
An X-Ray Study of the Starburst-Driven Outflow in NGC 253

NGC 253銀河の爆発的星生成に伴うアウトフローの
X線による観測的研究

東京大学大学院理学系研究科物理学専攻
宇宙航空研究開発機構 宇宙科学研究所

三石　郁之

1



本発表の構成
-  研究背景 (P3 ~ P7)
‣ 宇宙の物質循環
‣ 爆発的星生成(スターバースト)に伴う銀河スケール(>kpc)のアウトフロー
‣ スターバーストアウトフローの観測的な現状と残された課題

-  目的と手法 (P8 ~ P14)
‣ 銀河スケールのスターバーストアウトフロー現象の観測的検証
‣ スターバースト銀河NGC 253のX線観測

-  解析と結果 (P15 ~ P26)
‣ 中心核領域の解析
‣ スーパーウィンド・ディスク・ハロー領域の解析

-  議論 (P27 ~ P33) 
‣ ハロー領域のX線ガスの起源
‣ ディスク・ハロー領域のX線ガスのダイナミクス
‣ ハロー内X線ガスの銀河間空間への流出可能性

-   本論文のまとめ (P34) 2



宇宙の物質拡散

- 銀河の外で多量の重元素が検出
‣銀河から”何らかの”メカニズムで重元素が流出
‣しかしながら重元素を含む物質の流出メカニズムは未解明

              銀河スケール(> kpc)のアウトフローモデルとしては例えば以下の二つ

‣Starburst-driven Outflow (e.g. Veilleux et al. 2005)
➡爆発的星生成(スターバースト)に伴い多量に生成される星からの星風、

                          光圧、超新星爆発などをエネルギー源として、周囲の星間物質を加熱　　　　

‣AGN-driven Outflow (e.g. King et al. 2003)
➡銀河中心にあるブラックホールへ、物質が降着するさいに開放される

　　　　　　　　  重力エネルギーにより周囲の星間物質を加熱
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宇宙の物質拡散
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- 銀河の外で多量の重元素が検出
‣銀河から”何らかの”メカニズムで重元素が流出
‣しかしながら重元素を含む物質の流出メカニズムは未解明

              銀河スケール(> kpc)のアウトフローモデルとしては例えば以下の二つ

‣Starburst-driven Outflow (e.g. Veilleux et al. 2005)
➡爆発的星生成(スターバースト)に伴い多量に生成される星からの星風、

                          光圧、超新星爆発などをエネルギー源として、周囲の星間物質を加熱　　　　

‣AGN-driven Outflow (e.g. King et al. 2003)
➡銀河中心にあるブラックホールへ、物質が降着するさいに開放される

　　　　　　　　  重力エネルギーにより周囲の星間物質を加熱

➡銀河スケールのアウトフロー(>kpc)を
　　　　　　　　　　 化学的側面から検証を試みる
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スターバーストアウトフロー

アウトフロー概念図
(Boomsma et al. 2005)

- Starburst-driven Outflow
‣スターバーストに伴う多量の重力崩壊型(Type II)超新星爆発により加熱された

　　X線で光る高温ガスが、周囲の星間物質を押しのけディスクの重力ポテンシャル、
　　最終的には母銀河の重力ポテンシャルを振り切り銀河間空間へと流出していくと
　　考えられている

‣X線観測=アウトフローガスの直接観測
‣X線ガスの化学組成は強力なprobe

　　　　　(Type II超新星爆発により豊富なα元素が供給)
‣重元素汚染の進行はスターバースト領域

　　　　　　  →ディスク→ハロー領域
‣X線観測からガスのダイナミクスに制限をつける

　　　　  ことも重要 スターバースト領域
(~100 pc)

ディスク
(~kpc)

ハロー
(>kpc)



アウトフロー観測の現状
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‣電離ガスや中性物質のアウトフローが観測

‣スターバースト銀河からディスクより有意に広がった (> kpc) X線ハローが検出
‣一部のX線ハローガスからα元素汚染が報告

‣高温ガスが数kpcにわたり断熱膨張である可能性が示唆

➡X線ハローガスはより内側のスターバースト領域起源だと解釈されている

(e.g. Heckman et al. 2000, Westmoquette et al. 2011)

 NGC 253銀河の
電離ガスアウトフローの動径速度

(Westmoquette et al. 2011)

           (M82: Strickland et al. 1997)

中心

視
線
速
度
 [k

m
 s
-1
]

0
20
0

-2
00

200600
中心からの距離 [pc] ディスク

 NGC 253銀河のX線ハロー
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(NGC4631: Yamasaki et al. 2009
 M82: Konami et al. 2011)
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残された課題

‣高温ガスのダイナミクスについてはディスク、ハロー共に観測的に調べる
  ことが難しく、特にハローについては観測的な制限は少ない
➡密度や温度などからその物理状態や速度に制限をつけていきたい

‣高温ガスの化学組成についても観測が乏しい(2例)
‣重元素汚染を議論するには統計が足りない (NGC 4631銀河: Yamasaki+ 2009)

➡α元素量を~factor 2の精度で求めることができる統計が必要となる

‣バックグランドの不定性のため、化学組成はハローのみ (M82銀河: Konami+ 2011)

➡ハロー内ガスの起源を議論するため、ディスク内部領域のX線ガスの
　　　  化学組成も調べる必要がある



本博士論文の目的
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                                                 <目的>
宇宙の重元素流出メカニズムと考えられている、銀河スケール(>kpc)

スターバーストアウトフローを化学的側面から検証し、
高温ガスのダイナミクスへの制限も試みる

　　　その検証のためには、

‣X線ハローガスがスターバースト領域起源であると考えて
　　　　 矛盾しないかどうか

‣ディスク、ハロー内の高温ガスの物理状態を調べる
　　　　　つまり、

‣薄く広がった、これまで観測が難しかった
　　　　　　　X線ハローガスをはじめ、ディスク内ガスの温度・密度分布、
　　　　　　　化学組成(重元素汚染)に着目し、

‣ディスク内部領域からハロー領域まで連続的な化学組成

         を調べる。



手法
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‣近傍スターバースト銀河NGC 253のX線観測

‣なぜNGC 253なのか ? 
‣何がどこまで分かっているのか
‣本論文のストラテジー 



近傍エッジオン・スターバースト銀河NGC 253
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M82と並び、最も”well-studied”な系外銀河の一つ

スターバーストアウトフローの観測的検証には最適なターゲット

エッジオン(傾角~80°)            ディスクとハローの切り分けが容易

      ダスト: L1-1000 µm ~2×1010 L
                      星: LB ~2×109 L　　　　　   
   星生成率: SFR ~1.4-9.5 M  /yr
　　  高温ガス: LX ~6×1039 erg/s

�

�

�

典型的なスターバースト銀河

全波長にわたる豊富な多波長観測            星、ダスト、中性物質など
　　　　　　　　　　　　　　　　　　他コンポーネントの情報

大きな視直径(ディスク ~27’×7’)

近傍(~3.4 Mpc)            明るい (FX~7×10-12 erg/s/cm2)

詳細な空間構造



‣100-1000 pc
スケールで
電離ガスが
数100 km/sの
アウトフロー

多波長で見るNGC 253の特徴的な領域

×5

中心核領域(スターバースト領域)
×15

スーパーウィンド領域

ディスク領域(B25)

ハロー領域電波CO輝線
(Sakamoto et al. 2011)

可視光Hα輝線
(Westmoquette et al. 2011)

可視光Bバンド
(Pence et al. 1980)

遠赤外
(Kaneda et al. 2009)
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‣100 pcスケールのコンパクト
 な領域にNH~1024 cm-2の分子雲
→最も激しい星生成領域

‣>kpcにわたり大型星
 が広く分布

‣~10 kpcまでダストが流出?



