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“Dephasing” ( )ΔNGW

[Animations online]

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0


Bla
ck

 H
ole

 En
vir

on
m

en
ts

4

Particle Dark Matter  
‘Spikes’ or ‘Dresses’
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Ultralight Bosons
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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, …]

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

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

1901.08528, …]

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
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6[Bertone et al. (including BJK), 2404.08731;  
and work in progress with Abram Perez and Pratika Dayal]

[Dunn et al., 1803.01007]

NFW Dark Matter Halo  
at high redshift z ≳ 15 Supermassive ‘star’ Direct Collapse Black Hole 

+ Dense DM Spike/Mound*

mDCBH ∼ 103 − 105 M⊙

*Precise details of formation may affect slope 
 and density of DM very close to BH

https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/1803.01007
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Self-annihilation ‘core’

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

⇢DM = ⇢6

✓
10�6 pc

r

◆�sp

<latexit sha1_base64="b1hcuAveNYXB3vPQUSlIj5K/R1I="></latexit>

⇢DM, local ⇠ 10�2 M�/pc
3

[0806.2911]

What about non-annihilating DM?

DM self-annihilation can suppress the spike density, 
but can still lead to large (diffuse and point source) 

fluxes of gamma-rays and neutrinos

[E.g. Lacroix & Silk, 1712.00452, Bertone et al., 1905.01238, 
Freese et al., 2202.01126]

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1712.00452
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/2202.01126
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

[See e.g. Eda et al. 1301.5971, 1408.3534,  
Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

[See e.g. Eda et al. 1301.5971, 1408.3534,  
Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]

<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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<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>

Solve the Newtonian system of a quasi-circular 
inspiral :r2(t)

with 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>

[Code available online: 
 github.com/bradkav/HaloFeedback] 

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

But dynamical friction injects (a lot of) energy 
into the DM spike! 

Each particle passing close to the orbiting BH 
receives a ‘kick’ through gravitational scattering:

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

<latexit sha1_base64="VN2suq8VQFKbOSpbzJmMOtusacI=">AAACE3icbVDLSsNAFL2pr1pfUZduBotQXZREpLosiuCygn1AU8pkOmmHTh7MTIQS8g9u/BU3LhRx68adf+OkDaitBwYO59x7597jRpxJZVlfRmFpeWV1rbhe2tjc2t4xd/daMowFoU0S8lB0XCwpZwFtKqY47USCYt/ltO2OrzK/fU+FZGFwpyYR7fl4GDCPEay01DdPHE9gkjgRFophjryK42M1Ipgn1+lx+mOotG+Wrao1BVokdk7KkKPRNz+dQUhinwaKcCxl17Yi1UuygYTTtOTEkkaYjPGQdjUNsE9lL5nelKIjrQyQFwr9AoWm6u+OBPtSTnxXV2YLy3kvE//zurHyLnoJC6JY0YDMPvJifWCIsoDQgAlKFJ9ogolgeldERliHpHSMJR2CPX/yImmdVu1atXZ7Vq5f5nEU4QAOoQI2nEMdbqABTSDwAE/wAq/Go/FsvBnvs9KCkffswx8YH9+zkp6y</latexit>

@f(E)
@t

<latexit sha1_base64="VL8CoXPPlev2au5YZQ9BzZPr6yI=">AAACGXicbVDLSgMxFM34rPU16tJNsBTcWGaKVJdFEV1WsA/oDEMmzbShyWRIMmIZ5jfc+CtuXCjiUlf+jeljoa0XLjmck8u954QJo0o7zre1tLyyurZe2Chubm3v7Np7+y0lUolJEwsmZCdEijAak6ammpFOIgniISPtcHg51tv3RCoq4js9SojPUT+mEcVIGyqwnavA40gPJM+EDHPooSSR4gGeQC+SCGfXkAeu6WqeVaE0T2CXnIozKbgI3BkogVk1AvvT6wmcchJrzJBSXddJtJ8hqSlmJC96qSIJwkPUJ10DY8SJ8rOJsxyWDdODkZCmYw0n7O+JDHGlRtwcXh67UPPamPxP66Y6OvczGiepJjGeLopSBrWA45hgj0qCNRsZgLCk5laIB8gkok2YRROCO295EbSqFbdWqd2eluoXszgK4BAcgWPggjNQBzegAZoAg0fwDF7Bm/VkvVjv1sf065I1mzkAf8r6+gHvpJ+c</latexit>

Eorb ⇡ �Gm1m2

2r2

HaloFeedbackSimultaneously evolve the  
DM distribution function:

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


Co
-ev

olu
tio

n

10[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]This is one of the reasons we want to look at IMRIs/EMRIs…

[Code: github.com/bradkav/HaloFeedback]

Size of the 
dephasing effect is 
reduced from  
to .

