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Observed Mass Ranges of Compact Objects
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Video at https://youtu.be/Zml0dZCjaFw?t=2
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The Galactic Center Black Hole ZbZA

Physics
Nobel
Prize 2020

Video available at


https://en.wikipedia.org/wiki/File:Nobel_Prize.png
https://en.wikipedia.org/wiki/File:Nobel_Prize.png
https://en.wikipedia.org/wiki/File:Nobel_Prize.png

Video available at https://youtu.be/v_Bk2997YMA?t=5
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Active Black Holes
. /bza

Chandra X-Ray

HST Optical

... accrete, radiate, and accelerate .
relativistic particle beams. VLA Radio] -um firr Astrophysik




The X-ray
background
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NFA N7 \UNIVERSE 13.5 billion years ago

| Wwith seeds of future galaxies

COSMIC DARK AGES

380,000 to 400 million years
after the Big Bang

K. Teramura, UHITA

() Blackholes
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CIB x CXB fluctuations indicate high-z BH population j

Significant cosmic
background fluctuations
have been found both in
the NIR and in X-rays.

~ The strong CIB/CXB cross-

correlation signal indicates

" _ a substantial contribution of

Black Holes to the signal.

There is no correlation with
fluctuations in the deepest
HST images, therefore the
signal likely comes from
redshifts z>13.

Large angular scale also
. points to high-z origin.

* Could these be primordial?

L. Bechwith (375 *

Cappelluti et al., 2013
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The first JWST Deep Image revealed by President Biden! esa
RPN Photos of the Year '
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NIRGam Imaging J W ST: N eW d i Sta N Ce reco rd S ' NIRSpec Microshutter Array Spectroscopy i i
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Chandra and JWST Discovery of an Over-Massive Black Hole ]

- - as t v - s . . - “ jo : .

L L 2 - . - S X . - .
LT N : g o o
& - .": <o ' . o . . .- = S ‘\. ._- : h

. \ . .. - : . =i ks . ‘5. __.‘ N
T . N -

Black Hole | | Black Hole | '\ -~ .-+ ¥ A ¢ Sy - e

i, .' - Host Galaxy| "\ : TR, W I s .'- 7= 10_ 1
“y . . _'..- 4 . ’ T “* e .' Xy oo _
Chandra JWST S Y S, oo M=410" M,

Stellar Mass
comparable

o

ol to BH mass!
... v g

R B ..6

l' I

Natarajan et al., 2023, arXiv.2308.02654
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z=12.75

How to produce the first proto-quasars 3

: 109 M,
known QSO
20 kpe z=R.54. 7.642
z=9.17

8x108M, 1.6x10°M,

ULAS ]J1342+0928
(Bafiados et al. 2018)

J0313-1806
(Wang et al. 2021)

Black Hole

Li, Hernquist, et al. 2007 0.01 0.1 1 10
t / Gyr Archibald et al., 2001

Need massive (10>7 M,) seed Black Holes early in the Universe !
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How to produce the first proto-quasars 3
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Evidence for Heavy Seeds gets stronger! M

NO (STANDARD) BLACK HOLES HERE

‘ LIGHT SEEDING HEAVY SEEDING
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Quasars

Black Hole Mass [M g |
Pacucci et al., arXiv:2308.12331v1
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Direct Collapse Black Hole (DCBH) Seed Formation? LbZA

-

Jy; = 1000 100 éo
&% |DceH
£ ‘
lr]\_p'i.l 1 kpc y
. NASA/CXC/M. Weiss
Chon, Hosokawa & Omukai, ,
2020
- _‘ Requires Metal-free gas (gas containing
; DCBH : i
- » only hydrogen and helium) & sufficiently

E - B large flux of ultraviolet Lyman—Werner

' photons from nearby young stars, in
order to destroy hydrogen molecules,
which are very efficient gas coolants.
ITI'JCI a5 T Deutsches Zentrum fir Astrophysik
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Hubble reveals an “Intermediary” Black Hole i

3XMM J215022.4-055108

Dachen Lin et al., Ap] Letters 2020

The X-ray telescopes XMM-Newton

and Chandra have detected a Black
Hole, which is just in the process of
disrupting and swallowing a star.