X線で見るスターバースト銀河NGC 253
4つの領域にはX線放射も観測されているが、化学組成に着目した解析はない

ハロー領域

×5スーパーウィンド領域

(Weaver et al. 2002)
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中心核領域

1 kpc

5 kpc

(Bauer et al. 2008)

ディスク領域

‣100 pcスケールのコンパクトな  
  領域から鉄輝線(Fe XXV: 6.7 keV) 
  を特徴とするハードなX線が検出
‣スペクトルは非常に複雑
‣起源は未知 
‣AGN ?
‣Starburst ?

Muller-Sanchez et al. 2010
Weaver et al. 2002

Pietsch et al. 2001

‣中心核領域から連続
的に放射がのびている

‣銀河面垂直方向に~10 kpcのX線ハロー
‣大局的(>kpc)にはほぼ温度一様(kT~0.2, 0.6 keV)

‣ディスク全面にX線ガスが存在
‣大局的(>kpc)にはほぼ温度一様(kT~0.2, 0.6 keV)
  の高温プラズマで説明できる(Bauer et al. 2008)
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本論文のストラテジー

‣中心核領域のX線放射の起源の追求: 
➡秒角(~20 pc)スケールの空間構造やスペクトル解析を行う

‣ハロー領域のガスの起源の追求: 
➡スーパーウィンド・ディスク・ハロー領域の化学組成を調べる           

‣ディスク・ハローガスのダイナミクスへの制限: 
➡ディスク・ハロー領域の密度・温度分布に着目し、制限を試みる



3つのX線天文衛星の特長を利用した解析
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米: Chandra (1999-)

欧: XMM-Newton (1999-)

日: すざく (2005-)

‣0.5秒角の高い空間分解能
‣点源とdiffuse放射の切り分け
‣混み合った複雑な領域に強み
‣中心核領域

‣10秒角の空間分解能と高い輝線感度
‣検出器バックグランドが高いため、
  暗い領域では感度が落ちる
‣明るく広がった領域で利用
‣スーパーウィンド・ディスク

‣角度分解能は悪いものの、高い輝線感度
‣低く、安定した検出器バックグウンド
‣主に暗く、広がった領域で利用
‣ディスク・ハロー



- 解析と結果 -
‣中心核領域の解析
‣鉄輝線構造の検出
‣鉄輝線構造の分布

‣スーパーウィンド・ディスク・ハロー領域の解析
‣解析の流れ
‣X線ガスの化学組成
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中心核領域のX線スペクトル
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Fe XXV輝線を特徴とする、非常に複雑なハードX線放射

50 pc
Fe XXV

Ar XVII

S XV

Fe XXV (6.7 keV)輝線 高温プラズマ(>1 keV)が必要
➡放射起源を調べる必要がある

4-10 keV (Chandra)
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Fe XXV輝線を特徴とする、非常に複雑なハードX線放射

50 pc
Fe XXV

Ar XVII

S XV

Fe XXV (6.7 keV)輝線 高温プラズマ(>1 keV)が必要
➡放射起源を調べる必要がある

4-10 keV (Chandra)

中心核特有の鉄輝線構造に着目
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中心核領域の鉄輝線構造

4-10 keV (すざく)4-10 keV (Chandra)

NGC 253中心核領域からの初のFe I、Fe XXVI輝線の検出

‣Fe I: >99.99 %, Fe XXVI: 99.89 %
鉄輝線構造を手掛かりに、独自の視点からX線放射の起源を探る

50 pc 10 kpc
>5 keVの感度の高いすざく
衛星で有意度の検定

100倍ズームアウト
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鉄輝線構造の分布

4-10 keVすざく Chandra

R0: r2.2 kpc, R1: r20 pc (中心にAGNの存在が示唆), R2: 130×50 pc2

鉄輝線flux [10-6 photons s-1 cm-2]
すざく ChandraChandraChandra

領域 R0 R1 R2 R1+R2
Fe I 3.8+1.2-1.1 <0.6 1.2+1.0-0.8 1.7+1.2-1.0

Fe XXV 8.4+1.4-1.3 2.1+1.1-1.0 4.8+1.3-1.2 7.1+1.6-1.4
Fe XXVI 2.3+1.2-1.1 <1.0 <1.1 1.7+1.3-1.1

R2

R1

50 pc

放射起源を探るため、まずは放射領域を調べる

10 kpc

R0

(Muller-Sanchez et. al. 2010)
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鉄輝線構造の分布

4-10 keVすざく Chandra

R0: r2.2 kpc, R1: r20 pc (中心にAGNの存在が示唆), R2: 130×50 pc2

鉄輝線flux [10-6 photons s-1 cm-2]
すざく ChandraChandraChandra

領域 R0 R1 R2 R1+R2
Fe I 3.8+1.2-1.1 <0.6 1.2+1.0-0.8 1.7+1.2-1.0

Fe XXV 8.4+1.4-1.3 2.1+1.1-1.0 4.8+1.3-1.2 7.1+1.6-1.4
Fe XXVI 2.3+1.2-1.1 <1.0 <1.1 1.7+1.3-1.1

R2

R1

50 pc

放射起源を探るため、まずは放射領域を調べる

‣Fe I, Fe XXVは100 pcスケールで広がっている

10 kpc

R0

(Muller-Sanchez et. al. 2010)
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鉄輝線構造の分布

4-10 keVすざく Chandra

R0: r2.2 kpc, R1: r20 pc (中心にAGNの存在が示唆), R2: 130×50 pc2

鉄輝線flux [10-6 photons s-1 cm-2]
すざく ChandraChandraChandra

領域 R0 R1 R2 R1+R2
Fe I 3.8+1.2-1.1 <0.6 1.2+1.0-0.8 1.7+1.2-1.0

Fe XXV 8.4+1.4-1.3 2.1+1.1-1.0 4.8+1.3-1.2 7.1+1.6-1.4
Fe XXVI 2.3+1.2-1.1 <1.0 <1.1 1.7+1.3-1.1

R2

R1

50 pc

放射起源を探るため、まずは放射領域を調べる

‣Fe I, Fe XXVは100 pcスケールで広がっている
‣Fe XXV, XXVIは中心128×48 pc2 (R1+R2)領域内のみから放射

10 kpc

R0

(Muller-Sanchez et. al. 2010)
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鉄輝線構造の分布

