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Searches for Dark Matter 
in the Galactic Halo

[Read, 1404.1938]
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https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/1404.1938
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Dark Matter Spikes 
around Black Holes
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https://arxiv.org/abs/2104.07634
https://arxiv.org/abs/1404.1938
https://arxiv.org/abs/astro-ph/9906391


Dark Matter Spikes
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Astrophysical scenario
[astro-ph/9906391, astro-ph/0509565, 

1305.2619, …]
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m1 & 103 M�

More on this later…

Collisionless DM ‘spike’ or ‘dress’ around an IMBH:

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
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PBH scenario
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1901.08528, …]

<latexit sha1_base64="JegHOi7yUxBLzEtSaI1ORUO8x/I=">AAACBHicbVDLSgMxFM3UV62vqstugkVwIWVGi7osuNGFUME+oFOHTJq2oclkSO4IZejCjb/ixoUibv0Id/6N6WOhrQcCh3PO5eaeMBbcgOt+O5ml5ZXVtex6bmNza3snv7tXNyrRlNWoEko3Q2KY4BGrAQfBmrFmRIaCNcLB5dhvPDBtuIruYBiztiS9iHc5JWClIF+QgYf9HtiExJ57n56O/OObwFcdBUG+6JbcCfAi8WakiGaoBvkvv6NoIlkEVBBjWp4bQzslGjgVbJTzE8NiQgekx1qWRkQy004nR4zwoVU6uKu0fRHgifp7IiXSmKEMbVIS6Jt5byz+57US6F60Ux7FCbCIThd1E4FB4XEjuMM1oyCGlhCquf0rpn2iCQXbW86W4M2fvEjqJyXvrFS+LRcr17M6sqiADtAR8tA5qqArVEU1RNEjekav6M15cl6cd+djGs04s5l99AfO5w8bqpco</latexit>

m1 & 103 M�

More on this later…

Collisionless DM ‘spike’ or ‘dress’ around an IMBH:

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528


Dark Matter Spikes

4

Astrophysical scenario
[astro-ph/9906391, astro-ph/0509565, 

1305.2619, …]

PBH scenario
[Bertschinger  (1985), astro-ph/0608642, 

1901.08528, …]

<latexit sha1_base64="JegHOi7yUxBLzEtSaI1ORUO8x/I=">AAACBHicbVDLSgMxFM3UV62vqstugkVwIWVGi7osuNGFUME+oFOHTJq2oclkSO4IZejCjb/ixoUibv0Id/6N6WOhrQcCh3PO5eaeMBbcgOt+O5ml5ZXVtex6bmNza3snv7tXNyrRlNWoEko3Q2KY4BGrAQfBmrFmRIaCNcLB5dhvPDBtuIruYBiztiS9iHc5JWClIF+QgYf9HtiExJ57n56O/OObwFcdBUG+6JbcCfAi8WakiGaoBvkvv6NoIlkEVBBjWp4bQzslGjgVbJTzE8NiQgekx1qWRkQy004nR4zwoVU6uKu0fRHgifp7IiXSmKEMbVIS6Jt5byz+57US6F60Ux7FCbCIThd1E4FB4XEjuMM1oyCGlhCquf0rpn2iCQXbW86W4M2fvEjqJyXvrFS+LRcr17M6sqiADtAR8tA5qqArVEU1RNEjekav6M15cl6cd+djGs04s5l99AfO5w8bqpco</latexit>

m1 & 103 M�

More on this later…

Collisionless DM ‘spike’ or ‘dress’ around an IMBH:

https://arxiv.org/abs/astro-ph/9906391
https://arxiv.org/abs/astro-ph/0509565
https://arxiv.org/abs/1305.2619
https://ui.adsabs.harvard.edu/abs/1985ApJS...58...39B/abstract
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/1901.08528


Survival of the Spike
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Astrophysical

PBH
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Astrophysical

PBH

2) BH environment: Need a quiet life for the BH, not too many major mergers

[E.g. Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

1) DM properties:

