
Bradley J Kavanagh 
Instituto de Física de Cantabria  

(CSIC-Universidad de Cantabria) 

#SADM3 - 4th December 2020

Detecting Dark Matter around 
 Black Holes with Gravitational Waves

@BradleyKavanagh

kavanagh@ifca.unican.es

mailto:kavanagh@ifca.unican.es
mailto:kavanagh@ifca.unican.es


[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu, 
 SciPost Phys. Core 3, 007 (2020), 1907.10610]
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Intermediate Mass Ratio Inspiral (IMRI)
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<latexit sha1_base64="I1iPPuIAVula+v38DDpNpD8tcZc="></latexit>

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

GW emission causes long, slow inspiral:

Stellar mass compact object (NS/BH) inspirals  
towards intermediate mass black hole (IMBH)



LISA: GWs in Space
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© AEI / MM / exozet

[gwplotter.com]

Laser Interferometer Space Antenna 
(planned for the 2030s) [1702.00786]

LISA should detect ~ 3 - 10 IMRIs per year [1711.00483]

http://gwplotter.com
http://gwplotter.com
https://arxiv.org/abs/1702.00786
https://arxiv.org/abs/1702.00786
https://arxiv.org/abs/1711.00483
https://arxiv.org/abs/1711.00483


Dark Matter ‘spikes’
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[astro-ph/9906391, astro-ph/0501555, astro-ph/0501625, astro-ph/0509565, 0902.3665, 1305.2619]
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<latexit sha1_base64="JzDoBpUpSXK2ZRb11vHl5Gdy540="></latexit>

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

IMBH

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

          �sp = 7/3 � 2.333

<latexit sha1_base64="tpIdI9eaJTTjcY98h1SI08Bo3Ys=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSCkirtJIDZKwMYygnlANoS7k0kyZGZ3mJkVw5JfsPFXbCwUsbWz82+cPApNPHDhcM693HtPIDnTxnW/ndTa+sbmVno7s7O7t3+QPTxq6ChWhNZJxCPVCkBTzkJaN8xw2pKKggg4bQaj66nfvKdKsyi8M2NJOwIGIeszAsZK3WzeH4AQ0E18AWaoRKLlZHJZwee4hH2QUkUPuFgolUrdbM4tuDPgVeItSA4tUOtmv/xeRGJBQ0M4aN32XGk6CSjDCKeTjB9rKoGMYEDbloYgqO4ks48m+MwqPdyPlK3Q4Jn6eyIBofVYBLZzerde9qbif147Nv2LTsJCGRsakvmifsyxifA0HtxjihLDx5YAUczeiskQFBBjQ8zYELzll1dJo1jwyoXybTlXvVrEkUYn6BTlkYcqqIpuUA3VEUGP6Bm9ojfnyXlx3p2PeWvKWcwcoz9wPn8ASJSb+Q==</latexit>

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

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

Typical density normalisation:
<latexit sha1_base64="yGVQePbXXylIbqJZB7fh7WeLblg=">AAACHnicbVDLSgMxFM34rPVVdekmWAQXtcxUi66k4MaNUME+oDMOmTRtQ5PJkGSEMsyXuPFX3LhQRHClf2OmraCtBy4czrmXe+8JIkaVtu0va2FxaXllNbeWX9/Y3Nou7Ow2lYglJg0smJDtACnCaEgammpG2pEkiAeMtILhZea37olUVIS3ehQRj6N+SHsUI20kv1B15UD4Lkd6IHmiohS6inJYsW3olq59V3SFdks/foTTu+T4JPULRbtsjwHniTMlRTBF3S98uF2BY05CjRlSquPYkfYSJDXFjKR5N1YkQniI+qRjaIg4UV4yfi+Fh0bpwp6QpkINx+rviQRxpUY8MJ3ZnWrWy8T/vE6se+deQsMo1iTEk0W9mEEtYJYV7FJJsGYjQxCW1NwK8QBJhLVJNG9CcGZfnifNStmplu2b02LtYhpHDuyDA3AEHHAGauAK1EEDYPAAnsALeLUerWfrzXqftC5Y05k98AfW5zfcI6JM</latexit>

