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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]
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[Jangra, BJK, Diego, 2304.05892]

[Mack et al., astro-ph/0608642; 
Ricotti, 0706.0864, 

Sten Delos et al., 1712.05421, 
Boudaud et al., 2106.07480, …]

Spike grows to  by matter-radiation equality. 

Density profile , can achieve densities up to  

Mspike ∼ MPBH

ρDM(r) ∼ r−9/4 ρDM ≳ 1020 M⊙/pc3

https://arxiv.org/abs/2304.05892
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/2106.07480
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GW Sensitivity
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Modelling the dephasing

7

[HaloFeedback Code, BJK et al., 2002.12811; 
Coogan et al. (including BJK), 2108.04154; 

See Backup Slides]

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

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

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

Assume quasi-circular, Newtonian 
orbits in the limit :q = m2/m1 ≪ 1

Model also the feedback on the DM spike: 
<latexit sha1_base64="Zi1DV+xX+5TYOWkcSq9MgW+kfJw="></latexit>

df(E)
dt

! ⇢DM(r, t)

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2108.04154
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Quantifying the dephasing

8

[Cole et al. (including BJK), 2207.07576]

With sufficiently large SNR loss, signal could be missed altogether!

In vacuum, expect ~  GW cycles during a one year observation. 
But with a DM spike:

107

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�

<latexit sha1_base64="4tQLHmBRIhVs9/+r1B700v6J7h0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZ8bUs6sKVVLAP6AxDJs20oUlmSDJCGerGX3HjQhG3/oU7/8ZMOwttPRA4nHPvzb0nTBhV2nG+rdLC4tLySnm1sra+sbllb++0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6HV7nffiBS0Vjc61FCfI76gkYUI22kwN7zrgnTCN4GHkd6IHmGR5gRNQ7sqlNzJoDzxC1IFRRoBPaX14txyonQmCGluq6TaD9DUlMzcFzxUkUShIeoT7qGCsSJ8rPJBWN4aJQejGJpntBwov7uyBBXasRDU5mvqWa9XPzP66Y6uvAzKpJUE4GnH0UpgzqGeRywRyXBmo0MQVhSsyvEAyQR1ia0ignBnT15nrSOa+5Z7fTupFq/LOIog31wAI6AC85BHdyABmgCDB7BM3gFb9aT9WK9Wx/T0pJV9OyCP7A+fwC4tZcY</latexit>

�Ncycles

<latexit sha1_base64="H6UBLG8i2z6zUV0WJAAll1DP8j4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxwDXjxGMQ9IljA7mU2GzM4uM71CWPIHXjwo4tU/8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHjy3X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGNT8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3nX16v6yUq/lcRThBE7hHDy4gTrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD+iwjO8=</latexit>

10

<latexit sha1_base64="nqmbijboPUITklWFQ9xqtnG+BSs=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktVnssePFYwX5Au5Zsmm1Dk+ySZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMfa8Nyxa26C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJmz4KZNxYqgky0VhwpGJUPY4GjFFieEzSzBRzN6KyAQrTIyNp2RD8FZfXiedWtW7rtbvryrNRh5HEc7gHC7Bgxtowh20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8ADfyNkw==</latexit>

102

<latexit sha1_base64="CCMM0IExIGUVOiuNRpZ1KuRgkeE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9nVqj0WvHisYD+gXUs2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvkg5nG1Bd4JFnICDaZ5LmPl4Nyxa26c6BV4uWkAjmag/JXfxiRRFBpCMda9zw3Nn6KlWGE01mpn2gaYzLBI9qzVGJBtZ/Ob52hM6sMURgpW9Kgufp7IsVC66kIbKfAZqyXvUz8z+slJqz7KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXti6p3Xb26r1Ua9TyOIpzAKZyDBzfQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AD4CNlA==</latexit>
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https://arxiv.org/abs/2207.07576
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Measuring the DM Spike

