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第1章　研究課題の概要

1．1　はしがき

本冊子は1999－2001年度の文部科学省科学研究費補助金一基盤研究（B）（2）「銀河間空間におけ

る非熱的エネルギーの観測的研究」（課題番号11440074）の研究成果報告書である0

宇宙空間からの宇宙Ⅹ線観測によって、恒星、超新星残骸、コンパクト天体、銀河、銀河核、

銀河団といったさまざまな階層での高エネルギー現象が解明されてきた。なかでも最近になって

「非熟的放射」が注目されている。重力エネルギーなどが解放され最終的に平衡にいたった状態か

ら熟的放射がなされるとすれば、非熟的放射は非平衡な系での、たとえば粒子加速による選択的

なエネルギー解放過程を反映している。これは宇宙粒子線の起源として興味深いばかりでなく、こ

れまであまり考慮されていなかったが、決して無視できない、エネルギー遷移の形態を明らかに

することにつながる。本研究は、我が国第4番目の宇宙Ⅹ線観測衛星「あすか」によって我々が

明らかにした、銀河同空間の非熟的放射過程に着目し、「あすか」を含む観測衛星による硬Ⅹ線観

測と次世代硬Ⅹ線観測装置の開発を課題とした。

「あすか」を用いて我々は、ジェットの終端にひろがるローブ領域からのⅩ線の検出に世界で

初めて成功した。これによって銀河から100kpc以上はなれた銀河間空間の非熟的電子のエネル

ギーと銀河同空間磁場を測定することが可能となり、新しい観測領域と宇宙物理学の理解にいた

る手法となった。また我々は、さらに大漁榛な天体である銀河群からも、広がった硬いⅩ線放射

を検出することにも成功した。これは銀河間空間に存在する非熟的エネルギーを示唆する結果で

あり、それらの粒子加速機構に手掛かりを与えるものと期待される。本研究課題では、1995年以

降の「あすか」の切り開いたこれらの観測領域を、「あすか」のみならず米国のAXAF／Chandra

衛星、欧州のXMM／Newton衛星を用いて系統的に発展させた0

なお本研究は、宇宙科学研究所の高橋忠幸教授、浦田和久教授、スタンフォード大学のGreg

Madqjski博士、および東京大学理学系研究科牧島研究室、広島大学理学研究科深沢研究室、埼玉

大学理学部田代研究室を含む各研究室の大学院生との密接な協力によって遂行された。また、全国

の「あすか」チームの方々、およびアメリカ合衆国航空宇宙局ゴダード宇宙飛行センターのASCA

GuestObserverFhcilityのスタッフの方々によるのたゆまぬ努力によって成果を挙げ続けている

「あすか」衛星なしでは、本研究はその計画すら成り立たなかった。またこの研究に関わる装置開

発実験は、ASTRO－E／HXD開発を共にした東京大学および宇宙研のHXD開発チームおよび「あ

1
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すか」GIS較正チームと一体となって行われている。

研究組織一

研究代表者：田代　信（埼玉大学理学部助教授1）

研究分担者：牧島一夫（東京大学大学院理学系研究科教授2）

研究分担者：深沢泰司（広島大学大学院理学研究科助教授3）

研究経費－

1999年度　　7，800千円

2000年度　　3，900千円

2001年度　1，800千円

12（X氾年9月までは東京大学大学院理学系研究科助手
22㈱年9月まで
32∝X）年3月までは東京大学大学院理学系研究科助手
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1．2　研究発表

【1】学術誌等

一電波ローブの研究に関連して

1・Tbshiro，M・，Makishima？K・，Iyomoto†N・，Isobe，N・，Kaneda，H・，20017比Ⅹ－RayMeasure一

mentsoftheFieldandParticleEnergyDistributionsintheWestLobeoftheRadioGalaxy

NGC1316（FbrnaxA）’，，TheAstrophysicalJournal，Vblume546，Issuel，pP・L19－L23・

2・Tbshiro，M・，Makishima，K・，KanedaTH・，2000，uASCAMeBLSurementSOfField－Particle

EnergyDistributioninRadiobbes，，，AdvanCeSinSpaceResearch，Vblume259Issue3－4，

p．751－756．

3．Kubo，H．，1もkal1aBhi，T．，Madqiski，G・，Thshiro，M・，Makin0，F・，Inoue，S・，馳Ilara，

F・，2000，ASCAObservationsofBlazarsandMultibandAnalysis叩IAdv弧CeSinSpace

ResearCh，Vblume25，Issue3－4，p・733－736・

一括動銀河核の研究に関連して

4．Thnihata，C．，Urry，C．M．，恥k血ashi，T・，KataDka，J・，Wagner，S・J・，Madqiski，G・M・，

Thshiro，M・，Kouda，M・720017HVariabilityTimescalesofTbVBlazarsObservedinthe

ASCAContinuousLong－LookX－RayMonitoring乃ITheAstrophysicalJournal，Vblume

563，ksue2，pp．569－581・

5・Iyomoto，N・，FbkazawaIY・，Nakai，N・，Ishihara，Y・，uBeppoSAXObservationofNGC

3079M，TheAstrophysicalJournal）Vblume561，Issuel）pp・L69－L72・

6．Sugiho，M．，l（otoku，J．，Makishima，K・，Kubota，A・，Mizun0，T・，Fhkazawa，Y・，Thshiro，

M．，2001，“APossibleX一物PeriodicityatSeveralTbnsofHoursofanUltraluminous

CompactX－RaySourceinIC342MITheAstrophysicalJournalIVblume561，Issuel，pp・

L73－L76，

7．Matsumoto，Y・，Fbkazawa，Y・，Nakazawa，K・，Iyomoto，N・，Makishima）K・，2001IuThe

FR＿IRadioGalaxiesNGC315andNGC42610bservedwithASCA”，Publicationsofthe

AstronomicalSocietyofJapan，VOl．53，nO・3，p・475－481・

8．Isobe，N．，T誠hiro，M．，Sugiho，M．，Makishima，K・，2001，“ASCAObservationsofthe

BL LacertaeObject OJ287in1997AprilandNovember”，2001，Publicationsofthe

AstronomiCalSocietyofJapan，VOl．53，nO・1，p・79－84・
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第2章　研究内容の概観

2．1　はじめに一銀河間空間における電子冷却

活動銀河核は、しばしば「ジェット」とよばれる光速に近い速度で吹き出す双極子流と、ジェッ

ト終端に「電波ローブ」と呼ばれる風船状に広がった電波源をもっている。これらは、差し渡し

で100kpc（～3×1021m）を超える系をなすものもおおく、銀河をサイズにおいて邁かに超え、銀

河間空間に延びる壮大な粒子加速器をなしている。

相対論的電子が銀河間空間で冷却される経路には、主に、磁場との散乱によるシンクロトロン

放射と光子との散乱による逆コンプトン散乱がある。冷却経路の分岐比は、散乱する相手の散乱

断面積に比例するので、両方の経路からの放射を比較すれば、放射場の光子と磁場のエネルギー

密度の比を正確に測定することができる。さらに逆コンプトン散乱される光子のエわレギー密度

を別の方法で推定すれば、そこから電子と磁場のエネルギー密度を決定することができる。この

単純で美しい物理法則を、活動銀河核のジェットーローブ系、および銀河団中にあると予測される

非熱的電子に当てはめ、磁場と電子のエネルギーを求めるのが、本研究を特徴づける手法である0

2．2　電波ローブからのⅩ線

2．2．1Ⅹ線放射のメカニズム

ジェットはそもそもどのようにして駆動されるのか、ジェット中の正電荷は陽子かそれとも陽電

子かなど、ジェットに関してはさまざま事柄が、現代宇宙物理学の未解決問題のままである。

一般的にはジェットの形成には磁場が重要であると考えられることが多いが、どの程度の役割

を果たしているかについては、いまだに決定的な観測事実があるわけではない。たがって、ジェッ

トの場所で粒子と磁場のエネルギー密度（以後、それぞれueとumとする）を測定し、ジェットの

ェネルギー収支を調査することが、ジェットの謎を解くための大きな手がかりとなるはずである0

ICX線の検出には、広いⅩ線帯域において、高い感度、広い視野、低バックグラウンド、適度な

ェネルギー分解能と角分解能を備えた検出器が必要である。昨年まで稼働していた「あすか」衛

星に搭載されていたGIS検出器はこの条件をほぼ全て満たす理想的な検出器の一つである。

電波の分光および偏光観測から、電波ローブはシンクロトロン放射で輝いていることが明らか

11
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となっており、放射源となる相対論的速度をもった高エネルギー電子は、中心核からのジェットに

よって供給されていると考えられる。

先に述べたように、電波ローブ中の相対論的電子はシンクロトロン過程と逆コンプトン過程に

よって冷却されるが、このスケールで支配的な光子は、マイクロ波背景放射（CMB）になる。CMB

のエネルギー密度は、天体のある系の赤方偏移で決まるので、観測からシンクロトロン放射強度

と逆コンプトン放射強度を測定できれば、ローブ中の電子と磁場のエネルギー密度を正確に決定

することができるようになる。

仮に磁場と電子のエネルギー平衡を仮定すると、シンクロトロン電波強度から、これらはほぼ

10‾14Jm－3（＝10‾13ergcm－3）程度とみつもられる。このとき磁場の強度は0．1nT（＝1マイク

ロガウス程度）、シンクロトロン放射の周波数から電子のエネルギーは7～103‾5の間に分布して

いることが予想される。この電子がCMBを逆コンプトン散乱すると、光子のエネルギーはⅩ線

からガンマ線領域にまで高められることになる。ただし、実際にこれをⅩ線で検出するためには、

電、波ローブを空間分解しつつ、エネルギーフラックスにして10－14～一15wm－2（＝10－12～－13

ergs，1cm－2）ほどの微弱な信号を検出しなければならない（Harris＆Grindrey1979）。これが撮

像能力と高い感度を誇る「あすか」衛星の登場によってようやく現実の観測対象となった。

2．2．2　「あすか」による電波ローブからのⅩ線の検出

電波銀河恥rnaxA（NGC1316）が最初の逆コンプトンⅩ線の検出例となった。我々は、この

天体の電波ローブから、広がった硬Ⅹ線を検出し、その光度とスペクトルから、シンクロトロン

電子によるCMBの逆コンプトンⅩ線であえことを証明した（Kanedaetal．1995）。これはほぼ

同時期に独立に発表されたFbigelsonらによるROSAT衛星の観測結果と一致するものであった。

しかし1994年の観測は、中心銀河を「あすか」GISの視野中央においたため、ロープでの相対

的な感度が低い観測になっていた。そこで我々は、1997年に西のローブの長時間観測を提案、実

行し、高いS／Nでのスペクトルおよび精密な画像を得ることに成功した（図2．1）。

1994年の観測結果と1997年の2回にわたる結果、合わせて14万秒の露出を行ない非常によい

統計のスペクトルを得たので、電波ローブからのⅩ線の強度を精度良く見積もることができた。

電波銀河PKS1343－601（CentaurusB）は、差し渡し12分角ほどの電波ローブをもつ。われわ

れは第二の観測対象としてこの天体を選んだ。

この天体は中心核の活動性が高く、Ⅹ線で観測すると中心核からのAGN成分が卓越してしま

う。このためⅩ線反射鏡に由来する中心核からの散乱成分が、ローブ領域を覆い観測しにくくし

てしまう。そこで我々は、中心核からのⅩ線スペクトルを1．5分角の狭い領域で評価し、これを

もとにエネルギー帯域ごとにⅩ線反射鏡と観測装置の応答をシミュレート、AGNからの予想され

る画像を合成した。これを実際に観測された画像から差し引くことによって、中心核成分を取り
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図2．1：FbrnaxAのⅩ線と電波による画像。「あすか」によるⅩ線（1．7－7keV）画像を濃淡で、1・5GHz

帯の電波干渉系による画像を等高線で表している。Ⅹ線画像は、Ⅹ線の強いところを濃く表現しており、ま

た、中心銀河の成分は図から除かれている。Ⅹ線画像はKanedaetal．1995より、電波の画像は、Ekerset

止1983による。1994年と1997年の「あすか」による観測の視野と、1997年の観測でスペクトルを積分

した領域をそれぞれ円で示してある。国中の「Ⅹ」はROSAT衛星によってわかっている点源の位置を示す

（Tbshiroetal．2001より）。

除いた。このようにして得られた画像を図2．2に示す。

図2．2：「あすか」GISによって得られた

1．5－3．ObVX線の画像を濃淡で示した。

色の薄いところがⅩ線で明るいところで

ある。同じ領域のMcAdam（1991）によ

る電波干渉計（843MHz）の画像を等高

線で表した（Thshiroetal．1998より）。
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図2．3：GISで得られた中心核から5分角以内のⅩ線スペクトル。

バックグラウンド成分は差し引いてある。中心核成分を放線で、ロー

ブ成分を一点鎖線で、さらにモデル全体の合計を実線、データを十

字で表している。中心核成分は、1．5分角以内から得られたスペクト

ルで別に評価し、ここでは固定モデルとして導入している（T誠hiro

etal．1998より）。

ローブ全体を含む、中心核から5分角以内のスペクトルを図2．3右に示した。視野中の天体を含

まない領域でバックグランドスペクトルを積分し、これをデータから差し引いてある。1．5分角以

13



14 第2章　研究内容の概観

内で見積もった中心核成分（スペクトル図中の一点鎖線）だけでは、全体のスペクトルを表すこ

とはできず、別の成分が必要であった。この成分は、画像解析で見つかったローブに付随して広

がった成分と考えられる。そのスペクトルは、pOWer－law型の関数で表現でき、そのべきはシンク

ロトロン電波のものと一致した。これは、電波ローブ中の相対論的電子による逆コンプトンⅩ線

であることを示す。（詳細は¶眼hiroetal．1998を参照）。物理量の評価についは、他の天体とま

とめて表1で示す。

三番目の検出例となったのが、NGC612（Z＝0．0290；Spinradetal・1985）である。この天体は

電波で明るく（～11Jyat843MHz）比較的大きなスケール（500kpcx130kpe）のローブをもつ

（Jones＆McAdam1992）。我々は、「あすか」による観測を1996年7月に行った0硬Ⅹ線に比較

して軟Ⅹ線画像は非等方的な広がりを示している。この広がりの断面をロープ方向とそれと垂直

な方向に分けて評価すると、垂直方向には点源と矛盾しない広がりしか見られないが、ローブ方

向にはローブのスケールに見合った広がりがあることが明らかになった。またこの広がりは、200

kpcにも達し中心の楕円銀河に付随するプラズマにしては明らかに大きすぎる0

我々はさらに広がった成分のスペクトル解析を行い、シンクトロン電波と矛盾しないべきをも

つpower－law型のスペクトルを示すことを確認した。また硬Ⅹ線で強い点源は、非常に強く光電

吸収をうけたpo耶r－law型のスペクトルで表され、これは低エネルギー域では隠されていた中心

核が見えていると考えられる。

2．2．3　AgA〃C‰肌dmによる電波ローブからのⅩ線の検出

「あすか」GISでは空間分解できないような、より小さなローブを持つ電波銀河に対しては、

0．5秒角というかつてない高い角度分解能を持つC批肌dm衛星搭載のACIS検出器が理想的であ

る。しかし、「あすか」に比べて有効面積が小さいわりに、バックグラウンドが高く広がったⅩ線

の検出には不向きな可能性がある。そこで、我々は注意深く様々な電波銀河を調査し、我々の目

的に最適な観測天体として電波銀河3C452を選択し、C‰andrYl衛星で80ksecにわたる観測を行

なった1。

lxMM／NewtonでもCentaurusBの再観測を行い、現在、解析中である0
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図2．7：ロープにおける磁場と電子の全エネルギー，
ueVとumy，を中心核のⅩ線ルミノシティエXに
対して図示した（IsobePh．D．thesisより）。

（訊andraで得られた結果の一例として3C452の解析結果を示す。図2．4は仇andruACISで得

られた3C452のⅩ線イメージである。3C452の中心核を含むいくつかの明るいⅩ線点源に加え

て、ローブを埋め尽くすように広がった暗いⅩ線が検出されているのがわかる。そこで、点源を

正しく取り除いて求めた広がった成分のⅩ線スペクトルを図2．5に示す。我々は、さまざまなモ

デルでスペクトルのフィッティングを行なったところ、5keV以上までのびるハード成分（国中の

破線）と熟的なプラズマによるソフト成分（図中のグレー一点鎖線）の和で、観測されたスペクト

ルを良く説明できることがわかった。特に、ハード成分のスペクトル指数がSR電波のスペクトル

指数と非常に良く一敦していることから、このハードがICX線であると結論した。

15
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2．2．4　活動銀河核の活動度とジェットローブ系のエネルギー収支

ここまでみてきたローブについて、シンクロトロン放射（SR）電波と逆コンプトン（IC）Ⅹ線の強

度の比較から祝eとumを計算した0その結果を図2・6にまとめた0明らかに、エネルギー当分配は

まったく成立しておらず、多くのローブで髄eはumの10倍以上にもなっている。これは従来の電

波観測だけを用いた方法では、むeを少なくとも数倍は過小評価しており、Ⅹ線を用いなければ正し

いエネルギー評価は行なえないことを示唆している。またほとんどすべてのローブでumS cMB

となっており、ローブ中の電子は主にIC散乱でエネルギーを放出していることがわかる0

ローブに存在する電子や磁場はもともとジェットによって中心核から供給されたと考えられる0

そこで我々は、中心核のⅩ線ルミノシティムXとロープのue，Wmの関係を調査した0一ue，um自身

はエXとはっきりした相関を示さないものの、ローブ全体の体積Vで積分した電子と磁場の全エ

ネルギーWeV，umVは上Xときれいに相関していることを発見した。これを示したのが図2・7であ

る。明らかに、むeVはムXにほぼ比例するように増加しているが・祝mVはほぼ一定である0この

うち、叫Vの板舞いについては、次のように理解することができる0すでに述べたように・ロー

プ中の電子は主にIC散乱でエネルギーを放出し続けている。したがって、IC散乱による冷却時

間ををれCとすると、エbnO川ey（1十可苗Cで表されるようなパワーがジェットからローブに常

に供給されていなければならない。ここで、化はジェット中の陽子がジェットの終端衝撃波で得る

ェネルギーを電子の得るエネルギーで規格化したパラメタであり、通常は〝＝1と考えられてい

る。我々はそれぞれのローブの対して実際にエkinを求めたところ、図2・9のようになった0つま

り、kn～1042－44ergs－1であり、ム血は上Xにきれいに比例している0この比例関係は、中心

核が質量降着によって輝いていると考えれば、ジェットのエネルギー源も中心核への質量降着であ

ることを示した重要な観測事実であると考えられる。

ロープの電子のエネルギーから推定したエkinを、実際にジェットが持ち出していると考えられ

るパワーちetと比較することは、非常に重要である。電波銀河をジェットの正面から観測したよう

な天体であると考えられているブレーザーは、この目的に非常に有効な天体である0ブレーザーの

時間変動は非常にはやいことから、比較的ジェットの根本に近い領域が観測されているものと考え

られる。特に、最近のⅩ線や7線の観測でIC放射のスペクトルが得られているブレーザーについ

ては、SR放射のスペクトルとの比較から、毎を見積もることができる0我々は、窪（1999）によ

る結果をもとにプレーザーのち虎を推定したところ、釣上jd～1042－44（1”）ergs‾1であった0

ここで、甲は陽子の質量の効果を表すパラメタであり、ジェットが陽子を含んでいれぼり～2000、

含まなければり～0である○もし、り＝2000とすると、ムjetはエkinより、はるかに大きな値に

なってしまうが、り＝0であればちetと上血はほぼ一致する0このことは、ローブが電波銀河や

ブレーザー、つまりジェットを持つ活動銀河中心核に共通に見られるものであれば、ジェットには

あまり多くの陽子が含まれない方が好ましい、ということを示唆していると考えられる0
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2．2．5　磁場と電子の棲み分けの兆候

ロープ中で粒子のエネルギーが卓越する傾向は、すくなくともジェット終端で、粒子がジェット

を主導して、銀河間空間に磁場を供給していることを示唆する0すなわち、前項までは、個々の

ローブで平均した加。と祝mをもとに議論してきたが、ueとumの空間分布を調査することも重要

になる。uCMBは空間的に極めて一様であるため、ローブからのICX線の空間分布から電子の空

間分布を求めることができる0またSR電波とICX線の分布の比から、磁場の空間分布を求める

ことができる。

実際に我々はCentaurusBの「あすか」による観測から磁場がローブの端にむかって相対的に

強くなっていることを示した（T鮎hiroetal．1998）。すなわちこれは、先端に向かって磁場は圧縮

され、電子は冷却されていくことを示唆している0これは、超新星残骸であるかに星雲とよくに

た状況であり、共通の物理を示唆している0かに星雲では相対論的パルサー風のpost－Shock領域

で、磁場と電子のエネルギー密度の比が外側に行くに従って0・1－2と変化していると計算されて

いる（Kennel＆Coroniti1984）0

またmrnaxAの西ローブⅩ線強度分布も、電波強度と強度の高い位置がずれていることがわ

かった（Tbshiroetal・2001）。電波が強い領域はロープの周縁に分布しているのにくらべ、Ⅹ線

の強い領域はコンパクトにまとまっており、強度のもっとも高い領域は、電波のものとずれてい

る。Ⅹ線強度のもっともつよい場所を中心に、Ⅹ線と電波の半径輝度分布をとったものが図2・8で

ある。Ⅹ線は中心集中型なのにたいして、電波がシェル状の分布を示していることがよくわかる0

これからも、磁場の電子に対するエネルギー密度比がローブの周縁に向かって増加していること

が示唆されている。

さらに仇肌血観測結果から、もっとも質の良いICX線のデータが得られた3C452のローブ

について、その軸に沿った電子と磁場の分布の推定を行った。その結果、電子はロープを比較的

一様に満たしているのに対して磁場はローブの周辺に向かって強まっていることがわかった0こ

れを分かりやすく示したのが図2．10である0ローブの中心付近ではue≫umであるのに対して、

ローブの端の近くでは祝。〇三％mであることがわかった0なぜこのようないわば電子と磁場の住み

分けが生じるのかは、今後の課題である。

「ぁすか」を含む最新の結果については、第4章に収録した磯部の博士論文に詳しい0
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れた1994年と1997年の観測結果を合成したもの。電波の半径輝度分布はEkersetal．（1978）による干渉

計のマップをもと作成した。実線はモデルを表す。Ⅹ線では輝度分布が三次元半径に対して反比例の分布を

持つ場合、コンスタントなバックグランド成分とあわせたときのモデルフィットの例。電波では、二つの半

径の間にだけ輯射源が存在する厚みのある「球殻」モデルでフィットした例を示している。二つの図の横軸

は、Ⅹ線がGISのピクセル、電波が分角をあらわし、両者のスケールは合わせてある。
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2．3　銀河団からの非熟的Ⅹ線の観測

銀河団は、重力的に閉じた宇宙で最も大きな系であり、狭い空間の中に数100－数1000の銀河

が集まっている。銀河団には銀河だけでなく、銀河団を包み込むように107－8Kもの高温ガスが

存在しており、その質量は銀河の質量の和よりも大きいくらいである。この高温ガスはⅩ線で明

るく光っており、Ⅹ線による観測で高温ガスの性質を詳しく調べることができる。例えば、高温

ガスの温度分布と密度分布から、高温ガスを閉じ込めるために必要な重力質量を計算できるので、

暗黒物質の研究を行なうことができる。また、銀河団を用いて、宇宙構造形成や宇宙パラメータ

に制限をつける研究や、高温ガスに含まれる重元素を調べることによって、重元素を放出したと

思われる個々の銀河の進化についての研究も行われている。

銀河団では、銀河以外にも高温ガスという成分が銀河間空間を満たしていることが知られてい

るが、他にも非熟的な構成要素の存在も考えられる。例えば、高温プラズマには磁場が一緒に存

在していてもおかしくないし、高温ガスよりもさらに高エネルギーの非熟的粒子の存在も期待さ

れる。また、銀河団の中心に電波銀河および電波ジェットがしばしば存在しており、磁場や高エネ

ルギー粒子があることはまちがいない。我々は、日本のⅩ線天文衛星「あすか」により、Ⅹ線によ

る銀河団の観測を通して、銀河団空間を満たす磁場や非熟的粒子の探査を行なった。

場

2．3．1　銀河団中心部の新描像と銀河間磁場

銀河団の中心部は、高温ガスの密度が10‾8m‾3（10‾2cmぺ）近くもあり、放射冷却時間が宇宙

年齢よりも短い場合もしばしばである。Einstein衛星による軟Ⅹ線の観測から、銀河団中心では

Ⅹ線源の強い集中がみられ、それは高温ガスが等温静水庄平衡モデルから予想される輝度分布を

超過していた。これに対し、周辺の高温ガスが放射冷却して中心にむかって落ち込んでいる、と

いうcoolingflow説が唱えられ（reviewFhbian1994）、10年来のパラダイムとなっていた。この

説を支持する結果が多少あるとはいえ、この説には落ち込んだガスがどうなるかという大きな問

題をはらんでいる。落ち込む率は多いもので数100崎（太陽質量）／yrにもなり、宇宙年齢で積算

すると1012〟。オーダーにもなり、1つの銀河に匹敵する重量になってしまうが、電波などの観

測でそのような冷たいガスは見つかっていない。

このような状況の中、「あすか」によって銀河団中心部について新しい観測結果が得られた。そ

れは、（1）中心部にしばしば周囲の温度よりも低い温度の107Kくらいの成分が存在するが、その

質量は1010A屯ほどしかない、しかも、低温成分は高温成分と共存しているように見える（2）中

心部ではしばしばガス中の重元素アバンダンスが増加しており、その空間スケールは中心の巨大

楕円銀河の勢力圏と一致する。（3）軟Ⅹ線で見られた銀河団中心でのⅩ線集中は硬Ⅹ線でも見ら

れるため、中心集中した分布をもつ重力ポテンシャルの形を反映したものである、という三つの

重要な結果である（Fuknzawaetal．1994；Ikebe1995；Ikebeetal．1996；Ikebeetal．1997；Xu

19
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etal．1997；Xuetal1998）。これらの現象は、（1）低温成分は、フィールドの楕円銀河に見られる

ハローの類推として、銀河団中心の巨大楕円銀河銀河に付随するハロー、（2）重元素超過は巨大楕

円銀河から放出されたもの、（3）中心で集中した重力ポテンシャルは、巨大楕円銀河の重力ポテン

シャルが見えている、とすることで説明でき、銀河団中心部では銀河団の高温成分と巨大楕円銀

河の低温成分が熱伝導を妨げる磁場で分けられて共存している、という説が提案され（Makishima

1995）、COOlingflow説に対し異なった見方を示した。高温ガスを閉じ込めるには、数×10－1nT（数

〝Gauss）磁場が必要であるが、この強さは渦巻き銀河内部の磁場に匹敵するため、もし存在して

いるとするとその起原なども含めて非常に興味深い。さらに、もしこの説が正しいとすると、放

射冷却を妨げるような熱源も必要となり、銀河間磁場のリコネクションなどの高エネルギー現象

が隠れているかもしれない。

2．3．2　銀河団からの非熟的放射

銀河団は、重力的に閉じた宇宙で最も大きな系であるので、形成時に莫大なエネルギーが解放

されたと思われ、以前から理論的に高エネルギー粒子などによる銀河団からの非熟的放射が予測

されていた。また前項で述べたような傍証が集まりつつあったものの、最近まで直接の検出例が

なかった。これは、観測感度の良い10keV以下では高温ガスの熟的成分が卓越していることと、

10k。Ⅴ以上で感度の良い検出器が今までなかったことによる。しかし、最近になっていろいろな

観測例から、高エネルギー粒子の存在が浮き彫りになってきた。

EUVE衛星の5つの銀河団観測で、0．1一刀．4keVでの放射強度が高エネルギー側の高温ガスの熱

的成分を延長したときよりも有意に大きいSoftexcessが見つかった。（e・g・Bow昨randBergh0fer

1998；Mittazetal．1997）。SarazinandLieu（1998）は、この放射は電子のローレンツ因子にして

7～300くらいの高エネルギー電子によるCMBの逆コンプトン散乱であるとすれば空間分布な

ども説明できる、と指摘している。この場合、高エネルギー電子のエネルギー密度は高温ガスの

10％ほどになる。次に、BeppoSAX衛星の硬Ⅹ線検出器PDSにより、いくつかの銀河団から数

10keV以上で、高温成分の熟的放射よりも超過したhardtai1が検出された（Fhsco－FbmianOetal・

1999）。

2．3．3　銀河群からの硬X線の「あすか」による観測

「あすか」を用いて観測を行った18の銀河群のおよそ半数から硬Ⅹ線超過成分を検出した0こ

れらの成分はメンバー銀河中の活動銀河核や低質量連星系などの点源からの放射、あるいは背景

Ⅹ線放射のゆらぎとしては説明できない。またHCG62を筆頭とするいくつかの銀河群において

は、この硬Ⅹ線が有意に広がっていること、その広がりはintra－grOupmediumの輝度分布のプロ

ファイルと似ているかより広がっていることがわかった。硬Ⅹ線成分のスペクトルは、光子指数
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～2のべき型を示す。これは熱的な起源をもつとしても矛盾しないが、その場合スペクトルから要

求される温度はたr～10keVに達する。ただし硬Ⅹ線成分が微弱な場合は、より低い温度となる0

観測された硬Ⅹ線成分は、銀河群ごとにばらついていた。もっとも確実な検出例では、その光

度は1－18×1034h諾W、あるいはIGMの10～20％程度である0もっとも弱い場合では・IGM

の～5％程度が上限となった。また、有意な硬Ⅹ線超過のあった銀河群では、硬Ⅹ線光度とIGM

の光度比が、すでに報告されている3つの銀河団における硬Ⅹ線超過のものに類似していた。

硬Ⅹ線超過の放射機構として、非熟的制動放射は、クーロン損失が大きすぎるため非現実的と

考えられる。逆コンプトン散乱で説明するためには、非常に弱い磁場（～0・01nT）が要求される

ので、非一様な磁場が必要になる。また、少なくともいくつかの銀河群とすべての銀河団につい

ては、圧力平衡を前提とする限り熟的放射を起源とする説は適応できない。さらに磁場による閉

じこめを実現するためには～2nTもの磁場が必要になる。

現状の観測結果からは、加速あるいは加熱機構については制限がつけられない。しかしながら、

我々は、有意な硬Ⅹ線超過をしめす銀河群のほとんどについて、それらの中央部にいくつかの明

るい銀河を含んでいることを兄いだした。銀河群内部のプラズマ中を運動するメンバー銀河が、そ

の運動エネルギーを硬Ⅹ線放射へと供給してる可能性がある。これらの銀河群の「あすか」によ

る観測結果は、中澤の博士論文にまとめられている（第4章参照）。

2．3．4　HCG57／HCG16のデータ解析

渦巻銀河が支配的なHCG57／HCG16のASCAのデータを解析した。HCG57からは少ないなが

らも高温ガスの成分とハード成分が検出された。ハード成分の空間分布は広がっているどうか区

別できなかったが、少なくとも1つの点源では説明できない。HCG16からは、4つの渦巻銀河か

ら低光度AGNからのハードⅩ線を検出し、そのうち3つは強く吸収されていた。広がったハー

ドⅩ線の兆候は見られなかった。

2．3．5　Chandraによる観測

ASCAでハードⅩ線が有意に検出された銀河群HCG62／RGH80をChandraで観測し、ハード

な点源を調べた結果、点源のフラックスをすべてたし合わせても、ASCAで検出されたハードⅩ

線を説明することはできなかった。よって、ASCAのハード成分は確かに広がったものである可

能性が高まった。2つのクーリングフロー銀河団2AO335／A2199の中心部を詳細に温度構造を調

べた結果、lkeV以下の低温成分や超過吸収は見られず、温度が下げ止まっていることがわかった。

これは放射冷却が何らかの機構で抑制されていることを示唆するが、その1つの可能性として銀

河間磁場の影響が考えられる。

21
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第2章　研究内容の概観

2．3．6　銀河団のⅩ線観測

そして、我々も「あすか」を用いてそうした放射を検出した0「あすか」は10keV以下にしか感

度がないので、普通の銀河団では高温ガスの成分しか見えないが、温度の低い銀河群だと高温ガ

スの成分は5keV以下に限られるので、このようなhardtail探しを行うことができる0その結果、

23個中18個くらいから有意にhardtailが見つかった（図1）0その光度は1041～35Wに分布して

ぉり、明るい数個については広がっていることもわかったohardtailをプラズマの熱制動放射モ

デルでフイツけると温度が20keV以上になり、かなりハードであることがわかる0

この放射の起源として、7～103～4くらいの高エネルギー電子によるCMBの逆コンプトン散

乱、あるいは～100keVのエネルギーを持つ非熱的電子と高温ガスの非熟的制動放射が考えられ

る。もし、逆コンプトン放射とすると、Comaclusterの場合はシンクロトロン電波強度がわかっ

ているので、磁場は～0．015nT（0・15〝G）という非常に低い値となり、高エネルギー電子のエネル

ギー密度も高温ガスの10％以下にしかならないので、銀河団における非熱的圧力の寄与が小さい

ことになるが、このような高エネルギー粒子が存在していること自体が興味深いし、EUVの観測

と関連がある可能性がある0一方、非熟的制動放射の場合は高エネルギー電子のエネルギー密度

は高温ガスの数10％にもなる可能性があり・銀河団における非熟的圧力が無視できないことにな

る。いずれにせよ、どちらも銀河団の新しい措像を与えることには間違いない0

2．3．7　銀河団中心部の電波銀河

電波銀河には、ジェットがくねくね曲がっていて電波の弱いFR－Ⅰ型とジェットが発達していて電

波の強いFR－ⅠⅠ型が存在する0銀河団の中心付近にはしばしば電波銀河が存在し、近傍銀河団では

FR＿Ⅰ型の弱めの電波銀河が多く存在する0有名なVirgoclusterの中心のM87や、Perseuscluster

のNGC1275などもそうである0こうした電波銀河からのジェットなどは、銀河団中の非熟的現象

（磁場、高エネルギー粒子）を作り出していることは理論的にも予測されており（e・g・Ensslinet

d．1997）、電波銀河のAGNを調べることは、そうしたことを考える材料を得ることにつながる0

銀河団中心の電波銀河のAGN成分のⅩ線検出は、これまでほとんどなかったoM87について

は、「ぎんが」衛星で1035W（10－20keV）のものが検出されたという報告があるが（T血noand

Koyama1991）、それ以外の衛星では拡TE（Reynoldsetal・1998）も含めて検出されていないの

で、よくわからない。我々は・「あすか」衛星を用いて低光度低温銀河団中の電波銀河のAGN成分

を2つの銀河団（A194，NGC4261group）について検出したoNGC4261は、HSTで回転している

ガスのイメージが撮影されている有名な天体で（JafFbetal・1996）・ROSATにより電波銀河の場

所に点源が見つかっていたが、「あすか」により初めてhardなAGN成分が検出された（図7）0Ⅹ

線光度は、1034W（1034WとFfLIHこ比べて3桁くらい弱く、特に強い吸収もないので、intrinsic

に暗いAGNであるようだ0我々が「あすか」で観測した他のFR－Ⅰもほぼ同じ傾向を示す0今後
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こうした観測例が増えれば、銀河団中の非熟的成分（磁場、高エネルギー粒子）に対する情報と

なるだろう。

2．3．8　銀河団ガスと電波ジェット

銀河団中心の電波銀河からは当然ながら、電波ジェットが観測されている。そのジェットが銀河

団ガスと相互作用することによって、磁場が供給されたり、高エネルギー粒子が生成される。

ROSAT衛星による近傍のFR－Ⅰ電波銀河を含む銀河団銀河群の軟Ⅹ線観測では、ジェット中で

粒子と磁場のエネルギー等分配を仮定した場合に、ジェットの圧力は銀河団ガスの熱的圧力の数分

の1にしかならないことが指摘されており（Fbrettietal・1995，Mwsagliaetal・1996，Trussoni

etaユ．1997）、ここでも粒子優勢のジェットが指摘されている0

こうした観測例の他にもジェットに関する情報が得られる可能性がある。我々は、電波銀河を

含む銀河団B21615＋35を観測し、ジェットの辺りでhardな成分がある兆候を見つけた（図3）。

このハードな成分の起源としては、ジェットによるショックで暖められたガスからの放射、あるい

は高エネルギー電子によるCMBの逆コンプトン散乱が考えられる。ジェットからの逆コンプト

ン散乱は、先に述べたように、「あすか」とROSATによってFbrnax－Aから検出された例がある

（Kanedaetal．1995；Fbigelsonetal・1995）。もし、逆コンプトン散乱だとすると、そのⅩ線flux

は粒子と磁場のエネルギー等分配を仮定して得られるものよりも1桁ほど明るいことになり、粒

子優勢のジェットということが示唆される。しかし、「あすか」のデータでは逆コンプトン散乱な

のかどうか識別できないので、今後のさらなる観測例の増加が待たれるところである。

（深沢泰司）
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THEAsTROPHYSIC▲LJoURNAL，546：L19－L23，2001JanuzLryl

㊤2001．TkAn血C卿雨脚mmkal釦血町・▲一拍g鵬一亡父nd・nn－dinU・SA

X－RJWMEASUREMENTSOFTHEFIELDANDPARTICLEENERGYDISTRIBUTIONS
INTHEWESTLOBEOFTHERADIOGALAXYNGC1316（FORNAXA）

M．TAsHIRO，lK．MAKISH］MA，2N・IYOMOTO，3N・IsoBE，2ANDH・KANEDA3

肋′加d2α船〟町川ご∝叩此d2α妙Oc′血r24Jp血JMed2㈱伽r珊加r29

Afollow－upX－rayStudywasmadeofthewestlotxoftheradiogalaxyFomaxA（NGC1316）thatwasbased
onnewASCAobservationsmadein1997for98ksandthatincorporatedthepreviousobservadonin1994fbr

39ks．TheO．7－10keVspectrumOftheemissioncanbedescribedbyapowerlawwithanenergyindexof

o．74±0．10，WhichagreeswiththesynchrotrDnradioindexofO・9±0・2・Therefbre・theX－raySarereCOn伽med

toadseviatheinverseComptonscatbnngOfthecosmicmicrowavephotons，aSKanedaetal・andFeigelsonet

al．Concluded．ThesurfhcebrightnessoftheinverseComptonX－raySeXhibitsarela血vely鮎tdistribudonover

thewestlobe，indicativeofanapproximatelyspheriCalemissivitydistributionwitharadiusof～11′（75kpc）・

Incontrast，thel．4GHzradioimagebyEkersetal・eXhibitsarim－brightenedsu血cebrightness，COnSistentwith
ashel1－1ikeemissivitydistributionwhoseinnerandouterboundariesare4′andll′，reSpeCtively・Thesemor－

phologicaldi舵rencesbetweenradioandX－raySSuggeStthatthereladvisdcelectronsaredistributedhomoge－
neouslyoverthelobevolume，WhereasthemagnetiC鮎Idisamp舶edtowardtheloberimreglOn・

subiectheadings：galaxies：individual（NGC1316）－magnetiC鮎lds－radiationmechmisms：nOnthermal－
radiocontinuum：galaxies－X－rayS：galaxies

ThejetterminallobesofradiogalaxiesareglgamicinterL

galacdcstruCtureSCOnSistlngOfmagneticGeldsandrelativistic

particles，bothofwhicharesupposedtotN，Suppliedbythe
activegalacticnuclei（AGNs）throughthejets・Nevertheless，

wedonotyetknowtherelativeimportanceofthemagnetiC
鮎ldsandtherelativisticparticlesinthemechanismofjetfoト

mation．rIbAndthisout，Weneedtomeasurethespatialdis－

tributionsofthe魚eldandparticleenergydensitiesalongvarious

locadonsoftheAGNjet－lobesystem・
Therelativisdcelectronsintheradiolobesinteractwiththe

magneticfieldsaJldsoftphotonstoproducesynchrotronra－
diadonaLndinverseCompton（IC）emission，reSpeCtively・Fti－

g血metal・（1995，he托a触rF95）肌dKandaetal・（1995，
herea触rK95）discoveredtheICX－rayemissionwithROSAT

q旭mper1982）andASCA（nmaka・Inoue，＆Holt1994），re－
SpeCtiYely，hmthelobesoftheradiogalaxyFbmaxA（NGC
1316，redshiftz＝0．00587；Lenghettietal・1998），followed

byauthorsreportingthelotxICX－rayS蝕）mCentauruSB（PKS
1343－601；nShiroetal．1998），3C219（Brunettietal・1999）
andNGC612（Thshiro，Makishima，＆Kaneda2㈱）・mese
authorsesdmatedtheeTkrgydensityofsoftphotonsandsuc－

ceededindetermlnlngthemagneticGeldintcnsityandtheen－

ergydensidesofelectlt）nSintheloks・AmongtheseplOl給enng

托Sults，T出血hDetal．（1998）弧dBmne血etal・（1999）・托－

SpeCtively，ShowthatthelobesofCentauruSBand3C219
exhibitacleardominance ofparticIeenergyintheirinner

regions．Notably，nShiroetal・（1998）foundrelativeenhance－
mentsofthemagnetiC鮎ldstowarddteperipheryintheCen一

也umSBlohs．

OurnexttaskistoresoIvespatialdistribudonsoftheICX－

rayemissioninordertotracethedynamicsofthejet－lobe

system・ThelotXSOfCentauruSB，howeveLarenOtinfhctthe

lDepartrrcntofPhysics，SaitamaUmiVersity・Shim＞Okubo・Urawa，338－
8570．叩叩n；鮎伽＠匝y・姐ilma－u・aCJp・
21kpaJtmtOfPhysics・UniversltyOfrlbkyo，Hongo，Bunkyo・113－0033・
J叩an・
lhstituteofSpaceandAsn）nauticalScience・Ybshindai・Sagmihara・229－

8510，ねpm・

besttargetfbrthisinvestlgationwithASCAbecauseofthe

brightnucleusandtherelativelysmallangularseparationof
itslobes．InthisLetteちWePreSentreSultsfromASCAfbllow－

upobservationsofthewestlobeofFomaxA・ThisprototyplCal
ICsourceisidealfbrourpurposebecauseofitsnear）ydormant

nucleus（Iyomotoetal・1998），thelarge（～10′inradius）angular

sizeofitslot光S，andthehighintegratedICfLux・

2．OBSERVAT10N

hthe丘rstASCA observationofFomaxAcarriedouton

1994Januaryll，K95placedthenucleusatthecenterofthe

Aeldofview（FOV）・ThisYaSlessefncientforobservingthe
lotxsbecauseofthevlgnethngefftctoftheX－RayRlescope

（XRT；SerlemilsoSetal・1993），and，futthermore，SOmepOrtion
ofthelotxsftlloutsidetheFOVAimingatadetailedstudy

ofthelotx，WeCOnductedfblIow－uPObservationsofFornax

Abyplacingthewestlotx・Whichislesscontaminatedbypoint
sources（F95；K95；SeealsoKim，Fabbiano，＆Mackie1998）
thantheotherlobe，inthecenteroftheGasImaglngSpeC－

trometer（GIS；Ohashietal．1996；Makishimaetal・1996）FOV
ⅥねConcentrateontheGISdatabecauseafairamountofthe

lobeemissionlemainedoutsidethe22IxlllFOVoftheSolid－

StateImagingSpeCtrOmeter（SIS；Burkeetal・1991；Ⅵmashita

etal．1997）atthe2－ccDmde．Theobservadonswerecarried

outon1997August17－18andDecember26－27・Thegood

timeexposureafterstandarddatascreemngis35and62ksfbr

theAugustandDecemtxrobservations，reSpeCtively・Including
thedbservationin1994，thetotalexI氾Suretime amountsto

137ks，Whichismorethan4timesaslongasthatobtained

byK95・

3．RESUu愕

3．1．血dg血gA朋か由

InFigurel，WeShowO・7－10keVGISimagesobminedin
thetwoobservalionsin1997．Ⅵksmoothedtherawimages

withatwo＿dimensionalGaussianfbnctionofq＝0：5butleft

thecosmicandintrinsicbackgroundsintheseimages（Fig・1）・

BothimagesshowthediffuseICemissionoverthewestlobe
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codOtLrIevels，inchdingbackgrounds．areintherangesof（1・7－11）×10‾5and（1・7－乱9）×10．5Countss‾lfbrtheAugustandDe∝mberdata・reSpeCtively・

TeglOn，aS負rstrevealedbyF95andK95・Thebrightestand

sccoTKlbrightestdiscretesotlrCeSare，reSPeCtively，thehostgaI－
aDLyNGC1316andtheSBgalaxyNGC1310・Besidesanew
traJISientsotwcethatappearedonthesecond∝CaSiontothe

southwestoftheIobe，WeSeenOSlgnihcantvariadonofthe

SOurCeSindleFOVWbtherefbrec9－addtheGIS（GIS2＋
GIS3）data舟omthepresentobservatlOnSWiththosefromthe
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FIG．2．J rayscaleshowingFomaxAinasyntl℃Sizedimage（0・7－10keV）

血i虻dbyco－addingGtS2aJldGIS3data打omthethreepointlngS・nOト

m鵬圧d10theex押Su托mdcon∝tedbrvlgnet血ga鮎rsubtrac血g鵬
intdnsicbackground．TbeFOVsofindividualpoindngs（See§2）aTeindicated
Vithcircles．Thel．4GHzradioimage打omEkersetaI・（1983）isoverlaid

dthcontours．Thedash－lincdcirclewithinthewestlobeindicateslheregion

血舶isusedtoaccumulatetheGISspeCtrum（See§3・2andFig・3）・rmeWhite

Circksrepresentdiscretesourcesdet∝tedintheγeStl09ewithROSA71whose

CXhpAnted2－10keV伽xescxceed2×10‾17wm．2（§3・1）・

負rstonemadein1994inordertostudytheICX－rayemission

Withthebestslgnal－tO－nOiserati0．Forthatpurpose，WeSub－

tractedtheintrinsic non－X－ray background（NXB）utilizing

mighttimeEarthexposurescloseintimetoeachobservation，
COrreCtedtheimage（COntainingthecosmicX－raybackground

lCXB］andthesources）fortheexp？Sureandvignettingefftct，
andsmootheditwithatwo－dimenslOnalGaussianfuncdonof

J　＝0：4．

ThesynthesizedX－raymapisshowninFigure2withgray
scales，Wherethel．4GHzradiocontoursbyEkersetal．（1983）

areovedaid．Wtdetectedfburaddidonalpointlike犯urCeCan－

didatesOabeled1－1）withathresholdof4qdeviadonatx）Ve

theaveragefhxovertheldberegion．Apart丘omthesesmal1－

scalefbatures，WeSeCthedifhseICemiSsionexhibidngagood

COincidencewiththeradiolobe．WbanalyzedtheROSAT・PSpC

（P托fFtrmann＆Bruel1986）anhivaldataoftheseregionsand
foundthatal1thesourcesbutthetransientsoutcewereidenti航ed

withthe Rα弘T daLa as POint sources・The exhpolated

2－10keVAuxishigherthan2×10，17wm．2fmmtheirspeC－

trum負tdngresults，andthederivedenergyindicesrangefbm

l．5to3．2．TTLeSeSO氏X－raySpeCtraimplythatthediscretesources

donotoriginate如mthetDSSiblelocalenhancementsofthe
diffuseIC emission．鴨examinedAぶCA dataforNGC1310

andsources1－4andcon負medthattheirinb：nSidesstayedcon－

stantwithintheerrorsfoundindleSeObserv如ionswithA∫CA

andROSATAlthoughsourcesland2areincludedinthereglOn
employedbyK95fortheirspeCtralanalysis，thesum什uxof

thesesourcesisnotmorethan1／100fthe且tlXreFK）rtedbyK95・

Thesesourcesdonotaffbcttheirconclusionverymuch；infhct，

WeaSSumethatthesesourcesarefhidystabIe．

3．2．伽gc〟W椚qrJ鮎か郷がgEm由∫わ乃

Wt accumulatetheGISeventsoveracircularregion（the

dash－linedcircIeinFig．2）aroundtheX－raybrightnesspeak

（markedwithacrossinFig．2）．Wtlimitedtheareawithin

7：25toavoidsourcecontamination什omthehostgalaxyNGC

1310andsource2，althoughsourcelisinevitablycontained
intheintegrationreglOn．Sincethe托isessentiallynosource一

打eereglOnintheon－SOurCeFOViweestimatedthebackground

（NXB＋CXB）utilizingarchivalblank－Skyobservationsac－

Cumulatedfor1653ks．Furthermore，Wedecomposedtheback－
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FIG．3．－JSCn・GISspeCtrum（0・7－10keV）accumulatcdfbmtheintegra－

tionregiomshowninFig・1・Threespectra打omthethreepoln血gswerecD
ad血d．TYtccosmicandintriJuicbackgroundswerest）btracted打omeachspcc一

触m，血ingintoa∝Ountt旭光Cul訂Cha喝eOflkNXB（S∝紐Xt）・Tkkst一点t
modeIaJldits¢OnS山uentcom叩IentSareShown・ardthebest－Atparameters

鮎℃騨Yenin恥blel・

groundspeCtrumintotheNXBandCXBcomponentsbyre－
ftrringtothenighttimeEarthdata，andwerescaledtheNXB
normalizationtotakeintoaccountthesecularchangeinthe

NXBbycompanngthenighttimeEarthspeCtrumbetweenthe
ep”hoftheon－SOurCeObservation（in19940r1997）andthat
oftheblank－Skyarchivaldata（mostlyobtainedin1993）・Wt

thusgeneratedanaPprOPriatebackgroundspeCtrum（CXB＋

rescaledNXB）fbreachon－SOurCedbservadonandsubtracted

it丘omtherawspeCtrumOfeachGISinstrument・nenWe

summedthcGISspectrafbmtheobservationsintoaslngle

S匹Cαum・

InFigure3，WeShowtheobtainedbackground－Subtracted

GIS2＋GIS3spectrumOfthewestlobereglOn・Itisrelatively

hardandsigmiGcantlydetectedupt0－8keVlimplyingacon－

siderableimprovementovertheresultsinK95・Wt負ttedthe

speCtrumwithamodelconsistingofthreecomponents：（1）a
powerlawwithafrecenergyindexand鮎enormalizadon，
representingtheICemission；（2）athinthermalemission（Ray－
mond＆Smith1977）with什eetemperabreand鮎enormal－
ization，butwiththemetallicity触edatO・4solarabundance，

whichrepresentsthesoftthermaIemiSsionsurroundingthe
radiogalaxyasdetectedbyK95；and（3）thecontaninating
犯umel．Wbanaly班dthe尺05ArPSPCs匹C仙mOfsou托e
landfoundthatitcanbcdescribedwithapowerlawwithan

energyindexof3・2±0・7and a伽xdensityofO・008±
0．00lpJy【＝（8±1）×10‾35wm‾2Hz．11atlkeVlabsorbed

byacolumndensityof（8・0±0・2）×1024Hatomsm，2with

X旭egreeof鮎edom（dof）＝12・1／17・htheBttotheGIS
data，WeCOnStrainedthethirdcomponenttotakethesebest－Gt

TABLEI

RESULTSOFTHEMoDELFrrTOTHEO．7－10keVGISSpECTRUM
FROM THEl．βBEREGlON且

L21

component NHh EnergyIndex　世V）　　FLkcV－

鮎uR尤l……………　8．が　　　3．2d O・00Sd

lCemission…．‖‥．‥　2．00亡　0．74±0．26　　　　　　　0・10±0・01

Ambientthemd……　2．鵬亡　　　　　　　0・85±0・15　0・11±0・05

aThex2負tis94・7fbrlO3dof・AJltheeTTOrSreftrtosingle－Parameter90％
conn血ncelimits．

bphotoelectricabsorptioncolumndcJdtyinunitsoflO24Hatomsm‾2・

cFLuxdensityatlkeVinumitsoflvJy＝lxl0－12wm．2Hzー1・
dFixedattbbest一別ValuesoftheROSA71PSPCdata・

tRxd釦血eGalacdClil」Dトsightvalue・

ROSATparameters・WtcalculatedtheASCAresponsefunction

fbrthethreeobservationsindividually，andthenwetooktheir

weightedaverage．Withthisthree－COmPOnentmOdel，Wehave
successfullydescribedthespeCtrumWithX2／dof＝94・7／103・

TYLebest一触parametersareshownin恥blel・The2－10keV

hx．obtained打omthelobere騨Onis4・8×10－16wm．2，Which

isconsistentwiththatevaluatedbyK95・Thederivedenergy

indexoftheICcomponent（0・74±0・26）a！reCSwiththatob－

tainedbyK95（1．4±0．7），andtheaccuracylSmuChimproved・

AsimilargoodGtwasdbtainedbyreplacingthepoweトIaw

componentwithasecondthinthemalplasmaemissionmodel

oftemperaturekT＝8．4：；2keVwithanemissionmeasureof

Ln，nHdY＝（6．6±1．2）×1056m．3andanabundance触ed
atO．4solaェ

3．3．某月叩βrigあれ錯∫pi∫打払〟血n

WbsawinFigure2thattheICX－rayemiSsionisrelatively
concentratdonthecenterofthelobe．Tbquantifythesurface

brightnessdistributions，Wemadkedthecontaminantdiscrete
sources（旨3．1）andmadeal．8－10keVradialbrighhtSSprOGle

aroundtheX－raybrightnesspeak（thecrossinFig・2）・TheX－

raysu血cebrightnessdistributionisso鮎twithinafbwarc－

minutesthattheradialproGIeislesssensitivetotheposlt10n

ofthecenter（Rg．2）．TbcomparethiswiththeX－rayradiaI

pro別earoundthesamecentenwemadearadialbrightness
proAleinradioutilizingthel・4GHzimagebyEkersetal・

（1983）；WeShowthesepronesinFigure4・Thus，thetwo

proGlesresembleeachotherbutdi的rintwopolntS‥therim－

brightenedftatureseenintheradioproAleisabsentinX－rayS，

andtheX－raydistribudonappearStOhavealargerradiusthan
theradiodistribution．

Tbexaminepossibleinstrumentalartifacts，WeSimulatedan

expectedX－raylmageWiththeXRTandGISresponsesimu－
latorto鮎theobservedradialbdghtnesspro刷e・Theposition

resolutionandvignethngefFtctwerecalculatedbasedoncal－
ibrationdatafbmCygnusX－1（Ikebe1995；Thkahashietal・

1995）．Ⅵ晦assumeanisottt）Picdistributionoftheemissivity

thmughdtesimulation・Thisanalysisrevealedthatahom0－

geneously GIled spheriCalemissIVlty mOdelwith an outer

boundaryOf121±llreproducestheobservedX－rayradial

proG）everywell（Fig・4，SOLLdLLne）・
Ontheotherhand，aShell－Shapedemissivitym∝lelrepro－

ducedtherim－brightenedradiopro創everywell，aSrepreSented

bythedashedlineinFigure4・Theouterboundaryoftheshell
is constrainedtobelll±0：5，WhiletheinnerboundarylS

41±0：5・Theshe11－Shapedmodel，howでVeちCOuldnotdescdbe
theobtainedX－rayprOGlewithaGnitelnnerboundary・There－
fore，unlikethecaseofX－rayemissivity，theradiopro触re－

qulreSareducedemissivityatthelobecenteちalthoughwesee
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蝕如細川i鑓仙随卸間両kX－叩相加囁匹止【血】

F拓．4．rR奴はdX－my（0．7－10keV）andra血）Su血bdg加1鰯di虞dbu－
don直meaSu托d打om dYWeStradiolotN：OfFbmax A．Theabscissais the

両頭dstan¢e打omt臆Ⅹ－my匹止inui也Of山℃m血暮飴，W旭etkoト
d山鹿kIk托l舶iYebdgh加盟inina巾i叫皿iLTheX一my血也（C和郎～∫）
∬td血nedfmmtI℃人肌血沈rV鵬OmSOflt衿4肌d19サ71允訂Sじb打誠心ng
鵬b卸皿仇Whk鵬ndiodis血bution（血〝dA血相gmm）isOOmpiled
hm鵬m叩阿山dby馳指dd・（19も3）・Th触dmdel曲雨b血0鮎
∬e血相i鵬血．T撫丘Ild一画館m∝klb戯〟肘）細山ESkum∝kl
匝戚d肋～）礼帽丘憮dtolkX一mypm触抽d血亡摘出0匹0蝕，聡阿山㈹ly
（鮮触り．

nosigmihcaJltdiscrepancybetwccnthcderiYCdoutertmnda－
deSOf血eX一myand相銀opro丘ks．Since血er如iodahpm一

両dd由佳eraCCumCy，Werega出血eYalueof－11I血かd

蝕omradiodataasthecommonouterbou血yofradioand

X一myS（S∝§4）．

4．DISCUSSION

Ⅵbm閉息u代d也ed的胱Ⅹ欄ySOftkRm拡Aw鵡tl血

W出目mimpmvdaOCⅧr鉱yemployhg血eA∫G4fbmow－upOb－

SerⅥ山0鮎．n槍di肋seemissionspadallycoincideswiththera一

曲SynCh鵬mnld忙Oma如酢醍ak・¶lededⅥdO・7－10bV
SPeChmofthk）tXX－raySiswel］descritdwithapowlaw

m鵬elwboseCne喝y血kxが0・74±0・26耶S南山tks叩－
dhrobtmTdioemissioncnergyiT血xofO．9±0．2derived如m
PbIishedTdo伽xeSObservedat408MHz，1．4GHz，amd
2．7GHz：（SCeCaqtm1971，Ekersetal．1983，andShimmins
l卯1，℃＄匹dvely）．心血ou帥血es匹dmm山水We止血d
bm血lyincludesathinthermalplasmamodel，thespcctrum’s

hightemperabTtt¢T＝8．4：完keV）precludesusfhtlSing

eitherdtegravitadonalconAnementor血ecooling鮎wtoexplain

也eemission．¶lederivedemission汀にaSu陀Tqul托Satkrmal

卿Of－3×10‾1リm‾3．Ifwea鎚umeama卯edc鮎ldof
～1nTtoconGnethepssiblethemalplasma，that鮎Idwill

md肛e血es叩Cb相加mC00伽g血据血wnt0－1（yyr（Iyomob

Vol．546

etal．1998）．Thisistooshottfortherelativisticelectronsto

diffuseinalloftheldtxs，COTuideringthe esdmatedgrow山

S押通正也eloks（Scheuer1995）・Therefbre，YePCOn負m・
withahigheracαraCy，thaHhediffuseX－rayemlSSlOnispro－
ducedviatheICprMSSinwhichthecosmiCmicrowaveback－

groudphotOnSaJttmtedbytksynchrdronel∝hons，aSF95
and K95concluded．

Wi山地efbllow一叩Ob昏erV鵬onsI氾in血ngat仙ewestlok，We

examincdthebdghtnessdisbibudonoftheICXィayemission

andrevededthalitindic細田aCCnter・Glledemissivitydistribudon

incontmsttotherim－bdghteningradioshape．Thsi鵬icatesthaL

血e托ladd感celec打DnS封℃homqeneollSh血esphe陀Ofm血S

－75楊k匹（＝11′），Wk托鳥75is血eHubbleOOn息切れtn∝m曲血

to75kms－t MFK：，1．wtthereforeregaTdtherim－brightened
radioemission zLSadirectindica10rOfthemagnedcpressure

dis仙don，rePteSentedbyashellofinnerandouterboundaries
of～27楊k匹（＝4り諷d－75楊k匹（＝ll’），代5匹dvelyt
Onthebasisofthes匹Ctralandspadalanalysis，WeeValu如ethe

energy dCnSitiesofdlemagnehc負eld（‰）and血eel∝trOZB

（叫）acco血gtoH血S＆Gdnday（1979）・Since‰is由比ト
minedbytheradoofthesynchrotronradiolluxtotheICX－ray

hxemittdhm血esamevolume，uBISininversepmprtion

b血e volume血00f血eshellto仇eelectmn一別Idsphere，

Whichis■－0195．Wtestimatethalthel．4GHz伽Xfalhnginside

dleX－rayintegradonregi00is50Jy（＝5xlO‾25ws－1m－2），

basedontheradiomapbyIkersetal．（1983）・Wt血encalculate

uBa鮎rHards＆Gdndlay（1979），COnSideringtkGlling触or

U）to山eshellregiOnaTKIassumingthatthemagnedc鮎Idshave

tudom di托Cdons tothe血e of sighL TtIe reSultis ue＝

（4．6±0．4が‾lxlO‾14Jm‾）．

Tl把dcrived晦COrreSPOndstoamapetiC負eIdstrengthof

O．34±0．02nTaJ＝1．Notehe托山水We錮optdanIC

SCauEdqgelec打OmdeれS吋，釦aLopentZねctorof7－1（X吼

esdmahdusinganextrapoladonhmtheobserYedsynchrotron

S阿tmmaIT～5α抑」13，（X札Udhzingequadon（lq）ofHarriS

＆Grindl叩（1979），Wealsoderiveu，inthespherc・Wbassume
thattheelectzt）nL心rentZfhctorraJlgeS舟omT＝103tolO5in

