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Takes one hour  
to watch

Exotic, farfetched  
scenarios

Gravitational Waves 
+ Dark Matter

(per episode)

INTRODUCTION
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[1602.03837]

GW150914

https://arxiv.org/abs/1602.03837
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+

[2004.06729]

https://arxiv.org/abs/2004.06729
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[1510.07633]

QCD Axion Dark Matter

� = �ei�/fa
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Introduce a new complex scalar field:

V (�)
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Angular field  becomes the axion, which 
can potentially solve the strong CP problem 

and is a good Dark Matter candidate

ϕ LQCD � ��s

8�
Ga

µ�G̃µ�
a �

<latexit sha1_base64="r8EcZd+trCD89liujzLK4zI8hRU="></latexit>

https://arxiv.org/abs/1510.07633
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C. Boutan/Pacific Northwest National Laboratory; adapted by APS/Alan Stonebraker

[ADMX, 1910.08638]

http://alanstonebraker.com/
https://arxiv.org/abs/1910.08638
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Gravitational Waves Electromagnetic signals
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[With thanks to @TimonEmken]

From ‘SIMPler realisation of Scalar Dark Matter’ [1904.07562]

https://arxiv.org/abs/1904.07562
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Dark Matter on all scales
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Planck [1502.01589]

[Rubin, Ford & Thonnard (1980)]

[astro-ph/0006397]
[Illustris, 1405.2921]

CMB

Galaxies

Galaxy clusters

https://arxiv.org/abs/1502.01589
https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
https://arxiv.org/abs/astro-ph/0006397
https://arxiv.org/abs/1405.2921
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Plenty of Ideas
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[1810.01668]

https://arxiv.org/abs/1810.01668
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QCD Axion Dark Matter

12

QCD Lagrangian could have a large CP violating term:

LQCD � ��s

8�
Ga

µ�G̃µ�
a �QCD

<latexit sha1_base64="ZeU6qm64b8n0t4688goNLHagLu8="></latexit>

But non-observation of neutron dipole moment implies |�| � 10�10

<latexit sha1_base64="OF6hWAL3+6d6pel64U4k6e/qd80=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQyCF8OMBBRPAS8eI5gFkjH0dGqSJj2L3TVCmOTgr3jxoIhXf8Obf2NnOWjig4LHe1VU1fMTKTQ6zre1tLyyurae28hvbm3v7Np7+zUdp4pDlccyVg2faZAigioKlNBIFLDQl1D3+9djv/4ISos4usNBAl7IupEIBGdopLZ9OGxhD5ANaUvCA3Wd++zMdUZtu+AUnQnoInFnpEBmqLTtr1Yn5mkIEXLJtG66ToJexhQKLmGUb6UaEsb7rAtNQyMWgvayyf0jemKUDg1iZSpCOlF/T2Qs1HoQ+qYzZNjT895Y/M9rphhcepmIkhQh4tNFQSopxnQcBu0IBRzlwBDGlTC3Ut5jinE0keVNCO78y4ukdl50S8XSbalQvprFkSNH5JicEpdckDK5IRVSJZwMyTN5JW/Wk/VivVsf09YlazZzQP7A+vwBejeVEw==</latexit>

Why is θ so small?

[Slide credit: Marco Chianese]

Solve dynamically: 
promote θ to a complex scalar field with a global U(1) symmetry

Resulting light goldstone boson - the QCD axion a - can be produced with 
correct DM relic abundance, e.g. through vacuum realignment or defect decay

[Peccei & Quinn, 1977]

[1510.07633]

�QCD � �QCD(x) � a(x)

fa
� 0 for fa � 107GeV

<latexit sha1_base64="4SgSi6a2yLRaiUspToPnxGq3MQo="></latexit>

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://arxiv.org/abs/1510.07633
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13

L � �1

4
ga��aFµ� F̃µ�

= �1

4
ga��aE · B

<latexit sha1_base64="4DnsBb0FH4NxL2TSd7R5YiFtCxY="></latexit>

[O’Hare, https://cajohare.github.io/AxionLimits/]

[Slide credit: Marco Chianese]

Axions can convert to photons (and vice versa) in an external magnetic field:
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2019

Gravitational Waves (GWs)

14

R. HURT / CALTECH-JPL /  
HANDOUT/ ESA

LIGO/Virgo/Northwestern Univ. (Frank Elavsky)
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GW probes of DM

15

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[1907.10610]