9

<latexit sha1_base64="qJKD9ZPoWPgYiTh6+QSnpfOXZDQ=">AAAB+3icbVDLSsNAFJ34rPVV69JNsAiuSiK+lkU3LivYBzQh3Ewn7dCZSZiZiCXkV9y4UMStP+LOv3HSZqGtBwYO59zLPXPChFGlHefbWlldW9/YrGxVt3d29/ZrB/WuilOJSQfHLJb9EBRhVJCOppqRfiIJ8JCRXji5LfzeI5GKxuJBTxPicxgJGlEM2khBre6NgHMIPA56LHmmkjyoNZymM4O9TNySNFCJdlD78oYxTjkRGjNQauA6ifYzkJpiRvKqlyqSAJ7AiAwMFcCJ8rNZ9tw+McrQjmJpntD2TP29kQFXaspDM1lEVIteIf7nDVIdXfsZFUmqicDzQ1HKbB3bRRH2kEqCNZsaAlhSk9XGY5CAtamrakpwF7+8TLpnTfeyeXF/3mjdlHVU0BE6RqfIRVeohe5QG3UQRk/oGb2iNyu3Xqx362M+umKVO4foD6zPH7jKlOc=</latexit>�sp

<latexit sha1_base64="pmi1vwCeGHVDOKEqbPJRMgizScs="></latexit>

⇢DM(r) = ⇢6

✓
r

10�6 pc

◆��sp

Distinguishable from other environmental effects (baryons, light bosonic fields, …)!
[Cole et al. (including BJK), 2211.01362]

<latexit sha1_base64="ZpeMfF84SkaLupPsqQ4uE0hN6Wo=">AAACDXicbVDLSgMxFM3UV62vqks3wSq0UMtMfW6Eohs3QgX7gE4dMmmmDU0mQ5IRytAfcOOvuHGhiFv37vwb08dCqwcuHM65l3vv8SNGlbbtLys1N7+wuJRezqysrq1vZDe36krEEpMaFkzIpo8UYTQkNU01I81IEsR9Rhp+/3LkN+6JVFSEt3oQkTZH3ZAGFCNtJC+7l+eeU4TcKxfgOcw7RbcIHfsuOTgcFtziteeKjtBeNmeX7DHgX+JMSQ5MUfWyn25H4JiTUGOGlGo5dqTbCZKaYkaGGTdWJEK4j7qkZWiIOFHtZPzNEO4bpQMDIU2FGo7VnxMJ4koNuG86OdI9NeuNxP+8VqyDs3ZCwyjWJMSTRUHMoBZwFA3sUEmwZgNDEJbU3ApxD0mEtQkwY0JwZl/+S+rlknNSOr45ylUupnGkwQ7YBXnggFNQAVegCmoAgwfwBF7Aq/VoPVtv1vukNWVNZ7bBL1gf3yvVl+U=</latexit>

(m1,m2) = (1, 10�3)M�

[Cole et al. (including BJK), 2207.07576]

with Einstein Telescope

https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2207.07576
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Paths to PBH Mergers
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Isolated, unperturbed to today
‘Early’ Binary

Isolated PBH Remain isolated

Ente
r a

 clu
ste

r

Enter a cluster Binary disrupted

Binary (mildly) perturbed

PBH
 ejected

Binary ejected

MERGE 
TODAY

Early Universe

‘Late’ binary

[Raidal+, 1812.01930; Vaskonen & Veermäe, 1908.09752;  
Atal+, 2007.07212; De Luca+, 2009.04731 and others…]

+ particle DM halos?
[BJK, Gaggero & Bertone, 1805.09034;  
Jangra, BJK, Diego, 2304.05892]

+ baryonic accretion?
[De Luca et al., 2003.12589]

https://arxiv.org/abs/1812.01930
https://arxiv.org/abs/1908.09752
https://arxiv.org/abs/2007.07212
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/1805.09034
https://arxiv.org/abs/2304.05892
https://arxiv.org/abs/2003.12589
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Life of a PBH binary
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[BJK, Gaggero & Bertone, 1805.09034]

Consider a ~equal-mass PBH binary:

[Movies here]

https://arxiv.org/abs/1805.09034
https://figshare.com/articles/dataset/Dressed_Primordial_Black_Hole_Binaries_-_Animations/6298397
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Large mass-ratio binaries
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[Jangra, BJK, Diego, 2304.05892]

�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

Starting from binary formation, model  
highly-eccentric Newtonian orbits:

Assume “static spikes” (i.e. 
neglecting feedback). Formalism for 

eccentric orbits is being developed…

[IMRIpy Code; Becker at al., 2112.09586]

<latexit sha1_base64="AFfVEP8cQjL3foJ6HAMLfgeSLzQ="></latexit>

dRij

dmi dmj
⇠ ⇢0mmin

✓
fi
mi

,
fj
mj

◆
P (tm)