血ecalculadontにlow，a5Ⅹ95如画．nus，Wedぬind〟．
hm血e郎tim如dICX－myfhx mblel）a£〟．＝（2．0±

0．5）（ちJll′）‾3九7，×10‾lりm‾3．A仙ough血e血dvd侮is

nominallyl廻苫erthantheJL，byafhctorof2・3intheshell，We

Canndimmediatelyr ectaJIeIcctmn－magnedc負eIdequlpaト

血on（叫＝叫）仙併e両地0Ⅷ【血相tde血dng血eeloc仕On
印e曙y甲∝打umhlowT－5㈱・If血es鮮血mismmed
血wmJuSthさlowT＝5（X札血eestim批d〟■血．≧8・3・On血e
COn鵬ry，aおummg血t血e s匹加mex也n血downto7－
350（－2MHzhs叩Ch爪加nemission），血einteg融d叫h－
COmeSequivdentto〟■in血e血elllepOm

Theresultsdbtainedheresuggestapictureinwhichthelobe

interiorisdominatedbythepardcleprcssure，Whereasthemag－

nedc丘eld匹餌代玩℃OmeSSi卯i鮎antin血eshellreが0m血一

角nedbytheldbebmndary．hteres血gly，WeSee aSimilar
situationinthelobes ofCentauruS B（PKS1343－601），aS

Thshiroetal．（1998）show．Thesimilarityisthoughtto托月ect

theenergeticsandeYOludonsofradiolobes（e・g・，Blundell＆

Rawlings2（X氾）andtheintergalacticenvironmentsofparticle

andmagnetic鮎Ids・Furtherinvestigadonswiththe托Centad－

V肛由Ⅹ一myObservatodesa托eX卿d・
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◎卸LTもeAm頭C肌A5m忙州山mk山Soc雉吋．Alll癒ht5re沈Ⅳ血PhntedinU・S・A・

DETECTIONOFEXCESSHARDX－RAYEMISSIONFROMTHEGROUPOFGALAXIESHCG62

％sUsHIFUKAZAWA，1・2KAZUHIRONAKAZAWA，2NAOKlIsoBE，2KAZUOMAJ’ISHIMA，2KYOKOMATSUSH．TA，2・3
TAKAYAOHASHl，4ANDTsUNEYOSHTKAMAEl・2

鮎Cefved2α旧〟叩紙〃C叩′ed2αり伽′血r25rp血船舶d2（桝血Mりp

ABSTRACT

職detectedanexcessofhardX－rayemissionatenergleSatX”e～4keVfromthegroupofgalaxiesHCG62

usingdatafbmtheASCAsatellite・Theexcessemissionisspatiallyextendedupt0－101fromthegroupcenter
andsomewhatenhancedtowardthenorth・ItsspeCtrumCanh：repreSentedbyeitherapowerlawofphotonindex

o．8－2．70rabremsstrahlungoftemperaturegreaterthan6・3keVInthe2－10keVrange，theobservedhard

X－ray仙X・（1・0±0・3）×10－12ergs？m－2S－1，impliesaluminosityof（8・0±2・0）×1041ergss－1foraHubble
constantof50kms－lMpeーI・TheemlSSionisthtlStOOluminoustobeattributedtoX－raybinariesinthemember

galaxies・Wtdiscuss匹SSibleonglnSOfthehardX－rayemission・

Subjectheadings：galaxies：Clusters‥individual（HCG62）－gala血S：eVOlution－X－rayS：galaxies

L87
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Clustersofgalaxiesaethoughttohavereleasedalarge
amountofdynamiCalenergyintheirimidalcollapsephase・
Duringtheirsubsequentevolution，Starburst－drivenwinds，Clus－

termergers，radiogalaxies，andrandomgalaxymotionsmay

have supplied additionalheadng energy totheintracluster

space・Presumably，theseprocesseshavegeneratedenergetic

particles（e．g．，Kang，Ryu，＆Jones1996；ThkiZaWa2（X叫，aS
evidencedbydiffusesynchrotronradioemissionfbmsome
Cluskrs．

Sucheme曙e血pa血clesa托eX匹kdb叩血cenonthemal

X－raySaSWell，byCompton－boostingcosmicmicrowaveback－

ground（CMB）photons・LongsearchesfbrsuchefFtctsamong

galaxyclustershaverecentlyrevealedtwocandidates：theex－

cesssoftX－rayemissiondetectedwiththe血Ln，meULLnzvioLet

EpLorer（Lieuetal．1996；Mittaz，Lieu，＆L∝kman1998；

Bowyer＆Berghoftr1998）anddleSPeCtralhardX－raytail

observedwithB仰OSAX肝usco－Femianoetal・1999；Kaastra
etal．1999）．However；theexactnahreoftheseemissioncom－

POnentSremainsuncleaL

Groupsofgalaxiesarethepoorestclassofgalaxyclusters・
Theirthermalemissionislimitedtoenergiesbelow－5keV

becausethetemperatureOftheirhotintragmupmediumisabout

lkeV（e．g．，Mulchaeyetal・1996；mk㍑aWaetal・1珊）・
Tberefore，theyallowustosearchfbrnonthermalX－rayemis－

sion，eVenwithinstrumentS Operating below an energy of

～10keV∴HereweretDrtthedetectionofexcesshardX－ray

emission打omthegroupofgalaxiesHCG62withtheASC4

GasImagingSpeCtrOmeter（GIS；Ohashietal・1996；Maki－

shimaetal．1996）．Wtemploy90％con負dencelimitsthmugh－

outthisLetterandusetheHubbleconstantof50kms‾lMpe‾1・

SolarabundancesreftrtoAnders＆Grevesse（1989）．
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2．0BSERVATIONSANDDATAREDUCT10N

WdlaredshiAofO．0137（Hickson，Kindl，＆Huchra1988），

HCG62isoneofthenearestHicksoncompactgalaxygroups・

ItwasobservedtwicewithASCA：On1994January14－15in

aslnglepolntlngandon1998January13－17infourpointlngS

tocoverthewholegroupreglOn・TheGISwasoperatedinPH
mode，andthe Solid－StateImaging SpeCtrOmeter（SIS）in

2＿ccDFANTmodein1994．WtdonotusetheSISdatataken

in1998becauseoftheinsu托cient負eldofviewof1－ccD

modeemployedatthattime・AfteranaPPrOpriatega）nCOrreC－
tion，WeOO－addedal1theavailabledatafromdifFttentsensors，

chips，andpointIngS，SeparatelyfortheGISandtheSIS・The
livetimeis～30ksforthe19940bservadonand～20ksfor

eachofthefburPOlntlngSOfthe19980bservation・Thetotal
GISlivetimethusamountstollOks．

Forourpurpose，itisimportanttoaccuratelysubtractthe

GISbackground，WhichconsistsofcosmicX－raybackground
（CXB）皿dintrinsic detector background（UDB）・Wt hrst

summeddataoftheASC4LargeSkySurvey（Uedaetal・1999），
conductedin1993Decemberand1994Juneoverblanksky

鮎lds，Withatotalexposuretimeof233ks・Then・aftermebe

（1995），WeeXCludedregionsintheGISimageswherethecount
rateexceedsthosefromsurroundingreglOnSby≧2・5q・This

eliminates faint sources with2－10keV nux greaterthan

8×10－14ergss‾1cm‾2・

WtnextcorrectedtheIDBlevelofeachpointlngindividual1y

foritsgradualincreaseby2％－3％yr‾landforitsrandom

day－by－day且uctuationby6％J％Oshisakietal・1997）・For

thispurpose，WederivedthreeGIS speCtra，denotedS（E），

B（E），aJldN（E），伽）mtheon－SOurCedata，theblankskydata

preparedasabove，andmightEarthdata，reSpeCtively・They
wereaccumulatedoveranannulusofradius13’一25’fromthe

GIS丘eldcenterandinthe6－10keVenergyrange，tOenSure

thatS（E）isfhte丘omtheHCG62emissionandthattheCXB

isrelativelyminorcomparedtotheⅡ）BinS（E）andB（E）・

TTIen，aSSumlngthattheIDBspeCtrumanditsradialproGIe
arebothconstant，We触edS（E）withalinearcombination

B（E）＋JN（E）；heIefisafreeparameterandJN（E）represents

thesecularIDBchangektweenthetwoepuhswhenS（E）
and B（E）were acquired．Wt have dbtainedf＝0・00and

f＝0．08－0．12forthe1994and1998data，reSpeCtively，in

agreementwiththeIDBlong－termincrease（Ishisakietal・
1997）．ByanalyzingvariousASCAdata，Wealsocon負rmed
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F鵬．1．J軸Ound・SubtrdGISimageofHCG62in4・5J keV（g用y
舶確り鵬1．0－2．4keV（COn加”）・Bothimagcshveb：enSm00tkdwitha
G血山地・OrJ＝1′，乱ndt山盛r引治lesa托10脚旭mic．Tl旭丘旧r叫uar彷

劇t岬i血鮎Ortk尺α餌r印加めW∝S血虹WOuldd甜k血腹血涙山鹿
6格．

dd血ismethodcamreprduce，tOwithin5％，theGISback一

騨嘲れdspectraamditsradialproGlesacquiredatanye匹Ch
OⅥ汀1993－1999．

¶leSIShasalowere托ciencyinthehardX－rayband，a

Sboderexposu托time，andasmaller危eldofviewthantheGIS・

W　鵬血托fbreudlizetheSIS speCtrumOnlytodeteminethe

釦戯dma）emissionfbmtheintragroupmedium．Wtsub打act

tbcSISbackgroundinaconventionalway，utilizingthea血ival
S巡b鉱kgmmd紀t．

3．RESUuTS

lbavoid鵬diffusethermalemissionwithatypicalplasma
tem匹刑血爬OfkT～1．OkeVO｝onmanetal．1993；Fukazawa

Ctal．1998；Davis，Mulchaey，＆Mushotzky1999），WePIO－

duccdtheGISimageofHCG62inthehard4．5－8keVbaJld，

asshowninFigurel．TTIereWeOVedaidthel．0－2．4keVimage

asamea凱汀eOfthethermalemission，Ofwhichthebrightness

Peakcoincidesinpositionwiththe甲0ワPCentertOwithinl’・
TheimagerevealsahardX－rayemlSSlOn，Whichapparendy

exも鮮血upt0－10′如mthegmupcenteR

Figure2showstheradialGIScountrateproGleintheenergy

血of4．5－8keVcemkt℃don也eso食Ⅹ一mybdghmesspe止．

AIsoshownaretheinstrumentalpoint－SpreadAmcdon（PSF）

a細山epro別eof血eesdmakdbackgmund．Thus，血eback－

grnndleveliswellreproducedatlargerradiiwithin5％，and

thehardX－rayemissionismoreextendedthanthePSRde－

tectableuptolO′如mthegroupcentezlAsshownintheinset

toFigure2，thehardX－raySurfhcebrightnessishigheritHhe
nOrthreglOnthaninthesouthreglOn．SuchafhtLmCannOt
beexplainedasaspilIoverfromdlelkeVthermalemission．
ThehardX－raybrightnessisnotcorrelatedwiththegalaxy
distribudon，eitheちincludingemission－1inegalaxies（deChzI

Valhoetal．1997）．

TYN：ObservedhardX－rayemission，althoughappa陀ndyex－

tended，COuldsimplyt光ateSultofseveralhardpointsoulCeS，
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FIG．2．－－－月ISm血deountratepro丘leofHCG62（cm∬dd〝Jr∫）oenterd

OnthesoftX－rayPeakposition，iJWludingthebackground・n妃dashedcrosses

represcnt the estimated backgrotlnd，aJtd the solidline showsthe A∫CA

X－RayTtlesc0匹＋GISPSFplustheestimatedbackground・rnLeinsetshows

thebackgrotlnd－SubtractedazimuthIcountrateproGIein4・5－8keV（CTO∬ed

CETrLes）andl．OT2．4keV（do批dhislognm）．Theangleisde負Tdcounteト

docb扇父，Wilbe鮎旺bdng山eongm．

SuChasacdvegalaxies，eitkrrelatedorunrelatedtoHCG62・

TbanSWerthisissue，WeeXaminedthearchivaJRaSATimage

OfHCG62andfoundfourpolntSOurCeSWithO．1－2keV伽X．es

Of（4－8）×10‾14e曙SS‾lcm‾2畔ig．1，呼の叩〟肌汀）attbe

locations wherethe haTd－band GISimage actually exhibits

fX）SSibleenhancementswiththeimplied2－10keV hxesof

～10‾13ergss－1cm－2・The且uxradobetweenASCAandROSAT

indic如esthatthsourcespeCtrahaveapwer－IawshapeOfpho－

tonindex－1．5．WthaveaccordinglyexcIudedphdonsfhlling
within2：50fthesefoursouTCeS．Inaddidon，inordertoremove

円心ible匹血t比e soun光S加血e cen打al托pOn OfHCG62，

WeeXCludedphotonswithin3’ofthegroup∝nterlTTNm，the

4．5－8keVGIS2＋GIS3鎖uxfbmtheon－SOurCedatahasbe－

00汀に3772±61pho伽SOVer仙em血sof3し15’，COmp訂ed

to3351±20expeCted丘omthebackgroundcMtrate・ne
exce弘，421±65coulltS，Wellex血stk～60counbex匹td

forthel keVthermalemission．Thus，the presence ofthe

extended excess hard X－ray emissionis signi魚cant如mthe

GISimagery even after excluding p”Sible polnt－SOurCe
COn血nZ血on．

InordertoexaminetheexcesshardX－rayemissionthrough

SPCCtrOSCOpy，We have produced speCtraOVerthe radiusof

3l－15′byutiIizingalltheavailabledata加mtheGISandonly

the釦stpoint）ngdatahmtheSIS・ThereglOnSwithin2：50f

thefourpointlikesourceswereagalneXCluded・Wtdiscarded
theSISdataabove4keVfbrthereasondescribedbefbre．The

Obtained speCtra are PTeSentedinFigure3．鴨負ttedthem

Simulaneouslybyaslngle－temperatureplasmaemissionmodel

（Raymond＆Smith1977；R－Smodel）withsolarabundance

rados（Fukazawaetal．1996，1998），mOdi鮎dbyphotoelectric

absorpt10n．AsshowninThblelandFigure3，themodelsuc－

CeSS蝕IlyreproducedthedatainlowerenergleS，andthederived

temperabreandmetallicitya陀COnSistentwiththoseofFu－
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FUKAZAWAETAL・

FIG．3．－JIS＋SISsimultaneousspeCtr離tdngofHCG62withthesingle一

伽阿atu托R－Sm∝kl・伽∝0緋Sandsolidli－ヒS叩e脚t仙e血血
model．respabvely・TheSISdataaboYe4keVarediscarded・

kazawaetal．（1998）・Howeveちthemodelisnotacceptd）ledue

tosigmiGcantresidualsseenintheGISfitoverenergleSOf

greaterthan3keVWhenwelimittheenergybandb）lessthan
2．4keVlthehtbecomesacceptd）Iewithareducedx20日・29

弧d仙ebst一伽比m匹柑血爬OfO・95±0・05keVIncon打払t，

whenweuseOnlythehardenergybandatx”e2keV・thebest－

Attemperabreinc－eaSeStO2・1±0・3keV；thisisinconsistent
withthatindicatedbythesoft－banddataandismuchhigher

thanthepredicdonfromthegalaxyvel∝ltydisperSionof
～300kms－1即ulchaeyetal・1996）・TheseresultsreconGrm

thepresenceOfexcesshardX－rayemissionabovetheprediction
of山e仙emde血ssionoftemIにr加代～lkeVThe托SulbOf

Finoguenov＆Ponman（1999），Whoreportedahightemper－
a加eOfg托akr山肌1・5keV肌und510f血groupcen吼
arealsoconsistentwithours・

恥reGttedthewhole－bandspectrabyaddingabremss血－
lungora匹WeトlawcompOnenttO叩托脚t血eexcesshard
x－rayemission・Assummmiedinl払blel，eithermodeling

basかenanaCq匝blejoint tto血eAぶCAsp氾鳳The
bremsstrahlungtemperaturehasbeenconstrainedasgreater

than6．3keV；whilethepowerlawphotonindexαphWaSfound

atl．5二五：享．Al伽ugh叫Canhおhighas2・7・SuChast虎p
powerlawforcestheR－ScomponenttOhaveaneXtremelyhigh
metalhcily・Whenwe触themetallicityoftheR－Scomponent
ato．30solacwhichistypicallyfoundfbmclustersofgalaxies・

theupperlimitonαpbtMOmeS2・2・Below・Weutilizethislimit

instedof血eo郎血One・伽nOmah加onof仙ebardcom－
ponentdoesnotchangebymorethan20％ifweuseplasma
e血Ssioncdeso血erthan血eR－Scde・

TheupperlimitonnarrDWFeKlineftaturesat－6・6keV
isuninterestIng，SeVeralkeVinequlValentwidth・Theabsorp－

RESULTSOFJoINTFTTINGOFTHEGIS

M∝kl f伽gr∝SOfFr戚om
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tioncolumndensitycannotbeconstrainedinanycaseandis

consistentwiththeGalacticvalueof2・9×1020cm‾2（Stark

etal．1992）．The2－10keVX－ray仙xandluminosityofthe
hardX－rayCOmtDnentare（1・0±0・3）×10－12ergscm‾2S‾l

and（8．0±2・0）×1041ergss－1，reSpeCtively，regardlessofthe

choicebetwecnthetwomodelings・ThisamountstOabout20％

oftheO．5－10keVthermalcomponentluminosltyOf4・9×

1042ergss‾l（Fukazawa1997）・

AlthoughwehavecarebIlyestimatedthebackground，itis

stiIlimportanttoeXaminetowhatextentourreSultsareafftcted

bypossiblebackgroundun∝rtainties・Tbseethis，Weinten－

tionallyincreasedtheIDBbackgroundlevelby5％andfound
thatthe2－10keV伽xandluminosltyOfthehardcomponent

become（5．5－8．4）×1K「13ergs s－1cm‾2and（4・3－6・5）×

1041ergss一一，reSpeCtively・Thus，thehardemissionremains

statisticallysigniGcant・

FromthegalaxygroupHCG62，Wehavedetectedtheexcess

x－rayemissionwithaveryhardspectrum，Whichextendsup
tomorethanlO・ftomthegroupcenterandissomewhaten－

hancedatthenorthreglOn・Althoughitssu血cebrightnessis

only～20％ofthatoftheGISbackground，Wehaveconhmed

itsrealitythroughcarefulanalysis・Below，Wediscusstheorigin
andnatureofthisphenomenon・

AnimmediatepossibilitylSaCOllectionofbinaryX－ray
sourcesinthemembergalaxiesofHCG62・Howeveちbased

onthetotaloptiCalluminosityofHCG62（－1×1011L・◎；de

carvalhoetal．1997）andtheopticalversusX－rayluminosity

correlationamongellipticalgalaxies（Matsushita1997），this

contributionisestimatedtobeatmost4×1040ergss．1，Which

isanorderofmagnitudeshortoftheobservedluminoslty・A

secondpossibilitylSanaSSemblyoffaintactivegalacdcnuclei

（AGNs）inHCG62・HoweveちtheoptiCalevidencefbrAGNs

inHCG62ismoderate（deCarvalhoetal・1997），andwehave

alreadysubtractedsuchcandidatesbasedontheROSATimage・

AnyremainingAGNsa陀eStimabdtocontributemomorethan
30％10％ofthetotalhardX－rayemission・Yttanotherpos－

sibilityistheAuctuationofbackgroundfaintsources・Udhzing

thelog〃」logSrelationinthe2－10keVband（Uedaetal・
1999），thiscomibutionisestimaLedtobeatmost～2×

10－13ergscm－2S－10Vertheradiusof3，－15（，Whichisagaln

toolowtoexplainthedata・Fromtheseconsiderations・We
concludethattheexcesshardX－rayemissioncannottXeX－

plainedbytheassemblyofdiscretehardX－raySOurCeS・What－
ev併血eirna山托加．

consideringthelooseconstraintontheFeKline，theexcess

emissionmightbeofthermalonginfbmveryhotplasmas・
Actually，Buote（2㈱）describedtheASCAsp融・aOfHCG
62，integratedoveraradiusofO′－3，，byatwo－temperature

TA8LEl

＾NDSISSpECTRAOFHCG62wITHVARJOUSMoDELS

たrh

（bV）
叫l▲

（XlOかcm」）

NomaliZationb

solarAb仙danαh　（×1017cm‾5）

Nom血izadonofH訂d

Componenr

R－S　…．‖……………・・・‥・
2．24

R－S＋bremsけ劇ungd……　　　　0・卵

R－S＋匹Werlaw亡・‥‥‥‥‥
0．99

1．02 ±0．03 0．15±0．∝と　　　7．2±0・6

0莞品芸05　0霊1g・肪　5●号．露0

・ColuTTmdensityofphotoelecdcdbsorptlOn・

rNomaliza血OfbtemsstrAIungmodelorpoweトlawmodelinuni也Ofcm－50rCOun払S－1cm－2keV‾1，reSpeCbVely・

dTbm阿alu托Ofbrem∬机止血ngm∝kl吼脚＞6・3・

tpoweトlaw匝OtOnin血Xα小三1・5霊・
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EXCESSHARDX－RAYEMISSIONFROMHCG62

plasTT瞼mOdelofkT＝0・7andkT＝1・5keVWthavein一

票欝竺；蒜0禁霊霊霊昔蒜・慧二器二
qulreatemPeraDreOfgreaterthan6・3keV；theoriginaltwo－
tem匹rabremdelfoundbyBuote（2㈱）givesaveryp00r
伽kyp＝1・66）・Thus，thermalemissionwithan“ordinary”

teTnFN，rab托CannOteXPlainthedata・Insigni魚cantdetectionof

cxcesshardX－raySOVeraradiusofO′－3，mightbeduetop00r

photonSbdsdcsandcomplexspeCtraOfthermalcomfN）nentS
呼血扮Waetal・1998）atthecenterregion，SpeCtralchangeof
brdcom卿entS，andsoon・Theremightstillbeplasmasmuch
仙rthaJltheescapetemPerature，aSisactuallyfbundinstaト
h∬Stgalaxies¢・g・，Ptaketal・1997）・HowevqWithin15’of

HCG62，therearenobright働Ssourceswiththe60FAmhx
exceeding2Jy（SkyViewattheHighEnergyAstrophysics
scienccArchiveResearchCenter）・Wttherefbreconcludethat
鵬thermaIinterpretationoftheexcesshardX－rayemissionis
仙血isdc．
Giventhcdi触uldeswiththediscretesourceandthermal

interprctadonsofthediffusehardX－rayemission，Weregard
tktDnthermalinterpretationasthemostpromlSlng・Onepop－
ularscCnadoofnonthermalX－rayprOductionisinverseComp－
bnSCattenngOftheCMBphotOnSbyrelativisticelectronswith
lhrentZfhctorT－103－104，aShasbeeninvokedtoexp）ainthe
excesshardX－rayemissionfromrichclusters（e・g・，Fusco－
Fbmianoetal．1999）．HoweverlWeCannOtCOnSt血ntheintra－

groupmagnetiC鮎IdinHCG62becauseofalackofinfor－
madononthediffuseradiohx．Ifweassumearepresentative

magnedc鮎ldiTdfnSltyOflpG，WeWOulddbservesynchrotron
radioemissionwithaAuxdensityof－0・3Jy・Sincesucha

stTDngradioemissionisnotseenhmHCG62（SkyView；
NRAOV血yLmgeArray Sky Surveyimage），theinverse
Comp加interpretationholdsfbrHCG620nlyifitsmagnetic
鮎IdismuchweakerthanlfAG・Therealityofsuchaweak

mapetiC負eldisanopenqueStionandinanaPParentCOntra－

dicd皿tOthegeneral1yacceptedintergalacticGeldstrengthsof

Vbl．546

～lvG（Kronberg1994），eVenthoughsuchaconditionissug－

gestedbytheBWOSAXandRXTEobservationsofsomerich
clustersofgalaxies（Valiniaetal・1999；Fusco－Femianoetal・

1999）．

Analtemativeinterpretationisnonthermalbremsstrahlung
txtweenthethermalgasandsubrelativiSticparticles・aSprO－
posedforthehardX－rayemissionfromAbel12199・Ofwhich
diffuseradio触xisquiteweak（Kempner＆SaraZin2㈱），aS
inthecaseofHCG62．Letusassumefbrsimplicitythatthe

nonthemalelectronshavetypicalenergleSOfl0－100keVand
theirspatialdensitydis扇butionissimilartothatofthethemal
intragroupgas・TYLen，thenonthemaltothermalluminoslty
rad。intheO．5＿10keVbandbecomesJi6α，Whereαisthe

densltyrati00fthenonthermalelectronstothethermalones・

Theobservedluminosityratioof一心・2impliesα～0・06，in－

dicatlngthattheenergydensityofnonthermalelectronsisO・6J
timesashighasthatofthermalelectrons（dependingonthe
speCtrum）．Ifthisisthecase，themechanismofsuchparticle

accelerationbecomesanimportantissue・Inaddition，thenon－

thermalpressure associatedwithsuchaparticlepopulation

wouldconsiderablyincreasethetotalmassofHCG62，and
henceitsdarkmattercontent，eStimated什omtheX－raydata・

Thediffuse hardX－rayemissionhasbeenobservedwith

ASCAfr0ワSOmeOthergaIaxygroupsaswell（Fukazawa1999）・
However；ltSprOminencere）ativetothethermalX－rayemission

appearStOSCatterfbmobiecttooqect，Similartothatseenin

richclusters（Molendietal・1999），WithHCG62being禦eOf
thestrongestcases．AlthoughwhatmakessuchvarietylSyet
tobestudied，thehardX－rayemissionmightberelatedwith
transientphenomenasuchasmergers・

TheauthorsaregratefultoM・恥kizawafbrhelpfuldiscus－

sionsandtoaJlanOnymOuSreftreeforhelpfulcomments・This
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ucation，Science，andCultureinJapan（07CE2（氾2）・
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Chapterl

Introduction

Astrophysicaljetsareapairofhighlycollimatedpla8ma且owSWhicharedectedfroma

CeLItralSourcewithrelativisticvelocitiesirltheoppositedirection8tOeaChotller．Thejet

pheIlOme－laarefoundallovertheu－liverseonvariousscales，SuChasinactivegalactic

nuclei，GalacticbillariesirlVOIvingcollapsedStarS，yOungStellarObjects，and sofbrth．

However，themecllaIlismofjetsformatioIlisstilloneoftheunsoIvedimportantissues

inaStrOphy8ics・Inparticular，maIlypiecesofevidenceindicatethatthejetphenomena

geTlerallyinvoIve magIletic Belds，butitis stillunclear how esseIltialthey arein the

formatioT10faStrOphySicaljets・InordertobetterunderStandthejetphenomena，itiS

VitallylLeededtoquantitativelymeasuretherelativedominanceofparticleenergyand

magTletic－6eldeIlergy，aSSOCiatedwiththejets．

LobesofradiogalaxiesprovideorleOftheideallaboratoriestoinveStigatettleissue，

becauSetheirradioemisSionisofnodoubtproducedvia8ynChrotron process，i．e，，an

iIlterplaybetweentherelativisticparticlesandmagneticfields，Theformercarriesover

thebulkkiIleticerlergyOfthejetS，preSumablyrandomizedbyjet－terminalshockS，While

thelatteriSalsothoughttobesuppliedbythejets．However，Whatcanbemeasuredby

theradioobservatioIISisoIllytheproductueum，Whereueandu，n areeIlergydensities

Ofrelativi8ticparticlesarldmagIletic鮎ld，reSpeCtively．ⅠIlOrdertoindividuallyevalu－

atethem，itiscollVenti0－1altoasSumeanequipartitioIlbetweenparticle＆ndmagnetic

eIlergleS，OramiTlimumeIlergyCOtlditioTl．

RelativisticparticlesiIlradiolobescaILprOduceX－raySOr7－raySbyiIIVerSe－Comptorl

（IC）BCatteriIlgOぼ80me80ftseedphotorlS・ThelCX－rayObservationsyieldtheproduct

u。uS。rL，Wllereus。tListheeIlergydeIISityoftlleSOftseedphotonS．Therefore，ifu的rtis

alreadvknowTl，aCOmparisoI10fthesyIIChrotroIlradiofhxarldtheICX－rayfluxallows

ustoiIldepeIldeIltlvdetermi－le u。and u”H WithoutiIIVOkingtheminimumenergyor

equlpartitioIlaSSumptiollS・Especially，SOft photollSi－lthelobes ofradiogalaxies are

l
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uBuallydominatedbythec00micmicrowaveb血g－Ound（CMB），OfwtIichtheenersy

denSityucMB＝4・1×10．13（1＋Z）4ergcm‾3（whereziStheco8mOlogicalredshiftofthe

ObjectS）iSaCCuratelyknown・Thereforein8uCllCaBeB，thedeterminationofu。aIldu，niS

POSSiblewithahighprecisiorl，aShasloIlgbeeTlaIlticipated（HariSa肌dGrindlay1979）．

TheICX－rayemiSSionhadreceivediIICreaBlIlgattentioIlh・Oma8trOpllySicist8itL19608．

TheCMB－booBtedX－raySWereOnCethoughttobeapossibleoriginofexteIldedhardX－

raysh■OmaIlumberofcluSter80fgalaxiesdetectedbyUh椚SurVey（GtlrSkyeta1．，1972），

WhicharenowrecognizedasthermalemissioIl丘omhotclustergas（Serlemitsosetal．，

1977）・Fbtlell＆MorrisoIl（1966）attemptedtoexplaiIltlleCOSmicX－raybackgrouIld

radiation（CXB）asICX－raySOfelectronsintheGalactichaloscatteriIlgOfftheCMBor

thestarlightintheGalaxy，althoughthepredictedX－rqy仙XWa5mOrethaIlanOrderof

magIlitudelowerthantheobservedCXBRux・BecauSeucM73isproportioIlalto（1＋Z）4，

andhe－lCetIleICX－rayShomlobesofdistaTltradiogalaxiesorquasarsmqypartially

coIlt，ributetot．heobserved CXB．

AlthoughthesearchhrtheICX－rayShomthelobesofradiogalaxieshasloIlgbeen

unsuccessfulduetotheirfaiIltIleSS，atleastFbigelsoIletal．（1995）alld KaIledaetal．

（1995）haveilldepeIlderltlysucceededirldetectingthediffuseICX－raySffomthelobesof

theradiogalaxyFbrnaXA（NGC1316），uSiIlgROSATaIldASCArespectively．Thishas

motivatedustoobserveotlLerradiolobes，andtoachieve8ubsequeIltdetectioIISOrthe

ICX－raySfromCeIltauruSB（TaBhiroetal・1998）andNGC612（Tdliroetal．1999）．

InlobesofFbr－laXAofwhichtheIluCleusIlaSalreadybecomeirlaCtive（Iyomotoetal．

1997），anequipartitioIlbetweeIlelectroIISaIldmagtleticReldisalmoStrealiXed（Karleda

etal・1995．TaBhiroetal・2001）．011theotllerharld，aparticledomillanCeisfourldin

Cerltauru8BhostinganactiveIluCleus．TheseresultSSuggeStthatu。teIldtodomiIlate

u，n，paticulalywheIltIleIluCleusisactive．

Recelltly，uSlIlgtheC仇andTuX－rayObservatorywhicllhasaTluIlpreCedeIltedangular

resolutiorl，rlOrトthel・malX－rayShasbeeIldetectedh・OmhotSPOtSWhichisthoughtobea

Shockfro－LtatthejettermiIlal，inaIlumberofradiogalaxies．TheseX－r町SareiIlterpreted

toariseviasynchrotron－SelトComptoTl（SSC）proce88，WhereSyIIChrotroIlradioemission

itSelfprovideSSeedsoftphotoIIS・1113C295（Harrisetal・2000），3C123（Hardcastleet

al・2001），andCyglluSA（WilsoILeta1．2000），aTlequipartitioIlbetweeIlu。aIldu，，．is

almostacllieved，WhileiIIPictorA（Wi180Iletal・2001）themagtleticfiledstreIlgthiS

by aTlOrder－Of－magIlitudelowerthantIleequipartitioIl鮎1d．However，theseresultsis

thoughttobesubjecttou11CertaiIltiesinus。rLaSSOCiatedwithunresoIvedstruCtureSOfthe

hotspots，eSpeCiallytheirvolumes．

ⅠIlthisthesis．weiIltelldtodevelopourknowledgeoIJthejet／lobeeIlergetics，by



3

8tudyiIlgtheICX－rayS丘omaInumberofradiolobes・Weputaparticularemphasi8011

therelatiorlSbetweentheactivityoftllerluCleusandueorumintheradiolobes．TheIC

X－raySfromradiolobesareintrirlSicallydi飢seandfaintemisSion，andcanbeidentiRedby

itsspatialassociati0－lWiththeradiolobes，andbyaEbaturelesshardpower－laWSpeCtrum

Withthesameslopeasthe8ynChrotroTlradiospectrum．TheGasImagillgSpectrometer

（GIS）0Ilboard＾SCAiBOIleOftheidealin8trumentBforlobeswiththesizelargerthan～5

arcmiTl，becauseitcanperfbrmanimaglIlgSpeCtrOSCOpyWithahigh－8enSitivity，utilizing

itslowarldstablebackgrourldlevel，areaSOrlableGeldofviewIandareaBOnableangular

r鰯01utioIl（～3arcmiIl）overawideeIlergyband．However，tllearlgularre801utioIlOf

theGISiSIlOthighenoughtoresoIvesmalleraIldherlCemOredi8tantlobes，h・Omtheir

tluCleus・TheCYlandTqX－rayObservatory，Withanangularre801utionof～0・58rCBeC，is

thebeStiIIStrumeIlttOdetecttheICX－raySftomSuChcompactlobe＄．

h▲Chapter2，Webrie恥reviewtheX－rayemissionmechanisminradiolobesandpre－

Viousobservation80fthem．TheiIIStrumeIltSOllboardASCAand仇andT・aaredescribed

i－lChapter3・ThelogofobSerVationsispreseIltedinChapter4．TheresultSOfASCA

and仇andTYldataanalysiSareShowninChapter5amd6，r鱒peCtively・WeSummarize

a－lddiscuSStheobtainedresultsinChapter7，uSlngmultihequencyspectralinformation，

andcorlCludeiIIChapter8．

Throughoutthisthesis，WeaSSumetheHubbleconstamtandthedecelerationparameter

tobeHo＝75km8－1Mpc－laIldqo＝0・5，reSPeCtively・

佃．、、、咄‥．．■
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Chapter2

Review

2．1AstrophysicalJets

2・1・l Whatisthenatureoftheastrophysicaljets7

FromgravitatioIlalceIlter80fvariouskirldsofcelestialobjectS，highIycollimatedtwin

AowsofplaBma，WhicharethoughttoconSistofrelativiSticparticlesandmagneticfields，

areofteIlqiectedintheoppositedirectioIISWithrelativisticvelocitieS．ThiBpheIlOmeI10n

iSuSuallycalled”astrophysicaljets”．TheastrophySicaljets areobservedalloverthe

uIliverseonavarietyofSCales，SuChasinactivegalacticTluClei（AGN）whicharethought

tObeSupermaBSiveblackholeSlocateiIlthecenter80fexternalgalaxies，in Galactic

blackhole，IleutrOnStarOrWhitedwarfbiIlarieS，andinyoungStellarobjects．WbShow

thecharacteristicparameter80fvariousastrophysICaljetsinTible2．1．

ThecorlCeptOfastrophysicaljetshasorlglIlallybeendevelopedthroughobSerVations

OfactivegalaxieS，iIICludingiIlparticularradiogalaxiesarldquaBar8．FbrtheGrsttimein

rIbble2・l：Parametersofastrophysicaljet＄0IIVariousscaleS（Fbkue1993）．

AGN jets　　　　　　　　　　 Galacticjets

Size pc－Mpc　　　 lOOAU－100pc　　　　　 O．1－1pc

Vblocity S c　　　 O．26C－0．92C　～5000km s‾1 10－150km 8‾l

Age ～106year　　　　　 ～103year　　　　　　 ～104vear

Collimat，ioll ～10　　　　　　　　　　 ～10　　　　　　　　　　　 ～100

Ce11tralSource SupermaSSive　blackholes　 whitedwarf岳　youIlgStellarobjects

blackholes　IleutrOIIStar8

l応C6251

WSRT

引0肋七　　　　　　　〇

VL8
旧651MHZ 0　　　　－2　　　－4

m山水Iv●何人（M ne．モ）

Figure2・1：TheradioimagesofastropllySicaljets．TheleftpaTlelshowstheradiostructure

OfthejetsofNGC62510nVariousscales（BridlearldPerler1984）．Ataredshiftz＝0．025

0fNGC6251，1arcmincorrespoIldsto～28kpc．Thetotallellgthofthejetexceed8200

kpc・Therightpanelshowsthe22GHzradioimageofthejetof3C345（Zensusetal．

1995）OnascaleveryclosetotheTluCleus・Ⅰ・lthispanel，1milliarcseccorreSpOndto5pc

（～1・5×1019cm）・ThetrarlSVerSemOtionoftheblobC4is“superlumiIla1，，，Or3～10

timesthelightspeed．

1918，Curtis（1918）opticallydiscoveredthejetStruCtureemaIlatiIlg丘omtllerluCleusof

M87・Inthe1950S，theadventofradioiI▲terfbrometershasalloweddetectioIISOflargely

exteIldedradiostruCture，Called，，lobesM，hmanumberofexternalgalaxies・The＄egalax－

ieshaveheIICebeer川amed”radiogalaxies，，・ⅠIlthelate1970S，withtlledevelopmerltOf

largescaleinterferometer8Sud日はtheVeryLargeArray（VLA），一IarrOWbridgestructures

（i・e・radiojets）llaVebeeIldiscoveredbetweeIltheradiolobe8aIldtheIluCleioftheh。St

galaxies．

AsaIleXample，WeSl10WilltheleftpaIlelofFigure2・1thejetiTlaradiogalaxy

NGC6251observedwithradioiIlterfbrometerswithvariousa－lgularresolutioIIS・Appar－

erltlyTthejetIisstillhighlycollimatedalldalmostkeepsitsiIlitialdirectioIlaftertraveli－1g
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over～200kpc．In1980S，“Superlumirlalmotion”，iIIWhichthetranSVerSeSpeedofthejet

blobsapparentlyexceedstheSpeedoflight，haBSuCCeSSivelybeendetectedwiththeVbry

LongBaBeLineInterEbrometry（VLBI）・Wbshowone8uChexampleintherightpanelof

Figure2．1．ThesuperlumiIlalmotioncambeexplaiIledbyamodelimwhichthejetblob

movetowardthelineofSightwitharelativisticvelocity（BlandfordandKognil1979）・

2．1．2Issuesontheastrophysicaljets

ItiSgeIlerallyagreedthatacoTISiderablefhctionofaBtrOphysicaljetSareprOducedby

massaccretioIlOIltOthecentralsource．However，thereareyetnoclearanswerstothe

queStioIlabouthowtoe鮎ctivelyconvertthereleaBedgravitationaleTlergiesirltOthebulk

kiIleticenergiesofthejets，andhowtohighlycollimatethemovertheloIlgdistance・

Actually，VariOuskiIldsofmodelsareproposedwherethejetSarea∬umedtobedriven

byga8preSSure（e．g．BegelmaIletal・1983；1もkaharaetal・1989），byradiatioIlpreSSure

（C．g．Icke1980）orbymagnetohydrodymamicalforce8（e・g・Blandford1976；Uchidaand

Shibata1985；Kudoheta11998），butI10geIleralconserlSuShaSbeen achieved among

tllem．

Wemaynaturallyimaginethatthejetsareproduced，COllimatedandguidedbythe

magIleticRledlirleS・HoweverIreCeIltlysomeX－r町Observationssuggestthattheenergy

derlSityoftherelativi＄ticelectroIIS，u。，dominateSthatOfthemagneticfield，um（e・g・，

houeaIld恥kahara1996；Thshiroetal．1998）．Therefbre，inordertoshedlightonthe

jetformatioIlmeChaIlism，itisofvitalimportanCetOmeaSuretherelativedominanceof

u。andu．ninvariouspartsaloIlgthejetS・

IndepeIldelltly，Whetherthejetsarecomposedofelectron－prOtOnplasmaorelectron－

positronplasmaisaI10therimportaIltun80lvediSSueOIlthejetS・Theenergyrequired

todriveelectron－prOtOlljetsilltOarelativiSticvelocityismorethanthreeorderofmag－

IlitudelargerthantOprOduceelectr0－1－POSitromjets・Inordertoinve＄tigatetheplaBma

compositionofthejets，itiSVitallyimportaIlttOprObei－ltOenergeticsassociatedwith

tIlem．

え2．RApのGAA AAJ躇方

8

2．2　Radio Galaxies

C〃APTER2．REV上EW

2．2．1Classificationoftheactivegalacticnuclei

RadioGalaxiesareaclas80fAGNs，CharacterizedbytheirstrongradioemiSSioIl．Then，

wemakeabriefclassi負catiotlOfAGNS．Theulli丘edpictureofAGNS，Whicharevisualized

inFigure2．2，arediSCuSSedbyAntorluCCiarldMiller（1985），OrAntoIluCCi（1993）・

TheAGNsareusuallydividedinto”radioloud”and”radioquiet”objects，h）mthe

pointofviewoftheirradioluminosities．AboutolleteIlthoftIleAGNs，includingradio

galaxies，radioloudquasarsandblazars，areradioloud・TheradioloudAGNs丘equeIltly

exhibit the activejet struCtureS emanatingh・Om theirIluClei．The radioquiet AGNS

COnSistofSeyfbrtgalaxieSandradioquietquaSarS・

ⅠIldepeIldeIltly，theAGNsareh・equeIltlyclassiGediIltOtypeIaIldtypeIIAGNsby

tlleirviewingangleh・OmOurlirleOfSight．TheIluCleiofthetypeIAGNs（i・e・Buper

massiveblackholes）areobservablealmostdirectly丘omus，althoughthoseofthetypeII

ObjectsareuSuallyobscuredbythemoleculartorusffomourlineofsight・

Bla王arO
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Figure2・2：TheuIlifiedpictureoftheAGNs・

2．2．2　Propertiesoftheradiogalaxies

As showIliIIFigure2．2，radiogalaxies arethought toI，e Observed at a ratherlarge

anglerelativetotheirjetaxes・Therefore，tlleyarethoughttoprovideoIleOfthebest

laboratoriesforst・udyiIlgt・hejetphenomeIla・
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amglerelativetotheirjetaxes・Therefore，tlleyarethoughttoprovideoIleOfthebest

laboratoriesforstudyirlgt・hejetpherlOmeIla・

100kpc・Mpc

之2　月A以PGAエAX躇汐

HotSpot

Figure2・3：AschematicdrawiIlgWhichShowsthetypicalradio8truCtureOfradiogal乱Xie8・

WbshowinFigure2・3thesimplifiedstructureofradiogalaxieS，ObSerVedintheradio

丘equeIICy．Ftoma－luCleuswhichlocatesnearthecenteroftheradiostructureandofwhich

thepositioTICOiIICidewiththecerlterOftheopticalgalaxy，apairofjet8are匂ectedtoward

oppo8itedirectionS．TheemiSSioIlh・OmthejetsthemselvesisnotmeceSSarilyobserved，

becausethey movewith relativisticvelocities，aTld hencetheiremissions arestroTlgly

beamedtowardtheirdirectioTl．Neartheendpointoronthewayofthejets，thereexist

fhirycompactreg10TISOfhighradiobrightrleSSWhicharecalled“hotspots”・Thehotspots

arethoughttobeworkiIlg8urfhcesofthejet－terminalshockS（e・g，Meisenheimer，etal・

1989）．Throughtheseshockhnts，thebulkkiIleticeIlergyOfthejetsisrandomized，and

redistributedamoIlgparticleswllicIlareSCatteredintoradiolobes・Theradiolobesare

difhlSeandlowsurhcebrightIleSSradiostruCtureeXteIldinglnSparSeiIltergalacticspace，

whichisthoughttocoIltaiIltime－illtegratedinformationofthejetactivitieS・

WeShowinFigure2AtherepreseTltativeofradioSpeCtraOftheradiogalaxies・Figure

2・5represe－ltSthemapofthetotalandpolarizediTltenSitieSOfthetypicalradiogalaxy・

BecauseofaIlO【lthermalpower－lawspectralshapeandastronglinearpolarization，the

radioemisSioIlh・Omradiogalaxiesisthoughttobeof－10doubtproducedviasynchrotron

radiatioIl，iTIWhichrelativisticelectroIISiTlteraCtWithamagIleticfield・AssumlIlgthatan

equipartitioncoIlditiolliseStablishedbetwee－lelectrorlSaIldmagneticReldinradiolobes，

WecaIleStimatethatthereexiStamagIletic鮎ldofB＝afbw～10pGarldrelativiStic

electroIISwithLorentzfactorsofatleastTc＝103－5・TheserelativisticelectroIISinevitably

produceX－rayOr7－rayphotoIISViaiTIVerSeComptoIl（IC）scatteringoffsoftseedphotorlS・
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Figure2．4：Theradiospectrumoftheradiogalaxy3C452・rrhedataareh）ⅠIILaillgaIld

Peacock（1980），Kuhretal・（1979），aZldJ盆gers（1987）・

WediscusstheseradiationprocessandtheparametersdetermiIledbyobservingthemin

theIleXtSeCtiom

TlleradiogalaxiesareusuallydividediIltOtWOSub－ClassesfbrmtherelativepoSitions

ofhotspotSaTldradiolobestotlleCeIltralAGN；80－CalledFRIatldFRII（FaTlarO仔aTld

Riley，1974）claSSeS．TheFRIclasSisdefitledasthoseofwhichtheratioofthediStarlCe

betweenthehotspots（origiIlallythebrightestregioIl）0－10ppOSitesidestothetotalexteIlt

i8lowerthanO．5，aIldtheFRIIclassiSdefiIledasthereverSe．Weshowthearchetype8

0feachclassinFigure2．6．AsawholeinradioobservatioIIS，theFRIIsourcesaremore

lobedominatLtaIldmorelumiIl0uSthantheFR．Iradiogalaxies（FaIlarOffaIldRiley1974；

UrryandPdovani1995）．IntheX－raybarld，thenucleioftheFRIIismoreactivethan

theFRIIluClei（HardcastleandWbrral11999，Matusmotoetal・2001）・

AsshowninFigtlre2．2，WheTlthejetdirectioTlisclosetoourlit▲eOfsight，aIIAGNis

observedasblazars．BecauseoftherelativiSticbeamiIlge鮎ct，electromagrleticradiatio【l

h・OmblazarsisdomiIlatedbyIlOnthermalemissioIlhomrelativisticelectroIISinthejet・

TheirirlteIISitiesarerapidlyaIldhighlyvariableilleVeryObservableh・equellCies，aIldtlletl，

theradiatioIISites・OfblazarsarethoughttobelocatedrelativelyrlearthebaBeOfthejets

（～1017‾】8cmfromtheiHluClei；e・g・Kataoka2000）・IIltheu－lifiedpictureofblaはrS，

theirmulti－frequency spectraexhibit two proIlOuIICed compoIleIltS；thelow frequeIICy

SyrlChrotroTlradiatiollaTldthehigh丘equeIICyiTlVerSeComptoncompoIleIlt・
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Figure2．5：ThelO．6GHzVLAimageoftheradiogalaxy4C73・08（Kleinetal・1994）・

（坤）ThetotalirlteIlBitymap・Thevectorsrepr聯nttheorieIltationofmagneticfields，

alldtheirleIlgthareproportionaltothepolarizedimtensity・（right）Thelinearlypolarized

intensitvmap．Thevectorsagalllrepre8eIlttheorientatioI10fmagneticfields，buttheir

lengthareproportioIlaltothefractioIlalpolarizatioIl・
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Figure2．6：TIlearChetypeofFRIaTldFRIIsubclaBSeS・TheleftaIldrightpaTlelshows

the5GHzradioimagesobtaimedwitlltheVLAoftheFRIradiogalaxyHydraA（3C218，

Tbyloret81．1990）andtheFRIIradiogalaxyCygnusA（3C405，Perlayetal・1984），

respectively．
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2．3　RadiationfromRadioLobesandHotSpots

Inthissection，WediSCuS8tWOimportantemisSiorlmeChaIlismS丘omrelativisticparticleS；

thesynchrotronradiatioIlandtheinverseComptonscatteriIlg・Thedetectionofboth

emiSSionsffomradiolobesorhotspotSprOvideimporta－lttOOlSforprobiTLgintothe

energeticsthere・BaBicpropertiesofeachradiatioIlmeChanismarediscussedindetai1，

e．g．byBlumenthalarldGould（1970）aTldbyRybickialldLightman（1974）・Wbfirst

followtheirresults．Next，WediscusSpraCticalmetllOdstoevaluatetheeIlergeticsinradio

galaxies・Inthefbllowlllg，WeCOnSidertheemisBionoIllyftomrelativisticelectrons・

2．3．1Synchrotronradiation

Relativi8ticelectronSgyratinginamagmeticfieldBwillradiate・Thi8radiatioIl，brmlng

acontiTluumSpeCtrum，iSknownassynchrotTmmdialion（SR）・TheSRpowerperunit

hequeIICyradiatedfromaSlILgleelectronwithaLoretlZfhctorofTiSglVeIlaS

朽尺（〝，7）＝
＼乃e3β2βsiIl¢

mC2
ダ
（

l／

レC
）　　　（2・1）

wherecistheSpeedoflight，βisthespeedoftheelectronrlOrmalizedbyc，maTldeare

themassandchargeofarlelectron，reSpeCtively，and¢istheanglebetweenthemagIletic

鮎ldarldelectroIIVelocity（pitchaIlgle）・ThedimeIISionlesshlrlCtioIIF（X），Whichisshown

inFigure2．7，iSdefiIledas

瑚≡豆∞榊dど　　　　（2・2）
whereK書（E）iSthemodifiedBesselfuIICtioIlOf喜order，anducisgivenas

372eβsiIl¢
レぐ＝

4¶TnC
＝4．2×10672βsiIl¢　　　　　　　（2．3）

isthecriticalh・equeTICy．SiIICethepeakofF（X）isarouIldx＝0・29，theSRspectrum

peaksat

埠＝0・29レC＝120（孟）2（品）siIl¢M鮎・　（2・4）
ByiIltegratirlgequatioIl（2．1）overallfrequeIICies，WeObtaiIlthetotalSRpowerhom

oIleelectroIla日

馬R＝2叶C72β2siI12¢叫．‥　　　　　　　　（2．5）

whereo・r＝87Te4／3m2C4istheThomsoIICrOSSSeCtioIl，aIldu”＝B2／87ristheenergy

density ofthe magIleticfield．Fbr anisotropicallydiStributed electroIIS With T，iti8

－1eCeSSarytOaVerageequatioIl（2．5）overthepitcllangle．UsiIlgtherelatioll＜SiI12¢＞＝

よIsiI12¢dil＝号，WeObtairltheaveragedSR・pOWeraS

巧R＝言叶C72β2叫∩
（2・6）

14 C〃APTER2．REⅥEW
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Figure2．7：ThedimeIISionlessfunctionF（X），describirlgthesyIIChrotronpowerspectrum．

TiluS，I％RisproportioIlaltoum．TIleelectroIllooseshalfofitsenergybytIleSRemisSioIl

iIlaCharacteristictimescaleas

範R＝ホ㌃完了∴ （2・7）

Practically，WeWanttOObtaiTltheSRspectrumfromapopu）ationofrelativisticelec－

tronswhichllaVeapOWeトlawenergydiStributiorlinT≫1．WbdeSCribethenumber

densityofelectronswithLorentzfactorsbetweetlTandT＋d7aS

〃（7）dT＝〃07‾pdr・， （2・8）

whereNbisaIlOrmalizatioIl，andpidapositivecoIIStaIltCalledspectralindex．Usually，

thi88PeCtrumiSValidonlyinalimitedenergyrange，71＜7＜72．Usingequations（2．1）

aIld（2・8）、WeCanObtaiIltheSRpowerspectrumperumitvolumeEもR（V）as

筏R（レ）＝ 筏R（レ，7）Ⅳ（7）dT

㍉e3β凡8i再
2m♂ （蒜ケ牢上；1瑚謹血，（2・9）

wllereWeChaIlgethevariableofintegratioIltOこr≡V／Z／C，WithこrlaIldx2COrreSPOnding

to71aIld72，reSPeCtively．WellereapprOXimateβ巴l because T≫1・AsBuming

tlleelectroIlpOWer－law spectrumisvalidover asu瓜cierltlywideeIlergy band，WeCan

approximate32とOaIld二rl00C，aIldobtaiIl

筏R（〝）＝
諦e3β凡siIl¢

γmC2（p＋1） r（芸・諾）r（≡一左目
2訂rmC

3eβsiIl¢

＿d＿

2

（2・10）

去JsiI12¢dO＝書，WeObtaintlleaVeragedSRpoweras

巧R＝吉叶C72β2叫n

14
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whereweuSetheformula

上∞珊）血＝㌫r（；＋言）r（昌）・　（2・11）
Thus，WefiILdthattheSRspectrumh・OmpOWer－lawelectronsalsohasapower－lawshape，

aTlditsspectralenergyindexαSRisrelatedtotheelectronilldexas

αsR＝
p－1

2
（2・12）

2・3・2InverseComptonscattering

FfeeelectronsatrestcanSCatterOffiIICOmlngphotoTlS．ThiSisknowIlaS Comptonscal－

tering・UsingthecoIlSerVatioIlOfenergyaIldmomentum，WeCaIlrelatetheerlergyOfthe

iIICideIltphotoIl，E，tOthatoftheSCatterpl10tOn，El，aB

〔l＝

1＋嘉・（1－COSβ）
（2・13）

WhereeistheanglebetweerltIledirectioI180ftheirlCidentarldSCatteredphotoIIS．Forlow

energyphotoIIS，E≪mc2，thescatteringbecomesapproximatelyelastic（e符〔1）．This

iBknownas TYtomsonscaueTing．IIltheThom80Tllimit，thedi鮎rentialarldtotalcross

SeCtions arewritteIlaS

JT 写r言　　　　　　　（2・14）

wherero≡e2／mc2istheclassicalelectroTlradius．FbrhigheIlergyphotoIIS，∈≫mc2，

becauseofaquantume鮎ct，thescatteriIlgbecomeslesse代cieIltarldthescatterirlgCrOSS

SeCtionisdescribedbytheKleiTl－NishiTlaformula，

ゐ＿rg仁子

dn　　2　亡2 （
エ＋旦
∈1　　　f siI12βト　　　　（2・15）

Inthelimitof亡1た～E，equation（2・15）reducestotheThomsoIICrOSSSeCtioIl．

When theelectroIlmOVeS With aSu伍cierlt kiIleticeIlergyCOmPared tothat ofthe

PhotoTl，Ilet eIlergyInaybetraIISfbrred h・Omthe electron tothephotoIliIICOIltraSt tO

equation（2・13）・ThisprocessisuSuallycalledinverseCoTnPtOn〝qscatteriIlg．WeShow

irJFigure2．8ascatteringeverltSeenh・Omtheobserver’shameKaIldh・OmtheelectroIl

restn・ameK’・QuaIltitiesobservedirltheK，framearedeIlOtedwithprime（，），andthose

intheKh・amearewitl10utprime．ⅠIlthefollowing，WeShowbaSicpropertiesoftheIC

process、aSSumiIlgE，≪rnc2illtIleK，frame（i．eT亡≪mc2iIltheKframe），aIldheIICe

thattheSCatterirlgtakesplaceirltheThomsoIllimit．Thisassumptionisalmostvalid
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ObserverFrame：K ElectronRestFrame：R，

Figure2・8：ThegeometryofscatteriTlgintheobserverIB丘ameKandintheelectronreSt

n・ameKJ・TheelectronmoveStOWardxaxisintheKn・ame，WhichcorreSpOndstoX′axis

in tIle KJ丘ame．

invariouSkirld80faBtrOphy8icalpherlOmerla・FfomtheLorerltZtranSformation（orthe

Dopplershift），WeObtain

f’＝　fT（1－βcosβ）

fl＝　巾（1十βcoSβi）　　　　　　　　（2．16）

Whereeande；aretheaIlglebetweenthedirectio110fmotionoftheelectronandthat

OfthephotonbeforeaTldafterSCattering，reSpeCtively・Equation（2．13）holdBintheK，

hme，aIldweobtain

い‥車志（1－CO80）］
COSO　＝　CO叫coSβ′＋si－1銅inβicos（¢′一武）　　　（2．17）

Where¢′aTld舛aretheazimuthalanglesoftheinciderltaTldSCatteredphoton，reSpeCtively

iIltheK’fmme・FbrrelativisticelectronSWith72≫E／mc2，WeCanapprOXimate

亡：∈′：亡i＝1‥7＝72　　　　　　　　　（2．18）

SiIICeOarldeibecometypicallyorderoflr／2・ThuS，theenergyofincidentsoftphotonis

boostedbyahctorof72iIltheICscatteriIlg．

WeIleXtIWanttOderiveaverageICpowerfromaIlisotropicdistributioIlOfrelativistic

electr0－18（7≫1）SCatteriIlgO什isotropicallydiBtributedincidentseedphoton8．Wblet

n（EJandnl（E’）betherlumberdensitie80fSeedphotonSperurlitpIlOtOnenergyintheK

a－ldK／hme，re8peCtively・ThescatteredpowerperelectronintheKlframeisglVenby

冨＝C叶／刷欄・　　（2・19）
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WeneedtoIlOtethatndE／EanddE／dtarebothLoreIltZiTIVariant．UsingequatioIl（2．16）

andneglectingtheerlergyChaIlgeiIltheK，frame（i．C．El；”1）weobtainthetotal

SCatteredpowerintheKh・ameaS

芸＝rr守
＝　CJT72

串′（nde′

．／
（トβcosβ）2打直）df

AveraglTlgthi80VertheBCatteriTlgaIlgle，WeObtaiIl

甘＝叩72（1・；伽8。几

in which

祝80爪．＝

／ 町中）df

（2・20）

（2．21）

（2．22）

iStheenergyde－lSityoftheiIICideIltSeedphotoIIS・Thus，therletpOWertraIISfbrredh・Om

electr0－lSintophotoIISintheICscatteringiscalculatedas

彗C＝憲一叩祝的托＝言町門2β2‰．t　　（2・23）

4

WherecqTuBOftisthepowerofi－lCideIltphotoIl．TheiIldividualelectronlooseShalfofits

energybytheICradiationinacharacteristictimescaleas

れC＝㍍㌫㌫7‾l・ （2・24）

Comparingequation（2・23）withequation（2．6），WehveageIleralrelatiorlOfbasicim＿

portance，

鳥R ll．。

省c l18血
（2．25）

Equation（2・23）alsomeanSthattherepresentativeeTlergyE，COfaIlICphotonSCattered

byarelativisticelectronofLorentzfactor7isglVeIlaS

仁一C＝言膏，　　　　　（2・26）

Whereweapproximateβ母1．

WbwaIltal80tOderivetheICspectrum・WeagalIlaSSumethatelectronsandphotoIIS

haveisotropicdistributiollSaIldthattheThomsoIllimitholdsintheKlhame．Let．Nbe

thellumberdeIISityofelectrorlSmOVlIlgwithT，andFhbetheiIICidelltPhotoIlllumberof

eIlergy〔peruIlitarea）perutlitsolidangle，peruTlittime・hlthiscase，WeCaIIWritethe

emissioIlfunCtioIlOfICscatterillgaS

擁1）＝芳書梱 （2・27）
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∬≡責，
Wheref（X）iSapPrOXimatelydeSCribed，forrelativiBticelectroI180fT≫1，aB

拍）＝お1mェ＋∬＋1－2ェ2．

（2．19）

（2．29）

We carlfi11ally calculate theIC power spectrum h・Om a pOWer－law diBtribution of

electronslequation（2・8）】BCatteringo打anarbitraryiTlitia）photonBpeCtrum．ThiSCanbe

dollebyexpreSSiIlgFbwiththeIlumberdensityn（f）ofimidentphotonSandreplacing

NwiththeelectrondistributioIIN（7）dT．ⅠIltegratingovertheincidentphotonspectrum

aIld overtheelectroIlenergyiIlthesamewayforthe SRSpeCtrum，WeObtaintheIC

SpeCtrum，

月C（fl）＝　4m血C（亡1）

＝…C刷／d矩亘rdTT彗（∬）

＝3C刷2p－2㌔／叫）f当；1血剤（∬）（2・30）
andtheICSpeCtralindex，

p－1
αlC＝

2

Thu8，theICilldexisideIlticaltotheSRindexdescribediIlequation（2．12）・

（2．31）

2．3．3　Parameters determined hom observations

Asea8ilyrecogIlizedfromequatioTl（2・10），What caTLbemeaBuredh・OmObservingthe

syIIChrotronradiospectrumal0IleiSαsRaIldtheproductNbBl＋QsR．IIlOrdertoevaluate

tllemagIleticfieldstrength B，ithasthereforebeeIltraditioIlaltoaBSumeaminimum

erlergyCOnditioninwhich theproduct u．umiBmiIlimized，Oranequipartitionbetween

u。aIldu．n，WhereueistheeIlergyderlSityoftheelectroIISgiveIlaS

ue＝mC2

Jr
7〃（7）dT・ （2．32）

Fbrexample，iTlthemiIlimumenergyconditioIl，WeCaneStimateBhomobservedquan－

titiesas（Mileyetal．1980），

βME＝5・69×が［宇（1・Z）3仙
l gsR〃JOSR＋仁万05両1号

］ヲ（2・33）
β靖gSiIl書中域R　　－αsR十圭

Wherezisaredslliftoftheobject，Oxalldqareangulardiameter8inorthogonaldirectiorlS

iIlarCSeC，fisaBlliIlgfactor．kisaratioofeIlergyOfheavilyparticlestothoseofelectroIIS，