‣Fe Iは中心128×48 pc2 (R1+R2)領域外にも分布している可能性有り

4-10 keVすざく Chandra

R0: r2.2 kpc, R1: r20 pc (中心にAGNの存在が示唆), R2: 130×50 pc2

鉄輝線flux [10-6 photons s-1 cm-2]
すざく ChandraChandraChandra

領域 R0 R1 R2 R1+R2
Fe I 3.8+1.2-1.1 <0.6 1.2+1.0-0.8 1.7+1.2-1.0

Fe XXV 8.4+1.4-1.3 2.1+1.1-1.0 4.8+1.3-1.2 7.1+1.6-1.4
Fe XXVI 2.3+1.2-1.1 <1.0 <1.1 1.7+1.3-1.1

R2

R1

50 pc

放射起源を探るため、まずは放射領域を調べる

‣Fe I, Fe XXVは100 pcスケールで広がっている
‣Fe XXV, XXVIは中心128×48 pc2 (R1+R2)領域内のみから放射

10 kpc

R0

(Muller-Sanchez et. al. 2010)



鉄輝線構造と多波長との相関

Fe XXV輝線も星生成に起因した放射源からの放射であることが示唆

R1

R2

P1

P2

P3

P4

Fe XXV輝線強度マップ

(Sakamoto et al. 2010)
0 4カウント数

CO輝線強度マップ

‣Fe XXV輝線強度が特に強い領域がある(P1, P3)
‣P1, P3は10 pcスケールで電波、中間赤外強度ピークと対応
‣CO輝線強度...星生成の材料となる分子雲を反映
‣中間赤外...若い星からの放射を反映

19

50 pc

P1

P3



P1領域のワイドバンドスペクトル
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最も鉄輝線強度が高いP1(半径24 pc)領域のX線放射の物理量を調べる

R1

R2

P1

P2

P3

P4

Fe XXV輝線強度マップ
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‣高温側の鉄輝線を放射するプラズマ(kT~2.5+0.5-0.3 keV)の物理量を算出
‣L0.5-10 keV = (8.6±1.4)×1038 erg s-1, Ethermal = 5.4+0.5-0.6×1052 erg

       MFe = 20±2 M  , LFe I = 1.2+1.3-0.9 ×1037 erg s-1, 
       LFe XXV = 2.7+1.2-1.5 ×1037 erg s-1

�
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中心核領域の解析のまとめと起源の議論

‣Fe I, Fe XXVI輝線を各々>99.99 %, 99.89 %の有意度で初検出した

‣中心核領域のFe XXV輝線強度が、星生成に伴う電波や赤外線強度と数10  
      pcスケールで相関があることを初めて示した

    鉄輝線のluminosity, thermal energy, 鉄質量から起源を議論した結果、
‣Fe I, XXV輝線を点源で説明するには極端に多い個数、空間密度が必要
‣Fe XXV輝線は星生成に伴う10-1000以下の超新星残骸で説明可能

‣中間赤外の観測結果とも一致 (Keto et al. 1999)
‣Fe I輝線は星生成に伴う非常に密度の濃い分子雲で説明可能

‣電波観測の結果とも一致 (Sakamoto et al. 2010)

➡観測された鉄輝線は星生成領域に多量に存在する超新星残骸や
　　　その材料となる分子雲起源であると考えても矛盾しない

(Mitsuishi et al. ApJL 2011, 742, 2, L31)



- 解析と結果 -
‣中心核領域の解析
‣鉄輝線構造の検出
‣鉄輝線構造の分布

‣スーパーウィンド・ディスク・ハロー領域の解析
‣解析の流れ
‣X線ガスの化学組成

22



23

解析の流れ: 領域の選定

‣電離ガスのアウトフローが観測された
領域の近傍、かつX線で明るい領域
‣90×55 arcmin2 = 1.4×0.9 kpc2

‣ディスク領域の外側
‣16×7.7 arcmin2 = 15×7.4 kpc2

10 kpc

スーパーウィンド領域ディスク領域

‣B25領域。長軸:14 arcmin=13 kpc
  短軸: 3.4 arcmin=3.3 kpcの楕円領域
‣点源は半径10”の円で除く

1 kpc

50 150カウント数

r10”

5 10カウント数

ハロー領域

10 kpc
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解析の流れ: スペクトルフィット
最も暗いハロー領域を例に紹介

バックグランド+NGC 253
‣系内前景放射 + 宇宙X線背景放射
‣blank skyで用いられているモデルを採用
‣温度・強度は典型的はblank skyの値と

　　  コンシステント

‣高温ガス(1T or 2 T or 3 T)
‣主に<2 keVで卓越
‣衝突電離平衡プラズマでモデリング
‣輝線として見えているO, Ne, Mg, Siの

　  α元素量を調べる
‣各重元素量はプラズマ間で同じ値を仮定

‣ハロー内の点源からの放射
‣主に>2 keVで優勢
‣多数の点源からの重ねあわせとして

　  10 keVの制動放射でモデリング
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解析の流れ: 各領域のスペクトル
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各領域の化学組成とまとめ
スーパーウィンド領域 ディスク領域 ハロー領域

元素 元素 元素
O Ne Mg Si鉄

原
子
に
対
す
る
個
数
比

1

10

0.1

鉄
原
子
に
対
す
る
個
数
比

1

10

0.1

鉄
原
子
に
対
す
る
個
数
比

1

10

0.1太陽組成比
(Anders & Grevesse, 1989)

O Ne Mg Si O Ne Mg Si

‣O, Ne, Mg, Siの4つのα元素に対して全ての領域から化学組成比の抽出に成功
‣スターバースト銀河において、中心核近傍からハロー領域までに

　　 およぶ連続した化学組成を求めたのは初めて
‣ハロー領域の組成比を<60 %の精度で求めたのはスターバーストで2例目

‣各領域のNe, Mg, Siの組成比は太陽組成比と比べてもα元素が豊富
‣ハロー領域も含め、各領域のX線ガスはType II超新星爆発により

       汚染が進んでいることを初めて明らかにした
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- 議論 -
‣ハロー領域のX線ガスの起源
‣NGC 253におけるX線ガスのダイナミクス
‣ディスク・ハロー領域のX線ガスのダイナミクス
‣ハロー内X線ガスの銀河間空間への流出可能性



ハロー領域のX線ガスの起源
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‣10 kpcにわたる3領域内の全てのα元素の組成比が90 %の範囲内で一致
‣ハロー領域のX線ガスはより内側のガスと同一起源と考えても矛盾しない

‣α元素のうちNe, Mg, Si元素は太陽組成と比べても豊富
‣Type II超新星爆発による汚染
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ハロー領域のX線ガスの起源
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核燃焼暴走型超新星爆発 
(Iwamoto et al. 1999)

太陽組成
(Anders & Grevesse, 1989)

Type II超新星爆発
(Nomoto et al. 2006)

‣10 kpcにわたる3領域内の全てのα元素の組成比が90 %の範囲内で一致
‣ハロー領域のX線ガスはより内側のガスと同一起源と考えても矛盾しない

‣α元素のうちNe, Mg, Si元素は太陽組成と比べても豊富
‣Type II超新星爆発による汚染
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ハロー領域のX線ガスの起源
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‣中心核領域のX線放射の一部は少なくともスターバースト起源
‣ハロー領域のX線ガスもType II超新星爆発により汚染
‣ハロー領域のX線ガスはディスク内部のガスと同一起源と考えても矛盾しない