�sp � 200M� pc�3

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0501555
https://arxiv.org/abs/astro-ph/0501625
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/0902.3665
https://arxiv.org/abs/1305.2619
https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0501555
https://arxiv.org/abs/astro-ph/0501625
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/0902.3665
https://arxiv.org/abs/1305.2619


ĖDF � 4�G2M2
NS�(v) �DM(r)

vNS
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<latexit sha1_base64="6vqhkvARuGOKftU2WQBmzV2UA90="></latexit>

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

[Chandrasekhar, 1943]

<latexit sha1_base64="kkYfHEkJaFTdmfjaYt65H6sssaw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUUP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3nOM+g==</latexit>r

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


‘Dressed’ IMRI

7

NS/ 
BHIMBH

10�11 10�10 10�9 10�8 10�7 10�6 10�5 10�4 10�3

r [pc]

10�12

10�10

10�8

10�6

10�4

10�2

100

�
E
/E

p
er

or
bi
t

MIMBH = 1000M�
MNS = 1M�

Gravitational Waves

Dynamical Friction

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



tvacuummerge � 5 yr

<latexit sha1_base64="9XC84W/nE4muXEB9W952FWtl734=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIjLbqSghuXFewDOrVk0ts2NJkZkkxhGOZL3PgrblwoIrjSvzFtR9DWA4GTc+7l3nu8kDOlbfvLyq2srq1v5DcLW9s7u3vF/YOmCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXU781AalY4N/pOISuIEOfDRgl2ki9YlX3XEH0SIpEgBxCev/znRAaRSLFrmICV7F79mPEMu0VS3bZngEvEycjJZSh3it+uP2ARgJ8TTlRquPYoe4mRGpGOaQFN1IQEjomQ+gY6hMBqpvMzkvxiVH6eBBI83yNZ+rvjoQIpWLhmcrpimrRm4r/eZ1IDy67CfPDSINP54MGEcc6wNOscJ9JoJrHhhAqmdkV0xGRhGqTaMGE4CyevEya52WnUq7cVkq1qyyOPDpCx+gUOegC1dANqqMGougBPaEX9Go9Ws/Wm/U+L81ZWc8h+gPr8xtceqPW</latexit>
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‘De-phasing’ signal
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[Eda et al. 1301.5971, 1408.3534 and others]

How does DM affect the number of cycles?

Benchmark:

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

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

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

LISA may be sensitive to 
O(1 cycle) of dephasing!

Nvacuum
cycles � 6� 106

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

5 years to merger

[See talk by Marco Chianese about 
Edwards, Chianese, BJK, Nissanke & Weniger, Phys. Rev. Lett. 124, 161101, 1905.04686]

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686


Energy Budget
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Q: How much energy is available 
for dynamical friction?

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

A: Binding energy of DM  
over radius  �r

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

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

�sp [M� pc�3]
<latexit sha1_base64="8v00vK1oWk7QSBkNh7KxOiSCjUI=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARXGhNWkFxVXDjRqhgL9DEMJlM2qGTTJiZCCXkMdz4Km5cKOK2O9/GSVtBWw8MfPz/Ocw5vxczKpVpfhmFpeWV1bXiemljc2t7p7y715Y8EZi0MGdcdD0kCaMRaSmqGOnGgqDQY6TjDa9zv/NIhKQ8ulejmDgh6kc0oBgpLbnlM1sMuGuHSA1EmMo4g/ZJ79a1uc+Vxh8jxtlDelrPHLdcMavmpOAiWDOogFk13fLY9jlOQhIpzJCUPcuMlZMioShmJCvZiSQxwkPUJz2NEQqJdNLJYRk80ooPAy70ixScqL8nUhRKOQo93ZkvKue9XPzP6yUquHRSGsWJIhGefhQkDCoO85SgTwXBio00ICyo3hXiARIIK51lSYdgzZ+8CO1a1apXa3fnlcbVLI4iOACH4BhY4AI0wA1oghbA4Am8gDfwbjwbr8aH8TltLRizmX3wp4zxNyc+oG0=</latexit>

mIMBH = 104 M�

mNS = 1M�

<latexit sha1_base64="Kct/5Zcxe5oT3FcKlI6YrQTAq0I="></latexit>

mIMBH = 103 M�

mNS = 1M�

<latexit sha1_base64="Hs1adfCeIF4dkK/w+rdi4jY94os="></latexit>

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
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�r
<latexit sha1_base64="QpcN/3U1wGtHmtjp7awE3AtsZ1Y=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFPXisYD+gDWWznbRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK7e4tCkOJ6pXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83unZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiIijYEb/HlZdKsVrzzSvX+oly7zuMowDGcwBl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz+Mh4+i</latexit>

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

from a shell at a given radius: 

ĖDF = ṙ
dUDM

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

Q: How much energy is available 
for dynamical friction?

