
Bradley J Kavanagh [he/him]
Instituto de Fisica de Cantabria (CSIC-UC)

kavanagh@ifca.es

The birth, life (and death?) 
of Dark Matter spikes around Black Holes

AGN as Dark Sector Laboratories

IFPU, 17th June 2026

mailto:kavanagh@ifca.unican.es


2

The Birth of Dark Matter Spikes
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Dark Matter Spikes
‘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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Adiabatic Growth

• BH grows by gas accretion from an infinitesimal 
seed, at the centre of an NFW DM halo 

• DM density can be enhanced within the ‘spike radius’ 
, comparable to the sphere of influence of the BH


 

• Adiabatic: Timescale for growth is much longer than 
the dynamical timescale of the DM

rsp

[Gondolo & Silk, astro-ph/9906391; Sadeghian et al., 1305.2619]

BH

<latexit sha1_base64="VDr1RcJETO20g3Y8afHp0/yhe2c="></latexit>

⇢DM = ⇢sp
⇣ rsp

r

⌘�sp

NFW

<latexit sha1_base64="x1yFdaBiTzQJgLGissxuelAQbFY=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkoiUt0IpW66ESrYBzQxTCbTdugkE2YmQgldufFX3LhQxK3f4M6/cdJmoa0HLhzOuZd77/FjRqWyrG+jsLS8srpWXC9tbG5t75i7e23JE4FJC3PGRddHkjAakZaiipFuLAgKfUY6/ug68zsPREjKozs1jokbokFE+xQjpSXPPLzxnBCpoQjTemMCr6Bt3VedU63ygCvPLFsVawq4SOyclEGOpmd+OQHHSUgihRmSsmdbsXJTJBTFjExKTiJJjPAIDUhP0wiFRLrp9I0JPNZKAPtc6IoUnKq/J1IUSjkOfd2ZnSznvUz8z+slqn/ppjSKE0UiPFvUTxhUHGaZwIAKghUba4KwoPpWiIdIIKx0ciUdgj3/8iJpn1XsaqV6e16u1fM4iuAAHIETYIMLUAMN0AQtgMEjeAav4M14Ml6Md+Nj1low8pl98AfG5w8doJej</latexit>

MBH = 106 M�

<latexit sha1_base64="dzKOyb+72326J5tiWlYFGtyrfbo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiUl0W3bisaB/QhDCZTtuhk0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3RArypmgLc00p91EUhyFnHbC8V3udyZUKhaLJz1NqB/hoWADRrA2UmDbruNdyMCLsB7JKHucBXbVqTlzoFXiFqQKBZqB/eX1Y5JGVGjCsVI910m0n2GpGeF0VvFSRRNMxnhIe4YKHFHlZ/PkM3RmlD4axNI8odFc/b2R4UipaRSayTyhWvZy8T+vl+rBjZ8xkaSaCrI4NEg50jHKa0B9JinRfGoIJpKZrIiMsMREm7IqpgR3+curpH1Zc+u1+sNVtXFb1FGGEziFc3DhGhpwD01oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP/R0k0A=</latexit>

10 rS
<latexit sha1_base64="Pf37JW1sKl9TBN9+DAzszCdvE+s=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJAYUJUAKowVLIxF0IfUhMhxndaq7US2g6ii/AoLAwix8iNs/A1O2wFajmTp6Jx7dY9PmDCqtON8W0vLK6tr66WN8ubW9s6uvVdpqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrgu/80ikorG41+OE+BwNBI0oRtpIgV1xnYcz70QGHkd6KHl2lwd21ak5E8BF4s5IFczQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkbzspYokCI/QgPQMFYgT5WeT7Dk8MkofRrE0T2g4UX9vZIgrNeahmSwSqnmvEP/zeqmOLv2MiiTVRODpoShlUMewKAL2qSRYs7EhCEtqskI8RBJhbeoqmxLc+S8vkvZpza3X6rfn1cbVrI4SOACH4Bi44AI0wA1oghbA4Ak8g1fwZuXWi/VufUxHl6zZzj74A+vzByOok+U=</latexit>

103 rS
<latexit sha1_base64="4XgPbkjsH3RGc5w3RjbgbBLiC3w=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJAYUJUgKIwVLIxF0IfUhMhxndaq7US2g6ii/AoLAwix8iNs/A1O2wFajmTp6Jx7dY9PmDCqtON8W0vLK6tr66WN8ubW9s6uvVdpqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrgu/80ikorG41+OE+BwNBI0oRtpIgV1xnYdz70QGHkd6KHl2lwd21ak5E8BF4s5IFczQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkbzspYokCI/QgPQMFYgT5WeT7Dk8MkofRrE0T2g4UX9vZIgrNeahmSwSqnmvEP/zeqmOLv2MiiTVRODpoShlUMewKAL2qSRYs7EhCEtqskI8RBJhbeoqmxLc+S8vkvZpza3X6rdn1cbVrI4SOACH4Bi44AI0wA1oghbA4Ak8g1fwZuXWi/VufUxHl6zZzj74A+vzBybMk+c=</latexit>

105 rS

<latexit sha1_base64="5I4GG/S/9sQ/hiZq5jb0cZ4fE10="></latexit>Z rsp

0

4⇡r2⇢NFW(r) dr = �MBH

Angular momentum  and radial action  are preserved, 

allowing us to map between initial and final DM energy .

L I
ℰ

<latexit sha1_base64="VxYW33LNa6Uzug7fw30uqFByfPo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQi1WXRjcsK9gFJKJPppB06mQwzEzGE+ituXCji1g9x5984bbPQ1gMXDufcy733RIJRpV3326qsrW9sblW3azu7e/sH9uFRV6WZxKSDU5bKfoQUYZSTjqaakb6QBCURI71ocjPzew9EKprye50LEiZoxGlMMdJGGth1P4iIRjBAQsj0EbqOFw7shuu4c8BV4pWkAUq0B/ZXMExxlhCuMUNK+Z4rdFggqSlmZFoLMkUEwhM0Ir6hHCVEhcX8+Ck8NcoQxqk0xTWcq78nCpQolSeR6UyQHqtlbyb+5/mZjq/CgnKRacLxYlGcMahTOEsCDqkkWLPcEIQlNbdCPEYSYW3yqpkQvOWXV0n33PGaTvPuotG6LuOogmNwAs6ABy5BC9yCNugADHLwDF7Bm/VkvVjv1seitWKVM3XwB9bnD02ak+k=</latexit>

[� ⇡ 0.1]

DM orbits contract, leading to 
steep ‘spike’ density profile: 

Radial Action:

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/1305.2619
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Spike Density Profile

<latexit sha1_base64="ShKyFxFevlw3/o+HFrxB6h0tFFQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelbroRKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pu0stPVA4HDOvdyTE8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxndzvz2hSrNIPpppTH2Bh5KFjGBjJf++3xPYjJRIa/VZv1hyy+4CaJ14GSlBhka/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4vQM3RhlQEKI2WfNGih/t5IsdB6KgI7OY+oV725+J/XTUx466dMxomhkiwPhQlHJkLzBtCAKUoMn1qCiWI2KyIjrDAxtqeCLcFb/fI6aV2VvUq58nBdqtayOvJwBudwCR7cQBXq0IAmEHiCZ3iFN2fivDjvzsdyNOdkO6fwB87nD75fkho=</latexit>