Focus on IMBHs[E.g. Bertone & Merritt, astro-ph/0501555]

<latexit sha1_base64="ndw/pLhFUC+xTF9bLaFWop6ULrQ="></latexit>

⇢DM = ⇢6

✓
10�6 pc

r

◆�sp
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m2 = 1M� <latexit sha1_base64="LNSrvHcL7gHKv/5qc59BGq3+8aE=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4MSSlPpZFNy4r2Ac0oUymk3bozCTMTIQSunTjr7hxoYhbP8Gdf+OkzUJbD1w4nHMv994TJowq7brf1tLyyuraemmjvLm1vbNr7+23VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5HN7nffiBS0Vjc63FCAo4GgkYUI22knn3kDxDnqOdzpIeSZyqZQF9RDqvwDFad855dcR13CrhIvIJUQIFGz/7y+zFOOREaM6RU13MTHWRIaooZmZT9VJEE4REakK6hAnGigmz6yASeGKUPo1iaEhpO1d8TGeJKjXloOvN71byXi/953VRHV0FGRZJqIvBsUZQyqGOYpwL7VBKs2dgQhCU1t0I8RBJhbbIrmxC8+ZcXSavqeBdO7a5WqV8XcZTAITgGp8ADl6AObkEDNAEGj+AZvII368l6sd6tj1nrklXMHIA/sD5/AMUFmIE=</latexit>

�sp ⇠ 2� 2.5

https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/astro-ph/0501555


Nature of Dark Matter
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Red regions would be ruled out by observation of a DM spike!

[Hannuksela et al., 1906.11845; see also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

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


DM-induced Dephasing
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   Impact of DM Spikes
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IMBH

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870


   Impact of DM Spikes

8

IMBH

Dynamical Friction

DM Accretion

Additional 
enclosed

 mass

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

100 101 102 103 104

r [risco]

10°12

10°10

10°8

10°6

10°4

10°2

100

¢
E

/E
or

b
p
er

or
bi

t

Gravitational Waves

Dynamical Friction

Accretion

Gravitational Pull

10°510°410°310°210°1100
fGW [Hz]

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

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870
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�Ncycles ⇠ O(106) cycles ⇠ O(1) e↵ect
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Sizing up the dephasing

9[Eda et al. 1301.5971, 1408.3534; see also 1302.2646, 1404.7140, 1404.7149 and others (sorry)]

5 years to merger

Nvacuum
cycles � 6 � 106
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m1 = 103 M�

m2 = 1M�

Assuming: 
• quasi-circular orbits 
• Newtonian dynamics 
• Isotropic DM spike

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


Full evolution of the system
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[BJK, Nichols, Gaggero & Bertone, 2002.12811]

Movies: tinyurl.com/GW4DM

Need to include feedback on the DM spike:
[Code available online: 

github.com/bradkav/HaloFeedback]

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

Nvacuum
cycles � 6 � 106
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<latexit sha1_base64="hIgVGm0DjilLF2SMVXOZTvJYBaQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAoIqXM1KJulIIbN0IFe4HOOGTStA1NJkOSEcrQd3Djq7hxoYhbN+58G9N2Ftr6Q+DnO+dwcv4gYlRp2/62MguLS8sr2dXc2vrG5lZ+e6ehRCwxqWPBhGwFSBFGQ1LXVDPSiiRBPGCkGQyuxvXmA5GKivBODyPicdQLaZdipA3y88fcd+DhBXTs+xO3eOO7oiO06+a4X55g6BZhSv18wS7ZE8F546SmAFLV/PyX2xE45iTUmCGl2o4daS9BUlPMyCjnxopECA9Qj7SNDREnyksmN43ggSEd2BXSvFDDCf09kSCu1JAHppMj3VeztTH8r9aOdffcS2gYxZqEeLqoGzOoBRwHBDtUEqzZ0BiEJTV/hbiPJMLaxJgzITizJ8+bRrnknJYqt5VC9TKNIwv2wD44Ag44A1VwDWqgDjB4BM/gFbxZT9aL9W59TFszVjqzC/7I+vwBoxaaRg==</latexit>

m1 = 103 M�

m2 = 1M�

Assuming: 
• quasi-circular orbits 
• Newtonian dynamics 
• Isotropic DM spike

[BJK, Nichols, Gaggero & Bertone, 2002.12811]

