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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


10°20 10°10 1 1010 1020 1030 1040 1050 1060 1070

Dark Matter Candidate Mass [eV]

BH-Boson
condensate

BH spin
distribution

EMRI/IMRI dephasing

Rolling
axions

Rolling
axions

QCD Axion
(GW/Radio)

Hidden sector
scalars

PBH
mergers

PBH/sub-halo
transits

DM production
by bubble collisions

Axion
forces

Dark blobs

Boson star
binaries

Axion
DM

Dark Photon DM

1 MØ

GW probes of DM

2

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[Bertone, Croon, et al (including BJK), 1907.10610]
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Intermediate Mass Ratio Inspiral (IMRI)
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ĖGW � 32G4
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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)

<latexit sha1_base64="Df17YiRKr4e7FnI4bJlhtMJDbBU="></latexit>

fISCO = 0.44
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◆
HzUntil the innermost stable circular orbit:

Detectable at LISA frequencies: 
 fGW ∼ 10−2 − 1 Hz

NS/ 
BHIMBH

[1702.00786]

https://arxiv.org/abs/1702.00786


Dark Matter Spikes
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Consider now a cold DM ‘spike’ or ‘dress’ 
around the central BH (not to be confused 
with ultralight boson clouds). <latexit sha1_base64="hIgVGm0DjilLF2SMVXOZTvJYBaQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAoIqXM1KJulIIbN0IFe4HOOGTStA1NJkOSEcrQd3Djq7hxoYhbN+58G9N2Ftr6Q+DnO+dwcv4gYlRp2/62MguLS8sr2dXc2vrG5lZ+e6ehRCwxqWPBhGwFSBFGQ1LXVDPSiiRBPGCkGQyuxvXmA5GKivBODyPicdQLaZdipA3y88fcd+DhBXTs+xO3eOO7oiO06+a4X55g6BZhSv18wS7ZE8F546SmAFLV/PyX2xE45iTUmCGl2o4daS9BUlPMyCjnxopECA9Qj7SNDREnyksmN43ggSEd2BXSvFDDCf09kSCu1JAHppMj3VeztTH8r9aOdffcS2gYxZqEeLqoGzOoBRwHBDtUEqzZ0BiEJTV/hbiPJMLaxJgzITizJ8+bRrnknJYqt5VC9TKNIwv2wD44Ag44A1VwDWqgDjB4BM/gFbxZT9aL9W59TFszVjqzC/7I+vwBoxaaRg==</latexit>

m1 = 103 M�

m2 = 1M�
<latexit sha1_base64="ndw/pLhFUC+xTF9bLaFWop6ULrQ="></latexit>

⇢DM = ⇢6
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<latexit sha1_base64="FvgAa+mRFWwYNPag7c9E5vblQgA="></latexit>

�sp = 9/4 ⇡ 2.25

⇢6 ⇡ 5.35⇥ 1015 M� pc�3

[Bertschinger  (1985), astro-ph/0608642, 
1901.08528, …]

Astrophysical scenario
<latexit sha1_base64="73bo0Kw0hIZ2gbde230T/RJm8gE="></latexit>

�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3

[astro-ph/9906391, astro-ph/0509565, 
1305.2619, …]

…depending on a number of environmental factors…

Study the following benchmarks:

https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528
https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
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<latexit sha1_base64="6vqhkvARuGOKftU2WQBmzV2UA90="></latexit>

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

[See e.g. Eda et al. 1301.5971, 1408.3534]

[Chandrasekhar, 1943]

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C


Nature of Dark Matter
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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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<latexit sha1_base64="nEfmXARsNYYogTcI0iRFl6gGocc=">AAAB+XicbVDLSgMxFL3js9bXqEs3g0VwY5mpgi5LdVEXhQr2Ae1QMmnahiaZIckUytA/ceNCEbf+iTv/xkw7C209EDiccy/35AQRo0q77re1tr6xubWd28nv7u0fHNpHx00VxhKTBg5ZKNsBUoRRQRqaakbakSSIB4y0gvFd6rcmRCoaiic9jYjP0VDQAcVIG6ln212O9Ejy5KFWqV7e12Y9u+AW3TmcVeJlpAAZ6j37q9sPccyJ0JghpTqeG2k/QVJTzMgs340ViRAeoyHpGCoQJ8pP5slnzrlR+s4glOYJ7czV3xsJ4kpNeWAm05xq2UvF/7xOrAe3fkJFFGsi8OLQIGaODp20BqdPJcGaTQ1BWFKT1cEjJBHWpqy8KcFb/vIqaZaK3lWx9HhdKFeyOnJwCmdwAR7cQBmqUIcGYJjAM7zCm5VYL9a79bEYXbOynRP4A+vzB7Gdkwo=</latexit>