MBH

<latexit sha1_base64="vzzJupg0G4i0PoEFZ1ZQuT4reSA="></latexit>

⇢DM(r) = ⇢sp
⇣rsp

r

⌘�sp<latexit sha1_base64="leQ2mTE0wv8F8UJKUctNSlgMseI=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIzQ4K4xaEm0scREHgmLm7vDABNmdjYzs0ZC+AQbf8XGQmNsLe38G4dHoeBJbnJyzr25954w5kwb1/12UkvLK6tr6fXMxubW9k52d6+mZaIIrRLJpWqEoClnEa0aZjhtxIqCCDmth/2rsV+/p0ozGd2aQUxbAroR6zACxkpB9thXPRmwvCpgH+JYyQc8UVycV4F7ogp3fheEgCCbc4vuBHiReDOSQzNUguyX35YkETQyhIPWTc+NTWsIyjDC6SjjJ5rGQPrQpU1LIxBUt4aTh0b4yCpt3JHKVmTwRP09MQSh9UCEtlOA6el5byz+5zUT07loDVkUJ4ZGZLqok3BsJB6ng9tMUWL4wBIgitlbMemBAmJshhkbgjf/8iKpnRa9UrF0c5YrX87iSKMDdIjyyEPnqIyuUQVVEUGP6Bm9ojfnyXlx3p2PaWvKmc3soz9wPn8Ahiebpg==</latexit>

⇢i(r) ⇡ ⇢0(r0/r)
�

Spike ‘parameters’ are correlated:

<latexit sha1_base64="2xh4rpn8S77vIpoLXxOX+/vbq5c=">AAACHXicbZDLSsNAFIYn9VbrLerSzWAR6qYmUqoboejGZQV7gSaGyXTaDp1JwsxEKKEv4sZXceNCERduxLdxkmZRW38Y+PnOOcw5vx8xKpVl/RiFldW19Y3iZmlre2d3z9w/aMswFpi0cMhC0fWRJIwGpKWoYqQbCYK4z0jHH9+k9c4jEZKGwb2aRMTlaBjQAcVIaeSZNUeMQs/hSI0ET2Q0hVcwQxasiHl+Jjzr9MEZIs6RZ5atqpUJLhs7N2WQq+mZX04/xDEngcIMSdmzrUi5CRKKYkamJSeWJEJ4jIakp22AOJFukl03hSea9OEgFPoFCmZ0fiJBXMoJ93Vnuq5crKXwv1ovVoNLN6FBFCsS4NlHg5hBFcI0KtingmDFJtogLKjeFeIREggrHWhJh2Avnrxs2udVu16t39XKjes8jiI4AsegAmxwARrgFjRBC2DwBF7AG3g3no1X48P4nLUWjHzmEPyR8f0LbpiiIg==</latexit>

⇢sp = ⇢0(rsp/r0)
�

<latexit sha1_base64="Db1HGctZVjhI1CTqvCmFxdOQadQ=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKtKaSKm6EIpuXFawF2hCmEyn7dCZJMxMhBL6EG58FTcuFHHrwp1v46TNQlsPDHz8/znMOb8fMSqVZX0buaXlldW1/HphY3Nre8fc3WvJMBaYNHHIQtHxkSSMBqSpqGKkEwmCuM9I2x/dpH77gQhJw+BejSPicjQIaJ9ipLTkmSfOAHGOPIcjNRQ8kdEEXsHSZbk6M45PS9Vyhp5ZtCrWtOAi2BkUQVYNz/xyeiGOOQkUZkjKrm1Fyk2QUBQzMik4sSQRwiM0IF2NAeJEusn0qAk80koP9kOhX6DgVP09kSAu5Zj7ujPdXc57qfif141V/8JNaBDFigR49lE/ZlCFME0I9qggWLGxBoQF1btCPEQCYaVzLOgQ7PmTF6F1VrFrldpdtVi/zuLIgwNwCErABuegDm5BAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBnzI+fwALNJzp</latexit>

�sp = (9� 4�)/(4� �)

<latexit sha1_base64="M+/U2OZi9jTwq70W5AmqcNqEMik="></latexit>

rsp = �

✓
(3� �)MBH

2⇡⇢0r
�
0

◆ 1
3��



<latexit sha1_base64="a6dYgr/2h1maw0/YvqPu/kRmfRU="></latexit>

⇢DM(r) = ⇢ref
⇣rref

r

⌘�sp
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Spike Density Profile

<latexit sha1_base64="ShKyFxFevlw3/o+HFrxB6h0tFFQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelbroRKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pu0stPVA4HDOvdyTE8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxndzvz2hSrNIPpppTH2Bh5KFjGBjJf++3xPYjJRIa/VZv1hyy+4CaJ14GSlBhka/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4vQM3RhlQEKI2WfNGih/t5IsdB6KgI7OY+oV725+J/XTUx466dMxomhkiwPhQlHJkLzBtCAKUoMn1qCiWI2KyIjrDAxtqeCLcFb/fI6aV2VvUq58nBdqtayOvJwBudwCR7cQBXq0IAmEHiCZ3iFN2fivDjvzsdyNOdkO6fwB87nD75fkho=</latexit>

MBH

<latexit sha1_base64="leQ2mTE0wv8F8UJKUctNSlgMseI=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIzQ4K4xaEm0scREHgmLm7vDABNmdjYzs0ZC+AQbf8XGQmNsLe38G4dHoeBJbnJyzr25954w5kwb1/12UkvLK6tr6fXMxubW9k52d6+mZaIIrRLJpWqEoClnEa0aZjhtxIqCCDmth/2rsV+/p0ozGd2aQUxbAroR6zACxkpB9thXPRmwvCpgH+JYyQc8UVycV4F7ogp3fheEgCCbc4vuBHiReDOSQzNUguyX35YkETQyhIPWTc+NTWsIyjDC6SjjJ5rGQPrQpU1LIxBUt4aTh0b4yCpt3JHKVmTwRP09MQSh9UCEtlOA6el5byz+5zUT07loDVkUJ4ZGZLqok3BsJB6ng9tMUWL4wBIgitlbMemBAmJshhkbgjf/8iKpnRa9UrF0c5YrX87iSKMDdIjyyEPnqIyuUQVVEUGP6Bm9ojfnyXlx3p2PaWvKmc3soz9wPn8Ahiebpg==</latexit>

⇢i(r) ⇡ ⇢0(r0/r)
�

<latexit sha1_base64="FkS5RCJjrtVgLzlbZQu7lUQQJek="></latexit>

⇢ref = ⇢sp

✓
rsp
rref

◆�sp

⇠ �
(�sp�3)2

�sp�2 ⇢
�sp�2

0
r
(4�sp�9)

