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活動銀河核における重力エネルギー解放

2

• 活動銀河核(Active Galactic Nuclei; AGN)!

ジェットや電磁放射などの強烈な活動を示す銀河の中心領域

• 莫大なエネルギーを周辺環境へ供給!

→“銀河とブラックホールの共進化”

➡ AGNは宇宙の構造進化やエネルギー解放機構を探る上で重要な天体

• AGNのエネルギー源!

銀河中心の超大質量ブラックホール
(106−1010太陽質量(M⦿))への降着円盤によ
る重力エネルギー解放!

降着物質の静止質量エネルギーの
~10−50%もの重力エネルギーを解放!

→宇宙で最も効率的なエネルギー変換機構

ジェット

トーラス

ブラック
ホール

狭輝線領域
(Narrow Line
Region; NLR)

広輝線領域
(Broad Line
Region; BLR)

降着円盤

©Urry & Padovani

(中性ガス or ダスト)

光電離
ガス

AGNの構造の概略図

UV, X線放射
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超高速アウトフロー

3

• 複数のAGNで光速の数10%もの速度
でblue-shiftした吸収線が発見(Chartas+ 

2002; Reeves+ 2003; Pounds+ 2003a,b)!

• 放射源(ブラックホール)から観測者に
向かって超高速で動いている吸収体＝
超高速アウトフロー(Ultra-fast outflow)

超高速アウトフローのスペクトル

FeXXV Lyα 
@6.7 keV

FeXXVI Heα 
@7.0 keV
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PDS 456

Hagino+ 2015

• ジェットとは異なる重力エネルギー解放過
程!

• ジェットに匹敵するエネルギーを周辺環境
へ供給→“共進化”への寄与
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本講演!
UV-line drivingに基づいた仮定のもとで、3次元放射輸送計算を行いスペクトルモデ
ルを構築。これを観測スペクトルに適用した。

超高速アウトフローの加速メカニズム

• UV-line drivingが加速メカニズムの有力候補
(Proga+ 2000; Risaliti+ 2010; Nomura+ 2013)

4

• 輻射流体シミュレーションなどによる理論研究が活発に行われているが、それ
らと観測データとの比較はあまり進んでいない。

UV放射 降着円盤

ブラックホール

X線放射

遠心力

電離ガス

• “UV-line driving”：電離ガスが、束縛-
束縛遷移によってUV光子を吸収するこ
とで光子の運動量(放射圧)を受け取り
加速
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スペクトルモデル構築の方法

5

• 降着円盤風のスペクトルモデル構築の流れ!

1.流線方向の電離状態の計算によって円盤風内の電離構造(電
子温度、イオンの存在比の空間分布)を決定!

2.得られた電離構造の中でモンテカルロ法により3次元放射輸
送計算
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モンテカルロ法による放射輸送計算

6

• 円盤風ジオメトリは双円錐(biconical)形状を採用(Knigge+ 1995)

(Rmin,θmin,Ω)の3パラメータで形状を記述

降着円盤

X線源

円盤風

0 1 2 3 4 5 6-2

-1

0

1

2

3

4

z (
R m

in
)

x (Rmin)

Rmax

Rmin

d

ℓSource

Disk

R0

R

focal 
point

θmin

Ω

主要な物理素過程!

• Photoionization!

• Photoexcitation!

• Compton scattering!

• Doppler effect

• 光子の輸送と物質との相互作用をモンテカルロ法によ
り計算することで、円盤風内での放射輸送を計算!

• モンテカルロ計算には、“MONACO”(Odaka+ 2011)を用い
る
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密度・速度分布

7

• 円盤風ジオメトリ内での密度・速度分布は以下のように指定!

- アウトフロー速度：UV-line driven windで用いられる速度分布(=CAKモデ
ル)(Castor+1975)!

- 回転速度：角運動量保存!

!
- 乱流速度：一定の乱流vt + 各シェル間のvelocity shear (Schurch & Done 2007)!

!
- 密度分布：質量保存

width ∆E and only Fexxv Heα and Fexxvi Lyα lines are fitted. The best-fit functions

for the spectra are overplotted in the top panel of Fig. 4.4.