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

16

Dark Matter ‘de-phasing’ revisited

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

GW + EM signals of 
QCD axion Dark Matter

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

+
Intermediate Mass-Ratio

Inspirals (IMRIs) 
and Dark Matter spikes

[Eda et al, 1301.5971, and others]

https://arxiv.org/abs/2002.12811
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161101
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/1301.5971


Dark Matter, Black Holes and Gravitational WavesBradley J. Kavanagh (IFCA, Santander)

Intermediate Mass Ratio Inspiral (IMRI)

17

NS/ 
BHIMBH

ĖGW � 32G4

5c5

MIMBH
3MNS

2

r5
� (fGW)10/3

<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)
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LISA: GWs in Space © AEI / MM / exozet

[gwplotter.com]

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

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

http://gwplotter.com
https://arxiv.org/abs/1702.00786
https://arxiv.org/abs/1711.00483
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Dark Matter ‘Mini-spikes’

19

[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 � 2.333

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

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

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

For 1000 Solar mass IMBH, forming 
at z ~ 20, get typical values: 

�sp = 200 M� pc�3

rsp = 0.5 pc
<latexit sha1_base64="XPARJhLEor2hl0H1C2D0SsKFMJg="></latexit>

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0501555
https://arxiv.org/abs/astro-ph/0501625
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/0902.3665
https://arxiv.org/abs/1305.2619
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ĖDF � 4�G2M2
NS�(v) �DM(r)

vNS
ln � � (fGW)

2
3 ��3

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

Dynamical Friction

20

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>

[Chandrasekhar, 1943]

https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C
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IMRI + Dark Matter

21
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�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>
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tvacuum
merge � 5 yr

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

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

Nvacuum
cycles � 6 � 106

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

5 years to merger

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1404.7140
https://arxiv.org/abs/1404.7149
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Extracting DM Properties
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↵ = 7/3MIMBH = 104 M�
<latexit sha1_base64="tRU53qRXkYXAGyuPpXGOBHUKrQU=">AAACCHicbVDLSgMxFM34rPVVdenCYBFcSJmpBUUQim7qolDBPqBTSyaTaUOTyZBkhDJ06cZfceNCEbd+gjv/xrSdhbYeuHA4517uvceLGFXatr+thcWl5ZXVzFp2fWNzazu3s9tQIpaY1LFgQrY8pAijIalrqhlpRZIg7jHS9AbXY7/5QKSiIrzTw4h0OOqFNKAYaSN1cwfVrsuR7kue3FSvKiN4CR37vuSeGF34QndzebtgTwDniZOSPEhR6+a+XF/gmJNQY4aUajt2pDsJkppiRkZZN1YkQniAeqRtaIg4UZ1k8sgIHhnFh4GQpkINJ+rviQRxpYbcM53jo9WsNxb/89qxDs47CQ2jWJMQTxcFMYNawHEq0KeSYM2GhiAsqbkV4j6SCGuTXdaE4My+PE8axYJzWijelvLlizSODNgHh+AYOOAMlEEF1EAdYPAInsEreLOerBfr3fqYti5Y6cwe+APr8wdXPJg8</latexit>

MNS = 1 M�
<latexit sha1_base64="pmyS8E4BNb08ziAbCU+ePG9ORzA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJJUQRGEghs3SkX7gCaEyWTSDp1kwsxEKKHgxl9x40IRt/6EO//GSZuFth64cDjnXu69x08Ylcqyvo25+YXFpeXSSnl1bX1j09zabkmeCkyamDMuOj6ShNGYNBVVjHQSQVDkM9L2B5e5334gQlIe36thQtwI9WIaUoyUljxz99pzIqT6Ispu7kbwAtrOkZZ4wJVnVqyqNQacJXZBKqBAwzO/nIDjNCKxwgxJ2bWtRLkZEopiRkZlJ5UkQXiAeqSraYwiIt1s/MMIHmglgCEXumIFx+rviQxFUg4jX3fm98ppLxf/87qpCs/cjMZJqkiMJ4vClEHFYR4IDKggWLGhJggLqm+FuI8EwkrHVtYh2NMvz5JWrWofV2u3J5X6eRFHCeyBfXAIbHAK6uAKNEATYPAInsEreDOejBfj3fiYtM4ZxcwO+APj8weLZpbJ</latexit>