NS
<latexit sha1_base64="JqqCBGkvhUcr1FlAc0j+0qnxCXE=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cSUV7QOmQ8mkmTY0kwzJHaEM/Qw3LhRx69e482/MtLPQ1gOBwzn3knNPmAhuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxTe53npg2XMlHmCQsiMlQ8ohTAlbyezGBkY6zu4dpv1J1a+4MeJl4BamiAs1+5as3UDSNmQQqiDG+5yYQZEQDp4JNy73UsITQMRky31JJYmaCbBZ5ik+tMsCR0vZJwDP190ZGYmMmcWgn84hm0cvF/zw/hegqyLhMUmCSzj+KUoFB4fx+POCaURATSwjV3GbFdEQ0oWBbKtsSvMWTl0m7XvPOa/X7i2rjuqijhI7RCTpDHrpEDXSLmqiFKFLoGb2iNwecF+fd+ZiPrjjFzhH6A+fzB4i4kWo=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

[Edwards, Chianese, BJK, Nissanke & Weniger, 
 1905.04686]

DM dephasing offers a unique 
multi-messenger signature of 

e.g. QCD axion DM

BUT - need to model the signal very carefully…

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1905.04686


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

Halo Feedback
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bmax
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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


[BJK, Nichols, Gaggero, Bertone, 2002.12811]Full evolution of the system
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Movies: tinyurl.com/GW4DM

Newtonian motion of the binary,  
Taking into account: 

• GW emission 
• Dynamical Friction 
• DM Halo Feedback

This is one of the reasons we 
want to look at IMRIs/EMRIs…

Density of the DM spike is 
depleted (and replenished…)

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


[BJK, Nichols, Gaggero, Bertone, 2002.12811]Full evolution of the system
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Movies: tinyurl.com/GW4DM

Newtonian motion of the binary,  
Taking into account: 

• GW emission 
• Dynamical Friction 
• DM Halo Feedback

This is one of the reasons we 
want to look at IMRIs/EMRIs…

Density of the DM spike is 
depleted (and replenished…)

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
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5 years to merger

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

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>

<latexit sha1_base64="4/TZfRwrhNTPsZJkBZbMOIQ2lzQ=">AAACE3icbZDLSgMxFIYz9VbH26hLN8GiiEiZqaW6EQpu3AgV7AU6dcikaRuaTIYkI5TSd3Djq7hxoYhbN+58G9NpQW39IfDznXM4OX8YM6q0635ZmYXFpeWV7Kq9tr6xueVs79SUSCQmVSyYkI0QKcJoRKqaakYasSSIh4zUw/7luF6/J1JREd3qQUxaHHUj2qEYaYMC55gHHjy8gJ57dwr9k+vAF22hfd/mQSHlPzBwcm7eTQXnjTc1OTBVJXA+/bbACSeRxgwp1fTcWLeGSGqKGRnZfqJIjHAfdUnT2AhxolrD9KYRPDCkDTtCmhdpmNLfE0PElRrw0HRypHtqtjaG/9Waie6ct4Y0ihNNIjxZ1EkY1AKOA4JtKgnWbGAMwpKav0LcQxJhbWK0TQje7MnzplbIe6V88aaYK5emcWTBHtgHR8ADZ6AMrkAFVAEGD+AJvIBX69F6tt6s90lrxprO7II/sj6+AZ0Mmj4=</latexit>

m1 = 103 M�

m2 = 1M�

<latexit sha1_base64="hXScgj36Z1CNHEh3hE5G7zt2gjM="></latexit>

�Ncycles ⇠ O(104) cycles ⇠ % level

DM dephasing

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

https://arxiv.org/abs/2002.12811


A more realistic scenario

10

Want to address questions of: 

• Detectability - is the event loud enough to detect? 

• Discoverability - can we tell it apart from a GR-in-vacuum 
waveform? 

