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I Black Hole Environments_

Particle Dark Matter ‘Gravitational Atoms’ of
'‘Spikes’ or ‘Dresses’ Ultralight Bosons

Saryonic
Accretion Disks

Black Holes (BHSs) are extreme environments allowing us to probe high densities, long timescales... 1—6-



I Black Hole Environments_

Particle Dark Matter ; ‘Gravitational Atoms’ of
‘Spikes’ or ‘Dresses’ Ultralight Bosons

p—— — -.——-/ﬂ /'//

Saryonic
Accretion Disks

Black Holes (BHSs) are extreme environments allowing us to probe high densities, long timescales... 1—6-



Dark Matter Spikes (1)

I From the slow (‘adiabatic’)

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

~; _— = —— 777.‘—- -

growth of a BH at the centre of a |

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

Around BHs which form from
large density fluctuations in the
‘ early Universe

E*‘ (.e. Primordial Black Holes)

|

| “PBH scenario’

[Bertschinger (1985), astro-ph/0608642,
\ 1901.08528, ...] /
— /

[ — — C-e—j’//

| DM halo f

\ 1305.2619, ... /


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 (2)
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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. Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]

Think instead about non-annihilating DM


https://arxiv.org/abs/0806.2911
https://arxiv.org/abs/1905.01238

Eq Ua‘—maSS blﬂarles [BJK, Gaggero & Bertone, 1805.09034]

[Movies here]

Mppr =30 M ; a; =0.01pc; e; =0.995
T=0.00kyr



https://arxiv.org/abs/1805.09034
https://figshare.com/articles/dataset/Dressed_Primordial_Black_Hole_Binaries_-_Animations/6298397
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‘GW Sensitivity 1017 . . .

. — aLIGO
—— ET
(m17 ma, dL) — CE
© AE] / MM / exozet 107\ (103 My, 1.4M,, 76 Mpc) — 1ISA

(ml, ma, dL =
4M@, 1.4M@, ].OMC

(m17 m27 dL

10-2) o i NI
| |

Characteristic strain
e
-
e
|

Laser Interferometer Space Antenna
(planned for the 2030s)

[1907.06482]

Einstein Telescope
[1912.02622]



https://arxiv.org/abs/1907.06482
https://arxiv.org/abs/1912.02622

Impact of DM Spikes

DM Accretion

................................................................. -

Additional
enclosed

mass ‘

Dynamical Friction

[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870] | 11



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

Impact of DM Spikes
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[See e.g. Macedo et al., 1302.2646; Cardoso & Maselli, 1909.05870] | 11
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Impact of DM Spikes
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‘Dephasing of IMRIs
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[See e.q. Eda et al. 1301.59/1, 1408.3534, Macedo et al.,

1302.2646; Cardoso & Maselli, 1909.05870]



https://arxiv.org/abs/1301.5971
https://arxiv.org/abs/1408.3534
https://arxiv.org/abs/1302.2646
https://arxiv.org/abs/1909.05870

‘Halo Feedback

Follow semi-analytically the

ohase space distribution of DM:

f= e = 16

" Brddv

E=V(r) — %?}2

—ach particle receives a ‘kick’
through gravitational scattering

E— E+ AE

Reconstruct density from
distribution function:

plr) = [ dvs(E)

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]



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

‘Co-evolution
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[BJK, Nichols, Gaggero, Bertone, 2002.12811 [Code: github.com/bradkav/HaloFeedback] l iy
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‘Self-consistent Dephasing

Change in the number o
starting at some initial f

Consider our astro benchmark system,

- GW cycles to merger,

reqguency/separation:

. " . _ S t] _
starting at some initial separation: 108 10 8 | chaldbion, ?“2 pc | 1079
i Static DM halo
e~ 108 pC 107k i Including DM halo feedback -
l 10°F i mq = 10° M@ -
& 10° F : m2 = 1 M@ _
i
txrfecl:lg%m ~ 9 yI i 104 B E —
vacuum @ v 106 |
] |
cycles 103 i : i
| 102} i .
DM dephasing ' 5 years to merger
1072 101 100

GW Frequency fow [Hz]

ANecycles ~ (9(104) cycles ~ % level



Detectability and more (Coogan, Bertone, Gaggero,

BJK & Nichols, 2108.04154]
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https://arxiv.org/abs/2108.04154

Detectability (m1,mz) = (10°,1) Mg

Assume a signal may be detectable with LISA using matched filtering with a signal-to-
noise ratio (SNR) > 135... [1905.11998]

VIRGO SUPERCLUSTER

Virgo _l'Ii; Groups

' 4‘(
7 » NGC_469'7.;.;,4 .
. NGC 6744 : " I NGC5033 . - Y O
NGC5128 ~ . % i o s =
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Sculptor " ‘Maffeir M81 o ot