18
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8iSapathlengththroughtheobjecti一▲kpc，Z／larldv2aretheloweramdupperlimit80f

theobservedn・equenCyinGHz，SsRisanuxdensityatz／sR（GHz）iIIJy（＝10－23erg8－1

cm－2Hz‾1），aIld¢isana・1glebetweentheaveragedmagneticfieldall。thelineofSight．

ItiBaPparentn・OmequatioIl（2．25）that，ifwecanobservebothtIleSRradioemission

andICX－rayemission丘omasiTlgleobject，WeCanSeparatelydetermineBandue，0II

COnditionthatwecanevaluateu80rtaCCurately・Inlobesorhotspotsofradiogalaxies，

SeVeraldi鮎retltSOurCeSmayprOVide80meradiatioIlfieldSarepOSSibletofumishtheseed

photonS；thecosmicmicrowavebackgroulld（CMB）radiatioIl，theSR radioemissiorlS

them8elves，andinn・a－red（IR）radiatiorlh・OmtheTluCleusoftheradiogalaxy．ⅠIlthe

fo1lowiIlg，WediscusseachofthesepoS8ibilities・AsshowIlinequations（2・12）and（2．31），

theindicesoftheICX－rayaTldtheradiospectrafromthesamepopulatioIlOfelectrons

areideIltical，andhencewesimplydescribebothiIldicesasα．

ICSCatteringofthecosmicmicrowaVebackground（CMB）

InradiolobeswhichareextendedoI18uLRcientlylargescales，thesoft eedphotoIISare

usuallydominatedbytheCMBphotorlSOfwhiclltheenergydensityiSpreCiselyknown

ucMB＝4・1×10．13（1十Z）4ergs‾1　　　　　　（2．34）

ThebaSiccalculatioIlOfthisprocessiSdiscussedi－lHarriS＆Romarlishin（1974），andthe

redshiftdepeTlderlCeOf cMBisproperlyi．ltrOducedfirstby HarriS＆Grindlay（1979）．

Thecharacteristicn・equeIICyOftheCMBiSUcMB＝1・6×1011（1＋Z）Hz．TheTl，uSing

equation（2．26），thecharaCteristicfrequeTICyZIcaIldeIlergy亡TCOftheCMB－boostedlC

X－rayphotonarewrittenas

叫C　＝　2．11×1017

fIC　＝　8・73×10－1

（・

（

7

両
7

i示

）2Hz　　　　（2・35）

）㌦ev・　　（2・36）
Thus，ICX－rayphoton80flkeV（＝2．42×1017Hz）aretypicallyscatteredfroIllelectroIIS

OfT～1000．

TIleelectrorlSpeCtrumCanberelatedtotheSRradiospectrumaB

〃（TsR）＝
4捕り′五㌔C（α）（1＋Z）を　gsR

lr　　　（伽β）を
（2．37）

WhereViSthevolumeofthelobe，DistheluminositydistaIICeataredshiftz，SsRis

theauxdensityiIIJy observed atl′sFtWhich aretypical1yradiated丘omelectroIISwith

TsR・WemustrelateTsRtOZ／sR，byirltrOduciTlgthee鮎ctofthecosmologicalredshift

irltOequatioIl（2・3）・AlthoughC（α）isafuIICtioIlOfspectralilldex（七，WeCaIlapprOXimate
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SpeetralIndex・α

Figure2・9：ThefunctioTIG（α）．

C（α）～1・15×1031in0・5＜α＜2．0withamerrorofatmost17％．TheelectronSpeCtrum

isalsodeterminedbytheICX－raySpeCtrumaB

Ⅳ（TtC）＝2．25×1049
4汀か2mc2　筑C

坤）V（1＋Z）2込
（2．38）

WhereSlCistheICnuxderlSityiIIJyataIlObserved什equencyz4cWhichcorre8pOrldto

electroIlSWith¶cbyequation（2・36），andG（α）iSafurlCtionoαaB8howninFigure2．9．

ComparingequatioIIS（2・37）aIld（2．38）andusirlgequation（2．8），WeCandirectlyde－

termiIlethemagneticfieldBh）mOrllyobservedquantitieSaS

βα＋1＝
（5・05×104）nC（α）G（α）（1＋Z）山35sR囁

1．00×1047

UsitlgequatioIl（2．38），WeCaIlal80Calculateu。aB

ue　＝　γrlC2 Jr2 7Ⅳ（7）d′†

＝　3．06×105
如82（1．07×103）2両1

C（α）l′′（1＋Z）2

筑C喘
（2．39）

完‰（志）α匪2。一軒2弓
ergs‾1　（2．40）

ICscatteringofinh－red（IR）photonsfromAGN

ASdi8CuSSedindetailirlBruIlettietal．（1997）andBrunetti（2000），radiation丘omthe

IluCleuSmaySerVeaSadomiIlaIltSOurCeOftheseedphotoIIS，inradiolobesofasmallscale，

OrinarlirlrlermOStreglOnOfradiolobeS．Thetypicalquasar8peCtrum，Whichisthought
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Di，tanCOfromtboNuelou層【kpe】

Figure2・10‥AcomparisonbetweeIluTRarlducMB．TheIRluminosityoftherluCleusamd

theredshiftareassumedtobeLTR＝1046erg8－1aIldz～0，reSpeCtively．

toapplyalsotothespectrumofthenucleusofradiogalaxies，peaksarourldtheinffa－red

（IR）band（～1014Hz；Sandersetal・1989），aIldhetlCe，theseICX－raySarethoughtto

bebooStedbymildlyenergeticelectroIlSwithT～100．ThesynchrotroIlradiatiorl鉦om

theSeelectronstypicallyfallsinakHzrange・Becausetheob8erVation8inthishequency

baIldareverydifRcultorimpoSSible，meaSurementSOftheseICX－raySmaybetheurlique

tooIstostudytheenergydistributioIlOflowenergyelectroIlpOpulatioTISWithT＜1000．

Figure2・10compares ucMB With theenergy deIISity oftheIR radiation h・Om the

nucleus，utR，aSafuIICtionoftheradius丘omtheTluCleus．AssumlTlgthetypicalspectrum

Ofquasars（Sandersetal・1989），theIRluminosityoftheIluCleusis～10timeShigherthaIl

theX－raylumiIlOSity・Hence，WehereadoptanIRlumiI10SityoftheIluC）eusLlR＝1046erg

s－1，COrreSpOndiIlgtOtheX－raylumiIlOSityofLx～1045ergs－1whichisnearthehigheSt

eTldofthOSeOfradiogalaxies（SambruIlaetal・1999）・SirlCetheellergydeIISityofthe

nuclearphotoTISdecreasesasr－2whereristhedistanCehomthenucleus，uTRiIICreaSeS

towardtheinnerreglOnSOfthelobes．ThusthenuclearIRphotoTISbecomedominantfbr

rSlOOkpc．

WheIlthismecharlismworks，WeeXpeCtthefar－SidelobetoappearmoreluminousthaIl

theTlear－Sideone，iftheradiogalaxyisinclirledtotheskyplane；BruIletti（2000）called

thise飴ctanisolropicinverseCompton〃IqscaueTing・ThisisqualitativelyrecogIlized

asfollows・WhiletheIRphotonshaveabulkmomeTltumfromtllenuCleustowardthelobe，

theelectroTISiTlradiolobesarethoughttobei80trOpicallydistributed．ThiSmeaIISthat

therewillbemaIlyInOreSCatteriIlgeVeTltSWlleIltheelectroIISmOVetOWardtherluCleus．
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IluCleusmaySerVeaSadomiIlaIltSOurCeOftheseedp110tOIIS，inradiolobesofasmallSCale，

OriIlaninIlermOStreglOIlOfradiolobes・Tiletypicalquasar8peCtrum，Whichisthought
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A88howninthepreviousSeCもion，arelativiSticelectronwith72≫1willscattero灯the

iI▲COmlIlgphotontowardaTlarrOWCOIleaboutitsiIIStantaneOuSdirection．Asare8ult，

theICemis8ioniSe－lhancedtowardthenucleus・Thereisyetanothere鮎cteIlhanclng

thefar－Side／near－Sideanisotropy・Ⅰ一10rdertoproduceanICX－rayphotonofangiven

energy，aIlelectroTlOfagiverlLore－ltZfactor′γrequireshigher－energySeedphoton8When

theelectroniSmOvinginthesamedirectionaBtheincomingphoton（i．e，8ituationinthe

Ilear－8idelobe）thanwheIltheymakeahead－0IICOllision（i．e．，8ituationinthefar－Side

lobe）．

CalculatiollOftheAICX－ray負ux，however，iSVerymuCh8ubjecttouncertaintieSin

evaluatingLTRaIldthegeometryofitSradiatiollpattern．Inthisthesis，Wethereforeselect

radiogalaxiesofwhichthelobesizeiSSumCierltlyhrge（之100kpc），80thattheseed

pIlOtOnSaredominatedbytheCMBaIldhe－lCetheAICcontributioncanbeneglected．

Synchrotron－Se）FComptonprocess

1－1fhirlycompact emiSSioIlregioIlSwitIlahighbrightneSS，SuCh aBhotspotsofradio

galaxiesorblazars，thesyTIChrotroIlphoton8themSelvescanbeefEbctively8Catteredby

theSameelectronpopulationthatproducestheSynChrotronradiation．ThiSprOCeSSis

know．laSSynCl仰tTVn－Seq・ColnPtOn作SC）radiatioIl，andisdiSCuSSedindetai1，C．g．，by

Band＆Grindlay（1985）・

Practically，WeuSeinthiSthesiSanumericalcodekirldlyprovidedbyDr．Kataoka

（KataOkaetal．1999）．ⅠIlthiSCOde，therelativiSticelectronsandthemagneticfield8

arehomogeTleOu81ydiStributediIlOIle－ZOneSphereofradiuBR．Then，theSRandSSC

SpeCtraCanbecalculatedforaIlygiveIlenergydi8tributioI10feIectron．Thus，thiscode

hasSixiIlputparameterS；R，B，Nb，P，71．arld72．ThescatteriIlgistreatediIltheexact

Klien－NiShiIlalimitinthiscode．

IIIFigure2．11，WeShowtypicalSSCspectracalculatedbytheKataoka，8COde．InthiB

負gure，paIlel（a）showsdepeIldencesoIIB（i・e・，um）oftheSSCX－raySpeCtrumtOgether

WiththeSRradiospectrum・Asisobvious丘omequation（2．10），theSRnux Fhis

proportioIIaltoB2（i．e．，∝u”l）．BecausetheSRphotonsSerVeaStheseedphotorlS，the

SSCfluxF；scisexpectedtovaryasB2．Themaximumandminimumfrequemiesofthe

SRspectrumiIICreaSeaS∝B，aSisexpected丘・Omequation（2・3）．Ⅵねalsoshowtheir

depeIldeTICeOnNb（i．C．，uC）inFigure2．11（b）．BecauseF；RisproportionaltoNo，F；sc

isproportioIlaltoN3（i・e・，uZ）・

Figure2．11（C）showsthedeperldeIICeSOfF；scarldF；TtOntheradiusoftheemission

regi011R．Itisclearffomthi8figuretIlatthey8CaleaB～R3（i．e．volumeV）．ThismeaTIS

tllataIleValuatioIlOftrhevolumecaTliIltrOducealargeurlCertaiIltyWhenweattemptto

theelectroTISiIlradiolobesarethoughttobeisotropicallydiStributed・ThismeaIISthat

therewillbemaIlymOreSCatteriIlgeVerltSWheIltheelectroIISmOVetOWardtherluCleus．
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determineumandu。ftomtheob＄erVedFhandfもsc．h10rdertoaVOidthisproblem，We

muStCarefullyexamineradioimage80btairledwithaSufRcieIltangularresolutioIl．
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Figure2．11：SRaIld SSCspectraiIIVariousparameter8Calculated丘omthe SSCcode

providedbyDr・Kataoka（Kataokaetal．1999）．ThesolidlinesiIleaChpaIlelshowthe

SRarldSSCspectra，WithB＝100pG，凡＝0．1，71＝102，72＝105，P＝2．5，and

R＝1021cm・Thepanels（a），（b），aIld（C）showtheirdepeILdeIICeSOIIB，No，andR，

respectively．
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2．4．1TheCMBboostedX－raySfromradiolobes

ThesearchforICX－raySh・Omlobe80fradiogalaxieShavebeenconducted，butunsuccess－

fu1foralongtime．ThiSisbecauBetheiIlteIISitiesofICX－raySWereunderthesensitivitie8

0fpreviousX－rayinstrumeIlt．PioIleerlngreSultswereobtainedin1995，independently

byFiegelsonetal．andKanedaetal．Theyhavedetectednon－thermalX－raySaBSOCiated

withthelobesofabrightsoutherrlradiogalaxy FbrnaXA，uSlng ROSATand ASCA，

respectively．TheX－raylmageObtaiIledwithASCAiSShowninFigure2．12．

Inthefollow－upASCA observatioIISpOintillgtOthewestlobeofFbrna3（A，Which

was conductedin1997．we have conRrmed thisX－ray emiSSionwith abetterstatistics

（T舶hiroetal．2001；N．Ⅰ80bebeinga・CO－author）．WbShow theX－raySpeCtrum Of

tlleWeStlobeaccumulated丘omtheSeObServationsinFigure2．13．Itiswelldescribed

withamodelwhichconsistsofthreecompoIlerltS；ahardpowerlawcomponent，aSOft

thermalcomponent，aIldapowerlowcompoJlentrepreSentingacontaminatingfaintpoint

SOurCe．Thederivederlergyilldexofthehardcomporlenも，αX＝0・74j＝0・26，isconsistent

withthatofthesyIIChrotronradioemission，αR＝0・9土0・2，Whichisdeterminedradio

hompublishedradionuxesoverafrequeIICyraIlgeOf408MHzto2・7GHz（Cameron

1971；Ekersetal．1983；Shimminsetal．1971）．Therefore，Wehaveconcludedthatthe

hardX－raySaretheCMB－boostedICemis8ionbythesynchrotronelectronsinthelobes・

Comparingthe負uxofthehardX－rayCOmp0－1eIltandtheradioflux，Wehaveobtained

spatiallyaveragedvaluesofue＝2・0土0・5ergcm－3　anduTn＝4・3士0・4ergcm－3，

thelatteryieldingamagIleticfieldstrengthofB～3FLG・Thus，theequipartition（ora

slightlymagIleticdomiIlant）conditioTliSalmo8taChieved・

lTlOrdertoroughlyiTIVeStigatethespatialdistributionsofu。andu．。，Wehaveextracted

theX－rayaIldradioradialbrightnessprofilescenteredontheX－raybrightnesSpeakin

the westlobeofFbrnaX A．AB ShowtliTIFigure2．14．the X－rayS Show aceIlter－fiued

morphology，Whilearim－brighteIledfbatureisseeniIltheradioprofile・TheX－rayprOfile

iIldicateSthattherelativisticelectrotlSiIlthelobeareIlearlyhomogeIleOuSlydistributed

inaBphere－likeregiorlOfaradiuS～75kpc（correspoTldingtollarcmin）・Therefore，

weregardtheradioprofileasthedirectiIldicatorofthedistributionofum，Whichhas

arIinIlerradiusof～27kpc（corresporldirlgtO4arcmin）amdanouterradiusof75kpc・

TlluS，We伽ldacollditior10fuc＞u，nilltllelobeinterior，Whereas ue＜umiIlthelobe

peripIlery．

Iyomotoet al．（1997）haveexamiIled theX－raySpeCtrumOfNGC1316，the ho8t

galaxyofFbrnaXA．TheSpeCtrumiswellde＄Cribedbyasumofaso托thermalemissioTl
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Figure2．12：The O．7－10keV X－rayimageofFbrnaXA obtairled with the ASCA GIS

（color；Kanedaetal・1995）・TheX－rayShomtheIlOStgalaxyNGC1316aremasked．

ThelargercircleSindicatetheGISfieldofviewofindividualobservations，aTldthesmaller

Circleindicatestheintegrationregior10ftheX－raySpeCtra．Thel．4GHzradiocoIltOurS

homEkersetal・（1983）areoverlaid．

Figure2．13：TheX－raySPeCtrumOftlleWe8tlobeofFomaxA，iIltegratedoveracircular

reglOIIWitharadiusof7・25arcminceIlteredoIltheX－raVbrightIleSSpeaksllOWIliIIFigure

2・12（Tもshiroetal・2001）・Thei－ltriIISica－ldcosmicbackgrouIldsweresubtracted・

C〃APTER2．REVIEW



Iyomotoet al．（1997）llaVeeXamiIled theX－raySpeCtrumOfNGC1316，thehost

galaxyofForIlaXA・TlleSpeCtrumiswellde＄Cribedbyasumofaso托thermalemissioTl
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Figure2．14：RadialX－ray（0．7－10keV）andradio（1．4GHz）surfhcebrightmeBSdistribu－

tionSarOuIldtlleX－rayCeIltrOidintheweStlobeofFbrnaXA（TaShiroetal・2001）・The

largerradiusofX－rayprORlei－ltllOughttobeinstrumental，arldtheradiusoftheradio

profileisregardedaStheloberadius．

withkT～0．8keVhomthehotillterStellarmedium，aTldahardcontinuumiIlterpreted

asiIltegrated hardX－rayS丘omIleutrOILStarbinariesinthegalaxy；COrltributioTlh・Om

itsAGNiSlIldetectable．ThismeansthattheAGN ofFbrnaxA haBbecomealready

iIlaCtive，aIlditspowerfulsyncIlrOtrOIllobeSarearelicofthe paBtAGN activity．The

lifetimeofthesynchrotroIlelectroIISinthelobesisestimatedtobe～108yearuslngthe

magIleticfieldB～3FLG．TheAGNiSthoughttohaVebeenfhdingo仔overthiStimescale．

1もshiroetal．（1998）havemadeaSub8equelltdetectioIlOfnorl－thermaldi瓜1SeX－rayS

homthelobesofCeIltauruSB（PKS1343－601）・WeshowirlFigure2．15theX－rayimage

OfCentauru8Bobtainedwitllthe＾SCAGIS．TheX－r町8peCtrumintegratedoverthe

lobesiSWelldescribedwithpowerlawofαX＝0．88土0．19，Whichi8COnSiStentWiththe

radio8lopeαR＝0．78（ChristeIlSenetal・1997；McAdam1991）・Thus，thisbecamethe

secorldcaseillWhichtheCMB－boostedICX－rayfromradiolobesaredetected．Ffoln

acompari8011betweenthesyIIChrotroIlnuXaIldtheIC負ux，Tもshiroetal．（1998）have

obtailleduc＝3・8j＝1・8ergcm－3anduln＝24士9ergcm－3，andfoundtIlatuedomiTlateS

um（u。／um＝6・3土3・8・）i－ltllelobesofCeIltauruSB・ItsTluCleusisactive，Ofwhichthe2－

10keVX－rayIumiI10SityisLx＝2．lx1042ergs．1．IIltherightpanelofFigure2．15，We

ShowtllemapOftlleratiooftheradiobrightlleSStOthesquaredX－raybrightness，Which

2．12（Tashiroetal・2001）・Thei－ltriTISicalldcosmicbackgrou－ldsweresubtracted・

C打APTER2．REV工EW
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Figure2・15：（1eft）Thel・5－3・OkeVICX－rayimageoflobesofCeIltauruSB（color）．The

COntribut．ion h・OmitsIluCleusiSSubtracted．The843MHz radiocorltOurn・Om McAdam

etal・（1991）isoverlaid・（right）Themapu．。／ueinthelobesofCeIltauruSB．Thedotted

regioTliSmaSkediIla【1alyBisduetolowstatisticS・FromT鮎hiroetal．（1998）

dlaraCterizesthemapofum／u。・Thus，likethewestlobeofFbrnaxA，theradiolobesof

CentauruSBalsoshowtheteIldeIICyOfoutwardirlCreaSeiIltheu，n／ueratio．

These results suggest twoimportarltfeatures which are thought to be realizediTl

radiolobes・Oneis that when spatially averaged over radiolobes，the equlPartitioIl

betweenparticlesalldmagneticfieldareIlOtalwaySaChieved，atlductendtodomiIlate

u．。Particularlyinlobeswith an active TluCleus・The otheristhat the u．．．／ue ratio

iIICreaSeS丘omthelobeillteriortowardthelobeexterior；inotherword，thatmagIletic

fieldisthoughttobecompressedbyparticlestowardtheedgeoftIlelobes．

2．4．2　TheAICX－rayS打omradiolobes

ThroughdetailedanalysisoftheX－rayimageobtaiIledwiththeROSATHRIarldtheX－

rayspectraobtaiIledwiththeASCAGISandtheROSATPSPC，BruIlettietal．（1999），

havedetecteddi飢lSehardX－rqyemissioIISaSSOCiatedwiththeiIlrlerlobesor3C219．1ts

nucleusisveryactivewiththemeasured2－10keVX－r町IumiI10SityisLx＝2×1044erg

S－l aTldtheexpected6－100ImlIRlumiIlOSityofLTR～5×1045erg8－1・Theyarguethat

theX－raymOrPhologyandtlleX－raySPeCtrumareWellreproducedbytheAICprocess

WheretheIR．photoIlhomtheIluCleusprovidesseedso氏photoTIS．TheyclaimthattlliS

isthefirstdirectobservatiotlalevideIICeOfelectroTLSwithT。～100illradiolobes．TIley
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Figure2・16：TheO・1－2keVX－rayimageof3C2950btainedwiththe CnandTuACIS

inwhidltheAGNcompoIlerltiSnegligible（Brunettietal．2001）．Contributionfroma

CluSterOfgalaxie88urrOunding3C295iSSubtracted，althoughtheX－rqyBhmthehot

SpOtareiIICluded・The8・4GHzVLAmapisoverlaidwithcoIltOurB．Atthered8hift。f

Z＝0・461for3C295，theplatescaleis～4．6kpc／arcsec．

a180foulldthatthemagneticBeldstrengthiBB～3FLGanduci8tWOOrderofmagnitude

highertllanu．n・However，theobtainedumarldu。maybelocalvalues8peCiRctothe

innermostregion，ratherthanrepre8entingoverallpropertie80fthelobeBOf3C219．

RecelltlyusiIlg（‰ndru，Brunettietal・（2001）havealBOdetectedastrongevidence

OfextendedX－raySfromthelobesof3C295・TheX－rayimageof3C2950btaiIled

With仇andrYlisshowninFigure2・16・TheX－raymOrphologyiSVeryaSymmetriCalin

WhichtheIlOrthernlobeisbrighterthantlleSOuthernOrle，WhereaStheradio鮎xes。f

thetwolobesareSimilar・Ftom3C295・theyalSodetectedaStrOnglyabBOrbedX－ray

nucleuswiththeO・1－10keVluminosityofLx～6×1044erg8－1，fromwhichtheIR

luminoSityi8eBtimatedtobeLTR～1046ergs－1，aSSumingthetypica18peCtrumOfradio

loudquaSar（SanderSetal・1989）・TheyarguethattlliBX－raylobeasymmetryCarlbe

beStaCCOuIltedforbytheAlCscatterimgofaphotonShmitshidderlnuCleus．ⅠIldeed，

usi－1gLTR～1046erg8－1，thee－lergyderlSityofthenuclearphotonsiSalmoStarlOrderof

m昭litudehigherthaIlthatoftheCMBinitSlobeB（8eeFigure2．10），becau8etheBizeof

3C295isverysmall（～30kpc）・Theyhaveevaluatedthatthemagnetic鮎1dinthelobeS

isB＝35～100FLG，Whidlis81ightlYlowerthantheequipartitionvalueofBbq＝120pG・

Theyal80fouIldthatthepowerlawelectron8peCtrumde触edbytheradiospectrum
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Canbeextrapolate。dowlltOlも＜100（TheradioheqlleIICy8．4GHzcort・eSp。ndt。tll。

electronswith7C～4000，aSSumingBeq＝120pG）・However，tllederivedmagneticGeld

Strerlgthi芦ObviouslyquitesubjecttotheurlCertai一ltiesinthemodeliIlgOfLTRandthe

radiationpatternOftherluCleus．

2・4・3　Hotspots

X－rayemission什omradiohotspotsofradiogalaxiesiSRrstdetectedbyHarI・isetal・（1994），

uslngtheROSATHRI・AsshowniIltheleftpanelofFigure2・17，theyhavedetected

di鮎eX－rayS丘omthetwobrightradiohotspotSiTlthepowerfulradiogalaxyCygnusA，

togetherwithitsIluCleusandadi恥secomporlelltSurrOundiIlgthem；thelatterapparerltly

COntamiIlateStOhotspots・TheobtaiTledX－raynuXe80filldividualhotspotSareboth

almostconsistentwiththosepredictedbytheSSCmodelwithminimumerlergymagrletic

Relds，B・・一C～250pG，determiIledh）mtheradiospectra・Harrisetal．（1998）haveals。

detectedX－raySaBSOCiatedwithaIlOrthernradio／opticalhotspotoftlleradiogalaxy

3C390・3，alsouslIlgtheROSATHRHtsX－rayfluxcaIlbealmostexplaiIledbyan

extrapolatioIlh・Omtheradi0－も0－0pticalSyIIChrotroI18peCtrum・AssumltlgBmc～44FLGof

thehotSpOt・theseX－raySarethoughttoberadiatedh・OmrelativisticelectronsofT～108．

However，110SpeCtralcapahilityandarlillSufficieIltSpatialresolutiorlOftheROSATHRI

haveleftthetruefbaturesofthesehotspotuIICertairl．

ぎ協

◆打粟

きい′、鼻　）∠　　　　　　　　　くら

轡が牛神明

Figure2・17：Ⅹ－rayimageBOfCygnuSA・Thele托paIlelshowsX－rayCOIltOurSObtaiIled

WiththeROSATHRI，OVerlaidonthe327M肋VLAcolorimage（HarriSetal．1994）．The

rightparlelshowsthegray－SCaleX－rayimageohtaiIledwitIltlle仇andTuACIS（Wilsoll
etal・2000）．
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isB＝35～100FLG，WhichisslightlylowerthantheequlpartitioTIValueofBcq＝120pG・

Theyal80fou－ldthatthepowerlawelectrorlSpeCtrumde触edbytheradiospectrum
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Recently，OneOfthe8ereSultSiBCOTlfirmedwiththeadveIltOfthe仇andraX－ray

Ob8emtOryWhichi8ChaLr＆CterizedbyaJleXCellent＆ngul血reBOlutionandagOOdSpeCtral

re801ution・TheX－rayimageofCygIlu8AobtainedbyWil80net＆1．（2000）uSingthe

仇andraACISi88howniIltherightpanelofFigure2・17・TworadiohotSpOtSareClearly

r倒01ved丘omtheIluCleusamdtlledim18eemission．TheirX－ray8peCtraareWelldescribed

byaSinglepower－lawmodelwiththeBpeCtralindexofαX＝0．8土0．2，mOdifiedbyan

abBOrptionwithourGalaxy・Moreover，theiroverallmulti一打equency8peCtr8areWell

reproducedbytheSSCmodeL ThederivedmagneticfieldS，B～150ILG，are81ightly

lowertIlam訊。e．

USingtheaLandmACIS，X－rayemi88ionhomhotBpOt80fanumberofr＆diogalaXieB

llaVeSuCCeBSivelydetected；the8einclude3C295（Ha，ri8etal・1999），3C123（HardcaBtle

etal・2000）andPictorA（Wi180netal．2001）．TheX－rayBpeCtr＆Of3C295仙d3C123

8陀WelldeSCribedbytheSSCmodeltogetherwiththeradioBynChrotron8peCtra・The

derivedmagTleticReldBoftlleSehot8pOt8areBlightlylowerthanBm。．Ontheother

halLd，theobServedX－ray8peCtrumOfthewe8thotBpOtOfPictorA，Ofwhichtheindex

αX～1・li881ightlydifrbrent丘omtherdiooneαsR～0．74，CannOtbeexplained801ely

twSRemi88ioIlIlOrbySSCcomponeIlt．

2．4．4　Jets

TheleftpanelofFigure2．18show8theX－r町imageofakpc－SCalejetiIlapOWerfulquaBar

3C2730btainedwiththeC職andTYl，tOgetherwithitSradioandopticalone8（MarShallet

al．2001）．Theoveral18hapeofthejetiBBimilarintheopticalandX－rayband8，and80me

OpticallybrightregionSCalled“knotS”areclearlydetectedinX－r町image．However，aB

8hownintherightpallelofFigure2・18，theX－rayemi88ionBeemStOfadeout＆longthe

jet，WhiletheopticalknotB・hoveSimilarbrightIleBB．TlleX－ray8peCtraOftheSeknot8CaIl

benaturallyexplaiIledby88impleSRemi8Siorl・E8PeCiallyforthebrighte8tX－rayknot

（Alin2．18），tlleradio－t0－OPticalSRpoweトlow8peCtrumCanbeextrapOlateduptothe

Cnand和bandpasB，Without一JObreakovernearlynineorderBOfmagmitudeinfrequency．

A郎umiIlgBm。＝80pG，theelectroTJSPeCtrumeXtend8uptOatleaBtT～4×107．

Recerltly，仇andTTIha88uCCeSSivelyuncovertheX－I町feature80fkpc－8CdejetS，ina

numberofradiogalaxieSandqu88arS；SuChaSCentatlru8A（Kraftetal．2000），PKSO637－

752（e・g・，SchwartZetal・2000，ChartaBetal・2000），PictorA（Wil80neta1．2001），3C

371（PeSCeetal・2001），M87（M＆rShalletal・2001），and3C66B（HardcaBtleetal．2001）．

TheX－ray8peCtraOftheBejetS，eXCeptforPKSO637－752，Canbea8aWholeexplained

bytheSRemi88ioIl．ThuS，electron a∫ethoughttobeaCCeleratedtypicallytoT～107in

the8ejetS．However，theirtruemagneticfieldSCannOtbedeterminedkomtheSeX－r町

rightparlelshowsthegray－SCaleX－rayimageobtaiIledwiththeCTMLdruACIS（Wilsoll
etal・2000）．
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Figllre2・18：ThemultiBequencyfbature80fthejetiT13C273（Mar8halleta1．2001）．

（嘲）Thefirstpanel8howSal・647GHzr＆dioimage，the8eCOndoneShow8aOPticallmage

ObtainedwithHubbleSpaCeTble8COpe，Zuldthethirdone8howStheCnandmX－raylmage・

TheopticalcontourSareOVerlaidontheX－rqyimage・Thenucleu80f3C273locate8～12

arc8eCt珊ardtheupperdirectioninthiSfigure・（right）TheopticalaIJdX－rqybrightIleSS

profileSprOjectedontotheaxi80f3C273jet．Ataredshiftz＝0．1580f3C273，1arCSeC

COrreSpOIldst02．4kpc．

obSerVatioIlS．

TheX－raySpeCtrumOfthebrighteStkIlOtiTlthelOOkpc－SCalejetofPKSO637－752

iSdiaiculttoexplaiTlbytheSRemi88ioIlh）mtheSameelectroTlpOpulationwhichi8

reBPOnSiblefortheradio－t0－OpticalContiIluum・Althoughitm町bereproducedbythe

SSCmodel，therequiredmagneticReldbecomeS B～6pG whicIli8about50timeS

lowerthanB．，．e～320pG（Schwartzetal・2000）・Tavecchioetal．（2000）haNeprOpO8ed

tIlatifthekIlOtmOVeSWitharelativi8ticvelocity，theSeX－raySarePrOducedthroughIC

8CatteringofftheCMBphot0－18・Becau8eOfrelativiBticbeamlIlg，uCMf18eeniSenhaIICed

byafactorofr12intheco一mOVingframeoftheknot，WhererisabulkLoreIlt8factorof

theknot（e・g・Dermer＆SchlickeiSer1994）．InthiSmOdel，theX－raySpeCtrumCanbe

almostexplained，aBSumlIlgBm。aIldr～10．

2．4．5　BlaEarS

AsalreadymentionedItheoverallBpeCtraOfblazar8aredomiIlatedbynoIlthermalradi－

atioIISfromelectroIISWhidleXiStiIltlleinIlerpartSOfrelativisticjetpoiIltiIlgCloseto

OurliTleOf8ight・ThiSmakeBbla組rSOIleOfidealtargetsforthethejetStudy．VariouB
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kindsofobservationSi－leVeryObSerVablehquency，includingX－ray8and7－rayShaVeBO

farbeerlCOnducted・Amongthem，WereviewheretworeSultSWhicharecloselyrelatedto

energeticSilltheblazarjet．

Inoue＆rrhkaIl＆ra（1996）havetheoreticallycalculatedtheSRandIC8peCtraOf

bla組rS，iIlaBimpleSSChmework・TheyalsoconBideredvariou8kind80fSeedpho－

toTlBforICscattering，＄uChasinternalSRradiatioIIS＆ndthermalradiationexternalto

thejet・ByRttiTlgthemodeltotheobSerVedSpeCtrarOftwo7－rqyblazars，3C279and

Mkn421，theyhavedetermiTledthephySicalparameter88uChasBandthemaximum

LoreIltZfactorsofelectronsiIlthejetsoftheSeblazarS．Figure2．198howS01leOftheir

reSultS，themulti丘equeTICy8peCtraOfMkn421・Theirre8ult8StrOnglyindicate8particle－

domiIlaIltCOllditioIliIltlleSeblazars（u。／u，n～3for3C279aIld～14fbrMkn421，両n

Figure2・19）．

Kuboetal・（1998）haWarlalyzedindetailthemultil・equency8peCtrZLOf18blazarS

WhichwereobSerVedbyASCA・Compari－lgtheASCAspectrawith7－raySpeCtra，they

havepreciSelyevaluatedtheSSCcomp0－1entS，andBuCCeSSfullydeterminedphySicalpa－

rametersiIltheseblazars・Figure2・20plotstllemagnetic鮎ldandthemaximumLorentz

hctor，恥，OfrelativisticelectroIIS，againsttheobservedpeakh・equencyoftheSRcompo－

ne－lt・TheyfoundthatthederivedmagTleticRelds，B＝0・1～lGIarerelativelyconstallt

amoIlgallkindsofblazars，althoughmaximumelectronLoreIltZhctorsincreasewiththe

ObSerVedpeakhequerlCie80ftheirSRcomponents．
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Figure2・19：Themultifrequencyspectrum

oftheT－rWblazarMkI1421（lnoueand Figure2・20：DiStributionSOfmagrletic

T肋hara1996）・The801idliIleSrepreSellt ReldsandLorentzhctor80felectronSirl

themodelpredictiol18・ThebeStfitparam－　blaZarS，plottedagain8tthepeak鮎quen－
etersarealS。Bh。wn．　　　　　　　　Cie80ftheSRcomponent8（Kubo1996）・
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Chapter3

Instruments

3．1　The ASCA Satellite

ASCA（AdvancedSatelliteforCosmologyaIldAstrophySics），WhichwasdevelopeduIlder

acollaboratioTlbetweenJapanandtheUSA，iSthefburthJapaneseX－rayaStrOnOmical

satellite（T加akaetal・1994），followir▲gHakucho，Tbnma，andGinga・ItwassucceSSfully

lauIIChedbytheM－3SI1－7rocket丘omKagoShimaSpaceCenteroftheInStituteofSpace

andAstronauticalScieTICe（ISAS）0IIFebruary20，1993・IthaSaChievedanear－Circular

orbitwithaperlgeeOf520km，anapOgeeOf620km，andaninclinationangleof310・1・

It80rbitalperiodiSapprOXimately96minute．ItweightSabout420kg，andit81ength

amouIltStO4．7mafteritSeXteIISibleopticalbeIICtl（EOB）haBbeenfullyexte．lded・We

ShowtheiI1－OrbitconfiguratioI10fASCAiIIFigure3・l

ASCAcarriesfourideIlticalX－raytelescopes（XRT）atthetopoftheEOB，Withtheir

opticalaxesallaligIledwiththez－aXi80fthesatellite・TwokindsofimaglngSpeCtrOmeterS

areuSedatthefbcal1aneoftheXRTs；OneistwoX－rayCCDcameras（Solid－StateImaging

Spectrometer，OrSIS），alldtheotheristwogasscintillationproportionalcounters（Gas

ImagiTlgSpectrometer，OrGIS）．ThecoIlfigurationoftheSeirlStrumemtSareillustratedin

Figure．3．2．TheseeIlableX－rayimaglllgSpeCtrOSCOpyOVeraWideeIlergybandh・Om

～0．6keVuptolOkeV．

UIlforturlatlely，ASCAlostitsattitudecoIltrOlduriIlgageOmagneticStOrminducedby

astroIlgSOlarRareoIIJuly14、2000．afterwhichnoscieIltificobservationwascoIlducted・

IthasreeIlteredtheEarth’satmosphereollMarch3，2001，afterBperldiTlg8yearsinorbit

asoIleOfthemostsuecessfu1missioTISOfX－rayaStrOphysics．

33

Figure3．1：SchematicdrawlIlgOftlleASCAsatellite．

Figure3．2：CoTlfigurationoftheXRTandfocal－planeiIIStrumeIltSOllboardASCA．
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3・1・l X－r町Tblescope（Xm）

TheASCAXRTwaSjointlydevelopedbyNASAGoddardSpaceFlightCenter（GSFC），

NagoyaUIliversity・aIldISAS・ItiSdeSignedtoaChieveal＆rgee触tiⅥeareaandamOder＆te

angularre801utioniIlaWideeIlergybarld（Serlemitsosetal・1995；TSuSakaetal．1995）．

IthaSfortheRrSttimeeIlabledlmrdX－rayimaglngStudieSupt010keV．

SoftX－ray”retOtallyrenectedbyaSmOOthsurhce，Onlywhentheirincidentangle

i88mallerthanacertainCriticalvalue・ThisisknownaBgraZing－incidencereRection．

Thecriticalangle，typically～lO，iSiIIVerSeprOpOrtionaltotheX－rayeIlergyandrapidly

iIICreaBeSWithirlCreaSlngnumberdensityofheeelectronSimrenectiLlgmateriaI・X－叩

tele8COpemirrorSuSethiSmeChani8mgenerallyin80－CalledWbltertypeIconfiguration，

WhichiSShowninFigure3・3・TheSeOpticsemplqypar＆boloidandhyperboloid8urfaceSaB

theprimaryandsecondarymirrors，reSpeCtively，80aBtOremOVethefirst－Orderaberration．

Thee鮎ctiveareaisuBuallyiIICreaSedbyne8tiTlgmultiplemirrorSWithacommonfocu8．

Inordertoobt8irlalargeefrbctiveareauptolOkeV，itiSeSBentialtomakethegrazJng

angleaSBmallaBpO88ible，andtoiIICreaBethenumberofne8tedmirrorSbymakingeaCh
【1．〈11．、【▲1．；＿、〈【－、〈【【こし1．、
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Figure3・3‥COILBguratiorlOftheWaltertypeloptics．

ThemirrorsofASCAXRTareallmadeofthiIl（127FLm）alumillumfoil．Thesefoils

arecoatedwith～10pmthickacrvliclacquertoimproveitssurfacesmoothneSS、OVer

Which50－1mOfgoldisvacuum－depositedfbrizICreaSi－lgthereflectivityfbrharderX－rayS．

TheyarebeTltirltOZLCOllica18urfacetoapproximateparaboloidorhyperboloid，and120

0fthemareTle8tedtogether．Thus，theapertureoftheASCAXRThasinnerarld。uter

diametersof120mmand345mm，reSpeCtively，anditsfocalleIlgthis3・5m・Webrieny

Summarizet・hedesigIlparameter8aIldbasicperformanceoftheASCAXRTiIl恥ble3，1．
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1もble3．1：Desigrlparameter80ftheASCAXRT

MirrorSubstrate

Mirrorsurhce

Mirrorlength

Numberofnestedfoils

Inrlerandouterdiameter

mcalleIlgtll

IncidentaIlgle

TbtalweightoffourXRT8

GeometricalareaofoIleXRTunit

E－lergyraIlge

FieldofView（FWHM）

Halfpowerdiameter

127pmalumiIlumfoil

lOpmacryliclacquer＋50rlmAu

lOO mm

120bi18

120mInaIld345mm

3500mm

00．24－00．70

～40kg

558cm2

≦10keV

～24’atlkeVaIld～16，at7keV

～3，

Weshow－lintIleleftpanelofFigure3・4theeBctiveareaoftheASCAXRTasa

fuTICtionofX－rayenergy・Itreached～1300cm2beIow～2keV，Wllichisalmostahctor

Of6aIld2largerthanthoseofEinsteinaIldROSAT，reSPeCtively・Moreover，itretaiIIS

averylargee鮎ctiveareaeveIltOWardshighereTlergleS，WitlltheeIlergyupperlimitas

highaS～10keV・ItseBctiveareaiBa180depeTlde－ltOrlthei－lCiderltangleofX－rayS．

TheehctiveareagraduallydecreaBeSaStlleOfLaxisangleoftheincide－ltX－rayiIICreaSeS．

ThispheIlOmenOrliSCa11edvigrlettirlg・AsshowniIltherightpaTlelofFigure3．4，the

VlgIlettinge鮎ctoftlleASCAXRTi8mOreprOmiIlerltinhighere－lergieS．

TheASCAXRThaSmOderateangularresolutiorl・TileX－rayimageofCygIluSX－l

ObtaiTledwiththeGIS，Whichcharacterize8thepoint8preadfunctioTl（PSF）oftheASC月

XRT・iSShow－linFigure3・5・ThehalfpowerdiameterOfthePSF，WithiIIWhichhalfthe

X－rayAux丘omapoint別）urCeiBCOrltairled，iSabout3arcmirlOIlaXis・Ifstatigticsallow，

theASCL4XRTcanreSOIvetwopointsourceaBCloSeaB30arcsec・TheshapeofthePSF

haSOlllyaslightdepe－ldenceoIltlLeX－r町eIlergy，althoughitisstroIlglydepeIld。Ilt。【．

theiIICideIltaIlgleofX－rayS．
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3・1・2　Solid－StateImagingSpectrometer（SIS



diametersof120mmand345mm，reSpeCtively，anditsfocalleIlgthis3．5m．Webrieny

SummariXethedeSigIlparameterSaIldbasicperformanceoftheASCAXRTiTIThble3．1．
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Figure3・4：Thee鮎ctiveareaoftheASCAXRT（fourunit88ummedup）．Theleftpanel

ShowStheenergydepeIldeIICeOftheXRTem氾tivearea，COmparedwiththoseofEinstein

andROSAT．TherightpanelshowitsdeperlderlCeOntheirlCiderltangle．
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Figure3．5：TheXRT＋GISimageofarepreselltativeX－raypOintsource，CygnusX－1．

CoIltOurSaredrawntologarithmicscaleswithlevels8hownatthetopofthisfigure．The

circleiIldicatethe負eld ofview oftheGIS．
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3・1・2　Solid－StateImagingSpectrometer（SIS）

TheSolid－StateImagingSpectrometer（SIS）wasdevelopedbytheMasSaChusettsInStitute

Of恥chnology（MIT），thePeIlI16ylvarIiaStateUIliversity，ISASaIldtlleOsakaUniverSity．

TheSISisequippedwithX－rayCCDcameraswhichisusedfbrthefirsttimeinaphotoTI

COuntingmodeinaspaceeIIViroTlme－lt・ItischaracteriZedbyahigheIlergyreSOlutioIl

OVerawideenergyband（0・4～10keV）・Detaileddesigl1aIldin－OrbitperformanceSare

describedinBurkeetal・（1991）andYamaBhitaetal．（1997）．

TheSISconsistsoftwoidenticalseI180rS，CalledSISOandSISl・Wb8howthecon航gu－

rationofeachSISsen80rinFigure3・6，SummarizetheirdeSigIlparameterSiIITable3．2．

Eachsensorha5fburCCDchipswhidlarealigIledina2×28quareformatwithnarrow

gapsbetweeIlthem・EachCCDdliphagaSizeofllmmSquare，madeupof420×422

pixels，arldcoversallarcminSquarereg10llinthesky・Thethicknessofdepleti0－11ayers

reaches40pmuTldertheoperatirlgViascoIldition，WhicheIlat，1esdetectiorlOfhardX－rayS

uptolOkeV・TheSeCCDBareCOOleddowIlt0－620Cbythermo－electriccooler（TEC），

inordertoreducethermalIlOises・InfrontoftheCCDchipS，aIlOpticalblockingRlteri8

placedforpreveIltillgOPticallight8homcomingiIltOthem．

Figure3．6：Thecross ectiorlOfoTleSISseIISOr
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Table3・2：DesigIlparameterSarldperformanceoftheSIS．

lrradiat，ioIIMethod

ChargeThnBferMethod

Clock

NumberofPixelSiIleaChchip

PixelSize

AreaofoIleChip

FieldofViewofoIleChip

ThicknessifDepletionLaver

DriveTbmperature

EIler＆rBaIld

QuaIltumEfRcieIICy

EIlergyReS01utioIl

FtontirradiatioIL

FramellaI18鎚r

3－phaSedrive

420pixels x4221ine8

27J∬n

ll xllmm2

11，×llI

～40〝m

～－620C

O．4－12keV

～80％at5．9keV

2％（FWHM）at5．9keV
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ITlOrdertoobservevariousouectswithdi鮎rentX－rayinteTlSitie8andangularSizes，

theSIShasthreedi鮎rentclockingmodes；i．C．lCCD，2ccDand4ccDmodeS．ⅠIlthe

nCCDmode，datahomnchipsiIleaChSISarereadout．TheobSerVablefieldofviewiS

thelarge8tinthe4ccDmode（22×22arcmin2inthesky），althoughthetimeresolution

isthesloweStandthee恥ctofevelltpile－upSmaybecomesevere．

TheSIShasthreedi鮎rerlttelemetrydataformats．The／dintmodeisusedforfaint

ObjectS，thebTiphtforbrightobjects，andthehstmodefortimingaJlalySiS．IntheJhinl

mode，pulse－heightsof3×3pixelsceIlteredoIlapixelwithaIleVeIltdetectionarerecorded

andtransfbredtoground，tOgetherwithitBpOSitioIlanditstime・ThispulBe－hightpattern

iscalled“eveIltgrade”，aIlditsdehitioIlisshownillFigure3．7．AnX－rayeVentdose

notexteTldrlOmOrethanfourpixels，becausethepixelBizei818rgerthanatyPicalSize

Ofanelectroncloud（～5ILm）producedbyanX－rayphoton・Therefore，eXaminingthe

eve－1tgradeoIlgrOurld，abTlOrmaleveIltS，SuChasthoseduetochargedparticles，Canbe

rqiected．Normally，eVeTltSWithgradeO，2，3．4areSelectedforanalySiS．ITLthebrightmode，

theeveIltgradearejudgedonboard，andthesummedpulse－heightwithspecifiedgradeS

arerecorded，tOgetherwithitspositioIlandtime．IIltheJhslmode，eVeIltSarereCOrded

withtllehightimeresolutioIl，altllOughwithoutimaglIlgiIlformatioIl．

ThereareseveralpropertieswiththeSISas＄tatedbelow，Whidlmakeitunsuitablefor

tIlepreSeTltthesi8・Its鮎IdofviewiSrelativelynarroweraIlditse伍cieIICyforhardX－ray

islowertha－lthoseoftheGIS・TheopticallightleakagesarefouIldiIltWOdlipsofSISO．

3．J．mgAgG4gAmムJT苫

3．1．3　GasImagingSpectrometer（GIS

41
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SocalledMhot，Iarld”flickeringMpixels，WhichoccaSioIlallyreportfalSeeVerltdetection，are

found｝aTlditsnumberisi－lCreaSITlgwithtimeduetoaccumulatioIlOfradiatioIldamages・

Theradiati0－1damagehasalsodegradedthedlargetranSfbrefhcieIICyOftheCCDs，aTld

thiSBignificantlyaffbctsenergyreSpOIISeOftheSIS・Moreover，theSISbackgrouIldvaries

iIlaCOmplicatedway・Thesefbature80ftheSISmakeitd此culttostudydifhseandfaint

X－rayemiBSionwithahardspectrum，SuChasiIIVerSeComptoIIX－raySh・0mthelobesof

radiogalaxieS・TherefbreIWedoTlOtanalyzedatahomtheSISextensivelyiIlthistheSis．

Figure3・7‥ThedefinitionarldexamplesofeveIltgrade・

42 C打APTER3．JNSTRUMENTS

reglOIl，andgenerateprimaryelectrollSthroughphoto－ioni22ationamdsubsequenもimpact



thepreseIlttlleSi8・ltsIieldofviewisrelativelynarroweraIlditsetticieIICyforhardX－ray

islowerthaTlthoseoftlleGIS．TheopticallightleakagesarefouIldiIltWOCIlipsofSISO．
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3・1・3　GasImagingSpectrometer（GIS）

TheGaBImagiIlgSpectrometer（GIS）waSmainlydevelopedbytheUniversityofTbkyo，

theTbkyoMetropolitanUIliversity，theISAS，Mei8eiElectricCo．Ltd．，andJapanRa－

dioCorporationCo・Ltd・TheGISistwosetofgaBSCintillatioIlimagingproportional

COunterS・ItsdesigniSba8edontheGSPCexperimentonboardTbnma（Koyamaetal．

1984）．ItischaracterizedbyawideReldofview（～50，imdiameter），alowaIldstable

detectorbackgroundlevel，amOderateenergyandspatialreBOlutionoverawideenergy

baTld，aIldahighdetectiorlefhcieTICyforhardX－rayS．ThekeyparametersoftheGISare

SummarizedinTable3．3．Detai18aboutitsde8igTlandin－8ightperfbrmarlCearedescribed

inOhashietal・（1996）amdMakishimaetal・（1996），reSpeCtively．

StrllCtWe

The GIS haB tWO SeT180r aSSemblieS，Ilamed GIS2aIld GIS3，and one main electronics

packagecalledGIS－E．GIS2aIldGIS3arealmoStidetlticalexceptthataRadiationBelt

Monitor（RBM），aSmallPIN－diodedetectortomonitoraradiationenvironment，isat－

tachedonlyatthebottomofGIS2．WeshowtheStruCtureOfGIS2imFigure3．8．It

COIISist80fagascell，aTlimagiTlgphot0－multipliertube（IPMT），frontendelectronics，

andahighvoltagesupplyunit・

ThegaBCellismadeofaceramiccyliIlder，WithalOpmthickberylliumentraIICe

wiIldowatthetopandaquartexitwiIldowatthebottom．ItisRlledwithamixture

of96％xerlOTland4％heliumtoapreSSllreOf1．2atmatOOC．ThegaSCellisdivided

intotworegi0IIBbyameshelectrode；adriftregioninthetoplOmmandascintillation

reg10IliIlthebottom15mm・TheelectricpoteIltia180ftheentrancewindowamdthemesh

electrodeareheldat－6kVaTld－5．3kV，reSpeCtively．X－raySareabsorbedillthedri托

1もble3．3：DesigIlparameterSaIldperformanCeOftheGIS．

EIlergyBand

EIlergyReSOlutioII

E魚肥tive Diameter

EIltranCeWiIldow

AbsorptiorlMaterial

PositiollReS01ution

Time ResolutioIl

0．7－15keV

8％（FWHM）at5・9keV

50mm

lOpmberyllium

Xe（96％）＋He（4％），10mmdepth，1．2atomatODC

O．5mm（FWHM）

～61psec（highestvalueiIIPHMode）

1・95msec（highestvaluei－lMPCMode）

42 C丹APTBR3．mSTRUMENTS

reglOIl，andgenerateprimaryelectroIl＄throughphoto－ioIlizationandsubsequeTltimpact

ionization，attherateofoneelectronper21．5eV．TlleSeelectroIISSlowlydriftstothe

meshelectrode，arldtheIlaCCeleratedinthesciIltillatioIlregionduetIOaStrOIlgelectric

field（～5V）・ThexenoIlgaSisexcitedbytheacceleratedelectronsandcreatesalal・ge

numbersofultra－Violet（UV）phot0－18・ThroughthequartswirldowtheseUVphotonsare

COllectedbytheIMPT，arldtheirdistributiorlarldiIlterlSityaremeasured．Wei11ustrate

theoveralldetectionprlIICiplesirlFigure3．9．

Focal Gas

　 Ho
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Figure3．8：AcrosSSeCtioIlalviewoftheGIS5eIISOr．

SignalProcesslng

SigIlalsh，OmtheGISarehrStprOCeSSed bytheh・Ont－etldelectroIlics，aIldtheIlhandled

indetailbyGIS－E・ThosehomthelastdynodeofeachGISserlSOrgOthroughacharge

SeIISitiveamplifierinthefI・0Ilt－endelectronics，OfwhichtheoutputsaretraIlSfbredtoGIS－

E・TheIl，SigllalsgothroughlowerandupperdiscrimiIlatOry（LDandUD，reSpeCtively），

aIldtherltOpulse－heightaIldrise－timeaIlalogue－tO－digitalConverters（ADCs）．Thepulse－

heightADCcoIIVertSthepulsehightofeacheveIltiIltOa12bitvalue，derlOtedPH aIld

therisetimeADCcorlVertStherise－timeofeachslgtlaliIltOan8bitvalue，deTlOtedRT．

Thelowerandupperrise－timediscrimiIlatOry（RTLDandRTUD，reSpeCtively）operate

OnthisRTSigTlalsftom32aIlOdewires（160fwhichareforx－aXisandthereminderfory－

axis）aremultiplexedinthe什0Ilt－eIldelectronicsintofo1ユrCharlTlels，andtheTltraIISfbredto

4flashADCsiIIGIS－E，WhichcoIIVerttllemiIltO328－bitvaluesofXO－X／aIld YO一打The

arrivaltimeoftheeveIltismeasuredbyaclock，aIldcoIIVertedirltOlObitvalue，deI10ted
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Figure3・9：AschematicviewshowiIlgtheX十r町detectionprincipleoftheGIS．

TM・0nlywheIltheeventsatisfiesthecoIlditionofLD＜PH≦UDandRTLD≦

RT≦RTUD，allthevalue8（叩町XO－XXYO－けarld77叫＆retransEbrredtothe

U8iIlgXO一刀∴川一ntheonboardCPUcalculateStWOdimen8ioIlalpoSitiorlSOfan

X－rayeVent（RAWちRAWY），withanalgorithmwhichemploysalinearized飢tiIlgtO

One－dimer18ionalLoreIlt血ldistribution・TheCPUal80CalcuIate8aSPread（SP）ofthe

diStribution・Thequantities（RAWX，RAWY）andSPareuSedforbackgrourldrqiection．

RawGISimageSare80meWhatdiStOrtedtowardtheedgeofthedetector，duetonon－

1inearityofthepositioIlreSpOIISe・Therefore，forimaglnganalyseSOfcelestialobjects，

RA附alldRAWYshouldbeli．▲earizedi．ltODETXarldDETyingroundarlaJyses．

TherelatioI▲betweeIl（RAW耳RAWnalld（DETX，DETりwaspreciselyeStablishedin
pre－AightcalibratioIl，andconfirmediIlOrbit．

hSpeCtralanalyses，thePHvalueofeacheverltisusuallyconvertedintoaPl（Pulse

hvariant）value，WllichisdirectlyproportioIlaJtotheenergyoftheiTICidelltX－rayPhotons．

Plisapproximatelyproportiollalto叩，a－ldtheoverallcorlVerSioIlfhctorformPHto

3．⊥　T封EAgCAgAm上JT甘
45

7
－
暮
一
－
1
－
1
電
貞
T
d
V
T
蔓
－
10－●

44

mPTER3・m唱TRUMEⅣT苫

Figure3・10：IntegratedspectrumOfnight－earthobservatiorlSWIlichcharacterizetheNXB

OftheGIS・tOgetherwiththoSeOfcoSmicX－raybackgrourldandofthed町－earthobBerVa－

tionS・TheAr－Kli－1eiBduetoatmOSPhericfluore8CenCe，Cu－KliTleisiIIStrumeIltal，While
O－，Ne－，Mg一・aIldSi－KliIle80riginateinsolarcoroIlae．

PIiscalledMgairlM・Imaddition，thePHtoLVcoIIVerBiorlfuIICtioIlhasstructuresacroBSM＿

andL－edgesofXe，aShasbeencalibratedthroughextenSivegrouIldtest8incorporatirlg

availableiTlformationffomatomicphySics・ThegairlOftheGISdeperldsorlthedetected

positionoftheevents，a－ldtlletemperatureoftheGIS・ThepositiondepelldellCeOfthe

GISgainismaimlycausedbyIlOIl－uliformityoftheIPMT・TlliSiSCOrreCtedusirlg“gaiTl

mapMRle8WhichsummarizerelativegaiIISaSafunctionoftheeventpositioIl．TheGIS

gaiIlanditsdependerlCeOnthetemperaturearec0－1tiIluOuSlymorlitoredinorbit，uBirlg

the55Feisotopes，WhichismourltedneartherimofeachGISaIldemits餌OreSCerltX－rayS

Withtheenergyof5・898keV・The8eareSummarizedaS“gairlhistory”RleSanddistributed

WOrldwide，bywhichtlleObserverSCarJdetermilleabsolutegaiI10fparticularob8erVations

theywishtoarlalyze．

BackgroundProperties

OneofthemajordesigIlgOalsoftheGISistoachievealowaIldstable－10rl－Ⅹ－rayback－

ground（NXB）level・ThisprovideSarlimportaIltadvaIltagetOthearlalysisofdinlSe

emissiozISuChaBtlleICX－rayShomradiolobes（i・e・thethemeoftIlisthesi8）．This

isachievedwithbothhard－Wiredarldsoftware－basedbackgrourldrdectiontechIliques．

Thehard－WiredrejectiorlSaretllealreadymeIltiorledPHaIldRTdiscrimiIlatiollS．The

PHofmostofchargedparticlesarelargerthallthoseofIlOrmalX－rayeVeIltSbecause

theydepositlargeeIlergyirltllegaSCelJ・Therehre，thePHdiscrimiIlatioIICa．le触tively

46
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PIisapproxiInatelypropol・tioIlaltom，andtheoverallconverBionfactorformPHto
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excludep＆rticleevent8．UnlikeX－ray8，＆ChargedparticleproduceB＆longioni2；＆tiontrack

ubthegascell．Therefore，theRTofchargedparticLe8＆relongerthntho8eOfnormal

X－rayeVentSWhichha8＆narrOWdistributionarOund3FLSeC，aIIdhencetheRTdiBCrim－

iIlatioJIC＆nVerye伍cielrtlyreduceNXB．0IleOfthe80ftw＆re－baBedrqjectionSi8amOre

Strict“RTmaBk”，WhichtakeSintoaccountofbroadeningoftheRTdiBtributiontoward

lowerener由e8becauSeOfthewor8e8i卯altonoi8eratio，andpoSitiondependenceofthe

RTdiStribution，However，the RT8election doe8nOt WOrke触tivelyforparticle80f

WhichtrqjectorieBareperpeIldiculartotheelectriCfieldinthegaSCell，i．e．paralleltothe

willdowplane．Becau8ethe8eeVent8haVemllChlargerSPthannOrmdX－r町eVentS，they

Canbee飴ctivelyr匂ectedtwtheSPdiBCrimination（SPD）．

Wb8howtheiIトOrbitNXBSpeCtrumOftheGISwhi血i8thuS＆ChievedinFigure3．10．

TheNXBlevelisaboutlxlO‾3ct88eC．1cm‾2keV‾lbelowlkeV，and（4－7）×10．4ct8

8eC，1cm‾2keV－labovel．5keV，Whichi8abouttwicea8lowzLSthatOfROSATPSPC．

ThevariationoftheNXBleveli8within～5％ineachob8erVation，aAerremovingsecular

Change8inorbit．Thepropertie80ftheGISb＆CkgroundaredeSCribedindetailbyI8hi8aki

（1997）．

theydepositlargeeTlergyi－lthegascell・Therebre，thePHdiscrimiIlatioIICane鮎ctively

3・2　仇andrYlX－rayObservatory

C〃APTER3．INSTRUM且ⅣTS

TheCαndTYIX－rayOb8ervatOry（CXO），preViou81yknownaStheAdvancedX－rayAstr0－

110micalF眈ility（AXAF），i80TleOfthefour“Gre＆tOb8erVatOrie8”ofNASA，tOgetherwith

theHubbleSpaceTbleSCOpe（HST），theComptonGamma－RlayObSerVatOry（CGRO）arld

theforth－COmingSpaceInh－RedTble8COpeFhcility・ItiSTlamedafterChandraSekahr，a

greatIndian－AmericanaBtrOphysiciBtWhohaddemoTlStratedtIlatthereiSanupperlimit

（nowcalledtheChandraBekahrlimit）tothemaB80fwhitedwa血ItisdeBignedtopro－

Videanunprecedentedangularre80lutionof～0・5arcBeCIaneXCelleIlteTlergyre80lving

powerofE／△E～500，aJldaWideeIlergyCOVeragehomO．ltolOkeV．

CnandTtlWaBSuCCeSSfullylaunChedbytheSpaceShuttleColumbiaoIIJuly23，1999．

Ith88aChievedahighlyellipticalorbitwithanapogeeof～138，800km，aperigeeof～

10，100kmandaperiodof63．5hour8．BecauSealargepOrtionofit80rbiti8Wellabovethe

radiationbelt8，andfreehomEarthoccultation，仇andTV haBaChievedahighobSerVlng

efRciency；hencelongcontinuou80b8erVation8aremadepossible．

Wb8howtheiI1－OrbitconfiguratioIlOf仇andrainFigure3．11．Iti8equippedwith

OneX－rayteleSCOpeCalledtheHighRe801utionMirrorASSembly（HR．MA）．ItcarrieStWO

kind80ffoCalplaneinStrumentS；theAdvanCedCCDImagiIlgSpectrometer（ACIS）which

COn8iBt80ftwoCCDamy8，andtheHighRe801utioIICamera（HRC）wllichi8COmpri8ed

OftwomicrochannelplateimagingdetectorS・0IleOfthe8einStrumentSiSSelectediIleVery

Ob8erVation・Fbrhighre801ution8peCtrOBCOpy，itcarrie8tWOkiTld80fgratingBy8tem8；the

High－EnergyTran8miS8ionGrating（HETG）＆ndtheLow－EnergytrarlSmi88ionGrating

（LETG）・0Ile（ornone）oftheSegratiIlg8CanSelectivelyoperateWiththeHRMA，aIld

di8per8eBtheBpeCtrumOfanearlypoint80urCeOnOIleOfthefoCalplaIleinStrumeIlt8．

Ⅰ一lthesub8equeTltBeCtionS，prOpertie60ftheHRMAandtheACIS，Whicharemaiuly

u8edinthi8theSi8，arebrie8ySummarized．
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Figure3・11：ABChematicdrawiTlgOfthe仇andTYIX－rayObServatOry．ThegratingSyStem8

insidetheopticalbeIICharealso8110Wn．
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3・2・1HighRe801utionMirrorA88embly（HRMA）

