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1. 恒星質量ブラックホール  
(X線連星: XRB) 

 

2. 超巨大ブラックホール 
(活動銀河核: AGN) 

 

❖ 降着円盤を形成 
ガスの重力エネルギー 
→熱エネルギー→放射 
放射への変換効率は最大 
（核融合より高効率) 
強重力，強放射の極限環境を提供

∼ 10 M⊙

∼ 106 − 109 M⊙

ブラックホールからの電磁放射
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伴星

降着円盤

BH

質量輸送

XRB (想像図)

AGN (想像図)

Credit: NAOJ

Radio image
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❖ ブラックホールからアウトフロー 
→質量とエネルギーを輸送 
→降着環境，宇宙全体に影響 

❖ アウトフローはどのように駆動す
るのか ? 

❖ ジェット → 磁場 

❖ 円盤風 (disk wind, 本研究) 
ガス圧勾配力 (熱駆動) 
放射力 (放射駆動) 
磁気力 (磁気駆動) 

アウトフロー
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想像図 Credit:ESO/M. KORNMESSER

Radio image (Perley+84) 

本研究では，恒星質量ブラックホール (X線連星)の円盤風について取り扱う
This document is provided by JAXA.



❖ ガウシアンによるフィッテング 

1. 深さ→柱密度 ( ) 

2. 青方偏移→速度 

3. 幅→速度分散 (乱流) 

4.  → 電離状態 

→質量損失率や，噴出位置を推定

Ni = ∫ nidr

Ni+1/Ni

円盤風とデータ解析
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4U1630 OBSID:13717 HEG−1

X線連星 4U 1630-47 
Chandra/HETGS

Fe xxv Kα

Fe xxvi Kα

なぜそのような吸収体が存在するのかという疑問に答えられない

→ 具体的な駆動機構を考慮したモデルを開発し観測データを解析 
　(密度，速度分布を計算しさらにそこからの輝線吸収線構造を計算)

約400km/sの青方偏移

近年の高分解X線分光によって吸収線の青方偏移が測れるようになった

This document is provided by JAXA.



❖ 円盤表面温度

 

 
(ガスエネルギー > 重力)  

❖ や加熱冷却はX線SEDに依存

TIC =
∫ EFE(E)dE

4k ∫ FE(E)dE
∼ 107−8 K

R > GMμmp/(kTIC) = RIC

TIC

熱駆動 (Begelman+83)
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TIC

X-ray

Wind

RIC = GMμmp/(kTIC) 
RIC ~104̶105 Rg

Disk

BH

X線照射により円盤が加熱され円盤風が発生 → X線連星で働く可能性

円盤が十分大きければ必ず発生 (可能性十分) 
→観測との直接比較可能なモデル(計算コード)が存在しない。 

モデル開発にはSEDによる加熱冷却の変化を考慮する必要性がある
This document is provided by JAXA.



フレームワーク
❖ モデル構築 

1. SEDから加熱冷却，放射力の
関数を作成 

2. 円盤風の密度，速度分布を放
射流体シミュレーションで計
算 

3. 得られた密度，速度分布を持
つ円盤風内部で作れる輝線吸
収線構造をモンテカルロ放射
輸送コードで計算 

❖ 観測との比較 
Chandra/HETGS
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INPUT 
  SED 
  Luminosity 
  Disk size

Radiation 
hydrodynamic  
simulations

OUTPUT  
  density  
  velocity 

Monte Carlo  
Radiation Transfer 

X-ray line profiles

放射流体，放射輸送を通して観測と比較可能なスペクトルモデルを構築

This document is provided by JAXA.



