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PBH Constraints

[Green & BJK, 2007.10722]

- [Code online: github.com/bradkav/PBHbounds]
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Part|C|e DM Sp|keS [Mack et al., astro-ph/0608642:

Ricotti, 0706.0864,

Sten Delos et al., 1712.05421,
Boudaud et al., 2106.07480, ...]

Mpbh — 100 M@

| Dark Matter _Primordial
Shells .. - Black Hole

102101 10° 100 10° 10° 10% 10° Dark Matter Spike

t [yr] |
[Jangra, BJK, Diego, 2304.05892]

Spike grows to M .. ~ Mpgy by matter-radiation equality.

spike

—9/4

Density profile ppy(r) ~ r~”'%, can achieve densities up to ppyp 2 1070 M(D/pc:3

Bradley J. Kavanagh (IFCA, CSIC-UC) O Black Holes’ Dark Dress: PBHs, GWs & Particle DM M 4


https://arxiv.org/abs/2304.05892
https://arxiv.org/abs/astro-ph/0608642
https://arxiv.org/abs/0706.0864
https://arxiv.org/abs/1712.05421
https://arxiv.org/abs/2106.07480
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Dark Matter "De-phasing”
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Dark Matter "De-phasing”
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Dark Matter "De-phasing”
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GW Sensitivity
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Modelling the dephasing

Assume quasi-circular, Newtonian
orbits in the limit g = m,/m; < 1

— .orb — EGW + EDF

47TG2m%pDM(T)€(U)
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Model also the teedback on the DM spike:
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[HaloFeedback Code, BJK et al., 2002.12811;
Coogan et al. (including BJK), 2108.04154;
See Backup Slides]
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Quantifying the dephasing r (m1,mz) = (1, 1073) Mg

In vacuum, expect ~107 GW cycles during a one year observation.
But with a DM spike:

AN, cycles % SNR loss
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With sufficiently large SNR loss, signal could be missed altogether!
[Cole et al. (including BJK), 2207.07576]
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Measuring the DM Spike b\ e
- ppM(T) = pe (10_6 pC>

(m1,ms2) = (1, 107%) Mg
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Distinguishable from other environmental effects (baryons, light bosonic fields, ...)!
[Cole et al. (including BJK), 2211.01362]

Bradley J. Kavanagh (IFCA, CSIC-UC) O Black Holes’ Dark Dress: PBHs, GWs & Particle DM O 9


https://arxiv.org/abs/2211.01362
https://arxiv.org/abs/2207.07576

| Dark Matter
‘ ‘de-phasing’ of
| GW signals

Merger rates
of dressed
PBH Binaries
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Paths to PBH Mergers
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+ particle DM halos?
|IBJK, Gaggero & Bertone, 1805.09034;
Jangra, BJK, Diego, 2304.05892]
+ baryonic accretion? [Raidal+, 1812.01930; Vaskonen & Veermae, 1908.09752;
[De Luca et al., 2003.12589] Atal+, 2007.07212; De Luca+, 2009.04731 and others...]
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Life of a PBH binary a; = 0.0l pc
o e; = 0.995
Consider a ~equal-mass PBH binary:
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Large mass-ratio binaries

Starting from binary formation, model
highly-eccentric Newtonian orbits:

[Jangra, BJK, Diego, 2304.05892]
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Assume “static spikes” (i.e.
neglecting feedback). Formalism for m; (M)
eccentric orbits is being developed... 2
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I\/Ierger rate ratios Assuming a power-law mass function,

. just below current LVK constraints:
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Merger can be accelerated by a huge amount.
Binaries which would have merged today have already merged!

[Jangra, BJK, Diego, 2304.05892]

_
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Conclusions

[Green & BJK, 2007.10722]

- [Code online: github.com/bradkav/PBHbounds]
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Conclusions [Green & BJK, 2007.10722]
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Life of a PBH binary a; = 0.01pc
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[Ali-Haimoud et al., 1709.06576,
BJK, Gaggero & Bertone, 1805.09034]
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PBH Clustering

Even a distribution of PBHs which is initially Poisson
distributed will cluster at late times

° ® o
o ® 9 ® e
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e °, °.%
® - ¢ ® o0, °
* PS 0o ®®
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o ® P
P ® ®
z > 10% z < 100

A cluster of N PBHs is expected to form around 2. ~ ZeqfPBH/V N

[Chisholm - astro-ph/0509141, 1110.4402; Inman & Ali-Haimoud, 1907.08129]
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Impact of DM Spikes

DM Accretion

Additional
enclosed
mass

Dynamical Friction

IMBH
[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870] ‘ 20
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Impact of DM Spikes

DM Accretion
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Impact of DM Spikes
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DM Spike Feedback (1)

Follow semi-analytically the phase
space distribution of DM:

AN
= Brasy =1
E=V(r)— %vz

Each particle receives a ‘kick’
through gravitational scattering

E— E+ AE

Reconstruct density from
distribution function:

plr) = [ @)
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DM Spike Feedback (2)

Assuming everything evolves slowly compared to the orbital period:
Af(E) = —pef(E)+

/ ( : )5/2f (€ — AE)Pe_ne(AE) dAE

E— A&

Pe (AE) - probability for a particle with energy & to
scatter and receive a ‘kick’ A&

P = / Pe(AE)dAE - total probability for a particle with

energy & to scatter

| | Code available online:
Formalism valid for small g = m,/m, qithub.com/bradkav/HaloFeedback
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DM Spike Feedback (2)

Assuming everything evolves slowly compared to the orbital period:
Particles scattering from