N L
o ' -+ 4 Leol
NGC 1023;.8" D & .
v &

> | 5% NGC 2997

10! 102 107
M Mg |

[Coogan, Bertone, Gaggero,
BJK & Nichols, 2108.04154] | 17



https://arxiv.org/abs/1905.11998
https://arxiv.org/abs/2108.04154

‘Discoverabllity

Given the data d, compare Bayesian evidence Oy — {M)

FCE

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

system.

p(d) for Vacuum and Dressed systems:

(ml, mz) — (103, 1) M@

C]:m2/m1

R-IN-vacuum

VS. HD — {Wspa P6 M7 logl() q}

(maximising over extrinsic variables
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2.40 -
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104

1 Hext = {DD ¢c’ fc})
< —9
-] > Likelihood

p(d) = [ d0L®)(©

Sror

Astro "2 ZQ \/

Scenario\( |> BF(d) B p(d D)
N —3 = p(d|V)

PBH 4 Use an approximate waveform

Scenam\ parametrisation in terms of @,

r————r T ———— _5 'Code available online:
10-2 10-1 https://github.com/adam-coogan/pydd]

pe [10'° M o pc™] [Coogan, Bertone, Gaggero, BJK & Nichols,
2108.04154] | '8



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

o0 =~

12
(V)
— |
(\)

Measurability

Astrophysical scenario
m1 = 10° M
mo = 1 Mg
Ysp = 7/3 = 2.3333. ..
pe ~ 5.45 x 10'° Mg pc™?

[Coogan, Bertone, Gaggero,
BJK & Nichols, 2108.04154] | 19



https://arxiv.org/abs/2108.04154

Dressed PBHS

[Cole, Coogan, BJK & Bertone, 2207.07576]

Consider now a binary of sub-solar mass PBHS,

observed with future ground-based detectors:

* (ml,mg) — (1, 10_3) M@

In vacuum, expect ~107 GW cycles during a one year observation.

But with a

A]V(:yczles

DM spike:

% SNR loss

64
00
48

DO
o~

Pippa Cole

9d092So9, UIe)SuUlIy



https://arxiv.org/abs/2207.07576

Spike properties

(mlamQ) — (17 10_3) M@

/ Observing duration \

1 week

— 1 month

1 year

K with Einstein Telescope /

[Cole et al. (including BJK), 2207.07576]


https://arxiv.org/abs/2207.07576

‘Nature of Dark Matter

Hed regions would be ruled out by observation of a DM spike!

Ultralight bosonic DM Fermionic DM Selt-annihilating DM

Mzy M Mgy M s
106 BH [ @] . BH [ @] b ov [Cm S5 C
1024 MBH106M®
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5 <
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£
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z
B =
ﬁ )
C@ —
< =
4| | 4 &
10 %*3 10 =,
- 73
S s
= o)
D)
A
103 10°

1072 10~20 10-17 104 102101 10° 10" 102 103 103

Is [eV] mpum |keV]

[Hannuksela, Ng & Li, 1906.11845] [See also Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] | 595


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

Multimessenger QCD Axions

Consider a

© 2005 Pearson Prentice Hall, Inc

DM spike consisting of QC

D axions (m, € (107,107 eV):

[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04680]

Beam of
radiation

ield lines

Beam of
radiation

[See also 1803.08230, 1804.03145,
1811.01020, 1910.1190/]

Gravitational Wave Strain
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https://arxiv.org/abs/1803.08230
https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/1905.04686

I Black Hole Environments_

Particle Dark Matter ‘Gravitational Atoms’ of
'‘Spikes’ or ‘Dresses’ Ultralight Bosons

Saryonic
Accretion Disks

Black Holes (BHSs) are extreme environments allowing us to probe high densities, long timescales... IZ-



G raV|tat|Oﬂa‘ Atoms [Baumann, Bertone, Stout & Tomaselli, 2206.01212, 2112.14777:

a Tomaselli, Spieksma & Bertone, 2305.15460]

[See also Baumann et al., 1804.03208, 1908.10370, 1912.04932] [See Gimmy’s talk this afternoon] | 25



https://arxiv.org/abs/1804.03208
https://arxiv.org/abs/1908.10370
https://arxiv.org/abs/1912.04932
https://arxiv.org/abs/2206.01212
https://arxiv.org/abs/2112.14777
https://arxiv.org/abs/2305.15460

Accretion Disks

Many possible geome:

Risk of confusion between New

but focus on dense, thin disks.

Dominant cause of dephasing Is not

dynamical friction but gas torques.

Perturbation of t
gas inward or o

ne disk leads to a bul

d up of

Utward of the inspirall

|

Dependence of energy losses on

separation Is

different from DM spi

9

SH

ries and parameters,

<es!