従来との違い

❖ これまでは，スペクトルモデル
と流体シミュレーションが切
り離されていた。 
加熱冷却，放射力，円盤風の
密度，速度分布，そこで作れ
る輝線吸収線構造を一貫して
計算できていない。  
→コンシストな計算ができて
いない。
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INPUT 
  SED 
  Luminosity 
  Disk size

Radiation 
hydrodynamic  
simulations

OUTPUT  
  density  
  velocity 

Monte Carlo  
Radiation Transfer 

X-ray line profiles

SED
Luminosity

Sim+10 

e.g. Higginbottom+18 
Proga+02 

従来
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Figure 2. The broadband continuum spectra of H 1743−322 at the four Chandra epochs in 2003–2010, with their best-fit
tbabs*simpl*diskbb models. The RXTE/PCA data are shown in black, and the RXTE/HEXTE Cluster-A (in panel a–c)
and Swift/BAT data (in panel d) in red. The HEXTE Cluster-B data are omitted in the panel (a–c) for illustrative purposes.
In panel (d) the Chandra HEG spectrum and a Swift/BAT spectrum at Hard2 are also plotted with blue and grey circles,
respectively, for comparison with Hard1 (see Sec. 5 for the details of the Chandra data).

with the ftool batsurvey referring to the latest Swift
CALDB as of 2016 December. The spectra and their
response files were generated from the individual contin-
uous scans using the script make survey pha. We chose
the scan with the longest exposure if multiple scans were
present. In this way, we obtained ∼500 simultaneous
broad-band X-ray spectra of H 1743−322, covering 8
outbursts from 2003 March to 2011 April.
Figure 2 presents the resulting broadband continuua

corresponding to the Chandra high resolution datasets
in Soft1, Soft2, VHS, and Hard1. In Fig. 2(d) we also
present the Chandra HEG spectrum at Hard2 and a cor-
responding Swift/BAT spectrum taken on 2015 July 12.
The Soft1 and Soft2 spectra are both high/soft state,
dominated by the disk blackbody component, especially
Soft2 which has an extremely weak hard tail. The VHS
spectrum, taken at the highest luminosity among the
four epochs, can be approximated by a steep power-

law model, indicating that the source was in the very
high state. Hard1 shows a typical low/hard state spec-
trum with a hard power-law shaped profile. Hard2 has
a slightly harder and dimmer continuum in the 3–9 keV
range, and is characterized by a power-law model with
a photon index of ∼ 1.33.
We analyzed the individual broad-band X-ray contin-

uum spectra in XSPEC version 12.9.0n, with a model
consisting of the multi-color disk blackbody emission
(diskbb: (Mitsuda et al. 1984)) and its Comptonization
component (simpl: (Steiner et al. 2009)). The simpl

Comptonisation model convolves a fraction of an in-
put spectrum into a power-law, using the photon in-
dex (Γ) and the fraction of the total input X-ray flux
that is scattered (Fscat). We accounted for interstellar
absorption by multiplying the resulting simpl*diskbb

model by TBabs (Wilms et al. 2000) with fixed NH =
1.6 × 1022 cm−2 (Capitanio et al. 2009). We checked
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Figure 2. The broadband continuum spectra of H 1743−322 at the four Chandra epochs in 2003–2010, with their best-fit
tbabs*simpl*diskbb models. The RXTE/PCA data are shown in black, and the RXTE/HEXTE Cluster-A (in panel a–c)
and Swift/BAT data (in panel d) in red. The HEXTE Cluster-B data are omitted in the panel (a–c) for illustrative purposes.
In panel (d) the Chandra HEG spectrum and a Swift/BAT spectrum at Hard2 are also plotted with blue and grey circles,
respectively, for comparison with Hard1 (see Sec. 5 for the details of the Chandra data).

with the ftool batsurvey referring to the latest Swift
CALDB as of 2016 December. The spectra and their
response files were generated from the individual contin-
uous scans using the script make survey pha. We chose
the scan with the longest exposure if multiple scans were
present. In this way, we obtained ∼500 simultaneous
broad-band X-ray spectra of H 1743−322, covering 8
outbursts from 2003 March to 2011 April.
Figure 2 presents the resulting broadband continuua

corresponding to the Chandra high resolution datasets
in Soft1, Soft2, VHS, and Hard1. In Fig. 2(d) we also
present the Chandra HEG spectrum at Hard2 and a cor-
responding Swift/BAT spectrum taken on 2015 July 12.
The Soft1 and Soft2 spectra are both high/soft state,
dominated by the disk blackbody component, especially
Soft2 which has an extremely weak hard tail. The VHS
spectrum, taken at the highest luminosity among the
four epochs, can be approximated by a steep power-

law model, indicating that the source was in the very
high state. Hard1 shows a typical low/hard state spec-
trum with a hard power-law shaped profile. Hard2 has
a slightly harder and dimmer continuum in the 3–9 keV
range, and is characterized by a power-law model with
a photon index of ∼ 1.33.
We analyzed the individual broad-band X-ray contin-

uum spectra in XSPEC version 12.9.0n, with a model
consisting of the multi-color disk blackbody emission
(diskbb: (Mitsuda et al. 1984)) and its Comptonization
component (simpl: (Steiner et al. 2009)). The simpl

