bt

|
St
c—

J5vik—)L (or PMEFE) BEEREIES
DOFES =1L —23>
0)52%&: '/féd)%gu?’\’

SietEe (BEX) | NS RX) , BtER#ER FKEX) |, LK (FKRKX-RK) , NiBE
(FUKRKZEE) |, BIREHIE (FURAK-SERK) |, TMREX (FUKKZEE) , sEEE (RX) |, BEEE (&EX)



Accretion Power

Black hole (BH) accretion system is one of the most powerful energy production
mechanisms in the Universe. The luminous compact objects, like active galactic
nuclei, X-ray binaries, Gamma-ray bursts, are believed to be powered by the BH

accretion system.
X-ray binary (Cyg X-1)

(c)ESA, Hubble

quasar (3C273)
GMVA+ALMA 3 mm HSA 2 cm HST

- -

- x20f&F LK

x2160 &FiEAK '\

2 JdE 40 HE 86.000 ¥4
220 R/ OMA 45 ZUMA o7 ¥

(c)Hiroki Okino and Kazunori Akiyama; GMVA+ALMA and
HSA images: Okino et al.; HST Image: ESA/Hubble & NASA



Three Accretion Modes

Different spectral states imply the
existence of different accretion

modes

Mass accretion rate

(disk luminosity)

Spectra (schematic)

(c)

radiative flux

(b)

(a)

frequency

—

(a) RIAF/ADAF (b) Standard disk (c) Slim disk
;mE (10Msun) ~10%-10K ~10’K ~108K
FFHIEH A E Ly ENA




ADAF/RIAF RAEM AR AVLME

Ichimaru 77; Narayan, Yi 94 Shakura & Sunyaev 73 Abramowicz et al. 88
FHE() EHE(H) | Z|HEZ) |
BT BT 1 BT

|

HRDZAE HRDZAE | HROZAE |
TN HL /TR H /IR IR

SRENE SREIE
L < 0.1Mc? L ~0.1Mc? L < 0.1Mc?
: | v
BH A
BH gisk
o e @ e

# Mass Accretion Rate



Accretion rate/BH mass

Three Accretion Modes

Slim disk (supre-Edd. disk) Radiatively-driven
Outflows
ULX NLS| (e-scattering)
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN
XRB Radiatively-driven
(HS-state) Standard disk quasar Outflows
Sy .
(line-force?)

XRB
(LH-state)

RIAF LLAGN
(M87, SgrA*)

Magnetically

Stellar Mass BH Supermassive BH -driven

(or NS) BH mass outflows



Importance of Radiation and Magnetic Fields
Magnet Fields;

Energy Matter B Angular momentum is
Radiation Outflow is .
eneray launched from the transported by MRI, leading to

maanetic disk the mass accretion onto BHSs.
diss?pation B Magnetic dissipation heats the
‘ aBdI/or gas (heating)

Hrbtience B Magnetic force drives outflows
Grav. ‘WS Radiation Fields;
energy <

* M Disk loses the energy by
Black hole T -
sccretion disk : MRI eml’Ftln.g photons (coollng):
UFDTRENCE M Radiation pressure determines
the thickness of the disk.

Radiation-HD/MHD Simulations are B Radiation force drives outflows
necessary for high accretion rate.




Development of Simulations of Super-Edd. disks

1988~
1D approach| slim disk model has been established (Abramowicz et al. 1988)

Multi-dimensional Simulations
2005~

Radiation-HD sim. ||Radiation-MHD sim.

Quasi steady inflow-outflow structure has been revealed.
(Ohsuga et al. 2005, 2009, Ohsuga & Mineshige 2011, Jiang et al. 2014, 2019)

2014~
General Relativistic Radiation-MHD Sim.

General relativistic effects (e.g., BZ effect, LT precession) has been studied

(Sadowski et al. 2014, 1016, Takahashi, Ohsuga et al. 2016, Utsumi, Ohsuga et
al. 2022, Asahina et al. 2022, Brandon 2023, Asahina & Ohsuga submitted).




