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ABSTRACT
By studying three-dimensional, radiative, global simulations of sub-Eddington, geometrically
thin black hole accretion flows we show that thin disks which are dominated by magnetic
pressure are stable against thermal instability. Such disks are thicker than predicted by the
standard model and show significant amount of dissipation inside the marginally stable orbit.
Radiation released in this region, however, does not escape to infinity but is advected into
the black hole. We find that the resulting accretion e�ciency (5.5 ± 0.5% for the simulated
0.8ṀEdd disk) is very close to the predicted by the standard model (5.7%).
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1 INTRODUCTION

Most of the Galactic black hole (BH) X-ray binaries cycle through
outbursts and quiescent states as a result of modulation of the ac-
cretion rate by ionization instability in the outer disk regions (La-
sota 2001; Coriat et al. 2012). During the outbursts they show lu-
minosities of the order of 1 � 30% of the Eddington luminosity,
LEdd (Maccarone 2003; McClintock & Remillard 2006). According
to the standard disk theory (Shakura & Sunyaev 1973), such lumi-
nosities correspond to the radiation-pressure dominated, radiatively
e�cient disk state. X-ray binaries can remain in such a configura-
tion for months, i.e., for the time much longer than the relevant dy-
namical, thermal, or even viscous timescales. However, radiation-
pressure dominated thin disks are known to be viscously (Lightman
& Eardley 1974) and thermally (Shakura & Sunyaev 1976) unsta-
ble. If such instabilities operate, one should expect global limit cy-
cle bahavior (Lasota & Pelat 1991; Szuszkiewicz & Miller 1998)1,
instead of the observed quasi-steady high/soft state of most BH X-
ray binaries. The disagreement strongly suggests that our under-
standing of the physics of thin disk accretion is not satisfactory.

Accretion flows are known to be turbulent. Because of this
fact the value of analytical modeling is limited and numerical
simulations are required for better understanding them. Recently,
significant progress has been made through development of so-
phisticated magnetohydrodynamical (MHD) and radiation MHD
(RMHD) codes capable of simulating accretion flows both in the
shearing box approximation and in the global context. The applica-
tion of the latter has so far been limited to studying geometrically
thick accretion disks (e.g., Ohsuga & Mineshige 2011; Sa̧dowski
et al. 2014b; McKinney et al. 2014; Jiang et al. 2014) which are
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1 Which may be resposible for some of the variability patterns of the out-
liers in the X-ray binary set – GRS 1915+105 and IGR J17091-3624.

known (the optically thick ones) to be stabilized by advection-
related cooling (Abramowicz et al. 1988). The only insight into
the physics of geometrically thin, radiation-pressure dominated and
presumably unstable accretion flows has come so far from shearing
box simulations. Most recently, Jiang, Stone, & Davis (2013) stud-
ied such systems (with zero net magnetic flux) using a sophisticated
radiation MHD algorithm and have shown that they are indeed un-
stable, in disagreement with most of the observed systems.

What does stabilize the astrophysical thin disks? A wide range
of ideas has been proposed, including stabilization by stochastic
variability (Janiuk & Misra 2012), intrinsic delay between heat-
ing and cooling (Hirose et al. 2009; Ciesielski et al. 2012), and
magnetic fields. The latter seem to be most promising as magnetic
fields are intrinsically involved in every accretion event (they make
the disks turbulent), and probably are also crucial in explaining the
observed nature of state transitions (Begelman & Armitage 2014).

Begelman & Pringle (2007) claimed that optically thick, geo-
metrically thin accretion disks with strong toroidal magnetic field
are stable against thermal and viscous instabilities. The authors
based on the assumption that the field strength for a thin disk satu-
rates at the level derived by Pessah & Psaltis (2005), i.e., when the
Alfven speed roughly equals the geometric mean of the Keplerian
speed and the speed of sound in gas. We do not find this condition
satisfied in the simulated thin disks presented in this work. Oda et
al. (2009) discussed the stabilizing e↵ect of strong toroidal mag-
netic field on thermal stability of optically thin and thick accretion
disks using analytical approach and an ad hoc, although physically
motivated, prescription for the radial distribution of the magnetic
flux. Our work essentially validates their assumptions and conclu-
sions. Recently, Li & Begelman (2014) have shown that magnetic
fields may help stabilize the disk also through magnetically driven
outflows which decrease the disk temperature and thus help the disk
become more stable at a given accretion rate.

In this work we show that indeed, magnetically supported thin
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その後、小田さんとは、ASTRO-Hの開発時に、筑波宇
宙センサー内でばったり再会。追跡ネットワークにて衛
星通信に従事。衛星間通信の議論でまさかの再会。
JAXAでも研究者魂を発揮されてました。
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(同期の川島くん、天文台の高橋(博)さんのご協力により)



概要

¡ ブラックホール連星の状態遷移
l X線のスペクトル状態のおさらい
l ハード状態の円盤とコロナの共存状態
l かなり暗いハード状態の特異性
l Cyg X-1 の最もソフトな状態

¡ X線の激しい強度変動

¡ 星風と状態遷移の関係



BH連星の４つのX線スペクトルの状態
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すざくのスペクトルの例
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(ソフト状態の話)「すざく」 LMC X-3 (久保田+10)

-- kerrbb

1 10 keV

kerrbbを使ったときの残差

bhspecと残差

円盤大気の光電吸収効果が見えない。Still unknown atomic or accretion physics?