0
M

3��sp

BH
r
��sp

ref

Spike ‘parameters’ are correlated:

<latexit sha1_base64="2xh4rpn8S77vIpoLXxOX+/vbq5c=">AAACHXicbZDLSsNAFIYn9VbrLerSzWAR6qYmUqoboejGZQV7gSaGyXTaDp1JwsxEKKEv4sZXceNCERduxLdxkmZRW38Y+PnOOcw5vx8xKpVl/RiFldW19Y3iZmlre2d3z9w/aMswFpi0cMhC0fWRJIwGpKWoYqQbCYK4z0jHH9+k9c4jEZKGwb2aRMTlaBjQAcVIaeSZNUeMQs/hSI0ET2Q0hVcwQxasiHl+Jjzr9MEZIs6RZ5atqpUJLhs7N2WQq+mZX04/xDEngcIMSdmzrUi5CRKKYkamJSeWJEJ4jIakp22AOJFukl03hSea9OEgFPoFCmZ0fiJBXMoJ93Vnuq5crKXwv1ovVoNLN6FBFCsS4NlHg5hBFcI0KtingmDFJtogLKjeFeIREggrHWhJh2Avnrxs2udVu16t39XKjes8jiI4AsegAmxwARrgFjRBC2DwBF7AG3g3no1X48P4nLUWjHzmEPyR8f0LbpiiIg==</latexit>

⇢sp = ⇢0(rsp/r0)
�

<latexit sha1_base64="Db1HGctZVjhI1CTqvCmFxdOQadQ=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKtKaSKm6EIpuXFawF2hCmEyn7dCZJMxMhBL6EG58FTcuFHHrwp1v46TNQlsPDHz8/znMOb8fMSqVZX0buaXlldW1/HphY3Nre8fc3WvJMBaYNHHIQtHxkSSMBqSpqGKkEwmCuM9I2x/dpH77gQhJw+BejSPicjQIaJ9ipLTkmSfOAHGOPIcjNRQ8kdEEXsHSZbk6M45PS9Vyhp5ZtCrWtOAi2BkUQVYNz/xyeiGOOQkUZkjKrm1Fyk2QUBQzMik4sSQRwiM0IF2NAeJEusn0qAk80koP9kOhX6DgVP09kSAu5Zj7ujPdXc57qfif141V/8JNaBDFigR49lE/ZlCFME0I9qggWLGxBoQF1btCPEQCYaVzLOgQ7PmTF6F1VrFrldpdtVi/zuLIgwNwCErABuegDm5BAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBnzI+fwALNJzp</latexit>

�sp = (9� 4�)/(4� �)

<latexit sha1_base64="M+/U2OZi9jTwq70W5AmqcNqEMik="></latexit>

rsp = �

✓
(3� �)MBH

2⇡⇢0r
�
0

◆ 1
3��



<latexit sha1_base64="a6dYgr/2h1maw0/YvqPu/kRmfRU="></latexit>

⇢DM(r) = ⇢ref
⇣rref

r

⌘�sp
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Spike Density Profile

<latexit sha1_base64="ShKyFxFevlw3/o+HFrxB6h0tFFQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelbroRKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pu0stPVA4HDOvdyTE8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxndzvz2hSrNIPpppTH2Bh5KFjGBjJf++3xPYjJRIa/VZv1hyy+4CaJ14GSlBhka/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4vQM3RhlQEKI2WfNGih/t5IsdB6KgI7OY+oV725+J/XTUx466dMxomhkiwPhQlHJkLzBtCAKUoMn1qCiWI2KyIjrDAxtqeCLcFb/fI6aV2VvUq58nBdqtayOvJwBudwCR7cQBXq0IAmEHiCZ3iFN2fivDjvzsdyNOdkO6fwB87nD75fkho=</latexit>

MBH

<latexit sha1_base64="leQ2mTE0wv8F8UJKUctNSlgMseI=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIzQ4K4xaEm0scREHgmLm7vDABNmdjYzs0ZC+AQbf8XGQmNsLe38G4dHoeBJbnJyzr25954w5kwb1/12UkvLK6tr6fXMxubW9k52d6+mZaIIrRLJpWqEoClnEa0aZjhtxIqCCDmth/2rsV+/p0ozGd2aQUxbAroR6zACxkpB9thXPRmwvCpgH+JYyQc8UVycV4F7ogp3fheEgCCbc4vuBHiReDOSQzNUguyX35YkETQyhIPWTc+NTWsIyjDC6SjjJ5rGQPrQpU1LIxBUt4aTh0b4yCpt3JHKVmTwRP09MQSh9UCEtlOA6el5byz+5zUT07loDVkUJ4ZGZLqok3BsJB6ng9tMUWL4wBIgitlbMemBAmJshhkbgjf/8iKpnRa9UrF0c5YrX87iSKMDdIjyyEPnqIyuUQVVEUGP6Bm9ojfnyXlx3p2PaWvKmc3soz9wPn8Ahiebpg==</latexit>

⇢i(r) ⇡ ⇢0(r0/r)
�

For an initial NFW profile, γ = 1 → γsp = 7/3

<latexit sha1_base64="B9wpBTTKPv2EzWDqgIDC5KP4ciU="></latexit>

⇢ref = ⇢sp

✓
rsp
rref

◆�sp

⇠ �4/3 ⇢1/3
0

r1/3
0

M2/3
BH

r�7/3
ref

Spike ‘parameters’ are correlated:

<latexit sha1_base64="2xh4rpn8S77vIpoLXxOX+/vbq5c=">AAACHXicbZDLSsNAFIYn9VbrLerSzWAR6qYmUqoboejGZQV7gSaGyXTaDp1JwsxEKKEv4sZXceNCERduxLdxkmZRW38Y+PnOOcw5vx8xKpVl/RiFldW19Y3iZmlre2d3z9w/aMswFpi0cMhC0fWRJIwGpKWoYqQbCYK4z0jHH9+k9c4jEZKGwb2aRMTlaBjQAcVIaeSZNUeMQs/hSI0ET2Q0hVcwQxasiHl+Jjzr9MEZIs6RZ5atqpUJLhs7N2WQq+mZX04/xDEngcIMSdmzrUi5CRKKYkamJSeWJEJ4jIakp22AOJFukl03hSea9OEgFPoFCmZ0fiJBXMoJ93Vnuq5crKXwv1ovVoNLN6FBFCsS4NlHg5hBFcI0KtingmDFJtogLKjeFeIREggrHWhJh2Avnrxs2udVu16t39XKjes8jiI4AsegAmxwARrgFjRBC2DwBF7AG3g3no1X48P4nLUWjHzmEPyR8f0LbpiiIg==</latexit>