<latexit sha1_base64="u4luxY9EfpIgIPJCq+Dq/wxZT7w=">AAAB83icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB2kITymQ6bYfOTMLMjVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSgQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVlLVoLGLdiYhhgivWQo6CdRLNiIwEa0fj29xvPzFteKwecJKwUJKh4gNOCVopwF4gCY60zOS0V615dW8Gd5n4BalBgWav+hX0Y5pKppAKYkzX9xIMM6KRU8GmlSA1LCF0TIasa6kikpkwm2WeuidW6buDWNun0J2pvzcyIo2ZyMhO5gnNopeL/3ndFAfXYcZVkiJTdH5okAoXYzcvwO1zzSiKiSWEam6zunRENKFoa6rYEvzFLy+Tx7O6f1m/uD+vNW6KOspwBMdwCj5cQQPuoAktoJDAM7zCm5M6L8678zEfLTnFziH8gfP5A6V9khk=</latexit>

tm<latexit sha1_base64="eqUJMYBzkGVfuut0+uviXXn0NbI=">AAACLHicbVDLSsNAFJ34rPUVdekmWARBLIn42gjFirpwUcE+oA1hMp22Q2eSMDMRSpgPcuOvCOLCIm79DidtFtp4YOBwzr137j1+RImQtj025uYXFpeWCyvF1bX1jU1za7shwpgjXEchDXnLhwJTEuC6JJLiVsQxZD7FTX9YTf3mE+aChMGjHEXYZbAfkB5BUGrJM6tHnW4ok3vlJR0G5YCzJOS+Upc5+bap1GFOvb5RyjNLdtmewMoTJyMlkKHmmW96DooZDiSiUIi2Y0fSTSCXBFGsip1Y4AiiIezjtqYBZFi4yeRYZe1rpWv1Qq5fIK2J+rsjgUyIEfN1ZbqjmPVS8T+vHcvehZuQIIolDtD0o15MLRlaaXJWl3CMJB1pAhEnelcLDSCHSOp8izoEZ/bkPGkcl52z8unDSalylcVRALtgDxwAB5yDCrgDNVAHCDyDV/ABxsaL8W58Gl/T0jkj69kBf2B8/wAxVaqk</latexit>

�L̇orb = L̇GW + L̇DF

https://arxiv.org/abs/2304.05892
https://github.com/DMGW-Goethe/imripy
https://arxiv.org/abs/2112.09586
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10�4

Merger rate ratios
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[Jangra, BJK, Diego, 2304.05892]
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Assuming a power-law mass function,  
just below current LVK constraints:

Merger can be accelerated by a huge amount.  
Binaries which would have merged today have already merged! 

<latexit sha1_base64="h949D0qfytPB+Bb2hh3HD5x5+7s="></latexit>

Rij,0

⇥
Gpc�3yr�1

⇤
<latexit sha1_base64="rjjZIhdMJpdWGBpUXaxX6F0KT2c=">AAACI3icbVC7TsMwFHV4lvIqMLJYVEgMqCSIl5gqWBgLog+pjSrHdVtTx4nsG0QV5V9Y+BUWBlDFwsC/4LQZoOVIlo7OOVfX93ih4Bps+8uam19YXFrOreRX19Y3Ngtb2zUdRIqyKg1EoBoe0UxwyarAQbBGqBjxPcHq3uA69euPTGkeyHsYhsz1SU/yLqcEjNQuXLZ8An1KRHyXtGOOHw5xC9gT4BhrMBmKkwQf4dmUnbQLRbtkj4FniZORIspQaRdGrU5AI59JoIJo3XTsENyYKLNGsCTfijQLCR2QHmsaKonPtBuPb0zwvlE6uBso8yTgsfp7Iia+1kPfM8n0r3raS8X/vGYE3Qs35jKMgEk6WdSNBIYAp4XhDleMghgaQqjiaSW0TxShYGrNmxKc6ZNnSe245JyVTm9PiuWrrI4c2kV76AA56ByV0Q2qoCqi6Bm9onf0Yb1Yb9bI+pxE56xsZgf9gfX9A91Go8U=</latexit>

Rij, static /Rij,0

https://arxiv.org/abs/2304.05892
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

• PBHs may allow us to probe DM through 
gravitational wave observations 

• DM spikes may have a dramatic effect on the 
merger rates of PBHs 

• Modelling remains complicated - lots to do!

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

• PBHs may allow us to probe DM through 
gravitational wave observations 

• DM spikes may have a dramatic effect on the 
merger rates of PBHs 

• Modelling remains complicated - lots to do!

Thank you!

