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Super massive black holes in the universe

Bright quasars (QSOs)
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Formation of the first stars
Years after the Big Ballg
400 thousand 1 bfiion 4 billion 8 billion 13.8 billion
M ' BEDT = 7 _ S | i s’ ¢ B
The Big Bang D67 -2 % AN - : D \ g \;\
E)n - - L ) 3 £ d . - o ’ - : 3
- NP . g § -
g 7 g —d V-/’/ N P s ol . B - v §
2 R A v, . _— 3
> i ) S " ) VR A & 7 - - =3
> R Y, e, ¥ ows
3 g= Xi Ay . - =’ o ,
73 ' . B & ’ " . it
Ak " . Reionisation , ’ P .
Fully ionised @& Neutral S e £ Fully ionised ) » )
| g | | O e s e A 5 ke 0
1000 100 10
Credit: NAOJ Redshift + 1

SMBHs
(> 10° M)



1011
§ I
> 10%0 The farthest record before JWST|(Wang+2021)
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Two possible solutions

(1) Mggseea > 10* M, or (2) Super-Eddington accretion
\ J




1. Supermassive star (SMS) formation

(DT et al. 2023; Li et al. 2021, 2023)



Basic idea of SMS formation

Mass accretion rates Final mass (lifetime ~ 1 Myr)
y Mjeans = = T 15
Macc~m~4X104M®yr1(m) M* ~ 400M@
_ 15
~0.1Mg yr ! (zokr) ~ 10° Mg
7K ———@m@878 @

10%E

/ /

/
” no U,\f case / i

/ Typical Poplll: T~200K |7

102

—> higher density Omukai(2001)



Various formation paths .

v
‘ s o .
s N v A A
H2 photodissociation by LW backgrounds )
v" Onset of star formation at T ~ 8000K A
(e.g., Omukai 2001; Oh & Haiman 2002; Visbal+2014; Chon+2016) )
Cosmological baryonic streaming motion -
v" delays the baryonic mass assembly .
(e.g., Tanaka & Li 2014; Hirano+2017, Schauer+2017)
Dynamical heating via DM halo mergers / Q‘
. An

v' drives turbulence and prevents gravitational gas collapse

(e.g., Wise+2019; Regan+2020)

=

‘
P

Others: Runaway stellar collision, Cold accretion shock etc.
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Semi-analytic calculations (Li+2021)

* ACDM cosmology + galaxy formation model

1012 J
1011 J
1010_
109_
108_
107 ]
108 |

105 J

v" Generate 10* merger trees of z ~ 7 QSO progenitors

v' Calculate temperature evolution of gas clouds considering thermal

and dynamical heating

v" Derive PDF of mass supply rates onto the central protostars

Li, KI & Qiu (2021a)

— treeid 1l
— treeid 2
— treeid 3
—-== median

30 40 50

10° —
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10~1 ;
c :
o :
o 1072 i Do SMS:s [form?
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(e.g., Hosokawa et al. 2011, 2016; Hirano et al. 2014, 2015)

0.01

Acc. rate [Mg,,/yr]

Radiative feedback

Radiation hydrodynamics (RHD) simulations of PoplII star formation:

3

e |

No feedback

feedback

10 20 30 0 50

Stellar mass [M,,,]

60

Radiative transfer + Non-equilibrium chemistry + Stellar mass growth

lonized bubble (T > 10* K)

Protostar [

‘ (c)t=5.0e+d yrs
M.=654M,

Disk photoevaporation due to UV radiation

-> Self-regulation of the mass growth

Accretion disk (T <103 K)



3D RHD sims. of SMS formation (DT+2023)

v’ Targeted several Poplll star forming regions extracted from a cosmological

protogalaxy formation simulation (Wise+2019).

v" Succeeded to form SMSs with > 104 M,,, in some haloes.

v" Diversity in the stellar mass, 102-105 M,,, depending on mass supply rates to

protoplanetary disks (o< T1-).

DB: rad_3d_MMH2
Cycle: 0 Time:0

/\

Stellar mass [Mg]

HI + H, (T <103 K)

10°

105 i

OolE4>O

104 i

103 i

=== PED model (Tanaka+2013)

103 102 101 100

Mass supply rates to protoplanetary disks [Me/yr]

(OC TI.S)



Semi-analytic modeling (Li+2021, DT+2023)

—_— Poplll IMF in overdense environments (> 30)
Te1073
—1.3
=3 %
—4
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=
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Q -9
s 10 Ngys ~ 10F Mpc3
Gy
g 10-6
§ i
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102 103 10* 10°



Toward formation of high-z QSOs

Li, Inayoshi, DT, et al. (2022)

v" Several episodes of super-Edd. accretion with a duty cycle of ~20 Myr
are needed to explain the bright end of the QSO LF.