⇢sp = ⇢0(rsp/r0)
�

<latexit sha1_base64="Db1HGctZVjhI1CTqvCmFxdOQadQ=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKtKaSKm6EIpuXFawF2hCmEyn7dCZJMxMhBL6EG58FTcuFHHrwp1v46TNQlsPDHz8/znMOb8fMSqVZX0buaXlldW1/HphY3Nre8fc3WvJMBaYNHHIQtHxkSSMBqSpqGKkEwmCuM9I2x/dpH77gQhJw+BejSPicjQIaJ9ipLTkmSfOAHGOPIcjNRQ8kdEEXsHSZbk6M45PS9Vyhp5ZtCrWtOAi2BkUQVYNz/xyeiGOOQkUZkjKrm1Fyk2QUBQzMik4sSQRwiM0IF2NAeJEusn0qAk80koP9kOhX6DgVP09kSAu5Zj7ujPdXc57qfif141V/8JNaBDFigR49lE/ZlCFME0I9qggWLGxBoQF1btCPEQCYaVzLOgQ7PmTF6F1VrFrldpdtVi/zuLIgwNwCErABuegDm5BAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBnzI+fwALNJzp</latexit>

�sp = (9� 4�)/(4� �)

<latexit sha1_base64="M+/U2OZi9jTwq70W5AmqcNqEMik="></latexit>

rsp = �

✓
(3� �)MBH

2⇡⇢0r
�
0

◆ 1
3��



<latexit sha1_base64="a6dYgr/2h1maw0/YvqPu/kRmfRU="></latexit>

⇢DM(r) = ⇢ref
⇣rref

r

⌘�sp
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Spike Density Profile

<latexit sha1_base64="ShKyFxFevlw3/o+HFrxB6h0tFFQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJelbroRKtgHtEPJpJk2NMmMSaZQhn6HGxeKuPVj3Pk3pu0stPVA4HDOvdyTE8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxndzvz2hSrNIPpppTH2Bh5KFjGBjJf++3xPYjJRIa/VZv1hyy+4CaJ14GSlBhka/+NUbRCQRVBrCsdZdz42Nn2JlGOF0VuglmsaYjPGQdi2VWFDtp4vQM3RhlQEKI2WfNGih/t5IsdB6KgI7OY+oV725+J/XTUx466dMxomhkiwPhQlHJkLzBtCAKUoMn1qCiWI2KyIjrDAxtqeCLcFb/fI6aV2VvUq58nBdqtayOvJwBudwCR7cQBXq0IAmEHiCZ3iFN2fivDjvzsdyNOdkO6fwB87nD75fkho=</latexit>

MBH

<latexit sha1_base64="leQ2mTE0wv8F8UJKUctNSlgMseI=">AAACEHicbVC7TgJBFJ3FF+ILtbSZSIzQ4K4xaEm0scREHgmLm7vDABNmdjYzs0ZC+AQbf8XGQmNsLe38G4dHoeBJbnJyzr25954w5kwb1/12UkvLK6tr6fXMxubW9k52d6+mZaIIrRLJpWqEoClnEa0aZjhtxIqCCDmth/2rsV+/p0ozGd2aQUxbAroR6zACxkpB9thXPRmwvCpgH+JYyQc8UVycV4F7ogp3fheEgCCbc4vuBHiReDOSQzNUguyX35YkETQyhIPWTc+NTWsIyjDC6SjjJ5rGQPrQpU1LIxBUt4aTh0b4yCpt3JHKVmTwRP09MQSh9UCEtlOA6el5byz+5zUT07loDVkUJ4ZGZLqok3BsJB6ng9tMUWL4wBIgitlbMemBAmJshhkbgjf/8iKpnRa9UrF0c5YrX87iSKMDdIjyyEPnqIyuUQVVEUGP6Bm9ojfnyXlx3p2PaWvKmc3soz9wPn8Ahiebpg==</latexit>

⇢i(r) ⇡ ⇢0(r0/r)
�

<latexit sha1_base64="2xh4rpn8S77vIpoLXxOX+/vbq5c=">AAACHXicbZDLSsNAFIYn9VbrLerSzWAR6qYmUqoboejGZQV7gSaGyXTaDp1JwsxEKKEv4sZXceNCERduxLdxkmZRW38Y+PnOOcw5vx8xKpVl/RiFldW19Y3iZmlre2d3z9w/aMswFpi0cMhC0fWRJIwGpKWoYqQbCYK4z0jHH9+k9c4jEZKGwb2aRMTlaBjQAcVIaeSZNUeMQs/hSI0ET2Q0hVcwQxasiHl+Jjzr9MEZIs6RZ5atqpUJLhs7N2WQq+mZX04/xDEngcIMSdmzrUi5CRKKYkamJSeWJEJ4jIakp22AOJFukl03hSea9OEgFPoFCmZ0fiJBXMoJ93Vnuq5crKXwv1ovVoNLN6FBFCsS4NlHg5hBFcI0KtingmDFJtogLKjeFeIREggrHWhJh2Avnrxs2udVu16t39XKjes8jiI4AsegAmxwARrgFjRBC2DwBF7AG3g3no1X48P4nLUWjHzmEPyR8f0LbpiiIg==</latexit>

⇢sp = ⇢0(rsp/r0)
�

<latexit sha1_base64="Db1HGctZVjhI1CTqvCmFxdOQadQ=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKtKaSKm6EIpuXFawF2hCmEyn7dCZJMxMhBL6EG58FTcuFHHrwp1v46TNQlsPDHz8/znMOb8fMSqVZX0buaXlldW1/HphY3Nre8fc3WvJMBaYNHHIQtHxkSSMBqSpqGKkEwmCuM9I2x/dpH77gQhJw+BejSPicjQIaJ9ipLTkmSfOAHGOPIcjNRQ8kdEEXsHSZbk6M45PS9Vyhp5ZtCrWtOAi2BkUQVYNz/xyeiGOOQkUZkjKrm1Fyk2QUBQzMik4sSQRwiM0IF2NAeJEusn0qAk80koP9kOhX6DgVP09kSAu5Zj7ujPdXc57qfif141V/8JNaBDFigR49lE/ZlCFME0I9qggWLGxBoQF1btCPEQCYaVzLOgQ7PmTF6F1VrFrldpdtVi/zuLIgwNwCErABuegDm5BAzQBBo/gGbyCN+PJeDHejY9Za87IZvbBnzI+fwALNJzp</latexit>

�sp = (9� 4�)/(4� �)

<latexit sha1_base64="M+/U2OZi9jTwq70W5AmqcNqEMik="></latexit>

rsp = �

✓
(3� �)MBH

2⇡⇢0r
�
0

◆ 1
3��

For an initial NFW profile, γ = 1 → γsp = 7/3

<latexit sha1_base64="B9wpBTTKPv2EzWDqgIDC5KP4ciU="></latexit>

⇢ref = ⇢sp

✓
rsp
rref

◆�sp

⇠ �4/3 ⇢1/3
0

r1/3
0

M2/3
BH

r�7/3
ref

Alternatively parametrise in terms of halo mass and concentration:
<latexit sha1_base64="I1RtPx/PYCIdrYSn57wNoEEwcGY="></latexit>

⇢ref ⇠ �4/3 M1/9
halo

c1/2 M2/3
BH

r�7/3
ref

Spike ‘parameters’ are correlated:
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Dark Matter Mounds