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
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Life of a PBH binary
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ai = 0.01 pc

ei = 0.995
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[Ali-Haïmoud et al., 1709.06576, 
BJK, Gaggero & Bertone, 1805.09034]

104105

Redshift, z

°0.015

°0.010

°0.005

0.000

0.005

0.010

0.015

P
B

H
se

pa
ra

ti
on

,
x

[p
c]

Hubble flow

Binary
Decoupling

103 102 101 100 10°1
°0.015

°0.010

°0.005

0.000

0.005

0.010

0.015

GW
Inspiral

PBH-PBH
Merger

https://arxiv.org/abs/1709.06576
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Black Holes’ Dark Dress: PBHs, GWs & Particle DMBradley J. Kavanagh (IFCA, CSIC-UC)

PBH Clustering

19

[Chisholm - astro-ph/0509141, 1110.4402; Inman & Ali-Haïmoud, 1907.08129] 
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z � 104
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z � 100

A cluster of N PBHs is expected to form around 
<latexit sha1_base64="a08HYyPq7GYZ+J0Gj0R48iJDqy4=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuaiKKrqTopiupYB/QlDCZTtqhM0k6MxHakL9w46+4caGIW935N07aINp6YODMOfdy7z1exKhUlvVlLCwuLa+sFtaK6xubW9vmzm5DhrHApI5DFoqWhyRhNCB1RRUjrUgQxD1Gmt7gOvOb90RIGgZ3ahSRDke9gPoUI6Ul1yyPXQwdSTkcuw5Hqi94QoYp9H9+tatqeuzIoVDJTeqaJatsTQDniZ2TEshRc81PpxvimJNAYYakbNtWpDoJEopiRtKiE0sSITxAPdLWNECcyE4yuSuFh1rpQj8U+gUKTtTfHQniUo64pyuzZeWsl4n/ee1Y+RedhAZRrEiAp4P8mEEVwiwk2KWCYMVGmiAsqN4V4j4SCCsdZVGHYM+ePE8aJ2X7rGzdnpYql3kcBbAPDsARsME5qIAqqIE6wOABPIEX8Go8Gs/Gm/E+LV0w8p498AfGxzfbz6Bb</latexit>

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/1907.08129
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[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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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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IMBH

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

100 101 102 103 104

r [risco]

10°12

10°10

10°8

10°6

10°4

10°2

100

¢
E

/E
or

b
p
er

or
bi

t

Gravitational Waves

Dynamical Friction

Accretion

Gravitational Pull

10°510°410°310°210°1100
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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
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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>

Follow semi-analytically the phase 
space distribution of DM:

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

influence over one orbit

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>

Reconstruct density from 
distribution function: 

�(r) =

�
d3vf(E)

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

E
E � �E

�5/2

f(E � �E)PE��E(�E) d�E

<latexit sha1_base64="Qz1xskmeLn74RCIxVtP5hPBJqdQ="></latexit>

Assuming everything evolves slowly compared to the orbital period:

- probability for a particle with energy      to 
 scatter and receive a ‘kick’ 

E
<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

�E
<latexit sha1_base64="TQHpyOy5fNTDu6tH6hZ5oSmwrE0=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUm1+NhIQQWXFewDmlAm00k7dPJgZqKU2E9x40IRt36JO//GSRpErQcGDufcyz1z3IgzqSzr0ygsLC4trxRXS2vrG5tbZnm7LcNYENoiIQ9F18WSchbQlmKK024kKPZdTjvu+CL1O3dUSBYGt2oSUcfHw4B5jGClpb5Zti8pV9j2sRoRzJOrad+sWFUrA5ontZxUIEezb37Yg5DEPg0U4VjKXs2KlJNgoRjhdFqyY0kjTMZ4SHuaBtin0kmy6FO0r5UB8kKhX6BQpv7cSLAv5cR39WQaUf71UvE/rxcr79RJWBDFigZkdsiLOVIhSntAAyYoUXyiCSaC6ayIjLDAROm2SlkJZymOv788T9qH1dpRtX5TrzTO8zqKsAt7cAA1OIEGXEMTWkDgHh7hGV6MB+PJeDXeZqMFI9/ZgV8w3r8AdOWUQg==</latexit>

- total probability for a particle with 
energy     to scatterE

<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

PE(�E)

