCZovH98jLp1KrOWbV+W680r/I4inAEx3AKDpxDE26gBW0gMIZHeIYXi1tP1qv1tmgtWPnMIfyC9f4FG/aNzw==</latexit>

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

Compact object scatters with all 
DM particles within ‘torus’ of 

influence over one orbit

Follow semi-analytically the phase space 
distribution of DM:

Each particle receives a ‘kick’  
 
 
through gravitational scattering

E = �(r) � 1

2
v2

<latexit sha1_base64="QqGosv+mkhoAFB3L+PP9EcoNfCM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpJUQTdKQQSXFewDmlgm00k7dDIJM5NCCfkCN/6KGxeKuHXtzr9x0mahrQdmOJxzL/fe40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja4zvz0mQtKQ36tJRNwADTj1KUZKSz2z7ARIDTFiyU166TQkrYjjE8cXCCd2mtRSOH7Qf88sWVVrCrhI7JyUQI5Gz/xy+iGOA8IVZkjKrm1Fyk2QUBQzkhadWJII4REakK6mHAVEusn0nBSWtdKHfij04wpO1d8dCQqknASersyWl/NeJv7ndWPlX7gJ5VGsCMezQX7MoAphlg3sU0GwYhNNEBZU7wrxEOkslE6wqEOw509eJK1a1T6t1u7OSvWrPI4COARHoAJscA7q4BY0QBNg8AiewSt4M56MF+Pd+JiVLhl5zwH4A+PzB2iOm64=</latexit>

E � E + �E
<latexit sha1_base64="/LUEXErvx0YkhK+7T6ZmazyCBS0=">AAACIXicbZDJSgNBEIZ7XGPcRj16aQyCIISZKJiTBFTwGMEskAmhptNJmvQsdNcoYcirePFVvHhQJDfxZewsh5j4Q8PPV1V01e/HUmh0nG9rZXVtfWMzs5Xd3tnd27cPDqs6ShTjFRbJSNV90FyKkFdQoOT1WHEIfMlrfv9mXK89caVFFD7iIObNALqh6AgGaFDLLnoBYI+BTO+G1FOi20NQKnqm8/ycerdcIszDlp1z8s5EdNm4M5MjM5Vb9shrRywJeIhMgtYN14mxmYJCwSQfZr1E8xhYH7q8YWwIAdfNdHLhkJ4a0qadSJkXIp3Q+YkUAq0HgW86xyvqxdoY/ldrJNgpNlMRxgnykE0/6iSSYkTHcdG2UJyhHBgDTAmzK2U9UMDQhJo1IbiLJy+baiHvXuQLD5e50vUsjgw5JifkjLjkipTIPSmTCmHkhbyRD/JpvVrv1pc1mrauWLOZI/JH1s8v3d+j6g==</latexit>

f =
dN

d3r d3v
� f(E)

<latexit sha1_base64="iVnUdNVmSFvyyev1jKow+e3Hglc="></latexit>

[Code available online: 
github.com/bradkav/HaloFeedback][BJK, Nichols, Gaggero, Bertone, 2002.12811]

�(r) =

�
d3vf(E)

<latexit sha1_base64="JE4mkH1K3L9LCMXtpaZeXSXt3dk=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VoNyXRgG6UggguK9gHNLFMppN26OTBzKRQQn7Ejb/ixoUiLtyIf+MkzUJbDwycOfde7rnHjRgV0jC+tdLK6tr6RnmzsrW9s7un7x90RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNedXGf17pRwQcPgXs4i4vhoFFCPYiSVNNAtm4/DGq/DS2jTQELbR3LM/WSYPpzl3PWSaQq9Wv7BiCU3aX2gV42GkQMuE7MgVVCgNdA/7WGIY58EEjMkRN80IukkiEuKGUkrdixIhPAEjUhf0QD5RDhJfl0KT5QyhF7I1VMOc/X3RIJ8IWa+qzozj2Kxlon/1fqx9C6chAZRLEmA54u8mEEZwiwqOKScYMlmiiDMqfIK8RhxhKUKtKJCMBdPXiad04ZpNaw7q9q8KuIogyNwDGrABOegCW5BC7QBBo/gGbyCN+1Je9HetY95a0krZg7BH2hfP70sobo=</latexit>