[Bertone et al. (including BJK), 2404.08731]

[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 affect slope

 and density of DM very close to BH

[Caiozzo et al. (including BJK), 2512.09985]

The BH may experience subsequent 
growth to become supermassive

https://arxiv.org/abs/2404.08731
https://arxiv.org/abs/1803.01007
https://arxiv.org/abs/2512.09985
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Dark Matter Mounds
<latexit sha1_base64="6v006ECpAaTn/RXeaaohXUkb68k=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSElEqxuh1E03QgX7gCaGyWTaDp1kwsxEKKErN/6KGxeKuPUb3Pk3TtostPXAhcM593LvPX7MqFSW9W0sLC4tr6wW1orrG5tb2+bObkvyRGDSxJxx0fGRJIxGpKmoYqQTC4JCn5G2P7zO/PYDEZLy6E6NYuKGqB/RHsVIackzD248J0RqIMK0Vh/DK2hb9+fOiVZ5wJVnlqyyNQGcJ3ZOSiBHwzO/nIDjJCSRwgxJ2bWtWLkpEopiRsZFJ5EkRniI+qSraYRCIt108sYYHmklgD0udEUKTtTfEykKpRyFvu7MTpazXib+53UT1bt0UxrFiSIRni7qJQwqDrNMYEAFwYqNNEFYUH0rxAMkEFY6uaIOwZ59eZ60Tst2pVy5PStVa3kcBbAPDsExsMEFqII6aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w8cE5ei</latexit>

MBH = 105 M�

[Caiozzo et al. (including BJK), 2512.09985]

https://arxiv.org/abs/2512.09985
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Dark Matter Mounds
<latexit sha1_base64="6v006ECpAaTn/RXeaaohXUkb68k=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSElEqxuh1E03QgX7gCaGyWTaDp1kwsxEKKErN/6KGxeKuPUb3Pk3TtostPXAhcM593LvPX7MqFSW9W0sLC4tr6wW1orrG5tb2+bObkvyRGDSxJxx0fGRJIxGpKmoYqQTC4JCn5G2P7zO/PYDEZLy6E6NYuKGqB/RHsVIackzD248J0RqIMK0Vh/DK2hb9+fOiVZ5wJVnlqyyNQGcJ3ZOSiBHwzO/nIDjJCSRwgxJ2bWtWLkpEopiRsZFJ5EkRniI+qSraYRCIt108sYYHmklgD0udEUKTtTfEykKpRyFvu7MTpazXib+53UT1bt0UxrFiSIRni7qJQwqDrNMYEAFwYqNNEFYUH0rxAMkEFY6uaIOwZ59eZ60Tst2pVy5PStVa3kcBbAPDsExsMEFqII6aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w8cE5ei</latexit>

MBH = 105 M�

[Caiozzo et al. (including BJK), 2512.09985] [Bertone et al. (including BJK), 2404.08731]

https://arxiv.org/abs/2512.09985
https://arxiv.org/abs/2404.08731
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Growth with stars

[Herrera et al., 2605.01023]

Consider spike growth including potential due to BH, DM and Stars:

https://arxiv.org/abs/2605.01023
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Spikes for particle physics!
[Hannuksela et al., 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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The Life of Dark Matter Spikes



14

DM Annihilation Signals
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[0806.2911]

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

⇢DM, local ⇠ 10�2 M�/pc
3 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, Freese et al., 
2202.01126, Balaji et al., 2303.12107]

Could be used to constrain DM annihilation around 
SMBHs and IMBHs in the Milky Way (but there are still 

many uncertainties)

<latexit sha1_base64="VDr1RcJETO20g3Y8afHp0/yhe2c="></latexit>

⇢DM = ⇢sp
⇣ rsp

r

⌘�sp

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1712.00452
https://arxiv.org/abs/2202.01126
https://arxiv.org/abs/2303.12107
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Blazar-boosted DM

M87

Blazars: SMBHs at the centres of distant galaxies launching relativistic jets towards us ( )γ ≳ 3

[E.g. Bhowmick et al., 2301.00209; Barillier et al., 2509.07265, De 
Marchi et al., 2507.12278]

Gain sensitivity due to enhanced DM density and boosted kinetic energy!

https://arxiv.org/abs/2301.00209
https://arxiv.org/abs/2509.07265
https://arxiv.org/abs/2507.12278
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Gravitational Waves (GW)

[LIGO/Virgo, arXiv:1602.03837]

An ~equal mass inspiral: GW150914

Intermediate and extreme mass ratio inspirals:

Binary may be observed during millions of orbits

Evolution of the GW signal can be used to trace the 
dynamical influence of the environment around 

the larger black hole

<latexit sha1_base64="5VwnjFHh6Olo0x7inlKQQkWthk0=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv98sVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD9zY2e</latexit>m1

<latexit sha1_base64="dbD0R8vOR85ULvP4a/BRYCg4TCQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoh6LXjxWtLXQLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqmzjVlLVoLGLdCYlhgivWstwK1kk0IzIU7DEc38z8xyemDY/Vg50kLJBkqHjEKbFOupf9Wr9c8areHHiV+DmpQI5mv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10FGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEratap/Ua3f1SuN6zyOIpzAKZyDD5fQgFtoQgsoDOEZXuENCfSC3tHHorWA8plj+AP0+QP/UY2f</latexit>m2

<latexit sha1_base64="tgLCcSNPHBZn3XdtfMYiBOazYIw=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrulqMeiF48V7Ae0y5JNs21okl2TbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4peNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4upv57TFVmsXy0UwS6gs8kCxiBBsr+SKoXorAQz3OkReUym7FnQOtEi8nZcjRCEpfvX5MUkGlIRxr3fXcxPgZVoYRTqfFXqppgskID2jXUokF1X42P3qKzq3SR1GsbEmD5urviQwLrScitJ0Cm6Fe9mbif143NdGNnzGZpIZKslgUpRyZGM0SQH2mKDF8YgkmitlbERlihYmxORVtCN7yy6ukVa14V5XaQ61cv83jKMApnMEFeHANdbiHBjSBwBM8wyu8OWPnxXl3Phata04+cwJ/4Hz+AMzfkNQ=</latexit>

m2/m1 ⌧ 1

https://arxiv.org/abs/1602.03837
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Title Text

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

Karydas et al. (including BJK), 2402.13053]

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Title Text

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

Karydas et al. (including BJK), 2402.13053]
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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Title Text

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

Karydas et al. (including BJK), 2402.13053]
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<latexit sha1_base64="utzPjDrd2uw10Rja94INBRDATt0="></latexit>

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

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

ĖDF ⇠ 4⇡G2m2
2⇢DM(r)⇠(v)

v
ln⇤

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
https://arxiv.org/abs/2402.13053
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“Dephasing”
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Feedback

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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Feedback

“Strength” of feedback scales 
roughly as q2 = (m2/m1)2

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

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3
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Can we measure this effect? [Code available online: https://github.com/adam-coogan/pydd]

?