Comptonisation model convolves a fraction of an in-
put spectrum into a power-law, using the photon in-
dex (Γ) and the fraction of the total input X-ray flux
that is scattered (Fscat). We accounted for interstellar
absorption by multiplying the resulting simpl*diskbb

model by TBabs (Wilms et al. 2000) with fixed NH =
1.6 × 1022 cm−2 (Capitanio et al. 2009). We checked
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remain mainly above ∼ 8 keV. This could be be due to
time variability between the RXTE and Chandra obser-
vations, which are not exactly simultaneous, or spectral
distortion by dust scattering halo (Allen et al. 2018),
or a calibration uncertainty in Chandra responses. To
reduce the discrepancy between the HEG data and
the continuum model, we varied Tin and normalization
of diskbb for the high/soft state and Γ and Fscat of
the simpl model for the low/hard state and the very
high state, We note that this treatment, which allows
the above parameters to be different from those ob-
tained from the RXTE(+Swift/BAT) data, only slightly
changes TIC from the original values and does not affect
the wind parameters.
In the following, we show the results of the simulations

and demonstrate how they reproduce the data at each
epoch.

5.1. High/soft State (Soft1 and Soft2)

In Figure 4(a), the model obtained from the XSTAR
simulation is compared with the Chandra spectrum for
Soft1. We first fix NH, ξ, and the blueshift velocity at
the values in Table 2. The observed He-like and H-like
Fe lines at 6.7 keV and 7.0 keV, respectively, are well
reproduced by the model. By contrast, Fig. 4(b), al-
lows the three wind parameters to vary, to find the best
fit description of the data. In this case, the fit quality
marginally improved from the case of fixed wind pa-
rameters, from χ2/dof = 1774/1096 to 1761/1093, and
NH = (4 ± 1) × 1022 cm−2, ξ = 3+2

−1 × 104 erg cm s−1,
and vwind = 5 ± 1 × 102 km s−1 were obtained. This
combination gives very similar line equivalent widths as
the material is so highly ionized that the decrease in
ionization parameter means that less of the iron is com-
pletely ionized, so increases the column in FeXXV and
XXVI in such a way as to offset the decrease in over-
all column density. Whichever combination is chosen,
it is clear that the thermal wind model predictions can
explain this observation within a factor of ∼2 uncertain-
ties.
The D18 analysis had the observed source L/LEdd =

0.1 at Soft1 due to the difference in distance/mass/spin,
but assumed limb darkening so that their intrinsic
L/LEdd = 0.3–0.4 as assumed here from the observed
spectrum at these different system parameters. Their
estimate for NH = 8× 1022 cm−2 for a source at this lu-
minosity is slightly larger than the NH = 6.7×1022 cm−2

predicted here due to their larger Rout.
Figure 5(a) and (b) compare the Soft2 data taken at

L/LEdd = 0.2 and the corresponding XSTAR absorp-
tion model, in the same way as Soft1. At this epoch
the source exhibited a much softer SED and had a hard
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Figure 4. Comparison between the Chandra HETGS un-
folded data at Soft1 and simulated absorption line spectrum
based on the D18 model. The best-fit model obtained in
Section 3 was adopted as the continuum model. (a) NH and
ξ are fixed at the value predicted by the wind model (see
Table 2). (b) The best-fit model obtained by by allowing
NH, ξ, and vout to vary (see text). The lower panels present
the data versus model ratios.

tail ∼ 10 times weaker than Soft1. Our prediction using
the D18 model somewhat underestimates the wind col-
umn density and thereby the Fe line strengths (Fig. 5a).
When the wind parameters were allowed to vary, the
chi-squared value was significantly reduced from χ2/dof
= 1406/1234 to 1343/1231 and the discrepancy between
the data and model was mitigated (Fig. 5b). The best-
fit absorption model gives NH = 2.6+0.8

−2.1 × 1022 cm−2,
ξ = 8.8+0.5

−0.3×104 erg cm s−1, and vwind < 2×102 km s−1.
Thus, the thermal wind model can again explain, within
a factor of ∼2, the absorption features in the high/soft
state spectrum with a very weak hard tail.

