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The Dark Matter Landscape
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New technologies, lower thresholds, larger exposures, higher energies. ..
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DM in Extreme Environments

Black Holes Neutron Stars

Beam of
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[Credit: NASA’s Goddard Space Fllght Center; © 2005 Pearson Prentice Ha”, Inc
background, ESA/Gaia/DPAC]

Higher densities, larger magnetic fields, longer timescales. ..



Black Holesand DM Spikes

Consider a cold DM ‘spike’ or
‘dress’ around an intermediate

3
mass black hole (IMBH)* my 2, 107 Mg

10~ % pc Tep

T IR

PDM = P6

| Astrophysical scenario o
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*not to be confused with an ultralight boson cloud
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DM annihilation?
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\ Self-annihilation ‘core’ can still lead to large (diffuse and point source) fluxes of
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| | [E.g. Lacroix & Silk, 1712.00452, Freese et al., 2202.01126]

r [pc]

PDM, local ~ 1072 Mg /pc?

What about non-annihilating DM?
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Change in time-frequency evolution
of the GW inspiral:

[BJK, Nichols, Gaggero, Bertone, 2002.12811}
[Code: github.com/bradkav/HaloFeedback]
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Change in the number of GW cycles to merger,
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Measurability with LISA

e = 2308 30
I
I

|

| : : >
| Astrophysical scenario n
: 25 o
i my = 10° Mg ”
O

Mo — 1 M@ 20 g

D

3.

1010 Mg pe3] = 0.567 )5 Ysp — 7/3 ~ 2.3333 ...

pe ~ 5.45 x 10'° Mg pc™

—_
-

Posterior P(sp)
o

Chirp Mass
M M.] = 19.380+0.007 3
| |

] T [

_ i )20 2925 230 235 240 245 250 2.5
. | Vsp
Massmato We may be able to distinguish different shapes

log1pq = —2.79" 5 : : - -
- P [T oy | of spike — Different formation mechanisms and

DM models (exclude self-annihilating DM, keV
fermions, light boson etc.)!

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

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

High ‘target’ densities means high opacity to
DM-nucleon scattering:
p>42x10" g/cm’

Old neutron stars can have extremely high
magnetic fields (B, = 101 — 10> G),
relevant for axion DM

Caveat: still lots to learn about Neutron Star internal properties and populations...
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Axion-photon conversion

a )4 - ( ) '
_____ (V NS surroundgd by a dense plasma which allows ‘resonant’ conversion, [1803.08230, 1804.03145,
when axion mass matches plasma mass: a)p(BO, P) = ma/27z 1811.01020, 1910.11907]
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[For recent modeling developments, see also Battye et al., 1910.11907, my [eV]
2104.08290; Leroy et al., 1912.08815, Foster et al., 2202.08274] (Witte et al., 2104.07670]
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s Y Clumps of axion DM (‘miniclusters’) crossing NSs could
lead to bright radio transients towards the GC:

6 | | | | | | | Distribution of AMC-NS Encounters (NFW AMC Profiles)
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Search currently underway for radio transients in Andromeda using the Green Bank

elescope (GB

[BJK, Edwards, Visinelli & Weniger, 2011.05377; Edwards, BJK, Visinelli & Visinelli, 2011.05378]

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

o Axion Miniclusters (AMCs) "ot
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Gravitational Wave Strain

Multi-messenger AXions

Radio Amplitude
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Axion-Photon Coupling, g4~ [GeV ™!
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Future radio observations should be able to probe QCD axion
10~ — 10~ eV, while LISA would constrain the DM density ¢

Axion Mass, m, |eV]

DM In the range

ose to the IMBH!

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.046806]

B T

14


https://arxiv.org/abs/1905.04686

DM in Extreme Environments

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

Still to do: Still to do:

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

e xtending formalism to eccentric orbits,
post-Newtonian corrections, etc.

® Exploring possible signals in (Hz-kHz
frequency) ground based detectors (e.g. from

sola
® Rea

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

e Careful modeling of axion-photon conversion
N realistic NS magnetospheres

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

rand sub-solar PBH binaries)

Istic search strategies!

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!