The仇andTYIHRMAmainlycoIlSi8t80ffourpair80fWbltertypeImirror8（Figure3．3）．

Themirror8WeremadeofZerodureglasstwScottGl888Werke，pOliShedtqHughe8Dan－

buryOpticdSy8tem8，COatedwithIridiumbyOpticAlCoatingLaboratOry・Theiraligm－

mentaJldmountingwerecompletedtwEa8tman－Kod＆kCo．Ltd．

Wb血OwinFigure3・12・thecon丘gur＆tiomoftheHRMA・Theoutermostmirrorpair

i8numberl，prOCeSBinginward83，4and6，811dtheirdiameter8r＆nge丘oml．23mto

O・65m・TheHRMAi80r噛nallyde＄ignedtocontAmsixmirrorpairB，butnumber82

and5Wereelimin＆ted・BaBicparameter80ftheHRMA＆re8umm＆rizedinThble3．4．It8

foCallengthaIldunobSCuredgeometricare”relO・066mandl145cm2，re8peCtively．It

Weight81484kg，WhichiS＆bout40timeBhe乱VierthantheASCAXRT，

nble3．4：CharaCteri8tic80fthe仇andmHRMA

Mirror8ubβtrate

MirmrSurhce

MirrorleIlgth

TbtalleIlgtll

Mirrordiameter（8he111，3，4，6）

Fbcallemgtll

TbtalweigIlt

UnobSCuredaPerture

Anguhrre801ution（FWHM）

Gho8tn・ee航eldofview

poli8hedgla郎

33nmIridillm

84cm

276cm

l・23，0．99，0．87，0．65m

10．066土0．002m

1484kg

1145cm2

0．5arc8eC

30arcmimdiameter

Theleftpa∫lelofFigtlre3．138how8thee馳ctiveare＆OftheHRMAaB＆fumctionof

iIICidentX－r町energy・A8i8Clear什omthi8figure，theouter8helli8e伍cientforhzLrd

X－r町8，andtIleiElnerOIlefor80ftX－r町B．Thetotale触tiveareaOftheHRMAi8about

2time88m＆llerthanthatOftheASCAXRTbelow4keVIanddecre鵬r＆pidlytoward

h＆rderenergie8・Therightpa・lelofFigure3・13vi8ualizeBthevignettinge触tofthe

HRMA・Belcw～4keV，it8e触tiveareahaBOnly81ightdepemdeTICeOntheoLLaxiB叫gle；

itretain88bout90％oftheon－aXiBV＆lueat～88rCmin（corre8pOndingtothe8izeofl

CCDdlip，SeeneXt8eCtion）・However，it”ngul＆rdependencebccome8mOreprOminent

inbigIlereIlergie乱

The仇andTYIHRMAhaBanurlpreCedentedangularre801ution・WbBhowinFigure

3・14the8imulatedX－raylmage80faIlOn－aXiSpOint80urCein80merepreSentativeener－
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Figure3・12：Schematicdrawingwhichshow8theStruCtureOfthe仇andTYtHRMA．
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Figure3・13：Thee触tiveareaof仇an血HRMA．（哩）TheeIlergydependeIICeOfthe
e触tiveare80ftheliRMA，COmparedwitllthatOfthe＾SCAXFrr．ThecoTltributioI180f

individual8hel18areal808llOWm（rlght）TheangulardependenceoftheHRMAe触tive

area，iTll・49，4・51，6・40a－ld8・63keV・E仇虻tiveareasarenOrmalizedtotheoIl－aXiSValueS

breacIleIler訂．
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The仇andTYIHRMAhaBanunpreCedentedangularre80lution．WbShowinFigure

3．14the8imulatedX－rayimagesofanon－aXiSpOiIlt80urCeinsomerepr傍entativeeller－

ユ2　C仇4〟淵ズ」虎AyO瓜郎況Ⅵ4TP児y 49

gies，Whichcharacteri2：ethepoint8preadfuIICtion（PSF）oftheHRMA．Thehalfpower

diameterofthePSFiS～0・3arcsecovertheO・3－6keVrange．However，aBiSClearly

SeeniI13．14，thecoreoftllePSFisoff－CenterbyO．2arcsecabove～8keV，becausethe

Shel16iSSlightlymisaligIledwithrespecttotheothershells．Thee鮎ctiSnOtimportant

COmparedwithuncertaintiesirltlleaSpeCt801utionofthespacecraft．
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Figure3．14：ThesimulatedHRMAplusHRCimage80fapoint80urCeiIlrepreSeIltative

eIlergies．CoIltOurSarelogarithmicaLlyspacedarldtheillTlermO8tOIleineachpanelisat

90％ofthepeakbrightIleSS．
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3・2・2　AdvancedCCDImagingSpectrometer（ACIS）

TheACISisdesignedto8irrlultaIleOuSlyo鮎rahigh－Spatial－reSOlutiorlX－rayimageal1d

amoderate－energy－reSOlutioIIX－rqySPeCtrum，OVeraSuLficieTltlywideeIlergybaIld（0．3－

10keV）・ItcanbealsousedasareadoutfbrtheHETG，irlOrdertoobtaiIluIlpreCedeIlt－

edlyhighspectralresolutioIl．TheACISwaBdevelopedbyacollaborationbetweeIlthe

PennSylvaniaStateUniversity，theMITCerlterfbrSpaceReSearChaIldtheJetPropul－

SioIILaboratory・TheCCDsoftheACISweredevelopedbytheLincolnLaboratoryof
the凡打r

We shows the coIlfiguratiol10fthe ACISi－lFigure3・15，aIld summarizeits basic

parameterSirlrIbble3・5・TheACISmai111ycoTlSi8tSOflOplaIlerCCDchip8；tWOOf

themareback－Sideillumirlated（BI）whereasothersareallfroIlt－Sideillumirlated（FI）．

The CCDshavean”active”regionwhichisexposed totheincident radiation alldiII

WhichtheX－rayabsorptioIltakesplaceS，aIldaShieldedhamestorereglOn，Wherethe

ObtaineddataarepaBSedtoalocalproce880r．TheactiveregioIlOfiIldividualccDshasa

Sizeof～24mmsquarewhichisalmosttwiceaslargeasthoSeOftheASCASIS，ismade

upoflO24×1024pixels，andcoverSa8・3arcmiIlSquareregi0IliIlthesky．Eachactive

regionisalsodividediIltO4parallelsignalcharlIlelscalled”nodes”．TheseCCDscarlbe

Operatedir1－90～－1200C・JustovertheCCDs，OpticalblockiIlgfilterscomposedofa

polyimidesandwichedbetweentwothiIlalumiIlumlayerS，areplaced．

Figure3．16illustratestllefoCal－PlaneCOllGguratioIlOfthe ACIS aS SeeTl丘om the

HRMA・FburCCDs（thechipnumber＝0－3）arearrangediIla2×2squarearray

（ACIS－I；10－Ⅰ3）whichisusedfbrimagiIlgSpeCtrOSCOpy，andsix（thechiprlumber＝4

－9）areiIlalx61ineararray（ACIS－S；SO－S5）usedeitherfbrimagiIlgSpeCtrOSCOpy

OraSagratiIlgreadout．TheCCDsiIleaCharr町aretiltedtoapproximatetherelevant

focalpla－le・TwoBICCDchipsarebothirltheACIS－Sarray．AnycombiIlatioTlOfupto

6ccDsmaybeusedsimultaIleOuSly・ThereareIlarrOWgapSbetweeIltheCCDsiTleaCh

array；thespacecraftisditherediIlaLissaJOuSpattern，SpaIIIllrlg16arcsecpeaktopeak，

inordertoprovidesomeexposuretoskyreg10IISCOrreSpOrldiIlgtdthegaps．Thedither

alsoe鮎ctivelysmoothe80utpixel－tO－pixelvariatioIISiIltheeTlergyreSpOIISe．Although

theACIS assemblycaIlbemovedoIlthefoCalplane，tIlerearetWOIlOminalpositions

Called”aimpoints”．hlOIleOfthem，theopticalaxisoftheHRMAfallsoIlthecorrlerOf

I30fACIS－Ⅰ，aIldiIltheothercase，itfallsIleartheboundarybetweentheIlOdeOaIld

nodelonS30fACIS－S．lrlACIS－SobservatioIIS，ithasI10WbeeIIStandardtoplacethe

target（poiIlt）source20arcsecofrgettowardS4（△Y＝一20arcseciIIFigure3．16）ffom

theorlglllalaimpoi－lt，iIlOrdertoa5Surethatthedithered8uxisplacedeIltirelyoIltIle

t10del ofS3．
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ACISFLIGHTFOCALPLANE

－22pixelいllulliトト　巾仇constantW仙Z
ll

Figure3．15：ApicturewhichShowStheStruCtureOftheACIS．

1もble3．5：CharacteriBtic80ftheACIS．

IllumiIlatioIIMethod

ChargenamSfbrMethod

Numberofpixelsineachchip

PixelSize

FtametratlSfertime

Fhmetime

OperatiIlgtemperature

QuarltumE楕cieTICy FIdlip

BIcllip

2ccDsareback－SideilluminatioIl（BI）

8ccDsarehont－Sideillumination（FI）

FrameTral18fbr

lO24bylO24pixels

24pm（correspoIldiTlgtOO．492土0．00018rCgeC）

41J娼eC

O・2tolO・Osec（nominally3．28cc）

－90t0－1200C（TlOminal1y－1200C）

之80％（3・0－5．OkeV）

之30％（0・8－8．OkeV）

之80％（0．8－6．5keV）

之30％（0．3－8．OkeV）

Arrays ACIS－Ⅰ4ccDsiIlaSquareCOIl軸uratioII

ACIS－S　6ccDSiIlaIiIlearCOnfiguration

Fieldofview ACISJ　16．9by16．9arcmiI12

ACIS－S　8．3by50．3arcmiI12

3．2．C舶〃8月AX－RAyO85Ef AA　況y 53

■
■

l

L

r

▲

T

I

Sd
．

．
は
　
1
．

n
r
　
1

2

　

－

一

つ
一

18pixeIs＝8’’．8　－－■－h－

CCDKey

ACIS－Ⅰ

（aimpoinIOn13＝（962．9朗））

330pixels＝163－●

ACIS－S

（aimpoin10nS3＝（252，510））

十Y SimMolion

Node Row／Column Coordina－e

Definitions DefhiIion Orientatjons

Figure3・16‥SchematicdrawingoftheACISfocalplaTleWllichisSeeIl丘omtheHRMA．

DeGnitioIISOfthetermiIlOlogya－ldthecoordinatesystemsareShownitltllebottom．The

T10mi一1alaimporltSOnI3aIldS3aredeIlOtedwith，X）aIld，＋，，reSpeCtively・VariOusways

torefbrtoaparticularCCDareirldicated；arrayplus－1umber，Chipserialnumber，aIld

ACISchiprlumber．
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3．2．3　TheACISperformance

IIIFigure3．17，We8howthedependenceoftheACISenergyre801utionontherownumber・

BeforelaunCh，theenergyre80lutionoftheFICCD80riginally＆pprOadledthetheoret－

icallimit＆t＆lmo8tallenergieS，WhiletheBIchipsexhibitedalittlepoorerre801ution．

However，bccauSeOfiI1－Orbitradi＆tiondam＆ge，theenergyre80lutionoftheFICCDsha8

been8ub8tatltiallydegraded，andhzL8become＆functionoftherownumberoftheCCD；

theenergyr堺01utioni8nearthepre－1＆unChv山ecloSetOthefr＆meBtOreregion，While

itbecome8graduallyworSetOWardthehrtheStrOW・Thed＆m＆geWaBmainlyc＆uBedby

lowetLergyprOtOn8，enCOunteredduringthe8paCeCraftpa脱gethroughtherdiationbelt

earlyinthemi88ionlifb．Sincetheproton8＆rethoughttobe’’re鮎cted’’bytheHRMA

amd”focuBed，，ontheCCD8，it8001lbecBmeprACticetodi8pl＆CetheACISkomthefocal

po8ition，duriIlgtheradiationbelt；byintroducirlgthiBOperation，theCCDdegr＆dation

lliL88tOpped．Bec＆u8ethepoSitiondependenteIlergyre801utionoftheFICCD8depend8

8trOnglyontheACIStemper血re，iti8nOW8etd－1200C，thel㈹ttemperAture8Afbly

＆Chievable．ThetwoBICCD8WerenOta触ted＆ndtheirenergyre801utionhaVeremaiTled

attIlepre－1飢md日仏lue8．
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Figure3．17：The energy re80lutioTl Of

ACISS2（FIcllip）andS3（BIcIlip）aBa

futlCtionofrownumberforpArticulareTl－

ergie8．TheeedataaretakeniIlOrbitatan

operatillgtemperatureOf－1200C・
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DbonCe什0nn Cort（orcteC）

Figure3．18：Theencircledpowerofthe

HRMA plu8ACIS atl keV，aB afunc－

tionofaradiu8．The8edat．AWereObtaimed

intheACISobSerVationofapoiIlt80urCe

PG1643－706，duriIlgiIトAightcalibration8・

The8patialre801utionoftheACISforanon－aXiSpOhtBOurCeiBlimitedbythephySica1

8izeoftheCCDpixel，ratherthallbytheHRMA・Figure3・18showStheemircledhu＝tioIlal

ellergyforaIlOl1－aLXiSpOiIlt80urCeaBafunctioI10fradiuS・Approximately90％oftheX－
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rayAuxftomapOint80urCei8COTlt血ledwithin＆diameterOf～2arcSeCatl．49keV＆nd

～2．5arc8eC at6．4keV．

InFigtlre3・19，WeShowthequantumeRicieIICyOftheACISCCDsandtlleCOnVOIved

HRMA／ACISem光tiveArea．TheBedataincludethetraJlSmiSSione伍cieIICyOftheoptical

blockiIlgRlters・TheBICCS88remOree凧：ientthantheFIoneSinthe80ftenergybaTld

below～lkeV，althoughtheFICCD8aremOreefRcientiTlthehardbatldabove～5keV．

Thequantume伍ciencyoftheFICCDSdependsoIltherowTlumber，anddecreaSeBby

5～15％hrtheBtfromthefr＆me8tOreregionabove4keV．

1．0
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／
ノ
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1．0

鷲n－r■y（七〇V）

Figure3・19：（L所）ThequaIltumefRcieIICyOftheACIS，COnVOIvedwiththetran8mi88ion

Oftheopticalblockingfilter．（Tight）TheACIS／HRMAe鮎ctivearea・Theda8hedor

dottedlineSarefortheBICCD8，andthe801idliIleSfortheFICCD8．Thedatafbrthe

FICCDsaretakenh・Omtherowsnearestthen・ameStOrereglOIl．

3．2．4　The ACIS data

Operatingmode8

TheACISh8tWOOperatingmodeS；theTimedExpo8ure（TE）modeandtheContinuouS

Clocking（cc）mode．ThemodeselectionappliesSimultameouSlytoalltheselectedCCDS・

IntheTEmode，eaChCCDcollectsdataforapreselectedamouIltOftime（IlOmiIlally3．2

SeC），Calledthehmetime．0IICethisiIlterValhaBpaBSed，thecllarge80fallpixe18in

theactiveregionarequicklytranBferredtothehame8tOreregi0IIWithaframetraIISfer

timeof4lp8cc，arldSubsequentlyreadoutthrough10248erialregiSterS．TheCCmode

allowSuStOObtaiIL3msectimingiIlformationattheexpenSeOfolledimeIlSioIla18patial

re801utioIl．DetailsastothespatialdistributioTlinthecolumIlarelost．
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TheframetimeiIltheTEmodei8Selectablewithinarangeh・OmO・2tolOsec．The

IlOmirlalamdoptimalhmetimeis3・2sec，ifthedatafromtheentirereg10ninthe

eachCCDareutilized・A8horterhametimedecreaB飴theprobabilityofeventpileups，

althoughitwillintroduceatimeduringwhichnodataareaCquired．ThiBi8becauSeit

take83・28ectoreadoutthedataregardle880fthehmetime．

ItiBalsoposSibIetoreStricttlleregiOnontheCCDinwhichthedataaretaken．

TiliSreglOniscalledM8ubarrayM・ThestandardsubarraySareShownimFigure3・20・The

Optimalh・ametimeTforindividualsubarraySiSdeterminedby

r　＝　41×m＋2・84×m＋5．2＋0．040×rnXq m馳C

Wheremisthetota1－1umberoftheCCDswhicharettlrnedon，andnandqareshownin

Figure3・20・TheoptimalframetimesfbrtheStandardSubarrySareBummarizedinThble

3．6．

I12　　　　　　　　　　　～事1　　　　　　　　　　12●

“2日：糊口‡口車
†

1J2　　　　　　　1八　　　　　　　1用

AC帽J

n一別2　　　　　　　　　　2‘l

㌫旨；糾善書疇自書
1J2　　　　　　　1〟　　　　　　　　1鳥

AqS－＄

D●†■uIt＄ub■m町Loc戒lon■

Table　3・6：The nominal（optimal）

丘ametimeiIlSeCOndforstandardSub－

arrysofACIS－S．

Subarr町11／21／41／8

lChip　　3．01．5　0．8　0．4

6Cllips　3．21．8　1．1　0．7

Figure3．20：ExamplesofvariousACISBubarrayS．

0111ythedataiIltlleShadedreg10rlSarereadout．

ThecroSS（’＋’）ineachpaneliIldicateStherlOminal

aimpoiIlt．

Tblemetryhrmat

TheACISlla8threedi蝕reIlttelemetryformat8；hint，GradedaTldVbryFhintformat．

hthemintformat，WhichcorresporldstothehinlformatirltlleASCASIS，thetelemetry

datafore8CheverltC0－18iBtOfit8eVentpOSitioIlOntheCCDS，itSarriValtime，thepulse－

height，aI▲dthecoI▲teEltBOf3×3pixelsceIlteredonthepixelwhereitisdetected；thelast

informatioIICharacterizestheevelltgrade・Ⅰ一ltheGradedformat，WhichcorreSpOndsto
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thebrighlformatintheASCASIS，thetelemetrysendsouttheeveIltpOSitioTl，tOgether

WiththetimeaTldpulse－heightofthespecifiedgrade．TheVbryFhintfbrmatarealmost

SameaStheFhintmodeexceptthatthiBmOdeprovideSthecoIlteIltSOftIle5×5pixelS

CenteredontheplXelofeverltdetection．

TheFhintandGradedfbrmatsareavailableforboththeTEandCCmodes，although

VbryIhintisorllyfortheTEmode・ThuS，eVeryeVerltSareaSSlgnedaSPeCiRcgrade
evenintheCCmode．

Eventgrade

EacheventdetectedwiththeACISiSaSSignedagradeonthebaSisofthepatternSOf

the3×3pixelscenteredonthelocalchargemaximum，regardleSSOftheoperatingmode．

AlthoughthegradiIlgmethodiSquite8imilartothatadoptediIltheASCASIS，thegrade

dehitionwhichisillustratedi－1Figure3・21ismorecomplex・Therelationshipbetween

theACISgradearldtheASCAgradeisbrienySummarizediIIThble3・7・DepeIldiIlgOn

thegrade，thedataaretranSferedtothetelemetry・CertaingradesaresuppresSedorlboard

inordertolimitthetelemetrybarldwidthdevotedtothebackgrouTldeveIltS．

InspiteofthecomplicateddefiIlitioIlOftheeventgrade，mOStOfthecalibrationof

theACISarebaSedorlaSpeCificsetofthegrade，equivaleIlttOtheASCAgradeofO．2，

3，4and6・hItheab＄enCeOftheeve－ltpileup，thisparticulargradeselectionappearsto

OptimizetheSigrlalーtO－backgroulldratio．

32 64 12 8

8 0 16

1 2 4

Figure3・21：Theschematicdrawll1g

forthedeBnitior10ftheevelltgrade．

ThegradeisdetermiIledbythesum

OftherlumberSfbrpixelsabovethe

threshold・A BiIlgle pixeleveILtis

gradeO
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1もble3．7：The comparisoTl betweeIl the ACIS

gradeaTldtheSISgrade．SeeFigures3．7arld3．21．

ACIS ASCA CommcIltS
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Ttailedimageandpileup

Ittake84lpBeCtOtranS触・thecharge丘omoIlepixeltoaIlOther・AsacollSequenCe，eaCh

pixelisexposedIlOtOIllytotheregi011iIltheskyatwhichthepixelispointiIlgduring

theh・ametime，butal80tOeVeryOtherregionintheskyalongthecolumnfbr4lp胱

each・ThuslallySlnglepixelalwqySCOIltaiTlSthedatacorrespondingtootherpixelsinthe

COlumn，Whichm町prOducea’’trailed”imageforabrightX－raySOurCe．Anexampleof

trailedimagesisshowrliIIFigure3．22．

WlleIltWOOrmOreX－rayphot0－18areabsorbedinonepixelduringaSinglehametime，

pileupreBultS・BecausealmostalloftheAuxh・OmapOintsourcefallswithinonlyafbw

Pixels（SeeFigure3・18），theACISisa蝕氾tedbythepileupmuchmoreeaBilythaIlthe

ASCASIS・Thefundame一▲talimpactofthepileupiBthattheobtainedenergyspectrum

becomeSharderthanthetrueOnebecausemultipleevent8addtogetheriIlpul8eheight，

aIldthatthephoton仙Xisunderestimatedbecausetwoormorephotonsarecountedas

OneeVent・Figure3・23visualize8thee鮎Ctofpileup・ThepileupintroduceadlangeOf

grades，Called”grademitigatioIl”，becausethechargecIoud8homtwoormorephotonS

merge・ThuS，SOmeOftheeventSm町benomoreincludedintheStandardgradeSet，and

berqjectedbecauSeOfbadgrade・ThecoreoftheimageillFigure3．22isfaintduetothe

grademitigatiom Thepileupalsointroduceapulse8aturationanddistorttheShapeof

tllePSF．

UIlfortuTlately，there are T10Clear methods yet to remove allor some ofthe e鮎ct

Ofpileuph・OmtheobtaiIledACISdata．Thus，forobservationsofbrightpoint80urCeS，

Observer88houldemploysomeStrategytOaVOidpileups，SuChasaShorterh・ametimeor

ano飽etpoiIlting．Ⅰllgeneral，thepileupshouldnotbeaSeVereprObleminobservations

Ofdiffuseobjects．suchaStheICX－raySaSSOCiatedwithlobesofradiogalaxies．
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Figure3・22：ThetrailedimageforabrightX－raySOurCe．
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Figure3．23：Thee馳ctofpileupforthel．49KeVAl－KαliIleaSafuIICtionofasource

iIlteIISity・ThesespectraaretakeIlduriIlgthepre－nightHRMA／ACIScalibratiozl，aTld

ShownasafuTICtior10fpulse－height・SiTLgle－photoneveIltSCOrreSpOIldirlgtOtheAl－Kα

1illeareCOIICerltratedIlearaPulseheightof～380chaIlIlel，arldeveIltSWith2photoIlS

haveapulseheighttwicethatoftheslIlgle－photozleVerltS．
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恥ble4・1：RadiogalaxiesobSerVedwithASCA．

Z　　島R†　size■　　ComIne－lt6
3ClO9

0．3056　　4．0　　2”×2，

Chapter4

Observations

4．1　ASCA ObSerVationS

Ourobjectivei8tOdetectICX－ray8withtheASCAGIShmthelobe80fradiogalaxies

OtherthanFbrnaXAandCeTltauruSB・However，thisiSVerydi触It，8incetheSeIC
X－raySareiIltri．ISicallyveryfaintaIldd胤8eemiSion・Moreover，theyarethoughtto

beSeVerelycoIltaminatedbytheX－rayS丘omthenuclei・Whichcanpotentia11ybemuch

brighterinX－rayS・Therefore，WellaVe8earChedthepublicASCAdataOnradiogalaxie8

forgoodcandidates，u－lderthefollowlngCriteria．

1・RadiomorphoIogyandradioSpeCtrumShouldbeweIlknown．

2・hlOrdertoresoIvethelobesh）mtheIluCleuSWiththeaJlgularresolutiorlOfthe

ASCAGIS，thelobesBhouldbehrgerthan～58rCmininangularsize．

3・ThelobesshouldhaveahighiIltegratedradio伽xden8itySsR，e・g・aEbwJy

atl・4GHz，irlOrdertosecurethedetectionoftheICX－rayS・Bya68umlngthe

equipartiti0－1C0－1ditio一▲aIldSimplyscalingtheASCAreSult80nFbrnaxA，量R＝5

Jyatl・4GHzcorr印Orld8tOthe2－10keVICX－rayAuxofEIc之1×10－13（1＋Z）4

ergcm－26」．

4・ThelobesshouldhavearelativelyurliformradioSurhcebrightnessdistribution，

WithoutbeiIlgdomi一latedbyradiohotspotsorjet8・ThiseTISureStheBOftseed

photom8tObedomi．latedbytheCMB．

5・Theobjectshouldhavealobe－dominaTJtmOrphology，arldtheTluCleusBhouldberela＿

tivelyi－laCtiveorratherob8Cured，likenarrOWli－1eradiogalaxies，inordertopreverlt

theJobeShmbeing8eVerelycozltamiIlatedbyStrOngX－raySfromthenucleus．

6・TlleObjectshouldIJOtbei．18richcluSterer▲ViroIlmeTlt，foravoidingthecontami－

lJatioIln・OmCluSterthermaJemiB8iom
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3Clll o・0485　13．5　1，×3，

3C120　　　　　0・0330　10・2　　　　　core－dominated

3C129　　　　　0・0208　5・3　　2，　wide－arlgletaiJedsource

3C215　　　　　0・41211・4　1，Xl，illaCluSter

3C218（HydraA）　0・0538　43．5　10”×1，i．．a。Iuster

3C219　　　　　　0・1744　8．5　30，・×3，

3C220・1　　　0・6100　2・3　20”×30”匹戚blyillaCluster

3C223　　　　0・1368　3・6　1・×5・iTLagrOupOfgalaxies

3C234　　　　　0・1848　5・6　30，，×2，IlOtSpOt

3C249・1　　　　0・3115　2．3　10”×30”

3C254　　　　　　　0．7340　　3．1

3C270（NGC4261）0・00746518・6　2，×5，irlagrOuPOfgalaxies

3C275　　　　　　0．4800　　3．8

3C293　　　　　　　0．0450　　4．6

3C295　　　　　　　0．4599　22．8

3C303　　　　　　1．570　　2．7

3C313　　　　　　0．4610　　3．6

3C321　　　　　　0．0961　3．6

3C330　　　　　　　0．5500　　7．1

2，I x5，I

l’×3’　core－dolnillated

2”×5”　illaClu8ter

20’，×40，，

4，

1，×6，　hotSpOtdominated

30Ilx2，poSSiblyiIlaCluster

3C346　　　　　0・1620　3・810”×20”brighthotspot

3C351　　　　0・3721　3・1　20，，×1，110tSpOt

3C353　　　　　　0．0304　56．5　　1，

3C368　　　　　1・1310　1．1　10”

3C382　　　　　0・05787　5・8　2，×3，hotspot

3C390・3　　　　0朋6111・3　1，×3・llOtSpOt

3C405（Cyg－luSA）0・0560751500　1，×2，i，laCluster

3C411　　　　　0・467　3・5　　1，　col・e－dollliTlated

3C433　　　　　0・1016　12　1，×1，tailed80urCe

3C445　　　　　0・0562　5・5　2，×10，110tSpOt

4C55・16　　　　　　0．2420　　8．53

4C73・08　　　　　0．0581　2．47　5，×15，

4CO6・41　　　　1．270　1．4

4C73．18　　　　　　0．3021　3．9

4C74・26　　　　　　0．1040　1．6

Ce－ltauruSA o．0018251330

PictorA o．035058　66

HerculesA o．154　　45

50×100　8igni負ca71tJylargertIlantheGISF．0．V

2，×4，110tSpOt

COI・かdomiIlated

NGC612　　　　0・02301610．9　5，×15・

YGC6251　　　0・023016　2・6　　X I▲OtSpOt

IC4296
0．012465　　8　　5，×10， iIlagl・OupOrgalaxy

†触ⅩdeIISityatl・4GHz・　＊tOtalarlgularsixeiIlarCmirl．

0－1JvtlJeradiogalaxies，withS；R＞lJy，aTelisted．
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Figure4・1：TheradioimagesofourtargetsforASCAobservatioIlS・TheleftpanelSI10WS

the843MHzVLAcolltOurSOfNGC612（JorleSandMcAdam1992）．Therightpanel

Showsthe608MHzVLAcolorimageof4C73・08（Leahy，Bridle，andStrom1996）．The

，XIaIldStarineachparlelrepreserltthepositioIISOftheirhoStgalaxie＄・

恥ble4・2：ParametersoftheradiolobeSSelectedh・OmtheASCApublicdata．

恥rget　　　（α2000，∂2000）　　　Z 1arcmin SsRI　αsR（Jy）B．。e‡size■

NGC612（01：33：57・7，＋36：29：36）0．0298　32．9kpc lO．9　　0．6　1．3　～7′

4C73・08（09‥49‥45・9，＋73：14：23）0．058161．2kpc　2．47　0．85　　0．5　～6′

†evaluatedatl・4GHz　　　　＊diameteroftheslnglelobe

‡minimumenergymagneticBeldiTIFLJy

TheradiodataofNGC612areh）mEkerBetal．（1978）．

Theradiodataof4C73・08areffomMayer（1979）．

TbbIe4・lsummarizeStheradiopropertieSOfradiogalaxie＄ObservedwithASCA．

AmoIlgthem，OTllytwoobjects，NGC612and4C73．08，SatisfyallofourselectioIICriteria．

Becauseofalittlepoora－lgularre80lutionofASCA，theangularSizesofthelobe8Which

arethoughttoberesoIvedwith＾SC4areexceptio・lallylargeamongradiogalaxies．

ConsequeIltly，OurgampleisstillverySmallirlnumber，andlimitedtorelativelynearby

radiogalaxiesatredshift80fzSO．06．

TheASCAobSerVationsofNGC612a－ld4C73・08wereoriginal1yproposedbyKaneda

etal・，ilJOrdertosearchtheICX－rayS鉦omtheirlobes．ThereSultonNGC612have

beerlalreadyreportedbrienybyT戚liroetal・（1999；N・IsobebeiIlgaCO－author），and

thaton4C73・08byIsobeetal・（2001）・InthepreBetltthegi8．Were－analyzethesedatain

IC4296　　　　　　0・012465　　8　　5’×10’iIlagl・OupOrgalaxy

†fluxdeIISityatl．4GH諾．　　＊tOtaJangularsizeilJaremi11．

のJHy tJle radjo galaxjes，With．与もR　ニ＞J Jy，areJjgtpd＿
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detail・PriortoASCA，IlOX－aryObservationsoftheseradiogalaxieShavebeeTlrepOrted．

Wbshowindetailtheradiopropertie80fNGC612aIld4C73・08iTITable4．2，and

ShowtheirradioimagesobtairledwithVLAinFigure4．1．Thelobesinbothradio

galaxiesaresu鮎ientlyIarge（＞5arcmiTl）i－lSize，aIldShowrelativelyuIlifbrmbrightneSS

di8tributionS，WhiletheirrluCleiarebothfaiIltintheradioimages・Theyhavemoderately

highradioAuxdeIISities，WhichpredictsumcierltICX－rayfluxes．

ThelogofASCuobservationsofNGC612arld4C73．08isshowrlinThble4．3．ⅠIl

theSeObservationS，theSISwasoperatediIl1－ccDmode，andmostoftheselobeSare

OutSidethefieldofviewoftheSIS・Tlm8，WeuSemai－llytheGISdata．

恥ble4・3：TheASCAobservatiorllogofradiogalaxiesfbrouranalySis．

恥rget ObservatioIIDate Exposure【S】　SISmode

SIS GIS clock telemetry

NGC612　1996・07・12　　70944　795841ccD hiru
4C73．08 1998・10・23　　40000　444161ccD　ル血

4．2　仇αmdrαObservations

4．2．1　Radiolobes

FbrsmallerandhencemoredistaIltlobeswhichcannOtberesoIvedwithASCA，the

CnandruACIS，Whichfbaturesa－luIlpreCedeIltedangularresolutiorlOf～0・5，isappare－ltly

OneOftheidealiIIStrumerltS・Therehre，WehavesearchedtheVLAresultsoI13CRradio

galaxies（e・g・，JonesandMcAdam1992；LeahyaIldPerley1991；Blacketal．1992；Leahy

etal・1997；NeWetal・1995）fo＝leWtargetSSuitedto仇andⅦObservatiorlS，urlder

thesamecriteriafbrASC4，butexcludingthesecorldoIle．TheBftIICritdrioIliH10t

lleCeSSary，COIISideringthearlgularresolutiorlOftheACIS，butisstillimportanttOaVOid

eveIltpile－upSOftheACIS・Therl，Wehavepickedupthreelobe－domiIlaIltradiogalaxies，

andproposedthemfbrtheChandTuCycle－20bservations・Twoofthem，3C452alld

3C427・1，havebeeIlaCtuallyapproved．

Wesummarizetheradioparametersof3C452aIld3C427・1iIITbble4・6，arldsI10W

theirradioimagesiIIFigure4・2・EachtargetshowsrelativelySymmetricaldouble－10be

morphologywithratIlerurliformbrightnessdiStributioTIS．TheradioIluClei。ftheb。th

radiogalaxiesarer10tSObright・TlletOtalaTlgularexte－ltOf3C452is～1×4arcmiI12．。，

～82×330arcmiI12・FtomitslobeS，WeakX－rayemissioIl（～5×10－13ergcm－28－1）had
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Figure4・2‥TheradioimagesofthetargetBforourCnan血observations・（LqP）Thel．4

GHzVLAimageof3C452（Leahy，Bridle，andStrom1996）．（right）Thel．4GHzVLA

COntOurSOf3C427・1（Neqetal．1995）．

alreadybeendetectedwithEinstein（Fabbianoetal・1984），butitsX－ray8tr。Ctu，eand

SpeCtrumiBIlOtyetwelluTlderStOOd・ThesizeofindividuallobeBOf3C427．1is～5×10

arcSeC2，WhichiSthesmallestirlOurSample，butisstilllargerCOmParedwiththeangular

resolutioIlOfCnandTu・Moreover，itlocate8atarelativelyhighredshiftofz＝0．572，8O

thatahighSTC／SiRratioi8eXpeCted，becau8eucMBiSprOpOrtionalto（1＋Z）4．Any

X－rayObservationof3C427・1withpreviousiI▲StrumeIltisnotreported．

ⅠILOrdertofurtIlerenlargetheSampleofX－raylobes）Wehavecheckedthepublic

archivaldataofChandraobservatioTISOnradiogalaxies，urldertheSameCriteriabutnow

excludiIlgthefifthoIle・WbhavelimitedourBelve8tOthedataobtainedbytheACIS－S

WithIlOgr8tingSyStem，becausetlleeTlergyreSpOnSeOftheACIS－IiSnOtWellunder8tOOd

alldthegratiTlgSyStemmaydistortthequalityofobtailledimages・FbrapracticalreaSOn，

Wehavea）solimitedtothearchivaldatawhichbecamealreadypublicaBOfAugust31，

TheoIllyoIleradiogalaxy，PictorA，ha8SatisfiedthecriteriaamOngtheCnandTq

arChivaltarget8・Theradioparameter80fPictorAareshownalsoin恥ble4．6．As

ShowninFigure4・3，ithaSSymmetricaldouble）obe8withnearlycircularmorphologies．

TheirldividuaHobeShavelargeradio餌xderlSities，WhichensuretheBufRcientICX－ray

AuxeS・ThetotalarlguIarexteIltOfPictorAiB～4×8arcmir12，Whichiscomparableto

thesizeoftheorleACIScllip・AlthoughithaStWObrightllOt8pOtB，leartheend。fits

4．2．C朋〃β月A OβgERl仇770〃S
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eachlobe，tIleydonotBeVerelycontaminatetIlelobes，becausethelobesismuchlarger
thantheangularre801utionoftheACIS．
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Figure4・3‥Thel・4GHzVLAimageofPictorA（Perleyetal・1997）．

Thble4・4：ParametersoftheradiolobeSObservedwithCnandra．

恥rget　　（α2000，∂2000）　　　Z larcmirL SsR†αsR B．一IC‡size・

3C452（22：45：48・8，＋39‥41：16）0．081182．3kpc 10．9　0．78　　2．7

3C427・1（21：04：06・4，＋76：33‥12）0．5720　299kpc　4．01．08　24

Pict．orA
（05‥19：49・7、－45＝46：44）0．0350 38．3kpc　32．9F o．72サ　3．0

1Jx4／

6JJx30〝

4Jx8J

†evaluatedatl・4GHzintheunitofJy ＊diameterofthewhoJetarget

tevaluatedfortheweStlobe・　　　‡miIlimume－lergymagIleticfieJdinpG

Theradiodataof3C452aretaker・fromBlacketal．（1992），those。f3C427．1aren・。m

Blacketal・（1992）andHerbigandReadhead（1992），andthose。fPict。，Aareh・。m

Perleyetal・（1997）．

4・2・2　Hotspots

IIlOl・dertoprobei－ltOtheeTlergeticsalsoi－lhotSpOtSOfradiogalaxies，Wehaveselected

threeradiogalaxieswhicIlhavebrightradiohotspots，PictorA，CygIluSA，aIld3C123

fromthepublicdataofCnandTu・Thesehotspotsarealreadydetectedbysomeobservers，

usi－lgtheCT”ndTuACIS（WiJ80Iletal・2000，Wils0－1etal．2001，a－ldHardcastleetal．

2001）・Wesystematicallyre－aIlalyzetheirACISdatai－lthep，eSe－ltthesis．Wesh。W
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Figure4・4：TlleVLAimage80fradiogalaxieswhichwehaveSelectedfortheaIlalysi80f

hotspots・TherightpaIlelshowsthe4・5GHzimageofCygnusA（Perleyetal．1984）

andtheleftpanelShowsthel・4GHzimageof3C123（Leahy，Bridle，andStrom1996）．

theradioparameter80fthesetargetsirlTable4・5・Figure4・4showStheirradioimageS，

excludirlgthatofPictorAwhichiSalreadyshowIlin4．3．

PictorAhaBtWObrightradiospotspotsintheperipheryofeachlobe．Especially，the

WeSterIlhot5pOtisopticallydetected，a－lditSradioSRspectrumiSSmOOthlyextrapolated

totheopticalbaTld（MeiSeIlheimeretal・1997）．Wilsonetal．（2001）h8Vealreadyreported

thedetectioIlOfX－r町S丘omthi6hotspot，althoughitSX－raySpeCtrumiSdifRculttobe

explainedbyasimpleSRoraSSCmodel．

ThepowerfulradiogalaxyCygrluSAcontaiIIStWObrightradiohotspots．Thewest－

ernaTldeasternhotspotsareusuallycalledhotSpOtAandB，reSpeCtively．Th鰯eare

thebrightestamongallradiohotSpOtSWhichhavesofarbeeIldetected．Thedetailed

kIlOwiedgeoTlradiostructuresa－ldspectraofthesehotspots（e・gCarillietal．1991）

makethemidealtargetSforourstudy．Actually，X－rayS丘omtheseIlOtSpOtShavebeen

alreadydetectedwiththeROSATHRI（Harrisetal．1994）．ReceIltly．usingthe仇andrYI

ACIS，WilsoTletal・（2000日laVeCOIlfirmedthisresult（See§2．4．3）．Althoughtheradio

fluxesofiIldividuallobesofCygnusAaresuLRcientlyhigh，CygnusliesinaderlSeCluster

eIIVirollmeTlt・WethereforeaTlalyzeoIllytheX－rayShomthehotSpOt8．

3C123exhibitSaTluIluSualradiostruCture，WhichmaybeinducedbyaprecesSiorlOf

thejetaxis（Coxetal．1991），withtwocompacthotspotswellalignedacroSStherluCleus．

AlthoughtheweSterIlhotspotisrelativelvweak，theeasternOneisthesecoIldbrighteSt
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hotSpOtknownafterCygnusA・TheSpeCtrumaTldstruCtureOfthewesternhotBpOtis

Wellknown（e・g・Hardcastleetal・1997；Meisenheimeretal．1997）．TheX－rayemissiorlOf

homtheweSternhotspothasbee・1alreadydetectedwiththeC仇αndTqACIS（Hardcastle

etal・2001）・3C123islocatediIlaClusterenviroIumerlt（SpiIlradetal．1985），andthen，

WedonotanalyzetheX十rayShomitslobes．

Besidethesehotspots，Harrisetal・（2000）havereportedtheX－raydetectior10fthe

northernhotspotofradiogalaxy3C295・However，thestructureofthishotspotis

thoughttobestillunresoIvedwelliIlradioimages・Actually，Harrisetal．（2000）have

assumedsomepossiblegeometryi－ldetermlIllngthephysicalparametersirlthishotspot．

Therefore，WeeXCludetheIlOrthernhotSpOtOf3C295hLOmOurSample．

Table4・5‥ParameterSOfradiohotspots．

恥rget　　（α2000，62000）I zt　1arcmiII HotSpot SsR†αsRF

PictorA（05：19：49・7，－45：46：44）0．0350　38．3kpc West　　3．99　0．74

CygnuSA（19‥59：28・3，＋40：44：02）0・0560　59・2kpc West（A）93　0．88

Ea畠も（D）104　0．79

3C123　（04：37‥04・6，＋29：40：15）0．2177179kpc East　15．8　0．75

ⅥねSt O．867　0．74

‡forhostgalaxies　†evaluatedatl．4GHzinJy PevaluatedinGHzband

TheradiodataofPictorA，CygnuSA，and3C123aretakerlfromMeiseIlheimeretal．

（1997），Carillietal・（1991），arldLooIley＆Hardcastle（2000），reSpeCtively．

4．2．3　LogofC78andraobservations

恥ble4・6showstIlelogofCIMldTuObservatioIISOfalltheradiogalaxieswhichwehave

Sel∝tedfortheanalysisoftheX－r町8homtheirlobe8andhotspots．TlleSeiIICludeboth

thetargetswhichwehaveproposedaIldhaveapproved，arldthearchivaloIleS．

Wb have plaIlrled to observe3C452with2arcminofEbet toward ACIS－8什om the

aimpontofACIS－S（△Y＝－2arcmiIlillFigure3．16），iIlOrdertoobservethewholelobes

intheACIS－7・WehavealsoplanIledtoobserve3C427．1with△＝－30arcsec，irlOrder

toobservethewholelobesiIlthes1－1gleI10deofACIS－7・TheestimatedX－ray且uxesof

theiH1uCleishouldrlOtCauSe－10tableeveIltpile－upSOftheACIS・Then，Wehavedecided

toobservebothtargetswithaIlOmi・Lalhmetime（3・2sec）oftlleACIS（【10templqying

aIlySubarr町S），becausetlleIlarrOWerfieldofviewiTltheshorterframetimeisl10tSuitable

forthedetectiorlOfdi軌seX－raySaSSOCiatedwiththeirlobes．AlthoughtheobSerVatioIl
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Of3C427・lwaBOriginallyscheduledtobeperformedatOctober15，2001，ithasbeen

postpoIledthreetimeS，andhaBT10tyetbeeTlperformed．

ThetargetS，WhichwehavepickeduphomtheCnandTuarChivaldata，areObservedin

VariousobSerViIlgmOdes・Amotlgthem，theobServatioTISOfPictorAareperformedtwice

WithaIlOmina川■ametime（i・e・aIlOminal丘eIdofview），OnCeWithaShortn・ametime（0．4

8eC）・WeusethedataObtainedwithanominalhmetime（ID＝346）fortheanalysisof

itslobes，aIldtho8eObtainedwithasorterframetime（ID＝443）foritsnucleus，inorder

toavoidthee飴ctofsevereventpile－upS・Similarly，theobservationsofCygTluSAare

COIlductedorlCeWithanominalframetime，twicewithaShorthmetime．Ⅵねanalyze

dataobtainediIltheobservatioTlOfID＝360，forexamlnulgtheX－ray8homitShotspots．

．
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Chapter5

AnalysISandResultsofASCA

Observations

5．1　Data Reduction

Asalreadyme－ltioIlediT▲§4・1，WemaiIllyatlalyzetheGISdata・Wbreducethedata，uSing

theanalysi880ftwarepackage，HAESOFTverSion5・0，Whichi8prOVidedamdsupported

bytheASCAGuestObserverFもcilityattheNASAGSFCandtheISAS．Accordingtothe

Standardmanrler，WeSCreenthedataasfollows・Weemploythecriteriaforageomagnetic

Cut－0打rigidity（COR）at≧4GVandforanelevationangleh・OmtheEarth，Slimbat≧50．

ThedataobtainedduriIlgthespacecraftpassagethroughtheSouthAtlanticAnomaly

（SAA）arerqiected・Wb8electedtIledat80btainedwhentheanattitudejitteriIlgOfthe

SpaCeCrafthomthemeanpoiIltiIlgdirectionsissmallerthanO．6arcmin．ThuS，WeObtain

goodexpoSureSforirldividualtargetsaBShowIlinThble5．1．

Table5・1：GoodexpoSureSremairledafterthe8tandardSCreenlng・

NGC612　4C73．08

GISExposure（k8）　62．3　　　41．1
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5．2　NGC612

5・2・1TheX－raylmage

WeshowtheO・7－10keVrawGISimageofNGC612iIIFigure5・1・Wehavecombined

thedataobtairledwiththetwoGISseIISOrS（GIS2＋3），but haveI10tSubtractedthe

backgroundeveIltS丘omthisimage・X－rayemisSi0－1fromNGC612isclearlydetected，

WithIlOOtherconfusirlgbrightpointsource8iIltheReld．

Figure5・1：TheO・7－10keVrawX－rayimageofNGC612，ShowIltOtheeIltire銭eld

OfviewoftheGIS・ThesmallercircleindicatesthereglOninwhichthespectrumofthe

lobes（illCludiIlgtherluCleus）isaccumulated，alldthelargeroIleilldicatesthebackgrouIld

illtegrationreglOll．

Figure5．2showstheX－rayimagesarouIldNGC6128mootIledwithatwodimensioIlal

Gaussianfunctionofq＝1arcmiTl，inthe80ft（0・7－3keV）andthehard（3－10keV）

energybands．ThebackgrouIldsareIlOtSubtractedeither．The843MHzVLAcoIltOur

imagei80Verlaid（JonesaIldMcAdam1992）・TheX－raypeakisratherclear，eSpeCially

iIlthehardbazldimage，andcoiIICideSiIlpOSitionwiththeopticalgalaxywithirlthe

positioIlaluIICertaiIltyOftheGIS，althoughtheradioIluCleusofNGC612isveryfhiIlt．

The80ftbaTldimagerevealsapparelltlydim18eemiSSioIl，Whichextendsupto～5arcmirl

（～160kpc）fromthehostgalaxy．ThissizewellexceedStyPicalspatialexteTltOfthedifhse

X－rayemiSSioIlaSSOCiatedwithrlearbyellipticalgalaxies（Matsusllita1997）．Moreover，
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thiSdi乱BeemiSBior”ppearsaIli80trOpicallydiBtributedaroundthehostgalaXy，elongated

inthedire血towardtheradioJobes・OnthecoTltrary，thehardbandimageiSrOughly
pOiTlt－like，SuggestingthedomiIJanCeOftlleho8tgalaxyoritsnucJeus．

InordertomorecIearlyvisualizetheSeextendedX－rQyfeature8，Wehawprojectedthe

unSmOOthedimageSiIltheharduldBOheTlergybandS・OrltOthetwodirectionS；Oneparallel

a－ldtheotherorthog0－1altother＆diolobeBtruCture・Theprojecti0－1redonShaveaWidth

Of3arcmin，COrre8pOIldiI▲gtOthecoreofthePSFoftheXRTpluStheGIS，andshown

hltherightparlelofFigure5・2with・X，alld・Y，・勒havesubtractedthebackground

eVellt8uSiTlgthepoint－SOurCeremovedblack8kyob8ervation8（Ikebe1995；IShizaki1997）．

Figure5・38hoW唱theSeproBlesi－lCOmpariBOTlwiththePSF・AstlleappropriatePSF，We

hereu8etheGISimageofCygnuSX－lobservedataBimilardetatorposition（SeeFigure

3・5）・AsisclearhmtheseproBIeB・tllea．1gularexteIltOftheX－raypeakinthehard

energybaTld・i8almoStCOrl如ltWiththatOfapoi－ltSOurCe・Ontheotherhand，tlle80氏

baIldprofiJesaresigniRcaIltlyextendedbeyoIldthePSF，particularlyalongtheJobeaxi8

－learlyuptotIlePeripheryoftheradioJobes・ThuS・WethinkthattheGISimagesreveal

ad汎seX－rqy80urCeaSSOCiatedwiththeradiolobe80fNGC612．
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Figure5・2：TheX－rayimagesarou．ldNGC612i．10・7－3keV（Ldt）and3－10keV（吻ht），

SmOOthedwitllaGauminkernelofq＝larcmin・The843MH”adiocontours（JoIleS

A．JdMcAdam1992）areOVerlaidorlbothimages・TheredcroSSeSrepreserlttheoptical

pOSido．”fthehoStgalaxyofNGC612・Theregions，Wheretheli－learBurhcebrightIle88
PrOBJeBWereextracted，areiTJdicatedasXalldY．
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Figure5・3：ThebackgrouIld8ubtractedlirlearproMesarouTldtheX－raypeakir10．7－3

keV（upper）aIld3－10keV（lower）・㈲TIleprOfilesaccumulatedaloT▲gabarldparallel

tOthelobeaxiS（i・e・theXdirection），withthelehcorrespoIldiIlgtOe旭irlthesky

（toward励iIIFigure5・2）・（Tig仰lePrOfileSPerPeIldiculartothelobeaxis（i．e．the
Ydirecti0－1）・withthele柚1theBetwopa．lelscorrespondiIlgtOSOuthiIltlleSky（toward
bottomiIIFigure5・2川1eIlistogramsiniIldividualparlelsrepreseIlttheprojectedPSF
OftheXRTplustheGIS・Theobservedpr曲aIldtllePSFareTlOrmalizedtoeachother
bytheirpeakcoulltS．
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5．2．2　TheX－raySpeCtrumOfthehostgalaxy

OurobjectiveistodeterminethespectralparametersoftheposSibleexce8Sdiffuseemis－

SioIlaSSOCiated with thelobes ofNGC612．However，the X－rayS from thelobes are

apparentlycoIltamiIlatedbytheemissioIlfromthehostgalaxyoritSnuCleus，becausethe

SeparatioIlbetweeIlthelobesaIldthehoStgalaxyiBneartheangularresolutionoftheGIS

（Figure5・3）・Then，WehavetopreciselyevaluatethenuclearX－raySpeCtrum・Moreover，

WerelatetheTluClearluminoSitytothelobeproperties，laterinChapter7．rrherefore，We

firstanalyzetheX－raySPeCtrumOfthehostgalaxy．

lnordertostudytheX－rayemisSionhomtIlehostgalaxyiIICludiIlgitsnucleuS，We

haveextractedtheGISspectrumwithinacircularregioTlOfaradiu81．5arcmin（～50

kpc），CeTlteredonNGC612．ThisradiuSCOrreSpOIldStOthecoreoftheGISPSF，80that

thi88peCtrumiSthoughttobedomiIlatedbytheX－rayemissionhomthehostgalaxyof

NGC612．ThebackgroundspectrumwaBaCCumuIatedoveraneighboring80urCefree－

reg10nwitharadiusof～7・5arcmiTl，WhichisiIldicatedbythelargercircleinFigure

5．1．TheleftpaIlelofFigure5．4showSthebackgroulldsubtractedGIS（GIS2＋GIS3）

SpeCtrum tIluS Obtailled，without removiILgthein8trumentalreSPOnSe．Error80fthis

SpeCtrumrepre8entphotoIlStati8ticS．Thesig【lalX－rayShavebeenclearlydetectedover

tlleO．7－10keVraIlge．
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Figure5．4：（t鯛）ThebackgroundSubtractedGISspectrumofthehostgalaxyofNGC612・

Thehistogramshowstllebest－fitRS（green）plusPL（red）model・（right）Theconfidence

contoursoftheabsorptioncolumrldenSityandthespectraliTldexforthehardcompoIleIlt

determiIledbytheRSplusPL（red）model．CoTltOurSrepreSent68％（black），90％（red），

aIld99％（greeIl）coTl負deTICelevels・

The8peCtrumhaBtOOCOmplexashapetobereproducedbyanyslnglecompoTleIlt

modelSmOdifiedbyabsorptioTl；itrequiresatleasttwo（hardarld80氏）spectralcomp0－

IletltS．Moreover，thehardcompoIleIltSeemStObeheavilyabsorbed．Spectraofthisshape
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Table5．2：Thebest－飢spectralparameter80fthehostgalaxyofNGC612，determined

fromthedouble－COmpOnentmOdels．

SoftCompoIleIlt HardCompoIlerlt X2／d．0．．F

叫l（cm，2）α／kT（keV）　叫l（cm－2）　α

DoublePL l．86×10叫　1．6士0・5　5，5！…：言×1023　0．1Il：3　21．1／29

RS＋PL l・86×1020†1．7黒　　4．8！；：3×1伊　0．0黒　22．2／29

凡（ergcm‾28‾1）暮　（1・7±0．3）×10‾13●　　　5．1！∬×10‾120

ムX（ergs‾l）‡　　　（3．1±0．5）×1041■　　　　8．7！…：芸×10420

†負xedattheGalacticvalue．　　＊il10．5－10keV　　　◇in2－10keV

‡absorption－COrreCtedvalue，a8SumingthehardcompoTleTltilldexisα＝0．7

havebeeI10bservedhequerltlyh・OmaSO－CalledtypeIIAGNs（C．g，Makishimaetal．1994；

Iwas打Ⅳaetal．1997）．

WeaccordirlgIytriedtoRttheSpeCtrumwithdouble－COmpOIlentmOdels，Whichconsist

OfasoftandahardoIle・FbrtheSOftcomponerlt，Wehaveadoptedeitherapowerlow（PL）

modeloraRaymond－Smith（RS）thiIltllermalmodel，aIldRxedtlleabsorptioncolumIl

densitytotheGalacticvalue，NH＝1．86×1020cm‾2（Starketal．1992）．Wealsofixedthe

abundanceofheavyelemeTltSintheRSmodelatO．4801arabuIldanCe，atypicalvaluefor

ellipticalgalaxies（Awakietal・1994；Matsushitaetal・2000）・FbrthehardcomponeIlt，

WeadoptedaPLmodelmodifiedbyafreeabsorptiorl．RegardlessofthesoftcomporleIlt，

thedouble－COmpOnerltmOdelshave8uCCeSSfullydescribed theobserved spectrum，With

theparametersofthehardcompoIleIltuIIChanged．Thederivedspectralparametersare

ShowninTible5．4．Thus，theimpliedcolumTldeIISityfbrtllehard comporleIltisvery

high，NfT～5×1023cm．2．ⅠIltllefbllowlIlg，WeuSetheRSmodelfbrthesoftcomponeIlt・

SiIICethespectralindexαandthecolumIldeIISityNHforthehardcompoIleIltareOften

COupledstroIlglywitheachother，WeShowthecoIlfideIICeCOIltOurSOfthesetwoparameters

iIltherightpanelofFigure5．4．TlluS，thederivediIldex，thoughwithlargeerrors．is

COnSisterltWithatypicaliIldexofactivegalacticIluClei，α＝0．7～0．9．AssumingtheiTldex

tobeα＝0．7，theabsorptioI卜COrreCted2－10keVX－rayauxbecomesFk～5×10，12erg

cm－28－1・ThecorrespoIldingirltriTISic2－10keVX－raylumiTlOSitybecomesLx．～9×1042

ergsTl，WhichisIlearthelowesteIldoftheIluCleusluminosityofradiogalaxies（SambruTla

etal．1999）．Thus，thehardcompoIleIltisIlatural1yiIlterPretedasatlemiSsioTlfromthe

activeTluCleusofNGC612，WIlichiSthoughttobehighlyobscuredbythemoleculartorus

丘omourlirleOfsight（seeFigure2．2）．

Thebest－fittemperatureaIldO．5－10keVluminosityofthesoftcompoIleIltarekT～
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1・7keVaTJdLx～3×1041ergs－1，reSpeCtively・ThesevalueSarealmo8tCOnSistentwith

thoSeOfthermalemissionhmtheirlterStellarmedium（ISM）ofnearbynormalelliptical

galaxies（MatsuShitaetal・2000）・Wb，therefore，aBCribethe80ftcomp。nentt。bethe

thermalemissi0－1fromthesoftcompoIlentOfthehoStgalaxyofNGC612．

5・2・3　TheX－raySpeCtrumOfthelobes

I．10rdertoexamineX－ray8peCtrumOfthepos8ibleexceSSdi鮎ecomponentassociated

Withthelobe80fNGC612（seeFigure5・3），WehavederivedanOtherGIS8peCtrum

WithinaradiuBOf5arcmi－1（～160kpc）centeredonNGC612・TheintegrationregioIlis

ShownwiththesmallercircleinFigure5・1・AlthoughthereisapoSSiblecontaminating

SOurCetOthesouthofNGC612iIIFigure5・2，itisoutsidetlleintegrationreglOnalld

itsc0．1taminationisnegligible・Wbemplqyedthe8amebaCkgroundBpeCtrumaBuSedfor

examlnlngtheSpeCtrumOftllehoStgalaxy・

Figure5・5showsthebackgrouIldsubtractedGISspectrumthusobtainedh・Omthe

largerintegratiorlregi0－1・Thi88peCtrumiSthoughttoincludeb。ththeemiSSi。nn・。m

theIlOStgalaxyaIldthedihsecompo旭lt・ThehistogramintheleftpaIlelofFigure

5・5representBtheX－rqySpeCtrumOfthehoStgalaxy，Whichisreproducedbythebest－fit

RSplu8PLmodeldetermirledfromthe8peCtrumWiththesmallerintegrationregionin

thepreviOuSSeCtion・Here、WepreCiselytookiIltOaCCOuntthedi鮎renceintheintegra－

tioIlregionforthespectrum・AsiSClearh・OmthiSfigure，theobBerVedspectrumcan

r10tbeexplaiIledbytheemissioIlfromthehostgalaxyaloIle（thereducedchi－Sq。are。f

X2／d・0・f・＝3・05）；thedataleaveSSigni鮎alltreSidual8irllowerenergieB，althoughthetwo

SpeCtraagreewitheachotherabove4keV・ThisiSquitereasoIlable丘omthereSultsof

imaglIlganalysis，ShowIlinFigure5・3，WheretheexceSSdihseemissionisprominentonly

below3keV，andthehardX－rayimageabove3keVi8pOintlike・TheexcessphotonB

CaTJbeidentifiedwiththedihseemissiorlSeeniTIFigure5・3・

恥ble5・3：Thebest－fitspectralparameもersfortheexce88dihsecomponeIlt．

αOr打　臭　X2／d．0イ

PL l・0士0・5　37！！壬　33．7／32

0・6‡　28土6　35．5／33

BremSS　3・増：7　　　　34．3／32

†absorptio．lCOrreCtedvalueatlkeVinIIJy

‡触edattheradioSRiIldex
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Figtlre5・5：ThebackgrouIldsubtractedGISspectrum7derive…omacircularreglOn
witharadiusof5arcmin，CerlteredorlNGC612・ThehistogramsintheJeftpanel

represelltthethebest一別RS（greeIl）pluSPL（red）modelforthehostgalaxyofNGC612．

ThehistogramsiIltherightpaIlelrepreser▲tthebeSt－fitBpeCtrum，afterirltrOduciIlgan

additior・alpowerlawcompoIlent（blue）．

InordertoevaluatetheexcessdiEfusecomponeIlt，WehaveiIltrOducedanadditioTlal

PLcompoIlentabsorbedbytheGalacticcolum－lde．lSityof賄＝1．86×1020cm－2．

withalltheBpeCtralparametersdescribi－lgthehostgalaxy触ed・TheresultiIlgbest－fit

SpeCtl・um（X2／d・0・f＝1・05）isshownintherightpaIlelofFigure5・5withthehistograms，

aTldderivedspectralparametersoftheexcesscomponeIltareSummarizedirlThble5．3，

TheestimatedabsorptiorトCOrreCted2－10keV仇xoftheexcesscompoTlerltisFk＝

1・5土0・7×10－13ergcm－2S－1・TheobtaiIledspectrali．▲dex，α＝1・0土0・5，iscoIISisteIlt

withtheSRradioiIldexαsR＝0・60bservedhmthelobesofNGC612・Then，Wealso

fittedthespectrumwiththespectraliIldexfixedatO・6，a－ldobtaiIledparametersare
ShownirlinTable5．3．