We fit the simulated spectra for 40 angles ranging from cos θ = −0.975 to 0.975. The

obtained values of the Doppler factors are plotted as a function of cos θ in the bottom

panel of Fig. 4.4. The fitting errors are also plotted in the figure, but are too small to

be seen. The red line in the figure is the theoretical function of Eq. 4.3. As shown, the

simulation results are completely consistent with Eq. 4.3.

4.3 Wind geometry

We adopt a biconical geometry as shown in Fig.4.5, which was developed for studying

radiative transfer in the wind of cataclysmic variables (Shlosman & Vitello, 1993) and

widely used for accretion disc winds (Knigge, Woods & Drew, 1995; Sim et al., 2008,

2010a). This geometry is defined by three parameters. All stream lines in the wind

converge at a focal point, which is at a distance d below the source. The wind is launched

from Rmin to Rmax on the disc, We first assume that d = Rmin and Rmax = 1.5Rmin.

This means that the wind fills a cone between θmin = 45◦ and θmax = 56.3◦ i.e. has solid

angle Ω/4π = 0.15. We define a mean launch radius R0 from the mean streamline i.e. it

makes an angle of θ0 ≡ (θmin + θmax)/2. Thus, R0 = d tan θ0. The geometry is divided

into 100 shells. Each shell has an equal width on a logarithmic scale.

Radial velocity is defined as a function of length along the streamline l

vr(l) = v0 + (v∞ − v0)

(
1 − Rmin

Rmin + l

)β

. (4.5)

β determines the wind acceleration law, while v0 and v∞ are an initial radial velocity at

l = 0 and radial velocity at l = ∞. This equation is an extension of the classical CAK

model (section 2.2.5). The azimuthal velocity at the launching point R0 is assumed to

be the Keplerian velocity vφ0 =
√

GM/R0.

According to angular momentum conservation, vφ is written as a function of R

vφ(R) = vφ0

R0

R
. (4.6)

The turbulent velocity vturb is composed of intrinsic turbulent velocity vt and velocity

shear (Appendix A4 of Schurch & Done 2007).

vturb(i) = vt +
vr(i) − vr(i − 1)√

12
, (4.7)

where index i refers to the shell number and vr is a radial velocity.
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where index i refers to the shell number and vr is a radial velocity.

vturb(i) = vt +
vr(i)� vr(i� 1)�

12
According to mass conservation, total mass outflow rate Ṁwind is constant. Therefore,

density n is written as

Ṁwind = 1.23mpnvr4πD2 Ω

4π
(4.8)

= 1.23mpnvr4πD2(cos θmin − cos θmax). (4.9)

Here, D = R/ sin θ0 is the distance from the focal point, 1.23mp is an ion mass and Ω is

the solid angle of the wind including both sides of the disc.

4.4 Ionization structure

To determine the ionization structure, xstar (Kallman et al., 2004) has been widely

used in the X-ray community. xstar solves the ionization structure and the radiation

field as a function of the distance from the source, by iteratively calculating the electron

temperature, charge state distributions and level populations in the condition of thermal

and ionization equilibrium.

We run xstar version 2.2.1bn16 to calculate the ionization structure sequentially

from the inner shell to the outer shell. In the case of this wind geometry, the direct

photons from the source should be considered as well as the transmitted photons from

the previous shell. For a (i + 1)th shell from the source, input photons (X in
i+1) are

calculated as follows:

X in
i+1 = (1 − fdirect)X

out
i + fdirectX0, (4.10)

where X0 is the photons directly come from the source, Xout
i is those transmitted and

emitted outward from the ith shell and fdirect is the fraction of the direct component

from the source. The fraction fdirect can be calculated geometrically (Fig. 4.6).