*and possible annihilation signatures 15



DM in Extreme Environments

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

Still to do: Still to do:

® Understanding population of DM spikes in

® Neutron Star population modeling in the
the Universe (formation? survival?) POP J

Milky Way (and other galaxies)
e xtending formalism to eccentric orbits,

post-Newtonian corrections, etc.

e Careful modeling of axion-photon conversion
N realistic NS magnetospheres

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

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

® Realistic search strategies!

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 moo’e///ng to o’o before
we can explore their full potential! S —

*and possible annihilation signatures
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Co-evolution

[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]

Newtonian motion of the binary, ®
Taking into account:
* GW emission |
* Dynamical Friction 10%° ,
* DM Halo Feedback !
my = 10° M, [
1 N3 mo = 1 M. a
10 Ysp = 7/3
MX t = —4062.95 vears I
S 107 i ]
Density of the DM spike is =, ¥ el et
depleted (and replenished...) — 3 ks |
— 107 3 | F
= = :
S i |
- |
101: i - F
: P ('g-i]'y'._f )
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101’) 1 1 1 1 | | II 1 1 1 1 | I B | l' 1 : 1 1 P 1 11
This is one of the reasons we | 1010 10-9 1 —8 10—7
want to look at IMRIs/EMRIs... ~ - i | [Code: github.com/bradkav/ .
! [PC] HaloFeedback]
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Co-evolution

[BJK, Nichols, Gaggero, Bertone, 2002.12811]
[Movies: tinyurl.com/GW4DM]

Newtonian motion of the binary, ®
Taking into account:
* GW emission |
* Dynamical Friction 10%° ,
* DM Halo Feedback !
my = 10° M, [
1 N3 mo = 1 M. a
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Nature of Dark Matter

would e ruled out by observation of a DM spike!  [1906.11845]
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[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
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GW Probes of DM

Axion » : |
forces | EMRI/IMRI dephasing “
| QCD Axion 1‘» PBH
GW/Radio) B - N )J mergers
Axion :
DM DM production
by bubble collisions
Rolling Rolling

axions

]

Dark Photon DM

BH spin

BH-Boson
condensate

axions

Dark blobs

(Current Interferometers)

( Future Interferometers )

Hidden sector
scalars

( Pulsar Timing Arrays ]

distribution

PBH /sub-halo
transits

Boson star

binaries

1 M

1 mproton

10—20 10—10

1 1019 10 10°° 104 10°° 10%° 107

Dark Matter Candidate Mass [eV]

[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]
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Gravitational Atoms

Compton wavelength of a light scalar field:

—10
Ae ™~ 2km (10 eV)

7

Super-radiance (and growth of a
‘gravitational atom’) when:

g ~ GMBH/62 < Ao

Mgy € [1,10*] Mg
— mg € [10720,107 7] eV

[Chia, 2012.09167]

Orbital angular velocity

[Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2112.147/7]
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DM Spike Discoverability

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

Given the data d, compare Bayesian evidence 0 0 M1
_— p— O
p(d) for Vacuum and Dressed systems: v={M} vs. Op =Y, 6 M;logi g}
(maximising over extrinsic variables
2.90 1 Hext = {DD ¢c9 tc})
< —9
2.45 - -1 > Likelihood
o) = [docome)
2.40 - Actro -2 2 " Prior
& ?ﬁﬂ Scenario |> ( 7 D)
2.35 - 2 \* = BF(d) = £
\ p(d|V)
2.30 - 3 FBH |
i Scenario Use an approximate waveform
oos 1 W - parametrisation in terms of @,

10 10~ 107 10 [Code available online:
P6 [1016 \Y IS pc_?’] https://github.com/adam-coogan/pydd]
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Axion miniclusters

0= (p—p)/p
'8
B |7
Overdensities act as ‘seeds’ for r
bound “axion miniclusters” (AMCSs) -
4
3
2
1
For an overdensity of size 0 = (p — p)/p 0

the final density is: |
© 1Al Gensiy 1S "G00 025 050 075 100 025 05 075 10
L |1/a1H,|
pamc(6) = 140(1 + )6 peq [Buschmann et al., 1906.00967]

[Kolb & Tkacheyv, astro-ph/9403011 ]

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