SH.

Physics and accretion disks?

Saryonic
Accretion Disks

-

[Derdzinski et al., 2005.11333]



https://arxiv.org/abs/2005.11333%5D

Discriminability

[Cole, Bertone, Coogan, Gaggero, Karydas, BJK,
Spieksma, Tomaselli, 2211.01362, Nature Astronomy]

Gravitational atom 1 02 _
Dark matter spike :
—  Accretion disk I
101 ¢
= 100]
) -
S
Iy 1071
102
L 1 O _3 C
0 50 100 150 200 250 0
r/r

Pippa Cole

Gravitational atom (ionization)
Dark matter spike
- Accretion disk

50 100 150 200 250
rlr

Signals very hard to confuse in 1 year of LISA data (huge Bayes factors!)

log B Dark dress signal | Accretion disk signal Gravitational atom signal
Vacuum template 34 6 39
Dark dress template - 3 39
Accretion disk template 17 - 33
Gravitational atom template 24 6 -

[See Pippa’s talk yesterday] | 27
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BH and Spike Formation

[Dunn et al., 1803.01007]

10 T ]

108 E | | I l
>tellar black holes [Volonteri et al., 2110.10175] -l
107 F E
; ; 107
g 0 5
- 6L -
¥ 10 _ < Primordial black holes 5 10°
Q Z Z _5 d
% d < Cosmic string loops : P
r _ :
< 10 2/( First star I10
: ts Runaway and —10
R hierarchical | > —10 =5 0 0 10
mergers Ma“v, < z/kpc
1073} = -
Direct Vg7] :
: w3557 | collapse : Carefully model th@ evolution of DM
- [NGC|205] - through the formation of the DCBH and
—4 :
10750 10 107 10° 10° 1010 subsequent growth by accretion.
Mgn (Mo)

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

How common are DM spikes around
DCBHs, and what are their properties?

[Work in progress with Gianfranco Bertone, Daniele Gaggero, Renske Wierda, Leon Kamermans, Abram Perez, Pratika Dayal, & others] | 29
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I Simulations

—ve

ntually need to expand and verify our description of dynamical friction and teedback in

the

150

100

o0

Yy [Tisco]
-

—50F

—100

—150

DM spike (also include anisotropy, accretion, post-Newtonian corrections...)

100

NbodyIMRI: N-body solver tailored to

DM spikes

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

(M1, ma) =

(3000, 1) M.

0

D

10 15 20) 29
Number of orbits N,


https://github.com/bradkav/NbodyIMRI

Search Strategies T

Possible options:

Strain, h(t)
-
I

—10

—2000

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

INCcreases)

 Use ‘generalised inspiral’ waveforms to
parametrise the dephasing

[Chia & Edwards, 2004.06729]

e Use tools from continuous-wave
searches, breaking the inspiral into

‘chunks’ and
monochroma

ooking for quasi-
Ic signals in each chunk

(e.g. Hough' t

ransform)

[Guo & Miller, 2205.10359]

—1750
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—1500

—1250 —1000 =750 =500  —250 0

t [

Normalized amplitude
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20 -10
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Map f(t) — (f.f)?



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

Understanding Black Hole environments represents both a
great challenge and a great opportunity for future GW

searches.

A true GRAPPA problem: General Relativity, Gravitational
Waves, Accretion, Dark Matter, complex data analysis.

Many problems and questions still to tackle!

Many great people working hard with and within GRAPPA to
solve them!
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DM Spikes Energy Conservation

Q: How much energy is available
for dynamical friction”?

A: Binding energy of DM
A Upy over radius Ar

Vsp
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‘Self-consistent Evolution:

Assuming everything evolves slowly compared to the orbital period:

Lorb dj;(g) = —pe f(E)+
t 5/2
E
/ (5 — Aé’) f(€ —AE)Pe_ae(AE)dAE

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

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

energy & to scatter



‘Self-consistent Evolution:

Assuming everything evolves slowly compared to the orbital period:

df(€)
dt

Particles scattering from

1o —|—pe f(E)+ E—E+ AE

/(5 : 5>5/2 f(E —AE)Ps_ae(AE)dAE

— A

Particles scattering from

E—ANE — &

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

P = / P (Ac‘:) dAE  -total probability for a particle with

energy & to scatter



‘Scattering Probability

Two body scattering problem relates

Scattering probability becomes a

energy exchange to impact parameter: geometric problem:
9 | b2f004 171
AE(b) = —2v5 |14 Pe(AE) < P(b|E
( ) 0 _ G2m22_ ( ) ( | )
b
<-->

NS/BH

Code available online: github.com/bradkav/HaloFeedback

(See also https://github.com/DMGW-Goethe/imripy)



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