𝒪(1)
𝒪(1%)

Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


Co
-ev

olu
tio

n

10[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]This is one of the reasons we want to look at IMRIs/EMRIs…

[Code: github.com/bradkav/HaloFeedback]

Size of the 
dephasing effect is 
reduced from  
to .

𝒪(1)
𝒪(1%)

Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


Co
-ev

olu
tio

n

10[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]This is one of the reasons we want to look at IMRIs/EMRIs…

[Code: github.com/bradkav/HaloFeedback]

Size of the 
dephasing effect is 
reduced from  
to .

𝒪(1)
𝒪(1%)

Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


Co
-ev

olu
tio

n

10[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]This is one of the reasons we want to look at IMRIs/EMRIs…

[Code: github.com/bradkav/HaloFeedback]

Size of the 
dephasing effect is 
reduced from  
to .

𝒪(1)
𝒪(1%)

Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


Co
-ev

olu
tio

n

10[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]This is one of the reasons we want to look at IMRIs/EMRIs…

[Code: github.com/bradkav/HaloFeedback]

Size of the 
dephasing effect is 
reduced from  
to .

𝒪(1)
𝒪(1%)

Find that the density of the 
DM spike is depleted (and 

replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback


GW
 Se

ns
itiv

ity

11

© AEI / MM / exozet

Laser Interferometer Space Antenna  
(planned for the 2030s)

[1907.06482]

Einstein Telescope
[1912.02622]
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https://arxiv.org/abs/1907.06482
https://arxiv.org/abs/1912.02622
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Astro  
Scenario

PBH 
Scenario

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

?

Number of GW cycles of dephasing

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

Compare Bayes factor (BF) for the 
vacuum case (V) and the DM dressed 

case (D)

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

✓D = {�sp, ⇢6,M, log10 q}
vs.

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

✓V = {M}

Detection with LISA

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154


M
ea

su
rab

ilit
y

13

∞s = 2.34+0.04
°0.08

0.4
50.5
00.5
50.6
00.6
50.7
0

Ω 6
[1

016
M

Ø
p
c°

3 ]

Ω6 [1016 MØ pc°3] = 0.56+0.09
°0.06

19
.38

619
.38

819
.39

019
.39

219
.39

4

M
[M

Ø
]

M [MØ] = 19.389+0.007
°0.007

2.2
8
2.3

1
2.3

4
2.3

7
2.4

0

∞s

°3.1
5°3.0
0°2.8
5°2.7
0°2.5
5

lo
g 1

0
q

0.4
5
0.5

0
0.5

5
0.6

0
0.6

5
0.7

0

Ω6 [1016 MØ pc°3] 19
.38

6

19
.38

8

19
.39

0

19
.39

2

19
.39

4

M [MØ] °3.1
5

°3.0
0

°2.8
5

°2.7
0

°2.5
5

log10 q

log10 q = °2.79+0.25
°0.36

Astrophysical scenario
<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�

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

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

Mass ratio

Chirp Mass

[See also Cole, Coogan, BJK, Bertone, 
2207.07576 for the PBH scenario ]

Detection with LISA

“True” value

(5 year observation)

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/2207.07576
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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!
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https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238
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Generate waveform  
assuming:

Fit signal assuming:

Signals very hard to 
confuse in 1 year of LISA 
data (huge Bayes factors!)