. The Hubble Space Telescope showed

that this is an “Intermediary” Black
Hole of about 50.000 solar masses
in a globular cluster of another
galaxy.





“Stray Black Holes” in the Galactic Center g
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In 2017 JCMT astkonomters have discovered two
massive clouds with sizes of ~1pc and very_
broad velocity widths >40 kma/s. They interpret
this as massive compabct objéects (»10 M,)
plunging with velocities of ~100 km/s into.a ¢

molecular cloud.
X4

-~ o

A total of 5 Intermediate-Mass Black Holes
(104> M,) have now been identified in the

Central Molecular Zone from high angular

resolution ALMA and radio data.
Takekawa et al., 2017, 2019, 2020
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Simulation of the merger between two Black Holes LbZA

-

S LIGO/Virgo/
& . . Kagra/GEO 04
.~ . observing run
3 = Cles s @ el <. ongoing since
Ay B " | e DR S May 2023

R N A i e g ‘ .. - perweekare
S T ST R . v being detected.

Video available at https://youtu.be/ENd8Sz0AFOk
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Masses In the Stellar Graveyard

go-KAGRA Black Holes Li(s Hois  EM Newlron Stars




GAIA: BLACK HOLES

Gaia has discovered astrometric orbits of three dormant wide binary =

black holes so far. A large additional number of BHs is expected in
the Gaia DR4 data release.
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Gaia BH3 isa a 6
BH in a

wide binary system
with a period of 11.6
yr, more massive than
any other Galactic ~10/
stellar-class BH known |

A6 [mas]

-5

#

thus far. "

P. Pannuzzo & Gaia collaboration, 2024

5 0 -5 -10 -15 -20 -25
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Gaia Wide binary black holes i

Gaia BH3 and its companion
move through the galactic disc
in a retrograde halo orbit. They
belong to a structure recently
discovered by Gaia named ED-
2, which appears to have
emerged from the remains of a
globular cluster captured and
then torn apart by our Galaxy.
The very low-metallicity
companion star is not polluted
from a recent supernova
explosion and thus has likely
been captured in the high-
density environment of the
globular cluster.

Pina D.M. et al. 2024
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A large number of compact objects detected in GCZbZA

T £ - T
— A B "V Tl P
e % o R .l'- WL E
; ' wa® C
- ;o Tt E. .
: . - - o i‘ :
a gl Tk YN
i Pl ru b

- _‘ ¢+ Vitral, E. et al., 2022,
Q ""«. " MNRAS: Clusters of

oh : . © ~1000 compact objects
- . (wD?, BH?, PBH?)

L% "L LT detected in Globular

$ AL 0 ¢ Clusters NGC 3201 and
W Z Rl v NGC 6397 with Gaia and
AT 3 HsT
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LIGO/MPG Press release, April 5, 2024

FILLING THE MASS <—> GAP

with observations of compact binaries from gravitational waves

I f/--..

| L GW190425 | o | -
f (primary) GW230529 GW200115
(primary) (primary)
l [ I
1 e/ 1

GW230529

(secondary) H® l
-~ GW190814
(2] (secondary)

Mass of compact object (M,) 1 2 3 4 5 6

Includes components of compact binary mergers detected with a False Alarm Rate (FAR) of less than 0.25 per year

Credit: S. Galaudage, Observatoire de la Cote d’Azur.)
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~ Is Planet 9 (Planet X) a Black Hole?