• Measurability - can we pin down the properties of the system 
(especially the DM)?

?

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

https://arxiv.org/abs/2108.04154


Detectability
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101 102 103

 [M ]

100

101

102

103

104

 [M
pc

]

15

SNR

[1905.11998] 

<latexit sha1_base64="Z55IrZI/xJA9njonv+cQoVm80x8="></latexit>

M =
(m1m2)

3/5

(m1 +m2)
1/5

A signal may be detectable with LISA using matched filtering with a signal-to-noise ratio (SNR) …≳ 15

NB: Presence of the dark dress  
does not substantially affect SNR

<latexit sha1_base64="1SxxSVEB+jlvG/1qUeedNDm4NxY="></latexit>

ha | bi = 4Re

Z 1

0
df

ã(f)⇤b̃(f)

Sn(f)

Match between waveforms  and  
defined as:

a b

<latexit sha1_base64="wvLmPEQik4gkLgO2aVDk7XNWuj8=">AAACGnicbVDLSgMxFM34rPVVdekmWIS6KTNSVASh4MaV1Ecf0Cklk6ZtaCYZkztCGfsdbvwVNy4UcSdu/BvTx0JbDwROzrk3ufcEkeAGXPfbmZtfWFxaTq2kV9fWNzYzW9sVo2JNWZkqoXQtIIYJLlkZOAhWizQjYSBYNeidD/3qPdOGK3kL/Yg1QtKRvM0pASs1M56vIqYJKC1JyJKby+tBzhyc+eZOQ+ILIjuCYYMfsPH16DJoZrJu3h0BzxJvQrJoglIz8+m3FI1DJoEKYkzdcyNoJEQDp/a9tB8bFhHaIx1Wt3Q4h2kko9UGeN8qLdxW2h4JeKT+7khIaEw/DGxlSKBrpr2h+J9Xj6F90ki4jGJgko4/ascCg8LDnHCLa0ZB9C0hVHM7K6ZdogkFm2bahuBNrzxLKod57yhfuCpki6eTOFJoF+2hHPLQMSqiC1RCZUTRI3pGr+jNeXJenHfnY1w650x6dtAfOF8//KWhbw==</latexit>

SNR(s) =
p
hs|si

Optimal SNR for waveform  is then:s

LISA noise curve

https://arxiv.org/abs/1905.11998


Discoverability

12

<latexit sha1_base64="ZDGJV/e+VeGtQnhYJ4h2uUmKCGM=">AAACKXicbZDLSsNAFIYn9VbrLerSzWAR2k1JpKi4KirisoK9QFPKZDJph04uzkwKJeZ13PgqbhQUdeuLOGlT0NYfBn6+cw5zzm+HjAppGJ9abml5ZXUtv17Y2Nza3tF395oiiDgmDRywgLdtJAijPmlIKhlph5wgz2akZQ8v03prRLiggX8nxyHpeqjvU5diJBXq6TXLQ3LAvfjiOik5ZWiR+4iOoOVyhOOw5MCHWcNVUk6mBM5QU6GeXjQqxkRw0ZiZKYJM9Z7+ajkBjjziS8yQEB3TCGU3RlxSzEhSsCJBQoSHqE86yvrII6IbTy5N4JEiDnQDrp4v4YT+noiRJ8TYs1VnuqOYr6Xwv1onku5ZN6Z+GEni4+lHbsSgDGAaG3QoJ1iysTIIc6p2hXiAVEhShVtQIZjzJy+a5nHFPKlUb6vF2nkWRx4cgENQAiY4BTVwA+qgATB4BM/gDbxrT9qL9qF9TVtzWjazD/5I+/4Btsym6g==</latexit>

BF(d) ⌘ p(d|D)

p(d|V)

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

q = m2/m1

Compare Bayesian evidence for 
Vacuum and Dressed systems:

<latexit sha1_base64="v0uNTmmXd3SakZoeDt2+QZOEjuU="></latexit>

p(d) =

Z
d✓L(✓)p(✓)

Astro  
Scenario

PBH 
Scenario

Prior

Likelihood

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

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

✓D = {�sp, ⇢6,M, log10 q}
<latexit sha1_base64="TdIwC8Dj2+6vZhyszre0Nvh9URc="></latexit>

✓ext ⌘
�
DL,�c, t̃c

 

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

✓V = {M}

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

Use an approximate waveform 
parametrisation in terms of θD

https://github.com/adam-coogan/pydd
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Measurability
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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�
<latexit sha1_base64="73bo0Kw0hIZ2gbde230T/RJm8gE="></latexit>

�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3
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We may be able to distinguish 
different shapes of spike  
→ Different DM models and 

formation mechanisms!
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Plans for the future
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• Injection and evolution of angular momentum in the spike 
• Orbital eccentricity 
• Post-Newtonian corrections 
• Better N-body approaches [AMUSE?]