Po
st

er
io

r D
en

si
ty

baryonic  
Accretion Disk

DM Spike

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

[See also Becker & Sagunski, 2211.05145]

[Derdzinski et al., 2005.11333]

Energy loss mechanisms in an 
 accretion disk are very different!

https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2211.05145
https://arxiv.org/abs/2005.11333%5D
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Compton wavelength of a light scalar field:

Super-radiant growth of a scalar cloud  
extracts spin from the BH 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="wM5jDW8emqQQVnLFH+VlB4queVs=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuwqSkNt0VdOGygn1AG8pkOmmGziRhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6ScKY3Qh7W2vrG5tV3aKe/u7R8cVo6OuyrJJKEdkvBE9gOsKGcx7WimOe2nkmIRcNoLpleF37unUrEkvtOzlPoCT2IWMoJ1IQ3TiI0qVWR7yHWadYhs1/EaNdcQVK+5XhM6NlqgClZojyrvw3FCMkFjTThWauCgVPs5lpoRTuflYaZoiskUT+jA0BgLqvx8cescnhtlDMNEmoo1XKjfJ3IslJqJwHQKrCP12yvEv7xBpkPPz1mcZprGZLkozDjUCSweh2MmKdF8ZggmkplbIYmwxESbeMomhK9P4f+kW7OdS9u9daut61UcJXAKzsAFcEADtMANaIMOICACD+AJPFvCerRerNdl65q1mjkBP2C9fQKMII6b</latexit>

�

Bound states of the scalar field look like 
those of an electron in a hydrogen atom: 

‘gravitational atom’

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

MBH 2 [1, 1010]M�

! m� 2 [10�20, 10�10] eV

[Zel’dovich (1972), Starobinsky (1973)]

https://arxiv.org/abs/2012.09167
https://ui.adsabs.harvard.edu/abs/1972JETP...35.1085Z/abstract
https://inspirehep.net/literature/1487986
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[Tomaselli, Spieksma, Bertone, 
 2305.15460, 2403.03147] 

Presence of a gravitational atom can lead to 
‘floating’ or ‘sinking’ orbits.

Also easily distinguished from cold  
DM spikes and accretion disks.

Orbiting BH can induce resonant transitions in 
the boson cloud.

[E.g. Baumann et al., 1804.03208, 1908.10370, 
1912.04932, 2206.01212, 2112.14777]

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

https://arxiv.org/abs/2305.15460
https://arxiv.org/abs/2403.03147
https://arxiv.org/abs/1804.03208
https://arxiv.org/abs/1908.10370
https://arxiv.org/abs/1912.04932
https://arxiv.org/abs/2206.01212
https://arxiv.org/abs/2112.14777
https://arxiv.org/abs/2211.01362
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Realistic spike  
formation and abundance

Eccentric orbits

Accretion (for BHs)

More realistic feedback
[BJK et al., 2402.13762]

[E.g. Becker et al., 2112.09586, Li 
et al., 2112.14041; Karydas, BJK, 

Bertone, 2402.13053]

Confusion with other 
environmental effects

Relativistic effects
[E.g. Speeney et al., 2204.12508; 

Montalvo et al., 2401.06084]

Integration with realistic 
 IMRI/EMRI waveforms
[E.g. Katz et al., 2104.04582]

[E.g. Aschersleben et al., 
2401.14072, Bertone et al. 

(including BJK), 2404.08731]

[E.g. Cole et al. (including BJK), 
2211.01362; Becker & Sagunski, 

2211.05145]

[E.g. Nichols et al. 2309.06498, 
Karydas, BJK, Bertone, 2402.13053]

Search strategies

https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2112.14041
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2401.06084
https://arxiv.org/abs/2104.04582
https://arxiv.org/abs/2401.14072
https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2211.05145
https://arxiv.org/abs/2309.06498
https://arxiv.org/abs/2402.13053
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Realistic spike  
formation and abundance

Eccentric orbits

Accretion (for BHs)

More realistic feedback
[BJK et al., 2402.13762]

[E.g. Becker et al., 2112.09586, Li 
et al., 2112.14041; Karydas, BJK, 

Bertone, 2402.13053]

Confusion with other 
environmental effects

Relativistic effects
[E.g. Speeney et al., 2204.12508; 

Montalvo et al., 2401.06084]

Integration with realistic 
 IMRI/EMRI waveforms
[E.g. Katz et al., 2104.04582]

[E.g. Aschersleben et al., 
2401.14072, Bertone et al. 