α0(i) = arctan

(
Di+1 sin θmin

Di+1 cos θmin − d

)
(4.11)

α1(i) = arctan

(
Di sin θmin

Di cos θmin − d

)
(4.12)

α2(i) = arctan

(
Di sin θmax

Di cos θmax − d

)
(4.13)

fdirect = (α1 − α0)/(α2 − α1) (4.14)

An input spectrum for xstar should be defined in 1–1000 Ry (0.0136–13.6 keV)

energy band. The ionization luminosity in this energy range is calculated from the 2–10

keV X-ray luminosity by extrapolating an X-ray powerlaw spectrum.

• アウトフロー速度: v∞に漸近、密度: 1/r2で減少!

• 電離状態はほぼ一定 (電離パラメータξ=L/nr2=const.)
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モンテカルロ計算によるスペクトル
• 観測者の視線方向の光子イベントからスペク
トルを作成

8

blue-shiftし
た吸収線

広がった
輝線

広く深い吸収線

吸収エッジ

θincl=46 deg

θincl=58 deg

低エネルギーにシフト

θincl=58 deg (Δθ=1 deg)• blue-shiftした吸収線と幅の広い輝線構造が
見られる!

• θinclが大きくなると、!

- 密度が高くなる→吸収線が深く!

- 速度が遅い部分も見える→幅広くなる!

• 吸収線構造が観測者の方向に強く依存

降着円盤X線源

低速・高密度

高速・低密度
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PDS 456の観測データへの適用

9

• 連続成分の変動は、吸収線を作る吸収体とは異なるもの(or 異なる場所)による吸
収と考える!

➡ 吸収線のみを円盤風モデルで再現し、連続成分の吸収は既存の電離部分吸収モデ
ルを適用
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2007.02.24 (190.6 ks)!
2011.03.16 (125.5 ks)!

!

2013.02.21 (182.3 ks)!
2013.03.03 (164.8 ks)!
2013.03.08 (108.3 ks)

吸収線構造連続成分

- PDS 456!

‣ MBH=2×109M⦿、Lbol~0.1−0.3LEdd!

‣ 超高速アウトフローによる吸収線
が最も顕著!

‣ 最もPowerful(v~0.3c, NH~1024cm-

2)な超高速アウトフロー!

‣ 速く大きな時間変動

• PDS 456のすざくによる観測データに対し、新たに構築したモンテカルロ計算に
よる降着円盤風のスペクトルモデルを適用する。
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終端速度と放出角度による変動の理解

10
データを良く再現するv∞, θminの値が得られた

• 終端速度v∞と放出角度θminを振ってモンテカルロ計算し観測データをフィット

L 4×10
Γ 2.5
v v

v 1000 km/s
β 1

Ṁ 8M
R 10R
Ω 0.15
θ 48°

観測データ、流体計算結果(e.g., Proga+ 2000)

から固定したパラメータ
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終端速度と放出角度のみを変えたスペクトル

11

• 終端速度v∞と円盤風角度θminだけを観測ごとに変え、それ以外のパラメータは変え
ずにfitしたbest fitの結果
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➡ 円盤風の速度と放出角度を変えるだけで全ての観測データを再現することに成功
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角度変化による影響の考察

12

• 得られた角度パラメータの変化が結果のスペクトルにどのように影響しているのか？
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θincl=48°（fix)

θmin=46°

θincl=48°（fix)

θmin=40°

θincl=48°（fix)

θmin=38°

高速部分のみ観測⇒細い吸収線!
低密度部分のみ観測⇒浅い吸収線

細く浅い
吸収線

高速・低密度

低速・高密度 低速・高密度

低速部分から高速部分まで観測⇒広い吸収線!
高密度部分も観測⇒深い吸収線

広く深い
吸収線

2013a 2013b 2013c
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UV-line drivingによる降着円盤風の流体計算結果 (Proga+2000)

13.3 yr 14.6 yr 16.47 yr

円盤風形状の不安定性

13

• モンテカルロ計算によるスペクトルモデルを用いることで、円盤風の放出角度の
変化によって、異なる観測時期の全てのスペクトルを説明できる!

• UV-line drivingによる降着円盤風の流体計算においても、Kelvin-Helmholtz不安定
性により円盤風が波打つことが予想されている

➡ 降着円盤風の不安定性を観測的に示唆？
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結論

• 超高速アウトフローのX線スペクトルモデルを新たに構築した!