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811


Full evolution of the system

27

[BJK, Nichols, Gaggero & Bertone, 2002.12811]

Movies: tinyurl.com/GW4DM

Need to include feedback on the DM spike:
[Code available online: 

github.com/bradkav/HaloFeedback]

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
https://github.com/bradkav/HaloFeedback
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Time to Merger
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Detectability

29
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Estimate optimal match-filtered SNR for detection with LISA.  
(Presence of Dark Dress has almost no impact on SNR):
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Discoverability

30

[Code available online: 
https://github.com/adam-coogan/pydd]

We’ll call a DM spike discoverable if it can be 
distinguished from a GR-in-vacuum system.

<latexit sha1_base64="TcIBiI84oPx+85igONDu3mgm4uE="></latexit>

✓D = {�sp, ⇢6,M, log10 q}

<latexit sha1_base64="USyvLrQ7mOpCNCEUnUt5yPjY0BY=">AAACJHicbVDLSsNAFJ34tr6qLt0Ei+CqJCIqiCK4cSNUsA/ohDKZ3rSDkwczN0IJ+Rg3/oobFz5w4cZvcdJmodUDwxzOuZd77/ETKTQ6zqc1Mzs3v7C4tFxZWV1b36hubrV0nCoOTR7LWHV8pkGKCJooUEInUcBCX0Lbv7ss/PY9KC3i6BZHCXghG0QiEJyhkXrVU+rHsq9HofkyikNAlvcyGjIcqjBr5fkZlRAgnUicyew6p0oMhkjzXrXm1J0x7L/ELUmNlGj0qm+0H/M0hAi5ZFp3XSdBL2MKBZeQV2iqIWH8jg2ga2jEQtBeNj4yt/eM0reDWJkXoT1Wf3ZkLNTFHaayWFVPe4X4n9dNMTjxMhElKULEJ4OCVNoY20Vidl8o4ChHhjCuhNnV5kOmGEeTa8WE4E6f/Je0DuruUf3w5rB2cV7GsUR2yC7ZJy45JhfkijRIk3DyQJ7IC3m1Hq1n6936mJTOWGXPNvkF6+sb6sCnbg==</latexit>

✓V = {M}
vs.

<latexit sha1_base64="yAjupDzv1N3Uwm9rkJRtEY946K0=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4qrulqBel4MVjBfsB22XJptk2NMmuSVYopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMi1LOtHHdb2dldW19Y7OwVdze2d3bLx0ctnSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqOhrdTv/1ElWaJfDCjlAYC9yWLGcHGSv4jukYirJ6L0AtLZbfizoCWiZeTMuRohKWvbi8hmaDSEI619j03NcEYK8MIp5NiN9M0xWSI+9S3VGJBdTCenTxBp1bpoThRtqRBM/X3xBgLrUcisp0Cm4Fe9Kbif56fmfgqGDOZZoZKMl8UZxyZBE3/Rz2mKDF8ZAkmitlbERlghYmxKRVtCN7iy8ukVa14F5Xafa1cv8njKMAxnMAZeHAJdbiDBjSBQALP8ApvjnFenHfnY9664uQzR/AHzucPY1iQBQ==</latexit>

q = m2/m1

Compute Bayes Factor (BF) comparing 
Bayesian evidence for Vacuum and Dressed 

systems, with parameters:

https://github.com/adam-coogan/pydd
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Use semi-analytic galaxy formation models to study the properties of Direct 
Collapse Black Holes and the halos they form in.

[Volonteri et al., 2110.10175]

[Dunn et al., 1803.01007]

[Work in progress with Abram Perez, Pratika Dayal, and others]

Preliminary results suggest that large densities are possible 
but do these systems survive, and are they common? 