A: Binding energy of DM  
over radius  �r

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

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

Nvacuum
cycles � 6� 106

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

MIMBH = 103 M�
<latexit sha1_base64="rIWEiV4eKLeIf24LKcyhLu8vyKs=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwISWxpepCKLqpi0IF+4Amhsl02g6dZMLMRCihWzf+ihsXirj1D9z5N07aIGo9cOFwzr3ce48XMiqVaX4amYXFpeWV7GpubX1jcyu/vdOSPBKYNDFnXHQ8JAmjAWkqqhjphIIg32Ok7Y0uE799R4SkPLhR45A4PhoEtE8xUlpy87Du2j5SQ+HHV/WL2gSeQ8u8LUH7SBu8x5WbL5hFcwo4T6yUFECKhpv/sHscRz4JFGZIyq5lhsqJkVAUMzLJ2ZEkIcIjNCBdTQPkE+nE008m8EArPdjnQleg4FT9OREjX8qx7+nO5Gr510vE/7xupPqnTkyDMFIkwLNF/YhBxWESC+xRQbBiY00QFlTfCvEQCYSVDi83DeEsQeX75XnSOi5apWL5ulyoVtI4smAP7INDYIETUAU10ABNgME9eATP4MV4MJ6MV+Nt1pox0pld8AvG+xfKPpiV</latexit>

5 years to merger

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811


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

Self-consistent evolution

11

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>



�f(E) = �pEf(E)+
� �

E
E ��E

�5/2

f(E ��E)PE��E(�E) d�E

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

Self-consistent evolution
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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>

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

https://github.com/bradkav/HaloFeedback
https://github.com/bradkav/HaloFeedback


�f(E) = �pEf(E)+
� �

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

Self-consistent evolution
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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>

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

https://github.com/bradkav/HaloFeedback
https://github.com/bradkav/HaloFeedback
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<latexit sha1_base64="Qz1xskmeLn74RCIxVtP5hPBJqdQ="></latexit>

Self-consistent evolution

12

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>

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

https://github.com/bradkav/HaloFeedback
https://github.com/bradkav/HaloFeedback


Full evolution of the system
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mIMBH = 103 M�

mNS = 1M�

<latexit sha1_base64="1ZeF5u+J7UCQIKJfzfqbIj0vjYg=">AAACKXicbVDLSgMxFM3UV62vqks3waK4kDKjBd0IRTd1UaloH9CpQyZN29BkMiQZoQz9HTf+ihsFRd36I2baQrV6IHA451xy7/FDRpW27Q8rNTe/sLiUXs6srK6tb2Q3t2pKRBKTKhZMyIaPFGE0IFVNNSONUBLEfUbqfv8i8ev3RCoqgls9CEmLo25AOxQjbSQvW+Sey5HuSR5fls9LQ7h/Bh377hi6h2XPFW2hXTczzVzdjBNT28vm7Lw9AvxLnAnJgQkqXvbFbQsccRJozJBSTccOdStGUlPMyDDjRoqECPdRlzQNDRAnqhWPLh3CPaO0YUdI8wINR+rPiRhxpQbcN8lkYzXrJeJ/XjPSndNWTIMw0iTA4486EYNawKQ22KaSYM0GhiAsqdkV4h6SCGtTbsaU4Mye/JfUjvJOIV+4LuSKhUkdabADdsEBcMAJKIISqIAqwOABPIFX8GY9Ws/Wu/U5jqasycw2+AXr6xtSFaQu</latexit>