<latexit sha1_base64="Q1juM5uVLRh2WjKSRfWXw/psaJQ="></latexit>

�Ncycles ⇠ O(104) cycles ⇠ % level e↵ect

Feedback effect becomes 
smaller as  decreases, 
but so does the size of 
the dephasing effect…

q

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
https://arxiv.org/abs/2002.12811


A more realistic scenario

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

?

Want to address questions of: 

• 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)?

https://arxiv.org/abs/2108.04154


Astro  
Scenario

PBH 
Scenario

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

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

✓V = {M}
vs.

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

q = m2/m1

Compute Bayes Factor (BF) comparing 
Bayesian evidence for Vacuum and Dressed 

systems, with parameters:

https://github.com/adam-coogan/pydd


Measurability
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<latexit sha1_base64="hIgVGm0DjilLF2SMVXOZTvJYBaQ=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAoIqXM1KJulIIbN0IFe4HOOGTStA1NJkOSEcrQd3Djq7hxoYhbN+58G9N2Ftr6Q+DnO+dwcv4gYlRp2/62MguLS8sr2dXc2vrG5lZ+e6ehRCwxqWPBhGwFSBFGQ1LXVDPSiiRBPGCkGQyuxvXmA5GKivBODyPicdQLaZdipA3y88fcd+DhBXTs+xO3eOO7oiO06+a4X55g6BZhSv18wS7ZE8F546SmAFLV/PyX2xE45iTUmCGl2o4daS9BUlPMyCjnxopECA9Qj7SNDREnyksmN43ggSEd2BXSvFDDCf09kSCu1JAHppMj3VeztTH8r9aOdffcS2gYxZqEeLqoGzOoBRwHBDtUEqzZ0BiEJTV/hbiPJMLaxJgzITizJ8+bRrnknJYqt5VC9TKNIwv2wD44Ag44A1VwDWqgDjB4BM/gFbxZT9aL9W59TFszVjqzC/7I+vwBoxaaRg==</latexit>

m1 = 103 M�

m2 = 1M�
<latexit sha1_base64="73bo0Kw0hIZ2gbde230T/RJm8gE="></latexit>

�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3

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

Fix SNR = 15 (~ 76 Mpc)

https://arxiv.org/abs/2108.04154


Measurability - Spike Shape

15

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

We may be able to distinguish different shapes of spike 
→ Different DM models and formation mechanisms!
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Light PBH Binaries

16

[Bertone, Cole, Coogan & BJK, in preparation]

Detectable out to ~100 Mpc, with the ‘dressed’ system massively 
favoured, even with ‘short’ observations (~ 1 week)

<latexit sha1_base64="VmIpA1PPXllobqfEYGLDVxM2z/c=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1qEFmqZqUXdCEU3boQK9gKdOmTStA1NJkOSEcrQvRtfxY0LRdz6Au58G9PLQlt/CHz85xxOzh9EjCrtON/W0vLK6tp6aiO9ubW9s2vv7deViCUmNSyYkM0AKcJoSGqaakaakSSIB4w0gsHVuN54IFJREd7pYUTaHPVC2qUYaWP5dibHfbcAuV/KwwuYM+g698nxySjvFW58T3SE9u2sU3QmgovgziALZqr69pfXETjmJNSYIaVarhPpdoKkppiRUdqLFYkQHqAeaRkMESeqnUxuGcEj43RgV0jzQg0n7u+JBHGlhjwwnRzpvpqvjc3/aq1Yd8/bCQ2jWJMQTxd1Ywa1gONgYIdKgjUbGkBYUvNXiPtIIqxNfGkTgjt/8iLUS0X3tFi+LWcrl7M4UuAQZEAOuOAMVMA1qIIawOARPINX8GY9WS/Wu/UxbV2yZjMH4I+szx8BqJdI</latexit>