(including BJK), 2404.08731]

[E.g. Cole et al. (including BJK), 
2211.01362; Becker & Sagunski, 

2211.05145]

[E.g. Nichols et al. 2309.06498, 
Karydas, BJK, Bertone, 2402.13053]

Search strategies

https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2112.14041
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2401.06084
https://arxiv.org/abs/2104.04582
https://arxiv.org/abs/2401.14072
https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2211.05145
https://arxiv.org/abs/2309.06498
https://arxiv.org/abs/2402.13053


Recently generalised feedback formalism to account for eccentric orbits and accretion onto 
the orbiting compact object.
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[Karydas, BJK, Bertone, 2402.13053]

Details are messy (need to co-evolve ,  and DM 
distribution), but ultimately find that the orbits tend to 
circularise during the inspiral: 

a e

[More details on accretion in backup slides]

https://arxiv.org/abs/2402.13053
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<latexit sha1_base64="qSluaidCSq7xCjvF6QnAt515izs=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxIUVdS0IUboaJ9QGcYMmmmDU0yQ5IRyzC/4saFIm79EXf+jZm2C209EDiccy/35IQJo0o7zrdVWlldW98ob1a2tnd29+z9akfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHxV+N1HIhWNxYOeJMTnaChoRDHSRgrsqndPhxwFHkd6JHl2fZsHds2pO1PAZeLOSQ3M0QrsL28Q45QToTFDSvVdJ9F+hqSmmJG84qWKJAiP0ZD0DRWIE+Vn0+w5PDbKAEaxNE9oOFV/b2SIKzXhoZksIqpFrxD/8/qpji78jIok1UTg2aEoZVDHsCgCDqgkWLOJIQhLarJCPEISYW3qqpgS3MUvL5POad09qzfuGrXm5byOMjgER+AEuOAcNMENaIE2wOAJPINX8Gbl1ov1bn3MRkvWfOcA/IH1+QMeF5R+</latexit>

⌃DM

<latexit sha1_base64="tHhyn4U3oabxHIZoT4G2vAj2Mc8=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjpbpRCrpwo1SwD2jHIZOmbWiSGZKMUIfir7hxoYhb/8Odf2OmnYW2HggczrmXe3KCiFGlHefbyi0sLi2v5FcLa+sbm1v29k5DhbHEpI5DFspWgBRhVJC6ppqRViQJ4gEjzWB4kfrNByIVDcWdHkXE46gvaI9ipI3k23s3focjPZA8ubwewzPoOvcV3y46JWcCOE/cjBRBhppvf3W6IY45ERozpFTbdSLtJUhqihkZFzqxIhHCQ9QnbUMF4kR5yST9GB4apQt7oTRPaDhRf28kiCs14oGZTJOqWS8V//Pase6degkVUayJwNNDvZhBHcK0CtilkmDNRoYgLKnJCvEASYS1KaxgSnBnvzxPGsclt1Iq35aL1fOsjjzYBwfgCLjgBFTBFaiBOsDgETyDV/BmPVkv1rv1MR3NWdnOLvgD6/MHnJ2UBQ==</latexit>

NDM = 106

Eventually need to expand and verify our description of dynamical friction and feedback in 
the DM spike

NbodyIMRI: Newtonian N-body solver 
tailored to DM spikes.  
 
 
 
 
 
 
 
 
Neglect GW emission and ignore DM-DM 
interparticle forces.  

Focus on understanding co-evolution of 
spike and binary.

[Code here: github.com/bradkav/NbodyIMRI]
[BJK et al., 2402.13762]

[See also Mukherjee et al., 2312.02275]

https://github.com/bradkav/NbodyIMRI
https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2312.02275
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<latexit sha1_base64="EA8OtJxEth7fy/tVnUZWMaTZO2g="></latexit>

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

[BJK et al., 2402.13762]

Can use NbodyIMRI to verify the 
strength of the dynamical friction force…

…and to study the depletion of the DM 
spike ‘in full’. 

Find that the depletion is slower than using 
the previous HaloFeedback formalism!

<latexit sha1_base64="//yuQKH3KbCQ5lTlI7qPC6diDRI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01EqseiHjxWsB/QhLLZTtqlm03Y3Qil9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8MBVcG9f9cgorq2vrG8XN0tb2zu5eef+gpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRzcxvP6LSPJEPZpxiENOB5BFn1FjJ929RGErUmerxXrniVt05yF/i5aQCORq98qffT1gWozRMUK27npuaYEKV4UzgtORnGlPKRnSAXUsljVEHk/nNU3JilT6JEmVLGjJXf05MaKz1OA5tZ0zNUC97M/E/r5uZ6CqYcJlmBiVbLIoyQUxCZgGQPlfIjBhbQpni9lbChlRRZmxMJRuCt/zyX9I6r3q1au3+olK/zuMowhEcwyl4cAl1uIMGNIFBCk/wAq9O5jw7b877orXg5DOH8AvOxzdUVJE+</latexit> �
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https://arxiv.org/abs/2402.13762
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<latexit sha1_base64="SdekFtBtIFFd0i/sFGwTwYCNJWg="></latexit>

�E =

Z �t

0

@ 

@t
dt

Close  
encounters

‘Distant’  
particles

Depletion of spike is not as rapid due to a new 
feedback mechanism, coming from the time 
dependent potential of the binary. 