bhspec (Davis+’05)
光電吸収効果あり

観測されたスペクトル

モデルの比較



降着円盤の磁場を測定できるか？

10^8 gauss で ~ 1 eV 程度のエネルギーの分裂
X線カロリメータのエネルギー分解能は 数eV なので、
中心決定精度は数eV/sqrt(光子数) ~ 0.1 eV は可能。(Tatsuno et al. 2016)

BH近傍だとドップラーなどで広がるので、近傍の放射を時間変動から仕分けしてス
ペクトル分解するなど、解析に工夫は必要。
BH or NS近傍で He/H like 程度に高階に電離した Fe によるゼーマン効果を、
輝線や、吸収線でみることは本当にできないか？？

磁場が高くなると、摂動ではなくなるので、非線形の効果が入る。
これは教科書的な計算をしただけものもので、引用数が少ないらしい。
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(ハード状態)「すざく」によるCyg X-1の第1観測の結果

(牧島他+08)

「直見え円盤 + ソフト&ハードコンプトン」モデルでデータの再現に成功。
円盤(<2keV)に対し、ソフトコンプトン(~5 keV) まで卓越。

低エネルギー光子を高温電子雲
が逆コンプトン散乱

高温電子雲(コロナ)

降着円盤

BH

~ 10 Rs

直見え円盤

ソフト
コンプトン

ハード
コンプトン



10

(牧島他+08)

「直見え円盤 + ソフト&ハードコンプトン」モデルでデータの再現に成功。
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(ハード状態)冷たい円盤と、非一様なコロナの存在 (山田‘13)
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Obs. 14
Obs. 1
Obs. 7 
Obs. 8
Obs. 3

(ハード状態)冷たい円盤と、非一様なコロナの存在 (山田‘13)

時期の異なるハード状態を25回観測

明るい時ほど、円盤が良く見える。

５観測のスペクトルの例

星間吸収あり

星間吸収なし

低エネルギー側には、単純な
Powerlaw では表現できない
excess が存在。ハード状態でも、
円盤成分は見えていて、暗くなると、
より低温の円盤になる。



14 Wide-band Temporal Spectroscopy of Cygnus X-1 with Suzaku [Vol. ,

Fig. 10. A direct comparison of the long-term spectral ratio (blue) in Obs. 14 as presented in figure 6, and the short-term ratio
(red), Obs. 14 vs. Obs. 3, reproduced from figure 8.

Fig. 11. The time-averaged spectra in Obs. 1, 14, 7, and 3 are shown in black (the same as figure 5). Obs. 14, 1, 7, and 3. are
the descending of the soft X-ray flux. The spectra which are created by subtracting either a hard Compton component including a
reflection continuum obtained by fitting over 10–300 keV (red dotted curves) or over 100–300 keV (green dotted curves), and the raw
disk if any (blue dotted curves) from the time-averaged one (black) are shown in the respective color. The soft Compton spectrum
used in Paper I is overlaid in cyan.

18 Wide-band Temporal Spectroscopy of Cygnus X-1 with Suzaku [Vol. ,
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Fig. 13. Conceivable accretion flows (left) and spectral composition in νFν form (right) in the hard intermediate state (top) and
the dim low/hard state (bottom). Some gross representative values on luminosities and radii are overlaid on the flow pictures. The
disk, hard Compton, soft Compton, and variable soft component are indicated by blue, red, green, and cyan, respectively. Fe-K lines
and reflection components, which presumably come from the disk, are not depicted just for simplicity.

to ∼ 3–30 keV, with the hard Compton component
dominating at the highest energies, while the dim
low/hard state is dominated by the hard Compton
component from 3–300 keV.

• An additional, variable, source of seed photons is
implied in the dim low/hard state based on the
lack of decrease in variability as shown in figure 8
and the variable soft excess as shown in figure 12.
Conceivable accretion flows are presented in fig-
ure 13.

Thus there can be potentially four components in the
Suzaku bandpass: a cool truncated disk which is constant,
a variable soft blackbody-like component, a soft Compton
component from the outer flow and a hard Compton com-
ponent from the inner flow. Spectral fitting alone is un-
likely to uniquely separate out all these component and
we urge a combined spectral-timing approach in order to
robustly interpret such complex data.

Acknowledgement

The authors would like to express their thanks to
Suzaku team members. The research presented in this pa-
per has been financed by Grant-in-Aid for JSPS Fellows.
S.Y. is supported by the Special Postdoctoral Researchers
Program in RIKEN. This work was supported by JSPS
KAKENHI Grant Number 24740129.

Appendix 1. Orbital phase and exclusion of dip-
ping periods

In table 1, we summarize the orbital phases of all
Suzaku observations. Since photo absorption caused by
dips significantly affects soft X-rays, we need to prop-
erty exclude the dip phases. We have folded the hard-
ness ratios (table 1) of ASM according to the orbital pe-
riod, where data points were discarded while the object is
in the high/soft state. The orbital period P = 5.599829
days and an epoch of the superior conjunction of the black
hole at MJD41874.207 are used, based on Brocksopp et al.
(1999). Figure 14 shows the results of this analysis. At
the near phase 0 (i.e., when the observer, the companion
star, and Cyg X-1 are in line with this order), the hard-
ness ratio increases by ∼ 20% due to increased absorption.
This modulation has been studied by many authors (e.g.,
Poutanen et al. 2008).
We overlaid the hardness ratios at the 25 observations

in figure 14. Our observations are thus evenly distributed
over the orbital phase. The scatter of the hardness ratio is
much larger than that caused by the orbital modulation,
so that the effect seen among the Suzaku observations can
be considered as a result of intrinsic spectral changes of
Cyg X-1.
As seen in figure 14, some of the observations are ob-

served around phase 0., which are likely suffered from sig-
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(ハード状態)Ledd の1%を境に変動の様子が異なる。 (山田‘13)

