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Part | - Black Holes and Dark Matter

Black Holes phenomenology:
- Study of Black Hole inspirals
- Accretion physics

Dark Matter searches
- Can Black holes of primordial

origin be a part of the Dark
/ Matter?
- Can we learn something on the
nature of the Dark Matter by
Multi-messenger astronomy studying Black Hole physics?
- Gravitational Waves

- Radio waves/ X-rays/ Gamma rays/
Neutrinos

Torino - January 2024



Black Holes in the Universe

Stellar-mass black holes

X-ray binaries

GW mergers

ot AN e
.5 ‘\ -

bR

- Data
~10F NI Wavelet
—15} 11 BBH Template

il I
e T T LB TN \// \\\J/\ \/\ }‘ ‘/ \f'\‘r"‘*"“““(’ t

IMBHs?
100 < M < 106 Msun

Hypothetical link between stellar-mass and SMBHs

e Originated by direct collapse of low-metallicity gas

clouds? Primordial origin®

e Recent detection by LIGO/Virgo arXiv:2009.01190
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Supermassive
black holes

sat N aak;walc'nsxerzﬂ;aoa .
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JWST / Chandra overlays of UHZ1

Seed problem

LIGO-Virgo Black Hole Mergers
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https://arxiv.org/abs/2009.01190

ﬁ"
101° GeV

Black Holes as Dark Matter

hc
G

. : : 57 GeV
-22 Axion-like particles 10
1022 eV 1GeV 1TeV (105g) —_ (10 g)
Sterile neutrinos e ~
“Fuzzy” Dark fimordial black holes
Matter Weakly interacting massive rimordial biac p BO Hes \
Aas ~ 1 kpc ~ size of a particles (WIMPS) ( s) \
dSph Galaxy e.g. lightest neutralino state in/  pronosed more than 40 |
[Hui, Ostriker, MSSM years ago [Zeld’ovich and
Tremaine, Witten Novikov 1966, Hawking
2016] . //‘jamma"ays 1971]
fo ! .
X W/Z/iq ) 1st wave of popularity
WIMP Dark Vi following microlensing
Matter Particles Vel o hints by MACHO
ECM~1 00GeV w p}‘ii ” b .
“ WHZ/g ot collaboration [Alcock et al.
/ 1997]
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Neutrinos
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+ a few p/p, d/id
Anti-matter

Recently reconsidered in
the DM community




Primordial Black Hole phenomenology

100 ' ' | ' ' | ' ' | ' ' | ' ' | ' ' | ' ' |
L ! | E
K
=
-
< 107'E 2\|| =
T =
S s -
|| 5 N
an b 5
D 107%F HSC & —
H\
V|
10—3 ! . | . . | . . | . . | . . | L . | . . |
10°8 1071 10712 107 106 1073 10 102
Mpgn Mo

Credit: Bradley Kavanagh, https://github.com/bradkav/PBHbounds
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Why a sub-dominant population would matter?

e A discovery of a sub-dominant population of DM in the form of (massive)
PBHs could:

e Solve the problem of the SMBH seed”
* Reveal non-trivial early universe physics

* Help us set stringent upper limits on other DM candidates

1072

10—26

. SRGE )142952.1+544716

— 10729
~—

| V() 2 v
' 5 Ultra Slow-roll © 10_32
@ . slow-roll =

DEC

= 10-35
g 10
<t 1 |
K 1038 Fv 00

End of ¢ Beginning
inflation of inflation 10 —41

10—44 L I A A | 1//1/111111| L TR R B A W1
10 10 10 10*
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Accretion bounds

 Primordial Black Holes can accrete
baryonic matter

e Astronomical environments: X-ray/
radio bounds (focus on Galactic center)

e Cosmological bound: for instance from
Cosmic Microwave Background (focus
on accretion during the Dark Ages)

e They rely on complicated accretion
physics

e Comprehensive assessment of the
uncertainties is very much needed!

Torino - January 2024 /
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Accretion physics under the spotlight: BHL formalism.

Continuity equation for steady-state flow Euler equation
1 d ,, dv dP GMp
— (fr pv) =0 pU— = >
reor dr dr r
> - BH at rest: Bondi accretion rate
= i GM)? 2\ 26—
B =y : 00 2(v—1)
>‘ E. M = 4712 p(rs)es(rs) = 7'('( 3) pl0)
A
H. Bondi, MNRAS 112(2):195-204, 1952
H. Bondi and F. Hoyle, MNRAS 104(5):273-282, 1944 Moving BH: Bondi-Hoyle-Littleton

accretion rate
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Accretion physics under the spotlight: BHL formalism.

