
Bradley J Kavanagh 
GRAPPA, University of Amsterdam 

SLAP2019, 27th September 2019

@BradleyKavanagh

b.j.kavanagh@uva.nl

Detecting Dark Matter in the LISA era: 
Gravitational Waves from Intermediate Mass Ratio Inspirals

Powered by

mailto:b.j.kavanagh@uva.nl?subject=


Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs  2

Preliminary work in collaboration with:

Daniele Gaggero 
[IFT Madrid,  

formerly GRAPPA]

Gianfranco Bertone 
[GRAPPA]

David Nichols 
[University of Virginia, 

formerly GRAPPA]

but working closely with everyone at GRAPPA.



Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs

10�20 10�10 1 10 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 M�

GW probes of DM

 3

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]



Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs

10�20 10�10 1 10 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 M�

GW probes of DM

 4

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]



Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs

Intermediate Mass Ratio Inspiral (IMRI)
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LISA should detect ~ 3 - 10 IMRIs per year

NS/ 
BHIMBH

ĖGW � 32G4
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MIMBH
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r5
� (fGW)10/3

<latexit sha1_base64="I1iPPuIAVula+v38DDpNpD8tcZc="></latexit>

[1711.00483]

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)
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Dark Matter ‘Mini-spikes’
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[astro-ph/9906391, astro-ph/0501555, astro-ph/0501625, astro-ph/0509565, 0902.3665, 1305.2619]

�DM(r) = �sp

�rsp

r

��sp

<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
<latexit sha1_base64="Yuz9Y2pb3x/SsUUJgkjBWtIJHp0=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkFepGKbhxWcE+oAlhMp22Q2cmYWYilFA3/oobF4q49S/c+TdO2iy09cCFwzn3cu89Ycyo0o7zbRVWVtfWN4qbpa3tnd09e/+graJEYtLCEYtkN0SKMCpIS1PNSDeWBPGQkU44vsn8zgORikbiXk9i4nM0FHRAMdJGCuwjb4g4R4HHkR5Jnqp4Cq9g/bwW2GWn4swAl4mbkzLI0QzsL68f4YQToTFDSvVcJ9Z+iqSmmJFpyUsUiREeoyHpGSoQJ8pPZx9M4alR+nAQSVNCw5n6eyJFXKkJD01ndqha9DLxP6+X6MGln1IRJ5oIPF80SBjUEczigH0qCdZsYgjCkppbIR4hibA2oZVMCO7iy8ukXa24tUr17qLcuM7jKIJjcALOgAvqoAFuQRO0AAaP4Bm8gjfryXqx3q2PeWvBymcOwR9Ynz9pqpYv</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>
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Dynamical Friction
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IMBH

NS/BH

r0
<latexit sha1_base64="Bhm8L5IXQQ9ez0fX/yaDiqXbxs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwACVo2d</latexit>

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

ĖDF � 4�G2
NM2

NS�DM(r)

vNS
ln � � (fGW)

2
3 ��3

<latexit sha1_base64="vyRPgFdY1QFczRQXXBU8cvTwwyo="></latexit>

[Chandrasekhar, 1943]



Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs

IMRI + Dark Matter
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NS/ 
BHIMBH

DM makes the compact object spiral in faster, 
primarily due to dynamical friction

This can be seen in the rate at which the GW 
signal accumulates phase

‘De-phasing’
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[Eda et al. 1301.5971, 1408.3534]
[See also 1302.2646, 1404.7140, 1404.7149]