(m1,m2) = (1, 10�3)M�

Ground-based telescopes (Einstein Telescope, Cosmic Explorer, perhaps even 
LVK) could also measure DM spikes in lighter binaries (in this case PBHs):



Towards better spikes

17

Realistic spike  
formation scenarios

Eccentric orbits

Accretion (for BHs)

More realistic feedback

Confusion with other 
environmental effects

Relativistic effects

Search strategies

[See Pippa Cole’s talk (today)  
and Niklas Becker’s talk 

(tomorrow)]

[See e.g. 2204.12508 and 
 Nicholas Speeney’s talk (today)]

[See Theophanes Karydas’ 
 lightning talk (today)]

[See e.g. Becker et al., 
2112.09586]

Integration with realistic 
 IMRI/EMRI waveforms
[See e.g. FastEMRIWaveforms, 

2104.04582]

[C.f. Andrea Antonelli’s talk 
 (yesterday)]

https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2104.04582
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Black Hole and Spike Formation

18

Use semi-analytic galaxy formation models to study the properties of Direct 
Collapse Black Holes and the halos they form in.

[Volonteri et al., 2110.10175]

[Dunn et al., 1803.01007]

[Work in progress with Abram Perez, Pratika Dayal, and others]

Preliminary results suggest that large densities are possible 
but do these systems survive, and are they common? 

<latexit sha1_base64="wRoNEtpnG2//LKZ8T1+Cj4xBANw=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+BCy4xKdSUFN26ECrYKnTpkMpk2NJkMyR2hDPMdbvwVNy4UcSdu/BvTx8LXgcDhnHPJvSdMBTfgup/O1PTM7Nz8wmJpaXllda28vtEyKtOUNakSSt+ExDDBE9YEDoLdpJoRGQp2HfbPhv71HdOGq+QKBinrSNJNeMwpASsFZc/XPRXUsN8FG5LYc29zr1b4exeBryIF/p4vCfS0zFNa3Ob7h0VQrrhVdwT8l3gTUkETNILyux8pmkmWABXEmLbnptDJiQZOBStKfmZYSmifdFnb0oRIZjr56LQC71glwrHS9iWAR+r3iZxIYwYytMnhnua3NxT/89oZxCednCdpBiyh44/iTGBQeNgTjrhmFMTAEkI1t7ti2iOaULBtlmwJ3u+T/5LWQdWrVY8ujyr100kdC2gLbaNd5KFjVEfnqIGaiKJ79Iie0Yvz4Dw5r87bODrlTGY20Q84H18mWqBY</latexit>

⇢6 & 1016 M� pc�3

https://arxiv.org/abs/2110.10175
https://arxiv.org/abs/1803.01007


Dressed PBHs

19

[BJK, Gaggero & Bertone, 1805.09034]
[Movies here]

https://arxiv.org/abs/1805.09034
https://figshare.com/articles/dataset/Dressed_Primordial_Black_Hole_Binaries_-_Animations/6298397


Dressed PBHs

19

[BJK, Gaggero & Bertone, 1805.09034]
[Movies here]

https://arxiv.org/abs/1805.09034
https://figshare.com/articles/dataset/Dressed_Primordial_Black_Hole_Binaries_-_Animations/6298397


Dressed PBH IMRIs

20[Work in progress with Pratibha Jangra & Chema Diego]

PBH binaries typically formed (in the early Universe) with very high 
eccentricity —> Rapid merger

Dark Dresses around PBH IMRIs are likely to accelerate merger…

Do dressed PBH IMRIs merge slowly enough to be detected at low redshift?