Bondi-Hoyle-Littleton formula needs to be “fudged” because of observational
constraints related to local neutron stars, the SMBH at the center of the Galaxy, and
AGNS.

o 2 2 2\ —3/2
M = AT N(GMpu)°p (viy + c3)
* Perna et al. 2003, “Bondi accretion and the problem of missing isolated neutron stars”

« 5. Pellegrini 2005, “Nuclear Accretion in Galaxies of the Local Universe: Clues from Chandra
Observations” (explanation for the radiative quiescence of supermassive black holes in the local
Universe)

« Wang et al. 2013, “Dissecting X-ray-emitting Gas around the Center of our Galaxy”

The fudge factor takes into account several effects, including the role of outflows

Torino - January 2024 9



The Park-Ricotti model

- Park-Ricotti model: numerical
simulations + semi-analytical density
parametrization in presence of radiative
feedback.

- Suppression of the accretion rate at low
velocity, due to the formation of an
lonized bubble

km/ -— >
10-2 —— Park&Ricotti (2013) v tanss)
| === X =0.02, neutral temperature
5 \ —— A= 0.02, ionized :
10727 : m
‘
10~ 1 ark-Ricotti N
m s
5 1054 : |
E \
1076 - s
1077 - Bondi- Hoer-thtIeton /
20000 au
1078 - : | <>
| i | | 4 yays=
0 10 20 30 40 50 Ao o ail temperature
vy [km/s] )
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The Park-Ricotti model

- Park-Ricotti model: numerical
simulations + semi-analytical
parametrization in presence of radiative
feedback.

density

- Peaks of accretion rate depends on
lonized sound speed

1075
il n = 10%cm™3
10791 cc = 1km st
. = A\l ™ - 10km s7! M=7.8M
T 107105
s c.™ = 25km st PR
> 10—11:_ ----- BHL, A=1
® i o\
z 122 \\\ c.'™ = 50 km s?
= 10 — N
E
10—14....|....|....|....|....|....
0 50 100 150 200 250 300

VBH [km S_1 ]

Scarcella+ 2012.10421
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Revisiting the Cosmological constraint

The physics behind the bound

e PBHs accrete baryonic matter.

® [he accretion rate Mdot depends on ambient density
and PBH - baryon relative speed. BHL and PR model.

e Ambient density dilutes with decreasing redshift

3 1 + Z )
Poo = Myp Noo = My, 200 cm 1000 Poulin+ 1707.04206

e PBH speed relative to baryons also decreases according
to linear theory:

1+ 2
1000

(vZ) ~ min {1, } x 30km/s.

Torino - January 2024 12



Revisiting the Cosmological constraint

The physics behind the bound

® Accretion disks emits ionizing radiation during the Dark
Ages (between Recombination and Reionization):

e |GM is heated up (alteration of Ty)
e |GM is also partially ionized (alteration of the free

electron fraction Xe) Vlenas 1906 07735
MPBH:100IAI4;)I | | | | IIIII

dre(z) 1 Tt 10‘%
1 0 aoHe) B 1) = Ix(2) _

dTM 1 ~ 10‘2;
= — |27 Ty — T K . -
7 T M+ Y(Tv — TomB) | + Ky s

fopr= 1074 >

1073E

Stocker+ 1801.01871

10—4 111
10! 107 108
Reionization . Recombination
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Revisiting the Cosmological constraint

The physics behind the bound

e [mpact on CMB anisotropy is due to the alteration of the
visibility function and the recombination optical depth

1077

_ Standard
{ —i—=— Spherical accretion, fppy = 1

| —— ADAF benchmark, fpgg =3 x 1072

p—

—10
+ 107
S

~—
'E ] Mppy = 500 M@, AADAF — 1()_2

Poulin+ 1707.04206
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Revisiting the Cosmological constraint: Results

e Accretion rate suppression around PBHs is very relevant
® Dependence on the ionized sound speed

e May weaken the bound

=
s

w004

i Preliminary
10 , A
M = 100]\-1@
fpbh = 0.01
g 1077 -
=
. —8 we PR (¢, = 10 km/s)
2 10 n — PR (c, = 23 km/s)
w—— PR (¢, = 30 km/s)
we= PR (¢, = 40 km/s)
19 ——— PR (¢, = 50 km/s)
10_ || L] l L L) L] L] | | | L '
102 10°
<
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10 \

-3 | \
10734

107
1077 _

10—8 -

—— Park&Ricotti (2013)
===- A =0.02, neutral
—— X\ =0.02, ionized

Dominic Agius, Gregory
Suczewski, Rouven
Essig, DG, Francesca
Scarcella, Mauro Valli, in
preparation



Revisiting the Cosmological constraint
BHL vs PR: the “Unexpected robustness” of the bound