5.2. Low/hard State (Hard1 and Hard2)

Figure 6 shows the same sequence of fits to the Chan-
dra data at Hard1. The upper panel shows the predicted
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Figure 5. Same as Fig. 4 for the high/soft state data at
Soft2.

absorption spectrum for the wind parameters fixed at
the predicted values in Table 2. There are no significant
features, which matches well to the observed data. The
lower panel shows the resulting wind scaled in the same
way as the best fit to Soft1 in the high/soft state; i.e. we
reduce the column density and ionization parameter by
a factor of 2 from the model predictions, but the wind is
still not visible. We note that the result unchanged even
when we increase the column by a factor of 2 following
the fit to Soft2.
Thus thermal wind model tailored to the observed

luminosity and SED predicts no significant Fe K ab-
sorption lines in the low/hard state, consistent with the
Chandra observation. This does not mean that the wind
has disappeared. The simple thermal wind models pre-
dict that this lower luminosity spectrum should have a
column which is only a factor 3 smaller than that seen in
the high/soft state. However, the higher TIC means that
the wind is now launched from much closer in. The ion-
ization state is higher so the column of FeXXV and even
FeXXVI is too small to be observed. The wind not only
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Figure 6. Same as Fig. 4 for the low/hard state data at
Hard1, where (a) NH and ξ are fixed at the value predicted
by the wind model and (b) a factor of 2 smaller values are
adopted.

responds via photoionisation to the changing spectral
shape (see e.g Chakravorty Lee & Neilsen 2013), but
also responds in terms of its launch radius, velocity and
density due to the change in Compton temperature.
This is similar to the conclusion of D18, though they

had an inferred L/LEdd = 0.02 due to the difference
in distance/mass/spin, rather than the L/LEdd = 0.06
determined here at these different system parameters.
This is a bright/low hard state seen on the fast rise,
where the transition to the high/soft state can occur at
much higher L/LEdd than the typical transition value
of 0.02LEdd seen on the slow decline (hysteresis). Our
estimate of NH ∼ 2.6 × 1022 cm−2 is higher than the
NH = 1.8 × 1022 cm−2 of D18 for these data, as the
higher source luminosity is more than offsetting the ef-
fect of a smaller outer disk radius.
In Figure 7 we also show the HETGS spectrum around

7 keV obtained at Hard2 in 2015, where the source was
a factor of ∼ 2 fainter than Hard1 (i.e., L/LEdd ∼ 0.03).
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remain mainly above ∼ 8 keV. This could be be due to
time variability between the RXTE and Chandra obser-
vations, which are not exactly simultaneous, or spectral
distortion by dust scattering halo (Allen et al. 2018),
or a calibration uncertainty in Chandra responses. To
reduce the discrepancy between the HEG data and
the continuum model, we varied Tin and normalization
of diskbb for the high/soft state and Γ and Fscat of
the simpl model for the low/hard state and the very
high state, We note that this treatment, which allows
the above parameters to be different from those ob-
tained from the RXTE(+Swift/BAT) data, only slightly
changes TIC from the original values and does not affect
the wind parameters.
In the following, we show the results of the simulations

and demonstrate how they reproduce the data at each
epoch.