➡スターバーストアウトフローの観測的検証に成功
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- 議論 -
‣ハロー領域のX線ガスの起源
‣NGC 253におけるX線ガスのダイナミクス
‣ディスク・ハロー領域のX線ガスのダイナミクス
‣ハロー内X線ガスの銀河間空間への流出可能性
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ディスク・ハロー領域のハードネス比と輝度分布

‣スペクトルの形を反映
‣温度と相関

ディスクからの距離[kpc]
0 4 8

ディスク ハロー
0

1

ハ
ー
ド
ネ
ス
比

‣ディスク領域ではハード、
  ハロー領域ではほぼ一定値

‣X線輝度 = ∫Λ×nH×ne dV
‣平方根は密度と相関
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0 4 8
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100
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‣ディスク領域ではシャープ、
  ハロー領域ではなだらか

500
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ディスク・ハロー領域のX線ガスのダイナミクス
X線ガスの密度・温度のポリトロープ関係を調べる

‣ディスクとハロー領域では密度・温度の依存性が異なっているように見える
‣ディスクとハロー領域のX線ガスのダイナミクスが異なっている可能性を示唆
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PVγ = const → Tρ1-γ = const
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ディスク・ハロー領域のX線ガスのダイナミクス
X線ガスの密度・温度のポリトロープ関係を調べる

31

PVγ = const → Tρ1-γ = const

‣ディスク領域は断熱膨張、ハロー領域からは自由膨張
       である描像を考えても矛盾しない

γ = 4/3
γ = 5/3
γ = 6/3

10.5

10
0

10
00

20
50

20
0

50
0

Su
rf

ac
e 

B
rig

ht
ne

ss
 in

 0
.4

0.
8 

ke
V

Hardness Ratio (0.8 1.0 keV / 0.4 0.8 keV)

Hardness Ratio vs Surface Brightness

10.5
10

0
10

00
20

50
20

0
50

0

Su
rf

ac
e 

B
rig

ht
ne

ss
 in

 0
.4

0.
8 

ke
V

Hardness Ratio (0.8 1.0 keV / 0.4 0.8 keV)

Hardness Ratio vs Surface Brightness

γ = 4/3
γ = 5/3
γ = 6/3

10.5 10.5
ハードネス比 ハードネス比

10
0

50
0

輝
度

10
0

50
0

輝
度

NWディスク+ハロー SEディスク+ハロー



32

motivation: 
‣ハロー内のX線ガスは自由膨張
‣ハロー中のガスがゆっくり運動していると放射冷却により冷えてしまう
‣観測された温度プロファイルを実現するためにはある程度の速度が必要
➡独自の視点から速度に制限をつけ、銀河間空間への流出可能性を探る

仮定: (1) X線ガスがハロー領域をディスク垂直方向に一定速度 (vbulk)で移動
       (2) 冷却過程としては放射冷却のみを考慮 
       (3) ハロー領域の密度分布は輝度分布から得られた分布を採用

ハロー内X線ガスの銀河間空間への流出可能性
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放射冷却による温度分布と観測値との比較

観測された温度分布を再現するためにはVbulk > 400 km/s 必要
‣熱エネルギーと合わせると銀河ポテンシャル(~210 km/s)を超える可能性

観測値のベストフィット直線
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本博士論文のまとめ
‣NGC 253の中心核・スーパーウィンド・ディスク・ハロー領域のX線ガスの
  輝線構造や化学組成からその起源を、温度や密度分布からダイナミクス
  を調べた
‣中心核領域にて観測されたFe I, Fe XXVI輝線の起源として、星生成に伴う分子雲および

  　 超新星残骸で説明できることを初めて定量的に示した。

‣スーパーウィンド、ディスク、ハロー領域の化学組成比に着目し、各領域の O, Ne, Mg, 
      Siの化学組成比が90 %のエラーの範囲内で全て一致することを初めて明らかにした。
      またその組成比から、各領域のガスがType II超新星爆発により汚染されたもので
      あったことを初めて示した。

‣以上から、中心核からハロー領域まで数kpcにわたるX線ガスが、中心
           核の星生成に伴うガス起源だとしても矛盾しない検証結果を得た。

‣ディスク・ハロー内の温度・密度を調べることで、ディスク領域は断熱膨張、
　　ハロー領域は自由膨張としても矛盾しない結果を初めて示した。

‣ハロー内のガスが観測された温度を再現するためには少なくとも>400 km/sの速度が必
      要であるという下限値を初めて与え、ハロー内のガスの銀河間空間流出の可能性を示
      した。
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Figure 2. Radio continuum in the center of NGC 253. (a) 1.3 mm, (b) 0.87 mm,
and (c) 1.3 cm and other sources for comparison. In (a) and (b), contour steps
are 7.5 mJy beam−1 (= 0.05 K = 3σ ) and 40 mJy beam−1 (= 0.21 K =
1.7σ ), respectively, and peak intensities are 82 mJy beam−1 (= 1.6 K) and
0.32 Jy beam−1 (= 1.7 K), respectively. The five brightest peaks of 1.3 mm
continuum are marked with plus signs in (a) and (b) and with circles in (c). Panel
(c) shows the 1.3 cm compact sources listed in Ulvestad & Antonucci (1997,
Table 6) as diamond symbols, each of which has an area proportional to its flux
density. The brighter sources found earlier by Turner & Ho (1985) are indicated
by red squares with THn names while others are shown in magenta. TH2 is
the brightest source at 1.3 cm. The green asterisk is the most IR-luminous star
cluster in this region and is associated with TH7 (Keto et al. 1999; Fernández-
Ontiveros et al. 2009). Two blue plus signs are H2O masers, one of which is at
TH4 (Henkel et al. 2004; Hofner et al. 2006). The origin of the offset coordinate
in this and subsequent figures is α = 00h47m33.s182, δ=−25◦17′17.′′148 (J2000),
the position of TH2 measured by Lenc & Tingay (2006).

peaks are hereafter referred to by their numbers in Figure 2(c)
and Table 3.

3.2. Continuum Properties

3.2.1. Emission Mechanism Inferred from Spectral Index

The majority of continuum emission at around 1 mm is most
likely thermal dust emission, judging from the spectral index
between 0.87 and 1.3 mm. The flux density ratio of the 0.87
and 1.3 mm continua is approximately 3 according to a data
comparison with matching range of u–v lengths. (The ratio
R0.87/1.3 is in the range of 3.2 ± 0.5. See Table 3.) This steep
increase of flux density toward shorter wavelengths, which was
also seen between 3 and 1.3 mm (S06, and references therein),
is consistent with the dominance of thermal dust emission at
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Figure 3. Molecular lines in the center of NGC 253. The line name and the
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is not supported by the newly measured spectral index of the
continuum at this peak, about 3, that is comparable to those at
other peaks. A remaining plausible explanation for the stronger
continuum at the nucleus is a higher temperature than in the other
peaks. A higher temperature reduces the equivalent widths of
optically thin lines but does not change the equivalent width
of a thick line in the LTE model (Sakamoto et al. 2008). The
higher temperature at the nucleus is thus consistent with our
observations of CO isotopologues. Presence of molecular gas at
!100 K in the central region of NGC 253 has been inferred
by observations of HC3N (Mauersberger et al. 1990), NH3
(Mauersberger et al. 2003), high-J CO lines (Bayet et al. 2004),
and the combination of CO isotopologues and HCN (Matsushita
et al. 2010). A large fraction of such hot molecular gas may be
at the nuclear peak (i.e., No. 3) causing the low equivalent width
of optically thin CO lines there. Another remaining model is the
selective photodissociation of 13CO, C18O, and other molecules
showing less pronounced peaks at the nucleus (No. 3) than
at Nos. 2 and 4. This may accompany the possible higher
temperature and hence stronger heating radiation at No. 3.