<latexit sha1_base64="wRoNEtpnG2//LKZ8T1+Cj4xBANw=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+BCy4xKdSUFN26ECrYKnTpkMpk2NJkMyR2hDPMdbvwVNy4UcSdu/BvTx8LXgcDhnHPJvSdMBTfgup/O1PTM7Nz8wmJpaXllda28vtEyKtOUNakSSt+ExDDBE9YEDoLdpJoRGQp2HfbPhv71HdOGq+QKBinrSNJNeMwpASsFZc/XPRXUsN8FG5LYc29zr1b4exeBryIF/p4vCfS0zFNa3Ob7h0VQrrhVdwT8l3gTUkETNILyux8pmkmWABXEmLbnptDJiQZOBStKfmZYSmifdFnb0oRIZjr56LQC71glwrHS9iWAR+r3iZxIYwYytMnhnua3NxT/89oZxCednCdpBiyh44/iTGBQeNgTjrhmFMTAEkI1t7ti2iOaULBtlmwJ3u+T/5LWQdWrVY8ujyr100kdC2gLbaNd5KFjVEfnqIGaiKJ79Iie0Yvz4Dw5r87bODrlTGY20Q84H18mWqBY</latexit>

⇢6 & 1016 M� pc�3

https://arxiv.org/abs/2110.10175
https://arxiv.org/abs/1803.01007
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<latexit sha1_base64="wM5jDW8emqQQVnLFH+VlB4queVs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSkNt0VdOGygn1AG8pkOmmGziRhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6ScKY3Qh7W2vrG5tV3aKe/u7R8cVo6OuyrJJKEdkvBE9gOsKGcx7WimOe2nkmIRcNoLpleF37unUrEkvtOzlPoCT2IWMoJ1IQ3TiI0qVWR7yHWadYhs1/EaNdcQVK+5XhM6NlqgClZojyrvw3FCMkFjTThWauCgVPs5lpoRTuflYaZoiskUT+jA0BgLqvx8cescnhtlDMNEmoo1XKjfJ3IslJqJwHQKrCP12yvEv7xBpkPPz1mcZprGZLkozDjUCSweh2MmKdF8ZggmkplbIYmwxESbeMomhK9P4f+kW7OdS9u9daut61UcJXAKzsAFcEADtMANaIMOICACD+AJPFvCerRerNdl65q1mjkBP2C9fQKMII6b</latexit>

�

[E.g. Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2112.14777]

Compton wavelength of  
a light scalar field:

Super-radiance (and growth of a  
‘gravitational atom’) when:

<latexit sha1_base64="++b6SUL6JMC5Xq4RyZwaAHFrZTY=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEidSlIhYGCoykAXpCLRh9SEyHHc1qqdRLaDVEX9BRZ+hYUBhFjZ2PgbnDYDtBzJ0tE5917fe/yYUaks69tYWl5ZXVsvbBQ3t7Z3ds29/baMEoFJC0csEl0fScJoSFqKKka6sSCI+4x0/NFV5nceiJA0Cu/UOCYuR4OQ9ilGSkueWRbeADqScngNbzyHIzUUPK03Jif4vgovocP0rAB52DNLVsWaAi4SOyclkKPpmV9OEOGEk1BhhqTs2Vas3BQJRTEjk6KTSBIjPEID0tM0RJxIN51eNIHHWglgPxL6hQpO1d8dKeJSjrmvK7OV5byXif95vUT1L9yUhnGiSIhnH/UTBlUEs3hgQAXBio01QVhQvSvEQyQQVjrEog7Bnj95kbSrFfusYt+elmr1PI4COARHoAxscA5qoAGaoAUweATP4BW8GU/Gi/FufMxKl4y85wD8gfH5AyMFm/U=</latexit>

rg ⇠ GMBH/c
2 < �c

[Chia, 2012.09167]

<latexit sha1_base64="Y6qwDZh0zYvjGr0KPl7pZUnjXeQ="></latexit>

MBH 2 [1, 1010]M�

! m� 2 [10�20, 10�10] eV

https://arxiv.org/abs/1804.03208
https://arxiv.org/abs/1908.10370
https://arxiv.org/abs/1912.04932
https://arxiv.org/abs/2112.14777
https://arxiv.org/abs/2012.09167


Gravitational Atoms

33

O
rb

ita
l a

ng
ul

ar
 v

elo
cit

y

[E.g. Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2112.14777]

https://arxiv.org/abs/1804.03208
https://arxiv.org/abs/1908.10370
https://arxiv.org/abs/1912.04932
https://arxiv.org/abs/2112.14777


Distinguishing Effects

34[Cole et al., 2211.01362]

https://arxiv.org/abs/2211.01362