✓ UV-line drivingの理論計算結果をもとに仮定したパラメータ
で、すざくによるPDS 456のすべての観測データをよく再現
できた。!

✓ 吸収線スペクトルの変動は、終端速度と円盤風の角度の変化
のみによって説明できる。これは、円盤風の不安定性を示唆
している可能性がある。

14



PDS



/ 14 (degree)mine
20 30 40 50 60 70 80

2 r

104

106

108

110

112

114

68% (~1σ)

90%

99%

θmin=35° (30−45)

2007年の観測データとの比較：輝線
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θmin=35°

θmin=45°• 輝線も含めた広いエネルギー範囲(2.0-10 
keV)で観測データと比較(v∞, Ṁwindは固定)!

• 輝線の赤方偏移成分の形状を使って円盤
風の形状(θmin)を探ることができる!

➡ 輝線において円盤風からの成分が支配的
ならば、θmin=30°−45°に制限できる

χ2ν=106.5/105

χ2ν=103.6/105
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異なる観測時期のデータのモデル化

18
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χ2ν=95.1/81!
θincl=71.7° (69.2−75.6)

χ2ν=175.7/208!
θincl=72.7° (71.2−73.9)

χ2ν=210.5/202!
θincl=79.8° (78.7−80.4)

χ2ν=261.5/251!
θincl=76.4° (75.5−77.3)

• 質量放出率Ṁwind=70M⦿/yr, 終端速度v∞=0.4cで固定し、観測者の視線方向θinclだけを
観測ごとに変えた!

➡ 円盤風の放出角度に対する視線方向の角度を変えるだけで全ての観測データを再現

➡ PDS 456と同様に
円盤風の放出角度
の変動でスペクト
ルの変化を説明可
能
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回転速度!
角運動量保存に従う 乱流

width ∆E and only Fexxv Heα and Fexxvi Lyα lines are fitted. The best-fit functions

for the spectra are overplotted in the top panel of Fig. 4.4.

We fit the simulated spectra for 40 angles ranging from cos θ = −0.975 to 0.975. The

obtained values of the Doppler factors are plotted as a function of cos θ in the bottom

panel of Fig. 4.4. The fitting errors are also plotted in the figure, but are too small to

be seen. The red line in the figure is the theoretical function of Eq. 4.3. As shown, the

simulation results are completely consistent with Eq. 4.3.

4.3 Wind geometry

We adopt a biconical geometry as shown in Fig.4.5, which was developed for studying

radiative transfer in the wind of cataclysmic variables (Shlosman & Vitello, 1993) and

widely used for accretion disc winds (Knigge, Woods & Drew, 1995; Sim et al., 2008,

2010a). This geometry is defined by three parameters. All stream lines in the wind

converge at a focal point, which is at a distance d below the source. The wind is launched

from Rmin to Rmax on the disc, We first assume that d = Rmin and Rmax = 1.5Rmin.

This means that the wind fills a cone between θmin = 45◦ and θmax = 56.3◦ i.e. has solid

angle Ω/4π = 0.15. We define a mean launch radius R0 from the mean streamline i.e. it

makes an angle of θ0 ≡ (θmin + θmax)/2. Thus, R0 = d tan θ0. The geometry is divided

into 100 shells. Each shell has an equal width on a logarithmic scale.

Radial velocity is defined as a function of length along the streamline l

vr(l) = v0 + (v∞ − v0)

(
1 − Rmin

Rmin + l

)β

. (4.5)

β determines the wind acceleration law, while v0 and v∞ are an initial radial velocity at

l = 0 and radial velocity at l = ∞. This equation is an extension of the classical CAK

model (section 2.2.5). The azimuthal velocity at the launching point R0 is assumed to

be the Keplerian velocity vφ0 =
√

GM/R0.

According to angular momentum conservation, vφ is written as a function of R

vφ(R) = vφ0

R0

R
. (4.6)

The turbulent velocity vturb is composed of intrinsic turbulent velocity vt and velocity

shear (Appendix A4 of Schurch & Done 2007).

vturb(i) = vt +
vr(i) − vr(i − 1)√

12
, (4.7)

where index i refers to the shell number and vr is a radial velocity.

