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Abstract

The existence of ~10° Mg supermassive black holes (SMBHs) within
the first billion year of the universe has stimulated numerous ideas for
the prompt formation and rapid growth of BHs in the early universe.
Here we review ways in which the seeds of massive BHs may have
first assembled, how they may have subsequently grown as massive as
~10? M, and how multi-messenger observations could distinguish be-
tween different SMBH assembly scenarios. We conclude the following:
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OK, let’s start!



Cosmological QSO population
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High-redshift monster BHs
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Rapid SMBH assembly
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Rapid SMBH assembly
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Theory of early BH formation
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Theory of early BH formation

Pop Il BHs GW recoils (1) R °
20<M/Msun<140 N radiation feedback
/ % 1012 Msun
mini-halo
Tvir <104 K ‘s hyper-Eddington accretion
/ Y M>>MEedd
o
Collapsing - .. H.> cooling X
ristine gas >
protogalaxy P . Juw > Jerit
high Vbsm
\ rapid merger SMS
atomic-cooling halo | .
star formation
Tvir 2104 K . if Nye>Ngrit  funaway
\ no (H coo{ng) g _ collisions ‘
Prior star / 3)
Formation yes —» First galaxies 103-4 Msun

Inayoshi, Visbal & Haiman (2020) ARA&A



Heavy BH Seeds



High-z star formation

cosmological scales

—
Tv v . ™ -

normally...

monolithical
collapse

H2 cooling
~102-3 K

fragment

Safranek-Shrader et al. (2016)

Pop lll stars

"

-

single protostar

H cooling
~104K

no fragment

M, ~ 100 Mg



High-z star formation
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Ways to suppress H; formation

Lyman-Werner irradiation baryonic streaming motion
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+ 2014; Visbal +2015; Latif +2016; Chon+2016; Hirano+2018; Inayoshi+2018; Wise +2019; Luo+2019 etc...



Ways to suppress H; formation

Lyman-Werner irradiation baryonic streaming motion
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Combination of the two effects
leads to H2 suppression further...

Bromm & Loeb 2003; Shang +2010; Latif +201
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temperature (K)

Metal-free gas collapse phase
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Metal-free gas collapse phase
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No fragments / high Mdot!

Becerra et al. (2015) I °re . Regan et al. (2014)

gravitational collapse accretion disk

pristine & H: free gas * no/weak fragmentation

* high accretion rate




No fragments / high Mdot!

gravitational collapse

pristine & H: free gas

. % . Regan et al. (2014)

Clump migration is quick!
unlikely to affect the central star
(Inayoshi & Haiman 2014; Sakurai et al. 2015)

see Matsukoba-kun’s talk

* no/weak fragmentation

* high accretion rate



No fragments / high Mdot!

Inayoshi, Omukai & Tasker (2014)
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Rapidly accreting protostar

stellar radii (Rsun)
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Rapid BH accretion



Super-Eddington accretion

- GR/Radiation/MHD simulations (0onhsuga+ 2009; Jiang+ 2014; Sadowski+ 2015)

- photon trapping in a disk

- radiative flux to the poles
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Bondi accretion limit

M>>Megq OK!

Eddingtenlimit

(gravity vs. radiation)



Bondi accretion limit
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Bondi accretion limit
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BH accretion in multi-scales

smaller scales: ~O(100)*Rsch ~ 0.1-1 mpc ,_;_;’.IgAr.ger scales: < O(Kpc) _
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Shakura & Sunyaev (1973)  Abramowicz et al. (1988)  (€.9., lllustris, EAGLE, FIRE)



BH accretion in multi-scales

smaller scales: ~O(100)*Rsch~ 0.1-1 mpc
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BH accretion in multi-scales
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Gas supply from large scales
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Gas supply from large scales

low density case (MB,ini ~ 10Mgaq ) Cuxi/ﬁfgsi\fﬁzt\:iigfr((z%%?))
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Rapid BH accretion in first galaxies

- high density case ( Mg in; ~ 500 Mgqq)
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Rapid BH accretion in first galaxies

- high density case ( Mg in; ~ 500 Mgqq)
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Global hyper-Eddington accretion

Inayoshi, Haiman & Ostriker (2016); Sakurai, Inayoshi & Haiman (2016)
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Global hyper-Eddington accretion

Inayoshi, Haiman & Ostriker (2016); Sakurai, Inayoshi & Haiman (2016)
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Conditions for rapid accretion

- analytical argument
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Rapid growth of seed BHs

o inafirst galaxy (Tvr=10'K) Takeo, Inayoshi +(2018, ,2019).
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Rapid growth of seed BHs
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Rapid growth of seed BHs
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Implications to observations

Relnes & Volonteri (2015)

Wang et al. (2016)
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Implications to observations

y Relnes & Volonteri (2015) Lot Shimasaku & lzumi (2019)
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Subsequent growth of BHs...

ordinary ACHs (~20) rare, massive halos (~50)
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Efficient BH growth in rare regions? (>30)




Summary

heavy seeds ~10°Msun

* LW radiation / streaming motion
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