[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]
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Laser Interferometer Space Antenna 

(planned for the 2030s)

[1907.06482]

fGW ∼ mHz − Hz

LISA

https://github.com/adam-coogan/pydd
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1907.06482
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Environmental Confusion

Generate waveform  
assuming:

Fit signal assuming:

<latexit sha1_base64="YO+W8EJrtFISuTHtt+Q7cYt4534=">AAAB+3icbVDLSsNAFJ3UV62vWpduBovgqiQi6rKoCzdCBfuAJpSb6aQdOpmEmYlYQn7FjQtF3Poj7vwbJ20W2npg4HDOvdwzx485U9q2v63Syura+kZ5s7K1vbO7V92vdVSUSELbJOKR7PmgKGeCtjXTnPZiSSH0Oe36k+vc7z5SqVgkHvQ0pl4II8ECRkAbaVCtuTeUa8BuCHpMgKd32aBatxv2DHiZOAWpowKtQfXLHUYkCanQhINSfceOtZeC1IxwmlXcRNEYyARGtG+ogJAqL51lz/CxUYY4iKR5QuOZ+nsjhVCpaeibyTyiWvRy8T+vn+jg0kuZiBNNBZkfChKOdYTzIvCQSUo0nxoCRDKTFZMxSCDa1FUxJTiLX14mndOGc944uz+rN6+KOsroEB2hE+SgC9REt6iF2oigJ/SMXtGblVkv1rv1MR8tWcXOAfoD6/MHxV6USQ==</latexit>

�M
<latexit sha1_base64="lHaNZVqypgnutbE2dtC534vAjzk=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkVwVRIRdVl047KCfUATws100g6dmYSZiVhCf8WNC0Xc+iPu/BsnbRbaemDgcM693DMnShlV2nW/rcra+sbmVnW7trO7t39gH9a7KskkJh2csET2I1CEUUE6mmpG+qkkwCNGetHktvB7j0QqmogHPU1JwGEkaEwxaCOFdt0fAecQ+hz0WPJcpbPQbrhNdw5nlXglaaAS7dD+8ocJzjgRGjNQauC5qQ5ykJpiRmY1P1MkBTyBERkYKoATFeTz7DPn1ChDJ06keUI7c/X3Rg5cqSmPzGQRUS17hfifN8h0fB3kVKSZJgIvDsUZc3TiFEU4QyoJ1mxqCGBJTVYHj0EC1qauminBW/7yKumeN73L5sX9RaN1U9ZRRcfoBJ0hD12hFrpDbdRBGD2hZ/SK3qyZ9WK9Wx+L0YpV7hyhP7A+fwC4eJTm</latexit>�sp

<latexit sha1_base64="hrUX3PxVMJHIPAlz2atug3EuLD4=">AAACEXicbVDLSsNAFJ34rPUVdekmWIQuSk20VpdFN26ECvYBTRomk2k7dJIJMxOhhPyCG3/FjQtF3Lpz5984abPQ1gMXDufcy733eBElQprmt7a0vLK6tl7YKG5ube/s6nv7bcFijnALMcp414MCUxLiliSS4m7EMQw8ijve+DrzOw+YC8LCezmJsBPAYUgGBEGpJFcv23zE3Lpd6VlmP7HOU7ty69rMZ/LEDqAc8SCJUNo/c1y9ZFbNKYxFYuWkBHI0Xf3L9hmKAxxKRKEQakEknQRySRDFadGOBY4gGsMh7ikawgALJ5l+lBrHSvGNAeOqQmlM1d8TCQyEmASe6syuFPNeJv7n9WI5uHQSEkaxxCGaLRrE1JDMyOIxfMIxknSiCEScqFsNNIIcIqlCLKoQrPmXF0n7tGrVq7W7WqlxlcdRAIfgCJSBBS5AA9yAJmgBBB7BM3gFb9qT9qK9ax+z1iUtnzkAf6B9/gAMa5yR</latexit>

⇢6 [10
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3]
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<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�

[Cole, Bertone, Coogan, Gaggero, Karydas, BJK, Spieksma, 
Tomaselli, 2211.01362, Nature Astronomy]

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

https://arxiv.org/abs/2211.01362
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N-body Simulations
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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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N-body Simulations

But N-body simulations are VERY slow!

<latexit sha1_base64="SdekFtBtIFFd0i/sFGwTwYCNJWg="></latexit>

�E =

Z �t

0

@ 

@t
dt

Close 

encounters

3-body ‘stirring’

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

�E = �E(b)

N-body simulations revealed an additional feedback effect…
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Monte Carlo Simulations

*Can also be adapted to study feedback from 
Dark Drag!

[Scarcella & BJK, 2510.11635, and in prep.]

<latexit sha1_base64="ybmH2GVHOZzXhps7IoelnAsaOgE=">AAAB/nicdVBLSwMxGMzWV62vVfHkJViECrLslrrd3ooiePBQwdpCuyzZNG1Dsw+SrFCXgn/FiwdFvPo7vPlvzLYVVHRIYJj5PjIZP2ZUSNP80HILi0vLK/nVwtr6xuaWvr1zI6KEY9LEEYt420eCMBqSpqSSkXbMCQp8Rlr+6CzzW7eECxqF13IcEzdAg5D2KUZSSZ6+V+oGSA4xYun55BhequPdHXl60TQqNdt0LKhIueqc1BQpV6q2U4OWYU5RBHM0PP2924twEpBQYoaE6FhmLN0UcUkxI5NCNxEkRniEBqSjaIgCItx0Gn8CD5XSg/2IqxtKOFW/b6QoEGIc+Goyyyp+e5n4l9dJZN9xUxrGiSQhnj3UTxiUEcy6gD3KCZZsrAjCnKqsEA8RR1iqxgqqhK+fwv/JTdmwbMO+qhTrp/M68mAfHIASsEAV1MEFaIAmwCAFD+AJPGv32qP2or3ORnPafGcX/ID29gm2vZS4</latexit>

(E , L, Lz)

Phase-space Monte Carlo simulations, in which we track integrals of motion of DM particles . 
(ℰ, L, Lz)
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At each orbit of the binary, we apply a kick 
 due to close encounters (‘dynamical 

friction’) and due to 3-body effects (‘stirring’). 
(Δℰ, ΔL, ΔLz)

Can now self-consistent track 
the DM spike evolution!

https://arxiv.org/abs/2510.11635
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The Death of Dark Matter Spikes?
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Density around Sgr A*

[Lacroix, 1801.01308]

https://arxiv.org/abs/1801.01308
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Major Mergers? [BJK, Gaggero & Bertone, 1805.09034]

But major (galaxy) mergers could replenish gas, leading to spike re-growth…

Roughly equal mass mergers could completely disrupt the DM spikes…

https://arxiv.org/abs/1805.09034
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Stellar Depletion [See also Sharpe et al., 2603.28866, Herrera et al., 2605.01023]

The motion of stars is well-known to dynamically ‘heat’ the DM distribution.