<latexit sha1_base64="988JbH2rQvi+MR9ooKr18fWllXg=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoiHWmFOuy6MZlBfuAPoZMetuGJjNDkhHK0I9w46+4caGIWxfu/BvTx0JbDwQO59zLzTl+xJnSjvNtpVZW19Y30puZre2d3T17/6CmwlhSqNKQh7LhEwWcBVDVTHNoRBKI8DnU/eHNxK8/gFQsDO71KIK2IP2A9Rgl2kiefaa9liB6IEUiQPZhjFuKCUw81ininHsOhhROO0npojD27KyTd6bAy8Sdkyyao+LZX61uSGMBgaacKNV0nUi3EyI1oxzGmVasICJ0SPrQNDQgAlQ7mYYa4xOjdHEvlOYFGk/V3xsJEUqNhG8mJwHUojcR//Oase5dtRMWRLGGgM4O9WKOdYgnDeEuk0A1HxlCqGTmr5gOiCRUmx4zpgR3MfIyqRXy7mW+eFfMlq/ndaTRETpGOeSiEiqjW1RBVUTRI3pGr+jNerJerHfrYzaasuY7h+gPrM8fmUydPA==</latexit>

tmerge ⇠ a4i (1� e2i )
7/2
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Accretion (and other effects)

21

Need to start including 
accretion, perhaps even 
effects of additional 
gravitational pull 

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

m1 = 1000M�

m2 = 1M�

�sp = 7/3

⇢6 = 5.45⇥ 1015 M� pc�3

[See Theophanes Karydas’ lightning talk (today)]

May lead to additional 
feedback effects… 



More realistic feedback

22

Eventually need to expand our description of feedback in the DM spike: 
• Anisotropy in the DM distribution 
• Multiple sources of feedback (dynamical friction, accretion, etc) 
• Verify semi-analytic prescriptions

NbodyIMRI: solver tailored to DM spikes
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<latexit sha1_base64="qSluaidCSq7xCjvF6QnAt515izs=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxIUVdS0IUboaJ9QGcYMmmmDU0yQ5IRyzC/4saFIm79EXf+jZm2C209EDiccy/35IQJo0o7zrdVWlldW98ob1a2tnd29+z9akfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHxV+N1HIhWNxYOeJMTnaChoRDHSRgrsqndPhxwFHkd6JHl2fZsHds2pO1PAZeLOSQ3M0QrsL28Q45QToTFDSvVdJ9F+hqSmmJG84qWKJAiP0ZD0DRWIE+Vn0+w5PDbKAEaxNE9oOFV/b2SIKzXhoZksIqpFrxD/8/qpji78jIok1UTg2aEoZVDHsCgCDqgkWLOJIQhLarJCPEISYW3qqpgS3MUvL5POad09qzfuGrXm5byOMjgER+AEuOAcNMENaIE2wOAJPINX8Gbl1ov1bn3MRkvWfOcA/IH1+QMeF5R+</latexit>

⌃DM

<latexit sha1_base64="tHhyn4U3oabxHIZoT4G2vAj2Mc8=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjpbpRCrpwo1SwD2jHIZOmbWiSGZKMUIfir7hxoYhb/8Odf2OmnYW2HggczrmXe3KCiFGlHefbyi0sLi2v5FcLa+sbm1v29k5DhbHEpI5DFspWgBRhVJC6ppqRViQJ4gEjzWB4kfrNByIVDcWdHkXE46gvaI9ipI3k23s3focjPZA8ubwewzPoOvcV3y46JWcCOE/cjBRBhppvf3W6IY45ERozpFTbdSLtJUhqihkZFzqxIhHCQ9QnbUMF4kR5yST9GB4apQt7oTRPaDhRf28kiCs14oGZTJOqWS8V//Pase6degkVUayJwNNDvZhBHcK0CtilkmDNRoYgLKnJCvEASYS1KaxgSnBnvzxPGsclt1Iq35aL1fOsjjzYBwfgCLjgBFTBFaiBOsDgETyDV/BmPVkv1rv1MR3NWdnOLvgD6/MHnJ2UBQ==</latexit>

NDM = 106

[Code here: github.com/bradkav/NbodyIMRI]

No DM-DM interparticle forces 

Can follow the spike in high resolution 
(For now in Newtonian gravity only, but 
eventually include PN corrections) 

https://github.com/bradkav/NbodyIMRI


More realistic feedback

23

N-body simulations will never be fast enough to generate waveforms, but they 
help inform and calibrate modelling. 