5.1. High/soft State (Soft1 and Soft2)

In Figure 4(a), the model obtained from the XSTAR
simulation is compared with the Chandra spectrum for
Soft1. We first fix NH, ξ, and the blueshift velocity at
the values in Table 2. The observed He-like and H-like
Fe lines at 6.7 keV and 7.0 keV, respectively, are well
reproduced by the model. By contrast, Fig. 4(b), al-
lows the three wind parameters to vary, to find the best
fit description of the data. In this case, the fit quality
marginally improved from the case of fixed wind pa-
rameters, from χ2/dof = 1774/1096 to 1761/1093, and
NH = (4 ± 1) × 1022 cm−2, ξ = 3+2

−1 × 104 erg cm s−1,
and vwind = 5 ± 1 × 102 km s−1 were obtained. This
combination gives very similar line equivalent widths as
the material is so highly ionized that the decrease in
ionization parameter means that less of the iron is com-
pletely ionized, so increases the column in FeXXV and
XXVI in such a way as to offset the decrease in over-
all column density. Whichever combination is chosen,
it is clear that the thermal wind model predictions can
explain this observation within a factor of ∼2 uncertain-
ties.
The D18 analysis had the observed source L/LEdd =

0.1 at Soft1 due to the difference in distance/mass/spin,
but assumed limb darkening so that their intrinsic
L/LEdd = 0.3–0.4 as assumed here from the observed
spectrum at these different system parameters. Their
estimate for NH = 8× 1022 cm−2 for a source at this lu-
minosity is slightly larger than the NH = 6.7×1022 cm−2

predicted here due to their larger Rout.
Figure 5(a) and (b) compare the Soft2 data taken at

L/LEdd = 0.2 and the corresponding XSTAR absorp-
tion model, in the same way as Soft1. At this epoch
the source exhibited a much softer SED and had a hard
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Figure 4. Comparison between the Chandra HETGS un-
folded data at Soft1 and simulated absorption line spectrum
based on the D18 model. The best-fit model obtained in
Section 3 was adopted as the continuum model. (a) NH and
ξ are fixed at the value predicted by the wind model (see
Table 2). (b) The best-fit model obtained by by allowing
NH, ξ, and vout to vary (see text). The lower panels present
the data versus model ratios.

tail ∼ 10 times weaker than Soft1. Our prediction using
the D18 model somewhat underestimates the wind col-
umn density and thereby the Fe line strengths (Fig. 5a).
When the wind parameters were allowed to vary, the
chi-squared value was significantly reduced from χ2/dof
= 1406/1234 to 1343/1231 and the discrepancy between
the data and model was mitigated (Fig. 5b). The best-
fit absorption model gives NH = 2.6+0.8

−2.1 × 1022 cm−2,
ξ = 8.8+0.5

−0.3×104 erg cm s−1, and vwind < 2×102 km s−1.
Thus, the thermal wind model can again explain, within
a factor of ∼2, the absorption features in the high/soft
state spectrum with a very weak hard tail.

5.2. Low/hard State (Hard1 and Hard2)

Figure 6 shows the same sequence of fits to the Chan-
dra data at Hard1. The upper panel shows the predicted
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Figure 2. The broadband continuum spectra of H 1743−322 at the four Chandra epochs in 2003–2010, with their best-fit
tbabs*simpl*diskbb models. The RXTE/PCA data are shown in black, and the RXTE/HEXTE Cluster-A (in panel a–c)
and Swift/BAT data (in panel d) in red. The HEXTE Cluster-B data are omitted in the panel (a–c) for illustrative purposes.
In panel (d) the Chandra HEG spectrum and a Swift/BAT spectrum at Hard2 are also plotted with blue and grey circles,
respectively, for comparison with Hard1 (see Sec. 5 for the details of the Chandra data).

with the ftool batsurvey referring to the latest Swift
CALDB as of 2016 December. The spectra and their
response files were generated from the individual contin-
uous scans using the script make survey pha. We chose
the scan with the longest exposure if multiple scans were
present. In this way, we obtained ∼500 simultaneous
broad-band X-ray spectra of H 1743−322, covering 8
outbursts from 2003 March to 2011 April.
Figure 2 presents the resulting broadband continuua

corresponding to the Chandra high resolution datasets
in Soft1, Soft2, VHS, and Hard1. In Fig. 2(d) we also
present the Chandra HEG spectrum at Hard2 and a cor-
responding Swift/BAT spectrum taken on 2015 July 12.
The Soft1 and Soft2 spectra are both high/soft state,
dominated by the disk blackbody component, especially
Soft2 which has an extremely weak hard tail. The VHS
spectrum, taken at the highest luminosity among the
four epochs, can be approximated by a steep power-