13RFE8 20145349 2012113  Neptune

2013 §Y99

' Scholtz & Unwin, 2019



Huﬁbk ffﬁds{CIumping_ of Dark Matter

. 4

Meneghetti et al, 2020, Science

Uniform single mass
Dark Matter
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distribution Dark Matter

R ; ; ;
\/ 3 ' Deutsches Zentrum fir Astrophysik




"/ Supemovae

Combined
—  Data

Qdark energy

Generatlons of physicists are dgsperately search\‘ng the
" Qe gl Dark Matter particle. Primordial Black Holes may be an

alternative.

matter
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Early Universe Phase Transitions interaction
f strong
electromagnetic
Big k electroweak{ At the electroweak
Bang weak | interaction scale the first
. W- and Z-bosons are
gravity :
freezing out.
TKI4  10YGev 2
3 Quarks freeze out to form
10%0- o @ & hadrons (baryons, pions)
™~ o o g
P g S at the QCD transition.
£ &
10%%1 2 §
2
o llMeV a
£ | keV E
10 F EW transition 100 GeV lkeV |
-
2 QCD transition 100 MeV iev v
& e+e” annihilation at 511 keV 1 105~_ 101 3
] & _ ‘ . _ . |1|_||||m ot
1048 1040 10730 1020 10710 1 1010 10%0s
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0.34
0.3zf
0.3of
0.8
026
0.24]

0.22L

Sound speed due to early phase transitions

mp’n

mw,z

0.1

T [MeV]

10 1000

10°

/DA

{ Carr, B., Clesse, S.,

1 Garcia-Bellido, J.,

] Kihnel, F.. "Cosmic

] Conundra Explained by
1 Thermal History and

1 Primordial Black Holes”
1 arXiv: 1906.08217,

1 2019
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fPBH

PBH Mass Spectrum M

1 Planetary mass BH Different peaks correspond to

LIGO Supermassive BH different particles created at
the early universe phase
transitions and the
corresponding reduction in
the sound velocity.

BH mass corresponds to the
horizon size at each time.
Protons & et fluctuation power in a volume
10-5 neutrons fraction of 10-° of the early
' ' 1 : Universe.
1077 0.001 10 10°
M (M) , .
O Carr, Clesse, Garcia-Bellido 2019
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Observational Evidence for Primordial Black Holes: A Positivist Perspective

B. J. Carr.l * S. Clesse.2'T J. Garcia-Bellido.3-# M. R. S. Hawkins.*' § and F. Kiihnel®: ¥
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P Y
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PBH

log fppy

mass spectrum assumed for our work

......

HSC M31 revised
EROS-2/MACHO
OGLE 5-yr

OGLE Planet PBH cand.
LIGO-Virgo-KAGRA 03
- CMB accretion limit

Galactic Center X-ray
Galactic Center Radio

local SMBH mass

function

assumed PBH mass function

0 2
log Mppy

/DA

Bernard Carr, Juan Garcia-Bellido et al.
are working on a new version of their
PBH mass spectrum, which assumes a
rolling index of the primordial power
spectrum and thus has a steeper
decline at large PBH masses. This is
now fully consistent with all
observational constraints.

This is, what we use to estimate the
PBH contribution to the extragalactic
backgrounds.

Hasinger 2020
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0.34

Lepton Flavor Asymmetries ZEZA
i Baryon asymmetry is roughly 1011,
w o f Lepton flavor asymmetry could be as large as 102,

026+

This has significant consequences for the QCD phase
transition!

024

022+

10 50 100 5001000 5000
T [MeV]

1 ' ' T10-11
0.100 11p-15
E pa =
| e
E 0.010 110-19 E:
B E
= B =
= 0001} {10-3 B : : y
“ 1 2 3 a ( 1
- % | - log,, Mg/Mg log,, Mp/Mg
0001 0010 0100 1 10 100 Bddecker, D., et al. 2021, Phys. Rev. D
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New constraints on PBH mass function ZhZA

0001 0010 0100 1 10 100
M [Mo]

Strain noise [1/ VHz]

Original MACHO & OGLE
microlensing constraints
(Wyrzykowski, L., et al. 2011,
solid). Reanalysis of the MACHO
constraints on PBH in the light of
the new Gaia MW rotation curve
(Garcia-Bellido, J. & Hawkins, M.,
2024, dashed)

New 20-yr OGLE microlensing
constraints (Mroz, P. et al., arXiv
2403.02386).

Search for Subsolar-Mass Binaries
in the First Half of Advanced LIGO's
and Advanced Virgo's Third
Observing Run.

