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分子雲

138億年の宇宙の進化

宇宙プラズマは様々なサイトに存在 ➡ 宇宙の基本要素



円盤研究の意義①
宇宙の至る所で自然に形成 ➡ 天体形成の基盤
密度揺らぎ 重力収縮

円盤

ガス降着

天体
原始天体

応用範囲が広い！

原始惑星系円盤 円盤銀河

核反応が
エネルギー源
変換効率は0.7%

恒星

星周円盤 ブラックホール降着円盤

エネルギー変換効率は最大で10-40%
だからブラックホールも明るく見える

円盤研究の意義②
降着円盤でのエネルギー変換  

➡ 宇宙の２大エネルギー源のひとつ！

宇宙の進化に大きな影響！



降着円盤でのMHD効果

輻射エネルギー

エネルギー 
変換

磁場で
ガスが噴出する
こことも！

ガス
磁場起源の
乱流状態降着円盤の断面図

重力 
エネルギー

エネルギーの流れ 物質の流れ

磁場/乱流
を介して熱エネルギー

降着円盤の研究には, 多次元MHDが必須

①角運動量輸送問題  

②エネルギー変換機構 

　どちらもMHD！

１次元解析モデル
標準円盤(Shakura & Sunyaev 73);  
ライアフ(Ichimaru 77; Narayan, Yi 94),  
スリム円盤(Abramowicz et al. 88)

３次元磁気流体計算
Matsumoto 99; Machida+ 00 
Koide+ 01; Stone, Pringle 01; Hawley, 
Balbus 02; De Villiers+ 03; Hawley, Krolik 
06; McKinney, Blandford 09; Penna+ 10, 
etc....

降着円盤理論の進展
松元先生による世界初の
3DMHD計算が業界の礎

輻射入り 
MHD計算

二温度 
MHD計算

相対論的 
MHD計算
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松元先生の偉大な業績
(1) 宇宙プラズマ & 降着円盤に着目した先見性

宇宙の研究に必須であることを早々に見抜いた！
(2) 降着円盤の3D-MHD計算に成功

世界初の成果で業界を牽引した！
(3) 優秀な弟子を多数排出

MHD研究が多方面に進展！
➡ 個人的には私が一番恩恵を受けている m(_ _)m

（個々の成果ではなく, 研究スタイル的側面から）

宇宙プラズマ研究の礎を築き,  

今も世界の研究をリードしている！
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私の共同研究者には千葉大出身の方がいっぱい
松元先生のおかげで私も研究ができています. 
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降着円盤の輻射MHD計算

輻射MHDシミュレーションでできたこと 

(1) ブラックホール降着円盤の統一モデルの提唱
(2) 超臨界降着円盤の証明

１次元解析モデル
多次元磁気流体計算
Matsumoto 99; Machida+ 00

輻射MHD 二温度MHD相対論MHD 輻射輸送

輻射磁気流体方程式 
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ガスのエネルギー保存則
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ブラックホール

統一モデルの構築に成功

質量降着率

高温高密度円盤 
(~108K)

輻
射
加
速
ジ
ェ
ッ
ト

磁
気
加
速
ジ
ェ
ッ
ト

低温高密度円盤 
(~107K)

高温低密度円盤 
(>109K)

ひとつのパラメータ（密度）で, すべての円盤を再現

PASJ論文賞

Ohsuga et al. 09; 11 

密度パラメータ=1g/cm3 10-4g/cm3 10-8g/cm3

ガス密度分布

PASJ論文賞の決め手

何から何まで, 本当に 

ありがとうございます m(_ _)m



ブラックホール

超臨界円盤とジェットの再現に成功
世界初; 輻射磁気流体計算で！ 1970年代からの問題に決着 

超臨界円盤は可能である！

50倍のシュヴァルツシルト半径

Ohsuga et al. 2005; 2009; 2011
輻射がガスの落下を妨げない！

輻射とガスの交通整理 
輻射：鉛直方向に抜ける 
ガス：水平方向に落下

理由は？
輻射

ガス

輻射とガスの
交通整理

巨大ブラックホール形成の問題を解決？

銀河 巨大ブラックホール
（太陽質量の約数億倍）

時間ブ
ラ
ッ
ク
ホ
ー
ル
質
量

10

109

亜臨界降着では
間に合わない

超臨界降着なら
間に合う！

超臨界降着が実現
⬇

ブラックホールが
急速成長
⬇

宇宙初期に
巨大ブラックホール

が誕生
超臨界降着で 

巨大ブラックホールの
形成問題を解決！？



Step1; 輻射流体シミュレーション

Step2; 輻射輸送シミュレーション

photon

硬X線の起源の解明

Kawashima, Ohsuga, et al. 2012 
see also Kitaki et al. in puress 

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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我々の結果

計算結果と観測データが一致！

結果;  輻射スペクトル算出

黒体放
射

観測
データ

中性子星への超臨界降着①
計算ボックスガス密度 輻射E ガス密度 輻射E

Takahashi & KO 2017
see also Ohsuga 2007



Kawashima+ 2016

中性子星への超臨界降着②

まとめ
‣松元先生のおかげで, 宇宙プラズマの研究が
進展した. 

‣松元先生のおかげで, 3D-MHDを駆使した降
着円盤の研究が始まった. 

‣松元先生のおかげで, 超臨界降着の輻射-MHD

の研究ができるようになった.

今後も, 国内外の研究をリードして
いただくよう, お願い申し上げます .