Mpgy [g]
1034 1035 1036 1037
| | . .
10° Preliminary
10" &, Dominic Agius, Gregory
N Suczewski, Rouven
102k Essig, DG, Francesca
Scarcella, Mauro Valli, in
1073 preparation
RN
L.& 10—4 ~
107°
.
1079 QO/ \{\OJ i
10_7? \\\\\\\\\\\\\ E
T : See also
108 b Facchinetti+
Mgy [M.)] 2212.07969

Made with Cobaya+CLASS (modified to account for energy injection)
2018 low-1 Planck TT.EE, high-1 Planck TT.TE.EE, lensing, ACT, BAO
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Black Holes as Portals to new Physics

- Intermediate-Mass Black Holes may exist in the Universe.
- Dark-Matter over-densities can form around them [Gondolo&Silk
9906391, Zhao&Silk 0501625, Hannuksela+ 1906.11845].

MimeH = 1000 Msun

psp = 200 Mg pc—?

”I“Sp)'YSp
DM\T) = <—
poM(T) = Psp , rey = 0.5 pe
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Black Holes as Portals to new Physics

- Stellar-mass black holes that inspiral around IMBHs can trace
the presence of either accretion disks or Dark Matter
overdensities (DM “dresses” or “spikes”)

—5F === No DM
-  With DM Halo

—2600 —1|75O —11500 —1|25O —1(I)OO —7|50 —5|OO —2|5O (I)
t s T

» Dephasing of the waveform w.r.t. GR in vacuum

* Physical process: Dynamical Friction

e Kavanagh+ 2002.12811 (PRD)

e Coogan+ 2108.04154 (PRD) dEpr 5 1
e Cole+ 2211.01362 (Nature dr Am(Gma)”ppm(r2) E(v) v log A
Astronomy)
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https://arxiv.org/abs/2108.04154
https://arxiv.org/abs/2211.01362

How do DM overdensities around BHs form?

Adiabatic and non-adiabatic
treatment, simplified scenario:
e Gondolo and Silk, 9906391
e Ullio etal. 0101481

Preliminary

'SMS

———————————————

¢ Realistic scenario: \We follow the
evolution of a small DM + baryon halo

e Supermassive star forms N GS Profile
* Direct collapse into BH ] —— After SMS formation
* BH grows adiabatically ol 4 e e
1078 107 1076 107°
r [pc

G. Bertone, DG, B. Kavanagh, R. Wierda, in preparation
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Conclusions

e Multiple relevant interplay between BH phenomenology and
DM searches

e Accretion physics is crucial to set upper limits on the PBH
abundance

e Need to go beyond the textbook BHL approach

e The CMB bound on PBH abundance seems robust with
respect to the uncertainties associated to the accretion
model!

e DM overdensities around IMBHSs provide a discovery
potential thanks to GW dephasing

¢ Realistic models that describe the formation of DM
overdensities are in progress

Torino - January 2024 20
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The most distant quasar

Supermassive black holes at the centre of

Galaxies.

News: Observed up to z~ 10

Seeds? Probably Heavy

JWST NIRCam zoom-in on UHZ1
(a) ; : 4

Torino - January 2024

UHZ1 JWST contours
(NIRCam F200W)
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Black holes of primordial origin?

BHs formed in the early Universe (before BBN), out of small-scale, large-amplitude
density fluctuations possibly originated during inflation

[S. Hawking, MNRAS 152 (1971); Carr and Hawking, MNRAS 168 (1974)]

Comoving Scales

A

. . horizon re-entr :
horizon exit Y Comoving

\ / é‘ / Horizon

density fluctuatio

Inflation Hot Big Bang

Time [log(a)]

PBH mass ~ horizon mass at the time of formation

3
Cct [
Meais ~ My ~ - ~ 10 ({5557 ) &

Wide mass range for PBHs as DM candidates
M~101 g 10177 Ms) — 1039 g (105> M)
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‘...t is tempting to
suppose that the
major part of the
mass of the
Universe is in the
form of collapsed
objects. This extra
density could
stabilize clusters of
galaxies which,
otherwise, appear
mostly not to be
gravitationally
bound.”
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Revisiting the Cosmological constraint: Results

e Accretion rate suppression around PBHs is very relevant
e Dependence on the ionized sound speed
e May weaken the bound

—— Park&Ricotti (2013)
===- A =0.02, neutral
—— X\ =0.02, ionized

-2 _]
10 \

-3 | \
10734

Preliminary ,
107
=
1 0 4 — BHL w54 T
0 —— PR (c. = 10 km/s) M = 100Mg, = 6
w—— PR (¢, = 23 km/s) fpbh = 0.01 i
= = NO INJ L7 -