Numerical Methods for Radiation Field
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Radiation-MHD simulations Super-Edd. Flows

Ohsuga et al. 2009; Ohsuga & Mineshige 2011

Setup
Bl BH mass: 10Msun

M [nitial condition: equilibrium torus with
embedded poloidal magnetic field
(plasma-beta=100)

Quasi-steady structure

B The super-Eddington disks (Mdot ~ a few
100Ledd/c?, Ldisk >> Ledd)

B Radiatively-driven outflows

see also Ohsuga et al. 2005, Ohsuga 2007,
Jiang et al. 2014, 2019




Why is super-Eddington accretion feasible?

Gas density

Radiation

Outflow| padiatively driven outflows:

Strong radiation pressure supports
the thick disk and generates the
outflows above the disk.
> Accretion:
| -~ Photons mainly escape through the
o less-dense region above the disk. The

radiation pressure cannot prevent the
accreting motion within the disk.

Accretion



Why is super-Eddington accretion feasible?

Vel | BLTY/EN~T0%
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Apparent Luminosity

Rad e B The radiative flux is mildly collimated since
I F;qu 'e; the disk is optically and geometrically thick.

B Thus, observed luminosity is very sensitive to
the observer’s viewing angle.

B The apparent luminosity becomes highly
super-Eddington for the face-on observers.

ex: 22Ledd for <20°
when Mdot~100Ledd/c? & Ldisk~3LEdd.

Large luminosity of ULXs (>103°-40erg/s)
can be explained for the face-on case.

Ohsuga, Mineshige 2011



Kawashima et al. 2012
(data; Gladstone 2009)

Comparison with ULXs

e
~J
==
e
= s .
[ ' I ‘ 0.1 A7 ~ 1000 L,.-,n,"("2 (i = 10 — 20°)
Monte Carlo
)(\ IC342 X-1

Q‘(\d‘(_ Radiation Transfer:
ﬁ g 1

Simulated spectra nicely fit =,
1 the observations of ULXSs. M ~ 200 Lg/c* (i = 0 — 10°)

NGC5204 X-1

VLV/-LX

01l M~ 200 Lp/c? (i = 40— 50°) |

0.3 1 10
energy |[keV]
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Comparison with ULXS «itkietal. 2017
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Rfr, Rir the number of scattering

High-energy X-ray photons are generated within the funnel region. Photons

undergo down-scattering above the disk, and in some cases, they are
absorbed.



Radiatively-driven Jets

Resulting jet velocity (~0.3-0.5¢) is

roughly consistent with the jets in S5433.

Takeuchi, Ohsuga, Mineshige. 2010

i

‘
T %
a9
%
B &,

lug %

=

100 rg

Force (z-component)

O o (@) o O
o™ > o o ~

o O
- N

Acceleration via
Radiation Flux Force

radiation force
drag force

akahashi/ & Ohsuga 2014

20 40 60 87 1OO
z [Rq]

No acceleration because of
Flux Force ~ Drag Force




Clumpy Outflows

Takeuchi, Ohsuga, Mineshige 2013

9.98 s, 34.73 orbit

accretion)-

Clumpy outflows: Radiative Winds fragment into many gas clouds
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|Bird's-eye view of Clumpy outflows|kobayashi+18

Var: ro
—o0.1000 ¥ - -

—0.004728

— 0.00d

l 1.057-5g)
5.000e-07

Max: 0.02081
Min: 1.000e-10

Torn sheet like structure.
The size is ~100Rs.

Outflow velocity is ~0.1c.

Rotation velocity is 30% of Vkep.

"/

Blac'lz Hole




Observations of Clumpy outflows

Some ULXs exhibit the time Launching of clumpy winds is
variations of X-ray luminosity, also reported by observations of

implying the launching of clumpy NLS1s or V404 Cyg.
outflows.

(1~ 9
RX Jsol:tl;;pfyl-gsl]:J l;(S’ }2544+uzo ‘Complex’ NLS1s
O o ’ ’ ) (e.g. 1H 0707-495)
:‘ O O Clumpy Disc Wind \ / Clumpy Disc Wind / @ ‘; ‘”‘7»‘
C! 'Y
[ Q oe®
Y. BLR clouds hielded NLR
?_— "
e . B |
' SMBH
Sta
! ) (super-Eddington ) i

Middleton+11 Jin+17 see also Motta+17



Comparison with ULXs

Absorption lines
Outflow velocity of ~0.1-0.2c

agrees with the observations of

blueshifted lines.