3.5. Comparison with the Center of Our Galaxy

It is interesting to compare the CMZ of NGC 253 with that
of our Galaxy to learn the cause and consequence of starburst
because the two are (among the) nearest starburst and non-
starburst galactic centers, respectively. Both have near edge-on
viewing angles and owe their gas distributions to a galactic
stellar bar (Scoville et al. 1985; Sorai et al. 2000; Binney et al.
1991; Sawada et al. 2004). The Galactic CMZ is the central half
kpc region of high gas concentration with a total gas mass of
∼5×107 M# (Pierce-Price et al. 2000; Dahmen et al. 1998) and
a total infrared (λ = 1–1000 µm) luminosity from interstellar
dust of 4 × 108 L# (Sodroski et al. 1997). Thus, the starburst
CMZ of NGC 253 has about an order of magnitude more gas
and is about two orders of magnitude more luminous than the
central region of our Galaxy (see references in Section 1). A
previous comparison of the two CMZs was made by Paglione
et al. (1995) in HCN(1–0) at ∼50 pc resolution.

We show 12CO(2–1) maps of the center of our Galaxy
in Figure 8 for comparison with NGC 253. The data were
obtained by Sawada et al. (2001) using the University of Tokyo
60 cm telescope and have the same 20 pc resolution as our
NGC 253 data. Two morphological similarities are evident from
the comparison. First, both galaxies have a similar size of about
0.5 × 0.1 kpc2 at the half-maximum intensity of the CO(2–1)
emission. The two CMZs therefore have about the same size.
Second, both galaxies show several prominent peaks of 20–50 pc
sizes in their CMZs. The four most prominent CO peaks in the
Galactic CMZ are Sgr A, B2, and C cloud complexes at l =
0◦, 0.◦7, and −0.◦5, respectively, and the l = 1.◦3 cloud complex.
About one-third of the total CO(2–1) flux in the central 340 pc
(FWHM) of our Galaxy is from the four 50 pc diameter regions
centered at these molecular cloud complexes. They show peaks
in the map of peak brightness temperature (Figure 8(b)). They
also have associated peaks of centimeter and (sub)millimeter
continuum emission as in the case of NGC 253. In particular,
the Sgr B2 cloud complex contains the most prominent sites of
star formation in the Galactic center (Pierce-Price et al. 2000;
Schuller et al. 2009; Bally et al. 2010, and references therein).
The four cloud complexes in the Galactic center have higher
HCN-to-CO intensity ratios, or higher gas densities, than the
area surrounding them according to the J = 1–0 line observations
of the Galactic center by Jackson et al. (1996). This coincides
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Figure 8. Center of the Milky Way in 12CO(2–1) for comparison with the
center of NGC 253. The single-dish data are from Sawada et al. (2001) and
have a resolution of 23 pc (FWHM) at the Galactic center (distance 8.5 kpc).
The dashed lines mark the same linear-scale area as they do in Figure 3. (a)
Integrated intensity. The contours are at 46×n1.5 K (Tmb) km s−1. The brightest
peaks at l = 0◦, 0.◦7, −0.◦5, and +1.◦3 are the Sgr A, B2, C clouds, and the l = 1.◦3
cloud, respectively. (b) Peak brightness temperature with 2 K contour intervals.
Peak intensities were searched only at |VLSR| > 30 km s−1 to exclude emission
from the disk and arms in the foreground or background of the Galactic center.

with what we saw in NGC 253 (Section 3.3.4) and constitutes
the third element of similarities between the Galactic center
and the center of NGC 253, that is, the massive molecular cloud
complexes in both CMZs have high HCN-to-CO ratios probably
due to their high densities. This agrees with what Paglione
et al. (1995) found using HCN and CO (1–0) data of 3′′ and
7′′ resolution, respectively.

The largest difference between the two galaxies is that the
most prominent molecular cloud complexes in the center of
NGC 253 have a factor of 3–4 higher CO(2–1) intensities, in
both integrated and peak values, than those in the center of
our Galaxy. The difference in the peak integrated intensities
suggests, if the same CO-to-H2 conversion factor applies to
both, that the cloud complexes in NGC 253 have higher masses
and higher gas column densities at 20 pc scale than their
Galactic counterparts. Since the molecular cloud complexes in
the two CMZs are similar in size according to our CO(2–1)
maps, the higher column density in NGC 253 would also mean
higher mean volume density in the cloud complexes in the
starburst CMZ. A caution here is that the uncertainty of the
CO-to-H2 conversion factors in the centers of the two galaxies
directly affects this comparison. We estimated in Section 3.3.2
the mass and mass surface densities of molecular gas in the
center of NGC 253 using two methods independent of the
conversion factor. Those estimates agree within a factor of a
few with the mass derived from the adopted conversion factor
of XCO = 1 × 1020 cm−2 (K km s−1)−1, suggesting the mass
uncertainty of 0.5 dex. The conversion factor in the center of
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NGC 253銀河中心のCO輝線強度マップ(左)と温度マップ(右)
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NGC 253の方が温度は高く、factor~3程密度も高い

The Astrophysical Journal, 735:19 (12pp), 2011 July 1 Sakamoto et al.

 -5

  0

  5

 -5

  0

  5

D
ec

. o
ffs

et
 [a

rc
se

c]

1.1" x 1.1" 50 pc

(a) 12CO(2-1)

0 10 20 30 40 50

 -5

  0

  5

 -5

  0

  5

D
ec

. o
ffs

et
 [a

rc
se

c]

1.8" x 1.0" 50 pc

(b) 12CO(3-2)

0 10 20 30 40

 -5

  0

  5

 -5

  0

  5

D
ec

. o
ffs

et
 [a

rc
se

c]

1.6" x 1.5" 50 pc

(c) 13CO(2-1)

0 2 4 6 8 10 12

 -5

  0

  5

 -5

  0

  5

D
ec

. o
ffs

et
 [a

rc
se

c]

1.6" x 1.5" 50 pc

(d) C18O(2-1)

0 1 2 3 4 5

 10   5   0  -5 -10

 -5

  0

  5

 10   5   0  -5 -10
R.A. offset [arcsec]

 -5

  0

  5

D
ec

. o
ffs

et
 [a

rc
se

c]

2.2" x 1.7" 50 pc

(e) HCN(4-3)

0 1 2 3 4 5 6

Figure 4. Peak brightness temperature maps of molecular lines in the center of
NGC 253. The Rayleigh–Jeans brightness temperatures of the lines (in excess
of any continuum) are in units of K. The five plus signs are at the positions of
the 1.3 mm continuum peaks.
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λ ! 1 mm. The minimum fraction of dust emission is 0.8
at 0.87 mm for the flux density ratio of R0.87/1.3 = 3, dust
emissivity index of β = 2 (Dunne & Eales 2001), and a flat
spectrum contribution from optically thin free–free emission.
The ratio at the nucleus, i.e., the peak No. 3, is R0.87/1.3 = 3.0
and is not distinctly different from the ratio at the other peaks.