<latexit sha1_base64="OeC0AcDNxTWpVl8kJlJtYQCp2dc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQNyWRgl0WH+Cygn1AE8JkOmmHTiZhZiKUkL0bf8WNC0Xc+gPu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkpr6xubW+Xtys7u3v6BeXjUk1EiMOniiEVi4CNJGOWkq6hiZBALgkKfkb4/vcr9/gMRkkb8Xs1i4oZozGlAMVJa8sxqx0udEKkJRiy9ybK6c02YQr+kM8+sWQ1rDrhK7ILUQIGOZ345owgnIeEKMyTl0LZi5aZIKIoZySpOIkmM8BSNyVBTjkIi3XT+SwZPtTKCQSR0cQXn6u+JFIVSzkJfd+Y3ymUvF//zhokKWm5KeZwowvFiUZAwqCKYBwNHVBCs2EwThAXVt0I8QQJhpeOr6BDs5ZdXSe+8YTcbrbtmrX1ZxFEGJ6AK6sAGF6ANbkEHdAEGj+AZvII348l4Md6Nj0VryShmjsEfGJ8/OsObLg==</latexit>

pE =

�
PE(�E) d�E

<latexit sha1_base64="75YkuFzKke/rBOZhWvZlAK3tw9A=">AAACPXicbVDLSsNAFJ34rPUVdelmsAgVpCRSsBuh+ACXFfqCJoTJZNoOnTyYmQgl5Mfc+A/u3LlxoYhbt07SLGrrgYEz59zLvfe4EaNCGsartrK6tr6xWdoqb+/s7u3rB4ddEcYckw4OWcj7LhKE0YB0JJWM9CNOkO8y0nMnN5nfeyRc0DBoy2lEbB+NAjqkGEklOXo7ciwfyTFGLLlL4RW0aCBhy0nm1LRq3RIm0Zx0Zp3nP+4nXrrkOnrFqBk54DIxC1IBBVqO/mJ5IY59EkjMkBAD04iknSAuKWYkLVuxIBHCEzQiA0UD5BNhJ/n1KTxVigeHIVdP7Z6r8x0J8oWY+q6qzFYUi14m/ucNYjls2AkNoliSAM8GDWMGZQizKKFHOcGSTRVBmFO1K8RjxBGWKvCyCsFcPHmZdC9qZr3WeKhXmtdFHCVwDE5AFZjgEjTBPWiBDsDgCbyBD/CpPWvv2pf2PStd0YqeI/AH2s8vq3uwKg==</latexit>

Formalism valid for small q = m2/m1
Code available online: 

github.com/bradkav/HaloFeedback 

https://github.com/bradkav/HaloFeedback
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�f(E) = �pEf(E)+
� �

E
E � �E

�5/2

f(E � �E)PE��E(�E) d�E

<latexit sha1_base64="Qz1xskmeLn74RCIxVtP5hPBJqdQ="></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>

Assuming everything evolves slowly compared to the orbital period:

- probability for a particle with energy      to 
 scatter and receive a ‘kick’ 

E
<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

�E
<latexit sha1_base64="TQHpyOy5fNTDu6tH6hZ5oSmwrE0=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUm1+NhIQQWXFewDmlAm00k7dPJgZqKU2E9x40IRt36JO//GSRpErQcGDufcyz1z3IgzqSzr0ygsLC4trxRXS2vrG5tbZnm7LcNYENoiIQ9F18WSchbQlmKK024kKPZdTjvu+CL1O3dUSBYGt2oSUcfHw4B5jGClpb5Zti8pV9j2sRoRzJOrad+sWFUrA5ontZxUIEezb37Yg5DEPg0U4VjKXs2KlJNgoRjhdFqyY0kjTMZ4SHuaBtin0kmy6FO0r5UB8kKhX6BQpv7cSLAv5cR39WQaUf71UvE/rxcr79RJWBDFigZkdsiLOVIhSntAAyYoUXyiCSaC6ayIjLDAROm2SlkJZymOv788T9qH1dpRtX5TrzTO8zqKsAt7cAA1OIEGXEMTWkDgHh7hGV6MB+PJeDXeZqMFI9/ZgV8w3r8AdOWUQg==</latexit>

- total probability for a particle with 
energy     to scatterE

<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

PE(�E)