Af(E) :(—pgf(5)+J E 3 ELAE
/ (5 —5A8>5/ f(€ = AE)Pe_ne(AE)dAE

Particles scattering from
E—AE =&

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

P = / Pe(AE)dAE - total probability for a particle with

energy & to scatter

| | Code available online:
Formalism valid for small g = m,/m, qithub.com/bradkav/HaloFeedback
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DM Spike Feedback (2)

Assuming everything evolves slowly compared to the orbital period:
Particles scattering from

E
Lorb fc(lt )(_(_pé’f(g)—l— 2/2 E—E+ AE N
E
x/ (5 — A5> J(€ — A&)Pe—ne(AL) dAgJ

Particles scattering from
E—AE =&

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

P = / Pe(AE)dAE - total probability for a particle with

energy & to scatter

| | Code available online:
Formalism valid for small g = m,/m, qithub.com/bradkav/HaloFeedback
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[BJK, Nichols, Gaggero & Bertone, 2002.12811]

Feedback in Action

[Code available online:

github.com/bradkav/HaloFeedback]

Need to include feedback on the DM spike:
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[BJK, Nichols, Gaggero & Bertone, 2002.12811]

Feedback in Action

[Code available online:

github.com/bradkav/HaloFeedback]
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https://github.com/bradkav/HaloFeedback

[BJK, Nichols, Gaggero & Bertone, 2002.12811]

Feedback in Action

[Code available online:
github.com/bradkav/HaloFeedback]

Need to include feedback on the DM spike:

' .
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all particles
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JMovies: tinyurl.com/GW4DM
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Probe the nature of DM!

Red regions would be ruled out by observation of a DM spike!
[1906.11845]

Ultralight bosonic DM Fermionic DM Self-annihilating DM

1 ({(\;{BH M) a Mgy [M] b ovlem’sT C

10~

105 10—28

10" 10~

10°

3 ' ; ,
10 107210 10° 10" 10° 10° 1075 107! 10! 10°

1072 107® 1077 107™
is [eV] mpy [keV] my [GeV]

[See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
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Detectabil i’[y [Cole et al. (including BJK), 2207.07576]

SNR as a function of chirp mass and luminosity distance:

aLIGO Einstein Telescope Cosmic Explorer

dr, [Mpc]
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[Code available online:

DISCOV@rab”lty https://qithub.com/adam-coogan/pydd]

We'll call a DM spike discoverable if it can be

q = mz/m; distinguished from a GR-in-vacuum system.

2.50 1
<=9
2.45 - -1
2.40 - Astro - —2 ZQ
= = Scenario |
\ <
2.39 \25: \ —3 g
| *
l
2.30 - =) PBH 4
\ Scenario
R I— S R
104 109 102 10-1
16 -3
Compute Bayes Factor (BF) comparing .

Bayesian evidence for Vacuum and Dressed
systems, with parameters: Op = {’Yspa pe, M, logqq}
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Measurability

4+0.04

’IYS :| 2.347 508

— — ] Oo

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

Astrophysical scenario

my = 10° Mg
Mo — ].M@
Yep = 7/3 = 2.3333. ..

Fix SNR = 15 (~ 76 Mpc)

Q Q" Q" Q- Q- &

PN
06 [1016 Mg pe 3]

P AP DL

pe ~ 5.45 x 10" Mg pc™?

o


https://arxiv.org/abs/2108.04154

Measurabi”ty - Sp|ke Shape [Coogan, Bertone, Gaggero, BJK & Nichols, 2108.04154]

30

20

=
‘01}SY

Posterior P(7sp)
o

—_
-

.

Q.QO 225 230 2.3 240 245 250 2.55
Vsp

We may be able to distinguish different shapes of spike
— Different DM models and formation mechanisms!

a


https://arxiv.org/abs/2108.04154

Distinguishabillity

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

Distinguishable from other sources of dephasing:

1 02 _ Gravitational atom
: Dark matter spike
-  Accretion disk

102
1045 - - - - |
0 50 100 150 200 250 10'E
rlrg
= 100%
O
S
LL]N 101 3
10_25
Gravitational atom (ionization)
_3 Dark matter spike
10 _ —— Accretion disk
0 50 100 150 200 250
rlrg
=
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—arly Universe Binaries

It f ~ 1, the relative density of PBHs equals the background radiation
density at matter-radiation equality. All PBHs form binaries...

10_1?
10_2?

10_3—: — 10 Mo
: - 30 M@
—— 100 Mg

Fraction of PBHs that form binaries

1074 103 1072 1071 109
freH

As f decreases, only ‘nearby’ pairs form binaries.
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PBH Binary Population

Randomly distributed e > (.9999
(unclustered) PBHSs

Mppy = 30 M, f = 0.01

Angular momentum set by
torques from smooth density
perturbations and all other PBHs

Close, eccentric binaries

merge today: 1°
3c° a4j7 0.00 0.02 0.04 0.06 0.08 -1
tmerge — 3 3 Semi-major axis, a/pc
j=141—¢? [Ali-Haimoud et al., 1709.06576,

BJK, Gaggero & Bertone, 1805.09034]
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GW Probes of DM

Current Interferometers

Axion

EMRI/IMRI dephasing

Future Interferometers
forces D

Pulsar Timing Arrays

QCD Axion

(GW /Radio) DM production
by bubble collisions

Axion

DM

Rolling Rolling
axions axions Dark blobs

U0

Dark Photon DM Hidden sector PBH
scalars

BH-Boson U INETgers

condensate

BH spin
distribution

PBH /sub-halo
transits

Boson star
binaries LM ®©

T e e o
102 107 1 10®  10® 10 10%  10™ 109 107
Dark Matter Candidate Mass [eV]

[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu,
SciPost Phys. Core 3, 007 (2020), 1907.10610]
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