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* Black Holes (BHs) are the final stage of massive stellar evolution

e Typical BH mass based on stellar evolution 1s ~ a few X 10M 4



Observed Mass Ranges of Compact Objects

?

Intermediate Mass
Black Hole

e BHs with a mass > 1()6M® are found by observation!

e How are these supermassive BHs formed?
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History of Supermassive BHs (1784~)
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I Talk’s Outline

l Observation Properties of Supermassive Black Holes

e How Do We Observe Black Holes (BHs)?

e Accretion onto BHs

e Active Galactic Nucleus (AGNs)

e What Suggests the Existence of Supermassive BHs?

e Supermassive BHs in Our Galaxy

e Supermassive BHs in High-z Universe

e Co-Evolution: Central massive BHs and Host Galaxies

B Theoritical Model of Formation Process of Supermassive Black Holes

e How to study SMBH formation
e Theoretical Scenario of SMBH Formation
e Seed BH Formation

e Seed BH Evolution
e Simultion of BH Accretion



Observation
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Accretion onto Black Holes (Theory 1970s~)
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Active Galactic Nucleus (AGNs)

Galaxies
w/ peculiar properties:

» Extremely bright nucleus
» Variability

» High-energy (X-,y-ray) emission
» Broad emission line

» Polalization

» Relativistic outflow (jet)
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IWhat Suggests the Existence of SMBHSs?

“Broad” Line Emission

Assumption: gas 1s bound to the gravitational potential of the object
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IWhat Suggests the Existence of SMBHSs?

XHow to estimate Ry : reverberation mapping

The time delay analysis can tell us the distance between the central BH and the BLR
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What Suggests the Existence of SMBHSs?

Time Variation of Intensity —> Constrain on the size of object R < cAf, .
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IAGN: Accreting massive BHs
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IAGN: Accreting massive BHs
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What Suggests th'_é Existence of SMBHs?:

Jet/Outilow/Wind S S i R,
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IWhat Suggests the Existence of SMBHSs?

Jet/Outtflow/Wind

Superluminal motions ( > light speed?!)
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IWhat Suggests the Existence of SMBHSs?

Jet/Outflow/Wind

Superluminal motions: “apparent” velocity > light speed
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Active Galactic Nucleus (AGNs)

Galaxies
w/ peculiar properties:

» Extremely bright nucleus
» Variability

» High-energy (X-,y-ray) emission
» Broad emission line

» Polalization

» Relativistic outflow (jet)
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I AGN Classification

/based on Luminosity
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Supermassive BHs 1n Our Galaxy

e Karl Guthe Jansky was the first to detect radio waves from space (1932)
 He discovered that strong radio signals were arriving from the direction of Qur

Galactic Center

Jansky’s antenna Rebet’s antenna
©NRAO / AUI / NSF . A

Reber 1944



Supermassive BHs 1n Our Galaxy

. Optlc al ! Radlo Wide-Field Radio Image of the

Galactic Center
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e A massive compact object (= Supermassive BH) with Mg, = (4.3 £ 0.4) X 1()6M®
inferred from stellar orbits (1990s~)

Eckart & Genzel, 1996, “Observations of stellar proper motions near the Galactic Centre”
Ghez et al., 1998, “High Proper Motion Stars in the Vicinity of Sgr A*: Evidence for a Supermassive Black Hole at the Center of Our Galaxy”

Animation of the Stellar Orbits around Our,Galactic Center

2018.3

Keck / UCLA l/zarcsec MEK/UCLA Galactic

e g , .
aIacth‘r Group -018 enter Group
i N



https://www.youtube.com/watch?v=1rKF9hFcn_k
https://www.youtube.com/watch?v=rxJgebvqzXA

Roger Penrose

'for upptackten att bildandet av svarta
hal ar en robust forutségelse av
den allméanna relativitetsteorin”

“‘for the discovery that black hole
formation is a robust prediction of
# nObQ'pyb'tBral theory of relativity”

2y KUNGL,

NOBELPRISET | FYSIK 2020 7aX) VETENSKAPS
THE NOBEL PRIZE IN PHYSICS 2020

W' AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Photo’ Max Planck insthse for Extraterresinial Physics

Reinhard Genzel Andrea Ghez

'for upptackten av ett supermassivt kompakt objekt
| Vintergatans centrum”

‘for the discovery of a supermassive compact object
at the centre of our galaxy”




I Supermassive BHs 1n Our Galaxy
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* Direct Evidence of SMBHs : Bright photon ring and central shadow (BH shadow)
match predictions from general relativity for light bending around a BH

https://iopscience.iop.org/article/10.3847/2041-8213/ac6674/pdf https://iopscience.iop.org/article/10.3847/2041-8213/ab0ec7 /pdf

M87* April 11, 2017
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I Most Distant SMBH

e Most Distant SMBHs : quasar ULAS J134208.10+092838.61 at resshift z = 7.54
(Universe was only 690 million years old—just five percent of its current age)