                         Three-body “stirring” effect.

<latexit sha1_base64="nnyCnecMe2hKbp1blq1Vh05aGh4=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUlEqhuh+ACXFewDmlAm00k7dPJg5kYoof/gxl9x40IRt27c+TdO2iy09cCFwzn3cu89Xiy4Asv6NhYWl5ZXVgtrxfWNza1tc2e3qaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vMr81gOTikfhPYxi5gakH3KfUwJa6prHzjUTQLATEBhQItKbMb7A82LZO+qaJatiTYDniZ2TEspR75pfTi+iScBCoIIo1bGtGNyUSOBUsHHRSRSLCR2SPutoGpKAKTed/DTGh1rpYT+SukLAE/X3REoCpUaBpzuzK9Wsl4n/eZ0E/HM35WGcAAvpdJGfCAwRzgLCPS4ZBTHShFDJ9a2YDogkFHSMRR2CPfvyPGmeVOxqpXp3Wqpd5nEU0D46QGVkozNUQ7eojhqIokf0jF7Rm/FkvBjvxse0dcHIZ/bQHxifP2JynTw=</latexit>

�E = �E(b)

[BJK et al., 2402.13762]

[Similar results found by 
Mukherjee et al., 2312.02275]

Orbits of distant particles are ‘redistributed’, 
slowing down the depletion.

https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2312.02275
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Inspiral of the binary is faster than 
predicted by previous ‘HaloFeedback’ 
estimates. 
 

Dark Matter dephasing may be bigger 
than we thought!

[BJK et al., 2402.13762]

Working on understanding simulations over much longer timescales ( ) 
and extending the feedback formalism to incorporate this ‘stirring’ effect.

Norb ≳ 105
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https://arxiv.org/abs/2402.13762
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Realistic spike  
formation and abundance

Eccentric orbits

Accretion (for BHs)

More realistic feedback
[BJK et al., 2402.13762]

[E.g. Becker et al., 2112.09586, Li 
et al., 2112.14041; Karydas, BJK, 

Bertone, 2402.13053]

Confusion with other 
environmental effects

Relativistic effects
[E.g. Speeney et al., 2204.12508; 

Montalvo et al., 2401.06084]

Integration with realistic 
 IMRI/EMRI waveforms
[E.g. Katz et al., 2104.04582]

[E.g. Aschersleben et al., 
2401.14072, Bertone et al. 

(including BJK), 2404.08731]

[E.g. Cole et al. (including BJK), 
2211.01362; Becker & Sagunski, 

2211.05145]

[E.g. Nichols et al. 2309.06498, 
Karydas, BJK, Bertone, 2402.13053]

Search strategies

https://arxiv.org/abs/2402.13762
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2112.14041
https://arxiv.org/abs/2402.13053
https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2401.06084
https://arxiv.org/abs/2104.04582
https://arxiv.org/abs/2401.14072
https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2211.05145
https://arxiv.org/abs/2309.06498
https://arxiv.org/abs/2402.13053
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[Special thanks also to Sonic Adventure 2 for graphic design inspiration] …and others.
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[Special thanks also to Sonic Adventure 2 for graphic design inspiration]

Thank you!