Movies: tinyurl.com/GW4DM

Subtlety: dynamical friction only cares about ‘slow-moving’ particles

http://tinyurl.com/GW4DM
http://tinyurl.com/GW4DM


Full evolution of the system

13

mIMBH = 103 M�

mNS = 1M�

<latexit sha1_base64="1ZeF5u+J7UCQIKJfzfqbIj0vjYg=">AAACKXicbVDLSgMxFM3UV62vqks3waK4kDKjBd0IRTd1UaloH9CpQyZN29BkMiQZoQz9HTf+ihsFRd36I2baQrV6IHA451xy7/FDRpW27Q8rNTe/sLiUXs6srK6tb2Q3t2pKRBKTKhZMyIaPFGE0IFVNNSONUBLEfUbqfv8i8ev3RCoqgls9CEmLo25AOxQjbSQvW+Sey5HuSR5fls9LQ7h/Bh377hi6h2XPFW2hXTczzVzdjBNT28vm7Lw9AvxLnAnJgQkqXvbFbQsccRJozJBSTccOdStGUlPMyDDjRoqECPdRlzQNDRAnqhWPLh3CPaO0YUdI8wINR+rPiRhxpQbcN8lkYzXrJeJ/XjPSndNWTIMw0iTA4486EYNawKQ22KaSYM0GhiAsqdkV4h6SCGtTbsaU4Mye/JfUjvJOIV+4LuSKhUkdabADdsEBcMAJKIISqIAqwOABPIFX8GY9Ws/Wu/U5jqasycw2+AXr6xtSFaQu</latexit>

Movies: tinyurl.com/GW4DM

Subtlety: dynamical friction only cares about ‘slow-moving’ particles

http://tinyurl.com/GW4DM
http://tinyurl.com/GW4DM


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

MIMBH = 103 M�
<latexit sha1_base64="rIWEiV4eKLeIf24LKcyhLu8vyKs=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwISWxpepCKLqpi0IF+4Amhsl02g6dZMLMRCihWzf+ihsXirj1D9z5N07aIGo9cOFwzr3ce48XMiqVaX4amYXFpeWV7GpubX1jcyu/vdOSPBKYNDFnXHQ8JAmjAWkqqhjphIIg32Ok7Y0uE799R4SkPLhR45A4PhoEtE8xUlpy87Du2j5SQ+HHV/WL2gSeQ8u8LUH7SBu8x5WbL5hFcwo4T6yUFECKhpv/sHscRz4JFGZIyq5lhsqJkVAUMzLJ2ZEkIcIjNCBdTQPkE+nE008m8EArPdjnQleg4FT9OREjX8qx7+nO5Gr510vE/7xupPqnTkyDMFIkwLNF/YhBxWESC+xRQbBiY00QFlTfCvEQCYSVDi83DeEsQeX75XnSOi5apWL5ulyoVtI4smAP7INDYIETUAU10ABNgME9eATP4MV4MJ6MV+Nt1pox0pld8AvG+xfKPpiV</latexit>

�Ncycles(static) � 106 � �Ncycles(dynamic) � 104
<latexit sha1_base64="BxUN2dIbSsGuMI9tUVqozDT/8oc="></latexit>

5 years to merger

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
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[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
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~ 12 days

<latexit sha1_base64="MhEXXHiSiv1bQD5UL2KaOf48jwI="></latexit>

�tmerge � 1 yr � �tmerge � 12 days

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811


Plans for the future
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• Injection and evolution of angular momentum in the DM halo 
• More general orbital parameters (eccentricities etc.) 
• Post-Newtonian corrections 
• N-body approaches [AMUSE?]

Improved modelling

Detection methods

• Producing template banks for LISA searches 
• Incoherent searches for continuous GWs 
• ‘General’ de-phased waveform templates [2004.06729] 

Detection prospects
• How many IMRI systems form? 
• How many systems have a (surviving) spike? 
• Prospects for detection and parameter reconstruction (DM density)

https://amusecode.github.io
https://amusecode.github.io
https://arxiv.org/abs/2004.06729
https://arxiv.org/abs/2004.06729
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Detectability
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Assume we observe a GW signal from our benchmark ‘dressed’ IMRI, 
which has                                 .  

