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Accretion disks around BHs;
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source in the Universe.  
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outflows are launched
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Role of Radiation and Magnetic Fields
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Angular momentum transport 
induced by magnetorotational 
instability (MRI) leads to mass 

accretion

See also Velikhov 1959
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mass cons.

Gauss’s law

Induction eq.

energy momentum
cons. for MHD

Magneto-hydro

Radiation Fields
We use Kerr-Schild metric

energy momentum
cons. for radiation

Basic Eq. (GR-version)

ブラックホール天体の多様性

ブラックホール質量

超高光度X線源

降
着
率

/ブ
ラ
ッ
ク
ホ
ー
ル
質
量

X線連星
(低光度状態)

狭輝線I型
セイファート

クェーサー

低光度銀河中心核
(例: M87)

太陽質量の10倍

X線連星
(高光度状態) セイファート

銀河

太陽質量の1~10億倍

川島さんの資料を改変

光とガスの相互作用
が無視できるので
計算が簡単

光とガスの相互作用
のため計算量が膨大



流体力学計算
•円盤/ジェット
の構造と変化

光伝搬の計算
•観測したらど
うなるのか？

観測
• EHTおよび近未
来の望遠鏡

数値データ
引き渡し

観測と理論
の比較

シミュレーション

理論と観測の融合による研究の推進

シミュレーションと観測の協力

空間を細かく分割
ブラックホール

ブラックホールに
吸い込まれるガス
（円盤の断面図）

高橋博之氏（駒澤大学）提供

降着円盤＆ジェットのシミュレーション



高橋, 大須賀, 他, 2016

ブラックホール

ガス円盤

ジェットの発生を
シミュレーションで解明

RADIATIVELY DRIVEN JET

Takeuchi, Ohsuga, Mineshige. 2010

力の鉛直成分

輻射力(赤)で加速
Takahashi & Ohsuga 2014

輻射力(赤)~輻射抵抗(青)
で加速終了



APPARENT LUMINOSITY

The radiative flux is mildly collimated 
since the disk is optically and 
geometrically thick. 

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

The apparent luminosity becomes highly 
super-Eddington for the face-on 
observers (22LEdd for ≲20° in the case 
of Mdot~100LEdd/c2, Ldisk~3LEdd). 
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Fig. 5.— Two-dimensional distribution of the various quantities for Model A: (a) the density overlaid with the velocity vectors, (b)
the gas temperature, (c) the plasma-β, (d) the magnetic energies via the toroidal component of field, (e) the same but of the poloidal
component, (f) the magnetic pitch, (g) the radiation energy, (h) the ratio of the radiation energy to the sum of the gas and magnetic
energies, (i) and the ratio of the gas temperature to the radiation temperature. All values are time-averaged over t = 6−7 s. The white
and black arrows in panel (a) indicate the velocity vectors whose magnitude exceed the escape velocity. The dashed line in panel (b) is the
photosphere, at which the optical thickness measured from the upper boundary is unity. The arrow in panel (g) shows the radiative flux
vector.
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Fig. 5.— Two-dimensional distribution of the various quantities for Model A: (a) the density overlaid with the velocity vectors, (b)
the gas temperature, (c) the plasma-β, (d) the magnetic energies via the toroidal component of field, (e) the same but of the poloidal
component, (f) the magnetic pitch, (g) the radiation energy, (h) the ratio of the radiation energy to the sum of the gas and magnetic
energies, (i) and the ratio of the gas temperature to the radiation temperature. All values are time-averaged over t = 6−7 s. The white
and black arrows in panel (a) indicate the velocity vectors whose magnitude exceed the escape velocity. The dashed line in panel (b) is the
photosphere, at which the optical thickness measured from the upper boundary is unity. The arrow in panel (g) shows the radiative flux
vector.
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Fig.5.—Two-dimensionaldistributionofthevariousquantitiesforModelA:(a)thedensityoverlaidwiththevelocityvectors,(b)
thegastemperature,(c)theplasma-β,(d)themagneticenergiesviathetoroidalcomponentoffield,(e)thesamebutofthepoloidal
component,(f)themagneticpitch,(g)theradiationenergy,(h)theratiooftheradiationenergytothesumofthegasandmagnetic
energies,(i)andtheratioofthegastemperaturetotheradiationtemperature.Allvaluesaretime-averagedovert=6−7s.Thewhite
andblackarrowsinpanel(a)indicatethevelocityvectorswhosemagnitudeexceedtheescapevelocity.Thedashedlineinpanel(b)isthe
photosphere,atwhichtheopticalthicknessmeasuredfromtheupperboundaryisunity.Thearrowinpanel(g)showstheradiativeflux
vector.
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Fig.5.—Two-dimensionaldistributionofthevariousquantitiesforModelA:(a)thedensityoverlaidwiththevelocityvectors,(b)
thegastemperature,(c)theplasma-β,(d)themagneticenergiesviathetoroidalcomponentoffield,(e)thesamebutofthepoloidal
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energies,(i)andtheratioofthegastemperaturetotheradiationtemperature.Allvaluesaretime-averagedovert=6−7s.Thewhite
andblackarrowsinpanel(a)indicatethevelocityvectorswhosemagnitudeexceedtheescapevelocity.Thedashedlineinpanel(b)isthe
photosphere,atwhichtheopticalthicknessmeasuredfromtheupperboundaryisunity.Thearrowinpanel(g)showstheradiativeflux
vector.