想像図 スペクトルのイメージ

明るいハード状態

暗いハード状態

数日と数秒の変動率

エディントン光度の ~ 1%を超えると、コロナがより非一様に変化？



(ハード状態)様々なBHBのハード状態の光度と、予想ジェット光度の関係

Jet breaks in black hole X-ray binaries 829

Figure 4. Upper panel: monochromatic luminosity of the jet at the jet break
frequency versus X-ray luminosity in Eddington units. As well as detections
of the jet break, jet break monochromatic luminosities constrained from
upper/lower limits on the jet break frequency are also included. Lower panel:
luminosity of the jet at the jet break frequency versus X-ray luminosity. Here,
only secure detections of the jet break are used so that the most accurate
measurements are used only (no upper or lower limits on νb are included;
this is the reason for fewer data points appearing in the lower panel). The
BHXBs that follow the ‘normal’ radio–X-ray correlation (‘radio-bright’
BHXBs) are shown as separate symbols to BHXBs that appear to be radio-
faint compared to this correlation, or appear to lie (or switch) between the
two luminosity tracks (e.g. Gallo et al. 2012).

than the correlation (both are around LX ∼ 0.001–0.01LEdd) are
XTE J1752−223 and Cyg X−1. It is relevant to mention that both
sources are (slightly) radio-faint BHXBs (Gallo et al. 2012; Ratti
et al. 2012), so it is not unexpected that their jet breaks are also
fainter than most BHXBs.

In the lower panel of Fig. 4, the flux density of the jet at the jet
break, scaled to distance (to compare between sources, and approx-
imated by νbLν, jet; which requires a direct detection of the jet break,
not an upper or lower limit on its frequency) is plotted against the
bolometric luminosity, both in erg s−1. This is a different relation, as
Lν, jet is not measured at a fixed frequency, but this time is the total
luminosity at the jet break, which may be a good indication of the
total jet power (at least the total relative jet power between sources).
A correlation with a very similar slope as measured in the upper
panel of Fig. 4, Ljet ∝ L0.53±0.01

X is measured from the population
of BHXBs that produce the well-known radio–X-ray correlation in
BHXBs, with very little scatter (black filled circles in the lower
panel of Fig. 4). The dotted line in this figure indicates where the
jet luminosity equals the X-ray luminosity. It implies that the jet

luminosity exceeds the X-ray luminosity below LX ∼ 1033 erg s−1,
which is consistent with jet-dominated sources existing at low lu-
minosities (see e.g. Fender, Gallo & Jonker 2003; Russell et al.
2010).

The BHXBs that appear radio-faint compared to the originally
defined radio–X-ray correlation, or sources that appear to move
between two luminosity tracks (crosses in Fig. 4), here have fainter
jet break luminosities than this correlation (we use the radio–X-ray
diagrams of Gallo et al. 2012; Ratti et al. 2012, to define which
sources are radio-bright and which are radio-faint). This shows that
the two luminosity tracks in the radio–X-ray diagram are actually
reproduced in the jet break luminosity–X-ray diagram. The BHXBs
which are radio-faint tend to also be IR-faint.

3.2.5 Predicting the X-ray luminosity of the jet

Since we have measured the jet break frequency and its luminosity,
we can directly infer the X-ray luminosity of the jet under two
assumptions. The first is that the optically thin power law extends
to X-ray energies (the high-energy cutoff, or the cooling break,
resides at energies ≥10 keV). This cooling break is hard to detect,
but observations have favoured a cooling break in the energy range
∼2–50 keV (see Pe’er & Markoff 2012, for a recent discussion).
The second assumption is that of the spectral index of the optically
thin power law. For each measurement of the jet break, we compute
the X-ray (2–10 keV) luminosity of the extrapolated optically thin
jet spectrum assuming its spectral index is αthin = −0.8 (a fairly
typical spectral index). Adopting different values of αthin would
shift each predicted X-ray luminosity systematically by the same
amount in log(LX).

Fig. 5 shows the predicted X-ray luminosity of the optically thin
jet power law plotted against the observed X-ray luminosity. For all
BHXBs except those in quiescence, the predicted jet luminosity is
approximately equal to, or less than, the observed X-ray luminosity.
Above the quiescent luminosity, all BHXBs have X-ray luminosities
that are not brighter than ∼10 times the predicted jet luminosity.
The only exceptions are Cyg X−1, which is ∼100 times more
luminous, and the neutron star XB 4U 0614+09. It has been shown
that in both of these objects, the X-ray emission is very unlikely to
originate from synchrotron emission from the jet (Malzac, Belmont
& Fabian 2009; Migliari et al. 2010). Fig. 5 confirms this for these
two sources.

Figure 5. Predicted X-ray luminosity of the jet, if the synchrotron power
law extends from the observed jet break to X-ray energies (we adopt Fν ∝
ν−0.8) versus the observed X-ray luminosity.