Observed wavelength (um)
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I SMBHs 1n High-z Universe

e The existence of such a massive SMBH just ~670 million years after the Big
Bang challenges significantly theoretical models of SMBH growth

11 rerrrrerrprer et ey rer e e ry e e Er e e e e v it i r e et i i e e e e riiilH
PR S
e Gemuni
- .l . % 1 1| ULASJ1120+0641z=7.09 ‘
£ 0 ~ ' _(Mortlock et al. 2011)
i JLAS JO313-1806
. |
© e W z=7.642
~ 108 “(Wang et al . 2021
ZNY At R ULAS J13424+0928
= 108 Lope ———— - i - %{ - z="77.54
| | i | | i (Banados et al. 2018)
o= i N
; z
| ! .
_T ; ; ; ; Mar21an1 et al 2012
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Co-Evolution:

Central massive BHs
and Host Galaxies

Supermassive BHs are found at the
centres of massive galaxies. During the
orowth of these BHs they light up to
become visible as AGNs and release
extraordinary amounts of energy across
the electromagnetic spectrum. This
energy 1s widely believed to regulate the
rate of star formation in the BH’s host
galaxies via so-called AGN feedback.
However, the details of how and when

Feeding Feedback

Black hole Galaxy growth

this occurs remain uncertain from both

. . rowth (AGN star formation
an observational and theoretical : ( ) Black hole ( )
perspective. mass

Harrison +’17



BH-Galaxy Relation - Local Galaxies
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— Observation suggests a strong link between SMBH and galaxy evolution

- Stellar vel. dispersion: Mgy = 10%'*M (6/200 km/s)4'24

- Bulde mass: log (Mpy/Mq) = (8.8 % 0.085) + (1.24 = 0.081) log ( Myy,e/ 10" Mo )
- Total stellar mass: log (Mg /M) = (7.45 £0.08) + (1.05 £ 0.11) log (M, /10" M)
- K-band magnitude: My,,/10°M, = — (0.266 + 0.052) — (0.484 % 0.034) (MK,bulge + 24.21)



IBH-Galaxy Relation « High-z Galaxies
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IBH-Galaxy Relation « High-z Galaxies

Q.
10481 V4
j Luminous z>6.5
Ly ‘ QSOs
| Luminosity bias
v 10Y
m O
(@)
— >
q) Q
S O v’
O 1046
S 10
~J :
|
. Full SMBH
,, : contour: z~2 - SI -
. population
10% - Ledd ,,/' 0.XLedq ’,/' 0.01Lg4qg :
4,_,__,,_1——-—‘_‘_\_\1_ 103 ,
= 10! 4 N ©O0Onoue-san’s slide
I I w7l O = R
10/ 10° 107 10%°
Mgy (M)

It 1s essential to probe lower-luminosity quasars to understand the full census
of high-z SMBHs (The most luminous QSOs could just be the tip of iceberg)



I Cosmic Evolution of Quasars

e Multiwavelength observations have consistently shown that AGN activity peaks around
z~2 and declines toward higher and lower redshifts
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I Little Red Dots (LRDs)
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e Point-like source (~a few hundred pc)
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 Broad Balmer emission lines (FWHM > 1000 km/s)
e V-shaped SEDs (Brightness rises into the rest-UV as well as 1n the rest-optical)
e X-ray and IR weakness (compared with typical AGN)

e Lack of UV-variability but hints of optical variability (compared with typical AGN)

in Some Case

LRD = AGN(?)

e Strong Balmer breaks



I Cosmic Evolution of Quasars

e JWST observations suggest that in contrast to expectations based on AGN surveys
in the pre-JWST era, the cosmic growth rate of BHs within this AGN population
does not decline but appears to increase at higher redshifts (z > 6)
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IAGN as Accreting BHs: The Soltan Argument

e Soltan (1982) first proposed that the mass in BHs today 1s simply related to the
AGN population integrated over luminosity and redshift

Lbol — ’YMCZ

- (1 — 77) Ly
BHAD(z) = Yy = J —2°¢ (Lpos 2) Ly,
0 nc Luminosity function
Pu (2) [ r Yy (2) dt
o PBHo dZ

dz7’
PBH.0

L, ;: Bolometric luminosity of AGN, 7: Radiative efficiency, M: Mass accretion rate onto the BH, W 4(2): Black hole accretion rate density,
¢(Lyo» 2): Luminosity function of AGN, pgy(z): BH mass density, pgy o: Present-day BH mass density



IAGN as Accreting BHs: The Soltan Argument

e BHAD inferred from the bolometric luminosity function of LRDs indicates a
persistent or even increasing trend toward higher redshifts (4 <z <8.5), opposite
to the declining trend of X-ray-selected AGNs

BH accretion rate density (BHAD)

log (BHAD / Msun yr - Mpc )
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Observed Mass Ranges of Compact Objects

?