Compare phase evolution with different vacuum binaries:

<latexit sha1_base64="vngLJKIdOnfa6Rhy6/gSBczbmJQ=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoiVbtRCm7cFCrYBzQhTCaTdugkE2YmQgndufFX3LhQxK2/4M6/cdJ2oa0HLhzOuZd77/ETRqWyrG+jsLS8srpWXC9tbG5t75i7e23JU4FJC3PGRddHkjAak5aiipFuIgiKfEY6/vAm9zsPREjK43s1SogboX5MQ4qR0pJnHjoRUgOMWNYYwyton1dq1QvonDY8hwdceWbZqlgTwEViz0gZzND0zC8n4DiNSKwwQ1L2bCtRboaEopiRcclJJUkQHqI+6Wkao4hIN5v8MYbHWglgyIWuWMGJ+nsiQ5GUo8jXnfnVct7Lxf+8XqrCmpvROEkVifF0UZgyqDjMQ4EBFQQrNtIEYUH1rRAPkEBY6ehKOgR7/uVF0j6r6PSsu2q5fj2LowgOwBE4ATa4BHVwC5qgBTB4BM/gFbwZT8aL8W58TFsLxmxmH/yB8fkD78eXaw==</latexit>

M = 15.846M�

<latexit sha1_base64="xA0W90mq+aBGy+vX51fZ1X2aFiY=">AAACIXicbZDLSsNAFIYn9VbrLerSzWARKkJNqsVulIIbN0IFe4G2hsl00g6dScLMRCghr+LGV3HjQpHuxJdx0mah1R8Gfr5zDmfO74aMSmVZn0ZuaXlldS2/XtjY3NreMXf3WjKIBCZNHLBAdFwkCaM+aSqqGOmEgiDuMtJ2x9dpvf1IhKSBf68mIelzNPSpRzFSGjlmrceRGmHE4tsEXsKeJxCOS9yxIXcqxw/x2Wk1SebgJEN2igqOWbTK1kzwr7EzUwSZGo457Q0CHHHiK8yQlF3bClU/RkJRzEhS6EWShAiP0ZB0tfURJ7Ifzy5M4JEmA+gFQj9fwRn9OREjLuWEu7ozvUcu1lL4X60bKa/Wj6kfRor4eL7IixhUAUzjggMqCFZsog3Cguq/QjxCOiSlQ01DsBdP/mtalbJdLVt358X6VRZHHhyAQ1ACNrgAdXADGqAJMHgCL+ANvBvPxqvxYUznrTkjm9kHv2R8fQPSaqDA</latexit>

M =
(m1m2)3/5

(m1 +m2)1/5



Parameter sensitivity
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�DM(r) = �sp
�rsp

r

��sp

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

Assume we observe a GW signal from our benchmark ‘dressed’ IMRI, 
which has                               and                                   .  

Compare phase evolution with different dressed binaries:

<latexit sha1_base64="8bezsSEjH+B7KC0SS7piHh8B+o0=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYxd1EiY0SsLGMYB6QDeHuZJIMmdkdZmbFsOQPbPwVGwtFbG3t/Bsnj0ITD1w4nHMv994TSM60cd1vJ7W0vLK6ll7PbGxube9kd/dqOooVoVUS8Ug1AtCUs5BWDTOcNqSiIAJO68HgeuzX76nSLArvzFDSloBeyLqMgLFSO3vs90AIaPsCTF+JRMsRvsSl0yL2QUoVPeBCvlgstrM5N+9OgBeJNyM5NEOlnf3yOxGJBQ0N4aB103OlaSWgDCOcjjJ+rKkEMoAebVoagqC6lUz+GeEjq3RwN1K2QoMn6u+JBITWQxHYzvHZet4bi/95zdh0L1oJC2VsaEimi7oxxybC43BwhylKDB9aAkQxeysmfVBAjI0wY0Pw5l9eJLVC3jvPu7dnufLVLI40OkCH6AR5qITK6AZVUBUR9Iie0St6c56cF+fd+Zi2ppzZzD76A+fzB2FMmuo=</latexit>