UV-line drivingの運動方程式から得
られる速度分布(Castor+1975)(§2.2.5)

円盤風内で一定の乱流vt + 各シェル
間のvelocity shear (Schurch & Done 2007)

~初速度v0

width ∆E and only Fexxv Heα and Fexxvi Lyα lines are fitted. The best-fit functions

for the spectra are overplotted in the top panel of Fig. 4.4.

We fit the simulated spectra for 40 angles ranging from cos θ = −0.975 to 0.975. The

obtained values of the Doppler factors are plotted as a function of cos θ in the bottom

panel of Fig. 4.4. The fitting errors are also plotted in the figure, but are too small to

be seen. The red line in the figure is the theoretical function of Eq. 4.3. As shown, the

simulation results are completely consistent with Eq. 4.3.

4.3 Wind geometry

We adopt a biconical geometry as shown in Fig.4.5, which was developed for studying

radiative transfer in the wind of cataclysmic variables (Shlosman & Vitello, 1993) and

widely used for accretion disc winds (Knigge, Woods & Drew, 1995; Sim et al., 2008,

2010a). This geometry is defined by three parameters. All stream lines in the wind

converge at a focal point, which is at a distance d below the source. The wind is launched

from Rmin to Rmax on the disc, We first assume that d = Rmin and Rmax = 1.5Rmin.

This means that the wind fills a cone between θmin = 45◦ and θmax = 56.3◦ i.e. has solid

angle Ω/4π = 0.15. We define a mean launch radius R0 from the mean streamline i.e. it

makes an angle of θ0 ≡ (θmin + θmax)/2. Thus, R0 = d tan θ0. The geometry is divided

into 100 shells. Each shell has an equal width on a logarithmic scale.

Radial velocity is defined as a function of length along the streamline l

vr(l) = v0 + (v∞ − v0)

(
1 − Rmin

Rmin + l

)β

. (4.5)

β determines the wind acceleration law, while v0 and v∞ are an initial radial velocity at

l = 0 and radial velocity at l = ∞. This equation is an extension of the classical CAK

model (section 2.2.5). The azimuthal velocity at the launching point R0 is assumed to

be the Keplerian velocity vφ0 =
√

GM/R0.

According to angular momentum conservation, vφ is written as a function of R

vφ(R) = vφ0

R0

R
. (4.6)

The turbulent velocity vturb is composed of intrinsic turbulent velocity vt and velocity

shear (Appendix A4 of Schurch & Done 2007).

vturb(i) = vt +
vr(i) − vr(i − 1)√

12
, (4.7)

where index i refers to the shell number and vr is a radial velocity.

vturb(i) = vt +
vr(i)� vr(i� 1)�

12

密度・速度分布
• アウトフロー方向にシェル状に分割し、各シェル内で一定の速度・密度を仮定

20

終端速度v∞, 初速度v0, 加速
指数β, 乱流速度vtの4パラ
メータで速度分布を指定

(v0=vt, β=1に固定)
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密度分布：円盤風内での質量保存に従う

According to mass conservation, total mass outflow rate Ṁwind is constant. Therefore,

density n is written as

Ṁwind = 1.23mpnvr4πD2 Ω

4π
(4.8)

= 1.23mpnvr4πD2(cos θmin − cos θmax). (4.9)

Here, D = R/ sin θ0 is the distance from the focal point, 1.23mp is an ion mass and Ω is

the solid angle of the wind including both sides of the disc.

4.4 Ionization structure

To determine the ionization structure, xstar (Kallman et al., 2004) has been widely

used in the X-ray community. xstar solves the ionization structure and the radiation

field as a function of the distance from the source, by iteratively calculating the electron

temperature, charge state distributions and level populations in the condition of thermal

and ionization equilibrium.