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 = 1 M�
<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>

tmerge � 5 yr
<latexit sha1_base64="gvlYW6vXts7SomwIq81SnRCTiMY=">AAACDnicbVBNS8NAEN34WetX1aOXxVLwICWpip6k4MVjBfsBTSmb7aRdupuE3Y0QQn6BF/+KFw+KePXszX/jto2grQ8GHu/NMDPPizhT2ra/rKXlldW19cJGcXNre2e3tLffUmEsKTRpyEPZ8YgCzgJoaqY5dCIJRHgc2t74euK370EqFgZ3OomgJ8gwYD6jRBupX6roviuIHkmRCpBDyLCrmMDn2D350ROZ9Utlu2pPgReJk5MyytHolz7dQUhjAYGmnCjVdexI91IiNaMcsqIbK4gIHZMhdA0NiADVS6fvZLhilAH2Q2kq0Hiq/p5IiVAqEZ7pnJyo5r2J+J/XjbV/2UtZEMUaAjpb5Mcc6xBPssEDJoFqnhhCqGTmVkxHRBKqTYJFE4Iz//IiadWqzmm1dntWrl/lcRTQITpCx8hBF6iOblADNRFFD+gJvaBX69F6tt6s91nrkpXPHKA/sD6+AYvHnGc=</latexit>

Need to know the signal to better 
than ~1 part in 106!

Small sep. Large sep.

Nvacuum
cycles � 2 � 107

<latexit sha1_base64="quTZvhDjFnDxz3dYCKWVFD5AkWA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJaqCspuHElFewDmjRMppN26EwSZiaFEPIjbvwVNy4UceFG/BunbQRtPTBw5tx7OfceL2JUKtP8Mgpr6xubW8Xt0s7u3v5B+fCoI8NYYNLGIQtFz0OSMBqQtqKKkV4kCOIeI11vcj2rd6dESBoG9yqJiMPRKKA+xUhpyS3Xb12bIzUWPMUJZkRmg5//FOE45hm0JeWwBm1FOZHQMgcNt1wxq+YccJVYOamAHC23/GEPQxxzEijMkJR9y4yUkyKhqPbMSnYsSYTwBI1IX9MAaScnnV+XwTOtDKEfCv0CBefq74kUcSkT7unO2eZyuTYT/6v1Y+VfOikNoliRAC+M/JhBFcJZVHBIBcGKJZogLKjeFeIxEggrHWhJh2Atn7xKOrWqdVGt3dUrzas8jiI4AafgHFigAZrgBrRAG2DwAJ7AC3g1Ho1n4814X7QWjHzmGPyB8fkN66GiVw==</latexit>
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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>

MIMBH = 104 M�
<latexit sha1_base64="h1UHgzqU09v9OpqVV0demn8shhI=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISWpBUUQim7qolDBPqCtYTKZtkMnmTAzEUrI2o2/4saFIm79Anf+jZO2iLYeuHA4517uvccNGZXKsr6MzMLi0vJKdjW3tr6xuWVu7zQkjwQmdcwZFy0XScJoQOqKKkZaoSDIdxlpusOr1G/eEyEpD27VKCRdH/UD2qMYKS055n7V6fhIDYQfX1cvKwm8gLZ1F5eSzrF2uMeVY+atgjUG/CH2LMmDKWqO+dnxOI58EijMkJRt2wpVN0ZCUcxIkutEkoQID1GftDUNkE9kNx6/ksBDrXiwx4WuQMGx+nsiRr6UI9/VnenZctZLxf+8dqR6Z92YBmGkSIAni3oRg4rDNBfoUUGwYiNNEBZU3wrxAAmElU4vp0OYe3meNIoF+6RQvCnly+fTOLJgDxyAI2CDU1AGFVADdYDBA3gCL+DVeDSejTfjfdKaMaYzu+APjI9vMtSZSQ==</latexit>