But, formalism cannot be trivially extended to , as number of enclosed stars drops below !r → 0 𝒪(1)

Smoothly cut off stellar density at low , and allow DM to diffuse in both  - inner density is preserved!r (ℰ, L)

Further in, the depletion due to individual 
stars can be treated using HaloFeedback. 

Find minimal depletion:

[Karydas et al. (including BJK), 2606.13761]

https://arxiv.org/abs/2603.28866
https://arxiv.org/abs/2605.01023
https://arxiv.org/abs/2606.13761
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Past EMRIs
Inner spike may be disrupted by ‘past’ EMRIs. 100s-1000s of mergers of stellar mass BHs with the SMBH. 

Previous works claim that the density is depleted exponentially, basically to nothing… [Sharpe et al., 2603.28866]
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We find only a mild suppression of the spike!

Close encounters with the orbiting object 
may completely eject DM particles (which 
would lead to exponential depletion)

But non-ejecting encounters tend to 
redistribute DM orbits, making them harder 
to deplete, and ‘refilling’ the depletion earlier 
in the inspiral.

This ‘slower-than-exponential’ depletion is 
observed in HaloFeedback, in N-body 
simulations and in Monte Carlo simulations!

https://arxiv.org/abs/2603.28866


31

New and Improved Feedback™

<latexit sha1_base64="dzKOyb+72326J5tiWlYFGtyrfbo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiUl0W3bisaB/QhDCZTtuhk0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3RArypmgLc00p91EUhyFnHbC8V3udyZUKhaLJz1NqB/hoWADRrA2UmDbruNdyMCLsB7JKHucBXbVqTlzoFXiFqQKBZqB/eX1Y5JGVGjCsVI910m0n2GpGeF0VvFSRRNMxnhIe4YKHFHlZ/PkM3RmlD4axNI8odFc/b2R4UipaRSayTyhWvZy8T+vl+rBjZ8xkaSaCrI4NEg50jHKa0B9JinRfGoIJpKZrIiMsMREm7IqpgR3+curpH1Zc+u1+sNVtXFb1FGGEziFc3DhGhpwD01oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP/R0k0A=</latexit>

10 rS
<latexit sha1_base64="VzDcTvswqmObXoTc9ogRdiSva7w=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSElEqsuiG5cV7QOaECbTSTt0ZhJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cMGFUacf5tlZW19Y3Nitb1e2d3b19+6DWVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3BR+75FIRWPxoKcJ8TkaCRpRjLSRArvmOg70zmTgcaTHkmf3eWDXnYYzA1wmbknqoEQ7sL+8YYxTToTGDCk1cJ1E+xmSmmJG8qqXKpIgPEEjMjBUIE6Un82y5/DEKEMYxdI8oeFM/b2RIa7UlIdmskioFr1C/M8bpDq68jMqklQTgeeHopRBHcOiCDikkmDNpoYgLKnJCvEYSYS1qatqSnAXv7xMuucNt9lo3l3UW9dlHRVwBI7BKXDBJWiBW9AGHYDBE3gGr+DNyq0X6936mI+uWOXOIfgD6/MHvVmTpA==</latexit>

100 rS

<latexit sha1_base64="zIwN4sUkTOGPJ2L9n4pXJsEpGA8=">AAACFnicbVDLSgMxFM34rPVVdekmWIQKtczUUt0IRTduhAr2AZ06ZNK0BpPJkNwRSulXuPFX3LhQxK24829MHwutHgg5nHMv994TxoIbcN0vZ25+YXFpObWSXl1b39jMbG3XjUo0ZTWqhNLNkBgmeMRqwEGwZqwZkaFgjfDufOQ37pk2XEXX0I9ZW5JexLucErBSkDnMycDL+3ksg+IBPsW5kg9cMoM996ZsdfsdHfj5y8BXHQVBJusW3DHwX+JNSRZNUQ0yn35H0USyCKggxrQ8N4b2gGjgVLBh2k8Miwm9Iz3WsjQidnR7MD5riPet0sFdpe2LAI/Vnx0DIo3py9BWSgK3ZtYbif95rQS6J+0Bj+IEWEQng7qJwKDwKCPc4ZpREH1LCNXc7orpLdGEgk0ybUPwZk/+S+rFglculK9K2crZNI4U2kV7KIc8dIwq6AJVUQ1R9ICe0At6dR6dZ+fNeZ+UzjnTnh30C87HNzlFmxk=</latexit>

(m1, m2) = (4⇥ 106, 103)M�

“Strength” of feedback scales 
roughly as q2 = (m2/m1)2

Study feedback using newer MC simulations:
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New and Improved Feedback™

<latexit sha1_base64="dzKOyb+72326J5tiWlYFGtyrfbo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiUl0W3bisaB/QhDCZTtuhk0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmhAlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSWiLxDyW3RArypmgLc00p91EUhyFnHbC8V3udyZUKhaLJz1NqB/hoWADRrA2UmDbruNdyMCLsB7JKHucBXbVqTlzoFXiFqQKBZqB/eX1Y5JGVGjCsVI910m0n2GpGeF0VvFSRRNMxnhIe4YKHFHlZ/PkM3RmlD4axNI8odFc/b2R4UipaRSayTyhWvZy8T+vl+rBjZ8xkaSaCrI4NEg50jHKa0B9JinRfGoIJpKZrIiMsMREm7IqpgR3+curpH1Zc+u1+sNVtXFb1FGGEziFc3DhGhpwD01oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP/R0k0A=</latexit>

10 rS
<latexit sha1_base64="VzDcTvswqmObXoTc9ogRdiSva7w=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSElEqsuiG5cV7QOaECbTSTt0ZhJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cMGFUacf5tlZW19Y3Nitb1e2d3b19+6DWVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3BR+75FIRWPxoKcJ8TkaCRpRjLSRArvmOg70zmTgcaTHkmf3eWDXnYYzA1wmbknqoEQ7sL+8YYxTToTGDCk1cJ1E+xmSmmJG8qqXKpIgPEEjMjBUIE6Un82y5/DEKEMYxdI8oeFM/b2RIa7UlIdmskioFr1C/M8bpDq68jMqklQTgeeHopRBHcOiCDikkmDNpoYgLKnJCvEYSYS1qatqSnAXv7xMuucNt9lo3l3UW9dlHRVwBI7BKXDBJWiBW9AGHYDBE3gGr+DNyq0X6936mI+uWOXOIfgD6/MHvVmTpA==</latexit>

100 rS

<latexit sha1_base64="zIwN4sUkTOGPJ2L9n4pXJsEpGA8=">AAACFnicbVDLSgMxFM34rPVVdekmWIQKtczUUt0IRTduhAr2AZ06ZNK0BpPJkNwRSulXuPFX3LhQxK24829MHwutHgg5nHMv994TxoIbcN0vZ25+YXFpObWSXl1b39jMbG3XjUo0ZTWqhNLNkBgmeMRqwEGwZqwZkaFgjfDufOQ37pk2XEXX0I9ZW5JexLucErBSkDnMycDL+3ksg+IBPsW5kg9cMoM996ZsdfsdHfj5y8BXHQVBJusW3DHwX+JNSRZNUQ0yn35H0USyCKggxrQ8N4b2gGjgVLBh2k8Miwm9Iz3WsjQidnR7MD5riPet0sFdpe2LAI/Vnx0DIo3py9BWSgK3ZtYbif95rQS6J+0Bj+IEWEQng7qJwKDwKCPc4ZpREH1LCNXc7orpLdGEgk0ybUPwZk/+S+rFglculK9K2crZNI4U2kV7KIc8dIwq6AJVUQ1R9ICe0At6dR6dZ+fNeZ+UzjnTnh30C87HNzlFmxk=</latexit>

(m1, m2) = (4⇥ 106, 103)M�

“Strength” of feedback scales 
roughly as q2 = (m2/m1)2

Study feedback using newer MC simulations:
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Dark Matter in the Galactic Center
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Similar calculations could be 

applied to extra-galactic SMBHs.