エディントン光度の ~ 1%を超えると、
ジェット光度(予想値)が、全光度の約10%程度

エディントン光度の ~ 1%を下回ると、
ジェット光度(予想値)と全光度が同じくらい。

エディントン光度をものすごく下回ると、
ジェット光度(予想値)が卓越 (A0620-00のみ)

Jet spectral breaks in black hole X-ray binaries 
D. M. Russell, et al. MNRAS 429, 815–832 (2013)

Cyg X-1 は例外的に
電波の寄与が弱い

エディントン光度の ~ 1%以下で、
ジェット成分が寄与する可能性あり



(注)ジェット成分の推定の元データ

Jet breaks in black hole X-ray binaries 819

Figure 1. Radio to optical SEDs of eight BHXBs, with power-law fits to various regions of the spectra used to constrain the jet break flux and frequency (see
text for details). Data from the hard (red and black), quiescent (green) and unknown (blue) states are shown.

電波

可視、紫外
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[河野@広島大 D論2016年より] Cyg X-1 の最もソフトな状態

(河野くんのD論より)

「すざく」が観測した2013年のデータは、Cyg X-1の観測の中で、最もソフトなスペク
トルであり、最も良くBHスピンの制限を与えることが出来る。

スペクトル解析の結果、５σ以上の有意度で、追加の熱的成分が必要。タイミング 解析と
も無矛盾にモデルを説明できる。

観測至上最もソフトな Cyg X-1でも、円盤卓越状態とコンプトン放射卓越状態の中間にあ
ることが分かった。今回の結果では、BHスピンは~0.8以下と推定した。

要するに、Cyg X-1 の最もソフトなスペクトルを得たが、まだ完璧な disk dominated な
スペクトルではなく、その不定性を踏まえると、必ずしも maximum spinning とは言えない。

(=X線のスペクトルで、スピンが決まった、と書いてあっても、信用しすぎないでください。)
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(ハード状態) 硬X線帯域のショット解析

明るくなると、
スペクトルがソフト化、温度が下がる。

完全に明るくなった直後に、
スペクトルは元に戻り、温度も上昇する。

質量降着とともに、
磁気リコネクションのような突発的な
現象が起こっているのであろう。

0.1秒のスペクトル
時間平均スペクトル

(山田、根来、嶺重他 et al. 2013 ) 

スペクトル比



33

arc-shaped (ring) clouds  
are intermittently formed twice 

intermittently falling gas cloud
normalized emissivity j (a/M=0 case)

first gas cloud is formed

Fig. 3. ４隅を埋める。movie を作る。Time development of spatial distribution of the emissivity on the equatorial plane near to the black hole for 0.12 ≤ t ≤

0.23 sec. Each panel shows the emissivity averaged to the vertical direction in a range of three orders of magnitude in logarithmic scale. The origin is set to

be at the center of the black hole, and the gas cloud is rotating in a counterclockwise direction. The time, t (sec), is shown in the upper-left corner of each

panel.
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first gas cloud falls to the black hole
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This occurs by the periodic enhancement of light from the non-axisymmetric spiral cloud due

to the beaming effect. This may account for the he high-frequency quasi-periodic oscillations

(HF QPOs) observed in black hole binaries. It is important to note that (3) the relativistic effect

determines the timescale of the high-frequency flux variation. These three features justify the
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measurement. The observational implications and future issues are briefly discussed.
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(ハード状態) ショットの観測結果に対応する理論計算

3D-GRRMHD シミュレーション
ガスが間欠的にリング状で落下
(森山、嶺重、高橋(博) 2017) 

(森山君の首都大セミナーより)

where S is surface density, W is integrated pressure, V (5vw /r)
and VK [5(GM /r)1/2 /(r 2 rg), with M the mass of the central
black hole] are the angular frequency of the gas flow and
Keplerian angular frequency, respectively, a is the viscosity
parameter, e is the internal energy of accreting gas, rg [ 2GM /
c2 3 3 3 106 [M /(10 MJ)] cm is the Schwarzschild radius, and
Qrad

2 is the radiative cooling rate per unit surface area due to
thermal bremsstrahlung. In the energy equation (eq. [4]), the
second term on the left-hand side corresponds to advective
energy transport while the last two terms on the right-hand
side represent viscous heating and radiative cooling, respec-
tively. Throughout this Letter, we assign M 5 10 MJ and
a 5 0.3.

We first calculate a steady disk structure by integrating the
basic equations in the radial direction, omitting the terms with
time derivatives. In the entire region for time-dependent
calculations, cooling is dominated by advection, although we
calculate the global steady solution by starting the integration
at r 5 1000rg , assuming that V 5 VK and viscous heating is
balanced with radiative cooling. Next we add a density perturba-
tion (or disturbance), dS, to the steady disk structure. Its func-
tional form is dS/S 5 0.2 exp [2 (r 2 r0)2/(l /2)2], where r0 and l
are free parameters, and we set r0 /rg 5 50.0 and l /rg 5 10.0. Small
disturbances are added to all physical variables for consistency;
(dS/S)2 kr(dW/W)2 (kr)1/2(dv/v)2 (kr)1/2(dV/V), according to
the linear analysis (Kato et al. 1996), where k is the wavenum-
ber of the disturbance, k 5 2p/l.

We add a mass of Ṁ0 Dt into the disk through the outer
boundary at every time step (Dt). We assume free boundary
conditions at the inner boundary at r 5 2rg . This treatment is
appropriate since the inner boundary is located in the super-
sonic region. Physical quantities at the outer boundary at
r 5 100rg are set to be equal to their steady values.