…and others.
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[Bertone, Croon, et al (including BJK), 1907.10610]

https://arxiv.org/abs/1907.10610
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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>

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

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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29[Code available online: github.com/bradkav/HaloFeedback] [BJK, Nichols, Gaggero, Bertone, 2002.12811]

�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>

Torb
df(E)

dt

<latexit sha1_base64="bYgAvA08VqqdNhq/h1naZBrne3E=">AAACJXicbVDLSsNAFJ34rPUVdelmsBTqpiRSUMFFUQSXFfqCJoTJZNIOnTyYmQgl5Gfc+CtuXFhEcOWvOEkr1NYDA4dz5nLvOW7MqJCG8aWtrW9sbm2Xdsq7e/sHh/rRcVdECcekgyMW8b6LBGE0JB1JJSP9mBMUuIz03PFd7veeCBc0CttyEhM7QMOQ+hQjqSRHv2k7VoDkiAdpxN0MWj5HOP2VvMyvFRwjlt5n59mCIzPo6BWjbhSAq8SckwqYo+XoU8uLcBKQUGKGhBiYRiztFHFJMSNZ2UoEiREeoyEZKBqigAg7LVJmsKoUD/oRVy+UsFAXJ1IUCDEJVIhqfqRY9nLxP2+QSP/KTmkYJ5KEeLbITxiUEcwrgx7lBEs2UQRhTtWtEI+Q6kmqYsuqBHM58irpXtTNRv36sVFp3s7rKIFTcAZqwASXoAkeQAt0AAbP4BW8g6n2or1pH9rn7OuaNp85AX+gff8AkIynKg==</latexit>

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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29[Code available online: github.com/bradkav/HaloFeedback] [BJK, Nichols, Gaggero, Bertone, 2002.12811]

�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>

Torb
df(E)

dt

<latexit sha1_base64="bYgAvA08VqqdNhq/h1naZBrne3E=">AAACJXicbVDLSsNAFJ34rPUVdelmsBTqpiRSUMFFUQSXFfqCJoTJZNIOnTyYmQgl5Gfc+CtuXFhEcOWvOEkr1NYDA4dz5nLvOW7MqJCG8aWtrW9sbm2Xdsq7e/sHh/rRcVdECcekgyMW8b6LBGE0JB1JJSP9mBMUuIz03PFd7veeCBc0CttyEhM7QMOQ+hQjqSRHv2k7VoDkiAdpxN0MWj5HOP2VvMyvFRwjlt5n59mCIzPo6BWjbhSAq8SckwqYo+XoU8uLcBKQUGKGhBiYRiztFHFJMSNZ2UoEiREeoyEZKBqigAg7LVJmsKoUD/oRVy+UsFAXJ1IUCDEJVIhqfqRY9nLxP2+QSP/KTmkYJ5KEeLbITxiUEcwrgx7lBEs2UQRhTtWtEI+Q6kmqYsuqBHM58irpXtTNRv36sVFp3s7rKIFTcAZqwASXoAkeQAt0AAbP4BW8g6n2or1pH9rn7OuaNp85AX+gff8AkIynKg==</latexit>

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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Two body scattering problem relates 
energy exchange to impact parameter:

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

b
<latexit sha1_base64="nbAw+/+y3J2vEuNifh27ybXcrB8=">AAAB6HicbVDJSgNBEK1xjXGLevTSGARPYUaDy0UCXjwmYBZIhtDTqSRteha6e4Qw5Au8eFDEq5/kzb+xZzKIGh8UPN6roqqeFwmutG1/WkvLK6tr64WN4ubW9s5uaW+/pcJYMmyyUISy41GFggfY1FwL7EQSqe8JbHuTm9RvP6BUPAzu9DRC16ejgA85o9pIDa9fKtsVOwNZJE5OypCj3i999AYhi30MNBNUqa5jR9pNqNScCZwVe7HCiLIJHWHX0ID6qNwkO3RGjo0yIMNQmgo0ydSfEwn1lZr6nun0qR6rv14q/ud1Yz28dBMeRLHGgM0XDWNBdEjSr8mAS2RaTA2hTHJzK2FjKinTJptiFsJVivPvlxdJ67TinFWqjWq5dp3HUYBDOIITcOACanALdWgCA4RHeIYX6956sl6tt3nrkpXPHMAvWO9f3MeNGg==</latexit>

�E(b) = �2v2
0

�
1 +

b2v0
4

G2m2
2

��1

<latexit sha1_base64="xKxowm5TCX6AVFEJNA4mf9B1swQ="></latexit>

Code available online: github.com/bradkav/HaloFeedback 
(See also https://github.com/DMGW-Goethe/imripy) 