Radiative 
Flux

Ohsuga, Mineshige 2011

Large luminosity of ULXs 
(>1039-40erg/s) can be explained 

for the face-on case.

X-RAY SPECTRA
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Fig. 5.— Two-dimensional distribution of the various quantities for Model A: (a) the density overlaid with the velocity vectors, (b)
the gas temperature, (c) the plasma-β, (d) the magnetic energies via the toroidal component of field, (e) the same but of the poloidal
component, (f) the magnetic pitch, (g) the radiation energy, (h) the ratio of the radiation energy to the sum of the gas and magnetic
energies, (i) and the ratio of the gas temperature to the radiation temperature. All values are time-averaged over t = 6−7 s. The white
and black arrows in panel (a) indicate the velocity vectors whose magnitude exceed the escape velocity. The dashed line in panel (b) is the
photosphere, at which the optical thickness measured from the upper boundary is unity. The arrow in panel (g) shows the radiative flux
vector.
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Fig. 5.— Two-dimensional distribution of the various quantities for Model A: (a) the density overlaid with the velocity vectors, (b)
the gas temperature, (c) the plasma-β, (d) the magnetic energies via the toroidal component of field, (e) the same but of the poloidal
component, (f) the magnetic pitch, (g) the radiation energy, (h) the ratio of the radiation energy to the sum of the gas and magnetic
energies, (i) and the ratio of the gas temperature to the radiation temperature. All values are time-averaged over t = 6−7 s. The white
and black arrows in panel (a) indicate the velocity vectors whose magnitude exceed the escape velocity. The dashed line in panel (b) is the
photosphere, at which the optical thickness measured from the upper boundary is unity. The arrow in panel (g) shows the radiative flux
vector.
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vector.
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hard X-ray is observed since 
high-energy photons escape 

through the funnel 

hard X-ray is 
reduced by 

Compton down-
scattering

The Astrophysical Journal, 752:18 (12pp), 2012 June 10 Kawashima et al.

When the mass accretion rate is higher, our calculations in
this paper show that SEDs become softer, although our previous
paper (Kawashima et al. 2009) expected that SEDs become
harder because of Compton upscattering by thermal electrons
in the jet. Kawashima et al. (2009) evaluated the photon indices
by calculating the Compton y-parameters in the region τeff ! 1.
The effective optical depth is calculated by integrating the
free–free absorption and the scattering coefficients from the
outer boundary at r = 500rs to the inner boundary at r = 3rs
along the rays with polar angle θ = constant, for various θ .
(Here, we note that the computational domain for radiation
hydrodynamic simulation in Kawashima et al. 2009 was smaller
than that in this work.) Since Kawashima et al. (2009) did
not take into account the downscattering by cool outflows,
they overestimated the spectral hardening when the accretion
rate is high. When the mass accretion rate is higher, a greater
number of escaping photons tends to enter into the cool outflow
surrounding the jet and they are subsequently downscattered,
because the funnel becomes narrower and jet becomes thicker
for Thomson scatterings. This is the reason why the SEDs
become softer when the mass accretion rate is higher, in
this work. Nevertheless, the conclusion in Kawashima et al.
(2009) that the spectral state changes from the slim disk one
to the Comptonizing outflows is valid in highly supercritical
accretion flows because the SED of the photons escaping from
such highly supercritical flows is determined by the Compton
downscatterings in the outflow.

4.3. Comparison with Observations of ULXs

Recent X-ray observatories (Suzaku, XMM-Newton, and
Chandra) provide us with precise spectra of ULXs below
10 keV. In Figure 7, we compare the SEDs obtained in this work
and the XMM-Newton pn data of three ULXs: NGC 1313 X-2,
IC 342 X-1, and NGC 5204 X-1, which are kindly provided by
J. C. Gladstone. The SEDs of our results are normalized by the
X-ray luminosity shown in Figure 3, while the SEDs of ULXs
are normalized by the X-ray luminosity shown in Gladstone
et al. (2009). The SEDs obtained by our numerical simulations
are similar to those of ULXs. The observed X-ray spectra of
ULXs with photon index Γ " 2 can be fitted well by the models
with i " 30◦. On the other hand, for ULXs with photon index Γ
# 2, spectra with 20◦ " i " 50◦ are fitted well.

