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> SMBH >

SuperMassive Black Hole (SMBH)

. @ with 108 - 1019 M in the galaxy center (e.g. Milky Way)

® Co-evolution with the host galaxy

Credit: HSC Project




> SMBH >
SMBHs in the early Universe (<1Gyr)

® with 108 10° M, atz > 6

v'BH mass Mgy =2 1.3x10'° M Mg . | - Mar2|an| et aI (2012) .

(SDSS J0100+2802 ; Wu+'15)

2 3 4 5 6 7 8
v'Redshift z > 7.54 Redshift, z

(SDSS J1342+0928; Banados+'17)

® Number density: noo ~ a few (comoving Gpc)3




> SMBH >

Growth Time of BH Mass

Accreting gas : gravitational energy - radiation pressure
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Eddington accretion rate : gravity = radiation pressure
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> SMBH »>> IMBH >
Mass Growth Limit of First Stars

In metal-free star-forming gas clouds, gas mass accretion onto protostar
ceases due to (McKee & Tan 2008)
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HIl region
Hosokawa+2011, 2012
Surrounding gas accrete Expanding HIl region Stellar mass is determined
through the accretion disk evaporates the accretion disk. when gas accretion ceases.

onto the central protostar.




> SMBH »>> IMBH >

How Massive are First Stars?

“Supergiant Protostar” Phase (Hosokawa et al. 2012)

® with dM/dt > 0.04 [Mo/yr], T.~5000[K]

® Weak UV radiation = Inefficient radiation feedback

M > 4x1072[M./yr]

(Hosokawa+'12)
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> SMBH »>> IMBH >

Final Masses of Rapidly Accreting Stars

Stellar evolution calculation with rapid accretion until star dies

= IMBH can form!
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CAVEATS: mass loss, angular-momentum transfer, ...




> SMBH »>> IMBH >

Observed IMBHs

—  Kormendy & Ho 2013 o°
10" }| o Ellipticals & classical bulges °
s Pseudobulges o ;
a  Low-mass BHs Ho & Kim 2016 ° .
0 v Low-mass BHs Greene & Ho 2007 o &
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, Mezcua (2017)
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> SMBH >> IMBH > > H-coolinghalo >

Origin of High Accretion : (A) Thermal

3/2

Jeans
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> SMBH >> IMBH >> H-coolinghalo >

Thermal Evolution of Gas Cloud

Jeans mass scale Mass accretion rate
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> SMBH >> IMBH > > H-coolinghalo >

Coolants of Metal-free Gas

® H-cooling @>104 [K]
® H,-cooling @~100-1000 [K]

® HD-cooling @<100 [K]

02 L Barkang& Loeb (2001).
'“Q 10-23 !
£ 102 F
o H
3 1024 £
g
® 1025 3
.g 26 :_ Hzl
5 1071
o i J
U 10-27 3 /
100 1000 104 10°
Temp [K]

Processes for inefficient H,-cooling
(a) Photo-dissociation

H, + y > 2H
(b) Collisional-dissociation
H, + H-> 3H
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> SMBH >> IMBH > > H-coolinghalo >

"Direct Collapse” Scenario

. Inayoshi&Omukai (2012)

Collisional dissociation

O
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> SMBH »> IMBH >> H-coolinghalo >

IMBH formation in atomically cooled halo

Dissociation of H, molecules
® Radiative process
... external FUV radiation
® Collisional process
... Collision of cold gas streams,

galaxy merger

—~>H-cooling halo : massive & hot

—>"zone of no-return”

—->No UV radiation feedback
with >0.04 [M/yr]

—>Finally collapse at ~10° [M.]

Thermal evolution of collapsing
gas cloud in ‘zone of no-return’

(a)

Temperature (K)

(b)

H2 fraction

Inayoshi et al. (2014) .. .
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> SMBH »> IMBH >> H-coolinghalo >

FUV Radiation

H, photo-dissociation

H2 + y > 2H
Nearby light source galaxy is e
required to photo-dissociate H, AN

molecules in direct collapse halo.

Sugimura et al. (2014)
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Origin of High Accretion : (B) Motion
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> SMBH >> IMBH > > H-cooling halo / Streaming Vel. >

Streaming Velocity

® Supersonic gas motions relative to DM fluid left over from the Big Bang

® Sound speed in the baryon fluid:

c, ~ ¢/ 3 (coupled with photons via Thomson scattering)

g%ﬂjt

> 2 x10-°¢ (after cosmic Recombination z~1000)

® Rapid motions prevent early gas cloud formation until rapid gas condensation is triggered
in a protogalactic halo.
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> SMBH >> IMBH > > H-cooling halo /~ Streaming Vel. >

Suppression of Early Structure Formation

Supersonic coherent flows of the baryons
relative to the dark matter at the epoch of
recombination.

(Tseliakhovich & Hirata 2010)

The magnitude and direction randomly
varies in space.