3. TIME EVOLUTION OF ADVECTION-DOMINATED DISKS

3.1. Formation of X-Ray Shots

We display in Figure 1 the time evolution of an added
disturbance in the three-dimensional (r, t, S)-plane. We assume a
mass-input rate of Ṁ0 5 1022Ṁc , with Ṁc [ 32pcrg /kes in the
present study. The lowest curve represents the initial state (a
steady state with a disturbance). Although the disturbance

slowly damps as it accretes, the damping timescale is compa-
rable to the accretion timescale. Once a disturbance is given at
the outer portions of the disk, that disturbance will possibly
persist as a blob flowing inward with the same velocity as that
of the accreting matter. The accretion velocity is less than, but
comparable to, the free-fall velocity.

According to the linear analysis by Kato et al. (1996), a
thermal instability tends to grow for any perturbation. The
growth timescale is of roughly the same order as the accretion
timescale, 1(kr)21/2 (aV)21 . The usual viscous diffusion pro-
cess, on the other hand, rather suppresses the growth of the
perturbations as global effects. Therefore, whether the distur-
bance will grow or damp depends on the wavelength and
nature of the disturbance. It is important to note that the disk
material will reach the inner edge before the disturbance
grows to significantly alter the global disk structure. We thus
expect persistent X-ray radiation, although it could be fluctu-
ating at every time. This is exactly what is observed in X-ray
binaries during the hard (low) state and in active galactic
nuclei.

It is interesting to note that when the disturbance reaches
the innermost parts, it gives rise to an acoustic wave, which
propagates outward and evolves to become a shock wave.
Figure 2 displays the time variations in the radial profile of Mach
number (top) and that of integrated pressure W (bottom). We
have calculated several models with different l-values, finding
that the wave reflection occurs only when l . rg . We have also

FIG. 1.—Time evolution of the optically thin, advection-dominated disks
under a density disturbance applied at the outer parts. The disturbance in the
surface density distribution propagates inward and is reflected at the innermost
parts as an outgoing acoustic wave. The surface density S is shown in units of
g cm22 .

FIG. 2.—Time variations in the radial Mach number profile (top) and radial
integrated pressure profile W (bottom) in units of g s22 after the wave
reflection. The elapsed times are 600 (indicated by “i”), 800, 900, 1000, 1100,
and 1200 (“f”) in units of c /rg 5 1024 s. The dotted line represents the initial
steady state (without disturbances). The acoustic wave emerges and evolves to
become a shock wave.

L136 MANMOTO ET AL. Vol. 464萬元、竹内、嶺重、松元、根来 (1996)

一次元の時間発展を考えなお
して、観測と比較するのは
今でも面白いだろう。
渡會さん、川口さん、と一緒
に再現を試み中。

ハード状態で、disk が ~ 数10Rs で
Truncated している場合でも、
同様に間欠的な質量落下が起こり、
それがショットのようなランダムなミニフレアを
起こしているのではないか？



[政井研谷治君M論より] High Mass BHB の状態遷移
(ヘリウムフロントの計算の方針)
光電離領域は、入力パラメータ(Lx, Ef) を使って、BH-星
の間の密度からヘリウムフロントを計算し(伴星に近いほど
密度が高いので、BHから単調減少の性質)、イタレーショ
ンにより安定する場所を求める。
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(a) (b)

(c) (d)

Figure 2. The same as Figure 1 except for LH state.

Table 3. The typical values in our HD calculation results.

Source name HeII front [cm] Vwind
a [cm s−1] Racc [cm] ρacc

b [g cm−3] Ṁcap [g s−1]

Cyg X-1 (HS) 1.94− 1.96× 1012 0.51− 0.57× 108 1.2− 1.5× 1012 3× 10−14 0.8− 1× 1019

Cyg X-1 (LH) 9.21× 1011 1.3× 108 0.23× 1012 2× 10−14 5× 1017

LMC X-1 1.46× 1012 0.53× 108 0.95× 1012 3× 10−13 5× 1019

aRadial velocity at the HeII ionization front with ϕ = 0.
bDensity at BH with ϕ = 0.

Note—Radius of HeII ionization front fluctuates by a few percent for HS state in Cyg X-1.

not be blackbody emission. It prevents us from explaining the huge gap between Ṁcap and Ṁexpected by a simple

AASTEX The Astrophysical Journal ..... 5

(a) (b)

(c) (d)

Figure 1. The results for Cyg X-1 in HS state are shown: (a) density distribution along the line connecting the BH and
the companion, (b) velocity distribution, (c) density distribution including all computational area for 1024×1024 cells and (d)
density distribution for rotational frame. In the panel (a) and (b), the positions of BH and the surface of companion star are
located at the origin and 2.0× 1012 cm respectively. The green vertical line shows the position of HeII ionization front. In the
panel (a), the blue dots, the red and black lines show the results, analytical distribution in the case of cylindrical wind and
spherical wind, respectively. In the panel (b), the blue dots and black line show the results and empirical velocity distribution.

rotational frame by using the default function implemented in PLUTO. The density contours are presented in the
panels (c) without rotation and (d) with rotation. Although the stream lines were changed by binary rotation, the
typical values of density and velocity differed only by a few percent. Since our discussion utilizes the mean values at
the HeII front and close to the BH, we do not proceed to further details on the rotational effects.
If the simulation results are taken as the face values, the captured mass rate would become higher than the mass

accretion rate expected from the observed X-ray luminosity; especially in the HS state, e.g., Ṁcap ≫ Ṁexpected ∼
LX/(0.1c2) ∼ 1017 g s−1 for HS state of Cyg X-1 and Ṁcap ≫ Ṁexpected ∼ 1018 g s−1 for LMC X-1. To fill the
gap between the accretion rates, we suggest that there are some outflowing and stagnating gasses to control the net
accretion rate, which have a high temperature by heating via shock or X-ray irradiation from the BH. The obtained
optical depth for electron scattering is quite small, τ ∼ 2lρκes ∼ Raccρacc ≪ 1, where l is the scale length and κes
represents electron scattering opacity. Since the captured gas is optically thin along l ∼ Racc, the radiation could