Intermediate Mass
Black Hole

e BHs with a mass > 1()6M® are found by observation!

e How are these supermassive BHs formed?

Cor ol SRERII SRR SRR Lol SRERI SERERI Lol
1 10 100 1,000 10,000 100,000 1,000,000

Object Mass
(Relative to the Sun)

Credit: NASA/JPL-Caltech : https://www.nasa.gov/image-article/mass-chart-dead-stars-black-holes/



Theoretical Studies



IHOW to study SMBH formation

* The spatial and time scales of the astrophysical phenomena are so large that
laboratory verification 1s not possible

 Simulation 1s essential for studying how supermassive BHs are formed

S1ze of Supermassive Black Hole

(> Based on classical mechanics)

GMy-m 1 2G6M
— ;H +5mv2>0—>v>vescz\/ RBH
Vose > € (light speed) Mgy > 10P M,

2GM M
R<r = ZBH~3< BH) km
C M

ONAOJ,CICA



ITheoretical Scenario of SMBH Formation

(D Birth of low-mass BHs with a mass of 102_5M® (seed BHs)

(2) Growth of the seed BHs to supermassive BHs via gas accretion, merger with other
BHs/stars

@ a Cosmological halo ¢ Fully molecular part d New-born protostar

l .

Gravitational collapse of cloud
(eg. Yoshida et al. 2008)

< 300 pc > 10 Al

Gas Accretion
onto seed BHs

-y

30— 15 Redshift ~ ]



—Seed BH Formation—



Seed BH Formation
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I Evolution of Primordial Gas
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I Evolution of Primordial Gas
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Mass Function of Seed BHs

Typical primordial gas High-temp. gas
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IVarious Models of Seed BH Formation

Pop Il BHs GW recoils (1)
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—Evolution of Seed BHs—



Seed BH Evolution
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I Bondi Accretion

Assumption: spherically symmetric system

: : GMBH AU RS
BH gravitational force: f,.,, = 2 ','RB \ / X
1 d C 2 ’ '
Pressure gradient force: oas = e AP} .'\ / s
pdR R : :

Gas collapse condition - > “‘/v ~

s Y4
$ 4
 Z Y4
S~ 'é
g < M

= Ry (Bondi Radius)

s



I Bondi1 Accretion

Assumption: spherically symmetric system

GMBH -------

= Ry (Bondi Radius) ,'Ré\ / \\
C'Sz . Yy

Mass growth rate: ‘
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Accretion onto Black Holes (Theory 1970s~)
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I Eddington Limat

Assumption: spherically symmetric system

) ) GM BH = p.a®"" T T T=a
BH gravitational force: =

grav R2 "'RB'\ /~\\‘
Gas collapse condition - 2 frad '

47TCGMBH ) ) ) \s ¢"
= L (Eddington Luminosity) N .o°
KGS :

N e
~ 1.3 x 10*? =l erg/s
10*M

L

A




I Eddington Limat

: L L :
M = — < —Ez = My (Eddington accretion rate)
nc nc
M
~2.3%x 1074 4BH M@yr_1
10°M

EddingtonfEFEEZIRELT. BHEERDY1TLRAT—IL

(Eddington timescale, Salpeter timescale, e-folding timescale)
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I Seed BH Growth: Eddginton Limat
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I Simulation of BH Accretion

Flow Structure Mass accretion rate
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I Simulation of BH Accretion

42 Anisotropic radiation field

foutﬂow

9
(1) Massive seed BH 10"Mg

e.g., direct collapse of
supermassive stars,

runaway stellar collision
in dense cluster
z~7
(2) Super-Edd.
. mass growth
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I Simulation of BH Accretion

Isotroplc Radiation Disk-like Radiation
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Simulation of BH Accretion bl = Lo/ (1)

Isotorpic radiation Disk-like radiation
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Multi-Scale Problem

Hopkins & Quataert 2010

Ay Vs

4

——

Tshiyamiet al. 2024 - . = Ohsuga+2010 ©NAOJ

Mpc scale kpc scale pc scale < pc scale

Cosmological zoom-in simlations Simulations on BH’s gravitational scale

' ' . el ‘ : w/ Eddington limit
M=M BHI w/ Eddington limait M ;é M BHI w’o Eddington limit

More accurately track the BH growth across cosmic time



Super massive black holes in the universe

Bright quasars (QSOs)

z ~ 20-30) beyond z ~ 6

Formation of the first stars
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I Homework

drcGMpy

K@S

. L L .
M = — < —Ez = My (Eddington accretion rate)
nc nc

L

A

= L (Eddington Luminosity)
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EddingtonfEFEEZIRELT. BHEERDY1TLRAT—IL

(Eddington timescale, Salpeter timescale, e-folding timescale)
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