<latexit sha1_base64="DyFTxOp2OMWCkkplYZ6zlRu7+QI=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0Wom5JIUXFVsILLCPYBTQiT6bQdOkmGmYlQYv/Fjb/ixoVS3LjwX5y0WdTWAwOHc+5l7jkBZ1Qqy/o2CmvrG5tbxe3Szu7e/oF5eNSScSIwaeKYxaITIEkYjUhTUcVIhwuCwoCRdjC6zfz2ExGSxtGjGnPihWgQ0T7FSGnJN28c3w2RGmLE0rtJxW0QphBckM6hy0XMVQydSvC8aPhm2apaM8BVYuekDHI4vjl1ezFOQhIpzJCUXdviykuRUBQzMim5iSQc4REakK6mEQqJ9NJZxgk800oP9mOhX6TgTF3cSFEo5TgM9GR2o1z2MvE/r5uo/rWX0ognikR4/lE/YVAnzgqDPSoIVmysCcKC6lshHiKBsNK1lnQJ9nLkVdK6qNqX1dpDrVxv5HUUwQk4BRVggytQB/fAAU2AwQt4Ax/g03g13o2p8TUfLRj5zjH4A+PnF/AkpHg=</latexit>

PE(�E) / P (b|E)

NS/BH

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b

Scattering probability becomes a 
geometric problem:

https://github.com/bradkav/HaloFeedback
https://github.com/DMGW-Goethe/imripy
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Including DM halo feedback

10°910°8 Separation, r2 [pc]

5 years to merger

Change in the number of GW cycles to merger, 
starting at some initial frequency/separation:

<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� tvacuum
merge � 5 yr

<latexit sha1_base64="9XC84W/nE4muXEB9W952FWtl734=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjLbqSghuXFewDOrVk0ts2NJkZkkxhGOZL3PgrblwoIrjSvzFtR9DWA4GTc+7l3nu8kDOlbfvLyq2srq1v5DcLW9s7u3vF/YOmCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXU781AalY4N/pOISuIEOfDRgl2ki9YlX3XEH0SIpEgBxCev/znRAaRSLFrmICV7F79mPEMu0VS3bZngEvEycjJZSh3it+uP2ARgJ8TTlRquPYoe4mRGpGOaQFN1IQEjomQ+gY6hMBqpvMzkvxiVH6eBBI83yNZ+rvjoQIpWLhmcrpimrRm4r/eZ1IDy67CfPDSINP54MGEcc6wNOscJ9JoJrHhhAqmdkV0xGRhGqTaMGE4CyevEya52WnUq7cVkq1qyyOPDpCx+gUOegC1dANqqMGougBPaEX9Go9Ws/Wm/U+L81ZWc8h+gPr8xtceqPW</latexit>

Consider our astro benchmark 
system, starting at some initial 

separation: 

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>

Nvacuum
cycles � 6 � 106

<latexit sha1_base64="TaCebaV4K6nIzu25+m8EgcX03EI=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSqKl6kYKblxJBfuApi2T6bQdOpOEeRRC6I+48VfcuFDEhRvxb5ykVdR6YODMufdy7j1+xKhUjvNhLSwuLa+s5tby6xubW9v2zm5dhlpgUsMhC0XTR5IwGpCaooqRZiQI4j4jDX90mdYbYyIkDYNbFUekzdEgoH2KkTJS1y5ddz2O1FDwBMeYETnpfP3HCGvNJ9CTlMMy9BTlRELX6ZS7dsEpOhngPHFnpABmqHbtN68XYs1JoDBDUrZcJ1LtBAlFjeck72lJIoRHaEBahgbIOLWT7LoJPDRKD/ZDYV6gYKb+nEgQlzLmvulMN5d/a6n4X62lVf+sndAg0ooEeGrU1wyqEKZRwR4VBCsWG4KwoGZXiIdIIKxMoPkshPMU5e+T50n9uOieFEs3pULlYhZHDuyDA3AEXHAKKuAKVEENYHAHHsATeLburUfrxXqdti5Ys5k98AvW+ycIOKKO</latexit>

DM dephasing

<latexit sha1_base64="rZGQyaOAOXX7HaHkv/WjT1/Dk6A="></latexit>

�Ncycles ⇠ O(104) cycles

⇠ % level
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Baryonic  
Accretion Disks

Risk of confusion between New Physics 
and accretion disks?

[Derdzinski et al., 2005.11333]

Many possible geometries and parameters,  
but focus on dense, thin disks.