AASTEX The Astrophysical Journal ..... 7

(a) (b)

(c) (d)

Figure 3. The same as Figure 1 except for LMC X-1. In the panel (a) and (b), the positions of BH and the surface of
companion star are located at the origin and 1.5× 1012 cm respectively.

scenario that the captured gas is cooled enough to turn into a standard disk. We thus consider that a optically thin
and geometrically thick flow is formed at the outside of the standard disk; hereafter it is called “torus-shaped flow”,
or “black-hole binary torus”.

2.2. Magneto-rotational instability (MRI)

Magneto-Rotational Instability (MRI) is one of the most probable mechanisms for extraction of angular momentum
from accreting gas. The fundamental process is triggered by magnetic tensions acting on charged particles in differen-
tially rotating disks. This idea is suggested by Balbus & Hawley (1991) and Hawley & Balbus (1991). In the following,
we present that MRI in the torus-shaped flow is important physical processes to connect the captured wind with the
accretion flow.
The MRI on-set condition is written as

v2Aφ < csvK, (12)

where vK is Keplerian speed (Pessah & Psaltis 2005; Begelman & Pringle 2007; Begelman et al. 2015). In brief, this
equation means that the time scale for stabilizing the fluctuations of the line of magnetic force is longer than the

Cyg X-1
Low/Hard

Cyg X-1
High/Soft

LMC X-1
High/Soft

[政井研谷治君M論より] High Mass BHB の状態遷移

流体計算だけだと、質量補足率が観測から推定した質量降着率よりも大きく、光学的厚みも1
より十分に小さくなる。 è 磁場の必要性 (谷治、山田、政井 et al. submitted)
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MRI開始の条件
(Pessah & Psaltis 2005; Begelman & Pringle 2007)
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along l ∼ Racc, the radiation could not be blackbody
emission. It prevents us from explaining the huge gap
between Ṁcap and Ṁexpected by a simple scenario that
the captured gas is cooled enough to turn into a stan-
dard disk. We thus consider that an optically thin and
geometrically thick flow is formed at the outside of the
standard disk; hereafter it is called “torus-shaped flow”,
or “black-hole binary torus”.

2.2. Magneto-rotational instability (MRI)

Magneto-Rotational Instability (MRI) is one of the
most probable mechanisms for extraction of angular mo-
mentum from accreting gas. The fundamental process
is triggered by magnetic tensions acting on charged par-
ticles in differentially rotating disks. This idea is sug-
gested by Balbus & Hawley (1991) and Hawley & Bal-
bus (1991). In the following, we present that MRI in
the torus-shaped flow is important physical process to
connect the captured wind with the accretion flow.
The MRI on-set condition is written as

v2Aφ < csvK, (12)

where vK is Keplerian speed (Pessah & Psaltis 2005;
Begelman & Pringle 2007; Begelman et al. 2015). In
brief, this equation means that the time scale for sta-
bilizing the fluctuations of the line of magnetic force is
longer than the one for establishing the local pressure
balance and the rotation of the flow. In the following,
we ignore the vertical structure of the magnetic field,
and write Bφ and vAφ just as B and vA. Here, we put
the important assumption that the magnetic field lines
are transported from the companion. This idea is sup-
ported by optical polarization measurement that mag-
netic field around the outer rim of the accretion disk of
Cyg X-1 reaches about a few hundreds of Gauss (Kar-
itskaya et al. 2010). The right-hand side of Eq. (12)
scales as csvK ∝ T 1/2R−1/2 for ideal fluid, while the
left-hand side scales as v2A ∝ B2/ρ. Thus, we consider
that the MRI in the torus-shaped flow does not operate
until the density reaches a critical value. In other words,
the MRI on-set condition works like a water gate for the
total accreting matter.
Using Eq. (12), the critical density is expressed as

ρc =
B2

4π
c−1
s v−1

K |R=Rc , (13)

where Rc denotes the radial distance of the torus-shaped
flow from the BH at the critical condition. The net
accretion rate is written as

Ṁnet = 4πRHρvin|R=Rc , (14)

where H is the scale height of the torus-shaped flow at
the MRI on-set condition (i.e., the magnetic pressure is
dominant) and vin is the radial velocity,

H

R
∼ vA

vK
∼

(
cs
vK

)1/2

, (15)

vin ∼ 3

2
α

(
H

R

)2

vK ∼ 3

2
αcs, (16)

where α is viscous parameter that relates to viscosity as
νvisc = αvAH (Begelman & Pringle 2007). Moreover,
we have

Ṁnet = LX/ϵc2. (17)

where ϵ is radiative efficiency. We assume α = 0.15 and
ϵ = 0.1 through the paper.
Here, we introduce a parameter ζ which relates the

accretion radius Racc to the critical radius Rc so that

Rc = ζRacc =
2GMX

c2s,shock
, (18)

where ζ ≡ V 2
wind/c

2
s,shock, cs,shock =

√
kBTsh
µmp

is sound

speed of the adiabatic strong shocked gas, Tsh is shock
temperature and µ ∼ 0.5 is mean molecular weight. It
means that the scale length of torus-shaped flow is de-
termined by the sound speed of shocked matter, rather
than the wind velocity at the HeII ionization front. We
expect that cs,shock does not depend on Vwind. This is
because the gravity determines the speed of the captured
gas near the BH.
We estimate very roughly the fiducial value ζf . The

shock temperature is written by Keplerian speed,

kBTsh ≈ 3mp

16
× (2vK(R))2, (19)

where the factor of two comes from the fact that kinetic
energy of the gas is dissipated through head-on collision.
In order to determine the shock temperature, a certain
criterion of the radius is necessary. Then, we define the
effective accretion radius by taking the shock heating
into account as