g T T T
Mode!: | Xabs & 1 CIE
— | ——— Mod: 2Xabs & 2 CIE NGC 5408 X-1 RGS -

e Fe |>:vu Fe XvI “‘] e
| Ne IX N

| | | ]
. L ) U 1\

( photons m-2 s~ A-1)

05

Flux

Pinto+.19, 20, |
Kosec+18, 24,

o i .
10 15 .20 25
Wavelength (A)

Time variation
Timescale of the luminosity
variation (100Rs/0.3Vkep) Is

MBH ggl r
-~ 2.0 ( ) S
10 MG) 102 s 103 s

Our result is consistent with
the observations of ULXs
(Middleton+11) and V404 Cyg
(Motta+17) in the case of
MeH~10-100Msun.




Overall structure of the super-Edd. flows

Schematic picture of the overall structure

n
= Jet :
? Clumpy wind
disk
- Kitel et al. 2021, Yoshioka et al. 2022,
Rinflow - Rjau Equatorial Plane
Black hole RS, Rtrap

Super-Eddington flows consist of

three components;

O radiation pressure-dominated disk

O radiatively-driven high-velocity
outflow around the rotation axis
(Jet)

O radiatively-driven clumpy wind (&

)



General Relativistic Radiation-MHD sim.

Utsumi, Ohsuga et al. 2022

Setup
Bl BH mass: 10Msun

M [nitial condition: equilibrium torus with
embedded poloidal magnetic field

——— (plasma-beta=100)

bEa® 5 m Spin parameter: -0.9, -0.7, -0.5, -0.3,

“7~  0,0.3,0.5,0.7,0.9

A : Quasi-steady structure
T e [ S mIn all models, the super-Eddington
' Ly é" ol N disks (Mdot ~ a few 100Ledd/c?) and
[ L. 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
—e— Magnetic Luminosity .. %1
—— Kinetic Luminosity released by the radiation. When [a*| is
| large, the energy released by the
Poynting flux (Magnetic Luminosity)

exceeds the Radiation Luminosity.

L« /(Mdot c?)

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

L« /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, 2019, Bandon 2023



Enhancement of Poynting Flux

z/rg
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100
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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.



Enhancement of Poynting Flux

Flux

a*=0.7

B =100

EHR - BT IVIA
- MtT' - _(bzutur - btbr)

AR« BZI5w9IR
Fgzlr, = 2(B")*wry(Qy — w) sin® 6



Kinetic luminosity vs X-ray luminosity

Kinetic Luminosity/Isotropic X-ray Luminosity

10—1 |

1072

Holmberg I X =1
IC342 X -1

Our results

—~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 II
X-1).



Lense-Thirring Precession of Super-Edd. disk

Asahina & Ohsuga accepted yesterday
BRESDIN axis Setup
B BH mass: 10Msun
M Initial condition: equilibrium torus with
embedded poloidal magnetic field
(plasma-beta=100) tilted 30 degree.
B Spin parameter: 0.9

Precession

Inflow-outflow structure

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

B Strong outflows are also formed.

Blue: mass density
Orange: outflow with >0.3c

o O Accretion rate: several 100 Ledd/c?
N BLERIERSA (GUEER) O Radiation Luminosity: several Ledd
O Kinetic Luminosity: several Ledd




Tilted and twisted super-Edd. disk

tilt angle

precession angle

.- t~6000[re/c]

40 (@)

35

30 torus.
25

20 Initial torus

m The tilt angle of the outer region is ~30°,
which is determined by the initial setting of the

m The disk is gradually tilted as it approaches

tilted angle = 30° the black hole, except for the region of r<5ry.

- Initial torus (b) ™ The precession angle increases as it
precession angle = 180° approaches the BH
260
240 rotation axis _
220 at each radius alglc_lgtle
200 -
18G5 10 20 30 40 nangle.
S

Schematic picture of twisted, tilted disk



Precessmn of disk, outflow, radiation

 m The super-Eddington disk exhibits the precession

% 30 Disk rotation axis motion.
G
20! e . :
5 Outflow direction B The gas and radiation is mainly ejected around
S - the rotation axis of the disk (~30°), rather
Radiation direction than around the spin axis of the BH (0°).
m The direction of outflow and
% 200 o radiation also changes according
® e to the precession motion of the
g Zimuthal disk.
3 180 \ .............
= "
N
<

5000 6000 7000 8000 9000 10000

[ro/c]



Comparison with observations

IC342 X~1 ObsID 0693850601 (pn)
[1] Quasi periodic oscillations of ULXs: o L [Vttt
The typical timescale of the precession is ~ several i“’
sec for the case of stellar mass BH and disk size is « gw :
few 10rg. This timescale is consistent with the im

QPOs observed in some ULXs (0.01-1Hz, Atapin
2019).