Improved modelling

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

Detection prospects
• How many IMRI systems form? How many with BH/NSs? 
• How many systems have a (surviving) spike? 
• Comparison with dephasing due to baryons, or due to 

ultralight bosons (gravitational atoms) 
• What about ground-based detectors? Low mass PBHs?

Gianfranco Bertone 
 (GRAPPA, Amsterdam)

Pippa Cole  
(GRAPPA, Amsterdam)

Adam Coogan 
(Mila, Montreal)

Jose Maria Diego  
(IFCA, Santander)

Daniele Gaggero  
(IFT, Madrid)

Francesca Scarcella 
(IFT, Madrid)

Pratibha Jangra  
(IFCA, Santander)

David Nichols 
(U. Virginia)

…and others…

https://amusecode.github.io
https://arxiv.org/abs/2004.06729


Low mass PBH binaries

15

Low mass PBH binaries could be 
detected with ground based detectors 

such as LIGO or Einstein Telescope

[1906.08217]

PRELIMINARY

https://arxiv.org/abs/1906.08217


These signals could probe the nature of Dark Matter and pave 
the way towards a multi-messenger detection of Dark Matter

Conclusions

16

NS/BHIMBH

Dark Matter ‘de-phasing’ is an extremely promising GW signature, 
which needs to be modelled carefully

With LISA, such systems should be detectable, discoverable 
against vacuum-only systems, and the properties measurable.

There are lots of open questions remaining, 
but they’re well worth answering!

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

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

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1905.04686


These signals could probe the nature of Dark Matter and pave 
the way towards a multi-messenger detection of Dark Matter

Conclusions

16

NS/BHIMBH

Dark Matter ‘de-phasing’ is an extremely promising GW signature, 
which needs to be modelled carefully

With LISA, such systems should be detectable, discoverable 
against vacuum-only systems, and the properties measurable.

There are lots of open questions remaining, 
but they’re well worth answering! Thank you!

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

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

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

https://arxiv.org/abs/2002.12811
https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/1905.04686


Backup Slides
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Low mass PBHs

PRELIMINARY
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N-body results
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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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§ = 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
v2
0

GmNS

=
bmax

q r2

= 1/
�

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/v2
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
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Phase parametrisation
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<latexit sha1_base64="GU1YfNNwvNfPItcOFKc7oxA6x/M="></latexit>

�̂(f) ⌘ �V(f)

⇥
n
1� ⌘y��

h
1� 2 F1

⇣
1,#, 1 + #,�y�

5
3#

⌘io

<latexit sha1_base64="GMW85AUOWQ9O+IdD9pRsA8dCrbA="></latexit>

# =
5

2�e
, � =

11� 2 (�sp + �e)

3
, ⌘ =

5 + 2�e
2 (8� �sp)

✓
feq
fb

◆ 11�2�sp
3
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[1803.08230, 1804.03145, 1811.01020, 1910.11907]

Axions and neutron stars

Produce a photon with axion energy ma � 10�6 eV � 240MHz

<latexit sha1_base64="fxDdqOvr24urpTjm7HnscYkykTU=">AAACIHicbZDLSsNAFIYnXmu9RV26GSyCCy1JKbYrKbjpRqhgL9DEMJlO26EzSZiZCDXkUdz4Km5cKKI7fRonbQVtPTDw8/3nMOf8fsSoVJb1aSwtr6yurec28ptb2zu75t5+S4axwKSJQxaKjo8kYTQgTUUVI51IEMR9Rtr+6DLz23dESBoGN2ocEZejQUD7FCOlkWdWuIegIymHtnWbnJ2n0Dl1OFJDwRPSSqdWqWxpDH/4Vf0+9cyCVbQmBReFPRMFMKuGZ344vRDHnAQKMyRl17Yi5SZIKIoZSfNOLEmE8AgNSFfLAHEi3WRyYAqPNenBfij0CxSc0N8TCeJSjrmvO7Md5byXwf+8bqz6VTehQRQrEuDpR/2YQRXCLC3Yo4JgxcZaICyo3hXiIRIIK51pXodgz5+8KFqlol0uVq/LhdrFLI4cOARH4ATYoAJqoA4aoAkweABP4AW8Go/Gs/FmvE9bl4zZzAH4U8bXN6MEoXM=</latexit>