�sp = 7/3
<latexit sha1_base64="FTWv7c6qMTHJ9AH01aLGnaOXWf8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkFSqCUHDjsoJ9QBPCZDpth85MwsxEKKFu/BU3LhRx61+482+ctFlo64ELh3Pu5d57wphRpR3n2yqsrK6tbxQ3S1vbO7t79v5BW0WJxKSFIxbJbogUYVSQlqaakW4sCeIhI51wfJP5nQciFY3EvZ7ExOdoKOiAYqSNFNhH3hBxjgKPIz2SPFXxFF7D+nktsMtOxZkBLhM3J2WQoxnYX14/wgknQmOGlOq5Tqz9FElNMSPTkpcoEiM8RkPSM1QgTpSfzj6YwlOj9OEgkqaEhjP190SKuFITHprO7FC16GXif14v0YNLP6UiTjQReL5okDCoI5jFAftUEqzZxBCEJTW3QjxCEmFtQiuZENzFl5dJu1pxa5Xq3UW5cZXHUQTH4AScARfUQQPcgiZoAQwewTN4BW/Wk/VivVsf89aClc8cgj+wPn8AaHaWKw==</latexit>

With LISA, should be able to detect this ‘de-phasing’ and reconstruct chirp mass 
and DM spike properties to high precision

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

[Eda et al. 1301.5971, 1408.3534]

https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
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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!

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.01238
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[BJK, Nichols, Gaggero, Bertone, 2002.12811]
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Dark Matter ‘de-phasing’ revisited

https://arxiv.org/abs/2002.12811
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Q: How much energy is available 
for dynamical friction?

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

A: Binding energy of DM  
over radius  �r

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

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

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

mIMBH = 104 M�

mNS = 1 M�

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

mIMBH = 103 M�

mNS = 1 M�

<latexit sha1_base64="Hs1adfCeIF4dkK/w+rdi4jY94os="></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 � 6 � 106

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

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

5 years to merger
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[astro-ph/0505010]

https://arxiv.org/abs/astro-ph/0505010
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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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r2
<latexit sha1_base64="s1e16kYsqY77ItgbVrjI+AG2yH8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqqXqRghePFe0HtKFstpt26WYTdjdCCf0JXjwo4tVf5M1/4yYNotYHA4/3ZpiZ50WcKW3bn1ZhZXVtfaO4Wdra3tndK+8fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrTa9Tv/tApWKhuNeziLoBHgvmM4K1ke7ksDYsV+yqnQEtEycnFcjRGpY/BqOQxAEVmnCsVN+xI+0mWGpGOJ2XBrGiESZTPKZ9QwUOqHKT7NQ5OjHKCPmhNCU0ytSfEwkOlJoFnukMsJ6ov14q/uf1Y+1fuAkTUaypIItFfsyRDlH6NxoxSYnmM0MwkczcisgES0y0SaeUhXCZovH98jLp1KrOWbV+W680r/I4inAEx3AKDpxDE26gBW0gMIZHeIYXi1tP1qv1tmgtWPnMIfyC9f4FG/aNzw==</latexit>

Self-consistent evolution
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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>
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�f(E) = �pEf(E)+
� �

E
E � �E

�5/2

f(E � �E)PE��E(�E) d�E

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

Self-consistent evolution
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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>Torb

f(E)

dt
<latexit sha1_base64="Op5VwIdQ3cgnrIWM5JQjWYUQWPs=">AAACG3icbVDLSsNAFJ3UV62vqEs3g6VQNyWpxceuKILLCn1BU8pkMmmHTh7MTIQS8h9u/BU3LhRxJbjwb5ykUdR6YOBwzr3MuccOGRXSMD60wtLyyupacb20sbm1vaPv7nVFEHFMOjhgAe/bSBBGfdKRVDLSDzlBns1Iz55epn7vlnBBA78tZyEZemjsU5diJJU00uvtkeUhOeFeHHA7gZbLEY7daiZixOKr5CiJv0acRCZwpJeNmpEBLhIzJ2WQozXS3ywnwJFHfIkZEmJgGqEcxohLihlJSlYkSIjwFI3JQFEfeUQM4+y2BFaU4kA34Or5Embqz40YeULMPBW9koYUf71U/M8bRNI9G8bUDyNJfDz/yI0YlAFMi4IO5QRLNlMEYU5VVognSLUjVZ2lrITzFCffJy+Sbr1mHtcaN41y8yKvowgOwCGoAhOcgia4Bi3QARjcgQfwBJ61e+1Re9Fe56MFLd/ZB7+gvX8C2qKisQ==</latexit>

