Growth of most massive black holes
INn the early universe

KwangHo Park

- Center for
Geg_;%'ﬂ Relativistic
Astrophysics

College of Sciences

Tamara Bogdanovi¢ (GT), John Wise (GT)
Massimo Ricoftti (UMD), Chris Reynolds (U of Cambridge)
Tiziana Di Matteo (CMU), Priyamvada Natarajan (Yale)

KIAS
November 7, 2018



Ovultline

« Radiation-regulated accretion
— Billon solar mass black holes at z~6-77¢

— Radiation-driven turbulent accretion (Park, Wise, &
Bogdanovic¢, 2017)

 Hyper-accretion
— Breaking spherical symmetry (Park+ in prep)

* Bulge-driven fueling (Park+ 2016)

- A possibility for hyper-accretion



Moftivation: Quasars in the early universe
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Initial Mass of Seed Black Holes

Seed
BHs

« Seed BH Formation Scenarios
(IMBH)

— Pop lllremnants : ~102 Mg
— Stellar collapses : ~104 Mg
— Direct collapse : ~10° Mg

« E.g., Pop lllremnants Quasars at high-z

— Initial mass should increase by 7 BH mass > 10° Mg,
orders of mag

— Should Accrete at Eddington rate for
~700 Myr

« Estimation of grow rate is
important!

Volonteri 12
Natarajan 11
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Radiative Feedback by Black Hole




Radiation-regulated Accretion

Classical Bondi problem
+ Radiative Feedback
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Radiation-regulated accretion

Periodic oscillation of accretion rate due to accretion/feedback loop
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Mode-l vs Mode-Il Oscillations

Ny. = 10° cm-® n, = 10 em™? n, = 107 em™
IO° Illllm] IIIIII"I TTTIT llllllﬂl T llllml T I

1 1 1 T T l 1 1 T I l
107 |~ -

kil o A —

dow M \
AN -
0.001 \ | \ \ \\ L1108 ‘\,\\\\ k_/—l \‘
10-¢ ; 10 [
o fduty=60/° \ \ | Hi— .

m~3)

[
E 10-? | \J
5 =
= 0 5000 104 1.6x104 <108 }‘s___ __q)_ - S
= F [ P

" - 10 om = f =R

E 1 T ] T T LI T | T | T ~ \ \-\l
~< L F)

0.1 10* E | | ﬂi\fﬁ | | | a
0.01 r

| 0F =
0.001 \‘\‘\ T2 f ’r =
0.0001 XE—4 E_ _E
108 —ENO W _F = = E
10-® dety_so /0 28 E— ‘.'-':'7:{:5/»-’/ /f';J" =
-8 = — e -
107 PR TR N NN TR TR TR NN SN TR TR NN SR TN N N S S C povvwol vl 3wl
0 200 400 — 800 1000 10 10-% 0.01 0.1 10-* 10-* 0.01 0.1
time(yr) r(pe) r(pc)
T, (Amd) T

- - = = on = 7 cycles

fyuty iIncreases in mode-Il oscillations. Aadmax

Makes Eddington-limited accretion
EffiCient Ton (A-rad)

fduly = = -
Park & Ricotti 2012 Teycle  Arad.max



Accretion is suppressed

Parameter Space Exploration
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Vorticity and turbulence

IW] ¢ = 50.0 Myr

B = 150.0 Myr.

y (kpc)
(@)
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t=200.0 Myr
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x (kpc)
Line integral convolution of velocity field
Park, Wise, & Bogdanovic 2017
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E(k): Turbulent Kinetic Energy: Typical Kolmogorov
Park, Wise, & Bogdanovic 2017
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Turbulence is important?
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1D/2D vs. 3D simulations

Code ZEUS-MP ENZO + Moray
# of energy bins 40-100 4-8
Coordinate : Cartesian (x,y,z) with
system Spherical (r, theta) Adaptive Mesh Refinement
Resolution Highest at r,;, Nz die 1BIEL € 2ot [
Front
Gas motion Laminar Laminar + Turbulent
Methpd foi Mass flux at r;, Bondi rate inside HII region
accretion rate
Amplitude of
Mdot 5-6 orders of mag 2-3 orders of mag
mean accretion . .
: consistent consistent
rate & period
Single BH, spherically Non-spherically symmetric
Extensibility symmetric or accretion, multiple BHs,

axisymmetric accretion Cosmological set-up



ny ., (cm™)

10° |

Accretion regimes
Mode |, Mode I, super-Eddington

Eddington-limited

10° 10° 10°
Mgy (M)

10°

Different accretion regimes as
a function of BH mass & Gas
density
— Mode | : ~ 1 percent of Bondi
rate, 5-6 orders of difference

between max/min accretion
rates

— Mode Il : Eddington-limited, 1-2
orders of mag difference
between max/min accretion
rates.

— super-Eddington : at high M, and
Ny

Low accretion rate : only ~1
percent of Bondi rate

Park, Ricotti, Natarajan, Wise, Bogdanovic (2016)



Hyper-accretion regime

Radiative Feedback is not important any more?
Back to Bondi accretion?



Hyper-accretion
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Park, Ricotti, Di Matteo, & Reynolds (2014a)

BH

e tem ) Stromgren radius vs. Bondi radius

Bondi radius

R
photosphere .
trapping ST

Ritr

inner region

\

outer region

Inayoshi, Haiman & Ostriker (2016)
Sakurai et al. (2016)



Transition to hyper-accretion regime

Ny =10%cm ™3

Ny =10*cm ™3 Ny =10°cm™ Ny =10%cm™
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3D siructure of hyper-accretion flow

i) £ = 100.0 kyr t = 200.0 kyr

Radial Velocity (km/s)
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Bulge-driven growth of seed BHs
a possibility for hyper-accretion regime



Accretion Radius

Bulge can boost accretion?

Effective Bondi
Radius

Due to bulge comp




Effective Bondi radius

increased Bondi radius due to bulge
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Effective Bondi Radius as a function of
bulge-to-BH mass ratio
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Accretion rate as a function of bulge-to-BH ratio
with radiative feedback
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Transition of Accretion Regime due to bulge component

Park, Ricotti, Natarajan, Bogdanovic & Wise (2016)



Growth of light vs. heavy seed black holes

Light seeds (< 102 Mq,,,)
® > @

Heavy seeds (> 10° M)

‘ ’




e Al

| A SFR>med(SFR)
¥  SFR<med(SFR)

0.5<2<1.3

il
\
AY
‘ v
.\

Stack (Lx)

— Al galaxies| |

- - XRB (Lx)

e Al

| A SFR>med(SFR)
¥  SFR<med(SFR)

1.3<2<2.0

Stack (Lx)
- - XRB (L)

— Al galaxies| |

8.0 8.5

9.0 9.5

100 105 110

log(M-) (M)

|
79)
20
141 o
N—
AN
20 X
~—
g
39 —

|
0
20
141 o
N—"
P
20 X
~—
&
39 —

143

— 3 BH GROWTH IS MAINLY LINKED

TO HOST-GALAXY STELLAR

la2 —~ MASS RATHER THAN STAR

FORMATION RATE !!

Yang et al. (2017)



Summary

 Radiative feedback from BHs efficiently suppresses
accretion rate onto BHs (~1% of Bondi rate) and
accretion rate shows highly oscillatory behavior.

 Hyper-accretion is a mechanism that can explain
the rapid growth of seed BHs in the early universe.
Build-up of stellar bulge component may enhance
accretion rates onto heavy seeds.