3.2.2. Mass and Column Density from Continuum

The peak column density of gas at the continuum peaks is
estimated to be (1–4) ×104 M$ pc−2 from the 1.3 mm emission
and to be (0.2–2) ×104 M$ pc−2 from 0.87 mm (Table 3). These
estimates use the mass opacity coefficient of Hildebrand (1983),
β = 2, gas-to-dust mass ratio of 100, and a dust temperature
of 50 K. The peak column densities from 1.3 mm data are
larger by a factor of ∼2 than those from 0.87 mm data partly
because of the larger beam size (and dilution) of the latter
data. Other possible reasons for any discrepancy between the
parameters derived from 0.87 mm and 1.3 mm data are deviation
of dust temperature and β from the adopted values, different u–v
coverages, small contamination of the continuum from non-
thermal or line emission, and our flux calibration errors.

The overall uncertainties of our estimates for the peak surface
densities and masses are about a factor of five, considering the
uncertainties of the opacity coefficient, gas-to-dust ratio, dust
temperature, and calibration of our observations. The largest
source of error is in the dust opacity coefficient. Pollack et al.
(1994) estimated its very conservative error to be a factor of
four for a variety of grain properties. The gas-to-dust ratio
that we adopted is from the ratio in the solar neighborhood
(≈150; Sodroski et al. 1997) corrected for the metallicity at the
center of NGC 253, which is 0.1–0.2 dex higher than in our
vicinity (Pilyugin et al. 2004, 2006). The dust temperature in
the calculation above is from the peak brightness temperature
of the 12CO lines at the continuum sources. It is also consistent,
within a factor of two, with the dust temperatures inferred for the
nuclear region by fitting the spectral energy distribution (SED)
in the far-infrared (Radovich et al. 2001; Melo et al. 2002; Weiß
et al. 2008). We did not subtract non-dust emission from the
continuum or correct the continuum flux density for missing
flux because the two corrections are less than a few 10% each
and are in opposite directions.
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is not supported by the newly measured spectral index of the
continuum at this peak, about 3, that is comparable to those at
other peaks. A remaining plausible explanation for the stronger
continuum at the nucleus is a higher temperature than in the other
peaks. A higher temperature reduces the equivalent widths of
optically thin lines but does not change the equivalent width
of a thick line in the LTE model (Sakamoto et al. 2008). The
higher temperature at the nucleus is thus consistent with our
observations of CO isotopologues. Presence of molecular gas at
!100 K in the central region of NGC 253 has been inferred
by observations of HC3N (Mauersberger et al. 1990), NH3
(Mauersberger et al. 2003), high-J CO lines (Bayet et al. 2004),
and the combination of CO isotopologues and HCN (Matsushita
et al. 2010). A large fraction of such hot molecular gas may be
at the nuclear peak (i.e., No. 3) causing the low equivalent width
of optically thin CO lines there. Another remaining model is the
selective photodissociation of 13CO, C18O, and other molecules
showing less pronounced peaks at the nucleus (No. 3) than
at Nos. 2 and 4. This may accompany the possible higher
temperature and hence stronger heating radiation at No. 3.

3.5. Comparison with the Center of Our Galaxy

It is interesting to compare the CMZ of NGC 253 with that
of our Galaxy to learn the cause and consequence of starburst
because the two are (among the) nearest starburst and non-
starburst galactic centers, respectively. Both have near edge-on
viewing angles and owe their gas distributions to a galactic
stellar bar (Scoville et al. 1985; Sorai et al. 2000; Binney et al.
1991; Sawada et al. 2004). The Galactic CMZ is the central half
kpc region of high gas concentration with a total gas mass of
∼5×107 M# (Pierce-Price et al. 2000; Dahmen et al. 1998) and
a total infrared (λ = 1–1000 µm) luminosity from interstellar
dust of 4 × 108 L# (Sodroski et al. 1997). Thus, the starburst
CMZ of NGC 253 has about an order of magnitude more gas
and is about two orders of magnitude more luminous than the
central region of our Galaxy (see references in Section 1). A
previous comparison of the two CMZs was made by Paglione
et al. (1995) in HCN(1–0) at ∼50 pc resolution.

We show 12CO(2–1) maps of the center of our Galaxy
in Figure 8 for comparison with NGC 253. The data were
obtained by Sawada et al. (2001) using the University of Tokyo
60 cm telescope and have the same 20 pc resolution as our
NGC 253 data. Two morphological similarities are evident from
the comparison. First, both galaxies have a similar size of about
0.5 × 0.1 kpc2 at the half-maximum intensity of the CO(2–1)
emission. The two CMZs therefore have about the same size.
Second, both galaxies show several prominent peaks of 20–50 pc
sizes in their CMZs. The four most prominent CO peaks in the
Galactic CMZ are Sgr A, B2, and C cloud complexes at l =
0◦, 0.◦7, and −0.◦5, respectively, and the l = 1.◦3 cloud complex.
About one-third of the total CO(2–1) flux in the central 340 pc
(FWHM) of our Galaxy is from the four 50 pc diameter regions
centered at these molecular cloud complexes. They show peaks
in the map of peak brightness temperature (Figure 8(b)). They
also have associated peaks of centimeter and (sub)millimeter
continuum emission as in the case of NGC 253. In particular,
the Sgr B2 cloud complex contains the most prominent sites of
star formation in the Galactic center (Pierce-Price et al. 2000;
Schuller et al. 2009; Bally et al. 2010, and references therein).
The four cloud complexes in the Galactic center have higher
HCN-to-CO intensity ratios, or higher gas densities, than the
area surrounding them according to the J = 1–0 line observations
of the Galactic center by Jackson et al. (1996). This coincides
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Figure 8. Center of the Milky Way in 12CO(2–1) for comparison with the
center of NGC 253. The single-dish data are from Sawada et al. (2001) and
have a resolution of 23 pc (FWHM) at the Galactic center (distance 8.5 kpc).
The dashed lines mark the same linear-scale area as they do in Figure 3. (a)
Integrated intensity. The contours are at 46×n1.5 K (Tmb) km s−1. The brightest
peaks at l = 0◦, 0.◦7, −0.◦5, and +1.◦3 are the Sgr A, B2, C clouds, and the l = 1.◦3
cloud, respectively. (b) Peak brightness temperature with 2 K contour intervals.
Peak intensities were searched only at |VLSR| > 30 km s−1 to exclude emission
from the disk and arms in the foreground or background of the Galactic center.

with what we saw in NGC 253 (Section 3.3.4) and constitutes
the third element of similarities between the Galactic center
and the center of NGC 253, that is, the massive molecular cloud
complexes in both CMZs have high HCN-to-CO ratios probably
due to their high densities. This agrees with what Paglione
et al. (1995) found using HCN and CO (1–0) data of 3′′ and
7′′ resolution, respectively.