�sp = 7/3 ⇡ 2.333
<latexit sha1_base64="ea5k7hfJvaHVcs0X52fmnu1j3Go=">AAACGHicbVDLSgMxFM34rPU16tJNsAguSp2piiIIBTduhAr2AZ06ZDKZNjSTDElGKEM/w42/4saFIm67829MH4K2HrhwOOde7r0nSBhV2nG+rIXFpeWV1dxafn1jc2vb3tmtK5FKTGpYMCGbAVKEUU5qmmpGmokkKA4YaQS965HfeCRSUcHvdT8h7Rh1OI0oRtpIvn3sya7wvRjprowzlQzgFSw7DvSKt74nQqG94o+Z4MHDiW8XnJIzBpwn7pQUwBRV3x56ocBpTLjGDCnVcp1EtzMkNcWMDPJeqkiCcA91SMtQjmKi2tn4sQE8NEoIIyFNcQ3H6u+JDMVK9ePAdI6OVLPeSPzPa6U6umhnlCepJhxPFkUpg1rAUUowpJJgzfqGICypuRXiLpIIa5Nl3oTgzr48T+rlkntWcu5OC5XLaRw5sA8OwBFwwTmogBtQBTWAwRN4AW/g3Xq2Xq0P63PSumBNZ/bAH1jDb6Qen38=</latexit>
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Total �Ncycles from

fi = 10�2 Hz to merger
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Conclusions
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Exciting prospects for detecting Dark 
Matter through GW ‘de-phasing’
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[BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Edwards, Chianese, BJK, Nissanke & Weniger,  
Phys. Rev. Lett. 124, 161101, 1905.04686]

‘Dressed' IMRI systems need to be 
modelled carefully

[Ongoing work with all of the above, and 
especially Adam Coogan]

Next: develop search strategies and look 
at parameter estimation

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686
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Exciting prospects for detecting Dark 
Matter through GW ‘de-phasing’
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[BJK, Nichols, Gaggero, Bertone, 2002.12811]

[Edwards, Chianese, BJK, Nissanke & Weniger,  
Phys. Rev. Lett. 124, 161101, 1905.04686]

‘Dressed' IMRI systems need to be 
modelled carefully

[Ongoing work with all of the above, and 
especially Adam Coogan]

Next: develop search strategies and look 
at parameter estimation

Thank you!

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2002.12811
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686


Backup Slides

20



mIMBH = 104 M�
<latexit sha1_base64="x2refZRtAacPWqL+/peyDGWhR8A=">AAACCnicbVDLSsNAFJ3UV62vqks3o0VwISXR4guEopu6KFSwD2himEyn7dCZTJiZCCV07cZfceNCEbd+gTv/xqQNotYDFw7n3Mu993gBo0qb5qeRmZmdm1/ILuaWlldW1/LrGw0lQolJHQsmZMtDijDqk7qmmpFWIAniHiNNb3CZ+M07IhUV/o0eBsThqOfTLsVIx5Kb3+auzZHuSx5dVS8qI3gOLfO2BO19WHVt0RHazRfMojkGnCZWSgogRc3Nf9gdgUNOfI0ZUqptmYF2IiQ1xYyMcnaoSIDwAPVIO6Y+4kQ50fiVEdyNlQ7sChmXr+FY/TkRIa7UkHtxZ3K2+usl4n9eO9TdEyeifhBq4uPJom7IoBYwyQV2qCRYs2FMEJY0vhXiPpII6zi93DiE0wRH3y9Pk8ZB0Toslq5LhfJZGkcWbIEdsAcscAzKoAJqoA4wuAeP4Bm8GA/Gk/FqvE1aM0Y6swl+wXj/Al/xmOQ=</latexit>

Spectrograms:
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As we increase the IMBH mass, the correction from having a dynamic 
DM halo decreases (but can still be very relevant)

�DM(r) = �sp
�rsp

r

��sp

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



Nature of Dark Matter

22

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


Parameter Reconstruction
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Prospects for parameter reconstruction in the static DM case:

[Eda et al. 1301.5971, 1408.3534]

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534


N-body simulations
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torb = 1536 s

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

~ 3 days
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Dynamical friction traces local DM density 
(to better than 1%)

Dependence of dynamical friction 
force on mass and separation 

 matches expectations

Drop off in DF force at small separations 
due to softening of simulations



N-body results
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Ė
/E

[s
�
1 ]