Dominant cause of dephasing is not 
dynamical friction but gas torques.  

Perturbation of the disk leads to a build up of 
gas inward or outward of the inspiraling BH.

Dependence of energy losses on BH 
separation is different from DM spikes!

https://arxiv.org/abs/2005.11333%5D
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Astrophysical scenario
<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�

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

[Coogan, Bertone, Gaggero,  
BJK & Nichols, 2108.04154]
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<latexit sha1_base64="uk+WrV+ed4EbGd32NXiCU/W/Jf0=">AAACFHicbVDLSgMxFM3UV62vqks3waIIapmpRd0IBV24ESrYB3TqkMlk2tBkMiQZoQz9CDf+ihsXirh14c6/MX0gaj1w4XDOvdx7jx8zqrRtf1qZmdm5+YXsYm5peWV1Lb++UVcikZjUsGBCNn2kCKMRqWmqGWnGkiDuM9Lwe+dDv3FHpKIiutH9mLQ56kQ0pBhpI3n5fe45cPcMOu7BleeKQGjXzXGvNNLs2/TwaPDtePmCXbRHgNPEmZACmKDq5T/cQOCEk0hjhpRqOXas2ymSmmJGBjk3USRGuIc6pGVohDhR7XT01ADuGCWAoZCmIg1H6s+JFHGl+tw3nRzprvrrDcX/vFaiw9N2SqM40STC40VhwqAWcJgQDKgkWLO+IQhLam6FuIskwtrkmDMhOH9fnib1UtE5Lpavy4XKxSSOLNgC22APOOAEVMAlqIIawOAePIJn8GI9WE/Wq/U2bs1Yk5lN8AvW+xc5W5s7</latexit>

m1 = 1M�

m2 = 10�3 M�

[Cole, Coogan, BJK, Bertone, 2207.07576]

PBH scenario

Detection with LISA

Detection with Einstein Telescope

“True” value

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/2207.07576
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[See also Nichols et al. 2309.06498]
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Increasing time

Use simulations to validate accretion force 
 and DM spike depletion:

Accretion of DM by the secondary BH leads to an additional accretion force:
<latexit sha1_base64="a86Ej4cXuQ75TL5R3MRXE4rNkPg="></latexit>

Facc =

Z
d3v ⇡b2acc(vrel)vrel ⇢�vrel

<latexit sha1_base64="gjornCSvu6Onwu/BTz1yzV9GVs0=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g6XgxpKIr41SdOOygn1AG8pkOmmHziRhZlIoIX/jxl9xI6iILv0TJ2kWte2BgcM5c7nnHjdkVCrL+jEKK6tr6xvFzdLW9s7unrl/0JRBJDBp4IAFou0iSRj1SUNRxUg7FARxl5GWO7pP/daYCEkD/0lNQuJwNPCpRzFSWuqZt12O1ND14nHSy6jgsSAsgTdwiRMIN4Gns45ZtqpWBrhI7JyUQY56z3zv9gMcceIrzJCUHdsKlRMjoShmJCl1I0lChEdoQDqa+ogT6cTZnQmsaKUPvUDo5yuYqbMTMeJSTrjOWEkTynkvFZd5nUh5105M/TBSxMfTRV7EoApgWhrsU0GwYhNNEBZUZ4V4iATCSldb0iXY8ycvkuZZ1b6sXjyel2t3eR1FcASOwQmwwRWogQdQBw2AwTN4BR/g03gx3owv43v6tWDkM4fgH4zfP838p70=</latexit>vrel = vorb � v

[Karydas, BJK, Bertone, 2402.13053]

https://arxiv.org/abs/2309.06498
https://arxiv.org/abs/2402.13053
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Change in energy due to time-dependent potential:

where the integral is taken over the 
path of the particle during a time Δt

For particles at large distances from the binary ( ), we can estimate the change in 
energy over a single orbit of the binary:

r ≫ a

Time-dependent component  
of the binary of the potential 

(Gravitational quadrupole ) ∼ 1/r3
Fractional change in DM 

position of DM particle with 
speed v

Factor depending on 
orientation of the particle 
position and velocity with 

respect to the binary

The factor  can take positive or negative values -> these ‘three-body’ effects 
redistribute orbits and tend to smooth out the density profile. Though they don’t extract 
any net energy from the binary (at least for circular binaries). 

𝒜( ̂r, v̂)