The largest difference between the two galaxies is that the
most prominent molecular cloud complexes in the center of
NGC 253 have a factor of 3–4 higher CO(2–1) intensities, in
both integrated and peak values, than those in the center of
our Galaxy. The difference in the peak integrated intensities
suggests, if the same CO-to-H2 conversion factor applies to
both, that the cloud complexes in NGC 253 have higher masses
and higher gas column densities at 20 pc scale than their
Galactic counterparts. Since the molecular cloud complexes in
the two CMZs are similar in size according to our CO(2–1)
maps, the higher column density in NGC 253 would also mean
higher mean volume density in the cloud complexes in the
starburst CMZ. A caution here is that the uncertainty of the
CO-to-H2 conversion factors in the centers of the two galaxies
directly affects this comparison. We estimated in Section 3.3.2
the mass and mass surface densities of molecular gas in the
center of NGC 253 using two methods independent of the
conversion factor. Those estimates agree within a factor of a
few with the mass derived from the adopted conversion factor
of XCO = 1 × 1020 cm−2 (K km s−1)−1, suggesting the mass
uncertainty of 0.5 dex. The conversion factor in the center of
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10.3 km, where the emission is relatively weak, because the
wider bandpass provides for a better signal-to-noise ratio.
The data between 7.6 and 13.4 km were interpolated to a
uniform bandwidth of 0.2 km. Additionally we observed the
galaxy at 20.2 km with 10% resolution.

The images were calibrated by comparison with the
spectra of standard stars published by Cohen et al. (1995).
The images have been corrected for Ñat Ðeld and bad pixels
by standard techniques (Ho†mann & Hora 1997). We
remove the e†ect of atmospheric absorption by Ðrst Ðtting
for the atmospheric extinction, and second by correcting for
the extinction. The Ðtting is possible because the atmo-
spheric transmission varies with wavelength, and therefore
the shape of the spectra in our measurements of the stan-
dard stars depends on the extinction. Comparison of the
measured shapes with the expected shapes above the atmo-
sphere (Cohen et al. 1995) for our calibrator stars b And and
b Peg gave optical depths of 1.40 and 1.35 times the zenith
optical depth of the model atmosphere (Cohen et al. 1995),
implying an uncertainty of 5%, At each wavelength, we use
this optical depth and the atmospheric model to correct the
counts of our standard stars and the galaxy to above the
atmosphere. Once above the atmosphere, we can smooth
the channel-to-channel noise in our measurements of the
calibrator stars to improve the signal-to-noise ratio. We
then calibrate each of our galaxy images at the di†erent
wavelengths separately, taking into account the transmis-
sion function of the Ðlter used. The rms noise in each image
provides an estimate of the relative uncertainty within the
image : about 30 mJy arcsec~2 for the longer wavelengths
and 100 mJy arcsec~2 for the wavelengths less than 9 km.
The di†erence in the noise levels is due to changing weather
conditions.

Our data show a total 12.4 km Ñux of 20 Jy within a 0.2
km bandpass, almost twice the Ñux density from our pre-
vious observation made at 12.5 km with a bandpass Ðlter of
1.25 km (Keto et al. 1993). The di†erent bandpasses coupled
with the feature-rich mid-IR spectrum will account for some
of the di†erence. But our previous experience with mid-IR
calibration suggests that a more signiÐcant source of uncer-
tainty is in the strengths of the calibrator stars, particularly
when viewed with the di†erent bandpasses used by di†erent
instruments. Use of the new calibration spectra of Cohen et
al. (1995) should help improve mid-IR calibration because
these standard spectra can be convolved with any instru-
mental Ðlter function to derive appropriate calibrator Ñuxes
for a particular instrument.

The brightest mid-IR peak was assigned the position that
we had previously measured for this feature by o†setting to
nearby stars (Keto et al. 1993). The position of this peak has
also been measured in the near-IR (Kalas & Wynn-
Williams 1994). Based on these previous measurements, the
absolute positional accuracy (3 p) is about an arcsecond.

Figures 1È4 show the images of NGC 253 in the o†-line
bands around 12.8 km, the [Ne II] line at 12.8 km, the 11.3
km PAH line, and the 20.2 km continuum. The 12.8 km
o†-line image (Fig. 1) is the average of the Ðlter bands at 12.4
and 13.2 km which are on either side of the [Ne II] line. The
di†erence of the band at 12.8 km and the averaged o†-line
bands is the [Ne II] image (Fig. 2). Although the o†-line
band measures the emission on either side of the [Ne II]
line, the level of the dust continuum is uncertain because of
PAH emission across the mid-IR window. A recent ISO

spectrum shows that in at least one galaxy, Circinus, there is

FIG. 1.ÈAverage of the emission from the Ðlter bands at 12.4 and 13.2
km. This approximates the o†-line or continuum emission at 12.8 km, the
location of the [Ne II] line. The lowest 10 contour levels are in steps of
0.075 and 0.15 Jy arcsec~1 thereafter.

a broad feature of enhanced emission longward of the deep
silicate absorption feature (Moorwood et al. 1996). If a
similar feature is present in NGC 253, then because this
feature is so Ñat and much broader than the 12.8 km [Ne II]
line, subtracting the o†-line bands from the band at 12.8 km
will still yield the [Ne II] line emission. The contribution of
PAH emission to the on-line band is also uncertain. For
example, our spectral resolution does not allow us to
separate the 12.7 km PAH feature from the 12.8 km [Ne II]
line. There might be some contribution from this PAH
feature in our [Ne II] image.

We can identify three spectrally distinct components in
the nucleus : the two small, bright sources and the surround-

FIG. 2.È[Ne II] line emission at 12.8 km. This image is formed from the
di†erence of the emission in the 12.8 km Ðlter band and the o†-line emis-
sion in Fig. 1. The contour levels are in steps of 0.075 Jy arcsec~1. Dashed
lines indicate negative contours.
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10.3 km, where the emission is relatively weak, because the
wider bandpass provides for a better signal-to-noise ratio.
The data between 7.6 and 13.4 km were interpolated to a
uniform bandwidth of 0.2 km. Additionally we observed the
galaxy at 20.2 km with 10% resolution.
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the extinction. The Ðtting is possible because the atmo-
spheric transmission varies with wavelength, and therefore
the shape of the spectra in our measurements of the stan-
dard stars depends on the extinction. Comparison of the
measured shapes with the expected shapes above the atmo-
sphere (Cohen et al. 1995) for our calibrator stars b And and
b Peg gave optical depths of 1.40 and 1.35 times the zenith
optical depth of the model atmosphere (Cohen et al. 1995),
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this optical depth and the atmospheric model to correct the
counts of our standard stars and the galaxy to above the
atmosphere. Once above the atmosphere, we can smooth
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calibrator stars to improve the signal-to-noise ratio. We
then calibrate each of our galaxy images at the di†erent
wavelengths separately, taking into account the transmis-
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vious observation made at 12.5 km with a bandpass Ðlter of
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nearby stars (Keto et al. 1993). The position of this peak has
also been measured in the near-IR (Kalas & Wynn-
Williams 1994). Based on these previous measurements, the
absolute positional accuracy (3 p) is about an arcsecond.