[Karydas et al. (including BJK), 2606.13761]

https://arxiv.org/abs/2606.13761
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Open Questions/Caveats

• Are spikes guaranteed to form? What fraction of SMBHs host spikes? 

• What is the population of DM spikes in the Universe? A statistical approach

• How much does growth/regrowth affect the DM spike profile? 

Birth - there exists a feasible mechanism to produce DM spikes

Life - DM spikes produce detectable effects in GWs, boosted DM, etc

Death - mergers and dynamical effects may (partially) disrupt the spike

• How can we search for these effects? 

• How much does feedback play a role? 

• Can particle-like interactions with DM deplete the spike? 

• How do major mergers deplete the spike? How common are they? A statistical approach

• How do accretion disks and jets affect the stability of the spike? 

• Can we develop more detailed feedback formalisms, to understand stellar feedback, EMRIs, etc.
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A collective effort

Pratibha Jangra 

(IFCA, Santander)

Gianfranco Bertone

 (GRAPPA, Amsterdam)

Pippa Cole 

(Queen Mary, London)

Pierfrancesco di Cintio

(Florence)

Daniele Gaggero 

(INFN, Pisa)

Pratika Dayal

(Groningen University)

Francesca Scarcella

(IFCA, Santander)

Roberto Caiozzo

(SISSA, Trieste)

Theophanes Karydas

(GRAPPA, Amsterdam)

Abram Perez Herrero

(IFCA, Santander)

[Special thanks also to Sonic Adventure 2 for graphic design inspiration]
…and others.
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Pratibha Jangra 

(IFCA, Santander)

Gianfranco Bertone

 (GRAPPA, Amsterdam)

Pippa Cole 

(Queen Mary, London)

Pierfrancesco di Cintio

(Florence)

Daniele Gaggero 

(INFN, Pisa)

Pratika Dayal

(Groningen University)

Francesca Scarcella

(IFCA, Santander)

Roberto Caiozzo

(SISSA, Trieste)

Theophanes Karydas

(GRAPPA, Amsterdam)

Abram Perez Herrero

(IFCA, Santander)

[Special thanks also to Sonic Adventure 2 for graphic design inspiration]

Thank you!

…and others.
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Backup Slides
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PBH Spikes

[Bertschinger  (1985)]

[0706.0864, 1901.08528]

High redshift (early time)

large background density low background density

Low redshift (later time)

Primordial Black Holes (PBHs) seed the formation of DM spikes:

By matter-radiation equality, 

�(r) � r�9/4
<latexit sha1_base64="cPra1wi3LZF5g3ITOFQlcavnrAY=">AAACAXicbVDLSgMxFM34rPU16kZwEyxCXVhnakHdSMGNywr2AZ2xZNJMG5pJhiQjlKFu/BU3LhRx61+4829M21lo64HA4Zx7uTkniBlV2nG+rYXFpeWV1dxafn1jc2vb3tltKJFITOpYMCFbAVKEUU7qmmpGWrEkKAoYaQaD67HffCBSUcHv9DAmfoR6nIYUI22kjr3vyb4oymPoxVLEWkB5n55cnlZGHbvglJwJ4DxxM1IAGWod+8vrCpxEhGvMkFJt14m1nyKpKWZklPcSRWKEB6hH2oZyFBHlp5MEI3hklC4MhTSPazhRf2+kKFJqGAVmMkK6r2a9sfif1050eOGnlMeJJhxPD4UJgybpuA7YpZJgzYaGICyp+SvEfSQR1qa0vCnBnY08TxrlkntWKt9WCtWrrI4cOACHoAhccA6q4AbUQB1g8AiewSt4s56sF+vd+piOLljZzh74A+vzB9RtldQ=</latexit>

<latexit sha1_base64="m1VYYElMONi7atEkK83WnPl0JWM=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRKR6rLUTTdCBfuAJoTJdNIOnUnCzEQoIT/gxl9x40IRt+7d+TdO2oDaeuDC4Zx7ufceP2ZUKsv6Mkorq2vrG+XNytb2zu6euX/QlVEiMOngiEWi7yNJGA1JR1HFSD8WBHGfkZ4/uc793j0RkkbhnZrGxOVoFNKAYqS05JknN57DkRoLnsqYTkgGHUk5/FHbzVbmmVWrZs0Al4ldkCoo0PbMT2cY4YSTUGGGpBzYVqzcFAlFMSNZxUkkiRGeoBEZaBoiTqSbzr7J4KlWhjCIhK5QwZn6eyJFXMop93VnfqNc9HLxP2+QqODKTWkYJ4qEeL4oSBhUEcyjgUMqCFZsqgnCgupbIR4jgbDSAVZ0CPbiy8uke16z67X67UW10SziKIMjcAzOgA0uQQO0QBt0AAYP4Am8gFfj0Xg23oz3eWvJKGYOwR8YH9/Re5wL</latexit>

Mspike ⇠ MPBH

<latexit sha1_base64="cXYLUWUJRvD8lKeDPPNaYDwee28="></latexit>

rsp(z) = 0.0063

✓
MPBH

M�

◆✓
1 + zeq
1 + z

◆
pc

https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1901.08528
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[Animations online]

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

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0
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“Dephasing” ( )ΔNGW

[Animations online]

https://www.dropbox.com/scl/fo/nzo51ukw7od95zbppeoc9/AEI1m05VStItyHVBlpdUh2E?rlkey=iy8h8rzgfwwiir6y3k4jutqeh&dl=0
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GW Probes of Dark Matter
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[Bertone, Croon, et al (including BJK), 1907.10610]

[See also the talk by Paolo 
Pani this afternoon!]

Can be used to probe Dark Matter overdensities almost independently 
of Dark Matter mass and particle physics properties 

https://arxiv.org/abs/1907.10610
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Compact Object DM
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235, 

2002.12778, 2006.02838]

[Stegmann et al., 1910.04793]

DM in the form of compact 
objects (e.g. black holes) 

dynamically heats the stars in 
dwarf galaxies, disrupting the 

stellar density profiles

Constraints on primordial black hole as DM:

http://github.com/bradkav/PBHbounds
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/1801.05235
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2006.02838
https://arxiv.org/abs/1910.04793