PoplIl IMF at z ~ 20 QSO luminosity function at z= 6
10-3
— !
— _3 | LT -4 M18
1 ©10 107 x_’T —— unobscured
E 5 - .- intrinsic
o -7
B} 10_4__ ICJ\ 10
©
.9 mE 108
k3] 1079 U
® Q
£ z 107
5 1061 g
'_qé) 10 eflo—lo
S 1o
-7 -11
2 10 '.
-12 J ’
W e =1 3 =3 7 -2
M14so

M, [Mg] .
Mgy € P(€paq Tauty)




2. Super-Edd. accretion onto IMBHs
(DT et al. 2019, 2020, 2021; Inayoshi, DT, et al. 2022)



Gas accretion onto the galactic center BHs

SN-driven winds

Disk photoevaporation

o ¢=

@

| | |
Schwarzschild scale Circum-nuclear disk scale Galactic scale

<<1AU 1-102 pc 1-100 kpc



3D RHD simulations in CND scale

* Disk photoevaporation is avoidable (e.g., Inayoshi+16, 22, DT+19, 21).

e The accretion disk becomes optically thick to UV irradiation, when satisfying

M,.. >0.01 M —1( < ) 1
™~ e ¥ 1 km s—1

T
— Z=10""Zsun, F, ;=100

108 | = 1 time averaged o
Mo
4 -

E.

in

~1 pc 4
—lly Mgy = 10% Mg,

time [Myr]



Gas accretion onto the galactic center BHs

SN-driven winds
Radiation-driven winds

Disk phot

| | |
Schwarzschild scale Bondi scale Galactic scale

<<1AU 1-102 pc 1-100 kpc



r=0.01-1 Ry (~100-10* R)

3D+2D RHD simulations of
super-Edd. mass transfer in BH binaries

Inner region
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Inward and Outward mass fluxes
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Propagation of outtflows
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Gas accretion onto the galactic center BHs

SN-driven winds

Radiatio

Line-driven outflows

(FFSA+—D)

Disk photq@ka tion

| | |
Schwarzschild scale Bondi scale Galactic scale

<<1AU 1-102 pc 1-100 kpc



3. Coevolution of galaxies and SMBHs

(DT, Kimura, and Hosokawa, in prep.)



Coevolution of galaxies and SMBHs
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SMBH mass
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Overmassive BHs in the early universe

logMpy [Mo]

10

o Local —R15

QSOs z~ 6.5 (dyn.)—119

m /WST—-z~4-8

@ GN-zl11
z ~4-8 (JWST)

z~ 6.5 (HSC)

Local galaxies

10 11
|Og Mstar [MG) ]

12
Maiolino+2023



SMBH formation in cosmological simulations

* M,,-M. relation has not been explained yet.

* ¢.g., Byrne+2022: suppose no AGN feedback

-== ml1l (dwarf)
9] |=== ml2 (MW-mass)
—— m1l3 (massive)
Greene+ 2016 (obseryed

z>6 QSOs
(Izumi et al. 2021)

8
©
s 7
~
T
3
= | JWST-2~48
61 (Maiolino et al. 2023)

Byrne et al. (2022)
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Star formation around the central BH

Marginally unstable

Q~1

Ry~ 0.1 pc Reub ~ 1 pc Rout ~ 0.1-1 kpc

BH b+ gy N

M = const.
atR<R,

|

|

Radiation pressure on dust

Dust sublimation leads to star burst. supports the disk.

+—— >
T> 103 K (dust free) T<103K



Star formation around the central BH

Q>1 E

Marginally unstable

Q~1

——

18
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Radiation pressure on dust
supports the disk.

—
T< 103K
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1D non-steady accretion disk model

Suppose BH mass growth in the early universe

* Mgy = 10° Muns Mgtar = 107 Mg, (cf. 2D RHD sims. by Inayoshi+2022)

© M=102Mg,/yr @t=0=>M =10 My,,/yr @ t =100 Myr
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g Adv. ]
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Coevolution of galaxies and SMBHs

1011 E ”
| w7 = 0; Kormendy & Ho (2013) ‘."
: z = 4-6; Pensabene et al. (2020) o
1010 El z > 6; Mg < —25 ’o’
] @) 7 > 6; M1450 > —25 “‘
| @ 2D RHD; Inayoshi et al. (2022)
— 91 . o
® 10 3 * This work (M, = 10 Mg, yr!)
E * This work (M, = 1 Mg yr—) ~/
S 10°; JWST -z~ 4-8 <
% ] (Maiolino et al. 2023) g)
E 107 T
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Stellar mass |Mg]
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B28EBHN\D T RAES (Gordon+24; cf. Beckmann+19)
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Runaway stellar collision(c & 2 SMSHAX
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