MIMBH = 103 M�
<latexit sha1_base64="JDDRFphl+vLq0WEFnhePoFQP9mM=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISVpBUUQim7qolDBPqCtYTKZtkMnmTAzEUrI2o2/4saFIm79Anf+jZO2iLYeuHA4517uvccNGZXKsr6MzMLi0vJKdjW3tr6xuWVu7zQkjwQmdcwZFy0XScJoQOqKKkZaoSDIdxlpusOr1G/eEyEpD27VKCRdH/UD2qMYKS055n7V6fhIDYQfX1cvKwm8gLZ1F5eSzrF2uMeVY+atgjUG/CH2LMmDKWqO+dnxOI58EijMkJRt2wpVN0ZCUcxIkutEkoQID1GftDUNkE9kNx6/ksBDrXiwx4WuQMGx+nsiRr6UI9/VnenZctZLxf+8dqR6Z92YBmGkSIAni3oRg4rDNBfoUUGwYiNNEBZU3wrxAAmElU4vp0OYe3meNIoFu1Qo3pzky+fTOLJgDxyAI2CDU1AGFVADdYDBA3gCL+DVeDSejTfjfdKaMaYzu+APjI9vMUaZSA==</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
<latexit sha1_base64="ymWjNlmrK8dG5BoL0kATGhA8u3I=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQKiquCG5cV7AOaECbTSTt0ZhJmJmIJ/RU3LhRx64+482+ctFlo64GBwzn3cs+cKGVUadf9ttbWNza3tis71d29/YND+6jWVUkmMenghCWyHyFFGBWko6lmpJ9KgnjESC+a3BZ+75FIRRPxoKcpCTgaCRpTjLSRQrvmjxDnKPQ50mPJc5XOQrvuNtw5nFXilaQOJdqh/eUPE5xxIjRmSKmB56Y6yJHUFDMyq/qZIinCEzQiA0MF4kQF+Tz7zDkzytCJE2me0M5c/b2RI67UlEdmsoiolr1C/M8bZDq+DnIq0kwTgReH4ow5OnGKIpwhlQRrNjUEYUlNVgePkURYm7qqpgRv+curpNtseBeN5v1lvXVT1lGBEziFc/DgClpwB23oAIYneIZXeLNm1ov1bn0sRtescucY/sD6/AG0cJTZ</latexit>

�sp
<latexit sha1_base64="ymWjNlmrK8dG5BoL0kATGhA8u3I=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclaQKiquCG5cV7AOaECbTSTt0ZhJmJmIJ/RU3LhRx64+482+ctFlo64GBwzn3cs+cKGVUadf9ttbWNza3tis71d29/YND+6jWVUkmMenghCWyHyFFGBWko6lmpJ9KgnjESC+a3BZ+75FIRRPxoKcpCTgaCRpTjLSRQrvmjxDnKPQ50mPJc5XOQrvuNtw5nFXilaQOJdqh/eUPE5xxIjRmSKmB56Y6yJHUFDMyq/qZIinCEzQiA0MF4kQF+Tz7zDkzytCJE2me0M5c/b2RI67UlEdmsoiolr1C/M8bZDq+DnIq0kwTgReH4ow5OnGKIpwhlQRrNjUEYUlNVgePkURYm7qqpgRv+curpNtseBeN5v1lvXVT1lGBEziFc/DgClpwB23oAIYneIZXeLNm1ov1bn0sRtescucY/sD6/AG0cJTZ</latexit>

�sp [M� pc�3]
<latexit sha1_base64="8v00vK1oWk7QSBkNh7KxOiSCjUI=">AAACGHicbZDLSsNAFIYn9VbrrerSzWARXGhNWkFxVXDjRqhgL9DEMJlM2qGTTJiZCCXkMdz4Km5cKOK2O9/GSVtBWw8MfPz/Ocw5vxczKpVpfhmFpeWV1bXiemljc2t7p7y715Y8EZi0MGdcdD0kCaMRaSmqGOnGgqDQY6TjDa9zv/NIhKQ8ulejmDgh6kc0oBgpLbnlM1sMuGuHSA1EmMo4g/ZJ79a1uc+Vxh8jxtlDelrPHLdcMavmpOAiWDOogFk13fLY9jlOQhIpzJCUPcuMlZMioShmJCvZiSQxwkPUJz2NEQqJdNLJYRk80ooPAy70ixScqL8nUhRKOQo93ZkvKue9XPzP6yUquHRSGsWJIhGefhQkDCoO85SgTwXBio00ICyo3hXiARIIK51lSYdgzZ+8CO1a1apXa3fnlcbVLI4iOACH4BhY4AI0wA1oghbA4Am8gDfwbjwbr8aH8TltLRizmX3wp4zxNyc+oG0=</latexit>
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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 � 2 � 107