Racc,eff =
2GMX

V 2
wind + c2s,shock

. (20)

Substituting Eq. (20) for Eq. (19) and replacing Tsh

with cs,shock,

µc2s,shock ≈ 3

8
(V 2

wind + c2s,shock), (21)

and then, we obtain a fiducial value of ζ as

ζf ≈ 1/3. (22)

や、

から、スケーリングを考えと、
(詳細は割愛)

Cyg X-1
(観測的に)遷移に必要な光度変化: ΔL/L ~ 4
→δB < B
状態遷移が起きやすい
(ただしδB ≪ B の時, 遷移せず安定)

LMC X-1
(観測的に遷移に)必要な光度変化: ΔL/L ~ 10
→δB > B
状態遷移が起きにくい
(ずっとソフト状態)

12 Yaji, Yamada, & Masai

long time (∼ 10− 1000 days) without any periodic fea-
tures (Wen et al. 2001; Grinberg et al. 2013; Grinberg et
al. 2014; Sugimoto et al. 2016). Moreover, from the as-
pect of stability, we conclude that because the HeII ion-
ization front does not move drastically, LMC X-1 does
not cause state transition. We note that this stability is
due to the assumption Eq. (18). Instead if the scale of
torus-shaped flow is determined by the accretion radius
Racc ∝ V −2

wind, Eq. (29) is replaced by

LX ∝ Ṁnet ∝ B2V −11/2
wind T 1/4. (35)

This is unstable for luminosity variation due to fluctua-
tion of magnetic field strength.
In the HD calculations of Cyg X-1, we performed it-

erative computations to determine the parameter Ṁ∗:
we choose the parameter Ṁ∗, obtain the velocity and
density of each state from HD calculations, and then
compute the ratio

LX,HS

LX,LH
∼ Ṁnet,HS

Ṁnet,LH

∼
(
Vwind,HS

Vwind,LH

)−1 ( rwind,HS

rwind,LH

)−p

∼
(
ρwind,HS

ρwind,LH

)
.

(36)
The simulation results of Cyg X-1 presented in this pa-
per were derived by computing iteratively until this ratio
becomes a factor of ∼ 4 (The factor of ∼ 4 is a observa-
tional fact shown in Table 1). Therefore, we succeeded
in obtaining a consistent solution in that the simulation
results are what we expect from our arguments based
on Eq. (29) - Eq. (36).

3.2. accretion rate in MRI onset layers

In our model, we assume that the state transition
could occur in Cyg X-1 only with a factor of ! 4 in-
crease (decrease) of the net accretion rate, though it
needs to be verified. We thus introduce the idea of two
MRI on-set layers in order to discuss the state transi-
tions in more detail. Begelman et al. (2015) considered
that the MRI on-set condition can also be established
in hot coronal layer across MRI dead zone. In the dead
zone, the gas is heated by the toroidal magnetic flux ris-
ing from the below and the density decreases drastically.
The low density makes the cooling inefficient and elec-
trons and protons are thermally decoupled. Then, the
temperature increases very rapidly and the right hand
side of Eq. (12) overcomes the left-hand side and the
MRI can operate again.
The ratio of accretion rates between upper and lower

layers is written as

ṁ2

ṁ1
=

L2

L1
∼ z1R

z22
∼ 0.7y0.3α0.9ṁ−0.7

1 , (37)

(Begelman et al. 2015) where the subscript character 1
and 2 denote the physical quantities of lower and upper

layers. y is Compton y-parameter and ṁ = Ṁ/ṀEdd

is dimensionless accretion rate, ṀEdd = LEdd/c2 =
4πGMX/κc where LEdd is Eddington luminosity. More-
over, z1 is the scale height of the lower MRI on-set layer
and z2 is the height where the on-set condition estab-
lishes again across the MRI dead zone. Eq. (37) is based
on the case of the flow near BH. We confirmed that the
accretion rate of the upper layer in the torus-shaped flow
Ṁ2(R ∼ Rc) is negligible. Thus, the net accretion rate
of the torus-shaped flow can be simply written by Eq.
(14). Then, assuming that Ṁnet is distributed to the
two layers near BH, we use the ratio ṁ2

ṁ1
in Eq. (37) to

discuss the spectral states.
Begelman et al. (2015) connected the ratio with the

spectral states; HS, intermediate HS, intermediate LH
and LH states. However, BH HMXBs traverse a nar-
rower range of the hardness-intensity diagram compared
with LMXBs which cause the state transitions contin-
uously thorough the two intermediate states (Done et
al. 2007; Nowak et al. 2012; Ruhlen et al. 2011). Cyg
X-1 causes the LH-HS (HS-LH) transition with chang-
ing the hardness and the intensity at the same time,
and does not show hysteresis phenomenon. Thus, we
roughly treat the ratio as an indicator so that ṁ2

