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Supermassive Black Hole

e |t exists universally at the center of the galaxies
* There is a strong relation with the bulge mass of the host galaxies (left Fig.)

* |t already exists even in the early universe z 2 '/ (right Fig.)

—How is the supermassive BH born? (Open question in astronom
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Theoretical scenario of formation of SMBHs

e The formation process of supermassive black holes consists of 2 steps.

(D Birth of seed BHs with a mass of 102_5MCD
(@ Growth of the seed BHs to SMBHs (via Gas accretion, Merger with other BHs/stars)
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Theoretical scenario of formation of SMBHs

e The formation process of supermassive black holes consists of 2 steps.

(D Birth of seed BHs with a mass of 102_5MCD
@ Growth of the seed BHs to SMBHs (via Gas accretion, Merger with other BHs/stars)

“We focus onl th|s process” (~pc scale)
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What do we do?

* To contribute to understanding of the formation process of SMBHSs, we investigate gas
accretion mechanism of the seed BHs floating in the dusty remnant galactic gas

Galaxy merger
Supermassive BHs O

1072 ° ’I

—~ eBH @

=

L . .

m Main mechanism

o - Gas Accretion

& - Merger of BH/Star

© Seed BHs ; s

= ! Dusty-galactic disk .

2-5 g e, -- '
10 ‘ Moving BH

J. Samsing/Niels Bohr Institute

20-15  Redshift ~7

Q. How much is the accretion rate?



|| Previous studies of moving objects in dusty-gas

m Toyouchi et al. 2020 m Ogata et al .2021

3D-radiation hydrodynamics sim. Non-hydrodynamics calculation
assuming the isotropic radiation assuming the anisotropic radiation
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These works indicate that
| both the hydrodynamics and the anisotropy of the radiation are important |
factors for the growth rate of seed BHs in dusty-gas '



| What are our strengths?

* |n general, the BHs have accretion disks, and they produce anisotropic radiation field

e Such strong radiation heats and sublimates dust grains

- We perform 3D-Radiation Hydrodynamics simulations
- considering the Anisotropic radiation and Sublimation of the dust
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Methods

* We use the 3D-radiation hydrodynamics sim. code
SFUMATO-M1 (Fukushima & Yajima 2021) With the adaptive

SFUMATO
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I Simulation Settings

e We mask the BH accretion disk by the sink region and inject ionizing photons
at the inner boundary with anisotropy ( & cos 6)
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| Simulation Models

B Parameters B Fiducial model
- 104

Z=01Z, BH mass : Mgy = 10°M,
I =180K Gas velocity : v, = 20 km/s
v, = 10, 20, 40, 80, 100 km/s | A 3
- 103 104 105 106 /cm3 Gas number denSIty : nOO — 10 Cim
— Gas temperature : T = 130 K

> Metallicity : Z = 0.1Z

Disk inclination : edge-on
—
Sink region (Rest frame) (->'<-Wh do we choose these values as a fiducial model? \

_ Mgy = 104,10%,10°M,, R |

»+ Cosmological sim. show the flow structure with these

values (in the remnant galaxies)
(2) @ - y




Mass accretion rate onto seed BHs

 Time-averaged accr. rate could be Super-Eddington rate (M/My > 10, My = Ly/c?)

if Mgpng, 2 10" [M ecm™] (left Fig.)

 Super-Eddington accr. occurs only by gas accr. near the equatorial plane (middle Fig.)
(Collapse of the ionization region (e.g. Inayoshi+2016) iS ot a necessary condition)

 The accretion occurs intermittent (right Fig.)
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I Acceleration of seed BHs

 \We calculate the acceleration of seed BHs using the density and velocity distribution
obtained from our simulations (below eq.)

* In the dusty-gas for n_ < 10° [cm™], seed BHs moving at > several X 10km/s
could accelerate In the dlrectlon of its motion

* The main factor of acceleration is gravity caused by the high-density shell near the

upstream ionization front (e.g. Toyouchi+20, Ogata et al. Submitted)
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| DISCUSSION : Evolution of seed BHs

* In any situation, 7, (velocity change) < 7,_ (age of the universe at z = 0)
t, (velocity change) < 7,, (mass growth)

— Any seed BHs change velocity first and grow in mass later



| DISCUSSION : Evolution of seed BHs

* In any situation, 7, (velocity change) < 7,_ (age of the universe at z = 0)
t, (velocity change) < 7,, (mass growth)

— Any seed BHs change velocity first and grow in mass later

o Only if Mgn,, 2 10° [M cm™], t), (mass growth) < 7._. (age of the universe at z = 06)

— Seed BHs could grow into supermassive BHs until 7 ~ 6

If Mgpn,, 2 10° [M cm ™)

', / s Otherwise



| DISCUSSION : seed BHs
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e \When the seed BHs accelerate to the

velocity of about ~ 100 km/s, the flow
structure becomes similar to the classical
Bondi-Hoyle-Lyttleton accretion

* Thatis, seed BHs are in the deceleration phase —~ *¢ % *

(It doesn't keep accelerating all the time) |
Acceleration Deceleration

* Therefore, the velocity distribution of seed
BH could be biased > several X 10km/s

> several X 10km/s BH 4

', . Otherwise




FUTURE WORK

 Because of the huge simulation costs,
this study aims to understand the gas accretion mechanism at the Sub-pc scale

Ogata + submitted

Cosmological simlations

M=qa X MBHL (o - Boost factor) SINK region

(Inject ionizing photons)

Upper-limit is Eddington rate

Mpc scale pc scale ‘ < pc scale

* QOur redults suggest that
Mppn,, > 1010 [M@cm_3] M > MEdd (This presentation, Ogata et al. in prep.)

Mgyn,, < 10" [M cm™] : M < Mgy & Mgy, (Ogata et al. submitted)
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FUTURE WORK

 Because of the huge simulation costs,
this study aims to understand the gas accretion mechanism at the Sub-pc scale

Ogata + submitted

Cosmological simlations

M = a X MBHL (a : Boost factor)

Upper-limit is Eddington rate

Ohsuga+2010 ©NAOJ

Mpc scale .' pc scale _ < pc scale

‘ @
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Adopting the new boost factor
and upper-limit condition???



CONCLUSIONS

We study the growth rate of seed BH floating in dusty galaxies in the early universe
with 3D-radiation hydrodynamics simulations

FEATURES

 Considering anisotropy of radiation and dust sublimation

RESULTS
Regarding seed BHs moving in the dusty gas,

e Super-Eddington accretion (M > 10M;) could occur due to gas supply from near the
equatorial plane on the Bondi-Hoyle-Lyttleton scale

o If Mgyn, > 10° [M cm™], seed BHs could grow into supermassive BHs at high-z,
while the others could float with velocity changing and constant mass