<latexit sha1_base64="quTZvhDjFnDxz3dYCKWVFD5AkWA=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJaqCspuHElFewDmjRMppN26EwSZiaFEPIjbvwVNy4UceFG/BunbQRtPTBw5tx7OfceL2JUKtP8Mgpr6xubW8Xt0s7u3v5B+fCoI8NYYNLGIQtFz0OSMBqQtqKKkV4kCOIeI11vcj2rd6dESBoG9yqJiMPRKKA+xUhpyS3Xb12bIzUWPMUJZkRmg5//FOE45hm0JeWwBm1FOZHQMgcNt1wxq+YccJVYOamAHC23/GEPQxxzEijMkJR9y4yUkyKhqPbMSnYsSYTwBI1IX9MAaScnnV+XwTOtDKEfCv0CBefq74kUcSkT7unO2eZyuTYT/6v1Y+VfOikNoliRAC+M/JhBFcJZVHBIBcGKJZogLKjeFeIxEggrHWhJh2Atn7xKOrWqdVGt3dUrzas8jiI4AafgHFigAZrgBrRAG2DwAJ7AC3g1Ho1n4814X7QWjHzmGPyB8fkN66GiVw==</latexit>
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N-body simulations
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[astro-ph/0505010]
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GN = 6.674 � 10�8 m3 g�1s�2
<latexit sha1_base64="3uVFakNoqpYlAWkOBTIMAehRhrg="></latexit><latexit sha1_base64="3uVFakNoqpYlAWkOBTIMAehRhrg="></latexit><latexit sha1_base64="3uVFakNoqpYlAWkOBTIMAehRhrg="></latexit><latexit sha1_base64="3uVFakNoqpYlAWkOBTIMAehRhrg="></latexit>

High precision N-body sims

 13

Gadget-II code:

The Universe:
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N-body simulations
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M1 = 100 M�
M2 = 1 M�
r0 = 3 ⇥ 10�8 pc
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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Self-consistent evolution
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Phase space of DM described by  
distribution function         where f(E)

<latexit sha1_base64="GYPNIsRJG8omv8tRlm8rvBz3t3k=">AAAB9XicbVDLSsNAFL2pr1pfUZduBotQNyWpguKqIILLCvYBbSyT6aQdOpmEmYlSQv/DjQtF3Pov7vwbJ20W2npg4HDOvdwzx485U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFSUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj68zv/1IpWKRuNeTmHohHgoWMIK1kR6CSi/EekQwT2+mp3277FSdGdAycXNShhyNvv3VG0QkCanQhGOluq4Tay/FUjPC6bTUSxSNMRnjIe0aKnBIlZfOUk/RiVEGKIikeUKjmfp7I8WhUpPQN5NZRrXoZeJ/XjfRwaWXMhEnmgoyPxQkHOkIZRWgAZOUaD4xBBPJTFZERlhiok1RJVOCu/jlZdKqVd2zau3uvFy/yusowhEcQwVcuIA63EIDmkBAwjO8wpv1ZL1Y79bHfLRg5TuH8AfW5w8FMZIs</latexit>

Compact object scatters 
with all DM particles within 

‘torus’ of influence over one orbit

r0
<latexit sha1_base64="Bhm8L5IXQQ9ez0fX/yaDiqXbxs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPpuv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwACVo2d</latexit>

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

Each particle receives a ‘kick’ of 
typical size         through 
gravitational scattering:

�E
<latexit sha1_base64="uShifG9i6NHvrtl9Aaw55vzmFLk=">AAAB+3icbVDLSsNAFL3xWeur1qWbwSK4KkkVFFcFFVxWsA9oQplMJ+3QySTMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZ0rb9ba2srq1vbJa2yts7u3v7lYNqR0WJJLRNIh7Jno8V5UzQtmaa014sKQ59Trv+5Dr3u49UKhaJBz2NqRfikWABI1gbaVCpujeUa4zcEOsxwTy9zQaVml23Z0DLxClIDQq0BpUvdxiRJKRCE46V6jt2rL0US80Ip1nZTRSNMZngEe0bKnBIlZfOsmfoxChDFETSPKHRTP29keJQqWnom8k8olr0cvE/r5/o4NJLmYgTTQWZHwoSjnSE8iLQkElKNJ8agolkJisiYywx0aausinBWfzyMuk06s5ZvXF/XmteFXWU4AiO4RQcuIAm3EEL2kDgCZ7hFd6szHqx3q2P+eiKVewcwh9Ynz+1LpQ0</latexit>

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>
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Self-consistent evolution

 16

Torb
df(E)

dt
= �f(E)Pscatter(r0, E)

+

�
E

E + �E

�5/2

f(E � �E)Pscatter(r0, E � �E)
<latexit sha1_base64="+3HlcNsyIoEZso6krzbdiXxggFM="></latexit>

Assuming orbit evolves slowly compared to the orbital period:

Density profile (and therefore dynamical friction force) can then be 
determined self-consistently from the distribution function

- roughly the fraction of DM particles with energy  
which lie within a distance bmax from the NS orbit

E
<latexit sha1_base64="QZQu15yS09oqEThaHUpC5F0hCa8=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQXFVEMFlBfuA6VAyaaYNzSRDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vsxNmOCeXY3G1Rrbt2dA60SryA1KNAaVL/6Q0nSmApDONba99zEBBlWhhFOZ5V+qmmCyQSPqG+pwDHVQTaPPENnVhmiSCr7hEFz9fdGhmOtp3FoJ/OIetnLxf88PzXRdZAxkaSGCrL4KEo5MhLl96MhU5QYPrUEE8VsVkTGWGFibEsVW4K3fPIq6TTq3kW98XBZa94UdZThBE7hHDy4gibcQwvaQEDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AXVIkVc=</latexit>Pscatter (r0, E)

<latexit sha1_base64="CnVIBMWuNEKNuOZSXcSqy+E5CFE=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQFCTNR0JMERPAYwSyQCUNPpyZp7FnorhHDMP/hxV/x4kERT4IH/8bOctDog4LHe1VU1fMTKTTa9pc1N7+wuLRcWCmurq1vbJa2tps6ThWHBo9lrNo+0yBFBA0UKKGdKGChL6Hl316M/NYdKC3i6AaHCXRD1o9EIDhDI3mlat3LXIR7pJk2GoLKc1dCgAfKy+z8iLohwwFnMrvMXSX6Azz0SmW7Yo9B/xJnSspkirpX+nB7MU9DiJBLpnXHsRPsZkyh4BLyoptqSBi/ZX3oGBqxEHQ3G/+W032j9GgQK1MR0rH6cyJjodbD0Dedo0v1rDcS//M6KQZn3UxESYoQ8cmiIJUUYzoKivaEAo5yaAjjSphbKR8wxbjJSBdNCM7sy39Js1pxjivV65Ny7XwaR4Hskj1yQBxySmrkitRJg3DyQJ7IC3m1Hq1n6816n7TOWdOZHfIL1uc3Bvqh/w==</latexit>
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Self-consistent evolution
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Torb
df(E)

dt
= �f(E)Pscatter(r0, E)

+

�
E

E + �E

�5/2

f(E � �E)Pscatter(r0, E � �E)
<latexit sha1_base64="+3HlcNsyIoEZso6krzbdiXxggFM="></latexit>

- roughly the fraction of DM particles with energy  
which lie within a distance bmax from the NS orbit

Assuming orbit evolves slowly compared to the orbital period:

E
<latexit sha1_base64="QZQu15yS09oqEThaHUpC5F0hCa8=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQXFVEMFlBfuA6VAyaaYNzSRDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vsxNmOCeXY3G1Rrbt2dA60SryA1KNAaVL/6Q0nSmApDONba99zEBBlWhhFOZ5V+qmmCyQSPqG+pwDHVQTaPPENnVhmiSCr7hEFz9fdGhmOtp3FoJ/OIetnLxf88PzXRdZAxkaSGCrL4KEo5MhLl96MhU5QYPrUEE8VsVkTGWGFibEsVW4K3fPIq6TTq3kW98XBZa94UdZThBE7hHDy4gibcQwvaQEDCM7zCm2OcF+fd+ViMlpxi5xj+wPn8AXVIkVc=</latexit>

Density profile (and therefore dynamical friction force) can then be 
determined self-consistently from the distribution function

Pscatter (r0, E)
<latexit sha1_base64="CnVIBMWuNEKNuOZSXcSqy+E5CFE=">AAACG3icbVDJSgNBEO1xjXGLevTSGAQFCTNR0JMERPAYwSyQCUNPpyZp7FnorhHDMP/hxV/x4kERT4IH/8bOctDog4LHe1VU1fMTKTTa9pc1N7+wuLRcWCmurq1vbJa2tps6ThWHBo9lrNo+0yBFBA0UKKGdKGChL6Hl316M/NYdKC3i6AaHCXRD1o9EIDhDI3mlat3LXIR7pJk2GoLKc1dCgAfKy+z8iLohwwFnMrvMXSX6Azz0SmW7Yo9B/xJnSspkirpX+nB7MU9DiJBLpnXHsRPsZkyh4BLyoptqSBi/ZX3oGBqxEHQ3G/+W032j9GgQK1MR0rH6cyJjodbD0Dedo0v1rDcS//M6KQZn3UxESYoQ8cmiIJUUYzoKivaEAo5yaAjjSphbKR8wxbjJSBdNCM7sy39Js1pxjivV65Ny7XwaR4Hskj1yQBxySmrkitRJg3DyQJ7IC3m1Hq1n6816n7TOWdOZHfIL1uc3Bvqh/w==</latexit>

Particles scattering from 

Particles scattering from 
E � �E � E

<latexit sha1_base64="YwXPE5f0o9f1nlSxboiM74L6R9o=">AAACInicbZDJSgNBEIZ7XGPcRj16aQyCF4cZ91wkoIJHBaNCZgg1nU7SpGehu0YJQ57Fi6/ixYOingQfxk4MEpcfGn6+qqKr/jCVQqPrvltj4xOTU9OFmeLs3PzCor20fKmTTDFeZYlM1HUImksR8yoKlPw6VRyiUPKrsHPUr1/dcKVFEl9gN+VBBK1YNAUDNKhul/0IsM1A5ic9ukmpf8wlAh2hvhKtNoJSye0opnW75DruQNR1dl2vvOfRb+INTYkMdVa3X/1GwrKIx8gkaF3z3BSDHBQKJnmv6Geap8A60OI1Y2OIuA7ywYk9um5IgzYTZV6MdEBHJ3KItO5Goens76h/1/rwv1otw+ZBkIs4zZDH7OujZiYpJrSfF20IxRnKrjHAlDC7UtYGBQxNqkUTgvf75L/mcsvxtp2t851S5XAYR4GskjWyQTyyTyrklJyRKmHkjjyQJ/Js3VuP1ov19tU6Zg1nVsgPWR+fUbGkLA==</latexit>