But even if we can eventually model the system perfectly (and quickly), 
we still have a challenge…
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Ultimately need a fast method of generating waveforms (e.g. surrogate 
models?).



Discoverability

24

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

Substantial loss of SNR using GR-in-vacuum waveforms!

Astro  
Scenario

PBH 
Scenario

Space of templates would need to be expanded a lot 
(with possible complicated correlations…) 

[See e.g. Alvin Chua’s talk (yesterday)]

https://github.com/adam-coogan/pydd


Search strategies?

25

• Detect GW signal close to merger (where dephasing is small) then 
‘track back’ through the data (as dephasing increases) 

• Use ‘generalised inspiral’ waveforms to parametrise the dephasing 

• Use tools from continuous-wave searches, breaking the inspiral into 
‘chunks’ and looking for quasi-monochromatic signals in each chunk  
(e.g. Hough transform) 

• Hybrid of the above?

[Chia & Edwards, 2004.06729]

Possible options (?):

[Guo & Miller, 2205.10359]

https://arxiv.org/abs/2004.06729
https://arxiv.org/abs/2205.10359


Conclusions
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Detecting collisionless DM 
spikes would be revolutionary.

In simple models, with simplified 
searches, it’s possible and powerful. 

Now we just have a few things left to do…



Towards better spikes
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Realistic spike  
formation scenarios

Eccentric orbits

Accretion (for BHs)

More realistic feedback

Confusion with other 
environmental effects

Relativistic effects

Search strategies

[See Pippa Cole’s talk (today)  
and Niklas Becker’s talk 

(tomorrow)]

[See e.g. 2204.12508 and 
 Nicholas Speeney’s talk (today)]

[See Theophanes Karydas’ 
 lightning talk (today)]

[See e.g. Becker et al., 
2112.09586]

Integration with realistic 
 IMRI/EMRI waveforms
[See e.g. FastEMRIWaveforms, 

2104.04582]

[C.f. Andrea Antonelli’s talk 
 (yesterday)]

Need to do all of these things accurately, quickly, all at the same time: 

https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2104.04582


Towards better spikes

27

Realistic spike  
formation scenarios

Eccentric orbits

Accretion (for BHs)

More realistic feedback

Confusion with other 
environmental effects

Relativistic effects

Search strategies

[See Pippa Cole’s talk (today)  
and Niklas Becker’s talk 

(tomorrow)]

[See e.g. 2204.12508 and 
 Nicholas Speeney’s talk (today)]

[See Theophanes Karydas’ 
 lightning talk (today)]

[See e.g. Becker et al., 
2112.09586]

Thank you!

Integration with realistic 
 IMRI/EMRI waveforms
[See e.g. FastEMRIWaveforms, 

2104.04582]

[C.f. Andrea Antonelli’s talk 
 (yesterday)]

Need to do all of these things accurately, quickly, all at the same time: 

https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2104.04582
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Reconstruct density from distribution function: 

Phase space distribution
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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>

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

Compact object scatters with all 
DM particles within ‘torus’ of 

influence over one orbit

Follow semi-analytically the phase space 
distribution of DM:

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>

[Code available online: 
github.com/bradkav/HaloFeedback][BJK, Nichols, Gaggero, Bertone, 2002.12811]

�(r) =

�
d3vf(E)

<latexit sha1_base64="JE4mkH1K3L9LCMXtpaZeXSXt3dk=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VoNyXRgG6UggguK9gHNLFMppN26OTBzKRQQn7Ejb/ixoUiLtyIf+MkzUJbDwycOfde7rnHjRgV0jC+tdLK6tr6RnmzsrW9s7un7x90RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNedXGf17pRwQcPgXs4i4vhoFFCPYiSVNNAtm4/DGq/DS2jTQELbR3LM/WSYPpzl3PWSaQq9Wv7BiCU3aX2gV42GkQMuE7MgVVCgNdA/7WGIY58EEjMkRN80IukkiEuKGUkrdixIhPAEjUhf0QD5RDhJfl0KT5QyhF7I1VMOc/X3RIJ8IWa+qzozj2Kxlon/1fqx9C6chAZRLEmA54u8mEEZwiwqOKScYMlmiiDMqfIK8RhxhKUKtKJCMBdPXiad04ZpNaw7q9q8KuIogyNwDGrABOegCW5BC7QBBo/gGbyCN+1Je9HetY95a0krZg7BH2hfP70sobo=</latexit>