FbrexamlrllngthepoSSibilityofthethermalorlgiTlOftlleeXCeSSemissiorl，Wereplaced

tllePLwithathermalbremsstrahlurlg（hereafterBremss）model．Thism。delisstatisti＿

Callysatisfactorywithx2／d・0・lF＝1・07・However，thederivedtemperature，kT＝3．9崇

keV，istoohighcomparedwiththevirialtemperatureofthehostgalaxy，～lkeV．

Moreover，thecorrespondiIlgthermalpressurebecomespe～3×10－12dyIJeCm－2．Tb

COnfineSuChthermalplasma，amagIletic鮎ldatleaStB～10FLGiSrequired，Whichis

SlgIlificaI▲tlylargerthanB一一Ie～1・3pG・Wecol▲SiderthatthissituatioIlisuIlrealiStic．

Thus・WeCOnCludethatthediLhlSeX－raySareprOducedbytheICscatterillgfromthe

SRelectronsi．lthelobes・hlChapter7，WefurtherdiscusstIlephysicalparametersiIlthe

lobedetermiIledutiliziIlgthemultintequerlCySPeCtra．
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5・3・l TheX－raylmage

WbShowtheO・7－10keVrawGIS（GIS2＋3）imageof4C73．08iIIFigure5．6．Wbhave

IlOtSubtractedthebackgroundevemtshomthisimage・X－rayemisSionfrom4C73．08

isclearlydetecteda－ldseemssomewhatelongatedtowardtheIlOrtheaBtdirectioninthiS

image・NootherconfuSingbrightpointsourcesaredetectediIltheGISfieldofview．

Figure5・78howstheX－rayimage8arOumd4C73．088mOOthedwithatwodimensi。nal

GaussiarlfunctioIlOfcr＝1arcmin，intheBOft（0・7－3keV）andthehard（4－10keV）

eIlergybandS．ThebackgrouIldsarer10tSubtractedeither．The608MHzVLAc。nt。urS

aresuperpoBed（LeaIly，Bridle，aIldStrom1996）・Inthehardbandimage，theX－rqypeak

isratherclear・appearSpOirltlike，andcoiIICidesi－lpOSitioIIWithtlleOpticalhoStgalaxy，

althoughtheradionucleu8isveryfhirlt・The80氏barldimagereVealsapparentlydi飢Se

emissionassociatedwithitslobes，eSpeCialIyitseastone．

Figure5・6：TheO．7－10keVX－rayimageof4C73．08，5howIltOtheentireGIS鮎ldof

View・ThecirclesiIldicatedasN，L，andBaretheregioIISOVerWhichthespectraofthe

hostgalaxy・theeastlobelaIldthebackgrouIldareiTJtegrated，reSpeCtively・
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InordertomoreclearlyvisualizetheseX－rayfbatures，WehaveprojectedurlSmOOthed

imageinthe80ftarldharde－lergyband，OntOtOthedirectioIlparalleltotheradiolobe

axis・Theprojectionregl0－1，Whichisshow－liIltherightparlelofFigure5．7witIl”E－W”，

hasawidthof～6arcmin，arldheIICeitcoIltaiIISalmostthewholeradiolobes．Wbhave

Subtractedthebackgroundeventsusingthepoi－lt－SOurCeremOVedblackskyobSerVations

（lkebe1995；Ishizaki1997）・WeShowtheseproRleBirlFigure5．8，tOgetherwiththe608

MHzradioproBle・Wbal80ShowstheappropriatePSF（i・e・theproRleforCygnusX－1）

irlthehardbaIldprofile・ABisclearhtomtheBeprOBles，thearlguIarextentoftheX－r町

peakintheharde－lergybaIldisalmostconsiSteIltWiththatofapoiIltSOurCe．Wehave

alsofouIldsomeexcesscou－ltSaSSOCiatedwiththeeaBtlobeinthehardbarldprofile．On

theotherhand，thesoftbandproRleisquitedi鮎re－1用・Omthatofapointsource，aIld

iSdominatedbythedinlSeemiSSionextendingovertheradiolobes・Moreover，theeast

lobeisbrighterirlthesoftX－rayband，althoughtheradioproBlerevealstheopposite

teTldency・TheX－raybrightnesSiIleaChlobeseemsrelativelyu－liforIII．Thus，Wethink

tllattheGISimageclearlyrevealSthedi飢seX－rqy80urCeaSSOCiatedwiththelobesof

4C73．08．

Figure5・7：TheX－rayimagesarouIld4C73・08iTI（嘩）0．7－3keVaIld（Tipht）4－10

keV・SmOOthedwithaGaussia－10fo．＝1arcmin・The608MHzVLAcontours（JolleS

andMcAdam1992）areoverlaidoIlbotllimageS．ThestarrepreseIltSthepositionoftlle

hostgalaxyof4C73．08．
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Figure5・8：ThelinearprofilesarouIld4C73・08in（a）608MHz，（b）0．7－3keV，and（C）

4－10keV．WithtllerightandleftcorreSPOTldiIlgtOthedirectionirldicatedaS”E”and

’’W’iIIFigure5・7，reSpeCtively・Thehistograminthepanel（C）repre8erltStheprojected

PSFoftheGISin4－10keV・TheobservedproRleandthePSFarenormalizedtoeacIl

OtherbytheirpeakcouIltS．
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5・3・2　TheX－raySPeCtrumOftheeastlobe

ForexamiIllIlgtheemissionmechamismofthedin18eX－ray80urCeSaSSOCiatedwiththe

lobe80f4C73・08，WehaveextractedtheX－raySpeCtruInOfitseastlobewithiIlaCircular

regiorlOfaradiu84arcmiTl（～250kpc）・ThisregioniSiTldicatedas”L”bothi．lFigu，。S

5・6and5・7・ThebackgroundspectrumwasaccumulatedoverarleibourlngSOurCefree

reglOrlWitharadiu80f6arcmin，WhichiSindicatedaB”B”inFigures5．6aTld5．7．The

IeftparlelofFigure5・98howSthebackgrouTldsubtractedGIS（GIS2＋3）spectmm。fth。

eastlobeof4C73・08，thu80btai一led・ThesignalX－rayShavebee－lClearlydetectedover

theO・8－10keVrange．

TheSpeCtrumBeemSrelativelyfもatureless・We触edthespectrum，amdhavesuccess－

fullydescribedtheobservedSpeCtrumwitha8iIlglePLmodelmodifiedbyanabsorptiorl

WiththecolumndenSityleftfree・Thebest－Rtmodelpredictionisshownbythehi8－

togramsinFigure5・9，andtheobtai一ledparametersaresummarizediIITable5．4．The

dataleaves80mereSidualsarouIld～1・6keV，WhichmaylooklikeanemisSionliIle．Wb

introducedanGauSSiaIli－10rdertoevaluatethisfbature，butwecouldIlOtreprOduceit

withanymearlingfulparameters・Therefore，WedoT10tthirlkthatthefeatureisreal．

TherightpanelofFigure5・9showstheconfide－lCeCOntOurSbetweellthespectraliIld。Ⅹ

αandthecolumndensityNh・Thederivedindexα～0・65，thoughwithalargeerrors，

iSCOnSistentwiththeSRradioiIldexαsR＝0・850bservedn・Omthelobesof4C73．08

（Ekersetal・1978）・Then，We翫tedthespectrumWithα触edatO．85aIld。btaiIledthe

parameterSaBShowrlin恥ble5・4・Thederivedcolumndensity，N～4×1021cm－2，is

Slightlyhigher，butconsistentwiththeGalacticvalue，賄＝2．52×1020cm－2，atth。3

Sigmalevel（seetherightpanelofFigure5A）．

Tもble5・4‥ThebeSt－fitspectralparametersoftheeastlobeof4C73．08．

鳩　　αOr打（keV）臭　X2／d．。イ

PL　　2・3（57・2）　0・6昭二き去　　55当字　20．5／30

3・8三…：；　　0・紆　　70土12　21．0／31

BremSS O・82（54．3） 13・8等　　　　　20．9／30

‡i・11021cm－2　　　†evaluatedatlkeViI＝lJy

＊fiXedattheradioSRirldex

IIlOrdertoexaminethepossibilityofthethermalorigirIforthedihseemissiorl，WealS。

fittedthespectrumwitIlaBremssmodel・Althoughthismodelisstatisticallyacceptable，

aIleXCeptioIlallyhightemperature，kT之6keV，i80btaiIled・Moreover，thecorresp0－1diTlg

5．3．4C乃．08
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Figure5・9：（瑚）Thebackground8ubtractedGISspectrumoftheeastlobeof4C73．08．

Thehi8tOgramShowsthebeSt－fitPLmodelmodifiedwithaheeab80rption．（right）The

COnfideIICeCOrltOurSOftheab80rptioIICOlum【ldenSityandthespectraliTldex．

tllermalpressurebecomespe～7×10－12dymecm－2・TbconfineBuChthermalplasma，a

magTleticfieldatleaBtB之10pGisrequired，Whichismorethananorderofmagnitude

higherthanBm。～0・5FLG・WbcorlSiderthatthiSSituationisunrealistic，likeinthelobe8

0rNGC612．

Thus，WeCOnCludethatthedi爪lSeX－rayemi88ionariseviatheICscatteriIlgfromthe

SRelectroIISinthelobe．ⅠIIChapter7，WefurtherdiscuSSthephySicalparametersinthe

lobedetermiIledutiliziIlgthemultifrequerlCySpeCtra．

5・3・3　TheX－raySpeCtrumarOundthehostgalaxy

InordertostudytheX－rayemission丘omthehostgalaxyincludingitsnucleus，Wehave

extracted aTlOtherspectrum With aregiorlOfaradius3arcmincentered on4C73．08．

TheilltegrationregionisshowIIWiththe8malle8tCirclesindicatedas”N”inFigures5．6

aIld5・7，anddoseTlOtintersectwiththeregi0Il”IJ”．Weemplqyedthesamebackground

SpeCtrumaSfortheeastlobe・Figure5．10showsthebackground凱IbtractedX－raySpeC－

trumarouIld4C73．08．LikeiIlthecaseofNGC612，theSpeCtrumhaSaCOmplexshape

andrequiresatlea5ttWOSPeCtralComponentS，SOftandhardones．Moreover，thehard

COmpOTlentSSeemStObeheavilyabsorbed．

Wbfirsttried tofitthespectrum by adouble PLmodelboth modiRedby an hee

abSOrptioIl．Thebest－RtmodelspectrumisshownwiththehistogramSintheleftpanelof

Figure5・10，anditBparameterSareShowninTabIe5．5（DoublePLl）．Althoughagood

fitwaBObtaiIledwiththismodel，the80ftcomporlentbecomesunuSuallyhard（α～－0．4），

eveIlincreasITlgtOWardhighereIlergleS．SinceX－rayemisSioTIWithsuchareversedpower

lawSpeCtrum has neverbeeI10bserved什omaIly Celestialobject，WeCOrlSidered thefit
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Figure5・10：Thebackgroundsubtracted GISspectrum accumulated arourldthe host

galaxyof4C73・08・ThehistogramsiIltheleftpaIlelSIlOWSthebest一飢doublePLmodel

determinedwithallthespectralparameterSleftfree．ThehistogramsiIltherightpaIlel

Showsthebest－Rt RS（green）plusPL（red）model，With theparametersforthehard

COmpOnent丘xed atthevaluesdeterminedabove4keV．

unphySical．

Ⅰ一10rdertoavoidtheaboveproblem，Wemayfirstevaluatethehardcomporlerltthat

iSdominantabove～4keV，SuPpOSITlgitorigiIlateS丘omtheobscurednucleus．Wbhave

fittedtheX－ray8peCtrumabove4keVwithaslnglePLmodelmodifiedbyanabsorptioIl．

Thebest一鋸spectrumisshowTliIltlleleftpaTlelofFigure5．11，anditsparametersare

ShowniIllもble5・5（PL）・WeshowtlleCOTlfideIICeCOntOurSOfNTlandthespectraliIldex

αintherightpaIlelofFigure5．11．The飢is8uCCeSSfu），arldtheobtaiIledirldexα～0．8

andtheabsorption－COrreCted2－10keVX－rqyluminosity，Lx～4×1043erg6－1，are

bothreasoIlableaBthoSeOfactivegalacticrluClei，irlparticularthoseofradiogalaxies

（Sambrunaetal・1999）・Thus，thehardbaIldspectrumisIlaturallyinterpretedasaIl

emisSionh一OmtheactiveIluCleu80f4C73・08whidlisthoughttobeheavilyobscuredby

themoleculartorush・OmOurliIleOfsight，likeiIlthecaseofNGC612．

Wb，neXt，eValuatedtheso托compoTleIlt，byintroducingaTlOtherPLmodelorarlR．S

modelwitI10・4SolarabundanCefbrheavyelemeIltS，Withthehard－COmpOIleTltparameterS

fixed・WealsoBxedthecolumndeIISityoftheadditioIlalsoftcomporleIltattheGalactic

Value，COnSideringthepoorstatiSticsiIlthe80ftellergyband．Bothmodelsarealmostac－

CeptableaIldderivedparametersaresumInarizedi－lTable5・5（DoublePL2aIldRS＋PL）．

Thebest－fitRS＋PLmodelisshowrlintherightpanelofFigure5．10withhistogramS．

InthecaseoftheRSplusPLmodel，thebeSt－fittemperaturebecomeSagalIIVery

high，kT～8keV・Moreover，theabsorptioIl－COrreCtedO．5－101umiIlOSityofthesoft

COmp0－1eIlt，Lx～2×1042ergs‾1，isIlearlyanOrderofmagrlitudelligherthaIlthoseof
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Figure5・11：（坤）TheX－ray8peCtrumarOundthehoStgalaXyOf4C73．08above4keV．

ThehigtOgramShow8thebeSt－fitheaVilyab80rbedPLmodel．（Tight）Thecon丘dence

COntOurSfortheab80rptiorlCOlumIldeIISityazldtheSpeCtralindex．

theISMimnearbyellipticalgalaxies（MatsuBhitaetal．2000）．Therefore，Wethimkthat

thethermalemi88ionfromtheISMofthehoStgalaxyof4C73．08doSeIlOtdomiIlateS

the80ftcompoIle－lt・OntlleOtherharld，inthedoublePLmodel，theindexα～0．6iS

COIISiBtentWithinitserrorwiththeSRradioitldexαsR＝0・85・Them，WeaSCribethe

80ftcomponeIltaBthecoIltaminatiorln・OmtheICemissionfromthelobes，Whichi8also

reasoIlableh・OmFigure5．8．

恥ble5・5‥ThebeSt－Rtparametersforthe8peCtrumarOundthehoStgalaxyof4C73．08

SoftComporlent HardComponent x2／d．0．f

叫1（cm‾2）　αOr打（keV）布巾m‾2）　α

PL★ 3・7黒×1023　0．77霊：3　24．6／24

DoublePLl O（Sl・3×1022）　－0・4！L：：　5・9！；：7×10231．3！？：2　50．1／46

DoublePL2　　　2・52×1020†　0・6土0・4　　3・7×102日　0．77‡60A／50

RS＋PL 2・52×1020†　7・9！品　　3・7×1023f o．77‡59．8／50

Ek（ergcm，2S．1）F　　　3・3黒×10－13●　　　　5．7！…：…×10－120

エX（ergsIF　　　　　2・1霊×1042●　　　　　3．7黒×10430

★determiIledbythe飢above4keV．　　　　†GxedattheGalacticvalue．

‡fixedatthevaluesdetermiIledabove4keV．　　rab80rptioIトCOrreCtedvalueS．

＊eValuatedinO．5－10keVbythebest－fitRS＋PLmodeI．

0eValuatediI12－10keVbythePLmodeIabove4keV．
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Chapter6

AnalysISandResultsof仇andra

Observations

6．1　DataReduction

6．1．1　Data reduction

ThestaIldardprocessi－lgOfthe仇and和dataiSperformedbythe仇andTYIX－rayObser－

vatoryceIlter（CXC）attheHarvard－SmithsonianCenterforAstrophysics・InthepreseIlt

analysis，WemaiIllyuSethefullyproce＄SedSCienceproductS（usuallycalled”leve1－2”event

files），WhichareprovidedbytheCXC・Theleve1－2eventRlecoIltainsonlythedatewhich

areobtainedduringgoodtimeiIlterValS（GTI），WhentheACISnormallyoperates・The

gaiIlandbiascorrectioI10fiIldividualCCDpixelsarealreadyappliedtoalltheeve－ltS

inthe8ccVeIltRles．EveTltSWhicharedetectedinpixelsAaggedas”bad”．suchashot

pixel8andthepixelswhichislocatedattheIlOdeboundary．arerqjected・Onlytheevents

correSpOTldingtotheASCAgradeofO，2－3，4aTld6arerecorded・

WbfurtherreducetheACISdata，uSirlgthesoftwarepackageCIAO（the Cnandra

IIlteraCtiveAnalysisofObservatioIl）ofversion2・1，Whichisprovidedandmaintainedby

theCnandTYIX－rayCenter（CXC）．WetakethecalibrationinformationsoftheACIShom

theCALDBversioIlOf2．3、WhichisreleasedtopublicbytheCXCatMarchO6，2000・

6．1．2　Backgroundrqjection

ThecotIIlt rateOftheIlOn－X－ray backgrouIld oftlleACISoccaSionallyincreasesby a

factorofupto～100・ThispherlOmenOn，WhichiB・nOtanticipatedpriOrtolaunch，is

calledbackgrouIld・，flare，，・Tlle鮎re8havebeenobservedanywhereirltheorbit・They

aremorepromiIlentintheBICCDsthaIliIltheFIolleS・Thenatureofthe鮎reSiSutlder
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BecauSetheICX－ray8aSSOCiatedwithtllelobesaredifhlSeandveryfaint，thede－

tectionofthemiSSeVerelysubjecttothebackgrouIldAares．Therefbre，aCCOrdiIlgtOthe

calibrationteam（Markevich2001），WeeXtraCtedthebackgrouIldlightcurve50firldivid－

ualobservatiorlS，byremovinganypoSSibleX－raySOurCeS・WerqiectedthedataobtaiIled

duringthetimewhenthebackgrouIldcountrateismorethar120％highertha－lthe

quleSCentlevel．

6．2　3C452

6．2．1TheX－raylmage

We show the O．3－7keV raw仇andTuACISimageiIIFigure6．1，billned by4×4

ACISpixels．Thebackgroundevent8arenOtSubtracted・Thenucleusof3C452isclearly

detected，tOgetherwithsomecontamiIlatingbrightpoiIltSOurCeS・Moreover，ahiTltdi軌lSe

X－rayemissionSurrOu－ldiIlgtIlenuCleusof3C452isvisibleirltheeast－WeStdirection・
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Figure6・1：TherawO・3－7keVACISimageof3C452・0IllythedataobtaiIledwith

ACIS－S3aredisplayed．TheimageisbillIledinto4×4pixelslaIldheTICethearlgular

resolutioIlOftheimageis28rCSeC・TherectaIlgularregl0－1isexpandedtoFigure6・2・
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Figure6・2‥TheO・3－7keVimagearound3C452，SmOOthedwithatwodimeI18ional

GausSiankernelofq＝4arc8eC（8ACISpixel8）．Thel．4GHzVLAcontourSa，e。Ve，laid

（Leahy，Bridle，arLdStrom1996）・Theredcrossreprese－ltStheopticalpo8itionoftheh。8t

galaxyof3C452・ThelirlearSu血cebrightnessprofilesareextractedbetweemthetw。

SOlidlinesforthedirectionsparalIeltotheradiostructureandbetweenthetwodashed

line＄fortheperpeTldiculardirectiorl．

Figure6・28howBtheACISimagearouIld3C452inthesameenergybamd，heavily

SmOOthedwitha2－dimeIISioIlalGau88iarlfuIICtionofq＝4arcSeC．Thel．4GHzVLA

COIltOurSareSuperPOSed（Leahy，Bridle，arldStrom1996）・ThebrighteStX－r町peak

COimcideSWiththeopticalhoStgalaxyof3C452，andal80Withtherelativelyfhintradio

IluCleus，WithiIltheaIlgularresolutiol10ftheACIS・Fhrthermore，thisimagemorecIearly

revealSthedi爪ユSeX－rayemissionwhidleXteIldsupto～2arcmin（～160kpc）from

theIluCleus・SomeappareTltandpossibleX－r町pOitlt80urCeS，nOneOfwhichhave80far

bee－lrepOrtedi－lX－rayS，arefoundiIISidetheradiolobeS・Thedi軌BeCOmpOne－ltappearS

tomltheeIltireradiolobeswitharelativelyumiformsurfacebrightneSS，illaVerygOOd

po8itionalcoincideIICe．Therefore，itSaSSOCiationwiththelobesissecure．BecauSeOf

theSuperior＆ngularre60lutioI10f仇αndTYL，itisalmoStOfIlOdoubtthattheexteIlded

emissi0－1istrulyofdi飢se．lature，ratherthanCOmPOSedofdiscretepointsources．

InordertostudytheSPatialdi8tributioI10fthedih8eX－rayemisioniIlmOredetai1，

WehaveprojectedtheuIlBmOOthedACISimage8iIlthe80ft（0．3－1．5keV）andthehard

（1■5－7keV）bandS，andtheradio0－le，0lltOtWOdirectionS；Oneparallelandtheother

perpeIldiculartotllethemajoraxisoftheradioStruCture．ⅠIlOrderforalmostwh。lethe
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Figure6・3‥ThelirlearprOfilesoftheACISbackgrourldiTlO・3－7keV，Whichareextracted

hmtllepOiIltSOurCeremOVedblackskydataba8e（Markevitch2001）．Thedatash。WIl

byblackpoiIltSareiTltegratedoverthesamedetectorareaaBfortlleprOfilealongthe

radioaxis・Thetotalexposureofthi8backgrouIlddataiS～136ksec．

lobeStObeincluded，theprojectionregioTlfortheformerdirectiorl，WhicIlisiIldicatedby

thetwosolidlinesinFigure6・2，hasarlwidthof2arcmiIlandthatfbrthelatterdirection，

Whichi8indicatedbythetwodaShedliIleS，hasaTIWidtl10f5arcmiIl．

TheBpatialdistributi0－10ftheACISbackgrouIldisreportedtoberlOIluIliform，eS－

peciallyabove5keV（Markevitch2001）・TheI・，WeeXtraCtedthebackgrouldprofileB

within80meregiorlSnearthecerlterOftheACIS－7，Whichhaveawidthof2arcmin，uSing

thepoint－SOurCeremOVedblackskydatabase（Markevitch2001）．WbshowtheobtaiTled

backgroundprofile8iIIFigure6・3・WethusconfirmedthatthespatialvariatioIlOfthe

ACISbackgroulldiIlO．3－7keVis～7％．

TlleGalacticabsorpti0－lCOlumIldeIISltytOWard3C452，NTT＝1・2×1021cm－2，is

SigIliGcantlyhigherthanthoseforallob附VatioIISirlCludediIlthebackgrouIlddatabase，

賄＝（1－5）×1020cm－2・Wbca－1一・OtdirectlyutilizethebackgrouIldproGIesShow．1in

Figure6・3for3C452，becauSetlleymakeustooverestimatetheCXBlevel，andheTICetO

underestimatethesignalcountS，eSpeCiallybelow～1keV・TheIl，WeaSSumedtllatthe

backgroundiSuniformaroundthelobesof3C4521andestimatedtllebackgrouIldusir▲g

eventsirlaneighboringsourcefreeregion・ThisassumptiorlisalmostjustifiedbyFigure
6．3．

Figures6・4at▲d6・5showthebackgroutld8ubtractedlinearSurhcebrightnessproRles

around3C452・Indeed，thetotalaIlgularexteIltOftllediffuseX－rayCOmpOIleIltisquite

SimiIartothatoftheradiostructure，althoughthedetai）edstructuresaloIlgtlleradio
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majoraxi8are80meWhatdihrentbetweerltheX－rayandtheradioprofiles．Especially，

al0IlgthemaJOraXis，theX－rayprOfilesreveal＄aCenter－fi11edmorphology，Whilearim－

brighterlingfbatureisSeeIlintheradioprofile・TheSeprOpertie8arealsoexhibitedbythe

lobesofFbrnaXA（T旭liroetal・2001）a・▲dCe・ltauruSB（TbBhiroetal．1998），丘omboth

OfwhidltheCMB－boostedlCX－rayShavealreadybeeIldetected・Alongthelobeminor

axis，theradioaIldX－rayprOGlesexhibitacloserresemblance．

UtilizingFigures6・40r6・5，WealsocalculatedthehardIleSSratio，bydividingthehard

baIldprofileBbythesoftbaIldorleS・Figure6・68howsthehardneB＄ratioprofileSinthe

twodirecti0－1S，thusobtai一led・Thehard・leSSratioremairlSratherconstant（0．5～0．7）

alorlgthebothdirection・ThiSmeanSthattheSpeCtrumOfthedi飢SeX－rayemiSSionis

relativelyumiformoverthelobesof3C452IeXCeptfortllelobeperipherywherethereis

80mehi－ltOfspectralsofteniIlg．
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Figure6・4：Thelinearprofilealongthemajorradioaxi80f3C452，in（a）1．4GHz，（b）

0・3－1・5keV，and（C）1・5－7・OkeV・TheprojectedpoSitioI180fsomeapparentX－ray

poiIlt80urCeSareiIldicatedaSbluearrowsiIlpanel（b）．ThedatapointSfortheIluCleuS

atpositioIlOaretoohightobeiIICludediIlthisfigure．

Slmllarto that oIthe radlO StruCture，althougJlthe detaiJed struCtureS aloIlgttle radio
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Figure6・5‥Theli・learprOfileirlthedirectionperpendiculartothemajorradioaxisof

3C452，in（a）1・4GHz，（b）0・3－1・5keV，and（C）1・5－7．OkeV．Theprojectedposition8

0fsomeapparerltX－raypOiTltBOurCeSareindicatedaSbluearrowsiTlparlel（b）．
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totheradiostructure・Arrowsarewritterlinthesamewayasi－lFigures6・4arld6．5．
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6・2・2　TheX－raySpeCtrumOfthelobes

InordertoexaminethemecharliSmOfthedi飢seX－rayemi88ioTl，WeeXtraCtedtheACIS

SpeCtrumOfthelobe80f3C452・BecauBethehardTle∬ratioofthed胤SeX－r町SOurCeS

appearSapPrOXimatelyc0－18tantintheIobes，inordertocoverthewholelobes，thedata

SpeCtrumisaccumulatedoveraregionwhichisshowrlwiththeredellipSeinFigure

6・7，eXCluditlgaCircularregi011witha68rCBeCradiuSCeTlteredonthehostgalaxy．The

backgroundspectrumiSiIltegratedoverasurrou－lding80urCen・恍regio．1，Whichisenc108ed

bytlleblackli－leBillFigure6・7・ThereareBOmeCOntaminatingX－raypOjntsourceinboth

regionS・Then，ifwefou－ldapixelwhichcontaiZ虐mOrethanlOevent8PerOIlebinned

pixelofFigure6・1，Werqjectedacircularreg10TlOfaradiu83arcseccenteredorlthepixel．

Theserqiectedregion8areindicatedas80meSmallcircleSinFigure6．7．
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Figure6．7：Tileintegrationregionforthe Figure6・8：AcomparisonbetweeIltheraw

data（red）aTldthebaCkground（black）spec－（red）andthebackground（black）spectra，

tra．　　　　　　　　　　　　　　　　TlOrmalizedtotheirintegrationareas．

恥ble6・1：A8ummaryOftIledataaIldthebackgrouIldinrepresentativeenergybands．

BaIJd Data（cts）BGD（ct8）†Excess（ctS）RatioI

0．3－14keV　26673士163　22474土82　4199土182

0．3－10keV13356土116　9298土53　4058土128

0．5－5keV　　6675土82　3274土31　3401土88

10－14keV13207土11513058土63　149士131
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Figure6・9：ThebackgroundsubtraCtedACISspectrumOfthelobe80f3C452．The

hiStOgramiIltheleftpanelshowsthe81nglePLmodelarldthoSeintheleftparlelrepreseIltS

thebest－BtPL（blue）plusRS（green）model．

Figure6・8compareSthedataandthebackgrourldACISspectra，aIldl兢le6．1sum一

marizethetotalcount80fthedataaTldthebackgrourldinrepreseTltativeeI▲ergybarldS．

ThebackgrouIldsareIlOrmalizedtothedatabytlleiTltegrationarea．Thedataandthe

backgroundiSfairlycoIISistentabovelOkeV，WheretheHRMAinnomoreefhcieIltand

herlCetheSpeCtrumBhouldbedomiIlatedbytheNXB・ThiBCOnfirmSthatwehaveaccu－

ratelyevaluatedthebackgrouIldspectrum・AsisclearfromthefigureItheexcessslgIlal

X－raySarehighlysigrliRcant，OVerWideenergyrangebetweerlO．4aIld7keV．Bel。WWe

restrictourspectralarlalysistotheO・5－5keVrallgelWheretheexcess81gnalismost

SignificaIlt（almost40g；Table6．1）．

Ⅰ一lFigure6・9，WeShowthebackgrouIldsubtractedO・5－5keVACISspectrumofthe

lobesof3C452，withoutremovITlgtherespoTはeOftheACIS・Thespectrumappearsrela－

tivelyfbatureleSS・WbtriedtoreproducethespectrumwithasinglePLmodel，mOdified

byanabsorption・However，aSisshownintheleftpanelofFigure6・9，thedataleaves

SignifiCantreSidualS（X2／d．0．f＝1．35），eSpeCiallyarleXCe68arOuIldlkeV．

IrlOrdertodeSCribetheexceSS，WeintroducedanRSmodelmodifiedbycommoIl

ab80rptionaSthePLcomponerlt．Asimilar80ftcomponelLtiBal80detectedh・。mthe

lobesofFbrnaXA（恥shiroetal・2001）・Byleavi－1gallthemodelparamete，Sheeth。

fitha8becomeacceptable・Thebest一別modelSpeCtrumi8Show－li．ltllerightparlel。f

Figure6・9bythehistograms，arldtheobtai一ledspectralparametersar。Summa，izedi－1

恥ble6・2・Thebest－fittemperatureoftheRSmodelbecomeskT～1・3keV，Whichis

roughlytheSameaSthoseoftheso托compoIlerltOfFbrnaXA．

FbrthePLpluSRSmodel，theco．1fiderlCeCOrltOurSOfthespectralirldexαOfthePL

COmp0－leIltaIldtheabsorptioIICOlumIdeTISity弗一areShowrlirlFigure6．10．Thede，ived
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Figure6・10：ThecoTlfide－lCeCOIltOur80ftheabsorptiorlCOlumndenSityNhandthespec－

traliIldexαforthePLplusRSmode1．

1もble6．2：Thebest－fitSpeCtralparametersofthelobe80f3C452．

HardComponent SoftComponent

NL　　αOrkT（keV）S臭　　kT（keV）　X2／d．0．f

PL　　　　　2・1土0・5　1・02！3：言古　66霊0　　　　　　　　72．8／54

PL＋RS l・6霊　　0・68士0・28　41！王…　1．36霊：重言　　62．0／52

1．75土0．15　　0．78■　　46！；　1．33霊：雲　　62．4／53

Bremss＋RS l．4霊　　6・0黒5　　　　　1．28黒写　　63．7／52

†inlO21cm‾2

＊fiⅩed attheradioSRiIldex

‡evaluatedatlkeVinnJy

賄iscoIISistentwiththeGalacticvalue，賄＝1．2×1021cm－2．Thebest一別spectralindex

becomesveryhard，α＝0．68士0．28，aIldcoIISisteIltwiththeSRradioindex，αsR＝0．78，

Ob8erVed什omthelobe80f3C452，WithinastatiSticalerror．

We also tried to de8Cribe the observed spectrum，replacingthe PL modelwith a

thermalBremsSmOdel．ThemodelisStatisticallyacceptablewiththeparametersforthe

RScompoIleIltalmo＄tuIICIlaIlged．However，theobtainedtemperature，kT～6keV，and

thecorrespoIldi－lgthermalpressure，Pc～lX10－11dyrleCm－2，arebothtoohigh・We

COIlSiderthissituationunrealistic，likeirlthecaseoftheNGC612and4C73．08．

BasedorltheclearspatialassociatioIlaIldtheagreemeIltintheSPeCtral8hapes，We

COnCludethatthedifhlSeX－raySObservedwithACISh・Omthelobesof3C452areofthe

ICorigimInChapter7，WeeStimatethephySicalparametersinthelobes，utilizingthe

multifi・equeIleySpeCtra．

COmpOIlelltaIldtheabsorptioIICOlumIldeIISityNfTareShowrliIIFigure6．10．Thederived
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6．2．3　TheX－raySpeCtrumOfthenucleus

Wehaveextracted theACISspectrumwithin acircularregiOnofaradiu85arcsec，

CerlteredonthehoStgalaxyof3C452．ThebackgrouIldspectrumWaSaCCumulatedover

aconcentricannuluswithaninnerandouterradiiof6arcsecaIld9arcBeC，reSPeCtively・

Figure6・118howsthebackgrouIldSubtractedACISspectrumofthehoStgalaxyof3C452

i－ltheO・5－10keVeIlergyrange・TheSpeCtrumreSemblesthoseofso－CalledtypeII

AGNs，likethecasesofNGC612arld4C73．08．ThisisquiteIlatural，becauSe3C452is

usuallyclas8ifieditltOnarrOWliIleradiogalaxie8・InthefbllowIILg，WeeValuateonlythe

llardcompoIlentthatisdomiIlatillgabove4keV，SuppOSlllgthatitorigiIlateShomthe

Obscured nucleu80f3C452．

WeRrsttriedtodeSCribetheSPeCtrumabove4keVwithasirlglePLmodelmodiRedby

anabsorption・HoweverIaSShowIliIltheleftpamelofFigure6・12，thefitisurlaCCeptable；

thed8taleavessigTliBcantreBidualsarouIld6keV，WhichlooklikeanFbKαemissioIlliIle．

TheFbKαliIleSareO托enobservedhomAGNs，iIICludingradiogalaxies（Samburunaet

al・1999）．TheIl，WeiIltrOduceaGaussianiI10rdertoevaluatethisfbature．TheBtiS

SuCCeSSfulandthebeSt－fitspectralparametersaresummarizeditlTable6．3．Theobtairled

redshift－COrreCtedceTlterenergyfortheadditiollalGaussiaIICOincideswellwiththatof

neutralFeKαlines，andthewidth，qSO・2keV，aTldtheequivaleIltWidth，0．15keV，

bothagreewiththoseh）mtypicalradiogalaxies．
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Figure6．11：ThebackgroulldsubtractedACISSpeCtrumOftheIluCleusof3C452iIlO．5

－10keVeIlergyra11ge．



6．2．3C452

Figure6・13showsthec0－1fidencecoLltOurBOfthecolumrldellSity賄andthespectral
irldexα・Theobt＆iIledBpeCtraJiTldex，α～0・8，andtheabsorptioncorrected2－10keV

COIltinuumluminosity・Lx～8×1043erg8－1，arebothquiterea80IlableforthoSeOfthe

IluCIeusofradiogalaxieS（Samburunaetal・1999）・Thus，thehardcomponentisItaturally

iIlterpretedasaTlemisionhmtheactivenucleu80f3C452，1ikeinthecaBeOfNGC612
aIld4C73．08．

竺：：：二二■■－
竺＝亡＝こ■轟■■

■■■叫

Figure6・12：ThebackgrourldSubtractedACISspectrumOfthenucleu80f3C452，above

4keV・Thehi如graminthele托pallJeshowsapredictionbytheslnglePLmodel，aIld

thatintherightpaneIapredictioIlbythebeBt一別PLpluBGauSSianmodeJ．

恥ble6・3：Thebest－fitspectralparameter80ftheTluCleu80f3C452，determinedbythe
SpeCtrum above4keV．

C0－1tiIluum　　　　　　　　Lirle

〃H†　　α　　　即　　JO
gW★　X2／d．0．J

PL　　　　5・2土1・01．05！3：冨宇

PL＋GausSiar14・5！最 0・77三3：…子　6．4土0．1

凡I　　　　6．3雪：…×Hr12

エX■ 8・1三三：…×1043

0・11豊子　0．15

62・2／45

48・6／42

†illlO23cm－2．
fredshihcorrectedcentereIlergyinkeV．

◇liIleWidthi－lkeV・　　★li－leequivaleIltWidthirlkeV．

‡ab80rptioncorrected2－10keVcoIltinuum触XiIlergCm－2S－1．

＊ab80rptio．lCOrreCted2－10keVconti－luumluminoSityirlerg8－1．
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Figure6・13：ThecoIlGdezICeCOTltOurSOftheab80rpti0－lCOlumrldeIlSityandthespectral
indexα．

6．3　Pictor A

6・3・l TheX－rayimage

WbShowtheO・3－7keVrawACISimageofPictorAiTIFigure6・141biIlrledby4×4

ACISpixels・ThedataareaccumulatedoIllyfromtheobservatioIlOfID＝346（seeTbble

4・6）・The－luCleusofPictorAisclearlydetected・althoughitstrailedimageisalsoviSible

becauseitsnuxisveryhigh・TileWeStjetemaIlatinghmtheIluCleustowardIlearlydue

WeStiSa180detected・endi．lgatthebrightX－rayhotspot，WhiletlleeaStjetarldhotspot

arebothxveryfaimtiIIX－rqy8・Moreover，adifhlSefaizltX－rqyemiSSioIISurrOurldirlgthe

nucleusofPictorAisclearlyviSible，eXteIldirlgtOWardtheeast－WeStdirection，iIlboth

ACIS6andACIS7・UBiTlgtheSamedata，WillBO．letal・（2001）havealreadyreported

theX－raydetectionsofitsIluCleuS・itswestjet，aIIditsweSthotspot，buttheyhaveIlOt
yetbecomeawareofthisdihseX一my80urCe．

Figure6・15showStheACISimagearouIldPictorA，heavilysmoothedwitha2－

dimeIlSi0－1alGauS血ofq＝4arcsec・AsshowTlinthisimage・tIleX－rayPOSitionsof

the皿CleusaIldtheeaSthotspotclearlycoiTICidewithreSpeCtiveradiocounterparts．

Furthermore，thi8imagemoreclearlyrevealsthehintdi軌seemission・Whichextelldsup

tO～4arcmiIl（～150kpc）・Likei－lthecaseof3C452，thed胤seemiSSiorlappearsto

berelativelyuniformlydiStributedoverthewholeradiolobes，iIlafairlygoodpositioTlal

COirlCideIICe，althoughthewestlobeisiIlterSeCtedbytheCCDgapsacrosswhichthe
eIlergyreSpOIISeSaredi鮎reIlt．
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Figure6．14：TheO．3－7keVrawACISimageofPictorA・Onlythedataobtainedwith

ACIS6and7iTltheobservationofID＝346arediSplayed．TheimageisbillnedirltO

4×4pixels，aIldhencetheaIlgularresolutionoftheimagei82arcSeC・TheStraightline

ru一lIllnghomIlOrth－eaSttOSOuth－WeStisthetrai1edimageofthenucleus・
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Figure6．15：TheO・3－7keVACISimagearouIldPictorA，SmOOthedwitha2－dimensio【lal

GauSSiaIlfuTICtionofq＝4arc8cc．（lqP）TheX－rayCOlorimage・（riuht）TheX－ray

coIltOurSOVerlaidontIheVLAl．465GHzgrayscaleimage（Perlayetal，1997）．
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6．3．2　TheX－raySpeCtrumOfthewestlobe

WeexamiIletheX－raySpeCtrumOftheeastlobeofPictorA，Whichisobservedoverthe

eTltireReld ofview ofACIS7．Thedataspectrumis accumulatedoveraradiu80f2

arcmin，（theredcircleinFigure6．16）．WerqiectedthedatawithiIlaCircleofaradius

20arcseccenteredoIltherluCleus，WithiIlaIlOthercircleofaradius15arcsecceTlteredon

thehotspot，arldwithintwoelong8tedrectanglescoveriTlgthejetalldthetrailedimage．

Wba180eXCludedsomepossiblepoilltSOurCeSbythesamecriterionadoptedfbr3C452．

AlloftherQjectedregionsare8howrlwithtlleblackdashedliIleSiIIFigure6．16．

ASi8ClearfromtheX－rayimage，aCOTIBiderable丘actionoftheACIS7fieldofviewis

OCCupiedbyvarioussources，andtIleremaiIlillgSOurCe一打eeregi0Il80fACIS7arelocated

mostlyatafarSideh・Omtheaimpoint，WheretheHRMAe鮎ctiveareadecreaseseven

inthesoftX－rqyenergies（≦90％ofthatoftheaimpoiIlt；SeeFigure3．13）．Therefore，

insteadofusingthesource－ffeeregionSfbrthebackgrouTldsubtractiorl，Weirltegratedthe

backgrourLdSpeCtrumn・Omthepoinも－80urCeremOVedblarlkSkydatabase（Markevitch，

2001），OVerthesameCCDareaasforthedataotle．

AsshowninFigure6・17aTld恥ble6．4，theexcesssig11alX・raySarehighlysigIlificaIlt

OVeraWideeIlergyrangebetweenO．3andalmo8t6keV，WhilethedataaIldthebackgrouIld

Wellagreewitheachotherabove～10keV．ThisconfirmsaccuracyofthebackgrouIld

estimatioIl．InthefollowiIlg，WereStrictourspectralarIalysistotheO．3－5keVrange，

WheretheexcesssigmalismostsigIlificaIlt（almost30cr；Thble6・4）・

Figure6．16：Theintegration reg10Tlfor
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thespectrum（redcircle）・ThedatairlSide Figure6・17：AcomparisorlbetweeIltheraw

bla。kb。XeS。，Circlesare，qiected．　（red）aTldtllebackgrouIld（black）spectra，

IlOrmalizedtotheirexposure．
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恥ble6・4：AsummaryofthedataandbackgroundiIlrepreSentativeenergyband8．

99

Band Signal（cts）BGD（ctS）†Excess（cts）Ratiof

0．3－12keV　7464士86　　5526土33　1938土92

0．3－5keV　　3186土56　1243土16　1943土58

10－12keV　　2324土48　　2288士21　　36土52
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Figllre6．18：ThebackgroundsubtractedACISspectrumofthewestlobeofPictorA．The

histogramSintheleftpanelshowthebest－GtPLplusRSmodel．TherightpaIlelshow8

thecoTlfideIICeCOTltOurSOftheab80rptioncolumndenBity賄andthe8peCtralindexα．

Tもble6．5：Thebest一飢spectralparametersofthewestlobeofPictorA．

HardComponeTlt So氏Component

Model NL oorkT（keV）Si kT（keV）　X2／d．0．f

PL＋RS　　7・0誓．，　0・64霊孟　56二王2　　0．76霊…　　65．6／57

8・0黒　　0・72十　　59！…　　0．66豊富　　65．8／58

BremsS＋RS　3・6！…：…　　9．5！詫1　　　　　0．80霊‡　66．6／57

†ilJlO20cm，2．　　　　＊fixedattheSRindex．

‡evaluatedatlkeVintheuIlitofnJy．
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TheleftpanelofFigure6・188howsthebackgrouIldsubtractedACISBPeCtrumOfthe

WeStlobeofPictorA，ObtaiIledinthiSW町・Wb負ttedtheBpeCtrumWithaPLplusRS

modelmodifiedbyacomm0－1absorptiorl，likeinthecaseof3C452・Asshownbythe

hiStOgraminFigure6・18ItheBtisalmoStaCCeptable，aIldyield8theparameters8howTl

inTable6・5・Thetemperatureofthe80ftcomporleIlt，kT～0・8keV，becomesIlearly

thesameaBthoseof3C452aTldFornaxA（TaShiroetal．2001）．As8howniTlthe

rightpaIlelofFigure6・18，thederived columIldeIISityiscoIISiStentWiththeGalactic

Value，〃打＝4・2×1020cm－2・Moreover，thespectralirldexturrlSOuttObeveryhard，

α＝0・64霊：；3，8mdagreeswithtlleSRradioi－ldexαsR＝0．72，Withinastatisticalerr。r．

Wbalsotriedto飢thespectrumreplacingthePLmodelwithaBremssmodel．Al－

thoughthefitisstatisticallyacceptablewiththeparameterfortheRScompoTleIltun－

Changed，thederivedtemperaturefortheBremsscompoIleTltagainbecomesunuSually

high，kT～10keV・Thus，WeCOIISiderthissituationunrealistic，aSintheotherlobes．

BasedonthespatialassociationandtheagreemeIltinthespectralShapeswiththe

radiolobes，WeCOnCludethatthedi軌seX－rayBObservedwithACISfromthelobesof

PictorAareoftheICorigin，likeiTlthecaseoftheotherlobes．Thisistheseconddetectio11

0fthelobelCX－raySWiththe CαndmACIS，8ubsequeIlttOthelobesof3C452．1rl

Chapter7，WeeStimatethepIlySicalparameterSiIlthelobes，utiliziTlgthemultiftequeI▲Cy

SpeCtra．

6・3・3　TheX－raySpeCtrumOfthenucleus

WealsoexaminetheX－rayaCtivityoftheIluCleu80fPictorA・However，thesufRcieTltly

highX－r野点uxofthenucleusisthoughttocausesevereveIltPileupsiIltheobservatioTl

OfID＝346・Wb，therefore，uSethedataobtaiTledi－ltheobservatioT10fID＝443，Which

WaSperformedwithaShorterframetimeofO・4sec，employiIlgal／8subarray（i．e．a

narrowfieldofview）・WeaccumulatedthespectrumoveracircularregioIIWitharadius

12arcsec，Centeredonthenucleus，aIldthebackgroundwithiTlaCOnCentricallnuluswith

ani－1neraIldouterradiiof14a－ld24arCSeC，reSpeCtively・

Figure6・19showsthebackgrouIldsubtractedACISspectrumOftheIluCleusofPictor

A・ThespectrumisquitefもaturelessalLdwellreproducedbyaPLmodelmodifiedbyan

absorptioIl，aLSShowllbythehistogramsiIIFigure6．19．ThederivedpararTleterSareShowll

inThble6・6・Thebest－fitindex，α～0・6，isslightlyharderthanα～0．8，Obtairledn・Om

theASCAobSerVationperformediIl1996，arldtheobtaiIledabsorptioIl－COrreCted2－10

keVluminositybecomesLx～1×1043ergs－1，WllichisalmoStOIlethirdthatmeasured

withtheASCA（Eracleousa－ldHalperIl1998；SambruTlaetaJ．1999）．

102　CHAPTER6・ANALYStSANDRESULTSOFCHANDRAOJ3SEJMTIONS
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Figure6．19：（坤）ThebackgrouIldsubtractedACIS8peCtrumOfthenucleu80fPictorA・

Thehi8tOgramShowsthebest－fitPLmodel・（righ直）Theconfidencecontoursoftheab－

sorptioncolumndensityandtheSpeCtralindexα・
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6．4　HotSpots

RadiohotSpOtSOfradiogalaxiesarethoughttobeashockfroIltatthejettermiIlal・ⅠIl

ordertounder8tandthejetphenomeTla，Wethinkthatitisimportanttoexamitlethe

energeticsinthehotspots．Here，WeallalyzetheX－raySpeCtraOfhurbrightradiohot

SpOtSdetectedwiththeACIS・

6．4．1ThewesthotspotofPictorA

WehaveextractedtheACIS8peCtraOfthewe8thotBpOtOfPictorA，WithirlCircular

reglOnSOfaradius6arcseccenteredorlthehotspot・Weaccumulatedthebackground

spectraoveraconcentricannuluswithaniIlneraTldouterradiiof7・5arcseca－ld12arcsec，

respectively・

Figure6・20show8thebackgrourldsubtractedACISSPeCtrumOfthewesthotSPOtl・

ThespectrumisratherfbaturelessandwellreproducedbyaPLmodeloraBremssmodeL

Table6．78ummarizeSthebeSt一別8peCtralparameters，WhicharecorlSisteIltwiththoseof

WilsoIletal．（2001）・

ThederivedtemperaturefortheBremssmodelbecomesamoderatelyhigh，kT～3

keV．TheIl，WethirLkthatamon－thermalproces8i8mOrefaNOrableaStheoriginofthe

X－ray8hmthehotSpOt，However，theobtainedspectraliIldex，α～1，isslightlysofter

thantheSRradioindex，αsR＝0．74（MeiSenheimeretal・1997）・
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Figure6・20：ThebackgrouIld8ubtractedACISspectrumoftlleWeSthotSpOtOfPictor

A．ThehiStOgramShowsthebest－fitPLmodel・

6．4．2　CygnusA

WeshowtherawO．3－7keVACISimageofCyglluSAitlFigure6・21・Asalreadyreported

byWilsoTletal．（2000），ttleIluCleusofCygnusAalldtwobrightradiohot・SpOtS，uSually
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CalledAandD，areClearlydetectediIlthisimage，tOgetherwithadi飢seclusteremission

SurrOuI▲diIlgthem・TheX－raypOSitionoftheIluCleuSCOincide8withthatoftheoptical

galaxyIandtheX－raypOSitionsofthetwohotspotsarebothcoiIICidentwiththoseofthe

radiocouIlterpartS，WithiIltheaIlgularreSOlutionoftheACIS．

ⅥねhaveextractedtheACIS8peCtraOfthehot8pOtSAandD，WitllincircularregioI18

0faradius2・5arcSeCCeIlteredoIlthem，andbackgrourldspectraoverconcentricannuli

WithaniIlneraIldouterradiiof3arcSeCalld5arc8eCIreSpeCtively・Figure6・228how8the

backgrou－ldSubtractedACISspectraoftheSetWOhotBpOtS．

Thederivedspectraarequitefbatureless・Wehavesuccessfullydescribedthem，Witha

SiIlglePLmodeloraBremssmodel．ThebeSt一飢SpeCtralparameter”reBhowninrIbble

6・7・TheseparameterSarealmostco・lSisteIltWiththeresultsofWilsonetal．（2000）．

TheobtaiIledab80rptioIICOlumndeIISitieSforindividualhotSpOtSareCOnSistentwith

theGalacticvalue，賄＝3・6×1021cm－2，inbothmodels．ThebeSt一別temperature80f

theBremSSmOdelbecomekT之5keVforhotspotAandkT≧3keVforthehotspotD．

WecoTISiderthesehightemperaturesunrealiBtic・Ontheotherhand，thederivedBPeCtral

indices，α～0・7and～0・8forhotspotsAandD，reSpeCtively，almostagreewiththeSR

iIldicesαsR＝0・87andO・80forhotSPOt8AandD，reSp∝tively．WetherefbreaBCribethe

X－rayShomthe8etWOhotspotstobeICorigirl，aBalreadyconcludedbyWi180netal．

（2000）．

イ∫〟　　　　珊　　　　工紺　　　　柳　　　　描

くa）CygnuSA

制　　　　御

Figure6・21：TileO・3－7keVrawACISimageofCygnusA，bin－ledby2×2ACISpixelS．

OrllythedataobtairlediIltheobservatiorlOfID＝360aredisplayed・
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Figure6・22：ThebackgrourldsubtractedACISspectraofthehotspotsA（坤）arldD
（right）・Thehi8tOgramSinbothpaIlelSShowthebest一飢PLmodeltotheiIldividual

SpeCtra．

6．4．3　3C123

WeShowtherawO・3－7keVACISimageof3C123i－lFigure6・23・Asalreadyreported

byHardcastleetal・（2001），theIluCleusmdtheeastradiobrighthotBpOtareClearly

detected，tOgetherwithadi飢BeCluBteremisSion8urrOuIldi－lgthem，Whilethewestone

WhichisfaintinradioisalsofAiIltirlX－rayS・TheX－raypOSitioIlOfthenucleu8COincide8

Withthatoftheopticalga18Xy，a－ldtheX－raypOSitioIISOftheeasthotspotwiththeradio

position，WithiTltheangularresolutioIlOftheACIS．
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Figure6．23：TheO．3－7keVrawACIS

imageof3C123．
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Figure6・24：The backgroulld subtracted

ACIS spectrum Of the east hot SpOt Of

3C123・The histogram shows the best一別

PLmodel．
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WbhaVeeXtraCtedtheACIS8peCtrumOfthee88thotBpOtOf3C123，intheSameWay

asforthetwohotSPOtSOfCygIlu8A．Figure6．248howsthebackgroundsubtractedACIS

SpeCtrumOfthehot8pOt．WbhavereproducedtheSpeCtrumWithaSinglePLmodel

oraBremssmodel．Thespectrumisratherhardandtheobtainedtemperatureforthe

Bremssmodelbecomesunrealisticallyhigh，kT≫10keV・Ontheotherhand，aSShow

irl恥ble6．7，thebest－fitspectralindex，α＝－0・6～0・8，isconsiStetltWiththeSRindex

αsR～0．76，thoughwithlargeerrorS・WethereforethinkthattheX－ray8た・Omthehot

SPOtOf3C123ariSeviatheICscatteriIlgbytheSRelectronsillthehotSpOtaBalready

coIICludedbyHardcastleetal・（2001）・

1もble6．7：AsummaryoftlleSpeCtralparameter80fthehotspot8・

HotSpot Model NL　　αOrkT（keV）Si x2／d・0・／

PictorA WeBt PL　　　7．2土lA

BremSS　2．5！3：；

CygnusA A PL　　　2・5黒
Bremss l．9！最

D PL　　　3．6土0．9

Brem88　2．9士0．6

3C123　　EaSt PL l．8（≦7・1）

1．04霊9　　90土6　86・6／102

3．増：…　　　－　96・9／102

0．66霊霊　18霊　25・0／26

8．6霊も　　　一　25・鵬／26

0．77霊3　　33霊　39・1／39

6．5豊…　　　　　39・4／39

0！3：…　　2．時：；10・8／12

†iIllO20cm－2．　　　‡evaluatedatlkeViIIIIJy・
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Chapter7

Discussion

7．1EnergeticsinRadioLobes

7・1・l Multi打equencyspectra

ThroughtheaIlalysespreseIltedinChapter5andChapter6，uBingtheASCAGISand

the仇αndruACIS，Wehavedetectedthed瓜lSehintX－raySOurCeSa8SOCiatedwiththe

lobe80ffourradiogalaxieS，NGC61214C73・08，3C452IandPictorA・Thespectrumof

thedi軌seX－rayemissionffomeachradiolobeiswelldeSCribedbyahardPLmodel，and

thederivedSpeCtraliIldexiscon8isterltWiththeSRradioilldex，αsR・Thelatterproperty

isviSualizediIIFigure7．1，Whichgivesthemulti－frequencyspectraoftheSeradiolobe8．

BecauSeOfthisagreementiIltheBpeCtralShape8WiththeSRspectrum，ndtheirspatial

associatioIltOtlleradiolobes，WeCOrlCludethatthesedi軌BeX－ray8ariSeViatheIC

SCatteringof80me8eedphotoIlSbytheSRelectron8inradiolobes．恥ble7．18ummarizeS

thespectralparameter80ftheICX－rayemiSSion，Whicharemea8ured＆omouranalyBiS，

aIldthoseoftheSRradioemiBSion．TheX－ray且uxdenSityofthewestlobeof4C73．08is

evaluated丘omthatofitSeaBtlobe，uSingtheBu血cebrightneSSprOGleintheBO氏energy

baIld，ShowIlinFigure5・8，althoughwehaveIlOtperformedadetailedspectralfittitlgtO

theX－raySpeCtrumOftIliSlobe．

ⅠIlthefbllowlIlg，WeCalculatetheenergydeI18itiesoftheelectronSandthemagTletic

fieldsintheSeradiolobeS，ueaIlduIn，re8peCtively，bycomparlngtheSRradiofhxde11－

Sities，SsR，alldthoselCX－rayS，STC．

7・1・2　Candidatesforseedphotons

AsalreadymentiorlediIl§2・3・3，6eVeraldi蝕rentradiatioI180urCeSCanprOVidetheseed

PhotoIISfortheICscatteriIlglIlradiolobeS；theSeincludetheCMB，theIRradiatioTl

lO7
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Figure7・1：The8peCtraleIlergydistributionsofradiolobes．（a）NGC612．Theradio

dataaretakenhomEkersetal・（1978）・（b）4C73・08．Theradiodataareh・OmMayer

（1979），Kuhretal・（1979），andSaripallietal．（1996）．（C）3C452．Theradiodataare

homLairlgandPeacock（1980），Kuhretal・（1979），aIldJagers（1987）．（d）PiFtOrA．The

radiodataareffomPerleyetal・（1997）．AstheICX－raySpeCtraOfthelobesof3C452

andPictorA，OnlytheirPLcompoIlent8are8hown．

110
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lnlHTh，、只nllTCeSinradiolobes．
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Thble7．1：A8ummaryOfspectralparametersoftheSRradioemi防ionandtheICX－rayS

homiIldividuallobes．

L ob e

S R R adio IC X 一柑y

αsR　　　 gSR † αIC　　　 5●TC t

N G C 612　 B oth 0 ．6 士0．08　 10 ．9土 1．1 1．0 土0．5　 37 1壬芸

4 C 73．08　 E ast 0 ．85　　 0．81 土0．08 0．65 霊：誌　 54 霊；

Ⅵk St 0 ．85　　 1．66 土0．08 31 彗…★

3C 4 52　　 B otll 0．78　　　　 10．9 0．68 土0．28　 41 ！壬…

P ictor A　 Ⅵb st 0．72　　　　 32 ．9 0 ．64 霊：言芸　 56 ！壬2

E a釦 0．79　　　　 27 ．9

†餌xdensityatl・4GHzintheunitofJy・

‡餌XdeIISityatlkeVintlleuIlitofnJy・

★SCaledvalueh・OmtheX－raynuXden8ityofitseaBtlobe・

hmtheirlluCleus，alldtheSRphotoIISintheradiolobesthemselves・Wbhereevaluate

theirenergydensities，inordertoidenti＆thedominaIlt8eedphotonpopulationiTlthe

radiolobeS．

W。CalculatetheeIlergydeIISitiesoftheCMB，uCMB，uSingequation（2・34）・Theenergy

densityofthelRphotonSiSWritteIlaBuTR＝L，IR／4qcr2，WhereLTRiStheIRluminosity

ofthenucleus，andristhedistanceh・OmtheTluCleus・ⅥねasSuIneLtR～10Lx，WhereLx

istheobserved2－10keVX－rayluminosity，COnSideringtIletypicalspectrumOfquasars

（SanderSetal・1994），andaverageuTROVerthewholeradiolobes・Weestimatetheenergy

den8itiesoftheSRphotons，uSR，byaveragitLgtheobservedSR伽XOVertheradiolobes・

恥ble7．2summarizestheenergydeIISitiesofthesepossibleSeedphotons，thusobtained・

clearly，uCMBdomiIlateSumal1dusRbymorethananorderofmagnitude，atleastin

IfuTRdominateducMBarldusR，theICX一叩SWOuldbecomebrightertowardthe

Tl。Cl。。S，andm。reOVer，tllefar－Sidelobeshouldappearbrighterthanthenear－Sideone，aS

reviewedirl§2・3・3・Alternatively，ifSRphotonsdominantlyprovidedseedpIlOtOn8，the

x－raySurfhcebrightnesSprOfilewouldbecomesimilartothoseoftheSRradioproRle・

IndisagreemeIltwithtlleSeeXpeCtatioTIS，theobservedICX－rayarerelativelyulliformly

diStributedoverthewholelobesiIleaChradiogalaxy・WeheTICeCOnCludethatthedom－

iIlaIltSeedphotorlSareprOvidedbytheCMBlOfwhichthespatialdistributionishighly

uIliformallovertheuIliverse・
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Table7．2：AcomparisonofenergydeIIBitie80fpoSSibleseedphotoIISOurCeSinradiolobeg・
⊥＿＿＿＿　　　　　　　　　　・・・・・・一・一　一一・　　　　　　　・　　一一・　　　　‾　・一・