ṁ1
< 1

for HS state and ṁ2
ṁ1

> 1 for LH state. We assume
that Compton y-parameter y ∼ Ltail/Ldisk ∼ ṁ2/ṁ1

for the HS state where Ltail and Ldisk are luminosities
of Compton tail and black body disk components in the
X-ray spectrum, while observationally suggested value
y ∼ O(1) for the LH state (Begelman et al. 2015). If we
adopt α = 0.15, ṁ1 + ṁ2 = constant and the Compton
y parameter, we can obtain the accretion rates of each
layer.
For Cyg X-1 in the HS state, the accretion rates are

Ṁ1 ∼ 3×1017 g s−1 and Ṁ2 ∼ 1×1017 g s−1 in order to
be consistent with the expected mass accretion rate of
the HD calculation, i.e. Ṁexpected = Ṁ1+Ṁ2 = 4×1017

g s−1 (Table 1). Cyg X-1 does not exhibit a purely disk-
dominated spectrum without a hard tail. Although the
origin is unknown, the relatively high accretion rate of
the coronal flow Ṁ2 seems to be consistent with the ob-
servation. In the LH state, we obtain Ṁ1 ∼ 3 × 1016

g s−1 and Ṁ2 ∼ 7 × 1016 g s−1. The disk compo-
nent is not always observed in the LH state. Therefore,
there may be some other physical mechanisms to ex-
plain the observation such as evaporation model (Meyer
& Meyer-Hosmeister 1994; Spruit & Deufel 2002; Mayer
& Pringle 2007). However, detailed discussion about
these processes is beyond the scope of this paper. We
note that although only the net accretion rate varies by
a factor of 4, Ṁ1 changes by an order of magnitude and
the magnitude correlation between two layers is reversed

(Begelman et al. 2015)

星の磁場を想定。
(円盤外縁で数ガウスと
の報告あり。Karitskaya
et al. 2010)



[政井研谷治君M論より] High Mass BHB の状態遷移

解析的にX線による光電離を入れて、回転座標系で流体の計算まではとりあえずできた。

伴
星

ブラック
ホール

pluto (http://plutocode.ph.unito.it) を用いた流体のシミュレーション。
(川島くん、天文台の高橋(博)さんのサポートいただいてます。)

磁場を入れたシミュレーションをはじめたところです。
(観測的に Cyg X-1 は円盤外縁で、星からの磁場が数ガウス、という報告あり。)



観測と理論の連携の好例

Comparison	of	the	Three	Epochs�

Disk 		
Rin	=	1.2+0.9-0.6	×	103	km*	
Tin	=	0.40	±	0.07	keV	
Compton	
Tseed	=	��×	Tin		(fixed)	
Te	=	3.3+1.3-0.5	keV	
τ	=	4.2+1.0-1.4	
Lx	=	3.1	×	1040	erg/s	

2012	Phase	2	Phase	1	

χ2/d.o.f.=89/91=0.97�

EF
E�

0.1�

0.001�

χ2/d.o.f.=17/29=0.79� χ2/d.o.f.=699/712=0.98�

+	data	
-	model�


isk�
Compton�

All	corrected	for	absorpTon	�

(*inclinaTon	angle	=	0°	is	assumed.)�

Disk	
Rin	=	<	4+4-2	×	103	km*	
Tin	=	0.3	±	0.1	keV	
Compton	
Tseed	=	��×	Tin		(fixed)	
Te	=	3.9+2.0-0.7	keV	
τ	=	4.2+1.0-1.3	
Lx	=	2.0	×	1040	erg/s	

Disk	
Rin	=	9+4-6	×	102	km*	
Tin	=	0.40	±	0.05	keV	
Compton	
Tseed	=	(�.0	±	0.1)	×	Tin		
Te	=	3.7+0.6-0.4	keV	
τ	=	5.1+0.7-0.8	
Lx	=	1.0	×	1040	erg/s	

The	difference	in	spectral	profile	can	be	explained		
by	small	varia(ons	of	τ	and	Te	of	Comptoniza(on�

convex� convex� PL�

InterpretaTon�

•  Compton	thick	part	of	ouxlow:	R	<	~10	Rs		
(Kawashima+	2012,	Kitaki+	in	prep)	

•  Our	measurement:	Rin	=	~103	km		
						consistent	with	R	=	~10	Rs	if	MBH	=	~20	Msun		�

Kawashima+	2012�
Observed	spectral	evolu(on� spectra	from	simula(on�

(i	=	0	deg)�

志達さん(京大上田研à理研)のULXの研究より。

観測データそのものは、数年前にアーカイブ。誰でも触れる状態。
数値計算の結果をベースに、データを見つめ直すことで、新しい解釈が生まれた。

観測と理論は、血は繋がっているけども、遠い親戚のような関係。
年に数回は顔を合わせるのを永く続けるのが良いのかもしれません。



まとめ
¡ ソフト状態の円盤モデルの制限は未だに難しい。(カロリメータで、円盤

大気モデルがより厳しく制限できるかもしれないが。)

¡ ハード状態は、単一の熱的コンプトン放射では再現できない。円盤成分
も存在するし、２成分以上のコンプトン放射が必要になる。

¡ ハード状態の暗い時(Ledd の1%以下)は、ジェット成分の寄与のせいか、
あかるいハード状態とは挙動が異なる。

¡ ハード状態で、激しい時間変動に伴って、スペクトルが変化するのを説
明するには、磁場が必要と思われる。

¡ HMXBの BHB の状態遷移は、BHからの輻射と磁場も考慮するとうまく説
明できるかもしれない。



松元先生
還暦おめでとうございます。