10—8 -

Dominic Agius, Gregory
Suczewski, Rouven
Essig, DG, Francesca
104 I ' - Scarcella, Mauro Valli, in

1 02 10 3 preparation
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Uncertainties in the CMB bound
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Uncertainties in the CMB bound

1 I 1 1 1 1 1 LI I 1 1 1 1 1 | 1 1
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— 0 = 0.003 1 - €sm jﬁ{fm
........ 5=0.1 [ 6=05 __ - ]
———- §=05 _
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— %E //c/
-
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= £ /
iy
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> E d
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fPBH

More gravitational energy is transferred to the electrons -> more radiative
efficiency -> stronger bound!
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Black Holes as Portals to new Physics

- Stellar-mass black holes that inspiral around IMBHs can trace
the presence of either accretion disks or Dark Matter
overdensities (DM “dresses” or “spikes”)

fow [Hz]

1V | T

- 7
0— ,\’~’~\/\/\/\\ \'\/\l\,\[ —

Strain, h(t)

—5F === No DM
- With DM Halo
I

—2000 =170 —=1500 —=1250 —1000 —=750 =500  —250 0

b [s] I
Mtest r = Fgrcw(rra U) - den (Ta ’U) + Frad(ra U)

—10

r3
2
e Kavanagh+ 2002.12811 (PRD) By (r,0) = — Myos -7 GSM“W(T) ,
e Coogan+ 2108.04154 (PRD) °
e Cole+ 2211.01362 (Nature 32 G3 M3, v 743 11
Astronomy) Frad(rav) — _EMtest o (1 + (_% o ZV)> v
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Black Holes as Portals to new Physics

- Stellar-mass black holes that inspiral around IMBHs can trace
the presence of either accretion disks or Dark Matter
overdensities (DM “dresses” or “spikes”)

. 10-8 Separation, ry |pc] 109
i """ Static DM halo
107k | Including DM halo feedback -
ol 8 my =103 My
; i mo = 1 M@
é 10°F i vacuum  _, @ v 106 |
ZU ! cycles
< 107 | _
10° | -
: | l
e Kavanagh+ 2002.12811 (PRD) 10 . Syears to merger
e Coogan+ 2108.04154 (PRD) 10t —_ 1 S
e Cole+ 2211.01362 (Nature 10~ 10~ 10

Astronomy) GW Frequency faw [H7|
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LISA can discriminate environmental effects

Baryonic
Accretion Disks

e Differentially rotating

baryonic disk : 3
e Disk is perturbed by i ® 2
Particle Dark Matter the inspiralling B — I
Spikes’ or ‘Dresses’ object. Asymmetric S
“‘wake” j :
e Collisionless DM overdensity e Perturbation back- L ]I
e Spherical symmetry reacts and exerts T
e Dynamical friction at work torques
¢ Feedback on the halo is important
Tr = —X(r)r*Q%q¢* M?
2
(ii_f _ m2vo% _ _Am(Gyma)”pom(r)§(vo) log A dEtorque 1 G 1/2
v = —mydy
dt 4 (TSM )
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LISA can discriminate environmental effects

102 _ Gravitational atom 102 _
F Dark matter spike :
—— Accretion disk [
101 10!}
— ol |
< LTSD F
o0 1 -1
™) 10 E 10-1
Q
1072
1072
_3 Gravitational atom (ionization)
10 _3 Dark matter spike
[ 10 : —— Accretion disk
-4 | 1 1 I I [ 1 1 1 1 1
10 0 50 100 150 200 250 0 50 100 150 200 250
rlr rlr

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

loglo 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 -

P. Cole, G. Bertone, A. Coogan, DG, T. Karydas, B. Kavanagh, T. Spieksma, G.
Tommaselli 2211.01362 (Nature Astronomy)
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Dark Dresses around IMBH as well

Generalizing Gondolo and Silk, 9906391

1017
e Adiabatic BH growth: Lol .
e [nitial density follows a “cuspy” profile 1
* A BH forms and grows adiabatically 1010 Lot
e Eddington analysis
e Conservation laws are applied = 10° 1011

e Final density is computed

108 109

107

p(T) :/d3vf(5,L) :47T/dvrdvTva(5,L),

£y = L ( /05 d2p, AU _|_(dpk/d\11)\po>

108 10!

w24/8 dv? /€ — T VE

gmax Lomax 7
ps(r) =47T/5 dE/ dL fi(€i(E, Ly), Ly) .
Lmin

}nin 7“2U7«,f

T

1 Tapo
Radial Action is Conserved I, (&z, L) = _/ dr vy o (1, &y, L)
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