Lobes　　　餌cMB書　　　叫Rt　　　叫汎‡

NGC612　Both　4．6×10－13　～3×10－15　～5×10－18

4C73．08　East　5．1×10－13　～1×10－15　～1×10－17

We8t　5．1×10－13　～4×10－15　～2×10－17

3C452　BotI15．6×10－13　～3×10－14　～6×10－17

pictorA WeSt　4．7×10－13　～7×10－15　～5×10－17

allvaluesareshowIliIltheuILitofergcm－3・

＊Calculatedfromequation（2．34）・

†averagedovertheindividuallobes，aSSumiILgLTR～10Lxforthenucleus・

‡evaluatedfromtheobservedSRspectrum，aVeragedovertheiTldividuallobes・

7．1．3　Energydensitiesofelectronsandmagneticfields

NowthatwehavecoIlfirmedthattheCMBdomiIlateStheseedphotoIIS，WeneXtCalculate

thephySlCalparametersiIltheradiolobes・Wesimplyassumethattheelectronspectrum

ineachlobeisasi－lglepowerlawandthatitsspectralindexisp＝2αsR＋17becausethe

errorsinαsRaretypicallysmallertllanthoseiIltheICX－rayiIldex，α1C・WealSoassume

thattheupperandlowerlimitsoftheelectrorlLoreIltZhctorareTl＝103and72＝105，

reSPeCtively・WechoosethisrangeinordertocoveralmostalloftheobSerVableSRamd

lCfrequencies；71COrreSpOndstothatoftheelectrotlSffomwhichtheICX－rayPhotons

。flkeVareproducedlseeequation（2・36）】，and72COrreSpOIldStOtheelectr0－1SWhich

，adiatetheSRphotorlSOflO～50GHz，aSSumingBm。intheradiolobes【seeequation

（2．4）1．Then，WeCandirectlymeasureB，arldheIICeu・n，uSingequation（2・39）・

AsiSapparenth）mequatioIl（2・40），WehavetopreciSelyestimatetIleirvolumes，V，iIl

ordertocalculateueintheselobes・WbhereassumethattheSRradioandtheICX－r町

emiSSi。nariSefromtheSameSpaもialreglOll，WhichweinturnideIltifywiththosereg10IIS

wh。，。theradi。SurfacebrightzleSSislligherthallthenoiselevel・Thisisbecausethe

angularresolutionsoftIleVLAradioimagesaretyplCal1ybetterthanthoseofX－rayOnS・

wefurtheraBSumethatthreedimeIISioIlalsIlapeSOfthelobesaresymmetricaboutthe

radioaxisofthelobes．ThisisschematicallyexplainedirlFigure7・2・Theseassumpt10Il

all。WuStOCalculateV，Withatypicalaccuracyof～50％・

BysubstitutirlgSsRISTCatldαsRlistedirlTable7・1andVestimatedasshowIlirl

Figure7・2fbrequations（2・39）aIld（2・40），WeObtainthephysicalparametersaveraged

overtheirldividualradiolobes，TheSeparameterSareSummarizediTITable7・3，tOget・her

witIltheassumedV．WetypicallyfiIldue＝10－13～10－12ergcm－3aIldu”t＝5×10－15～



乙1．ENERGETrCSJⅣRA上）爪）エ08g5

■I●lr●■l ●I●II●－

1日■什榔I●l nlH■．■
●t●●l■－

l
‘
－
　
　
…
　
　
一
u
1
8

…嶋　　　　も岬麒帥鋤晶叫　　　●

Figure7・2：SdlematicdraWlIlgSWhichshowhowtoeBtimatethevolumeofthelobe8．

5×10－13ergcm－3；thelattercorre8pOlld8tOB＝0・3～3FLG・

Figure7・3sIlOWStherelationbetweenueandum・ThisfiguresuggeBtStWOimportant

implicatiorlS・0IleiStIlattheequipartitioIlbetween ueandumiSnOmOreaChievedin

theselobesla－ldthatueteIldstodomiIlateuInbynearlya－10rderofmagIlitude．The

OtheristhatumtendstobesmallerthalucM相．ThismeaIISthatinthelobesrelativistic

electroI18aremainlyMcooledHbytheICellergylosses・

Whileu。CaIlbesubjecttothesystematicerrorsiIltheeStimatiomV，thetotalelectroIl

eTlergy，ish・eeftomthisurlCertaiIlty，becauseitisthequalitythatcanbededuceddirectly

丘omtheBpatially－integratedIC仙Ⅹ・AccordiIlgly？letuSCOmparethe8patially－integrated

totalenergiesiIltheparticlesaIldBelds）uCVaIldueVIreSPeCtively・Fbr4C73．08，We
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u．【ergem‾81

Figure7・3：TherelatioIlbetweenueaIlduTnineachlobe．Thedataforthelobe80fFbrnax

AandCe－ltauruSBaren・OmThshiroetal・（2001）aIldT戚liroetal．（1998），reSpeCtively．

TwogreendashedlinesshowucMB，neglecti－lgtheredshiftdepeIldence．

adderlergleSintheeastandwestlobes・FbrFbrnaXAarldPictorA，OurmeaSuremeIlt8

0fueandurnhavebeerllimitedtotheirSlIlglelobes・WbfouIldIlOapparentdi鮎reTICeiIl

ueandumbetweeIlapairoflobesoftheothertargetBleXCludi－1g4C73・08・Wetherefore

evaluatethetotaleIlergiesiIlthelobesofFbrllaXAandPictorA，bymultiplyiIlgthe

eIlergydensitiesintheirslIlglelobesbytheirtotalvolume．Table7Asummarizesthe

ObtaiIledtotalelectronarldmagIleticfieldeTlergieSiIlthelobes．

Figure7・48howstherelationbetweenuel′arlduTnV・WbthushldthatueVisscattered

inaIrelativelywideraIlgeOflO58～106Oerg，WhileumViSdistributedinaratherIlarrOW

rangearOurld～1058erg，althoughu・nV－10WbecomesubjecttothevolumeuIICertaiIlty．

Moreover，WereCOrlRrmtheparticledomiIlarlCeintheselobes．
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7．1．4　Uncertaintiesinthe calculation

InthepreviousSeCtioIl，WellaVeCalCulatedueaIldun，andfoundtheelectrondominance

（ue／um～10）inthelobes・However，thecalcuIationiSbasedonafbwsimplifyingas－

Sumptions，WhicharenotIleCeSBarilywarranted・Here，WeeXaminethevalidityofthese

8SSumptionsanddiscusSWhathappeIISiftheydonothold．

Electronspectrum

Wbh帥ea88umedthattheelectronpower－lawSpeCtrumisvalidiIltherangebetweeI1

71＝103andTl＝105・BecauBe71＝103correSpOndStOtheelectroIISWhichemitthe

ICX－rayphotoI180flkeV，alargervaluefor71isuTIprefbrable，TheposSibilityofa

Su鍋ciently8mallervaluefbrl′lisIlOtyetrejected，SincetheSRandICemisSioIISfrom

8uChelectrorlSarebotlld嬬culttoob馳rVe・IfweaSSumeTl＝500，uebecomeSlarger

typicallyby～50％・0Iltheotherhand，eVenifweSubStitutelO6fbr72，ueincrease

byozlIy～5％，andourresultsremainbasicallyunchanged．AsiseaSilyrecognizedh・Om

equatioTl（2・39），u，。isindepe－lderltOfbothTlandT2．InthiBWay，ifweadoptdi鮎rent

ValuesofTlaIld72，theparticledomina－lCei－lthelobesbecomesevenstronger・

Vblume

Whe－lWeCalculatedu。uSiIlgequatioTl（2・40），WehaveestimatedVfromtheradioimages，

aSShowninFigure7・2・SiI▲Ceu。iSirlVerSelyproportionaltoV，Whileumisindependent

OfV，amunderestimatioI10nt／’wouldcauSeanOVereStimatioI10ntheue／umratioby

SOmefactor．However，WethinkthatthetypicaluIICertaintyinourestimationofViSat

most～50％，Whichistoo8malltoa鮎ctourcoTIduSioIlOntheparticledominance．

Isotropy

WehaveassumedthatthemagrleticfieldiSrandomlyorielltedandtheelectronvelocity

distributioIlisisotroplCalloverthelobes・IftheorieIltationofthemagneticfieldswas

SyStematicallyalignedwithourliIleOfsight，theSRemissiorlWOuldberadiatedpredomi－

rlaIltlyawayfromus，thuscauslngaIluIlderestimatio．10fum．However，Wethinkthatthis

isutlrealiStic，becau8ethelobeiBthoughttobebaSicallySymmetricaboutthejetaxis，

WhichiSrOughlyparalleltotlleSlyplanei－10urtargetS・Moreover，aSShowniIIFigure

7．5whidlVisualizesthepolarizatiollStruCtureSOftheSRradioemissioninthelobesof

PictorAarJd3C452，themaglleticfieldtakesrarldomorientation，Ortendstobealigrled

Withthelobeperiphery・ThelattercaseiSlikelvtocauseaI10VereStimation，ratherthan

uIldereStimatioTl，01lu．．1．

RGEmCSJⅣRA上）JOt08g5
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Everlifthemagnetiche）dsareraIldomlyorieIlted，thepitchanglC，少，betweenthe

magneticfieldandtheelectrorlVelocitycouldhaveamanisotropicdistributiorl，because

theSRpowerisproportionaltosi1124・lSeeequatioIl（2・5）】，aIldherlCetheelectroIISmOVing

Orthogonaltothemagnetic鮎IdSWillbecooledmorerapidlytha－lthoSemOVingparallelto

thefields・IfthepitchaIlglewaBCOnCeIltratedoIl¢5200，WemighthavemiSinterpreted

anequiparititioIlaCtuallyachievedi－lthelobeasuc／u．n之10．However，electroIISinthe

lobesarecooledbyboththeSRandICemissiorl，andthecoolingtimebytheSRplusIC

emissionoftheelectroIISmOV1－1gOrthogonaltothefieldsisbyoIllyafactorof2shorter

thanthatofelectronSmOVlngparalleltotheRelds・Therefbre，Wetllinkthatsuchan

unisotroplCpitch－angledistributioIlisd澗culttoproduce．
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Figure7・5：ThepolarizatioIIStruCtureOfPictorAat4・9GHz（Perleyetal．1997）aIld

3C452（Blacketal・1992）asrepreseIltativesofourtargets．ThedirectioIISOfliIleSShow

thoseoftheobservedelectric丘eldvector，aIldtheirleIlgtharepropol・tioIlaltothedegree

OfpolarizatiomTlleprOjecteddirectioIISOfthemagIletic鮎ldsareIlOrmaltotheliIleS．
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C〃APTER7．DISCUSSION



乙J．EⅣERGEmlⅣRAf）JO上0且Eg

Unibrmity

117

Wbal80aBSumedthattheelectronsandmagneticfieldsareuniformlydiBtributedthere．

WbpresumethattheelectroIldistributiotli8aCtuallyrelativelyuniformoverthelobe，

becauseoftherelativelyuILiformICX－r町brightnessproRles（e．g．Figure6．4）．However，

magIleticReldscanhavesignificantlocalinhomogeneities，andmayformStingsandloops，

aSisactuallyobServedinthesolarcoroIla．Althoughthehighre80lutionradioimageSgive

somecluetothisissue，aSuperpOBitionofTlumerOuSloopswouldbedi伍culttore60lve・

Here，WeeXaminetheefrbctofsuchlocalinhomogeneitieSinthemagneticReldsinthe

lobes，employiIlg．

AsSIlOWniIIFigure7・6，WeSimplymodelthelobea8COnSiStingoftworegionswhich

canILOtberesoIvedwithcurrenttelescopes；Regionland Region2．In Regionl，the

electronsaIldthemagneticReldsarea85umedtobeuniformlydistributedwiththeenergy

deIISitiesofu。landuml，reSpeCtively．IllRegion2，themagneticfieldiB8uppOSedtobe

ratherweak（u．n2～0）aTldtheelectr0－1eIlergydensitytobeu．2・Wbletavolumefi11ing

hctorofRegioIll（i，e．theRllirlgfactorofthemagneticfield8）tobef（0≦f≦1）・

Thee－lergydeTISitiesofelectr0－lSaIldmagIleticfieldsinthesetworeglOnSarerelatedto

theobservedvolume－irltegratedICandSRintensitieS，aS

島R O⊂　el叫。lJ＋ひ。2叫n2（1一／）＝也。um

筑C　α：1句lJ＋ue2（1－／）＝ue・

Hereu。andu，niIldicatetheeIlergydeIISitieswhichwehave80farderivedh・OmSsRand

SlC，aBSumlnghomogeneousdistributionBOffieldSarldparticles・WefurtheraBSumethat

apres8urebalamCeisachievedbetweenthesetworeglOn aB

Uel＋叫■11＝ue2・ （7．3）

Asi8eaSilyrecogIlizedbymultiplyiTlgequation（7・2）byV，the”true”volume－iIltegrated

electronerlergyiIlthelobe，（ueV）L，ue＝u。Ifl′＋u．2（1－f）V，isequaltotheob8erVed

volume－integratedenergy，uJ／’，iIldependeIltlyoff・Ontheotherhand，u8ingequations

（7．2），（7．2）、and（7・3），the”true”volume－iIltegratedmagneticenergybecomes

（叫。りtrue　＝　叫．．lJV

＝（祝。V）t．U。
ノー　72－4J（1－J）（叫。／祝。）

2J（1－才）
（7．4）

InFigure7．7，Weplot（ucV）LM／（u。IV）1，。。Calculatedh）mequation（7・4）asafunctionof

thefi11iIlgfhctorf，employingtworepreseIltativevalueofobservedue／uT。・Eveniffwas

118 C〃APTER7．DfSCUSS10Ⅳ

SigTliGcantlysmallerthanl，（u。V）t．ue／（umV）帆。WOuldbecomesmallerthaIlu．／umoIlly

by～50％．

Inpractice，itisd膿culttoactuallyestimatetheRlliIlgfactorofmagTleticBeldinthe

lobes，f，丘omthedatapreSeIltedinthistheSiS．However，Wehavecollfirmedthatthe

estimateon u。V atldu，。V areafkctedbyuIICertaiIltiesin f，byIlOmOrethanafactor

Oftwoorso．Therefore，OurimportaIltreSultpreseIltedintheprevioussection remaiIlS

baSicallyunchangedregardlessof．f．

Lobe：y

Re垂Onl fy

Ubl　　仙1

鮎由皿ユ（1・りy

lん2　仏．2・．0

Observaliom

Sc　島R

Figure7．6：ASimplemodelingofamagneticfieldlocalizatiorliIlthelobes・

！
（
き
r
．
ヱ

t．○　　　　　○■　　　　　●■　　　　　0．●　　　　　0．■　　　　　l■

叫P●uO叫F■etOrI

Figure7．7：Theratio（ucV）t，u。／（umV）truciIlthelobesaBafuIICtioIlOfthevolumeGlliIlg

factor，f，OfmagIleticfields．ThetwocurvesspecifytworepreseIltativevaluesforthe

observedelectron－tO一丘eldellergydeTISityratio，u。／u”．．
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7・2・l Relationbetweenthelobeenergeticsandtheactivitiesof

the nuclei

TheelectronsandmagTleticfieldsintheradiolobesareorlglnallySuppliedbythejetShom

thenucleu8．AsareSult，theenergeticsinthelobesarethoughttore ectthepropertieS

Ofthejet8．WehereexamiIlerelationsbetweentheenergeticSinthelobeSandtheX－ray

act，ivitiesoftheirIluClei．

Figure7・8showsueandu，niILtheradiolobesasafunctionofthe2－10keVX－ray

luminosity，Lx，OftlleirIluCleus．Lx ofNGC612，4C73．08，3C452arld PictorA are

based0110urmea5uremeTltS，atldthatofCentautusBistakenhomTbshiroetal・（1998）．

Becausetherludeu80fFbrnaxAisthoughttohavebecomedormant（Iyomoyoet81．

1998），WeCalculateanupperlimitonitsluminosity，uSiIlgtherelationbetweeIltheradio

luminoBitiesofradiogalaxiesarldtheirIluClearX－r町lumirlOSities，repOrtedbySambruna

etal・（1999）・NeitherueI10rumeXhibit8ClearcorrelationwithLx・

WblleXtplotu。VaIldu，。1′agailIStLxirlFigure7．9．Apparently，theelectronenergy

iIlthelobeSincreasesIlearlyiIlprOpOrtiontoLx，WhilethemagneticfieldenergyBtayS

relativelycoIlStaIlt．

7．2．2　Kineticpowerofthejets

ASalreadymentionedin§7．1．3，therelativisticelectronSinthelobe8，homwhichwehave

detectedtheCMB－booStedX－r町S，aremainlycooledbytheICradiation．Theelectrons

intheselobeSloosehalfoftheiriIldividualenergiesinacharacteristictimeTlc【equation

（2・24）】・Therefore，inordertomaiIltaiIlthetotaleIectroneIlergyinthelobes，theirjets

havetocoIltirluOuSly providethelobeswiththeirkineticenergiesthroughjet terminal

Shocks（i・e・tlOtSpOtS）ataratedescribedas

エkj一・巴若（両），　　　（7・5）

WhereJCistheenergywhichisprovidedtotlleprOtOIISbyshockacceleratiorlS，nOrmalized

tothat provided to the electrorlS．The emission n・Om prOtOnSis thought to be now

StillunObSerVableiIlaIlyWaVeleIlgtll，aIldhellCe，itisd澗culttodirectlydetermiIlethe

preciBeValueofrc．BecauSetheoreticaltreatmerlt80ntheshockaccelerationforrelativistic

particlesdonotdrawaTlydistinctioIISbetweeIlrelativisticelectron8andprotons，rC～l

is usually assumed．However，Jt WOuld be aslarge as～2000ifprotoIIS arld electroTIS

7．2．KJⅣETJCPOW官ROFT打EJET等
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Figure7・8‥Therelationbetweerlu。（red）oru．。（blue）inthe radiolobesarldtheX－

raylumiIlOSities，Lx，OftheiHluClei・ThegreeIldaShedli－leShowsucMB，neglectirlgthe

redshiftdependence，
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Figure7・9：ThetotaleIlergyOfelectroIIS（red）aIldmagIleticfields（blue）iIlthelobes，

plottedasafuTICtiollSOftheirIluClearX－raylumiI10Sities．

122 CガAPTER7．DISCUSSION
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areShockacceleratedtoSimilarLorentsfhctor8andrcwouldbecomeO，ifthejetswere

COmpOSedmainlyofelectroIlaIldpositronplasma．

InTable7・5，WeSummarizethekineticpowerofthejetSCalculatedh・Omequation7．5．

WeaBSumethatthetypicalLorectzfactorofelectron8i87＝104aBalogarithmicmean

betwee－1103a－ldlO5，0VerWhichwehaveiTltegratedtheelectr0－IBpeCtruminorderto

Obtainu。・ThejetisrequiredtosupplythekiIleticpowerofLki．1＝1042～44（1＋rc）erg

8－1withthelobe8，forSuStaiIlingtheenergyintheselobes・

Figure7・108llOW8LkinaBafuIICtiorlOfthenuclearluminosityLx．TlmS，WeObServe

averytightcorrelatioIl，eVerladirectproportionality，between Lkin aTld Lx；theratio

Lli．．／Lx staySinaIlarrOWrangeOfl．2～5，eVenthoughtheluminositiesthemSelves

SCatterbymorethantwoordersofmagnitude．ThiSbeautifulre8ulthasrlOtbeenobtained

beforeourwork，8inceweIlaVeforthefirBttimesucceededinaccuratelyestimatingthe

lobeenergleSbaBedorlthemeaSuremerltSOftheICemiSSion．TheresulthaBthree－fbld

meaIliTlgS．

●ItgivesadirectobservatioIlalcoIlfirmationtotheverynaturalbeliefthattheAGN

jetsarepoweredbymassaccretionontotheircentralmassiveblackholes．

●AIlytheoreticalmodelShouldbeabletoexplaintIlatLkiれisseveraltimesLxover

awideluminosityrange．

●TheproportioIlalityallowsustoestimatethekineticpowerofthejetsinmanyradio

galaxieshomtheirIluClearX－raylumiIlOSitieSalone．

1もble7．5：Kineticpowerofthejets，requiredtomaiTltairltheenergleSiTlthelobes．

れC†　　ェkin暮

mrIlaXA　　7．3（1．3±0．3）×1042

CeIltauSuSB　7．2（9．6土3．9）×1042

NGC612　　6．7　1．9！3：言×1043

4C73．08　　6．0　8．1三…：て×1043

3C452　　　5．5（9．6士3．5）×1043

PictoI・A　　6．6　4．5！？：？×1043

†CalCulatedforelectron80fT＝104inlO158．

‡iIl（1＋㍍）ergS‾1．
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Figure7・10：Kirleticpowersofthejets，Lkh，aSafunctionoftheX－raylumiIlOSityofthe

IluCleus，エX．

7・2・3　Comparisonwiththebla2：arjets

ThroughtheanalySisoftheICX－raySfromthelobesofradiogalaxies，Wehaveestimated

thetotalkineticpower，Lki，．，Whichiscorltinuouslysuppliedtothelobesbythejets．We

thinkthatitiSVerylmPOrtanttOCOmpareLkirlWiththekineticpowerwhichisactually

Carriedbythejets，Li。t・Blazarsprovideoneoftheideallaboratoriesforthispurpose，

becauSetheiremiSSionreglOTISarethoughttobelocatedrelativelynearthebaseofthejets

（e・g・Kataoka2000），WhichpointalmostintoourliIleOf8ight．IntheuTlifiedpicturesof

AGNs，thedi鮎reIICebetweenblazarsa．▲dradiogalaxiesisthoughttobecausedbasically

bytheirdi鮎re－ltViewiI▲gaTlgles（seeFigure2・2）・Rece－1tly，theICX－raySaIld7－raySare

ObservedfromaIlumberofblazars，andcompari801LSbetweeTltheirICspectraandSR

One8allowustoevaluatetheirLict（e・g・l（ubo1997，GhiSelliIlietal．1998）．Therefore，

WellereCOmpareLkhWllichWehaveestimatedfromthelobe8WithLictOfblazars・

Theelectronsintheblazarjetshavesu然cieIlt amOuIltOfkiIleticeIlergleSiIltheir

randommotioTIS，eVeIIWhenmeaBurediIlthehamec0－mOVlrlgwiththejetS，aIldcorト

SequeTltly，StrOngSRandICemi68i0－lSareObservedh）mthem・TherandomerlergylS

thoughttobealmosteIltirelylostbytheSRarldIClossesiTlthejets，bythetimewhen

theyreachtheirtermiIlalshocks，becausetlletimeSCale80fSR aTldIClossesaremuch

Shorterthanthetravelirlgtimeofthejet・Therebre，0111ythebulkkilleticeIlergyOfthe
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恥ble7・6：Ki一▲eticpowerofjetsofrepresentativeblazarS．

Blazar r† r。‡　も。t
Mk∫1421　　1・21．0×103　2．3×1042

Mk－1501　　2・51．6×1031．5×1043

PKS2155－3041・21．6×103　3．7×1042

AOO235＋164　4．01．6×104　3．9×1044

S50716＋714

PKSO735

PKSO208●512

PKSO528＋134

3C273

3C279

4C38．41

CTAlO2

4．0　3．1×103

1．9　2．5×104

9．0　2．5×103

1．5　7．9×104

2．2　7．9×104

3．41．6×104

1．9　6．3×104

2．51．6×104

7．9×1043

1．3×1044

3．1×1044

2．9×1044

5．7×1044

2．8×1044

3．3×1044

1．5×1044

123

†i－11016cm・‡iIICm－3・・in（1＋q）erg8－1．

parametersare丘omKubo（1997）

jeti8thoughttobeSuppliedtothelobeS・ThekineticpowercorreBPOndingtothebulk
motiorlOfapairoftheblazarjetiscalCulateda8

阜iel＝2×汀r2－r把2m。Cr2（1＋れ　　　　　（7．6）

WhererisaradiuSOftheemiS血lreg10nOftheblazar，rkistheelectronrlumberdeEISity

inthejet，ri8abulkLoreIltZfhctorofthejet，andりiBaparameterdeBCribingthe

COIltributionhmprotoIIS・Fbrjetsconsistingofelectron－prOtOnplaSma，恒Smp／m～

2000，Wheremp18theprotoIlmaSB，Whileforelectron－pOSitronjetS，qbecomeso．

Here，WeeValuate阜ict，uSingtheparametersofblazarStakenfromKubo（1997）．He

haSallaIyzedthemulti－h・eque－lCySpeCtraOfblazars，WhichareobservedbyASCA，inthe

SSChmework，andhasaccuratelydetermirledthephy8icalparametersintheirjets．Wb

aBBumer＝10，aCCOrdingtohim・Thble7・68ummariz叫ietOfblazarswhichwede，iv。d

LtomtlleparametersofKubo（1997）・W”ndちet＝1042～1044（1＋り）ergs－1，0man

IftIlejetswerecomposedofelectron－PrO血plaBma（叩～2000），WhatwouldhappeIl？

WHlereCOr18idertwoextremecases・IfthebulkkirleticpowerofthejetwaSequallydivided

toelectr0－18aIldprotollSthroughthejettermi－1alShock（rc～lasusuallyassumed），the

124
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eIectronswouldgainakirleticpoweroflO45～1047ergs－l・WhenthiseIlergyltlput

intoelectroIISWereaCCumulatedoverTTc，thetotalelectrorlenergyirlthelobeswould

amounttol061～1063ergs，WhichexceedtheobServedelectroneIlergy，ue一′，bymore

thanatleaStanOrderofmagnitude・Therefore，8uChacaSei8thoughttobeuT11ikely．

Alternatively，iftheelectr0－1Sandproto．lSWerebothacceleratedtoasimilarLorerltZfactor

atthejetterminalBhock，KWOuldbecomemp／m～2000arl叫i。tWOuldbecoIISisterlt

WithLki・L・However・becauSetheICcooliIlgtime，7lc，isproportioIlaltom3，thetotal

energyofinvisibleprotor18irlthelobeswouldbecome～20004timeshigherthanthatof

theobServedelectrorlS，ueV・ThisseemsquiteuIlrealistic，becauseitwouldbeimpoBSible

tOCOrlfinethe8eprotonsbyrea80TlableexterIlalpressures，andheIICe，thelobeswould

notbeconstructed・Ⅰ一ltllisway，WeenCOurlterSeVered戯ultiesifjetscoTltaiIlprOtOIIS，

Ifinsteadthejetsc0－1tainalmostrlOprOtOnS（り～Oa－ldK～0），Lki，，Ofradiogalaxies

iSinfbrredtobedistributedovertheIlearlythesamera－lge，1042－44ergs－1，aSLje10f

blazars・Therefore，alltheinformatiorlbecome88elトConSistent．

TheabovediscussioTlOIlenergeticssuggeststhatAGNjetsarecomposedofelectroIト

pOSitroIlPlaBma，ratherthaIlelectrorI－PrOtOnOIle，ifthelobeBareCOmmOnfbaturesof

radiogalaxies，blazars，andbesidesAGNswhichhavethejets．

7・2・4　ElectrondominanceintheIobes

TherelationbetweeIlthemuclearX－raylumi－10Sity・Lxandthetotale－lergleSOfthe

electronsandthemagIleticneldsir▲thelobes，BhowIli－lFigure7・9，impliesthatthe

particledominanCeirlthelobesbecomesstroIlger，aStherluCleusismoreactive・Figure

7・1lshowStheratioue／um，WhichquantiGesparticledominaIICeiIlthelobes，aSaAlrlCtioI1

0ftheX－rayluminosityofthenucleus，Lx・CIearly，ue／u，nincreasesas～Lx．

Thisi－ltereSti－lgCOrrelatiorIbetweeIluc／u．narldLxisasimpleresuLthomtwouIlder＿

lyingfactcarriedbyFigure7・9・OrleisthatucVisIlearlyproportiollaltoLx，WhichcaIl

beiderltifiedwiththeproportionalitybetwee－lLxaIldLkj・［（Figure7・10），becAuseTicis

relativelyconStalltinequati0－1（7・5）・TheotheristhattlleもOtalmagTleticeIlergy，uT。V，

isquitecoIISta－ltat～1058ergs，withoutdependir▲gOLILx．

Then，howumViskeptIlearlyirldeperlde－ltOfLx？We－laturallythiIlkthatthe

magrleticnuxsuppliedbythejetperuIlittimeisproportioIlaltoLx．Ifweassume

thatthemagneticfluxisdiSSipatedi－laCharacteriStictimescaleof了もby，e・g・，magIletic

reCOIlneCtioIl，thetotalmagnetic伽ⅩinthelobebecomeBprOpOrti0－1altoLx了も・Therl，

an’，e鮎ctive，，magrleticfieuaIlditserlergyirlthelobebecomesBerr∝エX柑′－2′3，aIld

（u・nl′’）e什∝LxTも1′hL／3，reSPeCtively・Becausetllemag－1eticerlergiesirltllelobesisalmost
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iTldepeTldentoftIleirzluClearactivitiesasshowrliIIFigure7．9，ThhastoproportioIlatetO

Vl／6Li1・Figure7・98ugge8tSthatu。Vi8al80prOpOrtionaltoLx，andhence，7bhaStO

writtenas∝V－5／6ull・

TheiIIVerSeprOpOrtioIlalityof了も0Ilu。CaTlbeexplaiIledifmagneticreconnectionis

iIlducedbymotioIISOfelectorsiIlthelobe8．However，itSdependenceonViSdifBcultto

explaill．

Pu心cle Do血an¢e

k【1040ergB‾l】

Figure7．11：Theratioue／uma88functiorlOftheX－r町luminosityoftherluCleus．

7・3　SpatialDistributionsofElectronsandMagnetic

Fields

BecausetheSPatialdistributionoftheCMBishighlyuniform，WeCarldirectlyevaluate

thespatialdi釦ributionofelectrorlBiIlthelobeS，byexaminiIlgthesurface brightrleSS

proBle80ftheICX－rayS．Wecanalsomea8urethemagneticfielddi8tributioninthelobeS

丘omtheratiooftheSRradiobrightIle88tOtheICX－rqybrightne88．Inthefollowmg，

WeStudythespatialdistributionsofelectroIISandmagrleticfieldinthelobesof3C452，
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Figure7・12‥ASimplemodelingofahomogeIleOuSdistributi0－10felectroIISiIlanellipsoid，

aIldthecorrespoIldiIlgICX－rayprOfileprojectedoIltOtllemajoraxis．

uslngthelinearbrightnessproRlesshowrlinFigllre6．4，becausethequalityoftheIC

X－raydatafromitslobe＄arethebeStamOIlgOurSample．

ThespatialdiStributioIlOftheICX－raySi－lthelobesof3C452appearrelativelyuIli－

form（Figure6・2），WhichimpliesthattheelectronsareratherhomogeneouSlydistributed

there・TheIl，Wequalitativelyexami【lethisposSibility，uSiIlgtheobservedX－rayprOfile

inFigure6・4・CoT18ideringtheX－raymOrphologyofthelobes，WeSimplyapproximate

thethree－dime【LSioIlaIshapeofthewholelobesbyallellipsoidceTlteredoIlitsIluCleuS，

WiththelengtllOfmalOrandminoraxesofaaIldb，reSpeCtively・AssumlngtIlattheelec－

tronsuniformIyR11theellipsoid，theX－rqyprOfileprojectedoIlthemajoraxisbecorTleS

．f（X）＝Ax（a2－32），WherexisaprojecteddistaIICefromtheIluCleus（i．e．，thehorizorltal

axisinFigure6・4），aIldAisaparameterproportioIlaltotheproductbetweenb2andthe

electrorlIlumberdeIISity・ThisisschematicallyexplaiIledinFigure7・12・

Wefittedf（X）totheobservedX－rayprORleofthelobesof3C452，WithAaIldaleft
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ACIS0．3－7koV
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’

Figure7・13：TheICX－raybrightIleSSprOfileofthelobesof3C452inO．3－7keV，

projectedonthemajoraxiS・Thedataarethesame舶Figure6A．ThehiStOgramS

repreSerlt the modelpredictiom ThebluearrowsShow theprojected poSition80fthe

X－rayPOintsources．
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Figure7・14：ArougheBtimatioIlOfthemagneticfielddistributionin3C452alongits

radioaxis・ThebluearrowsshowtheprojectedpoSitiorlSOftheX－raypOiTltBOurCeS．
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kee，WerqjectedthedatacorrespondirlgtOtheprojectedpositi0－10ftherluCle。Sa．ld

thoSeOfcontaminatiTlgpOi－ltSOurCeS（bluearrowsiIIFigure7．13）．Becauseofstatistics，

WereStrictedthedatah●Om－2arcmiIltO2arcmiIl・Thefitisacceptable（X2／d．0．f．＝

55・3／52）・TheX－r町prOBlepredictedbythemodelisshowIliIIFigure7．13bygreeIl

llistograms・Thelerlgthofmajoraxis，a＝2．2土0．1arcmin，becomescoIISistentwith

thatoftheradioprofile・Therefore，Wethirlkthatourmodelinguslrlganellipsoidis

appropriate．

WenextestimatedthemagIleticfielddiStributiorlaloIlgthemajoraxi8in3C452，by

dividingtheprojectedproGleofSRradiobrightIleSSbytILatOftheICX－raybrightIleSS，

bothofwhicharesllOWniTIFigure6・4・WemaSkedtheprojectedpositio110ftherl。。leus

andthogeofX－raypOintSOurCeS・WbalSorqjectedthedataoutsidethelobes（回之2．2

arcrIliIl）・Figure7・14showSthemagIleticfieldStrerlgthir13C452as ahlIICtior．。f

theprojectedallglefromits－luCleusalongitsmajoraxis．Thus，tlledistributioIlOfthe

magneticReldisrelativelysymmetricaboutitSnuCleu8．TheresultsalsoiIldicatetllatthe

magneticfieldisBSlFLGnearthece・・terOfthelobes（i・e・，arOuTldtherluCleus），While

Bincreaseoutward，reaChirlg～3FLGatadistanceof～2arcmin（～160kpc）fromthe

rluCleus．

WbshowiIlthelowerpaIlelofFigure7・14thedistributionoftheratiou。／u，niIl

thelobesof3C452，Whichisroughlyestimatedfromtheelectronandmag－letic6eld

distributioTIS・Nearthece．lterOfitslobes，u。highlydominateumbynearlytwoorderof

magIlitude，Whileu．／叫。decreasestowardthelobeedges，aIldbecomes2～5atadistaIICe

Of～2arcmirLfromitSrluCleus．

Similarly，arelativelyu－liformdistributioTlOfelectroIISaIldanincreaseofthemagrletic

fieldtowardthelobeperipheryarereportedinthewestlobeofFbrnaXA（TbBhiroetal．

2001），aIldiIlthelobesofCentaurusB（ThShiroetal．1998），uSirlgtheASCAGIS．We

haveconfirmedthesepropertiestoholdalsointhelobe80f3C452，uSlIlgtheCnandTu

ACISwithahigherspatialresolutioIl．

7・4　EnergeticsinRadioHotSpots

7・4・l Multin・equenCySpeCtra

Usirlgthe仇andTuACIS，WehavedetectednoIl－tIlermalX－l・aySOurCeSaSSOCiatedwith

brightradiohotSpOtSiIlthreeradiogalaxies，CygTluSA，3C123，aIldPictorA．Their

X－rqySPeCtraareWellreproducedbyahardPLmodel・BecausethemeasuredX－ray

SpeCtralilldicesofthehotspotsAarldDofCygIluSA，andtheeastolleOf3C123．are
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conSi8tentwiththeirSRradioiIldice8，SsR，WehaVeCOnCludedthattheX－raySfromthese

hotspotareOfICorigin・However，theX－ray8peCtralBlopeofthewe8thotSpOtOfPictor

Ais餌mCientlysofterthanαsR・ThesepropertieSareVisualizedinFigure7・15，Which

Show8themult沌equeTICy8PeCtraOfthe8ehotSpOtS・Thble7・7summ＆rize8theBpeCtral

parametersoftheradioaIldX－rayemissioIISfromthesehotspots・Theradioparameters

a，ed。t。rminedthroughthePLRttingtotheradiodataoverthe1－100GHzrange，aB

areshowTlinFigure7・15・

Table7．7：AsummaryofradioaIldX－raySPeCtralparametersofindividualhotspots・

H ot Spot

R adio X－ray

αsR † gsRI αlC　　 5IC ●

C ygnuB A　 A 0．88　 110 0．66豊芸 18 霊

D 0．79　 118 0．77黒 雲　 33三…

3C 123　　 East 0．75　 16．9 0．0！3：…　 2・5霊

Picotr A　 W est 0．74　　 5．5 1．04 霊 ， 90土6

†evaluatedoverthe1－100GHzrange・

‡nuxdeIISityatl・4GHzintheunitofJy・

＊餌XdeIISityatlkeVintheunitofFLJy・

7．4．2　EnergydensitiesofelectronsandmagneticRelds

ItisofI10doubtthattheseedphotoIISfortheICscatteringaredominatedbytheSR

photoTlSthemSelvesintlleIlOtSpOtS，becausethehotspotsareverybrightSRsources

in8piteoftheircornpactvolumes・TllatiS1theX－rayemissionfromthehotspotsarise8

viatheSSCprocess・WiththisiIlmi一ld，WequantifytheirSRandSSCspectraand

determinetheirphysicalparameters，uSiTlgthenumericalcodewhicIliskiIldlyprovided

byDr．Kataoka（1999）・

AsalreadyreviewediIl§2・3・3，theestimationofphysicalpropertiesofhotspotsbased

oTltheirSRaIldSSCspectraarestrollglydependentontheirphysicalsizes・Therefore，

WeevaluatedthehotspotradiiRusillgthehighresolutionVLAim8geShomCalliri＆

Barthel（1996）forthebothhotspotsofCygnusA，fromHardcastleetd・（1997）and

LooIley＆HardcaStle（2000）forttleeaSthot8pOtOf3C123，andfromPerleyetal・（1997）

fbrthewesthotspotofPictorA・WbassumedthattheelectronindexiTlthesehotspots

iSP＝20sR＋1，becausetheerrorsiIl叫CaretOOlarge・ⅥkevaluatedthemiIlimumand
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Figure7．15：Thespectraletlergydistributio110fhotspots・（a）ThehotspotAofCygIluS

A．（b）ThehotspotDofCygTluSA・（C）TheeaStllOtSpOtOf3C123・TheredpoiTltS

representthedataoftlleWholehotspot，arldtlleblueoTleSrepreSeIltthedataofits

secondarycomponent・（d）TtleWeSthotspotofPictorA・Theradiodatafbrthetwo

hotSpOtSOfCygIluSAareh）mCarillietal・（1991），MeiseIllleimeretal・（1997），and

Alexander，Brcrwn＆Scott（1984）・Thosefortheeasthotspotof3C123areh）mLooney

＆Hardcastle（2000），OkayaBuetal・（1992），Riley＆Pooley（1978），Readhead＆Hewish

（1974），andMeisenlleimeretal・（1997）・ThoseforthewesthotspotofPictorAare

hmMeisenheimeretal．（1997）・Thedashedandsolidlinesi－lpanel（a），（b），aIld（C）

representthemodelpredictioIISfortlleSRa－ldSSCcompotLelltS，reSpeCtiveli・Calculate（l

bythenumericalcodeofKataokaetal・（1999）・



7．4．EⅣERGETJCS〃－RA上）JOガOTSPOTS 131

maximumLorerltZfhctor80felectrons，Tland72reBpeCtively，inorderforthecalculated

SpeCtratOWellcovertheobservedh・equenCie8．

Amongthesehotspots，theeaStOIleOf3C123iSre80lvedimtodoublespatial8truCtureS

inthehighresolutiorlVLAimages（HardcaBtleetal．1997andLooney＆Hardcastle

2000）；afhinteraIldSmal1ercomponeIltuSuallycalled’’prim＆ry”hotspot，andabrighter

aTldlargercomponentcalled”secondary”one．TheX－raypOSitionisrathercoincident

WiththeSeCOndaryCOmpOIlellt，thoughtheSeparationbetweenthetwocomponent8（≧1

arcSeC）isTleartheACISarlgularre80lutioIl．TheradioauxdenBitiesofthesecondary

COmpOIlent，8howIlinblue，areabout～75％ofthetotalone overaSu餓cientlywide

丘equencyraIlge（LooIleyandHarcastle2000）．Accordingly，WeCOnSiderthattheX－rayS

aremaiIllyemittedhomthegecondaryhotSpOt，and＆doptitsradiuSforR．

TIleObtairledphyBicalparameter80fthehotspotsofCygnuSAamd3C123aresum－

marizedinTable7．8，tOgetherwith R，71and72Whichwehaveadopted．Theda8hed

andsolidliIleSinFigure7・7represelltthepredictedSRandSSC8peCtra，reSPeCtively．

IfweadoptaradiuSlargertwl0％，thederivedmagneticfieldBandtheelectronen－

ergydensityue bothdecreasebylO％typically．Themea8uredmagneticfieldSbecome

B＝100～300pG，arldu。SlightlydomiIlateSuminthesehot8pOtS．Thesevaluesare

COIlSisteIltWiththereSultofWi180netal．（2000）EbrCygIluBAandHardcaBtleetal．

（2001）for3C123，althoughtheyhavet10teValuatedue．

BecauSetheX－raySpeCtralindexofPictorAiBinconSistentwithαsR．itSX－raySpeC－

trum CaIlIlOt be eaSily explaiIled by theIC X－r町S n・Om the SRelectrons themselves．

Moreover，ifwe trytoexplain Simultaneou81ytheob8erVed SRradio spectra and the

X－rayfluxdeIISityatlkeV，tllemagIletic負eldwouldbecomeB～6pGandu。WOuld

dominateSu，n byTlearly50rdersofma．gnitude．WeconSiderthiSSituationunreali8tic．

ThuB，theX－rWemissioIlmeChanismofthishotBpOtremainSunClear，butfurtherexam－

inationoftheissueisbeyondthescopeofthepreseTltthesis．

Table7．8：AsuInmaryOfthephySicalparametersiIlhotspot8

Hot Spot

Adopted Derived Par am eter8

月　　　　　 ≠ β‡　　 叫n事　　 ひ．事　　 ue／叫n

CyglluS A　 A 1．5 † 1．48 1 350 ～105 160 士30 1．0 霊二言　 2．4 霊 1．2 ～4．4

D 1．5 † 1．48 F　350 ～105 150 土15　0．9 土0．2　2．8 霊　 2．1 ～4．8

3C 123　　　 E aSt 1．1 † 3．28 1 250 ～105 180 亡霊 1．3 霊：…　 2．3 豊…　0．4 ～10．4

†inarcSeC tinkpc　‡inpG　＊iIllO‾9ergcm－3
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7・4・3　Comparisonwiththebla2；arjets

WeexaminetherelationbetweerltllemagIleticReldofhotspotsandthatofblazarjets．

Table7・9summarizestypicalparameter80ftllehotspotsaIldblazars．

WbaBSumethatthemagIleticAuxiSCOrlSerVedal0－1gthejet；i・e・，Brl．riscoIIStantirl

thejet，Wherere打isan’’e鮎ctive”radiusofthejet．InorderfbrthisrelatioIltOholdallthe

Wayalongthejet，hotspotsareirlfbrredtohaverew＝0・1～lpc，byscalingtheradiusof

theblazarjetbyB・Althoughtheactuallyobservedhotspotsizes，1～3kpc，aremuCh

largerthantheestimatedrew，WhatweobserveasahotSpOtiSapOSt－Shockemissiorl

reg10nWherethecollimatedAowofthejetpartiallyrandomized．WbhenceconSiderr。W

a8thewidthofthejetterminal・Thismeansthatthejetisstillhighlycollimatedatits

terminalpoint．

WenextexaminethedepeIldenceofre什0IlthedistaIICe，d，homtheIludeus（i．e．，the

baseofthejet）・AsSumingascalirlgOftheformr。fr∝dβ，aTldu8ingthetypicalvalues

Ofdand re打fortheblazarjets arld hotSPOtS，Wehaveobtailledβ～0．3．These are

8Chematically8howniIIFigure7．16．

1mterestiIlgly，aSimilarrelati0－1issuggeSted byYamashitaetal．（1994），tOeXplain

amulti－ffequencyspectrumofthebla謎arHO323＋022．Theyobservedtheobjectwith

ASC4iT11994tocompletearadiotoX－raySpeCtrum．Theyalsoshowedthatthemulti

丘equeIICySpeCtraShowlIlgabrokerlpOWer－lawlikeshapeiswellexplairledwithasimple

inhomogeneouSjetmodelpropo8edbyGhisellinietal．（1985）iILthecaSeOfr．fr＝dl／3．

Table7．9：TypicalparametersillthehotspotsaIldblazars．

HotSpot Blazar－

β　100～300／JG O．1～lG

が　～100kpc O．lpc

rar O．1～1pc lO‾2pc

r†1～3kpc

＊eValuatedfromKubo（1997）aIldKataoka（2000）．

‡thedistanceh・Omthebaseofthejet．

†theradiusoftheemissionregi0ll．

◇the efkctive radius．
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Chapter8

Conclusion

ThroughthedetectioIlOftheICX－rayShomthelobesandhotSpOtSOfzLnumberofradio

galaXieS，WehavearrivedatthefollowiILgCOrlClu8ionS・

●ComparlngtheSRandICnuxdeTISitieS，theellergydeTlSitie80felectrorlSandmag－

neticfieldillthelobe8arepreCiselydetermi－ledtobeue～10－13－10－12ergcm－3and

um～10－15－10－13ergcmT3，reSpeCtively・ItisfouIldthatanequiparititioTlbetween

u。andu．。iSIlOtaChievediTltheselobeS；u。tendStOdominateumnearlybyanOrder

ofmagrLitude・ItisalsofoundthatuTniBtypicallysmallerthanucMB，andhence，

tlleelectronsiIlthelobesareiTlfbrredtoloosetheirkineticenergleSmainlythrough

thIC radiatioIl．

●U8illgtheICcoolingtime8Cale，thekiIleticpowerofthejet，WhichiSrequiredto

maiIltainthetotalelectroIlellergyinthelobes，i8eStimatedtobeLkin＝1042－44erg

8－1．AclearcorrelatioIIWaSfouIldbetweeTILkI，．andthenuclearX－rayluminoSity．

ThisglVeSaIlObservatioIlalcoIIRrmationtothebeliefthattheAGNjetispowered

bymassaccretioIlOntOthecentralblackholes・Adetailedcompari80nOfLki。With

thebulkkiIleticpowerwhichi80bservedfromblazarjetsimpliesthatthejetiB

maitllycomposedofelectroIl－pOSitro）lplaSmaS・

●TlleparticledomiIlanCeiIlthelobesbecomeBmOreprOminentlparticularlywhen

theirIluCleibecomemoreactive．

●USiTlgtheSRradioaIldICX－raybrightnessdiStributionS，theSpatialdi8tribution8

0felectronSaIldmagneticfieldsinthelobesof3C452areexamiIled・TheelectrorlS

areratheruTlifbrmlydistributedthere，WhiletIlemagTletic鮎IdSareStrengthe－led

towardtllelobeperiphery．
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●ThemagTleticReldinradiohotSpOtSarederivedtobeB＝100－300FLG，uSlng

theirSRandIC8peCtratOgetherwiththeSSCmodelprediction．ⅠSisfoundthat

u．BlightlydomiIlate8umthere・CompariSonbetweeIlthetypicalparametersofhot

SpOtBandthoseoftheblazarjetSimplythatthewidthofthejetrdeperldsonthe

distance，d，h）mtherluCleusasr∝dO・3・
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abstract

Hard X-ray Emission from Groups of Galaxies

Detected with ASCA

Kazuhiro NAKAZAWA

Department of Physics, Faculty of Science,University of Tokyo

kazu@amalthea.phys.s.u-tokyo.ac.jp

December 20, 2000

Clusters and groups of galaxies arc one of the most energetic objects in the universe.

We analyzed the ASCA data of near-by 18 groups of galaxies, and found that about half

the sample show evidence for an excess hard emission, in addition to the'" 1 keV thermal

emission from the hot intra-group matter (IGM). We present the detailed analysis of

HCG 62, which shows the most significant hard excess, as well as the results froIll the

systematical analyses of other 17 groups. With these results, we for the first time study

statistical properties of the hard excess X-rays in galaxy groups.

The hard component in HCG 62 is clearly extended; its radial profile is similar to or

rather wider than that of the IGM. Its spectra arc well fitted by a power-law with photon

index'" 2 or a thermal emission with temperature> 5.7 keY. The 2 10 keV luminosity

of the hard component is derived as 4.2 x 1041 h7l erg S-I, which is'" 20% of the IGM

luminosity in the 0.5--10 keY band. For the other groups, 9 out of 17 sample show evidence

of a hard component, with the luminosity in the range 1 '" 18 X 1041 h"7l erg S-I, which is

10", 40% of that of the IGM. On the other hand, the ramaining 8 groups do not exhibit

statistically significant hard emission, with an upper limit of'" 5% of the IGM.

The hard X-rays suggest the existence of high energy particles widely distributed in

the inter-galactic space. We searched many parameters for correlation with the strength

of the hard X-rays, and found that most of the groups with significant hard excess enlis­

sion host a few bright galaxies in their central regions, while those without hard emission

predominantly host a single dominant galaxy. Using all these results, we derive con­

straints on the emission mechanisms proposed for the hard X-rays, and discuss possible

acceleration mechanisms of the high energy particles.
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abstract

Clusters and groups of galaxies are one of the most energetic objects in the universe.

We analyzed the ASCA data of near-by 18 groups of galaxies, and found that about half

the sample show evidence for an excess hard emission, in addition to the "-J 1 keY thermal

emission from the hot intra-group matter (IGM). We present the detailed analysis of

HCG 62, which shows the most significant hard excess, as well as the results from the

systematical analyses of other 17 groups. With these results, we for the first time study

statistical properties of the hard excess X-rays in galaxy groups.

The hard component in RCG 62 is clearly extended: its radial profile is similar to or

rather wider than that of the IGM. Its spectra are well fitted by a power-law with photon

index "-J 2 or a thermal emission with temperature> 5.7 keY. The 210 keY luminosity

of the hard component is derived as 4.2 x 1041 h75
2 erg S-I, which is '" 20% of the IGM

luminosity in the 0.5-10 keY band. For the other groups, 9 out of 17 sample show evidence

of a hard component, with the luminosity in the range 1 "-J 18 X 1041h752 erg S-I, which is

10 '" 40% of that of the IGM. On the other hand, the ramaining 8 groups do not exhibit

statistically significant hard emission, with an upper limit of '" 5% of the IGM.

The hard X-rays suggest the existence of high energy particles widely distributed in

the inter-galactic space. We searched many parameters for correlation with the strength

of the hard X-rays, and found that most of the groups with significant hard excess enlis­

sion host a few bright galaxies in their central regions, while those without hard emission

predominantly host a single dominant galaxy. Using all these results, we derive con­

straints on the emission mechanisms proposed for the hard X-rays, and discuss possible

acceleration mechanisms of the high energy particles.
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Chapter 1

INTRODUCTION

Clusters of galaxies are known as the largest gravitationally bound system in the universe.

A cluster contains thousands of galaxies. It also contains thermal hot plasma (intra-cluster

matter, ICM), which is observed as an extended X-ray source, as well as dark matter,

which dominates the gravity source. They hold a large amount of gravitational energy,

as much as 1064 erg, and are one of the most energetic objects among the universe.

Recently, non-thermal hard X-ray emission has been discovered from the Coma cluster

by Beppo-SAX and RXTE satellites (Fusco-Femiano et a1. 1999, R.ephaeli et a1. 1999).

The emission is observed as a hard excess above the thermallCM emission, appearing in

energies above'" 30 keY. Together with the diffuse radio halo detected in this cluster, the

hard X-rays strongly suggest the existence of high energy particles widely distributed in

the inter-galactic space.

The detection of the cluster hard X-rays has a great impact in two aspects. First, the

acceleration mechanism itself has a potential to be the long sought origin of the "highest

energy cosmic rays", the extremely energetic particles with energy '" 1020 eV arriving at

the top of the earth's atmosphere. This is because galaxy clusters are the largest plasma

source among the universe with a scale of '" 1024 cm, so that the high energy particles

cannot escape from the region for a long time, and it has a relatively low density ('" 10-11

erg cm-3
), so that the energy dissipations of the particles are limited. Another issue is

the non-thermal pressure associated with the high energy particles and magnetic fields.

Because the cluster total mass estimates do not take these effects into account, the amount

of the dark matter associated with clusters may increase if these non-thermal pressure

components are properly considered. This has a great impact upon the current model of

cosmology.

In clusters, the hard excess emission is detectable only above", 30 keY, below which

the strong ICM emission with a temperature of kT = 5", 10 keV dominates the X-ray

spectra. As the sensitivity of the hard X-ray detectors operating above'" 20 keV is quite

limited, currently the non-thermal X-rays are detected from only three clusters, including

the Coma cluster (Fusco-Femiano et a1. 1999, Rephaeli et a1. 1999), the Abell 2256 cluster

(Fusco-Femiano et a1. 2000) and the Abell 2199 cluster (Kaastra et a1. 1999).

Groups of galaxies have many properties similar to those of the clusters. In fact, the

major difference between the two types of objects are only in their scale. A group of

galaxies also contains a large amount of gravitational energy, as much as 1062 erg. On the

other hand, the temperature of the hot plasma in a group is fairly low, typically'" 1 keY.

Thus, if a group hosts a non-thermal emission, it may be visible as a hard tail above'" 4

keY. This is detectable with the current X-ray imaging instruments, such as those onboard

the ASCA satellite. ASCA is equipped with X-ray mirror optics covering the energy range

up to '" 10 keY, and provides a high sensitivity and a good imaging capability that is

currently unavailable above 10 keY. The GIS experiment onboard ASCA is characterized

by its very low and stable background, and we believe that it currently provides the best

tool for this study.

In this thesis, we present the observational evidence of excess hard X-ray emission

from groups of galaxies obtained with ASCA. We have detected a significant hard excess

emission from the HCG 62 group, as is already reported in a brief letter (Fukazawa Y.,

Nakazawa K. et a1. 2001). Here, we perform detailed investigation of the significance and

properties of the hard X-rays from HCG 62. In addition, we systematically analyze the

ASCA data of other near-by 17 groups. We found about half of them host a significant

hard X-rays, while the other half show little evidence for such emission. Utilizing these

results, we study statistical properties of the group hard X-rays.

Throughout this thesis, we assume the Hubble constant to be Ho = 75h75 k~~~" All

the errors are listed in 90 % confidence level, unless otherwise noted.
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2.1.2 Optical observations

The spatial distribution of galaxies in a cluster is empirically known to follow so called

King model (King 1962),

(2.1)[ 2]-1N(R) = No 1 + (Rj14ore) .

such as the NGC 5044 group, as well as the constellation name, such as the Pavo group.

A group is called "compact" when there are several galaxies within a limited radius (sec,

e.g. Hickson 1982), and called "loose" when there are not.

Here, 140re is the core radius of the cluster which is typically'" 250 kpc, and No is the

central galaxy number density. Throughout this thesis, we denote the three dimensional

radius R, and the projected radius r. The King model is an analytic approximation to

the equation describing particle distribution in a self-gravitating hydrostatic isothermal

system, although it is not valid for R» Rcorc (see also § 2.2.1).

By measuring the redshifts of the member galaxies, we can derive the line-of-sight

velocity dispersion, (T" of the cluster or group, which reflects the depth of the gravitational

potential of the system. For rich clusters, this value ranges from 500 km S-I up to 1300

km S-I. Combining (T" with the system size L, we can estimate the total gravitating mass

of the cluster M tot as
M 2£

tot'" 3(T" G (2.2)

where G is the gravitational constant. For example, the Coma cluster, a rich cluster with a

velocity dispersion of'" 1000 km S-I, is shown by this method to have 1I1tot '" 1 X 1015111
0

within 1 Mpc (e.g. Geller et ai. 1999). Here, Me;) = 2 x 1033 g is the solar mass. The

value is more than an order of magnitude larger than that of the "visible mass", i.e., the

mass of the stellar components in galaxies estimated from their optical luminosities. This

is so-called "missing mass" problem, which is now regarded as due to the existence of

huge amount of dark matter as a major constituent of 1I1tot ' The total kinetic energy of a

cluster thus derived becomes ~1I1total x (T~ '" 1064 erg, which makes the cluster one of the

most energetic objects in the universe.

In groups of galaxies, the velocity dispersion ranges from 100 km -1 to 400 km -1.

They have M tot '" several times 1013 M0 within'" 250 kpc (e.g., Mulchaey et a1. 1996),

which is again dominated by the dark matter. Thus, the groups and clusters are' similar

in their physical states, and differs only in their scales. In other words, group of galaxies

is a mini-sized cluster of galaxies. The kinetic energy of a group becomes'" 1061 - 62 erg,

so that the groups are still among the most energetic objects in the universe.

REVIEW

3

Chapter 2

2.1.1 What are clusters and groups of galaxies?

2.1 Clusters and Groups of Galaxies

Clusters of galaxies have a scale of L '" 1 Mpc (3 X 1024 em), each consisting of 50-1000

member galaxies (Fig.2.1a). A galaxy itself has a scale of '" 30 kpc and contains'" 1010- 11

stars. Clusters of galaxies are identified mainly on optical plates. They are called rich

when they contain many (up to thousand) galaxies and called poor when they contain

fewer (down to tens of) galaxies. Sometimes, an extremely luminous elliptical galaxy sits

in the cluster center. They are called cD galaxy, and the cluster hosting it is called a cD

cluster.

Abell and his colleges cataloged about 5000 rich clusters (Abell 1958, Abell et ai.

1989). These clusters arc named as, e.g. Abell 1656 (A1656) and Abell S373 (AS373).

Zwickey catalog (Zwickey et al. 1961-68) is also well known. For poor clusters, there are

several catalogs, including the MKW catalog (Morgan et ai. 1975) and AWM catalog

(Albert et ai. 1977).

Groups of galaxies consist of about ten galaxies, and have a scale of L = 250 '" 500 kpc

(Fig.2.1b). They are also mainly identified on optical plates. Hickson (1982) cataloged

about 100 compact groups (Hickson's Compact Groups; HCG), which form one ofthe best

studied catalog ofgroups ofgalaxies. Another compact group catalog by Shakhbazyan and

his colleges (Shakhbazyan's Compact Groups of Galaxies; SCGG or SHK; Shakhbazyan

1973; Shakhbazyan, Petrosyan 1974; Baier et al. 1974; Petrosyan 1974, 1978; Baier and

Tiersch 1975, 1976ab, 1978, 1979), as well as a group catalogue by R.amella and his colleges

(R.GH; 1995a,b), are also known. Groups are also named after its central brightest galaxy,



50 100 150 100 150

6

Figure 2.2: The X-ray gray scale image of (a) the Coma cluster and (b) the NGC 5044

group. The images observed with the ROSAT PSPC (Position Sensitive Proportional

Counter) are shown in the same scale as those in Fig.2.1. The image level is logarithmeti­

cally spaced, by factors of 1.33.

Jones and Formann 1984). It was found that the ICM mass often exceeds that of the

stellar component, while the total mass is about an order of magnitude larger than the

sum of these two. The subsequent ROSAT mission, launched in 1990, with a better

angular resolution and a higher sensitivity, has further advanced the X-ray imaging study

of clusters. Furthermore, it has initiated the X-ray observation of groups of galaxies

(e.g., Mulchaey et a1. 1996), which had not been considered generally as X-ray emitters

before. With ROSAT, it has become clear that groups host its own hot gas halo, called

the intra-group medium (IGM), which is similar to the ICM of the cluster except its lower

temperature, around 1 keY. The imaging instruments onboard the two satellites, however,

are limited in the soft energy band, 0.2-4.5 keY for the former and 0.1-2.4 keY for the

latter, and their spectroscopic resolving power was poor.

Spectroscopic studies of the cluster X-ray emission have been developed by satellites

including OSO-8, HEAO-1, Tenma, EXOSAT, and Ginga. Although they lacked imaging

capability, they had a wide energy pass-band, ranging from f'V 1 keY up to as high as f'V 30

keY, as well as moderate spectral resolution. From a number of clusters, they me~ured

the spatially-integrated X-ray properties of ICM, such as the temperature and abundance

of heavy elements, the latter determined mainly utilizing Fe-K line emission around f'V 6.7

keY.
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Figure 2.1: (a) Optical image of the Coma cluster (1.5 x 1.5 Mpc scale), which is a rich,

non-cD cluster. (b) The NGC 5044 group (0.5 x 0.5 Mpc scale), which is a poor, cD

group.

2.1.3 X-ray observations

(a)

5

From the days of Uhuru, the first cosmic X-ray satellite launched in 1970, clusters of galaxy

have been known as a strong X-ray emitters, with an X-ray luminosity of Lx f'V 1044- 45 erg

S-I. The X-ray emission is extended (Fig.2.2), so that there were two alternative explana­

tions for its emission mechanism; inverse Compton (IC) of cosmic microwave background

(CMB) photons by relativistic electrons (see § 2.3.3), and thermal bremsstrahlung from

optically thin hot plasma (see § 2.2.2). Later, the detection of He-like Fe-K line emission

(Mitchel et a1. 1976) showed that the thermal explanation is correct; in fact the X-ray

spectra of several brightest clusters were well fitted by a hot plasma emission model with

a temperature of 3 f'V 10 keY (Serlemitsos et a1. 1977). These resuits indicate that clusters

are filled with hot plasma, which is called intra-cluster medium (ICM). This has given a

big surprise, because the presence of such a large amount of hot plasma had never been

anticipated before. The ICM is considered to be confined by the gravitational potential of

the cluster. This was justified by the fact that the galaxy velocity dispersion is generally

consistent with the potential required to confine the ICM.

The X-ray study of clusters of galaxies has made a big progress with the Einstein

observatory, the world's first imaging X-ray mission launched in 1978. In addition to

its high sensitivity, the observatory for the first time resolved the spatial distribution of

the ICM of many clusters, and derived the total mass distribution in the cluster (e.g.,



Mass profiles

As we have already mentioned in § 2.1.3, there are three mass components consisting a

cluster; stars (= galaxies), ICM, and the dark matter. A contemporary consensus is that

they have roughly a ratio of", 5:10:90 (e.g., Rousseld et a!. 2000; see also Fig.2.3). Thus,

(2.4)

(2.5)

kT(R) dln[T(R}Ttgu(R}] dt/J(R}
J.lm, dR =-~

constant, equation 2.3 is re-written as

Then, the total mass within a radius R is derived as

t's t···,.··!········· -~~ ,: ~.__ _._._..~;. :.

1:; r '$.1-"<~"''It~' ,;

J
~i;[~~~9~_V~" ~l.:"!

