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Supermassive black holes (SMBHSs) in high-z Universe

Observation
Cosmic age < 1Gyr (z > 6), SMBHs with Mgy > 10° Mg

(Mortlock et al. 2011)

One possible pathway to high-z SMBHs: Rapid accretion —
BH seeds (light seed ~ 100 My, heavy: ~ 10° — 10° Mg)

) 4

Rapid growth via gas accretion

log Mgy
’ | Gadl _- Eddington limited growth
- 10°Mg -~~~ = growth time > Cosmic age of SMBHs
—  Super-Eddington accretion
IS required.
~ 100 Mg
Cosmic age

~ 0.2Gyr ~ 0.8Gyr



Possibility of super-Eddington accretion

30Re .
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High mass BH Mgy = 10° M4 Black Hole  p oo o dius

Bondi radius Rg = GMgr/c/? > lonization radius Ry

MBH ( Noo ) > Too 3/2
104 Mg / \10° cm—3/ ~ \ 10% K

High BH mass or high gas density
— Transition to Super-Eddington accretion phase.

(Inayoshi et al. 2016)



Our study: Effects of Mechanical feedback
Previous studies on super-Eddington transitions

do not include mechanical feedback. Gas Density distribution

cf. studies on accretion flows @ Bondi scale exposed to anisotropic radla’uon
(e.g., Novak+2012, Ciotti+2017) N |

cf. effects of jets in atomic-cooling halo
(Regan+2019)

Mechanical feedback has the potential |

to shut off the inflowing gas R Radiation

and blow out the surrounding medium. |

Bipolar outflows

— Anisotropic flow structure forms

— Inflowing motion round the equator?
cf. anisotropic radiation feedback cases S0 05 00 05 10 15 20

‘ (Sugimura+2017, Takeo+2018)

Our aim:
Derivation of the criterion required for the super-Eddington transition




Simulation setups

BH embedded in an uniform, metal-free gas cloud.
Two-dimensional radiation hydrodynamical simulation.

Gas cloud

Disk spectrum model as a function of
m and Mgy (Watarai 2006)

Computational domain
0.006Rp < r < 6Rp ‘ BH :

Frequency range 13.6 eV < hv < 100 keV
Isotropic radiation field

Teﬂ-‘ X M_1/4 M MEdd 1/4 r/rTr —3/4
Teff - MB_I}IM (T/Tg)_1/2 BH ( / ) ( / g)

BH

Slimdisk  : Standard disk

Rtrap ~ MTrg



Outflow model

out — 1 —Iﬁ_ogt Minput OUtﬂOW Mass I’ate
out
P = M, iVout Outflow kinetic power
_ ) 2 1 ’ 2 . .
Lowt = noutMBHC — 1+ 5 noutMinputC Outflow kinetic energy
out Ostriker et al. (2010)

Model parameters;

2
S Nout = 5‘;‘1‘3 Uogt : Outflow energy efficiency
C
5 = M,  :Mass loading factor
out — -
Rp\ Mgn (outflow/accretion)
\ . . 1.
\ Bout =1 — Mout — MBH — §Minput

\ Uout : Outflow velocity 1,000km/s

BH DISK



Qutflow model

Bout :
out — Min u
I out  OQutflow mass rate
P = M, Vout Outflow kinetic power

1
1 + Bout out

Minput®  Outflow kinetic energy

_ ) 2
Lout = noutMBHC —

Ostriker et al. (2010)

Angular dependence;

( 1 ’ 0° S 0 S gshadow

~ 2
8_esaow 5
eXp(( 5gd ))  Bsnadow < 0 < 90°
\

cf. Sugimura+2017
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BH DISK



Results: Time evolution of flow structure (Outflow angle 6., = 80°)

6R3 T T T T T T 6R3 o L L L BB L B
i Gas density - Gas temperature
i t= 0.0000000T_dyn 0.0000000T_dyn
Re ] Re
0.1R, | : 0.1R,
0.01Ry f 0.01R
% 01 R IR, R, BR,
Iog(p/p_mf) -1.0 o.lo 1.0 é.o 3.0 10g(TK]) 510

. |Isotropic radiation — Spherical ionized region
. Outflowing region along the polar axis / Inflowing region around the equator
. lonization radius is confined within the Bondi radius

— |onized region shrinks

— Transition



Radial structure of outflows
along the rotational axis

lonized gas is evacuated by outflows.
. Cold region due to expansion cooling:

r <2x 10" cm

Hot region due to shock:2 x 10'* <r < 10* cm

. QOutflow speed is nearly constant.
Vout = 1,000 km s™

(Cf. Vese = 134 km s~
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Radial structure of outflow velocity
along the rotational axis
. Fast outflow with 1,000 km/s.
. Mild outflowing region
driven by pressure gradient.
. Inflowing motion by the BH gravity.

lonized gas : Arﬁbient gas
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Radial structure of outflows lBOHdi radius

around the equatorial plane

107

14

0

6 =90°
15 E

Same as radiation-regulated accretion flows.
e.g., Park & Ricotti (2011,2012)

p[gcm™]
S

. Gas is photo heated up to ~ 10° K 107}
. lonized gas is depleted due to both
accretion to the central BH
and outflow driven by thermal pressure.

Gas depletion

et

Accretion rate, Luminosity |

T [K]
5& SLII

Dense gas at the ionization front
falls into the central BH.

et

Accretion rate, Luminosity 1 10"' | Dashed: Outflow
| Solid: Inflow

Episodic Accretion 10" 10" 10'



Outflow opening angle / — Transition epoch becomes earlier
7ux>::1><108<nn_3,.AIBH::IU)BA@
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. Outflow opening angle/ — Solid angle of the inflowing region \
. Mass inflow rate reduces due to outflows Mgy = (1 + Bout) ™ Minpus

BH accretion rate MBH\ — Radiation feedback \ — RHH\ — Transition



Transition criterion is alleviated owing to outflows

1

=1 x 10% em ™3, W/ outflow

10* | /
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w/ outflow

|

t/tdyn

Critical density above which the transition occurs
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Neo = 1 x 10° cm (w/o outflow)

¥

N > 3% 107 cm™?

Y

(w/ outflow)

Mgy = 10 Mg

Mout/MBH =1
Hout — 800



Transition criterion is alleviated owing to outflows

Mgz = 10 Mg,
Mout/MBH =1
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- Mass loss due to outflows
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Critical density

1/2 —1/2 7 —3
N o > COS / Hout(l + Bout) / X Tcrit,rad ~ 2 x 10" cm

Y

— agrees with our numerical results.



summary

Effects of mechanical feedback on the super-Eddington transition
cf. Only radiation feedback is considered in previous works.
(e.q., Inayoshi+20106)

2D radiation hydrodynamical simulation + chemical
+ mechanical feedback model (Ostriker+2010).

Our Results
. New transition criterion

Ne > 1 x 10% em ™3

Y

Neo = 3 x 107 cm™3 Mg = 10 M,

(w/o outflows) - (w/ outflows)

. Transition criterion Is alleviated because
- accretion rate reduces due to significant mass-loss
- solid angle of inflowing region N\g

[Future work]

. Long-term simulation (after the transition)
. Survey in broader range of BH masses



