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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

Indirect searches Direct Searches

[Abazajian et al., 2003.104106] [APPEC, 2104.0/7634]
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New technologies, lower thresholds, larger exposures, higher energies...
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Indirect searches Direct Searches
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Dark Matter could be in the form of
psuedo-Goldstone bosons of a spon

Axions can convert to
photons (and vice
Versa) in an external
magnetic field:
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Dark Matter could be In the form of

psuedo-Goldstone bosons of a spont

Axions can convert to
photons (and vice

p—
3
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ight pseudo-scalar ‘axions’, which may arise as
aneously broken Peccei-Quinn symmetry U(1)pg.
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[CADEXx Collaboration, including BJK, arXiv:2206.02980]



https://cajohare.github.io/AxionLimits/
https://arxiv.org/abs/2206.02980

[“Dark Matter in Extreme Astrophysical Environments”, Baryakhtar et al., 2203.07984]

Black Holes Neutron Stars

[Credit: NASA's Goddard Space Flight Center; [Credit: Casey Reed (Penn State University),
background, ESA/Gaia/DPAC] Wikimedia Commons]
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Higher adensities, larger magnetic fields, longer timescales...
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“Dephasing”

(2)y ‘ureng Ao

Time, ¢



'Spikes’ or ‘dresses’ of cold, particle-
Ike DM may form around BHSs:

‘ j i
| From the slow (‘adiabatic’) growth of |

| a BH at the centre of a DM halo

w “Astrophysical scenario”

; [astro-ph/9906391, astro-ph/0509565, |
\\ 1305.2619, ...] /

y, /4

—— P _—/“

Around BHs which form from large |
| density fluctuations in the early |
- Universe (i.e. Primordial Black Holes)
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| “PBH scenario”

1 [Bertschinger (1989), astro-ph/0608642, §
\\ 1901.08528, .. ] /



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
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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, Bertone et al., 1905.01238,
Freese et al., 2202.011206]

What about non-annihilating DM

Self-annihilation ‘core’
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PDM, local ™~ 10_2 M@/pC3
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DM Accretion
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Dynamical Friction

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870]
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https://arxiv.org/abs/1909.05870
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[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870] @
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-ollow semi-analytically the
ohase space distribution of DM:
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—ach particle receives a ‘kick’
through gravitational scattering
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Reconstruct density from
distribution function:

p(r) = /dSVf(g) Compact object scatters with all DM particles
within ‘torus’ of influence over one orbit

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


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

Assuming everything evolves slowly compared to the orbital period:

Lorb dﬁ(tg) = —pe f(E)+
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P (AS) - probability for a particle with energy & to
scatter and receive a ‘kick’ A&

P = / Pg(Ag) dAE - total probabillity for a particle with

energy & to scatter

[BJK, Nichols, Gaggero, Bertone, 2002.12811] [Code available online: github.com/bradkav/HaloFeedback]
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Assuming everything evolves slowly compared to the orbital period:

Particles scattering from
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P (AS) - probability for a particle with energy & to
scatter and receive a ‘kick’ A&

P = / Pg(Ag) dAE - total probabillity for a particle with

energy & to scatter

[BJK, Nichols, Gaggero, Bertone, 2002.12811] [Code available online: github.com/bradkav/HaloFeedback]
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Density of the DM
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'his IS one of the reasons we want to look at IM

BJK, Nichols, Gaggero, Bertone, 2002.12811]
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[Movies: tinyurl.com/GW4DM]
[Code: github.com/bradkav/HaloFeedback
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[Code available online: https://github.com/adam-coogan/pydd]
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\ [Code: github.com/adam-coogan/pydd]
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would be ruled out by observation of a DM spike!

[1906.11845]
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Confusion with other
environmental effects

[Cole et al. (including BJK),
2211.01362]

Relativistic effects

[See e.g. 2204.12508]

Lk 4

Realistic spl
formation scer

KE

arios

S [Ongoing work with Abram
o AR . . Perez, Pratika Dayal, and others]

—ccentric orbits

[See e.q. Becker et
al., 2112.095806]

Integration with realistic = .. 43 :

[See e.g. 2104.04582]

Accretion (for BHS)

[See e.g. Nichols et al. 2309.06498]

IMRI/EMRI waveforms %

W0 More realistic feedback

[Ongoing work led by
Theophanes Karydas]

Search strategies
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[Cole, Bertone, Coogan, Gaggero, Karydas, BJK,

Generate waveform Spieksma, Tomaselli, 2211.01362, Nature Astronomy]
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| : :
| Signals very hard to confuse in 1 year
= I of LISA data (huge Bayes factors!)
=
= 3
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https://arxiv.org/abs/2211.01362

108 | | | | : [Dunn et al., 1803.01007/]

10

Stellar black holes

[Volonteri et al., 2110.10175]

Use semi-analytic galaxy formation models to study the properties of
Direct Collapse Black Holes and the halos they form in.
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Preliminary results suggest that large densities are possible

- > 10"° Mg pe™?
but do these systems survive, and are they common? P6 < © PE

[Work in progress with Abram Perez and Pratika Dayal, as well as Daniele Gaggero, Renske Wierda & Gianfranco Bertone]
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—ventually need to expand and verify our description of dynamical friction and feedback in
the DM spike (also include anisotropy, accretion, post-Newtonian corrections...)