Assuming everything evolves slowly compared to the orbital period:

- probability for a particle with energy      to 
 scatter and receive a ‘kick’ 

E
<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

�E
<latexit sha1_base64="TQHpyOy5fNTDu6tH6hZ5oSmwrE0=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUm1+NhIQQWXFewDmlAm00k7dPJgZqKU2E9x40IRt36JO//GSRpErQcGDufcyz1z3IgzqSzr0ygsLC4trxRXS2vrG5tbZnm7LcNYENoiIQ9F18WSchbQlmKK024kKPZdTjvu+CL1O3dUSBYGt2oSUcfHw4B5jGClpb5Zti8pV9j2sRoRzJOrad+sWFUrA5ontZxUIEezb37Yg5DEPg0U4VjKXs2KlJNgoRjhdFqyY0kjTMZ4SHuaBtin0kmy6FO0r5UB8kKhX6BQpv7cSLAv5cR39WQaUf71UvE/rxcr79RJWBDFigZkdsiLOVIhSntAAyYoUXyiCSaC6ayIjLDAROm2SlkJZymOv788T9qH1dpRtX5TrzTO8zqKsAt7cAA1OIEGXEMTWkDgHh7hGV6MB+PJeDXeZqMFI9/ZgV8w3r8AdOWUQg==</latexit>

- total probability for a particle with 
energy     to scatterE

<latexit sha1_base64="v+Xo9HH6BivoZdY7vVFPC7S72KY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVRItPjZSEMFlBfuANJTJdNIOnUzCzI1QQj/DjQtF3Po17vwbJ2kQtR4YOJxzL3Pu8WPBNdj2p1VaWl5ZXSuvVzY2t7Z3qrt7HR0lirI2jUSkej7RTHDJ2sBBsF6sGAl9wbr+5Drzuw9MaR7Je5jGzAvJSPKAUwJGcvshgTElIr2ZDao1u27nwIvEKUgNFWgNqh/9YUSTkEmggmjtOnYMXkoUcCrYrNJPNIsJnZARcw2VJGTaS/PIM3xklCEOImWeBJyrPzdSEmo9DX0zmUXUf71M/M9zEwguvJTLOAEm6fyjIBEYIpzdj4dcMQpiagihipusmI6JIhRMS5W8hMsMZ98nL5LOSd05rTfuGrXmVVFHGR2gQ3SMHHSOmugWtVAbURShR/SMXiywnqxX620+WrKKnX30C9b7F45IkY8=</latexit>

PE(�E)

<latexit sha1_base64="OeC0AcDNxTWpVl8kJlJtYQCp2dc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQNyWRgl0WH+Cygn1AE8JkOmmHTiZhZiKUkL0bf8WNC0Xc+gPu/BsnbRbaeuDC4Zx7ufceP2ZUKsv6Nkpr6xubW+Xtys7u3v6BeXjUk1EiMOniiEVi4CNJGOWkq6hiZBALgkKfkb4/vcr9/gMRkkb8Xs1i4oZozGlAMVJa8sxqx0udEKkJRiy9ybK6c02YQr+kM8+sWQ1rDrhK7ILUQIGOZ345owgnIeEKMyTl0LZi5aZIKIoZySpOIkmM8BSNyVBTjkIi3XT+SwZPtTKCQSR0cQXn6u+JFIVSzkJfd+Y3ymUvF//zhokKWm5KeZwowvFiUZAwqCKYBwNHVBCs2EwThAXVt0I8QQJhpeOr6BDs5ZdXSe+8YTcbrbtmrX1ZxFEGJ6AK6sAGF6ANbkEHdAEGj+AZvII348l4Md6Nj0VryShmjsEfGJ8/OsObLg==</latexit>

pE =

�
PE(�E) d�E

<latexit sha1_base64="75YkuFzKke/rBOZhWvZlAK3tw9A=">AAACPXicbVDLSsNAFJ34rPUVdelmsAgVpCRSsBuh+ACXFfqCJoTJZNoOnTyYmQgl5Mfc+A/u3LlxoYhbt07SLGrrgYEz59zLvfe4EaNCGsartrK6tr6xWdoqb+/s7u3rB4ddEcYckw4OWcj7LhKE0YB0JJWM9CNOkO8y0nMnN5nfeyRc0DBoy2lEbB+NAjqkGEklOXo7ciwfyTFGLLlL4RW0aCBhy0nm1LRq3RIm0Zx0Zp3nP+4nXrrkOnrFqBk54DIxC1IBBVqO/mJ5IY59EkjMkBAD04iknSAuKWYkLVuxIBHCEzQiA0UD5BNhJ/n1KTxVigeHIVdP7Z6r8x0J8oWY+q6qzFYUi14m/ucNYjls2AkNoliSAM8GDWMGZQizKKFHOcGSTRVBmFO1K8RjxBGWKvCyCsFcPHmZdC9qZr3WeKhXmtdFHCVwDE5AFZjgEjTBPWiBDsDgCbyBD/CpPWvv2pf2PStd0YqeI/AH2s8vq3uwKg==</latexit>
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Scattering probability