=>» Just about fits!
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EVOLUTION OF
Formation of ZbZA

THE U NIVE RSE the Solar system
Early ] bllllmil._;faars_}

Standard Dark Matter
galaxies £
Firststars  appear Lt
a ear . e {
PP i _‘ / | @
eyl g — .
Dark ages = /
L T * f
Blg Bﬂ“g P — I,-" . |'I . | (\ Mmm
™ f ", |'I w ' galaxies
\ III . . | ‘
" - = Q Time
) |°ce " "
0 { | | / e II"» |
380 e s | |
300 \_/ \
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' /
1 billion
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Growth of Large-Scale Structure at z=10 ZbZA

“fogy = 1073 a & fPBﬁ =10" w2 -

> 4000 fopn =107

s Without
PBH

1+ 6ppm

S
fPaH—l

.AII Dark Matter‘

» IR -

o Toan = 107¥ ;

| ; i; from PBH

) g -a_ ;ﬁ; k. e - -

o g .
A Y

D. Inman and Y. Ali-Haimoud, Early structure formation in primordial black hole cosmologies, Phys. Rev. D 100, 083528 (2019), arXiv:1907.08129
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PBH add small DM haloes and early star formation /bZA

Dark Matter Halo Growth Star Formation History
10°
—— T, > 40000 K
—— Tu>10000 K ' o
. _ —— Tur>5000K 1o :
26 —— Tur>2000K
T
S 1072
§ 107 T
=
n s
£ 10-2 g 155
o
L
wn
10—4_ 1074
10_50 1[}_5100 10!
Z Z

Cappelluti, Hasinger, Natarajan, 2022, ApJ
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Effect of Black Holes on Galaxy Evolution
olution _— /pyyn

negative
A feedback

3 .
[\

-

L
energy-driven outflow

Silk, J., Begelman, M.C., Norman, C., et al. 2024

Deutsches Zentrum fir Astrophysik



Primordial Black Hole Dark Matter Scheme ZbZA

* PBH Bondi-Accretion ® PBH 4 PBH-QSO
% POPIl *POPIIl C: Central S: Satellite % IGM

T,> 4x10¢ K

2x10* K >T,;> 4x10*K compact objects (WD?, BH?, PBH?) detected in
Globular Clusters NGC 3201 and NGC 6397 with

Cappelluti, Hasinger & Natarayan, Ap] 2021 GAIA and HST.
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Growth of SMBHs from unknown origin sitting near the
center of the halo

Bl

Initial formation of halos

0.
Gik

Halo growth allows the formation of the first stars
and SRBHs from stellar remnants

/DA

Refinement of the
Cappelluti, Hasinger &
Natarajan 2023
scznario by Zhang,
Liu & Bromm 2024.
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EVOLUTION OF
THE UNIVERSE Fomtion ot ZbZA
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logio(puviergs s=1 Hz—! Mpc—3)

Number of Galaxies
in JWST Medium-Deep Fields

First hints for a new
population of early galaxies.

This has been predicted by
the primordial black hole dark
matter model!

S ‘\\\‘ I + McLaod at oL, 2016 ] —2-0
2 $omiins
L ‘9.\ | Ii-l This work .
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SLOAN = COSMOS52020
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dn/dm (deg~?)

/DA

Faint JWST Galaxy Counts Star Formation History So far, all of these
“fingerprints” are
2 | N pop tgntalizing, _but only
g PopIl " circumstantial
z - l( evidence.
£ £ J However, future
g = Gravitational Wave
- " ol observations can
= | uniquely discriminate
e il between astrophysical

and primordial black

holes!
Cappelluti, Hasinger, Natarajan, Hasinger, 2022
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10000

1000 - \BRFBD) Sensitivity to
BH-BH Mergers

Redshift z
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Sensitivity of the next generation groundbased
gravitational wave interferometers_ / bZA

Redshift z

Total Binary Mass [M)] Big Bang
1000 =l Ve Baik gt Lo Pejtim el L el I &
= CMB
= L
5
= e~ Primordial Black Holes 2
3 § NeMcn’an :: Dark Ages
100=< . & %L CE40 B[ 20 Myr
ek, 9 i v
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