NbodyIMRI: N-body solver tailored to DM spikes
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https://github.com/bradkav/NbodyIMRI

Verify strength of

dynamical friction force:
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Verity dynamics of the DM halo:
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—— NbodyIMRI
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Verify strength of
dynamical friction force:

Verity dynamics of the DM halo:
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Accretion of DM by the secondary BH leads to an additional accretion force:

_ 3 2 - B
Facc — /d \4 ﬂ-bacc (Vrel)vrel varel Vrel = Vorb A\
| - [Work in progress with Theophanes Karydas & Gianfranco Bertone)
— Vacuum — Full e Dynamical Friction
5.0 [See also Nichols et al. 2309.06498]
g - I Use simulations to validate accretion force
T s o 10 Melpe and DM spike depletion:
8 4.0 1.90pr— L T DA
= a i
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https://arxiv.org/abs/2309.06498
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Confusion with other
environmental effects

[Cole et al. (including BJK),
2211.01362]

Relativistic effects

[See e.g. 2204.12508]

Lk 4

Realistic spl
formation scer

KE

arios

S [Ongoing work with Abram
o AR . . Perez, Pratika Dayal, and others]

—ccentric orbits

[See e.q. Becker et
al., 2112.095806]

Integration with realistic = .. 43 :

[See e.g. 2104.04582]

Accretion (for BHS)

[See e.g. Nichols et al. 2309.06498]

IMRI/EMRI waveforms %

W0 More realistic feedback

[Ongoing work lead by
Theophanes Karydas]

Search strategies



https://arxiv.org/abs/2112.09586
https://arxiv.org/abs/2204.12508
https://arxiv.org/abs/2104.04582
https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2309.06498




Dark Matter could be in the form of light pseudo-scalar ‘axions’, which may arise as
psuedo-Goldstone bosons of a spontaneously broken Peccei-Quinn symmetry U(1)p(,

Frequency [MHz]
Axions can convert to 10° 10 10°
photons (and vice
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[CADEXx Collaboration, including BJK, arXiv:2206.02980]
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With this, the radiated power Is:
dP (0, 0,,t)

Dark Matter could be In the form of

i

ight pseudo-scalar “axions’, which may arise as

taneously broken Peccei-Quinn symmetry U(1)pg.

a 7

— — o —

Jaryy

B)

Neutron Star surrounded by a dense plasma which

allows ‘resonant’ conversion, when axion mass
matches plasma mass: @,(By, P) = m,/2n

This occurs at the conversion radius r,., with
conversion possible over a distance:

L =/2ar./(3m,)

dO ~ pa’YIODMUC ; gch(TC)QLZIODMT2

[1803.08230, 1804.03145, 1811.01020]
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Dark Matter could be in the form of light pseudo-scalar ‘axions’, which may arise as
psuedo-Goldstone bosons of a spontaneously broken Peccei-Quinn symmetry U(1)p(,
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0, = 0.45 GeV cm ™
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Axion mass m, [eV]

Southern NS 10—17 |
hemisphere

p—
3
@)

[For recent modeling developments, see also Battye et al., 1910.11907,
2104.08290; Leroy et al., 1912.08815, Foster et al., 2202.08274]
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Future radio observations should be able to probe QCD axion DM in the range

10~ — 107 eV, while LISA would constrain the DM density close to the
IMBH!

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04680]
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Consider Dark Matter QCD axions,
in which the PQ symmetry is broken
after inflation

Axion field has random initial values In
causally disconnected patches

Need to solve complicated dynamics
of topological defects (axion walls,
strings) in order to determine present-
day DM density.

Simulations are tricky, but point to
masses above m, = 20ueV.

[See e.g. Gorghetto et al., 2007.04990]

[Buschmann et al., 1906.00967]



https://arxiv.org/abs/2007.04990
https://arxiv.org/abs/1906.00967
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Consider Dark Matter QCD axions,
in which the PQ symmetry is broken
after inflation

Axion field has random initial values In
causally disconnected patches

Need to solve complicated dynamics
of topological defects (axion walls,
strings) in order to determine present-
day DM density.

