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The Dark Matter Landscape

3
New technologies, lower thresholds, larger exposures, higher energies…

[APPEC, 2104.07634][IceCube, 1705.08103]
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Black Holes Neutron Stars

[Credit: NASA’s Goddard Space Flight Center; 

background, ESA/Gaia/DPAC]

Higher densities, larger magnetic fields, longer timescales…



Black Holes and DM Spikes
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Consider a cold DM ‘spike’ or 
‘dress’ around an intermediate 
mass black hole (IMBH)* 

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

⇢DM = ⇢6

✓
10�6 pc

r

◆�sp

PBH scenario

<latexit sha1_base64="FvgAa+mRFWwYNPag7c9E5vblQgA="></latexit>

�sp = 9/4 ⇡ 2.25

⇢6 ⇡ 5.35⇥ 1015 M� pc�3

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

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

�sp = 7/3 ⇡ 2.3333 . . .

⇢6 ⇡ 5.45⇥ 1015 M� pc�3

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

…depending on a number of environmental factors…

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

m1 & 103 M�

*not to be confused with an ultralight boson cloud

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

DM annihilation?
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[0806.2911]
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⇢DM, local ⇠ 10�2 M�/pc
3

What about non-annihilating DM?

DM self-annihilation can suppress the spike density, but 
can still lead to large (diffuse and point source) fluxes of 

gamma-rays and neutrinos

[E.g. Lacroix & Silk, 1712.00452, Freese et al., 2202.01126]

https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1712.00452
https://arxiv.org/abs/2202.01126
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�Ėorb = ĖGW + ĖDF
<latexit sha1_base64="1ArV/ebZDYGt7kzAhcA9JFoidcY=">AAACKnicbVBJSwMxGM241rqNevQSLAVBLFMtLgel4nqsYBdohyGTZtrQzEKSEcowv8eLf8VLD0rx6g8xMx1EWx8EHu/lS7737IBRIQ1jrM3NLywuLedW8qtr6xub+tZ2Q/ghx6SOfebzlo0EYdQjdUklI62AE+TajDTtwXXiN58JF9T3nuQwIKaLeh51KEZSSZZ+ddjp+jK6ja2Oi2Sfu5HP7RhewGn5vhnDgxn15i629IJRMlLAWVLOSAFkqFn6SL2CQ5d4EjMkRLtsBNKMEJcUMxLnO6EgAcID1CNtRT3kEmFGadQYFpXShY7P1fEkTNXfExFyhRi6KkIxWVFMe4n4n9cOpXNmRtQLQkk8PPnICRmUPkx6g13KCZZsqAjCnKpdIe4jjrBU7ebTEs4TnPxEniWNo1L5uFR5rBSql1kdObAL9sA+KINTUAUPoAbqAIMX8AbewYf2qo20sfY5uTqnZTM74A+0r2/Nr6g9</latexit>

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

[Chandrasekhar, 1943]
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v
ln⇤
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m1 = 103 M�

m2 = 1M�

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

Change in time-frequency evolution 
of the GW inspiral:

‘Dressed’ system mergers ~days earlier than 
‘vacuum’ system

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

�Ncycles ⇠ O(104) cycles ⇠ % level

Nvacuum
cycles � 6 � 106

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

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

https://arxiv.org/abs/2002.12811
http://GitHub.com/bradkav/HaloFeedback


Measurability with LISA
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We may be able to distinguish different shapes 
of spike → Different formation mechanisms and 
DM models (exclude self-annihilating DM, keV 

fermions, light boson etc.)!
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[Code: github.com/adam-coogan/pydd]
[Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

Mass ratio

Chirp Mass

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


Neutron Stars
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⇢c > O(100) ⇢1

DM

DM

DM

Old neutron stars can have extremely high 
magnetic fields ( ),  

relevant for axion DM
B0 = 1012 − 1015 G

Caveat: still lots to learn about Neutron Star internal properties and populations…

High ‘target’ densities means high opacity to 
DM-nucleon scattering: 
ρ > 4.2 × 1011 g/cm3

Strong gravitational field compresses DM 
phase space, enhancing DM density near NS 

surface
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DM Capture in NSs
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[Bramante, BJK, Raj, 2109.04582]

[See also yesterday’s talk by Sergio Palomares-Ruiz]

‘Clumpy’ DM

Capture of GeV-scale DM in NSs can lead to distinctive signatures:

• Impact on NS equation of state (possible GW signatures?) [Cermeño et al., 1710.06866]

• Neutron star heating (possible optical, X-ray emission)

• Transient NS heating (for clumpy DM) [Bramante, BJK, Raj, 2109.04582]

[Baryakhtar et al., 1704.01577]

‘Smooth’ DM

https://arxiv.org/abs/2109.04582
https://arxiv.org/abs/1710.06866
https://arxiv.org/abs/2109.04582
https://arxiv.org/abs/1704.01577


Axion-photon conversion

12
[For recent modeling developments, see also Battye et al., 1910.11907, 

2104.08290; Leroy et al., 1912.08815, Foster et al., 2202.08274] [Witte et al., 2104.07670]

Northern NS  
hemisphere

Southern NS 
 hemisphere

QCD axion

NS surrounded by a dense plasma which allows ‘resonant’ conversion, 
 when axion mass matches plasma mass: ωp(B0, P) = ma/2π

[1803.08230, 1804.03145, 

1811.01020, 1910.11907]

https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/2104.08290
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/2202.08274
https://arxiv.org/abs/2104.07670
https://arxiv.org/abs/1803.08230
https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1910.11907