https://github.com/bradkav/HaloFeedback
https://arxiv.org/abs/2002.12811
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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>

Assuming everything evolves slowly compared to the orbital period:

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

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

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

- total probability for a particle 
with energy     to scatterE

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

PE(�E)

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

pE =

�
PE(�E) d�E

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

Torb
df(E)

dt

<latexit sha1_base64="bYgAvA08VqqdNhq/h1naZBrne3E=">AAACJXicbVDLSsNAFJ34rPUVdelmsBTqpiRSUMFFUQSXFfqCJoTJZNIOnTyYmQgl5Gfc+CtuXFhEcOWvOEkr1NYDA4dz5nLvOW7MqJCG8aWtrW9sbm2Xdsq7e/sHh/rRcVdECcekgyMW8b6LBGE0JB1JJSP9mBMUuIz03PFd7veeCBc0CttyEhM7QMOQ+hQjqSRHv2k7VoDkiAdpxN0MWj5HOP2VvMyvFRwjlt5n59mCIzPo6BWjbhSAq8SckwqYo+XoU8uLcBKQUGKGhBiYRiztFHFJMSNZ2UoEiREeoyEZKBqigAg7LVJmsKoUD/oRVy+UsFAXJ1IUCDEJVIhqfqRY9nLxP2+QSP/KTmkYJ5KEeLbITxiUEcwrgx7lBEs2UQRhTtWtEI+Q6kmqYsuqBHM58irpXtTNRv36sVFp3s7rKIFTcAZqwASXoAkeQAt0AAbP4BW8g6n2or1pH9rn7OuaNp85AX+gff8AkIynKg==</latexit>
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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>

Particles scattering from 

Particles scattering from 
E � �E � E

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

E � E + �E
<latexit sha1_base64="3S9KZtrclQ+DjXJlpegGsLXw11o=">AAACIXicdZDLSsNAFIYnXmu9RV26GSyCIJS0CnYlBRVcVrAXaEo5mU7boZNMmDlRSuiruPFV3LhQpDvxZUzaCvV2YODn+8/hnPm9UAqDjvNuLSwuLa+sZtay6xubW9v2zm7NqEgzXmVKKt3wwHApAl5FgZI3Qs3B9ySve4OL1K/fcW2ECm5xGPKWD71AdAUDTFDbLrk+YJ+BjK9G1NWi10fQWt3TeX5M3UsuEeZh284V8s6kqPNLfFk5MqtK2x67HcUinwfIJBjTLDghtmLQKJjko6wbGR4CG0CPNxMZgM9NK578cEQPE9KhXaWTFyCd0PmJGHxjhr6XdKYnmp9eCv/ymhF2S61YBGGEPGDTRd1IUlQ0jYt2hOYM5TARwLRIbqWsDxoYJqFm50P4X9SK+cJJvnhzmiufz+LIkH1yQI5IgZyRMrkmFVIljDyQJ/JCXq1H69l6s8bT1gVrNrNHvpX18QnfX6Pr</latexit>

Assuming everything evolves slowly compared to the orbital period:

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

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

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

- total probability for a particle 
with energy     to scatterE

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

PE(�E)

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

pE =

�
PE(�E) d�E

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

Torb
df(E)

dt
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Estimate optimal match-filtered SNR for detection with LISA.  
(Presence of Dark Dress has almost no impact on SNR):
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Estimate optimal match-filtered SNR for detection with LISA.  
(Presence of Dark Dress has almost no impact on SNR):
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