C r ° _",.-"""'-' "'IIU .

.~~<1'~""/1
"b L..-_"oo..,uo.._w"o,... ' , ...-........L_.. .-<--.. _

.~ 10 zn ~O 10C ;200

Ridial iti~lIOee Ckpi:)

MtoL(R) =-~R (dinT + dlnrtgu )
Wn,G dlnR dlnR

Therefore, once the density distribution rtgu(R) and the temperature distribution T(R}

of the ICM are known through X-ray observations, we can derive the total mass MLot(R)

of the system. Because we can also derive the ICM mass from ngu(R), and the stellar

mass from the optical luminosity of the member galaxies, we are able to construct the

mass profiles of a cluster. In Fig.2.3, we show the mass profiles of the Fornax cluster,
derived from the ASCA observations (Ikebe et a1. 1996).

Figure 2.3: Integrated mass profile of total gravitating mass (solid lines), dark matter

(dashed lines), X-ray emitting plasma (dot-dashed lines) and stellar component (dotted

line). Three curves for the former three components show the little difference depending
on the plasma modeling (see Ikebe et aI1996).

(2.3)

ies

The ASC~ satellite, launched in 1993, is the first observatory to posses both the

moderate imaging capability and the high spectroscopic resolving power over a wide energy

band, ranging from 0.5 keY up to 10 keY. With ASCA, we have for the first time become

able to measure accurately the spatial properties of the ICM temperature and metal

abundances (e.g., Fukazawa et aI. 2000, Markevitch 1998).

2.2 X-ray Properties of Clusters and Groups of Galax-

In this section, we outline the basic physics underlying X-ray production in clusters and

groups of galaxies, together with their observational results. We briefly summarize the

general method of mass determination of the system using the X-ray data, and explain

the mechanism of thermal emission from an optically thin hot gas. See Sarazin (1988) for
details.

2.2.1 X-ray morphology and system mass determination

Hydrostatic equation of 10M hot gas·

7

The typical value of the density, temperature and extent of the cluster ICM (as well as

group IGM and elliptical galaxy ISM) are Tt... = 10-4 -10-2 cm-a, T = 107 -108 K and

L = 0.3 - 3 Mpc, respectively, while the age of a cluster is thought to be comparable to the

Hubble time, '" 10
10

yr. From these parameters, the mean free path of Coulomb collisions

between ions and electron is given as 23(~)2(10_'1~_.) kpc, which is much shorter

than the cluster extent. Similarly the sound crossing time across the cluster is given as

6.6 x 108(~)-1/2(M~) yr which is also much shorter than the cluster age. Therefore,

the ICM is thought to be under hydrostatic equilibrium, satisfying the equation

Here p... is the ICM pressure, t/J is the gravitational potential, and J.l '" 0.6 is the mean

molecular weight of the ICM relative to the proton mass m,.

Although there are some clusters and groups showing irregular shape in their X-ray

image, most of them have generally circular profiles (see Fig.2.1). Assuming a spherical

symmetry, and substituting the ICM pressure by p... = TtgukT, where k is the Boltzmann

8
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interstellar medium (ISM) of the cD galaxy (e.g., Ikebe 1996, Matsushita et al. 1996,

Makishima et al. 2001). In groups of galaxies, the excess emission coincident in position

with the central bright elliptical galaxy is common (e.g. Mulchaey and Zabludoff 1998),

which is also true of the X-ray brightest elliptical galaxies (e.g. Matsushita 1996).

10

Recent N-body simulation on the formation of clusters in a cold dark matter (CDM)

universe has shown that, instead of a King-like profile with a central core, a profile with

central cusp is formed (Navarro et al. 1996, 1997; Fukushige et al. 1997; Moore et al. 1998:

hereafter NFW profile); it is represented as

Figure 2.4: Radial X-ray surface brightness profile of (a) the Abell 262 cluster and (b)

the Abell 401 cluster. The former is fitted with a single ,B-model, while the latter is fitted

by adding another /3-model (2-/3-model) to compensate for the central excess (Mohr et

al. 1999). In the image, contour appears at factors of 2.5 in surface brightness, and the

heavy contour corresponds to 4 x 10-14 erg S-I cm-2 arcmin-2.

where Po is a normalization parameter, and r, is a scale parameter.. However, there are

some observational results which cannot be explained by the NFW potential (e.g. Ikebe et

al. 1996). Thus, the actual profile of the dark matter density is still under discussion. The

gas density profile in the NFW potential calculated by Makino et al. (1998) was shown

to be very similar to the /3-model profile. Thus, the /3-model still works as a reasonable

description of a gas density profile.

ralio

10-12

(2.9)

(2.8)

(2.7)

(2.6)

p.7ft (12 ((1)2 ( T )-1
/3 == kT v = 0.726 103kms-1 10sK

When the ICM is isothermal, its density profile in a King potential is given as

Here (1v and p arc the velosity dispersion and density of the particles, respectively. Com­

bining this equation with the Poisson equation, V24J = 47rGp, King (1962) derived an

analytic approximate solution, as already shown in equation 2.1.

By comparing equations 2.4 and 2.6 we obtain ngu ex {I, where /3 is the specific energy

ratio between the gas and dark matter, given as

Thus, the parameter /3 also represents the steepness of the ICM distribution. This is

known as a /3-model (Cavaliere and Fusco-Femiano 1976).

The X-ray emissivity is expressed by n~uA(T, Z), where A is a function of temper­

ature and metal abundance (see § 2.2.2). Therefore, assuming a uniform temperature

and abundance we can calculate the surface brightness of the cluster X-ray emission by

integrating this emissivity along the line-of-sight as

the majority of the mass is the dark matter, which may be considered as collision-less

particles. For a self gravitating system consisting of such particles, hydrostatic equation

under spherical symmetry can be written as

Here, r is the projected 2-dimensional radius. This formula is known to well reproduce

the observed cluster surface brightness, except in the very central regions of some clusters

(e.g., Jones and Forman 1984, Mohr et al. 1999; Fig.2.4). Therefore, the /3-model is

generally used to parameterize the cluster mass distribution.

The central excess emission is generally associated with a cD galaxy (Jones and For­

man 1984). In the excess region, there are frequently X-ray spectral evidence for cooler

components. Together with short (I'V 108 yr) cooling time (sec next subsection) inferred

in such a region, it has been interpreted as a signature of the cooling flow, i.e., ICM

inflow driven by its radiative cooling (e.g. Fabian 1994). Alternative explanation for the

phenomenon is that the central excess emission is simply due to the particular shape of

the gravitational potential associated with the cD galaxy, and the cool component is the

9
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The total volume emissivity of a plasma, including continuum and line emissions and

integrated over whole frequency, is expressed as

Figure 2.5: Optically thin thermal emission model from hot plasma with metal abundances

of one solar value (Mewe et al. 1985, 1986; Kaastra et a1. 1992, Liedahl et al. 1995; black

lines), at a temperature of (a) 1 keY and (b) 4 keY. In panel (a), we also plot the model

spectrum from other emission code (Raymond and Smith 1977), which has the same

parameteres, except the normalization, to show the difference among the models.

model spectra arc shown in Fig.2.5, and those from actual clusters and groups observed

by ASCA are shown in Fig.2.6, together with the best fit thermal model.

(a)
1 keV PlllSrnu

Energy

Here A(T, Z) is called the cooling function and Z represents the heavy element abun­

dances. From this equation, the cooling time of a plasma is derived as tcool = TtgukT/n~uA(T, Z).

When we consider only the thermal bremsstrahlung continuum, it becomes

teool = 8.5 X 10
10 CO~~~:-3) C~K)

which is longer than the cluster age for most cases.

Before detected by the X-ray detectors in orbit, photons emitted from a cluster travel

along the vast universe. Thus, it is red-shifted by the Hubble's law, and suffers absorption

from materials along its journey. The latter is mainly due to the gas and dust, of our

Galaxy, which can be estimated from radio observations (e.g. Dicky and Lockmann 1990).

In calculating the emission models, the abundances of heavy elements (Z) must be

specified. They are usually defined as a ratio to so-called solar abundances (Z0)' In this

(2.11)

2.2.2 X-ray spectra from the ICM

The ICM (including the IGM and ISM) is an optically thin hot plasma, and its main

radiation mechanism is thermal bremsstrahlung (free-free emission). The emissivity is

given as

11

All the above calculations assume that the gas pressure is the only force sustaining

the hot gas against the gravitational potential. However, there may exist non-thermal

pressures, originating from the magnetic field, and/or a population of high energy particles

distributed in the ICM. Generally, their contributions are assumed to be small compared

to the gas pressure, though we must carefully examine its possibility, which is one of the

aim of this thesis.

Recent observations with ROSAT and ASCA have shown the existence of temperature

and morphology sub-structures in some clusters. This is thought as an evidence of on­

going merger process. Because a galaxy group falling into a cluster has a kinematic energy

of,..., 1062
-

63 erg, the merger process is important in the ICM heating and, possibly, particle

acceleration.

where 1/ is the frequency of the photons emitted, Tte and ni are the densities of electron

and ion, respectively, Z is the effective charge number of the ion, and T is the temperature

of the plasma. The velocity averaged Gaunt factor gl/ has a value of,..., I, and weakly

dependent on 1/ and T (Rybicki and Lightman 1979).

In addition to the free-free continuum, heavy elements in the ICM produce line emis­

sions. When the ICM temperature is lower than,..., 2 keY, these lines carry as high

luminosity as the thermal bremsstrahlung continuum. The emission line spectra from

a hot plasma in an ionization equilibrium have been calculated by various authors, e.g.

Raymond and Smith (1977), Masai (1984), Kaastra and Mewe (1993) and so on. Their

predictions are consistent to one another, as well as the observed spectra, as least as

to K-shell emission lines, such as those at 6.6-6.9 keY from Fe, and 1.8-2.0 keY from

Si. However, the ionization and recombination rates of L-shell electrons are not easily

calculated, and the results differ considerably among the authors (e.g. Masai 1997). In

practice, this problem is most prominent for the Fe-L line complex observed in the 0.7­

1.5 keY region (Arimoto et al. 1997, see Fig.2.5a). We have to be careful about this

problem when fitting the observed spectra with these models. Examples of the calculated

......
t



Figure 2.7: The Fe abundance of the ICM of various clusters and groups, plotted as a

function of the ICM temperature. The data are derived from the spectra obtained with

ASCA. X-ray emission from the cluster central regions are excluded (Fukazawa 1997).

(2.14)Lx = (kT)Q

14

kT - Lx relation

with a '" 3. The intrinsic scatter in luminosity is very large, factor of", 10 for the same

temperature. This is partly due to the central excess emission, and the scatter decreases by

eliminating the contribution from this region (Markevitch 1998). By introducing another

parameter, the central gas density derived after excluding the central excess component,

Fujita and Takahara (1999) found that clusters of galaxy do form a two parameterfamily,

which is called the X-ray fundamental plane of clusters. They showed that the kT - Lx

plane is slightly offset from the plane, which causes the scatter. From the kT - Lx

relation, Lx '" 1041 - 42 erg S-1 is expected for a galaxy group with kT = 1 keY.

2.2.3 Correlations between the observed parameters

As exemplified by Fig.2.8, a clear correlation has been observed between the temperature

ofthe ICM and the X-ray luminosity (e.g., Mushotzky 1984; David et a11993; Markevitch

1998; Fukazawa 1997). This can be expressed as

There are several correlations in the X-ray, optical and radio properties of clusters, groups

and elliptical galaxies. Some are theoretically predicted, while others are empirical (e.g.

Sarazin 1988). Among them, we here review a few of the highest importance.

Table 2.1: Definitions of the solar abundances by number, employed in the present thesis
element number element number clement number

H 1.00e+0 N'a 2.14e-6 Ar 3.63c-6

He 9.77e-2 Mg 3.80e-5 Ca 2.2ge-6

C 3.63e-4 Al 2.95e-6 Cr 4.84e-7

N 1.12e-4 Si 3.55e-5 Fe 4.68c-5

0 8.51e-4 S 1.62e-5 Co 8.60e-8

Ne 1.23e-4 CI 1.88e-7 Ki 1.78e-6

thesis, we use the solar abundances given by Anders and Grevesse (1989), listed in Table

2.1. The metal abundances of ICM and IGM, derived from the spectral fitting, generally

range Z = 0.1'" 0.5 Z0, which are typically'" 0.3 Z8 (e.g. Fukazawa 1997; Fig.2.7).

·F.(cD
. F.(n -cD)

(b)

13

Fe Abundance excluding the central region
2

2 5 10
kT (keV)

0.1

NGC 5044

Figure 2.6: X-ray spectra from (a) the NGC 5044 group (this thesis) and (b) the Abell

2199 cluster (Fukazawa 1996), observed with ASCA. Data from the GIS and SIS detectors

are presented with crosses. Solid histograms are the best fit single temperature thermal

emission models, with (a) kT = 1.02 keV and (b) 4.1 keY. Both spectra include the

instrumental responses.

(a)
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Figure 2.10: The X-ray luminosity of several AGN as compared with the radio luminosity

of core region (Matsumoto et al. 2001).

Figure 2.9: kT - (1 relation of clusters and groups of galaxies (Xue and Wu 2000). Data

from 66 groups and 274 clusters drawn from the literature are shown. Solid line indicates

the relation, Jlmp(1~r = kTgu •

(2.15)
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Galaxies in a cluster can be treated as a collision-less particles. Therefore, the velosity

dispersion ((1v) of the member galaxies of a culster should be the same as that of the dark

matter. As a result, equation 2.7 predicts a strong correlation between the galaxy velosity

dispersion (1v and the ICM temperature, so that the ratio

2.2.4 X-ray emission from discrete sources

becomes close to unity. As shown in Fig.2.9, this relation is observationally confirmed.

For a galaxy group with kT =1 keY, (1v =400 km S-1 is predicted.

Figure 2.8: kT - Lx relation of cluster of galaxies obtained with ASCA. The X-ray

luminosity is measured in 0.5-10 keY (Fukazawa 1996).

Apart from the diffuse ICM emission, there are X-rays from discrete sources contained

in the cluster. One of them is the emission from active galactic nuclei (AGNs) of the

individual member galaxies of the cluster. The other is compact stellar-mass discrete

sources, accreting mass from their companions. Among them, the most abundant and

luminous population is so called low mass X-ray binaries (LMXBs), consisting oflow-mass

stars and weakly-magnetized neutron stars. When these X-ray sources are not negligible

compared with the ICM, we must be careful in fitting the spectra.



(2.16)
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bremsstrahlung emission model (e.g. Makishima et al. 1989, Matsushita et al. 1994,

Matsumoto et al. 1997). Although the X-ray luminosity of the individual LMXBs are

fairly low ('" 1036- 37 erg S-I), their integrated luminosity within a galaxy is as much as

'" 1040 erg S-I. The latter luminosity is considered to be proportional to its opticallumi­

nosity, since the number of X-ray binaries in a galaxy should be roughly proportional to

its total stellar content. By analyzing the X-ray luminosity of early-type spirals observed

with Einstein, Canizares et al. (1987) found a linear relation of Lx = 10-3.82LB , between

the optical B-band luminosity and the X-ray luminosity. Here, we converted the latter

value from the original 0.5-4.5 keY band to the 0.5-10 keY band, assuming a 10 keY

bremsstrahlung emission model. Later, Matsushita (1998) analyzed 27 elliptical galaxies

observed with ASCA, and found that there is a hard emission distinct from the ISM

emission, which can be attributed to LMXBs. By fitting the former component with a

kT = 10 keY bremsstrahlung model, they confirmed a similar relation of Lx = 10-3•81 LB'

This can be converted to the 2-10 keY luminosity as,

j
IL'._'L __ '._.~..1_,-,-~ _~..L....._"_-,---~

8 9 10 11
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The X-ray spectra of LMXB arc known to be approximated by a '" 10 keY thermal

(b)

log La (Lr,.l

Figure 2.11: X-ray luminosity of the galaxy as compared with the optical B-band luminos­

ity. (a) Einstein results by Canizares et al. (1987). X-ray luminosity is in the 0.5-4.5 keY

band. Long-dashed line represents the LMXB component estimated from the early-type

spiral galaxies and their bulge emission. (b) ASCA results by Matsushita (1998). X-ray

luminosity is in the 0.5-10 keY band. Solid line is the same as the long-dashed line in

panel (a), converted for the energy band. Filled circles are the luminosity of the hard

component in the X-ray spectra of elliptical galaxies, while the open circles are those of

the ICM component. Double circles indicate the galaxies possibly hosting an AGN.

An AGN is considered to be a huge black-hole with a mass of", 106- 81110 , sitting in

the center of some, if not all, galaxies. Matters falling into the black-hole emit significant

fraction of their gravitational energy in various wave-bands, from radio to ')'-rays. We

plot the X-ray luminosity plotted with the radio luminosity of the core region of the

AGN in Fig.2.10. They are one of the brightest X-ray sources in the sky, sometimes up

to a luminosity of '" 1045 erg S-I. Their spectra are rather hard, and can be generally

represented with a power law model with r = 1 '" 2. Because an AGN is associated with

a galaxy, most of the X-ray bright AGNs can be identified as point-like X-ray sources,

coincident in position with galaxies in the optical image. AGNs are also identified by

radio observations and optical spectroscopy, which are generally cataloged.



2.3.2 Synchrotron emission

(2.24)

(2.23)
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LIC UCMB
Lsync =---u;-

dL IC = 31rO"rmT b( )N. (kT. )3 (kTcMB)O
dv h2c2 /1 0 CMB hVIc

21'+3(/l2+4/1+1I)r(~)«p) •. "
where b(/1) = (/1+3)'(/1+1)(/1+5) , and ( IS the Riemann zeta functIOn (Saraz~n 1999).

From above equations, the total luminosity ratio of the synchrotron and IC emissions

is simply given as

The relativistic electrons also scatters off low energy photons via inverse-compton (Ie)

scattering. The mechanism is similar to the synchrotron process, and the formulae de­

scribing the IC process also resemble those of it. When an electron with energy "{rnec2

scatters off a photon with energy hVseed, the frequency of the resulting IC photon is given

as
4 2

VIc = 3"{ Vseed [Hz] (2.21)

for the energy region of hVIc <t:: "{mec2
• Here, h is the Planck constant. The energy loss

function due to this emission is given as

4 O"T 2 -1brc = -3 -"{ Useed [s ] (2.22)
mec

where Useed is the energy density of the seed photons.

The low energy photons that is present everywhere and dominates the overall photon

density in the universe is the cosmic microwave background radiation (CMB), a black body

radiation with TCMB = 2.73 K. We therefore take it as the seed photons. By equation

2.17, the spectrum of the IC emission again becomes a power-law, with energy index of

Q = (/1-1)/2, the same as that of the synchrotron emission. The spectrum is represented

as

2.3.3 Inverse Compton (IC) emission

Here, O"T = 6.65 X 10-25 cm-2 is the Thomson cross section, me = 9.1 x 10-28 g is the

electron mass, c = 3 X 1010 em S-I is the light speed, and UB = i;B'J. erg cm-a is the

energy density of the magnetic field (Sarazin 1999).

Assuming a power-law distribution of electrons given by equation 2.17, the spectrum

ofthe synchrotron emission becomes also a power-law, with energy index of Q = (/1-1)/2.

It is represented as

dLsync = v'3e3 BNor(y)r(7) ( 3eB )0
d _2 (2.20)v rneL- (/1 + 1) 21rrnecvsync

where e = 4.8 x 10-10 is the electron charge in cgs (gauss) unit, and r is the gamma

function (Rybicki and Lightnman 1979).

(2.17)

(2.19)

(2.18)Vsync = 4.2 C~) "{2 [Hz]
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The energy loss function due to this emission is then

Here, "{ is the Lorents factor of the electrons, so that their energy is "(mec2, N("{) is a

number of electrons within energy range of"{ tv "{ + d"{, and /1 is the power-law index.

Power-law energy distribution of high energy particles are observed in the cosmic rays

reaching at the top of earth's atmosphere, and also at the geomagnetic shock-front of the

solar wind.

2.3.1 Power law population of high energy electrons

2.3 Theoretical Backgrounds of High Energy Elec­

trons in Diffuse Plasma

The relativistic electrons interact with magnetic field and produces a synchrotron emis­

sion. When an electron with energy "{rnedl moves across a magnetic field B, it emits a

synchrotron photon with a frequency of

As we show in § 2.4 and 2.5, there are observational pieces of evidence for high energy

electrons in celestial diffuse plasma sources. They show non-thermal emission through

various processes, such as synchrotron, inverse Compton and bremsstrahlung mechanisms.

In this section, we briefly review theories of these emissions and estimate life times of high

energy particles, (in practice, electrons).

High energy particles are considered to be produced via shock acceleration. One

possible scenario is the 1st order Fermi acceleration in various shocks in cosmic plasma.

Another is the 2nd order Fermi acceleration by randomly moving scatterers, such as

magneto-hydro-dynamical turbulence. There are various energy sources powering these

process, including supernova (SN), active galactic nuclei (AGN), galaxy motion through

the plasma, merging events between galaxies, and those between groups and clusters.

Relativistic particles thus generated exhibit a power-law like energy distribution, in

the form of



(2.29)
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n. z le-4 B = 0.1 uG

-12

Ie.

-18

(b)

10· ~

·to'Y! ...' Sync ,,'
-14 , ... '

.a (....

1_18 .__ ._,~_._.__ ._._.._----_.~~~:~.'_.._~~.::.
Coulomb

bb) = b.ync + brc + bCoulomb + ~remaa [S-I]

( ) 12 [ Inb/Tte)]bCoulomb 'Y '" 1.2 x 10- Tte 1.0 + --7-5-

n. = le-3 B = 1 uG

IC

10· ~ .' -> "Sync.

to':~ .... ",'.-B·;ema
..... . .. , , .....

.-...,,:,:.-:~: ~ ~'~.-:- ... ,:" ..,; ~:..: ~'~'. _. - ._:;...-L::':'::, _. ._._. _. _. _.
. . ... -;' Coulomb

.. ,"; ",'

In Fig.2.12 we plot the individual components of this equation. The cooling time is then

given as 70001 = 'Y/bb), which is also shown in the figure. Thus, the electrons with

'Y = 100 '" 300 have the longest life time of '" 109 yr.

2.3.5 Cooling times

High energy electrons lose their energies by interactions with fields and matters in the

plasma, including the three channels listed above. Here we again focus on the relativistic

case, and present the cooling time defined from these interactions.

One of the other major cooling mechanisms is the Coulomb losses due to collisions

with thermal electrons, which is approximately given as (e.g. Rephaeli 1979)

22

Combining equations 2.19, 2.22, 2.29 and 2.28, we obtain the cumulative energy loss

function as

2.4 Non-thermal Electrons in Clusters of Galaxies

Figure 2.12: The energy loss function in condition of (a) Tte = 1 X 10-3 cm-3 and B = IJlG,

and (b) ne = 0.1 x 10-3 cm-3 and B = O.IJlG. Dotted lines indicate the cooling time of

108 yr and 109 yr, respectively.

So far, we have briefly reviewed the X-ray properties of clusters and groups of galaxies,

the latter being the ''theater'' of this thesis (§ 2.2). From now on, we present observ~tional

-12

(a)

-18

-14­...
1

-18

(2.25)

(2.27)
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du(p, f, Z) = 3271"~ Z2 In (Pi +PI) (2.26)
df 3 m~c4hp1f Pi - PI

where Pi and PI is the initial and final values of the normalized electron momentum, Z is

the atomic number of ions, and f is the produced photon energy in erg.

From equation 2.26, the non-themlal bremsstrahlung emission from electrons with a

power-law momentum distribution (equation 2.25) is calculated as

Here, P == P/tnec is the normalized momentum and IJ is the power-law index which

becomes the same as that used in equation 2.17 at the relativistic limit.

In the non-relativistic limit, the Bethc-Heitler bremsstrahlung cross section (Heitler

1954) is

Because the CMB ellergy density (UCMS ) is known, we can obtain UB , and hence the

cluster averaged magnetic field strength using only the observables.

The above two emissions are from the relativistic electrons. An alternative mechanism for

the production of non-thermal X-rays is the bremsstrahlung from suprathermal population

of electrons, colliding with low energy (mostly thermal) plasma (e.g. Ensslin et a1. 1998,

Sarazin and Kempner 2000). Following Sarazin and Kempner (2000), we introduce a

power-law momentum distribution for these electrons. We define N(p)dp to be the number

of electrons with momenta in the range P to P +dP as,

2.3.4 Non-thermal bremsstrahlung emission

including the electron-ion and electron-electron bremsstrahlung (Sarazin 1999).

dL( = 3271"3/2~[--.!1iL] x (En..Z2)N
o

(rneC)JJ/2
df 3 tnec4h 1Jr(~) 2f

By comparing the prediction from this formula with a spectrum calculated by fully in­

cluding the trans-relativistic and relativistic effects, Sarazin et al' (2000) found that the

formula is in good agreement when IJ '" 4, and shows a short-fall of about a factor of 2

for 2 < IJ < 3. Thus, equation ~.27 provides a good approximation for the non-thermal

bremsstrahlung emission.

In the relativistic region, the energy loss function of an electron with energy 'YTn
e

c2
due to the bremsstrahlung process is approximately given as (e.g. Blulenthal and Gould

1970)

~remaab) '" 1.51 x 1O-18ne'Y [lnb) + 0.36] [S-I] (2.28)
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evidence for the high energy particles distributed in diffuse plasma, which is the "target"

of this thesis. We deal with clusters of galaxies in this section, and other objects, such as

supernova remnants (SNR.), in the next section.

2.4.1 Cluster radio halos

From the radio observations, diffuse emission associated with some clusters has been

detected; so-called radio halos and relics. The source is called a halo when it is located

at the cluster center, and called a relic when located at the cluster peripheries. They

have a power-law like spectra with steep energy index (a'" 1). This suggests that they

are a synchrotron emission by relativistic electrons with a power law energy distribution,

interacting with intra-cluster magnetic field of '" IJG. Thus, the radio halo and relic

provide direct evidence for the existence of such population of electrons, as well as a

magnetic field, distributed cluster-wide in the ICM.

R.adio halos and relics have been thought to be a rare phenomenon. Their low 'surface

brightness makes their detection difficult, and there had been only about ten objects

known (Feretti and Giovannini 1996). Recently, their number is increasing (as much as

'" 40), due to improvements in the instrumental capability (e.g. Sarazin 2000), although

it is not yet a popular phenomenon among clusters.

The most famous radio halo is Coma-C, associated with the Coma cluster. As shown

in Fig.2.13 and 2.14, the halo shows a regular shape with a scale of'" 1 Mpc, as extended

as the X-ray emission (e.g. Deiss et a1. 1997). It has a flux of'" 600 Jy at 1.4 GHz, and

is detected in the wave-band ranging from 30.9 MHz to 2.7 GHz. Here, 1 Jy = 1 X 10-23

erg S-I cm-2 Hz-I. It has a power-law like spectra with a steep energy index of a'" 1.3,

and the total luminosity in 10 MHz to 10 GHz is 6.1 x 1040 erg S-I (Feretti and Giovannini

1996).

Currently, about ten clusters are known to host a halo, including Coma, A2256, and

A2319. We list them in Table 2.2. All of them are massive rich clusters with a high

temperature (kT > 7 keY), and a high X-ray luminosity (Lx> 5 x 1044 erg S-I). There

energy index of the radio spectra is 1 '" 2. In the lower frequency ('" 100 MHz), some

halos show evidence of spectral hardening, such that a reaches '" 1. This phenomena

may suggesting the aging effect of the electrons with higher energies. No polarized flux

has been detected so far in radio halos, with an upper limit of '" 10%.

Apart from its location, relics has properties generally similar to those of halos; a

steep spectra, a large scale order on '" 100 kpc, and low surface brightness. In addition,

23

Table 2.2: Observed properties of cluster radio halos (Feretti and Giovannini 1996, Liang

1999).

cluster Size p(l) p,(2) a(4)
1.4 toL

(kpc) (erg Hz-I) (erg S-I)

Coma 550 3.2 x 1030 6.1 X 1040 1.34

A2163 1.8 x 1032 3 X 1041

A2218 250 7.9 x 1029 9.0 X 1039 1.1

A2255 725 2.5 x 1030 1.6 X 1041 > 1.5

A2256 700 1.2 x 1030 1.6 X 1041 1.9

A2319 660 5.1 x 1030 9.2 X 1040 1.3

(1) Radio flux in 1.4 GHz.

(2) Radio luminosity in the range of 10 MHz - 10 GHz.

(3) Energy index of radio spectra.

Table 2.3: Observed properties of cluster radio relics (Feretti and Giovannini 1996).

Columns are similar to those of Table 2.2.

name cluster Size PIA PLot a

(kpc) (erg Hz-I) (erg S-I)

0038 - 096 A85 200 5.1 x 1030 1.6 X 1041 > 1.5

0917 + 75 A786 780 2.0 x 1031 1.7 X 1041 1.34

1253 + 275 Coma 580 1.7 x 1030 2.0 X 1040 1.1

Coma Bridge Coma 970 4.9 x 1029 1.6 X 1040 1.5

1401- 33 AS753 220 1.0 x 1030 2.5 X 1040 1.4

2006 - 56 A3667 870 2.6 x 1031 3.7 X 1041 1.2

24
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Figure 2.14: Radio properties of Coma-C (Deiss et al. 1997). (a) Azimuthally averaged

surface brightness profile from Fig.2.13a (solid curve). Dotted line represents the surface

brightness of the X-ray emission. (b) Integrated flux density spectrum.

Figure 2.15: X-ray spectra of the Coma cluster observed with BeppoSAX (Fusco-Femiano

et al. 1999). Combined spectra from the HPGSPC (High Pressure Gas Scintillator

Proportional Counter) and PDS (Phoswich Detection System) detectors are fitted with a

sum of a 8.5 keY thermal emission and a power law with a photon index of r = 1.57.
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relics arc sometimes highly polarized, up to '" 30%. They are also detected in about ten

clusters (Table 2.3), including A85, A1656 and A3667, which generally show evidence for

on-going merger event. There are also several clusters hosting both a halo and relic(s),

such as the Coma cluster (e.g. Deiss 1999).

2.4.2 Hard X-ray emission

Figure 2.13: (a) A contour image of the radio halo, Coma-C, at 1.4 GHz. The width of

the image corresponds to '" 3.2h7~ Mpc. Point sources are subtracted. In the bottom

right, there is a relic (1253+275), and another relic (Coma Bridge) is also visible between

Coma-C and 1253 + 275 (Deiss et al. 1997). Contours are 10 mJy beam-1 apart, where

the dashed one represents the zero level. (b) A gray scale image of relics in A3667

at 843 MHz, superposed on the X-ray contour image from ROSAT (ROttgering et al.

1997). The width of the image corresponds to '" 2.8h75
1 Mpc. X-ray contours are set at

2,8,18,32,50,72,98,128,162,200 and 242 times the background noise.

The relativistic electrons, inferred from the radio halo and relics, are expected to produce

IC emission with a power-law spectra, scattering off the CMB photons (§ 2.3.3). Because

the ICM thermal emission rapidly decreases above its temperature, the IC emission would

be observed as a hard excess emission in X-ray spectra. Accordingly, extensive searches

for the expected hard excess emission were conducted with HEAO-A1 (Rephaeli et al.

1987), OSSE (Rephaeli et al. 1994) and 80 on, all yielding only upper limits.

Recently the BeppoSAX and RXTE satellites with their superior sensitivity in the

hard X-ray band above", 10 keY, have detected the excess hard emission from the Coma

-.
U1-.
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cluster (Fusco-Femiano et al. 1999, Rephaeli et a1. 1999). The spectrum observed with

SAX is shown in Fig.2.15. It clearly requires an excess hard component, and fitted well

by a sum of a 8.5 keV thermal component and a power law with a photon index of

r = 1.6 ± 0.9 (energy index Q = r - 1 = 0.6 ± 0.9), which is consistent with the radio

observations (sec Table 2.2). When the latter component is replaced with a thermal

emission, a temperature higher than 40 keV is required. The 20· 80 keV luminosity of the

excess hard component is 5 x 1043h7s2 erg S-I, which is'" 10% of the 2·10 keY luminosity

of the ICM component.

If the observed hard X-ray emission is indeed the long-sought IC emission, we can

obtain a cluster averaged magnetic field strength of", 0.14 J1.G, by combining equations

2.20 and 2.23. This value, however, seems to contradict with those derived from Faraday

rotation measurements in radio band, which suggest B = 1 '" 10 J1.G (e.g. Kim 1990).

Fusco-Femiano et al. (1999) suggest that this problem may be solved considering the

positional difference in the magnetic field, in such a way that regions threaded by strong

magnetic flux tubes arc devoid of relativistic electrons.

If the IC interpretation works, the non-thermal energy density of the relativistic

electrons and the cluster magnetic field are estimated as '" 7 x 10-14 erg cm-3 and

'" 8 x 10- 16 erg cm-3, respectively; they are small compared to the ICM energy density

of 2 x lO-II(.O-i~';'-.) erg cm-a (Fusco-Femiano 1999).

There also are different interpretations of the observed hard X-rays, including in par­

ticular the non-thermal bremsstrahlung emission from suprathermal electrons in the ICM

(see § 2.3.4). As the populations of the electrons emitting the hard X-ray emission and

radio synchrotron emission are different in this model, the derived magnetic field value

can be regarded as a lower limit; we can thus avoid the discrepancy with the radio mea­

surement.

Currently, there are only 3 detections of non-thermal emission; the Coma cluster,

A2256 cluster and A2199 cluster. Parameters of their non-thermal components are listed

in Table 2.4. The BeppoSAX spectra of A2256 show a clear excess hard emission in the

PDS spectra above'" 20 keY. The joint MECS (medium energy counter system) and PDS

(phoswitch detector system) spectra are fitted with a sum of a thermal component with

kT = 6.9!g:~ and a power-law with r = 1.3 '" 2.7 (Fusco-Femiano et a1. 2000). In the

A2199 cluster, however, the hard excess is not positively detected in the PDS energy band

(> 20 keY). Kaastra et al. (1999) carefully fitted a thermal emission model to the broad

band extream ultra violet (EUV) and X-ray spectra of A2199, obtained from EUVE,

ROSAT and SAX, ranging from'" 0.1 keY up to '" 50 keY. They found soft and hard
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excess from the cluster outer regions, which is interpreted as a power-law with r '" 1.8.

Together with the radio halo observations, these results arc strong evidence that there

is a population of high energy electrons in the ICM. However, as we have mentioned

in § 1, the limited number of clusters with detected hard excess and lack of imaging

capabilities in these hard X-ray experiments make it difficult to understand the nature of

these non-thermal emissions.

Table 2.4: Observed properties of cluster hard X-ray emission.

cluster redshift kT(2) Hard(2) Hard(3) ICM(4)

Flux Luminosity Luminosity

Coma 0.0232 8.38 ± 0.34 (2.2 ± 0.2) x 1011 (2.4 ± 0.2) x 1043 3.6 X 1044

A2256 0.0581 7.08 ± 0.23 (1.2 ± 0.2) x 1011 (7.7 ± 1.2) x 1043 3.4 X 1044

A2199 0.0303 4.10 ± 0.08 (1.0 ± 0.25) x lOll (1.8 ± 0.4) x 1043 1.3 X 1044

(1) ICM temperature in keY, from Fukazawa 1997.

(2) The 20-80 keY flux olthe hard component in erg S··I cm- 2• For A2256, the error of 15% are derived

from the PDS count rate error (1 0') presented in Fusco-Femiano et aI. (2000), and do not include any

fitting errors. For the Coma cluster, we assumed "" 10% error in flux by scaling the error of A2256 with

their flux ratio. i.e. 1/../2. For A2199, the original paper presents the flux in 0.1- 100 keY range. This is

converted to 20-80 keY band by assuming Q = 1.8.

(3) The 20-80 keY luminosity of the hard component in erg S·-I. Distances of 92.0 his1 Mpc, 232.7 h7"s1

Mpc and 120.6 h;l Mpc are assumed for Coma, A2256 and A2199, respectively.

(4) The 2-10 keY ICM luminosity in erg S·I.

2.5 Hard X-ray Emission from Other Diffuse Plasma

Sources

2.5.1 Supernova remnant: SN 1006

From ASCA observations of galactic supernova remnant (SNR) SN 1006, Koyama et a1.

(1995) found that the edges of the remnant shell is dominated by a power-law X-ray

emission with Q '" 1.95 within 0.5-10 keV (Fig.2.16). It was interpreted as a synchrotron

emission from electrons accelerated up to '" 100 TeV in the shock front, interacting with

'" mG magnetic field. This was further supported by the detection of TeV "}'-ray from the

north rim of the SNR, with the CANGAROO imaging air Cerenkov telescope (Tanimori et

a1. 1998). The "}'-rays are attributed to be the IC scattering off the CMB photons. Because
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2.5.2 Galactic ridge X-ray emission

Figure 2.16: (a) X-ray image ofSN 1006. (b) X-ray spectra, obtained from the rim region
and interia region.

keV and a hard component with kT '" 7 keY. They also suggest that the equivalent

width of the Fe-K line decreases with increasing galactic latitude, and the hard component

gradually becomes power-law like (Fig.2.17b). By using Ginga and a balloon experiment

Welcome-I, Yamasaki et al. (1997) found a hard tail, which cannot be explained by

kT '" 7 keY hot component. The combined spectra seems to continue up to the "'Y-ray

region with a power-law spectra (Fig.2.17c). Vallinia and Marchall (1998) found similar
results using the RXTE data.

From these observational results, it has become clear that GRXE consists of at least

three components; soft and hard thermal components, and a non-thermal component.

Among them, the soft component can be well explained by a sum of SN'Rs (Kaneda et

al. 1997). On the other hand, origin of the later two components is not yet clear, which

may be implying the existence of new type of heating and accelerating sources in the vast

inter-stellar space of our galaxy (e.g. Kaneda et al. 1997).

2.5.3 Inverse Compton (IC) emission from the radio lobe

ASCA (Kaneda et al. 1995) and ROSAT (Feigelson et al. 1995) has discovered an X-ray

emission from the radio lobe of Fornax-A, the forth strongest extra-galactic radio source

in the GHz region. It has a prototypical double lobe morphology in radio band, with

continuous spectra detected in the range of 408 MHz to 4.8 GHz. We show the X-ray

image obtained with ASCA overlayed on the radio image in Fig.2.17. The Source is located

at a distance of 17 Mpc, and the size of each lobe is '" 200 kpc in diameter.

The radio emission is considered to be a synchrotron emission from a population of

high energy electrons, and the X-ray emission is interpreted as IC scattering off the CMB

photons. The same as the case of the Coma cluster, we can obtain the lobe averaged

magnetic field strength by combining equations 2.20 and 2.23. The value becomes 2 '"

41LG. This was the first case that the magnetic field strength of an extragalactic diffuse

plasma with such a large scale is directly determined only from observables. From equation

2.18, the magnetic field of", 3JlG implies that the relativistic electrons should reach the

energy of", 10 GeV to produce the 4.8 GHz radio emission. The energy density of the

relativistic electrons and the magnetic field are calculated to be '" 3 x 10-13 erg cm-3 and

3.6 x 10-
13

erg em-a, respectively. Their total energies are derived to be 4 x 1058 erg and

6 x 1058 erg, respectively, assuming a lobe volume of 1.3 x 1071 ems.

(b)

HEAO-l satellite has discovered a diffusely distributed emission along the disk of Milky

Way (Worral et al. 1982). This phenomenon is generally called "galactic ridge X-ray

emission" (GRXE). The X-ray image taken with EXOSAT is shown in Fig.2.17a. GRXE

is considered to have a disk-like shape, with a radius of", 10 kpc and thickness of", 200

pc. Its total luminosity is estimated to be (1 '" 2) x 1038 erg S-1 in the energy band of

2-10 keV (e.g. Yamauchi and Koyama 1993). Although many studies are carried out to,
the origin of GRXE is not yet clear.

Detection of Fe-K line emission with Tenma satellite (Koyama et al. 1986) revealed

that a major component of GRXE is due to thermal emission from optically thin hot

plasma. Using ASCA, Kaneda et al. (1997) found that GRXE consists of at least two

thermal components in non-equilibrium ionization state; a soft component with kT '" 0.8

the IC photon cannot exceed the incident electron energy, this is the direct evidence that

the electrons are accelerated to at least several times 10 TeV in the region.

The SN 1006 is thought to be a type-Ia super nova remnant, with typical shell-type

structure and no central engine for high energy particles, such as a neutron star or a

black-hole. Therefore, this is the first direct evidence of a particle acceleration to such a
high energy in the shock region around SNR.
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Figure 2.18: X-ray gray scale image from ASCA, overlaid on the 1.4 GHz radio contour

map of Fornax-A. The solid circle represents the ASCA GIS field of view of"'"' 22' radius.

In the X-ray image, contribution from a central source have been subtracted. Contours

are at 125,187.5,250,375,1125 and 1375 mJy beam-2•
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(a)

Figure 2.17: X-ray image and spectra of GRXE. (a) The 2-6 keY band image from

EXOSAT (Warwik et a1. 1985). (b) ASCA spectra obtained from galactic latitudes of

00, 0.50, 1.10 and 1.70 (Kaneda et al. 1997). (c) Ginga X-ray and other -y-ray spectra

(Yamasaki et a1. 1997).
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Figure 3.1: In orbit configuration of ASCA.
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Figure 3.2: Configuration of the onboard instruments.
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Chapter 3

3.1 Spacecraft
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THE ASCA SATELLITE

The ASCA (Advanced Satellite for Cosmologies and Astrophysics; Tanaka et a1. 1994)

is the Japanese forth satellite devoted to cosmic X-ray researches, developed under US­

Japan collaboration managed by ISAS (Institute for Space and Astronautical Science).

The satellite was launched on 20 February 1993 at 11 a.m. JST, from Kagoshima Space

Center (KSC) of ISAS at Uchinoura, Kagoshima, with the M-3S-II-7 three stage rocket.

ASCA has achieved a near-circular orbit with perigee of 520 km, apogee of 620 km, an

inclination of 31 0 and a period of 96 min.

In Fig.3.1, we show the in-orbit configuration of ASCA. The satellite has a length of 4.7

m and weights 420 kg, and is operated from the power supply from its solar panel, which

looks like a wing. A schematic view of the scientific instruments onboard ASCA is shown

in figure 3.2. The satellite is equipped with four identical X-ray telescopes (XRT; § 3.2)

with a focal length of 3.5 m. At the four foci, two gas scintillation imaging proportional

counters (GIS § 3.3) and two X-ray CCD camera (SIS; § 3.4) are located. ASCA is the

first satellite that simultaneously performs imaging and spectroscopy in the wide energy

band of 0.5--10.0 keY. The previous imaging missions such as Einstein and ROSAT were

limited to energies below'" 3 and 2.4 keY, respectively. The superior energy resolution

of the SIS, high through-put of the GIS and low background levels of both instrument,

particularly the latter, also characterize the satellite.

The satellite attitude is measured by gyros, geomagnetic sensors and star sensors.

In reference to these real-time measurements, the satellite is controlled using four bias

momentum reaction wheels and three-axis magnetic torquers. The absolute pointing

accuracy is typically 1', and we can reconstruct the resulting pointing position with a
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The effective area of the ASCA XRT compared with the earlier missions are shown in

Fig.3.5a. It shows an M-edge structure of gold around 2.2 keY, and gradually decreases

with increasing photon energies. This is because the critical angle of higher energy X-rays

is smaller, so that the outer shell of the XRT gradually becomes ineffective toward higher

energies.

3.2.2 Effective area and point spread function (PSF)

Figure 3.3: Walter type I optics.
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The reflector shells are all made of 127 J.lm thick alminium foils. The foils are f'V 10 J.lm

lacquer-coated to improve the surface smoothness, and then f'V 50 nm gold-evaporated to

increase the reflectivity. The 120 of these foils are closely packed together in an onion-ring

configuration with a typical space of 1 mOl. The foils are packed and manufactured in

four quadrants, and aligned by 13 alignment bars into 14 sectors. Four quadrants make

up the first mirror section of 100 mOl long, and another set make up the second mirror.

One mirror assembly weighs 9.8 kg. In table 3.1, we summarize the design parameters

and performance of the ASCA XRT. Because the focal length is 3500 mOl, a I' distance

in the sky corresponds to 1 mOl distance on the focal plane.

Although the imaging resolution is moderate (f'V 3'), the weight of the telescope is

significantly saved. For example, the X-ray telescope onboard the Chandra satellite,

which is characterized by its high imaging quality with resolution better than I", has a

weight of 1.5 tones. This is about 150 times that of an ASCA XRT, and even larger by a

factor of 4 than the, whole ASCA satellite weight. In spite of the huge weight difference,

the effective area of the ASCA XRTs is comparable to that of the Chandra mirror. Thus,

the ASCA XRT is optimized to achieve a large effective area.

3.2.1 Design and structure
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3.2 X-Ray Telescope (XRT)

The X-ray telescope (XRT) onboard ASCA has for the first time enabled the cosmic X­

ray imaging up to 10 keY (Serlemitsos et al. 1995). Soft X-rays are totally reflected off

a smooth surface, when their incident angle is less than a certain critical value. This

phenomenon is known as a grazing incident reflection. The critical angle of order f'V 10

is inversely proportional to the X-ray energy, and proportional to the electron density of

the reflecting material.

The XRT is design to form a Wolter type I optics, consisting of two mirrors with

paraboloid and hyperboloid sections (Fig.3.3). This optics are used in many cosmic X-ray

satellites, including Einstein (1978··81), EXOSAT (1983-86), ROSAT (1991-1999) and

Yohkoh (1991-). All these missions use a polished glass or glass ceramic with heavy

metal, such as gold, evaporated as a reflecting material. The effective area is usually

increased by having multiple nested set of mirrors with a common focus. For example,

both Einstein and ROSAT telescopes use four nesting.

To reflect higher energy X-rays, the incident angle must be very small; hence the

projected area also becomes very small. To overcome this dilemma, the ASCA XRT

adopted "multiple thin foil" optics. This design makes each shell extremely thin, by using

metal foils instead of polished glass, and drastically increases the number of nesting.

Because it is very difficult to shape a thin foil into a paraboloid or a hyperboloid, a

conical surface is used as an approximation. A prototype multiple thin-foil mirrors were

successfully used in the BBXRT experiment onboard Space Shuttle in December 1990.

f'V 0'.5 accuracy from the telemetry data.

ASCA flies over KSC five times a day, each lasting f'V 10 minutes. All the necessary

commanding and maintenance are done during these short contact intervals. The CPU­

based onboard commanding unit keeps control of the satellite all the time, by handling the

commanding time table uploaded from KSC. The observed data (f'V 75 % scientific and f'V

25 % housekeeping) are stored in the onboard data recorder with a 128 Mbits capacity.

The data acquisition rate is commandable at either 32 (high bit-rate), 4 (medium bit­

rate) or 1 (low bit-rate) kbit/s. The stored data arc transmitted to ground via down-link

telemetry at KSC, as well as the US NASA's Deep Space Network stations. The data

amounts to f'V 1 Gbits a day.



1-~keV

]-4keV

'-6keV

1-IZkeV

(b)

o

, , ,
20: ..(i).~.. ' : ;..

I I • I

I I .- I I

I I' I I I

10 t·· ._;. . - ··-:-·(1)'--;···'··:·
I. I I

I. I I

I. I I

: ~.~ : :
o~ __ ••• :_ •• ~•• __ •• ~ •••••

, "
I I I I

, "-- ..... ·----1---·--.-

38

a.tinin
30 r-r-----.-. .-.-.-.~.....,.-.-..-.-.0'-..-.-.-.......:.-.-._-o~..----.....,

Figure 3.6: (a) X-ray contour image of a point source observed with GIS2. The actual

images of Cyg X-I obtained from three different observations are plotted together. (b)

Radial profile of the XRT+GIS PSF at 1'.8 offset (position 1 in panel a). (c) R.adial

profile of the PSF at 8' offset (position 3 in panel a).
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Figure 3.4: The schematic view of the ASCA XRT. A top view of a quadrant (left) and

a cross section of one telescope (right).
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For the same reason, the ineffective region increases as the off-axis angle gets larger. It

also suffers shadowing effects between the foil shells. Therefore, the effective area depends

on both the incident angle (fJ) and the energy of the X-rays. This is called the vignetting

effect. In addition, because of the quadrant structure of the XRT, it also depends on the

roll angle (4)). In Fig.3.5b, we prescnt the fJ - 4> dependence of the effective area. The

actual effective area, including its position dependences, is calibrated in-flight using the

Crab nebula, which is a standard candle in X-ray astronomy.

Figure 3.5: (a) Effective area ofthe four X-ray telescopes on boresight position. (b) The

incident angle (fJ) dependence of the effective area (vignetting).

Due to the waviness of the aluminum foils as well as the conical approximation of

paraboloid and hyperboloid, the angular resolution of the XRT is limited to '" 3'. Fur­

themlOre, the point spread function (PSF), i.e., the image of the point source is the
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0.7--15 keY

8% at 5.9 keY (FWHM)

50 mm diameter

10 JIm beryllium

Xe (96%) + He (4%), 10 mm depth, 1.2 atm at 0 °C

0.5 mm (FWHM)

...... 61 JlSCC (Minimum in PH Mode)

1.95 mscc (Minimum in MPC Mode)

4.30 kg (GIS2), 4.16 kg (GIS3)Weight

Energy Band

Energy Resolution

Effective Area

Entrance Window

Absorption Material

Positional Resolution

Time Resolution
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Table 3.2: Design parameters and performance of the GIS

The structure of GIS2 sensor is shown in Fig.3.7. Each sensor consists of a detector

assembly and a high-voltage supply unit. Each detector assembly in turn consists of a

gas cell, an imaging photo-multiplier tube (IPMT) and front-end electronics, all of which

are placed in a housing made of magnesium-alloy. The top section forms a hood, which

limits the field of view of the GIS into the XRT direction. In order to prevent ionospheric

The GIS is a general-purpose X-ray imaging spectroscopy system. It consists of the two

detector assemblies (GIS-S), namely GIS2 and GIS3 serving as X-ray detectors, and the

main electronics caHed GIS-E. GIS2 and GIS3 are almost identical except that there is

a Radiation Belt Monitor (RBM), a small PIN-diode particle monitor, attached to the

bottom of GIS2. GIS2 and GIS3 are coupled to two of the four XRTs, and measure pulse­

heights and positions of X-rays reflected by the XRTs, photon-by-photon basis. Design

parameters and performance of the GIS are summarized in Table 3.2.

3.3.1 Design and structure

3.3 Gas Imaging Spectrometer (GIS)

The Gas Imaging Spectrometer (GIS) has been developed mainly by the University of

Tokyo, ISAS, Tokyo Metropolitan University, Meisei Electric Co.Ltd. and Japan Radio

Corporation Co.Ltd., with collaborators at Institute of Physical and Chemical Researches

(RIKEN), Kyoto University (Department of Physics), NASA/Goddard Space Flight Cen­

ter (GSFC), and so on (Ohashi et a1. 1996; Makishima et al. 1996). The GIS design is

mainly based on the GSPC experiment (Koyama et al. 1984) onboard Tenma (Tanaka ct

al. 1984) which was operating for 1983--1984.
...... 40 kg

558 cm2 / telescope

...... 24' (FWHM at 1 keY) / ...... 16' (FWHM at 7 keY)

~ 10 keY

...... 1300 cm2 (1 keY) / ...... 600 cm2 (7 keY)

...... 3 arcmin

Aluminum foil (127 JIm)

Acrylic lacquer (10 JIm) + Au (50 nm)

100 mm

120 foils

120 mm / 345 mm

3500 mm

0.24° 0.7°

Mirror substrate

Mirror surface

Mirror length

Number of foils per quadrant

Inner / outer diameter

Focal length

Incident angle

Total weight of four XRTs

Geometrical area

Field of view

Energy range

Effective area of four XRTs

Half power diameter

Table 3.1: Design parameters and performance of the ASCA XRT.

energy- and position-dependent. In Fig.3.6a, we plot the actual images of Cyg X-I, which

can be regarded as a point source at infinity observed with the GIS detector. The radial

brightness profile in different energy bands for two source positions are shown in Fig.3.6b

and c. The PSF has a sharply peaked core, although it is somewhat broadened in the

image by the finite position resolution of the GIS. For the on-axis image, half the detected

counts are contained within a diameter of 3'.2 on the focal plane. This diameter, called

half-power diameter, gives a rough measure ofthe combined XRT+GIS angular resolution.

The PSF has a rather wide tail outside the core, which depends on the source position as

well as the X-ray energy (Fig.3.6b and c). There is an additional cross shaped component

in the tail due to the quadrant structure of the XRT (Fig.3.6a). These structures depend

not only on the position, but also on the X-ray energy. The PSF is calibrated with a

pre-launch beam line data, and a set of actual images of Cyg X-I (Takahashi et a1. 1995

ASCA News Letters No.3, 25).
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Figure 3.8: Schematic view of the GIS sensor system.
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Figure 3.7: Cross section view of the GIS detector.

The entrance window is made of vacuum tight 10 /lm thick berylium foil, which has

a 10% transmission at 0.7 keY. The window support is made of a thin molybdenum grid

The middle section accommodates the gas cell and the phototube. The gas cell is

made of ceramic tube with a beryllium entrance window and a quartz exit window. It is

filled with a mixture of 96% xenon and 4% helium of 1.2 atm at O°C. The gas volume is

divided by a mesh electrode made of molybdenum into two parts, the drift region in the

top 10 mOl and the scintillation region in the bottom 15 mm. Figure 3.8 shows a schematic

performance of the GIS sensor system. X-rays reflected by the XRT enter through the

window, whose electric potential is held at -6000 V, and are absorbed in the drift region.

Through photo-ionization, primary electrons are generated on average at the rate of one

electron per 21.5 eV. The electron cloud thus created slowly drifts to the intermediate

mesh (-5300 keV) , and then is accelerated due to the strong field toward the ground

mesh which is placed in front of the quartz window. In this process, the electrons excite

Xe and produce a large number of UV photons of ,...., 170 nm wavelength. The excitation

energy for one UV photon is ,...., 10 eV. Through the quartz window, these UV photons

are collected by the IPMT which measures light distribution and the overall intensity of

the UV flux, the latter being proportional to the X-ray energy to an accuracy of several

%.

plasma from entering into the gas cell section, an aluminized mylar film of 540 nm thick

with 37 nm of aluminum (plasma shield) is placed inside.
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plated with copper, and a stainless stccl mcsh coated with tin is placed between the grid

and the berylium foil to provide a fine support. To stand against several atmospheric

pressure, the molybdenum grid has a height of 3.5 mm and a thickness of 0.1 mOl and

runs at 5 mOl pitch. The shadow of the grid onto the X-ray image is not a major problem

sincc the wall thickness is smaller than the point spread function (- 3 mm) of the XRT.

The fine-supporting mcsh has 1.2 mm pitch and 84% transmission with a wire thickness of

about 80 I'm. The exit window is made of 2.5 mm thick quartz plate with a diameter of 72

mm. Quartz has short-wavelength cutoff of - 150 nm and a relatively high transmission

for the UV lights (~ - 170 nm).

The IPMT is positioned beneath the exit window. We employ Hamamatsu Photonics

type R.4268 IPMT, which is equipped with a quartz window and lo-stage dynodes. The

anode has a cross-wire configuration with 16 wires running in each X and Y direction

at an interval of 3.75 nrnl. From the anode signals, the onboard CPU calculates the

width (spread: SP) of the distribution together with the position (RAWX,RAWY) of

the event. A pencil-beam light input to the IPMT shows a distribution of the output

charge of about 7 ± 1 mm FWHM and the intrinsic position resolution of the phototube

to be about 0.1 nun FWHM. From the last dynode, we derive the pulse-height (PH) and

the rise-time (RT) information.

Figure 3.9 illustrates the resulting quantum efficiency and energy resolution of the GIS

as a function of incoming X-ray energy. Thus the GIS sensitivity covers approximately

0.7 ··10 keV, with a spcctral rcsulving power of - 8%. •

3.3.2 Data processing

One of the major design goals of the GIS is to achieve a very low level of non X-ray

background (NXB). For this purpose, the GIS employs both hard-wired and software­

based rejection.

One of the selection processes is the HI' discrimination (RTD). All the X-ray events

properly absorbed in the drift region should exhibit a RT of 3 Il8eC, which corresponds

to the drift time of electrons in the scintillation region. On the other hand, particle

events creating a long electron track in the drift region exhibit longer Kr. By controling

the levels of upper (RTUO) and lower discriminators (RTLO) for the rise time, we can

efficiently remove NXB by hard-wire electronics. However, the RT distribution broadens

significantly toward lower values of PH, because the signal to noise ratio gets worse.

Therefore we set the RT window rather loose in orbit. We can further reduce NXB by
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Figure 3.9: (a) Quantum efficiency of the GIS detector. Energy dependence olthe thermal

shield transmission (thin solid line), 10.5 IlRl thick Be window transmission (dashed line),

and total GIS quantum efficiency including thermal shield, plasma shield, Be window,

and meshes (thick solid line). (b) Energy dependence of the energy resolution (FWHM)

of the GIS.

applying a PH dependent RT mask on ground proccssing. Here, the position dependent

RT is converted to a position independent value RTI (rise-time invariant). Figs.3.10

demonstrates the background rejection with the strict RT mask on ground.

Besides the RT discrimination, we utilize another background rejection logic called S P

discrimination (SPD). SPD is sensitive to the direction of a charge track perpendicular to

the electric field. If an ionizing particle runs in parallel to the window plane, RTD does

not work efficiently. By SPO, we can reject these events, which have much larger SP

than those for the X-ray events. As shown in figure 3.11, SP is usually plotted against

the squared radius from the detector center. Figure 3.11 also indicates the thresholds of

SPD employed in orbit. SPO was enabled on 28 May 1993.

Apart from the position, pulse-height and the rise-time information of each event,

the GIS provides scaler data using the combined signals from upper (UD) and lower

discriminators (LD) ofthe signal pulse hight, and upper (RTlJD) and lower discriminators

(RTLD) for the rise time. In Fig.3.12, we plot a schematic of the 6 monitoring scalor

counts, LO, 1, 2 and HO, 1, 2, in the PH-Kr space. These values are used to estimate the

residual non X-ray background (§ 3.3.4).

The raw GIS outputs for an event, PH, Kr, and calculated position (RAWX,

RAWY), are subject to various non-ideal instrumental properties of the GIS. Therefore,

we convert them into linearlized quantities: PI, RTI, and (DETX I D ETY),' respec-
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Figure 3.12: Schematic view of the 6 monitor data in the PH vs RT plane.
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Figure 3.11: A scatter plot of events from a blank sky displayed on the plane of squared

radial distance from the center in RAWX-RAWY image vs. SP. A nearly horizontal

branch is formed by signal X-rays of the CXB, while a nearly vertical branch, which means

a large scatter in the spread of UV light, originates from background near the detector

wall. Two slant lines indicate the standard SPD window.•
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Figure 3.10: Rise time discrimination. (a) An example of RAWX-RAWY image of a

celestial X-ray point source, obtained with GIS2 in a very early observation. No back­

ground rejection was applied, except the pulse-height UD. (b) The X-ray events contained

in the image of panel (a), displayed on the plane of PH vs. RT. Two horizontal lines

represent the standard onboard RT window. Panel (c) and (d) are the same as (a) and

(b), respectively, but after the strict RT mask is applied.
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(b)

Figure 3.14: (a) Peak PH channels of the 55Fe calibration isotope, plotted against the

detector temperature measured in orbit on the side wall of IPMT. (b) Long-term gain

history since the launch till July 2000, expressed in terms of the temperature-corrected

55Fe PH. In both plots, upper and lower panels are for GIS2 and GIS3, respectively.

Figure 3.14b shows the long-term GIS gain history in reference to the 5.SFe isotope,

after correction for the temperature variation. Thus, the gain of both detectors are

gradually decreasing. This gradual gain decrease is unlikely to be caused by out-gassing

in the detector, since the RT characteristics have remained constant. Therefore, the

phenomenon is possibly due to a slow degradation in the UV transmission of quartz

windows ofthe gas cell and the IPMT, or changes in the IPMT performance. In any way,
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approximately represented as a function of radii from the detector center. This additional

correction is ,..., 0.5% and ,..., 3% for GIS2 and 3, respectively. The reliability of the

gain map is within ±l% and ±2% for the regions of radius < 15 mm and 1520 mm,

respectively, for both detectors.

The GIS gain depends significantly on the temperature, because of the temperature

dependence in the IPMT and gas cell. The GIS gain is monitored continuously in orbit

in reference to the built-in 5.SFe isotope, and so is the IPMT temperature. In Fig.3.14a,

we show the gain vs. temperature relation thus calibrated in orbit. This relation is

frequently updated taking into account the long-term gain change (sec next paragraph),

and is used to correct the GIS gain for the temperature variance. This relation between

the temperature and the GIS gain, including the long-term gain change, is called "gain

history". The temperatures of the two GIS detectors vary by ,..., 10°C in orbit, mainly in

response to satellite attitude changes.
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The GIS gain is position dependent by ,..., ±10% peak-to-peak due to non-uniformity

in the IPMT gain. Calibration of this effect involves a look-up table called "gain map" ,

which summarizes relative gains of each detector as a function of the position of event

occurrence. The gain map is base on the pre-launch scanning measurements and also on

the in-orbit data using the instrumental Cu-K line seen in the NXB spectrum (§ 3.3.4)

after a long data integration. The gain maps are found to change gradually, especially

for the GIS3 (Idesawa et a1. 1997 ASCA News Letters No.5). The change of gain maps is

Figure 3.13: The gain maps in (RAWX,RAWY) coordinates for GlS2 (left panel) and

GIS3 (right panel). Contour levels are every 10 step from 350.

tively on ground. In these linearlized values, RTI is utilized to apply the strict RT mask

described above. We finally use PI and (DETX, DETY) for scientific analyses.