We run xstar version 2.2.1bn16 to calculate the ionization structure sequentially

from the inner shell to the outer shell. In the case of this wind geometry, the direct

photons from the source should be considered as well as the transmitted photons from

the previous shell. For a (i + 1)th shell from the source, input photons (X in
i+1) are

calculated as follows:

X in
i+1 = (1 − fdirect)X

out
i + fdirectX0, (4.10)

where X0 is the photons directly come from the source, Xout
i is those transmitted and

emitted outward from the ith shell and fdirect is the fraction of the direct component

from the source. The fraction fdirect can be calculated geometrically (Fig. 4.6).

α0(i) = arctan

(
Di+1 sin θmin

Di+1 cos θmin − d

)
(4.11)

α1(i) = arctan

(
Di sin θmin

Di cos θmin − d

)
(4.12)

α2(i) = arctan

(
Di sin θmax

Di cos θmax − d

)
(4.13)

fdirect = (α1 − α0)/(α2 − α1) (4.14)

An input spectrum for xstar should be defined in 1–1000 Ry (0.0136–13.6 keV)

energy band. The ionization luminosity in this energy range is calculated from the 2–10

keV X-ray luminosity by extrapolating an X-ray powerlaw spectrum.

focal pointからの距離 (cm)

密
度

 (c
m

-3
)

密度・速度分布

21

質量放出率Ṁwindと速度分布
によって密度分布を指定

• 速度分布から密度分布を計算



Discussion



/ 14

超高速アウトフローの統一描像
• UV-line drivingでは、Ṁwind/ṀEdd~0.2の物質を放出できる(Laor & Davis)!

➡ PDS 456 (Ṁwind/ṀEdd=0.13(>0.08)), APM 08279+5255 (Ṁwind/ṀEdd=0.17−0.21)のど
ちらの結果もUV-line drivingの理論計算結果とコンシステント

23

7.2. Launching mechanism of UFOs 105

Table 7.1: Full numerical calculation of UV-line driven winds. All accretion rates are in

units of the Eddington accretion rate.

L/LEdd a1 Ṁin
2 Ṁacc

3 Ṁwind
4

0.3
0 0.302 0.515 0.21

0.9 0.302 1.174 0.87

1.0
0 1.007 2.282 1.09

0.9 1.007 5.588 4.58

1 a is a black hole spin parameter.
2 Ṁin is the amount of mass that is actually accreted.
3 Ṁacc is the accretion rate at large radius before the outflow set in.
4 Ṁwind is the mass outflow rate. Therefore, Ṁacc ≃ Ṁin + Ṁwind.

is then mostly on the vertically rising part of the wind as shown in Fig. 7.4, which is

outside of our line of sight.

We can estimate the effect of this in PDS 456. Without mass loss, such a disc should

have L(20 − 30Rg) = 0.64L(6 − 20Rg). If we consider the mass loss via the wind, since

the mass outflow rate and mass inflow rate of PDS 456 are Ṁwind/ṀEdd = 0.09–0.13 and

Ṁacc/ṀEdd = 0.4, the inner disc luminosity is reduced by (Ṁacc − Ṁwind)/Ṁacc ≃ 2/3,

giving L(20−30Rg) ≈ L(6−20Rg). Assuming that the wind is launched vertically by the

disc luminosity from 20 − 30Rg, and pushed sideways by the inner disc luminosity from

6 − 20Rg gives an estimate for θ0 ∼ 45◦, the angle the wind makes to the disc normal.

This is even more convincingly close to our fiducial geometry than with the standard (no

mass loss in a wind) disc (see Section 5.3.1).

Laor & Davis (2014) have done a much more exact calculation of the effect of mass

loss on the disc structure. Their models include the energy to power the wind to its local

escape velocity (ϵ = 1) on the structure of the remaining disc, as well as the effect of

angular momentum losses and decrease in mass accretion rate. They parameterize the

mass loss rate from each surface element of the disc by using observed O star winds i.e.

they assume that the winds are UV line driven, and scale for the different gravity (g)

conditions. This gives a surface density mass loss rate of Σ̇ ∝ F 2.32/g1.11, where F ∝ T 4

is the local surface flux. One should note that their results are applicable only for a

high mass black hole such as PDS 456 and APM 08279+5255 because the temperature

of O stars ∼ 2.8–5 × 104 K (Howarth & Prinja, 1989) is close to the disc temperatures

expected for a high mass black hole.