Figures 1È4 show the images of NGC 253 in the o†-line
bands around 12.8 km, the [Ne II] line at 12.8 km, the 11.3
km PAH line, and the 20.2 km continuum. The 12.8 km
o†-line image (Fig. 1) is the average of the Ðlter bands at 12.4
and 13.2 km which are on either side of the [Ne II] line. The
di†erence of the band at 12.8 km and the averaged o†-line
bands is the [Ne II] image (Fig. 2). Although the o†-line
band measures the emission on either side of the [Ne II]
line, the level of the dust continuum is uncertain because of
PAH emission across the mid-IR window. A recent ISO

spectrum shows that in at least one galaxy, Circinus, there is

FIG. 1.ÈAverage of the emission from the Ðlter bands at 12.4 and 13.2
km. This approximates the o†-line or continuum emission at 12.8 km, the
location of the [Ne II] line. The lowest 10 contour levels are in steps of
0.075 and 0.15 Jy arcsec~1 thereafter.

a broad feature of enhanced emission longward of the deep
silicate absorption feature (Moorwood et al. 1996). If a
similar feature is present in NGC 253, then because this
feature is so Ñat and much broader than the 12.8 km [Ne II]
line, subtracting the o†-line bands from the band at 12.8 km
will still yield the [Ne II] line emission. The contribution of
PAH emission to the on-line band is also uncertain. For
example, our spectral resolution does not allow us to
separate the 12.7 km PAH feature from the 12.8 km [Ne II]
line. There might be some contribution from this PAH
feature in our [Ne II] image.

We can identify three spectrally distinct components in
the nucleus : the two small, bright sources and the surround-

FIG. 2.È[Ne II] line emission at 12.8 km. This image is formed from the
di†erence of the emission in the 12.8 km Ðlter band and the o†-line emis-
sion in Fig. 1. The contour levels are in steps of 0.075 Jy arcsec~1. Dashed
lines indicate negative contours.
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FIG. 3.ÈPAH emission at 11.3 km. This image is formed by averaging

the bands at 11.2 and 11.4 km and subtracting the average of the bands at

11.0 and 11.6 km. The contour levels are in steps of 0.075 Jy arcsec~1.

Dashed lines indicate negative contours.

ing envelope of lower level emission. Figures 5È7 show

spectra from single pixels at the position of the center

of the galaxy decl.(1950) \[R.A.(1950) \ 00h45m5A.81,

and the star cluster [R.A.(1950) \[25¡33@38A.8]

and a spectrum00h45m5A.63, decl.(1950) \ [25¡33@40A.5],

from the envelope at a position east of the star cluster and

south of the center of the galaxy [R.A.(1950) \ 00h45m5A.74,

Based on their coincidence indecl.(1950) \ [25¡33@40A.6].

position, the brightest IR source to the southeast is the

superÈstar cluster identiÐed in the optical (Watson et al.

1996). The fainter IR source to the northwest is the center of

the galaxy identiÐed by its extreme nonthermal radio emis-

sion (Turner & Ho 1985 ; Ulvestad & Antonucci 1997). The

third component is the larger scale envelope. The spectra

FIG. 4.ÈEmission at 20.2 km. The lowest 10 contour levels are in steps

of 0.14 Jy arcsec~1 and 0.28 Jy arcsec~1 thereafter.

FIG. 5.ÈSpectrum at decl.(1950) \R.A.(1950) \ 00h45m5A.81,

the position of the center of the galaxy. Note the PAH[25¡33@38A.8,

emission feature at 11.3 km and the [Ne II] line at 12.8 km.

show the [Ne II] line at 12.8 km, the 11.3 km PAH feature,

and the 8.6 km PAH feature. Because the quality of the data

below 9 km is poorer, about 100 mJy arcsec~2 versus 30

mJy arcsec~2 at 12 km, we do not use the 8.6 km feature in

our analysis. The spectra and the images show that the

ratios [Ne II]/continuum and 11.3 km PAH/continuum are

di†erent in each of the three components, suggesting that

these di†erent regions have di†erent IR properties, that is,

di†erent mixtures of molecular, atomic, and ionized gas and

dust. Since the state of the gas depends on the quantity and

FIG. 6.ÈSpectrum at decl.(1950) \R.A.(1950) \ 00h45m5A.63,

the position of the star cluster. Note the PAH emission[25¡33@40A.5,

feature at 11.3 km and the [Ne II] line at 12.8 km.
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FIG. 3.ÈPAH emission at 11.3 km. This image is formed by averaging

the bands at 11.2 and 11.4 km and subtracting the average of the bands at

11.0 and 11.6 km. The contour levels are in steps of 0.075 Jy arcsec~1.

Dashed lines indicate negative contours.
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feature at 11.3 km and the [Ne II] line at 12.8 km.
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Super Star Cluster領域
(Thermal成分>90 %)

MIRAC2 (3 m望遠鏡)
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重元素パターンの他銀河との比較
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中心核領域のX線放射の起源
最も鉄輝線強度が高いP1(半径24 pc)領域におけるFe I, Fe XXVの起源を調べる

CV or active binary HMXB SNRs 分子雲
Fe I 100-1000 [pc-3] 103-4 NA 1.0+1.1-0.8×1024 cm-2

Fe XXV 500-5000 [pc-3] NA 10-1000 NA
系内の個数・空間密度 0.01-0.1 [pc-3] ~100

要求される候補天体の個数・空間密度



ハロー領域のX線ガスの下限速度

仮定: (1) X線ガスがハロー領域をディスク垂直方向に一定速度 (vbulk)で移動
       (2) 冷却過程としては放射冷却のみを考慮 
       (3) ハロー領域の密度分布は輝度分布から得られた分布を採用
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放射冷却により予想される温度プロファイルと観測値を比較し、速度に制限をつける
‣ディスク-ハロー間にガスが長く留まると放射冷却により冷えてしまう
‣観測された温度プロファイルを実現するためにはある程度の速度が必要

vbulkvbulk
Δt

(R, T) (R’, T’)

プラズマ

ある時間Δtの間にガスは放射冷却により
T → T’ = T - Δt×n(R)×Λ(T)/k 
R:ディスク垂直方向距離,T: 温度,Λ: emissivity 
k: ボルツマン定数, n: 密度
R → R’ = R + Δt×vbulk
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スターバースト銀河

スターバースト銀河...通常の銀河の10倍以上の活発な星生成活動銀河

‣近傍渦巻き銀河の数%であるが、近傍の全星生成の~25 %を担う
‣高赤方偏移ではより多くの寄与
‣スターバースト活動そのものは、

　　  一生涯の中で起こりうるイベント

宇宙の星生成密度の進化
(Cucciati et al. 2011)

 (McQuinn et al. 2010)

スターバースト銀河は宇宙の化学進化や物質循環を考える上で非常に重要
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化学組成については、
ISMのプラズマとして1 T, 2 T, 3 Tを採用したときのモデル依存性
星の放射モデルとしてpower lawを採用したときのモデル依存性
星の放射モデルに対し、温度を±3 keV
1桁にわたり絶対アバンダンス値を変える

のシステマティックを考慮しても全ての領域、全てのα元素に対して
統計エラーの範囲で一致

システマティック評価