Axion Miniclusters (AMCs)
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[BJK, Edwards, Visinelli & Weniger, 2011.05377; Edwards, BJK, Visinelli & Visinelli, 2011.05378]

Clumps of axion DM (‘miniclusters’) crossing NSs could 
lead to bright radio transients towards the GC:

[Hogan & Rees (1988)]aa

γ

[Code: github.com/bradkav/axion-miniclusters]

Search currently underway for radio transients in Andromeda using the Green Bank Telescope (GBT) 

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://doi.org/10.1016/0370-2693(88)91655-3
https://github.com/bradkav/axion-miniclusters


Multi-messenger Axions

14[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]
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Future radio observations should be able to probe QCD axion DM in the range 
, while LISA would constrain the DM density close to the IMBH! 10−7 − 10−5 eV
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DM in Extreme Environments
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Black Holes and Neutron Stars provide extreme (and extremely promising) environments for 
testing Dark Matter with GW and EM observations. But there’s plenty of modelling to do before 

we can explore their full potential!

• Understanding population of DM spikes in 
the Universe (formation? survival?) 

• Extending formalism to eccentric orbits, 
post-Newtonian corrections, etc. 

• Exploring possible signals in (Hz-kHz 
frequency) ground based detectors (e.g. from 
solar and sub-solar PBH binaries) 

• Realistic search strategies!

• Neutron Star population modeling in the 
Milky Way (and other galaxies) 

• Careful modeling of axion-photon conversion 
in realistic NS magnetospheres 

• Understanding axion minicluster formation, 
evolution and disruption in the Early Universe 
and today.

Black Holes Neutron Stars
GW dephasing from cold DM spikes* WIMP capture or Axion conversion

Still to do: Still to do:

*and possible annihilation signatures
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Black Holes and Neutron Stars provide extreme (and extremely promising) environments for 
testing Dark Matter with GW and EM observations. But there’s plenty of modelling to do before 

we can explore their full potential!

• Understanding population of DM spikes in 
the Universe (formation? survival?) 

• Extending formalism to eccentric orbits, 
post-Newtonian corrections, etc. 

• Exploring possible signals in (Hz-kHz 
frequency) ground based detectors (e.g. from 
solar and sub-solar PBH binaries) 

• Realistic search strategies!

• Neutron Star population modeling in the 
Milky Way (and other galaxies) 

• Careful modeling of axion-photon conversion 
in realistic NS magnetospheres 

• Understanding axion minicluster formation, 
evolution and disruption in the Early Universe 
and today.

Black Holes Neutron Stars
GW dephasing from cold DM spikes* WIMP capture or Axion conversion

Still to do: Still to do:

Thank you!*and possible annihilation signatures
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Co-evolution
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[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]

Newtonian motion of the binary,  
Taking into account: 

• GW emission 
• Dynamical Friction 
• DM Halo Feedback

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

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

[Code: github.com/bradkav/
HaloFeedback]

https://arxiv.org/abs/2002.12811
http://tinyurl.com/GW4DM
http://GitHub.com/bradkav/HaloFeedback
http://GitHub.com/bradkav/HaloFeedback
http://GitHub.com/bradkav/HaloFeedback
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Nature of Dark Matter
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[1906.11845]

[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] 

Red regions would be ruled out by observation of a DM spike!
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Current Interferometers

Future Interferometers

Pulsar Timing Arrays

[Bertone, Croon, et al (including BJK), 1907.10610]

DM ‘dephasing’ of GWs is sensitive 
over a huge range of DM masses and 

particle physics interaction.  

But formation and properties of the 
spike are sensitive to DM properties. 

Detection of a spike would exclude 
ultra-light bosons, sub-keV fermions, 
self-annihilating DM, compact object 
DM (all of which do not form spikes)!

[Bertone, Coogan, Gaggero, 
BJK & Weniger, 1905.01238;


Hannuksela et al., 1906.11845]

https://arxiv.org/abs/1907.10610
https://arxiv.org/abs/1905.01238
https://arxiv.org/abs/1906.11845


Gravitational Atoms
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[Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2112.14777]

Compton wavelength of a light scalar field:

Super-radiance (and growth of a  
‘gravitational atom’) when:
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rg ⇠ GMBH/c
2 < �c

[Chia, 2012.09167]
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DM Spike Discoverability
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BF(d) ⌘ p(d|D)

p(d|V)

Given the data , compare Bayesian evidence 
 for Vacuum and Dressed systems:

d
p(d)
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p(d) =

Z
d✓L(✓)p(✓)

Astro  
Scenario

PBH 
Scenario

Prior

Likelihood

We’ll call a DM spike discoverable if it can be distinguished from a GR-in-vacuum system.
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✓D = {�sp, ⇢6,M, log10 q}
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✓V = {M}

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

Use an approximate waveform 
parametrisation in terms of θD

(maximising over extrinsic variables 
)θext ≡ {DL, ϕc, t̃c}

vs.

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


PBH binaries with Einstein Telescope
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Axion miniclusters
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[Buschmann et al., 1906.00967]
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� = (⇢� ⇢̄)/⇢

Overdensities act as ‘seeds' for 
bound “axion miniclusters” (AMCs)

For an overdensity of size   
the final density is:

δ = (ρ − ρ̄)/ρ

[Kolb & Tkachev, astro-ph/9403011]
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⇢AMC(�) = 140(1 + �)�3⇢eq

Not to be confused with Axion Stars
[Schive et al., 1407.7762, Visinelli et al., 1710.08910]
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