For IC 342 X-1 and NGC 5204 X-1, the soft X-ray component
below 1 keV of our results is weaker than that of the ULXs.
This is because the contribution from the cool outflow in the
region R # 100rs is underestimated because the temperature
of the outflow might be too cool to significantly contribute
to the SED at "1 keV or our computation box might be too
small. We might be able to resolve this discrepancy by carrying
out MHD simulations taking into account the dissipation of
magnetic energy in the disk corona and in the outflow, which
can heat the outflow. In addition, the magnetic fields affect the
geometrical structure of jets. Takeuchi et al. (2010) performed
axisymmetric two-dimensional radiation MHD simulations and
found that the jet is collimated by magnetic stress, while it
is accelerated by radiative force. Therefore, the structure of
the jet and the outflow is affected by magnetohydrodynamical
processes. It will be our future work to calculate photon spectra
by using the results of radiation MHD simulations.

Let us compare the luminosity obtained from our simulations
and ULXs. It should be noted that our simulation assumed
a black hole with M = 10 M⊙. The luminosity increases
or decreases according to the black hole mass. The X-ray

0113.0

1

0.1

1

0.1

1

0.1

NGC1313 X-2

IC342 X-1

NGC5204 X-1

Figure 7. Comparison of SEDs obtained from our radiation hydrodynamic
simulations with those of ULXs. Top panel: the SED for the simulation model
with Ṁ ≈ 1000LE/c2 and viewing angle i = 10◦–20◦ and the SED of NGC 1313
X-2. Middle panel: Ṁ ≈ 200LE/c2 (i = 0◦–10◦) and IC 342 X-1. Bottom panel:
Ṁ ≈ 200LE/c2 (i = 40◦–50◦) and NGC 5204 X-1. Red or blue solid curves
display the SEDs calculated in this work. Black points with error bars show
the XMM-Newton EPIC pn data corrected for absorption, which are shown
in Gladstone et al. (2009) and are provided by J. C. Gladstone. Each SED is
normalized by its isotropic X-ray luminosity.
(A color version of this figure is available in the online journal.)

luminosity for the models with Ṁ ≈ 1000LE/c2 and i =
10◦–20◦ is ∼1040 erg s−1 (Figure 7), while that of NGC 1313
X-2 evaluated in Gladstone et al. (2009) is ∼5 × 1039 erg s−1.
Since the X-ray spectrum of NGC 1313 X-2 is well fitted by our
simulation results with these parameters for the accretion rate
and the viewing angle, the luminosity difference suggests that
NGC 1313 X-2 may harbor a black hole whose mass is 5 M⊙,
since the luminosity of accretion flows is proportional to the
mass of black holes when Ṁ/(LE/c2) is constant. On the other
hand, the X-ray luminosity for the models with Ṁ ≈ 200LE/c2

and i = 40◦–50◦ is ∼3 × 1039 erg s−1, while that of NGC 5204
X-1, whose spectrum in the 1–10 keV band is well fitted by
this accretion rate and viewing angle in our simulations, is
∼5×1039 erg s−1. This indicates that NGC 5204 X-1 possesses a
slightly massive black hole with mass M ∼ 20 M⊙. We leave it as
a future work to carry out radiation hydrodynamical (or radiation
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Mdot=103LEdd/c2

viewing angle=10°

200LEdd/c2

10°

200LEdd/c2

50°

(data; Gladstone 2009)

X-ray spectra, calculated by the 
post-processing radiation transfer, 
nicely fit the observations (ULXs). 



SIMULATION OF CLUMPY WIND

Time-dependent, Clumpy outflow 
with wide angle

Super-Eddington disk+ Jet
Takeuchi, Ohsuga, Mineshige 2013

Clumpy 
Outflowaccretion

Je
t

CLUMPY OUTFLOWS
Launching of clumpy winds is 
also reported by observations 

of NLS1s or V404 Cyg.

Jin+17 see also Motta+17

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

implying the launching of clumpy 
outflows.

Middleton+11



RT INSTABILITY

EFFECT OF BH SPIN

Disk luminosity and jet power might 
depend on the BH spin. We perform 
simulations of the super-Eddington 

flows around BHs with a=0.9, 0, -0.9. 