E � E + �E
<latexit sha1_base64="3S9KZtrclQ+DjXJlpegGsLXw11o=">AAACIXicdZDLSsNAFIYnXmu9RV26GSyCIJS0CnYlBRVcVrAXaEo5mU7boZNMmDlRSuiruPFV3LhQpDvxZUzaCvV2YODn+8/hnPm9UAqDjvNuLSwuLa+sZtay6xubW9v2zm7NqEgzXmVKKt3wwHApAl5FgZI3Qs3B9ySve4OL1K/fcW2ECm5xGPKWD71AdAUDTFDbLrk+YJ+BjK9G1NWi10fQWt3TeX5M3UsuEeZh284V8s6kqPNLfFk5MqtK2x67HcUinwfIJBjTLDghtmLQKJjko6wbGR4CG0CPNxMZgM9NK578cEQPE9KhXaWTFyCd0PmJGHxjhr6XdKYnmp9eCv/ymhF2S61YBGGEPGDTRd1IUlQ0jYt2hOYM5TARwLRIbqWsDxoYJqFm50P4X9SK+cJJvnhzmiufz+LIkH1yQI5IgZyRMrkmFVIljDyQJ/JCXq1H69l6s8bT1gVrNrNHvpX18QnfX6Pr</latexit>
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Evolution of density profile
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As a ‘test’, keep the NS fixed at a given radius and see how the  
DM halo reacts to its orbit:

~ 30 days
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Evolution of density profile
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Impact on de-phasing 
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How much shorter is the inspiral compared  
to the ‘vacuum’ case (with no DM?)

De-phasing drastically reduced - but still detectable!

Nvacuum
cycles � 2 � 107
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Survival of density profile
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How does the density profile evolve during and after the inspiral?

Initial separation

Initial density 
Density during inspiral 
Final density after inspiral
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Prospects for the future
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So far we’re in the early stages of exploring these effects: 

‣ For which binary parameters does this effect matter? 

‣ What if we go beyond circular orbits in the Newtonian regime? 

‣ How common are these DM halos around astrophysical BHs?

These signals are only detectable with dedicated templates,  
so careful signal modelling is needed.

Ultimately, aim to develop IMRI+DM template banks and  
study parameter reconstruction.
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Conclusions
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Important consequences for: 
‣ the survival of DM spikes  
 

‣ joint EM + GW signals 

‣ fermionic DM  

‣ detection of a broad range of  
DM candidates in the LISA era

Gravitational Wave signatures of Dark Matter in intermediate mass ratio 
inspirals are more subtle and less pronounced than previously believed - 

 but should still be detectable with LISA.

[See talk by Adam Coogan, 1905.01238]

[See talk by Marco Chianese, 1905.04686]

[See talk by Kenny Ng, 1906.11845]
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Conclusions
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Important consequences for: 
‣ the survival of DM spikes  
 

‣ joint EM + GW signals 

‣ fermionic DM  

‣ detection of a broad range of  
DM candidates in the LISA era

Thank you!

Gravitational Wave signatures of Dark Matter in intermediate mass ratio 
inspirals are more subtle and less pronounced than previously believed - 

 but should still be detectable with LISA.

[See talk by Adam Coogan, 1905.01238]

[See talk by Marco Chianese, 1905.04686]

[See talk by Kenny Ng, 1906.11845]
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Backup Slides

 25



Bradley J. Kavanagh (GRAPPA, Amsterdam) Detecting DM in the LISA era: GWs from IMRIs

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
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Total number of cycles
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Astrophysical BH binaries
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Astrophysical BH binaries could be 
formed dynamically, or through e.g.  

common envelope evolution:

[Banerjee, 1611.09357, 
LIGO-Virgo, 1602.03846, 
Elbert et al., 1703.02551, 

Stevenson et al., 1704.01352, 
and many others…] [1602.04531]
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N-body results

 29

102 103

IMBH mass, MIMBH [M�]

10�10

10�9

D
yn

am
ic

al
fr

ic
ti

on
en

er
gy

lo
ss

,
Ė
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⇤ = 1/q

⇤ = exp(3)

r0 = 3 ⇥ 10�8 pc

NS only scatters with particles where its gravity dominates over the IMBH’s

Fix ‘Coulomb factor’: � =
�

MIMBH/MNS � 20 � 60
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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
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Distribution function
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�(r) = 4�
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0
v2f (E) dv
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Dynamical Friction
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bmax
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[Chandrasekhar, 1943]

ĖDF =
4�G2

NMNS
2�DM(r)

vNS
ln �

� v

0
f(v�) dv�
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Relaxation of the Halo
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