32

Two body scattering problem relates energy 
 exchange to impact parameter:

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

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

�E(b) = �2v2
0

�
1 +

b2v0
4

G2m2
2

��1

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

Integrate over the surface of the  
‘torus of influence’

Working to first order in b/r, the result 
can be written in terms of elliptic integrals

Code available online: 
github.com/bradkav/HaloFeedback 

PE(�E) �
��

� (E(r, v) � E) � � (�E(b) � �E) d3r d3v .

<latexit sha1_base64="shRRARamOX8Xm7Ph8psujErfmKs="></latexit>

https://github.com/bradkav/HaloFeedback
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Evolution of density profile
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How does the DM halo ‘react’ to the orbiting compact object?

Subtlety: plotting here only ‘slow moving’ particles
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Full evolution of the system

34

mIMBH = 103 M�

mNS = 1 M�

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

Movies: tinyurl.com/GW4DM

mIMBH = 103 M�

mNS = 1 M�

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

http://tinyurl.com/GW4DM
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Self-consistent results
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<latexit sha1_base64="TaCebaV4K6nIzu25+m8EgcX03EI=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiuSqKl6kYKblxJBfuApi2T6bQdOpOEeRRC6I+48VfcuFDEhRvxb5ykVdR6YODMufdy7j1+xKhUjvNhLSwuLa+s5tby6xubW9v2zm5dhlpgUsMhC0XTR5IwGpCaooqRZiQI4j4jDX90mdYbYyIkDYNbFUekzdEgoH2KkTJS1y5ddz2O1FDwBMeYETnpfP3HCGvNJ9CTlMMy9BTlRELX6ZS7dsEpOhngPHFnpABmqHbtN68XYs1JoDBDUrZcJ1LtBAlFjeck72lJIoRHaEBahgbIOLWT7LoJPDRKD/ZDYV6gYKb+nEgQlzLmvulMN5d/a6n4X62lVf+sndAg0ooEeGrU1wyqEKZRwR4VBCsWG4KwoGZXiIdIIKxMoPkshPMU5e+T50n9uOieFEs3pULlYhZHDuyDA3AEXHAKKuAKVEENYHAHHsATeLburUfrxXqdti5Ys5k98AvW+ycIOKKO</latexit>

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

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

5 years to merger
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Spectrograms:
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mIMBH = 103 M�
<latexit sha1_base64="5FMwvJ/LnXlZyyhEyZtNeOB7/gg=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwISWxxcdCKbqpi0IF+4Amhsl02g6dyYSZiVBCt278FTcuFHHrH7jzb0zaIGo9cOFwzr3ce48XMKq0aX4ambn5hcWl7HJuZXVtfSO/udVUIpSYNLBgQrY9pAijPmloqhlpB5Ig7jHS8oaXid+6I1JR4d/oUUAcjvo+7VGMdCy5echdmyM9kDy6ql1Ux/AMWuZtCdoHNdcWXaHdfMEsmhPAWWKlpABS1N38h90VOOTE15ghpTqWGWgnQlJTzMg4Z4eKBAgPUZ90YuojTpQTTT4Zw71Y6cKekHH5Gk7UnxMR4kqNuBd3Jlerv14i/ud1Qt07cSLqB6EmPp4u6oUMagGTWGCXSoI1G8UEYUnjWyEeIImwjsPLTUI4TXD0/fIsaR4WrVKxfF0uVM7TOLJgB+yCfWCBY1ABVVAHDYDBPXgEz+DFeDCejFfjbdqaMdKZbfALxvsXARWYvQ==</latexit>