<latexit sha1_base64="OeC0AcDNxTWpVl8kJlJtYQCp2dc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQNyWRgl0WH+Cygn1AE8JkOmmHTiZhZiKUkL0bf8WNC0Xc+gPu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkpr6xubW+Xtys7u3v6BeXjUk1EiMOniiEVi4CNJGOWkq6hiZBALgkKfkb4/vcr9/gMRkkb8Xs1i4oZozGlAMVJa8sxqx0udEKkJRiy9ybK6c02YQr+kM8+sWQ1rDrhK7ILUQIGOZ345owgnIeEKMyTl0LZi5aZIKIoZySpOIkmM8BSNyVBTjkIi3XT+SwZPtTKCQSR0cQXn6u+JFIVSzkJfd+Y3ymUvF//zhokKWm5KeZwowvFiUZAwqCKYBwNHVBCs2EwThAXVt0I8QQJhpeOr6BDs5ZdXSe+8YTcbrbtmrX1ZxFEGJ6AK6sAGF6ANbkEHdAEGj+AZvII348l4Md6Nj0VryShmjsEfGJ8/OsObLg==</latexit>

pE =

�
PE(�E) d�E

<latexit sha1_base64="75YkuFzKke/rBOZhWvZlAK3tw9A=">AAACPXicbVDLSsNAFJ34rPUVdelmsAgVpCRSsBuh+ACXFfqCJoTJZNoOnTyYmQgl5Mfc+A/u3LlxoYhbt07SLGrrgYEz59zLvfe4EaNCGsartrK6tr6xWdoqb+/s7u3rB4ddEcYckw4OWcj7LhKE0YB0JJWM9CNOkO8y0nMnN5nfeyRc0DBoy2lEbB+NAjqkGEklOXo7ciwfyTFGLLlL4RW0aCBhy0nm1LRq3RIm0Zx0Zp3nP+4nXrrkOnrFqBk54DIxC1IBBVqO/mJ5IY59EkjMkBAD04iknSAuKWYkLVuxIBHCEzQiA0UD5BNhJ/n1KTxVigeHIVdP7Z6r8x0J8oWY+q6qzFYUi14m/ucNYjls2AkNoliSAM8GDWMGZQizKKFHOcGSTRVBmFO1K8RjxBGWKvCyCsFcPHmZdC9qZr3WeKhXmtdFHCVwDE5AFZjgEjTBPWiBDsDgCbyBD/CpPWvv2pf2PStd0YqeI/AH2s8vq3uwKg==</latexit>

Formalism valid for small q = m2/m1
Code available online: 

github.com/bradkav/HaloFeedback 

https://github.com/bradkav/HaloFeedback
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�f(E) = �pEf(E)+
� �

E
E � �E

�5/2

f(E � �E)PE��E(�E) d�E

<latexit sha1_base64="Qz1xskmeLn74RCIxVtP5hPBJqdQ="></latexit>
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Assuming everything evolves slowly compared to the orbital period:
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Formalism valid for small q = m2/m1
Code available online: 

github.com/bradkav/HaloFeedback 

https://github.com/bradkav/HaloFeedback
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Feedback in Action
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[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


Black Holes’ Dark Dress: PBHs, GWs & Particle DMBradley J. Kavanagh (IFCA, CSIC-UC)

Feedback in Action

23

[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


Black Holes’ Dark Dress: PBHs, GWs & Particle DMBradley J. Kavanagh (IFCA, CSIC-UC)

Feedback in Action

23

[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


Black Holes’ Dark Dress: PBHs, GWs & Particle DMBradley J. Kavanagh (IFCA, CSIC-UC)

Feedback in Action

24

[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


Bradley J. Kavanagh (IFCA, CSIC-UC) Black Holes’ Dark Dress: PBHs, GWs & Particle DM

Probe the nature of DM!
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[1906.11845]

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

Red regions would be ruled out by observation of a DM spike!

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238
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SNR as a function of chirp mass and luminosity distance:

[Cole et al. (including BJK), 2207.07576]

SNR

https://arxiv.org/abs/2207.07576
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Discoverability
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Astro  
Scenario

PBH 
Scenario

[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.
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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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�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3

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

Fix SNR = 15 (~ 76 Mpc)

https://arxiv.org/abs/2108.04154
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[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

We may be able to distinguish different shapes of spike 
→ Different DM models and formation mechanisms!
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Distinguishable from other sources of dephasing:

[Cole et al. (including BJK), 2211.01362]

https://arxiv.org/abs/2211.01362
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Early Universe Binaries
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If f ~ 1, the relative density of PBHs equals the background radiation 
density at matter-radiation equality. All PBHs form binaries…

As f decreases, only ‘nearby’ pairs form binaries.
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e > 0.9999

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

tmerge =
3 c5

170 G3
N

a4j7

M3
PBH
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Randomly distributed  
(unclustered) PBHs

Angular momentum set by 
torques from smooth density 

perturbations and all other PBHs

Close, eccentric binaries 
 merge today:

j =
�

1 � e2
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