UV-line drivingにもとづくシミュレーション結果(Laor & Davis)

• 従来の研究では、超高速アウトフローの変動は「柱密度または電離状態が変わっ
ている(Gofford+ 2014)」というように、何の物理的描像もない説明だった!

• 本研究では、円盤風の速度と放出角度だけが変化するという新たな描像が得ら
れた!

• この描像では超高速アウトフローが定常的に存在すると考えられる→周辺環境
へ莫大なエネルギーを供給
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超高速アウトフローの形成過程への示唆

• PDS(~1e9), APM(~1e10)はUVで明るい&Xで暗い→大質量AGNでは
UV-line driving?!

• 1e6のAGNだとUVで暗く、Xで明るい→×UV-line drivingではない?

24
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Self-similarity (MBH依存性)

• MBH=2e9, Lx=1.6e45, Γ=2.6, M=15, v=0.5c!

➡ MBH=5e6, Lx=4e42, Γ=2.6, M=0.0375, v=0.5c

26



/ 14

Γ依存性
• Γ=2.5→2.4!

• 電離状態(吸収線の比)が変わる (高エネルギー光子が増え、より電離)

27
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L依存性
• Lx=1e44→4e44 erg/s!

• 電離状態(吸収線の比)が変わる (より電離)
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Ω依存性

• Ω=0.15→0.30!

• column densityが減る。電離度少し上昇。
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Ω依存性2

• Ω=0.15→0.30 & Ṁ=10→20 M⊙/yr (n=const)!

• reprocessed成分が増える
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β依存性

• β=1→0.5!

• 大きなθinclでも吸収線が細い+reprocessedが減る
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v0依存性

• v0=1000 km/s→0.15c(=45000 km/s)!

• 大きなθinclでも吸収線が細い+reprocessedが減る
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vt依存性

• vt=1000 km/s→5000 km/s!

• 吸収線が太くなるが、大きなθincl(≳50°)では変わらない
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Rmin依存性

• Rmin=20Rg→50Rg!

• 柱密度が小さくなる(nr∝Ṁ/vΩRmin)
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θmin依存

• θminをかえると、輝線の赤方偏移成分が変わる

35

θmin = 30 deg (7.15 keV)!
θmin = 35 deg (6.86 keV)!
θmin = 40 deg (6.58 keV)!
θmin = 45 deg (6.33 keV)

Δθ=3deg
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モデルパラメータのスペクトルへの影響

36

• 降着円盤風からの放射スペクトルには11個のパラメータが影響する

• v∞, Ṁwind, θincl：フリーパラメータ (それぞれ吸収線の位置, 深さ, 幅に影響する)!

• 光度L, べき指数Γ：観測に基づいて決定!

• 立体角Ω, 内縁半径Rmin：Ω/4π=0.15, Rmin~2/(v/c)2Rg。Ṁwindの値に影響!

• 加速指数β, 初速度v0：β=1, v0=vt=1000 km/s。v∞, θinclの値に影響し、円盤風の加
速に直接迫れる→今後の研究!

• 乱流速度vt：vt=1000 km/s。吸収線幅に影響。小さければ影響は少ない。!

• 円盤風角度θmin：θmin=45°。輝線形状だけに影響(§5.3.3)

NH = nr � Ṁwind

�v�Rmin

� = L/nr2 � L�v�

Ṁwind

電離光子 速度・密度 ジオメトリ 観測者

光度L 終端速度 立体角Ω
光子指数Γ 質量放出率

内縁半径
加速指数β 円盤風方向
初速度
乱流速度 視線方向

電離状態!
(吸収線の強度比)

柱密度!
(吸収線の深さ)

吸収線の幅(Doppler broadening, 複数の速度成分)

吸収線構造の
θincl依存性

輝線の赤方偏移成分

blueshift

吸収線深さ、位置にも影響