⇤ =
p
1/q

⇤ = 1/q

⇤ = exp(3)

r2 = 3⇥ 10�8 pc

q � mNS/mIMBH � 1
<latexit sha1_base64="WdMBy6Kk0Rm50jBd26xDLTdM4ow=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupM5o8bGRopu6UCraB3RKyaRpG5rMTJNMoQzzE278FTcuFHEruPNvzLTFVz0QODnnXu69xw0YlcqyPoyp6ZnZufnUQnpxaXll1VxbL0s/FJiUsM98UXWRJIx6pKSoYqQaCIK4y0jF7Z4nfqVPhKS+d6sGAalz1PZoi2KktNQwd3vQIb2Q9iFvOBypjuDR1U289/27uDwrxNBhDNoNM2NlrSHgJLHHJAPGKDbMd6fp45ATT2GGpKzZVqDqERKKYkbitBNKEiDcRW1S09RDnMh6NLwqhttaacKWL/TzFByqPzsixKUccFdXJqvKv14i/ufVQtU6rkfUC0JFPDwa1AoZVD5MIoJNKghWbKAJwoLqXSHuIIGw0kGmhyGcJDj8OnmSlPez9kE2d53L5E/HcaTAJtgCO8AGRyAPCqAISgCDO/AAnsCzcW88Gi/G66h0yhj3bIBfMN4+AdI7nrU=</latexit>

IMBH
NS

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

� = bmax
v20

GmNS
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�
q

<latexit sha1_base64="qG02NKtnrtY1Y+qW6rZYFdJxqV4="></latexit>

Allows us to calibrate the maximum 
impact parameter; tells us which 

particles scatter with the NS.

bmax =
�
q r2 � 3% r2

<latexit sha1_base64="7tGbkp6DVlbAKwM0602DPaPuqIg=">AAACF3icbVDLSgMxFM34rPU16tJNsBRclGGmFnSjFNy4rGAf0ClDJk3b0CQzTTJiGeYv3Pgrblwo4lZ3/o3pY6GtBwLnnnMvN/eEMaNKu+63tbK6tr6xmdvKb+/s7u3bB4cNFSUSkzqOWCRbIVKEUUHqmmpGWrEkiIeMNMPh9cRv3hOpaCTu9DgmHY76gvYoRtpIge2Egc+RHkiecvSQwUvoq5HU6SiDfgnKoGxqyuGZX/RLpgrsguu4U8Bl4s1JAcxRC+wvvxvhhBOhMUNKtT031p0USU0xI1neTxSJER6iPmkbKhAnqpNO78pg0Shd2IukeULDqfp7IkVcqTEPTefkBrXoTcT/vHaiexedlIo40UTg2aJewqCO4CQk2KWSYM3GhiAsqfkrxAMkEdYmyrwJwVs8eZk0yo5XcSq3lUL1ah5HDhyDE3AKPHAOquAG1EAdYPAInsEreLOerBfr3fqYta5Y85kj8AfW5w/AaZ5Z</latexit>



Assumptions
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• Spherical symmetry and isotropy of the DM halo 

• DM particles only scatter within an impact parameter  

• DM distribution is ‘locally’ uniform 

• Halo ‘relaxation’ is instantaneous 

• Orbital properties evolve slowly compared to the orbital 
period

b < bmax = ��GNMNS/v
2
NS

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

bmax � r0
<latexit sha1_base64="kXU5HECLtKqbQIJXOcQmZBQybAs=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVyWpgi6LblxWsA9oQ5hMJ+3QmSTMTMQSu/BX3LhQxK2/4c6/cdJmoa0HBg7n3Ms9c4KEM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZaKU0lok8Q8lp0AK8pZRJuaaU47iaRYBJy2g9F17rfvqVQsju70OKGewIOIhYxgbSTfPgz8nsB6KEUm8MME9ThH0nd8u+JUnSnQInELUoECDd/+6vVjkgoaacKxUl3XSbSXYakZ4XRS7qWKJpiM8IB2DY2woMrLpvkn6MQofRTG0rxIo6n6eyPDQqmxCMxknlXNe7n4n9dNdXjpZSxKUk0jMjsUphzpGOVloD6TlGg+NgQTyUxWRIZYYqJNZWVTgjv/5UXSqlXds2rt9rxSvyrqKMERHMMpuHABdbiBBjSBwCM8wyu8WU/Wi/VufcxGl6xi5wD+wPr8Aba3leQ=</latexit>
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Self-consistently reconstruct density from distribution function:

�(r) = 4�

� vmax(r)

0
v2f (E) dv

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



Numbers of cycles

29