[2] Precession of jets in V404 Cygni:
The direction of jet is changing with time in V404

&

Cygni (a few min ~ a few hours, Miller-Jones et ,, o st ==
o1 ' AT
al. 2019). L M L

Such behavior maybe reproduced if the disk size

Is a few 100rg.



Lense-Thirring Precession of RIAF cui et al. 2023

?-S,/&"EH/HU : . 2000.27 300 2
(2]

M © E
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& 280 g
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Super-Edd. Flows around magnetized NSs

Inoue et al. 2023, Inoue et al. in prep.

Code dipole n:(g)del quadrupole model

|||||||

B 2D General relativistic
Radiation-MHD simulation code

Setup

B NS: 1.4Msun, 10km

B Magnetic field:
Bdip/(Bdip+Bqua)=1, 0.75,

0.5,0.25,0

B Initial condition: equilibrium ——
torus with embedded poloidal Initial Conditions:
magnetic field (plasma- Density & magnetic fields

beta=100) HEAEA (FURAIRA)



ULX Pulsars
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If the central objects of ULXs are NSs,
super-Eddington is necessary because

NS + Super-Eddington flow
the mass of NSs is a few Msun.

Basko & Sunyaev 76; Ohsuga 07; Mushtukov+15, 18;
King & Lasota 16; Kawashima et al. 16; Takahashi &

Ohsuga 17, 18; Chashkina+17
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Accretion column

The radiation energy escapes from 0 -25 20 -.
the side face of the accretion el 120N €NErQY is.
columns. The side face is likely released from the side

. surface of the column.
the origin of the X-ray pulse.

Schematic view

Kawashima et al. 2016

see also

Basko & Sunyaev (1976)
Meszaros (1998),
Mushtukov et al. (2015),
Zhang et al. (2023),
Abolmasov et al. (2023)

y(km)




Dipole-dominated case

100

Outflow

75

50

Accretion
column

Fm r.sph

see also
Chashkina et al. 2017, 2019
Abarca et al. 2021



z [km]

ULXP Swift J0243.64+6124 Transient uLxp

2 J LTI ST TN R L/ RS PR R A B
: . t
M;, ~ T00Mg44 Tgas [K] s L f s
1500 10° = LS._Agfsm { !
B ~ s—2 :
- Photosphere of the outflows: % o { *“g\ I
- Size: a few 100km b R ;
750 g _AstroSat.s.’ s ]
Temperature: ~0.5 keV g 05 PO Yo :
| 7 “ 0 : . lf‘ g dge s 4 4 \l_
0 10 0 50 100 150

Time (MID—58029)

The observed blackbody

. . . 10+ ]
750 radiation can be explained. £ e 50302319006
Ng /“\‘bb(oﬁo;
-1500 . 10 % A . S
0 750 )0 o 1
Black body 2T el
emission

Tao et al. 2019, Beri et al. 2021



ULXP Swift J0243.6+6124: magnetic fields

M Pulse period: ~9.8s

B Spin-up rate: 6.8x10°ss1 (obs 1), 1.8x108ss™1 (obs 2), 2.2x108ss1 (obs 3)

B Black Body emission (T~0.5keV and R~100-500km) is detected in two
observations and not in one observation

B Cyclotron resonance scattering feature: ~2x1013G Outflow

‘ Accretion

column

Dipole fields
~ 3x1011G - 4x101°G NS



Quadrupole-dominated case

100 , Accretion
belt

Outflow

75

Accretion
50

25



ULXP Swift J0243.6+6124: magnetic fields

M Pulse period: ~9.8s

B Spin-up rate: 6.8x10°ss! (obs 1), 1.8x10-8ss! (obs 2), 2.2x108ss™1 (obs 3)

B Black Body emission (T~0.5keV and R~100-500km) is detected in two
observations and not in one observation

B Cyclotron resonance scattering feature: ~2x1013G

¥

Quadrupole fields ~ 2x1013G « Cyclotron resonance scattering
Dipole fields < 4x1012G

T If the dipole magnetic field exceeds this value, the magnetospheric radius
becomes too large, causing the disappearance of the super-Eddington disk
region and preventing the formation of radiatively driven thick winds.