law model, indicating that the source was in the very
high state. Hard1 shows a typical low/hard state spec-
trum with a hard power-law shaped profile. Hard2 has
a slightly harder and dimmer continuum in the 3–9 keV
range, and is characterized by a power-law model with
a photon index of ∼ 1.33.
We analyzed the individual broad-band X-ray contin-

uum spectra in XSPEC version 12.9.0n, with a model
consisting of the multi-color disk blackbody emission
(diskbb: (Mitsuda et al. 1984)) and its Comptonization
component (simpl: (Steiner et al. 2009)). The simpl

Comptonisation model convolves a fraction of an in-
put spectrum into a power-law, using the photon in-
dex (Γ) and the fraction of the total input X-ray flux
that is scattered (Fscat). We accounted for interstellar
absorption by multiplying the resulting simpl*diskbb

model by TBabs (Wilms et al. 2000) with fixed NH =
1.6 × 1022 cm−2 (Capitanio et al. 2009). We checked

❖ 典型的なBH X線連星 

❖ 円盤からの黒体放射が主体な状態で吸収線が検出 

❖ 観測されるX線連続スペクトル (SED)を使用しモデル構築

Fe xxv Kα

Fe xxvi Kα

内側の円盤放射

逆コンプトン散乱
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❖ 放射加熱冷却率，放射力と放射の減光を計算するコードを独自開発し，
流体コード (Takahashi & Ohsuga 13)に組込む 

❖ 計算はスーパーコンピュータ (XC50@NAOJ)

放射流体シミュレーション

10

L0x = 0.3 LEdd
TIC = 1.0 × 107 K

0.01 Rout  
= 6600 Rg

Rout = Ric

Wind 

Disk (ケプラー回転)

軸対称二次元極座標 (R, θ)
NR×Nθ　= 120×240
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❖ 密度，速度，温度分布を計算 
→放射輸送シミュレーションへ

シミュレーション結果

11
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❖ 3次元MCRTコード  
(MONACO, Odaka+11) 
媒質中の光子の伝搬を計算 
散乱，吸収，再放出  
(Line sfift and brodening) 
輝線吸収線を自己矛盾なく計算

モンテカルロ放射輸送 (MCRT)

12

certain initial conditions, which corresponds to calculation of the Green’s function. This

part requires information about the initial conditions of the photon and the geometry

including physical conditions of matter as input. The output here is a list entry for an

event which has information about the initial state and the final state (emission). If a

photon does not experience an interaction with matter, the final state is identical to the

initial state.

Using the event list generated by the simulation part as an input, the second part,

referred to “convolution” in Fig. 3.2, generates simulated observational data such as spec-

tra or images by performing the convolution with the source function described in §3.1.2.
The output here is the final results which can be compared with real observations. The

list input can be a combination of different event lists to reduce statistical uncertainties

or to extend the ranges of initial conditions. To perform the convolution by Eq. (3.9),

this part requires the initial conditions of photons both for the simulation and for the real

source (source function) as inputs. It also requires information on the observer; direction,

time, distance and miscellaneous parameters.
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Figure 3.2: Outline of our simulation framework

The first part (simulation part) performs the photon tracking simulation including

treatment of X-ray reprocessing. This part is an extended and improved version of orig-

inal Monte Carlo codes developed by Watanabe et al. (2003, 2006). We use the Geant4

simulation toolkit library (Agostinelli et al., 2003; Allison et al., 2006) for tracking par-

ticle and building geometry while physical processes are our original implementations.

Geant4, which is widely used for experimental particle physics and nuclear science, pro-
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Here, wi is a weight of each event and the summation is performed over all Monte Carlo

events. When the geometry of the system is static or has a symmetry of time translation,

it is possible to fix the initial time t0 in the simulation to zero; then Eq. (3.7) is reduced

to

f(E1,Ω1, t1,x1) =

∫
g(E1,Ω1, t1 − t0,x1|E0,Ω0, 0,x0)

α(E0,Ω0, t0,x0)

β(E0,Ω0, 0,x0)
dE0dΩ0dt0dx0.