~ 12 days

NB: 7/3 � 2.333
<latexit sha1_base64="anmAQDyYv+VgBv/DIlRJG8Y/J/Q=">AAACDHicbVDLTgIxFO3gC/GFunTTSExcEBwYIsqK6MaVwUQeCUNIpxRo6DzS3jGQCR/gxl9x40Jj3PoB7vwby0CMiidpcnLOubm9xwkEV2Can0ZiaXlldS25ntrY3NreSe/u1ZUfSspq1Be+bDpEMcE9VgMOgjUDyYjrCNZwhpdTv3HHpOK+dwvjgLVd0vd4j1MCWuqkMzawEUg3ur4oT7CdtbO4dGJhmwSB9Ee4kLMsS6fMnBkDL5L8nGTQHNVO+sPu+jR0mQdUEKVaeTOAdkQkcCrYJGWHigWEDkmftTT1iMtUO4qPmeAjrXRxz5f6eYBj9edERFylxq6jky6BgfrrTcX/vFYIvbN2xL0gBObR2aJeKDD4eNoM7nLJKIixJoRKrv+K6YBIQkH3l4pLOJ/i9PvkRVIv5PJWrnhTzFTK8zqS6AAdomOURyVUQVeoimqIonv0iJ7Ri/FgPBmvxtssmjDmM/voF4z3L+lumRM=</latexit>

�DM(r) = �sp

�rsp

r

��sp

<latexit sha1_base64="JzDoBpUpSXK2ZRb11vHl5Gdy540="></latexit>
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mIMBH = 104 M�
<latexit sha1_base64="x2refZRtAacPWqL+/peyDGWhR8A=">AAACCnicbVDLSsNAFJ3UV62vqks3o0VwISXR4guEopu6KFSwD2himEyn7dCZTJiZCCV07cZfceNCEbd+gTv/xqQNotYDFw7n3Mu993gBo0qb5qeRmZmdm1/ILuaWlldW1/LrGw0lQolJHQsmZMtDijDqk7qmmpFWIAniHiNNb3CZ+M07IhUV/o0eBsThqOfTLsVIx5Kb3+auzZHuSx5dVS8qI3gOLfO2BO19WHVt0RHazRfMojkGnCZWSgogRc3Nf9gdgUNOfI0ZUqptmYF2IiQ1xYyMcnaoSIDwAPVIO6Y+4kQ50fiVEdyNlQ7sChmXr+FY/TkRIa7UkHtxZ3K2+usl4n9eO9TdEyeifhBq4uPJom7IoBYwyQV2qCRYs2FMEJY0vhXiPpII6zi93DiE0wRH3y9Pk8ZB0Toslq5LhfJZGkcWbIEdsAcscAzKoAJqoA4wuAeP4Bm8GA/Gk/FqvE1aM0Y6swl+wXj/Al/xmOQ=</latexit>

Spectrograms:
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<latexit sha1_base64="anmAQDyYv+VgBv/DIlRJG8Y/J/Q=">AAACDHicbVDLTgIxFO3gC/GFunTTSExcEBwYIsqK6MaVwUQeCUNIpxRo6DzS3jGQCR/gxl9x40Jj3PoB7vwby0CMiidpcnLOubm9xwkEV2Can0ZiaXlldS25ntrY3NreSe/u1ZUfSspq1Be+bDpEMcE9VgMOgjUDyYjrCNZwhpdTv3HHpOK+dwvjgLVd0vd4j1MCWuqkMzawEUg3ur4oT7CdtbO4dGJhmwSB9Ee4kLMsS6fMnBkDL5L8nGTQHNVO+sPu+jR0mQdUEKVaeTOAdkQkcCrYJGWHigWEDkmftTT1iMtUO4qPmeAjrXRxz5f6eYBj9edERFylxq6jky6BgfrrTcX/vFYIvbN2xL0gBObR2aJeKDD4eNoM7nLJKIixJoRKrv+K6YBIQkH3l4pLOJ/i9PvkRVIv5PJWrnhTzFTK8zqS6AAdomOURyVUQVeoimqIonv0iJ7Ri/FgPBmvxtssmjDmM/voF4z3L+lumRM=</latexit>

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

�DM(r) = �sp

�rsp

r

��sp

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

38

In many systems, a more realistic treatment leads to a huge reduction 
in the size of the ‘de-phasing’ effect.

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

For a 1000 or 10000 solar mass IMBH,  a de-phasing of 
~10,000 cycles could still be detectable.