Simulations are tricky, but point to
masses above m, = 20ueV.

[See e.g. Gorghetto et al., 2007.04990]

[Buschmann et al., 1906.00967]



https://arxiv.org/abs/2007.04990
https://arxiv.org/abs/1906.00967

1.0
Overdensities act as ‘seeds' for 0.3
bound axion miniclusters (AMCs)
= 0.6
[Kolb & Tkachev, astro-ph/9403011] )
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Myicn (Mg |

[See also Zurek et al., astro-ph/060/341; Vaqguero et al., 1809.09241]



https://arxiv.org/abs/1911.09417
https://arxiv.org/abs/1906.00967
https://arxiv.org/abs/astro-ph/0607341
https://arxiv.org/abs/1809.09241
https://arxiv.org/abs/astro-ph/9403011
https://arxiv.org/abs/1707.03310

Clumps of axion DM (‘axion miniclusters’ or ‘AMCs’) crossing NSs could lead to bright radio
transients:

[Hogan & Rees (1988)]

Manic ~ 107 Mg
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[BJK, Edwards, Visinelli & Weniger, 2011.05377; Edwards, BJK, Visinelli & Visinelli, 2011.05378; Witte et al., 2212.08079]
[Code: github.com/bradkav/axion-miniclusters| @



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

AMC-NS encounter rate obtained by convolving the surviving AMC
distribution and the expected distribution of NSs. For the Milky Way:
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*In close collaboration with University of Virginia
Astronomy Instrumentation Group.




Spectral flux density

GBT observations after reduction, calibration,

removal, and signal filtering
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Development of signal
modeling pipeline

[Witte et al., 2212.08079]

Searches for NSs

NS populations and magnetic
field distributions

[Ongoing work lead
by Sam Witte]

AMC distribution
and evolution

[See e.g. 2205.05048]

Better modelling of
NS magnetospheres

[See e.g. 2206.04619,
2207.11276]

Search strategies”



https://arxiv.org/abs/2206.04619
https://arxiv.org/abs/2207.11276
http://arxiv.org/abs/2205.05048
https://arxiv.org/abs/2212.08079

¥p
S
-
)
O
| —
-
.
_©
o
-
=
-
O
-
)
¥p
N7
-
O
-
)
=
-
O
=

Dark Matter and Black Holes
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Dark Matter and Neutron Stars
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Higher densities, larger magnetic fields, longer timescales...but plenty still to do...

Black Holes Neutron Stars

[Credit: NASA's Goddard Space Flight Center; |Credit: Casey Reed (Penn State University),
background, ESA/Gaia/DPAC] Wikimedia Commons]
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Higher densities, larger magnetic fields, longer timescales...but plenty still to do...

Black Holes Neutron Stars

[Credit: NASA's Goddard Space Flight Center; |Credit: Casey Reed (Penn State University),
background, ESA/Gaia/DPAC] Wikimedia Commons]
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[Bertone, Croon, et al (including BJK), 1907.10610]

(Current Interferometers)

( Future Interferometers )
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[E.g. Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2112.147/77]

Compton wavelength of
a light scalar field:

1010 eV)
L

)\sz2km(

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

g ~~ GMBH/62 < Ao

Mgy € [1,10%° Mg
—mg € [107°°,107 9] eV

[Chia, 2012.09167]
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Orbital angular velocity

[Baumann et al., 1804.03208, 1908.10370, 1912.04932, 2012.09167, 2112.14//7/]
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Two body scattering problem relates Scattering probability becomes a
energy exchange to impact parameter: geometric problem:
9 ] bQ/UO4 171
AE(b) = —2u; _1 | CPrmg? Pe(AE) x P(bE)

NS/BH

Code available online: github.com/bradkav/HaloFeedback
(See also https://github.com/DMGW-Goethe/imripy)

—>
=
O

O
O

-

S—
o

(@)

-
-

D
)
)

O

(-
)
s

-

-
=

O
Sl

—

O

S
D,
=
[



https://github.com/bradkav/HaloFeedback
https://github.com/DMGW-Goethe/imripy

Galactocentric radius 7 [kpc]

Sut remember that even ‘surviving' AMCs may be drastically altered.
[BJK, Edwards, Visinelli & Weniger, 2011.05377; Edwards, BJK, Visinelli & Visinelli, 2011.05378]
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[See also previous work, e.g. Tinyakov et al., 1512.02884; Dokuchaev et al., 1710.09586;
and more recent work e.g. Dandoy et al., 2206.04619, Shen et al., 2207.11276]
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