(3.10)
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Figure 3.1: Schematic concept of the Monte Carlo simulation. The solid line shows the
track of an event that starts at the X-ray source and finally escapes from the system.
This photon is detected by an observer as an emission from the last interaction point.

To simulate observations, we must consider time differences of light propagation to

an observer from different positions. A distant observer directed toward an unit vector r

observes the emission at tobs = t1−x1 ·r/c, where c is speed of light and the origin of tobs

is determined so that an emission at t1 = 0 and x1 = 0 is observed at tobs = 0 through

direct propagation (without any interactions). Events are selected to obtain observational

spectra or images if the direction agrees with r within a certain small tolerance. The

weight of the selected event is calculated by Eq. (3.9) in which t1 = tobs + x1 · r/c is

substituted. If the system has spatial symmetry such as spherical or axial symmetry, we

can extend the range of the direction selection to reduce statistical uncertainties unless

the symmetry breaks.

3.2 Framework Design

Our simulation framework, MONACO, provides methods for the Monte Carlo simulation

and for the convolution to generate observed spectra or images (§3.1.2). An outline of the

calculation to obtain observational data is shown in Fig. 3.2. The first part uses Monte

Carlo simulations to calculate the probability of obtaining certain final conditions, given
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Here, wi is a weight of each event and the summation is performed over all Monte Carlo

events. When the geometry of the system is static or has a symmetry of time translation,

it is possible to fix the initial time t0 in the simulation to zero; then Eq. (3.7) is reduced

to

f(E1,Ω1, t1,x1) =
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track of an event that starts at the X-ray source and finally escapes from the system.
This photon is detected by an observer as an emission from the last interaction point.

To simulate observations, we must consider time differences of light propagation to

an observer from different positions. A distant observer directed toward an unit vector r

observes the emission at tobs = t1−x1 ·r/c, where c is speed of light and the origin of tobs

is determined so that an emission at t1 = 0 and x1 = 0 is observed at tobs = 0 through

direct propagation (without any interactions). Events are selected to obtain observational

spectra or images if the direction agrees with r within a certain small tolerance. The

weight of the selected event is calculated by Eq. (3.9) in which t1 = tobs + x1 · r/c is

substituted. If the system has spatial symmetry such as spherical or axial symmetry, we

can extend the range of the direction selection to reduce statistical uncertainties unless

the symmetry breaks.

3.2 Framework Design

Our simulation framework, MONACO, provides methods for the Monte Carlo simulation

and for the convolution to generate observed spectra or images (§3.1.2). An outline of the

calculation to obtain observational data is shown in Fig. 3.2. The first part uses Monte

Carlo simulations to calculate the probability of obtaining certain final conditions, given
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Odaka+11

入力: 幾何構造，密度/速度/イオン/乱流分布，入力スペクトル 

出力: 光子エネルギー，方向，反応位置，時間 
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❖ 流体シミュレーションの一部を抜きとり使用 

❖ 原点から光子を発生

密度，速度分布
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モンテカルロ放射輸送 
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❖ 内側にある静的な円盤大気 (コロナ)による吸収線 

❖ 外側にある円盤風による青方偏移した吸収線

吸収線構造
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❖ 観測データを良く説明→熱駆動型円盤風で説明可能 

❖ 特徴的な二股の吸収線構造は分解不可 (Kα1, 2 も分解不可)

観測との比較
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モデル 
✚ データ Chandra/HETGS
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❖ 次期X線天文衛星XRISM 

❖ 2022年打ち上げ予定 

❖ エネルギー分解能 5—7 eV 

❖ 速度差を分解可能 
→このモデルの予言を検証可能 
→他のモデルとの区別が可能

XRISMへの期待
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将来の観測を予言するための重要なモデルを提供

Fe XXVI
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❖ X線連星の円盤風駆動機構を明らかにするため，放射流体シミュレー
ションとモンテカルロ放射輸送を組み合わせたシミュレーションフレー
ムワークを開発。 

❖ X線連星 H1743-322の観測データに適用することで，この天体に見られ
る吸収線の起源が熱駆動で説明できることが明らかになった。 

❖ 将来のXRISM衛星にとって重要なモデルを構築することができた。

まとめ
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