3 \*? 302
PMB(’U) = (27‘(’0‘2) 47’("02 exp(—ﬁ)
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> SMBH >> IMBH > > H-cooling halo / Streaming Vel. >

H,-cooled but Massive Gas Cloud

® Gas cloud collapse is suppressed due to the coherent gas flow.

® \When the gas cloud becomes gravitationally unstable, its mass can be

similar with the pre-galactic halo under rapid streaming motion.

109 10° 1010 10"
Gas density [cm3]
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> SMBH_>> ‘IMBH: N choolmghalo // SR '
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> SMBH >> IMBH > > H-cooling halo / Streaming Vel. >

Rapid and Burst Accretion
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Stellar radius (R )
o

density contour

abundant H,

0.7 X 10° (yr) 1.1 x10° (yr)

2.4 X10° (yr) 3.4 %105 (yr)

Accretion bursts expand the stellar
surface and weaken the protostellar
radiation feedback.

H, region
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> SMBH >> IMBH > > H-cooling halo / Streaming Vel. >

Stellar mass (M )

Final Mass of Supermassive Star

10°
al 34,000 M, BH atz = 30.5
107 E —
108 | = Growi o
i rowing at 55% of the
\? ) canonical Eddington rate
__ ]
2x10° M, BH atz = 7.1
0 IIII| IIII| | 1 1 IIIII| 111
10 102 10° 10* 10° 108
Time (yr)
Ube OF < Rvirial M virial Vvirial M Jeans tacc M star
(Obe) (pc) (My) (kms™) (My) (10°yr) (M)
3 1.2 305 171 2.2x 107 13.3 26,000 0.60 34,000
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> SMBH >> IMBH > > H-cooling halo / StreamingVel. >> Pop Il Cluster >

Various Formation of First Stars

Velocity

Single supermassive first star

~ 104-105 [M.]

Multiple massive first stars
~ 100 [M.] x ~10

) 120 180 240 300 360 °
Mpc ‘.
Single massive first star
~ 100 [M.]
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> SMBH >> IMBH > > H-cooling halo / StreamingVel. >> Pop Il Cluster >

Fragmentation of Large-filemant

Hirano et al. (2018)

Gas dens [cm?]

10! 102 10° 104 102 108 10* 10°

Example :

8 Jeans unstable clouds with 100-200 M, on a highly elongated filament

$

What is the final fate of this system: survive, merger, ejection?
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SMBH >> IMBH >> H-coolinghalo / StreamingVel. > > Pop lll Cluster >

Cluster of ~100 [M..] First Stars

Merger of massive first stars
=>IMBH formation

Close BH binary
=»Progenitor candidate of
the gravitational-Wave signal

- ap 4
S, 10° feoat ~ 10 Gyr (0.2 au)
g1 7/2
- (I—eo)
M1 M2 M1+M2 -1
30 Mo, 30 Mo, 60 Mo

Time [Myr]
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> SMBH >> IMBH > > H-cooling halo / StreamingVel. >> Pop Il Cluster >

Unstable Filament with low-J,-

log, (Cell massmM.1)  Jog,, ( Gas number density, ny [cm™?])
-4 -2 0 2 4 4 0 - 0 1 2 1 2 3 4
I T | N7

H

.....

Hirano et al. (in prep)

B 8000 K

N W
)

® Same cosmological halo

(@) fyac=0% oM

® Uniform J,, background

N W A~

.fJACH = 21/ J21,crit

’ (i) f jacv=100%
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1094, ( Gas number density, ny [cm?])
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> SMBH >> IMBH > > H-cooling halo / StreamingVel. >> Pop Il Cluster > > Summary >

Formation Scenarios of IMBH/SMBH

12

Pop Il
stellar seeds , *

. .
° Nuclear cluster /
in protogalaxy - -
Nuclear cluster of o : -
108 2% generation stars \_“o :

? Direct collapse

8 protogalaxies
e e
Con ( ]
4 ~y} SMBHs
®e
2 leftoveré IMBHs ; ‘ ‘
: . o; ° i. ' .
* . . ©® e °© O o
0 10 102 103 104 105 106 107 108 10°

Mg (Mo)

- Mezcua (2017)
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> SMBH >> IMBH >> H-cooling han//StreamingVeI. >> Pop Ill Cluster >> Summary >

Supermassive stars formed from the direct collapse of massive gas cloud
can be promising origin of high-z QSOs (SMBH?s).

DCBH scenario : Rapid gas accretion history is necessary.
(1)  Atomic-cooling halo (H, photo-/collisional-dissociation)

(2) Dynamical suppression of cloud collapse (streaming velocity)

Merger scenario : Final fate of first stars cluster

*** Questions ***
Number densities of seed BH (IMBH) and observed SMBHs
Growth from IMBH to SMBH : Cosmic gas flow
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