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Black Hole Accretion Flows

Several spectral states have

Luminous compact objects such as X-

ray binaries and AGNs are powered by

the accretion flows onto black holes/

neutron stars.

(c)ESA, Hubble
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been observed.
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Importance of Radiation-Viagheto-HydroDynamics

Energy Matter Magnet Fields;

R:r(‘iie'c:tion OUTOW is launched m Angular momentum is transported
magnetic gy rom the disk by MRI, leading to the mass
dissipation accretion onto BHs.
and/or =
turbulence
Radiation Fields;
Grav : Gas Disk loses the energy by emitting
energy ’ photons (cooling).
* Black hole m Radiation pressure determines

accretion disK o ce the thickness of the disk.

m Radiation force drives outflows

Radiation-MHD Simulations is necessary.
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Radiation-MHD D1k

Ohsuga
Takahashi 16
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McKinney+ 14
“Takahashi, Ohsuga-+16 |
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Eddington/ s
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Farris et al. 08

Newtonian Special General
or O(v/c) relativity relativity




Accretion rate/BH mass

Three modes and simulation methods

Slim disk (supre-Edd. disk)

ULX NLS| { Radiation-MHD

HE A EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN ‘........
XRB
(HS-state) Standard disk - quasar
Y
AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN .......l
XRB
(LH-state) RIAF LLAGN MHD

(M87, SgrA*)

Stellar Mass BH Supermassive BH
(or NS) BH mass



Three modes reproduced by radiation-MHD

RIAF Standard Super-Edd. disk (slim)
(a) LOg(p) [g Cm_3] (a) Log(p) [g cm‘3] (a) LOg(p) [g Cm-3]
-14 -12 -10 12 -10 -8 -6 -4 -7 -6 -5 -4 -3 2

30

TN Ohsuga et al. 2009,
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RMHD simulations of super-Edd. flows
Takeuchi, Ohsuga, Mineshige 2013

9.79 s, 34.07 orbit

a R __logp_ ] -50
: : A, A4 _55
% —6.0
- -5.5
—7.0
accretion?
o
N\
100 200 300 400 500 o0
Radiation pressure-dominated disk T/Ts
& high-velocity outflows around the Radiatively-driven clumpy winds.

rotation axis (jets).



Radiation-MHD jets

Resulting jet velocity (~0.3-0.5c) is Acceleration via Radiation Flux Force

roughly consistent with the jets in SS433. - |

radiation force
drag force

(@)
o

Radiatively-accelerated, magnetically collimated jets
» - NS y : \ ,\ :. I g ‘\ 1_ "

(@)
(3

o
=

Force (z-component)
o
o

o O
- N

Takalashi & Ohsuga 2014
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No acceleration because of
Flux Force ~ Drag Force
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Takeuchi, Ohsuga, Minesh‘/;ge. 2010
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Overall structure of the super-Edd. disk

Schematic picture of the overall structure m Super-Eddington flows consist of
radiation pressure-dominated disk,
radiatively-driven high-velocity
outflow around the rotation axis (jet),
radiatively-driven clumpy disk wind.

A

Clumpy wind

m . RLWAD R

disk ' . TR

Equatorial Plane :“ ' E
Black hole Rirap ,

5
Kitaki et al. 2021, Yoshioka et al. 2022




Schematic Picture based on Observations

Some ULXs exhibit the time
variations of X-ray luminosity,

implying the launching of clumpy

outflows.

Middleton+11

Launching of clumpy winds is also
reported by observations of NLS1s
or V404 Cyag.

‘Simple’ NLS1s ‘ s
(e-g. RX J0439.6-5311, PG 1244+026) Cf:';'ﬂlféoﬂ‘ss) Is

Clumpy Disc Wind \ / Clumpy Disc Wind /
lllllllllll
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Jin+17 see also Motta+17



Super-Eddlngton flows around Kerr BH
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Utsumi, et al. 2022

Setup

B BH mass: 10Msun

B Initial condition: equilibrium torus with
embedded poloidal magnetic field (plasma-
beta=100)

B Spin parameter: -0.9, -0.7, -0.5, -0.3, 0, 0.3,
0.5,0.7,0.9

Quasi-steady structure
H In all models, the super-Eddington disks (Mdot

~ a few 100Leqd/c?) and strong outflows are
formed.
* Magnetic field is not so strong (SANE)



Energy Conversion Efficiency

0.1

—=— Radiation Luminosity For the case of a*~0, energy is mainly

i viagnetic Luminosity | released by the radiation. When |a*| is large,
the energy released by the Poynting flux
(Magnetic Luminosity) exceeds the Radiation
Luminosity.

—e— Kinetic Luminosity

Lx/(Mdot c?)

Lor— | B Radiation luminosity accounts for 80% when
0.8 a* ~ 0. But the magnetic luminosity is three
times larger than the radiation luminosity for
the case of a* > 0.5.

Lx/Ltotal

o
[N)

0.0 , , . . .
-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
*

a see also
Sadowski et al. 2014



Enhancement of Poynting Flux
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The Poynting flux around the

» rotation axis is stronger for

larger |a*|. This is probably
caused by Blandford-Znajek
(BZ) effect.

Geffects: ’ =\ ,\

g

Rotating energy of black <777 s«

o

holes is extracted through /"~ :: R

magnetic fields lines s \

(Blandford & Znajek 1977) >
B

5
K Horizon /)




Are black holes in ULXs rotating?

Kinetic Luminosity/lsotropic X-ray Luminosity

1071
0 it Holmberg I X =1
104 ur results S
—-1.00-0.75-0.50—-0.25 0.00 0.25 0.50 0.75 1.00
*

a

Isotropic X-rau Luminosity:
Radiation luminosity observed by face-on observer.

In our results, the ratio of the kinetic
luminosity to isotropic X-ray luminosity tends
to increase with |a*|.

Thus, rapidly (slowly) rotating black hole
probably exist in IC342 X-1 (Holmberg Il X-1).



Lense-Thirring Precession of Super-Edd. disk

Asahina, Ohsuga, submitted

BH spin axis

Setup

B BH mass: 10Msun

B Initial condition: equilibrium torus with
embedded poloidal magnetic field (plasma-
beta=100) tilted 30 degree.

B Spin parameter: 0.9

Inflow-outflow structure

B The super-Eddington disk, which is tilted
Y and twisted, forms.

li: ‘ B Strong outflows are also formed.
L
Blue: mass density

¢ Accretion rate: several 100 Lggq/c?
Orange: outflow with >0.3c ¢ Radiation Luminosity: several Leqq

¢ Kinetic Luminosity: several Leqd




Precession of outflow & radiation

Disk rotation axis
0~ — b
o
(@) .
% Outflow direction Azérﬁéjtehal
o S >
(_oﬁ 10 o . |
x Radiation direction
The jet and radiation are ejected in the direction of
© 200 the disk rotation axis, not the BH spin axis.
S
S 190 L
© We can see that the direction of outflow and
E 180 radiation also changes according to the
E precessional motion of the disk.

5000 6000 7000 8000 9000 10000
[rg/c]



Comparison with observations

[1] Quasi periodic oscillations of Ultra luminous X-ray sources:
The typical timescale of the precession is ~9sec for the case of stellar mass BH.
This timescale is consistent with the QPOs observed in some ULXs.

[2] Precession motion of jets in V404 Cygni:
The direction of jet is changing with time in
V404 Cygni (Miller-Jones et al. 2019).
Such behavior is consistent with our
calculations.

Dec (J2000)

0 keV X-ray
t rate (c/s)
3

’ 31
flux density (Jy) count rate (c/s

14.6-GHz radio
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