Radio Signal

dP
d�

� 2 � pa��DM (rc) vcr
2
c

<latexit sha1_base64="8WRlxoWmXp52S5QaEJ1g6LwiOOA="></latexit>

Radiated power is given by:

pa� �
g2

a��B (rc)
2

2vc

<latexit sha1_base64="6ZYBPrHofchLp5vYGriqUWsOOuI="></latexit>

Conversion happens at a radius , with probability:rc

<latexit sha1_base64="3l6Yz4m7nHHoWtwGKS4sL//8BAQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUPFU8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+hEdSR5yRo2VHtSADcoVt+ouQNaJl5MK5GgOyl/9YczSCKVhgmrd89zE+BlVhjOBs1I/1ZhQNqEj7FkqaYTazxanzsiFVYYkjJUtachC/T2R0UjraRTYzoiasV715uJ/Xi814bWfcZmkBiVbLgpTQUxM5n+TIVfIjJhaQpni9lbCxlRRZmw6JRuCt/ryOmlfVb1atXZfqzRu8jiKcAbncAke1KEBd9CEFjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AFOMo3L</latexit>

Probe axions in the mass range 

ma � 10�7 eV

<latexit sha1_base64="6ipSYYKuj2PrGQchDdTQLvKdLkM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQksihXYlBTcuK9gHNDFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x0mahrQcuHM65l3vv8WNGpbKsb6O0srq2vlHerGxt7+zumfsHXRklApMOjlgk+j6ShNGQdBRVjPRjQRD3Gen5k+vc7z0QIWkU3qlpTFyORiENKEZKS555zD0EHUk5tK379KKROecOR2oseEq6mWdWrZo1A1wmdkGqoEDbM7+cYYQTTkKFGZJyYFuxclMkFMWMZBUnkSRGeIJGZKBpiDiRbjp7I4OnWhnCIBK6QgVn6u+JFHEpp9zXnfmJctHLxf+8QaKCppvSME4UCfF8UZAwqCKYZwKHVBCs2FQThAXVt0I8RgJhpZOr6BDsxZeXSfeyZtdrzdt6tXVVxFEGR+AEnAEbNEAL3IA26AAMHsEzeAVvxpPxYrwbH/PWklHMHII/MD5/AN3omCE=</latexit>

ma � 10�5 eV

<latexit sha1_base64="ziLehnDHlDKS/pJ2nJqG+bNhnzo=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQksiFbuSghuXFewDmhgm00k7dCYJMxOhhKzc+CtuXCji1m9w5984abPQ1gMXDufcy733+DGjUlnWt1FaWl5ZXSuvVzY2t7Z3zN29jowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98XXudx+IkDQK79QkJi5Hw5AGFCOlJc885B6CjqQc2tZ9enaROacOR2okeEo6mWdWrZo1BVwkdkGqoEDLM7+cQYQTTkKFGZKyb1uxclMkFMWMZBUnkSRGeIyGpK9piDiRbjp9I4PHWhnAIBK6QgWn6u+JFHEpJ9zXnfmJct7Lxf+8fqKChpvSME4UCfFsUZAwqCKYZwIHVBCs2EQThAXVt0I8QgJhpZOr6BDs+ZcXSee8Ztdrjdt6tXlVxFEGB+AInAAbXIImuAEt0AYYPIJn8ArejCfjxXg3PmatJaOY2Qd/YHz+ANrEmB8=</latexit>

up to

Frequency range of  
radio telescopes

Require conversion  
outside NS

https://arxiv.org/abs/1803.08230
https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1910.11907
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[Code online: github.com/bradkav/PBHbounds]
[Green & BJK, 2007.10722]

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]

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

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]

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

[Other reviews: 1801.05235,  
2002.12778, 2006.02838]

???

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