. _ _ _ BPHEIRT A |
Simulations of Line Winds (ShATK)

Nomura et al. 2016, 2017, 2020, 2021

(see also Proga et al. 00, 04)
log density

15 From the standard disk, the disk
wind is launched by the radiation
force for spectral lines (line-force).

time= 0.463yr 1

BH(108Msun)

log p(g cm'3)

Line Force: ons get
momentum by the line absorption
(bound-bound transition) of UV.

(Ldisk~0.5Ledd)




Simulations of Line Winds

Nomura et al. 2016, 2017, 2020, 2021

(see also Proga et al. 00, Olfg) density Ultra Fast Outflows (UFOs) are
15 detected in some Sy galaxies.

Line-driven winds (~0.1c) are
one of the plausible model.

time= 0.463yr

BH(108Msun)

Observed absorption lines

PG 1211+143 |

0.05

oo
log p(g cm™)

Line wings  -19

0.01

(Ldisk~0. 5LEdd)



Comparison with UFOs (PG 1211+143)

Radiation Transfer by

MONACO Absorption by
BH(108Msun) slow component
- ¥ \ o Absorption by
. -~ Emission line fast component
10 b e h

= There are some absorbing
regions along the line of sight.

= X-ray spectrum (two absorption
lines and emission line) can be 2 3 4 5 6 7
well described by our model. Observed energy (keV)

102 |
- Mizumoto et al. 2021

| | | | |




Future observations

s kev'

nts

Normalised cou

Residual Residual

XMM-Newton/EPIC-pn (100ks)

XRISM/Resolve (100ks)

. XMM-Newton

—_
<
o

* - XRISM

Do w < o w»m
T IR BAIBAAEE &4

Energy (keV)

J | F

Absorption lines from H-like and

He-like iron are resol

ved by XRISM.

A more detailed comparison with
observations by XRISM provides
a more accurate understanding
of the disk wind structure.

Good news. Our proposal was
accepted last week

ZOCHATHF |



DOES a ||ne Wlnd nOt Occur I? Higgnbottom et al. 2014

Ionization parameter

5 - New calculation :
. .Central saurce, bremslmhlung SED ........ g

¢ Low ‘
lonization W :
region

135 - .
|
14.5 15.0 15.5 16.0 16.5 14.5 15.0 15:5 16.0 16.5
log x (cm) log x (cm)
- e T e
21 0 1 2 3 4 5§ 6 7 8 9 10 2-101 2 3 4 5 6 7 8 9 10
log U log U

Conventional calculation methods underestimate the degree of
jonization — overestimate the force multiplier.



DOES a ||ne Wlnd nOt Occur I? Higgnbottom et al. 2023

e | BED

2000 km 7!

z(cm)

180  -160  -140  -12.0
Log Density (g em™)

Force multiplier

In disk atmosphere

10!
In acceleration zone
1072 In outflow
o k=0.59.a = 0.6, Mgy, = 4400
]073 I T T T T 1
101+ 107! 1078 107 1072 10!

t

WDDFEMEETLIne wind
OE>THIOERSHRASTEZ
Efith

BN O EXETEZ3E
eUizeC 3, WERDTTELD
Force multiplierhV\&<i2D,
BEEHERE 2 HET.



Does a line wind not occur !?  niggnbottom et al. 2014
ISSI workshop (2024.6)T®MShane DavisEkDAS1 K

XERDEIED (BdoENATF—13)
linez#HdrAATHIZS, AGND
BAICBROTIIEEEERN 2 #7
&N

Line wind(3s&L\OHg5L\DOH ?
IENEEKR (BRK) LHHATS
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Machine Learning of the Edd. tensor
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Machine Learning of the Edd. tensor
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Machine Learning of the Edd. tensor

Variable Eddington TensoriE by FALEE OFERZHENT —HEU THME DTS )L Z218E
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X-ray polarization of Cyg X-1 krawczynskietal. 2022
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Radiation-MHD for super-Edd. TDE
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Radiation-MHD for super-Edd. TDE
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Quasi-periodic eruption (QPE)
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