The position linearization are performed with the calibration table obtained from

pre-launch scanning measurements with collimated X-ray beams. The tables have been

confirmed in orbit in reference to the shadows caused by the window support girds and

various observations.

When accumulating X-ray photons into an X-ray spectrum, we usually convert PH

(pulse-height) of each detected event into PI (pulse-invariant) so that X-rays ofthe same

energy give the same PI value (except the finite energy resolution) independently of the

position, the temperature of phototube or the observation period. The conversion factor

from PH to PI is called gain. The gain depends on three factors: (1) detected position

of the incoming X-rays, (2) the temperature of the GIS, and (3) the long-term gain drift.
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Figure 3.15: The spectra of the Crab Nebula obtained with (a) the GIS2 and (b) GIS

3. Both spectra are fitted by a power law model with r = 2.09, which is consistent

with previously observed results of r = 2.08 '" 2.11 (Tool' and Seward 1974). In the

lower panels, the data to model ratios are plotted, which demonstrate the accuracy of the

current understanding of the instrumental responses.

the secular gain decrease is so slow that it does not affect scientific objectives at all.

All these gain correction process are confirmed using the instrumental Cu-K line seen

in the NXB spectrum and other stellar sources such as SNR and clusters of galaxies. In

addition, the X-rays from the Crab nebula, which is the standard candle of the X-ray sky,

are used; this is also usefull for the effective area calibration. In Fig.3.15, we plot the Crab

Nebula spectra obtained with the GIS, fitted by the generally accepted power law emission

model. From the residual plot, we can see that the calculated model well reproduces the

data by an accuracy of '" 1%. Together with many other calibration results, we believe

that the absolute GIS response thus established is accurate to '" 1.2%.

3.3.3 Background estimation of the GIS

Even though the R:I' and SP discriminations (see § 3.3.2) very efficiently reject particle­

or gamma-ray induced GIS events, the NXB left over after these discriminations ("resid­

ual NXB") still dominates over faint signal X-rays. In addition, the sky itself emites

X-rays, which is called the Cosmic X-ray Background (CXB). This emission is considered

to originate from numerous faint X-ray sources distributed in the universe, and is obser­

vationally shown to be almost isotropic in the sky. We must carefully estimate these two

background components, and subtract them from the on-source images and spectra. This
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process is technically of crucial importance to the subject of the present thesis.

Figure 3.16a gives three typical GIS background spectra, accumulated over the entire

detector area for sufficiently long times while the XRT is pointing onto night earth, sunlit

earth, and blank skies. The night-earth spectrum represents the residual NXB itself (sec

§ 3.3.2). The day-earth spectrum in addition contains bright solar X-rays scattered by the

earth's atmosphere. The blank-sky spectrum consists of the Cosmic X-ray Background

(CXB; § 3.3.5), as well as the residual NXB. Thus, the difference between the blank-sky

spectrum and the NXB spectrum shows the pure CXB component. The NXB exceeds

the CXB above'" 5 keY. In Fig.3.16b, we show projected profiles of the CXB and NXB

components of GIS2, in the 1-2 keY and 4-8 keY bands. The CXB is brightest at the

XRT optical axis because of the vignetting effect of the XRT, while the NXB brightness

is virtually fiat across the detector area.

We used the blank-sky data to obtain the averaged CXB (§3.3.5), and used the night

earth data as a template for the NXB. In the latter case, we scale the night earth spectra

or image by refferrig to the event rate rejected through the on-board processing in the

on-source observation (§3.3.6), and further trim it by refferrig to the image brightness in

the outer region of the detector during the observation (§3.3.4).

3.3.4 Subtraction of non X-ray background (NXB)

To estimate the NXB, we need in turn to know its basic properties, including its time

variation in particular. The NXB properties have been studied extensively by many

authors, including Ishisaki (1995) in particular. He showed that its time variation is pre­

dominantly correlated with geomagnetic cut-off rigidity (COR.) for cosmic rays along the

satellite orbit: COR is the minimum momentum of charged particles that can penetrate

the terrestrial magnetism. However, the COR is merely one of the many factors that affect

NXB, and several features cannot be explained by COR alone. Ishisaki (1995) searched

the GIS monitor data for a more direct indicator of NXB. By analyzing the night-earth

data, he has found that "H02 counts", defined as a sum of two monitor counts, HO and

H2 (see § 3.3.2), are tightly correlated with the residual NXB counts. The H02 counts

are believed to express the count rate of the particle induced events, regected in the on­

board processing, and is almost free from signal X-rays even during the observations of

bright X-ray sources. Therefore, it can be used as a good indicator of the residual NXB

contained in the on-source data.

Figure 3.17 shows the H02 count against the COR. during the night-earth observations.
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Figure 3.17: Correlation between COR and H02 counts during the night-earth obser­

vations. H02 is integrated for every 32 s. A dashed line means a function f(x} =

(109.3 - 17.05x + 1.127x2 - 0.02627x3}j32 derived from fitting. Two solid lines below

and above show f(x) scaled by a factor of 0.9 and 1.5, respectively. A vertical branch

observed around COR", 12 GeV c- I is caused by some flares. The flare-cut (Table 3.3)

is NOT applied.
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Figure 3.16: (a) Long-exposure GIS2+GIS3 spectra accumulated over the whole field of

view, from day-earth pointings (smooth line; representing the NXB plus scattered solar

X-rays), night-earth pointings (filled circles; the NXB only), and blank skies observations

(crosses; the NXB plus the CXB). The exposure time is given in parentheses. Identifi­

cations of the atomic lines, either celestial or instrumental, are also given in the figure

together with their energies in keV. The flare-cut (Table 3.3) is NOT applied. (b) Pro­

jected count-rate profiles of the blank-sky and night-earth data in a strip of -5 mm ~

XRTY ~ +5 mm for GIS2. Here "cm211 is defined on the actual detcctor dimension of the

GIS, and is not the effcctive area ofthe XRT. Upper panel shows a profile in the 1-2 keV

energy band, and lower panel 4--8 keV. The origin of the coordinates for XRTX-XRTY

is the optical axis defined on the DETX-DETY plane. Filled circles, crosses, and dia­

monds represents the raw CXB including NXB, the NXB, and the CXB after subtracting

the NXB, respectively. The flare-cut (Table 3.3) is applied for both the CXB and the

residual night-earth data.
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Reason

to avoid high NXB

for flares

for flares

for flares

Condition

15 cis $ H02 $ 45 cis

H02 $ 1.5 x J(COR)t cis

RBM $ 300 c/16 s = 18.75 cis everywhere

RBM $ 100 c/16 s = 6.25 cis in the dangerous areas (figure 3.18)

t /(:1:) =0.5(109.3 - 17.05:1: + 1.127:1:2 - 0.02627:1:3 ) c/ 16 s.
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Our basic strategy of constructing the NXB data, to be subtracted from the on-source

images or spectra, is to utilize the night-earth GIS pointing data accumulated over very

long periods (up to the entire mission lifetime of ASCA). We process all these background

data in the same manner as the on-source data, by applying the RT, BP, and flare cuts.

We then sort all these background events according to appropriate intervals of the H02

counts, in every 5 cis step, as 15-20 cis, 20-25 cis, 25-30 cis, etc. This yields a large

number of NXB events for each H02 interval. We call this datasets "NXB templates" .

In Fig.3.19, we plot the spectra and radial profiles of these NXB templates for five H02

intervals. As H02 increases, the spectrum gets softer and the slope of the radial profile

gets steeper towards the detector rim.

Now that the NXB templates have been prepared, we can estimate the NXB spectrum

Table 3.3: The "flare cue' screening criteria for the GIS. Time region satisfying this

criteria are excluded from the analysis.

A clear correlation is found between the two quantities. Xevertheless, the H02 count

exhibits a considerable scatter for a given COR, partly due to suspected inaccuracy of

the COR map (in particular, over north Atlantic regions; Fig.3.18). This makes the H02

count a better NXB indicator than the COR. In addition, a sudden increase in the GIS

background rate, called a flare event, sometimes happens, producing an upward branch in

Fig.3.17. Ishisaki (1995) clarified that these flares tend to occur in two particular regions

("dangerous regions") around south Atlantic and north Pacific (Fig.3.18). Taking these

pieces of information into account, Ishisaki (1995) finally developed criteria, called "flare

cue', used to exclude the data portion contaminated by these flare events. As listed in

Table 3.3, the criteria are based on a combined use of the H02 rate, the satellite position,

and the RBM count rate. We apply the flare cut processing to both the on-source data

and the background data (see below).
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Figure 3.18: Distribution map for flares on the Earth surface. The symbols "e" and "+"
represent positions of the detected flares. The symbol "." represents positions where the

COR-map is suspected to be inaccurate. Two regions surrounded by solid lines define the

dangerous areas where flare events can frequently take place.
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Figure 3.19: (a) The 0.6-7.0 keV radial profiles (upper panel) and spectra (lower panel)

of the NXB templates1 produced from the GIS data during the night-earth observations.

The five H02 intervals are indicated by '+' (50-80 cis), '0' (40-45 cis), '.' (30-35 cis),

and 'x' (20-25 cis). The H02 counts are integrated for every 16 s. The flare-cut (table

3.3) is applied. (b) Long-term histories of the actual 0.7-7.0 keV night-earth counts,

normalized to the H02-method prediction before correction for secular changes. Each

data point represents an exposure of 40 ks. The solid line shows the best fit 4-th order

polynomial, of which the coefficients are given in the figure inset. Lower panel shows the

residual after subtracting the polynomial fit.

(a)

(3.2)

(3.1)

3.3.5 Derivation of the cosmic X-ray background (CXB)

In the study of faint diffuse emission, we must accurately subtract not only the NXB but

also the CXB that inevitably contributes to the on-source data. We may reproduce and

subtract the CXB in two alternative ways. One is to use the actual CXB data acquired

from blank sky fields; by subtracting the NXB contribution in them (using the same

procedure as described above), we can obtain the pure CXB data, or "CXB template".

The other is to start from the CXB model spectrum with a given constant brightness,

and convert them through instrumental responses into predicted GIS data. This method

is feasible because the CXB surface brightness is quite uniform, and its spectral shape

is known to a reasonable accuracy. Among the two methods, the former allows a more

reliable CXB subtraction, because it is free from any systematic error involved in the

instrumental response. Accordingly, we here employ the former method. Specifically,

we use "Master Background Database" prepared by Ikebe (1994) which consists of 20

where F(t) is an empirical factor describing the secular change. It has been determined as

shown in the top panel of Fig.3.19b, in temlS of a polynomial function. After subtracting

F(t) (which is equivalent to using equation 3.2 instead of 3.1), the NXB count-rate history

becomes as shown in the lower panel of Fig.3.19b. Thus, the systematic error included in

the NXB subtraction is typically 5 I'V 6% for a 40 ks observation.
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H contained in a particular on-source datasets as

Here i is the sorting interval of the H02 counts, Hi
NTE is the night-earth spectrum of the

i-th interval, rpBS is the total exposure of the on-source data in that H02 interval, and

TiNTE is that of the NXB template. We call this method "H02 method". In order to

examine the validity of this method, in Fig.3.19b we calculated the residual NXB counts

for individual night-earth observations comprising the NXB template, and compared them

with the H02-method prediction. Clearly, the actual NXB exhibits a secular change. It is

thought to reflect a combination of various effects, such as changes in the solar activity, a

gradual decrease in the satellite orbit altitude, build-up of the radio-active material in the

detector and spacecraft, and so on. Accordingly, we have modified the above equation as

1'.0B5
H(PI) = F(t) x ~HiNTE(PI}~

.....
mm
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Figure 3.20: An example of blank-sky GIS image. (a) A 0.5-10 keY GIS2 image of NEP

field observed in July 1993, smoothed by convolution with the XRT PSF model. The

contours are linearly spaced by 4 x 10-4 cts S-I arcmin-2. (b) The associated mask image

to eliminate faint discrete sources.

et a1. 2001).

To conduct the above idea, we utilize an energy region of 5.9-10.6 keY, and a detcctor

region of r > 15' from the detector center. The upper-limit of the energy range is set by

the calibration uncertainty, and the lower-limit is near the crossing point of the NXB and

CXB. About 80% of the events thus obtained are NXB events. We then determine "NXB

correction factor" fcor through error minimization of the equation as

Here, Dat80ut is the hard-band spectrum obtained from the on-source data in the specified

outer region, CXBaut is that of the template CXB, and NXB:~t2 is that of NXB estimated

by the H02 method. Evidently, fear is expected to take a value close to 1.0. We plot an

example of these spectra in Fig.3.21.

Once fear is determined for a particular on-source data set, we can defined the back­

ground BGDln (either spectrum or image) in an inner region used for the actu&1 data
analysis, as

Here, CXBln and NXB~02 are the CXB and NXB templates for the same region, re­

spectively. In this case, various systematic errors originally associated with the NXB
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observations of 4 different blank sky fields: "Draco", "NEP", "QSF3" and "SA57". All

these fields are in high Galactic latitudes with Ibl > 29° (Ishisaki 1995).

This method of CXB subtraction, however, has one drawback, that there is no "blank

sky" in its strict sense. Every sky field contains a number of faint X-ray sources that

ultimately compose the CXB, and sometimes relatively bright discrete sources appear

above the detection limit due to statistical fluctuations. We must remove such contami­

nating discrete sources from the blank-sky data. Th do this, Ikebe (1994) discarded the

regions in his Master Background Database where the photon counts exceed that in the

surrounding region by more than 2.5 CT. This process eliminates all the sources resolvable

with the GIS, at a threshold of "V 1 x 10-13 erg S-I cm-2 in the 2--10 keY band for a

typical observation parameters. Figure 3.20 exemplifies a GIS image of a blank sky, and

the associated mask image utilized to eliminate faint discrete sources found in it.

We reprocessed each blank sky datum with flare cut condition, as the original database

was not processed in that way. The CXB data were then generated by summing the 20

observations, filtered with corresponding masks. The NXB contribution was subtracted

via the H02 method. Thus, the total exposure map is a mosaic of 20 masks weighted

by corresponding exposures. The resulting CXB data have a total exposure of 645 ksec,

and an average exposure of 623 kscc when considering the mask. When subtracting the

CXB spectrum or image from particular on-source data, we produce a "CXB template"

from the above-mentioned CXB data. Namely, we extract the CXB events in the CXB

template falling onto the same integration region as is used for the on-source data, and

correct the former data for exposure using the mosaic exposure map. Then, the CXB

template (either a spectrum or an image) is subtracted from the on-source data.

3.3.6 A finer adjustment of the NXB level

Although the H02 method (§ 3.3.4) allows us to subtract the NXB contribution from

the on-source data, its reproducibility is limited to a level of '" 6%. Presumably, this is

because there are still unknown factors affecting the NXB variation. We need to overcome

this limit and improve the accuracy as much as possible, because this will ultimately limit

our study of faint, diffuse, hard emission. For this purpose, we may recollect that, even in

the on-source data, hard-band events detected in the outer regions of the GIS field-of-view

are dominated by the NXB (see Fig.3.16a,b). Then, we can apply a fine adjustment to the

NXB template to be subtracted, so that the on-source data and the NXB template agree

with each other in a hard energy band and over the detector periphery (e.g., Fukazawa



Figure 3.21: Example of the detemlination of the NXB correction factor fcof! in terms of

the pulse-height spectrum. Abscissa is Pulse Invariant (PI), and ordinate is the number of

events. Open boxes represent the on-source spectrum (Dat80ut(E)), crosses are the CXB

spectrum (CXBout(E}) and filled boxes are the NXB template spectrum derived with the

H02 method (NXB:~2(E)).
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estimation are absorbed into the statistical error of the fear determination. To confirm

it, we divided the night earth data into'" 60 subsets, each with'" 100 ksec exposure

and an intergration time of a month, and allpied this method to them. The estimated

background was consistent with the actual data within the statistical error.

Then, how high is the statistical accuracy of the fear determination? For example, a

80 ks exposure will provide'" 2000 counts in the 5.9--10.6 keY band of the outer region.

This allows us to estimate fcor with an accuracy of'" 1/v'2000 = 2.2 %, which is better

than the 6 %error of the H02 method. Even when the observation was split into several

pointings, we can use the quadrature sum of the errors of the individual pointings for the

averaged data, because the NXB estimation errors derived by this correction method are

based on the actual data of each pointing and independent to one another. This is not

true of the original H02 method.

Strictly speaking, the improved background estimation described above is still subject

to fluctuations in the CXB counts, mostly due to the presence of discrete sources. Such

a contribution has already removed from the CXB template (first term on the right-hand

side of equation 3.3), but that in the on-source data (left-hand side) has not. Accordingly,

when we utilize equation 3.3, we exclude, in advance, sources visible in the on-source data.

The detection threshold for this process is set again at 1 x 10-13 erg S-I cm-2 in the 2-10

keY band; a source with the 2-10 keV flux four times higher than this threshold, located

18' from the optical axis, will contribute'" 2% of the overall event counts in the outer

region. When the emission from the target source is greatly extended, which is often

the case with the clusters and groups of galaxies, we cannot use the same source-finding

procedure as used for the CXB template (§ 3.3.5). In such a case, we utilize the images

from other instruments, particularly the ROSAT image if available, to find these sources.
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'" -62 DC

0.4--12 keY

'" 80% at 5.9 keY

2% at 5.9 keY (FWHM)

Front irradiation

Frame Transfer

3-phase drive

420 pixels x 422 lincs pcr chip

27 JAm

11 x 11 mOl square per chip

22 x 22 0101 square per detector

11 x11 arcmin square per chip

22 x22 arcmin square per detector

",40JAm

100 nm Lcxan film coated with 40 nm aluminum

Field of View

Thickness of Depletion Layer

Optical Blocking Filter

Operating temperature

Energy Band

Quantum Efficiency

Energy Resolution

Irradiation Method

Charge Transfer Method

Clock

Number of pixels in Image Region
Pixel Si,..e

Area

Table 3.4: Design parameters and performance of the SIS

The CCD chip used for the SIS is a frame transfer type CCD and has the same structure

as an optical CCD of the same type. Its detection part is made of an Si semiconductor of

p-type and n-type connected each other through p-n junction. An insulator layer made of

Si02 are attached on the front surface of the n-type Si, and electrodes are built on it. By

supplying specific patterns of voltages on the electrodes charges in a pixel are transfered

from a pixel to a next pixel. An electrode is also attached on the back. A depletion layer

is developed in the device by supplying a bias voltage between the electrodes on the front

and on the back.

Electric signals from the SIS camera are fed into SIS-AE and their pulse height are

converted into digital signals with analog-to-digital converters. SIS-AE also generates

driving clocks for the CCD chips, and monitors and controls temperature of the CCD

chips. SIS-DE picks up X-ray events in the digital signals from SIS-AE with two digi­

tal signal processor (DSP) and sends them to the satellite data processor (OP), which

commonly processes data from the SIS and the GIS and edits them into a telemetry

format.

Figure 3.23a illustrates the quantum efficiency of the SIS as a function of incoming

X-ray energy. Thus the SIS sensitivity covers approximately 0.4-10 keY. The CCD chips

camera.

Figure 3.22: Cross section view of the SIS camera.

optical shield
(lexan1000 +AI 400
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The SIS experiment consists of two detectors (SIS camera; SISO and SISl), an analog

electronics unit (SIS-AE), and a digital processing unit (SIS-DE) which is combined with

the satellite data processor (DP). Figure 3.22 shows a cross section view of the SIS

3.4.1 Design and structure

3.4 Solid-state Imaging Spectrometer (SIS)

The Solid State Spectrometer (SIS) experiment is the first X-ray detector in orbit that

utilizes CCDs (charge coupled devices) in the photon counting mode. It was jointly

developed by Massachusetts institute of Technology (MIT), Pennsylvania State University,

ISAS, and Osaka University (Burke et al. 1991).

Each SIS detector is made up of four CCO chips of 11 mm square each developed in

the h1IT Lincoln laboratory, to achieve a 22 mm x 22 mm square area for X-ray detection.

Each' chip has 4096 by 4096 pixels of 27 J.lm square each, and a depletion layer of about

40 J.lm thick which ensures an improved efficiency for harder X-rays than conventional

CCDs. Design parameters and performance of the SIS are summarized in table 3.4.
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but the event pile up becomes least severe so that we can observe brighter sources than

in other clocking modes. In view of background events and hot pixels (see below), this

also means that the telemetry limit is relaxed.

The electrons produced in the depletion layer by an X-ray photon may be split into

several adjacent pixels. The pattern of charge splitting over 3 x 3 pixels is called "event

grade". Because the splitting pattern of the particle induced events are generally different

from that of the X-ray events, we can reduce the background by selecting the correct

grades. When the charge is spread over more than 3 x 3 pixels, the event is rejected by

the onboard CPU as a background event. In order to cope with the splitting of normal

X-ray events, the SIS incorporates several data selection modes. For example, in so called

"faint mode" , pulse-height of a certain pixel with event detection is always accompanied

with pulse-heights of the eight surrounding pixels. We can then examine the event grade

on ground, and restore the total pulse-height if necessary. In so called "bright mode" , the

onboard CPU recognizes the charge splitting pattern, and sends only the total pulse-height

for events with specified grades. The faint mode requires a larger telemetry capacity, but

provides more information than the bright mode. Actually we can convert the faint mode

data into the bright mode data on ground, but the reverse is impossible.

After the launch, several additional complications have been recognized with the SIS.

One is so called "hot pixels", Le. particular pixels (though not necessarily fixed ones)

which report false event detections too frequently. We must carefully remove these hot

pixels in data analysis. When the hot pixels become too many, the SIS data suffer from

significant telemetry deadtime. The hot pixels are increasing, and it has become almost

impossible to utilize 4CCD mode with the faint mode before the end of 1994. Another

problem is the light leakage, particularly in chip 2 and chip 3 of SISO (SOC2 and SOC3,

respectively), presumably caused by a damage in the optical blocking filter. This makes

the observation with SOC2 and SOC3 almost impossible when the day Earth is within

'" 25° from the target. It also affects the dark current of the whole CCDs in the daytime,

and causes a subtle change in the energy to pulse-height relation.

In addition to the hot pixel rejection, the data filtering processing includes grade

selections, and good time selection such as to avoid the influence of the day Earth. The

major contents of the standard screening criteria (called rev. ~ standard criteria) are listed

in Table 3.5. See The ASCA Data Reduction Guide for details. Such as the case with the

GIS, the PH information of the raw data is corrected for gain difference depending on the

detector position. This is calibrated using the line features in the intrinsic background and

the observed data of SNRs, particularly that of Cas-A. The position information is also
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3.4.2 Data processing

In order to perform proper photon-counting spectroscopy, the CCD frame must be scanned

and read out fast enough so that event pile up (i.e. one pixel receiving more than one

X-rays) is virtually negligible. Since the read out cycle is usually limited by the telemetry

capacity, the SIS performs an extensive onboard CPU processing to compress the infor­

mation. Instead of sending data from all the pixels to ground, the SIS basically picks

up only those pixels in which the charge exceeds a certain threshold, and sends out their

positions and pulse-heights. Moreover, to handle targets with different X-ray intensities

and angular sizes under different telemetry rates, the SIS uses three different clocking

modes; lCCD, 2CCD and 4CCD modes. In the nCCD mode (n = 1,2,4), data from n

chips for each detector are read out. Because the time required to read a chip is fixed, this

means that the integration time per chip per read out sequence is proportional to n. In

the lCCD mode, e.g., the usable field of view becomes limited to a quarter of the detector,
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and preamplifiers are cooled down to -60°C with a thermo-electric cooler (TEC) from

the backside of the chips in order to reduce thermal noise down to N '" 5 electrons level.

Thus the SIS achieves an energy resolution of about 150 eV FWHM over the whole energy

range (Fig.3.23b)j this is the best energy resolution ever achieved by non-dispersive X-ray

spectrometers so far put into orbit.

Figure 3.23: (a) Detection efficiency of the SIS as a function of incoming X-ray energy.

K-edges of 0 (0.53kcV), Al (1.56keV), and Si (1.84keV) are clearly seen in the figure. This

efficiency docs not includes optical blocking filter. (b) Energy resolutions of the SIS as a

function of incoming X-ray energy for the single event. Energy resolutions with different

read-out noise N are plotted (N '" 5 for the SIS). The read-out noise levels are given as

the equivalent number of electrons.
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3.5 Comparison of the GIS and the SIS

As presented in the preceding sections, the two detectors have slightly different and com­

plementary charactoristics. In Fig.3.25a, we plot the effective area of the two detectors,

which shows that the GIS has a larger effective area above", 5 keY, while that of the SIS

is larger below'" 2 keY. In Fig.3.25b, we plot the normalized background spectra of the

two detectors. In general, both detectors have very low and stable backgmund compared

to other X-ray instruments. What is more, the GIS background can be cstima~ed v<.'ry

well, up to an accuracy of'" 2%, and shape of the GIS background is nearly constant in

Figure 3.24: The SIS background spectra of 4 CCD mode, integrated over all the chips.
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The loss of quantum efficiency in the lower energy band is observed as an artificial

excess absorption in the spectral fitting. This value was equivalent to th<.' column density

of ~ 1 x 1020 cm-2 in 1994,2", 7 X 1020 cm-2 in 1996, and 7", 10 X 1020 cm-2 in 2000.

Because the column density at high galactic latitude is typically several times 1020 cnc2,

this can affect low-energy part of the SIS spectra taken after'" 1997, although the data

statistics often make it insignificant. A work is currently undergoing to understand the

nature of this phenomenon and solve it, but there is no established correction method at

this time. The "excess absorption" interpretation is solely empirical.

Reason

to reduce the background

to avoid high background region

to avoid high background region

to avoid the day Earth effects

to avoid obscuration by atmosphere
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Condition meaning

GRADE=0,2,3.4 reject particle events

SAA=O not in the south atlantic region

COR>6

BR..EARTH>20 target is far from day Earth rim

ELV> 10 target is far from night Earth rim

3.4.3 SIS background

corrected. Thus, the raw data am cOllvCl1ed to a set of <.'veIlt lists with PI, DETS/Y,

and some other quantities. W<.' use these filtered and c01'l'ccted cvcnt lists in our analysis.

Table 3.5: The major contents of "ret/.f standard' data screening crit<.'ria for the SIS

(from The ASCA Data Reduction Guide).

3.4.4 Degradation of the SIS performance

The background of the SIS is described in Gendreau (1994 ASCA ~ews Letters No.2,

p5) in detail. Here we describe it briefly. Like in the case with the GIS, the SIS back­

ground consists of the CXB and the internal background (l\'XB). The NXB of the SIS

is sub-divided into two components: that accumulated on the imaging region, and that

accumulated on the frame store region. The first component is proportional to the sky

exposure time, while the second is proportional to the number of readouts and thus de­

pendent on the SIS mode. Due to this second component, the count rate ratio of the

internal backgmund between 1 CCD mode and 4 CCD mode is '" 1.2. In Fig.3.24, the

internal background and the total background including CXB for 4 CCD mode are shown.

The internal background consists of a flat continuum, as well as several fluorescence lines

due to Fe-K (6.4, 7.0 keY), ::'-li-K (7.3, 8.3 keY), Au-L (9.7 keY), and AI-K (1.5 keY). The

count rate of the intel'1lal background is reported to be constant for 2 years after launch,

except in the soft band of 4 CCD mode (l:eda et al. 1996 ASCA ~ews Letters No.4, p28

j l:C'd.a 1996).

The SIS energy resolution have been decreasing with time. The value at 6.7 keV was", 168

eV just after the launch, '" 180 eV in 1996, and getting worse afterwards. Furthermore,

the quantum efficiency of the detector is decreasing with time, which is significant in the

lower end of the spectra below'" 1 keV. This phenomena is known to have been growing

since 1994, possibly from immediately after the launch.



energies above", 4 keV, even though the background normalization varies (§3.3.6). For

the SIS, the accuracy is '" 10% (Veda 1995).

The higher energy resolving power and efficiency for the soft X-rays make the SIS a

better tool to study the hot gas component in groups of galaxies. In contrast, the accurate

background estimation and the higher efficiency for the hard X-rays make the GIS more

suited to the search for diffuse hard X-rays. This combination makes ASCA the best

satellite for studying the hard X-rays from groups of galaxies.

(a) (b)
Effective Area GIS vs SIS Background GIS vs SIS
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Figure 3.25: Comparison of the GIS (black) and SIS (gray); (a) the effective area, and

(b) the background spectra. The latter is nomlalized by a solid angle of arcmin2•
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Chapter 4

THE HCG 62 GROUP

In this chapter, we analyze the ASCA data of the HCG 62 group, which is a near-by,

X-ray bright group with the strongest evidence for a diffuse hard X-ray emission.

4.1 Overview

4.1.1 The BeG 62 Group

The HCG 62 group is one of the compact groups identified from the optical plates by

Hickson and his colleges (e.g. Hickson 1982). It originally consists of four galaxies, NGC

4761, NGC 4759, NGC 4764 and HCG 062d. NGC 4761, the brightest among the four,

is optically identified as a low luminosity AGN (LLAGN) by Coziol et al. (1998). None

of them is a bright infrared source (e.g. Verdes-Montenegro et al. 1998).

Zabludoff and Mulchaey (1998a) extensively surveyed a 10 .5 x 10 .5 region around the

group and measured the redshifts of 106 galaxies. They identified 45 of them as members

of the group, and derived the mean recession velosity of4385 ± 59 km S-I, which indicates

a redshift of 0.0146 and a distance of 58.5 h"is1 Mpc. Here Ho= 75 h75 km S-1 Mpc- 1 is

the Hubble constant. The velosity dispersion was measured to be 376!~~ km S-I, which

is a typical value for galaxy groups.

The central four galaxies are located extremely close to one another, within 3'.7 on

the sky (Fig 4.1). In fact, NGC 4761 and NGC 4759 are separated by only 0'.4. Here, I'

corresponds to 17 h"ii kpc. Such a high galaxy density and a fairly low velosity dispersion

are thought to lead to galaxy merger. From comparison with N-body simulations, these

four galaxies are suspected to merge into a large elliptical galaxy in '" 1 Gyr (Ponman

and Bertram 1993).
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Table 4.1: Optical properties of the central four galaxies of HCG 62
name HCG name Pos (I) type (2) mB(3) V(4)

NGC 4761 HCG 62a ( 193.274, -9.20444 ) E3 13.30 4259 ±10
NGC 4759 HCG 62b ( 193.269, -9.20056 ) SO 13.91 3561 ± 18
NGC 4764 HCG 62c ( 193.291, -9.19861 ) SO 14.97 4432 ± 17
HCG 62d HCG 62d ( 193.278, -9.25833 ) E2 15.92 4174 ± 33

(I) Position in J2000 (NASA Extragalactic Database).
(2) Morphological type (Hickson et al. 1989).
(S) Blue magnitude (Carvalho et al. 1997).

(4) Recession velosity and error, in Janis (Carvalho et al. 1997).

Figure 4.1: Optical image of the central 6' x 6' region of the HCG 62 group. The four

central galaxies are visible. A bright source with a ring and a cross near the center is a

foreground star.
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4.1.2 Previous X-ray observations

Figure 4.2: The 0.5-2.3 keY PSPC X-ray image of HCG 62, smoothed with a Gaussian

filter of a = 0'.25. The contours are logarithmetically spaced, by factors of 1.34, where the

lowest one corresponds to 7.2 x 10-4 counts sec- I arcmin -2. The dotted circle indicates

the region IS' around the group center, and solid circles shows the detected contaminating

sources.

The HCG 62 group is known as the first compact group in which the X-ray emission

from the extended hot gas, namely IGM (intra-group medium; § 2.1.3) has been confirmed

(Ponman and Bertram 1993). Many authors have subsequently published results of their

analysis of the ROSAT data of this group (e.g. Pildis et a1. 1995; Saracco et a1. 1995;

Mulchaey et a1. 1996; Ponman et al. 1996; Mulchaey and Zabludoff 1998; Davis 2000;

Finoguenovet al 1999; Boute 2000; Nevalainen et a1. 2000; Helsdon et a1. 2000; Lloyd­

Davies et a1. 2000). They found a bright emission centered on the NGC 4761 galaxy,

extending up to, at least, 15' from the center (Fig.4.2). The emission is elongated a little

toward the north east direction. The overall 0.5-2.3 keY spectrum was well fitted by a

hot plasma model of temperature kT '" 1 keY and metal abundance of Z '" 0.2Z0 , with

a mild temperature gradient as shown in Fig.4.3. The bolometric luminosity of the IGM

component within a projected radius r < 22'.4 is Lbo) = 3.9 x 1042h7"t erg S-I (Mulchaey
and Zabludoff 1998).

The azimuthally averaged radial X-ray surface brightness profile shows a clear cen­

tral peak compared with the canonical beta-model profile, requiring a narrower second
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BCG 82 PSPC

Each observation yielded a good exposure of21 '" 29 ksec for the GIS, and the obtained

net exposure sums up to be 121 ksec. For the GIS, we use the data from all obse~tions in

both image and spectral analysis. The SIS exposure was 17 ksec for the first observation,

and 21 '" 23 ksec for the latter four. For analysis of the SIS spectra, we however use

only the data from the first observation, because the strong performance degradation in

4.2 ASCA Observations and Images
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beta-model component (Fig.4.4). The component larger in scale is called "extended" com­

ponent and the smaller one "central" component. The best fit parameters of the double

beta-model, however, differs significantly among the authors. This is possibly due to a

little difference in the background modeling of the PSPC detector, which will affect the

"extended" component parameters and then those of the "central" component through

parameter coupling between the two model components.

Using the parameters by Ponman and Bertran (1993), the gas mass within a three

dimensional radius of R = 340h75
1 kpc (20') from the group center is calculated as Mgu =

9.0 x 1Q1I hit·5M0 , and the total gravitating mass as M total = 1.7 x 1013hi51M0' These

values are thought to be typical of X-ray luminous groups. Using results of other authors

change these values by a factor of up to '" 3.

In the r < 15' region of the PSPC image (Fig.4.2), there are 5 point sources clearly

visible. We mask out the regions within r < 3' from these sources, when we analyze the

spectra of the data in the following sections.

We observed the HCG 62 group five times with ASCA, covering a '" lOx 10 region with

the GIS. These consist of a pointing at the group center performed in the AO-1 phase

(1994 January), and additional four surrounding pointings perfomlCd in the AO-6 phase

(1998 January). These pointing positions are shown in Fig.4.5a. In all observations, the

GIS was operated in PH-mode with nominal bit assignment, and the SIS was operated

in 2 CCD clocking mode. The SIS data-format of the first observation was faint-mode

throughout the observation, while that of the latter four observations was faint-mode for

high bit-rate data and bright-mode for medium bit-rate data.

All the data are processed through the standard analysis procedure as described in

Chapter 3. For the GIS, we selected the time interval when the source elevation angle

from the earth rim is greater than 5°, and the data satisfy the "flare cuf' condition listed

in Table 3.3. For the SIS, we used the "rev.~ standarcf' screening criteria listed in Table

3.5.
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Figure 4.4: Radial count-rate profile of the 0.6-2.3 keY PSPC image, fitted with a double­

beta model (Zabludoff and Mulchaey 1998).

Figure 4.3: Temperature of the IGM obtained with Raymond-Smith model fits to the ring

sorted PSPC spectra. Errors are in 1 q (Zabludoff and Mulchaey 1998).



Figure 4.5: (a) The GIS 0.5-10.0 keY X-ray mosaic image synthesized from five pointings,

plotted with their observing positions (indicated by numbers). North is top, and east is to

the left. Contours are logarithmetically spaced, by factors of 1.7 starting from 1.9 x 10-5

cts S-I arcmin-2
• The image is presented after background subtraction, correction for

exposure (but not for the vignetting), and smoothing with a Gaussian function with

q = 0'.5. Solid circle represents the region 15' from the group center. (b) The same GIS

contour image, overlaid on an optical gray scale image from Digitized Sky Survey.
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Table 4.2: Log of ASCA Observations of the HCG 62 group.
Obs. date sequence GIS-2 center position GIS exposure SIS mode(3)
ID IDCI) ( Ra, Dec, Roll(2»)CdBg) (sec)
1 14 Jan 1994 81012000 (193.34, -9.10, 269.24) 29293 2 CCO FIF
2 13 Jan 1998 86008000 (193.26, -9.06, 238.73) 21467 2 CCO F/B (a)
3 14 Jan 1998 86008010 (193.49, -9.00, 238.73) 23290 2 CCO FIB

(193.54, -9.23, 238.73) 25466 2 CCO FIB .go""4 15 Jan 1998 86008020

5 16 Jan 1998 86008030 (193.30, -9.29, 238.73) 21962 2 CCO FIB

late years made it difficult to use the last four SIS data in combination with the first

observation (sec § 3.4.4 for detail).

(1) PI of the first observation is Yasuhiro Sakima, and that of the latter four observations is Yasushi
Fuka7.awa,

(2) Roll of the satellite is defined as the angle from the north to the satellite Y-axis, measured clockwise;

2700 means that the satellite Y-axis is pointing to the east.

(3) SIS clocking-mode and data-mode. See text for detail.

In Fig.4.5b, we show the obtained 0.5 10 keY GIS image ofthe HCG 62 group, overlaid

on an optical image. We have subtracted the background in a standard manner (§ 3.3)

and combined the data from the two GIS sensors. Then we combined images from the

five observing positions and corrected the result for exposure difference among them. We

also corrected the satellite attitude for thermal distortion of the star sensor axis, using a

software 'oJJsetcoord'.

Figure 4.5 clearly reveals diffuse X-ray emission, which extends up to,..., 15' from the

group center, in agreement with the PSPC image (Fig.4.2). X-ray centroid of the GIS

image is within,..., 0'.2 from NGC 4761, which is well within the astrometric accuracy of
ASCA (,..., 0'.5).

In Figs.4.6 and 4.7, we show two-band X-ray images, obtained with the GIS and the

SIS, respectively. The largely extended emission is dominant in the soft-band image,

below 2.0 keY, because of the low temperature of the IGM. The extended emission is

also observable in the hard-band image. In these GIS/SIS images, the five ROSAT point

sources (Fig.4.2) arc generally recognized. We must hence remove them in the following

data analysis. Pricisely speaking, some sources clearly visible in the PSPC image are not

so clear in, for example, the GIS hard band image. This is naturally explained by the

difference of the spectra among these sources and the band pass among three detectors

(PSPC, GIS and SIS).
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Figure 4.8: The raw GIS spectra of the HCG 62 group obtained in the five observations.

The on-source spectra and the estimated background are shown. The numbers plotted

indicates the observation 10.

4.3 Spectral Analysis

We extracted the spectra from a circular region of radius 15' centered on the X-ray

centroid, where the regions 3' around the five point sources were masked out (see Figs.

4.5 and 4.7). For the GIS, we first collected the spectra of each observation separately.

Note that the spectral accumulation region is only partially covered by most of the latter

four pointings. We next added spectra from the two GIS detectors (GIS2 and GIS 3)

into a single GIS spectrum, after appropriate corrections for their gain differences. In

Fig.4.8, we show the obtained spectra together with the background (CXB+NXB; § 3.3.5

and 3.3.4), which were obtained from blank-sky observations and corrected for the NXB

variation. The background estimation error for each observation ranges from 3.7 to 4.7%,

and we added these values as a systematic error in the background spectra in Fig~4.8 (see
§ 4.5.2).

Then, we added the five spectra to obtain an average GIS spectrum, which is shown

in Fig.4.9a. We divided the spectrum of each observation with the averaged spectrum,

4.3.1 Derivation of the spectra
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Figure 4.6: The same as Fig.4.5 but in 0.5--2.0 keY (left) and 2.0-10 keY (right). The

contours are logarithmetically spaced, by factors of 1.7 starting from 1.6 and 1.3 x 10-5 cts

S-I arcmin-2 for the left and right panels, respectively. Small and large circles centered on

the X-ray peak represent 3' and 15' from NGC 4761, respectively. Other circles indicate

regions eliminated to exclude the five point sources detected with the ROSAT PSPC.

Figure 4.7: The SIS image in 0.5·2.0 keY (left) and 2.0-7.5 keY (right) obtained by

combining the five pointings. Both images are smoothed with a q = 0'.3 Gaussian kernel.

Background is inclusive and exposure is corrected. The contours are logarithmetically

spaced, by factors of 1.7 starting from 8.1 and 6.5 x10-5 cts S-1 arcmin -2 for the left

and right panels, respectively. Circles are the same as those of Fig.4.6. Boxes show the

region observed with the first pointing, part of which is used for the spectral study.
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Figure 4.9: Raw spectra of the HCG 62 group. (a) The raw GIS spectrum extracted from

a circular region of radius 15' centered on the X-ray centroid, co-adding the five spectra

shown in Fig.4.8. Shown for comparison is the background spectrum. (b) The raw SIS

spectrum extracted from the same circular region, compared with that of background

derived from blank-sky observations. Note that the SIS does not cover the whole region
within 15'.

(NH = 3.01 X 10
20

cm-2
), derived from HI radio emission map by Dickey and Lockmann

(1990). We used XSPEC vl0.0 (Arnaud 1996) package throughout the spectrum fitting.

To compensate the difference in the integration region between the GIS and SIS, we

allowed the model normalization to change separately betwoon the two types of detectors.

Compared to the GIS, the SIS has a better energy resolution together with a larger

effective area around", 1 keV. Because the X-ray emission from hot plasma with kT", 1

keV is characterized by strong line emissions around", 1 keV, the SIS mainly determines

the parameters of the IGM component. On the other hand, the GIS has a larger effective

area above'" 2 keV with a well calibrated and even lower detector background, which

dominates the spectra in the hard band. Therefore, the GIS is sensitive to any excess

hard X-ray emission above the IGM component, though it can also determine the IGM

component to a modest extent. In the spectral fitting, we accordingly use the 0.9-9.0 keV

energy band for the GIS and the 0.7-4.0 keV energy band for the SIS.

The results of the single component fits are summurized in Fig.4.10 and Table 4.3.

When we fitted spectra jointly over the full energy band, we obtained a temperature

of", 1 keV with either plasma model, in agreement with the ROSAT results. The fit,

however, is very poor with reduced X2 of'" 3. The data clearly shows a strong hard X-ray

excess above the model prediction. In contrast, when we fitted the spectra in the hard

after correcting it for the difference of the XRT effective area. The ratio spectra become

almost flat, and fittings with a constant value were acceptable for all observations. This

indicates that the five spectra have generally similar shapes. The derived relative spectral

normalization ranges from 0.8 to 1.1; this is not surprising because the region r < 15'

is not completely covered by some observations. In the following analysis, we therefore

mainly usc the averaged spectrum which has the best photon statistics. The background

estimation error involved in this averaged spectrum reduced to 1.9%, which is considered

as a systematic error in the spectral evaluation. The background subtraction procedure

is evaluated in further detail later in § 4.5.2.

For the SIS, we added data from the two SIS detectors (SISO and SISl) of the first

observation into a single SIS spectrum. Again, regions around the five point SOurces were

masked out. The background spectrum was obtained from blank-sky observations. We

show this spectrum in Fig.4.9b. As noted before, we did not analyzed the SIS spectra of
the other four pointings.

In the GIS spectra (Fig 4.9a), the majority of signal photons are in low energies « 2

keV), but the signal is detectable up to '" 8 keV. Above", 8 keV, the on-source spectrum

agrees very well with the background spectrum, indicating that our background estimation

is accurate. In the SIS spectra (Fig 4.9b), the signal photons are detected up to", 4 keV.

Clear peaks at 6.4 keV and 7.5 keV, both observable in the on-source and background

spectra, are instrumental Fe-K and Ni-K lines, respectively.

Both the GIS and SIS spectra show bumpy structures around 1 keV, 1.4 keV and 1.8

keV. They are line emissions from Fe-L shell, Mg-K and Si-K shell, respectively, which

are characteristic of emission from optically thin hot plasma with kT '" 1 keV.

4.3.2 Single component fits

By using the background and on-source spectra in Fig.4.9, we have obtained background­

subtracted GIS and SIS spectra, as shown together in Fig.4.10. We jointly fitted them

with an optically thin thermal plasma emission model, which is based on the emissivity

calculations of Mewe and Kaastra (Mewe et al. 1985,1986; Kaastra et al. 1992), with Fe­

L calculations by Liedahl et al. (1995). Hereafter, we call this model MEKAL model. We

also tried a model by Raymond and Smith (hereafter Raymond-Smith model; Raymond

and Smith 1977). The mutual abundance ratios of the metals were constrained to be the

same as the solar ratios (see § 2.2.2), while the overall metal normalization was set froo.

We fixed the redshift to 0.0146, and the hydrogen column density to the Galactic value
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4.3.3 Two component fits

so

Now that the spectra of HCG 62 cannot be fitted with a single temperature plasma

model, we attempt two-component fits. We first fitted the spectra with a sum of a

single temperature MEKAL and a power law model (hereafter, MEKAL+PL model).

Because our aim here is to quantify the amount of the "excess hard X-ray emission" , we

fixed the photon index r to 2.0, which is a representative value for various non-thermal

emission from energetic particles. Then, as shown in Table 4.4 and Fig.4.lla, the fit has

been dramatically improved and become acceptable, at 99% confidence level. The hard

component dominates the spectra above", 4 keY, and the 2-10 keY flux of the hard

component is '" 20% ofthe 0.5-10 keY flux of the IGM component.

We also examined the fit with r set free. As shown in Table 4.4 and Fig.4.llb, the

index becomes r = 2.63:!:g:g:, and the power law component dominates the spectra, above

1.5 keY as well as bellow O.S keY. The flux of the hard component increased by 15%

compared to the case of r = 2.0. Although the X2 value decreases by '" 3, we may not use

this result since it implies too large a contribution from the hard component, and hence

unrealistic.

We also tried a second MEKAL component with a higher temperature (hereafter,

2-MEKAL model), in place of the power law component. In the fitting, the metal abun­

dances for the two MEKAL components were constrained to be the same, because we

cannot constrain them separately. As shown in Table 4.4 and Fig.4.llc, this gave a hot

component temperature of kThot > 4.4 keY. The goodness of the fit is very similar to that

from the MEKAL+PL model fit, and the fluxes of the hard component are also similar.

With this high temperature, the hot component is very similar in shape to the power law

energy band above 2.5 keY with the same spectral model, we obtained kT = 2.35:!:g:~

keY. This is inconsistent with the temperature derived from the full-band fitting, and the

structure around'" 1 keY in the data remain unexplained (Fig.4.10 right panel).

In general, there is a relation between the galaxy velocity dispersion and the IGM

temperature as f3.Pf/C = ~T": '" 1.0 (kT-a relation; equation 2.15). Using the fitted

temperature and the measured velocity dispersion of the HCG 62 group (376:!:~~ km S-I),

the ratio becomes (3.Pec = 0.S6:!:g:~ for the full-band fitting and fl.poc = 0.3S:!:g:n for the

hard-band fitting. The later value largely deviates from the general value of 1.0, suggesting

strongly that the kT '" 1 keY component is the "real" IGM of the group, and there is

some additional hard X-ray emission from this sky region.

102
onenw(hY)

HCe 12 ,0'-11' ( cut "-1 )
pl/.I-IY5-10r0-IO-GIlJt>nI2.pl ../ll012000/0i0/ h!2/p1/..-1.0r0-

Raymond-Smith model fit

kT ( keV) Abun. (Z0) X2/d.o./

102
_(keII)
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Table 4.3: Best fit parameters from the joint fit to the GIS and SIS spectra obtain from

the circular re .on of r < 15'.

MEKAL model fit

kT ( keV) Abun. (Z0) X2/d.o./

Figure 4.10: The background-subtracted GIS (black) and SIS (gray) spectra of HCG 62,

accumulated within 15' from the group center. The histogram in the upper panels show

the best fit hot gas model (MEKAL model), and the lower panels present the residual

spectra. The joint GIS and SIS fit is performed over the full energy range (left), and in

the range above 2.5 keY (right).
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Figure 4.11: Tow component joint fits to the GIS and SIS spectra as in Fig.4.10. (a) A

sum of a MEKAL and a power law model with photon index fixed at r = 2.0. (b) The

same as (a), but the photon index is set free. (c) A sum of two MEKAL components.

(a)

model ID kT Abun. r or Soft Flux(l) Hard Flux(2) :~?/d.o·f

(keV) (Z0) kTho~ (erg S-I cm-2) (erg S-1 cm-2)

MEKAL+PL 0.98!g:~ 0.59!~:~ 2.63!g:: 3.16 x 10- 12 1.34 X 10- 12 98.5/72

0.95!g:g~ 0.21!g:~ 2.0 (ftxod) 4.84 X 10-12 1.16!g::~ x 10- 12 101.6/73

2-MEKAL 0.96!g:g: 0.17!g:g~ 11.8!r.'4 5.37 x 10- 12 1.1o!g:H x 10- 12 102.3/72

4.3.4 Improved modeling of the IGM emission
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Although the spectral fit has been improved considerably by introducing the two com­

ponent models, the X? values of both MEKAL+PL model and 2-MEKAL model are still

unacceptable at 90% confidence level. This is mainly due to two peaks visible in the

residualspcctra, around 1.1 keV and 1.8 keY. The fomler is in the Fe-L line region, and

the latter is in the Si-K line region, suggesting that the modeling of these lines needs im­

provements. This may occur when the abundance ratio between the Si and Fe is different

from the solar ratio and/or the IGM involves multiple temperature as suggested by the

PSPC results (Fig.4.3).

We set the abundance ratios froo, by introducing a variable-abundance MEKAL model

(vMEKAL model), where the abundance of each heavy element can be changed separately.

For simplicity, we group major heavy elements into two groups in view of their origin,

following Matsushita (1996); 0, Ne, Na, Mg, AI, Si, S, Ar and Caj and Fe and Ni. Majority

of the first group is the "a-clements", which are mainly produced through a-process in

type-II supernova (e.g. Nomoto et al. 1984). The second group is mainly synthesized

in type-Ia supernova. Abundances of the other elements (He, C and N) are fixed at the

solar value. Hereafter, we denote the abundance of the first group ZQ' and that of the

second group ZFo' We jointly fitted the GIS and SIS spectra with a sum of a vMEKAL

and a power law model (vMEKAL+PL model). As shown in Fig.4.l2a and Table 4.5,

the X2 value decreased and the obtained two abundances are reasonable in comparison

with previous ASCA works (e.g. Matsuhita 1997), but the fit is not yet acceptable: the

residual around 1.8 keY has decreased but that around 1.1 keY has not.

(1) The 0.5 10 keY flux of the (cooler) MEKAL component.

(2) The 2-10 keY flux of the power-law or hotter MEKAL component.

Table 4.4: R.esults of the joint fit to the GIS and SIS spectra with two component models.

component with r = 2.0.
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HCG 12 r 0'-1" ( cut liS-I)
p1/v5-1v'-10r0-IO_oIl..Jttn62.pi .'/ll012000/III/bright2/pl/v5-1cnrO-

(b)

102
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(c)

Figure 4.12: Joint fits to the same GIS and SIS spectra as in Fig.4.10 with a multi

component models. In all cases, the photon index of the power law component is fixed

at r = 2.0. (a) A sum of a vMEKAL and a power law. (b) A sum of two MEKAL

components and a power law. (c) A sum of two vMEKAL components and a power law.

(a)

97.3/72

91.1/71

82.3/70

X2
/ d.o·frkT2

(keV)

vMEKAL+PL 0.94~g:~ 0.33~g::g 0.23~g:g: 2.0 (fixed)

2-MEKAL+PL O.71~g::: 1.09:!:g:: 0.26:!:g:f: 2.0 (fixed)

2-vMEKAL+PL O.73:!:g:~ 1.14:!:g:~: 0.53:!:g:~~ 0.34:!:g:~ 2.0 (fixed)

4.3.5 Possible origins of the hard excess emission

Table 4.5: Results of the joint fit to the GIS and SIS spectra with multi component models

involvin a vMEKAL com onent.

model ID kTI

(keV)

As shown in the preceding subsections, the spectra of the 0' < r < IS' region of HCG 62

have been found to exhibit a strong hard excess component. There are several possible

We accordingly fixed again the abundance ratio back to the solar ratios, and tried a

model with two MEKAL components and a power law (2-MEKAL+PL model), to repre­

sent non-isothcrmality of the IGM. The metal abundances of the two MEKAL component

are constrained to be the same. As shown in Fig.4.12b and Table 4.5, the fit has further

been improved, but still unacceptable. In this case, the residual feature around 1.1 keY

has decreased but that around 1.8 keV remained. Thus, we need to consider both the

non-isothermal effect and non-solar abundance ratios of the IGM.

Then we fitted the spectra with a sum of two vMEKAL components and a power law

component (2-vMEKAL+PL model). Both ZQ and ZFo are constrained to be the same

between the two vMEKAL components. The results are shown in Fig.4.12c and Table

4.5. The fit has finally attained an acceptable level at 90%. The derived temperatures of

0.73 keY and 1.14 keV are consistent with the PSPC result in general. The 0.5-10 keY

flux of the IGM components is 5.05~g:~ x 10-12 erg S-I cnc2, and the 2-10 keY flux ofthe

hard component is 1.08~g:~~ x 10-12 erg S-I cm-2, the latter being similar to that derived

from the MEKAL+PL model fit in the last subsection.

We also tried a fit where we set r free, and obtained r = 1.55~~:~~ with X2 = 81.5 for

69 dof. If we put another (i.e., a third) vMEKAL component in place of the power law

component, the resulting temperature is kT = 32.0~~.3 keY with X2 = 81.6 for 69 dof.

Again these results are similar to the MEKAL+PL model fit in the last subsection. In

summary, we regard the 2-vMEKAL+PL model as our best favorite spectral model for

the X-ray emission from HCG 62.

...
00
o
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(1) Also treated as a celestial origin,

Artifacts background NXB § 4.5.2
estimation CXB(I) § 4.5.5, 4.5.6
XRT response PSF and effective area § 4.5.3
IGM modeling § 4.5.4

Celestial point-like central AGN § 4.4.1
extended LMXBs in the member galaxies § 4.6

AGNs in the member galaxies § 4.4.2

AGNs in the background sky (I'V CXB) § 4.5.5, 4.5.6
diffuse (thermal) § 4.6
diffuse (non-thermal) § 4.6

4.4.1 Radial dependence of the spectra
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4.4 Spatial Distribution of the Hard X-ray Emission

To see the spatial distribution of the excess hard X-ray emission, we divided the spectral

integration region into three annular regions; r < 3', 3' < r < 7'.5 and 7'.5 < l' < 15',

with r denoting the projected radius from the X-ray centroid. We also examined the

added spectra of the latter two regions (3' < l' < 15'). The obtained spectra arc shown in

Fig.4.13, and the fit results are listed in Tables 4.7 and 4.8. All of them show similar shape

to the spectra of the 0' < r < 15' region (see Fig.4.10): majority of signal photons arc in

low energies « 2 keY), while the signal is detectable up to I'V 8 keV with the GIS. When

we fit them with a single temperature vMEKAL model, they show clear hard tails which

make the fits unacceptable, with reduced X2 ranging from 1,5 to 2.2, By adding a power

law component with r = 2.0 (vMEKAL+PL model), the fits became acceptable except

that of the central region, which in turn became acceptable by adding another vMEKAL

component (2-vMEKAL+PL model). This is reasonable, because the IGM temperature

gradient is strongest within the central 1'.5 (Fig.4.3).

Thus, the excess hard X-ray emission is visible in all the four spectra. Furthermore,

the hard component appears to become progressively prominent, relative to the IGM

component, toward the outer regions. Because I'V 80% of the photons from a point source

falls within 3' of the image centroid, the hard component may not be attributed to any

point-like source located around the group center. Thus, we have ruled out one particular

candidate in Table 4.6 (Le., "central AGN").

Table 4.7: Best fit parameters to the radially sorted GIS and SIS spectra, fitted with

a sum of a single temperature vMEKAL component and a power law component with

r = 2.0 (vMEKAL+PL model).

data ID kT ZOi ZPe Flux~~~~J- keY) Flux~~10 keY) X2
/ d.o./

(keV) (Z0) (Z0) (erg/s/cm2
) (erg/s/cm2

)

0' < r < 3' 0.88:!t~ 0.63::g:~A 0.34::g:~: 1.38::g:~ x 10- 12 2.56::g:~ x 10- 13 88.3/72
3' < r < 7'.5 0.99::g:~ 0.39::g:n 0.21::g:~g 1.40::g:g: x 10- 12 2.99::g:~g x 10- 13 71.9/72
7'.5 < r < 15' 0.85::g:~~ o.n::gjl 0.15::g:g~ 2.12::g::: x 10- 12

6.68::l:g~ x 10- 13 59.3/60
3' < r < 15' 0.96::g:g: 0.21::g:1~ 0.19::g:gg 3.43::g:~~ x 10- 12 9.17+l:~ X 10- 13 81.9/72

item

Table 4.6: Possible origins of the hard excess emission.
type

candidates for the origin of this component, celestial and artificial, as listed in Table 4.6.

First of all, we must examine whether the hard X-ray emission is artificial or not.

Apart from its statistical significance, we have to consider all systematic origins. We

must critically examine the background estimation, which is crucial to this study. There

are two components, the NXB (§ 3.3.4) and the CXB (§ 3.3.5). The former is completely

instrumental, while the CXB, considered to be a sum of discrete sources among the sky,

is partially celestial. Other possibilities include the effect of the complicated point spread

function (PSF) of the XRT+GIS and wrong modeling of the IGM emission.

If the hard X-ray emission truly has a celestial origin, it may be a discrete source,

a sum of many discrete sources, or a diffuse source. Candidates for the discrete sources

are, AGN(s) and LMXBs of the member galaxies of the group, and also AGN(s) in

the background sky. As a diffuse source, it may be either of a thermal origin, with high

temperature such as I'V 10 keY, or of a non-thermal origin, such as the relativistic electrons

distributed in the vicinity of the group.

In the following sections, we examine all these possibilities one by one. No matter

whether the origin is instrumental 01' celestial, the spatial distribution of the detected

hard excess gives us a strong clue to the nature of the hard excess. In the next section,

we therefore start with analyzing the spatial extent of the emission.
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kTI kT2 ZQ ZFe Flux~~~~J'keV) Fluxr2~10 keY) X?/d.o.j
(keV) (keV) (Z0) (Z0) (erg/s/cm2) (erg/s/cm2)

0.69:!:g:~~ 1.12:!:g:~ 1.17:!:A:~ 0.66:!:g:~~ 1.36:!:g:~ x 10- 12 2.19:!:g:~ x 10-13 74.0/70

4.4.2 Radial surface brightness profiles

In order to complement the analyses of the last subsection, we have directly analyzed

the spatial extent of the hard component utilizing the GIS images. From the spectral

fittings shown in Fig.4.13, the hard component is dominant above '" 4 keY. We therefore

made an X-ray image in the highest 4.0-8.0 keY range. The result is shown in Fig.4.14a,

where the positions of the galaxies around HCG 62 are also plotted. We also plot the

0.5-4.0 keY band image in Fig.4.14b, which represents the distribution of the hot gas

component. The X-ray image of the hard component is rather clumpy and occasionally

becomes even negative. This is due to the poor photon statistics ('" 700 cts in the encircled

region; see § 4.5.1) and the clumpy nature of the CXB. Here, the CXB fluctuation level is

estimated to be '" 0.5 x 1O-s cts S-I arcmin-2 at 10' level, which can naturally explain the

image dumpiness (see also Appendix B.1). Two out ofthe five ROSAT point sources are

detectable in both images, especially in the hard band. However, there is no correlation

between the galaxies and hard X-ray distribution, implying that the galaxies contribute

little in the 4.0-8.0 keY band image (see Appendix 8.2). We have hence excluded another

candidate origin, i.e., "AGNs in the member galaxies" in Table 4.6. We also searched the

4.0-8.0 keV band image for any azimuthal anisotropy of the hard component, and found

no statistically significant evidence for it, when we take the CXB fluctuation into account
(see Appendix B.3).

We then made an azimuthally-averaged radial profile of both images, excluding the

region around the five point sources as before. The results, given in Fig.4.14c, show that

the 4.0-8.0 keY emission is detectable up to", 15', and is neariy as extended as the soft

X-ray emission, which is significantly more extended than the instrumental PSF. Since

the 4.0-8.0 keY emission is dominated by the hard component, the hard component itself

is inferred to be significantly extended, at least to the level of the IGM emission.
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Table 4.8: Best fit parameters of the 0' < r < 3' GIS and SIS spectra, fitted with a sum of

double vMEKAL components and a power law component with r = 2.0 (2-vMEKAL+PL

model).

2
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/.I-'wS-lorCl-'L.oIlnnI2.", ../110'2000/11'; 12/ /vI-I••rO-
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/wS-.wS-'.r:lO-IO..oIlJtInI2.pi ../1.012000/1lI/1lrithU/ 015-'....

(a')
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/ /05-1-:1

2
_lkov)

2_co..,
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Figure 4.13: Ring sorted spectra of HCG 62, fitted with vMEKAL+PL model, shown for

(a) 0' < r < 3', (b) 3' < r < 7'.5, (c) 7'.5 < r < 15' and (d) 3' < r < 15'. (a') is the same

as panel (a), but fitted with 2-vMEKAL+PL model. r is fixed at 2.0 in all cases.
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