Even for very massive BHs, small corrections can spoil our 
ability to find the signal in data (so they must be accounted for)
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GW + EM signals of 
QCD axion Dark Matter

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

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


Dark Matter, Black Holes and Gravitational WavesBradley J. Kavanagh (IFCA, Santander)

Axion-photon Conversion

40

L � �1

4
ga��aFµ� F̃µ�

= �1

4
ga��aE · B

<latexit sha1_base64="4DnsBb0FH4NxL2TSd7R5YiFtCxY="></latexit>

[O’Hare, https://cajohare.github.io/AxionLimits/ ]

[Slide credit: Marco Chianese]

Axions can convert to photons (and vice versa) in an external magnetic field:
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Axions and neutron stars

41

[1803.08230, 1804.03145, 1811.01020, 1910.11907]

© 2005 Pearson Prentice Hall, Inc

Old neutron stars can have extremely 
high magnetic fields: 

 

Surrounded by a dense plasma which 
allows ‘resonant’ conversion when 
axion mass matches plasma mass: 

B0 = 1012 � 1015 G

<latexit sha1_base64="GcN0/AXYbkXJ4qriKbLlHxCfSXI=">AAACA3icbZC7SgNBFIbPxluMt1U7bQaDYKFhN0RMIwQttIxgLpCsy+xkNhkye2FmVghLwMZXsbFQxNaXsPNtnCRbaPSHgY//nMOZ83sxZ1JZ1peRW1hcWl7JrxbW1jc2t8ztnaaMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhtecPLSb11T4VkUXirRjF1AtwPmc8IVtpyzb0L10LnyLbuUrs8RiczOh13j69cs2iVrKnQX7AzKEKmumt+dnsRSQIaKsKxlB3bipWTYqEY4XRc6CaSxpgMcZ92NIY4oNJJpzeM0aF2esiPhH6hQlP350SKAylHgac7A6wGcr42Mf+rdRLlV52UhXGiaEhmi/yEIxWhSSCoxwQlio80YCKY/isiAywwUTq2gg7Bnj/5LzTLJbtSqtxUirVqFkce9uEAjsCGM6jBNdShAQQe4Ale4NV4NJ6NN+N91pozspld+CXj4xvS6ZRt</latexit>

�p (B0, P ) = ma/2�

<latexit sha1_base64="3pZk8xkMHB4x8ejqbmOww+IXeQ4=">AAACFnicbVBNS8NAEN34bf2qevSyWAQFrYkUFEEQvXisYK3QlLDZTtrF3STsToQS8iu8+Fe8eFDEq3jz37j9OPj1YODx3gwz88JUCoOu++lMTE5Nz8zOzZcWFpeWV8qra9cmyTSHBk9kom9CZkCKGBooUMJNqoGpUEIzvD0f+M070EYk8RX2U2gr1o1FJDhDKwXlPT9R0GVBnha+hAi3z4LcLXZp3dei28OdExXkrKD79ID6qQjKFbfqDkH/Em9MKmSMelD+8DsJzxTEyCUzpuW5KbZzplFwCUXJzwykjN+yLrQsjZkC086HbxV0yyodGiXaVox0qH6fyJkypq9C26kY9sxvbyD+57UyjI7auYjTDCHmo0VRJikmdJAR7QgNHGXfEsa1sLdS3mOacbRJlmwI3u+X/5Lrg6pXq9Yua5XT43Ecc2SDbJJt4pFDckouSJ00CCf35JE8kxfnwXlyXp23UeuEM55ZJz/gvH8BUuqeJw==</latexit>

Magnetic field and plasma frequency varies as a function of radius from NS;  
NS can effectively ‘scan’ over a range of axion masses.

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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[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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Axion coupling sensitivity

43

[1912.08815]

Consider a single isolated NS (J0806.4-412). 
How strong does the coupling have to be to  

give a detectable radio signal in SKA? 

P = 11.37s

B0 = 2.5 � 1013 G

<latexit sha1_base64="4gOgIdmCJN7/9M1Z/d+qP23lBRU="></latexit>

[See also recent limits from 2004.00011] 

https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2004.00011
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Axion Miniclusters & NSs

44

[See also 2004.06486]

[Work in progress with Edwards, Visinelli & Weniger] 

Axions can form ‘miniclusters’ - diffuse substructures which survive until today.
[Hogan & Rees (1988), hep-ph/9303313, astro-ph/9311037] 

AMC

NS

Increased DM density means increased signal:

But what about an even  
more dense cloud?

https://arxiv.org/abs/2004.06486
https://doi.org/10.1016/0370-2693(88)91655-3
https://arxiv.org/abs/hep-ph/9303313
https://arxiv.org/abs/astro-ph/9311037
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A unique signature