Rotating BH; a=0.9 Rotating BH; a=-0.9

Non-Rotating BH; a=0

*a: spin parameter



ISCO
(a=-0.9)
⬇

ISCO
(a=0)
⬇

⬅ISCO
(a=0.9)

Disk rotates with 
Keplerian velocity 
at the region of 
r > ISCO raidus

Rotation velocity 
goes down within 
the ISCO radius.

DISK ROTATION Utsumi et al. in prep.

Preliminary

Counter-rotating 
in the ergosphere

Je
t 

re
gi

on

Je
t 

re
gi

on

Je
t 

re
gi

on

Rotating BH 
(a=0.9)

non-Rotating 
BH 

Rotating BH 
(a=-0.9)

Preliminary

r/rgr/rgr/rg0 30 0 30 0 30

z/
rg

0

50 2.0

1.0

1.5

Jet velocity (Lorentz factor) 
is larger for rotating BH than 

for non-rotating BH.

LORENTZ FACTOR OF JETS Utsumi et al. in prep.



BH SPIN & JETS Utsumi et al. in prep.

Conversion 
Efficiency (Jet)

[%]

Conversion 
Efficiency (radiation)

[%]

a=0.9 7.5 11

a=0 0.7 0.5

a=-0.9 1.5 2

Preliminary

BZ effects drive powerful jet and 
large luminosity ?

BH SPIN & JETS Utsumi et al. in prep.

Preliminary

Outward Poynting Flux

Outward Poynting flux 
which is driven by BZ effect 
is enhanced for rotating BH.



輻射流体力学計算の世界情勢

Ohsuga et al. 09, 11 Farris et al. 08

Takahashi, Ohsuga 13

Newtonian 
or O(v/c)

Special 
relativity

General 
relativity

Eddington
/FLD

M1

VET 
Full Transfer

Takahashi, Ohsuga, 
et al. 13

Gonzalez et al. 07
Sadowski+ 14,15 
McKinney+ 14 

Takahashi, Ohsuga+16 
Takahashi & Ohsuga 17

Stone et al. 92
Jiang et al. 14a  
Jiang et al. 14b

under 
developmentOhsuga, Takahashi 16

厳密
近似

Asahina+ in prep.

Two-beam TEST

photon beams

M1 full transfer 

photon beams

Full transfer method 
gives correct answer.  



Photon Beam TEST around BH

Asahina et al. in prep.

TEST by
Full transfer GR-RMHD code

Black hole (a=0) 

a=0.9

a=-0.9

New Simulations; Disk & Jet
ガス圧密度 ローレンツ因子

過去の研究（M1近似）と比較すると, ジェットのパワーや
輻射エネルギーの流れにおいて, 定量的な違いが見られる.

r/rg r/rg r/rg

Asahina et al. in prep.



次世代観測を見据えて(EHT)

ジェット

降着円盤

一般相対論的放射輸送計算コード
（RAIKOU）の開発に成功

今回のEHT観測の再現に成功し, 

近未来のEHT観測を予言

今回 EHT(2020年) EHT (20XX年)

(c)川島

次世代観測を見据えて(EHT)
M87の86GHzイメージ
と偏光ベクトル

M87の230GHzイメージ
と偏光ベクトル

Tsuneto et al. submitted

恒任さん（京都大学M2）作：
一般相対論的偏光輻射輸送コード



次世代観測を見据えて(XRISM)

Nomura et al. 2016 
(see also Proga et al. 00, 04)

BH(108Msun)

標準降着円盤

輻射スペクトル計算
by MONACO

X線スペクトルの計算例

(c)水本(c)水本吸収線

観測者

50ksec by XMM-Newton/EPIC-pn

フィッティング
-Log[電離度] ~ 3.5

-速度 ~ 0.13c (位置~120Rg)

-数密度 ~ 1010.1cm-3

正解（シミュレーション）
-Log[電離度] ~ 4.0-5.0

-速度 ~ 0.15c 

-位置~300Rg

-数密度~108-9cm-3

理論と観測が協力しないと真実はわからない！

keV5 73

(c)水本

次世代観測を見据えて(XRISM)
疑似観測(XMM)

Preliminary



まとめと今後
• ブラックホール降着円盤とジェットの一般相対論的輻
射磁気流体力学(GR-RMHD)シミュレーションに成功
した. 

• 高光度ブラックホール天体の性質をおよそ再現するこ
とに成功した. 

• 富岳で, Full Transfer (Boltzmann based) GR-RMHDシミ
ミュレーションを実施する予定である. 

• 近未来の観測計画とも密接に連携し, ブラックホール
周囲のガスダイナミクスを解明する計画である.