45

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]
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<latexit sha1_base64="nEfmXARsNYYogTcI0iRFl6gGocc=">AAAB+XicbVDLSgMxFL3js9bXqEs3g0VwY5mpgi5LdVEXhQr2Ae1QMmnahiaZIckUytA/ceNCEbf+iTv/xkw7C209EDiccy/35AQRo0q77re1tr6xubWd28nv7u0fHNpHx00VxhKTBg5ZKNsBUoRRQRqaakbakSSIB4y0gvFd6rcmRCoaiic9jYjP0VDQAcVIG6ln212O9Ejy5KFWqV7e12Y9u+AW3TmcVeJlpAAZ6j37q9sPccyJ0JghpTqeG2k/QVJTzMgs340ViRAeoyHpGCoQJ8pP5slnzrlR+s4glOYJ7czV3xsJ4kpNeWAm05xq2UvF/7xOrAe3fkJFFGsi8OLQIGaODp20BqdPJcGaTQ1BWFKT1cEjJBHWpqy8KcFb/vIqaZaK3lWx9HhdKFeyOnJwCmdwAR7cQBmqUIcGYJjAM7zCm5VYL9a79bEYXbOynRP4A+vzB7Gdkwo=</latexit>

NS
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Density reconstruction
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QCD Axion Reach
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[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]

Very lucky to  
observe 

 1 in 5 years

Observe many 
in 5 years

SKA should be able to probe QCD axion DM in the range 10-7 - 10-5 eV. 

�sp
<latexit sha1_base64="euLAv34Nk8bmGSgh6cfsj76zn8M=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclVSLj40U3LisYB/QhDCZTtqhM5MwMxFLyK+4caGIW3/EnX/jJA2i1gMDh3Pu5Z45Qcyo0o7zaS0tr6yurVc2qptb2zu79l6tp6JEYtLFEYvkIECKMCpIV1PNyCCWBPGAkX4wvc79/j2RikbiTs9i4nE0FjSkGGkj+XbNHSPOke9ypCeSpyrOfLvuNJwCcJE0S1IHJTq+/eGOIpxwIjRmSKlh04m1lyKpKWYkq7qJIjHCUzQmQ0MF4kR5aZE9g0dGGcEwkuYJDQv150aKuFIzHpjJPKL66+Xif94w0eGFl1IRJ5oIPD8UJgzqCOZFwBGVBGs2MwRhSU1WiCdIIqxNXdWihMscZ99fXiS9k0bztNG6bdXbV2UdFXAADsExaIJz0AY3oAO6AIMH8AiewYuVWU/Wq/U2H12yyp198AvW+xfNcJUR</latexit>

https://arxiv.org/abs/1905.04686
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Promising Signal
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Dark Matter de-phasing is a very exciting signal. It’s on long timescales 
(with LISA planned for 2030s), but it would allow us to:

Probe the nature of Dark Matter

Predict EM signals from Dark Matter

[1906.11845]

Detect Dark Matter in  
Gravitational waves

But it can be very difficult to extract from the noise, and must be modelled  
very carefully…

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

[BJK, Nichols, Gaggero, Bertone, 2002.12811]

https://arxiv.org/abs/1906.11845
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/2002.12811
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Plans for the future
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• Injection and evolution of angular momentum in the DM halo 
• Post-Newtonian corrections 
• Better N-body approaches [AMUSE?]

Improved modelling

Detection methods

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

Detection prospects
• How many IMRI systems form? How many with NSs? 
• How many systems have a (surviving) spike? 
• Prospects for observing a bright enough radio signal

https://amusecode.github.io
https://arxiv.org/abs/2004.06729
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Conclusions
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NS/BHIMBH
Dark Matter ‘de-phasing’ is an extremely 
promising GW signature, which needs to 

be modelled carefully

For light IMBHs, the correction due to DM halo feedback can be huge!

More calculations are needed to build template banks,  
assess detectability and parameter reconstruction

This work could pave the way towards a multi-messenger detection of 
(Axion?) Dark Matter

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

[Eda et al. 1301.5971, 1408.3534]

https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
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N-body results

53

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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N-body results
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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>



Dark Matter, Black Holes and Gravitational WavesBradley J. Kavanagh (IFCA, Santander)

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
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Self-consistently reconstruct density from distribution function:

�(r) = 4�

� vmax(r)

0
v2f (E) dv
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Numbers of cycles
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